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A. INTRODUCTION

Organic chelating ligands containing the oxime functional group have
been used extensively in analytical chemistry for the detection or separation
of metals [1-5]). Tschugaeff [1] first introduced dimethylgiyoxime as a
gravimetric reagent for nickel, and since then, analytical applications have
been found for a variety of bidentate chelating oximes such as dioximes,
acyloin oximes and aromatic o-hydroxyoximes [4]. Detailed historical
accounts of the early development of oximes as analytical reagents have been
writien [4,6-8] and numerous reviews have appeared [9-18] on various
aspecis of the chemical properties of metai—oxime complexes including
recent reviews on the structural chemistry of transition metal complexes
[9,10,12]) and O-organometaliic derivatives of non-transtfion metals [12,13]).
The purpose of this particular review is to address an increasingly important
subset of the metal—oxime complexes, namely the hydroxyoxime complexes
of transition metals.

Transition metal hydroxyoxime complex struciural chemistry is of interest
from two principal perspectives. First, from a fundamental analytical point
of view, it 1s important to understand the nature of the bonding mechanisms
in order to devise synthetic methods for the preparation of new metal-hy-
droxyoxime derivatives and to design more functional reagents for selective
metal partitioning in applications of separation science. While successful
development of truly selective chelating hydroxyoxime ligands has not yet
been achieved, knowledge of the structural chemistry of a particular
metal-hydroxyoxime system can provide valuable information for develop-
ment of new and more efficient analytical reagents [19]. Secondly, hydroxy-
oximes are playing an increasingly important role as commercial reagents in
extractive metallurgy, both in solvent extraction [19-27] and froth flotation
[28-32]. Therefore, it is necessary to understand their coordination behavior
in transition metat systems. The structural and electronic effects of modifica-
tion of the organic backbone on chemical properties such as the ionization
and coordination behavior of the hydroxyl and oxime functional groups,
solubilities of the ligand and metal ligand complex and complex stability
and reactivity must be carcfully examined. For example, the presence of a
nitro substituent at the three-position in 2-hydroxy-5-octylbenzophenone
oxime permits extraction of Cu(li) from aqueous solution by the oxime at a
significantly lower pH than by the parent oxime [20]. This lower pH
functionality has been attributed to decreased oxygen—metal bond stability
and increased 7-acceptor ligand properties as a result of the electronic effects
induced by the NQ, group.

In this review, we have attempted to compile a comprehensive listing of
transition metal-hydroxyoxime complexes which have been characterized by
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direct analytical methods and to discuss briefly the general structural chem-
istry of the hydroxyoxime complexes in terms of the characterization meth-
ods used. In the case of the salicylaldoxime derivatives it has been necessary
to limit the discussion to only those hydroxyoximes in which the carbon
adjacent to the oxime grouping contains either an alkyl or aryl substituent

(.

R

OH
e N/
R'=H, alkyl or aryl ooly
R O '

I

This criterion has eliminated necessarily the salicylamidoximes (II} and the
oxime tautomer {1V} of salicylhydroxamic acid (II).

MNH, e} OH
-
O OH CH
I I 174

We briefly mention several of these complexes in a non-comprehensive
section at the end of the review.

The review also includes the characterization of mixed ligand complexes
of the type: metal /hydroxyoxime /other reagent where the “other reagent”
includes HDNNS (i.e., dinonylnaphthalene sulfonic acid) and carboxylic
acids (lauric acid, versatic acid, eic.). These hydroxime/other reagent mix-
tures are of considerable interest in metal extraction processes because they
are not only capable of synergistic and /or selective exiraction of metal ions
such as Ni?* [33-39], Co** [33-36,38]) and Cu?" [40,41] but also serve as
models for the study of interfacial activity (including phase transfer catalysis
and micellar catalysis) [42-44] and mixed complex formation (including
adduct and ion pair formation) (33,45-47].

The transition metal hydroxyoxime complexes which we have surveyed are
tabulated in Table 1. Complexes within this table are listed arbitrarily in
order of the structural simplicity of the basic hydroxyoxime ligand, begin-
ning with the aromatic ortho-hydroxyoximes and ending with the acyloin
oximes. The i{ransition metals are lisied in succession within each group,
starting with the earliest metal in the periodic table in its lowest oxidation
state. The entries under each metal listing are further caiegorized according
to the structure of the ligand. For the aromatic o-hydroxyoximes, the least
substituted ligands are listed before the more substituted cnes while the
acyloin oximes are tabulated with the alkyl derivatives preceding the aryl
and alkaryl compounds. For illustration, bis-(2-hydroxy-benzaldoximato)
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nickel(II) (Ni{Hbox},) appears before bis-(2-hydroxy-5-chiorobenzaldo-
ximato) nickel(IT) (Ni{X-Hbox),; X = 5-Cl) while both of these complexes
are listed before bis-(2-hydroxy-benzaldoximato) copper(1i) (Cu(Hbox),).

Some interesting statistics are revealed in Table 1. Of the 453 complexes
listed, the first row transition metals account for about 76% of the entries
while nickel {100 entries) and copper (74 entries) together comprise about
38% of the reported transition metal-hydroxyoxime complexes. The ranking
by element with respect to the number of entries is as follows: Ni(100) >
Cu(74) > Fe(39) > Co(34) > V(31) > U(25) > Zn(24), Pd(24) > Ti{21) >
Mn(20) > Mo(10) > Nb{(6) > Y(4), La(4), Ce(4), Pr(4), Nd(4), Sm(4), Gd{4)
> Pt(3) > Rh(2) > Zr(1), HE(1), Eu(l), Th(1), Dy(1), Ru(1), Cd(1), Ho(1),
Er(1), W(1), Os(1). The largest class of hydroxyoxime-metal complexes is
found to be the 2-hydroxy-alkylphenone oximes with 185 listed compounds
followed by the 2-hydroxy-benzaldoximes (salicylaldoximes) with 125 en-
tries. These two classes represent about 68% of the reported transition metal
complexes with hydroxyoxime ligands.

Before discussing the methods used to characterize the reported transition
metal-hydroxyoxime complexes, it might be useful to mention briefly some
of the fundamental chemical aspects of the hydroxyoxime ligands them-
selves, in order to clarify the relationship between the ligand properties and
the metal complex structure.

B. LIGAND BONDING IN COMPLEXES

Hydroxyoximes are ambidentate with the potential of a variety of coordi-
nate modes depending upon a number of stabilizing factors including steric
hindrance, hydrogen bonding and electronic considerations. In a vast major-
ity of the complexes reporied, the oximes function as bidentate chelating
ligands by bonding through the nitrogen and the oxygen of the phenolic
group, as shown in (V) and (VI} for the acyloin and aromatic ortho-hydroxy-
oximes, respectively.
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Many of the acyloin oxime complexes with transition metals are reported
to involve extensive polymerization with the hydroxyoxime functioning as a
dibasic ligand as shown in (VII) [24,262-275]). The metal is coordinately
saturated as a result of the interaction of the metal with neighboring
hydroxyoxime groups. The sirong polymerization is evident by the general
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insolubility of many transition metal-acyloin oxime complexes in tmost
common organic solvents [265] and by the anomalously low magnetic
moments ascribed to antiferro-magnetic interactions [83,262].

The acyloin oximes also have been reported to act as neutral bidentate
ligands with transition metals [83,260] in which the hydroxyoxime is coordi-
nated with both the hydroxyl and oxime groups protonated (VIII). This
coordination mode usually occurs only under acidic conditions.

R R
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In addition to hydroxyoxime ligands functioning by a bidentate chelation
mechanism, they may also coordinate to transition metals by a monodentate
mechanism through the nitrogen (IX) or oxygen (X) of the oxime group.
Although no transilion-metal complexes of type (X) have been reporied,
there is convincing evidence of type (IX) bonding in a number of complexes
[276).

CH ?H OH
/I\fﬂ“hd )\I?N\O——M
X X

More detailed analyses of the bonding in many of the transition metal
hydroxyoxime complexes can be found under the Methods of Characteriza-
tion sections.

C. COMPLEX SYNTHESIS

Examination of the methods used to synthesize the transition metal-hy-
droxyoxime compiexes listed in Table 1 reveals that the majority have been
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prepared via three general types of reaction: (1) conventional precipitation,
(2) homogeneous precipitation and {3) solvent extraction. Each of these
synthetic methods is discussed below and several examples are given in each
case.

(i) Conventional precipitation

Conventional precipitation is the most commonly used synthetic method
for the preparation of transition metal complexes with hydroxyoximes. It

~xlyz tha Airant rontact Af o teancitinn matal cw:lf unth tha I’I\M’IP(\‘\(\.’{\Y‘II‘!‘\A
mvorves the airect contact of a transifion meta sait win {he AYGIOAYOAIMC

ligand in aqueous solution under appropriate pH conditions. Typically, an
ethanolic solution of the hydroxyoxime ligand is added to a stirred aqueous
solution of the mesal salt. The reaction sotution pH is adjusied as required
using an acid or base, the proper temperature is achieved and the resuiting
precipitate is filtered, washed thoroughly with water and ethanol and dried
in air or under vacuum. Typical examples are illustrated in egns. (1-5).

H,0
TiO(ClO, ), + [H,box] = TiO(Hbox), (1) [48]
VOC1, + [H,nox] EE).H VO{Hnox), (2} [51]
2o/F tOH |
Co(NO,), +{H, box] = Naf CoH(box),] (3) [s5]
T.p
H,0/E«OH
(NH,)VO, + [R'H,box] )T o VO{OH){R’Hbox}), (4) [151]
EzOH
LaCl, +|R’, R- H20x] [La(R’ R’—-H,0x),Cl,] (5) [276]

The complexes generally are air and thermally stable while product yields
are quantitative, making many of the hydroxyoximes excellent analytical
reagents for gravimetric analysis of metal ions in solution. However, one
disadvantage of the conventional precipitation method is that for certain
hydroxyoxime complexes, notably the salicylaldoximes, the precipitates are
often gelatinous, making them difficult to filter and wash [102,282). For
these complexes other synthetic methods are often employed.

fii) Homogeneous precipitation

Preparation of transition metal complexes by the method of precipitation
from homogeneous solution {(PFHS) was first introduced by Bickerdike and
Willard [284) and later was more fully developed by Gordon and co-workers
[285). Basically, the process involves generating the reactant ligand in situ in
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the presence of the metal with which the ligand is to complex. This
preparative method can be quite superior to conventional precipitation for
certain oxime complexes. The precipitates obtained by the homogeneous
process are often of higher purity and more easily filterable [283,286] than
those produced from the conventional precipitation method.

Pietrzak and Gordon [282] were the first workers to use the PFHS method
for the preparation of transition metal-hydroxyoxime complexes. They
synthesized salicylaldoxime (H,box) from salicylaldehyde (H,ba) and hy-
droxylamine hydrochloride in the presence of Cu(II) to precipitate Cu{Hbox},
(see eqn. 6). Relatively few hydroxyoxime complexes have been prepared by
PFHS techniques and some of the examples are reported as illustrated in

eqns. {6-9).

H,0
CuS0, + {H,ba] + NH,OH - HCI e 9cu(Hbox)2 (6) [282]
5°C, pH 2.
E:OH/H,0
Ni(NO,), + [H,ba}] + NH,0H - HCI e Ni{Hbox), (7) [102]
PP
C NH a oL pawb 02
PdCl, + [H,ba] + NH,OH - H wr. 22 H.50, d{Hbox), (8) 1102]
H,( .
Ni?* +[H,ba] + NH,OH-HCI =  Ni(Hbox), (9) [283]
RT; pH 6-7

Although the PFHS method apparently has received little serious considera-
tion as a synthetic method for the preparation of transition metal-hydroxy-
oxime complexes, one commercial process is utilizng a modified PFHS
technique for regeneration of aromatic ortho-hydroxyoxime reagents in
metallurgical solvent extraction systems [287].

(iii} Solvent extraction

Hydroxyoximes have proven to be useful reagents for the extraction of
metal ions from aqueous solution both for analytical purposes and for
commercial metallurgical production. Solvent extraction (SX) mvolves the
partitioning of a chemical substance between two immiscible phases as a
result of mutual solubility [288,289]. For the extraction of metals from
aqueous solution, an organic phase containing a reagent capable of complex-
ing with the metal of interest is used. The process is often described by

M2 +nRH,, = (MR,),,, + nHY, (10)

where the subscripts ag and org refer to the aqueous and organic phases,
respectively.
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Although SX with hydroxyoximes has been studied extensively in the
context of commercial applications [19-24,25,27,136,290,291], as a synthetic
method for the preparation of transition metal-hydroxyoxime complexes,
SX has not been used very extensively. Few of the complexes listed in Table
1 were actually isolated using SX methods. However, many of the complexes
were characterized by analytical methods in situ following extraction of the
metal into an organic phase using hydroxyoxime compounds. A vanety of
extraction conditions are often used, as illustrated in eqns. (11-14).

benzene

NiCl, , +{H, |:10x]org i [Nl(HbOX)Z]mS {11) [26]

PdCl, , +[R-R'H pox]ors [Pd(R R'Hpox}s) org (12) [229]

CuSO, a‘q+[Hzox]org totugne [Cu(ox) Jore {13) [24]
CICH CHQC]

CuS0,,, +[R~ szox]o,s . [Cu(R Hbox )} ore (14) 1123}

Usually an excess of metal salt is used to insure complete complexation of
the oxime and the organic phase is washed repeatedly with water to remove
enirained aqueous phase. The complex usually can be isolated simply by
removing the organic solvent by distillation under reduced pressure.

D. METHODS OF CHARACTERIZATION

Several analytical techniques have been used to characterize transition
metal-hydroxyoxime complexes. The methods chosen to characterize a
particular complex depend upon the nature of that complex as well as the
type of information required. For example, soluble complexes which
oligomerize in solution are readily characterized by molecular weight mea-
surements and Beer’s Law analyses using electronic absorption spectroscopy,
whereas these techniques are of little use for characterizing insoluble poly-
meric complexes. Similarly, if one is interested in the stereochemisiry of the
complex, the most versatile techniques are IR, NMR, X-ray diffraction and
electronic absorption spectroscopy. We cannot, because of space limitation,
discuss ali the common characterization techniques in detail, but a few of the
more important methods are highlighted.

(i} Electronic absorption spectroscopy

Electronic absorption spectroscopy has been used extensively for char-
acterizing transition metal-hydroxyoxime complexes. The spectra obtained
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are characteristic of the structure of the complex and quite often a reasona-
ble structure can be assigned to a complex based on the appearance of the
UV.-VIS spectrum alone. For example the electronic absorption spectrum of
the N¥ID) complex with 2-hydroxy-4-methoxy-5-methylchalcone oxime
(XIII) {236] resembles the spectra of other octahedral Ni{Il) complexes.

HO Y
O

OH
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The octahedral spectra are sufficiently different from the electronic absorp-
tion spectra of tetrahedral or square planar Ni(Il) complexes {294] that an
octahedral structure (XIV) was assigned to the complex.

Similarly, the electronic absorption spectrum of the Ni(Il) complex with an
aliphatic acyloin oxime (XV; R = n-BuCH(Et)) has been reporied to be
typical of nickel square-planar complexes [37] and the structure assigned
accordingly.
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Detailed analyses of the absorption spectra and assignment of the elec-
tronic transitions have been accomplished for a number of the complexes
listed in Table 1. As an illustration, the electronic absorption spectium for
the Ni{11)-hydroxychalcone oxime previously described has been examined
in detail [236] and the three moderasely intense bands in the 1000-400 nm
region have been assigned to the three spin-allowed transitions of Ni(II) in
an octahedral environment of 4, (F) =T, (F), *4,,(F)—>T,,(F) and
A 2 F)— 3T!g( P). However, in general, the electronic absorption spectra of
the transition metal-hydroxyoxime complexes listed in Table 1 have been
used for spectrophotometric determination of metal-ligand stability con-
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stants and for graphical analyses of the metal compiex stoichiometry. These
characterization methods are described in more detail in subsequent sections.

{ii} Infrared spectroscopy

Infrared spectroscopy has been very useful in structure investigations of
transition metal-hydroxyoxime compiexes. In general, it is not possible to
determine the structure or composition of a metal-hydroxyoxime complex
by its infrared spectrum alone, although the spectrum can provide several
useful indicators. The regions which have proven most helpful for struciural
analysis are the 3600-2400 cm™' region where hydroxyl stretching modes
are found and the 1700-1500 cm ™! region where the C = N group generally
absorbs (Table 1}.

The shapes and positions of the bands assigned to OH vibrations can be
utilized to provide information on the nature of the bridging intramolecular
hydrogen bonds formed in the transition metal complexes. Burger et al.
{54,55] and Ramaswamy et al. [56) have examined the hydrogen bonding in a
variety of substituted salicylaldoxime complexes and they have shown that
strong hydrogen bridges are formed in all complexes of type (XIj (#rans) or
(XI) (cis) depending upon the metal.

The exact frequency of the OH vibrations is often difficult to ascertain with
any preciston as a result of very broad bands which are often observed in the
transition metal-hydroxyoxime complexes. However, on the basis of the
infrared results presented for the complexes lisied in Table 1, three types of
hydrogen bridge can be distinguished [55,100,293]:

(1) A sharp band of medium to high intensity in the region 3300-2900
em ! characteristic of a polarized hydrogen bridge. .

{(i1) A sharp band of medium intensity at about 3450 cm ™! which can be
attributed to 2 hydrogen bridge linked through the nitro group.

(iii}) A broad band of low iniensity in the region 3400-2400 cm™'
characteristic of a hydrogen bridge of low polarity.

Most of the reported transition metal-hydroxyoxime complexes appear to
exhibit the type of hydrogen bridging described by (iii) above, as shown by
the vy values listed in Table 1. Nucieophilic and electrophilic substitutions
in the hydroxyoxime ligand have been shown [55] to have considerable effect
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on the position of the OH bands, indicating a stabilizing or destabilizing of
the hydrogen bond. The stability order for some common substituents is
CH; > H > Ci > NQ, which has been interpreted in terms of the electron
density on the oxygen aioms linked by the hydrogen bond [$5].

The shifting in stretching frequency of the C = N group also has been
examined in a number of the metal-bydroxyoxime complexes as a method
of investigation of the stability of the metal-ligand bonds. Oximes are
known to form both coordinate o-donor and w-acceptor bonds with transi-
tion metals {54,55). The relative shifting in the C = N stretching can be
interpreted in terms of the strength of the o-donor bond, the 7 metal — ligand
back bonding, and the stability of the intramolecular hydrogen bridging in
the transition metal complex. With few exceptions, the frequency of the
C =N vibration is shifted to higher wavenumbers as the stability of the
complex is increased {55].

(iii} Magnetic susceptibility

Magnetic susceptibility is an extremely useful tool for structural analysis
of transition-meial complexes; many hydroxyoxime complexes have been
characterized by this technique (Table 1). Magnetic moments determined
from motlar susceptibility results have been invaluable for examining elec-
tronic configuration, bonding mechanisms and ligand field parameters in a
number of the complexes. The results have been especially useful for
distinguishing unambiguously the structures of many of the Ni(II) high-spin
and low-spin complexes. Khanolkar and Khanolkar [180), using magnetic
moments derived from susceptibility measurements of halogen substituted
2-hydroxy-acetophenone oxime Co(Il) complexes, have proposed that the
3-chloro dernivative (XIX) represents the high spin-low spin crossover
square-planar system.
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Another interesting application of magnetic susceptibility for the struct-
ural analysis of hydroxyoxime complexes is in the Cu(II}-acyloin oxime
system. The amorphous structure and insolubility in common organic solvents
of many of the Cu{Il})—acyloin oxime complexes make it difficult to perform
any X-ray analyses or molecular weight measurements. However, magnetic
susceptibility results clearly show that many of these complexes have subnor-
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mal magnetic moments in the range 0.74-0.80 B.M. at room temperature
[71,83,262}. These anomalous results have been attributed to anti-ferromag-
netic interactions between the copper atoms, indicating polymeric com-
plexes. Structures have been assigned [262] in which each oxygen atom is
bridging two copper atoms and coordinate saturation is achieved by interac-
tion of the metal with neighboring hydroxyoxime ligands.

Despite its usefulness for many of the hydroxyoxime-metal complexes,
magnetic susceptibility has limitations in its applicability. in many metal
systems the differences in magnetic moments among the various structures
are small. For example, an observed magnetic moment in the range 1.7-1.8
B.M. for a Cu{ll)-hydroxyoxime complex is charactenstic of both square-
planar and tetragonally distorted symmetry [119] while a value in the range
1.9-2.2 B.M. indicates tetrahedral structure. Unfortunately, room temper-
ature magnetic moments alone often are insufficient to assign a definitive
structure to the complex. Therefore, one has to be cautious when using
magnetic susceptibility for structural analysis in those systems where struct-
ural differences result in only slight variations in the observed magnetic
moments.

{iv) Mass spectrometry

Although mass spectrometry is an extremely powerful characterization
tool for metal chelate compounds [292), its application to transition
metal-hydroxyoxime complexes virtually has been ignored. Only a few of
the reported complexes in Table 1 have been examined by mass spectrome-
try [23,39,66,71,83].

In their analysis of the mass spectrum of 2-hydroxy-5-nonyibenzophenone
oxime complex with Cu(ll), Pratt and Tilley [23] attributed weak peaks
observed at m/z 767 and 753 to the presence of higher homolog impurity
ligands. The parent ion (relative intensity = 100) was found at m/z 739. An
interesting observation which is reported is the complete gap in the mass
spectrum from m/z 650-401, corresponding to complete loss of one ligand.

Keeney and Osseo-Asare [83] in their study on transition-metal complexes
of 35,8-diethyl-7-hydroxy-6-dodecanone oxime {R, R-H,Ox, R = n-
BuCH(Et)), report that the mass spectra of [Cu(R, R-0x)], and [Ni(R,
R—0Ox}],, are nearly identical, suggesting similar structures for the complexes.
In addition, the similarity of the mass spectra of [Cu(R, R-H,0x),80,] and
{Ni(R, R-H,0x},50,] suggest isosiructural symmetry for the complexes.

The mass spectral resuits obtained by Pratt and Tilley [23] and Keeney
and Osseo-Asare {83] make it surprising that mass spectrometry has been
sparsely used as a method of characterization for transition metal-hydroxy-
oxime complexes. Application of the technique to other hydroxyoxime
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systems should provide the same valuable structural information obtained
for other metal chelate complexes in which mass spectrometry is employed.

(v} Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy (NMR}) is a very powerful
analytical technique for the characterization of transition-metal complexes
with organic ligands, especially for complexes which exhibit strong hydrogen
bridging [295]). '"H NMR {PMR) is capable of giving deiailed information on
the environment of the hydroxyl protons in the complexes and when
combined with infrared data, an excellent picture of the nature of the
hydrogen bonds often can be obtained. Unfortunately, as with mass spec-
trometry, the literature is nearly devoid of NMR characterizations of transi-
tion metal-hydroxyoxime complexes. There are no reported '*C, “N or °N
NMR studies and only few of the listed complexes of Table 1 have been
examined by PMR techniques [48,69,71,83,263,264,278).

Biradar and Mahale [48] have examined various substituted salicylaldo-
xime and naphthaldoxime complexes with Ti(IV) and have shown conclu-
sively that in all cases only the phenolic proton is lost upon coordination of
the oxime ligand. However, the a-benzoin oxime complex with Ti(IV) has
been shown [278] to lose both the oximic and phenolic protons upon
coordination. A novel bonding mechanism (XVI) has been proposed for the
a-benzoin oxime complex (¢ = Ph). The structure involves six-member rings
in which only Ti-O bonds exist, indicating that the C=: N group is not
involved directly in coordination.
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Fritz et al. {264] have proposed both six-member ring mono-oximaio {XVII)
and five-member ring bis-oximato (XVIHI) complexes of Cu(ll) with
[R,R-H,o0x] {R = n-BuCH(ELt)) based on PMR data for the hydroxyl and the
oximic protons.
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However, when a straight chain aliphatic group (CyH,q) is substituted for
the branched aliphatic subsiituent in the acyloin oxime, only structure
(XVID) is obtained. The Mo(VI) complexes with the same ligands are
reported to be of structure (XVIIL) only [263].

(vi) Electron paramagnetic resonance spectroscopy

Electron paramagnetic resonance spectroscopy (EPR) also known as elec-
tron spin resonance spectroscopy (ESR)}, like NMR, has been used to
characterize very few of the reported transition metal complexes with hy-
droxyoxime ligands, as indicated in Table 1. Furthermore, with the exception
of a Pd(1I) complex of 2-hydroxy-1-naphthaldoxime [245], all the other
complexes for which EPR data have been reported are aromatic ortho-hy-
droxyoxime comptexes with Cu(Il) [121,193,214]. Schoffa et al. [121] have
examined the magneiic properties of the Cu{ll}-salicylaldoximate and report
a g value of 2.095, close to the spin-only value of 2.002. Kapahi et al. [214]
report g values in the range 2.11-2.15 for various 2-hydroxy-3-methylal-
kylphenone oximes with Cu(il) and have assigned complex stabilities based
on these results in the order CH, > C,H, > C;H, for the alkyl substituent.
Similarly, Khanolkar and Khanolkar [193] have used EPR for structure
studies of various halogen substituted Cu{ll) complexes and conclude that
the complexes have strong o and = metal-ligand bonds.

Naidu and Naidu [245] report that the EPR spectra of the 2-hydroxy-1-
naphthaldoxime complex with Pd(IT} showed that the complex is diamag-
netic. They therefore suggested a square-planar siructure for the complex.

(vii) X-ray structure determination

Although no neutron diffraction studies have been performed on transi-
tion metal-hydroxyoxime complexes, a few X-ray crysial structures have
been reported on transition-metal complexes with salicylaldoxime ligands
[101,105,106,117,122,134,135]. The results of the bond length determinations
are given in Table 2. In all cases the complexes are frans-square planar with
strong intermolecular hydrogen bridges. However, the metal atom, oxime
nitrogen and oxime oxygen are non-coplanar resulting in a “chair” type
structure (XX) with a small perpendicular distance (8) between the two
parailel planes defined by the phenyl groups.
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TABLE 2

Metal- hydroxyoxime complex bond lengths *

Complex M-C M-N C=N N-O O--0 Ref.
NiHbox}, 1.83 1.86 140" 1.34 2.52 106
Cu{Hbox}, 1.92 1.94 1.25 145 2.58 117
Cu(X-Hbox),“ 1.91 1.96 1.26 1.42 2.63 122

Pd{Hbox}, 1.98 1.94 1.29 1.42 262 134, 135
Pd(x—HbOK)2 - - — — — 134

® Determined by X.ray crystal structural amalysis. All values in Angstrdms (A). ® Later
refinement reported as 1.29 A [105]. © X = 5-C),

Q 6

e e L
XX
The 8 values are in the range 0.05-0.13 A for all of the complexes reported.

N

O

(viti) Mossbauer spectroscopy

Méssbauer spectroscopy thus far has only been used to characterize a few
iron-hydroxyoxime complexes, but it has been useful for examining the
effects of nucleophilic and electrophilic substituents on the 7-acceptor prop-
erties of the ligands [57,87]. Although the substituent effects on the Mos-
sbauer spectra are not as pronounced as had been hoped, the results indicate
clearly the electronic effects on the metal — ligand back bonding in the
complexes.

Mdassbauer spectroscopy can indeed be a very useful technique for char-
acterizing iron-hydroxyoxime complexes but it will continue to be of limited
use for other metals.

(ix) Graphical analyses

A vanety of graphical techniques have been used to characterize the
reported hydroxyoxime complexes with transition metals. These techniques
include Bjerrum-Calvin pH ttration [296-298] for the determination of
metal-ligand and proton-ligand stability constants [49,118,149,162 164,188,
231}, slope ratio, mole ratio, continuous variation and related methods for
stoichiometric analyses [24,33,53,81,178,219,227,257] and a number of other
titrimetric methods for vardous analytical information on the structures of
the metal complexes.

The potentiometric titration methods have been extremely useful for
examining the effects of intramolecular hydrogen bridging on the formation
of the metal-chelate complexes. Burger et al. [55], using the Bjerrum—Calvin
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technique in conjunction with spectrophotometric and continuous variation
methods, have investigated the stability constants for a variety of divalent
transition metals with salicylaldoxime and the 5-chloro and 5-nitro deriva-
tives. Their results show that, for many of the complexes, a situation exists in
which the order of the successive stability constants is reversed (i.e., log
K, > log K,). This has also been shown to be true for a few metal complexes
with 2-hydroxy-alkylphenone oximes [188,299]. Burger et al. conclude that
the increased stabilization in the complex is a result of the intramolecular
hydrogen bonding beiween the hydroxyoxime ligands, as previously dis-
cussed. However, not all hydroxyoxime complexes with transition metals in
which intra-ligand hydrogen bridging would be expecied, have log K, > log
K, [49,55,118,149,162,164,188,231,239,241]. As a result, Ashbrook [20] argues
that the log K, > log K, situation is unusual and that for those complexes in
which the phenomenon is observed, other stabilization factors must be in
effect.

Graphical techniques have proven to be invaluable as a supplemental
method to direct spectral charactenizations for structural analysis of transi-
tion metal-hydroxyoxime complexes. Unfortunately, space does not permit
a discussion of all of the graphical methods used to characierize these types
of metal complexes and the reader is referred to the original articles for full
details.

(x)} Thermal analyses

Thermal methods of analysis, including differential scanning calorimetry
(DSC), differential thermal analysis (DTA) and thermogravimetric analysis
(TGA), have proved to be useful tools for studying the thermal stability of
metal complexes. Most of the thermal characterizations performed on the
transition metal-hydroxyoxime complexes listed in Table 1 have involved
TGA studies on the precipitated complexes to insure complete dryness,
without decomposiiion, prior to gravimetric analysis. However, a few of the
studies have been concerned with the fundamental thermal properties of the
complexes [66,84,86,91,95,115,199,276).

Liptay et al. [91] and Lumme (93] investigated the thermal stabilities of
various divalent metal-salicylaldoximate complexes and found that the
thermal stabilities and the solution stabilities oppose each other. Seshagiri
and Rao [199] reported the same results for the metal complexes with
2,4-dihydroxyacetophenone oxime. All three studies conclude that the ther-
mal stabilities of the transition metal-hydroxyoxime complexes are indepen-
dent of the metal-ligand bond strength and are a function only of the size
and structure of the hydroxyoxime ligand.

These results suggest that thermal analysis of the solid transition
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metal-hydroxyoxime complexes might yield valuable information on the
coordinate bond strengths and solution equilibrium properties.

{xi} Miscellaneous methods

A variety of other analytical techniques have been used to characterize the
transition metal-hydroxyoxime complexes hsted in Table 1, including
molecular weight measurements, elemental analyses, electrical conductance
measurements, solubility studies and gravimetric analyses. Most of these
characterization methods are used according to well established analytical
procedures. As a result, in many of the published reports, only the final
results are presented without reference to either the experimental procedures
or details. For example, molecular weights are often given with only a brief
mention of the technique used, €.g., cryoscopy, ebulliometry or vapor pres-
sure osmometry, while electnical conductance measurements are usually
reported simply by indicating that the complex is a non-electrolyte in a
particular solvent. It is impractical to attempt a discussion of these tech-
niques in the context of this review and the reader is referred to specific
analytical texts and to the original articles referenced in Table 1.

E. REACTIVITY

There have been relatively few studies of the reactivity of transition
metai-hydroxyoxime complexes. Many of the complexes that have been
isolated are coordinately unsaturated and will form adducts with a large
number of basic ligands. The majority of the reactivity studies have centered
on ligand addition reactions, especially those employing cyclic nitrogen
bases. These reactions are reviewed first followed by a brief discussion of the
exchange reactions.

(i} Addition reactions

Addition of pyridine and substituted pyridines to bis-(2-hydroxybenz-
aldoximato) nickel1I) has been studied extensively by several groups
[46,47,60-63]. Willis and Mellor [60] noted that the green diamagnetic
nickel-oxime complex becomes paramagnetic when dissolved in pynidine,
with a magnetic moment of 3.10 B.M. Since pyridine readily forms adducis
with many transition metal complexes, the formation of an octahedral
bis-pyridine adduct was proposed {egqn. 15}.

[Ni(HbOX)zl +2py— [Ni(Hbox)z(py)z] (15)

However, all attempts to isolate the pyridine adduct were unsuccessful,
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Basolo and Matoush [46), by careful crystallization, succeeded in isolating a
yellow-white [Ni{Hbox),(py),] and characterized the complex by magnetic
susceptibility and elemental analysis. They proposed that the complex is
octahedral (XXI} with the two pyridine molecules occupying trans axial
positions.

By
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The structure was confirmed subsequently to be pseudo-octahedral (D,,
symmetry) by unambiguous assignments of the electronic absorption spectra
[47,62,63].

Romano et al. [47,63,64] examined the magnetic and spectrophotometric
properties of the adducts of bis-(2-hydroxybenzaldoxime} nickel{II) with a
variety of picolines and cyclomethyleneimines and found that, in all cases,
pseudo-ociahedral bis-base adducts are formed with varying stability con-
stants depending upon the types of strain encountered within the molecule.

Jennings et al. [260] reported the isolation of a green crystalline complex
upon treatment of the amorphous polymeric Cu{II)-(a-benzoin oximate)
complex with alcoholic HCl. They assigned a teniative structure (XXII) to
the complex in which the hydroxyoxime is functioning as a neutral bidentate
ligand.
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Rindorf [262] confirmed the monomeric nature of the complex by showing
that the anomaious magnetic moment of the a-benzoin oximate precursor is
normalized upon addition of the two HCl molecules. Jennings et al. [260]
also isolated a bis-aquo salt of Ni(Il)-{a-benzoin oximate) (XXIII) upon
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acidification of bis-(ez-benzoin oximato) nickel(Il) with acetic acid in aque-
ous solution.

As with the Cu(Il)-{ a-benzoin oximate)-HCI adduct, the oxime is coordi-
nated as a neutral ligand in which both the hydroxyl and oxime groups are
protonated.

A similar bonding situation is found in the Fe{iil)-salicylaldoxime system
[88]. In strongly acidic media the complex exists only as [Fe(H,box)]**.
However, under basic conditions the complex begins to add hydroxyl groups
in a siepwise manner to give a series of complexes of the type
[Fe(Hbox)}(OH), 1~ ™", At suificiently high pH, the phenolic proton dissoci-
ates, resulting in the formation of the [Fe(Hbox)}OH),]~ complex anion.
The structure and composition of the Co{III), Cu(il) and Ni{II} salicylaldo-
xime complexes also have been examined under high pH conditions [99] and
while the formation of complex anionic species was confirmed, no hydroxyl
addition complexes were observed.

The reaction of [NYR,R'~-Hox),| (R,R" = n-BuCH(Et}} with lauric acid
{RH) in hexane has been examined by Flett et al. [37] using spectrophoto-
metric titration. They report the formation of the six-coordinate
[Ni(R,R’-Hox),(RH},] bis-acid adduct complex. Although no structure was
proposed, the reported electronic absorption spectrum indicates that it has
octahedral or pseudo-octahedral geometry (XXIV).
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The solubility of the complex in hexane precludes assignment of a complex
salt structure similar to (XXII). However, a structure with bridging
carboxylate ligands (XXV) cannot be ruled out based on the spectral results
presented.

{ii} Exchange reactions

The exchange of Ni11) and Co{II) between the salicylaldoxime complexes
and the metal ions in solution have been investigated using radio-isotopes
[98,103,300). West [98] has shown that the bis-(salicylaldoximato) cobalt(II}
complex, in pyridine solution, undergoes complete exchange within 18 min
when deoxygenated and less than 15% exchange after 60 man in oxygenated
solution. The difference in rates was attributed to the formation of an
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oxygen adduct complex in solution but no mechanistic information was
given. Hall et al. [103,300] have found even faster metal exchange rates in the
bis-(salicylaldoximato) nickel(II} complex with complete exchange in less
than five min in 2-methoxy-ethanol. The results of these studies have been
interpreted in terms of the metal-ligand bonding with slow exchange ex-
plained in terms of partial ionic character.

F. OTHER COMPLEXES

Because of the luQHin..uu.,utS we 5S¢
of this review, we had to exclude several interesting classes of hydroxy-
oximes. The two most noticeable omissions are the salicylhydroxamic acids
and the salicylamidoximes. Since complexes with these ligands may be of
interest to some readers, a few are briefly mentioned here, although this
section is not meant to be comprehensive,

(i) Salicylhydroxamic acids

As with salicylaldoxime, salicylhydroxamic acid complexes with transition
metals were first prepared as a result of the use of the oxime as a gravimetric
reagent for the detection and determination of various metals in aqueous
solution [301-303]. Although these reports were not concerned primarily
with structural analyses, a few structures were proposed based on analogy to
known salicylaldoxime complexes.

Bhaduri [302] investigated the reaction of salicylhydroxamic acid with
thirteen transition metals and proposed a four-coordinate structure (XXVI)
for many of the divalent metal complexes.

HO OH

However, the copper(1l) and cadmium(II) complexes were assigned structure
(XXVI), involving an unlikely seven-member ring in which the hydroxamic
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acid is functioning as a dibasic ligand.

Using elecironic absorption and graphical techniques, Bhaduri and Ray
[303] proposed that the orange-yellow uranium({VI)—salicylhydroxamic acid
complex has structure (XXVIH), identical to the salicylaldoxime compiex.

1

o N

)

(YR hae]
o

XXV

Molybdenum(VI), vanadium(V) and iron{1II) complexes were also examined
but no structures were suggested.

Chakraburtty et al. [304-306] examined the complex formation between
salicylhydroxamic acid and a variety of metals including iron(III}, nickel(1l),
cobalt(il), manganese(Il), uranium(VI}, molybdenum{VI), titanium(IV},
niobium(V), tantalum(V) and zirconium(fV). Using a variety of graphical
techniques, stoichiometries were proposed for many of the complexes but no
structural assignments were made.

(ii)Salicylamidoximes

The reactions of salicylamidoxime with fransifion metals have been limited
mainly to its application as an analyiical reagent [307-311], and most of the
studies have dealt with gravimetric analyses. Bandyopadhayay et al. [307-310]
have examined the stoichiometry of the copper(ll}, nickel(Il), iron(}11) and
uranium{VI) complexes with salicylaldoxime using graphical techniques but
no structures were proposed. However, the titanium(1V) complex [311] has
been proposed as five coordinate (XXIX) based on elemental analysis and
analogy to the known salicylaldoxime complexes.
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