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l. Scope

In 1979 Godeken reviewed comprehensively the use of macrocyclic
complexes to model bioinorganic active sites (I). Growth in the area
has been such that this is no longer a reasonable target and some
selectivity is now required. In this chapter only metalloprotein active
sites are considered and those for which the role of the metal ion
is largely structural are neglected, as are the processes of metal ion
transport and storage. Porphyrins, chlorophylls, corrins, and other por-
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phine systems define the coordination environment of complexed metal
ions quite closely. The problems of modeling these sites are different,
in kind as well as in degree, from those of modeling nonporphine sites,
and only the latter will be considered here.

Some information concerning the structures and functions of the
metalloprotein active sites is required for any discussion of model com-
plexes. Brief descriptions of the natural sites are therefore included
and more detailed accounts may be found in the references. Where
possible, references concerned with the metalloproteins themselves in-
clude recent reviews.

No attempt has been made to be comprehensive, partly because the
determination of what constitutes a model complex is both subjective
and dependent on the current state of knowledge about the metallopro-
tein in question.

ll. Introduction

A close relationship has existed between the field of bicinorganic
chemistry and that of macrocyclic or macropolycyclic chemistry for the
last 20 years. In part, this is due to direct overlap relating to the
existence of the natural macrocyclic antibiotics and porphyrins. How-
ever, a long and fruitful association also exists in a third area: the use
of macrocyclic or cryptate complexes to model metalloprotein active
sites or to mimic their chemistry (1-3).

The metalloproteins that have attracted most attention are those
whose properties are most obviously different from those observed in
the normal “classical” aqueous coordination chemistry of the metal
ions. The challenge is to account for (initially) unique spectral or chemi-
cal properties in terms of the coordination chemistry of the metallopro-
tein active site, as moderated by the protein environment. With increas-
ing frequency, as in the case of type 1 copper (Section IIIB),
crystallography reveals the active site structure with sufficient clarity
to provide strong clues as to the origin of the unusual spectroscopy.
However, an important test of the structural and spectroscopic analyses
is to reproduce the same effects in a model complex. On other occasions,
as with the [4Fe—4S] proteins (Section VC), many questions remained
even after the structures were known. In spite of the very impressive
achievements of protein crystallography, there remain many metallo-
proteins for which structural data are either not available or incon-
clusive.
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The aim of synthetic model studies is to reproduce the spectroscopic
features, and ultimately the function, of the active site in a low-molecu-
lar-weight complex of known structure (4—6). This is generally a cyclic
process, as illustrated in Fig. 1, and the potential for refinement has
not yet been exhausted for any single metalloprotein. Negative results
are often valuable in modifying the model, especially in earlier stages
of the process and are in any case useful in expanding the underlying
coordination chemistry. The problems addressed by bicinorganic chem-
istry lie principally in coordination chemistry and spectroscopy. It is
arguable that the design and synthesis of model complexes for metallo-
protein active sites have contributed as much (or more) to the develop-
ment of these areas as they have to biochemistry.

As understanding of a particular metalloprotein develops, so the
questions to be addressed by models change and “last year’s model”
can become dated very rapidly. To use the terms introduced by Hill (5)
and expanded by Fenton (6), the normal progression is from speculative
models through corroborative ones to fully functional synthetic ana-
logs. The aims of this process are twofold, to understand the structure

Spectroscopic and Does model incorporate
biochemical data all proposed features of
on metalloprotein active site?
yes
poor
match
Proposed active Design, synthesise Compare properties
site structure - and characteise | ™| ¢ htain and model
model complex
1 good
Refinement of models mach
and of understanding
of metalloprotein Compare functions
of model and
poor match metalloprotein
modify proposed structure good
match
Metalloprotein fully
understood and
function duplicated

FIG. 1. Steps in the development of models for a metalloprotein active site.
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and function of the metalloprotein and, ultimately, to duplicate its
function. There is a distinction to be made between mimicking the
structure and spectroscopic properties of a metalloprotein active site
and reproducing its function in a synthetic complex. Both objectives
require a good understanding of the factors that control the properties
of the natural site, but a functional model need not necessarily mimic
the structure very accurately.

Some metal ions in metalloproteins retain a “normal” metal environ-
ment, behave as classical coordination complexes, and are less studied
because they appear to be understood (although perhaps this is a
smaller class than it once appeared). The particular properties of other
sites can often be traced back to unusual geometry or ligation at the
active site; these systems have generally been more studied because
they are more intriguing.

Many of these unusual properties can also be induced in macrocyclic
systems and can be ascribed to many of the same factors. Control of
the structures and geometries in macrocyclic complexes generally lies
somewhere between two extreme positions. On the one hand, the metal
ion may impose its preferred geometry on the macrocyclic ligand. On
the other, the macrocycle may impose some particular geometry or
environment on the metal. In the first case, the complex is likely to
have classical properties, but the second introduces the possibility of
unusual properties of some sort. In most cases some degree of compro-
mise is reached between the preferred geometry of macrocycle and that
of metal. Some of the more important means by which the properties
of a metal ion can be modified are outlined below.

1. Unusual Donor Sets

A metal ion in a protein will bind to donors it would not normally
favor if the donor is part of the imposed coordination environment and
if there is no alternative ligand available. The metal ion must accept
or reject the site as a whole and, provided there are sufficient donors
to which the metal binds strongly, the complex will be stable. The
protein may be considered a host presenting a converging and fixed
donor set to the metal ion guest (7). The fixed relative positions of the
donors prevent side reactions, such as oxidation of thiolate ligands to
disulfides, which would occur if the ligands were independently labile.
Macrocyclic or macropolycyclic ligands may also present a set of donors,
one or more of which may not normally bind strongly to the metal in
question. Binding is promoted by the presence of strongly binding do-
nors that maintain the less-favored donor within the coordination
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sphere. The stability of the complexes is enhanced by the high kinetic
stability of most macrocyclic complexes.

2. Unusual Geometry

The concept of the protein (or macrocycle) as a host with a prear-
ranged donor geometry is also relevant here. The situation is related
to Cram’s concept of a preorganized ligand in which a very stable
complex may be formed between a metal ion guest and a host preorga-
nized so that the binding of the metal does not result in any significant
change in geometry (7). The difference in metalloproteins is that the
preorganized geometry of the host is often not that usually favored by
the metal ion guest. The purpose of the preorganization is to disrupt
the preferred geometry of the metal and thus to modify its properties.
This is not to imply that the geometry of metalloprotein active sites
is totally controlled by the protein structure; there are many cases in
which binding a metal ion alters the geometry of the host protein, and
this is important to the function of the metal site. Even when this is
the case, however, constraints of protein structure may still impose
unusual metal geometry. Factors such as coordinative unsaturation or
metal-metal interactions can also be controlled by suitable design of
the host cavity.

3. Environment

If the local site geometry and metal ion spectroscopy appear to have
been reproduced accurately, then any effects not accounted for are
(conveniently) ascribed to the protein environment; this is perhaps
the equivalent of “packing effects” in crystallography. Factors such as
access to the site, polarity, and a protic or nonprotic environment in
the vicinity of the metal are controlled by the amino-acid residues in
that region of the protein and by the extent of exposure of the site to
external solvent. Although it is probably true that “design and mimicry
in truly inorganic models is stretched beyond its limits by the presence
of folded proteins” (8), modeling these subtle effects can be tackled in
a number of ways, from use of nonprotic solvents to the construction of
large macrocyclic ligands that wrap around the metal site (Section VC).

lil. Mononuclear Systems

In modeling mononuclear metalloproteins, the aim is to mimic the
ligation, geometry, and possible environment of the active site in ques-
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tion. If this is achieved, the spectroscopic and other properties of the
metalloprotein should also be reproduced. The relative importance of
each of the above factors varies from case to case, as does the relative
importance of matching particular properties.

A. HyDROLYTIC ZINC ENZYMES

Carbonic anhydrase catalyzes the hydration (and dehydration) of
carbon dioxide:

H20 + COz _ HC037 + H*. (1)

Silverman and Lindskog (9) suggest that the rate-determining step in
this process is deprotonation of the water molecule. The active site of
carbonic anhydrase (10, 11) is shown in Fig. 2. The zinc atom is bound
to three histidine residues and approximate tetrahedral coordination
is thought to be completed by a coordinated water molecule. The pK,
of the bound water molecule is about 7 (9, 12, 13). This value is so
much below the range observed for classical aqueous zinc complexes
(pK, values of 8-9) that doubt has been cast on the identity of the
species for which this value was measured (13-15). It is now generally
accepted as referring to coordinated water and such a conclusion is
supported by recent theoretical calculations (16). A requirement for a
pK, of this magnitude is implicit in the “Zn—OH mechanism” for
carbonic anhydrase. In the scheme proposed (9, 16, 17) Zn"—OH acts as
a nucleophile, attacking the substrate carbon atom. Such a mechanism
requires significant formation of the deprotonated species under biologi-
cal conditions, i.e., at pH 7.4-7.6. The reverse reaction requires signifi-
cant amounts of Zn'"—QH, in the same pH range. Thus, the function
of carbonic anhydrase requires the bound water to have a pK, close to
the pH of blood. There have been suggestions that the deprotonation
of the bound water molecule is assisted by neighboring amino-acid

H,O
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FiG. 2. The active site of carbonic anhydrase.
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residues (16), and by the hydrophobic environment of the active site.
A similar mechanism is proposed for carboxypeptidase A (13, 18). In
this enzyme the bound water molecule has an even lower pK, (ca. 6),
and it has been suggested that such a value can be achieved only by
assistance from a glutamate residue (19).

Few zinc-containing model systems for carbonic anhydrase have been
reported (although cobalt and copper model complexes have been widely
used (20-22)). In part, this is because of the difficulties of establishing
the structures of labile zinc complexes in solution. However, a second
serious problem arises in trying to reproduce pH-sensitive chemistry
when the pK, of the model system is grossly different from that of the
metalloprotein. One of the most useful zinc model systems involves the
Schiff-base macrocycle L1 (Fig. 3). A complex containing [Zn(L1)H,01*
was prepared by Woolley (23) and characterized by X-ray crystallogra-
phy. The macrocyclic ligand provides sufficient stability for the solution
species to be reliably identified. The approximately square pyramidal
geometry of the complex bears little relation to that of carbonic anhy-
drase, and the pK, of the coordinated water molecule (8.7) is much
higher. Nonetheless this complex proved a valuable model for the en-
zyme; it will catalyze hydration of CO,, although it is much less effec-
tive than carbonic anhydrase. Significantly, both model and carbonic
anhydrase also catalyze hydration of acetaldehyde in basic solution,
which aqueous Zn?* does not. The reduction of the pK, to 8.7 was
ascribed to the five-coordinate square pyramidal geometry about zinc
and provided support for the Zn—OH mechanism. Woolley suggested
that a four-coordinate zinc ion might be expected to reduce the pK,
even further (23).

A remarkable dependence of pK, values on macrocyclic ring size has
been shown for a series of complexes of general formula [Zn(L)(H,0)1*,
where L represents a saturated tri- or tetraaza macrocycle (Fig. 4).
Kimura et al. (24) reported that complexes of the 12-membered macro-
cycles [12]aneN; and iso[12]aneN; show a marked reduction in pK,,
to values almost identical to that observed for carbonic anhydrase

F1G. 3. The Schiff-base macrocycle L1.
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FiG. 4. Some ligands used to model hydrolytic zinc enzymes.

(Table I). These complexes also have high thermodynamic and kinetic
stability in aqueous solutions so that complexation is complete at low
pH. The macrocycle [12]aneN; forms tetrahedral zinc complexes in
which monodentate ligands fill the apical site. The X-ray structure of
[Zn([12]aneN,;)OH]5(C10,);.HC10,, which contains the almost tetrahe-
dral [Zn([12]aneN;)OH]", is shown in Fig. 5. There is structural evi-
dence for a strong Zn—OH interaction and the Zn—Q and Zn—N(aver-

TABLE I

pK, VALUES FOR [Zn(L)(H;0))2*

L pPK, L pK,
[11]aneN, 8.2 [11]aneN, 8.0
[12}aneN, 7.3 [14]aneN, 9.8
iso[12]aneN, 7.3 Me,[12]aneN, 8.4

L1 8.7 L2 8.3
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F1G. 5. The structure of [Zn([12]aneN;)OH]*.

age) distances (1.944(5) and 2.20 A) are close to those predicted from
AM1 calculations (16) for the Zn—OH metalloenzyme active site.

This complex has been shown to be an excellent structural and func-
tional model for the zinc hydrolytic enzymes, particularly carbonic
anhydrase but also carboxypeptidase and the zinc phosphate esterases
(24-26). The same complex also catalyzes the hydration of acetaldehyde
and hydrolysis of carboxylic esters. These reactions appear to progress
via a mechanism similar to that proposed for carbonic anhydrase. The
rates are slower for [Zn([12]aneN;)OH]* than for the enzyme but an
order of magnitude faster than for existing model systems such as
[((NH3);Co(OH)12* (26).

The order and magnitude of 1:1 anion binding constants for [Zn([12]
aneN3)OH]* with various anions are similar to those reported for car-
bonic anhydrase. Anions are thought (9, 27) to inhibit CO, hydration
by carbonic anhydrase either by displacing the bound water or by
increasing the coordination number. Hydroxide ion binds to [Zn([12]
aneN;)]?* with a log K of 6.4 (vs 6.5 for carbonic anhydrase). The
strength of this binding explains why anionic inhibition effects disap-
pear at high pH, where hydroxide ion concentrations are significant.
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If an extra anion binds to form a five-coordinate complex, it should
become more difficult to dissociate a proton from bound water, so raising
the pK, and decreasing the catalytic efficiency. This theory has been
tested using the pendant arm ligand L3 (Fig. 6), which forms a five-
coordinate zinc complex [Zn(L3)(H,0)1C10,. An X-ray structure of the
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Fig. 6. Ligands derived from [12]aneN;.
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latter (Fig. 7) shows approximately pentagonal pyramidal geometry
about the zinc, with the water molecule axial and the deprotonated
phenolate donor equatorial (28). The phenolate is strongly bound
(Zn—O0, 1.930 A) and the water molecule is less strongly held than in
the tetrahedral [12]aneN; complex (Zn—O, 2.219 and 1.944 A, respec-
tively). The pK, of the phenol is correspondingly low (6.8) but that of
the water is raised to 10.7. A similar structure may account for the
observed (27) inhibition of carbonic anhydrase by phenol. Acetazol-
amide, a sulfonamide inhibitor of carbonic anhydrase, also bonds
strongly to [Zn(L3)(H,0)]1** via a deprotonated amide nitrogen atom.
The tosylamidopropyl derivative of [12]aneN; (L4) binds in the
same manner (29).

The ligand L3 was initially intended to provide enforced tetrahedral
coordination at the metal. Moore and co-workers (30, 31) have success-
fully used the pendant arm macrocycle L5, also a derivative of
[12]aneNy, for the same purpose (although in view of the foregoing
discussion, enforcing the geometry may not have been necessary). The
three macrocyclic nitrogen donors form the base of a tetrahedron and
the pendant amine fills the apical site. If the pendant arm is shorter,

F1G. 7. The structure of [Zn(L3)H,0)**.
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as in the case of macrocycles L6 and L7, the amine group may still
bind but is sterically prevented from reaching the apical position. The
resulting space in the coordination sphere can be occupied by another
ligand to give five-coordinate complexes.

It is interesting to note that the geometry and stability of the model
complex are more important than the particular identity of the donors
in modeling the hydrolytic zinc enzymes. Ligands such as L2 (32) appear
to be closer mimics of the active site donors than the amine macrocycles
but the water molecule in [Zn(L2)(H,0)]** has a pK, of 8.3.

B. TyPE 1 COPPER

The type I copper sites function as electron transfer centers in the
blue copper proteins and in multicopper enzymes, particularly oxidases
(33). They are characterized by their intense blue color, their unusually
small A, values, and their very positive redox potentials (Table II).
X-ray crystal structures of several blue copper proteins have been deter-
mined, notably plastocyanin (34), azurin (35), cucumber basic blue
protein (36), and pseudoazurin (37). The active site structures show
marked similarities but also distinct differences (Fig. 8).

The plastocyanin structure was the first to be determined and serves
as the basic model; it has been very extensively studied, in both oxida-
tion states and over a range of pH values. It is usually described as
having distorted tetrahedral geometry with relatively normal bond
lengths to two histidine residues and one cysteine and a long interaction
with the thioether donor of a methionine group. The structure of azurin
shows similar coordination with the addition of another long interac-
tion to a glycine carbonyl oxygen donor. This geometry is best described
as trigonal bipyramidal. Stellacyanin, for which no crystal structure

TABLE II

DATA FOR SoME TYPE 1 COPPER PROTEINS

Blue band A
Protein E(mV)(pH) A(nm)(e M 'em™") (x 10*em~!) Reference
Plastocyanin +370 (7.0) 597 (4500) 63 33
Azurins
A. denitrificans +276 (7.0) 619 (5100) 60 35
P. Aeroginosa +308 (7.0) 631 (3800) 60 38
Stellacyanin +184 (7.1) 609 (3400) 37 38

Cucumber basic +317 (7.0) 597 (4500) 55 36
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FIG. 8. Active sites of type 1 copper proteins.

has yet been obtained, must necessarily have a different coordination
environment since the protein contains no methionine (38). Recent
ENDOR results (39) suggest that the fourth donor is likely to be the
nitrogen atom of a deprotonated amide donor, at least at high pH.
Comparison of the structures of oxidized and reduced forms of plastocya-
nin and azurin shows that the geometrical changes on redox are
very slight.

The combination of similar spectral properties with a rather dissimi-
lar coordination environment has been explained by extensive spectro-
scopic analysis and molecular orbital calculations carried out largely
by Solomon and co-workers (38, 40). The particular spectroscopic fea-
tures of the site are essentially due to the Cu—S(Cys) interaction,
which is common to all the type 1 sites.

In plastocyanin, the character of the Cu—S(Cys) bonding (essentially
two 7 interactions and one o interaction) is defined by the C—S—Cu
bond angle of 107°, which forces the in-plane 3p S orbital to overlap
with copper in a pseudo-o configuration. This geometry is defined by the
protein structure at the active site. The resulting strong 7 interaction
orients the highest energy, half-occupied copper orbital d,:_,2) so that
it bisects the Cu—S(Cys) bond instead of lying along it. This geometry
accounts for the very intense thiolate w — Cu transition that dominates
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blue copper electronic spectra. These calculations also show the exis-
tence of a weak but significant bonding interaction between the copper
and the methionine sulfur but, when applied to the azurin active site,
reveal no net bonding between the copper and the carbonyl oxygen.

Given the above bonding scheme, the small A; value in the EPR
spectrum arises not, as often suggested, from the distorted geometry
of the site, but rather from delocalization of the unpaired electron onto
the ligands. SCF-Xa-SW calculations suggest the half-occupied orbital
has only ca. 42% copper d,:_,2) character and about 36% sulfur p.
The consequent delocalization reduces the interaction of the electron
with the copper nuclear spin and generates the small A;. So, according
to this model, the spectroscopic properties of the site are largely due
to the particular constrained geometry of the Cu—thiolate bond.

The site described above is extremely difficult to mimic. The require-
ments include coordination of two sulfur donors, one only weakly but
one strongly and with a particular strained configuration. In spectro-
scopic terms the most important factor is the geometry of the Cu—
S(Cys) bond. The geometry about the copper center is irregular and
difficult to duplicate with any degree of accuracy, but perhaps the most
difficult requirement is that the geometry should not change on redox.

The redox behavior of the proteins is controlled by a combination of
geometry and ligation. A rigid, constrained site, leading to minimal
change in geometry on redox, is expected (41) to result in a low
Franck—Condon barrier and rapid electron transfer kinetics. This will
be the case whatever the actual geometry about the metal ion. The
particular geometry adopted, and the donor atoms involved, will control
the thermodynamics of electron transfer, i.e., the value of the reduction
potential. If geometry and donors favor the lower oxidation state, the
reduction potential will be raised and vice versa.

Macrocyclic ligands (42) provide a means of introducing constraints
on the coordination geometry about a copper atom and also of encourag-
ing binding of sulfur donors to copper(Il), generally not a very favorable
process. Extensive studies involving macrocyclic thioether and mixed
N/S donor ligands have been undertaken to establish the effects of
ligation and geometry on the properties of copper complexes. Much
of this work has been reviewed (41, 43—46) and only selected data,
illustrating the main results, will be summarized here.

Addison (47, 48) and Rorabacher (41, 49-51) have attempted to iso-
late and quantify the individual factors contributing to redox behavior.
Actual half-wave-potential values are dependent on the experimental
conditions but some general observations can be made. First, substitu-
tion of a thioether for an amine donor invariably leads to an increase
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in E 5. These increases are approximately additive along a series such
as the Cu(Il) complexes of the [14]aneS,N, _,, ligands (Fig. 9 and Table
IIT). The changes in redox behavior are paralleled by a shift in the
absorption spectrum to longer wavelengths and higher absorption coef-
ficients as the number of sulfur donors is increased (49). Notably, the
stability constants of the Cu(II) complexes decrease markedly as the
number of sulfur donors increases, whereas those of the Cu(I) state
remain approximately constant. Hence, the increase in E,,; can be
attributed to destabilization of the Cu(Il) state, due to the relatively
weak interaction with thioethers rather than to any stabilization of
the Cu(I) state by sulfur coordination (50). An interesting aside is that,
for thioether systems, there is no discernable macrocyclic effect for the
Cu(I) complexes, although one does exist for Cu(Il) analogs (50). Several
other similar ligand series have been investigated (43, 52-54).

The effects of structural constraints are more difficult to interpret.
Certainly, irregular geometries are induced on coordination of Cu(I)
or Cu(Il) by thioether-containing macrocycles and these may affect
reduction potentials or spectra but in no case are the constraints strong
enough to prevent geometric rearrangement on redox. In fact, it is rare
to find a Cu"" redox pair with the same donor set (55). In some cases
the rearrangement on redox is slow, leading to observation of a “square
scheme mechanism” in the electrochemistry (56—58). The scheme is

C XJ

Ligand X1 X2 X3 X4
[14]aneS4 S S S S
[14]aneNS3 NH S S S
[14]aneN2S2 NH NH S S
[14]aneNSSN NH S S NH
[14]aneNSNS NH S NH S
[14]aneN3S NH NH NH S
[14]aneN4 NH NH NH NH

Fic. 9. The [14]aneS.N, _,, ligands.
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TABLE III

DATA FOR COPPER COMPLEXES OF [14]aneS N, ., LIGANDS

log K
Ey° —_—

L (V vs NHE) CullL® CulL? Amax (nm) (¢ (M ™' em~1)*
[14]aneS, 0.58 4.34 12 390 (8000), 570 (1900)
[14]aneNS; 0.38 (pH > 3.5) 9.25 13.6 365 (7700), 550 (1000)
(14]aneN,S, 0.04 (pH > 500 1526 139 337 (7600), 530 (780)
[14]aneNSSN —0.01 (pH > 5.0) 15.72 13.5 335 (7300), 530 (640)
[14]aneNSNS — 15.15 — 356 (7800), 545 (780)
[14]aneN4S —0.241 ca. 20 13.7 315 (3900), 510 (330)
[14])aneN, —-0.66¢ 27.2 13.8 255 (8200), 510 (90)

¢ Half-wave potentials for Cu'"'L in aqueous solution (50).

® Thermodynamic stability constants; for details of calculation methods, see Rora-
bacher et al. (49, 50).

¢ For CuL in aqueous solution.

4 Estimated from values in methanol solution.

illustrated in Fig. 10. Reduction of the Cu(Il) complex leads first to a
metastable conformer of Cu(I), which then rearranges to the stable
conformer. Oxidation of the Cu(l) complex also proceeds via a metasta-
ble Cu(Il) configuration. This has some implications in modeling gated
electron transfer in enzyme systems (59). Observation of the square
scheme behavior, which is more pronounced at fast scan rates and low
temperatures, implies that the rearrangements are slow—of the same
order as the cyclic voltammetry scan. This suggests that a slightly
higher barrier to reorganization could lock the geometry in place. One
possible way to achieve this would be to reinforce the macrocyclic
geometry by introducing unsaturation or steric restraints on flexibility;

o
cu't _ cu'L
stable -e metastable

I e !
CuL —/ CulL
-e
metastable stable

F1G. 10. The square scheme mechanism.
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this has been attempted by Hancock (60), Wainwright (61-65), and
others (66, 67). Some examples of macrocycles that might be expected
to show restricted flexiblity are illustrated in Fig. 11. Using ligands
such as these, it is possible to synthesize Cu(I) complexes in highly
distorted geometries reminiscent of the type 1 sites; an example is
shown in Fig. 12. However, generation of such a geometry for the Cu(I)
complex does not mean it will be retained on oxidation.

One of the rare examples of Cu(I) and Cu(II) complexes with identical
donor sets and closely related geometries is illustrated in Fig. 13 (68,
69). At first sight the structures appear very similar; in each case
the copper atom is coordinated to all five macrocyclic donors and the
geometry lies somewhere between trigonal bipyramidal and square
pyramidal. On closer inspection, however, some differences become
apparent. In [Cu(L13)](CIO,) the Cu(I) ion bonds most strongly to N9,
S2, and S16, and the bonds to the imine nitrogen atoms are relatively

— N \/ “
N N S 'I“
,J .Yy C)
N N > Z N S

H\__JH NN |
M 7

L9

(60) L10 L1
(66) (65)

oo A

L12 L13
(67) (68,68)

FIG. 11. Macrocycles with restricted flexibility.
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Fi1c. 12. The structure of [Cu(L11)]*.

weak (2.52 and 2.28 A to N6 and N12, respectively). There is an approxi-
mate twofold axis running along the Cu—N9 bond so that, overall,
the geometry approximates trigonal bipyramidal (68). In the cupric
complex [Cu(L13))(CIO,),, the copper atom binds strongly to the three
nitrogen donors. The N9—Cu—S16 angle is 149° (compared with 131°
in the Cu(I) complex) and Cu—S2 is significantly longer than Cu—S16
(2.47 and 2.38 A, respectively). The geometry of the complex is, there-
fore, better described as approximating square pyramidal, with S2 as
the apical ligand (69). The redox chemistry of this system has not been
reported but the Cu(I) complex is unreactive toward oxygen.

The structural data for [Cul([14]aneS,)]* and [Cu'([14]aneS,)
(CIO,),] are more typical of Cu™ pairs (Fig. 14). The Cu(I) complex
adopts an approximately tetrahedral geometry (in this case a polymeric
arrangement is adopted), whereas the Cu(Il) analog adopts tetragonal
geometry and coordinates extra anionic ligands (51).

Possibly, achieving redox without geometrical change may require
a rigid donor set defined by a three-dimensional cavity in a macropoly-
cyclic or cryptand ligand. In this connection, it is interesting that a
small dicopper(l) cryptate (70) may apparently be oxidized by one elec-
tron without change in geometry (Section IVD).

The work described above has led to a much deeper understanding
of the factors controlling the redox properties and spectroscopy of copper
ions in irregular coordination environments. It has contributed very
significantly to understanding of the type 1 copper sites but, as yet, an
accurate structural model has not been characterized.
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Fic. 13. The structures of [Cu(L13)]* (top) and [Cu(L13)}?* (bottom).
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F1c. 14. The structures of {{Cu([14]aneS,)]*}, and [Cu([14]aneS,)(Cl10,),].

C. NickiEL ENZYMES

Since 1975 four classes of nickel metalloenzymes have been identified
(71). The nickel hydrogenases and carbon monoxide dehydrogenases
are considered here and the dinuclear active site of urease is described
in Section IVB. The fourth class, methyl-S-coenzyme-M reductases,
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contains nickel bound within a tetrahydro derivative of a porphinoid
prosthetic group (71, 72) and is outside the scope of this chapter.

Hydrogenases catalyze the production or consumption of hydrogen
in several classes of bacteria and algae (71, 73):

Hy——2H"' + 2e". (2)

They all contain iron—sulfur clusters and a subclass, the nickel hydrog-
enases, also contains functional nickel centers. Some nickel hydroge-
nases have recently been shown to contain a selenium donor (from a
selenocysteine residue) coordinated to the nickel atom (74, 75). The
most studied nickel hydrogenase is that from Desulfovibrio gigas, which
contains one nickel ion, one [3Fe—4S] cluster, two [4Fe—4S] sites, and
no selenium. The electronic spectra of the nickel centers are obscured by
the more intense absorptions due to the iron—sulfur clusters. However,
MCD spectra have been obtained for the oxidized forms of several
examples for which the only paramagnetic component is Ni(III). Bands
are observed in the ranges 300-460 nm and 530-670 nm and assigned
to Ni(III) d—d and S — Ni charge transfer, respectively.

The inactive, oxidized form of the enzyme shows an EPR signal
(labeled Ni-A) and frequently a second, minor component (labeled Ni-
B). These are both assigned to low-spin Ni(III), probably with different
geometries. On reduction with hydrogen the EPR signals disappear,
possibly forming EPR-silent Ni(Il), and subsequently a new spectrum
(Ni-C) appears. The Ni-C signal has been variously assigned to Ni(I)
or to Ni(III) (76); it correlates with hydrogenase activity and disappears
upon further reaction with hydrogen, leading to assignment of the Ni-
C state as the active form of the enzyme. Electron spin echo spectroscopy
suggests a nitrogen donor is present (77), although EPR studies using
1N indicated no detectible hyperfine splittings. Experiments with 338
showed interaction in the oxidized and H,-reduced forms; comparison
of the spectrum with those of nickel peptide complexes gave closest
correspondence for peptides with one sulfur donor and tetragonal geom-
etry. In some nickel hydrogenases there is evidence of significant inter-
action between the nickel and an iron—sulfur cluster but in D. gigas
this is relatively weak.

EXAFS studies on the oxidized state of D. gigas hydrogenase are
consistent with 2—3 sulfur atoms at 2.21 A and 2-4 at 2.28 A (78); for
the Methanobacterium thermoautotrophicum enzyme, the spectrum was
interpreted as due to 2.9 sulfur atoms at 2.25 A (79). There is some
uncertainty in the number of donors and as to the possible presence of
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lighter donors; this was ascribed to a lack of suitable Ni(I) and Ni(III)
model compounds with sulfur ligation. Recently Maroney and co-work-
ers (80) reported K-edge XANES data for 44 Ni(I) and Ni(III) com-
plexes of varied ligation and geometry, revealing useful relationships
between donor sets and spectral features. This information was used
to interpret the XANES data for Thiocapsa roseopersicina hydrogenase
in the Ni-C form. The spectrum best matches a distorted trigonal bipyr-
amidal geometry with one or two thiolate ligands, the remaining donors
being O or N (or H). Comparison of XANES and XPS spectroscopies
for enzyme and models suggests that sulfur donors are significantly
involved in the redox processes at the nickel site. The X ANES spectrum
of this enzyme is different from that of D. gigas and consistent with
the latter having more sulfur donors with pseudo-octahedral or five-
coordinate geometry.

The apparent disagreement between the EXAFS and the **S EPR
data is intriguing. Interpretation of the unusual spectroscopic proper-
ties of the two sulfur donors in the type 1 copper centers (Section IVB)
demonstrates that the precise geometry of metal—sulfur bonding may
influence the observed spectroscopic properties (including XANES) in
ways difficult to predict in the absence of crystallographic data or
extensive data from structurally characterized model complexes cover-
ing a range of unusual geometries. The mechanism of the reaction is
postulated to involve interaction of Ni(II) with H,, invelving heterolytic
cleavage of the hydrogen and forming a nickel hydride (79), chemistry
not normally seen in classical nickel coordination complexes. The inac-
tive, fully oxidized Ni(IIl) state, with its stability and EPR signature,
and the less stable Ni-C form are attractive targets for model studies.

Nickel is also found in a number of bacterial carbon monoxide dehy-
drogenases or CODHs (81). These are all involved in C, chemistry,
they catalyze the oxidation of carbon monoxide to carbon dioxide:

CO + HO ——=CO0, + 2H" + 2e". (3)

Often, the same enzyme also acts as an acetyl coenzyme-A synthase;

carbon monoxide, a methyl group, and coenzyme-A are bound at the

active site and the condensation reaction to form acetyl coenzyme-A
is catalyzed (81),

CO + CH;-THF + CoASH —— CoASCOCH; + THF, 4)

where THF is tetrahydrofolate and CoA is coenzyme A. This reaction
is likely to involve a migratory ligand insertion and is an important
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part of the process by which acetogenic bacteria fix carbon dioxide to
form acetate. The most studied example of the bifunctional enzyme is
that from Clostridium thermoaceticum, an «gf; protein containing
approximately 2 Ni, 10-13 Fe, 14 acid-labile sulfurs, and 1-3 zinc
atoms per o dimer. It is assumed, in the absence of contrary evidence,
that the nickel sites are equivalent, although the subunits are not iden-
tical.

Again, the iron—sulfur clusters mask the UV-visible spectrum of
the nickel site and, in both the reduced and the oxidized forms of the
protein, the nickel is EPR silent. When CO is bound to the oxidized
enzyme, however, a distinctive Ni EPR is observed below ca. 150 K.
Studies with labeled ®'Ni, *CO, and *’Fe are interpreted in terms of
an S = } system involving Ni(IIl), CO, and at least three iron atoms,
leading to the suggestion that the nickel atom is bound to carbon
monoxide and linked to (or part of) an iron-sulfur cluster (81, 82).
Recent FTIR studies imply that CO binds as a terminal ligand to nickel
(83) and, therefore, the link between the nickel ion and the Fe—S
cluster must be via some other, as yet unidentified, group. Iron EXAFS
data are consistent with the presence of [4Fe-4S] clusters. Nickel
EXAFS have been measured for both the CO-bound (84) and the oxi-
dized (85) forms of the protein. Both sets of data imply some sulfur
ligation to the nickel but do not permit discrimination between S, and
Sy(N/O),. There is no convincing evidence for an Ni—Fe interaction
and, although this does not mean that such an interaction is not present,
it seems to argue against a short Ni—Fe distance such as the 2.7 A
expected for a NiFe S, cluster. On the other hand, the Méssbauer spec-
tra of two synthetic NiFeyS, clusters show marked similarities to spec-
tra of the oxidized and reduced forms of CODH from C. thermoaceticum
(86, 87). To complicate matters further, Lindahl and co-workers (87)
have deduced that current preparations of CODH may not be spectro-
scopically homogeneous, which could give rise to spurious and nonre-
producible results. XANES studies of the reduced, oxidized, and CO-
bound forms (85) suggest that the redox process involves the nickel
atom and also that the geometry about the nickel is most likely to be
distorted square planar or square pyramidal. Possible models for the
Ni—Fe—S assembly are considered in Section VC.

A large number of Ni(III) complexes have been investigated in the
last two decades and the chemistry of both macrocyclic and nonmacrocy-
clic systems has been reviewed (2, 3, 88). Most of this work has concen-
trated on ligands containing oxygen and nitrogen donors but recently
interest in thioether complexes has increased (44, 46). Classical Ni(III)
complexes have reduction potentials for the Ni''"I couple in the range
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+500 to +1500 mV vs SCE (114); for the nickel hydrogenases this
couple is in the range —390 to —640 mV. Recently [Ni(L.14)]*~ (89)
and [Ni(L15)1?~ (90) (Fig. 15) have been demonstrated to have Nil'’'!!
couples of —760 and — 735 mV, respectively (in DMF vs SCE). The
common factor between these apparently very different complexes is
that both thiolates and deprotonated oximes are electron rich and polar-
izable ligands.

Busch and co-workers (2, 91) first attempted to correlate data for the
oxidation and reduction of an extensive series of Ni(II) tetraamine
macrocyclic complexes. The data have since been extended to other
macrocyclic systems and have been reviewed a number of times (3, 88).
The most striking feature of the tetraamine series is the very large
range spanned by the reduction potentials; ca. 2 V for both Ni'/! and
Ni'" couples (2), generally measured in acetonitrile solution, for which
the geometries are assumed to be tetragonally distorted pseudo-octahe-
dral. Within related series of ligands, changes in macrocyclic structure
result in shifts of £, that are broadly additive and predictable (2, 91).
For example, a change from a 14-membered to a 15-membered ring
raises E,, for Ni'"' by 225 mV, in line with the differences in ionic radii
for the two states; charge delocalization stabilizes Ni(IIl), changing
E,; by —430 mV. Two extreme illustrations are [Ni(L16)]**/2* and
[Ni(L17)13*/2* (Fig. 16), which have E,,, values of —0.5 and +1.3 V,
respectively (vs Ag/AgNOj; in acetonitrile). Fabbrizzi (92) has pointed
out that the magnitude of E,,, depends directly on the energy of the
orbital to which the electron is added and can therefore be correlated
with the ligand field. Many macrocyclic Ni(IIl) complexes are stable
for long periods in dry air and a remarkable stable tetrahedral Ni(I)
catenate has been reported by Sauvage et al. (93). Although these
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FI1G. 15. Two nickel complexes with very negative redox potentials for the Ni'! couple.



MACROCYCLIC MODELS FOR NONPORPHINE METALLOPROTEINS 347

L16 L17
Fic. 16. Ligands L16 and L17.

complexes cannot be regarded as accurate structural models for nickel
metalloenzymes, they illustrate the very large effects that can be in-
duced by relatively small changes in ligation. By extending understand-
ing of the chemistry of Ni(I) and Ni(IIl), they provide a basis for under-
standing the metalloenzyme chemistry.

Since the structural data on the nickel enzymes postdate most of the
studies on the redox chemistry of nickel complexes, there have been
few attempts to synthesize specific macrocyclic model complexes for
hydrogenase or CODH. The structural requirements for such a model
currently appear less stringent than those for type 1 copper; between
two and six sulfur donors in tetragonal-based geometry (except possibly
for T. roseopersicina). Many nickel macrocyclic complexes meeting
these criteria have been synthesized, starting with [Ni(L18)(Br),]
(Fig. 17), characterized by Thomson and Busch in 1964 (94). The
[14]aneS,N,,_,, series (Fig. 9) affords complexes of appropriate ligation
and geometry (Fig. 18), whereas the many studies on the redox proper-
ties of nickel complexes (2, 3, 88, 91) provide the information needed
to tune the reduction potentials of such systems. The rather low stabil-
ity of thioether systems compared with their amine analogs (95) might
be offset by binding the nickel atom within a suitable cryptand. Sarge-

Br
/_"\S
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\N/I \S
g
Br

Fic. 17. The complex [Ni(L18)(Br),)].
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Fic. 18. The structure of [Ni([14]aneS,)]**.

son and co-workers (96) have reported the synthesis of the hexathio-
ether cage L19, which, along with L20 and L21 (97), make up a set of
three-dimensional analogs to the [14]aneS,N,_,, series (Fig. 19). The
cages do not have a vacant coordination site for substrate bonding but
their nickel complexes would nonetheless be interesting speculative
models for the biological nickel sites.

A number of macrocyclic complexes undergo reactions related to the
nickel hydrogenases and CODH; these systems act as basic functional
models for the behavior of the enzymes. Electrolytic reduction of H*
to H, is catlayzed by [Ni(L1)]** (98). Upon reduction in DMF the first
electron is added to the ligand, forming [Ni(L17)]" (at —0.68 V vs
Ag/AgCl) and this is subsequently further reduced (at —1.25 V) to the
Ni(I) complex [Ni(L1 7)]). In aqueous solution at pH 2, H, is released
at a potential of —1.1 V at a carbon electrode. The potential implies
that the initial catalyst is the Ni(II) complex of the ligand anion radical
[Ni(L1 7)1*. The reduction of H* to H, proceeds with high efficiency
and, perhaps surprisingly, no hydrogenation of the ligand imine bonds
is observed. Studies in both DMF and aqueous solution led to the
proposal of the mechanism shown in Fig. 20, involving a Ni(III) hydride
species, as proposed for the hydrogenase cycle.

X Y Ligand X Y
L19 S S
XY L20 NH S
X Y L21 NH NH
/

F1G. 19. Some S,N.;, cryptands.
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Fi1G. 20. Mechanism for the electroreduction of H* by [Ni(L1)]**.

A number of nickel tetraaza macrocyclic complexes have been used
in the electrocatalytic reduction of carbon dioxide to carbon monoxide
(99); most are rather unspecific and produce H, in addition to CO.
Sauvage and co-workers (100, 101) have demonstrated that [Ni([14]
aneN,)]?* and the related complex [Ni,(bis[14]aneN,)]**, adsorbed on
a mercury electrode, are extremely efficient and specific catalysts for
the electroreduction of CO, to CO in water, so that these complexes
may be considered functional models for the action of carbon monoxide
dehydrogenases. In the absence of the catalyst, potentials of the order
of 2 V vs NHE are required for appreciable CO, reduction at metal
cathodes, but in the presence of the nickel complexes the reaction
proceeds at potentials of —0.9 V. At —1.0 V in water the reaction is
quantitative, no H, is detected, and no decomposition of the catalyst
occurs. Spectroscopic data suggest the presence of a [Ni[14]aneN,)CO]*
adduct as an intermediate in the reaction, and the mechanism shown
in Fig. 21 was proposed. An identical scheme can be written for the
bis[14]aneN, complex. The particular efficiency of these systems, com-
pared with that of partially methylated rings (99), in catalyzing the
reaction has been ascribed to their marked kinetic inertness. In addi-
tion, there may also be an interaction between bound CO, and one
amine proton, stabilizing the initial Ni—CQ, complex (Fig. 21).

Ni(I) alkyl chemistry, which may have some relevance to the acetyl
coenzyme A synthase mechanism, has also been observed in nickel
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Fi1G. 21. Mechanism for the electroreduction of CO, by [Ni([14]aneN)]?*.

tetraaza systems (102). Reaction of excess CH,;I with [Ni(Me,
[14]aneN,]* results in formation of CH,. The reaction is thought to
proceed via transfer of an electron from Ni(I) to CH,l, followed by
capture of the resulting CHj, radical by a second Ni(I) complex:

[Ni(Me,14]aneN,)]* + CHJl —— [Ni(Me,[14]aneN)I** + I~ + .CH,  (5)
[Ni(Me,[14]aneN,)1* + -CH; —— [CH,Ni(Me,[14]aneN,)]* (6)
[CH;Ni(Me,14]aneN,)])* + H,0 —— [Ni(Me,[14]aneN,]* + CH, + OH". (7)

The modeling process for nickel enzymes is still in the early “specula-
tive” phase; however, these functional models illustrate that the chem-

istry performed by the enzymes is accessible by relatively simple syn-
thetic complexes.



MACROCYCLIC MODELS FOR NONPORPHINE METALLOPROTEINS 351
IV. Dinuclear Sites

Modeling dinuclear sites involves some extra variables in addition
to the factors of ligation and geometry. The most important of these
is the metal-metal distance because this in turn controls the introduc-
tion of bridging groups and the interaction between the metal ions. A
related problem involves restricting the complex to a dinuclear struc-
ture and preventing formation of larger assemblies.

Two main strategies are apparent. The first strategy is to design
dinucleating ligands in which the metal ions are held in proximity to
one another and the metal-metal distance is fixed (or a variable within
a fixed range). The second is to use mononucleating ligands that con-
strain the coordination geometry of the metal (for example by capping
one face of the coordination polyhedron). Mononuclear units may then
be bridged by suitable ligands in self-assembly reactions.

A. Di1ziNc ENZYMES

Two zinc enzymes with dinuclear active sites have been character-
ized, promoting interest in dinuclear zinc model systems. Phospholipase
C from Bacillus cereus (103) contains three zinc atoms per subunit.
An X-ray crystal structure determination at good resolution (1.5 A)
revealed that two of these constitute a dinuclear site with a Zn—Zn
distance of 3.3 A. The metal atoms are symmetrically bridged by an
aspartate residue and by OH~ or H,0. Each zinc atom has approximate
trigonal bipyramidal geometry with the ligation shown in Fig. 22. The
third zinc atom is quite close to the bridged pair.

The structure of bovine lens leucine aminopeptidase (104) has also
been determined by X-ray crystallography but in this case the resolu-
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Phospholipase C Leucine Aminopeptidase

F1G. 22. The active site structure of phospholipase C and a proposed structure for the
leucine aminopeptidase site.
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tion is too low (2.7 A) to reveal the details of the active site geometry.
The zinc atoms are linked by aspartate and glutamate residues and
the intermetallic distance is surprisingly short at 2.88 A. In the bridged
dinuclear iron and manganese analogs (Sections IVF and IVG),
metal-metal distances are controlled by (and to a large degree diagnos-
tic for) the number and nature of the bridging species. They are largely

Fi1G. 23. The structures of [(Me;[91aneNy)Zn(OH)),2* (bottom) and [(Me;[9]aneN,)
Zny,(OH)CH;COO),]* (top).
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independent of the identity of the metal ion. This consideration led
Wieghardt et al. (105) to propose that the aminopeptidase site must
involve two single atom bridges, possibly as shown in Fig. 22. Zinc
complexes of Mes[9]aneN; have been prepared (105) and support this as-
signment.

The structures of two dimeric complexes have been obtained. The
centrosymmetric cation of [(Mes[9]aneN;)Zn(u-OH)],(CIO,), has a
Zn—7Zn separation of 3.024 A; this distance and the geometry of the
bridge unit are typical of the My(u-OH), core. The geometry at each
zinc is approximately square pyramidal, the apical donor being N3 of
the macrocycle (Fig. 23). In the presence of acetate ions, the triply
bridged complex [(Mes[9]aneN;)Zn(u-OH)(u-CH;CO,),Zn(Mey[9]ane-
N,)IC10,H,0 was obtained. The structure of the cation is shown in
Fig. 23. The metal-metal distance is 3.31 A, again in the range typical
for such a unit and consistent with other bridged zinc systems (105).

The phenol substituted [9]aneN3 derivative H,1.22 (Fig. 24) also
forms a dinuclear zinc complex ion with the formula [(Zn,(HL22),0H]*,
in which one phenol from each ligand is deprotonated. The two zinc
atoms are linked by one u-hydroxo bridge supported by two hydrogen
bonds between the phenol on one macrocycle and the phenolate of the
second. The Zn—Zn distance is 3.55 A (106).

Derivatives of [12]aneN; have also been used in the synthesis of
dinuclear zinc systems. The pendant imidazole ligand L8 (Fig. 6) forms
five-coordinate species such as the structurally characterized
[Zn(L8)CI]* (107). The imidazole pendant has the potential to act as
a bridging group if deprotonated. Mixed ligand complexes containing
[([12]aneN;)M,(L8)1** (where M = Zn or Cu) have been isolated and
characterized by microanalysis and spectroscopy; they have properties
consistent with the presence of an imidazolate bridge but neither com-
plex yielded crystals suitable for crystallography. Both complexes are

<:2 \N. 7\ <; :> 7 ---|"-| ------ ?
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F1G. 24. The bridging structure in [Zn,(HL22),(OH)]*.
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very sensitive to water but the dicopper complex shows some potential
as a model for superoxide dismutase (Section IVC).

B. UREASE

Urease, the first nickel metalloenzyme to be discovered (108), cata-
lyzes the hydrolysis of urea in bacteria, plants, and some invertebrates
(71, 109):

(HyN),C=0 + H;0 —— NH,COO~ + NH,- (8

In subsequent steps the initial carbamate product is further hydrolyzed
to bicarbonate. Jack bean urease is a hexamer containing two nickel
ions per monomeric subunit. It is unusually difficult to remove the
metal atoms from the protein, requiring low pH and resulting in irre-
versible inactivation of the enzyme. There are indications that one
nickel ion is more tightly bound than the other and, therefore, that
the two sites are inequivalent.

Urease has an effective magnetic moment of 3.04 BM per nickel,
consistent with approximately octahedral geometry. There is weak
antiferromagnetic coupling between the metal ions (J/ = —6.6 cm™1),
although about 22% of the nickel appears to be noninteracting (110).
EXAFS and XANES data, necessarily averaged over both sites, suggest
that the coordination spheres consist of five to six N/O donors at 2.06
A in pseudo-octahedral geometry. The electronic spectrum of the en-
zyme has not been fully investigated but is also consistent with octahe-
dral geometry, showing bands at 407, 745, and 1060 nm. Addition of
the inhibitor 2-mercaptoethanol results in the appearance of S — Ni
charge transfer transitions, implying that the sulfur binds to at least
one nickel atom (110, 111).

Addition of 2-mercaptoethanol also results in apparent diamagne-
tism (110). Since there is no evidence for sufficient geometrical change
to generate a low-spin nickel ion, the most likely interpretation is that
the nickel centers are very strongly coupled, probably via a sulfur
bridge. EXAFS data for the 2-mercaptoethanol adduct are consistent
with a (N/Q);S, approximately octahedral coordination sphere, requir-
ing either that one sulfur donor bridge the nickel ions or that two
2-mercapthethanol ligands bind, one to each metal ion (112). No
metal-metal distance has been reported. Reaction of urease with aceto-
hydroxamic acid (a strong inhibitor) reduces the antiferromagnetic
coupling (110), possibly by removing a bridging donor.
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Fic. 25. A possible structure for the urease active site.

It has been proposed (109) that one nickel atom acts as a Lewis base,
binding and activating urea, whereas the second generates a Ni—OH
nucleophile (Fig. 25). Such a scheme has obvious parallels with the
zinc metalloenzymes discussed in Sections IIIA and IVA and raises the
question of why nickel should be used in this particular hydrolytic
enzyme instead of zinc. The recent evidence of antiferromagnetic cou-
pling implies the two nickel ions are likely to be bridged and the studies
with inhibitors suggest that urea may also bind as a bridging ligand.

The number of reported dinuclear nickel(II) complexes is surprisingly
small and, although a number of dinuclear complexes with macrocyclic
ligands have been reported (113-117), few have been structurally char-
acterized. These fall into two groups, those involving dinucleating mac-
rocycles and those using the smaller [9]aneN, systems.

Dinucleating macrocycles such as L23 and L24 (Fig. 26) provide two
transition metal coordination sites and impose di-u-phenoxo bridging.
Nickel(II) ions are coordinated by two imine nitrogen donors and the
two bridging phenoxides in an essentially planar array and pseudo-
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FiG. 26. Some macrocycles incorporating phenol donors.
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octahedral coordination is completed by counter ions or solvent mole-
cules. X-ray crystal structures of [Niy(L23)(C1),(H,0)]-2H,0 (Fig. 27)
(113) and of [Niy(L24)(CH;0H),(C10,),]-2NHEt;C10, (114) have been
reported. Both are centrosymmetric with the expected approximately
octahedral geometry and have Ni—Ni distances of 3.10 and 3.135 A,
respectively. All the dinuclear Ni(II) complexes of this class show anti-
ferromagnetic coupling via the phenoxo bridges. When coupling con-
stants have been reported (113, 117) they are in the range —23 to
—27 cm !, with the interesting exception of [Niy(L23)(CH;C0O0),}-H,0,
where J is approximately —3 cm~!. The crystal structure of this acetate
complex has not yet been reported but spectral data suggest that the
acetate group may be bridging. In solution the axial ligands can gener-
ally be displaced by solvent or by stronger donors, but no studies on
thiolate or urea binding have been published. Cyclic voltammograms
of [Niy(L23)}>* in DMF solution show two oxidation peaks, E,, = —1.23
V and —1.06 V (vs SCE), interpreted as oxidation to Ni(III)Ni(II) and
to Ni(IIDNi(III), respectively. The corresponding reduction steps are
closely spaced and appear as a single peak with E,, = —1.32 V. The
electronic spectra of the complexes are compatible with approximately
octahedral geometry.

The X-ray crystal structure of [Niy(u-OH)(u-CH;CO0),(Me;[9]
aneNj;),] ClO,H,0 (115) has been reported and is quite similar to

FiG. 27. The structure of [Niy(L23)(Cl),(H,0),; 1.
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the much more extensively studied iron and manganese equivalents
(Sections IVF and IVG). The Ni—Ni distance in the hydroxy bridged
complex is 3.400 A with the antiferromagnetic coupling constant J =
—4.5 cm~}; in the related aquo bridged case (118) the Ni—Ni distance
is 3.56 A and the coupling appears to be reduced. Again, the electronic
spectra are as expected for octahedral geometry and there is no evidence
of significant decomposition to monomer in solution. Cyclic voltamme-
try for the p-hydroxo complex shows irreversible reduction at —0.85
V (vs Ag/AgCl in ethanol). There are two oxidation peaks; the second
(atca. +1.04 Vvs Fe/Fe ™) isirreversible and the first is quasi-reversible
at fast scan speeds (E° = —-0.38 V vs Fc/Fc*).

Both these systems match the basic ligation and geometrical features
of urease. Both appear to show some changes in coupling with ligation
and some possibility of binding or displacing ligands. They represent
early speculative models for the metalloprotein. As with the mononu-
clear nickel enzymes, the available data on the urease active site have
recently increased substantially and have reached the point at which
more meaningful model studies could be undertaken.

C. SUPEROXIDE DISMUTASE

The active site of bovine superoxide dismutase (119) is shown in Fig.
28. It contains one copper ion and one zinc ion bridged by a deprotonated
histidine residue. The geometry at the zinc is approximately tetrahe-
dral, whereas that at copper approaches square planar. The metalloen-
zyme contains two such sites and is usually denoted Cu,Zn,SOD. Metal
ion replacement experiments show that the zinc atom may be replaced
by copper (or other metals) without loss of function, and the copper-
substituted form (Cu,Cu,SOD) has been much studied as it provides
some information not available from the native enzyme. The imidazo-
late bridge is rather unusual and is important in the suggested “ping-
pong” mechanism of the enzyme (Fig. 28), which depends on imidazo-
late binding Cu(Il) in preference to protons but protons in preference
to Cu(l). The properties of the bridged site are conveniently monitored

02 HOZ;™
HisI /His 5 i Hi? /His
His—Cu"—NAN—Zn—ASp His—Cu' HN&N—Zn—Asp
. — N — \
His His His His
02 02_ +H*

FiG. 28. The active site and reaction mechanism of superoxide dismutase.
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by the extent of antiferromagnetic coupling in the Cu,Cu,SOD deriva-
tive, where J = —26 em ™!,

The Cu-im-Cu bridged unit was an early target for model studies
and a number of nonmacrocyclic systems were investigated (120). Some
of these, notably complexes containing [Cu,(L26)y(im)1** and
[Cuy(L27)(im))3* (Fig. 29) show antiferromagnetic coupling constants
(J = 25.8 and 26.9 cm ™!, respectively) and EPR spectra that are very
similar to those of Cu,Cu,SOD. However, these models have limited
stability in solution; the bridged complex [Cu,(L26),(im)]**, for exam-
ple, is the major species in solution only in the range 8.5 < pH < 9.5
compared with 4.5 < pH < 11 in Cu,Cu,SOD. A dramatic increase in
solution stability was achieved using the macrocyclic ligands 1.28 and
L.29. The bridged complex [Cu,(L.28)(im)]** (Fig. 30) is the major species
in solution over the range 7 < pH < 11.5, and the equivalent complex
of L29 shows antiferromagnetic coupling (J = —29.4 cm~!) and EPR
spectra comparable with those of the copper-substituted enzyme
(120-122). The macrocyclic complexes will catalyze the disproportiona-
tion of superoxide ions but this in itself is not surprising as free Cu(Il)
ions will also promote the reaction.

The enhanced stability of the macrocyclic complexes over the closely
related complex of 26 is partly a manifestation of the macrocyclic effect
(3). There is also an effect peculiar to di- or polynucleating systems and
related to the chelate effect; the two copper atoms are maintained in

(Cuz(L26)im)* [Cuz(L27)y(im)|**

Ligand X Y
v N X v
( ) L28 (o] NH
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F1G. 29. Models for Cu,Cu,SOD.



F1G. 30. The structure of [Cuy(L28)(im);P".
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FIG. 31. Some dinucleating Schiff-base macrocycles.
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close proximity to each other and, in the absence of other ligands, they
are coordinatively unsaturated. Imidazole (or imidazolate) bonding to
one copper ion results in a high local concentration of imidazole at the
second copper atom. This promotes formation of the bridge and retards
its dissociation. It was observed that an equimolar mixture of Cu?* and
L29 (which contains largely mononuclear [Cu(L.29)12*) will rearrange
itself upon addition of 1 eq of imidazole to form [Cuy(L29)(im)** in
good yield (120, 122). It was suggested that such a rearrangement is
equivalent to the migration of copper ions in zinc-depleted superoxide
dismutase (designated Cu,E,SOD, where E implies an empty site); at
pH > 7, copper ions migrate to form Cu,Cu,SOD and E,E,SOD (123).

F1c. 32. The structures of [Cu,{L37)(im)(H,0)1** (top) and [Cuy(L34)(im)]** (bottom).
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These reactions reflect both the stability of the Cu-im-Cu species and
a good match between this unit and the host cavity (macrocycle or
protein). A similar effect is probably responsible for the“(template)?’
(124) formation of [Cuy(L37)(im)]** (Figs. 31 and 32).

Following the above work a number of other macrocycles containing
Cu-im-Cu units were characterized (124-127) and some of these are
shown in Fig. 32. This activity was partly related to SOD investigations
and partly resulted from the suggestion that the cytochrome c oxidase
active site contained a Cu-im-Fe bridge. This site shows strong antifer-
romagnetic coupling and the fact that none of the imidazolate-bridged
model complexes showed anything other than weak to moderate cou-
pling (Table IV) contributed significantly to the eventual abandonment
of this model.

As mentioned in Section IVA, mixed ligand complexes of formula
[([12]aneN3)M,(L8)1** (where M is Zn or Cu) have been synthesized
and characterized spectroscopically (107). The data are consistent with
an imidazolate bridged structure as illustrated in Fig. 33. EPR spectros-
copy on the dicopper(I) complex shows evidence of coupling; there is a
weak AM = +2 transition at half field (ca. 1560 G compared with ca.
1540 G in Cuy,Cu,SOD). Attempts to prepare heterodinuclear CuZn
complexes as Cu,Zn,SOD models have, so far, been unsuccessful. How-
ever, some heterodinuclear complexes of related ligands have been

TABLE IV

PROPERTIES OF SOME BRIDGED DicoPPER(II) COMPLEXES

Ligand Bridge(s) Cu—Cu (A) J (ecm™1) Reference
L34 Imidazolate 5.87 -21.2 125, 126
L36 Imidazolate 5.99 -21.0 126, 127
L36 1,3-Azide 6.02 Weak 144
L30 (1,3-Azide), 5.14 Diamagnetic 138
Mejy[12]aneNy (1,3-Azide), 5.77 -331 145
Me,y{12]aneN, (1,3-Azide), 5.06 >-400 145
L30 (1,3-Azide), 5.15 Diamagnetic 138
L31 (1,1-Azide), 3.16 +50-90 140
L28 OH, CIO, 3.64 —496 137
L32 OH, H,0 3.15 -32 146
L41 OH 3.38 —-410 147
L38 (OEt), 3.00 ca. —320 141
L42 OMe, OAc 3.10 -354 148
L23 (Phenoxide), 3.09 -414 149

HL33 Alkoxoide 3.64 -42 150
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FIG. 33. Proposed structure of [([12]aneN3)M,(L8)1**.

prepared in good yield (128), suggesting that a Cuy,Zn,SOD model may
be accessible. Such a complex might usefully model the proposed role
of the zincion in controlling the pK, of the imidazole residue except that
it is unlikely to have the solution stability of the macrocyclic systems.

D. DINUCLEAR COPPER SITES

Active sites containing two copper ions that are antiferromagneti-
cally coupled in the oxidized state are often referred to as type 3 copper
sites (129). It has recently become evident that these centers cannot
all be considered alike and that in the blue copper oxidases the “type
3” sites are in fact part of a tricopper cluster; these will be considered
in Section VA. The proteins containing dinuclear type 3 copper sites
comprise hemocyanin and a number of oxygenase enzymes, of which
the best known are tyrosinase and dopamine B-hydroxylase.

Hemocyanin is an oxygen carrier in molluscs and arthropods; it is
capable of reversibly binding one dioxygen molecule per dicopper site.
Spectroscopic studies on various forms of the protein (38, 130) estab-
lished that the dioxygen is bound symmetrically to both copper ions
as peroxide. In oxidized forms, the copper ions are in tetragonal geome-
try and each is bonded to two or three histidine groups (38). The
Cu,"0,?~ unit shows intense ligand-to-metal charge transfer bands at
345 and 570 nm (¢ = 20,000 and 1000 M~! cm~!) and a circular
dichroism band at 485 cm ~!. EXAFS spectra suggested a Cu—Cu dis-
tance of 3.55 A for deoxyhemocyanin, 3.66A for the azidomet form,
and 3.66 A for oxyhemocyanin. Strong antiferromagnetic coupling is
observed in oxyhemocyanin and other oxidized forms, leading to dia-
magnetism of the site. To mediate this coupling, a second “endogenous”
bridge (in addition to peroxide) was suggested and bridging species such
as serine (alkoxide), tyrosine (phenolate), or hydroxide were proposed.
These data led to the proposal of the 1,2-u-peroxo model (Fig. 34) for
dioxygen binding in oxyhemocyanin.

X-ray crystal structures of deoxyhemocyanin show that each copper
atom is coordinated only to three histidine groups (131, 132). The
Cu—Cu distances and the geometry about the copper ions differ in the
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FiG. 34. Proposals for the active site structure of hemocyanin.

two structures determined (3.8 A and pyramidal in one case (131) or
4.6 A and trigonal planar in the other (132)). It is possible that these
differences are related to the cooperativity of the hemocyanin molecule
and the particular protein subunit investigated. In neither case is there
any evidence of a bridging ligand.

The X-ray structure of oxyhemocyanin has been reported recently
(132) and contains a u-n%n?-peroxo bridge (Fig. 34). No endogenous
bridge is present but the peroxide provides two one-atom links that
can mediate antiferromagnetic coupling. The copper ions are 3.6 A
apart and each has tetragonal geometry. This structure was not unprec-
edented, Kitajima has characterized some model complexes containing
dioxygen bound in this geometry (133) and, subsequently, Solomon
predicted such a structure was likely for oxyhemocyanin (38). However,
most model studies undertaken to date have been directed toward syn-
thesis of a 1,2-u-peroxo complex.

Model studies involving dinuclear copper sites have been reviewed
many times (6, 120, 134-136); it is possible to discern a number of
distinct phases as these studies progressed and the requirements for
new model complexes became more sophisticated. The most significant
contributions from macrocyclic chemistry toward understanding the
type 3 copper proteins were in the earlier stages of the investigation
and relate to the general chemistry of bridged bicopper complexes.
Discovery of the type 3 copper site (along with the Cu—Zn and Cu—Fe
active sites of superoxide dismutase and cytochrome c oxidase, respec-
tively) led to general interest in exploring the chemistry of dinuclear
copper systems. Several classes of dinucleating macrocyclic ligands
that gave access to complexes with a wide range of properties were
developed (6, 135, 137—139). Tuning these systems, by modification of
the number and type of donors or size and rigidity of the ring, allowed
variation of Cu—Cu distances, coordinative unsaturation, bridging,



Fi1G. 35. Azide bridging modes in [Cuy(L36)(N3),]™ (top), [Cuy(L30)(Nj;),] (middle), and
[Cuy(L31)N3),] (bottom).
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and redox properties. In flexible macrocycles such as L28 and related
systems (137, 138, 140), the macrocycle defines the maximum Cu—Cu
separation but additional bridging or nonbridging ligands are accom-
modated by adjustment of the macrocyclic conformation. As the ligand
becomes less flexible, the geometry and Cu—Cu distances become more
tightly controlled and the specificity toward binding guest molecules
is increased (124, 141, 142).

Two sets of bridging species were of particular relevance to early
studies on hemocyanin. The azide ion bridges the two copper ions in
azidomethemocyanin and the resulting complex exhibits informative
spectroscopy (143). The structure was thought (erroneously, as it now
turns out (132)) to be similar to that of oxyhemocyanin and its extra
stability made it an attractive target for model studies. A number of
macrocyclic u-azido-dicopper(II) complexes showing different coordina-
tion modes are illustrated in Fig. 35 and some of their properties are
listed in Table IV (144—-150); the ligands are shown in Figs. 30, 31,
and 36. The azidomethemocyanin site is believed to contain a u-1,3-
azido bridge and this has been quite accurately modeled in nonmacrocy-
clic systems (134, 143) but not in macrocyclic complexes.

As stated above the diamagnetism of oxy- and azidomethemocyanin
prompted suggestions of an additional “endogenous” bridge between
the copper atoms that would mediate most of the coupling. Phenolate,
alkoxide, and hydroxide were suggested as possible bridging species
and a number of investigations on the geometry (especially the Cu—Cu
distance) and magnetism of bridged dicopper(II) complexes were under-
taken. Dinucleating macrocyclic ligands were especially useful for this
work as they provided a means of maintaining two copper ions adjacent
to each other while varying the Cu—Cu distances in a controlled man-
ner. Examples of such complexes are shown in Table IV, along with
Cu—Cu distances and antiferromagnetic coupling constants. The latter
cover a wide range, reflecting considerable variation in geometry and
macrocyclic donor type. These studies revealed that each of the candi-
dates for “endogenous” ligand was capable of mediating strong antifer-
romagnetic coupling; however, X-ray studies of deoxy- and oxyhemocy-
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F1G. 36. Structures of some dinucleating ligands.
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anin have revealed that, although there are two atoms bridging the
copper ions, there is no endogenous bridge and the coupling is mediated
by the (then unknown) u-n%:n%-peroxo linkage. The considerable syn-
thetic and theoretical effort expended on these systems has resulted
in a much fuller understanding of, in particular, the factors influencing
antiferromagnetic coupling in dicopper systems, a valuable spin-off
from the modeling effort.

Clearly, the oxygen-carrying properties of hemocyanin were also an
important target for model studies and the next obvious step was to
investigate the interaction of Cu(I) model complexes with molecular
oxygen (or Cu(Il) models with superoxide or peroxide (151)). There are
a number of reports in the literature concerning reactions between
macrocyclic copper complexes and dioxygen to yield dioxygen (usually
peroxo) adducts (147, 152—153c). Where dioxygen uptake by dicopper(I)
complexes has been measured, it usually corresponds initially to a
Cu:0, ratio of 1:2 but this first stage is followed by slower reaction
involving further dioxygen uptake (153, 153¢). The reaction, in solution
or the solid state, is accompanied by a color change (generally to green)
and this may be partially or largely reversed by heating and pumping
(152) or by flushing the oxygenated solution with an inert gas (152,
153, 153b). This cycle can usually be repeated a number of times but
is accompanied by gradual degradation of the complex. A u-peroxo
bridge seems likely to be present in most of these complexes (Fig. 37),
and there is convincing spectroscopic evidence to support this in at
least one case (153b). Bulkowski and co-workers have reported the X-
ray crystal structure of [Cuy(L43)0,(H,0),1,5*, which appears to show
two u-peroxo bridges linking the two dicopper macrocycles. However,
the quality of the data is poor and the structural conclusions unrelia-
ble (153a).

Unstable dioxygen adducts may also be described more optimistically
as complexes containing activated dioxygen. If no other suitable sub-
strate is present, decomposition of the adduct occurs with oxidation of
the ligand (153) but, if suitable substrates are added, catalytic oxida-
tions may be observed. The dicopper(Il) ions [Cuy(L39XX),1** (where
X represents a bridging hydroxo or alkoxo group) can be reduced upon
heating in acetonitrile solutions. The products are the dicopper(I) com-
plex [Cu,(L39)(CH,CN)]?* and oxidized X. If oxidizable substrates, such
as thiols, catechols, and hydrogen peroxide, are added, these are oxi-
dized in preference to X and several of these reactions have been shown
to be catalytic in the presence of dioxygen. The catalytic cycle is thought
to involve a 1,1-u-peroxo adduct (141, 142, 154).
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Fi1G. 37. Proposed structures for some u-peroxo-dicopper complexes.

Stable and well-characterized dioxygen adducts have been prepared
using nonmacrocyclic ligands (133, 134, 136, 155) but no macrocyclic
compounds of similar stability have yet been reported. Interestingly,
however, the ligands used by Kitajima and co-workers to prepare
u-n%mn*-peroxo complexes are sterically hindered derivatives of hydro-
tris(1-pyrazolyl)borate (133). In their iron and manganese chemistry
(Sections IVF and IVG), these ligands show behavior very similar to
that of [9)aneN; series so it may yet be possible to use suitably modified
macrocyclic systems as useful oxyhemocyanin models.

E. MIXED-VALENCE DICOPPER

Mixed-valence dicopper complexes have been of some interest as
models for the spectroscopically informative half-met hemocyanins
(156, 157). These complexes are described as Class I if the unpaired
electron is localized on one copper ion (i.e., [Cu(I)Cu(II)]) and Class III
if it is fully delocalized (i.e., [Cu(1.5)Cu(1.5)]); intermediate situations
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are assigned to Class II (156, 158, 159). Delocalization is indicated
by the appearance of an intervalence transfer band in the electronic
spectrum and by a characteristic seven-line EPR spectrum.

Mixed-valence copper species have recently been proposed for several
multicopper enzymes; nitrous oxide reductase (160), the Cu, site of
cytochrome ¢ oxidase (161), and cysteamine-treated tyrosinase (162).
The Cu, site of cytochrome ¢ oxidase and site A (160) in nitrous oxide
reductase both appear to act as electron-transfer centers. The two sites
are spectroscopically very similar and each exhibits a seven-line EPR
signal in the oxidized form (160, 161, 163). Although neither site has
been shown unequivocally to be dinuclear, no convincing explanation
for the EPR signal, other than the presence of a Class III
[Cu(1.5—Cu(1.5)] center, has been forthcoming. The visible and MCD
spectra of these sites have been interpreted (160, 164) as requiring
some cysteine ligation to account for the high intensity and the presence
of two bands of opposite sign in the MCD spectrum (473 and 678 nm),
which have been assigned to Cu-Cys charge transfer.

The substrate-binding site in nitrous oxide reductase is a dinuclear
copper unit that, in some states, also exists as a mixed-valence species
(160); this center does not show a seven-line EPR spectrum and is
similar to the (Class II) mixed-valence derivatives of hemocyanin (156).

The hexaimino cryptand L44 (Fig. 38) is close to the lower limit of
cavity size for a dinucleating ligand. A dinuclear copper (I) complex of
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Fi1c. 38. Some small cryptands.
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formula [Cuy(L44)}(C10,), results from transmetallation of mononu-
clear group II complexes with Cu(CH4CN),C10,, whereas treatment
with formulae [Cuy,(HL44)1X, or [Cuy(L44)1X;, where X = CF;S0;37,
ClO, ", etc., and HL44 represents the protonated ligand (70, 165, 166).
Instability in solution has prevented growth of crystals of the pure
mixed-valence complex large enough for X-ray structure analysis. How-
ever, blue crystals of a dicopper(I) complex doped with approximately
30% of the mixed-valence form have been shown to be isomorphous
with the brown dicopper(I) analog [Cuy(L44))(C10,),, so gross structural
differences between the two are unlikely. The Cu—Cu distance (2.448
A) in the dicopper(I) complex is at the short end of the literature range
(70, 167). The geometry about each copper ion is approximately trigonal
bipyramidal, with the axial direction lying along the Cu—Cu vector
(Fig. 39).

Solutions of the mixed-valence complexes are blue—green (A,, =
756 nm, ¢ = 5000 M ! ecm !, Ay, = 2500 cm™1), with a shoulder on
the low wavelength side (166). The solutions are not stable and the
half-life for their decomposition is dependent on both pH and solvent.
The solid complexes show Curie law magnetic behavior, and the mag-
netic moment for the complex (1.9 BM) is consistent with the presence

FiG. 39. The structure of [Cuy(L44)%*.
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of one unpaired electron. Remarkably, the mixed-valence complexes
show nearly isotropic, seven-line EPR spectra as fluid or frozen dmf
solutions over the full temperature range from ambient temperature
to 4 K. This signal is characteristic of a fully delocalized Class III
mixed-valence system, [Cu(1.5—Cu(1.5)]. Preliminary work (166) on
simulating the EPR signal suggests that the exchange process is via
overlap of the copper d,: orbitals (i.e., through a direct copper—copper
“bond”) rather than via the diimine bridges of the ligand. This conclu-
sion is supported by the report of a mixed-valence complex, with very
similar properties, formed from the reduced cryptand L45 (166, 168).

Many Class II complexes are known for which the EPR signal shows
localization occurring at low temperatures (169, 170) but only one (167)
other synthetic example in which the seven-line signal is still evident
at 77 K is known. Delocalization is most evident in systems in which
the ligand imposes very similar geometry at both copper centers and the
small, dinuclear cryptate achieves this very effectively. The properties
observed are those of the encapsulated [Cu(1.5)—Cu(1.5)] unit and are
independent of the details of ligand structure.

As stated above, the electronic spectra of the Class III mixed-valence
biological sites have been interpreted in terms of sulfur ligation. How-
ever, similar intense features are observed in the visible and MCD
spectra of mixed-valence complexes of L.44 and L45, which contain no
sulfur donors. Further, the presence of essentially identical spectra for
model complexes with imine donors and with amine donors suggests
that the absorption is not due to charge transfer involving the donor
atoms. These bands are therefore ascribed to electronic transitions
within the [Cu(1.5)—Cu(1.5)] unit and this may suggest an alternative
explanation for the metalloprotein spectra.

F. Ox0-BRIDGED DIIRON

The dinuclear iron proteins contain the Fe—O—Fe unit, supported
by bridging carboxylate. Understanding of these systems has advanced
rapidly and a number of reviews are available (171-175). There are
four major classes: hemerythrins (oxygen transport and storage); ribo-
nucleotide reductases (catalyze formation of deoxyribonucleotide phos-
phates in the first step of DNA synthesis); methane monooxygenases
(catalyze the oxidation of methane to methanol, along with other oxy-
gen atom insertions); and purple acid phosphatases (unknown physio-
logical role, although they catalyze hydrolysis of phosphate esters at
low pH).
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Hemerythrin is the best studied example and high-resolution X-ray
data are available for the deoxy (176), oxy (176), met (177), and azido-
met (177) forms. Extensive spectroscopic studies have also been carried
out on these forms and on the semi-met Fe!''Fe!! form (178). The active
site structure of hemerythrin is illustrated in Fig. 40. The two iron
atoms are bridged by an oxygen donor (OH~ or O%") and by two carbox-
ylates, one aspartate and one gluamate. The remaining protein donors
are five histidine residues, three coordinated to one iron and two to
the other. In the deoxy form one iron atom is five coordinate and this
vacant site can be occupied by dioxygen in oxyhemerythrin or by other
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FiG. 40. The active sites of some u-oxo-diiron proteins, hemerythrin (top), ribonucleo-
tide reductase (middle), and purple acid phosphatase (bottom).
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exogenous ligands in various met derivatives. Dioxygen binding is
believed to involve abstraction of a proton from the u-OH bridge of the
deoxy protein to form a hydroperoxide that is stabilized by hydrogen
bonding to the u-oxo bridge (Fe,O -~ HO—O, 2.80 A (176)).

X-ray data are also available for the met B2 form of ribonucleotide
reductase at 2.2 A resolution (179) and the diiron site is shown in Fig.
40.In the active form tyrosine 122 is present as a radical, approximately
5 A from the nearer of the two iron atoms. The function of the iron center
is to generate and stabilize this radical, and this requires interaction of
dioxygen with the diiron(II) form of the protein (171). Near-IR circular
dichroism spectroscopy (I78) suggests that the diiron(Il) form has va-
cant coordination sites at both iron atoms and it has been suggested
that, in the peroxo intermediate (180), the iron atoms may be bridged
by u-1,1-hydroperoxide (178). The coordination environments around
the iron atoms are nonidentical but both are pseudo-octahedral. There
are more oxygen donors than those observed for hemerythrin and the
m-0x0 bridge is supported by only one u-carboxylate link. Structural
proposals for the purple acid phosphatases and for methane monooxy-
genase are derived from comparison of their properties with those of
hemerythrin and with model complexes and these will be discussed
below.

In comparison with the previous section, it might be expected that
dinucleating ligands would be important in the model chemistry of the
dinuclear sites. Although it is true that many dinucleating systems
have been investigated (172, 173), the most significant results have
come from studies using small, mononucleating ligands, notably
[9]aneN; (Fig. 41) and derivatives and the nonmacrocyclic hydrotris(1-
pyrazolyl)borate systems.
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FiG. 41. Ligands derived from [9]aneN;.
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A major factor in advancing understanding of the Fe—O—Fe pro-
teins was the synthesis and characterization of series of model com-
plexes that reproduce the structural and spectral features of the bridged
unit. Although many u-oxo diiron systems are known (173), examples of
u-oxo-di-u-carboxylate systems have appeared only relatively recently.
The simplest route to such complexes is to use a ligand able to cap one
face of the octahedral coordination array, forcing facial geometry and
leaving the other three sites free for bridging. The first ligands to be
used for this purpose were the hydrotris(1-pyrazolyl)boroate species,
followed by [9]aneN, and derivatives (181, 182). Both sets of ligands
bind facially to first-row transition metal ions and therefore tend to
encourage octahedral coordination geometries. Many other systems
have since been developed but, in general, the nature of the ligand
has little effect on the structure or spectroscopy of the (u-oxo)(bis-u-
carboxylato)diiron unit, provided it enforces the facial coordination
geometry (173, 175, 183). This is an encouraging observation in terms
of translation between model and protein data. Self-assembly in these
systems demonstrates that the bridging features of these systems are
not imposed by the proteins, except insofar as they set up the appro-
priate facial coordination.

Where protein structures are well established, the match with model
complexes is good both structurally and spectroscopically, although the
protein bridging units are less symmetrical (1 75). This agreement then
provies a basis for predicting structures based on partial data, such as
metal-metal distances from EXAFS or characteristic electronic spec-
tra. Model systems for the Fe—O—Fe proteins have been comprehen-
sively reviewed (173-175) and only the macrocyclic systems will be
considered here.

The close correspondence between protein and model complexes
is illustrated in Table V for deoxyhemerythrin and [Fe,'(OH)
(CH3C0O0),(Megf9]aneN,),1* and for oxy- and metazidohemerythrin
and [Fe,""O(CH;C00),(Mes[9]aneN;),12*. The match between models
and metalloproteins is remarkably good, especially for the diiron(II)
systems. This emphasizes that, to a first approximation, the dimensions
and properties of the bridged unit are independent of the precise nature
of the other donors. Mossbauer spectroscopy reveals the presence of
two nonequivalent iron sites in the diiron(IIl) proteins, whereas the
five-coordinate site in deoxyhemerythrin is evident from detailed spec-
troscopic studies (178).

The [Fe,'( OH)(CH;CO0),(Me,y[9]aneN;),]* cation is shown in Fig.
42 (181) and is broadly similar to the oxidized form, (Fe,""O(CH,
COO0),(Me;[9]aneNy),12*. The Fe—O (bridge) distance is considerably



TABLE V

COMPARISON OF STRUCTURAL DATA FOR HEMERYTHRINS AND MODEL COMPLEXES (L = Me;[9]aneN;)

[Fe,"(OH)OAC)y(L),] [Fe,MO(OAC),(L),]
Deoxyhemerythrin (Cl10y-H,0 Oxyhemerythrin (Cl104)y-H,0 Azidomethemerythrin

Fe—Fe (&)

X-ray 3.32 3.32 3.27 3.12 3.25

EXAFS 3.57 3.24 3.13
Fe—O (A)

X-ray 2.15, 1.88%b 1.99 1.88, 1.792b 1.80 1.78

EXAFS 1.98 1.82 1.80
Fe—O—Fe ()

X-ray 111 113.2 125 119.7 134.5

EXAFS 128 128 127
J (em™1) -13 -13 =77 -115 —134
8 (mm sec™ ) 1.14 1.16 0.51, 0.52¢ 047 0.51, 0.51°
AEq (mm sec™ ) 2.76 2.83 1.96, 0.95° 1.50 1.95, 1.47¢
Fe-oxo CT 360 (sh, 4300) 380 (sh 5500)
A (nm) (e (M~ !cm™1) 330 (6800) 345 (10,500) 326 (6800)
v (Fe—0O—Fe) 486, 753 537 507, 768
(R. Raman, cm™1)
References 175, 176 181, 182 175, 176 181, 182 175

@ For two independent iron centers.
b The iron atom bonded to three histidine groups is listed first.
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FiG. 42. The structure of [Fe,(tOHYCH3COO),(Mes[9]laneN;),1*.

shorter in the p-oxodiiron(III) complex and exercises a marked trans
effect that is absent in the u-hydroxo complex. Antiferromagnetic cou-
pling is strong in the x-0xo compounds and much weaker in p-hydroxo
species. Observations such as these from model complexes provide good
evidence for the assignment of a u-hydroxo bridge in deoxyhemerythrin
and a p-oxo link in oxyhemerythrin. They are also the basis for assign-
ing an oxo~hydroperoxo hydrogen bond in oxyhemerythrin (strong cou-
pling) rather than a hydroxo—peroxo interaction (weak coupling). Simi-
larly, the properties of met B2 ribonucleotide reductase are consistent
with a p-oxo bridged structure (Fe—Fe, 3.19 A (EXAFS), 3.3 A (X-
ray),J = —108 cm™ ).

Methane monooxygenase is unique among the diiron metalloproteins
in that the oxidized form shows no absorption bands corresponding to
Fe—0O—Fe charge transfer. These bands are observed in all u-oxodiiron
(ITT) model complexes, so that such a bridge in this protein is highly
unlikely. Magnetic circular dichroism spectra of the reduced form (178)
have been interpreted in terms of an open coordination site and weak
ferromagnetic coupling and J is estimated at —32 cm~! from EPR
(184). The latter observation suggests that no u-oxo bridge is present
and alkoxide, hydroxide, or monodentate carboxylate bridges have been
proposed (171, 178). EXAFS data lead to an iron—iron distance of 3.4



376 McKEE

A (184). The suggestion of an open coordination site is supported by
a recent report of exogenous ligand binding to the diironi center
(185).

The diiron(III) forms of the purple acid phosphatases are purple
(Amax = 550 nm, e = 2000 M~! cm ™! per Fe) and the active form is
mixed valence Fe''Fe'! and pink (\,,, = 510 nm, ¢ = 2000 M ! cm !
per Fe); in both cases the color is attributed to coordination of tyrosine
to Fe(III). The pink form is spectroscopically similar to semimethemer-
ythrin, it shows weak antiferromagnetic coupling (- = 5-11 cm™})
and has properties generally consistent with a u-hydroxo bridge.
EXAFS studies of the diiron(III) form and of the purple enzyme phos-
phate complex (the form usually isolated) show short Fe—Fe distances
(3.0 and 3.2 A, respectively), indicative of multiple bridging. Strong
antiferromagnetic coupling (most recently measured asJJ < — 150 cm !
(186)) is consistent with a p-oxo bridge. In the case of the phosphate
adduct, direct bonding of phosphate to the iron center is also implied
by the EXAFS data.

Wieghardt and co-workers (187) have displaced the acetate bridges
from [Fe,"O(CH;C0O0),(Me,[9]aneN;),1** by reaction with a phospho-
monoester to form [Fe,O(0,P(OC H;),(Me;[9]aneN,),1** and this has

FiG. 43. The structure of [Fe,0(0;P(OC¢H;));(Me;[9]aneN;), 2+,
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been structurally characterized (Fig. 43). The larger bite of the bridging
phosphate group, relative to acetate, increases the Fe—Fe distance to
3.198 A and slightly lengthens the Fe—oxo bonds to 1.818 A. The
Fe—P distance (3.209 A) is very similar to that reported from EXAFS
study of the enzyme phosphate complex (3.1-3.2 A) and suggests a
similar bridging geometry in the protein. The antiferromagnetic cou-
pling in the model (J = —98 ecm™!) is somewhat lower than that in
the enzyme and it has been suggested that the phosphatase site may
have shorter Fe—oxo distances and hence stronger coupling (187) since
only one bridge is phosphate. Removal of the u-oxo bridge from the
model complex by addition of a third phosphomonoester reduced the
antiferromagnetic coupling constant to between —1 and —7.5 cm™%,

Simple tridentate macrocycles and related tripodal ligands have
proved to be extremely useful first-generation models for the diiron
proteins. Second-generation models will have to address the question
of nonequivalent iron sites. To date, only one such complex has been
characterized (188).

G. Ox0-BRIDGED DIMANGANESE

Several dinuclear manganese enzymes have been discovered; they
are closely related to the diiron systems (indeed iron and manganese
are sometimes interchangeable without loss of function) but are less
well characterized (175, 189). Many synthetic dimanganese complexes
have been synthesized, the most extensive series being complexes de-
rived from [9]aneN; and related macrocycles and compiled by Wieg-
hardt and others (189-200). The dimanganese units and some struc-
tural data are shown in Fig, 44.

As observed for the diiron complexes, the Mn—Mn distance and
Mn—O—Mn geometry depend on the number and nature of the bridg-
ing groups; the oxidation level of the metal ions is less important (201).
Strong antiferromagnetic coupling is found in Mn™Mn'Y or Mn!VMn!V
complexes but Mn'Mn!", Mn"Mn'"!, or Mn"™"Mn"! complexes show weak
antiferromagnetic or ferromagnetic exchange. The di-u-oxo-Mn"Mn!v
complexes show distinctive 16-line EPR spectra at low temperatures;
spectra for the other systems are less easily interpreted. The u-oxo-
bis(u-carboxylato)dimanganese(III) unit is characterized by the appear-
ance of two intense bands in the 400- to 600-nm region (¢ > 600 M !
cm ') (189). Redox studies on the p-oxo complexes show reversible
behavior, with the Mn"Mn!, MnMn"!, Mn"'Mn"!, Mn""Mn!, and
Mn!YMn!Y complexes accessible without structural rearrangement. In
the u-hydroxo series, the same is true for the Mn''Mn!!, MnMn'Y, and
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F1G. 44. (Continued)

HL46

Mn!"Mn'" complexes and the two series are linked by pH-dependent
equilibria.

The electronic spectrum of the dimanganese(IIl) form of catalase
from Thermus thermophilus shows an intense absorption at 450 nm
with a shoulder at 500 nm. EPR studies show that Mn"Mn!, Mn"Mn!,
and Mn™"™n!V forms are also accessible and the Mn"Mn!V protein
exhibits a 16-line spectrum, characteristic of a u-oxo bridged system
(202). Comparison with the model complexes leads to prediction of u-
oxo-bis(u-carboxylato)dimanganese(IIl) structure for the catalase. X-
ray crystal data (203) have indicated an Mn—Mn distance of 3.6 +3
A for the enzyme; this appears to be inconsistent with the above pro-
posal but, as the X-ray data are at rather low (3 A) resolution, this
may be the least reliable piece of data.

The catalase (or pseudocatalase) from Lactobacillus plantarum is
also believed to contain a dimanganese(Ill) site in the oxidized form.
It can be reduced to dimanganese(Il) or superoxidized to a Mn"!Mn!Y
state. The last complex shows a 16-line EPR spectrum (189). The visible
spectrum of the dimanganese(III) form shows a strong absorption at
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470 nm with shoulders at 398 and 500 nm. As with T. thermophilus,
these data lead to an assignment of a u-oxo-bis(u-caraboxylato)diman-
ganese(IIl) center in the oxidized form. EXAFS studies (204) of the
superoxidised enzyme indicate a Mn—Mn distance of 2.67 A, suggesting
adi-u-oxo bridge. No Mn—Mn distance has been unambiguously identi-
fied in the reduced enzyme, suggesting that the distance is at least 3.3
A and consistent with formation of a u-hydroxo bridge. Ribonucleotide
reductases from Brevibacterium ammoniagenes and Micrococcus luteus
are also dimanganese enzymes (205). Once again, their electronic spec-
tra (maxima at 455 and 485 nm) are indicative of u-oxo-bis(u-carboxyla-
to)dimanganese(III) cores.

The dimanganese systems constitute one of the unusual cases in
which the data for the relatively sophisticated model complexes con-
trast with the rather sparse information available for most of the en-
zyme active sites. The properties of the synthetic systems are being
used in a predictive fashion to assign structures to the enzymes as
spectropic data are obtained.

V. Polynuclear Active Sites

In principle, the parameters involved in designing model complexes
for polynuclear sites are the same as those for dinuclear systems, al-
though limiting the extent of aggregation can be a greater problem.
Metal-metal interactions in polynuclear active sites can be very com-
plicated and, therefore, good model systems are necessary for reliable
interpretation of spectroscopic and magnetic data.

A. TRINUCLEAR COPPER

The multicopper oxidases, ascorbate oxidase, laccase, and ceruloplas-
min, as discussed elsewhere in this volume, all reduce dioxygen to water
and oxidize organic substrates. Early spectroscopic work suggested that
the copper is present in three distinct sites, blue (type 1), normal (type
2), and coupled dinuclear (type 3). Recent spectroscopic investigations
have concentrated on laccase (38, 206, 207) because it is one of the
simpler enzymes, containing one of each type of copper site (and there-
fore four copper ions) per molecule. Good quality X-ray crystallographic
data (1.9 A resolution) have been obtained for the fully oxidized form
of ascorbate oxidase from zucchini (208). Spectroscopic and crystallo-
graphicdata showed that the type 2 and type 3 sites are not independent
and are better considered together as a single trinuclear site (207, 208).
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This tricopper cluster is the site of dioxygen binding and reduction of
all three copper atoms is required in order for it to function (207).

The structure of the ascorbate oxidase tricopper site is illustrated in
Fig. 45. The three copper atoms form an almost equilateral triangle of
sides ca. 3.7 A. The Cul and Cu2 atoms are bridged by OH~ or 0%~
and make up the EPR-silent type 3 pair; each copper atom is coordinated
to three histidine residues and the Cu—N(His) distances are all compa-
rable and unexceptional. In contrast to the hemocyanin active site
(Section IVD), the copper ions have approximately tetrahedral coordi-
nation geometry and are not in identical environments. The third cop-
per ion is coordinated to two histidine residues and to either hydroxide
or water. There is no evidence for a u;-OH or u;-O donor at the center
of the cluster (and the Cu—Cu distances are too long to support such
a bridge).

The spectroscopic evidence suggests that the trinuclear centers in
ascorbate oxidase and laccase are essentially identical, although the
azide binding geometry suggested (206) for laccase appears to be steri-
cally prohibited in ascorbate oxidase (208). Solomon and co-workers
have proposed (38, 209) that dioxygen binds as u-1,1-hydroperoxidase,
bridging Cu3 and one copper atom of the coupled site. Possible mecha-
nisms for the reduction of dioxygen through to water have been pro-
posed (208).

Quite a number of nonmacrocyclic, triangular tricopper complexes
have been synthesized and characterized (210), frequently showing
interesting magnetochemistry. Almost invariably these complexes in-
volve a bridging group, usually u;-hydroxo, which is largely responsible
for maintaining the structure. Discovery of the trinuclear site in the
multicopper oxidases has extended interest in modifying these systems
so that they model the structure, and ultimately the chemistry, of the
metalloenzyme active sites.

The structure of the trinuclear complex [Cug(Meg[9]aneN;)(im),)3+
(where im is imidazolate) has recently been reported by Chaudhuri et al.
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(211) and is illustrated in Fig. 46. Each copper atom has approximately
square pyramidal geometry, the equatorial donors being two imidazo-
late groups and two amine nitrogen donors from the macrocycle; the
apical position is occupied by the third macrocyclic donor. Each pair
of copper atoms is linked by a bridging imidazolate group and it controls
the Cu—Cu distance of 5.92 A, considerably longer than that in the
metalloenzyme sites. All the metal ions interact magnetically and, as a
consequence, the molecule exhibits spin frustration. Like the ascorbate
oxidase site, this complex has a triangular array of copper atoms with-
out a central u; bridge; however, unlike the protein case, the three
copper sites are identical.

In principle, a suitably designed large macrocyclic ligand would de-
fine a cavity within which three copper atoms could be bound in a fixed
geometrical relationship without requiring a u; bridging unit. If the
copper coordination sites are designed to be inequivalent, it should be
possible to bridge only one pair of metal ions. Tricopper complexes of
the large polyaza macrocycles [33]aneN;; and [36]laneN,, have been
reported (212). In solution a number of species are present but clean
solid products with formulae Cug4([33]aneN,;(C10,)-2H,0 and Cu,([36]
aneN,,)(Cl10,),-3H,0 have been isolated. X-ray structures have not
been obtained for either complex but two possible structures are pro-
posed, one of which is triangular (Fig. 47). This complex is related to
[Cus(us-OH),([27]aneNg0;)1** (Fig. 48), which was published by Lehn
and co-workers (213). Again, in this complex the copper environments
are all identical; each is coordinated to two adjacent macrocyclic amine

[Cus(Mes[9]aneNg)s(Im)s]**
FIG. 46. The tricopper complex [Cug(Me)s[9]aneN;);(im);**.



MACROCYCLIC MODELS FOR NONPORPHINE METALLOPROTEINS

_NH HN) [NH HNj
\\}3 0 /NH HN
NH HN\) )
SN H N\NH Lo HN
bN N__
{27]aneNgO, \__/
[36]aneN,,
CT ) I
HN—C‘U NUN c~u NH
NH /NH‘)
HN NH

Cu
HN/ \NH
N

[Cuy([36]aneN; 1B+

FIG. 47. Some large saturated macrocycles and the proposed structure of
[Cu3[36]aneN12)]6+,

nitrogen atoms and to two us-hydroxo donors in tetrahedrally distorted
square—planar geometry. There are also weaker interactions with mac-
rocyclic ether groups, resulting in somewhat distorted tetragonal geom-
etry. The Cu—Cu distance is 2.808 A, considerably shorter than the
normal Cu—Cu distance in Cuy(u,-OH) units (3.2-3.3 A) (210). The
two py-hydroxo groups in the macrocyclic structure are also much far-
ther out of the plane of the three copper atoms than is usually observed
and are best described as capping the Cu, triangle. These differences
demonstrate that the geometry of the complex is controlled largely by
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F1G. 48. The structures of the tricopper complexes {Cuy(OH),([27]aneNgO;)]1** (top)
and [Cuy(OH)(L47)(H,0)* (bottom).

the properties of the macrocycle and not by the steric preferences of
the Cus(u;-OH) unit. However, the symmetry of the copper sites is
higher and the Cu—Cu distance shorter than those in the copper oxi-
dase sites.

Fenton and co-workers have designed ligands in which two pendant
arms are added to a dinucleating macrocycle. These ligands, such as
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L47 (Fig. 49), were expected to coordinate one copper ion in each pyri-
dinediimine unit, whereas the pendant arms could coordinate a third
metal atom in a different coordination site (214). The crystal structure
of [Cu(OH)L47)(H,0)P* is shown in Fig. 48. The geometry of the
cation is unexpectedly unsymmetrical; each copper has a unique donor
set and approximately square pyramidal geometry. The major feature
of the structure in relation to the copper oxidases is that there is a u,-
hydroxo bridge linking Cul and Cu2 but no direct bridge involving
Cu3. The Cul—Cu2 distance is 3.62 A, as expected for a Cu,(u-OH)
unit; the distances to Cu3 are longer (4.9 and 5.9 A for Cul and Cu2,
respectively). The magnetic moment is 1.66 BM per copper, suggesting
some antiferromagnetic coupling between Cul and Cu2; no EPR spectra
have yet been reported. This complex mimics the broad features of the
protein site, a bridged and antiferromagnetically coupled pair of copper
ions with a third copper making up a triangular array. It represents
a useful step forward in modeling the tricopper sites.

B. MANGANESE IN PHOTOSYSTEM II

Understanding of the tetramanganese oxygen-evolving complex
(OEC) of photosystem II has developed rapidly, and relevant reviews
have appeared (189, 215-218). The structure of the active site is, how-
ever, much less well defined than those of the multicopper oxidases
(Section VA), or the iron—sulfur clusters (Section VC). No crystallo-
graphic data revealing the geometry of the manganese cluster are
available and the spectroscopy is very complex, on occasions leading
to apparently contradictory conclusions.

3@

VEN .

T C Tl

g

HoL47
F1G. 49. The bibrachial ligand H,L47.
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Joliot and co-workers (219) observed that dark-adapted chloroplasts
exposed to short flashes of light evolved oxygen periodically every
fourth flash. Subsequently, Kok et al. (220) proposed that during the
water-oxidation cycle, the manganese cluster cycles through five “S-
states” (S,—S,). A recent study has noted the same periodicity in the
K-edge XANES spectra of the manganese cluster (221). Asit progresses
from S, to S,, the manganese cluster accumulates oxidizing equiva-
lents. The S, state releases oxygen and is reduced to S;, which reoxidizes
to S, in the dark. The oxidation levels of the manganese ions are not
firmly established but are likely to be ca. Mn(III) for the early S states
and ca. Mn(IV) for the later stages. The oxidation levels of the manga-
nese atoms do not change in the S, — S; step, implying the involvement
of an organic radical; it is suggested that water binds at this stage in
the cycle.

The S, state is EPR active, showing a multiline signal at ca. g =
2.0 (assigned to a multinuclear mixed-valence complex (215)) and a
second signal at g = 4.1. Recent EPR studies of the S, state are inconclu-
sive; Brudvig et al. report that the cluster is diamagnetic, whereas
Klein and co-workers have detected a signal (222). The S, state shows
an EPR signal assigned to an organic radical; again there is some
controversy as to whether the radical is tyrosine (223) or histidine (224).

In the absence of crystallographic information X-ray absorption stud-
ies are of great importance in deriving structural parameters for the
OEC. K-edge XANES and EPR data suggest that the four manganese
atoms are present in a cluster that is not of high symmetry (225, 226).
Two Mn—Mn distances have been identified, at 2.7 and 3.3 A, with
the former making the larger contribution (225-227). Studies with
model complexes (189, 215,217, 228—-231) show that the 2.7 A distance
is consistent with a di-u-oxo bridged system, whereas the 3.3 A interac-
tion is similar to that observed for a single u-oxo or a u-carboxylato-
w-oxo structure (Section IVG). The manganese atoms are ligated by O
or N donors; the nitrogen level appears to be low, possibly involving
histidine (231, 232a), whereas the most likely oxygen donors are oxo
(or hydroxo) and protein carboxylate (216, 226). There is no EXAFS
evidence for sulfur or chlorine in the coordination spheres, although
an Mn—Cl bond cannot be categorically ruled out and chloride is re-
quired for the OEC to function (as are calcium ions). K-edge studies
have led to proposals of various oxidation states for the S states (232);
however, these data are not unambiguous. Promising results have been
achieved for mixed-valence model complexes using L-edge absorption
and this may prove more revealing than K-edge data (233). Cramer
and co-workers (225) have shown angular variations in the XANES and
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EXAFS spectra of oriented chloroplasts and have proposed structures
consistent with geometrical analysis of the data (Fig. 50, top). Many
mechanistic proposals for the water-oxidation process have been put
forward (215,229, 230,234-237). Most recent schemes are built around
tetramanganese clusters belonging to one or more of the “dimer-of-
dimers,” “butterfly,” cubane, or adamantane structural classes (Fig.
50). However, X-ray absorption data suggest that the biosite is of lower
symmetry than any of the structures shown (225, 226). This suggests,
for instance, that a regular cubane structure is unlikely but a distorted
geometry (such as that proposed by Cramer) is possible. Such irregular
geometry isreadily imposed within a protein but is difficult to reproduce
in a synthetic model.
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Advances in understanding the OEC active site and proposals as
to its structure have driven a parallel expansion in the chemistry of
polymanganese complexes with biologically relevant ligands. Exam-
ples of each structural class have been characterized and the field
reviewed (189, 217, 229-231). Much excellent work has been carried
out, notably by Christou and co-workers, on the polynuclear chemistry
of manganese in the presence of carboxylate and hydroxide or oxo
groups (frequently in combination with nitrogen donors). These com-
plexes seem to have two drawbacks: the undefined nature of their
composition in solution and a marked tendency to form large polyman-
ganese aggregates (228, 231). Nevertheless, polymanganese structures
have revealed much of the chemistry and structural preferences of
manganese systems, providing the foundations for reasonable struc-
tural proposals in biological systems.

Macrocyclic ligands, by occupying coordination sites in fixed and
predictable relationships to each other, reduce the tendency to form
large structures; also their kinetic stabilities increase the likelihood
that the complexes will remain intact in solution. Further, the geomet-
ric requirements of macrocyclic ligands can potentially be used to build
in irregular or nonequivalent coordination sites.

Macrocyclic tetramanganese complexes illustrating all four struc-
tural types shown in Fig. 50 have been prepared and structurally char-
acterized. Two examples of dimeric structures are shown in Fig. 51;
these are generated from the dinucleating macrocycles H,L.33 (Fig. 31),
which contains pendant alcohol groups, and L32, which contains no
potentially bridging groups. The complex [Mn,"(HL33)(Cl),],>* con-
tains two dinuclear manganese units linked by two chloride bridges
and two hydrogen bonds (238). Within each macrocycle the manganese
ions are bridged by two alkoxide donors and one chloride ion. This
complex is of some interest for EXAFS studies due to the presence
of the Mn—Cl bonds at a distance (2.5-2.6 A) at which there is no
overlapping Mn—Mn signal. One reason EXAFS studies have not been
able to determine unambiguously if chloride is coordinated to manga-
nese in the OEC is that any Mn—Cl signal would be at least partially
obscured by the 2.7 A Mn—Mn peak. Extracting information on a
possible Mn—Cl interaction will require accurate data on the behavior
of model complexes containing a similar bond. For example, the inten-
sity of the Mn—Cl] EXAFS signal for the chloride-bridged tetramanga-
nese complex shows a strong temperature dependence, which may need
to be included in the model (239).

Of more direct relevance to proposed mechanisms of water oxidation
is the mixed-valence complex ion [Mn"Mn"(L32)(0)(OH)DMF],**
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FIG. 51. The structures of [Mny(HL33)(Cl),],>* and [Mny(L32)(O)XOH)DMF],**,
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(240). In this case the two dimanganese units are bridged by two -
oxo donors so that the Mn(IIl) ions are linked by a di-u-oxo bridge
and are separated by 2.77 A. The two manganese atoms within each
macrocycle are also bridged by a p,-hydroxo ligand and separated by
3.05 A. Each manganese has irregular six-coordinate geometry, the
coordination sphere of the Mn(II) ions being completed by a DMF mole-
cule. The structure could equally be viewed as having somewhat dis-
torted, planar butterfly geometries in which the pz-oxo donors are
T-shaped rather than trigonal. Such geometries have also been observed
in nonmacrocyclic systems (231). This complex is related to those ob-
served by Armstrong (236) and to the water oxidation intermediates
proposed by Lippard (237) and Hoffman (235).

Figure 52 shows the structure of [Mn,(HL33)(L33)(NCS),]*, which
can also be viewed as either a dimer-of-dimers or a severely distorted
butterfly. The links between the two macrocycles are two triply bridg-
ing alkoxide donors, one from each macrocycle. The “wings” of the
butterfly have closed to bring the two outer manganese ions quite close
to one another; an extension of this movement would result in formation
of a cubane.

F1G. 52. The structure of [Mn(HL33)(L33)}NCS),]".
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N
]—J Bis[9]aneN,

H,L48

Fi1G. 53. Two ligands that can form tetramanganese complexes.

Discrete Mn,O, cubanes are quite rare. Two examples with formula
[Mn,(C0),;X,]1(X = F, OH, or OR with R = alkyl) have been reported
(241) and a number of Mn,0, cubane units have been observed within
larger polymanganese structures (224, 228). To date, the only discrete
Mn,O, cubanes reported with biologically relevant donor atoms are
the macrocyclic complexes [Mn,(L48)(C10,),] (242) and [Mn,"(L33)
(CH,CO0)1,2* (243), which are shown in Fig. 54. In each structure the
cubane core is made up of four similar seven-coordinate Mn(II) ions
and four us;-alkoxide groups. Christou and co-workers have isolated

Fig. 54. The structures of [Mny(L48)C10,),] (left, perchlorate anions removed for
clarity) and [Mny(L33)(CH;COO)},2* (right).
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higher-valent discrete Mn,04Cl cubanes and related their structure to
the butterfly geometry (244, 245).

The proposal that a Mn,O; adamantane structure may be involved
in the OEC cycle originates from the characterization by Wieghardt
and co-workers of [Mn,VO4([9]aneN,),1** (194). This cation (Fig. 55)
contains four similar Mn(IV) ions, each facially coordinated by one
[9]aneN; macrocycle and by three other w,-oxo donors. Spectroscopic
evidence suggests that [Mn(bis[9]aneN;)Og](C10,), (Fig. 53) has the
same adamantane structure (246).

Both the cubane and the adamantane structures can be described as
containing tetrahedra of manganese ions. A third member of this class
is the mixed-valence complex [Mn,Mn,(u,-0)(L25)(CH,C0O0),Cl
(MeOH)] (247). The central u,-oxo donor is coordinated to all four
manganese ions and has distorted tetrahedral geometry (Fig. 55). The
manganese ions are also linked by three bridging acetate ligands and
four u,-alkoxide bridges. Each manganese has five oxygen donors in
the coordination sphere and only one nitrogen.

With the exception of the Mn(IV) adamantane, all the macrocyclic
complexes discussed above are at oxidation levels much below those
likely to be present in functional OEC states. For this reason they are
unlikely to mimic the spectroscopic properties of the active states unless
they can be oxidized (an unfavorable process for seven-coordinate
Mn(I) (248)). However, the variable and sometimes irregular geome-
tries observed make these complexes valuable as calibrants for X-ray
absorption studies (233, 239). The low symmetry observed in some of
the macrocyclic tetramanganese structures and predicted for the OEC
highlights that the differences among the four structural classes illus-
trated in Fig. 50 are not as great as it first appears and interconversions
may be possible without major disruption of the coordination environ-
ment. The planar dimer-of-dimers structure, twisted or folded slightly,
becomes a butterfly structure and if this is folded sufficiently a cubane
results. The disposition of the Mn atoms in the cubane is identical to
that in the adamantane structure.

In many (215, 229, 230, 234), but not all (235, 236, 237), of the
reaction schemes proposed for the water oxidation process, the fully
oxidized S, state is postulated to involve a u-peroxodimanganese unit,
generally as part of the tetranuclear cluster. The water oxidation pro-
cess may then be viewed as occurring at an effectively dinuclear manga-
nese center, with the other two manganese ions acting as electron sinks
or electron transfer species. In this view the redox series of dinuclear
manganese complexes characterized by Wieghardt and others (Section
IVG) constitute a set of models covering each S state. The S, state is
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F1G. 55. The structures of [Mn,O4(9]aneNyl** (top) and [Mn,O(L25)(CH;COQ),
Cl(MeOH)] (bottom, carbon atoms of the acetate groups and methanol molecule have
been removed for clarity.
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modeled by the dinuclear u-peroxodimanganese(IV) species [Mn,'V(Me,
[9]aneNy),(u-0,)(u-OH),12*. The structure of this cation is shown in
Fig. 56 (200). The two Mn(IV) ions have pseudo-octahedral geometry
with the Me;[9]aneN; macrocycles coordinated in the expected facial
manner. The complex is stable in acetonitrile solution for many hours
but in aqueous solution at ambient temperatures dioxygen is released
with disproportionation of the dimanganese complex. To date, the only
other characterized example of a u-peroxo dimanganese unit is in the
trinuclear ion [Mny(dien);(CH;CO0),(u-0)(u-0,) B+ (249).

C. [4Fe—4S] CLUSTERS

The ligation and geometry of the [4Fe—48S] active sites in proteins,
although unprecedented when first discovered, are very accurately du-
plicated by self-assembly reactions, yielding clusters of general formula
[Fe S4(SR)41"* (250, 251). Not only geometry, but also Méssbauer spec-
tra and the magnetochemistry of the protein sites are well reproduced
by synthetic model complexes. However, reduction potentials, which
are of prime importance to the electron-transfer function of most
[4Fe—48S] sites, are more difficult to reproduce. A major reason for this
is that the polarity of the active site environment makes an important
contribution to the reduction potential. Reduction potentials of syn-
thetic models are significantly lower than for metalloprotein sites with
the same Mossbauer spectra, magnetic properties, etc. This difference
is usually ascribed to the hydrophobic nature of the protein active
site, a conjecture that is supported by experiments on the effects of
denaturing the protein (250).

Such protein effects are often considered impossible to model, but
Okuno and co-workers have reported remarkable results from wrap-

FiG. 56. The structure of [Mny(Me,[9]aneN3)y(0)(OH),12*.
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ping [4Fe—4S] clusters inside a series of large macrocycles with pendant
thiolate groups (252-255). The ligands and proposed complex structure
are shown in Fig. 57. The complexes were obtained in very good yield
and characterized by microanalysis, UV—visible, NMR, and Méssbauer
spectroscopy (253, 255). As yet no crystals suitable for X-ray diffraction
work have been obtained, so there is no direct evidence that discrete
1:1 macrocycle:cluster complexes are formed (this lack of structural
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Fi1G. 57. Properties of [4Fe—4S] clusters encapsulated by large macrocycles.
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data may often be the price of good modeling of protein effects). The
half-wave potentials for the —1/—2 and —2/—3 couples of [Fe, (S,
(SBu'))]"~ are —0.11 and —1.40 V, respectively (vs SCE in dmso at
pH 7). The macrocyclic complexes all show significant increasesin E, ,,
to ca. 0.25 V for the —1/—2 couple and to ca. —1.29 for the —2/ -3
couple (Fig. 57). The values for the —1/—2 couple are approaching
those of the high potential [4Fe—4S] clusters (+0.35 V), and this repre-
sents an important advance in modeling these systems. The half-wave
potentials are not sensitive to changes in the macrocyclic ring size,
suggesting that the fit is less important in this regard than the hydro-
phobic nature of the environment.

The stability of the encapsulated clusters toward reaction with molec-
ular oxygen is increased by binding to the macrocycle. In contrast
to the electrochemical properties, this stabilization is dependent on
macrocyclic ring size. The stability order is L51 > L54 > L53 > L52
> L55 > [Fe,S,(SBu'),]*~, which can be attributed to the macrocyclic
effect. The CPK model studies suggest that L51 will give the best fit
for the [4Fe-48S] core, although there may also be some effects due to
accessibility of the cluster. In an extension of this work (256), several
of the complexes have been shown to catalyze the electrochemical reduc-
tion of CO, more efficiently than free [Fe,S,(RS),]*~ clusters.

Model complexes with simple thiolate ligands have higher symmetry
than the metalloprotein sites as, in the latter case, the protein environ-
ment about each iron atom is different. Often such differences are of
little significance, but in a number of cases they give rise to distinctly
different properties for one (or more) of the iron atoms. These clusters
are termed “subsite differentiated” and have been recently reviewed
by Holm et al. (251).

Perhaps the best characterized example of a subsite differentiated
[4Fe—48S] protein is aconitase, which catalyzes the citrate—isocitrate
isomerization in the citric acid cycle (257). Aconitase isolated aerobi-
cally is inactive and contains a [3Fe—4S] cluster. Activity is restored by
incubation with Fe?* and this also reconstitutes the [4Fe—4S] cluster.
Oxidation of the core results in loss of the fourth iron atom, regenerat-
ing the [3Fe—4S] form. Mossbauer studies have demonstrated that only
one of the four iron sites is exchanged (258). X-ray studies on both
[3Fe—4S] and [4Fe—4S] forms of pig heart aconitase (258a) showed that
insertion of iron into [3Fe—4S] occurs isomorphously. The positions of
the common atoms in the two forms of the core agree to within 0.1 A,
supporting the view of the [3Fe—4S] cluster as an “iron-voided” cubane.
A similar result was obtained for the seven iron ferredoxin from Azo-
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bacter vinelandii, the bond lengths and angles of the [3Fe—4S] cluster
are very similar to those of the [4Fe—4S] core (259, 260). Interconversion
of [3Fe-4S] and [4Fe—4S] cores has also been observed in D. gigas
ferredoxin (261), although there are indications that this reaction is
less site specific than is the case for aconitase. In aconitase the subsite-
differentiated iron atom is not coordinated to cysteine. The current
view of the enzyme mechanism (257) is that the substrate citrate binds
at this site as a bidentate ligand (Fig. 58).

The macrocycle H;L50 reacts with the synthetic cluster (Bu,N),
[Fe,S,(SEt),] to displace three ethanethiolate groups and quantita-
tively form (Bu,N),[Fe,S,(L50)(SEt)] (262). The product was character-
ized by NMR as having the cluster bound to the macrocycle via three
Fe—S bonds. The quantitative nature of the reaction is presumably a
consequence of the good match between the dimensions and geometry
of host and guest and those of the macrocyclic effect. The resulting
cluster is “subsite differentiated,” with one iron in an environment
different from that of the other three. The remaining ethanethiolate
group can be replaced by chloride and this in turn can be substituted
by a range of other ligands (including [9]aneN;) without displacing
L50 from the complex. The macrocyclic ligand reduces the redox poten-
tials of the cluster by 0.10-0.15 V. Similar results have been obtained
(251, 263, 264) using cavitand trithiolate hosts and the crystal struc-
tures of some of these have been obtained (Fig. 59). In this case, the
stability of the complexes can be ascribed to the semirigid cavitand
nature of the ligand, i.e., to multiple juxtapositional fixedness (265).
Both the L50 and the nonmacrocyclic ligand are equally effective in
inducing the desired differentiation between iron atoms and are useful

H,0
| ol
(\ o 1§ O/j ove s s po C00
ys
it 9 Mg | o
SH HS | H
/Fe-l—S
- 00C
Ouis O
Q? S Cys
HaL50

F1G. 58. A macrocyclic host for [4Fe—4S] clusters (left) and the active site of aconi-
tase (right).
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FiG. 59. A schematic representation of [(L50)([4Fe-4S)X].

models for the Fe,S,(S-Cys), site in acotinase. They are also promising
starting points for investigating binding of physiologically relevant
ligands at the unique iron site and the stabilization of the voided
cubanes (251).

As discussed in Section ITIC, it has been suggested that the nickel site
in carbon monoxide dehydrogenases is associated with an iron—sulfur
cluster (266). Possible geometries include a mixed-metal cubane,
[Ni-3Fe—-4S] and a sulfur-bridged assembly (Fig. 60). A synthetic
[Ni—-3Fe—4S] cluster has been characterized and its Mossbauer proper-
ties are very similar to those of CODH from C. thermoaceticum (86).

Y /S—lil'l'—'
Cys S S—Ni Cys S S——Fa
N/
FeII—S/I \Fe/:—s/|
| Fe-|—S Fe-[—S
Va4
ST s+
CysS SCys Cys S S Cys
[Ni-3Fe—4S] [4Fe—4S)Ni

Fic. 60. The proposed active site structures for the Ni—Fe—S cluster in CODH.
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The subsite differentiated synthetic clusters provide a good basis for
further investigation of both possible structures for the CODH enzyme.

VI. Conclusion

Ligands designed to model bicinorganic active sites are usually re-
quired to define the spatial relationships between metals and donors
(or other metals) and to promote or impose nonclassical geometries or
donor sets on the metal ion. One way in which these requirements
may be addressed is through the use of suitably designed macrocyclic
ligands. The preceding sections illustrate the use of macrocyclic com-
plexes at all stages of the modeling process, from speculative, through
corroborative (or noncorroborative), to functional analogs.
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