Coordination Chemistry Reviews, 71 (1986) 139—234 139
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

4. NICKEL
M. SCHRODER
CONTENTS
Introduction . . . . . . . . . . . . . 0 . . ... .0 . ey s e e s o180
4.1 Nickel(IV) . . . . . . . . . .« o . . . .. 0 e e e e .. 140
4.1.1 Halides . . . O 2 11
4.1.2 Nitrogen-donor llgands T ¥ 14
4.2 Nickel(IX1) . . . . . P ¥ ¥4
4.2.1 Sulphur-donor llgands P - ¥4
4.2.2 Nitrogen-donor ligands . . . . . . . . . . . . . . . . . . . 143
4,2.3 Macrocyclic ligands . . . . . . . . . . . . . . . . . . .. 144
4.2.4 Mixed-donor ligands . . . . . ., . . . . . . . . . . . . . . 148
4.3 Nickel(II) . . . . . . . . . . . . . . . . . . ... ... ... 149
4.3.1 Hydrides . . . . . . . . . & « « . v v v e e e oL 149
4.3.2 Halides . . . . 111
4.3.3 Oxygen--donor llgands e 11
4.3.3.1 Aqua complexes . . . . . . . . . . . . . . . . . . 150
4.3.3.2 Carboxylate complexes . . . . . . . . . . . . . . 151
4.3.3.3 Ketonate complexes . . . . . . . . . . . . . . . . 162
4.3.3.4 Miscellaneous complexes . . . . . . . . . . . . . 155
4.3.4 Sulphur- and selenium-donor ligands . . . . . . . . . . . . 156
4.3.5 Nitrogen-doner ligands . . . . . . . . . . . . . . . . . . . 159
4.3.5.1 Monodentate ligands . . . . . . . . . . . . . . . 159
4.3.5.2 Bidentate ligands . . . . . . . . . . . . . . . . 162
4.3.5.3 Polydentate ligands . . . . . . . . . . . . . . . 168
4.3.3.4 Macrocyclic ligands . . . . . . . . . . . . . . . 170
4.3.6 Phosphorus-donor ligands . . . . . . . . . . . . . . . . . . 180
4.3.7 Arsenic-donor ligands . . . . . . . . ., . . . . . . . . . . 184
4.3.8 Biological ligands . . . . . . . . . . . . . . . . . . . . . 184
4.3.9 Cyanides . . . O s 2
4.3.10 Mixed-donor llgands e 1)
4.3.10.1 N,0donors . . . . . . . « « . . + + .« + < . . . . 185
4.3.10.2 S,0donors . . . . . . . . - . . < < . . .+ . . . . 188
4.3.10.3 N,S donors . . . . .+ + +« + « v o+« 4 4« ... . . 189
4.3.10.4 Miscellaneous . . . . . . . . . . . . . . . . . . 190
4.4 Nickel(I) O . -}
4.5 Nickel{0) O = ¥
1.8 Polynuclear Lomplexea -1+ |
References . . . . . . . . . . . . . o . e e e e ... 210

0010-8545/86/$33.60 © 1986 Elsevier Science Publishers B.V,



140

INTRODUCTION

This review covers the coordination chemistry of nickel that
appeared in the literature during 1981 and late 1980 with
coverage predominantly of volumes 94 and 95 of Chemical Abstracts
and is a continuation of the previous article in this series.!
The organometallic and catalytic chemistry of nickel is not
included in this review, although reference is made to such
complexes when relevant to coordination chemistry. The material
is organised by oxidation state of the metal centre and within
each oxidation state by type of donor atoms with cross-
referencing where appropriate. 1In the case of compounds
incorporating mixed ligand donors the chemistry is described in
terms of the dominant ligand.

A brief review of nickel compounds as catalysts has appeared

in the literature.?

4.1 NICKEL(IV)
The chemistry of tetravalent nickel compounds has been

reviewed.3

4.1.1 Halides

The single crystal X-ray structure of (NF4)2[NiFgl, prepared
by the method of Christie,4 shows a tetragonal stereochemistry
related to Kp[PtClg)] with Ni-F = 1.72, 1.76 & and N-F =

1.30-1.40 85

4.1.2 Nitrogen-donor ligands



Oxidation of the nickel(II) precursor with HNO3 gives the
corresponding nickel(IV) complex mer-[Ni(L)2]{(Cl04)2 (L =
2-(2~-aminoethyl)imino~3-butanoneoximate, (1)) which shows a
distorted octahedral structure with Ni~N (oxime) = 1.967, Ni-N
(imine) = 1.873 and Ni~N (amine) = 2.006 8.6 The related
nickel(IV) complex INi(L)]2* (L = (2)) has been resolved with

K(+)-antimonyl tartrate by elution on SP Sephadex, and the

-0 0

l I
> < N N
H N ‘N/ \N i :
o A
H H
(2)

configuration of one of the optical isomers established by its
circular dichroism spectrum; this isomer was found to oxidise
L-({+)-cysteine at a rate >50% faster than its enantiomer.’ The
reduction of [Ni(L)]12+ (L = (2)) by ascorbate ion shows second
order kinetics with rate constant k = 3.02x10° and 1.36x104 M~1
sec~! for the protonated and deprotonated oxidant respectively;
e.s.r. spectral data for the reduction suggest a process
involving two, one electron steps via a nickel(III)
intermediate.8

A study of high valent nickel peroxy species has been

reported.?d
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4,2 NICREL{III)
The synthesis, reactivity and characterisation of trivalent
nickel compounds have been reviewed in two important articles by

Nag and Chakravorty,3 and Haines and McAuley.10

4.2,1 Sulphur-donor ligands
The single crystal X-ray structure of the tropylium salt of
bis~{1,2-dicyancethylenedithiolato)nickel(III) (3) shows a square

planar nickel centre with Ni-8 = 2.143, 2.146, Cy~C2 = 1.368 8

and <S(1)NiS(2) = 92.42°,11 The magnetic susceptibility of the
NC S ]S 1 CN—M
T L
NC S// \\5 2 CN
2
(3)

complex is dominated by a one-dimensional, iscotropic antiferro-
magnetic exchange coupling cof -4.4 em=1 and an anisotropic
coupling of 0.26 cm~1.11 The oxidative properties of a series of
mixed ligand nickel(II) complexes incorporating dithiolate,
dithiocarbamate and related chalcogenolates have been assessed
voltammetrically; the corresponding nickel(III) products were
generated by oxidation with Iy and characterised by e.s.r.

spectroscopy. 12
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4,.2.2 Nitrogen-donor ligands

The nickel(II)/(III) redox couples of tris-chelate complexes
of type [Ni(L)3]2+ (L = phen, bipy and substituted derivatives)
were found to vary between +1.5V for the 4,4'-dimethyl-2,2'-
bipyridine complex and +1.,82V vs, NHE for the 5,5'-dinitro-2,2'-
bipyridine derivative.'3 The nickel(III) products were generated
electrochemically and characterised by e.s.r.(gyy = 2.1) and
uv.visible spectroscopy. The complexes were found to be good
one-electron oxidants.?3 A'series of nickel(III) complexes
incorporating the open-chain N4 donor ligands (4)-(10) have been
prepared (Ey = +0.7 - +1.4V vs. NHE).14 These amine and
deprotonated amide nitrogen donor ligands were found to stabilise
the high valent state very effectively, with the 5-5-5 chelate

system being preferred by the nickel{III) centre.14 The kinetics

o) 0] 0

ooy ¢ K
CHd5dHL

(4) 2(5) (6) (7

(8) (9) (10)
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of I” oxidation by tri(-aminoisobutyric acid)nickel(III) occurs
via two pathways involving either two, one electron transfers
inhibited by [NiIl], or one, two electron process via a
transition state incorporating two nickel and two I~ ions.15 he
overall rate of loss of [Nilll] was given by:

kp
{NiTIg |

2(ke + kY] + y[r-12[NiI1T(1))2
with ko = 3x1010 M3 sec-1, k.H = 3.8x10'1 M4 sec™! and kg =

2.5x105 M~2 gec—1.15

4.2,3 Macrocyclic ligands

The stablisation of the nickel(III) oxidation state has been
achieved most successfully using macrocyclic ligands reflecting
the relative thermodynamic stability and kinetic inertness of
such systems.

The nickel(II)/(III} redox couples for the nickel complexes
of [12]aneN4, [13]aneNy, sym-[14JaneNg (cyclam,(11)),
asym-[14]aneNyg, [15]aneNy, [16]aneNy, [15]aneNs, [16]aneNs,
[17]aneNs, [18laneNg (see 4.3.5.4) have been measured in
acetonitrile.16 The attainment of the nickel(III} oxidation
state was found to be achieved most easily with the 14-membered
ring macrocycle (Eg = +0.702V vs. Ag/Agt for [Ni(cyclam)]2+ in
CH3CN) with the half-wave potential increasing dramatically for
ring sizes greater or less than 14. The nickel(III) products
were generated chemically with NOBF, or electrochemically and
characterised by e.s.r. spectroscopy.16 The kinetics of the

outer—-sphere oxidation [Ni{cyclam)]2t by cobalt(III) in HC104 has
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been investigated;1? no effect on the rate of reaction was noted
on addition of SO42‘ although a nickel(III)=-sulphate complex was
obtained. 17

[Ni(cyclam) ]2+ + [Co(oH)12+—X 3 [Ni(cyclam) 13+ + Co2* (aqu)r

k = 4,7x105 M~1 gec—1

Hmi
HUH
(1)

The rac- and meso-nickel(III) complexes of (12) have heen
shown to be five-coordinate at pH10, while the corresponding
cyclam species is octahedral.!8 The kinetic stablisation of the
nickel(IIXl) meso isomer by S042~ occurs via the formation of
[Ni(S04)2(L)]” and was found to be 5000 times larger than for the
rac isomer; decomposition of nickel(III) by OH was shown to be
first order in [OH]1.1B rThe oxidation of cyclohexanone by
mggg—[Ni(L)]3+ (L = (12)) in the presence of CF3CO3H, shows 19

inhibition due to [Ht] with:-

-d[Ni(III)] _  k[Ni{III)][cyclohexanone]

dt LCF3C03H |
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A mechanism involving deprotonation of the macrocycle, formation
of a ligand radical species and abstraction of H from cyclo-
hexanone (ky/kp = 3.2 for isotope effect for 2,2,6,6~
tetradeuterocyclohexanone) was proposed. '8 The photo-induced
oxidation and dimerisation of [Ni(L)]2%* (L = (12)) via a
nickel(III) intermediate has been described.?20

The oxidation of [Ni(L)]2+ (L = (13)) to nickel(III) has
been achieved using Brp~ 21; the equilibrium constant K = 360 M1

for replacement of Br— by H20 in [Ni(Br)(L)(0H2) 2%,

INi (Br) (L) (OHg))2% + H20 s==te3[Ni (L) (OH2)3213% + Br-

2

H

C

pd
pd

)

(12) (13)

z
Z

x
T
(\ =
p-4
I—Z

while at pH>5 displacement of Br~ was found to be first order
with respect to [0H), k = 6x109 M~lsec~!. The disappearance of
[Ni(0OH)(L))2+ was pH dependent suggesting amine dissociation
followed by the formation of a ligand radical species leading to
increased unsaturation of the macrocycle.2! The generation of
nickel(III) products incorporating dimethyl glyoxime with a

series of axial ligands has been described.?2
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An alternative route to nickel(III) tetraaza macrocyclic
products has been reported via oxidative addition of alkyl
halides RX to nickel(I) precursors (see 4,4) yielding products
[Ni(R)(X)(L)I* (L = (11), (12), (14)-(20)).23 The electro-

chemistry, routes to decomposition and reactivity of these

S T NV

C:()()NCII
AT I AT

(14) (15) (16) (7

(18) (19) (20)

nickel(III) species has been discussed fully.23 Interestingly
related addition and elimination processes via nickel(II)/(III)
intermediates have been found to be of importance in the

reactivity of arylmethyl nickel(II) complexes,24
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R
(Ni {I)(r))J* + RBr ———> [Ni(L)]%

Br

—-——— R+ [Ni(II)(L)}2* + Br-

R R
|

INi(L) )+ ——— [Ni(L)] —> R~ + |[Ni(L)]2* + Br~

Br Br

+RBr

5 R-R + 2Br~ + |Ni(III)(r)|3+

4.2.4 Mixed-donor ligands

Nickel{III) complexes of tripeptide and dipeptide Schiff
base ligands (21)-(25) incorporating N305 and N30 donor sets have
been studied electrochemically and related to the corresponding
N4 open chain ligands (see 4.2.2).'%4 Oxidation of
bis-(8-hydroxyquinolato)nickel(II) with Cly or Br,25 and the
iminodiacetate species [Ni(L}] (L = HN(CHpCO,7)3) with Brp~ 26
leads to the formation of the corresponding nickel(III) products.
Interestingly, reaction of nickel(II) iminodiacetate with OH
leads to attack at the ligand centre via H abstraction followed

by organic radical disproportionation.26

A

O0X= 2N 0 0NN o_ O\QCN O_

“1 1 “n T i1

(23)
(21) (22)
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0
/ : 0
o\‘/N/_<o_ o\—‘N/—<o_
N N

\ /— N=
\ / \\/

2
(24) (25)

4.3 NICKEL(II)

Such a vast literature has developed arcund the chemistry of
nickel(II) that it becomes impossible not to be selective when
reviewing this work. Emphasis has been placed therefore upon the
most relevant and well-characterised coordination compounds.
Square planar <—> tetrahedral conversion for four coordinate

complexes has been assessed using the angular overlap model .27

4.3.1 Hydrides

A neutron diffraction study on MgyNiD4 indicates that Ni-D
and Mg-D distances are 1.49 and 2.305 8 respectively.28 The use
of this and related nickel hydrides as hydrogen storage
materials2? and their structural30-32 and electronic33,34
properties have been of particular interest recently. These

products are not strictly nickel(II) species.



150

Reaction of [Ni{PCy3)2] with organo bromides in toluene
produces [Ni(Br)(H)(PCy3)2135 while the related species
[Ni(Br)(H)(PPh3)}3] can be converted to [Ni(H)(NCCH3)(PPh3)3](BF4)

by treatment with T1BF4 in acetonitrile.3®

4.3.2 Halides
The photoelectron spectra of NiXs; (X = F7,C17,Br~) have been
reported37,38 while the nature of NiClp in agueous solution has

been discussed.39

4.3.3 Oxygen—-donor ligands

4.3.3.1 Aquo complexes

The single crystal X-ray structure of the octahedral
{Ni(0Hp)g)2+ cation has been determined in the salts
Ni3[(UO2)2F712.18H20,40 CdaNiClg.12H20,41 CAgNiClig.10H20 42 and
(NH4)oNi (BeFg)p.6H20 43 with Ni-0 = 2,072, 2.063, 2.027 R for the
latter complex. The symmetric Ni-O stretching vibration for
[Ni(OH2)612*% has been identified at 402 cm™! and 405 cm~1 in the
[TiFg12~ and |SiFgJ]2~ salts respectively.?? The variations in
redox properties of [Ni(OH2)6]2+ in the presence of alkaline
earth base electrolytes has heen investigated, and the
polarographic characteristics and double layer parameters
determined.45 The electronic structure of nickel monoxide 48 and
a structural study of NiTey0s5 (prepared by fusion of NiO with

TeOp (1:4) at 1100K )47 have been reported.
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4.3.3.2 Carboxylate complexes

The single crystal X-ray structure of trans-
-[Ni{OAcCl)2(0H2)2] (26) shows a distorted octahedral stereo-
chemistry around nickel(II) with Ni-O(CHy) = 2.025, 2.105,

Ni-0(OAc) = 2.104 .48 The complexes [Ni(L)3][SbClgl2

0
e
CI/W/ oH,
[ Jon
HZO’/’T\\\O

H,0 ¢¢1\\J//Cl

0

(26)

(L = HCO2H, AcOH, EtCO2H, C1CH2CO2H) have been prepared by
reaction of NiCly with ShClg in MeNO3 for 4h at 50-60° C to give
[Ni(MeNO2)g][SbClglz followed by treatment with excess of L.42
Related complexes of benzoic acid>0 and phenoxyacetic acid
derivatives5! have been reported. For the formation of [Ni(HL)]*
(H2L, = vanillomandellic, mandellic, thiolactic acid), rate
constants of 3.64x103, 4,93x103, 7.66x103 M~1 sec™! and stability
constants of 33, 45 and 56 have been reported respectively.52
Reaction of [Ni(cod)2] with RCO2COR' in the presence of L,
or treatment of [Ni(O2CR')(R)L] with CO at -78"C yields
[Ni(COR)(02CR')L] (L = (PEt3)z, bipy; R = Me, Et, R' = Me, Ph),53
while treatment of [Ni(O2CR'")(R)(L)] with excess of CO at room
temperature gave anhydrides RC02COR'.53 Reaction of [Ni(R)2L]
with XH (X = ~OCPh, 4-cyanophenoxo, 4-phenylphenoxo, TO02CEt, Cl-)

yields the complexes [Ni(R)(X)L], while reaction with R'COX
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affords [Ni(R)(X)}L] together with the ketones RCOR'.54 The
complexes undergo disproportionation to, for example,

[NiEto(bipy)] and [Ni(X)p(bipy)] (X = "OCEt, ~—02CPh, C17).54

4.3.3.3 Retonate complexes

The role of W-bonding in planar P-diketonate complexes has
been assessed using the CNDO/2 method.>5 The ionisation
potential of the core electrons in {Ni(acac)zl has heen
correlated with the metal oxidation state.38 An important
electron diffraction study of [Ni(acac)»l (27) has shown the
complex to have a monomeric square planar structure in the gas
phase with Ni-O0 = 1.876, C~-0 = 1.273, C-C(ring) = 1.401, C-C(CH3)
= 1.504 B, <O(1)Ni0(2) = 93.6".56 This contrasts with the

octahedral trimeric structure found for this complex in the solid

state.37 The polarography of acetylacetonate and hexafluoro-
acetylacetonate nickel complexes in dmso has been reported and
related to dimerisation and polymerisation of the complexes in
solution.38 The substitution chemistry of a range of ketonate
complexes has been studied to give [Ni(acac)3]~,>?
[Ni(P—dik)z(L)J. [Ni(F-dik)(L)2]+, [Ni(L)3]2+ (F_dik = acac,
hfacac, tfacac; L = bipy, phen, en, tmen) 60-62 znh4

[Ni(F-dik)(L)4] (P*dik = nitromalonaldehyde; L = py, H20).63 mpue
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thermal decomposition of these and related complexes via
dimerisation, dehydration and disproportionation has been
investigated.60,61 Rearrangement reactivity of metal diketonates
has been monitored by mass spectrometry.®64 A '9F n.m.r. study on
py adducts of [Ni(hfacac)y] indicate the presence of four types
of complexes (28)-(31). At low temperatures, exchange is slow
and well resolved n.m.r. spectra are observed with cis isomers

being favoured.®5

PY

0\\\Ti//’o ,//py
(0/ T\Q ( —~ l (O/ ) ( A
Py o\j

(28) (29) (30) (31)

Insertion of alkynes into [Ni(CHj3)(acac)(PPh3)}] (32) to give
vinyl complexes [Ni(C(R) = C(R')(CH3))(acac)(PPh3)] (33) has been
described.6® The single crystal X-ray structure of (Z)-[Ni{(C(Ph)
= C(Ph)(CH3))(acac)(PPh3)] (34) shows a planar nickel(II) centre
with Ni-P = 2.178, Ni-0 = 1.91 and Ni-C = 1.897 &; alkynes with
dissimilar substituents added to the nickel complex to give a
vinyl product with the sterically larger group nearest the metal
centre. Elimination of olefinic products was achieved by

addition of I, CH3Li, LiAlH4 or CO-MeOH.66
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0 CHj CRI=C(R) CH3

C ~ni-" R C=CR' , CO\Ni/
o \PPh3 o \pph3
(32) (33)
CO\N.'/PPh3
o A )

(34)
L2 > (I)(R)C = C(R')(CH3)
CHali > (CH3)(R)C = C(R')(CH3)
(33)
LinlHg 5 (H)(R)C = C(R')(CH3)
€9 > (CH303C) (R)C = C(R')(CH3)
MeOH

Reaction of [Ni(R}3L] with XH gives the products [Ni(R)(X)L]

(R = Me, Et; X = acac, benzoylacetonato; L = (PEt3)jy, bipy).54
Studies on other diketonate systems have been reported.67-69

The single crystal X-ray structure of cis-INi(py)a(L)] (35) (L =

9, 10-phenanthrenesemiquinone) shows Ni-0 = 2,022, 2.082 and

2.028, 2.100 R with Ni-N = 2.069, 2.099 .70 variable
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temperature magnetic susceptibility measurements indicate a weak
intramolecular antiferromagnetic exchange interaction between the

semiquinone ligand and metal centre.70

(35)

4.3,.3.4 Miscellaneous complexes

A single crystal e.s.r, spectroscopic study on the centro-
symmetric complex [Ni(L)g1(Br0O3)p (L = pyridine-N-oxide) reports
gy = 2.26, gy = 2.33 with D/kp = 4.55, zJ/kg = -0.10.7]
INi(L)4(0Hp)32% (L = 8-quinolinol-N-oxide) has been prepared,
the N-oxide ligand being coordinated via the phenolic 0O-donors to
give a MOg coordination sphere;’? octahedral complexes
[NiClpy(L)2)} and [Ni(NO3)p(L)2] (L = 4,4'~bipyridine-N,N'-dioxide)
have been generated and characterised by magnetic measurements
and uv-visible spectroscopy.73 Triazene~1~oxide complexes of
nickel have been prepared.’4 Reaction of Ni(Cl04)2 with L
(L = (PhCH3)PhPO, Ph3PO) in anhydrous ethanol followed by

addition of HCO2Et as a dehydrating agent yields the complex

INi(L)4§(C104)2.75 cComplexation of nickel(II) with N-tbutylurea
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to form [Ni(L)g12t+,76 with 1,3,5-trihydroxycyclohexane, /7
nitro-naphthol78 and cycloserine?? derivatives have also been
described.

Reaction of NiCly; with Cl03 yields anhydrous Ni(ClO4)3 in
which the metal ion is octahedral with strongly and weakly bound
C104~.80 The photoelectron spectral data for [Ni(NO3)3] has been
compared and correlated with other simple nickel salts.38 The
binding of sulphite to nickel in NiSO3.tzo,78 of thiosulphate
in [Ni(L)p(S203)1%* (L = N-donor ligand)82 and the mechanism of
zirconium phosphate exchange with nickel(11)83 have been
investigated. A molecular orbital study of 02 activation at a

nickel penta-ammine centre has been reported.84

4.3.4 Sulphur and Selenium-donor ligands

The single crystal X-ray structure of bis-(diallyldithio-
carbamato) nickel(II) (36) shows a square planar nickel(II}

centre with Ni-$ = 2,198, 2.210 & with the S2CNC> ligand nearly
planar.85 The i.r. spectrum of the diethyl derivative of (36)

has been measured in an Ny matrix and all the bands assigned and

— S S —
__—\N \\‘Ni// j>———N/r__
(36)

classified on the basis of their polarisation in D3y symmetry.86
The extraction of nickel(II) by dialkyldithiophosphate has been

shown to occur via the formation of [Ni(S3P(0CH3)2)p].%7,88
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Photolysis of [Ni(S3C3Phy){phen}] in CHCl3 yields an oxidised
product {Ni(SzCzth)(phen)]+ assighed as a ligand radical species
(g = 2.0093). Ligand dissociation of this radical species occurs
at room temperature.89

[Ni(S3C3Php) (phen)] —%ZTK 5 Nj (S5C,Ph3) (phen) 1t

2[Ni (S2C5Phy) (phen)]+——RL 5 [Ni(SpCyPha)z) + [Ni(phen)3z]2+
2

The single crystal X-ray structure of
(BuyN)o[Ni{SSeC=C(CN)32)2] (37) shows a square planar nickel
centre with Ni-Se = 2.330, Ni-S = 2.292 & and
<Se(1)NiS(1) = 82.02°.86 Bis nickel(II) complexes of L
(L = (38),(39)) were also prepared.30 The diselenocarbamate
complex [Ni(SepCNEty);] reacts with [NiCl;(PEt3)2] in acetone to

yield [NiCl(Se3CNEtj)(PEt3)] as a dark red product.?!

2_

1

NC Se S CN NC

> < ~ -

= \Ni — \N——C/S \O/\/O 5
1 Se

—-—

Se

(37) (38) (39)

The structure of (40) has been reported and shows an average
C-C distance of the cyclobutadiene ring of 1.465 .92 Reaction
of MeI with (41) leads to methylation of the sulphur donor
atoms.93 The rate-determining step for the methylation reaction

is methylation of the first sulphur of the complex (k=10-3 M~

sec=1) to give the monoanion complex. The alkylated complex



158

decomposes to yield the metal-free alkylated dithio 1igand.93
Reaction of (42) with (43) in CH3CN at 60°C gives a semi-

conducting paramagnetic 2:1 adduct.%4

S~ CN NC 5 S CN
SNi 7 l ~. 7
~ Ni l

NC

(42}

The role of W-bonding in dithio-B-diketonates has been the
subject of a CNDO/2 study.®> The binding of 1-thiocacylthioureas
(44) to nickel(II) to yield bis complexes of type [Ni(L)3])2*% has
been reported.9S Dissolution of [NigBrp(tu)gl(NO3)2 in acetone
yields tetrahedral [NiBrj(tu)z] and octahedral [Ni(NO3)(tu)g]t 96
while coordination of imidazoline-~2-thione and alkylated deriva-
tives to nickel(II) centres affords the complexes [Ni(L)gXp] (X =
¢l-, Br~, I-, NO3~, BF4~, ClO04~, SCN~; L = (45)) in which (L} is
bound via the sulphur donor.27,28 Related studies on S-bound
tetrahydropyrimidine-2-thione, %9 hydrazodithiocamide, 100
dicyano{(dithionitrito)amide, 101 gng thiophenol and

4-toluenethioll02 complexes of nickel(II) have been discussed.
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w
I

. X §

X =NH,CH,

(44) (45)

4,3.5 Nitrogen-donor ligands

4,3,5.1 Monodentate ligands

Stability constants of pyridine and nicotine bound to
nickel({II) have been determined polarographically;1°3 complex
formation of nickel(II) with 4-phenyl pyridine and isoquinoline
in water: thutanol has been measured using stopped flow
techniques.104 fThe i.r. spectra of [Ni(imid)g] (X = NO3~,
Cl04~) and their deuterated analogues have been analysed and the
internal imidazole vibrations assigned.105 The structural and
ligand field parameters for [NiX3L)] (X = Cl~, Br~; L = (46)) have
been measured by single crystal paramagnetic susceptibility
measurements (295-20K) and absorption spectroscopy (300-~77K) and
analysed by the angular overlap mecdel; the angular overlap model
parameters were found to fit with the coordination bond lengths
with a low spin orbit coupling coefficient relative to the

cobalt(II) analogues.106
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Et
I
(D
(46)

Reaction of [Ni(CgCls)CL(PPh3}z] with L (L = py, 3-methyl
pyridine, 4-methyl pyridine, 3,5-dimethyl pyridine) in benzene in
the presence of NaClO4 yields [Ni(CgCls}(L)31{Cl0O4); in acetone
[Ni(CgCls)py2(PPh3)](Cl04) can be isolated.'07 By altering
conditions and counter-ions a series of complexes
[NiX(CgCls)(L)] (X = Cc1~, Br~, NOy~, CgCls0~, NCS—),
[Ni(CgClg)lpy(PR3)21(CLl0O4) (R = Ph, Et), [NiCl(CgCls)(py)(PEt3)],
[Ni(CgClg)(NO2)py(PPh3)] and [Ni(CgCls)(NCS)(py)(PPh3)] were
prepared and characterised.?’07 Reaction of [NiClopyg] with
Mg(CH2SiMe3)Cl yields cis-[Ni(CH2SiMe3)py2] (47), a single
crystal X-ray structure of which shows square planar nickel(II)
with Ni-N = 1,957, Ni-C = 1.89 B, <NNiN = 87.5°,

<NNiC = 92,5°,108

(47)
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The clathrate phases of [Ni(NCS)3{(L)g] (L = 4-methyl
pyridine) have been investigated in nitrotoluenel!9? and in
naphthalenes, 10 while the electroreduction of thiocyanates bound
to nickel(II) has been reported.!!l The single crystal X-ray

structure of [Ni(NSF)g)l(AsFg)z (48) shows octahedral nickel(II)

bound to six N-donors, with Ni-N = 2.05 g.112

NSF 2t

Fs
N\Ni/NSF
FSN/I NNSF
NSF

(48)

Reduction of [Ni(NOz)X(L)g] (X = Cc1-, Br~, I-, NO3~, SCN-;
L = dppe, PPh3, P"Pr3, OPPh3, py) with CO or PPh3 yields the
nickel(0) nitrosyl species [Ni(NO)X(L)3) which revert to the

nitro complexes on oxygenation.113,114 fThe single crystal X-ray

[Ni(NO2)X(L)2]—=2~> [Ni(NOJX(L)2] + COp
structure of trans-[Ni(NO2);(NH3)4] (49) shows Ni-N(NO2) = 2.14,
Ni-N(NH3) = 2.10 8.115 The magnetic susceptibility of the

complex follows the Curie-Weiss Law (& = -5.5K)} between 10-300K,
and is temperature independent below 3K; long range hydrogen
bonding was noted in the structure. A 3Ag ground state with a
zero field splitting D = 15.2K (10.4 cm~') were reproduced using

the angular overlap model.115
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For the complexes [NiClp(L)gl (L = (50),'16 (51 )117)

binding through the N(1)-donor atoms was proposed; complexes of

pyrazolel18 and 5-pyrazolone!l9 have been reported.

4,3.5.2 Bidentate ligands

The single crystal X-ray structure of (52) shows a sguare
planar stereochemistry with Ni-N(?1) = 1.900, Ni-N(2)} =

1.857 8,120 yhile for (53) an octahedral structure was observed

2._
] [//\\\OH .
N 1

0 N 0
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LN N N Nl N
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with Ni-N = 2,105, 2,121 and Ni-O = 2,128 R.121  The complexation
of en to nickel(II) gives [NiXz(en)z] and [Ni(en)31X2

(X = TN(CN)p, ‘NOC(CN)z);IZZ the apparent molar volumes of amine
complexation to nickel(II) have been measured.'23 fThe rate of
dissociation of [Ni(en)]2+ was found to increase linearly with
{Ht) under aqueocus conditions at pH <1.5; the dissociation of
[Ni(en)3]2+ however exhibited no general acid catalysis under the
same conditions.124 The acid effect for [Ni(en)]2t was proposed
to reflect the ability of the carboxylic acid to associate with
the metal complex and transfer a proton within the coordination
sphere, eg (54), (55}). The rate constants for hydrolysis of
[Ni(en) ]2t were found to be kX = 0.3 (CH3COOH), 0.141 (CLCH2COOH),

0.08 (ClycHCOOH), 0.01 M~! sec™! (Clzccoon).124

N N

14 4
/ N., :': N

H
H/O\Ha 0 \7”O’H
o
X R
55
(54) (55)

The racemisation of |Ni(phen)3]2% in nitrobenzene has been
investigated and association constants of the metal chelate with
nitrobenzene determined and discussed.'23 Improvement in the
optical purity of [Ni(phen)3]2+ has been achieved on colloidal
clay reflecting adsorption of the racemic metal chelate onto the
clay surface.126 Related to this work, [Ru(acac})3] has been

partially resolved by chromatography on a column containing
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[Ni(phen)3]2+,127 while stereoselective adsorption of
(+)510[Fe(phen)3]2+ has been observed on a clay surface modified
by optically active [Ni(phen)3]2%, the iron complex being
adsorbed more rapidly with (~)546[Ni(phen)3]2* than with the
(+)54¢ isomer,128 Tris-chelate complexes of 2,2'-bi-2-imidazoline
derivatives (56) and (57) have been prepared.129 An n.m.r. study
on nickel complexes of substituted bipyridine ligands has probed
possible isotropic spin transfer mechanisms,'30 while complex
formation with bipy and phen in water: tbutanol has been

monitored by stopped-flow technigues.104

dN N
I e W

X =NH , R=

0 H

0 Me (57)
(56)

Reaction of [Ni(Et)(Cl)(bipy)] with alkenes having electron-
withdrawing substituents gives [NiClz(bipy)] and the
organometallic complex [Ni(alkene)y(bipy)].3%4 The metallocyclic
complex (58) (R = Ph, Me) has been prepared by cyclisation of

[Ni(CO)z2(bipy)] with RC CR, by reaction of [Ni(PhC==CPh)} (bipy)]

X
R L 2
, Ngi:’
0] N

(58)
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with CO, or by cyclisation of [Ni(cod)(bipy)] with PhC=CPh and
€0.131 Reaction of phthalic and succinic anhydrides with

[Ni(cod)(bipy)) give (59) and (60) which can be decarbonylated to

(61) and (62) at elevated temperatures.132 Thermal decomposition

3 0 % 0
h \Ni) S \Ni
N \\‘O Y e \\\0
] 5 | 0
™

=

(59) (60)
Z A
N N
\\‘Ni//JE;£i1 N \»Nf//i:l\\
Y P//ﬂ ‘\\0 5 y N/; \\0 \\\O
x §
(61) (62)

of (63) in hexane at 174° gives (64) which yields (65)

(R =R' = 1I) on treatment with ICl and (65) (R = R' = H} with
HC1.133 Treatment of (65) (R = COzH, R' = H) with Buli led to
esterification of the carboxyl group; the resulting ligand

reacted with [NiCly(bipy)] to give (66).133
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Paramagnetic TH n.m.r. shifts for the tetrahedral
1,3-diimine complex (67) have been recorded (+130 to -375
ppm).134 A value of AG = 17.3 Kcal.mole~! was estimated for the
energy of enantiomerisation for the chiral complex (R! = CH3,

R2 = cH3, R3 = Et, R4 = H).13%4 cCondensation of 2-amino pyridine
with acetyl acetone in the presence of NiCly gave (68),135 while
reaction of [Ni(R}2L] (R = Me, Et; L = (PEt3)y, bipy) with XH

(X = acetophenone oximate) affords [Ni(R)(X)L].%%4 Related

-2 l AN

4 R! R! Rr2 g ‘ //

3 IL\ /'l' N Il N
R Ni 3 N
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dioxime complexes have been investigated,135 with particular
emphasis being placed on their protonation-deprotonation
reactivity.137 The single crystal X-ray structure of [Ni(L)3]2+
(L = 1,2-cyclohexanedione dioxime) has been reported.”8
Treatment of bis-(allyl)nickel(II) with (Me3SiN)2PN(SiMe3)2
yields the imino-phosphorane complex {(69); the crystal structure

of the palladium(II) analogue was reported.139 Reaction of

SiMe3

<<——~<:>%r

l N(SiMe3)2

SiMe3
(69)

[Ni(R)2(L)] (R = Me, Et; L = (PEt3)3, bipy, PhaPCH3CH3PPh3) with
a series of amines (XH) affords the corresponding imido and amido
species [Ni(R)(X)(L)] (X = succinimido, phthalimido, diacetamido,
pyromellitimido and imidazolato);140 alkylation of these
products was described.140

The Kinetics of reaction of nickel(II} with PADA (pyridyl-2-
azo-4-dimethylaniline) were investigated in micellar solutions
using stopped flow technigues;141 increased rates of complexa-
tion were observed with micelles {alkyl sulphonates), this
enhancement decreasing with decreasing alkyl chain length of the
micelle.’41 A series of complexes [Ni(L)2]X2 (diamagnetic,

red-brown), [Ni{X)(L)2] and [Ni(L)2(py)212* (paramagnetic, blue)
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MeSJI\N /

H,

(70}

(X = halide, L = S—-methylthiosemicarbazide (70)) have been
prepared, L being bound through nitrogen donors.'42 A linear,
oligomeric structure has been proposed for [NiClp(L)] (L =
purine) in which paramagnetic octahedral nickel centres are
bridged by purine ligands.'43 The coordination properties of
2-alkylamino pyridines have been investigated.?44,745 The
formation constant for 2~(aminomethyl)pyridine with nickel(II) is
found to be larger than for 2-(aminoethyl)pyridine reflecting the
increased chelate effect for the five-membered ring system. 145
Several other papers have concentrated on the complexation of

nickel(II) by bidentate ligands.146-151

4.3.5.3 Polydentate ligands

The binding of 2,2',6',2"-terpyridine to nickel(II) in
water: thutanol has been studied; 104 studies on the exchange of
tetraethylenepentamine by aminocarboxylates under aqueous
conditions indicate that the rate determining step is loss of
water molecule followed by coordination of the first N-donor of

the aminocarboxylate,152 Circular dichroism spectra of the



169

trigonal bipyramidal species [NiX(L)]2% (L = (5)-2,4,8-trimethyl-
5~(3-methylazabutyl)-2,5,8~triazanonane) have been interpreted
assuming C3y symmetry.1°3

A series of four and six coordinate nickel(II) complexes
incorporating hydrazino-1,10-phenanthroline derivatives (L)
[NiC12(L)), [Ni(L)z12+, [Ni(NCS)3(L)]1, have been reported,154,155
the field strength of 2-hydrazino-1,10-phenanthroline itself
being near the crossover region for iron(11).155 fthe synthesis
of a pentagonal bipyramidal nickel complex of (71} has been
achieved by metal exchange with the alkaline earth product; the
nickel complex was found by X-ray powder diffraction to be
isostructural with the corresponding copper(II) species.!56
Isomerisation of the heptadentate ligand (71) to a hexadentate
species (72) has been observed, complexation of nickel(II) by
{72) yielding a distorted octahedral product.!57 The single

crystal X-ray structure of (73) shows Ni-N distances of 1,86,

2+

(71) (72)
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1.88, 1.86 and 1.87 8, with the nickel ion 0.003 ! out of the
plane of the donor set.'38 A series of related complexes
incorporating tetradentate Schiff base polydentate ligands have
been synthesised and their chemical properties assessed. 159-163
The chemistry of nickel complexes of polydentate ligands
remains a most popular and voluminous area of research, the
electronic magnetic, spectroscopic and stereochemical properties

0of these species being of particular interest, 164-194

4.3.5.4 Macrocyclic ligands

Thermodynamic aspects of the formation of nickel(II)
polyazamacrocycles have been reviewed.195

The electronic spectrum of [Ni(L)12% (L = 1,4,7-triaza-
cyclononane, (74)) has been interpreted on the basis of a
trigonally distorted octahedral structure to give Dg = 1140 and

B = 980 cm~1.196 The half-sandwich complex [Ni(L)X3]1(Cl04)3 (75)

2+

ol <_ I
Lﬁ) \l/

(74) TH NH N
eV

(75)
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(L = 2-methyl-1,4,7~triazacyclononane, X = {(aminomethyl)ethane)
has been synthesized.197

A range of nickel(II)} complexes of polyaza macrocycles
({11}, (76)-(84)) have been synthesised and their redox,
electronic and magnetic properties investigated.’5v198“200 The
heats of formation of their respective nickel(II) complexes were
found to increase in the order (81)<{83}<(82); no positive
macrocyclic ethalpy effect was observed for these complexes.198
4 n.m.r. studies on [Ni(L)IClz (L = (80)) in CDC1l3 and D20
indicate that the coordinated ligand adopts a chair conformation
in the chelate rings.!95 The kinetics of complex formation of
tetraaza open cﬁain ligands were compared with their cyclic
analogues.201,202 The bimolecular rate constants for complex
formation were found to decrease in the order {85))(11)>(16);201
for (85) and (11} the rate-determining step is dissociation of
the first solvent molecule with incorporation of the metal ion
into the macrocycle.201,202 a second step involving
isomerisation-rearrangement of the coordinated ligand,201,202
followed by equilibration between four, five and six coordinate
metal complexes was observed in solution.?92 Complexation of
nickel(II) by tetramethyl cyclam {(16) was inhibited due to steric
effects,207 while incorporation of nickel(II) into cyclam (11}
was found to be slower in hydrogen-bonding solvents due to
protonation of the macrocycle.202 For the aquation of [Ni(L)]}2+

{L = (16)), values for AH, AS and AV of -39.7 RJ mole~1,

[Ni(L)]2+ 4 nHp0 ~———> [Ni(L)(OH2)n12+

{diamagnetic) {paramagnetic)
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(82)
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(80)

{85)

(84)

(83)
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~1.333 K~ mole~! and -10 cm3 mole~' respectively were determined
by n.m.r. studies.293 an 170 n.m.r. study of the four to six

coordinate equilibrium in INi (L) 2+ (L = [12janeNg, (76)) has

[(Ni([12]aneNyg)]2*)
Kequ = = 490 x 10~4
[[Ni([12])aneNg) (H20)212+]

been reported,204 while reaction [Ni(L)1(Cl04)2 (L = cyclam,
(11)) with en gives cis—-[Ni(L)(en)](Cl04)2 which affords
cis-[NiBr(L)] on treatment with HBr, and cis-[Ni(L)(OH2)2]2+

with H30%.205

HBr

— cis=-[NiBra{(L)]

[Ni(L)]2+—S0 ,cis-[Ni(L)en]2+

H30*

» cis~[Ni(L)(0Hp)]2+

The single crystal X-ray structure of trans~[NiF(L)}.5H20
(L = meso-Meg[14]aneNg, (12)) shows an octahedral stereochemistry
around nickel{II) with average Ni-F = 2,087 and average Ni-N =

2.090 R,206 The single crystal structures of the orange,

2

H

C

Z
P-4

)

I
-4
pd

I

(12)
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diamagnetic complex [Ni(L)]Cly.2H20 shows a square planar
structure with average Ni-N = 1,959 R, while the violet,
paramagnetic species trans—{NiClp(L)].2CHCl3 is octahedral with
Ni-N = 2.060, 2.102 and Ni-Cl = 2.562 8.207,208 gpin state
equilibria of nickel{(II) tetraaza macrocycles have been assessed
in agueous conditions.20% The X-ray structure of [Ni(L)JBrgz.2H20
(86) (Ni-N = 1.961, 1.947 R for PT form and 1.949, 1.957 & for
Pcab form) shows the water molecules of crystallisation and Br~
ions located above the protons of the NH functions of the
macrocycle via hydrogen bonds.2'0 The complexes [(Ni(L)](Cl0g)2
(L = (87), Ni-N = 1.926, 1.931 & 211; L = diisopropyl derivative

of (12)212) have been characterised crystallographically.

(87) (88) (89)

The alkylation of [Ni(L)] (L = (88)) with MeI and KOH in
dmso affords N- and C-methylated products,213 while the related

dioxo macrocycle (89) shows efficient complexation of nickel(II)
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ion to yield a planar, low spin product.214 The electrocatalytic
reduction of CO3 by a range of nickel tetaaza macrocycles
(E =-1,3 —> -1,6V vs SCE) has been reported.215

The Schiff-base template synthesis and reduction of [Ni-
(L)12* (L = (90)) have been reported,2'6 while transmetallation
of [2Zn(L)]2% (L = (91)) with Ni2t in acidic methanol affords the

corresponding nickel(II) complex.217 fThe single crystal X-ray

3 9
z/ N\
M .

(90)

structure of [NiI(cyclops)] shows a square pyramidal stereo-
chemistry with Ni-N = 1.886(imine), 1.863 R(oxime) and Ni-I =
2.834 R.218 1mThe out of plane and in plane modes of [Ni(dmg)j]
have been identified in a far i.r. (20-600 cm~') spectroscopic
study, 219 while reaction of [Ni{dmg)2] with bidentate N-donor
bases yields cis-complexes and binuclear bridging products (see
4.6).220 Reaction of [Ni{dmg)z] with trimethoxyboroxine or
pentaborate affords the products (92) and (93), while with boric

acid (94) is produced.221 Treatment of [Ni(dmg)] with Me3SicCl
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yields silanized dmg ligand.222 The stacking of the [Ni(dmg)z}
planes in the solid state has been related to the different

colours that these species exhibit.137
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The synthesis of the lacunar complexes of general type (96)
from the precursor (95) has been reported.223:224 Treatment of
{96) (R = (CH2)p, n = 4-8) with HCl yields the metal metal-free
macrocycle.223 fThe nickel{II)/(I"1) redox couples for these
complexes have been measured.223,224 The single crystal X-ray
structure of the anthracene capped cation (97) shows a CH3CN
molecule in the cavity of the complex, together with another
CH3CN molecule of crystallisation; the durene derivative was

found to complex n-butyl alcohol.Z225
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2:1 complexes of (42) with (43) and TCNQ have been
prepared.?4 Nickel(II) complexes of tetraazaannulenes,226 the
2-aminobenzaldehyde tetramer227 and of the condensation product
of 2,6-diaminopyridine and acac228 have been reported. The
ligand bonding parameters of pentagonal bipyramidal nickel

complexes has been assessed by the angular overlap model.229



178

The complex (98) incorporating a double ionophone system has

been found to be capable of binding Ni2* and Co2*% in the N4 donor

M OV S
e oo
k/o \,JO hll /N O\\/o\)

(98)

set, and Kt and Nat by the polyether arrays,230 while the X-ray
structure of cis-[Ni(NCS)z(L}] (L = (99)) incorporating an NgOg
donor set, shows octahedral nickel(II) coordinated to four
nitrogen~donors of the macrocycle (Ni-N = 2,740, 2.157 &) and two

NCS~ ligands (Ni-N = 2.058 R).231 The binding and kinetics of

G
SOPN's

(99)
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dissociation of nickel(II) to an N3S; donor macrocycle have been
described, dissociation occurring via two consecutive first order
reactions showing no significant acid dependence, but accelerated
by [~0Ac].232

Scheffold and coworkers have reported a series of selective
alkylation experiments on nickel porphine complexes to yield
optically active products.233-236 The cyclization of a seco-
-porphyrinogen (100) to the nickel tetrahydrocorrinate (101) and

related diastereoisomers has been achieved, 237 while nickel(II}

(100) (101)

corrole238 and corrin239 derivatives have been synthesised. The
luminescence of nickel(II) porphyrih complexes has been compared
to the photophysical data for ZnII and MnII porphyrin
derivatives, [Ni({TPP)] being non-luminescent.240 Metal
incorporation into a tetracarboxylate derivative of TPP is
particularly rapid and occurs via intramolecular transfer of
metal ion from the peripheral carboxylate mcieties to the

porphyrin donor.241
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Octaalkylphthalocyanine (R = Me, RBu) complexes of
nickel(II) have been generated.?42 The cleavage of 4-pyridyl
glycine derivatives243 and the electrocatalytic reduction of 03

to H202244 have been achieved using nickel phthalocyanines.

4.3.6 Phosphorus—donor ligands

The cathodic behaviour of nickel(II) in anhydrous CH3CN in
the presence of NaCl0O4 and phosphines has been assessed and
related to the stabilities of nickel(II)/(I}/(0) products.245'246
The single crystal X-ray structure of {(PhygaAs)[NiBr3(PPh3)] shows
a tetrahedral nickel(II) centre with approximate C3 symmetry with
Ni-Br = 2.365, 2.368, 2,383 and Ni-P = 2.323 8,247 The variable
temperature single crystal and powder magnetic susceptibility and
transmission spectra for [NiX3(PPh3)]~ (X = Br~, IT)} have been
analysed by the angular overlap model giving an analysis of PPhjy
as a strong @-base and W-acid.248 The 13C n.m.r. spectrum of
[NiI3(PPh3)]~ has been reported,24? while shifts in the TH and
13C n.m.r. signals for CHC1l3 in the presence of [NiX3(PPh3)z] (X
= C1=, Br~, I7) have been interpreted in terms of the formation
of labile inner-sphere adducts of CHC13.250 cComplexation of
NiCly; by P(CH2COOH)3 (L) under non-agueous conditions yields the
P-bound square planar species [NiX2(L)p].251

Sguare planar and square pyramidal nickel(II) complexes of
O-phenylene bis{methylphenylphosphine) have been studied by
variable temperature n.m.r. spectroscopy to elucidate the
mechanisms of site exchange of axial Cl~. This process was foﬁnd
to proceed by internal isomerisation of chelate rings and by

intermolecular Cl- exchange.252 The single crystal X-ray
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structure of [NiBr(LH)(LH2)].H20 (LHz = (102)) shows a

sguare-based pyramidal structure with axial Br~, Ni-P = 2,225,

OH

O\r
pP—~FPh

P—~pPh

o’/' OH

(102)
2.232, 2,236, 2.215, Ni-Br = 2.587 R, with non-coordinated H0

and carboxylate functions.253 Complexation of nickel(II) with
PhP[(CH2)3PHyqRp]2 (L) affords the five coordinate [NiX2(L)]1 (X
= Cl1-, Br~) which is in equilibrium in solution with the square
planar ionic species [NiX(L)[*.254 The coupling of alkyl
Grignards with F~brom03tyrene in the presence of dichlore
{1,1'-bis{diphenylphosphinol}ferroceneinickel{II} has been
described.?55 Reaction of NiXz with L (L = 2-[di(4-tolyl)-
phosphinoethylldiphenylphosphine) affords the square planar
complex [NiXz(L)} (X = c1=, Br~, 17).256 fThe X-ray structure of
three P01Ym°fPhS‘Of trans-[Ni(NCS)2(P{CH2CH2CN)3)2] incorporating
a PoNy @onor set has been described, 237 while treatment of
[Ni(acac)y] with BtpAlCl in the presence of Ph3P afforded
[(NiC1l{PPh3)3] and [Ni{acac)z{PPh3)]; thermal decomposition of
the former yielded [NiClz(PPh3)2], whilé reaction of the latter
with EtyAlBr gave [Ni(Br)(H)(PPh3)3] and [NiBr(PPh3)2].238 The

single crystal X-ray structure of (103}, prepared by reaction of
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[NiR{etp)]* with S0, shows a distorted square planar nickel
centre with Ni-P({cis to 0) = 2,199, 2.214, Ni-P(trans toc Q) =

2.111, Ni-0 = 1.937 8.259

Sal

PhP—sNie——PPh,

(103)

Reaction of [Ni{CH3SiMe3)opyz] with L (L = (PMe3)2,
(PMegPh) 3, dppe, bipy, phen, tmen) affords the complexes
[Ni(CHySiMe3)2L]1.'08 The related species [Ni(R)z(PR3)3] (R =
CeClsg, mesityl, ClzC=CCl) have been prepared and the degree of
rotation of the alkyl and phosphine ligands assessed by 'H n.m.r.
spectroscopy.260 The metal vapour synthesis of [Ni(CF3)3(PMe3)3}
has been reported?6! while reaction of [NiBrj(PEt3)s] and
[CA(CF3)2(CHo0Me )] affords [NiBr(CF3}(PEt3}2] and
[Ni(CF3)2(PEt3)2]).262 The single crystal X-ray structure of
[Ni(CH3)(PMe3)4])BPhg (104) shows a slightly distorted C3y
symmetry with Ni-C = 2.074, Ni-P(axial) = 2.210, Ni-Plequ) =
2.256 8, <CNiP(axial) = 179.4", <CNiP(equ) = 83.8".263 1he
lithiatien of coordinated PR1RzMe to PRIR2CH2Li in

(Ni{L)2{PR1R3CH3)2] (L = 2,6-dimethoxyphenyl) occurs in
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preference to lithiation of the aromatic rin9264; amine
substitution on [Ni(Br)(2-tolyl)(PPh3)3] occurs by replacement of

+
CHy

'k///PMe3

O—(CH)),,

Me3P———+Ni —_
T\PM% Li
PMe3
{(105)
(104)

PPh3 by less sterically hindered primary and secondary amines,
pY: 4-picoline, but not with tertiary amines.2%3 Reaction of
(105), LiR (n = 2,3) with [NiCl(CgCls)(PPhMep)3] affords
[Ni{R)(CgClg) (PPhMe3) 2] which can be protonated by HClO4 to the
carbene product.266 Treatment of [Ni(CyHg)(PPh3)2) with one
equivalent of triphenylcyclopropenylium perchlorate yields the
cation [Ni(C3Ph3)(PPh3)3]t which was characterised structurally,
Ni-P = 2.242, 2.234, Ni-C = 1.91, 2.02, 2.07 8.267 fThe single
crystal X-ray structure of the cation [Ni(C3Ph3)(triphos)}t,
prepared by reaction of [Ni(C3Ph3)(PPh3)]% with triphos, shows
Ni-P = 2.301, 2.308, 2.322, Ni-C = 2,010, 2,036, 2.043 & 268,
related cyclopropenyl complexes incorporating other tripod
ligands were also synthesised.268 Reaction of [NiCly{(PR3)2] with
RlczscH (R = 2-CgH4C=CH, 4-CgH4C=CH; R = Bu, Ph) affords the
square planar species trans{Ni(C2CR1);(PR3)21;299 the role of
related complexes in the catalytic trimerisation of acetylenes

has been discussed.270
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4.3.7 Arsine-donor ligands

Species of type [NiX2(L)2] and [NiX2(L)] (X = halide, L = 2-
phenylenebis(diphenylarsine), 2-phenylenebis(di-4-tolylarsine)
have been prepared and their interconversion, magnetic and
spin-crossover properties discussed.2??! Nickel(II) complexes of
2-phenylenebis(methylphenylarsine) have been found to be labile
with respect to bidentate ligand redistribution between metal
centres whereas the corresponding P-donor complexes are inert

towards such processes.252

4.3.8 Biological ligands

Complexation of nickel(II) by a range of adrenaline,272
tryptophan,273 proline,274 folic acid,275 o-phospho-D.L,~
serine,276 adenosine,277 purine277 derivatives and a range of

amino acids278,279 nas been reported in a series of papers.

4.3.9 Cyanides

Single crystal polarised reflectance280 ang 13C n.m.r.
spectral28'! studies on Ba[Ni(CN)4].4H20 and K3[Ni(CN)4]
respectively have been reported.282 substitution reaction of
[Ni(CN)4)2~ with NO~, generated from NapNp03, affords [Ni(CN)3
{NO)]1~ in 3.6% yield at pH = 9.27 but in 30% yield at pH =

10.75.283
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4.3.10 Mixed-donor ligands

4.3.10.1 N,0 dcnors

Potentiometric, spectrophotometric and related studies on
the binding of 2-amino-ethanol, 28! 1-amino-2-propanol, 3-amino-
1-propanol285, 1,3-diamino-2-propanol286, nitriloacetates,287-289
iminoacetates289,290 and other amino acids289-298 to nickel(II)
have been reported. The single crystal X-ray structures of the
(R,S) and (S,8) isomers of trans-[Ni{(NCS)2(L)2] (106) (L =

1-amino~2-propanol) have been described,29? while the X-ray

A oA

o N
/N
>_/

A
\ZI

(106)

structure of [Ni(NH2CH2C00)3]~ (107) shows Ni-N = 2.091, Ni-0 =
2.050, C-O(coord) = 1.264 and C-0(uncoord) = 1.238 &, with both
enantiometers existing in the crystals.300 The acid catalysed
dissociation of nickel (II) triglycine shows301 an observed first

order rate constant k where:-

k = kHzO + kglBT] + kHH[H+]2 + (kgp + kH]HB[H+])lHBJ
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No general acid catalysis is observed when the axial coordination
sites are blocked by coordinated solvent.301 The adsorption of
nickel glycinates on alumina302 and the single crystal X-ray
structure of bis{N,N'-dihydroxyethylglycinate)nickel(II)393 have
been reported. Reaction of bisl(2-pyridyljalaninate|nickel(II)
(108) with acetone affords the corresponding condensation product

incorporating an NyO3 donor set.304

7
N\ l 4”\7
N
N\\\gl z//’N O\\. «//N—_—
we _ﬁN/,Ni\
o o/[ 0T N0 Q/ 0
, N
- (109)
(108)

A wide range of Schiff-base ligand complexes of nickel(II)
incorporating Nz05159,305-309 ang N30160,3710-314 donor sets have
been synthesised. Single cystal X-ray structures of (109) (Ni-N =
1,905, Ni-O = 1.844, C=N = 1.323, C=C = 1.243 R),315 (110)

(Ni-0 = 1.849, Ni-N = 1.840 8)316 and (111) (Ni-0 = 1.78,

1.87, Ni-N = 1.86, 1.91 8)317 have been reported. Halogenation



187

(mz)

(1)

of [Ni(acacen)] with N-halo-succinimide leads to replacement of
the methine proton by halide.318,319 A geries of high spin five
coordinate complexes incorporating (112) (R = H, Ph, CH3, CFj3)
ShOWingfleff = 3.3-4.3 BM have been generated.320

Complexes incorporating bidentate N,0 donor ligands such as
cytosine, 321 adenine-N-oxide,322 pyrazole derivatives, 323-325
pyrrole and pyridine carboxylates326 and keto-imines54r136 have
been generated. It was shown that the enthalpic factors that

favour M-N(pyridine) bond formation are absent for pyrrolic M-N
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bonds, 326 while the degree of tetrahedral distortion in salicyl-

aldimine complexes of (113) is controlled by substituent R, 157

The single crystal X-ray structure of (114) shows square planar

H N 3
RN Ph”” SN
H

(113) (114)

nickel(II) with Ni-O = 1.849, Ni-N(1) = 1.856, Ni-N(2) = 1.831
and Ni-N(3) = 1.829 &; the reactivity and interconversion of
(114) to other derivatives was discussed.327 Other papers on
nickel complexes of mixed N,0 ligands have appeared in the

literature,328-348

4.3.10.2 §S,0 donors

Studies on mixed S,0 donor complexes349 include the
preparation of square planar and octahedral complexes of
1-methoxy-2-methylthioethane and 2-methoxyethanethiol1350 and
thio-acac ligands.351-353 The single crystal X-ray structure of
[NiL]2+ (115) shows a square planar complex with Ni-S = 2.14,
Ni-0 = 1.88 R with long range interactions of 3.53 and 3.89 ]
between Ni and other O donors; the corresponding triketo

product [Ni(L)2(0Hy)2] is found to be octahedral.352,353
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4.3.10.3 N,S donors

Thiosalicylohydrazide complexes of nickel(II) show a variety
of bonding modes via N,0, N,S, O0,S and N,0,S donors,334,355 The
single crystal X-ray structure of |Ni(S—-acacen)| (116) shows a
square planar structure with Ni-S$ = 2,139, 2.163 and Ni-N =
1.917, 1.923 3;356 these Ni-N distances are longer than found for
the analogous N30, complex.3>7 The structures of sqguare planar
species (117) (Ni-N = 1.888, Ni-S = 2,211 £)358 and (118)
(Ni-N(imine) = 1.853, Ni-S = 2.146, Ni-O = 1.851 and Ni-N(NH3} =
1.941 R)359 and the square bipyramidal complex (119) (Ni-N =
2.04, 2.05, Ni-S = 2.37, 2.38 8)360 have been described. The
synthesis of a range of products incorporating thio-hydrazine
1igands361-363, mercapto acid amides364 and 2-thiopicolin-
anilide365 have been published, while the electronic structure of

thionitrosyl complexes has been the subject of a CNDO study.366
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The electrochemical synthesis of N,N'-ethylene
bis(monothiocacetyl-acetoniminato)nickel(II) using nickel

electrodes and the free ligand has heen described. 3367

4.3.10.4 Miscellaneous

Phesphine triacetic acid, P(CH3CO0H)3, binds via P~ and two
0-donors to nickel(II) under aqueous conditions.251 The orange
square planar complex (120) has been reported; at -80°C a bright
green intermediate can be observed and was assigned as a
paramagnetic tetrahedral species.368 The preparation of species

(NiX5(L)], [NiX2(L)2] and [Ni(NCS)(L)1[Ni(NCS)3(L)]
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1
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(120)

(L = 2,6-bis(diphenylphosphinomethyl)pyridine; X = ClOg~, NO37)
and related carbamoyl products have been prepared.369 The tripod
ligand tris(2-dimethylarsinoethyl)amine yields octahedral
complexes of type [NiX3(L)] which are monomeric for X = Cl1~, Br~
and polymeric for X = Ncs—, 370

The highly reactive derivative (121) was trapped by
MeO2CC=CCOMe to give (122).371 The primary '
mercaptoalkylphosphines H2PSH, H2PCH2CH2SH and H2PCH2CHMeSH bind

to nickel{(Il) to give planar bis-chelates, [Ni(L)2)] in which the

CpNi/“

(121)
(122)
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primary phosphine and thiol functions can be alkylated using K
and alkyl halides.372 The ligand 1,9-bis(diphenylphosphino)-3,7-
dithianonane yields the square planar complex (123) on reaction
with nickel(II) salts, Ni-P = 2.175, 2.196, Ni-S = 2.208,
2.218 R,373

NiClp reacts with the ligand (124) in 1,2-dimethoxyethane to
yield the five coordinate species [NiCl(L)] in which nickel{(II)

is bound to two phosphines and the allylic function of (124).374

m 2+
— ~CH
S. 5 Z
()
' P
7N Ph P
P” P 2 Ph
Ph, Ph; 2
(124)
(123)

4.4. NICKEL(I)

The chemistry of nickel(I) compounds has been reviewed.3

Reduction of [Ni{acac)yz] with dibah affords a nickel(I) species
that is involved in the catalytic addition of alkenyl zirconium
to o<.F~—enones.375 The single crystal X-ray structure of the 19e~
system [Ni(cp)(bipy)] shows Ni-N = 1.955, 1.958, Ni-C =

2.17-2.22 R.376,

A range of nickel(I) complexes of tetraaza macrocycles have
been generated by Pletcher and coworkers and found to react with
alkyl bromides oxidatively to yield nickel(III) alkyl products23

(see 4.2.3). These workers have also reduced electrochemically a



193

«Q r” r@ ﬁ%
T T %

(125) (126) (127) (128)

3
CH3<p/OCH3
| | |
N

3 (130) (131)

(132)



194

2+

(136)

(135)

(134)

AN
/

A

aa

(139)

(138)

(137)

(14 0)

(142)

(141)



195

series of nickel(II) complexes, (125)-(133), incorporating N0
donor open chain ligands.377 The nickel(I) and nickel(II)-ligand
radical products were characterised by e.s.r. spectroscopy and
their catalytic reactivity with alkyl bromides assessed.377
E.s.r. spectroscopy has been used also to differentiate between
metal and ligand based radical species in the reduced «-diimine
macrocyclic complexes (134-142).378 Both types of reduced
complexes were found to bind CO to afford five coordinate @9
nickel(I) adducts (typically gy = 2.2, g1 =2.1) and the
equilibrium binding constants determined electrochemically.378
The one electron reduced product (143) exhibits dynamic valence
isomerism with a thermal equilibrium existing between [Nill(1nz)]
and [NiI(L)]; at 298K the equilibrium constant K = 0.27.378

Macrocyclic-based radical species were found to show loss of

F\\ /,F
o 0
|
X
i
7 A

L/

(143)

=

=
x

Ve=N stretching vibration bands in the 1500-1700 cm~! region with
new bands appearing at lower frequencies;379 15N labelling
experiments confirmed these lower frequencies to involve imine-

type vibrations.379
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A range of nickel(I) phosphine species have been
synthesised. The single crystal X-ray structures of [Ni(L)](C104)
((L) = (tris{2-diphenylphoshinoethyl)phosphine)380 and
[Ni(L)(PPh3](ClO4) ((L) = E_L:_i_g(2—diphenylarsinoethyl)amine)381
show trigonal pyramidal and trigonal bipyramidal stereo-
chemistries respectively with non-coordinated Cl04~ anions.
Evidence for the formation of [Ni(P(OEt)3)gq]* as an intermediate
in the nickel-catalysed Arbuzov reaction382 and in the
electrochemical reduction of Ni(ClO4)3 in CH3CN in the presence
of P(OEt)3245,246 has been presented. The reduction of
[NiBr(diphos)p]*, [NiBry(PR3)] and trans-[NiBr (Ph)(PPh3)}]
yields nickel(1) halo-phosphine products383-385 while the
selective cis-isomerization of T-pentene catalysed by
[NiX(PPh3)3] (X = halide, pseudo-halide) shows a first order
dependence on 1-pentene;386 a mechanism involving metal hydride
addition-elimination was indicated by isotopic exchange
studies.386 Reaction of [NiCl(PPh3)3]p with CH3CN in the
presence of T1PFg affords {Ni(NCCH3)(PPh3)31%:258 treatment of
[NiXz(PCyaPh)2] (X = C1~, Br~, I7) with Na gives the nickel(I)
dimer [Ni(#-PCy2)(PCypPh)]ly which reacts with CO to yield
[Ni&u-PCyz)(C0)2]2.387r383 [NiBr(CqPhg)(PPh3)] has been prepared
by treatment of [NiBr2(C4Phg)] with Na and PPh3; the iodo
derivative was prepared from [Ni(CqPhg)(cot)],I2 and PPh3.389 a
range of nickel(1l) bipy species of type [Ni(Cp)Ljy) (L = PR3; Ly =
diphos, arphos, bipy, phen) have heen synthesised by electro-
chemical reduction of nickel(II) precursors, by reaction of
[NiCl(PPh3)3] with NaCp or by treatment of [Ni(cp)NO],

[Ni(cp)COl2 or (Ni(cp)(CH2PPh3)2]+ with excess of L.376,



197

4.5 NICKEL(O)

The reduction of [Ni(acac)z] at a Hg electrode yields the
two electron reduction product [Ni(acac)zlz' which decomposes to
the metal plus two equivalents of acac~.390 A range of
nickel{(0) diazadiene complexes |Ni(DAD)3} have been prepared by
ligand substitution reactions on nickel(0) precursors, or, more
efficiently, by direct reduction of the nickel(II)
precursors.391,392 The single crystal X-ray structure of [Ni(L)j]
(144) (R1 = R2 = B, R3 = R4 = cyclohexyl) shows two orthogonal
chelate rings bound to tgtrahedrally coordinated nickel(0).391

For R1 = R2 = H, R3 = R4 = 2,6-dimethylphenyl however a dihedral

R3 R
NP
Nig.

~ P
RA RS
(144)

angle of 44° is observed between the two chelate rings, the
conformation (D24 nickel(0) or Dzn formally nickel{II)}) being
dictated by the substituents of the aryl moieties on R3 and
R4,392 rhe related tetraazadiene species |Ni(ArjNg)| transfers
the ligand ArjsNg4 to nickel(O) centres in the presence of RNC to

afford [Ni{CNR)2(ArpNg)].393
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The interaction of diazacyclopentadiene and 9-diazafluorene

ligands with nickel{(0) centres has been reported.394 Treatment
of these products with COS5 was found to yield metal carbonyl,
dithiocarbonate or metal sulphide~thiol species.394. The
reaction of nickel(0) tetramethylethylenediamine fragments with
heteroolefins such as benzil, aldehydes and qﬁF-unsaturated
carbonyls (L) gives the four coordinate products [Ni(L)(tmen)];
the analogous diphosphinevspecies [Ni(L){PR3)2] were also
prepared.395 [Ni(cod)(bipy)} reacts with maleic anhydride (L) to
afford [Ni(bipy)(L}3] in which L is coordinated via the alkenyl
function and [Ni{bipy)(L)] where additional coordination of the
carbonyl moiety occurs.132 The cyclobutadiene complex (145) has
been prepared,396,397 while treatment of (146) with diazadiene
ligands yields (147),398

The electrochemical reduction of nickel(II) in the presence
of phosphines to yield nickel(0) phosphine complexes has been
described in several reports.245,246,383-385,399 The equilibrium
between [Ni{(PPh3)g] and [Ni(PPh3)3] has been monitored at low
temperature by 3'P n.m.r. spectroscopy, the phosphines in
[Ni{(PPh3)4] being found to be equivalent.400 A photoelectron
spectroscopic study of [Ni(PPh3)a] has been reported.38 Reaction
of [Ni{(PF3)4] with alkyl lithium and Grignard reagents affords
[NL(PF3)q-n(PF2R)p] (n = 1-3), [Ni(PF3)3(PF2R)(PFR2)] and [Ni-
(PF3)3(PR3)].407 An ab initio SCF-MO study on the bonding in
[Ni(CpH2)(PH3)2] and [Ni(CzH4)(PH3)2] has been reported. 402
Substitution of PH3 with NH3 greatly strengthens the back

donation between nickel and CyH4, while the energy component for

CoHgy on nickel is greater than that for C2H4.402 The single
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crystal X-ray structure of [Ni{(CpH4)(PPh3)2] has been
redetermined and shows C-C = 1.391, Ni-P = 2,148, 2.158, Ni-C =
1.959, 1.978 & with the protons of coordinated ethylene situated
in a plane 0.17 8 from the C atoms.403 The solution behaviour of
{Ni(hex—-1-ene)(PCy3)3] was monitored by 31P n.m.r. spectroscopy
and found to form [Ni(hex—-1-ene)3(PCy3)] in the presence of
excess of hex-1-ene.404 The role of nickel(0) phosphines in the
polymerisation of butadiene has been discussed.405-407

Treatment of [Ni3(cp)3(C0)2] with excess of PPh3 in
refluxing thf gives [Ni(cpl)z], [Ni(CO)2{PPh3)y] and
[Ni(CO)(PPh3)3],408 while reduction of [NiCly(PCyzPh)2] with Na
in the presence of CO affords [Ni(CO)3(PCyyPh)21.388 The single
crystal X-ray structure of [Ni{CO)2(PCy3)z] shows a distorted
tetrahedral configuration with Ni-P = 2.257, 2.264, Ni-C = 1,75,
c-0 = 1.17 B, <PNiP = 122.8°.409 The oxidative addition of
organic halides to nickel(0) centres to yield nickel{(II) alkyl
products has been described.383,384,410-412

Reaction of Ni(CO)4 with (L) ((L) = 148) gives the bis-

-sandwich complex [Ni(L)pj.413

Me —pB B——Me
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4.6 POLYNUCLEAR COMPLEXES

The structure of CaNigHg has been discussed. 414 The single
crystal X-ray structure of [NiaClg(OH2)214~ (149) shows octa-
hedral nickel(II) with chloro bridges, Ni-Cl = 2.407, 2.409,
Ni-Cl (bridge) = 2.430, Ni-0 = 2,123 8,415 Powder magnetic

susceptibility measurements on (149) in the range 2-240K shows

ferromagnetic exchange between the nickel centres with J/k =

11.7K, D/k = -4.9K, z'J'/k = -0.76 and g = 2.297.415

H\O/H 4=

\A O '
" ‘\\\ " T\\\
Cl 0

049)

Reaction of Ni(OAc)z with RCOOH in toluene yields the
proposed mixed carboxylate dimers of stoichiometry [Ni(OAc¢)a-p
{(03CR)p] (R = Me,Et).416  The single crystal X-ray structure of
[Nig(OAc)2(0Me)4(L)4)2% shows a Nig(OMe)gq cube with two acetates
capping opposite faces and four isocyanides ((L) = 2,5-dimethyl-
2,5-diisocyanohexane) capping the four remaining faces.417 The
structure of [(L)Ni(03CCMe3)4Ni(L)} (L = quinaldine) shows
Ni-Ni = 2.75, Ni-N = 2.07 ® with four bridging carboxylates.418
Treatment of [Ni({acac)y] with Ph3AsO affords the binuclear
species [Nijz(acac)4(OAsPh3)) incorporating a bridging Ph3AsO

ligand, Ni-O{(As) = 2.11, 2.28 R and one of the oxygens from an
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acac” ligand acting as the other bridging group, Ni-O0 = 2.00,
2,22 8.419 A single crystal e.s.r, study on Nill/cull and
NilIl/¢oIl bunuclear complexes of triketonates has shown
antiferromagnetic interactions between the metal centres in

(150).420 A dimeric octrahedral nickel structure has been

(150)

proposed for the product [Nip(L)2] formed on binding a tetraone
ligand (L) with nickel(II).421 The synthesis and magnetic
properties of [Nig(L)gl (L = 9,710-phenanthrenesemiquinone) have
been reported.’0

[Ni(S2C202)212" reacts with MnSO4 to yield a black Nill/MnII
chain complex [Ni(S82C202)[Mn(0H2)3]1(02C2S2)Nily (151) with
dithiooxalate bridging Nill and seven coordinate MnIl ions,
Ni-S = 2.167-2,178 8.422 The product follows the Curie law
expected for MnII down to 34K.422 Treatment of [Ni(SpCNEt3)2]
with [MS4]2- (M = Mo,W) in water/acetone affords [Ni(S3CNEtjp)-

(MS4)]1™, while reaction of NiNO3 and [MOS3]2" gives the

HO OH,
\Ni/s,\/ o\Mn/Ovs\
/\5/‘\0/]\0/\5/

H,0

v
Ng\\

(151)
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corresponding trimer [Ni(MOS3)g]2‘ incorporating an NiS4 donor
set.423 [Ni(diphos);] inserts into the $-§ bond of [Fe23#~52)~
{(CO)g]l to give (152) under mild conditions.42% Reaction of NiBF4
with H2S5 in CHoCly/EtOH in the presence of PEt3 affords
LNigyA4-S)3§u3~S}6(?Et3)632+. {153), the single crystal X-ray
structure of which shows a confacial bioctahedron of Nig atoms
“held together by bridging S atoms with the planes 2.1 2 apart and
the six Ni atoms in the outer layers each bound to a PEt3 ligand.
The six S atoms of the outer layers each triply bridge Ni atoms
(Ni-S = 2.175 8) while the three S atoms of the inner layer each

quadruply bridge Ni atoms (Ni~S = 2.230 ®).425

(153)

The structure of [NizClj{en)q](BPhg); shows bridging chloro
ligands with Ni-Cl = 2,403, 2.503 8. The ferromagne&ic exchange
between nickel centres was found to vary with counter-ion in the
order Cl= < Cl04~ < BPhy~.426 Bis(cyclohexane-1,2-bis(2'~

pyridylhydrazonato} }dinickel{II}) shows a short Ni-Ni distance of
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2.809 R.427 A series of mixed nickel-lead,428 -mercury,428-430
~cadmium, -zinc429 and -copper43! products incorporating bridging
NCS~ and NCSe~ ligands have been generated, while mixed
nickel-copper species with histidine and histamine ligands have

been studied potentiometrically.432 The magnetic interactions in
Cull and CoIl doped samples of [bis(N,N'-bis(2-diethylamino)-
ethyl) (2-hydroxyethylamino)ldinickel (II),433 and in polymeric

nickel(II) materials incorporating isonicotinic acid434 and
trimeric benzotriazolyl derivatives435 have been discussed. A
range of metal triazole complexes have been reported;436,437 the
single crystal X-ray structure of [Nip(NCS)4(O0H3){L)al (L =
4-ethyl-1,2,4~triazole) shows a hinuclear complex bridged by
three triazole ligands with terminal NCS~ ligands. The co-
ordination around the distorted octahedral nickel centres is
completed by one terminally bound triazole ligand on one metal
(NiNg donor set) with a bound H20 on the other (NiNsO donor
set).437 structural data on [NipBra{tul}gl(NO3)2 has been
reported. 96

The chemistry of covalently linked dimeric porphyrins has
been reviewed.438 Dimeric macrocyclic species of type (154) have
been generated;224,428 +the single crystal structure of the xylyl
bridged dinickel species shows a Ni-Ni separation of 13.6 & with
a cavity of 3.87-6.18 8 in width.439 The bridging of
[Ni(dmgBF3)2] units has been achieved using 4,4'-bipy to give a
binuclear species with Ni~-Ni separation of 3.909 2 and the nickel
atom 0.2 R out of the plane of the macrocycle, Ni-N = 1,85,
Ni-N(bipy) = 2.35 8,220,440 By contrast in the presence of

benzimidazole, dimeric units of [Ni(dmgBF3)312 are formed
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sandwiched between layers of benzimidazole via W-TWinteractions
with a Ni-Ni distance of 3.358 8 and the metal sitting in the
plane of the macrocycle.44! fThe coupling of cyclam units to form
[Niz{cyclam)214* (155) has been described, 442 while binuclear
Ni/Cu and Ni/Ni complexes of {156} have been prepared and studied
electrochemically.443,444 The oxidative dimerisation of

[Ni(L)]2+ (L = (12)) via nickel(III) intermediates has been

) Y, “
HyY  nH Hy
(\Nf N
7N N/ N
H

(155)

described, 20

H
H

C
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(156)

The synthesis and structures of a series of nickel tripod
complexes have been reported by Sacconi and coworkers. Reaction
of [Rh(triphos)(P3)] with [Ni(OH)g]12* in CH2Cl2/EtOH in the
presence of triphos affords the dark red complex [(triphos)Ni-
gﬂ—P3)Rh(triphos)]2+ (157) which has a Rh-Ni distance of
4.401 R;445 the related species [(triphos)CoyA—P3)Ni~
(etriphos)]2+ has also been prepared.446 The trimeric products
[Ni3Cl4(Etnp3)212+,447 [Ni3Clg(etriphos)1448 and [NiszClg(etp)z]
(158)449 have been generated; the single crystal X-ray structure
of (158) shows an array of nickel atoms with the tripod ligand
being monodentate to each metal centre, Ni-P = 2.23, Ni~-Cl = 2.16
B.449 Related chain polynuclear species have been generated with

arsine tripod ligands.370

(157}
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The use of metallobis(phosphonates) in the synthesis of
heterometallic complexes has been demonstrated by the reactivity
of [Ni(cp)§(P(OMe)20]2H] and [Ni(cp)§{P(OMe)20}21X (X = T1¥, NHg*)
with metal acetylacetonates and chlorides to give a wide range of
tri- and tetra-nuclear compounds of type [Ni(cp){P(OMe)0321nM
(n =2,3; M = coll,cull, znll, vo, a1TII, crIII, pelll), (Ni-
(cp) {P(OMe) 203 212Ni (NH3 )2, [Ni(cp)§P(OMe)3021Ni(acac), [Ni-

(cp) §P(OMe)20321Pd(allyl), [Ni{cp){P(OMe)20}{2]Rh(cod) and
[Ni(cp)§P(OMe)2032]12Ni.4%0 Treatment of [Ni(cp)2] with MezHPS
affords {(159) in 40% yield;37! while the single crystal X-ray
stucture of (160) shows a threo-threo configqguration of the ligand
with P~P = 2,241, Mo-P = 2,512, 2,520, Ni-P = 2,222 R.451 rThe
incorporation of NiClj fragment into ferrocene derivatives to

yield (161) and related species has been illustrated.253,452

\ T“
P==5
\\\ Ph H
CpM/// NiCp P\\\l
R\\ yd (0C)gMo«—P l —>Mo (CO)g
AN | N
H ()3 pn

<::::*“Sf/ﬁ\jiphz

Fe Cl—Ni—-Cl

C D—si iPhZ

~_

(161)
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The 13C and 'H spin lattice relaxation rates in [Ni(acacen)]
are effected by [Gd(fod)3) presumably via formation of an adduct
of type (162).453 A series of binuclear species based on
salicylaldimino type ligands have been generated.454‘458 A
single crystal e.s.r. study on a [Ni(salen)Co(hfa)y] derivative
has been reported,?56 while the single crystal X-ray structure of
(163) shows a Ni-Mo distance of 5.679 8.457 A range of
derivatives of (164) have been synthesised and characterised

crystallographically.455 The distorted trigonal bipyramidal

N Gdifod), Ni Mo(CO)
EN/ \O,’/ 0/ \N/\/"N\p/ -
H
(162) (163)
0
N
N o 07
R \-N/\//O
py——Ni  Ni—py
0/0/ \o/ \ R
!
N |
0

(164)
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complex [Ni(L)(L')]} (L = GaMe(NpCgH7) (OCHZCHyNMep); L' = GaMep—
(NpCgH7)2) has been structurally characterised, L being co-
ordinated meridonally with O in an equatorial position and two N
donors bound axially, Ni-0 = 1,993, Ni-N (pz, axial) = 2.072,
Ni-N(amine) = 2.229, Ni-N(equ) = 2.005, 2.006 8.459 Reaction of
NiClp with penicillamine (L) in the presence of AgNO3 affords the
unusual cluster species [AggNig(L)12C113~ (165) which is based on

a Cl™ centred Aglg cube inscribed into an icosahedron of S donor

atoms. BEach S function bridges between two Agl and a Nill ion
with the six Nill atoms lying at the apices of an octahedron.460

Other polynuclear nickel products have been reported.461-468

Dedicated to Martin Nelson and Tony Stephenson.
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