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A, INTRODUCTION

The name oxime is a contraction of oxy-in'(r’n:,::(f-':NOH- The oxime group
is amphiprotic with a slightly basic nitrogen atom znd a mildly acidic hydroxyl
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group lt was Alfred Werner who, in his doctoral work under Hantzsch, ciearly 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 occusrence of two
isomers of benzaldoxime and three isomers of benzildioxime was immediately ration-
alized.

The most significant early event in the area of transition metal chemlsr_ry of
oximes took place in 1905 when the Russian chemist, Chugaev * discovered? the
reaction between nickel{il) salts and dimethylglyoxime, which is the best-known
example of a vicinal dioxime (henceforth abbreviated as vic-dioxime}. The list of
vic-dioximes and Iransmon metals that can part:mpate in complex formation was
quickly augmented Chugaev correctly- identified the bidentate nature of vic-
dioximes aithoupgh 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 plac356 ~9_ Particular mention should be made of Welches’s treatise 8,
which has a large amount of information on the early research on metal complexes
not only of vie-dioximes but of oximes in general,

The complexes of vic-dioximes have yielded through the decades a never-ending
series of interesting chemistry 10, This in turn has stimulared research into the
coaordination chemistry of ligands having other functions in addition to the oxime
function. A vast amount of fascinating chemistry has thus accumulated with fun-
damentat bearings on areas such as structure, stability and reactivity of maolecules,
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 common names exist, these are used as such, e.g. “nitrosophenals™.
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 fons. In other words it is not an
exhaustive report. We have instead concentrated on a few selected systemns where
considerable structural work has already been done or where such work will be
worth doing. Literature coverage is up to fate 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 Tschugaeffa’q, is the correct form of spelling (private communication with
Professor Y.C. Bailar, Jr.}.
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pac acetate

FA any atom

Y any organic group

Ar aryl

Bu butyt

Et ethyi

hal” halide ion

R hydrogen, alkyl or aryl

H L ligand with » dissociable protons
M metal

Me methyti

AandB monodentate ligands

D maonodentate neutral donor
X mononegative anion

n, m numbers, usnally 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 I and the nitrone
structure H was actively debated!! as late as 1952. Neutron diffraction work 2 on

P g
~L==N0K C_~\"

i it

dimethylglyoxime definitely established the presence of O—H bonds {1.02 = 0.04 A)
in this compound. It is pow generall; agreed that the oxime group has the structure
I. Oximes are usually associated 12 in the solid state via O—H.--N hydrogen
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—Q 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 & and usually lie
in the range 1.40 * 0.02 A. The 2nomalous neutron diffraction data!? of dimethyt-
glyoxime may actually be in error since the work was done in projection. For the
sake of COIﬂpd.I’ISO‘n the average N-O dtstances in two N-oxides: trimethylamine
oxide?*, 1.39 A and pyridine M-oxide 2>, 1.35 A are noted.
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TARBLL 1

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

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

Formatdoxime? 1.276 1.408 110 23

Fomamidoxime 1.284 1.415 {10 13

Accioxime 1.29 1.36 111 14

Giyoxime®? [.284 1.397 111 15

Dimethylglyoxime (i)* 1.25 1.32 it 12
und 1.27 1.38 114 16

syn-g-Chlorobenzaldoxim 1.260 1.408 itl 17, IR

p-Dimethylaminoe

benzaldoxime? 1.264 1.420 121 19

5-Chlorosaticylaldoxime .24 1.39 j14 20

Pyridoxal

phosphats £.32 1.36 1i8 21

axime

Cyclohexane. 1.276 1411 112 22

1. 4-dionedioxime

Microwave data.
X-1ay diffraction data.
Neutron diffraction data

o
b
<

C. MODES OF 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 compliexes
coordination actually occurs at nitrogen. Anticipating the results to be described
in the later sections, the various proven modes of metat—oxime linking are summa-
rised below in [[[-V{ (electrical charges are not showa).

O{H} "
| ?/
—cNN
fc M _..cﬁN\H
m
v
o H-Q —0
By =%
e AR —
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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 axime 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 11l and 1V are quite common.

Several polynuclear species containing V are also known. In VI the oximate anion
is linked to the metal through oxXygen. Only a limited numnber 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 site such as acetaldoxime (Hado) and acetoxime (Hato). Hieber
and Leutert showed 22 7 many years ago that such oximes react with copper (I1),
nickel(11) and cobalt(11) salts giving complexes of the type M({oxime), X,, where
nisusualy 2 or 4 and X is a halugen A few cobalt(I1} complexes (m = 4, X = CI)
were shown to be high- spm 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),Cl, in the crystaliine state was
recently reported 29 The coordination polyhedron is frans octahedral NiN, Ci,.

The oxime molecules are bound to the metal via nitrogen atoms, the NN f rag—

ment being planar (average Ni—N, 2.114; Ni—Cl 2441, C=N, 1.251; N—- 0 1380 A
and << CNO, 112°}. The oxime protons hydrogen-bond with the com’dinated chloride
ions mtramolecu}arly The electronic, vibration and PMR spectra of the compliex

are reported 29 to be in accord with the above structure.

A number of tetracoordinated grossly planar platinum(II) complexes containing
Hado and Hato such as cis- and frans- [P{NH,),(Hato), ] Ct,,, frans- {Pt(NH,),
{Hado}, ] Cl,, IPt(aHad03)4]CI » {Pt(Hato}, ] Cl,,, [Pt(Hato),Cl] Cl, etc. were
described recently0~3> The comp}exes are thermodynamically less stable than
the corresponding aming ccarnp}exes31 and act as protonic acids due to the disso-
ciation

—Pt N +H,0 = —Pt N +H,0" 09
OH 0"'

In some cases the neutralised species, e.g. Pt(Hato)4(ato),, in which like units are
probably disposed in frans positions L canbe readily isolated. The dissociation con-
stants of the complexes catatogued above are known >3}, For example, the pK of
Hato is ~ 12 while those of rrans- [Pt(NH3)2(Hato)2] Cl, 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.



& A. CHAKRAVORTY

We now refer to a trinuclear palladium(II) complex in which ato acts as a bridg-
ing group. Palladium(I1} acetate reacts with Hato to produce a red-brown trimeric
complex [Pd{oac)(ato}] ;. The three palladium(If} atoms constitute > 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).

Y
{2

Every palladium(Il) atom has a planar O3N coordination sphere and the molecute
has a threefold axis of symmetry. Some average bond distances are : Pd—N, 1.97;
Pd—0, 2.00; N—0Q, 1.37; C=N, 1.31 A. Acetoximato bridging of the same type as
in V11 is known 33 to occur in [Z(ato)Me, ] ,, where Z = B, Al or Ga.

Lastly we make a brief note of some potentially interesting complexes of the
trimer of formaldoxime (abbreviated as H3 L). In neutral solutions nickel11), co-
balt(il} and manganese{iI) form colourless complexes w1th tJ'us ligand. In strongly
alkaline media these are readity Ode]SEd by air to y:eld 8 deeply coloured
complexes of composition N:LZ C0L2 and MnL . These can be isolated in
the crystalline state as alkali metai salts37. These complexes have been exarnined
using spectral, magnetic and polarographic techniques. However, nothing conclu-
sive appears to be known about their structures. In fact, the nature of the ligand
HaL is 1tselfa rnystery One suggestion3? is that it 1s C(CHZNHOH)z(- NOH). The
ions NiL2~ and CoL3~ are dlamagnetrc while MnL2 has a magnetic moment of
3.82BM. Itis specuiated =38 (hat the oxidation states of the metal ions in the
above complexes are respectively four, three and four. Definitive structuzal in-
vestigations on these systems will be worth undertaking.

E. vie-DICXIMES
{1} Genergl gspects of structure

The detailed structures of a sizgable numkber of metal »ic-dioximates are known
from X-ray work. In almost all cases the grossly planar moiety VIII is present. De-
pendinp 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 V1iI) positions,
Ideally VIII can have the symmtetry 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*¥—56 which contain VIII are summarised in
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i
)
T T
R
d-H-0
A
TABLE 2
Structure of vic-dioxime complexes
Compound Bond distances in M{Hvdo), {A) Ret.?
M-N C=N N-0O OO
Ni(Hg]z 1.88 1.29 1.35 2.45
(NiN4 unit is planpar but the remainder 40417
aof the molecuie deviates from planarity)
Pd(l'[g_)2 1.97 1.30 1.34 2.63
(Two crystallographically distinet planar ~ 42°%
molecules occur in the crystal}
Pt(Hg), 1.99 .31 1.35 266 43"
{Planar molecules)
Ni(Hdmg}l2 1.85 1.29 1.36 2.40
{Planar molecules stacked one above the 44,45
other}
Pd(Hdmg)z 1.96 1.31 1.35 2.59 45
{Isomorphous with Ni{Hdmg},,)
l’t{Hdmg}2 1.94 1.32 1.28 303 46
{Isomorphous with Ni(Hdmg)z}
Ni(Hmeg)z {c-form) 1.86 1.30 1.35 2.45
(Planar: g-form is crystallographicafly 47, 48"

[Cultdme}, |,

quite different}

1.95 129 1.36 2.66

{The dimers are centrosymmetric; dimers are
fermed by interaction of the copper atom of
one unit with the oxygen atom of the second
unit; copper enviromment is distorted square

pyramidai; a hydiogen atom belonging

to a methyl group occupies the sixth posi-

tion around each copper at 2.93 A)

*

49, 50
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Compound

Bond distances in M(Hvdo)z {A)

M-N C=N N-O Q---0

Ref.?

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

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

{C3HSO2 is —CH2C(OJOCH3)

Rh{Hdmg), (Ch) {PPh,)

[RR(Hdmg), (PPh,)],

Fe{Hniox}, {Im), . 2H,0
{Im is imidazole)

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

1.96 1.22 1.35 2.65
{Trans octahedral cation with ammonia
in axial positions; Co(Hdmg}, moiety is
nearly planar)

1.88 1.29 137 2.50
{The methylene carbon of C3H502 is
bonded ta cobalt in a pesition trans to
py: Co{Hdmg), unit is planar, Co-C
and Co—N {axial} are both 2.04 A Iong)

1.99 1.30 1.34 2.67
{Pscudooctahedral with Cland PPh, in
trans positiens; Rh(Hdmg), unit is not
strictly planar; Rh~Cl distance is 2.38 A}

1.99 .30 1.33 2.62
(Dimerisation occurs via Rh—Rh single
bond of length 2.93 A; each rhodivm{Iif)
atom is grossly octahedral; the
P~Rh—-Rh-P chain is practically linear;
the grossly planar Rh{Hdmg), units are
in nearly staggered confipuration)

1.94 .11 1.37 2.67
(Centrosymmetric trans octahedral;
water molecules are not attached 1o
the metal}

191 1.32 1.39 2.59
{Centrasymmetric rans octahcdral;

the chelate vings and imidazole rings

are planar. The O--H--0O bridge

is unsymmetrical, the hydrogen 2tom
being ~ | and ~ 1.5 A away from the twe
oxygen atoms; the O---H -+ Qangle
is 159%: axial Fe—~N is 1.99 A)

51

52"

54"

55

2 References marked with an asterisk refer to three-dimensional wosk,
The abbreviations for the ligands are as follows: Hag, glyoxime; Haydmg, dimethyiglyoxime;

H:meg, methylethyiglyoxime; Hadpg, diphenylelyoxime; Haniox, eyvclohexanedionedioxime;

Hgvdo, any vic-dioxime.

Table 2. In this Table the bond lengths are averaged and then approximated to
the second decimai piace. While the actual precision of the crystallographic results
is higher in several cases, the average vatues are easy to deal with and wilt 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: (7) the N—O distance is considerably shornened on complex for-
mation; (i{} the C=N length is not much aifected. Another result {nat 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 dramatic>’ ~3%,

The intramolecular hydrogen bridged O - - - O distances {Table 2} have interesting
implications. Hydrogen bonds between oxygen atoms are usuaily 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 repuision. The trend of varia-
tion of observed O—H distancas with O - -+ O separations suggests that the hydrogen
atom is efTective]y 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
chioromaleate, in which the acidic hydregen atom was found by neutron diffrac-
tion®? to be symmetrically Iocated in the 2.4 A long O- - -O bridge (O- - -H- - -0
angle, 175°). When the O - - - O separation becomes Jarger than 2.5 &, the hydrogen
atom is usually situated unsymmetricaliy in the bridge at about 1 A from one of
the two oxygen atoms. The O - - - O distances of Table 2 suggest that only
Ni(Hg),, Ni(Hdmg), and Ni{(Himeg}, 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 Q. - -Q distance increases in the order
Ni <Pd <Pt paraliehng increase in atomic radii.

The Q- --H- -+ O stretchin 1gancl bending vibrations in VI are usually observed
in the ranges 2200—2400 cm™ ' and 1600—1800 em~ ! respectively37->8. 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 5% two OH
frequencies (2650 and 2382 cm™ 1y corresponding to the two very different (2.526
and 2.694 &) O - - O distances of the dimeric complex5 On dissolution in
chloroform contam.mg n-butylamine, only a single O—H frequency is observed>?
at 2375 em ™~ L. 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 ortherhombic ¢rystals in which the planar mole-
cules of structure V111 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
61

state along the metal chain. A recent review"~ ' dealing with this topic is already

available.
(1} Oxidation of M{Hvdo), (M =Ni, £d)

Ni{Hdmg}., dissolves in strongly alkaline media to give yellow solutxons which
are believed #2 to contam species such as Ni{dmg) (OH) ™ and N:(dmg).,
Iatter ca.n be isolated ®2 as alkali metal salts, e.g. Li ,Ni(dmg},. The structure of
N:(dmg)2 is probably the same as that of VII except that the two bridging pro-
tons are absert.

Strongly aikaline solutions of Ni Hdmg)., (but not Pd(Hdmg), ) absorb oxygen
with attendant reddening in colour®?+%4, The absorption reaction apparentily
takes place in two stagesss. In the first stage a rapid and reversible attachment of
oxygen occurs, The bound oxygen can be removed 64,68 by heating, or by bubbiing
an inert gas through the solution. The second stage is slower and involves®? an ir-
reversible oxidation teading to the “‘decomposition™ of the compiex. The nature of
the oxidation product(s} is not known; nickel{IV} species have been pc}slu[zr.ied{56
More definite is the nature of the red substance obtained by coxidising a mixture
of mickei(I11} and H,vdo with, for example, iodine in strongly aikaline media. This
reaction has been studwd using ion migration87, ion exchange®7+98 electrachemical
66,69 and shotometric *0 techniques. The general conclusion is that nickel{IV)
species are formed. Diamagnetic crystals of composition 7 K,Ni{dmgj};.6H,0
can be isolated from complexation and oxidation reactions among mckei(ll) salts,
H,dmg, KOH and 1,. 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(Hvd0)2 {M = Ni, Pd, Pt)
with bromine and icdine in nonaqueous solvents. Compounrds such as Ni(Hdpg), X
(X=Br,1 )72’73 and Ni(Hdmg )zBr (ref. 73) were originally believed to ¢ontain
nickel atoms of valency higher than two More recently crystals of M(Hdpg), X
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 phenyl groups. One suggest10n7 is that in M(Hdpg)zx 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 17 is present 75 Whatever are the details of the structure, it is clear
that \i(HdpD)zx is not a molecular species and contains mainty metal(il). The
M(Hdpg)zl somplexes, Ni(Hdpg),! in particular, are slightly paramagnetw7
This is attributed 7> to lattice defects associated with the presence of some metal

(H1).
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(iii) Encapsulation, clathro chelates and rrigonal prismatic geometry

Ni(l—ldmg)2 readily reacts ¢ with boron trifluoride etherate to yietd
Ni{ BF,dmg), of structure IX, in which the ligand is macrocyclic. A similar reaction
between Co(Hdmg); and boron trifluoride stherate yields’’ [Co {(BF),(dmg)3 ]
BF, in which the bicyclic

Fo-F
o=

1 ]
Mg N‘N"N M, -
Me” N He F—Ba0eN_ _N-OwB-F
0\.-0 .
£o8 o-N_ N—O

X X

macrocycle shown schematically in X completel_}r 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{il} clathro chelate

Co{(BF),{(dmg); } is readily obtained ’? by reducing the cobalt(1}I) analogue with
sodium iodide. 1t 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 X! and XII,
in which the two geometries are prajected along three-fold axes. In the cobait(1f)

80 in

on, =50 O3, $:0
X{ Xl

complex under discussion, ¢ = 8.6°, so that it can be considered to be a slightly
distorted XH. On the other hand, in the cobalt(1I1) complex, ¢ = 45°. This defines
the complex as a distorted XI. The average Co—N, O—N and C = N distances areso,
respectively, cobalt(111): 1.89, 1.36, 1.29; cobalt(II): 1.94, 1.37, i 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 ,c;e-::metriesBI =84 In absence
of compulsions from steriz and/or crystal packing forces the octahedral geometry is
practicaliy universaliv favoured. Unusual in this regard are some metal tris(dithiolene)
compiexes and their selenium analogues, which are grossly triponal pnsmatm in
geomeny Apart from these, trigona!l prismatic peometry, where it exists®

is forcecl by the requirements of the ligand cage as in the case of X. Even then, Iow—
spin a6 jons resist tn%onal prismatic geometry, at least in part for crystal field
stabilisation reasons . This is apparent in the structure of the cobalt(IH) 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 1o
separate the crystal field and ionic size effects since they act in the same direction
Other examples of trigonal prismatic complexes are cited in Section L.

82

{iv} Cabalt complexes containing CofHvdo }’_.I_ Sfn=0,1)

In recent years the structure and reactivity of this ciass of complexes have re-
ceived a great deal of attention. This is mainly because of the recuzlg'nit.ionss’86
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)}* moiety has been named “cobaloxime™ by analogy with
“cobalamin’’, which is another name of vitamin B,,- Since the cobaloximes, to-
gether with their rhodium and iridium analogues, wiil 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(1i) complex8587*89 belong mainly to two types. The simpler
type is Co(Hdmg), (D}, (D = H, 0, py, PPh,, AsPhy (etc.)). These low spin (§ =3
complexes are most likely to have a rans octahedral structure in which the
Co(Hdmg).,, fragment of structure ViiI defines the hasal 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 anatogous rhiedium
(11} complex is known (Table 2). The cobalt(II} dimers dissociate in solution
yielding paramagnetic (S = 1), presumably pentacoordinated, monomers®7:9%, The
unpaired electron in both types of paramagnetic complexes is believed 90.91 14 tie
in the d,, orbital.

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

89

Co(Hdmg),(PPh,), + OH™ ~ Co(Hdmg),(PPh;)~ + Co(Hdmg),(PPh,) (OH)(
2)

* Coord. Chem Rev., to be published.
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If reducing agents (e.g. NaBH,) are present, the reduction cobalt(I1I) -+ cobalt(l)
cccurs and the deep blue cobali(l) complex alone is obtained. In general, the
cobalt(l) complexes are formulated 92 55 Co(Hvdo},, (D)™ with a pentacoordinated
metal atom, They form 93 Labile n- complexes of the type Co(Hvdo} (I {olefin) ™~
in which the olefin is believed to lie rans to D. The Co(Hvdo),{D)™ species are
extremely strongly nucleophilic and reactions?2 such as (Sp2 mechanism}

Co(Hvdo), (D)~ + RX - Ca(Hvdo), (D) (R) + X~ (3)

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

The Co(Hvdo)z(D) (R} complexes belong to the large class of cobalt(E) 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
oceurs via the more polarisable atom9%~99.

The Co(Hvdo), (A)(B)™* complexes almost universally have zrans octahedral
geometry. Two achrately known structures are listed in Table 2. Further, X-ray
data for Co(Hdmg}z(NH3) (CB) (ref. 100) and NH, [Co(Hdmg), (SeCN),].3H,0
(ref. 97) are said to be in accord with rrans geometry. The occurrence of the grassty
planar hydrogen bonded Co(Hvdo) moiety and hence of the frans octahedral geo-
meiry of Cogl-lvdo)jz (A)(B)M* can be very convememly demonstrated from in-
frared data! the characteristic O -** H*- ‘- O bending being observed in
the region 1700— 1800 cm™ L. The stretching vibration can also be detected with
some d.tff‘culty 04 around 2300 cm™ L.

In some cases isomerism of Co{Hvdo)z(A) (BY™* complexes are reported. Ex-
amples are {Co(Hdmg),(H,0),]1NO; (ref. 105}, Co(Hdmg), (H,0)(CI) (ref. 106)
and Co(Hdmg), (PPh;)} (hal} {ref. 107). In each of these cases the complex occurs
in two isomeric forms which are speculated to have ¢is and frans octahedral geo-
metries. However, convincing experimental evidence is lacking. Interestingly
Co(Hdmg), (PPh,) (NO, ) also oceurs in two forms which {on the basis of indirect
PMR data)-arc believed to be nitrito and nitro isomers of the trans complexma

Lastly, we note a few minor variants of the Co(Hvdo), (A)(B)™* complexes.
The dimeric organometallic complexes of the type [Cc»(Hl:h'ng)2 (R} 2 have been
assigned a [Cu(Hdmg),},-like structure (Table 2) on the basis of PMR datall
The s:lxth coordination position around each cobalt(1I1) is occupied by the R
group 1% The Co(Hvdo),(A) (BY™* complexes can be readily protonated and
deprotonated to yield su-u ctural types XIII and XIV respectively (charges not
shown). Examples are Co(Hdmg) (szmg)CIz (ref, 103) (type XIH} and
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Co(Hdmg) (dmg) {py), (refs. 110-112) (type XIV).
(v} fron complexes

Both iron{(11} and iron(1Hf) form 113 camplexes with H,vdo but the diamagnetic
iron(II} chelates of the type Fe(Hvdo}, (D), are the best characterised. The neutral
donor D is usually an amine. It two cases the frans octahedral structure for such
complexes has been proven from X-ray data (Table 2}. These compiexes are red in
colour due to the occurrence of metal —* figand charpe-transfer transitions
Missbauer spectral 12 and theoretical 119+ 117 studies on bonding are reported.

Two vic-dioximes bridged as in XV give rise to a tetracxime. Tetraoximes yield
polymeric metal chelates Fis, 119 with iron{II) and other metal ions. When Y in XV

- Hﬂ""""%—'% Yoo E-—- -—hig
Hal-C{= NOH) -C{ c NOH}], ¥
[3 ]z HON HON g"{'{
xy Qupfd y~0 H NOH
1l 1 [ H
Mg—C-—C—Y —C—C—Mg
m
xvt

is ~(CH,)¢ = or —~(CH, )4 —, the polymers are proposed 18 16 have the structure
XVI witlvm ~ 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 axjal positions
These are paramagnetic (-~ 2 B.M. per iron atom) and may contain grossly planar
iron(11). In pytidine solution these become diamagnetic, presumably due to axial
coordination. Because of the lack of proper solubility nothing is known about
their molecuiar complexity.

Ruthenium and csmium complexes of H, dmg do not appear to have been studied
with any degree of thoroughness.

119-
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F. CARBONYL-OXIMES

The vic-dioximes are oximes of carbonyl-oximes such as XVII. Familiar examples
of XVII are diacetylmonoxime %R = R’ = Me) and e-benzilmonoxime (R = R" = Ph}.
The (-isomer of the latter hast2” the structure XVII. It fails to yield metal chelates.
Unlike the vic-dioximes, XVIi is a peor coordinating agent for nickei{II). The

R;c‘;ﬁo P 20 R \?ﬁo\co;
L prsCuns™ n/c“-‘*n‘{ :
OH ]
xva xvin XiX

greyish complexes 121122 are usually amorphous and unstable. Their composition
is believed 1°% 10 correspond to Ni(L) { LH) (OH) where LH stands for XVIL. An
attemg;ted synthesis of the palladium(I1} complex of diacetylmonoxime has

failed * 23, The copper(il} t:omplexesul‘122 of XV1i are of the composition
Cu{L) (OH). Although speculations have been made 1?2, nothing definite is known
about the structure of these nickel(II} and copper(iI) complexes. There is con-
siderable confusion in the literature 144 about the nickel(1I} complexes of XVII.
Thuos diacetylmonoxime and a-benzilmonoxime were described as forming red
nickel(1I} complexes. These are actually complexes of the vic.dioximes present as
contaminants in the ligand or formed by the disproportionation reaction 22

2 —C(0) ~C(= NOH)— > —C(0)~C(0)~+—C(= NOH)-C(= NOH)- ()

In the reactions of XVII with cobalt{il}, the metal is rapidly oxidised {cf. similar
reactions of nitrosophenals and arylazooximes (Section G and J) and crystalline
complexes of the type Ca L, are readily isolated }31:122,123,126 Thaco are probab-
1y pseudooctahedral tris chelates of type XIX. Octahedral blue iron{1I} complexes
FelL,(H,0), and FeLz(py)2 are readily 127-128 ghtained and so are the unsolvated
species FeL,. The hydrated and anhydrous complexes are described $29+130 44
being paramagnetic (i, ~ 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 123+13
as K, [Fey {(NH,C0),C=NO}g).

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(H). Copper(11) is reported to yield Cu(L) (OH) in a few cases. On
the other hand, the crystalline, grossly planar
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palladium(Il) complex, Pd(inaa),. belonging to the structural tﬁ:e XXI 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 compiex Pd(acac} {inaa), in which the acac ring is six-
membered while the inaa ring is five-membered (as in XXI), can also be isolated.
The nitrosation reaction presumably proceeds by initial attack at the 'r-carbon
atom of the acac ring with subsequent reorganisation of chelation sites 12

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

Pd(ina.a)2 occurs 123132 i two maodifications, 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), yields the orange-red form
directly. It is specutated 132 without any substantial supporting evidence that the
two forms are ¢is and rrans isomers. The platinum(II) complex 123 » P(inaa),,
also occurs in green and brown forms which are isomorphous respectively with
palladium{I[) complexes of similar colours.

Pd(inaa)2 is reactive towards various reagents 123 The imine-oxime complexes
{Section H} are directly obtained from reactions with primary amines. In the ad-
ducts l:‘cl(inaz\)zD2 (D = PPh,, AsFh,, 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(II) tris chelates 121 of XX belo?} to the structural type
XXI (n = 3} as is evident from spectroscopic cl:na“’3 134 The diamagnetic iron(ff)
con-q:de)l:es130 of XX were recently remvesugated 5. These belong to two types:
M{Fe(inaa);] (M = Na, Ca/2, etc.), in which the complex anion is octahedral

H—c¥— cionoH
2 L
N, =0
H
XXk



STRUCTURAL CHEMISTRY OF TRANSITION METAL COMPLEXES OF OXIMES 17

(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 (1.H; XXII) complexes of copper
(I} (ref. 136), nickel(H) (refs. 137, 138) and manganese(I} (refs. 137, 138). These
are usually of the type ML, D, in which D is py, NH;, H, 0, etc. Copper(II} com-
plexes of the type Cu{L}) ((3[-1) 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. NITROSOPHENOQLS

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-naphthot (Htnn} exist in the
respective oxime forms in the solid state. In simple oximes the N—O stretching
frequency lies 181 4p the range 930-960 cm™ I In quinonemonoximes the fre-
quency shifts13%:140 15 9801080 cm™! probably due to resonarice between
XXI1I and XXIV. The known X-ray structures of a and i {orms of 5-propoxy-2-
nitrosophenol are in accord with such a description“z’lﬂ. In view of these re-
sults the orrhio-nitrosophenols find a natural place in

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 discavery, the list will be headed by 1-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 qualitative
detection of cobalt -- was reported by Ilniski and Knorre in 1885, The nature of
the reaction between cobalt(1I} salts and Honn or its sulphonated derivatives is
complicatedl‘“_ 136 The bis and tris chelates of cobalt(il} are {irst formed145:146
The tris compiex is then rapidly oxidised by axygen and/or excess ligand to the stable
Co(onn); complex.

2-Nitrosophenol {XXIII, Y = H) and some of its metallic salts were first de-
scribed by Baudisch 147 _gystematic physicochemical studies on the copPer(II)
and nickel(II) complexes of XXIII (HYnp) were recently reported 148~ 151 The
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complex Cu(4-Menp} (py) is desm,nbed as having the square pyramidal structure
XXV on the basis of X-ray data !> 32 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 such as mass spectrometry, infrared and electronic
spectra and magnetic susceptibility. Some results are coliected in Table 3. Most
interesting among these are the dimeric Niz(‘{'np}4 complexes, for which the struc-
tural type XXV1 is suggested.

Apart from XXV, another complex of definitely known structure is ferroverdin,
the green diamagnstic iren{Il) pigment produced by a species of Strepromyces 153,
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 obtained in polymorphic forms
which usually contain solvent of crystallisation 194, {gnoring sclvent molecuies,
ferroverdin is Na{Fe{Ynp), ]. where Y is XXVII attached to the 4-position of the
np ring. Honn giveslss a similar green iron{ll} complex Na{Fe(onn};]. In ferroverdin

q
Hzc=cu—®—o—c—

XXVIi

iron{I1} is cis-octahedral, XXVIII, with five-membered chelate rings (XXI1X); the
sodium ion is also grossly octahedral with six oxygen neighbours coming partly
from the complex anion and partly from solvent of crystaliisation 13%_ The average
bond distances (in A) shown in XXIX, when compared with some other resuits (refs.
142, 143}, suggest considerable contribution from the true nitrosophenol structure.
The neutral cobalt(1l1) analogue of ferroverdin is known!=6,

Even though Co{onn), was discovered so ma.ny 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

Nitrosophenal complexes

Compound type Probable siuctuse Ref.
('.'I.ll"l'rlp)2 ,wherc Y = 4-Cj, Polymeric in the soiid state with 149, 151
4-Br, 4-Me, 5-OMe; pseudoactahedral copper(Il} envi-

Ch.l(r::u'u'l)2 H Cu(mn)z ronment; may be dimeric in solution;

mass spectra {i.e. gaseous state)

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

this supgests five-membered chelate

rings
Cu(Ynp),{py) Monomeric in chloroform solution: 149
Cu(onn)z(py), square pyramidal {videc structure
Cu(tnn), {py} XXV)
Ni(‘l’np}z, where Y = 4-(1, 4-Br, Dimeric in chloroform solution 150, 151
4-Me, 4-1-Bu and in solid state with strucrure

XXVI: magnetic intcraction of the
twa metal atoms occurs with an
exchange integral of 40 cm ™
sguare pyramidal metal environmtent
from elecironic spectra: dimers
tagether with dimer-4 {oxygen)
persist in the paseous phase {mass

spectral}
Ni(Ynp), (py),, where Monomeric, rrans-octahedral 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 ColN 05 coordination sphere be
accepted as most probable. Infrared spectra of the complexes of Honn and Hinn
including Co{onn), and Co{tnn), were recently interpreted 140 i1 terms of six-
membered chelate rings (coordination throuph oxime oxygen). Careful examina-
tion of the reported data 10 convinces us that these in no way prove the six-
membered formulation. A five-membered ring structure can be used to interpret
the resufts equally weli.

The Poiymenc metal complexes of 2,4-dinitrosoresorcinal were recently de-
scribed 13

O
Vv
o C 1L4F

N ll:s

xxvnl XXEX
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H. IMINE-OXIMES

(i} Bidentare Hgands

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
NI—L,) On complex formation the oxime Jnroton may or may not dissociate. Prob-
able structures of some cornpiexes”s 158-164 5re shown in Table 4. In each case
bonding is beieved 138 to accur via the oxime and imine nitrogen atoms {but see
below),

The reaction of isonitrosozcetylacetone with ammoniacal nickel{I1} solution
yields a red complex 12} The same material is obtained '65-16 by nitrosating bis
{acetylacetonato)nickel(I1) with potassium nitrite in the presence of ammonium
acetate at neutral pH. Various structures %6 have been supgested for the red com-
pIex on the basis of fragmentary evidence. Careful PMR, IR and mass spectrometric
datal® now make it certain that the correct structure is XXXI {R = H}. The {inal
proof has come [rom X-ray wark 167 on the homologous complex XXXI(R = CH3).
The most unusual feature of this grossiy 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 XXXKR = CH 4) is much shorter
(1.26 A) than the N—O distances met so far. The N—H prozon is probably hydrogen

O’N\ /N"‘"-ﬁ M’zCU
M
H~N’ ‘n N/

XXXIL
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TABLE 4
Probable strugtures of the complexes of bideniate iminc-oximes
Compound? Probable structuze Ref.
NiHio), ' Trans-planar 135,158
Ni(!\!ﬁiﬂ]z (R =Me, R* = E) Trans-planar 158
Cﬁ){l.“hiﬁ)2 (R=R" =Ph} Frans-planar 159
Co(Phio)J Octahedral with three 160
phenyl rings meridionally
disposed
CotFPhio}, (X} (py) Transoctahedral 160
{X =Cl, SCN, Fh)
Co(HPhio) (Phic)hal, Trans-octahedral 160
[Ca(HPhio}{Phio}(D)] 2 (C10a)> Dimeric cation with weak 161
and Co—Co bond; cobalt envi-
fCo(HPio){(Phio)}] 2{C'[C'l"}2 ronment pseudooctahedral

or pentacoordinated;
subnormal magnetic mament

(3.2-3.6 B. M}
Fe{Meio}, |1 Octahedral 162, 163
3"
Ni{HN H,io), hal, Trans-actahedral 164
Ni(N l-I2 io), Trans-planar with intra- 164
molecularQ---H- - N
bridges.

9 Unless otherwise stated R = R’ = Me.

bonded to the nearby N-—-O oxygen. The Ni—N distance (1.81 A) of tha six-
membered ring is significantly shorter than that (average, 1.89 &) cf the five-
membered ring. As expected, XXXI(R = H} gives rise to four distinct methyl PMR
signals. Strong C = N and N—O stretches occur at 1596 and 1201 cm ™! respec-
tively *6_ The conversion XXXI(R = H)>XXXI(R = alkyl) can be carried out by
transamination reactionsi®8,

When the two ~COMe groups in XXXI are replaced by —COzElz, the hybrid
ring structure is retained 1°6, The palladium(II} analogues of XXXI(R = H), -
branched alkyl, Ph, etc., are known to have the same hybrid ring structure. On
the other hand, when R = straight chain alkyl, the palladium(I} complexes are
betieved 123169 19 have the symmetrical frans structure XXXii, which will be
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abbreviated as M(N-Rinaa},. Reaction of Pt(inaa), with ethylamine yields
Py(N-Etinaa),, which probably has the structure XXXI1123. The Cu(N-Hinaa),
and Cu{N-Meinaa), complexes are also reported to belong to the structural type
XXX, though the experimentat evidence 135 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 possibility that these imine-oxime complexes,
particularly these 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 XXXII are not properly understood at
present. Steric factors 199 appear to play some role.

(it} Tridentate figands

Most of the work in this arca centres around two types of ligands, XXXIII and
XXX1V, abbreviated as HTic and H, Zio respectively. In XXXHI T contains a coor-
dination site such as pyridyl nitrogen or a hydroxyl oxygen. The ligands of the
type XXXV (Z = 0, S or Se) include semicarbazone, thiosemicarbazone and

{cH3 T P{{H-C{Z}Nﬂz /CCNHZ
o
Mz\c_,/-n Me\.cﬂ M, 'f ZH
i i "\.c‘/,ﬂ
MQ/C.‘:‘:N MC/CQT (!':--..
! o=
oH CH He Pf
aH
XXX XXXIV
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 a)rovided 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 chalcoger atom 171 In complex formation the oxime protons of XXXII and
XXXIV may or may not dissociate. In several rases two protons dissociate from
XXXIV {Z = 8 or Se). In such instances the ligand may be thought to react in the
tautometic form XXXV (Z =S, Se).

Among complexes of XXXIII are octahedral chelates 172 cuch as [Fe(HTio}, 11,
(low spin} and [Co(HTio),}1,, both having 1 = 1, T = a-pyridyl. The compiexes
[Ni(HTio),1X,, [Ni(HTio)z(NCS)] {NCS) {one HTio {5 probably bidentate) and
polymeric 7Ni(HTio) (SCN), havingn=2,T = a—gyridyl all contain pseudooctahedral
nickel(1D 73, as daes [Ni(HTio),1X,, having! ™ 11 = 2 and T = OH. An example !>
of octahedral cobalt{IIT} is {Co('fio)zl X, n= 2, T =apyridyl. The chelates of com-
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position Cu(Tio)X, n = 2, T = a-pyridyt 173 or OH 174 have subnormal magnetic
moments. They may be dimeric, one probable structure 173 of the cation being
XXXV

//— g ""7/

XXXVl

Important stereochemical types among the complexes of XXXIV are again the
octahedron and the square plane. Octahedral geometry is present in
[M(H,Zi0),] X,, Z =0 (ref. 176), M = Co, Ni, Cu; Z = S (vef. 177} or Se (refs. 178,
179), M = Fe Co, Ni:in M(HZIO) Z=5 (refs. 177, 180), M= Fe, Co; Z = Se
(ref. 179}, M=Fe.in [Co(HZ:o)ZIX Z=S8e (ref. 179) and in M{HZio)(Zis},L=8
{refs. 179, 180}, M = Fe; Z = Se (ref. 179} M = Fe, Co. Spectral and magnetic data
are sparse, but where avaﬂabic” 178179 suich data do suggest that the iron(ll)
and iron{11Y) species are low-spin whereas cobalt(Il} is high-spin. Grossly plasar
stereochemistry is present in diamagnetic Ni(Zio).%HZO {probably dimeric with
H,0 bridge), Z = § {ref. 181), Se (ref. 178). Cu(Zic).3H,0, Z = S (ref. 1 82),

Se (zef, 183) and in diamagnetic N{Zio) (D), Z = 8 (ref. 181}, Se (ref, 178),
D = amine, e.g. py.

In the octahedral complexes of XXXIV, the iridentate 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 {or the complexes of XXXIII
when» = 2 and T = e-pyridyl.

{iii} Tetradentate ligands

The best examples are the ligands of type XXXVII which will be calied H,enio
when »1 = 2 and H,pnic when n = 3. The cumplexes 2184 of XXXVII usually have

the moiety XXXVIH which has an O - - O bridge like those present in dioximates,
{CH, {CH,)
M, /15 }%.._‘ L3 M, ( z ﬁ}l e
X w el
Mg N N, M, \N/‘\hi'l M,
OH oH L
XXxvil

XXXYIL
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amine-oximates, ctc. Apart from —(CH,), —, other groups 185 have also been used
as a bridge for the two halves of XXXVII. The nickel(I1) species Ni(Henio)X and
Ni(Hpnio)X are described 184 54 being either ive-coordinate (X = halogen) with
axially bound X or planar (X = C10, ) with ionic X. More interesting are the cobait
¢1lI) complexes 186190 of (he general type [Co(Hprio) (A) (B)]™", 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 cr anionic. The chemistry of these complexes is
in many ways similar to that of the [Co(Hdmg),(A) (B)]™" complexes described earlier.
Orpanometallic 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 Hprio chelates are also reducible 136 to deep blue, highly reac-
tive cobalt(I) nucleaphiles. The sodium amalgam reduction of Co{Hpnio) {(Ph} (I)
followed by the addition of MeBr affords!87 Co(Hpnio) (Ph) (Me). The cobait(I)
complex Co{Hpnio) (PPh;} can be isolated in the crystalline state 186 The cobalt
(11) chelate [Co(Hpnio) (H,0)5](BPh,) is also known?86,

The three-dimensional X-ray structure of {Co(Hpnio) {CH;) (H,0)] {C10,)
has been reported 191 The occurrence of the grossly planar moiety XXXVII is
confirmed. The O - - - H - - - O bridge is 2.39 A leng, The Co—C distance of 1.99 A
compares favourably with those in Co(Hdmg},(CH, C(Q)OMe) (py) (Tabie 2)
and other organometaliic cobalt(11f) speciesi92. The average Co—N, C = N and
N—Q distances in the Hpnio complex are 1.90, 1.29 and 1.42 A respectively191

A ligand which formally belongs to the same class as XXXV1!I is diacetylazine-
oxime (XXXVII, nn = ), abbreviated as Hz azio. The copper(ll)193 and the nickel
(ID133:19% chelates are respectively of the formula types Cu{azio} and Ni{azio)
(H,;0),. The nickel(II) complex may have '%:2%¢ the stntcture XXXIX in which
the nickel(Il} environment is grossiy octahedral. In the copper{1]} complex the
water molecules are absent. These complexes show clear evidence 193 of antiferro-
magnetic superexchangs interaction.

\
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The reaction sequence 134

M Me ANIONY, e
= B MQC
:),f ) ﬂ_mc /b“’g\ No
= M= N/ Ny = Mz
Me ,}——f\ Mz

XL XLi ILH

produces the grossly planar complexes XLE (M = Cu, Ni) and XLI1 (Cu, Ni, Pd).
The chelates XLII can also be obtained by reacting metal{ll) salts with isonitrosoac-
etylacetone and ethylcnediamineln’lgs. The molecutar and erystal structure of
XLI (M = Cu) is known 136 The chelate ring a is planar. The other two chelate
rings show significant deviation from planarity. In fing 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 fo the metai.

(v} Hexadentate Higands

The Schiff base XLIII of diacetylmonoxime and triethylenetetramine will be
designated simply as HyL. The ligand is hexadentate and forms!97 complexes with
cobalt(I11) of composition {Ca(H,L} X4 and {CoL]X. These are believed to have
the coordination sphere XLIV.

[Hon=ctee)—Cibtar =n—(CHg )~ NHCH, T @
2

XLm
XL

We wish to note that the Schiff base of diacetyl monoxime and cfs, ¢fs-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},‘l capping).

I. 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-pyridy Lke-
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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 {ragment is part of a heteroaromatic

3. Sy

v XLVl

ring. The iron(Il}, cobalt{Il) and ruckelgll) complexes given by the pyridine-oximes
were briefly reviewed some time ago "". Some compound types 199210 (3
interesting type being XLVI) and their probable structures derived from indirect
evidence such as bulk susceptibility, IR, electronic spectza, etc., are set out in
Tabte 5. These will not be discussed any further.

The composition of the species obtained from solutions of copper(1I) ions and
Hpao depend on the pH of the solution and the metal-to-ligand ratio. The system
is characterised by 1 : I and ! : 2 complexes, as can be seen from Table 5. More
mteresung are the trinuclear species of the type211 212 ¢y (pao)3 (OH)xz-nH 0
(X~ = SO 7,17, NOZ, ClO,, OH ). These have anomalously low 212214 map-
netic moments In the temperature range 100—400°K, the susceptlbﬂity obeys
Curie’s law with u - of ~ 1.0 B.M. per copper(1l) atom, This suggests 4 the
occurrence of a ginuclear 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(Il} atoms
are compatible with the magnetic data. In practice the triangular arrangernent
occurs, as has been substantiated by three-dimensional X.ray work213 on
Cu3(pao)3(0OH)S0,4. 16.3H-0. Each pao unit {unctions as a bidentate ligand to one
of the copper(lI} 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 Cuy(pao)4 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 Cuy(pao}; plane. The sulphato group (not shown
in XLVII} lies on the threefold axis below the trinuclear plane and acts as 2 tripod
bridge bonding to the three copper(11} 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 Cu;OH cluster can be described 214
as having multicentre bonding.
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Hppk and benzyl-2-pyridyiketoxime can be used 213 4o stabilise trivalent
nickel. For example, oxidation of nickel(II) salts in the presence of Hppk by
persulphate in alkaline mediurn yields a crystalline complex of camposition
Ni{ppk);. This is paramagnetic {1.75 B.M.) and shows ESR signals (g = 2.08;
£y = 2.10; £y = 2.14). This presumably octzhedral complex is beheved"‘s to con-
tain mckei(lli) and three ppk™ anions rather than nickei{11) plus one ppk- radical
and two ppk™ anions, The dioxime ligand XLVHI (H, dapd) is wridentate and
readﬂg yields pseudooctahedral iron{II} and nickel{I1I} -::c:mple.-wc.-:s216 21T The
latter are of the types [Ni{H,dapd),} (Ci0,), and Na, [Ni(dapd}, } and can
be readily oxidised to the dtamagnenc neutral complex Ns(dapd) believed 2
contain nickel{IV). Itis a.rgm:c‘l'15 216 that the higher oxidation states of mckei
are favoured by two factors, viz. high concentration of negative charge on donor
atoms and strong metal-ligand g-bond formation.

27

The sexadentate ligand tris (2-aldoximo-6-pyridyl}phosphine XLIX was recently

synthesised and used 1o encapsulate metal ions in trigonal prismatic geometry
using the reaction sequence

e, * P
l 2N fL\N E‘(& ) Oosure I \:'::-é:\z
M : { !
rl! ! I BFy. 0Et, e s
O

-+

] -
} ] |
F 0
CH OH OH or B . /o
" “2 _ +
-
Paep M{Mpaop)* M{BFpaop}

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

NitHpao)2™; similar low-spin iron(t1)
complexes and their acid disgociatian
constants are known, similar Hppk com-
plexes of hoth nickel{I[} and

cobait{Il} are Known

Ni{Hpao}, X, X =Cl, B, oac; all fully paramag- 199, 201
netic and pseudooctahedral; 204, 205
probabily dimeric, in which the
two metal atoms are bridged
by X yielding efs-NiN4 X2 coor-
dination sphere for each nickel(Il};
similar Hppk, 2-quinoiinaldoxime
and 2-fsoquinoliraldoxime com-
plexes are known

Ni{Hpao} {pac) X Paramagnetic with pseudooctahedral 193-201
nickel{II); may contain planar intra-
molecularly hyr}gogen-bonded cations
Ni{Hpao) {pao} of type XLVI linked
to one another through axially coor-
dinated X7, resulting in an NiN_ X,
coordination sphere for each nickel{II};
{Ni{Hpao} (pao) {py), | 1 is known;
similar Hppk complexes are known

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

Pd(Hpao} (pao}X Contains planar intramolecularly 209, 210

hydrogen-bonded Pd{Hpao) {paa)+;
a similar platinum complex is known

Ni{pao), Paramagnetic in both solid and 199, 200
solution phases; polymetic

Pd(pao},.2H; O Frans-planar arrangement of two 209
pao ligands

Pt(pao);.2H, O Known in two forms believed to be 210
¢is-planar and frans-planar

Cu(Hpao)X, Distorted octahedsal; polymeric 208

Cu(Hpao);504.25H, 0 Octahedral [Cu(Hpao},SO,(H,0)] 208

.1 % H,; 0 with monodentate sulphate
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TABLE 6

Twist angles in {M(BFpaop)] BF

M Hopr (B.M.) Twist angles (] Ref.
Fe 0.4 21 22 22 219
Co 491 0.4 1.0 3.2 82
Ni 3.11 .1 1.8 1.8 218
Zn Diamagnetic L.} 2.3 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
perch.loratesl- 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 bein
systematically determined >'8-219_ The results for the nickel(11)2*8 and iron(i)?!
complexes are already available and those of cobalt(Il} and zine(1I) 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(II} complex (fow-spin dﬁ) is there a sub-
stantial distortion from the trigonal prismatic geometry (compare with Section
E(iii)).

Electronic, PMR and Md&ssbauer spectroscopy and polarographic reduction
potentials for [M(BFpaop)] BF, and other complexes spanning a range of geo-
metries within the trigonal prismatic and octzhedral limits were carefully ex-
amined %2 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
LIl in which an oxime function is placed (as in XLV) ortho to a heteroatom
(Z=10, S, Se). Complexes of the type ML, of probable structure LIII can be iso-
fated **! for nickel(I1), palladium(Il) and platinum(ii}. The copper(Il) chelates are
dimeric,

=
\ £ N\ T
= \Mf
N e’ 2
i ]
oH Q

Ln Lm

220222
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Cu,L,(OH),, and probably involve metal bridging via OH. The donor strengths of
the ligands LII follow the order 22! Se > § > 0. Thiophene-2-aldoxime (LII, Z = S)
also gives comp[exe8222 of the type M(LH)2C}2. When M = Co, Ni, Cu, the com-
plexes are probably pseudooctahedral. The M = Pd complex is planar
(M(LH),1CL,.

1. AZO0-OXIMES

vic-Dioximes, imine-oximes and pyridine-oximes all contain the a-diimine func-
tion —N = &—C= N —. The isoelectronic azo-imine function ~N =N—C = N— is
piesent in arylazooximesm"’_ AN = N—C{= NOH)R, which will be abbreviated as
HArRazox. Arylazooximes readily react 224-226 with cohalt{11} salts to give rise
to tris complexes of cobalt{I1l}, Co{ArRazox},. The oxidation of cobaly(Il} to
cobalt(II]} occurs even when external oxidising agents (e.g. air} ar¢ excluded; the
lipand itself acts as the oxidising agentzm. On the basis of IR data??0, the
Co{ArRazox} chelates belong to the structural type LIV. PMR evidence>26
ously demonstrates the exclusive population of the meridional configuration LV,

the facial configuration LVI not being observed for steric reasons226_ On the other

unambigu-

/Ar
AI=N MO N0
R"C%N/\”/n anl_ Nar Al | _nar
b g I
-Ne ;lﬁr
LIV Ly Lvi

hand, the rhodium(III) tris chelates, Rh{ArRazox},, exist in isomeric forms which
have configurations LV and LVI on the basis of PMR data???. The difference be-
tween the cobalt(III} and rhodium(I1I} chelates is at least in part due to differences
in the sizes of the metal atoms?27,

Nickel(1l} complexes of arylazo-oximes are of formula NifArRazox),. They are
diamagnetic and evidently planz!.r228 {LIV, M = Ni, n = 2). Mixed amidoxime
azooxime complexes of nickel(II} are also known 228 The reaction of K,PdCl,
with HArRazox yields>27 chlorine-bridged complexes of the type LVIL 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) (RN'Hz) (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,,

K4PtCl, does not immediately react with arylazooximes. However, a slow reaction
does take place 227 and eventually crystalline products of composition Pl{ArRazox},
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deposit. No halogen-bridged ptatinum(Il) chelates are isolated. The bis-chelates of
palladium(1i) and platinum{il) have many unusual spectral pr0perties2278nd itis
unlikely that they have sxrnfle structures of type LIV,

The copper(Il} chelates ? of arylazooximes are dimeric, Cuz(ArRazox)4 Thay
belong to a small group of copper(Il} complexes which are completety diamagnetic
due to the presence of strong antiferromagnetic interactions. The Cuz(ArRazox) s
complexes are also diamagnetic in solution phase and give rise to PMR spectra
which are very similar to thase of the free ligands or their diamagnetic complexes
with other metals such as palladium(Il}, The cxacl mode of bonding in the dimers
is not known. A Cu,(CH, CQ0),-like structure 2% with bridging a.rgrlazooxlmes is
a distinct possibility, Qne of the several possible modes of bridging is LVIIL.

7
ezt
;
=

e O
% %
Ar
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Reaction of iron(Il) salts with arylazooximes followed by digestion of the pro-
duct with sodium hydroxide affords 23 crystals of composition NaFe(ArRazox); .
H., Q. Electrical conductivity data for nitrorne thane solutions show that the sodium
ion remains largely bound to the presumably cctahedral diamagnetic complex
cation of structural type LIV, This complex is in some ways similar 231 ¢4 ferrover-
din (Section G). Acidification of NaFe(ArRazox), .H,0 produces Fe(ArRazox),
(HArRazox) in which one of the hgands is neu ual The complex FeCl,Fe(ArRazox),
in which the paramagnetic FeCI moiety is in some way coordinated to Fe(ArRa.zox)s

is also known 231
=N iuoaceta.ldehyde phenythydrazone, MeC(NO, ) = NNHPh, reacts 228 with
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cobalt salts in hot ammoniacal media to yield Co(PhMeazox)a. On the other hand,
PhNHNHC(Me)} = NOH undergoes 229 fast atmospheric oxidation in the presence
of metal ions (copper(If), palladium(Il), 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 abbseviated as
H,Rayox. The best known example is a-benzoinoxime,

H
R _\.?a—OH

R~ =K
OH

LiX

Hzphayox. 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 spe:traZH, powdesr ESR 33 and magnetic susceptibility234*235 data on
such complexes have been reported. The most recent susceptibility work 23 has
shown these compiexes 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(I)
are thought to occur 235 The same polymeric structure is proposed in order to
interpret solubility data 236, The reaction of Cu(Phayox) with hydrogen chloride

-]
1 H R
:}cl./(} R"‘"‘C—l
0“'0.! “? 0, Q&—bo ?
/‘\?..m\" ™ &f\ nli\kcfo\ S
H Cu
Ha— HCJ}N_-O R/c‘h"'-"-H/ \Cl
i {
] A aH
LX LXI

produces a green crystalline substance, Cu(HzPhayox)Clz, of normal magnetic
moment belie\_-'_ed235 to have the structure LXI1.
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237 of acyloinoximes are of types: Ni{HRayox), {para-
magnetic, possibly pol;’meric} and K [Ni{HRayox) (Rayox)} {diamagnetic). Some
tanthanide c1:.~rm3‘:|le:«:es‘.."38 and the complex >3 WO, (HPhayox), are reported. The
[atter beIung32 ? to a general class of WO ,(bidentate), complexes in which the
WO, group has a ¢is (C5, ) configuration. N

The monoxime of cyclohexane-1,2-dione (H, L) 1:ar-::dur:t=:s"!"0 polymeric copper
(IT), nickel(11) and cobalt(1l) complexes of composition ML,. Spectral and mag-
netic data reveal that the metal(ff) environment is grossly octahedral 240 Infrared
data suggest that the ligand L in ML, has the enolate oxime structure 240 45 shown
in LXIL. The mode of polymerisation in LXI1 is believed to be

o

/M y FhM =, o

== ) ri [

[ ] 0\’*’:
n c

&n

LXI

Nickel(il) complexes

similar ¢o that of metal{il) acctylacetonateszm. Isonitrosoncet;anilide also yields
complexes {e.g. LXI1) in which the ligand is an enolate oxime 24Y,

{ii} Salicylalidoximes

The crystal and molecular structure of several bisgsa.licylaldoximato)metal(lji)
complexes are known. The copper(11}242, nickel(11}**2** and palladium(1f)>*
chelates have the gross centrosymmetric structure LXIV with intramolecular
Q--- H--- O bridges of a kind slightly

different from those met earlier (Sections E{i), H(iii} and I). The average M—N,
M0, C =N, N-Q and O- - - O distances are respectively

copper(1[} 194, 1.92, 1.23, 1.45, 2.598A
nickel(11) 1.86, 1.84, 1.34, 1.36, 252A
patladium(ID) 196, 198, 1.29, 142, 262A
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In the copper(1l) complex there are two additional contacts (Cu - - - O, 2.66 A)
with oxime oxygens of adjacent molecules. This results in a distorted octahedral
geometry around copper(II). The :rans-MN202 coordination sphere in LXIV is
planar but the molecule taken as a whole often shows small but significant devia-
tions from planarity. For example, in the copper(il) r.:on*q;ule:m:"42 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” (0.76 A) occur
in bis(S-chIorosa]jcyIaldoxirnato)copper(li)246. The general question of *‘stepped”
structures in bis-chelates of bidentate ligands is discussed elsewhere in considerable
detail 7,

Bis(salicylaldoximato)}nickel(i1) is diamagnetic in the solid state but becomes
partially paramagmetic in chloroform solution 248 probably due to molecular as-
sociation. It readily forms 49,250 pseudooctahedral bis-adducts with amines. The
(:oba'.lt(Il)?‘SI . i:on(i[)zsz’?‘ss, iron(III) 254 and manganese(I1) 255,256 complexes
of salicylaldoxime and its substituted derivatives have been described.

L. AMINE-OXIMES

Bidentate 2-methyl-2-amino-2-butanoneoxime {LXVI, R = H; abbreviated as
Habq) and its substituted derivatives {LXVI], R = alkyl; HRabo) readily form com-
plexes with transition metal ions. The related tetradentate ligand system LXVI] is
a potent coordinating agent and will be abbreviated as Hyaboen when n = 2, and
H,abopn when n1 = 3. The complexes of LXVI and LXVII provide yet other ex-
amples of intramolecular Q - - - H - - - O hydrogen bonding (cf. Secticns E(i), H(iii),

I and K(ii)).

: (CH
M Mey ol z,rrlw M
S o
Me—SC-NHR Hl—?’ M
c
_ Cay -
M‘/c-...pmu Mo TNOH HON Me
LXVI LXVH

At neutral pH, nickel(Il) yields stable yellow diamagnetic cations such as
Ni(Habo) (abo)*, Ni(HRabo) (Rabo)*, I\J%Habeum)+ and Ni(Habopn)*. These can
be isolated as salts in the crystalline state >’ 3% In acidic solutions protonation
and solvent coordination occur yielding unstable que,zpresumably octahedral, para-
magnetic species of the type 257:2°8 Ni(Habo), (1120)2+. On the other hand, in
alkaline solution, Ni(Habo) (abo)OH is believed to be formed 260,
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The structure of [Ni(Hab 2 (abo)] C1. H,,O has been carefully examined using
both X.ray 261 3nd neutron 282 diffracticn techniques The gross structure LXVI111
has a planar NiN, coordination sphere. The two NH,, groups, H,0 and CI™ are in-
volved in a hydrogen bonding network in the crysta.l Refersing to LXVILi, the
exact dimensions <62 of the hydrogen bridge can be judged from the parameters
a=1.187(5} &, b = 1.242(5) A and & = 169.9°, The reason for the small degree of

. g o
g{.'_l..?? 3 ]
A N NS
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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 teads to l.he con-
clusion that the hydrogen a2tom moves in a broad single minimum potentral

The platinum(1I) complex [Pt(Habo) (2bo)] Cl. H, O is isomorphous with l.he
nickel analogue just described. Fts accurate stmcture is known from X-ray work 263,
The G - - - O distance is 2.48 A which is longer than that in the nickel(Il) complex
as expected. Selected bond distance data are se{ out in Table 7.

In basic aqueous media, Ni(Habopn)* is irreversibly oxidised*** by 0,, 107,
etc. producing the neutral complex LXIX which contains a six-membered pseudo-
aromatie ring, The reaction, which is quite speciftc for the particular ligand and
nickel(1l}, is to be compared with the dehydrogenation reactions of some other
macrocycles

The copper(li) complexes>7+2%8 of Habo are like those of nickel(il). However,
HRabo fails to yieid mononuclear complexes with copper(il}. The isolated com-
plexes are believed to have 266:267 (he composition, [Cu (HRabo) (Rabo) (OH,}]X
(structure L.XX) and have266:287 sybnormal magnetic moments {~ 1 B.M.) 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-
dependent265 267 We wish to point out that the magnetic behaviour of these com-
plexes is closely akin to that of some frinuclear complexes described in Section I.

H,aboen corm:vle:lces257 »238,268 oith copper(il} yield CrL:(l'Izaboen)z+ and
Cu(Haboen) both of wh.lch can be isolated as crystalline halides and perchlorates.
Crystal structure work 2% on Cu(Haboen)Br has disclosed the presence of the
dimeric cation {Cu,(Haboen), ] 2*_ The coordination sphere of each copper{il) is
a distorted trigonal bipyramid as shown in LXXI. The two copper(1} atoms and
the two N—O groups form a six-membered ring with a boat conformation. A sisnilar
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TABLE 7
Bond distance? data in amine-oxime complexes

Complex Hond disiances (A}

M-—N{oxime} M—N{amine} C=N N-Q Q---Q Ref.

[Ni(Habo) (ab0}] . H,0  1.86 1.91 130 1.36 2.38 261

wen? aen?  g29lan? et 262

{Pr(Habo) (abo)] O1. H,0 19§ 2.03 126 136 248 263

[Cus(Haboen), | Br, © 2.02 2.07 129 139 2.54 268

Ni(H, ibo), 012 . H;0 2,08 2,12 128 142 - 270

Cu(H, 50),Cl, 1.96 2.0t 4, 129 143 — 270
2.36 ¢

Averaged and approximated to the second decimal place.
Neutren diffraction work; all others are X-ray diffraction work.,
Cu-0, 2,13 A,

Base of the tetragonal pyramid.

Axis of the tetragonal pyramid.
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ring but having the chair conformation occurs in Cu,(Hdmg),, in which the metal
environment is square pyramidat {Table 2). In donor solvents such as water and
dimethyi sulphoxide, the dimer dissociates yielding258 Cu(Haboen) (soivent);.
The complexes LXVIII-LXXI show the characteristic O - - - H - - - O bending
mode in the range 17501800 em™?,

2,2"-Iminobis(acetamidoxime), LXXI1, gives rise o a violet paramagnetic bis-
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complex 27 with nickel(t}), Ni(H,ibo),CL, . H,O where H,ibo stands for LXXII.
The complex is pseudooctahedral 2nd centrosymmetric 279 "The chloride ions and
water molecules do not occupy coordination positions. The ligand is bound to
nickel(1}) as shown in LXXIII via N1, N? and N3. The average Ni—N (oxime) dis-
tance (2.08 A) is significantly longer than the corresponding distances in the grossly

H

H
2 2
HZN\C/C 3t “\c/NHE b
it H fiq
N N
HO™ ~oH

LXX11 LXXIIE

planar, diamagnetic complexes (Table 7), but compares favourably with the dis-
tance {2.11 A) in octahedral Ni(Hado),4Cl, described previously (Section D). The
blue copper(if} complex, Cu(H,ibo},Cl,, has270 3 distorted square pyramidal
structure, LXXIV, in which one ligand is tridentate while the other ligand is biden-

xS

LXXIV

tate {coordinated at NI qnd N2 only).

M. AMIDGXIMES

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)NHI, abbreviated as Hbamox.
Amidoximes are amphoteric substances soluble in dilute mineral acids (protonation
of NH, ) as well as aqueous alkali (proton dissociation from = NOH)271-272_ 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 jron(If)
in neutrai solution. This and other chelation reactions of amidoximes were recog-
nised in the early days of coordination chemistry 271273274 The use of amidoximes
as analytical reagents for the estimation of various metal ions has been reviewed
275,27 . However, litile is known about the definjtive structural chemistry of metal
amidoximates. This is unfortunate since therse are several systems begging structurai
work in this area, as will be evident from the discussion below.
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The copper{li} complexes will be considered first. Starting with the simplest
member, viz. formamidoxime, many amnidoxirnes (LH) give rise to copper{Il} com-
plexes of composition Cu{L} (OH) . H, 0 or Cu(L) (OH)?73,274,277- 281 Tp,
hydrate where formed can be readily converted to the anhg'drous material. Al
though copper(il) complexes of other compositions282:283 are given by some
amidoximes, we shall concentrate our attention only on the Cu{L}{OH) com-
piexes. These are unlikely to be monomeric since L can at most be bidentate to-
wards a given metal ion. if the structure is di- or polynuclear (OH bridge?}, the
occurrence of magnetic exchange interaction may be anticipated, The room tem-
perature rnagnetic moments reported in sorne cases 73,278 are indeed subnormal.
Variable-ternperature magnetic data are lacking. '

A fresh ammoniacal solution containing nickel(II} chloride and Hbamox has a
deep blue colour. On exposure to air for several hours the sofution gradually turns
red and eventually red needles depaosit. The process can be hastened considerably
by addition of hydrogen peroxide. The molecular nature of the red complex,
which has oxidising péwer and liberates iodine from iodide solutions, remains
enigmatic. Even its composition is not established beyond doubt, It was originally
formulated 284 a5 Nig amox}), with nickel in the trivalent state. All subsequent
measuremnents 2741289286 pave shown that the compiex is diamagnetic and hence can
not contain trivalent nickel. Several authors27#:285:288 have gyppested that nickel(ID)
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(il} containing species can be
obtained 274285 The nature of these is also obscure, Very recently it was re-
portedzm that nickel{H)} nitrate and benzamidoxime can be oxidised in ethanalic
solution by hydrogen peroxide yielding red dizmagnetic needies of composition
Ni(bamox),. The IR spectrum of this complex is not uniike that of the free ligand.
It is claimed %’ that Ni(bamox), contains retravalent nickel and monodentate
bamox bound to metal via oxygen. Unfortunately, however, thase authors 287 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 furure,
Amidoximes other than benzamidoxime also give deeply coloured sofutions with
nickel{fI) in the presence of oxav§en, and crystalline complexes can be isolated
from such reaction mixtures2’~»<88,289 Nothing definite is known about their
Structures,

When A SCN)‘l‘ is added to a neutral reaction mixture containing benzamidox-
ime and Co**, the crystalline complex ICo(Hbamox},] [Ag(SCN),], can be ob-
tained 230, [Ni{Hbamox}, ] [As(SCN), 1, is similarly produced 290 On the basis
of IR data the nickel(Il) and cobalt(lI) species are believed to contain the ion
LXXYV. Unfortunately magnetic and electronic spectral data of the complexes are
not reported.
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‘,H -
R -
ph—-c\{mz”:;q/ " _en
N-—0 ":_N"-f
\H“
LXXY

Amidoximes such as Hbamox react with cobalt(1I} solutions in alkaline pH
giving a deep blue colour. However, there is no one opinion about the nature of
complex formed 273,274,291 The colour reaction between amidoximes and iron(111)
was noted easlier. Brown complexes of composition Fe(bamox)X {X =NO,, SCN,
5804) have been isolated 292 Amidoxime complexes of chromium{lll)293, mer-
cury(!l}271 '278’279'282'294, paliadium(II)ZM* 81 . osmium(l£)279, dioxouranium
(VI¥?39_ate. are described in the literature. The reactions of benzanilidoximie.
PhC(= NOH)NHPh, with copper(1l}, iron(}1{} and dioxouranjum(V1} were examined
in solution 273, Crystailine complexes of comgosition CulL,, FeL,OH, U02L2
could be isolated {HL = ligand). It is believed 93 that L is bidentate and binds
meial at NHPhnitrogen 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 LXXV], 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 watk 278, The
malecule is centrosymmetric with a frans-planar copper(ii). Salicylamidoxime
yields planar nickel(II}, palladium(I[) and capper(Il} complexes which most probab-
ly have297 the structure LXXVIL Here the tigand 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(if)?2.

H
N .
Hal— &\ o, quruou
c M
2 - H, N~ S=NOK
H N H b
2 i N H

LXXVIi
LXXY] LXXYIE
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