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SUMMARY.

Monomeric tetrahedral complexes MX2

pseudohalogen are formed with nickel(11) and cobalt(141)e The

OQNMeB, X = helogen,

chloro—complex of nickel(141) exists in two forms, X -NiCl,«2Nlie,
(blue), which has been assigned a tetrahedral structure, and

| }3--NiCl2c2NMe3 (red), which has been assigned a halogen-
bridged polymeric octahedral styucture. Monomeric octahedral

complexes ML, X, L = iso~butylamine, formed with nickel(11)

+ 2 ,
have trans—configurations. Splitting of theE}T' e Sp

2g 2g

transition in the halo-complexes las been interpreted to
indicate tetragonal distortion caused by lattice reguirements
in the solid stateo

Monomeyic octahedral complexes MLAXQ’ L = iso-butylamine,
iso~propylamine, sec-butylamine, cyclohexylamine, are formed
with eobalt(41)o The stability of the halo-complexes at
ambient temperature and pressure follow the polarizability
sequence Cl< Br<I but are significantly less stable than
the complexes COLqu’ L = pyridine, substituted pyridine,
The instabinity of the complexes is considered to be a
consequence of the Electropeutrality  Principle. In solution
the complexes undergo a structural transformation and give
tetrahedral species ML2X2. Mean values of 1ODq suggest that
the ligand field perturbing power of the amine is almost
independent of its steric nature and that the amines occupy
a similar position to that of ammonia in the spectrochemical
serieso

Mononeric tetrahedral complexes ML2X2 are also formed

by cobalt (11) with the same aliphatic amines.  Pronounced

splitting of the uT1é— qu transition in the reflectance



spectrum of these complexes 1is interpreted to indicate a
lowering of <32V symmetryo Tetrahedral stercochemistry is

retained in solution but the absence of splitting in the

L . s
A2 transition indicates that the complexes are less

severely distorted than in the solid states

i
T16—

The two complexes CoLZ(CNS)2, L = iso-butylamine,
cyclohexylamine, form polymeric octahedral structures which
contain bridging thiocyanate, as deduced from the positions

of V(Czl), V(C-S) and V(M-NCS) in the infrared spectra. A
L

T18
tpansition in the electronic spectra of these complexes is

weak band on the high energy side of the uT1g(P)<—

attributed to the greater asymmetry of their polymeric
structuré in comparison to that for mononeric octahedral
| specieso These complexes also undérgo a structural transe-
formation in solution and give tetrahedral species CoLz(CNS)zo
A number of complexes of chromium(411) chloride with
.aliphatic ketones have been studiede. Thelshift in the
carbonyl stretching frequency upon coordination of these
ketones has been clearly demonstrated, An unexpected band,
situated at 2300 en~! has been observed in the infrared
spectrum of chloropentakis-(ethylamine)chromium(111) chloride
when the complex is prepared under open-air conditionso
This observation has been tentatively inferred to indicate
that the reactivity of ethylamine becomes enhanced upon

coordination and it may be oxidized to acetonitrileo
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1o  INTRODUGTION

1e1e Ohject of the Study

Complexes of amnmonia are well known and the position of
this ligand in the spectrochemical series is well established.
In contrast the chemlgtry of the complexes containing simple
aliphatic amines has been studied to a much lesser extent. In
the present work it was decided to attempt the preparation of
some complexes containing the latter type ligands with selected
first row metal halides, to chéractérize these complexes, and
to establish ithe position of the amines relative to ammonia in
the spectirochenmical series.

Of the metals having an oxidation state of +2,cobalt(11)
and nickel(11) were chosen, While the chemistry of these two
metals might be expected to be rather similar,#ery often
striking differences are apparent. Chromium(111) is a good
example of a metal from the first transition series having an
oxidation state of +3 because in many cases the chemistry of
chromium(4111) parallels the chemistry of other metals such as
titanium and vanadium in similar oxidation states, e.g. the

T (x = c1, Br;

existence of isostructural complexes MXB.ZNMe3
M = titanium, vanadium, chromium) - but Cr(111) is frequently
distinguished by its kinetic inertness.

It ie instructive to observe how the major interests of
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inorganic chemists in the halide compounds of the first row
trangition metals have evolved over the past fifteen yearse.
Before 1958 the apparent non-existence of tetrahedral nickel(11)
.complexes was generally assumed tc be in accofd with crystal
fleld theory,2 which predicts a gain in crystal field energy

of 3.6 = 7.2 kilojoules mole“1 on going from a tetrahedral to
an octahedral complexo2 More detailed examination3 showed
however, that crystal field stebilization energy is only a
minor component of lattice energy and may be swamped by the
electrostatic intcraction between metal and ligands.

In 4958 Venanzil‘L suggested on the basis of spectroscopic
and magnetic evidence that the complexes Ni(PPh3)2X2 (x = c1,
Br, I) were pseudotetrahedral. He attributed the formation of
the complexes to steric repulsions between the triphenylphosp-
hine molecules which prevent polymerization of the Ni(PPh3)2X2
units and consequently, the formation of an octahedral complex.
Later, a complete x-ray crystallographic study5 established
this structure in detail.

In the following years many more tetrahedral complexes
containing monodentate and polydentate ligands were prepared.
Furthermore, Venanzi and co-workers have shown6’u’7 that as
the alkyl groups of tertiary phosphines in complexes N1L2X2
(L = tertiary phosphine, X = halogen) are replaced by phenyl
groups there is a change of structure from square planar to
tetrahedral,

The study and characterization of five-coordinate

complexes proved just as interesting as the earlier work on
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tetrahedral stereochenistry of nickel(11)., Antler and
Ladbengayer8 first obtained evidence for the existence of
the complex TiClB.QNMe3 in the pas phase reaction of titanium
tetrachloride with trimethylamine. It was also synthesised
directly from the trichloride, and the corresponding tribromide9
may be prepared by direct interaction of the componentse Tri-
methylamine is the only solvent in which the complexes dissolve
without reaction. At first they were considered to he halcpen-
bridged dimers but the x-ray structural determination of the
complex TiBrBOQ.NMe3 by Russ and Wood1? clearly established that
the complex is a trigonel bipyramidal molecule with essentially
%hswmwmyo | |

Despite the considerable interest shown by workers in thc
various sterevchemical fcrms of these metal halide complexes ,
no systematic study of the chemistry involving the adducts
formed by simple molecules, especially amines, has been unde r-
taken. In contrast the chemistry of the reactions involving
liquid or gaseous ammonia with metal halides has been extensively
studied over a period of years. Much of the earlier work has
~been reviewed by Fernelius and Bowman11 and more recently by
Fowles,12 Garner and House.13
| A study of the literazture indicated that adducts prepared
with trialkylamines were in a minority. Invariably the stereo-
chemical requirements of the ligand were considered responsible
for the non-formation of this type of adduct. The absence of
s large number of mono-aliphatic amine complexes of cobalt(11)

dihalides was also very noticeable. For purposes of comparison

some adducts were prepared which have been prepared and
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characterized previously.

It should be borne in mind that chemistry is an
experimental subject and as such has many divergified fields
and applications. For this resson alone it is seldom possible
(and rarely fully beneficial) to study an isolated topic
without making reference and investigating certain aspects

of chemistry outside the topice. In general this always imparts

o

8 unifying understanding of the subject, not obtainsble from

o

an isolated study within the limits of the toplc itself, During
the course of this work a number of adducts formed by simple
ketones with chromium(111) were isolated. These adducts were

fully characterized and the results are included in this topice

1.2. Complexes of Metal Halides with Simple Aliphatic Amines

1.2.1. Complexes of Nickel(11)

4 nave shown that nickel(i1) halides

Uhlig and Staiger1
react readily with primary aliphatic amines forming coordination
compounds of the type NiL6X2 (L = MeNHz, EtNHz, n—PrNHz;

X = Cl, Br, I). Many of the complexes have been prepared

15

previously by Ephraim and Linn but not fully characterized

by theme Thermal decomposition studies on the series NiL6X215
showed that complexes having U4, 3, 2 and 1.5 amline molecules
per central atom were formed. For all these compounds magnetic

and spectrophotometric measurements indicated a coordination
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nunber of 6, Therefore the 1:2 and the 1:1.5 complexes are
discussed as having highly polymeric structures,

Uhlig and Staiger16 have also prepared a series of
gomplexes formed by nickel(11) halides with secondary and
tertiary amines. In this case the reaction between metal
halide and amine was much slower than reactions with primary
amines, Dimethylamine and diethylamine formed coordination
compounds having metal to amine ratios of 1:U4, 1:3 and 1:2,
Binuclear octahedral structures are suggested for the 1:3
complexes, whereas tetrahedral or sguare planar configurations
are proposed for the 1:2 compoundse.

The complex NiI ,ZNMe3 ig formed with trimethyleamine. It

2
- has been prepared by condensing trimethylamine on to anhydrous
nickel iodide‘and allowing the reactants to stand at O0 for one
week.16 Under the same conditions nickel bromide showed only
"partial reaction after five weeks, while nickel chloride showed
no reaction. When NiIz.QNMe3 ig dissolved in benzene the}e is
a structural altération.16 The spectrum of the solution has

peaks suggesting the presence of the NiIﬁ- anion., Lever and

17

co-workers have shown ' that NiI2.2Mp (Mp = Methylpyrazine)
tends to rearrange to form the anion Nilﬁ- when dissolved in
acetone in the absence of an excess of methylpyrazine. The
presence of this anion was donfirmed from its solution spectrum
and its conductivity in acetone. Uhlig and Staiger have argued

2
+2Mp when digsolved in acetone, By comparing maxima in

that NiI .ZIMGB, when dissolved in benzene, behaves similarly

to N112

the spectra and allowing for the bathochromic shift brought

about by benzene they propose the formation of NiIi-. The
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presence of a shoulder at L4l nm is taken as evidence for the
existence of the cation éﬁi(NMe3)“;72+, ags cations of this type

. . 1
show an absorption maximum at 450 nn. s 20

Accordingly the
qomplex is formulated as the ion pair /Ni(IMe. )u;7 ZLIIMM7 in
benzene. However flat maxima in the spectra at 900 nm and
1,000 nm suggest the presence of some pseudotetrahedral
NiI?.ZNMe5 specles 8180, |

Prasad and Kris hnan21 have reacted triethylamine with
nickel iodide and report the formation of complexes NiIQQNEt3
and Nil ,MNEt7. Very little information is available on the
characterization and structure of these complexes. No magnetic
measgurements or spectra are avallable,and the analytical data
dbtained)compares very poorly with theoretical calculations.

In view of this the validity of much of their work must be
viewed with reservaticns.

More recently Kartopolova and co-worker522 report that
nickel(11) halides react with triethylamine to give fine
crystals having composition Nle(hEt ) nil,,0 (X = ¢1, Br, I).
The thermzl decomposition of these complexes proceeded in two
stages. At first water molecules were eliminated and then
each molecule of triethylamine separately. The intermediates

NiX2(NEt and NiX,.NEt, were isolated and analysed, but

3)2 2 3
further work on the complexes has not been reported,.

1.2.2. Complexes of Cobalt(11)

A vast amount of work has been reported on the preparation
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and properties of cobalt(11) dihalide adducts with pyridine,
substituted pyridines, aniline and closely related nitrogen
bases. The chemistry of the two bis(pyridine) isomers
m—00012(py)2 and p«CoClz(py)2 has been extensively studied.23
The reaction of anhydrous ammonia with cobalt(11) dihalides
has been equally well studied. Similarly in the case of the
chloride an & and p:form have been isolated for the complex
CoClz(NH3)2.2u On the other hand,surprisingly little informa-
tion is available on the adducts formed by simple amines,

15

Ephraim and Linn were probably the first to examine
some of the latter type adducts. More recently Hatfield and
Y0k625 have studied the reactions of mono-, di-, and trimethyl-
- amine with cobalt(11) dihalides., Ethylamine forms stable
complexes of the type CO(EtNH2)2X2 (X =C1, Br, I). In addition
these workers indicate that ethylamine also forms higher
. complexes having appreciable dissociation pressures at room
temperature, No composition is proposed for these higher
ethylamine compléxes but their stability is in the order
I>Br>Cl, while the relatively high dissociation pressures
observed is attributed to the relative degree of expansion of
the crystal lattice needed in order to accommodafe the amine
ligands.
Diethylamine also forms 2:1 complexes Co(EtZNH)QX2

2QNEt3 have been obtained

with triethylamine. Reflectance spectra in the visible region

(X = C1, Br) but only 1:1 adducts CoX

and magnetic moments at room temperature have been recorded
for all the above Go(11) complexes., On this evidence it is

suggested that in the bis(ethylamine) and bis(diethylamine)
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complexes the halide ions are coordinated to give pseudo-
tetrahedral geometry. Doubly halogen-bridged dimers or
singly halogen-bridged linear polymers are suggested to account
for similar tetra-coordinated cobalt(41) in the 1:1 complexes
of triethylamine.

Apart from this work reported by Hatfield and Yoke,
further information on simple aliphatic amine complexeg is
pcarce. Some work hasg been done by Bodiker=Naess and Hasse12
on the hexakis(methyl amine) complex Co(MeNHz)GIZ, while Bucknall

27

end Wardlaw™ ' have preparedthe tris(allylamine) complex

Co(CBHBNH2)3012e

1.2.3., Complexes of Chromium(111)

In contrast to nickel(11) or cobalt(11) a considerable
nunber of amine complexes with chromium(4111) have been
prepared. Compiling a comprehensive review of these complexes
is in itself a formidable task. This present summary is
confined to the complexes formed by chromium(i11) with some
simple aliphatic monodentate ligands. By far the most complete
and up to date survey of both ammine and amine complexes of
chromium(411) is that by Garner and House. -

The pentakis(alkylamine) complexes of the typs
45P(RNH2)5X~7X2 (R = H, Me, Et, allyl, n-Bu, i-Bu; X =
monoacido ligand) have been investigated by Mandal,28 Lang

29 30

and co-workers and more recently by Rogers and Staplese.
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Every known member of the family can be prepared, either

directly or indirectly, by reaction of the anhydrous amine

with anhydrous CrCl;. Vhen éEr(MeNH2)5337Br2 is gently refluxed
in excess methylamine,coordinated bromide 1s gradually eliminated
31

and the hexakis(methylemine) complex Cr(MeNH2)6Br5 formed.
This is the only example of a hexakis(amine) complex reported.
No corresponding conversion could be obtained when the chloride
anion was present.

Very little information is available on the reaction of
chromium(114 ) halides and dialkylamines., Awakawa and co-

32

workers have reported complexes of formulae Cr(MezNH)301-,

Cr(MezNH)2013, Cr(EtZNH)BC and Cr(Bt,NH),Cl, but little

1

5 3

chemistry of the complexes has been presented.
One of the most widely studied adducts of chromium

trichloride is that formed with trimethylamine! 33234

having
empiricél formula CrClB.ZNMe3 similar to the analogous complexes
of titanium and vanadium (Sect. 1.1.). The complex is monomeric
with & trans trigonal-bipyramidal configuration, as indicated by
dipole moment, infrared, visible and ultraviolet spectroscopye.

This geometry has been confirmed by Fowles and co—workers1

using single crystal x-ray diffraction technigues.

1.3. Ketone Complexes of Titanium(111) and Chromium(141)

Titanium trichloride dissolves in acetone to give a red

r4
solution. Clark and co~workers’5 were not able to precipitate
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a complex from this solution but on complete removal of the
solvent a red solid was isolated whose analysis corresponded
to the complex TiClB,BMeQCO. It is virtually a non-electrolyte
in acetone and the absorption spectrum is typical of octahedral
titanium(141), containing a single asymmetric peak with maximum
at 15.4 XK (€ = 37) and a shoulder at 13.3 kXK (¢ = 28)., Fowles
and co—workers36 suggest that diethylketone and benzophenbne
nay be restricted to forming 1:2 complexes by steric considera-
tions, but that it seems likely that the titanium atoms will
retain their octahedral environment in the solid through |
chlorine bridging. However, the diethylketone complex dissolves
in the ligand as solvent, the spectrum of which closely resenbles
- that of the acetone complex. Thus 1t is suggested that in
solution chlofine bridging is broken down and a 1:3 complex is
formed. For all three compounds there is an appreciable
lowering of the carbonyl stretching frequency (by ~ 100 cm"1)
on coordination and the magnetic moments (~1.6 B.M.) are
slightly lower than those expected for titanium(111) complexes.
Surprisingly few complexes involving chromium(111) with
ketones or aldehydes have been reported. The complex with

37

acetone has been prepared by Taylor and also by Awakawa and

32
co-workers.J The latter workers also prepared complexes

CrCl,.2MeCOEt, CrCl,.Et,CO and CrCl,.2MeCOPh. Though the

3 3772 2

lowering of the carbonyl stretching freguency has been observed
very little physical data has been presented.

The characteristic change in the carbonyl freguency upon

coordination to a metal cation makes it a useful diagnostic

tool in certain cases. While investigating the reaction of
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toluene with chromyl chloride in carbon disulphide solution
(the Etard reaction) Duffin and Tucker38 were able to show,
by a consideration of infrared spectra, that the brown
amorphous solid (usually termed the Etard adduct) which pre-
cipitates during reaction contains benzaldehyde coordinated

with compounds of chromium,

1.4 Comparison of Ammonia with Simpnle Amines

1ol4e1. Physical Properties

The substitution of a hydrogen atom in ammonia by an
‘alkyl group ﬁrings about important gquantitative changes but
leaves the molécule qualitatively very similar. Methylamine
- boils at -60, gbout 27° higher than ammonia, and the methyl
group just adds the usual increment t the boiling point
resulting from molecular weight increase, Further substitution
of ammonia does not produce a simple increase in boiling point:
although dimethylamine boils 130 above methylamine, trimethyl-
amine boils only 9.5o above it.

With heavier alkyl groups there is a continuous rise in
boiling point from primary to tertiary amine, but it is not
quite as steep as would be expected from considerations of
molecular weight alone. These phenomena are adequately
-explained when changes in hydrogen bonding are taken into
account., Substitution of the second hydrogen of ammonia by

even a methyl group apparently reduces hydrogen bonding
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glgnificently and substitution of all three stops it.

i
1

1.4.2. Changes in\hasicity

The effect of substitution on the base strength of
alkylamines is more complicated and has been the subject of
much discussion. Methylamine is a markedly stronger base
than ammonia, its ionization constant LL.I4.><1O"LJr being about
twenty times greater. However the general trend is for a
second alkyl group Lo increase the strength onlyaélight
amount over the primary amine and for the third to decrease
. the base strength compared to the secondary amine, sometimes
to a value 1dwer than that of the primary amine.

Although the increased basic strength of primary amines
~over ammonia can be attributed to the electron donating
effect of alkyl groups, it is obvious that such an effect is
insufficient to explain the relationship of the basicities of
secondary and tertiary amines. The.problem has been the

t39,uo,m

sub ject of much interes and has invoked two types of

explanation, one based on steric crowding, the other on

solvation (in which steric effects may also play a role).

39

Brown and co-workers have favoured the propostion that the
base-strengthening inductive effect of alkyl groups is opposed

HOSM 41ink that solvation

by steric crowding. Other workers
is of major importance in determining the differences in base

strength among different types of amines.
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1elie3. Steric Considerations

Despite the general similarity in structure, trimethyl-
amine and triethylamine exhibit marked differences in their
behaviour. For example in agueous soclution triethylamine is

L2

a congiderably strokger base than trimethylamine, Yet in
spite of its greater strength, triethylamine reacts at a much
slower rate with alkyl halides and forms a much less stable
addition compound with trimethylboron.uB These differences

in behaviour of the two amines have been attributed to the
peculiar steric configuration of the triethylamine moleculeg39b
only two of the three ethyl groups can be removed to the Trear!
of the nitrogen atom, away from the group adding or reacting

. at the vacant position of the nitrogen atom. For steric
reasons the third ethyl group cannot be similarly accommodated,
but is required to take a position such that the group projects
into the region usually assigned to the unshared pair of
electrons (Fig.lda). |

According to Brown and Sujishi,uu triethylamine therefore
resembles a typical hindered amine Such as 2-picoline (Figd.1b)
much more closely than it does a relatively unhindered amine
guch as trimethylamine (Fig.idc)e.

These workers proved their hypothesis by preparing the
adduct of trimethylboron with guinuclidine, the cyclic analogue
of triethylamine, but in which the offending ethyl group of
triethylamine is absent,
| Taftu5 hasg discussed the steric effects of a series of

amines on adduct formation with trimethylboron in terms of

free enecrgies, heats and entropies of activation. 1In Table 10 1
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() (®)

Fig. 1,4 Molecular models of (a) triethylamine

(b) 2-picoline (c) trimethylamine

the strains are listed in terms of potential energy of

activation (AéxEr) resulting from changes in repulsions

between non-bonded atoms.



TABLE 1,4

Steric Strains in 41:1 Amine-Boromethyl Additicn CompoundsLL5

Amine Steric Strain,zsAEr
.\ joules mole—1
NH
3 0.0
CHBNH2 | 0.0
C H I, 0.0
n-C 1 NH,, 0.0
i~03H7NH2 0.36
- C)Hg,, 0.38
t-C), HolH,, : 1,60
(CHS)ZNH | 0.40
(CH3)3N 1.64
n—CuH9(CH3)2N 2.43
J
(C2H5)2hH 1.&5
\J
(CHg ) 5N (14.05)

fl

Even though all these results have been obtained using tri-
methylboron as a reference acid it is reasongble to assume
that similar trends in steric behaviour might be obtained with

other reference acids such &s metal halides,

1.5. Factorg Influcncing the Instability of letal-Amine
Complexes
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In this context it is necessary to make reference to the
coordinating ebilities of the phosphorus atom in trialkylphos=
phines and to those of the nitrogen atom in trialkylamines. In
comparison to the number of trialkylphosphine complexes reported,
relatively few trialkylamine complexes exist. The unavailability
of d-orbitals of suitable energy in the nitrogen atom is well
known; as a result of this restriction many compounds of nitrogen
have never been prepared. For example NF5 and NaNFG are unknown
while their second row analogues PF5 and NaPF6 are relatively
stable compounds.

The vacant d-orbitals of suitable energy in ﬁhe phosphorus
atom might be considered to be of prime importance in complex
. formation with trialkylphosphines. In addition to the normal
o-bond formed by such molecules their T(-acidity could give rise
to multiple bonding resulting from the drift of electron density
, ffom the metal atom to the phosphorus atom.

Sacconi and co—workersu6 have studied the formation
constants, heats of reaction, free energy and entropy changes
associated with the equilibria between diacetyl - bisbenzoylh-
ydrazine - nickel(11) (NiDBH) and trialkylamines and -phosphines
in benzene. They have concluded that the donor tendency of
trialkylamines is governed by a competition between steric and
inductive effects. While the stability of the adducts of
phosphines is L4-11 times that of amines,u6 the heats of forma-
tion are practically equal for both series of ligands. Agcord-
| ingly they postulate that the bonding between nickel and
phosphine ligands is essentially ¢ in character and that the

higher stability of the phosphine adducts is entirely due to
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the presence of lower steric strains.

to emphasise that all their measurements were made using the

However it should be pointed out that these workers fail

complex NiDBH as a reference acceptor for both series of

trialkyl lipgandse. The\ligand DBH forms a planar complex with
Ni(11), the metal cation occupying the centre of a 17-bonded

system of three chelate ringse.

Such a ligand many seriously

alter the Lewils basicity of the metal towards trialkylphosphines,

resulting in little Tf-datlive bonding, even though the Lewis

acidity of the phosphines may remain unchanged.

as structural determinants are frequently overemphasised in

- 4
Nyholm and collsborators” consider that steric effects

. the cese of simple ligand atoms and that electrostatic effects

and the chargé distribution in the complex as a whole can often

be the dominant factors.

In general the stability of a complex

increases with increasing ionic potential (chargq/ionic radius)

of the metal catione.

for some ethylenediaminetetraacetic (E.D.T.A.) complexes is

shown in the following table:-

Ion Tonic Radius, A Ionic Potential  Log p,*
Charge/Radius

Ba<* 1.53 1431 7.8
spet 1432 1451 8.6
ca®t 1.18 1.70 10,6

¥ B, = Stability Constant for the Reaction

M+ L = ML

P, = O (M = Ba, Sr, Ca; L = E.D.T.A.)

A

An example of this increasing stability
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The ionic potential effect is also well illustrated by the
reguler risge in stability of the Lanthanide - E.D.T.A.
complexes from lanth anum to lutecium due to the "lanthanide
contraction", which leads to a steady increase in ionic
potential with increasing atomic number.

Irving and Williamsu8 have shown that the same order of
increasing stability

< Fet< Cot< wi%t< cut< z®*
holds, irrespective of the nature of fhe ligand and this is
also the order of decreasing ionic radius (Cuzf smallest).
Similar orders have been observed by other workers.u9’ 50

The extent of electron transfer to the metal depends not
~only on the ionic potential of the cation but also on the
polarizability of the anion: as each of these increases so
also must the amount of negative charge accumulating on the
metal atom. In general it is found that complex stabilities
increase with increasing polarizability of the ligand but there
is a 1limit to the amount of negative charge that can be accepted
by a metal ion (Pauling's electroneutrality principle).
Accordingly there is the affinity sequence P< S<N>O0>F for
these donor atoms with transition metals Mn2+ to Zn2+, even

51,52 This

though the polarizability sequence is P>S >N >0 > F.
illustrates the low affinity of these metals for S and P donor
atoms and their high affinity for the less polarizable atoms
N, O and F.

The high electronegativity of nitrogen means that N-letal

coordinate bonds will have a considerable ionic character,

Reduction of the electronegativity of the nitrogen atom should
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therefore enhance the stability on complex formation. This
can occur by neutralization of the positive charges which
develop on complex formation. It takes place either by
transmissgion of the positive charge to hydrogen atoms as in

-
ammines5)

or by polarization of an aromatic system as in
pyridine complexes. NoO mechanism is available to remove the
positive charge from the nitrogen atoms of the tertiary
alkylamine complexes and this many be a fundamental cause of
their instabilitys

It would appear therefore that the instability of tria-
lkylemine complexes cannot be identified with any one particular
reason. No doubt steric effects are of pafamount importance ,
" but the prinqiple of electroneutrality and the unavailability

of d-orbitals on the nitrogen atom must also be considered in

this contexte

1.6. Aspects of Electronic Spectra

1.6.1, Vleak Field Ccmplexes

While the foundation of modern inorganic chemistry can
be attributed to VWerner, the elucidation of the stereochemistry
and the structural determination of many complexes has only
~been accomplished during the past 10 to 15 years. The use of
modern techniques, such as x-ray cfystallography, magnetic
susceptibility measurements and electronic spectroscopy have

made this possible.
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Of major importance in a transition metal coordination
complex is the presence of an incomplete d-shell in which the
encrgies of the d-orbitals are split, the magnitude of splitting
| being determined by the ligand field strength and the sterco-
chenistry of the complex. The electronic absorption spectrum
and hence the colour of the complex deﬁends upon the arrangement
and energics of the electrons within the d-shell. Conscguently
" the study of electronic spectra is an invaluable tcol in thic
elucidation of the stereochemistry of inorganic complexes,

The basis for understanding electronic absorption spectra

5l

was presented by Bethe in 1929, Since then development has

been rapid and there is now an amount of literature dealing
witﬁ the theoretical aspects and interpretation of the spectra
of inorganic complexes., Workers such as Orgel,55 J¢rgensen5
and Lever57 have approached the subject in somewhat different
ways, which taken together provide a comprehensive survey of
this field.

A single d-electron in an octahedral field many occupy
either a t2g or an eg orbital. The lower energy orbital is
t2g so that the ground state has the electronic configuration
t;g; the eg orbital lies at an energy 1ODq (sometimes referred
to as A ) higher than tzg‘ An electron in this orbital gives
rise to the state 2Eg, lying 10D above 2T2g. A single

electronic absorption is expected and is written 2Eg e—-2T2

8’
with an energy 10Dq.

Similarly the 2D state arising from & 4

9 configuration

gives rise to a 2Eg ground state (the hole Tormalisation

indicates the presence of a '"hole" in the € orbitals) and
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2 .
a °p,, oxcited state. One transition 2p, ng, with the

2g
game energy 1ODO is predicted.

: %
Whereas thed configuration gives rise to only one free

' 2
ion term the d” configuration has five (BF, 3P, 1G, 1D, 1S)°

Tn the presence of a ligand field these gplit and give rise to

the following componentss

3 - 3 3 3

¥ hogr "Toge Tig
3 )

P — T1g
1D ~a1T 1E

2g*' 8

' 1 1 4 1
4 4 '

S -— A.1 g

Three spin-allowed transitions are predicted from the ground

state 1.

3 3
V1 T2g+—- T1g

3 3
Y2 Azg — T1 g

V3 3’1‘1 g(P)<—3T1g

The actual energies of these transitions are not 8o readily
predicted as in the d1 situation. They are a function of three

quantities:=
(a) The crystal field splitting parameter Dq.
(b) The magnitude of the 2 - -P separation in the free
jon., The fact that these two terms do not have the

same energy 1s due to the differing mutual electronic
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repulsion within each term, The energy separation
between the two terms is 15B, where B is the
parameter of interelectronic repulsion, introduced

by Racah.

(¢) The magnitude of the interaction between the two

3T states.

1g

However (c) is a function of Dq and B only, so that these
two quantities are all that is needed %o interpret a a
spectrum, There are two principal ways for determining Dq
spectroscopically, the method used depending upon the metal
jon in guestion. With some ions, the lowest energy spin-
allowéd transition corresponds exactly with 10Dq, at least to
a first order approximation. ‘In this case 1ODq is simply the
energy of this transition and is therefore obtained without
calculation. All other spin-allowed transitions will be
functions of 1ODq and B. Where 109q and B cannot be directly
estimated from an absorption - band, two or more observed
trangition energies must be used to solve the appropriate
secular equationse

Tanabe and Sugano58 have calculated the energies of the
terms as 4 function of 1ODq and B and their disgrams contain
plots of 10Dq/B versus E/B. They take as their energy zero
the energy of the ground state so that absorption transition
energies may be estimated simply by vertical measurement from
the base line. In this Way experimental spectra may be
compared with predicted spectra by Ffitting the observed bands

to the Tanabe-Sugano diagram with an appropriate 10Dq/B value,
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Accurate values of 1ODq and B are however best obtained by
solving the simultaneous equations used to construct these
diagrams.

The spin-allowed spectral bands of all othef dn
configurations may be analysed in a similar way to that given
for the above d2 configuration. Tanabe and Sugano have given
diagrams for all a= configurations and both 10D and B may
be obtalned from these diagrams with Sufficient‘accuracy for

most purposes.

1.6.2. Tetrahedral Stereochemistry

In a tetrahedral complex, the t2 orpbitals interact more
strongly with ligands than the e orbitals and as a result
E(tz):>E(e). Experimentally, the separation between %, and e
is approximately one-half éTODa = (L/9) 1ODq where 1OD3 =
E(t,) - E(e)/ as large in a tetrahedral complex as it is in
an octahedral complex with similar ligands. The terms for
d1 configuration are 2E and 2T2 and the term diagram is the
inverse of that for an octahedral field. This information
is usually presented by means of an 'Orgel diagram'55 (Figep 2).
For a d1 configuration there is an increasing tetrahedral
field to the left of the diagram and an increasing octahedral

field to the right. Since the d9 octahedral term diagram is

it is the same as the a' tetrahedral term

b and d6

the inverse of d1,

diagram. A similar relationship holds for d

configurationss,
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0
€ D >
a
a', a® tetranearal a®, a* tetrancaral
6
a®, a* octanedral a', a° octahedral

4
Fig.1.2. Orgel diagram showing the splitting of a field-
free ion D term (arising from configurations

d1, du, d6 and d9) in both octahedral and tetra-
hedral fields.
Thus, for example, the spectrum of a tetrahedral d1
complex can be interpreted using a Tanabe-Sugano diagram for

the octahedral d9 case. Because of the absence of a centre

of symmetry in tetrahedral complexes the d-d transitions are
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usually much more intense than in octahedral Bpecles.

10603o Iransition Inerpy Ratio Diacrams

In view of the small scale used by Tanabe and Sugano
their graphical method for calculating values of D and B is

often not very accurate. An alternative approach involves

the use of plots of transition energy ratios versus Dq/B and

E(»%)/B. In general the electronic spectra of high spin
complexes of metal lons whose free ion ground term is nF
consists of three spin-allowed transitions, Fig.1.3, though

it is not always possible to observe all three bands.

P
T esecvscsevee Ceosr mmmumITIYCy PRV P s e Os0smeeny T
18 5 1g
A
S n2 g
T g . T vy
Vs .“. . "o' Vl m
'.“ ..n' e Py 2
“-\ F .n‘ ._‘o-‘." g
Vz » v":: }.::.
.-"". - . \Z
T . [ .o -..‘.
2g T "'. ..-.. l R N T1 g
VY, o
A2 g \l/ “ ¢

(v) (a) (c)

Fig.l.3. Energy level dia’tgglL’aIn}‘E for high spin ions with an

59
F-free ion ground term.

~3
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Free-ion terms.

Splitting for d3 and d8 in an octahedral field and for

2
d” and d7 in a tetrahedral field.

Splitting for d2 and d7 in an octahedral field and for
d3 and d8 in a tetrahedral field.

¥ Dhe g suffix is not applicable for tetrahedral

transitions,

assignments and energies of these bands are summarized

as follows:6o

Octahedral d3 and 68, tetrahedral® d2 and d7
| "~ 410D
5B + 15D = 3Q
A 7.5B + 15D + 2§
V3 T1g(P) — Ay, .
o? = 2258 + 100D_° - 180D B
q q
3* 8
Octahedtral d2 and d7, tetrahedral d3 and d
| 5D = 7.5B + @
- 7. 1
Vi Tog & Tig q
11
T 15D - 7+5B + 7Q
Vo Aog € Mg a
4
T Q

1,2 2 2 B
(') = 225B° + 1001)q + 1801)QL

# The g suffix is not applicable for tetrahedral
species because they lack a centre of inversion.

The lowest energy gspin-allowed transition in the case
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of A2 ions corresponds directly with 1ODq. This is generally
observed in octahedral complexes but is very rarely observed

in tetrahedral complexes; since its estimated position is in

a very inaccessiblc region of the spectrum, namely the 3-5

kK region. It will therefore tend to be obscured by the
vibrational spectrum of the ligands. When all three transitions
are observed, values of B and Dq are readily calculated since

6 ,
15B =1)1 % +\/3.'1 However it is very rare to observe all

three bandse.
When'v% is not observed then values for 1ODq and B must
be obtained from the second and third spinmallowed transitions.

57 59,62

Lever has approached this problem by plotting values
_of the ratios of the transition energies aéainst Dq/B and
E(VB)/B. Fitting of a spectrum to the curves so obtained is
rapid. These graphs together with some examples are given in

the Appendix,

1.6.&. Errors Associated with the Measurement of 1ODq

As alrveady stated (Sect. 1.6.3.) a value of 10D, can,
in certain cases, be taken as E(b%). Alternatively it may be
calculated from EG}Z) and E6/3). The latter procedure is more
desirable as the error introduced by vibrational broadening

of bends is generally much less for the higggr energy
tpansitions than in the case of1/1.

In using either of these methods for calculating Dq, one
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must assume that the energies of the ground state and those

of the excited state may be described by the same values of

1ODq and B, that is that the parameters are constant.
TABLE12

‘xOD(l Values for Octahedral NiLé+ Complexes

Ligand L 10Dq(u1)cm“1 10Dq0)2;v3)cm—1
Caprolactam : 8%20 8030
Tetramethylsufone 7750 7750

. Ne Dimethylformamide 8500 8120
N-}ethylacetamide 7520 7530
Pyridine-N-oxide 8400 B 8440

- Ammonia ’ 10750 10950
Ethanol | 8180 _ | 7990
n-Propylamine 9920 10180

- N=-Dimethylbutamide 7490 7080
N-Methylfopmamide 8380 8160
N-Diethylformamide 81400 | 8180
Acetonitrile 10600 11040
Valerolactam 8330 7970
Butyrolactam 8100 7960

In & series of octahedral complexes, Tablel2, Lever5
has shown that values of Dq calculated from'»q and the
corresponding values calculated fromv2 and\)3 can often show
good agreement, but sometimes the agreement is quite poor.
Furthermore the fact that 10Dq(»b,p3) is sometimes larger and

sometimes smaller than 1ODq (Lq) reflects the random variation
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of the parameters in the excited states, However in view
of the lack of a complete structural understanding of these
complexes Lever has pointed out that some disagreement
between the two "lODq values may possibly be sttributed to
some distortion of the octahedron.

Nevertheless it is clear that'célculated values of Dq,
when used to interpret chemical results must be regarded with
discretion. The correlation of chemical trends based on varying
values of Dq such as placing & set of ligands (which have
insufficiently different crystal field splitting abilities to
produce appreciebly separated values of Dq) in a spectrochemical
series, must also be treated with caution. The simple aliphatic
. amines are an example of such a series of ligands and the
proolem of placing them in an unambiguous spectrochemical series

can readily be sppreciated.

1.6.5, The Average Ligand Pield Avproximation
‘ It is reasonable to assume that when a complex contains
several kinds of ligands whichd not differ sufficiently to
produce distinct splitting of spectral bands, it will be possible
to treat the complex as though 1t contained identical ligands
whose properties are numerical averages ofythose of the actual
1igands.

This theory has been used and its validity tested by

63,6L,6 _ 66
many workers. 3,6l,65 Cotton and co-workers have obtained
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close agreement between observed values of D and B with those
a
ated f . N -
calculated for the complexes Co():*hSPO)2A2 (X = Ccl, Br, I),

Thelr results can be summarized as follows: -

Observed Calculated
X 10D (en™) B 10p (en™'y B
q aQ
Cl 3270 760 31105 7hL9
Br 3180 754 3265 7L
T 1030 725 L4115 739
B1 = Interelectronic repulsion parameter in

the complex.

1.6.6. The Magnitude of 1ODq

It is well known that the ligand field parameter Dq is
primﬁrily a function of the metel ion, the ligand and the

stercochemistry. For a given metal and sterecchemistry Dq

increases with ligand in the following manner; -

I~ ¢ Br < SCN  (S-bonded) < F < OH <«

) Hy 505~
H,0 < SCN (N-bonded) < NHy = Py < 5 <

2~ -
dipy < NO, (N-bonded) < CN
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A slmilar series exists for the variation of D with metal

ion for a given ligand:-

Mn(11) < Co(11)

R

Ni(11) < V(1) ¢ PFe(111) <
Cr(111) = V(111) < Co(111) < Mn(1V) < Mo(111) <
Rh(111) < Ir(111) < Pt(1V)

Since the number of complexes formed by simple aliphatic
amines 1s relatively small, values of Dq for these ligands,
relative to ammonia, are extremely scarce. Hence their
position in the spectrochemical series is normally not con-
sidered. Drago and co-workers67 have prepared a series of

complexes having the general formula Ni(RNH2)6(010u)2

(R = H, Methyl, Bthyl, n - Propyl, i - Propyl) and recorded
their spectra in various solvents. Values of Dq were taken
directly from the wave numbers of the first (lowest energy)

spin-allowed absorption band and are as follows: -

3 3 0
R Solvent T2g<—— A2g (1 Dq)
(kK )
H 109 aqi NH, 10.52

Methyl CH3N02 9.93

Ethyl . CH3N02 9.87

n-Propyl n-CBH-[NH2 9.92

i-Propyl CH3N9+1-CBH7NH2 9.48

The accuracy of the assumptiony), = 10Dq for a complex
with A, term as ground state has been discussed (Secte 1.6.5.).
For these alkylamines it is difficult to make comparisons of

their D splitting abilities but it is clear that ammonia
Q



occupiesa higher position in the spectrochemlical seriese

Obviously values of Dq calculated from~v? and \/3 would have

been useful in this work as a comparison of these values with
10Dq(pq) would give some indication of the accuracies of the
values obtained for qu
In accounting for the observed valuoa of Dq these vorkor067
consider charge-dipole ihteraction to be very iﬁportant. The
higher position of ammonia relative to methylamine is attributed
to the slightly larger dipole moment of ammonia. In the saune
275772
3H7NH correlates with the similarity of the reported dipole

moments for these molecules,

way the similarity in DO valueg for CH5NH2, C,H.NI, and

1.7 Electronic Spectra of Xnown Complexes

Octahedral Nickel(11): Regular octahedral nickel(11)
complexes with Oh symmetry have a simple spectrum in which
the three spin-allowed transitions from the 3A2g ground
state to 3ng, 3T1g(F) and 3T1g(P) levels are usually observed.
These occur in the 7-13, 11=-20 and 19-27 kK regions respectively

having comparatively low extinction coefficients. 1In Tay lel3

these bands are tabulated for some amine complexes.
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TABLELS

sbsorption Spectra (kK) of Six Coordinate Nickel(41) Derivatives67

Gomplex 3T2gé" 3A2g 3T18é"3A2, 3T1g(P)‘&'3A2g
Yy YV, F V3

Ni(NH3)2+ 10.53 1724 28,01

N4 (CHyML, ) EY 9.93 16.23

Ni(CHBNH2)%+ 10,00 16o78‘ 27032
Ni(CZHSNHZ)é*‘ 9.87 16431 |

L(C N, e 9.66 16,67 27,03
.Ni(nm03H7NH2)é+ 9.92 16,45 27,17
Ni(n_03H7NH2)§+ 9.82 16,50 26,81

-Valueg of Dq vary between 6L0O and 1270 cm"1 depending

or the position of the ligand in the spectrochemical
series'while valﬁes of B are always less than the value of
1041 em™ found in the free ion.

Geometrical distortions and/or the introduction of non-
jdentical ligands in & regular octahedral complex may cause &
lowering of symmetry, The study of the energy levels in
pseudooctahedral complexes has been carried out by many
workers 68’69’70. The orbital triplets 5T1g and 3T2g (in Oh
‘symmetry undergo further splitting (Fig.1.4), so that a large
nunber of electronic transitions are expected in the spectra,.
Figel.l4 i1llustrates how the terms split when a complex of the
type N1X6 is cis and‘trans substituted giving complexes of the

type cis - NiX)¥, (C,y synmetry) and trans - NiX) ¥, (D), symmetry).
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The largeei splittings are expscted for a trans-distortion.

An exenple of a spectrum with trans distortion is that of

Ni(Py?idine)4012671 The V transition is resolved into two

components at 8,5 and 10,9 kK, whereas the )) transition givesrise

3
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Fige 1ol The effects of distortion of the energy levels of
octahedral Ni(14) complexes:
cis - octahedral (sz) and trens- octahedral

73
(Duh).

to a shoulder at 14.3 kKK and a peak at 15.8 kK, Very often

however, octahedral complexes of nickel (11) having non-identical
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ligands retain the simple foram in.Oh symmetry and this is

further evidence for ths validity of the rule of average

environment (Sects L1o6.5)e

Tetrahedral Nickel (14): The intensity of the spectral
trangltions in tetrahedral complexes is significantly greater
than that in octahedral complexes becauge the latter have a
centre of inversion whereas the former do not, In general,
tetrahedral nickel (i4) complexes are characterized by a
multiple visible bahd of high intensity in the region 16 kX,
assignable to the T, (P)« T, (vs) transition, This band is
usually flanked on the high and low energy sidés by weaker spin
forbidden transitions to components of the D ana ¢ 1evels.
The _\;é (3A26-3T1) occurs around 8 kK while v, (3T26—3T5)
~accurs deep in the infrared around 3-5 kK. For the now well
knovn tetrahedral anion NiClﬁ_‘ Smith et ale’? assigned as
follows: Dq, 345 cm“"; B, 734 cm"‘; Vs 4,08 kK (€=12);
Vz, 746 XK (e=21); Vi 114016 XX (€=<150).

Steric hindrance seems 1o be the main factor which imposes
a tetrahedral structure in many nickel (11) complexes.u’73
The presence of the bulky triphenylmethylarsonium cation

undoubtedly favours the existence of the regular tetrahedral

o
L
tetrahedral complexes or cations of nickel (11) (see Sect. 1.2.1.)

NicCl ion in the solid (PhBMeAs)2?1\7:1.01)_‘07LL Spectra of the

with simple amines have not been correlated to the stereochemistry.

Octahedral Cobalt(41): While the spectra of octahedral complexes
of nickel(11) are relatively easy to interpret, the assignment of

transitions in octahedral cobalt{11) complexes can often be quite

difficults The “Tig(P)e-”T1g (V5) transition ocours in the

visible region around 20 kK as a multiple band, Normally this
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transitlion overlaps with spin-forbidden transitions to doublet

2G and 2H terms. A band in the

states derived nmainly froa
8 - 10 XX region can alsc be assigned with certainty as the
ungé—uTﬁg (v;) transitions  The AA2g<—uT1g (V,) is not

normally ohserved but can easily be misteken as a spin=forbidden
component of the visible band.

Ferguson and co—workers75 have investigated the spectra of
cobalt(11) in a number of six coordinate environments. They
conclude that the astmctric visible Dband, togouhor with epine
forhidden components on the high and low energy sides, 1ls typical
of the apectra of octahedral cobalt(41) complexéso‘ They also
indicate that the Qazg

As already stated the lowering of gsymmetyry in regular

é—uT (»b) transition occurs around 12 kXo

“octahedral nickel(11) complexes is often revealed by splitting

of bandse. In contrast, deviations from orlsymmeﬁry in octahedral
cobalt(14) complexes can frequently result in apprecisble intensity
enhancement. Examples are the cobalt(41) nitrates CoLz(N03)2
where L is a sterically hindered amine,76 or a phosphine or
arsine'oxide.77 | Apart from the increased intensity, the visible
pand does not exhibit any more structure than a regular octahedral
cobalt(41) complex (which, incidentally, is further gupport for

the validity of the rule of average environment) but the near

2

infrared band (to ng) is split into at least two componentse.

Petrahedral Cobalt(11): The spectra of tetrahedral nickel(11)
derivatives @iffer little from their cobalt(11) analoguess The
uT (P) ¢« A2 CV ) transition appears as multiple absorption in the
visible while the uT «— A2 (Vé) transition appears in the near
infrared, In contrast to tetrahedral nickel(41) this band may
also display multiple splittinge The first band \Qin the 3 =5 kK

region, has been rarcly ohserved,
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The spectra, as recorded ty Hatfield and Yoke,25 of some

ethylemine complexes of cobalt(41) dihalides are shown in

Filgs 1656

INTENSITY

RELATIVE

Figele5e

LOO 500 600 700 800 900
WAVELENGTH (nm)

with cobalt(11) halides<’

region were recorded by these workerse

Only those portions of the spectra in the visible

- CoCl1 (EtNH2> g

2
COBP2(EtNH2‘2 -----

Col, (tiH,), ——

CoCl fEt NH) ="
CoBrfit JVH), -----

Reflectance spectra of the complexes of ethylamines

This wvisible band

is probably due to the transition “Ti(P)é—uAg (»5) , which

is characteristic of cobalt(11).

It does not, however,

display the multiple splitting normally associated with this

transitione.

The near infrared band corresponding to the
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tranasition LlT1 ¢~ qu (»b) vas not.located. Obviously
a knowledge of fhe position of this band would have been
extremely useful and would have helped verify the tetrahedral
nature of the complexe In addition it may have yielded some
information with respect to the amount of deviation from

CZv symmetrye

In view of the structural lability and susceptibility
towards hydrolysis of tetrahedral and/or octahedral
cobalt(11) and nickel(i4) complexes, very often extra
care is required when analysing the spectra. Morecover
equilibria between tetrahedral and octahedral forms are
often set up in solution. Clearly, measurement in the
solid state is important to verify if the same specles

exists in solutione

Octahedral Chromium(441): The highest energy transition,
hT,‘g(P)é—qu8 (VB) occurs ebove 30 kK so that it may be
obscured if ultraviolet absorbing ligands are useds, The
intensity of this band is usually less than the intensity of

the other two spin-allowed bands. The second highest
u
18

17 - 24 kX,while the 1owest energy transition, by é—- (\/)

usually occurs between 13 and 17 kK. Splitting of Vifrequently

energy transition, bp o (vb) occurs in the region

occurs when there is deviation from 0h gymme trye.

The electronic spectra of stereochemistry of nickel(11)
end cobalt(11) other than tetrahedral and octahedral
are not considerad hereg but a comprehensive review of

all the usual stereochemistry is given by workers
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such as Lever,57 Sacconi78 and Carlin79.
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2e¢  EXPERT'THTAT,

2016 Meagurement and Instrumentation

(A) SPECTRA

(1) Diffuse Reflectance Spectra

Diffuse raflectance apectra (30 = U4 kK) were recorded
using a Unicam SP=700 spectn@ﬁ%mwter with an SP~735 diffuse
reflectance attachments Magnesium oxide was used as a

reference and elso as a diluent whenever necessary.
(i1) Solution Spectra

Solution spectra in the ultra-vioiet and visible regions
were obtained using Unicam SP-700 and SP-41800 instruments

with matched 4 mme and 10 mm, silica cellse

(1ii) Infrared Spectra

Infrared spectra were recorded for paraffin oil mulls

and 1liquid films in caesium icdide supports between 4000 cm“4

1 and for fluorochemical mulls in similar supports

-4

and 250 em

between L4000 cm'"1 and 1300 cm ' using a Perkin Elmer 457

instrumente. In cases where the sample reacted with

“1 pegion was spanned using

™)

caesium iodide the LOOO = 250 cm

a combinatlion of potassium bromide (4000 ~4O0 cm and
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polythene (600 = 250 em™ ) supports. In the region
00 = 200 cm"’1 the Perkin Elmex 225 spectrophotometer was

useds

(B) CONDUCTIVITY:

Molar conductivities of freshly prepared solutions
(1Om3M) in nitromethane were Getermined with a lMullaxd
conductivity bridge using a standard conductivity cell,
type E75%4/B, and cell constont 1.36.
The conductivity bridge measures the conduciance of
the solution within the cell. Conductance is the reciprocai ;
of electrical resistaence; thﬁs if R is the resistance of
the solution in ohms, the conductance, G, is equal to 1/R

mhos or ohms . The specific conductance, k, i.eo the

3

conductance between opposite faces of 1 cm” of solution is

calculated from the expressions
Xk = cell constantx G
The units of k are mho cm™',  Molar conductivity,/\, 1is
then obtained from the expression:
Ay = Wy X

when CM is the concentration of solute expressed in mole. cm

(C) MAGNETISM:

Paraemagnetic susceptibilities were measured by the
Gouy method at room temperaturee. A magnet power supply,

type D 104 (Newport Instruments), was used to produce the
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fieldlwhile a semi-micro balance, model S,M,12 (Stanton
Instruments Lid.), was used ‘o measure the difference in
the force developed in the sbsence and presence of the
magnetic field,

Magnetic susceptibilities were calculated using the
eguatiocns

1 oexg = (A+RE? )W
where

X = constent allowing for displaced alr and ig equal
to 0.029 X specimen volumes

tube "calibration constant.

ey
[

W = weight of the sample (in grams).

F' = force on the sample alcone (milligrams)e

The constantscxand;;weré determined using the calibrant
mercury(i1) tetrathiocyanato - cobaltate(14), Hg[@o(NCS)uJZ
which as a susceptibility (ké) of 16,4l x 10"6 CefeBe units
at 20°% 80a The unlts centimetres and grams are retalned
in this section for all calculations; standard international
wnits are not used. The tube calibration was checked by
measuring the magnetic susceptibility of tris (ethylenediamine)-
nickel(11) thiosulphate, Ni(en>38203’ for which a value of
xé equal to 10.60 X 10'“6 CefZeBe Units was obtained, This
sgrees satisfactorily with the liferature value.81

The magnetic moments,/;ff, were cobtained using the
e

expression:
1y%
= 2.84(T.X;)° B.M.
Mge (2.
where
T . 273 + room temperature

><§ = Xyt dismagnetic correction
(ng = Xy X molecular weight)
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In all cases diamagnetic corrections were made from

Pascal® constants as listed by Figgls and Lewisoaob

(D) MOLECULAR WEIGHTS

Molecular weights were determined thermoelectrically
using a Mechroleb Vapour Pressure Osmometer (Model 3Z01A4A).
The teupsraiure was maintained a%‘25° and a non-agueous
thermistor probe was used 10 measure the temperature
differcnce between droplets of pure solvent and soluticne

The instrument is designed to read to + 0.0004 © but
the sensitivity varies somewhat with solvent and concentration
of solute, Benzene, toluene and carbon tetrachloride are
excellent solvents while concentrations of solute varying
between 0,005M and 0.1O0M give the best results. Such
concentrations are very suiteable for organic compounds
but the solubility range of complexes is uvsually much lowelXe
The accuracy of the instrument may often, therefoure, be

1limited by the low solubility of complexes.

(E)  ANALYSIS:

Microanslysis for carbon, hydrogen and nitrogen were
carried out by Mrs. laylor, microanalytical laboratory,
this department, and by Drs. &, Weiler and F. Strauss,

164 Banbury Road, Oxford.
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Chromium was estimated volumetriﬁally 82a by
oxidation of chromium(114) to dichromate using persulphate,
adding excess standard ferpous solution; followed by back-
titration of the excess of the latter with standard
potassivm dichromate solutionse The nickel and cobalt
content of complexes was determined gravimetrically by the
pyridine ~ammonium  thiocyanate metho&e82b’820°
Halides (chloride9 bromide, iodide) were determincd
volumetrically by Volhard's methodsS2C

In all cases, prior to estimation of metal or halogon,
the complexes were hoiled for 20 - 25 minutes 1h approxe.

25 cm3 of 0.BN sodivm hydroxide solution to remove any
interfering amine, followed by neutralization with dilute

nitric acide

(F) AIR-SENSITIVE COMPLEXES:

Adr sensitive complexes were menipulated using a
combination of Schlenk glassware, syringes, and glove-boXesSe
Schlenk glassware was used for filtration, purification and
isolation of various complexes. The essential feature of
most of this type of apparatus is a sidearm fitted with a
stopcocke Through the sidearn the equipment is evacuated
to eliminate air and an inert gas introduced, A high
vacuum is not needed because the purage cycle is repeated
several times. A manifold (Fige.2.1) equipped with a series

of two-way stopcocks enables the purge cycle to be

83
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repeated efficiently and rapidly.

Vacuum ==— oo e N
o (A DBn DG o °
R ' \“ R e e et .
(.___.._Q‘ { 3 N {
L R \\ .
, \ \\ ,
A\ ' ‘Hoses to apparatus

Fige2elo Manifold for medium vacuum and inert gase

A precipitate may be collected and washed using the
arrangenent shown in Fige2.2e Suction filtration 1is
accomplished by partial evacuation of the lower Schlenk
tubee The precipitate is then washed by the introduction
of solvent from the dropping funnele

There are several possible ways for drying a solid.

If the complex has a low dissociation pressure it may be
dried under vacuule Alternatively, solvent may be removed
by passing a continuous slow stream of nitrogen through the
Schlenk tubeo This is a particularly useful method when
the complex has & relatively high dissociation pressure,
Gentle heating of the Schlenk tube in a water bath may be

necessary to compensate for the temperature drop associlated
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with the latent heat of vaporization OF the solvent. A

combination of partial vecuum and a slow stream of nitrogen

may aleo be useful for drying certain complexes,

Vaocuurn

' A7

(b)

Fig.2.2. (a) Schlenk tube with mother liquor and precipitate

and dropping funnele (b) The filtrate being collected in

a previously purged Sehlenk tubee
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An Inert-atmosphere glove bag was used for handling
air-gensitive complexes fop analysis, infrared spectra,
reflectance spectra and magnetic susceptibility measurements.
The glove bag was fitted with a nitrogen inlet and an open
end which could be closed by rolling and clamping. The
bag was purged by several cycles of f£illing with inert gas
and collapsing, followed by continuous Fflush. Provided
that the eir-sensitive compounds had not to be manipule ted
over long periocds of time the glove bag was found to provide
a completely adequate inent atmosphere, Moreover the
simplicity and rapidity of generating the inertéatmosphere
made it much more desirable than manipulation using a drye
box, especially in cases where a series of analyses and/or

"spectra had to be recordede

2,26 Preparafion and Purification of Reagents

202610 Anhydrous Metal Halides

(1) Niekel(41) chloride

Method(a)” A 250 cm’ r.b.f. was charged with 20g of

>
finely ground nickel(11) chloride hexahydrate and 80 cm

% V/ith slight modification this is the method outlined

8L
by A.R. Pray in Inorganic Synthesese.
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of freshly distilled thionyl chloride was added at room
temperature. svelution of sulphur dioxide and hydrogen
chloride began at once . || After bubbling had ceased the
flosk wag fitted with a reflux condenser and the slurry was
refluxed for L hours. Excess thionyl chloride was removed
under vacuum at 80° ang the product was placed in a slow
gstream of nitrogen at the sane tenperature for 5 hours.

The final traces of thionyl chloride were removed by placing
the nickel(41) chloride over potassium hydroxide in a high
vacuum for 24 hours. The nickel(41) chloride is extremely
hygroscopic and handling in a dry inert atmosphere is

necessary at all timese

Anal. Caled, foi NiCl2: Ni,h5.29;01,5ua71o Found: Nig L5.40;
Cl,5U.79.

Method(b): The general method for the preparation of
nickel(441) halides using triethy lorthformate is outlined
by L.G.L. Ward in Inorganic Syntheses,>>
Finely ground nickel(41) chloride hexahydrate (20g) was spread
evenly on a large clockglass and heated in an oven at 80° for
24 hourse The resultant dihydrate was quickly pulverized

and transferred to a 250 cm3 r.b.fe containing 80g of

triethilorthoformate. The nmixture was refluxed with constant

W The preparation must be carried out in an efficient funme
hood as large volumes of sulphur dioxide and hydrogen chloride

are rapidly liberated immediately following the addition of

thionyl chlorideo
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magnetle stirring for 3 hours and the volatile compounds

were then removed under reduced pressure,

Anale Calede for NiCl,: Ni,45.29;C1,5L.71. Found: Ni,L5.21:
01,5078

(11) Cobalt(11) chloride

Method(a), as outlined for the preparation of nickel(44)
chloride, was used with equal success for the preparation
of cobalt(11) chloride. This chloride has & ﬁale blue
colour; it is extremely hygroscopic and must be handled at

all times in a dry inert atmosphere,

Anal., Calcd., for CoOlZ: C0,U5039;C1L,54.61. Found: Co,Lu5.ll;
Cl,;54¢75

- (1414) Chromium(114) chloride

In general chromium(111) chloride may be prepared

86,87(e°go

using a high-temperature method reaction of the

metal with Cl. at 960° followed by sublimation in a stream

2
of chlorine) or by dehydrating chromium(111) chloride
hexahyvdrate using thionyl chloride at a low-temperature.gu
In this work a sample of the high-temperature form, of
German origin, was used in addition to a low-temperature
samplee The low~temperature form was prepared in the usual
way using thionyl chloride as outlined for the preparation

of nickel(41) chloride in method(a). However, it was
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noticeably much more difficult to dehydrate chiromium(114)
chloride hexahydrate than nickel(11) = or cobalt(11)

chlorlde hexahydrate. Refluxing with thionyl chloride

for a minimum of 8 hours was necessary and 1t was also
found desirable to leave the product standing in excess
thionyl chloride overnight before removing the volatile
contaminantss

The high-temperature form is violet coloured and
steble indefinitely in air while the low-temperature form

ig peach coloured, extremely hygroscopicy and handling in

a dry inert atmosphere is necegsary at all times,

Anal. Calcd, for CrClB: Crs32.84;C1,67.16. Found: Cr,32,80;
01,6732 (high-temperature form); Cry32.95;C1,67+34 (low-

temperature form),

o

(1v) Nickel(41) bromide

Method(a): A 250 cm® r.b.fe. was charged with 20g
of finely ground nickel(41) bromide hexahydrate and 60 cm3
of freshly prepared thionyl bromide was added at room
temperature. Evolution of sulphur dioxide and hydrogen
bromide began at oncee After bubbling had ceased the flask
was fitted with a reflux condenser and heated to 80° for 6
hours. If thionyl bromide (boiling point 139.7°%) is refluxed
or distilled under atmospheric pressure it undergoes
8

decomposition rapidly 8 according to the scheme:

U4SOBp, —> 250, + §,Br, + 3Br,
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The product was allowed to stand in excess thionyl bromide
overnight at room temperature. Volatile contaminants were
removed at reduced pressure at 100o and a slow stream of
nitrogen was passed through the nickel(41) bromide at the
same temperature for U hours, The final traces of thionyl
bromide were removed by placing the product over potassium

hydroxide in a high vacuun for 24 hourse.

Anale Caled. for WiBr,: Wi, 26.87;Br73.13. Founds N1,26.98;
Bry/3.32

Thicnyl bromide was prepared by the action of hydrogen

bromide on thionyl chloride at 0° S8, hydrogen bromide

was prepared by bromination of tetrahydronaphthalene:89
Tetrahydronapthalene (300 cmz) was placed in a 500 om”
flask, fitted with a dropping funnel (containing 50 cm3
of bromine) and delivery tubes The tetrahydronaphthalene
. was stirred magnetically and a steady stream of hydrogen
bromide obtained by releasing bromine at a slow rate,
This hydrogen bromide was bubbled slowly through thionyl
chloride (150 cm3) contained in a 250 cm3 flask at 0°
for 16 hours. The resultant thionyl bromide solution
(hea;ily contaminated with thionyl chloride and bromine)
was purified by fractional distillation at reduced

pressure. The fraction 69°-70° at 60 mm, Hg was

collected and used for the above dehydratione.

Yield: 50%%

Caution: care must be taken when carrying out this

fractionatione One fraction exploded violently while
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stending at room temperature.

Method(b): PFinely ground nickel(11) bromide
hexahydrate (20g) was spread evenly on a large clockglass
and placed in a vacuum desiccator over Pup10 for L8 hours.
The watex content of the yellow product was much reduced
and varied between 2.1 and 2.8 mcles pef mole of nickel(41)
bromides Anhydrcus nickel(44) bromide was now preparcd
from this hydrated form using triethylorthoformate as
outlined in method(b) for the preparation of nickel(41)
chloridee

' Anale. Calcde for NiBr,: Ni,26.87;Br,73.13. Found: Ni,26.81;

2:
Br,73028e

(v) Gobalt(41) bromide

Anhydrous cobalt(14) bromide was readily prepared
by dehydrating finely ground cobalt(41) bromide hexahydrate
(20g) at 1300 in a slow stream of nitrogen at 10 cm. Hse
Cobalt(41) bromide hexahydrate may be prepared by dissolving
the carbonate in hydrobromic acid 90 put is more readily
dbﬁained fyrom BDH chemicalse The pale green anhydrous

form is extremely hygroscopic and handling in a dry inert

atmosphere 18 desiraple at all timese.

Anale. Calcd, for CoBr,: Co,26c9u;}3r,73.06s Found: C0,260,99;

B1197301 20
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(v1) Nickel(441) - and Cohalt(41) iodide

Anhydrous nickel(11) iodlde was prepared by
dehydrating nickel(11) iodide dihydrate (of BDH quality)
using triethylorthoformate, The anhydrous nickel(11)
iodide was sometimes used without removing the dehydrating
agent; on other occasions the triethylorthoformate was
removed under reduced pressure leaving a Dblack residue of
nickel(11) iodide. Thils method was also used 4o dehydrate
cobalt(i1) iodide dihydrate (of BDH quality) but any attempt
to remove the dehydrating agent under reduced pressure
resulted in the formation of an intractable gum. However
cobalt(11) iodide was also successfully prepared by heating
the dibydrate at 150° in o slow stream of nitrogen under

atmospheric pressure.

2.2&29 Amines

In general the amines were obtained from two sources:
(a) BDH Chemical Ltde, Poole and (b) ICI, Billingham,
Tri methylamine, ethylamine and diethylamine of BDH quality
were used without further purification. All other amines
were purified by refluxing with barium oxide, followed by
fractional distillation at atmospheric pressure or under

reduced pressure prior to use. They were stored over

potassium hydroxide pelletse
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2eJ0 Preparations

Preliminary Remarks:

Meny of the amine complexes considered in this section
have been ghown to have analogous formulse and compcsition.
For example dibromotetrekis-(iso-butylamine)cobalt(11)

and dibromotetrekis(sec~butylamine )cobalt(11) have the same

N

molecular welght and the differences between these two
complexes are determined solely by the differences between

the two isomeric amines:

CH.
|H§ CH3
HZN.CHZ.CHOCH3 H2N.CH.CH2.CH3‘
* B O
iso-butylamine sec-butylamine

Predominantly these differences are assoclated with the
position of a methyl group relative to the ~NH2 group.

In sec-butylamine the methyl group on the x-carbon makes
the amine very sterically hindered with respect to
coordination to a metal cation. In contrast, iso-butylamine
is much less sterically hindered as the offending methyl
group ls on a p-carbone. Because of this there is &
pronounced difference with respect to dissociation in the.
'relative stebilities of both the above mentioned complexes,
Accordingly the method of preparation and isolation of
dichlorotetrakis-(isoAbutylamine)cdbalt(11) requires a

completely different approach to that for dichlorotgtraldes
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(sec~butylarine)cobalt(11)s  Thus in order to maintain
maximum clarity and unambiguity the majority of preparations
are consldered independently,

The format and rules applicable to Inorganic Syntheses
are followed throughout, In an attempt to anticipate
possible mistakes and misunderstandings by other workers
repeating the work, footnotes are included with many of
the preparations. Reference is made to these by means of

sn asterisk or other suitable symbols

Caution: Many of the amines considered here are highly
volatile toxic liguids at room temperature and pressure,
- Por example trimethylamine boils at 3° and forms a gas=-air
'explosive mixture, The preparation of the complexes in
the followingsections were at all times carried out in an

efficient fume hood, well isolated from a naked flame,

2¢3e1o Complexes of Nickel(41)

Table 2.1 contains a list of the complexes whose

preparations are considered in this section.

Table 2.1

Complex - Formula

«=Dichlorcbis=-(tri methylamine )nickel(11) «=NiCl,.2NMey

5~Dichlorobia—(trimethylamine)nickel(11) ﬁ-NiClz.ZNMe3
Dibromobis=(trimethylamine )nickel(11) NiBr,e2Ne,

Diioddbis-(trimethylamine)nickel(11) N112.2N}.(e3
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Table 2,1 contde

dibromo-(triethylamine )nickel(11) NiBr,NEt,

Dichlorotetrakis~(iso-butylamine )nickel (41 ) Ni(i«BuNH2)u012
Dibromotetrakis~(iso-butylamine )nickel(11) Ni(imBuNHz)uBr2

Dithiocyanatotetrakis=-
(iso~butylemine)nickel(11 ) Ni(iaBuNHz)u(CNS)Q

*-Dichlorobis=(trimethylamine )nickel(41 )

Method(a): A spherical three-necked, 50 cmd flask fitted
with & reflux condenser was charged with 0.75g of anhydrous
nickel(14) chloride and 7 em? of 2-2' dimethoxypropane,

.The mixture was heated to uOO and stirred magnetically under

T an atmosphere'of dry nitrogen, while a continuous stream of
trimethylamine*was slowly leaked through the reaction mixture.
When ail the nickel(41) chloride had reacted the source of
heat was removed and simultaneously the flow of trimethylamine
gas was stopped. [ The solution was set aside and after

standing at 0o overnight deep blue hygroscopic crystals were

»* Trimethylamine was sealed in a 250 cm3 flask and the flow of
the gas at room temperature regulated through teflon-plug stopcocke.
It was necessary to seal the stopper into the flask using a

plastic metal adhesives

W The source of heat must be removed immediately after the flow
of trimethylamine ges has been stopped, otherwise rapid

conversion of the complex to a redg;-form takes placee.
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formede  The crystals were collected in a Schlenk frit (see
secte204 Fi@92e2&), washed with 5 cm3 of 2=2"
dimethoxypropane and dried in a slow stream of nitrogen at

o)
207 and 20 cme Hg over a period of two hours. The yield is

nearly guantitative,

Anel, Calcde. for C6H18N2012Ni: Cp29,08;H,7.32:N,11 0303
C1,2806%;N1,23,69¢ Found: C,29,01;H,7.28;N,11,26;C1,28,51;
Ni,23e 60

Method(b): Nickel(41) chloride hexahydrate wes heated in
an oven at 80° for 24 hours. The resultant dihydrate

‘(0.75g) was transferred to a spherical three-necked 50 cm3

3

flask containing 5 c¢m” of triethylorthcformate and refluxed

*
under nitrogen for three hours. The volatile compounds were

3

removed under reduced pressure and 5 cm of dry benzene [}
added to the residues After heating to uo° the reaction
mixture was stirred magnetically and trimethylamine gas
passed slowly through the solufion until all the metal

halide had reacted. The solution was cooled at 0° for two

% The preparation of anyhdrous nickel(i1) halides via the
triethylorthoformate dehydration route has been carried out

and discussed by Ward85 (see also secte 2e2e1)e

[P The complex may be prepared in situ using triethylorthoforna te

as & solvent but the ease of removal of benzene makes it a

much favoured solvente
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hours and the deep blue crystals collected in a Schlenk
frit, washed with.benzene, and dried in a slow stream of

, 2 o
nitrogen at 20" and 20 cne Hg over a period of one and a

half hours.

nale Caleds for GgH, gN,CL,Wi: C,29.08;H,7.32;N,11.30;
Cl1,28,69;N1,23.69, Found: Cy29.0;H,7.22;N,11,21;C1,28.55;
Ni, 23451

B-Dichlordhis (trimethylamine)nickel(11)

A spherical three-necked, 50 cm3 flask, fitted with a
reflux condenser, was charged with 0.75g anhydrous nickel(41)
chloride* and. 8 c:m:’J of anhydrous benzene, The mixture was
heated to uOO and stirred magnetically under an atmosphere
of dry nitrogen. Trimethylamine gas was slowly bubbled
“through the mixture until all the metal halide had reacted,

At this stage the product was composed completely of
the blue «~form in a benzene solution saturated with free
ligand, The flow of trimethylamine gas was now stopped and
the temperature raised to MSO. No coordinated amine is lost
under these condi tions but the free ligand in the benzene

solution is gradually expelled. When the benzene was free

* Alternatively nickel(11) chloride hexahydrate mey be used
as starting material and dehydration effected using

triethylorthoformate as in method(b) for the preparation of

®=dichlorobis=(trimethylamine )nickel(11 ).
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of excess trimethylamine a red B~form of the complex began
to form rapidlye. Conversion wés complete after half an
houre The product was collected in a Schlenk frit, washed
with anhydrous benzene to remove any traces of the blue

isomer, and finslly dried in a slow stream of nitrogen at

20° 2nd 20 cm. Hge

anale Caleds for CgH, gN,Cl.Ni: C,29.08;H,7052;1,11.430;
C1,28061 :N1i,23:69, Found: C,28e553H,7.2L;N,11625;C1,28.50;
Ni 230580

The Interconvertability of «-NiCl,.2NMe, and R-NiCl  .2NMe.,
5

2 3 -2

The red isomer (ﬁ-NiClz.ZNMeE) is rapidly converted to
the blue form by donor solvents such as acetone, nitromethane
and trimethylamine. Before the red isomer forms in good
.yielﬁ the free trimethylamine must be removed from the
benzene solution. The passage of gaseous trimethylamine
into a gently refluxing solution of complex will therefore
enhance the formation of the X~form and reduce the yield of
the g=forme In this way a mixture of both isomeric forms
can be obtained in the product. Furthermore the g-isomer
can readily be converted back to the «=form by passing
trimethylamine gas through a powdered sample.

Conversion is quantitative.

Dibromop}g-(trimethylamine)nickel(11)

Nickel(11) bromide hexahydrate was spread on a clockglass
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(4" thick layer) and placed under high vacuum in a
desiceator containing P04 over a period of 4B hours. The
water content of the yellow product was much reduced and
varied betvieen 2.1 and 2.8 moles per mole of nickel(11)
bromide,

A spherical three-nscked, 50 ¢m3 flask, fitted with a
reflux condenser, was now charged with 0.80g of the nickel(41)
bromide (2.1 = 2,8)hydrate and 5 cm? of triethylorthoformate,
The reaction mixture was stirred magnetically and refluxed
under nitrogen for threse hours, On cooling to uoo
trimethylamine gas was leaked through the reacfion mixture[r
until all the metal halide had reacted, Copious quantities
of deep blue crystals began to form in the hot solution and
' the yield became nearly guantitative on standing the mixture
at 0° for two hours. The crystals were collected in a Schlenk

frit, washed with benzene and dried in a slow stream of nitrogen

o)

at 207 and 20 cme Hge _ ’

Anal, CalCdo fOf C6H18N2Br2Ni: C,21.hO;H,5.39;N,8.32;Br,h7.h6;
Ni,17.43. Found: C,2132;H,5:33;N,8021;Br,47.33;N1,1729

[rAt this stage tristhylorthoformate may be removed under
reduced pressure and the preparation continued using benzene
as a solvent as in the preparation of «-dichlorobis

(trimethylamine )nickel(41), method(b)e  However, since no

isomers are formed with the bromide the triethylorthoformate
can safely be removed after the preparation of the complex

without any danger of conversion to a p-forme
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Diioao&iﬁ“(trimeﬁhylamine)nickel(11)

A three-necked 50 cm3 Tlask, fitted with a reflux
condenser, wag charged with recently prepared crystalline
nickel(11) iodide (1.5 = 2,5)hydrate (0,90g) and 5 cm> of
triethylorthofomate, The mixture was stirred magnetically
at 500 for three hours under an atnosphere of nitrogen,
Volatile compounds were removed under reduced pressure and
5 cm3 of anhydrous benzene added to the black residue of
anhydrous nickel(11) iodide,

The mixture was stirred magnetically, heated to 40° and
trimethylamine gas slowly bubbled through the solution.
Reaction of the nickel(41) iodide with trimethylamine took
place immédiately and was complete after 45 minutes. The
"resultant dark green solution was allowed to stand and bright
green crystzls formed on cooling to 00. The crystals were
collected in a Schlenk frit, washed with 5 cm® of benzene,

end dried in a slow stream of nitrogen at 20° and 20 cme Hge

Anale Calcde for CH, oN I Ni: C,16673;H,4.21;N,6,50;1,58,92;
Ni,13,62, Found; C,16,65;H,4e18;W,6.41;1,58.72;Ni,134500

Dibromo=-(triethylamine )nickel(11)

Nickel(11) bromide hexahydrate was partially dehydrated
by placing it in a vacuum desiccator over Pu01o for a period
of 24 hours [see preparation of dibromobis-(trimethylamine)
nickel(41)]. A spherical 50 om flask, fitted with a reflux
condenser, was charged with 0,80g of the resultant nickel(41)

bromide (2.1 - 2.8)hydrate and 5 cm of triethylorthoformate,
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The mixture was refluxed for three hours with constant magnetic
stirring under an atmosphere of dry nitrogen.

Excess triethylamine (10 cnm ) was added to the reaction
mixture and refluxing continued for one hour, A deep red,
highly hygroscopic precipitate formed, WWhen cool, the
precipitate was collected in a Schlenlk frit, washed with
anhydrous benzene, and dried in a slow stream of nitrogen at

o -
307 and 20 cme. Hg over a period of two hours.

Anal,. Calecd, for C6H15NBr2Ni: C»22«5k;H,h~73;N,M.BB;Br,u9°99;
Ni,18,360 Found: C,22.6% ;Hole8U;N,4.28;Br,50.52;N1,18.44

Dichlorotetrakis-(iso-butylamine )nickel(11)

Method (a): A 50 cm

spherical flask, fitted with a reflux
condenser, was charged with 0.75g of nickel(11) chloride
dihydrate and 5 cm3 of triethylorthoformate, The mixture
was refluxed for three hours with constant magnetic stirring.
Excess iso-butylamine (10 cm3) was now added and refluxing
continuad until all the metal halide was consumed (about 30
minutes) and a pale blue solution had formed. On cooling

to 0° for two hours a copious yield of pale blue crystals was
obtained. The crystals were collected by suction filtration,

thoroughly washed with six or seven 5 cm3 volumes of anhydrous

ether, air dried, and finally dried in a vacuum desiccator

for 20 to 30 minutes. The yield was nearly quantitative,

Anal, Calcd. for C,g M4NMC1 Ni: C,U45¢52;H,10.51;N,13427;

Cl,16e79;Ni,13+910 Found: C,M5,50;H,10.&5;N,13.20;01,16.85;
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Ni,130820

Method(b): Excess iso-butylamine (10 cm3) was added to
0.75g of anhydrous nickel(11) chloride, dissolved in 15 cm>
of absolute ethanol, The mixture was refluxed with constant
magnetic stirring for half en hour,,cooled, and the pale blue

crystals collected, washed, and dried as in method(a).
fnals Caleds for G, cH) N Cl,Ni: C,L5.52;H,10451 ;1,153 .27;

0131 6979;N1913091 © Pollna: Cgh’5059;H91 0063;1\1-91301 1 ;01’1 6@61 ;
Ni,14.02,

Dibromotetyrakis-(iso=butylamine )nickel (14 )

This complex was prepared in a similar way as the
analogous chloride, using either method(a) or Method(b).
In method(a) nickel(141) bromide (2.1 = 2,8)hydrate was refluxed
with trietﬂgrthofbrmate to effect dehydration while in
method(b) the anhydrous form of nickel(11) bromide, as
prepared via thionyl bromide was used with absolute alcehel
as solvent, Both methods gave almost quantitative yields.,
Anal, Calcd. for C16HuuNuBr2Ni: C,37.60;H,8,68;N,10.96;Br,31.27;
Ni,41.49. Found, method(a): C,37.55;H,8.59;N,10.81;Br,31.30;

Ni,11.58; method(b): C,37.58;H,8.55;

N,10.88;Br,31.28;Ni,11 0652,
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Dithiocyanatotetralkis=(iso-butylanine )nickel (14 )

Mehtod(a): A 50 cm3 spherical flask, containing 5 om” of
benzene was charged with 0.80g of anhydrous nickel(41)
thiocyanate. Excess amine (40 cms) was added and the
mixture was gently refluxed with constant magnetic stirring
for half an hour. On cooling to room temperature 20 cm3

of dry ether was added to the reaction mixture snd the pale
blue precipitate cgllected by suction filtration and washed
several times with 2 cm3 volumes of dry ether. Drying of

the product was completed by placing it in a vacuum desiccator

for 20 « 30 nminutes,

Anal, Calcd. for C,gH)) NeS,Ni: C,U6.25;H,9.L9;N,17.98;5,13.72

| Ni,12.56, Found: C,U46.203H,9.55;N;478135,13.58;N1,12.L9,

Method(b): A 50 em” spherical flask was charged with 0.80g

~ of anhydrous nickel(41) thiocyanate. Iso-butylamine was

slowly added in small volumes until all the thiocyanate was
consumed. The exothermic reaction was controlled so that

the temperature did not exceed hOo. Anhydrous benzene (15 cm3)
was added to the product and the mixture was gently refluxed
for half an hour with constant magnetic stirring. The

mixture was then cooled to room temperature and 20 cm3 of

anhydrous ether added, and the pale blue precipitate collected,

washed and dried as in method(a).

Anal., Calcde for C18HL¢1+N682N1: Ci,u6025;H990u—9;N917098;8913072;
Ni,12,56, Found: G,L6.30;H,9.55;1,18.00;5,13066;N1,12.L5



2¢362 Complexes of Cobalt(11)

Table 2,2 containg a list of the

complexes whose

preparations are considered in this sectlon,

Table 2,2

Complex Pormula
Dichlorobig=(trimethylamine )cobalt (11 ) CoCl,. 2Nlie,
Dibromopis-(trimethylamine )cobalt(14) - CoBr,.2llieq
Dilodibis=-(trimethylamine )cobalt(11) CoI . 2lile,

s
Dithiocyanato~(trimethylamine )cobalit(11)

Dichlorotgtyrakis<(iso~butylamine)cobalt (41)

Dichlorcbis=-(iso-butylamine )cobalt(14)

Dibromotetrakis=-

(iso=butylamine)cobalt(14)
Dibromobis-(iso-butylamine)cobalt(41)

Diiodtetrakis—
({so-butylamine )cobalt(11)

Dithiocyanatotetrekis=
(iso-butylamine )cobalt(11)

Dithiocyanatehbige
(iso-butylamine )cobalt(114)

Dichlorobis=-(sec-butylamine )cobalt(11)

Dibromotetrakig=

A ————r—r e Vet

(sec-butylamine)cobalt(11)

Dib romeb is~(sec-butylamine Jcobalt(11)

Diiodotetrakis=
(sec-butylamine )cobalt(11)

Dithiocyanatobis-
(secébutylamine)cobalt(11)

Co(CNS)z.ZNM83
Co(l—BuNHZ)uCIZ

Co(i-BuNH2)2012

Co(i-BuNHz)uBrz
Co(i—BuNHz)zBrz
Co(i-BuNHz)ulz

Co(i—BuNH2)u(CNS)2

Co(i-BulNH (CNS)2

2)2
Co(s~BuNH2)2012
Co(s-BuNHz)uBrz
Co(s-BuNH2)23r2

Co(s—BuNHz)uIZ

Co(s—BuNH2)2(0N8)2
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Table 2.2, contd,

Dichlorobia-
(te;tébutylam,ne)cobalt(ii)

Dithiocyanatobilge
(tcrtabuuylamlne)cobalt(11)

Dichlorotetrakige-

A vie

(¢80wpropy1am1ne)cobalt(11)
Dichlordhis=(iso~propylamine )cobalt(11)

Dibromotetrakig=
(Jaonpropyiamnne)crbalu(11)

Dibromcpis=(iso~propylamine )cobalt (14 )

D11000uct ab4q=
so=propylamine Jcobalt (14 )

Dithiocyanatotetrakis=
(iso=-propylamine )cobalt(11 )

Dithiocyanatcbis-
(1so=propylamine )oobalt (14 )

Dichlorobis-(cyclohexylamine )cobalt(411)

Dibromotetrakis-
(cyclohexylamine )cobalt(41)

Dibromobig~(cyclohexylamine)cobalt(41)

Diicdotetraki gw
(eyciohexylamine )eobalt(11)

Dithiocyenatotetrakig=
(cyclohexylamine)cobalt(11)

Dithiocyanatobis-
(cyclohexlamine )cobalt(11)

Co(t—BuNH2)2012
Co(t~BuNH2)2(0N8)2

Co(i-PrNHZ)ucl2
.__),q_ b
Co(1 111H2)20ﬁ2

Co(i-PrNH )u 5
Co(iu-PwNHz)2

Co(inPPNH2)u12
Co(i—PrNHz)u(CNS)Z

Co(i=-PrNH
Co(C6H1

0)p(CNS),

1NH2)2012

Co(C6H11NH2)uBr2
Co(C6H11NH2)2Br

Co(C6H11NH2)u12
Co(c6HMNH2)u(cns)2

Co(C6H11NH (CNs)2

2)2
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Dichlordhig-(trimethylamine)CObalt(11)

-

A three-necked spherical 50 cm” flask, fitted with a
reflux condenser was charged with 0.75g of anhydrous
cobalt(41) chloride and 10 em® of dry benzene., The mixture
wags hesated to 55o and stirred magnetically under an atmosphere
of nitrogen, Trimethylomine gas was slowly bubbled through
the reaction mixture until all the cobaltous halide wes
consuneds, Long blue crystalline needles of thé complex
began to form in the hot solution. On cooling, the crystals

were collected in a Schlenk frit and dried without further

purification in a slow stream of nitrogen at 300 and 20 cm Hge

Ansl. Calcds for CcH, gN,C1,00: §,290055H,7431;N,11.29;C1,28.58;
00,23.76. Found: C,28.9UsH,7+26;N,11410;01,28.51;C0,23470,

Dibromobis-( trimethylemine)cobalt(11)

The procedure outlined for the preparation snd isolation
of dichlordbis-(trimeﬁhylamine)cobalt(11) was followed,

Anal, Celcd. for C6H18N2Br200: C,21.39;H,5.38;N,8.32;Br,u7°u3;
CO,17¢LL9. Found: C,21 .30;H,5.29;N,8-_26;BI‘,147JL0;CO,17.31

Diioddb;su(trimethylamine)cdbalt(11)

The procedure outlined for the preparation and isolation

of aichlorchis—(trinethylanine)cobalt(11) was followed,
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[ Cal 'do f - .
Anal < oky GGIH gNoI,C0: Cu16472;H,4.21 ;N,6.50;1,58.89;
C0;13¢67: Found: C,16,66;H,u.16;N,6°uh;1,58.u1;00,13.58

Dithiocyanatdgggm(trimethylamine)cdbalt(1@)

A three-necked 50 en sphericél flask, fitted with a
reflux condenser, was charged with 0,75g of cobalt(41)
thiccyanete hemihydrate and 5 cm3 of tricthylorthofermate,

The mixture was stirred magneticelly and heated under reflux
for two hoursj' It was then cooled to 60° and trimethylamine
gas slowly leaked through the reaction mixture until all the
metal thiocyanate was consumeds Sparkling blue crystals of
-the complex formed in the hot solution and after standing at
0° for 30 minutes the product was collected in a Schlenk frit,

3

washed.with 3 cn” of benzene and dried in a slow stream of

nitrogen at 20° and 20 cme Hgo

Anal. Calcd, for08H18Nu-SZCO: 0,32076;H,6019;N,19010;8,21 .86;
C0,20,09. Found: C,32¢71;H,6416;N,19411;8,21.73;C0,20415.

¥ At this stage the triethylorthoformate can be removed
successfully under reduced pressure and replaced by anhydrous

benzene, Either method was found equally suitable as the

thiocyanate showed no tendency towards gum formation in
friethylorthoformate. It could also be removed falrly

readily after complex formation, though benzene was found

to be more desirable in this respecte
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Dichlorotetraliis-(iso=butylamine )eobalt(11)

Method(a): A 50 cn” rebefe¢ was charged with 0.5g anhydrous
cobalt(11) chloride end 10 cm’ of a 50% v/v mixture of
benzene and iso-butylamine, The reaction mixture was
‘refluxed with constant megnetic stirring for 15 minutes and
the deep blue solution allowed to cool at O° overnight.

The red crystals (which formed in the blue solution) were
collected in a Schlenk frit, washed with 3 en’ of a LO%
solution of iso-butylemine in anhydrous ether*; and dried in
8 10 cme Hg vacuum over a period of two hourss If more
vigorous drying conditions are used or longer drying periods
amine is gradually stripped from the tetrakis - complex and
formation of a blue bis - complex becomes evidente Should
this happén the tetrakis-complex can be reformed by placing
it overnight in an atmospheré saturated with amine vapour.

Yield: 70% based on metal halide.

Anal, Calcd, for 016Hu“NuC12Co: C+H4+N ,69.263;C1,16.79;C0,13495;

Found: C+H4NN,69.10;C1,16.61;C0,13.900

¥ Any attempt to wash the crystals with a solvent containing

less than LO% amine results in rapid formation of a blue bisg -

complex,

Method(b): A 50 cm3 r.b.fe was purged with nitrogen and
charged with 5 cm3 of iso-butylemine,  Anhydrous cobalt(11)

chloride was added 1in small quantities while the reaction

mixture was continuously swirlede The exothermic reaction
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was controlled so that the temperature did not exceed 30%,
Addition of metal halide was continued until a thick red
paste had formed and the mejority of amine had been consumed.
An equal volume (5 cm3) of ether was added and the red
precipitate collected in a Schlenk .frit and dried without

further purification in a moderate vacuum for 15 minutese.

Yield: Nearly guantitative,

Anal, Calcd. for C16Hhhmu012C0: C+H+N,69326;Cl,16979;00,13e95;
Founds C+H+l,69,30;CL,16.68500,13¢91 6

Dichlorohis~(iso-butylamine)cobalt(41)

Method(a): A 50 o r.b.fe, containing 10 cm of anhydrous
benzene, was charged with 0.65g (5 me moles) of cobalt(41)
chloride and 1 e’ (10 m, moles) of iso-butylamine. The
mixture was refluxed with constant magnetic stirring for half
an houre. Deep blue crystals formed in the hot solution.

On cooling to room temperature the product was collected in

a sintered glass crucible at the water pump and washed
several times with 1 cm> volumes of dry ether, and finally
dried in a vacuum desiccator for 30 minutes.

Yield: 75%, based on metal halide,

Anal. Caled. for Cgh, N,01,C0: C,34.80;1,8.03;K,10.15,

C1,25.68;C0,21 3Le Found: G,3Le74;H,8.10;N,10.11;C1,25.61;

CO,21 QLH ®
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Other HMethods: The bis=-complex was also prepared in high
purity by stirring cobalt(11) chloride (0.65g, 5 me moles)
with the amine (1.2 mle, 12 m, moles) in 15 cm” of anhydrous
ether for 2L hours, collecting and iselating the product as
in methcd(a)

It was further prepared by gently heating the tetrakis
at 80o - 900 in a slow stream of nitrogen over a period of
one houre

Finally, it was prepared by refluxing the tetralils
complex in a large volume of benzene and guickly adding

gtroleun/spirit to the hot solution.

The preparations of both bis and tetrakils - complexes can

be summarized as follows:

CoCl2

éxcess amine ﬁmine:CoCl2 = 2:1
T% 30° ether
50% benzene
=7
Co(i"BuNHZ)u012 50% amine Co(i-BuNH2)2012
reflux
\%
Blue Solution
cool Oo
Y
cof( i-Bullll, ) 4012
(o} (o} benzene, reflux
80 N- 20 : + pet: spirit
2 .
Co(i-—BuNHz )2012

Co(i-BuNH,) 01,
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Dibromotetralis-(iso-butylamine)cobalt (14 )

Method(a): A 50 cmo Peb.fe was charged with 0.5z anhydrous
cobalt(11) bromide and 10 cm” of a 50% v/v mixture of benzene
and iso-butylamine, The reaction mixture was refluxed with
constant magnetic stirring for 15 minutes and allowed to

cool to room temperature, The pihk crystals were collected
in a sintered glass crucible by suction filtration, gquickly
washed with several 2 cm3 volumes of dry ether and finally
dried in a vacuum desiccator over a period of twenty minutes.

Yield; 90% based on metal halide.

Anal. Calcd. for C16HMANMBP2CO: C+H4lN,57022;Br;31.27;C0,11653;

- Found: C+H4+N,57.,00;Br,31.21;C0,11.50.

Method(b): This is similar to method(b) for the preparation

- of dichlorotetrakis=-(iso-butylamine)cobalt(411). Anhydrous

3

cobalt(11 ) bromide was added in small guantities to 5 cm” of

isoébufylamine contained in a 50 cm3 r.b.f. The exothermic
reaction was controlled so that the temperature did not
exceed 300. Addition of amine was continued until a thick
pink paste had formed and the majority of the amine had been

consumed. A large volume (30 cm3) of ether was added to

the reaction mixture and after swirling, the bright pink

crystals were quickly collected in a sintered glass crucible

and washed several times with 2 cm3 volumes of dry ether,

and finally dried in a vacuum desiccator for twenty minutes.

The yield was quantitativee

Anal, Calcd. for C16HuuNuBr20°‘ C+H+N,57.22;Br,31.27;00,11053;
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Dibromobis-(iso-butylamine Jcobalt (11 )

Method(a):  The procedure described in method(a) for the
preparation of dichlorobis~(iso=butylamine)cobalt(14) was

3

followed, A 50 cm” r.b.f. containing 10 cm3 of benzene was
charged with 1.09g (5 me moles) of cobalt(41) bromide and
1,0 cm3 (10 m. moles) of isebutylamine and refluxed with
constant magnetic stirring for half an hour, The solution
was cooled to room temperature for two hours and the deep
blue prcecciplitate was then collected in a sintered glass
crucible, washed with 2 - 5 cm3 of ether and finally dried

"in a desiccator for twenty minutese.

. yield: 60%, based on metal halide.

‘Anal. Calcd, for 08H22N28r2003 C,26,32;H,6,08;N,7.67;Br,43.78;
Co,16.1L4e Found: C,26.21;H,6,02;N,7.61;Br,u3.67;00,16.28

Other Methods: When the tetrakis-complex was gently heated
to 130O - 1uO° in a slow stream of nitrogen over a period of

4 hour two molecules cf amine were eliminated:

130° = 140° .
Co(i-BuNHZ)uBrz W, > Co(l—BuNHZ)ZBrZ + 21-BuNH,
It wes also prepared by refluxing the tetrakis in toluene

and quickly adding petroleum/spirit to the hot solution,

Whereas benzene was used in the corresponding preparation of

dichlorObisu(iso4butylamine)cobalt(11), toluene (because of

its higher boiling point) was necessary in this preparation.
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Diicdotetrakis~(iso-butylamine)cobalt (11 )

A 50 cm3 rsL.L. was purged with nitrogen and charged with

5 cm3 of iso-butylamine, Cobalt(441) iodide dihydrate was
added in small quantities and the nmixture was continuously
gwirled, The vigorous exothermic reaction was controlled
50 that the temperatureldid not exceed 300. Addition of
cobalt(11) iodide dihydrate was continued until the majority
of amine had been consumed and & thick pink paste huad formed,
The reaction mixture was gently heated to 500 for 15 minutes
and on cooling a large volume (20 cm3) of ether was added,
The bright pink crystals were collected in a sintered glass
crucible and washed several times with 2 cm3 volumes of ether

and dried in a desiccator for 20 - 30 minutes.

The yield was quantitative.

Anal. Calcd., for C«éﬁuuNu120°’ C+H+N,4U8.34;I,41.93;C0,9.74;
Found: C+H+N,LL8929;I,LL1 076;00,90790

Dithiocyanatotetragg§~(isosbutylamine)cobalt(11)

A 50 om” rbofe was charged with 0.5g of cobalt(41) thiocyanate
hemihydrate and 10 cm3 of a 50% v/v mixture of benzene and
iso=-butylamine. A deep red solution formed after refluxing
for L5 minutes and on cooling to room temperature for 4 hour

a copious yield of pale pink crvstals was obtained. The
crystals were collected in a sintered glass crucible and
washed several times with 2 cm3 volumes of a dilute solution

of the ligand in dry ether (6 arops/ 25 cm® ether).

ry ether not containing a few

Washing the crystals with d

drops of ligand, tends t0 decompose the complex slightly
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with the formation of a bis-species, The crystals were

dried in a vacuum desiccator over a period of 30 minutes.

Yield: 755

Anals Calcd. for 018HuuN6SZC°: Colibe23:H,9.48;Nu17497;:5,13e71;
C0412:¢60, Found: C,L6.21;H,9.513N,17.8835,13.763;C0,12+66,

Dithiocyantobis~(iso=butylamine)cobalt(11)

Method(a): A 50 cm3 rs.fe containing 10 c:m3 of dry benzene
was charged with 0.88g (5 me. moles) of cobalt(14) thiocyanate
henihydrate and 1.0 em (10 m. moles) of isoébﬁtylaminee

The mixture was gently refluxed with constant magnetic stirringe.
After 10 minutes a deep blue solution formed but on further
refluxing dark violet crystals began to form in the hot
golution., Refluxing was continued until all the cobalt(11)
thiocyanate was consumed, The solution was then cooled to
room temperature and the dark violet crystals were collected
in a sintered glass crucible and washed several times with a
very dilute solution of ligand in ether (5 drops/25 e ether).
The crystals were dried in a vacuum desiccator for 30 minutes.

Yield: 50%

Anal, Caled. for C, H,,N)S,Co: Cy37e373H,6.90;N,17.L3;35,19.95;
Co,18.34s Found: C,37.35;H,6.9U;N,17.41;5,19.90;C0,18.26.

Method(b): A 50 cm® r.b.f. was charged with 10 cm” Of
sbsolute alcohol, 0.88g (5 m. moles) of cobalt(411) thiocyanete

hemihydrate and 1.0 cm3 (10 m. moles) of iso-butylamine,
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The mixture was refluxed with constant magnetic stirring for
30 minutes and then cooled to 0%  After 1 hour dark violet
crystals began to form and crystallization was complete after
five hours. The product was collected in a sintered glass
crucible and washed several times with a dilute solution of
ligand in ether ( 5 drops/25 e ether). The crystals

were dried in & vacuum desiccator for 30 minutes,

Yield: 70%,'based on metal thiocyanate,

Anal. Calcd., for C1OH22NMSZCO: C337e373H,66905N,17.43;5,19.95;
00,1834 Found: C,S?.ﬁO;H,6e93;N,17.&5;8,19.8M;Co;18033.

‘Dichlorobis~(sec-butylemine)cobalt(11)

A 50 cm3 r.b.fe was charged with o.5g of anhydrous cobalt (19
chloride and 10 em’ of & 50% v/v mixture of benzene and sec-
.butylamine.[r The exothermic reaction was controlled so that
the temperature did not exceed 300. The mixture was gently
refluxed for 15 minutes with constant magnetic stirring and
allowed to cool to room temperature, Ether was cautiously
added until deep blue crystals of the complex separated oute
The crystals were collected in a sintered glass crucible and
washed several times with 2 cm3 volumes of a dilute etheral

solution (5 drops/25 cm ether) and finally dried in a

'lrSince no tetrakis-complex forms the ratio of metal halide
to ligand is not criticale. The bis-complex can be prepared
when the ratio of CoClQ:Iigand is 1:2 but equally well when

the ratio is 1:20.
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vacuum desiccator over a period of 30 minutes,

Yield: 805%

Anal, Calcd. Tor CgH,,N,01,Co: C,3L.80;H,8,03;1,10.15;C1,25.68;

Dibromotetrakis=(sec~butylemine Jeobalt(11)

Method (s ): A 50 cI” TebeFe WaS charged with 0.80g of cobalt(11)
dibromide and 10 cm3 of a 50% v/v mixture of benzene and sec-
butylamine, The reaction mixture was refluxed with constant
magnetic stirring until a deep blue solution had formede.
After cooling overnight at 0° pink crystals separated out of
the blue soluticn, The crystals were collected in a Schlenk
frit and slowly washed with a LO% solution of ligand in ether
and stored in a similar solution at 0°.

All attempts to dry the complex resulted in rapid loss
of amine and formatiocn of the bis-complexe While under such
conditions no reliable analytical data could be obtained for
the complex, a comparison of its reflectance spectrum with
that of Co(i—BuNH2)uBr2 clearly suggested that the pink

product was Co(s-BulH,)) Bry.

Method(b): Anhydrous cobalt(11) bromide was added in small
quantities to 5 cm3 of sec=butylamine contained in a 50 cm3
reboeTfe The exothermic reaction was controlled so that the
temperature did not exceed 300. when the majority of amine

had been consumed 10 cm3 of a L0% solution of ligand in ether

was added to the pink paste. The pink crystals were collected
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in a Schlenk frit and stored in a L0% solution of ligand in

ether,

Dibromobig~(sec-~butylamine Jcobalt(11)

The procedure outlined for the preparation of dibrombis—
(iso-butylamine )cobalt(14) was followed. In this case the

precipitate was collected in a sintered glass crucible,

3 volumes of a dilute solution

waghed several times with 1 cm
of ligand in ether (2 drops/25 cm3) and finally dried in a
vecuum desiccator for 30 minutes.

Anal, Calede. for CgH, N Br,Co: C,266323;H,6,08;,7.67;Br,L43.78;

C0,160.1l4e Found: C,26.28;H,6.01;1,7.68;Br,43.89;C0,16419.

Dijodotetrakin=(sec-butylamine)cobalt(11)

A 50 om® r.b.fe was charged with 1.0g cobalt(441) iodide
dihydrate and 5 cm3 of triethylorthoformates The mixture

was gently refluxed for 41 hour and the resultant viscous

green solution allowed to cool at room temperature, Sec=-
butylamine (5 cm3) was added in small volumes and the vigorous
eiothennic reaction controlled so that the temperature did
not exceed 30°, The deep blue solution, so formed, wes
gently refluxed with constant magnetic stirring for 30 minutes
and allowed to cecol at 0° for 1 hour. After vigorous
agitation of the solution with a glass rod deep red crystals
formed rapidly in the blue solution. A volume (200m3) of dry
ether was added to complete crystallization. The product

was collected in a glass crucible, washed several times with
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4 cm3 volumes of a dilute solution of ligand in ether ( 2 drops
/25 cm3 ether) and finally dried in a vacuum desiccator for
30 minutese.

Yield: 70%, based on metal iodide dibydrates

Anal, Calcd, for C16HauNuIZCO: C+HN, U8e3U; T 3111 06933;C0,9e7ke

Found: C+H+N,U8.59;T,44.99;C0,9.7%

Dithiocyanatdgign(secébutylamine)cdbalt(11)

A 50 cm3 r.b.Ts was charged with 5 cm3 of sec-butylaminee.
cobalt(14) thiocyanate hemihydrate was added in small
quantities while the reaction mixture was continuously swirled.
. TPhe exothermic reaction was controlled so that the temperature
did not exceed 30° When the majority of amine had been
consumed*.the deep blue viscous solution was gently refluxed
~for 15 minutese. On cooling,ether was added cautiously
while the deep blue viscous solution was stirred rapidly
until CrystalliZation was complete. A large volume (20 cm3)
of ether was added and the crystals were collected in a
sintered glass crucible and washed with several small volumes
of an amine/etheral solution (2 drops/25 cm3 ether)o The

crystals were finally dried in a vacuum desicceator over a

% No tetrakis-complex is formed irrespective of the molar

excess of sec-butylamine,
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period of 30 mlnutese.

Yield: 80%

Anale Caleds, for C, N S,Co: Cy37037;H;6690:N17.U355419.95;
C0,18.34; Found: C,37.39;H,6.9L;1,17.41;5,19499;C0,18.30,

Dichlordhi§m(ﬁertébutylamine)cobalt(1{)

A 50 cm rb.fe was charged with 0.65g cobalt(i1) dichloride
and 40 e’ of a 50% v/v mixture of sec-butylamine and benzene,*
The mixture was gently refluxed for 30 minutes with constant
megnetic stirring. After cooling to room temperature the
pale blue precipitate was collected in a glass crucible,
_washed with dilute amine/etheral solution (2 drops/25 cm’
ether) and dried in a vacuum desiccator for 30 minutes,

Yield: Quantitatives,

Anel, Caled. for CgH,N,C1,Co: C,3l,80;H,8.03;N,10415;C1,25.68;

C0,2143ls Found: C,3L.89;H,8412;N,10,17;C1,25.61;C0,21.38.

% No tetrakis-complex is formed, irrespective of the molar

excess of tert4buty1amin¢.
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Dithiocyanatobig=-(tert-butylamine)

A 50 om3 reb.fs was charged with 5 cm3 of tert-butylamine,
Cobalt(141) thiocyanate hemihydrate was added in small
guantities with constant swirling eand the exothermic reaction
was controlled so that the temperature did not exceed 200.
When the majority of amine had been cohsumed the mixture was
gently refluxed for 15 minutes, A deep blue precipitate
formed in the hot solution. On cooling,a volume (20 em?)

of anhydrous ether.was added to the reaction mixture and after
stirring for 41 hour at room temperature the product was
collected in a sintered glass crucible end washed several

times with 2 cm3

volumes of a dilute amine/etheral
golution (2 drops/25 cm” ether)s The precipitate was dried
in a vacuum desiccator for 30 minutese.

Yield: 0%,

‘Anel. Caled. for C, oHool) S 00t C,y37437;H,6490;N,1744335,19.95;
C0,1843le Found:.C,37.L40;H,6495;N,174011;5,19488;C0,18.364

Dichloroggtrakjs-(iso-propylamine)cobalt(11)

A 50 cm3 reb.fs was purged with nitrogen, charged with 10 cm3

of iso-propylamine and placed in an ice/salt bath at 0°.
Anhydrous cobalt(11) chloride was added in small portions with
constant stirring and the exothermic reaction controlled so
-that the temperature didvnot exceed 100. Addition of mefal
halide was continued until the majority of amine had been
consumed with the formation of a deep pink precipitate.

The flask was then allowed to gradually attain room temperature
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and most of the excess amine was romoved by standing the
product at this temperature for 30 minutes. The pink

precipitate was stored in a 110% solution of amine in ether

at room temperature.
Similar to dibromotetrakis-(secébutylamine)cobalt(11)

thig complex has a relatively high dissociation pressure at
room tvemperaturee. Any attempt to completely dry the complex
results in rapid dissociation and formation of a blue big-
speciess However, from the apvroximate analytical values
and from a comparison of its reflectance spectrum with that
of dichlorotetrakis-(iso-butylamine)cobalt(11) there can be
no doubt that the pink product is the tetrakis—~complex

—r—cr—

Go(inPrNﬁz)u012.

Anal Caled. for C, oM CL 00: C+HAN,6Le55;C1,19435;C0,16.09;
Found: C+H+N,68;C118;C0,15,

Dichloroggga(iso~propy1amine)coba1t(11)

A 50 cm3 rbefe was purged with nitrogén and placed in an
ice/salt path at 0° It was charged with 0.65g (5 me moles)
of cobalt(11) chloride, 5 cm3 of anhydrous benzene and

0.86 cm3 (410 me moles) of iso-propylamine taking care that
the temperature did not exceed 10° during these additions.
The reaction mixture was stirred magnetically and gently
heated under reflux for 30 minutes. Deep blue crystals
'began to form in the hot solution and after cooling at 0°
for 2 hours the product was collected in a sintered glass
crucible and washed liberall& with a solution of amine in

ether (L drops/25 om? ether) and finally dried in a vacuum
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desiccator for 30 minutes,

snal. Caleds for C.H gN.Cl,Co: C,29,05;H,7431;,11429;C1,28458;
00923076; FOUIld: 0,29008;H,7029;N,11 029;C1,2806u;00,230810

Dibromqﬁgﬁgggigw(iso~propy1amine)cdbalt(11)

The procedure outlined for the preparation of dichlorotefrakige—
(iso~-propylamine )cobalt(11) was followed. The pink crystals
were collected in a sintered glass crucible washed with a
solution of amine in ether (2drops/25 e’ ether), ~ The product
was dried in a vacuum desiccator for 30 minuteso.

Yield: Quantitative.

- Anal, Calcd. for C12H36NuBr200: C+H+N,31 .663;Br,35.12;C0,12.95.
Found:_C+H+N,31.78,Br,35001;Co,12.98

A 50 cm3 r<b.fe was placed in an ice/salt bath at Oo and
charged with 1.09g (5 me moles) anhydrous cobalt(41 ) bromide,

5 cm® of benzene and 0.86 cmn (10 me moles) of iso-
propylamine, taking care that the temperature did not exceed
10o during these additionse. The mixture was gently refluxed
with constant magnetic stirring for 30 minutes. Deep blue
crystals formed in the hot solution,. On cooling to room -
‘temperature 20 cm3 of anhydrous ether was added to the

reaction mixture and the product was immediately collected in a
3

sintered glass crucible and washed several times with 2 cm

volumes of anhydrous ether. It was dried in a desiccator
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for 30 minutes.

Yield: 70%

Anale Calecd. for CGHﬁBNZBPZCO: C,210393H,5083;N,8.31 ;Br U7 «li3;
Co,17<49e Found: C,216U423H,5.33;N,8.29;Br,47,49;C0,17 e3lte

Diiodotetrakis-(iso-propylamine )cobalt(11)

A 50 em® rob.f. was charged with 1.0g cobalt(11) iodide

dihydrate and 5 cm3 of triethylorthoformate. The mixture

was refluxed for 1 hour with constant magnetic stirring.

The resultant green viscous solution was cooled to 0° and
iso=-propylamine (5 cm3) added in small volumes, taking care

that the temperature did not exceed 20°, The resultant blue
solution was stirred magnetically at room temperature for 30
minutes and cooled at 0° for 15 minutes. Ether was added
cautiously with vigorous agitation and a copious guantity of

red crystals quickly formed in the blue solution. These

were collected in a sintered glass crucible and washed thoroughly
with 2 em® volumes of an amine/etheral solution (2 drops/25 cm?
ether). The product was dried in & vacuum desiccator over

a period of 30 minutes.
Yield: 80%

Anal, Calcd. for 012H36Nu1200: C+H+N,U43.06;I,460.22;C0,10673;

Found: C+H+N,43.213;I,46.05;C0,10.71.
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Dithiocyanatotetrakis~(iso-propylamine)cobalt(414)

A 50 cm3 reb.fe was charged with 10 cm3 iso-propylamine and

3

2 cm” anhydrous benzene, The mixture was cooled to 0° and

cobalt(11) thiocyanaté hemihydrate added in small quantities
until the majority of amine had been consumed. The
exothermic reaction was controlled so that the temperature
did not exceed 10°, After gently refluxing for 15 minutes
the solution was allowed to cool at 0° overnighte The deep
red crystals which'formed in the blue solution, were collected
in a Schlenk frit and washed slowly with a LO% solution of
iso-propylamine in ether, and stored in a similar solution
at room temperature.

Similar to the complexes dibromotetrakis-(sec-butylamine)
. cobalt(41) and dichlorotetrakis—(iso-propylamine )cobalt(11)
this complex has a relatively high dissociation pressure at
room temperature. However, approximate analytical values
end the similarity of its reflectance spectrum with tkat of
dithiocyanatoggggggig-(isoAbutylamine)cobalt(11) strongly
suggest that the product is the tetrakis-complex
Co(i-PrNHZ)u(CNS)Z.

Anal. Calcd, for C1uH36N6SQC°: total amine,57 ¢46;C0,1Us32

Found: total amine,60.0;C0,13¢5.

Dithiocyanatopgg-(iso-propylamine)cdbalt(11)

A 50 cm3 YebDofe containing 10 cm3 of anhydrous benzene, was
charged with 0.88% (5 m. moles) of cobalt(11) thiocyanate

hemihydrate and 0.86 cm3 (10 m, moles) of iso—propylamine.
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The temperature was controlled so that it did not exceed

10o during these additionse The reaction mixture was gently
refluxed for 15 minutes, On cooling to 0° for 1 hour a
copious yield of deep blue crystals was obtained, A volume
(20 cm’) of dry ether was added and after swirling, the
crystals were ccllected in & sintered glass crucible and
washed several times with 2 cm3 volumes of dry ether. The

product wag dried under vacuum for 30 minutese.

Yield: 85%, based on metal thiocyanate.

Anal. Caleds Tor CgH, gl S,Co: C,32.763H,6019;,19¢10;S,21 ¢86;
00,20.09, Found: C,32,79;H,6e243N,19e11;8,21.76;C0,204150

Dichlorobis-(cyclohexylamine)cobalt(11)

A 50 cm3 rebefo, containing 10 cm3 of anhydrous benzene, was
charged with 0.65g (5 me moles) cobalt(11) chloride and

ledls cm” (10 me moles) of cyclohexylamine. The mixture was
refluxéd with coﬁstant magnetic stirring for 30 minutes, and

on cooling at Oo for 3 hours deep blue crystals formed in the
blue solution. A volume (20 cm3) of dry ether was added to
the reaction mixture and the product was collected in a
sintered glass crucible and washed liberally with small volumes
of dry ether. The crystals were dried in a desiccator for

30 minutese

Yield: 75% based on metal dichloride,

Anal. Calcd. for G, H, N,Cl,Co: C,43.92;H,7.99;N,8,54;C1,21.60
Found: C,L3.98;H,8,04;N,8458;C1,21452;C0,17+924
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Dibromotetraris=(cyclohexylamine )cobalt (41 )

A 50 em® robefe was charged with 0.5g enhydrous cobalt(11 ) bromide
and 10 cm3 of a 50% v/v mixture of benzene and amine, The
reaction mixture was gently refluxed with constant magnetic
stirring for 30 minutes. A deep blue solution formed and

deep red crystals collected in this solution. After

cooling to room temperature anhydrous ether (20 cm3) was

added and the product was collected in a sintered glass crucible
and washed five times with 3 cm3 volumes of anhydrous ether.

The crystals were dried in a vacuum desiccator for 30 minutes.
The tetrekis—complex is reasonably stable and can be washed
~with ether-free amine. This is desirable as it is rather
difficult to remove free cyclohexylamine under vacuum.

However, it is advisable not to agitate the crystals too
vigorously during the washing procedure as sudden trans-
formation of some of the crystals to a bis-complex may take
.place. If this happens washing with a 25% solution of
cyclohexylamine in ether 1ls necessary to restore the tetrakis-—
complexe Thé complex can be exposed to the air for periods

up to 10 minutes without any serious decompositione.

Yield: 80%, based on metal bromide.

Anal, Celede for CpyHg N, BroCo: C+Hsl,6L.L5;Br,25.97;C0,9.57

Found:; C+E+N,6L.59;Br,25.92;C0,9:51;

Dib romobis—(cyclohexylamine Jcobalt(11)

The procedure for the preparation of dichloropis-~

(cyclohexylamine)cobalt(41) was followeds A 50 em” Teboefe,
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3

containing 10 cm” of anhydrous benzene, was charged with

1,09¢ (5 me moles) cobalt(11) bromide and 1.1kL on’

(10 m, moles) of cyclohexylamine. The nixture was refluxed
with constant magnetic stirring for 30 minutes and on cooling
to 09 for % hours deep blue crystals collected in the blue
solution, A vclume (20 ij) of dry ether was added to the
reaction mixture and the product was collected in a sintered
glass crucible and washed several times with small velumes

of dry cther. The crystals were dried in a vacuum
desiccator for 30 minutes,

Yield: 70%

Analo Calcdo fOI. C1 2H26N2Br200: C,3u°55;H,6028;N,6.?2;01,38031;

" Co,1lbe13s Found: C,3Leb4 ;H,6631;3N,6.68;CL,38.35;C0,1Le100

Diiodoﬁetragggn(cyclohexylamine)cdbalt(11)

A 50 em® r.b.fo was charged with 1.0g cobalt(11) diiodide
dihydrate and 5'cm3 of triethylorthoformate. The mixture
was refluxed for 1 hour and the resultant viscous green
solution allowed to cool to 0°. Cyclohexylamine (5 cm3)
was added in small volumes and the vigorous exothermic
reaction controlled so that the temperature did not exceed
500. At first the reaction mixture assumed a deep blue
colour but slowly bright red crystals began to form in the
hot solution. After the addition of gmine was complete a
.COpiouS yield of red crystals had collected in the reaction
?)

mixturee. On cooling to room temperature ether (20 cm was

added and the product wes collected in a sintered glass
3

crucible and washed several times with . 2 cm” volumes of
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dry ethere The crystals were dried in a vacuum desiccator
for 30 minutec.

Yield: 905%

Anal. Calcds for G, Mo N I,Cot CalN4H,55.92;1,35077;5C0,80310
Fourld.: C'}'I‘I+N955386;I935062500;8536.

Dithiocyanatotetralis=(cyclohexylemine)cchalt(i1)

A 50 em’ rebef. Was charged with 0.5g cobalt(11) thiocyanate
hemihydrate and 10 cm3 of a 50% v/v mixture of benzene and
cyclohexylamine, The reaction mixture was refluxed with
constant magnetic stirring for 1 houre. Deep red crystals
began to form in the hot solution and the yield was greatly
enhanced by standing the solution at 0° for 2 hours, followed
by the addition of 20 cm® of dry ether. The product was
collected in a sintered glass crucible, washed with five

3 cm3 volumes of dry ether and dried in a desiccator for

30 minutese.

Yield: 65%

Anale Calcd. for 026H52N63200: C,5L}o61;H,9o17;1‘1,1’4n70;s,11021;
C0,10.31+ Found: C,5Le663Hy9e19;N,14e62;5,11418;C0,10435,

Dith@cyanatop}g-(cyclohexylamine)cobalt(11)

A 50 cm3 r.b.fe, containing 410 cm3

of anhydrous benzene, was
charged with 0.88g (5 m. moles) of cobalt(441) thiocyanate
hemihydrate and 1.14 om> (10 m. moles) of cyclohexylamine.

After refluxing for 10 minutes a deep blue solution formed
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but on further refluxing a pale pink precipitate collected
in the hot solutione The product was collected in a
sintered glass crucible, washed with small volumes of

anhydrous ether and dried in a desiccator for 30 minutes,

Yield: 65%

Anale Celede for Cy) H, oW 8,005 G,15,02;H,7,02;1,15.0058,17017;
000150780 FOUﬂdS C,LL5»OS;I‘1:7°OL!.;I\I915006;8917319;(}09,‘59830

2303 Complexes of Chromium(111) chloride

Table 2.3 conteins a list of the complekes whose

preparations are considered in this section.

Table 2.3
Complex * Formula
WChloroneankis-
(ethylamine Jchromium(411) chloride Zﬁr(CzﬁsNH2)5C%/C12
PChloropentakis=
(n-propylamine Jchromiun(141) chloride Z65(03H7NH2)505/C12

[PChloropentalkis=
(methylamine )chromium(111) chloride Z6r(CH3NH2)50}//'Cl2



-9 -

Table 2.3, contde

Chlorononge=
(trivenzylamine )chromivmi)Acetone

Chloromone=(tribvenzylanine)chromivm(114 )
Chlorotris~(acetone)chromium(141)
Crlcrotris~(diethylketone)chromium(114 )

Chlorohisg=
(3-methylbutanone )chromiuvm{111)

Cr013.N(Bz)3.Acetone
CrCljoN(Bz)3o
CPCl3e3M82CO
Cr0133Eu200

CPCIBQQMGACHCOMG
[

% A1l the complexes were prepared using both high-

temperature and low=temperature forms of chromium(111)

_chloride (see secto 2.2.%)e

W‘These cemplexes have been prepared and characterized

‘previously,

Chloropentakis-(ethylamine)chromium(114 ) chloride

3

A 50 cm3 r.b.fe was charged with 10 cmn” of anhydrous

ethylamine and cooled to 0° in an ice/salt bath.

Chromium(411) chloride was added in small guantities and the

vigorous exothermic reaction controlled so that the

temperature did not exceed 10°,  After each addition the

reaction mixture was stirred rapidly with a glass rod.

Addition of metal chloride was continued until the majority

of amine was consumed and a viscous red gum had formed,
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Excess amine (2 cmj) was added and the reaction mixture allowed
to stand at room temperature for two hours. The gum was
dissolved in the minimum volume of methanol and precipitated
by slow addition of ether. The product was collected in a
sintered glass crucible, washed liberally with several 2 cm3
volumes of ether and dried in a vacuum desiccator for two
hours.

Yield: 50%, based on chromium(i14) chloride.

Anal. Calcd. for C N_C1l.Cr: total amine,58.6;total G1,27.8;

10735750+ |
Cr,13%.6. Found: total amine,58.1;total Cl,27.2;Cry13.8(high-
temperature form); total amine 58.2;total C1,27.5;Cr;13.8

(low-temperature form).

While the analysis of this complex was always satisfactory
the infrared spectrum showed an unexpected peak of
moderate intensity situated at 2300 em™T, This
observation and 1its implications is fully discussed in
sect.3.3. The corresponding complexes with n-propylamine

and methylamine were prepared to investigate if any

related behaviour occured,

Chloropenggggg-(n—propylamine(chromium(111) chloride

The procedure outlined for the preparation of chloropentakis-

.(ethylamine)chromium(111) chloride in method(a) was followed:

Anal, Calcd. for 015HMRN50130r: total amine,64.8;total C1,23.7.
Found: total amine 65.4;total C1,23.0;Cr,11.6(high~temperature
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form); total amine,65.,65t0tal C1,23,2;Cr,11.2(low temperature

form).

Chloropentakis—(methylamine )chromium(441) chloride.

Methylamine was generated from methylamine hydrochloride
and soda-lime and condensed in a niltrogen trap containing
1g of chromium(111) chloride,. When the reaction appeared
complete the trap was allowed to attain room temperature.

3

The product was dissolved in 20 cm” of dilute hydrochloric
acid, filtered; and gently evaporated to a smaller volume
(10 cm3)e On cooling to 0° overnight deep red crystals
separated; they were collected in a sintered glass crucible,
washed with distilled water and dried in a vacuum desiccator

over PuO for 24 hours,

10

Anal, Calcd, for C5H25N50130r: total amine,}9.5;total C1,33,9;
Cr,16.6. Found: total amine 49.6,total Cl 33.5; Cr,16.4
(high~-temperature fom); total amine,}9.3;total Cl,40.%;

Cr,16.4(low~-temperature form),

Chloromono=(tribenzylamine )chromium(4111 ).acetone

A 50 cm® p.b.fe was charged with 0,78g (5 m. moles) of
3

chromium(111) chloride dissolved in 8 cm” of acetone and

1.4hg (5 me moles) of tribenzylamine dissolved in an equal
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volume of acetone, The high-temperature form of chromium(141)
chloride must be refluxed before it dissolves, The reaction
mixture was gently refluxed and & deep red viscous gum

formed in the hot solution after 30 minutes, The supernatant

liquid was decanted and replaced with 20 cm3

of anhydrous
ether. After standing at room temperature overnight the
gun solidified, The product was érushed under ether,

guickly collected in a sintered glass crucible and washed

liberally with ether to remove unreacted amine. The complex

was dried in a vacuum desiccator for 30 minutes,

Anal, Calcd. for C2MH27NOC130r: C,57e213;H,5.40;C1,21 411
Cr,10¢32. Found: C,56.89;H,5.61;C1,21.01;Cr,10.41 (high-
* temperature form); C,56.82;H,5.49;C1,20,89;Cr,10.48 (low-

temperature form)e

Chloromono-(trivenzylamine )chromium(411)

The infrared spectrum of chloromo -(tribenzylamine)chromium(111).

acetone indicates that the acetone is present as a lattice
component and is not coordinated to the metal. The carbonyl
stretching frequency for acetone occurs at 1712 cm—1, When
coordinated to a metal cation this freguency is reduced by
approximately 50 wavenumbers, In this complex V(C=0) is
situated at 1700 cm ™', thus strongly suggesting the presence
‘of uncoordinated acetone.

The acetone is rapidly expelled when the complex is
heated in a slow stream of nitrogen over the temperature

range 90o - 1100. Infrared analysis was used as a probe to

determine when all the acetone had been removed,
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Anal,. Calcd. for C21H21NCISCP: C,56658;H,U4.75;C1,23,86;
Cr,11.67; Found: C,56.63;H,4.87;C1,23.95;Cr,11.60 (high-
temperature form); C,56.43;H,4.78;C1,23.59;Cr,41.61 (low~

temperature form),

Chlorotris-(acetone )chromium(4114)

A 50 cm3 rebefo, containing 10 cm; of acetone was charged

with 1.0g of chromium(414) chloride. The reaction mixture
was refluxed under an atmosphere of nitrogen until all the
chromium(141) chloride has dissolved. The volume of the -
deep purple coloured solution was reduced by half and allowed
to stand at OO° After 5 hours a copious gquantity of purple
" coloured crystals was obtained. These were collected in &a
Schlenk frit and dried in a slow stream of nitrogen at room
temperature over a period of two hours. The crystals are
extremely hygroscopic and handling in an inert atmosphere

is necessary at all times.

Anal. Caleds for CgH, 505C15Cr: C,32,50;H,5.46;C1,31498;Cr,15436;
Found: C,32.80;H,5.61;01,32,10;Cr,15.31 (high-temperature form)

C,32.71;H,5.63;C1,31.81;Cr,15.40 (low temperature form)o

Chlorotris~(diethylketone )chromium(111 )

A 50 cm3 reb.fe, containing 10 cm3 of diethylketone, was
charged with 1.0g of chromium(111) chloride., The mixture
was refluxed with constant magnetic stirring under an
atmosphere of nitrcgen until all the chromium(4114) chloride

had dissolved, A tface of zinc dust noticeably accelerated
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the reaction when the high-temperature form of chromium(111)

chloride was usede. The deep purple solution was allowed

to stand at O0 and after one week deep purple colourcd crystals

were deposited in the solution.. The crystals were collected

in a Schlenk frit and washed 4 times with 1 cm3 volumes of
dry benzene. If benzene is liberally used the crystals

rapidly break down to give an intractable gum. Drying was
completed by heating the product to uOO in a slow stream of

nitrogen over & periocd of 1 hour.

Anal. Calcd. for HBOOBCIBCr& Coli3.23;H,7.265C1,25.52;

C15
Cr,12.48; Found: C,L43.76;H,7.10;C1,25.41;Cr, 12,62 (high=
temperature form); C,L43.80;H,7.01;C1,25.15;Cr,12.74 (low-

temperature form).

v vy

The procedure outlined for the preparation of chlorotrls -
(diethylketone )chromium(4111) was followed. In this case
crystallization of the complex was complete after two weeks.
Anal, Calcd, for C, H,,0,01,Cr: Co,l43.233H,7.26;CL,32.17;
Cr,15.73%; Found: C,43.62;H,7.33;C1,32.42;Cr,15.68 (high-
temperature form); C,L3.61;H,7.21;C1,32.33;Cr,15.79 (low-

temperature form).

The Reaction of Cyclohexanone, 3=Methylcyclohexanone and

Diphenylketone with Chromium(414) chloride

Solutions of chromium(1141 ) chloride in cyclohexanone and
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3-methylcyclohexanone were readily prepared by refluxing the
ketone with the metal chloride. All attempts to crystallize
complexes from these solutions failed, The solutions were
stood at 0° for three months but no crystals were obtained.
Ether was also used unsuccessfullye.

A solution of diphenylketone in benzene was refluxed with
chromium(4111) chloride over a period of three days but no
reaction took place. The addition of zinc dust was of no

avail ,
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e RESULT3 AND DISCUSSION
Felo Complexes of Nickel(14)
Jetele Monomeric Tetrahedral Complexes NiX?.ZNMei,

X = Cl,Br,I, and the Polymeric Octahedral

Complex NiCl_..2NlMe, e
2 2

Nickel(41) complexes are known with a six-coordinate
octahedral configuration, with five=-coordinate square
pyramidal or trigonal bipyramidal structures, and with four-
" coordinate square-planar or tetrahedral structures; these
configurations are often only approximately regular.

Magnetic susceptibility measurements used in conjunction with
electronic and infrared spectra data usually enable such
structures to be determined withvfair certainty and often
permit'a study éf deviations from regular geometry. In this
section and in the following sections structural analysils is
based mainly on this type of evidence. For simplicity the
'g! subscript, used to denote a centre of symmetry in
octahedral complexes, is dropped throughout the discussione

Diffuse reflectance spectra for the isomers
cX—NiCIQ.QNLie5 and ﬁ-NiClz.zNMe3 are shown in Fige.3e.1e The

X-isomer is characterized by a multiple visible absorption
band having a pronounced shoulder on the high energy side and
a band of weaker intensity on the low-energy side. This

spectrum is typical of tetrahedral stereochemistry and the
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positions of the two principal bands at 16.4 kK and 9.0 kK
are consistent with electronic transitions between the

states 3971 ()31, and Ja 31*1 respectively. The first

RELATIVE INTENSITY

29 . 2l 19 14 9

ENERGY (kK)

Fig 3.1 Reflectance spectrum of X =NiCl,.2Nie (—)
and of B=-NiCl,.2NMeg ---).

. 3 .
spin-allowed transition i.c. 3T£f T1 is expected to be in the

3 - 5 kK region and therefore is not observeds  Reflectance
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spectra of the complexes NiBreozNMe and NiIz.ZNMe have a

3 3
similar profile and their band assignments are tabulated

in Table 301, VWhile the multiplicity of the visible band is
retained in NiIQ,ZNMe3 the 3A2<——3Tﬁ trensition is resolved
into a doublet.

TABIE 3.1

Reflectance spectra of the complexes of nickel(41) with

trimethylamine having tetrahedral stere ochemistrye.

(Abs.Max.kK)
_ 3 3 3 3
Complex T1 (»)« T1 A T1
Vs Vs,
0(-N1012.2NMe3 22.3 sh 16.4 9,0
NiBr-z.zNMe3 ’ 22,8 sh 16.5 10.8
NiIz.QNMe3 19.2 sh 1562 9.8,6.9

sh, shoulder

The spectrum of the ﬁ-isomer, Fig.3.1 has two principal
bands with absorption maxima at 21.0 kK and 11.5 kK. Slight
shoulders are present on the low energy sides of both bands.
The position of these bands is suggestive of an octahedral
environment sabout the nickel atom and in this context 1t is
instructive to compere the spectrum with the spectra of some
known and relevant complexes,

The compounds Nipy201P and Nipy2Br2 (py = pyridine) have
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polymeric structures containing six-coordinate nickel atoms

. . . Q Q
end bridging halide atoms.“1”2 Bands with max. at

2.1 kK and 13%.99 kK in the spectrum of Nipy2C12 have been

essigned to transitions 3T1(P)é—3A2 (‘V3) and 3T,é—-3A2 (‘VZ)
|

respectively. The corresponding transitions in the spectrum

of NipyZBP occur at 23,53 kK and 13.85 kKo Each transition

2
has a shoulder on the low energy side, and thus closely

resembles the spectrum of ﬂ-NiC1292NMe3

In addition the spectrum of p-NiCl °*Me3 ig also very

26C. 1

similar (see Table 3.2) to that of NiCl, and NiBr, which are

2
¥nown to have halogen bridged octahedral strucﬁures.63 On
the basis of these similarities the high energy peak in the
" spectrum of gmNiClz.,2NMe3 is attributed to the transition

' 3T1(P)<<—-3A.2,while the low energy peak is considered to

3A The first spin-

arise from the transition 3T &

1 2°
allowed band is expected to be in the 5 kK region and is not

- observed.
TABLE 3.2

Diffuse Reflectance Spectra for NiClz,NiBrz63 and

B-NiCl,.2NMez (Abs.Max. kXK)

)
Compound 3T1(P)<--3A2 3T1é— A,
\/3 »b
NiBI‘z 2007 1705 sh 12614 1003 Sh
ﬁ—NiC12,2N‘]:‘;83 21 .O . 18.0 Sh 1105 908 Sh

sh, shoulder
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Infrared spectra for X-NiCl_..,2NM =N i N
b 1012 2Nhe3, R NlClZ.ZNM63 and
NiBrze,ZNMe3 are shown in Figs, 342, 3.3 and 3.l
TABLE 3.3a
M-Hal Stretching Frequencies of complexes of
Trimethylamine with Ni(11) (cm™)
Complex V(Ni - Hal)
o =101, 2NI»Ie3 310
‘NiBrQezNM93 270 290 sh
'NiIQ,ZNMe3 _ 2u5 255 sh

sh, shoulder

The two methyl stretches, the two
methyl deformations and the methyl torsion of gasecous
trimeth&lamine have been assigned as 825 cm™ (sym) and
1043 cm"1(asym), 366 cn™' (sym) and 423 cm™ (asym), and

269 cm"1 respectivelye. These vibrations are not significantly
93

changed upon coordination of the amine to a metal cation,

although the methyl asymmetric stretching vibration of

1

®~NiCl,.2NMe; is clearly visible as & doublet at 960 cm”

3
and 1000 cm™ ', Tetrahedral complexes of the type
NiL2X2 having C2V symmetry are expected to show two Ni - X
stretching vibrations in the infrared, Nakamoto9LL hes

1

assigned the two bands at 3L1.2 em™! and 305.0 cm™' in the

infrared spectrum of the tetrazhedral complex NiClz(PPh3)2
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to N1 - C1 stretches.

In %NiCl,.2Nlie, the band at 310 cm™ is assigned to a
netal=chlorine stretching frequency while in NiBP2°2NMe3
and Nil,.2Nle, ,V(Ni-Fal) occurs at 270 cn™' and 2u5 cm™
respectively. The latter two frequenciles contain shoulders
but the Ni-Cl frequency is unsplit (Table 3.3a), In thé
B -isomer V(Ni-Cl) is replaced by broad ill-defined absorption

in the 300 - 200 cn™V region.

TABLE 3,30

Infrared Spectra of the complexes NiX2¢2NMe-,

X = C1,Br,I {1300 - 200 cm™)

X = C1{d): 1300, 1250, 1105, 1055vw, 410LOvw, 1000, 980,
825, 722, 675w, 628w, 510, L6SVW, L28vw, 310

X = C1(B): 1245, 1102, 1060vw, 990, 725, 520.

X = Br: 1246, 1230sh, 1108, 1060vw, 995, 820, 725,
675vw, 510, U430, 290sh, 270

X =1I: 1240, 1102, 1055vw, 990, 820, 725w, 510, 430,

255sh, 2L5.

w,weak; vw, very weak; sh, shoulder

This broad absorption has been inferred to indicate the
absence of terminal halogen, Similar behaviour has been

observed with the two isomers of Copy2012c.9LL The
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tetrahedral form has two V(K.Cl) freguencies at 3u7 en™' ana
306 cm"1 while the octahedral helogen-bridged form shows
only broad absorption in this region,

As stated above only one stretching frequency is observed
for X-NiCl,.2lile; at 310 cm™ although two stretching
freguencies are expected, However, this band ic strong and
broad which suggests that the two V(Ni~Cl) absorptions
coincide, A similar observation has been made for the two
V(1i~lCS) absorptions for the complex Zn(NCS)2.2cxnpicoline@11o

The magnetic moments of spinwfree nickel(11) complexes
usually 1lie in the range 2,80 = L00 BM. Those for
tetrahedral species are usually higher (3.3 = 4.0 BM) than
Athose of octahedral species (2,9_- 3e3 BM), the orbital
angular momentum being higher in tetrahedral complexes. The
expected/ueff in octahedral complexes is increased above the
spin-only value of 2,83 by a factor (1 + u>j)ﬁoE owing to
spin—oﬁbit.coupling.8o Here 2? is the effective spin-
orbit coupling constant and 4E is the & - d separation.

1

The value of A' is very much dependent upon the nature of the

attached ligandse.

Magnetic lioments for the trimethylamine complexes of
nickel(411) are listed in Table 3.4. The large value of 3.38

BM for «-=NiCl .QNMe3 suggests a large orbital contribution

2
and is consistent with the tetrahedral structure postulated

for the complex, On the other hand the high value of 3,37 BM
obtained for ﬁ»NiClz.ZNMe3 is initially surprising in view of

the postulated octahedral structure where complete gquenching

of orbital angular momentum is expected and thus giving a
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value much less than 3.37 BMo

TABLE 3.k

Magnetic Moments of Nickel(141) Trimethylamine Complexes

*

4 -5
Complex | Xy (1077) /ngf’(BM at 18° - 20°)
K-1iCl, . 2Mle, L837 | 3438
B-NiCl,.2NNey 820 . 3437
NiBr,e2NMe, L577 3429
Nil,«2NMey 4862 3¢39

* Corrected molar susceptibility in c.g.s8. unitso

Gill and Ny_holm95 have calculated magnetic moment values
expected for the nickel ion in a variety of gifferent circum-
stances (e.g. zero or infinite spin-orbit coupling, very weak
or very strong crystal fields etc.). Although the moment
can rise as high as 5.59 BM in the absence of‘an electrical
field,they conclude that in an octahedral environment the
magnetic moment should be 3.1 - 302 BM,. Thus the moment of
3.37 BM obtained for ﬁ—NiClz.ZNMe3 is not only outside the
pange generally associated with octahedral nickel derivatives,
but is in fact higher tﬁan the theoretical maximum obtainable

from simple theorye.

However, Lever96 has pointed out that six-coordinate
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helogen-bridged nickel complexes of the type (NiL2X‘2)n

(X = halogen, L = amine) commonly have moments between 33
and 3.5 BY, e.ge Nipy,Cl, (3.37 Bl), Ni(NH3)2Cl2 (3+358M)
and Ni( aniline),Cl, (336 BM). The value of 3.37 B
obtained for ﬁ«NiClQ.,ZNMe3 ie therefore strongly suggestive

of a polymeric halogen-bridged octahedral structure,

Ny
c1 c1” b N
te N ' :
I e’,)’= < ! /C'L
/Ni /Ni
~N
Me N 7 | " N
83 : Nhe3 ?1 | N 63
cl1 %
Ni
7N
X-Isomer ﬁ—Isomer

On the basis of the above ew}idence the author believes
that the chloro-complexes represent an unusual example of
octahedral-tetrahedral isomerism for nickel(41 )e Although

a similar type of isomerism has been reported for Ni012L2

(L = Quinoline)97 one would not expect the steric requirements

of trimethylamine to be comparable with those of guinoline,
Furthermore the nitrogen of trimethylamine is not capable

of forming part of a T-electron system, a property which is
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considered important in the formation of the structural isomers

with quinolineo97

The A=form of NiClz.ZNMGB, NiBPQoZNMe and NiI202NMe3

)
are only slightly soluble in polar scolvents like nitromethane
and acetone (giving a blue colour with immediate decomposition)
and are completely insoluble in non-pnolar solventse. The
p~form of NiClzeQNM83 is immediately decomposed in similar
polar solvents and gives a transient bhlue colour, followed by

decomposition, which probably represents a breakdown of

octahedral polymexr to the tetrahedral forme

In the solid state the B misomef can be completely
converted to the o-isomer by passing trimethylamine gas
through a powdered sample at room temperature (see s€Cte2e3e1)e
This structural lability implies that the free energy
difference between the two isomeric forms is very small,
suggesting weak M~Cl-M bridges and high steric compression
in the square planar (NiCIZQZNMeB)n units 6f the octahedral
species, A1l efforts to prepare analogous isomers with
trimethylamine and nickel(414) bromide failed; presumably
the steric repulsion between bromo ligands and trimethylamine
ligands is too large to allbw the'formation or similar18quare
planar units of the type (NiBrz.ZNMeB)n in an octahedral

specieso
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36162 Monomeric Complexes MLJ‘X9 s L = iso=hutylamine;
T .0

X

i

C1,Br,Cl3,

Diffuse reflectance spectra of the complexes
Ni(inuNHZ)u012? Ni(imBuNH2)uBr2 and Ni(i«BuNHZ)u(CNS)z,
Fige5sb, clearly indicate an octehedral environment for the

nickel atome. Band assignments are given in Table %.5.

ELATIVE INTENSITY

wld

L%

™

52 28 24 20 16 12 8

ENERGY. (kK)

Fig.3%.5 Reflectance Spectra of Ni(i—BuNH2)ux2,
(X = CNS — ), (X = Br----- Yo (X = CL eeeenn)s
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It is interesting to note that the first spin-allowed
transition, i.e, 3T2€—-5A29 is unsplit in the thiocyanate
complex, slightly split in the bromo complex and significantly
split in the chloro complex. Similar behaviour has been
observed with the three mononuclear complexes NipyuClQQ

Nipy Br, and Nipyu(CNS)2e71 Bostrup and Jﬁrgensen63 have
shown from x-ray analysis that these complexes are six-
coordinated structures in which the snionic ligands are in

trans positionse.

TLEBLE 3.5

Reflectance Spectra of the complexes of nickel(411) with
iso-butylamine having octahedral sterceochemlstrye

(Abs. Max. kK)

‘Complex >, (p)« 24, Jr,2a, 3'1‘2 — n,
Ni(i-BuNHz)u(CNS)z 29¢3,26.,5 sh 1740 10043
Ni(i—BuNHz)u Br, 2649 16,7 8.7 1006

." ; ° [ ® .8
Ni(i BuNHZ)uC}12 2548 ‘ 1549 8,0 10

sh, shoulder

They have assigned the 10.9 and 8.5 kX bands in NiPYuCIZ as
components of the v1 transition which is split due to
tetragonal distortion. A similar explanation is offered for

the splitting of the \/1 transition in the bromo complex.




The magnitude of the splitting is taken as an indication
of the extcnt of tetragonal distortione

The corresponding transition in Nipyu(CNS)2 is unsplit
which indicates the absence of severe tetragonal distortion
in this complex. This is attributed to a more symmetrical
lLigand field since nitrogen coordinated NCS and pyridine
occupy falrly close positions in the spectrochemical gseriese

Thus there scems little doubt that the splitting of the
3T2<—— 3&'1.2 transition in Ni(i-‘-Bul\‘Hz),uz.Clz and N:‘L(i“BuI\TI.’;z)uI%J,?g
is due 1o severe tetragonal distortion and that the complexes
are trans-octahedral (see 8lso secCtel«6e6e)e  Similar to
Nipyu(cl\ls)2 this tetragonsl distortion is absent in
Ni(i-Bul\"Iiz)}+(CI<JS)2 indicating similar symet;oical ligand fields
in both complexes. These rather surprising results suggest
that the bonding and stercochemical requirements of pyridine
and iso-butylamine are very similar when coordinated to
NiX, (X = C1,Br,CNS),; even though back-donation of eleciron
density from nickel to the ligand is not possible with
iso~butylamine.

Nelson and Shepherd!! believe that this back-donation of
electron density is an important factor stabilizing the
mononuclear pyridine complexes. Accerdingly they postulate
that the apparent inability of complexes Ni(NHB)u(Hal)2 to
form98 is due to the inability of NH3 to form a T =bond thus
causing an excessive accumulation of negative charge on the
metal ion. Instead ionic complexes[Ni(NHj)@?(Hal)2 are
formed in which the halide ions are not coordinatedo65’98

Eowever the complexes Ni(i-—BuNHZ)uC]_z and Ni(imBu.NH2)uBr2

are quite stable at room temperature and pressure)and in these
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complexes no back=donation of electron density from metal

to amine is possible. Thus it appears that the 47--bonding
abi1lity of pyridine in complexes Nipyu(H31)2 rlays a very
passive role in their overall stability.

Mean values of 10.4 - 10,5 kXK and 10.2 kK have been
reported 71,63 for 1ODq ( =‘V1) for the complex Nipyu(CNS)zo
The mean value of 1ODq (calculatead from;x%) for the complex
Ni(inBuNﬁg)u(CNS)2 is 10.43 kX while the value of 10.L47 kK is
obtained using trensitions V, and »3 (see appendix and
secte1:6+3)c This indicates that pyridine and iso-butylanmine
cceupy similar positions in the spectrochemical seriese
Because of the splitting of V, in Ni(i-BuNH )uCl and
Ni(l»BuNH )u r, mean values of 1ODq cannot be estimated
using this transition, However, values of 10,05 kK and
10,57 are obtained for these complexes using tx'ansitions\/2

and o
V3

These values are summarized in Table 3.6

TABLE 3.6

The Mean crystal Field Strength (10Dq) and Racah Parameter

(B) for complexes of nickel(41) with iso=butylamine (kXK),

Complex 10Dq‘»q) 10Dq6v2»3) B
Ni(i-BuNH,), (CNS), 1043 10,47 10e17 |
‘Ni(i~BuNH ), Br - 10457 0,801 |
QLI- 2

Ni(1-BuNH, ), C1, - 10,05 04791
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From Table 3.6 it is evident that there is little
variation in the apparent crystal field splitting energies

of the thiocyanate and bromo complexes which is in good

agreement with the rule of average ligand ficld approximation

(secte1s6.5)s The distortion of the chloro-complex may be

the cause of its rather low 1ODq valuc,
The spectra of the complexes in dimethylformamide are

ghown in Fige 3.6 ond all three peaks of each complex are
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slightly shifted to lower energy from those in the solid

state (see Tables 3.5 and 3.7). However a more pronounced
and important difference is the absence of any splitting in
the 3T2€— 3A2 transition of Ni(i~BuNH,j,Cl, and Ni(1-Bull,) Br,e
This may indicate that the complexes do not suffer severe
tetragonal distortion in solution. On the other hand the
complex Ni(iuBuNHz)u(GNS)2 has the same undistorted structure

in seolution and in the solid state since »% is not split in
either casees

These observations seem to indicate that the tetragonsl
distortion of the chloro and bromo complexes in the solid
state is a result of lattice requirements in the crystal
structuree. In solution these requirements are removed and
hence the distortion of the complexes is greatly reduced.
Apparently the thiocyanate group is capeble of fulfilling
these lattice requirements in the solid state and hehce does
not suffer distortion.

Although no similar observations have been recorded for
the complexes Nipy) X, (X = ¢1,Br,CNS) it is reasonable to
assume that the tetragonal distortions of Nipyu012 and
Nipy“_Br2 are due to lattice requirements of the crystal
structures, Furthermore it is also reasdnable_to assume
that the absence of tetragonal distortioen in Nipyu(CNS)2 is
not a consequence of the close positiocns of CKS (N~bonded) and
pyridine in the spectrochemical series63 but is due to the

fact that CNS fulfills the lattice requirements of the

complex in the solid state .




TABLE 3.7

Electronic Spectra of Ni(imBuNHZ)qu in dimethylformamide

X Abgorption Maxima kK , (€ molar)
Chloride 2uoly (1203), 1503 (641), 8.2 (5.5)
Bromide 2505 (18e3)9 153 (898), 8.9 (803)
Thiocyanate 2662 (19+6), 168 (10.0), 9.2 (9.2)

Bands listed in the first, second and third columns are

3T é—-3A 3

aseigned to the 3T1(P)<-—-3A2, ] 5

' 3
fge—- A2

transitions respectivelye.

The infrared spectrum of Ni(i~BuNH2)u(CNS)2, Fige 37,

Table 3.8 provides sipgnificant information concerning the
Abonding of the thiocyanate group in the complex. It is now
well known that the thiocyanate group may coordinate to a
metal ion through the nitrogen (M-NCS), through the sulphur
(M=SCN), or through both (M—NCS—M1). In general M-N bonds
are formed with metals from the first transition series while
M-S bonds are formed with metals from the latter half of the

second and third transition seriesog9




NAD%

SHD)

T(amg=-1) TR

(

vlﬁov

|

Jo magseds

YEERNEAVM

i
i
1
i
i
i
|
}

pegeagur /°®

e e e :T.:..T.LWE..{..!T,_

b

n.

¢e3Td

el o e o

[} H 3

- oy e
f

NVHL -

-
htf

(54) EONVILT




- 119

TABLE 3.8

Infrered Spectra of Complexes Ni(i»BuNH2)MX?, X = Cl,
Bp, CNS (cn™)

X = Cl: 3328 w, 32L0 b, 3170 sh, 2950, 2862, 167C W,
1538, 1466, 1388, 1368, 1309, 1200, 1480 sh,
1155, 1100, 1030, 939, 885 w, 870, 820, 840 sh,
725, 585 b, 520 sh, L35 vw, 380 ww, 360 w,
330 vwo | |

X = Br: 3219 b, 3180 sh, 2950, 2862, 1650, 1582, 1470,
1%88, 1366, 1311, 1195, %9182 sh, i162, 1100,
1030, 939, 886 w, 872 w, 820, 810 sh, 720,
580 b, 520 w, 475 w, 380 w, 360 w, 330 We

X = ONS: 3388 vw, 3320 vw, 3300, 3260, 3161, 2958,
.2930 sh, 2870 sh, 2100, 1588, 1L70, 1388, 1368
1305, 1178 w, 1150, 1100, 1060, 1030, 1000 sh,
936, 870 w, 810, 780, 720 w, 578 b, 470, 360 W

w, weak; vw, very weak; b, broad; sh, shoulder

The CN and ¢s stretching frequencies in the free

1 respectively

-1 .1 00

thiocyante ion occur at 2053 cn~V and 748 em”
while NCS bendinge vibrations occur at L86 em™! and L71 cm

In M~NCS complexes the CN stretching frecuencies are generally
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Jower than those in MwSCN'complexes,101 However the CS
stretching freguency (780 - 860 cm"1 for M-NSC and 690 - 720
en™ for M-scn 100510 ’103) and the NCS bending freguency (L50 -

190 em™!

for M-NCS and 400 = 4LO cm™ for M-sentO0s103y n,
generally more useful for distinguishing between the two types

of linkage.
By comparing the spectrum of Ni(i-—BuNH2)u(CNS)2 with that

of Ni(imBuNHz)uCI2 or Ni(i—BuNHz)uBr2 the bands 8t 2100 cm“f
780 em™', and 470 ¢m°1 are readily identifled es V(CszM),

V(C-8) and o (NCS) respectively. From the above discusazion
~there can be little doubt that the position of these
freguencles clearly indicate that the CNS group 1é N-bonded
in the complex Ni(i»BuNH2)u(CNS)2o

The‘magnetic noments of the complexes fall within the
range 3.0 = 3.2 BN, Table 3.,9. These values are within the
range expécted for mononuclear octahedral complexes80 and

suggest that the orbital angular momentum is cuenched to a
large extente. The increase in the values above the spin-only
velue of 2.83% BM for nickel(41) must be attributed to a large

degree of spin-orbit couvling.
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TABLE 3.9

Hagnetic Moments of the Complexes NiLuXQS X = Cl, Br, CNC;

L = pyridine, iso-butylamine.

L z'pyridine L = iso-butyvlamine
' * 3* %
X Mepp (BH) Temp C ”xﬁ'Mﬁ o“"6) Mep(BH)  Temp'C
Cl 3e11 15.8 Lo08 3.08 1865
Br 3e22 172 Lo62 3617 19.0
CNS 3613 15,0 L095 3614 18.5

* Values taken from refs., 71, 104

¥* Corrected molar susceptibility in c.ge.8. units.

For comparison magnetic moments of the corresponding
complexes with pyridine are also included in Table 3.9.
Similar to other comparisons made for these two sets of
complexes, the negnatic moments have closely related values and
show the same increasing trend from Cl — CNS — Br. Thus on
the basis of magnetic data for the complexes Ni(i-BuNH2)uX2,
X = Cl,Br,CNS, and on the close similarity of their electronic

spectra to those of Nipyuxz, X- Cl1l,Br,CNS, there can be
little douwt that the complexes described here have

mononuclear trans-octahedral structures.
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The only other complex of nickel(11) prepared during
the present work was the mono-triethylamine complex
NiBrzsNEﬁB, which was very unstable at ambient temverature
end pressure, Furthermovre hendling in a dry inert atmosphere
wes necessary at all times due to the hygroscopic nature of

the complex,. No bis-complex similar to NiBr292NM83 was

isolated, This is reasonable in view of the high sterie
requirements of triethylanine compared with those of the
relatively unhindered trimethylamine molecule (sec sectetolde3)o
All attempts to prepare the corresponding chloro-complex of
NiBrZONEt3 failed (pee BeCte2e301 )o

It is therefore surprising to note that Kartowolova et

22

ale report the prevaration of complexes NiCl o2NEtna%Héj,

2

. N1Br_ . 2NE+S 0 2H,0, Even nore surprising

2 3 3
is their method of prevaration i.e. the addition of

.2H20 and N112°2NEt

triethylamine to a saturatead aqueous alcoholic (96% 02H5OH)
~solution of the nickel salte Complex formation took place
vigorously with the liberation of much heat,

Though the complexes of Ni(Hal)2 with trimethylamine
prevared during the course of the present work were stable
at room temperature and pressure, they were extremely
hygrcscovice Contact with moisture resulted in immediate
displacement of amine with the formation of a hydrate

Ni(Hal)Z,:nH O This seemed to indicate that in the complexes

2

Ni(Ha1)2.2NMe the trimethylamine molecules were suffering a

high degree oz steric comvressione. Conseguently no complexes
of the tyre Ni(Hal)z.ZNMeB.nHZO were obtained and preparations
had to be carried out in sbsolutely dry benzene, Attempted
preparations in 96% ethanol were completely unsuccessful as

expected, In view of these results it is difficult to see
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how complexes of the type Ni(Hal)zoZHBtBQnHZO, having the very
highly sterically hindered triethylamine molecule could be
prepared in agueocusglcoholic solubicne

Kartopolova et al.,z2 have &lso indicated that in the

thermal decomposition of the complexes Ni(Hal)292NEt enHPO

_ 3
the water molecules are first to be eliminated at LO°= 50, then
the first amine molecules at 104 -.1uu?and finally the second

(o]
anmine molecules at 217 - 256, These results are difficult to

reconcile with the behaviour of trimethylamine complexcs

prepared during this worke.

3¢26 Complexes of Cobalt(14)

36¢26% 0 Monomeric Complexes CoX,.2Mle.,

alom

X = C1, Br, I, CNS.

All the complexes have & deep blue colour and the
“electronic spectra indicate a tetrahedral environment for
the cobalt atome Diffuse reflectance spectra for the
complexes CoClz.ZNMe3 and Co(CNS)Z.ZNHe3 are shown in PFige3.8.

Band assignuents are given in Table 30410,

The band on the low energy side is assigned to the
uT1¢—-uA2 transition while the band in the visible region is
attributed to the uTﬂ(P)é—uAQ transitione The near infrared
gbsorption is clearly split into three well defined components,
Fige 3.8, Table 3.10, for the complexes Co(Hal)ZQZNHe3 but
ig unsplit for the thiocyanate compleXeo.

In this respect the spectra closely resemble those of
the complexes CoL2X2 (which belong formally to the point group
C v but have spectra.which are, in general, tvpical of regular

2
tetrahedral (Td) cobalt complexes) where L is pyridine or
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Fige 3¢8 Reflectance spectra of Co(CNS)z.ZNMeE(
CoC12.2NMe3(---—0, solution spectrum of

CoClz.ZNMeB(-n---Q in benzene,

8 gimilar aromatic amine and X is a halogen or pseudo=-

halogeno105’1o6 Lever and Nelson have shown105 that the ‘Vé

transl tion uT1é— leA2 occurs as fairly strong multiple

absorption in the 5 = 10 kK regione. The overall bend widtihs
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TABLE 3.40

Electronic spectra of the complexes CoX252NMe

39
X = ClyBI‘gIgC.‘NSQ AbSQ M&.XQ ld{.
SOLID BENZENE
L L L. L L - h.
T (P) < Ap Ty A T, (P) <-—l‘lA.2 uf1e— J-A2
X \Y
5 Components oi’\é V3 Ve
c1 16,2 8.8, 7.3, 6.8 1501 7.2
Br 16,0 8.6, 7.5, 6.8 15.2 762
I 1562 7¢9; 608, 5.8 1L4.9 6.8
CNS 16,8 8.8 1662 9.0

vary from 2.5 kK to 3.5 kK and are composed of three principal
gbsorptions. The two low energy components are almost
independent of the amine ligand for a given halogen, but the
high energy component shifts by as much as 1 kK to lower
energy when an unhindered amine is replaced by a sterically
hindered amine, Thev concluded that the splitting of the

vV, band is probably due to a lowering of CZV symmetry in

2
these complexes.
Fergusonio6 hag discussed the spectra of some solid

2-
compounds containing the CoClu ion and concluded that band

width and splitting of the \J, Iransition can best be

explained in terms of lower symmetrye

It seems likely therefore that splitting of the ~u2band



in the complexes Co(Ha1)2G2NMe3 indicates a departure from
true tetrahedral stercochemistry. On the basls of this
argument the absence of splitting in the »b absorption of
CO(CNS)ZOQNM83 mist be taken to indicate that the complex is
free from severe distortion and resembles true tetrahedral
stereocnenistry more closely than its halo analoguese-
Distortion from regular tetrahedral stercochemistry

would be expected to be most noticezble in the v, transition

1
L b

T2é—- A2 (as was the case with distovtion from octahedral

symme try for the complexes Ni(i-BuNH2X§ X = Cl,Br,

29
CNS, secte3ei1e2)o However this transition is rarely cbserved
as 1t occurs in a very inaccessable low energy region of the
spectrum namely the 3 - 5 kK region. It appears as a very

. weak feature in the spectra of cobalt ions in tetrahedral

lattice siteé.107

Fairly strong bands observed near L.6 kK in the diffuse

- reflectance spectra of complexes CoL,X,, L = aromatic amine,
X = halogen, pseudo-halogen have been assigned108’1o9 as
components of the V, band, However such bands are not
observed for the same compounds in mull or.in solutiono“)5
The P tpansition was not observed in the spectrum of any of
the complexes Cox2.2Lo

The close. similarity of the solid and solution spectra,
Fig.3.8, Table 3,10, implies that the tetrahedral
stereochemistry is retained in solution. However the
multiple nature of the v2 transition of the halo-complexes

| disappears in solution and an absorption hand similar to that
for the thiocyanate complex is obtained. Thus it may be

concluded that the halo-complexes in solution do not suffenr

the same degree of distortion as they do in the solid state.
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Furthermore the simllarity of the spectra in solution and in

the so0lild state suggest that no new species, such as

[bo(NMez)ujZCo(Hal)u], are formed in solution,

This is

supported by the fact that the complexes gives practically

non=-conducting solutions in nitromethane,

The infrared spectra of the complexes, FigS5e¢3.9,3.10,

Tables 3.11,3.12, provide further evidence for the proposed

tetrahedral structures in addition %to evidence for M-lT linkage

in the thiocyanate complex,

In contrast to the comploex

duﬂiclzgzNMe3 the two M-Cl stretching freouencies are clearly

visible in 0001202NMe

30

These occur at 338 cm

4

and 300 cm

and can be contrasted with the two Co-Cl stretching

frequencies of tetrahedral Copy2012 which occur at 347 cm”™

" and

306 cm™ Ol

Stretching Freaquencies M-X for the complexes

TABLE 3.11

Cox2°2NMe3, X = C1, Br, I, CNS., (cn

)

X V (M=X)
C1 338 300 309 sh
vBr 273
I 247 ‘
CNS 33h 288

shy,shoulder

1

Al
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By comparing the spectrum of CoClzozNMe3 with that of
Co(CNS),e2iles (Figse 3.943.10) the thiocyanate stretching
vibrations V(C=N) and V(C-8) can readily be identified at
2078 cn™! and 850 cn™ respectively while the bending
vibration ©O(NCS) occurs at 487 en™.  From previous
considerations (secto 3.,2.2.) the positions of these bands
leave little doubt but that the CNS group is N-bonded to the
metale The M=-NCS stretching vibrations are broad and intense
gbsorptions at 334 cm"1 and 288 cmm,go The expected range
for these stretching vibrations in tetrahedral complexes

-1 110

CoL X2 is 25l - 327 em ',

2

TABLE 3,12

Infrared Spectra for the complexes CoXZQZNMGB,

X = Cl, Br, I, CNS (4300 = 200 cn™)

X = Cl: 1250, 1230 w, 1109, 1002, 975 sh, 722 w, 675 ww,
540, 428 w, 338, 309 sh, 300.
X = Br: 1248, 1230 w, 1108, 1058 v, 10LO vw, 996, 816,

723, 675 vw, 503, L26, 273,

X = I: 1240, 1228 w, 1105, 1052 wvw, 990, 815, 722 w, 515,
505 sh, U430 w, 247,

X = oNS: 1242, 1228 w, 1100, 993, 975 sh, 965 sh, 850, 818
722 w, 510, L87, U425 w, 334, 288,

w, weak; vw, very weak; sh, shouldero
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Magnetle moments for the complexes, Table 3.13%, are
within the range U.50 « L«61 BM and thus exhibit values
considerably in excess of the spin-only value (3%.89 BM)
despilte the fact that cobalt(41) has a ground state uA2
thich has no inherent orbital angular momentum. However
these values comnare very well with magnetic momenta obtained
for other cobalt(41) complexes: CQIi_ , 177 Bl; CoBrs
.69 B Cocli” , Le59 Bil; Co(CNs)i’, 90 Blie"7

TLBLE 3.13

Magnetic Moments and Molar Conductivities of the complexes

CoX,e.2Mie,, X = Cl, Br, I, CNS

3’

¥* ¥ %
X 'XJM(10“5) M_oo(BM at 18° = 20°) Ny
C1 8887 L 58 | th
Br 884L . Le5b6 ‘ 22
I 8992 Lo 64 - 26
CNS 8553 4050 28

.* Corrected molar susceptibility in c.g.s. units

’ - “ 2
* % /\M - Molar Conductivity, ohm '+ mol o cm
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362024 Honomeric Complexes ML X, L = iso-butylamine,

Gec-butylemine, iso-propvlamine, cyvclohexylamines

X = Cl, Br, I, CNS,

Electronic spectra of six=coordinate cobalt(14) complexes
are much more difficult to interpret than those for six-
- coordinate nickel(11) complexes. The three spin-allowed
transitions for NiLuxz spececles are well separated and
readily identified (see sects 2.3.3)e 1In CoLu:2 species the
band at 8 - 10 XK can be assigned with certainty to the
uTzé—-uT1 (\/1) transition. In addition to this band a
multiple band is always observed Iin the visible near 20 kKo
This band is assigned to the uT1(P)<e—“T1(‘u3) transition
and may appear mixed with some spin-forbidden transitions..
The qué——uT1 (\Vz) transition is not normally observed>!
5

although Ferguson and co-workers have shown7 that it occurs'
| as a weak feature at 12 XK in the spectrum of CoCl2 at rooﬁ
temperature and .at -250°%C,

Diffuse reflectance spectra for Co(i-aBuNHz)u_Cl2 and
Co(inBuNHz)u(CNS)2 are shown in Fig.3.411. These are typical
spectra for all the complexes COLAXQP For purposes of
comparison the spectrumlof Copyb’(CNS)_2 is also shown in
Figzido The two princinal peaks in the svectra are assigned
to transitions uT1(P)'é-uTm (visible) and “T24—-”T1 (near
infrared). The spectrum of Co(i-BuNHz)u(CNS)2 shows a
- remarkable similarity with that of Copyu(CNS)z. Both

spectra have visible bands with maxima around 20,0 kK and

both have a slight shoulder on the low energy side around

18.6 kK.
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Figo 311 Diffuse reflectance spectra for Co(i—BuNHz)u(CNS)z
( )5 Copy) (ONS), (-~~~ ) and
Co(1=BulH, ); C1, (serverees)

Lever has shown57 that the transition energy ratio Vz/\j1
is almost invariant at 21 = 202 withip the range of D({B
values found for octahedral cobalt(41). The position of the
\}2 band can therefore be readily predicted from the posifion
of \V,. Since V, for the complex C<:b(fL-»BuI\IHz)LL(CNS)2 ocecurs
at 9.% kXK i1t is quite conceivable that the shoulder at 18 kX

may therefore be a component of V?. Similayr reasoning
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holds for the shoulder in the spectrum of Copyu(CNS)z.
However 1t is also conceivable that the asymmetry of the
visible band may arise through low~-symmetry components to the
ligand field or from the presence of spin-forbidden transitions
which have 'stolen intensity' from the very close spin-allowed
transition,

From the elose similarity of the spectra for complexes
‘COLM(CNS)2, L = iso-butylamine, pyridine, it is peasonable to
assume that the spectra of CopyuX2 and Co(i_BuI\THZ)uX2 would
also show characteristics common to bothe The complexes
Copy‘ux2 were not prepvared during the course of this work

but Allan and co-wor-.kers111

report the presence of three bands
in the spectrum of Copy)Cl, at 11011 kK, 16,3 XK and 19,23 kK
which have been assigned to transitions 2E<@-uT1, MA2§— uT1,
LLT1(P) é—uT1 respectively.

No band in the 41 kK region is observed in the spectrum
of Co(i-—BuNH2)LLCJ.2, Fig. 3.11, and no two distinct bands are
observed in the visible at 19 kK and 16 kX, Thus similar
to the spectrum for Co(i-BulH,), (CNS), the two principal
bands in the spectrum of Co (i—»Bu.NH2)uClzare assigned to

transitions uT1(P)<—-uT1 (visible) and LLT2<—-L‘T (near

1
infrared), The shoulder on the high energy side of the
transition ”T1 (P)(——qu is probably due to a spin-forbidden
transition which has 'stolen intensity'. A similar explanation
has been given by Ferguson75 for the shoulder on the high

energy side of the corresponding transition in the spectrum

of 00012.
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TABLE 3.14L

*
o
L = Alivhatic amine; X = Cl, Br, I, CNS; Abs.Max kKo,

Reflectance Spectra for the complexes CoL

br, (P) M, by b,

. X V3 My

%% IgO-butylamine C1 18.2, 19.3 sh Ge2
Iso-butylamine Br 178, 18.9 sh 869
Iso-butylamine I 178, 148.8 sh 846
Iso-butylamine CNS 2001, 1848 sh 93

¥ * Qec~butylamine Br 17.3; 19.4 sh o 8.l
Secmbutylamiﬁe I 17.4y 1845 sh 8.5

¥ % Iso-propylamine Cl | 175, 19.2 sh 8.7
% ¥ Iso-propylamine Br 175, 1809 sh 9,0
Iso-propylamine I 17.6, 1849 sh 8.6

¥ % Iso-propylamine CNS 16,8, 18.8 sh 8,6
Cyclohexylamine Br 176, 19.4 sh 8.8
Cyclohexylamine I 1745, 19.0 sh 8.4
Cyclohexylamine CNS 1849, 1740 sh 8.5

* All the complexes are pink to red in colour

* ¥ These complexes were saturated with free ligand during

spectral measurementse.



On the basis of the above discussion the assipmments
given in Table 3.14 are those for Vs and V, transitions
onlye Shoulders in the visible band are included but have
not been assigned as components of the second spin-allowed
transition,  Some of the complexes, e.g. Co(i«BuNHz)u012 and
Co(s-BuNHz)uBrz, were very unstable at ambient room temperature
and pressure and readily dissociated to give blue tetrahedral
complexes of the type CoL2X2° In these cascs spectral
measurements were made on each complex saturated with free
ligand as the octahedral species was relatively stable in
excessg amineo,

The ligand field parameters 10D_ and B (Racah parameter ),
Teble 3.15, have been calculated froﬁ the observed positions
" of »% and V{ (see appendix)e. Slight variations of 1ODq
in all the complexes CoLuBrz and CoLuI2 suggest that there is
no simple relationship between metal ion - ligand interaction
" and instebility of a particular complexe The complex
co(i-—P:NHQ)MBrZ, which can only be stabilized at ambient room
temperature and pressure by saturating the complex with free
ligand , has a value 10.11 kKo On the other hand the complex
°°(i‘BuNH2)ABr2’ which is stable indefinitely at room
temperéture and pressure ,has a value 9.95 kK. From the
closeness of these two values, and indeed the closeness of
all other values 7it cen be inferred that sterically
hindered primary aliphatic amines and sterically unhindered
 primary aliphatic amines have similar crystal field
perturbing abilities;or'that the magnitude of 10D  is

independent of the steric nature of the amine in their

octahedral complexes with cobalt(11).



- 137 -

Approximate Mean Crystal Strength (10D ) and Racah
a

Parameter(B) for the complexes CoLlX2 (kK )
L

L X 40D B
q
Iso~butylamine Cl 100U3 " 0.67%
Iso~-butylamine . Br 9.95 0.663
Iso-butylamine I | 9,70 0.683
Iso-butylamine CNS 10461 o 0,798
Sec-butylamine . Br 9,50 0,660
Sec-butylamine I 9,60 0,662
' Iso-propylamine c1 9.6k 0,610
Iso-propylamine Br 100114 0,632
Iso-propylamine I 9.70 0.669
 Iso-provylamine CNS : 9.64 0,610
Cyclohexylemine Br 9,84 0.656
Cyclohexylamine I 9.L48 0.677
Cyclohexylamine CNS 9.L7 | 0.770

Since the mean crystal field strength is essentially
independent of the ligand it would not be meaningful to place
the amines in an order of thelr *r:ODq splitting abilities.
.However in the series Co(i-BuNHz)th 1ODQ values indicate
the sequence I< Br< Cl< NCS, which is the normal seguence
associated with these ionse

From the close similarity of the 1OD(1 values with that



- 138 -

of ammonia (10.1 XK) it might further be inferred that in the
serles RNHz, R = Hy i-Butyl, s~Butyl, i-Propyl, cyclohexyl,
the crystal field perturbing power is practically independent
of the nature of R. It is likely that similar behaviour
would be observed with other primary amines. Furthermore
these results indicate that the ¢ lone Pairs of the ligands
RHN2 do not differ significantly in their contribution to
the magnitude of 1ODOo

Infrared specﬁrg of the complexes COLuXZ were of liitile
value in helping to distinguish between cis and trans
configurations as only brcad absorption with nd defined band
was obtained in the far infrarede The spectrum of
Co(inuNHz)uCIQ could not be obtained as the complex immediately
' dissociated in the mull to form a blue tetrahedral species
Co(ieBuNH2)2012. However brono complexes having trans
configurationswould be expected to show one M = X stretching
~vibration while two M - X stretching vibrations would be
expected from cig configurations.

Ih the spectrum of the complex Co(-iBuNHz)u(CNS)2 a

1 which may be

fairly well defined band is visible at 233 cm”
due to a V(M - NCS) vibration., Evidence for M -~ N bonding

in this complex is afrorded by the positions of V(CsN), v(c-s)‘
=4

B(NCcs) at 2898 cm-1, 780 em™! and 470 cm™' respectively (see

secto 302¢2)0

The absence of terminal metal-halogen vibrations in the
~spectra of CoLux2 could result from intramolecular or
intermolecular hydrogen 5onds of the tvpe NH-reee-- Xo This
bonding may be capable of completely dampening out M - X
vibrations since they occur at very low energye Primary

emines are known to have a strong tendency to assoclate with



halogen atoms in this manneroﬂ2"“3

.....

; o
R

NSHITTANCE(%)

TRANSMITTANGE (%)

e e i e s i y
RN S A S O - R Y S S

i :
| §
\ { i
' . ;
. H o
. Y ~t - e
A 1 . i
- i A
L. i s
! i {
i Lo {
_ i ~ s i
H T ' :
. - b i
oy . H H
v ; : : i
= - — -— Y
i . v ¢ i
1 1 '
HE : : : :
i - N
i " . mle e b el Lo
i i i
! ! X
P 1 :
fornc e b s i 3 st st 98 RSt e et - - e L

' 3000 3500 ' 3000

WAVENUIMBER (cm™) WAVENUMBER (cm™})

Fige 3.12 Infrared Spectra of Co(i~BuNH2)uBr2 (A) and
Co(i—BuNﬂz)u(CNs)2 (B)

Evidence that similar hydrogen bonding occurs in the complexes

CoL is found by comparing the spectrum of Co(i—BuNH2)u(CNS)2

12
(where hydrogen bonding is not possible) with that of
Co(i»BuNH2)uBr2 (where hydrogen bonding is possible) in the
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3000 = 3500 cm™ region, Fige 3.12,
The N-H stretching vibrations occur as two broad baﬁds
at 3100 em™ ang 3200 em™ in the spectrum of Co(i-—BuNHz)uBr2
whereas sharp peaks are clearly visible in the spectrum
Co(iuBuNH2)u(CNS)20 Furthermore the bands in the bromo
complex are shifted to lower freguencies than those in the
isothiocyanato complex, These obeervations seem to indicate
that 1n complexes of the type CoLuXé, X = Cl, Br, I, severe
dampening Of the N-H vibrations cccurs as & result of

NH, oo« Hal associatione

TABLE 3,16

Infrared Spectra for the cdmplexes CoLuBrz,

L = isobut ylamine, cyclohexylamine (cm—1).

=
i

Iso-butylamine: 3200, 3100, 2955, 2940 sh, 2873, 1580
| 1500 w, 1468, 1450 sh, 1392, 1372,
1338 w, 1310 w, 1220 vw, 1163, 1110,
1027, 997 w, 948, 877, 815, 725 vw,
665 b, 550 vw, 393 vw.
Cyclohexylamine: 3160, 3077, 2930, 2858, 1570, 1LL8,
1398 w, 1362 w, 1319 ww, 1280 w, 1265,

t
]

1230, 1195, 1185, 1090, 1078, 1052,

965, 923 w, 895, 885sh, 865 vw, 8L6,

790, 720 vw, 677 b, 628 sh, 57L, 510 wvw,
- L4l9, 428 w, LOO vw, 338, 330, 305 vw.

'w, weak; vw, very weak; b, broad;
sh, shoulder
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Since this type of associstion has such a pronounced
effect on the V(N-H) vibrations, which occur at relatively
high energy, the effect on V(M-X) vibrations, which occur
at very low energy, would be expected to be much more
dramatice The absence of ‘V(M—X) vibreticns in these complexes
is therefore not unexpected, A similar behaviour was
.dbserved with the complexes Ni(i“BuNH2>uX29 X = C1l, Br, CNS
(secte 3¢102, Table 348), The N-H stretching vibrations
of the isothiocyanate complex were sharp and in the region
expected for free aming. However those of the chloro and
bromo complexes were broad and shifted to lower frequenciess

Apart from the streeteching and bending vibrations of CNS,
infrared spectra of the complexes CoLuX2 do not vary
significantly with X for a particular L. Complexes
CoLuX2, L = iso-butylamine, X = Cl1; L = iso=-propylamine,

X = Br, I, CNS; L = sec-butylamine, X = Br, I were too
unstable to record meaningful spectra and decomposed
immediately in mulling agents to give blue tetrahedral speciese
Absorption frequencies for the complexes CoLuBrz, L = iso=-
butylamine, éyclohexylamine, are tabulated in Table 3.1 6.
Absorption freguencies for the complexes CoLuI2, L = i50-

butylamine, cyclohexylamine, show no significant difference

and are not tabulatede
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TABLE 3.47

Magnetic lMoments for Complexes COLAXQ’

L = aliphatic emine; X = Br, I, CNS.

L xJ *(1‘0"6) /u (BM,18 = 20)
M eff s
Iso~<butylamine Br 10874 5,06
Iso-butylamine I 10357 L.oL
Iso-butylamine CNS 40659 5,01
Iso~-propylamine 1 10197 1690
Cyelohexylamine Br 10538 ‘ L.98
" Cyclohexylamine I 10404 ’ Le96

% Corrected molar susceptibility in c.g.s. unitse.

Only six of the complexes were sufficiently stable to
allow accurate calculation of magnetic momentse. However
these values, Table 3.17, fall within the range expected for
spin~free octahedral complexess They compare very well with

values obtained ty other wonkers11u’115 for high-spin

octahedral complexes.

All the complexes (pink to red in the solid state) are
soluble in a wide range of solvents, €.ge chloroform,
nitromethane, acetone, and give deep blue coloured solutions,
thus indicating a structural changes Spectra of
Co(i-BuNHz)uBrz, in the solid state and when dissolved in

nitromethane are shown in Fige 3.13 and may be compared
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Fige 3¢13 Ao Reflectance spectram of Co(i-BuNHZ)uBr2
Bs Solution spectrum of Co(i—BuNHz)uBr? in

nitromethane.

with the solution spectrum of Co(i-BuNH2)23r2, Fig. 3.16,
secto 26343 Both solution spectra have identical profiles.
The peak in the near infrared is assigned to the transition
uT1é— uAQ while the high intensity peak in the visible is
assigned to the transition LLT1(P)'<~—uA2° Spectral evidence

therefore indicates that the octahedral species dissociate to

give tetrahedral species in solutions

nj.tromethanegL
CoLuX2(pink) > COL2X2(b1ue) + 2L

Octahedral ' Tetrahedral

Nelson and co-workers have shown11u that a similar

transformation from octahedral configuration in the solid
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state to tetrahedral cohfiguration in solution occurs with
the complexes CoLuX2, L = substituted pyridine; X = Cl, Br, I,
CNS, In these cases addition of a slight excess of amine
did not change the profile of tetrahedral abgcorption but on
the addition of a large excess of amine the solutions became
pink and the absorption spectra inﬁicated the presence of
~octahedral species, They11u explain this behaviour in terms
of an equilibrium between neutral tetrahedral and octahedral

complexes in solution:
COL X, (tetratedral) + 2L &= CoLuxz(octahédral)

This behaviour was not observed with any of the complexes
' CoL X,, L = aliphatic amine, X = C1, Br, I, CNS. Once the
tetrahedral species CoL2X2 had formed in solution,addition
of a large excess of L did not change the profile of
- tetrahedral gbsorption. Even in solutions of the ligand the
tetrahedral species still persisted. From these observations
it is évident that complexes COLuXZ’ L = substituted pyridine
are more stable than complexes CoLux2, L = aliphatic amine,
Although steric effects may play a part in the apparent
stability differences it seems likely that M - L T-back-
104,114

bonding, as discussed by Nelson and co-workers, is an

important feature pertaining to the stability of the pyridine

complexeso
It is quite feasible that the inability of the nitrogen

in primary amines to back-acoept electron density may result
in the accumulation of a large amount of negative charge on
the central metal cation of the complexes. Their tendency

to rearrange to complexes baving a lower coordination number
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may reflect their desire to reduce this negative chargee

Furthermore the apparent rolative stabilities of these
occtahedral complexes having a particular ligand is in the
order COLu012 < COL&BrZ < CoLuIzo For example when L is
iso=-butylamine or iso-propylamine the chloro complex is
stable only when saturated with free ligand, When L is
sec~butylamine the chloro complex does not exist and the
bromo complex is stable only when saturated with free ligand.
In all these cases the jiodo complex is relatively stable at
ambient temperature and pressure in the absence of excess
free ligande These observations indicate the stability
order C1l< Br< I for the complexes COLuX2°

Since the aliphatic amine camnnot act as a sink for
. electron density it is clear that any variation of electron
density in the series COLuXZ must be attributed to X As
the polarizability sequence for X is in the order Cl < Br«< I
it is expected that the ebility of X to reduce a build up of
negative charge on the centiral metal cation would be in the
order I >Br >Cle This is the sequence observed in the
gstability of the complexes CoLuXQ.

The non-existence of the complex Co(s-BuNH2)w012 must
therefore be attributed to a combination of steric and
electrostatic factorse. Assuming the polarizability of Cl to
remain constant in Co(i-BuNH?_)uCl2 and Co(s-BuNHg)u012 the
latter complex would be expected to exist since the former
complex was isolated in a failrly stable form. Clearly,
therefore, the increased stefic requirements of secébutylamine
over those of iso-butylamine is the ultimate factor preventing
the formation of Co(sec-BuNHz)uClz. By similar argument

the failure 1O jsolate the complex dichlorotetrakis-
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(cyclohexylamine)cobalt (41 ) must be attributed to the fact
that the steric requirements of cyclohexylamine are

comparable to those of sec~butylamines The dichlorotetrakig-
(iso-propylamine) complex of cobalt(41) was isolated but was
much more unstable with respect to dissociation than its
corresponding isoAbutylémine complex,

On the basis that each amine donates comparable amounts
of electron density in complexes CoLuX2 (which is reasonable
in view of the fact thal they are all G-bonded) and on the
basis that the polarizability of X remains constant in each
of the series CoLuCIZ, CoLuBrz, COLuIZ’ the following stability

seguence may be formulated for the complexes:

* *
COL:012_> CO{uCl2 7 CQNu012 CoPu012
A A AN N
CoL Bl‘2 > CoML‘LBr2 > CONuBI'Z = CoPL‘Clzl
A N AN JA
GoLuI2 > CoMuI2 > CoNuI2 = CoPuI2

L, iso-butylamine; M, iso-propylamine
N, eyclohexylamine; P, sec-butylamine

* .
Non-existent

Since no Tf=bonding between metal and amine is
Possible fof these complexes the vertical stability trends in
the sbove table is totally a function of the polarizability
of the Hal™! ioms. It may also be stressed that in these

' -
complexes the polarizability effect of the Hal ions is to

reduce the accumulation of negative charge on the metal _

catione. This may be contrasted to the well nown examples

off Z@8F6/3- and [@éCIMJW- where the effect of the
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polarizebility of F~ and CI” ions is to build up a negative

charge on the metal cation,
It may be concluded therefore:

(a) In the complexes CoLuX2, L = aliphatic amine, the
principle of electroneutrality is of major
significence in deciding the coordination nunbers,
This is in complete agreement with postulations by
Gill and Nyholmo3

(h) The ability of pyridine to participate in multiple
bonding (and hence back~accept electron density)
contributes significantly to the enhanced stability
of complexes CoLhXQ, L = pyridine, substituted
'pyridine, over those of CoLuxg, L = aliphatic amine.
Stereochemical factors as structured determinants may

be of much lesser importance in many casese.

Finally it has been stated already and shown, Table 3¢15,
"that 1ODq is practically invarient in the octahedral complexes
CoLhX2, L = aliphatic amine and thus independent of the steric
naturevof the amine., However in the complexes COLAXZ’
L = substituted pyridine, Nelson and co~workers have shown! 14
that the position of an alkyl substituent in pyridine cen
significantly affect the crystal field strength,. An
explanation consistent with M-ligand T7 -bonding was suggested.
It would appear therefore that the non-variation of 1ODq in
the octahedral complexes containing aliphatic amines is a

consequence of the absence of M-L Tl-bonds.
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362600 Monomeric Tetrahedral Complexes CoLQXQ,

L = isoébutylamineg iso=-vropylamine,

sec~butylamine, tert-butylamine,

cyclohexylamine; X = Cl, Br, CNS,

All these complexes have an intense blue colour and
their reflectance spectra indicate a basic tctirahedral
stereochemistry for the cobalt atom. An indication of twhedir
departure from true Cév svmmetry may be obtained by studying
the profile of the near infrared band i.e. the.transition
uT1<—-u oe It has been stated already (sect. 3.2.1) that

Ferguson 190 ana Lever "5 have inferred the splitting of this

transition in terms of a lowering of Ty symnetrye

Slight splitting was observed in the '\% transition of the
tetrahedral complexes CoX,.2Nie;, X = Cl, Br, I (secto 3e3e1)
~and it was concluded that these complexes were slightly
distorteds .

Ih the complexes CoL2X2 splitting of the ‘v2 transition
was much more dramatic and pronounced, Fige 3etle Similar
to the complex Co(CNS)z.ZNMe3 splitting di@ not occur in the
complexes COL2(CNS)2, thus indicating that deviation from
C vsymmetry in these complexes is much less than in their

2
halo analoguese. Band assignments for the complexes are

given in Table 3.18.
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Fige 3¢14 = Reflectance Spectra showing the LLT1<—-LLA2

transition in Co(i~PrNH2)2(CNs)2, A, and

in Co(cyclohexylamine)QCIQ, B.

TABLE 3418
L L L

%11(13)‘" Ay Ty A
L X Components of ‘V3 Components of V,
Iso-butylamine Cl 16.3, 1568 sh 9.7 8hy, 72, 601
Iso~butylamine Br 16.2, 153 sh 8.6, 646
Sec-butylamine Cl . 162 8.8, 7¢2, 5.8 sh
Sec-butylamine Br 16,0 8e6, 7.0, 5.9 sh
Sec~butylamine CNS 1667 8.8
Iso-propylamine c1 1662 9.0, 6.1
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TABLE 3.18 contd.

Iso-propyvlamine By 16,2 9.5, 7.6
Iso-propylamine  CNS 16,8 ’ 8.3
Tert-butylamine Cl 15.8 8.8 7.0, 5.8 sh
Tert-butylamine CNS 16.8 ' 9.6 sh, 8.4
Cyclohexylamine C1 1663 866, 7oty 5.6
Cyclohexylamine Br 15,6 8eliy, 762, 5.9

sh, shoulder

Values of 1ODQ and B were calculated by the method
outlined by Lever?! 59562 (see Appendix) using energy values
~ for V, and \% transitions, For these calculations the

centre of the near infrared band was assumed to be the

L"“ L"
T, < "Age

A visible band was neglected as it was assumed to be mainly

transition The high energy component of the
doublet in orgin. The centre of the remaining components
of this absorption was taken to represent the energy of the
transition uTT(P)'é~uA2. Similar approximations were made
by Lever and Nelson1o5 in their calculations of 1ODq and B

values for the complexes CoL2X2, L = substituted pyridine,

X = Cl, Br, I, CNS,



TABLE 3419

Approxzimate Meen Crystal Strength (10D ) and Racah
°}

Parameter (B) for the complexes CoL2X2 (xK)

L X 10Dq' B
Iso-butylamine Cl L .69 0,679
Iso~butylamine Br Lo 64 0,628
Sec-butylamnine Ccl L5 | 0,683
Sec-butylamine  Br e 51 0,683
Sec-butylamine CNS 5026 0,649
Iso-propylamine Cl Le52 - 0,645
Iso~-propylamine Br Le52 0.645
Iso-propylamine CNS Le23 0.694
Tert~butylamine cl Le4i9 0661
Tert-butylanine CNS 5l 0.672
Cyclohexylamine Cl L83 0.671
Cyclohexylamine Br Le76 06700

The values of 10D0‘fall within the range expected for
tetrahedral cobalt(11) complexes, their values being approxe
imately L/9 those of their octahedral analogues, Table 3e¢150
However, due to the possible distor tion of these tetrahedral
complexes it is relevant to discuss only the trends in 1ODq

' 105
valuese Lever and Nelson have shown that 10Dq values in

the complexes CoL2X2, 1L = substituted pyridine, lie in the

sequence I< Br< Cl< CNS. However in the complexes CoL2X2,

L = aliphatic amine, the seguence Bir«=(Cl < CNS 1is cbservedo
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This could be a conseguence of the distortion of these
complexes, which would introduce an inherent error in the
calculation of 10qu, Splitting of the ‘V2 transition was
usually much greater in the chloro complexes than in their
bromo analogues, For this reason values of 10D obtained
a

for the complexes COL2012 may not,pe too significant,

The infrared spectrum of Co(i»PﬁNH2)2012 is shown in
Figo 3e¢15e Two metal=halogen vibrations, as exzpcceted fop
tetrahedral species ML2X2 having C2V gyunnetyy y 21T clearly

visible at 323 on™ and 298 cm°1. These vibrations are in

the region expected for M-xX stretching frequendieso9u

TABLE 3.20

Frequencies of Co-X and CNS in the complexes CoL2X2,

L = aliphatic amine; X = Cl1, Br, CNS (cn™)
L | .0X (Co=x) V(CzN) V(C-8)  ©(NCs)
Iso~butylamine Cl 320, 297
Iso-butylamine Br 242,
Sec-butylamine cl 318, 295 sh
Sec-butylamine Br 248
Sec-butylamine CNS 315, 275 sh 2078 | 828 L74

Iso-propylamine cl1 323, 298

Iso-propylamine Br 252

Iso-propylamine CNS 307, 280 sh 2078 828 Lu86
Tert-butylamine Ccl 320 sh, 305
Tert~butylamine CNS 310, 295 2080,»2108 834 L76
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TABLE 3,20 contd,

Cyclohexylamine Cl 345, 290
Cyclohexylamine Br 24O

 around 240 cnm

sh,shoulder,

The complexes-Cochlz, L = iso-butylamine,
cyclohexylamine, also have well separated V(Co-Cl)
frequencies which occur at 320 cm™, 297 cm-1.‘for the iso-

-1, 290 cm"1, for the

butylamine complex and 315 cm
cyclohexylamine complex. In the complex Co(s--BuNH2)2012

the two Co-Cl stretching vibrations seem to coincide and only
1

one well defined band is visible at 318 cm™ ' . The V(Co-Cl)

vibrations also coalesce in the complex Co(t-BuNH2)2012.

Only one Co-Br stretching vibration , which occurred
-1, was observed in the complexes CoLZBr2°
However the second stretching vibration for these complexes
is expected to occur below 200 en™', This region was not
examined in the present worke.

A1l the complexes CoL2(CNS)2 have N-bonded thiocyanate
groups, as deduced from the positions of v(c=N), V(C-S) and
6(NCS), Table 3.20 (see also sect. 3+1e2)o  The complex
Go(t-BuNH2)2(0N8)2 is the only complex in which the C-N

stretching vibration is splite However this is not unusual

a5 the SCN-M-NCS group cennot be linear in tetrahedral

complexes CoLz(CNS)2 and molecular symmetry reguires a
doubling of V(CsN) vibrations in these cases. Thus it is

more unusual that only one Cc-N stretching vibration is

observed in the other complexes COL2(CNS)2 and it appears
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likely that accidental degeneracy occurs in these cases.

Splitting of the V(C=N) vibration has also been observed |©

in tetrahedral complexes of the type CoL,X,, L = substituted

pyridinee.

Infrared Spectra for the complexes COL261

TABLE 3,21

2

L = aliphatic amine (cmnﬂ)e

|
]

=
i

Iso-butylamine:

Iso-propylamine:

I, = Sec-butylamine:

3280, 3240, 3148, 2690 b, 2870, 1590,
1510, 1470, 1390, 1375 sh, 1368 w,
1340, 1197, 1160, 1098, 1075 vw, 1022,
935, 878, 812, 722 w, 6L3, 5LL, 388 w,
320, 297,

3270, 3230, 3218, 31L0, 3130, 2968,
2930 sh, 2878, 2730 vw, 1588, 1580,
1470, 1460 sh, 1LL5 vw, 1393, 1385 w,
1371, 134k, 1263, 1209, 14198 sh, 1167,
1082, 1065, 1010 vw, 942, 931, 812,
720 ww, 667, 6L5, 532, 438, L28, 388,
323, 298,

3062, 3248, 3144, 2968, 2930, 2880,
2800 sh, 1595 sh, 1588, 1518, 1L62,

1380, 1230 sh, 1208, 11L8, 1097, 1070 w,

1010 w, 1033 w, 990 w, 980, 910, 820 w,
77L, 720 ws 655, 620 sh, L50 w, 385 w,
31 8, 295 She



TABLE 3.2% contde

L = Tert-butylamine 3270 sh, 3258, 3220, 3150, 2978, 2900,
2814, 2718, 2608, 2504, 1592, 1580,
1515 wy, 1530, 1405, 1372, 1300 sh, 1282
1220, 1455, 1137 w, 1025, 970 vw, 928 vw
905, 7L3, 720 w, 700 w, 685 vw, 650 b,
s, L25 w, 375 W, 348 wy 320 sh, 305,
280 sho

L = COyclohexylamine: 3258, 3220, 3120, 2922, 2858, 1569,
1469, 1452, 1438, 1382, 1282, 1270 vu,
1255 wy 1187, 1447 vw, 1110, $07L,
1038 w, 1063,41030 w, 960, 888, 842,
790 w, 720 ww, 630, 620 sh, 557 w,
488 wvw, LhlL, L28, 395 w, 278 w, 315,
290,

w, weak; vw, very weak; sh, shoulder; b, broad.

The N-H stretching vibrations are noticeably sharp in all

the complexes CoL,X,, X = Cl, Br, CNS, (see Figo 3.15)e This

is in contrast to their octahedral analogues where sharp N-H

stretching vibrations were observed for the complexes

CoLu(CNS)2 only. The broadness and shift to lower

frequencies of these stretching vibrations in the halo
complexes CoLLLX2 was attributed to NH.----- Cl association, a
view which is now strongly supported from observations in the

gspectra of the tetrahedral_complexes. Due to the
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stereochenical arrangement of halogen and amine in

tetrahedral complexes,NH....C1 linkege is not possible and
thus the N-H vibrations appear sharp end in the region

expected for free amine,

TABLE 3,22

Magnetic Moments and Molar Conductivities of the complexes

CoL X

272
L X 'X?£?1o“6) o (BM,18%-20° 1&1:
' Iso-butylamine Cl 8580 L.50 18
Iso-butylamine Br 8330 | Lol 19
Sec=butylamine Cl 8884 L1 58 20
Sec-butylamine Br 8524 . LL9 19
'Secébutylamine CNS 8478 Lo48 28
Iso-propylanine - Cl 8989 L4e61 18
Iso-propylamine Br 8888 Lo50 22
Iso~-propylamine CNS 8966 460 27
Tert-butylamine ClL | 9008 461 15
Tert-butylamine CNS 8531 u§h9 28
Cyclohexylamine Cl 8749 Le55 16
Cyclohexylamine Br - 876k Lo55 18

* Corrected molar susceptibility in ce.geSe. units

- -4 -1 2
vx Molar Conductivity in nitromethane (10M.) ohny mol.™ cm
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KHagnetic moment and susceptiﬁility values for the
complexes, Table 3,22, are comrarable with those for the
complexes Cok,o2Nlie;; Table 3.8, and are within the range
expected for cobalt(11) in a tetrahedral envirenment. The
complexes are soluble in a wide range of solvents, e.ge
nitromethane, dimethylformamide , acetone and give solutions
having a deep blue colour, Apart from splitting of the \/2
transition for the halo complexes in the solid state the
contours of solution spectra and reflectance speciva are Loo

significantly different, Fige 3%.16.

RELATIVE INTENSITY

ENERGY (kX)

.
Figo 3.16 Absorption spectrum of solid Co(i BuLH2)2Br2
(------ ) and in nitromethane (————)
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Conductivity data, Table 3.22, indicates slight
dissoclatlion of the complexes in nitromethane., This was
also evidenced by a slight enhancement of intensity in the
vigible band when excess amine was added. As was observed
with the compleses CoX,.2NMe,, sects 3.2.1, the multiple
nature of ithe \J2 transition disappeared in solutions
Again thils is inferred to indicate that the halo complexes
have a somewhat 1ower symmetry in the solid state than in
gsolution and that.déviation fromn sz symnetry is a conseguence
of lattice reqguirements in the soiid state rather than the
steric requirements of the ligands. Solution électronic
spectra and estimated molecular weights for these complexes

are tebulated in table 3023

TABLE 3.23

Solution Spectra (in nitromethane) and Estimated Molecular
Weights (in tetrahydrofuran) for the complexes

CoL. X, (€ molar)

272
bseMaxima kK M. W M.W
. * A calcu- found
lated

Iso-butylamine C1 164350(620),15.8(660),7.6(102) 276 298
Iso-butylamine Br 16°Osh(680),15.8(820),800(132) 365 WO
Sec-butylamine C1 16.350(590),15.4(725),7.0(110) 276 = 280
Sec-butylamine Br 16;2sh(6u0),15.3(810),7.0(120) 365 390
Sec-butylamine CNS 1602(870), 8.2(182) 321 355
cl 16.0sh(6uo),15.8(690),7.5(125) 248 579
| 15o9sh(660),15.3(730),6.9(133 337 %58

Iso-propylamine

Iso~-propylamine BI
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TABLE 3623 contde

Iso~propylamine CNS 16.4(800), 8.1(166 293  3L0O
Tert-butylamine C1 16.3sh(580),15.7(690),708(11&) 276 280
Tert-butylamine ONS 16.2(920), 8.1(165) 327 361
Cyclohexylamine C1 160981(58L),16,0(670),7.8(110) 28 371

Cyclohexylamine Br 16.8sh(620),15.9(660),7.8(118) 147 L8O

N

sh, shoulder

Je2elio Polymeric Octahedral Complexes CoL,(CNS),,

L = Iso~butylamine, Cyc¢lohexylamine

The complexes CoLz(CNS)2, L = iso-propylamine, sec—
butylamnine, tert-butylamine, studied in the last section,
| have intense blue colours in the solid state and in solution.
A tetrahedral structure was proposed for these complexes in
the so0lid state and this structure was retained in so;utiono
However the complex Co(i~BuNH2)2(CNS)2 is lilac coloured and
the complex Co(cyclohexylamine)z(CNS)2 is a pale pink., In
solution both of these complexes have an intense blue
colour similar to the complexes CoL2(CNS)2, I = iso-
propylamine, sec-butylamine, tert-butylamine, in solution.
On the basis of the following evidence from infrared
spectroscopy, electronic spectroscopy and magnetic
susceptibility measurements, it is proposed that the complexes
Co(i-BuNH2)2(0N8)2 and Co(cyclohexylamine)z(CNS)2 are
state and

thiocyanate bridged gix coordinate in the solid

monomeric tetrahedral in solutione
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Polymeric octahedra] complexes of the typa

CoLZ(CNS)g, L = pyridine, substituteq pyridine, are well

110,115,116
known ? 4 and the most convincing evidence for

bridging structures is found from a s

- 110
spectra, The C~N stretching frequency for the complexes

tudy of their infrared

COLZ(CNS)Q, L = iso-butylamine, cyclohexylamine, ocecurs at
2109 cm™ and 2110 cn™! respectively which is sbout 30 em™
higher than the corresponding vibration in the complexes
COLZ(CNS)Q, L = isd»propylamine, sec-butylamine, tert-
butylamine, Table Bozuo’ This shift of the C-N stretching
vibration to higher frequencies is characteristic of
thiocyanate bridged complexes. For example V(C=N) occurs

at 2060 em™' ror the tetrahedral complex Co(a—picoline)2(CNS)2
but is shifted to 2099 em™ in the polymeric octahedral

complex Co(pyridine) (CNS) 110
2 2

TABLE 5.2u'

A Comparison of CNS vibrations in tetrahedral and polvmeric:

octahedral complexes having stoicheiometry COLZ(CNS)2 (cm-1)

Tetrahedral

L V(cEN) Vv(c-8) 6(Ncs)  V(Co-NCS)
Iso-propylamine 2078 828 L36 307, 280 sh
Sec~-butylamine 2078 828 L74 315, 275 sh
Tert-butylamine 2080 834 L76 310, 295 sh
' : 2108

Polymeric Octahedral
Iso=butylamine 2109 772 w ﬁ?g 252
Cyclohexylamine - 2140 779 ﬁﬁé ‘ 252

W, weake
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A 8hift o higher frequency is also gbserved in the C=8

stretching frequency fop polymeric complexes, In

Co(ﬁ~p1001ine>2(CNS)2 V(C-S) occurs at 851 cm™! but in
Colpyridine),(Cis), V(C-5) occurs at 767 en™.  snirte t
higher freguencies of similap magnitude, Table 3¢2l4, were
observed for the C=S stretching vibrations in the complexes
COL2(CNS)29 L = iso-butylamine, cyclohexylamine, According
to Clark and Williams11o the position of the thilocyanate
bending vibration is almost independent of thc stereochenistry
and thus is of l1little value in distinguishing between polymeric
and tetrahedral speciese In the complexes oflisoAbutylamine
and cyclobutylamine O(NCS) occurred as well defined doublets

in the LL8 - L72 cm™ region. However this splitting of

- &(wes) cannot be taken as criteria for bridging thiocyanate

as similar splitting was observed 110 in the tetrahedral

complexes Zn‘LZ(CNS)2, L = o, gor y-picoline, .

41\
2
o
>
E-
(o |
=
:
E
|
320 300 280 260 240
WAVENUMBER (cm™)
Fig, 3.17 Infrared spectra of Co(tert-BuNH,),(CNS), (——)

and of Co(i-BulH,),(CNS), (=---- )
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The most notable difference in the infrared spectra or

octahedral bridged ang tetrahedral iso-thiccyanate complexes

occurs in the \(M-NCs) frequencies,  The metal-isothiocyanate

vibrations for tetrahedral complexes occurs at significantly
higher frequencies than the metal-isothiocyanate vibration
for polymeric octahedral compounds.  For example V(Co-NCS)
vibrations oceur at 321 cn™ and 287 ™ for the tetrahedpal
complex Co( dmpicoline)z(ch)z while the Co-NCS stretching
vibration for polymeric Co(pyridine)Z(CI\TS)2 occurs at 268
en™, 110 e spectra of Co(t-BuNHZ)Z(CNS)z and
Co(imBuNHZ)z(CNS)2 ére shown in Fige 3,17, and from the
position of V(Co-NCS) in the latterp complex there can be
1ittle doubt regarding its polymeric nature,

Reflectance spectra for the complexes are shown in
- Fige 3.18 and are clearly indicative of basic octahedral
stereochemistry for the cobalt atom, They compare very well
with the spectra of other octahedral complexes €.ge
Copyu(CNS)2 and Co(i—BuNH2)u(CNS)é, Fige 3e11e The band in
the near infrared is assigned to the uTzé—-uT1 (\q) transition
while the multiple visible band is attributed to the uT1(P)é—
uT1 (\3) transition. There is also a weak band on the high
energy side of ‘V3 in both of the complexes CoL2(CNS)2,
L = iso-butylamine, cyclohexylamine, The low intensity of
this band suggests that it is mainly spin-forbidden in origin,
However it is not present in the spectra of menomeric
thiocyanate octahedral species and thus it may reflect a
lowering of symmetry in the polymeric octahedral complexese

Magnetic momentsg, Table 3,25, were determined for both

complexes and fall within the range expected for high-spin

octahedral cobalt(11)5 They compare very well with the



values obtained by other workers!1H4s117 for bridgine
ridging

thiocyanate complexec v s brne. _
J pPlexes of the type CoLz(CNS)z, L = substituted

pyridine,

INTENSITY

RELATIY

23 12 15 11 7
ENERGY (kX)

"Fige3.18 Reflectance Spectra of Co(iuBuNHZ)Z(CNSQZ
solid line, and of Co(cyclohexylamine)Z(CNS)Z,

broken lineo
TABLE 3%.25

Reflectance Spectra (abs.max. kK) and Magnetic data for the

complexes CoL2(CNS)2, I, = iso-butylamine, eyclohexylamine.

=6 0,0
”T1(P)+“T1 “Tze-“T1 'fo(1o ) Mpp(BY $87207)

L % Vi

—

—

Iso-butylamine 1847,17+6 sh 8.9
Cyclohexylamine 18+7,17.8 sh 8.8

10933 5008
11197 501l

—

* Corrected molar susceptibility in cegeSo wnits
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The complexes dissolve in a wide range of solvents

€.go acetone, nitromethane, dimethylformamide, and give

solutions having an intense blue coloure The position and

profile of band ebsorption in these blue solutions is almost

ldentical to that for the tetrahedral cop plexes CoL,(CNS)
o0

L

it

iso-propylamine, sec-butylamine, tert-butylanine, in
similar solventse Thus 1t is assumed that the polymeric
octahedral complexes have very labile thiocyanate bridpea

and dilssociate readily in solution to give tetrahedral spescies:

Acetone
nCo(inuNHZ)z_(CNs)2 (1i1ec) —m Co(i~BuNH2)2(CNs)2(b1ue)

polymeric octahedral tetrahedral

Similar structural changes were observed by other

114,117

workers when polymeric thiocyanate complexes

CoLz(CNS)z, L = substituted pyridine, were dissolved in

~chloroform,.

363 Complexes of Chromium(111) chloride

As indicated in sect. 2.3.3. the pentakis-amine complexes

)5x]x2, X = Cl, Br, I; R = methyl, ethyl, allyl,

~butyl, have been prepared and characterized

['ér(RHN2

n-butyl, iso

PreviouslyBO. During the routine preparation of the

chloropentakis-ethylamine complex an unexpected peak of

o
moderate intensity, situated at 2300 cm was observed in
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the infrared spectrum, Fig., 3,19,

P
Sy

WAVENUMBER (cn™)

Fige 3.19. Infrared spectrum (2500 - 2000 cm™ ) of

)

_ Cr[(EtNH2)5Cl]Cl2 prepared under open-gir conditions (
and of its thermal degradation products (----- )

Since this band is in the region expected for the C-~N
stretching freguency of nitriles the possible oxidation of
some ethylamine.to acetonitrile in the complex was immediately .
suspectede. Partial proof that this did occur was obtained
from the following experiment. The complex was gently
heated in & slow stream of nitrogen over a period of two

N 28
hours, The residue, which was also isolated by Mandal ™,

showed no trace of absorption in the 2300 cm"1 region, The

volatile thermal degradetion products were collected in a

o
nitrogen trap and the infrared spectrum at ~30" revealed a

. . , -1 .
band of diminished intersity situated at 2254 em T, Thls

band is in the region expected for v(C=N) in free acetonitrile

and is shifted by u4b cm~1 to a lower frequency from that in

the complexo
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L 1s v T hid 9LL 118_,
It 1s well known” ? that the C-N stretching frequency of

nitriles 18 raised by sbout 4O en™ on coordination to a
metal cation. For example Hathaway and Holah report119 that
V(CzN) for coordinated acetonitrile occurs at 2305 em™! in
the complexes M013(MGCN)3@JeON, M = 0r(114), V(141).
Thus it is guite feasible that the band at 2300 en™! indicetes
the presence off some coordirated acetonitrile in the
pentegitls -~ ethylamine complex while the band at 2254 enm™! in
the thermalk degradation products could be inferrcd to indicate
the presence of some free acetonitrile,
This result is best interpreted if it is aésumed that
ethylamine becomes considerebly activated upon coordination
to chromium(4141) chloride and in this unstable state is very
'susceptible to oxidation. A certain samount of polarization
will always take place when any molecule and positive ion

form a coordinate band and as a result reactivity changes can
‘be expected in both the ligand and nmetal cation,

In general the electronic distortion in the ligand leads
to an increase in activity th ough the degree and mode of
activation may vary considerably. An example which comes to

mind immediately is the chlorination and bromination of

aromatic compounds whereby the halogen is activated as a

result of its coordination to a Lewis acld such as FeOlB.

The discovery of the first stable molecular nitrogen

complex [Ru(KH )5N 5] Xy X = BI, 1, BF,, by Allen and

120 resulted in intense research activity in

Senoff in 1965

this rield. Nunmerous dinitrogen complexes are now well

known but in most cases it was the changes in reactivity of

t upon coordination, that have

the N olecule brought abou
i i ’ 120 424

recelved most attentionoe While the early reporvs
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that the N, molecule in the .
2 ~ib Whe complex catio oy (1 - 2+
‘bion /hd{kHZ)SNE/

is reduced by alkaline NaBl
121,122

,g_: . . N ¢ 7 ‘~ .
34 vO glve a 50% yicld of ammonia

have been shown : , e, ‘ ,
t0 be erronecous it is certain that the

reactivity of the N2 molecule is much enhanced upon
coordination,

Since the pitrogen molecule, which is characterized by
its ineriness, is highly activated.upon coordinztion to Ru(44)
it might be expected that other molecules coordinated to the
seme metal would also show large increases in resctivitye
Tt is not surprising therefore that MceWhinnie et ale repor‘t”?“3
that methylamine becomes highly activated upon coordinstion
to Ru(11) and is readily oxidized to cyanide under mild
conditionse

However, the ability of Cr(411) to activate an amine was
not expected to be comparable to that of Ru(411) and in the
gsbsence of further evidence the results with Cr(111) must be
_.considered tentative only,. No mechanism has yet been proposed
for the reaction and the reduction products hsve not been

identified, Hoﬁever oxygen ie necessary for the reaction as

demonstrated by the absence of the band at 2300 en”!  when

the complex is prepaved in an inert atmosphere, The
percentage conversion of ethylamine to nitrile appears to be very

low and the oxygen uptake during the reaction could not be

reliably estimatede

of this it is not surprising that the Cy, Hy N
by

In view

d Feiner clearly

analytical figures obtained by Parris an
agree with the formulation of the complex &s Z@r<EtNH2)5Gl/C12

The presence of & small amount of contaminating complex such

as [6P(02H5NH?)u(CHBCN)C%/Clg
the C, H, N, analytical figures and the H anal

would not be expected to change

vtical figure
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would be expected to be too insensitive to reveal iis

Presences

ra ot 4
The reaction of chromium(ii1) ehlordide witl

tribenzylanine {sect \ . .
& \8€CTe 203¢3) pave the 114 adauct.CrcizeNBZ
1 adducts of CrCl

3

s | it A ,
with 2~2° Dbipyridyl end 1,40 phenanthreline but in genersl

7

3

racrhead ~nd Tures QU
Breroomhead cnd Dwyer have reported 1:

mono complexes of this type are litile known. They12u
prepared the compléxes by the rcaction of the base with excess
anhydrous chromiun{4111) chloride in boiling dimethvlfiormamide.
RBoth complexes, when first isolated, rctained onec moleculc of
solvent as a lattice component, This was readily removed
under vacuum at 100° - 1500.

Similarly the mono-tribenzylamine complex, prepéred in
acetone, wes first isolated containing one molecule of acetone,
CrCl_ . NBz

3 3°
"coordinated to the metal as evidenced by the position

acetonee In this case the solvent was weakly

(1700 cm“q} of the carbonyl stretching freguency in the
infrared spectrum. The carbonyl frequency in free acetone
occurs at 1712 cm"1 and is shifted to lower frequencies upcen
coordinaticn to a metal cation. The acetone was readily

. 0 0
removed by heating the complex in a vacuum at 1207 - 1307,

and its absence was confirmed by the absence of carbonyl

stretching frequency in the infrared speciruie

The complex showed a strong i-halogen stretching

frequency at 340 em~' and two sbsorption peaks were clearly

visible in the reflectance spectrum at 1le2 kK and 20,2 Il

It was insoluble in most of the usual solvents but dissolved

ellghtly in dimethylformamide end 1ts absorption spectium

showed two peoks unshifted rrom those in the solid state,
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"1":' .E‘ o a Y€ a s .
Ihus 1t appears thet there ig no structural change of the

complex in solutior e 3
O OLULlone A magnetic moment of 3.82 B (4189 - 20°)

indicated that the ¢ 2T i ~f
s t the complex wao 5pin-free and this value

conpares very well with the v
1

alues ohtained by Broomhead

2]
iy WU I S '
and Dwyer for the 1:4 complexes of CxCl. with ?wz‘

o 3
bipyridyl and 1,10 phenanthroline.

It is interesting to note that tribenzylanine also
oy ~ 7% - 7 13 4 YA
reacts with chromivm(vi) oxide in acetone to give the
Jfl'.'i

complex Cr07eNB33°Acetoneo‘2 Similar to the complex of
i

&

nngd ~e oy e vt ’ . . . RN . o , .
tribenzylanine with chromiwm(441) chloride the acetone is
readily removed under vacuum o give the 1:4 adduct
Cxr0 @N-BZ.

3 3¢
During the course of the work on amine complexes a

number of complexes of chromium(4114) chloride with simple

aliphatic ketones were isolated, As indicated in sects 1.2.3

. surprisingly little information is available on these complexese

This may be due in part to their very hygroscopic neture but

is more likely due to the difficulties encountered in their

isolation (see secte 203e¢3e )¢
Acetone and diethylketone form the complexes

CrCl.. 3Me200 and cr015.3Et200 but 3-methylbutanone (3¢MeBuCl)
) 4

forms the complex Cr01302(3“MCBUC0)° Complexes with
cyclohexanone and 2-methyleyclohexenone were not isolated in

the solid sbtate but coordinaticn of these ketones in solutions

of the ligand was evidenced by the shift cbserved in their
carbonyl stretching frequencies, Fige 30200

Due to ‘the very hygroscopic nature of all the complexcs

the positions of the carbonyl stretching frequencies were

measured in solutions of the ligande Thegse are shown 1in
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Fige3420;

&,n{) »t- h_,_:-! o T] 3 9.2 - - - . 1 - - o
B4 ] O"'.7 i 1 ]‘\xl y ayYy l} ‘,3 i 2 [t
L € a o ‘Lgl Ut . (./Q
o W) “d R LG N 11_ N )_l.- jO O

1700 1700 1700 1700
B C D E
WAVENUMBER (em™ )

Infrared spectra showing the position of the -
carbonyl stretching freguency in free

ketone (L) and on coordination with CrCl3 (R):
A, acetone; B, diethylketone; C, 3-methylbutanone;

D, cyclohexanones E, 2~methylcyclohexanche.,
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TABLE 3426

Carbonyl Stretching Frequencies*of free ketones and of

coordinated ketones (cm™)

Ketone Complex Shift

Acetone 1712 1674 38
Diethylketone 1745 1660 55
3=Methylbutanone 1712 1668 Ll
Cyclohexanone 1710 1660 50

2-Methyleyclohexanone 1742 1665 L7

* Measured in solutions of the ligand,

Reflectance spectra of the complexes CrCl33Me200 and

CrCl3
for the chromium atom. A1l three spin-allowed transitions

.BEtZCO, Figo 321, indicate octahedral stereochemistry

are clearly visible and are assigned to the transitions

uTz é—lﬁAz_(near infrared), MT14—-#A2 (visible) and

uT1(P) é—I{AZ (uv)e  The positibn of the third spin-allowed

band compares very well with the calculated position of this

band from ‘»q and V, Table 3¢27e

The reflectance spectrum of CrCl3.2(3-MeBuGO) shows only

slight difference %0 that of the other two ketone complexesSe

Thus it might be inferred that the complex is octahedrally

plex would probably be

coordinated, in which case the com

~bridged gimilar to the kxetone complexes of

halogen
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titanium(111) chloride,3°

RELATIVE INTENSITY

3 30 23 16 9

ENERGY (kX)

Figo 3.21. Reflectance spectra of CrC13.3M8200‘ ( )
CrC13.3EtZCO(--——-) and of Cr013°2(3-MeBuco)
(l o0 q )
TABLE 3.27
Reflectanc;e spectra for the complexes CzClB.EMeZCO and

CI‘Cl-.5 «3Et,CO (ab s.maxekK)

m
by, (p)e-'*a, by, 2, b, A,

V3 ~ Va Vi
Obse. Calce
- 1400
Cr013.3Me2co 31,0 3048 19.6
3148 2041 1445

D 3362
CrClBoBLtQCO
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A S

Transition Energy Ratio Diagrams
and
Calculations
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CALCULATIONS

Ni ( i-BuNH, )D'BI",2 ~ A, ground state

V3 = 2649 kK, Vo = 1647 kK V/ V. = 1,611

<
0
]

10Dq = 10,57 kK; B = 0,801 kK
Co(s-BuNH2)2(CNS)2 = A, ground state
\}5 = 16.7 kXK, \)2 = 848 kKX VB/ \JQ = 1897
= 0.81: V - .
Dq/B = 0481 3/B 2507
110Dq = 5026 kK; B = 006“'9 kX
Co(i-PrIIHz)u012 - T, ground state
V3 = 17+5 kX, V1 = 8.7 KK - \}3/\/1 = 24011

D{B = 1.Ll-9; VB/B = 26.73

10D = 9.64K; B = 0.6101K
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