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Abstract

The nickel enzymes CODH and ACS (carbon monoxide dehydrogenase and acetyl-CoA synthase), as found in for exampleMoorella
thermoacetica(formerlyClostridium thermoaceticum), play an important role in carbon cycling: the enzymes convert carbon dioxide through
to cell carbon. CODH and ACS are neither structurally nor functionally related to NiFe-hydrogenase, other than that all three enzymes contain
assemblies of iron, nickel and sulfur at their active sites. However, the coordination chemistry of synthetic compounds that show structural or
functional analogy to the enzyme active sites has been developed in parallel. Herein will be described mono-, di- and multi-nuclear metallic
complexes of relevance to the metallocentres of CODH and ACS.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The water-gas shift reaction (WGSR) and the Reppe pro-
cess (RP) are extremely important to industry. The WGSR
utilises the reducing power of CO to generate CO2 and hy-
drogen from water at high temperature, Eq.(1), with expen-
sive catalysts based on chromium and ruthenium. The hy-
drogen produced is used, for example, as the reductant in
the Haber-Bosch process for the synthesis of ammonia from
dinitrogen.

CO + H2O → CO2 + H2 (1)

The RP synthesizes acetic acid from methanol and CO using a
rhodium-based (Monsanto) or iridium-based (BP Chemicals)
catalyst at 180–220◦C and 30–40 bar. This process generates
106 tons of acetic acid annually worldwide. In contrast, the
enzymes nickel CO-dehydrogenase (CODH) and acetyl-CoA
synthase (ACS) can perform the equivalent conversions, un-
der physiological conditions, with active sites consisting of
the much cheaper metals iron and nickel[1,2]. The CODH
reaction, Eq.(2), is formally equivalent to the WGSR except
the former produces two protons and two electrons and the
latter produces hydrogen.
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2. Enzyme structure and function

2.1. Distribution

Unifunctional CODH (i.e. the enzyme has no ACS func-
tion) is found in anaerobic bacteria such asRhododspiril-
lum rubrumandCarboxydothermus hydrogenoformansthat
utilise CO for growth. The CODH enzymes are coupled to
a membrane bound CO-induced hydrogenase that together
can catalyse oxidation of CO to CO2 with formation of hy-
drogen; this allows the organisms to grow with CO as the
only energy source[3,4]. Bifunctional CODH/ACS (i.e. the
enzyme has both CODH and ACS function) are found in
acetogenic bacteria, e.g.Moorella thermoacetica(formerly
Clostridium thermoaceticum), where they catalyse the syn-
thesis of acetyl-CoA, allowing autotrophic growth on CO2
or CO by the Wood–Ljungdahl carbon fixation pathway, and
in methanogenic archaea, e.g.Methanosarcina thermophila
andM.barkeri, where the disassembly of acetyl-CoA is catal-
ysed facilitating the utilisation of acetate in metabolism and
generating methane (in this case the multienzyme complex
is better described as an acetyl-CoA decarbonylase/synthase,
ACDS) [5]. The organisms that contain CODH and ACS are
some of the most evolutionary primitive; the reactions that
these enzymes catalyse may have allowed the earliest forms
of life to prosper, as has been postulated by Wächtersḧauser
[
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O + H2O ↔ CO2 + 2H+ + 2e− (2)

The ACS reaction (the synthesis of acetyl-CoA by the n
edox condensation of a methyl group, a carbonyl group
n organic thiol) parallels the RP, both apparently involv
etal-carbonyl, methyl-metal and acyl-metal intermedia

n addition, through the coupled reactions of CODH/A
O2 and highly toxic CO, an inhibitor of essential me

oenzymes, are not only removed from the environmen
re used as a source of cell carbon and electrons. Thes
ersions are of current relevance to the need to reduce c
xide emissions from industry and their levels in the envi
ent and to develop alternative routes to chemical feedst
he design of bioinspired synthetic assemblies may pro
heaper catalysts for use in these important industria
nvironmental processes.

ig. 1. The structures of CODH C-cluster: (a) reduced form inC. hydroge
ODH/ACS inM. thermoacetica[9].
-

6].

.2. Carbon monoxide dehydrogenase (CODH)

.2.1. Structure
The unifunctional CODH fromC. hydrogenoformansis a

omodimeric protein of approximately 130 kDa. The dim
ontains five metal-sulfur clusters: two B, two C and D.
rystal structure (1.6̊A resolution) of the reduced COD
rotein shows the active centre, C-cluster, to be a un
symmetric{NiFe4S5} assembly (Fig. 1a) [7]. The nickel is

our-coordinate, square planar and one of the iron atom
xtraneous to the cuboidal-like core, linked to nickel thro
�2-bridging-sulfide.
The crystal structure (2.8̊A resolution) of the non

educed, CO preincubated CODH C-cluster fromR. rubrum

ans[7]; (b) non-reduced, CO preincubated form inR. rubrum[8]; (c) from
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shows nickel to be at the corner of a cuboidal cluster, five-
coordinate, with a ligand (X) assigned as bound CO (Fig. 1b)
[8]. The iron atom is linked to nickel not through a bridging-
sulfide but by a bridging cysteinyl-sulfur. A third variant of
C-cluster has been reported for CODH in the bifunctional
CODH/ACS fromM. thermoaceticawith (at 1.9Å resolu-
tion, Fig. 1c) [9] and without (at 2.2̊A resolution)[10] a CO
ligand modelled in the apical coordination site of the nickel.
Here there is apparently no direct link between the nickel
atom and the extraneous iron. In addition, the four NiFe
distances vary from structure to structure. For example, in
theC. hydrogenoformansstructure the NiFe distances range
over almost 1̊A (2.8–3.7Å), but in theR. rubrumstructure
the spread of the distances is considerably less (2.6–2.8Å).
The discrepancy between the different structures may be at-
tributed to uncertainties of fitting lower-resolution data, dif-
ferent protein crystallisation conditions, differences in the
protein structures themselves or different chemical states of
the same cluster[8,11,12]. It has been demonstrated that
redox-dependent structural rearrangement can occur on treat-
ment with CO[13]. Others have proposed that CODH activity
is dependent on the presence of the�2-bridging-sulfide in C-
cluster and that those clusters lacking the�2-bridging-sulfide
are inactive and are formed by CO induced decomposition
[14]. In contradiction to this, it has been shown that addition
of sulfide to CODH lacking the� -bridging-sulfide inhibits
C
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Scheme 1.

2.3. Acetyl-CoA synthase (ACS)

2.3.1. Structure
Protein crystallography ofM. thermoaceticaCODH/ACS

bifunctional enzyme has shown it to be a 310 kDa�2�2 het-
erotetramer[9,10]. The�-domains have structures similar to
those of the unifunctional CODH described above and con-
tain the B-, C- and D-clusters. On each end of the complex
are the�-domains containing A-cluster that is responsible for

F wing th l
2
O oxidation[15].

.2.2. Mechanism
A proposed catalytic mechanism of CODH action

hown inScheme 1 [11]. Water is bound to the extraneo
ron atom of the C-cluster, a nucleophilic hydroxide is g
rated that then attacks CO bound at the adjacent nicke
esultant carboxylic acid group bound at nickel is depr
ated and, on delivery of two electrons to the active site,2

s lost. However, details of the mechanism remain conten
15] and further experimentation is required.

ig. 2. Schematic representation of CODH/ACS protein structure sho
 e various clusters and reactions catalysed. “CFSP”: corrinoid-iron-sufur-protein.
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Fig. 3. Crystal structure of the A-cluster of ACS[9].

ACS activity (Fig. 2). Hydrophobic channels through which
gases can pass from one active site to the other connect A-
and C-clusters. A-cluster is comprised of an Fe4S4-cluster
bridged through cysteinyl-thiolate sulfur to a proximal metal
that is then linked to a distal nickel(II) atom in an N2S2 co-
ordination environment (Fig. 3). The N2S2 coordination is
provided for by a deprotonated Cys-Gly-Cys sequence of the
protein. The proximal metal was first determined to be tetra-
hedral copper(I)[10]. A later study identified the proximal
metal as tetrahedral zinc(II) in a closed protein conforma-
tion and as square planar nickel(II) in an open conformation
of the protein[9]. Functional monomeric ACS fromC. hy-
drogenoformansalso contains an{Fe4S4}–Ni–Ni assembly
[16] and X-ray absorption spectroscopy (XAS) has estab-
lished the presence of a similar unit in A-cluster of ACDS
complex ofM. thermophila[17]. The current consensus is
that the enzymatically active A-cluster possesses a proximal
nickel atom (Fig. 3), for which the fourth ligand remains
unidentified, but that this atom is labile and under certain
conditions it may be replaced by copper or zinc to give inac-
tive enzyme[18–21].

2.3.2. Mechanism
Scheme 2shows a possible enzymatic mechanism for

ACS [9,22,23]. The proximal nickel atom, which sits below
a ans-

ferred from methylated-corrinoid-iron-sulfur protein to the
same nickel while the nickel gains two electrons. The axially
bound CO then inserts into the nickel-methyl bond to gener-
ate a nickel-acetyl which in turn is attacked by deprotonated
CoA, giving acetyl-CoA product. The Fe4S4-cluster and the
distal nickel atom are not thought to play a role in the redox
events of the catalytic cycle.

An alternative mechanism is shown inScheme 3 [24].
In this paramagnetic cycle CO binds to a nickel(I) site
which then performs nucleophilic attack on the methylated-
corrinoid-iron-sulfur protein to generate a nickel(III)-methyl
species which is rapidly reduced to nickel(II)-methyl. This
is followed by a CO insertion (or methyl migration) to give
nickel-acetyl, which is deacetylated by deprotonated CoA to
give acetyl-CoA. The last step can occur either by thiol nu-
cleophilic attack on the nickel-acetyl or by the deprotonated
CoA first binding to the A-cluster; the thioester is then formed
by reductive elimination.

In both proposed mechanisms the CO is shown to bind first
although this has not been unequivocally demonstrated by ex-
periment. As has been discussed recently[25], the first mech-
anism requires the ordered binding of CO and the methyl
group and is precedented by the oxidative addition of CH3X
to nickel(0) whereas the latter mechanism is not balanced
with respect to electron count and metal oxidation level.

3
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gas channel, first binds CO. A methyl group is then tr

Sc
. Chemistry relating to CODH

.1. Structural models before the CODH protein crystal
tructure

Before the protein crystal structure of CODH was
orted the C-cluster was initially considered to be, ba
n various spectroscopic techniques (EPR, ENDOR, Ra
össbauer) and XAS, an Fe4S4-cubane cluster linked

ickel(II) through a single bridging atom, probably sul

2.
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Scheme 3.

The nickel was predicted to be five-coordinate, the coor-
dination sphere being completed by one additional sulfur
and three nitrogen or oxygen ligands (Fig. 4a) [1,2]. At-
tempts to construct such assemblies led Pohl and co-workers
to the synthesis of Fe4S4-cubanes linked to nickel(II) in an
N2S2 coordination environment[26]. The assemblies (Fig. 5)
have two Ni N2S2 units bound to the cubane core either
through two�-sulfurs in [{NiL}2Fe4S4I2] or one�-sulfur
in [{NiL}2Fe4S4(Stip)2] (L = N,N′-diethyl-3,7-diazanonane-
1,9-dithiolate; tip = 2,4,6-triisopropylbenzene). A prelimi-
nary structure of a related compound [{NiL}Fe4S4I3] was
also reported where one{NiL} unit has been linked to an
Fe4S4-cluster (Fig. 6) [27]. Later, it was proposed that the C-
cluster contained a binuclear FeNi-fragment linked, probably,
through cysteinyl-sulfur to an Fe4S4-cluster[28]. The iron(II)
and nickel(II) atoms within the diheterometallic unit were
said to be bridged through two cysteinyl-sulfurs and, in addi-
tion, that there was a nitrogen from histidine and a molecule of
non-substrate CO bound to the iron(II) atom, the other ligands
were not identified (Fig. 4b). In our laboratory we utilised
the iron(II)-carbonyl chelate, [Fe(NS3)(CO)]− whereNS3H3

is N(CH2CH2SH)3 [29], to prepare the structurally charac-
terised trinuclear complex [Ni{Fe(NS3)(CO)-S,S′}2] (Fig. 7)
which had structural similarities to the proposed C-cluster
structure. Common features included (Fig. 4c): N and CO
coordinated to iron(II); iron bridged through two�2-thiolate
sulfurs to nickel; nickel bridged through a further thiolate
sulfur to another iron atom. In the C-cluster the nickel was
predicted to have square planar geometry but in the model
complex the geometry about nickel is almost regular tetra-
hedral, unusual for nickel(II) in an all thiolate coordination
environment[30,31]. However, as we have seen the active
site structure was not as predicted.

3.2. Structural models after the CODH protein crystal
structure

When the CODH structure was first reported in 2001 the
topology of the active centre C-cluster came as a surprise
to all. The unique{NiFe4S5} assembly had no precedent
either in biology or chemistry. To approach a rational synthe-
sis to such an assembly there are at least two requirements:
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Fig. 4. (a) and (b) proposed structures for CODH C-cluster before the protein structure was determined and (c) the core of [Ni{Fe(NS3)(CO)-S,S′}2].

Fig. 5. The crystal structures of [{NiL}2Fe4S4I2] and [{NiL}2Fe4S4(Stip)2] [26].

that there is anexo-iron atom linked through sulfide to a
{NiFe3S4} fragment and that the nickel(II) atom has square
planar geometry. Heterometallic clusters bound byexo-iron
atoms bridged through thiolate have been described but none
involve sulfide bridges. For example, we have synthesised
from the iron-bridged dicubane [NEt4]3[Mo2Fe7S8(SEt)12],
by reaction with �-acid ligands,{MoFe3S4}3+ clusters
linked to anexo-iron. Two of these, [NEt4][MoFe3S4X3(�-

Fig. 6. Schematic representation of [{NiL}Fe4S4I3]− [27].

SEt)3Fe(CNtBu)3] where X is Cl (Fig. 8) or SPh, have been
crystallographically characterised. Theexo-iron centre is in
the low-spin iron(II) state and there is little electronic interac-
tion between the cubane andexo-iron[32]. A related complex,
[NEt4]2[MoFe3S4(SC6H11)3(�-SC6H11)3Fe(SC6H11)], can
be prepared directly from a reaction system containing FeCl2,
NaSC6H11, [NH4]2[MoS4] and [NEt4][BF4] [33].

Holm and co-workers have developed the closest
synthetic analogues of the{NiFe3S4} fragment; mostly
before the enzyme structures were reported. Reaction of
linear trinuclear iron(III) complex [NEt4]3[Fe3S4(SEt)4]
with [Ni(PPh3)4] leads to reductive rearrangement of the

Fig. 7. Crystal structure of the molecule [Ni{Fe(NS3)(CO)-S,S′}2] [30,31].
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Fig. 8. Crystal structure of the anion [MoFe3S4Cl3(�-SEt)3Fe(CNtBu)3]−
showing anexo-iron atom bound to the{MoFe3S4}3+ core, Et andtBu
groups omitted for clarity[32].

starting complex to a cuboidal fragment and capture of the
nickel atom to give [NEt4]2[NiFe3S4(PPh3)(SEt)3] (Fig. 9a)
and, in a separate work up, [NEt4]3[NiFe3S4(SEt)4] [34].
Similarly, the cluster [NEt4]2[NiFe3S4(PPh3)(Smes)3],
where Smes is mesitylthiolate(1−), could be prepared.
However, [NEt4]3[NiFe3S4(Smes)4] could only be obtained
as a 1:1 mixture with [NEt4]2[Fe4S4(Smes)4] from the
reaction of the linear complex [NEt4]3[Fe3S4(Smes)4]
and [Ni(AsPh3)4] [35]. An alternative approach taken by
Holm is to incorporate nickel into a pre-formed voided-
cuboidal{Fe3S4} cluster by an inner-sphere redox reaction
[36]. Reaction of [NEt4]3[Fe3S4(L′S3)], where L′S3 is
1,3,5-tris((4,6-dimethyl-3-mercaptophenyl)thio)-2,4,6-
tris(p-tolylthio)benzene(3−), with [Ni(PPh3)3Cl] affords
[NEt4]2[(Ph3P)NiFe3S4(L′S3)]. In all of these{NiFe3S4}+

clusters the nickel(II) is tetrahedrally coordinated. However,
it should be emphasised that none of these clusters posses
the requiredexo-iron atom.

Recently, the coordination geometry about nickel in
[NEt4]2[(Ph3P)NiFe3S4(L′S3)] has been modified from tetra-
hedral to planar diamagnetic nickel(II)[37]. The stere-
ochemical conversion is effected by the binding of 1,2-

F
(
(

bis(dimethylphosphino)ethane (dmpe), a ligand that gen-
erates a sufficiently strong in-plane ligand field. So, re-
action of [NEt4]2[(Ph3P)NiFe3S4(L′S3)] with dmpe gave
[NEt4]2[(dmpe)NiFe3S4(L′S3)]. In the reaction the initial ax-
ial triphenylphosphine is lost, one Ni(�3-S) bond is bro-
ken, and [Fe3(�-S)(�3-S)3]− and distorted planar NiII (�3-
S)2P2 fragments are generated (Fig. 9b). In the solvated clus-
ter four crystallographically distinct edge-cleaved cubanes
are present with different non-bonding Ni· · · S interactions
that range from 2.60 to 2.90̊A. The structure, with its edge-
cleaved cubane core and planar nickel(II) site, presents the
first step towards a synthetic route to a closer analogue of the
CODH C-cluster.

3.3. Towards functional models of CODH

3.3.1. Monometallic systems
Many nickel complexes and their interactions with CO

and CO2 had been described prior to the structure of the C-
cluster being defined. These have been previously reviewed
[1]. Here the discussion will be restricted to two systems in
which nickel is in an environment of sulfur and to a system
where a nickel complex catalyses the conversion of CO to
CO2 in aqueous solution.

The potential for square-planar nickel to bind CO has
b und
b
2
O state
i sibil-
i cies
[ an
i t
s

ig-
a arac-
t late
l -
d ag-
n
i
s the
C the
ig. 9. Crystal structure of the cluster dianions (a) [NiFe3S4(PPh3)
SEt)3]2−, Et groups omitted for clarity[34] and (b) [(dmpe)NiFe3S4

L′S3)]2− [37].
s

een demonstrated in a complex in which nickel(II) is bo
y a thiolato-thioether ligand, [Ni(tpttd)], where H2tpttd is
,2,11,11-tetraphenyl-1,5,8,12-tetrathiadodecane (Fig. 10).
n electrochemical reduction a fairly stable reduced

s achieved in a reversible process. Under CO the rever
ty is lost and the paramagnetic nickel(I)-carbonyl spe
Ni(tpttd)(CO)]−, Eq. (3), is generated which exhibits
nfra-redυCO at 1940 cm−1. This nickel(I)-carbonyl was no
tructurally characterised[38]:

[Ni(tpttd)] + e− ↔ [Ni(tpttd)]− + CO

→ [Ni(tpttd)(CO)]− (3)

A rare example of a nickel(II)-carbonyl, with thiolate l
nds to nickel, has also been reported and structurally ch

erised. A nickel complex of the tripodal phosphine trithio
igand tris(3-phenyl-2-thiophenyl)phosphine (PS3) upon ad
ition of CO and an appropriate counterion yields the diam
etic complex [NnBu4]2[Ni(PS3)(CO)]. The infra-redυCO

s observed at 2029 cm−1 and the crystal structure (Fig. 11)
hows a distorted trigonal bipyramidal structure with
O axial andtrans to phosphorus. Attempts to oxidise

Fig. 10. [Ni(tpttd)2] a thiolato-thioether ligated nickel(II) complex.
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Fig. 11. The crystal structure of the [Ni(PS3)(CO)]2− anion[39].

Fig. 12. [Ni(tmtss)]2: (a) R1 = R2 = Me; R3 = H; (b) R1 = H; R2 = R3 = Me;
(c) R1 = R2 = R3 = Me.

nickel(II)-carbonyl to nickel(III) led to loss of CO[39]. Nei-
ther of these nickel(I)- nor nickel(II)-carbonyl complexes fa-
cilitates conversion of CO to CO2.

A catalytic system that does oxidise CO to CO2, at room
temperature in aqueous solution (CH2Cl2/MeOH/H2O),
with electron transfer to methylviologen utilises
nickel(II)iminothiolates, [Ni(tmtss)]2 (Fig. 12, tmtss is
substituted 2-hydroxyacetophenone-thiosemicarbazonato)
[40]. The proposed mechanism is shown inScheme 4.
Initially, CO binds to the methanol solvated monomeric
form of the catalyst; the attached CO is susceptible to
nucleophilic attack by water to give NiCOOH. The

Ni COOH rapidly deprotonates allowing decarboxylation
induced by methylviologen oxidation resulting in a nickel(I)
complex, a proton and CO2. Finally, the methylviologen
rapidly oxidises the nickel(I) intermediate back to nickel(II).
The absence of any hydrogen product can be explained
by the absence of a nickel(I)-hydride species that would
be required for hydrogen formation by protonation. As in
the enzymatic system cyanide inhibits the catalytic system
[40]. This catalytic system provides a precedent for the
involvement of a Ni(II) centre in the enzymatic oxidation of
CO in CODH.

3.3.2. Dimetallic systems
The mechanism of action of CODH is now thought to

involve adjacent iron and nickel atoms bridged through
sulfur (see Section2.2.2). Dimetallic systems containing
nickel and iron have been synthesised in the context of
preparing structural/functional analogues for the active site
of NiFe-hydrogenase[41]. Early examples include [{NiL ′′-
S}Fe(CO)4] (H2L′′ =N,N′-bis(ethanethiol)-1,5-diazacyclo-
octane) [42] and [{NiL#-S,S′}Fe(NO)2] (H2L# =N,N′-
diethyl-3,7-diazanonane-1,9-dithiol)[43]. We have pre-
pared the iron-dicarbonyl complexes [{Fe(NS3)(CO)2-
S,S′}NiCl(diphos)], where diphos is dppe, 1,2-bis(diphenyl-
phosphino)ethane[31,44], or dppp, 1,2-bis(diphenylphos-
phino)propane[45] and the monocarbonyl-iron complex
[ e
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[
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Scheme 4.
{Fe(NS3)(CO)-S,S′}NiCl(dppe)] [30]. In each of thes
omplexes the{Fe(NS3)} unit acts as a chelate liga

inking the iron(II) and nickel(II) through two thiola
ulfurs. Other related dimetallic complexes such
{Ni(SCH2CH2CH2S)(dppe)-S,S′}Fe(CO)3] [46] and [{Fe
S3)(CO)(PMe3)2-S,S′}Ni(S2)] (S3

2− = bis(2-mercapto
henyl)sulfide(2−) and S2

2− = 1,2-benzenedithiolate(2−)),
n which the nickel atom is in an all-sulfur coordinati
nvironment[47], have also been reported. Some of th
imetallic complexes, although not good structural a

ogues of the C-cluster, may lead to chemical system
elevance to the mechanism of CODH but, as yet, they
ntested.

. Chemistry relating to ACS

.1. Structural models before the ACS protein crystal
tructure

The A-cluster at the active site of ACS was proposed t
ased on spectroscopy and XAS and before the protein c
tructure was published, a bridged assembly{Ni X Fe4S4},
imilar to that proposed for the C-cluster before the CO
rystal structure. The bridging atom was unidentified and
ickel(II) was thought to be distorted square planar, bo
y two sulfur ligands and two nitrogen or oxygen ligands
ome relevance to this proposed active site were the F4S4-
ubanes linked to nickel(II) described above[26,27]. Holm
nd co-workers took an alternative approach by desig
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and synthesising helix-loop-helix 63 residue peptides as scaf-
folds to stabilise the required complex metal assemblies[48].
The peptides consist of two helices, with about 20 amino
acid residues, which are connected by a flexible loop con-
taining the ferredoxin consensus sequence Cys-Ile-Ala-Cys-
Gly-Ala-Cys that can bind an Fe4S4-cluster. In addition, a
fourth cysteine was positioned so as to provide a bridging
group between the cluster and nickel(II) and three other bind-
ing groups (three histidine or two histidine and one cysteine)
were positioned to provide an appropriate binding site for the
nickel. Products obtained from reaction of the peptides with
[Fe4S4(SCH2CH2OH)4]2− followed by, after purification,
reaction with a nickel salt exhibited X-ray absorption spectra
consistent with incorporation of Fe4S4 at the predicted site
and supported the existence of distorted square planar nickel
either as [Ni(Cys)(His)3] or [Ni(Cys)2(His)2], respectively,
bridged through one of the cysteinyl sulfurs to the cluster
[49,50]. However, although this work demonstrated the util-
ity of de novo designed peptides to provide scaffolds for sta-
bilisation of complex metal sites, the crystal structure of the
active site when published “moved the goalposts”, showing
the A-cluster to be not as simple as predicted.

4.2. Dimetallic structural models after the ACS protein
structure

o be
a Sec-
t t a
n ists.
I
u ana-
l yme
s cop-
p
c two
c sin-
g cies
[ rete
d -
v n
t ther
d
w d; a
s

have
l A-
c fuss
r ared
f
w e),
w ar-
b ric
N d
b o
u

Fig. 13. Copper–nickel dimetallic complexes of relevance to the ACu-cluster
of ACS.

[Ni(ema)(�-S,S′)Ni(dppp)] and [Ni(ema)(�-S,S′)Ni(dppe)]
[54]. The crystal structure (Fig. 15) of the former shows both
nickel(II) atoms to be square planar and the two planes are
hinged at the shared sulfurs as is also observed in the ANi-
cluster. The phopshine ligands, which are�-acceptors, can be
thought of as mimics of bound CO. A related complex, which
has diaminodithiolate ligation to one of the nickel atoms, has
also been reported[55] and has a similar structure (Fig. 16).
Most recently, Riordan has used a tripeptide, Cys-Gly-Cys,
as a ligand to nickel to accurately mimic the distal nickel co-
ordination environment[56]. The square planar metallopep-
tide [Ni(CGC)]2− then can be reacted with [NiCl2(diphos)]
to give a dinickel(II) complex with the closest yet struc-
tural analogy to the sub-site of ANi-cluster (Fig. 17). The
Ni(II) Ni(II) state of this complex does not react with CO
but reduced forms do bind CO as shown by cyclic voltam-
metry.
The crystal structures of ACS showed the active site t
n {Fe4S4} M Ni assembly as described above (see

ion 2.3.1 and Fig. 3). This unprecedented structure se
ew synthetic target for bioinorganic/coordination chem

nitially, the approach to be taken will put aside the Fe4S4
nit and attempts will be made to synthesise structural

ogues of the dinuclear sub-site. The first reported enz
tructure showed the active site to contain a proximal
er(I) atom; i.e. the dimetallic sub-unit linked to the Fe4S4-
luster contained copper(I) and nickel bridged through
ysteinyl thiolate sulfurs. At the time there was only a
le example of a thiolate-bridged copper(I)–nickel spe

51] but soon after Riordan reported the isolation of disc
inuclear complexes with nickel in an N2S2 coordination en
ironment bridged to copper(I)[52]. The copper(I) atom i
hese complexes is ligated by two thiolate and two thioe
onor atoms in an approximate tetrahedral array (Fig. 13)
ith one of the four copper–sulfur bond lengths elongate
imilar asymmetry is observed in the ACu-cluster.

Later protein structures and biochemical studies
ed to the consensus that the enzymatically active
luster has a nickel–nickel dimetallic sub-site. Rauch
eported a structural analogue of this sub-site prep
rom the reaction of a nickel diamidodithiolate [Ni(ema)]2−,
here H4ema is N,N′-ethylenebis(2-mercaptoacetamid
ith bis(1,5-cyclooctadiene)nickel(0), followed by mild c
onylation [53]. The dinickel complex has a symmet
i(0) Ni(II) structure with the nickel dicarbonyl ligate
y the Ni N2S2 chelate ligand (Fig. 14). We have als
sed [Ni(ema)]2− to prepare the Ni(II)Ni(II) complexes
 Fig. 14. Crystal structure of the anion [Ni(ema)(�-S,S′)Ni(CO)2]2− [53].
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Fig. 15. Crystal structure of the molecule [Ni(ema)(�-S,S′)Ni(dppp)] [54].

Fig. 16. Crystal structure of the cation [Ni(dddt)(�-S,S′)Ni(dppe)]2+, where
dddt isN,N′-diethyl-3,7-diazanonane-1,9-dithiolato(2−) [55].

Fig. 17. Schematic representation of [Ni(CGC)(�-S,S′)Ni(diphos)], where
R is Ph or Et.

The lability of the proximal metal in the A-cluster of
ACS has been alluded to above, in addition it has been pro-
posed that the NiN2S2 distal fragment at the ACS active
site is modified after assembly by the capture of copper,
zinc or nickel ions to provide the proximal metal[9,10].
Darensbourg has established a chemical precedent for such
a process[57]. She has also established a qualitative rank-
ing of Zn2+ < Ni2+ < Cu+ for the metal ion affinity of a model
Ni N2S2 complex and demonstrated that both zinc and nickel
are labile when bound to this complex. These observations
help to explain the observed heterogeneity and variable metal
content of the A-cluster.

4.3. Chemical systems of relevance to the mechanism of
ACS

The mechanism of ACS action is proposed to involve: CO
binding to nickel, methyl transfer to nickel, CO insertion into
the nickel-methyl bond (or methyl migration to CO) to give a
nickel-acetyl, reaction with CoA to give acetyl-CoA. Each of
these steps can be modelled chemically, although so far most
examples are at monometallic nickel sites and were described
before the complexity of the A-cluster was known.

4.3.1. Nickel-carbonyl complexes
The first step in the proposed mechanisms of ACS ac-

t l-
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4

t thyl
m ti-
m d, as
i
n thyl
ion (Schemes 2 and 3) is the formation of a nicke
arbonyl. Nickel-carbonyl complexes have been desc
bove in the context of CODH. Other systems that h
ome relevance to ACS are described here. Reactio
Ni(terpy)Cl2], where terpy is 2,2′,2′′-terpyridine, with the
ulky thiolate 2,4,6-(iPr)3C6H2S− (SR) gives pentacoord
ated [Ni(terpy)(SR)2], that can be reduced by dithion

o the nickel(I) complex [Ni(terpy)(SR)2]−, this readily re
cts with CO to give [Ni(terpy)(SR)2(CO)]. Spectroscop
vidence is consistent with this complex being octahe
ickel(I) with the three terpy nitrogens and the CO in
quatorial plane with the bulky thiolatestrans to each othe
n oxidation, the coordinated CO dissociates from the c
lex and will not bind to the oxidised species[58–60]. More
ecently, a four coordinate nickel(I)-carbonyl, where the o
igands to nickel are thioether sulfurs, [{PhTttBu}Ni(CO)]
here PhTttBu is phenyltris{(tert-butylthiol)methyl}borate
as been described. Spectroscopy together with semie
al calculations reveal extensive Ni+ to CO� back-bonding
nteractions[61]. The low C O stretching frequency o
erved for this complex atνCO = 1995 cm−1 is similar to tha
bserved for ACS-CO[62,63].

.3.2. Methyl transfer
During enzymatic turnover a methyl group (CH3

+) is
ransferred to the A-cluster of ACS from the cobalt-me
oiety of methylated-corrinoid-iron-sulfur protein; the in
ate mechanism of this process is still to be elucidate

s assignment of the nickel redox state[22,23,64]. There are
o chemical examples of methyl transfer from cobalt-me
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Scheme 5.

to nickel(0) but there is one example for methyl transfer
from a CH3 Co(III) complex to nickel(I)[65,66]. Addition
of [(methyl)Co{(difluoroboryl)dimethylglyoximato}2(pyri-
dine)] to two equivalents of [Ni(tmc)OTf], where tmc is
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane and
OTf is triflate, gives the products shown inScheme 5which
include a methyl-nickel(II) complex. The coordination envi-
ronment about nickel is all nitrogen, unlike the sulfur coordi-
nation of the proximal nickel in the A-cluster. The mechanism
of reaction (involving nickel(I) reduction of the organocobalt
derivative followed by cobalt-methyl bond homolysis) is evi-
dently different to that occurring in ACS, which may be con-
sidered more akin to the abstraction of CH3

+ from CH3I with
elimination of iodide, an example of this reaction facilitated
by a nickel(0) complex is given later.

4.3.3. CO insertion reactions, acetyl and thioester
formation

The nickel complex [Ni(terpy)(SR)2] described above, on
reduction with methyl lithium in solution at low tempera-
ture generates the nickel-methyl radical complex formulated
as [Ni(terpy)(SR)2(CH3

−)]2− but attempts to insert CO into
the nickel-methyl bond of this complex were unsuccess-
ful [60]. An example of a monometallic nickel(II)-methyl
complex, in an otherwise all-sulfur coordination environ-
m
o
p ickel
r -
m ev-
i but
t

tion
s n de-

Fig. 18. Crystal structure of the anion [Ni(CH3)(MeS2)2]−, where MeS2−
is o-(methylthio)thiophenolate(1−) [67].

scribed. [Ni{N(CH2CH2SR)3}Cl], where R isiPr or tBu,
can be methylated with methylmagnesium chloride to give
[Ni(N(CH2CH2SR)3)(CH3)]+ (Fig. 19). Carbon monoxide
inserts into the nickel-methyl bond of this complex, in so-
lution at low temperature, yielding the acetylated product
that was isolated and crystallographically characterised. Re-
action of the acetylated complex with a thiol slowly lib-
erates a thioester and releases nickel metal and the proto-
nated free ligand[68]. Sellmann has described a reaction cy-
cle, utilising [Ni(S4C3Me2)], where S4C3Me2

2− is 1,3-bis(2-
mercaptophenylthio)-2,2-dimethylpropane(2−) (Fig. 20) for
which the net reaction again is the nickel-mediated forma-

Fig. 19. Crystal structure of the cation [Ni(N(CH2CH2SiPr)3)(CH3)]+ [68].
ent, is provided by [Ni(CH3)(MeS2)2]−, where MeS2− is
-(methylthio)thiophenolate(1−) (Fig. 18) [67]. In this com-
lex one of the thioether sulfurs is detached from the n
esulting in a planar{NiS3C} core. This complex reacts im
ediately with CO and infra-red spectroscopy provides

dence for the formation of a nickel-acetyl intermediate
he final products remain unidentified.

Several functional models that mimic the CO inser
tep with subsequent formation of thioester have bee
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Fig. 20. Schematic representation of [Ni(S4C3Me2)], where S4C3Me2
2− is

1,3-bis(2-mercaptophenylthio)-2,2-dimethylpropane(2−).

tion of thioester from alkyl, CO and thiol groups[69]. Com-
parable nickel-mediated transformations have been demon-
strated also for systems with less physiological-type liga-
tion such as (2,2′-bipyridyl)dimethylnickel(II), Scheme 6;
thioester is obtained in yields of 96–100% in situ[70].
In addition, others have also demonstrated CO insertion
into nickel-methyl bonds to form nickel-acetyls. For exam-
ple, Brookhart in the context of ethylene/CO copolymerisa-
tion, has discussed four- and five-coordinate CO insertion
mechanisms,Scheme 7 [71,72]and Darensbourg has de-
scribed the formation of Ni(II)-methyl and -acetyl deriva-
tives from the thioether complex [Ni(Ph2PCH2CH2SEt)2]2+

via a nickel(0) species generated in solution,Scheme 8
[73].

These nickel(II) mediated methyl/acetyl transformations
with CO, and thioester formation, are processes pertinent
to the mechanism of ACS. However, all are at monometal-
lic nickel centres. In our laboratory we have synthe-
sised the first example of a methylated-nickel in a hetero-
dimetallic assembly[74]. Reaction of the iron-nitrosyl
chelate, [Fe(NS3)(NO)]−, with [NiCl(CH3)(dppe)] gives
the methylated-nickel dinuclear complex [{Fe(NS3)(NO)-
S}Ni(CH3)(dppe)] in which the iron moiety is linked to nickel
through a single bridging thiolate (Fig. 21). This complex

Scheme 7.

can be considered as a first generation analogue of the pos-
tulated nickel-methyl intermediate of the ACS mechanism,
however, due to its low solubility, insertion of CO into the
nickel-methyl bond has not been realised.

heme 6.
Sc
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Scheme 8.

Fig. 21. Crystal structure of [{Fe(NS3)(NO)-S}Ni(CH3)(dppe)]. The phenyl
groups and all hydrogen atoms have been omitted for clarity[74].

5. Conclusions

Before publication of the CODH and ACS protein crys-
tal structures an extensive chemistry of mononuclear nickel
complexes had been developed in the context of the pro-
posed enzyme active site structures and mechanisms of ac-
tion. When the protein crystal structures were finally deter-
mined, the active site structures were unique, different to
those predicted, and unprecedented in biology and chemistry.
Bioinorganic/coordination chemists have responded to the
challenge of designing routes to synthetic structural and func-
tional analogues of these assemblies. Their efforts have been
reviewed above. It is anticipated that continued research in
this area will not only lead to a better understanding of the en-
zymes’ mechanism but will also generate new catalysts, based
on the relatively cheap metals iron and nickel, for CO/CO2
interconversion, CO2-fixation and chemical feedstock
synthesis.
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