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Abstract

This review article describes the rich coordination chemistry of phenolic oxime ligands based on solid state structures in the
October 2000 release of the Cambridge Structural Database. The phenolic oxime ligands discussed have the general formula 7-
(R)<-2-OH-C¢H, _ . C(R,)NOH. Whilst their classical mode of coordination via the deprotonation of the phenol to bind to a the
metal centre as a mono-anionic bidentate ligand is frequently observed, the structural survey reveals a plethora of less common
binding motifs that can be attained via the deprotonation of both the phenolic and oximic hydrogens resulting in the formation of
tridentate ligands and polynuclear bridged complexes. The formation of such polynuclear complexes at surface sites may account for
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their efficacy as corrosion inhibitors. Also highlighted is the occurrence of hydrogen bonding between oximic hydrogen and phenolic
oxygen atoms and its implications on the thermodynamic stability of metal complexes via the formation of pseudo-macrocyclic
motifs and on the pre-organisation of dimeric metal-free ligand species. The formation of ligand—ligand hydrogen bonds to define
donor cavities of a well defined size accounts for their remarkable selectivity when used in commercial metal recovery processes

based on solvent extraction.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
1.1. Background

Phenolic oximes with the generic structure shown in
Fig. 1 find extensive use in industry, mainly as extrac-
tants for copper, [1] but also as anticorrosives in
protective coatings [2].

Their role in copper recovery is to effect both the
‘concentration’ and ‘separation’ unit operations of
metallurgy [3] by solvent extraction. These types of
extractant are currently used in solvent extraction plants
world-wide, producing over 2.3 million tonnes of copper
per annum, around one fifth of the total world produc-
tion [1,4]. A typical flowsheet is outlined in Fig. 2.

In order to fulfil this role the ligand must show a
remarkable selectivity for complex formation of cop-
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Fig. 1. Generic phenolic oxime structure.

per(I) over other metals in the pregnant leach solution,
notably over ferric iron which is usually present at
comparable or higher concentrations. Complex forma-
tion must be favourable at the relatively low pH values
(<2.0) required to ensure that ferric iron remains in
solution. Such ‘strength’ and selectivity of complex
formation with copper have been assumed [5,6] to arise
from a very favourable goodness-of-fit for the bonding

R,

Fig. 3. Hydrogen bonding between phenolic oxime units in 2:1
complexes.
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Fig. 2. Flow sheet and mass balance for copper production using a phenolic oxime extractant.
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cavity in the ligands which is defined by hydrogen
bonding between two bidentate units (Fig. 3). The extent
to which such intramolecular hydrogen bonding in
complexes leads to special stability by generating
pseudo-macrocyclic systems is thus a structural feature
of considerable practical significance in determining the
efficiency of these extraction processes.

Another feature of the phenolic oxime ligands is their
propensity [7,8] to form polynuclear complexes in which
both the oxime and phenolate functions can act as
bridging units. Formation of such complexes at lightly
oxidised iron surfaces may [2] be an important factor in
the mode-of-action of phenolic oximes in protective
coatings leading to high kinetic and thermodynamic
stability of the oxide | polymer interfaces.

In this review we will focus on the structures of
phenolic oxime complexes and examine how the forma-
tion of ‘simple’ mononuclear complexes involved in
solvent extraction, or of polynuclear complexes of the
types proposed for metal surface protection, depend on
the nature of the metal and on aspects of ligand design.
Hydrogen bonding between ligands is an important
structural feature. The extent to which this could
influence preorganisation of donor sets will be addressed
by considering the solid state structures of metal-free
forms of the ligands.

The commercial importance of these reagents has
fuelled extensive research into the basic chemistry of
phenolic oxime ligands. It is hoped that this review of
their solid state chemistry will give insight into the
common structural features and peculiarities of their
metal complexes. In particular, the versatility of the
ligands will be exemplified. Further, it is hoped that this
might be used as a predictive tool to elucidate the
coordination chemistry of these ligands with other, as
yet unexplored, Lewis acids.

1.2. Nomenclature

The general form of phenolic oxime ligand to be
discussed in this review is given in Fig. 4. Historically,
these have been referred to as ‘salicylaldoxime type’
ligands and the shorthand nomenclature used here is
based on the abbreviation sa/ to denote the general form
of the ligand. The 2-hydroxy-benzaldehyde oxime cen-
tral core can be modified by replacing the aldehydic
hydrogen with a substituent or by placing substituents

OH NOH

3 \1 R2

n-(R,)-H,sal(R,)

Fig. 4. The general form of and abbreviations used for ligands in this
review.
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Fig. 5. Examples of phenolic oxime ligands with abbreviations.

on the aromatic ring. When forming metal complexes
the phenolic proton is almost invariably replaced, but it
is also possible for the less acidic proton to be lost from
the oximic oxygen atom. The abbreviations used here
have been chosen to provide a concise description of the
substitution pattern and to denote the protonation level
of the ligand (see Fig. 4).

The aromatic substituents are denoted first with their
substitution positions, followed by an indication of the
level of ligand protonation, ‘H,’ for free ligand, ‘H’ for
the monoanion and nothing for the dianion. Finally the
substitution at the oximic carbon atom is given.
Examples are provided in Fig. 5.

1.3. Data sources

The structures discussed here appear in Version 5.20
(October 2000 release) of the CCDC database [9]. They
were identified by searching for the fragment shown in
Fig. 6 and the 167 hits were sorted manually to eliminate
non phenolic oxime structures. The remaining 58
structures, some of which are duplicates, are listed in
Tables 7 and 8 for ligands and complexes, respectively.

The remaining structures were taken from Ph.D.
theses produced either at the University of Manchester
or the University of North London. Full details are
given in the references [10—13].

2. Phenolic oxime ligands
2.1. Simple phenolic oxime ligands

Of the 12 uncomplexed phenolic oximes in the Cam-
bridge Crystallographic Database, 2-hydroxy benzalde-
hyde oxime, H,salH, in the orthorhombic form, appears
to be incorrect [14] and has been redetermined [15] and

/O
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Fig. 6. General search fragment used to interrogate the CCDC
database. Dotted lines represent ‘any’ bond. The ring system was
defined as aromatic.
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5-Et—H,salMe, has been duplicated [16,17]. Four have
no structural or coordinate data [16] leaving six
published structures available for analysis. Four more
previously unpublished structures [11,13] are included
here (see Table 7).

Hydrogen bonding is a major feature of these
structures. This results from the high density of hydro-
gen bonding donors and acceptors per molecule. In-
variably the phenolic proton forms an intramolecular
hydrogen bond to the nitrogen of the oxime group
giving a six membered ring (Fig. 7). Since the phenolic
proton has not been found from Fourier difference

_Z'

R,

Fig. 7. Intramolecular hydrogen bond forming a six membered ring
that is seen in all phenolic oximes. R = H, alkyl, aryl.

R,

Fig. 8. The pseudo-macrocyclic assembly seen in aldoximes when R;
and R, are monatomic substituent.

maps in the majority of the structures, we will char-
acterise this interaction in terms of the phenolic oxygen
to oximic nitrogen separation. This distance varies little
between structures with a maximum value of 2.65 A and
a minimum of 2.51 A. However, a general trend is that
aldoximes have a greater phenolic O- - -N distance (mean
2.63 A) than the ketoximes (mean 2.52 A).

In all of the free ligand structures the molecules
associate via intermolecular hydrogen bonding. With
the exception of the adducts formed with diamines (see
section 2.2.2), these structures fall into two categories.
Dimers result from the interaction of the oximic proton
with an adjacent phenolic oxygen to produce a pseudo-
macrocyclic ligand with a 14 membered inner great ring
(shown schematically in Fig. 8). This structure is only
seen for aldoximes with no substituents or only mona-
tomic substituents on the aromatic ring, i.e. for H,salH
[15] and 5-Cl-Hj,salH [18]. The O---O distances in-
volved in the hydrogen bonded interaction in both of
these centrosymmetric dimers are very similar (2.82 and
2.83 A). Fig. 9 shows two views of the solid state
structure of 5-Cl-HjsalH. The top view clearly shows
the pseudo-macrocyclic dimeric structure. Although the
phenolic oxime is almost planar, the dimeric units are
not. The molecular planes run parallel but are separated
by a distance ¢ (side view in Fig. 9). The value of ¢ is
0.30 A for HysalH and 1.4 A for 5-Cl-H,salH. This
‘step’ configuration is also seen, but to a lesser extent, in
the metal complexes (vide infra). The step configuration
in the free ligand dimers increases the separation
between the phenolic protons over that expected in a
planar form, e.g. in [5-Cl-H,salH], this distance is 2.98
A compared with 2.74 A calculated for a flattened
configuration with the same intermolecular hydrogen
bonding distance. The step configuration provides a
compromise in allowing two favourable intermolecular
hydrogen bonds in the dimer whilst minimising the

Fig. 9. Top and side views of the dimeric solid state structure of 5-Cl-HjsalH.
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Fig. 10. Schematic of the hydrogen bonding seen in the polymeric
form of the free ligands.

repulsion between the two phenolic protons. The
geometry of the N,O, donor set provided by the oxime
nitrogen atoms and the phenol oxygen atoms in these
dimers is similar to that in planar ML, pseudo-macro-
cyclic metal complexes (such as those seen for copper
discussed in Section 3.1.7) and infers that the ‘strength’
and selectivity of complexation will be favourable for
such metals (see Section 3.1.7).

The introduction of groups which remove planarity in
the molecule appears to stop efficient packing of dimeric
units in the crystal and, instead, a polymeric structure
[(Hjsal),] is observed (shown schematically in Fig. 10).
This is true for all phenolic ketoximes and for phenolic
aldoximes which have bulky substituents on the aryl
ring. An example is given in Fig. 11 that shows the solid
state structure of 5-MeO-HjsalH [19]. The linear
polymeric array of hydrogen bonds also provides two
hydrogen bonds per phenolic oxime unit but in this
arrangement the intermolecular bond is stronger, as
judged by the range of O---O distances, (2.73-2.82 A)
than that in the dimers. In the polymeric arrangement a
closer approach of the oxygen atoms is not compro-
mised by repulsive interactions between the phenolic
protons, as in the dimers.

It is of interest to speculate as to why these two
structural modifications are observed. There are several
possibilities:

1) There may be a fine balance between hydrogen
bonds and crystal packing forces that determines
which of the modifications is observed. More planar
molecules, which can form the layer type structure,
dimerize. Non planar molecules with bulky sub-
stituents, which are unable to pack efficiently in this
layer type structure, form polymeric chains.

2) The solvent of crystallisation may play an important
role. It has been shown by vapour pressure osmo-
metry and cryoscopy [20,21] that the association
number in solution (a measure of oligomerisation) is
highly solvent dependent, approximating to one in
polar protic and aromatic solvents (monomer) but
greater than one in aliphatic hydrocarbon solvents
(dimer or oligomer). The predominant solution
species may determine the modification that crystal-
lises. Unfortunately, in several of the systems
discussed here, the recrystallisation solvent is not
reported. If solvent is important, it may be possible
to crystallise different polymorphs from different
solvents, although there are examples of both
polymers and dimers recrystallised from alcohol.

3) Just as solvent is important in determining solution
association number, so is concentration. The same
arguments as above will apply. The concentration of
the solution from which crystals are obtained is not
commonly reported and is not given in any of the
systems discussed. Local concentration within solu-
tion and, therefore, the method of crystallisation,
saturation, evaporation or precipitation, may also
be important.

Fig. 11. Polymeric form of hydrogen bonding seen in ketoximes and ‘non planar’ substituted aldoximes. The compound shown is 5-MeO—H,salH.
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Fig. 12. Structure of 2:1 adduct of H,salH with diaza-[18]-crown-6.

With the limited data set it is impossible to be
conclusive, but the first of these possibilities may be
the most convincing. As more structures become avail-
able it may be possible to gain a better understanding of
the factors that control the crystallisations.

2.2. Phenolic oxime ligand hydrogen bond adducts

The high density of hydrogen bond donors and
acceptors in phenolic oxime ligands means that they
will co-crystallise with other hydrogen bond donor and
acceptor molecules. One example of this appears in the
literature, and a further unpublished example will be
discussed here.

Watson, Vogtle et al. [22] have shown that heating a
solution of HjysalH with the macrocycle diaza-[18]-
crown-6 in ethylacetate, followed by slow cooling gives
poor quality crystals which were characterised by X-ray
crystallography as the 2:1 oxime:crown adduct (Fig. 12).
Although not located in difference Fourier maps, the
phenolic proton is assumed to form an intramolecular
hydrogen bond to the oxime nitrogen, as in all the free
ligand structures. The oximic protons were located in
hydrogen bonds with nitrogen atoms of the diaza crown
(O- - N 2.682(9) A) which “pin down’ the amine nitrogen
atoms of the macrocycle, showing much lower aniso-
tropic displacement parameters than the rest of the
molecule. The observed density of the crystal is very low
and suggests that the structure is inefficiently packed.

A second example of a phenolic oxime—amine adduct
is provided by the unpublished structure of the 2:1
adduct of HjpsalH with tetramethyl ethylenediamine
[(H,salH),(tmeda)]. The combination of two intra and
two intermolecular hydrogen bonds in the centrosym-
metric adduct (Fig. 13) is similar to that seen with diaza-
18-crown-6, but with much more efficient packing in the
solid state [13].

The NCCN backbone of the tmeda molecule is almost
planar (N-C-C-N torsion angle 179.97°) and the
nitrogen atoms are antiperiplanar (shown as a Newman
projection in Fig. 14).

It is somewhat surprising that these adducts can be
isolated since, on the basis of the strength of OH---O
versus OH---N hydrogen bonds, we might expect the
simple hydroxy oxime ligand to be the predominant
species in all cases. However, solution NMR studies

N
\
H
N(CH;),
H

H H
T?I(CH3)2

H
\
O—N:<

Fig. 14. Newman projection showing conformation of [(H,sal-
H),(tmeda)].

Fig. 13. Solid state structure of [(H,salH),(tmeda)].
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Fig. 15. Elements showing structurally characterised complexes with phenolic oximes.

have shown that this is not what is observed and amine
oxime adducts readily form.

3. Phenolic oxime complexes

The Cambridge Database contains complexes of
phenolic ligands with the elements shown in Fig. 15
and Table 8. The first row transition metals, second and
third row transition metals, p block and mixed metal
systems will be discussed in the following sections.

3.1. First row transition metals

3.1.1. Vanadium

Reaction of vanadyl sulfate with phenolic oximes
leads to the formation of neutral vanadium(IV) [VO(H-
salR),] complexes. The complex [VO(HsalMe),] has the
pseudo-macrocyclic structure with a hydrogen bond
stabilised trans arrangement of the ligands (Fig. 16)
[12]. The step structure in the complex (vide supra) is not
observed and the aryl and chelate rings form a plane.
The vanadium atom lies 0.6 A above this plane and the
V=0 bond is inclined to it at an angle of 87°.

Although many of the applications of salicylaldox-
imes rely on the high stability of their metal complexes,
vanadyl bis phenolic oxime complexes show instability
in a range of organic solvents [24—26]. On dissolution in
hydrocarbon or chlorinated solvents the original lilac
solutions of these phenolic oxime complexes deepen to
violet and precipitation occurs. Structural studies of the

reaction products of [VO(HsalH),], [VO(HsalMe),] and
[VO(HsalEt),] show that oxidation has occurred to give
dimeric vanadium(V) complexes of the general formula
[{VO(HsalR)(salR)},] [11,12]. The vanadium(IV) salicy-
laldoxime complex [VO(HsalH),] deposits black crystals
from chloroform solution which contain the dimer
[{VO(HsalH)(salH)},] with a V---V separation of 4.0
A. Each vanadium is 6-coordinate and has distorted
octahedral geometry. The vanadium ions are coordi-
nated by a vanadyl oxygen, a phenolic oxygen and a
nitrogen from one monodeprotonated oxime ligand, and
a phenolic oxygen and a nitrogen from a doubly
deprotonated ligand. The final coordination site is
occupied by an oxime oxygen from a ligand on the

@ ® o
[ ] ® ¢
N, 0
0 2 €
( . . 0. “?N :
& . @%@ 7 %
“ L B o ¢__©
: £ Y e o %
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Fig. 16. Solid state structure of [VO(HsalMe),].
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Fig. 18. The solid state structure and a schematic representation of [{VO(HsalMe)(salMe)},].

adjacent vanadium and hence dimer formation is
achieved. A very similar structure (Fig. 17) is shown
by the dimer [{VO(HsalEt)(salEt)},], which is also
deposited from chloroform, but with a slightly shorter
V...V distance of 3.94 A.

The structure of the product of oxidation of [VO(H-
salMe),] in 1,2-dichloroethane, [{VO(HsalMe)(sal-
Me)},], although dimeric, has a remarkably different
structure [12]. In this case the V.--V distance is
markedly shorter at 3.45 A and the vanadium atoms
are heptacoordinate with pseudo-pentagonal bipyrami-
dal geometry (Fig. 18). Three of the equatorial sites are
occupied by a phenolate oxygen and both the nitrogen
and oxygen atoms of one oxime in an n? binding mode.
The oxime nitrogen and phenolate oxygen of a second
mono-deprotonated ligand define the remaining two
equatorial sites in a conventional chelating mode. This
phenolate oxygen atom provides a bridge to the second

@ ‘o Qg
. (0] \

o1
S—N\u/ :@ MeCN @\“
-0

Fig. 19. Reaction of vanadyl-bis-salicylaldoximate with acetonitrile
and the solid state structure of the product, [V(V)O,{CcH4(O)CH=N-
OC(Me)=NH}].

vanadium atom in an apical site. The other apical site is
occupied by the vanadyl oxygen atom. Thus the mono-
deprotonated [HsalMe]™ acts as a bridge, whilst the
doubly deprotonated ligand [salMe]*~ shows an un-
precedented tridentate binding mode using the pheno-
late oxygen atom and both the N and O atoms of the
oximato group. Intramolecular hydrogen bonds be-
tween the NOH groups and the non-bridging phenolates
further stabilise the structure which is shown schemati-
cally in Fig. 18.

The products obtained on dissolution of [VO(H-
salR),] in organic nitriles have been determined [27].
Structure determination (Fig. 19) of the product of
reaction of vanadyl-bis-salicylaldoximate with acetoni-
trile shows that the oxime OH group adds across the C=
N of the nitrile yielding a new tridentate N,O ™ ligand.
This ligand coordinates to the oxidised cis dioxo
vanadium(V) centre giving a distorted square-based
pyramidal geometry.

Reaction of H,salH with [VO(acac),] in methanol
gives only low yields of [VO(HsalH),], as a green
powder, but on standing a second red—brown product
[V305(OMe)s(salH),] is obtained. The ethoxo derivative
[V505(OEt)s(salH),] has been similarly obtained in
ethanol and has been structurally characterised [28].
This trinuclear complex has ca. C, symmetry. Each
(salH)*~ ligand chelates one vanadium atom through
the phenolate oxygen and oxime nitrogen, while brid-
ging to the remaining two vanadiums through the
deprotonated oxime oxygen. Each vanadium has a
terminal oxo group and there are two bridging and
three terminal ethoxides (Fig. 20).

If the reaction is instead carried out under reflux, a
third, red—brown product is obtained. X-ray crystal-
lography shows this to be [VO(OMe)(OC¢H4CH=
NCHCcH,OC(O)(Me)CHCOMe)] (see Fig. 21). The
template formation of this novel tetradentate ligand
apparently involves the coupling of one mole of
acetylacetone, one mole of salicylaldoxime and one
mole of salicylaldehyde (presumably in turn a reaction
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Fig. 20. Solid state structure of [V305(OEt)s(salH),].

product of salicylaldoxime), with loss of two moles of
water.

Vanadium(II) bromide with H,salH and triethyla-
mine in dry methanol under argon gives a dark green
solution from which green crystals of [Et;NH][V;(us-
O)(HsalH)(salH),(salmp)] - 2H,O which is isostructural
with the iron(IIl) analogue discussed later in Section
3.1.4 (see Fig. 27) [29]. The asymmetric triangular
vanadium(III) complex contains the novel [V;(us-
0)(11,-OR)]® " core unit, Fig. 22. This trinuclear motif
appears in the related Ti(IIT), Cr(III), Mn(III), Fe(III)

Fig. 22. Solid state structure of [V3(p3-O)(HsalH)(salH),(salmp)]
excluding the hydrogens for clarity.

and Co(III) complexes prepared in a similar manner,
and is discussed further for the related Fe(III) complex
in Section 3.1.4.

The three vanadium ions lie at the apices of an
isosceles triangle with the p;-oxide atom displaced from
the plane by 0.52 A. Its disposition is not symmetrical
within the triangle with one of the V-O bonds being
0.04 A shorter than the other two, which are statistically
similar (V-0, 1.97 A). Two of the vanadium atoms are
in a distorted octahedral environment with N,Oy4
coordination spheres and the third is 5-coordinate

H;C—
oH O\/O s
- OH O CH;
oH N —V—
[VO(acac),] + L R oI e
2 o H O N TRY
= Hacac
n H

Fig. 21. Solid state structure of [VO(OMe)(OCsH4CH=NCHCH,OC(O)(Me)CHCOMe)] produced from the coupling reaction of acetylacetone,
salicylaldoxime and salicylaldehyde with [VO(acac),]. The hydrogen atoms have been excluded for clarity.
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Flg 23. Structure of [CI‘G(}.13-O)z(SalH)s(uz-OOCCZHS)z(OHz)z-
(C,HsCN),], excluding hydrogen atoms for clarity.

trigonal bipyramidal with an NO, donor set. The
complex is further stabilised by a hydrogen bond
between the oximic hydrogen on the mono deprotonated
salicylaldoxime and the ps-O atom (O- - -O, 2.677(6) A).

3.1.2. Chromium

One chromium containing complex of a phenolic
oxime has been structurally reported in the literature
[30]. The only other example of a chromium containing
phenolic oxime complex, with a reported X-ray struc-
ture, is a mixed iron/chromium system (see Section
3.1.9).

The addition of HjsalH and triethylamine to a
previously prepared green solution of CrF, and CaCl,
in methanol and propanoic acid affords a brown
solution. Recrystallisation from proprionitrile produces
brown crystals of [Crg(ps-O)s(salH)g(p,-OOCC,Hs),-
(OH,)>(C,H5CN),], shown in Fig. 23. The hexanuclear
structure comprises of two identical pz-oxo centred
trinuclear [Cr3(p3-O)] units. The chromium ions form
an isosceles triangle (Cr---Cr, 3.148(1), 3.263(1),
3.252(1) A) with the p;-O atom placed almost centrally
within the triangle with an average Cr—O length of 1.87
A. The two units are related by inversion symmetry and
linked via two p,-bridging oxygen oxime atoms with a
slightly longer Cr- - -Cr separation of 3.275(2) A. Two of
the three chromium atoms in each triangle unit have
distorted octahedral environments with coordination
spheres of N,O4 and NOs. The remaining chromium is
5-coordinate, providing a rare example of a non-
octahedral Cr(III), and is best described as square-
pyramidal with a NO,4 donor set. A similar MgO, core is
found in complexes with other trivalent metals (M =
V(II), Mn(III) and Fe(III) [30].

3.1.3. Manganese

No simple [Mn(sal),] complexes of salicylaldoxime
type ligands with manganese appear on the Cambridge
Database. However, a study of this chemistry has been
carried out and one, as yet unpublished, structure
determined [12].

Reaction of the monosodium salt of H,salMe with
manganese(I) acetate in water gives a dark green
precipitate that can be recrystallised from acetonitrile.
This has been formulated as [{Mn(HsalMe)(salMe)}4]
and is shown by X-ray diffraction to consist of discrete
tetrameric units. The four manganese atoms of each
tetramer are in identical environments and define a
flattened tetrahedral arrangement. Each manganese
atom is in a pseudo-square pyramidal coordination
environment. One has an N,O; coordination sphere
while the remaining three have NO4 donor sets. The
monodeprotonated ligands in the structure are bidentate
and each coordinates to one of the manganese atoms
through the phenolic oxygen and oximic nitrogen. The
doubly deprotonated ligands also each chelate one
manganese(Il) centre through the phenolate oxygen
and oximic nitrogen, but in addition the oxime oxygen
bridges to an adjacent manganese. There are four
hydrogen bonds between the NOH groups of mono-
deprotonated ligands and the phenolates of monode-
protonated ligands on adjacent manganese ions which
further stabilise the tetramer.

Mn(I1I) complexes containing the fac-octahedral
capping group Mestacn (= 1,4,7-trimethyl-1,4,7-triaza-
cyclononane) have been reported [31]. Both the homo-
nuclear [(Mestacn)Mn(I1T)(salH);Mn(I11)] and
heteronuclear analogues with metal centres, [Mn(III)/
Fe(I1D]°, [Mn(IV)/Fe(II1)] ", [Mn(IV)/Mn(IIT)] " show
magnetic exchange involving the oximato-bridges be-
tween the two metal centres and can be assumed to have
structures very similar to that for [(Mestacn)Fe(III)-
(salH);Fe(III)] which is shown in Fig. 25.

Another unusual mixed Mn/Fe complex, [(Mes-
tacn),Fes(salH)x(p3-0)2(1o-CH3CO,)3Mny|(ClO,),  has
been reported with a structure similar to that for the
tetranuclear Fe(Ill) complex shown in Fig. 26 [31].
These mixed metal complexes are discussed in more
detail in Section 3.1.9.

3.1.4. Iron

The chemistry of phenolic oximes with iron provides a
second commercial application for these ligands. Long
chain alkyl substituted versions of these ligands react at
mild steel surfaces to give a purple coating which acts as
a protective film against corrosion [2]. Relatively little
iron coordination chemistry of these ligands has been
published. A knowledge of modes of coordination
should prove useful in defining the possible modes-of-
action as corrosion inhibitors for iron. For iron(III) the
simplest binary complex that might be proposed would
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Fig. 24. Solid state structure [{Fe(salH)(HsalH)}4] together with the tetranuclear cluster showing the coordination sphere of each metal centre.

Hydrogen atoms have been excluded for clarity.

be the octahedral [Fe(HsalH)s], but it should be noted
that no examples of mononuclear ML; complexes have
been structurally characterised for these systems for any
metals. In practice for iron(IIl) formation of poly-
nuclear complexes is apparently preferred.

The simplest known binary complex is the tetra-
nuclear iron(IIl) cluster formed from the reaction of
iron(ITT) chloride with H,salH [2]. The crystalline
material formed is formulated as solvated [{Fe(salH)(H-
salH)}4] clusters, Fig. 24. The cluster comprises four
Fe(III) centres each of which has a distorted octahedral
coordination environment with four O and two cis N
donor atoms. Each metal centre is coordinated by four
different ligands; one bidentate HsalH ™ NO donor and
four atoms (one N and three O) from three of four
bridging salH? ~ ligands.

In the remaining examples coligands complete the
coordination spheres of iron(III) centres in polynuclear
complexes. Reaction of ferrous acetate with HjsalH in

Fig. 25. The solid state structure of [(Mestacn)Fe(IIl)(salH);Fe(I11)],
showing the fac-arrangement of the bridging oximato groups in the
coordination spheres of both pseudo-octahedral Fe(IIl) atoms.

methanol, followed by addition of [(Mestacn)FeCls]
(Mestacn = 1,4,7-trimethyl-1,4,7-triazacyclononane)
and triethylamine gives a precipitate and a deep violet
solution. The black—brown precipitate has been char-
acterised [31] as [(Mestacn)Fe(IlI)(salH);Fe(II1)]. This
dinuclear complex contains an unusual pseudo-octahe-
dral tris-salicylaldiminato unit [Fe(salH);]~ with a
facial arrangement of the three oxime nitrogen atoms.
The three oxygen atoms of these deprotonated oxime
groups define three coordination sites of the other iron
atom which is capped by a facial Mestacn ligand (Fig.
25).

Fig. 26. Solid state structure of [(Mestacn),Feq(salH)x(13-O)o(po-
CH;C0,)3] ", excluding the hydrogen atoms for clarity.



72 A.G. Smith et al. | Coordination Chemistry Reviews 241 (2003) 61-85

OH NH

FeCl,
HpsalH —Zly H20
-Fe0C12 NH3

OH ? OH TIH
N OH
2 _HO
OH N N OH
@J k@
Hjsalmp

Scheme 1. Proposed pathway to Hssalmp.

Addition of a perchlorate salt to the violet solution
gives dark brown crystals containing [(Me;s-
tacn)zFe4(salH)2(u3-O)2(pz-CH3C02)3](ClO4), Flg 26.
The structure of the cation is based on a [Fes(us-
0),]** core with a butterfly arrangement of iron atoms
based on two edge sharing Fes;(u3-O) units, with a
dihedral angle of 154°. Additionally there are three
bridging acetates and two bridging —NO groups from
deprotonated oximes. Each iron is in a distorted
octahedral environment with the two chelated by phenol
oxygens having NOs coordination while the two co-
ordinated to the macrocycle have N;O; coordination
spheres.

Ferrous chloride with HpsalH and triethylamine in
methanol under argon gives red brown crystals of
[(C,Hs);NH][Fe;O(HsalH)(salH),(salmp)] - 2H»O,
which is isostructural with the V(III) complex formed
under similar conditions and is discussed previously in
Section 3.1.1, where Hjsalmp is the new ligand 2-
(bis(salicylideneamino)-methyl)phenol] [32]. The reac-
tion pathway is proposed to involve the deoxygenation
of oxime as outlined in Scheme 1.

Fig. 28. Solid state structure [Co(HsalMe),(NO)].

This trinuclear complex is based on a [Fe;(p3-O) (-
OPh)]®* core. Two irons have pseudo-octahedral N,O,
coordination while the third is in a trigonal bipyramidal
NO, environment. The structure of the complex,
together with a diagram describing the iron coordina-
tion sphere is given in Fig. 27.

3.1.5. Cobalt

The four phenolic oxime complexes of cobalt in the
Cambridge Database all formally contain cobalt(III).
Three of these structures are nitrosyl complexes contain-
ing the wunusual bent nitrosyl ligand. [Co(Hsal-
Me),(NO)] [33], [Co(HsalH),(NO)] [34] and [Co(5-Cl-
HsalH),(NO)] [34] all contain five coordinate, square
pyramidal cobalt with an apical nitrosyl group (Fig. 28).
The basal plane is defined by trans bidentate ligands
which form a pseudo-macrocyclic motif. The metal lies
slightly above this plane (min. 0.15 A in [Co(H-
salH),(NO)] and max. 0.24 A in [Co(HsalMe),(NO))),
towards the nitrosyl group. The structural chemistry of
these complexes is, therefore, closely related to that with
copper where Cu?" is replaced by [CONOJ* ™. Other
structural features of these complexes are summarised in
Table 1.

Fig. 27. Solid state structure of [Fe;O(HsalH)(salH),(salmp)] ~, together with a schematic view of the iron coordination spheres.
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Table 1

Key features of cobalt phenolic oxime nitrosyl complexes

Complex Nitrosyl Mean Ref.

Co-N (A) N-0 (A) 0-N-0 (9 Co-N (A) Co-0 (A) 0---0, (A)
[Co(HsalH)»(NO)] 1.84(2) 1.48(3) 116(2) 1.86(2) 1.87(1) 2.49 [34]
[Co(HsalMe),(NO)] 1.91(1) 1.40(1) 113.43) 1.91(1) 1.85(1) 2.50 [33]
[Co(5-Cl-HsalH),(NO)] 1.841(1) 1.070(5) 123.4(3) 1.90(1) 1.87(1) 2.52 [34]
The remaining cobalt(IIl) complex contains only one 3.1.6. Nickel

phenolic oxime ligand per complex unit [35]. Reaction of
cis-a-[CoCly(trien)]Cl (trien = triethylenetetramine)
with silver oxide, potassium hydroxide and HjsalH
gives a complex mixture of isomeric materials, one of
which has been crystallised. This has been shown to be
cis-B1(RS,SR)—[Co(salH)(trien)]CI - (acetone) - 2H,O in
which cobalt(IIl) is coordinated by a doubly deproto-
nated phenolic oxime ligand and trien. The salH>~
ligand binds to cobalt through the phenolic oxygen and

Four binary complexes with nickel have been the
subject of structural investigation. All of them, contain-
ing the ligands HjsalH, [36] H,salMe [37] and HjsalEt
[38] and 5-Me—H,salH [39] show typical [ML,] coordi-
nation and in each case hydrogen bonds from the oxime
—NOH to the phenolic oxygen stabilise the structures.
The H,salH, H,salEt and 5-Me—Hs,salH complexes are
centrosymmetric with the nickel atom lying on a crystal-
lographic inversion centre. By contrast the HjsalMe

complex is less symmetrical, with [Ni(HsalMe),] having
a dihedral angle of 4.27° between the two ligand planes.
However, it should be noted that neither of the other
complexes is truly planar and all display a small ‘step’
configuration (vide supra). In all cases the nickel is in a
slightly distorted square planar geometry. Chelate
angles (~92°) are all slightly greater than right angles
while non-chelate angles are reduced commensurately to
88°. This reflects the extended bite of the planar six
membered N—O chelate of the phenolic oxime. In all
cases there are strong interligand hydrogen bonds with
O- --O distances ca. 2.48 A and O—H-O angles of 130°.

The reaction of 4-coordinate [Ni(HsalH),] type com-
plexes with aliphatic polyamines in aprotic solvents
gives new 6-coordinate octahedral nickel(IT) complexes
of the form [Ni(HsalH)y(B)] where B represents an
aliphatic diamine. Several such complexes have been
isolated and characterised crystallographically [13]. Key
structural parameters are summarised in Table 2.

The addition of the aliphatic diamine to the coordina-
tion sphere forces the phenolic oxime into an arrange-

oximic nitrogen with bond distances of 1.94(1) and
1.93(1) A, respectively. There is an intramolecular
hydrogen bond between the oxime oxygen and a proton
on one of the trien secondary nitrogens with an N---O
distance of 2.65(1) A (Fig. 29).

Fig. 29. Solid state structure of [Co(salH)(trien)]Cl.

Table 2

Key structural parameters of the nickel(II) phenolic oxime complexes

Complex Ni-Noximey (A)  Ni-Ooximey ()  Ni-Niaminey (A)  0---O (A)  O-Ni-O (°) N-Ni-N (°)  Ref.

[Ni(HsalH),] 1.855(5) 1.843(5) n/a 2.520(1) 180.0 180.0 [36]

[Ni(HsalMe),] 1.885(2) 1.817(2) n/a 2.466(3) 179.21(10) 178.88(9) [37]
1.876(2) 1.816(2) 2.479(3)

[Ni(HsalEt),] 1.884(3) 1.825(2) n/a 2.483(3) 180.0 180.0 [38]

[Ni(5-Me—HsalH),] 1.887(2) 1.823(2) n/a 2.470(3) 180.0 180.0 [39]

[Ni(HsalH),(Me4en)] 2.09(1) 2.09(1) 2.19(1) 2.72 168.7(4) 92.2(5) [13]
2.10(1) 2.05(1) 2.16(1) 2.73

[Ni(HsalH)(N,N-Meen)] 2.04(1) 2.012(8) 2.081(10) 2.58 168.9(3) 94.1(4) [13]
2.08(1) 2.005(8) 2.204(9) 2.70

[Ni(HsalH),(pn)] 2.075(9) 2.047(8) 2.083(9) 2.58 168.5(3) 92.7(4) [13]
2.043(10) 2.073(8) 2.09(1) 2.68
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Fig. 30. Solid state structure of [Ni(HsalH),(Megen)].
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Scheme 2. Possible isomers of [Ni(HsalH),(B)] complexes.

ment with a cis configuration of the oxime nitrogen
atoms. This allows the intramolecular oxime hydrogen
to phenolic oxygen hydrogen bonds to be maintained in
the complex unit (see Fig. 30).

On going from the 4-coordinate [Ni(HsalH),] com-
plex to the six coordinate amine adduct the Ni—Nuy)
bonds lengthen by ~ 0.3 A and the Ni—O,y) bonds by
~0.25 A leading to an overall increase in the size of the
pseudo-macrocyclic inner great ring. This is reflected in
an increase in the Oox) - ‘O(phenolate) distance of ~ 0.2 A
which would lead to a corresponding weakening of the
interligand hydrogen bonds. It is interesting to note,
however, that despite the almost orthogonal arrange-

Table 3

Fig. 31. Structure of [Cu(5-Me-HsalPh),] - 2CHCl;.
bonded chloroform molecules of crystallisation are omitted for clarity.

Hydrogen

ment of the oxime ligands this hydrogen bonding still
occurs. Of the three possible isomers that could be
formed for [Ni(HsalH),(B)] complexes (Scheme 2) only
the trans-O-phenol is observed, presumably because it is
only in this isomer that the pseudo-macrocycle hydrogen
bonded structure can be preserved.

3.1.7. Copper

Structural parameters are available for comparison
for eight of the copper complexes included in Table 3 A
common feature is the trans square planar coordination
of the two ligands around the copper(Il) centre, see for
example Fig. 31.

The geometry of the cavities presented by the N,O3 ~
donor set in the series of complexes can be compared
using the parameters in Table 3. The N---O bite values
in the chelating phenolic oxime units vary less than the
O- - -0 separations. This implies that steric bulk of the
substituents is more readily accommodated by adjust-

Selected interatomic distances in the coordination spheres of copper(II) complexes of phenolic oximes

Complex Cu-O (A) Cu-N(A) BiteN---O(A) O---O(A) Holesize (A) Ry¢ Apical Cu-O (A)®  Ref.
[Cu(HsalH),] 1.92(1) 1.94(1) 2.76 2.58(2) 1.93(1) 2.66(1) [40]
[Cu(5-Cl-HsalH),] 1.908(9)  1.957(9)  2.775(14) 2.63 1.932(9) 3.013(10)  [41]
[Cu(HsalMe),] * 1.884(3)  1.958(4)  2.744(7) 2.597(8)  1.920(4) 2.666(5)  [42]
1.877(3)  1.968(4)  2.726(2) 2.543(7)

[Cu(HsalEt),] 1.882(2)  1.9492)  2.741(4) 2.58(3) 1.915(3) [43]
[Cu(3-CH(OMe),-5-Me-HsalH),]  1.865(3)  1.946(4)  2.738(5) 2.652(5)  1.905(5) [44]
[Cu(5-Me—HsalH),] 1914(3)  1.9334) 276 2.59 1.924(5) 2.564 [10]
[Cu(3-'Bu-5-Me—HsalH),] 1.9134)  1.934(5) 275 2.64 1.924(5) [10]
[Cu(5-Me-HsalPh),] 1.873(5)  1.935(7)  2.74 2.55 1.904(6) CI;CH- -0 2.03 [10]
Mean 1.839(19)  1.947(12)  2.748(14) 2.60(4) 1.919(10)

Three entries in the CDS database, for [Cu(5-Me—HsalMe),], [Cu(5-Et—HsalMe),] and [Cu(5-Me—HsalEt),] do not contain positional parameters

[16].

@ In this structure the Cu(Il) atom does not lie on an inversion centre.

® Intermolecular contact with a phenolic or oxime oxygen in an adjacent molecule.

¢ Defined as mean distance of donor atoms from the centroid [45].
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Fig. 32. The bifurcated hydrogen bonding involving the oximic
hydrogen and the phenolate oxygen and the methoxy substituent.
Distances Ooxim: - *Ophen Ooxim- * “Omethoxy ar€ 2.652(5) and 3.033(5) A,
respectively.

ment of the H-bonding component of the pseudo-
macrocycle. The closing down of the circumferences of
this part of the system by the phenyl group in [Cu(5-
Me-HsalPh),] provides an explanation for this complex
having the smallest cavity (Ry; = 1.904(10) A). Introduc-
tion of a bulky tertiary butyl group in the 3-position of
the aromatic ring (adjacent to the phenol group), as
might be expected, leads to an increase in the O---O
separation, apparently weakening the hydrogen bond
slightly. The effect of this on the overall cavity size is not
statistically significant.

Incorporation of a hydrogen bond acceptor substitu-
ent, —CH(OMe),, in the 3-position in the complex
[Cu(3-(OMe),-5-Me—HsalH),] lengthens the O---O dis-
tance because a bifurcated hydrogen bond is observed
with the oximic OH group aligned to place the hydrogen
atom between the phenolic oxygen and the methoxy
substituent (see Fig. 32). A consequence of ‘pulling’ the
oximic OH towards the methoxy substituent is to
decrease the N,O3~ cavity size to 1.905(5) A.

Fig. 33. The two dimensional sheet formed by [Cu(HsalH),] via weak
oxime oxygen to Cu(Il) interactions (2.66(1) A). A similar structure is
present in [Cu(5-Me—HsalH),] (Cu- - -0, 2.56 A).

For [Cu(HsalH),] and [Cu(5-Cl-HsalH),] we can
compare the cavity sizes, 1.93(1) and 1.932(9) A,
respectively, with values of 2.10(1) and 2.08(1) A in
the ‘preorganised’ dimeric free ligands (see Fig. 9).
Replacement of the two phenolic protons in the
preorganised dimers results in an opening up of the
chelate O- - -N bite from 2.63 and 2.65 to 2.76 and 2.78
A, respectively, whilst the O---O distances are reduced
from 2.82 and 2.83 to 2.58 and 2.63 A. This shortening
of the O---O distances and apparent strengthening of
the oximic OH to phenolate oxygen hydrogen bond
helps to account for this class of reagents being ‘strong’
extractants for copper(Il). The donor—donor repulsion
enthalpies associated with bringing together separate
ligands into the coordination sphere of a metal ion are
compensated by formation of the favourable ligand:li-
gand hydrogen bonds. Selectivity of formation of
copper(Il) complexes over other divalent planar transi-
tion metal ions could be related to the particularly good
fit of copper(Il) into the N,O3 ~ cavity. An analysis of
the goodness-of-fit [45] is difficult for copper(II) because
the plasticity of the coordination sphere makes it
impracticable to define effective covalent radii of this
metal ion with particular donor atom types.

The copper atoms are required to be strictly in the
N,O3~ coordination planes of all but one of the
structures as a consequence of their inversion centres.
The packing of the complexes appears to be dominated
by the requirement for copper to form weak interactions
in its apical sites to oxygen atoms in adjacent units
leading to highly tetragonally distorted octahedral or
square pyramidal geometries. In [Cu(HsalH),] and
[Cu(5-Me—HsalH),] each copper makes two interactions
with oximic oxygens on adjacent molecules giving the
two dimensional layer structure leading to tetragonally
distorted copper(II) centres as illustrated in Fig. 33.

In [Cu(5-Cl-HsalH),] the copper(II) centres associate
with phenolic oxygens on adjacent units (Cu---O, 3.01
A), generating highly tetragonally distorted 6-coordi-

Fig. 34. The one dimensional ribbon formed by [Cu(5-Cl-HsalH),] in
the solid state.
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Fig. 35. The dimeric structure of [Cu(HsalMe),] formed in the solid
state, showing the distorted square pyramidal geometry at Cu (apical
Cu- - -0, 2.666(5) A).

nate copper atoms in one dimensional ribbons [41] (see
Fig. 34).

The copper atoms in [Cu(HsalMe),] also associate
with phenolic oxygens via a co-facial approach of
complex units, but in this case only dimers are formed
(see Fig. 35), probably because the bulky methyl
substituents restrict efficient packing, therefore, desta-
bilising the formation of ribbons.

The introduction of bulky groups into the ligands
prevents the close approach of the complexes that is
required to produce the apical interaction which give
rise to these structural motifs. Therefore, in [Cu(Hsa-
IEt),], [Cu(3-'Bu-5-Me-HsalH),] and [Cu(5-Me-
HsalPh),] no intermolecular coordination sphere con-
tacts are observed and the complexes remain as discreet
molecular species. The breaking down of such inter-
complex interactions has important consequences in
providing good solubility in the hydrocarbon solvents
which are used in commercial operations to recover
copper using such phenolic oxime ligands (see Section
1.1).

One further complex of note is that of 5-Me—H,salPh
which provides the only example of the oxime oxygen
acting as a hydrogen bond acceptor. In this case a
chloroform of crystallisation occupies cavities formed
within the structure by the staggered orientation of the
phenyl rings and are orientated by hydrogen bonding
(O---H 2.03 A). These chloroform molecules are tenu-

Fig. 36. Solid state structure of [Zn(HsalH),(H,O)].

ously bound in the crystals, and on standing they
decompose with loss of the solvent.

3.1.8. Zinc

Two zinc(Il) structures are available for analysis.
Preparation of the complex from hydrated zinc acetate
in methanol vyields [46] the monoaquo complex
[Zn(HsalH),H,O] which on recrystallisation from
chloroform gives the dimeric complex [(Zn(HsalH),),]
[11]. In the aquo complex [Zn(HsalH),(H,0)] the zinc
atom has a distorted trigonal bipyramidal geometry
with the water molecule occupying an equatorial posi-
tion (Fig. 36). The two oximic nitrogens and the water
are coplanar with zinc (the sum of angles in the
equatorial plane is 360.0°) and the two axial zinc-
phenolic oxygen bonds are of the same length and
almost colinear (Zn-0, 2.041(4) and 2.047(4) A; O-
Zn-0, 172.7(2)°). The HsalH ™~ ligands are planar and,
although inclined at an angle of 45° with respect to each
other, are still able to form a pseudo-macrocyclic motif
with strong phenolate-oxime hydrogen bonds (O---O,
2.778(8) and 2.749(5) A). In addition the phenolate
oxygens form intermolecular hydrogen bonds to waters
in adjacent molecules to produce infinite linear chains
which are linked by weaker hydrogen bonds to form
layers.

In [(Zn(HsalH),),] each zinc atom in the dimer is
coordinated to two bidentate salicylaldoximate ligands.
Both bind zinc through the oximic nitrogen and
phenolic oxygen but for one of the ligands the oxygen
acts in a |, fashion binding to a neighbouring, similarly
coordinated zinc. This produces a centrosymmetric,
dimeric molecule. Each zinc is pentacoordinate and the
coordination polyhedron is best described as distorted
trigonal bipyramidal. The equatorial positions are
occupied by two oximic nitrogens (Zn—N, 2.030(4) and
2.015(5) A) and a bridging phenolate oxygen (Zn-O,
2.071(3) A), all of which are coplanar with the zinc (the
sum of angles around the zinc equatorial plane is
359.5°). The axial positions are occupied by a terminal
phenolate at 1.965(4) A and a further bridging phenolate
at 2.077(3) A. The Zn—O distances are, therefore, very
similar and the Zn—O—-Zn angle is 96.7(1)° giving a Zn—
Zn separation of 3.100(2) A. The whole structure is
further stabilised by intramolecular hydrogen bonds
between oximic hydrogens and phenolates.

3.1.9. Mixed first row transition metal complexes

Two isostructural mixed metal complexes of the
ligand H,salH have been reported, both of which
incorporate chromium.

The first example, [(Mestacn),Cr,(OMe),(p3-O),(sal-
H),Fe,](ClOy), - 3H,O was prepared by the reaction of
[(Mestacn)Cr(MeOH);]> ™ with H,salH and
[Fe(MeCO,),] in methanol, followed by precipitation
of the product with perchlorate [47]. The second
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Fig. 37. Structure of [(Mestacn),Cr,(OMe)s(113-O)x(salH),Mn,]> © with the perchlorate anion and hydrogens excluded for clarity, together with the
oxygen capped butterfly structure of the [Cro(IIN)Mny(IIT)(u3-0),]°* core.

example is prepared in an analogous fashion, but
replacing iron(II) acetate with manganese(IIl) acetate
[48]. The two compounds are isostructural and only the
manganese complex will be discussed in detail here.

The cation, shown in Fig. 37, is symmetric and
has a two-fold rotation axis. It is based on a
[Cro(II)Mn,(IIT)(113-0),]* * core, which has an oxygen
capped butterfly structure.

Geometric parameters for both the manganese and
iron compounds are given in Table 4. Of note is the
short Mn---Mn and Fe---Fe interactions observed in
both compounds. The coordination geometry of the
N303 donor sets around the chromium atoms is fac-
octahedral. Three nitrogens of the triaza macrocycle
coordinate confacially, while the remaining coordina-
tion sites are occupied by oxygen atoms from the ps-
0x0, a bridging methoxide and from the deprotonated
oxime group. The primary coordination of the manga-
nese is square based pyramidal, however, there is a weak
interaction with a water molecule (Mn---O, 2.79 A)
giving overall pseudo-octahedral coordination. Consid-
erable tetragonal distortion is seen for the manganese
atoms and the axial Mn—O distance of 2.20 A, occupied
by the bridging methoxide, is considerably longer than
bond distances seen for the equatorial atoms. The
equatorial plane of the manganese coordination sphere

is formed by two psz-oxygen atoms and by the phenol
oxygen and oxime nitrogen of the chelating (salH)>~
ligand.

3.2. Second and third row transition metals

3.2.1. Molybdenum
Only one structure of a phenolic oxime with molyb-
denum has been determined. On reaction of

e}

Fig. 38. Solid state structure of [Mo,Os(salH),]> ~. The location of the
azomethine H-atom appears to be incorrectly reported [49].

éil())lriciric parameters for the isostructural manganese(I1I) and iron(I1I) complexes with HsalH,

Compound * (salH)*~ Cr--Cr(A) M---M(A) M-O-M (°) Dihedral angle (°)®  Ref.
cr-0 (A) M-O0(A) M-N(A)

[Cro(IID)Fex(IIT)(113-0),]° * 1.954(20)  1.884(17)  1.979(21)  5.66 2.736(10) 93.2(5) 1353 [47]

[Cr(IIHMn,(IT)(p3-0),]0 1.931(12) 1.857(11)  2.025(14)  5.664(3) 2.742(7) 94.2(3) 135.4 [48]

2 M = Fe and Mn for [Cr,(IIT)Fe,(IIT)(113-0),]° ™ and [Cro(IIT)Mn,(IIT)(1s-0),]° T, respectively.
® The dihedral angle is the angle between two planes defined by the CrMa(13-O) triangular units, where M = Fe or Mn.
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Fig. 39. Solid state structure of [Pd(HsalEt)].

[(C4H9)4N],[M0,0-] with H,salH, yellow crystals of the
molybdenum(VI) complex [(C4Hg)sN]o[Mo0,0s(salH),]
are obtained [49] The X-ray structure determination
shows that in this dimolybdenum complex, two cis
dioxomolybdenyl centres are bridged by an oxo group
and by the deprotonated oxime groups from two
ligands, each binding in a p, mode. Geometrical
parameters are consistent with sp? hybridization of the
oximato nitrogen with double bond character localised
along the C—N bond. This two atom bridge between the
molybdenum centres requires the Mo—O—-Mo angle to
expand to 132° compared with the usual ~ 110° seen
with single atom bridges. The pseudo-octahedral NOs
coordination sphere of each molybdenum is completed
by a phenolate oxygen from one of the ligands (Fig. 38).

3.2.2. Palladium

The coordination chemistry of palladium(II) with
phenolic oxime ligands is closely related to that of
copper. Of the three reported structure determinations,
that for [Pd(5-Cl-HsalH),] gives [50] only the unit cell
dimensions and space group. The two complete struc-
tures [Pd(HsalH),] [51] and [Pd(HsalEt),] [52] show
trans planar coordination of two monodeprotonated
ligands to a square planar palladium(II) centre forming
a pseudo-macrocyclic complex (see Fig. 39). The N-—
Pd-O chelate angles are slightly greater than 90°, a
feature also seen for the nickel(IT) complexes, reflect the
relatively small bite angle (even for a late transition
element) of the six membered ligand chelate. Other
structural features are given in Table 5.

Table 5
Key features of palladium phenolic oxime complexes.

3.2.3. Platinum

Two platinum complexes have been structurally
characterised with the phenolic oxime moiety. Unlike
the palladium(Il) complexes, which are similar in
coordination chemistry to that of nickel(Il) and cop-
per(Il) in that they form mononuclear bis-bidentate
species, both the platinum complexes coordinate to only
one phenolic oxime. On reaction of K[Pt(Cl);(Me,SO)]
with HpsalH, in ethanol, a yellow platinum(II) complex
[Pt(Cl),(H,salH)(Me,SO)] is obtained with the oxime
bound in a monodentate fashion. In the presence of one
equivalent KOH, under analogous conditions, the
phenolic oxygen is deprotonated leading to the forma-
tion of both the c¢is-(S,N)- and trans-(S,N)-
[Pt(Cl)(HsalH)(Me,SO)] complex [53]. The X-ray struc-
ture of the cis-(S,N)-isomer has been determined, Fig.
40(a). The platinum is arranged in a planar geometry
with the dimethylsulfoxide oxygen lying in the same
plane. The geometry is stabilised with an intramolecular
hydrogen bond between the oximic hydrogen and the
dimethylsulfoxide oxygen (O---O, 2.578(8) A).

Treatment of trans-(S,N)—[Pt(Cl)(HsalH)(Me,SO)]
as a chloroform solution with excess Cl, results in
oxidative addition of chlorine to the platinum(II) centre
and chlorination of the benzene ring at ortho and para
positions to afford the platinum(IV) trans-(S,N)-
[Pt(C1)3(3,5-diCl-HsalH)(Me,SO)] complex, [53] Fig.
40(b). The platinum(IV) centre is 6-coordinate with a
slightly distorted octahedral mer-geometry with respect
to the chlorides. As in the platinum(II) complex the
dimethylsulfoxide oxygen lies in the same plane as the
PtSNOCI atoms with an additional intramolecular
interaction between the oximic hydrogen and the
equatorial chlorine (O---Cl, 3.03 A) reinforcing the
stability of the trans geometry.

3.3. Complexes of other elements

3.3.1. Boron

X-ray structures of two phenolic oxime boron com-
plexes have been reported. Diphenylborinic acid reacts
with HysalH to give a colourless product formulated as
[(salH)BPh],, shown schematically together with the
complete structure in Fig. 41 [54]. The boron atoms in
the structure are chiral and a racemic mixture of RR and
SS forms crystallise from acetone solution. The mole-
cule comprises of a linear but non-planar system of five
fused six membered rings. A central B,N,O, ring which

Complex Pd-N (A) Pd-O (A) O-Pd-N (°) chelate O-Pd-N (°) non-chelate 0---0 (A) Ref.
[Pd(HsalH),] 1.96(1) 1.98(1) 92.5(7) 87.5(7) 2.62(2) [51]
[Pd(HsalEt),] 1.979(3) 1.970(2) 92.2(1) 87.8(1) 2.594(5) [52]
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has a distorted boat conformation is flanked by two
C;3;BNO rings which in turn are fused to the aromatic Cq
rings of the phenolic oxime ligands. The overall
molecule has approximate C, symmetry and the boron
atoms are tetrahedrally coordinated. The PhB unit (B—
C, 1.596(2) A) is chelated by the salH>~ ligands through
the phenolic oxygen and oximic nitrogen atoms (B-O,
1.467(2) A; B-N, 1.599(2) A). The final coordination
site is occupied by an oximic oxygen from the adjacent
ligand (B-O, 1.472(2) A) leading to dimer formation.
The chelating O—-B—N angle is 104.6(1)° demonstrating
the large ligand bite angle possible with the small boron
atom.

Reaction of oxybisdiphenylborane with HysalH gives
rise to a second boron complex formulated as
[(HsalH)BPh,] [55]. Bond lengths and angles in the
HysalH ligand are very similar to those seen in the
[(HsalH)BPh], complex and the structure can be de-
scribed in terms of replacing the ‘chelated’ proton from
the ligand with a diphenylborenium cation. The BPh,
unit is, therefore, chelated by the HsalH ™ ligand (B-O,
1.516(1) A; B-N, 1.609(2) A) but the chelate ring is non
planar and adopts a half chair conformation. The
coordination geometry at boron closely approximates

(b)

Fig. 40. Solid state structures of (a) cis-(S, N)-[Pt(Cl)(HsalH)(Me,SO)] and (b) [Pt(3,5-diCl-HsalH)(Cl);(Me,SO)].

to ideal tetrahedral. Intermolecular hydrogen bonding is
a feature of the structure with a strong interaction
between the phenolic oxygen and an oximic OH on an
adjacent molecule. This results in a spiralling one
dimensional polymer chain through the crystal which
is closely related to the one dimensional polymers seen
for the free ligands. This hydrogen bonded polymer is
shown in Fig. 42, together with the structure of a single
[(HsalH)BPh,] molecule.

3.3.2. Gallium

A single solid state structure of gallium with a
phenolic oxime ligand has been reported. Reaction of
HjsalH with trimethyl gallium in tetrahydrofuran gives
pale yellow crystalline plates which have been structu-
rally characterised as the relatively unusual 5-coordinate
complex, [GaMe(HsalH),] Fig. 43 [56]. The coordina-
tion geometry at gallium is distorted square pyramidal
and the molecule has crystallographically imposed C,
symmetry. However, there is disorder in the galium
bound methyl group, which is free to rotate. The basal
plane of the square pyramid is formed by the two mono
deprotonated phenolic oxime ligands which are linked
by strong oxime OH to phenolate oxygen hydrogen

Fig. 41. Solid state structure of [(salH)BPh],.
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Fig. 42. Structure of [(HsalH)BPh,] monomer and the one dimensional hydrogen bonded polymer it forms in the solid state.

Fig. 43. Solid state structure of [GaMe(HsalH),].

bonds (O---O, 2.571(3) A; O-H-0, 146(4)° giving a
reported hydrogen bond length of 1.96(3) A). The
gallium is displaced by 0.7068(4) A from the mean
N»O, basal plane of the donor set toward the carbon of
the methyl group (Ga—C, 1.947(5) A). This results in
both chelating and non-chelating N—Ga—O angles being
acute (chelating O—Ga—N, 84.94(7)°, non-chelating O—
Ga-N, 80.91°). The complex, therefore, represents yet
another example of the pseudo-macrocyclic motif char-
acteristic of phenolic oxime chemistry.

3.3.3. Tin
Eleven closely related structures of phenolic oxime
complexes of tin appear on the Cambridge Structural

Database. Structural data for all eleven related com-
pounds are given in Table 6.

Reaction of di-"butyl tin oxide with HpsalH gives a
crystalline product which has been formulated by X-ray

Fig. 44. Solid state structure of [(Bu,Sn)(Bu,SnO)(Bu,SnOH)(H-
salH)(salH)] excluding the hydrogen atoms for clarity.

Table 6

Key features of tin phenolic oxime complexes of the type [(R>Sn)(R,SnO)(R,SnX)(HsalH)(salH)]

R group X group HsalH™ salH?~ Sn-0 (A) O---O(A) Ref.

Sn-N (A) Sn-O (A) N-Sn-O(°) Sn-N(A) Sn-O (A) N-Sn-O (°)

"Bu HO 2.67(1) 2.68(1) 66.2(7) 2.29(1) 2.26(1) 76.7(5) 2.14(1) 2.572(19)  [57]
Me MeO 2.588(7) 2.661(5) 66.3(2) 2.313(6) 2.189(5) 75.9(2) 2.170(5) 2.592(7) [58]
Me EtO 2.603(6) 2.678(5) 65.9(2) 2.307(6) 2.198(5) 78.0(2) 2.175(4) 2.544(8) [58]
Me "PrO 2593(7)  2.681(5)  66.1Q2) 2.286(7)  2.174(6)  77.8(3) 2.173(5)  2.5319)  [58]
Me Pro 2.60(1) 2.647(5) 66.5(3) 2.33(1) 2.192(8) 76.7(3) 2.170(7) 2.527(12)  [58]
Me p-BrC¢H,O 2.632(7) 2.688(4) 64.76(19) 2.324(5) 2.184(7) 77.7(2) 2.181(4) 2.558(8) [59]
Me p-MeCgH,O 2.644(6) 2.695(4) 64.95(17) 2.337(5) 2.191(6) 77.7(2) 2.178(3) 2.541(7) [59]
Me PhCHNO 2.628(5)  2.715(4)  65.09(16) 2332(5)  2.177(5)  77.38(19) 2.177(4)  2.588(7)  [59]
Me Et(Me)CHCH,O 2.543(6) 2.634(4) 67.6(2) 2.291(5) 2.193(4) 75.1(2) 2.171(4) 2.587(7) [60]
Me 0-HOCcH,CHNO  2.614(6) 2.730(4) 65.40(14) 2.282(5) 2.186(4) 77.35(16) 2.191(4) 2.592(6) [61]
Me F 2.573(1) 2.706(11)  66.7(3) 2.306(12)  2.169(11)  77.1(4) 2.206(11)  2.616(13)  [61]
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Scheme 3. A pictorial representation of the relationship between
pseudo-macrocyclic complexes and the tin complex.

diffraction as [(Bu,Sn)(Bu,SnO)(Bu,SnOH)(H-
salH)(salH)] (Fig. 44) [57].

The complex is a trinuclear tin species and contains
one monoanionic (HsalH) ~ and one dianionic (salH)?~
ligand, each of which coordinates in a tridentate
fashion. Both ligands chelate a central tin atom which
has overall distorted pentagonal bipyramidal geometry
with "butyl groups occupying the axial sites (C—Sn—C,
160.0(7)°). The ligands bind through the phenolic
oxygen and oximic nitrogen atoms ((HsalH) : Sn-0,
2.68(1) A; Sn-N, 2.67(1) A; N-Sn-0, 66.2(7)°,
(salH)>~: Sn-0, 2.26(1) A; Sn—N, 2.29(1) A; N-Sn—
0O, 76.7(5)°). The remaining proton on the (HsalH)™
ligand forms a strong hydrogen bond with the phenolate
of the doubly deprotonated ligand (O---O, 2.57(2) A).
The other two tin atoms have distorted trigonal
bipyramidal coordination geometries. They are linked
by a bridging hydroxyl group and connected to the
chelated tin by a tricoordinate O® ~ anion that lies at the
centre of a Snj; triangle. In addition one tin is coordi-
nated to the deprotonated oxime oxygen of the (salH)>~
ligand and the other to the phenolate of the (HsalH)™
ligand. The structure is, on detailed inspection, closely
related to the pseudo-macrocyclic hydrogen bonded
systems seen for many phenolic oxime complexes. This
relationship is demonstrated in Scheme 3.

Reaction of dimethyl tin oxide with H,salH in
ethanol/toluene gives very similar compounds [58]. The
product is almost identical to that described above but
with methyl rather than butyl substituents attached to
tin. In addition, depending on the alcohol solvent of
recrystallisation, the bridging OH™ between the two
trigonal pyramidal tins is replaced with the alkoxide of
that alcohol. In this way the compounds [(Me,Sn)-
(Me,SnO)(Me,SnX)(HsalH)(salH)], X =OMe, OEt,
O-"Pr and O-"Pr can be formed. Further, the methoxide
bridged compound reacts with p-cresol or p-bromophe-
nol and benzaldehyde oxime to replace the methoxide

Fig. 45. Solid state structure of [(Me,Sn)(Me,SnO)(Me,SnX)(H-
salH)(salH)], X = (PhCH=NO).

bridge with a phenoxide or benzaldoximate bridge (Fig.
45) [59]. Similarly reaction with chiral 2-methyl-1-
butanol gives the 2-methylbutoxy bridge [60] A feature
of these complexes is the p3-oxo-bridged unit similar to
that found in V(IIT) and Fe(III) complexes (see Sections
3.1.1 and 3.1.4).

One example has been characterised where the p,-
bridging group is not oxygenated but rather replaced
with an intramolecularly p,-bridged fluoride ligand [61]
by the reaction of ammonium fluoride with the methox-
ide bridged species [62]. A recent review provides an
excellent comparison between solid state structures and
those in solution as defined by NMR [63].

4. Table’s of phenolic oxime ligands and metal complexes

Tables 7 and 8.

5. Summary and conclusions

This survey has confirmed that a wide range of
structural types is observed in the coordination chem-
istry of phenolic oximes. Formation of polynuclear
metal complexes is prevalent with the early transition
elements, particularly in medium or high oxidation
states. This is facilitated by p-oxo bridging involving
oximato or phenolato oxygen atoms in the doubly
deprotonated ligands.

A dominant feature in the structures of both the free
ligands and their metal complexes is the formation of
hydrogen bonds between oximic hydrogen and phenolic
oxygen atoms. The formation of pseudo-macrocyclic
units by such intramolecular head-to-tail hydrogen
bonding in 2:1 complexes with copper goes someway
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Table 7
List of known phenolic oxime ligand structures

Ligand Chemical name | Structuraltype/ | copccode | Ref.
features
Dimer [(LH),]
OH 0--0=2.82
. b SALOXM [15]
N 2-hydroxy- 20--~N =2.63
oH benzaldehyde oxime Ry =2.10(1)
Positional paras not
provided SALOXMO1 | [14]
OH
~—N 5-tert-butyl-2- Polymer [(LH),]
hydroxy ‘0--0=2.78 Unpublished | [11]
OH benzaldehyde oxime | O--N =2.62
pH
N S-tert-octyl-2- Polymer [(LH),]
oH hydroxy ‘0--0=2.77 Unpublished | [11]
benzaldehyde oxime 0..N=2.62
_N,OH Dimer [(LH),]
5-chloro-2-hydroxy ‘0-+0=2.83
CldOH benzaldehyde oxime | 0N =2.65 CLSALX (18]
Ry = 2.08(1)
Positional paras not
OH p
=N 1-(2-hydroxy-5- provided HEPKET (16]
eth.ylphenyl) ethanone Polymer [(LH),]
OH oxime °0--0=2.73,2.75 | HEPKETOl | [17]
0N =251
OH
) 1-(2-hydroxy-5- o\
N methylphenyl) Positional paras not | py\ipppx | (16
. provided
OH propan-1-one oxime
OH
. Polymer [(LH),]
N 1‘(2“‘5"11“’“'?“‘?“”1) “0..0=2.80,279 |HELBOP | [23]
on propan-1-one oxime | 49 1 5's3
o 1-(2-hyd 5
=N -(2-hydroxy-5- .
methylphenyl) P:’OS“,‘;(;’:;’ parasmol | yMPKET | [16]
OH ethanone oxime p
,OH
—N Polymer [(LH),]
ohydroxy S methoxy | 40..0.=2.82 MXSALO | [19]
/O oH enzaldehyde oxime | o o 5'cs
IOH
—N 1-(2-hydroxy-5- .
nonylphenyl) Pf(f\',‘i‘;’::' parasnot | pNpKET [16]
CoHyy OH ethanone oxime p
CH,y OH
—N 1-(2-hydroxy-5- .
methylphenyl) decan- Pl(_)os‘lltil;:;l paras not HMPNKX [16]
OH 1-one oxime p
pH
—N 2-hydroxy- ON-O = 2.64
benzaldehyde oxime | . - Unpublished | [13]
OH N--0=2.67
tmeda adduct
(Me;N(CH;),NMe,)
,OH
~N 2-hydroxy- R
benzaldehyde oxime N---0 =2.61
C§:OH diaza-[18]-crown 6 ‘N0 =2.68 GOBZEC (22]
. adduct
-Ya(diaza-[18]-crown 6)

%0- - -O; seperation (A) of oxmic and phenolic oxygean atoms forming inter-molecular hydrogen bonds.

®N. . .0; seperation (A) of oximic nitrogen and phenolic oxygean atoms forming the intra-molecular hydrogen bonds.
°Oxime OH to amine N hydrogenbond.?Oxime OH to macrocycle N hydrogen bond.

°N,O, donor set hole size (A) defined as the mean distance of donor atoms from the centroid®.
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Table 8

List of known phenolic oxime complexes

Complex CCDC code Figure Ref.
Vanadium

[VO(HsalMe),] VOSALM Fig. 16 [12]
[VO(HsalEt)(salEt)], VOETDI Fig. 17 [12]
[VO(HsalMe)(salMe)], VOMEDI Fig. 18 [12]
[VO{CcH4(O)CH=N-OC(Me)=NH}] HAXPEB Fig. 19 [12]
[V303(OEt)s(salH)s] POGZIU Fig. 20 [28]
[VO(OMe)(OCsH4CH=NCHCsH,OC(0O)(Me)CHCOMe)] POGZOA Fig. 21 [28]
[Vi(ps-O)(HsalH)(salH)(Salmp)][Et;NH] - 2H,O SUQMOG Fig. 22 [29]
[VO(HsalH)(salH)], Unpublished [11]
Chromium

[Cre(p3-O)a(salH)s(p2-OOC,Hs),(H20)2(CoHsCN),) JOYLUE Fig. 23 [30]
Manganese

[Mn{(HsalMe)(salMe)} 4] Unpublished [12]
Iron

[Fe{(salH)(HsalH)} 4] BOCCOL Fig. 24 [2]
[(Mestacn)Fe(salH);Fe] ABOXOE Fig. 25 [31]
[(Me3taCn)2Fe4(SalH)z(}lg-O)(}lz-CHgCOz)}][PF(,] YAYPOD Flg 26 [31]
[Fe;O(salmp)(HsalH)(salH),] ~ TIWKEP Fig. 27 [32]
Cobalt

[Co(NO)(HsalMe),] CEFTEM Fig. 28 [33]
[Co(salH)(trien)]Cl ZIFHIF Fig. 29 [35]
[Co(NO)(HsalH),] FUPVER [34]
[Co(NO)(5-Cl-HsalH),] FUPVIV [34]
Nickel

[Ni(HsalH),(Meg4en)] Unpublished Fig. 30 [13]
[Ni(HsalH),] NISALO [36]
[Ni(HsalMe),] RIQBAU [37]
[Ni(HsalEt),] YOKWOK [38]
[Ni(5-Me—HsalH),] HIDQEQ [39]
[Ni(HsalH),(N ,N’-Mesen)] Unpublished [13]
[Ni(HsalH),(pn)] Unpublished [13]
Copper

[Cu(5-Me—-HsalPh),] Unpublished Fig. 31 [10]
[Cu(3-CH(OMe),-5-Me—HsalH),] RIBYEG Fig. 32 [44]
[Cu(HsalH),] SALCOP Fig. 33 [40]
[Cu(5-Cl-HsalH),] CSALCU Fig. 34 [41]
[Cu(HsalMe),] DEDGAUI10 Fig. 35 [42]
[Cu(HsalEt),] PARHUL [43]
[Cu(5-Me—-HsalH),] Unpublished [10]
[Cu(3-' Bu-5-MeHsalH),] Unpublished [10]
[Cu(5-Me—HsalMe),] HMPMCU [16]
[Cu(5-Et—HsalMe),] [16]
[Cu(5-Me—HsalEt),] [16]
Zinc

Zn(HsalH),H,0 TERQEM Fig. 36 [46]
[Zn(HsalH),], Unpublished [11]
Mixed metals

[(Me;tacn)zCrz(OMe)z(u3-0)2(salH)2Mn2]2+ HENROH Fig. 37 [48]
[(Mestacn),Cry(OMe),(13-O)(salH),Fe,]* + WAGIJIX [47]
Molybdenum

[Mo,Os(salH),J* ~ JICHIM Fig. 38 [49]
Palladium

[Pd(HsalEt),] ZIJYIA Fig. 39 [52]
[Pd(HsalH),] SAOXPD [51]
Platinum

[Pt(HsalH)(Cl)(Me,SO)] FEQPIA Fig. 40(a) [53]
[Pt(3,5-diCl-HsalH)(Cl);(Me,SO)] FEQPOG Fig. 40(b) [53]
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Table 8 (Continued)

Complex CCDC code Figure Ref.
Boron

[(salH)BPh], BUCCOR Fig. 41 [54]
[(HsalH)BPh,] CORGOF Fig. 42 [55]
Gallium

[GaMe(HsalH),] VUBRUF Fig. 43 [56]
Tin

[(Bu,Sn)(Bu,SnO)(Bu,SnOH)(HsalH)(salH)] WEVGIN Fig. 44 [57]
[(Me,Sn)(Me,SnO)(Me,SnON=CHPh)(HsalH)(salH)] NOMYAP Fig. 45 [59]
[(Me;Sn)(Me,SnO)(Me,SnO—-CgHy-p -Me)(HsalH)(salH)] NOMYET [59]
[(Me>Sn)(Me,>SnO)(Me,SnO-CgHy-p -Br)(HsalH)(salH)] NOMYIX [59]
[(Me,Sn)(Me,SnO)(Me,SnO—-Me)(HsalH)(salH)] ZUYRUG [58]
[(Me,Sn)(Me,SnO)(Me,SnO-Et)(HsalH)(salH)] ZUYSAN [58]
[(Me,Sn)(Me,SnO)(Me,SnO-" Pr)(HsalH)(salH)] ZUYSER [58]
[(Me,Sn)(Me>SnO)(Me,SnO—'Pr)(HsalH)(salH)] ZUTSIV [58]
[(Me;Sn)(Me,SnO)(Me,SnO—-CH,CH(Me)CH,CHj;)(HsalH)(salH)] SOZQAZ [60]
[(Me,Sn)(Me,;SnO)(Me,SnO-NCHCHy-0 -OH)(HsalH)(salH)] BAXXAZ [61]
[(Me;Sn)(Me,SnO)(Me,SnF)(HsalH)(salH)] BAXXED [61]

to explaining the high ‘strength’ and selectivity of these
reagents when used in the solvent extraction of cop-
per(IT). It is also consistent with the observation that in
commercial operations many of the ‘modifiers’ added to
formulations to ‘weaken’ the extractant are themselves
likely to form strong hydrogen bonds to the uncom-
plexed ligand. The survey identifies metal types and
oxidation levels which are likely to lead to formation of
insoluble (polynuclear) metal complexes. Such informa-
tion should be useful to those developing flowsheets to
treat new types of pregnant leach solutions containing
mixtures of transition metal ions.
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