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INTRODUCTION

Even for a year’s coverage of the literature, it is difficult to avoid being
selective for such a widely investigated transition metal as nickel. However,
although most of the kinetic work which has appeared could have been left
out, some of the more relevant work has been included, as this is one of the
major areas of advance at present.

Two articies not strictly concerned with complexes, but nevertheless of
considerable interest, deserve mention. The first concerns Mg,NiH,, which
has now been shown to undergo allotropic transitions at 228—245 and 280--
300°C (with decomposition) [11; its space group has been re-assigned, as
F43m or Fm3m. The material is of interest because it is under test as a hy-
drogen-storage material. The second article is an elegant work on the coordi-
nation-chemistry-like behaviour of a series of molecules (e.g. MeCN, MeNC,
C,N,, C.H,, etc.) on the (111) surface of nickel. Bonding modes similar to
those in coordination chemistry were established [2].

11.1 NICKEL(0) COMPLEXES
The metal—ligand co-condensation technique provides a convenient mear:s

for synthesising complexes of highly w-accepting ligands which stabilise low
oxidation states, and has been applied to the preparation of dialkylaminodi-
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fluorophosphine Ni(0) complexes [3]. Reaction of nickel metal with
Me,NPF, leads to [ Ni(Me,NPF,),], and with MeN(PF,), to polymeric
[Ni{MeN(PF,),}1].. Co-condensation of nickel vapour witha 4 : 1
Me,NPF, : MeN(PF,), mixture gives a mixture of volatile white
[Ni{Me,NPF,}3;{MeN(PF,),}] (1) with the much less volatile light yellow
[Ni,{Me,NPF,},{MeN(PF,),}1] (2). A UVPES study of gaseous
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[Ni{MeN(PF,),} 2], provides evidence that the coordination geometry in the
gas phase may not be tetrahedral. The broad sequence of bands in the 3d'°
ionisation region have maxima (at 7.65 and 8.65 eV) in approximate inten-
sity ratio 2 : 3, whereas a tefrahedral arrangement of donor PF, groups
around each Ni atom (as in [Ni(PF3);]) would require a 3 : 2 intensity ratio
{4]. However, the nature of the vapour species was not unambiguously
established.

Metal—vapour synthesis has also been used to prepare [Ni(PF,;H),], not
preparable by known bulk methods [5]:

metal—atom reactor

o eete! [Ni(PF,H)4)

Ni + 4 PF,H

[Ni(PF,H),] is a white solid (m.p. —50 + 2°C); it decomposes only slowly at
room temperature, but completely if left for 8 h at 40°C. 80% of the origi-
nally coordinated PF,H was recovered, the rest undergoing decomposition to
give PF(g), PF.H,(g), and yellow solids of empirical formula (PH),. The
compound was characterised unequivocally by NMR and IR. Changes in the
P—F stretching frequency on coordination are significantly greater for PF,H
(in both gaseous and liquid state) than those observed for PF; (ca. 50 cm™,
compared to 6 cm™!), since the w-bonding is distributed over only two P—F
linkages rather than three. PF,H forms a less stable complex with Ni(0) than
does PF,, but a more stable one than does PH,. On this basis, it was con-
cluded that the unusual stability of F,HP - BH, relative to that of F;P - BH,
and H,P - BH, must be attributed to specific hydride proton interactions
involving BH, rather than to any unusual base strength of PF,H.

[Ni(Me ,NPF,),(CO)s—x ] (# = 3 or 1) complexes have been successfully
isolated using high-pressure liquid chromatography [6]. The complexes were
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previously believed to exist only as equilibrium species in solution during
preparation of the n = 2 analogue [7]. The reactions of then =4 and n = 2
complexes with BF, have also been investigated. BF; adds to
[Ni(Me,NPF,).], giving solid adducts Ni(Me,NPF,), - xBF; (x = 2.6) and
very viscous oils (x = 1.78 or 1.24); it adds to [Ni(Me,NPF,)(CO).] giving
solids with x = 1. Characteristic IR spectra with »(B—N) at 610 cm™! indi-
cate that the BF; coordinates to the nitrogen atom of the dimethylaminodi-
fluorophosphine [6].

The sign and magnitude of the P—P coupling constant in several tetra-
hedral trimethylphosphite complexes, including [Ni{P(OMe)1} 4] (*Jpp = +12
Hz), have been determined [8].

Displacement of ethene from [(PPh3),Ni(C,H,4)] provides a convenient
route to mixed-ligand complexes containing [EPh.]~ (E = Ge, Sn or Pb) [9].

2 [(PPh3),Ni(C,H,)] + 4 M[EPh,] “ M[Ni(PPh;)s(EPh;)(thf), ] +

+ M3[Ni(PPh;)(EPhj)s(thf), ]

The analogous complexes of [SiPh,]~ could not be prepared, because SiPh,
formed via reaction of the Li[SiPh;] with coordinated PPh,. Similarly, the
complex with [SnPh,]~ could not be isolated; only decomposition products,
such as Na,Ni(PPh;)s—. - (SnPh,),(thf),, were isolated.

There has been a report this year of the tetraphosphorus unit acting as a
ligand in a Ni(0) complex (3), prepared according to [10]

N /\PPh p
/" Npen 2
thﬂ\..N;>§ 2, p _THF N/\PPh ATV AN
<o 4 z/N. PP
PPh /
2 PPhy

)

Crystal structure determination shows that the central nitrogen atom is not
bonded to the nickel {r(Ni---N) = 3.09 A}, and that the Ni—P! distance,
1.99(1) &, is ca. 0.2 & shorter than the sum of the covalent radii. It was sug-
gested that this indicates the possible presence of some d,—p, interaction
between these atoms.

Not all the Ni(0) complexes reported this year have been with all-phos-
phorus ligands; several complexes with the hybrid donor ligand 1-(thioethyl)-
2-(diphenylphosphino)ethane, Ph,PCH,CH,SEt (P-SEt), have been reported
[11]. The reduction of [Ni(P-SEt),][BF 4], with sodium amalgam in benzene
gave the red complex [Ni(P-SEt).], which could not be further purified. This
complex forms a dicarbonyl, {Ni(P-SEt),(CO).] (4), for which a tetrahedral
structure with monodentate ligands was suggested. It also forms ain isolable
hydride

Na[BPhgs

[Ni(P-SEt),] + H[BF] — %! [NiH(P-SEt),][BPh.]



This hydride reacts with dienes forming cationic w-allyl derivatives

[NiHL,]* + diene =¥ [(m-allyl)NiL,]* = [(n-ally])NiL,]*
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allyl eyanide to crotonitrile, and of 1-pentene to trans- or cis-2-pentenes. As
or other nickel-catalysed isomerisations, the last-mentioned reaction
involves formation of an olefin—metal hydnde adduct which rearranges first
to a metal alkyl and then to a metal hydrido complex of the isomeric olefin.

It was previously reported [12] that a zerovalent nickel tert-butyl isocya-
nide complex gave stable complexes with ketones having electron-with-
drawing substituents. A similar study has now been carried out with
[Ni(PEt3),], which readily dissociates in organic solvents (e.g. thf, benzene
or hexane) [13].

Ky _ . K

[Ni(PEta)s] =———

ZpEey ZPEt,

[Ni(PEts)s] =<~

= [Ni(PEta).]
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Reaction with benzophenone gave red, crystalline [ {PhC(O)Ph} Ni(PEt;),], a
crystal structure determination proving the structure (5). The frans influence

EtgP_ FEt, ONIC  =40.7° A
(C=0) = 1.335
\u\/ Ph HNi—C) = 19744
Y r(Ni—0) = 1.8494A
o) c nNi—P) = 2190 &4
“ph (Ni—P") = 2136 A
(5)

arises because of important contributions to bonding due to n-back-bonding,
i.e. the presence of electron-withdrawing substituents lowers the energy of
the antibonding ol orbital of the unsaturated ligand, favouring formation of
L[le T Lumpxex. .l!ltf LUpld.!!d.llby Uf e ugaud s dcatluyt:u on L.UU.lduldblUll,

and the carbon and oxygen atoms are out of the NiP, plane (C by 0.024 &
ahava and 0O l—nr o5t A hnlnw +119 nlane) 1121 A detailed kinetic invostica-
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tion showed that addition of benzophenone to [Ni(PEt;),] follows second-
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order kinetics, the mechanism suggested being
K
[NiL,4] = [NiL,] + L (K, =4.2X1073 M)

[NiL,] + Ar,C=02% [(Ar,C=O)NiL,] +L  (ks=222M™"s™)

The m-complex formation is accelerated by electron-deficient benzophenones
and retarded by electron-rich ones {13].

A thorough study of the oxidative addition of aromatic halides to
[Ni(PEt;),] has also been carried out [14]. Trans-arylnickel(II) halides are
formed, as well as paramagnetic Ni(I) halides, as by-products.

[NiL,] + ArX - [ArNiXL,] + [XNiL,]

The relative yield of Ni(II)/Ni(I) strongly depends on the halide (I, Br or Cl),
the aromatic substituents, and the solvent polarity. There is evidence that
both products have a common paramagnetic ion-pair intermediate, the rate-
limiting step being the electron-transfer from the Ni(0) donor to the aryl
halide acceptor.

K
[NiL,] < [NiL,] + L

[NiL,] + ArX 2 [NiL,ArX1"

. [ArNiXL,] + L
[NiLAXX] —< . ’
diffuse [NiL;X] + [Ar]

Some time ago, it was suggested, on the basis of Hiickel MO calculations,
that M—SO, bonding should be more sensitive to the basicity of the metal
ion centre (i.e. to the nature of the other ligands present) in four-coordinatz
d'® transition metal ion systems than in other configurations and geometries
[15]. This suggestion has been further investigated via crystal structure
determination of the Ni(0) complexes [Ni(SO,)(PPhj);] and [Ni(S03),-
(PPh;),] [16]. In the former, coordination is almost tetrahedral, with
S—Ni—P < 109.4° and P—Ni—P > 109.4°. The NiSO, group is almost
coplanar, whereas in the isoelectronic complex [Pt(SO;)(PPh;),], the geo-
metry at the sulphur atom is pyramidal. This near-coplanarity in the nickel
complex attests to the importance of the relative basicity of Pt compared to
Ni in determining the geometry of the MSO, group (in similar environ-
ments). Although less than the tetrahedral angle, the S—Ni—P angles are
greater than those in the platinum analogue, in agreement with a higher
M—S 7 interaction in the Ni complex. [Ni(SO;),(PPh;).] also has a fetra-
hedral geometry, the two SO, groups being coplanar with the metal, with a
dihedral angle between the SO, planes of 23.5°: it was suggested that this
maximises 7— interaction perpendicular to this plane and stabilises the
coplanar M—SO, geometry. The structure of this complex is also different
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from the isoelectronic platinum complex [Pt(SO,).(PPh;),1, which contains
two pyramidal SO, groups, both of which are extremely labile, whereas the
nickel complex is substantially inert. Thus:

[Pt(S0,)2(PPhj),] + Oy = [Pt(SO4)(PPhs),]

[Ni(SO2)2(PPhs).] + Oz # [Ni(SO,)(PPh;).]

11.2 NICKEL(I) COMPLEXES

Few Ni(I) complexes have been prepared to date, and over the past year
the major report of note appears to be the suggestion that Ni(I) interme-
diates occur in the cathodic reduction of the square-planar macrocyclic
Ni(II) complexes (6) and (7) in MeCN at a platinum electrode, followed by

Me
Me Me
H
D I\

LA

VAN

H/N' N\H

MeMMe

Me

(6; [Ni(L)]**)

(7)

reaction of the resulting compounds with alkyl bromides and iodides [17].
The reaction mechanism put forward involves nucleophilic attack by the
Ni(I) complex on the alkyl halide, with the formation of a Ni—C bond, e.g.
for (6)
¥
[Ni(L)]" + RX [I‘lfi(L)]+
X
The lifetime of the intermediate farmed determines the products obtained.
With secondary and tertiary alkyl bromides, the intermediate is very un-
stable, and the Ni—C bond cleaves rapidly giving a radical and an electroac-
tive complex (i.e. an electroactive current is observed)
&
[NI(L)]" > [R]- + [N(L)]*" + X"
X
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In high concentration of halide ion, the reaction
[Ni(L)]** + 2 X™ — [Ni(L)X,]

must alsc be considered, although electrolyses in the presence of high RBr :
[Ni(L)]*" ratios indicate this is of little importance on the time scale
involved (ca. 30 min). With n-C,H,,Br, the Ni—C bonded intermediate is suf-
ficiently long-lived to undergo reduction at the electrode or in solution.

n—l‘i n~};\‘,
[%Ii(L)r +te —~ [I?Ti(L)]

Br Br

n-l;\‘, n-ll?.
[ll\Ti(L)]’ + [Ni(L)]" - llfi(L)] + [Ni(L)1**
Br Br

Decomposition of this reduced organo species must then lead to an electro-
inactive species (probably octahedral Ni(II}))

"3
[ll\ﬁ(L)] + Y™ > R™ + [Ni(L)(Y)Br}
Br

The mechanisms for (7) are similar, but results with n-octyl halides show
that (7) is a weaker nucleophile (i.e. the Ni—C bond is weaker with this com-
plex than with (6)). The differences between the Ni complexes and compari-
son with their Co analogues show that systems which are both catalytic, and
lead selectively to radicals or carbanions, can be designed by suitable choice
of metal centre and ligand.

Reduction of Ni(1I) species with NaJ|BH,] still appears to be one of the
best methods for preparing Ni(I) complexes, and the reactions of NiCl,/
PPh,/NafBH,] have now been investigated over a wider range of conditions
than before [18]. All reactions between NiCl,; and PPh; (in minimum mole
ratio of 1 : 6) and excess Na[BH,] in EtOH in strict absence of O, lead to
[Ni(BH ;)(PPh,),],. Even traces of O, give phosphine oxide, the borane
adduct Ph,P - BH,, and Ni(0) tripheny! phosphine complexes. Conversely,
when less PPh; is used (e.g. Ni : P =1 : 2), reduction to Ni(0) is rapid and
complete. Several other complexes, with [ClO,]” and mono- and bidentate
phosphines have also been prepared (Table 1). The possible mechanism
accounting for the occurrence of the dimeric, diamagnetic [Ni,(PPh,)¢]-
[PF.]. is illustrated in Scheme L
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) Na[BH,] PPh3
NiCla /PPh,y NiCI(PPh (PhyP) NI~ HBH
/ 1mol [ 3)3] Na[BH4] [ LY 3]
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\
N CeHg AHBHH(
[Prpar,] + [(Pn:,mzm\H oNiPPR,) ] - [rrypani SNi(FPhy), ]
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Na[pPr,]
1
[Ni(PPn3)2] [(PN3P)3NI“N|(PPh3)3][PF5]2
x5 PPhy
tht
|

[N.(Ppna)“][PFe]

Scheme I. The preparation and reactions of some nickel(I) phosphine complexes {181.

11.3 NICKEIL(II) COMPLEXES

11.3.1 Electronic structural aspects

Among other fransition metal halides, NiCl, and NiBr, have been the
object of a detailed UVPES study [19]. The spectra (Fig. 1 shows that for
the bromide) were correlated with energy levels for linear symmetry, calcu-
lated using spin-restricted and spin-polarised transition state calculations for
all valence orbitals. Satisfactory correlations were obtained using spin-polar-
ised orbitals and it was found that the 26;; (the uppermost occupied orbital
in FeBr,; and CoBr,) is buried under the ligand p-like orbitals in NiBr,. The
highest valence ionisation energies (14—15 eV) were more visible in the bro-
mides than in the chlorides, and were assigned to the 110+ components
(which would correspond to 80, in the chlorides). Finally, spin splittings
were found to be quite large for gerade levels (up to 3.5 eV for 28,) and
quite small for ungerade ones (<0.04 eV), as expected since gerade levels
involve admixture of metal s and d orbitals, whereas ungerade ones do not.

The paramagnetic susceptibilities of single crystals of [Ni(PPh;),X,} (X =
Cl or Br) have been measured down to liquid helium temperature and the
results treated within the angular overlap model scheme developed by Ger-
ioch and co-workers [20]. No fit was found to be possible unless the e, (P)
parameter was assigned a large negative value (see Table 2), and it was sug-
gested that this was associated with a m-accepting role for the triphenylphos-
phine, in agreement with conclusions arrived at from an earlier study of the
polarised spectra of the Co(II) analogues [21]. In addition, it was also sug-
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Fig. 1. He—I photoeleciron spectrum of NiBr; (upper) and the assignment of its energy
levels (lower) by (A) a spin-restricted calculation and (B) a spin-polarised calculation,
compared with (C) the experimental ionisation energies.
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TABLE 2

“Best-fit’’ parameter sets for [Ni(PPhj), X, ], reproducing crystal magnetism and elec-
tronic spectra [20]

Parameter [Ni(PPh3),Cl, ] {Ni(PPh;),Br, ]
B/em™ 550 550

350 300
es(P)lem™! 4500 4000
en(P)iem™! —2500 —1500
eq{X}/em™! 4500 4000
en(X)/ecm™! 2000 1500
] 0.6 0.6

gested that donation by the halogens is encouraged by 7 acceptance by the
phosphine, in line with the electroneutrality principle. The w-acceptor role of
the triphenylphosphine was estimated to contribute ca. 2999 cm™ to the
A, value. The m-acceptor strength of the triphenylphosphine was lower in
the Co(II) analogue, and this was interpreted as reflecting an enhanced
metal-donor property for the Ni(Il) atoms as one more electron is added into
the d-orbital manifold. The orbital splitting diagram derived is shown in Fig.
2. This result is interesting, because both magnetic and electronic spectral
results are now in agreement in suggesting that phosphines do indeed have a
m-acceptor role, whereas recent arguments based on the interpretation of
bond-length results from accurate X-ray analyses, and bond hybridisation

+6
a, —
+4 -
o +2f- bj—
. b.2 :bi
E o :
S——
>
S 2k %
c
ul —Q,
a,—
_4 S
ay —
-6— A B

Fig. 2. One-electron-orbital splitting diagram for [Ni(PPh3);Cl; ] (A) calculated with best-
fit parameters and (B) calculated neglecting m-interaction with PPhy [20].
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Fig. 3. Resonance Raman spectrum of [Ni(dmg),] [23].

and addivity, have led Mason and Meek to argue that there is no evidence for-
such a role (in a series of Pt(II) and Pd(II) complexes, at least) [22]. Some
further single-crystal electronic spectroscopy on square-planar Ni(Il) com-
plexes with phosphine donors appears to be called for.

Another long-standing question, the origin of the well-resolved band in the
visible spectrum of [Ni(dmg).1, has also been re-examined recently, using
Resonance Raman spectroscopy [23]. As shown in Fig. 3, the excitation
profiles of the resonance-enhanced bands at 1510 and 1355 cm™ (assigned
to v(CN), ¥(CC), or their coupled vibrations) peak near the electronic absorp-
tion at 18 600 cm™. There was no resonance enhancement in the low-fre-
quency region, where Ni—Ni bands would be expected. These observations
provide strong support for the single-molecule origin of this band, rather
than as an intermolecular Ni—Ni transition. However, the nature of the tran-
sition is not yet clear.

The magnetic susceptibilities for two well-known Ni(II) complexes have
been re-measured down to temperatures below 4.2 K. The first is [Nij(acac)q]
(see Fig. 4), again measured as a powder, but for which magnetisation curves
were also obtained [24]. An isotropic exchange model for a linear Ni(II)
trimer in the HDVV exchange Hamiltonian, X cxchange, Was used, where S,,

gtexchange =J[Sy*Sc +Sp * S.]1+ ngsa +Sp
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Fig. 4. U.¢¢ per trimer unit of [Nis(acac)s ] as a function of H/T for five values of H/kRG,
illustrating the field dependence of the magnetic moment. The illustrated curves are cal-
culated from the parameters g = 2.175,J=—25cm™! and D = —1.8 em™}, and are in
good agreement with the experimental data points (omitted for clarity) [24].

S, are terminal ion spins and S, that of the central ion. However, at lower
temperatures and higher magnetic fields, the effect of single-ion zero-field
splitting contributions within the various spin states, mixing of spin states via
Zeeman matrix elements and breakdown of the Van Vleck approximation
means that additional terms must be included in the Hamiltonian

H= g(excnange + g(ZFS + g(ZEE

The magnetic moment per trimer is shown in Fig. 4, together with fits ob-
tained using the above Hamiltonian and a three-state model. The presence oi
an intra-dimer ferromagnetic interaction (of —25 cm™) and an antiferro-
magnetic interaction between terminal Ni(II) ions (of 9 cm™) was con-
firmed. The magnitudes of these parameters are, however, about half those
reported previously [25], underlining the importance of including zero-field
splitting effects in analysing low-temperature susceptibility and magnetisa-
tion properties. Nevertheless, the general conclusions from the previous work
[25] remain the same, i.e. antiferromagnetic interactions between adjacent
Ni(Il) ions are small for paths of the type e 12slle,, whilst ferromagnetic
terms may arise for orthogonalities of the type e lIp, I (t3¢Lle;) or
e, lp,Lpy leg. i

More refined magnetic measurements have also been carried out on the
dimer [Nis(en)4Cl,]Cl,, (8), as single crystals [26]. Although it has recently
been reported that the compound undergoes a phase transition at low tem-
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perature (monoclinic - triclinic) between 10 and 20 K [27], it was assumed
that no drastic reorientation of such a large dimeric molecule would occur
at such low temperatures. From fits of the results, it was found that a rela-
tively large single-ion zero-field splitting was also present in this dimer, the
doublet lying lower than the singlet, and D being positive in sign. Again,

the inclusion of a ZFS term gave an intradimer exchange constant (J/k =
5.0 = 0.5 K) smaller than that found previously [28], but the sign remains
ferromagnetic (D/k = 14 £ 1 K). The authors note that these parameters have
magnitudes similar to those for [Ni(Cl);Ni].. linear chains (as occur in
NiCl; - py), and conclude the magnetic properties for this structural unit
appear to be more or less independent of the number of units joined
together. For the purposes of this magnetic study, the crystal structure of
(8) was determined accurately (R = 2.8). The octahedral nickel atom envi-

82.5 av
P —

NH, 3 T—NH,
r{]‘\m/\X‘zz.mmA
NH,

25 NH, )
wCla2:561.4 <t
\9 \“Lm/ ;

ronment has some trigonal and slight tetragonal distortion. In addition, the
Ni—Cl bridge is unsymmetrieal (one of the Ni—Cl bonds being 0.09 A longer
than the other) and there is a trigonal twist (of 51.18°) between opposite
octahedral faces (vs. the 60° expected for a perfect octahedron). The crystal
structure of this complex has also been reported by another group, the
R-factor being higher (7.3) [29].

11.3.2 Complexes with O-donor ligands

11.3.2.1 Monodentate ligands

The use of large counter-ions is a well-established method for preparing
complexes of very weak donor ligands. The technique has been used success-
fully to separate hexakis(tetrahydrofuran) complexes of several transition
metal ions, including Ni(II) [30]. As expected, the complex obtained,
[Ni{thf)¢][SbCl¢] 1, is rapidly decomposed by water; the nickel is octa-
hedrally coordinated, and Dq is 840 cm™.

A squarato-bridged chain structure has been found in Ni(squ)(imid),
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(OH,); (squ = [C,0,}?7) [31]. The structure, (9), is different than that found
in Ni(squ)(OH.), (containing a sheet structure in which all squarato ions are
bonded to the metal ion [32]), in that only two of the oxygen atoms are
coordinated to the Ni(II) to form a chain. The other two squarato ions bind

to the water molecules via hydrogen bonding, giving rise to two-dimensional
intra-chains; the Ni—QO,4, bond is long (2.12 A). The magnetic susceptibility
of (9) has been measured down to 1.2 K. At 1.2 K, fteeis 1.71 ug, rises to 3.21

O

(Ow=0H2)
(9)

pg at ca. 16 K, and then remains constant at higher temperatures. Although
fits to the susceptibility equation for linear-chain Heisenberg behaviour gave
poor results, it was concluded that super-exchange is very much smaller than
in oxalate analogues [88], with (D/J) > 4. To explain this result, it was sug-
gested that the symmetry of the bridge orbitals greatly affects the interac-
tion, the plane of the squarato molecule being tipped away from the basal
plane of the octahedron about the Ni(Il), thus giving rise to much smaller
overlap between the orbitals of the squarato molecule and the d orbitals of
the nickel. The presence of a 7 system in the bridging unit does not therefore
mean, a priori, that superexchange is favoured.

N-Oxide complexes continue to occasion interest and several complexes
with Ni(II) have been reported over the year (see Table 3). Of particular
interest are the 5-coordinate [36] and tetrahedral [44] complexes; the crys-
tal structures of these complexes would be of interest because of the general
lack of well-characterised oxygen-donor ligand complexes with these stereo-
chemistries.

Although sulphoxide complexes have been known for over twenty years,
systematic investigation of the electronic and steric factors governing their
formation has been lacking. This lacuna has now been filled via a study of
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complexes having a 4-substituted phenyl group in phenylmethylsulphoxide
(20) [48]. All the complexes, prepared as their perchlorate salts, are formu-

R
S—Me

fi
0
(20; R = 4-Ph, 4-MeO, 4-MeOCH, or 4-CICH.)

lated as [NiLs][ClO4]; and are all O-bonding, the ¥(SO) band moving to
lower frequency on coordination. As expected, all the ligands produce weak
fields, Dq lying between 829 and 833 cm™!. However, there appears to be no
relationship between Dgq and the electronic properties of the ligands, which

is surprising because the pK,’s of these sulphoxides are governed by the
nature of the para substituents. Dgq is also greater than for either the dimethyl
(Dg = 800 cm™) [49] or the diphenyl (Dq = 796 cm™!) [50] analogues, and
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this was ascribed to an optimisation of size and electronic nature of the sub-
stituents in the alkylaryl complexes.

A detailed assignment of the IR spectra of dmso complexes utilising 20
isotope shifts has been carried out [51]. The '®0-induced shift in dmso itself
is 11 em™, compared to a theoretical value of 38 cm™! for an isolated S=0
unit, confirming that vibrational coupling occurs between »(S=0) and the
Me rocking mode. As expected for the approximately O, symmetry of
[Ni(dmso)s][ClO,],, only a single ¥(M—O) band is observed (at 443 cm™").
Several mixed complexes of dmso have also been reported [52]. They were
prepared by addition of dmso and aqueous 1,2-diaminoethane {(en)ina 2 :1
molar ratio to Ni(NCS),, which gave Ni(dmso)(en)(NCS),. Conversely,
addition of aqueous en to an alkaline solution of dmso, followed by addition
of this mixture to Ni(NCS),, leads to the complex [Ni(dmso).(en)(NCS),].
Using similar methods, the complexes [Ni(dmf),I{NCS),] (L = en or pn),
Ni(dmso)(pn) (NCS),, Ni(en)SO, - 6 H,O and Ni(en)(NO,), - 2 H,O could
be prepared; no structures were assigned.

Trifluoromethanesulphonate, [CF;8S0,]", can act as an anion {as in
[Ni(OH,)6][CF1503;],), but also as a ligand (as in Ni(CF,80,),, the structure
of which is octahedral with bridging ligands [53]). The latter forms a very
unstable 2 : 1 adduct with triethylamine (which could not be isolated) and a
more stable six-coordinate adduct with the less sterically hindered base qui-
nuclidine {53].

A thorough study of the solvent-exchange kinetics in Ni(II) solutions of
aqueous OP(NMe,); has been carried out [54]. During titrations of small
amounts of water with solutions of Ni(ClO,), in anhydrous OP(NMe,);, the
six-coordinate mixed complexes [Ni{OP(NMe,)s}.(OH;)4]** are given at a
H,0 : Ni®' ratio of 8 : 1 (estimated from electronic and NMR spectra). The
ligand substitution process is dissociative and the rate parameters were found
to be about three orders of magnitude higher than for similarly substituted
Ni(II) complexes. Electronic spectral measurements suggest that the equilib-
rium present in this system is

[Ni{OP(NMe,);}4]%* + 4 H,O = [Ni{OP(NMe,),},(OH,),F" + 2 OP(NMe,),

the correlation time for ligand substitution being identified with the rate
constant of the unimolecular reaction

R
[Ni{OP(NMe,)3}(OH,),]* = [Ni{OP(NMe,);}(OH;)s]** + OP(NMe,),
A five-coordinate transition state was suggested. The relatively high &y
(2.8 X 10% 57! at 25°C) compared with other octahedral Ni(IT) complexes (ca.
103—10% s~! for common ligands such as H,0, dmso, and dmf [55]) was
ascribed to differences in mobility arising from differences in crystal field
stabilisation energy, being weaker for a tetragonal geometry than for an octa-
hedral one [54]. The authors concluded that the order of activation enthalpies

Ta (ca. 4) < Dy, (ca. 26) < Oy, (ca. 50 kJ mol™?)
reflects the order of increasing stability due to crystal field effects.
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11.3.2.2 Bidentate ligands

Most work, recently, has been concerned with variations on the -diketon-
ato theme. Of particular interest is the fact that substitution of long-chain
alkyl groups in [Ni(3-diketonato),] complexes (21—23) leads to materials
with unusual solubility characteristics [56]. A very small crystal stabilisation

(CHy), CH3
(21;n=5)
(22;n=6)
(23;n =8)

(CH,), CHy

energy suffices to produce insolubility in squalane; (23) (solid) is not imme-
diately soluble, whereas the liquid trimeric form of (23) is. However, the
smaller size of the pentane molecule confers better stability in pentane, since
(23) (solid form) immediately dissolves in pentane to form the solvated
trimer. (23) exists in an unusual balance among several physical states
(Scheme II). The green liquid (23) dissolves a squalane to give a green solu-
tion, which is converted to a red-brown solution at 250° C; the reaction is
reversible with change in temperature and is indicative of a monomer—trimer
equilibrium as found for [Ni(acac):]. It is unusual to find complexes in
which both a solid state rnonomer—trimer equilibrium and melting of one of
the forms (the trimer) occur so close to room temperature.

purpte a42°c green 53°C green 53°C purple
sohid ————a 50l ——e— hiquid s ([~ (V] }
( monomer} (trimer) (trimer) (monomer)

ca 30min, 25°C

Scheme II. Physical states of (23) [56].

More traditional studies of equilibria of [Ni(S-diketonato),] with base still
appear [57,58]. The formation constants for base adducts of NiL.,B and
NiL,B, (HL = 2,2,6,6-tetramethyl-3,5-heptanedione) complexes have been
determined [58]. The kinetics of the Ni(II}/acacH system in H,O and MeOH
has been re-investigated [59], in both forward and reverse directions

R
acacH(keto tautomer) :—f acacH(enol tautomer)

kue ke
[Ni(acac)]” + H'

The metal was in ten-fold excess so that only the mono-complex was
formed. The keto tautomer does not react directly with Ni(IT), and the
results suggest that a mechanism in which complex formation rates are
closely related to solvent exchange is not in operation in reactions of metal
ions and oxo-metal ions with simple S-diketones.
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It is now rare to find dipole moment measurements being used to investi-
gate stereochemistry in transition metal complexes. Nevertheless, they can
still throw light on particular aspects of electronic structure which are of
interest. In all cases, the dipole moments of members of the series of com-
plexes, (24), are large (4.32 to 6.95 D), and they were all assigned a trans-

R c CF3
Y Y

Ni/2
(24; R = 4-EtCgH,, 4-EtOC-H,4, 3,5(Me0), CgH; or 3,4,5(MeQ);3CsH>)

planar configuration [60]. The lower dipoie moment of the trimethoxy sub-
stituted complex was ascribed to the presence of steric hindrance caused by
the non-linearity of the 4-methoxy groups. This steric effect (i) orients the
lone-pair orbitals in a direction such that delocalisation of lone-pair electrons
onto the orbitals of the aromatic nucleus is restricted, and (ii) orients the
methoxy groups into an orientation which is favourable for producing an
additional component of electric moment, which reduces the group moment.
Since this interference is absent in the 3,5-dimethoxy analogue, the dipole
moment is higher.

As long ago as 1898, Traube [61] attributed the formula 3-(cyanoimino-
methyl)pentane-2,4-dione (25) to the product of the insertion of cyanogen
into one of the C—H bonds of pentane-2,4-dione:

(COCH;),CH, + C,N, -~ (COCH,;),C(H)C(CN)=NH .

Doubt was later cast on this assignment [62], and it has now been proved
that the product exists mainly as an amide (26). When cyanogen is reacted

P i N
HyC —C NH Hac —c On
SHTE AN
HaC— CcN H3C—C N
o o
(25) (26)

with [Ni(acac),] in CH,Cl,, the crude product obtained has different proper-
ties than that obtained from the reaction of NiCl, with (26) in water [63].
Crystallisation of both species from 1,2-dichloroethane or dichloromethane
gave the same product, shown by X-ray analysis to be (27), a surprising reac-
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Scheme III. Mechanism for the formation of (27) [63].

tion product (electrophilic substitution on acac would be expected to give a
complex cf (25) rather than a derivative of 1-(2-iminoethyl)acetoacetyl
cyanide). Assuming that the primary reaction product is indeed a derivative
of {25), a mechanism of ligand rearrangement to (27) was suggested (Scheme
III), in which it isomerises to I, which undergoes water attack, hydrolysis of
C=NH, and ammonia extraction to give II. This complex then undergoes
ammonolysis of the metal-coordinated CO to give either I or III, which iso-
merises to the more stable (27) [63].

The nickel complexes Ni{PhC(O)N(H)O}, - H,O, Ni{PhC(O)N(Ph)O}, and
Ni {MeC(O)N(Me)O}, are all octahedral in geometry, with magnetic moments
in the range py.¢¢ = 3.1—3.4 up. Molecular weight measurements show that
Ni {MeC(O)N(Me)O}, is tetrameric in CHCl;, and dimeric in propanone or
ethanol [64].

A new inclusion system involving Ni(II) and an oxygen donor has been
found [65]. Addition of diiodotetrafluocrobenzene (ditfb) to nickel(Il)
iodide dissolved in 1,2-dimethoxyethane gave, under anhydrous conditions,
the complex Nil;(C4H;00,)2 - 2ditfb, which could also be obtained from
[Ni(CO),;]. Chemical and spectroscopic evidence for the formulation of this
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complex as a clathrate (rather than as a charge-transfer complex) was pre-
sented and a structure for the host system (ditfb) proposed.

The thermal stabilities of some 1 : 1 complexes formed between Ni(II)
and benzenedicarboxylic acids (phthalic, isophthalic, and terephthalic) have
been investigated [66] using TGA and DSC methods. For the anhydrous
phthalates, the order of thermal stability was found to be Co > Ni> Cu, an
order the reverse of that found for the stability constants in aqueous solu-
tion [67].

11.8.83 Complexes with N-donor ligands

11.3.8.1 Monodentate ligands

Although it may appear that there is little yet to be done in this area, the
chemistry of simple pyridine complexes can still reserve surprises. Previously,
it was believed that steric hindrance would not permit the complexes of
doubly hindered pyridines (e.g. 2,6-disubstituted derivatives) to be obtained.
It has now been found that, operating under strictly anhydrous conditions, a
series of complexes of nickel(I) halides with 2,6-dimethylpyridine, 2,3,6-tri-
methylpyridine, and 2,4,6-trimethylpyridine can be prepared [68]. The com-
plexes have formulation [NiL,X,] (X = Cl, Br, I or NCS) and were assigned a
trans-planar geometry on the basis of their electronic spectra (single strong
d—d band at 550—663 nm, followed by a very weak band at 1000—1250
nm). The surprising property of these complexes is that they are inert to
exchange by other ligands (including water), and are not attacked even by
strong acids (cf. complexes of 2,5-Me,py decompose instantaneously on
contact with water, acids, or bases, and dissolve readily in CH,Cl, to give

TABLE 4

Complexes obtained by controlled decomposition of Ni(L),{NCS), complexes (n = 4, 3,
2,1 0r0) [689]

L n

S
(<4
(]
ot

2,4-Me, py
2,5-Me, py
2-Me,5-Etpy
2,6-Me, py
3-Mepy
4-Etpy
4-Mepy
3,4-Me,; py
3,5-Me,py

|oocoowwnn

coococomTL |
jee (| 1Im
goooo || |o
)

p = pentacoordinate, s= square-planar, o = pseudo-octahedral. ® n = 1.5 for this complex.
— signifies: that no NiL,(NCS); complex is formed.
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tetrahedral species via partial dissociation). This inertness is due to kinetic
causes rather than thermodynamic ones, prolonged contact with hot acids
eventually leading to decomposition. The ‘“‘blocking” action of the hydro-
phobic Me groups in the 2,6 positions on both the Ni centres and the N
atoms makes the complex ‘“impenetrable’’; this suggests a lower limit to the
effective size of the hydrated proton, which cannot pass through the gaps
available in the coordination sphere of the Ni(Il). Both five-coordinate and
square planar complexes, as well as the more usual pseudo-octahedral ones,
are given when dizalkylpyridine isothiocyanatonickel(Il) complexes are ther-
mally decomposed under controlled conditions {69]. The complexes given
are listed in Table 4.

The only other significant work appears to be on the crystal structure and
magnetic susceptibility of the clathrate Mn(NH )Ni(CN), - 2C,,H,, (guest =
biphenyl), which shows that this complex obeys Curie—Weiss behaviour with
0 =0.50 + 0.05 K between 1.2 and 4.2 K [70?. Large disorder, significant
guest—guest interaction, guest—host coupling and rapid phosphoresence were
found in a study (Raman phonon, vibrational, and singlet—triplet spectro-
scopy) of aromatic clathrates of [ M(4-Mepy)(INCS).] (M = Mn or Ni), so
that it does not appear that significant results can be obtained from such ma-
terials {71].

N—N N—N N—N
Me’&s»\NHz Pn’(o»\NHz Ph"«s»\NHz
(28) (29) (30)

Although not all have monodentate N-bonding, complexes with five-mem-
bered heterocyclic rings are collected together for convenience in Table 5;
some miscellaneous six-membered heterocyclic ring complexes are also
included. One of these studies involves a thorough investigation of the Ni(II})-
imidazole-OH™-Cl~ system by potentiometric methods [72]; ternary com-
plexes Ni(L)CI’, Ni(L),Cl", Ni(L),Cl, and Ni(L)Cl, (L = imidazole) were
detected.

11.3.3.2 Bidentate ligands

Substitution of bulky groups at the nitrogen atoms of f-iminoaminoamines
can enforce tetrahedral coordination at the metal ion, and some further
examples have been reported [85] with the ligands (31). All the complexes

(31; R; = H, R, = Ph, R3 = H; Ar = Ph, 2-tolyl or 4-chlorophenyl)
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were assigned pseudo-tetrahedral structures. The crystal structure of

bis {N,N’-1,3-dimethylpropanediylidine)dianilinato} nickel(II) (32), a related
complex, shows it to have two independent molecules in the unit cell with
differing distortions from tetrahedral stereochemistry [86]. The average

Me ~ Me
OLT1O)
Ni
VRN
(32)

Ni—N distances (=1.96 A) are ca. 0.1 A longer than Ni—N;quare—p1anar dis-
tances, and the inter-ligand N—Ni—N angles vary between 110.4 and 115°,
with one in each molecule being particularly high (138.1 or 134.7°). There is
extensive conjugation in the ring. The 'H and '3C NMR isotropic shifts and
relaxation times of this complex have been measured (250 K, CDCl;). The
narrow NMR lines and long T, values underline the suggestion that intra-
molecular re-orientation between structurally equivalent molecular arrange-
ments can be a powerful electron-spin relaxation process in solutions of tran-
sition metal complexes [87]. Analysis of the T3 /T¥ ratios based on the
Solomon—Bloembergen equation led to the conclusion that the basic struc-
ture of the solid state is retained in solution.

The barriers to rotation in a pseudo-tetrahedral Ni(Il) complex can also be
investigated using non-racemisable groups, as shown in Scheme IV [88]. In
both (33) and (34) the gross structure is pseudo-tetrahedral between —80
and +137°C (in C1,CDCDCI, or tetralin) and conversion into (35) and (36)
can be followed via integration of the two NMR signals for the two pairs of
symmetry-related 4-H atoms and by time-dependent CD. The interconver-
sion (33)« (35) was found to be first order (in tetralin) : AH* =94 + 3 kJ
mol™!, AS* = 314 + 13 J K™! mol™'. Such high barriers are unusual for open-
shell tetrahedra, and no evidence could be found for perturbation by the
bomane moiety. When diastereoisomerism of (33) was performed in the
presence of a racemic ligand, the third, completely asymmetric isomer, was
also observed (as the RES isomer, the central symbol referring to the metal
ion). Since (37) can be formed from (33) only by ligand exchange, the
authors concluded that substitution can be faster than configurational inver-
sion.

Not all recent work has been concerned with details of sterically induced
tetrahedral coordination; there are still reports of more traditional work on
Lifshitz-type complexes. Thus, [NiL,X,;] complexes, where X = [CHCI,CO,]~
and L = meso-H;NCHPhCHPhNH,, provide further examples of low-spin+
high-spin behaviour [89]. Also, several complexes of cis-1,3-hexanediamine
with Ni(II) have been reported, of formulation [Nil,X,] (X =Cl, Br,
[NO3], or [C1O,]7) [90]. Square planar structures were assigned, and it was
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{(33:R =Ph)
(34: R = Me)
H /R ] H RSR
H —N_ \N_.__ H
Nil 4 (35; R = Ph)
05"
Me' R R Me Me
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Y
HOOR R H M Me
H """N\ /N— H
\NuI . =
\ N/ l) / (37;R = Ph)
N\
Me R R Me RSS
Me

Scheme IV. Tetrahedral interconversions with a chiral anchored group [88].

confirmed that, as expected, the conformation of the ligand changes from
diequatorial to diaxial on coordination. Although a-N-alkylimine arylhydra-
zones RCOC(NNHC H ,X-4)C(=NR')Me contain three possible donor ligands,
only the azomethine N and the «-N of the arylhydrazone coordinate to the
Ni(II), giving a square-planar {NiN4} chromophore [91]. The same com-
ments apply to the Ni(II) complexes of o-hydroxy(mercapto)phenyl benzo-
thiazolylformazans {38), which were also assigned a square-planar {NiN,}
chromophore [92].

(38; H,L:; X = OH, SH, OMe or H)
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ABLE 6

Some properties of halogenated [Ni(dpg), ] and [Ni(bqd)z] [93,94]

Complex rNi—Ni)/A r(Ni—~N)/A  Comments

Ni(bqd), 3.856({2) Stipped-stack structure
{unoxidised

material)

Ni(bqgd):I; 613 3.180(2) 1.88 (10) Stacked along c-axis, each

molecule staggered by 63°

with respect to the next one
Ni(bqd),15.52 - S 3.153 Maxima in reflectance elec-

tronic spectra at 775—730

nm (probably Ni—Ni

(_dzz - p.) in origin)

Ni(dpg)al 3.223 (2) (at —160°C)  1.868 (15)

2 § = solvent of crystallisation.

The materials obtained from the reaction of iodine with [Ni(dpg).](dpg =
diphenylglyoximato ion) and [Ni(baqd).] (bad = benzoquinone dioximate)
have been re-investigated using a variety of physical methods (X-ray crystal
structure determination at low temperature, Resonance Raman, 221 Moss-
bauer spectroscopy, single-crystal conductivity measurements, and electronin
spectroscopy). The major results are shown in Table 6. On the basis of these
new results, Ni(dpg).lI is shown to contain largely [Is]~, whereas the bqd-
containing materials are formulated as containing [1,]~ [93,94]. The previ-
ously reported stoicheiomeiry for Ni(bqd),l, s was found to be more closely
formulated as Ni(bqd),l, s, * S, where S is the solvent of crystallisation [94].
The formal fractional oxidation states were found to be +0.20 (dpg) and
+0.17 (bqd). The oxidation by iodine causes a shortening of the Ni—Ni sep-

o <rs $sers e Y o ~E a1
aration and an increase in the c-axis conductivity. However, the ease of elec-

tron transport is still less than that of the well-known KCP, K,P{{CN)Brg 3 -
3 H,0, and it is still not known whether the charge carriers are transported
through the nickel-atom chain (as in KCP) or through the m-systems of the
stacked organic moiety. It was suggested that the latter was the case because
of the relatively large Ni—Ni distance compared with that in KCP (2.89 A)
and the fact that the conductivity is relatively insensitive to changes in the
metal. These are the first examples where the only feature of the donor crys-

tal sttucture to change on halcgenation is the interplanar spacing.

11.3.3.3 Multidentate ligands
Empirical force fieid caiculations have been used to show that the steady
decrease in enthalpy change on complex formation as each nitrogen donor

atom is added in compiexes of polydentate ligands H{NHCH,CH,), NH, with
Ni(II), as x increases from 1 (en) to 4 (tetren), is due to cumulative ring
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strain [95]. This effect is partly offset by the increase in Ni—N bond
strength (in the absence of strain effects) as the nitrogen donor changes from
primary to secondary to tertiary. These opposing effects produce a net
decrease in AH on complex formation which almost exactly matches a term
in AS present in the free energies of formation of monodentate ammine
complexes..This matching of terms may go some way to explaining why the
analysis of the chelate effect in these polyamines appears more complicated
when separate enthalpy and entropy terms are considered.

Using results for over forty complexes, a relationship between the thermo-
dynamic heat of formation and electronic spectrum in aqueous solution has
been established [96]. The most accurate spectroscopically derived function
would be

F = (3/4)N(oy — 00)

where N is the number of amine nitrogens bound in the molecular “plane”,
and oy and 0g are the antibonding contributions to the energy of the accep-
tor dxz_yz orbital, derived using an angular overlap approach. Alternatively,
instead of an F vs. AHY, correlation, a —AHY, vs. 3Eg (i.e. the second ob-
served ““octahedral’ band) is possible, although this means that different
equations are necessary, depending on N. It was found that although a sim-
ple plot of 10Dq vs. —AHY, was not utilisable, weighting 10Dg by the num-
ber of nitrogen atoms (i.e. plotting N(v,) vs. —AH3,) gave a useful plot for
29 complexes. The presence of differences in strain energies between very
different amines such as en and tetradentates apparently are not reflected in
poor behaviour as regards the correlation using the third method, and it was
suggested that such strain must be partially or wholly compensated, decrease
in AHy, being paralleled by reduction in the spectroscopic parameter. It thus
may become possible to obtain thermodynamic data (for o-bonding systems,
at least) directly from electronic spectra.

The configurational preferences of the well-known linear tetradentate
ligands trien, 2,3,2-tet and 3,2,3-tet have been further investigated [97].
Trien shows a preference for cis-octahedral (or, in general, non-planar) confi-
gurations, i.e. (39) or (40), whereas the other two ligands have preferred

i ‘ - i l - :\ ;
- ~ -
e - ~d-7

(39; cis-ar) (40; cis-f) (41; trans)

trans-octahedral (or planar N,) configurations, i.e. (41). Further study of the
equilibria present, in various solvents (H;O, dmf and dmso), confirms these
preferences, but now shows that solvation effects can be important in condi-
tioning them. The solid complexes Ni(L)X, - nH,O (L = tetradentate ligand;
X = a monoanion) are trans isomers, the only exception being [Ni(2,3,2-tet)-
(NO3)]1[NO;], necessarily cis because of a chelating [NO;]". In solution, the
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most important equilibria established are (S = solvent)
(1) 3[Ni(L)(S).1*" = [Niy(L)5]*" + [Ni(S)e]**

(ii) trans-[ Ni(L)(S).]*" = cis-[Ni(L)(S).]**

(iii) cis-a-[Ni(L)(S),]*" = cis-3-[Ni(L)(S).]*"

(iv) [Ni(L)(S).]>* + 2X~ = [Ni(L)%S)X]* +X"+8

[Ni(L)X,] + 2S
(v) trans-[Ni(L)(S),]*" = [Ni(L)]** + 28

octahedral square planar
(high spin) (low spin)

Most of these solutions have the ionisation equilibrium to the left (cis-« and
cis- cannot be distinguished). It was concluded that equilibrium (i) can be
neglected for 2,3,2-tet and 3,2,3-tet, and that both have a more marked ten-
dency to form coplanar [NiN4]?* than does trien. For equilibrium (ii), it was
found that all agqueous solutions of 2,3,2-tet complexes contain some cis-
isomer(s) of high-spin [Ni(2,3,2-tet)(OH;),]*", and that the cis isomers are
preferred over the trans isomers in the order

for solvent: H,O < dmf < dmso
for amine: trien >> 2,3,2-tet > 3,2,3-tet

The major factors are steric, and it appears that the values of thermodynamic
parameters evaluated for such systems may be unreliable because of the vari-
ous configurations possible.

Moderately bulky triamines tend to give high-spin five-coordinate Ni(II)
complexes, whereas those with less stringent steric requirements give pseudo-,
octahedral complexes. This generalisation has been put on a firmer empirical
basis via an examination of stereochemical changes in complexes with
RN{(CH,).NRR?}, (n = 2 or 3, R, R!, R? = combinations of H, Me, and Et}
[98], i.e. with alkyl-substituted dien and dpt. Meidpt gives high-spin five-
coordinate [Ni(Me,dpt)X,] (X = Cl, Br, [NCS]~ or [NO;]7), whereas
Mesdien yields pseudo-octahedral [ Ni(Meidien),]1Y, (Y =1 or [ClO,]7) and
[Ni(Me.dien)(NO3),}, containing both mono- and bidentate [NO,]". In solu-
tion, [Ni(Me.dien)(NCS),] remains six-coordinate, but the halide complexes
give some five-coordinate species in solution. Conversely, unsubstituted dpt
gives only six-coordinate complexes. It was concluded that five-coordination -
is promoted by increasing backbone length, and that methyl substitution at
the N-trimethylene linkages is not sufficient in itself to promote five-coordi-
nation, whereas a long backbone together with a single methyl substitution
(i.e. Medpt) or three methyl groups together (i.e. Me;dpt) are sufficient.
With dimethylene linkages, even three methyl groups do not promote five-
coordination (e.g. Mejdien), only full alkylation, as in Mesdien, being able to
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do so. The larger steric requirements of triamines with longer backbones and
bulkier substituents appears to be the determining factor in limiting the
coordination number to five,

Cther complexes with non-cyclic multidentate ligands reported are shown
in Table 7. Of particular interest is the complex (42) formed with deproton-

ON @ Me\(\( Me
D¢ — —
I‘o X— C{: :}—(Clil)——x

O :
O
(42) Ré] R
9 9 -
0~ R 0

(44)

i

ated N,N-bis(2'-pyridinecarboxamide)-1,2-benzene and Ni(II) [103]. Here, a
picolinamide unit has been used to force amide nitrogen coordination on the
metal ion. The complex probably has a highly conjugated structure.

11.3.3.4 Macrocyclic ligands

Without doubt, macrocyclic ligands continue to provide some of the most
interesting chemistry with Ni(II), and although the accent is still largely on
solution thermodynamic properties, new systems also appear regularly.

(A) Tridentate macrocyclics. [Ni(Me;[12]aneN;)]?* (45; [Ni(L)]?") is readily
obtained by reduction of the complex produced by Curtis-type condensation

Me Me
Me
NH NH
\Ni/
|
gl
H
{45)

of propanone with nickel dpt complexes and is five-coordinate in aqueous
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2+ N, 2+ T I R

N N N N
K\T'/) %—K\,\Iﬁj = QN:)
N Z\n ] t!J

k3

products

Scheme V. Mechanism for the hydrolysis of [Ni([9]aneN3)?* [105].

solution, forming a dihydrate [104]. The solution species readily loses a pro-
ton from a coordinated water molecule (pK, = 9.81), and (presumably)
dinuclear species were also detected in aqueous solution.

2[Ni(L)(OH)]" = [Niy(L).(OH).]** (log K = 2.44)

A comparison of the rates of acid hydrolysis of [Ni([12]aneN,)]?" and
[Ni([9]aneN;)]*" underlines how macrocyclic or poly-substituted amines can
coordinate in such a way =2s to hinder normal step-wise unwrapping of a
ligand from a metal ion [105]. The mechanism of hydrolysis put forward is
shown in Scheme V, and although [Ni([9]aneN,)]*" is five orders of magni-
tude more stable thermodynamically than is [Ni([12]aneN;)}*" (log ¢ at
25°C = 16.2 or 10.9, respectively), the latter dissociates much more slowly.
This was rationalised on the basis of a regular octahedral stereochemistry
adopted by [Ni([12]aneN,)]?*, but a sizable distortion from regular geometry
in [Ni{[9]aneN,)]**. The strain energy involved gives rise to weaker Ni—N
bonds and hence greater lability. The kinetics of ligand substitution for (46),
a complex of the related tridentate ligand tribenzo[b,f,j]-1,5,9-triazacyclo-
duodecine, with histamine, 3-Mehistamine, histidine, glycine, and histidine
methyl ester have also been investigated [106].

(46)

(B) Tetradentate macrocycles. The rates of complex formation between
macrocycles and various metal ions, including Ni(II), for the sequence of 12
to 16-membered tetraazamacrocycles (47)—(52) have been studied {107].
From a detailed study of the ligand protonation constants and metal ion
complexation kinetics, it was concluded that:
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i)} For a given protonated species

oi¥il pAL e R o

low the order Cu?* > Zn** > Co2* > Ni?*, and parallel the sequence of sol-
vent exchange rates;
(ii) For a given metai ion, the complexation rate constants with [LH]" all
lie within one order of magnitude and do not vary regularly with ring size;
(iii) Complexation of cyclic ligands is slower than that of the corresponding
open-chain tetraamine (for protonated species having the same charge).
On the basis of results (i) and (iii), it was concluded that an unfavourable
step prior to the dissociation of a water molecule from the coordination
sphere existis, in agreement with the fact that the positive charge of the metal
ion and that of the protonated ligand are closer in cyclic tetraamines than in

mrmnn_alhote amae m I Ao Adarman ~8 L wwrna alom Prmtrmnd Aty ravsnlaee

\JHCII'\-ILGJ.II ULLITO. n Pl.l."ucwlluCllbc o1 ftghs YWaAD aldis Luuuu UrLulg CUILPIICA,

formation with the ligands (53) and (54) and was explained in a similar way.

Me\r_@ Me Q

T a macrocycle, complexation rates fol-

NH N— <'_ NH N >
N_—MH  HN— M——N HN
Me/ I\/I Me
(53) (54)

[ P . J. 3. PUC S

Because of the rigid siructure imposed by the idine rir
react more slowly with the metal ion than do (49) and (51) [108

mmczelernlacad aiaedee bz A Fla wraver cbabhda Mo _avialler Aaa welive adree

The egquivaieny conaucuance oL the very stable, non-axially cooramatin

[Ni([14]diene)][SO,]} (55) in water—dioxan solutions show it to be an

a{\nmo‘nllekr strong a]nnh-nlvfn This appears to be the first mmmn!p

of follovring changes in solvent st:mcture using a transition metal macrocycle
and may have some relevance to hydrophabic interactions in porphyrin-con-

taining blomolecules [{109]. Nevertheless, configurational and conforma-

0‘1
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)

N

Me
Me Me

(55)

tional changes occurring when solvent molecules do coordinate attract much
interest. For example, when the ligand L in the Lifshitz equilibrium

[Ni(L)(OH,).]*" = [Ni(L)]*" + 2 H,O

blue, yellow,
high-spin low-spin

is a macrocycle, its cyclic nature introduces an additional factor (other than
temperature and concentration of inert salt) affecting the equilibrium; the
match between the Ni?' ion and the hole available in the macrocycle. Investi-
gation of this aspect has continued, via solution studies on the 14-membered
macracycle (49) [110]. The hole in this ligand is suitable for high-spin Ni(II)
{r(Ni—N) = 2.07 A, all N atoms coplanar}, whereas the most appropriate
ligand for low-spin complexes {F(Ni—N) = 1.89 + 0.03 A} is (48) {the ideal
r(Ni—N) distance is 1.92 A). The yellow form is indeed favoured by (48)
rather than (49) and given that it cannot accommodate coplanar high-spin
Ni(II), the equilibria

(56) (57) (58)

must be considered. No spectral evidence was found for (57). Two explana-
tions were put forward to account for this observation: one was based on the
fact that the entropy change (56) — (58) indicates that three water molecules
H f
/Q - H\lo
HAY =]
A NSy ’N)
O 1 N
H Neo"
(59)
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are liberated, so that structure (59) becomes possible, and the other on the
more effective mobilisation of water molecules when (48) rearranges to (58).
Despite the much stronger in-plane interaction of (48) compared with (49),
conversion into (58) is much more endothermic for the 13-membered ring,
(48). This was ascribed to the increase in strain energy experienced by (48)
during the rearrangements (56) - (58), and to higher dehydration of second-
sphere H-bonds. For (47) the equilibrium is well to the left (i.e. the blue
form predominates), and it was inferred that the transformation occurring
was also (56) > (58), the very favourable entropy change being annulled by
(among other terms) the rearrangement of (47) to give four, coplanar N
atoms (believed to be a very endothermic process). (51) also favours the high
spin blue-form, but this time the stable form is (57), the equilibrium involv-
ing (57) - (58) [110].

[Ni(L)]?* {L = (49)} has also been the object of another study of solution
behaviour, concerned with solvent adducts in dmf, dmso, H,O, and MeCN
[111]. The presence of a high-spin = low-spin equilibrium was confirmed,
but the stability order found (via the Evans susceptibility method) was

dmf > MeCN > dmso > H,0
This is different from that predicted on the basis of electronic spectroscopy

trans - (RSR,S) AN

(60) } / R a (61)
J
A
A

\ AN
L"_Q.D.S. - ( RJS:SJR)
¥ N (63)
N

Scheme VI. Possible structures for isomers of [Ni(Meg[14 JaneN;)] in MeCN(=AN) solu-
tion {112].
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(i.e. from 10Dg*?), and the result was ascribed to the presence of five-coordi-
nate adducts in solution. [Ni(Me;[14]aneN ,)]** provides clearer evidence for
the formation of five-coordinate species with monodentate ligands [112], as
the trans-(R,S,R,S) isomer (60), at least (see Scheme VI). Conversely, the
trans-(R,S,S,R) isomer (62), which can be prepared only by direct methyla-
tion of the macrocyclic precursor complex [Ni(cyclam)]?*, tends to give six-
coordinate species. This difference in behaviour has been used to compare
the ligand-substitution kinetics of five- and six-coordinate species [112].
Although rate parameters for MeCN exchange were very similar for the two
complexes, the activation parameters differed considerably. The AS* values
were interpreted on the basis of an associative mechanism for solvent
exchange on adduct (61) and a dissociative mechanism on adduct (63) (see
Scheme VI). In further work on these complexes [113], it was found that
they dissolve in coordinating solvents (H,O, dmso, dmf, and MeCN) to give
mixtures of high-spin paramagnetic and low-spin diamagnetic species. Un-
stable bis-solvento adducts, (63), were isolated as perchlorates and, as

(64; R = H)
(65; R = Me)

b

Fig. 5. 'H NMR spectra of paramagnetic complexes (64) and (65) [114].
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expected, are high-spin tetragonal octahedral in geometry, the most stable
being those with the rod-like molecule MeCN [113].

It has been convincingly demonstrated that conformational information
can be obtained from the 'H NMR of macrocyclic complexes by following iso-
tropie shift signals [114]. Because of the high interconversion barrier of the
chelate ring in [Ni([{14]aneN)1**, (64), and [Ni(Me,[14]aneN,)]*", (65),
“frozen’’ resonance signals are obtained (Fig. 5) and well-separated, widely
spread signals are given, despite the paramagnetism of the complex. The 'H
NMR spectra of the -rac-Meg[14]aneN, and a-rac-Meg[14]aneN s complexes
were also assigned. In a slightly different vein, in a heterodinuclear system,
the presence of a paramagnetic metal ion with a very short electronic relaxa-
tion time significantly reduces the line widths of the NMR signals of protons
close to a second paramagnetic metal ion having a longer electronic relaxa-
tion time (and hence giving rise to brcader, less-definable, signals) [115]. In
an application to the heterodinuclear species produced in the equilibrium

[Niy(Meg[14]aneN,)x(C204)1*" + [Cox(Meg[14]aneN,),]*" =

2 [Ni(Meg[14]aneN,)(C,0,)Co(Meg[14]aneN )]**

it was possible to assign the spectrum due to the heterodinuclear species
formed.

Tuming now to the preparative aspects, of particular interest is the report
of a designed macrocycle synthesis by Busch and co-werkers [116]. Utilising
the unusual intermediate (66), in which the vinylic carbon atom bearing the
methoxy groups readily undergoes addition-elimination reactions (being very
similar to an ester group), and the fact that the imine substituents adopt a
saddle shape, it was possible to synthesize (67), by reaction with 1,4-di-
aminobenzene in MeCN.The complex (67) (systematic name {2,11,20,26-

Me OMe
P(!\ [S
Coni ) e
i Fg Y2
NN . .
lﬁg wte———— dry cave
Me OMe
(66)

(67)

tetramethyl-3,10,14,18,21,25-hexaazatricyclo-10,7,7,25-8-octacosa-1,5,7,11,,-
13,18,20,25,27-nonaene(N,)Ni} dihexafluorophosphate, abbreviated [Ni{p-
xylyl(NHEthi),Me[16] tetraene N,} ][P¥¢],) contains a hydrophobic cavity
over the nickel ion. The interior walls of this cavity consist almost entixely
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of filled n-orbitals and the name “dry cave” was coined. The p-xylyl group

is displaced to one side of the Ni(II) and tilted with respect to the coordina-
tion plane, leaving a wide opening by the mouth of the cave (dimensions ca.
3.6 X 2.5 A). In addition, there is an unusual type of isomerism. N(2)—C(6)
and N(3)—C(8) are localised so that C(6)—C(7) and C(7)—C(8) are essen-
tially single bonds, causing N(14) to be planar and sp? hybridised. The bridge
may then either rise directly above the N(14) atoms (“lid-on” isomer) (68)
or project rearward from N(14) (“lid-off” isomer) (69). The structure is that

of the “lid-off”’ isomer (69).

NN
h

(69)

2,6-diacetylpyridine (dap) reacts with N{(CH;)sNH, 1}, - 4H[CIO,] in
EtOH to give a macrocycle with a fifth pendant amine group, [(70)][C1O0.].
[117]. The macrocyclic complex is high-spin (e = 3.15 ug) and a square-

N 2}4 N
NH ; i ,;' K ¢
¥ N( l ,y N l, :
NN (1)
(70)

pyramidal coordination was assigned (electronic spectrum: bands at 25 000,
19000, 13 000 and 9 200 cm ™). Reaction with propanone led to a Curtis-
type condensation giving a complex of suggested structure (71). The pendant
NH; group of {70) has a pK of 6.25.

Pendant ligation can also be given via electrophilic substitution of (72).

X ~

_N/ \NH 2 __N\ NH
\-——/ O N=N Nl/

(72) —n \NH
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Various examples have been reporied [118] (with X = —N=N-4-C¢H,NO,, H,
or —N=N-2-Cz4H,;S0;) as well as the pyridine derivative, (73). Other com-
plexes with tetraaza macrocycles reported are listed later in Table 8.

An extensive series of macrocycles, which contain the Wiirster-type chro-

X X

CHO
1
N R 1
~— NH M2 M (OAc) N A R
(CHy)y, + , ——% (CHyln N ,
\ NH HZN R \‘—N l R
CHO

X
X

mophoric system N—C=C—LC=N—C=C—N=C—C=C—N, has been prepared
by metal template reactions, including several Ni(II) complexes [119]. When
3,3',4,4 -tetraaminobenzophenone is the condensing amine, the dinuclear
complexes (74; n = 2 or 3) are obtained. It is not known if there is any intez-

h

N N N
tciyn N7 O Q ;7 (CHp)p
NN e \N -

N N N

o 0
(74)

action via the w-systems between the two halves of the molecule.
Macrocyeclic ligand complexes are expected to give interesting redox and
substitution chemistry, and this is borne out by a thorough study of the
reactions of the octaazabis-diimine complex, (75) [120] (see Scheme VII).
(715) reacts with N,H4 and O, giving the dodecaaza complex (77}, but with
borohydride followed by air oxidation to give the isomer (76), in which the
a-diimine functions have been reduced and double bonds introduced into the
six-membered metallacycle rings. Initial attempts to oxidise (76) to the dihy-
drooctaaza[14]annulene complex, using trityl cation, led instead to electro-
philic substitution on the 6-membered rings to give (78). In turn, (78) can be
oxidized to the ditrityldihydrooctaaza[i4]annulene, (79), which is mono-
meric, unlike the Ni—Ni bonded dimer (80). Methyl groups on the methine
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Scheme VII. Some reactions of the macroeyelie diimine complex, (75) [120].

carbons of the six-membered rings (e.g. as in (81)) block electrophilic attack
by trityl cation, allowing oxidation of the dimethyldihydrooctaaza[14]-
annulene, (82), to (83) (see Scheme VIII). The differences in reactivity from
that found in (84) [121] were attributed to interference by the two methyl

N’*N 2+ /\ r:‘
| i i.NaBH M e
4 e,,,

= N\N,/N\ ii. _ @0y cPh 3" \fN\Ni’ N
P 1 ]
N/ \N/ ln )H J‘\\N/ \N.—"

| - ,‘ bow g

!L\YN N-\._/'N YN

(81) (82) (83)

Scheme VIII. Oxidation of the macrocyclic diimine complex (81) [120].
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(84)

substitutents in (84) during addition of a bulky group, differing charge dis-
tribution over the 6-membered rings in (75) and (84) (affecting their relative
nucleophilicities) and geometric requirements of saturated 5- or 6-membered
rings. The crystal structures of (76) and (77) were resolved (Table 8) and
show them to contain fully delocalised anionic 6-membered rings of the pre-
viously unknown f-diazonato type. The structures of the complexes with
(85) and (86) were also determined [122,123] (see Table 8).

H\r O CH,C(0) Me
|

[N N.
NI N A
)\K‘ Me (0O)CCH 2
(85) (86)
TABLE 8
Crystallographically characterised Ni(I1) macrocycles
Macrocycle  Complex {Ni—NyA Comments Ref.
(67) [Ni(L)1{PF¢ ]2 Cavity varies in height 116
(4.55—4.27 A)
(16) 1.809, 1.806 Crystallographically 120
planar
(77) N!, 1.809;N2, 1.766; Both hydrazine residues 120

N3, 1.869; N4, 1.861 are on the same side of
the molecular plane

(85) [Ni(L)]JI[ClO4], 1.926 No differentiation 122
between Ni—N(H) and
Ni—N(imino), N-meso-
C-meso, centrasym-
metric

(86) [Ni(L)} N1,1.921;N?, 1.883; Ligand charge delocal- 123

N3, 1.912;N9%, 1.890 ised over rings remote

from added enolate
groups
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(C) Pentadentate macrocyclics. Unlike many other transition metal ions,
Ni(II) is ineffective as a template for bringing about cyclic condensation of
2,6-diacetylpyridine with tetramines to give pentadentate ligands. However,
a transmetallation technique has been developed to circumvent this problem
[124]. The Ni(Il) complexes of the ligands (87)—(89) were prepared by sub-

= i
Me = Me
N
a ™
(g, (CHp)
NH NH (87;m=n=2)

\_ J (88;m =2, n = 3)
(CHy) g (89, m=3,n=2)

stitution of Ag(I) from the template-prepared macrocycle using a Ni(1I) salt,
usually the perchlorate. Addition of MeOH, or EtOH, across the methine

linkage of complexed (88) gives adducts of (90), and addition of H,O causes
ring scission to (91). The only way in which these cyclic ligands can take up

Me

[N
Nﬁ\/ \/
(90; R = Me or Et) (91)

five octahedral positions (in [Ni(L)X]") is with one of the secondary amine
groups in an axial position (for (80)), as seen in (92). A multidentate ligand
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of unusual structure or conformation usually imposes irregular stereochem-
istry on the metal ion. In this case, it appears that the opposite effect occurs,
i.e. a new conformation is imposed on the ligand because of the stereochem-
ical preferences of the metal ion. The crystal structure of the open-ring com-
plex of (89), [Ni(L)(H,0)]?*, confirms that it also is octahedral, as illustrated
in (93) [124].

TN
(N\rli/o
N/[ ~nN
1

OHp

(93)
11.8.4 Complexes with S- and Se-donor ligands

11.3.4.1 Monodentate ligands

The few complexes reported during this period are listed in Table 9. The
difficulty in preparing the Ni(II) analcgues of [(dppe)Pd(EH),] and
[(PPh,),Pt(EH);] {E = S or Se} [125] has now been overcome by using
NafSH] instead of H,S.

EtOH/benzene/N2 .

[(dppe)NiCl,] + 2 Na[SH] — [(dppe)Ni(SH).]
The Ni(II) complex is stable in air at room temperature, and is soluble in
EtOH, but insoluble in hydrocarbons; in chlorohydrocarbons it decomposes

rapidly to give black solids [126].

11.3.4.2 Bidentate ligands

The relative ease of preparation, and wide range of substituents which
may be used, make the [bis(dithiocarbamato)Ni(II)] and [bis(phosphoro-
dithioato)Ni(II)] complexes popular topics; recent new complexes are col-
lected in Table 10.

All three of the crystal structures reported this year have interesting
aspects. Thus, bis(O-isopropylethylphosphinodithioato)Ni(1I) (94) gives the

Me
H /
\(;:~—~Me
t \P__.S:\N. ’,Si_“‘P/O
o"’ \§/ '\S" \\‘E'

E

’ r(Nis;) =2116 ﬁ“’(S;P) =2031 &
¢ r(NiS?) = 2.262 A; n(S?P) = 1.901 A
Me}z “H (94) r(PO)=1.668 A

isomer with the two Et groups frans with respect to the molecular plane and,
differently than is the case with all other phosphoro- and phosphino-dithio-
ates investigated to date, the two Ni—S and two S—P distances are different
[131]. The ligand thus appears to coordinate in the form with a more local-
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ised w-bond {cf. (95)}. In a similar vein, the ethylammonium salt of [bis-

i
Pr'O s

pZ i S
Et— \S/ \S/
(95)

{ethylphosphorodithioato)Ni(II)}Z~ (96) alsco has the two P substituents
trans with respect to the molecular plane and again gives a short Ni—S bond

3 1
\Pz =S s\\\P:/O

o~ ~c¢ / \2 ~  ~~lEt

(96)

r(NiS!) = 2,226 A; (8'P!) = 2.029 A

r(NiS?) = 2.221 A HS2PY) = 2,025 A

n(NiS3) = 2,212 A HS3P2)=2025 A

r(NiS%) = 2.239 A r(S%P2) =2.036 A

(2.212 R), suggesting the presence of contributions similar to (95) {132].

The third complex is the first axially chiral phosphorodithioato complex of

Ni(I1), formed from (97), and its structure is shown as (98) [133].

/

T

(97)

o, . / \2"”‘/5

4 p',__o

N~ .5

E s 1970 A

(98)

Interest in the thermodynamic behaviour of dithiocarbamates and phos-
phoro- and phosphino-dithioates remains sustained. An extensive investiga-
tion of the addition of py, 4-Mepy, and 2-Mepy to [Ni(S,PPh;),] [138]
shows that at low L : Ni ratios only the 1 : 1 adduct forms, and 2-Mepy
forms only the 1 : 1 adduct at all base concentrations. The formation of
high-spin octahedral base adducts in such systems always occurs with an
enthalpy change of —60 to —80 kJ mol™?, despite very different adduct sta-
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bility. Conversely, enthalpy change distributions between the two successive
additions differ greatly (as does K, /K,) and there is no correlation between
K, and AH,. It was concluded that suck reactions are solvent-dominated.
From a similar study, but this time with mono- and bi-dentate phosphines,
several complexes of stoicheiometry NiL{P—P) or NiLP, could be isolated,
and it was suggested that they could be formulated as binuclear Ni(I) com-
plexes, e.g. [Ni.{S,P(OMe).}.(dppe),] [137]. However, the stoicheiometry
and diamagnetism of these complexes also fit a formulation based on a
dealkylation reaction

[Ni{S,P(OMe).}.] + (P—P) > [Ni{S,P(0)(OMe)}(P—P)] + [MeS,P(OMe),]

and the crystal structure of such a Ni(Il) complex is known, the kinetics (of
Co(III) analogues} have been followed, and products identified [139].

From a potentiometric study of a wide range of substituted phosphoro-
dithioato- and xanthato-nickel complexes, it was concluded that the stabili-
ties of these NiL,; complexes increase with increase in the electron-donor
characteristics of the substituents [140]. In an analogous solution study, the
S—Ni bond in phosphonodithioates and phosphinodithioates was found to
be more covalent than that in phosphorodithioates [141].

The considerable influence of substituents on adduct formation between
[NiS,;]chromophores and N-bases is nicely illustrated in a study of the equi-
libria (at room temperature) between bis(dithiobenzoato)nickel(HI) com-
plexes and pyridine [142]. There was no evidence for formation of a five-
coordinate intermediate, only 1 : 2 complexes being formed (when R = H or
Me in [(RC-HCS,),Ni]). This reflects the higher acceptor character of the
dithiobenzoato ion compared with that of xanthate, phosphorodithioate, or
(particularly) dithiocarbamate (the first amine adduct of which has been
reported only recently [{135]). When R = E¢{,;N, however, there is no adduct
tormation even with a large excess of pyridine, in line with the high donor
power of the Et,N— group.

Previously undetected Ni(S,CNEt,)" is kinetically stabilised in dmso solu-
tions containing low concentrations of [S;CNEt,] ™ and very high concentra-
tions of [Ni(dmso)¢}** [143]. Its electronic spectrum was reported, and the
formation constant for Ni(S,CNEt,)", from Ni?* and [S,CNEt,]~ {(4 + 2) X
10° 1 mol '} shows that it is quite stable; it has not been observed previously
because [Ni(S ;CNEt,);] is much more stable. i

A quantitative estimate has been made of substituent effects in the adduct
formation reaction with substituted xanthates using Taft’s 6* parameter

R
[Ni{S,COX).] + bipy i{ [Ni(8,COX)=(bipy)]

[144]. Alkyl groups (having only inductive effects) lie on roughly straight
lines, but allyl and benzyl groups deviate, with k., and k, lower and higher,
respectively, than expected. These deviations were accounted for on the
basis of stacking interactions. Comparison between k¢’s and k,’s for this reac-
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tion and the analogous reaction between {Ni{(RO),PS,}.] and vhen showed
the two sets to be correlated. In other words, the nature of the ~ubstituents
is reflected in the rate constants for the two reactions. Given that the phos-
phorodithioate has two substituents whereas the xanthate has only one, then
the substituent effect {i.e. inductive effect} and (to a lesser extent) meso-
meric effects, are better transmitted in the xanthates. A detailed kinetic
study of xanthate, phospharodithioate, and pentanedithionate (pdt) substi-
tution by dialkyldithiocarbamates shows that [Ni{S,P(OEt),}.] and
[Ni{S,C(OR)}.] react with [S,CNEt,; ]~ via a single process, to yield
[Ni(S,CNEt),] (quantitatively) {145]. There was no evidence for the pres-
ence of intermediates. Conversely, [Ni(pdt),] reacts with [S,CNEt,]™ (and
also with [S,CNPr;]1” and [S;CNBu;] ") via formation of a mixed ligand com-
plex, which (for [Et;NCS,]7) was isolated.

[Ni(pdt).] + [S,CNEL,]” —» [Ni(pdt)(S,CNEt;)] + [pdt]~
[Ni(pdt)(S,CNEt)] + [S,CNEt,]” > [Ni(S,CNEta),] + [pdt]~

The authors concluded that rather than the stability of the five-coordinate
adduct being the controlling factor in the substitution rate, it is the stability
of the square-planar intermediate which is the important factor in such reac-
tions. The ease of displacement of a given ligand is very sensitive to the
nature of the second ligand, the order of increasing stability being
[Ni{S,P(OEt),}.] < [Ni{S;C(OR)}.1 < [Ni(pdt),] < [Ni(S,CNPr,),], where-
as the rates of substitution by [S,CNEt,]” (via competition reactions)
decrease in the order [Ni{S,C(OR)},] > [Ni(pdt),] > [Ni{S,P(OEt),},] >
[Ni(S,CNPr,),] and there is no correlation between the two sets of param-
eters. Curiously, there was no evidence for the common substitution—
dealkylation reaction [139]. A search for five-coordinate complexes with
S-donors (rather than the more usual N-donors) seems called for.

Several Ni(II) complexes form part of a monumental paper correlating the
13C NMR spectra of 71 dithiccarbamates with w-bonding in the —CS; moiety
[146]. A high fractional oxidation number (ratio between oxidation state
and coordination number) correlates with a high »(CN) and low §(N'3CS,).

For [M(S,CNEt,),] and [M(Se,CNEt;),] (M = Ni(II), Pt(II) or Pd(II)), the
ease of reduction follows the order (E,,) Ni > Pd > Pt, the Ni(II) undergo-
ing quasi-reversible reduction [147]. Surprisingly, for each metal, the same
reduction potential was observed for both [8,CNEt,;]™ and [Se,CNEt,]", and
other energy terms (e.g. reorganisation energy) were invoked in order to
rationalise coincidental E,,, reduction potentials. Conversely, the ease of
oxidation of these complexes follows the sequence Ni < Pt < Pd, the
bis(selenocarbamates) being more readily oxidised than their thio analogues.
Only the Ni(I1) complex quantitatively converted to the fris complex
[Ni(Se,CNEt;);]", which in turn are reduced with greater difficulty going
down the group: (E,,,) Ni < Pd < Pt. In this case, the sulphur analogues are
more easily reduced.
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The Resonance Raman spectrum of an {Ni(C,S,0,),(Snl,).]?” complex
([C;S,0,]?" = dithiooxalate) having an [NiS,] chromophore indicates that
the two bands in the electronic spectrum lying at 15000 and 18 500 cm ™!
are assignable to MLCT (Ni - S) transitions. The third band (at 27 900 cm™?)
is, instead, due to an internal CT of the {Sn0O,I;} unit and a fourth one (at
33000 cm™) to the m - 7* transition of [Ni(C,S,0,),]*” [148].

Whatever the predictions of the Peierls transition, partial oxidation of
[NiS,] to give complexes with interesting ‘“‘stacking’ and conductance prop-
erties will be popular for some time to come. Partial oxidation of ‘“‘red”

K3 [Ni(C,S,0,);] with I,/propanone or I,/MeCN leads to formation ofa 1l : 1
complex, K;Ni(C,S,0,),l, which loses iodine during the crystallisation pro-
cess to give a polymorphic form of K,;[Ni(C:S,0,),] (“black form’’) [149].
The crystal structure of this form (obtained by ‘“‘oxidation® of the red poly-
morph with K,[Cr,0,]) shows that the major difference between the two
forms is that the black polymorph has stacked molecules {with r(Ni—Ni) =
4.19 A}. Otherwise, differences between the two forms are minor, the red
form having a slightly tetrahedral distortion, whereas the black form is
planar. The tetrathiosquarate dianion, [C4S;]*", seems more encouraging,
dark red lustrous crystals being obtained by reaction of NiCl, with K,[C4S;]
[150]. The material, of formula Ni,5{C4Ss)2¢K3 - x H,0, is a semi-conductor
{conductivity = 5 X 10™* (ohm em) ™' (20°C, pressed disk)} in agreement
with a chain-delocalised structure. In a similar vein, thiapendione can be
coupled into a single conjugated molecular framework (Scheme IX), to yield
insoluble amorphous complexes with M : L = 1 : 1. The final products have
intense IR bands at ca. 2000 cm™, characteristic of highly conducting crys-

S S (RO} P S S S S
_/ A L ./ j [ A
Oﬂsj (s/“‘o OWS:I (s/—\s S0

NaOMe/MeOH

+S S. S Nil s s s s~
NN \Ni/s-zt -~ ) E N
*s/—\sxs/ Ng= “s s’ ‘sj [s‘

Scheme IX. Synthesis of a Ni(II) chain-delocalised complex [151].
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talline CT salts. The trifluoro analogues (99) are better characterised but are

=IO
(99)

insulating materials, due to the strongly electron-withdrawing properties of
CF,[151].

The dependence of the conductivities of some [mnt]™ complexes of Ni(iI)
on the size and redox character of the cation has been studied using the
pressed disk technique [152]. As the cation radius decreases, the conduc-
tivity increases (x : [PPh4]* > [PMePh,;]* > [NBug]® < [NEt,]*" < [NMe,]”
< (methylene blue)*) as expected for increasing overlap down this series. The
exceptions are the Ph-containing cations and this is believed to be due to the
intrinsically higher CT interactivity of the Ph group. Comparison of the con-
ductivities of two compounds differing only in the charge of an ion shows
that they are related to the ease of disproportionation of those anions acting
as transfer centres.

Alkyl or aryl iso-thiocyanates react with thiourea in the presence of base,
and in a water-miscible solvent, to give compounds, LH, assigned an S- (or
N-)-substituted thiocarbamyl-iso-thiourea formulation {e.g. RNH - C(=8)—
S—C(NH.)(=NH)} [153]. A crystal structure analysis of the nickel complex
[Ni(L).] - 2dmf {(100); R = CHMe,} shows that this is not the case, and
that the ligands should be re-formulated as 1-substituted 2,4-dithiobiuret
compounds {e.g. RNH - C(=8)—NH—C(NH,)(=8)} [154]. The whole mole-
cule is conjugated and the short (2.159(1) and 2.150(1) &) Ni—S bonds indi-
cate the presence of some double bonding. The dmf molecules do not
coordinate, neither in the solid state nor in solution. Analogues with R = Et,
Pr or o-tolyl have a similar, square-planar, structure.

C \
/ N—
s/
/}/ B e ¥ AN
Y
N/ 95, ;au) Ni o N .
\ % {’o@ C
—N
\ / C
(100)

11.3.5 Complexes with P- and As-donor ligands

11.3.5.1 Monodentate ligands
A definitive study (*'P, 'H, FT NMR and electronic spectroscopy) of
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stereochemical interconversions of PMe; complexes in solution (CH,Cl; or
CHCIF;) between 114 and 295 K has appeared [155]. [NiX,Ls] (X =CN, Cl,
Br or I), [NiXL4]X (X = Cl, Br or I), and [NiLs]?* give rise to the following
equilibria in solution (L=PMe,):

[NiX,L3] = [NiX,L,] + L (X = halide)

[NiX,L,] + L = [NiX;Ls] (X = CN or halide)
[NiX,Li] + L= [NiXLs]* + X~ (X = halide)
[NiXL3][BF4] + L = [NiXL,][BF.] (X = halide)
[NiL4}[BF4]. + L = [NiLs][BF4] »

The intra-molecular ligand exchange in [NiLs][BF4] ; and [NiXL,][BF.] pro-
ceeds via a Berry pseudo-rotation (low AG*, <38 kJ mol™!) whereas for
[NiXL4]X the exchange rate is faster, proportional to [X~], and increases in
the order Cl < Br < I; an I, mechanism was suggested. In [NiX,;L;], energy
barriers for the axial-equatorial phosphine exchange are higher (38.5—54.5

kd mol~! at 230 K) and a D mechanism involving loss of axial PMe; to form a
four-coordinate intermediate was proposed. Finally, the intermolecular
exchange reactions

[Ni(CN).L;] + *L = [Ni{(CN),L,"L] + L
and
[NiXL,]* + *L = [NiXL,*L] + L (X = Cl or Br)

are dissociative D in type.

31p NMR has also been used [156] to follow phosphorus ligand
exchange in trans-[Ni(2-MeCH )X (PPh,),] (X = Br or I). In chlorobenzene,
the phosphine is readily replaced in the order PPhMe, =~ PPh,Me >>
P(4~CQH40M8)3 > P(4"C§H4Me)3 > P(4-CGH4F)3 > P(4“C6I'I4CI)3 >>>
P(2-CH OMe); = P(2-C¢H Me),. Phosphine ligand is replaced by phosphites
in the order P(OMe); > P(OEt); > P(OCHMe,); > P(OPh)s. It was concluded
that steric factors rather than electronic factors are more important in such
exchange reactions.

11.3.5.2 Bidentate and multidentate ligands
New complexes are listed in Table 11 (and new structural determinations

0% séo SI@
oo O
:l=h Ph

(101) (102)
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in Table 12). Results on mixed donors containing phosphorus are included,
because there have been few reports. Particularly interesting is the *“‘triple-
decker” structure found for [(triphos)Ni-u-(n3-E;)Ni(triphos)]?* complexes
(E =P or As). In these, a triangle of P, or As, atoms is held between the two
Ni—P donor units [168]. A MO scheme for the complexes was suggested,
and a complete electrochemical study carried out to investigate how the
eyclo-E; unit influences the energies of the redox levels [168].

The unsymmetrical cis-diphosphinoalkenes can probably only be ob-
tained by addition of a secondary phospbine to a coordinated phosphino-
alkyne [160]. Non-template base-catalysed addition of diphenylphosphine

[xNi(Ph,PC=CR),] + R'R"PH ——= c=¢ + Ph,PC=CR

to a phosphinoalkyne gives, stereospecifically, the frans-1,2-bis(phosphino)-
alk-1-ene [169]. The syntheses of some new functional phosphines,
Ph.PCH,COOEt and Ph,PCH,CN, in which the formation of P-bonded nickel
was involved in the various steps, has also been reported [170].

11.3.6 Complexes with mixed-donor ligands

11.3.6.1 (0O, N) ligands

These complexes are legion, and the Schiff base reaction is ubiquitous,
which combine to make much of the work reported fragmentary. Solution
studies have been made, mainly by potentiometry upon complexes of Schiff
bases [171—1"75], crotic acids [176], oximes [177], 2-pyridine carboxalde-
hyde [178], 2ad diaminoethane-N,N’'-di(o-hydroxyphenylethanoic acid)
[179], and protonated Ni(II)-edta complexes have been re-investigated [180].

Crystal structures are listed in Table 13. Of particular note is the report of
another pentagonal bipyramidal complex derived from diacetylpyridine
[1871; the evidence is accumulating that this unusual geometry is favoured
with such linear ligands rather than with macrocycles.

QP
(103)

[Ni(dacoda)(OH,)] (dacoda = 1,5-diazacyclooctane-N,N'-diacetate), known
since 1972, has been found to undergo a Lifshitz equilibrium

[Ni(dacoda)(OH,)] = [Ni{(dacoda)} + H,O

blue, yellow,
square pyramidal planar
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claimed to be the first case for a five-coordinate complex. The high AS* for
the equilibrium was rationalised on the basis of de-solvation of the planar
complex [189].

Mono- and di-ketones readily condense with amines (in 2 : 1 ratio) to give
compartmental (or ‘‘binucleating”) ligands and several more examples have
appeared [190—192]. For (104; H, aapan), several mixed NiM’' (M’ = Cu(il),

outside N inside

4
e
<

(104)
Co(II), Fe(II) or Mn(1Il)) complexes were prepared. The Ni(II) was always in
the “inside” compartment, and was square-planar (and, hence, diamagnetic)
[190]. More interesting is the case were a paramagnetic Ni(II) is close to
another paramagnetic transition metal ion. What are apparently the first
examples of such complexes have now been reported. They are prepared by
using bis {N,N’-ethylenebis(2-hydroxypropiophenoneiminato)} M(II),
[M(prp)en], as a ligand for a hexafluoropropanedionato complex
M(prp)en + [M'(hfpd).] ~> (105).

S0
//\1
|\

CFé

/\/

CF3

CFy (105; M = Cu, M’ = Ni)

A thorough study of their crystal structures (M = Ni, M' = Cu, Co or Mn;
M = Cu, M' = Ni) has been reported [192]. The magnetic susceptibility was
studied for (105) as a function of temperature. A drop in effective magnetic
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moment at lower temperatures was explained in terms of depopuiation of
excited Sy spin states. It appears that the generalisation that as M—0—M
increases J becomes more antiferromagnetic, also holds for mixed binuclear
complexes.

An alternative way of observing Ni—Cu pair effects is to dope small
amounts of Ni?* into a dimeric Cu®*' complex almost diamagnetic at room
temperature which becomes diamagnetic at low temperature. In this way,
Ni—Cu signals were observed in the EPR spectrum of a macrocyclic compart-
mental-ligand Cu?' complex {(chromophore [Cu,N 0.,Cl.]), with the Cu(Il)
in a distorted square pyramidal geometry [193].

Complexes of the Schiff base formed by condensation of substituted
o-hydroxyaceto- and o-hydroxybenzo- phenones are monomeric and five-
coordinate [194]. Schiff base formation, but this time with simultaneous
cyclisation, can also be used to prepare hexadentate macrocyclic ligands, and
the steric requirements of the ligands prepared as Ni(II) complexes (106) have

_ _12+
QP . [@C
_ \é *2“20 é/x/\x
éx\n/’( ~r7

(106; Y=NH, Oor S; X = NH)

been discussed [195]. Schiff base ligands now have their ‘““fly-overs”, to com-
pete with “‘capped® and “strapped’ porphyrins but, unlike the latter, have
the take-off point at the ligating atoms. A rigid a-naphthyl unit was chosen
because it would lie perpendicular to the {NiO,N, } plane and impose a less
accessxble axial position than would a saturated carbon chain [196]. The
ligand was prepared by condensation of (107) with salicylaldehyde after pro-

o —{CH

“‘ 2
i 2 (107T;n=2)

;ection of the amine group. This square-planar diamagnetic Ni(II) complex
'108) reacts with bidentate bases (phen or bipy) to give the corresponding

g 2
(108; R =(CH2)4)
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1 : 1 adducts, thus indicating that the {NiO2N,} complex is stereochem-
ically flexible. However, py adds only with difficulty and the bis-adduct is
formed only in neat py. A crystal structure analysis of (108) has confirmed
its structure, although two crystallographically independent discrete mole-
cules exist [197]. Both have trans {NiO,N, }chromophores with a fly-over
tetramethylene diether moiety and differ only in the conformation of the
{(CHj;) s chain. In turn, this changes the orientation of the a-naphthyl group
approximately orthogonal to the molecular plane, and hence the size and
shape of the cavity.

A single-crystal magnetic susceptibility study of diaqua(2,6-diacetylpyr-
idine)bis(semicarbazone)Ni(II) nitrate, the only seven-coordinate Ni(II) com-
plex known before this year (see ref. 187), has been reported [198]. Other
complexes with (O,N) ligands are listed in Table 14.

11.3.6.2 (N,8), (0O,S) and other mixed-donor ligands

Few structures have appeared this year. Bis(V,N'-dimethyldithiocar-
bazato)Ni(II) has a trans {NiN,S,}chromophore [218] and an MO calculation
(STO-3G basis set) has been used to rationalise why form (109b) is present
in the complex, whereas form (109a) usually predominates in the free ligand

Me

S Me 15
\\\N———N—m—c4¢¢ \\\N ne :///

N N N

H
(109a) (109b)

—H

S—Me

and its analogues. From an energy minimisation along the antisymmetric
N2—C!'—8! stretching coordinate in the complex, it was found that the
structure of this unit in the optimised ion was similar to that found experi-
mentally for form (109b).

Thioacethydrazide {MeC(S)NHNH.} cannot be isolated as the free ligand,
but exists complexed to transition metal ions. Some further derivatives, pre-
pared by Schiff-tase condensation with pentane-2,4-dione (tahacacH;) have
been reported, formulations being confirmed by crystal structure analysis
[219] for [Ni(tahacacH)] - MeCN (110), [ Bu;N][Ni(tahacac)] (111) and
[Ni{tahacacO)] (112). The ligand in (111) appears to be present in the

Me\/s \[(M? MGY \(W Me\l/
/ \ vl N —

N—-—-N
Me cH, Me Me 101 Me
(110) (111) (112)

dipolar form, and the conjugated complex has shorter Ni—N and Ni—S bond
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lengths. The green (112) is prepared from form (110) or {111) by oxidation
with air in a Ca[CO;]-buffered slurry. An analysis of the electronic spectra
indicated that o-interactions in (112) are very different from those in (110)
or (111).

The mixed pentadentate macrocyclic and open ligands (113)—(115) form

o™y {\0’\ {‘0’\3:
NH N S,

Y‘Susj (NLNH] R’ N|l<l]
(113) (114) (115)

octahedral complexes in both solid state and solution, the sixth position
being occupied by water. The macrocyclic effect between (115) and the
macrocyclic analogues, as given by Af = log ¢1(macr) — log 34¢s(linear) is
strong (A8 = 3.20 for (113) and 3.28 for (114)), but slightly lower than
found for polyamines [220]. Examination of the entropy/enthalpy relation-
ships between these ligands led the authors to conclude that it was not pos-
sible to define which of the many parameters involved is responsible for the
large difference in complexation entropies between these mixed pentaden-
tate ligands and pentaamines.

The unusual hydrazidothiophosphorus derivatives P(NHNH,)YZS (Y, Z =
OEt, OC-H,4Cl-4, OPh, Ph) have several potential donor sites (N, O, S or P)
and form [NiL.X,] complexes (X = Cl or Br) [221]. The complexes are
tetragonal octahedral, paramagnetic (u = 2.92—3.15 pg) and undissociated in
solution (in MeNO,). A crystal structure analysis shows that only the hydra-
zido amine-N bonds in [Ni{P(NHNH,)(OEt),S},Br,] and that the configura-
tion is trans.

11.3.7 Complexes with ligands of biological interest

There are few reports, reflecting the relatively unimportant role of Ni(II)
in biological systems (as far as is known). Scattered reports are collected in
Table 15.

Electronic spectra have been used to suggest a {NiOsN} chromophore for
an adenosine-5'-phosphate (ATP) complex of formula Na,Ni(ATP) - 8 H,O
(Dg*¥ 700 cm™!; Dg* 940 cm™'). Bonding appears to be via three phosphate
oxygen atoms, the adenine N(7) and two water molecules [238]. The com-
plex appears to be different from that reported by Bhattacharyyaand .
Bhaduri [239]. To allow energy to be passed between the adenine base and
the triphosphate in ATP, the molecule must fold (a ribose sugar group,
which does not pass energy, lies between them) and it is believed that metal
ions facilitate this folding. This has been investigated using UV spectroscopic
methods, with Ni(II) tripolyphosphate and adenine as 2 model system [240],
for following coordination by adenosine mono-, di- and tri-phosphate. The
stability constant for interactior. with adenosine is greater (eleven times) for
[HOP,0,]*~ than that with aqueous Ni**, and the phosphate group tends to
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bind to N(7) of the adenosine rather than N(1). For Ni**, intramolecular
macro-chelate formation occurs to the extent of 29, 65 and 80%, respec-
tively, for [ATP]*", [ADP}®~ and [AMP]?". Increasing the number of phos-
phate groups (and, hence, their denticity) reduces the ability of the nucleic
base portion of the molecule to give inner-sphere coordination (in a mono-
meric complex).

Turning to amino-acids, it has been found that Ni(II)-glycylglycyl-L-histi-
dine is, unexpectedly, very sensitive to O,, especially at neutral pH [241].
The reaction product was isolated, and characterisation by NMR showed
that a decarboxylation had occurred, the structure suggested being (116).

[

o _\:",/__c\'::: OH
<‘ \Ni/
e Ny
H, < N
N
H
(116)

A thorough solution study of the Ni**—DOPA system has appeared [242],
utilising model experiments on the ternary complex Ni(II)-L-alaninato-pyro-
catecholate (in which the potential donor groups of DOPA belong to two
different ligands). The following conclusions were drawn: (i) the complex
[Ni(LH,)1*, with amino-acid type bonds, is present in fairly significant con-
centration; (ii) the complex [Ni(LH)] contains a pyrocatecholate-type bond
and a protonated side-chain amino group; (iii) there is strong evidence that
the species [Ni(H;L,)] ™ has structure (117) whereas [Ni(H;L,)]1>” has struc-
ture (118) (in equilibrium with (119)); (iv) species [Ni(HL,)]*" is also
mixed-bonding in type, as in (120).

A thorough study of bonding by several dipeptides and tetrapeptides with
Ni(II) has been carried out. For the dipeptides {e.g. CI"H'-Gly-Gly-OH, and
Cl"H'-(0-Bzl)-L-Tyr-(0-Bzl)-L-Tyr-OH}, no 1 : 2 Ni(II) : dipeptide com-
plexes are formed. This was attributed to either steric hindrance of bulky
0-Bzl-L-Tyrosine residues or to the formation of neutral species incapable of
attacking other ligand species in the mixed solvent (80 : 20, dmso : H,0)

™~ +
HyN—CH
|

coo™~ |
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used. Conversely, the tetrapeptides {e.g. C1"H'-(0Q-Bzl)-L-Tyr-Gly-Gly-
(O-Bzl)-L-Tyr-OH} gave only complexes of 1 : 1 composition, suggesting
bonding to the nickel by sites other than the terminal C- or N-atoms [243].
An octahedral structure with a {NiN;0(OH,)} chromophore was advanced to
account for the potentiometric results.

In the tripeptides Tyr-Gly-Gly (121; R = NHCH,CONHCH,COOH, R!=H)
and Gly-Leu-Tyr (121; R = OH, R' = COCHCHMe,NHCOCH,NH,), the rotamer
(121a) predominates through a wide range of pH, although rotamer (121c)
increases in extent with increase in pH (that of (121b) remaining more or
less constant). When these tripeptides react with Ni(II) in water, the rotamer

con cor

H H @i CSHI.DH ROHé.‘G H

H R'nn ® RinNH H
4

cor
CgM, OH
(121a) (121b) (121c)

(120)

NH

’lun
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(121c) population increases considerably (NMR, pH 7), up to 0.79, and that
of the other two decreases to 0.21. A square-planar geometry is present for
both tripeptide complexes at just above pH 7, with an octahedral one grow-
ing in between pH 7 and 9. Ni(II)-Gly-Leu-Tyr has an even higher rotamer
(121c) population (0.92) for the square-planar form [244]. Up to pH 11, the
ligands act as tetradentates and it was suggested that the changes in rotamer
populations are due to aromatic-ring—metal interactions observed when Gly-

Q
0
/‘O\Ni/ NHz
N TN
{ ot
o Me
Me
(122) (123)

Leu-Tyr acts as a tetradentate ligand, coordinating through NH,, two depro-
tonated peptide nitrogen atoms and the carbonyl group (122), rather than
when it is tridentate (123). Tyr-Gly-Gly gives a similar tetradentate struc-
ture. Such interactions may be of importance in the functioning of certain
enzymes {e.g. tyrosinase).

A complete account of the first example of «-amido acid complexes of
transition metal ions with low-dimensional properties has appeared [245].
The complex Ni(hippurate),(OH,)1 has the Ni(II) in essentially octahedral
coordination (Dg= 975 cm™!, B = 855 cm™!). A crystal structure analysis
shows these octahedral units to be bridged by water molecules. The com-
plex is antiferromagnetic; anisotropic super-exchange occurs along the chain
(c axis) and inter-chain exchange is restricted to dipolar interactions along b.
The system is then a pseudo-1D system in which 3-dimensional ordering is
not predicted to occur until T > O K.

11.4 NICKEL(ITI) COMPLEXES
Most well-characterised Ni(III) complexes known to date involve macro-

cyclic ligands, so these will be treated first. The new complexes reported this
year have been with the new pentadentate macroc:yclics (124)—(126) [246].

[-NH 43 (—-NH ij C\NH NH/>
K/-NH \) K,/NH \) \,,,NH \)

(124) (125) (126)
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The Ni(II) complexes of these ligands have distorted O,, structures (as the
perchlorates, the sixth position is occupied by a solvent molecule) with pro-
gressive weakening of the Ni—N interactions in the order [Ni(124)] >
[Ni(125)] > [Ni(126)]. Reversible one-electron oxidation (Pt electrode in
MeCN/0.1 M [Et/,N]{BF4]) gave the Ni(III) analogues with EPR spectra
characteristic of octahedral low-spin Ni(III) systems (g; < g; and g ~ 2).
The half-wave potentials were very low (ca. 0.82—0.74 V) and it was con-
cluded that insertion of a further nitrogen atom into a tetraaza-ligand frame-
work facilitates attainment of the Ni(III) oxidation state. A similar compari-
son of electrochemical properties for the tetraaza-analogues [247] finished
with the conclusion that attainment of the Ni(III) oxidation state depends
only on the Ni—N bond strength [248].

That axial interaction is, indeed, important in stabilising the Ni(III) state
can be seen in another report [249]. Addition of polydentate anions
([SO;]? or [PO4]37) te Ni(Il) complexes of the well-known macrocycles
[14]aneN,, cyclam and {14]-4,11-dieneN 4 stabilises Ni(III) in mildly acidic
solution, after controlled-potential electrolysis. The complexes gave EPR
spectra with gy = 2.03 and g, = 2.23, unequivocal evidence for the presence
of Ni(I1I). The complexes with [14]aneN, and cyclam are the first Ni(I1I)
complexes with saturated ligands which are stable in mild, aqueous acid sclu-
tion.

There have also been two interesting reports on Ni(III) complexes (again
in solution) with peptides. Most Ni(III) peptides reported over the years
undergo self-oxidation, the ligand being oxidised and the metal reduced (e.g.
Ni(III) tetraglycine undergoes oxidation at the methylene groups). It has
now been found that substitution of these methylene groups, as in the
amino-acid a-aminoisobutyric acid (Aib;H,), gives thermally very stable
Ni(III) complexes [250]. However, the complex obtained is photochemically
unstable (visible radiation), photolysis causing decarboxylation of the tri-
peptide with the formation of propanone.

h
2[Ni''(Aibs)] »;{'é 2Nil + H, Aib} + H;Aibs-amide® + CO, + Me,CO

The asymmetry in the g values (EPR spectrum) was explained in terms of the
presence of one carboxylate group and three N-donor ligands in a square-
planar structure (127). In the second report, the EPR spectra of solutions of

Ctiz) 3 0
Ne 7
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bleomycin-Ni(III) at —196° C were followed (1 : 1 Ni(II) : L; freshly oxi-
dised Ni(II) complex) and compared with those of model tripeptides [251].
Tetragonal (g,., g,, > &;.) rather than square-planar (g;. > &.., &) Spectra
were given, with high field splitting characteristic of bonding by a single
nitrogen atom.

However, not all Ni(III) complexes reported are solution species. A stable
Ni(III) complex can be prepared using the 1 : 1 condensation product of
biacetyloxime with tetraethylenepentamine and oxidising the Ni(II) complex
with aqueous alkaline [ NH ,],[S:04] [252]. From the EPR spectrum, a tetra-
gonal structure (128) with an unpaired electron in the d » orbital was sug-

N/R 24+
R\N' ___ >N
/:‘
,
P

N<=T - 42
——”

N
(128)

gested. A second interesting compound isolated in the solid state is
[Ni(TCNQ),1, obtained from the reaction of [Ni(cp),] with [TCNQ] . Of
the three possible formulations {[Ni2*(TCNQ™),], [Ni**(TCNQ " )}(TCNQ?7)}
and [Ni**(TCNQ?"),]} the evidence (mainly from XPES spectroscopy) is in
favour of a mixed Ni(III)—Ni(IV) formulation (of which ca. 15% is Ni(III)).
The material is a semi-conductor (K = 1.7 (ohm cm)™!) [253].

Finally, a definitive EPR study of [Ni(dp),X,;]Y {dp = 1,2-phenylenebis-
(dimethylphosphine); X = Cl or Br; Y = [ClO4]~ or [PF4|"} has appeared
[254]. The orientation of the axes of the g and A tensors is shown in (129).

Me Me Me Me
\ \

LN e
e K

/3\(:l /4\

Me Me Me - Me

(129)

The presence of an almost isotropic 3'P, tensor is an artifact caused by
almost equal spin density distribution in the 3p orbitals of P, i.e. the in-plane
7; 0 and the out-of-plane . The in-plane p-orbitals of ¢ and 7 symmetry are
a, (i.e. they directly acquire unpaired spin density by overlap). The authors
concluded that in the bromide there is considerable back-bonding between
the bromine p, and p, orbitals (and also the d orbitals) and the out-of-plane
p. orbitals of the phosphorus.
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