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Summary.

The kinetics of the rearrangement of benzaldoxime to
benzamide, catalysed by nickel acetate tetrahydrate in digol,
are reported. The process is exothermic. Apparatus designed
to study the rearrangement at a constant temperature and an
infrared spectroscopic technique for the detection of
benzamide are described.

It is found that the production of benzamide occurs in
two, consecutive, psuedo-first order steps. Kinetic isotope
studies reveal the first step to involve a nickel dependent
cleavage of the carbon-hydrogen bond of benzaldoxime. The
second step is observed to be essentially nickel independent
and is suggested to be the organic rearrangement of an
intermediate, postulated to be a benzimidate. It is thought
that benzaldoxime exists in its anti (B) configuration prior
to rearrangement. A number of related experiments are cited.

A kinetic investigation of the production of the deep-
blue solution (blau), found to arise under certain conditions,
in aqueous solutions of potassium tetrachloroplatinite and
acetonitrile, is presented. The reaction is accompanied by
the release of acid. Apparatus designed to enable the reaction
to be studied titratiometrically and spectrophotometrically,
at constant pH and temperature is déscribed.

A preliminary study of the ligand substitution reactions
of the tetrachloroplatinite(II) ion in this system reveals
the normal two-term rate law to te obeyed.

The production of the blau is found to depend upon an
initial sequence of substitution reactions of platinum(II),
followed by several less clearly defined processes, which are

believed to include the oxidation of platinum(II) to



Platinum(IV), the hydrolysis of acetonitrile and the chelation
of the resultant acetamido anion. The blau is suggested to
be dihydroxybis(acetamido)platinum(IV) involved in a set of
complex equilibria.

A preliminary investigation of the behaviour of
cyanoacetamide towards several transition metal ions is

included as an interesting area for further research.
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Abbreviations.

acen bisacetylacetone-ethylenediamine
ca. approximately

DH dimethylglyoximato

M molar

DM nuclear magnetic resonance
OAc acetate

OF formate

Ph phenyl

L A e A polytetrafluoroethylene

R alkyl

BR.%. room temperature

sh shoulder

Symbols.

Ant enthalpy of activation
Ast entropy of activation

E° redox potential

)1 ionic strength

Units.

Kinetic and thermodynamic parameters are expressed in units

of the calorie. It is noted that 1 calorie = 4.184 joule.

vii



1.  IEntroduction.

The chemistry of organic molecules may be profoundly
altered by the presence of metal ions., The coordination of
a ligand to a metal ion may result in an entirely new reaction
for that ligand. DMore usually the existing chemical
properties of the ligand are subtly modified. However, there
exists no 'a priori' means of predicting the precise nature
or extent of such changes.

The coordination of a ligand to a positively charged
metal ion would be expected to result in a degree of
polarization of that ligand. However, the nature of the
change in electronic distribution would be anticipated to
depend upon the type of coordinate bond involved. If a
typical sigma bond is formed, involving the donation of
electrons from the ligand to the metal ion, a decrease in
the electron density on the ligand might be expected., If
however, in addition, pi bonding occurs, involving the
donation of electrons from the metal ion to the ligand, the
situation will be more complex. The change in the electron
density on the ligand will then be determined by the relative
importance of these two types of bonding., If pi bonding, of
this type, is predominant an increase in the electron density
on the ligand may arise.

The polarizing influence of a metal ion upon a ligand
would be anticipated to be greatest in the region of the
coordinate bond. In the case of small molecules therefore,
it is expected that coordination will iffect significant
changes in the electron density over the majority of the

ligand. Indeed, it is found that, given the type of bonding

involved, the polarization concept is gquite useful in



rationalizing the changes in reactivity of small molecules
upon coordination,

Where thé coordinate bond primarily involves normal
sigma bonding the resultant electron deficiency of the ligand
would be anticipated to enhance its electrophilic behaviour.
Thus the electrophilic halogenation of aromatic compounds,
catalysed by a number of Lewis acids1, including ferric
chloride, may be envisaged to arise as a result of the
rolarization of the coordinated diatomic halogen molecule,

according to the scheme 1.1 for chlorine.

FeCl, + 012 * Cl-ClFeCl 1.1

3 3

The electron deficient chlorine atom, thus produced, is
considered to be the reactive species,

A considerable nunber of reactions involving coordinated
alkenes are known2’3. An important industrial example of
these is the catalytic manufacture of acetaldehyde from
ethylene, in the presence of the tetrachloropall%&ite(ll) ion
and cupric chloride (Wacker Process). The reactive species
is believed to be the complex PdCl,(OH) (02H4)- in which the
electron deficient‘ethylene ligand undergoes nucleophilic
attack by the adjacent hydroxide ligand4’5’6. The bonding
of ethylene in the related complex Pt013(02H4)- has been
demonstrated to‘predominantly involve sigma donation7,
consistent with an overall electron deficiency of this ligand.

In those cases where pi bonding, from the metal ion to
the ligand, is predominant in the coordinate bond the
resﬁltant electron richness of the ligand would be expected
to enhance its nucleophilic behaviour. Such a situation

often arises with carbon monoxide and is the basis for many



useful organometallic synthesesa. Probably the most important
of these is the catalytic manufacture of propionaldehyde from
ethylene, carbon monoxide and molecular hydrogen, in the
presence of cobalt carbonyl (Oxo Process). The mechanisms

of these hydroformylation reactions are believed to involve

a hydride migration to the coordinated alkene, yielding a
coordinated alkyl group, followed by an alkyl migration to a

coordinated carbon monoxide ligandg, illustrated by the scheme

1.2,
H RCH.CH, CO 0C  OCCH.CH
RCH | €O RRE L il S 2"
§—Col = Co e Co 1.2
HCH | CO 7 X 7N
co oc o oc  co

The result of the coordination of a ligand to a metal
ion may not only be to cause a degree of electronic distortion
of that ligand and to favour a subsequent reaction. In a
great many instances relatively drastic electronic
rearrangements within the metal complex may occur., These
may be manifested in the disruption of the ligand, the
participation of the metal ion and ligand in a redox reaction,
or a combination of both.

For instance, the deprotonation of the ligand may arise,
illustrated lucidly by the marked increase in acidity of
water upon coordination1o. The electrophilicity of a
coordinated ligand is expected to be substantially decreased
by deprotonation11. In this context the behaviour of
molecular hydrogen, notably in the presence of certain
transition metal ions occupying the right hand side of each
transition series, is of interest. Cocordination may result

either in the heterolytic cleavage12’13, or in the oxidative

14

addition of the hydrogen molecule to produce metal hydride
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species. The hydride ligand may essentially be envisaged as
deprotonated molecular hydrogen and would therefore be
anticipated to show nucleophilic behaviour towards coordinated
alkenes. In fact a substantial number of metal hydride
complexes are observed to catalyse the homogeneous

8,9,15,16

hydrogenation of both alkenes and alkynes The

hydrogenation of other unsaturated groups has also been
reported8’17.

The oxidative addition of certain ligands to several
coordinatively unsaturated d8 complexes represent novel
examples of ligand disruption18. Possibly the most intriguing
of these is that of the decarbonylation of certain aldehydes

and acyl halides by the complex RhCl(PPh3)3 to yield alkanes

and alkenes19, represented in the scheme 1.3,
RhCl(PPh3)3
+ RCH,CH,CHO / \+ RCH,CH,COCL 4,5
RhCl(CO)(PEh3)2 + RCH,CH, RhCl(CO)(PPh3)2 + RCH,=CH, + HC1

The driving force in these reactions is obtained from
the stability of the complex RhCl(CO)(PPh3)2.

The limiting case of ligand polarization may be considered
to arise when an actual electron transfer between the metal ion
and the ligand occurs. Examples of.such metal ion redox
reactions are widespreadzo.

If the coordinate bond primarily involves normal sigma
bonding an electron transfer from the ligand to the metal ion
may arise., The resultant oxidation of the ligand may be
catalytic if the presence of molecular oxygen enables the
reoxidation of the metal ion to occur. The copper(II) ion is

found to be particularly effective in this respect21’22,



presumably due to the small standard electrode potentiél,
EO(Cu2+/Cu+), of ca. ~0,19 Voltzs.

If the metal ion favours adduct formation with molecular
oxygen, in which the coordinate bond involves a predominant
pi contribution, an electron transfer from the metal ion to
the oxygen ligand may occur24. The superoxide ion, thus
generated, can initiate the oxidation of suitable organic
molecules more effectively than molecular oxygen itself,
Iron(II) and cobalt(II) are often found to activate molecular
oxygen in this manner25. Such processes are presumably the
basis for respiration.

Metal ion-ligand redox reactions often result in the
production of free radica1326. The decomposition of hydrogen
peroxide in the presence of certain metal ion325’27, leads to
the formation of both hydroxyl (+OH) and peroxo (-OZH) radicals
which may subsequently initiate a wide variety of free radical
reactions in the presence of suitable organic species. One

23 which

example of such behaviour is that of Fenton's reagent
consists of a trace of iron(II) and hydrogen peroxide. The

overall reaction is exhibited in equation 1.4.

2+ Ly PPt O 4 ORI D 1.4

+ 2H 5 5 5

Fe 0

2

The polarization of a ligand by a metal ion is a useful
qualitative concepf in the consideration of changes in ligand
reactivity upon coordination, However, a simple valence bond
treatment of the coordinate bond is unrealistic and would be
expected to exaggerate the extent of electronic distortion
of the ligand.

This is weli illustrated by the electrophilic substitution

reactions of certain coordinated aromatic ligands in which the

\n



reactive centre is removed from the coordinate bond. For
instance, the coordination of aniline to chromium(III) night
be predicted to deactivate this ligand towards electrophilic
attack at the ortho and para positions on the aromatic ring.
However, the bromination of aniline in the presence of chromic
chloride produces 2,4,6-tribromoaniline in the normal mannerzg.
It is generally found that the coordination of such aromatic
ligands to a metal ion does not alter the pattern of

electrophilic substitution significantly-°

y, although some
reduction in rate may be expected.

In a great many cases the polarization of a ligand is
not the principle basis upon which the facilitation of a
subsequent reaction depends., The essential function of the
metal ion may be to organize the ligands within its
coordination sphere such that a specific reaction is then
stereochemically favoured.

Under this heading are the various types of template
syntheses, These may involve the combination of two or more
ligands within the coordination sphere of the metal ion,
illustrated by the numerous examples of oligomerization
reactionsS. For instance, certain nickel complexes may induce

31

the tricyclization of acetylene to yield benzene” , according

to the scheme 1.5.

——

Lol A

\\/N‘i\ 3/// T \ / 1.5

PPh

Alternatively, the addition of suitable external reagents

to the coordinated ligands may be accomplished, often to

32,33

produce large macrocycles The ability of metal ions to



impose particular geometric orientations upon macrocyclic
ligands is of distinct relevance to many biological
processe532’34.

The reactivity of complex organic molecules, containing
several potential donor atoms, would be anticipated to depend

upon their mode of coordination. The decarboxylation of

certain )-carboxyl-p-keto acids is catalysed by the presence
b

of small amounts of suitable metal ions””, probably according

to the scheme 1.6,

oy FHC0, o fre ; o s
e =00, o-C{ +H P 1.6
0 0 =—F g 0 —=P 5 0

\M/ \FI/ \M/

At high concentration of metal ion the reaction is
inhibited, due to the participation of the normally labile
carboxyl group in chelation,

The scope of ligand reactivity is enormous and it is not
the purpose of this introduction to attempt a comprehensive
review of the subject. It is seen that the facilitation of
a ligand reaction upon coordination may depend on a number of
factors., These include the polarization of the ligand, the
stereochemical requirements of the reaction and any electronic
rearrangements within the complex. "In order to gain a useful
understanding of the function of a metal ion in the
facilitation of a ligand reaction it is necessary to examine
the kinetic and thermodynamic aspects of such processes.

The fund;mental changes that allow coordination to
influence the kinetic and thermodynamic factors governing a
ligand reaction are the variations in the ease of attainment

of suitable transition states and the wvariations in the free



energies of the reactants, intermediates and products. For
solution reactioﬁs the ease of attainment of the transition
state may principally be affected by both alterations in the
enthalpy of activation (AH¥) and the entropy of activation
(asT). sSubstantial changes in these quantities will result
in measurable differences between the reaction profile for
the free ligand and that for the coordinated ligand. Ideally,
an interpretation of the mechanistic function of the metal
ion requires a knowledge of these differences. Where this is
not possible detailed kinetic information upon the reaction
of the coordinated ligand is required.

The kinetic studies presented in this thesis are intended
Yo be essentially autonomous. Accordingly, each is assigned
a separate chapter, which includes a pertinent literature
review as an introduction. Chapter 3 presents an investigation
of the nickel(II) catalysed rearrangement of benzaldoxime to
benzamide. It is believed that the polarization of the imine
bond, by nickel(II), is an important feature of this reaction.
Chapter 5 deals with the various processes that arise in
aqueous systems of the tetrachloroplatinite(II) ion and
acetonitrile. The ultimate product in this system is a
plafinum(IV) species containing the hydrolysed nitrile ligand.
It is thought that the polarization of the nitrile bond, by
platinun(IV), facilitates the hydrolysis of acetonitrile and
is one important factor in a complex series of processes. In
fact, it is the initial processes in this system, concerned
with the substitution reactions of platinum(II), that are best
understood and form the bulk of chapter 5. In order to gain
a thorough understanding of the initial aspects of the overall

reaction, an investigation of the substitution reactions of



the tetrachloroplatinite(II) ion in agueous solution, both
in the absence and presence of acetonitrile, was undertaken.

This work is reported in chapter 4.



2. Experimentation.

2.1. Physical studies,

Ultraviolet and visible spectroscopy. Solution spectra
were recorded on a Pye Unicam SP 1800, used in conjunction
with an AR 25 linear recording unit.

Infrared spectroscopy. Solid state spectra were recorded
on a Perkin Elmer 457 grating instrument, as either a nujol
mull, or more usually a potassium bromide disc. Solution
spectra were run on the same model, using a matched pair of
Beckmann R.,I.C. F-05 detachable cells,

Nuclear magnetic resonance spectroscopy. For general
analysis a Perkin Elmer R10 was employed. High resolution and
variable temperature studies were undertaken with a Varian HA
100D.

Mass spectroscopy. An A.E.I. MS9 was employed.

Elemental analysis, All samples were submitted to Dr,.F.B.
Strauss (Microanalytical Laboratory, 10, Carlton Road, Oxford
0X2 TSA.) or Alfred Bernhardt (Mikroanalytisches Laboratorium,
5251 Elbach uber Engelskirchen, PFritz-Pregl-Strapfe 14-16, West
Germany. ).

Differential scanning calorimetry. Undertaken by RAPPRA
(Shawbury, Shrewsbury SY4 4NR.).

Melting point apparatus, All melting points were
determined with a Gallenkamp MF-370 and are uncorrected.

Computation. Unless otherwise stated all computer
programs were written in algol and run on an I.C.L. 19054
computer at the Computer Centre, University of Aston, Gosta

Green, Birmingham B4 TET. George 3 job presentation was used.,

10



2.2, Experimental techniques.,

2.2.1. The nickel(II) catalysed Beckmann rearrangement.

2,2.1.1. Apparatus,

The apparatus was designed to enable a kinetic study of
the strongly exothermic, nickel(II) catalysed, isomerization
of benzaldoxime to benzamide to be undertaken at a constant
temperature. It is constructed of glass and shown in figure
2.1. diagramatically.

The cylindrical inner vessel V, which contains a suitable
solvent, is serviced by a ground glass conical joint G1 (B19).
The surrounding outer jacket J, which holds the solution under
study, is serviced by three ground glass conical joints G, (B14)
G3 and Gy (both B10). Gy holds a thermometer and G3 provides
a sampling outlet through a suitable suba seal. G1 and Gz are
fitted with appropriate water condensers. The operating
capacity of J is ca., 200mls., and the contents are stirred
magnetically.

The entire apparatus is clamped in the thermostatted
silicone 0il bath assembly shown diagramatically in figure 2.2.

The vacuum flask ¥, containing the silicone o0il, is
mounted securely on a specially constructed scaffolding.
Thermostatting of the flask contents is achieved by the hot
wire relay R, coupled to a mercury contact thermometer T and
a heating element E. The motor M1 drives a stirrer S and
ensures efficient stirring of the oil. A magnetic stirring
assembly is provided by the motor H2 and a horseshoe magnet H,
positioned under the flask. The operator is protected from
hot o0il splashes by a sliding perspex shield, fitted to the
scaffolding.

Under run conditions, described in section 2.2.1.2., the

11



0il bath is set to a temperature slightly above the boiling
point of the solvent in the inner vessel, which is observed
to reflux gently. Thus the reaction solution, in the jacket,
makes good thermal contact with an effective heat sink and
local temperature variations, due to the exothermic reaction,
are quickly dissipated. To maximize the efficiency of the
apparatus it is designed such that the jacket thickness is as
small as possible (ca. 1cm.).

The system is found to operate satisfactorily in practice
and enables the temperature of the reaction solution to be

held to within #0.25°%.

23 2.1.2+s Frocedure.

The oil bath is brought up to temperature with mechanical
stirring, which must be continually adjusted as the oil thins
to avoid splashing.

200mls., of a solution of a-benzaldoxime in purified
2,2'-dihydroxydiethylether (digol) is made up to the required
concentration and transferred to the jacket. A suitable
solvent is introduced into the inner vessel to the same level
as that of the reaction solution. The services are fitted to
the apparatus, which is immersed centrally in the oil batn.
The jacket contents are magnetically stirred and after ca.
20mins, the inner solvent is seen to reflux gently. A known
quantity of finely ground catalyst is weighed into a small
glass receptacle, which is then introduced intec the Jjacket
solution, thus initiating the run.

After each run, the jacket, receptacle and magnetic
follower (P.T.F.E.) are cleaned with chromic acid.

It is found in practice that for a given inner solvent

of boiling point T_, the temperature of study may be varied

1
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over the range TS to ca., TS + 1200, by suitably adjusting the
temperature of the oil bath., Thus it is possible to study
the rearrangement at six different temperatures using only

four solvents, according to table 2.1,

Table 2.1,

Reaction temp.(°C) | Inner solvent in V B.pt. (%)
160.5 Isopropylbenzene 152.4
168.5 1,%,5-trimethylbenzene | 164.7

i T10.5 n

184.0 1,2-dichlorobenzene 180.5
191.5 "

200,0 Decahydronaphthalene 195.7

Digol was chosen as the reaction medium for the reasons
discussed in section 3.2.2. and initially was redistilled
before useB6. However, since this treatment appeared to have
no significant effect upon the reproducibility of a particular
run it was abandoned and the solvent used as supplied (section

20201l4c)c

2¢2.1¢3. Sampling and detection,

Immediately prior to the introduction of the catalyst a
small aliquot (ca., 0.5ml.) is taken from the reaction solution
with a 2ml. syringe and 20cm, needle inserted through the suba
seal in G3 (figure 2.1.). After the addition of catalyst
further aliquots are removed at suitable intervals of time.
Aliquots are quickly quenched by transference to clean semi-
micro test tubes, which are immediately corked to avoid
possible contamination. After each sample is taken the syringe
and needle are washed with ethanol and ether, Acetone is

avoided since traces could interfere with the subseguent

1%



infrared analysis of the aliquots.

In the early runs the syringe needle was left in the
reaction solution as a permanent sampling outlet. However,
spectroscopic analysis of the solution revealed the presence
of benzamide, in significant quantity, prior to the addition
of catalyst. it was subsequently discovered that the stainless
steel needle catalysed the rearrangement, a fact probably due
Yo its nickel content, since iron appears to have no catalytic
effect upon the reaction65.

The detection of benzamide is accomplished by infrared
spectroscopy. A pair of matched solution cells, of path length
0.05cm., are used., Since digol is hygroscopic these are
constructed with silver chloride windows. All liquids are
introduced into the cells with a 2ml. syringe, taking care to
avoid the inclusion of air bubbles, which affect the absorbance

reading. Spectra of samples are run against a solvent

1 1

reference, over the region between 2000cm ', and 1500cm™ ., to
ensure a good baseline., Initially the spectrometer is zeroed
with nothing in either beam. A standard O,1M solution of
benzamide in digol is run and the spectrometer gain adjusted,

if necessary, until the absorbance at 16750m"1., corrected for
baseline, corresponds to the value obtained from the

calibration graph shown in figure 3.2. (chapter 3). The initial
aliquot is run to confirm that no absorbing species are present
prior to the introdution of catalyst. Subsequently all aliquots
are run., After each analysis the syringe and sample cell are
flushed through with ethanol and ether and dried in a stream of

warn, dry nitrogen gas. All spectra are recorded on absorbance

paper. The peak height and baseline are read directly unless

the former is greater than 0.6, in which case the log1o of the

14



transmittance is evaluated,

The cells are kept in a sealed container and used in a
darkened room to reduce the photosensitized decomposition of
the silver chloride windows. Periodically they are dismantled,
cleaned thoroughly with water, ethanol and ether, reassembled
and rematched. At no stage were the cell windows reground,
due to the difficulty experienced in the grinding of silver
chloride plates, which can often lead to surface damage and

severe darkening.

2.2,1.4. ZEquipment.

Spectrometer., Perkin Flmer grating infrared; model 457,
Used on a medium scan mode and with a normal slit width,

Solution cells, Beckmann R,I.C. F-05,

Vacuum flask, Day Impax (Dilvac)., Constructed to order
from pyrex; diameter ca. 20cm.; depth ca. 20cn.

Relay. A.E.I. Sunvic hot wire; type H.V.R.

Contact thermometer. Gallenkamp; mercury filled; cat. no.
TM-480; 0°C to 200°C.

Heating element. Bray; model no. EH165791; 500 Watts.

Stirrer motors. Kestner; model no. 34840/41. (M1).

; Pickstone. (MQ)'
Silicone o0il. Hopkin and Williams; type MS200/100cs,
Digol. B.D.H. purified; boiling range 241°C to 248°c.



Figure 2.1.

Reaction vessel used in the study of the nickel(II)

catalysed rearrangement of benzaldoxime to benzamide (side view)




FPigure 2.2.

0il bath assembly used in the study of the nickel(II)

catalysed rearrangement of benzaldoxime to benzamide (side view)

M4

k)

VAVAVAVAVAVAV,

H

R

Power

1‘12




2.2.2., Aqueous systems of potassium tetrachloroplatinite

and acetonitrile.

The blue solution produced under the appropriate-
conditions in these systems will be referred to as the blau.
Evidence for the nature of this material was obtained both
from the kinetic investigation of its production and from a
variety of physical studies performed on solid products
isolated from solution. This will be cited in subsequent
sections,

Two different methods were employed to enable the
production of the blau to be followed spectrophotometrically
at constant pH. The first technique, described in section
2.2.2,1.,, was found to be unsatisfactory for the reasons
outlined in section 5.2.3. (chapter 5). However, it is
included since it provided a basis from which the technique,

described in section 2.2.2.2., was developed,

2.2.2.1. Method involving the use of buffers.

The reaction is followed in a 4ml. sample cell situated
in the thermostatted cell housing of the spectrophotometer.
Thermostatting is achieved by means of a constant temperature
bath and a circulating pump.

Standard solutions of potassium dihydrogen phosphate
(0.3M) and sodium hydroxide (0.3M) are made up. The necessary
quantities of buffer and base are mixed to attain the required
pH. The solution is then halved. One half is diluted by a
factor of three with distilled water and the other is
similarly treated with acetonitrile and distilled water to
produce a solution that is 1.0l in acetonitrile, These two

solutions may now be mixed to produce a reaction solution of

the required acetonitrile concentration. 2.9mls. of such a

16



solution is transferred to both the sample and reference cells,
positioned in the cell housing. The cell contents are brought
up to temperature (ca. 15mins.). The spectrophotometer is
zeroed at the required wavelength and set for a fixed
wavelength run37. O.,1ml, of distilled water is added to the
reference cell, with a micrometer screw syringe assembly, and
O.,1ml. of a fresh solution of potassium tetrachloroplatinite

is similarly introduced into the sample cell, thus initiating
the run. The buffer is able to withstand the ca., 3% volume
change involved in this procedure.

The reaction involves molecular oxygen and calculations
revealed that for a solution volume of %mls. there is
sufficient atmospheric oxygen present to ensure complete
oxidation of platinum(II) to platinum(IV), for concentrations
of potassium tetrachloroplatinite of up to 0.001M., Thus
evaporation of acetonitrile and solvent can be minimized by

stoppering the cells,

2¢2.24.2. Method incorporating the use of the autotitrator.

2¢2.2.2.1. Apparatus,

The system developed to meet the requirements discussed
in section 5.2.3. is shown schematically in figure 2.3..

The pH of the solution is moniﬁered by the pH meter N,
used in conjunction with glass and saturated potassium
chloride electrodes. The pH meter is coupled to an autotitrator
controller A, which operates a delivery unit D, holding a
suitable burette filled with an appropriate solution of
potassium hydroxide.

Spectrophotometric studies are undertaken by circulating
the reaction solution through a silica flow cell Q; with a

peristaltic pump P2‘ Silicone rubber tubing is used with the

17



pump and is kept well lubricated with silicone oil. The flow
circuit is completed with polypropylene tubing and two narrow
glass tubes immersed in the solution. The spectrophotometer is
operated on a fixed wavelength scan and drives a suitable
recording unit,

The reaction vessel W is made of glass and shown
diagramatically in figure 2.4. The cylindrical inner vessel
U, which holds the solution under study, is serviced by four
conical joints 01, 02, 03, and 04. 01 is designed to fit a
rubber bung (size 31), which holds the electrodes in position
in the solution. C, is made to fit another bung (size 23),
which contains the tubes of the peristaltic flow circuit and
a mercury thermometer, 03 is a C14 ground glass joint and
provides an inlet for the burette of the delivery unit, whilst
04 holds a B14 condenser. The operating capacity of U is ca.
200mls. and the contents are stirred magnetically. Under run
conditions the ratio of the solution volume to the vessel
volume is high. This helps to minimize loss of solvent and
acetonitrile.

The vessel and flow cell contents are kept at constant
temperature by pumping water from a thermostatted water bath
B, ﬁith a circulating pump P1, through the surrounding jacket
K and the cell housing H respectively. . A calibration graph
of bath temperaturé against solution temperature is not shown
since it was established that several factors influence this
relationship., These are, the circulating pump speed, the

peristaltic pump speed and the magnetic stirring speed.

2¢2¢242.2, Procedure,

The experimental technidue is essentially the same for

all the kinetic studies mentioned in section 2.2.2.2.4.
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Therefore a generalized procedure is described below. Wherever
specific differences arise they are mentioned in the relevant
section,

The thermostatting assembly is switched on., The burette
is washed through with potassium hydroxide solution and filled.
The peristaltic flow circuit is flushed through with distilled
water and the silicone tubing relubricated. The fixed
wavelength run mode is selected on the spectrophotometer37.

The pH meter is calibrated with a suitable buffer. The
required volume of distilled water is introduced into the
vessel and the electrodes and all other services fitted. The
appropriate volumes of acetonitrile solution (1.,0M) and lithium
perchlorate solution (1.0M), to maintain the ionic strength,
are added. The pH of the solution is adjusted to the required
value by suitable addition of perchloric acid or potassium
hydroxide and the autotitrator set to this on the 'standby’
mode, The burette is zeroed. The spectrophotometer is zeroed
with solvent in a silica reference cell. The vessel contents
are brought up to temperature. Once a steady temperature is
attained 2mls, of a freshly prepared solution of potassium
tetrachloroplatinite are pipetted into the vessel, such that
the final volume is 200mls. Immediately the autotitrator is
set to the 'run' mode and the fixed wavelength scan started on
the spectrophotometer, thus initiating the run.

The vessel and flow cell are regularly cleaned with
chromic acid. Periodically the silicone rubber and

polypropylene tubing are replaced.

2.2.2.2.3., TFurther considerations.

In the use of the autotitrator controller assembly, to

keep the pH constant, two competing factors are of importance

19

-



in determining the concentration of base added. Firstly, the
addition of one drop of base to the reaction solution should

not alter the pH drastically. Secondly, the total volume of

base added should be a small percentage of the total solution
volume .

It was decided that a 5% volume change was the maximum
which could be tolerated over the complete reaction. fhus the
concentration of base added is dependent on the starting
concentration of potassium tetrachloroplatinite, In the work
with the blau this is 0.0004M, for which a base concentration

of 0,02} is found to be satisfactory.

2.2.2.2.4. Scope of the method,

The system was primarily designed to investigate the
kinetics of the production of the blau spectrophotometrically.
However, it is also suitable for spectrophotometric studies of
the kinetics of the ligand substitution reactions of the
tetrachloroplatinite(II) ion in aqueous solution, both in the
presence and absence of acetonitrile, Furthermore, since the
system incorporates an autotitrator assembly it is possible to
follow the kinetics of acid release, in those reactions in
which this occurs. In the former investigation this proved to

be of considerable importance,

2R e lelsDs Equipment._

Spectrophotometer, Pye Unicam SP 1800, Used with an
AR 25 linear recording unit.

PE meter., E.I.L. direct reading; model 23A. Used with a
glass electrode; type G.H.S. 23.

pH control. Pye autotitrator controller; cat. no., 11603,

Used with a solenoid operated delivery unit on the slow channel,

incorporating a 10ml. burette, calibrated in 0.02ml, divisions,

20



Peristaltic pump. Watson lMarlow H.,R. flow inducer; type
H.R.B.; serial no. 12328,

Thermostat bath. Townson liercer; mercury contact control;
cat. no, X27; serial no. 711040,

Circulating pump. Stuart Turner; model no., 12CT 68182,
Used with variac control,.

Magnetic stirrer., Baird Tatlock; model no. Y1%6562/204,
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Pigure 2.3.

Apparatus used in the study of aqueous systems of the

tetrachloroplatinite(II) ion and acetonitrile (schematic).




Figure 2.4,

Reaction vessel used in the study of agueous systems of

the tetrachloroplatinite(II) ion and acetonitrile (side view).
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203, Preparation of compounds.

2.3.1. oa=benzaldoxime,

Attempts to employ the method of'Pearson and Bruton for

ketoximes38

were largely unsuccessful,

A method, éoncerned principally with the bulk production
of a-benzaldoxime, was developed from that described by Vog9139
and is presented below.

To a solution of 56gms. of sodium hydroxide in 160mls, of
distilled water, contained in a 1litre conical flask, 80mls.
of reagent grade benzaldehyde is added slowly, whilst cooling
in an external ice bath. To this mixture either 60gms. of
hydroxylamine hydrogen chloride or TOgms. of hydroxylamine
hydrogen sulphate is added in small portions, such that the
temperature is kept below 1000, and with frequent vigorous
shaking., During this process a solid may form, however,
ultimately a homogeneous solution is produced., This is left
to stand in the ice bath whereupon a2 solid, crystalline mass
of the sodium salt of the oxime gradually separates out. The
solid is transferred to a 2litre beaker and stirred vigorously
with ca., 750mls. Qf distilled water until a white, translucent,
alkaline solution is produced, Small lumps of solid carbon
dioxide are then added, to liberate the oxime from its sodium
salt, until the soluticn becomes colourless. The crude oxime
is filtered on a éuitable buchner at the pump, washed with
several aliquots of cold, distilled water and then dissolved
in ca., 75mls. of diethylether. The ethereal solution is
transferred to.a separating funnel, shaken over the minimum
necessary quantity of anhydrous magnesium sulphate powder to

remove traces of water and then filtered to remove any residual

gsalts. The ether is removed on a steam bath to produce a light
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brown, viscous oil, which is then vacuum distilled at 12mm,
pressure. The colourless fraction, boiling at 12300, is
collected., Upon cooling this forms a solid, crystalline mass
of a-benzaldoxime,

Analysis for C6HSCHNOHu

Found 069,7% H5.6% N11.4%.
Calculated C69.4% HS5.8% N11.6%.

The advantage of using solid carbon dioxide in this
synthesis is twofold. PFirstly, it is a convenient source of
the gas and secondly, it lowers the temperature of the solution
such that the low melting a-benzaldoxime precipitates out as
an easily manageable solid.

Both p-methoxy-a-benzaldoxime and p-nitro-a-benzaldoxime
are prepared, from their respective aldehydes, by this method.
However, purification is achieved by recrystallization.
p-methoxy-a-benzaldoxime is thus isolated from cyclohexane as
long, white needles, of melting point 131-13300 (reported40a
13300) and p-nitro-c-benzaldoxime from benzene as long, buff

needles, of melting point 180-183°C (reported40b 182-184°¢),

2.3.2. Deuterated a-benzaldoxime,

The synthesis is a multi-stage process., Firstly, the
ylide benzal-bis-pyridiniumbromide is prepared41. This is
then hydrolysed in deuterium oxide to produce deuterated
benzaldehyde42 (05HSCDO). The aldehyde is then subjected to a
modified procedure, based on that of section 2.3.1., to yield
the deuterated oxime (CsHSCDKOH).

The method was developed in order to obtain the maximun
yield of product. Therefore purification of intermediate

compounds is not attempted. The procedure is outlined below.

20gms. of benzalbromide and 15mls. of pyridéne are warmed



on a steam bath, in a 250m1. round bottomed flask equipped with
a water condenser, for ca. 1hr. The resultant deep red,
crystalline mass of benzal-bis-pyridiniumbromide is filtered on
a suitable buchner at the pump, washed with several aliquots
of diethylether and vacuum dried overnight. The salt is then
dissolved in the minimum of suitably buffered deuterium oxide42
and left to stand overnight. The solution is then refluxed
for ca. 3hrs., and the liberated pyrid;ne neutrilized by
acidification with hydrobromic acid. The deuterated aldehyde
is steam distilled, extracted with diethylether and the
ethereal solution dried over the minimum of anhydrous calcium
sulphate powder. The solution is filtered and the ether
removed on a steam bath, leaving ca. 15mls. of deuterated
benzaldehyde (yield ca. 55%).

! The aldehyde is treated in the manner described in section
2¢.3.1. except that initially it is added to the required
volume of distilled water and cooled in an external ice/sodium
chloride bath to ca. -500, without the addition of sodium
hydroxide. Subsequently ca., 10% of the total sodium hydroxide
is introduced, guickly followed by a similar quantity of the
hydroxylamine salt, with vigorous shaking. This process 1is
reiterated slowly, keeping the temperature at ca. —500, until
all of the reagents are added. In order to maximize the yield
of product an ether extraction is performed on the aqueous
phase, after the addition of solid carbon dioxide and
filtration., All ethereal solutions are combined and the oxime
purified as before.

The n.m.r. spectrum of this material is compared to that

of a=benzaldoxime in figure 2.5. The C-H resonance is seen to

be considerably reduced. Integration of the spectrum enables
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the extent of isotopic substitution to be estimated as 60%.
This is probably accurate to within a few percent. The i.r.
spectrum shows an absorption at 22050m_1., assignable to the

¢-D stretch,

2¢3¢3s pP~benzaldoxime,

This compound was prepared, from its a-isomer, by the

method of Vogel 2., Melting point 128.5-130°C (reported-® 130°C)

2.3.4. Benzimidates.

Benzimidates may be prepared! as the hydrogen chloride
salt, by a number of methods43’44.

The synthesis of alkylbenzimidate hydrogen chloride salts
may be accomplished by the action of dry hydrogen chloride gas
upon benzonitrile and a suitable alcohol, under stringent
anhydrous conditions., All reagents are therefore thoroughly
dried before use, Digol is redistilled from a suspension
contzining calciﬁm oxide, 2-methoxyethanol and benzonitrile
are kept over oven diied (10000) molecular sieve (type 5A).

Equinolar proportions of benzonitrile (25mls,) and digol
(23mls.) or 2-methoxyethanol (20mls.) are mixed in a2 250ml.
round bottomed flask, The mixture is cooled in an ice/sodium
chloride bath and . dry hydrogen chloride gas bubbled gently
thrbugh for ca. 20mins, The flask is stoppered, fitted with
a drying tube containing fresh, anhydrous calcium chloride
grains and the contents allowed to stand., After several days
a white, so0lid mass develops. This is dissolved in the minimum
of absolute ethanol, filtered and dry diethylether added to the
filtrate. The hydrogen chloride salt of the benzimidate
separates out as a white precipitate and is filtered on a
buchner at the pump, washed with dry ether and kept under a

vacuum over silica gel.



Analysis for CgHgC(NH,C1)0CH,CH,0CH,CH,0H.,

Found C53.7% H6.0% N7.4% ©€119,6%.

Calculated C53.8% H6.,5% N5.7% Cl14.4%,

The high nitrogen and chlorine content of this sample is
probably indicative of some disubstitution, due to the

possession of two alcoholic groups by digol.

Analysis for C6H50(N3201)OCH20H200H3.
Found C54.8% H6.5% N6.8% Cl16.T7%.
Calculated C55.7% H6.5% N6.5% C116.5%.

2.3.5. Nickel complexes,

Complexes of the general formula NiL4X2, where L is
benzaldoxime or p-methoxybenzaldoxime and X is chloride or
iodide, were prepared. Attempts to synthesize the analogous
p-nitrobenzaldoxime qomplexes were unsuccessful.

The method of Hg%ber and Leutart45’46 may be followed
with slight modification, For the recrystallization of iodide
complexes a mixed solvent system, equal volumes of chloroform
and cyclohexane, is found to be superior to pure chloroform,

An zlternative preparation may also be employed. The
appropriate nickel halide is gently heated with ca, a 20:1
molar excess of the ligand, in an open dish, until a wviscous
homogeneous solution is produced., Care must be taken since
vigorous heating will cause a rapid exothermic reaction to
occur, undoubtedly the nickel catalysed rearrangement of the
oxime to the amide., Thus continual stirring with a glass rod
is necessary., The solution is poured into a large excess of
equal volumes of diethylethexr and cyclohexane and left to stand.
Crystalline products usually separate out overnight and are
filtered on a number 4 sinter at the pump, washed with ether

and vacuum dried.

26



Analysis for Ni(CGHBCHNOH)4012.

Found C55.4% H5.2% N9o.3%.
Calculated C54.7% H4.6% N9.1%.

Analysis for Ni(C6H50HHOH)4Iz.

Found C42.1% H3.6% NT,0%,
Calculated 042.2‘;; 11305?; N? .0?50
Analysis for N1(0H3006H4CHHOH)4012.
Found C49,9% H5.0% NT.2%.
Calculated C52.3% H4.9% NT.6%.
Analysis for N1(0H3006H4CHNOH)4I2.

Found C42,5% H4.1% N6.4%.

Calculated C41.,9% H3.9% N6.1%.

The melting point characteristics of these complexes are
unusual and consequently they were subjected to a differential
scanning calorimetric analysis the results of which are
reported in section 6.1. (chapter 6). .

The complexes dichlorobis(triphenylphosphine)nickel(II)
of decomposition point 245-248°C (reported 247-250°C) and
diiodobis(triphenylphosphine)nickel(II) of decomposition point
218-222%% (reported 218-22000) were prepared according to the
method of Venanzi47.

Bis(dimethylglyoxinato)nickel(II) was prepared in the
mannexr usual for gravimetric analysisés. Decomposition point
245-247°C (reported49 248°¢),

(Bisacetylacetone-ethylenediamine)nickel(II) was prepared
by the method of McCarthy et a1°C., Melting point 193-196°C
(reported 195-196°¢).

2.3.6, Platinum complexes.,

Cis-dichlorobis(triphenylphosphine)platinum(II) was

| =
prepared by the method of Malatesta et 31‘1. The corresponding
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palladium complex was prepared in an identical fashion,
Cis-dichlorobis(acetonitrile)platinum(Il) was prepared
along the general lines described by Golovnya et a152.
Dichlorobis(acetamido)platinun(IV) was prepared by the
method of Brown et al53
Dihydroxybis(acetamido)platinum(IV) was synthesized in
solution by treating an aqueous suspension of cis-dichloro-
bis(acetonitrile)platinum(II) with an excess of silver nitrate’
Solutions of the blau were produced using the apparatus
described in section 2.2,2.2. at concentrations of 0,0004l1 in
potassium tetrachloroplatinite and 0.1M in acetonitrile and
PH 7. Usually several duplicate reaction solutions were
combined and solid products isolated by the following method.
Solvent is removed from the bulk solution by rotary
evaporation under reduced pressure until ca., 1% remains., About
20nls, of ethanol is added and any undissolved solids removed
by filtration. To the filtrate is added ca. 500mls., of
diethylether whereupon a blue precipitate develops. The
suspensicn is allowed to stand and the excess solvent decanted
off, The remainder is slowly filtered at the pump on a number
4 sinter, The dark blue precipitate is washed with several
aligquots of diethylether and dried in a vacuum desiccator over
silica gel.
Elementallanalysis of this material demonstrated the
retention of potassium chloride and probably ethanol as well.
A tentative formulation is given below,
Analysis for Pt(CHacoﬁn)2(OH)2.CHBCH20H.K9.9018‘9.
Found C6.5% HO0.9% N2.5% X35.4% C€129.3% Pt18.0%,
Calculated C6.6% H1.4% N2.,6% X35.4% 0€l28.9% Pt17.9%.
A discussion of the nature of 1he species in dilute solutio:
is deferred until section 5.4.5.
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Figure 2.5.

Comparison of the n.m.r. spectra of a-benzaldoxime and

deuterated a-benzaldoxime (in carbon tetrachloride).
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3. An investigation of the nickel(II) catalysed rearrangement

of benzaldoxime to benzamide.

%+ 1. dAntroduction.

The Beckmenn rearrangement of ketoximes (I) to N-
substituted amides (II) is probably the most familiar example
of that class of organic reactions in which an alkyl or aryl
group migrates from a carbon atom to an electron deficient
nitrogen atom55’56.

The rearrangement is effected by a variety of acidic
reagents including sulphuric acid, phosphorous pentoxide,
sulphur trioxide and phosphorous pentachloride, although milder
conditions are usually required for the rearrangement of
aldoximesBT. |

The conversion is believed to involve the migration of

that group trans to the hydroxide group of the oxime, as shown

by the scheme 3.1.

R B! g e
g N
I | 3.1,
N /H /E\
\0 R H
| i 2

18

55, in H2 0, have

Furthermore, isotopic exchange studies
revealed that a direct interchange ﬁf the alkyl and hydroxide
groups does not take place, and that the carbonyl oxygen of
the amide is derived from the sclvent medium.

The rearrangement of both ketoximes and aldoximes to
amides, in the presence of metals or metal salts, is well
established.

{=fe
As early as 1897 Comstock)8 observed that the heating of

benzaldoxime with cuprous chloride, in benzene or toluene,

29



produced benzamide, although breakdown to benzaldehyde often
occurred.

Yamaguchi59’6o

undertook the hydrogenation of both
ketoximes and aldoximes, on a reduced copper catalyst, at
elevated temperature (ca. 200°C) and discovered amides to be
present amongst other products.

The heterogeneous hydrogenation of four aldoximes was also

attempted by Pam 102

y using raney nickel as a catalyst.
Amides were produced in quite high yields, although ketoximes
were found to undergo hydrogenation,

Later Paul, Buisson and Joseph63 developed a nickel-boron
catalyst for hydrogenation, which was superior to raney nickel
to fatigue, however, again they noted its ability to isomerize
2=-furancarboxaldoxime to 2-furancarboxamide in high yield, even
at room temperature.

The initial method of Pau161 was employed by Caldwell and
Jones64 for the isomerization of the oximes of tetrahydrocitral,
citronellal and citral. Although primarily interested in the
use of the catalyst for the synthesis of the previously
uncharacterized amides of these compounds, they remarked that
the ethylinic linkage appeared to have a deleterious effect
upon the function.of the catalyst, since the reaction occurred
qQuite satisfactorily with the oxime of tetrahydrocitral (yield
of amide ca. 76%),'moderate1y gso with that of citronellal (ca.
50%) and rather poorly with that of citral itself (ca. 40%).

The first comprehensive study of the metal catalysed
rearrangement under homogeneous conditions was undertaken by
Field, Hughmark, Holroyd and Rarsha1165. A wide selection of
potential catalyété were evaluated under heterogeneous

conditions, with the intention of selecting the most promising



for a homogeneous study. They discovered the rearrangement
10 be catalysed by a number of nickel and copper compounds

and even cobaltic oxide. Other compounds of copper and cobalt
were unproductive, as were compounds of iron, silver and
mercury. The blue, high melting so0lid, obtained during the
attempted rearrangement with cupric acetate monohydrate, was
probably the complex reported by Hieber and Leutart45. As a
result of this work they chose nickel acetate tetrahydrate for
a homogeneous study in xylene, This catalyst system was found
to be exceptionally versatile and effected the isomerization
of a wide range of aldoximes, usually in good yields. Thus
the oxime of citronellal was isomerized in 71% yield to the
amide (cf. Caldwell and Jone564).

Although the synthetic possibilities of the metal
catalysed rearrangement of aldoxinmes to amides are by now well
documented, the mechanistic aspects of the isomerizations
have, as yet, generally remained a matter of qualitative

speculation66.

Bryson and Dwyer67

» who characterized a2 number of metal
ion complexes of 2-furancarboxaldoxime, observed the formation
of 2-furancarboxzmide, during the preparation of certain
nickel and copper complexes. They found that treatment of
tris(2-furancarboxaldoxime)nickel(II), in a variety of ways,
resulted in the production of bis(2-furancarboxaldoxime)nickel (I
and a mixture of 2-furancarboxaldoxime and 2-furancarboxamide,
In addition, they discovered that heating a suspension of the
bis-complex in benzene, with a large excess of the oxime,
produced the amide catalytically, apparently by the successive
formation and decomposition of tetrakis(2-furancarboxaldoxime)

nickel(II).



Since it is generally the p-aldoxime that forms metal ion
complexes, via coordination through the nitrogen atom46’68’69,
they conciuded that the isomerization involved a trans Beckmann
rearrangement and that the a-aldoxime (III) was converted to

the p-aldoxime (IV), as a prerequisite to amide formation.

R\ /H R\ /I-I
C C
I ]
N\ /H H\ /N
0 0
111 IV

Yamaguchi suggested the function of copper, in his
rearrangement, to be essentially that of weakening the N-O
bond of the oxime, by the formation of a suitable complex salt.

This view was developed bf Pau162, who envisaged the
rearrangement to be assisted by the overall electron deficiency
of the oxime, arising as a result of its interaction with
nickel.

Other coordination centres are believed to behave in a

70

gimilar manner. Hoffenberg and Hauser proposed that the
stable complex B-p-chlorobenzaldoxime-N-borontrifluoride (V),
when heated (ca. 15000), was converted to the reactive species
B-p-chlorobenzaldoxime-0O-borontrifluoride (VI), which could
subsequently undergo either dehydration to produce p-chloro-

benzonitrile or a Beckmann rearrangement to yield p-chloro-

benzamide, illustrated by the scheme 3,.2.

gie ",  H C1C,H, H
6 4‘0/ 6 4\0/ C1C 4 ,CONH,
Il Sl I iy + 2.2
H\ /N\ H\ 3 ClC.H,CN
o” “BFy 9/ 64
BF,
\'i VI
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They concluded that the formation of the amide could
possibly be a result of nitrile hydrolysis and therefore that
the reaction might not constitute a true example of the
Beckmann rearrangement, Furthermore, they suggested that
nitriles might also be intermediates in the rearrangement of
aldoximes to amides with polyphosphoric acid71, gince this
reagent had been shown to convert nitriles to amide572.

Although the dehydration of aldoximes to nitriles is
well established57, for those reagents normally employed to
effect the Beckmann rearrangement of ketoximes, it appears
unlikely that such a process occurs during the nickel catalysed
isomerization of aldoximes.

Thug neither Field et 3165; nor Bryson and Dwyer67, could
find any evidence to suggest that nitrile intermediates were
involved in their reactions,

It would appear likely, therefore, that certain basic
differences exist between the nature of the rearrangement with
transition metal catalysts and that with other coordination
centres., However, it should be noted that the coordination of
an aldoxime to a mgtal ion may, in fact, be achieved through
the oxygen atom of the aldoxime, in certain special cases68’69.

The function of the transition metal catalysts in these
isomerizations is not well understood. It was the purpose of
this study to undertake a kinetic investigation of a suitably
representative reaction; so that the mechanistic role of the
metal, in facilitating rearrangement, could be elucidated,

This work is reported in the following sections of

chapter 3,



2¢2, Initial studies.

In the following sections no attempt is made to
distinguish between a and S benzaldoxime, A discussion of
the isomeric form of benzaldoxime, prior to rearrangement to

benzamide, is deferred until section 3.4.5.

3¢2.1. Studies in aromatic solvents.

Field et al65 showed that the conversion of benzaldoiime
to benzamide could be achieved, under heterogeneous conditions,
with a number of nickel compounds., It was of interest,
therefore, to investigate the potential catalytic use of a
selection of nickel compounds, under homogeneous conditions,
with a view to choosing the most promising for a kinetic study.
Accordingly benzaldoxime was refluxed in xylene (ca. 14000) in
the presence of a series of nickel compounds. A summary of

the results is presented in table 3%,.1.

Table 3,.1.

Conipound Concentration |Reflux |Observations

Compound|Oxime |time

Ni(DH)2 0,08 0.6M |15hrs. |Dark red solution, no
benzamide.

Ni(acen) 0,081 0.6M |15hrs. [Dark brown solution, no
benzamide.

NiClz(PPhB)2 0.012M |0.2M |11hrs. |[Non-homogeneous, no
benzamide.

NiCl26H20 0,012 |[0.2M |11khrs. |Non-homogeneous, no
benzamide.

Ni(OF)22H20 0.,012M |0.2M |5hrs, |Non-~homogeneous, no

benzamide.

Ni(OAC)24H20 0.012M |0.2M Shrs, Light green to light brown

solution, gave benzamide

on cooling (yiela ca.85%).
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Table 3.1. reveals those complexes containing tightly
bound, multidentate ligands to be ineffective as catalysts.
In addition, compounds containing the chloride ion do not
appear to have any catalytic effect. Rather incongruously
nickel acetate tetrahydrate is seen to effect rearrangement
satisfactorily, whereas nickel formate dihydrate appears to
be ineffective. In the subsequent kinetic studies (section
3.%3.) and related experiments (section 3.4.) evidence is
cited by which these observations may be rationalized.

Work with a selection of metal acetates in xylene
revealed that zinc acetate dihydrate also catalysed the
rearrangement, although both manganese acetate dihydrate and
cobalt acetate tetrahydrate were ineffective, Nickel acetate
tetrahydrate was found to effect rearrangement in xylene
under an atmosphere of nitrogen, suggesting molecular oxygen
to have no involvement in the reaction. Since this latter
nickel compound appeared the most effective catalyst in
xylene a qualitative study of the rearrangement, in a series
of refluxing aromatic solvents, was undertaken with this
catalyst. The solvents chosen were, in sequence of increasing
boiling point, toluene (11100), xylene (140°%), 1,3,5-tri-
methylbenzene (165°C) and tetrahydronaphthalene (207°C). Both
the time for reaction completion and the overall conversion
of benzaldoxime to benzamide were found to decrease with
respect to this sequence. Thus benzamide was produced in ca,
40% yield after about half an hour in tetrahydronaphthalene
and in ca., 85% yield after several hours in xylene. This
behaviour inmplies the presence of a side reaction of high
activation energy, a possibility inferred by Field et al65 and

supported here by subsequent work reported in section 3.3.5.
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Attempts to perform the reaction in tetrahydronaphthalene
at a fixed temperature below the boiling point, using a small
oven assembly, failed. The temperature rose sharply upon the
introduction of the catalyst. The exothermic nature of the
reaction is well established for a variety of heterogeneous
catalysts62’65, although it was not observed apparently for
nickel acetate tetrahydrate65.

Suprisingly this compound was found to be almost insoluble
in any of the pure aromatic solvents mentioned above, although
its solubility increased in the presence of benzaldoxime,
Furthermore, the rearrangement product, benzamide, was observed
to separate out as a liquid in the higher boiling point solvents
especially tetrahydronaphthalene, during refluxing. Indeed,

65 since it is an excellent

xylene was selected by Field et al
solvent for the recrystalization of amides.

Thus it was clear that aromatic solvents were hot
satisfactory reaction media for a kinetic study of the nickel
acetate tetrahydrate catalysed isomerization of benzaldoxime

to benzamide, since homogeneous conditions were not ideally

fulfilled.

3e2¢2, Studies in digol.

A preliminary investigation revealed that the
rearrangement could be achieved in digol under homogeneous
conditions. Moreover, the concentration of benzamide in
solution can be monitered effectively by infrared spectroscopy
in this solvent. Benzamide has a characteristic spectrum
between 1700cm™'. and 1500cm_1., shown in figure 3.1., a region
in which digol does not absorb. The work in aromatic solvents

had indicated that quite high temperatures were necessary for

the production of benzamide to occur at a convenient rate.
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Since the boiling range of digol is 241-24800 it can be used
for studies over an elevated temperature range.

The rearrangement in digol was initially investigated at
high temperature by employing a thermostatted silicone o0il
bath, similar to the one finally developed and described in
section 2.2.1.1. It was found that the exothermic nature of
the rearrangement rendered impossible attempts to maintain a
constant temperature throughout the duration of the reaction.
Attempts to control this, by performing the reaction in a
vessel equipped with a cooling coil, failed. The temperatures
involved (ca. 150-200°C) prevented the use of tap water as a
coolant, due to its relatively low boiling point., Ideally
such a coolant should be employed near the temperature of
study. A flow system involving the circulation of a liquid
at these elévated temperatures was impractical., The system
employed had to possess good thermal transfer characteristics,
which were easily controllable. For this reason the oven
assembly was discarded,

The system finally developed to meet the requirements of
the kinetic study derived inspiration from the fact that the
temperature of a reaction undertaken in a refluxing solvent is
automatically fixed at the boiling point of the solution. The
heat produced during an exothermic reaction, under such
conditions, is merely utilized to reflux the solvent more
vigorously.

Possible solvent effects on the rearrangement precluded
the use of a range of solvents, each under reflux, to vary the
temperature of study. However, the idea of a refluxing
solvent system led to the construction of the apparatus noted

previously in section 2.2.1.1.
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Figure 3.1.

Infrared spectrum of a 0.1M solution of benzamide in

digol (cell path length 0.05cm.).
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3.3 Kinetics of the nickel acetate tetrahydrate catalysed

rearrangement of benzaldoxime to benzamide.,

The infrared spectrum of a 0.1M solution of benzamide in
digol is shown in figure 3.1. and exhibits a characteristic
absorption at 16750m_1., due to the carbonyl stretch, The

1 1

two less intense absorptions at 1615cm” ', and 1575em” ', can

reasonably be assigned to the N-H bend and the aromatic C-C
stretch respectivelyTB. A 0,2M solution of benzaldoxime in
digol has mno discernible spectrum in the region between

1. and 15000m_1., revealing the low intensity of the

2000cm™
C=N absorption. A plot of benzamide concentration against
absorbance at 1675cm"1°, with a suitable baseline correction,
is shown for a serigs of benzamide solutions in digol in
figure 3.2, and reveals Beer's law to be obeyed. Thus the
concentration of benzamide can be followed kinetically, during
the rearrangement, as a function of the absorbance at 16750m"1.

Firstly, it was established that reproducible results
could be obtained. TFigure 3,3. shows two plots of the
corrected absorbance at 16750m—1. against time under identical
conditions., It is seen that the curves exhibit the 'S' shaped
character often indicative of product formation in two,

T4

consecutive, first order steps'”’.

For the consecutive process

A L» 3 By g 3.3.
it may be shown that

. : GO, - SR . -1t
c = ca)(1 + (E:Tje (EET)e ) 3.4,

where ¢ = [C] at time t, and ¢ = (€] at infinite time.

It was found that the experimental plots could be fitted

38



satisfactorily to equation 3.4. using the least squares
computer program SEQUEXP shown in appendix 1., Values of the
two psuedo-first order rate constants and the absorbance at
infinite time were obtained,

Since equation 3.4. is demonstrably symmetrical neither
rate constant can be unambiguously associated with the first
or second step in the consecutive sequence. For this reason,
in tables 3.2., 3.3%., 3.4. and 3.5. shown later, no attempt
is made, until section 3.3%.4., to assign the two observed
rate constants to particular steps in the reaction,

The overall conversion of benzaldoxime to benzamide is
tabulated in terms of the fractional yield, F, defined as
the ratio of the absorbance at infinite time to the absorbance
of a 0.2l1 solution of benzamide in digol, calculated from
figure 3.2.

3¢3e1e Variation of the concentration of benzaldoxime.

Runs were performed at a catalyst concentration of 0.012M
and 184°C,

Table 3.2, reveals both rate constants (ka and kb) and
the fractional yield to be essentially independent of the

reagent concentration.

Table 3,2,

[0xime] ka(min-1) kb(min'1) F

0.1M 0.0236 0.0395 0.505
0.2M 0.0230 0.0380 0.569
0.3 0.0254 0.0406 0.553

3¢3¢2s Variation of the concentration of catalyst,

Runs were performed at a benzaldoxime concentration of

0.2M and 184°cC.
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Table 3.3. shows ka to be considerably enhanced and kb
to be slightly reduced as the catalyst concentration is
increased, The fractional yield of benzamide remains

effectively constant.

Table 3.3.

.=1 -1
[Ca‘balyst] ka(mln )kb(min ) F

0.004M 0.00940 |[0.0419 0.580
0,008M 0.,0159 0.0391 0.573
0.012M 0.0230 0.0380 0.569
0.016M 0.0282 0.0305 0.595
0.020M 0.03%65 0.0281 0.606
0.024M 0.0446 0.0314 0.594

32¢3e3« Variation of the temperature.

Runs were performed at concentrations of 0,2M in
benzaldoxinme and.0o012M in catalyst.

An inspection of table 3.4. reveals k, to be only
moderately temperature dependent, whereas kb is seen to be
highly so. Consistent with the work in aromatic solvents
(section 3.2.,1.), the fractional yield of benzamide is

observed to diminish with increasing temperature.

Table 3.4,

Temp. (°C) |k, (min~") |k, (min~?)| F

160.5 0.00828 |0.00522 |0.749
168.5° |0.0132 |o0.0124 lo.685
176.5°  |0.0191  |0.0192 [0.639

184.0 0,0230 0.0380 0.569
19145 0.0303 0.0603% 0.537
200.0 0.0435 0.124 0.483
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In appendix 4 it is shown that under conditions in which
the two rate constants governing a consecutive reaction
approach the same value they can no longer be determined
accurately. Those cases in which this phenomenon was apparent
are marked throughout the text with an asterisk (*).

An Arrhenius plot of the data in table 3.4, is shown in

figure 3.4., from which an activation energy of 15.8 Kcal.mol"1

1

is calculated for k, and 31.0 Kcal.mol ' for Ky .

3¢3+4. The rearrangement of deuterated benzaldoxime.

The isomerization of benzaldoxime to benzamide must
involve the cleavage of the C-H bond in the reagent at some
stage. Therefore, it was of considerable interest to ascertain
whether a kinetic isotope effect could be observed for either
rate constant in the rearrangement of deuterated benzaldoxime,

Two runs were undertaken at a catalyst concentration of
0.012M and 189°C. The first contained a 0.2M solution of
deuterated benzaldoxime, of isotopic substitution ca. 60%
(section 2.3.2.), and the second a 0.2M solution of
benzaldoxime itself. The experimental plot for the partially
deuterated run was corrected for 100% isotopic substitution by
using the second as a control.

Table 3.5. reveals ka to exhibit a kinetic isotope effect

and kb to remain essentially unaltered,

Table 3.5,

Reagent kq(min—1) kb(min_1) F

C6HSCDNOH 0.0189 0.0537 0.525
C6H50HHOH 0.0299 0.0558 0.538

The infrared spectrum of a 2M solution of deuterated
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benzaldoxime in digol exhibits a C-D absorption at 22050m“1
and is shown in figure 3.5. It is therefore possible to
follow kinetically the disappearance of this peak during the
rearrangement, Since the independence of either rate consfant
on the reagent concentration is established (table Bl )s 1%
was possible to undertake the reaction at a deuterated
benzaldoxime concentration of 2M. The catalyst concentration
was 0.012M and the temperature 189°C as before.

Figure 3.6, shows the C-D cleavage to follow first order
kinetics. Therefore, it must follow that C-H cleavage is the
first step in the consecutive sequence., Furthermore, tables
3.3. and 3.5. reveal this step to be strongly catalyst
dependent. Calculation of the psuedo first order rate constant
from figure 3.6. gives a value of 0,0176min”!, which is in
reasonable agreement with ka from table 3.5. for the
rearrangement of deuterated benzaldoxime.

The systematic errors in the determination of ka' kb and
F are suggested to be within 5%, from the reproducibility runs
undertaken, including that depicted in figure 3.3. The
standard deviationlof the rate constant associated with C-D
cleavage is calculated to be within #5%, from figure 3.6. and

the approximate formula given in appendix 5.

3e3.5. The side reaction.

Under the conditions of study not all the benzaldoxime is
converted to benzamide, however, the catalyst is still active
since the introduction of further bvenzaldoxime is found to
cause additional rearrangement. Thus the presence of at least
one side reaction is suggested. Such processes can, in
Principle, occur at a number of positions in the reaction

sequence., Experiments cited in section 3.4.5. show the thermal
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decomposition of benzaldoxime61 to be unlikely. The kinetics
preclude the possibility that benzamide undergoes a subsequent
reaction and imply the first step in the consecutive sequence
to be purely C-H cleavage, although this could arguably
produce a reactive species, which might then undergo a rapid
parallel reaction with suitable species in solution.

If either of the consecutive steps involves a parallel
reaction then its associated observed rate constant will be

composite and it may be shown that
k =l + k 3050

where kobs refers to the observed rate constant and km and ks
are the rate constants of the main and side reactions
respectively.
Assuming neither the main nor side reaction to be composite
—Em/RT —ES/RT
kobs = Ame -+ ASB 3.6.
where Am and A  are the pre-exponential factors and Em and Es

are the activation energies of the main and side reactions

respectively.
Therefore
_a(1n kp0) & Bk + Bk, _ 5.9
a(1/m) ' R(k +k ) .

If the composite rate constant gives a linear Arrhenius

plot

3 Emkm + Esks .
obs ~ 30 .

(km+ks)

E

If only one of the consecutive steps, irrespective of
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which, involves a parallel reaction

in T 3.9
(k )
Let
E = B R 3,10,

From equations 3.8., 3,9, and 3.10, it may be shown
that

E =B + E(1-F) : - [ I

obs
and consequently that

E/RT

F/(1-F) = (A /A )e 2,42,

A plot of 1og1O(F/(1-F)) against 1/7 is shown for eguation
3.12. in figure 3.70, from which a value of 10.6 Kcal.mol_1 is
calculated for E.

If both consecutive steps involve a parallel reaction

equation 3,12 will be of the form

B/(R-F) = (a,/A))e™/ R

where K is a collection of appropriate rate constants of the
samé form as equation 3.9. and is therefore temperature
dependent. Since figure 3.7. is observed to show no significant
curvature it appears probable that only one of the consecutive
steps involves a pronounced parallel reaction.

Using the data of table 3.4., equation 3.11 may be employed
to predict the deviation expected for either Arrhenius plot
from linearity. From such a treatment it may be shown that the

extra contribution, over the temperature range, is 2.8 Keal.mol ™

This means that the gradient of the Arrhenius plot for ka at
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160.5°C should differ by ca. 18% from that at 200°¢, if
branching occurs in this step. Such a deviation would almost
certainly be observed. However, in the case of the Arrhenius
plot for kb the corresponding discrepancy is only ca. 9%
which is within the standard deviation (see below).

An inspection of figure 3.4. reveals neither Arrhenius
plot to exhibit a systgmatic curvature, Thus it seems likely
that the side reaction occurs in the second step of the
consecutive reaction,

Equations 3.5. and 3.9, may be used to calculate values
for the rate constants of the main and side reactions at a
given temperature. Table %.6. shows the values thus obtained
at 18400, using graphically corrected values for the composite
rate constant kb and the fractional conversion F from figures

%4 and 3.7. respectively.

Table 3.6,

Rate constant | Value (min_1)

km 0.0214

kg 0.0152

The activatidn energies of the main and side reactions
may be estimated from equation 3,11, However, since it is
easily shown that

—Em/RT
kobsF ¥ Ame

-ES/RT

and kobs(1—F) = Ae

Arrhenius plots may be undertaken in the usual manner., These

plots are shown in figure 3.8,, from which activation energies

1 1

of 27.7 Kecal.mol™' and 39,1 Kcal.mol ' are calculated for the

main and side reactions respectively.



The standard deviations of the activation energies
reported here are calculated to be within *10%, from figures
34, and 3.8, and the approximate formula given in appendix 5.
The principle contribution to these rather large values may
be attributed to the inherent errors associated with the
determination of ka and kb, under those conditions in which
they approach the same value (appendix 4). Inspection of
table 3.4. and figure 3.4. confirms that it is precisely under
these conditions that substantial discrepancies in the

Arrhenius plots are found.

3.3.6. Interpretation of the results.

It is clear that the first step is nickel dependent and
involves the cleavage of the C-H bond in the reagent., This
implies the reacting species to be a nickel complex of
benzaldoxime. If such a complex is produced it must be present
in small concentration, otherwise the first step would not be
a psuedo-first order process and the consecutive scheme would
not hold. It seems probable that C-H cleavage is followed by
the rapid production of a relatively stable intermediate, which
has a slight affinity for the catalyst. The second step would
appear to involve parallel organic reactions of the
intermediate to produce benzamide and at least one side product.

The following general reaction mechanism is therefore

proposed.

K4

N Ox, =  NiOx
k

NiOx —'» §iI
X,

RNl 1 Nt
X,

I —» Am
k-

o iy 'y
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where Ni refers to the catalytic species, Ox to benzaldoxime,
I to the intermediate, Am to benzamide and S to the side
product(s).

The assumptions are made that the concentration of
catalytic species remains constant and that the equilibrium
constants K, and K, are small.

We have that

[(Wiox] '
Ky = De1Ds
[wvi] [ox]
and. - K, = _EHEEJ_ 3.14.
& g )
Let

a = [Niox] + [0x]
and b = [NiI] + (I]
From 3.13. and 3.14. and collecting the constant terms

(viox] /« 3,15,

o
]

and b= [1]J/8 3.16.

We have that

da _ 2
3T = —k.l NiOx
From 3%.15.
Q% = -k1aa

Integration of this gives

a = 4a_e o i B S
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Also we have that

dab ;

at = kq[viox] - (ky+ks) (1]

BProm 2.15., 3.16, and 3.17%7.
~k.,at

%% = k1aaoe - (k2+k3)ﬁb

This equation is of the same mathematical form as that

for two consecutive reactions
equation
k.aa k.at

¥4 \
We have that

%

a+ b+ [am] + (8]

and [Am]/[s] = 1@2/1:3

T4

e

—(k2+k3)ﬁ%)

Integration produces the

Therefore from 5.17. and %.18,

aok2 k1a

e

(1+

(An] =

b (Kptks) * (ky+ks) B -kqa

-(kprks) Bt (kptks)
(k2+k3)ﬁ -k,

e

318,

This equation is of the same form as equation 3.4. which

describes the formation of product in two consecutive first

order steps.

The observed catalyst dependeant rate constant, ka’ may be

related to the kinetic parameters of the general reaction

mechanism by the expression

k4K, (Wi]

and the observed slightly inversely catalyst dependent rate
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constant, kb, may be expressed as

L (k2+k3)
P (14K, (1))

Since K1 and Kz are assumed to be small these expressions

approximate to

and k, =k

b k3 3.20.

ot

A plot of ka against catalyst concentration is shown for
equation 3.19. in figure 3.9. and exhibits a reasonable straight
line dependence. The standard deviation of the slope is

calculated to be within *7%, using the approximate formula of

appendix 5.
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Figure 3%.2.

Plot of absorbance at 16750m-1. against the concentration

of benzamide, for a series of solutions in digol.
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Figure 3%.3.

Two plots of the absorbance at 16750m‘1 against time at
concentrations of 0.2M benzaldoxime and 0.012M nickel acetate

tetrahydrate and at 184°¢C.
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Figure 3%.4.

Plots of logmka and 10g1okb against 1/T at concentrations

2M benzaldoxime and 0.012} nickel acetate tetrahydrate.
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Figure 3.5.

Infrared spectrum of a 2M solution of deuterated

a-benzaldoxime in digol (cell path length 0.05cm.).
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Figure 3.6.

Plot of log1O(Absorbance of C-D peak) against time.
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Figure 3.7.

Plot of 1og1O(F/(1—F)) against 1/T at concentrations of
0.2M benzaldoxime and 0.012M nickel acetate tetrahydrate.
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Figure 3.8.

Plots of log1o(F.kb) and 1og10((1-F).kb) against 1/T at
concentrations of 0.2l benzaldoxime and 0.012M nickel acetate

tetrahydrate.
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Figure 3.9.

Plot of ka against the concentration of nickel acetate

tetrahydrate at a concentration of 0.2M benzaldoxime and 184°¢.
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3.4. Related studies.

3.4.1., Additional catalysts.,

A number of nickel compounds were found to effect the
isomerization of benzaldoxime to benzamide in digol. These
included dichlorobis(triphenylphosphine)nickel(II), diiodobis-
(triphenylphosphine)nickel(II), dichlorotetrakis(benzaldoxime)~-
nickel(II), diiodotetrakis(benzaldoxime)nickel(II), nickel
chloride hexahydrate and anhydrous nickel chloride.

In addition, both zinc acetate dihydrate and zinc chloride
were found to be effective catalysts, although somewhat less
efficient than their nickel analogues. A slight catalytic
effect was shown by dichlorobis(triphenylphosphine)platinum(II),
however, dichlorobis(triphenylphosphine)palladium(II) was
found to be ineffective and produced a fine, grey suspension,
probably of palladium metal., The heterogeneous catalytic
action of stainless steel has been previously noted (section
Perslad.)

‘No thorough attempt was made to investigate the kinetics
of rearrangement with these catalysts for several reasons,
Firstly, those complexes containing the iodide ligand produced
reaction solutions that were subsequently discovered to damage
the silver chloride windows of the solution cells during the
spectroscopic analysis, probably as a result of chloride-
iodide exchange. Secondly, phosphine complexes were found to
dissolve only slowly in the reaction medium. Thirdly, those
compounds containing chloride were found to catalyse the
reaction rather slowly. DMoreover, in the case of nickel
chloride hexahydrate, the measurement of the carbonyl peak at

16750m—1. was hindered by the release of water absorbing at

16550m_1. No constant correction could be introduced since it
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was apparent that the water gradually evaporated. For this
reason kinetic runs with added water were also impractical,
although benzamide is undoubtedly produced under such
conditions as divulged by the growth of the characteristic
aromatic absorption at 15750m_1.

In spite of these complications a careful study was
undertaken for several catalysts at a concentration of 0.012MN,
a reagent concentration of 0.2M and at 184°c.

The experimental plots obtgined, although far from ideal,
exhibited similar 'S' shaped profiles to those shown in figure
3.3. and were fitted to equation 3%.4. using the least squares
computer program SEQUEXP as before (appendix 1). The values
of the two psﬁédo-first order rate constants and the fractional

conversion thus obtained are shown in table 3.7.

Pable 5.7,

Catalyst i (min™ )|k, (nin™")| 7
Ni(PPhs),C1, 0.00693 [0.0336 |0.646
Ni(rPhB)le* 0.114 0.0443 0.612

Ni(CGHBCHNOH)4012=F 0.0104 0.0208 0.675
Ni(CgH5CHNOH) 1, 0.0592 0.0404 0.670

N10126H20* 0.0154 0.0211 0.587
Zn(0Ac) y2H,0" 0.00938 [0.00930 |0.248
Ni(OAc)24HZO 0.0230 0.0380 0.569

The data for nickel acetate tetrahydrate is included for
the purpose of comparison. A suitable correction is applied
to F for those catalysts containing benzaldoxime as a ligand.

The data of table 3.7. is clearly insufficient for a

detailed interpretation to be attempted. Furthermore, for

*of, section 35.3%.5.
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those catalysts marked with a double dagger the computer fits
were rather poor and consequently the observed rate constants
are unreliable. Nevertheless, even with these limitations in
mind, certain trends are indicated.

The essentially catalyst independent rate constant and
the fractional conversion to benzamide seem relatively
unaffected by the catalyst type, although those catalysts
containing chloride and zinc acetate dihydrate appear somewhat
inconsistent. The latter compound was observed to produce a
turbid, beige reaction mixture and may therefore be rather
different from its nickel analogue. A possible explanation
of the anomolous behaviour in the presence of chloride ion is
discussed in section 3.4.2. The catalyst dependent rate
constant is clearly influenced by the nature of the catalyst,
as might be expected. Iodide complexes appear superior to
their chloride counterparts and to nickel acetate tetrahydrate.

A suprising fact emerges from this study. Whereas the
compounds dichlorobis(triphenylphosphine)nickel(II) and nickel
chloride hexahydrate are seen to catalyse the rearrangement in
digol, they are ineffective in aromatic solvents such as
xylene (section 3.2.1.). This observation reveals a basic
difference between the rearrangement in digol and that in
xylene and implies that nickel acetate tetrahydrate possesses
some feature, not shared by these chloride compounds, that
enables it to effect rearrangement in aromatic solvents.

Field et 3165 reported that acetic acid was apparently
necessary for their reaction to take place successfully. This
remark was upheld in this study by the refluxing of a 0.2M
solution of benzaldoxime in xylene, with a mixture of 0.012M

nickel chloride hexahydrate and 0,024M sodium acetate.
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Benzamide was produced in high yield. Furthermore, the
Trearrangement occurred satisfactorily, albeit rather slowly,
if the sodium acetate was replaced by acetic or propionic acid.
However, if formic acid was used no trace of benzamide could
be discerned, even after 12hrs, of reflux, followed by several
weeks of standing at room temperature. :

These experiments demonstrate that the acetate group
Plays an important role in the rearrangement in xylene but is
not necessary in digol. Presumably this reflects the ability
of digol to undertake a similar function to that of the
acetate group.

| The kinetics of section 3.3.suggest that the essential
role of the catalyst is to facilitate cleavage of the C¢-H
bond in benzaldoxime., Arguably this would produce an electron
deficient carbon atom, susceptible to nucleophilic attack. In
section 3.1. experiments were cited which imply that the
carbonyl oxygen of the product would probably be derived from
the solvent medium. Thus it appears feasible that the first
step in the consecutive sequence involves the attack upon an
electron deficient.carbon atom of benzaldoxime by a suitable
nucleophilic oxygén species in solution.

In the nickei acetate tetrahydrate catalysed rearrangement
in xylene the acetate anion would seem to be an eligible
candidate for suchla nucleophile, whereas in digol a suitable
nucleophile might well be found in the solvent itself,

If this explanation is correct then the relatively stable
intermediate, indicated by the kinetic studies, will be a
benzimidate of general structure VI, where CR represents a
suitable group pfovided by the reaction medium,

The thermal rearrangement of benzimidates, to yield amides,
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is well established75. The pyrolysis pattern has been found
to depend on the nature of the group R.
06H5 0—R

SO
|

=G

/Z

H
Vil

If R is an aryl group then the Chapman rearrangement,
involving a 1,3-shift of the aryl group from oxygen to nitrogen,
will take place and an N-substituted amide will be produced.
However, if R is an alkyl group capable of elimination, the
Chapman rearrangement will not be followed. Instéad, an
elimination reaction will occur to yield a Primary amide and
an alkene,

The thermal rearrangement of acyl benzimidates is not
properly understood. Such materials have not, as yet, been
isolated as stable compounds, although they are postulated as
intermediates in the production of amides from various reagentsTE

In the cases of the rearrangement in digol, the
intermediate postulated would be the alkyl benzimidate VIiii,
which could therefore eliminate according to the general
reaction scheme, producing benzamide and the substituted

ethylene IX.

C6H5\ /O—CH20H2—O-CH20H20H

C-H-CONH
C
VIII IX

In the cases of the rearrangement in xylene, the

intermediate is purported to be the acyl benzimidate X, which
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undergoes a similar elimination process, to yield benzamide

and keten (XI).

49
06H5 /O—-C\
INI 3 o -} 3. 22.
& CH,=C=0
2
H
X XI

An elimination reaction such as %.22. would be impossible
for the acyl benzimidate XII, in which the acyl group is

derived from the formate anion.

C . H 0 c'y0
65 L
~ H
I
N
N
H
XII

This might well provide an explanation as to why nickel
formate dihydrate or nickel chloride hexahydrate plus formic
acid are unable to effect rearrangement in xylene.

There are several objections to this theory. Firstly,
there is insufficient acetate present to produce benzamide,
in the yields observed, according to the stoichiometry of
equation 3.22, Secondly, the proposed product of elimination,
keten, is a highly reactive species?7. To circumvent these
difficulties it is necessary to postulate that the acetate
group is regenerated, either by the combination of keten with
the hydroxyl group derived from benzaldoxime, or by the
hydrolysis of keten by trace amounts of water.

Although this investigation was primarily concerned with
the inorganic aspects of the rearrangement several experiments

were undertaken in an attempt to discover the nature of the
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stable organic intermediate, indicated by the kinetic studies.

These are described in the following section.

%3e4.2. The intermediate.,

It has been suggested that nitrile intermediates may
feature in the rearrangement of aldoximes to amidesYo. In
this study such an intermediate would be benzonitrile.

A 0.2M solution of benzonitrile in digol exhibits an

absorption at 22300m_1

sy With a corrected absorbance of 0.23%8

at a cell path length of O0.5mm. The kinetics of section 3.3.
reveal that the second step in the consecutive sequence is
diminishingly slow at 100°C and that ca. 75% of the intermediate
should be produced after ca., 50hrs., at a catalyst concentration
of 0.012M. An infrared analysis of such a reaction solution

revealed no trace of any absorption between QBOOcm_1. and

20000m“1., even when concentrated to one quarter of its
original volume, Furthermore, a 0.2M solution of benzonitrile,
heated at 189°C in the presence of 0.012M nickel acetate
tetrahydrate, showed no evidence of the characteristic
benzamide spectrum after several hours,

Thus it seems improbable that benzonitrile is implicated
in this rearrangement, or indeed, that it undergoes any
hydfolysis whatsoever under the conditions of this study.

Attempts to synthesize the benzimidates from their
hydrogen chloridelsalts (section 2.3.4.), by treatment with
sodium carbonate in ethanol, produced only intractable oils
which could not be crystalized. However, both 2-methoxyethyl-
benzimidatehydrogenchloride (XIII) and 2-(2-hydroxyethyl)ethyl-
benzimidatehydrogenchloride (XIV) were found to yield benzamide
upon heating in digol with stoichiometric amounts of sodium

carbonate, either in presence or absence of catalytic amounts
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of nickel acetate tetrahydrate.

C6H5\ /O-CH20H2—0—CH3 CGHS\ /O-CH20H2—O—CH20H20H

: ;

+rq = 4=
NH2 Cl NH2 Cl
XITI XIV

The yields of benzamide were lower than predicted from
the kinetic studies, especially for the pyrolysis of XIII.
However, the presence of chloride ion in these experiments may
well give rise to alternative routes to benzamide. The Pinner

78, involving nucleophilic attack by chloride ion on

fission
the protonated imidate, is an established pyrolysis pattern of
imidate hydrogen chloride salts., Such a reaction may also
explain the anomolous behaviour of those chloride containing
catalysts (section 3.4.1.).

1., during

The appearance of a significant peak at 1724cm”
the thermal decomposition of these benzimidates, supports the
belief that the reaction is not exactly representative of the
second stage of the rearrangement. Such a peak had, in fact,
been observed during the rearrangement of benzaldoxime, but it
was of much lower intensity (section 3.4.3.).

In deference to these phenomena the kinetics of benzamide
production from the benzimidate hydrogen chloride salts were
not investigated further. However, it should perhaps be
mentioned that the thermal rearrangement of alkyl benzimidates
is not generally quantitative75, in accord with the implication

of the kinetic studies of section 3.%., for the second step of

the consecutive reaction,

3.4.3, The thermal decomposition of digol.

During the rearrangement in digol the growth of a small

peak at 1724cm_1., entirely absent in the spectra of standard
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benzamide solutions in digol, was observed.

The supposition that this arose from the thermal
decomposition of the solvent was confirmed by heating digol
at 184°c for several hours, both in the presence and absence
of nickel acetate tetrahydrate. Inspection of table 3%.8.

reveals that the breakdown of the solvent is inhibited by

the presence of the catalyst.

kinetic run the absorption at 1724cm”

exceed 0.08.

Indeed, during a typical

1

. 4id not usually

Table 3.8,
Sample Absorbance at Time of
1724cm_1.(corr.) heating (mins.)
Digol 0.022 90
0.30 180
Digol +0.0121 | 0.041 90
Ni(OAc)24H20 0.14 180

This absorption is arguably due to a carbonyl group. It
would seem probable that it is the alcoholic group of digol
that undergoes modification, presumably to yield an aldehydic

group. The pyrolysis of ethylene glycol is known to produce

acetaldehyde in small quantities79.

3.4.4, The thermal decomposition of benzaldoxime.

It has been suggested that benzaldoxime may decompose
to produce benzaldehyde, ammonia and nitrogen during its

rearrangement with nickel catalystss1.

3G6H50HNOH —> 306H50H0 + NH, + N

3 2 3-23-

Thus it was of considerable importance to establish
whether such a process as 3.2%. was likely under the conditions

of this study.
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The condenser attached to G, (figure 2.1.) was fitted

with a suitable bubbler, containing either a few drops of
80

hydrochloric acid or a small head of Nessler's reagent ,

during a standard run. No white fumes were observed in the
former experiment. In the latter, more sensitive test, a
faint colouration was noticed after some time, indicating the
release of a small gquantity of ammonia.

Standard solutions of benzaldehyde and benzamide were
prepared in digol and subjected to infrared analysis. Table
%3.9. reveals the carbonyl absorption of benzaldehyde to be
readily detectable and clearly distinguishable from that of

benzamide, although a slight reinforcement is observed.

Table 3.9,
Solution Absorbance(corr.) Wavenumber(cm—1.)
Benzaldehyde(0.1M) | 0.379 1700
Benzanide(0.11) 0.591 1675
Benzaldehyde(0.111) | 0.389 1700
+benzamide(0.1M) | 0.617 1675

No absorption at 1700cm"1

. had been discernible during
any kinetic run,

The classic silver mirror test for aldehydes81 was found
to be unsuitable in this instance, since it proved positive
for a standard 0,2} solution of benzzldoxime in digol.

These experiments show that the decomposition of the
reagent is negligible under the conditions of this study.
Indeed, if ammonia were produced in significant quantity, a

blue colouration, due to the hexamminenickel(II) ion82

, might
be expected in consequence. This was never observed.

The fact that the nickel catalysed isomerization of
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benzaldoxime to benzamide in digol is not quantitative is

therefore not due to the decomposition of benzaldoxime.

3¢4.5. The isomeric form of benzaldoxime prior to rearrangement

It is generally believed65’67 that the nickel catalysed
rearrangement of aldoximes to amides involves a trans
Beckmann rearrangement of the p-isomer coordinated to the
metal and consequently that the a-isomer must necessarily
undergo transformation to the p-isomer, prior to the
production of amide.

In view of this assertion it was of interest to
investigate the isomeric form of benzaldoxime, prior to
rearrangement, under the conditions of this study.

The n.m.r. spectra of a and B-benzaldoxime in digol are
shown in figure 3%.10. Principié differences arise in the
position of resonance of the C-H proton and the ortho protons
of the aromatic ring. Unfortunately the presence of the
paramagnetic nickel catalyst will cause line broadening of
these spectra and therefore the exact experimental conditions
of the kinetic study cannot be reproduced. However, the
diamagnetic speciegs, zinc chloride, was also found to effect
rearrangement in digol and was therefore chosen as a
substitute. I

Experimenﬁs were undertaken at various catalyst
concentrations and.temperatures and are summarized in table
3.10,

Since it is the a-isomer of benzaldoxime that is the

stable form40C

y it is this isomer that is predominant at
elevated temperature and inspection of table 3,10 confirms
this. All the spectra showed this to be the case at 10000

and moreover, that the positions of resonance were constant
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irrespective of the concentration of zinc chloride. This
latter observation implies that the a-isomer is not

substantially coordinated to the metal.

Table 3,10,

Solution (conc.) Temp.(°C)| Observations (mins)

Isomer ZnCl2

a (0.3M) 50 a spectrum (90)
100 a spectrum (90)

B (0.3M) 50 B spectrum (90)
100 a spectrum (5)

a (0.3M) | (0.05M) 50 a spectrum (90)
100 a spectrum (90)

B (0.3M) | (0.05M) 50 B spectrum (90)
100 a spectrum (15)

a (0.3M) | (0.3M) 100 x:f ca. 111 (80)

B (0.3M) | (0.3M) 100 a: B3 ca.10:1 (80)

Although the unambiguous detection of small quantities
of the S-isomer is difficult in the presence of large amounts
of the a-isomer, it seems probable that the introduction of
zinc chloride favours the existance of the £-isomer, Work
in these laboratories83 has shown that certain metal ions in
solution are able to catalyse the isomerization of the a-isocmer
to the pB-isomer at ambient temperatures. This observation is
in accord with the suggestion previously noted (section 3,1.)
that the a-isomer must necessarily be converted to the Bisomer
to produce a stable metal-aldoxime complex. However, it also
demonstrates that such an isomerization is not stoichiometric
and that the pB-isomer may then be released into solution.

The overall scheme for this system may therefore be

envisaged in terms of the following general processes,
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o e | EEiasl
Ka

Zn + o e Dao 3425,
K

Zn + B =L~ znp 3,26,
e

Zno —p Znp Dol

The observations of table 3.10. require that the
equilibrium constants KI, K, and Kﬁ be small and furthermore
that the establishment of overall equilibrium at 10000 be
relatively slow in the presence of zinc chloride.

It is unlikely that this latter requirement arises from
the equilibrium 3.26., since such simple complex formation
Processes are generally rapid. The slow step is therefore
suggested to be the process 3.27., namely the isomerization
of the a-isomer to the F-isomer within the coordination

sphere of the metal,
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Figure 3%.10.

Comparison of the n.m.r. spectra of a and pA-benzaldoxime

(in digol).

a-benzaldoxime

ortho ﬂ

Tau

f-benzaldoxime

C6H5
ortho

i 2 5 4 Tau



3.b. Discussion.

Complexes of pF-benzaldoxime and nickel salts are

relatively easy to prepare (section 2.3%.5.). Strangely
enough, attempts to synthesize corresponding complexes of
zinc salts in these laboratories have been unsuccessfu184.
Thus it would appear that the ability of a metal ion to form
the usual stable N-coordinated complexes of B-benzaldoxime is
not a necessary criterion on which its catalytic potential
may be assessed. Therefore, the possibility that the reactive
species is a loose O-coordinated complex cannot be ignored.
It may be shown with molecular models, in fact, that the only
conmplex of a metal ion and benzaldoxime which enables the C-H
group to approach the coordination sphere of the metal ion is
one in which the a-isomer achieves O-coordination.

Such O-coordinated complexes are proposed in the case of
boron trifluoride (section 3.1.). However, this coordination
centre is alleged to effect the dehydration of p—chloro-
benzaldoxime to p-chlorobenzonitrile. It is concgévable that
the ability of nickel to entertain a greater number of ligands
in its coordination sphere than boron might lead to a
different modifiéd chemistry of such O-coordinated aldoximes.
In this context either an inner sphere process, involving the
attack of a coordinated solvent molecule, or an outer sphere
process, involving the attack of a free solvent molecule,
upon the carbon atom of the C-H group in benzaldoxime, might
be considered.

Both these processes could arguably be enhanced by the
nickel assisted stabilization of the common transition state
XV, through the favourable five-membered ring structure,

according to the scheme 3,28,



B Il{ 4 RO)H
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\ﬁh?'H \ﬁ/ \NiL \ﬁ 3
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9 | i
H § . H i H
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The remaining ligands on nickel are designated as L and
are presumed to be solvent molecules for the reasons discussed
later,

An alternative possibility, supported throughout this
investigation, is that the function of nickel is to modify the
electronic distribution of benzaldoxime such that the carbon
atom of the C=N group is rendered susceptible to nucleophilic
attack. This is arguably best facilitated by N-coordination
of the [-isomer, whence the electron withdrawing effect of the
metal ion on the C=N bond is most pronounced.

An inner sphere process, involving the attack of a
coordinated solvent molecule upon the electron deficient
carbon atom, is unlikely in this case since the C-H group is
removed from the coordination sphere of the metal ion. However,
an outer sphere attack by a free solvent molecule may be

postulated, according to scheme 3.29.

ROH
C
Il
H\ /N\

3.29.

It is difficult to envisage how nickel could undertake
the stabilization of the transition state in a process of
this nature, through the inherent four-membered ring structure.

Thus the respective merits of these mechanistic schemes
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are to be found in the stabilization of the transition state,
in the case of the O-coordinated a-isomer, and in the
modification of the chemistry of the ligand upon coordination,
in the case of the N-coordinated B-isomer. A reactive

species involving O-coordination of the p-isomer has neither
of these advantages. In addition, N-coordination of the
a-isomer is sterically improbable. These two latter
possibilities are therefore rendered unlikely.

Calculation of the entropy of activation,éksz, for the

1 1

nickel dependent step gives a value of ca. =34cal.deg .mol '.
The nickel dependent rate constant, ka, is equal to the
product of the preequilibrium constant, K1, and the rate
constant for the first rate determining step, k1, (section
3.306.). The observed entropy of activation may therefore be

expressed as

F oaal ¥
ASa =05, + 45y

whereg}S? is the entropy change for the preequilibrium and
AS? is the entropy of activation for the first step. In order
to make a realistic guess for the value of[&S? the nature of
the preequilibrium should ideally be known. In the case of
the system under investigation here the relevant consideration
is whether the preequilibrium involves the replacement of
solvent or acetate ion by benzaldoxime, from the coordination
sphere of nickel. The former process requires no overall
change in charge andd}S? may therefore be expected to be small

in magnitude, For instance, for the process

Ni(aq)®* + NH, 2 Ni(NHB)(aq)2+

3

the entropy change is ca. ~0.5031.deg"1.m01"1.85
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However, the replacement of acetate ion by benzaldoxime
involves an overall increase in charge and therefore a
substantial negative value foré}S? might be expected. For

instance, for the process

M(OAc) (aq)t = M(aq)?t + OAc™

1

an entropy change of ca. -11cal.deg .mol-1. may reasonably be

predicted for nicke186.

It does not seem likely that the acetate ion would remain
in the coordination sphere of nickel in the presence of an
acceptable donor solvent such as digol at these temperatures.
Thus it is suggested that the majority of the catalytic
species is merely solvated nickel and therefore that the large
negative value of the observed entropy of activation is
primarily due to the first step in the reaction, the cleavage
of the C-H bond of benzaldoxime.

Although it is injudicious to place too close an
interpretation upon entropy arguments it is difficult to see
how the unimolecular, inner sphere process 3.28.(i) could
account for the observed entropy of activation., The
substantial negative value found is certainly consistent with
the bimolecular, outer sphere processes 3.28.(ii) and 3,29.,
in which a solvent molecule is incorporated.

The hydrolysis of 2-cyano-1,10-phenanthroline upon nickel
has been reported to involve an outer sphere attack by free

hydroxide ion upon the carbon atom of the C=N groupaT.

However, the entropy of activation is found to be +14cal.deg—1.
m01—1. and appears to contravene that normally expected for

such a bimolecular process. Although the entropy change

associated with the preequilibrium for complex formation is
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not apparently included in this figure data is available for
this proce5588 and shows the value to be effectively zero.
Thus the positive value quoted for the entropy of activation
does, in fact, arise principally from the hydrolysis step.
The apparent anomoly is explained in terms of the reduced
solvation of the transition state, resulting from the bonding
of the developing imino anion to nickel, which is suggested
to displace a solvent molecule and to release the solvent
shell around the hydroxide nucleophile.

This system is similar to the process 3%.28.(ii) inasmuch
as the displacement of a coordinated solvent molecule is
concerned. Although the nature of the postulated transition
state XV cannot be predicted thoroughly it seems unlikely
that its charge would be greater than that of the reactive
species. The observed large negative value of the entropy of
activation would therefore seem inconsistent with the process
3428,(ii). The more plausible mechanism appears to be thaf of
the scheme 3,29, and consequently it is this process which is
proposed for the first step of the reaction,

If the reactive species does, in fact, contain
P-benzaldoxime thén the process for nickel, analogous to
equation 3.27. for zinc (section 3.4.5.), must be relatively
rapid compared to the subsequent rate determining steps,
since the firsf stép is clearly shown to be C-H bond cleavage.
It should be noted, however, that at 100°C the time of half
reaction for the first step is predicted to be ca. 25hrs. for
nickel.

- Pinally, it is suggested that the effect of O-coordination
of an aldoxime to é Lewis acid or transition metal ion would

quite possibly be to confine the modified chemistry of the

67



ligand to the N-O-H moeity and this could reasonably be
expected to lead to dehydration to the nitrile. Such
behaviour is observed in the case pf boron trifluorideTO.
Calculation of the entropies of activation for the main
and side reactions of the intermediate gives values of ca.

! moa~t, respectively.,

—170al.deg_1.mol—1. and +8cal.deg
The elimination reaction of the alkyl benzimidate VIII,
postulated for the former reaction (section 3.4.1.), might
be expected to show a positive entropy of activation. The
significant negative value found suggests, possibly, that the
solvent may play some role in the main reaction pat 89.
The small positive entropy of activation, found for the side
reaction, might be taken to imply a molecular fragmentation
of the intermediate to produce side products.

The nature of the side products in this reaction are

unknown., It has been reported65

that the compound
N,N!'-benzylidenebis(benzamide) is produced during the nickel
acetate tetrahydrate catalysed rearrangement of benzaldoxime
to benzamide, in xylene. This product was suggested to
result from the condensation of benzamide with either
benzaldoxime or benzaldehyde. The kinetic studies and

related experiments of this chapter preclude such reactions

in digol.
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3.6. Proposed reaction mechanism,

The following overall reaction mechanism is postulated
for the nickel(II) catalysed rearrangement of benzaldoxime to
benzamide in digol.

The catalytic species is designated as NiLn, where Ln
refers to suitable ligands derived from the reaction medium,
most probably solvent molecules.

Initially, the relatively rapid establishment of the
equilibrium 3,30,., heavily in favour of free a-benzaldoxime,

is suggested,

CcH H C.H, H
6 5\c/ 6 5\0/
NiLn + Tt —— I + L 3630
. R - ¢ H N
\0/ NN

XVI

The complex XVI contains one p-benzaldoxime ligand,
coordinated through the nitrogen atom to nickel(II), which is
presumed to cause modification of the electronic distribution
of the ligand, such that the carbon atom of the C=N group is
electron deficient. The first rate determining step in the
consecutive sequence is suggested to be nucleophilic attack,
at this carbon atom, by a suitable oxygen containing
nucleophile in solution, in this case digol. Although
nothing is known about the cleavage of the N-O bond it seenms
reasonable to propose that the loss of hydroxide occurs

simultaneously, according to equation 3.31.

HC-CH,CH —O—CH20H20H

17 2 2
i s Y ¥ § H
C6H5\£/ﬂ C6H5\ /O CH20H2 0 CFZC 2OH
i ﬁ 3.31-
H N o N +H2O
N “win 7
1 (11—1 ) H NlI‘(n-‘t)
XVII
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The complex XVII, of the alkyl benzimidate VIIT (section
3.4.1.), is probably almost completely dissociated in digol

CGHS /OnCH20H2—O—CHZCH20H C6H5 0—CH20H2—O—CH20H20H

/
\ﬁ \ﬁ
Pl ¥ 1 = NH + NiL,
B NiL(, 4y VIII

Subsequently the alkyl benzimidate VIII is believed to
undergo an elimination reaction to produce benzamide and the
alkene IX, and also at least one side reaction leading to

side products.

C6H5\ /O—CH20H2—O—CH CH,OH

22

C6H520NH2

1l
NH =CH-0-
CHanH 0] CH20H20H

1 -

Side products
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4, An investigation of the ligand substitution reactions of the

tetrachloroplatinite(II) ion in aqueous systems of acetonitrile.

4.1,  Introductioen,

The stable complex dichlorobis(acetonitrile)platinum(II)

90

was first prepared by Hoffmann and Bugge and assigned the

cis configuration, on the basis of its reactions, by Lebedinski
and Golovnaya91. The infrared spectrum of this complex shows
the increase in the nitrile group stretching frequency,
relative to that of the free nitrile, typically observed for
dihalobis(hitrile)platinum(ll) complexesgz. This is suggested
to exclude the possibility of direct pi interaction between
the C=N bond and the metal ion and to imply coordination to
occur through the nitrogen atom of the nitrile group.

Although the kinetics of the ligand substitution reactions
of square planar complexes of platinum(II) have been
extensively inveétigateng;the simple systems of the tetra-
chloroplatinite(II) ion and organic nitriles appear to have
been overlooked.

It has been previously mentioned (section 2.2.2.) that
the formation of a' deep blue solution (blau) is observed,
under certain coﬁditions, in aqueous systems of potassium
tetfachloroplatinite and acetonitrile. A kinetic study of
this phenomenon is;reported in chapter 5. Inasmuch as the
production of the blau proved to be dependent upon a complex
series of processes, any additional, independent kinetic
information upon the system was important. Accordingly an
investigation of the ligand substitution reactions of the
tetrachloroplatinite(ll) ion in aqueous solutions containing
acetonitrile was undertaken.

The simple agqueous system of the tetrachloroplatinite(II)
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ion, in the absence of additional ligands, has been

comprehensively studied at ambient temperaturesg4’95’96’97’98,

Granthem, Elleman and Martin 4

reported the first hydrolysis
step to be first order in the tetrachloroplatinite(II) ion and
the replacement of coordinated water by chloride ion to be
first order in the trichlorocaquoplatinite(II) ion and first

order in chloride ion (egquation 4.1.).

k
2= s = -
Pt014 + H,0 ,?{—__-: PtClB(HZO) #01 " IS

-S

In addition, they were able to show the ionization
constant for the weak acid, the trichloroaguoplatinite(II) ion,
to be ca. 10-7m01.litre_1, from the potentiometric titration
of aged solutions of the tetrachloroplatinite(II) ion (equation
4.2.)-

- Ki D o
Pt013(H20) =t Pt013(OH) + H 4.2,
They suggested the second hydrolysis step to be relatively

slow compared to the first (equation 4.3.).
Pt013(H20) + H,0 == PtC1,(H,0), + C1 ST

Elding and Leden97

reported the equilibrium constant for
the first hydrolysis step to be greater, by a factor of ca. 10,
than that for the second, at 25°C.

In the system under investigation here it was necessary
Yo establish accurate kinetic information upon the hydrolysis
of the tetrachloroplatinite(II) ion. The literature data94’98

refers to studies over an ambient temperature range and it was

felt that extrapolation to the higher temperatures involved in

this study could lead to significant inaccuracies.
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Initially, therefore, the hydrolysis of the tetrachloro-
platinite(II) ion was investigated over an elevated temperature
range. The results obtained were subsequently used to enable
a kinetic evaluation of the ligand substitution reactions of
the tetrachloroplatinite(II) ion in aqueous systems of
acetonitrile, over a similar temperature range.

This work is reported in the remaining sections of

chapter 4,

73



4.2, Xinetics of the ligand substitution reactions of the

tetrachloroplatinite(II) ion.

The ultraviolet-visible spectrum of a fresh solution of
potassium tetrachloroplatinite exhibits principle absorptions
at 196nm. and 218nm. in the ultraviolet, with extinction
coefficients of ca. 9000 and at 334nm. and 395nm. in the
visible, with extinction coefficients of ca. 900, As the
solution ages the absorptions at 218nm. and 395nm. gradually
disappear. The ultraviolet-visible spectira of a fresh and a
fully aged solution of potassium tetrachloroplatinite are
shown in figure 4.1.

Thus the concentration of the tetrachloroplatinite(II)
ion may be monitered as a function of the optical density at
a suitable wavelength near 218nm., or 3%95nm., providing Beer's
law is obeyed. The former wavelength was chosen since more
dilute solutions could be studied. Since lithium perchlorate
was used to maintain the ionic strength and has an appreciable
absorption below 210nm., the wavelength chosen for study was
228nm., The perchlorate ion was found to have no significant
absorption at this wavelength, at concentrations of up to 0.1M.

A plot of the concentration of fresh potassium tetra-
chlbroplatinité against the optical density at 228nm. is shown
in figure 4.2.Iand exhibits a good straight line dependence,
revealing Beer's léw to be obeyed at this wavelength.

All kinetic studies were undertaken at a potassium tetra-

4

chloroplatinite concentration of 10 "M, unless otherwise stated.

4.2.,1, Hydrolysis of the tetrachloroplatinite(II) ion.

' The experimental technique was based on that described in
section 2.2.2.2, with the exception that acetonitrile was

replaced by known concentrations of potassium chloride.
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The behaviour of the tetrachloroplatinite(II) ion in
aqueous solution may be considered in terms of the following

reactions,

k
- 2= S - -
Pt(,14 + }120 ‘_T PtClB(Hzo) + 163 ¥ S R
e oy 2+ +
¥ PtClB(HZO) = PtClB(OH) + H 4.2,

support for the assertion that the second hydrolysis step
is slow, in comparison with the first, was found in this study
and is reported in section 4.2.2. Thus higher aquation steps
may be neglected. Direct substitution by hydroxide ion may be
ignored since the hydroxide ion exhibits a low nucleophilicity
for platinum(II)95’96. Furthermore, over the pH range of this
study, the concentration of hydroxide ion is infinitesimally
suall,

Considering, therefore, 4.1. and 4.2.

Let

r = -}tCl 2_] at zero time
0 i 4

r = Pt0142"J at time ¢

By = PtClB(H?O)_] at time t

a; = Pt013(OH)2—J at time t

HY = -H"'] and €1 = [c17]

Therefore, we may define

H
"

) T+ a, + a3 VLY B

=
|

and = (aB/a2)H A5,
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We have that
-a-_E = kSI‘ - k_sazol

Prom 4.4. and 4.5,

k“501(r0-r)

_—=kr_
avs 8 (14K /H)

This may be reaﬁranged to the exact equation

O o Clr
d—_t::-—(k -4 -__.:_s__)(r_ -8 o

®  (14%,/H) ((1+K;/H)k  + k__C1)

Integration of this gives the general equation

- -k
Sl et
(ro—rw)

where r _ = [Pt0142-:| at infinite time

Equation 4.6, is the form of a first order equation
governing the disappearance of the tetrachloroplatinite(II)

ion. The observed rate constant, k is related to the rate

obs’
constant for the forward reaction, ks, that for the back
reaction, k-s’ aﬁd the ionization constant, Ki’ by the relation
k_SCI
SN T : §.7
o M 1 Y
The concentration of the tetrachloroplatinite(II) ion, T,
is measured as a function of the optical density, D, at 228nm.
Thus equation 4.6. may be rewritten as
(DéDm) “Kopgt

— @ 4.8.
(Dg=D )
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It may be shown that if all three platinum(II) species,
depicted in the equilibria 4.1. and 4.2., absorb at 228nm.
equation 4.8. is still wvalid.

At low pH, such that the hydrogen ion concentration, H,
is very much greater than the ionization constant, Ki, equation

4,7. will reduce to

Kops = Kg + k__C1 4.9.

and no acid should be produced.

Using the apparatus described in section 2.2.2.2. the pH
of the solution may be monitered during the establishment of
the equilibrium 4,1. If there is no change in the pH the
equilibrium 4.2, may be considered not to operate and equation
4.9. to hold. This is experimentally observed below pH 5.

Accordingly a series of kinetic runs were undertaken at
PH 4 and varying chloride ion concentration. The required pH
was attained by suitable addition of perchloric acid and the
ionic strength maintained at 0.1 with lithium perchlorate.
Each series was repeated at four different temperatures.

The experimentally observed curves are described by
equation 4.8. The accuracy of kobs depends upon the
experimentally unreliable value of Do' In order to avoid this
problem the data was treated in the manner described in
appendix 6. The observed rate constant was calculated using
the least squares computer program HYDR, for D = Da#1 - e_kt),
shown in appendix 2. The results are tabulated in figure 4.3.

Consistent with the prediction of equation 4.9. plots of

k against chloride ion concentration at each temperature

obs

give good straight lines. These plots are exhibited in figures

4.5, and 4.,6. Evaluation of the slope in each case gives a

17



value for k-sf Equation 4.9. then enables a calculation of
ks’ which may be checked against the intercept. The values
thus obtained are shown in table 4.1. and include the standard
deviation of k-s’ calculated from figures 4.5. and 4.6. and

the approximate formula given in appendix 5.

Table 4.1.
Temp. (°C) k_(min~") k__(1.mo1” "min~")
50.0 0.0335 1.30 4%
57.0 0.0685 2.37 4%
64.0 0.141 4.11  +3%
70.0 0.244 6.36 *4%

Arrhenius plots for ks and k_S are shown in figures 4.7.
and 4.8. In both cases a good straight line dependence is
shown. Evaluation of the slopes gives activation energies of
225 Kcal.mol_1 for the aquation of the tetrachloroplatinite(II)

ion and 17.6 Kcal.mol_1

for the replacement of coordinated
water by chloride ion, from the trichloroaguoplatinite(II) ion.
The standard deviations of these activation energies are
calculated to be within *2% (appendix 5).

Equation 4,.7. predicts that kobs will show a dependence
upon the hydrogen ion concentration. However, a significant
variation in kobs will occur only over a narrow pH range. At
high pH, such that the hydrogen ion concentration is very much
less than the ionization constant, equation 4,.,7. will reduce
to kobsz ks' At low pH equation 4.7. will reduce to equation
4.9., as previously discussed. Thus kobs will vary with pH
between the limits k  and k_+k__Cl. The amount by which Kovs

will vary with pH is therefore governed by the k_SCI term.

Clearly it is desirable to make this a maximum, however, an
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increase in the concentration of chloride ion serves to
displace the equilibrium 4.1. in favour of the tetrachloro-
platinite(II) ion. Hence, the curve describing its
disappearance becomes difficult to measure accurately.
Chloride ion concentrations of 0.01M were used.

The actual pH range over which kobs varies measurably

was found experimentally to be between 5 and 7. kobs is
tabulated as a function of pH at 64°C in figure 4.4.
Equation 4.7. may be rearranged
1/(kgpg-kg) = 1/k_CL + K,/k__ClH 4.10,

Thus, a plot of 1/(k —ks) against 1/H should give a

obs
straight line, of slope Ki/k_501 and intercept 1/k_501.

Unfortunately, k is never much greater than ks at this

obs
chloride ion concentration. Hence, the reciprocal 1/(kobs—ks)
is prone to considerable error. Furthermore, holding the pH
constant at a particular value is experimentally difficult.
Thus the plot obtained and shown in figure 4.9. is as expected
rather poor. However, evaluation of the slope of the best
straight line through the points enables a value of 3.5 x 10_7
mol litre™! to be-estimated for the ionization constant, K.
Calculation of thé standard deviation of Ki suggests an
accuracy of 0.6 x 10”7 mol litre™ .

Finally, the'effect of the ionic strength,dp, upon kobs
was investigated at 64°C. The concentration of chloride ion
was chosen at 0.01M. Table 4.2. reveals kobs to be
independent of the ionic strength over the range 0.01 to 0.1.
Presumably this is due to the minor contribution from the

back reaction at this chloride ion concentration.
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Table 4.2.

}1 kobs(minw1)
0.01 0.184
0.05 0.184
0.10 0.185

4,2.2. Hydrolysis of the trichloroaguoplatinite(II) ion.

Above pH 5 the hydrolysis of the tetrachloroplatinite(II)
ion is accompanied by the release of acid. In the absence of
added chloride ion the equilibrium 4.1. will not operate and
the first aquation step will be essentially complete. The
amount of acid produced per platinum atom will therefore depend
on the pH, since the constancy of the ionization constant, Ki’
must be maintained. At pH 7 equation 4.5. predicts that there
should be ca. 0.78mol of hydrogen ion released per mol of
platinum(II) at 64°C.

Figure 4.10. shows a typical acid release profile under
these conditions. Here 4mls. of added base corresponds to one
proton released per platinum atom. It is seen that the curve
is not asymptotic to a value of ca. 3mls., as would be expected
for only one hydrolysis step. In fact, a slow production of
acid is observed after the completion of the first hydrolysis
step is established spectrophotometrically, indicating the
presence of a second slow aquation step. Furthermore, the slow
generation of acid is continued beyond a value of two protons
per platinum atom., Thus the exist%nce of a third and even a
fourth aquation step is suggested. Ultimately a greyish
precipitate develops, probably platinum metal.

These experiments confirm the supposition94 that the first

step, in the stepwise aquation of the tetrachloroplatinite(II)
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ion, is relatively rapid in comparison with the subsequent

steps.

4,2.3., Substitution of chloride ion by acetonitrile in the

tetrachloroplatinite(II) ion,

The ligand substitution reactions of square planar
complexes of platinum(II) have been shown to proceed through

93,99

two parallel routes The first involves an initial slow

substitution by the solvent, followed by a rapid replacement
of the solvent by the ligand. The second involves a slow
direct substitution by the ligand itself.

The behaviour of the tetrachloroplatinite(II) ion in
aqueous solution containing acetonitrile may therefore be
considered in terms of the following reactions.

X
o s - =
PtCL,“" + Hy0 —k‘—_-* PtC15(H,0) + C1 34,

g -

0 4.11,

.

¢
PtC1,(H,0)” + CH,CN —B. PtC1,(CH5CN)™ + H

3 2

Pt0142_ + CH5CN % Pt013(CH3CN)“ + @E" 4.12,
; -L
As in section 4.2.1. the deprotonation of the trichloro-
aquoplatinite(II) ion may be ignored below pH 5.
It may bé shown that the disappeafance of the tetrachloro-
platinite(II) ion, for this reaction scheme, is governed by
an equation of identical form to equation 4.6. (section 4.2.1.).

In this case the observed rate constant, k is related to

obs’
the kinetic parameters of the system by the expression

(k_+k_;I)

k = i L +
i C140..5)

obs 4135,

R
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where L = [0H301: :

In the absence of added acetonitrile equation 4.13,
reduces to equation 4.9., consistent with the scheme discussed
in section 4.2.1. In the absence of added chloride ion

equation 4.13. becomes

Eops = kg + KL 414,

which is in fact the two-term rate law govérning the ligand
substitution reactions of square planar platinum(II)gg.

The disappearance of the tetrachloroplatinite(II) ion was
monitered spectrophotometrically as béfore at pH 4 and a
constant ionic strength of 0.1. However, chloride ion was
replaced by known concentrations of acetonitrile, which was
found to absorb at 195nm., with an extinction coefficient of
1.6 and therefore to have a negligible interference at the
concentrations used. Again studies were undertaken at four
different temperatures.,

In contrast to the work with added chloride ion the
experimentally observed curves are not fully described by
equation 4.8, The latter portion includes a contribution from
an absorbing species not directly related to the tetrachloro-
platinite(II) ion. Under these conditions equation 4.6. may
no longer be expressed in the form of equation 4.8. Fortunately,
the production of this absorbing species occurs slowly and its
contribution to the experimental curves is not substantial.
Consequently, the first ca. 75% of the curves were treated
satisfactorily with the least squares computer program HYDR,

s _ =kt . : e
for D = Dan(1 e '), as before and the values of k g thus
obtained are shown in figure 4.11.

Consistentwith the prediction of equation 4.14. plots of
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kobs against acetonitrile concentration at each temperature
give good straight lines. These plots are shown in figures
4.12. and 4.13. The intercept, ks, is included as a valid
point since its value is known from the previous work (section
4,2.1.). The rate constant for the direct substitution path,
kL’ may be evaluated from the slope in each case. The values
thus obtained are shown in table 4.3. and include the standard

deviation, calculated from figures 4.12, and 4.13. and the

approximate formula given in appendix 5.

Table 493.
Temp. (°C) kL(l,mol_1min_1)
50.5 1.09 13%
57.0 1.64 129
64.0 2.90 3%
70.0 4,38 +3%

An Arrhenius plot for kL is shown in figure 4.14., from
which an activation energy of 16.2 Kcal.mol™ | is calculated.

The standard deviation is calculated to be within *5% (appendix

5) .
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Figure 4.1.

Ultraviolet-visible spectra of fresh and fully aged

aqueous solutions of potassium tetrachloroplatinite.
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Figure 4.2.

Plot of optical density at 228nm. against concentration

of potassium tetrachloroplatinite.
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Figure 4.3.

Variation of k . with [Cl_] at pH 4 and an ionic strength

of 0.1,

femp. (°C) [Cl_](mol.litrewi) v ko (min"1)

50.0 0.005 0.0402
8.010 0.0463%
05015 0.0528
0.020 0.0598

57.0 0.005 0,.0813
0,010 0.0917
0.015 0.104
0.020 & I i

64.0 0.005 0.163
0.010 0. 184
0.015 0.204
0.020 0,223
0030 0.269
0.040 0.313

70.0 0.005 Q. 200
0,010 0.309
0,015 0.358
0.020 0.374

FPigure 4.4.

Variation of.kobs with pH at a chloride ion concentration

of 0.010M and an ionic strength of 0.1.
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Figure 4.5.

Plots of k_,  against [Cl_] at a concentration of 10™ %M

s
potassium tetrachloroplatinite, pH 4 and an ionic strength of

0.1‘
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Figure 4.6.

Plots of k_,  against [01_] at a concentration of 10~ %M
potassium tetrachloroplatinite, pH 4 and an ionic strength of

2 8%
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Figure 4.7.

Plot of log10ks against 1/T
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Figure 4.8,

Plot of log, k_. against 1/T
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Plot of 1/(k

1/(kobs_ks)
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Figure 4.9.
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Figure 4,10,

Plot of the volume of base added against time at a

concentration of 10~4M potassium tetrachloroplatinite, pH 7

and 64°c.
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Figure 4.11.

Variation of k_,  with [CHBCN] at pH 4 and an ionic

strength of 0.1.

Temp. (°C) [Cﬂscx (mol.litre_1) X bs (min‘1)
50.5 0.01 0.0447
0.02 0.0549
0.03 0.0663%
0.04 0.0767
57.0 0.01 0.0848
0.02 0.101
0.03 0.118
0.04 0.13%4
64.0 0.01 0.176
0.02 0.202
0.03% 0.230
0.04 0.261
0.05 0.292
0.06 0.321
70.0 0.01 0.286
0.02 0.328
0.03 0.373
0.04 0.420




Figure 4.12.

Plots of K ps 28ainst [bHBCN] at a concentration of 10~ %M

s

potassium tetrachloroplatinite, pH 4 and an ionic strength of

O0.1.
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Figire 4.1%,

Plots of k. against [CHBCN] at a concentration of 10 %M

S

potassium tetrachloroplatinite, pH 4 and an ionic strength of

0.1.
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Figure 4.14.
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4.3, Discussion.

The parameters of activation, calculated at 64°C for the
three reactions investigated in this chapter, are shown in
table 4.4. and are based on the assumption of a transmission
coefficient of unity. Table 4.4. includes the available

literature data for the purpose of comparison.

Table 4.4.
g ' ¥y =} + -1 -1
Reaction W' (Kcal.mol™ ') [AST(cal.deg '.mol™ ') | Ref.
Pt0142_ + Hy0 21.8 ~14.7 Within
21.6 -6.4 98
21 -8 94
Pt013(H20)_ + C1” | 16.9 -14.5 Within
17.2 "'12.4 98
15 -18 94
Pt0142“ + CH;ON [ 15.5 -19.4 Within

In each case the entropy of activation,tks*, is negative,
consistent with the associative mechanism expected for the
ligand substitution reactions of square planar platinum(II),
in which bond development plays an important role in the
formation of the.transition state1oo. The value obtained here,
for:the aquation of the tetrachloroplatinite(II) ion, is almost
twice that reported by Grantham et 21°%, whilst that for the
reverse reaction ié in fair agreement. The discrepancy of ca.
-7cal.deg_1.mol—1, in the former case, is undoubtedly due to
the different expression of the forward rate constant, ks. The
data of table 4.4., obtained here, refers to rate constants

expressed in second order units, in which ks includes the water

concentration. Evaluation of;ﬁs*, in which ks is expressed in

first order units, gives a value comparable to that of Grantham
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et al.

The entropy change,zxso, for the aquation reaction may
readily be calculated from the data of table 4.4., obtained
here, and is seen to be effectively zero. The value of +9cal.

1

deg .mol~? reported by Grantham et al, due to the first order

expresgion of kq, is claimed to be in good agreement with

that expected from the treatment of Latimer and Jolly101

. Quite
why this is suggested is difficult to appreciate. The results
of these authors refer 1o the stepwise replacement of
coordinated water by fluoride ion upon the aluminium(III) ion

in aqueous solution. For the process
MF, (aq) + F (aq) =2 A1F52—(aC1) 4.15,

AS® was found to be +50al.deg_1.mol_1. The predicted value of

1, obtained by calculating ASO for the

+15.60a1.deg_1.m01—
process 4,16., was based on the assumption that the principle
factor concerned in the process 4.15 was the effect of the
substitution of a coordinated water molecule by the fluoride
ion.

H20(coord) + P faq) 2 H,0(aq) + F (coord) 4,16,

-I.znc.l_1

The difference in these values of ca. -11cal.deg
was suggested to arise from the effect of the increase in
charge on the complex ion upon the surrounding water molecules.

The aquation of the tetrachloroplatinite(II) ion may be
compared to the reverse of the process 4.15., for whichzsso

1 1

is -5cal.deg '.mol” ', Although this value cannot be used to

make a quantitative prediction for AS® for the aquation reaction,

1

it seems that the value of Grantham et al of +9cal.deg  '.mol™ "

is somewhat unrealistic. Moreover, Latimer and Jolly suggest

that the entropy changes in processes of this kind are more
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dependent upon solvent replacement considerations than charge
alteration effects. This again militates against the value
of Grantham et al, since a calculation ofzsso for the reverse
of the process 4.16., analogously involving chloride ion,
would not be likely to produce a significant positive value.

Drougge, Elding and Gustafson98

have remarked that in
order to compare the entropies of activation for the forward
and reverege reactions of the equilibrium 4,1., all relevant
speciesgs in the system should be referred to the same standard
state. However, incongruously enough, they cited a value for

1.mol_1, also based

AS® for the aquation reaction of +6cal.deg”
upon a first order expression of ks.
Finally, it should be mentioned that calculation oflss*,
for the majority of ligand substitution reactions of square
planar platinum(II), has revealed the values to be remarkably
similar, irrespective of the nature or charge of the entering

or leaving group1oo.

This fact is apparent in table 4.4. for
those values onBS* in which ks is expressed in second order
units.

It appears, therefore, that the value of AS® for the
aquation reaction quoted here as approximately zero is the more
realistic one and thus that the expression of ks in second
order units is justified,

Table 4.4. reveals the enthalpy of activation,zhH*, for
each of the three reactions to be fairly small, This is
usually found to be the case for the ligand substitution
reactions of square planar platinum(II) and is taken as further
100

evidence for the associative mechanisn « The values obtained

for both the forward and reverse reactions of the equilibrium

4,1, are in excellent agreement with those reported by Drougge

86



et al. Grantham et al's values are somewhat different,
especially for the reverse reaction, however, as Drougge et al
have pointed out, the discrepancy is probably due to the
method employed in the determination of k_s, which was

calculated from the equation

Kg = kg/k_g

where KS refers to the equilibrium constant for the equilibrium
4.1,

Drougge et al reported the enthalpy change,stO, for the
aquation reaction to be 4.4 Kcal.mol-1, over the temperature
range 15*3500, and suggested it to exhibit a small temperature
dependence. Although the value of 4.9 Kcal.m01_1, calculated
here at 64°C from table 4.4., is slightly larger and might
therefore be considered to support this claim, the difference
is within the standard deviations of the activation energies
for the forward and reverse reactions (section 4.2.1.), from
which the value of AH® is derived.

Table 4.4. reveals AHT for the substitution of coordinated
chloride ion by water, in the tetrachloroplatinite(II) ion, to
be significently greater than that for the substitution by
acetonitrile. Moreover,zks* for the solvent substitution path
is seen to be somewhat less negative than that for the direct
substitution path. These observations imply that the developing
bond to the nitrile is stronger than that to water and that the
resultant transition state is altogether more rigid for the
direct substitution path.

Experiments reported in section 5.3.7. support this in the

sense that the reverse reaction for the direct substitution

path (equation 4.12.) appears to be none exist%nt at chloride
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ion concentrations in which the reverse reaction for the

solvent substitution path (equation 4.1.) is predominant.
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5. Further investigations of the rezctions in aqueous systems

of the tetrachloroplatinite(II) ion and acetonitrile.

5.1. Introduction.

It was mentioned in section 4.1. that the production of
a deep blue solution occurs, under certain conditions, in
aqueous systems of the tetrachloroplatinite(II) ion and
acetonitrile.

In view of the reported hydrolysis of acetonitrile in the
complex dichlorobis(acetonitrile)platinum(II), in the presence
of aqueous solutions of some silver salt554'102, this phenomenon
was of considerable interest.

This reaction was first discovered by Hoffmann and Bugge102,
who observed that the treatment of the nitrile complex with an
aqueous solution of silver sulphate produced a blue solution,
which they named platinblau. Although it was generally agreed
that the product contained the hydrolysed nitrile ligand and
no coordinated chloride ion, the structure remained the subject
of much speculation and several different suggestions were
advanced53’54. It was not until Brown, Burbank and Robin53
undertook an extensive investigation of a related complex,
derived from the original nitrile complex and trimethylacetamide,
that the structure was finally resolved. Using a variety of
physical techniques, they were able to show that their complex

existed in three tautomeric forms (figure 5.1.).

Figure 5.1.
H (65 HO\C—CR H‘N cl1
/\/\N——P:t-——}lf 3 HO RBC—CSO:P:T.:Y\EC—GR3
R,C-C{ €l H H 1l O-CRs syl L
OH N—Ft—N
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Here R refers to the methyl group. Since the isomers XIX
and XX contain deprotonated forms of the amide ligand, they
were assigned as complexes of platinum(IV). The yellow,
crystaline complex XIX exhibits the previously unknown iminol
anion of the amide as a ligand. The blue, amorphous complex
XX was suggested to correspond to the original platinblau102,
which was accordingly assigned as dihydroxybis(acetamido)-

Platinum(IV) (XXI).

H

|  OH
/N\n' r’OQ
5705, ~EE L JC-CHs
OH
|
H

CH

XXI

The metal ion promoted hydrolysis of organic nitriles has
been the subject of recent interest. Although, as yet, only a
few studies have been undertaken, it is already apparent that
these hydrolysis reactions may be accomplished through a
diversity of mechanistic routes. However, all the systems
investigated to date share the common involvement of the
hydroxide ion,

Breslow, Fairweather and Keana87 reported the hydrolysis
of 2Fcyano-1,1O—pﬁenanthroline upon nickel(II) to involve an
external attack of free hydroxide ion upon the carbon atom of
the nitrile group.. In this particular reaction the nitrile
group is not coordinated to the metal and the enhancement in
hydrolysis rate, of the order of 107, relative to that of the
free nitrile, is found to be due primarily to the difference
in the entropy of activation for the two Processes. This is

interpreted in terms of the ability of nickel to stabilize the

transition state, XXII, through the favourable five-membered
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ring structure, according to the scheme 5.1.

_’ 5.1.

The hydrolysis was also found to be effected by copper(II)
and zinc(II). In the former case the reaction was extremely
rapid.

Komiya, Suzuki and Watanabe103 investigated the hydrolysis
of the related nitrile, 2-cyanopyridine, in the presence of
several metal complexes. They observed that labile complexes,
containing loosely bound ligends, facilitated hydrolysis,
whereas inert complexes were less effective.

The hydrolysis of several nitriles, initially coordinated
to the pentamminecobalt(III) ion, have been recently studied.
In these systems attack by coordinated hydroxide ion is
improbable and external attack is postulated. In the case of

benzonitrile a rate enhancement of ca. 2x106 has been reported

by Pinnel, Wright and Jordan1o4. In contrast to the hydrolysis
of 2-cyano-1,10-phenanthroline upon nickel(II)87 this was found
to be due not only to an increase in the entropy of activation,
but also to a significant lowering of the enthalpy of activation.
Presumably this reflects the ability of cobalt(III) to polarize
the nitrile bond, thus facilitating nucleophilic attack by the

hydroxide ion at the electron deficient carbon atom. An

identical mechanism has been proposed for the analogous
105

acetonitrile system, by Buckingham, Keene and Sargeson -

however, no parameters of activation were quoted. In addition,
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the methyl protons of the nitrile ligand were observed to
exchange, although this was suggested to occur independently.
The products of hydrolysis in these reactions were found to

be N-bonded carboxamido complexes, which underwent protonation
in acid solution. In the case of the acetamido complex
protonation was claimed to occur at the carbonyl oxygen atom.

106

Buckingham, Sargeson and Zanella proposed internal

attack of coordinated hydroxide ion upon the nitrile group to
occur in the complex Co(en)zBr(NH20H20H2CN)?+, in the presence
of the mercury(II) ion. Since the nitrile is coordinated
through the amine group, this reaction again represents an
example of a nitrile group situated in a position of influence
near the coordination sphere of the metal, but not directly
bonded to it. The reaction is somewhat specialized since the
mercury(II) ion apparently plays an important role in the
mechanism., Initially, the mercury(II) ion is believed to
remove the coordinated<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>