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Zinc, as a constituent of more than 300 enzymes, plays essential
roles in biological systems. The active sites of these enzymes
feature a zinc center attached to the protein backbone by three
or four amino acid residues, the nature of which influences the
specific function of the enzyme. In order to understand why
different zinc enzymes utilize different amino acid residues at
the active site, it is necessary to understand how, and why, the
chemistry of zinc is modulated by its coordination environment.
Answers to these questions are being provided by a study of
synthetic analogues of zinc enzymes, i.e. small molecules that
resemble the enzyme active sites. This article provides an
account of those studies that have specifically used tripodal
ligands to mimic the active site protein residues in an effort to
ascertain the bioinorganic chemistry of zinc.

1. Introduction

Once dubbed a ‘boring element’,1 zinc is now experiencing a
dramatic renaissance in its chemistry due to the important roles
that it plays in biological systems.2 For example, an average
adult human contains ca. 3 grams of zinc,3 and its bio-
availability has been shown to have an effect on the occurrence
of malaria, pneumonia, and also the common cold.23 To alarge
degree, the primary influence of zinc in biological systems
resides with its presencein ca. 300 enzymes. The active sites of
many of these enzymes feature atetrahedrally coordinated zinc
center that is attached to the protein backbone by three amino
acid residues, with the fourth site being occupied by a water
molecule (Fig. 1).24 The specific function performed by each
of these enzymesisdictated by both (i) the nature of the residues
which bind zinc to the protein, typically His (N), Glu (O), Asp
(O), and Cys(S), and (ii) the amino acid spacer |engths between
the active site residues. For example, a selection of zinc
enzymes and their functions, which differ according to the
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composition of the active site, areillustrated in Table 1 and Fig.
2. While it is recognized that the prevalent use of zinc in
biological systems is a manifestation of the unique character-
istics associated with the Zn2+ion (Table 2),5 thefactorsthat are
responsible for modifying the detailed properties of the active
sites of zinc enzymes are not known with certainty. For this
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Fig. 1 A common structural feature of zinc enzymes.

Table 1 Coordination motifs in representative mononuclear [{ XY Z}Zn'!-
(OHy)] zinc enzymes and their functions

X, Y,Z Enzyme Function
His, His, His Carbonic anhydrase Hydration of CO,
His, His, Glu Carboxypeptidase Exo peptidase
Thermolysin Endo peptidase
Neutral protease Endo peptidase
His, His, Asp Protease from Endo peptidase
streptomyces
caespitosus
His, His, Cys Bacteriophage T7 Cleavage of the amide bond
lysozyme between L-alanine and N-
acetylmuramate moieties
in polysaccharides
His, Asp, Cys  Farnesyl protein Transfer of afarnesyl
transferase isoprenoid to a cysteine
residue
His, Cys, Cys  Alcohol dehydrogenase Oxidation of acohols to
adehydes and ketones
Cytidine deaminase Hydrolytic deamination of
cytidine to uridine
Cys, Cys, Cys  5-Aminolevulinate Synthesis of porphobilinogen

from 5-aminolevulinic
acid

dehydratase
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Fig. 2 Active site coordination motifs in representative zinc enzymes.

Table 2 Properties of Zn'' that are pertinent to its role in enzymes
(information taken from refs. 2 and 3)

Redox properties  The divalent zinc ion is exceptionally stable with
respect to oxidation and reduction and so it does
not participate in redox reactions, in contrast to
Mn, Fe, and Cu.

Coordination
geometries

The d0 configuration of Zn2* indicates that zinc
complexes are not subject to ligand field
stabilization effects and so coordination number
and geometry is only dictated by ligand size and
charge. In enzymes, zinc shows a strong
preference for tetrahedral coordination which
enhances both the Lewis acidity of a zinc center
and the Bransted acidity of a coordinated water
molecule. Only Cu'! is a better Lewis acid.

Zinc is an element of borderline hardness, so that
nitrogen, oxygen and sulfur ligands can al be
accommodated, in contrast to magnesium and
calcium which favor binding to oxygen. Therefore,
zinc binds strongly to many proteins.

Ligand binding
properties

Ligand exchange The flexibility in coordination geometry makes
ligand exchange more facile than for Ni or Mg
and enhances the ability of zinc to effect a

catalytic cycle.

Anions such as OH—, OR— and SR- retain
nucleophilic character when coordinated to zinc.
Only Mn'!, Felll, and Cu'! are better in this regard.

Ligand
nucleophilicity

reason, a number of research groups are actively studying the
chemistry of synthetic analogues of zinc enzymes (i.e. small
molecules that resemble the enzyme active sites) as part of a
concerted effort to establish how, and why, the chemistry of
zinc is modulated by its coordination environment.6 The
purpose of this article isto provide an account of those studies
that have specifically used tripodal ligands to mimic the active
site protein residues in an effort to ascertain the bioinorganic
chemistry of zinc.

2. Tripodal ligands as mimics for protein binding

The importance of studying synthetic analogues of zinc
enzymes resides with the fact that such species are more
amenable to structural, spectroscopic, and mechanistic studies
than the enzymes themselves. As such, these studies enable the
bioinorganic chemistry of zinc to be established for well defined
systems. Accurate synthetic anal ogues of zinc enzymes are not,
however, trivial to obtain. A simpleillustration of this statement
is provided by the fact that whereas pseudo-tetrahedra
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coordination geometry is prevalent in zinc enzymes, higher
coordination numbers are common for simple zinc complexesin
both the solid state and solution.#e7:8 Furthermore, binuclear
degradatory pathways are inhibited for the enzyme by virtue of
the fact that the active sites are located in its interior. To
circumvent such problems involving departures from tetra-
hedral coordination and oligomerization, considerabl e attention
must be given to ligand design in order to procure synthetic
analogues that mimic well the enzyme active sites. Since the
active sites of most zinc enzymes are of the composition
[{XYZ}Zn"-OH;], where X, Y, and Z are three protein
residues (Table 1 and Fig. 2), a rational approach towards
obtaining synthetic analoguesis to use tridentate ligands which
incorporate the requisite X, Y and Z donor groups to mimic the
protein ligation. A further refinement of this approach isto use
atripodal ligand in which the X, Y, and Z groups are attached
to a common tetrahedral (or trigonal pyramidal) center.

There are at least three advantages of using tripodal ligands,
rather than acyclic or cyclic ligands, to support tetrahedral zinc
centers. Specifically:

(i) Asaresult of itstrigona nature, atripodal ligand enforces
the ‘facial’ (as opposed to ‘ T-shaped’) binding that is required
to create a tetrahedral metal center (Fig. 3). In contrast, acyclic

o P

Facial binding of
a tripod ligand

T-shaped binding of
an acyclic ligand

Fig. 3 Comparison of thefacial coordination of atripodal ligand with the T-
shaped binding of an acyclic ligand.

tridentate ligands often bind in a‘ T-shaped’ manner that has no
significant biological relevance.

(ii) Tripodal ligands typically possess only a single relevant
binding conformation, whereas macrocyclic ligands are more
conformationally flexible.

(iii) Thedirectional nature of tripodal ligandsissuchthatitis
possible to incorporate substituents that directly influence the
steric environment about the metal center. In contrast, sub-
stituents in macrocyclic ligands are not, in general, suitably
placed to have a profound impact on the sterics of the
coordination pocket.

Trofimenko’s tris(pyrazolyl)borate ligand system, [TpRR]
(Fig. 4),° which features prominently in thisarticle, providesan
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Fig. 4 The trig(pyrazolyl)hydroborato ligand system, [TpRR]MX.

exemplary illustration of the above virtues of atripodal ligand.
Indeed, with bulky tert-butyl substituents on the 3-position of



the pyrazolyl groups, the ligand has been referred to as a
‘tetrahedral enforcer’ due to its tendency to favor tetrahedral
coordination.1® Not only can the substituents at the 3-position
be used to modify the size of the coordination pocket, they may
also be used to influence the electronic properties of the metal
center. For example, in addition to simple alkyl and aryl
substituents, electron withdrawing perfluoroalkyl groups, e.g.
CF3, may be incorporated.® Finaly, it should be noted that
substituents such as But provide a valuable *H NMR spectro-
scopic probe that facilitates reactivity and mechanistic stud-
ies.

3. Synthetic analogues of zinc enzymes
incor porating tripodal ligands

In view of the very large number of zinc enzymes known, a
systematic and comprehensive investigation of synthetic ana-
logues for all of these enzymesis yet to be conducted. For this
reason, the selection of enzymes discussed in this article is
eclectic, with the specific intention being to illustrate aspects of
the chemistry of those enzymes which feature mononuclear
tetrahedra active sites of the type [{XYZ}Zn!'-OH,]. The
chemistry will be discussed according to the nature of the
{XYZ} ligand complement at the active site, ranging from
nitrogen rich carbonic anhydrase, [(His)sZn"'-OH,], to sulfur
rich 5-aminolevulinate dehydratase [(Cys)zZn''—OH,].

(a) The [(His)sZn"-OH,] motif: carbonic anhydrase

Carbonic anhydrase, the first enzyme recognized to contain
zinc, has played a pivotal role in the development of zinc
enzymology.1! Itisrecognized to bean ‘ancient’ enzyme since
it has widespread occurrence in prokaryotes, it is ubiquitousin
nature, and is one of the most efficient enzymes known. As
implied by its name, its physiological function isto catalysethe
reversible hydration of carbon dioxide (Scheme 1), and thus

CA
CO, + HyO mg—* HCOj3 + H*
—BH+
B
(Hls)QZn—OHz - (Hls)szn—OH
—HCO5~
H0O
(Hls)azn—-OCOZH
Scheme 1

carbonic anhydrase plays an important role in respiration and
intracellular CO,/HCO3~ equilibration. X-Ray diffraction stud-
ies demonstrate that the zinc center of the active site is
coordinated to the protein by the imidazole groups of three
histidine residues and a water molecule (or hydroxide ion,
depending upon pH) (Fig. 5), and the overall features of the
mechanism of action are illustrated in Scheme 1.11

Numerous studies have been performed using tridentate
nitrogen donor ligandsto model the structure and function of the
active site carbonic anhydrase.® However, very few of these
studies have successfully enabled the isolation of structurally-
characterized mononuclear four-coordinate zinc—hydroxide or
zinc—aqua complexes that mimic the active site of carbonic
anhydrase. It is, therefore, significant that the first such
complexes were obtained using sterically demanding tris(pyr-
azolyl)borato ligands, namely [TpRR]ZnOH.22 For example,
[TpBUY'M€]ZnOH, the first monomeric terminal zinc hydroxide
complex to be isolated, has been synthesized by (i) the direct
reaction between equimolar amounts of Zn(ClOg4).*6H,0,
K[TpBuY'Me] and KOH in methanol, and (ii) by metathesis of
[TpBY'Mée|Znl with Bun,NOH (Scheme 2).
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Fig. 5 Active site of carbonic anhydrase.
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The molecular structures of [TpBuY'Me]ZnOH and [TpCum.Me]-
ZnOH have been determined by X-ray diffraction, thereby
confirming the monomeric and tetrahedral nature of the
complexes, as illustrated for [TpBu'M€ZnOH in Fig. 6. It is
important to emphasize that the presence of bulky substituents
(e.g. Butand CgH4Pri) isessential for the successful isolation of
the four-coordinate [TpRR]ZnOH terminal hydroxide com-
plexes. For example, a simple phenyl substituent in the
3-position of [TpP]ZnOH does not afford a stable derivative.13
Furthermore, the absence of bulky susbtituents on simple
macrocyclic ligands results in oligomerization via either
hydroxy-bridges, e.g. {[{Mes[9]aneNs}Zn(u-OH)]} 2,14 or
hydrogen bonding interactions, e.g. [{[12]aneNs}Zn(OH)]s-
(ClO4)3*(HCIO,).15 More recently, a monomeric five-coor-
dinate anionic zinc hydroxide with a trigonal-bipyramidal
geometry, {[n?-N{CH,CH,NC(O)NHBU%}3]ZnOH}2-,16 has
been synthesized; notably, this complex also features bulky
amide substituents that provide a hydrogen bonding cavity in
which the hydroxide ligand resides.1”

In addition to being structurally determined by X-ray
diffraction, the hydroxide ligand in [TpRR]ZnOH is well
characterized spectroscopicaly, as illustrated by the IR and
NMR spectroscopic data listed in Table 3. For example, the 1H
NMR spectrum of [TpBU'M€]ZnOH in CgDg illustrates that the
hydroxide proton is observed as a sharp signa at 6 —0.07
ppm.
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Fig. 6 Molecular structures of [TpBY':M€]ZnOH and {[PimP" Bu]|ZnOH} *.

Table 3 Spectroscopic data for [TpRR]ZnOH complexes (data taken from
ref. 9b)

[TpRR]ZnOH W(O-H)/cm—1 8(1H) 5(170)
[TpBu'Me] ZnOH 3676 —0.07 -8
[Tp~'2]ZnOH 3668 —0.29 —36
[TpArz] ZnOHa 3558

[TpCumMe] ZnoH 3647

aAr = p-CgHsBUt

While the [TpRR]ZnOH complexes represent a major
advance in bioinorganic zinc chemistry by providing the first
well characterized tetrahedral zinc hydroxide complexes, their
structural similarity to the enzymeislimited by the fact that the
nitrogen donors are not of the imidazolyl type, but are rather
pyrazolyl-based. Nevertheless, a tetrahedral terminal zinc
hydroxide complex has been obtained by the use of the
sterically demanding neutral tris[2-(1-isopropyl-4-tert-butyl-
imidazolyl)]phosphine ligand, [PimP'Bu]. Specificaly, the
hydroxide complex {[PimPr'Bu]ZnOH}+ was isolated as the
perchlorate derivative upon reaction of [PimP'Bu] with
Zn(ClQOy4)26H,0 (Scheme 3).18 The molecular structure of
{[PimPr'Bu]ZnOH} *+ has been determined by X-ray diffraction,
asillustrated in Fig. 6, which emphasi zes the strong rel ationship
with that of [TpBu'Me]ZnOH. The Zn-O and Zn-N bond length
data listed in Table 4 reinforce this similarity, and also the
relationship with carbonic anhydrase. Since {[PimPrBu]-
ZnOH}+ is the only structurally characterized monomeric
tetrahedral zinc hydroxide derivative with three imidazole
moieties attached to zinc, the complex represents the best
structural model for carbonic anhydrase to date.

As with the tris(pyrazolyl)borate derivatives, [ TpRR]ZnOH,
the importance of bulky substituentsin enabling the isolation of
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Table4 Comparison of Zn—-O and Zn—N bond lengthsin carbonic anhydrase
with those of synthetic analogues

d(zn-0)/A d(Zn-N)/A
{[PimBY.P’|ZnOH} * 1.86 2.08
[TpBu'Me|ZnOH 1.85 2.05
[TpCumMe] ZnOH 1.85 2.05
{[TpBU-Me]Zn(OH)}* 1.94 2.02
CAl 1.9 1.9
CAll 2.05 211

{[PimPr'Bu]ZnOH} + is underscored by the fact that analogous
zinc hydroxide complex species have not been isolated using
other tris(imidazolyl)phosphine ligands with less sterically
demanding substituents.6" Furthermore, tris(imidazolyl)carbi-
nol and tris(imidazolyl)akane ligands have likewise failed to
yield structurally characterized terminal zinc hydroxide com-
plexes.sf

The first essential step in the proposed mechanism of action
of carbonic anhydrase (Scheme 1) involves reversible proton
transfer which interconverts the agua and hydroxide forms of
the active site, [(His)zZn—OH,]2+ and [(His)sZn—OH]*. How-
ever, while severa studies have addressed the factors that
influence the pK, of zinc-bound water molecules in a general
sense,8.15.19 there is to date only a single report demonstrating
reversible deprotonation/protonation of a four-coordinate [Zn—
OH]24[Zn-OH]+ pair of complexes. The paucity of such
examplesis due to the fact that protonation of a zinc hydroxide
moiety is typicaly accompanied by displacement of the aqua
ligand by the counter anion (Scheme 4),20 as illustrated by the

[TpRR1ZnOH + HX ——— [Tp*1ZnX + H,O
| )
H* | X
Lo (TP RZN(OH)Y oo
not observed
(e.g. X = OAr, OSO,Tol, halide)

Scheme 4

reaction of [TpBUM€]ZnOH with p-TolS(O),OH to give
[TpBY'M€|ZnOS(0),Tol.20d |t is, therefore, significant that
[TpBY'Me]ZnOH may be protonated by (CgFs)sB(OH,) to givea
zinc agua derivative {[TpBu'Me|Zn(OH,)}[HOB(CsFs)3] in
which the water molecule is not displaced by the counter ion
(Scheme 5).2t  Furthermore, the reaction is reversible and
subsequent treatment of {[TpBu'‘Me]Zn(OHL)}*+ with EtsN
regenerates [ TpBu'Me|ZnOH.

The molecular structure of  {[TpBY'"Me|Zn(OH,)}-
[HOB(CgFs)3] has been determined by X-ray diffraction, as
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illustrated in Fig. 7. A notable feature of the structure of
{[TpBY'M€]Zn(OH,)}[HOB(CgFs)s] is that the Zn-O bond
[1.937(2) A] issignificantly longer than that in [TpBY'Me]ZnOH

Fig. 7 Molecular structure of {[TpBuY'"Me|Zn(OH,)} [HOB(CeFs)s].

[1.850(8) A]. Such lengthening isin accord with the fact that the
hydroxide ligand has been protonated. Another interesting
aspect of the structure of {[TpBY'Me]Zn(OH,)} [HOB(CgFs)4] is
the existence of a hydrogen bond interaction between the
coordinated water molecule and the [(CgFs)sBOH]- counter
anion, which bears an analogy to that between the zinc-bound
water molecule in carbonic anhydrase and the Thr-199 residue
(Fig. 5). The existence of these hydrogen bonding interactionsis
consistent with the water molecul e attached to atetrahedral Zn!!
center being acidic. Although the pK, of {[TpBuY'M€]Zn(OH,)} *
has not been accurately determined due to the complications
mentioned above, an estimate of ca. 6.5 has been cited,% which
is comparable to the value of ca. 7 for carbonic anhydrase.
Following deprotonation of the zinc-bound water molecule,
the second key step of the mechanism of action of carbonic
anhydrase involves the reaction of the nucleophilic zinc—
hydroxide group with carbon dioxide to give a bicarbonate
intermediate. An excellent precedent for this transformation is
provided by the reaction of [TpBuY'Me]ZnOH with CO, to
generate the bicarbonate complex [TpBu'Me]Zn(OCO,H), as
illustrated in Scheme 6.12¢ | R spectroscopic studies demonstrate
that the bicarbonate ligand is characterized by absorptions at
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1302 and 1675 cm—1, which are indicative of unidentate
coordination.

Also of relevance to a catalytic cycle, the formation of the
bicarbonate complex [TpBuY'Me]Zn(OCO,H) is reversible, and
removal of the CO, atmosphere results in regeneration of the
hydroxide derivative [TpBu'‘Me]ZnOH (Scheme 6).12¢ Fur-
thermore, *H NMR spectroscopic studies demonstrate that the
equilibration is rapid on the NMR time-scale. Thus, upon
addition of CO, to [TpBu'Me|ZnOH, the sharp signal attributed
to the hydroxide ligand broadens substantially and merges into
the base line. The spectroscopic transformation is reversible,
and the signa of the hydroxide complex gradually reappears
upon progressive remova of the CO, atmosphere. The
tris(pyrazolyl)hydroborato system has, therefore, allowed direct
observation of all three zinc species that correspond to the
proposed zinc intermediates of the mechanism of action of
carbonic anhydrase, namely aqua, hydroxide, and bicarbonate
complexes (Scheme 7). Moreover, their interconversion has

WBU + \(C%/But
> N _Bu! H //N_c';‘\ Bu'
H*B"N-NAanOi H—B=N=N=7 oy
AN _N/ H AN N
Aqua Hydroxide
U 3 i
+
(His) 3anOH2 (His)3Zn—OH
—HCO5™ ‘j COp + H0 T2 HCOs ~CO,
(His) 3Zn—0002
\(&’Bu'
N= N\ Bu!
/
H— B’N N7\Zn o
N //C—OH

/&9‘ o

Bicarbonate
Scheme 7

been shown to be facile. As such, {[TpBuY'M€]ZnOHJ}+,
[TpBY'Me]ZNOH and [TpBY':Me]Zn(OCO,H) represent to date
the most thoroughly characterized synthetic analogue system
corresponding to carbonic anhydrase.

The functional equivalence of [TpBY'Me]ZnOH as asynthetic
analogue of carbonic anhydrase has been established by using
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170 NMR spectroscopy which demonstrates that [ TpBu'Me|Zn-
OH is capable of catalyzing the exchange of oxygen atoms
between CO, and H,170 [egn. (1)],12c a reaction that is also
catalyzed by carbonic anhydrase.

CO; + H,'’0 === CO70 + H,0 (@D}

Specificaly, 170 NMR spectroscopy indicates that, in the
presence of a[TpB4Y'.M€]ZnOH catalyst and CO,, the 170 NMR
spectroscopic signa for Hx17O in benzene solution is rapidly
replaced by the signa for CO7O. Under comparable condi-
tions, but in the absence of a[TpBu'Me|ZnOH catalyst, amixture
of H,7O and CO, takes severa days to reach isotopic
equilibrium in benzene solution, thereby clearly demonstrating
the efficiency of [TpBY'Me]ZnOH as a functiona carbonic
anhydrase mimic. Related to the exchange of oxygen atoms
between [TpBu'"Me|ZnOH and CO,, the hydroxide complex
[TpPnMe]ZNOH reacts with CS, to give [TpPhMe]ZnSH and
COS.22

Another aspect of the reaction between [TpB4.M€]ZnOH and
CO, which deserves mention is that of the condensation
reaction between [TpBu'Me|Zn(OCO,H) and [TpBY.Mé€|Zn-
OH.12¢ Thus, as a result of the facile interconversion between
[TpBY'M€]Zn(OCO,H) and [TpBuY':M€]ZnOH, condensation of
the latter two molecules may occur to generate a bridging
carbonate complex {[TpBu'M€|Zn} »(u-n1,n2-CO3) which may
beisolated over aperiod of days by virtue of itslower solubility
(Scheme 8). The bridging carbonate complex {[TpBu.Me]-
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/\CD/*BU' /&/\Bu' o

—< B

leo
o] nw
Bu ()
NN o I N=N
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— e B> —
Scheme 8

Zn} >(u-n1mi-COy) is, however, extremely sensitive towards
water, thereby regenerating the hydroxide derivative
[TpBu‘,Me]ZnOH_lzc

The course of the reaction between [TpRR]ZnOH and CO, is
strongly influenced by the nature of the pyrazolyl substituents,
as illustrated by the reactivity of [Tp™'2]ZnOH towards CO»
(Scheme 9). Thus, in contrast to the { [TpBY'Mé€]Zn} system, the
bicarbonate complex [ TpPr2]Zn(OCO,H) isinsufficiently stable
to be spectroscopically detected and [TpP'2]ZnOH reacts
rapidly with CO, to yield the bridging carbonate complex
{[TpP2]Zn} »(u-1,M2-CO3) (Scheme 9), which also differs
from that of the {[TpBY'M€]Zn} »(u-n,n-COs) counterpart by
virtue of the nature of the carbonate bridge. In particular,
whereas the carbonate ligand in {[TpBY"Me]Zn} »(u-11,n1-COs)
binds in a symmetric manner, with unidentate coordination to
each zinc center, that in {[TpP]Zn}s(u-n1,n2-COs) binds
asymmetrically, with unidentate coordination to one zinc center
and bidentate coordination to the other zinc center (Scheme 9);
the bidentate coordination mode is presumably a consequence
of the lower steric demands of the [TpP'7] ligand. It is also
noteworthy that the reactivity of the carbonate ligand towards
water is strongly influenced by the nature of the bridge. Thus,
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{[TpP2]Zn} 2(u-11,n2-COs) is stable towards water (Scheme 9),
whereas {[TpBUY'M€|Zn} 5(u-n1,n1-CO3) reacts instantaneously
to give[TpBu"Me|ZnOH. Thesignificant differencein reactivity
emphasizes the extent to which the coordination mode of a
carbonate ligand and, by inference, that of a bicarbonate ligand,
dictates its stability towards water. Since the fina step of the
proposed mechanism of action of carbonic anhydrase involves
displacement of bicarbonate by water, the above difference in
reactivity of {[Tp™2]Zn}o(u-ntn>CO;3) and {[TpBuMe|-
Zn} »(u-n1n1-CO3) towards H,O suggests that factors which
promote bidentate coordination of a bicarbonate ligand could
inhibit the catalytic cycle. In support of this notion, the
increased catalytic activity of [{[12]aneN4} ZnOH]* over that of
[{[12]aneN3} ZnOH]* towards hydration of CO, has also been
attributed to the greater tendency of the former to form a
unidentate, rather than bidentate, bicarbonate intermedi-
ate.23.24

A final issue concerned with the formation of the bicarbonate
intermediate of the catalytic cycle (Scheme 1) isthat it requires
that the coordinated water be deprotonated prior to reaction with
CO,. Comparative studies on both the hydroxide [ TpBu'M€] Zn-
OH and aqua {[TpBu'Me|Zn(OH,)} [HOB(CgFs)s] complexes
allows this proposal to be confirmed. Thus, whereas [ TpBu'.Mé]-
ZnOH reacts rapidly with CO, to yield the bicarbonate
derivative  [TpBUY'M€]Zn(OCO,H), the agua complex
{[TpBY'M€]Zn(OH,)}+ is inert under comparable conditions
(Scheme 6).

(b) The [(Hig)2(Glu)Zn!'-OH,] motif: thermolysin,
carboxypeptidase and neutral protease

Thermolysin (TLN), carboxypeptidase (CP) and neutral pro-
tease are aclass of related zinc proteases that are responsible for
catalyzing the hydrolysis of peptide bonds [egn. (2)].

(0] R' TLN (o] R’
y: J\ o <—OFCF’ ll: )\
- +H — _ t -
R \r’u O, 2 R0 HaN" >0,
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The active sites of carboxypeptidase, thermolysin, and neutral
protease bear a close resemblance, with the zinc centers of each
being bound to the protein by a combination of one glutamate
and two histidine residues. The similarity between thermolysin



and carboxypeptidase is further emphasized by the fact that the
glutamate residue of each enzymeis capable of binding in both
a unidentate and bidentate manner. Efforts to obtain synthetic
anal ogues of these enzymes have focused on the use of avariety
of tridentate ligands with [NO] donor arrays,25-2° but many of
theseligands do not enforce tetrahedral coordination geometries
akin to those in the enzymes. For example, ligands such as
big[(3,5-diisopropylpyrazolyl)ethyl] ether, O(CH,CHopz™r*),,
bind with a‘ T-shaped’ configuration, rather than with the facial
configuration required to mimic the tetrahedral coordination in
enzymes.26 The use of a[N,Q] tripod ligand, however, ensures
facial binding. Interestingly, such ligands may be constructed
directly on the zinc center by insertion of R,CO (R = H, Ph) or
CO, into the B-H bond of a bhis(pyrazolyl)hydroborato
derivative (Scheme 10).30 The formate derivative [n?3-
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E
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Scheme 10

(HCO,)BpBY.P']ZnCl that is obtained by reaction of CO, with
[BpBUY'P'1ZNnCl is particularly significant because it is the first
structurally characterized tetrahedral zinc complex of a tri-
dentate [N,O] ligand in which the O-donor is a carboxylate
group. Since only one oxygen coordinates to zinc, the complex
is better regarded as a synthetic analogue of thermolysin or
carboxypeptidase B rather than of carboxypeptidase A. In
addition to using boron as a tripod linker, carbon has also been
used as a linker atom to prepare the [N,O] donor ligand
[HC(pzMe2)(CeHoMeBuUtO)]-, from which the zinc complexes
[HC(pzMez)(CeHMeBUtO)]ZnX (X = Cl, Me) have been
synthesized (Fig. 8).28

(c) The [(His)z(Cys)Zn!'-OH,] motif: bacteriophage T7
lysozyme and peptide defor mylase

The active site of bacteriophage T7 lysozyme, a zinc enzyme
which destroys bacteria by cleaving the amide bond between .-
alanine and N-acetylmuramate moieties of polysaccharide
componentswithintheir cell walls, consists of atetrahedral zinc
center whichisbound to the protein backbone via one sulfur and
two nitrogen donors of cysteine and histidine residues, with the
fourth site being occupied by a water molecule (Fig. 2).31 The
active site of peptide deformylase is similar to that of T7
lysozyme, but recent studies suggest that the zinc form has low
activity and that the active form of the enzyme which is
responsible for the hydrolytic cleavage of aformyl group [egn.
(3)] is actually an iron enzyme.32
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H
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N>
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X = Cl, Me

X = Cl, Me, OAc, SAr

Fig. 8 [NNO] and [NNS] ligands based on the his(pyrazolyl)methane
fragment.

In part due to the propensity of sulfur to act as a bridge between
metal centers, tridentate [N,S] ligands that support monomeric
tetrahedral zinc centers analogous to the active sites of peptide
deformylase and T7 lysozyme are not common. A second
problem is that a variety of studies indicate that the ability of
sulfur to coordinate to zinc is very sensitive to the nature of the
ligand. For example, the sulfur atom of the thioether derivative
[S(CH,CH_pzMe2),] ZnCl, does not coordinate to zinc.33 Never-
theless, the use of atripod construction enforces‘facial’ binding
of a[N.S] donor ligand and, by analogy with the [NO] ligands
[{ R-.C(H)O} BpB4'P'] described above, the tetrahedral zinc
complex, [n3-{Ph,C(H)S}BpBU'P'|Znl may be obtained by
insertion of Ph,CS into a B-H bond of [BpBuY'P'1Znl (Scheme
10).34 Related complexes, [HC(pzMe:),(CeHoMeButS)] ZnSPh
and [HC(pzMe:),(CMe,S)]ZnX (Fig. 8), derived from [N,S]
ligands that use a carbon, rather than boron, atom linker have
also been synthesized.28:35 Although mononuclear zinc hydrox-
ide complexes of the type {[N.S]ZnOH} have yet to be
structurally characterized, it is worth noting that a related
dinuclear species has recently been isolated. Thus, only one of
the two thioether linkages of the [N.S;] bmnpa ligands in the
bridging hydroxide complex {[(bmnpa)Zn(u-OH)].}2* coor-
dinates to each zinc center, such that each zinc adopts a
{[N2S]Zn(u-OH),} coordination environment [bmnpa =
N-bis-2-(methylthio)ethyl-N-(6-neopentylamino-2-pyridyl-
methyl)amine].362 A dinuclear hydroxide complex with a
similar motif, but in which thiosulfate [S,03]2— provides the
sulfur ligand, has also been reported.36P

(d) The [(His)(Cys).Zn!'-OH;] motif: liver alcohol
dehydrogenase

Alcohol dehydrogenases (ADH) belong to an important class of
enzymes that catalyze the biological oxidation of primary and
secondary acohols. The oxidations proceed via the formal
transfer of ahydride anion to the oxidized form of nicotinamide
adenine dinucleotide (NAD*), coupled with the release of a

proton [egn. (4)].

H\ /oH ADH ﬁ
o + NAD* =—— c + NADH + H* 4
R R R R

Liver acohol dehydrogenase (LADH) is the most widely
studied of this class of enzymes. X-Ray diffraction studies
demonstrate that the active site consists of a zinc center which
is coordinated in a distorted tetrahedral manner to a histidine
and two cysteine residues of a single polypeptide chain, with a
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water molecule occupying the fourth coordination site (Fig. 2).
In addition to the catalytic site, thereis also azinc center that is
coordinated tetrahedrally to four cysteine residues, which plays
a structural role. Although the sulfur-rich composition of the
active site of LADH is relatively uncommon for zinc enzymes,
two other examples that have similar active sites are spinach
carbonic anhydrase3” and cytidine deaminase.3® The coordina-
tion environment of the catalytic sitein LADH is also not well
precedented in zinc chemistry. For example, even though a
variety of tridentate [NS,] donor ligands have been synthesized
with a view to modeling LADH,3%41 none of these previous
studies has yielded structurally characterized mononuclear
tetrahedral complexes that mimic the active site of LADH. The
principal problems of these ligands are associated with (i) the
proclivity of thiolate groups to act as bridging ligands and thus
form oligonuclear structures, and (ii) the preference of certain
tridentate [NS;] ligands to bind with a meridiona (i.e. ‘T'-
shaped) geometry, rather than the facial binding required to
mimic the active site of LADH.

A suitable tridentate [NS,] donor ligand has, nevertheless,
been obtained by reaction of pyrazole with a bis(mercaptome-
thylimidazolyl)borate derivative.42 Specifically, the reaction of
LiBH, with methimazole (2 equivalents) yields[BmM€]Li, from
which the[NS;] donor [pzBmMe]Li may be obtained by reaction
with pyrazole (Scheme 11). Subsequent transfer of the [NS;]
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Scheme 11

ligand to zinc is readily achieved by treatment of [pzBmMe]Li
with Znl,, thereby resulting in the formation of [pzBmMe€]Znl.
Alternatively, [pzBmMe]Znl may be obtained via reaction of the
[BmMe€]Znl with pyrazole (Scheme 11).

The molecular structure of the zinc iodide complex,
[pzBmM€]Znl, has been determined by X-ray diffraction which
demonstrates that it is indeed mononuclear with a distorted
tetrahedral coordination geometry about zinc, and Zn-N and
Zn-S bond lengths that are comparable to those within the
enzyme. As noted above, the ability of [pzBmMe] to provide a
facial set of donors is associated with the use of a tetrahedral
center as a point of attachment for the donor groups. In this
regard, Riordan and coworkers have also recently used tripodal
phenylborato ligands to provide [NS;] donation that is capable
of stabilizing monomeric structures, as illustrated by
[Ph(pz)(CH,SBUt),] ZnBr and [Ph(pzBu)(CH,SBut),] ZnSPh.43

A simplified version of the postul ated mechanism of action of
LADH isillustrated in Scheme 12, with the essential features
involving (i) binding NAD+ (nicotinamide adenine dinucleo-
tide), (ii) displacement of the water molecule by acohol, (iii)

1978 Chem. Commun., 2000, 1971-1985

R R
¢ ¢ 9
HO~ S H* ~ (":\NH
f 2
Zr'\" lll @
s,
HIS/ . Oy His/ ~Cys (’;
Cys Cys ~&H
+
H,0 l NAD
RCH,OH R
& H

_ HH Q
OH, 07 H C<
| I | NH,
Znll Zn" N
) Cys N )
HIS/ \ ¥ ; H,0 His/ \ Cys C

Cys Cys » 4H
LADH b NADH

Scheme 12

deprotonation of the coordinated alcohol affording a zinc
alkoxideintermediate,44 (iv) hydride transfer from the alkoxide
to NAD~ giving azinc-bound adehyde, (v) displacement of the
aldehyde by water, and (vi) release of NADH. The role of the
zinc center is, therefore, to facilitate the formation of an
alkoxide and thereby enhance hydride transfer to NAD+*.
Conversely, in the reverse direction, coordination of the ketone
or aldehyde to the zinc center serves to enhance the electro-
philicity of the carbonyl carbon atom and thereby promote
reduction.

Interestingly, athough the generation of a four-coordinate
zinc alkoxide intermediate is an essential step in the catalytic
cycle of LADH (Scheme 12), until recently, there was little
precedent for the formation of simple aiphatic akoxide
complexes from either zinc aqua or hydroxide derivatives. In
view of the non-existence of well defined mononuclear zinc
hydroxide complexes with a pseudo-tetrahedral {[NS;]Zn!'X}
structure, such studies have necessarily focused on complexes
with a different structural motif, and specificaly those sup-
ported by tris(pyrazolyl)hydroborato ligation for which a series
of [TpRRZnOH complexes are known. Significantly, tH NMR
spectroscopy demonstrates that the zinc hydroxide [TpBu'Mée]-
ZnOH complex reacts with ROH (R = Me, Et, Pri) to generate
the alkoxides [TpBuY'Me]ZnOR (Scheme 13);45 however, in
contrast to the reactions of [TpRR]ZnOH with acidic acohols
(e.g. phenols and trifluoroethanol),¢ the simple akoxides
[TpBY'Me]ZNOR (R = Me, Et, Pri, But) are only formed as
minor components in an equilibrium mixture (Fig. 9).45 As
such, the alkoxides [TpBUY'M€]ZnOR are not readily isolated
from the reaction of [TpBu'M€]ZnOH with ROH. It is, therefore,
significant that the alkoxides [TpB4Y.M€]ZnOR may be isolated
from the reaction of the hydride complex [TpBu'Me|ZnH with
the respective acohol (Scheme 13). The molecular structure of
[TpBY'Me|ZnNOEtL has been determined by X-ray diffraction,
thereby demonstrating its mononuclear tetrahedral nature and
confirming its relationship to the proposed intermediate in the
mechanism of action of LADH.

An understanding of the factors which influence the stability
of tetrahedral zinc alkoxide complexes with respect to hydroly-
sis is critical to understanding the mechanism of action of
LADH. The data presented in Fig. 9 indicate that the
equilibrium constant for formation of [TpBY.M€]ZnOR from
[TpBY'M€]ZNOH and ROH (R = Me, Et, Pri, Bw) is highly
dependent upon the nature of R, decreasing markedly in the
sequence: Me > Et > Pri > But, atrend that isaresult of steric
and electronic influences (Table 5). Therefore, in an effort to
identify the relative importance of these components, the
equilibria involving the reactions of [TpBu'Me]ZnOH with a
series of para-substituted phenols, p-XCgH4OH, for which
electronic substituent parameters (e.g. Hammett o constants)
are available, have been studied.4” Significantly, the data
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Table 5 Equilibrium constant and thermodynamic data for acoholysis
reactions of [TpBu“Me]ZnOH with ROH (data taken from ref. 45)

R Kr(300 K)
Me 1.4(2) x 103
Et 9(2) x 10-4
Pri 3(1) x 10-5
But =10-8

presented in Fig. 9 demonstrate that the alcoholysis reactions
are very sensitive to electronic influences, being strongly
favored for el ectron withdrawing substituents. Thus, aHammett
plot of log K vs. o givesagood linear correlation with a p value
of 2.8. The acoholysis reactions have also been studied
computationally using DFT calculations (B3LYP) and the
results are in excellent agreement with the experimental
results.47

The computational study demonstrates that the trend illus-
trated by the Hammett plot is a consequence of electron
withdrawing substituents increasing Zn-OAr BDES to a greater
extent than the corresponding H-OAr BDEs.47 Thus, rather
than exhibit the 1:1 correlation between M—X and H-X bond
energies that has been reported for certain other systems,48 the
Zn—OAr BDE is substantialy more sensitive to the para
substituent than isthe H—-OAr BDE (Fig. 10), i.e. D(Zn—OAr) =
1.48 D(H-OAr) — 61 kcal mol—1.47
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Fig. 10 Correlation of calculated [Zn]-OAr and H-OAr BDEs.

Theoretical studies on phenols have rationalized that the
ability of an electron withdrawing para substituent to increase
the H-OAr BDE is aresult of preferential stabilization of the
ground state by increasing the delocalization of the electron
density from the oxygen atom.4® On the other hand, electron-
donating para substituents decrease the H-OAr BDE, but the
effect isprincipally dueto stabilization of the ArOe radical, with
destabilization of ArOH contributing only to a small degree.
The greater influence of an electron withdrawing substituent on
the Zn—OAr vs. H—OAr BDE is proposed to be a consegquence of
the Zn®*—OArd— bond being more polar than the H>*—OArd—
bond, i.e. an electron withdrawing substituent would exert a
greater influencein stabilizing the partial negative charge on the
oxygen atom in [TpBu'Me|ZnOAr than in ArOH.

Calculations on the alkoxides [TpBY'“M€]ZnOR (R = Me, Et,
Pri, But) indicate that the observed trend is a result of the
homolytic Zn—OR BDE decreasing rapidly upon increasing the
bulk of R as compared to that for the corresponding H-OR
BDE. The greater sensitivity of the Zn—-OR BDEsto the bulk of
R has been attributed to steric interactions between R and the
tert-butyl substituents of the [TpBu'Me] ligand in [TpByY'Me|Zn-
OR playing a more important role that the interactions between
R and H in ROH.47

Inview of the unfavorable thermodynamics for the formation
of the alkoxide derivatives [TpBU:M€]ZnOR from [TpBu'Me|-
ZnOH, it is noteworthy that the use of the related tris(mercapto-
mesitylimidazolyl)borate ligand [TmMes|, which features [S3]
rather than [ N3] coordination, favors the formation of an alcohol
adduct. Thus, the acohol complex {[TmMes]Zn(HOMe)}+ is
obtained by reaction of Li[ TmMes] with Zn(ClO4), in methanol
(Scheme 14).50 This observation indicates that the sulfur rich
coordination environment provided by [TmMes] stabilizes
acohol binding to zinc and thereby suggests that one of the
reasons why LADH utilizes a sulfur rich coordination environ-
ment is to increase the stability of the required alcohol
intermediate with respect to that of an aqua species.

The acohol coordination mode in {[TmMes|Zn(HOMe)}*
resembles aspects of that in LADH. For example, the Zn-O
bond length in {[TmMes|Zn(HOMe)}+ (1.99 A) is effectively
identical to that in the CsFsCH,OH adduct of LADH (2.0 A)
and the hydroxy group of the coordinated methanol participates
in a hydrogen bonding interaction with an additional molecule
of methanol, which resembles the hydrogen bond network at the
active site of LADH. For example, the hydrogen bonded O---O
separation of 258 A in {[TmMes]Zn(HOMe)(HOMe)}+ is
effectively identical to that between the zinc-bound acohol at
the active site of LADH and Ser-48 (2.6 A).

A fina issue concerned with the proposed role of zinc
akoxideintermediatesistheir potential for ‘hydride’ transfer to
NAD+. Studies employing p-nitrobenzaldehyde as a NAD+
hydride acceptor mimic5! provide evidence that the alkoxide
complexes [TpBY'Me]ZnOR (R = Et, Pri) areindeed capable of
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Zn(Cl0O,4)2+6H,0
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such a transformation. For example, [TpBu'"Me|ZnOEt reacts
with ArCHO (Ar = p-CgH4NO,) in benzene to yield
[TpBu':M€|ZNOCH,Ar and MeCHO (Scheme 15). Furthermore,
solutions of ArCHO in ROH (R = Me, Et, Pri) yield ArCH,OH
at ca. 90 °C in the presence of [TpB4'Me|ZnOH.
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(e) The [(Cys)zZn!'—OH;] motif: 5-aminolevulinate
dehydratase

5-Aminolevulinate dehydratase (ALAD), also known as por-
phobilinogen synthase (PBGS), catalyzes the dimerization of
5-aminolevulinic acid (ALA) to porphobilinogen, a mono-
pyrrole (Scheme 16).52 This transformation is of considerable
importance sinceit isthefirst step in the biological synthesis of
tetrapyrroles (including heme, chlorophyll and cobalamins).
ALAD is a zinc dependent enzyme, containing both catalytic
and structural zinc sites, of which the catalytic site possessesthe
unusual composition of [(Cys)sZn'!(OHy)] (Fig. 2).58 As
discussed above for liver alcohol dehydrogenase, due to the
proclivity of sulfur containing ligands to bridge more than one
zinc center, mononuclear tetrahedral zinc complexeswith sulfur
rich coordination environments that mimic the active site of
ALAD are not common. Nevertheless, the sterically demanding
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tris(mercaptoarylimidazolyl)borate ligands, [TmAr] (Ar = Ph,
Mes), described above may be considered to provide the
requisite motif which mimics the three cysteine residues at the
active site of ALAD. Thus, a series of [TmAT]ZnX complexes
have been prepared, eg. [TmP]ZnX (X = 1, NOz) and
[TmMes|ZnX (X = Cl, 1),50 asillustrated in Scheme 17.
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An important aspect of the chemistry of ALAD is concerned
with lead poisoning. Specificaly, lead is the most commonly
encountered toxic metal pollutant in the environment,54 and its
toxicological properties are associated with itsinteractions with
proteins and, in particular, ALAD.55 The existence of a series
of [TmAr]ZnX derivatives has enabled the replacement of zinc
by lead in complexes which mimic aspects of the coordination
environment in the active site of ALAD to be studied.
Significantly, both [TmPh]Znl and {[TmPh]Zn(NCMe)} (ClO,)
react rapidly with Pb(ClO,),*xH,0 to give the lead complex
{[TmPn]Pb} (ClO,4) (Scheme 18).56
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Scheme 18

Themolecular structure of {[ TmPh]Pb} + has been determined
by X-ray diffraction (Fig. 11), thereby demonstrating that the
trigonal-pyramidal geometry bears a close correspondence to
the active site of Pb"'—ALAD.57 For example, {[ TmP"]Pb}+ and
Pb''-ALAD have very similar average Pb—S bond lengths of 2.7
and 2.8 A, respectively. It is aso important to emphasize that
thelead coordination environment in {[TmPh]Pb} * isin marked
contrast to that of zincin {[TmPhZn(NCMe)} +, an observation
which clearly indicates that trigonal-pyramidal lead centers
have a reduced tendency to bind an additional ligand compared
to that of zinc. The reduced L ewis acidity of athree coordinate
Pb!' center is of significance to the inactivity of Pb''-ALAD
since the mechanism of action has been proposed to involve
activation of ALA by interaction of the ketone group with the



Fig. 11 Molecular structure of {[TmP"]Pb} +.

Zn'' center.52 The reduced Lewis acidity of a three coordinate
Pbl' center indicates that the formation of the required
tetrahedral intermediate [(Cys)sPb''-ALA] would be inhib-
ited.

The binding preferences of lead and zinc to ligands which
mimic the coordination motif in ALAD is of relevance to
obtaining a thorough understanding of the factors responsible
for the debilitating effects of lead poisoning. It is, therefore,
significant that a study of the equilibrium involving ligand
exchange between { [ TmP]Pb} (ClO,4) and Zn(ClOg4), in MeCN
[egn. (5)] indicates that the preference of [TmPh] to coordinate
Pb'' over Zn'!' in this system is ca. 500:1. This value is
substantially greater than the ca. 25: 1 relative affinity of these
metals to reside at the active site of human erythrocyte
ALAD.58

K
(Tm™Pb}* + Zn®* + MeCN =—= {[Tm""zZn(NCMe)}* + Pb%* (5)

More interestingly, despite the fact that [TmP"] prefers to bind
to Pb' rather than Zn", the lead in {[TmP"]Pb}* may be
replaced by zinc in the presence of Nal. Thus, addition of Nal to
a mixture of {[TmP"]Pb} (ClO4) and Zn(ClOy,), in acetonitrile
results in the formation of {[TmP]Zn(NCMe)}+ due to the
equilibrium being shifted to the right by precipitation of Pb'! as
Pbl,. This observation is of relevance since a completely
effective meansto reverse the toxic effects of lead in the human
body are not yet known, despite efforts to develop lead
complexing agents.5°

(f) The [(Cys)4sZn''] motif: The Ada DNA repair protein

In addition to the ubiquitous [{ XY Z} Zn"'—OH,] motif in which
the coordinated water molecule plays a critical role, recent
studies indicate that zinc may also play an important role by
activating thiols towards nucleophilic attack. For example,
alkylation of zinc thiolates has been proposed to be astep in the
mechanism of action of the Ada DNA repair protein which is
responsible for demethylating DNA in a stoichiometric manner
(Scheme 19);59 related zinc thiolate reactivity has also been
proposed for other enzymes.6! The active site of the Ada repair
protein possesses a [(Cys)4Zn] motif and has been modeled by
the anion [Zn(SPh),]2—.62 Thus, Wilker and Lippard have
reported that [MesN]2[Zn(SPh)4] reactswith (MeO)sPO to form
PhSMe, (MeO),PO,~, and [Zn(SPh)s]— via initia heterolytic
dissociation generating an incipient thiolate anion. More
recently, the thiolate complex [TmPh]ZnSPh (Scheme 20) has
been introduced as amodel for the Adarepair protein, in which
the[TmPh] ligand mimicsthethree cysteineresiduesthat remain
bound to zinc during the course of the alkylation reaction.s3 The
phenylthiolate ligand in [TmPh]ZnSPh also possesses nucleo-
philic character and is alkylated by Mel to give PhSMe and
[TmPN]Znl, atransformation that is analogous to the reactivity
exhibited by tris(pyrazolyl)borate complexes [TpRR]ZnSR%4
and other scorpionate thiolates.s

Methionine synthases are a class of enzymes related to the
Ada protein in that thiolate alkylation is a common feature.61a
The active sites of the various methionine synthases also feature
cysteine coordination, and Riordan and coworkers have recently
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introduced the wuse of the phenylborato ligands
[PhB(CH2SBu)3] and [Ph(pzB¥)(CH,SBU!).] as[Ss] and [NS,]
donors to mimic the active sites in these enzymes (Fig. 12).43

In addition to alkylation of zinc—cysteine thiolates, proteo-
lytic cleavage of such groups is of relevance to the mechanism
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of action of matrix metall oproteinases (matrixins) which are an
important group of zinc enzymes responsible for degradation of
the extracellular matrix components.¢6 One of the mechanisms
for activating the proenzyme involves proteolytic cleavage of
the cysteine thiolate residue and a chemical model for this
process is provided by the reactivity of [TmPh]ZnSPh towards
H+. Specificaly, treatment of [TmP]ZnSPh with HCIO, in
acetonitrile results in elimination of PhSH and formation of
{[TmP]Zn(NCMe)}(ClOy), asillustrated in Scheme 20.

4. Metal ion substitution for probing zinc enzymes

As a result of the poor spectroscopic properties of Znll, it is
difficult to obtain information concerning the structure of the
active site of the enzyme and the nature of the intermediates
involved in the catalytic cycle. For this reason, considerable
effort has been directed towardsinvestigating enzymesin which
the zinc has been replaced by various other metals in an effort
to incorporate a spectroscopic probe, e.g. Co'' (UV-vis) and
Cd'' (NMR).57 However, the various metal substituted enzymes
often exhibit markedly different activities, and so the use of
metal ion substitution to provide insight into the mechanism of
action depends critically on a knowledge of the chemistry of
various metal ionsin coordination environmentsthat are closely
related to the enzyme active site. Therefore, in an effort to
provide such information, the chemistry of other metals in
coordination environments related to those of zinc enzymes has
also been investigated.

(a) Influence of the metal on active site coordination
geometry

Cobalt isthe metal that is most commonly substituted into zinc
enzymes because it has distinct electronic spectroscopic
properties and also has a strong tendency to form tetrahedral
complexes. However, structural studies on a series of closely
related metal complexes indicate that substitution of zinc in
enzymes by other metalsis actually likely to have a significant
impact on the structure of the active site,68 as illustrated by the
carbonic anhydrase synthetic analogues {[Tp™'z]M(u-OH)} n.
Thus, of these derivatives, only the zinc complex [Tp'2]ZnOH
exists as a tetrahedral terminal hydroxide derivative, whereas
the manganese, iron, cobalt, nickel and copper derivatives exist
as five-coordinate dinuclear complexes with bridging hydrox-
ide ligands, {[TpP"2]M(u-OH)}> (M = Mn, Fe, Co, Ni, Cu)12d
(Fig. 13).

Interesting differences as a function of meta are also
observed for complexes obtained using tris(imidazolyl)phos-
phine ligands. For example, the reactions of [PimP'Bu] with
M(ClQ4)26H,0 (M = Zn, Cd) yield {[PimPr'Bu]ZnOH} + and
{[PimPr',Bu]Cd(OH,)(OCIO43)} + which, asillustrated in Fig. 14,
possess significantly different structures®® Thus, the zinc
complex {[PimP.Bu]ZnOH}+ exists as a simple tetrahedral
hydroxide derivative, whereas the cadmium counterpart is a
five-coordinate aqua complex, {[PimP"'Bu]Cd(OH,)-
(OCIO3)}*. In addition to the different structures, the fact that
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the cadmium center binds a ligand as weakly coordinating as
perchlorate is particularly interesting because it indicates that
biologically more pertinent anions should also coordinate to a
tetrahedral [{ N3} Cd''(OH,)] center and thereby suggests that
Cd""—carbonic anhydrase may not be tetrahedral. _

The observation that the cadmium complex {[PimPr'.Bu]-
Cd(OH,)(OCIO3)} + dso exists as an agua species provides a
rationalization for the reduced activity of Cd!'-carbonic anhy-
drase since accessto ahydroxide speciesisrequired for efficient
carbonic anhydrase activity. The reluctance of the agua
complex {[PimPBu]Cd(OH,)(OClO3)}* to convert to a hy-
droxide speciesis aconsequence of the coordinated perchlorate
ligand since the acidity of a coordinated water molecule is
reduced considerably upon the binding of an anionic ligand,
i.e. the pK, of the monocation { [PimPr.Bu]Cd(OH.)(OCIOz)} +
would be expected to be greater than that of dicationic
{[PimPr'.Bu]Zn(OH,)} 2+ . Thefact that Cd''—carbonic anhydrase
only exhibits significant activity at higher pH (corresponding to
the ionization of a cadmium-bound water molecule with a pK,
of ca. 9) is in accord with the isolation of the agua species
{[PimPr'.BU]Cd(OH_)(OClO3)} +, with a higher pH being neces-
sary to generate the requisite hydroxide species.

An investigation of the reaction of Co(ClO,),-6H,0 with
[PimPr2] in methanol aso indicates the reluctance of cobalt to
form simpletetrahedral cobalt hydroxide complexesby forming
the six-coordinate agua-methanol—{perchlorate  complex
{[PimPr2] Co(OH_,)(HOMe)(OClOg)} + (Scheme 21).70

Structural studies on a series of complexes of the bis(2-
mercapto-1-methylimidazolyl)(pyrazolyl)hydroborato  [NS;]
donor ligand also indicate interesting differences in coordina-
tion mode as afunction of the metal. Thus, of the [pzBmM€],Zn,
[pzBmMe],Co and [pzBmM€],Cd derivatives (Fig. 15), only the
zinc complex has atetrahedral M[S] structure which resembles
the [(Cys)4Zn] structural sites in enzymes such as LADH. In
contrast, the cobalt and cadmium derivatives, [pzBmMe],Co and
[pzBmMe],Cd, exhibit structures in which the B-H groups aso
interact with the metal center. The non-tetrahedral nature of the
latter complexes indicates that zinc has a greater preference for
tetrahedral M[S,] coordination, which is in accord with its
prevalent role in the structural sites of enzymes.
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(b) Nitrate ligands as a probe for trendsin bicarbonate
coor dination modes in metal-substituted carbonic
anhydrases

The final step of the carbonic anhydrase catalytic cycle, i.e.
displacement of a bicarbonate ligand by water, is undoubtedly
dependent on the coordination mode of the bicarbonate ligand.
For example, Col'—carbonic anhydrase is less active than the
zinc enzyme and X-ray diffraction studies indicate that the
bicarbonate ligand bindsin abidentate manner. An appreciation
of the factors that influence the coordination mode of a
bicarbonate ligand is, therefore, critical to understanding the
relative activities of metal-substituted carbonic anhydrases.
However, such a study is presently not possible due to the
genera instability of bicarbonate complexes, with no zinc
bicarbonate complex having been structurally characterized.
For this reason, the nitrate ligand has been employed as a probe
to provide an indication of the structural variations that would
be expected for a series of bicarbonate complexes.12c.68
Specifically, since bicarbonate and nitrate ligands are iso-
electronic and sterically similar, the variation in nitrate

Fig. 16 Parameters used in classifying nitrate coordination mode.

coordination mode (Fig. 16) for a series of analogous metal
complexesisanticipated to correlate with the trend observed for
analogous bicarbonate complexes.

The variation in nitrate ligand coordination mode has been
examined for the tris(pyrazolyl)hydroborato and tris(imidazo-
Iyl)phosphine complexes, [TpBY'"RIM(NO3) and {[PimPr.Bu]-
M(NO3)}+,68 as summarized in Table 6. Nitrate ligand coor-

Table 6 Comparison of nitrate coordination mode of LM(NO3)Q+2 with
activity of M'—CA (data taken from ref. 68d)

MI-CA  Ad/A A6l°
activity
M (%) [H’mPr',Bu'] [TpBu‘,R]b [H’mPr',Bu'] [TpBu‘,R]b
Zn 100 0.53 0.60 24.4 29.6
Co 50 0.27 0.34 10.8 158
Ni 2 — 0 — 0
Cu 0 0.13 0 5.9 0
Cd 2 0.13 0.23 74 18
Hg 0 0.39 — 19.3 —

aQ = 1forL = [PimP'BuY]; Q = Ofor L = [TpBYR..PR = HforM =
Zn, Co, Cu, Ni; R = Mefor M = Cd.

dination modes may be classified as either bidentate (Ad < 0.3
A; AB < 14°), anisobidentate (0.3 < Ad < 0.6 A; 28 < A9 <
14°), or unidentate (Ad > 0.6 A; A9 > 28°), depending upon
the degree of asymmetry. The datalisted in Table 6 indicate that
the bidenticity increasesin the sequence Zn < Hg < Co < Cu
= Ni = Cd, reflecting the different electronic properties of the
metals. Steric effects are also important in influencing the
coordination mode, as illustrated by the observation that the
asymmetry of the nitrate coordination mode decreases across
the series [TpBY]ZNn(NO3)88 [TpPZn(NOs),”t and
[TpIZn(NO;)™2

Interestingly, with the exception of mercury, the nitrate
coordination mode in these complexes correlates with the
activity of metal substituted carbonic anhydrases: Zn > Co >>
Cu = Ni = Cd = Hg (Table6). Specificaly, those metalswith
amost symmetric bidentate coordination are inactive, whereas
those with significant asymmetry (Zn and Co) are active. In this
regard, it is aso noteworthy that the carbonate ligand in the
complexes {[TpP'2]M} »(u-COs) (M = Mn, Fe, Co, Ni, Cu)12d
exhibits varying degrees of asymmetry that closely paralel the
series of nitrate complexes described above, and thereby
provides further support for the notion that nitrate is a good
model for bicarbonate.

(c) Spectroscopic models

Finaly, another use for synthetic analogues is to provide
spectroscopic signatures that enable the assignment of the
coordination environments of the active sites of metallo-
enzymes. For example, (i) the similarity of the electronic
spectrum of blue [TpBu]CoClé8b with that of the high pH form
of Co''—carbonic anhydraseis consistent with the notion that the
active site exhibits a pseudo-tetrahedral coordination geo-
metry,67 (ii) comparison of the electronic spectra of purple
[TpBYINICI, yellow [TpBuINi(n2-O,NO) and green [TpMe]-
Ni(n2-O,NO)(THF),%8> with the electronic spectrum of Ni''—
carbonic anhydrase supports the notion that nickel is six-
coordinate in the enzyme at neutral pH, and (iii) comparison of
the electronic spectrum of Cu''—carbonic anhydrase with those
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of [TpBY]CuCl and [TpBY]Cu(n2-O,NO) indicates a greater
similarity to the five-coordinate structure.s8o
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