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INTRODUCTION 

This review covers the coordination chemistry of nickel for 1993. Reviews for 1990 and 

1991 have also recently appeared in this series. Relevant references were obtained from the BIDS 
database using the keyword “nickel*“. The years 1993-1994 (June) were checked, but only 
references dated 1993 are included. Additionally, the following journals were checked independently 

from the period January to December 1993: Angew. Chem., Int. Ed., En@, Helv. Chim. Acta, Inorg. 
Chem., Inorg. Chim. Acta, J. Am. Chem. Sot., J. Chem. Sot., Chem. Commun., J. Chem. Sot., 
Dalton Trans., J. Organometal. Chem., J. Phys. Chem., Organometaliics , Polyhedron, Transition 
Metal Chemistry and Z. Arwrg. Allg. Chem. 

Many papers describe nickel complexes with the same donor set but different formal 
oxidation states. As for the 1990 review the traditional subdivision by oxidation state and ligand 
type has been replaced by ligand type alone. In cases where the oxidation state is not obvious, it is 
stated explicitly. All EJn values are quoted with respect to the saturated calomel electrode except 
where otherwise stated. 

Nickel carbonyl clusters and organometallic complexes (other than mononuclear carbonyl 

complexes) have this year been specifically excluded. These are dealt with adequately elsewhere. 

Again, nickel complexes are widely employed in homogeneous catalysis, and many papers 

describing their applications in industrial processes and organic chemistry appear each year. 

However, only papers of particular interest for their coordination chemistry are treated here. 

6.1 COUPLMES WITH GROUP I4 DONOR LIGANDS 

On treatment of [Ni6(CO)& with RSnC13 (R = Me, Bu) in CH3CN, the unusual trigonal 
bipyramidal Ni(II) complexes [Ni(SnRCl&(CO)]2- were formed [l], rare examples of stable 

Ni(II)-CO coordination. X-Ray studies showed that the CO occupies an equatorial site. 

6.2 COMPLEXES WITH HALlDE AND PSEUDOHAWDE LIGANDS 

62.1 Complexes with cyanide ligands 

The coordination chemistry of Ni2+ with CN- in liquid ammonia has been examined [2]. 

The only species detected spectroscopically (FllR and Raman) were (ion-paired) [Ni(CN)412-, and 
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[Ni(NH3)612+, in proportions depending on the mole ratio. Further coordination to give 

[Ni(CN)# at higher [CN-1, as happens in aqueous solution, was not observed. A solid-state l3C 

NMR spectroscopic study of Kz[Ni(t3CN)4].H20 has been reported [3]. The chemical shift 

tensors are nearly axial, and have similar values to those in [M(CN)& @l = Pd, Pt), and CH3CN. 
A structural study of a series of inclusion complexes of type [( 1,2- 

propanediamine)Cd(NC)~i].nG, where G is a straight- or branched-chain alkane or related guest 
molecule (n = 0.3-0.5) has been reported [4]. Two structural types were observed, one for straight 
chain guests, the other for branched guests and a,cn-dihaloalkanes; for the latter molecules, weak 

halogen-H2N hydrogen bonding appears to contribute to the structural preference. 

6.2.2 Complexes with halide and related ligands 

Rotationally-resolved electronic spectra of gas-phase NiC12, recorded using isentropicahy- 
expanded ‘cold beams, suggest that the molecule is liner, in inert gas matrices it is bent [5]. Simple 
chloro-complexes of Ni(II) continue to attract attention. The most unusual example this year is 
probably that found in the charge transfer salt [ET]-j[NiC14].HZO (ET = 
bis(ethylenedithio)tetrathiafulvalene); pairs of [NiCl@- ions are linked by H-bonding through 
water molecules, and there are some short anion-cation distances. This results in a very distorted 
geometry, such that the NiC42- ion approaches planarity (Cl-N&-Cl angles 92.4( l)-95.2( 1)‘) 161. 

The X-Ray crystal structure of (emim)2[NiC14] (emim = (1)) shows a network of hydrogen 
bonding, with all emim ring protons H-bonded to separate [Nick@- ions [7]. Such salts have been 
studied previously in ambient-temperature ionic liquids. The [NiC412- ion is also formed when 
NiC12 is dissolved in ZnClz-2NaCl eutectic; the standard potential of the Ni(II)/Ni(O) couple has 

been measured (-1.006 V vs. C12( 1 atm)/Cl-) [Xl. 

(1) 

When [NiC412- is incorporated in the interiayers of a Mg-Al hydrotalcite-like clay, halogen 
exchange with alkyl bromides is possible under surprisingly mild conditions [9], ultimately 
producing intercalated [NiBr&-. The salt ‘(piperidinium)2[NiC4]’ is yellow, suggesting octahedral 

Ni(II), and the crystal structure confirms that the compound is (piperidinium)n[ [NiC131Clln, with 

chains of face-sharing [NiCl& octahedra in a structure related to that in CsNiCl3 [lo]. A review 
describing the application of neutron diffraction and isotope substitution (NDIS) to the study of 

aqueous cation structures has appeared; Ni2+ is particularly suitable for this technique as it has a 
large number of naturally-occuning isotopes with a range of neutron-scattering lengths ill]. The 
formation of complexes with Cl-, Br-, SO42- and ATP has been studied. 

The complexation equilibria between Ni .2+ and Cl- in CH3CN indicates that with increasing 

[Cl-], [NiClx(CH3CN)6-x](2-X)+ (x = 1,2), then tetrahedral [NiC14_x(CH3CN)x](2-x)- (x = 1,O) 
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form [12]. The ion [MC4]*- is less stable for M = Ni than either Cu or Zn; all reactions are more 

exothermic in CH3CN than in the stronger donor solvent dmf. 

The electronic spectrum of [Ni(H2O)e](NO3)2 dissolved in molten Ca(N03)2.4H20 has 

been reported, it is thought that some displacement of water by nitrate ion occurs in this solvent 

U31. 
The fist example of a dinuclear Ni(II) complex with bridging SeCN- to be structurally 

characterised is ([Ni(NCSe)(L)]]&-SeCN)2 (L = MeN(CH2CH2CH2NH&) [14]. The 

selenocyanate bridges in an end-to-end fashion so each Ni(I1) is octahedrally coordinated by the 

tridentate L, a non-bridging nitrogen-bound NCSe- ion, the Se atom of one bridging SeCN- and 

the N atom of the second bridging NCSe-. The complex is ferromagnetic as expected for this 

arrangement, with J = 8.8 cm-l. 

6.3 COMPLEXES WITH OXYGEN DONOR WGANDS 

63.1 Neutral ligands 

A neutron and X-Ray diffraction study of [Ni(H2O)e]SO4 at 25 K has been reported [IS]. 

Changes in the electron distribution about the nickel in comparison with an earlier study at room 

temperature of [Ni(D2O)e]S04 [ 161 were interpreted as due to changes in the relative occupancy of 

the electronic energy levels with temperature. Another X-Ray study of the electron distribution in 

[Ni(H20)6]S04 found four coplanar lobes of electron density at Ni; these each point to the S atoms 

of the nearest four so& ions [ 171. These findings contradict those from the earlier report on 

[Ni(D20)@04. A careful re-examination of the structures of the ammonium Tutton salt and 

hexafluorosilicate salt of [Ni(H20)e]2+ has been reported [18]. As expected from ligand field 

considerations, the Ni-0 bond is the shortest of any third row transition element (2.0418(g) A for 

the Tutton salt). 

The water vapour pressure - temperature behaviour and thermodynamics of the dehydration 

of [Ni(HzO)e](C104)2 have been reported [19]. The species [Ni(C104)2(H20)41 and 

]Ni(ClOWH20)2] are formed as the temperature is raised. 

The tetrahedral complex [NiBr2(O=PPrn3)2] has been found to react reversibly with SO2, 

giving a ligand-bound adduct, [Ni{O(S02)PPrn3]2Br2]; it is suggested that the structure of the 

adduct is as represented in (2) [20]. 

Br 

vacuum 
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6.3.2 Anionic ligands 

6.3.2.1 Oxides and related systems 

Since the discovery of high Tc superconductivity in hole-doped copper oxides, interest in the 

electronic structure of the late transition metal oxides has increased, and this is reflected in a number 

of papers this year. The system Y2-&xNiO4_s has been studied. It shows one stable phase only, 

between 1100-l 15o’C, namely the stoichiometric Ni(II1) oxide, YSrgNigOI 1. This adopts the 

tetragonal K2NiF4 (T-type) structure, with oxygen vacancies in the nickel oxide planes [21]. The 

material is a semiconductor, exhibiting variable range 2-dimensional hopping behaviour. Another 

oxonickelate, NaBa2Ni(II)2Ni(III)O~, has also been briefly described [22]. 

When Li+ is doped into NiO giving LixNil-x0 (x = O-0.4), charge compensation requires 

either formation of 0- or oxidation to Ni3+. An EXAFS and X-Ray Absorption Near-Edge 

Structure (XANES) study of this system has been interpreted in terms of the predominant effect 

being oxidation to Ni3+ [23]; two different Ni-0 bond lengths (2.07(l) and 1.94(l) A), whose 

proportions changed with x, were found. Turning to phases containing exclusively Ni(II), a detailed 

study of the electronic spectrum of NiTa206, where the Ni2+ ions have D2h symmetry, has been 

published [24]. The lowest energy transition is largely magnetic dipole in nature, but the other 

transitions are vibronic. The spinels MzNiMn2_rOq (M = Li, z = O-0.66; M = Fe, z = O-l; M = Zn, 

z = O-l) have been prepared [25]. The electrical conductivity of these compounds has been 

interpreted in terms of the polaron hopping model. 

An interesting nickel-antimony alkoxide cluster, [Ni&b404(OEt)l6(HOEt)4], has been 

described [26]. This green complex was made by treatment of a mixture of Sb(OEt)j and KOEt 

with NiBr2. X-Ray crystallography reveals a roughly tetrahedral arrangement of five-coordinated 

Sb(III) ions (with the stereoactive lone pair occupying the sixth position), and octahedral Ni(I1) ions 

occupying positions roughly midway along the SbSb edges. Each oxide ion is bonded to one 

Sb(III) and three Ni(I1) ions. 

Oxides with metals in unusually low oxidation states continue to attract interest. Some 

unusual compounds of this type involving Ni(I), RbNazNiOZ and KNazNi@, have been described 

this year [27]. These were prepared by prolonged treatment of NazNi@ with M20 at 6OOC. 

Finally, a comprehensive ab initio study of gas-phase Ni& shows that the molecule adopts 

a side-on Czv type arrangement [28], and is fairly well-described as Ni+02-. 

6.3.2.2 R& and related ligands 

The presence of secondary organochlorine-metal bonding in Ni(I1) complexes of 4- 

substituted 2,6--dichlorophenolate has been examined using structural and NQR spectroscopic 

methods [29]. For a range of 3d metal complexes of these ligands of the type 

[M(OC$I2C12X)2(L)2] (L = monodentate ligand), the strongest M*ClC interaction was found for 

Ni(I1); this appears to be governed by octahedral site preference energy. The secondary bond in 

[Ni(O~H2Cl~~,Cf)~(tmen)l is one of the shortest and strongest yet found (mean 2.611 A); the 

geometry is pseudo-octahedral with tram oxygens and cis organochlorines. 



120 J.C. Vites et nlJCoordination Chemistry Reviews I46 (1995) I-281 

The kinetics of the reversible binding of Ni(II) with Co(I11) complexes of type (3) (and 

related systems with di- or multidentate Co(R)-amine complexes) have been studied by stopped- 

flow techniques [30]. The reaction proceeds via the phenoxide form of the ligand, giving a NW)- 
salicylate chelate species. 

The ligand (4) was previously thought to complex as an alkoxide-carbonyl didentate, with 
the remaining -OH group deprotonated, giving net neutral Ni(II) complexes with diamine CO- 
ligands. However, X-Ray crystallography shows that, with tmen as co-ligand, the enol complex (5) 
is the true structure [31]. A range of heteronuclear complexes of type [MIr(Cr(A)(OH)2)2]4+ (A = 
tetraamine), among them Ni(I1) examples, has been isolated (as dithionate salts) [32]. TWO forms of 
the complexes occur, depending on the nature of A. The first is more hydrated than the other, and it 

is suggested that the Cr complexes are singly bridging to Ni(II) in the former, and chelating in the 
latter. Correlation of magnetic with X-Ray crystallographic data suggests that in the complexes 

where the metals are linked by single bridges, antiferromagnetism is observed, but where they are 
linked by double bridges, weak ferromagnetism is seen. 

F3C 

(4) (5) 

The stability constants of complexes formed by Ni(II) with 1-hydroxy-2-pyridone, of 
interest because of its potential therapeutic uses, have been reported [33]. This ligand gives stronger 

complexes than the related l,klihydroxy-2-pyridinone and 1-methyl-3-hydroxy-2-pyridiione. 
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6.3.2.3 Carboxylic acid, amide and related ligands. 

A number of novel carboxylato-bridged polymetallic complexes, including 
[Mrm2NiO(02CCH3)6(py)~].solv (M = Cr, Mn) have been prepared from the metal acetates in 
pyridine (0) or ethanol-acetic acid-pyridine in air (Mn) [34]. The structure of the MnhlCoII 
analogue shows an oxo-centred triangular core of metal ions, two bridging acetates linking each 
metal centre and terminal pyridine ligands, giving a roughly octahedral geometry at each metal. 

Unlike the mixed valence Fe1*12Fe11 analogue, IR spectroscopy establishes that these complexes are 
valence-localised at room temperature. Magnetic interactions in related complexes of Fe(III), 

including [FezNiO(OzCCH3)6(py)3], have been studied using inelastic incoherent neutron 
scattering (IINS), and the results compared with predictions from the Heisenberg-Dirac-Van Vleck 
spin-only magnetic coupling scheme [35]. Energy transfers of magnetic origin were observed 

consistent with transitions between low-lying energy levels of the exchange<oupled cluster, and 

excellent agreement with the theory was found. Differences in J values found using IINS and those 
measured with magnetic susceptibiiitytemperature experiments were small. 

The structure of [Ni(2-phenoxybenzoate)2#I20)4] shows that the geometry is tram, with 
bond lengths Ni-0 (carboxylate) 2.031(l) A, N&OH2 2.049(2), 2.104(2) 8, [36]. Several metal 
complexes of the antibacterial compound cinoxacin (6), including [Ni(6-)2(DMS0)2].4H20 and 

Ni(6-)2.2HzO, have been prepared and characterised [37]. The crystal structure of the former 

consists of monomeric [Ni(6-)2(DMS0)2] units linked by extensive hydrogen bonding via the 

uncoordinated water molecules; the cinoxacins bind through one carboxylate oxygen and the 
exocyclic carbonyl oxygen atom. 

()&OH (6) 

I 
lit 

The crystal structure of the complex [Ni&)(bpy)(HzO)g] (H;?L = phthalic acid), obtained by 
reaction of piperidinium phthalate, bpy and Ni(C10&6H20 in ethanol, has been obtained. The 
phthalate dianion is bound via a single carboxylate oxygen, trans to one of the bpy nitrogens [38]. 

When NiC12.6H20 was treated with (7) (LH& partially deprotonated beforehand with NazC@, a 

complex [Ni(LHz)(H20)31 was obtained, the X-Ray crystal structure of which showed LHz2- 
coordinatedfac through two deprotonated carboxylates in positions 2 and 5, and the l-ether oxygen 
[39]. The complex, and a mixed Co-Ni complex prepared similarly, decomposed to oxides at very 

low temperatures. A very similar complex of the ligand (8) has also been described; the crystal 

structure shows the same donor set and geometry [40]. 
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HO 

(7) (8) 

Turning to other simple dicarboxylic acids, a dinuclear nickel(H) complex, 

[ ((acac)(tmen)Ni]Z(oxalate)], has been prepared. The crystal structure shows that the molecule is 

centrosymmetric, with bridging five-membered chelate ring oxalate dianion [41]. There is weak 

antiferromagnetic interaction between the nickel(R) centres. The crystal structure of trans- 

K2[Ni(ox)2(H20)2].4H20 has been determined. The molecule is centrosymmetric, and 

isomorphous with the Pd(I1) and Pt(I1) analogues, although in the latter, the axial water molecules 

are not coordinated [42]. The design of ferromagnetic complexes attracts much attention from 

coordination chemists. Reaction of the salt [Cr(salen)(ox)]- with NiC12.6HzO and 1,4,7,10- 

tetraazadodecane (L) in MeOH/H20 affords the oxalate-bridged complex [(salen)Cr@-ox)Ni(L)]+, 

isolated as the BPh4- salt [43]. This is ferromagnetic, and on the basis of the spin Hamiltonian H = 

-U$r.SNi, J = +4.6 cm-l. The salt KCa[Cr(L)3].6H20 (H2L = dithiooxalic acid) reacts with the 

square planar [Ni(L’)](ClO& (L’ = rat-5,5,7,12,12,14-Meg-cyclam) (1:3) in MeOH/H20 to 

precipitate a red-brown tetrametallic complex, [Cr(p-L)3(Ni(L’))3] [44]. This complex is also 

ferromagnetic; J = +5.9 cm-l. The central Cr(II1) is coordinated by the six sulfur atoms, and each 

Ni(I1) ion is coordinated by a folded, cis macrocycle and the two oxygens of the bridging 

dithiooxalate ligands. The complex [Cu(oxamidobis(NSJ’ropionate])]2- complexes to Ni(I1) via 
the exocyclic amido oxygens to afford a dinuclear complex of stoichiometry 

NiCu(L)(H20)5.3.5H20, the crystal structure of which reveals discrete NiCu dimers, with the Ni(I1) 

coordinated octahedrally to four water molecules in addition to the amido oxygens [45]. The fifth 

water is loosely coordinated, axially, to Cu(I1). There is strong intramolecular antiferromagnetic 

coupling. 

HNn 2 NH+” 

The complexation behaviour of various sugar acids, for example D-glucoheptanoic, D- 

gluconic, D-galactonic, D-ribonic, with Ni(II) in water has been studied [46]. Interaction is weak, 

even at high pH. Chelation of Ni(I1) by a terminal carboxyl group oxygen and the neighbouring 

(deprotonated) sugar -OH group is proposed; the green colour suggests octahedral Ni(I1). A 
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Ni(II)-cyclohexylbutyrate complex has been employed as a modifier for a carbon paste electrode 

for the electrochemical determination of lipoic acid [47]. 

6H 

R=-H; (IW 
R = -NH,; (lob) 

Several complexes [Cu(oxae)NiL2](ClO&.H20 (L = bpy, phen and derivatives) have been 

described [48]; Hzoxae = (9). Spectroscopic evidence suggests that the Cu(I1) is square planar and 

the Ni(I1) six-coordinate and chelated to the oxamido unit via the oxygens. Antiferromagnetic 

behaviour is observed for two examples. The coordination behaviour of nickel(I1) with a range of 

amide and amide-carboxylic acid ligands (lo)-(13) has been examined [49]. The ligands (10) 
form octahedral [NiL2(H20)2] (10a) and [NiLz] (lob) with the ligand probably coordinated 

through the deprotonated carboxyl group, the amide nitrogen and (lob) the aryl-NH2 group. The 

other ligands coordinate via the amide oxygen, based on IR spectroscopic evidence; all complexes 

isolated were octahedral. The ligands (13) (bond in bold represents -CHzCHz- or o-CgH4) 

behaved exclusively as pyridine-(amide oxygen) didentates, and octahedral complexes [NiL2X2] 

were isolated with a range of Ni(I1) salts. 

(12) HO06 

Finally, EXAFS has been employed to study the solution structure of divalent transition 

metal ions, including nickel, in dmf and dma. Unsurprisingly, the data for Ni(II) are best fitted by a 

[NiL612+ model, although there is some evidence that the Ni(II)-O bond in [Ni(dma)e12+ is 

elongated owing to steric crowding [50]. 
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6.3.2.4 /SDikeronaro and related Iigands. 

Some Ni(l1) complexes of simple functionalised P-diketonates have been reported [SI]. 

Thin films of nickel have been made by chemical vapour deposition, using [Ni(acac)zl as substrate 

[52]. Electron ionisation positive ion mass spectra have been reported for Ni(ll)-wketonates and 

monothic+P-diketonates [Ni(RC(X)CHC(O)R’)2] (X = 0,s; R = Ph, 2-thienyl, 5-Me-2-thienyl, 

2-naphthyl; R’ = -CF2H, -CF3, -CzFg, n-C3F7) 1531. For X = 0, the molecular ion [NiL2]+ is 

prominent in all cases. Fragmentation is principally by loss of R’ radicals, followed by loss of even- 

elec@on species affording N&containing ions. For X = S, fragmentation of [NiL2]+ affords mainly 

L+, and some of the other fragment ions contain Ni(1). The electronic structure and optical spectra 

of [M(acac)z] (M = Ni, Pd, Pt) has been the subject of a theoretical study using a semi-empirical 

approach (lNDO/S-SCF-Cl) [54]. The markedly different electronic spectra of the Ni(l1) and 

Pd(l1) complexes are accounted for by this approach; the increase in covalency from Ni(II) to Pt(II) 

is clear from the calculated decrease in charge at the metal centre and increase in mixing of metal and 

ligand orbitals, particularly the highest occupied x3 (3b7.J and d (8ag and 3b@ orbitals. This raises 

the energies of these with respect to the other occupied frontier orbitals and reduces the HOMO- 

LUMO separation. The increased separation of the pairs of highest occupied and lowest 

unoccupied orbitals reduces the configuration interaction, and it is this which affects the appearance 

of the electronic spectra significantly. 

6.3.2.5 Phosphate, silicate and related ligands 

There is much current interest in the substitution of transition metals into aluminophosphate 

structures. A blue Ni(ll)-aluminophosphate of formula 0.4Ni0:0.8A1~0~:1.0P205:1.5en:50H~0 

has been prepared from Ni(OAc)2.4H20, Al(OiPr)s, P205 and ethylenediamine as template [%I. 

X-Ray crystallography established that the nickel(l1) ions are coordinated to two framework 

oxygens, a water molecule and two ethylenediamine molecules (one didentate, the other unidentate). 

Other protonated ethylenediamines are present in the lattice. The nickel(l1) ions link alumino- 

phosphate layers. The crystal structure of a layered vanadyl(lV) phosphate, Nio.5VOP04.2H20, 

has been independently reported by two groups [56,57]. Whereas Nio.sVOP04.1.5HzO (typically 

the major product of the hydrothermal synthesis employed) is orthorhombic, N+JVOPOJ.~H~O is 

tetragonal. The nickel(I1) centre is coordinated by two trans-VIv=O groups and four water 

molecules; the Ni(l1) ions thus link VOPOq sheets. 

A series of diphosphates AM3(P207)2 (A = Ca, Sr, Ba; M = Ni) has been made by a 

hydrothermal method [58]. X-Ray crystallographic data show that the structure consists of infinite 

chains of edge sharing MO6 octahedra, connected by P2O7 bridges to form a 3-dimensional 

superstructure with channels parallel to the b axis. Two lamellar Ni(l1) oxophosphorus compounds, 

Ni(HP@).H20 (a) and NiCl(H2P02).H20 (b), have been prepared, from NiC12.6HzO and 

WO3KOH at 18O’C, and from NiC12.6H20 and H2P02 at room temperature, respectively [59]. 

The structures of both compounds have been solved using the Rietveld powder diffraction method. 

The structure of (a) consists of cis-Ni208 zig-zag chains of edge-sharing octahedra, interconnected 
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by phosphate bridges. In (b), distorted NiC1203(H20) octahedra are linked into dimers by edge 

sharing, and the dimers are further connected by Cl- bridges, giving a layer structure. 

The crystal structure of Sr2Ni(P04)2 [60] shows Ni(I1) ions occupying two sites with 

octahedral geometry (average Ni-0 2.08(2) A) and separated by 2 4.8 A. There are sheets ofPO$ 

and Ni2+ ions, linked by Ni-0 bonds to form tunnels, in which are located eight-coordinate Sr2+ 

ions. The structure of lithium nickel phosphate has been reexamined using the Rietveld powder 

method. The structure is related to olivine, with hexagonal close-packed oxygen atoms; Li and Ni 

occupy half the octahedral sites and P, $3 of the tetrahedral sites [61]. Moving to a study with a 

rather different emphasis, the effect of various metal ions, including Ni(II), on the rate of hydrolysis 

of cyclic and linear condensed phosphate oligomers has been examined [62]. The rate is, it appears, 

affected by both the degree of complex formation and the nature of the bonding in the complex. 

Finally, the global distribution of Co(I1) and Ni(I1) in the earth’s mantle and core are 

important in constraining models of the chemical evolution of the earth. Until recently, the effect of 

pressure on the partitioning between these phases had been ignored. The crystal field spectra of 

doped silicate glasses quenched from high-temperature, high-pressure melts shows that the 

coordination, and therefore the partitioning, of these elements changes with pressure. Thus, Ni(I1) is 

in a distorted octahedral site at all pressures, but Co(I1) changes from tetrahedral to octahedral 

coordination with increasing pressure [63]. 

6.4 COMPLEXES WITH SULFUR AND SELENIUM DONOR LIGANDS 

6.4.1 Complexes of alkanethiol and related ligands 

There has been a revival of interest lately in toroidal nickel thiolate complexes [Ni(SR)]n (n 

= 4,5,6,8). Extended Htickel calculations have been employed to probe structural aspects of these 

complexes [64]. In the case of 3- and 4-membered rings, where the nickel atoms are displaced out 

of the toroid, this is attributable to repulsive metal-metal interactions. Sulfur-sulfur interactions do 

not apparently play an important role in determining structure; the dominant effect is maximisation 

of Ni-S bond strength. 

The question of the exact geometry of [Ni(SR)#- complexes is of interest since some Ni- 

containing metalloenzymes are thought to have sites of this type (where RS- is cysteinyl), and since 

Ni(I1) substitution is often employed as a way of studying other metalloenzymes with these sites. A 

crystal structure of a new polymorph of [NEt4]2[Ni(SPh)4] (orthorhombic; Ni-S (average) = 

2.296(4) A) has appeared [65]. The geometry at nickel is tetragonally compressed tetrahedral. A 

range of structures of the related [NEt&[M(2-PhCeI-I&)4].2CH3CN (including M = Ni) has aIs0 

been published [66]. The complexes all crystallise in space group Ixc2, which imposes S4 

symmetry on the anions; all therefore have tetragonally-compressed geometry, although the 

compression is greatest for Ni(II), as expected for a d8 ion. 
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(13A) 

The crystal structures of the compounds [M(L)d](BF& (L = (13A); M = Zn, Ni) have been 
examined [67]. The ligands bind only via the sulfur, and the bond lengths in the ligand show that 
the zwitterion form is a significant contributor to the overall structure. In this case, the Zn(I1) 
complex has almost regular tetrahedral geometry, but the Ni(I1) complex is significantly distorted, 

with rrans-S-Ni-S angles of ca. 85”. The bis(dithiasquareamide) ligands (14) have been prepared, 
and their coordination chemistry with nickel(B) explored 1681. FAB-MS and spectroscopic data 
support a formulation as square planar [Ni$J.?-)2], with each nickel(I1) centre coordinated to two S- 

donors from each ligand; species with mixed N&donor sets could not be made. In pyridine 
solution, the complexes are thermochromic, with temperature-dependant axial coordination of 
pyridine presumably responsible for this. 

(14) (148) 

The dithioamide ligand quinoxaline-23-dithiol H2L (15) reacted with NiCl2 in hot EtOH 
affording blue-green [Nit&L)21 2+. With RO-/ROH, this gave red [Ni(L)$- with the ligand S- 
bound as a dithiolate. Treatment of the latter with 1,2-dibromoethane gave a neutral complex 

[Ni(L’)] O&L’ = (16)), and with Me1 trans-[Ni(L”)z] (L” as (16) but RSMe. not RSCH2CHzSR) 
[69]. Interestingly, both [Ni(L)# and [Ni(H2L)&+ reportedly undergo reversible one-electron 
oxidations in CH3CN at quite similar potentials (+O. 12 V and +0.32 V respectively). Although the 

peak-to-peak separation for the latter was large (180 mV), coulometry confirmed that both 

complexes were stable in solution, and ESR spectra were consistent with a square planar, (dxy)l 
Ni@I) formulation for both forms. 

The crystal structure of [Ni(fac-( Co(aet)3))2]Cl2.3H20 (aet = 2-aminoethanethiolate 
anion) has been reported [70]. The Ni(II) has distorted octahedral coordination, with the six thiolate 
ligands forming bridges from the two fat-[Co(aet)s] subunits. The average NGS distance 

(2400(1)A) is longer than in [Ni(Co(aet);?(en))#+ (2.238(l) A), which is square planar at 
nickel(E). 
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6.4.2 Metalloenzymes with Ni-thiol sites 

There has been extensive recent interest in the FeNi hydrogenases present in methanogenic 

archaeobacteria. These usually contain Fe-S clusters, and a single nickel site which if demetallated 

renders the enzyme inactive. The redox chemistry of the protein is complex. Two oxidised, 

catalytically inactive forms, A and B, exhibit different rhombic ESR spectra. Under Hz, these 

signals initially disappear, then are replaced by another rhombic spectrum characteristic of the active 

enzyme (C). Finally, this too disappears; the fully-reduced enzyme is ESR-silent. These changes 

have been interpreted in terms of all nickel oxidation states from 0 to IV; considerable controversy 

surrounds the area, and this continues this year. 

An ESR study of a Ni(II)-substituted rubredoxin has been adduced as evidence that the 

active C form of FeNi hydrogenases (which earlier work suggested is a Ni-H complex) is Ni(III), 

as is the photolysed C-form (referred to as C*, which is not a Ni-H complex) [71]. Upon oxidation 

of the Ni(II)-rubredoxin with ferricyanide, an ESR signal strikingly similar to that of NiFe 

hydrogenase C* was observed. On treatment of the Ni(III)-rubredoxin with CN-, the ESR signal 

changed to one very similar to that of NiFe hydrogenase C. A resonance Raman study of the 

complex [Ni(SPh)#, Ni(II)-substituted rubredoxins and Ni(II)-substituted desulforedoxins has 

been interpreted in terms of teuagonally-elongated NiS4 cores in the rubredoxins, and a distorted 

square planar core in the desulforedoxin, with Ni-cysteinate bonding important in all these enzymes 

t721. 

In contrast, two studies employing ESR, electron-nuclear double resonance (ENDOR) and 

X-Ray absorption (XAS) spectroscopies found no evidence of bond length changes during any of 

the redox processes referred to above, and concluded that the oxidation state of nickel in FeNi 

hydrogenases does not change during the catalytic cycle [73]. Further, the XAS results suggested a 

NiS2kt(N/0)3kt site, with 5- or &coordinate Ni. The photolysis process of the C form of the 

enzyme has been studied using ENDOR and H/D exchange experiments, and these support the 

assignment of a Ni-H species to this form [74]. The bond valence sum (BVS) method has been 

applied to FeNi hydrogenases (and other metalloenzymes), and the theory has been used to check 

the conclusions of the latter two papers [75]. No inconsistencies with the conclusions could be 

found ; however, the BVS method cannot be used to test the presence of Ni-H species, which makes 

the exercise less valuable. It is clear that this field will continue to provoke investigation. 

Some FeNi hydrogenases also contain Ni-bound Se (from selenocysteine). An example of 

a FeNiSe hydrogenase has been studied using ESR spectroscopy. As isolated, the enzyme had a 
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rhombic spectrum. On illumination, this was replaced by a second rhombic spectrum. Hyperfrme 
77Se coupling to the ‘dark’ signal was highly anisotropic, but after illumination, the splitting was 

nearly isotropic. These changes were interpreted as a change from a (dz2)l state to a (dx2-y2)1 state 
on photolysis, the putative H-binding site being cis to the RSe- ligand [76]. 

IR Spectroscopy has been employed to study the binding of CO and ‘SC0 (inhibitors of 
hydrogenase activity) to the nickel site in hydrogenases [7]. Finally, a review of bacterial 
hydrogenases has been published [78]. 

Turning now to Ni-containing CO dehydrogenase (CODH) enzymes, some kinetic evidence 

has been published which suggests that the oxidation of CO to CO2 occurs at one site, and the 
coupled synthesis of acetyl-CoA occurs at a separate site, activated by reduction towards CO 
binding for acetyl synthesis [79]. It is known that CODH has an (ap)3 quatemary structure. 

Treatment of the protein with phen resulted in removal of cu. 0.3 Ni per subunit [80]. Further, the 
partially demetallated enzyme did not give the ESR signal characteristic of the enzyme active form, 

nor was it catalytically active. This suggests that the nickel in one subunit is rather different, and 
may be the active site. 

6.4.3 Xanthate , dithiocarbamate and related ligands 

The complex [Ni(EtOCS2)2] has been employed as a diamagnetic host lattice for a Cu(II) 

complex in ‘H and l9F ENDOR studies [81]. Electronic and MCD spectra of [Ni(EtOCS2)21 in 

CH3CN have been recorded, together with those of the Pd(I1) and Pt(I1) analogues. The intense 
bands are assigned to LMCT from S orbitals to the empty 3dx2y2 orbital. The most intense band 
is assigned to a So + 3d,2?2 transition [82]. An attempt to make mixed NJ-donor complexes by 

treating [Ni(R2NCS2)2] with en failed, either no reaction occurred or [Ni(en)3](R2NCS2)2 was the 
product [83]. On standing (in air) for several days, solutions of the latter precipitated 

[Ni(en)3]@20$. Electrospray mass spectrometry has been used to characterise the products formed 
when metal-dtc complexes, including [Ni(R2NCS2)2] (R = Et, benzyl) are treated with NOBF4 

[84]. Peaks due to [Ni(R2NCS2)3]+ were seen, together with weak peaks due to [Ni(R2NCS2)2]+; 

however, the intensity of the latter increase with ion source energy, confirming that they are daughter 

ions. The crystal structure of a mixed ligand complex, [Ni(iPr2NCS2)(PhC(S)CHC(S)Ph)l, has 

been determined. It has no mirror symmetry, and four different Ni-S distances [85]. 

6.4.4 1,2-Dithiolene and related ligands 

The second-order hyperpolarisabilities of [Ni(S2C2H2)212-, [Ni(S2C2Me2)212- and truns- 
[Ni{SC(Me)=C(Me)SMe)2] have been computed using the coupled Hartree-Fock-perturbed 
CNDO approach 1861. The results have been compared with those for tetrathiafulvalene (ITF). All 

the Ni(I1) complexes had higher polarisabilities and hyperpolarisabilities than ‘ITF. Also with 

optical second-order applications in mind, a series of complexes [Ni(SC(R1)=C(R2)S)2]2- has 

been examined, in both CH2Cl2 solution and in a polymethylmethacrylate host, using Z-scan and 
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degenerate four-wave mixing methods. The complexes have the advantage that by varying the 
substituents, the absorption band can be tuned between 770 and 935 nm [87]. 

-S (17) n = 1 

(18) n =2 

Crown ether-dithiolene ligands H2L (17) and (18) (above) have been synthesised, as have 
their nickel complexes [EQNJ[Ni(L)z] [88]. Electrochemistry and spectroscopy indicate that the 
new ligands are similar to (1,2-&C&@, but more electrontich. IR Spectroelectrochemistry has 
been used to characterise further the redox chemistry of [Ni(mnt)#- (mnt = c&1,2- 

dicyanoethylene-1,24ithiolate dianion) [89]. Although both the redox processes (a) and (b) 
(below) are reversible on the voltammetric timescale, reversible changes in VW were only seen for 

process (a). 

[Ni(mnt)$ + e- F [With- (a) 

[Ni(mnt),]- + e- e Wi(mnOJ ‘3) 

The complex [ButP][Ni(19)2], synthesised by 12 oxidation of the dianion, has been 
structurally character&d [90]. Whereas the dianion is centrosymmetric, planar and monomeric, the 
monoanion is rendered dimeric by interaction between nickel and a sulfur from a neighbouring 

molecule @Ii-S = 2.385 A), giving an approximately square pyramidal geometry. Crystal structures 

of [QNj2[Ni(20)2] (R = Et, Bu) have also been published this year [91]. The teaaethylammonium 
salt had a layer-type structure, in which cation and anion were parallel to the a6 plane and alternated 

along the c axis. The tetrabutylammonium salt, in contrast, adopted a much looser structure with 
anions in centmsymmetric sites and cations in holes between the anions. 

Better orbital overlap and electronic properties may result in improved electrical properties in 

conducting salts of these anionic complexes. One strategy recently tried has been the use of 
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organometallic cations, and the crystal structure of [Co(cp)2][Ni(dmit)2] (dmit = (20)) has been 

published this year [92]. The Ni(I1) geometry is planar, with a shuttle shaped D2h conformation. 

There are sheets of SGl connected anionic stacks, with pairs of cations between them. 

Another strategy is to incorporate Se, with its spatially more extended orbitals, into the 

ligand. Electrochemical oxidation of [MeqN][Ni(dmise)2] (dmise = (20) with C=S replaced by 

C=Se) gave a compound cc-[Me4Nj[Ni(dmise)2]2. Using [BuqNJ[Ni(dmise)2] in the presence of 

excess [MeqNj[PFe], needles of e[Me4Nj[Ni(dmise)2]2 also formed. The two structures showed 

differences in molecular packing; both exhibit many short intermolecular S...S contacts, and the a 

structure also has some very short Se.+8e distances. Both are low bandgap [EB 0.08 eV (a), 0.05 

eV (B)] semiconductors [93]. 

Complexes [Ni(L)$- (L = (21)) are interesting as, unlike the [dmit12- complexes, they can 

be electrochemically oxidised, to mixed-valence cationic complexes. The redox chemistry of 

[R4NI[Ni(L)2] has been studied using microelectrode techniques [94]. As well as a quasi- 

reversible oneelectron reduction (E = a.7 V) and oxidation (E = 0.0 V), a further irreversible 

oxidation (Epa = +0.90 V) was observed, corresponding to the formation of [Ni(L)2]3(BF&. The 

mechanism involves one-electron oxidation to [Ni(L)2]+ followed by fast chemical processes 

leading either to formation of the solid mixed valence complex, or to decomposition. 

(21) (22) 

Complexes of the analogous ligand (22) have been described this year. The crystal 

structure of the complex [Et4N][Ni(22)2] reveals an unusual packing motif, with double layers of 

planar anions. The 1,3-propane bridges lie in a chair conformation [95]. Two salts of [Ni(1,2- 

dithiooxalato-$S’)2]2- have also been reported. The 2-methylpyridinium salt has mixed layers of 

planar anions and cations held together electrostatically, and there is an extensive N-H***0 and 

CH.. .O H-bonding, and some K-X cation-anion interaction [96]. The quinolinium salt has layers 

of planar anions and cations stacked along one axis in an . .ACCACC.. . sequence apparently 

dictated by strong JC-7~ interactions [97]. 

6.4.5 Complexes with mixed R2SIRS- donor sets 

Nickel complexes of this group of ligands are of interest in biomimetic work. The oxidation 

of nickel-bound thiolates by dioxygen has been explored for complexes of multidentate ligands 

including S(CH2CH2S)2. Reaction of the dithiol with Ni(OAc)2 gave the thiolate-bridged dimer 

[Ni(L)]z [98]. Reaction of this with (&N)CN gave planar EutN[Ni(L)(CN)], the crystal structure 
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of which showed a highly distorted square planar arrangement, with rruns- thiolates. The thioether 

donor lies significantly out of the plane defined by nickel and the other three donor atoms. This 

complex reacted with dioxygen to give a planar complex of the mixed thiolate-sulfinate ligand 

S(CIWH;?S-)(CH2CH2SO$. Isotopic labelling studies show that the sulfinate oxygens in each 

molecule derive mainly from single 02 molecules. 

The ligand H2L (H2L = (23)) reacted with Ni(OAc)2 in toluene to afford dark violet [Ni(L)], 

the crystal structure of which shows a distorted square planar arrangement [99]. Cyclic voltammetry 

shows that ]Ni(L)I undergoes one-electron reduction at -1.33 V, which shifts to more positive 

potentials and becomes irreversible in the presence of CO. This, and IR spectroscopic data, suggest 

that the Ni(1) complex binds CO. Moreover, the complex is electrocatalytic for C@ reduction. 

Thus, the complex mimics two of the suggested roles of the nickel site in NiFe CO dehydrogenases. 

(23) (24) 

A nickel-promoted reductive C-S bond cleavage has been reported, which occurs when 

solutions of the Ni(I) complex of (24) are electrogenerated [lOO]. The product was identified by 

cyclic voltammetry and spectroscopy as [Ni@-C&&)2]2-. ESR and NMR evidence suggests a 

oneelectron mechanism, involving reduction to a formally 19 electron nickel(I) species, 

(dx2-y2)1 + S-C (T* electron transfer and concomitant C-S cleavage, extrusion of CH2=CH2, 

followed by a further one-electron reduction and extrusion of ethylene sulfide. 

6.4.6 Complexes with thioether and related macrocyclic ligan& 

The coordination chemistry of some intermediate-ring nithioether macrocycles has been 

explored, in the hope that their moderate binding ability might make them useful in membrane- 

based ion-selective electrodes [loll. The ligand (25), with [Ni(H20)6](BF& in nitromethane- 

acetic anhydride, afforded violet octahedral [Ni(25)2](BF4)2. The crystal structure shows a 

distinctly compressed geometry, with the cyclophane units mutually trans. The ligand field strength 

of (25) is intermediate between that of [9]-ane-S3 and [12]-ane-Sg, and comparable with that of 

other lo-membered ring trithioethers. 
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Some interesting diphosphine-[9]-ane-S3 mixed ligand complexes of nickel(I1) have been 

described this year [102]. These were synthesised by treatment of [Ni(L-L)C12] (L-L = 

diphosphine) with [9]-ane-S3 in the presence of PFe-; a common side-product was [Ni([9]-ane- 

S3)212+. With dppm, dppe, dmpe and (cyc~11kPCH2CH~P(cyclo_CgHt1)2. five-coordinate, 

low-spin [Ni(L-L)([9]-ane-$)](PF& salts were isolated; the crystal structure of the dppe complex 

confirmed that the geometry is distorted square based pyramidal. With the tridentate 

MeC(CHzPPh$j, a five-coordinate complex with a single free phosphine donor atom was isolated 

(crystallographic evidence). Cyclic voltammetry of the Ni(II) dications in CH$N showed a single 

oneelectron chemically reversible reduction at between -0.32 and -0.70 V, and a second 

irreversible reduction at between -0.86 and -1.48 V. On the basis of ESR spectroscopic evidence, 

the product of the fist process is assigned as pyramidal d9 Ni(1); superhyperfine coupling shows 

both phosphines remain coordinated. The product of the second process is probably dlo Ni(0) and 

tetrahedral, with an rll-bound diphosphine. 

64.7 Chalcogenide clusters 

The Fe&G4 cluster in ferrodoxin from pyrococcus furiosm readily exchanges one Fe for 

other transition metal ions; a Mijssbauer study of the NiFegS4 protein, and the cyanide-treated 

NiiegS4 protein, has been reported [103]. In contrast to ZnFe& which shows a localised Fe2+ site 

(S = 5/z). the NiFegS4 species (S = 3/2) and the CN--treated complex show the same quadrupole 

splittings and isomer shifts, although analysis of the magnetic hyperfine data does reveal three 

distinguishable sites. Isomer shift data suggests some transfer of Fe d-electron density to Ni. 

\i 
Te 

(26) 
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Some unusual NiTe cluster compounds have been prepared; treatment of [Ph&2[Ni(Se&_l 
with Te=PEtj [104] afforded [Ph4P]4[Ni4Te4(Te$2(Te3)4]4- (structure as in (26); each Ni-Ni 

diagonal not bridged by Te22- is bridged by Te$-, not shown) rather than the hoped-for 

[Ni(Te&12- species. Theformal oxidation state of nickel in this complex is therefore +4. 

65 COMPLEXES WITH MIXED N,S-DONOR SETS 

65.1 Metalloenzymes 

Nickel(B)-substituted pseudomonas aeruginosa azurin has been studied by 2D ‘H NMR 

spectroscopy [105]. The binding site consists of two histidine nitrogen atoms and a cysteine-S- 
(strongly bound), a glycine carbonyl oxygen and methionine SMe (weakly bound); NOESY and 
COSY techniques were used to assign 15 paramagnetically-shifted resonances belonging to these 

ligands. The variation in the spectra with pH allowed subtle changes in the metal binding site to be 
probed [ 1061. 

65.2 Nitrogen-thiolate and related donor sets 

Two complexes of nickel(B) with D- and L-penicillamine (P,B’-dimethylcysteine, 

H2NCH(CMe$S-)COO-), have been described [ 1071. These are Tl2[Ni(H20)6][Ni@-pen)&- 
pen)]2.[NiSCN)2(H20)4] (A) made by reaction of Ni(N03)2.6H20, D,L-penicillamine, KSCN and 

TlN03 in water, and Tl[Ni@-Pen)(D-penH)].HzO (B), made by reaction of Ni(OAc)2.4H20, 

TlN03 and D-penicillamine in water. The penicillamine complex in (A) is square planar, and the 
ligands act as thiolate-amine donors; both carboxylate groups are deprotonated but are not 
coordinated. In (B), the geometry is also cis-square planar, with penicillamines acting as amine- 
thiolate ligands. One protonated and one deprotonated carboxyl group, again not coordinated, are 
present. 

Dark green [Ni(dmit)(piperidine)2] and red [B@J[Ni(dmit):!(piperidine)2] (dmitz- = (20)) 
have been prepared by the reaction of [BuqNJ2[Zn(dmit)2] with pipe&line and NiS04.6HzO [lOS]. 
Since the band at 517 nm seen in the electronic spectrum of the 2:l complex was absent from the 

spectrum of the 1: 1 complex, this band, previously assigned to an internal dmit transition, has been 
re-assigned to an inter-dmit transition. 

The equilibrium and kinetics of extraction of Ni(II) by 8-mercaptoquinoline in two-phase 

systems has been examined [109]. Unlike %quinolinol, the thia analogue shows considerable 

interfacial activity, probably associated with the more ready formation of the zwitterionic form. 
The electro-oxidation of nickel foil in solutions of I-IL (I-IL = (27)) afforded the complex 

[Ni(L)2] [l lo]. When the electrolyte contained bpy or phen, [Ni(L)z(L’)] (L’ = bpy, phen) were 
obtained. On the basis of spectroscopic data, these are respectively square planar and octahedral, 
with L- chelating in the thiolate form. The sacrificial anode method has also been used to prepare 

complexes of benzothiazole-2-thione HL (HL = (28)) [ 1111. Again, complexes [Ni(L)2] and 

]Ni(L)2(L’)I (L’ = bpy, phen) were isolated. These were rather insoluble, but magnetic and 
spectroscopic data suggest that they are planar and octahedral respectively, with the ligand N,S-- 
chelating as (28A). 
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(27) 

Attempts to mimic the nickel coordination environment in hydrogenases (q.v.) has stimulated 

work on mixed thiolate-amine multidentate donor ligands. On refluxing (29) with NiCl2.6H20 in 

EtOH, golden crystals of [NiQ] (L = (30)) formed [ 1121. The corresponding dithiolate-diamine 

N,N’-bis(o-mercaptobenzyl)ethylenediamine (HzL’), prepared by Na/NH3 reduction of (30), 

reacted with Ni(OAc)2 to afford [Ni(L’)]. The crystal structures of [Ni(L)] and [Ni(L’)] showed the 

geometry about Ni(II) to be square planar, with similar Ni-S bond lengths, but rather different Ni-N 

bond lengths (1.85, 1.95 %, respectively). Whereas [Ni(L)] shows a quasi-reversible reduction at 

-1.36 V, and an irreversible oxidation at E pa = +l.OO V, [Ni(L’)] shows no reduction but an 

irreversible oxidation at Epa = +0.59 V. 

aNAN=p 
X 

X=&u (29) 

x=-S- (30) 

The oxidation of nickel-bound thiolates by dioxygen has been explored for complexes of 

multidentate ligands including S(CH$H$-) (see section 6.4.5) and RN(CH$H2SH)2 (R = CH3, 

MeSCH2CH2, PhCH2SCH2CH2, PhZCHCH2CH2, PhCH2; H2L) [98]. With Ni(OAch, these 

afford thiolate-bridged square planar dimers [Ni(L)]2, which on treatment with [Et&JCN gave 

square planar [Et4NJ[Ni(L)CN]. In the latter, the thiolate donors are tram and the fourth donor 
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atom is the tertiary amine. Upon reaction with dioxygen, one thiolate sulfur is oxidised to the 

sulfinate, which remains coordinated (via sulfur) to Ni(II). 

A study of the reaction of [Ni(L)] (,I_ = (31)) with labelled dioxygen makes an interesting 

comparison with the latter work [113]. Interestingly, while this complex reacts with dioxygen to 

afford a mixture of neutral complexes of the corresponding sulfinate (RS&-)-thiolate and bis- 

sulfinate ligands, the isolated sultiiate-thiolate complex is totally unreactive to dioxygen (although it 

does react with Hz02). The apparent paradox was resolved using laser desorption ionisation FT ion 

cyclotron resonance mass spectra of the products of reactions with 1602/t802 mixtures, which 

revealed that the bis-sulfinate forms via an intermediate bi-sulfenate, as shown in Scheme 1. 

R R 

R =-H (31) 

R = CH, (32) 

“0 

\ 7 \ 
R/s\Ni/\R “O, R/s\ ./s\- 

Nt R R/\Ni/\R 

xO, ; / 
‘“\ /OX”\ i” 

RP\NiP\R R/\Ni/\R 
y4 

sulfmate-thiolate bis-sultinate 

Scheme 1 

When Ni(II)coordinated thiolates react with H202, sequential single oxygen atom transfer 

to afford coordinated RS@- has often been postulated to proceed via intermediate, unstable nickel- 

sulfenate (RS(O)-Ni) species. The first examples of such complexes to be isolated and 

characterised have been described this year [ 1141. On reaction of [Ni(L)] (L = (32)) with two 

equivalents of Hz02 at -78°C complexes (I) and (II) were isolated. X-Ray crystallography 

established distances of Ni-SR (2.148(3) A) and Ni-S(O)R (2.162(3) A) for (I). That (II) was the 

bis-sulfenate complex was established by tH NMR spectroscopy and a preliminary X-Ray study. 

Interestingly, at room temperature (I) afforded the sulfinate-thiolate complex when treated with one 

equivalent of Hz@, but at -78’C it gave (II). 
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2Ht &+& 
[Ni(32)] - 

A combined electrochemical and structural study of Ni(II) complexes of the related ligands 

(31) and (33)-(37) has been published [ 1151. All complexes are square planar; Ni-S bond lengths 

vary surprisingly little, from 2.133(3) 8, (a Ni-S(O)ZR distance) to 2.21 l(3) A (a Ni-thioether 

distance). All complexes show reversible Ni(I)/Ni(II) couples, and the Ni(1) species have been 

characterised by ESR spectroscopy. In CH$N, each substitution of a thioether for a thiolate donor 

gives a 700 mV positive shift in the Ni(I)/Ni(II) potential, and each substitution of a sulfinate for a 

thiolate gives a 300 mV positive shift. Thus, the Ni(1) complex of (37) is most readily accessed 

(a.7 V). Interestingly, complexes of (36) and (37) exhibit reversible Ni(II)/Ni(III) couples cu. 2.0 

V positive of the Ni(I)/Ni(II) processes. The ESR spectra of the Ni(II1) complexes support a (dz2)l 

geometry, which implies axial solvent coordination, surprising for such a sterically hindered system. 

X=-SMe,Y=-S- (33) X=Y=-SOz (36) 

X=-SO,, Y=-S (34) X=Y=-SMe(37) 

X=-,502, Y=SMe(35) 

A novel dinucleating imine-thiolate macrocycle complex [NiZ(L)](PF& [H;?L = (38)] has 

been synthesised by template condensation of 2,6-diformyl-4-methylbenzenethiol with 15 

propanediamine in the presence of Ni(OAc)2 and NIQPF6 in CH3CN [116]. The crystal structure 



J.C. Vita et d/Coordination Chemistry Reviews 146 (1995) I-281 137 

(of [Ni~(L)l(PF~)~.2dmf, recrystallised from dmf) shows the complex disposed about an inversion 

centre; the nickel(E) ions have square planar environments with two bridging thiolate ligands, and 
the macrocycle is bent to accommodate this. There is additional interaction between each nickel(E) 
ion and a dmf oxygen atom. The structure is thus different from that of the corresponding imine- 
phenolate ligand complex, which dimerises to give a tetrameric arrangement of pseudo-octahedral 
Ni(fI) ions (q.v.). 

65.3 Nitrogen-thiolate-thioether donor sets 

When the tetrathioether-bis-amides (39) were refluxed with NiC12.6H20 in isobutanol, the 

complexes [Nit&)] formed I& = (39A)]. The spectroscopic evidence favours an octahedral geometry 

for these complexes, with four sulfur and two amide nitrogen donor atoms [ 117 1. 

R=S’Bu; n=l,2 (39) 

R=S-; n= 1,2 (39A) 

(40 ) 

R = Me, Et 

The ligands (40), with Ni(C10&.6H20 in MeOH, afforded black [Ni2(L)2](ClO&.H20, 
characterised by crystallography, X-ray Absorption Near-Edge Structure (XANES) and 
spectroscopic techniques [ 1181. When R = Me, the electronic spectrum of the complex suggests a 
pseudo-octahedral geometry. The magnetic data (puff = 1.51 BM at mom temperature, decreasing 

to 0.45 BM at 87 K) could not be rational&l simply in terms of antiferromagnetism. The crystal 

structure at room temperature, moreover, showed two distinct environments, one square planar 
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(N$-SR)2) and the other distorted square pyramidal with a pendant thioether group acting as the 

fifth donor. The structure of a different crystal at 118 K showed planar environments for both 

Ni(I1) ions. When R = Et, there is evidence for one Ni(I1) being high-spin and the other low-spin; 

the magnetic behaviour varies with temperature in Curie-Weiss fashion. 

65.4 Nitrogen-rhioether donor sets 

Pyridine-thioether multidentates have attracted some attention this year. The crystal 

structure of [Ni(L)(N03)(H20)](NOg) (L = (41)) shows pseudo-octahedral geometry, with the 

pyridyl donors mutually trans and the thicethers cis [ 1191. The Ni(II)-thioether bonds are quite 

long (2.453(l) and 2.41 l(1) A), and hydrogen bonds link the two nitrate ions and the water 

molecule. Reaction of (41) with Ni(C10&.6H20 in EtOH afforded [Ni(L)(H20)2](ClO&, which 

also has trons-disposed pyridine and cis thioether donors (NiS = 2.4073(g) and 2.4038(8) A); H- 

bonds again link the perchlorate ions and the water ligands [120]. 

x=2,y=l (41) x=y=2 (43) 

x=l,y=2 (42) x=2,y=3 (44) 

A related series of ligands (42)-(45) has been prepared, and their coordination behaviour 

with NiX2.6H20 (X = C104-, BF4-) examined [121]. All the ligands gave pseudo-octahedral 

monomeric complexes, with solvent molecules completing the coordination sphere where required. 

Crystals of all but the complex of (45) were obtained. For [Ni(4l)(CH$N)2](C104)2, the 

pyridine ligands are tram, but in [Ni(43)&0)](ClO&.CH30H and [Ni(44)](ClO& they are cis. 
The solvent molecules are weakly bound in [Ni(41)(CH$N)2](ClO&. All complexes showed 

poorly-reversible Ni(I)/Ni(II) couples at -0.6 - -0.8 V in acetonitrile. 

With NiC12.6H20 in EtOH, (46) forms [Ni(L)(~-C1)]2Cl2.5H20.2EtOH. However, with 

NiBr2.3HzO in EtOWBuQH, the product is [Ni(L)Br2].EtOH.O.SBuOH [122]. Both have been 
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characterised crystallographically. They have pseudo-octahedral geometry, with cis halide ligands 

(bridging in the chloride), rruns nitrogens and cis thioether coordination. 

(46) 

The nitrate and perchlorate salts were also prepared, and IR spectroscopy suggested a 

monodentate &bound nitrate ligand, but no perchlorate coordination. 

Attempts to make dinuclear nickel complexes with bridging benzimidazole ligands using the 

sacrificial anode method, and the potential compartmental ligand H2L (47), have been described 

[ 1231. The insoluble complex [Ni(L)].4SH20 was isolated; IR spectroscopic evidence suggested 

that the ligand may be coordinating only vin the five nitrogen donor sites. 
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The complex [Ni(48)2]Clz has been reported. The ligand has bacteriocidal properties; these 

are greater, in vitro, for the complex [124]. On the basis of IR spectroscopic data, it is suggested 

that the complex is octahedral, and that the thiophene sulfur atoms are therefore coordinated. 

65.5 Thiosemicarbazone and related ligands 

There is still extensive interest in thiosemicarbazones and related ligands, and their nickel 

complexes, partly stimulated by the question of whether complexation improves the bacteriocidal 

and, more importantly, the fungicidal properties these ligands exhibit. The structure of the complex 

[Ni(L)2] (HL = (49): Z = N; RI = R2 = Me) shows that a mer arrangement of ligands, with cis 

pyrazine and thiolate donors and vans imine donors, is favoured (the proton shown in bold is lost 

on complex formation). The complex is less fungicidal than the free ligand [125]. It has been 

shown that with more sterically demanding groups R1 and R2, the fungitoxicity of the free ligands 

HL increases. With NiX2 in hot EtOH, complexes [Nit&)X] (X = Cl, Br; Z = CH, RI. R2 = (CH2)5, 

(CH2)6) can be obtained [126], which have comparable fungitoxicity to the free ligands. Crystal 

structures of three examples have been obtained (X = Br; Z = CH; RI, R2 = (CH2)6 [126], X = Cl; Z 

= N; R1 = H, R2 = Me and RI= R2 = Me [127]). All show square planar geometry, with the halide 

trans to the hydrazine nitrogen donor. Nickel(B) complexes of the related ligands HL (HL = (SO)) 

have also been isolated. With one equivalent of ligand, square planar complexes [Nit&)X] form. 

With two equivalents, complexes [Ni(L)2] form, which are octahedral [128], with pyridine, 

hydrazin&V and thiolate donor atoms, 

SR’ 

R = Me, Ph; R’ = Me, CH ,Ph 

(SO) 

The bacteriocide HL [HL = (Sl)] forms octahedral complexes [Ni(HL)2X2] (X = Cl, Br, 

NO3, NCS), with the ligand coordinated through hydrazine-N and carbothioamide-.S donors. In 

the presence of aqueous NH3. square planar [Ni(L)Z], with the ligand bound in the deprotonated 

(thiolate) form, could be isolated [ 1291. 

The effect of attaching extra potential donor sites in related thiosemicarbazones HL (HL = 

(49); Z = CH; Rl = H, R2 = -CH2(2-pyridyl) or -CH2CH2(2-pyridyl); R1 = Me, R2 = 
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CH2CH2(2-pyridyl)) on their coordination chemistry with Ni(II) has been studied [130]. 

Complexes of stoichiometry [Ni@IL)X2] were isolated. Although these have low conductivities in 

dmf, they are diamagnetic, suggesting that they are planar, IR spectroscopic data suggest thioneS 

coordination, but the additional pyridine ring is apparently not coordinated. 

cl(-== \ s 
HiN 9 

SMe 

(52) (53) 

R = Ph, 2-HOC gH4 

With the ligand HL (52), five-coordinate, paramagnetic [Ni(L)X] (X = Cl, NCS) and square 

planar, diamagnetic [Ni(L)]X (X = I, NO3) were isolated; these were less fungitoxic than the free 

ligand [131]. With the ligands (53), NiC12.6H20 in refluxing acetone afford square planar [Ni(L)z], 

with the ligands in both cases acting as N, S-donors. 

65.6 Macrocyclic N,S-abnor ligands 

Pendant arm macrocyclic ligands continue to attract interest. Whereas with Pd(II) and Pt(IU, 

the ligand (54) forms square pyramidal [M(L)12+ (with the thioether in the apical site) with Ni(II) 

octahedral [Ni(L)(H20)12+ is obtained. This has cis pyridines, cis secondary amines and the 

thioether trans to a pyridine donor [ 1321. With Ni(C104)2.6H20 in MeOH, (54) gave distorted 

octahedral [Ni(L)](ClO& The pendant 2-pyridyl groups are mutually cis, so that the macrocyclic 

ring is distorted, and the Ni(II) lies outside the cavity [ 1331. Although Ni-N bond lengths and 

/i) I ’ 

c N 
N’ 

S 

G N > N 

10 I ’ / 
(54) 
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chelate ring angles suggest that Ni(II)-pyridine coordination is not optimal, electronic spectra 

suggest that the pendant arms remain coordinated down to low pH values in aqueous solution, 

whereupon the complex completely decomposes. 

The Ni(I1) complex of the encapsulating ligand (56) has been studied [ 1341. It is pseudo- 

octahedral, with Ni-N bond lengths closely similar to those in related hexaamine cage ligands, and 

quite short NiS bonds (2.398(5) A). Detailed analysis of the single crystal electronic spectrum 

(obtained at 10 K and room temperature) is discussed in terms of the differential nephelauxetic 

effect, and the greater covalency of the Ni-S interaction for these mixed amine-thioether ligands. 

The synthesis and spectroscopic characterisation of a series of Ni(II) complexes of the macrocycles 

(57) has been reported [ 1351. These were made by template synthesis from the appropriate amine- 

thiol and dicarbonyl compound, 1,3-dibromopropane, and the Ni(I1) salt in MeOH. They are 

diamagnetic and square planar, 

n 
7 s\ 

N N/x ::I-JI. 
X = -CH,CH,-, o-C sH4 

n /s s\ 
x\, N/x 

H \ I 
R R 

X = -CH&I$-, R = H, Me, Ph 

(57) X = o-C6H,, R = H, Me 

6.6 COMPLEXES WITH MIXED C,S-, O,S- AND O,N,S-DONOR SETS 

The reaction of [Ni(L)] (H2L = N,N-bis(2-mercaptophenyl)ethylenediamine) with CO, in 

biomimetic work aimed at modelling Ni CO dehydrogenases, unexpectedly gave the extraordinarily 

stable carbene complex [Ni(S8)2] [ 1361. Each Ni is coordinated to one non-bridged and two 

bridging thiolate donors and the carbene carbon, in a square planar arrangement. The reactions of 

this complex with donor ligands, H- and CH3- reagents have been examined. With L (pyridine, 

PMe3, PPh3). or Et4NCN, the thiolate. bridge is cleaved to give [Ni(SS)L] or EutN[Ni(SS)(CN)]. 
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The products of reaction with CO, and with LiCH3, could not be characterised. With LiEtEt3H, an 

unexpected reaction to give [Ni(59)2] and other products occurred, but [Ni(58)2] was unaffected by 

concentrated aqueous HCl. 

The ligand HL (60) reacts with Ni(OAc)z in the presence of base to afford a distorted 

square planar complex cis-[Ni(L)z], with the ligand coordinated via the thione and the phenolate- 

oxygen donor [ 1371. 

Ph Ph 

(60) 

Ph 

With the marked tendency for thiolates to act as bridging ligands in nickel chemistry, in the 

absence of steric effects, it is rather surprising that the ligands H2L (61) react with Ni(OAc)z to 

afford dimeric, square planar [Ni(L)]z with hydrazincQV, bridging phenolate and non-bridging 

thiolate donors [ 1381. The reason may be the unusually low basicity of the S-lone pair anti to the 

C=N group, which would have to be donated to the second metal in a thiolate bridged form. 

(H’s in bold lost on 
_..-_-l~..“r:~_.\ 

The sacrificial anode technique has been employed to synthesise square planar, insoluble 

[Ni(L)2] (HL = 1-hydroxypytidine-2-thione) [139]. With bpy or phen (L’) in the electrolyte 

medium, octahedral [Ni(L)T(L’)] were the products. The formation of thione-amine oxide 

complexes with this ligand contrasts with earlier studies with pyridine-2-thione, which chelates as a 
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pyridine-thiolate. Similarly, electro-oxidation of Ni metal in a solution of H2L [H2L = (62). (63)] 

gave insoluble complexes analysing as [Ni(L)]; these were assigned tetrahedral geometries on the 
basis of diffuse reflectance spectra [140]. 

R = 4$-OMe, 3--OEt, al-H 

Stability constants for the formation of Ni(II) complexes with (64) in aqueous solution have 
been measured [141]. Complex formation with both ligands was stronger than with NJV-dimethyl- 

NJV’-diacetic acid, in spite of the relatively weak interaction of hard Ni(II) with the lone thioether 

donor. 

The stability constants for complex formation between Ni(II) and cysteine, D-penicillamine 

(H2NCH(CMe2SH)COOH, used as a therapeutic agent in Ni poisoning cases) or cysteic acid 

(primary ligands A) and his, histamine (hist) or imH (secondary ligands B) have been examined 
[142]. As well as binary complexes Nii and NiB, ternary complexes NiABH2, NiiBH, NiiB and 

NiAB2 formed (the degree of protonation depending on pH). In these species, the imH, Hist and 
his secondary ligands are respectively monw, di- and terdentate. For NiABH, the primary ligand 

was the site of protonation. (A = cysteine; B = any. A = penicillamine; B = imidazoleH). The 

primary ligand coordinates as an amine-thiolate, except cysteic acid, which binds like glycine. 

(65) 

OH 

The reaction of NiC12 in EtOH with the ligand I-IL (65) afforded a dark green complex of 
formula [Ni3(L)(EtOH)C15].3EtOH. In acetonitrile, the product was [Ni2(L)C13].MeCN [143]. 
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X-Ray crystallography revealed that in the trinuclear complex, all 3 Ni atoms are bridged by the 
alkoxide group, and form an equilateral triangle. One chloride is ~3, three bridge edges of the 
triangle, and one is terminal. Two Ni ions are almost equivalent, and have NS(l.t3~)(l&-Cl)2(lQ- 
Cl) donor sets. The remaining Ni is coordinated in a (u3-Cl)(u2-Cl)~Cl(p~-O)(EtOH) set. The 
dinuclear complex has both Ni(I1) ions in a five-coordinate NS(~2-0)(~2-Cl)Cl environment. 

With NiBr;?, only the corresponding dimeric complex could be isolated, presumably for steric 
reasons. 

The thiosemicarbazones of methyl and ethyl acetoacetate (I-IL), with Ni(OAc)z in MeOH, 

afforded [Ni(HL)d, which spectroscopic data suggested were octahedral, presumably therefore with 
(thione S, hydrazino N, carbonylO)2 donor sets [144]. The ligands H2L (66) (R = H, Me) form 

complexes [Ni(L,)] [145]. With R = Me, X-ray crystallography revealed Ni(N-)202S2 
coordination. The Ni-S bonds were very long (2.494(4), 2.526(3) A), and this is probably 
responsible for the particularly large splitting observed in the ut and 2)~ bands in the electronic 

spectra. The CV shows a single oxidative process at + 0.75 V, and this is assigned to Ni(II)/Ni(III) 
since the ESR spectrum of the electrogenerated product is consistent with a Ni@I), (d&l ion. With 

I-IL (67). similar complexes [Ni(L)z] were obtained, with even longer Ni-S bonds (2.519(2), 

2.549(2) A). These could also be electro-oxidised (E + 0.74 V) to transient Ni(III) (d&l species 

uw. 

(66) (67) 

6.7 COMPLEXES WlTH NON-MACROCYCLIC NITROGEN DONOR 

UGANDS 

6.7.1 Complexes of monoahtate amine and related ligands 

The pharmacologically active methazolamide I-IL (68) acts as a monodentate, binding 
through the deprotonated sulfonamide N in rrans-[Ni(L)2(NH3)4] [ 1471. 

The first square planar Ni(II) complex with an ammine ligand has been described this year. 
When the pseudo-octahedral [Ni(69)(H20)3](ClO& reacts with aqueous ammonia, the product is 
planar, diamagnetic [Ni(69)(NI-I$] [ 1481. The binding constant log K was 3.3&O. 1; interestingly, 
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the Ni-N bond lengths were very similar (Ni-NH3 1.913(5) A). The crystal structure of truns- 
[Ni(NCS)2(NH&] has been reedetemnned (Ni-NCS = 2.079(3) I$ Ni-NH3 = 2.103(2) A) [ 1491. 

(69) 

I-W 
/ 

6.7.2 Complexes of di- and multidentate amines and related ligands 

Bromine oxidation of [Ni(en)ZBrz] affords [Nilh(en)ZBq]Br, whereas with [Ni(R,K-1,2- 

(H2N)&$Ilu)2Br21, the product is an unusual ldimensional Ni(III) complex (Ni(L)2Br)nBr2a. 

The crystal structure of [Ni(en)zBrz]Br has now been reported [150]. The cation is 

centrosymmetric, with the long Ni-Br bond (2.635( 1) A) expected for this d7 (d&l complex. The 

Ni-N bonds shorten considerably on oxidation. Since both Ni(I1) complexes, in MeOH solution, 

exhibit virtually identical CVs, it is proposed that the different solid state structures for the two 

complexes are caused purely by strong NH...Br...HN bonding in the 1-D complex. 

The oxidation of [Ni(L)]z+ by [S208]2- has been investigated, and the crystal structure of 

the Ni(I1) complex reported (L = CH3C(CH2NHCH2CH2NH2)3) [151]. Compared with 

analogous sarcophogane ligands, the Ni(I1) complex of L is less rigidly symmetric, showing some 

tetragonal distortion. ESR and electronic spectroscopies have been used to investigate the formation 

of [N&)13+ and its decay, apparently to axial [Ni(L)Xz]+ complexes with coordinated sulfate ions. 

(70) 

a:R=H 

b:R=Me 

With the aim of establishing magnetostructural correlations, a variety of azide-bridged 

Ni(II)-amine complexes has been made and characterised crystallographically. The dimeric 
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complexes (p.t,3-N3)2lNi(L-L)2]X2 (L-L = en, 1,2-propanediamine, X = PFg; L-L = 1,3- 

propanediamine, X = BPh4) have been isolated by reaction of nickel nitrate, the diamine, NaN3 and 

NaX in water. The crystal structure of the en and 1,3-propanediamine complexes have been 

determined. These have cis-, end-to-end bridging azide ligands, and are antiferromagnetic; 

extended Htickel calculations indicate that the smaller the dihedral angle between the N-Ni-N plane 

and the plane formed by the two N3- bridging ligands, the stronger is the antiferromagnetism. Thus, 

for the en complex this angle is 45’ and J = -4.6 cm-t, whereas for the 1,3-propanediamine 

complex, it is 3’ and J = -114.5 cm-l [ 1521. The reaction between N&‘-bis(2-aminoethyl)-1,3- 

propanediamine (2,3,2-u%), Ni(C10&.6H20 and NaN3 in water afforded two products as separable 

crystals. One, the dimeric (p-N3)2[Ni(2,3,2-tet)]2(ClO& had end-on bridging azide ions and was 

strongly ferromagnetic (J = +33.8 cm-l) [ 1531. The other, catenu+-N3)[Ni(2,3,2-tet)](C104), 

had a polymeric zig-zag structure with end-to-end azide bridges, and was antiferromagnetic (J = 

-26.9 cm-l) [154]. With NJ’-bis(3-aminopropyl)-1,2--ethanediamine (3,2,3-tet), only the 

polymeric antifetromagnetic complex could be isolated. Although macrocyclic ligands are dealt with 

later, mention is appropriate here of complexes of (70). By making five-coordinate ferromagnetic 

complexes (p-N3)2[Ni(L)]2(C104)2, with end-on azide bridges, [L = (70)], it was hoped that 

stronger Ni-N3 bonds would result, giving a larger interaction [ 1531. This was real&d for (70a) (J 

= +43.9 cm-l) but not for (70b), which gave antiferromagnetic (l.t-N3)2[Ni(L)]z(ClO&.H20 (J = 

-84.4 cm-l). However, crystal structure data could not be obtained for the latter. A particularly 

unusual complex was obtained using the ligand 2,2-dimethyl-1,3diaminopropane (L). This gave a 

2-D layer structure, where each Ni was coordinated to a didentate amine, a terminal azide ligand, and 

to three azide bridges [see (71)] [155]. The behaviour of the magnetic moment as a function of 

temperature showed a discontinuity at cu. 60 K, perhaps indicative of a solid-state structural change. 

There is increasing interest in amphiphilic metal complexes. Nickel@) complexes of CR- 

2,3,2-tet (L) (and also of 2-R-1,3-propanediaminetetaacetic acid, H4L’) have been prepared (R = 

n-decyl or n-dodecyl) [156]. The electronic spectra of the complexes [NiClz(L)] (and 

[Ni(H&‘)(H20)]) in water did not differ from the spectra recorded in MeOH, suggesting that 

micelle formation did not affect the coordination environment (dissociation to planar, yellow 

[Ni(L)12+ occurred). However, CHC13 solutions were violet. Surface tension measurements are 

reported. Nickel(I1) complexes of NjV-dimethyl-N’-R-1,2_ethanediamine in water showed 

activity for the stereospecific epimerisation of aldoses only when R 2 octyl, suggesting that catalysis 

only occurred in the micelle environment [157]. 

Zerovalent complexes of nickel with tmen catalyse the electroreduction of CO2, and also its 

catalytic activation by incorporation into organics, for example in cycle-oligomerisation of alkynes 

to give unsaturated cyclic esters. Competing reactions include reductive disproportionation giving 

CO and [Ni(tmen)(COg)]. Two other products have now been isolated from the reaction with 

EtGCEt, and crystallographically characterised [158]. One is an organometallic complex of Ni(I1) 

with diethylmaleic anhydride. The other is [Nig(tmen)3(l+C03)2(l.t2_02CC(Et)C(Et)CO~]. This 

has a cyclic structure. One of the Ni(II) ions has a chelating tmen ligand, and has two bridging 

didentate CO3” ions linking it to the other Ni(lI) ions. A second Ni(II) has a chelating tmen ligand 

and is linked to the first Ni(I1) via a [C0312- ion, but to the third Ni(I1) via the bridging carboxyl 
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group. The third Ni(II) ion also has a chelating tmen ligand and is coordinated to both carboxyl 

groups of the 02CC(Et)C(Bt)CO2 moiety, and to the bridging CO32- linking it to the first Ni(I1) 

ion. On treatment of [Ni(acac)(tmen)]BPha with oxamide and KOH in MeOH/H20/CH$ZN, 

followed by recrystallisation from MeOH, crystals were obtained which X-ray crystallography 
revealed to be co-crystallised [(acac)(tmen)Ni(p-CO3)Ni(tmen)(acac)] and 

[Ni(acac)(tmen)@I20)(CH30H)]BPh4 (one molecule of each per unit cell) [ 1591. Complexes 
[Ni(dike)(tmen)l+ (dike = Bdiketonate) are solvatochromic owing to equilibria with 6-coordinate 

species in polar solvents. The five-coordinate analogues [Ni(dike)(L)]BPhd (dike = acac, 
benzoylacetonate; L = N,N,N’,N”,N”pentamethy1-diethylenetriamine) have been characterised, and 
their interaction with solvent molecules studied [160]. The complexes are five-coordinate and high- 
spin, in contrast to [Ni(dike)(tmen)]+ which are square planar. The equilibrium constants for 

coordination of solvent molecules in a range of solvents have been measured. 
Dinuclear complexes [Niz(dike)d(hmtt)] (hmtt is N,N,N’,N”,N”‘,N”‘-hexamethyl- 

ttiethylenetetramine) have been described [161]. Attempts to isolate mononuclear complexes failed, 

except in the case where dike = dipivaloylmethanoate, where [Ni(dike)(hmtt)]+ was isolated. 
The square planar complex [Ni(S,S-L)]2+ [S&L = (72)] shows diastereoselectivity in 

binding racemic amino acids, and the determination of stability constants has been demonstrated to 
provide a quick method of elucidating the chiral recognition process [ 1621. Molecular mechanics 

calculations to shed more light on this were aided by a crystal structure determination of the 
complex, which is also reported. 

(72) 

Two crystal structures, of [Ni(2,5,9,13,16-pentaazaheptadecane)(OC103)]C104 (distorted 

octahedral) [1631 and cis-[Ni(tren)Cl(H~O)]C1[1641 (also distorted octahedral) have been reported. 
The latter has been used to bind nucleobases in DNA. The interaction of the series of methyl- 
terminated long-chain multidentate polyazaalkanes from 1,14-bis(methylamino)-3,6,9,12- 

tetraazatetradecane to 1,23-bis(methylamino)3,6,9,12,15,18,21-heptaazatricosane with Ni(II) ions in 

aqueous solution has been studied [ 1651. All form mononuclear NiL2+ species. The two longest- 
chain ligands also form dinuclear Ni2L4+ species. Only for 1,3,6,9,12,15--hexaaza~yclooctadecane 

was there evidence of a significant macrocyclic effect with respect to its linear polyaza-analogue on 
complexation with Ni(II). 

Complexes of en, diethylenetriamine and trien accelerate the rate of hydrolysis of amino acid 
esters by 10 - to 30 - fold compared with Ni(I1) ions alone [ 1661. Scaled particle theory has been 

used to estimate partial molar volumes at infinite dilution for [NiL,,]x+ (L = NH3, n = 6; L = en, 1,3- 
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propanediamine, cyclohexane-1,2-diamine, bpy, phen, n = 3; x = 2,3). As the oxidation state 

increases, the partial molar volumes at infinite dilution decrease by up to 25 cm3 mol-l [ 1671. 

Finally, a combination of molecular mechanics and angular overlap model calculations has 

been applied to predict d-d spectra for fit-row transition metal ions with amine ligands [168]. In 

the absence of significant spin-orbit coupling and x-bonding, this simple approach predicts o- 

donor strength and the electronic spectra well. 

6.7.3 Imines, oximes and related liganh 

Complexes of Ni(I1) with dimethylglyoxime have been tested in a silverless photographic 

process [169]. When the ligand H2L (73) reacts with Ni(C10&.6HzO in MeOH, [Ni(HL)]C104 

precipitates. There is a very strong intramolecular H-bond C=N-O-H...O--N=C in the complex 

cation [170]. The latter is also found in the complex [Ni(HL’)]C104 [H&’ = (74)], the crystal 

structure of which shows square planar Ni(II), with quite similar Ni-N bond distances (1.867(3) A 

(I-IL), 1.886(3) 8, (I-IL’) respectively) [ 1711. 

I I 
(73) 

I I 
OH OH OH OH (74) 

Metal complexes of suitably functionalised amineoxime mixed donor ligands have been 

proposed as agents for radiotherapy. The synthesis and X-ray structure of the complex, 

[Ni(L)(HL)]ClOd, of one such ligand [HL = (7S)] has been reported. The geometry is distorted 

square planar, with the Ni(II) coordinated to the aliphatic amines and oxime nitrogens [172]. Some 

crown ether-functionalised vic-dioximes H2L (76) have been synthesised and their coordination 

behaviour with Ni(II) examined. Binding to the glyoxime functions was proposed as the pH of the 

solution fell on complexation; the product was square planar [Ni(HL)Z]. 

The cis-tram equilibria for complexes [Ni(I-IL)z] f&L = MeC(=NOH)C(=NOH)R; R = 

Et, Pr, Bu, Ph, p-MeCeH4, p-MeOCgH4, p-ClCgH4) in pyridine-d5 and CDC13 have been 

examined by ‘H NMR spectroscopy [ 1731. The truns-isomer predominated in pyridiie-dg for R = 

alkyl. For the aryl compounds, the equilibrium constant for the truns-cis reaction increased with the 

Hammett cFconstant of the substituent. 
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LCHR 

(75) 

CN 

(77) (78) 

R = benzo-S-crown-5 

(76) 

/ \ $2 / a- 
- 

8 \ / 
(79) (80) 

Nickel complexes of the ligand (77) have been employed as electron acceptors in donor- 

acceptor stacked compounds with phenazine (phz) (78), 5,l@-dimethyl-5,1@-dihydrophenazine 

(dmphz) (79) and N-methylphenazinium cation (mphz+) (80) [174]. Compounds of stoichiomeay 

[Ni(L)2].2phz.2CH$N and [Ni(L)2].dmphz.2CHgCN were precipitated from comproportionation 

reactions between [Ni(L)zJ and the donor. Their crystal structures both show donor and acceptor 

molecules alternating along the crystallographic c axis. The low-bandgap semiconductor compound 

[Ni(L)r-lmphz.2MeOH was made by electrocrystallisation. 

With NiC12 in EtOH, the potential antitumor drug L (81) affords a complex [NiClAL)A 

which was thought to have tmns-pseudo-octahedral geometry with L bound via imine oxygen and 

imidazole nitrogen on the basis of IR spectroscopic data [ 1751. 

C,H,OMe-4 

y<< (81) 

CH*Ph 
OH 



6.7.4 

J.C. Vites et ah/Coordination Chemistry Reviews 146 (1995) I-281 

Heterocyclic nitrogen donor ligands 

151 

The complex [Ni(L)z](N03)2 (L = tris(pyrazol-1-yl)methane) is centrosymmetric, with a 

slight trigonal distortion caused by the N-M-N bite angle of the ligand (845-86.2’) [176]. 

Electronic spectra of the complex suggest that this ligand is a moderately strong odonor and a 

weak rc-acceptor. With the ligand (82), Ni(I1) salts in EtOH afforded green paramagnetic 

complexes assigned as six-coordinate [Ni(L)X2(H20)2] (X = Cl, Br, NO3, ClO4) on the basis of 

conductivity measurements in dmf [ 1771. The compound (83) is a radiosensitiser of hypoxic cells 

and has been investigated in photodynamic cancer therapy. The complex ‘Ni(L)SOd’ Ir. = (83)] has 

been investigated by pulse radiolysis and flash photolysis methods [178]. 

The reaction of [Ni(acac)z] with sodium 3,Sdimethylpyrazolate in thf in the presence of 

Et3Al afforded, after one month, orange crystals of a trinuclear complex characterised 

crystallographically [ 1791. All three Ni(I1) sites are square planar. The peripheral Ni(I1) ions are 

coordinated to an acac- ligaud and two bridging pyrazolate ions. The central Ni(I1) is therefore 

coordinated to four pyrazolate nitrogens. The terminal coordination planes are almost perpendicular 

to the central plane. The ligand L (84) has been designed to simulate the kind of donors, and low- 

symmetry strained environment, that metal ions may experience in binding to proteins. With 

hydrated NiC12 in EtOH, one equivalent of L gave [Ni(L)]C12.H20, and with Ni(C10&.6H20, 

[Ni(L)](C104)2.CH3CN (after recrystallisation) [180]. Both were monomeric and pseudo- 

octahedral. 

The isomerism of complexes of general formula NiBrz(L)&i (L = benzimidazole) has 

been investigated by thermoanalytical and spectroscopic methods [ 1811. Octahedral 

[NiBrZ(L)4].2acetone, when heated at 115 “C, lost 1.5 mol of acetone to give another octahedral 

species, and at 175 “C gave a green compound formulated [Ni2Br2@-Br)LfJBr. When left under 

CHC13 for extended periods, [NiBr2(L)4].2acetone gave orange [NiBr2(L)4].3CHC13; the CHC13 

could be driven off by heating to give orange, planar [Ni(L),.t]Brz. 

The square planar, diamagnetic complex [Ni(L)].2H20 (H2L = (85); amide protons lost on 

complex formation) reacts with square planar [Ni(dithiophosphate)2] to afford a dinuclear complex 

[Ni(p-L)Ni(dithiophosphate)2] in which the two pyrazine moieties bridge the metal centres and the 

dithiophosphate complex is six-coordinate and paramagnetic [ 1821. 
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Nb 
R= -CH2 

Rz.N 

J--o 
f-” N=N 

Complexes of pyridine and functionalised pyridines continue to attract interest. A range of 

complexes of stoichiometry [Ni(L)b]Xz, [NiXz(L)4] and NiX2L2 (L = 2-5 or 4-methylpyridine; X 
= F, Cl, Br, I) has been investigated by thermoanalytical techniques [ 1833. With 3-hydroxypyridiie 

(L), NiC12 in EtOH afforded octahedral, blue [NiClZ(L)4]. On treatment with ClfitOH, this 
afforded a yellow-brown complex, and 3-hydroxy-4-chloropyridine [ 1841. The thermal 

decomposition reactions of Werner clathrates [Ni(NCS)2(4_methylpyridine)4].2G (G = 

naphthylene derivative) have been studied [185]. Another, extensive, study of Werner clatbrates with 
the host complex [Ni(NCS)z(L)d] (L = 4-vinylpyridine), including six crystal structures, has 
appeared [ 1861. Attempts to vary systematically the included guest by recrystallising from different 

solvent mixtures in a controlled manner were not wholly successful, and the conclusion from 

structural studies was that there are no significant host-guest Wan der Waals interactions, nor is the 

degree of freedom of the ligand the primaty reason for the clathrating ability of the complex. 
The behaviour of polymers and polymer blends of 4-vinylpyridine when complexed with 

Ni(OAc)z has been examined [ 1871. Complex formation raised the glass transition temperature of 

binary and ternary blends, and enhanced miscibility of otherwise immiscible copolymers, for 

example poly4vinylpyridine and poly4vinylpytidine-polybutylmethacrylate. 

(86) 
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Metal-catalysed nucleophilic addition to nitriles is of interest in organic synthesis. Reaction 

between pyridine_2<arbonitrile, Ni(I1) salts and HOCH2C(RR’)NH2 (R = R’ = CH2OH; R = 

CHzOH, R’ = Me; R = R’ = Me) afforded Ni(I1) complexes [ND&(L)21 (L = (86); X = Cl, Br, 

NCS) or [Ni(H20)2(L)21(ClO& [188]. With NiBr2 and HOCH$Z(Me)(CH20H)NHZ the 
reaction could be made catalytic to afford the free oxazoline. Transmetallation of the very sterically- 
crowded lithium 2-(bistrimethylsilyl)methylpyridine with NiC12 afforded, in low yield, the 

surprisingly air-stable square planar [Ni(Z( bis(trimethylsilyl))methylpyridine)~] [ 1891. 
The coordination of racemic (fL) (87) by Ni(I1) has been shown to be highly 

stereoselective; 99% of the product is [Ni(+L)(-L)]2+, with the S4 point group [190]. The 
perchlorate salt was characterised crystallographically. In solution, the 1: 1 complex shows a pH- 

dependant six coordinate-square planar equilibrium between [Ni(L)(H20)312+ and [NiQ(OH)]+. 
The related ligand 2,6-bis(aminomethyl)pyridine (L) with NiCl2 in EtOH forms [Ni(L)2]C12.H20, 

the crystal structure of which has been determined [ 1911. It shows rather short Ni-(pyridine N) and 
long Ni+mine N) bonds. 

(87) (88) 

The syntheses of [Ni(L)2]X2.nH20 (L = (88); R = R’ = H, X = Cl, C104, n = 3; R = Me, R’ 
=H,X=C104,n=O;R=H,R’=Me,X=C104,n=2;R=R’=Me,X=C104,n=O)havebeen 

reported, and the crystal structure of mer_INi(L)Z]C12.3H20 (R = R’ = H) was determined, as part 
of a wider study of the (isomorphous) spin-crossover Fe(II) complexes with these ligands [192]. 

There is significant tetragonal distortion, due to the rather rigid five-membered chelate rings. The 

electronic spectrum of the Ni(I1) complexes was consistent with the ligands being weaker-field than 

terry. 
There has been a resurgence of interest in cyanamide ligands. Complexes of formula 

[NiQX] (I-IL = (89), X = Cl, Br, NCS, Ar-N=C=N-; Ar = 2-ClCgHq, 4--ClC&, 2,6-Cl&I-I3, 

2,3,5,6-C4CgH) have been described, and the crystal structure of [Ni(L)(2-ClC6H4NCN)] 
determined [ 1931. The complex is distorted square planar with the cyanamid0 ligand coordinated 

via the terminal nitrogen, with a Ni-N bond length of 1.874(10) A, and C=N-Ni angle of 

161.8(10)‘. The complexes were solvatochmmic, forming six-coordinate species in donor solvents. 

A related paper describes benzimidazole and related complexes of Ni(N( CN)2)2. These were 
pseudo-octahedral, of formula [Ni(N(CN)zL2], and are probably polymeric with the cyanamide 

ligands bridging via both central and terminal nitrogens [ 1941. A pseudo-octahedral complex, 
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[Ni(L)Cl& where L is the condensation product of 2-pyridinecarboxaldehyde with o- 

phenylenediamine, has been described [195]. 

(89) 

The electrochemistry of [Ni(bpy)3](ClO& in CH3CN has been re-investigated using CV, 

ring-disk and rotating ring-disk techniques [196], The Ni(II) complex undergoes a quasi-reversible 

one electron oxidation to Ni(III) at +1.5 V, and a two-electron reduction followed by a fast chemical 

step at -1.65 V, affording [Ni(bpy)z] and bpy. No evidence for Ni(1) intermediates was found. The 

products of the reduction could be detected by re-oxidation at the ring; it was possible to observe 

the formation of Niol)(bpy)2 and Ni(llI)(bpy)2 species, the latter at more positive potentials than for 

the formation of [Ni(bpy)#+. 

n=l;X=SMe,4-Z-C&(Z=HO,MqN,Me,Cl,H) (90) 

n=2;X=SMe,S”Pr (91) 

The coordination chemistry of oligopyridine ligands continues its development. Two papers 

report the preparation of Ni(I1) complexes with 4’,4”‘-substituted quinquepyridines (90) [ 197,198], 

and both include descriptions of the crystal structure of one of them, [Ni2(L)2(OAc)](PP& [(9@; 

X = SMe]. The complex has a double helicate arrangement of intertwining ligands. Both 

enantiomers (that is, both right- and left-handed helices) are present in the crystal lattice. Both 

Ni(I1) ions have distorted octahedral coordination. One is coordinated by a terpy fragment from 

each ligand, the other by a bpy fragment from each ligand and a chelating acetate ligand. The 

distortions dictate a wide range of Ni-N bond lengths (1.972( 12)-2.221( 12) A). The other ligands 

all form similar complexes with Ni(OAc)z, and the substituents have a very limited effect on their 
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coordination chemistry, the only exception being [(90); X = MeZNC6H4] which forms 

[Ni2(L)2(H20)#+ rather than [Ni2(L)2(oAc)](PF6)3_ The CV’s showed no accessible 

Ni(II)/Ni(III) process, and four quasiaversible reductions. The first reduction was assigned either 
as a ligand-based process [198] or, on the basis of coulometry, as a 2-electron Ni(II)/Ni(I) wave 

[197]. The other three reductions am all ligand-based. 

The corresponding sexipyridine ligands (91) gave symmetrical, octahedral [Ni2(L)2](PIr6)& 
with both Ni(I1) centres octahedrally coordinated by a terpy fragment from each ligand [ 1973 and 
similar electrochemistry to the quinquepyridine complexes. The coordination chemistry of the 
related ligands (92) with Ni(I1) has also been described [ 1991. With Ni(OAc)mF6 in MeOH, 

this afforded [Ni2(L)2(oAC)2](PF6)2. The crystal structure (X = SMe) showed both Ni(II) ions 
coordinated by a bpy unit from each ligand and a didentate acetate. Nuclear magnetic resonance 
spectroscopic data suggest that the helical structure is preserved in solution. An interesting feature 
of the structure is the lack of significant intramolecular inter-strand pyridine z-stacking interaction. 

The ligand L (93) forms tetrahedral mi(L)] 2+, the geometry being imposed by the catenand 

structure of the ligand [200]. The photophysical properties of the free ligand and its complexes 
[including Ni(II)] have been studied. Coordination to Ni(I1) supresses the luminescense because 

the partially-occupied d-orbitals provide a path for radiationless decay from the ligand excited state. 

X=SMe,H (92) 

Linking group is -O(CHzCHa0)4CH$JH20- 

The ligand L (94) has been employed extensively in photophysical studies of dinuclear 
complexes. The complex [(Ni(hexafIuoroacac)2)2(p-L)] has been investigated [ZOl]. Magnetic 
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measurements show that the metal centres are not signiftcantly coupled via L, presumably since 

H...H interactions twist the donor sites out of plane. The dinucleating ligand (95) formed 

octahedral [Ni2(H20)s(p-L)]4+, isolated as sulfate and nitrate salts [202]; crystal structures of both 

were determined. The cations were essentially isostructural, centrosymmeaic, with slightly distorted 

sixcoordinate N2O4 sites. Weak antiferromagnetic exchange was observed [J = -14 cm-l (nitrate), 

-12 cm-l (sulfate)]. 

The effect of axial-equatorial interactions on the geometry of five-coordinate nickel(II) 

complexes of piperidine, glyoxime and related ligands has been explored. Several apparent 

correlations in structural parameters are noted [203] 

(94) (95) 

6.7.5 Jack bean urease, and related complexes 

Jack bean urease (JBU) is a hexameric protein with two Ni(I1) sites (with Ni(N/O)6 

coordination) per subunit. In contrast to an earlier study, which found evidence of weak 

antiferromagnetic coupling between these Ni(I1) sites, saturation magnetisation data at four field 

strengths show there to be no antifetromagnetism [204]. The magnetic properties can be accounted 

for by a population of high- and low-spin Ni(I1) ions, the proportions of which changes with pH. 

To model the active site in JBU, two Ni(I1) complexes of urea have been synthesised [205]. On 
treatment of the dimer [(tmen)(AcO)Ni(l.t-HzO)(l.-OAc)ZNi(OAc)(tmen)] in CH2C12 with, 

successively, [Me3Si]03SCF3 (MejSiOTf) and urea, two products form. One is green 

[Ni(OAc)(urea)z(tmen)(OTf), the other is the blue-green dimer [Ni2(OAc)3(urea)(tmen)2](OTf). 

X-Ray crystallography establishes that the coordination sphere of the former has two cis O-bound 

urea ligands, a chelating tmen ligand with one of its donors trans to one urea, and a chelating acetate 

ion. In the dimer, two symmetrically-bridging acetate ions link the Ni(I1) sites. One of the Ni(II) 

ions is additionally coordinated to a chelating tmen, and to a chelating acetate ion. One of the 

oxygen atoms of the latter additionally bridges to the second Ni(I1) ion, which additionally has a 

chelate tmen ligand and a unidentate, O-bound urea ligand. The dimer shows weak 

antifetromagne tism. 

Small-angle X-ray scattering has been used to probe the structure of aqueous surfactant 

solutions of JBU, and the activity of these solutions for urea hydrolysis has been studied. 

Interestingly, the results suggest that an anionic surfactant breaks up the protein into its subunits, 

and that these are still active [206]. 
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COMPLEXES WITH MACROCYCLIC NITROGEN DONOR LlGANDS 

6.8.1 Triazamacrocyclic 1igan.d 

The volume of activation for [S20&- oxidation of [Ni(tacn)212+ has been determined 
(-25.8 f 2.3 cm3 mol-l) [207]. Another study reports the kinetics of this reaction as a function of 

[S2@12- concentration and temperature [208]. The reaction is first-order in both reagents (second- 
order rate constant 1.13 mol dm-3 s-1 at 298 K), and the activation energy is 38+1.8 kJ mol-l. In 

mixed solvents, the rate was slower. 
As part of a wide study of magnetically coupled di- and polynuclear ligand-bridged Ni(II) 

complexes, a complex was isolated by reaction of [Ni(L)(HZO)Z](ClO& (L = 2,4,4_trimethyl- 

1,5,9-triazacyclododec-l*ne (70)) with NaN02. Surprisingly, the crystal structure revealed that 
the product was mononuclear [Ni(~N)(L)(H2O)]ClO4.2H20, which is six-coordinate, with a 
didentate nitrite ligand, and the triazamacrocycle arranged facially with Ng mans to the water ligand 

[209]. This contrasts with the reaction with azide, described in section 6.7.2. 

(96) 

The pendant arm macrocycle (96) has been synthesised and some of its coordination 

chemistry examined [210]. With Ni(II), mononuclear [Ni(L)](NO3)(PF6) was isolated, the X-ray 

crystal structure of which showed Ni(II) coordinated by the three amines and three alcohol oxygens. 

The complex has C3 symmetry, with a twist from octahedral geometry of 18”. The electronic and 

CD spectra were consistent with strong trigonal distortion, which mixes the three metal-centred 
transitions. 
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The ligand tacn has also been modified with a ferrocene pendant group; the Ni(I1) complex 

of L (97), [Ni(L)2](ClO&, has been isolated [211]. It underwent a single, two-electron oxidation 

at cu. +0.5 V, due to the simultaneous oxidation of both ferrocenes. The one-electron Ni(II)/Ni(III) 
oxidation, which occurred at a much more positive potential, was shifted 0.43 V more positive than 
that observed for [Ni(tacn)#+ . itself, owing to the electrostatic repulsions inherent in the 
[Ni(L)]4+/5+ moieties. 

6.8.2 Tetraazamacrocyclic ligands 

6.8.2.1 Cyclidene macrocycles and related ligands 

A novel 14-membered ring cyclidene ligand L (98) has been synthesised using Ni(I1) as a 

template [212]. The cavity enclosed by the Cl2 strap is wide and very low compared with those 
found for the 16-membered ring analogues, as determined by X-ray crystallography for the 

complex [Ni(L)](PF&. Again in contrast to the more common l&membered ring analogues, the 
ring methyl groups occupy mutually trans-positions. Some examples of Ni(II)-cyclidene 

complexes with the strap incorporating an additional secondary or tertiary amine donor, (99), have 
been described [213]. 

1 
OW12 

\ 

0 N(Me) / 

(98) WI 

6.8.2.2 Complexes of cyclam and substituted cyclam ligands 

The complex catena-(p-N$[Ni(cyclam)](ClO4).H20 has been prepared from the 

perchlorate salt and NaN3 in concentrated aqueous solution [214]. The crystal structure shows 1-D 
Ni-N3 chains, isolated by ClO4- and water molecules in the interchain spaces. The Ni-N3-Ni units 

are strongly asymmetric. Magnetic data indicates strong antiferromagnetism; J = -39.2 cm-l. With 
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the related ligands L = mesu-5,7,7,12,14,14-hexamethylcyclam and L’ = 2,3-dimethyl-1,4,8,11- 

tetraazacyclotetradeca-1,3diene, X-ray crystal structures of the complexes catena-(Ii- 

N3)[Ni(L)](C104) show related arrangements, but with L there are two different chains in the unit 

cell, in the ratio 2: 1, showing different symmetry and different antiferromagnetic couplings [215]. 

With L’, there is a C:! axis at Ni and alternating inequivalent azide bridges with C:! symmetry at the 

central N; thus, two different values of J are required to describe the magnetic properties of the 

system. In other attempts to prepare magnetically coupled systems, complexes [Ni(L)]Xz] (L = 

meso-5,7,7,12,14,14-hexamethylcyclam; X = N3, NCO, NCS, I, OAc) have been prepared, and one 

crystal structure (X = I) determined [216]. The latter complex is square planar, with uncoordinated 

axial iodide ions. In the solid state, the other complexes were six-coordinate and paramagnetic. 

Electrochemical data were obtained for the Ni(II)/Ni(III) process. The complexes were monomeric. 

Co-crystallisation of [Ni(cyclam)]2+ and BqN[Ni(dmit)z] [dmit = (20)] from CH3CN 

gave a compound, [Ni11(cyclam)(CH3CN)2][Ni(dmit)2]2 [217]. X-Ray crystallography and 

temperaturedependant magnetic measurements showed that the complex cations were independent 

of the radical anions, which formed antiferromagnetically-coupled dimers (J = -125.3(9) cm-l). 

The crystal structure of a Ni(III)-nitrate complex, rruns-[Ni(N03)2(cyclam)]C104 (isolated 

from a saturated solution of the Ni(I1) perchlorate salt in 1.5M HNO3) has been determined. The 

unit cell contained two independent, centrosymmetric cations with O-bound nitrate ligands. Using 

the structural data, and electron transfer data from the reactions of both [Ni(cyclam)12+,and the 

Ni(III) complex with known outer-sphere redox reagents, an estimate of the self-exchange rate for 

the Ni(II)/Ni(III) couple (108 M-l s-l) was obtained [218]. The kinetics of the reaction of 

[Ni(cyclan#+ in acidic aqueous solution with alkyl hydroperoxides have also been studied [219]. 

The kinetics of reduction of [Ni(cyclam)(H20)&+ and species [Ni(cyclam)X(H20)]2+ (X = Cl, 

Br) by S@ in acid media have been investigated [220]. Only SO32- and HS04- were detected; no 

evidence was found for S20e2-, which would be expected if SO3- were an important intermediate. 

Halide ions accelerated the reaction. A mechanism involving insertion of S(IV) into NiIn-X bonds 

was proposed. 

The complex [Ni(trnc)]2+ (tmc = R,S,R,S-1,4,8,11-tetramethylcyclam) has been employed 

as a probe for the change in polarisation of water in reverse micelles of water and sodium bis(2- 

ethyl-1-hexyl)sulfosuccinate in heptane, as a function of composition 12211. With large micelles 

([waterl/[surfactantl > 10) the spectrum resembled that of the complex in bulk water (i.e. square 

planar [Ni(tmc)12+), but smaller micelles gave spectra resembling that of 5-coordinate 

[Ni(tmc)(OH)l+. The axial coordination of py, 2-Mepy , 4-Mepy and water to [Ni(tmc)12+ in 

nitrobenzene has been examined [222]. Unusually, although none of the pyridines complexed 

appreciably, water did do so, and the complexation was stronger in the presence of the pyridines as a 

result of H-bonding between the coordinated water and the pyridine nitrogen. 

6.8.2.3 Tetraamhe macrocycles with pendant groups 

This section will consider firstly ligands functionalised with exocyclic redox and other 

groups, then ligands functionalised at C with additional potential donors and finally ligands 
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functionalised at N with additional potential donors. The electrochemistry of [Ni(L)](ClO& [L = 

cyclam and (lOO)] has been explored [223]. In the presence of Cl- co-ligands in pure CH$N, the 

Ni(II)/Ni(III) redox process (involving [Ni&)Clz]) was shifted to less positive potentials; this effect 
disappeared on addition of sufficient water as water displaced halide ions from the coordination 
sphere. The pendant group had a small stabilising effect on Ni(IlI) in pure CH3CN. 

X=SMe 

x = CONHZ 

(100) 

(Fc = ferrocenyl) 

(101) (102) 

There has been much interest lately in building polymetallic redox systems. Ferrocene- 
appended macrocycles afford good opportunities here, and Ni(I1) complexes of the ligands L, 
[Ni(L)12+, [L = (101) and (102)] have been described [211], and their oxidative electrochemistry 

examined in different media. The ferrocene (Fc) moiety is oxidised at ca. +0.5 V, and the 

Ni(II)/Ni(III) wave occurs at more positive potentials. Since these systems consist of a 
coordinatively saturated fragment (Fc) linked to a coordinatively unsaturated one [Ni(II)], the 

difference in redox potentials between the two sites varies with the donor power of the solvent, or the 

electrolyte anion. A note from the same group [224] describes the preparation of the complex 
[Ni(L)]$ L = (103), made by template synthesis. Although, as desired, the two ferrocene moieties 

oxidise at different potentials, in this case the Ni(II)/Ni(III) redox process was irreversible. 

CH,-Fc (103) 
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Turning now to tetraazamacrocycles C-functional&d with additional donors, the ligand L 

(104) has been synthesised by a non-template method. Reaction of L with Ni(C10&6HzO at pH 

8.5 gave [Ni(L)(H20)](ClO&.H20, the crystal structure of which shows the pendant amine 
coordinated to the metal and mm to a coordinated water [225]. The strain inherent here is 
illustrated by the HZN-N&OH2 angle (170.1(3)‘) and the rather long Ni-NH2 bond (2.141(7) A). 
The ligand adopts the truns I configuration. In acid, the pendant amine de-coordinates and is 
protonated (log K = 3.8; I = O.lM). The intermediate 4-coordinated truns-I complex rearranges 

(0.4 h-l, WC, pH 3) to a more stable truns-III configuration, as revealed by X-ray crystallographic 
study of the isolated [Ni(LH)](ClO&.lSH20. The latter, on deprotonation, gives an intermediate 
square planar [Ni(L)](C104)2, which rearranges again to 6-coordinate rrans-I 
[Ni(L)(H2O)](ClO&. Electrochemical studies showed that the pendant amine stabilises the Ni(II1) 

state better than cyclam for the rruns-I complex; no Ni(I)/Ni(II) process could lx. detected. As an 
electrocatalyst for CO2 reduction, [Ni(LH)](C104)3, however, proved more effective than 
[Ni(cyclam)]2+. 

HINANIH 

“NKN Nx 

H’ \ / ‘H 

(104) 

- 

(105) 

X = -NO2 

x=NH2 

(106) 

Complexes of the ligand c&diammac (105) have been prepared, and their properties 

compared with complexes of the mm isomer (106) (X = NH2) [226]. While the latter displayed 

unusually short Ni-N bonds, high energy d-d transitions and negative Ni(II)/Ni(III) potentials, the 
cis-diammac complexes do not. A detailed study of Ni(II) coordination by (106) (X = NH2) has 

also appeared [227]. Two isomers of Raney nickel-catalysed hydrogenation of the Ni(I1) complex 
of (106) (X = N@). One, designated a, was metastable. Triplet complexes of Ni(I1) with the 

ligand in this arrangement had (106) pentadentate, with the remaining pendant amine protonated (as 

in [Ni(LH)Cl](ClO&) or neutral (as in [Ni(L)(HZO)]C12). In this form, the ligand adopts a 
configuration with all four NH groups on the same side of the macrocycle ring. The stable p form 

has the ‘two up, two down’ configuration (RP,S,s) common in cyclam coordination chemistry, and 
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forms triplet complexes such as [Ni(L)]Cl2 (all amines coordinated), [Ni(L)(NCS)z] with primary 

amines neutral and uncoordinated, and [Ni(LH2)(NCQ](CNS)z Square planar ]Ni(LH2)14+ were 
also isolated, for both a and p forms. 

6.8.2.4 Nickel-tetraazamacrocycle complexes in electrocatalysis 

The complex [Ni(L)]z+ [L = (107)] has been employed as an electrocatalyst for the 
reductive coupling of alkyl bromides to olefins activated by electron-withdrawing groups. CV 
evidence suggested that the Ni(1) complex reacts catalytically with R-Br affording R. and Br, the R. 
then react with the double bond [228]. Similar electroreduction of N-allylic and N-propargyl-oz- 

bromoamides using [Ni(L)]z+ [L = (107), (lOS)] gave, under the correct conditions, S-membered 
lactones via intramolecular radical addition [229]. Other products were detected and a rationale 
offered for the product distribution; the presence of an H-atom donor (e.g. Ph2PH) was useful in 
optimising the yield of lactone. 

(107) (108) 

The reduction of CO;? electrocatalysed by Ni(I1) complexes of ligands (109) and (110) at 

Hg and Cu electrodes has been studied, in the hope that the less negative Ni(I)/NiOI) waves seen for 
these complexes would result in greater efftciency. For the complex of (109) the catalytic current 
for C@ reduction was smaller than that for [Ni(cyclam)] 2+, but the peak potential was mote positive 

by 280 mV. For (llO), the complex was more active for C@ reduction [230]. 

( 
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The electroreduction of CR using Hg-adsorbed [Ni(cyclam)]*+ as electrocatalyst has been 

studied further [231]. With added CO, the product of the reaction, the catalytic activity decreased. 

Formation of an insoluble Ni(0) complex, ‘[Ni(cyclam)(CO)]‘, adsorbed on the electrode surface, 

was proposed as the reason for this inhibition. 

Nickel-tetraazaannulene complexes adsorbed on carbon are good electrocatalysts for 02 

reduction, an important reaction in fuel cell technology. A theoretical study of the interaction of 

[Ni(L)] [H2L = (ill)] with graphite, using a computer model based on MM but with additional 

terms to account for IC-R interactions, has been published [232]. The planar complex (R = H) 

adsorbs parallel to the C surface but electrostatic B--K interactions are repulsive; the London 

dispersion energy is responsible for the nett attractive interaction. The saddle-shaped complex (R = 

Me) orients with the Me groups next to the surface, with the molecule centre above a graphite ring 

centre. 

(111) 

6.8.25 Other novel tetraakntate N-donor macrocycles 

Some coordination chemistry of the macrocycle-catechol ligand H2L (112) with Ni(I1) has 

been reported [233,234]. The complex [Ni(L)] [H2L = (112)] was made either by direct reaction 

of H2L with Ni(OAc)z, or by Ni(II)-ternplated condensation of 2,2’-(ethane-1,2- 

diyldiimino)bis(S-R-benzaldehyde) and 1,2-diamino-4,5-dimethoxybenzene, followed by base- 

catalysed demethylation [233]. Treatment of square planar [Ni(L)] with ferrocinium ion in dmf 

afforded, in the presence of NEt3, the neutral semiquinone. The crystal structure of the latter 

showed two square planar Ni(II) complexes in a centrosymmetric dimer with strong intermolecular 

H-bonding between semiquinone units. In the solid state, this complex showed antiferromagnetic 

behaviour and was ESR-active, but in dmf it was ESR-silent and diamagnetic, suggesting that 

disproportionation to catecholquinone dimers may have occurred. The catechol units in [Ni(L)] 

may themselves be employed as ligands in construction of supramolecula~ complexes, and reaction 

with base and [MmO$2(S2)(dmf)3] in dmf or thf afforded [Ni(L)( M@@&(S$)]*- [234], with 

one of the MO(v) ions coordinated to the catechol oxygens. 

Reaction of [Ni(L)] (H2L = (111); R = Me) with CH3(CH2)14COCl/NEt3 afforded the 

amphiphilic complex [Ni(6,13-bis(hexadecanoyl)-5,7,12,14-tetramethyldibenzo[b,~]- 

tetraaza[ 14]annulene)] [235]. This formed ordered monolayers on water (the complex probably 

lying edge-on), which could be transferred to silanised quartz plates. Optical measurements 

suggested that the macrocycle rings lie coplanar with the surface on the latter. 
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(112) (113) 

On treatment of [Ni(L)](N03) (HL = 5,7-Me2-[14]-4,7-diene-Nq) with 1,2- 

(XCH&&I-Q (X = Cl, Br), the complex (112) formed, which on treatment with NaBfi, followed 

by anion exchange chromatography, yielded the unusual complex (113), 280% of which had the 

meso arrangement of the new chiil centres, with the macrocycles adopting the ‘tranr-III’ (RP,S,s) 

arrangement [236]. Two methyl groups arc equatorial with respect to the chair-form six-membered 
ring, and the o-xylylene group is axial, giving the face-to-face geometry observed 

The ligands (114) have been prepared, and their complexation equilibria with Ni(I1) studied 
using potentiometry and 1H NMR spectroscopy. The log K values decreased slightly with 
increasing ring size [237]. In aqueous solution, the Ni(N03)2 complexes of the I2- and 13- 
membered ring ligands exhibit square planar + six coordinate equilibria (with the 12-membered 

macrocycle probably folded and cis), while with the 14membered ring the complex is five- 

coordinate and paramagnetic. 

(114) (115) 

Template condensation of 3,5diacetyl- or 3,5-diformyl-1,2,4-triazole with bis(3- 
aminopropyl)amine, Ni(ClO& and LiOH gave [Ni(L)]ClO4 [L- = (115)I. Reduction of the 
complex with NaBI-Lt gave the corresponding saturated tetraazamacrocycle Corr$eXeS. Laser- 
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assisted secondary ion mass spectrometry was employed to character& the products, which were 

square planar in the solid state, but pammagnetic in solution in polar solvents [238]. 

The complex [Ni(L)] [L = (116)], previously prepared by template condensation of 2,4- 

pentanedionebis(S-methylisothiosemic&azonato)nickel(II) with acacH and HC(OEt)j, also forms 
when [Ni(2,4_pentanedioneS_methylisothiosemic20 is treated with acacH 
and HC(OEt)3 [239]. The reactions of [Ni(TAAB)] (TAAB = cyclotetrameric Schiff base of o- 
aminobenzaldehyde) with Grignard and organolithium reagents yielded complexes [Ni(RzTAAB)] 
[RzTAAB = (117)] regi+ and stereospecifically (RMgX with R = Me, “Pr, “Bu, Ph, CH2Ph; RLi 
with R = Me, Et, tBu, Ph) [240]. When the TAAB precursor compound was treated with Grignard 

reagents, followed by workup, the free ligands H2R2TAAB were obtained, from which the Ni(I1) 
complexes could be isolated in better overall yield. 

\ 
SR 

(116) 

There has been much recent interest in the synthesis of macrocycles employing the 
condensation reaction between diamine complexes [of Ni(II)], RNH2 and HCHO. The archetypal 
ligand of this type is (118). and the stabilisation of Ni(III) complexes of this ligand in neutral and 

alkaline solution by coordination of axial anions has been studied by CV and spectrophotometry 

[241]. Dianions (SO42-, HPo42-) were more effective in this respect than monoanions (F-, 
RCO2-) . 
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(118) (119) 

Attempts to use condensation reactions between HCHO, Ni(II)-multidentate amine 
complexes and aq-diamines to make dinuclear macrocycle complexes have been described. For 
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example, a one-pot reaction between 1,4,&triazaoctane, en and HCHO in the presence of Ni(I1) 

gave the complex [NiZ(L)][ClO& [L = (119)] in 20% yield after repeated recrystallisation 12421. 

Electronic spectra and CV data indicate negligible interaction between metal centres. Similarly, 

template condensation of [Ni( 1,4,8,1 l-tetraazadodecane)](ClO& with HCHO and a,&iamines 

H2N(CH&NH2 (n = 2-5) afforded complexes [Ni2(L)][ClO& [L = (120)]; again, these did not 

differ in their chemical, redox or spectroscopic properties from the corresponding mononuclear 

complexes [243]. The complex [Ni(L)] 2+, formed by template condensation of ammonia, HCHO, 

Ni(I1) and en, has been employed in further condensations with HCHO and HzNRNH2 (R = 

(CH2)2, (CH2)4, pH2CC!&4CH2) to give complexes of the corresponding dinuclear ligands [244]. 

The uncoordinated secondary amine functions in the ‘lariat’ complex [Ni(L)12+ [L = the 

dinucleating macrocycle (121)] react with CH2=CHCN to afford the asymmetrical ‘lariat’ analogue 

with pendant -CHzCH$ZN groups. On reaction with Ni(C104)2.6H20, followed by 

chromatography on Sephadex resin (Cl- form), this afforded [Ni2(L)Cl](ClO&2H20. The -CN 

groups remain uncoordinated, but the weaker donor strength of the tertiary amine groups in the 

second macrocycle gives rise to a high-spin, koordinate Ni(Il) environment here; the other Ni(I1) 

remains square planar [245]. 

It was found recently that amides and sulfonamides could be employed in the place of 

secondary amines in these HCHO condensation reactions; examples of ferrocene-appended 

macrocycles made in this way have already been described. The cyclisation of 1,3,7,9- 

tetraazaundecane with HCHO and HzNC(O)R (R = Me, Ph) or H2NS02R (R = Me, Ph, p- 

MeCgHq, pHOOCQI$, naphthyl) templated by NiC12 afforded [NiClz(L)] or (after precipitation 

with excess HC104) [Ni(L)](ClO& [L = (122)] [246]. The reaction has been used to construct 
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macrocycles functionalised with exocyclic pyridines [(122a); R = 3-pyridyl,4-pyridyl] [247]. The 

crystal structure of [Ni(L)](C104)2.HC104 (L = (122a); R = 4-pyridyl) shows the Ni(I1) in a 

square planar environment; the pyridyl nitrogen is protonated. The amide nitrogen has bond lengths 

and angles suggestive of sp2 hybridisation. The pyridyl moieties could be complexcd to other metal 

centres affording supramolecular polymetallic complexes. For example, reaction of the nickel 

complex (L’) with PtC1a2- or [RuC12(bpy)z] afforded trimetallic complexes [PtC12(L’)] and 

[Ru(bpy)z(L’)@+ respectively. 

(122a) (122b) 

6.8.3 Azamacrocycles with more than four ring donor atoms 

The complexation of the ligands [18]-ane-Ng (1,4,7,10,13,16-hexaazacyclooctadecane) and 

1,4,7,13-tetramethyl-1,4,7,lO,l3,l~hexaazacycl~tad~ane with Ni(I1) in aqueous solution has 

been investigated potentiometrically [248]. The tetramethylated ligand complexes more weakly (log 

K = 16.24(6)) than [18]-ane-N6 (log K = 21.1) owing to a much lower enthalpic contribution (-AH 

= 8.9(S), 21.1(5) kcal mol-1 respectively). 

The syntheses, redox chemistry and spectroscopic properties of complexes of Ni(I1) and 

Ni(III) with sarcophagine ligands (123) (L) and (124) (L’) has been the subject of a comprehensive 

investigation [249,250]. The complexes [Ni(L)]z+ and [Ni(L’)14+ were synthesised by reaction of 

Ni(I1) salts with the free ligands. Oxidation to Ni(II1) cations was achieved by controlled potential 

coulometry in acetonitrile, or Ce(IV) oxidation in aqueous solution; only [Ni(L)](CF$03)3 could 

be isolated as a pure solid. The Ni(II) complexes were all octahedral, with all six cage amine donors 

coordinated, although an orange and presumably planar form of [Ni(L)]z+ was observed but not 

fully character&d. The Ni(II) complexes could be resolved into their enantiomers by fractional 

crystallisation as bis((+)-tartrato)diantimonate salts, and the optically pure Ni(III) cations obtained 
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from these. The electron self-exchange rate between enantiomeric forms in the two oxidation states 
was measured using a novel stopped flow circular dichroism technique (kct = 5300 f 300 dm3 

mokl s--l at 298 K, I = 0.2 M). The rate constant, and the activation parameters, were consistent 
with only minor rearrangements of the coordination spheres on electron transfer. The structures of 
[Ni(L’)](NO$t.H20 and of [Ni(L’)]Q.HZO have been determined. The former crystallised in the 

non-centrosymmetric P212121 space group, as a mixture of optically-pure crystals. The latter 

crystallised in the P2t space group. Whereas the nitrate salt adopted the conventional lelg 
arrangement of its -HNCH2CH2NH- chelate rings, the chloride salt is unusual in having the lel2ob 
configuration. 

6.8.4 Macrocycles incorporating amide donor groups 

Complexes [Ni(L)] of the hybrid ligands H2L [H2L = (125)] have been described [251]. 
All the complexes have square planar coordination; this was established crystallographically for 

[Ni(L)] (H;?L = (125); X = 1,2-(HN)$&); average Ni-N(pyridy1) = 1.848 A, Ni-N(amide) = 

1.820 A). Competition experiments established that complexation was much faster for the 13- 
membered ring ligands. Template condensation of dicarboxylic acids with diprimary amines in the 

presence of NiC12.6H20 afforded complexes assigned as square planar [Ni(aL)]C12 (H4L = 
(126)) [252], on the basis of electronic spectra, 1H NMR spectra, magnetic moments and 

conductivities. In view of the ease with which related amine-amide macrocycles deprotonate on 
complexation, this is unusual. 

,OMe 
X = HN(CH&,NH (n = 2,3), 

oLx_ x = “;; 2C6H10 a, 

OYyYO X = (CHZ)~; Y = (CH& (n = 1,2,3), 1,2-C 6H4 

X/HN 
NH 

X = (CHa)s; Y = (CH,),, (n = 1,2,3), 1,2-C 6H4 

‘X 
\ 
HN NH/ (126) 
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The crystal structure of the phenyl dioxocyclam complex [Ni(3-phenyl-1,5,8,12- 

tetraazacyclotetradecane-2&dionat+~J,J’,W,W’)] has been determined [253]. The complex is 
square planar and has near--mirror symmetry, with the two amine N-H bonds directed to the same 
side of the coordination plane (average Ni-N(amine) = 1.937(2) A, average Ni-N(amide) = 

1.880(2) A). The ligand 5,7-dioxo-cyclam reacts with acrylonitrile to afford the pendant arm 
derivative N~-bis(2-cyanoethyl)-5,7~ox~yclam H2L [254]. This reacts with Ni(C10&.6H20 
(log K for complexation = -14.45) to afford a complex of stoichiometry [Ni(L)].Ni(H20)2(ClO4)2, 

of uncertain structure. Finally, the unusual reactivity of the five-coordinate low spin complexes 
[Ni(L)] l&L = (127)] towards @ (they form brown six-coordinate [NiQ(@-)] enables them to 
act as catalysts in non-specific cleavage reactions of DNA with ambient oxygen [255]. 

R, =R,=H 

R, = CH$,H,, R a = H 

R,=F,R,=H 

R, = F, R 2 = CH&Hs 

R, = Rz = CHs 

(127) 

6.8.5 Porphyrins and related ligands 

Nickel-porphyrin chemistry has been given fresh impetus by the discovery of the role of 
F430 (128) in the final step in methanogenesis from C@, namely reductive cleavage of methyl 

coenzyme M to Cti and coenzyme M. The Ni(1) state is thought to be important in this process. 
A quantitative ESR analysis of the reduced factor F430 pentacarboxylic acid and of the 12,13 epimer 

COOH 

(128) 
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(isolated from cell extracts) has been performed, and the results compared with those for the 

pentamethyl ester, whole cells of thermoautotrophicum and of purified methyl coenzyme M 

reductase [256]. Titanium(lI1) citrate quantitatively reduces the Ni(I1) form to the d9 Ni(I) form, a 

tetragonally-distorted octahedral system with the vacancy in the d&-y2 orbital (gl = 2.061, gll= 

2.244; gl = 2.057, gll= 2.238 (di-epimer)). The spectra differ from those earlier reported for the 

product of dithionite reduction of F430, but in the latter, the signal strength corresponded to 1% of 

total Ni, so might not have been true Ni(T)-F43o. Moreover, the spectra were very similar to those of 

the whole cells in the reduced form. 

Et Et 

E: ‘Et 

(129) 

(130) (131) 

Complexes of isobacteriochlorins are frequently used as F430 mimics because they, too, cati 

be reduced to isolable Ni(1) complexes. The reactions of [Nil(L)]- [L2- = (129)] with alkyl and 

aryl halides have been studied [257]. The organic products resulted from reduction or 

dehydrohalogenation; alkene formation was favoured by polar solvents, and isomerisation of alkenes 

occurred during reaction. This implies the intermediacy of Ni-H and Ni-R species in the reactions. 

Resonance Raman (RR) spectra of a series of complexes of (129), including Ni(II) (high- and 
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low-spin forms) and Ni(I), and of the tx$,y-deuterated isotopomer, have been studied [258]. 

Reduction of the metal perturbs the macrocycle conformation, although the change is smaller than 

that observed on going from low to high spin on axial ligation; the latter form requires a more planar 
macrocycle for optimum Ni(II)-axial ligand interaction. There is evidence of significant metal dr 

ligand back-bonding in the Ni(1) complex. The subtlety of macrocycle conformation and its effect 
on axial ligation is further illustrated by the fact that the Ni(lI) complexes of the two configurational 
isomers of (129), which differ only in the stereochemistry of the ethyl groups on the saturated rings 
and which are usually employed as a mixture, have been shown to have different binding constants 
for pyridine and piperidine ligation [259]. Although the Ni(1) complex of (129) is very resistant to 
further reduction, in the presence of proton donors reduction of the macrocycle ring occurs [260], 
affording initially the Ni(I) complex of (130), the first complex of this preconin to be identified. 

On treatment of this with Bu3HNC104, the Ni(I1) complex of the known hexahydroporphyrin 
(131) formed. 

Highly substituted porphyrins and related reduced systems, and their nickel complexes, are 
currently being intensively investigated. Interest here focuses on the degree to which steric 

interactions between substituents distorts the macrocycle ring into a saddle conformation; non- 

planar porphyrins occur in metalloenzymes. Two groups have employed RR spectroscopy in 
combination with isotopic substitution and normal coordinate analysis to investigate the Ni(I1) 

complex of octaethyltetraphenylporphyrin (132; X = Et, R = Ph). Comparison with data for 
octaethylporphyrin and tetraphenylporphyrin complexes, in particular large downfield shifts in a 
number of porphyrin skeletal modes, suggests a highly non-planar conformation [261, 2621. At 

room temperature, in solution, both planar and non-planar conformers were found for [Ni(L)] (L = 

octaethylporphyrin dianion) using RR spectroscopy [263]. Substitution of a single nitro-group at a 
methine bridge carbon shifts this equilibrium in favour of the non-planar conformer. Further, use of 
larger metal ions (Cu(II), Zn(I1)) favours the planar conformer, an observation also made for 
octaethyltetranitroporphyrin (132; X = Et, R = NO2) [264]. Here, while X-ray crystallography 

revealed the Ni(I1) complex to be severely non-planar, the Tl(II1) complex [Tl(L)Cl] was only 
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moderately distorted from planarity. Similar results have been found in the coordination chemistry 

of the porphyrin (133; n = 1, R = 3,4,5(MeO)$6H$. While the Ni(II) complex is moderately 

distorted from planarity, the Cu(I1) complex is planar [265]. In the latter example, an otherwise 

reliable molecular mechanics method incorrectly predicted a planar conformation for the Ni(I1) 

complex, and possible reasons for this are discussed. In another paper, RR spectra of CS2 solutions 

of the parent complex [Ni(L)] (H2L = (132: X = R = H) have been interpreted in terms of two 

conformers in solution, but the spectra are not simply interpretable in terms of one of the 

conformers being ruffled, and the structure of the minor conformer remains a mystery [266]. 

A series of square planar Ni(I1) complexes of porphyrins with varying substituents has been 

investigated using X-ray crystallography (solid state) and EXAFS (solid, solution), to see whether 

the structure in the solid state is maintained in solution [267]. In the solid state, for complexes of 

(132: X = Et, k, R = Ph) and (133: n = 2; R = Ph) saddle-shaped macrocycle rings were found. 

EXAFS data on these complexes showed that the conformation was unchanged in solution. While 

X-Ray data could not be obtained for the complex of (132: X = R = Ph), EXAFS data also 

indicated the same (distorted) structure in the solid as in solution. EXAFS data for complexes of 

(133: n = 1, R = Ph) and (133; n = 1, R = 3,4,5(MeO)&H2), however, were interpreted in terms 

of a planar macrocycle configuration in both solid and solution phases. The structure of [Ni(L)I 

(H2L = (132: X = Br, R = C6F5) has been determined. The Br atoms deviate from the plane 

defined by the ring nitrogens by up to 2.36 %, , leading to a pronounced tetrahedral distortion at 

Ni(I1) [268]. 

(134) 

/ 
MeQC R,=Et,R,=Me 

R, = iPr, Rz = H 
R,=iPr,Rz=Me 

(135) 

Resonance Raman and FT-IR spectra have been determined for [Ni(L)] [H2L = (134)], of 

interest because of its structural similarity to bacteriochlorophyll, and insight was thus gained into 

the vibrational characteristics of metallobacteriochlorins [269]. The crystal structures of a series of 

Ni(I1) complexes of bacteriopetroporphyrins (135), derived from bacteriochlorophylls, have been 

determined [270]. The presence or absence of the methine Me group modulates the absorption 

spectrum of these systems, and is therefore important in light harvesting. The structures show a 
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greater degree of non-planarity in the two methyl-substituted ligand complexes. A series of 

porphyrins has been isolated from coral sponges, and the reactivity of their Ni(I1) complexes 

towards formylating agents examined [27 I]. 

The crystal structure of nans-l,2-bis(meso-[octaethylporphyrinylnickel(II)])ethene showed 

that the molecule was non-coplanar; the Ni(II) coordination planes were almost perpendicular to the 

plane of the central double bond. The porphyrin rings are distorted from planarity [272]. The 

reactions of oxidised complexes of the porphyrin (132: X = H, R = 3,5-(tBu)+-(HO)C@2) with 

p-cresol (a peroxidase substrate) have been studied [273]. In CHC13, the rate is second order in 

substrate, attributed to a pre-equilibrium rate-determining formation of apcresol dimer. 

Et. ‘Et 

(136) (137) 

The oxidative electrochemistry of two Ni(II)-porphyrin complexes [Nit&)] (H2L = (132: X 

= Me, R = Ph) and (133: n = 2, R = Ph) and a Ni(I1) porphycene complex [Ni(L’)] (H2L’ = 

octaethylporphycene) has been studied in benzonitrile at Pt and glassy carbon electrodes [274]. 

Each complex showed three reversible one-electron oxidations. The most positive process was 

attributed to formation of a Ni(II1) complex of a dication radical ligand. Interestingly, both the 

ruffled octamethyltetraphenylporphyrin complex and the planar porphycene complex had near- 

identical redox potentials. While structural studies have indicated that the product of the one- 

electron oxidation of [Ni(OEP)] is a cofacial dimer [Ni2(OEP)212+ (OEP = octaethylporphyrin 

dianion), with no o-bond between the units, on recrystallisation of [Ni(L)(py)T].+ from 

CH2Cl2/95% EtOH, a dimeric complex forms with a o-bond between methine carbons nuns to the 

oxygenated ring carbon f&L = (136) [275]. The axial pyridine ligands are lost. In the dimer, the 

porphyrin rings are ruffled, and lie over each other in an offset manner. Oxidation of [Ni(OEP)] in 

CH2C12 with 0.5 equivalents of (p-BrCgH4)3NSbClg yields a complex of stoichiometry 

[Ni(OEP)l?_SbC16. This behaves as a simple S = 0.5 paramagnet, and has a near-IR band at 1536 

nm absent from both [Ni(OEP)] and [Ni(OEP)]+. The crystal structure of this dimer shows two 

equivalent cofacial rings related by a crystallographic 2-fold axis, with the metal atoms displaced 

towards each other out of the donor atom plane by cu. 0.04 8, [276]. 
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Mixtures of solutions of [Ni(L)] (H2L = (132: X = H, R = N-methylpyridinium4yl) and 
4,4’,4”,4”‘-tetrasulfonated phthalocyanine complexes have been shown to form well-defined 

supramolecular assemblies, consisting of heterodimers or -trimers, in polar solvents [277]. 
Affinity of the metal ions for axial ligands both controls, and is enhanced by, the degree of 
aggregation. Thus, nickel phthalocyanine, which normally has almost no affinity for axial ligands, 
binds pyridine or DMSO when involved in heterodimers. Another method of assembling 
multimetallic supramolecular complexes with porphyrins is to use molecules with exocyclic groups 

containing additional donors. Thus, [Ni(L)] f&L = (137)) reacts with [M(DMSO)s](C104)2 (M = 
Pd, Pt) to afford trinuclear complexes in which a Pd(II) or Pt(II) ion is coordinated by four pyridine 

nitrogens from two [Ni(L)] units [278]. The crystal structure of the Ni2Pd complex, 

[(Ni(L))2Pdl(C104h.8CHC13, shows both the Ni(I1) and Pd(I1) environments to be square planar, 

with the dihedral angle between NiN4 planes and the PdN4 plane of 67’. 
Oxidation of [Zn(OEP)] with Tl(CF3CO& gives a mixture of products. Formation of the 

Ni(I1) complexes of these allows them to be separated by chromatography. Further study of the 
Ni(II) complexes of one of these products (138) has now established that it is a mixture of 80% of 
the rrans isomer and 20% of the cis isomer [279]. For both isomers, the square planar [Ni(L)] react 
with pyridine to fottn paramagnetic [Ni(L)(py)z]. The affinity of Ni(I1) complexes of p- 

oxoporphyrins (139)-(141) for binding additional ligands, and the Ni(II)/Ni(III) redox process for 

the complexes, have been studied [280]. The crystal structures of all three complexes [Ni(L)] have 
been obtained. These indicate an increasing degree of ruffling with increasing number of oxo- 

groups. The affinity of the complexes for imidazole binding also increases with the number of oxo- 

groups, and this is interpreted in terms of the increasing flexibility and decreasing aromaticity of the 
ligands. Imidazole binding moves the Ni(II)/Ni(III) potentials to more negative values. 

Et Et 

Et Et Et Et 

(138) (Cis and warn isomers) 

Finally, the syntheses and characterisation of some butoxy-substituted nickel- 
hemiporphyrazine complexes have been described [281]. These are soluble in common organic 
solvents. 
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Et 0 

Et 0 

(139) (140) (141) 

Turning now to phthalocyanine complexes, density functional calculations have been used to 

assess the relative suitability of nickel-porphyrin and nickel-phthalocyanine complexes for forming 

one-dimensional ‘molecular metals’ on partial oxidation [282]. With the smaller ring porphyrin 

systems, there is little dependence of the degree of inter-ring interaction on torsion angle, so that the 

latter is probably determined by crystal packing forces. This is not the case with the larger ring 

phthalocyanines. The effect of the aza-bridges and benzene rings in phthalocyanine complexes is to 

increase the energy of the al,, making it the HOMO in [Ni(phthalocyanine)], whereas in 

[Ni@orphyrin)] the HOMO has metal character. The synthesis of very pure [Ni(phthalocyanine)] 

requires the metallation of very pure phthalocyanine [283]. The one-dimensional conductor 

[Ni(phthalocyanine)]I made from this material remain metallic down to 3 K, a much lower 

temperature than observed previously, and the conductivity at 3 K (( I-21 X 104 Q-l cm-l) is 30 

times higher. The electronic properties of [Ni(phthalocyanine)]I as a function of applied pressure 

have been determined [284]. Oxidative electropolymerisation of [Ni(L)] (H2L = 4,4’,4”,4”‘- 

tetraaminophthalocyanine) affords an electronically<onducting layer of poly-[Ni(L)] on the 

electrode surface. This has been character&d electrochemically [285]. Two of the four structural 

isomers of a substituted phthalocyanine complex, tetra(tertiary butyl)phthalocyanatonickel(II), have 

been separated for the first time, using HPLC and MPLC methods [286]. These are the isomers 

with Czv and Cs symmehy. 

6.9 COMPLEXES WITH MIXED NITROGEN-OXYGEN DONOR SETS 

6.9.1 Amino acid, peptide, nucleotide and related ligands 

Nickel@) complexes of a range of short oligopeptides have been studied [287]. Complexes 

of oligopeptides containing histidine in the third position can quench 0~ more easily than other 

oligopeptide complexes. Such complexes can also catalyse the disproportionation of Hz@ to yield 

02-. Electronic spectra suggest that whereas the latter complexes are square planar in solution, 

complexes with oligopeptides without histidine in the third position are six-coordinate. The kinetics 

of reversible complexation of [Ni(H20)& with the complexes [N4Co111(glyH)gly]2+ (N4 = (en)2 

or mien; glyH = glycine, O-bound) have been investigated by stopped flow methods [288]. The 
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data suggest that reaction occurs by coordination of one of the free -NH2 groups to Ni(II) by an b 

mechanism. The dinuclear species exists in equilibrium between a [( ( Co(III))-H2N)Ni(H20)=J4+ 

species and a chelated form where the carboxyl group also bridges between Ni(I1) and Co(III), 

[((N4(glyH)cd11(cI_gly)Ni(HzO)414+. 
Several papers this year deal with complexes of amino acid hydroxamic acid derivatives. 

The thermodynamics of Ni(I1) complexation by 2,6-diaminM-hydroxyhexanamide (Glysine 
hydroxamic acid, I-IL) have been investigated [289]. The formation constants of ternary complexes 
of Ni(II) with ~laninehydroxamic acid as primary ligand and en as secondary ligand have been 

studied [290]. The ternary complexes are more stable, and more resistant to hydrolysis at high pH, 
than either binary complexes. The complexation of Ni(II) by I..-glutamic acid-&hydroxamic acid 
and, for comparison, acetohydroxamic acida-alanine ternary systems, have been investigated 

12911. The former binds as a tridentate, with no evidence for polynuclear complexes. An equilibrium 

probably exists between (O,NJ/)- and (O,O,N)-bonded forms. 

OH R = CH2, (CH 212, CI-UCHMes), 

NH 
‘R/ 

COOH CIWH,CHhW, CH(CHEtCH s), 

CH(CH,Ph) 

I dH 

OH (142) 

The complexation of the fructose-amino acid compounds HL (142) by Ni(I1) has been 

studied [292]. They bind in amino acid (didentate amine-carboxyl) fashion to give 1: I complexes 
NW at low pH. At higher pH, complexes [Ni(L)2] and some [Ni(LH_I)], with a deprotonated 
sugar hydroxyl group chelating, also form. 

Detection of the binding of Ni2+ to specific complexation sites in human blood plasma 
albumin by single pulse 500 MHz 1H NMR spectroscopy has been demonstrated [293]. The 
addition of NiCWD20 to the plasma results in changes in peaks assigned to His ECH and WH, 

and to other resonances due to lysine, consistent with the formation of a square planar (diamagnetic) 
complex involving these moieties. The binding of adenine nucleosides by sodium dodecylsulfate 

micelles, of interest in modelling lipid bilayer systems, can be detected by IH NMR, the ease of 

detection can be greatly enhanced by the presence of paramagnetic Ni(I1) in the Stem layer around 
the micelles, which alters the rate of relaxation of the nucleoside protons [294]. Both Ni2+ and the 
nucleoside bind to the micelles. 

Complexes of amine-sugars are described in section 6.9.4. 

6.9.2 Amine- and imine-carbo~lates and related ligands 

The complex [Ni(HL)2&0)2] (H2L = quinolinic acid [pyridine-23dicarboxylic acid]) 

has been characterised crystallographically [295]. It is octahedral and centrosymmetric, with Ni(II) 
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coordinated to the two pyridine nitrogens (Ni-N = 2.030(2) A), two 2-carboxyl oxygens (Ni-0 = 

2.027(2) A) and two rrans water molecules (Ni-0 = 2.117(2) A). There are strong intramolecular 
H-bonds between the two carboxyl groups in each ligand. An unusual one-dimensional complex 

with a tripodal ligand acting as both a terminal and bridging ligand has been described [296]. This 

is [Ni(L)OIim)],(C104), @IL = N(CH2CH2NH2)2(CH#OOH)), which X-ray crystallography 
reveals has a chain structure, with the carboxyl groups bridging along the c axis. The amine 
nitrogens have a mer arrangement and the two carboxyl oxygens coordinated to each Ni(II) are 
mutually trans and have the syn, anti bridging mode. The magnetic behaviour with temperature 
could best be described in terms of single-ion anisotropy; any ferromagnetism is very weak. On 
treatment of this complex in aqueous solution with more Him, a mononuclear complex, 

[Ni(L)(Him)21ClO4.H20 was obtained. The crystal structure of this complex showed Ni(I1) 
coordinated to hvo cis imidazoles, with the L- amines coordinatedfac, and the sixth site occupied by 
a unidentate carboxylate oxygen. 

The crystal structure of the complex [Ni(L)2(H20)2].HzO (HL = l- 
aminocyclohexanecarboxylic acid) has been determined [297]. The complex is octahedral, with 

rrans-amine (Ni-N 2.054(7), 2.082(7) A) an cis-carboxylate (Ni-0 2.059(4) A) groups. The d 
amines are in axial positions on the cyclohexyl rings. Another structure determined is that of 
[Ni(L)(H20)2](ClO& (L = 4,7_diazadecane-l,lO-diamide) [298]. The Ni(II) here is coordinated 
to both amines (Ni-N 2.052(4), 2.072(4) A) (cis), both amide oxygens (NW 2.067(3), 2.038(4) A) 

@is) and two frans water molecules. 

(143) (144) 

The stability constants of Ni(II) complexes with (143) (HL) have been determined 
potentiometrically [299]. Whereas for other metal ions, species [M(L)]2+ and [M(L)(OH)]+ were 

detected, for Ni(I1) only [Ni(L)]z+ (log K 17.85(3)) could be detected. The stability constant was 3 
orders of magnitude bigger than those for related open-chain ligands. The coordination chemistry 

of the macrocycle (144) (L) and the related open-chain 3-thia-l,kliaminopentane-S-oxide (L’), 

have been examined [300]. Complexes [Ni(L’)](PF& and [Ni(L)](ClO& have been obtained, and 

their crystal structures determined. The former is octahedral, with cis O-bound S-O groups, the 
latter is also octahedral, but has truns O-bound S-O groups, and generally shorter metal-ligand 
bonds. 

Finally, in this section mention should be made of some interesting complexes of ligands 

[R2P(O)NR’]- published this year. The complex [Ni{ (tBu)2P(O)NiPr]2] is very unusual in that it 
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is paramagnetic, has an absorption band at 7300 cm-l and yet is square planar. Now, two isomers 
of the complex [Ni((tBu)~P(O)N(cyclo-C~ll))] have been described [301]. One is an olive 

green solid, the diffuse reflectance spectrum of which is similar to that of planar 

[Ni{ (tBu)2P(O)NiPr)2], and crystallographic data confirm that this isomer is planar (Ni-N 
1.900( 1) A, Ni-0 2.120( 1) A). The other is an ink-blue solid, and has diffuse reflectance bands at 
virtually the same energies as the planar isomer but with significantly greater intensities. The crystal 

structure of this isomer shows a distorted tetrahedral arrangement (Ni-N 1.945(2) A, Ni-0 
2.059(2) A; the angle between the Ni-N-O planes for each ligand is 86.2’). 

6.9.3 Amine- and imine-alcohol and -ether &antis 

The Fist example of a tetranuclear Ni(I1) complex with an end-on lt-azide bridge, [Ni&t- 

N3)4(H2NCH2CH(o-)CH2MI2)2(H2NCH2CH(OH)CH2~2)2](ClO4)2, has been character&d 
[302]. The four Ni(I1) ions are related by an S4 symmetry axis forming a quasi-perfect square. 

Both the azide ions (end-on) and the oxygen atoms of the amine ligands (hydroxy and hydroxyl) 
bridge the Ni(II) ions in the arrangement shown in (145). The remaining coordination sites at each 
Ni(I1) are occupied by amine donors, one from each of two ligands. The complex is ferromagnetic, 
J = +21.3 cm-l. 

(145) 

The reaction of Ni(II) ions, 2-aminoethanol, HCHO and CH3N02 yields Ni(I1) complexes 

of H2L (146: X = 0) [303], which can be isolated as blue [Ni(HL)]+ or insoluble green ]Ni(L)I. 
These, on the basis of electronic spectral data, are tentatively assigned tetrahedral stereochemistry, 

and since steric factors probably prohibit chelation of both amine donors, they may have 
N(O)(OH)z and N(O)z(OH) donor sets respectively, although polynuclear formulations are 
possible. Catalytic hydrogenation of the blue complex afforded Ni(I1) complexes of H2L’ (146: X 

= H), one of which, [Ni(H&‘)2]ClO4(CH3CO$, has been character&d crystallographically. The 
Ni@) is coordinated by one of the tertiary amines, the pendant primary amine and one hydroxyethyl 

oxygen from each ligand. The tertiary amine donors are mutually trans. 



J.C. Vita et rd./Coordination Chemistry Reviews 146 (1995) l-281 179 

OH 

(146) X =0 

X=H 

NVN 

(OH ’ HO 

The chemistry of Ni(II) solvent extraction using 2-methyl-8quinolinol [I-IL = (147)] has 
been studied [304]. From aqueous solutions of NiS04, chloroform solutions of the ligand extract 
Ni(I1) predominantly as [Niz(Lh] and [Ni3(L)3], but from Ni(ClO& solutions ion-pair complexes 

[Ni3(L)s@IL)lC104 and [Ni2@Q(L)3]C104 are extracted. The [Niz(L)A is cleaved symmetrically 
by phen to give [Ni(L)z(phen)]. X-Ray crystallography reveals that both [Ni3(L)3].2QH50H and 
[Ni3(L)S(HL)]C104.C2HsOH have discrete bent trimeric structures, with all the Ni(I1) ions 

octahedrally coordinated by two nitrogens, and phenolate oxygens (a total of two triply-bridging, 
two bridging and two terminal). The principal structural difference is the presence of a strong 

intramolecular hydrogen bond between the two phenolate oxygens not involved in bridging in 
[Ni3(L)5(HL)]C104.C2H50H. The presence of the 2-methyl group makes coordination of a third 
ligand to discrete Ni(I1) ions less favourable, hence the formation of oligomeric oxygen-bridged 
species. 

(147) 

(148) (149) 

The ligands (148) have been synthesised and their complexation by Ni(II) examined [305]. 
Polarographic and electronic spectral data suggest that whereas Ni(II) complexes (148: X = N) only 
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via the 8-quinolinolate moiety, the other ligands coordinate as tridentates via the quinolinolate and 

carboxyl oxygens and a nitrogen of the azo group. 

R = 2-pyridyl 

(150) 

Interest in ligands bearing nitroxide groups, for constructing molecular ferromagnets, 

continues. The crystal structure of a Ni(Il) complex of 3-imidazoline nitroxide (HL), [Ni2(HL)4], 
has been determined [306]. The ligand L (150) reacts with NiC12 in EtOH/CH$& to afford 
[Ni(L)zC12], the crystal structure of which reveals that the molecule is centrosymmetric with rrans 
chloride ligands (Ni-Cl = 3.397(10) A), and L chelating via the pyridyl nitrogens (Ni-N 
2.089(l) A) and nitroxide oxygens (2.064(l) A) [307]. The complex is less strongly 

antiferromagnetic than usual for Ni-nitroxide systems (J = -110 cm-t); the chelate ring reduces the 
degree of orbital overlap. With [Ni(hexafluoroacac)z], the ligand reacts to form 

[Ni(hexafluoroacac)2(L)], with L again chelating via the pyridyl nitrogen (Ni-N 2.073(4) A) and 
nitroxide oxygen (2.029(3) A). This complex is also antiferromagnetic (J = -167 cm-t). 

(152) 

The coordination of ligands (151) and (152) (HL) to Ni(I1) has been examined [308]. 

Both ligands bind via an oxine-type (N,O-) donor set to give Ni(L) and Ni(L)z species. Ligand 

(152) forms considerably more stable complexes, probably because of a better-oriented lone pair 
on nitrogen. Use of the ligand 2-(2-pyridylmethyleneamino)phenol in analytical determination of 

MI) by first derivative spectrophotometry has been proposed [309]. Octahedral Ni(I1) complexes 
of 3-(2-hydroxynaphthylj-5_5-(4_substituted phenyl)-2-pyrazoline have been isolated for a range 
of substituents and different anions [310]. With the ligand L (153), Ni(N0&.6H20 affords light 

blue [Ni(tMH~O)2](NO3)2.H20, for which cis stereochemistry is suggested [31 I]. 
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R = H, CH 2(2-pyridyl), CH *CHzOH, 
CH,CH,NEt,, CH &H&l 

n=20r3 

m = 2.3 or 4 

Turning now to macrocyclic ligands, the synthesis of a series of ligands (154) has been 
reported; many of the ligands were purified by isolation of purple complexes formulated 

[Ni(L)(N03)]N03, recrystallisation, and subsequent decomplexation with edta [312]. The 
complexation of the pendant arm ligand N,N’,N”,N”‘-tetrakis(2-hydroxyethyl)cyclam with Ni(II) 
has been examined [313]. The principal effect of the pendant arms is to labilise the complex to 

decomposition, when compared with cyclam. Some Ni(I1) complexes of the dinucleating 

macrocycles (155) have been described [314]. When the previously-reported complex 
[Ni~(L)(MeOH)~(ClO~)~].2Et~NHClO~ (H2L = (155); m = n = 3) is recrystallised from MeOH in 
the presence of urea, blue crystals form which X-ray crystallography showed are an inclusion 
compound [Ni2(L)(H20)4](C104)2.4HZNC(O)NH2. This is centrosymmetric; each Ni(I1) is 

octahedrally coordinated by two amines, two bridging phenolates and two axial water molecules, and 
there is extensive H-bonding involving the ureas, perchlorate ions, waters and secondary amine 

protons. On treatment with pyridine, this complex forms square pyramidal [Ni2(L)(py)2l(ClO4)2. 

For (L = (155); m = 2, n = 3), the complex [Ni2(L)(H20)412 was isolated. This has one octahedral 

Ni(II), in the cavity with the six-membered diamine fragment, and one square planar Ni(II) 
occupying the smaller cavity. The latter remains square planar on treatment with py, which affords 

the square pyramidal-square planar complex [NiZL’)(py)]IZ. Complexes of Ni(OAc)z with these 

ligands have also been described [315]. These are of general formula [Niz(L)(OAc)2] (n = m = 2, 
3; n = 2, m = 4,5) and [Ni2(L)(OAc)(NCS)(CH3OH)] (n = 2, m = 3). The complex 

[Ni2(L)(OAc)2]. lOH20 (n = m = 2) has both Ni(I1) ions in an octahedral environment; the 
macrocycle adopts a cis, folded structure, and each Ni(I1) is additionally coordinated to a didentate 
acetate ligand. Interestingly, the complexes are all ferromagnetic (J = +2.1 to +lO.l cm-l). 

A Cu(II)-Ni(I1) complex of (156) (HzL), [CuNi(L)](C104)2, has been made by 

transmetallation of the corresponding Cu(II)-Pb(I1) complex, in which the Cu(II) occupies the 4- 
coordinate site and the Pb(II) templates the formation of the koordinate site [316]. Therefore it is 
assumed that Ni(I1) also occupies the 5-coordinate site. The complex is antiferromagnetic and, 

based on the Heisenberg model, J is calculated as -110 cm- 1. A preliminary report describes the 
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isolation of a tetranuclear complex, [Ni4(L)2(pz)z(CH3OH)] (H3L = (157), pz = pyrazolate 

ion) 13171. This has a zig-zag structure, with the outer two Ni(I1) ions in square planar 
environments coordinated by a bridging pyrazolate, non-bridging and bridging phenoxide oxygens 
and an imine nitrogen. The inner two Ni(I1) ions are in octahedral environments, connected via 

bridging pyrazolate and phenoxide ions to the outer Ni(II) ions, and to each other via the remaining 
two phenoxide ions and the MeOH; their coordination shell is completed by the remaining imine 
donors. The mixed spin state complex shows weak antiferromagnetism between the high-spin 
Ni(I1) sites (J = -4.7 cm-*). The tetra-imine analogue of (155) (n = m = 3) (H2L) reacts with 

Ni(OAc)2 in CH3CN in the presence of PFg to afford a green product, initially formulated 
lNi%L)(OAc)]PFe [116]. The crystal structure revealed that this has, in fact, a tetranuclear structure, 
with each distorted octahedral Ni(lI) coordinated to one compartmental N202 donor set from L2-, a 

bridging acetate ion, and a phenoxy O-donor from the other half of the dimer. The four Ni(II) ions 
are disposed in a distorted tetrahedron. 
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The reactions of glucose-containing disaccharides (maltose, lactose, cellobiose, melibiose) 

with [Ni(tn)3]X2.2H20 (X = Cl, Br) in MeOH have been studied [318]. The products are 

hygroscopic complexes of N-D-aldosylpropane-1.3-diamines (L = (for Glca4Glc, maltose) 

(I!%)), pseudo-octahedral [Ni(L)2]X2. The crystal structure of [Ni(Glca4Glc-tn)2]Br2.2H20 

confirms that the ligands bind via both amine nitrogens and the hydroxyl group shown in bold, in a 

mer geometry. The glycosylamine link is p. X-Ray absorption near-edge spectra, and other 

spectroscopic data, suggest that the other complexes are probably isostructural. A related paper 

describes the reactions of aldohexoses with [Ni(tn)3]X2.2H20 (X = Cl, Br) [319]. The products are 

again pseudooctahedral [Ni(L)z]Xz with the ligands binding via both amine nitrogens and a sugar 

hydroxyl group. The crystal structure of [Ni(L-Rha-tn)2]Br2.2H20.MeOH shows a very similar 

arrangement to that of [Ni(Glca4Glc-tn)2]Br2.2H20. Some complexes of the aminoglucoside 

antibiotic kanamycin have been described, including a NiS04 derivative assigned the formula 

[Ni2(kanomycin)(SO4)2(H20)2].H20 [312]. 

6.9.4 Schifs base and related ligands 

Four-coordinate Schiff base complexes (including those of nickel) have been reviewed 

13211. Complexes of a range of dialkyl a-hydroxyiminophosphonates have been prepared; the 

crystal structure of one example, [Ni(L)2C12] (L = diethyl E-(a) - 

hydroxyiminopropanephosphonate) shows distorted octahedral coordination at Ni(II), with two 

symmetry-related didentate L [322]. The complex [Ni(L)z] (where I-IL is the unsymmetrical 

tridentate Schiff s base derived by successive condensation of o-phenylenediamine with 

7 
H\N/N / \ L+ I 

0 

R 
\ 

(159) 

R = C&13, 

Cd321 or Cd325 

I 

R1 = CN, R 2 = OEt Rl 

or Rl = C(O)Me, R2 = Me 
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furfuraldehyde and salicylaldehyde) has been described [323]. The complex [W(L)] (where H2L is 
the tetradentate Schiffs base derived from condensation of o-phenylenediamine with 2 equivalents 
of salicylaldehyde) has been investigated as a catalyst for olefin epoxidation under phase transfer 
conditions [324]. 

Aroylhydrazones HL (159) (the protons in bold are lost on complex formation) form 
square planar complexes [Ni(L)d, with the ligand coordinated as the enolate tautomer. These form 

smectic C and nematic liquid crystalline phases at elevated temperatures [325]. The ligands 
acetylacetone-bis-benzoylhydrazone (PhC(O)NHN=CMe)$ZH2 and -bis-isonicotinoylhydrazone 
(NC$k$(O)NHN=CMe)$X-I2 react with Ni(OAc)z in EtOH to afford square planar [Ni(L)], with 
the Ni(I1) coordinated to the imine nitrogens and enolate oxygens [326]. Two complexes of 
stoichiometry Ni(L)z.HzO have been described, where HL is FcC(Me)=NNHC(O)R (R = 3- 
pyridyl or 4-pyridyl). While IR spectroscopic data suggest these are coordinated in the enolate 
form, the coordination geometry is uncertain; although orange, the colour is probably due to the 

ligand, and the complexes are paramagnetic in dmso solution [327]. The ligands HL (160) react 

with Ni(OAc)2.4H20 in EtOH/H20 to form octahedral [Ni(L)z], for whichfac geometries are 
proposed [328]. 

On the basis of ‘H NMR and IR spectroscopic data, the ligand L2- (161) is thought to 
bridge via the enolate oxygen in the square planar, diamagnetic complex [Nis(L)z] [329]. A series 
of octahedral complexes [Ni(HL)2(L’)] (H2L = 2-pyrrole-[N-(0-hydroxy-arylhnethylimines], aryl 

= C&, 5-ClC&I4,5-MeCgHq, 4-MeC&kt, 3,5-Me2C&I3; L’ = phen or (aryl = 5-MeC6H4) bpy) 
has been made by oxidation of a sacrificial Ni anode in the presence of H2L and L’ [330]. These 
were soluble in polar solvents, and the crystal structure of [Ni(HL)$‘)].2/3H20.2/3CH$N ( L’ = 

bpy, aryl = 5-MeC&t) was obtained. The asymmetric unit contains one and a half independent 
molecules, each with similar coordination. The Ni(II) is coordinated to the phenolic oxygen and 

imine nitrogen of two didentate Schiff base monoanions, and to a didentate bpy. The pyrrole 
nitrogen is therefore not involved in coordination. The oxamide ligand IQL (162) has been 

synthesised, together with the complex [Ni2(L)], which is diamagnetic and planar [331]. Unlike 

earlier complexes of dinucleating oxamide ligands, this example is soluble. Some new polystyrene- 

supported complexes have been described, made by treatment of the pre-formed polystyrene- 

anchored ligand (163) [332]. The Ni(I1) complex isolated had stoichiometry NiL.3dmf, and 

magnetic measurements and electronic spectroscopy confirm that the complex is octahedral. 

(161) (162) 
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The complexes [Ni(L)] (II2L = (164)) have been prepared, and their structure and dynamics 
in CDCl3 solution explored using 1H and 1% NMR spectroscopy [333]. The benzoyl groups are 

forced perpendicular to the coordination plane by interaction with the R and Me groups. 
Complexes of the ligands N,W-(-R-)bis( 1 ,1,1-trifluoro-6methyl-2~xoheptan4imine) 

(-R- = ethylene, propylene), including the square planar neutral Ni(II) complex, can be separated by 

reversed-phase HPLC [334]. 

Structural studies of macrocyclic and other Schiff base complexes of Ni(I1) continue. A 
crystal structure of a five-coordinate complex [Ni(L)(HzO)] (H2L = bis(salicylidene)-1,3- 

diaminopropane) has appeared [335]. The two halves of the ligand are folded with respect to each 
other, giving an ‘umbrella’ shape. The structures of three complexes of Schiff base-ether ligands 
have been published [336]. 

cr31 
/+ /\ -N2 

x- 
0 ’ o- 

R 

X = H, 3,5_(NO 2)2, R = CH 2CH2CHM~ 

X = H, 3-NO 2, 3,5-(NO d2, R = (CH ,)jCHMq 

(164) 

‘Bu 
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In the pseudo-octahedral complex [Ni(L)(NCS)T] (L = (165); R = H), the ligand is folded, 

the isothiocyanate ligands and the imine nitrogen lligands are cis and the ether oxygens are mutually 

trans. In contrast, in [Ni(L)Brz] (R = Me), the geometry is all-trans. The complex with a similar 

but partially-cyclised ligand, [Ni(L’)I], m = (166)] has a distorted ttigonal bipyramidal geometty 

with the iodine (Ni-I 2.646(2) A) and nitrogen (Ni-N 2.02( 1) A) donors equatorial and the oxygen 

donors (Ni-O[phenoxide] 1.937(9) A, Ni4 [ether] 2.163(9) A) axial. 

Turning now to redox properties of complexes of this type, the electrochemistry of square 

planar complexes [Ni(L)] [H7_L = (167)] in dmso solution have been studied [337]. The complexes 

undergo quasi-reversible one-electron oxidations at +0.6 - +0.9 V. ESR spectra of the 

electrochemically-generated oxidised species are consistent with a Ni(II1) (d&l, trans- 
[Ni(L)(dmso)2]+ formulation. The crystal structure of [Ni(L)] (H2L = (167); R = Me) shows a 

novel packing arrangement, with significant interaction of neighbouring naphthyl moieties. 

-Y- = CRzCR2; R = H or 12 = Me 

-y- = -CHZCH2CH2- 
(167) 

The novel redox-active Schiff base ligand H2L (168) has been synthesised, the fully- 

reduced form of which could in principle provid’e four electrons and four protons in electrocatalytic 

reactions (for example, 02 reduction to H20) [ 3381. The free ligand undergoes two one electron 

reductions at -0.903 and -1.065 V, as the bis(semiquinone) form is generated, and further reduction 

at I-l.565 V to the naphthalencdiolate. In CH2C12, the complex [Ni(L)] (quinone form) underwent 

reduction to the bis(semiquinone) form at about the same potentials as the free ligand. 

(168) 
“Bu 

(169) 
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When the complexes [Ni(L)] (H2L = (169); R = H, X = H, Cl, Me) are exposed to oxygen, 

only one of the two benzyl C-N bonds undergoes oxidative dehydrogenation to form an imine, 

probably via Ni_02 species. A study of 3d metal complexes including [Ni(L)] (H2L = (169); R = 

H, Me; X = H, Cl, Me; also corresponding di-imine ligands) has been reported, in an attempt to 

shed more light on this system [339]. The complexes are weakly paramagnetic at room temperature. 

With the saturated ligands, the Ni(I1) complexes undergo reversible one-electron oxidation and 

reduction, but with the imine ligands only the reduction process is reversible. While the Cu(II) 

complexes of the amines did not react with oxygen, in solution the Ni(II) complexes were oxidised 

to give the halfGlen complexes as noted before, while the Co@) complexes were fully oxidised to 

Co(II)-SaIen derivatives. With Hz@, the Ni(II) complexes reacted faster, and were eventually fully 

oxidised to Ni(II)-Salen derivatives. The complex [Ni(Salen)] has been studied as an electrocatalyst 

for the reduction of PhCHC12 at Pt electrodes in dmf; products include toluene, dibenzyl and ins- 

stilbene [340]. 

RO 

OH N’ 

R = Me, CH,CH20Me 

(170) 

When the methoxy- or methoxyethoxy-substituted salicylaldimine (170) reacts with 

Ni(OAc)z or NiS04 in MeOH (2:l mole ratio), conventional Ni(I1) square planar complexes 

[Ni(L)z] form [341]. However, the methoxyethoxy-substituted complex can react further with 

Ni(OAc)2 in MeOH to give a trinuclear aggregate, Nig(L)4(OAc)2(H20)5. The Ni(I1) ions are 

octahedrallycoordinated, and two of the methoxyethoxy side-arms are involved in coordination. 

When the Ni(II) complex of the methoxy-substituted ligand is allowed to react with sodium picrate 

in chloroform/acetone, another cluster species, of stoichiometry Ni2(L)4(NaPic)2.H20 can be. 

isolated. Again, the Ni(II) is octahedral. The alkoxy arms do not exclusively bind sodium ions; one 

is coordinated to Ni(II), and one is uncoordinated. The sodium ions are coordinated by phenolate 

oxygens from picrate, nitro group oxygens from picrate, water and bridging phenolate oxygens from 

the salicylaldimine moieties in addition to the alkoxy oxygens. 

The thermodynamics of additional ligand binding by planar bis(N-ethyl-n- 

nitrosalicylaldiminato)nickel(II) (n = 3, 5), bis(N-propyl-5-nitrosalicylaldiminato)nickel(II) and 

bis(N-ethyl-~ni~~5-tertiarybutylsalicylal~~nato)nickel(II) in acetone have been studied [342]. 

Also examined were the ligand displacement reactions of these complexes with salenH2 and the 

corresponding diamine ([IQ]salenHz). These reactions proceed via a six-coordinate Ni(I1) 

complex with the nitrogen donors of the incoming tetradentate coordinated to Ni(II). Finally, the 

reactions of the deprotonated diamide complex [Ni(L)12- (L‘l- = N,N’-ethylenedisalicylamidato) 

with edta and ~ans~yclohexane-l,2-diamine-NJV’J”JV”-tetraacetic acid have been studied [343]. 

The pH-dependence of the reactions suggest that the diprotonated complex [Ni(L)] is an 

intermediate.. 
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6.10 COMPLEXES WITH PHOSPHINES AND RELATED LIGANDS 

6.10.1 Ligands with a single phosphine donor 

Upon recrystallisation of tetrahedral [NiC12(PPh3)2] from CH2C12, red crystals of the 

square planar solvate [NiC12(PPh3)2].2CH$$ can be obtained, the crystal structure of this isomer 

has been determined [344]. The bond lengths (Ni-Cl 2.163(S) A, Ni-P 2.241(6) A 

[centrosymmetric]), particularly Ni-P, are shorter than those in the tetrahedral isomer. The treatment 

of surface OH groups on the layer silicate hectorite with Ph2PCl gives anchored PhzPO-Si 

moieties, to which NiC12 can be coordinated [345]. 

The reactions of Ni powder with R3PX2 in dry ether give a variety of complexes depending 

on R and X [346]. When R = alkyl (not Me) and X = I, Ni(II) complexes of stoichiometry 

[R3PI][NiI3(PR3)] are isolated, which, on the basis of electronic spectroscopic measurements, the 

fact that 31P NMR signals could be resolved, and the fact that powder patterns were not 

isomorphous with the tetrahedral [R~PI][COI~(PR~)], were assigned square planar geometry. This 

is unusual in view of the apparently rather weak donor set, and the fact that crystal structures of 

[Ph4As][NiI3(PPh3)] and of [Bu4NJ[NiBr3(PtBu3)] show these examples to be tetrahedral. When 

R = Me and X = I, the trigonal bipyramidal Ni(III) complex [NiI3(PR3)2] is obtained. When 

Me2PhPI2 is employed, a mixture of the corresponding Ni(II1) complex and Ni(I1) anion are 

obtained. For compounds R3PBr2, no reaction occurred for trialkyl derivatives. However, with 

PhMeZPBr2, a mixture of the known square planar [NiBr2(PPhMe2)2] and a blue complex of 

stoichiometry NiBrq(PPhMeZ):! form. The latter is assigned as [Me2PhPBr],[Ni(PPhMe2)Br31n 

with polymeric (bromide-bridged) octahedral anions, on the basis of the low observed molar 

extinction coefficients. 

Treatment of [NiX2(PR3)2] (X = Cl, Br; R3 = Ph3, Et3, PhMe2) with LiPhNNNPh affords 

only decomposition products when R3 = Phg, but [NiX(PhNNNPh)(PR&& with a monodentate 

azenido ligand, in the other cases [347]. Didentate, azenido-bridged complexes [ (Ni(p- 

PhNNNPh)(PR3)2)2] form when these complexes are treated with AgC104. Chelate complexes 

[Ni(mesityl)(PhNNNPh)(PR3)1 could be isolated on treatment of [NiX(mesityl)(PR3)2] with 

LiPhNNNPh (R3 = Ph3, (PhCH2)3). Reactions of [NiX2(PR3)2] with LiPhNC(Ph)NPh did not 

yield any isolable product. The reaction of [NiC12(Me2PhP)2] with nido-7,8-As2BgHg2- ion gives 

a mixture of the icosahedral l,l-(Me2PhP)2~:Ioso--l,2,3-NiAs2BgHg and l-Cl-l,S~Me2PhP)2- 

closo-l,2,3-NiAs2BgH8 [348]. The complexes [Ni( S2C2(CN)2](PR3)2] (PR3 = PMePh2, 

P”BuPh2) have been synthesised by ligand exchange with Ni( !$$(CN)2)(PPh3)2], and their one- 

electron reduction products characterised by ESR spectroscopy as Ni(1) species [349]. 

Turning now to Ni(II) complexes of hybrid ligands containing one phosphine donor, the 

reaction of truns-[Ni(SCH$Z!I-I2PPh2)2] with [Mo(norbomadiene)(C0)4] gives the thiolate-bridged 

complex [Ni@-SCH2CH2PPh2)2Mo(C0)4], the crystal structure of which shows that 

rearrangement to the cis form at Ni(II) has occurred [350]. The dihedral angle defined by the NiS2 

and MoS2 planes is the smallest yet found (103.4”) and this places one of the carbonyl ligands in 

quite close proximity to an axial site at Ni(II). The nickel coordination sphere of the highly active 
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alkene isomerisation catalyst formed when Ph2PCH2C(CF3)20H is added to [Ni(l,S- 

cyclooctadiene)2] has been character&d, using IH and SIP NMR spectroscopy and in situ Ni K- 

edge extended X-Ray absorption fine structure (EXAFS) measurements, as 

[NiH(Ph2PCH2C(CF3)20-O,P)(Ph2PCH2C(CF3)20H-P)] [351]. An interesting phosphine- 

containing macrocycle, L (171), has been synthesised and the complex [Ni(L)212+ isolated [352]. 

By comparison with the Ni(I1) complex of 1,4,7-trithiacyclononane, substitution of the third 

thioether by phenylphosphine results in a less positive potential for the Ni(II)Mi(III) couple (by 

0.70 V), but interestingly a marginally less negative potential for the Ni(I)/Ni(II) couple (by ca. 
0.1 V) as well. 

n 
S S 

c3 7 
tih 

(I71 ) 

Several papers describe Ni(0) complexes of phosphine ligands this year. The structure of 

the first nickel-halogeniminophosphine complex, [Ni(PEt3)2(Cl_P=NAr)2] (Ar = 2,4,6-trirert- 

butylphenyl), has been obtained; the complex is almost perfectly tetrahedral with the 

chloroiminophosphine ql-bonded as a consequence of its carbene-like frontier orbitals [353]. 

Some reactions of this and related complexes are described. In contrast, the reaction of 

(diisopropylamino)phosphaethyne with [Ni(C0)3(P( C6H11}3)] affords the 16e Ni(0) complex 

[Ni(q2-PCN(iPr)2)(CO)(P(CgHtt}3)] [354]. The complexes [Ni(PPh3)3(ql-NCR)] (R = 

PhCH2,2-MeCgH4. MegSi) have been synthesised, and the crystal structure of one example (R = 

Me@) obtained [355]. The structure of [Ni(PEtg)J] has been determined, surprisingly the first of a 

homoleptic Ni(O)-trialkylphosphine complex. Crystals of the latter were obtained serendipitously, 

on recrystallising the product of reaction between [NiClZ(PEt3)2] and lithium 2- 

bis(trimethylsilyl)methylpyridine. There are distortions From overall tetrahedral geometry (Ni-P 

2.210(l), 2.151(l) A; Qv symmetry) caused by the steric requirements of the ligand (cone angle 

132”) [356]. The use of [Ni(P(CH20H)3)4] as a catalyst for the hydrophosphination of 

formaldehyde to afford P(CH20H)x has been examined [357]. 

The FITR and Raman spectra of [Ni(C@)(P(C&lII)3)2] have been assigned with the aid 

of l3CO2 and Cl802 labelling, normal coordinate analysis and NMR data. It is suggested that the 

fluxional behaviour, and the fact that two ‘Ca stretches (1150, 1093 cm-l) are seen, can best be 

explained by the existence of an unstable end-on Ni(tlt-CO2) isomer in both the solid state and 

solution [358]. 

The bonding in the unique [Ni(PtBu)b], in which Ni lies at the centre of a near-planar 

hexagon of PtBu moieties, has been investigated theoretically, using extended Hiickel and ab inifio 
calculations [359]. This complex could be regarded as essentially a 16e Ni(0) species, with three of 

the six P-P o-bonds interacting with the central Ni atom. The calculations also suggest that 

isolobal analogues [Ni(RzSi)d might he worthwhile targets for synthesis. 
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6.10.2 Di- ana’ multidentate phosphine donors 

A range of five-coordinate mixed Ni(II)-arsine complexes of the ligands (172)-(174) of 
formula [Ni(Lx)(L2)]2+ (L3 = tridentate, L2 = didentate; perchlorate or tetrafluoroborate salts), 
together with the homoleptic [Ni(L3)2]2+ which are five coordinate with a single ‘dangling’ -AsMe 
group, have been the subject of an electrochemical study [360]. All complexes showed two 
oxidations and two reductions in CV experiments in CH3CN. The second oxidation process was 
only reversible (at 100 mV s-t) for [Ni(L3)2]2+, and scan rates in excess of 500 mV s-l or 
temperatures 5 0’ C were necessary to obtain reversible behaviour for this process with 

[Ni(L3)(L2)]2+. The rates of the fist oxidation process, and the second reduction process, were 
slower than the other processes. The second process is irreversible in CH2Cl2 for [Ni(L3)(L2)12+, 
presumably because of the need to coordinate a sixth donor atom to stabilise the formally low-spin 
d6 Ni(IV). The reductions are assigned to Ni(I)/Ni(II) and Ni(O)/Ni(I) couples; the relative stability 

of the five-coordinate Ni(1) complex with these ligands makes an interesting contrast with 

[Ni(diars)12+ which is reduced to Ni(0) in a single two-electron process. Thus, these amine donor 
sets stabilise (on the voltamrnetric timescale) all Ni oxidation states from (0) to (IV). Protonation of 
[Ni(dmpe)2] with NH4PFe in thf affords [Ni(H)(dmpe)Z]PFe, which can also be made 
electrochemically by two-electron reduction in the presence of NH4+ [361]. The hydride reacts 

with metal-carbonyl Complexes to generate metal-formyl species. 

(R = Ph, Me) (X=HorF) 

(172) (173) 

/ \ 99 \ / 
AsMe2 AsMe;! 

(174) 

The complex [NiCl2(dppm)2], Fist made in 1966 and presumed to be square planar with 
monodentate dppm ligands, has been characterised crystallographically, and shown to be [NiCl2($- 

dppm)(qklppm)] in the solid state [362]. The geometry is intermediate between square pyramidal 

and trigonal bipyramidal. However, in solution the NMR and electronic spectral data are not 
consistent with this structure and it is clear that different species are present at different 

concentrations; the solution chemistry of the NiC12-dppm system is complex. The complexes 

tNi(CO)z(r11-dppm)21, [Ni2(~~pprn)2(~-CO)(C0)21 ad [Ni2W4wMC0M have all been 
isolated by minor modifications of the same synthetic procedure, BH4- reduction of a solution of 

NiC12.6H20 and dppm in MeOH under CO [363], and are interconvertible in solution. Reaction of 
CO with [Ni(C0)2(rlklppm)2] gives [Ni(C0)3(rlklppm)]. The cluster [NiQt-1)2(p-dppm)31, 
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synthesised by comproportionation of [Ni(l,5_cyclooctadiene)2], NiI2 and dppm, is oxidised 

reversibly to [Ni(p3-1)2(~+lppm)3]+ at -0.69 V [364]. Both complexes have been character&d 

crystallographically; they are structurally similar, with triangles of Ni atoms bridged by dppm 

ligands and capped by the two I- ions. The Ni-Ni bonds are somewhat longer in the cation. 

Interestingly, the neutral complex reduces CO2 in the presence of light to give COT-, which has 

been trapped by its reaction with cyclohexene. 

The reaction of Liih2PYPPh2 (Y = CH, N) with [NiXzLT] (X = Cl, Br, L = PPh3, PMezPh, 

PEt3) has been examined [365]. Only with Y = N and L = PEt3 could a stable mononuclear product 

be obtained, [NiX(Ph2PNPPh2)(PEtj)]. With the PPh3 and PMe;?Ph complexes, only [(Ni(p- 

Cl)(PhZPNPPh2)]2] formed. The reaction of LiPhzPNPPh2 with NiCl2 in toluene under prolonged 

reflux gives a complex [Ni(PhzPNP(Ph)2NPPh2)2], together with N(PPh2)3, Ni metal and LiCl 

[366]. The complex is intermediate between square planar and tetrahedral geometry (Ni-P 

2.219(3), 2.270(3), 2.236(3), 2.272(3) A; P-Ni-P angles 87.2(l)‘, 96.2(l)“, 146.2(l)“, 148.2(l)‘), 

but is essentially diamagnetic. 

The structures of [Ni(NCS)2(Et2PCHzCH2PPh2)] and [Ni(NCS)2(Ph2PCH$ZH2)2P@)}] 

have been determined [367]. The former is square planar with N-bonded thiocyanate (Ni-N 

1.876(3), 1.885(2) A, Ni-P 2.1413(g), 2.145(l) A), the latter square pyramidal, with N-bonded 

thiocyanate (Ni-Naxial 2.088(7) A, Ni-N basal 1.896(6) A; Ni-P 2.223(2), 2.150(2) (PEt), 2.189(2) 

A). The photolysis of [Ni(N&(P-P)] (P-P = dppe, dppp) has been studied. In contrast with the 

analogous Pd and Pt complexes, no luminescense from the photoproduct [Nio(P-P)] was observed 

[36X]. 

(175) 

Some mixed phosphine-dithiolate complexes have been described. The porphyrazine 

complex [Ni(175)]8- reacts with [NiC12(dppe)] to afford [Ni(dppe&[Ni(175)], with the Ni(dppe) 

moieties additionally coordinated by chelating -SC=CS; the porphyrazine m-nitrogen atoms are 

not involved in coordination [369]. A better route to this complex is transmetallation of 

[tBu2Sn]4[Ni(175)] with [NiC12(dppe)] in dmso/thf. The latter route has also been employed for 

the analogous complexes [NiClz(P-P)] (P-P = cis-PhzPCH=CHPPh2, 1,2-(Ph2P)2CeH4, 

(C&III)2PCH2CH2P(C&Ilt)2). The syntheses and electrochemistry of [Ni(S#ZR2)(P-P)] (R = 

CN, Ph; P-P = c&PhZPCH=CHPPh2, 1,2-(Ph2P)(PRPh)C6H4 (R = Me, “Bu), 1,2- 

(PhMeP)$eH4) and of diphosphine-bridged ([Ni(SZC2R2)(P-P)] ) 2 (P-P = fmns- 
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PhzPCH-CHPPh2, trans-PhMePCH=CHPMePh) have been described [349]. Redox products 
were characterised using ESR spectroscopy. The results show that the first reduction product is a 
Ni(1) species, but the fnst oxidation process is primarily ligand-based, affording a Ni(II)-stabilised 
phosphine radical cation. 

HS 

x 

COOH 
X = HS: (176) 

X=H: (177) 
X COOH 

The complexes [Ni(dppe)(H&-S,S’))] f&L = (176)) and [Ni(dppe)(HL-S,O)] (H3L = 

(177)) have been synthesised and the reactions of sodium 2,3+limemaptopropanesulfonate, sodium 
1-thio-b-D-glucopyranosate and dithiothreitol with [NiXz(dppe)] (X = Cl, Br) have been 
investigated using 3IP NMR spectroscopy [370]. The conformations of the chelate rings have been 
explored using IH-tH coupling constants. The amphiphilic thiolates allowed many of the Ni(II)- 

dppe complexes to dissolve in water. The asymmetric cross coupling of aryl magnesium bromides 
with crotyl alcohol derivatives, catalysed by [Ni(P-P)Bq] (P-P = rrans-bis-lR,2R- 

(diphenylphosphino)cyclopentane, or the lS,2S-isomer), has been studied by JIP NMR 
spectroscopy and circular dichroism [37 11. Complexes observed by 3lP NMR include [NYP- 

P)Br(Ar)], [Ni(P-P)(Ar)z] and [Ni(P-P)]. 
Sodium dithiocarbamate reacts with the mixed-valent adamantoid cage complex 

Mo(CO)@r$JPO]4Mo(CO)212 and selectively removes the MO@) centre, affording the complex 

Mo(CO)@QNPO]4, with two uncoordinated -O-P(iPqN)-O- moieties in the [@r$PO]4 ring. 
On reaction with NiBrz.dimethoxyethane in refluxing hexane, the heterodimetallic complex 
Mo(C0)4[iPr2NP0]4NiBr2 is formed 13721. The crystal structure of this complex shows the 

Ni(I1) in a tetrahedral environment, consistent with the magnetic data. Coordination of other metal 
centres to the cage modulates the CO stretching frequencies of the cis-Mo(CO)4 fragment, showing 

that there is some transmission of electronic effects via the cage atoms. 

NMNAPPh2 
PPh2 

(178) 

(179) 
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Finally, some Ni(I1) complexes of the ligands L (178) and L’ (179) have been described 

13731. With NiC12, both L and L’ afford the complex [Ni2(Ll’))C1212+, isolated as the BPh4- salts. 
With Ni(ClO&, L affords [Ni(L)](ClO& while L’ affords [Ni2(L’)(H20)2](ClO&. which on 
recrystallisation gives [Ni(L’)](ClO&. The crystal structure of [Ni(L)](ClO&.CH$12 shows the 
Ni(I1) ion in a slightly distorted square planar environment, coordinated by two phosphine and two 

tertiary amine donors. There is one free phosphine-bearing substituent attached to each amine. 
The dinuclear complexes are diamagnetic, and square planar structures are proposed in which each 
Ni(II) is coordinated by one half of the hexadentate ligand (two phosphines and the tertiary amine), 
with the water or halide ligand completing the coordination sphere. 
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