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INTRODUCTION

(i) Substitution Reactions.

The term substitution, may be used to describe a
reaction involving the replacement of one metal by another,
or oné ligand by another, in a transition metal complez.a

The terms, exchange and displacement, may be used to
describe such substitution reactions in which no net transfer
of charge occurs. The reactions may involve either,

(2) constituents of a chemically similar nature

(isotopic exchange), eg.

A+ ATXY — AX + A%

—

where A may be either a metal ion or ligand, in solution,
or

(b) constituents of a chemically dissimilar nature

(non-isotopic exchange), eg.

B + AX BX + A

J—
where B and A may be either chemically dissimilar metal ions
or ligands., Further, many authors have further different-
iated such reactions by use of the following general terms,
(a) Exchange reaction when applied to an isotopic

substitution,

N charged or uncharged species.
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or

(b) Displacement reaction when applied to a non-
isotopic substitution.

In this thesis, the terms exchange and replacement will be
used to describe such isotopic and non-isotopic substitutions,
respectively. The term replacement will be used, to
distinguish a non-isotopic substitution, from a reaction
involving a displacement mechanism of substitution. (see p3).
Reactions involving a net transfer of chsrge (atom or group
transfer) within the system, have become known as oxidation-
reduction or electron-transfer reactions. Where necessary
these terms will bte used to describe such reactions.

In recent years, the study of substitution reactions
in solution, has been considerably influenced by the detailed
application of kinetic and thermodynamic measurements. Prior
to 1950, little kinetic data was sought to support the
mechanisms of substitutions, in inorganic complexes, and the
qualitative data derived from the study of such systems was
taken to extreme limits. The rates of substitution reactions
may vary greatly, depending on a number of factors, eg. pH,
solvent properties, added basic and acidic anions, variations
in the bond type of complexes due to changes in the central
metal atoms.or ligsnds, or steric factors. The magnitudes

of these effects will be discussed in some detail later in

this thesis.
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In many substitution resctions, where stable intermediates

cannot be isolated and examined, the kinetic order and the

energy of activaetion of the system are of prime importance in

any attempt to define a possible mechanism for the reaction.
(ii) OTypes of Mechanisms.

(a) Displacement.

Collisicnsl mechanisms of substitution, require that
the energy of collision, derived from the "merging" of the
free® and comnplexed species to form the transition state(l),
must be great enough to simultaneously break the required
number of bonds, for substitution to occur. Such & mechanism
would require a bimolecular rate determining step, and would
involve a2 high energy of activation for many complexes, in
which & number of bonds need be broken to effect substitution,

A displacement mechanism of substitution, as
classified by Basolo and Pearson,(z) involves a bimolecular
rate determining step in which the coordination number of the
complexed metal is increased by one, in the transition
state. These authors classified such reactions as sEz (metal
substitution) and 852 ( 1igand substitution), using the
terminology of Hughes and Ingold.(B) In addition, it must be
remenbered that overall second-order kinetics in a reaction,
do not necessarily require a bimolecular collisional mechanism,

nor in fact an increased coordination number of the metel ion

8 solvated metal ion or ligand.
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in the transition state. However, they require that the
rate determining step of the resction: does not depend solely
upon the concentration of only one reactant.

The mechanisms of collision and displacement, can for
most purposes be considered identical., In each case, when
considering either metal or ligand substitution, equal
importance is placed upon bond breaking in the initial
complexed species, and bond making in the final complex, eg.
in the metal exchange reaction

k
¥ o+ L M L, MEL M ML + M

the rate determining step kl, involves both bond breaking in
L-M (the initial complex) and bond meking in M®*-L (the final
complex). Wilputte-Steinert, Fierens and Hannaert,(4)

discussed the concepts of bond breaking and bond making in
describing many organic substitution reactions.

The term collision, as used by authors, to describe the
mechanisms of substitution reactions in many inorganic complexes
(see later), implied little more than that second-order kinetics
were found for the systems under examinstion. This led to the
use of the term, collisional mechanism, for many substitution
reactions in which first order kinetics were not found.

In this thesis, the terms displacement and collision, will be
used to describe the probable mechsnisms of those reactions in
which bimolecular rate determining steps may be postulated on
the basis of available experimental end theoretical data.(52)

The mechanism may involve the simultaneous (collision) or stepwis«
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@isplacement) rupturing ef the bends, te effect substitutien.
(b) Disseciatien snd Recembination (Spl er Snl)'
Fer such s mechsnism ef substitution, the rates eof
exchange or replacement ef a metal ien er ligand in & cemplex,
must necessarily depend upen the rates ef ienization ef the
ligends in that cemplex. If everall firsi-erder kinetics
are found fer a substitutien reactien, the rate determining
step may be ene ef dissociatien of the complex, If the rates
of ienizetion of the ligands are slow, then the rates of
gsubstitutien ef either the central metal or ligsnds in that
cemplex, will be cerrespendingly slow. Such a substitutien
reactien, previding the disseciatien ef the ligands is rate
determining, may be expected te preceed by a disseciatien
mechanism.
Cemplexes centaining pelydentate ligands may shew disseciatien
of one or mere metal-te-ligand bonds witheut the cemplete
disseciatien of the cemplex inte free ligands and metal iens.
Basol§ and Pearaon(za) have suggested a stepwise dimseciatien
mechanism te explsin the lew activatien energies feund fer
the isetepic metal ien exchanges with
K,E'—ethylenebis(salicylideneiminatc)copper(II)(5) and
K,R'-l,a—phenylenebis(salicylideneiminn.‘to)cobalt(II)a (6)
systems. (23 and 17 K.cals. respectively).

& cebalt(II) (salephen).
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The obeerved second-order kinetics in these systems, do not
necessarily require a collisional mechanisa of substitution,
vherein all four tonds of the quadridentate ligand must be
broken simultaneously to effect metal exchange. However,

the obeerved kinetice do require that the ratec of dissoeistion
of the ligands, from the complex, are not rete determining.
Fesolo and Pearson postulate an initiel, rapid, partial
dissociation of the chelate, folloved by & rate~detéraining
bimolecular reaction between free metal ion end the partislly
dissociated chelate, vhich may be considered as a gwitter-ion.
Accordingly, thie type of mechanism way be termed, displacement.
Similarly, the rate of substitution of ferric ions in [fe(EDTA)]-
was found to be hydrogen ion dependent,(7) protably involving
the stepwise dissociation or uncoiling of one, two end then

three carboxylate groupings from the sexadentate ligend. A
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similar pH dependence on the rate of replacement was found

in the Cu"z-[}:d(EmA)]"2 systen. (8

(iii) The interpretetion of data from Substitution reactions.

Prior to 1952, many of the rates of substitution
reactions derived from studies of the replacements or
exchanges of central metal ions and ligands in complexes,
had been used to assess what was commonly called the "stability"®
of the complex.

The term "stability", used somewhat loosely by many suthors,
implied little more than that the complex was or was not
resistant to substitution, and in fact in many cases the
thermodynamic stabilities (stability constants,K) of the
complexes, derived from studies in solution, were not known.
On the basis of some qualitative rates of exchange, further
attempts to correlate with the type of bond in a complex
were made, using as a criteria for bond type, the general
inertness to chemical sttack, and the magnetic criteria of
Pauling. ()
In most cases, it was found that a readily dissociable
complex, showing ionic bonds on the Pauling view, shoved a
rapid rete of substitution for all its constituents.
Conversely, a complex showing covalent bonds substituted
very slowvly or not at all.

The experimental conditions of such substitution
reactions vaeried greatly in many cases, snd the criterion

of rapid substitution, and hence ionic bonding, was that
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cemplete subatitutien sheuld eccur within the time of mixing
and separating eof the reactants.

Seme limitatiens were placed by Tanbe(lg)

upen the experim-
ental cenditiens that ceuld be used in establishing such

a criterion ef substitutien, vig. cemplete replacement in
the time of mixing (1 minute, ¢ = 0.1M and T = 25°C).

Any reactiens slewer than these were taken as indicating
cevalently bended cemplexes.

Bis(salicylaldehydate)cebalt(II), was found by West, (1!
te underge cemplete exchsnge with cebalt{II) iens in pyridine,
in the time of separatien (40 secs.). Magnetic measurements
en this cempeund, made by Tysen and Adams,(lz) indicated
that the metal-exygen bends were ienic in character (= 4.5B.M.).
The exygen inactive form eof N,N'-ethylenebis(salicylideneiminate)
cebalt(II)® was feund by Calvin and Barkelew(13) 44 be
paramagnetic te the extent ef ene unpaired eleciren,
indicating cevalent metal-ligand bends in the Pauling
terminelegy. This cemplex underwent cemplete exchange with
cobalt(II) iens, under similar cenditiemns, in the time of
geparatien (6 mins.).(s) Kinetic measurements at lower
tempefatures,(é) showed that cebalt(II)(salen) was in fact
less susceptible te metal exchange then the salicylaldehyde

cemplex,

® cobalt(II) (salen)
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However, these exampleé serve to indicate the necessity for
some common parameter, other than a time of substitution,
for the assessment of bond type in a complex. Obviously,
when measurable & comperative rate constant is needed.

A discussion of the comparative merits of metel io#
and ligand substitution is relevant.
Stranks and Wilkins(l4) and later Basolo and Pearson(zb) both
agreed that the probability of metal ion exchange in the

system,

X 8+ — & ad
MLn + M M Ln + M

was less than the corresponding ligand exchange reaction,

Mo, + ¥ — b+ L

n —
Their discussion based essentially on energetic consider-
ations, certainly helds for complexes containing unidentate
ligsnds.

Metal ion exchange, in such systems, would require the
rupture of four or six metal-ligand linkages, depending
upon the coordination number of the metal ion, and independ-
ent of the mechanism.

Ligsnd exchange would involve the brezking of one and only
one metal-ligand bond, irreépective of the coordination
number of the complexed metal and the mechanism of
substitution,

Ligand exchange may be complicated in complexes containing

metals of low coordination number. The ability of such



10
complexes tc form higher coordinated species in solution,
by association with one or more ligands, may lead %o
erroneoug conclusions being drawn from such ligand substit-
ution studies.
In fact, the exchange of mercury(II) with (HgCN)+l is slov,‘lS)
indicating a (HgCN)+1 species in solution resistant to
exchange.,
However, the corresponding ligand exchange reaction
(HgCN)‘l-EN’T|may be expected to be complicated by the
formation of the higher coordinated Hg(CN)2 species in
solution. The Hg(CN)zﬁ?R’]lxchange is known to be rapid.(16)
The use of radioactive tracers has shown that no exchange of

=2 and either

platinum(IV) ions occurs betweenl?t‘ClG]
cis- [Pt(NHS) ,C ]‘17) or[Pt(NH ) 012'|"2 (18)  uhjle exchange
does occur in the systems [?tCI ]-2—b1!1(19) and

[PtBr ]-2fr* ](20) The breaking of six Pt-Cl linkeges,
and the rupturing of four Pt-ligand bonds in [?t(NH3)2CI ] +2
then recombination of the groupings around platinum after
exchange, was expected to require too grezt an energy of
activation for metal substitution to occur.

It is more probable that unidentate ligands can be substit-
uted than the central metal ion, irrespective of the mechanisa
involved.

When considering the ease of substitution in complexes

containing other than unidentate ligands, a different sit-

uvation may arise depending upon the nature of the ligands
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and the coordination number of the complexed metal, in
solution.
A collisional mechenism of substitution requires that all
the bonds from a polydentate ligand to the central metal
jon must be broken simultaneously for ligand substitution to
occur, while for metal substitution, =211 the bonds from
all the ligends to the central metal must be broken to
effect substitution, just as in the case of a complex
containing unidentate ligands.

As before, the probability of metal ion substit-
ution appears unfavourable energetically and statistically,
compared with ligand substitution, particularly when
considering metals whose coordination number is greater
then two, in complexes containing bidentate ligands.
However, it does seem likely that the substitutions of
quadridentzte ligands in complexes containing metals with
a coordinatioﬂ number of four, would be as difficult a
process energetically as substitvtions of the central
metals. In both:ucases, four bonds need be broken,
simultaneously in collision, or stepwise in dissociation
or displacement.

In fact, there is no 2z priori reason to suggest that both
mechanisms may not be operating simultaneously, or that a
nechanism intermediate between displacement (SE2 or SN2)
and dissociation (SEl or SEl) may not be operating.

Gold(21) has discussed the existence of mechanisms
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intermediate between SNl and SNZ for many resctions.
FPinally, it nust be rememkered that for many substitution
reactions where the isolation of a stable intermediate is
not possible, the mechanisms of substitutioﬁ are discussed
on the basis of kinetic measurements.
The final chosen mechanism must agree with all the existing
data, but in many caees it is not possible to allocate one
particular mechanism to a reaction. An assignment of a
mechanism made on the basis of pure displacement or pure
dissociation may be incorrect.

(10) in 1952, wes the first to seriously question

Tsube
the validity of using a rate of subtstitution as & measure of
the thermodynamic stability of a complex. He introduced
the concepts of lability (rapid exchange) asnd inertness
(1ittle or no exchange) when referring to substitution.
Further, a slower rate of substitution did not necessarily
imply greater stability of one complex compound compared
with another.

Perhaps one of the most striking discrepancies between
exchange rates and thermodynamic stabilities, where both of
these are known, exists in the case of the metal cyano
complex ion systems. Adamson, Welker and Volpe(ls) found
that cyenide ion exchenged very rapidly with [Ni(CN) 4]'2 and
[Hg(CH)4]—2, while very slow exchanges of cyanide were
found with the [I-‘e(ml)e-_"'i (22) and [Fe(CN)G]-B (16)

complex ions. However, the dissociation constants for all
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these ions were found to be very lowv, indicating high

=

stability, eg. K diss[ (,]2 = 1042 ana
Hg(CN),

K diss 5= 107,

T?e(CN)é] ’
Taube first pointed out the need for a clear distinction
between the stability constant K, of a complex, for the

reaction,

Ha* + nlL ML

—_—
N n
MLn

=" o
MM Ln

and the rate of attainment of thatl equilibrium position.

That is, he made the distinction between a kinetic and
thermodynamic factor (stability constant), and poinied out
that there need be no correlation between them.

The lack of correlation between the rats of attainment of
equilibrium and the value of K, may best be illustrated by
the following example. The stability constants K, for
[ere1]*? ana [Pecr]*?, st 25% (& = 0.3), were founa by
Bjerrum(23) and Rebinowitch and Stockmayer(24) to be 0.2
and 5.0 respeetively, indicating greater staﬁility for the
chloro~-ferric ion than for the chloro-chromic species.
However, it was found that the rate of dissociation of the
[FeCl]+2 species, in acid solution, was in fact greater
then that of the [crc1]*Z ion.

It follows from Taube's distinction between stability and
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lability, that if the overall rate of dissociation of a

complex is rapid, then metal and ligend substitution will

be fast, and the system labile-to substitution.

Further, Taube classified the complexes ag inert or labile,
depending upon the electronic structures of the complexed
metsl ions. On his classification, 211 octahedral dzsp3 or
sp33a2 orbital complexes, containing metals with d°, & or @°
configurations were labile to substitution, whereas those
inner-orbital complexes containing metals having three or
more d electrons were all inert to substitution.

The presence of a vacant lower d orbital, in those complexes
containing.metals with O, 1 and 2 4@ electrons, greatly
facilitated the formation of a tramnsition state, of increased
coordinati on number, by the acceptance of the donor electrons
from the free metsal iom or ligand.

Taube's classificstion of labile complexes, made entirely

on qualitative interpretations of substitution reactions
using the valence-bond theory, parallels the SE2 and SKZ
mechanisms of displacement developed by Basolo and Pearsoh(z).
These latter authors tabulated the differences in Crystal
Field Stabilization Energies (‘C.F.S.E.),(ZS) for all d®
electronic structures for both SEl or Snl and SEZ or SH2
mechanisme of substitution, on the basis of forming either,

a square pyramid (dissociation), or pentagonal bipyramid
(displacement) transition state, from sn initial octahedral

structure. Their quantitative calculations indicated a
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preferential displacement mechaniasm for substitution in
complexes containing do, dl and d2 metals, and a preferred
dissociation mechanism for complexes containing metals with
three or more d electrons. '
In fact, for d°, a and 42 configurations, both
five and seven coordinated transition states have C.F.S.E.®
greater than those of the initial octahedral structure
for a structures,[AE, = -0.57 Dq (5 coord.) and AE, = -1.28 D
(7 coord.ﬂ. AE, represents the difference in C.F.S.E.
betwe:n the initial and tfansition state.
It is interesting to note that complexes containing de metals
are predicted to react slowly by either mechanism. Both
transition states involve a loss of C.P.S.E., in fact,
[2.00 Dq (5 coord.) and 4.26 Dq (7 coord. ).
On the basis of the crystal field theory, nickel(II) complexes
are predicted to reaet more slowly than their corresponding |
copper(II) complexes, irrespective of the mechanism of
substitution. Further, copper(II) compounds show & gain in
C.F.S.E. in paseing from an octzhedral configuration to a
square pyramid transition state (AE, = -3.14 Dq), but a loss
of C.F.S.E. in passing from octahedral to a pentagonal
bipyramid state (AE, = 1.07 Dq.)
On the basis of these quantitative calculations, subétitution
reactions of complexes containing copper(II) and nickel(II)

would be expected to proceed by a dissociative mechanism,

with copper(II) compounds reacting the faster .
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Excellent agreement between rates of substitution and the
electronic structures of the central metel ions is found for
& number of reactions involving nickel(II) and copper(II)
compounds.

Popplewell end Wilkins2®) found that the exchange of
ethylenediamine in [Ni(en)a]+2 proceeded by a Syl dissoc-
istion mechanism, with a tl/é’ 5 secs. at 0°C. However the
seme authors found that the [Cu(en)2]+2- en* exchange
proceeded immeasurably fast under similar conditions.
Further, Tanaka and Sakuma(27) found that the reaction
between nickel(II) ions and ethylenediaminetetra-acetic acid,
in acetate buffer (pH 3.8-5.2), could proceed by four
independent paths, however the rate constant of formation of
[Ni(EDTA)]'2 was much smeller than that of the corresponding

copper complex,(28)

cut? + (EDTA)™4 :[Cu(EDTA)]‘2

It must be remembered that ali gquantitive calculations,
based on the crystal field theory, completely ignore any
covalent contributions.

By definition, the crystal field theory should only apply
to ionically bonded compounds.

The difference between the thermodynemic and kinetic

aspects of substitution should be taken a little further.
When considering pure isotopic exchange

A 4+ AX L a%x 4+ 2
—
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where A may be either a ligend or metal ion in solution,
the theory of reaction rates(zg) enables calculations of
AF* and AS* to be made for the systems concerned, using the
observed forward rate constants (kl) and the activation
energies obtained from studies of the variation of k1 with
temperature. The values of Aﬁ* and AS* obtained, the free
energies and entropies of activation, give some measure of
the esse of formation of the transition state, and therefore
o measure of the ease of substitution.
Chemically, the products of such isotopic reactions are
indistinguishable from the reactants, and for these systems,
the overall heat of reaction AH will be zero, the standard
free energy change AGO, alwsys small and negative, derived
from the small positive entropy of mixing.
Lecause such reactions, irrespective of the types of complexes,
have negligible standard free energy changes, Stranks and
Wilkins(l4) agreed that the rates of substitution in such
systems would give & measure of the bond type in the
complexes concerned. \
However, the restriction must be made that a similar
mechznism is operating for each reaction being compared. A
similarity in the energy of activation and the order of the
reaction, between systems being compared, could be taken
as & criterion for a similar mechanism in each case.

In addition, any comparison of activation energies and rate

constants, and therefore Af# and Aﬁﬁ, for different
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AX systems (X different) would have to be made in the same
solvents with the same A£>species, if information-regarding
bond type was wanted.

¥hen considering non-isotopic replacements,
B + AX _BX + A

where B and A may be either metal ions or liganda, 3 more
difficult situation arisee when interpreting overall
physical measurements on such systeme.

The standard free energy change -AG°, for such a reaction
will be much larger in passing from the less stable AX species
40 a more stable BX species (Keq.>'l)' The value of -AG®
is then some measure of the comparative stabilities of

AX and BX as such.

It must be emphasized, that the rates of substitution in
such reactions need bear no direct relation to the dis-
sociative stabilities of the complexes themselves.

However, 2 measure of the activation energies involved in
such systems will give some indication of the sbility of

AX to undergo replacement.

If measurements are made in the same media, under the same
conditions of concentration and temperature to ensure the
consistency of species B, metsl complexes with different
ligands X, can be compared gemi~quantitatively, and similar-
jties of mechanism may be disclosed because of similarities
in kinetic and energetic measuremente.

Overall measurements of AH and AS° embrace 2ll the products
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and reactante in the replacement reactions, and interpret-
ations of these results may have little bearing upon the
relative stabilities of the complexes themcelves.
In addition, when considering metal ion substitutions, the
free metal ion in solution, has previously been considered
as one readily capable of losing its inner-sphere coordin-
ation molecules, ie. attached solvent molecules, derived
from an easily dissociable metal salt in a solvent of relatively
low coordinating power. This in fact is rarely the case,
particularly in non-agueous solvents of low dielectric cons£ant
where complete dissociation of the metal salt may not occur.
The use of 2 higher dielectric constent solvent would involve
stronger metal-solvent interaction, with the possible result
of forming a kinetically unfavourable species. Thus, the
rate of exchange between a metel ion and a non-charged inner
chelate, would be expected to be greater in a solvent of low,
then in one of high dielectric constant, assuming complete
dissociation and a similar mechanism of substitution.
In view of the limited information existing on studies of
metal ions, particularly transition metal ions, in non-
aqueous solvents eg. (dissocistion data), substitution
reactions with water soluble complexes are widely used as a
mezns of sssessing reaction pathways with a general insight
into the chemistry of the transition metals.

Similarly, ligand substitution resctions have become
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increagingly important in studies of subetitution reactions,
beczuse solvation effects in all solvents are expected to
play a much smaller part, even with charged ligands, than they
do with metal iona.

The results of such experiments are more easily interpreted.

(iv) Substitution reactions in some transition metal

Complexes.
In the following pages, a more detailed review of

the experimental work related to the subject matter in the
esrlier sections of this thesis, will be discucsed.
These examples have been divided into two classes, first,
(a) Those metal and ligand substitutions in which data
has been found to support the bond types, "stabilities" etec.
of the transition metal complexes, and secondly,
(b) Those metsal and ligand substitution reactions in
wvhich quantitative data, derived from extensive kinetiec,
stereochemical 2nd related studies, has been used to support

the probsble reaction mechanisms of substitution.

(a) The elucidation of possible reaction mechanisms of
metal substitutions in transition metal complexes, has
received little attention, experimentally. There are & few
qusntitative studies of this type,most of which will be
mentioned under (b) sbove, however their numbers are small
compared with gimilar ligand substitution reactions, This is

not surprising upon consideration of the number of difficulties
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hwhich may accompany the interpretations of the results of such
metal substitution reactions, as mentioned in section (iii) of
this thesis.

Nevertheless, many of the earlier studies were confined to
netal exchanges and replacecments, the results of which were
taken as evidence of bond type and "stability", as previously
discussed.

Many complexes containing bidentate ligands have
been shown to undergo rapid metal ion exchange. The results
of some of these studies are given in Table I (p.22).

Rapid metal exchanges were taken as indicating weak bonds in
the Pauling view, and were supported by magnetic evidence in
some cases, €g. cobalt(II)(ll) and nickel(II)(Bj) complexes.
However, certain complexes containing bidentate ligands were
found to be inert towards metal exchange. Tris(g-phenanthrolin
iron(II) found to contain covalent metal-ligand bonds by
Cambi and Cagnasso(34), showed slovw exchange with ferrous ions
in aqueous solution,(Bs)(36) that is, a complex containing
covalent bonds (3d24s4p3) by the valence bond theory,
exchanged slowly. Further, some correlation between the slow
cobalt(II) ion exchange in bis-(4:4'-dicarbethoxy-3:3'-5:5'~
tetramethyl-dipyrromethene)cobalt(II), and the expected
covalent character of the Co - N bonds, has been found by
West(ll).
‘However, ferriheme, found bty Pauling and Coryell(37) to

contain "ionic" bonds on the basis of its magnetic moment
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Table I

Metal Exch ¢ Reactiens with Cemplexes ceont

ligands.
Exch,complex Selvent
Bis(acetylacetenste)zinc(II) pyridine
Bis(8-quinelinate)zine(II) pyridine
Bis(szl-anilinate)cebalt{II) pyridine

Bisisalicylaldoximato)cobalt(II) pyridine
exygen inactive form)

Bis(acetylacetonate)cebalt(II) pyridine
Bis{acetylacetenate)cepper(II) chlereform
Bis(salicylaldehydate)cepper(II) pyridine

Bis(szl-anilinate)cepper(II) pyridine

Bis(sslicylaldehydate)nickel(II) ﬁgﬂ‘ﬁﬂ“
methyl

Bis(salicylaldeximate)nickel(II) .cy71gzelve

bidentate
By o
(05 ninay (3
50 seone)’ (1)
(2018 minssy (A1)
(2 minesy - (1)
(2 ;ﬁ’;) (32)
(15 sgzg?i (5)
(15 secsy ()
(5 mins.) (33
exch, (33)

(5 mins.)
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of 5.8 BM, showed no exchange with ferric ions in 95%
ethanol;(sz)(BG) In fact, ferrihemoglobin,(32)(38) pheophytin
iron(III)(36) and tetraphenyl porphyrin iron(III)(36) were all
found to undergo negligible exchanges with ferric ions.
The lack of correlation between bond type and exchange rate
is splendidly illustrated in the ferriheme complex. Ruben
and coauthors(36) suggested that in such "fused-ring" structures,
vhere the small central metallic ion was surrounded by a
closed porphyrin ring, that for metsl exchange to occur, the
four metal-nitrogen bonds must be broken simultaneously.
However, they suggested that the tris-(Q-phenanthroline)iron(II)
metal exchange may occur by a stepwise dissociation or
uncoiling of the ligands although these authors had no
quantitative evidence to support such a theory. Similar
negligible exchange rates, to those found in the porphyrin
iron(III) systems, were found for the isotopic metal exchanges in
pheophytin copper(II)(36) and in the cobalt(II)(ll) and
zinc(II)(jl) phthalocyanine systems. In fact, Atkins and
Garner,(Bl) upon the examination of a number of zinc chelates
found only the coplanar phthelocyanine compound inert towards
zinc metal exchange in pyridine solution.

Metal replacements have been found to occur in some
porphyrin complexes. Phillips(39) has reviewed a number of

(40)

such studies. Caughey and Corwin , examined the relative

ratés of metal replacements of a number of aetoporphyrin(II)
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cemplexes. These authers have suggested that the metal(II)
aeteperphyrin stabilities lie in the erder 00*2< sz) Cu'z) zn*
Thisz sequence was based upen the relative rates of mefal |
replacements frem the cemplexes, by sulphurie-scetic acid
mixtures. They feund that aeteperphyrim nickel(II) rescted
more slewly than aeteperphyrin cepper(II) tewards acid
decempesitien. Altheugh Caughey and Cerwin realised the
difficulties ef cemparing rates and stabilities, as discussed
by Taube,(lo) the pesitien of nickel(II) with respect te
cqpper(II), in the rate of reaction, had been shewn previeusly
te :;;;; in the isetepic metal exchsnges for & number ef
quadridentate planar chelates.

The exchanges of metal jens, in cemplexes centaining
quadridentate ligands, have been shown te preceed at rates much
gslower than these of metal exchange resctions in cemplexes
containing bidentate ligands, with similar dener atems, eg. it_
hss been shown that the exchange of cobalt(II) in cebalt(II)
(salen)(e) preceeds st a much slover rate than the exchange eof
cebalt(II) in bis(salicylideneanilinate)cebalt(II). Similar
differences in the rates of exchange of cemplexes centaining
quadridentate ligands and bidentate ligends have been shewn
te exist in seme copper(II) complexes.(s)

Duffield and Calvin(?) feund that cepper(II) iens exchanged
with N,N“‘-ethylenebis(Balicylideneiminato)copper(II)a al a

%N, ,N'-ethylenebis(salicylideneimine) = (salen).
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measuraﬁle rate in pyridine, Hewever, Hall and Willeford(4l)
found negligible exchange of nickel(II) iens and nickel{IIl)
(salen) under cemparable cenditiens.
Similer negligibie metal ion exchaenges were found for the
H,N'ql,z-phenylenebis(salicylideneiminato)nickel(IIfa and
N,N'-ethylenebis(l-methyl-3—exebutylideneiminste)nickel (II)
systems.(4l) Hewever, Pfeiffer(42) feund cemplete replacement
of nickel(II) by cepper(II) in nickel(II){salen), in beiling
pyridine. If seme cerrelatien existed between stability and
lability, fer these metal exchange reactiens, the substitutien
reactions of cepper(Il) cemplexes weuld be expected to be
glewer than these of the cerrespending nickel(II) cemplexes.
This fellaws from the well known stability censtant series
for metal ion complexes, viz. Cu*z) Hi"'z) Co‘z etc.,(43'45')
and alse frem the replacement studies en the metal(II) cemplex
gsystens made by Pfeiffer.(42)

Barnes and Doraugh(46) feund cemplete replacement ef
zine(II) by cepper(II) in tetraphenyl perphyrin zinc(II),
while Caughey and Corwin(4o) found ne replacement ef zinc(II)
by cepper(1Il) in aeteperphyrin zinc(II). The presence ef the
large phenyl greupings, in the fermer cempeund, dees net
gllow the attainment ef s ceplanar structure because of steric
jnterference with the perphyrin ring. This hae the result ef
further weakening the bending, threugh nen-plararity,

B N,N'-1,2~phenylenebis(salicylideneimine) = (s=lgphen)
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thereby allowing metal replacement to occur.
The large standard free energy changes as:cociated with
;gpiacement reactions, further distinguishes between the
total replacement of zine by copper in tetraphenyl porphyrin-
ziHC(II)(%G), and the non-exchenge of gzinc ions in phthalocyanine
zinc(II);(31) also the total replacement of nickel(II) by
copper(1I) in nickel(II)(salen),(42) and the non-exchange of
nickel(II) in this compound.‘4l)
Caughey and Corwin(ggphasized the effects of solvent coordination
upon bond type in aetopbrphyrin(II) compounds. They found that
the magnitudgs of the shifts‘in the wave lengths of the visible
absorption bands for nickel(II), copper(II) and zinc(II)
compounds, in acetic acid-pyridine mixtures, increased in that
order ie. Ni >Cu)2n.
They concluded, that in such stable "fused-ring" structures,
vhere changes in the bond type due to solvent intersasction
were small, that nickel(II) complexes were in fact more stable
than the corresponding copper(IlIl) complexes.
Further, Miller and Dorough(47) studied the reaction of
pyridine with magnesium(II), zine(II), copper(II) and nickel(II)
derivatives ofL ,3,d,8 -tetraphenylporphyrin, spectrophoto-
metrically. These authors found that the copper monopyridinate
compound had an association constant of 0.05 (3000), about
the same as that of the nickel(II) derivative.

Clark and Odell(48) studied the exchanges of ligands

in a number of nickel(II) chelates. They found rapid ligand
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exchange in the syctem, bis(salicylaldeximate)nickel(II) -
(ealicylasldexime), but zere exchonge in the systems
nickel(II)(salen) ~ (salen) and nickel(II)(salephen) - (selephen)
Their results indicated that seme cerrelation existed between
ligand exchenge and the electrenic structure of the central
nickel(II) atem, at least fer a number ef systems.

Hnto(49) reported the results ef a number of quadridentate
ligand replacement reactiens eof seme cepper(IIl) cemplexes.

His resulte indicated that ligand replacements eccurred in the
reactions,

Cu(II)(salephen) + (salen) —_ Cu(II)(salen) + (salephe

—

Cu(II)(salephen) + (em) _—— Cu(II){salen) + (O-phen)

This is ef interest in view of the werk of Duffield and Galvin(sa
whe feund that the isetepic metal exchange in the system
cepper(II){salen) = cepper{II) was in fact much faster than
the exchange cepper(II)(ealephen) -~ cepper(II).

(b) Bailar{®®) reubel1®) Bage1e{l) and stranks ana
Vilkins(l4) have reviewed the possible reactien mechanisrs
vhereby metal iens and ligands, in transitien metsl cemplexes,
may be exchanged er replaced.

It must be remembered that kinetic measurements alene, de net
give the reaction pathway unambigueusly, in fact Basele and
Pearson,(za) xoore(sz) snd Frest and Pearsen(BB} hsve mede
clear the diestinction beétween the experimental (erder) and
theereticzl (melecularity) aspects of & reaction. There ig ne

clear cut
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distinction between an SEl(SNI) or SE2(8N2) mechanism on the
basis of kinetic measurements alone. The influence of
stereochenistry and other factors upon the type of mechanism(s)
(50)(51)(54)(55)
involved has been fully discussed by several authors,
However, it must be repeated that the final chosen mechanism
SEl(SNI) or SE2(SN2), must agree with all the available evidence,
in particular, the evidence observed from any kinetic
measurements made on the system. The following pages review
some of the experimental and theoretical results which have

been used to elucidate the possible mechanisms of substitution

reactions in inorganic transition metal complexes.

(i) Ligand Substitution Studies.

Basolo, Pearson and coworkers have published a
series of papers investigating mainly the ligand substitution
reactions of cobalt(III) complexes and have shown how the nature
of the transition state can influence the mechanism of ligand
substitution.
An Sncha mechanism of dissociation was supported for the
bﬁse hydrolysis of cis and trans - [Qo(en)2012] Cl on the
observed rapid ratee for these reactions and as a result of
the dependence of the rate of hydrolysis with structural

changes in the complexes. Moreover, the authors supported an

& Smch = substitution, nucleophilic, unimolecular, conjugate

base.
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Snch mechanism of substitution for the base hydrolysis of all
complex ions of cobalt(III). However, the observed high

rates of hydrolysis of chloroamido and chlorohydroxo complexes
of cobalt(III), led Pearson and Basolo(57) to introduce the
concept of W bond stabilization, in the transition state. The
suspected pKa values of the conjugate bases, [?O(NH3)4NH201] +1
and [Co(NH3)3M20H] Cl respectively, did not fully explain their
ease of formation and reactivity.

Previously an SNZ displacement mechanism of substitution,

had been supported by Brown, Ingold and Nyholm(sa) for the

]+2
3

C1
acid hydrolysis of [bo(NH3)sgS on the available kinetic

evidence. (59)160)(61)(62)
In fact, Brown, Ingold and Nyholm(ss) were of the opinion that
substitution reactions of cobalt(III) ions proceeded by a

dual mechanism involving both dissociation and displacement
pathvays.

Later an SNI dissociation mechanism for acid hydrolysis of
cobalt(III) ions was supported by Basolo, Pearson and .
coworkera(63)(64)(65) as a result of the dependence of the

rate of aquation, with structural and steriec properties of

the bidentate ligand (LL), in the compound trans— [Co(LL)2012.|+1
These authors suggested the formation of a penta-coordinated
square pyramid transition state for these acid hydrolysis
reactions,.

(57)

Primarily, Pearson and Basolo were confronted

by experimental results which indicated that the rates of
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base hydrolysis of cobalt(III) ions were larger in complexes
containing saturated ligands capable of donating electrons
to the cobalt 3d6 electronie nucleus. Accordingly, they
discussed the stereochemical requirements for W bonding
(1igand - metal), in the transition state, from two viewpoints,
(2) The influence of such W bonding upon the
dissociation of a ligand and its effect upon the
stability of the resulting transition state.
(b) The amount of ‘W bonding possible for such 3d6
systems, using the orbital overlap considerations
developed by Craig, Maccoll, Nyholm, Orgel and
Sutton;(66)
On comparison of the three possible structures for a central
cobalt(III) iomn, viz.
(i) trigonsal bipyramid.
(1i) square pyramid d25p2
(iii) a d2p3 hybridized structure,
Basolo and Pearson(57) found only (i) agreed fully with their
experimental results and the theoretical energetic and
T bonding concepts. ‘
-The repulsion, between filled non—ﬁonding d__, d

y* Yz
orbitels of the central metal ion and the filled p orbitsals of

and dzx

the amido group in the conjugate base [?O(NH3)4NH20#]+1, has
the effect of facilitating the release of a chloride ionm,

vwith the accompanying rearrangement to a irigonal bi-pyramid
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transition state, which is stabilized by ligand = metal
T bonding involving the donation of a free electron pair
from the amido nitrogen to the empty d > 2 orbital of the
cobalt(III) ion. =
Further, the observed first order kinetics involving
comparatively rapid conjugate base dissociation as the rate
deterﬁining step, could be explained on the basis of forming
a five coordinated species of increased stsbility due to
v bonding.

The effects of a variety of nucleophilic reagents
upon the kinetics, stereospecificity and the rates of
exchange of chloride ions in[Pt(NH3)2C12], [Pt en 012] and
[Pt(NH3)BCl]Cl, has been exzmined in an attempt to elucidate
a possible reaction mechanism of substitution.(67) The
reactions of these platinum(II) compounds were classified by
the asuthors as substitutions in octahedral complexes. The
ability of such coplanar structures, in solution, to coordinate
solvent, reactant and added anions etc. above and below the
plane, is well known.(es)(Gg)(7o)(7l)
Accordingly, Banerjea, Basolo and Pearson proposed a reaction
mechanism whereby substitution reactions in such platinum
complexes could be explained. Primarily, they considered
two fzctors in assessing the stability of the probable
transition state,

(i) The extent of 17 bonding using an extension of

the trans-effect theories of Chatt(72) and Orgel.(73)
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(ii) The differences in C.P.S.E. between the

square planar reactant and the proposed transition

state.®
With certain limitations, they proposed a dissociation
mechanism of the tetragonal complex, in which the two groupings
above and below the plane moved closer, and facilitated the
removal of the chloride ion, by repulsion, with an accompanying
rearrangement, after dissociation, to a trigonal bipyramid
transition state, stabilized by M bonding. However, unlike
cobalt(II), platinum(II) has = a® electronic structure.
Accordingly, if the cdncept of T bonding in the transition
state was to be maintained, the added stabilization from
T bonding must result from the donation of electrons from
the filled d orbital of platinum(II) to an unoccupied d or p
orbital on the ligand. Therefore, only unsaturated ligands,

ef. SC(NH 2,(NOZ)']', would resct rapidly with platinum

5)
complexes of this type. This was in asgreement with the -

experimental results found.

A detailed examinsation of the kineties of the

exchange of chloride ions with trans- [Pt(pyr)ZClz] in a

(74)

variety of solvents, enabled the authors to classify the

reactions into three groups, depending upon the observed order

8 The authors fully realized the limitations of using the
C.F.S.E. for a square planar reactant, when they admitted a

tetragonal structure in solution.
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of the reaction with respect to R4N01’ s the soﬁrce of free
chloride ions.
In benzene, methyl cyanide and acetone, the observed kinetics
jndicated first order dependence on both [complex] and
[R4l01’]. Further, slov rates of chloride exchange were
found in high dielectric constant solvents. The free chloride
ion, produced by the complete dissociation of R4Kcll, in such
solvents, was stabilized by solvation thereby forming a
kinetically unfavourable species for exchange. Conversely,
in low dielectrie constant solvents, higher rates of exchange
were observed.
The suthors discussed the snomaloue poesition of methyl cyanide,
a strong T bonding solvent in which slow rates of exchange
were obeerved, with respect to its peculiar behaviour on
coordination.(vs) The C=N grouping is known to coordinate
above and below the plame of the platinum(II) complex, in a
parsllel arrangement, thereby hindering its distance of
approach and its 2bility to facilitate in the dissociation of
ligands,

Quagliano and Schubert(54) have shown how various
trans-effect theories can predict the stereochemical course
of substitution reactions of planar complexes of platinum.
Further, snz displacement mechanisms have been proposed for
these substitutions, by some authors,(72)(73)(76) in particular
Chatt and his coworkers(72) vho used a 7 bonding theory to
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account for the substitutions of such square planar complexes
by SN2 displacement mechanisms.
Thus, the mechanism(s) of ligand substitutions in platinum
complexes is still uncertain. The Easolo and Pearson reaction
mechanism requires an initial tetragonal structure in solution;
if such a structure may be conceived on the evidence available,
a dissociation SNl mechanism appears attractive.

It has been suggested that the dissociation
mechanisms of exchange and racemization of [Ni(l:lo phen)3]+2
are the same,(77) on the basis of the identical values of the

rate constants, for the[Ni(l:lO phen)j]“"2 - (1:10 phenanthroline)
(17)

ligend exchange kexch.

, and the pH independent acid
dissociation and recemization reaction ka’ of

[Ni(l:lo phen) 3]"2 | (78)

Moreover, it was found that the removal of one phenanthroline
ligand facilitated both exchange and racemization. The
dissociation rates measured by means of the ligand exchange
experiments were found to be first order in the nickel complex
and zero order in the free 1:10 phen 1ligand.

Such a dissotiation path for exchange was found to persist in
the non-agueous solvents, ethyl alcohol and nitrobenzene.

It is of interest to note that Davies and Dwyer(79) measured

+2 and

the rates of racemizations of [#1(1:10 phen)3]
[Ni(dipyr)3]*2 in some non-aqueous solvents, and suggested
from the similarities in activation energies and pZ-factors

in all solvents used, that an intra-molecular mechanism of
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racemization operated in contrast to that in water,

(ii) Metal Substitution Studies.

The exchanges of tetracyano nickelate ion with
certain amino acid complexes of nickel(II) have been examined
kinetically.(so) The rates of exchange of nickel(II) between
the two species were found to be little affected by either,

(i) added neutral salt,

(ii) charge of the amino acid complex,

(iii) molecular weight of the acid complex.

The results indicated that the nature of the complexing sgent,
was more important than charge etc., for the determination of
the rate of substitution in these complexes. From the
observed second order kinetics (dependence of the rate of
exchange on the concentration of both reacting species) for
the [I\Ii(CIil)4:|'2 - [Ni(glycinate)z] exchange, the authors
suggested a collisional mechanism of substitution. However,
thé observed activation energy (17.3 K cals) seems unususally
small to involve the breaking of eight or ten relatively strong
bonds, instantaneously.

The exchange of [l:lo(phen)] between [#i(l:lcphen)3]+2:and
the free ligand in solution, was found to have an

(77)

activation energy of 25.2 K.cals. This exchange was found
to proceed by an SNI dissociation mechanism, involving the
complete fission of only one phenanthroline molecule from the
complex. ie. the breaking of two bonds.

It seems that the observed energy of activetion in the
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nickel(II) (glycinate) exchange may disagree with a collisional
mechanism on energetic grounds. Perhaps a mechanism of
subétitution gimilar to the one suggested by Basolo and
Pearson(za) for the copper(Il)(salen) exchange, may be applicable
to the systems examined by Calkins and Hall.(ao)
Collisional mechanisms of substitution for the metal
exchanges in copper(II)(salen)(5) and cobalt(II)(salgphen)(é)
were proposed by the authors on the grounds of the second
order kinetics observed for these systems. As discussed
earlier the interpretations of these kinetic measurements
have been revised by Basolo and Pearson.(za)
An expression for the rate of substitution, which included
five terms, four of which were dependent upon pH, was found
for the exchange of nickel(II) ions end [Ni(EDTA)] -2 (81)
Five activated complexes were found to be present in the
reaction, the mechanism of exchange involving a preliminary
equilibria between B* and [NL(EDTA)]-Z, followed by both
unimolecular dissociation of a protonated complex and
bimolecular collision and exchange with nickel(II) ions.
It was suggested, from the similarity of the rates of
racenization and the rates of iron(II) exchange in
tris-(2,2'-dipyridyl)iron(II) and tris-(1:10 phenanthroline)
iron(II)(ll), that the racemizetion processes of these ions
may be brought about by the dissociations of the complexes.(35)

Kinetic measurements have been used to elucidate the probable

reaction mechanism(s) for the replacement of lead(II) by
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-2 (28) A mechanism(s) similar

copper(II) ions in [rb(EMA)]
to the one proposed for the replacement reaction,

-2 —
p—

+2 (82)

pp*2  +  [zn(EDEA)] [po(eoma)] =2+ e

was established by the authors,(zs) involving four reaction
pathways.

The research presented in this thesis is concerned
wvith some kinetic studies of metal replacement reactions
involving quadridentate chelate compounds of nickel(II),
copper(II) snd cobalt(II), with ligands of the type shown in

Fig.1I.
C 0 0 C
\/
M
c N’/////z R\\\\\N C
X \\\\\\\R’/////// X

R = alkyl or aryl group.
Fig.1I1.

The primary object of the work involved an examination of the

mechanism(s) of replacement of nickel(II) from such complexes,



sccording to the reaéfion

ca*?2 &+ Ni(II)(chelate) —— Ni*? +  Cu(II)(chelate)

—
The effect of varying the solvent, the type of copper salt
used, and the influence of added electirolytes upon the rates
of these replacements have been examined.

Further, the replacement of cobalt(II) from cobalt(II)(salen),
by several divalent transition metal ions in pyridine, has
also been studied.

In addition, the ultra violet and visible absorption spectra
of & number of copper(Il) salts and nickel(II) chelates

have been examined in various non aqueous solventis, in an
gttempt to determine the nature of the reacting species in

such replacement reactions.
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METAL SUBSTITUTION REACTIONS WITH

N,N'-cthylenebis(salicylideneiminato)cobalt(II)

(i) The relstion between the metal ion and the rate and

equilibrium position of the reaction.

The systems studied may be represented by the
reaction,

¥*2 +  Co(II)(salen) __ M(II)(salen) + Co*2

Cobalt(II)(salen) labelled with Co®®

was used in the experiment.
The course of reaction was followed by measuring the amount
of radiosctive cobalt released as cobalt(II) ions in the
system. Four such substitutions were examined and the results
of these given in Table II.

Cobalt(II) ions in cobzlt(II)(salen) were found
to undergo substitution by other metal ions at 25°C, in
pyridine. Under similar conditions of concentration the

relative rates of substitution and final equilibrium

pogsitions were as follows:

(a) rapid replacement by copper(II) ionms,
equilibrium position, 96%,

(b) slow replacement by nickel(II) ions,
equilibrium position, 78%,

(¢) rapid exchange with cobalt(II) ioms,

equilibrium position, 50%,
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(d) rapid replacement with zinc(II) ions,

equilibrium position, 16%.

Relative to the cobalt(lI) exchange, the observed equilibrium
positions for these substitutions, obey the expected order

of metal complex stabilities,® viz. Cu) Ni ) In.

However, the slow replacement found with nickel(II) ionms,
compared with the rapid exchange with cobalt(II), may be
taken as evidence for a complete lack of correlation between
the rates of substitution and the expected stabilities of

the complexes formed, as a result of these reactions.

(42) carried out a similar

Pfeiffer and coworkers
investigaetion with a number of (salen) complexes,‘hdvever
these authors were content with the determination of a
stability series only, kinetic measurements on the system
were not attempted.

They found a relative series of metal complex stabilities,

in the order Cu*2)Ni*2)vo*2, Fe*?) m*?) Mg*2, based

upon the extent of the reaction,
pyridjine
M2 . M'(II)(selen) 15.¢C M(II)(salen) + nr+2
~—

& wNo data is available on the stability constants of these

chelates in any solvents.



The substitution of coba;pﬁo(II) from cobaltﬁo(;;)(salen)

4

Table 11

T = 25,0 0.

Substituting
cation

Cu+2

n1+2

1% Solvent = pyridine

Salt

acetate
monohydrate

acetate
tetrahydrate

Activigx
counts/>00secs

[bomplei“?mboj: +2

101
136
129
102

98

4035
4433
4774

3444
3045
2607
1568
1906

1672

2171
1847
2355
2338
2396

648
1452
2344
2520
3745
4938
7419
5419
6763
6689

SPERp = 206 % pvE

Reaction

time
(hours)

0.05
0.20
1.00
2.50
5.00

0.25
0.50
1.00
1.50
2.50
3.T5
5.25
9.50
10.50
24.20

%
Substit-

ution,

96
93
95
96
96

14
25
33
39
52
62
T4
17
T8
81
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Substituting Salt Activit
cation counts/300secs.

Eomplex][mCO] e

+2 acetate

tetrahydrate 3248
2697
2800
2930
2498

Co

Zi+2 acetate
dihydrate 5613

4677
5742
4767
5890
5694
6680

5410
2816
3241
2790
2571

1086
694
799
829

1155

1049

1297

Reaction

time
(hours)

0.05
0.19
0.50
1.00
5.50

0.05
0.25
0.75
1.50
5.00
5.00
8.75

(1) The activities of both fractions have not been

) 3
Substit-
ution

51
51
53
50
51

16
13
12
15
16
16
16

corrected for the incomplete extraction of either the complex

or metal(II) ion, but the rapidity of substitution or otherwise

is evidenced directly from the uncorrected results.

The activity under the heading Complex [CoGO(II)(salenilis the

activity remaining in the solvent (05013) which would normally

extract
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all the unrescted chelate, while that under(%e)” *2 is the
activity of the water extracted(®e)” *2 palt after reactiom.
(11) #% Substitutions are calculated on the basis
of the activity appearing in the agqueous fractiom, ie.
counts/300 aecs of

agueous fraction
£ substitution = x 100

counts/300 secs of
(aq. + organie) fractiom

(141) A1l activities were counted for a sufficient
time to give s Standard Percentage Error (Eﬁ)(83) of better
than 3%, and were corrected for backgroumnd activity.
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The stability sequence above parallels the stability constant

(43)(44)(45) except for the positions of iron(II) and

series,
zine(II). Pfeiffer found complete replacement of zinc(II) by
iron(II) in zinc(II)(ssalen), chemical analysis of the reaction
products showing no unchanged ginc(II)(salen). However, no
replacement of iron(II) by gine(II) in iron(II)(salen) was

observed. Purther, equilibrium positions were found for many

systems eg.,

:v3025

& Ni(II)(salen) + VO'° &= VO(IV)(salen) + Ni*2
50%

VO(IV)(salen) + Fe*? Fe(II)(salen) + vo*2

+2 <E§ié

e

Fe(II)(salen) + YO VO(IV)(salen) + Fe*?
West(s) found that the exchange of cobalt(II) ions
in cobalt(II)(salophen) proceeded by a second-order reaction,
presumably involving a bimolecular rate determining step and
a collisional or displacement mechanism of substitution. No
detailed kinetic measurements on the exchangg of cobalt(II)
ions and cobalt(II)(sslen) are available to- support a possible
reaction mechanism of substitution, however it was found
exchange was complete in less than 6 minutes at 30°¢

[0.0121M Co(II)(selen), 0.0057M Co(II)(acetate)|(®). stuases

carried out by the present author showed complete exchange

& Complete replacement was observed for the back reaction,

VO(IV)(salen) + Nit2 —s Ni(II)(salen) + vo*2
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of cobalt(II) in cobalt(II)(salen) in less than 3 minutes at
25% [0.002&4 each reacta.nﬂ.

Some evidence for a bimolecular (SE2) rate @etermining step

. may be obtained from the marked dependence of\the rate of
replacement of cobalt(Il) from the complex, upéa.the electro-
philic nature of the incoming metal ien.(z) Tﬁig is most
marked when comparing the slow replacement by nickel(II) with
the rapid exchange of cobalt(II) ions.

Celvin and Barkelew'l3) found that cobalt(II)(salen),
in the solid state, was paramagnetic to the extent of one
unpzired electron, indicating & square planar, covalently
bonded complex., This would imply, at least in the solid state,
that the four cobalt-ligand bonds in the complex would be
strong in the Pauling view (3d4s4p2)(9) or indicate a strong-
field planar structure for the complex on Crystal Field
grounds.(zc) If, as suggested by Stranks and Vilkins,(l4) #
strict éorrelation between the rate of exchange and bond
type can be made, such a rapid metal exchange in cobalt(II)(saler
would not be expected, unless the bonding in this compound is
modified to some extent, in solution,

In addition, on the basis of calculajions made by Basolo and

(2a) of the sctivation energies of substitution reactions

Pearson
of strong-field "square planar® (tetragonal) complexes (by Sy
and Sgl mechanisms), cobalt(II) complexes of this type are

predicted to react more slowly than either their corresponding
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nickel(II) or copper(II) complexes,® in fact the calculated
order for the rates of reaction is given as Co+2< Ni*2<‘ Cu*2<'Zn‘
However, the isotopic metal exchange of copper(II) in
copper(II)(salen)(S) has been shown to proceed at a much
slover rate than the corresponding cobalt(lI) exchange, under
comparable conditions. This is in direct contradiction teo
the calculated rates on the basis of thé Crystal Pield approach,
for "square planar® (tetragonal) reactant molecules on the
basis of a dissociation mechanism,

Evidence for solvent interaction with the complexes

(a) Cobslt(II)(salen).

Tsumaki(84)has isol=ted a chloroform addition

compound of this chelate which would imply at least a five
coordinated structure for the complex in that solvent. Purther,
the magnetic susceptibilities of oxygenated and pyridinsted
forms of cobalt(II)(salen) have been reported.(13) Dpienl

and coworkers(BS) investigated the oxygen-carrying properties
of this complex and later Diehl and Hach(®®) reportea the
preparation of aquo-dicobalt(II)(di-salen) in which reference
to the formation of chloroform and pyridine addition compoundé
was made. 'In fact, it was found that the method of preparation

(86)

used by these workers yieided a binuclear compound in

vhich a molecule of water acted as a bridging group between

2 9Phis assumes a strict perallel between the activation

energies and rates of reaction, a correlation which may be

taken only qualitatively..



47

the two cobalt atoms in the molecule, each of which was
surrounded by a quadridentate molecule of the Schiffs base,
The complex, as prepared by Diehl and Hach, absorbed oxygen
in the solid state, the addition of oxygen yielding & compound
in which the coordination number of each cobalt(II) atom in
the comﬁlex was thought to be six.(BG)

The sample of complex used in the substitution experiments
reported in this thesis was prepared by the method of Hest.(6)
The material prepared in this manner did not react with

oxygen, in the solid state. (see EXPERIMENTAL)

It seems reasonable to suggest, from the evidence
presented above, a six coordinated structure for the complex
in the strong coordinating solvent pyridine, the structure
involving two molecules of selvent, one above and one below
the plane of the complex, thereby producing a C.F.S.E.
equivalent to that of a week field octahedral or tetragonal
gtructure in solution.(z)(zc) Assuming then a bimolecular
rate determining step for the exchange reaction, an
assumption not unreasonable on the evidence presented on
p.44,45, then such a rapid exchange may be explained on
the basis of a displacement mechanism of substitution,
whereby a pentagonal bipyramid transition state is formed
(from san initisl tetragonal complex in solutionr) involving
s net gain of C.F.S.E. (AE, = -2.56 Dg)‘?)

(b) Nickel(II)(salen)

No spectroscopic or other evidence, for solvent

*
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interaction with this complex, has been found,(41)(87)(88)
although some evidence for partial solvation of the complex
was reported by Basolo and Matoush(eg) who isolated a pyridine
adédition compound of this chelate containing 0.372 moles of
pyridine per mole of nickel(II)(salen). However, no isotopic
metal or ligand exchange was found for this chelate in
pyridine solution,(41)(48) under comparable conditions as
those used for copper(Il) and cobalt(II) exchanges.

However, although nickel(II) complexes are predicted to react
more slowly than those of their corresponding copper(I1I)
complexes, on Crystal Field calculations,(2)(za) by both
SEl(SNl) and 832(Sl2) mechanisms, this does not explsin the
observed lack of exchange of nickel(II) and (salen) in
nickel(II)(salen) at room temperature;(41)(48)
This matter will be examined further vwhen discussing the
replacement of nickel(II) ions from the complex, in the
following sections of this thesis,

(¢) Copper(II)(salen)

Spectroscopic evidence fof solvent interaction
with copper(II)(salen) in pyridine has been reported,(go)
however, Tanaka(gl) was unsuccessful in an attempt to isolate
& pyridine addition compound., In fact, the latter author
suggested from the similarities in the visible absorption
spectra of copper(Il)(salen) in pyridine and benzene, that
solvent interaction with the chelate did not occur in either

of these solvents. However, addition compounds of copper(II)
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{salen) with acids end phenols have been 1solated.(92)
Waters and Hall(93) es a result of studies on
the solid absorption spectra, of a number of copper(II)
chelates, including copper(II)(salen), found that those
complexes with greem colours e.g. copper(II)(salen), by

analogy with their spectra in solution.(go)

contained copper(IIl)
atoms with coordination numbers of greater than four.
Later, X-ray studies(94) supported a dimeric structure for
copper(II)(salen) in the solid state, with two Cu - O bonds
binding the two unite of the dimer, each molecule thereby
containing two copper(II) atoms, each with coordination
numbers of greater than four,
Similarly, colour and, solution and solid spectra, were
compared for a number of brown and violet copper(II)
complexeé;(go)(93) The results indicated that such chelates
contained copper(IXI) =ztoms with coordination numbers of
four. A green solution of copper(II)(salen) in pyridine,
compéred with the resulting purple solutions of the complex
in slcohol and chloroform, does not only suggest dissociation
of the solid chelate into single units containing copper(II)
atoms with coordination numbers of four, in the latter
solvents, but indicates, either,

(a) solvent interaction with copper(II)(sealen)
in pyridine,

or

(b) an unchanged dimeric structure for the complex

in this solvent.
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However, by analogy with s0lid copper acetate, ihieh is !
known to be dimeric in the molid state(95)(96) 1 ¢ £ouna o |
dissociate in pyridine, but not in ethanol or dioxsn K
solutiona,(97) it seems likely that solvent interaction with
copper(II)(salen) in pyridine does occur, producing a weak—
field octahedral structure in solution.‘[cf. cobalt(II)(nalenﬂ.
Therefore, the observed slow but measureable copper(1I)

exchange in this chelate, involving second order kineties,(S)
and a suggested bimolecular rate determining step,(za) n&y

be explained on the basis of forming a séven coordinated
transition state, from an initial weak-field octahedral
structure, involving a loss of C.F.S.E. of 1.07 Dq.(z)

The predicted order of the ratee of reaction, and those observed
in the metal exchanges, may be summarized as follows in

Table III, p.5l1.
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Table III

The rates of metal exchsnge in nickel(II), cepper(II) and
cobalt(Il) (selen) cemplexes in pyridine.

Predicted

Cemplex Mechanism Observed Ref. rate oen C.F.S.E. AB,

rgte calculatiens '
Nickel(II) 10.42bq
(square planar) Sgl negligible {41) glew 6.28Dq
weak field 8.2 negligible 41; slev 4.26Dq
ectahedral  Spl  negligibtle (41 slov 2.00Dq
Cepper(II) slew
weak field 852 but (5) slew 1.07Dq
octahedral measurable
Cebalt(II)
wesk field 852 rapid (6) rapid ~2.56D
ectahedral

The values of AEa have been tzken frem the calculatiens
made by Basele and Pearson(z)(za)

Seme cerrelatien between the ebserved rates ef
exchange and these predicted en the basis of theeretical
calculations, using the electrestatic appreach, can be seen te
exist for these essentislly cevalently bended (salen) chelates.
The r esults of Table IV shew that the ease of replacement is
net gelely a function ef the metal ion, but may depend
gtrengly upen the actusl rerlacing species.
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(11) The effect of the type of nickel salt upon

the rate of replacement.

The results of replacement experiments with
cobalt(II)(salen), using different nickel salts, show that
the order of the rates of replacement is nickel acetate
(anhydrous) ) nickel acetate (tetrahydrate) and nickel
perchlorate (dihydrate).

The data for these experiments is given in Table IV,

The slower rate exhibited in the perchlorate substitution
compared with the anhydrous acetate replacement, may be
due to the formation of a different nickel(II) species in
solution.

No data is available relating to the dissociation
constant(s) of nickel acetate in pyridine [8(25°C) - 12.0(98‘9]
however ion-exchange and potentiometriec investigations of
nickel acetate in aqueous solution have indicated the existence
of both (HiOAo::)"'!1 and Ni(OAc)2 species in solution at
[Aco']é 0.%(99) However, E.M.F, measurements made by
other uorkers,(loo) have indicated that the first stage of
dissociation of nickel acetate, in water, is complete.

The d issociation constant of nickel oxalate in water at 25%

is given &8 Kg; . nongt.= 0°05 X 104 (101)

Purther, the dissociation constants of a number of inorganic
and organic salts in pyridine have been 1isted.(98b) These

have values ranging from Kdisaconst.’ 1lx 10"3 -1 x.lO-s.
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The replacement of cobelt®®(II) ions from cobalt®C(II)(selen) by

nickel(II) ions

r = 25.0 £ 0.1%

Salt

acetate
(tetrahydrate)

erchlorate
?dihydrate)

acetate
(anhydrous)

-i
Conen.in moles [

+2 Activit
§i"“]= [complex] counts/300secs.,

[comprex][*%co] *2

2.6 x 1070 M

2.6 x 10~7 M

2.6 x 10~

Solvent = pyridine

see Table II.

6280
5197
4963
4090
2945
3444
3567
4160
3241
3588

3197
2559

1182
1431
1725
1937
2575
3433
4393
4953
4212
4946

2742
4316

Reaction
time
(hours)

0.07
0.18
0.50
1.00
2.50
4.00
5.50
7.60
9.00
10.00

0.25
0.50

%

Replace
ment

15
22

32
47

55
54
57

46
63
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3alt Conen.in moles ' Activity Reaction %
- [Ri*2= [complex] counts/300secs. (h%'?'g) R_&n:?“
Ypomplex“'_‘om] F *2
{enbydrous) 2.6 x10™° M 1878 6378 1.00 i
1015 6385 3%.00 87
984 8111 4,50 89
851 T439 6.50 90
785 6970 8.00 0
?Ziﬁg‘éﬁm) 1.3x1070 M 2621 984 0.25 27
2927 2042 0.50 41
1928 2587 1.00 57
1173 2980 2.00 T2
85% 4261 4.25 83
598 4468 6.00 88
497 4037 9.00 89

(i) % Replacemente have been calculated in a similar

manner to those given in Table Il.
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It would appear thet nickel acetate in pyridine at the
concenirations used in the replacement experiments
(1.3 =2.6 x 10~ M), would at least exist to some degree as the
free solvated nickel(II) ion in solution.

Ni(clo4)2pyr6 has been isolated,(loa) and presumably
Hi(pyr)4 % exists in solution to some extent. Conductance
experiments on nickel perchlorate dihydrate in pyridine,(loB)
indicate that the degree of dissocistion of nickel perchlorate
in this solvent is of the same magnitude 28 that in furfural
(ezooc = 41.9(104)), which was found to be an excellent
ioniging solvent for transition metal perchlorates.
During substitution studies a white precipitate of (pyr 30104)
vas slowly precipitated, which implied the formation of a
hydroxide ion in solution, which may form an ion such as
(F1 OH pyr)*
Such an anion participating in a substitution reaction would
require great reorganization of its attached groups, particularly
the hydroxide group, than would 2 single ion bearing only
solvent molecules, and hence a slgwer rsale of substitution
mey be expected.

The exact nature of the species present in the
hydrated acetate replacement is in doubt, however it ies not
unreasonable to suggest a similar hydroxy pyridinated nickel(II)
ion as above.

The similarity in the initial retem of replacement, using the

hydrated acetate and perchlorate salts tends to support this
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assumption, although the equilibrium positions abserved in

both of these experiments were widely different. [58% perchloraxc
(dihydrate) and 78% acetate (tetrahydrateﬂ. A complete
examination of the solid formed during the hydrated perchlorate
replacement was not attempted. Some addition product
[Ni(0104)2pyr6] may have been precipitated, thereby decreasing
the amount of nickel(II) available for substitution.

However, the results do show the variation in the
rate of substitution with the nature of the nickel salt used.
This may be expected if the rate determining step of the
reaction depended upon the nature of the nickel(II) species
in solution, as well as the cobalt(II) complex. Such
evidence further supports z bimolecular rate determining
step for these replacement reactions.

A similar dependence on the rate of substitution
with the type of copper salt used has been shown %o exist
in the reaction involving the replacement of nickel(II)
by copper(II) in nickel(II)(salen). The results of these

experiments sre given in the following chapter,



METAL REPLACEMENT REACTIORS WITH

N ,N'-ethylenebis(salicylideneiminate)nickel(II).
[nickel(II)(sslen)).
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The reactien between cepper(Il) iens and nickel(II)
(salen) has been studied in varieus non-aqueeus selvents.
The everall reactien may be representéd by the general
equatien,

cu*? 4+  Ni(1I)(salen) - Cu(II)(salen) + Ni*2

The ceurse of the reactien was fellewed by taking samples

of reaction mixtures at varieus time intervals, and messuring
the cencentratien ef unreacted copper(II) iens, in each

sample,

A celerimetric methed ef analysis was used which invelved

the reduction ef cepper(II) te cepper(I) iens, then develep~
nment of the vielet cepper(I) cemplex with 2,2'-Diquinelyl.(105)
A mere detailed description ef the experimentsl precedures
used in the cele rimetric determinations 1s given in the
EXPERIMENTAL sectien,

The varieus facters which have been shown te
influence the rates of reaction will be discussed under the
fellowing headings viz.,

A. 'The effect of the type of cepper(Il) salt
used, tegether with the effects of added salts and water.

| B. The effect of varying the selvent.
The fellewing sections present and discuss the experimental
results ebtained frem the studies.

Measurements were made of the initiel rates of

reaction, in erder te aveid difficulties which arose as the
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reacti@ﬁs preceeded, due te the increased velecity ef the
back replacement reactien ef nickel(II) iens with cepper(II)
(sslen), er any side reactiens.
The retes were oebtained frem graphs of cepper(II) cencentratiens
(mole l'l) versus time (4t in hours). The slopee eof the
tangents te these curves at =0, being taken as the initial
rates of disappearance of cepper(II) iens frem the systems.
The upper and lower limits set for the rates of reactien,
represent the graphical errers invelved in ebtaining the slepes
from the rate curves, at t«fi Similarly, the upper and lewer
limits given fer the rate censtants and other phyeical values,
represent the errers invelved in graphical precedures.

The kinetics ef the replacement reactions between
cepper{II) iens and nickel(II)(salen), in methyl celleselve
and ethyl slcehel, have been examined. The results are
included in this chapter.

Reprecentative tables ef replacement experiments

and rate grephs asre given threugheut the fellewing sectiens.
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A. The effect ef type of cepper(II) salt etc., upen

the initial rate of replacement.

The reactiens ef three cepper(II) salts with
nickel(II)(salen) were studied viz., cepper(II) perchlerate
(hexshydrate), cepper(II) scetate (monohydrate) and anhydreus
copper(Il) chleride. |
These reactieons were feund te preceed at cenvenient rates
for messurement at 60 - 70%°C, in 2-methexy ethanel (methyl
celleselve), st cencentratiens used in the replacement
experiments., This selvent was chesen as the reaction medium
because it was an excellent selvent for all the reactants, 1t
pessessed a high beiling peint (124.5.0)5106) and was
chemically steble. *07) Purther, Hall and Willeford used
the selvent when examining the metal exchange reaction ef
nickel(II) iens with nickel(II)(salen).(4%)

Table V presents the experimental results ebtained
from the replacement experiments using the abeve three
cepper(II) salts.

The calculated rates have been summarized in Table VI.

Upen examinatien of Table VI, the initial rates ef disappesar-
ance of cepper(II) iens may be seen te depend strengly upen
the type of cepper(II) sslt used. The initial rates

jnecrease in the order, acetate (manehydrate) <:chloride

< perchlerate (hexahydrate).
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Table V

ce

er{JI) ions im

N,N'—ethylenebis(salicylideneiminate)nickel(II).

Selvent: 2-methexy ethamel

Salt

(1)
0.598
0.542
0.502
0.427
0.366
0.299
0.050
0.020

0.692
0.632
0.610
0.538
0.515
0.482
0.451
0.422
0.367

(2)

0.00118
0.00107
0.00099
0.00085
0.00073
0.00059
0.00009
0.00004

0.00119
0.00109

0.00105

0.00093
0.00089
0.00083
0.00078
0.00073
0.00064

(3

0,00012
0.00023
0.00031
0.00045
0.00057
0.00071
0.00121
0.00126

0.00011
0.00021
0.00025
0.00037
0.00041
0.00047
0.00052
0.00057
0.00066

? =« 70.0 ¥ 0.1%

Time t
hre

0.10
0.20
0.30
0.50
0.70
1.00
10.00
24.00

0.20
0.40
C.50
0.80
1.00
1.2
1.50
1.80

fae)
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Table ¥ (centd.)

Salt (1) (2) (3) %

Cn(GH3GOO)2320 0.773 0.00255 0.00005 0.16
0.764 0.00252 0.00008 0.20
0.7%2 0.00249 0.00011 0.3
0.737 0.00244 0.00016 0.50
0.720 0.00238 0.00022 0.80
0.710 0.0023% 0.00025 )..00
0.697 0.00231 0.00029 1.40
0.690 0.00228 0.00032 2.00
0.295 0.00093 0.00167 %g:%}

Legend fer Table Y.

Cencentratien (a) ef reacting species afier mixing in mele 11,
[Cu(II)ss1t]= [K1 (salen)]= (=)
Per: Cu(Cl0,),.6H,0 and CuCl, = 1.30 x 103
Cu(CH,00) 5.H0 = 2.60 x 10™n.
(1) Optical density ef extracted Cu(I)2,2'-Diquinelyl.
(2) Cepper(II) cencentratisn remaining at time t in mele 11
- {& - X).

(3) Cencentratien ef Gepper(II) iens reacted safter time t = (x]
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e

(i) The optical density of the selutiene centaining
the Cu(I)2,2'-Diquinelyl cemplex gave a direct measure of the
concentretiens ef free c0pper(II) iens, after time §,
Stendard cepper(II) selutiens were prepared fer each subgtitutien
experiment and were subjected to the same extraction precedures
as the samples taken frem the reactien mixtures. (see EXPERIMINTAL).
Using graphs ef cepper cencentratien (mele l'l) versus eptical
density, at a fixed wave length, the concentratiens of free
cepper(II) iens in the reactien mixtures ceuld be ebtained.

(i1) The rate curves obiained frem plets of x versus ¢

are shewn in Pigs.III, a,b, and ¢, for these experiments.

Table VI

Initisl Rates of Replacement of nickel(II) ions frem nickel(II)

(s2len) by cepper(II), in methyl celleselve.
* = 70.0 £ 0.1%.

Salt Concns.(a) Equilibrium Rate
0of reactafis posifion R.107(sec'lmolel
in mele 1
CuCl0,.68,0  1.30 x 107K > 97% 3.8 £ 0.1
CuCl, 1.30 x 10™M 50% 1.8 £ 0.05
Cu(CH,C00)H,0  2.60 x 107N 64% ~ 1.3%0.05

THE REASON FOR THE DIFFERENCES IN THE INITIAL RATES
BETWEEN THE REACTIONS INVOLVIRG DIFFERENT COPPER SALTS, MAY BE
DUE TO THE VARYING ABILITIES OF THE ANIONS, IN THESE SALTS, TO



X, 10‘ moles / litre

'3
moles / litre

x.10°

X .10‘ moles/ litre

The reaction between Cepper(II) salts and
nickel(II)(salen), in methyl cellosolve, at 70°C
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COMPLEX WITH FRFE COPPER(II) IONS OR NICKEL(II)(SALEN),
THUS PRODUCING SPECIES, OTHER THAN SOLVATED COPPER(II) IONS
AND TETRACOORDINATED NICKEL{II) CHELATE MOLECULES, WHICH
CAN TAKE PART IN THE REPLACEMENT REACTIONS, AT DIFPERENT
RATES.

It is relevant te review the evidence for inter-
action of anienz er solvent melecules, with square planar
nickel(II) derivatives, and cepper(II) iems.

(1) The behavieur of nickel(JI) cemplexes, in
selutien.-

As discussed en p.48, spectral and magnetic
evidence suggests the existence of a dismagnetic structure
for nickel(II)(salen), in pyridine.(87)(83) Further, Hsall
and Willeferd feund ne spectrsl evidence te suppert pessibie.
selvent interactien of the chelate with methyl cellesolve.(41)

Meller and his coworkers,(lga)(log)

upen the -
exsminatisn ef a number of tetraceerdinated nickel(II)
complexes,a feund a cerrelation between the magnetic memente
of seme of these cempsunds, and their ebserptien spectra,

in selutien, They feund that diamagnetic cempeunds had an
abserptien spectrum dissimilar te that ef the free chelating
base, with a streng abserption bsand occurring at abeut

4000 2. BHowever, these complexes paramagnetic in the selid

8 tetraceerdinated in the selid state.
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state, shewed an abserptien spectrum similar te that ef the
free base.

The spectrum ef nickel(II){salen) in selutien, is
characteristic of a diamagnetic chelate, en this basis.(87)
Purther werk emabled Willis and Mellor(as) te explain several
impertaent exceptiens te the cerrclatien previeusly drawn.

They pestulated fer various nickel(II) cemplexes that equilibriw
existed between planar and ectahedral ferms ef the cemplexes,
in pyridine, and between planar and tetrahedral forms ef the
complexes in chlereferm eg. bie(salicylaldeximate)nickel(II).

Clark and 0de11(87) upen examinatien ef the visible
abserptien spectra of six nickel(II) chelates, in selutien,
feund the existence ef a2 temperature dependent equilibria
between diamegnetic and paramagnetic ferms ef N,N'-l,2,-phenyl-
enebis(sslicylideneiminate)nickel(II)® and bis(salicylald-
jninate)nickel(II) in pyridine and bis(N-methylsalicylidene-
iminate)nickel(II) in slcehel and diexan, They prepesed the
formatiens ef parsmagnetic diselvate adducts fer these
cempeunds te explain their spectral and magnetic characteristics,
but declined te cemment en the cenfiguration ef bis(N-methyl-
galicylideneiminate)nickel(II) in chlereferm and methyl-
bengene, where although selutien spectral evidence was

characteristic ef a diamagnetic structure, magnetic measurements

2 nickel{II) (salephen).
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indicated the existence of a temperature independent dis~
magnetic-paramagnetic equilibria,

Clark and Odell cencluded thet ne change in the
magnetic mement er abserptien spectrum ef nickel(II)(szlen)
in either methanel er pyridine eccurred, altheugh a small
bathechromic displacement in the pesitien ef 4000 2 band wae
found in pyridine, cempared with methanel., Hewever, the
authers chese te ignere this and prepesed a'3d4s4p2 square
planar cenfigurstien fer the cemplex, in beth ef these
selvents.

Basele and Matoush(sg) cencluded frem studies en
the magnetic mement ef diamsgnetic bis~(fermylcempher)-ethyl-
enediimine nickel(II),a in a number of methylbenzenes, that the
paramagnetiem exhibited in selutien was net due te the
fermation of tetrshedral nickel(IX) cempeunde.

Sacceni, Paeletti and Del Re,(llo)

upen the
exaninatien eof the magnetic, spectrephetemetric and electren
mement preperties of seme (N-alkylsalicylideneiminate)nickel(II)
chelates in varieus "nen-ceerdinating" selvents eg. benzene,
and upen examination ef the dipele mements eof these chelates

in the melten state; prepesed the existence of trans, planar
"euter-erbital™ (4B4p24d)(111)(112) structures te account

fer the paramagnetism ebserved in selutien, or upen melting.

= diamagnetic in the selid steate,
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Clark and O’Brien(llB) upon a spectral examinationm
of (N-methylsalicylideneiminato)nickel(II), in a mumber of
solvents, proposed the formatiom of,
(a) a tetragonal dipyridine adduct,
(b) a temperature dependent equilibria detween z

dismagnetic plamar and a paramagnetic, tetragonal

configuration, in alcohol,
(¢) & temperature independent equilibria between

paranagnetic tetrahedral and square planar config-

urations in benzene and chloroform.
Hak1(114) and Ballhausen and Liehr(lls) have rec-
ently discussed the spectra and magnetic properties of
nickel(II) complexes, using both theoretical considerations

based on Ligand Field calculetions and experimental spectra. -

These workers proposed, independently, that it was possible
to assign squere planar configurations o paramagnetic
Hickel(II) compounds, and further, that no teirahedrsl
model was consistent with both the spectral and magnetic
properties of nickel(II) complexes.

Ballhausen and Lishr(llS) calculated that parsmagnetic
nickel(II) complexes should show mo crystal-field bamds in
the visible and infra-red regioms,

The spectra of paramagnetic nickel(II) chelate compounds,
obtained by Hellor(los)(log) did not show such bands in the
visible region. However, nickel(II)(salen) has & maximum
band in the regiom of 4000 3, of considerable»1ntensityg87)
In fact, Haki(114) has calculated the theoretical spectrum
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ef nickel(II)(salen) sssuming ne selvent interactien, and
feund that the theeretical ealculatien was in geed sgreement
with the spectrum feund by experiment,

The effects of a variety ef selvents upen the
vigible and ultravielet abserptien spectra of (Pt014)'2 and
(PtBr4)'z led Harris, Livingstene and Reece(116) te prepese
the £ ellewing series ef decreasing ceeordinating abilities eof
the selvents, with the cemplexes, viz., H0 >GH3CN >CE3OH Y
(CH;) ,C0 )CH5NO,, ) (CH5C0) 0 > CHNH .

In additien, shifts in the wavelength ef the 4000 L vand of
xzrtc14 in verieus selvents, led Pearsen,Gray and 353010(74)
te prepese varying degrees of selvent interaction fer this
complex, depending upen the magnitude of the wavelength shift.

It has been prepesed that nickel(II)(sszlen), in
selutien, remainse essentially & square planar molecule.(87}
Hewever, in view of the receént suggestien by Waters and
Hall,(go) that the cemplex becemes selvated in pyridine, but
maintaine its diamagnetic electrenic cenfiguratiem, the
abserption spectrum ef the cemplex, in solvents ef varying
ceerdinating 2bilities was measured, in anattempt te disclese
the true cenfiguratiens, in such media.

These results are given in Table VII p.69.
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Table VI

The effects of different selvents upen the pogition and intensity
of the 4000 % band ef nickel(II)(sslen).

Cencn. of[ﬂi(ll)(aaleni}w 1.04 x 10'4H Temperature = 20%

Selvent Position of Optical density Popitien @
max.band in X e il
___'in o 8 (87)
Pyridine 4170 0.720 4140
Acetenitrile 4115 0.665 net emamined
Diexan 4105 0.639 '
Methyl cellecelve 4100 0.668 o
Ethyl alcehel 4100 0.637 L
Methyl alcehel net examined - 4020

Clark and O'Brien(ll3) characterized a similar band
sreund 4000 %, feund in the spectrum ef bis{R-methylsslicylidene-
iminate)nickel(II) in varieus selvents, as being due te electrenic
transitions within the cenjugated system centaining the nickel-
ligand btends.

Therefere, if selvent er anien interactien with nickel(II)(szlen)
eccurs, threugh ceerdinstion with the nickel(II) ien, it may

be expected that the 4000 ® vand sheuld shew seme change in the
pesitien and/er intensity ef abserptien. Cenversely, if ne
change in the pesitien and/er intensity eof the maximum band is

ebserved, it msy be expected that selvent snd anien interactien
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with the cemplex weuld be nen-existent er se very wesk am
te maiﬁtain the crystal-field of a diamagnetic, tetraceerd-
inated cemplex, in selutien.
The spectrum of nickel(II)(salen) in pyridine, chews a small
bathechremic shift in the pesitien ef the 4000 £ band,
cempared te the wavelength in ether selvente. (Table VII)
Clsrk and Odell,(BT) ebtained a similar bathechremic displace-
ment. (Table VII).
Hewever, the small shift in wavelength and intensity ef
sbserption of the maximum band ef nickel(II)(salen) in
pyridine; cempared with the cemplete change in the spectrum
of nickel(II)(salephen) in pyridine, cempared te ether sel-
vents (Table VIII p. Ti.), afferds evidence fer the existence
of an essentially diamagnetic, tetraceerdinated structure,
fer the fermer cempeund, in all of the selvents examined,
Nickel(II)(salsphen) in pyridine, is knewn te be paramagnetic(ag)
and hess therefere been censidered te have an ectahedral
cenfiguratien due te the attachment ef twe pyridine melecules.
The difference between the spectrum ef this nickel(II)
chelate in pyridine and other selvents, is mest marked.

{Table VIIX p.T71).
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Table T

The effects of different selvenis upen the spectrum ef

nickel(II){sslephen).

Cencn. of[ﬁi(II)(sal!phen)]- 4,00 x 10™7n Tempernfure = 20%

Selvent Positiens of Positiens ef .,
max.bands (!) mex.bands in !

Pyridine 3500,3850,4150,4475. (4) 3840,4450 (enly twe
reperted.)

Acetonitrile 3790,4825 (2) net examined

Diexan 3820,4900 (2) net examined

Methyl celleselve 3785,4775 {2) net examined

Methyl alcehel net examined (<) 3720,4700

The d ifference between the spectrum ef nickel(II)(salephen) in
pyridine, andether selvents, dees net necessarily mean that a
change in cenfiguratien fer this cemplex dees net sccur upen
disselving it in ether media., However, it may be taken as
evidence fer less selvent—cemplex interactien in these other
weaker ceerdinating solvents.

Therefere, altheugh the spectiral evidence supperts the existence
of a diamagnetic, presumably square planar melecule fer nickel(II)
(selen) in methyl celleselve, the small change in wavelength

and intensity ef maximum sbserption feund fer the cemplex in

pyridine cempared te ether gelvents, may be significant.
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Such a change in the wavelength ef maximum abserptien,which
is eutside experimental errer, may be taken as indicative eof
at leacst weak pyridine-cemplex interactien.
In additien, if crystel-field calculatiens can be applied
with any certainty te the subsftituiien reactions ef nickel(1I)
ccmplexes,(z)(zg) upen the weakening ef ene metsl-ligand
bend, prier te disseociatien ef tue cemplex, selvent-chelate
interaction may be expected te increase, and in se deing
pessibly facilitate in the disseciation of a ligand.
Such a2 hypethesis cannet be cempletely ignered, even when
censidering the replacement reactiens in methyl celleselve,
whieh is expected te be a wesker ceerdinating agent than
pyridine,

The suggestien by Waters and Hall(go) that
nickel(II)(salen) is selvated in selutien, may be cerrect.
It is difficult te predict the magnitude ef the change in the
spectrum ef dismsgnetic, square planar eemplexes,a upen
discelving them in different selventa. If the change in
coordinatien number is accempanied by a change in the magnetic
moment of the cemplex, it may be expected that & complete
change in the gpectrum weuld eccur, as is the case with

nickel(II)(salephen), Hewever, nickel(II)(eslen) is knewn

% se1id chelate.
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te be dismagnetic in pyridine solution.(m'ag) Therefore,
the small change in the spectrum, feund in pyridine, may
be evidence feor the existence eof a tetragenal cenfiguratien
or weak selvent—cemplex interaction, in selutien.

The spectrum ef nickel(II)(szlen) in methyl celleselve,
in the preéence of excess perchlerate, acetate and chleride
iens has been examined.
The r esults of these spectral investigatiens are given in
Table IX.

Table IX
The effects of added aniens upen the positien and intensity

of the 4000 & band’ of nickel(II)(sslen), in methyl celleselve.

Temperature = 20%¢

Added salt cencn,ef concn.of esn.ef Qgti%
added salt [nickel(ii)chelatel max.band dens:
in mele 11 in mele 1-1 in 2
1.30 x 10~ %M 4100 0.880
sedium acetate 1.3 x 10”2 1.30 x 10™%m 4100 0.860
(anhydreus)
codium chleride  1.30 x 10~2@  1.30 x 107 4100 0.855
(anhydraus)
magnesium perchlerate _n _ ,
(enhydrous 1.30 x 10~ 1.30 x 10™M 4100 0.860

The same wavelength and intensity ef maximum abserptien,
within experimental errer, are found fer the cemplex, in the
presence of these aniens. Such results indicate that anien

interaction with the feur—ceordinated nickel(II) cemplex,
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in:;solution, is nen-existent er very wesak.

| Therefore, the results of the spectral investiigatiens
of nickel(II)(salen), in varieus selvents and in the presence
of excess aniens, indicate that this cemplex shews a character-
istic spectrum indicative of = diamagnetic, square planar er

weakly tetragenal structure, in selutien.

(11) fThe types of cepper(II) species in selutienm.

In erder te prepese a mechanism(s) ef reactien it
is necessary te obtain infermation sbout the nature ef the
reactant species, in selutien,

In the present werk the spectra of copper(II) sslts in varieus
erganic selvents have been cempared with the spectrum ef the
aquated cepper(II) iens, in erder te obltain infermatien

abeut the types ef cepper(II) species existing in the varieus
selvents.

Hewever, it is necessary that the interpretations ef the
spectral changes feund upen examinatien ef the abserptien
spectra ef varieus transitien metal(II) salts, in erganic
selvente, be treated with care.

(1) Hydrzted cepper(II) selte have been used in
many ef the replacement reactiens discussed in this thesis,
and further it cennet be assumed that nermel purificatien
techniques will remove 211 the water frem the selvents used.
Therefere, it is prebable that in many cases the concentratien

of water in the selvents empleyed may exceed the concentratiens
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of the resctants used in the experiments. These latter
cencentratiens are of the erder of 1.0 x 10~ M.

J¥rgensen and Bjerrum(ll7)(lls) have attributed changes in

the spectra ef needymium chleride and cebalt(II) nitrate in
aqueous—alcehel mixtures, te the replacement ef alcohel selvate
melecules by water melecules.

In fact, fhe consecutive formatien censtants ef aque-needymium
ions in alcehelic selutiens have been calculated, assuming
such a hypethesis, Therefere, in the systeme examined by

the present auther, it may be expected that cempetitien
beiween water and selvent melecules fer reaction with the
metal iens, weuld eccur,

(2) Per hydrated salts and snhydrous salts,
aute—cemplex fermatien may alse eccur, giving rise te cemplex
aniens centaining the metal, in selutien.

In this respect, Katzin and coworkers,(llg)(lzo) have
attributed the changes in the abseorptien spectra eof seme

metal salts in various non—aque;us selvents and water-alcehel
mixtures as being due te cation-anien interactiens ie. cemplex-
~ien fermaticna and net necessarily selvent replacements.
J¥rgensen and ﬁjerrum(lal)dhave replied by prepesing that

anien effects may be superimpesed upen selivent replacement
effects,

Beczuse of a lack ef dats relating te the dissec—
iatien and asseciatien constants of teansitien metal(II)

salts, in erganic selvents, the cemparisen ef rate data with
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the types of cepper(II) species in selutlien, has preven
difficult.

However, the fellewing sections atiempt te cerrelate the rates
of replacement with the types of cepper(II)} species, in
selutien, using data derived froem spectral and cenductivity
investigatioens,

(a) Cepper(II) perchlerate (hexshydrate) in met
celleselve.

The replacement ef nickel(II) frem nickel(II)(salen)
using cepper(Il1) perchlerate (hexshydrate) was found te
preceed almost te completien (97% at equilibrium) at 70%C
(Table V p.6l.)

Thig indicates a large negative standard free energy change

in passing frem the less stable nickel(II)(salen) te the mere
stable cepper(II)(salen), end supperte the existence of
coepper(II) species, in selutien, capable ef undergeing slmest
quantitative replacement with the nickel cemplex.

In =dditien, the reactien mixtures at equilibrium are celeured
vielet; the celeur alse given by selid cepper(II)(=salen)
dissevlied in methyl celleselve.

VWaters and Hall(go) censider that vielet selutioens sre given
by cepper(II)(salen) and similar cempeunds, in nen-ceerdinating
selvents, and that the celeur is indicative of feur ceerdinx—-

tien in solution eof such cempeunds.



17

1. Kinetics of the reactiens between cepper(II) perchler-
ate (hexahxdrate! and nickel!II}jsalen! in methyl celleselve.

In an attempt te discever the pessible reactien
mechanism(s) fer this replacement resctien, the reactien erder
with respect te each reactant was measured.

The rate expressien fer this reactien may be written thus:
R=k [cu*?] ¥ [Ri(11)(salen)]?

where x represents the dependence of the rate en the cepper(1I)
cencentratien, and y the dependence of the rate en the
nickel(II)(salen) cencentratien.

¥Writing the ssme expressien in legarithmic ferm,
log R = legk + x leg[cu*?] + 3 leg [N4(II)(salen)]

Since k is a censtant at censtant temperature, x can be
evaluated frem the slepe eof a plet of log[bd*z] versus
leg R in a series of experimentis in which the cencentratien
of the nickel(II) complex is kept censtant. y can then be
evelusted in a cerresponding manner by plotting leg [Hi(II)
(salenﬂ versug leg R and measuring the slepe of the line.
Tsbles X and XI {p.T79) give the results ef such experiments,
while Pigs. IV and V shew the graphical dependence of the
rates with the cencentratien eof copper(Il) perchlerate and
nickel(II){sslen), respectively.

Upen examination of Fig.IV, it mey be seen that
the line jeining the peints 4,5 and 6 (see Table X) has a
slepe of appreximately 1, indicating first-erder dependence
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of the reactien en the cencentratien ef cepper(II) perchlerate

(hexahydrate), belew 1,30 x 10-55.

However, peints 1,2 and 3 (see Table X) lie in a straight line

of slepe = 0O, indicating that at these higher cencentratiens

of copper{II) perchlerate, the reactien rate is independent

of the cencentratien eof the cepper(II) species, in selutien.
Fig.V shews the result ef the dependence of the

rate ef replacement upen the cencentration ef Ki(II)(salen) .

A line of slope = 1 appeers en each figure for cemparisen with

the slepe of the experimentsal curves. The reactien appears

first-erder with respect te the cencentratien ef the nickel(II)

cemplex, over the concentratien range examined,

[7.80 x 1077 - 6.50 x 10~ Ni(II)(salen)].

The change in the slepe in Pig.IV veuld seem te be directly

related te the changing nature et the cepper(IlI) species in

selutien, with cencentratien.
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Table X

'
Dependence of the Initiel Rate of Replacement en the cencentrat-
ijen of Cepper(II) perchlerate (hexahydrate).

concn.[CuSII)

galt] in mele 171

1.
2,
3.
4.

5.

5.20
3.90
2.60
1.30
0.98

0.65

X

X

h-4

X

p &

10™°%
1077m
10778
10K
10™x
10~ n

Selvent: methyl celleselve

Cencn. ﬂ Rate
1eg [ou*?] R.107 lez B
in mele 1 hra'lmale -1

—2.284 1.3 x 10°°M 2.61 - 2,583
~2.409 1.3 x 107N 2.72 - 2.565
-2.584 1.%0 x 10™°M 2,70 - 2,568
-2.886 1.3 x 1077 2.12 - 2.674
~3.011  1.30 x 107K 1.56 - 2.808
~3.187 1.30 x 107K 1.06 - 2.975
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Dependence of the Initisl Raste of Replscement en the cencen-

tratien of nickel(II)(salen).

?-T1.1 % 0.1%

Cencn, [Ni II)
Illllﬂﬂl

meles 1 1

7.80 x 10™M
5.20 x 107 M
2.60 x 107K
1.30 x 107K

0.65 x 10”°X

loglNi(II)
gglen

-2.108
~2.284
~-2,584
-2.886

"'3-187

Selvent: methyl celleselve.

Cencn
ﬁ—
meles 1 1
1.30 x 10™N
1.30 x 10°°m
1.30 x 107N
1.%0 x 10™7n
1.30 x 10~°M

Rate
R.10°
hrs'Imple 1™

9.80
7.10
4.61
2.12

0.80

isg R

-2.009
-2.149
~2.3356
-2.6T4

=3.097



Kinetics of the replascement in methyl cellosolve at 71.1%

-3400
FIG. IV
-3-000
—
v
=]
(&)
—J
S -2600 o3
— — — — THEORETICAL LINE
0|2 SLOPE = 1
1
-2:200
1 | 1 | 1
-2500 -2600 —-2-700 -2-800 -2900 -3000
Log R
-3-300
-3100 |
—2:900
—
T
s
]
2|
= L _ - — —— THEORETICAL LINE
4 P SLOPE = 1
J i -
-~
-2100/°” =
~
L L z L | L | 1 L1
-2.000 -2200 — 2400 -2:6C0 -2:800 -3-000

Log R



gl

2. The type of cepper(II) species formed upen disselving

copper(II erchlerate (hex drate in methyl celleselve.

Trensitien metal perchlerates are knewn te disseciate
almest cempletely in vater,(gsc) hewever in erder te determine
the type(s) of cepper(II) species ebtained en disselving
cepper{II) perchlerate (hexahydrate) in methyl celloselve,
the ultravielet abserptien spectrum ef this selutien was
examined,

Cepper(II) perchlerate(éﬂzp) in water sbeerbs strengly at
wavelengths belew 2100 £. The band is theught te be due

te the nen-asceciated cepper(II) 1‘n.(98c)

Hewever, the ultravislet abserptien spectra ef cepper(II)
perchlerate (hexahydrate) in methyl celleselve, shews a bread
maximum band in the regien 2200 -~ 2400 x, the wavelength and
intensity of maximum abserptien depending strengly upen the
temperature of the selutien. The results of these spectral
investigatiens are given in Tsble XII, p.82.

Ne infermatien is available on the disseciatien
cenctants ef transitien metal(II) perchlerates in Srganic
selvents, hewever Agclo4 and[kn—c4ﬂg)4]ﬂ.0104 have disseciatien
censtants ef 1.91 x 10~°, (pyridine €59 = 12.0) snd
9.58 x.10'3(acetone €500 = 20.4), respectively.(gab). These
figures indicate & censiderable degree ef asseciatien,

pescibly ien-pair fermatien, fer these salts in pyridine and

acetene,
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Table XTI

The wevelength and intensity eof meaximum sbserptien ef
in methyl celleselve.

copper{Il

(1)
1,% x 10~
1.04 x 10~
0.98 x 107N
0.65 x 10K
0.33 x 107
0.26 x 10™M

1.30 x 10™M
1.04 x 10~°K
0.98 x 10~M
0.65 x 107K
 0.33 x 107N

erchlerate (he

(2)

2320 -~ T0
2330 - 80
2330 -~ 80
2530 - 70
2330 - 80
2330 - 80

2250 - 90
2250 - 90
2250 - 90
2250 - 90
2250 - 90

drate

(3)
1.990
1.805
1.760
1.374
0.760
0.639

1.486
1.260
1.190

0.464

Iemperature

Reen temp.

? - 67.0 £ 0.5%

1.3 x 10~ Cepper(IIl) perchlerate {hexshydrate) in

water shews ne maximum abserptien band im the regien
2100 — 2400 8.
The eptical density ef the selutiem at 2100 4 = 1,316,



Legend fer Table XII

(1) Cencentratien of[cd*z] in mele 171,
(2) ¥Wavelength & of mazimum ebserptiea.
{3) Optical density.
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If, as suggested, the abserptien band cerrespending te the
nen-asseciated cepper(ll) ien, eccurs at wavelengths belew
2100 2 (98e), the bresad maximum ebserved in the spectrum ef
cepper(II) perchlerate in methyl celleselve in the r egien
2200 - 2400 R, may be teken as indicative ef the presence of
a2 different species te that feund in water.

Ien-pair asseciatien ie, (cn0104)+1, may be expected te

exist even at 70.0, in this selvent of relatively low dielectric
censtant, (825‘6 = 15.96)(122), altheugh such asseciatien may

be expected te be less than at reem temperature.(gsc)
Purther, the failure te obey Beer's Law, ever the cencentratien
range examined, tends te suppert the existence ef a changing
species with di{lutien, indicative of the presence of ien-

pair disseciatien, at lewer cencentratiens.

Hewever, in this respect Jfrgenaen(lla) attributed departures
frem Beer's Law in the spectra oi seme cepper(II) salts in

the infra-red region, te the high - abserptien ef the selvent
at the wavelengths used.

Meihyl celleselve abserbs strengly in the ulira vielet regien,
therefore the failure te obey Beer's lLaw may be explained sn
this basis. Hewever, the shift in the wavelengths eof the
maximum sbserptien band, at high temperstures, tewards the

fer ultravielet (cerrespending te a shift tewards the spectrum
of Cu(6104)2.6E20 in water), and a cerrespending decrease in
the intensity ef abserptien at the maximum, may be taken as

evidence for partial disseciatien, at 70.0, of the asceciated
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species present in selutien.
Fyrther, as the @mncentratiens ef cepper(II) perchlerate
(hexahydrate) increase, it may be expected that iemn-pair
asseciation will alse increase. In fact, abeve 1,30 x 10_3!,
the reactien appesrs zere—erder with respect te cepper(II)
perchlerate, and the reaction is everall first-erder. (Fig.IV)

This may be taken as evidence fer the existence eof
kinetieally unfaveurable cepper(II) species,” abeve
1.30 x 10~ cepper(II) perchlerate (hexshydrate), such that
the r ate—determining step of the reaction may be one
invelving disseciatisn ef the cemplex,
In view of the low cencentration used in the replacement
experiment with cepper(II) perchlerate, (1.30 x 10™3n eaéh
reactant. Table V Pig.IIIa), and the temperature ef reactien,
it may be assumed that nen—asseciated cepper(II) lens are
present te seme extent, in selutien.
This suppeses the existence of free perchlerate iens in the
reactien mixtures, Hewever, the presence of such iens were
feund te have ne effect upen the spectrum of nickel(II)(salen)
in methyl celleselve. (Table IX p.73). Therefere, it must
be assumed that anien interactien with the partislly dissec~
jated nickel(II) cemplex, if such exists in selutien, will

% kinetically unfaveurable = cepper(II) species, in selutien,

which react at slewer rates than the unassoeciated cstien.
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be very small end the rate of replascement feund in this
reactien, using cepper(II) perchlerste (hexahydrate), sheuld
be little effected by the interactien of perchlerate iens
with the nickel(II) cemplex.

A series of experiments designed te cerrelate the
rate of replacement with t he types of cepper(Il) species, in
selutien, were cempleted. The results ef these are discussed

belovw.

5. The effects of added salts and water upen the
initial rate ef replacement.

The rates of reactiens between iens and neutral

melecules can fer mest purpeses, at very lew cencentratiens,
be expected te be independent ef ienic strength.(53a)
Hewever, it has been shewn that sedium chleride and sedium
perchlerate have sppesite effecis upen the zctivity ceefficient
eof Y -butyrelactene, and that these effects may be cerrelated
with the changes ebserved in the rates ef hydrelysis ef the
lactone in the presence ef these electrolytes.(lzs) But in
cases where evidence fer cemplex formatien between an lenic
reactant and added electrelyte has beea feund, the quantitative
agrecment between the rate and ienic strength may disappear.(124}
Such a lack ef cerrelatien between the rates and
jonic strengths may be expected upen the additien ef perchler-

ate salts te the reactien system under censideratien in this

thesis. Perchlerste ion additien msy be expected to increase
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ifen-pair fermatien between cepper(Il) iens and perchlerate
iens, whereby the raste ef replacemeni may be expected te
decrease, if the free selvated copper(II) ien can be assumed
the most kinetically faveurable species fer reaction. (see
later).

The results ef Table XIII(p.88) indicate that the
rates ef replacement ef nickel(II) iens decrease upen the
additien ef nickel(II) perchlorate and sedium perchlerate.

The concentratiens ef the adced salts were chosen se as te
keep an appreximate censtant ienic strength fer the twe
experiments. (see p.88.).

Hewever, the additien »f a thirty-feld excess ef sedium
perchlerate is found te decrease the initial rate ef replace-
ment to a greater extent than thet ef a ten-feold excess ef
nickel(II) perchlerate (hexahydrate).

This tends te suppert the assumption made earlier that increased
jen-asseciatien, invelving the cepper(II) species, threugh

an incresse in the cencentratien ef perchlerate iens, preduces
a speciee which is less able te underge the replacement
reaction than the simple selvated cepper(II) iens.,

The effect of added nickel(II) perchlerate may be
expected te preduce a similar effect in "binding® the cepper(II)
iens, altheugh ien-associatien may be expected te be less
beceuse of the lewer cencentratien of this salt added.

The calculated rates suppert the assumptiens although the

presence of the nickel(II) ien may be expected te increase
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Table XIII

The effects of added s2lts snd wsiter upen the initisl rates eof

replacement of nickel(II) in nickel(II)(sslen) by cepper(II) im

Added Cencn.ef

cempenent added cem—
penent_in
mele l_l

(a) = -

(b) H20 0.09%M

(¢) F1(C10,),.6H,0

0.013M
(a) NaClO4 0.039M

?]

methyl celleselve

T« 71.1 ¥ 0.1%

Cencn.ef .
each react-
ant im

mele 171

1.30 x 10™M
1.30 x 10™°K

1.30 x 10~°M
1.30 x 10™M

=[N1(11) (salen)]

Jonie
s%renggh - Rate
of seln. R.107

(sec‘lmole 1"1)
0,004 5.8%0.2
0.004 4.4 £ 0.2
0.043 4.0 £ 0.2
0.043 2.7%0.a

® #he ijenic strengths ef the selutiens have been cesleculated en

the basis ef steichiemeiric cencentrations, (= %Zcizi

2 (29a)

ie. assuming cemplete disseciatien ef all species present in

selutien.

Such an sssumptien is by ne means velid.

Hewever, altheugh the abselute values given are incerrect, such

@ methed ef calculation may cserve as a werthwhile qualitative

comparisen of ienic strengths, previding the disseciatien

censtants ef the sslts used sre of the same erder.
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the rate of the hack reactien. Hewever, cemparisens ef the
initial rates of replacement, in beth cases, limit the effect
cengiderably.

The effect of added water (Table XIII (b)) is te
decrease the rate of substitutien. Twe suggestions may be
made te explain such a decrease in the rate of replacement.

Pirst, an increase in the cencentratien ef water will
preduce a cerrespending increase in the number of free cepper(I1I)
iens te which water is wmerdinated, since it may be expected
that water is a strenger ceerdinating sgent than methyl
celleselve.
The aquated iens may react much less readily with nickel(II)
(salen), since selvent melecules must be lest frem the cepper(II)
ieng during the replacement reactien and the mere firmly held
are such melecules te the metal ien, the slower the rate of
the reactien sheuld be.

An alternative explanstien may be as fellews.

Additiensl water may increase ien-agseciatien between cepper(II)
and perchlerate iens, in & manner similar te that postulated
by Sykes(IZS) fer the interactien between ferric iens and
perchlerate iens in aqueeus selutien. Here the water melecules
facilitate the attachment ef perchlerate iens te the ferric ien.
If 2 similar reactien, between cepper(II) iene, perchlerate
ienes and water, takes place in the system cepper{II) perchlerate-
nickel(II)(selen), additienal water will increase cepper(II)

ien—-asseciatien and therefere slew the rate of replacement,
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if the free selvated cepper(II) ien can be censidered the
rmest kinetically faveurable species, fer reactien,

Thus, at the cencentratien used in the replscement
reactien between cepper(II) perchlerate (hexahydrate) and
nickel(II){salen), viz. 1.30 x 10" (Table V), it seems évident
that beth free selvated cepper(lI) iens and ien-pairs
je. (Cu0104)+1, exist in selutien.

4. Determinatien of the Energy and Entrepy ef Activatien

for the resctien between cepper(II) perchlerste (hexshydrate)
gnd nickel(II)(salen), in methyl celleselve.

The energy of activatieon fer the replacement

experiment was calculated as E'*:n 24,6 £ 1.0 Kcals/hole'l.

(see Table XIV and Pig. VIII). The rate censtants k, in

hrelmele 171

, Were evalusted at five temperatures by sssuming
the reactien te be first-erder with respect te beth the
copper(II) salt and nickel(II)(salen), at 1.30 x 10™M esch
reactant., (see Pigs IV and V. ).
The plet eof ;é; versug time (in heurs), fer each kinetic
experiment gave the expected everall secend-erder reactien,
straight line relatienship. (Pigs. VI and VII).

The entropy ef activatien AS'*, for the reactien,
was calcultited frem the equatiens ef the theery ef abselute
(29¢)

resctien rates viz.,
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Table XJIV

The replacement of nickel(II) iong by cepper(II) iens in
N, H'-ethylenebis(salicylideneiminate)nickel(II), using cepper(II)

erc rate {6 0

Selvent:

methyl celleselve

[ca(11)sa1t] =[F1(I1)(ss2en)].

Zfenp. (1)

83.1 ¥ 0.1%°c 0.05
0.15
0.25
0.40
0.50
24.00

76.9 £ 0.1% 0.10
0.20
0.40
0.5%0
0.70
0.90
24,00

(2)

0.577
0.398
0.301
0.223
0.193
0.040

0.456
0.394
0.272
0,236
0.197
0.152
0.038

-l 1.3 x 1073
(3) (4)
0.00104 0.00026
0.00072 0.00058
0.00054 0.00076
0.00040 0,00090
0.00035 0.00095
0.00007 0.00123
0.00102 0.00028
0.00086 0.00044
0.00059 0.00071
0.00051 0.00079
0.00042 0.00088
0.00032 0.00095
0.00007 0.00123

a-X

962
1390
1850

1160
1700
1960

3125



Zemp. (1)

7.1 % 0.1°  0.10
0.3
0.50
0.70
0.90
24.00
65.1 £ 0.1% 4 40
0.3
0.50
0.70
1.00
1.50
24,00

58.1 £ 0.1% 0.2
0.40

0.70

1.10

1.60

48.00
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Table XIV (centd,)

(2)

0.516
0.408
0.332
0.271
0.235
0.037
0.560
0.481
0.418
0.367
0.314
0.247
0.050

0.604
0.561
0.505
0.454
0.387
0.038

(3)

0,00110
0,00087
0.00071
0.00058
0.00051
0.00009

0.00125
0.00106
0.00092
0.00081
0.00070
0.00055
0.00012

0.00116
0.00108
0.00098
0.00088
0.00075
0.00008

(4)

0.00020
0.00043
0.00059
0.00072
0.00079
0,00121

0,00007
0.00024
0.00038
0.00049
0.00060
0.00075
0.00118

0.00014
0.00022
0,00032
0.00042
0.00055
0,00122

X

909
1150
1410
1720
1360

813
943
1090
1240
1430
1820

862
926
1020
1140
1330

(i) The cencentratiens ef unreacted cepper(ll) iens were

czlculated in a similar menner te these given in Table V.
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{11) The plet ef ;é; versus t gave a straight line fer
each ef these resctiens, the slepe of the line being
equal te the rate censtant k (hrs“lnole 3."'1)(29") |
These plets are shewa inm Pigs, VI and VII.

(1ii) The energy ef activatien fer t he systcm has been
calculated frem the Arrheniusg relatien visg.,

anx _ g (B
ar re?

The plet of leg k v oy gave & straight line (Pig.VIII),

frem which the emergy of sctivatien, B L 2.303 slepe
(eals/-ole'l), wag calculated.

Legend fer Table XIV

{1) %Time {t) in heurs.

(2) Optical density of extracted Cu(Il) 2,2'-Diquinelyl.

(3) Cepper(II) cencentration remaining at time t in mele 1'1
= (2 ~ X).

(4) Cencentratien ef cepper(II) iens rescted after time ¢t = (x).



Evaluation of the rate constants for t he replacements
in methyl cellosolve.
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log k

Activation energy for the replacement, in methyl cellesclve.

3500

3.300[

FiG VI

E= 24.5 2 1.0

3.100F
2900
Log k
2700+ 3.639 0.002808
3.358 0.002857
3.124 0.002906
2.880 0.002958
2.512 0.003020
2.500
] ] l
0.002800 0.002900 0.00300
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EZJE

A3 * (en.) = aH? + RT 1n =

b
where k= rate censtant in sec lmele ;’1
sE? =57 - me

The value of AS # was feund te be 8 A 2 8,1,
Theze results will be discussed with the data ebtained frem
the kinetic studies in ethyl alcehel.

(b) Cepper(Il) acetate (menehydrate) in methyl

celleselve.

The reactien between cepper(II) acetate and nickel(II)
(salen) in methyl celleselve at 70.6, was feund te exhibit a
slower rate of replacement than the reactien using cepper(II)
perchlerate, and alse a diffécedt equilibrium pesitien. (Table VI)

Cepper{II) acetate in the selid atate is knewn te be
dimeric.(gs)(gs) Magnetic susceptibility measurements have
indicated the existence of undisseciated dimer melecules in
ethanel and dlsxsn selutiens,{97)

The ultravielet abserption spectrum ef cepper(Il)
acetate (menehydrate) in ethanel, methyl celleselve and diexan
has been examined.

One bread maximum ebserptien band was feund in all three
selvente, the pesitiens ef the maxima being as fellevws,

2460 2 (diexan, green selutien), 2460A( ethanel, green selutien)
and 2430 % (methyl celleselve, green salutien). The similerities
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in the spectra and celeur ef the selutiems, in these selvents
of different dielectric censtants, may be taken as evidence

fer the existence of undisseciated dimer melecules ef cepper(II)
acetate, in methyl celleselve, at reem temperature.

Seme disseciatien ef the dimeric species may be
expected at 70.6, therefere it may be assumed that, in selutienm,
under the conditiens ef the replacement experiment (see Table V),
the fellewing species may exist viz. [Cu(OAc)z]z, [?u(OAc)z),
[Cu(OAc)]*l and Cu+2, each bearing a number of selvent
meleculas,

The slew rate of‘ggplacehent feund, cempared te the
reaction using cepper(II) perchlerate (hexahydrate), may then
be explained by the existence ef cepper(II) species, in
selutien, less able te take part in the replacement experiment.
The existence of an equilibrium pesition greatly remeved frem
100% reactisn (viz. 64%), may be cerrelated with cempetitive
reactiens invelving different cepper(1l) species, im the

fellowing manner.
1. [cu(ore),],
r —
_Qn(OAc)EJ + Ni(II)(salen) + selvent ___ Cu(I1)(salen)

cu(orc)] *2 + 185*2 4 Lfmi(one) ]-(=- 2

cut? + selvent

2. [OuCOAc),]-("‘z) + [oac] 2 = [eu(ore),, |~ f2 - 1)
3. Eu(oae)],'("'z) + [oac]™t = [Fx(oac),, ] -¢*2

vhere a =0, 1, 2 etc.
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The fermatien censtants fer the reactiens between
copper(II) and nickel(II) iens with acetic acid, in aqueeus
selutien, under similar experimental cenditiens have been
calculated.

Per cepper(II), the values are leg K, = 1.65, leg K, = 1.0,
leg K3 = 0.36(126) and fer nickel(II), leg K, = 0.67,

log K, = 0.58.(9%)

The cemplexing sbility ef acetate ilens with cepper(II) iems,
is seen te be much larger than that with nickel(II) iens.
Thereferz, if such a cempariser can be spplied te the systiem
in the replacement reactien, reactien 2 (p.95) can be expected
to preceed te a much larger extent than resctien 3, and
further, reactien 2 may be expected te cempete with the greup
of resctiens 1., hence slewing the rate ef the ferward reactien,
thus sllewing the back reactien between nickel(II) and

cepper(II)(salen) te be more preneunced, at equilibrium.

(¢) Copper(Il) chleride (enhydreus) in met
celleselve,

The reactien between cepper(II) chleride and
nickel{II)(s=len) was found te reach equilibrium (50%) within
about 3 heurs, at 70°C (see Table V). The slew rate of :
replacement and the pesitien ef equilibrium ef this resction
cempared te the perchlerate system may be explained en the
basis ef interaction ef free chleride iens with the cepper(II)

iens, in selutien.
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1. Interaction of chleride iens with cepper(II) iens,

in methyl celleselve.
Seversl authers have prepesed the existence of the

cemplex species (CnCl)+1, Cnclz, (cnclj)*l and ((':n(::l.,')"2 in
aqpeoﬁs solution,(lzﬂ;lso)ﬁuhile the fermatien censtants fer
these species in acetone celutien have been calculated

(E; = 4.10, K, = 3.08, K5 = 1.57, E, = 0.12)(171). he t1gures
fndicate that (Cuc1)*l, CuCl, and (c:nf;13)"l predeminate, in
this selvent. Purther, sutecemplexes eof the type Gu(cﬁ013)2 (133
snd Cu(0u014) have been prgposed in agueesus-alcehelic selutiens.
In sdditien, magnetic susceptibility studies en the celeur
changes eof cepper(II) chleride in aqueeus and HCl selutiens
suppert cemplex-ien fermatien in these systems, and indicate

an increase in cemplex-ien fermation with am increase in
cencentration ef cepper(II) chleride, chleride iens and

gelutien temgerature.(l33) Celour changes asseciated with

the bresks in the magnetic susceptibility versus cencentratien
curves of cepper{II) chleride in methanel and ethanel suppert

the existence ef cemplex—ien fermatien, of the type

[CuClB]'l and [cu014]f2 in the selvents, (134)

Because of the high temperature used in the chleride replace-
ment, and the relatively lew dielectric censtant ef the selvent,
cemplex~ien fermatien may be expected te be high.

Aygeeous selutiens of cepper(II) chleride, at high cenceniratiens
of chleride, cepper(II) chleride and at high temperatures,

shew yellew-green celeurs indicating the various cemplex jiens
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found under these cenditiens.

Selutiens ef cepper(II) chleride in methyl cellesslve alse
shew yellew-green celeurs, and such celeuratiens suppert the
existence of ceomplex—~ien species in methyl celleselve, under
the cenditiens eof the replacement reactien.

In erder te test the effect of added chleride iems
upen the rate ef replacement, a ten-feld excess of lithium
chloride was added te the reactien mixture.

The results are given in Table XV.

Table XV

The effect of added chleride ions upen the rate of replacement

ef nickel(II) iens frem nickel(IT)(salen), using cepper(II)

chleride.
Selvent: methyl celleselve ? = 70.0 ¥ 0.1%.

Added Cencn,ef Cencn.ef Rat %

galt added Teactante (+=0) ui-
%%1 in melel™t 11,107l -1-?—!'-9‘-!
me ) - -
E— [ouca )= [N1(I11)(salen)] (B6C "molel™)

- - 1.30 x 107 1.8to0n 50%

IiCl(snhyd-  1.30 x 102 1.30 x 1077 1.5 £ 0.1 39%

It

reus)

may be seen frem Table XV, that altheugh the rates of replace-

ment are roughly eof the same erder, the egquilibrium pesitiens

ebserved, differ censiderably.
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Added chleride iens weuld be expected te increase cemplex—-ien
fermatien in the selutien ef cepper(II) chleride in methyl
celleselve, preducing species which are less "kinetically
faveurable" fer reactien eg. (CnCl)+1 etc., cempared with the
simple selvated cepper(II) iens.
Nastnen‘175) nas shewn that the effect of sdded chleride lens
upon the ultravielet abserptien spectrum ef cepper(II) perchler-
ate (hexahydrate) in water, indicates the fermatien ef the
cemplex-ien, (Cu01)+l.
In a celvent of lewer dielectric censtant, such ss methyl
celleselve, censiderable asseciatien may be expected.
Therefere, the slewer rate of replscement in the
cepper(II) chleride reactien, and the ebserved 50% equilibrium
pesition feund fer this reactien, cempared with that invelving

cepper(II) perchlerate, may be explained as fellovws,

The reactions eccurring in the system may be written thus,
1. Cu.'"z(me.cell)x + Hi(II)(salen)::: Cu(II)(salen)
+ %ﬂi*z(me.cell)x + %}[ﬁ1014]'('*2)
2. [ower ]=(*2) 4+ §i(11)(eelen)  Cu(II)(eslen) +
%[MG;J"‘"Z) + %Ni??(me.cell)x
5. [owar ]2 + @ = [euca,, oY
4. o= .+ a-—= ma F=D
vhere a =0, 1, 2, 3, 4.

The existence of many chlere cemplexes ef cepper(II)

and cebalt(II) have been prepesed, in beth squeeus and ergamic
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solvents.(136) Hewever, the cemplexing ability ef nickel(II)
with chleride appears te be less than that ef cebalt(II), at
least in octan-z—ol,(l37) altheugh Gill and Nyh.ln(138) have
pfesented evidence in faveur ef the cemplex-ien species
[Nibi;_l"z, existing in ergsuic selvents.

Generally, the cemplexing ability ef chleride iens with
nickel(II) is less than that with cepper(1I) ipns.(ljs)

Pherefore, censidering the reactiens 1,2,3, and 4
-(p.99), the equilibrium censtsnt fer reactien 3 may be expected
te be greater than that fer reactien 4, and further as the
replacement reactiens 1 and 2 continue, the ratie cepper(II)
iens/chleride iens, becomes smaller,

Thus, reactien 3 may be expected te cempete mere effectively
with resctiens 1 and 2 a8 the substitutien reactien preceeds.
Such a situstien dees net require that the higher cemplexes

eg. [CuCl,]™" end [cuc1f™2 can net take part in the substitutien
reaction directly.

The change in the pesitisn ef equilibrium when
using cepper(II) chleride alene, and in the presence of
lithium chleride, cempared with the almest quantitative
replacement when using cepper(Il) perchlerate (Table VI and
Table XV), may then be explained by the fact that a greater
cencentratien ef free cepper(II) iens are "beund up" in the
form of the chleride species.

The rate of the forward reaction using the chleride salt, may
be expected te be slewed dewn, due te cemplex fermatien with



the free cepper(II) iens. The back reaction will be less

affected by chleride iens due teo twe facters.

First, nickel(II) dees net ferm chloride cemplexes as readily

a8 cepper(II), and secendly, the reverse reactien will be

aided by the ready asseciatien ef chleride iens with the cipper(II
jens released frem cepper(II)(salen), in the back reactien.

The full reactien may bg repregsented by a dynamic system eof

the equilibrias, represented by equatien 1-4 (p.99)

2. Determinstion eof the Energy end Entrepy ef Activatien

fer the reactien between copper(II) chleride and nickel(IT)(salen)
in methyl celleselve.

The rate censtants for the reactiens, at three

temperatures, were obtained frem the relatienship

X
()

e x(anxe) + ax
k = 5 1n
2t a (apxe) a(xe - x)

This is the equatien fer the calculatien ef the :forward rate
censtant fer a secend-erder reactien, eppesed by ene of the
same erder, (29p)

-1

vhere k = rate censtant in hrs -1,

mele 1

t = time in heurs.

a = initisal cencn. ef the reactants, in mele 1‘1, where
the initisl cencns, ef the reactants are equal.

x = decrease in cencn. ef each reactant after time t.

x_ = smeunt changed at equilibrium, in mele 171,
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22 53] e ]

versus time (%), gave straight lines fer each ef the reactiens.
(P1g.1X).

The plote ef leg [
a(x

The rate censtant k, fer esch reactien, was calculated
from the slope of the line, such that,

2.303 X
X = et ‘gl.pg (hrs"lnole 1-1)
2.a(a -x_)

e

Phe calculated rate censtants have been tsbulated in Table IVI.
The ferward rate censtants were then used te determine

the activatien energy ef the reactisn between cepper(II) chleride

and nickel(II){sslen), in methyl celleselve. The plet ef

leg k versus %K is shewn in Pig.X, frem which the activatien
T

energy E'¥; fer the feaction, was calculated as 21.0 Keals./
| melel’
Table XVI

The Rate constents and related physical values for the reaction

between cepper(II) chleride and nickel(IT)(salen).
Selvent: methyl celleselve

Cencn,(a) Temperature Rate censt- Activ-

ef react- znt k, in atien
ig§ specieg hra’lmale l--l Energy
[cu*Z]=[F4(11) (sa1en)] T E%in Kemis/

mele,]

2.60 x 10~ 70.0 ¥ 0.1% 547 £ 20

2.60 x 10™N 61.0°* 0.1% 230 % 5 zn.0%1.0
2.60 x 10~ M 53.0 £ 0.1%C 111 % 5



log[a]

.80

.60

.40

.20

Evaluation of the rate constants and energy of

sctivetion for the reaction between copper(II) chloride

and nickel(II)(salen), in methyl cellosolve.
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Summary ef the experiments using the cepper(II) salts.

The cemplexing ability ef aniens in aqueeus selutien

is knewn te increase in the erder, perchlerate( nitrat(e( scetate
4 chloride, (139)

It is significant that the equilibrium pesitiens ebserved in
the three replacement experiments given in Table VI, may be
cerrelated with the abilities eof the anlens te underge

ceerdinatien with the cepper(II) ien vis.,

[97%(perehlorate), 64%( acetate), Soﬁ(chlorideﬂ.

Purther, it seems prebable in view eof the previeus discussien,
that the mest kinetically favourable cempenent fer resctien,
is the free selvated cepper(II) ien.

Pearson, Gray and Banolo(74) have suggested that the
free gelvated anien ie the active reagent in & nucleephilie
exchange reactien. If such a suggestien is cerrect, similarly
it may fellew that the nen-asseciated catien ie. the free
selvated ien, is the mere faveured species for metal substitutien
reaction, tham an ien-pair er undisseciated metal salt.

The evidence presented in this chapter supperts this view.

Therefere, it may be expected that faster rates eof
metal replacement will be ebserved using metal salts with
large disseciatien censtants than with salts ef lew disseciatien
constants, in the same selvent.

Therefere, a cerrelatien between the ebserved rates
of replacement and the expected rates en the basis ef the
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hypethesis suggested abeve, may be expected.

is presented im Table XVII.

fable XVIX

Such a cerrelatien

The es of ¢ er(II) species present in the replacement

experiments, in methyl celleselve, at 70.0

Salt Mest ected

prebsble Teactien
reacting Rate
compenent

: | . ®2 1

Cu(C10,) 680 cu*<, (cuc10,)* fast

Cucl, (cuc1)*t, cu*? slew

Cu012
Cu(CH5C00) , [cu(c%coo)z] slew

(Cu OH pyg) *1
etc.

2 0:1%s.

Observed Rate

Observed Rate
R.10/ in(sect

mele 1™1)

3.8 £ 0.1(1.30x10n)

1.8 £ 0.05(1.%0x10" "8

1.3 % 0.05(2.60x10~K
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B, The effect of varying the selvent.

The rates ef reactions between iens and meutral
melecules ere expected te be larger in selventis ef lewer
dielectric eonﬂtant.(l4o) It has been prepesed that such &
correlation weuld net necessarily be expected if the rates
were peasured in different media instead ef in mixtures eof
twe solvents.(53a)

However, Basele and cewerkers have feund = cerrelatien between
the rate ¢f chleride exchange with trans-[?t(pyr)zplaj, upen
examining the substitutien in different solvents.(7§)’

The rate ef replacement ef nickel(II) in nickel(II)
(salen) has been feund te markedly depend upen the type of
cepper(Il) salt used in the reactien. It is slee influenced
by added salts where sniens can ceerdinate with cepper(II)
joens.

The extent ef ceerdinatien between cepper{II) iens and aniens
will depend upen the dielectric censtant eof the selvent used,
while the ability ef a given selvent te selvate a cepper(II)
ien will depend net enly upen the dielectric censtant but alse
the ceordinating ability ef the selvent, which may net necess-
arily parallel the dielectric censtant eg. pyridine,

(e 500 = 12.0) and methanel (&,g8, = 32.6)

In the study ef the effects of selvents en the rate
of reactien, the salt expected te shew the smallest ameunt

of anien-catien interactien viz. cepper(II)perchlerate

(hexehydrate) was used, except for the experiments in pyridine
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and diexan, in which its lewv selubility prevented its use.
Six selvents, ranging in dielectric censtant frem 2 te 37 {25%C)
vere used and seme cerrelatien between the rate of replacement
of nickel(II) ienes and the dielectric censtant ef the selvent
was Tound..
Hewever, the cerrelatien was in direct centradictien te the
resulis ef Basele and coanthors,(74) whe feund an: increased
rate of exchange with a decrease in the dieleciric censtant eof
the selvent, fer the exchange of chleride iens with
[Pt(eyr) ,01,].

In the reactiens with nickel(II)(salen), it has beem
feund that the rates ef replacement increase with an increase
in the dielectric censtant ef the selvent,

The recults ef these experiments are given in Table XVIII (p.107)



Pyridine

Nethyl
cellosolve

Aoetondtrile

& 25%

2.2

12,0

15.96
23
32.6
56.7

ent nd gl

.mokd

Teble TVIIL

iona from nickel(II)(selen), b 1) ions
FarLtOus soliyench
[*] Conen, _in Tep, Initial
mole 1,'1 ?$0a% Raves
[ou(xr)se1t]=[1a(11)(sa1en)] R.20' 1)
= (a) : (l“']hni.l 3
- 5,00 x 10™* x 65.1 &1.2
(35% substit-
ution in 24.0
-2 hours)
goen 1.00 2 10 3 M 25.2 30% in 48 hours
brown 1.30x10° X 70.0 1,6 = 0,05
vidlet 1.30 x10°% x 70.0 3.8 £ 01
violet 1.30x10% 18.2 14.0% 04
viclet 1.30 x100 5 48.2 132041
green 5,00 x 10°% i 15.9 ko3 (Bquilid,
4% reached in

0,05 hours)

Lot
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Legend fer Table XVIII

(B) € = Celeur ef equilibrium mixtures.
(C) € = Dielectric censtant ef the selvent.
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(1) Cepper(II) scetate (menehydrate) in diexan.
Because of the limited selubilities of many

copper(II) salte in diexan, cepper{II) acetate (menehydrate)
vas empleyed fer the experiments in this selvent,

As discussed esrlier (p.50) thie salt remsins undisseciated
in diexsn, hewever at 65°C, partial dissecistion may be
expected, sltheugh in view ef the lew dieleciric censtant ef
the selvent it ie possible that the main censtituents weuld be
[Ca(cB5000),], snd [Cu(CH;000), T sna [ou(cE;c00)]*L.

Such species in selutien, may be censidered "kinetically
unfaveurable" for the r eaction, cempared with the selvated
cepper(1I) iens, and therefere the ebserved slew rate of
replacement, is notzgxpected.

(1i) Cepper(II) scetate (menehydrate) in pyridine.
Cepper(II) perchlerate tetrapyridinate has been

iselated, (192) and this additien cempsund is inseluble in
pyridine., Therefere, the acetate and chleride salts were
empleyed in the experiments invelving pyridine as selvent,
Flectrical cendvctance experiments en cepper(I1I) acetate in
pyridine have shewn that the cenductance increases with
dilution.(141) Purther, selvates ef the type Cu(cE3GOO)2pyr4
have been isol&ted.(l42)

Magnetic measurements have indicated the existence
of single meleculee, rather thandimers ef cepper(II) acetate,
in pyridine.(97) on the available evidence it is unlikely
that cemplete dissecistien ef [?u(CHBCOO)zJ eccurs, in pyridine,
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even at the temperature used in the replacement experiment.

As discussed en p.52, the disseciation ceonstants ef a number

of salts in pyridine have been measured, the values ranging

frem 1 x 10”7 te 1 x.lo's,(QSb) indicating that the selvent

deoes net permit extensive dissecistien.

In aqueeus selutien, cenductivity measurements en cepper(II)

acetate (where disseciatien ef the dimeric selid cempeund is

knewn te occur(g75, have indicated the existence ef three

iens viz. (CnOAc)+l, (OAc)‘l‘and selvated cepper(II) iens,

the disseciatien censtant ef the ien-pair being very small.(143)

fhese iene may alse be expected te eccur in pyridine selutiem,
During the replacement experiment at 70.0, the

reactien mixtureg turned brewn,

Masen and Hathews(l44) sbserved the fermation ef a brewn

selutien in pyridine, when metallic cepper was left in pyridine

and the selutien expesed te the air, fer a leng peried eof

time, Ne explanatien ef this phenemens was given.

In the replacement experiments, the hydrated cepper(II) salt

wes used and further ne rigereus precsutiens were taken te

exclude exygen frem the reactien mixtures, altheugh steppered

vessels were used ( see EXPERIMENTAL).

Masen and Hathews(144) neted ne brewn celeuratien when exygen

was excluded frem the system.

The fermatien ef the brewn celeur, preduced in the reactien

between copper(Il) iens snd nickel(II)(salen), ceuld be due

te an ien such as (CuOH pyrx)+l
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The rate curve for this resctien is shown in Pig.XI.

The equilibrium pesitien fer thelggplacement reactien,
at 70%C, cerrespended tec 84% reactien. Ne attempt was made
te investigate fully the constitutien of the brewn species, se
the replacement reactien in pyridine, at high temperature,
was net examined further.

However, the replacement of nickel(II) ions frem
nickel(II)(salen) using cepper(II) acetate (menehydrate) was
examined at reem temnpersture. A brown coleuratien did net
develep during this remctien, the csleur ef the initial
selutien ef cepper(I1I) acetate in pyridine being blue-green,
and the final equilibrium mixtures, dark green.

It was found that 30% substitutien had eccurred in 48 heurs

(2 = 25.2 £ 0.1%, [ou(II) salt] = [Ni(II)(salen)] = 1.00 x 10~%)
Purther an equilibrium pesitien ef abeut TO0% substitutien

wags reached in appreximately 150 heurs.

A selutien ef nickel(II) acetate in pyridine at a cencentratien
cerresponding te that existing in the equilibrium mixtures

preved a light green celeur, and the much darker green eof

the equilibrium mixtures ebtained frem the experiment was

tsken te indicate the existence »f selvated cepper(II)(salen)
molecules, as discussed en p.50.

If the selvent can facilitate the d isseciatien ef a cemplex
melecule, {as prepesed by Basele, Pearsen and ceworkers(74)
for the substitutien reactiens of platinum cemplexes) such

a selvated cepper(II)(salen) melecule may be expected te be



The reaction between copper(II) salts and nickel(II)(salen)
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mere labii§ tewvards metal replacement than the nen-selvated
cepper(II) chelate.

Hewever, the purple celeurs feund fer the reactien mixtures,
at equilibrium, fer the reactions in methyl celleselve and
alcehel(mee later), when using the hydrated perchlerate salts,
indicate the pessible existence of a nen-selvated cemplex, in
these selvents,

The nearly cemplete :gplacement feund fer the ferward

reactionc, using cevper(II) perchlerate in these selvents,

supperts the assumptior that such feur-ceerdinated cepper(II)
cemplexes are inert tewards metal substitutien by nickel(II)
jons ie. the "back" reaction er reverse reactiens de net eccur

te any mesasuresble extent.

(ii1) Copper(IT) chieride (anhydreus) in pyridine,
Melecular wikight studies en this s&lt im pyridine,
at resm temperature, indicate the presence ef undisseciated
cepper(II) chleride melecules and the celeur ef such selutiens
are blue.(145)
Purther, addition cempounds ef the type Cuclzpyr2 and
ZCﬁﬁlspyrB have been isolated.(l44)
A brewn celeuratien, similar te the ene feund in
the experiment, using the hydrated acetate, was preduced in
the reaction mixtures after seme 30 minutes, at 70%C.
The similarities in the initial rates ef replacement, using

the chleride and acetate salts, (Table XVIII p.1l07) supperts
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the existence ef cepper(II) cempenent(s), in beth systems
capable ef undergeing substitutien at similar rates eg.

[cu 0B pyr[**.

An equilibrium pesitien of T78% substitutien was feund, which
may be e;plained assuming the existence of s selvated
cepper(II)(salen) melecule capable of undergeing replacement

. with nickel(II) iens, as pestulsted in the case of the substit-
utien reactisn invelving cepper(II) acetate, in pyridine.

The plet ef x versus t fer this reactien is shewn in Pig.XII.

(iv) Cepper(II)- perchlerate (hexashydrate) in

methyl celleselve.

The existence of free selvated cepper(II) iemns

"and the iem-pairs (Cn0104)+1, has been prepesed in such &
system (see p.90). The faster rate of replacement feund in

this selvent, cempared with the reactiens im pyridine and
diexsn, where copper(Il) acetate and chleride were used, may

be explained by prepesing that the cepper(II) specles in

pethyl celleselve are mere "kinetically faveurable" fer reactien
than the species eccurting in pyridine q?n OH pyri]+l).or
diexan ( [Cu(OAe),],).

(v) Copper(II) perchlerate (hexahydrate) in ethanel

and methanel.

It has been prepesed that catien—anien interactien
eccurs in selutiens ef cepper(II) perchlerate in agueeus—
ethyl alcoholsllg) Hevever, it may be suggested that

ien-pair amseciatien in these selvents weuld be less thsn
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that expected in methyl celleselve, upen cemparisen ef the
dielectric censtants ¢f these medim. (Table XVIII p.l07)
Therefere, the faster rates ef replacement feund in ethyl

and methyl alcehel cempared te methyl celleselve, may be felated
te the larger smeunts of free selvated cepper(II) iems present

in the alcehels cempared with methyl celleselve.

l. Kinetics of the reaction between cepper(Ill erchlerat

hex drate) and nickel(II)(sslen in ethyl slcehol.

In an attempt te discever the pessible reactien
mnechanism fer the replacement resctiem, the reactien erder with
respect te each reactant wag measured. The methed used vae
gimilar te that empleyed fer the substitutien reactions -
examined in methyl celleselve. (p.77 - 78)

Table XIX (p.116) shews the dependence of the initial rates ef
replscement en the cencentratien of copper(II) perchlerate
(hexahydrate).

Table XX (p.l16) shews the dependence of the initial rates ef
replacement en the cencentration ef nickel(II)(salen).
®igs.XIII and XIV shew the plets of leg [Cu*?] versus leg R
and leg [Ni(II)(saleni]versus leg R fer these gystems.

The replacement was feund te be first-—erder with respect te
each reactant, belew 1.30 x 102,

A line of slepe = 1 appeare en each figure fer cemparisen with
the slepes eof the experimentsal curves.

The rate censtants fer the reactions at three
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e

different temperatures have Bson evaiuated frem plets of

1 versus $. The ealeulated rate cemstanta are givem iam

a=-X

TableXXl, tegether with the sctivation emergy sad the eatrepy
of nctivatien for the reaviienms im eihanel.

and entrepies of activatisn fer the replscement resctieas u
methyl ocsllesslve, usiag the chleride smd perehlerate salts.
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Table XIX

Dependence ef the Initisl Rate of Replacement en the cencen-

tration of Copper(II) perchlerate (hexahydrate).
T = 48.2 £ 0.1% Selvent: Ethyl slcehel
2 +Z
Cencn. [cu® ] le Cu 2] Cencn, Rate leg R
in [Ni{IT) (salen)] R.104
-1 -] ==l
mele 1 in mele 1 hrs'lmole l"l
1. 3.25 x 10™%m  -3.488 1.30 x 107M 2,50 -3.602
2. 6.50 x 10~ -3.187 1.30 x 10™M 7.20 ~3.1473
3. 9.75 x 10~ -3.011 1.30 x 10~ 11.7 =2.932
4. 1.30 x 10~3m  -2.886 1.30 x 10™°M 17.3 -2.762
Table XX

Dependence of the Initial Rate of Replacement en the cencen-

tration of nickel(II)(salen).

Cenen. [Comvlex] leg Conen, [cu*?] _Rate leg R
in;  [Wi(I1)(eslen)]  in mele 177 R.10*
mole 1 ——— 1 -1
hrs. mole 1
3,25 x 10~m -3.488 1.30 x 10™M 3.90 -3.409
6.50 x 10~4m -3.187 1.30 x 10™°M 9.30 -3.032
9.75 x 107m -3.011 1.30 x 10~M 12.7 -2.896

1.30 x 10™°M -2.886 1.30 x 10™°M 17.3 -2.762
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Table

The replacement of nickel! III iens frem nickel!IIHsalen! by
copper(II) ions, in ethyl alcehel and methyl celleselve.

Selvent Concn.(a) Rate Tenp. ;;:" _a_g"
and ef react— congtant r % 0.1%. (Keals/ e.u,
Sa1% Ing spec- ¥.10~2 ok mele +) % 2
ies. ‘ +
[Cn( II)saJ.t] -[Ni(II)(salen)] (hra'llole l"]-f) E,‘f 1.0
Ethyl alcehel
Cu(C10,)6H,0 1.30 x 107K 28.2 65.1 17.5 -10
14.5 56.2
7.2 48.2

Methyl celleselve

Cu(C10,) 60,0 1.30 x 107 43.5 83.1 24.6 8
22.8 76.9
13.3 .1
7.6 65.1
3.3 58.1

Methyl celleselve
CuCl, 2.60 x 10™°M 5,5 70.0 2.0 ' -

2.3 61.0
1.1 53.0
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Stranks146) has cempiled a table ef published
kinetic studies of substitutien resctiens ef cemplexes, of
the transitien metals. Upen exsminatien ef this table it is
feund tﬁat the activatien energies calculated fer many ef
these reactiens, in almest s8]l instances, beth fer exchamge
and replacement reactiens, are in the range 15-25 Keals/
nele 171,

In additien, the entrepies ef activatiem AS* for the metal
exchange reactiens, [m(cn) 4]4‘2 - [Bi(glycinnte)] and
I:Ki(CH)J'a - [Hi(sorinato)] in water, sre -1l and -8 e.u.
resPectively.(so) These are the enly entrepy changes that
seen to have been reperted feor such metal substitutien
reactiens, between iens and neutral melecules. }

The value of -10 e.,u. calculated fer the replacement reactien
in ethyl alcehel is ef the same erder of magnitude as these
found fer the nickel(II) exchange resctiens.

The pesitive entrepy ef activatien (8 ¥ 2 e.u.) asseciated
with the replacement reactien using cepper(IIl) perchlerate
(hexshydrate), in methyl celleselve, may be cerrelated with
the "sleughing eff" ef the aniens (attached te the cepper(II)
species), in ferming the transitien state.

As given en p.94, the calculatien ef AS* frem the equatiens
of the theery of abselute reactien rates, incerperates the
sbselute vaslue of the rate censtant.

The rate censtants ebtained fer the reactiens in methyl

cellocelve, may be expected te be everall values asseciated
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with the reactiens between different cepper(II) species and
nickel(II)(sslen). Therefere, the calculatien ef AS#, using

the ebserved rate censiants, may well give & misrepresentation
ef the entrepy changes, expected feor such a reactien, in methyl
celleselve,

Hewever, it is gignificant that, the pesitive entrepy change

fer the reactien in methyl cellesedve, cempared with the
negetive value fer the reactien in ethyl alcehel, parallels

the expected erder Qf cenplex-ien asseciatien with the cepper(I1I;

‘iensg, in these selvenis.

(vi) Cepper(II) perchlerate (hexshydrate) in
acetenitrile.

A number of selvates of transition metal halides
with acetenitrile, have been,isolated.(l49)
The visible abserptien spectra ef @ number of transitien
metsl salts, including Cu(0104)2§E20, in N,H-dimethylfermsmide
(azsoc - 36.71(98a))have been examined.(139) sne spectra
of these compeunds in this selvent differ frem the spectra
exhibited in aqueeus selutien,
Therefere, it is prebable that seme degree of ien-pair
fermatien dees occur in scetenitrile, the dielectric censtant
of which is very similar (&250c = 36,7). At the cencentratiens
used in the replacement experiment viz. 5.00 x 10~%K, imn~-
peir fermatien may be expected te be relatively lew cenpared

with the asseciatien expected in methyl celleselve.
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Altheugh the rate ef replacement ef nickel(II) in
nickel(II)(salen) is rapid, the reaction gees enly te 44% te
the right (? = 15.9 £ 0.1%°C). Such amn ebserved equilibrium
pesitien is difficulgt te cerrekate with the types ef species,
in selutien. It may be expected that the free selvated
cepper(II) iens and the ien-pairs [§u6104]+l, exigt in selutien.
Such species have been shswn te underge nearly guantitative
replacement with nickel(II)(salen), in methyl celleselive.
Hewever, the celeurz ef the equilibrium mixtures obtained in
the reactien in aceténitrile were green, and similar te these
ebtained frem reactiens in pyridine. Such celeuratiens are
cengidered te indicate the'preaénce of a selvated cepper(II)

cemplex, preduced during the replacement resctien.(p.50)

(a) Seme gqualitative experiments with cepper(II)
{salen).

(1) Cepper(II)(salen) was prepared by adding sn
acetonitrile selutien eof the Schiffs base te
cepper(1I) perchlerate (hexahydrate) disselved in
acetenitrile. A green selutien was preduced.
Similar reactiens in slcehel and methyl celleselve
yielded vielet celoured selutiens. Similarly, when
selid, green cepper(ll)(salen) was disselved in
acetenitrile, a vielet celeured selutien resulted.
(2) A selutiem, centsining 2,22 x 104 cepper(II)
(ealen) and 2,78 x 10~ nickel(II)(ealen) in

acetenitrile, was prepared.
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Such a selutien cerrespended in cempesitien te the
equilibrium mixtpres ebtrined in the replacement
experiment.

The celeur of this selution was brewn-red, quite
dissimilar te the green celour ef the reactien
equilibrium mixtures.

The green selutien feund en mixing cepper(II)
perchlerate and (selen) in acetenitrile, and, fer
the equilibrium mixturees in the replacement exper-
iments, may indicate that a selvated cepper(II)
{salen) melecule is preduced in such reactiems.
Hewever, it sppears likely that & feur-ceerdinated
cemplex results en disselving selid cepper(Il)(ssalen)
in acetonitrile.

(b) The replacement ef cepper(II) iens in cepper(II)
(salen) by nickel(II) iens.

The substitutien reactien between the vielet
selutien of cepper(II)(salen) and nickel(II) per-
chlerate (hexahydrate), in acetenitrile, was feund
te reach equilibrium (14% reaction) in 120 heurs.

(? = 15.9 £ 0.1%, [F4(II) sa1t] = [Cu(II)(salen)] =
5.00 x 10-4!).

It is evident frem these results that the replace-
ment of the central metal atem of the feur ceerdinasted cepper(II
(salen) melecule can enly eccur te a slight extent.

This further supperts the assumptien that the cepper(II)(sslen)
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cemplex preduced by the replacement ef nickel(II) iems in
nickel(II)(salen) ig different in structure te that ebtained en
disselving selid cepper(II)(sslen) in acetenitrile.
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C. The mechenigm ef replacement of nickel(II) iens
frem nickel(II)(salen) by cepper .

There are at least twe types of mechanisms ef
replacement which may be tentatively suggested,

(4) A disseciatien mechanism in which the rate

determining step invelves a slow, unimelecular

disseciatien ef the nickel(II) cemplex, fgllewed by

& rapid reasctien with cepper(II) te ferm cepper(II)

(sslen).

Hewever, such a reactien may net necessarily exhibit

first-erder kinetics.(SB)

(i1) A displacement mechanism ef replacement, in
wvhich the rate-determining step ef the reactien
woeuld be ene invelving a bimelecular reactiea
‘between the cepper(II) species and nickel(II)(sslen),
te ferm a transitien state in which the ceerdinatjien
number of the cemplexed metal ien is increased by
ene., Such a reaction need net necessarily exhibdbit
secend-erder kinetics.(53)

The kinetics ef the replacement reactiens in methyl celleselve
end ethanel belew 1.30 x 10'3H, exhibit everall secend-erder
kinetics. Purther, the rates ef replacement in methyl
celleselve, and the rates of replacement of nickel(II) iens
in nickel(II)(salen), in different selvents, were found te
markedly depend upen the types of cepper(II) species, in

selutioen.
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These factors’support the existence of a2 bimelecular
rate-determining step, fer the reactiem, rather tham a2 mech-
snism in wvhich the disseciatien ef the nickel(II) cemplex, is
rate~determining and unimelecular.

Spectrescepic and magnetic evidence peints te nickel(II)(=malen)
existing, in selution, as a square planar melecule, either
witheut attached selvent melecules, or, with very leesely
beund selvent melecules, such that the Crystal Field remains
essentially that ef a diamagnetic (streng field) square planar
melecule.

On this basis, & prepesed displacement mechanism requires the
fermation ef a five-ceordinated transitien state.

Basele ;nd Pearson(za) have tabuléted Activation Energies fer
the reactien of square planar cemplexes, calculated en the
basis of Crystal Field Enetgy changes. Hewever, such calcul-
atiens are based en the essumptien that tetragenal structures,
in selutien, have C.F.3.E, equivalent te these of square planar
melecules, and therefere the values listed refer te the
disseciatien ef a six-ceerdinated conplex‘(with a C.F.35.E.
equivalent te thet ef a square plsnar melecule), inte &
five-ceerdinated transitien state. Such a calculatien sheuld
approximatg te the AEa for a displacement mechanism, invelving
a feur-ceerdinated reactant melecule.

Such ealculatiens shew that the less of C.F.S.E, in passing
frem a nickel(II) tetragenal reactant melecule (ie. square

planar) te a five-ceerdinated square pyramid transitien state,
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invelves 2 lese in C.P.S.E. ef 6.28 Dq.

Calculatiens, made frem d-erbital energies fer
Crystal Pields of different geometries,(zc) indicate a less
in C.F.S.E. ef 13.62 Dq, fer a stremg-field nickel(II)} cemplex,
in passing frem & square planar reactant te a trigensl plane
transitien state ie. with disseciatien ef the quadridentate
chelating agent at ene peint, thus ferming a three ceerdinate
gtate for the central nickel(II) atem, prier te reactien
with a cepper(II) ien.
It would appear, despite the errers in the energy values
given, fer the d-erbitals fer ether cenfiguratiens than
sctahedral, that such a disseciative step weuld be mest
unlikely, snd weuld mereever, be expected te give a slew
reactien which could become rate-determining, and if unimelec-
ular, ceuld therefere pessibly exhibit first-erder kinetics.
By either mechanism, disseciatien ef & feur-ceerdinated
cemplex, ;r 2 bimelecular reactien resulting in the fermatien
of a five;coerdinated transition gtate, the substitutien
reactions ef squere planar a8 nickel(II) cemplexes are predicted
te be slewer then these ef the cerrespending selvated cepper(II)
and cebalt(II) cemplexes, en the basis ef Crystal Field
calculatiens. This is in agreement with the results ef the
metal exchangé reactions,(S)(G)(4l) as discussed in Chapter I

of this thesis.
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(1) Basolo and Pearson(zg) have suggested a reaction
mechanism to account for the second-order kinetics and
observed activation energies for the copper(II)(salen) and
cobalt(II)(salophen) metal exchange reactions.(p.5-6).
Hovwever, such mechanisms presuppose the existence of tetragonal
structures for the complexes, in pyridine, Similar kinetics
snd activation energies were found for the replscement
resctions with nickel(II)(salemn), in methyl cellosolve and
alcohol.
It may be suggested on this basis, that & similsr mechaniem
may operate in the replacement reactions with nickel(II)(salen),
to that proposed by Basolo and Pearson(za) for the cobalt(II)
and copper(II) metal exchange reactions.

However, as previously discussed, the loss in

C.P.S.E. in passing from a four coordinated reactant to =
three coordinated transition state, is very high, and such a
reaction step would be energetically uafavourable, and
therefore, would not be expected to proceed to any great extent.
Such a situation may account for the observed lack of metal
exchange in nickel(II)(sslen), at room temperature.(33)(4l)
At such a temperature, the d issociation of the reactant
complex may be expected to be very small in the low dielectric
congtant media used to examine these reactions viz., methyl
cellosolve and pyridine, and further, if such a reactiom path
persiste & low rate of dissociation may be expected.

The Basolo and Pearson mechsnism (p.6) requires an
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initisl fast, partial dissociation of the nickel{II) complex.

(a) Such a dissociation may be expected to be
enhanced in solvents of high dielectric comstant,
thus igcreasing_the rate of replacement, im such
solvents relative to solvents of low dielectric
constants.

This is in sgreement with the experimental results
found., {Table XVIII p.107).

(b) It may be expected that the Ni - O linksages

are broken in such a dissociative step, rather tham
the Ni ~ N bonds. The N atoms would be held rigidly
in position by the ethylene bridge, thus increasing
their strength relative to the Ki - 0 linkages.

(c) After rupture of these bonds, attachment of the
copper(II) iom to the 0 ion may be expected (as
showan ir the disgram presented on p.6), thus making
the stepwise breaking of subsequent bonds im the
chelate much easier, and after further reactionslthese
attach themselves to the copper(II) iom, thereby
forming the copper(II)(salen) molecule.
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(2) An alternative mechanism, may be that the appreach
of the cepper(II) ien te the nickel(II)(salen) melecule,
can aid the discecistien eof the nickel-ligand bends, partie-
ularly & Ni - O bend, by{fcrming 2 linksge of the type
Cu -0 - Ni, as shewn in Fig.A.

+?2
o
AT
d I \
c——o0" ' —0C
‘\\\\ | ////’
|
C=——N / \N e
CH,—— CH,
Fig. A.

Such & mechamitm weuld invelve a three ceerdinated exygen

atem in the system. Three ceerdination fer exygen is knewm

in stable units eg. 339*, and similar exenitim derivatives.(l48)
In such s reactien mechaniam, the cepper(II) iens

upen appresching the cemplex weuld aid disseciatien by

sharing the electrens ef the oxygen atem, thus weakening the

ferce of attachment ef the exygen atem te the nickel(II)

atem ie. bending functien ef the exygen atem weuld be trana-

ferred frem the nickel(II) atem te the incoming copper(II)

ion,

The next step weuld invelve ene nitregen atem attaching iteself
te the cepper(II) ien, fellewed by the rupture ef the ether
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q;— N bend, until a trigenal plane cenfiguratien is formed
abeut the cepper(II) ienm.
fhe 1lsst step would invelve the rupturing of the final Ni - O
linksge, and the fermimng ef the cepper(II)(salen) molecule,
thus leaving the nickel(II) ien, in selutien, bearing selvent
and /er aniem melecules.
The ability ef the Ni — O linkage te dissociafe, weuld be
enhanced in selvents ef high dielectric censtant, and therefere
the rate expected te increase, in agreement with the experim-
ental results, fer the replacements in such selvents.
(Teble XVIII p.107).
Such 8 mechamism would net be censidered as either disseciatien
or displacement in the terminelegy of Basele and Pearson;(z)
a8 it dees net invelve a unimelecular disseciative step, which
ig rate-determining; ner dees it invelve an increased ceerd-
inatien number fer the niékel(II) ien in the transitiemn
state (shewn in Fig.A) expected for a displacement mechanism,
unless weak Cu -~ Ni bends can be pestulated.

However, it may be expected that the rete of
replacement weuld depend upen the cencentratien of the cepper(II
salt used, and upen the natures of cepper(Il) species, in

gelutien. Such a dependence has been feund fer the replace-

ment reactiens in nickel(II)(salen).

It is significant that selvent—cemplex interactien
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may be pestulated fer copper(II)(salen) and cebalt(II)(ssalen),
in pyridine, and that these cemplexes exhibit measurable rates
of exchange at roem temperature, Such selvatiem, in changing
the cenfiguratien ef the cemplex, weuld alse be expected te
relax the Crystal Pield ef the chelate, thus weakening the
bends prier te disseciatien. Therefere a substitution reactien
invelving a selvated cemplex may be expected te eccur mere
readily than ene invelving the cerrespending nen-selvated
chelate.

Such a situatien has been found fer the replacement reactiens
with nickel(II)(salen), in acetenitrile and pyridine, cempared
with these in methyl celleselve and alcehel.

(1) The replacement reactien in acetenitrile was
found te reach an equilibrium pesitien eof 44%
substitutien, in less than 0.05 heur.

fThe fast rate of replacement (cf. that in ether
selvente) may be explained en the basis ef the exist-
ence ef a large percentage of kinetically favourzble
cepper(II) iens capable of reacting and alse by the
high dielectric censtant ef the selvent capable ef
facilitating disseciatien ef nickel(II)(salen).

It has been shewn that a prebsble selvated cepper(1I)
(salen) molecule is preduced, in the reaction,
capable of undergoing replacement with nickel(II)
iens te such an extent that the equilibrium pesitien

ebserved in the reactien supperts the view that
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selvated copper(II)(sclen) is less stable than the

nen-selvated nickel(II)(salen) melecule,
The replacement reactien in pyridine is slewer than that in
acetenitrile. This msay be cerrelated with the existence of
a larger percentage of kineticelly unfaveurable cepper(II)
species in this selvent, cempared with acetenitrile (ss
discussed en p.111 - 112).
Hewever, it may be expected tha an equilibrium pésition of
< 50% substitutien weuld be ebserved fer this reactien, if
the suggestien that selvated cepper(II)(salen) is less stable
than the feur ceordinated nickel(II) cemplex, is cerrect.
The observed T0% equilibrium pesitien feund fer the replace-
ment reamctien in pyridine, may be associated with the imability
of the nickel(II) species, preduced in the replacement
experiment, te underge reactien with cepper(II)(salen) te the
same extent as the free selvated nickel(II) iens preduced in
the resctien in acetenitrile. That is, the back reactien
is impeded by nickel(II) iens entering inte a cempetitive
reaction with acetate iens, thus preducing a dynamic eguilib-
ria in this reactien system, similar te thgt of the cepper(Il)
chleride/acetate - nickel(II)(salen) reactien, in methyl
celleselve,
The nearly cemplete forward replacements found in alcehel
and methyl celleselve, when using cepper(II) perchlerate
(hexahydrate), where feur-ceerdinated cepper(II) cemplexes

are expected te be preduced, further supperts the suggestien
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that such nen-solvated cepper(II) cemplexes will met underge
substitutien reactiens te the same extent as the: - cerrespend-
ing selvated eshelates.

Hall and Willeférd(4l) upen examination ef the metsl
exchange resctiens of a number of ether nickel(IIl) cemplexes,
found that in nearly all instances, these chelates which
became selvated in selutien, underwent rapid exchange at
reom temperature. Such selvent interactien with s chelate,
abeve and belew the plsnes of the cemplex, has been suggested
e facilitate the dissecistien ef a ligand.(74) herefore,
it may be expected that an increased rate ef substitutien
vweuld result. {(cf. cerresponding nen-selvated chelate).
Hewever, nickel(II)(salephen), feund inert tewards metal
exchange at reem temperature, is known te be paramagnetic
arnd presumed'to have sn ectashedral cenfigursztien, in selutien.
(see p.T70)

Such a situstien is difficult te reconcile with the hypethesis
suggested abeve, as this weuld imply that exchange sheuld
proceed at & measureable rate, at reom temperature. Hewever,
the cepper(Il) and cebalt(II) (salephen) cemplexes were feund
te be more inert tewards metal exchange than the éderrespending
(selen) compounds.(S)(e) However, for the cepper(II) and
cobalt(I1) chelates, selvent-chelate interactien may be
expected te exist, suggesting perhaps that the effect of
gelvent interactien with nickel(II)(salephen) is net sufficient
te eutweigh the strength of the Hi - ligand bends in the
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cemplex, and therefere mske it as inert tewards metal
exchange, as nickel(II)(selen).

Purther, the magnetic - moment ef nickel(II)(salephen) in
pyridine, is met that expected fer a cempletely spin-free
nickel(II) ion(ss) le. 3.2 B,H., indicating that seme percent-
age of the nickel(II) cemplex melecules exist in square planar
cenfiguratiens.

The reaction mechanism is expected te be similar
whether selvatiem eccurs er net. Hewever, the weakening ef
the bends prier te disseciatien, and therefere the rate .f
replacement, is expected te be greater in selvated nickel(IX)
cemplexes. PFurther, the stabilities ef the feur and six
eeordinated cemplexes are expected te be different, as shewmn
in the case of copper(Ii)(salen) in acetenitrile and pyridine
cempared with the cemplex in methyl celleselve and alcehel.
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METAL REPLACEMENT REACTIONS WITH SOME NICKEL(II)

CHELATES.
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The metsl exchange reactions of a number of
nickel(II) chelate complexes have been examined by Hall et
#1(33)(42)

These workers found that those nickel(II) compourds, paramag-
netic in solution, and which on the Pauling terminelogy(g) or
"outer-orbital"(lll)(112) concept, indicated the presence of
ionic bonds, exchanged their central nickel(II) atoms at
measurable rates, at room itemperature; the exception being
nickel(II)(salophen), as previously disecussed. (p.132).
However, those nickel(IY) chelate complexes, diamegnetic im
the solid state and in solution eg. nickel(II)(salen), showed
ro exchange of nickel(II) ionms, st room temperature.
Therefore, it was of interest to examine the ease of replace-
ment of nickel(II) ions by copper(II) ioms, in some of the
diamagnetic chelates, to determine,

(1) their rates of replacement,

(2) +the stasbilities of the nickel(Il) chelates

relative to those of the corresponding copper(II)

complexes,

If the rates of metal replscements can be correlated
with the bond strengths of the metsl-ligand linkages, in a
similer manner to that suggested by Stranks and Wilkinms,(14)

for exchange reactions, thém the differemt rate of replace-

ment found in one nickel(II) chelate compound, compared with

another, may be correlated with the relative strengths of the
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netal-ligand bonds.

The initisl rates of replacement of nickel(II) ions
from the diamagnetic nickel(II) chelates, by copper(II) ionms,
were determined in a similar manner to those given in
Chapter II, for the replacement reactions, involving nickel(II)
(salen).

Methyl cellosolve was used as the solvent for all the replace-
ment experiments, because it dissolved all the nickel(II)
complexes readily. Copper(II) perchlorate (hexahydrate) was
uged s the source of the c opper(II) species. The copper(II)
species produced in this medium have been shown to react
nearly quantitatively with nickel(II)(salen) (see Tables V and
vI).

(1) N,H'-l,g—phegxlenebis(aalicxlideneiminato)
nickel(II) [nickel(IT)(salophen)|

The replacement of nickel{II) ions from nickel(II)
(salophen) by copper(II) ions was found to proceed almost to
completion (95%), in about 60 hours, at 71°C, in methyl
cellosolve (1.30 x 10™M each reactant), indicating that the
copper(II)(salophen) produced in the reaction 1s more stable
than the resctant nickel(II) chelate.

The initial rates of replacement of nickel(II) ions from
nickel{II)(salophen) at 71° and 77°C are given im Table XXII.
Also included sre the rates of replacement of nickel(II) ions

from nickel(II)(salen), at the same temperatures.
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Table XXI1
The rates of replacement of nickel(II) ions from nickel(II)
(selen) and nickel(II){salophen), in methyl cellosolve.

Complex. Tenp Initisl Rate
¥ 0.1% R.107
(sec-lnole 1-1)
Ni(II)(salen) 76.9 11.35 ¥ 0.3
Hi(II)(salophen) 1.8 X 0.05
Ni(II)(salen) 71.1 5.8 % 0.2
Fi(II)(salophen) 0.92 ¥ 0.04
[Cu(II) ss:lt] - [Ni(II) compleX] — 1.3%0 x 107°u

Pigs XVa and XVb show the graphs of x versus t for the
nickel(II)(salen) and nickel(II)(sslophen) replacemente, at
76.900, from which the initial rates of replacement were
calculated.

The initial rates of replacement of nickel(II) ioms
from nickel(II)(sslen) are greater than those for the replace-
ment reactions with mickel(II)(sslophen) (Table XXII).

If the rates of metal replacements can be correlated with the
bond strengths of the metal-ligand linkages, then the slower

rates of replacement found with nickel(II)(salgphen) indicate
the existence of stronger metal-ligend bonds in this complex

than in nickel(II)(=alen).

As discussed on p.70, nickel(II)(salophen) exhibits
parsmagnetism in pyridine solution,(&g) and such magnetiic

behaviour may be taken as indicating the presence of "ionic
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bonds" [cf. diamagnetic character of nickel(II)(salem) im
pyridineJ

Purther, the spectrum of nickel(II)(salophen) in acetonitrile,
dioxan, methyl slcohol amnd methyl cellosolve shows two

maximum absorption bands in the region 3200 - 4900 ﬁ, while

the spectrum in pyridime solution shows four maximum absorptiom
bands, in the same wavelemgth region (Table VIII p.T71).

Ag discussed on p.71l, such a dissimilerity in the spectrum

of nickel(II)(selophen) in various solvents, may be due to

the presence of stronger solvent-complex interaction in
pyridine tham in other solvents.

In additiom, the paramagnetiem exhibited in pyridine solution
has been shown to decrease with incresse in temperature,(87)
indicating less solvent-complex interaction at higher
temperatures. The weak solvent-complex interaction inm methyl
cellosolve, at room temperature, may be expected to be

weaker at 70-80°C, the temperatures used in the replacement
experiments, Therefore, the ability of the solvent, at high
temperatures, to facilitate the dimsociation of mickel(II)
(salophen) is expected to be small.

The slower rates of metal replacement in nickel{II)
(ealophen) compared with nickel(II)(salen) may be explained
by the existence of stronger Ni-ligand bonds in the former
compound.

Calvin and Duffield(s) and West(s) both found that the rates

of metal exchange in copper(II){sslophen) and
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cobalt(II)(salophen) respectively, vwere smaller than these of
the metsl exchanges in the corresponding (salen) complexes.
Uest(6) explained the slower rate of exchange found in
cobalt(II)(salophen), to that in cobalt(II)(salen), by the
incressed "stability” of the (salophen) complex, arising from
the conjugated mature of the ring systems present in this
compound. The word "stability", used by West(s) implied

bond stremgth, rather tham dissociative stability.

Therefore, the strengths of the metal-ligand linkages in
nickel(II)(salophen) may also be expected to be greater tham
those in nickel(II)(salen), on the same basis.

No such conjugation of the chelate rings is possible in
nickel(II)(salen) because of the single C-C bond in the
ethylene grouping.

Hence the slower rates of metal replacement found im nickel(II)
(salophen) compared to those in nickel(II)(sslen) may de
related to the strengths of the metal-ligand linkages.

(1i) N,N'-1,2-propylenebis(salicylideneiminato) mnickel(T )

[nickel! 11)(salpn ):|

The replacement of nickel(II) ions from nickel(1I)
(salpn) using copper(II), was found to proceed almost to
completion (95%), in about 70 hours, in methyl cellosolve,
at 76.9%C (1.30 x 10~7M each reactant). The initiel rate of
replacement at 76.9°C, was calculated as R.107 = 3.9 (sec™t
mole l’l) [cf. nickel(II)(salen) R.lO7 = 11.3% (sec‘lmole l.li]

The graph of x versus t for the nickel(II)(salpn) replacement
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is given in Fig.XV(c). .

The slower rate of substitutiomn, produced by the
introduction of a methyl group on the ethylene bridge, may be
similar to the effect discussed by Wilkins(l49) for the rate
of dissociation of [?1(pn)é]+2 compared with [ﬁi(en)é]*z.
Wilkins suggested that the slower rate of dissociation of
I:Iii(prl)z]"2 thanl?i(en)é]*z sy in the chamnged pZ factor, thus
implying a steric factor operating im the case of the dissoc-
jstion of [bi(pn)é]*z. Purther, the rate of exchange of
nickel(II) ioms with [ﬁi(tetrameen)é]*z % ji& less than that
with{?i(en)2]+2, under similar conditions.(l49)

However, it is difficult to see how steric factors can make
dissociation more difficult for the (salpn) complex compound
than the (salen) chelate. Modele fail to show any effect of
steric hindrance om the ability of nickel(II)(salpm) o
dissociate.

The chelating tendéncies of 1l,2-propylenediimine ,
and ethylenediimine with nickel(II), are of the same 2122%5}51)
indicating that the stabilities of the nickel(II) species
formed from these bases, are not widely differemt.

The explsnation of the slower rate of replacement

found in mickel(II)(salpn) compared to that in mickel(II)(salenm)

a ,
tetrameen = an'GHchHZ'caz'cHZ?NHZ
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may lie in the decreased ability of the (salpn) chelate to
dissociate, due to the presence of the 033 grouping.

(1ii) (a) N,N' ethylenebis(l-methyl-3 oxobutvliden

iminato nickel(II) [}ickel!IIﬁgacacen)], and

(b) N N'-1,2-propylenebis(l-methyl-3 oxobut

ideneiminato) nickel!II[ Iéickel(II!(agaggniL‘

The reaction between nickel(II)(acacen) zand
copper(II) perchlorate (hexashydrate) in methyl cellosolve, was
found to reach equilibrium (224 subetitutiom) in about 8 hours,
at 71.1°C (1.30 x 10”7M each reactsnt).

The initial rate of replacement was calculated as R.107»a
0.39 (sec-lmole 1-1) [cf. nrickel(II)(salen) R.107 = 5.8 (sec‘l
mole 1],

The reaction between copper(II) and nickel(II)(acscpn)
has been shown to reach equilibrium (40% substitutior) im
about 20 hours, at 71.1°G in methyl cellosolve,

The initial rate of reaction has been calculated as R.lO7 =
0.17 (sec'lmole l-l)'[éf; nickel(II)(acacen) R.107 = 0,39
(sec'lmole l'lf].

The equilibrium positions found for the replacement
reactions with the substituted acetylscetone chelates
indicate that the copper(II) complexes produced as a result
of the substitution reactions are lesg stable than those of
the reactant nickel(II) chelates. Further, the slower rates

of substitution found for these nickel(II) acetylacetone

chelates, compared with the salicylaldehyde complexes, may
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indicate the existence of stronger metal-ligand linkages in
the former compounds than are present in the latter chelates.

The situation with the low percentage substitutions
is similar to the copper(II)-nickel(II)(salen) replacement
reactions in acetonitrile. In this experiment, evidence was
produced to support the existence of a differemt copper(II)
(salen) species produced in the reactiom in acetonitrile than
in other solvents ie. a solvated copper(Il) molecule capable
of undergoing replacement more easily than the corresponding
four coordinated (sslen) complex produced in other solvents.
It ig difficult to support the existence of strong solvent-
complex interactiom with copper(II)(acacen) and copper(II)
(acacpn), in methyl cellosolve, at 70°C.

However, the copper(II) complexes produced as a result of the
replacement reactions with nickel(II)(acacen) and nickel(II)
(acacpn) may not beﬁglanar molecules expected for such
reactions.

Morgan and HainpSmith(lsz) have prepared five
isomers of [CO(NH3)231231802K2]CI. This means that the
acetylacetone molecule can twist itself in a variety of ways,
and further may imply that it would be possible to produce
a copper(II)(acaceh) complex, in solution (as a result of
the substitution of nickel{IIl)(acacen) ), which is tetragonal
in configurstion, perhaps containing two solvent molecules

in its arrangement, eg.
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Purther, Morgan and Main—Snith(lsz) have isolated a green

;Bnohydrate of copper(II)(sacacen), poesibly containing s
copper(II) atom with a coordination number of five. ( cf.Waters
and Hall(go)(93) -~ colour-ppectra correlation p.49).

If 2 similar mechanism of reaction to that suggested for the
replacement reactions of mickel(II)(salen), can be applied to
the nickel(II)(acacen) systems, such & reaction step implies
that on the approach of the copper(II) atom, to form the
transition state in the replacement reaction with nidkel(iI)
(acacen), the oxygen stoms tend to bond partially to the
copper(II) and partially to the nickel(II) atom in the complex.
Such a situation was expected to facilitate dissociation of
the complex (p.128).

Such bonding in the transition state may involve bringing the
oxygen atoms out of the plane of the complex, after which the
remaininz portion of the substitution reactiomn would involve
succesive rupturesof the netal-donor bonds in 2 similar

manner to that proposed for the replacement reactions of
nickel(II)(salen).

The net result would be to twist the tetracoordinate
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complexing agent out of the normal planar arrangement assoc-
jated with mickel(II)(acacen).
A similsr situation may erise with the salicylaldehyde chelates,
but the rigid nature of the sslicylaldehyde rings would be
against any stsble configuration for the copper(II) complex,
in methyl cellosolve, other than 2 square plamar state.
Such & non—planar strained configuration for the copper(1I1)
(acacen) molecule, produced in the substitutiom reactions,
should be more susceptible to substitutiom with nickel(II) ioms,
and hence the extent of the back reaction,[nickel(II) +
copper(II)(acacenﬂ, increased. Such a situation does explain
the observed equilibrium position for the replacement
experiment with nickel(II)(acacen). '

The replacement reaction with nickel(II)(acacpn)
was found to reach an equilibrium positiom of 40% substitutiom.
The presence of the acetylacetone grouping will agsain sllow
a certain degree of freedom in forming the copper(II)(acacpn)
complex (as above), however, such twisting of the tetracoordin-
ate base may be expected to be impeded by the steric effect of
the methyl grouping on the ethylene bridge.
Models indicate that steric hindrance may be quite marked for
the (acacpn) chelates.

However, the observed larger reaction (40%) compared
with the (acacen) (22%), may be explaineﬁ on the basis of
less twisting of the tetracoordinate base in forming the

copper(II) derivative(s), thereby forming a copper(II)(acacpn)
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molecule less wmusceptible to replacement by nickel(II) ions,
than the copper(II)(acacen) molecule produced in the copper(II)-
nickel(II)(acacen) substitution.

The rates of replacement of nickel(II) ione from
nickel(II){acacen) and nickel(II)(acacpn) are leas than those
in the selicylaldehyde chelates (see p.141) under similar
conditions.

Martell 33_3;,(153)(154) have exasmined the infra-red, ultra-
violet snd visible absorption spectra, of & number of metal (II)
chelates of substituted acetylacetones.

Ueno and Marte11(153) found that the positions of the metal
specific absorptions in copper(II)(acacem) occurred at lower
frequencies than those in nickel(II)(acacen).

In a later paper, Ueno and Hartell(ISS) suggested that no
relationship should exist between the shifts of the metal
specific absorptions and the kinds of metals in the complexes.
However, several authors,(156'159) including Thomas and
Martell,(lsg) have used infra-red measurements to predict
the relative strengths of the metal-ligand bonds in metal(II)
complexes. Stavos, Curran snd Quagliano,(lss) proposed that
the Ni — N bonds were stronger than the Cu — N bonds in the
salicylaldiimine chelates, on the basis of the shifts in the
frequencies of the metal specific absorption bands.

If the shifts in the metsl specific absorptions can be
correlated with the strengths of the bonds, the work of Ueno
and Martell'153) indicates that the Ni — ligand bonds in
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nickel(II)(ecacen) sre stronger tham the corresponding
Cu - ligand bonds in copper(II)(acacen), Such a situstion may
also explain the position of equilibrium im the replacement
experiment copper(II) - nickel(II)(acacen).

No solvent interaction with nickel(II)(zcacen) has
been reported, on the basis of visible absorption spectral

(154
measurements in various solvents,(41) however Ueno snd Martell

concluded’ from studies of the ultraviolet and visible
absorption spectrs of a number of substituted copper(II)
acetylaceione chelates, in methanol, that these compounds
contained covalent metal-ligand bonds.

No information is available on the spectrum of copper(II)(acacen)
in various solvents.

Duffield end Calvin'®?

upon examination of the metal
exchange reactions of copper(II)(salen) and copper(II)(acacen),
found that the former compound exhibited the faster rate of
exchange. These workers proposed that the lower "stability"
of copper(II)(salen), compared with copper(II)(acacen) was

due to interference with the chelate benzenoid resonance by
requirement that the benzene ring of salicylaldehyde, in
copper(II)(salen), be quinoidal.

A similar situation may be expected with nickel(II)(acacen)
and nickel(II)(salen) complexes., As discessed earlier (p.139)
such a relative decrease in "stability™ may be correlated with

the bond strengths.
Therefore, the slower rate of nickel(II) replacement im
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nickel(II)(acacen), compared with nickel(II)(salen), may be
explained.

The slower rate of replscement found for the (acacpn)
reaction, compared with the (acacen) system, may be explained
by the fact that carbon substitutiom on the ethylenediinine
bridge may result in the formation of a complex less able to
dissociate, as was the case with nickel(II)(salpn) and
nickel(II)(salen).

(v) N,N'-ethylenebis(3-methoxy-salicylideneiminato)
nickel(II) [nickel(II)(3-oMe salen)]

The reaction between copper(II) perchlorate (hexa-

hydrate) and nickel(II)(3-oMe salem), in meé&l cellosolve at
71.1°C, was found to go nearly to completion (93% substitution)
in 36 hours (1.30 x 10~JM each reactant).
The initisl rate of replacement was calculated as R.lO7 =
2.7 (sec'lméle 1'1), compared with the initial rate of replace-
ment in nickel(II)(salen) viz.[:R.lO7 = 5.8 (sec—lmolg 1.1)]
under similer reaction conditions.
The slower rate of replacement found in the methoxy compound
supports the existence of stronger nickel-ligand bonds in
this compound, compared to those in nickel(II)(=salen).

The presence of a methoxy grouping in nickel(II)
(3-oMe salen), ortho to the hydroxy group (see Fig.B), may
be expected to increase the electron density on the C atom (1),
adjscent to the hydroxy grouping, because of the strong -1
effect of the methoxy grouping£l6o4 Such an increase in
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electron dengity, will be relayed to the adjecent oxygem atom,
giving it a more negative charge, which in ture may be expected
to0 incresse the stremgth of the Ni - O linkage.

Such an increase in the strength of metal-ligamnd
bonding would be expected to result in a slower rate of
replacement for this compound; compared to nickel(II)(salen),
in agreement with the experimemtal results.

ocH OS' OS’ OCH
OF >
m Ni
7 SN
1——|N ﬂ-ﬂﬂf
H  CH; CH, H
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EXPFRIMENTAL



(1)

I Radiechemical Technigues.

(a) Radieactive cebalt.
Thig was supplied by the United Kingdem Atemic
Energy Authorities (Amersham), as the isetepe 0060, in &

selutien ef carrier cebalt(II) chleride.

(b) Lebelled N,N'-ethylenebis(salicylideneiminate)
60

cebalt

(i) N,N'-ethylenebis(salicylideneimine).

3-4 ccs of ethyl alcehel were added te 24.4g (0.2 M)

1I).

of salicylaldehyde, the mixture then poured inte 6.0g (0.1 M)
of anhydreus ethylenediamine centaining & little ethyl alcehel.
The mixture was stirred and sllewed te crystallize. The
preduct was then recrystallized twice frem beiling ethyl
alcehel and cellected as fine, bright yellew plates.

(ii) H,N'-ethylenebis(salicylideneiminato)cobalg?II)

N,N'ethylenebis(sslicylideneinine)(5.3g 0.02 M) was
disselved in ethyl alcehel (120ccs) and placed in & 500ce

flask P, as shewn in diagram 1.



(11)

Oxygen free nitregen, (preduced by bubbling Cylinder
nitregen threugh twe acid-chremeus chleride bubblersa, the
gselutiens being prepared by the reductiem ef acid-chremie
chleride with zine analgnn),(l) was bubbled threugh the
yellew selutien ef the free base fer aboeut 30-40 minutes,
the selutien mesnwhile heated en = water-bath te abeut 60-T0%C.

Ceabalt(II) acetate tetrahydrate (5.0g 0.024), te
which was added a small smeunt ef radieactive ccbaltso(II)
chleride, wes heated te beiling with ethyl alcehel (90ccs)
antil &1l the selid had been cenverted te a pink, smerpheus

powier, which was prebably cebalt hydrexide er = basic



(iii)
cebalt(II) acetate gince the geolid was inseluble in uafer.
The cebalt(II) mixture was then placed in the separating
funnel S and nitregen passed threugh it fer abeut 30 minutes,
while deexygenation ef the free base selutien in P was
carried eut simultaneously.
The cebaltﬂII) suspensien was then added drepwise te the
reaction flask, nitrogen bubbling threugh the flask centin-
ueusly. The selid disselved giving a deep-red selutien.
Heating was centinued fer a further 30 minutes with nitregen
passing centinueusly through the systen,

The flassk was then allewed te ceel, when smsll
mareen prisms (4.3g) were isolateq)aiter filtering the cold-
selution under & nitrogen atmesphere.

The preduct was sucked dry en a Buchner flask, nitregen
passing centinueusly. By this preparatien, the selid
cobaltGO(II) cemplex was found te be unreactive tewards

(2)

exygen, under atmospheric conditiens.

(Found: ¢C, 59.07; H, 4.57; N, 8.35; Co: 17.8 (by cembust-
ien). Calc. fer c.[¢16ni4nzoé]; c, 59.1; H,4.34; N, 8.61;

Ce, 18.1%).
(c) Substitution Reactiens.

The substitutien reactions ef this cemplex were
studied in pyridine selutien, with the exclusion of exygen.

Cobalt(II)(salen) was first prepared by Tsumaki, Pfeiffer,

Breith snd Tavbel3).
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The cemplex prepared by these werkers showed a tendency te
turn brown en expesure te air.

Tsumaki(4) shewed this te be due te the abserptien ef exygen,
by the selid crystalline material.

Calvin and cowbrkers(s) feund that samples of the cemplex ceuld
be prepared vhich either did er did net absorb exygen,
depending en the methed used fer synthesis.

The methed ef Hest(z) was used te prepare the sample of
cebalt(II)(salen), which was used in these studies. The cemplex
prepared in this manner did net abserb exygen, in the selid
state, but undervent exygen abserptien in selutiens ef
erganic selvents.

West(z) examined the metal(II) exchange of cobalt(II)(salen)
in pyridine, and in the presence of exygen. He preposed the
existence of [?o(II)(saleni](Oz) or Co(II)(salenEI2 (02) AT
a cebaltic cemplex ef (sslen) eg.[Co(III)(saleni]*, or in
fact a mixture of these cemplexes, in selutien,

Therefere, in erder te examine the substitutien reactiens

of cebaltGO(II)(aalen), an apparztus was designed se as te
study the reactions under nitrogen. This is shewn in

Diaﬁ%m (I1) p.v.

Oxygen was remeved from cylinder nitregen by passage threugh
twe acid-chronous chleride bubblers(l) (as given en p.ii).
These bubblers were fellewed by ene centaining cencentrated
sulphuric acid, then a caustic potash tewer (fer drying
purpeses) and finally a pyridine bubbler te saturate the
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Diagrem (II)

the nitregen stream in erder te replace pyridine lest by the
bubbling actien in the reaction flask P.

A veighed ameunt ef the cobalt®C(II) cemplex in a thin walled
glass tube, was drepped inte a known velume ef pyridine in F.
Nitregen had been bubbling threugh t he pure selvent fer seme
time (15~-20 minutes) previeusly, in order to remeve all
exygen frem the reactien medium.

The glass tube centaining the coso(II)(salen) wag breken

and the mixture swirled te disselve the selid. Ritregen was
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kept bubbling for a further 15 minutes.

The reactien vessel was clemped inside a cenventienal, elect-
rically regulated thermestat water bath, kept at 25° £ 0.1.0,
in such a way that the "bulb® ef the flask F, was cempletely
immersed., The burette B was eutside the bath.

Meanwhiie, an equal velume of the metal(II) salt selutien in
pyridine, at a cencentration equal te that of the cebalt(II)
complex selutien in F, had nitregen passed threugh it fer
seme 15-20 minutes.

Purified nitrogen enters the system at A and by manipulatien
of taps Tl’TZ'TB and T4, may flew threugh K, B and L, inte
the reactien flask F.

After the reacting metal(II) salt selutien had been added
threugh T5’ the vessel was shaken te ensure thereugh mixing.
The time when the required velume of selution S had been
added, was considered as zero-time for the reactien.

Samples of the reaction mixture in F were taken at various
time intervals, by passing nitrogen inte the flask F with T4
clesec and fercing the sample threugh L inte the burette B.
When the required veiume sppeared in B, any selution held in
1 was forced back inte the flask F by suitable manipulatien
of the taps Ti T2 and T4. The required Scc sample was then
delivered from the graduated burette B inte the separating
funnel S, which contained 25cc eof deexygenated chloreform
and 25cc of air-free water. The centents were shaken, under

nitregen, to effect a separatien.
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Chlereform extracts ef cebslt(II)(salen) became brewn fmirly
rapidly even with the precautione taken, due te pessible
abserption of exygen frem the air. Therefore, only ene ext-
racticn was made fer each sample.
The chloreferm and agqueeus layers were made up te

50ces. with abselute clcehel, and sliquets taken and ceunted.

(d) Measurement of radieactivity.
(1) Geiger tubes.

Measurements ef radieactivity were made en selutiens
using a Skirted Type Liquid Ceunter Geiger tube (20th.Century,
Electronic Ltd. Type M12), ef 1Occ. capacity. The operating
petential ef each tube used was given by the manufacturers.

In erder te reduce the backgreund ceunt the tubes were fitted
inte 2 circular lead tewer with a removable lead cever. A
thickness of 1.5 ins. of lead served te reduce the backgreund

te abeut one-quarter of the value found when unpretected.

(ii) Prepsration of Samples for Counting.

Aliquets ef the selutien ebtained after the separ-
atien precedure were peured inte the Ceunting tubes. The
tubes were filled until the Geiger tube was cevered. An
increase in the velume of the selution abeve this mark made

ne appreciable difference te the number of counts obtained.

(iii) Ceunting.

Ceunting was carried eut using an Autematic Scaler,
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Type N530 D (Ekce Electrenics Ltd.).

Backgreund correctiens were the enly ones applied te the
ceunts ebtained. These were determined by ene hour ceunts
on each "counting day". Such cerrectiens were of the erder
30 ceunts/l00 secs, A decay correction was unnecessary with
0060(5.3 yrs.) Density cerrectiens were net applied in view

of the semi~quantitative kinetic appreach ef this werk.

(e) Purificatien ef Solvents.

(i) Pyridine.

B.D.H. or Anax Pyridine was dried by refluxing ever
KOH pellets, foellewed by fractienal distillatien whenever
required. The b.pt. fraction 114.5-115.5°C was cellected feor
use. '

(ii) Chlereferm.

This was purified by fractionally distilliung it
threugh an 18" Duften celumn. The b.pt. fractien 60.5-61.0%C
wae collected for use.

(iii) Water.

De~-ionized water was used for =zll experiments.

(£) Metal(II) Salts.

Analytical Resgent cepper(II) acetate (menehydrate)

and zinc{IX)acetate (dihydrate) were used for the cepper(II)
and zinc(II) metal replacement resctiens with cebalt(II)(salen).

B.D.H. hydrated nickel(II) acetate was purified by recryst-

allizstion twice from water-acetic acid mixtures.
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The green crystals ebtained were analysed fer nickel by the
pyridine-amnenium thiecyanate gravimetric method.(s)
(Peund: Wi, 23.4; 22.9% by [Ni(CSHSN)4](CNS)2.
Calc. for Ni(CH3000)2 4H,0 Ni, 23.6%).

Pure anhydreus nickel(JI) acetate was prepared by dehydrating

the pure tetrahydrate (frem above) at 100.C, in an Abderhalden
apparatus. The anhydreus acetate obtained was stered over
gilice gel in a desiccater, ready fer use.
Nickel(II) perchlorate (dihydrate) was made by treating
basic nickel(II) carbenate with 60% perchleric acid. The
carbonate was preduced by mixing togetheraqueeus selutiens ef
A.R. nickel chleride and A.R. sodium carbenate.
The green solutien formed en disselving the basic carbenate
in perchleric sacid was then slewly evaporated on a water-
bath, kept at abeut 80°C.
The green needles preduced were then recrystallized twice
from ice-cold water end cellected and dried quickly between
filter papers.
They were stered ever silica gel in a vacuum desiccater,
Nickel(II) anslysis using pyridine-ammenium thiecyanate
gravimetric precedure indicated that the perchlerate had the
formula Ni(0104)2 2H0. (Peund: Ni, 19.6, 19.3% by
[Mi(CgHgN) , |(CNS) .

Cslc. fer Ni(ClO4)2 2 H20 Ni 20.0%).

Cobalt(II) aceatate (tetrshydrate) was purified by recrystallizi
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B.D.H., hydrated cebalt(II) acetate twice, frem glacial

scetic acid-water mixtures.

Cobalt(II) analysis carried out en the red crystalline preduct
indicated the fermuls, CO(CH3000)2 4H.,0.

(Feund: Ce, 23.2, 23.5%, by [CQ(CSHSH)4__|(CHS)2(6")
Calc. fer Co('('zHSGOO)2 4H20 Ce, 23.7%.)
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II Substitution Resctiens with N,Ntethylenebis
(selicylideneiminate) nickel(II) [nickel(II)(salen).

(a) Preperation ef N,Niethylenebis(salicylidene~
iminate) nickel(IT)
Thie chelate was first prepared by Tsumaki, Pfeiffer,

Breith and Lﬂbbe.(3)

(i) Preparatien of bis(sslicylaldehydate)nickel(II).

An aqueous selutien ef nickei(II) acetate (tetra-
hydrate)(5.0g 0.02M) was added to freshly distilled salicyl-
aldehyde (4.9g 0.04M), disselved in a little alcehel. The
green solid was filtered, and washed with alcehol several

times. It wes used in (ii) belew, witheut further purificatien.

C(ii) Preperation of nickel(II)(sslen).

3.0g of finely zreund bis(salicylaldehydate)nickel(Il
wag made inte a paste with alcohoi. 15cc of 10% ethylenediamine
were added and the mixture stirred, The paste was then
warmed fer ene hour on a water-bath, after which the orange
cendensfatien preduct was washed with alcehol and ether.
The oerange chelste was purified by recrystallizatien, twice
frem chlereform, once from glacial acetic acid and finally
disselved in pyridine and precipitated with ether, The pure
chelate was dried in an oven at 70-80°C fer ene hour.

(found: C, 59.22; H, 4.59; N, 8.58;
Calculated for Hi(c16nl4nzpz): C, 59.13; H 4.34; N 8.62)
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(b) Metzl(II) Salts.

A.R. copper(JI) acetate (menehydrate) was used in

the replacement experiments.,

Anhydreus cepper(II) chleride was prepared frem
A.R. cepper(II) chleride (dihydrate) by heating the hydrated
cempound in a Abderhalden apparatus, at 100°C. The anhydreus
brewn copper(II) salt, prepared in this manner, was stored
in a desiccater over silica gel,

Cepper(IT) perchlerate (hexahydrate) was prepared in

a similar manner te that ef hydrated nickel(II) perchlerate.
Basic cepper(II) carbenate, prepared by mixing aqueous
solutions of A.R. cepper(II) chleride and A.R. sedium carbenate,
was treated with 60% perchloric acid, until the basie carbenate
dissolved te give a dark blue selutien., The selution was

then filtered, and evaperated almest te dryness on a water-
bath, kept at about 80°C. The blue crystals were then

filtered off and recrystallized twice frem ice-celd water,

They were stored in a desiccator over silica gel, Ne less ef
weight er change in celeur of the cepper(Il) perchlorate
eccurred when kept fer several menths, in such a manner,
Analysis en the cempound prepared in this way was feund te
agree with the fermula Cu(0104)2.6329.

(a
(Found: Cu, 20.60%; 20.55%; 20.46% as [Cu(CHCN),|(cHS),
Calc. fer Cu(Cl0,),.6H.0, Cu 20.69%).

The "added salts" used in the experiments described in

Chapter II viz. LiCl, NaClO4 etc were A.R. or recrystallized



(xiii)
B.D.H. reagents.
(¢) Purificatien of Selvents.

(i) Byridine.
This selvent was purified by the methed eutlined

on p(viii).

(ii) Ethyl Alcehel.

Abselute alcehel was dried by refluxing ever KOH
pellets for several heurs, fellewed by fractienal distillatiem
threugh an 18" Duften celumn, The b,pt.fractiens 77.5 - 78.0%C
was cellected.

The alcehel purified in such a manner was passed threugh a
Vapsur Refractometer, Medel 154. A small peal due te water
was obtained in the chremategram, however this wés estimated
at 0.5% of the tetal alceholic content.

(1ii) Methyl Alcehel.

B.D.H. Spectreoscepic methyl alcehel was used witheut
further purificatien. Gas chremategram analyses indicated a
very small ameunt of impurity present (water apprex. 0.1%).

(iv) 2-Methexy ethenel (methyl celleoselve).
Cemmercial methyl celleselve was dried by refluxing

over anhydreus barium oxide fer several heurs, fellewed by
fractional distillatien threugh an 18" Duften celumn., The
boiling peint fraction 123.5 — 124.5°C was taken.

(v) Acetenitrile.

Acetenitrile (B.D.H.) was dried by distilling it
frem Pzps in an all glass apparatus clesed with & P295 tube,
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sene five er six times, until the coleur ef t he exide remained
unchanged. The finsl distillate frem this precedure was then
distilled frem anhydreus petsssium carbenate, the b.pt. fractien
81,0 - 82,0% cellected. Finally, the acetenitrile was
distilled 2lene, and the pure selvent cellected; b.pt. range
81.5 - 82.0%.

The selvent after purificatien was used almost immediately fer

the replacement reactioens.

{vi) Diexan.

One litre of Purified Diexan {(L.Light Ltd.), l4mla.
of cenc, HCl and 100mls, ef water were refluxed fer 6-~12 heurs,
while a sleow stream of nitregen was bubbled threugh the selutien
te remoeve the scetaldehyde. The cold selutien was treated
with KOH pellets with shaking until seme remained undisselved.
The aqueous layer was then run off and mest ef the water was
removed by keeping the selutien ever KOH pellets fer a further
24 heurs.

The selution was then refluxed ever excess sedium wire fer a
further 10-12 heurs, until the reactien ceased and the sedium
Temained bright. Pinally, the diexan was distilled frem
sedium and the b.pt. fractien 101.0 - 101.5%C cellected.

(vii) Mater.

Cenductivity water was used fer the separation and
analytical precedures used in the replacement experiments with
nickel(II)(salen) and other nickel(Il) cemplexes.
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(viii) Chlereform, used in the separatien precedures,
was purified by distillatien.

(d) Subsgtitutien Reactiens.
The methed used te follow the replacement reactions wit

nickel(II)(sslen) and ether nickel(II) cemplexes, is described
belew.

The reactiens were carried out in glass reaction
vessels having the shape ef an inverted "Y", with a ground
glass socket bearing a stepper at the tep. In ene arm of the
vessel wes placed 5mls. of the metal(II) salt selutien, while
in the ether arm, Smls. ef the nickel(II) chelate selutien.
The coencentratiens ef the twe selutiens placed in the arms ef
the reaction vessels vere equal, and ef such values, that
en nixing, the desired cencentretien fer the experiment was
obtained. The reactien veesels were then placed in the therme-
stated bath evernight, se a= te allew the selutiens te ceme
te temperature equilibrium.

The reactions were started by inverting and vigereusly shaking
the vesszels. At the initial time of mixing (time = 0) &
stepwatch was started,

At various time intervals (time = t), the vessels
were teken from the thermestat and plunged inte an ice-water
bath, se &s te "step" the reactien. After some 30secs. in the
ice-water bath, Sml. samples ef the reaction mixtures were
tsken, and run inte 15ccs. ef chlereferm and 15ces. ef water,

in a separating funnel. GSeparatien of the chelate and metal
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ien cempenents wasg effected by shaking the funnel vigereusly.
The complexes extracted inte chlereferm while the free cepper(II
and nickel(II) iens remsined in the aqueeus selution.®
The aqueeus layer was then run inte a 50ml. beaker, 20cc. of
A.R. sedium acetate - A.R. scetic acid-water buffer (pﬂ‘4.63)
added, and the whele made up te 50ml. in a velumetric flask.

The selutien wss then ready fer the estimatien ef

the concentratieon ef cepper(II) iens.

Reactiens in Acetenitrile.

Fer the replacement reaction in this selvent it wes
net necessary to cool the reactien mixtures in an ice-water
bath, because of the low temperature used for this substitutien
reactien. (T = 15.9 ¥ 0.1%).

Samples of the reaction mixtures and standard selutiens were
taken directly frem the reactien vessels and run inte CH013/HZQ
mixtures in separating funnels, all being maintained at 16%C.
The time (t) of resctioen was taken ss the time when the

contents ef the eseparating funnel were first shaken.

- Separatien ef the chelate and metal ien cempenents, when
using pyridine as a selvent, proved difficult. A brewn layer
vas produced at the interface of the chloreferm and aqueous
layers on shsking the funnel. Hewever, as such a brewn layer
eccurred en treating beth the reaction mixtures and stendard
copper(II) selutiens, and further, since the same techniques
were used in the seperation precedures etc.,, the error eof

separation was assumed censtant.
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Prepsration of N,N'-ethylenebis(sslicylideneiminate)~
cepper(II). [cepper(II)(salen)l.

The methed used for the preparation ef cepper(II)(sale

wvas anslegeus te the ene used for the nickel(II) cemplex
(p xi).
A.R. cepper(II) acetate (menehydrate) was used as the salt,
in the preparatien ef bis(sslicylaldehydate) cepper(II).
Cepper(Il)(malen) made by this methed was recrystallized three
times frem chlereferm. The dark green crystals ebtained were
dried in an even, at 80'0, for twe heurs.

(feund: C, 58.52; H, 4.47; K, 8.21;

cale. for Cu(C, H, N,0,): C, 56.30; H, 4.29; §, 8.49).

The sample of hydrated nickel(II) perchlerate, used
in the replacement reactien between nickel(II) iens and
cepper(IIl)(salen), was prepared by an analegeus methed te
that ef the dihydrate (p.ix).
Hewever, nickel(II) analysis ueing pyridine—smmenium thiecyansate

indicated that the perchlerate had the fermula Ni(ClO .GBéO.

42
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(e) Anslysis of the Agueous lsyer for copper(II).

Copper was estimated colorimetrically using
2,2'=Diquinolyl(Cuproine) as the reagent.(7) Depending upon
the concentration used in the experiments, a known volume of
an aqueous extract was placed in a separating funnel. |
A few crystals of A.R.Hydroxylamine Hydrochloride were added,
to reduce the copper(II) ions to copper(I) ions, then 15ml.
of 0.02% Cuproine in redistilled B.D.H. iso-amyl alcohol,
were added,

The f unnel was shaken for some minutes, after which the violet
organic layer was run out into a 20ml. volumetric flask., The
aqueous aliquot was re-extracted with a further 3ml, of the
0.02%4 Cuproine solution, after which the orgenic layer was run
into the volumetric flask. The violet solution was then made
up to the mark with pure iso-amyl alcohol.

In all experiments, irrespective of the molarity of
the reactants used in the substitution experiments and the
volume of the aqueous extract taken, the second extraction
was found to remove the remaining copper(I.) ions, as the
Cu(I)-2,2'~Diquinolyl complex,

The optical densities of the violet solutions were read st
5400 3,(7) on a Unicam S.P. 500 Spectrophotometer, using
lcem.silica cells.

To prepare the standard curves of copper(II) concen-
tration versus opticai density, solutions containing copper(1I)

ions corresponding to 0%, 20%, 50% and 80% substitution were
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made frem each cepper(II) reactant selutien eg. if the initial
cencentratien of the cepper{II) selutien used in the substit-
utien experiment was 2,60 x 10'3!,four gselutiens cerrespending
te 1.30 x 10™7M, 1.04 x 10™7M, 6.50 x 10~*M snd 2.60 x 10™%x
were prepared, by apprepriate dilutien ef the cepper(II)
reactant aelutien.
These feur selutiens were then subjected te the zame precedures
(eg. kept in the water-bath overnight, ceeled, 5ml. samples
tsken etc.), as these of the reactien mixtures, and the eptical
dengities of the extracted Cu(I)-2,2'-Diquinelyl-ise-amyl
alcehel selutien taken, at 5400%.
A typiecal standard eptical density versus cepper(Il) cencen-
tratien plet is shqwn in Pig.,l1. The graph shewn is fer the
Cn(0104)2.6320 - Ni(II)(salen) replacement in methyl celleselve,
at 71.1%C (1.%0 x 10™7M each reactant). The cencentratiens
of free copper(II) iens in the reaction mixtures were then
read directly frem the standard graphs.

The velume ef the aqueeus extract was chesen, feor
each cencentration, se as te give a maximum eptical density
of the vielet selutien ie. (0% substitutien er 100% cepper(II)
iens), in the regien of 0.6 ~ 0.7. When the cencentratien
of copper(II) after mixing was 1.30 x 10™°M, 20ml. ef the
aqueous extract was found suitable te give such an eptical
density maximum of 0.6 or 0.7. Similarly, when the cencentrat—
ien ef cepper(II) after mixing, in the reaction, was
5.20 x 10'33, 5ml. of the aqueeus exiract gave a reading
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cerrespending te 0.6 er 0.7 fer 0% substitutien, etec.

Extractien of cepPer(II)(salen) inte the agueous
layer.

Selutiens ef 1,30 x 10~ 7N cepper{1I)(salen) in
alcohel, pyridine and methyl celleselve vere made up. 5ul. eof
each of the selutiens were tzken and run inte 15cc. ef
chlereferm and 15cc. of wvater, centained in separating funnels.
The centents ef the funnels were shaken, and the aqueeus
layers ceparated, sfter which the selutions were tested fer
cepper(II) iens with 2,2'-Diquinelyl. Ne vielet celeurs
were preduced frem the selutiens ef the cepper(Il) cemplex
in alcehel and methyl celleselve, hewever a slight vielet
celeuratien resulted en testing the squeous layer as a result
of the extractien eof the pyridine selutien.

The cencentratien of cepper(II) iens, messured in this way,
was feund te be (2% of the tetal cepper(II) centent. Ne
cerrections were made te the calculations of the initial rates
of the replacement experiments, when using pyridine as =

selvent,

Meassurement ef Spectra.

A1l spectra were measured en a Unicsm S.P. 500
Spectrephetemeter, using silica cells. A censtant temperature
cell heusing (S.P. 570) was used feor all spectra taken at
high temperatures. The cell cempartment, supplied with
heating liquid by a thermestat water-bath, ceuld be maintained

at s given temperature between 25%°-80°, & o,50¢,
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III. Substitutien Reactiens with ether nickel(II)
cemplexes.

Preparation ef Nickel(II) Cemplexes.

#, Preparation eof N, N'-1,2-phenylenebis(salicylidene~

iminate) [nickel(11)(sslephen).

This cempeund was first prepared by Tsumaki,
Pfeiffer, Breith and Lﬂbbé(?) This preparation is given
beleovw,
2.0gm. of bis(salicylaldehydate)nickel(II) and
1.5gm. of e-phenylenediamine were mixed te a thick paste, in
alcehel. The mixture was warmed fer ene heur en a water-bath.
The green celeur of bis(salicylaldehydate)nickel(Il) disappeared
and the éelour becane deep red-brewn after seme 30 minutes.
The precipitaée was filtered eff and washed with alcoﬁolic
ether.
It was purified, by first disselving it in chlerefera and
reprecipitating with ether, and then recrystallizing frem
glacial acetic acid.
The dark red crystals were dried in an even at 70-80%¢C.
(Pound: C, 63.85; H, 3.80; N, 7.37;
Calc. for Ni(C,oH, N 0,)t C, 64.38; H, 3.79; N, 7.51).

(v) Prepsration of N,N'-ethylenebis(l-methyl-

3-exebutylideneiminate)nickel (II) [nickel (TI)( acacen)]

(i) Preparation ef the Schiffs base.
10.0g (0.1M) of acetylacetene in 4-5cc ef abselute



(xxif)

alcehol were added te 3.0gm. (0.05M) ef anhydreus ethylene-
diamine. The resulting light yellew selid was filtered eff

and recrystallized twice frem abselute alcehel.

(11) ZPreparatien of nickel(II)(acacen).
2.2gm. (0.01M) of the Schiffs base were disselved

in a 1little alcehel, and added te a solutien ef 2.5gm.(0.01M)
of nickel acetate (tetrahydrate) in aqueeus alcehel. The
mixture was heated for seme 30 minutes en a water-bath, after
wvhich the red selid weas filtered off and recrystalliged

three times frem abselute alcehol.

(Feund: ¢, 52.09; H, 6.51; N, 10.14.
Calc. fer Ni(012H1802H2) c, S1.29; H, 6.46; N, 9.97)

(¢) Prepsratien of N, N'-1,2-prepylenecbis(acetyl-

acetoneiminate)nickel(II) [nickel(II)(acacpn)]

(1) Preparatien ef the Schiffs base.

10.0gm (0.01M) ef scetylacetene in 4-5cc. of
abselute alcohel were added te 3.7gm. eof 1,2-prepylenediamine.
The resulting light yellow selid was filtered eff and recryst-
2llized twice frem abselute alcehel.

(ii) ZPrepsratien ef nickel(II){acscpn)

2.4gm. (0.01M) ef the Schiffs base were disselved
in a little alcehel and added te a selutien ef 2.5gm. eof
nickel(Il) acetate (tetrahydrate) disselved in aqueous—alcehel.
The red selid preduced was filtered and recrystsllized three
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times frem abselute alcehel.

(Feunds ¢, 53.62; H, 6.78; N, 9.63;
Calc., fer m(cnnzooznz) C, 52.93; H, 6.84; N, 9.49.)

(d) Preperation eof N,N'-1,2-prepylenebis(sslicyl-
ideneiminate) nickel(1I) [nickel(II)(salpn)]

(1) Prepsratien ef N,N'-1,2-prepylenebis(sali
ideneimjne).

12.2gm. (0.1M) eof salicylaldechyde were disselved
in & small ameunt ef abselute slcehel and added te 3.7gm.
(0.05M) ef 1,2-prepylenediamine. The yellew selid was filtered

off and recrystallized ence frem abselute alcehel.

(11) Preparation of mnickel(II)(salpn)

2.8gm. (0.01M) eof N,N'-1,2-prepylenebis(salicyl-
ideneimine) were dissolved in s little alcehel and added te
2.5gm. (0.01M) of nickel(II) acetate (tetrahydrate) disselved
in aqueeus-alcehel, The red solid formed was heated en a
water-bath fer 30 minutes, then filtered, and recrystallized
twice frem chlereferm and ence frem glacial acetic acid.
Fingl purificatien was effected by disselving it in pyridine
and re-precipitating with ether.
The erange-red selid was dried in am even at 70-80.0 fer

ene heur,

(Peunds €, 59.82; H, 4.92; N, 8.38
Calc. fer Ni(cl7ﬂl60252) c, 60.23; H, 4.76; N, 8.27)



(xxiv)

(e) Preparstien of N,N'-ethylenebis(3-methexy-
salicylideneiminate) nickel(II). [nickel(II)(3-ole salen)]

(1) Preparation of N,N'-ethylenebis(3-meth

salicylideneimine.).

12.2gm. (0:i1M) ef 3-methexysalicylaldehyde(e-vanillin)
in Scc. of abselute alcehol were added te 3.0gm. (0.05M) ef
ethylenediamine., The £elid was filtered eff and recrystallized
twice frem alcehol.

(ii) Preparstion of nickel(II Me szlen)

3.3gm (0.01M) of N,N*-ethylenebis(3-methexysalicyl-
ideneimine) were disselved in abselute alcehel and 2.5gm (0.01M)
of nickel acetate (tetrahydrate) in agueeus-zlcehel, added.
The red crystals preduced were heated en 2 water-bath, at
60-70%C, fer twe heurs,
They were filtered, and washed three times with beiling
alcehel and twice with beiling water,
The red crystals were dried in an even at 60-70%C.

(Peund: C, 56.67; H, 4.77; K, T.44;
Calc. fer Ki(01831804ﬂz) c, 56.15; H, 4.72; N, 7.28)

Substitutien Reactiens.

The methed used te study the replacement reactiens
using these five cemplexes was similar te that used te study
the reactiens ef nickel(II)(salen).

Fer each ef the reactions given ir Chapter III, standzrd

eptical density versus cencentratioen curves were drawn, frem
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which the cencentratiens ef free cepper(II) iens, in the

reactien mixtures, could be read.



(1)
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(4)
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Substitution Reactions in some Transition Metal Chelate

Compounds.
Summary of the Thesis presented by W.W.FEE for the
degree of Ph.D at the University of Adelaide.

The substitutions of cobalt(II) ions in H,N'-ethyl-
enebis(salicylideneiminato)cobalt(II), by copper(II), nickel(II),
cobalt(II) and zine(II) ions have been examined, in pyridine.
The equilibrium positions found for the replacement experiments
" have been correlated with the expected stabilities of the
chelstes produced as a result of such substitution reactions
viz., Cu(II)> Ni(II)> 2Zn(II), in stability.

Purther, the rates of replacement of cobalt(II) ions from
N,N'—ethylenebis(salicylideneiminato)cobalt(II) by nickel(II)
have been found to depend upon the types of nickel(IIl) species,
present in solution.

The rates of replacement of nickel(II) ioms from
N,N'-ethylenebis(salicylideneiminato)nickel(II) by copper(II)
ions, in methyl cellosolve, at 7000, have been shown to
depend upon the types of copper(II) salts used for the reactions,
and to be influenced by added salts. Spectral measurements
have been used to identify the types of copper(II) species
and nickel(II) complexes, present in solution.

The rate of replacement of nickel(II) was found to be
greater in solvents of higher dielectric constant. Such a

result has been correlated with the nature of the copper(II)



species in solutiom, and upon the increased ability of
nickel(II)(salen) to dissociate im higher dielectric comnstant
solvents.

fwo mechsnisms of reactiom, for the replacement of nickel(II)
jong from nickel(II)(salemn), have been proposed, on the
available experimental data and on the basis of Crystal Field
celculations.

The rates of replacement of nickel(II) ioms by
copper{II) ioms from s number of diamagnetic nickel(II) chelate
compounds have been correlated with the bond strengths of
the nickel-ligend linkages or with the effects of substituents
upon the ratesof dissociation of the nickel(II) complexes.





