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A. INTRODUCTION

The name oxime is a contraction of oxy-ie{nﬁ,;“c: iOH. The oxime group
is amphiprotic with a slightly basic nitrogen atom and a mildly acidic hydroxyl
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group. It was Alfred Werner who, in his doctoral work under Hantzsch, clearly recog-
nised!*2 that the observed isomerism of oximes is due to “the different spatial ar-
rangement’” of the groups attached to the C = N moiety. The occurrence of two
isomers of benzaldoxime and three 1somers of benzildioxime was immediately ration-
alized.

The most significant early event in the area of transition metal chemlstry of
oximes took place in 1905 when the Russian chemist, Chugaev * discovered3 the
reaction between nickel(II) salts and dimethylglyoxime, which is the best-known
example of a vicinal dioxime (henceforth abbreviated as vic-dioxime). The list of
vie-dioximes and transmon metals that can partxcxpate in complex formation was
quickly augmented Chugaev correctly- identified* the bidentate nature of vic-
dioximes although this did not pass without criticism?. The chelate ring size, how-
ever, remained uncertain and went through the incorrect seven-membered and six-
membered formulations to the now well-established five-membered formulation.
Detailed accounts of these and other historical developments are well-documented
in several place36 . Particular mention should be made of Welcher’s treatise 3,
which has a large amount of information on the early research on metal complexes
not only of vic-dioximes but of oximes in general.

The complexes of vic-dioximes have yielded through the decades a never-ending
series of interesting chemistry '©. This in turn has stimulated research into the
coordination chemistry of ligands having other functions in addition to the oxime
function. A vast amount of fascinating chemistry has thus accurnulated with fun-
damental bearings on areas such as structure, stability and reactivity of molecules,
analytical chemistry and biochemical models.

In the present article we wish to focus attention on the various structural types
among the transition metal complexes of oximes. Structures derived from dif-
fraction work are described in greater detail than those arrived at on the basis of
indirect spectroscopic, magnetic and other data. Structural interrelations wherever
existent are noted. Discussions of structural types are subdivided according to
ligand systems, which are usually identified by functional groups. For example,
“carbonyl-oxime” embraces ligands which contain both carbonyl and oxime
groups. Where cornmon names exist, these are used as such, e.g. “*nitrasophenols™.
We wish to emphasise that it is not the purpose of this article to discuss the com-
plexes of all oximes or of all transition metal ions. In other words it is not an
exhaustive report. We have instead concentrated on a few selected systems where
considerable structural work has already been done or where such work will be
worth doing. Literature coverage is up to late 1972.

The abbreviations used for various ligands are noted in the text in appropriate
places. The meanings of some other symbols which appear in the text are collected
below:

* This, rather than Tschugaefts _is the correct form of spelling (private communication with
Professor J.C. Bailar, Jr.).
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oac acetate

YA any atom

Y any organic group

Ar aryl

Bu butyl

Et ethyl

hal halide ion

R hydrogen, alkyl or aryl

H L ligand with » dissociable protons
M metal

Me methyl

Aand B monodentate ligands

D monodentate neutral donor
X mononegative anion

n,m numbers, usually integers
Ph phenyl

Pr propyl

pY pyridine

B. STRUCTURE OF THE OXIME GROUP

The structures of several oximes are accurately known. These are briefly pre-
sented in this section with particular reference to the dimensions of the oxime
group. Interestingly, the choice between the classical structure 1 and the nitrone
structure [ was actively debated!! as late as 1952. Neutron diffraction work !? on

N N g0
_C==NOH "’C—N\ﬁ

1 1

dimethylglyoxime definitely established the presence of O—H bonds (1.02 + 0.04 A)
in this compound. It is now generally agreed that the oxime group has the structure
I. Oximes are usually associated 12722 in the solid state viz O—H--N hudrogen
bonds of length ~ 2.8 A,

The dimensions of the oxime group in several compounds of known structure
are listed in Table 1. The calculated C = N and N-—O distances based on covalent
radii and electronegativity are 1.27 and 1.44 A respectively 23, In most cases the
observed C = N distances lie within + 0.02 A of the calculated figure. On the other
hand observed N—O distances are systematically lower than 1,44 A and usually lie
in the range 1.40 = 0.02 A. The anomalous neutron diffraction data!? of dimethyl-
glyoxime may actually be in error since the work was done in projection. For the
sake of comparison the average N—O distances in two N-oxides: trimethylamine
oxide2*, 1.39 A and pyridine N-oxide 25, 1.35 A are noted.
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TABLE 1

Bond distance (A) and bond angle (°) data for some oximes

Compound C=N N-O < C-N--0 Ref.

Formaldoxime? 1.276 1.408 110 23

Formamidoxime®” 1.288 1.415 110 13

Acetoxime 1.29 1.36 111 14

Glyoxime® 1.284 1.397 111 15

Dimethylglyoxime e 1.25 1.32 1 12
G 1.27 1.38 114 16

syn-p-Chlorobenzaldoxime 1.260 1.408 i1t 17,18

p-Dimethylamino-

benzaldoxime 1.264 1.420 121 19

S-Chlorosalicylaldoxime 1.24 3 114 20

Pyridoxal

phosphate 1.32 1.36 118 21

oxime

Cyclohexane- 1.276 1.411 112 22

1, 4-dionedioxime

Microwave data.
X-ray diffraction data.
Neutron diffraction data.

a
b
<

C. MODES QF BONDING IN COMPLEXES

As a ligand the oxime group is potentially ambident with possibilities of coordina-
tion through nitrogen and/or oxygen atom(s). In the vast majority of complexes
coordination actually occurs at nitrogen. Anticipating the results to be described
in the later sections, the various proven modes of metal—oxime linking are summa-
rised below in III—V{ (electrical charges are not shown).

O!(N)
--C'//N\M
V4

m

o™
i
—;C‘//(N\M
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Oximes can react either as such or in the form of the conjugate base. This is what
is meant by putting the hydrogen atom in Il in parenthesis. This atom may or
may not be present. In IV, one oxime group is present as such while the second
group is present as the conjugate base; the single hydrogen atom is then shared in
the O--H--O bridge. The structural types III and IV are quite common.

Several polynuclear species containing V are also known. In VI the oximate anion
is linked to the metal through oxygen. Only a limited number of complexes be-
longing to this type are known at present.

D, SIMPLE OXIMES

By “simple oximes™ are meant ligands which have only one oxime group as the
sole coordination sue such as acetaldoxime (Hado) and acetoxime (Hato). Hieber
and Leutert showed?%27 many years ago that such oximes react with copper (1),
nickel(11) and csbalt{ﬂ} salts giving complexes of the type M(oxime),, X5, where
nisusually 2or4and Xisa halogen A few cobalt(lI) complexes(n =4, X =Cl)
were shown to be high- spm 8 Apart from this there have been very few early
physicochemical and structural studies on the complexes of simple oximes. The
three-dimensional X-ray structure of Ni(Hado)4Cl, in the crystalline state was
recently :eperted“ The coordination polyhedron is trans octahedral NiN, Cl,.

The oxime molecules are bound to the metal via nitrogen atoms, the NiNj frag~

ment being p]anar (average Ni—N, 2.114; Ni—Cl 2.441; C= N, 1.251; N— 0 1.380 A
and < CNO, 112°). The oxime protons hydrogen-bond with the coordinated chloride
jons intramolecularly. The electronic, vibration and PMR spectra of the complex

are reported29 to be in accord with the above structure.

A number of tetracoordinated grossly planar platinum{1iI} complexes containing
Hado and Hato such as cfs- and trans- {PZ(NHS)z{Hato)Z} Cl,, mrans- [Pt(NH,;),
(Hado), ] Cl,, [Pt(SHad%) 1CL,, [Pt(Hato), 1 Cl,, [Pt(Hato);Cl] Cl, etc. were
descnbed recently The complexes are thermodynam1cally less stable than
the corresponding amine complexes3 , and act as protonic acids due to the disso-
ciation

i

C_ i /Cw
/ +
-—Pt“N + H20 == —Plt—-N\ +H,0 1)
OH o~

In some cases the neutralised spe:ciesé e.g. Pt(Hato),(ato),, in which like units are
probably disposed in frans positions ! canbe readily 1soiate<§ The dissociation con-
stants of the complexes catalogued above are known30-31_ For example, the pK of
Hato is ~ 12 while those of trans- [Pt(NH3)2(Hato)2] Cl1, are successively 5.66 and
7.40 at 25°C. The most significant point to note is that the bound oxime is more
acidic than the free oxime. This expected phenomenon occurs quite generally in
oxime chemistry.
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We now refer to a trinuclear paliadium(II) complex in which ato acts as a bridg-
ing group. Palladium(II) acetate reacts with Hato to produce a red-brown trimeric
complex [Pd(oac)(ato)] 5. The three palladium(II) atoms constitute 34 an equilateral
triangle in which each adjacent pair is held by the oac and ato anions as shown in
VII (Me attached to C and =CMe, attached to N are not shown).

}

(b °

.Pd

&

Every palladium(lIl) atom has a planar O3N coordination sphere and the molecule
has a threefold axis of symmetry. Some average bond distances are : Pd—N, 1.97;
Pd—0O, 2.00; N—O 1.37; C=N, 1.31 A. Acetoximato bridging of the same type as
in VII is known 37 to occur in {Z(ato}Me ] 5> Where Z = B, Al or Ga.

Lastly we make a brief note of some potentxally interesting complexes of the
trimer of formaldoxime (abbreviated as H,L). In neutral solutions nickel(II), co-
balt(II) and manganese(Il) form colourless complexes w1th thxs ligand. In strongly .
alkaline media these are readily ox1dxsed by air to yxeld deeply coloured
complexes of composition N1L2 CoLZ and Man - These can be isolated in
the crystalline state as alkali metal salts37. These complexes have been examined
using spectral, magnetic and polarographic techniques. However, nothing conclu-
sive appears to be known about their structures In fact, the nature of the ligand
HiL is 1tself a mystery One suggestion3? is that it xs C(CH,NHOH), (= NOH). The
ions NiL2~ and CoL3~ are dnamagnenc while Man has a magnetic moment of
3.82BM. Itis speculated =38 that the oxidation states of the metal jons in the
above complexes are respectively four, three and four. Definitive structural in-
vestigations on these systems will be worth undertaking.

E. vic-DIOXIMES
(i} General aspects of structure

The detailed structures of a sizeable number of metal vic-dioximates are known
from X-ray work. In almost all cases the grossly planar moiety VIII is present. De-
pending on the metal and its oxidation state, VIII may accommodate additional
ligands on one or both the axial (i.e. perpendicular to the plane of VIII) positions.
Ideally VIH can have the symmetry D.,, . In practice the symmetry is often found
to be lower due to distortions arising out of peculiarities in bonding or crystal pack-
ing. The structures of some molecules*9—56 which contain VI are summarised in
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Q-H-0
N
i
N N
o-H-0
VI
TABLE 2
Structure of vic-dioxime complexes
Compound Bond distances in M(Hvdo}, (A) Ref.?
M-N C=N N-Q Q-0
Ni(Hg), 1.88 1.29 1.35 2.45
{NiN,, unit is planar but the remainder 40,41%
of the molecule deviates from planarity)
Pd(Hg), 1.97 1.30 1.34 2.63
(Two crystallographically distinct planay 427
molecules occur in the crystal)
Pi(Hg), 1.99 1.31 1.35 266 43*
{Planar molecules}
Ni(Hdmg), 1.85 1.29 1.36 2.40
(Planar molecules stacked one above the 44,45
other)
Pd(ﬂ&mg}z 1.96 1.31 1.35 2.59 45
(Isomorphous with Ni(Hdmg), )
Pt(Hdmg), 1.94 1.32 1.28 3.03 46
(Isomorphous with Ni(Hdmg)z)
Ni(Hmeg), (e-form) 1.86 1.30 1.35 245
(Planar; g-form is crystaliographically 47, 48%

[Cu(Hdmg), ],

quite different)

193 1.29 1.36 2.66

(The dimers are centrosymmetric; dimers are
formed by interaction of the copper atom of
one unit with the oxygen atom of the second
unit; copper environment is distorted square

pyramidal; a hydrogen atom belonging

to a methyl group occupies the sixth posi-

tion around each copper at 2.93 &)

49, 50*
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Compound

Bond distances in M(Hvdo)2 {(A)

M--N C=N N-C G---0

Ref.9

[Co(Hdmg), (NH,), ]NO,

Co(Hdmg), (py) (C;H;0,)

(C4H,0, is ~CH,C(0)OCH,)

Rh(Hdmg}, (C) (PPhy)

[Rh(Hdmg), (PPh,)],

Fe(Hniox}2 {Im}2 . 2H20
{Im is imidazole}

Fe(Hdmg)2 (Im)2 . 2CH,OH

1.96 1.22 1.35 2.65
(Trans octahedral cation with ammonia
in axial positions; Co(!-ldmg)2 moiety is
nearly planar)

1.88 1.29 1.37 2.30
{The methylene carbon of C3 RSOZ is
bonded to cobalt in a position trans to
py; Co(Hdmg), unit is planar, Co—-C
and Co—N (axial) are both 2.04 A long)

1.99 1.30 1.34 267
{Pseudooctahedral with Cland PPhyin
trans positions; Rh(Hdmg), unit is not
strictly planar; Rh~Cl distance is 2.38 A)

1.99 1.30 1.33 2.62
(Dimerisation occurs via Rh—Rh single
bond of length 2.93 A; each rhodium(I}
atom is grossly octahedral; the
P—Rh~Rh-P chain is practically linear;
the grossly planar Rh(Hdmg), units are
in nearly staggered configuration)

1.94 1.31 1.37 2.67
{Centrosymmetric trans octahedral;
water molecules are not attached to
the metal)

1.91 1.32 1.39 2.59
(Centrosymmetric trans octahedral;

the chelate rings and imidazele rings

are planar. The O--H-Q bridge

is unsymmetrical, the hydrogen atom
being ~ 1 and ~ 1.5 A away from the two
oxygen atoms; the O---H -+ O angle
is 159°; axial Fe—N is 1.99 A)

51

54%

55

56"

@ References marked with an asterisk refer to three-dimensional work,
The abbreviations for the ligands are as follows: Hag, glyoxime; Hydmg, dimethylglyoxime;
Hymeg, methylethyliglyoxime; Hadpg, diphenylglyoxime; Haniox, cyclohexanedionedioxime;

Havdo, any vic-dioxime.

Table 2. In this Table the bond lengths are averaged and then approximated to
the second decimal place. While the actual precision of the crystallographic results
is higher in several cases, the average values are easy to deal with and will be used

as such.
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In Table 2, the most accurately known (three-dimensional work) structures
are marked by an asterisk. If only these structures are considered, the C=N and
N-O distances are found to remain remarkably constant around 1.30 and 1.34 A
respectively. On comparing these distances with those of free oximes (Table 1),
two points emerge: (i) the N—OQ distance is considerably shortened on complex for-
mation; (i) the C =N length is not much affected. Another result (not shown in Table 2)
is that on complex formation the angle CNO usually opens up by ~ 10° from the
free ligand value of ~ 112°. In view of the bond distance data, it may be signifi-
cant that in going from the alkali metal salts to the transition metal chelates, the
N--O stretching frequencies in the infrared are very considerably increased while
the effect on the C = N frequency is much less dramatic37 —39.

The intramolecular hydrogen bridged O - - - O distances (Table 2) have interesting
implications. Hydrogen bonds between oxygen atoms are usually found to occur
with O - - - O distances ranging upward from 2.4 A. An O - - - O distance shorter
than 2.4 A is made improbable by oxygen—oxygen repulsion. The trend of varia-
tion of observed O—H distances with O - - - O separations suggests that the hydrogen
atom is effectively centred in an essentially symmetric potential in cases where
the O - - - O distance is less than 2.5 A. A case at hand is potassium hydrogen
chloromaleate, in which the acidic hydrogen atom was found by neutron diffrac-
tion%% to be symmetrically located in the 2.4 A long O- - -O bridge (O-- -H-- -0
angle, 175°). When the O - - - O separation becomes larger than 2.5 &, the hydrogen
atom is usually situated unsymmetrically in the bridge at about 1 A from one of
the two oxygen atoms. The O - - - O distanees of Table 2 suggest that only
Ni(Hg),, Ni(Hdmg), and Ni(Hmeg), may involve symmetrical hydrogen bridging while
the remaining complexes probably have unsymmetrical bridges. Another point of
interest is that for a given ligand system the O- - -O distance increases in the order
Ni < Pd < Pt paralleling increase in atomic radii.

TheO---H---0O stretchmlg and bending vibrations in VII are usually observed
in the ranges 2200—2400 cm™ ~ and 1600—1800 crn”I respectxvely57 58 Both
bands are broad and weak but the bending vibration is more readily observed ex-
perimentally. It is significant that crystallme (Hdmg), Cu gives rise to>? two OH
frequencies (2650 and 2382 cm™ 1y corresponding to the two very different (2.526
and 2.694 A) O- - - O distances of the dimeric cempiexs . On dissolution in
chloroform contammg n-butylamine, only a single O—H frequency is observed>?
at 2375 cm™ 1. The structure in solution is clearly different from that in the solid
state. Most probably a monomeric species (likely to be an n-butylamine adduct)
having a single O - - - O distance is present in the solution phase.

Ni(Hdmg), forms needle-like orthorhombic crystals in which the planar mole-
cules of structure VIII are stacked one above the other such that the nickel atoms
form an infinite linear chain along the needle axis. Adjacent molecules in the stack
are rotated by 90° and have Ni- - -Ni separation of 3.245 A. The chelates
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Pd(Hdmg),, Pt(Hdmg), and many other M(Hvdo), (M = Ni, Pd) complexes have
similar structures. The natures of metal—metal interactions in such chains have
been the subject of many investigations. It can be stated that there is little con-
vincing evidence to require the occurrence of appreciable bonding in the ground
state along the metal chain. A recent review9! dealing with this topic is already

available.
(i} Oxidation of M{Hvdo), (M = Ni, Pd)

Ni(Hdmg}., dissolves in strongly alkaline media to give yellow solutions which
are believed 52 to contain species such as Ni(dmg) (OH)™ and Ni(dmg)?-;"'. The
latter can be isolated %2 as alkali metal salts, e.g. Li, Ni(dmg),. The structure of
Ni(dmg}; ™ is probably the same as that of VIII except that the two bridging pro-
tons are absent.

Strongly alkaline solutions of Nx’gﬂdmg}z (but not Pd(Hdmg}, ) absorb oxygen
with attendant reddening in colour®3:%4_ The absorption reaction apparently
takes place in two stagesss. In the first stage a rapid and reversible attachment of
oxygen occurs, The bound oxygen can be removed %463 by heating, or by bubbling
an inert gas through the solution. The second stage is slower and involves®3 an ir-
reversible oxidation leading to the “‘decomposition™ of the complex. The nature of
the oxidation product(s) is not known; nickelIV) species have been postulated 6.
More definite is the nature of the red substance obtained by oxidising a mixture
of nickel(11) and H,vdo with, for example, iodine in strongly alkaline media. This
reaction has been studied using ion migration®7, ion exchange67'68, electrochemical
66,69 3nd ohotometric 7 techniques. The general conclusion is that nickel(IV)
species are formed. Diamagnetic crystals of composition ’! K,Ni(dmg);.6H,0
can be isolated from complexation and oxidation reactions among nickel(I1} salts,
H,ydmg, KOH and I,. The anion Ni(dmg)g'“ is probably of the tris(bidentate)
pseudooctahedral type. Other examples of the stabilisation of higher (i.e. > 2)
valence states of nickel by oxime ligands can be found in Sections D, I and M.

Lastly we record the species obtained by reacting M(Hvdo), (M = Ni, Pd, Pt)
with bromine and iodine in nonaqueous solvents. Compounds such as Ni(Hdpg), X
(X =Br, i)?z’r’ and Ni{Hdmg) #Br, {ref. 73) were originally believed to contain
nickel atoms of valency higher than two. More recently crystals of M(Hdpg)zx
were examined using partial X-ray data’%. The crystal structure is basically the
same ' as that of M(Hdpg),. In the structure of M(Hdpg), there are channels
surrounded by pheny! groups. One suggestion '+ is that in M(Hdpg), X, halogen
molecules are included in these channels and are held by charge-transfer interactions.
Other workers have likened the complexes to the starch—iodine complex, thereby
implying that I is present?s. Whatever are the details of the structure, it is clear
that M(Hdpg), X is not a molecular species and contains mainly metal(II). The
M(Hdpg), I complexes, Ni(Hdpg), ! in particular, are slightly paramagnetic 74,75
This is attributed 7> to lattice defects associated with the presence of some metal

.
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(iii) Encapsulation, clathro chelates and trigonal prismatic geometry

Ni(Hdmg), readily reacts ’® with boron trifluoride etherate to yield
Ni(BF,dmg), of structure IX, in which the ligand is macrocyclic. A similar reaction
between Co(Hdmg); and boron trifluoride etherate yields"’7 [Co{(BF),(dmg); H
BF 4, in which the bicyclic

FagF
?,B\?
M N\N,IN\ Me — -
7 o 0~N N—O
=N \N s/ ~N
Me v Me F—Ba0eN_ _N-eQwB—F
%e® ~No-N N—07
FZoNF ~
9.4 X

macrocycle shown schematically in X completely encapsulates the cobalt(Iil) atom.
This complex is an example of a clathro chelate 8 since the metal atom is surrounded
by the ligand cage. The corresponding cobalt(1I) clathro chelate

Co {(BF),(dmg)y } is readily obtained & by reducing the cobalt{11I) analogue with
sodium iodide. It is low-spin.

The three-dimensional X-ray structures of both the complexes are known
the cobalt(Il) complex the CoN coordination polyhedron is found to have the
uncommon trigonal prismatic geometry. Octahedral and trigonal prismatic geo-
metries can be distinguished by defining the twist angle ¢ as shown in XI and XII,
in which the two geometries are projected along three-fold axes. In the cobalt(1)

80 {n

o~

on, P=s0 O3n, $=0
X1 X1l

complex under discussion, ¢ = 8.6°, so that it can be considered to be a slightly
distorted XII. On the other hand, in the cobalt(IlI) complex, ¢ = 45°. This defines
the complex as a distorted XI. The average Co—N, O—N and C = N distances arego,
respectively, cobalt(I1ID): 1.89, 1.36, 1.29; cobalt(II): 1.94, 1.37, 1.30 A.

There have been many studies in recent years on the factors which determine the
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relative stabilities of octahedral and trigonal prismatic geometrimv.81 ~8% In absence
of compulsions from steric and/or crystal packing forces the octahedral geometry is
practically universally favoured. Unusual in this regard are some metal tris(dithiolene)
complexes and their selenium analogues, which are grossly trigonal prismatic in
geometrysx, Apart from these, trigonal prismatic geometry, where it exists31»

is forced by the requirements of the ligand cage as in the case of X. Even then, low-
spind 6 jons resist tri%onal prismatic geometry, at least in part for crystal field
stabilisation reasons®%-34. This is apparent in the structure of the cobalt(1ll) com-
plex of X. In addition the size of the metal ion affects the structure. For a given
ligand, decrease in the ionic size of the metal ion may increase the twist angle as

the metal ion seeks to optimise metal—ligand distances. Often it is difficult to
separate the crystal field and ionic size effects since they act in the same direction 82,
Other examples of trigonal prismatic complexes are cited in Section I.

(iv} Cobalt complexes containing CofHvdo )™ (n=0, 1}

In recent years the structure and reactivity of this class of complexes have re-
ceived a great deal of attention. This is mainly because of the recognition 85,
that many chemical reactions of vitamin B,, can be simulated by such compiexes,
often surprisingly closely. The majority of studies are limited to the Co(Hdmg)"*
species. The Co(Hdmg)gi' moiety has been named “cobaloxime” by analogy with
“cobalamin”, which is another name of vitamin Blz‘ Since the cobaloximes, to-
gether with their rhodium and iridium analogues, will be the subject matter of a
separate review article”, we shall summarise only briefly the salient features of the
structural chemistry of Co(Hvdo g* complexes. No mention of rhodium com-
plexes will be made beyond what is in Table 2.

The cobalt(1l) compiexesm”gg belong mainly to two types. The simpler
type is Co(Hdmg),(D), (D = H,O0, py, PPhj, AsPh, (etc.)). These low spin (§ = %}
complexes are most likely to have a trans octahedral structure in which the
Co(Hdmg),, fragment of structure VIII defines the basal plane. The other type has
the stoichiometry Co(Hdmg), (D). In the solid state this type is diamagnetic and
is presumably dimeric with a Co—Co bond. The structure of an analogous rhodium
{113 complex is known (Table 2). The cobalt(Il) dimers dissociate in solution
yielding paramagnetic (S = 1), presumably pentacoordinated, monomers39%0_ The
unpaired electron in both types of paramagnetic complexes is believed 90,91 4 lie
in the d_, orbital.

In strongly alkaline media, the cobalt(II) species undergo disproportionation
to diamagnetic cobalt(1) and cobalt(1II) species, e.g.

89

Co(Hdmg),(PPh;), + OH™ - Co(Hdmg),(PPh;)™ + Co(Hdmg),(PPh,) (OH)(Z)

* Coord. Chem Rev,, to be published.



STRUCTURAL CHEMISTRY OF TRANSITION METAL COMPLEXES OF OXIMES i3

If reducing agents (e.g. NaBH,) are present, the reduction cobalt(X1) - cobalt(I)
occurs and the deep blue cobalt(I) complex alone is obtained. In general, the
cobalt(I) complexes are formulated?2 as Co(Hvdo), (D)~ with a pentacoordinated
metal atom. They form 93 1abile w-complexes of the type Co(Hvdo)z(D)(oIeﬁn}“
in which the olefin is believed to lie frans to D, The Co(Hvdo), (D)™ species are
extremely strongly nucleophilic and reactions?? such as {Sy 2 mechanism)

Co(Hvdo),(D)™~ + RX = Co(Hvdo), (D) (R) + X~ 3)

provide an effective route for the synthesis of organocobalt species, Co{Hvdo},(D)
(R), which contain trivalent cobalt. The cobalt—carbon bond in these complexes
is quite stable although photochemical 94 and chemical?® cleavage can sometimes
occur.

The CQ(Hvdo)z(D) (R) complexes belong to the large class of cobalt(111) chelates
of general formula Co(Hvdo),(A) (BY™*. The ligands A and B can be either neutral
or anionic. When A and/or B are ambident in nature, attachment to cobalt usually
occurs via the more polarisable atom 9699,

The Co(Hvdo), (A) (B)™* complexes almost universally have trans octahedral
geometry. Two accurately known structures are listed in Table 2. Further, X-ray
data for Co(Hdmg),(NH,) (CI) (ref. 100) and NH, [Co(Hdmg), (SeCN), ].3H,0
{ref. 97) are said to be in accord with rrans geometry, The occurrence of the grossly
planar hydrogen bonded Co(Hvdn); moijety and hence of the trans octahedral geo-
metry of CogHvdo) (A)(B)™* can be very conveniently demonstrated from in-
frared data! 1_1032, the characteristic O - * - H - -+ O bending being observed in
the region 1700—1800 cm™ !, The stretching vibration can also be detected with
some difficulty 99,104 3r5und 2300 cm ™ L.

In some cases isomerism of Co(Hvdo)z(A) (BY"* complexes are reported. Ex-
amples are [Co(Hdmg),(H,0),]NO; (ref. 105), Co(Hdmg),(H,0)(CI) (ref. 106)
and Co(Hdmg), (PPh3) (hal) (ref. 107). In each of these cases the complex accurs
in two isomeric forms which are speculated to have cis and trans octahedral geo-
metries. However, convincing experimental evidence is lacking. Interestingly
Co(Hdmg)z (PPhB) (NO,) also occurs in two forms which {on the basis of indirect
PMR data)-are believed to be nitrito and nitro isomers of the trans complex 108

Lastly, we note a few minor variants of the Co(Hvdo), (A)(B)™* complexes.
The dimeric organometallic complexes of the type [Co(Hdmg), (R)], have been
assigned a [Cu(Hdmg),],-like structure (Table 2) on the basis of PMR datal0?,
The sixth coordination position around each cobalt(1I) is occupied by the R
group 109 The Co(Hvdo)z(A} (B)™* complexes can be readily protonated and
deprotonated to yield structural types XIII and XIV respectively (charges not
shown). Examples are Co(Hdmg) (H,dmg)Cl, (ref. 103) (type XIII) and
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Co(Hdmg) (dmg) (py), (refs. 110-112) (type XIV).
(v) fron complexes

Both iron(Il) and iron(Iif) form 13 complexes with H,vdo but the diamagnetic
iron(Il) chelates of the type Fe(Hvdo), (D), are the best characterised. The neutral
donor D is usually an amine. In two cases the frans octahedral structure for such
complexes has been proven from X-ray data (Table 2). These complexes are red in
colour due to the occurrence of metal = ligand charge-transfer transitions 114,
M@gssbauer spectral 15 2nd theoretical 116-117 seudies on bonding are reported.

Two vic-dioximes bridged as in XV give rise to a tetraoxime. Tetraoximes yield
polymeric metal chelates 118:119 with iron(I1) and other metal ions. When Y in XV

- Me—C— C—LV—CCMe
[Hsc—tfzﬁﬁk}-ch NOH)], ¥ HON HON | oMy N~
XV O~ -0
N Eoa
Mg—C ~—€—Y ~C — C—M¢
m
xvt

is ~(CH,)¢ — or —(CH,),, — the polymers are proposed 118 ¢4 have the structure
XVI with m ~ 5. The axial positions are occupied by amines such as pyridine, and
the complexes are diamagnetic. On the other hand, when Y = biphenylyl or some
other aromatic bridges, the solid complexes do not have amines in axial positions 12,
These are paramagnetic {(~ 2 3.M. per iron atom) and may contain grossly planar
iron(1I). In pyridine solution these become diamagnetic, presumably due to axial
coordination. Because of the lack of proper solubility nothing is known about
their molecular complexity.

Ruthenium and osmiuni complexes of H, dmg do not appear to have been studied
with any degree of thoroughness.
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F. CARBONYL-OXIMES

The vic-dioximes are oximes of carbonyl-oximes such as XVIL Familiar examples
of XVII are diacetylmonoxime (R = R’ = Me) and a-benzilmonoxime (R = R’ = Ph).
The B-isomer of the latter has!2? the structure XVIIL It fails to vield metal chelates.
Unlike the vic-dioximes, XVII is a poor coordinating agent for nickel(II). The

»

R'\c«,zﬁ PO R\c”'}o\c
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greyish complexes 121122 4re usually amorphous and unstable. Their composition
is believed 1*? 10 correspond to Ni(L) (LH) (OH) where LH stands for XVII. An
attemisted synthesis of the palladium(1l) complex of diacetylmonoxime has

failed 123, The copper(If) complexes 121,122 of XVII are of the composition
Cu(L) (OH). Although speculations have been made ‘2, nothing definite is known
about the structure of these nickel(Il) and copper(1l} complexes. There is con-
siderable confusion in the literature 12* about the nickel(if) complexes of XVIL
Thus diacetylmonoxime and a-benzilmonoxime were described as forming red
nickel(II) complexes. These are actually complexes of the vic-dioximes present as
contaminants in the ligand or formed by the disproportionation reaction 122

2 —C(0) ~C(= NOH)— ~ —C(0)~C(O)~+—C{= NOH)—C(= NOH)— @

In the reactions of XVH with cobalt(II), the metal is rapidly oxidised (cf. similar
reactions of nitrosophenols and arylazooximes (Section G and J) and crystalline
complexes of the type CoL, are readily isolated }21:122:123:126 These are probab-
ly pseudooctahedral tris chelates of type XIX. Octahedral blue iron(If) complexes
FeL,(H,0), and FeL,(py), are readily 127,128 ,btained and so are the unsolvated
species FeL,. The hydrated and anhydrous complexes are described 129,130 44
being paramagnetic (1, ~ 3.4 B.M. at room temperature). A collection of mag-
netic data on various iron(1I) complexes containing carbonyl-oxime functions is
available 131 Potentially interesting from the point of view of magnetic exchange
interaction is a trinuclear complex of isonitroso malonamide formulated 1279+13

Isonitrosoacetylacetone, i.e. 3-hydroxyiminopentane-2,4-dione (Hinaa) is a
common example of ligands of the type XX. Such ligands are not good coordinating
agents for nickel(Il). Copper(Il) is reported to yield Cu(L) (OH) in a few cases. On
the other hand, the crystalline, grossly planar
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palladium(II) complex, Pd(inaa),, belonging to the structural t%'ge XXI1 is readily
obtained either by reacting the hgand with palladium(II) salts}32 or by nitrosa-
tion123 of Pd(acac), with nitric oxide (acac = acetylacetonate anion). In the latter
synthesis the intermediate complex Pd(acac) (inaa), in which the acac ring is six-
membered while the inaa ring is five-membered (as in XXI), can also be isclated.
The nitrosation reaction presumably proceeds by initial attack at the <y-carbon
atom of the acac ring with subsequent reorganisation of chelation sites 123

Further examples of similar nitrosation reactions are described in Section H.

Pd(inaa)2 ocecurs 123132 i two modifications, green and orange-red. In the
synthesis using Hinaa, the green form is first formed and on heating is converted
to the orange-red form. The synthesis from Pd(acac}2 yields the orange-red form
directly. It is speculated 2 without any substantial supportmg ev:dence that the
two forms are cis and trans isomers. The platinum(Il) complex 12 Pt(maa)z,
also occurs in green and brown forms which are isomorphous respectively with
palladium(1I) complexes of similar colours.

Pd(inaa)2 is reactive towards various reagents 123 The imine-oxime complexes
(Section Hj are directly obtained from reactions with primary amines. In the ad-
ducts Pd(inaa)zlfl2 (b= PPhgy, AsPh,, etc.) the metal atom is believed to be four-
coordinated; monodentate inaa units are bonded only via nitrogen centres. Reac-
tion with HBF plus AsPh, yields [(AsPh;),Pd(inaa)] BF,, in which inaa is biden-
tate.

The neutral cobalt(III) tris chelates 121 of XX belon 3§ to the structural type
XXI (n = 3) as is evident from spectroscopic data!3>!3% The diamagnetic iron(I1)
complexes 130 of XX were recently remvesugated 135 These belong to two types:
M{Fe(inaa);] (M = Na, Ca/2, etc.), in which the complex anion is octahedral
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(type XXI) and Fe(inaa),(py),, in which the py molecules probably occupy axial
positions of the Fe(inaa), plane.

Lastly we mention the 4-isonitrosopyralozone (LH; XXII) complexes of copper
(11} {ref. 136), nickel(I) (refs. 137, 138) and manganese(Il) (refs. 137, 138). These
are usually of the type ML, D, in which D is py, NH;, H,0, etc. Copper(Il) com-
plexes of the type Cu(L) (OH) are also known. NiL,D, and MnL,D, are high-spin and
ochtahedral. The species Nil., and MnL, are also known. They are believed to be
polymeric.

G. NITROSOPHENOLS

2-Nitrosophenols have a pronounced tendency to tautomerise to the correspond-
ing quinonemonoximes. For example, infrared data 139,140 suggest that 1-nitroso-
2-naphthol (abbreviated as Honn) and 2-nitroso-1-naphthol (Htnn) exist in the
respective oxime forms in the solid state. In simple oximes the N—O stretching
frequency lies 141 i the range 930—-960 cm™ 1 in guinonemonoximes the fre-
quency shifts!3%:140 t5 9801080 cm™! probably due to resonarice between
XXIII and XXIV. The known X-ray structures of « and § forms of 5-propoxy-2-
nitrosophenol are in accord with such a description 142,143 15 view of these re-
sults the ortho-nitrosophenols find a natural place in

3 N=0H
M z/NOH Y -@
Y—'E l =
s 1 6] o

XXTiE XXV

the family of oximes. In view of structure XXIII it is only appropriate that they
are classed close to the carbonyl-oximes. With this understanding we shall continue
to call this class of compounds as nitrosophenols.

Feigl has made the following observation in his well known treatise” : “If
organic reagents that form coloured precipitates with metal ions are arranged in
the chronological order of their discovery, the list will be headed by l-nitroso-2-
naphthol”. This ligand and its reactions with cobalt(II) salts — a reaction that
produces a characteristic red brown precipitate which is often used for qualijtative
detection of cobalt - was reported by Ilniski and Knorre in 1885. The nature of
the reaction between cobalt(1l) salts and Honn or its sulphonated derivatives is
complicated 44~ 146, The bis and tris chelates of cobalt(Il) are first formed145:146,
The tris complex is then rapidly oxidised by oxygen and/or excess ligand to the stable
Co(onn); complex.

2-Nitrosophenol (XXIII, Y = H) and some of its metallic saits were first de-
scribed by Baudisch 147 Systematic physicochemical studies on the copper(I)
and nickel(II) complexes of XXIII (HYnp) were recently reported 148~ 151 The
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complex Cu(4-Menp) (py) is described as having the square pyramidal structure
XXV on the basis of X-ray data 152 The ligand is in the quinoneoxime form and
the chelate rings are five-membered. i.e. binding occurs via oxime nitrogen. The
probable structures of some other HY np complexes were derived on the basis

of indirect evidence 149 ~ 151 gych as mass spectrometry, infrared and electronic
spectra and magnetic susceptibility. Some results are collected in Table 3. Most
interesting among these are the dimeric NiZ(an) 4 complexes, for which the struc-
tural type XXV1 is suggested.

Apart from XXV, another complex of definitely known structure is ferroverdin,
the green diamagnetic iron(11) pigment produced by a species of Streptomyces 133
The metal is very strongly held in this complex and is not removed by strong
coordinating agents such as ethylenediaminetetraacetic acid. Depending on the
conditions of crystallisation, ferroverdin can be obtamed in polymorphic forms
which usually contain solvent of crystallisation 1° Ignonng solvent molecules,
ferroverdin is Na[Fe(Ynp), ], where Y is XXVII attached to the 4-position of the
np ring. Honn gives!33 a similar green iron(Il) complex Na[Fe(onn),]. In ferroverdin

iron(Il) is cis-octahedral, XXVIII, with five-membered chelate rings (XXIX); the
sodium ion is also grossly octahedral with six oxygen neighbours coming partly
from the complex anion and partly from solvent of crystaliisation 134 The average
bond distances (in A) shown in XXIX, when compared with some other results (refs.
142, 143), suggest considerable contribution from the true nitrosophenol structure.
The neutral cobalt(111) analogue of ferroverdin is known!36.

Even though Co(onn), was discovered so many years ago, the chelate ring size
in this complex has been repeatedly debated?. In view of the results described in
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TABLE 3

Nitrosophenol complexes

Compound type Probable structure Ref.
Cu(Ynp),, where Y = 4-C, Polymeric in the solid state with 149, 151
4-Br, 4-Me, 5-OMe; pseudooctahedral copper{Il) envi-

Cu(onn)z; Cu(mm)2 ronment; may be dimerie in solution;

mass spectra {i.e. gaseous state)

show the occurrence of monomer and
monomer-2(oxygen), probably due to
loss of two oxime oxygen atoms;

this suggests five-membered chelate

rings
Cu(an) {pv); Monomeric in chloroform solution; 149
Cu(onn) (py), square pyramidal (vide structure
Cu(tnn) (py) XXv)
Ni{an)z, where ¥ = 4-(1, 4-Br, Dimeric in chloroform solution 150, 151
4-Me, 4-1-Bu and in solid state with structure

XXVI; magnetic interaction of the
two metal atoms occurs with an
exchange integral of 40 cm™%;
square pyramidal metal environment
from electronic spectra; dimers
together with dimer4 (oxygen)
persist in the gaseous phase (mass

spectra)
Ni(Ynp}, (py}, . where Monomerie, trans-octahedrat with 150
Y = 4-Cl, 4-Br, 4-Me, axial py

4.r-Bu

the preceding paragraphs, we strongly suggest that the five-membered (coordina-
tion through oxime nitrogen) ring structure with CoN 305 coordination sphere be
accepted as most probable. Infrared spectra of the complexes of Honn and Htnn
including Co(onn), and Co(tnn), were recently interpreted ! 40 in terms of six-
membered chelate rings (ceordmatmn through oxime oxygen). Careful examina-
tion of the reported data%® convinces us that these in no way prove the six-
membered formulation. A five-membered ring structure can be used to interpret
the results equally well.

The {)oiymerxc metal complexes of 2,4-dinitrosoresorcinol were recently de-
scribed 13

8
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XXvilt XXIX



20 A. CHAKRAVORTY

H. IMINE-OXIMES

{i} Bidentate lipands

The imine-oximes are Schiff bases of carbonyl-oximes described in Section F.
The bidentate imine-oximes (XXX) are abbreviated as HYio (Y = alkyl, aryl or
NH,,) On complex formation the oxime 8proton may or may not dissociate. Prob-
able structures of some complexes 135.158-164 4r¢ shown in Table 4. In each case
bonding is believed 198 to occur via the oxime and imine nitrogen atoms (but see

below}.

o
\:/"
ot

b

XXX

The reaction of Isomtrosoacetytacetone with ammoniacal mckei(ll} solution
yields a red complex 12}, The same material is obtained °%-2%® by nitrosating bis
(acetylacetonato)nickel(Il) with potassium nitrite in the presence of ammonium
acetate at neutral pH. Various structures 166 have been suggested for the red com-
pIex on the basis of fragmentary evidence. Careful PMR, IR and mass spectrometric
datal%6 now make it certain that the correct structure is XXXI (R = H). The final
proof has come from X-ray work 167 on the homologous complex XXXI(R = CH3}
The most unusual feature of this grossly planar structure is the occurrence of a six-
membered chelate ring in which the oxime oxygen is bound to the metal. The
N--O distance (in the five-membered ring) in XXXI(R = CH 4) is much shorter
(1.26 A) than the N—O distances met so far. The N—H prcton is probably hydrogen

MeCQ Me

T i
d i
0% _Sn MeCQ
v
H«»g " \?/ f2
Mg Rr
CGM,z
XXX

XXXt
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TABLE 4
Probable structures of the complexes of bidentate imine-oximes
Compound® Probable structure Ref.
Ni(Hic}2 Trans-planar 135,158
Ni(Meio), (R = Me, R' =Et) Trans-planar 158
Cu(Phio), (R= R’ = Ph) Trans-planar 159
Co(Phio) Octahedral with three 160
phenyl rings meridionally
disposed
Co(Fhio}, (X) (py) Trans-octahedral 160
{X=Cl, SCN, Ph)
Co(HPhio) (Phio)hal, Trans-octahedral 160
[Co(HFhio) (Phio) (D}] , (C104)2 Dimeric cation with weak 161
and Co—Co bond; cobalt envi-
[Co(HPio)(Phio)} 2 (Ci0,), ronment pseudooctahedral
or pentacoordinated;
subnormal magnetic moment
(3.2-3.6 BM.)
[I"e(Meio)3 ] 12 Octahedral 162, 163
Ni(HNH, io), hal, Trans-octahedral 164
Ni(NH, i0), Trans-planar with intra- 164

molecularO***H "N
bridges.

9 Unless otherwise stated R = R’ = Me.

bonded to the nearby N-O oxygen. The Ni—N distance (1.81 &) of the six-
membered ring is significantly shorter than that (average, 1.89 A) cf the five-
membered ring. As expected, XXXI(R = H) gives rise to four distinct methyl PMR

signals. Strong C = N and N-OQ stretches occur at 1596 and 1201 cm™
tively 166_ The conversion XXXI(R = H)~>XXXI (R = alkyl) can be carried out by

transamination reactions!98,
When the two —COMe gr
ring structure is retained 166

! respec-

ups in XXXI are replaced by —CO, Et, the hybrid
. The palladium(lI) analogues of XXXI(R H), o~

branched alkyl, Ph, etc., are known to have the same hybrid ring structure. On
the other hand when R = straight chain alkyl, the palladium(Il) complexes are

believed 123-

7 to have the symmetrical trans structure XXXII, which will be
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abbreviated as M(N-Rinaa),. Reaction of Pt(inaa), with ethylamine yields
Pt(N-Etinaa),, which probably has the structure XXXI1123. The Cu(N-Hinaa),
and Cu(N~Memaa), complexes are also reported to belong to the structural type
XXXII, though thé experimental evidence !3° is not very convincing.

The structure XXXII is analogous to the structure suggested 158 for the simple
imine-oxime complexes of the type Ni(YiO),,. The results described in the last
two paragraphs raise the interesting possibilify that these imine-oxime complexes,
particularly those with Y = H (Table 4), may actually belong to the structural type
XXXI in which —COMe is replaced by R. Factors which determine the relative
stability of structural types XXXI and XXX11 are not properly understood at
present. Steric factors 169 appear to play some role.

(ii) Tridentate ligands

Most of the work in this area centres around two types of ligands, XXXIII and
XXXIV, abbreviated as HTio and H,Zio respectively. In XXXIII T contains a coor-
dination site such as pyridyl nitrogen or a hydroxyl oxygen. The ligands of the
type XXXIV (Z = O, S or Se) include semicarbazone, thiosemicarbazone and

CHLY T NH-C{2)NH NH
N Me J ? Nécl\’znz
Me =N ~c=N Mg )
i { =N
M ON Me =Y .
OH oH Me” N
OH
XX X1 XXXV
XXXV

selenosemicarbazone of diacetylmonoxime. In the semicarbazone complexes,
bonding to metal occurs as usual at the nitrogen atoms of the oxime and imine
functions; a third bonding site is then grovided by the terminal amino nitrogen.

This conclusion is based on IR data!’%. On the other hand in the thiosemicarbazone
and selenosemicarbazone chelates, the third coordination position is most probably
the chalcogen atom 171 1n complex formation the oxime protons of XXXIII and
XXXIV may or may not dissociate. In several cases two protons dissociate from
XXXIV (Z =S or Se). ln such instances the ligand may be thought to react in the
tautomeric form XXXV (Z = 8§, Se).

Among complexes of XXXIII are octahedral chelates 172 such as [Fe(HTio)z} I,
(low spin) and {Co(HTio0),]1;, both havingn = 1, T = a-pyridyl. The complexes
[Nx(HTxo) 1X,, [NI(HTIO) (NCS)] (NCS) (one HTio is probably bidentate) and
polymenc N](HTxo) (SCN) havmg n=2T= a-—gyrldyl all contain pseudooctahedral
nickel(1) 173 as does [Nl(HTxo).,] X, ,having!7? =2 and T = OH. An example 17
of octahedral cobalt(1Il) is {Co(Txo)QI X, n = 2, T = a-pyridyl. The chelates of com-
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position Cu(Tio)X, nn = 2, T = a-pyridyl 173 4y OH!7* have subnormal magnetic
moments. They may be dimeric, one probable structure 173 of the cation being
XXXVI

T N
27D
)

XXXVI

Important stereochemical types among the complexes of XXXIV are again the
octahedron and the square plane. Octahedral geometry is present in
[M(H,Zio),] X,, Z =0 (ref. 176), M = Co, Ni, Cu; Z = S (ref. 177) or Se (refs. 178,
179}, M = Fe, Co, Ni; in M(HZ:O).,, Z =S (refs. 177, 180), M =Fe, Co; Z = Se
(ref. 179), M= Fe; in {C’o(HZxo}z} X, Z = Se (ref. 179) and in M(HZio){Zio)},Z=8S
(refs. 179, 180), M = Fe; Z = Se (ref. 179) M = Fe, Co. Spectral and magnetic data
are sparse, but where a’vallable” 178,179 g ch data do suggest that the iron(II)
and iron(I11) species are low-spin whereas cobalt(Il) is high-spin. Grossly planar
stereochemistry is present in diamagnetic Ni(Zio). lHZO (probably dimeric with
H,O bridge), Z = S (ref. 181), Se (ref. 178); Cu(Zio). lH')O Z =S (ref. 182),

Se (zef. 183) and in diamagnetic Ni(Zio) (D), Z = S (ref. 181), Se (ref. 178),
D = amine, e.g. py.

In the octahedral complexes of XXXIV, the tridentate ligands probably span
meridionally rather than facially because of the limited length of the chain emanat-
ing from the imine nitrogen. This may not be true for the complexes of XXX!H
when n=2 and T = c-pyridyl.

{iii} Tetradentate ligands
The best examples are the ligands of type XXXVII which will be called H,enio

when # = 2 and H, pnio when n = 3. The complexes 2.184 ¢ XXXVII usually have
the moiety XXXVII which hasan O - - - H - - - O bridge like those present in dioximates,
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amine-oximates, etc, Apart from —(CH,), ~, other groups'®® have also been used
as a bridge for the two halves of XXXVII. The nickel(Il) species Ni{Henio)X and
Ni(Hpnio)X are described 184 45 being either five-coordinate (X = halogen) with
axially bound X or planar (X = CIO‘;) with ionic X. More interesting are the cobalt
{111) complexes 186190 o e general type [Co(Hpnio) (A) (B)]1™, in which A
and B occupy axial positions of the Co(Hpnio) plane. The ligands A and B can be
a variety of species, either neutral or anionic. The chemistry of these complexes is
in many ways similar to that of the [Co(Hdmg),(A)(B)]"* complexes described earlier.
Organometallic species in which either or both of A and B are bonded to the metal
through carbon can be readily obtained. For example, the reaction of Co(Hpnio)l,
with excess Grignard reagent yields 187 Co(Hpnio)R% {R = Me, CH, Ph). Like the
vic-dioximates the Hpnio chelates are also reducible 186 to deep blue, highly reac-
tive cobalt(l) nucleophiles. The sodium amalgam reduction of Co(Hpnio) (Ph) (I)
followed by the addition of MeBr affords 187 Co{Hpnio) (Ph) (Me). The cobalt(1)
complex Co(Hpnio) (PPh3} can be isolated in the crystalline state 186 The cobalt
(I1) chelate [Co(Hpnio) (H,0),](BPh,) is also known!%6.

The three-dimensional X-ray structure of [Co(Hpnio) (CH,) (H,0)] (CIO,)
has been reported 191 The occurrence of the grossly planar moiety XXXVIH is
confirmed. The O - - - H - - - O bridge is 2.39 A long, The Co—C distance of 1.99 A
compares favourably with those in Co(Hdmg),(CH, C(O)OMe) (py) (Table 2)
and other organometallic cobalt(II) species!92. The average Co—N, C =N and
N-O distances in the Hpnio complex are 1.90, 1.29 and 1.42 A respectively19! .

A ligand which formally belongs to the same class as XXXVI11 is diacetylazine-
oxime (XXXVII, n = (), abbreviated as Hzazio. The c«apper(ll)193 and the nickel
(1193194 chelates are respectively of the formula types Cu(azio) and Ni(azio)
(H,0),. The nickel(I1) complex may have 193:194 the structure XXXIX in which
the nickel(II) environment is grossly octahedral. In the copper(Il) complex the
water molecules are absent. These complexes show clear evidence of antiferro-
magnetic superexchange interaction.
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The reaction sequence 134

{ j/?‘ mc maxcs cm
Mel I I
_§— N’ =

XL XLI XLII

produces the grossly planar complexes XLI (M = Cu, Ni) and XLII (Cu, Ni, Pd).
The chelates XLII can also be obtained by reacting metal(1I) salts with isonitrosoac-
etylacetone and ethylened:am1nelz3 195 The molecular and crystal structure of
XLI (M = Cu) is known 196 The chelate ring a is planar. The other two chelate
rings show significant deviation from planarity. In ring b, the average C=N,

N-O and C—C distances are 1.29, 1.31 and 1.50 A respectively. The coordination
around the metal is planar. The complex is similar to XXXI in that binding through
oxime oxygen is involved. The structural status of XLII is not known at present.
The symbol (NO) (in XLII) is meant to indicate that it is not known whether the
nitrogen or oxygen atom binds to the metal.

{iv) Hexadentate ligands

The Schiff base XLIII of diacetylmonoxime and triethylenetetramine will be
designated simply as H,L. The ligand is hexadentate and forms!97 complexes with
cobalt(III) of composition {Co(H,L)]X; and [CoL]X. These are believed to have
the coordination sphere XLIV,

[HoN=CtMe)—C(Mey =N —(CH,), NHCHZ}- @

XL
XLiv

We wish to note that the Schiff base of diacetyl monoxime and cis, ¢is-1, 3, 5- '
triaminocyclohexane does not appear to have been investigated. This ligand may
be expected to yield trigonal prismatic complexes via encapsulation reactions

(BF, capping).

L. PYRIDINE-OXIME AND RELATED LIGANDS

The best known examples in this class are the complexes of 2-pyridinaldoxime
(abbreviated as Hpao) and its substituted derivatives, particularly phenyl-2-pyridylike-
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toxime (Hppk). These react with metal ions in the syn form XLV, and can also be
considered as imine-oximes in which the imine fragment is part of a heteroaromatic

— n’
N N -
\ ~ N
£ o o1-

XLy XLVI

ring. The iron(1I), cobalt(1l) and nickelgll) complexes given by the gayridin&oximes
were briefly reviewed some time ago 198 Some compound types19 —210 (an
interesting type being XLVI) and their probable structures derived from indirect
evidence such as bulk susceptibility, IR, electronic spectra, etc., are set out in
Table 5. These will not be discussed any further.

The composition of the species obtained from solutions of copper(ll) ions and
Hpao depend on the pH of the solution and the metal-to-ligand ratio. The system
is characterised by 1 : 1 and 1 : 2 complexes, as can be seen from Table 5. More
interesting are the trinuclear species of the type?‘”’?‘ 12 Cu3(pao)3 (OH)XZ-nH,O
X = .:—,SOZ“, I™, NOg3, CI0,, OH ™). These have anomalously low 212-2i4 mag-
netic moments. In the temperature range 100—400°K, the susceptibility obeys
Curie’s law with u - of ~ 1.0 B.M. per copper(I) atom. This suggests214 the
occurrence of a tginuclear Cu, core in which strong exchange interactions have
caused pairing of two of the three unpaired electrons associated with the three
copper(1l) atoms. Both linear and triangular arrangements of the copper(1l) atoms
are compatible with the magnetic data. In practice the triangular arrangement
occurs, as has been substantiated by three-dimensional X-ray work?13 on
Cu4(pao)3(0OH)SO4. 16.3H50. Each pao unit functions as a bidentate ligand to one
of the copper(Il) atoms through its two nitrogen atoms and as a bridging ligand using
oximato oxygen {compare with the structure VII of Section D), shown as structure
XLVII. The planar Cu;(pao); fragment has a threefold symmetry axis. The oxygen
atom of the hydroxo group situated on this axis is 1.98 A from each of the copper
(1I) atoms and is 0.7 A above the Cu4(pao), plane. The sulphato group (not shown
in XLVII) lies on the threefold axis below the trinuclear plane and acts as a tripod
bridge bonding to the three copper(ll) atoms. The coordination environment of
each copper(1l) is roughly square pyramidal. Adjacent copper(Il) atoms are too
far away (3.21 A) from one another for direct exchange interaction. Indirect inter-
action can occur through the OH group. The Cu3;OH cluster can be described 214
as having multicentre bonding.
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Hppk and benzyl-2-pyridylketoxime can be used 215 to stabilise trivalent
nickel. For example, oxidation of nickel(II) salts in the presence of Hppk by
persulphate in alkaline medium yields a crystalline complex of composition
Ni(ppk),. This is paramagnetic (1.75 B.M.) and shows ESR signals (gl _.08;
g,=2.10:g, =2 14). This presumably octahedral complex is believed 1> to con-
tain mckei{iﬂ) and three ppk™ anions rather than nickel(I1I) plus one ppk- radical
and two ppk ™ anions. The dioxime ligand XLVII (szapd) is tndemate and
readily yields pseudooctahedral iron(11) and nickel(11) complexes 16,217 The
latter %16 are of the types [Ni(H,dapd),] (C1O,), and Na, [Ni(dapd),] and can
be readily oxidised to the dxamagnenc neutral complex Nn(dapd) believed 2!
contain nickel(IV). It is argued'is -216 that the higher oxidation states of mckel
are favoured by two factors, viz. high concentration of negative charge on donor
atoms and strong metal—ligand o-bond formation.

The sexadentate li §and tris (2-aldoximo-6-pyridyl)phosphine XL1X was recently
synthesised and used®! to encapsulate metal ions in trigonal prismatic geometry
using the reaction sequence

P.

)\ ~ R >N\

l 2NN N L, =N N l/":‘ >N
[ | e | XCSHD

N N - [t | BF;.0Et, EoeY o
[ ~ (:) )
OH OH OH O, O o BR \S 0

351 H

Hapaop M(H paop)® M{BFpaop)”

XLIX L L1
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"TABLE 5
Probable structures of some pyridine-oxime complexes
Compound Probable structure and other Ref.
observations
Ni(Hpao); X, Contains pa_ramagnetxc octahedral 199-203

Nx(Hpao)2 ; similar low-spin iron(11)
complexes and their acid dissociation
constants are known; similar Hppk com-
plexes of both nickel(II) and

cobalt(ll) are known

Ni(Hpao), X, X = Cl, Br, oac; all fully paramag- 199, 201
netic and pseudooctahedral; 204, 205
probably dimeric, in which the
two metal atoms are bridged
by X yielding cis-NiN4 X» coor-
dination sphere for each nickel(Il);
similar Hppk, 2-quinolinaldoxime
and 2-isoquinolinaldoxime com-
plexes are known

Ni(Hpao} (pao)X Paramagnetic with pseudooctahedral 199201
nickel(II}; may contain planar intra-
molecularly hydrogen-bonded cations
Ni(Hpao) (pao) of type XLV1I linked
to one another through axially coor-
dinated X7, resulting in an NiN, X,
coordination sphere for each nickel(1l);
{Ni(Hpao) (pao) (py), ] I is known;
similar Hppk complexes are known

Cu(Hpao) (pao)X Structure similar to the nickel(II) 206208
analogue but with very weak axial
coordination

Pd(Hpao) (paoc)}X Contains planar mtramo}eculaxly 209, 210

hydrogen-bonded Pd(Hpao) (pao) 3
a similar platinum complex is known

Ni(pao), Paramagnetic in both solid and 199, 200
solution phases; polymeric

Pd(pao);.2H,;0 Trans-planar arrangement of two 209
pao ligands

Pt(pao),.2H,0 Known in two forms believed to be 210
cis-planar and {rans-planar

Cu(Hpao) X, Distorted actahedsal; polymeric 208

Cu(Hpa0),504.25H,0 Octahedm! [Cu(Hpao),SO,(H,0)] 208

.l 2H20 with monodentate sulphate
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TABLE 6

Twist angles in {M(BFpaop)] BF

M Pt (BM.) Twist angles ©) Ref.
Fe 0.4 21 22 22 219
Co 4,91 0.4 1.0 3.2 82
Ni 3 1.1 1.8 1.8 218
Zn Diamagnetic i.1 23 23 82

The species L. (M = Co, Ni, Cu, Zn) are hexacoordinate but specific geometries are
not known; three oximato oxygens and two oximato hydrogens are believed to

be involved in hydrogen bonding. The complex L can be isolated as a crystalline
perchlorate L. The clathro chelate LI (M = Fe, Co, Ni, Zn) can be crystallised as

a fluoborate ¥, The three-dimensional X-ray structures of the fluoborates are being
systematically determined 2'8-21% The results for the nickel(11) 218 2nd iron(il)n
complexes are already available and those of cobalt(1l) and zinc(Il) are briefly
quoted elsewhere 82 These have gross trigonal prismatic structures, The twist
angles are collected in Table 6. The twist is unsymmetrical and the three twist
angles are not the same, Only in the iron(Il) complex (low-spin d 6} is there a sub-
stantial distortion from the trigonal prismatic geometry (compare with Section
E(iii)).

Electronic, PMR and Mossbauer spectroscopy and polarographic reduction
potentials for [M(BFpaop)] BF; and other complexes spanning a range of geo-
metries within the trigonal prismatic and octahedral limits were carefully ex.
amined 32 in order to establish possible correlations with coordination geometries,
Some correlations do exist but they are not sufficiently well defined for unequivocal
diagnosis of specific geometries.

Lastly, we include in this section the complexes of the ligand system
LII in which an oxime function is placed (as in XL.V) ortho to a heteroatom
(Z=0,8S, Se). Complexes of the type ML, of probable structure LIII can be iso-
lated >*! for nickel(II), palladium(1I) and platinum(11). The copper(Il) chelates are
dimeric,

=
\ 2 N\ 7
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L L

220--222
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Cu,L,(OH),, and probably involve metal bridging via OH. The donor strengths of
the ligands L1l follow the order??! Se >S > 0. Thiophene-2-aldoxime (LII, Z = S)
also gives complexes222 of the type M(LH)2C12. When M = Co, Ni, Cu, the com-
plexes are probably pseudooctahedral. The M = Pd complex is planar
{M(LH),]Cl,.

J. AZO-OXIMES

vic-Dioximes, imine-oximes and pyridine-oximes all contain the @-diimine func-
tion —N = C—C= N —. The isoelectronic azo-imine function ~-N=N—-C=N-—is
present in arylazooximes:'?'3 , ATN = N—-C(= NOH)R, which will be abbreviated as
HArRazox. Arylazooximes readily react 224~ 226 with cobalt(Il) salts to give rise
to tris complexes of cobalt(Ill), Co(ArRazox);. The oxidation of cobal((II) to
cobalt(III) occurs even when external oxidising agents (e.g. air) are excluded; the
ligand itself acts as the oxidising agent?2®_On the basis of IR data??8  the
Co(ArRazox); chelates belong to the structural type LIV. PMR evidence226 unambigu-
ously demonstrates the exclusive population of the meridional configuration LV,
the facial configuration LVI not being observed for steric reasons?2®. On the other

AT
==N NO NO
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R—Cxp M/ ArN< LoNAr AN ] NAr
) A IS0 oneTi o
N-No NAs
Liv LV LI

hand, the rhodium(IIl) tris chelates, Rh(ArRazox)3, exist in isomeric forms which
have configurations LV and LVI on the basis of PMR data®?7_ The difference be-
tween the cobalt(1II) and rhodium(IIl) chelates is at least in part due to differences
in the sizes of the metal atoms 227,

Nickel(II) complexes of arylazo-oximes are of formula Ni(ArRazox),. They are
diamagnetic and evidently planar228 (LIV, M = Ni, n = 2). Mixed amidoxime
azooxime complexes of nickel(Il) are also known 228 The reaction of K,PdCl,
with HArRazox yields227 chlorine-bridged complexes of the type LVII. The cor-
responding bromine-bridged species are also known 227, Bridge-splitting reactions
of LVII occur readily, e.g. reaction with RNH, gives Pd(ArRazox) (RNHZ) {C1}.
Triphenylphosphine appears to split the bridge in a reversible manner. By treating
LVII with HArRazox in the presence of suspended sodium carbonate in benzene,
chelates of composition Pd(ArRazox), are obtained 227 . Unlike K,PdCl,,

K,PtCl, does not immediately react with arylazooximes. However, a slow reaction
does take place 227 and eventually crystalline products of composition Pt(ArRazox),
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deposit. No halogen-bridged platinum(1I) chelates are isolated. The bis-chelates of
palladium(1l) and platinum(ll) have many unusual spectral propcrties”?and itis
unlikely that they have simple structures of type LIV.

The copper(II) chelates 2% of arylazooximes are dimeric, Cuz(ArRazox)4. They
belong to a small group of copper(1l) complexes which are completely diamagnetic
due to the presence of strong antiferromagnetic interactions. The Cu,(ArRazox),
complexes are also diamagnetic in solution phase and give rise to PMR spectra
which are very similar to those of the free ligands or their diamagnetic complexes
with other metals such as palladium(1I). The exact mode of bonding in the dimers
is not known. A Cu,(CH,;C00)-like structure 230 with bridging a?rlazooxxmes is
a distinct possxbxhty One of the several possible modes of bridging“~~ is LVIIL
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Reaction of iron{1l) salts with arylazooximes followed by digestion of the pro-
duct with sodium hydroxide affords23! crystals of composition NaFe(ArRazox); .
H, 0. Electrical conductivity data for nitromethane solutions show that the sodium
ion remains largely bound to the presumably octahedral diamagnetic complex
cation of structural type LIV. This complex is in some ways similar23! to ferrover-
din (Section G). Acidification of NaFe(ArRazox)3 H,O produces Fe(ArRazox),
{HArRazox) in which one of the izgands is neutral. The complex FeCl,Fe(ArRazox),
in which the paramagnetic FcCi moiety is in some way coordinated to Fe(ArRazox}3
is also known 231,

w~Nitroacetaldehyde phenylhydrazone, MeC(NOZ) = NNHPh, reacts22® with
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cobalt salts in hot ammoniacal media to yield Co(PhMeazox)3.- On the other hand,
PhNHNHC(Me) = NOH undergoe5229 fast atmospheric oxidation in the presence
of metal ions (copper(Il), palladium(II), cobalt(Il), etc.) to produce metal chelates
of HPhMeazox.

K. HYDROXY-OXIMES
(i} a-Acyloinoximes and related ligands

a-Acyloinoximes have the general structure LIX and will be abbreviated as
H,Rayox. The best known example is a-benzoinoxime,

H, Phayox. The most characteristic reaction of this group of ligands is the forma-
tion of green water-insoluble copger(ll) complexes of composition Cu(Rayox).
Infrared spectraz32, powder ESR 33 and magnetic susceptibility23“"23S data on
such complexes have been reported. The most recent susceptibility work 235 has
shown these complexes to have subnormal magnetic moments (0.7 —0.8) B.M. at
295°K) which decrease with decreasing temperature. Antiferromagnetic interac-
tions in a polymeric structure (LX) with grossly planar four-coordinate:copper(ll)
are thought to occur<””?, The same polymeric structure is proposed in order to
interpret solubility data?3%, The reaction of Cu(Phayox) with hydrogen chloride

1
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produces a green crystalline substance, Cu(HzPhayox)Clz, of normal magnetic
moment belies_r_ed235 to have the structure LXIL.
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Nickel(1Y) complexe823 7 of acyloinoximes are of types: Ni(HRayox), (para-
maguetic, possibly polymeric) and K [Ni(HRayox) (Rayox)] (diamagnetic). Some
lanthanide complexes<>8 and the complex *3¥ WO, (HPhayox), are reported. The
{atter belongs:' ? to a general class of \V02®identate), complexes in which the
WO, group has a cis (C,) configuration. h

The monoxime of cyclohexane-1,2-dione (H,L) produces 240 polymeric copper
(11}, nickel(II) and cobalt(1l) complexes of composition ML, . Spectral and mag-
netic data reveal that the metal(Ii) environment is grossly octahedral 240 pnfrared
data suggest that the ligand L in ML, has the enolate oxime structure *® as shown
in LXII. The mode of polymerisation in LXII is believed to be

o\
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similar to that of metal(Ii) acetylacetonatesz‘m. Isonitrosoacetanilide also yields
complexes {e.g. LXI1l} in which the ligand is an enolate oxime 24!,

(i) Salicylaldoximes

The crystal and molecular structure of several bisgsalicylaldoximato)metal(Il)
complexes are known. The copper(1l) 242 nickel(11)243:2% and palladium(11) 243
chelates have the gross centrosymmetric structure LXIV with intramolecular
Q- -- H--- 0 bridges of a kind slightly

different from those met earlier (Sections E(i), H(iii) and 1). The average M—N,
M-0, C =N, N-O and O- - - O distances are respectively

copper(1l) 194, 192, 1.25, 1.45, 2.58A
nickel(I1) 1.86, 1.84, 1.34, 136, 2.52A
palladium(1I) 1.96, 198, 129, 142, 262A
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In the copper(II) complex there are two additional contacts (Cu - - - Q, 2.66 A)
with oxime oxygens of adjacent molecules. This results in a distorted octahedral
geometry around copper(1l). The trans-MN, O, coordination sphere in LXIV is
planar but the molecule taken as a whole often shows small but szgmﬁcant devia-
tions from planarity. For example, in the copper(il) complex 2#2 two parallel
planes can be defined by the two benzene rings, the perpendicular distance (*‘step™)
between the planes being 0.13 A. This is schematically shown in LXV. This chelate
is a typical example of a “’stepped” structure More severe “steps” (6.76 A) occur
in bis(5- chlorosahcylaldoxxmato)copper(!l) §_The general question of “stepped”
structures in bis-chelates of bidentate ligands is discussed elsewhere in considerable
detail **

B1s(sahcylaldox1mato)mckel(ll) is dxamagnetlc in the solid state but becomes
partially paramagnetic in chloroform solution248 | probably due to molecular as-
sociation, It readﬂy forms249:250 peeudooctahedral bis-adducts with amines. The
cobalt(ll) I jron(11)252, »253 , iron(II1) 254 and manganese(1l) 255,256 complexes
of salicylaldoxime and its subsntuted derivatives have been described.

L. AMINE-OXIMES

Bidentate 2-methyl-2-amino-2-butanoneoxime (LXVI, R = H; abbreviated as
Habo) and its substituted derivatives (LXVI, R = alkyl; HRabo) readily form com-
plexes with transition metal ions, The related tetradentate ligand system LXVII is
a potent coordinating agent and will be abbreviated as H,aboen when n = 2, and
H,abopn when n = 3. The complexes of LXVI and LXVII provide yet other ex-
amples of intramolecular O - - - H - - - QO hydrogen bonding (cf. Sections E(i), H(iii),

I and K(ii)).

(CHz)n\ Me

Me Me /
HN
Me—\C—NHR Me—\tl:’ NH M
¢
C==NOH C\NOH HONZ® Me
C/
LXVI LXVII

At neutral pH nickel(Il) yields stable yellow d!amagnenc cations such as
Ni(Habo) (abo)*, Ni(HRabo) (Rabo)*, Ni(Haboen)* and Ni(Habopn)*. These can
be isolated as salts in the crystalline state>>7 =259 In acidic solutions protonation
and solvent coordination occur yxeldmg unstable blue, resumably octahedral, para-
magnetic species of the type2>7+258 Ni(Habo), (H,0)3". On the other hand, in
alkaline solution, Ni(Habo) (abo)OH is beheved to be formed 260,
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The structure of [Ni(Habo 2 (abo)] C1. H,,O has been carefully examined using
both X-ray 1 and neutron?62 diffracticn techniques, The gross structure LXVIII
has a planar NiN, coordination sphere. The two NH, groups, HZO and CI™ are in-
volved in a hydro en bonding network in the crysta.! Referring to LXVIIL, the
exact dimensions“52 of the hydrogen bridge can be judged from the parameters
a=1187(5) A, b = 1.242(5) A and @ = 169.9°. The reason for the small degree of
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asymmetry of the bridge is not established but the crystal surroundings of the two
oxygen atoms are not the same. The analysis of thermal motions leads to the con-
clusion that the hydrogen atom moves in a broad single minimum potenual

The platinum(1l) complex [Pt(Habo) (abo)] Cl. H,0 is isomorphous with the
nickel analogue just described. Its accurate structure is known from X-ray work 263
The O - - - O distance is 2.48 A which is longer than that in the nickel(Il) complex
as expected. Selected bond distance data are set out in Table 7.

In basic aqueous media, Ni(Habopn)* is irreversibly oxidised 264 by O,, 103,
etc. producing the neutral complex LXIX which contains a six-membered pseudo-
aromatic ring. The reaction, which is quite specific for the particular ligand and
nickel(II}, is to be compared with the dehydrogenation reactions of some other
macrocycles

The copper(ll) complexes%? 258 4f Habo are like those of nickel(1I}. However,
HRabo fails to yield mononuclear complexes with copper(Il). The isolated com-
plexes are believed to have 266,267 41,0 composition, [Cu (HRabo) (Rabo) (OH,)]1X
(structure LXX) and have 266 26 subnormal magnetic moments {(~ 1 BM))per
copper(Il) which do not vary much in the temperature range 78—400°K. The
presence of copper—copper interaction is evident. In order to explain the observed
magnetic behavxour, it is speculated that the exchange integral is temperature-
dependent 266:267_ We wish to point out that the magnetic behaviour of these com-
plexes is closely akin to that of some trinuclear complexes described in Sectxon L

H,aboen complexeszs? »258,268 yith copper(Il} yield Cu(Hzaboen) and
Cu(Habcen) both of which can be isolated as crystalline halides and perchlorates.
Crystal structure work 268 op Cu(Haboen)Br has disclosed the presence of the
dimeric cation {Cuz(Haboen) ]2 The coordination sphere of each copper(ll) is
a distorted trigonal bipyramid as shown in LXXI. The two copper(Il) atoms and
the two N—O groups form a six-membered ring with a boat conformation. A similar
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TABLE 7
Bond distance? data in amine-oxime complexes

Complex Bond distances (A}

M—N(oxime) M~N(amine) C=N N-O 0---0 Ref.

[Ni{Habo) (abo)] (1. H;0 1.86 1.91 1.30 1.36 2.38 261
a.86)® a9n? 2034’ e 262

[Pt{Habo) (abo)] (1. H,0 1.95 2.03 1.26 1.36 2.48 263

[Cus(Haboen); | Bry © 2.02 2.07 1.29 1.39 2.54 268

Ni(H,,ibo), (1 . HaO 2.08 2,12 1.28 142 - 270

Cu(H,ibo),Cl, 1.96 2009 129 pa2 - 270

2.36 ¢
2 Averaged and approximated to the second decimal place.
Neutron diffraction work; all others are X-ray diffraction work,
; Cu-0,2.13 A,
ot Base of the tetragonal pyramid.

Axis of the tetragonal pyramid.
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ring but having the chair conformation occurs in Cuz(Hcimg}4, in which the metal
environment is square pyramidal (Table 2). In donor solvents such as water and
dimethyl sulphoxide, the dimer dissociates yieiding268 Cu(Haboen) (solvent);.
The complexes LXVII~LXXI show the characteristic O - - - H - - - O bending
mode in the range 17501800 cin™ 1

2,2’-Iminobis(acetamidoxime), LXXII, gives rise to a violet paramagnetic bis-
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complex 267 with nickel(I1), Ni(H,ibo),Cl, . H,O where H,ibo stands for LXXIL
The complex is pseudooctahedral and centrosymmetric27?. The chloride ions and
water molecules do not occupy coordination positions. The ligand is bound to
nickel(1l) as shown in LXXIii via N1, N? and N3. The average Ni—N (oxime) dis-
tance (2.08 &) is significantly fonger than the corresponding distances in the grossly
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planar, diamagnetic complexes (Table 7), but compares favourably with the dis-
tance (2.11 A) in octahedral Ni(Hado),Cl, de§cribed previously (Section D). The
blue copper(Il) complex, Cu(H, ib0),Cl,, has270 a distorted square pyramidal
structure, LXXIV, in which one ligand is tridentate while the other ligand is biden-

z -
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tate (coordinated at N! and N2 only).

M. AMIDOXIMES

The general structural formula of amidoxime is Y—C(= NOH)NH,. The most
common systems are those in which Y = R. The single ligand which has been most
extensively studied is benzamidoxime, PhC(= NOH)NH?_, abbreviated as Hbamox.
Amidoximes are amphoteric substances soluble in dilute mineral acids (protonation
of NH,, ) as well as aqueous alkali (proton dissociation from = NOH):"71 272 The
crystal and molecular structure of formamidoxime is known {Section B). A good
test for the amidoxime function is the formation of a red-brown colour with iron(1il)
in neutral solution. This and other chelation reactions of amidoximes were recog-
nised in the early days of coordination chemistry 27 1:273.27%_The yse of amidoximes
as analgtical reagents for the estimation of various metal ions has been reviewed
275,276 However, little is known about the definitive structural chemistry of metal
amidoximates. This is unfortunate since there are several systems begging structural
work in this area, as will be evident from the discussion below.
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The copper(1l) complexes will be considered first. Starting with the simplest
member, viz. formamidoxime, many amidoximes (LH) give rise to copper(Il) com-
plexes of composition Cu(L) (OH) . H,0 or Cu(L) (OH)2?3’274’277“231. The
hydrate where formed can be readily converted to the anhgdrous material. Al-
though copper(Il) complexes of other compsositionszsz’28 are given by some
amidoximes, we shall concentrate our attention only on the Cu(L){(OH) com-
plexes. These are unlikely to be monomeric since L can at most be bidentate to-
wards a given metal jon. If the structure is di- or polynuclear (OH bridge?), the
occurrence of magnetic exchange interaction may be anticipated. The room tem-
perature magnetic moments reported in some cases?73527% 3re indeed subnormal.
Variable-temperature magnetic data are lacking. '

A fresh ammoniacal solution containing nickel(Il) chloride and Hbamox has a
deep blue colour, On exposure to air for several hours the solution gradually turns
red and eventually red needles deposit. The process can be hastened considerably
by addition of hydrogen peroxide. The molecular nature of the red complex,
which has oxidising power and liberates iodine from iodide solutions, remains
enigmatic. Even its composition is not established beyond doubt. It was originally
formulated 84 as Nig amox), with nickel in the trivalent state. All subsequent
measurements 274:285,286 have shown that the complex is diamagnetic and hence can
not contain trivalent nickel. Several authors2’#285:286 pave cugrested that nickel(I1)
is present probably associated with some oxidised form of the ligand. But there is no
agreement on the precise nature of this oxidised form, By reacting the red complex
with alkali or by simply recrystallising it, other nickel(I1) containing species can be
obtained 274287 The nature of these is also obscure, Very recently it was re-
ported287 that nickel(1I} nitrate and benzamidoxime can be oxidised in ethanolic
solution by hydrogen peroxide yielding red dizmagnetic needles of composition
Ni(bamox},. The IR spectrum of this complex is not unlike that of the free ligand.
It is claimed?%7 that Ni(bamox), contains tetravalent nickel and monodentate
bamox bound to metal via oxygen. Unfortunately, however, these authors?37 do
not correlate this complex with the red complex described earlier. The complete
story of the “red diamagnetic needles™ remains to be told. It is hoped that some
structural chemist will solve this old problem with finality in the near future.
Amidoximes other than benzamidoxime also give deeply coloured solutions with
nickel(II) in the presence of ox %en, and crystalline complexes can be isolated
from such reaction mixtures2/2+288,289 Nothing definite is known about their
structures.

When A SCN); is added to a neutral reaction mixture containing benzamidox-
ime and Co*”, the crystalline complex [Co(tbamox),] [Ag(SCN),], can be ob-
tained %, [Ni(Hbamox), ] [A&(SCN), ] , is similarly produced 257 3 the basis
of IR data the nickel(II) and cobalt(II) species are believed to contain the ion
LXXYV. Unfortunately magnetic and electronic spectral data of the complexes are
not reported.
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Amidoximes such as Hbamox react with cobali(11) solutions in alkaline pH
giving a deep blue colour. However, there is no one opinion about the nature of
complex formed273:274:291 The colour reaction between amidoximes and iron(1Ih)
was noted earlier. Brown complexes of composition Fe(bamox)X (X = NO,, SCN,
%804) have been isolated 292, Amidoxime comzplexes of chromium(111)23, mer-
cury(!!)zn -278,279,282 ’294, paliadium(ﬂ)zu’ 81 . osmium(ll)279, dioxouranium
(VD?89 atc. are described in the literature. The reactions of benzanilidoxime.
PhC(= NOH)NHPh, with copper(il), iron(1Il) and dioxouranium( V1) were examined
in solution??, Crystalline complexes of comgosition CuL,, FeL,OH, UO, L,
could be isolated (HL = ligand). It is believed 35 that L is bidentate and binds
metal at NHPh aitrogen and oxime oxygen.

When an amidoxime ligand contains additional coordination sites, complex
formation may not involve the amidoxime NH, group. Good examples are the
H,ibo complexes described in Section L. Similarly in the complex LXXVI, the
NH, group is not used in binding with metal. The structure of LXXVI (isolated as
the perchlorate) is accurately known from three-dimensional X-ray work 2?6, The
molecule is centrosymmetric with a trans-planar copper(Il). Salicylamidoxime
vields planar nickel(1I), palladium(1l) and copper(1i) compiexes which most probab-
ly have 297 the structure LXXVII. Here the ligand simply acts as a substituted
salicylaldoxime. Lastly, we note that the ligands LXXVIII behaves as a dioxime
and gives rise to Ni(Hdmg),-like complexes with nickel(11) 298,

H
N -
HaV-N L o HoN «=NOH
\CU \MIZ -
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