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Abstract

Inthis review a historic overview is given of the biomimetic models synthesised since the presence of nickel in hydrogenases was first reported
in 1981. The crystal structure of the [NiFe] hydrogenase isolated Besulvofibrio gigasinexpectedly revealed a heterodinuclear active site,
including a nickel ion and an iron centre. This report in 1995 gave an impetus to the development of new structural models for these enzymes.
This review is focussed on the synthesis, spectroscopic features, and reactivity of the complexes that have been designed and synthesised &
model systems for [NiFe] hydrogenases, with special attention for the heterodimetallic complexes that have been reported in the past decade.
The complexes are classified according to the various ligand types, including sulfur, oxygen, nitrogen, and phosphorus donor atoms.
© 2004 Elsevier B.V. All rights reserved.
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Abbreviations: dapa, 2,6-bis[(1-phenylimino)ethyl]pyridine; dppe, 1,2-bis(diphenylphosphanyl)ethane; terp§;,2 2erpyridine; triphos, bis(1-
diphenylphosphanyl-2-ethyl)phenylphosphane; XAS, X-ray absorption spectrosceatp, 2-aminothiophenol; Hbaopy, 2,6-bis(acetyloxime)pyridine;
Hobmes, bis(2-mercaptoethyl)sulfide; 2licpy, pyridine-2,6-bis(monothiocarboxylic acid); 2tdben, N,N'-bis(2-mercaptobenzyl)-1,2-diaminoethane;
Hazmbtacn, 1,4,7-tris(4ert-butyl-2-mercaptobenzyl)-1,4,7-triazacyclononane; Hmep, 2-(2,2-diphenyl-2-mercaptoethyl)pyridmp; Btmercaptophenol;
Hmpm, 2-mercaptopyrimidine; 3itp, N-(2-hydroxybenzylidene)-2-aminothiophenol; >thttd, 1,1,10,10-tetraphenyl-4,7-dithia-1,2dimercaptodecane;
Hatsalen, N,N’-bis(2-mercaptobenzylidene)-1,2-diaminoethanetsklphen, N,N'-bis(2-mercaptobenzylidene)-1,2-diaminobenzenegttril 3,7-dithia-1,9-
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1. Introduction
1.1. Nickel hydrogenases; a brief historical overview

It was only in 1981 that Thauer reported the presence of

nickel in specific hydrogenas§k]. A search in the Web of
Science with the keywords (nickel and hydrogetagelds
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understanding of the properties of the active site and can shed
light on the catalytic reaction that takes place in the enzyme.
The advantage of such models is that they are low-molecular
weight compounds and therefore are often more easily iso-
lated and examined spectroscopically than the enzyme itself.
Another interesting possibility is that steric and electronic
modifications can be generated in the ligand environment

665 hits (period 1945-2004); when, however, the search isof the model compounds that can provide additional infor-
limited to the decade after the first report of Thauer (i.e. to mation about the active site and its structural and catalytic
1990) only 80 hits are found, most of which are related to properties. So, synthetic model systems are designed with

reports of spectroscopic and biochemical research concerningseveral motives and approaches, as outlined below.

the enzymes.

The rapid growth of the literature after 1990 and espe- e
cially since 1995 no doubt is related to the X-ray structure
of the [NiFe] hydrogenase in that yef8]. Since 1981 it
had been assumed that the active site of the [NiFe] enzymes
consisted of a mononuclear nickel site. Only the elucidation
of the crystal structure of the [NiFe] hydrogenase isolated

Model systems may be of use to help estimate the struc-
ture of the active site of a protein, when it is not yet known.

These structural model systems have generally been known
as “speculative models”. The speculative models are de-
signed based on knowledge derived from spectroscopic
data such as EXAFS, and can then be used, for instance,

from Desulvofibrio gigagevealed a heterodinuclear active
site, with cysteine thiolates bridging a nickel ion with aniron
centre, as shown schematicallyFig. 1 The field of heterod-
inuclear complexes modelling [NiFe] hydrogenase has been
reviewed recently4], a later review focuses on both [NiFe]
and [Fe-only] hydrogenasgs]. In the present review a his- ficient detail, and therefore the structure of the active site,
toric overview is given of the biomimetic models for [NiFe] low-molecular weight model compounds may give impor-
hydrogenases that have been synthesised since the presencetant information about the effect of ligand constraints on
of nickel was reported. the spectroscopic and catalytic properties of the metal ion.
The knowledge of the structures and properties of the
active sites in metalloproteins may be used to design
compounds for the application in, for instance, catalysis
or as a medicine. These low-molecular weight compounds
usually are called “functional models”. In certain cases of
such models the structural resemblance may be minimal.
For the [NiFe] hydrogenases for example, functional
models containing ruthenium have been reported.

with EXAFS spectroscopy as a standard measure to com-
pare the results.

The “corroborative models” are designed to yield more in-
sightin the correlation between structure and activity of the
proteins. When the structure of a protein is known in suf-

[ ]
1.2. Biomimetic chemistry; the essence of synthetic
model systems

One of the main directions of study, among many
others, of the bioinorganic chemist is to prepare synthetic,

low-molecular weight metal analogues of the active site in
metal-containing enzymes. This study can lead to a better

i
ot 3

The synthesis of chelating ligands and their coordination
compounds not only provides routes to a large variety of
bioinorganic model systems, but ultimately offers the oppor-
tunity to incorporate these ligands in polymers, which may,
for instance, lead to immobilized catalysts.

1.3. Structural and functional model complexes for
[NiFe] hydrogenases

e S
‘

<’

Fig. 1. Schematic drawing of the active site of [NiFe] hydrogenase in the
oxidised form[2].

As early as 1985, the first biomimetic study concerning
nickel-containing hydrogenases was repof&dSince then,
a variety of complexes have been synthesised to structurally
model the active site of hydrogenases. Despite the fact of the
notation [NiFe] hydrogenases the active site was believed to
contain a mononuclear nickel centre; at that time the iron ions
were believed to be present solely in the [4Fe—4S] clusters
necessary for electron transport. In the years preceding the X-
ray structure determination a debate was ongoing concerning
the environment of the nickelion in [NiFe] hydrogenases, and
the (formal) oxidation states of the nickel ion in the various

Ni
ﬁ
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redox states of the enzymgg]. Several nickel complexes
will be discussed, including some complexes from before the
crystal structure in 1995, which now may seem less rele-
vant. However, for a better understanding of nickel-thiolate
chemistry also complexes from the latter category need to be
covered in this literature study.
This review gives a historical overview of general trends
and lines of research, primarily but not exclusively covering Fig. 2. Structure of [Ni(S-CsHaCl)a]> [9].
the period after 1995, the year in which the X-ray structure
of hydrogenase was reported. As the number of structurally
characterised nickel complexes containing at least one sulfur-2ngles are close to 9@nd the other angles are close t0120
donor atom exceeds 650 (CSD search June 2004), this revieWVith the average Ni—S distance being 2.28Unfavourable
cannot be exhaustive. For more detailed summaries, espeSteric interactions between tlogtho-H atoms and Ni or S
cially for the period before 1995 the reader is referred to the &oms do not allow an ideal tetrahedral geometry. In retro-
review of Halcrow and Christof¥]. spect, these f|rst_reports, in fact, appear to contain already
The electrochemistry data cited in this review all have been the mostresembling models for the distorted geometry of the

converted to values relative to the normal hydrogen electrodeNickel site in hydrogenases. In fact, a nickel ion coordinated
NHE. to four sulfur ligands has a strong tendency adopt a low-spin

square-planar geometry.
After the first reports of homoleptic complexes of nickel

2. Nickel complexes with monodentate thiolate ligands, the focus shifted to the
use of chelating didentate thiolate ligands such as ethane-
2.1. Complexes with sulfur ligands only 1,2-dithiol (HpL1) [10-13] butane-2,3-dithiol (HL2) [11],

and benzene-1,2-dithiol @3) [14-16](Fig. J).

Soon after it became apparent that some of the hydroge- 1h€  complexes  (R#PR[Ni(L1)5]-4H0  and
nases contained nickel in the active site, the first corroborative K2[Ni(L2) 2]-C2HsOH were obtained in high yields in
models were reported. The synthesis, X-ray structure, reac-th€ reactions of NiGI6HO and excess of the dithiolates
tivity and electrochemistry of the homoleptic nickel thiolate [11]- Crystals of these complexes are stable in a dinitrogen
complex, [Ni(SR)]?~ was reported, and the Rfi— Ni3* atmosphere. However, when the complexes are dissolved in
oxidation potential was compared with those of the hydro- Protic or wet aprotic solvents, rapid conversion to dir)ILIJgIear
genaseq6]. A series of substituted arene thiolates have SPEcies is observed. Tzh_e half-wave potentials ot
been used, among which gueMeCgHaS~, m-MeCgHaS, in the complex [Ni(L1»]<~ are in the range 0f0.60 to
p-CICeH4S~, p-NO2CgH4S~ and BUS~ [8]. The four- —0.46V versus NHE. The oxidised species can undergo
coordinate homoleptic complexes readily undergo ligand dis- degradation or other che.m|ca2Iireact|ons near the electrode
sociation. The tetrahedral four-coordinated complex is high Surface. The complex [Ni(L2)~~ undergoes more readily
spin and paramagnetic, whereas the three-coordinated com!€Versible oxidation. With a half-wave potential-e0.51 Vv
plex is low spin and diamagnetic. Because of this equilibrium Versus NHE it is clear that the electron-donating methyl
the electrochemistry of the complexes is rather complicated. 9roups of the ligand h‘il‘{e a large effect on the stability
The Ni"! oxidation potential shifts from the positive tomore  ©f the complexes. The N_' complex [Ni(L2p]™ obtained
negative potentials as the electron-donating strength of thePy chemical oxidation with IrGl exhibits an axial EPR
thiolate ligands increases, both for the tetrahedral complexesSPeCtrum withg; =2.187 andg, =2.042[11]. The nickel
and for the three-coordinated series. Thé/INi oxidation ion in the complex must have a square-planar geometry,
potential of the hydrogenases is found in the region of the Since low-spin Ni(lll) centres in square-planar geometry
four-coordinated species. Therefore, these authors suggestedVe rise to EPR spectra wity >g, [11].
that if no anionic ligands other than cysteinates are present,
the number of sulfur atoms coordinated to nickel must be four,
and the first proposals for the active site of nickel-containing

R
hydrogenases were givés].
i i HsC CHs R
Nearly at the same time, Rosenfield et al. have re-
ported the synthesis and properties of the mononuclear / \ > <
HS SH  HS SH HS SH HS SH

(RaN)2[Ni(SAr 4] complex with Ar=GHs, p-CgH4Cl,

p-CeH4CHs and m-CgH4Cl [9]. From the complex R=H: H.L3
(EtaN)5[Ni(S-p-CsHaCl)4] a crystal structure has been re-  H,lL1 H,L2 2 H,L4
ported. The arrangement of the four sulfur atoms around R="Bu H;BuLs

nickel(ll) is distorted tetrahedral as showrFig. 2 The dis-
tortion from tetrahedral symmetry is such that two S—Ni—-S Fig. 3. Chelating didentate thiol ligands.



1558 E. Bouwman, J. Reedijk / Coordination Chemistry Reviews 249 (2005) 1555-1581

In a reaction of NiGI(PPh} with HoL3 in a ratio 1:2
in the presence of sodium methoxide the mononuclear com-
plex [Ni'"' (L3),]~ is formed16]. The intermediate nickel(ll)
complex [Ni(L3)]2~ oxidises spontaneously with a half-
wave potential of—0.23V versus NHE to Ni(lll)[17].
Investigations on the relatedbutyl-substituted benzene-
1,2-dithiolate ligand have shown that the complex anion
[Ni(*Bu-L3)]2~ can be oxidised to [NiBu-L3)]~ and
[Ni(*‘Bu-L3)]°. Sellmann et al. have claimed that these ox-
idations are mainly “[Nig]” centred, based on an X-ray
structure and spectroscopic investigatigh8]. The com-
plex [Ni(‘Bu-L3)]~ at 120 K shows a rhombic EPR signal
(9=2.18, 2.04, 2.01); &'Ni enriched sample shows the ex-
pected additional strong hyperfine coupling of the unpaired
electron with théINi nucleus (=3/2)[18].

Other dithiolate ligands comprisgans1,2-dimercap- Fig. 4. Structure of [Ni(()o—L3)((e, p/)—L3)2(PPH),], the phenyl rings
tocyclohexang19] and biphenyl-2,2dithiol [20], both re- of PPhy have been omitted for clarifil6].
sulting in square-planar nickel complexes of general formula
[Ni(L) 2]%. Fox et al. have used the chelating didentate lig- at 517 and 670 nm, while in non-coordinating solvents, the
and norbornane dithiol L4 [21]. The nickel(ll) ion in the bands are visible at 435 and 585 nm. The explanation for
complex [Ni(L4%]%~ is square planar. The complex has an this is that in non-coordinating solvents the trinuclear com-
increased stability with respect to oligomerisation reactions plex remains intact, while in coordinating solvents it frag-
compared to complexes described previously. The explana-ments into the charged species [Ni(kB) and [Ni(j.-
tion for this is the rigid conformation of the S-C—C-S chelat- L3)(PPh)2(solvent»]2*. Apart from the discrete mononu-
ing unit in the norbornane backbone. The half-wav&'Ni clear complexes described above, a large number of oligonu-
oxidation potential of this complex is0.52V versus NHE  clear homoleptic nickel thiolate complexes have been re-
in DMF. This was the lowest oxidation potential reported for ported that are not of relevance for the hydrogenase active
non-biological nickel complexes till thattime. Cyclic voltam-  site.
metric studies of this complexin MeOH show a cathodic pos-  To avoid the formation of undesired oligomeric complexes
itive shift to—0.22 V. When a DMF solution of [Ni(L4)»]%~ and as a means to gain control over the geometry of the nickel
is exposed to air, the nickel ion is oxidised immediately and complexes, chelating ligands containing both thiolates and
an axial EPR signal with; =2.14 andy, =2.05is obtained,  thioether sulfur-donors have been designed and synthesised.
consistent with a Ni(lll) complex with as=1/2 ground Yamamura et al. have used the linear aliphatic ligand 3,7-
state. dithia-1,9-dimercaptononane £tth) and the sterically en-

As thiolate groups have a strong tendency to form bridges cumbered, phenyl substituted ligand 1,1,10,10-tetraphenyl-
between two or three metals, a reaction of a nickel(ll) salt 4,7-dithia-1,2dimercaptodecane Jffttd) and reported the
with simple alkyl thiols readily results in the formation of structure and spectroscopic study of the mononuclear com-
oligonuclear or polynuclear complexes. With the chelating plexes [Ni(ttn)] and [Ni(tpttd)][23,24] The nickel ion in
didentate ligands also oligonuclear complexes are readily both complexes is in a slightly distorted square-planar ar-
formed, apart from the mononuclear complexes describedrangement. Electrochemistry showed only irreversible waves
above10,13]. Even for aromatic thiolates oligonuclear com-  for [Ni(ttn)]; in contrast the complex [Ni(tpttd)] shows a re-
plexes may be formg@2], although the tendency ofaromatic  versible reduction at1.15 V versus NHHE24]. Recently the
thiolates to form bridges is markedly less than for alkyl thio- complex [Ni(ttn)] has been reinvestigated in its reactivity to
lates. With the aromatic ligand4H3 the neutral trinuclear  other metal centres in relation with heterometallic active sites
nickel(ll) cluster [Ng((n)2—L3)((n, n')—-L3)2(PPh)2] has in metalloenzymes, resulting in pentanucleaj@®ii, clusters
been obtainefiL6]. The average Ni -Ni distance in this un- [25].
usual trinuclear cluster, shownfiig. 4, is only 2.524, which Sellmann et al. have reported a very large number of im-
is relatively short compared to other trinuclear Ni-thiolate portant papers relevant to the nickel hydrogenases in the se-
complexes. This cluster is asymmetric, two of the nickel ries “transition metal complexes with sulfur ligands”. Nickel
centres are in a five-coordinated distorted square—pyramidalcomplexes have been synthesised with a variety of thiolato-
geometry and one nickel centre is four-coordinated squarethioether ligands, some of them including nitrogen and oxy-
planar. The cluster is soluble in many solvents, including gen donors in § S5, 0S5, N&, &4, and S donor sets
DMF, toluene and THF. The electronic spectral properties [18,26—30] A selection of these ligands is shownHig. 5.
of this complex are quite different in polar solvents com- The nickel(ll) ion in the complex [Ni(L7)] is square pla-
pared to apolar solvents. In polar coordinating solvents, the nar and diamagnetic, the two central thioether sulfur atoms
spectrum of this complex shows two charge-transfer bandsdo not coordinate to the nickel centre. The ligands L60 and
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Fig. 6. Ligands used by Verhagen et al.
Fig. 5. A selection of the ligands used by Sellmann et al. of the thiolates a cyclic trinuclear nickel complex with bridg-
ing aromatic thiolates is readily formed. This trinuclear com-
plex reacts with several nucleophiles, resulting in the isola-
tion and characterisation of a large number of mononuclear
nickel(Il) complexes in square-planagXSgeometry[28,33]
The molecular structures of these mononuclear complexes
show substantial tetrahedral distortion of the nickel ion ge-
ometry, withtranscoordination angles of 16(28,32] The
reactivity of these complexes in the activation of dihydrogen
and the D/H exchange has been studied (see Se&t#pn
Verhagen et al. recently described three new ligands
containing thioether and thiolate donor atoms, shown in
Fig. 6 [34,35] It was intended to synthesise ligands with two
methyl groups on the carbento the thiolate groups in order
to prevent oligomerisation of the nickel complexes. During
the synthesis of those ligands, however, an unprecedented
spontaneous rearrangement occurs, which is very fast and
selective for the formation of only one prody&5]. The
square-planar complexes [Ni(L9M#)and [Ni(L10)] were
synthesized by reactions of [Ni(acapyith the thiouroneum
precursor salts of the ligands in ethanol in the presence
of the base tetramethylammonium hydroxide, thereby cir-
cumventing the need to isolate the oxidation-sensitive thiol
ligands[35]. In the square-planar complex [Ni(L9M#the
didentate ligands are coordinated with the thiolate groups
in trans positions, seemingly unfavourable for bridging to
a second metal ion. The mononuclear complexes, however,
are reactive to other metals and for the didentate ligands
comprise a rearrangement fraransto cis. Only irreversible
and quasi-reversible redox couples are observed in cyclic
voltammetry, which implies that the Ni(lll) and Ni(l) states
of the complexes are unstaljRb].
Riordan and co-workers have synthesised several
oether-containing ligands based on borat€sg.( 7)
[36—39] A square-planar nickel complex with four thioether
donors from two chelating ligands, [Ni(L14) has been ob-
tained [38]. The Ni-S distances in this complex are 2.20
and 2.24A and are consistent with other Ni(I)—S(thioether)
square-planar complexes. In cyclic voltammetry a quasi-
1 The wordhydronis used as a general name for thieih, where itis not reversible wave at-0.421V versus NHE is observed, which
desired to digtinguish between the isotopes. If one \{vishes to discriminate is assigned to the Ny COUp|e. Frozen solution EPR of the
between the isotopes, the worgston deuteronandtriton are used for .
IH*, 2H* and3H*, respectively. ‘Hydronation’ then refers to what is more reduced cqmplex _ShOWS a rhombic SpeCtr_@m 2'2_7' 2.11,
commonly termed ‘protonation’ but without specifying which isotope is 2-03) consistentwith metal-centred reduction. Thioethers sta-
intended. bilise low oxidation states of nickel, whereas thiolates tend

L55 form dinuclear nickel complexes in which the oxygen
atom of the former ligand is not involved in the coordi-
nation of the nickel ion. Two sulfur atoms of one phenyl
ring are coordinated to the first nickel centre and the other
two sulfur-donor atoms are coordinated to the next nickel
centre. In this fashion two ligands are coordinated to two
nickel centres. The compounds [Ni(L6NH)] and [Ni(L6S)]
are mononuclear five-coordinate complexes, in which the
NH-group and the central sulfur atom are also involved in
coordination. The coordination of the secondary amine to
nickel has been confirmed by the result that no H/D exchange
at the nitrogen takes place with this complex (see Section
5.2). In H/D exchange, both the deuteron and the hy8ron
have to bind simultaneously to the nitrogen atom, but this
cannot happen while the nitrogen is coordinated to the nickel
centre. The [Ni(L6S)] complex was the first example of a
nickel complex with five sulfur-donor atoms. The average
Ni—Sthiolate distance is 2.1§\, which is slightly longer than
the average four-coordinated square planar nickel-thiolate
complexes, but is shorter than the average nickel-thiolate
distances in five-coordinated and six-coordinated nickel thi-
olate complexes and is also shorter than found in the hydroge-
nases. The average Ningetherdistance of 2.2R is shorter
than those typically found for nickel-thioether complexes.
The central thioether donor is only weakly coordinated at
the apex at a distance of 2.&4 The ligand L6$~ shown
in Fig. 5 and variations on this ligand have also been used
by Cha et al[15,17] They reported that this complex re-
mains five-coordinated in most coordinating solvents, except
in pyridine, in which a paramagnetic octahedral species is
formed. Electrochemical reduction of [Ni(L6S)] a0.92 V
versus NHE results in a reactive Ni(l) species that ultimately thi
converts to the stable product [Ni(L35~, showing that the ;
ligand has decomposéti7].

The reactivity of nickel with the®L8 ligands has been
studied extensivel{18,31-33] Despite the aromatic nature
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Fig. 7. Borate-based, didentate and tripodal ligands.

to stabilise the higher oxidation states. Riordan et al. claim H distances are 1.85. The electrochemistry of this complex
that thioethers are competent ligands for the modelling of the shows irreversible reductions and oxidations and is compli-
Ni”/I redox pOtential for enzyme active sites that contain thi- cated by chemical reactions Occurring in SOlU'[ién]].
olates in the primary coordination sphere. They explain their  Nivorozhkin et al. have synthesised a cyclic peptide con-
statement with the fact that cysteines can be involved in hy- taining four cysteines and studied the coordination of this
drogen bonding, which will change their donor capacity and peptide with cobalt, nickel and iro@2]. Dinuclear as well
thereby the redox pOtential, and therefore in aprOtiC solvents as mononuclear Comp|exes were Obtained, and basedon spec-
thioethers are supposedly more accurate as ligands comparegoscopic results and EXAFS analysis it is postulated that the
to thiolates. With the tripodal Iigands L12 and L13 octahe- nickel ion in the mononuclear Comp|ex Comprises a square-
dral mononuclear nickel complexes containing two ligands planar NiS chromophore.
can be synthesis€86,39] the sterically encumbered tripo- A large number of cyclic thioether ligands, such as shown
dalligand L13 witht-butyl thioether groups forms tetrahedral  jn Fig. 9 have been used in modelling the active site of nickel-
complexes with an additional chloride ion coordinated to the containing hydrogenas§43—46] Electrochemistry of these
nickel ion[39]. The thioether ligands stabilise the nickel(l) complexes show stabilisation of the nickel(l) oxidation state,
oxidation state and a remarkable reactivity of these nickel the metal-centred reductions being confirmed with EPR stud-
complexes towards dioxygen is repor{éd]. ies, in agreement with the observations of Riordan and co-
The ligand bis(2-mercapto-1-methylimidazolyl)borate \yorkers[38]. As there are no thiolate groups available that
L14 has been used in coordination with nickel ions by Al- ajlow bridging to an iron centre, the nickel complexes that

varez et al[41]. In the complex [Ni(L14}], shown inFig. 8 have been described with this type of ligands are not further
the paramagnetic nickel(ll) ion is in an octahedrgtigchro- discussed in this review.

mophore, surprisingly showing interactions with two hydro-
gen atoms of the borate centregigpositions. The nickel to

thione—S distances are rather long, being A 3Be nickel to 2.2. Complexes of ligands containing phosphorus donor

atoms

Despite the fact that phosphanes are not naturally
occurring ligands, phosphane groups have been successfully
used in chelating ligands to stabilise various oxidation
states of nickel. Chelating didentate P, S-ligands, such
as shown inFig. 10 have been used in the synthesis of
mononuclear nickel complexes, and a comparison has been
made for the influence of the phosphorus donor atom on
the oxidation potential of the nickel io@d7,48] Chemical
reduction of [Ni(L15Me}]?* with Na/Hg results in the
tetrahedral Ni(0) complex [Ni(L15Me). This complex
is photochemically unstable and dealkylates to form the

M, s/_\sj Sms:><R
Q/sj [s\—_/s F:><:s\—_/s R

Fig. 8. Structure of [Ni(L14] [41]. Fig. 9. Some examples of cyclic thioether ligands.
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Th
HaC.  /\ (\S/\/P\Ph
3
—s P N
R—S PN Ph K/
Ph Sv\P/Ph
- |
R=H: HL15 L16 Ph
R=CH_: L15Me
Fig. 10. Examples of chelating P, S ligands.
square-planar nickel(ll) complex [Ni(L15) in which the Phosphorus is also an excellent building block that can
thiolate donor atoms coordinate imans positions [48]. be used to form tripodal ligands favouring non-planar co-

The redox behaviour of the nickel complexes is strongly ordination geometries. Millar and co-workers have synthe-
dependent on the presence of the methyl groups. While thesised such tripodal ligands as showrFig. 12 [50,51] The
methylated complex [Ni(L15Me}2* shows two subsequent  ligand HsL17 forms a centrosymmetric dinuclear nickel(1)
reductions to Ni(l) and Ni(0), the thiolate-containing com- complex [Ni(L17)b%~ in which the ligands are shared by
plex [Ni(L15),] reveals only a reversible oxidation to Ni(lll).  the two nickel ions, but without bridging of the thiolate
The nickel(l) species [Ni(L15Me]* was characterised by groups. The ligands bind in a tridentate fashion to the
an axial EPR spectrung{alues of 2.10 and 1.96) showing nickel(ll) ions, which are in a square-planar #8Schro-
a coupling of the unpaired electron with two equivalélR mophore with the latter thiolate donor derived from the sym-
nuclei. metry related ligangb0]. This dinuclear Ni(ll) complex can
The pentadentate ligand L16 forms the five-coordinate be oxidised by two consecutive, reversible processes to give
low-spin nickel(Il) complex [Ni(L16)F*, in which geometry  the stable Ni(I)Ni(lll) and Ni(ll)Ni(lll) species. Chemical
is severely distorted and is actually mid-way between both oxidation of the dinickel(ll) complex results in the isola-
square—pyramidal and trigonal-bipyramidal extremes. This tion of the mixed-valence complex [Ni(L1%)], of which
complex can be chemically reduced with Naptd form the the X-ray structure showed a structural rearrangement of
stable nickel(l) complex [Ni(L16)] in which the geometry  the ligands resulting in trigonal bipyramidal nickel geome-
of the metal ion has become more regular trigonal bipyra- tries with bridging thiolate groups that were shared in the
midal with the thioether sulfurs in the apical positions (see Ni(ll)Ni(ll) complex, as is shown irFig. 13 The electronic
Fig. 11) [49]. The electrochemical reduction of nickel(ll) to  spectrum of the Ni(I)Ni(lll) compound suggests a delo-
nickel(l) is quasi-reversible and occurs at a half-wave poten- calised mixed-valence state; the complex gives a rhombic
tial of —0.03V versus NHE. The reaction of the nickel(l) EPR spectrum at 100KgE2.12, 2.09, 2.03)50]. With
complex with acids results in near-quantitative yields of di- the ligand HL17Ph the mononuclear nickel(ll) complex
hydrogen and a complete kinetic analysis of this reaction has[Ni(L17Ph)COJ~, as well as the analogous iron complex
been carried oU#9]. [Fe(L17Ph)COJ have been reported by Millar and co-
workers[51]. The trigonal—bipyramidal Ni(ll) ion appeared
to be diamagnetic and showed a CO stretch at 202dcm
Attempts to oxidise the nickel complex results in CO loss;

R HS R
HS P
SH
R
R =H: H3L1 7

R=Ph:H,L17Ph

Fig. 11. Structure of [Ni(L16)], phenyl rings have been omitted for clarity
[49]. Fig. 12. Tripodal P§ligands used by Millar et al.
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Fig. 13. Molecular structures of [Ni(L17%}~ (left) and the mixed valence [Ni(L1 BT (right) [50].

electrochemical studies revealed irreversible oxidation and

reduction wave§s1]. />
Phosphane-containing ligands not only have been used ln@(
the design of chelating ligands, but have also been added as

auxiliary ligands for stabilisation of the desired complexes to
prevent oligomerisation by bridging thiolates. A recent pub- HsC
lication of Wang et al. shows that the prevention of bridging
thiolates cannot always be achieved; the didentate phosphane
ligands merely function as capping ligands to the oligonuclear  rig 14, Asymmetric tetradentate ligands used by Kaasjager (6.
structureg§52]. Successful use of chelating diphosphane lig-
ands in the synthesis of [NiFe] complexes will be described
in Section4.

X=0,S: HL18X X =0,S: HL19X

Four new nickel(ll) complexes with dissymmetric
tetradentate ligands, containing a mixed-ligand donor set
of NSNS and NSNOKig. 14 have been synthesized by
facile template reactions, resulting in square-planar mono-

Alsoin the years following the report of the X-ray structure ~ cationic nickel complexe$55]. In methanol solution the
of [NiFe] hydrogenase in 1995, nickel complexes containing thiophenolate-containing complexes remain square planar,
donor atoms other than sulfur have been reported. This is ofbut the phenolate-containing complexes become octahe-
course partly due to a lag time; the work had been submitteddral, by adduct formation with methanol. Titration of the
or carried out before the actual structure of the enzyme wasthiophenolate-containing complexes with the stronger ligand
known. Neverthe|eSS, especia”y for Obtaining active func- 1-methy|imida20|e results in diamagnetic five-coordinated
tional models of hydrogenases, nitrogen and/or oxygen donorcomplexes. The cyclic voltammograms show a slightly more
atoms seem indispensab|e (See Se(ﬁ)oAgain’ this review easy accessible Nl(l) state for the thiophem0|ate Complexes
is not exhaustive, and only some typical examples will be dis- [Ni(L18S)]BFs and [Ni(L19S)]BF, than for [Ni(L180)]BR
cussed. Common feature of the oxygen-containing ligands isand [Ni(L190)]BF. The differences, however, are small, not
that in most cases the oxygen donor atom is of the phenol@llowing strong conclusior&5].
type, and originates from Schiff-base condensations of sali-  Similarly, de Castro and co-workers have synthesised an

2.3. Complexes of oxygen-donor containing ligands

cylaldehyde with a variety of amines. array of symmetric salen-type tetradentate Schiff-base lig-
Kang et al. have used 2-mercaptophenoprtig) as a ands with phenol or thiophenol, as well as asymmets®

ligand for vanadium, cobalt and nick&3]. The nickel  ligands Eig. 19 [56]. The crystal structure of the asymmetric

ions in the dinuclear complex [Mmp)(Hmp)]2~ are

bridged by the thiolate group of two non-chelating monoan-

ionic ligands and each is capped by a chelating dian- m

ionic ligand [53]. The commercially available dipeptide N N=—

N-(2-mercaptopropionyl)glycine forms a trianionic S, N,
O donor ligand in the formation of a trinuclear com-

plex [Niz(CysGlyk]3~ in which the thiolate group bridges R XH HY R
the nickel(ll) ions[54]. The trinuclear cluster can be dis-

rupted with additional ligands such as CNimidazole or Ry R

pyridine, thereby forming square-planar mononuclear com- R=Cl,R=H,X=8,Y=0:H,L20

plexes. Electrochemistry showed irreversible oxidations to
unstable Ni(lll) specief54]. Fig. 15. Salen-type ligands used by the group of de C§56Db
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R R
H |2
R x N N—R
N T
s
Ry OH

RR.R, = H: H,L21
RR = CH R, = H: H,L22
RR,=CH,; R, = H: H,L23

Fig. 16. Structure of [Ni(L20)[56].

Fig. 17. NOS ligands used by the group of Crabtree.

complex [Ni(L20)] shows the nickel ion to be in a distorted is diamagnetic, probably because of dissociation of the
Square_p|anar geometry with a dihedral twist ang|e of 24 phenol oxygens. Electrochemical reduction of the complex
(Fig. 16. The reduction potentials of the nickel(ll) com- results in a rather stable Ni(l) complex with a rhombic EPR
plexes of the MO», N2OS and NS, ligands were found to ~ Spectrum §=2.25, 2.12, 2.06). The nickel(ll) complex is
be mainly related to the tetrahedral distort[66]. The EPR  active in Dy/H* exchange (see Sectia) [63]. The crystal
studies of the Ni(l) complexes obtained by electrolysis show structure of the dinuclear product [Ni(L23)kurprisingly
that theg values are very sensitive both to the donor atoms showed bridging to occur via the phenolate oxygen rather
in the coordination sphere and to the electronic nature of thethan via the iminothiolate grouj62].
substituents on the ligands. Earlier work of the group of de  The template reaction of salicylaldehyde and 2-
Castro comprised a series of ligands with methyl dithiocar- aminoethanethiol in the presence of nickel acetate results in a
boxylate groups as the sulfur-donor atofsg,58] Again, trinuclear nickel(ll) compound, in which the three nickel ions
the ligand field d-d transitions of the nickel(ll) complexes, are connected to each other by the thiolate donor atom from
as well as the reduction potentials and EPR data showed aeach ligand, resulting in a six-membered ring consisting of
linear dependence on the twist angle of the square-planaralternating thiolate and nickel atorfé]. The ligand Hsitp
nickel(ll) complexes. The complexes can be oxidised, but obtained from the condensation of salicylaldehyde with 2-
it appeared that the ligands are non-innocent in nature and@minothiophenol has resulted in a mononuclear nickel(ll)
the oxidised solutions did not show any evidence of Ni(lll) complex with the use of an additional monodentate thio-
specieg57,58] phenol or phendl65]. The mononuclear nickel(ll) complex
Complicated chiral asymmetric tridentate and pentaden- [Ni(sitp)(SPh)] is irreversibly oxidised at 0.49 V versus NHE
tate ligands derived from salicylaldehyde have been synthe-to yield the dinuclear complex [Ni(sitp)nd the disulfide of
sised by Berkessel et §69—61] The chiral salen-type lig-  thiophenol[65]. Condensation of 2,4-pentanedione with 2-
and with a thioether pendant arm did not result in the ex- aminoethanethidi64] or 2-aminothiophend66] also gives
pected five-coordinate nickel complex; the crystal structure rise to tridentate NOS ligands. The nickel(ll) complexes of
revealed that the thioether pendant arm was dealkylated andhese ligands are dinuclear with bridging thiolates in a but-
the resulting thiolate group is coordinating the nickel ion. terfly shapg64,66} a mononuclear nickel(ll) complex con-
One of the phenol groups is coordinating to the nickel ion, taining an additional thiocyanate ligand is also repof6&].
the other is non-coordinating, but involved in hydrogen bond- The reported complexes are not redox-active within the usual
ing[60]. Electrochemistry showed only irreversible oxidation Potential window.
processes. The tridentate “half salen-type” chiral ligandswith ~ Brooker and Croucher have synthesised a macrocyclic lig-
a pendant thioether group showed versatile coordination be-and incorporating phenol and thiophenol head units (L
haviour: didentate NO and NS, as well as tridentate NOS cf. Fig. 29 [67,68] Asymmetric dinuclear nickel complexes
binding is reported61]. Depending on the choice of sol- have been reported in which the two nickel ions are bridged
vent or anion, diamagnetic square-planar nickel complexesby the (thio)phenol oxygen and sulfur-donors. In the com-
or paramagnetic octahedral complexes are obtained. The us@lex [Ni2(L)(MeCN)]%* one nickel ion is octahedral with
of an enantiomerica”y pure tridentate ||gand resulted in a two coordinated acetonitrile molecules, the other nickel ion

racemic nickel complex, the racemisation apparently being iS square planar in an DS chromophorg67]. In DMF
metal induced61]. in the presence of an excess of NC&is complex re-
Zimmer et al. have reported a series of tridentate NOS acts to form another asymmetric dinuclear nickel complex,
ligands shown inFig. 17, obtained by the condensation [Ni2(L)(dmf)(NCS)], in which one thiocyanate is coordi-
of (substituted) salicylaldehyde with thiosemicarbazones nated to each nickel centre and a DMF coordinated to only
[62,63] An X-ray structure of the cation [Ni(}L21),]%* one nickel centre, resulting in square pyramidal and octahe-
shows the nickel(ll) complex to be in an octahedral geometry dral coordination geometrig§8]. The Ni - -Ni distance in
of two ligands binding meridionally in the phenol rather thesecomplexesis 3.10-3.A7In both cases the macrocycle
than in the phenolato modé3]. In solution the complex is bent, with the aromatic rings inclined at 100-112
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2.4. Complexes with N,S-donor ligands late groups, although dehydronated, are not coordinated to
the nickel ion, but act as ligands to the potassium cation and
This class of ligands is extremely large, comprising Schiff participate in extensive hydrogen bonding. Possibly because
base ligands, amine-containing ligands, as well as amides andf the rather small bite angle of the four-membered chelate
macrocyclic ligands. rings in 2-mercaptopyridine and 2-mercaptopyrimidine, the
A separate class of model compounds was synthe- monoanionic ligands form octahedral nickel complexes with
sised using simple nitrogen-containing ligands with addi- formula[Ni(L)3]~ [75]. These mononuclear complexes were
tional monodentate thiolate ligand69-71] Reaction of isolated in aprotic media, but insoluble polymeric species
[Ni(terpy)Clo] with different aromatic thiolates in various  were also obtained. The bite angle of the ligands in these com-
conditions results in the formation of dinuclear [Ni(terpy)( plexes is around 67 resulting in rather distorted octahedral
SR)(SR)} with octahedral nickel ions, the mononu- geometries. Electrochemical studies in acetonitrile showed
clear trigonal bipyramidal complex [Ni(terpy)(SR,) or irreversible oxidations at the potentials +0.31 and +0.56 V
octahedral [Ni(terpy)(SR)solvent)] [69]. Reduction of versus NHE for the pyridine and the pyrimidine ligand, re-
[Ni(terpy)(SR}] with NaBH4 results in a rhombic EPR sig-  spectively. The oxidised species rapidly decomposed near the
nal (@=2.24, 2.29, 2.05) with hyperfine coupling, suggest- working electrodd75]. Yamamura et al. have recently syn-
ing the formation of the hydride adduct [Ni(terpy)(SR] ™~ thesised 2-(2,2-diphenyl-2-mercaptoethyl)pyridine (Hmep),
[69]. These complexes have been used for XAS (X-ray ab- a didentate NS ligand with a larger bite angle and bulky
sorption spectroscopy) measurements and comparison withphenyl groups to prevent polymerisatioi®]. The nickel ion
the data for [NiFe] hydrogenase fromhiocapsa roseoper-  in the complex [Ni(mep)] is square-planar with the ligands
sicinaat that time seemed to indicate that the nickel site in binding in cis positions. The Ni—-N and Ni-S distances are
the enzyme should have a mixed N/O- and S-donor environ- 1.92 and 2.17, respectively.
ment[71]. Similar complexes were prepared with the ligand Triangular nickel clusters with a bridgingus sul-
2,6-bis[(1-phenylimino)ethyl]pyridine (dapa); the complex fide are obtained with a chiral aminoethanethiolate lig-
[Ni(dapa)(SPh)(CHsCN)]?~ appeared to be the first exam- and (1S,29-1-mercapto-1-phenyl-2-(methylamino)propane
ple of a model system for [NiFe] hydrogenases that could [77]. The nickel(ll) ions in this cluster are in an MSquare-
easily be oxidised and reducgd0]. The complex shows  planargeometry with the thiolate group of the ligand bridging
complex redox chemistry and various states have been charbetween two nickel centres. The molecule is cone shaped with
acterised by differences in the rhombic EPR spefif]. the s sulfide at the apex. The sulfide ion must be originating
The dapa complexes bindHmore readily than the terpy  from partial decomposition of the ligand, explaining also the
analogues and can be reduced bytblproduce the hydride  relatively low yield of the complex synthesg].
complex, [Nl (dapa)(EPhYH)]?~, with E =S or S¢72]. The Tridentate N$ ligands have been synthesised by a
latter complex was reported as a model for [NiFeSe] hydro- number of groups. Some representative examples are shown
genases. Because of the resemblance in XAS spectra betweeim Fig. 18 Upon reaction with a nickel salt the ligand
the hydride-containing complex and hydrogenase, that work H>L24 yields an amorphous product, probably of formula
supports the presence of a Ni(l)=Hpecies in the so-called  [Ni(L24)]n. Only polar, coordinating solvents are able to take
form C of [NiFe] hydrogenases. this compound in solution. Addition dafbutylpyridine to
Simple, commercially available didentate NS ligands such these solutions yield the mononuclear complex [Ni(L24)(
as cysteine p-penicillamine, 2-mercaptopyridine, and 2- Bupy),], in which the nickel(ll) ion is five-coordinate in a
mercaptopyrimidine have been widely used in the synthe- distorted square—pyramidal geometry with one of the pyri-
sis of nickel complexes. Cysteine anepenicillamine bind dine nitrogens in the apical positi¢n8]. The other ligands
to nickel as dianionic didentate ligands, thereby forming shown inFig. 18all yield dinuclear nickel complexes [Nik]
[Ni(L) 2]~ complexes withransandcis square-planar chro-  with bridging thiolate§79-81]} These dinuclear nickel com-
mophores, respectively3,74] In both cases the carboxy- plexes readily react with nucleophiles to form mononuclear

Ao

ICH3 \ ICH3
N P N N
N
SH HS SH SH SH HS SH HS
H,L24 H,L25 H,L26 R=CH,:H L27Me

R=H:H,L27

Fig. 18. Representative examples of tridentate Ngands.
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Fig. 19. Scorpionate and tripodal NS ligands.

compounds [NiLX]. The electrochemistry of the complex reported for the nickel complexes of the tridentate ligand
[Ni(L25)]2 shows a reversible one-electron reduction at H»L26 as well as for the analogous diselenoate ligand. It
—0.97V versus NHE in DMF solution. The EPR spectrum was observed that the selenoate ligand was less sensitive to
of the electrochemically reduced solution shows an axial oxidation. The electrochemistry of the nickel complexes of
spectrum withg; =2.058 andy =2.196, indicating a metal-  both ligands is characterised by irreversible procef&Hs
centred reduction with the electron delocalised over the two  Reaction of the tridentate

nickel centre§79]. Reaction of [Ni(L25)} with ethanethiol

ligand (2-sulfanylphe-
nyl)bis(pyrazolyl)methane (HL28:ig. 19 with nickel in

or benzenethiol results in mononuclear complexes with acetone results in the trinuclear complex (\i28)4]%*

square-planar N$Schromophores; the electrochemistry of

[83]. In this linear trinuclear complex, the two peripheral

these complexes, however, is complicated, showing oxida- nickel ions are in octahedral4S; coordination geometries

tion of the thiolates to disulfidg39]. The nickel complexes
of the ligand HL27Me show some interesting reactivity,
which will be discussed in Sectiob.l The dinuclear
complex [Ni(L27Me)} in DMF reacts with two equivalents
of cyanide to form the mononuclear [Ni(L27Me)CN]
[82]. Electrochemical oxidation of the dinuclear complex
[Ni(L27Me)]2 results in an rhombic EPR signal wigfvalues

of 2.17, 2.11 and 2.07. Chemical oxidation of this dimer

formed by two ligands with the thiolate groups binding
in cis positions. These two octahedral nickel sites are
held together by the central nickel(ll) ion, which is in a
distorted-tetrahedral sSgeometry with coordination angles
in the range of 90-130[83]. In acetonitrile the dinuclear
complex [Np(L28),(MeCN)(H20),]%* is obtained; all
attempts to isolate a mononuclear nickel complex with this
ligand have failed. The electrochemistry of the trinuclear

with I, results in the formation of the cyclic disulfide; the complex in nitromethane appeared to be dominated by an
resulting oxidised ligand remains coordinated to nickel with oxidation near +0.69 V versus NHE, but no firm conclusion
its nitrogen donor, the thioether sulfur and one of the disulfide regarding the site of oxidation has been mgg#].

sulfur atoms. The coordination sphere of the mononuclear  Thiolate-bridged dinuclear nickel complexes have been
nickel(Il) ion is completed by two iodide ions, resulting in a obtained with the tripodal ligands HL29 and HL30 shown in
square—pyramidal geometi82]. Similar reactivity has been  Fig. 19 [84-86] The complex [Ni(L30),]%* has a thiolate-

OTNH HN TO i ﬁ
W I,/
SH HS HaC CHs

H,L31 H,L32

int QT 35

o}
Hsci ﬁCH;; T
HaC"" “/CHg
X=0,8 :H XL35

SH HS SH
H,L33 H,L34

Fig. 20. Ligands used by Kiger and co-workerf87—89}
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bridged dinuclear structure, in which each nickel ion is co-
ordinated in a square-planarn$ donor set with a weak
apical coordination of the pendant thioether gr¢®). The
[Ni2(L29),]%* cation has a dinuclear structure in an un-

E. Bouwman, J. Reedijk / Coordination Chemistry Reviews 249 (2005) 1555-1581

antiferromagnetically coupled dimers by bridging thiolates,
consistent with the tendency of nickel(lll) species to bind
axial ligands[88]. Kruiger and Holm have also reported the
stabilisation of trivalent nickel with the use of the triden-

usual mixed-spin state containing a low-spin and a high-spin tate ligands 2,6-bis(acetyloxime)pyridine fbhopy) and

Ni(ll) ion. One of the nickel ions is coordinated by a square-
planar NS, donor set; the second nickel ion has a distorted
square—pyramidal coordination of ag$ donor set with the
pendant pyridyl nitrogen coordinating at the apeX].

Kruger and Holm have stabilised nickel(lll) species with
different amide-containing &, ligands shown irFig. 20
The nickel(ll) complexes [Ni(OL35%] and [Ni(SL35)f~

pyridine-2,6-bis(monothiocarboxylic acid) gbtcpy). These
ligands form octahedral complexes [Ni(baogy) and
[Ni(btcpy)2]2—, in which the ligands are bound meridionally
[90]. The average Ni—S distance of 2.8 [Ni(btcpy)2]2~

is in the range of six-coordinated Ni(ll)-S bond lengths
observed with high-spin complexes of anionic sulfur ligands,
and also in the range of the distances found in hydrogenases.

are square planar and diamagnetic and do not react within the nickel(lll) complex [Ni(btcpy)] ~ theoNi—N and Ni-S
dioxygen for at least 24 h. However, they are readily oxidised distances have decreased by 0.01 and A, lréspectively.

electrochemically to the Ni(lll) state with a stability sufficient
to detect its presence with EHR7]. Unexpectedly, substi-
tution of the sulfur-donors by oxygen donors results in an
increase of the oxidation potential by 0.160 V. The half-wave
potentials of the Ni(l)/Ni(lll) couple are at0.035V versus
NHE for the thiolate ligand and at +0.125 V for the phenolate

ligand. The oxidised species readily bind pyridine as is ob-

served from the nitrogen hyperfine splitting in the rhombic
EPR spectra. The complex [Ni(L33)] can also be elec-
trochemically oxidised; the nickel(lll) complex is extremely

The EPR spectrum of the complex [Ni(btcpl) shows an
axial signal withg, =2.137 andy, =2.038, consistent with
a tetragonally distorted geomet§0].

Schiff-base ligands derived of thiosalicylaldehyde have
been synthesised by a number of groyp4-93] The
nickel(ll) complexes of the tetradentate$$ ligands derived
from 1,2-diaminoethane (fsalen) or 1,2-diaminobenzene
(Haotsalphen) are essentially square pldAar93,94] Reduc-
tion of the imines in Htsalen results in the diamine ligand
N,N’-bis(o-mercaptobenzyl)-1,2-diaminoethane »(hben);

stable and has been characterised with an X-ray structureNi—N distances in the structure of the corresponding complex

[89].
The structure of [Ni(L33)}, shown inFig. 21, reveals

[Ni(mben)] are sigrlificantly longer than those in [Ni(tsalen)],
being 1.94 and 1.88, respectivel\(j95]. Electrochemistry of

that the coordination geometry of the nickel ion essentially [Ni(tsalen)] shows quasi-reversible reduction to nickel(l) at

is unaltered upon oxidation, only a small reduction in bond

the half-wave potential-1.17 V versus NHE and an irre-

lengths is observed. The bond lengths within the ligand are versible oxidation at +1.19 V versus NHE, whereas the com-

unaltered with respect to the values for the Ni(ll) complex

confirming the oxidation to be metal centred. The magnetic

moment of the Ni(lll) complexis 1.7@8g, which corresponds
to alow-spin complex. Nickel complexes of the other ligands
shown inFig. 20 essentially show the same behavifga].
Interestingly, the complexes [Ni(L3B)] and [Ni(L34)F~
show different behaviour when the electrochemistry is
carried out at low temperature-80°C). Whereas after oxi-
dation at room temperature an EPR signal typical for Ni(lll)

plex [Ni(mben)] shows only irreversible respon$@s].

New nickel complexes of Schiff base ligands incor-
porating thiosalicylaldehyde have also been prepared
using precursors in which the thiolate function had been
protected with either a tertiairy butyl grolp6,97], or by
the formation of the disulfidg92]. 2-Aminothiophenol
and 2tert-butylthiobenzaldehyde react in ethanol to form
a benzothiazolidine derivativlBBuL36 (Fig. 22, which is
isolated as a yellow solif7]. The benzothiazolidine ring

can be observed, atlow temperature the solutions are diamagepens upon reaction with nickel acetate in ethanol to form the

netic. This different behaviour is ascribed to the formation of

Fig. 21. Structure of the nickel(lll) complex [Ni(L33)][89].

square-planar mononuclear complex [BifL36),] with a
cisN2S, chromophore, in which thebutylthioethers do not
participate in the coordination and which shows weak agostic
interactions with twartho hydrogens of the ligands (Ni—H
distances of 2.52 and 2%3 These C-H- -Ni interactions
are retained in solution, as reflected in #&NMR spectra

of the complex. With other nickel salts, the same benzoth-
iazolidine ligand reacts in ethanol to form dinuclear species
[Ni(L36)] 2, with loss of the protecting tertiary butyl group.
An analogous ligand, constructed from 2-aminoethanethiol
and 2tert-butylthiobenzaldehyde was synthesised in a
template reaction with nickel salts in ethanol to form the
dinuclear compound [Ni(L373] The dinuclear complexes
are in a ‘butterfly’ shape, with bridging thiolates. The nickel
ions in these two complexes are in a \N&romophore
with a square-planar geomef§7]. A new tetradentate $6
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Fig. 22. Schiff base ligands synthesised with protected thiosalicylaldehyde.

ligand HL38 has been prepared via two different routes respectively. From the distances within the ligands itbecomes
from the reaction of diethylenetriamine with protected clear that they coordinate to the nickel ion in a Schiff-base-
thiosalicylaldehyd¢92,96] The nickel complex [Ni(L38)] like tautomeric form, with an imine-type nitrogen and a thio-
is in a square-planar geometry formed by a primary and a late sulfur. Electrochemistry shows that the nickel complexes
secondary amine, an imino nitrogen and a thiolate group.  are both more readily reduced and more easily oxidised go-
The groups of Bereman and Toftlund have designed theing to the complex with the largest tetrahedral distortion; the
new didentate NS and tetradentate)l ligands shown in potential difference\E between the reductive and the oxida-
Figs. 23 and 24some of which incorporate constraints that tive wave decreases from 2.29V fo=2 to 1.86 V for the
enforce non-planar geometri@8-100] Bereman etal. have  complex withn=4[101].
synthesised nickel and copper complexes with the tetraden- The complexes [Ni(L4Q) of the didentate NS ligands
tate ligands HL39 with ethylene 1=2), propylene 1= 3) reported by Toftlund et al.Hig. 24 are diamagnetic and
and butylene r{=4) bridges. The nickel(ll) complexes of square-planar in the solid state, but may convert to tetrahe-
these ligands are mononuclear and show increased distordral high-spin species in solution, depending on the steric
tion from the square-planar geometry with increasing chain bulk of the R groupg102]. Despite the influence of the
length[100]. The dihedral angles of the NjNand Ni$ co- 6,8-dimethyl-biphenyl backbone, which tends to enforce a
ordination planes are 3.4, 18.9 and 38& n=2, 3, and 4, tetrahedral geometry on a metal, crystal structures of nickel

pelo N el el

H3C_ _CH3 H3C_ ch_
H,L39

Fig. 23. Ligands synthesised by Martin and Bererf@®}. The figure on the right shows the tautomeric iminothiolate form in which the ligands bind to a metal

-
o e e O

\
Ph R R
HL40 R=CH_:H L41Me H,L42

Fig. 24. Didentate and tetradentate ligands synthesised by Toftlund and co-w@&ers
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Fig. 25. Molecular structure of [Ni(L41Me]P9].

complexes with the tetradentate ligandsLHl1 and HL42
in Fig. 24 show varying degrees of tetrahedral twif28].
A nickel(ll) complex of the thiophenyl-containing ligand
H,L42 is nearly square-planar, with a dihedral angle of only
14>, whereas the nickel complex ofoH41Me, shown in
Fig. 25 is nearly tetrahedral with a dihedral angle of 77
[99]. In solution these nickel complexes are in a dynamic
equilibrium between low-spin and high-spin states.

Similar nickel complexes, but with remarkable differences

ear ligands, [Ni(L44Me)] and [Ni(L44Et)], the alkyl groups
are both at the same side of the coordination pja64,105]
When coordinated to a metal ion, the two six-membered rings
formed by the cyclic 1,5-diazacyclooctane backbone with the
metal ion can have different conformations, i.e. chair/boat,
chair/chair and boat/boat. In the complex [Ni(L45Me)] this
ligand is coordinated to the nickel centre in the chair/chair
conformation[107], but the backbone shows disorder in
the crystal structure of [Ni(L45)], with equal distribution
of the chair/boat and chair/chair conformatigh66]. Crys-

tal structures of the trinuclear complexes §{li43),]%* and
[Ni3(L45),]2* have also been reportgtD3,109] In these lin-

ear trinuclear structures two mononuclear nickel complexes
in a square-planar 6, geometry act as a didentate ligand
to the central nickel ion, which is in a square-planacBro-
mophore. The overall shape of the molecules can be described
as a chair consisting of the three coordination planes, with the
three nickel ions in a row.

Both the 1,5-diazacyclooctane and 1,4-diazacycloheptane
backbones in the ligands L45 and L46, respectively, exert a
considerable constraint on the flexibility of the ligand. This
is reflected in the differences in reactivity of complexes of
the ligands L45 and L46 in comparison with that of the more
flexible ligands L43 and L44. The complexes [Ni(L45)] and

in reactivity have been reported for the linear tetradentate [Ni(L45Me)] have been a precursor to a broad range of deriva-

N»>$; ligands with mercaptoethyl side arms showirig. 26

In aprotic media the mononuclear complexes can be iso-

tives modified at sulfur as described in Sectih
The group of Kovacs has used several pentadentate

lated, whereas in protic media the thiolate groups have a ten-ligands shown inFig. 27. The ligands L47 and L48

dency to form trinuclear nickel complexg3]. The X-ray
structures of the mononuclear complexes [Ni(L44M&JK],
[Ni(L44Et)] [105], [Ni(L45)] [106], [Ni(L45Me)] [107], and
[NiL46] [108] have shown the nickel ions to be in square-
planar NS, geometries. In the complexes with alkylated lin-

yield the octahedral nickel(ll) complexes [Ni(L47)CI]
and [Ni(L48)(MeCN)F*, respectively [17]. The dithi-
olate ligand L49 was obtained by a template reac-
tion of 3,3-iminobis(propylamine) with 2,5-dihydroxy-2,5-
dimethyl-1,4-dithiane with nickel acetate. The rigidity of

A )

IdbNe 54 L CD

H,L43 R=CH._: H,L44Me

3

R =CH,CH,: H L44Et

R=H: H,L45 H,L46

R=CH,:H L45Me

Fig. 26. Tetradentate amine-thiolate ligands.

S S [S [S S Sj HSC\EN NH Nj/CH3
NH 5 HoN NH, HoN SH HS
L47 L48 H2L49

Fig. 27. Mixed-donor ligands used by Kovacs and co-work&ss110}]
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CHg
NH> NH HN NH HN
R SH R SH SH R R SH HS R
NH5 NH,  HuoN NHo | H2N 5
HL50 H3L51

Fig. 28. Dinucleating ligands used by Kersting et al.

the Schiff base ligand favours a mononuclear nickel com- versible one-electron reduction and oxidation processes at
plex [Ni(L49)], in which the nickel is five-coordinate in a 0.22 and 0.70V versus NHE, respectively. A heterodinuclear
trigonal—bipyramidal geometry. Both in the solid state and in NiFe complex has been reported withlt51 (see Section
solution the nickel-bound alkylthiolate sulfurs have an affin- 5) [116].
ity for hydrons[110]. Brooker et al. have used the same 2,6-di(amino-
The groups of Kersting and Brooker have made use of 2,6- methyl)thiophenol building block for the synthesis of macro-
di(aminomethyl)thiophenol as a building block for dinucleat- cyclic, dinucleating ligands shown kig. 29 [112,117,118]
ing ligandg111,112] Some examples of the ligands used by Both symmetric complexes with two square-planar nickel(ll)
Kersting et al. are shown iRig. 28 Dinuclear Ni(I)Ni(ll), ions, and asymmetric complexes containing an octahedral
as well as mixed-valence Ni(Il)Ni(lll) complexes, have been and a square-planar nickel(ll) ion have been synthesised and
isolated and fully characterisdti13—115] The nickel ions characterised; the average NNi distance is 3.148 [112].
in the dinuclear complexes have either square-planar or oc-Electrochemistry of the dinuclear nickel complexes shows
tahedral coordination geometries, based on the choice ofthe possibility of two oxidation processes as well as two
the ligand and the presence of possible co-ligands. Electro-reduction processes. According to Brooker et al. the spec-
chemistry shows that the nickel(lll) oxidation state is sta- troelectrochemical studies of the complex {N62]2* (with
bilised, with two reversible oxidations occurring at around R=CH; andn=3) are indicative for metal-centred oxida-
+0.64 and +1.14V versus NHE; in some cases (quasi-) re-tion. The EPR spectrum of the one-electron oxidised com-
versible reductions are observfdl4]. The oxidations are  plex is axial withg, =2.22 andy =2.17, the latter showing
reported to be metal centred, based on UV-vis and EPR spechyperfine structure supposedly due to coordinating acetoni-
troscopy. The one-electron oxidised solution reveals an axial trile molecule§112]. Multi-frequency EPR studies diNi
EPR spectrum witlg; =4.7 andg) =2.1, indicative of an enriched samples of the one-electron oxidised[8P]?",
S=23/2 spin ground statd 14]. The complex [N3(L50)3]2* however, indicate extensive charge delocalisation between
contains two face-sharing octahedral nickel ions in 3B\ the Ni(lll) ion and the thiolate donors in the mixed-
donor set. Distortions from the ideakpsymmetry suggests  valence complex, with approximately 30% of the unpaired
that this compound represents a trapped-valence Ni(lI)Ni(lll) electron density residing on the bridging thiolate ligands
complex [113]. Cyclic voltammetry in DMF shows re-  [119].

—=N N— NH HN
R SH HS R R SH HS R
—N N=— NH HN
L(CHE);J L(CHz)nJ
H,L52

Fig. 29. Dinucleating ligands used by Brooker et al.
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3. lron complexes the lattice, bridging between cyanide groups of symmetry-
related moleculel 23]. The similarities of the spectroscopic
Soon after it became known that Nature has made usedata suggests that the six-electron cyclopentadienyl ligand
of an unusual iron carbonyl dicyanide unit in the active has the same donor abilities as the INECysh(u-O) or
site of [NiFe] hydrogenasdg], intensive renewed investi-  Ni(-SCys)(w-OH) donor set in the enzyme. However, the
gations into classical organometallic iron complexes were quasi-reversible F&!' redox couple of +0.66 V versus NHE
undertaken. Interesting reinvestigations into the reactionsis significantly different from redox couples found for the hy-
of iron with cyanide and carbon monoxide resulted in the drogenases thatare known to be in the ran@el to—0.45V
isolation and characterisation of the new “classic” com- [124].
plexes [F&(CN)s5(CO)P-, trans[Fe' (CN)4(CO)]%, cis- Koch et al. have modelled the [Fe(CO)(GN)part
[Fe' (CN)4(CO)]%~, andfac{F€! (CN)3(CO)s]~. With the of the hydrogenases using the tripodal phosphane based
aid of these compounds improved insight has been obtainedigands discussed in Sectio.2 (Fig. 12 [51,125]
regarding the stability of this type of complexes, as well as The trigonal-bipyramidal complexes [Eg17)(CN)JZ,
the sensitivity of the CN and CO stretching vibrations for ox- [Fe'' (L17Ph)(CN)I, and [Fé (L17Ph)(CO)f, as well as
idation states and the degree of hydrogen bonding in solutionthe octahedral complex [F€.17)(CO)(CN)f~ were syn-
[120-122] thesised and fully characterised. The structures of the trig-
Considering the nickel cysteine part of the enzyme ac- onal bipyramidal Fe(ll) and Fe(lll) cyanide complexes are
tive site as a ligand for iron, Darensbourg et al. have nearly similar, only with significantly shorter iron—thiolate
synthesised and reported the crystal structure offK[(  distances in the latter (2.239versus 2.1?\3) [125]. The CN
CsHs)Fe(CNR(CO)] [124]. Its structural and spectroscopic  stretching frequency in the infrared spectra shifts to lower
characterisation conforms with the enzymatic Fe(&8D) energy and also gains intensity upon reduction frofll Fe
part and therefore permits exploration of solvent and counter (2094 cn1) to Fé' (2070 cntl). Electrochemistry shows
ion effects on the IR-spectra of the iron-bound diatomic that for the cyanide complex also the Fe(lV) oxidation state
molecules. In the typical piano stool complex, the average is accessible; the Fe(ll)/Fe(lll) and Fe(lll)/Fe(IV) half-wave
Fe—CN distance was found to be 18and the Fe—CO dis- potentials are found at0.588 and +0.63V versus NHE
tance is 1.7. The potassium counter ion interacts with [125]. Reaction of the complex [H¢L17)(CN)J>~ with car-
six cyanides from symmetry related molecules in an oc- bon monoxide results in the formation of the octahedral com-
tahedral geometry. Three absorptions in the infrared spec-plex [F€'(L17)(CO)(CN)F~ shown inFig. 31, in which
trum of this complex in the region 2100-1900¢chare the cyanide ligand remains locatédns to the phospho-
due to the symmetric and asymmetric stretching vibrations rous donor atom. The IR spectrum of this octahedral com-
of the cyanides and the carbonyl-stretching mode. In ace-plex reveals absorption bands at 2079 and 1904'cfor
tonitrile the data match remarkably well with the native en- the CN and CO stretches, respectively, and electrochemistry
zyme; 2094, 2088 and 1949 crhfor the complex and 2093,  shows the occurrence of a reversible oxidation couplé'Fe
2083 and 1947 cmt for hydrogenase fronD. gigas re- at—0.24V versus NHE125]. The CO stretching frequency
spectively. The studies have been extended to another six-of [F€'' (L17Ph)(CO)] is the same in the solid state and in
electron ligand, the bulkier pentamethylcyclopentadienyl, of solution (1940 crml); the complex exhibits a reversible oxi-
which the complexes K{{>-CsMes)Fe(CN)(CO)], [(m°- dation at +0.32 V versus NHE, bulk oxidation of the carbony!l
CsMes)Fe(CN)(CO}], as well as the hydronated complex complex, however, results in loss of G&l].
H[(m®°-CsMes)Fe(CN)(CO)] have been prepared and char-
acterised123]. The crystal structure of the hydronated com-
plex H[(m®-CsHs)Fe(CN)(CO)], of which the anion is re-
produced inFig. 30 shows that the hydron is present in

[N
'R g0
‘Fe
o3 e
1]
y
S & &
N o
N

Fig. 30. Molecular structure of{-CsHs)Fd' (CO)(CN)] ~ [123]. Fig. 31. Molecular structure of [H¢L17)(CO)(CN)E~ [125].
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Davies et al. have used the similar tetradentate tripodal
NSz ligand tris(mercaptoethyl)amine §H27, seeFig. 18
in the synthesis of iron complexd426,127] Reduction
of the Fe(lll) complex [F¥ (L27)CI]~ under CO results
in the paramagnetic trigonal-bipyramidal iron(ll) complex
[F€'' (L27)(CO)I~, which structure is comparable to that of
[Fe' (L17Ph)(CO)I" described above, but which has a no-
tably lower CO stretching frequency of 1885th[127].
Reaction of the ligand §L27 with iron salts in the pres-
ence of NO results in the complex anion ffE27)(NO)]~.
The chemistry of this complex is extremely rich, in differ-
ent conditions resulting in various dinuclear, trinuclear and
tetranuclear iron complexes, which were characterised with
Mossbauer spectroscopy and magnetic measurefits
The group of Liaw studied the reactivity of iron car-
bonyl and iron cyanide adducts for oxidative addition re-
actions, as well as for substitution and hydronation re-
actions [128-130] Oxidative addition of various organic  uclear [Fe(L7)(CO) were synthesised as speculative mod-
disulfides to [HFe(CQ)~ results in the iron(Il) complexes  €ls for oxidoreductases, such as nitrogenase and hydroge-
[Fe(COX(SR)I™, and a subsequent reaction with the disul- nase, and were further studied using$gbauer spectroscopy
fide yields the complexefac-[Fe(COR(SR)]~ [131]. The [133]. Renewed investigations using the ligandLH (see
compoundsfac-[Fe(COR(SRR]~ may serve as ligands to  Fig. 5 have resulted in the synthesis and characterisation
other metal ions and in this respect are suitable candi- of [Fe(CO)(CNX(L8)]?~ shown inFig. 32 the first model
dates for further reaction with nickel ions; in fact, a re- complex with two thiolate groups containing two cyanides
action with simple nickel salts result in the linear trin- and only one carbonyl groJf32]. The complex in the solid
uclear complex {Fe(COx(SR)x}2Ni] [131]. A reaction state is relatively stable, but in solution it is rapidly oxidised
of bis(2-aminophenyl)disulfide with (PPN)[Fe(CQEN)] by air resulting in loss of CO. In cyclic voltammetry the com-
results in the air-stable 16-electron iron(ll) complex plex shows two irreversible oxidation processes-8t098
(PPN)[Fe(CO)(CN)(atp)], in which the ligand atp is the and +0.489V versus NHE, but the first oxidation becomes
dianionic ligand derived from 2-aminothiophenol &ip) quasi-reversible when the scan is reversed at +(132].
by dehydronation of both the thiolate and the amine func- The influence of possible hydrogen bonds in solution on the
tion [128]. The IR spectrum of this complex in ace- IR frequencies of the carbonyl and cyanide groups has also
tonitrile shows a weak absorption for the cyanide lig- been investigated; large blue shifts were found for the CO
and and two strong absorptions for the carbonyl groups stretch (1929 cml in acetonitrile versus 1973 cm in wa-
at 2099, 1997, and 1933crh respectively[128]. The ter), whereas smaller (10 crh) changes were found for the
complex [Fe(CO)(CN)(atp)]' can be reversibly hydronated CN vibrations[132].
with 2-aminothiophenol resulting in a six-coordinate com-
plex [Fe(CO}(CN)(Hatp}] in which one of the ligands is
bound through sulfur only. Reaction of [Fe(GQJN)(atp)] 4. Dinuclear [NiFe] complexes
with 1,2-benzenedithiol (kL3) or 2-mercaptopyrimidine

Fig. 32. Molecular structure of [Fe(L8)(CO)(CN¥~ [132].

(Hmpm) results in dinuclear [Fe(CECN)(L3)]2>~ and The number of (dinuclear) [NiFe] complexes bridged by
mononucleacis-[Fe(CO)(CN)(mpmy], respectively{128]. (alkyl or aryl) thiolate groups that have been reported is rela-
Similar studies have been performed with thioxanthate tively low, given the fact that a tremendous effort has been put
derivatives and 2-mercaptopyridine as the ligafti29]. in this field of research since the report of the crystal structure

Very recently, Chen et al. reported the structure of of [NiFe] hydrogenase in 1995. The structures present in the
[Fe(COR(CN)(bmes)T in which the dianionic ligand bmes  Cambridge Structural Database are rather diverse and it is
(Hz2bmes: bis(2-mercaptoethyl)sulfide) binds facially to the difficult to find a common theme to describe these different
iron(ll) centre with the cyanide bourtcansto the thioether ~ complexes.

sulfur[130]. From these studies Liaw et al. conclude thatpar- ~ The group of Kersting has succeeded to isolate and charac-
ticular combinations of iron(ll) with carbonyl, cyanide and terise a heterodinuclear complex with the ligarglBll (see
thiolate groups apparently are stabilised as a result of theSection2.4, Fig. 28 [116]. A solution of the ligand HL51
combination ofo-donor andm-acceptor properties of these was first treated with an equimolar amount of a nickel salt

ligands[130]. and a slightly substoichiometric amount of base, followed by
Already in 1990, Sellmann et al. reported on the chiral a solution of iron(ll) chloride and air oxidatioj116]. It is
iron(Il) complex of the ligand HL7 (seeFig. 5 with car- remarkable that this procedure results in a high yield of the

bonyl ligands. The complegis-[Fe(L7)(CO}] and the din-  complex [N{' Fé" (L51)]2* with the nickel ion residing at the
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capped end of the ligand. The two metal ions in the structure
are both in NS; octahedral geometries that are face sharing
through the three bridging thiolate groups. Assignments of
the metal sites have been made considering the bond lengths.
Electrochemistry in DMF solution revealed two reversible
one-electron processes at half-wave potentials of +0.69 and
—0.19V versus NHE, assigned to the oxidation Ni(I)/Ni(lIl)
and the reduction Fe(lll)/Fe(ll), respectively. The electro-
chemical behaviour of the heterodinuclear complex is signif-
icantly different from that of the homodinuclear nickel or iron
analogues, confirming the presence of both m¢14l§]. Fig. 33. Molecular structure of [Ni(L45)Fe(Cg})[139].

Glaser et al. have used the hexadentate ligand 1,4,7-tris(4- ) ) . )
tert-butyl-2-mercaptobenzyl)-1,4,7-triazacyclononane N2S, complex [Ni(L43)] in a reaction with Feglforms a
(Hsmbtacn) for the synthesis of (mixed) metal clusters with Similar linear tetranuclear compouftBg].
magnetic interactiong134]. The linear heterotrinuclear The group of Darensbourd 39] was the first to report.
complexes {Fe(mbtacn),Ni]™ show remarkable similar- @ reasonably accurate model system for the [NlFe] active
ities to the dinuclear complex of Kersting described above, Sit€ after the publication of the crystal structure in 1995. Re-
and reveals three reversible one-electron processes in cycli@ction of two equivalents of the nickel complex [Ni(L45)]
voltammetry for the 4+/3+/2+/1+ series of overall charge; With F&(CO) resulted in the heterodinuclear complex
X-ray structures have been obtained for the 2+ and 3+ [Ni(L45)Fe(CO}] in which the square-planar nickel com-
charged species. The electronic structures were studied withP!€X is bridged by one thiolate sulfur at the apex of the trig-
several techniques, showing that these compounds cannofna! bipyramidal Fe(0) centre, as is showrfig. 33 [139]
be described with localised valendés4]. Because of the single bridge between the metal ions, the

The reaction of [Ni(L44Me)] (see Sectich4, Fig. 26 nickel.—iron di;tapce in thi§ complex is rather long (3A)6
with iron(ll) perchlorate resulted in a tetranuclear cluster Chemical oxidation of this dinuclear compound resulted
[{Ni(L44Me)}sFeP*. Two of the mononuclear nickel com- N the linear trinuclear cluster{Ni(L45)}2Fe(COX", in
plexes acts as didentate ligands with both thiolate sulfurs Which the nickel complex is now acting as a didentate lig-
bridging to the iron centre, the third nickel complex acts as &nd to iron using both thiolate sulfurs, thereby reducing the
a monodentate ligand; consequently, the high-spin iron(Il) nlc.kel—|ron d|§tance to 3.08. The central iron(ll) ion is in
centre is in a distorted square—pyramidal geometry of five aCiS S4Cz environmen{139] .
sulfur-donor atom§135]. The Ni - -Fe distances are in the ~ Chalbot et al. have shown that the nickel complex
range of 2.98-3.24&. [Ni(L43)] of the similar, t_)ut more erX|bIe_ BS, ligand

A reaction of the mononuclear complex [Ni(L45)] (see H.2L43, reaqts in a totally dlfferentmanner_wnhj{@O)g; a
Section2.4, Fig. 26) with iron(ll) chloride also resulted ina  trinuclear, triangular complex of formula [Ni(L43)ECO)e]
tetranuclear cluster, but with a different composition, namely Was obtained, which is shown Fig. 34 [140] NMR spec-
[{Ni(L45)}FeCb]2 [136]. The linear tetranuclear cluster is 0Scopy showed that the structure is diamagnetic and-is C
centrosymmetric, the central core consists of two iron(ll) ions SYmmetric in solution. The diamagnetism can be explained
bridged by two chloride ions, each iron ion having one ter- by the formation of the triangular mfetal core ywth three
minal chloride ion. The peripheral square-planar nickel com- tWo-centre two-electron bonds. The ligand folding around
plexes act as didentate ligands to the iron centres, result-the nickel(ll) ion has changed from square-planar to “heli-
ing in a five-coordinate Fe§l; chromophore in a distorted ~ ¢al" with the two thiolate groups occupyirigans positions
square—pyramidal geometf136]. The nickel—iron distance
in this complex is 3.1@,, the iron—iron distance is 3.78

More recently, Verhagen et al. reported a similar struc-
ture for a nickel complex of the tetradentatgli§and H,L10
(see Sectior.1, Fig. 6) [137]. Both the nickel-iron and the
iron—iron distances are slightly smaller than those in the com-
plex with L51, being 3.04 and 3.69 respectively. The mag-
netic moment of 5.3p.g per iron centre is consistent with
isolated high-spin Fe(ll) iofl37], but this value is in con-
trast with the value of 3.48g per iron centre reported for the
L51 complex; the latter low value was explained by assuming
an antiferromagnetic coupling being present between the iron
centre§136]. Electrochemistry of{Ni(L10) } FeCb], shows
onlyirreversible process§E37]. It has been proposed, based
on spectroscopic and analytical data, that the mononuclear Fig. 34. Molecular structure of [Ni(L43)R€CO)] [140].
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(S—-Ni—S =148); the nickelionis in a distorted geometry that

1573

[Fe(NOR(CO)] forms a similar dinuclear [NiFe] nitrosyl

can be described as octahedral when also the nickel-iron in-compound, but no crystal structure was repoft8].

teractions are taken into account. Each of the thiolate groups

bridges the nickel ion to one of the iron centf&40].

Reaction of the cubane cluster Sal4]%~ with either
one of the mononuclear complexes [Ni(L44Et)] or [Ni(ttn)]

Very recently, a comprehensive crystallographic, spectro- results in cubane clusters to which one or two mononuclear
scopic and DFT analysis has been reported by Wang et al.nickel complexes are bound either in a monodentate or in

on similar trinuclear complexes containing the same NiFe
core but in which nickel is in an all-sulfur coordination envi-
ronment of derivatives of the ligandH5 (seeFig. 5) [141].

a didentate fashion. The electrochemistry and NMR spectra
of these clusters have been reported; such compounds are of
interest as possible models for the active site of CO dehydro-

These clusters were obtained by a reaction of the mononu-genase and acetyl-CoA synthd$d4,146]

clear nickel complex with F£CO); > and they undergo chem-

Liaw et al. have used a different approach to obtain a din-

ical reversible reduction to generate EPR-active monoanions.uclear nickel—iron nitrosyl complejd47]. As starting com-

The results of detailed studies of the EPR parameters inplexes the compounds [Njbmes)} and [Fe(NO)(SePh)]~
combination with IR studies and DFT calculations suggest were used (SePh: selenophenolate); reaction of these com-
that the SOMO of the reduced cluster is delocalised over all plexes in the presence of NOresults in the neutral heterod-
three metal centres with little participation of the sulfur atoms inuclear compound [(NO)Ni(bmes)Fe(N£P)Both metals in

[141].
The reaction of [Ni(L43)] with the complex K[HFe(Cgl)

resulted in even more surprises: as the main prod-

uct the tetranuclear compound [Fe(L43)Ni(GPR) was

this structure have a distorted tetrahedral geometry; the nickel
centre is coordinated by the tridentate dithiolate ligand and a
linearly bound nitrosyl group, the iron centre is coordinated
to the two bridging thiolates and two linearly bound nitro-

obtained, as a side product the novel diiron complex syl ligands. This{Fe(NO)}}®° odd-electron species shows an

[Fe(L43)Fe(bmes)(CQ)was formed138]. The latter com-

isotropic EPR signal witly=2.02, and it can be reversibly

plex could only have been formed by partial decomposition reduced by one electron ai0.97 V versus NHE147].

of the ligand L43 to form bmes, and substitution of the nickel
ion by iron, explaining the low yields; it could, however, be

Whereas all attempts described above to synthesise [NiFe]
complexes were taking a starting point from mononuclear

reproduced in high yields from a reaction of the complex nickel thiolate complexes, more recently new routes were

[Fe(L43)L with K[HFe(CO)] in the presence of a stoichio-
metric amount of HHbmes[142]. The unusual dinuclear iron

followed, and interesting results have been obtained by mak-
ing use of iron thiolate precursoi48,149] As described in

complex with mixed spin states was reported to be afirst spec-Section3, the compleXac-[Fe(COx(SR):]~ may serve as a

ulative model for iron-only hydrogenasisgi2]. The flexibil-
ity of the ligand BL43 is reflected in the ease with which

ligand to other metalions. A reaction of the complexin which
HSR is 2-methyl-3-mercaptofuran with nickel perchlorate re-

the nickel ion is released and replaced by iron, as well as sulted in the linear trinuclear compleffe(CO}»(SR) }2Ni]

by the fact that it is able to change its binding mode from
square-planar with twais thiolates, to “helical” with the
two thiolate groups ittranspositions. This flexibility is also
apparent from the tetranuclear cluster [Fe(L43)Ni(g@)in

containing an octahedral nickel ion in ag&ordination en-
vironment capped with terminal Fe(C§£gjroups[131].

The anionic complexes [Fe(L27)(CO))see Sectior)
and [Fe(L27)(NO)T have been used by the group of Evans as

this case the metal ions have not only exchanged ligand sites)igands to nickel; a series of heterodinuclear nickel—-iron com-

but also oxidation statd443].

Osterloh et al. have used both thex3d complex
[Ni(L44Et)] and the S containing complex [Ni(ttn)]
(see Sectior2.1) in their search for new [NiFe] model
compounds [144-146] Reaction of [Ni(L44Et)] with
[Fe(NOR(CO),] resulted in the heterodinuclear complex
[Ni(L44Et)Fe(NOY], in which the nickel ion is bridged

by both thiolate groups to the iron centre. The NO groups in these complexes

plexes with bridging thiolate groups has been obta[t&a].

The dinuclear compounds{ffe(L27)(CO}}NiCl(dppe)],
[{Fe(L27)(CO}NiCl(dppe)], {Fe(L27)(NO}NiCl(dppe)],
[{Fe(L27)(NO}Ni(CHsz)(dppe)], and the trinuclear com-
plex [{Fe(L27)(CO}2Ni] have been described (dppe: 1,2-
bis(diphenylphosphanyl)ethand150]. As already men-
tioned in Section2.2, the chelating diphosphane dppe
is a capping ligand used as

are linearly coordinated and therefore must be regarded asa measure to prevent oligomerisation. Crystal struc-

NO*; the formal oxidation state of the tetrahedral iron cen-

tre then is—Il. The IR spectrum of this complex shows
two intense absorption bands at 1663 and 1624%rthat

tures of the complexes{lFe(L27)(CO»}NiCl(dppe)] and
[{Fe(L27)(NO}NiCl(dppe)] show similar coordination en-
vironments for the nickel(ll) ion, which has a square pyrami-

are assigned to the symmetrical and asymmetrical stretch-dal Ni$;P>Cl chromophoreKig. 35. The low-spin iron(ll)

ing vibration of the nitrosyl ligandgl45]. The electrochem-
istry of [Ni(L44Et)Fe(NO}Y] in acetonitrile shows a quasi-

ion in [{Fe(L27)(CO}}NiCl(dppe)] is in an octahedral ge-
ometry with twociscarbonyl group§Ll50]. The iron centre in

reversible oxidation at +0.120 V versus NHE, which has been [{Fe(L27)(NO}NiCl(dppe)] is formally a high-spin Fe(lll)

tentatively assigned to the F&Fe~! redox couple. Based

ion, the bent binding of the nitrosyl group is in agreement

on spectroscopic and analytical data, it has been proposedvith NO~. Antiferromagnetic coupling of the iro8=5/2

that the mononuclear complex [Ni(L43)] in a reaction with

state with theS=1 of the nitrosyl group results in an overall



1574 E. Bouwman, J. Reedijk / Coordination Chemistry Reviews 249 (2005) 1555-1581

tances found in other thiolate-bridged [NiFe] complexes. The
dinuclear complex is diamagnetic, in accordance with both
metals being in a low-spin staf#49].

5. Model complexes and reactivity
5.1. General reactivity of the nickel complexes

Over the past decade the reactivity of mononuclear nickel
thiolate complexes has been studied extensively. Basically

three types of reactivity have been investigated, all related to
Fig. 35. Structure of{Fe(L27)(CO}}NiCl(dppe)][148]. the nucleophilicity of the complex:

) ; 1. binding to other metal ions (aggregation);
spin of 3/2 for the{ FeNOC} complex[150]. A crystal struc- 2. reaction with alkylating agents (alkylation); and

ture of the complex{Fe(L27)(NO}Ni(CHz)(dppe)] shows 3 reaction with hydrogen peroxide or dioxygen (oxidation
a remarkable difference as in this compound only one thio- o oxygenation).

late group bridges the two metal ions, and the nickel ion is

square planar with a N§SC chromophore. The Fe—nitrosyl Alkylation and oxidation of thiolate sulfur atoms are pro-
unit in this complex is bent at 152again indicating an  cesses that may account for deactivation of enzyme active
NO~, with the iron being formally high-spin Fe(lI[L51]. sites. Alkyl-group transfer to a metal-bound cysteine thio-

When the “auxiliary” capping ligand dppe is not used, in- late is a significant reaction in metallobiochemistry and is
deed oligomerisation results in the formation of the trinuclear Mediated by a number of zinc-containing enzynis3].
cluster [Fe(L27)(CO}2Ni]. In this cluster the two periph- The X-ray crystal structure of the nitrosylated Fe-nitrile hy-
eral iron(ll) ions are in a trigonal bipyramidal geometry, each dratase revealed cysteine oxygenates, in both sulfenic (RSO)
binding through two thiolate groups to the central nickel(ll) and sulfinic (RS@) forms, coordinated to the iron atom in
ion, which is in a nearly regular tetrahedraj &wvironment the active site. A similar environment has been suggested for
[152]. the Co-containing nitrile hydrata$&54].

Sellmann et al. have used the dinuclear iron(ll) com- The mononuclear nickel thiolate complexes show affinity

pound [Fe(L8)(CO)], as a starting complex. Reaction of for binding to other metal ions, which is the origin of (unde-
this compound in tetrahydrofuran with two equivalents of sired) cluster formation or oligomerisation, but which is also
[Ni(L3)(PMes),] results in the formation of the novel dinu-  necessary to obtain the desired heterodinuclear [NiFe] com-
clear complex [(L3)Ni(L8)Fe(CO)(PMg,] shown inFig. 36 plexes, as has been discussed in Seetidihe effect of met-
[149]. The nickel(ll) ion in this complex is surrounded by allation on the redox potential of the nickel(ll) ion has been
four thiolate groups in an essentially planar geometry; the discussed using a series of hetero-oligometallic complexes
iron(l1) ion is in an octahedral environment of three sulfur- derived from [Ni(L45)][155]. Recently, the X-ray structure
donors of the ligand L8 in a facial arrangement, one carbonyl ©f acetyl coenzyme-A synthase (ACS) revealed an unusual
group trans to one of the bridging thiolates and two phosphanedinuclear site connected to a [4Fe—-4S] cubane cluster. Ini-

donors. The nickel-to-iron distance is 3&2similar to dis- tially the nature of the central metal ion in this cluster was
unknown, it was suggested that this metal could either be

a zinc, copper or nickel iofl56—158] These reports have
initiated studies to the reactivity of mononuclear nickel thi-
olate complexes with various metal salts. A large humber of
interesting aggregates have recently been reported, which,
however, fall outside the scope of the present review, but are
reviewed elsewhere in this issue.

Fundamental investigations of the alkylation reactivity
of synthetic metal-thiolate complexes have provided in-
sight into the nucleophilic character of such species. The
group of Darensbourg has been very active in this field;
they have studied the reactivity of the complexes [Ni(L45)]
and [Ni(L45Me)] with a large number of alkylating agents,
such as methyl iodid¢106], 1,3-dibromopropane, bis(2-
iodoethyl)ether[159], and iodoacetic acid160,161] In
all reactions the alkylated ligand, containing either one or
Fig. 36. Molecular structure of [(L3)Ni(L8)Fe(CO)(PMe] [149]. two thioether groups, remains coordinated to the nickel(ll)
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ion in a square-planar mode. The effects of these alky- with I, results in the formation of the cyclic disulfide; the re-
lation reactions on the spectroscopic and electrochemi- sulting oxidised ligand remains coordinated to nickel with its
cal properties of the nickel complexes have been reportednitrogen donor, the thioether sulfur and one of the disulfide
[159,160,162] The crystal structure for the dimethylated sulfur atoms. The coordination sphere of the mononuclear
complex [Ni(L45(SMe))]l 2 shows that the thioether donors  nickel(ll) ion is completed by two iodide ions, resulting in a

remain coordinated, as they were in ttis-dithiolate com- square—pyramidal geometj§2]. Dioxygen, however, leads
plex [Ni(L45)], thereby keeping the nickel ion in a low-spin  to oxygenation of one of the thiolate groups to a sulfinato
square-planar geometf%06]. group, which in the product remains coordinated through sul-

In contrast, Kaasjager et al. have shown that the com- fur to the low-spin, square-planar nickel(ll) ion. A study of
plex [Ni(L43)] with a more flexible NS, ligand in areaction  the related complexes [Ni(L26)land the seleno-derivative
with methyl iodide forms the octahedral high-spin nickel(ll) showed similar oxidation for the thiolate complex, whereas
complex [Ni(L43(SMej})l2]. In the structure of this complex  the selenoato complex appeared to be more resistant to oxi-
the thioether-sulfur-donors are coordinating in the axial po- dation[81].
sitions, the binding of the ligand has changed to a “helical”  The dioxygen uptake in the complexes [Ni(L45)] and
mode, thereby allowing the complex to change to a high-spin [Ni(L45Me)] resulted in the isolation of S-oxygenates rang-
state[163]. During this change of folding of the tetraden- ing from monosulfenates (RSO) to the disulfinato species, all
tate ligand from square-planar to “helical” the position of S-bound to nicke]107,167] Reaction of the [Ni(L45)] com-
the methyl groups at the nitrogen donor atoms have changedlexes with isotope labeled0, showed that the monosulfi-
from “cisoid’ to “transoid’, i.e. from the same side of the nato complexwas formed by moleculas &idition ata single
molecule to opposite sidd$63]. This change is necessary thiolate sulfur, whereas the disulfinato complex is formed by
to allow the mercaptoethyl arms to occupy axial positions in a cross-site molecularaddition with a disulfenato species
the octahedral complex. These results indicate that the cyclicas an intermediatd 68]. Both products are derived from the
backbone of the ligand L45 exerts a considerable strain toinitial Ni-bound RS—-O-0 persulfoxide species and the di-
the flexibility of the ligand, preventing the twist of the ligand  vergent mechanistic pathway accounts for the two products.
and thereby precludes the formation of high-spin octahedral Higher oxygenation levels of L45 up to sulfonate products
complexes. have not been reported as yet.

Other groups have also investigated the reactivity of se-  Again in contrast with the studies described above,
lected nickel thiolate complexes for alkylation reactions. The the complex [Ni(L43)] with the acyclic b5, ligand in
template-type reactions invariably result in extended ligand a reaction with HO, did yield the disulfonato species
systems or macrocyclic ligands. The complex [Ni@]3n [Ni{L43(-SQ)2}(H20).], in which the sulfonato groups are
a reaction with one equivalent of bis(2-bromoethyl)amine bound to nickel through oxygen, as showrHig. 37 [169]
resulted in [Ni(LENH)} (see Sectior?.1, Fig. 5); the use The increased O-atom uptake of the more flexible ligand re-
of two equivalents of the reagent resulted in the isolation sulted in a change from a low-spin to a high-spin nickel ion
of the nickel complex of the macrocyclic ligand 1,10-diaza- accompanied by ageometry change from square planarto oc-
4,7,13,16-tetrathia-5,14-dibenzooctadecdrtel, 165] tahedral. Later studies showed that this high level of oxygena-

In a recent report Fox et a[166] demonstrate that tion could even be reached using air. The dithiolate complex
metal(ll) complexes coordinated by an4donor ligand and [Ni(L43)] reacts with molecular oxygen ori®, to produce
with an axially bound phenylthiolate are alkylated by ben- the mixed sulfinato/thiolato complex [Ni43(-SQ)}] and
zyl bromide according to a common, bimolecular mech-
anism, but with rates that are governed by the identity
of the central metal ion. This type of metal-ion depen-
dence has not been previously described for alkylations of
metal-thiolate complexes that retain their integrity in solution
[166].

The air sensitivity of transition-metal thiolate complexes
typically results in ligand-based oxidation of R$ RS,
with subsequent complex degradation. Nevertheless, a grow-
ing number of examples is known of reactions of@ other
O-atom sources with metal thiolate complexes in which com-
plex integrity is retained.

The group of Maroney was the first to report a nickel sulfi-
nato (RSQ) complex that was the result of aerobic oxidation
of the mononuclear dithiolate complex [Ni(L27Me)(CN)]
[82]. The dinuclear complex [Ni(L27Me)]in DMF reacts
with two equivalents of cyanide to form the mononuclear
[Ni(L27Me)CN]~ [82]. Chemical oxidation of this dimer Fig. 37. Molecular structure of [NL43(-SQ)2}(H20)2] [169].
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the fully oxidized product [NfL43(-SQ)2}(H20),]. X-ray dianionic ligands L22 and L23 have been used in other cat-
analysis of [N{L43(-SQ) }] revealed a square-planar nickel alytic studies, namely silane alcoholyEig 6], and reduction

ion coordinated by twacis amine nitrogens, one thiolate of methylviologer{62]. The group of Crabtree has also stud-
sulfur-donor and one sulfinato sulfur-donor. This complex is ied the electrocatalytic generation of dihydrogen from hy-
the only intermediate in the oxygenation reaction that could drons by a nickel(Il) complex of the macrocycliaNgand

be isolated, and it was shown to be further reactive towards obtained by the condensation of 2,6-diacetylpyridine with
0> to yield the fully oxidized product (i.e. the disulfonate bis(3-aminopropyl)aminfl77]. In an aqueous solution con-
species), a hitherto unprecedented reactji6a]. taining this nickel(ll) complex, catalytic currents resulting

The group of Riordan has reported some unusual reac-from Hy evolution are observed. Controlled-potential elec-
tivity of nickel complexes with the thioether ligands L13 trolysis of solutions at pH 2 of the nickel complex has re-
towards dioxygen (L1'Bu with R=tert-butyl; L13ad with sulted in a yield of 14.2 ml of Blafter 12 h, whereas a blank
R=adamantyl; se€ig. 7). Reaction of the nickel(l) com-  electrolysis experimentin the absence of the catalyst resulted
plex [Ni' (L13'Bu)(CO)] with dioxygen in toluene at78°C in only 0.3 ml of dihydrogerf177].
led to the thermally unstable species that was formulated In the group of Mascharak the reactivity of the complexes
as [[Ni"" (L13'Bu)},(u.-O),] based on its spectroscopic fea- [Ni(terpy)(SRp] and [Ni(dapa)(SR) towards hydride-
tures[170]. The nickel(l) complex [NiL13ad)(CO)] reacts  donors and dihydrogen has been studied (see also Section
with dioxygen to form a 1:1 species identified as the side- 2.4). The dapa complexes bindHmore readily than the
on dioxygen adduct [Nl (L13ad)(Q)]; this formulation is terpy analogues and can they can even be reduced ltyg H
based on the observed reactivity and spectroscopic propertieproduce the hydride complex, [Ndlapa)(EPhYH)]2—, with
[40]. E =S or S€72]. Enhancement of the intensities of the EPR

signals of the hydride adduct in the presence of a base in-
5.2. Functional model systems; activation of dihydrogen ?in]iteS heterolytic cleavage of dihydrogen at the nickel site
72].

It may be self-evident that the huge interestin the possibil-  Interesting reactivity was observed for the complex
ities of a hydrogen economy, based on the cheap and sustainfNi(NHP"Prs)(L8)] synthesized by Sellmann et al., shown
able generation of i and the clean and efficient oxidation in Fig. 38 (see also Sectio.1). The nickel(ll) ion in this
of Hz in fuel cells has given an impetus to the research for complex is coordinated by three sulfur-donors of the triden-
functional models of hydrogenasg¥1]. It has been shown tate ligand and one nitrogen donor originating from a phos-
that dimetallic iron complexes with two thiolate bridges are phorane imine group in a severely distorted square-planar ar-
excellent functional models for the Fe-only hydrogenase that rangement wittransangles of 160[29]. When this complex
are able to (electro-) generate dihydrogen gas from acidicis treated with D gas at a pressure of 10 bar, the imine hydron
solutions[172]. Hydronation mechanisms of nickel com- is exchanged for a deuteron with the concurrent formation of
plexes and the relevance to hydrogenases, as well as indusHD. This reaction is slow and could be monitored usthty
trial catalysts have recently been reviewW&d3]. A number and?H NMR spectroscopy, confirming the formation of the
of studies have been reported in which the functional model deuterated imine, as well as a triplet for HD. Isolation of the

is based on metals other than nickel, such as rhodlii#] complex after treatment with 30 bar opbr 96 h, resulted in
or ruthenium[175], but these fall outside the scope of this a complex for which the IR spectrum shows(&lD) band at
review. 2427 cnrl, whereas the starting complex has(&lH) band

In the search for active functional models for [NiFe] hy- at 3273cnt?. In the proposed mechanism, it is suggested
drogenases several of the structural models described in thahat D, binds to the nickel centre in an apical position and is
previous sections have been tested on hydrogenase activity.

Mainly three types of activity can be distinguished/BI* ex-
change (scrambling), activation ofKoxidation to H), and
reduction of H to H,. For functional models of the [NiFe]
hydrogenases the first two activities are of importance.

Zimmer et al. have studied the catalytic activity of the com-
plex [Ni(H2L21),]Cl, (see Sectior2.3, Fig. 17) for Do/H*
exchange in ethang63]. A 0.1 M solution of this complex
in a dmso/EtOH mixture (90:10) resulted in 7.5 turnovers of
H/D exchange in five minutes at 26 and a [3 pressure of
1 bar. Similar complexes lacking one or both phenolic hy-
drons did not show any activity in H/D exchange, leading to
the conclusion that both phenolic hydrons are required for
activity. It has been suggested that hydrogen bonding might
increase the affinity of the complex forand thus promote
exchangg63]. Similar dinuclear complexes with substituted Fig. 38. Molecular structure of [Ni(L8)(NHWPr3)] [27].
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Fig. 39. Molecular structures of [N{HL17)(SR)I" and [Ni" (L17)(SR)]" [178].

heterolytically cleaved by the concerted action of the Lewis- central nitrogen atoms of the ligands is hydronated. In the
acidic nickel centre and one Brgnsted-basic thiolate donor.?H NMR of the complex [HNi(PNHP)(PNP3T at lower
After scrambling of the acidic thiol deuteron with the acidic temperatures two resonances are observed 1.2 and
phosphorane imine hydron, HD is recombined and released7.4 ppm. These resonances have been assigned to the hydride
[29]. Recently, the group of the late Prof. Sellmann has re- and to the NH-proton, respectively. The hydride and the NH
ported that the complexes [Ii(8)(S'Bu)]~ are also capable  hydron undergo rapid intramolecular exchange with each
of Do/H* exchange under a pressure of 18 bafE3]. These other and with hydrons in solution. After addition of a base,
are the first nickel complexes in a sulfur-only coordination the complex [HNi(PNP)* is formed. Hydronation of the
environment that can be regarded as active functional modelscorresponding Ni(0) complex [Ni(PNEf with NH4PFs
of the [NiFe] hydrogenases. yields the complex [HNi(PNB])(PFs). The observation of
Lee et al. have recently reported a nickel(ll) complex of a resonance at14.8 ppm in theH NMR spectrum of this
the tripodal ligand HL17 in which one of the thiol groupsis  complex confirmed the presence of a hydride species. Acom-
hydronated178]. In the complex [Nl (HL17)(SR)]™ shown parison has been made with other bis(diphosphane)nickel
in Fig. 39 the nickelion is in a distorted square-planap8S  complexes, resulting in the conclusion that larger tetrahedral
chromophore, formed by a tridentate chelate of the ligand distortions of the nickel ions lead to better hydride acceptors.
HL17 and a thiolate donor from 2-mercaptothiophene. The When the bis(diphosphane)nickel complexes do not have
hydron residing on the non-coordinating arm of the tripodal a nitrogen atom available as hydron acceptor site, the
ligand is at a distance of 2.85from the nickel ion, and is complexes do not show hydride exchange. Based on these
2.89A away from one of the thiolates of HL17. The related observations it was suggested that the nitrogen atom of the
compound [N (HL17)(SeR)]" (SeR: selenophenol) shows bridging di(sulfanylmethyl)amine bridging ligand in [Fe]
H/D exchange with BO; the IR spectra show a shift of the hydrogenases is necessary for actiyity9].

2273cnt! S—H vibration to 1676 cm* for S-D. Instead Kinetic studies have been performed on the hydronation of
of a ligand-based oxidation to form disulfide and the din- various thiolate donors in the complexes [Ni(triphos)(SR)]
uclear complex [NI(L17)],2-, in a reaction with dry dioxy- in acetonitrile solution (triphos: bis(1-diphenylphosphanyl-

gen the complex is oxidized to form [N(L17)(SR)T", in 2-ethyl)phenylphosphang§)80]. The measuredky, values

which the nickel(lll) ion is in a trigonal-bipyramidal geom- in acetonitrile correspond to values in the range of 7-8 in

etry (Fig. 39 [178]. In the oxidation reaction a molecule of water, suggesting that in physiological conditions a thiolate

water is produced as the by-product, as has been confirmedyroup is always the initial site of hydronation. Unexpected

with 1H and?H NMR spectroscopy using the deuterated com- differences in the behaviour of the complexes containing ei-

plex [Ni' (DL17)(SR)I". The EPR spectrum of the Ni(lll)  ther benzenethiolate or ethanethiolate groups are indicative

complex is rhombic, withg values of 2.304, 2.091 and 2.0 of the formation of am? H-SEt interaction in the latter. This

[178]. side-on coordination may be an intermediate in partial in-
Bis(diphosphane)nickel complexes have been re- tramolecular hydron transfer of the thiol group to the nickel

ported that show heterolytic splitting of dihydrogen centre[180].

[179]. The complex [Ni(PNR)J(BF4)2, in which PNP is

Et,PCH;N(Me)CH,PEY, possesses both hydride and hy-

dron acceptor sites. When dihydrogen gas is passed through &. Concluding remarks

solution of [Ni(PNP}]2* in acetonitrile or dichloromethane

the solution bleaches during the formation of the hydride A variety of complexes have been synthesised to struc-

species [HNi(PNHP)(PNP3]. In this reaction, one of the  turally model the active site of hydrogenases. The earlier
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