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A. INTRODUCTION

Metal chelates of numerous ligands containing the grouping —N=(|:—é=
=N— have been investigated. A review by Brandt, Dwyer, and Gyarfas dealing
with the metal complexes of 1,10-phenanthroline and related ligands appeared in
1954°¢, Subscquently a considerable amount of research on the coordination
chemistry of thesc ligands has been reported and some of this work has been
discussed in recent reviews?®-1!4, In this review the iron(Il), cobalt(I), and
nickel(IN) chelates of the various classes of bidentate ligands containing the group-

ing —N =C—C=N— are¢ discussed with particular reference to their magnetic
susceptibilitics. The restriction to iron, cobalt, and nickel has been deliberately
made because these three metals in their bivalent oxidation state commonly dis-
ptay both “high-spin™ and “low-spin™ bchaviour. The spin state of the central
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174 L. F. LINDQY, S. E. LIVINGSTONE

metal ion often depends on minor structural variations in the chelating agent or
on the nature of any other ligands present in the complex.
The metal chelates arc classified according to the gencral type of ligand.

B. AROMATIC HETEROCYCLIC DUMINES

(i} Heterocyclic diimines containing six-membered aromatic rings.—The aro-
matic heterocyclic diimines, 1,10-phenanthroline (I; phen} and 2,2"-bipyridyl (11;
bipy) are among the most cxtensively investigated ligands.

7 N 2

e 'N—

[ ta>»
The strongchelating ability of bidentate lipands containing the grouping

——Nzé—(\:=N-— is considered to result, in part, from d.-p, bonding from the
metal to the ligand®®-!%2, This n-bonding imparts some aromatic character to
the chelate ring. The bonding »f 2,2°-bipyridyl with certain transition metal ions
has been discussed in terms of the valence bond*® and molecular orbital!+?44
theorics. The thermodynamics of chelation of this ligand has been studied by
calorimetry, potentiometry, and elcctron spin resonance?: 3:368-14¢-167 The ther-

mal decomposition of bipyridy! complexes has been investigated®®-135:182 and
the elcc!ronicﬁd. 70,833,138, 141.155,137,247, in"rarcddo. TO, 124,143,166, 2&2' and

Mossbauers3- 79 73.102.143 cnectra of many complexes of each of these ligands
have been discussed. A nuclear magnetic resonance study of clectron transfer
between the tris-1,10-phenanthroline iron(If) and iron(III) ions has been carried
out? and several workers 240 241.171.172.175 ha ye studied the reduction of cobalt
complexcs of both these ligands by polarography. The resolution of the tris-
iron(If) and -nickel(I1) complexes has been effectcd*® and the rate of racemization
of the optical jsomers has been studied?!t-214.216.246

In Table ! sre listed some representative metal complexes of these two
ligands with iron(II}, cobalt(ll), and nickei(Lf). With iron(II}, apart from the very
stable spin-paircd tris-complexes, mono- and bis-lipand chelates are also known.
The cflect of the other ligands in determining the spin state of iron{(lI} complexes
of the type Fe(phen},X, is well illustrated in Tabie 1. When X = CI, Br, I, or N3,
the compounds are high-spin and the moment is essentially independent of temp-
erature, When X == NCS or NCSe the room-temperature moment is ~ 5.0 BM;
however, at a critical temperature (174 °K for NCS and 232 °K for NCSe) the
moment drops sharply and at 77 °K it is <1 BM!*>. Baker and Bobonich!?
postulated dimeric structures involving bridging NCS or NCSe groups for these
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MAGNETIC MOMENTS OF LRON(IT}, COBALT{Nl), AND NICKEL{O) COMPLEXES OF 1,10-PHEMANTHROLINE

AMD 2,27-BIPYRIDYL

Compound Magnetic  Suggested References
moment Structure
0 {BM}
[Fefphea),)*+ ~1 6 coord. 51, 126, 212, 231
Fe{phen), X, (X ~ CI, Br, I, N,
OCN, HCO,, NCS, NCSe 50-3.3 6 coord. H, 12, 20, 28, 143, 169,

110
Felphen}s Xy (X == CN, NCO, NOy,) ~0 6 coord. 143, 168, 169, 206, 208
Fe{phen)C}, 5.8 tetrahedral 39,91
Fe(phen)F, 4.4 polymeric 170
[Ee(bipy)s]=* ~1 6 coord. 46, 212, 231
Fe(bipy): X (X = Cl, NCS) 5.1, 5.15 & coord. 12, 20, B3
Felbipy}Cly 5.7 tetrahedral 20, 19, 91
Fe(bipy)y(CHN)y - 3H,O 0.5 6 coord. 206, 208
K fFe(bipy) (CNY,} - IH;0 0.4 6 coord. 206
{Co{phen),]** ~4.7 $ coord. 51, 89, 186, 196
Co{phen),Cly - 3.5 H,0 4 or 6 coord. 36, §96
Co{phen)(CN)y - 2H,O i.8 6 coord. 55, 36
Cofphen)X; (X = Cl, Br) 5.0, 495 4 or 6 coord. 36, 55, 196
Co(phen) {NOy)y 1.7 square.planar 47, 55
{Cofbipyhl:r ~4.8 6 coord. 3, 46,133
Coibipy); Cly 4.9 6 coord. 155
Colbipyh{CN)y, .65 6 coord. 47, 56
Cothip¥}X, (X = C1*, Br} 4.9-5.1 4 orb coord. ¥32, §55, 182, 250
Co(hipy) (CN), 1.8 square-planar 47, 56
[Ni{phen), ]2+ ~3.1 6 coord. 50, 51, 53, 85, t16
Nifphen)y X, (X = Ci, Br, NCS, Ci0,} 3.2 6 coord. 116, 193, 210
Ni{phen}X, {X = Cl, Br) 3.3 4 or 6 coord. 19
Ni{phen) (CN)y 1.7 polymeric 205
{Ni{bipy),]?* ~3.1 6 coord. 3, 46, 51, 116, 131
Nibipy)X; (X = Cl, Br, I, NCS) 1.1-3.2 6 coord. 116, 155, 195
Ni(bipy)X, (X = Cl, Br) 33,3.5 6 coord. 39, 155

® Exists in ut least two rrodifications.

compounds and sugggested that the anomalous magnetic behaviour is due to
metal-metal interaction. More recently, Kdnig and Madeja'?? have investigated
these compounds and have interpreted the magoetic behaviour in terms of spin
state cquilibria between almost cqui-energetic *T; and ' A4, states. When X = CN,
NCO or NO; the stronger field of these ligands, leads to compounds which are
spin paired at room temperature.

The bis-ligand bipyridyl compounds are anatogous to those of the phenan-
throtine series. The compound Fe(bipy),(NCS), has been shown to exhibit similar
anomalous magunetic behaviour to that of the comresponding phenathrobine com-
pound'?,

Steric interaction between the hydrogen atoms of two phenanthroline or
bipyridyl molecules in planar coordination leads to increased stability of the cis-
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over the trans-isomer in an octahedral metal complex!®?. It has beca suggested
that the splitting of an intensc band at ~770cm ™, assigned as the in-phase, out
of plane C-H bending mode, occurring in the spectra of some rhodium bis{bipy-
ridyl) complexes, may be due to a cisconfiguration!’> A similar splitting has
been observed for Fe(bipy},{NCO),?*, The Méssbauer spectra of Fe(phen); X,
(X = Cl, Br, NCS, NCO, HCQ,) indicate a cis-structure for these iron(il) bis-
(phenanthroline) complexes 7. The observed splitting of the C-N stretching mode
in [Fe(phen),(NCS),} and [Fe{phen),(NCSe),] intc two bands separated by
~ 10 cm ™! has been considered to indicate the cis-configuration’*>, The complexes
[Fe{phen);{CN),]) and [Fe(bipy),{(CN),} exhibit appreciable dibasic character and
react with acids to yield compounds in which the coordinated cyano group has
been protonated'®?:298-207 A similar reaction with dimethyl sulphate yiclds the
complex [Fe{phen),{CNMe),¥*; its infrared spectrum suggests a cis-configura-
tion! %%, Reaction of the thiocyanato compiex Fe(phen),{NCS), with dry hydrogen
chloride yields adducts containing approximately four molar equivalents of hy-
drogen chloride; the evidence suggests that protonation of the thiccyaoato groups
has not occurred?'©. Boron trifluoride forms bis-adducts with Fe{phen),(CIN),**°.

It is usual that there is a stepwisc decrease in the affinity of a metal ion for
the progressive addition of ligands; however, in the iron{ll) phenanthroline and
bipyridyl systems, Ky » K, or K,?*-'3% This orbital stabilization, which has bcen
discussed by Irving and Williams'??, is accompanicd by a strong band in thc
visibie absorption spectra, giving rise to the intense red colour of these com-
ploxest3e-139.323

The behaviour of {Fe(phen),]** as a reduciog agent has been stu-
died3-6%-79.97. 98,105

With cobait(1} and nickel(IT), both ligands yicld tris-complexes which are
high spin. Palruer and Piper!®7* have investigated the polarized crystal spectra of
the tris(bipyridyl) complexes of these metals, together with those of iron(l)),
ruthenium(1f), and copper{!l). For the nickel(I1} and cabalt(H) complexes Dqwas
found to be 1280 and 1270 cm ™ *, respectively, whilst for the iron{1l) complex, the
cstimated value of between 1650 and 1900 ¢m ™ ! indicates a substantial increase in
Dq upon spin-pairing. Orgel’®* and Jorgensen'?” have pointed out that the
decrease in the metai-ligand distance which accompanies the transfer of electron
density from the e, to the 7;, orbitals should result in an appreciable increase in
Dq per electron transferred.

Mono- and bischelates of both cobalt(Il} and nickel(Il) are also known and,
in gencral, these arc high spin, However, the complex Co(phen),(CN), - 2H,0,
like its iron analogue, is spin-paired>*:%%, The moment of Co(bipy)};(CN), has
been reported as 3.65 BM3°.

Several substituted derivatives of 1,10-phenanthroline and 2,2'-bipyridyl
have been prepared and their analytical applications and chelating ahilities with

* This paper Hists many other references to the spectra of these compounds.
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TABLE 2

STABILITY CONSTANTS OF IRON(U), COBALT(O), AND NICKEL{OD} COMPLEXES OF 2,2-BIPYRIDYL AND 1,10-
PHEMANTHROLINE AND ITS DERIVATIVES
Unfess otherwiss stated the measurernents werc made in agueous solution at 20 or 25°,

Ligand fron(if) Cobalt(II) Nickelf 1§
2,2 Bipyridy! K, 4.43 B 17581 k. 606, K,5.36, K, .80, K,6.46,
K, 4.60% K, 5.20%
1,10-Phenanthroline K, 5, Ky9.85 f, 20,3 K;7.25, X2 670, K,8.8, K,83,
Ky 5.95° &, 1.7
5-Mcthyl-1,10-phenanthroline K, 6.05 B, 22.3% " .
S-Phenyl-1,10-phepanthroline bg, 21.1% s a
3-Chloro-1,10-phenanthrofine g, 19,78 . *
S-Bromo-1,10-phenanthroline K, 5.4 Ay 19.79 a .
2-Mcthyt-1,10-phenanthroline Ked2, K37, K29 @ .
4,7-Diphenyl-1,10-phenanthrolioe <8, 21.8%"* a *
2,9-Dimethyl-1,10-phenanthroline i 2 K, 2.6-2.8"™

b

* not measured; © in 509 dioxane; ©in 1034 alcohol.

iron(Il}, cobalt({1}, and nickel(F]) have been studied?¢- 29- 114, 117,164,233, 244 Tp,
presence of substituents in the aromatic rings gives rise to electronic effects with
concomitant aiteration of the pX values of the ligands. Those complexes in which
steric interference also occurs are discussed in the next section. The stabitity con-
stants of the complexes of iron(Il), cobalt(fl), and nickel(1I), with 2,2-bipyridyl
and 1,10-phenanthroline and its derivatives are listed in Table 2.

Some metal complexes of bipyrazinyl {H{I; bpz) have been reported and
their electronic absorption spectra have been obtained. The complexes {[Fe(bpz),}-

OO OO

(1} {0

(C10y,); (u, 0 BM), [Co(bpz),}(ClO.); (4, 4.75 BM), Co(bpz),Br; (u, 4.9 BM),
Ni(bpz),CIO,); {4, 3.3 BM} are similar to their 2,2"-bipyridyl analogues; the
tris-chelated iron compicx is dark red. Addition compounds of uncertain structure
containing two and three metal atoms per ligand—e.g., Ni,bpzCl ,—were also ob-
tained®*°. Spectral data show that 2,2 -bipyrimidyl (IV) alse forms a red tris-
chelated complex with iron{II} but its stability (8,, 7.5) is much less than that of
the 2,2'-bipyridyl complex®!.

(it} Sterically hindered heterocyclic diimines.—Although substitution of me-
thy! groups in the 2,9-positions of 1,10-phenanthroline or the 6,6'-positions of
2,2"-bipyridyl is expected to raise the base strength of the donor nitrogeas, it has
been well established tbat in many cases, these ligands coordinate less strongly
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than the parent ligands®3-123-127 Ap jncreasc in basicity of the donor atoms
will normally give rise to more stable metal chelates??; however, lower stability
of the metal chelates of these substituted ligands is due to steric interfer-
ence®!-12%:127 which occurs in certain copfigurations®!

The analytical applications of these two ligands have been investigat-
ed36.107.118.127.128.224 404 their failure to produce intense red colorations with
ferrous salts is due to steric hindrance which inhibits the formation of tris-chelated
complexes®7+121.125,162,165 Neayertheless, 2,9-dimethyl-1,10-phenanthroline (¥
R = R’ = M¢) forms both mono- and bis-chelated complexes with iron(I[)**:*%*
and mono-complexes with cobalt(IT) and nickel(II} are known'°%. Stable mono-
complexes with iron(lI) and stable mono- and bis-complexes with cobalt{II) and
nickel(I1) are known with 4,5,4",6'-tetramethyl-2,2"-bipyridyl (VI)'°%. All these

complexes are spin-free.

(X} 374 %]

2-Methyl-1,10-phenanthroline (V; R = Me; R’ = H) is a stronger base
(pKa) = 5.42) than 1,10-phenanthroline (pKa = 4.92) and forms tris-complexes
with iron(II) and nickel(II)' 2. The orange tris—chelated iron compound is much
less stable than the corresponding red phenanthroline complex (see Table 2). In
contrast to the behaviour with phenanthroline, the reaction of ferrous ion with
the 2-methyl derivative follows the normal stability pattern with the successive
stability constants decrcasing in the order K, > K, > K,'2%127_ It is significant
that the tris-complex is spin-free at room temperature’??; however, Goodwin and
Sylva!®® have recentiy found that at lower temperatures a colour change from
orange through red to deep purple occurs and the compound approaches the
spin-paired state.

The behaviour with iron{Il) and other transition metals of a number of
sterically hindered bidentates related to bipyridyl has been investigated5+33.43.
121.122.142.223 Except in the case of 2,2-biquinolyl (VII} and 2,2'(pyridyl)-
quincline (VII) no systematic study of their coordination chemistry has been
made®!. Althoungh high-spin complexes of iron(Il), cobalt(II), and nickel(Il) with
2,2-biquinolyl have been prepared®! no tris-chelated complexes are known,
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(iti) Heterocyclic diimines containing five-membered aromatic rings.—It has
been pointed out that heterocyclic nitrogen atoms in five-membered rings are Iess
favourably positioned for coordination to a metal ion than are the donor nitrogens
in, e.g., 2,2’ -bipyridyl®* 78293 In ggreement with this, 2-(2-pyridyl)thiazole (IX)
and 4(2-pyridyi)thiazole (X) form less intensely coloured solutions with iron{If)
than does 1,10-phenanthroline or 2,2"-bipyridyl* 2. Although 2,2'-bithiazolyl (XI),
4,4'-bithiazolyl (XII} and pyrido-(2,3)-benzothiazole (XIII) are reported to co-
ordinate poorly to iron(II), it is possible to isolatc complexes of the type Fe-
(thiaz},Br, - 2H,07%7® (thiaz = X{, XII, or XIII}; however, no tris-chelated
complex has been isolated. Complexes of these ligands with nickel(11) and other
bivalent metals have also been prepared?”.

ey L -0
(X

{IE) {XI)

S [ o

D0 Sy Qo
[$:anp] {EI CET

& = N = 19
0 B i
(ZR} {ENi} ( ENH?}

H H
H H L. B R H = " H
fN Y ar ey X"
H\N H N/ N ‘\‘N - -\N Y
( Xvil; {XIX) tXX)

2-(2-Pyridyl}benzothiazole (XIV, pbth) which is closely related to (IX),
yields a bright red solution with iron(H); however, several attempts at isolation
of the complex as its perchlorate salt were unsuccessful. This ligand forms com-
plexes with several bivalent ions!*%. The magnetic moment (u = 3.36 BM) of
Ni(pbth}(CH,CO,),(H,0},**? is above the upper limit of the range (2.9-3.3 BM)
generally found for octahedral nickel(II) and is within the range (3.3-3.5 BM) of
many tetragonal nickel(I1) complexes!3?.

By loss of a proton from the pyrrole nitrogen, 2-(2-pyridyl)pyrrole (XV)
forms a red ncutral bisligand complex with iron(IT) which is unstable in air and
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180 L. F. LINDOY, S. E. LIVINGSTONE

is rapidly oxidized to an iron(III} compiex’*; a bis-ligand neutral nickel(I) com-
plex is also known™*

Freiser et al.***+2*% have studied the infrared spectra of some metal chelates
of 2-(2-pyridyDbenzimidazole (XVI, pbim)} which forms tbe meal chelates
[M(pbim),]X; (M = Ni, Co; X == Br, 1, CIQ,). Coordination with a metal ion
increases the acidity of the imino hydrogen of the imidazole group in (XVI} and
this increase bears some relationship to the particular metat used® !, Lions ef af. %2
prepared the complexes M(pbim),Ci, (M = Co, Ni) and M(pbim),Cl, (M = Fe,
Ni). Although no moment was given for the red iron complex, it is most likely
spin-free as is the apalogous red complex with 2-(2°-pyridylimidazole) (XVII;
R = H) which has a moment of 5.42 BM. Bis- and tris-ligand catiounic complexes
of (XVII; R = H) with cobalt(II} and nickel(1I) have also been reported®* 139,
In general, these are spin-free; however, it is surprising that the pale orange
complex [Co(chelH),CIO,), + 2H,0 (cheiH = 2{2'-pyridyl)imidazole} is spin-
paired with a moment of 2.11 BM. Substitution of a methy! group in the 6-position
of (XV1) completely inhibits the isolation of complexes with group VIII metals,
yet complexes were obtained with copper(1l), silver(l), and cadmium(I1)®2. The
cations of some of the iron(lI}, cohalt(Il}, and nickel(II}) complexes of (XVII;
R = H) can be deprotonated®?-'2° to yield the neutral 2-(2’-pyridyl)-imidazolato
complexes, viz,, Fe{chel), - 2H,0 (u = 526 BM), Co(chei}, - 2H, O (u = 2.06
BM), and Ni(chel), - H,O (2 = 3.15 BM)®?. The greenish-yellow bis[2-(2"-pyri-
dyl}benzimidazolatojnickel complex has also been obtained by a similar proce-
dure®2,

2,7-Biimidazolyl (XVIII) forms tris-chelated complexes with iron{II), co-
balt(iI), and nickel(II). The yeliow colour of the iron complex is unusual and the
authors suggest that this ligand may not chelate strongly to Fe(11)}!2°. However,
the yellow colour may arise from the ligand’s being coordinated through the two
~NH groups, as the chromophore{XXI) is absent in the structure (XXII}. In its
deprotonated form, (XVII)} forms a neutral, bis-ligand complex with nickel(II),

P H I
Cc—C —
7/ \N N/ \N
—_ — —- —_
\‘__ ‘J‘J H\F'}./H
(XA} (XX

which is brown, and an impure, purple, bis-ligand cobalt(11} complex. [ron, cobalt,
and nickel complexes of the related ligand, 2,2'-bi-2-imidazoline (XI1X) have also
been reported and therc is evidence to suggest that coordination may occur
through the secondary nitrogens of the imidazoline rings?***, Metal complexes of
another ligand containing an imidazoline ring, namely 2-(2-pyridyl}imidazoline
(XX), bave also been investigated?ti-112.113:242 However, again there is evidence
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that the a-diimine structure in this ligand is not involved in chelation® **, It should
be pointed out that (XIX) and (XX) do not contain aromatic five-membeced rings.

C. LIGANDS CONTAINING A HETEROCYCLIC NITROGER AND AN ALTPHATIC IMINE AS
DONORS

Ligands containing functional groups of both the cyclic aromatic amine
type and the imine type are known. This class of ligand is iflustrated by 2-pyridinal-
mcthylimine (XXIII; R! = Mc, R? = H) and provides a struciural link between
the aromatic diimines such as 2,2'-bipyridy! and the aliphatic a-diimines which are
discussed in the following section.

The very stable tris-ligand complexes of (XXII; R!' = Me; R?* = H) with
iron(IN % *?- %% and nickel(11)*%-*®*® exhibit similar magnetic behaviour to that of
the analogous compounds of bipyridyl and phenanthroline; however, the room-
temperature moment of the tris-cobaift(iI) complex®® is slightly below the range
normally accepted for high-spin octahedral cobalt(I[)!®!. Stoufer er al.22% have
shown that this compound becomes spin-paircd on cooling and this behaviour
has been explained in terms of the existence of a Boltzmann distribution between
high- and low-spin states. The infrared spectra of the tris-ligand iron(1l), cobalt(1i),
and nickeK{I1) complexes?*® and the clectron paramagnetic resonance spectram of
the cobalt complex?!? have been reported.

Some metal complexes of (XXII1)in which R* = H; R! = various straight
chain alkyl groups®, Ph? i-Pr’®®, CH,Ph'*® C H, - CH,*®**7 are also known.
The latter ligand, 2-pyridinal-p-tolylimine (pti) forms the complexes M{pti), X,
nH,0 (M = Fe, Co, Ni; X = Cl, I or ClO,) and M(pti},I, - 2H,O0 (M = Fe,
Ni) which, except for the tris-Hgand iron{I[) complex, are all high-spin. The low
moment {0.8 BM) of the iron complex is typical of the values found for many

=
| o (- D
o ’ \\.N_
\N-—R‘ -

(XTI (XX

=4

simifar low-spin iton complexes®®:1%® The other ligands also form similar tris-
chelated iron complexes,

Krumholz® *! has shown that the 2-pyridyl ketoimines (XXIII; R' = H, ali-
phatic or aromatic groups; R* = Me, Ph) also form tris-ligand iron(ff} complexes.

By loss of a proton from the pyrrole nitrogen the pyrrolidine imines (XXIV;
R = H'?* or alkyl group®®- 7%-119:23%) form a series of neutral complexes with
bivalent and trivalent metals. Holm ef a/.''® have studied the solution equilibria
of some of the bis(pyrrole-2-aldimino)metal(lI} complexes. The bis-ligand cobalt{II})
complex of (XXIV; R = t-Bu) has a moment in the solid state of 4.67 BM and
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in toluene solution of 4.74 BM aad this, together with X-ray evidence, indicates a
tetrahedral stereochemistry. The nickel{}H{} complex (x, 3.30 BM) is pseudo-tetra-
hedral. In chioroform solution the compiexes with sec-alkyt groups, such as i-Pr,
are involved in a configurationzl equilibrium between planar and pseudo-tetra-
hedral forms. In the planar form of such compiexes it is apparent that a sufficiently
bulky alkyl group will suffer substantial steric interaction with the hydrogen
attached to the S-position of the pyrrole ring. This has becn postulated to destabitize
the planar form such that the free energy difference betwecen the two configura-
tions is reduced sufficiently to allow poputation of both configurations at room
temperature. When R is a small alkyl group such as n-Pr the diamagnetism of
the nickei(fl} compounds in the solid state and in sofution demonstrates the
essential planarity of these complexes.

D, NOM-AROMATIC X-DIIMINTS

{t has been well established* ®- 1 32- 133 that the octahedral iron(71) complexes
of bidentate a-diimine ligands such as glyoxal-bis{roethylimine} (gmi; XXV;
R!, R? = H; R, R* = Me), together with aromatic diimines such as 2,2"-bipy-
ridyl and those ligands containing an aromatic imine and a single imine nitrogen
such as 2-pyridinalmethylimine (XXI1I; R' = Me, R? = H), coostitute a singic
ciass of compound with similar spectral and magunetic properties. The infrared
spectra of afl these compounds show displacements of the >Ca=N-— band to-
wards longer wavelengihs corresponding to linkages intermediate between single
and doubile bonds**-*%,

Condensation of methylamine with glyoxal in the presence of iron(}1} leads
to the isolation of the dark reddish-purple spin-paired complex Fe(gmi),l, - 3H,0
which is remarkably stable to acid*®-1?? The stability of the a-dimineiron(Il)
chelate ring is demenstrated by the fact that, in the absence of iron(f]), it is oot
possible to isolate the free Schiff's base, only polymeric condensation products
being obtained®?®-#7, The infrared spectra of the tris-chelated iron(I) and nickel(1[)
complencs of glyoxai-bismecthylimine have been obtained and Nakamoto has
carried out a normatl coordioate analysis for the iron complex! 77+ 7*, Substitution
of biacetyl, methyiglyoxal, phenylglyoxal, or 1,2 cyciohexanedione for glyoxal aiso
gives similar ferrous complexes. However, replacement of N-methyl by N-phenyl
or N-ethy! leads to steric interference and no tris-ligand complexes are obtained* *2.

XX (IX) { ZX3Iy
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The alicyclic Schiff bases 2,2-bipiperidine (XXVI} and 2.,2-hipyrroleine
(XX VII) also have been reported to form red tris-ligand iron(I[) complexes?*: 32,

Nicke{Il) and cobalt(IT} complexes of {XXV; R!, R2, R?* R* = various
alkyl or aryl groups) have also been investipated’®-*?%, Spectral studies on the
high-spin, tris[biacetylbis(methylimine)}]-nickel{If) complex show that the ligand-
ficld strength of this a-diimine is comparable 1o those of 2,2’-bipyridyl and },10-
phenanthroline! ®®. In contrast to the analogous complexes of these last two
ligands, the tris-ligand cobalt{I1} complex of biacetylbis(methylimine) has a room
temperature moment (g, 2.91 BM) which is intermediate between the high- and
low-spin values, This value decrcases to 1.91 BM at 100 °K and then falls within
the range expected for low-spin octahedral cobalt(Il) complexes. This behaviour
has been explained in terms of an equilibrium between the high- and low-spin
states®??,

E. HYDRAZONES CONTAINING THE GROUP —N=C—C=N—

2-Pyridinalhydrazone (pah; XXIII; R%Z = H, R!' = NH,)} and biacetyldi-
hydrazone (bdh; XXV; R', R? = Me, R?, R* = NH,) form tris-<complexes with
bivalent iron, cobalt, and nickel similar to the analogous complexes of bipyri-
dyl*?:22? The tris-complex [Co(pah),]I, has a moment of 4.71 BM at 300 °K and
4,06 BM at 100 °K (0 = 19°). The moment of the analogous complex [Co(bdh);]1;
decreases from 4.20 BM at 300 °K to 3.35 BM at 100 °K (6 = 142°)22%,

The compiexing abiity of several N-substituted derivatives of 2-pyridinal-
hydrazones has been studied and in some cases the results obtained were somewhat
different to those obtained with the unsubstituted ligand'®’. The ligands (XXIII;
R? = H, R!' = NHMe, NMe,)} form stable tris-complexes with cobalt(ll) and
nickel(II}) and also less stable bis-complexes which readily disproportionate in
water to the tris-complexes. All these complexes have magnetic moments which
indicate spin-free octahedral structures. The greater stability of the tris-complex
of iron(II) is further demonstrated by the fact that these two ligands yield only
trisccomplexes with iton, regardliess of the metal-to-lipand ratio used in their
preparation. The moment of the octahedral iron({I} 2-pyridinalmethylhydrazone
complex follows the usual pattern of such complexes in that it 1s spin-paired. In
contrast, the tris-ligand iron(II) complex of 2-pyridinaldimethylhydrazone is spin-
free with a moment of 5.45 BM. This is the first reported example of a tris<complex
from the pyridinalimine or pyridinalhydrazone ciass in which the ferrous ion is
not spin-paired. With this ligand the presence of N-methyl groups, together with
the very definite steric requirements of the hydrazone grouping when coordinated,
leads to a diminution in donor capacity which has been ascribed to inter-ligand
repulsion. If such is the case, the metal-niirogen bond distance would be length-
ened in compatison to that in the 2-pyridinalhydrazone complex and such a forced
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extension of the bond distance will result in a decreased tigand-field strength!?3.

It is significant that the N.phenyi substituted ligands (XXIl; R? H;
R* = NHPh, NPh;) form only bis-chclated complexes with iron(1l), cobalt(li),
and pickel(I1} and the failure to isolate tris-complexes has also been ascribed to
inter-ligand crowding in the octahedral configuration®®®,

The iron{il), cobalt(Il), and nickel{I) complexes of a number of related
a-dihydrazoocs, namely, biacetyldihydrazone (XXVHI; R!, R? = Me), benzil-
dihydrazone (XXVIII; R!, R? = Pt) pyruvaldihydrazone (XXVIII; R! = H;
R?* = Me) glyoxaldihydrazone (XXVIII; R', R? = H), have been invest-
igated®0: 327

R R*
¢

0o
N

N N
HNT  NH,
XX VI

Tris-ligand ferrous complexes are formed with the bincetyl-, benzil-, and
glyoxal-dihydrazones and are low-spin with moments of 0.62, 1.29 and 1.11 BM,
respectively, The dichlorobis-ligand complexes of pyruval- and glyoxal-dihydrazone
have moments of 2.30 BM (8 = 4°) aud 3.32 BM (@ = 8°), respectively. It has been
suggested that the magnetic properties of these two complexes are consistent with
the coordination of two bidentate ligands in a plane about the metal jon with the
chioride ions lying above and below this planc in such a manner that a significant
tetragonal distortion results. The configurational limit of such a distortion is a
square-plane and the moments of these two compounds correspond rather closely
to the spin-only vailue of two unpaired electrons {2.83 BM) expected for a low-
spin planar iron(ll) complex.

Atll four dihydrazones form tris-complexes with cobalt(il). The moment of
the benziidihydrazone complex (4 = 4.93 BM) is within the range expected for
high-spin octahedral cobalt{l1), whereas the low moments of the other three com-
plexes (1 = 3.1-4.26 BM), together with the fact that they exhibit anomalous
Curie-Weiss behaviour, is suggested to arise from the presence of equilibrium
mixtures of high- and low-spin species. Biacetyldihydrazone forms a dichloro-bis-
ligand complex with cobalt(1f) (u = 4.9% BM).

Biacetyl-, pyruvai-, and glyoxal-dihydrazones form high-spion (u = 3.0-3.1
BM) bis- and tris-complexes with nickel, whereas benzildihydrazone gives only a
bis-ligand complex.

From a study of the complexes formed and their electronic and infrared
spectra, it has been deduced that intra-ligand repulsions occur between R! and
R? when these ligands are coordinated. The data are consistent with a decreasing
intra-ligand repulsion in the order: biacetyldihydrazone > beazildihydrazone > py-
ruvaldihydrazone > glyoxaldihydrazope®®. The infrared spectra of the complexes
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of biacetyldihydrazone indicate strong multiple bonding in the diamagnetic iron
tris-<complex, whereas the bonding is weaker in the paramagnetic cobalt and nicket
complexes??®,

F. OXIMES CONTAINING THE GROUP ~—N = é—é =N—

2-Pyridinaldoxime (paoH; XXI1X; R!, R? = H), like the rclated ligands
(XXIID discussed above, forms high-spin nickel(II} chelates of the type Ni-
(p2oH),Cl; and Ni(paoH),l,!43-146.148  The high-spin complexes Ni(pao)-
(paoH)I and Ni(pao), have also been prepared'**-**¢ and the stabilities of some
iron(II), cobak(ll), and nickel{II}) complexes of this ligand have been stud-
jed32:40:110.130 The infrared spectra of complexes of this oxime have been
determined®*47+29% and the behaviour of some complexes with organic reagents,
such as acetyl chloride, has been investigated®®:'*?, The reactions of metbyl-a-
pyridyl ketoxime (XXIX; R! = H, R? = Me) with nickel{II}”? and phenyl-«a-
pyridyl ketoxime (XXIX; R' = H, R? = Ph) with iron(II} and cobalt{lI)**7 have
also been studied,

CH3
IS i
| 7 |
RV W g H,c)\‘u/\m
N [
Nows "
(EETT) (XXX [ 2]

6-Methyi-2-pyridinaldoxime (XXIX; R! = Me, R? = H) and 4,6-dimcthyl-
s-triazine-2-aldoxime {XXX) rcadily yield high-spin dihalogeno bis-ligand com-
plexes with nickel. Apparently the steric effect of the methyl groups inhibits the

formation of stable tris-ligand complexes**®.
Various aspects of the coordination chemistry of vic-dioximes have becn
reviewed4:66. 71,115 The best-known vic-dioxime is dimcthylglyoxime (dmgH;

XXXI; R, R? = Me).

The insoluble red complex Ni{dmg), is formed under alkaline conditions.
The crystal structure of this compour.d has been determined and the squarc-
planar molecules are stacked one abave the other such that the nickel atoms lie
in chains which extend throughout the crystal*®!-¥¢® The analogous palla-
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dium?®28-248 and platinum®? compounds have been shown to be isomorphous
with the nickel compound. The close intermetallic distances in these comnounds
have been rationalized in terms of metal-metal bonds and several workers have
attempted to investigate the nature of these bonds!S+16-17,201,202,245 However,
other investigators have suppested that metal-metal bonds, as originally proposed,
may not be present in these compounds and the unusual structure of these com-~
plexes may in fact be mainly due to favourable erystal packing?2:23.174,251,

Binary metal dimethylglyoximates containing nickel, palladium, or platinum
have been prepared?2:16® and their unit-cell dimensions have been obtained by
X-ray diffraction'®!. These binary complexes are isomorphous with the simple
dimethylglyoximates of nickel, palladium, and platinum and have short metal-
metal distances. The X-ray and spectral data show that the binary metal com-
plexes are not mixed crystals consisting of domains of the individual metal glyoxim-
ates but are homogeneous in that both metal dimethylglyoximate molecules are
stacked in 2 statistically ordered manner?$!,

The behaviour of Ni(dmg), towards oxidizing agents has been stu-
diedé. 13,34,80,81,176,180,1 83.221. The complexes of iron(]:]:)41,42,43. 52,136,237
and cobalt(I[)*!+42,43.44.54.140 have been investigated. Both the iron and cobalt
complexes are low-spin and the Mdssbauer spectrum of the iron complex indicates
the presence of metal— ligand n-bonding*'. The infrared spectra of these and
other dimethylglyoxime complexes have been obtained??®:30:23:96.100.203 The
data for the complexes M(dmg), (M = Ni, Pd, Pt, Cu, Co} are consistent with
the presence of hydrogen bridges between the ligands.

Burger et al.**-*? have discussed the importance of the hydrogen bridges
and also of the effect of metal-to-ligand n-bonds in the stabilization of dioxime
complexes of several transition metals. As an extension of this study*®®-%°°, these
worke:s prepared cobalt(IT)}, nickel(I1}, and copper(II} complexes of acetylacetone-
dioxime and found that these complexes are less stable than the corresponding
compounds of dimethylglyoxime, The stability decrease is attributed to firstly, the
changed “chelate effect™ and secondly, the lack of a conjugated system in the
acetylacetonedioxime complexes. However, it is pointed out that the stability
decrease is compensated in part by the formation of stronger H-bridges. Metal
chelates of this ligand have also been investigated by other workers?¢-232. Charles
and Freiser®® have prepared metal complexes of dimethylglyoxime monomethyl
ether in order io investigate the chanpes that occur in these complexes when no
hydrogen bonding can occur. However, the situation in this case is somewhat
complicated by the presence of the methyl groups which may canse changes in the
donor capacity of the nitrogens due to electronic effects or may even cause steric
hindrance.

Acylation of the coordinated oxime group in Ni{dmg), has been reported®*®,
but this reaction was later disputed!*®. The interaction of this complex with
organic reactants has been investigated!®»#%+84.235 The reaction with the boron
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halides is particularly interesting and results in each of the oxime protons being
replaced by (BX;)— bridges to yield macrocyclic compounds. The stable compiex
with (BF ;) bridges forms adducts with nitrogen bases in which the nickel ion
is spin-paired and has a coordination number of six?'3,

The diamagnetism of Ni{ldmg), indicates that the ligand, in its deprotonated
form, exerts a strong field which is undoubtediy related to the presence of H-bridges
and also to the higher polarizabilitics of the nitrogen atoms in the charged ligand.
If Ni{dmg}, is treated with hydrochloric acid, the high-spin bluish-grey complex
Ni(dmgH),Cl,; is formed'®?-21%.23%; the visible spectrum of this complex in-
dicates that it is octahedrai®® and thus similar to the nickel complexes of the other
ligands discussed in previous sections of this review. The mono-ligand complex
Ni{dmgH)Cl, (¢ = 3.2 BM) has been assigned a polymeric structure consisting of
octahedrn joined by chloro-bridges®8-189.189

Treatment of Ni{dmg),, suspended in methanol, with hydrochloric or hydro-
bromic acid yields solutions of the corresponding high-spin complexes of proton-
ated dimethyiglyoxime; the addition of copper or cobalt salts results in ligand-
exchange and solid complexes of the latter metals can be isolated**.

Complexes of iron(1I}, cobalt(Il), and nickel(II) with other vic-dioximes

[; Rl’ R.?. — 3“‘.},1, aryl) have becn invcstigatcd‘ 5.17.26.42,52,.58,82,92,04,
135.190.204.218.238.239 The stability constaats of the complexes of some of these
ligands are listed in Table 3.

TABLE 23
STABILITY CONSTANTS OF IRON{It), COBALT{I), AND NICKEL(It} COMPLEXES OF a-DIOXIMES
Ligand Fronf #}) Cobualti 11} MNickelf31)
Diaminoglyoxime b b 2K, 269", K,4.70°
x1 7_330!‘3

Methylgiyoxime b K, 9.5, Ky9.0% K. 96, K,9.2%
Dimethylgiyoxime Bs 7.25371 K, 9.80, Ky9.14% K, 11.16, K, 10.54°¢
Dimethylglyoxime O-methyl ether & X, 10.00, K, 7.1% X, 6.38, K,569%
Ethylmethylglyoxime b K, 12.863% X, 115, K110
Cyclohexanedione-1,2-dioxime

(nioxime) b K 130, K,12.5m b
Phenylglyoxime » K, 103, K,9.01m K, 99, K394
p-Mcethoxyphenylglyoxime b K. 9.3, Ky 8.6 K, 9.1, X, 8.6
Benzil-x-dioxime 4 K, 11.2, K83 b
a-Furil dioxime b K,97. K85 K. 84, K 63

2 in aqueous solution; all other measurements were made in 509 dioxane at 25°; ® not measured.

G. OTHER LIGANDS

Schilt?®® has investigated the analytical applications of the iron(II) and
cobalt(I1) complexes of hydrazidines (XXXII}), amidoximes (XXXIII), and 3-sub-
stituted-5,6-bis(2-pyridyl)-1,2, 4-triazines (XXXIV), and 3-substituted-5,6-diphe-
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nyl-1,2,4-triazines {(XXXV) (R = 2-pyridyl, 4-methyl-2-pyridyl, $-cthyl-2-pyridyl,
4-phenyl-2-pyridyl, 2-quinolyl, 2-pyrimidyl, or 2-thiazolyl).

NH NH
R—~ R—&
“~NHNH, ~NHOH
QOOKH) OOCKH)

Ph
N
N R—<*§7F’h
R </ =N
(XXX}
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