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INTRODUCTION

This review is essentially a continuation of the previous article in this
series(1]), and attempts to cover the coordination chemistry of nickel appear-
ing in 1983 and late 1982, including volumes 98 and 99 of Chemical Abstracts.
The formal adopted closely resembles that of the previeus review[1], and the
material has been organised by oxidation state, with further subdivision in
terms of ligand donor type. However, a certain degree of overlap has been
allowed in order to preserve continuity, and in all cases, including complexes
with mixed ligands, compounds have been classified accerding to the funda-
mental theme of the article in which they appeared.

Articles of general interest which have appeared in the Titerature are a
brie{ review of Fe, (o and Ni [2] and the development of a structure-
reactivity relation for the complexation of variocus metal ions, including
nickel {3]. The latter article predicts fermation constants based solely on
the structure of the organic ligand, which is analysed in terms of donor group,

with a separate term being added to account for chelate ring formation.

1.1 NICKEL(IV)

The bulk of Ri{IV) compounds that have been synthesized, have ligands
containing oxime functiomal groups. By way of introduction to the +4 oxi-
dation state, a few unusual compounds containing nickel in this oxidation state
have been inecluded.

Raman and electronic spectroscopy have been used to characterize the com-

pounds Ni(en) X_, Ni(dapn) X, and [Ni(en) Ptlen) x,J(c10,), (X=Cl, Br; en=

3
1,2-diaminoethane, dapn= 1,2-diaminopropane). Both Ni(en)2X3 and Ni(dapn) X,
are mixed valence compounds with a Ni{II1}=~=C1-Ni(I¥) chain [4]).

Periodate ion, efficient as a strong oxidant and stabliliser of high axi-
dation stales, has been used to isolate nickel{IV} in the complex

2

Lia[Ni(loh}Bj-sto [5]. A structure similar to that of 'T‘el"iio(:]ﬂ+ " has been

proposed, on the basis of spectroscopic evidence (1).
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The decamelhylnickelaovene dicaLLon,[(Me,CRHE)ﬁﬁi]*+ J'tas been lsolated
as lts PF_~ salt.Nuclear magnetic resovnance and U¥-vislble spectroscopy show
Lhal [(Her‘.ﬂhll_&);!\'i]'?*' 1s a diamagnelic,18-elactren complex,isoeleclronic wilh

[ve o) Fe), [ (M2 U B, Col™ and [(Me, 0 H ) Ml [o].

1.1.1 Nitrogen—donor ligands

Potassium Lris{dimethylglyoxivate)nickelate(iV) bas been prepared in
aquecus alkaline mediam from Ni(l1) and dimethylglyoximare in the presence of
hypoiodite [7].The formation of the cemplex cxhibits first-order kinetics,
while 'I-nmr indicates octahedral coordinetion throush uitrowen donors.
Confirmation of the +4 oxidation state wias established by the absence of an
€.s.1. signal.The proton—assisted decomposition of tris{dimethylglvosimato’-
nickelate(1V} has also been studied [8].The comples devompuses with diss-
oclation and a cencomitant intramelecular,or a subsequent very vapid,clectron
transfer ta yield bis{dimethylplyoximatodnicxelate{1il) and/or i *aq) as

shown below.
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Further support that coordination oceurs via nitrogen is provided by the
crystal structure of Eig{3—(hydroximino]—3—methyl—2—butanone oximato-(2-)-
N, E'}nickel (2) [9). The tigand is very similar to dimethylglyoxime, differ—
ing only in the addition of a methyl group on one of the skeletal carbon

atoms.,
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3,14-Dimethyi-4,7,10,13-tetraazahexadeca—3, 13-diene~2, 15-dioxime (3)
forms pseudooctahedral complexecs with nickel in variable oxidation states
which are reversibly interconverkible. As a result, the kinetics of the

oxidation/reduction of these complexes have generated much interest.
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Macartney and McAuley [10]) have studjed the oxidation of [Ni(H?L)]Z+ using

a series of iron(IT) phenanthroline and bipyridine cations as oxidant. In
addition, the reduction of [NiL}?+ using Fe{1T), V{IV), Ni{II)} cyclam ions in
aqueous perchlorate media[11), as well as Coledta)®” [12), as reductant, has
been investipated. The crystal structures of the Ni(1l) complex,[Ni(HzL)]((llok)2
and the Ni{IV} complex,[NiL](ClUL]Z have heen determined.Both structures show

a distorted occtahedral environment for the Ni atom, with coordination taking



place via the nitrogen atoms.Although the peonetries are both very simitar,
the Ni-N  bond lengths are wvery different with a considerable shorrening as

the oxidation state Increases[y3].
1.1.2 Sulphur-donor ligands

The structure af the nesopenic compound bis{[(uctyl—ﬂ-phcnyl}~1~
ethylenadithiolato—1,2](2-1-%,5 "aickel {4)has been determined.lhe 1,2-

dithiolatonickel and phenyl groups are uearly coplunar,while the average

Ni-% and 5-U distances are 2.12(1) and ].69.'?.(?];\ r[‘:ipi.‘(‘.Li\.'L.‘“.yEl—"&].
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A series of complexcs [Ni{S,CERﬂ}ﬂ](R=CN,SE,Ph,H} have been prepared
and their optical and electrical conductivities investiyated,in an attempt
to producs new one-dimensional metals based on them However,atlenpls Lo

oxidize or reduce these complexes failed to vield anv metallic complexes[15]).

1.2 NTCKELCILL)

The bulk of complexes containing nickel in the +3 oxidation state
consist of multidentate cyciic ligands wilh mitrogen beiug the principal
donor atom.As a resnlt of the relative instability of the 47 elecrronie
conliguration,most of these complexes are assocviated with thelr more stable
a’ analogucs and a wealth of informabion about the ¥i{IT1/I1) redox couple

nas been generated.
1.2.1 Nitrogen—donor ligands

The pxidation of tris(4,4-dimethyl-2,2-bipyridine)nickel(TT) and tris-

(2,2°hipyinickel (IT1¥as oxidant has been investigabted.ln addition the
reverse process,using NifH?A}:+ (U,A=3, 14=dimethyl--4,7,10,13-tetraaza—
hexadeca-3,13-diene-2, 15~dione dioxine),RquF+ {1.=5-nitro-1,10-phenthroline),

. 24 : e :
and ke(H:U)g as reductant hus also been studied,and resulrs indicate that



the Ni{II11)-complexes behave as streang,one-electron putersphere oxidants
and possess moderate self-exchange rate constants[16].

While on the subject of Wi(lII)-bidentate N-donor ligand complexes it
ig interesting te note that NiCl, reacts with ethylenedimethacrylate-2,3-
epoxypropy lmethacrylatecopolymer (eda} to yield a polymerie complex material
with general formula [Ni(eda)zclz]C1.This structure was assigned with
reference to the model complex [Ni(en)2C12]CI (en#ethylenediamine)l17].

The chemistry of 1,4,7—triazacyclononane([Q]aneN3)has been extended by
Wieghardt and co-workers[i8]who have isolated the complex [ni([%]aner,) J(Cl0),
by oxidation of the corresponding Ni{II}-complex.The trivalent complex
exhibits UV and magnetic data consistent with a low-spin d’ configuration of
a Ni{IIl} centre in a pseudooctahedral environment of six N domors.
[.\:i([Q]aneNa)7]3+ is a strong oxidant and exhibits a quasi-reversible one-—
electron redox process with a formal redex potential of +0.95V.

Nickel({ITI)-peptide complexes have been studied and characterized using
chemical and electrochemical oxidation,redox stoichiometry,substitutien
reactions,UV-visible spectral shifts and e.s5.1.[19-21] .The complexes were
found to be six-—-coordinate with tetragonal distortien.Eguilibrium constants
for axial substitution and the kinetics of electron transfer for the Ni(III}-
peptide complexes have been determined.lhe Ni{III/I1} electron transfer
reactions are rapid and it was genmerally found that Ni{III)-peptides will
add a second peptide or other chelating agent to form stable bis-peptide or

ternary complexes as shown below.

H ¢ 3
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¥ -irradiation has been used to convert rac-(5,7,7,12,14,i4-hexamethyl-
1,4,8, 11-tetraazacyclotetradeca~4,1i-diene)nickel{I1) perchlorate (5} and
5357(5,7,?,12,12,I&—hexamethyl—l,é,S,11—tetraazacyclotetradeca*&,Eﬁ-diene)-
nickel(TI) perchlorate {&) to the corresponding nickel(TIT) species.On
oxidation a change in geometry occurs frem z square-planar Ki{IT)-species to

a tetragonally distorted octahedral Ni{III)-species,ceontaining weakly co-



ordinated perchlorate ions.Single-crystal 1PR speckroscapy was used to monitor

the structural and electronic changes [22]‘

i
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(3) {6)

2

Puise radiolysis has been used to study the oxidation of 11,13-dimethyl-
1,4,7,10-tetraazacye lotrideca~10,13~dienatonicket (1) diperchlorate {71 in
agquecus solution.Oxidation of Br™ ro Br? in the presence of {7} at low pH
leads Lo the formation of the tervalent complex (8),wirich then decomposes.
However,when the reaction is carried out ar high pil the tervalent complex
(9} is formed.This is followed by an intramnlecular electron transfer to
form a nickel (T1) r-radical complex {10} which dimerizes to pive (11).1n all
cases,oxidation from the +2 to the +3 slate was accompaztied Hv a4 change in

structure fromw sguare—planar to octahedral coordination [23].

H._.H

H§jr/;x;\WrEH3

N N
i \\\V
(") [N/N!\ ———

8y | i _
\N/ Sy

decomposition products




The extent of axial coerdination of chloride Iom in the complex
[Ni(III)L3C1](Cth\2 (La=3"£§E—Me6[14}aneNu) has been examined using e.s.rt.
Even though the steric effects are great 1t has been shown that the macro-
cyclic complex contains two axially coordinated chloride ligands when dis-
solved in a concentrated solution eof chleride ilomns [24].

Benzyldioxocyelam (12) has been prepared and reacted with Ni{Il) in
aqueous solution.Complexation occurs with simultaneous release oi two protons
from the amido groups.A comparison of the redox properties of this complex
and the corresponding cyclam complex (13) was made.The E;I{Ni(Tl)fNi(lII)}
values,calculated from CV profiles,were 0.47V vs SCE and 0.531V vs SCE for the
cyclam and dioxyeyelamato complexes respectively.This differs considerably
from the Cu(TI/I1I) system where the +3 uvxidation state is substantially

stabilized by complexation with dioxyevclam [25].

CHyPh
AN A
NH N NH H
qi\\m///JHN w1\\\////PN
(12) (1)

Nickel(lII) complexes of 3,8-diemne-2,10-dione dioxime (14) with two
axial halide ligands have been prepared by oxidation of the corresponding
Ni(IT)-complex using persulphate zs oxidant.E.s.r and near IR/visible spectra
were used to confirm that the complexes contain nickel in the tervalent
state in an octahedral enviromment.Of Iinterest is the fact that the halide

ligands are labile since the cross-exchange equilibrium
NiBr,L + NiCl,L === 2 NiBr¢lL

is completely established in CH,C1,/CC)1, at -70°C after less than a minute [26] .

/\

# A
(HL)
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OH H
(14)
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Two reaction pathways have been found to take place during the oxidation
of [Ni(Me:[Iﬂ] 4,7-aieneN, 3 ]¥F (15) and [Ni(me, [13]4,7-dlenes 21177 (19)
vging Fe(phen)§+ as oxidant.In solutlons of moderare acidiry the rvares of
oxidation are firsl vrder in cuch reactant.The exidation parhway however
involves hoth oxidation of Ehe metal centre as well as oxidation uf the
i~diiminato ligand [ET].Endivmrt et at have extonded Lihis work and cmamined
the electron transfer reactions lovolvipg Lhe BI(II/1ETY couple in o varielv

- . E 1
of retraaza macrocvelic conplexes [?81‘

///Ni i
NUN MH HN
(13) (163

A single—crystal study of 3, 14-dimethvl-4,7, 10 13-tetranzanexadeca-3, 13-
diene-2,15-dicne dioximato nlckel{T1LI) using EPR speclrometry ez heen
undertaken.The hexadentate llgand coordinates via six nitrogen atoms giving

rise to a pseuydoceclaliedral strocture (17) [29].

1.2.2 Sulphur-doner ligands

interest in the ehemistry of nickel{ITI} compleses containing unsaturated
sulphur denor ligands of the general structure {18) has been maintained . This
is manifested by 4 mumber of crystal srructures,whilch show the comnplexes to
be cgsentially square-planar with (18) aefing as a bidentate lisand.Table |

Tists some of the lmportant structural features of these complexes,
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The Ni{IIT} diethvldithiccarbamare Complex,[xi(N(C(S)UCH CHﬁ).)d]+,
has becn preparced In solurion by oxidation of the cervesponding Ni([T1)-
complex.Cupric and fervic salts were uscd as axidants,while the oxidation

process procceds via a comon monoelectromic process [3Lj.

1.2.3 Mixed-donor 1igands

A unique series of penta-coordimate Ni(1il)-—complexes have beca prepared

using the methad ocvrlined below,

NMe, NMe,

NiX ..__%__.. Jjsz
or V2 X,

NMe, NMe,

X={1,Br1

The crystal structure of Ni{CaHﬁ(CH?HHe?)?—o,O’?1? has been determined.
Tie geometry at Ni has becen described as square—pyramidal,with the Xi aton
displaced approximately 0,34 A out of the basal plane Lowards the apical
T atom.K5R confirms the Mi(i15) oxidarion sctate,in which Uthe unpaired
electron of the low spin d7 system is situasted In the dz’ orbiral[15].

The electrochemical behaviour of [¥i{salen)] €19) has been studicd in
various solvents.The complex can be eilther oxidized or reduced to [Ni(salen}]+
or [Ni{salen)}v respectively,while the cffeet of solvent on the standard
potentials of oxidation and veducrtion have been discussed vsing the donor-

acceptor approach {36 ].

(19}



The hexadentate ligand 1,4,7-triazacyclononane-N,N',K''—triacetate
(TACNTA} reacts with Ni to yield the complex[Ni(TACKTA)}] the structure of
which has been determined (20).The base fragment 9—anEN3 is chiral cnoce
coordinated to the metal ion,giving rise to two possible conformers depending
on whether the acetate groups attach themselves in a clockwise or anti-
clockwise fashionm.Figure (20) depicks the acetate groups attrached in a
clockwise fashion and is more stable than the conformer where the acetate

groups are attached in an anriclockwise manner [37].

O/N

{20}

1.3 NICKEL{TT)

1.3.1 Oxygen—donor ligands

1.3.1.1 Monodentate ligands

N-oxide complexes continue to generate interest. The effect of sub~
stituent in the bonding of varicusly--substituted pyridine N-oxide ligands
with Ni(IT) bas been cxamined by means of U¥/visible spectroscopy. Dg values
obtained for the hexakis complexes [NiL ]?% indicate that the position

of the substituent is a dominant factor [38].

LIGAND Dglem™ )
Pyridine N-oxide 704
4-Picoline N-oxide 794
2-Piceoline N-oxide 785
2-Ethylpyridine N-oxide 781
2,6-Tutidine N-oxide 765

Natural-abundance '70-n.m.r. has been used to measure the rate of

dimethyl sulphoxide exchange with [Ni(dmso)6]2+. The rate constant and
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activatlon parameters were {ound o be low For a purelw dissociat ive
mechanism, and the possihility of octahedral & square-planar equilibrivm is
sugpested [39].

2-Fluoro=>3-nitrpaniline and A-fluoro-2-citroaniline bave been reacted
with variens nickel salta. Alrhoush both ligands sond wia oxvgen in a weno-
dentate fashion, romplexes of varying stricture have bosn ohtaincd depending
@ the 1izand and metal salt used. 2-Fluore-5-nitroant!ine vields the wcta-
hedral complexcs [NiLhX?I (X=CT7, Bv, HO3 ) and [Nin(NKE);], with the latter
containing bridiging KO3 proups. 4=Flooro-Z-nitroaniline vields the oetabedral
complexes [NiLL(NCS))]und [XiLr(NKS)ﬁ]ns woll as the tetrabodral complex
[®iL Br ]-26.0 [40].

Depending vn the pH of the reaction medium, uracil (21 mav coordinate
via a nitrogen or oxygen atom, depending on whethevr ir i1s in o anfonic or
neutral form respectively. lu the neuatral form it has heon found te complex
via the carbonyl oxygen in rhe S=poesitcion, and yiclds hexacvoordinate complexes
uf the type [NiL“(H?U)y]R? {(x=Cl, N0_). Debydrotion of the chloro complex
vields [NilL _Ci n which the ligand is still coerdinated via the sape

3

i i
carbonyl group [41].

I=

(21}

Triflunroacetate has the capability of functloning as a amonodentate or
bidentate ligand as well as an anlon. Reaction of [Me N] XiC1, wirh
4 Ag(CFEUDO) affords the complex [HehNI?[Ni(CFECOU)L]. Intrared data suggest
that the trifluorpacetate groups are bouded 1u g wnidentute manner, while
magnetic data indicate a tetrahedral environmenr for the nickel ion [52].

The reaction ol N(CN)E- and K(CN)E* with N1 oin Liee prescnee ol Lri-
phenylphosphine oxide has been investivaled. Complexes of Lhe type [NiLPXn]
(L=Pb,P0; X=N(CN). or C(CK), ) were obtained,in which 2h P0 coordinates via
oxygen and X via the mitrile nitrogen atoms [43) .

The crystal structure Uf[ NiC!H(CHjﬂU:UH):] s been detormined [ﬁﬁ].

Ly

4

The nickel don is octuledrally voordinated hy twoothane! melecules in
positions, and by tour chloride ivns in a shared manner =0 as to form an

extended zig-zag chain (223



Et0*) (I
[l M/UEf
ul

(22)

1.3.1.2 Bidentate ligands

As is customary, mucli work has been concerned with the study of 3-
diketonate complexes of Wi{II). The kinetics and mechanism of the reaction
of 2-thencoyltrifluorcacetone [45] and 1,1,1-trifluoropentane-2,4-dione [46],
to form mono-complexes with ¥i{IT1), have been studied in aqueous solution.
The kinetic data obtained indicate a mechanism in which the metal ion teacts
exclugively with the enol tautomer of the B-diketone ligands. 1ln addition,
the effect of various mixed aqueous solvents on the equilibrium and formation
constants of Ni(II) with dibenzoylmethane have been studied and compared
with those of the corresponding acetylacetonate complexes. The dibenzoyl-
methane complexes are found to be more stable than the acetylacetonate
conplexes regardless of the solvent used [4?].

Various Ni-3-diketonate complexes have been isolated in the solid state.
Selenoylthienoyimethane (S5TM) reacts in the presence of various bases to form
complexes of the type [Ni(STH)2L21 (L=HZO, pyridine, 3-picoline, 4-picoline).
Thermal treatment of these complexes results in the bis—complex [ Ni(sT) J{48].

A new syntheric route to the direct synthesis of bis-(acetylacetonato)-
nickel(I1)dihydrate, in very high yield, has been developed [49]. The
procedure involives the reaction of [NiD(OH)] with acetvlacetone, which acts

as a reducing and chelating agent:

[wi(iIn)o(o)] + 6 CH,0, =——= 2 [Ni(LI)(CH.0,),] + € 00, + 4 HO

While on the subject of acvetylacetonato complexes, it has been shown that
ethylene car insert into the Ki-C bond of [Ni(acac)(R)(PCyﬂ)] (R=CH3, PCy,=

tricyclohexylphosphine) to give new uickel-alkyl complexes {50].
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a PEy3

A= £t Pe,Bu

The tendency of f-dikctonate-2d-transition netal{IT) complexes to poly-
merize has been veinforced by the determination of the crvstal and molecular
structures of [Niw(acac)“(pyridine)] and [Niy(araa)h(p[peridine}] [s1] .

The Ni atoms are ortahedrally coordinated in both complexcs. Tn addition,
the structure of [Nij(acar]g] has been redetermined.

i=hvdroxy carbonvl and S-hydroxy carbosyliic acid ligands Tave heen the
subject of some study. Formation constant data have been reported for the
complexation of 4-hydrosy-3=-aldehydebiphenvl [52], B-farmyl-7-bvdroxv-4-
methyl-2H-1-benzopyran—Z-one [33], salveylic arcid [54] and irs cstors [59],
and N-(2-hvdraxy-4-nitrodbenzylglyeine [ 536], with Ni{T0). In additivn, the
cquilibria, in agqueous selution, of NI(TI) and feran-Z2-carboxylute has been
studied calorimetricallv. Todivations are that [uran—-2-carboxylate functions
as a bidantate ligand with partlicipation of bet®h carbosvlate and heterocyelic
oxygen in complex formation [57]. Nuclear magneric relaxation has also bheen

used to study the complexation of Ni{1l} with mandelic acid. Moao, bis and

tris complexes ate observed Tn the pH vange O-17 [58] . Apart from rhe saluation
studies, numerous complexes of the above 1igands have been ifselated in the
solid state. Bis-cheTates of Ni([[) with Z2-acetyl- and Z-benzavl-t, -
inzndione have been isolated as tetrabedral complexes in which coordination
occurs via the acyl and the hydroxy] owvgen atoms [59]. The reactlon of
o~hydroxy propiophenone with NI{TI}),in the prescace of guineliae,viclds rhe
mixed ligand complexcs [XiLKQ] {HT.=o-tydroxy propiophconsne: X=C1: Q=quivoline?
and [NiL;Q:], Lhe former being sguare—planar and the latter octahedratl [A0].
Mized ligand complexes containing J-acetyvl-6—wcthyl-2H-pyran=2,4 (3 dione
as primary lipand,and heterooyelic hases as secondary ligands,have also
been synthesized [61]. Ascerbic acid has been complexed to Ni¢lI) in the
presence of various smine acids {62] aad pyridine [632,y]e1ding hexacoardinate
complexes in all instances,

lsotopic lubelling has heoen used in the analvsis of the iufrared spectrum
of Ni{IT)benzilate. The |igand coordinates to the Ni jon via the carbaxyl

and a-hvdroxy oxygen atoms [bﬁ].Uihrariona! apectrascopy has z2lso beon vsed
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to study the nickel complexes of benzoylbenzamide (HL), which farms compounds
of compesition NiL,'2H,0 and Nil,. Wil, has been isclated in a red and green
form, the former of which has been assigned a square-planar structure, while
the latter has been assigned a tetrahedral or distorted tetrabedral structure
[65].
The coordination properties of hydroxamic acid ligands have been studied
in solution and in the solid state. REquilibrium and formation constants for
the complexation of N~phenyl benzehydroxamic acid [66) and N-m-tolyl-p-
methoxybenzohydroxamic acid [67) have bzen obtained in various solvents.
Bis adducts of the general formula [NiLz(HA)zl(HL=uariously—substituted
phenylbenzohydroxamic acid; HA=aliphatic carboxylic acid) have been isolated
[68}. These hexacoordinate complexes atre unusual in that the carboxylic
acids behave as Lewis bases. Both monomeric and polymeric complexes have been
vbserved in solution. In additlion the crystal and molecular structure of
diaqua bis(picolinato K-oxide)}nickel(I1) has been determined. The complex is
hexacoordinate with a trans—octahedral configuration [69] .

Nitrosg-alcohol ligands, in particular ortho-nitroso napthols, are well
known feor their chelating properties. The formation kinetics of Ni{l-nitroso-—
2-napthol-6-sulphonate) (H L) have been reported. Both the acidic (HL™) and
basic (L?7) form of the ligand react with Mi(IT), the latter at a much
faster rate [?0]. 2,4-Dinitrosoresorcinol-6~sulphonate (23) (HQL) reacts
with Ni(Il} to yield the square-planar complex [Ni(HL)?], while 1-hydroxy-
2-nitrose-3,6-disulphonate napthalene (24) (HL) forms two square-planar

complexes, [ NiL(NO,) (H,0)] H,0 and {NiL, ] [71}.

U/H~\0 0,H\
l
- N
|
F 503 S03
Ny, LH
Syg-
(23) (24)

The complexes of Ni{II) with various nitrosolate ligands have been
described. The nitroacetate iom, [02CCHN02]2_, chelates with nickel in the
presence of 2,2'-bipyridine and 1,10-phenanthroline to yield quasi-—octahedral
complexes of the type [NiLBZ] (Lﬂ[DZCCHNOZ]Z_, B=bipy or phen) [72]. The
crystal structures of higﬁnitrosocarbamylcyanomethanido)diaqua nickel{II}
[?3] and dinitro-bis(quincline}nickel(1I) [74] have alsc been determined.

Vitamin B_ (pyridoxine) has been complexed with various nickel salts,

and the resultant coumplexes have been analysed using differential thermo-—
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gravimetric analysis [75}. Pvridox ine {HL) coordinates via the protonared
or deprotonated phenolic group, and the alcohelie group in Lthe (—position.
all the vomplexes are octahedral and censist of ﬁi(HL]{K:‘nH;O (=Ko,

NCS, Br), Ni(HL).{0Ac),-6H,0, Ni(HL)SO,5H.D. NIL,"4H:0 , and

Ni{HL) (L) (OAc) 4.0 [76].

Coordinal ion of nickel by diol-containing ligands thas been stndied by
Misra and co-workers [?7], who have syothesized ternary complexes of the type
[NLLB(H?U)?] (257, [NiLPB] (267, and [NfLBF] (27}, (B= -alaniue and L=cthiane~
diol, propame-1,2-diol, 2-harane-1,4-diol, pentane-2,5-diel or hexanc-1,6-—
diol).The complexes ali exbibit octahedral geometry as indicated by spoctro-

SCOPY .

R_-? HO_R Q== //Nkb
EH
CH3

(253 (26) (27)

2,2'-Diphenyienedloxy-di-lithium (L} rescts with NiCl in wmethanol to
yield the highly reactive peolymevic octahedral complex NiL'ECHQQH, which
reacts with a wvariety of bases. Complexes that have been Isolated are
[NiL(pipy}.). [NiL(Ph.P)(CH,0H)], [Wil(pyridine),] and [Nit(Fe.x},] [78].

while on the subject of polyvmeric cowmplexes, d—methoxy— and Ad—octhoxy—
benzefuro[B,E—d]pyrimidine reacl with KiC1, to yield pelymeric complexes
of the type Nilul?'HEO(L=nub5LituLed benzufuro[3,E—d]pyrimidiue), Magnetle
and spectroscoplc data indicate that coordination of L eccurs via the
methoxy/ethoxy and furan oxymen atoms, and that the structure 1s esseatially
octahadral wirh the chloride ifons functioning as bridging groups [79].

Finally, a conformational study of the NI(LL)-phuthalic ncid complex

13, . . .-
has been reported. ''C paramapnetic relawation rates, contact shifts and
INDO calculations have been used to determine the conformation , in which

the Ni-0 distance is cstimated to he 2.1 A [80].
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1.3.1.3 Polydentate ligands

Folie acid and 7,8-dihydrofolic acid may functiom as dibasic or tribasic
ligands, depending on the quantity of hase used during complexation. Both
tigands appear to function in a tetradentate fashion when dibasic, and in

a tridentate manner whem tribasic [81].

KOH H,L
Ni(11) ¢ Bl ——— [MD] K, [FiL,]

1:3

17
o K, [nirz]

( H,L. = folic or 7,8-dihydrofotic acid; H7 = glycine )

1.3.2 Sulphur- and Selenium-donor ligands

1.3.2,1 Monodentate ligands

2-Amino—6-methylbenzothiazole and 2-amino-6-chlorobenzothiazole {28)
function as moncdentate $-donor ligands when coordinating to Ki{I1). Square-
planar complexes of the type [NiL?X?}(L= substituted amincbenzothiszole)
are obtained when ¥X= C17, %0, and NC37, while tetrahedral complexes of the
type [NiLJi]X2 are formed when X is C10,7. Coordination via the ring sulphur
has been verified by a shift of 15 em™! in wC-% on complexatien [82].
Imidazol idene—2-thiona (29) , which is less sterically imposing, reacts

with ¥ix, (X= Cl, Br), vielding the hexacoordinate complexes, [NiL“X?] [87] .

& NH
NH
R\{:::::i:[::s 2 H’J““S

R= Cﬂgﬁt
(28) (29)
Various thiourea ligands have been used in the synthesis of mixed ligand
complexes. A serics of complexes, [NiQELQ](HQ= cthylacetoacetate; L= thiourea,
allyl-, benzoyl-, methvyl-, and diphenylthigurea) have becn prepared. The

complexes are all paramagnetic (1:= 3.02-3.27 Bm} and have been assigned
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trans-octahedral structures [84]. In additlen, the dianionic complexes
[NiL,(¥CS)X ] (L= thiourea, o-tolylthiourea; X=C1~, KO,”) ard CRIL (A0S X]
(L= o-chlorophenylthivurea; X=0¢1", NUA") have been synthweslzed. The former

compl exes are hinucltear with Uhiovyanate bridges, while the Tatrer complexes

are hexacoordinate monomers [85}.

1.3.2.2 Bidentate ligands

Interest in the complexation of dithiocarbamates with nickel remaius
sustained, and recent new complexes are listed in table 2. A striking feature
iz that the ceoordination geometry of Lhe welul ilon 1s square—planar, regard-
less of the number of dithiocarbamate and other ligands present in the comples.

The synthetic utility and peteutial of trithiovarbonate metal complexcs
has been investigated [QZ—Q&]. Sodium trithiccarbonate reacts with Ni{({1} in
the presence of 1,1,l-tris(diphenvlplosphinoncthyl)atbane (tppme) to vield
the diamagnetic complex [Ni{tppme) (S, CS)] (30}. -"—Coordination of the cri-
thiocarbanato ion te the metal ion generates btwo active sites, namely the
nnceordinated sulphur atom which is susceptible to alectraphilie attack,
and the carbon atom which 1s susceptible to nucleophiliec atlacx. The former
is cxemplified by reaction of (30) with Ni(H;0)5?+ in the prescoee of tppme
to vield [Ni?(tppme):(:—CSK]]2+ (31 , while the latter is cxemplified by the
reaction of {30) with CH, 50,F, {olloved by reaction with NH([JH:CHEJ‘ to vield

the complex [Ni{tppme) 5 CN{CECH,} ] (32).

P
Ni(HZOIZ(:F + tppme o \N < C/S\ /P
[~ 5 il
o’ N A 5
S {31}
P>N|/ s
SN/
S
(30
oA S |
M

\ N/ oY
L VS (Hy| ————= NOV-NEt
CHS5F \S;‘/ 3| NHICH,CHy, AN NEf J

(32)

The synthetic versatility of these complexes is further cmphasized by the

reaction of (30) with [U(qLC;HH)Q],whinh leads tu the formation of the X¥i{0)
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complex [Ni(tppme)(q?-CS?)}, wihile the reduction of (32} with Naidl, affoerds
the Ni(I) complex [Ni(tppme)(SHﬂ .

The infrared spectra of Ni-dithlooxamide copplexes have heen stodied in
great detail. Nix? {X=C1, 87, 1} reacts with plunar dithilvoxamnide licinds
in acid medium to vield the sguare-planar complexes [NL(H?L)fXT](H£L=dithiU—
oxamide, N-alkyl- or N,N'-alkyldithiooxanide). The ligands coordinate in a
hidentate fashion with §,S5-cocerdination, usually found in dithiolato complexes
[93]).

While on the subject of dithiolate complexes, o new two-dimensional,
mixed valence vompound, devived from a nickel bis-dithiolate complex nas been
svnthesized [96]. The highly conducting,electvocrystallized, mixed valence
complex [NiL, NBu, ], -, (HL= 4,5-dimcrcapto-1,3-dithiela-2-thione) (33) is
Interesting in that it shows an unusual two-dimensional structure, witich is

esirable to counter the Peierl's transicion effect.
desirable ¢t t the 1 1's t t ffeet

Lo

31

Variations on the dithiolate theme have manifested themselves In the form
of some Interesting crystal structorcs. The crvystal structute of rhe Ni(T1}-
chelate of trithionedithiolate hag been determined. As especrted the

[Ni(czss)j

and 2.179(5) A respectively [9?].

(34) anion is planar with Lhe two Ki-% dislances beling 20197440

/TN . S
1
e
(343

Direcr- and alternating-carrent voltemmetry have been used te study the

electrochemical behaviour uf a ramge of voriously-substituted planav bis-



(dithio-3-diketonate} complexes [Ni(SQCSRHR')z]. The complexes exhibit two
succesive one-electron reductions, with the reduction potentials being
dependant on the substituent present. Comparison with the isostructural
diketonates reveals that these complexes are more difficult to reduce than
their dithic—analogues [ 98). Dithic Ni{TT}-chelates have alsc been used as
precursors to highly active olefin oligomerization catalyscs. The complexes
reported are [Ni(L}(PRa)X] (AL= variously-substituted 4ithio-3-diketonate;

= alkyl or aryl; X= halide). These complexes form extremely active catalysts
under mild conditions, when activated by a suitable co-catalyst, such as
alkylaluminium haiide [ 99].

The Hi(ll} complexes of varipusly substituted dithiophosphonic acids
have been investigated by vapour pressure osmometry and p-n.m.r. spectro-
scopy. Coordinatien peolymers of the cyvpe [SZP(R)—R'-{R)PszNi]m are formed
when R'= p-(C_H

an equilibrium in solution, consisting of ansa-type and polymeric complexes,

is found (3%) [100].

),C.H, . Howevaer, when R'= o—~(C_H,JC.H, and o-(C H).C.H, |

B

R

(CHQ]nT

5. S S, At S
AUN TN ~_/ )l ~
" R’/P\s)h\sj\n - N >p\

S R R < m
n=b-1

{35)

A novel method of anchering nickel complexes within Zeolite cages,
using bis{dialkyldithiophosphato)nickel (IT) complexes, has been developed.
The reaction involves the interaction of the above complexes with the basic
AlD, sites in the Zeolite system, with the possibility of a "phosphonium~
like" intermediate [101]}.

Finally, the mixed S,Se—donor complex,bis(1,1-diethyl-3-seclenobenzayl-
thicureato)nickel(1I), has been prepared by the reaction of Ni{ITYacetate
with N-{diethylaminothiocarbonyl)benzimide chloride in the presence of

sodium hydrogenselenide [102].

1.3.2.3 Polydentate ligands

1,4,7-Trithiacyclononane, a novel tridentate thicether ligand, has been
complexed with Ni(I1). The resultant complex,[NiL?](BFH)2 , has been charac~
terized by single-crystal X-ray methods. The nickel ion occupies a slightly
distorted octahedral environment of sulphut atoms provided by two facially

coordinating thicether }igands (36) [103].

23
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Ni
{S\\S
XS T
e
C
{36)

In conclusion, the tetradentate ligand, piperazine bis(dithiocarbamatel,
reacts with Ni(Ll) to form a polymeric romplex [¥iL], . in which the dithie-
carbamate ligand acts as a bridging moeity. The coordinatiou geometry 1s
square-planar, with coordination vecurring via the sulphur atoms of Che

€3~ groups [104].

1.3.3 Nitrogen-donor ligunds

1.3.3.1 M¥onodentate ]ligands

Pyridine and i1fs substituted analogues constitute the most widely used
monodentale N-donor ligands found in nickel{I1) complexes. Table 3 gives
a brief summary of some pyvridine-containing complexcs.

The reaction of pyridine and substituted pyridines with N[(NUS}? has
penerated much interect [103 - 111]. bBifferent coordinat ivn geaneries
have been cbipined depending on the substituent and the reaction conditions
employed. 0Of inlLerest are the complexes, trans—[Ni(NCS)?Ln] and trans-
[Ni{NCS),LZLéI (L= t~mecthylpyridine, L'= d-phenylpvridine), both of which are
clathrates. The crystal structurcs of both complexes have been determined,
revealing that the former complex is host to methyl cellgsolve, while the
latter is host to Efcymene[lUQ].

The ef{ect ol temperature on the reacLion between 4-methvipyridine and
Ni(NC5), has been studied [111]. When the reaction is rarricd our ar a low
temperaturc, EEEEE‘[Ni(NUSJan] is obtained, ss manifested by a single
infrared active band at 2070 cm”-. However, when the reaction is carried out

at 55-60°C, three infrared bands at 2060, 2070 and 2120 cm™ ' respectively
are observed. The latter complex, having Lhe same compoasition as trans-
[Ni(NCS)EL“]has been assigned the molecular structure, [Ni(NCS)2L3]-L , in

which a pyridipe Tigand has left the coordination sphere. Complexes having a
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similar compusition have been isolated by other workers [108] .

In addition te the above, pyridine complexes vontaining axide [ 107], aud
formato [112] ions as bridsing moeities have been prepared. The complexes
nave the general formu]a,[ﬁiﬁrh?] (f= N.7 or CH,0.73 L= pyridine ar substi-
tuted pyridine}, and are octahedral with the pyridine ligands occupying the
trang—axial positiona.

Siddigi et al have synthesized the tetragonally distorted complexes,trans-
[Ni(SOECl):LH] (L= pyridine, acetonitrile, pyridine N-oxide). Tn cach case
the chlorosulpbate ion functions in a unidentare C[ashion occupying trans-
axial pesitions [113]. The related complex, trans—[Ni(HﬁO)pLJ(PFa)-QL (L=
pyridine) (37),is unusual in that two pyridine molecules are strongly
associated, via hydrogen booding, with the fwo coordinaced water molecules

(-OH.--- EC H, =2.718 &), as can be seen from the vrystal strocture [1]&].

~
- -
~ g
2
* -

N/

‘0 ——N—~0

(7

‘H-n.m.t. spin dynamics have been used to study the cls == trans inter-
conversion of the complexes [NiLﬂ(07CR),} (L= 3-methyl-, 4-methyl- and 4-
ethylpyridine; R= CF,, CF 1, CFH , C F_ and C ¥, Y. The mechanism (s depen-
dent on the carboxylate ligand, and varies from associative tg dissaciative,
in the scquence R= CF?<CFEH<:CFH:ACC?F;I<C5F?. Lsomerism in the rolated
[}{iLq(OECR)} complexes, where the O0,CR Iigands are monodentate, was also
studied and a more facile dissoriative procnss was observed [(13]. In contrast,

a purcly dissoclative mechanism was found for the complexation of isoquinaline

with Xi(I1) in various solvents [11¢].
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lmidazole and imidazole-type ligands have bheen used extensively in the
formation of Ni(TII) complexes. Cyanato nickel{II) complexes containing var-—
ious substituted imidazoles have beoen prepared. These complexes vary in
structure from trans-[Ni(NCO) L ] (L= imidazole, 2-methyl-~ and 2-ethylimid-
azcle) to trans-[Ni(NCO) L (R 0}, ](L= 1,2~dimethylimidazole), probably due to
steric effects [117]. The steric effects of substituted imidazoles are
further highlighted by a series of complexes,[Ni(pnf)?Lz]and [Ni(pnf)QLQ(HQOﬂ
(pnf= substituted phenclate; L= substituted imidazcle), in which enly two
imidazole ligands coordinate [118]. 1n addition, the crystal structurc of
EEEEET[Ni(NCS)uLzl (L= 3-{2-aminoethyl}imidazole-N?) has been determined. The
complex 1s remarkable in that only twe imidazole ligands coeordinate in a
menodentate fashion, cven though three coordination sites per ligand are
available [119]. The effect of steric hindrance is exemplified in the
extreme by the complexation of luphine (lophine= 2,4,5-triphenylimidazole)
with Ri{II) perchlorate. The resultant complex, characterized spectro-
scopically, has been assipned a dimeric structure, [(HZO)SNi(L)Ni(OHz)Sl s
in which a single lophine ligand coordinatas im a bridging manner [120].

The interaccion of 2,4(or 7})-dimethylbenzimidazole (38) with Ni(II) has
been studied potentiometrically. The resultant complexes are less stable
than their corresponding imidazole analogues. This instability has been
assigned to the steric hindrance offered by the benzene ving [121].
A similar ligand, 2-methyl-5-nitrebenzimidazele (3%), reacts with FI halides
yielding [XiL?CIZ]'H;O and {NiLzﬁrJ respectively, lThese complexes, although
appearing similar, are gquite different. The chlero complex is six -coordinate
with bridging chloride moieties, while the bromo complex is four-coordinate
with tetrahedral geometry [122]. In contrast, 3,4-dihvdro~1-phenyl-18-{1,4]-
oxazinol[4,3-a]benzimidazole (40) reacts with a variety of mickel salts
yielding complexes of the type [NiL,X,] (X= €17 ,Br~,NO ~,NCS7). These com-
plexes are all essentlally tetrahedral, with the exceptilon of the thio-

cyanato analogue, which is square-planar [123].

L, SO, T
Lo, S, T
e

(38) (39 (40)

Hs
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Pyvrazole and tetrazote complexes have e licited sowme interes!, The far
infrared spectrum of [NiSOuLT} (I.= pvrazole) has been examined. The conplex
bas the unusual feature of 501:_ funclioning as a bidentate ligand. as well
as exhibiting strong hvdropgen bonding with the ceordinarcd pyrazele roleoculbes
[i?&]. The hexakis compiones. [kar](HFh}; (.- pyrazole [125] and  Z-metnvl-
tetrazole [126], Lave been prepaved and characterized uvsing single—crvstal
X-ruy analysis. Bath complexes cxhibit an alzost perfect ootahedral avreav
ol ligands coordinated (o the Ni{Il) don. [n addition, syrazine carbovamide
reaets wilh tiae appropriate nickel salt, vielding the tetrakis complexes
izgﬂﬁ—[NiLhX?] (L= pyvrazine carboxamide; X= (1, Br, T, NG5 1} [IE?]‘

3,7 Dimethyl 1,2,5 triazole 1,3=a pyrimidiac (A1) resers witis NI(NOS).
in agueous solution to foru [Ni(NCS)1(H;0]:L3] {L= 41}, lhe vaaples has a
distorted octahedral geometry in whicl the pyrimidine ligunds ave Lrans to

cach other, while Lhe thivevanate and wvater ligands are ols. it was alsao

shown that {41) has a vlear preferance lor covrdination throusl {30 [128].

The svnthesis and crystal structure of rthe Ni{il)=aoecharin complox.,
[Ni(H:D)LLP] (HL= saccharin}, has been described. Saceharin, being a bulky
ligand, coordinates in the trans—axial positions, while the Four water
Tigands occupy Lhe square of the planc. Contrary to earlier speculation
about the bonding, it bas been shown that each saccharinate anion coordipates
via nitregen ( average Ni-N distance of 2.134¢10 ; Yyand not o via the carbonyl
oxygen atom [129].

Variens aspects of the chemistry of Ki{lid-nitro complexces have heen
eramined. Tiggis ct al have studied the eleclran distribution [I%H} and
covalent bondiag _131] ip EIﬂfo[xi(Nszq(NO,}J‘ M addition, Ui asveen
atom transfer regctions to €U af the nickel-nitro complexes, [Ni(NU_);l:]

(L= phosphine) [132] and (5530, 3 (S.0NERY (PBUDY) (k= alkel) {133, have
heen analysed using infrarcd and “P=n.m.r. Speclroscapy .
lazoate reacts with t:ip%—C;Hh)(PPhi)tl] ta

yicld [Ni(f‘CEHEJ(PPhﬁ)(ONFCEHLNO;—Q)], wnich gppears to be the first

Sodium anti-p-niirobenzene

authenticated example of an arcnediazato cemplex. The ervatal arrncture
reveals that the arcnediazato ligand was an anti configueration and Is

voordinared to nickel via 8(1) in a monohapte fasnion (42). The voordination



geometry of the Ni{II} ion is essentially planar with Ni-N{1)='1.901(4),

Ni-F = 2.166(1), Ni-C (cyclopentadienyll= 2.103(6}-2.187(7), and Ni---0Q(1) =
[+]

2.784(4) A [134].

.

0
k. Ni

Nz \PPhB
ND,

(42)

In conclusion, hydrazinium complexes of the formula (Nsz)zNi(CEU ), nH,0

I
{n= 3, 2, 1) have been prepared,and their spectral, magnetic, and thermal
properties investigated [135), while the complex [ NilcCl,) (L= K-methyl-
bipvridine) has been proposed as a model for the intermediate formed during

chelation of 2,2'-bipyridine {136].

1.3.3.2 Bidentate 1igands

Ligands containing twe nitrogen atoms have the ability to chelate or
bridge, depending on the location and geomettrical enviroament of the donor
atoms. In this discussion, the chelating ligands are discussed first, foll-
owed by those that bridge.

The most widely stndied bidentate nitrogen ligand is probably ethylene-—
diamine (en), and its substituted analogues. Although most of the present
work is concerned with the svathesis of mixed~ligand complexes of nickel{II)
(see table 4 ), it is interesting to note that the structure of [Ni(en}s]sou
has been determined at 110 K , in the presence of twinning. A reversible
phase change has been observed during cooling, whereupon the crystal symmn—
etry is lowered from Jm to 3, with twinning and superposition of the nen-
equivalent bkl and khl reflections cccuring [137]. In addition to the above
solid state work, the kinetics of chelate ring opening in Ni{em)®¥, catalyzed
by hvdrogen phosphate, has been studied. The rate of dissociation is First
crder in the nickel complex and depends upon the aclidity and phosphate
concentration [138].

Substituted ethylencdiamine ligands have the added interest of steric
interactions. N,N-diethyletbylenediamine reacts with Ni(NC5) yielding

[NiL?(NCS)7] (L= NH,C,M,N(C_H;}.). The complex is all-trans, with significant
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distortion due to beot Ni-NCS coordination, short Ni-NH, bonds (2.081 ;),
and long Ni~(02H5)2 honds (2.304 i) [1&3]. Eii(gjaminobenzenesulphonyl)—
ethylenediamine (HEL} reacts with NiCl, in alcoholic KOH to give the octa-
hedral complex KZ[NiLQ(H?O):], in which the NH, groups do not participate
in coordination [144]. In addition, a potentiometric study of the complex—
ation of N'-iscpropyl-2-methyt—1,2-propanediamine with Ki(Il) has heen
undertaken in aqueous perchlorate selution. Both the mono and bis complexes

were observed, while the absence of the tris complex indicates the steric

limitation of the ligand [145].
Tetramethylethylenediamine {tmen) and 2,2'-bipyridine have been used
as stabilizing ligands in Lhe oxidatlive coupling of CO, and olefins [146-148],

CO, and azawlefins [1&9], CC, and alkynes [150—152], and alkynes and iso-

4
cyanates [153]. Reaction takes place in the presence of electron-rich Ni(Q)
centres (e.g, Ni(tmen), and Ni¢bipy), ). and yields novel nickela(II) hetero-
cycles of the general formula [NiLG) (T= tmen, bipy; Q= cyclic ligand formed
in reaction), In which Ni-C, Ni—-0 and Ni-N bonds are present. Analagous
nickela{ll} cycloalkane complexes have been obtained when the ¥i{0) centres
are reacted with organic dihalides [154] and methylcycloptopane [155].

o-Aminobenzylamine reacts with Nixz {X= Cl, Br) to yield a variety of
complexes with metal:ligand ratigs of 1:71, 1:2, 1:3, Aceording to spectro-
scopic evidence, the complexes [NiLKEJ(L= o-aminobenzylamine) are tetra-
hedral, while the complexes [NiL?XZJ and [SiLa]Kz are octahedral, Tn
additicn, an insoluble complex [Ni?L3C1L] was also isolated. Indications are
that this complex is octahedral and may involwve ligand and chloro bridging
moieties [156).

The complexation of the isomers of 1,2-dicyanc-1,2-cyclohexanediamine
with Wi{IT) has been investigated. Only the trans isomer complexes to yield

the suggested six-coordinate complex [Nil,X,] {43) as shown below {157].

43

The erystal structure of bis(1,4-diazacyeloheptanelnickel{TT)chloride
dihydrate is of interesc since it is possible for rthe seven membered cyclic
diamine ligand te coordinate in three different ways viz. the cis form {44),
the trans form with the carbon chains pointing away from the metal ion (45),

and the trans form with the three carbon chains pointing towards the metal

J1
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ion (46). The c¢rvstal structure roveals that (43) exists in Lhe solid state,
and that octahedral coogrdinalien is prevented by steric hindrance of the

axial sites by the hydrogen—varbon backhone of the ligand [158] .

N/ ‘\N / \. / _\
SN W < S
X/ . ,N\7 </N\ ,\] ‘k/ \,\N
{44y (45} (46

Dioxime ligands have heen used extensively to complex with N{{T1} salts.
tlhanedioldioxime reacts with anhydrous NiX_, (X= Cl, Br) in non-agqueous
medium to yield the mono adduct [NiLK:] (L= ethancdioldioxime). These
complexes are diamagnetic having square-planar geometry [159].

Many his complexes bhave been synthesized using the basic dioxnime frame-
wark to which various adducts have been attached. Sixteen Ni-comples pig-
ment derivatives of 2,3-~dioximes of arylides wf 2,3-dioxobutyric acid have
been synthesized [160], while the structure of P}ﬁikiﬁﬁdiethyJEMiHOngyOXi"
mato) nickel(1I), which also has square-planar geometry, has been determined
[161] . Bekdrogln et al have synthesized a mumber of Ni(IT)-dioxime compleses.
They have reacted 5,6—dihydrocyclopent[f,g}acenphthylbna—1,2“di0ne dioxime
(L) with NiCl, to yield the square-planar complex [NLLE]E162]. ln addition,
they have examined the stereoisomers of the nickel complex of 1,%-diphenvl-

2-thioxo-4,5-bist{hydroxyimino) —imidazoline. Both the anti and amphi forms

were separated and their structures identified spactroscapically. A mechianism
for the interconversion of the two forms is suggested [161}. Thev have also
synthegized a series of substituted amine and diamineglyoximes vf general

formula (477, (48) and (49). Ligands (47) aud (48) coordinate via the oxime

? Z 0OH
H OH Hi OH
y >—<
> p ol W 3 pu e

HON H HON PH
R

R = phanyl, 1-napthyl,
2-napthyl, R=1-napthyl, 2-napthy
&-amina-17-hiphenyl

{(47) (a8) {49}



groups to yield monomeric square-planar complexes [NiLz], while ligand (49}
vields square-planar polymeric complexes of the type [NiLP]n [164].

a-Hydroxylamino-oximes (HEL) react with Ni{IT) vielding the inner—comp-
lex compounds [Ni(HL}, ] (50). These complexes have been dehydrogenated re—
sulting in complexes of the type [NiLZJ (51}. Magnetic and spectroscopic
measurements indicate that both types of complex have square-planar geometry,
and that the ligands in the latter complexes exist as aminyl {(nitrosyl)

radicals [165].

Jor o H

ot Tt

‘0---H (}---HU

(50) (51)

Pyridine=2=amidoxime (HL} reacts in its free form with wvarious nickel
salts yielding pseudooctahedral complexes of general formula [Ni(HL)XF]
(X=¢c17, Br, NOJ_, €10,” ). The lipand coordinates via the nitrogen atoms
cf the pyridine ring and the oxime group. In its deprotonated form, the
ligand complexes tu form the square-planar complex [NiL(OH)(Hzoﬂ {166] .

Diacety lhydrazone~oxime reacts with NiCl2 in absolute alcohol, resulting
in the octahedral bis-oxime complex gigf[Nichl;]. Coordination occurs via
the nitrogen atoms of the oxime groups, with two chlorine atoms occupying
the fifth and sixth ceoordination sites in a cis configuration as determined
in the crystal structure [167].

The effect of bulky substituents on structure is demonstrated in the
complex bis[ N-methyl-1-(methylamino)-9-phenalencaminato]nickel(II). The
crystal structure shows distorted tetrabedral geometry for the nickel atom,
with the two planar ligands perpendicular to each other [168].

Positive ion electron—impact mass spectrometry has been used to study
the nickel complexes forméd with dimethylglyoxime, diphenylglyoxime, and
a-furildiexime. The molecular ions were found to be very stable and a full
analysis of the somewhat complicated spectra was done [169].

Ancther interesting analytical technique, laser Raman spectroscopy, has
been used in the study of nickel a-diimine complexes. Tr was found that

Raman spectroscopy is a sensitive technique for accurately determining

the imine stretching frequency in u—-diimine complexes of the type [NiLg](PFB)2

(L= u-diimine ligand) [170].
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Hydrazine and in particular substituted azines have been vsed exten-—
sively as iigands In the formation of nickel(il} complexcs. An lmmersion
analvsis of the reaction products jn the reaction of [Ni(C?OIJ(EIOJ:] with
N.H. shows thal the complexes [Ni(CTO;)(X;H_)n] {n~ 1,2,7 } were Vormed,
with hydrazine being added via a topechemicatl rechanism [1?1]. Hydrazinium
hydraridocarboxylate, XrESCUUNhH? , has been reacted with varions metals.
Reaction wich Xi{I17T) vields the complesx N¢H:[Ni(N_H1CUO}F]'H_O, whiich
exhiibies a Ni-N stretching frequency of 413 ca™? in its infrared smectrom

Hexacoordinate complexes of NI(TT) containing substiluled Bydrazine
ligands have been svnthesized by Sahs and Mallick [173), Rana and Shah [I?&],
Rai Eﬁ_ﬂlit?al’ and Narans and Duhey{]?ﬁ}, while tetracoordinate conpleses
lave been prepaved by Mishra ct al [177.178]), Kvilko et al [17¢), Tipunova

et

al [_ISO]and Pokhodenko et al [ISI] . The hexaceordinate complexes are
mostly octabedral containing aone or rwo azine ligands, while the retra-
coordinate vomplexes are planar, with the exception of {NiL:I {I.- 3-amino-
I-methyl-1-pheny1-4-[{pheavlaminetmethy ] pyrazole) [179], wivich has a tetra-
hedral structure.

A& series of Schiff bases, produced by Lhe cendensation of 2-pyrolidene
with aromatic anines (32}, has been veacvted with NiS0, -2H 0. YThe resultant
complexes are square-planar, with coordination occurringvia the NH and
arxoweliine groups [182].
h—H,

¢ |
H:)C (=N R= W, a—, »—, p-I#
\TQ/

H
(52)

The reaction of NI€l, with Z-(2'-pyridyl)phenylacetonitrite in ise-
propancl has been studicd. Of intercst 1s the fact that e arctonitrile
carbon atom is5 activuiad during coordination and reacts with solvent to
form an azomethine group, as szhown below [ISﬁ .

Nicl, + L — [yicl.1) A-propano] NN

L = @—@ L= @—@

CH
| z ¢ *
CN =Kk

{
{Enq!{:»!u/
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The chemistry and structural elucidation of nickel tetraazadiene complexes
have been studied in great detail. The complexes.[Ni(R?Nk)g] (R= arvl group),
have been prepared by the reaction of 935(1,S-CycLooctadiene)nickel, or of
bis(eyelopentadienylinickel with the aryl azides, R-N, {(R= 4-MeC H_, 4-MeO-
C.H, , 4-CIC,H,, 3,5-Me.C.H)) [184—18?]. The crystal structures of bis-

1,6-bis(3,3-dimethylphenyl)tetraazabutadiene nickel [184]and 1,4-bis-
(L-tolyl)tetraazabutadiene {(cyelopentadienyl¥nickel [185] have been determined.
The [ormer complex has pseudooctahedral geometry with two planar RN, ligands
perpendicular to each other, while the latter has a planar NiN, ring, with
the aryl substituents twisted 45° out of this plane. Finally, the Ki(IT)/azide
system has been studled potentiometrically , with the observation that a bi-
nuclear Ni2N33+ species coexists with the monocazide NiN,% species at high
nickel concentration [188].

Various 5,7-dihalo-8-aminoquinolinge ligands have been complexed with
Ni(T1}. The ligands coordinatc wvia the amine and quinoline nitrogen atoms to
form both monomeric and palymeric complexes, depending on the ligand and the
nickel salt used. Monomeric octahedral structures bave been assigned to
[NiLEXA] (L= 5,7-dibromo-8-aminoquinoline: X= Cl, Br, T, NCS), whereas poly-
meric structures have been proposed for the complexes [NiLz(NOBJZ](L= 5,7-
dihalo-B-aminoquincline) and [NiLCI J-H O (129] . in addition, the coordination
properties of 8-quinalinylmonocethylorthophosphate have been cxamined [190].

In a series examining the metal complexes of pyrimidine-derived ligands,
3,5-dimethyl-1-(4",6"'-dimethy1-2"—pyrimidyl)pyrazole (33), a potential anti-
tumour agent, has been veacted with NiX, (X= I, ClOL_, BFh_). The resulting
tris complexes have the composition [NiLa]X: with coordinationeccurring via
N{1} and either N(1'} or ¥(3'} (see 53} [I9I]. In a similar series, the
transition metal complexes of 6-methyl-2-aminobenzothiazole (54), have been
studicd.  The ligand functions in a bidentate and moncodentate fashion giving

rise to the two series of complexes,[NiL X Jand[wiL X ](x= I", NCS , 0Ac™)

‘[H3

[ 1

Lt |
Y HC S NH,

|
H3CQ\EH3 0

(33)

The reaction of [Ni(SO?)z]fAsFr)? with R:SiNSOF2 in liquid 50, , yields

respectively [192).

the bis(imidodif luorosulphate) complex [Xi(NSOF2)2] . An interesting inter-—
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mediate, [Ni(SOﬂ)“{AsF“(KSOF:}AE\] , was lsolated during the reaction., The
crystal scrncture confirms an octahedral eanfiguration with an unusual bi-

dentate nitrogen=donor ligand {35} [193].

{537

Azoles represent a class of ligand which, avart from their ability to
act as monodentate ligands, have the zbility to functlon as bridging Tigands,
1,2, 4~Triazole, 3~awminotctrazele and 4-n-butvl-34H-1,2. 4-rriazole have been
redcted with XiCl, , yielding the polymeric complexes,[NiL?tlJ[1qﬁi. (virer .
{195] and [NiLQC1?][19&}, respectively. In addition, S-nltrobcnzimidazole
reacts with Ni(OAc)T in the presence of bhaze, o yield fhe polymeric octa-
hedral cumplex [NiL?(H¢O)?] [T97]. The azole ligand funcrions as the bridging

moelty 1n all of the above complexes.

1.3.3.3 Tolydentate lipgands

2, h-Diacetylpyridine dioxime (36} coordinates to NI{LI) in a rridentate
fashion, giving rise te a wvarlety of coordination prometries, depending on
the nickel salt used. The mono conplexes [NiLX?} {L= 30) are pentaceordinate
whin X= C]a, Br_, 1_, and hexacoardinate when X= NCS . NCSO_, NUﬂ_, whoreas
the bis complexes {Ni]'_:])(_‘ all iovelve vctahedral voordination [198]. A
similar Tigand, 2-(x-pyvridvimethyl) imino=3-butanone oxime (37} vields acra-
hedral complexes of the type Nil. X. (X= Br, 17, NG5, N0 ~, Cla ") [194].

Potassium hydrotris(1-indazolvllborute (58) reacts with NiCl. , wielding
the ionic complex [NilL]Jcl (L= 38), in which {38) functions as a pepative
tridentate ligand. Infrared spectroscopy sugpests that cosrdinatlen ocours
via both the pyridyl and pyrrole nitropen atoms, while the magnetiv moment

ig glightly lower than that expected for octahedral cooedination [EGUJ.
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The effect of ring size on the kinetics of rernary complex formation at
Ni(TT) has been investipated. Stopped-flow and temperature jump relaxation
methods were used to measure the rate constants for the formation and diss-
ociation in aqueous solution of the ternaty complexes Yi{L (L= diethylene-
triamine, ethyvlenepropylenetriamine, dipropylenetriamine) with L' (L'= 2,2'-
bipyridine, pyridine-2-azo-p-dimethylaniline, 5-nitrosalicylic acid, 8-
quinclinol) [201]. Tn addition, petentiometric techniques have been used to
study the complexation of 1,1,1—EEEEKN—methylaminomethyl)ethane with X1{II).
The chemical model that was found to fit the experimental data best involved
the formation of a single complex, [NiL,]2* [202].

Iripod ligands and their metal complexes have generated much Interest
recently. The tetradentate ligand, tris(3,5-dimethyl-1-pyrazolylethyl)amine
(59), has beon reacted with Ni{Il). Distortional isomerism has been abserved

for the penlacoordinate complex cation [NiBrL](BPhk)(L=59) via the X-ray

analysis of the two compcunds,[NiBrL](BPhh]‘CEHSOH and [NiBrL](BPhH)‘(CH?)?CO.

The two iscmers have trigonal bipyramidal and squarc-based pyramidal
structures respectively [203].
(H,
- H
Nt CHyCH—N
W, 13
(59)

a7
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Tn addition, the X-ray cryvstal structure of [NiL(NCS)ﬁ], where 1= 2,27, 24"~
triaminotriethvlamine, has Seen redeternined. Quasi-octahedral coordindt lon
is observed with average NI-N{L) aud NL-NC5 bond leapths of 2,12 and .09 A
respectively [204].

Two tetramioes, 2,3:10,11-dibonzo~1,5,8, 12-terraazadodecane (603 aad
3,4:9,10-dibenzo-1,3,8,12-retrnazadodecane {61), have been synthesized and

reacled wilth Vl(\LQ) Both ligands form octahedral complexes,[NiL(NC?),].

i : SN
NH HN NH HN
N N N N
H, H, H H

(60} {61}

The swnthesis and complex formution of bis(2,2'-picolinvylamincethiyl)-
sulphide has been investigated. The polentianliy pentadentate ligand functiors
as a tetrudentate ligand Lo form the comples [ NiL(H,0Y.) (82) ia wihich

coordination accurs via the pyridyl and amide nirragen aroms {208).

N
(CH,), (CHy),
H\ o, /H

\E/ \\I

S N/'\\N SN
| OH,
A

{&2)

Octaethyl-21H,248-bilin-1, 19-dione (63}, a lincar tetrapyrrole,compleres
with NI{T1) to wield a 1:1 conplex, the crystal structure of which has been
determined. The nickel atom id coordinuted to four pyrrole aifrogen atoms
in a severcly distorted sguarc-planar arrangement, whiile the bilindione

livand has a helical conformation [20?].
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1.3.4 Phosphorous=donor ligands

1.3.4.1 Monodentate ligands

Apart from their interest as ligands, trialkyl- and triarylphosphipe
compounds have been used with great effect in the stabilization of complexes
containing nickel-carbon “-bonds. New synthetic methods have resulted in an
expansion of the number of well-characterized alkyl-nickel{II)-phosphine
complexes (see table 5 ).

[Ni(CFB)Br(PEtS)Z] and [¥i{(CF,) (PEc,), ], have been prepared by the
reaction of [NiBr,(PEt,),] with (CF,).Cd-(CH,OCH;}, [208}. Co-condensation
of nickel metal vapour with CF, radicals, generated by radio-frequency glow
discharge, yields the unstable complex {Ni(CFg)?], which has been stabilized
by trapping with P(CH,), to give [Ni(CF3)2(PMes)3] (209). In addition, four
new alkylnickel(II)-phosphine complexes, [NiL,(PR.),] (L= CH,, CH,CH,; R=
ethyl, n-butyl), have been prepared by the reaction of [Ni(acac)z] wich
Al1L,{0C.H,) in the presence of the phosphine ligands [210].

Complexes of the type [NiLX(PR3)?] (L= ¢, Cl., 2-Bxr—C H,; X= halide or
pseudohalide; R= alkyl) have been prepared by various routes [2!1,212],and
have proved to be useful as synthetic intermediates. Cyclic a-alkoxyvinyl-
nickel(T1} complexes of the type EEEEEf[NiL(C:CHCH2CH?O)(PRE)Z] and trans-
[NiL(C:CHCHECHECHEO)(PR3)ZI have been synthesized from [NiLX(PR3)2] and
2,3-dihydro-3-lithiofuran and 2,3-dihydro-6~lithiepyran respectively. Treat-
ment of these complexes with HULQ, yields the corresponding cationic ecyclic
carbene complexes, EEEEE-[NiL(C:CHZCH2CH20)(PR3)2](ClOu)? and trans-
[NiL{C:CH,CH,CH,CH,0) (PR,),](CT0,)[213). The crystal structures of trans—
[Ki(C,C1,) (C:CHCH,CH,0) (PMe,),] and trans-[Ni(C,C1,)(C:CH,CH,CH,0) (PMes) ) -
(BF,} have been determined. Comparison of these structures suggests strong
i-bonding in the nickel-carbene bond {214].

M- and *!P-n.m.r. have been used to study the Intermolecular exchange
of the tertiary phosphine and halide ligands in trans-{¥iLX(PR,),} (1= c.C1,,
cic:cCi,, € H,Me,-2,4,6; X=Cl, I, N, NCS; R= Me, Ph) [215). In addition,
the intermolecular exchange ocecuring in Egggg—[NiLz(PR3]2] has been investi-

gated, and a dissociative mechanism involving a three-coordinate inter-
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mediate suggested [216].

Phosphaalkenes, RP:CR!, have the ability to function as 7' (P donor) or
w2 (P=C ~—donor) ligands.-TD date only the n! behaviour has been demonstrated.
However, this has been rectified by the synthesis and structural determination
of the n’-phosphaalkane complex [Kifl(Me $i) ,CPC(H) (SiMe ) t(PMe,),] (64)
Coordination occurs via a P=C w-donor and two PMe3 moeltles, while the

geometry at nicke)l is square-planar [220].

(64)

In an ongoing study, the coordination properties of phosphinomethylthio-
ethers with Ki{IT) have been reported. Complenes of the type [NiX?(Ph?CHZSR)zl
(Xx= €1, Br, I, NCS; R= CH,, Ph) in which the phosphinomethylthioethers
function as monodentate phosphorous donor ligands, have been isolated. The
igothiocyanate complexes are diamagnetic, both in solution and the solid
state and are assigned a trans-square-planar configuration. The halide com-
plexes are square-planar or distorted tetrahedral in the selid state, while
in splution they exhibit square-planar +— distorted tetrahedral equilibrium
[221]).

1.3.4.2 Bidentate ligands

Ph PCH,CH,P{OCH ) reacts with Ni{lI) ylelding the square-planar complex
[NiLECl?] (65), This complex undergoes a metathetic reaction with RH PF_ ro
form the diamagnetic complex [NiL,Cl PF ] (66), in which the less basie
(CH,0) ,p-phesphorous arm of one of the diphosphines has displaced one of

the chloride ligands [224].
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(65} (66)

The long chain diphospline, 1,8-bis(diphenyIphesphine)octane, has been
reacted with various nickel salts, vielding complexes of the twpe [NiLX:]

{1.= Phsp{CHp)BPPh;; ¥= i, Br, [, NCS). lhe voordination sphere of the nickel
atom is pusendotetrahedral for the halide complexes, and squarce-planar [or

the thiccyanate complex. Molecular—weipht data indicate thac [NiLl?lexisls

as a dimer in chloroferm, with bhrideing diphesphine | ilgands [335],

The use of nickelaocene as a reagent in tie svoLhesis of complexes of rhe
type [Ni(is*CiH:J(L)JX (L diphosphine or diarsine; X= halide or pscudo-
halide) has been thoroughly iavest igated [226—2]@]. Nickeloceps itsely
provides a direct raule, while the reduced complex [N[('s—c:ﬂz)(CSHE)]HFL .
farmed by the reaction of HBF, with nickeleovene, provides a reactive and
versatlle intermediate.

Far infrared spectroscopy has been used to delermine thie stercochemistry
of the diphespline complexes [NiLX] (67), [¥iL X ]{]O {#8Y, and [NiL_](C!U;}:
{69y (L= PhrPN(Ph)PPh:; X= (1, Be, T, NCSY. (67) is sqguare-planar with
€., syrmetry, (68) is square-based pyramidal with U, symetry, while (69
is squarc-planar with D symmerrey [231]. Square-hased pyramidal geometry
has alse been uvbserved for hromo-bis{bisdiphenvlphosphinoethylenednlckel{t?)

tetraphenylhorale, the ervstal structure of whiclh has been determined [23?].

N A Al
/\ VNG /\ v

P P

(67} {683 L
The preparation ol the sguare-planar nickel(ID)-dichloro complexes
comtaining (RY-1, Q'b_i;‘.(d iphenviphosphino}provane, {25,38¥-2,%-h is{diphenvl-

phosphiinalburane and {K)-1,2-his{diphenvlphosphine)—T-phenvlethane has been
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reported [233). The complexes have been characterized using circular
dichroism and 'H- and *'P-m.m.r. spectroscopy. ln addition, the use of
(—}‘(S,S)-Z,3f§i§(diphenylphosphino}butane nickel{Il)chloride as a catalyst
in the synthesis of optlcally active olefins has been described [23&] and
the crystal structure of the essentially sgquare—planar complex [NiBr?L]
(L= trans-bis-1,2-(diphenylphosphino}cyclopentanc) determined [235] .
Diverse donor properties have been exhibited by the facultative diphos—
phine diether ligand, 1,B8-bis(diphenylphosphino}-3,6-dioxaoctane. Reactien
with various nickel salts leads to the isolation of [NiLX,] (X= C1, Br, I,
BCS). In the solid state these complexes are pseudotetrahedral (X= C1, RBr)
or disterted square-planar (X= I), while in CH,C1, they are all planar. A
single-crystal ¥-ray analysis of the thiocyanate complex reveals that the
complex exists as a monomeric planar species with the diphosphine coord-
inating in a trans-bidentate manner (70). The pseudcoctahedral complex
[NiLClEJ'AHZO and the planar complex [NiL(HEO)Z](BFh)? have also been iso—
lated [236)]. -

Ph. P NCS
i \Ni/

an/ \\\PPh
(70}

The ditertiary phosphine ligands, 2,11~bis(dialkyl- or diphenylphos-
phinomethyl)benzo[c]phenanthrene, which have the ability to span trans
positions, have been reacted with varisus nickel salts, The resulting com-
plexes, [NiLX2] (X= C1, NCS) have been assigned structures of the type
shown {71}, An n.m.r. study of the complexes provides evidence for a "fan-
like" motion of the benzo[c]phenanthrene moeity over the plane of the

complex [2371.
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1.3.4,3 Dolvdentare 1ligands

The triphosphine ligands RP[CH:CHFP(OCHE):}; (R= CH., C.H.} readilv Form
complexes of steilchiomerry {Ni101 ) (L= rriphosphane). Conductivity measure-
ments indicate thar the complexes are tetracoordinare having molecular
formula {siLc1llel, while pear frared speciroscopy indicates a4 square-
planar geomotry [224L

NiBr, and the tetraphosphanikane ligands RR'—(_CHEJ cmPCH ~(CH L), —PMe-
(CHQ),-PRR' (R=Me, R'= H, Me:; m= 2,3) react to forn complexes of the tyvpe
[MiLBr]Br , in which the tetrapbesphaatikane functions az a retradentate
ligand. fPon.m.r. indicales that the conplexes exist as two, Four, or nore
confizurational isomers In solution, depending on the natute of R and RY,
while UV/visible spectra suggest sguacc—hased pyramidal coardinatien at rhe
nickel atom. The X-ray analysis of a configurational jsomer of [Ni{CH.up-

(ClZ_ ) _~PCH —(CH_} —~PCH ~(CH.) ,—PHCH }Br]Br (72} wverifios the seometry

[238].

==
=

-
)

(7

1.3.5 Mixed-donor ligands

1.3.5.1 N,0~donor lisuands

These complexes have been the subject of much interest, and in parti-
cular, ligands derived Crom Lhe condensation reactions of carbony! compounds
with primary amine derivatives, such as Schiff bases. hwdrazones, semi-

ciarbarones, carbazones, oximes and axzines, have heen stndied cxtoensively.
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The stereochemistry of four- and five-coordinate Schiff base complexes has
been discussed in a recent review [239].

Selution studies of the complexation of various bidentate Schilf bases
with Ni{II} lhave been undertaken. Complexzation usually occurs via a deproto-
nated hydroxyl proup and an azomethine nitrogen atom [240-244) . & noticeable
exception 1s the Schiff base derived from vanillin and sulphanilie acid,
which veordinates via a methoxy oxvgen atom instead of the azomethine nitrogen
atom [245]. The formation constants of NI(1I) with the potentially tridentate
ligands, N-4-methylphenacylidene-ankthranilic acid [246] and 2-7 (1H-benzimid-
azol—E-ylnmthylene)amino]phenol [24?] have been determined. The former ligand
forms 1:2 complexes, while the latter favours a less sterically hindered 1:1
complex. In addition, the Intramolecular isomerization of EEE[N—(2~piperi—
dinopethyl}salicylaldimato)nickel(L1) bas been examined [248].

A substantial number of Ni{TIL}-Schiff base complexes have been isolated
in the solid stare. Some of these are listed in table 6. As a result of their
mode of coordination, bidentate Schiff bases usually result in the formation
of complexes of the type [Nil ] [249-253) and [NiL,(®,0) ] {254-256] (L= de-
protonated Schiff base), The coordination geometry of the tetracoordinate
compleoxes varies from planar to tetrahedral depending on the steric nature
of the ligand, while the diaquo complexes are usually ocltahedral.

Tridentate Schiff bases containing N- and O-donor atoms may coordinate
vig an N,0 [258] or 0,3 [259-264) donor set. Monobasic ligands usually
yield octahedral complexes of the type [NiLg][ZSQ], while dibasic ligands
yield hexacoordinate complexes of the type [NiL(Hzo)i]{258,261], as well as
tetrahedral [262] and square-planar [260) complexes of molecular formila
[¥iL(m,0]).

A variety of methods have been used in the synthesis of Ni{1I) complexes
of tetradentate Schiff bases. These include,preparation of the ligand priar
to complexation, usually by the condemsation of a suitable a-hydroxyaldehyde
with a diamine [265-270), the use of template reactious [2?1], and by reaction
iﬂ_ﬁiﬁﬁ.[2?2_2?3]' Although 0,8, O,N, and ON; donor sets are possible, the
most common tetradentate donor set is O.N, [265-274]. The majority of ligands
are dibasic and react with Ki{Il} in rheir deprotonated form to yield square-
planar complexes of the type [Nil) [265-269,2?4].

[2—[[[2—[[2—[[{—(1—azirindinyl)ethy1]imino]methyl]phennxy]ethyl]amino]—
ethyl) imino) methyl] phenolato]nickel (11} hromide dihydrare, an intermediate
formed during the reaction of EiEIN—[2—(1—aziridiny1)ethy1]saicylaldiminol—
nickel (II) with HBr, has been isclated and characterized by X-ray crystall-
ography. Effectively, a template synthesis has taken place, yielding a

hexadentate ligand (73} which is coordinated to nickel via all its functional
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CI/L/”\J@:\J )

(73}

Hydrazone ligands are very similar to iwines and as a reeult coordinate
to XEC01) in a similar fashlon. Table 7 lists some hvdrazone |igands und
their Ki({IT) complexes.

Bidenlate hydruzone ligands {2?6"‘280]. like their Schiff base counter-
parts, tend to coordinate via a depretenated hydroxyl group and on axzemcthine
nitrogen atom. 2-Aceto~l-naplhioi-N-henzov] hydrazone js an intercsting 1icand
that cxpibits variable coordination. In its neutral form it coordinates via
the azomethine nitrogen and carboxy] oxygen atoms to vield the ovtahedral
complex [NifHLJTC]?], whitTe in ity deprotonated form Lt coordlpates via Lhe
same Lwo functional groups as well as the deprotonzted hvdroxyl group.

Tridentate hvdrazone ligands containing an OX, doencr sct tend to he mono-
basic and yvicid compiexes of the Lyvpe {l'iL,\'} (X= halide ton) , wost of which
arc square-planar (#81-283]. fhose centalningan 0 K denor set tend to be
dibasic and vield octahiedral complexes of the Lvpe (MiL-) [285-287). 2-(2-
hydroxvphenvldhydrazonopentane-2,%-dione is of intevest since it forms b:l

and 1:2 (Ni:L) chelates, The mono rhuTnte.[NiL(ﬁeUH)q}Nﬂ: Gas three coord-
ivated methanel ligands (74), whercas the bis chelate is a amere conveutional

octahedral bis chelate, [Xin, ] (75) [285].

5 (H
N\ A N
W ¢
N N I
N\
v >cﬁcn3 L CHy
o | o | 0”
\Nli/ \\Ni/
Meg™ \gﬁe o J\o
Me OH d30—¢ N
3 \\c/ \N
|
fc\ "
(74) (75) of Tty

Reaction of the hexadentate dilivdrazone lipands. orHO-C B CHXNIC (CC) -
(UH,)nC(O)NHN:CECrHL—OU—p_ (n=1,4} {HqL) with X¥i{11} may cceur with two or
four deproronation steps, Double deprotonation vields tiw nenonvelear complex

[Ni(ﬂ;l-” swhereas the binuclosr complex [I\"i,l.(“u:',(T_}___] ‘s formed when fFougr
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protons are removed [289],

The wickel(II) complexes of benzil semicarbazonc [290}, bexzalacetane
semicarbazone and dibenzalascetone semicarbazane [291]have hoon prepared.
Benzil and dibenzalacetone semicurbazone form the square-pianar corplexes
[Niux,}(x= 17, N0 7, NCST), while benzalncetone semicarbazone vields both
square~planar [ NIL{NCS$)_Jand [N[L:](C10“)?, as well as the octahedral comp-—
lexes [XiLWX:](X= C17, N0,7). Dependence of stercochenistry on the vartation
of anion is further manifested in the comnplexes of acerone semicarbazone and
ethylmethylketone semicarbazene, ln this case the thiocyanate and nitrvato
complexes are octahedral, whereas the chloro and sulphazo complexes are tria—
onal bipyramidal in siructure [232). tn addition ta the abeve, the complex=
ation of wvariously substituted derivatives of diphenylcarbazoue has been
investigated in aqueous dioxane {293].

Thiosemicarbazone Ligands aud their complexes have alse generated much
interest. I-lsovaleryl-4-shenyl-3-thiosenicarbaride [294] and t-aectyl-tri-
me thy lammon iench Lloride—4 —phenyl-3-thiosenicarbazide [295) react with NiCL,
vielding square-planar [Nilp] and octahedral [N{LFle] respectivelv. 1,4-
Napthaguinone thiosemicarhazone complexes in a similar fashion with coord-
ination occuring via the XH and enol 0" proups {396]. The tridentate tipand,
benzoin thiosemicarbazoene, however, coordinates via the rhiccarbanvl sulphur
as well as the XU and 0 groups [297]).

Octabedral tris complexes of Ni(lT) with T-nitrohenzoic acid hydrazide
[298) and variously substiluted balobenzoyl hydravine ligsnds [299] are woud
examples of the mode of coordination favoured by hydrazine 1igands in general.
Coordination occurs via Lhe amino and carbony] groups therchy Facilitating
a stable Tive-bond chelate ring (76). This mode of coordisntion is also
favoured by benzoyl hydrazine in its mixed ligand complex with othylencdiamine

[ 300].

Formyl hydrazide, prepared by the reaction of ethylfarmate and hydrazine
hydrate, has been reacted with various nickel salts vielding complexes of
varying stoichiometry. The halo, sulphato, nitrate and perchlerate complexes
are tris , whereas the thiocyvamate complex is bis. Flectronle and magnetic

data reveal thalt the complexes arve all ortahedral [301].
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Phthalic hydrazide (H, L} reacts with Ni{II} yielding the complex
[Ni(HL)E(HHO}Z}'ZHQO (77), Reaction of (77) with acetylacetone and ethylene-
diamine gives the menenuclear adducts [Ni(HL)(acac)z(H;O)]'HjO and [Ni(HL}2*
(en)a(H:U)]'HEO respectively [302]- Ip addition, it has been shown that the
metal~ligand bonds in the bis-Ni{Il) complexcs of varicusly substituted phenyl-
hydrazino propionic acid lipands, are considerably more covalent than in the

corregsponding mono complexes [303].

Dibydrazide ligands , such as malonic aecid, succinic acid and phthalic
acid hydrazide have been complexed with Ni1(II}. The resultant complexes
have the general formula [NiLXz] {X= halide or pseudohalide), and are octa-
hedral in structure (304). The magnetic and spectral properties of a series
of thiocarbohydrazone-Ki{IT) complexes have been investigated. Inm all cases
the ligands function as dibasic ONNO donors, forming square-planar complexes
of the type [NiL] [303).

In a continuation of earlier work, the azine ligand 1-{Z-quinolylazo)-
2-phenanthrol has been reacred with various metal lons. Complexation with
nickel vields the octahedral complex {NiLz] (H1.= 1-(2-quinolylazo)}—2-phen-
anthrol) [306]. The chemistry of the aze ligands, Z-carboxyphenyl azo-i-
napthol and 4-carboxyphenvl azo—F-napthol bas been studied [3U7L in addition
te the kinetics and mechanism of chelation of Ni(11) by 2-(2-pyridylaze)-1-
napthol [308].

3,5-Dinitrorcsacetophenone oxime | 309], 3-brome-2-hydroxy-S-methylaceto-
phenone oxime [310)and a-benzilmonoxime [311) have been complexed with Ki(ID)
in the presence of base. Not unexpectedly, the resutant {NiLEJ complexes are
diamagnetic with square-planar geometry. & number of mixzed-ligand complexes
containing variously substituted benzoylacctanilide and a-—oximinobenzoylacet-
anilide ligands bave been prepuared. Complexation occurs via the oxime and
carbonyl groups resulting in square-planar geometry [312].

The cemplexation of 2-hydroxy—4-methyl-5'-methvlchalkone oxime has been
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studied in solution [313). Cther oxime iigands that have been complesed with
%i{IT) are isonitrosopropiuphenonc [314) and antifuran-2-carboxaldoxime [313],
white rhe reaclion of his(1,2-benzoguinone monoxime)nickel (LI with tripheny)-
phosphine vields the pseudotetrabedral criphenyl{i-bvdroxyphenylimine)phos-

phurane complex {78) ['J'Fb] .

PPh.
|3
M a
e
NIt
-
0 M
I
PM@
(737

The stability constants of Lhe Mi{Ll] coxcplexes of 2-amino—"i-hvdroxy—
pyridine [3]7}und pyridine-2,5-dicarboxy1lic acvid [318] have been detcrinined.
In both cases 171 and [:2 complexes are formed, with lawer temperatures favour—
ing coordination. Other subgtituted pyridine figands rhal iave becn comploexed
with Ki(11) arc 2-(2-pyridv¢1icthanol [119], pyridine-2.6~dicarboxvlic acid
[320], 2-amino- and 2,b-diaminopvridine [321}. In addition, the orvstal strue-

ture of (pyridince~2,6-dicarbuxylato} (¥, N, N' N -tetramethvl-1 . F~diamino-
ethanejnickel{11} dihvérate las been detensinced [SBU],

The roorvdinative behaviour of @ number of N-substivuted 2-{o-hvdrowy-
phenvly-% -imidazolines (793 and thelr use as motal extractants has heen
investigated. The imidazeline ligands coordinate In theirv deprorandced form
vielding squure-plonar complexes of the tvpe {NiL;], in which Lhe nlbrogen
atems are mutually trans [422], Distorted tetrahedra?l corplexes, [NiL.]
have beon obtained from the reaction of deprotonated 4-03",37 3" —rrifivoro-
ZT-oxopropylideney=2,2,5, 3-retramethvl-3—inidazolidene=1=0xvl (80 witl

Nisu -Aio {123]).

R! / (79}
N
|
g &

RRLRZR¥:H NG, butyl et

There have been two interesling ceports on Lhe synthesis of Ni(1[) com-
pounds containing l-amino-2-propanol and Z-amine-i-propanel, hoth of which
are optically active,as ligands. (R,5)-1-amino-Z-propanol, {$)-1-amino-2-

propanol, (R,5)-2-aminc-1-propancl and (8)-Z-amino—~l-propanel react with
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nickel triflate yielding the tris complexes [NiL JT, (L= aminopropanol; T=
CF3503_). The 1~amino-2-propancl derivatives have a meridienal configuration
(81), while the 2-amino-l-propancol derivatives, with the exception of the (8)-
derivative, have a facial configuration (82). Reaction with other nickel salts
yields complexes of the type [NiL X.] and [NiL )X, {(X= halide or pscudohalide).
In this case cthe EEjQ complexes are all facial, while the Eiﬁ_cumplexes have

a trans—X, cis-L structure (83) [324,325].

N
\““—N \_N

(81) (82} (83)

Carbamyldicyanomethanide ion is an interesting pseudohalide ion which
possesses ampolydentate properties due to the donor capacity of the two
nitrile and carbamy]l groups. On the basis of its deloralisation, it has been
proposed that coordination can take place via the carhonyl, nitrile and amide
£T0IpS. [NiX2]‘6H20 {(X¥= carbamyldicyanomethanide) 1s polymeric and octahedral
in structure, with ceoordination occurring via the nitrile and amide nitrogen
atoms, as well as the carbonyl oxygen atom { 326) . Reaction with pyridine
vields the octahedral cumplex [NiLqXE] (L= pyridine), while reaction with the
bidentate ligands, 2,2'-bipyridine, ethylenediamine and 1,10-phenanthraline,
yields the octahedral complexes [NiL?X2] [327]. in addition, the ccoardinatien
properties of the carbamylcyanamide ion have been investigated [328]).

8-lydroxyquinoline has been used as a ligand in a series of Ni{II} com-
plexes. Infrared spectroscopy has been used to study its mode of coordination
in the complexes, [NiLz], [NiLE{HzO)zj and [NiLz(HL)) (HL= 8-hydroxygquinoline).
The structure of the anhydrous chelate was found to he distorted planar,
while the dihydrate and self-adduct exhihit square-planar and square-pyram-
idal geovmetry respectively [129). Mixed-ligand complexes containing 8-hvdroxy—
quincline and various deprotonated i-diketomes [330}, as well as 2-amino-
benzoate [331,332), have been prepared.

The mode of coordination of the iminodiacetate ligand has been investi-
gated spectroscopically. The coordination polyhedron of Li,[KiL,]-4H,0 (L=
imingdiacetate) has the shape of an irregular octahedron, In which the ligand
coordinates In a tridentate fashion having both nitrogen atoms in a trans

configuration (84) [333). This mode of coordination is supported by the X-ray



H4
structural determination of Nu?{NiL?]'4H¢U {I.= bis—p-hvdroxvethvlininedi-
arelate) [334].
6/”N“x\
0
RH“N'///
f
//‘\\
Q I 0
\\H_N,///
(84}

(imine)) bis(propanamide) (H.1) with Ni{10} has been investigated potentio-

metrically. The complex formarion equilibria mavy be represented as follows:

N + H.L — [Kicu i)™
[Ni(r, 1)) 7" e [Nit] o+ "

Tn addition, the above is an ecxample of occtahedrat = square—plansr equili-
bria for ¥1{11l}, siuce it has heen shown thot [Ni(H”L)]T+ pxlsts as an octa-
hedral complex in solution, whiercas [NiL]. formed by the addition of base,
cxiats as g square-planar complex [335].

E-methy 1-N,K'~bis (2" -pyridine-carbosamidel -1, Z-cthune {83) has heen com-
plexcd with various nickel salts. Cotaledral complexes of the tyvpe [NiLX;]
are formed when X= €17, Br™ and NO 7, whercsa the binucleur comples [N[?LTJK“
iz formed when X= HION_. Coordination is found ta occur via the pyridyl

nitrogen and carbonyl exygen atoms [33&].

=

{(85)

Reductlion of 4,4, 12, 12-tetramelnyl-5,8, 11-triazapentadecane—21, l4-dionc
diperchlorate with ¥aBH, vields predomivantly one isomer of 4,4-dimethyl-7-
(3,5,7-trimethyl-1,2-diazepan-1-y1)-3-azaheptan-2-cl {86}, Reaction of {86)
with Ni(ClOL}: gives [NiL](CthJs » Wiile reaction with NL{XC®). produces
[NiL(NCS}J. The perchlorate compound has a planar structure, deteorinined by
X-ray crystallography, while the thilocyanate conplex kas been assizned u

pentacoordinace structura [337].
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Anchoring of catalytically artive transition-metal complexes to a poly-
mer support has recently attracted considerable attention, since im certaln
cases polymer attachment has lead to stabilization of coordinatively unsat-
urated mononuclear reaction centres In an ongoing series, [Ni(en)z]clz has
been reacted with a functignalized resin in a template synthesis to yield
the polymer supported complex (87) [338].

(87)

The hexadentate ligand, ethylenediamine—§,N¥'-disuccinic acid, has been
complexed with Ni(II) in the presence of base. The resultant octahedral com-

plex, Na?[NiL]'3H?O , has been assigned structure {88) on the basis of X-ray
diffraction data [339].

e S~p
f,K«| oﬁ,

HN\ __T_\NH’C

\/C

(88)
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1.3%.3.2 5,0~doner ligands

Monothio-%-diketonate complexes, like their s-dikelonate counterparcts,
have enjoyed much intervest [340-342), Variously subatirited monothio-3-
diketonc lipands have been complexed with NL(LL)Y in their depretonated form
te vield square—planar compleses of the type [NIL,] (HL= monothio=i~diketone).
Dipote moment data {340] and P7F- and 1C-v.m.r. spectroscopy [Eﬁ!]indicate
that the complexes have a cis configurativn.

The potentially trideutate ligand, ¥N—i-dibezoy!lthivacetamide, has bhoen
found to ceocrdinate in a hidentate fashlon via the monothio—¢é-diketone part
of the ligand, yielding a square—planar complex (89) In whick the aza part
of the Tigund remains unceoordinated. The structurally related Tigand, N-
Lenzoyl-é-napthol inothiocinnaminide, however, is compelled o roordinate via
the —C{0}-NH-C{S)- moiety und yields rbe corresponding square-plandar complex
90y [ 343].

H
CH
67 “‘~\\(,/‘E5H5 Coflen NG
o S
N TP
2 q )
(89) (90)

The complexation of f-henzoy]-2-manothicbiuret (91) [ 3447 and x-(2,3-
dimethyl-T-phenyl-3-oxo—t-pyrarzoline—4-y1) -8 “benzoylthiourca (92) [ 343)with

Ni(11)} has been investigated in solutlon. (91) Jorms a bis complex {log K=

B.16: =2C"= 10.93 keal/mel), while {92) forms siL” and NiL, , in which the

ligand coordinates in a bidentate [ashion via the benzovl vzvgen and sulphur

aAronms.
H
H.{ N ﬂ C.H
VNIl
H
g N N 3 0
6HS\\xr/, \\f//ﬂ\\ﬁr”’ Hz &; N 0
0 5 g I
CgHg
(91 {9y

Variously substituted thiosalyeylic acid darivatives, QfRSC‘HuGO?N
(R= allvl, CH,CH:CCLICH, ), have been reacted with Ni(x0,).-6H.0 , yieiding
the tetracoonrdinate complexes [NiL:J-HiO (HL= gubsrituccd thiosalicylic
acid). Coordination cccurs via the carboxyl oxygen and chioethor groups [ 346)] .
o~Mercaptophenol reacts with NIiCl, , in the presence of a stoichiometric

amount of trimethylamine, yielding the Interesting methancol adduct



[NiL(CHgoﬂ}h] (93) (HL= o-mercaptophenol) [347]. This complex is useful as

2 synthon for various other adducts as shown below:

[ NiL(cm,om )
(9

i \\\'Nr’/f
D 0
N | = N
4]
RBN\JH/S
Nl ™
NRy
Compared to the large amount of interest that has centred on the coord-
ination chemistry of dithiocarbamate complexes, wvery little attention has
been given to the coordination properties of the monothiocarbamate ligands.
The nickel complexes of indoline-N-carbothioate and indole-N-carbothiocate
flave been prepared. Infrared spectroscopy suggests that hoth ligands function
in a bidentate manner giving rise te complexes of the type [NiL,][348].
Focusing on tetradentate ligands, the crystal structure of diaqua{2,5-
dithiahexane~1,6-dicarbexylato)}nickel{II) has been determined. The ligand
coordinates via a 0S50 denor set of atoms, with the other twe coordination

sites being occupied by water molecules [349].

1.3.5.3 N,5{(Se)-donor ligands

Although these complexes have been studied to a lesser degree than their
oxygen counterparts, it is evident that the chemistry does follow a similar
pattern. As a result, ligands derived from the condensation reactions of
carbonyl compounds with primary amine derivatives, such as Schiff bases {350],
semicarbazides and hydrazides predominate.

Thio— and selenvsemicarbazide ligands and their nickel complexes have
been studied widely, and some of these complexes are listed in table 8.
Bidentate thiosemicarbazide lipands generally coordinate via the azomethine
nitreogen atom and a deprotonated thiol group. As a result, square—planar
complexes of the type {NiL?] are widely emcountered | 351-356}.

The tridentate thio/selenosemicarbazide ligands listed in table & all
coordinate via N,S or NySe donor sets, and a broad range of coordination
geometries have been generated. Of interest is the nickel complex of

1-formylquineline thiosamicarbazone,[NiLle, which has an unusual trigonal-
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bipyramidal structure {(94) [357}.

~
N—N—S5 = > I N
N A
N
A
X=C", 3", 17, N0 ,NCS™,NCSe™ S¥ "HH,
(54)

Thiocarbohvdrazones exhibit interesting coordination properties, due to
the presence of the azomethine, hydrazine and thicnic groups in the molecule.
$alicylaldehyde thiccarbohydrazide [360}, thiccarbohydrazone—2-aminobenz—
aldehyde [361) and 2-{hydrazinothioxomethyl)hydrazine [362], have been reacted
with various nickel salts. ln each case the ligand functions in a hidentate
manner, with coordination occurring via the hydrazine and thionic groups.

The ccordination properties of the bis hydrazomes, derived from the con-
densation of diacetyl, benzil and phenylglyoxal with hydrazine—-S-methylcarbo-
dithioate, have been investigated. The ligands are tetradentate and coordinate
in their dibasic [orm to yield diamagnetic nickel chelates, which en the
basis of spectral data have been assigned a dimeric pentacoordinate struc-

ture (95) {363).

SMe
N § S—HN—N—5§ = Fk
Sy /N—<\
Y gL s
—_—
S'\\ ;./'N R'=R"= Me,Ph
/N'\ ) R Rl=H, R’=Ph

(95)

p-Hydroxyphenylthichydrazide is a potential nitrogen,sulphur and oxygen
donor ligand, and can coordinate in its neutral, basic or dibasic forms. In
acidie or neutral medium it lias been shown to coordinate as a simple thio-
hydrazide, yielding square-planar complexes of the type [Ni(HL),}JX, (X= hal-
ide or pseudchalide) and [NiLE] (HL= p-hydroxyphenylthichydrazide) {364).
Not surprisingly, the mode of coordination of 2-furanthiocarboxyhydrazide is
similar, exhibiting neutral and moncbasic bidentate behaviour. Both square-
planar [NiL?] and octahedral [Ni(HL)3]Cl? (HL= 2—fuvanthiocarboxyhydrazide)

have been isclated [365}. A series of related ligands, N,¥'-substituted form-—
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amidine=-N"'=substituted thiorarbamides, lave been rezcted with Ni{l;. ThHe Tes—
ultint complexes are tetracoordinate with generval Tormela [Nih:}UIQ [308].

The complex (Ni(HNﬁSr)?J (96) has renerated interes: bath in its own com-
plex chemistry [Eb?]and as o synthetic rourc to cvellv sulphur=nitrogenr com—
pounds [368}. Sepending on the base nsed, (96) muv be deprotonated, vielding

[Ni(ilN?S:.)(N_-_S:)] “,or donble-deprotondted Lo give [Ni(i\'..iﬁ'__ 1 } T, The wryestal

structure of [Phoas]{XI(HN, S J(N &) has been determined, while roe use of

[Mi(HX. 8.).] as a svnthon for cyelie sulphur-nitresen compounds bas been

- 5
INI{N2521212 S0CL /NEt i AN Y
2 O0H- N
\ ~
/N\

INI(HNS, ), COC,
(463 AN
S
% Sy
[NiTHN-S ) (NS 1 S.,Cl NEt |
S

1-Amidino-2-thiourca ligands liave Lhe abiiily Lo coordluate as SX or NN
)

levestigaced.

donors depending on the pl of the reaction rediuzm. Reactlom with N1{L') has
shown that Nd¥-bonded complexes ave forrmed under 2lzcaline conditiams, while
SN-bonded complexes are ohtained under neutral or slightiv acidie condiv lons

[369). Other thiourea compleses Lbat have been studied are o suries of octa-

vy aubst iinted pbwnyllhioureu)[l!G].

L}
=
I

fiedral complexes [XiL:(NCS).J (.

Squarc—planar complexes of N1([[) with GQuirazoline—2-thionce-4-cne and its
J=phenv] derjvatrive have been preopaved. Complexat lon occurs with deproconation
and coordination is effvercd vieg the sulphur aton and che nitrogen arom at
position one [371]. The crvstal structure of the related 2-isopropylquinoline=-
B-thiplate complex, in which the nickel atow is surrounded by a distorted
tetrahedral envirenment, has been determined l'?!}. Tt addicior. a solotion
sludy of the complexation ol 2-thiouvavbamyl—-thiazoline reveals that e ovta-
hedral complex [NiL(HgU)LJ+ is lavoured over the sguare-planar conplex [NiL:]
(.= 2-thiocarbamyl-thiazaline} [371).

The thermal decomposition of {Ni(NCS}Z(NH:)”] under nitrogen atmosphers
has been investigated, Key intermediates [Xi(NCS}N(NHQ)“Jand [Xi(NCS)ﬁ] have
been charactorized vaing single-crvstal X-vay mcthcdS‘IATQJ. )

Turning to multidentate liguand complexes, the crvstal striceture of his-
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(1,7-diaza-4-thiapheptane)nickel (11} perchlorate has been determined. The
ligand coordinates in a tridentate fashion with the sulphur atoms cccupving
cis positions. Data obtained were, a mean Ni-5 bond length of 2.459 R, a mean
Ni-Y bond length of 2.11 A, and a 10Dq value of 11180 cm ' [375]).

The potentially pentadentate ligands 1,9-bis{(2-pyridyl)-2,8-diaza-5-thia-
nonane (97} and 1,4,10,13-tetraaza-7—thiatridecane (98) have been reacted
with Nix, = (X= C1_,NCSE,CIDN_). The resultant complexes have the general for-
mula [KILX]X (1= 97, 98}, and are octahedral in structure, with (97) and (98)

coordinating in a pentadentate fashion as shown below [376):

Q} EHZ_NH—{EHZ)E__—S_[CHZ}Z—NH-_'EHZ*Q (97}

HoN——={CH)r—NH—(CHy ly=—S “—{CH,,,~—NH—[CHJ,~——NH,  (og)

1.3.5.4 P ,N-domor ligands

§i§ﬁg—amidopheny1)dipheny1phosphine, when deprotonated, chelates with
Ni(II} in a bidentate fashion to form the neutral complex cis(bis{o—amide~-
phenylidiphenylphosphineinickel (IT} acetone solvate. The molecular structure
of this complex has been determined and shows ccordination ocecurring via the
phosphine and deprotonated amido moeities. "'P-n.m.r. evidence indicates that
the cis species remains the preferred form in solution, with the trans isomer
present only in slight abundance [377].

HN(SiMeECHZPPbZ)2 reacts with NiCl, yielding the distorted tetrahedral
complex [NiClgNH(SiMﬁZCHyPPhQ)ZJ, in which the ligand coordinates in a biden-
tate fashion via donation through the phosphine atoms. However, when deproto-
nated, the ligand has rhe ability to coordinate in & tridentate fashion and
gives rise to the distorted square—planar complex [NiClN(SiMeZCHEPth)Z], in

which coordination occurs via the deprotonated amido and pheosphine donors
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[378].

2,6-Bis{diphenylphosphinomechy 1ipvridine, apart from irs ability fe tnne-—
tion as a trideantate ligand, a,so generules various coordinal lon geometrices
depending on the nickel salt and reaclion conditions emplaved. Various speciro-
scopic methods [379), Including X-rav photuclectran speclrescapy [ 180]), have
beeit used to determine (e stuclures of these complexes. OF partileular Lute-
reat ate the XPS spectral patterrs for [Nii.(N(_JS)L.] whiich reveal Lhic prescoce
of [NIL{NC®)) as well as mere ianic %087 limands, pessibly contained in pseudo-
aetabedral {NLL(NCS)1J-environmentﬁ. Fvidenece is alsae pregented for rhe aoccur—
ence of rwo incquivalent J,6-bis{diphenylpnosphinomerhy pyridine §lgands in
[NEL3J;+, ane of which is tridentate, while the other is bidentate with an
uncoprdinated pyridine mitrogen zrom | 380].

The tripod ligand, tris{2-dicyelohexviphosphinoctinelomine, hes the ahility
to eoordinate via various donor sets. Reaction with & varlety of nilcke. sulls
vields complexes of the type [Ni].x]lil’h:l (%=01, Br, I, ¥US). These coupleses
are tetravoordinate with sguare-planar geometry and have the cnuesnal feature
that the ligand functions as a tridentatle NPLoduner with ene pendant arw

"free" (991 [381).

r -
s N/ P
R//’\\\\Ni/// 4 \\R k= cvelohonyd
T
X R
VAN
R R
(99}

The pentacvordisate complex [NICIL)PF. (L- CH;[CH'P(Ph)CE:CH ﬁHTNH"]: !
has been isoluated as its meso isomer. The crystal struct.re confiras o Low
spin complex with square-pyrmridal geometrvy in wiich (he chlorine atem occupies
tiie axial site. Al Ehe clhelate rings are in the chaic conformution and the
bond lengths are Ni-Cl (2.099 /)3, Ni-N (2.006010° and 2.0% 1170 and ¥i-v

(217847 and 2.168145) respoclivels [382].

1.3.5.% P,0-donor 1igands
A serics of nickel vlides containing sulphenated group-y lipands have
been syvnthesized. OF part lcular intercst is (100}, which was fannd ro be 2

useful catalvst for the oliszamerization of cthviene [381).



1.3.5.6 N,0,S5-donor ligands

Schiff bases and in particular thiosemicarbazones form the bulk of ligands,
containing KOS denotr atoms, which have been studied. The tridentate Schiff
bases, 2-acetylthiopheneglyoxaldimino-bis(p-aminopheny!l)sulphide [384] and
o—(thiophene-2-aldimino)henzoic acid [385] have been complexed with ¥iGL, to
vield [NiLCIZ(HJO)l (L= 2-acetyltbiopheneglyoxaldimine—bls(p-aminophenyl)-
sulphide} and [NiL?J (HL= o-{thiophene-2-aldimino)benzoic acid) respectively.
In addition, the crystal structure of [NiL)] (L= CHHC(O)CCHjNNC(S)SCHS‘],
prepared from nickel(I1)acetare and the Schiff base of hydrazine—carbodi-~
tiovie acid methyl ester with diacetyl, has been determined. The coordination
geometry is distorted octzhedral with the two essentially planar tridentate
ligands perpendicular to each other [386).

The condensation of salicylaldehyde and bis(2-aminoethyl)disulphide yields
an interesling quinguedentate Schiff base Tigand (101). Reaction of (101) with
Ni(II1) gives rise to two complexes both with stoichiometry [NiL) (H,L= 101)
One complex is tetracoordinate, with coordination taking place via two imino
nitrogen and two phenolic oxXygen atems, while the second complex is penta-—
coordinate, with coordination ocecurring via one of the sulphur atoms as well

as the imino and phenolic groups [387).

H H
ComN —— CH;—— CHy—$ ——S——CHy;——CH;——N=C
OH HO

(101)

All of the tridentate thiosemicarbazone ligands that have been investi-~
gated coordinate via a ONS donor group. Octahedral complexes of the type

[¥iL,) (HL= thiosemicarbazone ligand) have been isolated from the reaction of

63



64

SiCl2 with 1-salicyl-4-benzvlamidethiosemicarbazone [388), 4-phenyl-isatin—
f-thiosemicarbazone [389] and 9,10-phenanthrolive wonothiosemicarbazona [390]
respectively. In vontrasl,s—hydroxy-i#-napthaldehyde thicsenicarbazone reacts
with NiCl, ylelding the square~planar complex INiLCL) , probably due to the
steric effiect of the napthaldchyvde zroup (391] . in addition, the base adducts
of a series of Ni{II) chelates of thiosemicarbazones, derived from Z-hydroxy-
5-chloro—acetophenone/propiophéncne and 2-hydroxy—%—metliyl-acetophenone /pro-
piophenone, have been prepared and isolated. Square-planavr compltexes of the
type [NiLBJ (H,L= thiosemicarbazone] are obtained for monodenrate bases (B}
such as 1, 4,y-picolines, piperidene and morpholine {1392].

Finally, two new hexadentate ligands, 1,2-bis{o-i-methyltviazine~!-oxide-
3-phenoxv)ethane and its ethyl analopue (H,L} have been reacted with Nitl}.
The resultant complexes [ NiLJ are hexacoordinate, as manifasted by

the magnetic moments (u= 3,11 and .22 BM) [393).

1.3.3.7 Miscellangsous

The synthesis and single—crystal X-rayv structure ol chloro{triphenyl-
phosphine) diphenyl (methylene)phosphoranylehio-5,C nickel{I1) has been
reported. The coordination environment of the nickel atom is ecssentially
planar and the metal-ligand bond lengths are Ni-C (1.999781), Ni-§ (2.254721),
Ni-P (2.197723), Ni-Cl {2.21612°) respectively [394].

1.3.6 Macrocyclic ligands

1.3.6.1 Xitrogen-donor ligands

This constitutes by far the largest group of Yi{II) macrocyelic compounds
studied. Tn this discussion, complexes are dealt with in ovder of increasing
ring size.

1,4,7,10-Tetramethyi~1,4,7,10 tetraazacyclododecane, when complexing
with Ni(l1), can give rise to four isecmeric forms of [NIL)"Y , as a resulc
of the four possible orientations of the methyl groups. The crystal structure
of the isomer in which all four methyl groups are on the same side of the
tetraarza plane has been determined. Of nete is the fact that the cemplex
does nol possess internal symmetry due to diffevent skew of the four eyelic
rings [395].

Template reactions involving substitution at the 12-methine position of
13-membered macreocycliic ligands, bound to N1(IT), have been investigated by
various workers [396—398]. In addition, the crystal structure of  [1,10=di~
methyl-12-(p-methylbenzoyl)=1,4,7,10~tatraza=10,12-cyclotridecadienato -

nickel{1l} hexafluorophosphate has been reported. The coordination eunviron-



ment is essentially square-planar, with a slight tetrahedral distortion 399
Sugimoto et al have synthesized the following three macrocyclic ligands
{102-104), in which one of the potential chelate rings has been increased by
the successive addition of a methylene group [400]. The perchlorate complexes
[NiL](ClOJ‘)2 {L= 102-104} are tetracoordinate anc diamagnetic in the solid
state, as shown by the single-crystal X-ray enalysis of [NiL](Cth)2 (L= 103)
1401] . The chlero complexes {NiLClz](L= 102-104) are hexacoordinate and trans
with the macrocycle in an open conformation. However, when (102) is reacted
with Ni(NCS), it yields the complex [NiL{NCS)?] in which the peometry is cis

and the macrocycle adopts a folded conformation [402]).

N

Z

N

fi] HN N?:]
H

(102) (103) (104)

A new base initiated template reacticn for the synthesis of substituted
complexes of dihydro—dibenzo[b,i][5,9,14,18]tetraaza[14]annulene has been
developed [403). In a related area of research, a method of acylating
5,7,12,t4—tetramethyldibenzo[b,i]-1,4,8,11-tetraazacyclotetradecahexaenato
nickel (11} has been reported. Acylation is achieved using the appropriate
acyl chloride, with both mono- and diacylated species being obtained [404].
In addition, the crystal and molecular struecture of 5,7,12,14—tetramethyl-
dibenzo[b,i]-1,4,8,11-tetraazacyelotetradecahexaenatenickel{L1) has been
determined. The complex has a proncunced saddle shape conformation, with the
Ni atom at the saddle point, coordinated to the four nitrogen atoms ( average
¥i-¥ bond length= 1.866 A ) [405].

The position of the double bonds in wvariocusly substituted 1,4,8,11-tetra-
azacyclotetradecadicnatonickel (11} complexes wmay be wvaried, and depending on
the pesition of the substituent, isomers may exist. Field desorption mass
spectrometry has been used to characterize 6,6,7,12,13, 13-hexamethyl-1,4,8,11-
tetraazacyclotetradeca-7, 11-dienatonickel{II), in which the double bonds
occupy cis positions (105). (496]. 2,5,9,12-tetramethyl~1,4,8,11-tecraaza-
ryclotetradeca—4,11-diene has been complexed with Ki(II). The rcsultant com-
plex [NiL]2+ exists ss two forms in the solid state, the a—form which is

diamagnetic and square—planar (106}, and the 3-form which is the hexacovord-
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inate diaquo species (107) [407).

_ e
- N
HN[ /lu N!\\ Pt /ni'\ﬁc/N\r
[HN/Ni\\N N/Ni\w /LN/NE\\N/
RSt
L i

(1035 {106} (107)

lspomeric totramethvi-1,4,8,11~Letraazacyclotetradeca—i, i 1-dienato nickel=
(11) diperchlorate complexes have lLeen prepared by the condensatieon of methyl
vinyl ketone with R,5- and R-{-)-1,2-praprlenedianine monchvdrogen perchio-
rate, followeld by reaction with nicke! (Il}acetate, Tiwe - and N-diasterea-
isomeric forms of the compléxes wore isolaled and characteriszed on the basis
of resclution, racemization and mutarotation of Lhe complexes, dehwdragenation
of the complexed ligand, aad spectroscepic resultls {&OSJ.

Ligands of the cyelam family continue teo be of signifivant interesti. A
single-crystal X-ray analvsis of [Ni(cycLam)I}T'H?U bis heent andertaken. The
structure 1s interesting in that the NI atom oceupies a pscuedooctabedral
environment, with: @ long contact (3,734 A ) between M oand o bridging lodide
centre situated in the axial pesition. The second iodide is situsted In (he
lattice and is not asseciated with the S1ceatre [409]).

NNTLNTYU RN T etramsubstituted eyelam has  elicired much interest,
particularly the facile ifsomerization in solution. The solutlen cquilibria
of 1,4,8, 11-tetvamethvl-1,4,8, 11-terraazacye lotetradecane nickel (1) has
been studied in various stromgly coordinating selvents. Confrary Lo oxpoct=
ations, there s & substantial conversion of the thermodynamically predicted
E,%,5,R conformation (1083 into the R,5,%,5% conformativn (10910 A #,5,R,R%
interacdiate (110) Is praoposed in the exrhange mechanisa [216Y. In addition,
the formation constants of some ovelam complexcs have been determined poton-

tiometrically [411).

NS < <o

{108) (116G {109



NyNT,NTY N Y —recral2-cyanoethyl)—1,4,8, li-terraazacyclotetradecane has
been reduced, vielding the octa~amine ligand N,X',N"" ,N''"'-tetra{3-amino-
propyl)-1,4,8 11-tetraazacyclotetradecane. Complexation of this ligand with
Ni(II}, under neutral conditions, gives a high-spin pentaconrdinate species
in which coordination occurs via the four tertlary amine nitrogen atoms and
one of the pendant primary amine nitrogen atows. Selective protonation of
the pendant amino-groups, thereby preventing then Lrom coordinating to the
mcral ion, was also carricd out. This gave rise tg cither a2 diamagnetic
species, in the case ol a wealdly courdipating counterion, or a paramagnetic
species in the rase of a strongly coordinating counterion [212). However,
Barefieid and co-—workers emphasize that care should be taken when working
with these ligands and that elevated temperatures and acidic or basic cond-
itions should be aveoided in order to waintain the integrity of the kinetic
products derived from mctal complexation. They have observed that both de-
alkylation and isomerization reactions can accur, particularly for ligands

containing G-substitured ¥-alkyl groups (413].

The postulate that 1,4,7,11-tetraazacyclotetradecane (isoeyclam) functions

as a tridentate, rather than a tetradentate ligand, thereby accounting for
its appreciably higher cnthalpy of complex formatien, has been found to be
incorrect in the case of [Ni(isocyclam)](Cth)?- The single-crvstal X-ray
structure, solwed using a force—field calculation, shows that the ligand
functions in a retradentate manmer | 414).

Twe synthetic pathwavs for the introduction of a single, functionalized
pendant side chain into a tetraazamacrocycle, in this case Isocyclam, have
been reported. Variously substituted isocyclam ligands were reacted with
Ni(ITI). The unsubstituted ligand forms a square—planar complex, whereas when
a pendant side chain containing a tertiary amino group is present, it
appears that the amino group coordinares wich an apical position of the
metal ion [ﬁTS].

Turning Lo the sixteen membered macrocycles, complexes of Ni(IT} with
Bz [16)dienN, (111} and a series of axial ligands have been synthesized. The
complexes were analysed speclroscopically and were found to be hexacoordinate
in all cases, with the axial ligands being water molecules or anions, depen-

ding on the relative ligand field strengths [416].

(111}

st 24

67



68

The stability censtants of the NI(II) complexes of 1,%4,7,10-tetranza-
cyclotetrradecana, 1,4,8,12-tervaazacyclopentadecans and 1,5,4%,13-celraaza-
cvirlohexadecare have been delbermincd potentiometrically for the fivst tine.
The stabilities of the 1:1 complexes {NiL] ™" have been compared with rhe
analagous open—chain ligand romplexes. As expected, the macrocyclic complexes
are more stable due to a favourable entropy contributlon [é1?].

Busch et al have designed a metnod for the preparation of vaulted muero-

bicyelic ligand-N{(1I) complexes:
~(OMe
W :> + 20 [ j
@ :
.

OMe

|

The single-crystal X-ray structure of the 9,10-unthracene analogue(systemac ic
name: 12,17,19,25~tetramethyl~3,6,13,16,20,24,27  3t~0ctaaraheptacyelo=-{16.7, -
7,42 1Y 4F8 2% 9% B 58 11 512 Alyacatetraconta—1,8,10,17,149,24,26,31, 373,15, -
37,39, 41-tridecaeneN, tulckel(TI) hexalluorophosphate) has been determined,
from which {t can be seen thar the macrocvele rerzins the hasic characrer-
istics of the lacunar family of macrocveles [418] .

The rate of reaction of (1,2,8,9~telraphenyi—3,4,6,7-tetraara—>,5-di-
methyInona-1,3,6,8-tctraene-1,9-dioxy¥)nickel (II) wirh !, }-propanediamine
lhas been studied in tetrahvdrofuran—ethancl solution. The suggested mechaniso

involves two steps,corresponding te the successive reactleon of the two



coordinated CO groups with a molecule propanediamine [419].
A similar Schiff base-type condensation can ovcur when using dihydrazine

and dihydrazune ligands as shown below:

Tr Y
(N‘H\\Ni/NﬂNHZ Oir E \Ni/’N_NI

{112} (113)

The structuve of (112) has been determined as the bls thiocyanato complex
[ ¥iL(NCS),] and as the nitrito complex [NiL(NC )] CLO, . The flexibility of
the ligand is effectively demonstrated, since it 1s planmar in the thiocyanato
complex and folded in the nitrito complex [420]. The single-crystal X-ray
structure of (113), isolated as the bis perchlorate complex, has been reported
in a gubsequent article. As expected the complex is tetracoordinate, with
the macrocycle in a N-rac configuration [421].

Oximes and dioximes have been used. as synthetic precursors for some
interesting Ni(I1) macrocyclic complexes. Malonenamilde owime has been used
to synthesize the tetraaza macrocyclic complex (115}. The reaction scheme
proceeds via the bis chelate complex (114}, which when reacted with CO,
yields the final macrocyclic complex (115). Single-erystal X-ray structures

of both complexes are reported {a22],

HoN NH2 —N N==
NiCl; « 2 \T(/f\\ﬂ/ — w7
| N e

Ha__OH £, (e

HO® OH (115)
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fhe structure of the 1:1 adduct of henzvlamine with bis(difTuvruboron-
dimelhylglyoximatotnickel(TI) has been determined. The complex |35 dimeric,
with o Ni+++¥i fnteraction of 3.873 A. Fach nickel atom hAaples 0 squieres
based pyramidal environment, {ormed by four nltrogen aloms of Lhe essentially
planar macrocyele, and the benzyvlamine nitrogen aton [5;23].

Macrocyelic compleses derived from Lthe meral template condensalion af
aromat 1 diamines with dicarboayl compounds, have been synlhesized by varlous
groups., Reaction of melaphenvlencdiamine, acetylacetone and the appropriate
nickel salt vields (116) [424), while use of 1,3~diphenvI—1, d-propanedione
as the dicarbenyl gives (117) [425]. 1n addition, reaccion of 2,b-diamina-
pyvridine and 2,3-butancdivne in the presence of g niekel salt vields the
tetragonal mocroeyel ic complexes (118), in which the pyridyl witrogen atoms

remain uncoordinatved [426).

X = CLBr, NGy, NCS

H Ph
N N=— 7—— N N
X Ni'——X >y x %/Y\M‘/ x\
— NiT— —— N (—N—
) t_ = \\ \N/ ~

(116 (117 (1181

The ability of 2-alkosxytropenelmines to undergo nucleophilic substitution
reactions at the Z-position has been used in the svuthesis of macrocwelic
ligands countaining conjugated enamine imine moeities. Macrocveles with linker
chains of wvariable length (119) have been svuthesized and complesud with
Ni(II). The crystal structures of five of thesc complexes hawve been deter-
mined, revealing rhat the metal courdination geumcrry fs stronply affected
by the Tength of the Tinker chain, chansing frow square-planar to pscudo-—

tetrahedral with increasing lengch [427].




Although the crystal structure of the Ni{II) complex of hemiporphyrazine
has been known for some time, very few adducts of the complex have been re-
ported. The water adducts and complexes of the type [ NI(L)(#X),] (L= hemi-
porphyrazine; HX= HC1l, HBrj n= 1,2) have been synthesized and characterized

spectroscopically. The structure changes from square-planar, in the case of

the parent complex, to tetragonally distorted in the case of the adducts[428].

Resonance Raman spectroscopy has been used to study metal laporphytrins in
whtich a ligand has been inserted between the metal and a pyrrole nitrogen
atom. In pavtieular, the insertion of a carbenic ligand into a Ni-N bond can
be easily detected by a noticeable lowering of the twe highest Raman frequen-
cies of the porphyrin ring [A29].

Evidence that petroporphyrins are derived from chlorophyll has been pro-
vided by Fookes. Nuclear Overhauser effect difference spectroscepy was used
to determine the structure of two porphyrins isclated from Julia Creek oil
shale as nickel(II) 3,4=-didebydro~3,9,14-triethyl-4,8,13,18-tetramethyl-
phorbine and its S-desethyl homologue [430] .1n addition, a homelogous series
of nickel(T1T) 15,17-butancporphyrins, containing a seven-membered exocyclic
ring, were isolated |430]).

In a continuation of the work on the structural investigation of porphy-
rin complexes, the walence distribution in {5,10,15,20-tetramethy]l porphyr—
inatednickel(IT} has been investipgated. It is suggested that the observed
difference of 0.020(11} A in the Ni-N bond lengths is caused by intermolec-
ular stack interactions {431]., Raman difference spectroscopy has been used to
study the molecular complexes formed by Ni{II} uroporphyrin and a variety of
aromatic heterocycles in aqueous alkaline solution [432].

Corphin derivatives have been used to prepare tetrahydro- and hexabydro-
corphinoid nickel (IT) complexes which contain novel chromophare systems. The
complexes have been characterized using UV/visible, 'H- and !°C-n.m.r. spec-
troscopy. In addition, the single-crystal X-ray structure of nickel{7I)-cis-
4,18,19,20-tetrahydrocarphinate has been reported [433].

Two significantly different macrocyclic complexes of Ni(II) have been
obtained from the reaction NiClz‘6H20, benzil and carbohydrazide. The result-
ant complexes, which have been characterized spectroscopically, are assigned
square-planar and pseudooctahedral geometries respectively. The former
complex contains a tetradentate N-donor macrocvele, while the latter con-
tains a hexadentate N—donor macrocycle [434]).

The planar macrocyclic metal complex nickel-%,4,8,11-tetraaza-5,7,12,14-
tetramethyl[14] annulene, [Ni(TATMA)], has been used to form new 7-D-A com-—
pounds of the type [Ni(TATMA)].A (A= TCNQ, Ni§ C,H >(120). Magnetic suscep-

ey
tibility and conductivity measurements for both compounds, as well as the
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X-ray structure of rhe ¥is ¢ E derivative have heen obbLained {ﬂii].
ERL |

— __:/N N (//S\\ /,S
QNL\ND |\5/N[\SE

Ni [ TATMA) N1 S,C4Hy,
(120

[TCNQ]

The phvsical and structural preperties of a similar svstem inwvolwving
Lhe XI{11) complex of tetramethylporphyrin {TMP} have heen investigated. The
fFirst compound [ Ni{TMP)) TCNQ vonsists of stacks of olternating, paralluel
[Ri{TMP)] and TCNQ molecules,and Is diamapnetic., The secoud componnd studied,
[Ni(TMP)}I , obtained by the iodine oxidatiom of [NI(TH)] | consists of S -
ruffled [Ni(TMP)J molecules, stacked metal over metal, with a Ni---N1 spacing

1+
along the stack of 3.46603) A, and exbibits a Yiph magnetic sescentibilicy

[538] .

1,3.6.2 Phosphorous-donor ligands
A general syncheric route to squure—planar Ni{II) compleses thal contain

li-membered macrocvelic tetradentate phosphine ligands has been developed.
The actic i s a ainzle—stave temmlate—noderate Ine clogare bebtwean
The reaction involves a sinzle—stage template-woderated ring o re b

the complexes [Ni(HMeP(CHT)ﬂPHPH);]X;
or diketones RC(O)(CE“)UC(O)R in= 0,1; R= M, Mob, amd provecds wilh high

{n 2,3 ¥= 01, Br) and dialdehvdes

vield [437].

T (CH,} 2
(CHy 5/ 2 n\pm H

‘HMe £

7 n\_ . N H _

7 HMeP PMeH _ME_,_ >Ni/ 2 Br
HMeP N pen
\\:cﬂgln/
S - TR 2 RC(GHCH, |, COIR
o~ 2™ o
7 26

{CHy 1, /N|\ ([,52‘11
P

HO /P\ ~ [
R {CHoIR R




$.3.6.3 Sulphur~donor ligands

The single-crystal X—ray structure of the Ni(II} complex of 1,4,7,10,13,-
{b-hexathiacyclooctadecane, the hexathia analogue of 18~Crown-6, iszolated as
the dipicrate, has been reported. The Wi,  coordination sphere is essentially
octahedral, with the Ni-S bond lengths varying from 2.376(1) to 2.3972(1) res-

pectively (121} [438}.

1.3.6.4 Mixed-donor ligands

A range of 17-19-membered macrocycles incerporating N, and 0,N, donor
sets have been synthesized and their interaction with Ni(TI)} studied. The
complexes were investigated in the solid state and In selution, and in all
cagses either octahedral or pscudooctahedral geometries were observed. In
solution the unsubstituted 17~ and 18-membered rings adopt a configuration
about the nickel atom in which two ozygen and two nilrogen atoms ocoupy
equatorial positicns, while the remaining nitropen atom occupies an axial
position. A halide ion occupies the remaining axial site (122). Tn contrast
the 19-membered ring complexes and substituted 17- membered ring complexes
were found Lo adopt a different structural geometry [439). The effect of intro-
ducing methyl substituents in the 1,4,7-triazaheptane fragment of the O,X,
macrocycle has been further emphasized in the crystal stuctures of three

complexes [NiL{NCS)E] (L= methyl-substituted 0,N, macrocycle) [440).

(1223

1~Thia-4,7-diazacyclenonpane (123) and its open chain analogue 3-thia-

pentane-1,5-diamine (124) have been prepared and reacted with Ni(I1). The
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complax formation comstants have been determined and compared to those of the
corresponding nitrogen (125) and axygen {1267 analogues. Im addition, the
crvatal structure of [NiL¢](L= 12%) is also reported. Unlike the structure

of [NiLi,} (I.= 124} , the sulphur atums are situated in the trans nxial

positions [441].

/N /N /N /N

HN NH S NH2 HN Nﬁ NH

Qs__> &*“Hz LH\) F3,,0‘)

(123 (1247 (125 (126

1.4,7=-Triazacvelononane has been further functicnalized by the attachment

of pendant arms to the nitropgen atems os shown below:

HN H R-[CHaly ~N  Ne(CHol <R
Br(CH,) - R 207 Nk
<\,gN1_ -3 HBr \\__-N'*J/
H I
(CHy )
R= CO0™ , SOy , -(O,CH, p2n
R

(TCTA  (TES  (TEA

Complexation of the polentiaily hexadentate ligunds with NIi{T1} results in
a hexacoordinate struacture with {ive coordinatlon sites being vecupled by

the ligand (¥ 0. -donor) and the sixth being cocupied by H.OO The single-

crystal X-rav structure of [Ki{;ES)(H:UH T has been delermined, and provides
evidenre of the above mode cof cnmrdinution[dé?].

The macrecyelie polyphosphanes 1V, Td-dipropy!=4,7,1 3. 1a=tet rapheny!-1, 10~
diaza=4,7,1%, 1A—tetraphosphacye loow tadecane [ 443) and 4,7,13, 16-terraphenyl-
1,10~-d1oxs=4,7,13,16-Letraphosphacvelooctadecana [L&&] liave been svnthesized
and complexed withh N{(Ti}. The lipands are potentially hexadentate and occur
as five interconvertibie diaslercoisomers at ambient Lemperature. Uomplex-
ation of the five digstercoisomers gives vise to varlous coordinat lon modes.
The crvstal and melecular structures of (GRS, 7SR, 138R,1ARSY =4, 7,13 Th-rotra—
phenvi-1,10-dioxa~2,7,1%, 1h—tet raphosphacve lonckadecane nickel (111 {245]

and 1, 10-dipropyT—(4RS, 7SR, 1IRS,1ASRY =4, 7, 13, IA=tetraphenv i, 10-diana=4,7,~
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13,16—Letraphosphacyclooctadecans nickel{IT) {443] have been determined.

1.3.7 Biological ligands

A large number of Tigands witli NO and NS donor atoms are of biological
interest. The nickel(Il) complexes of some of these ligands have been listed
in table 9. The bulk of these ligands fall into two bread catagories, viz.
substituted polvheterocycles [ 446-466] and amino acids or peptides [467—&83).

The polyheterovcyclic ligands consist of variously sustituted azoles

[446-453), pyrimidines [454,435), barbituric acids [458-460) ,azines [461-462)
and thiazoles [463—&661. Most of the complexes are of the type [ NiL2K7]
(L= polyhetcroeyelic; X= halide ion or H,0), and exhibit octahedral or
pseudooctahedral geometry.

The nickel metalloenzyme, jack bean urease, has been investigated by
various workers. Preliminary EXAFS and XANES spectral results indicate that
the lecal environment of the Ni(ll) ions in urease most closely resembles
that of the nickel ions in the model compound [Ni(HL),{1)]C10, . where HL is
i-n-propyl-2-z-hydroxybenzylbenzimidazole and L is the deprotonated form
[467]. In addition, light scattering experiments indicate that the coord-
ination sphere of the nickel ion in urease is consistent with Ki(II} in an
cctahedral complex (468)].

Turning to amino acids, Lhe bulk of complexation with Ni(ILl) has been
studied in solution using potentiometry [469-483). Of interest is the reac-
tion of X-phenylglycine and N-napthylglyeine with KL(TII). N-phenyiglyeine
reacts in the presence of base [orming the monomeric octahedral complex
{ NiLz(H20)2] (HL= phenylglycine), as well as the polymeric cctahedral com-
plex [NiLQ]n ,» in which both bidentate and bridging carboxylate groups are
present. N-z-napthylglycine reacts vielding only the polymeric complex [470).

Soluhle models have been used to mimic the separation mechanism of -
amino acid erantiomers by ligand exchange chromatography on chiral, metal
complexed stationary phases. In the study, structurcs were assigned to the
coordination complexes involved in the stereoselection [472].

Calorimetry has been used to study the thermodynamics of the complex-—
ation of ¥i(11)} with L-aspartic acid in aqueouns solution. Both NIL{H 0},  (127)
and NiL,(H,0),%7(128) (R L= aspartic acid) were {ormed. The change in the
mode of coordinatien proceeding From the mono to the bis complex is mani-
fested by an enthalpy change on coordination of the second ligand, which is

rore than double the enthalpy of attachment of the First ligand {479).
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(127) (128)

Ni{I1} reacts with the peptide antibiotic, Bacitracin A, yielding a Ni-
bacitracin complex which contains a group having a pK, near pH 5.5, Deprot-
onation of this group results in the aggregation and precipitation of the
metal-bacitracin complex. lt has beer shown that the group, which is the
K-terminal amino of isoleucine, is protected by the metal from reacting with
2,4,6-trinitrobenzene sulphonate [479]).

Carbon dioxide dehydrogenase from (lostridium thermoaceticum has been

isolated and purified. The enzvme dissociates tuo form a dimer with an af
structure, which apparently contains per mul 2 nickel. Under acidic cond-
itions a low molecular weight nickel factor separates from the enzyme [481].
Finally, the interaction of carbohvdrates with Ni({l[) has becn examined.
The single-crystal X-ray structures of Eigﬁ1—[(3—aminopropy1)amino]-1,6-di-
deoxy-L-mannose inickel(II} dibromide [&8&] and (ethylenediamine){2-((2-amino—
ethyl)amino) -2-deoxy-L-sorbose)nickel (11} dichloride [483) have been deter-

mined.

1.4 NICKEL (T)

Synthetic methods that have been used in the preparation of nickel(T}
complexes invelve both chemical and electrochemical techniques applied to
the oxidation of Ni(0) complexes, or the reduction of Ni(Il) complexes.
These techniques have been used with great success, as shown by the new Ni(T)
complexes which are listed in table 10.

The reduction of nickel(IT) halides with Ka[ BE ], in the presence of
various ligands still appears to be a popular and effective method for pre-
paring nickel(I) complexes | 489-491] ., This method has been used to synthe-
size a range of distorted tetrahedral complexes of the type [NiLh}+

[wiL,x}, [NiL,x, )7, [NiLx,])*7, [NiL,X], and [Nit¥}; (I~ ligand containing
group-V donor atom; X= halide) [489,490].
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Reduction of the dithiccarbamate complex [Ni(triphos)(SZCNEt?)]BPhh
(triphes= 1,1,1~tris{{diphenylphosphine)methyllethane) with Na[BH,| yields
[Ni(triphos)(SH)] (129}, which has a disterted tetrahedral structure and a
room-temperature magnetic mement of 2,11 Lp corresponding to a doublet
ground state {492). In addition, the related compound [{triphas}Ni(nu-8,}-
¥iftriphos))Cl0, is a novel nickel dimer bridged by two sulphur atoms (130}.
The Ni,5, bridging framework is planmar, with a Ni-Ni distance of 3.865(1) R,

while a formal oxidatfion of I/II has been assigned [492]

P S p
\./ ~
p——Ni-—-3H N-1p

NS

(129) £130)

Two relatively rare nickel(I} phosphido-bridged compounds have been
synthesized recently. Reaction of di-tert-butylphesphido lithium with
[Niclz(PMea)2J yields the dinuclear complex [Ni(p—EfBuzP}(PMea)Q]Z (131), cthe
structure of which has been determined crystallographically. The phosphorous
and nickel atoms are coplanar and the Me P-Ni-Ni-PMe 6 moeity is linear,
giving the molecule D, symmetry. The Ni-Ni separation of 2.375(3) A is in
accordance with a single metal-metal bond [493). The erystal stucture of a
similar phosphide~bridged dinuclear complex, [MeaPNiP(SiMeg)z]2 (132), has
alsoc been determined. Fach nickel atom 1s trigonally-planar coordinated, and

the Ni-Ni separation is 2.38 A, corresponding to a single Ni-Ni bond {494].

o e sl Sites
Me3P——N< >N|—-—- PMey HeP—NT— \Nn—PHea
p
PN
X X Me 3 SI SIM!B
(131) (132)

While on the subject of binuclear bridged nickel{(T) complexes, much
work has been done on dicyclopentadienyl dinuclear nickel complexes which
contain various bridging moeities. Spectroscopic techniques, including infra-

red [435)and photoelectron spectroscopy (496), have been used to study the
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electronic stucture of [NL(UE—CEHE)(;‘COH . - An interesting result emanating
from this study is the occuronce ol Lwo hack-honding loterartions between
four metal-based d-electrons and the 1% melecular arbitals of the bridging
carbony] groups. frradiation of [Ni(':—cqub)(n-CO)]? in the presence of a
suitable alkyne leads to the photochemical fermation of the corresponding
alkyne-bridzed dinuclear complex i?Ni(ﬁFWCEHE)};(RCECR')J (B,it'= o, My,
CoH ) [59?]. In addition, the pas phase UV photoeleoctron spectra of some of
the alkvne-bridged complexes have boen reported. Spectral features related to
ivnizations from molecular orbitals involved in metal-alkvne back-domac Lom
have been detected for the {irst time [ﬁ98].

Tripod-like polytertiary phosphines or closely related ligands such as
trig(2-diphenylphosphineethyllanine (133}, tris{Z-dipheaylphospbinoethyl)-
phosphine (134) and tris(Z-diphenylarsencethylyamine (135}, have been shown
to be suitable for rthe stabilization of nickel{1} [499,500]. The Ni{T) com—

plex 1s usually obtalned bv oxidation of a suitable aickel{0) complex:

NIL + X —_— NilX
(L= 133 {(R¥= uvrganic halide) (136
¢ bh, €10,
Ni{C W, ) (PPh,}, + L = NiL {870.) (L= 13
(137}

BiL(PPh) (€10}  {L= 135)
(138)

Complex (136) has been assigned trigonal-bipyramidal geomerry, in which the
three phosphorous atoms occupy the equatorial pesitious, while the nitrogen
atom and hulide ion occupy the awxial postrions. The crvscal structure of
(138) reveals 2 similar configuration with the arsenic atoms occupying the
equatorial positions, while the nilrogen atom and PPh, group occupy the
axial positions. Compound (137} exhibits un uwnususl trigonal-blipyrawidal
gocmetry in which the nicke!l atom 1s coordinated to the four phosphorous
atoms of the ligand.

Elecetyvechemical reduction has been used Uo generzte various nickel(l}
complexes in solution. The reductive elactrochemistry of the complexes
[¥i¢:"-c B (PR),]T (R= C,B., € H,, C,H,, C,H), [Ni{- -C _H,){Ph PCH.CH,-
PPh:)]+ and [Ni(ns—ceuﬁj(PhlASCH;anﬁSPhE}J+ hag been investigated in
acetonitrile. In each case, with the exception of the rriphenylphosghine

complex, a single reduction process was ohserved, cerrespondiang to a fast



single electron trans{er leading to a stable Ki([) species. The tfiphenyl-
phosphine complex [Ni(ﬂs—ﬂsﬁs)(PPha}z] appears to underso a chemical reaction,
the reason for which Ls not yet clear [501) . Similar behavieur has been
observed in the redox chemistry of phosphine-dithiolate and phosphine-cate—
cholate cowplexes of nickel. The complexes LNi(PPh})EI]”+ {LL= dithiolate
‘n=0) or dithiocarbamate ‘n=1} ) and "KilL'] (L= dithiolate or cateccholate,
L'= bis(diphenylphosphine} 1 all exhibit a reversible or quasi-reversible
one-electron reduction process, with the reduction potentials for the PPh,
complexes heing approximately 0.5V higher than those of the corresponding
bis(diphenyiphosphine} complexes. In the case of triphenylplosphine complexes
such as [Ni(PPhl)a({CN??C?S?)], the voltammetry shows evidence of a dissoc-—
iation equilibrium involving loss of PPh, from the mickel species after the
electron process has occurred {502]. Similarly, the complex [Ni{(NC)ZC?S?}—
{(CHS)EC?N?th}J undergoes a one-clectron reduction yielding a species com-
taining nickel in the +1 oxidation state. This species is umnstable and dis-
proportiocnates yielding [Ni{(Nc)pc?sg}?Jz‘ and [Ni{(CH])ZCEN?Ph?}Z] . How-
ever, a similar one-electron reduction of [Ni(Ph}Czsz)(1,10—pheﬂn has been
found to give a stable Ki(l} species with greater delocalization of the un-
pzired electron over the lipand [503) .

The preparation and electrochemistry of the nickel (II) complexes of
4,5"" ' —diphenyl-2,2":6'2" ;' T, 21T 6 2" VM Tquinquepyridine {139) and the
ligand derived from the template condensation of 6,6''-bis(methylhydrazine)-
-4 '-pheny1-2,2':6",2"'—terpyridine wicth glvoxal {(140), have been reported
[504,505). Of interest are the Ki(I) complexes which have been generated
electrochemically, since relatively few examples of nickel in the +1 oxidation

state with nitrogen doner ligands are knowmn.

(139) (140)

83
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1.5 NICKEL ()

Ni{0) complexes containing good leaving groups such as 1,5-cveiocctadiens
{vod) and cthylene bave been used cxtensively as svathons 1o the preparation

of new Ni(D) complexes [506-513);:

Ph
[Ni(cod).]) « I —  ‘Nifcod'L! (Lz[:::>ﬂ==<::Ph ! { 306]

[¥iteod).] + 2PR, + 205 —— [Ni(PR)).(CS),] (R= e, Bt [507)

1.2
[y
o]

2{Kilcod}.] v 2PR, 4 —= [Ni(rR)(CS )} - (Re PR (507)

[NiCcod) ] + PPh,  + PCOOC, L,  ——= (NL(EO(PFh,Y J+ ¢ W 0 {z08}
[$i{bipy) (cad}) + SC0 ——— [Ki(bipy)(sc0)] [ 509]
[Nitbipy){(eod)) + L  — [Nitbipp(:im-13)  a= [ 1 [t

[ - . S . B
[NiL{cod)) + HK,CiCROH:CHUCO,Me — — [NIL(H,C:CRCIL:ICNCO, M) [511]
(L Ph.PCH, CH. PP )

(Ni(PPR,).(C.H,)] +  MeCfiMe ——w  [N{(PPh ) (MeU-(e)] [512]

[RIPPLY(C BD) 4+ W C:CRSIR,  —= [Ni(PPu ) (W,(:0HSIR,)) [ovd
(R= Mo, OMc)

[Ni{ﬂﬁ—CiHL)TJ + I —— LNiLj} (L= bis:diphenylphospling - {514]

N-methyimaleimide!

Many of the complexes have bean igolated as solids, and structural daga
abrained from X-ray crystallographic studies are iisfed +in table 1%, &f parc-
icular interest is the structure of [NidbipeY(cod)] | a2 woieh the nickel
atom is tetrahedrally courdinated, while Lhe cod ligand maintains a tuisred
boat conformation [516].

The reactionsz af carbon dichalcogenides with Ni(D) vomplexes have gener-—
ated much intercst of larte [507,509,517-520). The denisive factor for veaction
to occur has been shown to be the HOMO-energy of the complex, relative to the
LUMO~energy of the potentizl ligand. For cxample, fNi(bipy){cod)] reacts with
SeCs, 5, and BCO, whereas [Ni(PPhE)L(U:hh}j onty reacts with €5, and nor
SCO. Generally the carbon dichalcegenides are bonded sidé—on (), and it is
always the most clectronegative heteroatom of the asymmetric Tigunds SelS and

3C0 which does not Interacl with rhe central metal atom EHUQ}.
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The veartions of C5 , C0, and €05 with NI1(0) compledes have hoen reviewed
[3(}}']. Cowmponnds of varving stolchionclrye Kave heco obtaloed, dependiong on tie

phosphine usad:

2[¥ifeody,] + 2PR, o+ U5, ———= [Ni{PRO(USM]. (RPL, potolucne,

cee laliexy 17
[Ni(wd)2J + 2R, o+ o5 ———=  [NI(PR,) {CS5.0.)  (ReMe, EO)

[Ni(PRQ)(Cﬁﬁ)J. wis originally assipgned the bintclear streerare (1513, oo
the basis of spectroscopic evidence [507,517). However, o subsoguent single-
vrvstal X-ray analvsis of the triplenylphosphine complex has revealed that the

conplex has the binnelear struerure (142) [518}.

S
N
(——5 PP S —=5% PPh
\\Ni/ \Ni/ k \\u/ \NI/ ’
T /// T PN T
PhyP s 7 ~ PP S—([ = s
{14£1) (142)

The single-crystal X-ray structure of [Ni{PMeS):(CST):J has been determined.
The complex displavs XiPSCS coordination {1431, and is severaly disturted

from square-planar. Of Intercst 15 Lhe fact thar the S5C{8VSC(PMe 05 linkage
can be formally described us o cuondensation product of two matvcules of €%

with one molcoule of PMe [519].

S
1
I
L

Anather route used In the syniliesis of Ni(0) complexes utilizes the rather
volatile and unstable carbonyl complex Ni{CO0) . The unstuble metal carbonyl

specles [Ni(CO}FN:] has been penerated by photolysis of .\'i((IO'}:II in liguid
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krypton, doped with nitrogen at 114 K [520). Infrared spectroscapy has been
used to monitor the decay kinetics of Ni(CO)jN2 in the presence of dissolved
CO. The reaction rate exhibits a first order dependence on the concentration

of Ki(CO),N, and & wmore complex dependence on the concentrations of CO and H..
The reaction pathway has been assigned a simultaneous disseclative/associative
mechanism, and the Wi-K, bond dissoclation energy has been estimated at 10 kcal
per mole [521}. In addition, ab initio MO calculations have been used to
predict the beonding between N1 and N, in the related complex [NL(O?](NE)]. Of

the three geometrical isomers with a C2 symmetry considered {144,145,146), it

v
was shown that end-on coordination of XN, (144) is preferred to the side-on

structure [522].

Q Oﬂ% N N
‘\\Ni-— NamN 1 Ni/” 0=—0 -——Ni/ﬂ
{144) (145) (146)

The diphosphene (2,4,6—£fBu3C6H2)?P2 reacts with Ni(C0), vielding the com—
plex (Ni(C0).T] (L= diphosphene) (147). The complex is noteworthy, since not
only is it the first indicaticn that compounds with P=P bonds will react with
organometallic reagents, but a new mode of coordination for diphosphene
ligands is alsc exhibited [523). Bis(triethylphosphine) n?-gii(trimethyl—
silyl)diphosphene nickel, the crystal structure of whieh has been determined

? ~mode ,

[524), shows the diphosphene ligand coordinated in the more common 7
The complex is of interest since it is the first example of a molecule showing

a bond between a Ni atom and a tricoordinated P atom ({148).

Ph P P—SiMe
p=r¢p ’ \\\\Nf// | ’
NilCol, PhyP P\-—Sme 3
SiMe
R
(147} {148}

The behavipur of the chelating donor ligand o-lithiobenzyldiphenylphos-

phine (149) with a series of nickel{() complexes has been Investigated. The
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resultant complexes vary according to the donor praperlies of the ligands in

the Ni(0) complexes [525):

Ni{cod). +2(143) — (Li-THF) [Ni(o—C.H CH.PPh ).
N 2 —_ . I - . ¢

{¥ifcoy )+ 20149 ——=  Li(Er,0) [Ni(e-C H CH PPh )(CO)_]
: o . PR E——
(Niepn p(c )+ 20149)  —— Li(Er 0)[ Nilo=C B, CH_PPh_ ) (PPh.) ]

A& navel pickel(0) dicarbonvi complex has bheen synthesized Trom the i1
complex [Ni(R)N(SiHeEUH?P?hs}JJ {R= CH‘,FE—CﬁHﬁ, BC~CH., PhY. Che mechanism
involves migratory insertion of CO into the Xi{T11)} carben honds of [ Ni(RIN-
(SiHe?CH;PPhﬁ)?] v which promotes rearvangement of the amidophosphine hybrid
]igan& té ge;erate the nickel{0) carbonyl derivative [Ni(ﬂﬂ)“'RCUN(SiMDTKH:—
PPh.) L H) (1503 [526]) .

[ \\\\\\\ f\/ z‘r"-'r ¢
R—C—N" " Ni
\\\
N N co
Me2 th
(1507

tThe stereochemistry ol [Ni(PHz)?(quo)] and [Ni(PH ), (€0.)] has been
studied using the ab Initio MO methed. Unpergy decompusition analvsls lndicates
that, due Lo stronger back—donation, rhe planar side~on mode of caordination
is favoured for [NL(PH,}.(C0.)} [527]. Suppurt for rhis wode of coordination
is given by the crystal structure of the related complex NI(PCy ). (PhOHd)
(151 . The benzaldehyde ligand is [-coordinated, with strong back~donat ion
from the K{ atom to the =0 group, while the conrdination environment of the

nickel atom is essentially planar [ 528},

{151
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[Ni{(+)—(diop)??] $(+)-(diop) = {+)-(25,35)-(2,3-isopropylidenedioxybutane-
{,4-diy1)bis{diphenylphosphine)}} has been prepared and used as a catalyst for
the asymmetric addition of HCN to alkenes. The zerovalent complex was prepated
by borohydride reduction of Nitll2 in the presence of the diphosphine ligand
[529]. Other catalytic uses for nickel(0} complexes have heen the electro—
chemical synthesis of arvlcarboxylates (530) and the oligomerization of alkynes

[531].

1.6 POLYNUCLEAR COMPLEXES

Polynuclear complexes may be divided into two broad catagories viz. those
that contain nickel-nickel or mickel-metal interactions (clusters), and those
that do not (miscellaneous). In addition, it should be noted that some poly-

nuclear complexes have been described in earlier sections.

1.6.1 Clustrers

The field of cluster chiemistry has recieved much attention recently,
Table 12 lists some relevant data concerning homonuclear [532-536] and hetero-
nuclear [539-550) nickel-containing cluster complexes. In most cases, charac-
terization of the complexes has been achieved by single—crystal X-ray methods.

Homonuclear nickel clusters range from those containing three Ni atoms to
those containing twelve, with the average Ni-Ni interaction varying from Z.414
to 2.818 A . The complex anions [Nia(ns—CﬁHs)(pa—Cojzy_and [NiE(PE—CEHes)‘
(U3-CO)2}_ exhibit the steric affects of intreducing the bulky pentamethyl-
cyclopentadienyl ligand, with the average Ni~-N1 distance changing from 2.410 A
to 2.530 A (532).

[Nis(CO)lzlz_ has been used as a synthon for the preparation of a variety
of large nickel-carbonyl-phosphinidene and argsinidene clusters (537]. In
addition, when hydrolysed under buffered conditions, it yields the carbonyl-

nickelate complexes [Nilz(CO) 8T (p= 2,3,4) [538}),

21Hq—nj

As can be seen from table 12, a large variety of heteronuclear nickel-
containing cluster complexes have been prepared. Chiral organotransition-—
metal tetrahedral clusters of the type [(RCECR')Ni(nS—CEHE)M] M= (WS*CSHS)‘
Mo(C0}2 ; Co(CO)3 ; (nS—CSHS)Ni } react with Fe?(CO)g , yielding square—
pyramidal chiral clusters of the general formula [(RC"CR')Ni(n5~C5H5)MFe(CO)3L
In this general synthetic route, the alkyne is used as a bridging ligand for
the metal centres (551 .

Di-t-butoxytin(IIl} and bis(trimethylsiloxy)tin(II} react with Ni{(CO),,
yielding the disubstituced complex [Ni(CO)gsn(OCMeg)zlg and monosubstituted
complex Ni(C0)3[Sn(OSiMe3)212 respectively {552},
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Finally, new polvouclear organometallic compounds containing Ge, Hgo, €d
and Ni have been prepared by the reactlon of the gersyl derivatives of €d and
Hyp with Ni(PPh:}L [553], whiite the reactlon between {Ki(cud}h] aad
[ha[L—ﬂO)q(?i—CnHe%)] atfords tie thormeily tmstable and alv—sensitive comp-

plex [NiRh.(L-CO}. (cod) (-0 de 3] [554]).

1.6.2 Miscellancous

The chelating ability nf 1,8-divdroxvaatiragquinone with Xi{i7) has bueen
spadied. with betlh menoouclear (1523 and binaclear (133) chelates helng iso-
tated, depending on whetber the Tiwand (s in 1ts meucanionic or disnionle
form [553) . Similar bimuclear complexes have been prepared asing 2.5, 0-hepila-
Erivne, o-acetoacetylpbensi and Z-benzovlacerophenol in their diasionic forms.
in addition, by using 1.I0H as buasc, Il was puossibic Le isolsie the menomue oar

complex as well {536].

f152)

Trilonized citvate has been complesed with Ni{TTY, vicelding the binwclear
complex KJ{NiL;fHSO)gl_'ﬁﬁfﬂ (il.L= citric scldl). Tie crvstal strivture

reveals that each triionized citrate 1on is hound as a Lridentate lizand,

through Lwo carbaxylate oxvgen atons and a bvdroxv! group, to one Nioatou,

while a bridging hond to the scoond ¥i atom is provided by a third carboxylate
oxyget. Outabedral coordination is completced by water aolecules [33?}-

Napthararin has the ability re farm bionclear complexes U It Funclions s
a telradenrate Vigand., rhe binuelear complox [NET(L)(bipyJ:](FF:); (H. L=
naptharazin) Las boen prepared, in whivh the naprharasinale ligand funct lons
a5 a bridpine unit hetwesn the Lwe metal contres. Spectroscopic and magnetic
data indicate that cach wmeral Ion is surrecnded by bwo oxvienr and two nitroges
atoms in a nearly tetrabedral configuration {558) .

18-Crown-f veacts with KICE. .00 0, vielding twe products viz. Ni:K]:(ErU)f—
Cl-+18-crown—6 and 2N{Cl.«2H-0-18-crown—-6 . Roth complexes have been charice-—
terized sgpectrogropivally. In addition, the sinple-crystal S-ray structure of

NiCT (H 0 001 - 18~crown—6 reveals an unusual conformation of the 18-crown-6
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polyether and a NiCl, (H,Q), unit, containing the nickel atoms in the form of

a bridged dinuclear unit. The cohesion of the structure is given by hydrogen
bonds between the crown ether and the water molecules surrounding the dinickel
unit {559].

A binuclear complex of nickel with bridging hydroxyl groups has been pre-
pared by the reaction of 1-hydroxyethylidenediphosphonic acid and nickel(TI)
acetate in aquecus medium. The complex, NI L-6H. O {L=1-hydroxyethylidenedi-
phosphonic acid) is distorted octahedral in structure [560].

Circular dichroism has becn used to study the binuclear nickel(II) comp-
lex of quinine . The complex has the general [ormula NiZLCI“(HEO]e with each
nickel atom situated in an octahedral environment. The absence of Cotton
effects inicates that the hydroxyl zroup of the quinine ligand does not part-
ivipate In coordination [561].

a2’ ~(ethylenediimine)bis-o-cresol reacts with Ni(1I} giving rise to the
binuclear complex [Ni?Lu(OH)Cls}. The nickel atoms are octahedrally coordin-

ated, while the lipand is in its gauche form (154) [562].

{154)

Binuclear complexes containing di-2-pyridylamine have been prepared. The
complexes have the general formula fNi?LK (N03)2] (L= di-2-pyridylamine; X=
bridging group) and are bridged by u-oxamido, }-oxamato and p—oxalato groups
respectively. Magnetic measurements reveal that the magnetic moments are
slightly less than those found for mononuclear Ki(II) high spin complexes [563],

Reaction of the ™1,2-dithiolene-like” ligand C, 5, with the dimeric complex
[Ni?(ns-Cst)z(u—CO)z] (R= H, Me) yields two remarkably different products,
depending on the eyclopentadienyl substituent. The hexanickel complex
[{(Nia(ﬁs—CsHs)a(u-S)}Z(Czsuﬂ is formed when R=H, while the dinuclear complex
[Ni?(PS-CSHSJZ(CESQ)} is formed when R=Me. This effect is assigned to the
bulky naturc of the substituted eyclopentadienyl groups which preclude the
formation of the hexanickel complex in the latter case [564],

The structure of[(na—CSHS)ZNiZ(ClUCIHSH)] ,obtained by the reaction of
[(ns—CsHs)zNi?(CD)zj with the tetrathiolate ligand, €, Cl S, , has been deter-
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mined. Ilie potentially (etradentate ligand functions in a bideniate fashion
forming twou sulphur bridges belween the N1 oatoms, which are cavhed capped by
a evelopentadieny]l moeity {363),

While on the subject of sulpher hridging atoms, thivphenal and p-teluene
thiel have been reacted wich Ni(lI} jn isopropanol!, vielding the sulphar
bridped complexes [Ni(HL)(L)(isopropano])]; (Hl = tirjoplenci or p—folsene
thiol). The complexecs are square—planar with the depretonaced igand furciion-
ing as the bridging froup [566}.

Various binuclear cumplexes containing monodentate plosphine Pigands have
been prepared | 367-564. Chloride bridring mocities have been feund in the
vompleoxes [:\Ei(i‘l’iw._):._XC1}_ (X= CI17, Br™, XUST, X007V and fxiceer oy oy cod -
e Yeee 3G -CIY) L L the complexes diller (o coordination geometry wirh the
former being distorted tetranedral and che latter squave-planar, in addition,
tlhe singlo-crystal X-ray stracture of the phospliine methunide complex

[Ni(‘-"‘:“‘CEHE‘)P(CHHS)?CH:: L 01EA) has been determiced. The o pomples huas s boal

conformation with am avernge Ni-F bond distance of 2.0 A [ 36y) .,

p i PPhoy

thpziii//,ﬁﬁhhahﬁm

Ni Cp

{155}

Tite crystal strocture of dibromobis! .~ Z-(diphenviphosphinodetizancethiolate]-
P,u=Si-dinickel {TT} has been determined. The 2-{diphenviphoaphincletchane—
thiolute ion funcrtions as o bidentate fizand, with coordinal jor occurring vio
the P and § donor atvms, forming a Jive=meebered won—nplanar ring. The coard-
ination +sphere of cach N1 oatem is sgonare~plenar, and the Ni-¥1 distance is
2.695(2) A [570].

e unstable thrce—membered ring svstens [(‘r~C?h3)NiS=PR:], chtainped by
the reserion of [( :—f:_,_H'_:l_NiJ with diorganvlphesphane salphides R OBEPE (RS M
Phl, dimerize at room remperature giving the binuclese comp lex [('h*YFHt}N1—

5=PR ), (156> [571].

LNy NiL (1361



Ki-Ni bimetallomers of 4-tert-butyl-2,6-bis 5-{ ({heptylthio}thiocarbonyl
amino)formimdoyl) phenol with a variety of bridging lipgands (Z= CH3CH20_, on~,
T, Br , CN'), have besn prepared. The ligand functions in a pentadentate

Ny

manner, with each ¥i atom in a square-planar environment (157) (572].

R-—S\T/'&\ xT/S —R

(157} ] | R = hep'yl
7 = CHyCH070 OHT, Ny, Br™, ONT

4 stable alkoxo-oxygen bridged planar Ni{11) complex has been reported,
in which the ligand 1,5-diamino—3~pentanol coordinates in a tridentate manner,

yielding {Ni L ] (BPh,),-2cH08 (158) (573].

2+

HZN\.N'/ \N' HZ
! 1

HzN/’ -~ \\NHZ

(158}

Reaction of cinnamaldehydaniline and 2,3-dimethylbutadiene with Ni{cod),
yields the binuclear complex bis{[(p-1,2,3,6-7)-2,3~dimethyl~5,8-diphenyl-6-
aza-2,7-octadiendiyl]dinickel{1L} (159). The mickel atoms are bonded to the
i~allyl and o-azallyl groups, with the coordination number of both nickel

atoms being four |374}.

£159)
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Elhylenediaminetetraacetic acid (H4L= LDTAY reacts in its deprotonated
form, yiciding isomorphir compilexes of the tvpe NIML-BH. O (M= N1, #Zn, Up,
Mo, Mg ). X-ray and specrroscopic methods indicate that ZDTAYT Ffunctions as
@ bridging ligand, and that bolh dridging and moncdentate carboxylate groups
are present {575]. The related ligand, 1,2-cyrlobhexancdiaminetetraacetic acid,
complexes with Ni(IT) and Ca(ll) in its depratanared Torm, vielding Ni_T-6H 0
and Ca,L-7H. 0 respectively. Mixzing of rthese (wo complexes in agaeeus solutien
results in the bimetallic complex Ca¥ilL-6H.0 [576) . In addition, rhe syuth=
e3is of 2 nuw decadentate bionucleating ligand, 1, 4=bis(2,5,3-tris(carboxy-
methyl)=2,3-diazapentyi)benzene (H LY {1p0} and its aqueocus equilibria with
NKi(11) has been described. The mode of coardination s found to be strongly

dependent on pH [577).

H

(160}

Interest in binuclear macrocvelic complexes ol NI(II) has been sustained,
with guite a few examples heing repurted. The single—crystal ¥-ray structure
of meso,meso’~ethylenehis( ocraerhylporphyrinatonickel(I11)] has beeu determined.
The molecule has an interesting symmetrv, containing parallel porphyrin riongs
linked by rhe ethylene bridge [378). Similar complexes, containing two tetra-
sza macrocyclic rings counected by an alkyl chain of varviag leapth {161} have
been prepared (Systematic name: 7,7'-alkanebis 2,12-dimeihyl-3,7,11,17-tecra-

azabicyc]o[11,3,1]—haptadeca*1(!?),2,!!,13,15—pentuene?) [579].

’— ‘--h._HN _'—\N_----“ A
|
/ N——-—Nl"'——N ——i{CHaly —N‘i N/ \ ﬁlCIOI‘)_

(161}
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A new series of binuclear Ni(ll) macrocyclic complexes with a terephth-
aloyl or isophthaloyl bridpe have been prepared by the electrophilic substit-
ution reaction of (11,13-dimethyl-1,4,7,10-tetraaza-10,12~cyclotridecandien-
ate)-nickel{ll) or (12,T4-dimethyl-1,4,8,11-tetraaza—11,13-cyclotetradecandien-
alo)nickel(II) with terephthaloyl chloride or isophthaloyl chloride. Subscti-
tution occurs at the v-carbon atom of the macrocycle [580].

The use of oximes and dioximes in the synthesis of mononuclear macrocyclic
complexes has been extended to the synthesis of binuclear macrocyelic compl-
excs. Bis(a—dioximate)nickel(IT) has heen utilized as a synthetic precursor
in the preparation of the binuclear complexes (162) .The complexes may be synthe—
sized via two routes, hoth of which utilize an organobis{diflucroborane) as a
linking reagent. The complexes were characterized using ‘H~, **C- and t9p-

n.m.r.|381) .

Pr Pr
/:/ \r\
\ LN /N 0\B/F
/ / \N__U/ \F
\ /
Pr
(162) R r R=1,4- CH, - (CH, 1, -

B e
/

A novel binuclear macrocyclic complex of Ni{II) (163} has been preparcd
by the action of formaldehyde on tetrathioceyanalobis(3,6-~dimethyl-2,7~dioxo-
4,5-diazaocta-3,5-diene~2,7-dihydrazoneldinickel(1I). The complex has been
cltaracterized by spectlroscopic, magnelic and polarographic methods, and is

tetragonally distorted l582].

1
i X =NC
)
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While on the subject of dibydrazone ligands, 3,6~d{wethyl-2,7-dioxo~4, 5=
diazaocta-3,5—diene—2,7-dihvdrazone has been reacted with various nickel
salts. Octahcdral binuclear complexes [Ni:_]_?}}(;I are oblalined wien X= G170 3r o,
17, N0;" and Cth_, while rhe retragonally distorted binuelear vomplex

(¥i L.X ] is obtained when X= NC37[583).

A series of tetradentate bis{aroyibvdrazones} ol varlows 7=dioldehvdes
liave been svnthesized. These ligands coerdinate to N1(18), vielding trinuciear
complexes with molecular formula [Ni;L_} (R4, In which each N1 tom is in s
square-planar environment. (163) reacts with pyridine giving the complex
[Ni,Lﬁ(pyridine) ] dir whielh 211 the X1 fons are ovctahedrally coordinated.
Beaction with dimethvlformamide (0M) afrards the complex [Ni:L”(DXF)_} in
which two of the X1 tons arce octahedraliy coordirated, while ;h; remtining
Ni ien is in a square-planar envivonment [384). Similay Lrelanelear complexes
are cohtained from the reaction of 2~HU-5—RtiH?C(UH):CHCH:NE+H:R‘-5"UH—2
(R= Mg, €13 R'= H, NO_ ) (H.L) with Ni(IT). The resultant complexes [Ni.0.]

are paramagnetic and exhibit Ferromagnetlc exchange hetween Lhe 81 fons ( 83).

0 0 oN=

04N ad NO
I N y

.\N====<iR t}___ N/

R = Ph, 4Ny CH, , 3-NOs-CH,

R
N/:‘-q—t< >—‘N
Ny

(164}

ctranuciear hexaketonato nickel{l11} complexes with m—bis(1,%,5~trioxo-
hexvlilbenzene and m-bis(1,3,3-trioxe-5-phenyilbenzene have been prepared.
The conplexes have the general formul: [NibLﬂ{H_O}QJ and cacl Nioatoa 1
liexacoordinate, with the H.0 ligands cccupying the trans axial pozitions,
Reaction of the adbove romplexes with o-phenyvlenediamine vields the correspon—
ding macrocyelic Schiff base coaploxes [N{LL'(H?O}N}. These compleRes are
znesual in that the bwo central ¥i lous  are gssiyred octabedral coordination,
whereas the lerminal Ni jons  arc spin-paired and (0 & sqoarce-planar eaviron-
ment [586].

The hexanuclear complex [“1 (P PCH CH.CO.) .} has Leen prepared by the
interfacial yeacelon of sulutluns of Ph?ILH?LH:LU;H in CH CL o anc NIENO .

in agueous NaHCO, . The single—crvstal X-rav analvsis reveals g striactare
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based on a Ki 0, ring with a nearly octahedral field of five oxygen atoms
about each Ni atom (165). Of interest 1is the mode of coordination of the lig-
ands thPCHSCH?CO?_, half of which are coordinated through the cavhoxylate
oxygen groups to two Ni sites, while the other half are coordinated through

P and 0 in & normal bidentate fashion. The ¥i-K1 distances of 3.510(1) A

preclude any type of mertal-metal bonding [58?].

The thiocyanato ligand has been used widely as a bridging moiely in the
synthesis of polynuclear nickel complexes. Most of the complexes consist of
Ni{IIl) in an oectahedral or pseudooctahedral environment bonded to the nitrogen
atom of the bridging thiocyanate groups. The other metal in the complex, which

bonds to te the sulphur atom, is usually a "softer” metal such as Hg(lL) or
Cd(1T) [588-590]. The complex [NiIAg(SCN)S} {L= p-methoxybenzamide) is of
interest, since it contains both terminal and bridging NCS groups [591] . In
addirion, the complex [ Ni(NCS),(PPh_) Cu,{SCN) ] has been synthesized and
reacted with a number of Lewis bases, ylelding complexes of the type [NiLE—
(NCS)pCu?(SCN)z(PPhS)Q] {L= dimethylformamide, urea ) [592j. KWhile on the
subject of Ni-Hg and ¥i-Cd complexes, the new bimetallic tetrakis dithio-
carbamate complex (NiHgL,] (.= dicthyldithiocarbamate) (593} and bis-tri-
ethanclamine complex {NiCdLZCIIJ-EHQO (HI.= tricthanolamine) [594] have been
prepared, while an infrared and Raman spectroscopic study of the Fofmann—type
complexes [M(NHE)LNi(CN)Q] (.= 4~chloropyridine or 4—methylpyridine) and
[ML_Ni(CK), ] (L= 3-methyl- or 4-methylpyridine) (M= Ni or Cd), has been under-
taken [595].

Heterobinuclear complexes ¢ontaining nickel and copper have attracted
much attention, The electrochemical properties of the complex [s5,5'-(1,2-
ethanediy]dinitrilo)hig(1—pheny1—1,3—hexanedionat0)(&-)]nickelcopper {166}
have been investigated. Magnetic resulets and a single-crystal X-ray analysis
reveal that Ni(II) exists in a square~planar, diamagnetic form, while Cu(I1I)

is in its normal paramagnetic state. Comparison of the electrochemical proper-
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ties with rhose of the mononuclear complex veveals thar the intreduction of a

» . - - - H
second metal ion has a profeund effect an the redox properlics [)96].

[ 1at]

The effect of introducing a second metal len has also Deen invest iuated In
the strati-bis complexes fxicul]) TH L= 1,2,3, d-tetrasis{R-salicylideneaninei-
2,3-dimethylbutage ! and [NiﬁuL'J THOL'= 1, 2-bis(Resalicyviideneamino)—1,2-his-
{(R~salicviidepeaminomethylleveloiexsane  (B= H,3~Me, 3-Br}. dascd on cyrclic
voltammet ry and differential pulse polaraprapbe, it was shown ticat the Cu(ild-
Cull) reducticon occurs ar a “igher potential than !hat of the wonenoe fear
reference complex | 597)

The FKXANS structure and msypnetic propertics of [XiCu(Cnnﬂ)]-iﬁ 0 have
seen ilnvestigated, and the date sre consistent with an ovdered himerallic
chain structure {167). Each Colll} has fonr ouygen atoms (Da-C= {,A9 A, and
each Ni(TI)} hag six oxypen atoms (NI-0s 2.04 & ), as their nearest neighbours,
while in addition to the ateoms of the cquatoarial exalato bridees, cach Cull I}
secs two other Canl(l1) fons, helenging to other chains lecated at approximate’y

4 4 [598).

. e e -~
-~ HO AL N
0 2 0 ] 0 0 0
\[u/ \N[/ e . L
i 4]
\O/ \G 0,-/ \\O [:/ \U”
. ~ et
P Cu\\ H20 P Cu
(167)

Aseries of Ni(T1T)-Zn(T1) hvdrazine romplexes have been prepared and their
magnetic and electronic propertics reperred. The diffuse refleoctance cleorr-
onic spectra and magpetilc moments of the complezes {NiZn(N 1 Y J(s0 1 |

{NiZn(N:H”);](NOEJ. and [NianN_HH)wCI.]C]L indicatle that the courdinal ion

geometey of Ni within these complexes S5 octahedral in cach case [399).
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n3—B—ethoxycarbunyl—2—oxidoallyl{gi§—1,E—Piiﬁdiphenylphosphino)ethyiene}—
palladinm(IT} (168} reacts with Niacac),, yielding the 3-diketonate bridged
hinuclear complex {169) in which the nickel ion [s octahedrally coordinated.
Rearction of the trihapto complex (168) with Ni(Cth)? yvields the d-diketonate
bridged complex {170) in which the nickel iun appears to be tetrahedrally
coordinated [600}.

(Pph\z\ Cty | E'h{\ EH\&

—_— .
p//Pci H,Eyt ----- J [Nltacaciz, /Pd ’/ l/
™ />E== 0 Py r/ / | >’
(168) £t 0
(169)
(0—0 = acac)
N{CtO,),
B Pho z
P , CHQ““C o -t
o Hc" \m/ ™Sy P2 | 2000,
Ot \\‘CHZ. \
| ”‘2
(170

Reaction of the dicationic tris(crialkylphosphite) complexes,[(n®-C H.)-
M{P(UMe)?}3]2+ {R= H, Me; M= Co, Rh) , with jodide or cyanide proceeds in a
sequence of three Michaelis-Arbusov reacllions giving the anionic complexes,
[(WS—CSHS)M{P(D)(OMeg)3}j_. Reaction of these complexes with Ni{TT1) vields
the bis complexes [Ni({ﬁS—CSHS}M{P(O)(OME3)3})9} . 1n which the nickel ian
is octahedrally coordinated by six P=0 oxygen atoms of the two anionic
ligands, which function as two tripods {801].

Continuing with metal complexes that behave as complex ligands, the Schiff
base complex, nickel(I1[)-N ,N'-disalicylidene ethylenediamine, has been used
as 2 bidentate complexing agent, coordinating through two phenolic oxygen
atoms to various alkali metal sales , ML (ML= Li, Na or K salts of 1-nitroeso-

?-napthol, 8-hydroxzyquinoline, anthranilic acid, as well as the alkali metal
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salts K50N, LiCl, NaBr and Nal )} {602].

A variety of Schiff hase {603—60?] and roelated ligands such s carbo-
wydrazides [608] and dihvdrasides [6091 have been used in the svolhesis of
binuelear N1(iI} cowplexes. The Lbulk of these ligands functien Iin o Letraden-—
tate fashion, with coordination occuarring via 30 donor groups. O particular
interest Is a study that has been asndertaken to examine the influence on coor—
dination, of a leagthening of Lthe ivdrocarbon bridge, from fwe ro threc
methvlene gronps, in the Schiff hasce formed hy Lhe veactin of 2,27 -hwdroxy-
chalkene with ethylenedianine and 1,3=diaminoprupans, respectively. Beth
ligands react with Ni(I1), vielding compleses baving a 1:1 sreichiometry.
Fowever, magnet e and spectroscopic data suggest a dimerie ﬂtructure[Niljﬁ(!?1},
in which the ceordimation geometry Is square-planar, for the ethylenediamine
derivative, and a polymeric structure [NiLJn , inm which the voordinarion

geometry is tetrahedral, for the 1,3-diaminopropane derivative [a07) .

{171

While on the subject of coordination polvmers, poly-Schiff base [610-
612) and semicarbazene [613,614] Tigands have been utilized in the prepura=~
tion of Ni{Il} coordination poiyvmers. The ceordinat (on geometry of the nickel
ion in these polymeric complexes 1s usuwally ogotahedral, with the polymer
coordinating in a tetradentale fashion, and waler molecules occupviag the re-
malning Lwo coordination sites.

Coordination polymers of Ni{ll} with monoaryl thioureas [613], dithio-
oxamides [616], homo- and copolymers of p-vinylbenzoylaceLone (617], and
various phthalocyanine polymers (618,619], bave been prepared. Coordination

polymers have aiso beon repoartod from the reaction of pyp-bis(benzovitnioureal-
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biphenyl[5628] and 1jiigpicotinv1—4—31ly1—3—thioscmicarbazide[621]and Ni{11).
Bridging sulphur groups have been used in the synthesis of mixed nickel-
molybdenum and nickel-tungsten complexes. The dithielate ligand (NC)QCC522_
reacts with Ki(II) forming the dianionic complex (Nif(NC)zccsz}?]z_ a72),
which may then be reacted with nshz' to give the resultant mixed-metal compl-

exes (173) [622].

S $
o ] ~ N
(172) MS,, — c N

The Lewis base character of the N atom of the p-CNMe ligand in the complex
[Fez(ﬁs-CSHE)(CO)(L){CNMGH has been utilized in the formation of the adduct
[Fez(ns—CSHS)(CU)(L){u*CO]{u—CN(ﬁe)E}], where E is the Lewis acid ¥iCl -6H 0.
The adduct has been characterized using infrared spectroscopy [e23) .

#£*-1,3-diborclenes {174) have proved useful as synthons in the preparatiom
of sandwich and polynuclear complexes [624-626). 1n addition, the synthesis

and structure of the supersandwich cemplex [ UIXi{P(0) (0CH,),],(n*-C 1, )} ] has

O

;MQB_R [N (h-CgHg)o ) N INI RO, ]

been reported (627},
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