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1. Introduction

Metallothioneins (MTs) define a superfamily of
ubiquitous cysteine-rich low molecular weight pro-
teins or polypeptides that contain polynuclear metal—
sulfur coordination sites formed by metal ions with
d*° configuration. The most prominent characteristics
of these biomolecules, which have been discovered as
a cadmium and zinc containing protein in horse
kidney by Margoshes and Vallee in 1957, are their
extremely high metal and sulfur contents (up to 10%
w/w).

Although MTs have been known as long as about
half a century, their precise physiological function is
still under debate. According to Ké&gi and Schéaffer,
they are thought to play roles both in the intracel-
lular fixation of the essential trace elements zinc and
copper, in controlling the concentrations of the free
ions of these elements, in regulating their flow to
their cellular destinations, in neutralizing the harm-
ful influences of exposure to toxic elements such as
cadmium and mercury, and in the protection from
a variety of stress conditions.? More recently, it
was concluded by Maret and Vallee that the long
sought role of MT lies in the control of the cellular
zinc distribution as a function of the energy state
of the cell and not in the widely held belief that
MT primarily scavenges radicals or detoxifies met-
als.® As can be learned by these speculations, inves-
tigations directed to explore the structure and chem-
istry of metallothioneins in greater detail are ex-
tremely important taking into account that nature
makes use of them as multipurpose proteins. Several
reviews covering this issue are available in the
literature.

Today, MTs are known to occur in all animal phyla
examined so far as well as in certain fungi, plants,
and cyanobacteria. Characterized by a low molecular
mass of 6.000—7.000 amu, by 20 totally conserved
cysteines out of a total of 61 or 62 amino acid residues
(according to ca. 30% by number), without aromatic
amino acids such as tyrosine or histidine, the apo-
protein from rat liver (thionein) is able to bind a total
of seven equivalents of divalent metal ions with d©
configuration such as Zn?* or Cd?" in two noninter-
acting domains. After demetalation, these proteins
can be loaded with up to six Cul® ions in each
domain.®
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Another mammalian species that is almost exclu-
sively expressed in the brain (known as metallothio-
nein-3 or neuronal growth inhibitory factor (GIF))
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contains four Cu(l) and three Zn(ll) ions organized
in homometallic thiolate clusters located in two
independent protein domains. The situation is some-
what different for MTs originating from yeast and
fungus, which possess only one metal binding site
unable to incorporate zinc or cadmium. The MTs
found in higher organisms are the sole proteins that
are able to accumulate cadmium as a primary
biological function.®

After discovery, the MTs were classified into fami-
lies according to empirical aspects. Members of Class
| are defined to include polypeptides related in the
positions of the cysteine residues to the mammalian
forms, while those of class Il display none or very
distant correspondence in this respect. Class | sub-
sumes besides the vertebrate MTs all presently
known crustacean and molluscan sequences. Class
Il MTs are polyisopeptides composed of atypical
gamma-glutamylcysteinyl units and therefore are not
direct gene products.” The growing number of known
MT sequences, however, which show that their
lengths, amino acid compositions, and the numbers
and repartitions of their cys resisues are highly
variable clearly demonstrates that this subdivision
is inadequate. Binz and Ké&gi have therefore proposed
a new classification system that is based on sequence
similarities and phylogenetic relationships. According
to this system, the MTs form a superfamily that is
subdivided into families, subfamilies, subgroups, and
isolated isoforms and alleles.*

The superfamily itself is defined phenomenologi-
cally as comprising all polypeptides that resemble
equine renal metallothionein in several of their
aspects, whereas a MT family consists of MTs that
share a particular set of sequence-specific characters.
Members of a specific family cannot belong to other
families and are thought to be evolutionary related.
Each family is identified by a given specific number
and its taxonomic range (for example, family 1,
vertebrate MTs). Within a subfamily the MTs share
not only the family characters but also a set of more
stringent phylogenetic features such as specific mono-
phyletic relationships among the sequences of pro-
teins and/or of nucleotide segments in the genes. A
subfamily is usually abbreviated with a letter char-
acter followed by an arabic number (for example, m1,
mammalian MT-1). Specific members of a subfamily
can belong to a subgroup if they share a branch of
MT sequences that is clearly distinguishable in a tree
by its monophyletic character (for example, m2U2,
ungulate MT-2, subgroup of the m2 subfamily).
Isoforms or allelic forms are specifiable as members
of families, subfamilies, and subgroups. They are
named according to the nomenclature of Kojima et
al.® If a set of partial or total amino acid or poly-
nucleotide sequences, subgroups, subfamilies, fami-
lies, or combinations of them share characters not
defined by the above classification criteria, a corre-
sponding clan is defined that can be related to
common spatial structure, thermodynamic proper-
ties, metal binding properties, functionally related
characters, or other relevant features.

All vertebrates examined so far contain at least two
distinct MT isoforms designated as MT-1 to MT-4.



Structural Aspects of Metallothioneins

Whereas MT-1 and MT-2 occur within all organs of
mammalians, MT-3 is found in the brain (see above)
and MT-4 in certain tissues. They are composed of
two subunits, the C-terminal o domain and the
N-terminal 5 domain, which are responsible for metal
binding via S-Cys donor functions.

This review covers the thiolate chemistry of the
metal ions zinc, cadmium, mercury, copper, and silver
relevant to the metallothioneins, which means that
ligands containing sulfur not bonded to carbon or
ligands with abiotic sulfur donor functions such as
thiourea, 1,1-dithio ligands (e.g., dithiocarbamates),
or dithiolene-type systems have been excluded from
the discussion. In addition, heteroleptic thiolate com-
plexes containing additional non-sulfur donor func-
tions have also been excluded. Prior to this contribu-
tion, review articles covering various aspects of
metal—thiolate as well as of metal—sulfide—thiolate
chemistry have appeared.®

2. Metal Binding Sites in Metallothioneins

In 1986, a crystal structure determination of Cds-
Zn,-MT-2 isolated from cadmium-overloaded rat liver
provided the first structural models for the metal—
sulfur clusters within these domains.'° However, re-
sults of multidimensional/multinuclear NMR investi-
gations published in due course were unable to con-
firm this X-ray structure especially with respect to
the metal-to-cystein coordination patterns in both
clusters.'! After finding out that the initial crystal
structure needed to be revised due to errors in the
Cd positions, a new crystal structure was published
that was now in complete agreement with the NMR
results.?

From both the solution NMR as well as the solid-
state X-ray structure of native rat liver CdsZn,-MT-2
(crystals) and of rat,* rabbit,** and human liver® 113-
Cd-reconstituted Cd,-MT-2 (solution), it is now es-
tablished that the o domain hosts a tetranuclear
{M4S;1} cluster (cluster A, Figure 1), whereas a

¢

Figure 1. The tetranuclear {Cd4S11} core portion of M-
MT-2 from rat liver (cluster A).

trinuclear {M3Sg} cluster (cluster B, Figure 2) is
located in the f domain with Zn or Cd in (distorted)
tetrahedral sulfur environments.® The identity of MT
structures containing either Zn or Cd was proven by
further comparative NMR as well as XAFS studies.'’
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Figure 2. The trinuclear {CdZn,Sg} core portion of
M7-MT-2 from rat liver (cluster B).

Besides the NMR structures of these mammalian
M7-MT-2 derivatives, an NMR solution structure of
recombinant mouse '3Cd,-MT-1 has also been de-
termined showing high similarities between these
species.'’® Comparable {M3Sg} as well as {M4S;1}
clusters have also been identified in recombinant
human Zn;- and Cd,-MT-3% as well as in recombi-
nant mouse Cd,-MT-3.2° Although it was not possible
to determine their complete solution structures in the
case of the human protein, the structure of the
{Cd,S11} cluster from the mouse Cd,-MT-3 protein
has successfully been elucidated showing a molecular
architecture similar to that of the cluster within the
o domain of the M;-MT-2 species examined so far.

In contrast to these engineered proteins, naturally
occurring MT-3 from bovine brain, however, has been
shown to contain four Cu and three Zn ions. EXAFS
Cu and Zn K-edge investigations are indicative of
distinct homometallic {MS} clusters with trigonal
and tetrahedral coordination geometries, respec-
tively.?* Although the location of both clusters in the
protein structure is yet not exactly known, it has been
suggested that the {Zn3} cluster is not located in the
N-terminal g domain of the protein as in the Zn;-
MT-3 derivative but, untypically, in the o domain
instead. The latest example of a vertebrate metal-
lothionein whose solution structure has been deter-
mined by multinuclear/multidimensional NMR spec-
troscopy is Cd,-MT-A from the antarctic fish Noto-
thenia coriiceps. The {CdsS11} and {CdsSe} clusters
within the o and g domains of the protein show
striking structural similarities with the correspond-
ing units found in mammalian M,-MT-2. The close
structural relationship between the {Cd,;S;1} clusters
from mammalian Cd,-MT-2 and Cd;-MT-A from
Notothenia coriiceps can easily be recognized by
inspection of Figure 3 which shows a superposition
of both coordination sites fitted to match the atoms
within the bicyclic {M,Ss} frames.??

Besides the NMR structures of these vertebrate
proteins, complete NMR solution structures have also
been determined for the invertebrate Cds-MT-1 pro-
teins from crustacean blue crab (Callinectes sapi-
dus)? and from lobster?* and for Cd;,-MTA from equi-
nodernal sea urchin (Strongylocentrotus purpura-
tus).?® In all these cases, the structures consist of a
monomeric protein that is composed of two globular
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Figure 3. Superposition of the {Cd,;S;;} clusters of M-
MT-2 from rat liver (solid sticks) and Cd;-MT-A from
Notothenia coriiceps (broken sticks).

domains hosting a metal—thiolate cluster each. In
this respect, there are similarities with the mam-
malian M(Il) MTs. Significant differences, however,
are found with respect to the chemical definitions of
the metal—sulfur clusters itself. Within the Cds-MT-1
species of crustacean blue crab and of lobster, both
the a and the  domains contain {CdsSe} clusters in
distorted boat conformations, while Cd;-MTA from
equinodernal sea urchin contains {Cd,;S;1} and {CdsSo}
clusters in a reversed arrangement if compared with
the cluster distribution of vertebrate M,-MT-2: In
the former system, the {Cd.S11} cluster is located in
the N-terminal domain of the protein, while the
{CdsSe} cluster resides in the C-terminal domain.
This modification leads to significantly different con-
nectivity patterns of the Cd—S bonds as well as to
novel local folds of the polypeptide backbone. Another
remarkable aspect here is the fact that the topology
of the {CdsS11} cluster observed in Cd;-MTA from
equinodernal sea urchin does not match the principal
structural characteristics of the {M,S:1} units of
identical composition present in the o domains of all
vertebrate M,-MTs investigated so far. The {Cd3Se}
cluster, however, is of conventional design. The struc-
ture of both clusters is shown in Figures 4 and 5,
whereas a superposition of both is given in Figure 6.

«

Figure 4. The tetranuclear {Cd;S;1} cluster of Cd;,-MTA
from equinodernal sea urchin.

In contrast to the zinc- and cadmium-containing
proteins discussed above, the architecture of metal—
sulfur clusters in copper- and silver-containing MTs
including all isoforms of higher organisms as well as
yeast and fungal proteins is still unknown. The
structures of the metal—thiolate clusters in Cu;>-MT,
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Figure 5. The trinuclear {CdsSg} cluster of Cd;,-MTA from
equinodernal sea urchin.

Figure 6. Superposition of the {Cd;S;1} and the {CdsSg}
clusters of equinodernal sea urchin.

Ag12-MT, and Ag:7-MT from rabbit liver have been
investigated by sulfur K-edge X-ray absorption spec-
troscopy (XAS).?6 The sulfur EXAFS data provide the
first direct evidence for mixtures of bridging and
terminal sulfur atoms. They indicate that Cu(l) has
three sulfur neighbors at distances of ca. 2.25 A.
Significant changes in the CD spectra observed
between Agi-MT-1 and Agi7-MT-1 indicate that a
change of the three-dimensional structure occurs
when Ag:,-MT-1 is transformed to Ag:7-MT-1 on
addition of Ag(l). From the Ag—S bond distances it
was concluded that Ag(l) in both Ag:>-MT-1 and Ags7-
MT-1 has only two sulfur neighbors and that the
structures in Ag(l) and Cu(l) metallothioneins are
probably quite different.

All attempts to crystallize copper- and silver-
containing MTs failed so far. This is also true for
truncated forms of the protein from yeast which have
been prepared to facilitate possible crystallization.?”
MT-1 and MT-2 in their fully Cu-loaded forms con-
tain 12 copper ions bonded to sulfur in two unidenti-
fied spacial arrangements. The mixed Cu/Zn deriva-
tive of MT-3, CusZns-MT-3, has been shown by
copper K-edge EXAFS spectroscopy to contain homo-
metallic metal—thiolate clusters.? The NMR struc-
ture of the M(1)-MT (M = Cu, Ag) of yeast (Saccha-
romyces cerevisae) shows the presence of a { CusSio}
cluster with unidentified distribution of the Cu
atoms.?®2° Attemps to fit the metal atoms to the well-
resolved sulfur frame resulted in a variety of possible
{Cu7S;0} cluster structures. Furthermore, from low-
resolution NMR data of the fungal MT from Neuro-
spora crassa the existence of a hexanuclear Cu-
thiolate cluster of unknown structure has also been
postulated.3°
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3. Synthetic and Chemical Aspects

The biologically important metal—chalcogenolate
or metal—chalcogenide—chalcogenolate complexes
discussed in this paper have usually been prepared
by self-assembly reactions starting from suitable
precursor compounds mostly in organic solvents.
Molecular complexes usually appear as anionic spe-
cies that have been crystallized in most cases as
quaternary ammonium or phosphonium salts or in
some instances as complex salts by using suitable
complex cations as counterions. The detailed syn-
thetic procedures as well as principal reactions,
reactivities, solution equilibra, and kinetic, magnetic,
spectroscopic, and chemical properties of the com-
pounds discussed here are described in the original
literature. In this work, the functionality of the
metallothioneins as well as of model compounds
mimicking relevant properties of the biological ar-
chetypes is discussed on a structural basis.

4. Zinc, Cadmium, Mercury: A Systematic
Structural Approach

In this section, we will show that the structural
features of the {M3So} and the {M,S;1} clusters (M
= Zn, Cd) as well as most of the synthetic compounds
with tetrahedral {MS,} coordination sites which may
act as structural and/or functional models follow
simple topological concepts. This approach has been
chosen to highlight the underlying superior relation-
ships and to prevent erroneous pictures made pos-
sible by inadequate descriptions of the structures of
the clusters A and B in the literature which are often
discussed (erroneously) in terms of adamantane-type
rings and cages.

4.1 Mononuclear Complexes

This topological concept is based on the tendency
of the sulfur atoms to order in space such that more
or less regular fragments of three-dimensional infi-
nite closed-packed arrays are formed. The driving
force behind this is the fact that a tetrahedrally
shaped { MS,} coordination site represents a minimal
spatial portion of a closed-packed three-dimensional
area of sulfur atoms. The fundamental { MS,} coor-
dination unit is designated as unit A.

Its structure as well as that of the complex anion
[Zn(SCsH4-0-NCeHg)4]?~ as a synthetic molecular
thiolate system containing unit A as metal—sulfur
frame are shown in Figures 7 and 8.3! Other mono-

.

(a)
Figure 7. Unit A: the {MS,} tetrahedron; (a) schematic
representation; (b) stick-and-ball model.

nuclear complexes containing unit A include
[M(edt);]>> (M = Zn, Cd),®? [M(SPh)]> (M =
Zn, Cd),%33%* [M(SCgH4-0-Ph)4,]>~ (M = Zn, Cd,
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Figure 8. The complex anion [Zn(SCgH4-0-NCgHg)4]?.

Hg),*® [M(SePh),]>~ (M = Zn, Cd),** [Cd(SCeHa-0-
NC6H8)4 ]2_,31 [Cd(SCeH4-O-SiM83)4]2_,36 [M(Sg-
C6H10)2]27 (M = Cd, Hg)37 and [Hg(SC6H4'p'C|)4]27.38

4.2 Tetranuclear Complexes

Having this in mind, we identify the other funda-
mental three-dimensional fraction of closed-packed
areas in the order of increasing volume as a regular
octahedron. Although not directly involved in inter-
stitial metal-ion hosting if only {MS,} units are
expressed, this octahedron consisting of eight trigonal
{Ss} faces can provide up to eight of them as bases
for a corresponding number of {MS,} tetrahedra. In
the most frequently observed case, four of them are
used in an alternating manner. The resulting tetra-
capped {Sg} octahedron can thus also be described
as an ensemble of four metal-filled {S,} tetrahedra
each of which are connected with the other ones by
sharing common corners. A molecular unit of com-
position {MS;0} defined in this way thus is a direct
representation of a portion of the sphalerite-type
(ZnS) lattice with M(I1) in uniformely orientated
tetrahedral holes (say the T+ set) of a cubic closed-
packed arrangement of sulfur atoms and adopts a
heteroadamantane-like structure. This basic coordi-
nation unit is referred to as unit B. Its structure as
well as that of the complex anion [Zn;(SPh)]?~ as a
synthetic molecular system containing an adaman-
tane-like {Zn,S;0} core are shown in Figures 9 and
10.%°

Other tetranuclear complexes containing unit B
include [Zn4(SCH2Ph)1o]27,4O [M4(S€Ph)1o]27 (M =
Zn,41'42 Cd4l), [Cd4(SPh)1o]z_,39’43 and [Cd4(SC6H4-
p-‘Bu)ig]?~.** Interesting variants containing ada-
mantane-like { Cd;S¢} cages fused via thiolate bridges
to form three-dimensional polymeric networks are
condensation products of formula [Cd4(SPh)g].*® or
ring-substituted derivatives derived thereof. Ada-
mantane-like {MsSe} cages are also present in the
molecular complex anions [M4(SPh)eXs]>~ (M = Zn,
X = C|’46a,b Br46b, |;46b M = Cd, X = C|,46° BI"46d),
[Cd4(SiPr)GBr4]2’,4ee [Cd4(SC6H4-p-tBU)6C|4]27,44 and
[HYa(SE)sBrs)?~,*" and the {M,;Ses} and {M,Teg}
cages are found in complex anions of the series [Hg4-
(EPh)eX4]>” (E = Se, Te; X = ClI, Br, 1).469

4.3 Octanuclear Complexes

We now come back to our tetracapped {Sg} octa-
hedron and extend the remaining four trigonal faces
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(a)

(b)
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Figure 9. Unit B: the {M;S;0} framework containing a metal tetrahedron; (a) and (b) schematic representation and
stick-and-ball model in identical orientation; (c) stick-and-ball model in a different orientation.

Figure 10. Structure of the complex anion [Zn4(SPh)10]?".

toward additional {MS,} tetrahedra. The resulting
octacapped {Se} octahedron can be described as an
ensemble of eight metal-filled {S,} tetrahedra each
of which are connected to three nearest neighbors by
one common edge and to three neighbors further
apart by one common corner. Thus, molecular unit
of composition {MgS14} defined in this way is a direct
representation of a portion of the anti-fluorite-type
(anti-CaF,) lattice with M(I1) in both the T* and the
T~ set of tetrahedral holes of a cubic closed-packed
arrangement of sulfur atoms. The structure of this
basic coordination unit which is referred to as unit
C is shown in Figure 11. Actually, no metal thiolate
complex of formula [Mg(SR)14]** containing the {MgS:4}
core shown in Figure 11 is known so far.

(b)

Obviously, thiolate ligands are not suited to bind
to four metal ions simultaneously in homoleptic
polynuclear metal thiolate complexes. This restric-
tion, however, does not apply to “naked” sulfide ions
which are derived from thiolate ions by dealkylation.
Consequently, corresponding mixed sulfide—thiolate
complexes of divalent metal ions of formula [MgSe-
(SR)g]*~ should be stable chemical entities, and with
[CosSs(SPh)g]*~ shown in Figure 12 it was possible
to obtain the first representative of this class of
complexes.*’

The tetracapped {Ss} octahedron is not the only
way to assemble four {MS,} coordination tetrahedra
in such a way that sulfur frames are formed which
are entities of the cubic closed-packed lattice. The
other possibility is the sulfur-centered sulfur cuboc-
tahedron. This fragment of the cubic closed-packed
lattice is obtained if four {MS,} tetrahedra in identi-
cal orientations are fused such that they share one
common corner. The structure of the resulting { M;S;3}
frame shown in Figure 13 is referred to as unit D.
The sulfur framework of unit D contains a total of
eight tetrahedral holes of which one-half (say, the T™
set) is occupied by metal ions. If the T~ set of holes
is also occupied by metal ions, a unit of composition
{MgSy3} (unit E, Figure 14) results which contains a
metal cube identical to that present in unit C (Figure
11).

This congruency is based on the fact that both unit
C and unit E are — different — portions of the anti-
fluorite-type (anti-CaF,) lattice with M(I1) in both the
T+ and the T~ sets of tetrahedral holes of a cubic
closed-packed arrangement of sulfur atoms. Tetra-

Figure 11. Unit C: the {MgS14} framework containing a metal cube; (a) and (b) schematic representation and stick-and-
ball model in identical orientation; (c) stick-and-ball model in a different orientation.
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Figure 12. Structure of the complex anion [CogSg(SPh)g]*~.

nuclear thiolate complexes of (hypothetical) formula
[M4S(SR)12]®~ containing unit D as metal—sulfur
frameworks are expected to be unstable because of
their high negative charges. Consequently, no ex-
amples are known in coordination chemistry. A
similar situation is found if the corresponding octa-
nuclear M(I1) complexes of (hypothetical) formula
[MgS(SR)12]?" containing unit E are considered. In
this case, the positive charge of the complex presum-
ably results in considerable destabilization. The
charge problem, however, can be reduced by replac-
ing the T— set of M(I1) ions by monovalent d*° ions,

(a)

(b)
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e.g., Cu(l). Following this strategy, the complex anion
[Zn4CusS(SiPr)12]?~ has been synthesized and char-
acterized in its benzyltrimethylammonium salt.*® Its
structure is shown in Figure 15. The replacement of
divalent metal ions by Cu(l) introduces significant
structural changes of the {M(I1);M(1)4S13} core if
compared with unit E. First, the monovalent copper
ions are no longer within the centroids of the { CuS,}
tetrahedra but are shifted toward the trigonal faces
opposite to the sulfur atom within the metal cube.
Second, the sulfur cuboctahedron of unit E has
been rearranged such that an icosahedron is observed
in [Zn4sCusS(S'Pr)12]?~. The corresponding {M(ll)-
M(1)S13} core portion referred to as unit F is depicted
in Figure 16.

Starting from the structure of [Zn,CusS(S'Pr)1,]%",
it is now only a minor step to arrive at complexes of
general formula [Zn4Zn,;S(SR)]>~ which can be
regarded as topological parents of the {M3Sg} and
{M4S11} clusters observed in vertebrate M(11)7Sz0-
MTs (vide infra). From a structural point of view, this
step includes further shifting of the { Cu(l)} ions away
from the central sulfur atom into positions outside
the {S;,} icosahedron followed by their replacement
by {Zn(I1)SR} fragments (see Figure 18). In the case
of the complex anion [ZngS(SCH:Ph)16]?~ (= [ZN4ZNn,S-
(SCH,Ph)16]?~, Figure 17),%04° this transformation is
accompanied by a rearrangement of the sulfur icosa-
hedron which now converts into a cuboctahedron. The
structural relationship between [Zn,CusS(S'Pr)12]%~
and [Zn4Zn4S(SCH,Ph)16]?~ based on a cuboctahedral
sulfur frame is shown in Figure 18. The replace-
ment of { Cu(l)} by {Zn(I1)SR} fragments extends the

e e
. }* b
OS¢
“ N

(€)

Figure 13. Unit D: the cuboctahedral {M,S;3} framework containing a metal tetrahedron; (a) and (b) schematic
representation and stick-and-ball model in identical orientation; (c) stick-and-ball model in a different orientation.

(a)

(b)

Figure 14. Unit E: the cuboctahedral {MgS;3} framework containing a metal cube; (a) and (b) schematic representation
and stick-and-ball model in identical orientation; (c) stick-and-ball model in a different orientation.
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Figure 15. Structure of the complex anion [Zn,Cu,S-
(S'Pr)lz]zi.

inner cuboctahedral {Zn,S;3} framework (unit D) of
[Zn4ZNn4S(SR)16]> by using the triangular faces for-
merly attached to {Cu(l)} as bases for additional
{ZnS,} tetrahedra. This extension does not match the
topology of a cubic closed-packed array of sulfur
atoms because now four {S,} tetrahedra occur at
places were the cubic closed-packed array comprises
{Se} octahedra. What we observe here is the termi-
nation of a portion of a cubic closed-packed sulfur
lattice represented by the complete set of 12 neigh-
bors surrounding a central sulfur atom in a cuboc-
tahedral manner by structural elements of the cor-
responding homeotectic hcp lattice.

It is interesting to note that both complex anions
[ans(SCHQPh)1284]27 50 and [ZnsCI(SPh)6]~ 51 de-
scribed in the literature have {MgX(SR)12} frame-
works (X = S, Cl) comparable to that of [ZngS-
(SCH,Ph):6]>~ with the only exception that the former
ones contain {Si,} icosahedra instead of the cuboc-
tahedron observed in the latter case. In this respect,
the complex anion described as [ZngS(SCH2Ph)12S4]>~
could be regarded as a direct topological extension
of [Zn4CusS(S'Pr)12)?~ retaining its {S;2} icosahedron
(see Figure 15). At this stage, however, we run into
problems with [ZngS(SCH,Ph);,S4]?>~ because a com-
plex anion comprising this composition is not com-
patible with divalent zinc. On the basis of the
reported NMR properties which imply diamagnetic
behavior of the complex anion, we assume that the

Henkel and Krebs

chemical formula given in the literature is in error
and may probably read [ZngS(SCH.Ph)1.Cl4]?>~ or
[ZngS(SCH,Ph)12(SH)4]?~. Other octanuclear com-
plexes containing the {MgXE1,} core (X =S, Cl,E =
S, Se) include [anse(SePh)12CI4]2*,52 [CdgCl(SCale-
NH)15115+,53 [Cng(SPh)12C|4]2_,54 [Cng(SePh)ls]z_ 55
and [CdgSe(SePh),Cl4]?~.58

4.4 {MsS1;} and {M3Sg} Clusters of the
Vertebrate MTs

Before we extend our discussion toward complexes
of higher nuclearities, we will show that the {M;S;;}
cluster within the vertebrate M(11);S2-MTs is neither
a direct representation of the sphalerite- nor of the
wurtzite-type structure. In its idealized geometry, the
{M,S11} cluster is a bicyclic system consisting of two
six-membered nonplanar rings that adopt the boat
conformation in both cases. The idealized structure
(referred to as unit G) is shown in Figure 19. Its
principal topological features are realized in the
complex anion [ZngS(SCH;Ph)s6]?>~ which contains
two such {M4S;;} units perpendicular to each other
and connected via common sulfur atoms (Figure 17).
One of these {M,Si;} units is shown as a fragment
of the {ZngS17} core of [ZngS(SCH,Ph):6]%~ in Figure
20, and in Figure 21 a direct comparison of this
fragment with cluster A observed in CdsZn,S;o-MT-2
is given. The trinuclear {M3Sg} cluster of the g
domain of CdsZn,-MT-2 (Figure 2, cluster B) itself is
a fraction of cluster A (Figure 1) and consists of a
six-membered heterocycle adopting a distorted boat
conformation. A superposition of both metal clusters
is shown in Figure 22, and Figure 23 clearly dem-
onstrates the distortions of cluster A from idealized
symmetry if compared with unit G (Figure 19).
Although the cluster B of CdsZn,-MT-2 is directly
related with the wurtzite-type lattice, its extension
to cluster A has no precedent in three-dimensional
infinite lattices (Figures 19—23).

4.5 Complexes of Higher Nuclearities

4.5.1 Complexes with Seventeen Metal Atoms

The discussion has shown that the inner {Zn,;S-
(S)12} core portion (unit D, Figure 13) of the [ZngS-
(SCH,Ph)16]?>~ complex anion (Figure 17) is a sulfur-
centered sulfur cuboctahedron hosting four zinc
atoms in its T* holes. The inverted polyhedron,

(@) (0)

()

Figure 16. Unit F: the icosahedral {M4S13} framework consisting of four { MS,} tetrahedra and four {MS3} triangles; (a)
and (b) schematic representation and stick-and-ball model in identical orientation; (c) stick-and-ball model in a different

orientation.
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Figure 17. Structure of the complex anion [ZngS-
(SCH,Ph)6]?~ (without H atoms).

(a) (b)

Figure 18. Structural relationship between [ZngS-
(SCH3Ph)16]2~ and [Zn4CusS(S'Pr)12]>~: Replacement of Cu
(a) ions by Zn—S groups (b).

namely, the {S,Cd(Cd),} framework (unit H, Figure
24), forms the base of the complex anion [Cd;7Ss-
(SPh)zg]zf (= [S4CdCd12(SPh)12(SPh)12Cd4(SPh)4]2’)
whose structure is shown in Figure 25.57

Within this molecule, 16 out of 32 sulfur atoms
define a section of the cubic closed-packed lattice
(unit I, Figure 26) consisting of a cadmium-centered
central {S,4} tetrahedron (say, T*) sharing faces with
four surrounding {Se} octahedra. This ensemble is
extended by additional 12 sulfur atoms to be able to
host 12 other cadmium atoms in equally orientated
tetrahedral sites of the type T*. The remaining four
sulfur atoms extend four trigonal faces of the {28-S}
polyhedron toward sulfur tetrahedra that host the
remaining four Cd atoms. This extension, however,
does not match the topology of a ccp lattice because
these four {S,} tetrahedra occur at places where the
cubic closed-packed array comprises { Sg} octahedra.
What we observe here is, in close analogy to the

(a)
Figure 19. Unit G: the idealized {M4S11} framework (cluster A) of the metallothioneins; (a) and (b) schematic
representation and stick-and-ball model in identical orientation; (c) stick-and-ball model in a different orientation.

(b)
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complex anion [ZnsS(SPr)12ZNn4(SPr),)?>~ (Figure 17),
the termination of a portion of the ccp lattice by
structural elements of the corresponding homeotectic
hcp lattice.

4.5.2 Complexes Containing Ten Metal Atoms and the
Relationship with Tetranuclear Complexes

The hexagonal termination necessary in [Cd;7Ss-
(Sph)zglz_ (= [CdS4Cd12(SPh)lz(SPh)12Cd4(SPh)4]2_)
can be avoided if the T* set of tetrahedral holes
within unit | (Figure 26) remains unoccupied and the
T~ set is filled with six divalent metal atoms instead.
In this case, the central {S;} tetrahedron which is
now empty is surrounded by a set of six {S4}
tetrahedra of the type T~. The corresponding poly-
hedral representation is given in Figure 27. With four
additional sulfur atoms it is now possible to develop
four trigonal faces of the {16-S} polyhedron into
sulfur tetrahedra of the type T~ which now may host
four additional divalent metal atoms matching the
topology of a ccp lattice (Figure 28).

Chemical examples reflecting these principles are
the complex anions [Zn10S4(SCH,>CsH4CH,S)s]* (Fig-
ure 29)° and [ZNn10S4(SPh)1]*".%° In both cases, the
metal atoms form tetracapped metal octahedra and
thus follow exactly the same structural principles as
the sulfur atoms of unit B shown in Figure 9. This
means that the arrangement of the zinc atoms within
[anoS4(SCH2C6H4CH28)8]4‘ or [anoS4(SPh)16],4‘ which
is a portion of a face-centered cubic (fcc) lattice,
matches exactly the arrangement of the sulfur atoms
within [Zn4(SPh)10]?~. The complementary substruc-
tures defined by the zinc atoms within [Zns(SPh)0]>~
and the sulfur atoms within [Zn1S4(SPh)6],4~ how-
ever, are not congruent. They make use of comple-
mentary tetrahedral holes of the corresponding fcc
lattice. Other complex anions containing the {MioE1s}
coordination unit are [Cd;0S4(SPh)i]* %9761 and
[CdloS4(S-p-TO|)12X4]4_ (X =Br, |),61 and with [anos4-
(SE1)12(CsHsN)4],6% a neutral example is also known.

4.5.3 Relationship between Complexes of Nuclearity Eight
and Seventeen

A structural relationship completely analogous to
that found between [ZNn;S4(SPh)]*™ and [Zng-
(SPh)10]? is also observable for the complex anions
[anS(SCHzph)le]z_ and [Cd17S4(SPh)28]2_: The ar-
rangement of the sulfur atoms within the former
compound matches exactly that of the cadmium
atoms within the latter, and the complementary

(©)
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Figure 20. The {M4S11} unit as a (colored) fragment of
the {MgS;;} framework of the complex anion [ZngS-
(SCHzph)le]z_.

'
‘&
Figure 21. Superposition of the {M4S;1} framework of the

complex anion [ZngS(SCH,Ph);6]2~ and the {M4S;1} cluster
(cluster A) of rat-liver M7-MT-2.

Figure 22. Superposition of the {M4S;3} (cluster A) and
the {M3Sg} (cluster B) core portions of M7-MT-2 from rat
liver.

substructures defined by the zinc and sulfur atoms,
respectively, are distinguished by different orienta-
tions of their {MS,} and {SM,} tetrahedra, respec-
tively. On the basis of this principle, it should be
possible to propose the existence of sulfide—thiolate
complexes of unknown nuclearities containing metal—
chalcogen tetrahedra sharing vertices. As an example,
starting from [Cd17S4(SPh),g]?>~ we arrive at a com-
plex anion of hypothetical formula [Mz;E14(ER)40]*~
(M =2Zn, Cd; E =S, Se, Te). Although no species with
complete chalcogen ligand spheres are known so far,
the cadmium thiolate derivatives [Cd32S14(SPh)ze-
(DMF)4] and [Cd32514(SCH2CH(OH)M63)35(H20)4]63
containing four terminally bonded neutral solvent
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A,‘!

Figure 23. Real structure of cluster A from M,-MT-2 (rat
liver; schematic representation).

Figure 24. Unit H: the (distorted) cuboctahedral {M;3S,}
framework of the complex anion [Cdi7S4(SPh).s]?>~ (see
Figure 25).

Figure 25. Structure of the complex anion [Cd7S4(SPh),g]?~
(without H atoms).

molecules instead of chalcogenolate ligands have
been described. The structure of [Cd3,S14(SCH,CH-
(OH)Me3)36(H20)4] is given in Figure 30. It is inter-
esting to note that the central { Cd3,Ss004} framework
of [Cd35S14(SCH,CH(OH)Me3s)36(H20).4] which is shown
in Figure 31 hosts the complete { M;0S,0} core of the
complex anions [Zn10S4(SPh)16]*~ or [ZNn1oS4(SCHo-
CsH4CH,S)g]*~ (Figure 29). However, in contrast to
the latter ones, the extension of the {M0S20} core
toward {Cd3,S5004} necessitates the hexagonal ter-
mination of the array of sulfur atoms—which repre-
sents a portion of the ccp lattice—by oxygen. In this
respect, the compounds [Cd3,S14(SCH,CH(OH)Me3)36-
(H20)4], [Cd17S4(SPh)28]27, and [ZnSS(SPr)15]27 behave
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(a) (b)

Figure 26. Unit I: the {MS36} framework of the complex
anion [Cd17S4(SPh)2g]?>~ (a) schematic representation show-
ing the central {MS,} tetrahedron; (b) schematic repre-
sentation showing four {Sg} octahedra sharing faces with
the inner {MS,} tetrahedron.

Figure 27. Polyhedral representation of the {S;s} frame-
work of unit | (see Figure 26) consisting of six T-{Sg}
tetrahedra which surround an inner T+-{S,} tetrahedron.

.

Figure 28. The extension of the {S;s} framework shown
in Figure 27: Schematic representation of the {M0S20}
framework of the complex anion [Zn;0S4(SCH,CeH4CH,S)g]* .

similarly emphasizing the unique structural proper-
ties of [ZNn10S4(SPh)16]*~ as well as of [ZNn1oS4(SCH,-
CsH4CH,S)g]*~ within this class of sulfide—thiolate
complexes containing tetrahedrally coordinated M(I1)
ions with d*° electron configurations.

4.5.4 Comparative Discussion

At this stage, we conclude that molecular M(I11)—
thiolate or M(Il)—sulfide—thiolate complexes con-
taining metal—sulfur frames which are representa-
tions of the sphalerite type structure either completely
or predominantly have reached their maximal di-
mensions in the species [ZngS(SCH,Ph):6]>~ (complex
I, Figure 17), [Cd17S4(SPh),g]?>~ (complex 11, Figure
25), and [Zn1084(SCH2C5H4CH28)3]47 (Complex 11,
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Figure 29. Structure of the complex anion [Zn;eSs-
(SCH2C6H4CH25)8]47.

Figure 30. Structure of the neutral polynuclear complex
[Cd32814(SCH2CH(OH)ME3)35(H20)4] (WithOUt H atoms).

Figure 29). Complexes I—111 are members of families
that differ in the definition of their central cage units
from which they derive in formal step-by-step con-
densation processes. Complex | contains a sulfur-
centered sulfur cuboctahedron (unit D, Figure 13)
which is replaced by a metal-centered metal cuboc-
tahedron in complex Il. The central part (unit I,
Figure 26) of the corresponding sulfur polyhedron of
complex Il is a cadmium-centered {S,} tetrahedron
sharing faces with four surrounding { S¢} octahedra.
A nearly identical sulfur polyhedron (unit I, Figure
27) is present in complex I11. In contrast to complex
11, however, the central sulfur tetrahedron is empty,
and the metal atoms occupy the complementary set
of tetrahedral holes (T~) within unit I. The resulting
metal octahedron is extended toward a tetracapped
octahedron by adding the remaining four metal
atoms. It is interesting to note that the cadmium
complexes [Cd32S14(SPh)3s(DMF),] and [Cd3,S14(SCH2-
CH(OH)Me3)36(H20)4] contain the complete metal—
sulfur frame of complex I11. The central metal-sulfur
frame of [Cd32814(SPh)36(DM F)4] and [Cd32814(SCH2-
CH(OH)Me3)36(H20)4] is unit B (Figure 9) which is
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(b)

Figure 31. The {Cdz3,S50,04} framework of [Cd32S14(SCH,-
CH(OH)Mej3)35(H20)4]; (a) stick- and-ball model; (b) sche-
matic representation.

extended into three dimensions following the prin-
ciples of the sphalerite type structure. The first three-
dimensional extension product of unit B built up of
tetrahedral {MS,} sites is the (hypothetical) com-
plex anion [Cd2sS14(SR)36]8™. Its {Cd—S} frame is a
portion of the sphalerite type lattice and contains
a total of four triangular sulfur planes. These
planes are extended toward {SsN} (for [Cd3:Si4-
(SPh)3s(DMF)4]) and {S30} tetrahedra (for [Cd3,S14-
(SCH,CH(OH)Me3)s6(H20)4]) which occur at places
where the sphalerite-type lattice comprises {Se}
octahedra.

(@)

(b)
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4.6 Complexes that Can Be Derived from
[CosSe(SR)g]*~ by Degradation

4.6.1 Trinuclear Complexes

We now direct our attention to the complex anion
[CosSs(SR)s]*~ (Figure 12) which contains a metal
cube inscribed into a sulfur octahedron with eight
terminally bonded sulfur atoms (unit C, Figure 11).
Unit C can be depleted to unit B (Figure 9) by re-
moval of four metal and four sulfur atoms. Another
degradation product of unit C containing three con-
served metal sites is obtained if one complete metal
square as well as one of the remaining metal atoms
are removed. The corresponding { M3Sg} frame (unit
J) as a fragment of unit C is shown in Figure 32. Unit
J itself (Figure 33) has chemically been realized in
the complex ion [Hg3(SCH,CsH4CH,S),4]*~ whose struc-
ture is depicted in Figure 34.%* In this context, it is
interesting to note that the more symmetric trinu-
clear {M3Sg} unit (unit K, Figure 35) which can be
derived from unit B by removal of one { MS} fragment
has not been observed in synthetic metal thiolate
complexes as integral entity so far. The {M3S3} core
portion of unit K, however, can be identified as a
heterocyclic six-membered chair within the bimetallic
complex anion [Zn3(SCsH;)sClsCu]?~ (Figure 36).5°

Moreover, this entity has obviously been used as a
structural model for both the {M3Sg} and the {M4S1:}
coordination sites in the first X-ray structure report
of the CdsZn,-MT-2 protein which in subsequent
NMR and X-ray work was subject for major revision.
The revised X-ray structure of CdsZn,-MT-2 now
shows {M3Se} coordination sites that are not frag-
ments of the sphalerit-type lattice but derive from
the wurtzite-type structure with six-membered { M3Sg}
heterocycles in boat conformations (unit L, Figure 37)
instead. Unit L (Figure 37) defined in this way is also
a component of the {M4S11} coordination site within
this protein (Figure 22) which can be regarded as an
extension toward a bicyclic unit consisting of two six-
membered rings adopting the boat conformation. For
a discussion of the structure of complex A observed
in CdsZn,-MT-2, see the previous chapter.

An interesting modification of the structural motif
shown in Figure 33 has been observed in the tri-
nuclear complex anion [Cd3(SCsH»-2,4,6-Pr);]~ (Fig-
ure 38).%6 The {CdsS;} core portion of this compound
(Figure 39) derives from unit J (Figure 33) by an

Figure 32. Unit J: the {M3Sg} frame as a section of Unit C; (a) and (b) schematic representation and stick-and-ball
model in identical orientation; (c) stick-and-ball model in a different orientation.
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Figure 33. Unit J: the {M3Sg} core portion of the complex
anion [Hg3(SCH,CeH4CH,S)4)%; (a) and (b) schematic
representation and stick-and-ball model in identical ori-
entation.

L

Figure 34. Structure of the complex anion [Hg;(SCH,-
C5H4CH28)4]27.
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additional condensation step resulting in the loss of
two terminally bonded S atoms accompanied by the
formation of a third u,—S bridge. In the context of
our topological approach, we conclude that the metal—
sulfur framework of [Cd3(SCeH,-2,4,6-'Pr);]™ is based
on a metal-deficient {M,} tetrahedron lacking one
vertex that would fit both into the ccp and into the
hcp type lattice, but the sulfur atoms do not.

4.6.2 Binuclear Complexes, Complexes Containing
{M;Sg} Frameworks, and Compounds with Related
Structural/Chemical Properties

If degradation of unit C continues and we remove
one of the metal atoms attached to two terminal
sulfur atoms from unit J, we arrive at the binuclear
fragment {M,Sg} (unit M, Figure 40). This fragment
which consists of a complete edge of the metal cube
of unit C defines the metal—sulfur framework of a
widely distributed class of complexes of general
formula [M2(SR)s]>". Within these complexes, two
{MS,} tetrahedra share a common edge. A charac-
teristic section of the one-dimensional chain structure
of [{Hg2(SCH,CH,S)3}?]n in crystals of [PhyP]-
[Hg2(SCH,CH,S);] containing bitetrahedral {M,Sg}
coordination sites is shown in Figure 41 as a repre-
sentative example.®” {Hg,Se¢} units similar to those
found in the one-dimensional anionic chains of [PhsP]2-
[{Hg2(SCH>CH,S);:] have also been observed in the
cross-linked endless anionic [{Hg2(SCH,CH,CH,-
CH,S)3}?7]n double chains of the homologous com-
pound [Et4N]2[Hgz(SCH,CH,CH,CH,S)3]-2MeOH (Fig-
ure 42).58

Other complexes hosting unit M as metal—chalco-
gen coordination sites are [Hgx(SMe)e]?~,%° [Mo(SPh)s]>~
(M = Hg,YO Cd,71'72 Zn72'73), [an(SEt)e]z_,7l [MZ'
(SCGHM)G]Z_, (M = Zn,71 Cd74), [an(SCHzph)G]z_,40
and [Zny(SCsH4-p-'Bu)s]?~.7® An extension of unit M
toward three {E4} tetrahedra sharing opposite edges
(Figure 43) has been observed in [Hgs(edt),]?~ (Figure
44),5” and complexes containing one-dimensional end-
less chains of edge-linked {E4} tetrahedra or three-
dimensional networks of vertex-linked ones are also
known. They comprise {[Hg(SCsH11)2]} n,"® { [CA(SCsH11-
NH)z]}n,77 {[Cd(TeC6H2-2,4,6-Me3)2]} a8 and {[Hg4-
(SeMe)g]}n.” Unit M is also a major component of the
three-dimensional coordination polymer of composi-
tion {[Cdg(SCH,CH(OH)CH,0H)36]} ,2° and represents
one-half of the Cd atoms within this compound. The
other ones form eight-membered { Cd;S,} heterocycles
which are folded such that a regular {S,} tetrahedron
is formed with S---S distances ranging from 3.818 to

(a)

(b) (c)

Figure 35. Unit K: the {M3Sg} frame; (a) and (b) schematic representation and stick-and-ball model in identical orientation;

(c) stick-and-ball model in a different orientation.
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Figure 36. Structure of the complex anion [Zns(S'Pr)s-
C|3CU]27.

Figure 37. Unit L: the {M3Sg} frame as a fraction of the
wurtzite-type lattice.

Figure 38. Structure of the complex anion [Cd3(SCeH,-
2,4,6-'Pr)7]~.

3.982 A. The Cd atoms within this structural motif
complete their ligand spheres by binding two sulfur
donor functions from different { Cd,Sg} units each. A
characteristic section of the three-dimensional poly-
meric structure is shown in Figure 45 together with
the connectivity pattern of the {CdS,} tetrahedra.

Henkel and Krebs
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Figure 39. The {CdsS7} core portion of [Cd3(SCsH2-2,4,6-
'Pr)7]~; (a) stick-and-ball model; (b) schematic representa-

b

Figure 40. Unit M: the {M,Sg} frame; (a) stick-and-ball
model; (b) schematic representation.
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Figure 41. Section of the polymeric chain structure of
[{Hg2(SCH2CH,3S)3}2 7], in crystals of [PhsPl[Hg2(SCH,-
CH,S)3].

Figure 42. Section of the [{Hg2(SCH,CH,S)3}27], double
chains in crystals of [Et4;N]:[Hg(SCH,CH,CH,CH,S);]-
2MeOH.

Another complex containing three such {M,Sg}
units condensed to form a {HgsSeis} framework is
[Hge(SePh)14]>~ whose structure is shown in Figure
46.81 The central {Hg,Se} fragment of the complete
{HgeSe14} core portion of the hexanuclear anion
(Figure 47) resembles the analogues {Cd,S¢} frag-
ment within {[Cdg(SCH,CH(OH)CH,0H)16]}n (Figure
45) in view of its binding properties toward four
neighboring M(11) ions. Replacement of this fragment
by a central tetrahedral {HgS,} unit leads to the
{HgsSe1,} core portion (Figure 48) which has chemi-
cally been realized in the pentanuclear spirocyclic
complex anion [Hgs(SePh):2]2~ shown in Figure 49.82
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Figure 43. The {M3Sg} frame of the complex anion
[Hgs(edt),]>~ (schematic representation).

Figure 44. Structure of the complex ion [Hgs(edt)s]?.

(a) (b)

Figure 45. Characteristic section of the polymeric com-
pound {[Cdg(SCH,CH(OH)CH,0OH)5]} n; (a) stick-and-ball
model; (b) schematic representation.

Figure 46. Structure of the complex anion [Hge(SePh).4]?~.

If one of the two {HQ,Se¢} fragments of the
{HgsSe1,} core portion of [Hgs(SePh),]? is replaced
by a terminally bonded selenium atom, one arrives
at the Hg—S framework {HgsSe;} (Figure 50) which
could be stabilized in the complex anion [Hgs(SePh);]~
(Figure 51).23 The trinuclear species containing mer-
cury and selenium is closely related with the cadmi-
um- and sulfur-containing complex anion [Cd3(SCeHo-
2,4,6-Pr);]~ (Figure 38)%¢ with respect to its overall
structural principles. Significant differences, how-
ever, are obvious if the metal—chalcogen bond dis-
tances are compared.

Within [Cd3(SCsH2»-2,4,6-Pr);]~, all Cd—sulfur bonds
are of comparable order, whereas in [Hgs;(SePh)/]~

Chemical Reviews, 2004, Vol. 104, No. 2 815

Figure 47. The {HgeSe1s} core portion of the complex
anion [Hgs(SePh)14)?.

Figure 48. The {HgsSe;,} core portion of the complex
anion [Hgs(SePh)1]%.

Figure 50. The {HgsSe7} core portion of the complex anion
[Hos(SePh)q]~.

one very long Hg—Se distance (Hg(1)—Se(6) 3.429 A,
indicated in Figure 50 as open stick) is observed
besides six shorter (Hg(1)—Se(1)/Se(2) 2.476 and
2.507, Hg(2)—Se(3)/Se(4) 2.496 and 2.514, Hg(3)—
Se(5)/Se(6) 2.479 and 2.508 A) and five longer ones
(Ho(1)—Se(7) 2.738, Hg(2)—Se(7)/Se(6) 2.738 and
3.153, Hg(3)—Se(2)/Se(4) 2.917 and 2.986 A). These
differences in the Hg—Se distances clearly show the
preference of Hg(l1) to form two short primary bonds



816 Chemical Reviews, 2004, Vol. 104, No. 2

Figure 51. Structure of the complex anion [Hgs(SePh)7]~.

with large Se—Hg—Se angles (range: 147.8—153.9°)
each. These primary bonds are combined with two
longer secondary ones in the case of Hg(2) and
Hg(3), whereas only one secondary (Hg(1)—Se(7)) and
one tertiary one (Hg(1)—Se(6)) is observed for
Hg(1). As a consequence, the coordination character-
istics of Hg within this complex anion should best
be described as distorted tetrahedral for Hg(2) and
Hg(3) and as distorted trigonal-planar for Hg(1). In
this context, it is interesting to note that with the
sole exception of Se(7), all other selenium atoms
present in [Hgs(SePh);]~ are engaged in one primary
Hg—Se bond, whereas Se(7) forms two secondary
ones. A combination of the tetrahedral and the
trigonal-planar Hg—E (E = S) coordination is also
found in the pentanuclear complex anion [Hgs(edt),-
(SEt)4]?~ (Figure 52) which contains the {[HgsS:2]}

AN

Figure 52. Structure of the complex anion [Hgs(edt),-
(SEt)4]*.

core portion (Figure 53).8* This structural unit re-
sembles the {HgsSe;»} core portion observed in
[Hgs(SePh)12]?>~ (Figure 48) with the exception that
the chalcogenolate ligands bridging the outer Hg ions
within {[HgsSei;]} are transformed into terminal
ones.

5. Copper and Silver

As indicated in the introduction much less explicit
structural information is available in the field of

Henkel and Krebs

gRge

@ (b)
Figure 53. The {HgsSe;,} core portion of the complex
anion [Hgs(edt);(SEt)4)?~; (a) ball-and-stick model; (b)
schematic representation.

copper thioneins from various physical methods than
for the various forms of zinc and cadmium MTs. The
experimental and computational results on the cop-
per clusters in thioneins are still ambiguous. At
present, no X-ray crystal structure of a copper thio-
nein is known. The most detailed structural informa-
tion is available from NMR studies,?® among them a
recent comprehensive two-dimensional *H study on
the solution structure of the protein part of Cu7
metallothionein from Saccharomyces cerevisiae.?°

Cu-thionein from S. cerevisiae contains 12 cys-
teines. According to early EXAFS data a {CusS;,}
system was postulated with trigonal planar coordina-
tion of the copper atoms.®78 From 1°Ag NMR
(HMQC) studies on the Ag-exchanged copper thionein
from Saccharomyces the group of Winge et al. pro-
posed 10 of the 12 cysteines present to coordinate
seven Ag atoms, out of them eight bridging, and two
terminal. Thus, four of the Ag were proposed to have
linear coordination, three being in trigonal planar
coordination.8%° Accordingly, the earlier EXAFS data
suggesting only trigonal planar copper were revised,
and also linear coordination was taken into account
for copper. The transcription factor ACE1 necessary
for the biosynthesis of Saccharomyces thionein ap-
pears to have a structure similar to the thionein
itself, with clusters of 6—7 Cu*'. Binding of the
N-terminal domain to DNA is only possible in the
presence of these copper ions.%

In the absence of more precise structural informa-
tion, it appears to be appropriate to study the
coordinational behavior of copper (and homologous
silver and gold) in oligomeric complexes reaching
from mononuclear to higher nuclearities. All of them
might act as structural and spectroscopic models for
copper thioneins and might contribute to the under-
standing of the thionein structure and function. The
most useful model ligands for the cysteine bonding
are without doubt thiolates of all kinds. Conse-
qguently, a large variety of mononuclear and oligo-
meric complexes have been prepared and character-
ized. Several aspects of this rich copper, silver, and
gold coordination chemistry have been treated in
various review articles, among them those by
Dance,’®% Blower and Dilworth,?® and Krebs and
Henkel.%d¢

Copper is normally monovalent in its thiolate
complexes and the coordination is normally trigonal
planar, although a number of linearly coordinated
examples are known. In the oligonuclear complexes,
which are normally prepared from Cu' or Cu'" salts
and thiolates under various reaction conditions in
solvents such as methanol, the ligands are normally
bridging.
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Figure 54. Coordination geometries in mononuclear copper thiolates: (a) [Cu(SMes),]™; (b) [Cu(SPh)3]%~; (c) [Cu(tdt),] .

5.1 Mononuclear Complexes

In mononuclear thiolates of Cu, Ag, and Au coor-
dination numbers of 2, 3, and 4 are observed. For
monovalent copper and silver linear coordination is
stabilized by sterically demanding ligands with vo-
luminous substituents close to the thiol groups. The
large ligands facilitate favorable packing of mono-
meric molecular [M(SR);]~ ions in the crystal, whereas
with smaller ligands higher aggregates of oligomeric
or polymeric species are favored.®® Examples for
monomolecular species are ["PrsN][Cu(SCsHMey),]
and the isomorphous silver compound® as well as
[Cu(SPh),]~ % and the mesityl complex [Cu(SMes),]~
(Figure 54a).% [Cu(SAd).]- (HSAd = adamantane-
thiol) is the first structurally characterized two-
coordinate aliphatic monothiolate Cu' complex.®® In
Au' compounds linear two-coordination is present in
all known cases, as shown, e.g., by [Au(SPh),]~,*"
[Au(SCGH2‘Pr3)2]*,98 and [AU(SC6H4-O-NH2)2]7.99

The formation of [Cu(SPh)s]?>~ (Figure 54b) is in
competition with oligomeric units. The anion is
obtained from the reaction of KSPh with [PhzPCuCl],
or [Ph4P]2[Cu(dts),].9>1%° Other interesting stable
mononuclear tricoordinate species prepared recently
are the dianions [M(SCe¢H4-p-X)3]>~ (M = Cu(l),
Ag(l), X = CI, Br).1t

Especially interesting electronic properties are
present in mononuclear complexes with electronically
non-innocent ligands such as toluene-3,4-dithiolate
(tdt). In ["BusN][Cu(tdt),] (Figure 54c) with square
planar copper coordination2193 the anion is clearly
monovalent, suggesting the presence of Cu'"'; how-
ever, it is clear that d® Cu'" is produced by electron
transfer from the ligand. Trivalent gold forms typical
square planar complexes [Au(SCH,CH,S),]~ 1* and
[Au(tdt),].1% By electrochemical oxidation of ["BusN]-
[Au(bdt);] with bdt = benzene-1,2-dithiolate the
neutral species [Au(bdt),] is formed.1%¢ Similar to the
case of [Cu(tdt),]” above Au'Y was postulated to be
present here, but here also the system has to be
described as d® Au'" with the radical electron being
delocalized in the ligand.

5.2 Dinuclear Complexes

In the series of dinuclear copper and silver thiolates
only a few cases are known with a central four-
membered {M,S;} unit, probably because of M---M
and ligand---ligand repulsions. Examples are [Cu,-

Figure 55. Structure of the dinuclear cation [Cu,-
(mimtH)e]%*.

(mimtH)g]?" with mimtH = 1-methylimidazoline-2-
thione (Figure 55),197 the thione complex [Cu,-
(SNCsHs)6]Cl»,1%8 the thiolate complex [Cux(SCeHy-
0-Me)»(1,10-phen),]**°® with phenanthroline as co-
ligand, and the silver polysulfide complex [PhsP],-
[Ag2(Se)2].11° Different structural principles are ob-
served with difunctional ligands which connect two
metal centers through one or two chains. The
anions [Au,(SCH,CH,CH,S),]2™ 1% and [Ag2(SCH.-
CH,CH,S),]?>" (Figure 56a)° contain linear S—M—S
units linked through aliphatic C; chains. In [Auy(S;-
o-xyl),]>~ with S;-0-xyl = o-xylene-a,a’-dithiolate
the metals are kept at a distance of 5.4 A by C,4
chains.’%* A large number of interesting structural
topologies of such dinuclear units with possible rele-
vance, in a wider sense, for thionein structural prop-
erties are present in various polychalcogenide com-
plexes of copper, silver, and gold.104111120 The ex-
amples [(Ses)Cu(Ses)Cu(Ses)],*™ 116 [Aux(Se,)(Ses)]? 12
[(Ses)AuSe,Au(Ses)]?,*2° and [(Tes)Au(Tez)Au(Tes)]? 110
are shown in Figures 57a, 56b,c, and 57b.

5.3 Trinuclear Complexes

The trinuclear anion [Cuz(SCH,CH,S)3]*~ which
has also been prepared in a modified structure as
{Na(MeOH)[Cu3(SCH,CH,S)3]}?>~ (Figure 58)3 con-
tains three bridging and three terminal thiolates. The
{CusS3} ring has a chair configuration, as shown in
Figure 59a.%? This structural type had been observed
before in the polysulfide complexes [Cus(Se)s]®~ 1%t
and [Cuz(S4)3]®.1%2 The stereochemistry of this ring
system is discussed by Dance et al.'?3 on the basis of
the novel related compound [Cus(u-SPh)s(PPhs)4]. It
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Figure 56. Core structures of bridged dinuclear complexes (a) [Ag2(SCH,CH,CH,S),]2~; (b) [Aux(Sez)(Seq)]? ; (c)

[(Ses)AuSeAu(Ses)]? .

iy Ve

(@)

(b)

Figure 57. Dinuclear complexes bridged by polychalcogenide ligands: (a) [(Ses)Cu(Ses)Cu(Ses)]*; (b) [(Tes)Au(Tez)Au(Tes)]? .

4,

Figure 58. Core structure of {Na(MeOH)[Cu3(SCH,-
CH,S)s]}2.

(b)

Figure 59. Comparison of the tri- and tetranuclear
frameworks of [Cus(SCH,CH,S)3]3~ and [Cus(SCH>CH,S)s]%~.

is highly interesting to note that the terminal sulfur
atoms are arranged in a way to leave a vacant metal
position for a fourth copper atom with trigonal planar
coordination. This position is indeed filled in the large
and important class of tetranuclear copper thiolates.

Figure 60. Molecular structure of the tetranuclear cluster
anion [Cuy(SPh)e]?.

Figure 59 shows the comparison of the two tri-
nuclear and tetranuclear frameworks as exemplified
by the geometries of [Cu3(SCH,CH,S)3]®*~ %2 and
[Cu4(SCH,CH,;S)3]?~.12* One important factor for the
stabilization of the tetranuclear unit compared to the
trinuclear one is the lower negative charge of the
latter by incorporation of the fourth copper atom.

5.4 Tetranuclear Complexes

The adamantane-like {M,Se¢} polyhedron is the
most frequently observed species in copper- and
silver-thiolate chemistry. This tetrahedro-Cuy-octa-
hedro-(u-S)s structure8495124-12% consists of a { M}
tetrahedron the edges of which are bridged by sulfur
atoms; thus, the {Sg} fragment forms an octahedron
around the {My,} tetrahedron (Figures 59b and 62a).
A selection of examples with monofunctional aliphatic
and aromatic thiolate ligands are [Cu4(SPh)e]?>~ (Fig-
ure 60),126'127'130 [CU4(SM€)6]2_,125’131 [CU4(SEt)6]2_,l32
[CU4(SC5H4-O-NH2)5]2_,99 [M4(SC6H4-p-C|)G]2_, (M =
Cu(l), Ag(1)),*°! and [Ag4(TeC4H3S)e]? 8413 If difunc-
tional thiolate or polychalcogenide ligands are em-
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Figure 61. Connection of the {M4Sg} units in the crystal
structure of [Ag4(SCH,CH,CH,S)3]%.

ployed the {M;Se¢} units are normally significantly
distorted by the steric strain of the chelate effect.
Some typical examples for this variety are [Cus(SCH,-
CHZS)3]27,124 [CU4(SCH2CH2CH28)3]27,99’134 [CU4(Sz-O-
xyl)s]?~, 128 [Cu4(S2CeHa)3]*~,%° [Cua(Sa)a(Ss)]*, % [Aga-
(SCH2CH25)3]2_,99 [Ag4(SCH2CH2CH23)3]2_,99 [Ag4-
(S2-0-xyl)3]?7,1%4 [Cuyls]?~ with L = 1,1-dicarbo-tert-
butoxyethylene-2,2-thioperthiolate,'3 [Cus(dmt),]>~ %7
with dmt = 1,2-dithiole-3-thione-4,5-dithiolate and
[Aga(Ses)s]? . 138139

Interesting similar cluster geometries are present
in complexes with five-membered chelating perthio-
carboxylate ligands such as [Cu(S3;CsH.Me3z)]s with
(SsCsH2Mez)~ = 2,4,6-trimethylperthiobenzoate,4°
[Cu(SsC-o-tolyl)]4 with (S3C-o-tolyl)™ = o-tolylperthio-
carbonate,*! and [Ag(SsC-o-tolyl)]4.24?

In contrast to [Cus(SCH,CH,CH,S)s]?>~, the for-
mally analogous [Ag4(SCH,CH,CH,S);3]>~ *° has an
interesting polymeric structure. The difunctional
ligands do not shield the central molecular frame-
works from each other but connect each {M4S¢} unit
three-dimensionally to six neighboring units, as
shown in Figure 61.

5.5 Penta- and Hexanuclear Complexes

Remarkable derivatives of the adamantane struc-
ture are produced by formally cleaving one or two
thiolate bridges and replacing the bridging sulfurs
by a S—M-S bridge each. The resulting species
contain the two new types of framework, [Ms(SR);]>~
and [Me(SR)g]?>~. They are shown in Figure 62 in
comparison to the symmetrical adamantane-type
[Cuy(edt)s]?>.1?5 The [Ms(SR)7]>~ structure type con-
tains four metal ions in trigonal—planar and one

o

(@)
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in linear coordination and was first observed in
[CU5(SPh)7]27, [Ag5(SPh)7 27,143'144 [Ph4p]z[CU5(SMe)7].-
HOCH,CH,0H,3! and [Ags(S'Bu),]?~ *° from prepa-
rations that also yielded tetranuclear [M4(SPh)e]?>~
compounds as secondary products.43.144

A rich variety of compounds and derivative struc-
tures has been synthesized for an alternative pen-
tanuclear framework with a metal/sulfur ratio of 5:6.
In the monovalent [Ms(SR)s]~ anionic framework
(Figure 63)% three of the metal atoms have linear
sulfur coordination. In the idealized symmetrical
structure the metal atoms form a {Ms} trigonal
bipyramid that is incorporated into a {Se} trigonal
prism. Again, it appears that this structure type with
predominating two-coordination is favored especially
for voluminous and sterically demanding ligands. A
characteristic feature of this important structure type
is its steric flexibility: As shown by various examples
hitherto synthesized the trigonal {Sg} prism can be
tilted around the central vertical axis (Figures 63
and 64) up to the limit of a trigonal antiprism. In
[/A\gs(S(CHz)3NH|\/|62)3(S(CH2)3Nl\/|(92)3]2+ an ideally
symmetric {MsSg} trigonal prism is observed, pos-
sibly by simple packing arguments in the hexagonal
crystal structure,’*® whereas in monoclinic [Et4N]-
[Ms(S'Bu)s] (M = Cu, Ag) the trigonal faces of the
{Se} prism are tilted by 40°.146147 Only a slight tilt
of the {CuS3} faces against each other is present in
orthorhombic [Ph4P][Cus(SCsH11)6].9¢ A more recent
example of this structure type is the interesting
complex anion [Cus(SAd)s]~ with adamantanethiolate
(SAd) as a monodentate sterically demanding ligand
(Figure 64).%3

The first examples for oligomeric anions with the
equally remarkable [Ms(SR)g]?>~ core were the mixed-
metal species [Au,Cus(SCH,CH,S)4]?~ and [Au,Agda-
(SCH2CH3S)4]?.1% Here (Figure 62¢) two of the metal
positions are two-coordinate. They are occupied by
the gold atoms. Again, an interesting isomeric struc-
ture is reported for this formula type: In the non-
linear optical material [MesN][Age(SPh)s] with the
same metal/ligand ratio the structure is polymeric
with three-dimensionally linked [Ag12(SR)16] repeat-
ing units. 131,148

Another variant of a hexanuclear unit could be
prepared in the copper-polysulfide system: In [PhsP].-
[Cus(S4)3(Ss)] the copper atoms are tetrahedrally
coordinated with the edge-sharing { CuS,} tetrahedra
linked together by {S4} and {Ss} chains.149-151

(b) (c)

Figure 62. Geometry of the metal-sulfur frameworks (a) { CusSg}; (b) {CusS7}; and (c) { Au,Cu,Sg}.
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Figure 63. Structure of the {CusSe} core in pentanuclear
clusters of the [Ms(SR)e]~ type.

Figure 64. Molecular structure of the pentanuclear copper
adamantane-thiolate [Cus(SAd)s] .

(b)

Figure 65. The thiolate cluster anions [Cu7(SCH,CH,S),-
(SEt)]27 and [Agg(SCH2CH25)6]37

5.6 Heptanuclear Complexes and Complexes with
Higher Nuclearities

Also the oligomeric complexes with higher nucle-
arities are expected to have structural features
related to the copper cluster structures in thioneins.
The topology of [Cu7(SCH,CH2S)4(SEt)]?~ with di-
besides monofunctional ligands (Figure 65a)®* is
determined by a framework of two corner-sharing
Cu, tetrahedra with trigonal planar coordination of
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Figure 66. Molecular structure of the heptanuclear silver
thiolate cluster [Ag7(SCeH,'Pr3)s] .

i

Figure 67. Silver—sulfur framework of [Ag-(SCeH2'Pr3)g]~.

%

hi‘—g
(@)

(b)

Figure 68. Structural frameworks of the highly sym-
metrical clusters [Aui»Sg]*~ and [AgeS4]?.

all copper atoms. If the central metal atom is re-
moved, the remaining { CusSe} framework, which has
a trigonal prismatic arrangement of the metal atoms
and a face-sharing bioctahedral {So} geometry, may
serve as a model for the proposed metal—sulfur
centers in copper metallothioneins such as the one
from Neurospora crassa.52-154

In contrast, [Ph4P][Cu;(SEt)g] forms a polymeric
chain structure that is composed of cage-like {Cu;-
(SEt)10} units with trigonal planar coordination of the
Cu atoms. They are linked via four S atoms to give
one-dimensional infinite polymers.'%51% Remarkably,
the conditions of synthesis of this polymer are rather
similar to those of [Cu4(SEt)e]?~.84%%® In [Ag7(SCe-
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Figure 69. Metal-sulfur frameworks of the ring structures of (a) [Ag(SC(SiPhMe;)3)]s; (b) [Cu(SCeH2'Pr3)]s4; (€) [AU(SCeHa-

iPr3)]6.

H,'Prs)g]~ (Figure 66)° a {AgeSe} ring is bridged by
two opposite Ag atoms through a {S—Ag—S} link
(Figure 67). A similar reaction system in which
thioxanthate is present as a coligand affords the
octanuclear [Cug(SCsH11)4(S2CSCsHi1)4], in which the
{CusS;,} framework represents a new type of a cage;
Cu is coordinated in a trigonal planar fashion and
the cage consists of eight { Cu3S3} rings in a boat form
and two {Cu,S4} rings.’®” A different kind of cluster
structure was reported for the highly charged water-
soluble anion [Agg(mba)io]*?~, with Homba = 2-mer-
captobenzoic acid, consisting of two butterfly-type
{Ag4S4} subunits bridged by two u3-S atoms.1%8

The interesting metal framework of the nonameric
anion [Age(SCH,CH,S)s]®~ (Figure 65b)8 can be de-
scribed as a tetragonal prism of eight Ag, centered
by the ninth Ag. The latter has a linear AgS, coor-
dination, whereas the other ones form approximately
trigonal planar {AgSs} units. A structurally espe-
cially appealing cluster unit—however probably less
closely related to the metal-sulfur structures in
copper thioneins—could be prepared and structurally
characterized in various dodecameric cubane struc-
tures. [CuSg]*~,1%° [Au12Sg]*~,1%0 and [Aui,SegNa]®~
(Figure 68a),'6* which are examples of this type,
consist of a cubelike arrangement of eight trigonal
pyramidally coordinated sulfur atoms, the linearly
coordinated 12 metal atoms sitting on the edges of
this cube. No analogous silver complex could be
prepared; however, in [AgsS4]?~ (Figure 68b)162163 the
same metal/sulfur ratio is present, and the structure
is topologically similar: The sulfur atoms form a
tetrahedron, and the metal atoms occupy the centers
of the six edges of the tetrahedron.

5.7 Neutral [M(SR)], Compounds

The preference of univalent copper, silver, and gold
has led to a highly interesting and relevant class of
neutral molecules of composition [M(SR)]..1%* As
neutral molecules, they may not only give clues on
possible structural features in biomolecules but they
are also interesting precursors for solid state and
surface layer production from thermal methods from
solution or by CVD.%* The molecular species can be
considered as fragments of polymers with the same
general composition. The general structural principle
is the formation of more or less large rings with linear
two-coordination around the metals. In Figure 69
typical examples of tri-, tetra- and hexanuclear
frameworks are shown. [Ag(SC(SiPhMe;)3)]s (Figure

(b)

Figure 70. Comparison of the metal-sulfur framework
structures of [Cu(SCgH,'Pr3)]s and [Cu(SCeH4-0-SiMe3)] ;2.

69a)'% is the only trinuclear species in this series.
One of the S atoms in the { AgsSs} ring is out-of-plane,
the S—Ag—S angles are 150°, thus far from linear. A
tetrameric {M4S,} ring minimizes geometric strain
for a linear metal coordination and an angular
coordination at sulfur. Quite a number of complexes
have been reported, almost all of them with a
folded geometry of the ring. Examples are [Ag(SSi-
(OtBU)g)]4,166 [CU(SSi(OtBU)g)]4,167 [CU(SCaHg-Z,G-
(SiMe3)2)]4,168 [CU(SCeHziPrg)]4,169 [AU(SC(SiMeS)g)]4,l7O
[Au(SSi(O'BuU)3)]4,t"t and [Ag(SeC(SiMes)s)]4 (Figure
69b).172

The hexanuclear unit in [Au(SCsH'Pr3)]s (Figure
69¢)% shows a { AusSg} ring with chair configuration.
It is the first gold thiolate with bridging thiolate
sulfur. Copper forms an octanuclear complex [Cu-
(SCeH,'Pr3)]s (Figure 70a)'”® in which the twisted
{CugSg} ring is doubly folded such that the sulfur
atoms are arranged formally at the corners of an
idealized cube. A rather spectacular structure is
formed by the {Cu1,S;,} framework of [Cu(SCsH4-0-
SiMe3)]12 (Figures 70b and 71).36174 It has the shape
of a paddle wheel. The polyhedron contains two
{CusS3} rings in parallel stacking above each other,
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Figure 71. Molecular structure of the paddle-wheel
cluster [Cu(SCgH4-0-SiMe3)];2.

with a slight tilt around the 3-fold axis. The two ring
units are connected through six linear {S—Cu—S}
links. Six of the Cu' atoms in the [2;](1,3,5)-cyclo-
phane-like structure are almost trigonal planar, 6 S
atoms are u,-bridging, 6 S are us-bridging.

6. Acknowledgment

The intellectual and experimental contributions of
the many members of our research groups to the topic
of this review are gratefully acknowledged. We also
thank Frau Mechtild Lage and Frau Dr. Adrienne
Hammerschmidt for their valuable help during prepa-
ration of the manuscript. The authors thank the
Deutsche Forschungsgemeinschaft, the Bundesmin-
ister fur Bildung und Forschung, and the Fonds der
Chemischen Industrie for generous financial support.

7. References

(1) Margoshes, M.; Vallee, B. L. 3. Am. Chem. Soc. 1957, 79, 4813.

(2) Kagi, J. H. R.; Schaffer, A. Biochemistry 1988, 27, 8509.

(3) Maret, W.; Vallee, B. L. Proc. Natl. Acad. Sci. U.S.A. 1998, 95,
3478.

(4) (a) Kagi, J. H. R., Nordberg, Ed.; Metallothionein; Birkhauser:
Basel, 1979. (b) Ké&gi, J. H. R., Kojima, Y., Ed.; Metallothionein
11, Birkhauser: Basel, 1987. (c) Binz, P. A.; Kagi, J. H. R. in
Metallothionein 1V, Metallothionein: Molecular Evolution and
Classification; Klaassen, C., Ed.; Birkhauser: Basel, 1999; p 7.
(d) Vasak, M.; Hasler, D. W. Curr. Opin. Chem. Biol. 2000, 4,
177. (e) Hidalgo, J.; Aschner, M.; Zatta, P.; Vasak, M. Brain Res.
Bull. 2001, 55, 133. (f) Stillman, M. J.; Shaw, C. F.; Suzuki, K.
T., Ed.; Metallothioneins: Synthesis, Structure and Properties
of Metallothioneins, Phytochelatins and Metal—Thiolate Com-
plexes; John Wiley & Sons: New York, 1992; (g) Coyle, P.;
Philcox, J. C.; Carey, L. C.; Rofe, A. M. Cell. Mol. Life Sci. 2002,
59, 627. (h) Stillman, M. J. Coord. Chem. Rev. 1995, 144, 461.
(i) Stillman, M. J.; Presta, P. A.; Gui, Z.; Jiang, D.-T. Met.-Based
Drugs 1994, 1, 375.

(5) (a) Kagi, J. H. R.; Kojima, Y. Experientia Suppl. 1987, 52, 25.
(b) Otvos, J. D.; Armitage, I. M. Proc. Natl. Acad. Sci. U.S.A.
1980, 77, 7094. (c) Winge, D. R.; Miklossy, K.-A. J. Biol. Chem.
1982, 257, 3471. (d) Nielson, K. B.; Winge, D. R. J. Biol. Chem.
1984, 259, 4941. (e) Stillman, M. J.; Law, A. J. C.; Cai, W,;
Zelazowski, A. J. Experientia Suppl. 1987, 52, 203. (f) Li, Y.-J.;
Weser, U. Inorg. Chem. 1992, 31, 5526.

(6) Kagi, J. H. R. in Overview of Metallothionein, Methods in
Enzymology; Riordan, J. F.; Vallee, B. L., Eds.; Academic
Press: San Diego, 1991; Vol. 205, p 613.

(7) (a) Fowler, B. A.; Hildebrand, C. E.; Kojima, Y.; Webb, M.
Experientia Suppl. 1987, 52, 21. (b) Kojima, Y. Methods Enzymol.
1991, 205, 8.

(8) Kojima, Y.; Binz, P.-A.; K&gi, J. H. R. In Metallothionein 1V,
Metallothionein: Molecular Evolution and Classification; Klaas-
sen, C., Ed.; Birkhauser: Basel, 1999; p 3.

(9) (a) Dance, I. G. Polyhedron 1986, 5, 1037. (b) Blower, P. J.;
Dilworth, J. R. Coord. Chem. Rev. 1987, 76, 121. (c) Muller, A.;
Diemann, E. in Comprehensive Coordination Chemistry; Wilkin-
son, G.; Gillard, R. D.; McCleverty, J. A., Eds.; Pergamon

Henkel and Krebs

Press: Oxford, 1988. (d) Krebs, B.; Henkel, G. Angew. Chem.
Int. Ed. Engl. 1991, 30, 769. (e) Krebs, B.; Henkel, G. In Rings,
Clusters and Polymers of Main Group Transition Elements;
Roesky, H. W., Ed.; Elsevier: Amsterdam, 1989; pp 439. (f)
Dance, 1. G.; Fisher, K.; Lee, G. In Metallothioneins; Stillman,
M. J.; Shaw, C. F.; Suzuki, K. T., Eds.; VCH Publishers: New
York, 1992; p 284. (g) Dean, P. A. W.; Vittal, J. J. In Metal-
lothioneins; Stillman, M. J.; Shaw, C. F.; Suzuki, K. T., Eds.;
VCH Publishers: New York, 1992; p 346.

(10) Furey, W. F.; Robbins, A. H.; Clancy, L. L.; Winge, D. R.; Wang,
B. C.; Stout, C. D. Science 1986, 231, 704.

(11) Wathrich, K. Science 1989, 243, 45.

(12) Robbins, A. H.; McRee, D. E.; Williamson, M.; Collett, S. A.;
Xuong, N. H.; Furey, W. F.; Wang, B. C.; Stout, C. D. J. Mol.
Biol. 1991, 221, 1269.

(13) Schultze, P.; Worgbtter, E.; Braun, W.; Wagner, G.; Vasak, M;
Kégi, J. H. R.; Withrich, K. J. Mol. Biol. 1988, 203, 251.

(14) Arseniev, A.; Schultze, P.; Worgdtter, E.; Braun, W.; Wagner,
G.; Vasak, M.; Kagi, J. H. R.; Withrich, K. J. Mol. Biol. 1988,
201, 637.

(15) Messerle, B. A.; Schaffer, A.; Vasak, M.; Kégi, J. H. R.; Withrich,
K. J. Mol. Biol. 1990, 214, 765.

(16) Braun, W.; Vasak, M.; Robbins, A. H.; Stout, C. D.; Wagner, G.;
Kégi, J. H. R.; Withrich, K. Proc. Natl. Acad. Sci. U.S.A. 1992,
89, 10124.

(17) (a) Messerle, B. A.; Schéffer, A.; Vasak, M.; Kagi, J. H. R.;
Withrich, K. J. Mol. Biol. 1992, 225, 433. (b) Jiang, D. T.; Heald,
S. M.; Sham, T. K,; Stillman, M. J. 3. Am. Chem. Soc. 1994,
116, 11004.

(18) Zangger, K.; Oz, G.; Otvos, J. D.; Armitage, I. M. Protein Sci.
1999, 8, 2630.

(19) Faller, P.; Hasler, D. W.; Zerbe, O.; Klauser, S.; Winge, D. R.;
Vasak, M. Biochemistry 1999, 38, 10158.

(20) Oz, G.; Zangger, K.; Armitage, I. M. Biochemistry 2001, 40,
11433.

(21) (a) Bogumil, R.; Faller, P.; Pountney, D. L.; Vasak, M. J.
Biochem. 1996, 238, 698. (b) Bogumil, R.; Faller, P.; Binz, P. A.;
Vasak, M.; Charnock, J. M.; Garner, C. D. Eur. J. Biochem. 1998,
255, 172.

(22) Capasso, C.; Carginale, V.; Crescenzi, O.; Di Maro, D.; Parisi,
E.; Spadaccini, R.; Temussi, P. A. Structure 2003, 11, 435.

(23) Narula, S. S.; Brouwer, M.; Hua, Y.; Armitage, I. M. Biochemistry
1995, 34, 620.

(24) Zhu, Z.; DeRose, E. F.; Mullen, G. P.; Petering, D. H.; Shaw, C.
F., 111, Biochemistry 1994, 33, 8858.

(25) Riek, R.; Precheur, B.; Wang, Y.; Mackay, E. A.; Wider, G,
Guntert, P.; Liu, A.; Kagi, J. H. R.; Wathrich, K. J. Mol. Biol.
1999, 291, 417.

(26) Gui, Z.; Green, A. R.; Kasrai, M.; Bancroft, G. M.; Stillman, M.
J. Inorg. Chem. 1996, 35, 6520.

(27) Luchinat, C.; Dolderer, B.; Del Bianco, C.; Echner, H.; Hartmann,
H.-J.; Voelter, W.; Weser, U. J. Biol. Inorg. Chem. 2003, 353.

(28) Peterson, C. W.; Narula, S. S.; Armitage, I. M. FEBS Lett. 1996,
379, 85.

(29) (a) Prinz, R.; Weser, U. Hoppe-Seyler's Z. Physiol. Chem. 1975,
356, 767. (b) Winge, D. R.; Nielson, K. B.; Gray, W. R., Hamer,
D. H. J. Biol. Chem. 1985, 260, 14464. (c) Weser, U.; Hartmann,
H.-J. Methods Enzymol. 1991, 205, 274. (d) Bertini, I.; Hart-
mann, H.-J.; Klein, T.; Liu, G.; Luchinat, C.; Weser, U. Eur. J.
Biochem. 2000, 267, 1008.

(30) Malikayil, J. A.; Lerch, K.; Armitage, I. M. Biochemistry 1989,
28, 2991.

(31) Otto, J.; Jolk, I.; Viland, T.; Wonnemann, R.; Krebs, B. Inorg.
Chim. Acta 1999, 285, 262.

(32) Rao, C. P.; Dorfman, J. R.; Holm, R. H. Inorg. Chem. 1986, 25,
428.

(33) Swenson, D.; Baenziger, N. C.; Coucouvanis, D. 3. Am. Chem.
Soc. 1978, 100, 1932.

(34) Ueyama, N.; Sugawara, T.; Sasaki, K.; Nakamura, A.; Ya-
mashita, S.; Wakatsuki, Y.; Yamazaki, H.; Yasuoka, N. Inorg.
Chem. 1988, 27, 741.

(35) Silver, A.; Koch, S. A.; Millar, M. Inorg. Chim. Acta 1993, 205,
9

(36) Block, E.; Gernon, M.; Kang, H.; Ofori-Okai, G.; Zubieta, J. Inorg.
Chem. 1989, 28, 1263.

(37) Govindaswamy, N.; Moy, J.; Millar, M.; Koch, S. A. Inorg. Chem.
1992, 31, 5343.

(38) Choudhury, S.; Dance, I. G.; Guerney, P. J.; Rae, A. D. Inorg.
Chim. Acta 1983, 70, 227.

(39) (a) Hencher, J. L.; Khan, M. A;; Said, F. F.; Tuck, D. G. Inorg.
Nucl. Chem. Lett. 1981, 17, 287. (b) Hencher, J. L.; Khan, M.
A.; Said, F. F.; Tuck, D. G. Polyhedron 1985, 4, 1263. (c) Huang,
Z.-X.; Hu, H.-Y.; Gi, W.-Q.; Wu, G. J. Inorg. Biochem. 1994, 54,

147.

(40) Gelinsky, M.; Vahrenkamp, H. Z. Anorg. Allg. Chem. 2002, 628,
1017.

(41) Vittal, J. J.; Dean, P. A. W.; Payne, N. C. Can. J. Chem. 1992,
70, 792.



Structural Aspects of Metallothioneins

(42)
(43)

(44)
(45)

(46)

(47)

(48)
(49)

(50)

(51)
(52)
(53)
(64
(55)

(56)
(67)

(58)
(59)

(60)
(61)
(62)
(63)
(64)

(65)
(66)

(67)
(68)
(69)

(70)

(71)
(72)
(73)
(74

(75)
(76)
77

Berardini, M.; Emge, T. J.; Brennan, J. G. Inorg. Chem. 1995,
34, 5327.

(a) Hagen, K. S.; Stephan, D. W.; Holm, R. H. Inorg. Chem. 1982,
21, 3928. (b) Hagen, K. S.; Holm, R. H. Inorg. Chem. 1983, 22,
3171.

Tang, K.; Xia, T.; Jin, X.; Tang, Y. Polyhedron 1994, 13, 3023.
(a) Craig, D.; Dance, I. G.; Garbutt, R. Angew. Chem. Int. Ed.
Engl. 1986, 25, 165. (b) Dance, I. G.; Garbutt, R. G.; Craig, D.
C.; Scudder, M. L. Inorg. Chem. 1987, 26, 4057. (c) Dance, I. G.;
Garbutt, R. G.; Craig, D. C.; Scudder, M. L.; Bailey, T. D. Chem.
Commun. 1987, 1164. (d) Anjali, K. S.; Vittal, J. J. Inorg. Chem.
Commun. 2000, 3, 708.

(a) Dance, I. G. Inorg. Chem. 1981, 20, 2155. (b) Dean, P. A. W_;
Payne, N. C.; Wranich, J.; Vittal, J. J. Polyhedron 1998, 17, 2411.
(c) Anjali, K. S.; Thia, K. W. K.; Low, T. T.; Chen, M. Q.; Huan,
H.; Vittal, J. 3. Main Group Met. Chem. 2001, 24, 229. (d) Dean,
P. A. W.; Vittal, J. J.; Payne, N. C. Inorg. Chem. 1987, 26, 1683.
(e) Dean, P. A. W.; Vittal, J. J.; Wu, Y. Can. J. Chem. 1992, 70,
779. (f) Dean, P. A. W.; Vittal, J. J.; Wu, Y. Inorg. Chem. 1994,
33, 2180. (g) Dean, P. A. W.; Manivannan, V. Inorg. Chem. 1990,
29, 2997.

(a) Christou, G.; Hagen, K. S.; Holm, R. H. 3. Am. Chem. Soc.
1982, 104, 1744, (b) Christou, G.; Hagen, K. S.; Bashkin, J. K;
Holm, R. H. Inorg. Chem. 1985, 24, 1010. (c) Henkel, G.;
Weissgraber, S. In Transition Metal Clusters, Towards Transi-
tion Metal Clusters by Reaction of Simple Metal Carbonyls with
Chalcogenides and Chalcogenolates; Braunstein, P., Ed.; Wiley-
VCH: Weinheim 1999; p 163.

Lackmann, J.; Henkel, G., unpublished results.

Burth, R.; Gelinsky, M.; Vahrenkamp, H. Inorg. Chem. 1998,
37, 2833.

(a) Guo, S.; Ding, E.; Liu, S.; Yin, Y. J. Inorg. Biochem. 1998,
70, 7. (b) Guo, S.; Ding, E.; Chen, H.; Yin, Y.; Li, X. Polyhedron
1999, 18, 735.

(a) Dance, I. G. J. Chem. Soc. Chem. Commun. 1980, 818. (b)
Dance, I. G. Aust. J. Chem. 1985, 38, 1391.

Eichhofer, A.; Fenske, D.; Pfistner, H.; Wunder, M. Z. Anorg.
Allg. Chem. 1998, 624, 1909.

Gonzalez-Duarte, P.; Clegg, W.; Casals, I.; Sola, J.; Rius, J. J.
Am. Chem. Soc. 1998, 120, 1260.

Tang, K.-L.; Jin, X.-L.; Jia, S.-J.; Tang, Y.-Q. J. Struct. Chem.
1995, 14, 399.

Lee, G. S. H.; Fisher, K. J.; Craig, D. C.; Scudder, M. L.; Dance,
1. G. J. Am. Chem. Soc. 1990, 112, 6435.

Behrens, S.; Fenske, D. Ber. Bunsen-Ges. 1997, 101, 1588.
Lee, G. S. H.; Craig, D. C.; Ma, |.; Scudder, M. L.; Bailey, T. D.;
Dance, I. G. J. Am. Chem. Soc. 1988, 110, 4863.

Henkel, G.; Bremer, J.; Tremel, W.; Krebs, B., unpublished
results.

(a) Dance, I. G.; Choy, A.; Scudder, M. L. 3. Am. Chem. Soc.
1984, 106, 6285. (b) Choy, A.; Craig, D.; Dance, I. G.; Scudder,
M. L. J. Chem. Soc. Chem. Commun. 1982, 1246.

Lee, G. S. H.; Fisher, K. J.; Vassallo, A. M.; Hanna, J. V.; Dance,
I. G. Inorg. Chem. 1993, 32, 66.

Adams, R. D.; Zhang, B.; Murphy, C. J.; Yeung, L. K. Chem.
Commun. 1999, 383.

Nyman, M. D.; Hampden-Smith, M. J.; Duesler, E. N. Inorg.
Chem. 1996, 35, 802.

(a) Herron, N.; Calabrese, J. C.; Farneth, W. E.; Wang, Y. Science
1993, 259, 1426. (b) Vossmeyer, T.; Reck, G.; Schulz, B;
Katsikas, L.; Weller, H. 3. Am. Chem. Soc. 1995, 117, 12881.
Henkel, G.; Betz, P.; Krebs, B. Inorg. Chim. Acta 1987, 134, 195.
Lackmann, J.; Henkel, G., unpublished results.

(a) Tang, K.; Li, A.; Jin, X,; Tang, Y. Chem. Commun. 1991, 1590.
(b) Tang, K.; Li, A.; Jin, X,; Li, A,; Li, S.; Li, Z.; Tang, Y. J. Coord.
Chem. 1994, 31, 305.

Henkel, G.; Betz, P.; Krebs, B. Chem. Commun. 1985, 1498.
W. Puls, Ph.D. Thesis, Munster, 1990.

Bowmaker, G. A.; Dance, I. G.; Dobson, B. C.; Rogers, D. A. Aust.
J. Chem. 1984, 37, 1607.

Bowmaker, G. A.; Dance, I. G.; Harris, R. K.; Henderson, W.;
Laban, I.; Scudder, M. L.; Oh, S.-W. J. Chem. Soc. Dalton Trans.
1996, 2381.

Watson, A. D.; Rao, C. P.; Dorfman, J. R.; Holm, R. H. Inorg.
Chem. 1985, 24, 2820.

Abrahams, I. L.; Garner, C. D.; Clegg, W. J. Chem. Soc. Dalton
Trans. 1987, 1577.

Chung, W. P.; Dewan, J. C.; Walters, M. A. Inorg. Chem. 1991,
30, 4280.

Sola, J.; Gonzalez-Duarte, P.; Sanz, J.; Casals, I.; Alsina, T.;
Sobrados, I.; Alvarez-Larena, A.; Piniella, J.-F.; Solans, X. J. Am.
Chem. Soc. 1993, 115, 10018.

Tang, K.-L.; Li, A.-Q.; Jin, X.-L.; Tang, Y.-Q. Chem. J. Chin. Uni.
1993, 14, 310.

Alsina, T.; Clegg, W.; Fraser, K. A.; Sola, J. 3. Chem. Soc. Dalton
Trans. 1992, 1393.

Bayon, J. C.; Brianso, M. C.; Brianso, J. L.; Duarte, P. G. Inorg.
Chem. 1979, 18, 3478.

(78)
(79)
(80)
(81)
(82)
(83)

(84)
(85)

(86)
(87)
(88)
(89)

(90)

(91)
(92)
(93)
(99)
(95)
(96)
(97)
(98)
(99)
(100)
(101)
(102)
(103)

(104)
(105)

(106)
(107)
(108)
(109)

(110)

(111)
(112)
(113)
(114)
(115)
(116)
(117)
(118)
(119)
(120)
(121)
(122)
(123)

(124)

Chemical Reviews, 2004, Vol. 104, No. 2 823

Bochmann, M.; Coleman, A. P.; Webb, K. J.; Hursthouse, M. B.;
Mazid, M. Angew. Chem. Int. Ed. Engl. 1991, 30, 973.
Arnold, A. P.; Canty, A. J.; Skelton, B. W.; White, A. H. 3. Chem.
Soc. Dalton Trans. 1982, 607.

Vossmeyer, T.; Reck, G.; Katsikas, L.; Haupt, E. T. K.; Schulz,
B.; Weller, H. Inorg. Chem. 1995, 34, 4926.

Bettenhausen, M.; Fenske, D. Z. Anorg. Allg. Chem. 1998, 624,
1245.

Berardini, M.; Emge, T. J.; Brennan, J. G. Inorg. Chem. 1995,
34, 5327.

Freedman, D.; Emge, T. J.; Brennan, J. G. J. Am. Chem. Soc.
1997, 119, 11112.

P. Betz, Ph.D. Thesis, Universitat Munster, 1986.

George, G. N.; Byrd, J.; Winge, D. R. J. Biol. Chem. 1988, 263,
8199.

Byrd, J.; Berger, R. M.; McMillin, D. R.; Wright, C. F.; Hamer,
D.; Winge, D. R. J. Biol. Chem. 1988, 263, 6688.

Smith, T. A.; Lerch, K.; Hodgson, K. O. Inorg. Chem. 1986, 25,
4677.

Linss, M.; Weller, M. G.; Weser, U. Inorg. Chim. Acta 1983, 80,
201.

Pickering, I. J.; George, G. N.; Dameron, C. T.; Kurz, B.; Winge,
D. R.; Dance, I. G. 3. Am. Chem. Soc. 1993, 115, 9498.

(a) Narula, S. S.; Mehra, R. K.; Winge, D. R.; Armitage, I. M. J.
Am. Chem. Soc. 1991, 113, 9354. (b) Narula, S. S., Winge, D.
R.; Armitage, |. M. Biochemistry 1993, 32, 6773.

Dameron, C. T.; Winge, D. R.; George, G. N.; Sansone, M.; Hu,
S.; Hamer; D. Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 6127.
Dance, I. G. In Progress in Inorganic Chemistry; Karlin, K. D.,
Ed.; J. Wiley & Sons: New York, 1994; Vol. 41.

Fujisawa, K.; Imai, S.; Kitajima, N.; Moro-Oka, Y. Inorg. Chem.
1998, 37, 168.

Koch, S. A,; Fikar, R.; Millar, M.; O’'Sullivan, T. Inorg. Chem.
1984, 23, 121.

Coucouvanis, D.; Murphy, C. N.; Kanodia, S. K. Inorg. Chem.
1980, 19, 2993.

Siegert, R. Ph.D. Thesis, University of Minster, 1994.

Bates, P. A.; Waters, J. M. Acta Cryst. C 1985, 41, 862.
Schréter, 1.; Strahle, J. Chem. Ber. 1991, 124, 2161.

Fietz, H. Ph.D. Thesis, University of Munster, 1991.

Garner, C. D.; Nicholson, J. R.; Clegg, W. Inorg. Chem. 1984,
23, 2148.

Fujisawa, K.; Imai, S.; Suzuki, S.; Moro-oka, Y.; Miyashita, Y.;
Yamada, Y.; Okamoto, K. J. Inorg. Biochem. 2000, 82, 229.
Sawyer, D. T.; Srivatsa, G. S.; Bodini, M. E.; Schaefer, W. P.;
Wing, R. M. J. Am. Chem. Soc. 1986, 108, 936.

Williams, R.; Billig, E.; Waters, J. H.; Gray, H. B. 3. Am. Chem.
Soc. 1966, 88, 43.

Saatkamp, K. Ph.D. Thesis, University of Mlnster, 1988.
Mazid, M. A.; Razi, M. T.; Sadler, P. J. Inorg. Chem. 1981, 20,
2872.

Rindorf, G.; Thorup, N.; Bjornholm, T.; Bechgaard, K. Acta
Crystallogr. C 1990, 46, 1437.

Raper, E. S.; Creighton, J. R.; Robson, D.; Wilson, J. D.; Clegg,
W.; Milne, A. Inorg. Chim. Acta 1988, 143, 95.

Constable, E. C.; Raithby, P. R. J. Chem. Soc., Dalton Trans.
1987, 2281.

Chadha, R. K.; Kumar, R.; Tuck, D. G. Can. J. Chem. 1987, 65,
1336.

Miller, A.; Krickemeyer, E.; Zimmermann, M.; Rémer, M.;
Bogge, H.; Penk, M.; Schmitz, K. Inorg. Chim. Acta 1984, 90,
L69.

Miiller, A.; Rémer, M.; Bogge, H.; Krickemeyer, E.; Schmitz, K.
Inorg. Chim. Acta 1984, 85, L39.

Huang, S.-P.; Kanatzidis, M. G. Inorg. Chem. 1991, 30, 3572.
Haushalter, R. C. Inorg. Chim. Acta 1985, 102, L37.

Muller, A.; Baumann, F.-W.; Bogge, H.; Romer, M.; Krickemeyer,
E.; Schmitz, K. Angew. Chem. Int. Ed. Engl. 1984, 23, 632.
Mduller, A.; Romer, M.; Bégge, H.; Krickemeyer, E.; Baumann,
F.-W.; Schmitz, K. Inorg. Chim. Acta 1984, 89, L7.

Muller, U.; Ha-Eierdanz, M.-L.; Krauter, G.; Dehnicke, K. Z.
Naturforsch. B 1990, 45, 1128.

Ansari, M. A.; Bollinger, J. C., Ibers, J. A. Inorg. Chem. 1993,
32, 1746.

Fenske, D.; Schreiner, B.; Dehnicke, K. Z. Anorg. Allg. Chem.
1993, 619, 253.

Dhingra, S. S.; Haushalter, R. C. Inorg. Chem. 1994, 33, 2735.
Kanatzidis, M. G.; Huang, S.-P. Inorg. Chem. 1989, 28, 4667.
Miller, A.; Schimanski, U. Inorg. Chim. Acta 1983, 77, L187.
Miller, A.; Baumann, F.-W.; Bogge, H.; Schmitz, K. Z. Anorg.
Allg. Chem. 1985, 521, 89.

Dance, I. G.; Fitzpatrick, L. J.; Scudder, M. L. J. Chem. Soc.,
Chem. Commun. 1983, 546.

Henkel, G.; Krebs, B.; Betz, P.; Fietz, H.; Saatkamp, K. Angew.
Chem. Int. Ed. Engl. 1988, 27, 1326.



824 Chemical Reviews, 2004, Vol. 104, No. 2

(125)

(126)
(127

(128)
(129)
(130)
(131)
(132)
(133)
(134)
(135)
(136)

(137)
(138)

(139)
(140)

(141)
(142)
(143)
(144)
(145)

(146)
(147)

(148)
(149)

(150)

(151)

Dance, I. G.; Bowmaker, G. A.; Clark, G. R.; Seadon, J. K.
Polyhedron 1983, 2, 1031.

Dance, I. G.; Calabrese, J. C. Inorg. Chim. Acta 1976, 19, L41.
Baumgartner, M.; Bensch, W.; Hug, P.; Dubler, E. Inorg. Chim.
Acta 1987, 136, 139.

Nicholson, J. R.; Abrahams, I. L.; Clegg, W.; Garner, C. D. Inorg.
Chem. 1985, 24, 1092.

Henkel, G.; Betz, P.; Krebs, B., unpublished results.

Shi, S.; Zhang, X.; Shi, X. F. J. Phys. Chem. 1995, 99, 14911.
Baumgartner, M.; Schmalle, H. J. Solid State Chem. 1993, 107,
63.

Baumgartner, M.; Schmalle, H.; Dubler, E. Polyhedron 1990, 9,
1155.

Zhao, J.; Adcock, D.; Pennington, W. T.; Kolis, J. W. Inorg. Chem.
1990, 29, 4358.

Baumgartner, M.; Schmalle, H.; Dubler, E. Inorg. Chim. Acta
1993, 208, 135.

Miuller, A.; Romer, M.; Krickemeyer, E.; Bogge, H. Naturwis-
senschaften 1984, 71, 43.

Coucouvanis, D.; Kanodia, S.; Swenson, D.; Chen, S. J.; Stuede-
mann, T.; Baenziger, N. C.; Pedelty, R.; Chu, M. J. Am. Chem.
Soc. 1993, 115, 11271.

Pullen, A. E.; Piotraschke, J. Abboud, K. A.; Reynolds, J. R.
Inorg. Chem. 1996, 35, 793.

Kanatzidis, M. G.; Huang, S.-P. Angew. Chem. Int. Ed. Engl.
1989, 28, 1513.

Huang, S.-P.; Kanatzidis, M. G. Inorg. Chem. 1991, 30, 1455.
Schuerman, J. A.; Fronczek, F. R.; Selbin, J. Inorg. Chim. Acta
1988, 148, 177.

Manotti Lanfredi, A. M.; Tiripicchio, A.; Marsich, N.; Camus,
A. Inorg. Chim. Acta 1988, 142, 269.

Marsich, N.; Pellizer, G.; Camus, A.; Manotti Lanfredi, A. M.;
Ugozzoli, F. Inorg. Chim. Acta 1990, 169, 171.

Dance, I. G. J. Chem. Soc. Chem. Commun. 1976, 103.

Dance, I. G. Austr. J. Chem. 1978, 31, 2195.

Gonzales-Duarte, P.; Sola, J.; Vives, J.; Solans, X. J. Chem. Soc.,
Chem. Commun. 1987, 1641.

Dance, I. G. J. Chem. Soc. Chem. Commun. 1976, 68.
Bowmaker, G. A.; Clark, G. R.; Seadon, J. K.; Dance, I. G.
Polyhedron 1984, 3, 535.

Dance, I. G. Inorg. Chem. 1981, 20, 1487.

Henkel, G.; Betz, P.; Krebs, B. J. Chem. Soc., Chem. Commun.
1984, 314.

Muller, A.; Rémer, M.; Bogge, H.; Bergmann, D. J. Chem. Soc.,
Chem. Commun. 1984, 348.

Maller, A.; Rémer, M.; Bbdgge, H.; Krickemeyer, E.; Bergmann,
D. Z. Anorg. Allg. Chem. 1984, 511, 84.

(152)

(153)
(154)
(155)
(156)
(157)
(158)
(159)
(160)
(161)
(162)
(163)

(164)
(165)

(166)
(167)
(168)

(169)
(170)

171)

172)
173)
(174)

Henkel and Krebs

Lerch, K. In Metal lons in Biological Systems; Sigel, H., Ed.;
Marcel Dekker: New York, 1981; Vol. 13, pp 299—-347, and
references therein.

Nielson, K. B.; Atkin, C. L.; Winge, D. R. J. Biol. Chem. 1985,
260, 5342.

George, G. N.; Byrd, J.; Winge, D. R. J. Biol. Chem. 1988, 263,
8199.

Baumgartner, M.; Schmalle, H.; Dubler, E. Polyhedron 1984, 9,
1155.

Dubler, E.; Baumgartner, M. Solid State lonics 1990, 43, 193.
Chadha, R.; Kumar, R.; Tuck, D. G. J. Chem. Soc. Chem.
Commun. 1986, 188; Chadha, R.; Kumar, R.; Tuck, D. G.
Polyhedron 1988, 7, 1121.

Nomiya, K.; Noguchi, R.; Kato, C. Chem. Lett. 2000, 162.
Betz, P.; Krebs, B.; Henkel, G. Angew. Chem. Int. Ed. Engl. 1984,
23, 311.

Marbach, G.; Strahle, J. Angew. Chem. Int. Ed. Engl. 1984, 23,
715.

Huang, S.-P.; Kanatzidis, M. G. Angew. Chem. Int. Ed. Engl.
1992, 31, 787.

Wood, P. T.; Pennington, W. T.; Kolis, J. W. J. Chem. Soc., Chem.
Commun. 1993, 235.

Huster, J.; Bonsmann, B.; Bronger, W. Z. Anorg. Allg. Chem.
1993, 619, 70.

Dance, 1. G. Polyhedron 1988, 7, 2205.

Tang, K.; Aslam, M.; Block, E.; Nicholson, T.; Zubieta, J. Inorg.
Chem. 1987, 26, 1488.

Wojnowski, W.; Wojnowski, M.; Peters, K.; Peters, E.-M.; von
Schnering, H. G. Z. Anorg. Allg. Chem. 1985, 530, 79.

Becker, B.; Wojnowski, W.; Peters, K.; Peters, E.-M.; von
Schnering, H. G. Polyhedron 1990, 9, 1659.

Block, E.; Kang, H.; Ofori-Okai, G.; Zubieta, J. Inorg. Chim. Acta
1990, 167, 147.

Schroter-Schmid, 1.; Strahle, J. Z. Naturforsch. B 1990, 45, 1537.
Bonasia, P. J.; Gindelberger, D. E.; Arnold, J. Inorg. Chem. 1993,
32, 5126.

Wojnowski, W.; Becker, B.; Sassmannshausen, J.; Peters, E.-
M.; Peters, K.; von Schnering, H. G. Z. Anorg. Allg. Chem. 1994,
620, 1417.

Bonasia, P. J.; Mitchell, G. P.; Hollander, F. J.; Arnold, J. Inorg.
Chem. 1994, 33, 1797.

Yang, Q.; Tang, K.; Liao, H.; Han, Y.; Chen, Z.; Tang, Y. J. Chem.
Soc. Chem. Commun. 1987, 1076.

Block, E.; Gernon, M.; Kang, H.; Lu, S.; Zubieta, J. 3. Chem.
Soc. Chem. Commun. 1988, 1031.

CR020620D



