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But as for certain truth, no man has known it,

Nor q;ll he know it, neither of the gods,

Nor vet of‘all the things of which I sp;;k.

And even if bylchdnce he ware to uttér : <:;K\
The final truth, he would himﬁelf not know it;

For all is but a woven web of guesses.
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I have measured out my life with coffee spoons.

T. §. Elliot

{



DOCTOR OF PHILOSOPHY McMASTER . UNIVERSITY.
{Chemistry) Hamilton, Ontario

TITLE: Metal Complex Catalysed Reactions of Anils
ARUTHOR: Alan Richard Boate B.A. (Mod.) (University of Dublin)
SUPERVISOR: Dr. D. R. Eaton

é"k v  NUMBER OF PAGES: xi,216 )

ii



o

ABSTRACT
: _ A
It_has_béep found that a series of thiourea metal

complexes are very eff1c1ent catalysts for a number of
reactlons involving anils. These reactions, the formatlon and

{ . _ .
hydrolysis of the anil and a transimination reaction, were -
. -
studied using acetone and various substituted anilines as

substrates. .The catalysts were Co(II) and 2Zn(II).complgxes

of thiourea and substituted thioureas and were found to have

!

a wide range of- effectlveness as catalysts.

.

Kinetic studles have been carrled out using a number of

NMR techniques, including measurement of initial rates by

integration, line broadening studies and spin saturation
?génsfer (SST) expériments. ﬁquilibrium constants - for
asgociatioﬁ-of variouq substrates with the catalysts have . -
also been determined, taking ad;ahtaga of the paramagnetism
of the Co{II) complexes.

The results indicate that the r;térdetermining step for
the formagion of Qhé anil involves nucleophilic attacksof
aniline on coordinatéd acetone. The aniline in Fhis case 1is
in the second coordination sphere of the metal compléx and
the acetone is in the first analogous mechanisms. The
utiiity of SST experiments is demonstrated by the identification

of the transimination reaction and the measurement of two

exchange processes in this reaction.
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, CHAPTER 1

CATALYSIS BY METAL IONS

(R}  INTRODUCTION

Metal ions have long been known to be capable of
modifying the properties of chemical species coordinated
to them. This modification may be manifested in various ways;.
e.g. in spectral properties or in changes in reaction rates or
mechanisms. The changes induced by coordination to a metal -
ion are of great importance in‘the study of homogeneous cataly-
sis of chemical reactions by metal complexes or ions in solu-
tion.

In recent years homogeneous catalysis by metal ions, :
metal complexes and metalloenzymes has been much studied. These
reactions are necessarily multistep processes involving at
least three steps, ie; {a) coordination of the substrate mole-
cule or molecules, {b}) reaction of the coordinated substrate(s)
and (c) dissociation of products, leaving the metal ready to
undergo ancother cataiytic cycle. . An added requirement for
the use of the term-catalysis is.,of course, that the process
must be faster than that occurring in the absence of the metal

ion or metal complex. If step (c) is missing, the reaction



will not be catalytic énd the meﬁal ion will be conshmed
stoichiometrically; din this casé the term "metal ion promotion”
shoqld be used, a factrsometimes ignored in the literature on.
the subject.

Most of the work done on homogeneous catalygis involving
metal ions or complexes in solution may be divided into two mailn
areas. The first of these involves the reactions of small mole-
cules, generally capable of m-bonding, with transition metal
complexes in ﬁon¥aqueous solution. The individual reaction
steps, where known, can ‘usually Be“in£erpreted in terms of
ligandsﬁbstitution, oxidative addition, reductive elimingfion‘
and insartioﬁ'or ligand migration, with each step obeyiﬁg the 
l6/18 elec£ron :qie(l). Typical examples are: hydrogenatioh
using Wilkinson's comPOUnd'(Ph3P)3RhC1(2) polymerization!of ole-

(3) i

;and oxidation of olefins to aldehydes in the Wacker

(4)

process . The second main area of research in homogeneous

fins

catalysis has been in the study of the effect of metal ions in
aqueous solution on such reactions as ester hydrolysis, Schiff

base formation and hydrolysis, transaminations,{;tc. This area,

has been periodically reviewea(s-la). The subject of this

thesis,i.e.the formation and hydrolysis of Schiff bases as catalysed

by metal complexes,properly falls into the latter area although
o .
the study was carried out in non—agqueous solutions.
The first observations of changes in chemical properties

brought about by coordination were made in 1857 by Gilbs and



p (14)

Ganet +who noted that oxalate coordinated to cobalt {I1I)

wy
was much less susceptible to oxidation than-free oxalate.

Another early example was the relaﬁ}ve non—toxlcity of

cyanlde complexas of Fe(II), Au (1), G(III) and Co(III) compared
to any source of free cyanide ion(lo). Over tHe past twenty
five years most of the -work on met;l ion catalysis or metal

*ion promoted reactions has been in ﬁhe areas of ester hydrolysis

and of reactions of Schiff bases, including formation, hydroly-

.sls and transamination.

(B) - ESTER HYDROLYSIS

Metal ions will effectively catélee the hydrolysi; of
esters if they have a secondary functional group that will
coordinate tQ.th% metal ion. The hydrolysis of a-amino acid

';> esters was’ studied by Kroll(IS) ,wWho determlned that a 1:1 complex
between the metal ion and the ester was the most active species.
He also compared the effectiveness of various diyalent metal’
ions in promotigg‘hydrolysis,and found that the rate increased
with the increasing tendency of the metal to coordinate with
amines.- He postulated that the ester acted as a chelating

agent, coordinating to the metal ion via the a-amino group and

the carbonyl oxygen, i.e.

.



The role of the.metal in this and similar cases has been
likened to that of a "superacid", that is, the increase in the
rate of hydrolysis is far éreater than } would be led to ex-
pect on the basis of electrostatic consideratlons alone.
(16}~

Conley and Martin measured the second order rate constants

for hydroxide attack on glyC1ne ethyl ester, protonated glycine
ethyl ester and the Cu(II) complex of glyc1ne ethyl ester. The
affect of Cu(II)Dcompared to that of a proton is-much larger \\\
than expected on\s simple electrdstatic\basis.’ In this case,
coordination to the hetal ion by the carbonyl group is postu-
lated to occur. This is’ also the conclusion drawn from a study
by Bender(l7) using kinetic measurements and O}B tracer methods;
ie., the ester is chelated to the metal ion via the amino and
carbonyl groups. With histidine methyl'ester‘however,the -
metal ion can chelate at two sltes other than the carbonyl

group, i.e. ..

A

-t

In this case,where the carbonyl‘group is not coordinated: the
observed effect of the metal ions on the rate of hydrolysis was
roughly the same per unit charge as the’ effect of protonatlon

of the ester(la). The superacid" catalys;s is usually explained

in terms of the polarlsation of the carbonyl group by the matal



ion which facilitates nucleophilic attack on the ﬁow relative-
lylmoie positively ;harged cﬁrbon atom. -
Howébergiﬁtramolecular attack by a coofdinated nucTao-
phile is ;&so pdséible,and is difficult to distinguish kine-
ticdlly from external nucleophilic attack. In a number of cisgs,
it has been possible to distinguish and demonstrafe each
mechanism. The'effect of‘tﬁe polarisation of the carbonyl
group by coordimation to a metal ion wasudéhonstratad in the
case of the hydrolysis of an a-amino ester coordinate@ to,
a Co{III) complex centaining two kinetically inert ethylene-
(19) )

diamine (en) ligands . The starting complex was

A
e '

—C— OR >
\ - ,H2HH2 C -

ekﬁ

which was stable to hydrolysis. The Cl  was removed by addi-

tion of mercurous ion giving as an intermediate,

T
~ L]

which was detected by infrared spectroscopy and which underwent

hydréiyais via the attac& of an external hydroxide ion.
1

L



‘An ekample of “intramolecular nucleophilic attack on

’ * o ———
a coordinated ligand is the amidolysis of glycine ethyl ester

)(20)_

. D
complexed to pentamincobalt (III Loss of a proton

from one of the coordinated NHalgrOups gives an —Nﬁz ligand
w a7 | ‘ )

which attacks the carbon atom' of the carbon group,'diSPI&bes
OEt~ to yleld the glycine imide complex, i.e.

NH3 NH3

o
Z
o _|
o
=
oo
lw
F+ - B
Z\\éf
z
o]
(8]
A
ool
L

_ _ + OEt
H,N-————1— NH . 39— NH
3 2 2
N Neg
\ -NH Hy o NH 2
s v 2 H
e, 2/ ,
/C,Q o 1 \\ . .
- Eto * o 3

(C} REACTION OF IMINES

Compounds containing the, carbon nltroqen double bond,

1~\

i.e, //C = N - R,rare vdriously knOWn as Schiff bases, azome-

3
things, imines, ketimines, aldimines (if Rl = H) and anils

(if R3'is aromatic). The non-metal catalysed formation and -

hydrolysis of these compounds has been widely studied in aqueous

solution,and the mechanisms involved are well'undgrstood(zl).

The general reaction is:

<

‘ | L e ek
B H-0 ¥ >cﬂL + A B H((l’\cl: -N-R ERSTS 0‘?'“ ==="0=C0 NHpR
H 3

"H

3 -
There is a change in the rate determining step which

.

occurs petweén pH2 and pH5. Below this pH,the attack or loss of



.J*"

water, (step A) is fast and'the attack-or loss of amine
(step B),is rate datermlni?g Above this pH the situation is
reversed with step B being fast ahd attack or loss of water

or hydroxide ion being rate determlning.

The influenCe of metal ions on the formation of Schiff

o

bases has long been recognized, 3ytjser10us study of the metal

ion catalysis, or promotion,of the reactions of imines was

started by Eichhorn et a1(22'2?). They observed that in the

casae of the Schiff base formed from ethylenediamine and

2-thiophenaldehyde, i:e.

— _CH
] S % [ ]
NS ,H*——"N-,/-' \N: CH l I

-

the hydrolysis 1s catalysed by divalent metal ions. Spectro-

" photdinetric evidence suggested the' fast formation of a metal

complex;e-g.with Cu{lIl), which then underwent hydrolysis:

@mum_CHD — L, bk

The carbon—nitrOgen double bonds are polarised by the metal

ion and:furthermore, the reaction does not disrupt the chelate

‘ring. In the case of the Schiff base formed from salicylaldehyde

and glycine,i.e.

CH ::N-—ACHZ——— COOH



1A M N ol . ' -
coordination with Cu(II) results in a stabilisation of the

C=N bond under copditions where the free base undergoes hydroly-
315(24).

Thi

stabilising influence of the two chelate rinés in the Schiff

base complex, i.e.

,:r,'p

which would be reduced to one i
(25)

the salicylaldehyde were re-

moved. In a study of the effecﬁ; of Cu{II) and Ni{II) on

thé formation of the,Schiffrbaaé referred to above, the reaction
was shown to prqceéd mach siowér when\one of the reaq£ants, l.e.
eithef salicylaldehyde or glyc%ne, was Tixed with the metal
ion prior to the addition of the _.other feagént than when both
reagents were mixed together before addition of the metal ion.
o " In connection with the synthesié of macrodyciic&ligands,
pérticularly those formed by Schiff base formation, Thompson
and Busch defined what the? cailed the "teﬂﬁlate" effect(ze).
In its loosest form,this effect has beeén said to be operating
if the presence of ‘a metal ion promotes the formation of a
Schiff base as its metal complex ip'solution(13). Thié tem-
plate effect may be further divided.int; a kinetic template

éffegt and an equilibrium template effect. As o;&ginally

-
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gation

defined(zs)

aé kinetic template reaction is one in which "a
metal ion may hoid reactive groups within a substitution-
inért'complexNin a proper array to facilitate a stereochemical-

"ly selective multisteé reaction”. An equilibrium template

reaction involves stabilisation of an intermediate in a

purely thermodynamic effect, i.e.

Reactants &= Intermediate

/ wn-*
favoured product from . stable complex with intermediaté
"free" ligand

r

Obviously:ra simple equilibrium template effect, unless it was
followed by a kinetic template reaction, would have no place

in a trlie metal ion catalysed feaction as opposed.to a.meﬁgl
promotéd one. |
;. . Much of the more recent iiterature reporting the metal
ién ca%alysed formation 6: hydrolysis of imines is_concerned
with whether or not there is a témplat$ effect operating. In
some cases.this effect is defineé:or interpreted,as meaning
whether br n&t both reagents must be bound to the metal ion
prior to reacpion. Some of the results.in this area will be
discussed in the next few pages.

In the light of the above statements,the further investi-

(27 of the hydrolysfg of {

(N



=2

10

coordinated to a series of different metal ions is of some in-

terest. This work led to the suggestion that coordinated water \

.

is responsible for the hydrolysis of the coordinated Schiff
base and,iﬁ complexes where the maximum coordination number
of the metal is satisfied by the Iigand, hydrolysis will be

resisted.

[

One case where the metal does not kinetically catalyse
the formation of the Schiff base is in the reaction between

pyridoxal phosphate and glutamate ions in the pregsence of Cu(II)
(28)

‘ions . Here the metal ion acts only as a trap for both the

Schiff base and an amino-alcohol intermediate, _ A similar con-
clusion,i.e- the abseace‘bf‘a kinetic template mechanism, resul-
ted frém a study of Cu(II) ion promoted formation and hydrolysis
of the Schiff bases formed from salicylaldehydes and aliphatic

(28)

amines . The mechanisms were shown to be similar to those

obtaining in the absence of metal ions,and the role of the metal

ion was to trap the carbinolamine intermediate:

C N . v
\ .
H -

|
OH ~

\V4
\;

Leussing, ﬁne of the major contributors in this field, investi-
gated the kinetics of formation of the zinc (II) complex of

the Schiff base formed from glycine and pyruvate(ao). Again,

Zn (II)} was féund:uﬂ:£6 be acting és a kinetic témplaterbut rather

stabilizing the intermediate carbinclamine and imine product

through coordination.wﬁ\lé the effective.catalyst in both the
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addition and dehydration steps is a proton. The initial step,

addition of glycine to pyruvate,was observed to be independent

of Zinc (I1I).
»
The first quantitative evidence in favour of a kinetic

:emplate mechanism was also reported by Le&ssing(al).'studying.
the kinetics of formation of the Schiff base complexes from
salicylaldehyde, glycihe and Ni{II), Cu(II) and _Zn(II) ions he
found that,in the cases of Ni{II) and Cu(II})rthe rates were
independent of the metal ion. For the case of Zn(II) there was
qdmetal independent path,as in the other two cases,but there
also was a metal dependent one. The metal independent path in
all three cases indicated rate-determining formation of the

free Schiff base followed by rapid reaction of this with the
metal ion. For the metal dependent path in the Zn{II) case
there is a fast equilibrium fbrming a ternary complex,in which
the ligands are independently bound,i.e. Zn(Sal) (Gly}, which

then undergoes a first order; rate-determining reaction to give
Zn{Salgly) + Hzo,i.e.the complexed Schiff base. In an exten-
sion(32) of this study to a wider range of divalent metal ions,
it was fougd that the order of catalytic activity for the metals
tested was Pb >> Cd > Mn ~ Mg > Zn >> Co,Ni,Cu. It was also _
suggested that the term "promnastick.tfrom the Greek:matchmaker)
be applied to describe a catalyst which forms a labile ternary

complex with two substrates,but which imposes a minimum steric

requirement on them. The term template is considered to imply
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‘a fixed spatial orientation of the subétrates, which, it is sug;
gested, would in fact cause inactivity of the metal ion.as a
catalyst. . ~

The kinetics of formation of the_Zn(II) complex of the
Schiff base of pyruvate and glycine have been shown to exhibit

‘similar features(33),as have the In(II) éomplexes of Schiff

bases derived from salicylaldeh&de and various amines(34y.
A reaction whicﬁ is closely related to the formation and
hydrolysis of imines is amine-exchange oOr £ransimination,i.e.

- ' — N—-R
R1R2C===N R + HZNR —* Rlec N-R' + HzNR.

The metal ion catalysis of these reactions has apparently been
little studied. In one report(zg) the affect of Cu{Il) ions
on Schiff base formation between'S-sulfOsalicylaldehyde and both
ethylamine and glycinate was observed. The‘ethylamine
Schiff base formed first,with a slow transformation to that of
the glycinate. This is a metal ion promoted réaction,and'%he
tridentate'cheléte of the glycinate Schigf base will be more
stable. The results are interpreted to indicate that the transi-
;ination reaction, like the Schiff base formation in this system,
does not go via 2 kinetic template mechanism,but it does,of
course ,show a thermcdynamic “"template" effect.

The second report(3420n transimination in the presence of

metal ions,was concerned with Schift bases formed from salicylal-

dehyde with variocus amines and using Zn(II) as the metal ion.
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The conclusion was that the transimination feactions were much
faster, both for the metal dapeédent promnastlc" mechanism
and the metal independent mechanism, than the correspondlng
reactlons of the amines with sallcylaldehyde.

One of the strongest stimull for much of the work on
metal ion catalysed reactions of Schiff bases or imines has been
the very important-role that these compounds play in enzyme
catalysis. Schiff bases are beliéved to be intermediates in
such reactions of amino acids as racemization, decarbormnylation,
tfansamination, transimination; 8-substitutio gkelimination and
condensatlon(g). In many cases,lthe ensymes inéglved contain

metal ions,e.q. both carboxypeptidase and carbonic anhydrase

contain Zn(II).




CHAPTER 2

BASIC MAGNETIC RESONANCE THEORY

.(A) INTRODUCTION

The use of nuclear ﬁagnetic resonance (NMR) is now very
widesPIéad in almost all areas of chemistry. The theory of HMR
is well devéloped and understood. Many excellent reviews and
books have been published dealing with both the theory and with
applications to chemistry(35_37).

The detection of nuclear magnetic resonancé in bﬁlk ma-
terials can be acéomplished in several ways. 'Thé_earlier commer-
cial instruments, or spectrometers, used_éontinuous wave (cw)
téchniqugs. In these instruments the radiofreguency (rf) is
applied continuously during the time the spectrum is observed.
The signal is detected by slowly varyinglthe frequeﬁcy of the rf
signal applied to the sample in a fixed magnetic field or, al-
ternatively, sweeping the field with the rf fixed'ip frequency.
Such instruments constitute the vast majority of those in;opera—
tion at pregsent and most of the results in this thesis were
collected using spectrometers of Ehis>kind.

Another method for obtaining NMR spectra involves the
application of pulses of rf power at a particular frequency. The

information is obtained by-observing the decay of the rf signal

14
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after the termination of the pulse.l.The-Fourier‘éransform of
this decay gives the normal NMR speétru@. $uch an instrument
was acquired by the McMaster chemistr& departﬁént in August 1974
and a numb£¥ of experiments using this spectrometer aré reéorted.

 Several books covering the area of FT NMR are now availablecBa’Bg).

(B) NMR IN PARAMAGNETIC SYSTEMS il

Many of the NMR spectra nepofted.in this thesis are of
solutions conﬁalning paramagnetic metal complexes,and a short
review of the pertinent theory is therefore appropriate. The
épplication of NMR to ﬁhe study of paramagnetic systems commenced
about 1960 and since then has expanded rapidly. Several re-
views(donda)_and_a recent book(44) have been written on the sub-
ject. |

whether or not the NMR spectrum of a paramagnetic molecule‘
can be observed at all,depends primarily on the reiaxation time
of the electron or electrons responsible for the paramagnetism.
If‘the electron spin relaxation time Tia is much less than A—l
(where A is the hyperfine coupling constant,in Hz, between the "
electron and the nucleus in question) then a reasonably sharp
NMR spéctrum may be observed. The condition for observing a well
resolved'electron spin resonance (ESR) spectrum is just the
opposite, i.e. Ty, >> A—l.

One of the‘great advantages of studying péramagnetic
systems is that there are usually large shifts in the resonance

frequencles of various nuclei from their normal diamagnetic

-positions. These shifts originate’ from two types of interactions ,
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designated as contact and dipolar. The effect of the latter
interaction is sometimes called a pseudocohtact shift.

The contact shift is given by the exPregsion(4°):

. 232 : ;
~Av _ AH . Je¥e L S(s+1)
v. T H T TAgBR, T 3T 21
o "o 9NN
i ¥
AV AH ' .
where 5o or g is the fractional shift - and gy 2re the

o (o} )

g factors of the electron‘anﬁ ngeieus respectively, Be and BN
are the Bohr magneton and nuclear magnq&gns, S is the spin guan-
tum number of the electronic state and A is the hyperfine
coupling constaﬁ£.

The hyperfine coupling constant A, and thus ﬁhe contact

shift may be related to the unpaired electron spin density at the

nucleus by the Fermi formula(AO):
_ BT ‘ 2
A = §K.gegNBeBN[w(o)] 2.2

where y (o) is the wave function describing the‘gleétron evaluated

at the nucleus.

N

The dipolar or pseudocontact shift ‘arises from the direct

et

interaction of the nuclear and electron dipoles and, for the case

of a metal complex with axial symmetry,is given by the equation(44):

. 2 | 2,
v g s g} 1#29)) {979 ) {3cos B=) 5.3
(o} 27kT , X

where 0 is the angle between the principal magnetic'axis and the
line connecting the central metal atom with the nucleus under

considération and r %s the distance betwean‘the ﬁetal atom and

‘-}\

a”
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this nucleus The components of the g tensor which are parallel
and parpendicular to the principal axis of the complex are g]l and

gl ' respectively The above expression holds for a rap*dly

i

tumbling complex in solution and the dipolar Shlft w1ll 'be zero

~

if gl' = gl. For organic radicals gl| gl is rather small but
this is not the case fox metal complexes.

The contact and dipolar terme together give rise’ to the
"isotropic".shifts observed in paramagnetic transition metal com-
plexes Attempts to separate these effects have aroused much .
'interest,and provided employment for many chemietsfover the pest
" ten years. The above equations for the contact and dipolar ShlftS
will,in general,be correct for complexes with A Qr E electronic
ground states " Molecules havipg triply degenerate T ground states
usually require the.more detalled theory of Kurland and McGarvey(d

The two" expressicns 2.1 and 2.3 predict a simple dependence

of the isqtropic shift on temperature. ' The Curie law should be
obeyed,i.e.a linear dependence on T -1 with a zero intercept is
anticipated. Experimentally many complexes do show a linear de-
pendence r.:‘n.']:‘_l but,in most cases.the plot does not pass through
. the origin and the intercepts vary widely. The factors which can
give rise to currature of such plots are:(a) a degenerate ground
state leading to a sizable orbital contribution to the magnetic
moment(46), {b) a rapid structural isomerisation invclving a dia-
magnetic and a paramagnetic structure or a "gpin equilibrium“ i.e.
a complex with two thermally accessable spin states in equili—

{44) {44)

, or (c) ion pairing . The origin of the non»ZEro

S

intercepts is not well understood but has been discussed/by

brium-

5)



various authorsiﬁ§'47).‘
%

The other major effect of paramagnetism is on the‘re}axatioﬁ
times of nuclei in the eomplex or 1n thé‘Surrounding solutidn.
Depenéing on the electron 3pin‘relaxation ﬁimé and the raté of
tumbling'of the complex'in solution,broadeniné of the NMR spectral
lingslmay bcaﬁi. This leads to loss of.:ésolutidn and,ig ex-
treme cases, to a’cqmplete ingbility to locate the resonaﬁce.

Cobalt (IXI) complexes Jsually'ﬁaﬁe a very short eléctron spin .
relaxation time,leading to only quest brdqdeﬁing of their NMR
spectFa.' They are,therefore,particularly well suited to the type

of studies described in the present thesis. .

'(C) EFFECTS OF CHEMICAL EXCHANGE

'(i) General Considerations

Processes which cause interchange of nuclei from one
environment in a solution to another may have marked effects on .
the observed NMR ;pectra. In cases ghgre the time scale of
these-proceségs or motions is of the same order of magnitude as the
-reciprocal oﬁ{the.frequency separations of the lines in £he‘NMR
spectrqm,iﬁformation about the rates of the pfécesses in question
may Ee obtained from a stud& of the spectrum. Typically, NMR
chemical shifts differeﬂcés range from a few Hz to a ;housand Hz ,
which corresponds to iifetimes for the rate processes of 100 to
10-3.seconds. The sigﬂificance of this approach is that it can
provide ihformation about fast and ﬁer&\fast reaétions from
measurements on'sysﬁems that are chemically at equilibrium. This

- area has been extensively reviewed(36'37'4§’48).

<
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The first quantitative theory of chemical exchange in
L3 \ . :

NMR was given by Gutowsky, McCall and Slichter(49) " Later

McConnell(so) gave a simpler derivation of the same result.

Both descriptions start witg)the phenomenological Blbch equa—:
tions 37}, The Bloch equations, as modified by Mcconnell ), are
given below for the case where a nucleus X is reversibly trans-

ferred between two molecular environménts A and B.

A - A B : ’
L — e AwLV B2 o= o — ) 2.4
dt A'A Ta s : I
. du, f" S u u 1
T A"’B"ﬁ:'T—B*?& 2.5
B A
dv | v v
—2 hw g = - Ay By MA 2.6
dat ATA Ta 5 17z
{ . .
dv v v
B _ - - B, A _ B
NodE T Mpte T T tr, T MM 27
L GRa A
IR -
i R . 0
T_Z_..wlv__&.-_z..+_5._ 2.8
v A Tia Tia s
a,. Mo MG MG o
- mlv - + . - 2.9
dt B TlB 1B Ta

=

Here u, v and M_ are the components of the X magnetisation which
are in phase with the rotating component of the‘applied rf field,

out of phasé_with this rf field,and along the large static ~
magnetic field Ho,-respectively. These magnetigations can be . \

‘ \

written as the sum of the contributions from nuclei in the A ahﬁ\B
. ' N

c

(
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environments.

- R v_+v
33 o . \ A B

. - M e M+ MB .
‘ i 2 z z

Mg and Mg are the equilibrium z magnetisations, where the

z direction is ‘defined by the static field Hy. w) = YH, vhere

H, is the applied rf field. Sthe lifetimes T, @nd.T, are de-
EFined by a ) : . ®
TL = T—l-— + %—- T 2,10
1A Tia A . : .
- '3 -l" _ l 1 o . ( , ’
T_ = 'T— + '_'l_— ‘ 2.11

2A 22 A

where T,p and TzA'arg the longitudinal (spin-lattice) and trans-

verse relaxation times of X in site Asand 1, is the lifetime of

- X in site A. Analogous aexpressions define TiB and Tog The equa-

tions 2.4 to 2.9 are obtained from the Bloch equations by adding
_ terms to allow for the effects of chemical exchange. For example,

in equation_2.4 the term -u /T is added to allow for the rate
d

at which uy decreases due to loss of magnetlsatlon to site B,and

‘uB/TB is added -to allow for the rate at which u. increases due

A
to the chemical transfer of magnetisation into site A from site B.

The unmodified Bloch equation is




ghich,with the addition of the terms - uA/TA‘+ uB/TB ,yielde
equation 2.4. | \

The modified Blocﬁ'equatioea may be used to describe both
‘the line broadening effects,es observed by.the slow passage
technlque,and the transient effects in rapld passage or multiple
resonance experlments. +Both applications will be encountered

in the present thesis.

{ii) Slow Passage Lxperiments

o - . !

In a slow passege.GXperimeng,the observing rf field of
lo? power (to aveid saturation) is swept slowly through the
resonance maintaining equilibrium of the spin system. Under
these.eond%tioﬁs the rate of change of magnetisation is zero and

therefore . ‘ ‘

. ' B
qu; “duy vy dvy sz aM)

dt 3 "~ & ~a& T a ~at- 0

13

The reeulting\simultaneous linear equations (from equations
2.4 to 2.9) can be solved explicitly in many special cases and
. can always be evaluated numerically.

For the case of two diamagnetic molecular environments, A

and B, with equal populationsjde.tA.= Ty = s and where TlA =
. ! k}

Tig = ?l ane Ton = Top = T,, some of the limiting spectra are

shown in figure 2.l(a)(44).

Spgctrum (i) is for the case of very*slow exchange where

1 1 Cvmd ; :
T << Aw and T;' with Aw belng the frequengzﬂfepératlon of the
two lines. If the exchange rate is increased slightly

(? ~ %— << Aw) the lines are still separate but the linewidth
. 2 L d
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has been ipcreased b? the chemical exchange. This is shown

“in fig. 2.1{(a) (ii) and is known as the slow exchange-region.
'Spectrum (iii)'shows an interﬁediaté-region where the lineshape
is described by a complicated expression. In the region of

spectrum (iv) the halfwidth of the single line is given by
1 1 1, _ :
T__ T_ + g AUJ-T. ) . 2,12

Finally, in the fast exchahge limit the 5pe§trum is a single
" line locéted halfway between thé two priginal peaks with a
linewidth %; ,as shown in spectrum (v). If T, and T, are not
strongly influenced by temperature,then the exchange lifetimes
1,and thus the exchange or reaction rates,may be deﬁermined by the
study of the line shape at variou; temperééures using the approxi-
. mations in their appropriate region,or using a full computer- )
fitted line shape analysis. .
In the case where one of thé environﬁents is paramagnetic,
the largest différence is that the separafion of the two lines

is now of the order of thousands of Hz due to the isotropic shift
In figure 2.1 (b) #re shown the spectra‘correspondinq to those in‘p
Afigu;e 2.l(ai,but with site A now be;ng a paramagﬁétic environment.
Similar equations apply to the various regions as in the previous

case of two diamagnetic sites.

(iii) Spin Saturation Transfer

The second area in which information about rates of
L4 .

reaction or exchange can be extracted from NMR spectra involves

perturbing the spin magnetisation eguilibrium. This may be done
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using rapid passage, multiple resonance or pulse techniques.

McConneL1'and Thompson(Sl'sz)'used the rapid passage method to

T . : + . . . :
study the proton transfers in the NH, 1on in acid solution. How-
oo o . .

~ever,experimental factors make a multiple rescnance experiment

superior to rapid passage in most cases(48).

The transfer of non-equilibrium magnetisation from one site

to another Ttan occur if one site in a two site exchange is irradia-
r

ted with an rf field suffiﬁiently strong to cause saturation. In
a system where X exchanges between sjte A and site B, and where the
resonance at B is completely saturated, .then a decrease in inten-

- ] -
sity will be observed in the A resonance if 1, ~ T

A 1A°
is the average lifetime that X spends in site A and 7T

A
A 1S the

Here,T

1l
spin lattice ré%axation timé of X in site A, Squ a décrease in
intensity is du; to spin saturation transfer and measurements of
the effect can yield -information about rates of exchange or of
reaction. |

The equations which describe the time dependent behaviour of
the spin system in a multiple resonance experiment (one saturating
rf field and one weak oﬁserving field) may be simply derived from
McConnell's equétions,i.e.equations 2.4 to 2.11. For a two site
system where T and Ty are suffﬁciently long to give well resolved
resonance% for nﬁcleus X in sites A_and B (i.e. between spectrum (i},
and spectrum (ii) in figure 2.1(a)), the time dependence of
the z magnetization of X in site A (Mi) is given by equation 2.8(53)

<

\
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— .
dt 1A T T

dMA P{A MA MA . pL -
O Z z :
's

If we now assume ﬁhat resonance B 1s completely saturated by

a strong rf field centred on B, then Mg will be zero. Also,if A __
is observed with a very weak rf field so as to cause negligibie
perturbation of the spin equilibrium,then the term -w,v can

1A -
be dropped giving:

Under the conditions of slow passage, the intensity of the observed
signal due to X in site A will be proportional to the value of Mi.

If site B is instantaneously saturated at time t=0 when Mi = MA '

o
then the decay of the magnetisation Mi is given by: )
__t
T T T ’
MAe) =R e MRy =21 2.14
. A 1A

and the new equilibrium value of M§(=M2) is given by :
N
. T —
Mi = M’Z(T—lﬁ) 2.15
1A

Thus, measuring the intensity at A with and without the saturating

T .
field at B will give the ratio Tié. The spin-lattice relaxation
1A '

tima at A, TlA’ may either be measured independently,or a p" -t
of Ln[M?(t) - Mi] against t for the decay will yield a valu. of

1,5 from the slope. The Value of T, may be determined by either

method. Similar considerations apply to the reverse experiment

of observing B while saturating A which should yield t A check

B

-r
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M v

is provided by the fact that -% should equal ;ﬁ .
M . B
o

Another case of interest involves the recovery of signal
A after the saturating rf field at B is removed. The recovery
of M? is given by

-\t -\t

A _ 1 2
Mg(t) = Mﬁ + cle + c e | 2.16

where

A A2(T1A—TIA)
17 %% TN =T
17 '2' "1

- M \1(T1A“TaA) ¥
€2 = o{A ,—A )T
271" "1a

and

In general, the recovery of M% will not be a simple exponential
function, but, if \l,f'\2 is much greater or less than unity, there
will only be one dominant term in equation 2,16, and the recovery

of M? will be a simple exponential function. In the case of two

equally populated sites where A © U1p the recovery will-~
be of the form(54)
-t
' T
MA(t) - M = c.e 1a 2.18
z o 2 ‘
Al 1
where N >> 1 and xz = T
T2 1A

In this case,’l‘lA may be determined from the slope of the
plot of log[M?(t) - Mi] against time. Anet and Brown(54) suggest
A

that Ti > 2 is a sufficient condition to allow determination of
2

T,, from the recovery curve.



27

(D} SURVEY OF SST LITERATURE

-

In the previous section the simple theory which will
be used to interpret the spin satufation transfer g&%eriments
in this work has been described. The method has been variously

described as double resonance, transfer of spin saturation
w N

(55) (2)_

{TOSS) + Or spin saturation labeling A review entitled

"Spiﬁ saturation labeling",written by Faller, has been_published(ss)
which gives a selective coverage of the literature prior to 1974.

This review also discusses the theory in the manner of Forsen

(53,57)

and Hoffman and includes a section on experimental methods. ,.

The earlier work is also discussed in more detail in a chapter

w(58) .

in "The Nuclear Overhauser Effect ,and in a review by - -

von Philipsborn(sg).

The majority of applications of .SST techniques h{zf been

non-gquantitative, that is, they have been concerned with deter-

mining whether two sites areor are not in exchange on the NMR time
scale. This has proved very useful in elucidating the mechanism

of many varied exchanges and reactions. This aspect has been

covered by Faller(ssg.

Recent papers have discussed the theory of SST. Fung(so)

has used density matrix methods to describe the transfer of

magnetisation via spin-spin coupling which leads to indirect
(61}

spin saturation. Yang has given a full density matrix

treatment of double resonance in chemically exchanging systems.
(62) ‘ '

s

have discussed the effects of intramolecular

Gore and Gutowsky
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chemical exchange on NMR, K spectra and give some conditions
- to be observed in SST experiments.

Practical quantitative studies have been rare. In their

original work Forsen and Hoffman(SB’Sj) measured exchange rates

with acetylacetone in solution. Sherrod et a163)

o

used SST to
determine é kinetic isotope effegt in [2,2] metaparacyclophanes.

(64)

Kabakoff and Namanworth have. measured a rotation barrier in

u the dimethylcYclopropylcarﬁinYI cation, information not available
" from methods other than SST because of decomposition at tempera-

tures where line broadening occurs. Van Leewveen and Praat(ss)

-

measured ex;hange rates in ﬁ-allyl Pd:comPIEXes and discuss

the théory, experimental cohditions,and problems of the technique;
In an intéreéping study ,.Creelmore and Reilly(ss)‘used the

Forsen and Hoffman methoa to determine exchange rates for water
with an ion exchange resin and the rélaxation,times of free

and bound water. Einally,Redfield et a1(67’6&) have used an FT
SST technique to study the rate of electron éransfer between .

the two oxidation states of cytochrome C.and alsoc the rate of

exchange by ligands with ferricytochrome C.
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CHAPTER THREE

»

EXPERIMENTAL

‘{A) SOURCES OF CHEMICALS

' The following are the structures of the thiourea li-

gands used in this study, together with their usual abbreviations:

NH
2
Thiourea (Tu) - 8=C
Ny
2
/FH3
N\‘H
N,N'Dimethylthiourea (DMTu) S= CH
N
v N
~N -
B
’/N(CH3)2
Tetramethylthiourea (TMTu} S=C
N(CH3)2

8

A variety of zinc, cobalt and nickel complexes of these,
and similar ligands have been prepared in this laboratory(eg) by
Dr. K. Zaw'ahd were available for the present study. Some

further complexes, eg, Co(TMTu)2C12, Zn(TMTu)zBr2 and Co(Tu)d(Clod)2

. were prepared using methods similar to those used previously(sg).

¢
In a typical pxeparation,stoichiometric quantities of the metal
L !
halide and ligand were each dissolved in a minimﬁh gquantity of

" hot alcohol, usually'n—butanol. ‘The solutions were mixed, cooled:

. 29
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and the product collected. The compounds were récéystallised
from the alcohol and pumped dry\bn a.vacuum line.

The deuterated solvents used in this study (acetone d-6
and acetonitrile d-3) were obtained from Merck, Sharp and Dohme.
The extent of déhtération was 99% or better. The anilines

were obtained from various suppliers, and were either sublimed

or distilled before use. | -~

{B) SAMPLE PREPARATION

Since thereactions studied are effectively catalysed by
traces of metal salts or complexes as well as by acids, it was
_necessary to maiﬁtain extremely clean workiné'conditions and
equipment., New NMR tubes_here used whenever possible; and used

tqbes were cleaned in aqua fégia{ then with a commefcial clea- l
‘ning énd decontaminating fldid, RBS 25 (Norell Chemical Company);
followed by repeated washings in distilled water. Before use,
tubes were riﬂsed with acetone and dried with a heat gun,under a
stream of dry nitrggen. Cgﬁalyst ?olugionswere préﬁgred by
- walghing a single crystal of catalyst on a balance.capablé of
wedghing to 107 of a gram,and then adding solvent volumetrically.
‘Sampl?s were prepared b& ﬁeighing the aniline or the anil into |
the NMR tub§)§%dding solvent (0.50 ml) by syringe,and then ©

adding the daéglyst solution from a 30 Y syringe.

(C) NMR SPECTROMETERS

}

’

Three NMR spectrometers were used during the course of

this study. A Varian DP60 instrument was used to observe both

1 19

HE and ~°F at 56.4 MHz (later modified to 58.3 MHz):. Most of the

-



proton NMR wesrcarried_out'on a Varian HAl00 which could also
observe 17F at 94.1 MHz. In the later stages of this work,a

Brucker WH90 Fourier transform spectrometer becéﬁe.evailable‘

and was used for spin saturation transfer experiments,and to run

13

&

temperature Opergtlon using liguid nltrogen as. a cooling agent
A thermocouple in an NMR tube was used to measure the tempera-
ture before and after running a spectrum at low temperature.
The normal operating tempera;ures in the probes were HAlOO
34.5°% to 35.0° C DPGO 27°C and WHSO 26,5°C,
i The experiments involving the measurement of the initial
rate of a reactioh,whioh_are discussed io Chapter 5, were carried
out on the HA100 spectrometer. The reaction was followed by
using a Qoltage controlled frequency oenerator {by Wavetek) to
provide the sweep frequency so that‘tﬁe area of interest in
the spectrum was repetltlvely scanned while the pen recorder
was runnlng The sample containing the anlllne or anil,and a
little TMS (tetramethysilane) (to provide a locking signal),
was placed in the probe and allowed to come to thermal'equili~~
brium. The sample was then rapidly removed, the catalyst
solution injected, a stopwatch started:and the ﬁube shaken and
replaced in the probe. The lock signal was relocated and the
recorder starred. This whole operation could be carried out in
about 25 secoods and the first spectra were obtained about 30
eecondo akter the reaction had commenced. A typical output‘of

this kind:of experiment is shown in figure 3.1. This shows

C NMR spectra. All three 1nstruments were capable of variable

1
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' p-toluidine reacting with acetone to form.the adetone anil. The
large peak at the start is that of the para-methyl group of the
p—téluidine which reacts to give the anil. 'The.para—methyl
group of the anil giveslrise-to the second, g£owing peék. The
HAlO0O Qas locked-to TMS and was ' swept from 190 Hz from TMS to 2«{\
Hz from TMS every 23 seconds. Tge sweep is from high to low
field and the resonpncé dﬁé to tﬁg residual l4.in the acetone
d-6 is not sﬁown.

-.When running the spectra of compounds such as COTuzci2
or CoTu4(ClO4)2, where the proton signal due to the Tu is very
broad (v 300 Hz) and has a large ;sotropiC'shift caused by the
.paramagnetic‘cobalt atom, it was not possible to use the NMR,
spectrbmeter in a locked mode. In these cases it is possibie to
use non-deuterated sélvents;and this affords an accuraté method
for determining the shift of the ligand protons. With two exc
ternal oscillators set 1000 Hz apart, the ligand resonance can be
straddled %ith two sharp sidgbands of the solvent signal during
an unlocited fieid sweep. The shift of the ligand signal rela-
tive to tha solvent peak is then'simply and accurately deter-

. mined.

(D) SPIN SATURATION TRANSFER WITH CW SPECTROMETERS

The theory of the spin saturation transfer method for
determining reaction lifetimes and rates has been disgussed %
in Chapter 2 Section C{iii). For a system consisting of two

chemical environments, A and B, where a nucleus X is exchanging
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between'A and B.there are two possible experimental approaches
LY

to dgteﬁmining the rate. The first of these is to measure the
M . T '

1A

| TlA 1A
indepengently under these conditions then Typ and thus T

ratio ;gw which, from equation 2.15,gives I£E T is known .

| | a
readily be determined. For a first order reaction ky = %—
‘ , . ' A ‘
where Rate =.kA[A]. The second method is to attempt to monitor

the time dependence of the changes occuring at signal A aé the
saturating rf field is switchéd on and ofif at signal B. ' This -
latter method is,gonsiderébly_more difficult to carry 6ut experi-
mentally,and a set-up was evolved to automate such megasurements
bn a Vérian PDPED NMR spectromatéf-operating at 56.4 MHz,

19F N.M.R. was used because of the

observing the lganucléué.
large chemical shift (v 400 Hz) betwéen_the flyorine resonances.
of para-F aniline and the acetone .anil of p—f aniﬂiﬁe:which_were
the two environments or sites. This meant that there was no
fear of direct"satﬁration at.sité A from the séﬁurating field
situated at site B,but rathek that any effect "at signal A must
have been transferred by éhémical exchange from site B to site A.
| In Arder to siéplify the spectrum,the spin-apin -coupling
between the fluorine atom and the ring protons was removed by
‘irradiating the ‘sample‘in the ﬁrobe with a strong rf signal at

' 60.0 MHz. This was supplied from a crystal controlléd frequency
generator (General Radio Company) Amplified Qith an opérational
amplifier'(Médel 805, RfQCommunications Inc.) and fed into two

specially tuned coils fitted in the spectrometer probe. The

.exact frequency was selected by adjusting 1 Hz at a time until
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' the sharpest lgF signal in p-F aniline was obtained. This had
- . ) \‘ ‘. .
.2 linewidth of less than 0.5 Hz. The spectrometer was operated

-in a locked freguency swept mode on theh$irst upper sideband,
and both the observing and saturating fields Qe;e generated by

c , ‘
modulating with audio frequenﬁies.
The method used was to position the observing frequency .

in the exact centre of one, say A, of the two peaks and then

- to observe the intensity at that frequency while the saturating
field at peak B was switched on and off. Owing to the fact that
the am?litude of the observing field had to be small so as to cause
no.saturation, the éighal'to noise ratio wasilow,and in order to
improve this, the results of many cycles were added together in.

a CAT or computer of averagg‘transit (Varian Associates). An
automatic device fér.switchiné the various fields énd triggering
the CAT was built and a schematic representation is ‘shown in
figure 2.2. The main component of this device was an accurate
variable speeé electric motor driving a plastic.disc. Three
microswitches pressing against the disc were opehed and closed

by cutouts in tﬁe disc. The first of these switches (1) activ;ted

R . .
a trigger pulse geénerating circuit built b 'sically according to

,‘v

a published dqsé;iptionyzolanq also opened a relay which caused
a voltage to be applied to ﬁhe input of a voltage controlléd
frequency generator (V.C.F.G.) {(manufactured by Wﬁveték)‘ This
voltage was s@t by the potentiometer (4),and resulted in a jump

in- the frequency generated by the V.C.F.G. which was being used

: -
to saturate signal B. The reason for jumping the frequency EE\,//

o -~
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an area of the'spectrum removed from peaks A and B,rather
than simply switching it off altogetherrwas that;by switching
it off,the power in the other fields,also produced by modulating

the basic rf frequency,would be changed thus disrupting the

experiment.

Microswitcﬁ 2 controlled a relay phich could switch
off the observing field completely. This enabled the baseline
to be determined.so that the intensities could be measured. #How—
ever,it wae discovered that when:the amplitude of the obserring
field was zero,there was a small residual peak at the frequency-
of the resonance which was about 180° out of pgese with the
normal absorption signal. This negative peak frequently had
an intehsity of about.lOE of the intensity of the signals ob-
tained with the amp!!tude‘of the observing field normally“used
in these experiments. In order to obtain a correct baseline, the
observin? frequeney had to be shifted away from the resonance
frequency of site A. fhis was accomplished by microswitch 3
which activated a relay changing a resistance in the sweep oscil—f
lator network. On the 50 Hz sweep width used in these experimants,
the sweep frequency could be shifted 55 Hz downfield by epening

-
microswitch 3.

"In figere 3.3 is shown the result of a spin saturation
trensfer experiment. This was carried out with a mixture of
p~F aniline and the dcetone anil of p-F aniline in acetone,
ZnTu (0104)é as a catalyst and Freon 112 as a 106k.- The y axis
represents intensity.at the centre of the decoupled anil

resénance (site A).and the x axis represents time-. The time elapsed
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from éoint A to-point F was ;00 sec, The points labelled A to

F correspond to those in figure 3.2, At.point A the CAT was
triggered and simultaneously the saturating field at the aniline
resonance (site B) was shifted to a point some. 400 Hz away.

Thus the anil resonance slowly redofared_its intensity, eventual-
ly ;eaching the value Mg. At point B, the observing field was
switched off,and the intensity of magnetisation rapidly decayed
away. At C thé observing frequency was jumpeé to a region away
from any signals while it was still swiéched off. The -difference
in intensity noted between these last two settingslrepreéents

the negative signal ;obtained at.the frequendy of the anil
resonance, even when the observing field w;s switched off and was on
open circuit. At D the observing field was reé%rned to its
o;iginal frequency and simulFaneously switched on. At point E,
the saturating field was refurned to the frequency of the aniline
(B) resonance and the anil (A} intensity decayed away exponential-
ly,aélpredicted by equation é.ld. At the point F, the CAT finished
its sweep and waited until the cjcle was recommenced at point A,
The time taken for one revolution of the disc was 180 seq,and

data from as many cycles .as desired could be accumulated in the
CAT. The contents of the memory of the CAT were printed out

using the spectrometer recorder. The decay of the magnetisation
commencing at éoint E could be plotted in the form. ln[Mi{t)-Hﬁ]
against t-in seconds, the slope of which gave Tip® The ratio
Mt/Mg:which equals TlA/TlA,anables T, to be determined and

thus Ta from equation 2.1l. The experiment can be repeated



observing site B and saturating site A yielding Ty If the
lifetimes are sufflciently short relatlve to the spin lattice
relaxation times; then TlA f;_md/or"l‘lB can be determined from the
recovery curves commeocing'at point A and using equation 2.17.
Practically, this experiment was complicated by the
fact that allthe frequency generators were required to be Btable
to at least. £0.1 Hz; otherw1se the observzng frequency would
drift off the‘pre01se centre of the obserJed peak,caosing a
decrease in the observeo intensity. Furthermore,the tuning
of the decoupling frequency was very sensitive,and small drifts
of the order of a few Hz in 60 MHz,caused broadening of the |
observed lgF signals. Since ncone of the frequency sources in
. the DP60 were tied to a common crystal source or-clock, slight
changes in room temperature caused them to drift‘relative to one
another. For example,it was noted that a change inxtempera;ure
of 1°C would cause a drift of about 12 Hz in the frequency geoora-
tor producing the 60 MHz decolpling frequency. The conditions?
in the spectrometer room were not such as to prevent minor
drifts in temperature from occuring. Unfortunately,the conse-
quences of the resultant frequoncy drifﬁs were not obvious until
the method and equipment had been refined for some time by im-
proving homogeneity and decoupling to sharpen tog observed peéks.
The actual experimental results will be pfesented'in Chapﬁer 7.
A simpler alternative methoo was to measﬁ;e the intensity

of peak A with the saturating field at peak B,and then again

with the same field at a position remote from B.“ This was done

1
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‘with the same equipment;ps before but with a different disc

using only microswitch 1. The V.C.F.G. was used to sweep through
sighal A very slowly while 'the data was stored in the CAT. The
satufating field at B was jumped away and after a delay the
signal at A was scanned again. Both signals ;;re récorded on

a single sweep of the CAT and the cycle was repeepgd until the#
desiredAsignal to noise ratio was achieved. The magnetization
ratio ;;.was.measured by cutting out the peaks-énd weighing |
them. fo’'determine T, for p-F aniline the saturation recovery

1
(71)was used with the same basic equipment. Now,

technique
howeve?,the saturating frequehcy and the observing freguency

was the.same. At the same éime as the CAT was triggered the
saturating fieid was removed,and the recovery of the peak recor-
ded. After as many cycles as desired were accumulated, T1 was
determined by plotting ln[Mo—Mz(t)] against t, a graph which
has a slope of fl' Kngying TlA and the ratio Mi/Mg means that

Ta can‘ﬁé determined.

(E} SPIN SATURATION TRANSFER WITH FT SPECTIiOMETERS

l. General Asgpects

Fourier transform NMR spectroscopy is a difficult and

~

involved field: The'description which follows is brief and

therefore somewhat simplified.

(38) ’ '

In FT NMR a ‘short pulsF4.a few microseconds long,

of rf power is applied to)the sémple. This has'ﬁhe effect of cau-
P ® ) //’

sing'tbé net magnetizaﬁiéh(ﬁ)to praecess about the axis along

e,
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which the pulse is appliéa. The length of thé puise determineé
what angle M will bé carried thrdugh;_ hence the #erms 90° )
pulse o; %§0° pulse. After the pulse isﬁturned off,the detector
_measureé.thQJMxy component of the magnetisation? whgre the iargg'
‘static magﬁetic'field(Ho)lieé along the z axis. The M __ com-
ponent decéys with time due to transverse relaxation. This de-
cay is called the free induction decay (EID);-fFee since"no rf

. - , .

is applied. The characteristic time for the FID is Tzlwhiéh is

defined by the observed linewidth at half peak height of the

. . 1 LA ' . .
51gnal,1.e.vl/2 = T T, is f?équently determined primarily
by the magnetic field inhomogeneity. In FT NMR the detector

. N Y IS
is not continuously open during the decay,but rather samples

the FID at various intervals. The time spent at each point of

-

the FID is-known'as the dwell time and depends on the sﬁeep
width chosen.. The Rdurier transformation of the FID is carried

out by the spectrometer's computer,and Yields the normal NMR

spectrum.

There are:two methods for homonuclear decoupling available

cen the WH90 FT NMR spectrometer. One of these is pulsed homor=

nuclear decoupling, 'where a single frequency is applied to the: ~

sample to saturate or decouple & single peak. The pulsed decoupler

.As only off during the actual sampling time which is very short, ﬂiku
(72)

L3

eg. 20 nanoseconds in a dwell time of 500 microseconds Thus,

the pulséd decoupler is on virtually continuously.: The second

method is gated_découpliﬁgkanﬁ here the single frequency is
" applied for a;sh;table time before the rf pulse, and is switched off

& /

/s

=
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v "

"as the pulse .is beginning. The FID is-collected and then the

decoupler:g;swltched on agaln for another cycle,

Measurements of T, ‘the spin lattice or longitudinaL
relaxation trme,are usuailv made on FT spectrometere using a
180°-1~- 90° pulse sequence. Here a 180° pulse inverts the
magnetisation M from lylng along the +z axis to lie along the
-z axis. Longltudlnal relaxatlon now occurs, and eventually the
magnetlsatron will return.to 1ts origlnal value (M ) along the
+z ‘axis w1th a characterlstlc time Tl ;f,at any time after the
180f pulse,a 50° pulse is applled the 1nten51ty of the signals
observed will be a measure’of the value of M 'when the pulse
was applred ?hus,by varylng the delay time. T between the
180° and 90° pulses the recovery of M_ to its flnal value {M )

can‘be_monltored. The expressrcn for the recovery of M is
’ t

£
L L 3.1

4

M =M (1 - 2e
Z o ,

Thus, T, can“be determlned from the slope of a plot of ln[M -M ]‘
‘against 1. The measurement of T; by thls method is fully aato—
mated on the WHSO0 spectrometer,and 1ncludes a routine to calcu—
late\T for each line 1n the. 5pectrum |

There are three ‘'main advantages to u51ng’a FT epectro-
meter for spin saturation transfer experiments; One is that it
is‘possible to'measure T1~for each line in a sample, even when

chemical exchange is taklng place. ‘This is hecause Tl'is only

affaected by processes taklng place wlmh a frequency close tp the

. d
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. e o 4
Larmor frequency, ie ~ 100 MHz, whereas chemical exchange

- -~

~processes have frequencies cloéé to the separation of the peaks
involved, ie a féw_ﬂz to a-féw huﬁdred'Hz. .Thus the problems
of determining;'l'l from'decaﬁé or.récoveries,or else of-trans—'
‘ferring a valﬁe determined,ih]the absénce,of exchange are re- . __/r
moved. Tge second aévantageﬁis that fhe'geparation of the
saturated Qnd thé‘obseryed peak can be quite small {less than 10
Hz) without Eéus;ng diredt'séfuratiQn of the observed peak. The

‘third advantage is that good signal to noise ratios may be

'quickly obtained by accumulating FIDs in the computer.
. ’ i
(ii)® Practical Considerations

The Spin{saturation!transfef ekperiments using.the WH90
wére carried out on'solutionslcontaining p-toluidine an§ its
acaetone.anil. In the 1H NyR spectrum, the two para-meth&l'reﬁo_
nances in this system afe 0 Hz apart- at 90 MHz; The gateé de-
coupler wgg found to be the most Satisfactorybgé the pulsed
Adeqoupler produced more distortion of the baseline and of other
signéls near- to the decoupliné'frequency. The‘gated decoupling .
‘method ideally requires the observed peak £o remain at constant”.
* << 1. ,then

2 1
the information will be acquired before changes in the intensity

intensity whilst the FID is acquired. However if T

of the 6bserved_peak.become impo;fant. In the sgstem in question,

T, was ?boﬁf 3 seconds and T; about 1 second, fé make T; even
smallef,the homogeneity: of thefhagneficrfield could be deliberate—

ly .reduced ,or the same effect could be produced artificially in )/ﬁ\\\

the: computer by multiplying the FID by an exponential factor



spin saturation transfer, the same FID was‘muitiplied'by

-/'-l/
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-bafore Eourier't;ansfdrmation, In a check experiment involving

1

various expénential factors,but no chahgés in intensity {mea-

sured relative to a reference peak) of the observed or site A

"peak were, noted. Another way to minimise . the effect of changing

intensity in spin saturation transfer experiments would be to
keep T, > Ty, OF Mﬁ/Mg roughly greater than 0.5. These condi-
tions were adhered ﬁo..‘Experimentally,the gated decoupler was

switched on for 20 seconds, then a 4 usec pulse was applied,

.the FID collected within 5 seconds, and then the decoupler switched

on again. The 20 second period was necessary to ensure that

_the observed peak had reached its M_ value before its intensity

was measured.

Since the peaks were only 10 Hz apart,it was necessary

to determine if there was any direct effect of the Saturating

field on the observed peak. This was accomplished by taking a

]

solution of p-~toluidine on its own and fixing the decoupler
frequency where the anil pegak would be. The power output of

the decoupler was then varied and the intensity of the p-toluidine

.

peak relative to a reference peak (TMS) was measured. -The re-

sults are shown in figure 3.4. A power setting of -0.5 was

selected for use in the spin saturation transfer experiments.
This should eliminate any direct saiuration effects. Finally,
because of the distortion of the baseline in the vicinity of
:ﬁe saturating freguency, the internal rﬁutines for intensity

and area calculations were unre}iable.and g0 the intensities

i
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were measured directly from spectra. Intensities were always

measured relative to a standard reference peak, usually TMS. -,

T B LN



CHAPTER FOUR . s !
[Y

THE OVERALL REACTION - : '

(A) Introduction

A | As outlined in Chapter l~theré has been arsizeable
amount of work devoted to the study of metal catalysed or
promoted reactions, particularly in the area of reactions of
esters and imines. Most of this work has been carried.oﬁtAin :
waternor in predominantly aqueoﬁs-solvent‘mixtures. This
leaés to some major complications. One of the foremost of
“thése is the problem of knowing exactly which gﬁecies are .
present in a solution and more difficult sti{i, which'cneé‘
are reacting. This is due in part to the possibiiity of
protonating a speécies A to yield A§+; AH%+ eéc., cr of the
loss of a préton from AH to give A . A prerequisite of any
kinetic work in'aqueous solution is thus to determine what‘
speéies will be present at various values ofﬂthe pH. Fre-
quently the pH will also change during a reaction wﬁich can
complicate maﬁters further. Changes in ionic strength must
also‘be‘considered. ﬁhen the metal ion is added to such a
system then all the equilibrium coristants for the complexing

of the various reactant and product species, including the.

formation of mixed complexes, must be known or determinmed.

48

L
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Another problem in aqueous solutlon is the’ possibility
of many contrlbutlng terms to a. partlcular observed rate.
These may be terms involving the metal ion, involving two
protohs or one proton or independent of‘both métal ion and
proton éoncéntration. ‘Most frequently speétrophotometric
methods have been used to follow the reactions with occasional

use being made of pH-Stat. measurements, i.e. keeping the pH

" constant as a reaction proceeds. Among the problems in

ﬁsing spect{pphotometry are the assignments of peaks and

the possibilities of overlap and coincidence. An excellent

' illﬁstration of all of the above mentioned problems (and

f .
their resolution). can be found in the paper ‘by ‘Leach and

(34) .

Leussing on the "Stabilities, rates of formation and rates.

of transiq%hation in aqueous solutions of some Zn{II)-Schiff

-

base complexes derived from salicyaldehyde".

Most of the metal ion "catalysed" reactions are really

metal ion promoted;in that the metal ion is present in

stoichiometric quantities and is frequently convefted to an
inactive form due to chelation by the product. In addition
little attention has been given to méasuring the exchange
rates of the various species with the catalyst, possibly
because of the difficulty of applying spectroéhotoﬁetric
téchniques to this kind of problem. '
There arerthereforeradvantages to a thorough study of
a metal complex catalysed reaction, in non-aqueous solution
and with non-chelatin§ reactanés and produqts. Such a reaction

R | S

)
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may be truly cataljtié and amenable to study under equilibriﬁm
.conditions.-.If this is the cdse NMR becomes a potentially
valgable tool. This approach-has been‘adopted in the pr§sént
work. h ' *" . |
{B) 3eaction(of acetone with anilines

A reacﬁion of the type postulated in xhe'previous-

Sparagraph was encountered somewhat serendipiaously in
solutions of anilines in acetone. While using ﬁMR to study
ligand replqcemeht of thiocurea in Co'}‘uZCl2 by gniline with
acetone‘d—ﬁ as a solvent additional aromatic rescnances were

~Cl,. An

2772
extra aromatic'peék was found downfield of the normal aniline -

'
1

resonances. It was a triplet in the case of aniline, for which

observed. A similar phenomenon was noted with ZnTu

the meta protons give a triplet, but a doublet inpthe caée‘of
p~toluidine ,for which the meta protons give a doublet. The
spectra obtained in the case of p-toluidine are reproduced in
~figure 6.5.In spectrum A, that of p-toluidine in acétone a-6,
the peaks may be assigned as.follows (using TMS = 0.0 ppm) ;-
acetone gquintet at 2.1 ppm (dﬁe to CD2H groups), methyl para

to the amino group at 2.2 ppm, H,0 and HDO at 2.

group at 4.2 ppm, ortho protons at 6.55 ppm and meta protons
at 6.8 ppm. Comparing this spectrum with that obtained in
‘presence of Zn'I‘u2Cl2 (E), the new peakslare {a) a shr ﬁ
peak at 2.35 ppm from TMS in the methyl region, (b) a doublet
in the aromatic region at 7.0 ppm and (c) peaks overlapping

with the ortho protons of the p-toluidine. The broad band at



-

7.7 ppm is due to the protons in Ehiourea.‘ The amino group protons
and water protons are .in fastlexchange, giving a peak centered

-

at 3.4 ppm.

| ﬁhen the paramagnetic complex CoTu C12 was used ,the peaks
were subiject to isotropic shifts but when excess thiourea was
added both the norma{r toluidine peaks and the additional ones
returned to p051thnéz§;;ilar to those found:-with diamagnetlc
ZnTuéClz. ‘This indicates thdt ligand exchange is ocdurring R
and that both spécies, the p-toluidine and whatever is giving

rise to the extra resonances, are in fast exchange with the

thiourea on the metal complex, ige. \j

!

MTu,Cl, + ptol &= MTu ptol cl, + Tu

Various anilines were .examined,e.g. p—énisddine, .
p-Cl—aniline, m—toiuidine and p-F ahiline {(using lgF NMR) and
gsimilar results were obtained, i.e, extra resonances appeared
which behaved in the manner described above. When N-methyl

and N;NJdimethyl aniline were dsed no extra peakd were observed
but the shifts obtained with Co?ngdz indicated that they did
complex slightly. Using CD3C§ as a solvent no additional
resonances were observéd;howevér such peaks were found when
elther diethylketon? or methylethylketone was used as a sol#ent.
fhe conclusion from these results could only be that aniline was

reacting with acetone (or any other ketone). The most likely

product would be an imine or anil, i.e.



.CH

N Q§ — CH

\

. CHj
known as N-isopropylidene p-toluidine resulting from the

condensation of one molecule of the aniline with one of&iizjone,

and also producing one water molecule. This assignment

3

confirmed by direct synthesis of the anils (see below).

Thexe do not seem to Be\any reports in the literature of the
direct reaction of‘anilines with\acetone to yield the acetone

anils. In fact there is a flat statement:"Acetone anil cannot

v

be obtained by direct rgaétipn of the components"(73).Aceﬁone

and aniline.,when heated together,first yield mesityl oxide

¥

which reacts with the aniline to give 1,2 dihydro 2,2,4

(74)

trimethylgquinoline i.e,

This compound was.long called "acetone anil" until its identity
{75 ' '

was established )- Presuw;b%y in the reactions described

o

-
1

above,the metal complex is catalfsing the direct reaction of
acetone and aniline to yield the anil under conditions very
mild in coggdSiéon with those used to prepare the dihyroquincline.
Although the ‘homogeneously catalysed.formation of anils dces

not appear to have been extensively invesﬁigaﬁed, the synthesis

of anils of aromatic ketones using anhydrous ZnCl, as a

"
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¢

¥ .
ikheterogeneous catalyst has been in common use for many years,

The original discovery of this method is due to Reddelien(7sa'§'?)
The conditions for the reaction involve heating the reagents
to 170°C which may be compared with the homdgeneously catalysed

. . . ! o
reaction which proceeds at room temperaturae.

(C) Préparaﬁioﬂ of anils

< (i) Synthesis _ | .
' Althoﬁgh the acetone anils‘cannot be prepared directly -
thére are a number of alternative routes available. Two of
these routeslwefe attempted.

The first method was the reaction of 2,2 diethoxypropane

. . : 7
with the aniline at high temperature( 6),

-Tczns
CH3—C4CH3 + :

I — + 2C.H_OH .

OC.H ~ - 25

275 gl
* &
N N
Hy . \i-CH3
CH,

In a typical experiment 3.3 g of p~F aniline and 5.0 g of
-

2,2 diethoxypropane were slowly heated on an oil bath to 185°C.

’

An air condenser was used and a very gentle stream of N, re-
moved the-ethanol formed. After about ten minutes at the -high

temperature the flask was cooled under a stream of N, and the

2
} . : .
contents distilled under vacuum. The p-F aniline and its

acetone anil must have vg}y similar boiling points and fractiona-

.
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tion was not poasible. This methbd yieided a mixture of p-F
aniline and its acetone qnil, usually abouthequal gquantities
of each. The by NMR spectrum of the produet run in CD,CN is
shown in figure 4.1. Ik\iij/methyl region; the guintet is

due to the residual lH in the CD3CN and the shSrp peaks are

assigned to the methyl groups A and B:

W

F

N
- CH3 (A)

CH3(B). |

This assignment is due to Curtin who determined it by
subsiitut%ng a tertiary butyl grbup for one of the methyi groups.
The two methyl groups are different due to the fact that the
ring-N-C angle i; . 180° and that there is restricted rotation
about the carbon-nitgogen double bond. |

Attempts to prepare the acetonerﬁnil of p-toluidine by
the above method were never successful‘in-producing more than
10% of the anil in a mixture with the unreacted p-toluidine.

a B), was used in this

Another method, ba51cally due to Kuhn
cagse since the pure anil was required for kinetic measurements.

The flrst step involved preparatlon of the hydroiodide
salt of the p-toluidine which was accomplished by dlSSOlVlng
the aniline in diethyl*ether and adding 50% agueous HI until

precipitation ceased. The solid hydroiodide was filtered off
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and dlssolved in the absolute minimumn quantlty of methanol &nd
-then reprecrprtated by addltlon of dlethyl ether. The flltered "

material Was washed with more ether and dried. Silver'iodide

-

was prepared by mlxlng aqueous solutlons of KI and AgNOB, de- |
cantlng the supernatant llquld washlng the sclid with water, /

then methanol,and then drying it. It was found that the methanol
'washlng-seemed to prevent any photodecomposition of the AgI,’
which otherwise occurred. ¢ |

| Theinext step.intolved preparation of a complex of the
:anlllne hydr01od1de thh 81lver iodide. Tytically} 10 g of

—%oluldlne HI and 20 g of AgI were issolved in the‘minimum B

quantlty of hot dlmethylformamlde (N 0-ml) -and then a }arge
volume (N 4 1.) of acetone was added to the cooled sold%lon

This was kept at. about 35°C for a few days durlng which time a
precxpltate formed This was filtered off and washed with
acetone and then ether and air dried. Once dry the product
‘was.completely stable and the yield was about 15 g or about Sdtu

From the work of Kuhn this comPound should be the silver icdide

complex of N-isopropylidene p-toluidene hydroiodide,

@

n=c~ 3| 1.2 ag

-

" Of the two'methods recommended by Kuhn for conVersion

of the pbove complex ‘to the free acetone anil, the one whlch was

~found to be most satisfactory 1nvolved refluxlng w1th trlethy-

lamine. Flrst a 10% Et3N in benzene solution was made up and P
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dried,over calcium hydride} In a typical experlment 12 g of

the’ AglI complex was refluxed with 80 ml of Et N/benzene

- solution. The equipment had been carefully floshed~out w1th N2
- - . . -' : . N

and a P,0, goard'tube-was‘plaoed on top ‘of the condenser
durlng refluxlng.‘ After 45 mlnutes of reflux1ng the solution
,was cooled transferred to a glove bag filled w1th N2 and
flltered. Tpe‘sblutlon was then transferred to a vacuum llne"‘
where rhe benzene}.ﬁgaN and any acetone were distilled off.
This-waélohecked 5y running an NMK spectrum Wheh no trace of
EtaN was.left,the‘flask was rllled with N2 and returned to the
glove bagf The anil, whiéh remained'ln the_flash, was carefully
transferred to one arm of an inverreé Y—shaped-épparatﬁs which

P

was then evacuated anfi seeled. Tﬂe anil was then distilled

into the;other arm of the apoaratgs by immersing it ln liquid
N2. Rétgrnihg~tq,the glove bag, the Y—sheped épparatﬁs was
broken open and the distilled ahil reﬁoved and kept in a care-
fully stoppered vial in the refrigerator. All further handling
of the material was done under N,. The final distillation was
found to be necessary'to remove AgI_which is apparently_slightly
solgble in the anil,‘ Tbngiafl product was a colourless hehvy
liguid and about 0.5 was_obtained.‘ The anil contained ~ 5%

p-toluidine: and viftually nothing.else. The methyl region of

the NMR'éiectrﬁm f a sample of p-toluidine anil in CDCl, is shown
: ' N . o

in figure 4.2. The peaks are assighed as shown below.
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This NMR spectrum is 1n excellent agreement w1th those reported
(77,79)

‘for anils in the literature

’  (ii) Comparison with observed .spectra

The ¥9F NMR spectrum-of the p-F anil/dniiine mixture Gas
identical in chemical shifts with th%; produced from p-F anlline
in acetone with a llttle ZnTu2Cl added. The meta resonance
in the spectrum of N-isopropylidene p-toluidine (hereafter
referred to.as p-toluidine anil).coincides with the extra aro-

2

matic doublet observed on addition of ZnTu Cl2 to p}roluidine in
acetone d-6 and the para methyl peak coincides with

the extra
one observed in that region. “The methyl peaks oflﬁhe isopropyl
portion of the#ahil are net observed when ZnTu2Cl2 is added to
p-toluidine, or any other aniline in acetone d-6, since they
would be deuterated, being derived from the solvent. Using
aceeone d-6 the solvent peak ishso intense thatlehe methyl
peaks are completely obscured. The independent preparation of
the anils definitely establishes the reactlon observed with

anlllnee in acatone as belng the formatlon of anils in the

presence of metal thiourea complexes at room temperature .

J
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(b). Role of the metal complex SR

.In order to obtaln some 1dea of the effectlveness of
‘metal complexes in prompting the reaction of anilines with
acetone,the rate of thé uncataijségajeéction was measufed. A
series of three samples was prepared using acetone d-6 as
solvent, each sample being 0.2 M'in p-toluidine which had
been :eceﬁtly-sublimed.- The first tube had beén used pre-
Gidusly but had been cieaned wiﬁh aqua Eggia, a commerciél‘
decontaminating fluid and then washed many times with distilled
water. The other two tubes were new. The samples were kept
' in the dark at room témperature and periodically the NMR spec-—
trum was- run to check progress of the reaction. After 200
.hours some ZnTu4(ClO4 5 was added which very qulckly brought ‘
the reaction to its equilibrium position. There was no
significant difference in the equilibrium concentrations in the
three samples. From the early measurements of the reaction
position the initial rate of formation of anil may be deter-

mined. The .following values were obtained for the initial rate:

Sample 1 1.33x10" ' moles/%-sec
Sample 2 6.4 ><10—8 moles/L-sec
Sample 3 8.3 ><:l.0_B moles/%.sec

The variation is quite likely due to contamination by minute
traces of metal or metal complexes in the tubes or reagents.

_The uncatalysed rate is certainly not faster than ~nEx107 8

moles/%.sec and may in fact be much slower. ’
Experiments with thiourea added to solutions of aniline

in acetone showed that thiourea alone was not effective in

)
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promdting=anil formation.
In order to determlne if the metal complex was a true

catalyst and not promotlng the reactlon by complexlng strongly

with the product anil, the quantity of complex was reduced until

the reaction could be followed conveniently by NMR, i.e. when

<

the time to produce on half of the equilibrium concentration
of anil (t%) was a few minutes. The rate thus depended
roughly on the metal catalyst concentration.

Other metal complexes of thiourea were tried and all

were capable of catalysing the reaction. Among these were Co,.

Ni and Zn complexes. of Tu and DMTu with Cl°, Br , I , NO, " and

c1o4" anions, Comparative rates for some of these bompléxes

‘Wlll be given in the next section.

A wide range of assorted metal complexes was also tested

for catalytic ability in this reaction. Amongst those tried

that were effective were: Ni(ClO4)2 H o, RhCl .XH.0, (PPh3)2NiCl

372
and (PPh,), Ni(SCN),. However PPh, was found to be effective

in promotihg,the reaction. Complexes tried that were ineffec-
tive were Qo(HBPz)z).(coba;t bis-pyrazolylbéréte) and
Ni(ATM)z, (ATM = aminotroponimate). Both of these complexes.
are very unlikely to dissocate or undéfgo Tigand exchange in

acetone salution. ' When either CoCl2 oxr Co(CiO4)2 were dissolved

in acetone and aniline added an immediate precipitation occurred.

These precipitates were the insoluble complexes CoAn2C12 and
CoAh4(ClO4)2 respectively. The main function of the thiourea

therefore seems to be to keep the metal ion in solution but at

2
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the same time to undergo facile ligand exchange. 1In a relete’
experlment it was noted that while Nl(ClO4)2.6H20 was a very
effectlve catalyst, addition of 1,10 phenanthroline almost
Vcompletely destroyed its catalytlc p:opertles.

Thus it seems that metal complexes'which'afe capable
of undergoing ligand exchande with the solvent or any'other
potential 1igands will function as catalysts. A good cataiYst

can be rendered ineffective by complexlng it with a strong

chelating ligand which normally forms inert complexes.

(E) Comparlson of catalytic offlcienc1es

In order to obtain some idea of the effectiveness of "
‘different metal complexes, a series of C02+ and an+ complexes
were used as catalysts in the reaction between p-F aniline and
acetonea. The compounds used were mostly Co2+ complexes because

the equilibrium constants for the dissociation of these complexes

. 80
in acetone had been previously determlned( ). The reaction was

followed after addition of the catalyst by repeatedly inte-

grating the aniline and anil signals in the 195 NMR spectrum

until equilibrium had been reached.. The results were plotted -

Anil . . :
as the fraction of anil (i.e. An11+Anlline) against time elapsed

~after the addition of catalyst. As all the samplesncontained the
gsame concentration of aniline the equilibrium position was the
same and thus t%, or the time for the fraction of anil to reach
one half its final equilibrlum value, is a valid measure of
the rate. The relative rates, adjusted relative to ZnTu2012

at the concentrstionlit was used,are given for a series of

complexes in table 4.1 slong with the equilibrium constants for

-
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Table 4.1

e

Comparison of the efficiency of various catalysts in the reac-
tion of p-F aniline with acetone

T

Catalyst Relative Rate: KD(x104)*
ZnTu-£1, ' 1 , ‘ -
CoTu,Cl, | ' 3.2 C1.46
cO(DMTu)zﬁr2 16 | 2.06
CoTuzsz : 10 2.82
CoTu, 1, T 59 3.86
CoTu4(N03)2 . 68 14.4 .
cOTu4(c1d4)2 | 650 53.5

. _
from raference (80).




P ' ' 64
dissociation of these complexes in acetone. For,a complex

‘ M'I'unx2 the dissociation_constant_KD»is given by

- IMTun_lhclelTu]
D , IMTunxz]-

. where Ac represents acetone.
The results collected in table 4.1 show that there is a
correlation between the relative rate and the dissociation

constant for a cbmplex.
v

(F) Acid catalysed reaction
Normally reactions of amines with carbonyl compounds are

catalysed by acidstzl)

and so the effect of acid on a solution
of p-toluidine in acetone WaS'ekamined.

In figure 4.3 (a) is shown the NMR spectrum of p-toluidine
in acetone d-6. The sample was 0.2M in p-toluidine and the
spectrum was runlat 27°C and 56.4 MHz. The peaks are, going -
from high to.low field, the quintet of the residual 'H in the
deuterated acetone, the para methyl group of the p-toluidine,
H20, the amino group of p-toluidine and theh the aromatic ortho
and meta doublets. Figure 4.3 (b) shows the same saqple but
now with trifluorocacetic acid added. The sample was 1 M in
CF3COOH and the spectrum was run immediately after the addition
of the anil. There are a number of étriking differences from
figure 4.3 (a). Firstly the addition of acid has caused the |,
protons in the -NH2 group and in the water to exchange with

the deuterons in the acetone. The intensity of the acetone

oo
peak has increased dramatically in about four minutes. Secondly ,

-
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Fig. 4.3 {a) spectrum of p-toluidine in acetone d-6 (at 56.4 MHz)
(b) as (a) after addition of CF4COCH
(c) as (b) but 1-1/2 hours later
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thé-para methyl peak (A).ﬁas moved downfield about 5 Hzlffom :
its bosition in spectrﬁﬁ (a). Thirdly the.aromatic peaks have -
been reduced to a broad singlet (C). The last f&o effeacts
are probably due to protonation of the amino‘group'of'the
p-toloudine. |

In‘figufé 4.3(c) is shown‘theuspectruﬁ of the saﬁe
sample one apd a’ half hours after tﬁ; acid was added. Two new
peaks are present, B in the methyl region and D in the aromatic
region. Thase peakaugr&w smoothly and as thef do, A and C
decrease in intensity. Peak B is about 5 Hz downfielﬂ from
the normal position of the para methyl group signal of the‘-
p-tolvidine anil. It would be reasonable to assign B and C to
the anil because of their slow appearance in conjunction with .
e disappearance of thae p—tolpidine peaks and further because
the chemical shifts of the peaks were consistent with those
of a protonated anil.

The conversion of peak A into peak B was followed by
NMR to equilibrium. The Qalue of t% was found to be 26 minutes,

L
This can be compared with a solution which was the same concen-

4

tration in p-toluidine but was 4x10" " M in ZnTu4(C10;‘)2 whare

t% was 2.25 minutes. Thus on a molar basis the metal complex

is about 104

times as efficient as the acid. Such a compari-
son is of somewhat dubious value since the acid catalysed
reaction\aill have a different mechaniamul) to the metal

catalysed one.
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(G) Eqﬁilibrium Consgﬁnt

An attempt was made to datermine the equilibrium con-

, \
gstant for the reaction:

Aniline + Aéetone ﬁ;?‘Anil + Water - ) ‘ “

where K ig defined by

[Anil] [Water])

K = TanIline] [Acetone]

19

In this experiment F .NMR and p-F anjline were used to deter-

mine the ratio of aniline to'anil. 19

F NMR was emgloyed because
acetone h-6 could then be uséa as a solvent whereas aéetone d-6
would have been necessary if lH NMR:-had been used. As discussed
in Chapters 5 and 6 the acetone d—G contains Dzo and it is
difficult to measure its concentr#tion.

First the water conteﬁﬁ of the acetone h-6 was determined
by integrating the'HZO signal against the L3¢ sideban@}gf the
acetone methyl signal in the‘lH NMR specgrum. This gave the“
result that the water content Of the acetone was 1.29x1073
{(axpressed as a fraction by weight). Samples were then prepared
by weighing p-F aniline and acetone h-6 into NMR tubes and
adding A small guantity of ZnTu, (C1l0,),. When the reaction had
reached equilibrium the ratio of aniline to anil was measuread
in eaéh case by integration of the 19F NMR spectrum, The
concentrations of aniline, anil, acetone and H20 at equilibrium
were then calculated. The results of the experiment are shown
in tabYe 4.2 where the "concentrations"lgre actually listed in
moles since the volume terms will cancel in calculating K.

The first three of these samples were prepared as indicated

above and then,after the measurements had been made, a further
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ad “Table 4.2
~ _Compégition and equilibfium §onstant for..p-F aniline in acetone
o ngp%e p-F aniline .aéetone PF anil H,O K
1 4.0 x207% . 5.22x107° Y 1.63x1070 1.85x107% 1.44x2072
2 1amao? 4 osxio™ 2.85x207¢  3.03x107¢ 1.315;of2-
3 L7103 5350073 4. 0zx107 4.26x207 4 1. 89x10"2
4 5.1 x1074 : 5.35%107° . 5.55x10'4‘ 1.44Xl0"3“‘2.QBXI0-2
5 | 1.92x10;? 5.55x107 > 4 3 3.29x107°

1.95%x10 °  1.80x10°

All "oconcentrations" are in moles.

o
-
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\
quantify‘of.water was weighted into two of the samples giﬁing
'. ‘ §
the results listed as Samples 4 and 5.

The first conclusion to be drawn from the results in

_table.d4.2 is that the equilibrium constant K is obviously not

constant. However K does vary in similar way to 'the water -

~

.concentration and gives a fairly good straight line when K is

plotéed against water concentration. The trend in K.is.not
followed by‘any;of the other ;hree species. It would seem that
the activity of water in acetone in the range of cﬁhcentrgtions
studied is not directly preoportiocnal to its coﬁcentration.

This problem will be returned to in Chapter 6,

LY

(H) Summary \ o

#

The metal catalysed reaction of acetone with anilines
at room temperature to yield anils has beenﬁestabliahed. *This
reaction would seem to have certain definite advantages as a

system in which to study the details of homogeneous catalysis.

These adﬁantéées are:

(a) the reaction is gruly catalytic, not metal ion or complex
prémqted, and all the potential‘ligands,including reactants
and products,are non-chelating; !

(b) the uncatalysed rqactioh is extremely slow; .

(c) the reaction can be followed by NMR so that initial rates

can be measured;
(d) . the reaction can be studied in both direcgions,i.e.starting

~

with either the aniline or the anil;

(e) the dissociation constants for a number of. the paramdgnétic

complexes are knownj;
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(£) use of paramagnetlc compounds could: X

(1) ' lead to slmpllflcatlon of the spectra due to the
large isotrop;c.shifts,

(ii) enable theJESSQCiation constants te be determined

- f0£wthe metal complex with all,thewligands and
substrates, / v

(iii).comblned wlth low temperatures lead to the measure-

ment d% the rates of llgand exchange of the various
substrates.

{h) wuse of lgF NMR could drastlcally sxmpfify spectra,

$.
(i) having acetone as a solvent as well as a reactant is useful

begause it freezes at " thO°C providing a wide-temperature
range to study ligand exchange reactions;
{3) since the reaction comes to equilibrium with roughly equal
/ﬁgséQEEEees of the anllmne and the anll then it might be
‘ ‘possible to study rates of reaction w1th the system at
equilibrium,using spiq saturation transfer techniques.
® In the-foliowing cpepterS'various aspects of the reaction’
are explored. in Chapter 5 are!rEported the results of measurements
of the ipitiel rate!of the reaction‘in both ‘directions under a
variety of conditionsl In Chapter 6 the 1igand properties are
lnvestlgated with measurements of equilibrium constants and
rates for ligand exchange. In Chapter 7 the results of spin
saturatlon transfer experiments on both cw and FT NMR spectro-

- meters are reported. In the final chapter the'results are dis-

cussed and a reaction mechanism suggested.

’
s



CHAPTER FIVE

INITIAL RATE MEASUREMENTS -

{A) Iqt;pducti&n

| Aa discussed in the previous éhaptgrfthe rate of the
metal complex caﬁalysed formation of anils could be adjuéted by
varjing the catalyst-coﬂcentration.' This meaﬁS.thaf "classical"
methods.may be used to monito; the.rate.as:a function of time,
e.g; the use‘of :epéated integration of the NMR spectrum. In
this chapter are discussed expe;imenﬁs wﬁere the rates of both
the forward and backward reactions were measured un&er'various‘
c&nditions;

In.circumstances where the rate law governing a chemi-
cal reaction islunknown,but is suspected to involve the concen-
tration -of more than one reactant, one of the best methods of
prdceeding to determine the rate law is that of ‘initial rates.
This invdlves the measurement of the initial rate.of'the reac-
tion as a functigg of the initial concentration of each reactant,
under conditions where the concentrations of ali"béher possible
reactants are kept constanttzl).

The measurements were made as described in Chapter 3
Section C. From the experimental data,such as that shown in

figure 3.1 ,the fraction (Aniliggihnil) was calculated using the

measured intensities. Since the denominator (Aniline+aAnil) is

always constant, then the fraction will be independent of small

71
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drifts ln the homogenelty ‘of the magnetic’ field on the NMR -

spectrometer or in the gain of 1ts ampllf:ir c1rcu1ts _The

Anil
(Anlllne+Anll) was plotted again

fraction- the time, and the

:1n1t1al rate evaluated by measuring the slope of the tangent to

'the curve at the ‘origin, In the case of the back reactlon {the

Aniline
Anil+Aniline was plotted

agalnst time ,blat the curve was extrapolated to meet the tlme ax1s'

hydroly51s of the anil) the fractlon

where the concentratlon of anlllne would be zero. Thls was
necessary because the p-toluidine-anil contained ~ 5% p—toluidine;
and the'initial rate of formation of the ahiline should- be-
determined where the aniline concentration is zero.

\ A typical plot for the forwaré-reaction, i;e., starting
with p-toluidine,is shown in figure 5.1. The slope isvevaluated
directly as a fraction of anil produced per minpte which can
easily be converted to moles/%. sec. ot-eny othet desired units.
In these experiments,p-tolui@ine and its acetone anil {prepared *;
as . descrihed in Chapter ¢ Section C{i)) were used due to the !
'suitability of their NMRe spectrum for kinetic studies &f this kind.
The catalysts (ZnTuCl2 and.ZnTu4(Clo4)2) were diamagnetic, and

peak heights could then be used in rate calculations. The broa-

dening induced by paramagnetic cataiYets precludes use of this
method.
(Bi The Forward Reaction

(i) Dependence of rate on concentration of catalyst.

In this experiment,the effect of changing the catalyst
concentration on the initial rate of formation of the anii*from‘

p-toluidine and acetone was studied. Stock solutions of
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Fig. 5.1 Graphical determination of the initial rate. The
: L Anil . :
fraction Anil+Aniline 18 plotted.agalnst the time
elapsed (in minutes)
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p-toluidine -in acetone d-6 and ZnTu4(ClO4§2 in acetone d-6 were
prepared. Samples were made up by taking 0.30 ml of the-
_p-ﬁoluidine solution and adding a quantity of acetone d-6 such

that the total sample volume,when the catalyst solutioﬁfﬁas added

,
would be 0.50 ml. The sampiee were 0.19 M in p-toluidine,and ;he
‘1n1t1a1 rate was studled over a range of catalyst concentratzons
Ifrom SXlO -3 M to 4x10° -4 M. The results are shown in table 5.1,
where the 1n1t1al rate is that of the formatlon of the p-toluidine
anil. The results are plotted in figure 5.2,with the initial

. . Anil
rate expressed as the fraction Anilinetiniy formed per mlnqte,

Y

and the volume of catalyst-added in ut.
The general expression for the dependence of the rate of.

a catalysed reactlon on the catalyst concentratlon is

’ ' n
Rete = ko + kcat_[catalyst]

From.figure.S.Z'ie-may be seen that ko' or the rate‘of_ﬁhe un-
catalysed'reaction, is small in comparisen with‘the catelysed
rates. A more accurate measure of the uncatalysed rate was ob-
tained'in the manner described in Chapter 4 Section D. From those
results,the uncatalysed rate is at least 103 times smaller than
that obtained with the lowest catalyst concentration used in this
present experlment,' Also,from flgure 5.2,n must be 1 since the
graph is linear. A plot of log (Inltlal rate) against log (cata-
lyst concentration) has in fact a slope of70.94 which is the
value of n. The reaction is thus first order in catalyst concen-
tration over the range of concentratigpe studied.

The data plotted in figure 5.1 are actually from the sample

in this experiment where. the catalyst concentration was highest,




Table 5.}

Results of experiment on the dependence of the initial
rate on the catalyst concentration

Catalyst concentration . Initial rate in
in moles/%. - moles/L.sec
5.0%x107> | | | 5.8 x107°
- 1.0x107? | o 1.14x107"
d 2.0x107 " 2.10x10"¢
3.0x107% 3.05x10™ 4
4.0x10” 3 4.20x1074

The catalyst was ZnTu, (C104)2 and all samples were 0.19 M

in p-toluidine.
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; \\\\ Fig. 5.2 Initial rate of formation of anil ﬁkn~fraétion
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’

i.e. 4.0x107% M. The tangent to the curve at the origin yields

an initial rate of betﬁeeﬁ . 130 gnd .140, expreased as the

" fraction of anil formed par-minute:“the value used was .132,
Since the reaction in this experiment had been followed to equi-
lib;ium;it was possible to check the value of the initial rate
by ﬁsing'a computer to fit a durve to the eﬁperimenfql pointa.
The program used was called "A General Nonlinear Curvefitting
and Equation Solving Program“,and was acquired fromlthe Program
Library at Michigan State University Computer Laboratﬁry. A
description of the program and its.possible uses has been pub-

lishedtsl{

1Y

The program was required to find the best fit of the

experimental data to the equation,

~dfanil] _ kllhniline]" szanil] (5.1)

using kl and k2 as variable parameters’ Tﬁe concentrations of
aniline and anil were expressed as fractions of the initial
aniline concentration. Equation 5.1 iB simply the differential
equation to describe two opposing first order reactions. The
values of kl and k2 which gave the best fit were 0.136 and 0.159
respectively,with standard deviations of 0.0021 and 0;0032 re-
spectively. The plot of the residuals {i.e. the calculated
value from eguation (5.1) with kl and k2 opfimized leps the
experimental value) dgaiﬁﬁt time was completely random indicating
that equation (5.1) does indeed give a good descriptién oflthe
obgerved data, |

The initial rate,wﬁich was egtimated from the tangent

to the curve (0.132),is in good agreement with that (0.136)
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determined by fitting the entire curve by computer. Since this
rate is as faat as any measured in the- tourse of experimentl
described in this chapter ,it is feir to consider the initial
rates as accurate to t10% if not better,
(ii) Dependence of rate on concentration of aniline

The etudies of the dependence of the rate on the concen-
tration of p—toluidine were carried out using p-toluidine in
‘wnich the protons of the amino group had‘been replpced by deuterons.
éhe hecessity for using p-toluidine (d~2) arose from the fact
that the acetone d-6 ,as purchased,contained water which we;
present as D20.\ This will be further discussged in Chapter 6,
Section (D),but the water content varied from 0.1% to 0.2% by
weight. A aolution of acetone containing 0.2% by weight of water
would be roughly 0.1 M in water. This means that,at the lower
concentrations of p-toluidine used,the water and p-toluidine are
atrabcut the same concentration. Since the hydrogen or deu-~
terium on the nitrogen of the p-toluidine is in fast exchange
with the hydrogen or deuterium in the water,then the p-toluidine
will be partly deuterated if there is D,0 present. The amount
of D,0 1is fixed,so,as the concentration'of p-toluidine is
increased the extent of deuteretion will change. If there was
a aignificant,kinetic isotope effect for the reaction inﬁolving
p—tolui&ine (d~2) or p-toluidine (h-2),then a study of the
‘“rate as a function of aniline concentration would be disturbed
by the changing extent of deuteration. For this reasonsp=-tolui-
dine (d-2) was used as the aniline. Tt was prepared by dis-
solving p-toluidine in diethyl ether and stirring together with
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‘successive portlons of - 020 The ether layer was dried with

Na .50

2 4, the solvent removed on a vacuum line,and the p-toluidine_

(d-2) sublimed in vacuo. It was kept in ‘a glove bag under a
nitrogen atmosphera. By integration of the NMR\spectrum of a
concentrated solution of this p-toluidine (d-2) in CDCl,, the
compound was found to bo'95! deuterated.
The experiment wal carried out using ZnTu (c1o4>2

the catalyst. The p—toluidine (d-2) was weighed into the NMR
sample tubes, 0.50-ml of acetone d-6 added by syringe together
with a few drops of TMS to provide. a locking signal . ‘The
catalyst solution was added by syringe, 15 ul in each case,
making each sample 1.21x10-4 M in catalyst. The results are
given in table 5.2 and plotted in figure 5.3(a) as rate versus
p-toluidine concentration. The shape of the curve in figure
5.3(;) is'very rahiniscent quthone obtained for the reaction rate
as a function of substrate concentration in studies of enzyme
catalysed reactions. The simpleat gystem which will give this
hyperbolic curve is deacribed by the Michaelia-Menten equationtaz{
This nyatom consists of a catalyst or enzyme E,and a substrate
,which form a complex EA,and then react to yield E and X, where

X is the product.
ky

ko1

k2 .

~

The net reaction is thus A-» X. If the first equilibrium or

pre-equilibrium is fast, i.a. k; >> k,, then the rate of reaction
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Table 5.2

Results for dependence of initial rate oh_p—tbluidine (d2)
concentration with ZnTu4(C104)2 as catalyst.

w

Concentration of ~ Initial rate of formation
p-toluidine (d-2) . of anil in moles/L.sec.
in moles/L. :

6.70x10 2 4.23x107°
1.18x1071 " 6.40x107°
3 1.73x107 1" -  g.38x107°
{ 2.31x107% . - 1.1sx107d
| 2.83.107% ' - 1.31x107 ¢
! 4.71x2077 1.96x107%
| 6.01x107 - 1.86%107"
| 7.80%107" S 2.521074
4 -

All samples were 1.2x10° M in catalyst.
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Filg. 5.3 (a) Initial rate of formation of anil (in moles/min.XIOG)

plotted against the concentration of p-toluidine (d-2)
in molesx10~3)

(b) (Initial rate)Il (in min,. molexlo"s) plotted against
[p-toluidine)™  in moles~lx10-3
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(v) may be written as
k,[E] _(A] .
v = 2 o (5.2) !
KA+|A| ! . *

Here,[E]o is the total concentration of the catalyst which is

equal to [E] + [EAn].. The constant K, is the Michaelis con-
-k L.+k
stant and is written for the term'(~:£E~—z).
. ‘ 1
The eguation (5.2) can be recast in the form;
‘ K

1 A, 1 1 '

557 TAT + 5 _ - (5.3)
where V = kzlE]o which 1is the limiting rate at ve high values

of [A]. A plot of % against T%T should give a straight) line with
K

a slope of V& and an intercept of % en the % axis. Such a graph

is known as a Lineweaver-Burk or double reciprocal plot. The

. 1 . ; 1

intercept on the TAT axis is - and, if k

1
A _
association constant for A with the catalyst or enzyme.

>5 kz,thon Ky is the

" In figure 5.3(b),the data of ®able 5,2 is plotted in a
L;néweaver-Burk plot. This gives a vé;y reasonab;e straight linec
with an intercept on tha TﬁTE%TTT axis of -1.50 &./mole. This
would Béem to indicaterthat the reaction followed Michaelis-
Menten kinetics or some more complex scheme which reduces to the
sama general form.

A similar experiment was carried out using Zn'I‘u2Cl2 as a
.catq}yst. In this case,the samples were 0.022 M in ZnTu2Cl2 and
th; measurements were made with p-toluidine (d-2) in the same
_ way as before. The experimentalwresults are given in table 5.3.
The ‘double reciprocal plot for this experiment is shown in

figure 5.4, and again a good straight line was obtained with an

intercept on the [p-tol.]'l axis of -2.0 £./mole.




Table 5.3

Results for dependence of initial rate on p-toluidine (d-2)
concentration with ZnTu2C12 as gatalyst '

Concentrationy/of . Initjial rate of formation of
p-toluidine (d-2) in anil in moles/%.sec.
mclas/L. ’

L | 2 | 5
6.42x10". . 7.43x10
1.17%107% | 1.21%1074
1.61x107% | 1.44x207"

| 2.13x10"% ‘ '1.67<qu4
2.92x10" % 2.24~10" "

- _
6.20x107% - 3.31+107%
2

All sampleé-were 2,2x10° in ZnTu2Cl2




T p-0Tx7-827OW Ut 1-[3urptnto3~d] 3sutebe pe3jord

.

< 8T (g-0TxBaTow/utw) UuT (_(@3eT TeT3TuI) -3sATezen se C1oinruz yata

®  (gz-p) aurpInTo3-d wWoxj [Tue JO uoTjewioy ayz 103 3ord Teoocadyvar srqnog
[roxd]

0¢ 0Z g 0l 0

v's *b1a

. . , . 0

La1ey "uj
1



" 85
™y
(iii) Overall concentration dependence
Since the forward rate obviously depended on both the

concentra}ion of catalyst and of aniline, it was desirahle to
find a way of determininé‘whethér,it also depended on the acetone
concentfation, i.e. to determine the order in acetone. This was
difficult because-acetone was the solvent, and it was necessary
to have a large exéess 6f aéetone present to produce the ;nil
owing to the small value of the equilibrium constant for the
overall reaction (Chapter.d Section G). The experiment decided
upon involved running a series of initial rate meésurem;nts on
samples prepared from a stock solution of p-toluidine in ace-
tone d-6 which was progressively diluted with CC14. Carbon tetra-
chloride was chosen as a diluent because it should be an "iﬁart“
solvent, i.e. it should be an extremaely poor ligand, and this
should not perturb the relative concentrations of all the possible
mixed ligand species in solution. The same guantity of catalyst
was used in each run which made all the samples l.0><10_4 M.
in ZnTu4(C104)2. The experimental results are presented in table
5.4. This shows that the initial rate of formation of the anil
in moles/%.sec. is quiﬁe independent of the degree of dilution
with CC14.

At this stage,it is of interest to examine the predicted
behaviour of the initial rate as a function ofrdilution with an
"inert" solvent for two likely mechanisms. These can be denoted
as the "one site" and "two site” mechanisms. 1In the one site

mechanism only one of the two substrates, acetone Or aniline,need

be coordinated to the metal,wheréas for the two site mechanism

}




Table 5,4
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Results for dependence of initial rate of formation ofs. anil on

dilution with CC1l

4 .
{

s . ‘ ‘
Sample CCl4 as a Catalyst conc. p-toluidine Initial rate
No. £ . in moles/%. conc. in in moles/L.
raction "

moles/L. sec
of sample )
volume
1 0 1.0x10" ¢ 2.38x10"% 1.43x2072
2 % 1.0x10"4 1.91x10"+ 1.44x1079
3 % 1.0.1079 1.43x10° 1 1.34x10" %
4 % 1.0x10"¢ 0.95x10" 1 1.45x10" 9

ZnTu4(C;04)é was the

catalyst used.
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(F%}h need to be coordinated. The equilibra for ligand exchange
with ZnTud(ClO4)2 are:

. K P
2+ 1 2+
MTu4 + An ;::& MTu3An + Tu
K

MTu§+ +AC g MTu3Ac2+ + Tu

where An and Ac represent aniline and acetone, respectively.
Assuming that the segquilibrium constant for replacing a second
Tu ligand is the same as for the first, then:

. K . N :
2+ 2 - 2+ x
MTu AR®" + Ac_;::f.MTuzﬁnAc + Tu

2+ X 2+
MTUBRC + An &—= MTUZAIIAC + Tu

The concentration of the species M'I‘uzhn}\c2+ is given by:

2+
2
Tt :

24 K1K2[An][Ac][MTu

[MTuzhnAc ] =

For a two site mechanism the rate of reaction will be

2+]

proportional to [MTuzApAc , or

2+

Rate = k[MTu,AnAc™ ]

2

2
kK K, {An] (Ac] [MTu, 1]

[TUJ2

If the éolution is now diluted with some "inert" solvent S0

that the volume is V times what it was, then all the concen-

trations will be reduced by the factor %. If the diluting

solvent is truly "inert", it will not change the ratio

reru, 2*1/ 17ul %,
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The rate is now given by:

. 2+
Rate, = kK.k. A€l ¢ [An] - (MTu, "1 -, v?
. { 1727V V- v [Tu)
2+
Rate = kK 1%, [Ac) [An] - [MTu4 -l 1
[Tu)? v
So, for .a two site mechanism the rate'will be proportional to %.
For a single site mebhanism, €.g. where acetone is coordi-
nated, the rate = k'[An][MTu3Ac2+]
[MTu42+]

Rate = k'x [An][Ac} Ttul

b

On dilution to V times the original volume with an “inert" solvent,

the rate is given by:
24+

IMTu, <)
« 1% [Anl | IAc) | 4 v
Rate = k'K, % v v TTaT
,l 2+
[MTL:4 1 1

Rate = k'K [An][Ac] T 2

For a single site mechanism then, the rate will be proportional
1
to > -
\Y
In the actual experiment carried out, the acetone and ani-

line concentrations were reduced by dilution with CCl, but the

4
ZnTud(ClOA)z‘concentration was kapt constant. The reaction is known

to be first order in catalyst in the range studied,so,if the
catalyst had been diluted along with the acetone and aniline, the
observed rate would have been reduced by a factor %~ The ob-

served rate is,in fact,a constant and independent of V: so,if the

experiment had been performed by diluting aniline, acetone and
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-

catalyst, the result would have been that the rate was proportional
to le. This is the expected behaviour for a two site mechanism.

However, the interpretation of this result will be discussed in

more detail in Chapter 8.

) (iv) Dependence of rate on Thiourea concentration

Since the fu ligands on the catalyst complexes are known to
dissociaté.and sinquthe results of the initial rate experiments
already discﬁssed indicate that comblexation of acetone and/or
aniline is a prerequisite for reaction, then Tu should inhibit
the reaction. This was investigated by measuring the initial rate
of formation of anil for a se;ies cof samples coﬂtaihing different
amounts of Tu. The complex Zn‘l‘u4(C104)2 was used as a catalyst.
The results of the experiment are given in table 5.5,and are pre-
sented graphically in figqures- 5.5(a) and 5.5(b). Figure 5.5(:??—
where the initial rate is plotted against the added Tu, shows that
Tu does inhibit the reaction. The added Tu concentration ranges
from 10 times to over 100 times the total Tu concentration available
from the'ZnTu4(Clo4)2. Thus,ﬁo a good approximation,the total
Tu concentration is that of the added Tu. In figure 5.5(b) the
initial rate of formation of anil is plotted against thé recipro&al
of the Tu added. A smooth curve may be drawn through the points.

and the origin.indicating that the rate at infinite Tu concentra-

tion would be zeroc. No catalysis by Tu itself was noted in these

samples.



/ ‘ K
: Table ‘5.5

Results of dependence of initial rate of formation of
anil on added Tu concentration. ’

Tu added :‘; . Initial rate in
(in moles) . 7 moles/ L. sec.

° 1.57x1072
4.08%107° . 1.24x107% .
9.08x107°% 1.01x10" 2
1.65%107° B.46x1073
2.58x107° .  6.73v107°
5.61x107 > 5.19x1072

All samples were .188 M in p-toluidine and 2.Q.~~10'4 M

tnTu4(ClO4)2.
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(C) The Back Reaction
(1) 'Dependence on' anil conceééraﬁion

The back reaction is the hydrolysis. of the anil to yield
aniline and acetone. The dependence of the back reaction on
catalyst concentration should'be the same as the forward reaction R
and so the dependence of the initial rate of the back reagtion
on the concentrations of anil and water wa; determined.

The acetone anil of p¥toluidine was prepared as desc:ibed
in Chapter 4 $ection C{i). The material used in this experiment
- had only about 5% of p-toluidinhe present as an impurity. The
anil was added by syringe and acetone d-6 with a little (2.5 u}
per Q.S ml sample) 020 added was used as a solvent. Since the
density of the anil is not known, the results presented in table
5.6 are in units‘of 1l. The results are plotted in figure 5.6 (a)
and a double reciprocal plot is shown in figure 5.6(b). Here, a
straight line is not obtained, but the graph curves upwards at hfgh
.aﬁil concentration. .This is very similar to ' *he appearance of
the double reciprocal plot when there is inhibition by substrate

(82);

itself This 1s normally explained for single substrate reac-

tions by invoking the formation of a species EA. which reacts

2

more slowly than EA. However, similar behaviour might be expected
for a two site mechanism requiring the formation of a species MAB.

As the concentration of A is increased,; some MA. will be formed

2

which is inactive. Thus inhibition at high concentrations of A

would be expected.
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Table 5.6

Results of dependence of initial rate of formation of
p-toluidine oh the concentration of the p-toluidine-

anil

Anil added Initial rate ]
in ul. [fraction/sec.)x{anil added (ul))]
4 7.73x10°
7.5 1.15%1072
10 1.61%1072
20 2,02x107°
3s 2.67%107 2

All samples were 6.45107% M in ZuTu, (C10,),

-
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Fig. 5.6

Depandence -of initial rate of formation of p-toluidine
on the concentration of its acetone-anil.

{a) Initial
Rate (as fraction/minute X anil added in ul) plotted
against the-anil added in ui, (b) (Initial rate)-1,

. -1 -1
units as in {a), plotted against (anil added) 1 in ug
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(ii) Dependence on water concentration -
Since the acétonq_used already contained Dzo,the dependence
of the initial rate of formation of aniline by hydrolysis of the
anil was studied by adding different qﬁantities of D20. The experi-
mental results are collected in table 5.7 and plotted in figure;
5.7{a) and 5.7(b). In figure 5.7(a)rthe usual hypénbolic éepén—
dence of the initial rate on the water added was observed. The
curve in figure 5.7(a)'should really not go through the origin since
there is some Dzo already present in the acetone d-6.l By studying
the position of the final equilibrium attainedain these saméles,
the water concentration originally present in the acetone d-6 was
judged to be slightly less than 0.1% by weight. This is equivalent
to 0.4 mg in each sample,compared to the 2, 4 and 8 mg added. The
added quantitiés,thus,to faifly good approximationﬁrepresent the

total water concentration. In figure 5.7(b)} the double reciprocal

rlot for the above data is 'given and is a reasonable straight line.

(iii) Dependence of initial rate on overall concentration
As in the.case of the férward reaction, the effect of dilu- -

ting the reactants with an “ihert“.sol&ent, CC14, was examined.
In this'experiment all the species involved, the anil, acetone,
catalyst and water (since its sole source is the acetone d-6) were
progressively diluted with CCld while keeping their relative pro-
portions exactly the same. A stock solution of anil in acetone
d-6 (with.a little D20 adéed) was prepared and diluted with CCl4

to make up the five samples. The catalyst solution, ZnTu,(ClO,)
4 472

in acetone d-6, was added by syringe keeping the relative concen-

trations of anil and catalyst constant in all samples. In table
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Tablﬁ . 5 -‘.7

Dependence of initial rate of formatlon of p- toluxdlne
on water concentration.

Water added (mg)} Initial rate\(moles/l.sécj
2 2.2%107¢
4 _ 3.7%1070
8 5.2x107%
-4

Samples were 0.14 M in p-toluidine-anil and 6.4>10 M

in ZnTud(ClO4)2

B R el o i £ Bl TR PWE P
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(a)
2
Inmitial’
‘Rate
B
&
0 3 : 3 3
020 Added
(b)
0
'P
4
1
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[13
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ch Acded

Fig. 5.7 Dependence of initial rate of formation of p-toluidine on
_the water concentration. (a) Initial Rate ({(as fraction of
n-toluidine/minute) platted against D,0 added (in mg.)
(b) (Irllitial Rate)~l (min/fraction) against [D,0 added
in mg .

]-l
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5.8 the results are presented giQing the rates and concentrationé
rglétive to the undiluted samplé{ The rates were e#presaed in
moles/%.sec. rather than the fraction per unit time. The results
are plotted in figure 5.8.and the-graph is a good straight line pas-
sing through the origin. The rate is thus proportional to V"l,where
'V 1is the factor by which the stock solution was diluted with

carbon tetrachloride. '

)

(D) The Kinetic Isotope Effect
It has frequently been observed that the rate of reaction,

in a system where hydrogen is transferred from one atom to another,

can be reduced by replacing that hydrogen with deuterium(Zl). The
k

ratio of the rate constants, Eﬂ , for the reaction with the normal
D .

and the deuterated material is known as the magnitude of the
kinetic isotbpe.effect. Frequently, in studies of chemical rea;tion&
kinetic isotope effects are measured and used as evidence for or
against the occurrence of hydrogen transfer in the rate determining
step of a reaction. 1In the reaction of aniline and acetone to form
an anil it is possible that transfer of a hydrogen atom, or two,
could be important in the rate determining step. An experiment was
theréfore designed to determine the kinetic isdtope effect for the
forward reaction. This experiment is complicated by tﬁe presencé
of DZO in the acetong/as discussed earlier in this chapter. Any
p-toluidine (h-2) added will very quickly become partly deuterated
on the amino group due to exchange between protons on the amino
group and deuterons in the water. The samples in the experiment

were therefore made up in pairs, one containing p-toluidine(A) and
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Table 5.8

Dependence of initial rate of formation of p-toluidine
on degree of dilution with CCl4

T
Relative concen- CCly as a .| Relative initial
tration of anil, fraction of rate
acetone, D,0 and the volume
\ 2
. catalyst
: 1 0 1.00
‘:' 4 1 N
3 T .72
3 2
L € T .57
: 2 3
T 5 .41
1 4
_, 5 5 18
‘iu

gt e W

The initial solution was 0.27 M in p-toluidine-anil and

_3 . .
1.1x10 M in ZnTu4(C104)2.

¥
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Fig. 5.8 Dependence of initia)] rate of formation of p-toluidine

on dilution with CCl,. Relative-initial rate is plot-
ted against the relative concentration .
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and the other an egual concentration of p—toluidine(d—2)(B). The
p-toluidine (d-2) was deuterated to the extent of 95% on the
amino group. The initial rate of forﬁ;t' of the anil was then

studied over a range of p-toluidine concentrations. For each con-

'cehtration the ratio of the initial rates, i.s. rate A ., was cal-

rate B

culated. 1In table 5.9 the values of %%%%—% are listed for the

concentrations of p-toluidine and p-toluidine (d-2) used. The
reéults are‘piotted-in figure 5:9. The ratio ;%%%—% increases as
the p-toluidine concentration increases. This is due to the fact
that,at low p-toluidine concentrations, the p-toluidine (h-2) is

partially deuterated,but, as the concentration is increased, the frac-

tion deuterated decreases. Thus, the true value of the kinetic

isotope effect will be the ratio %%%g—% in the limit of infinite

p-toluidine concentration. This limit was obtained by fitting a

curve to the points in figure 5.9.- The ideal form of the curve

in figure 5.9 may be simply derived. Let X be the value of the.

ratio %%%%—%, Y be the p-toluidine concentration and X the value

of X when ¥ = =,
For sanfple A then,

rate A = rate H(fH) + rate D(fD)

where rate H is the rate of reaction of the p—tolﬁidiné (h-2), rate
D is.the rate of reacﬁion of the p-toluidine (d-2), and fH and‘fD
are the fractions of p-toluidine in sample A which are protohated and
deut;rated respectively. For sample-én assumed to be 100%'deutera—
ted, | ‘ |

rate B = rate D(fD)

= rate D.
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A

?able 5.9

Determination of the kinetic isotope effect for the
forward reaction.

p-toluidine concentration rate A

in moles/%. . N rate B
0.68x107" 1.148
1.20x10“i 1. 1.245
;.77x10‘1 : 1.269
2.36x107% 1.329
2.88x107 % 1.424
4.31310"1 . 1.456
6.11%x10"% 1.500

\
4

.All samples were 1.21x10 " M in ZnTuA(ClO4)2 and

were made up with acetone (d-6) from the same lot.

I
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¥
_rate A oy _Afate H(f ) + rate D(f )
rate B K rate D

rate D

) . x§( rate H (fH) + fD

* rate H’
" rate D (1 'fD) +fp -

_ When the concentration of p-toluidine in samples A and B

is lnflnlte then the fraction deu{’;ated in sample A would be

negllglble and X_ = ;::2 i
S \/ X=X, -£) +6,
X - X :
T T e
Now, as fD must be 1 when Y is zero and must bg 0 when Y is infinity,
then f, may be represented as a function of Y by £ = e kY,
X-X_ = _ '
. T = o kY (5.4)
. X—Xm‘ v
a%so £n(1_xuy = ~ky : (5.5)

X-X
Thereforera plot of ln(I:i:) against Y should be a straight line
' ©a

through the origin with a slope of k. For a series of values of
X tse experimental ‘values of X and Y were used in equation (5.5),
and a least squares fit was carried out for each X_ value. The
c;ralues .0f the slope(k)and the standard deviation {(0) obtained for
k are listed in table 5.10. ;n figure 5.10,the standard deviation
(o) is plotted against xm;gnd it may be seen that ¢ is a minimum

when X = 1.55. The -cuxrve drawn in figure 5.9 is calculated from -
equation (5.4)'using X, = 1.55 and k = 74.53. From this experiment
) i ' “ . )

-



Table 5.10
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Determination of best value for X, by linear regression

v

X, 'k(slope) o (standard dé?iation)
1.530 . 85.15 3.5296
1.540 79.27 3.2970
f:545 76.79 3.2660
1.550 74.53 3.2610
- |1.555 72.48 3.2676
1.560 . 70.55 \ 3.2827
1.570 67.16 \ 3.3189
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32— . e ‘
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Fig. 5.10 The Kinetic isotope effect. The standard deviation (o)
: plotted against X _ oo '
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AR
£at® B is found to be 1.55. This is not the true

the value of Tate D

iinetic isotope effect which would be the ratio of the rate con-
stantg Eﬁgas the observed rates probably'contain equilibrium con-
stants which.could also be effected by isotopic substitution.
However:?hese effects are likely to.be small compared to the effect

on the rate constant itself(zl).

{E) Summ;ry
In this chapter measurements of the initial rate of reaction
er the formation and hydrolysis of p-toluidine~-anil have been
discussed. The following are the results obtained.
. {a) The forward reaction is first order in catalyst (with
ZnTu4(C104)2 as the catalyst). ‘
(b) The form of the dependence of the initial rate of reaction:
on the aniline, anil and water concentrat}ons is a hyperbolic
curve. When the data for these substates is plotted in a
double reciprocal: or Lineweaver~Burk plot, a straightAline is
obtained.
(c) For both the forward apd back reactions,dilution with CCl4 causas
the rate (in moleé/z.sec) to vary as % where V is the factor
by which the original solution was diluted.
(d) Addition of Tu inhibits the rate of the forward reaction.
{e) .The isotope effect on the rates (§%%§_§J wa; found to be
1.55 for the forward reaction of p-toluidine (h-2) and

p-toluidine (d-2) with acetone d4-6.



CHAPTER SIX
LIGAND EXCHANGE

(A) INTRODUCTION

As mentioned in Chapter Four it is mbst desirable.when
studying a metal complex catalysed reaction,to know both the
equilibrium constants for complexing the various substrates
with the metal and the rates of these ligand exchangeﬁprocesseé.
The equilibrium constants are most commonly determined using
spectrophotometry, for example see reference 54. Liéand axchange
rates have been much studied with the bulk of this work falling
(12)

inte two main areas One of these is concerned with complexes

of Cr(III), Co{(IIlI) and Pt(IXI) for which the exchange rates

are faigly slow and can be studied by simple spectrophotometry.
The other main area is the labile complexes of Ni{(II) and non-
transition metals in agqueous solution,where ligand exchange

has been studied using temperature-jump techniques(83) The use
of NMR has opened up a third and growing area, that of moderate
exchange rates which are amenable to line broadening studies.
In the specific area of Schiff bases or imines as ligands,
little wprk seems to have been done on the measurement of 1i-
gand exchange rétes. There is a report(84) of an NMR study of
aéueous pyridoxal-alanine-2n (II) and AL(III) systems in which

it was found that exchange between free and complexed aldimine:

or Schiff baserwas fast (on the NMR time scale)in the 2Zn{II)

108
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case,whereas in the Al{III) case exchahgé was slow. In a tem-

85 . T
perature-jump study( ) the kinetics of.ligand and exchange

reactions of a Cu(II) compiex were studied. It was'foghd that
protonated histamine replaced coordinated serine via an apparenﬁ
"dissociative" path and an associative one. The "dissociative"
path almost certainly involves an agquatéd iﬁtermediate.

In this chapter are reported the results of NMR experiments
which were designed to determine the equ;iibrium constants and

rates of ligand exchange for systems closely.related to those for

which the initial rate measurements have been carried out.

(B) THIOUREA AS A LIGAND IN ACETONE SOLUTION

o

. 80,8
In the course of an extensive study( /88)

of metal
thiourea complexes in acetone solution, Dr. K. Zaw of this
laboratory measured the dissociation constant and the exchange
rates of thiourea in thé complex CoTu2C12 in acetone solution{

These measurements depend critically on the large isotropic
shift exhibited by complexed Tu. At room temperature thé}e is -
fast‘ekchange(on the NMR time scale)between free and complexed
Tu,but this may be ;frozen out" at -80°C,giving separate signals
for free and for complexed Tu. The complex CoTu2C12 is
slightly dissociated in acetone solution,and its dissociation
constant K, may be defined from the equilibrium (ignoring sol-

vent for the moment)

CoTu,ll, ——— > CoTuCl. + Tu
2772 e——m———

2
(1-a)C aC aC
where C = concentration of complex in moles/%
) : .
and a = degree of dissociatiogjbf the complex.
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_ [CoTucl,) fTu] 2.
Then K, = < a
| D TCoTu2C12] J1-a

//KD If the free

and complexed thiourea are in fast exchange, then the observed

i

If & is very small,then KD = 32c or «

shift Avobs will be given by

BVops = AV UE ) + Bve(1-£ ),
where Avc is the shift of the complex ligand, Avf is the shift
of free ligand, and fc the fraction of thiourea which is com-
plexed. iﬁ the shifts are measured from the free ligand

signal,then dve = 0 and

A\"cabs - Auc(fc)
. . . ‘ . alC Qa
The fraction of Tu which is complexed (fc) is 1 - & = 1l - Vi
- o /i— |
Avobs =\Ayc(1 - 3) = Avc(l - f / ) {6.1)

Therefore,a plot of Av s against 2L should be a straight line

and give Avc as the intercept. KD may be evaluated from the

slope. For CoTu2Cl2 in acetone d-6 Zaw(so) foﬁnd Av, = 2167

Hz at 56.4 MHz and KD = l.S><].O_4 at 27°C. The graph of Avobs

against was a good straight line.

é|h~

The rates of ligand exchange for complexes of thiourea
in acetone were determined using NMR line broadening measure-
ments(ss'sg). The line broadening_studies were carried out in

the fast exchange region where the linewidth of the observed

signal is given by:
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{w )2(TC+TF)

3 |
-3

¢ Yr
2

"where PC and PF are the fractions of.complexéd and free Tu,and

2 and 1 are the linewidths of the complexed and free Tu sig-
T2c ToF

nals. The chemical shift between the two peaks is (m mF),and

TC and Tp are the lifetimes of complexed and free thiourea

Top

termined once KD'is known as a function of temperature. The

respectively. The terms —i—, PC' PF' (wc-mF) are easily de-

problem is to find Ti—,and extrapolation from the linewidth
- 2C

of the low temperature "frozen out" complexed ligand peak is

a notably dangerous process(sg?h_ Rellable values of - were

Tac

obtained by extrapolatlon of the plot of llDEWldth against
- to the point where S 0, i.e. where.there is no free Tu.
/C c |

The linewidths were studied as a function of temperature and

free ligand concentration.

" The results(BG’sg) indicated that two mechanisms must be
considered;
(a) a direct associative mechanism,
* kl w k_,l *
CoTu,Cl, + Tu —3 CoTu.Tu Cl, ———— CoTuTu Cl.+Tu
2772 e — 2 2 2
k - X
-1 . . 1
{ a 'dissociative” mechanism,which is really exchange via

a scolvated intermediate:

k k
CoTu.Cl_+5 —2 . CoTu.SCl —3 . CoTusCl. +Tu .
272 ) 27772 N 2
-2 -3

The formation of the five-coordinate intermediate is rate

determining in each case and the three rate constants for this
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step determined for CoTu2C12 at 27°C were:

k

CoTu2C12 + Tu-—-—]l—-—QCoTuacl2 kl = 3.SXl05 mole—l .e;ec_1
{
Co'I‘u2Cl2 + 8 ——f—a-CoTuzsClé k2’= 1.8x10° mole sec
- k_3 7 -1 -1
CoTusCl, + Tu —————»CoTuzsClz- _k_3 = 3.4x10° mole sec .

The egthalpieg and ent}opies of activation were also
determined and support the description of mechanism (b) as going via
an associative formation of a solvated intermediate, rather than

a true dissociative process.

{(C) THIOUREA AS A LIGAND IN ACETONITRILE SOLUTION

Anilipes cannot be studied alone in acetone solutions
of CoTuzcl2 because of interference from the anil which gill be
‘fonmedi The metal thiourea complexes are only soluble in a few
solvents ); some other ketones, DMSO, acetonitrile and nitro-
mﬁethane. Acetonitrile seemed to be tﬁe one most suitable and
similar to acetone, and so a study of CoTu2Cl2 in acetonitrile
was undertaken. The free and complexed thiourea were in fast
exchange at room temperature,and remained that way until .the
solvent. froze at -45°C. The limiting shift was determined using
the same method as described.in the previous section. The shift
of the Tu signal was measured as described in Chapter 3 Section
(C). The plot of Av . {in Hz from CH.CN at 100 MHz) against

3

Jé,where ¢ is the concentration of CoTu2C12 in molés/l,is shown
c
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in figure [6.1. The extrapolation to = 0 glves an intercept

a1

ot 4013 Hz. Measured from the free Tu signal this gives

bv, = 3534 Ha. The value of Av_ foerTu2012 in acetone is 3842
at 100 MH=z.
(80)

Unlike the plot obtained by Zaw .figﬁre 6.1 shows a

deviation from the predicted}étraight line as 2 becomes small

or as ¢ becomes’ large. Howayefﬂthe deviationjig only noticable

when the value of — is less than 3.0 £2/2 mole™ /2 There is no data
on CoTu2C12 in acegg;e in this regiOn} To‘investigate-this daviaf
tion further, the dependence of the shift .on CoTu2C12 concentration
was measured at higher concéntrations. The results are plotted

in fighre 6.2:where the highest value of ¢ is now 1.0 mole/%. .
The graph now shows a marked deviation af high values of ¢ with

the shift(Avobs)eventually decreasing as ¢ is incfe?sed. One
possible explanation is that the CHjCN peak, which is used as

a reference, is in fact shifting as a function of c. This could

be caused by the complexing of CH3CN igducing an isotropic shift

of the protons in the methyl group. This Qqs-checked by me%gﬁfing
the shift of CH,CN from TMS as a function of CéTu2C12 concentra-
tion. When the solpti;n was.ltO.M in CoTu2C12, which correépopds

té the most concentrated solution shown in figgre 6.2, the CH3CN
éignal had only shifted 15 Hz (at 100 MHz) from its position

with no CoTu2C12 added. This shift was to high field and the cor-
rection woula only increase the deviatibns observed at high

CoTu2C12 concentrations. As a further checkrthe magnetic

sugsceptibility was measured as a function of the CoTu Cl,. This

2

[ 4
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1 i

3200 '
0 2 B 6
Fig. 6.1 Co’I‘u2012 in CH3QN. A 'plot of Avgpg (in Hz at 100 MHz
measured from the CH3CN signal) against 1/vc &ere c
is the concentration of CoTuCls in moles/%)

J
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3800}

3700+ °
Ay
in Hz.

3600+

~
A b N
0 1 , 2 3
v C
Fig. 6.2 CoTuyCly in CH3CN. A plot of Avgpg (in Hz at 100 MHz

measured from the CH3Cn signal) against 1//C {(wherg
C is the concentration of CoTu2C12 in moles/%)
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was done by Evan 5 method(B which involves ‘Mmeasuring the

shif* ia Hz between the signal of a reference, compound in -the

‘paramagnetlc solution and the same peak in a coaxial caplllary

of a dlamagnetlc ‘80lution. The susceptlbility of the paramagnetic

solute- is glven by o &
' 3 . Af
X = <2Tm fo + xo .

where £f is the shift in Hz,_fo is the'operating frequency of
the spectfometer; m is the mass (in grams) of the solute in 1

mi and x' is the susceptibility of'the solvent. 1In flgure 6.3,

the observed shift dlfference for CH3CN 1nternal and CHacN ex~ [,
ternal (Av) is plotted agalnst the mole fractlon of CoTu2C1

The straight llne obtained 1ndicates no reduction in the suscep-
tibllity,whlch could resuit from such 1nteractlons as dimer
formation The dev;ations in figures 6.1 and 6.2 remain puzzling;
but could be due to a Bllght shift of the magnetic axes caused

by the changes in the second coordination sPhere as the concen-
tratlon of metal complex is increased. Such effects at high
concentration will not affect the usefulness of the equiiibriun
constant reported provided it is applied to‘solutiens where

the CoTuZClz_concentratiOn-is less than 0.1 moles/it
(D) 'WATER AS.A LIGAND
(i) water cﬁﬁcentration
Water is always present in acetone to a certain extent,
If all the water is known to be present as H O.then its concen-

tration in acetone h-6 may be Blmply determined by measurlng

~
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0y :
300+ ¢
Ay
in Hz. )
ey
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5 _ -
Mole Fraction 10 15

Fig. 6.3 Susceptibility of CoTuyCl,; in CH3CN. A plotﬂof*bv {ghift in

HZ .+ 100 MHz betwesen the internal and external CH3CN
signgia) against ghe mole fraction of CoTu2012x103 3
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the area of the H,0 signal in the NMR spectrum énd‘comparing this -
to tlie area of the nearby 13¢ satellite of the acetone signal.
This method was used to find the conenntration of H20 in acetone
h-6"as described in Chapter 4 Section (G). . However.when

part of the water is suspected to be present as HDO or D O:the

2
81tuat10n is more difficult. This is the case for the water in

commerCLally supplled acetone d-6. According to the manufacturérs,

the acetone d-6 contains between 0. li and 0.2% of water. The

H t6 D ratio in this water is the same as in the acetone d-6

i.e. the water shouldlcontain 99.58 D and 0.5% H. The water

can then be considered to be present as D20. Varieus methods

were considered for measurinq the heavy water concentration, e.g.

mass gpectrometry, density measurements and infrared spectroscopy.

A method using NMR was finally deeided upon. This was based on

~ the observation of the NMR of acetone d-6 as p—tqluidine-waei
added. Pgre acetone d—ﬁ,‘whee hendled under N2 and placed in

a dried NMR sample tube,has‘an.extremely weak'lﬂlsignal in the

water region. This tonsists of three peaks of approximately

equal intensity spaced 1 Hz apart. As p-toluidine is added.,

the three peaks increase in intensity and broaden slightlj.

With further quantities of p—toluidine}e‘sihglet appears down-

field from the triplet and grows in intensity at the expense of

the triplet. The 1y from the amino group of th%np—toleidine is

presumably exchanging with the D ih_the water prodhcing HDO and

H,0. The triplet is due to HDO, with the H e;GBIiﬁé to the D
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¢

‘nucleus (I=1l), and the singlet is due to H 88)

20 . A typical

spectrum with both_signais‘present is shéwn below,

I . |
2.7 ' 2.6 (ppm from TMS) -

The NMR spectra thus confirm that initially virtually all the

water present in acetone d-6 is there as D,0.

The measurement of ghe D20 concentration was carried out
by weighing pure sublimed p-toluidine and dissolving it in

0.50 ml} of acetone d~6 in an NMR sample tube. The H,O, HDO

2
. and para methyl peaks were integrated several times and the

average areas calculated. The equilibrium constant K for the

equilibrium

H,O0 +D

2 2

0 ——> 2HDO
e —
is given by
(1G] 2
K= e,
[H,01[D0] ¥

[+
' This constant K, which would be 4.0 by statistical methods,

was found to be 3.94%0.12 at 20°C by an NMR method(BB) similar
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to the one used in this experiment. tThus,ﬂknowing K;,[H20]
ang [RDO] it is possible to evaluate the term [DZQ]' The total
water concentration in the sample is -therefore known. The average
of several determinations using diffefgnt amounts of p-tolui-

diﬂe yielded the D20 concentration-aéAo:ﬁl(t.02)% by weight for’

o
a particular sample of acetone d-6.

t (1) Equilibrium constant for water as a ligand
Once the concentration of water in thé acetone d-6 was
known it was possible to determine the eguilibrium constant for

~ the complexing of water with CoTu,Cl,.

The experiment was carried out by weighing CoTuZCié and
dissolving it iﬁ 0.50 ml of acetone d-6. This acetone 4d-6
was from the same sample as that in which the concentrétion of
water was‘meaSured as described abdove. The NMR spectrum was
run and the position of the Tu resonance was measured. This
resonance was monitored as H20 was added‘in 2. yl.portions from
a 20 pl, gyringe.- Altogether 20 ul; of water Qere added.
The iﬁitial water content of the acetone d-6 was roughly 1 pl.
of water. The shift of the Tu peak, relative to the free Tu
peak position,  is listed in table 6.1-fdr a series'gf\values
. of tﬁe total water concentration. The shift of the Tu peak
Mvobs) yields the concentration of free Tu from the equation:

Av
obs _ ; . f

Avc F

-

where Av_ is the shift of complexed Tu and fr is the fraction of

Y,
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Table 6.1

. Shift 0f Tu peak of boTu2Cl2 as a function of

.water concentration
D)

Water concentration ' Shift cf Tu from
in moles/% free Tu in Hz
0.11 ' o 3346
. 0.33 , | 3309
0.56 .~ 3291 ;-
0.78 4 3258
1.00 ) 3212
Y.22 o 3183
1.44 o 3131 .
1.67 ) ' 3065
189 3024
2.11 ' . 12990
2.33 | 2956

Measurements made at S0 MHz . '

; Solution was .040 M in QOTuZCl2
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Tu which is free in solution. There are only two potential
iigands to replace Tu, acetone and water. The equilibra pos-
sible for the case of a small degree of dissociation of the

metal complex, which is certainly the case here, are
K .

CoTu.,Cl. +Ac ——Tia CoTuAcCl., + Tu /
2772 — 2
KZ
CoTu2¢12+H29 — CoTuH2OCl2 + Tu

[CoTuAcCl,) [Tul - .
17 TeomuCLTTAT =~

[cOTuH20c12][Tu]

CK =
2 {CoTu2C121[H20]

where Ac represents acetone.

If M is the initdial concentration of CoTu2Cl2 added,)

in moles/{. Then

M

n

[CoTu2C12]I+ [CoTuAéClzl + [COTuH,0CL,J.
The total concentration of Tu is 2M;

2M = 2[c°Td2c12] + [Tu] + [COTWACCl,] + [CoTuH,OCl,].

2
If the total water concentration is W moles/%, then

Wom [H20] + [CoTuH OC12].

2
The total acetone concentration which is l3.7)moles/£ will not

be affected by the small fraction of acetone complexed and is

left as C.
3y

There are thus five unknowns and five equations, the
two equilibria and the three mass balance equations. It is

possible to rearrange the equations and to write a cubic
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equation in only one variable. The coefficients. are listed
below ror such a polynomial with [CoTu2C12] as the variable,

. 3 : 2 -
i.e, A[CoTuZClz} + B[CoTu2C12] + C[CoTu2C12] + D=0

where
A =1 - K2
B = -3M - ch + 2MK2 + K. K2C ~ sz
o aml .
C = 3M™ + KlMC K2M + K2WM
D=~

Thus, knowing Kl' Kz, M, C and'w, thé concentrations of allq
species in solution may. be determined. In this particular case
Kl, M, C and W are kﬁown and [Tu] is also known. The value of
K2 was determined by computlng the value of [Tu] for a variety
of values of K2 untll agreement w1th the ewperlmental value of
[Tu] was obtalned.. This was done for a number of concentrations
of water and Kziwas determined for each concentration. In figure
6.4 is a graph wheré Rz_is plotted against the water concentra-
tion (W). The most obviods.p?;nt 1s that K, is not a constant,
but rather dependé‘strongly on water concentration. Assuming
that Kl is not affected strongly by water concentration this
means that the relative ability of water and thiourea to act
as ligands is depeﬁdant;n1 water concentration, at least for
dilute solutions. The highest concentration of water in figure
6.4 corresponds to 5% water by wéight in acetone d-6. The
water appears to beha@e as a progressively better ligand towards

Co(II) in CoTu2Cl2 as.the water concentration increases. Similar

-
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-002

-001

]

Dependence. of K., the equilibrium constant for associa-

tion of water with CoTu.cCl in acetone on [H.O] in
: 2772 2
moles/% : -

Fig. 6.4
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haj
qualitative concluSLOns were reached by Eaton and Zaw

(

for CoTu Cl and CoTud(ClO4')2 in acetone by observing the shift

(80)

qf the_H20 peék as a function of water concentration. Als&,
in an' electrochemical study of the stability:of metal thiourea
complexes in agqueous acetone,-Shul'man et 51(89) found that
: -

the relative complexing abilities of Tu and H20 depended on .
the dielectric constant of the. solutlon

The result obtained in thls experlmént,and the one des-
cribed in Chapter 4 Section (G) = where the "equilibrium
constant” for the formation of anil was found to depend on water
concentration, would suggest that theactivity of water in
dilute solution‘ln acetone is not a linear function-of its

1
concentration,

(E) ANILINES AND ANILS AS LIGANDS ' - v
(i} NMR Spectra

As has been discussed in Chapter 4, anilines will react
with acetone in the presence of thiourea complexes of Co and
Zn to produce anils. In Figure 6.5 are the 100 MHz proton NMR
spectra obtained from p-toluidine in acetone d-6 solution
under various experiméntal conditions. %Spectrum A is that of
a freshly prepared'solution of p-toluidine in acetone d-§. The
pegks p:esént are, starting from the high field end: the
quintet of the,residuai lH in the acetone d-6,.the‘methyi peak

of p-toluidine, the HDO and H,0 resonances, the amino group

signal and the ortho and meta doublets of the Gromatic protons.

%
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F 4
CoTu,0,¢p-Tol at -a0'c

1 - '
~ Fig. 6.5 100 MHz H NMR spectra with p-toluidine in acetone
d (a-6) e : ’ o
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Spectrum B was obtained by adding Co'ru:Cl2 to the sample of

p-toluidine in acetone d-6. Addition.of more p-toluidine yielded
spectrum C. If Tu was then added (to saturation), spectrum D
was obtained, ,This‘apectrum D bears a marked resemblance to

that shown in E which was produced by adding ZnTu2C12-to a solu-

S

tion of p-toluidine in acetone d-6. By comparison with the

Spectrum of the acetone-anil of p-toluidine (Chapter 4 section

-~ -

( ¢ }) the.peaks in spectrum E can b& agsigned as ‘follows:
acetone gquintet, para methyl o ‘p—toluidine, para methyl of
p-toluidine anil, Hzo/HDO/aminp group in fast exchange, ortho
protons of p-toluidine and the anil-(overlapped);meta doublet

.0f p-toluidine, meta doublet of the anil and ﬁhe signal due

to the NE, groups of thiourea in ZnTu2C12. The peaks observed

. ) ’ t
. in D may be assigned by comparison with spectrum E where the .

chemical shifts are quite similar. Addition of CoTu,Cl,

acetone d-6 solutions of p-toluidine thus produces the anil

to

(virtually instantaneously at the meta;.complex concentrations
used). Both the p-toluidine and its anil undergo ligand exchangé
with the Tu on the meta complex. This is demonstrated by the
shifting of the peaks from their‘diamaqpetic‘positions due to

the ipter&ction with the paramagnetié;mefal. That the'exchang%&4
is fast is shown by the dependence of the shifts on the p-
toluidine to metal complex concentration ratio and also on

the Tu concentration. The shift of a peak in fast exchange is

~

given by:
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o

Avobs = Avcfc + AvaF

where‘ﬂvc and Av »are the chemical shifts of the free and
. complexed llgands, regpectively, and f and fC are the fractiens -
of ligand whlch are free and complexed . Thus,as Tu is added
it replaces both the p—toluldlne>and the anil as ligands,re-~

I}

ducipg fC in each case}and\bringing the obseryed shifts closer
to Avy as was observed in spectrum D. On complexing with the
~ ColIx) éhe‘meta and para metﬁyl resonances of both'the p-toluidine
-and it$ anil shift downfieid%%hereas the ortho protons shift
upfield.' The degreeuef broaAening induced by coordination
xoughly.followa ﬁhe observed shift,as may be seen from a compari- -
son of spectra B and C which contain the same concentration
of metal camplex. In spectrum F of figure 6.5 is shown the
NMR spectrum obtained when a sample similar to that an B is
cooled to —90°C This spectrum will-be, dlSCUSSGd below

In flgure 6.6 are.some 19F NMR spectra obtained from
solutions of p-F aniline in acetone under various conditions.
Specerum A is that of p-F aniline alone in acetone If ZnTu Cl2
is added,as in spectrum B,a second signal is observed with the
same‘fine structpre due to coupling to the ring protons. By
comparison with spectra obtaiﬁed from the synthesized p~F anil
{Chapter 4 section (C }),the second peak in spectrum B can be
assigned to the acetone anil of p~r aniline. If CeTu2Cl is
added instead of ZnTu Clz, spectrum C. is obtained with both the
aniline and anil peaks shifted downfieldlfrom the free ligand

pésitions. If the sample in C (run at +27°C) is cooled then

spectra D, E and F are obtained. In D, run at -20°C, the anil

s
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réson&gbe is much broader tham in C whereas the aniline signal.

| has ‘Lheé same linewidth. As cooling is continued,the anil
resonance broadens further, theg diéappears, and ;t roughly -70°Cf
a'signal in approximately ﬁhe same positioguas the free anil
resonance appeérs. In spectrum E, run at -9%0°C, this signal,
which is assigned to free anil,is shown. The exchange between
free and'compiexed aqil isg néwoslow and‘the anil signal épéears
at a position clqsé to_thatnbf the free anil ‘at the same tempera-
ture. By using ﬁ much wider éweep,and by incfaésiﬁg the spectro-
meter gain,a weak broad peak may be observed sémelSOOb Hz down-
field in the same sample at -90°C,as shown in Egectrum F. This
is assigned as the signal ‘due to'the paré fluorine in the com-
plexed anil. This has Seen shifted from thé free ligand position
by an isotropic éhift (Chapter 2 section (B)) induced by the
paramagnetism of the cobalt atom. The exchange between free and
cbmplexéd.anil_has been slowed bf reducing the-température;&nd
they are ndw in "slow exchange" (Chapter_Z‘section {C})} or the ex-
change h:s been “frozén out".and the separate signals are visible
at —QOJC. The aniline signal in spectra E and F is broadening
at -90°C,but the separate free and compiexed signals were
never observed for p-F aniline with CoTu2012,although many
attempts were made to observe them.

Returning to the spectra of figure 6.5, a similar effect

was noted if, for exampie, the sample used for spectrum B qés

cooled. ht abouﬁ‘-30°c,the signal due to the meta protons of
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the.anil was so broad as to be undetectable. However ,on further
-cooling to about -70°C two broad lines aPpeared far doﬁnfield.
These aféﬁshown at -90°C in spectrum F. The ﬁeaks in spectrum
F arélassigned as follows: |
(a) Qery broa§.signal from Tu in CoTu2C¥;. The exchange .
between free and complexed Tu is slow at this tempera-
ture(sp) : o ‘ : |xh\
(b) the meta signal of the comp1exed anil
(c)l.tﬁe para methyi signal of the. complexed anil

+ .
{(d} second signal from Tu in CoTu2C12 (see ref. 5)

)
The assignment‘of the two complexed anil peaks is based on the
fo;lowing'informatién: |
(i) ‘ under fagt exchange conditiopg with CoTuzélzfthe meta

ana‘para methyl peaks of the anil shift downfield,and
that of the ortho protons sﬁifts upfie;dl + Thus ,for
complexed\ani; two peaki would be expéc;e@ in the

e downfield region. \

(1i) the expected intdnsity ratioqfqr the meta pgak to the

- 'para methyl peak oflcomplgxed anil is 2/3. - -

{(iii) with the peaks assiéﬁed as above,the ratio‘oﬁ the slow
exchange shift to the féét exchange shift‘lé'the‘same
for the meta and the para méthyl'peaks. |

- At -90°C the p-toluidine peaks are broadened, but at the

lowest temperatures attaih&bl% before the solvent freezes

(~ -105°C) it was still not possible to observe separate resonances
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for free and complexed p-toluidine. . <

"(11) Determination of equilibrium constants

In acetone solutions of CoTu,Cl, with p-toluldlne present, :
theres are five potential ligands: ‘acetone, water, thipurea, .
p-toluidlne and p-toluidlne—anll In solutions w are
concentrated in both CoTu2Cl2 and p-toluidine the mostvimportant
ligands will be thiourea, p-toluidine and its anfi. In such

a golution it is possible to obtain a measure of the equilibrium

constants for the equilibria:

CoTu,.Cl, + L — CoTuLCl.,, + Tu
2772 2 ;

where L may be p-toluidine or p-toluidine-anil. -
Among the prerequisites for such a calculation are the

- Chemical shifts for two of the three ligands when they are

complexed. For Tu,this is obtained by plotting the observed Tu

chemical shift against';% (C is the CoTu,CE, concentration in
f Cc . . ‘

moles/L.) as described in section B of this chapter. For the

]

remaining two ligands the situation is more complex since they

o
cannct be studied'separately or in the absence of Tu. -?hé solution‘wJ
is to extrapolate the shifts observed for cogé}exed anil dt low
temperatures to tﬁe températufe at which the” equilibrium constants
are measured (27°C). This was.done for the meta signal of the
p—toluidine-anil, labelled (b) in spectrum F of figure 6.5. The
meta signal was chosen over the para methyl signal because in-fast

exchange the methyl 8ignal is sometimes overlapped w1th other

signals (for example, spectrum C of figure 6.5). In figure

~
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6.7 is a plot of the observed chemical shift of the meta peak
of the complexed anil Abc (measured from the free ligand posi-
tion) égains£ T—l (T in °K). The measurements were made aﬁ 56.4
' MHz and the temperature r#nged from -110°C to -70°C. A£ -70°C
the peak‘is quite broad and has starﬁed to shift towards the
fast exchange signal posi?ion} This last point waﬁ ignored
" for the extrapolation. The plotted points are each_the
_a;erage of six Valu;s obtained'in three cycles over the tempera-
ture range. The four points used do‘givg a reasoﬁable basis
for extrapolation Eq'27°C. An extrapolation of this sart
6bviously requires some evidence that the isotropic shiftlis
likely to follow Curie Law, i.e. to give a linear plot against
T %. 'This evidence is supplied.bf the observation ;hat,for Tu'
in CoTu2C12,the shift(ﬁvc)gives'a vary go&d linear plqt against

(80). It is therefore reasonable to assulme

% from 27°C to —65°C
that the complex CoTu{anil)Cl, will ‘exhibit similar behaviour.
From the extrapolatjon in figure 6.7 the shift of the meta protons
of the p-toluidine-anil in CoTu(anil)Cl2 at 27°C would be 264
', . Hgi}it 56.4 MHz). | ' )
The samples were mede'uP by weighing the CoTu2C12 and
p-toluidine into an NMR sample tube and adding the acetone d-6
by: syringe. The shifts of 'the metgfeaonances of Both the anil
and the p-toluidine were then carefully measured.as was the

position of the Tu signal which lies downfield of TMS. If

the shift of the Tq resonance (Avasl is measured from the free
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Fig. 6.7 A plot of Av. (shift in Hz of the meta peak of complexed
\7 anil from its diamagnetic position) against 1/T (T in<°K)
‘ -
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ligand signal then

e

Avobs = Avc.fc

80 tﬁat fc may be aetermined. This means that the amount of
Tu replaced by other ligandé in solution is knoﬁh. From a simi-
lar expression the amount of anil which is complexed way be
calculated,‘since Avc is known from extrapqlation. The assump-
tion now made is that only p-toluidine and the anil are respon-
sible for displacing the Tu. Therefore the fraction of aniline

complexed f. is known. The equilib;ium céﬁétants (Kp-tol
- and Kanii)m;y be calculated i}nce all xthe concénﬁration terms
are now known. The results for two samples coﬁtaining the same
initial CQ-'I{uCl2 concantr&tion,but having diffefent‘initial
p-toluidine concentrations ,are élven in Table ¢.2, ﬁhe values*
obtained for'Kp_toloand K i, are roughly independeﬁt of the
initial §vtol/comp1ex concentration ratio. Another test Qf

the assumptions used is to calculate the expected shift pf com-
plexed p-toluidine. “In both cases this expected shift is 415 Hz

and this tends to confirm the appropriateness of the method.

(ii1i) Kinetics ’ .

No attempt has been made in this work to accurately measure
the rates of ligapnd exchange of p-toluidine o; of p-toluidine-
anil with any of the metal complexes. However,variable tempera-
ture studies with some df“thé paramagnetic cq@glexes have
‘sérved to place lower limits .on the exchange }aﬁes. As dié-
cussed in part (i) of this section.the ﬁMR spectra, both 1H
19

"and - F, demonstrate that exchange between free and complexed

T
™~



o . R C e -
T e st e e ¥ A ———

Table 6.2

Sample A
_3_

Initial weight of CoTu2Cl2 9.8x10

/

Acetone d-6 added 0.40 m2
Ratio +&?%%%T (by integration) 0.45
S?lft of Tu peak from free 1675 Hz

igand pOSlthﬂ

Shift of p-tolumdine meta 17 Hz
signal*

Shift of anil metal signal* 51 Hz
Fraction of Tu in CoTuzcl - 0,237
displaced ;- -

Fraction of anil complexed ©0.193

Fraction of p-toluidine 0.041

. complexed

Calculated value of AU for 415 Hz
p-toluidine

_Kanil 2.0x10

Kptol 3.5%10

" Initial weight of p-toluidine 1.92x10"

-1

-2

J 136

Sample B
1.0x1072 g

4.3x1072 g,

" 0.40 me

" 0.38

1512 32
10 Hz

34 Hz

0.302

0.129

W '
0.024

415 Hz
2.2x107 %

3.8x107°2

*Measured from the corresponding peaks in a scolution with

ZnTuZC-i2 replacing CoTu.Cl

~

27727

Experiment carried odtwgt 27°C and at 56.4 MHz.
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anil may be 'slowed down and "frozen out" in the case where
the metal complex is CoTu2C12. A very crude estimate of the
lifetime for exchange at one temperature may be obtained by

using -the formula shown below.which gives the lifetime for

exchange at the.“coalescencen-temperatufe(37): ‘
__ 1 : L
T = 2a{v_—vy,) \ (6.1)

A B |
where T is theilifetime'of the exchanging species.in ‘either
site A or site B and v, and vy are the chemical shifts of
the s;teslA and B respectively. This formula holds for a
system with two equally populated'sites A;anﬁ B and where the
transverse relaxation time T2 is the same for both sites.

The "coalescence" temperature is that where the two separate

peaks just merge to form a single broad line. This, formula -may

‘ i
be applied to the case .of p-toluidine-anil which is in exchdnge

between free and complexed sites in the presence of CoTu,Cl

27720
The "coalescence temperature” in this case must be between -35° and

~ -50°C for the meta proton resonance. Using figqure 6.7, at

-40°C the shift of the complexed resonance measured from the -

- free ligand signal would be approximately 460 Hz (at 56.4 MHz).

This woq}d give an exchange iifetime of 3.SXl0_4 seconds,

using eguation 6.1. The conditions for the use of the coales-

3

cence temperature formula are,of course,not fulfilled in this

case, i.e. neither the populations nor the transverse relaxation

times are equal. However,it would seem reasonable to assume
N ;

that at 30°C the exchange lifetime would not be londer than 1074

gec. ) -
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"The exchange between free and complexéd aniline is

. \ n " .
"even Iaster since it is not frozen out, even at -100°C. The shift at

1 *

that temperature of the meta resonance of the complexed p-toluidine

is likely to be ~ 1000:Hz (at 56.4 MHz) from the free ligand

At

signal. This figure is obtained from the calculatgq shift
for the meta resonance of complexed p-toluidine ay 27°C as *

obtained in Section E(ii) of this chaptery i.e. 415 Hzrand

T
the same "as that in figure 6.7. The lifetime for the exchange

by assuming that the slope of the plot of Avc versus L will be

of p4toiqidine between the free ligand and complexed ligand

sites should therefore be less than 10—5 seconds at 30°C.

‘(iv) General conside&étions

The large isotropic shifts experienced by ligands in
Cd;; complexes are very useful in aetermining the equilibrium
constants for ligand association and él:ﬁ in observing the

rates of ligand exchande. The complexing of"a ligand to a

diamagﬁétic Zn(II1) atom on the other hand produces only small

shifts and this makes studies of ligand exchange very difficult.

For example, an experiment was carried out whergin a concentra-

ted solution of ZnTu4(C104)2 in adetone d-6 was progressively

~

diluted with more solvent. This experiment was designed to

measure the equilibrium constant for replacing Tu by acetone
_ L7 . .
by means of a plot of the Tu sigpal against ;% where C was the
= SR c
ZnTu, (C10,), concentratign in moles/i. However, ingtead of

P -'/ ) . N . .
shifting towards the free ligand position as expected,the

Tu peak shifted very slowly in the other direction, i.e. further

Ne, N
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downfield. This may possibly be explained by the increased

r.

.degree of hydrogen bonding occurring as the solution is diluted.

The low temperature studies with cO(II) complexes‘and
o<

anlline/anll mlxtures sometimes gdave rise to 3 prollferation_

of peaks with large isotropic shifts. In the case ‘of p-F ani-
"line using 19F NMR, the situatien is not confesedjey the
presence of Tu or sclvent signals.; W;th CoT\%QI2 and pLF
“ahiline in acetone a‘singlemisotrOPically shifted resonaﬁce was
observed if the p-F aniline concent;etion was low. As the
concentration was increased,a skries of peaks appeared in the

far downfield region, i.e. about 3000 Hz to 6000 Hz from the

‘)

free p-F aniline resonance., A smooth series was observed
with peaks decaylng and others increa51ng as the p—F anlllne

-

concentratlon was increased. 'Similar’ behaviour was noted for

other Co{II) comp&exes. The tendency'to produce multiple peaks
increased in the order CoTu C12<C0Tu2Br2<CoTu212<Co(DMTu)25r2.
It is possible that the peaks are due to the formation of species

with a coordinhation number greater than fouy.

(F}) ACETONE.IN MIXED LIGAND SOLUTIONS )
Alehough the equilibrium cpnséant fog the displacement
~ of Tu by acetone mey_be determined as outlined in section B
\
of ‘this chapter, it would be usefel to have a means of direct ’jk
observation of complexed acetone. EXperiments‘showeQ that the

chemical shift of the methyl signal of acetone h-6 or acetone

d-6 in the lH!ﬁMR chanéed only we€ry slighly updh addition of
S A
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paramagnetlc Co(II) complexes to the solutlon For a solutlon-
almost saturated in CoTu Clz,the shift of the solvent sxgnal
is ongy a couple of ‘Hz from the signal in the pure solvent .

The.}

C NMR spectra of solutions of Co{II) complexes in acetone
wereralso run. Using a HA-100 operating in cw -mode at 26
MHz no shift of the carbonyl carbon resonance was detected on
gaddltlon of CoTu212 Using a Brucker WH30 observmng 130 at

- . 22.6 MHz in the FT mOdeAShlftS of the carbonyl and methyl

f | oo group 51gnals were detected However ‘the largest shift, with

the solutlon almost saturated with CoTu (010432, was "~ 15 Hz

for both the carbonjl and methyl ‘carbons. In the presence of

other llgands the fractlon of acetone complexed will be reduced

still further and 80 observatlon of chemlcal shifts, either lH

or 13C ,does 'not afford a method of dlrectly determlnlng that

fractlon. o

' Another possible probe is the relaxation time T, oftrthe

acetone. Since the equilihrium|copstant for ‘the process

g p e

‘CoTu,Cl, + Ac ——= COTuAcCl, + Tu
%42 —

is known then the fraction of acetone complexed at any conoentra—'

TN I

tion of complex or Tu may be caloulated. If the' splnwlattlce

:
7

‘ relaxation time Tl-was measured at a series of dlfferent Tu
concentrations, then the relatlonshlp of T1 to the fraction
of aniline complexed coy&d be determined. This tould then be
used in more complex spiutions to evaluate the'fraction of ace-
tone complexed from a measurement of Tl - To ihﬁestigate the

'usefulness of an approach of thxs nature;the spin-lattice

i
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§

relaxation time Ty of the lﬁ signal of acetone_d—s was measured

—~under uarious_condiiions. “The measurements were carried out at

.32°C;obsefving lu ét 56.4 MHz and decoupling 4 with aﬁ rf

» field at 8.664646 MHz.. This resulted in.a éingle sharp peak
for the acetshé d-6 resonance. A small quantity o: benzene was.
added and\thié gignal was used for the fie;d‘freqﬁency lock.
The relaxaﬁion,time_was.measured by tﬂe ";aturatioq-recovery
ﬁeéﬁnique(7l)‘gs deséribed in Chapter 3 Section D; An example
of a'plot;of n (no—Mz(t)) against £ ié showﬁ in figgre 6.8.
'Thié'was obtained with a sﬁmple of acetoﬂe,d—S,with a little
benzene added,and Ehe relaxation time Tl was found to be 5.9 .
sec. - When a llttle CoTu Cl was added the value of Tl dropped

to 2.9 seconds." When the sample was then saturated with Tu

the value of T, was found to be 2.8 seconds. Thus use of T,

as a probe of the frhctio@{gg\bemplexed acetone is not practical.

The assumption on which most studies of this nature are. based
. . B . . . . el
is that any changes in the relaxation time are produced solely

é . . . o
by those solvent molecules which are in the first coordination

i

™

sphere of the metal complex,aﬁd that'tﬁe relaxafion timé of
all the bulk‘solveht is unaffectea. The above result suggests
that in the preséntHSYStém this déés ﬁét hold, but rather that .
there is an imporLant contribution to the relaxation time

from solvept—moléculesfother than those inﬁthe first coordi-
nation sphere. This h;y‘well 3? dﬁe,to:aceténe whigh is in the
second coordination sphere.of éhe metal complex from which it

L]

is not replaced by Tu,unlike that .in the first coordlnatlon

5phere.

TN
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{G) ANILINES IN ACETONITRILE °

As has been frequehtly‘mentionéd during the preceding

: ., . S ‘ R
, : . sections of this chapter,the formation of anils can make the study

of ligand-éxéhange_of anilines difficult when acetone is used
ashtpe_solvqp;. For this reason,acetonitrile (CH3CN) was used’
as the éolﬁént in an experiment designed ﬁo‘detefmineythe '
~equilibrium constants for ligand exchange.of Tu in_CoTu2C12
with a series of para substituted aniiines. A known qﬁanﬁity
of CoTu2C12 was dissolved.inzs.o mf of acetonitrile and tbis
was usedAas a stock solutioh. The posiﬁidn of the Tu resonance
was measured in this stock solution. Samples were grepared
from the stock solution and quan;ities of the various anilines
. so that all samples were 0.20 M in aniline. The position of
the Tu resonance wa; theh measured for each sample. By using

the value of,AvC_determined:for CoTu2C12 in CH3CN as described

in section C of this chapter,the concentration of free Tu

may then be calculated in each case.
From the first sample a value of the equilibrium constant

for association of the folvent may be determined,since the
) e

concentration of the complex containing coordinated CH3CN is

7
|
N
v
K
.
<
r
e
-
~
b
ty
IZ'.
!
.
n

knoﬁn from the free Tu concentration. With this piece of infor-
mation,the equilibrium constants for the anilines may be simply
determingd.by solving a gquadratic eqﬁatién for each case.

vThe derivation of the equations used is con£ained in Appéndix

A. The free Tu concentration is given by

[Tul = [MTuAn]+[MTuAc[+2[MAn2]+2[MAc2]+2[MAnAc].
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Using the expressions from Appendix A this may be re-

written:

M(2K, K, [Tu) [An]+2K, K, [Tul [Ac]+2K] [An] “+2K2 [Ac] +4K,K; (An] [Ac])
[Tu] = ‘ '

(K, [Tl +K, [Ac] +K, [An]) © -
(6.2)

where Kl,'K2 and K3.aré the equilibrium constants for reﬁlace-

ment of Tu as a ligand by Ta, Acfetoﬁe) and An{iline) respective~
ly, and M is'total amount 6f metal complex originally added |
.aa MTuZClz. Fof thé case where there is no}aniline present

equation (6.2) may be rewritten

[Tu) 2 _ 2 .
= (aK2+b)‘ = cK2 + dK2
where  a = [Ac])
b = Kleu]
c = 2[Ac)?
. . -T]
a = 2K, [Tu] [Ac] . ¥

t
This is'é'quadratic equation in Kz,and,when solved with
the observed [Tu] value:yielded K2 = 1.37XI0-4.

. ¢
When there is the third ligand (aniline) present equation

{(6.2) may be written:
(Tu) _ 2 _ 2
] (aK3+b) cK3 + dK3 + e o

where a [An]

b = [Tul + K,[Ac)

6\
2[An] 2

Q
i

[o}
|

2K, [Tu] [An] + 4K, [An] [Ac]

o
]

2K1K2[Tu][Ac] + 2K§[Ac]2
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The equllibrlum constants £Srthe anilines, K Ky, may =

thus be determlned from the observed free Tu concentratlons.

e 3
The results of thls experiment were tabulated in Table 6.3.

The observed values of Ry for the anilines_yary from 340¥l0_4
for pJeniaidine to 2.8*1074 for p—nitroeniline. In figure_
6.9rlog K3 is plottea against the_Hammett'U velueigo) for

the various anilines. .As might be expected,a good correlation
' is observed. This is in contrast to a study by Rekshye(g%)

in which.the relatiye stability constants for a series of . .
(substituted aniline) Ni(acac) coﬁplexes Qere determined

by meJeurlng the isotropic NMR shifts, In this case poor

Hammett plots were obtained,. - . e

(H) | EXCHANGE REACTIONS - .

In the solutions used to study the’ formdtlon and hydro-
lysxs of the anils ‘there are three species with "exchangable“
hydrogen atoms. These are thiourea (amino groups), ahiline
(ammno group) andlwater. "Exchangable", in this sense, means
that these hydrogen atoms are usually con31dered to be very
much more labile than those on carbon atoms. Fairly slow
exchanges can be detected by adding the deuterated form of
one combonent, e.qg. b20; and then monitoring the system as it
comes to equilibrium. Faster exchanges may be followed by.
using line—broadenlng techniques as outlined in Chapter 2
Section (cii). . ¢

A simple example is illustrated by the lH NMR spectra

shown in figure, 6. 10 Spectrum 6.10(a) was obtained from

-1
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Xy

3.4x107

2.8x10"
3.7x10

2.2x10°

2

1.7x10 <

2
4

3

3

Table 6.3
‘Determination of the equiiibrium'constants=for various anilines
with CoTu.Cl, ‘in CH.CN
“ oTuptly 0 Lo

Aniline Aniline Shift of Free °

‘ cobncentration . Tu* [Tu]

moles/L. : ‘

none - 0,0 - 3046 . . 0.0161
p-toluidine 0.203 ‘ 2817 0.0237
_ p-anisidine 0.158 . 2666 0.0287
p-NO, anilipe 0.199 - 3041  0.0163
p-Cl aniline 0.198 2986 0.0181
p-Br aniline 07201 . 3009 0.0173
Aniline 70(202. ’ 2937 0.0197

7.06%10

All samples were 5.8x10_2’ M in:éoTu2C1 “and the measurements

) 2
were carrfed out at 35°C. _ -

‘l . “
*In Hz at 100 MHz measured from the free ligand position.

3
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(@)

O NH

(b)
* At 100MHz.

' 200 H2

Fig., 6.10 (a) 1H spectrum of p-toluidine in acetone d-6
(b} as (a) after addition of ZnTu4(ClO.4)2

-
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a sample of acetone d 6 which was 0.2 M in P- toluidlne and
]

"~ 0.1 M in HZO' ‘The peaks due to the water and the amlno group

"

of the p-toluldlne are labelled Addition of ZnTu (ClO4 5

to make the solution " 10 in catalyst gave spectrum (b).

The hydrogen atoms of water and p-toluidine are now in fast
exchange. Application of the coalescence formula (equatlon
6.1) leads to a value for the maximum lifetime for the otons
in either water or aniline of 1073 gec. The lifetime may well
be much lees than thie upper limit.

For the case of thiourea, fast exchange was never
detected between the hydrogen on thiourea and either water or
anlllne This includes cases with thlourea metal complexes in
solutlon and thh large  excesses of Tu. The exchange between
aniline and watet is metal complex catalysed and both blnd to
the metal with the‘atom on which the"hydrogens‘are attached.
Thiourearon the other hand,coordinates to metal jons via the
sulphur atom. The difference in exchange rates is therefore
not surprising. .

Three interesting exchange processes are observed when
1n1t1al rate measurements are carried out on the hydrolysis
of the p—toluldxne-anll as described in Chapter 5 Section (C).
These three processes may bhe obeerv;d in the methyl region of
the‘spectgumfand take place on three different time scales.
Firetly,there‘ie the conversion of the anil methyls into
acetone (h-6). This process proceeds at the same rate as

-

the conversion of p-toluidine-anil into p-toluidine, i.e.

[

7
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hydrolysis. ‘Secondly, and slower, is the incorporation of

CD3 groups into.the methyl groups of the anil caused by for-
mation of anmil between acetone (dﬁé) and p-toluidine. This
process is slower because the rate of formation of anil is
initially zero. The third process, and one which is much slower,

is thg/exchangé of hydrogen-and deuterium as noted by the increase

3n'intahsity of the acetone d-6 quintet. This reaction is very

.

y slowrand is distinguished from the second process by the

fact that there, CD3 is exchanged for CH3;whereas here,CD3 is

converted to CD2H.

This last process, the catalysed exchance of hydrogen
o

atoms in water or amino groups with acetcone (d-6) to give CDZH

groups has been observed frequently dufing the course of thisg®

work. It is a very slow process requiring large catalyst con-

centrations and Was not detected during initial rate studies.
- ' “

- This is in marked contrast to the case where acid catalysis

was usedrand where the exchange was found to be virtually in-

stantaneous (Chapter 4, Section (F)}.
(I) SUMMARY _ -

In this chapter,various aspects of ligaﬁd exchange are
reporEed using CoTuzch, taking advantage of its para¥ \
ﬁagn;:ism. The equilibr%ym constants for complexing of thiourea
iﬂ acetone and in acetonitfile soiution’have been determined.

Thé concentratign of waﬁer.in acetoné d-6 was measured and its

association with CoTuiClz-was studied.  For p-toluidine and

its acetone-anii:the'equilibrium constants and approximaté
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exchange lifetimes were measured. Finally.the equilibrium’
constants for ligand exchange of a series of paré substituted .

ani’lines_with‘CoTu2Cl2 K? acetonitrile have been determined.

—




CHAPTER SEVEN

SPIN SATURATION TRANSFER EXPERIMENTS

. —
-~ -

(A) INTRODUCTION

. . The theory applicable to spin satu:ation'transfer (ssT)
experiments in the presence of chemical exchange has been dis-
cussed in Chapter 2 Section (q).The necessary équipment and
experimental methods have been described in Chapter 3 Section (D).

In this chapter the results of such experiments using both

cw and FT spectrometers will be discussed.

(B) EXPERIMENTS USING 19F ﬁMR

. . 5
As -may be seen from spectrum B of figure 6.6 the 19F

NMR signals from ﬁ—F aniline and its acetone anil are ~ 400 Hz
apart at 56.4 MHz. This large separation makes the system suitable
for SST éxperiments on a €W instrument sincelthe direct effect

of the saturating field at the observing frequency will be minimal.
The initial experiments attempted to éstablish if spin saturation
transfer was detectable, i.e. to check whether the lifetime for

: 2
exchange or reaction was of the same order of magnitude as the

spin lattice relaxation time Tl of the lgF nucleus. It was found
that in the presence of either ZnTu2C12 or ZnTu4(ClO4)2 a decrease.

in intensity of the anil resonance was noted when a sate;ating

field was applied at ”thé'frequency'of_the aniline resonance.
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. Furthermore the greater the.metal complex concentration the

A

larger was the decrease in lnteneity observed in the anil eignal

4

® ©On switchlng on the saturatlng field ) Thus it is establlshed
| that the Bystem 15 5u1table for SS5T experiments.

In order to remave systematlc errors and to Smelify '
and automate data collection, he developments and 1mprovement5
déscribed in Chepter 3 Section (D)‘ﬁgre carried out. The desirabie
strength of the saturating field was determined with an exchanging,
‘i.e. catalysed sample. As the strength of the field is increased
ét‘geak A, the intensity of B decreases due to the transfer o{

non-equilibrium magnetisation. When A:{is fully saturated the

intensity of,B will remain constant as t M of t%? field

at A is further increased. Eventuatly peak B will decrease in

intensity again due to direct saturation from the field centred
‘ ;

at A. The actual strengths O0f the saturating fields used were

close to the minimum required to produce full saturation as further

(36)

increases may produce Bloch-Siegert shifts at peai B. b
Shifts of this nature would 1eed to errors in the reeults derived
from the recovery or decay of the magnetlsation at peak B. Under

the copditions used no Bloch-Siegert shift at peak B could be

-

\\\ observed, A further check showed no effect on the lntenslties

of peaka A and B when the saturatlng field was set“mldway between

-

A and. B.

With the equipment avallable it was possible to determlne“

the relaxation timee T of both the anil. and the aniline signals

- from the decay of the magnetieetion of ope peek when the satura— S
~
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ting field was applied to the other peak. From eguations (2.14)

|

_ s T Ty ‘ .

M) - M s MR ARy 1AV L (7.1) -

-4 . -] 0o'T . . 3

. A . s

Therefore axﬁldt of.l?(Mz(tﬁ-f:Mi) versus t will yield a value of
?ﬂh from its slope,  Use of equation_(2.10) will‘then;give‘a
value of Tl . The‘relaﬁation time T, may also be determined from
the recovery of magnet;fatlon after removal of the saturating field

at the second peak as 1iscuased at the end of Chapter_3. The con-

g

dition that the recovery beia simple akponehtial with a characteris- .

{23)

“tic time of T., is that 1 ot 2'1‘1 . Thls may- be simply satis-

1A 1A ~
fied by ‘adding an approPriate quantity of catalyst. e
When ln[MZ(t) - MA] was plotted against t very good straight
= lines were usually obtained,showing.that the conditions were being

satisfied. Tﬁg recovery method has the advantage that T, is de-

. .

termined direcﬁly from_the slope of the logarithmic plot wiﬁhout
any measurement of the raié as is required if Tl isg de;ermined
from the decay of the magnetisation, Some-ekperiments were carried
out in which ihé relax&tion times were measured both by5the‘decay
and by the recoﬁery techn 7 h

| ~A third method dsed to measure relaxation fimes was the
" saturation recovary{ ‘achnique. The-é%perimental method has been

. ‘ . | .
discussed iﬁ Chapter 3 Section (D). This technjque was used to

A L

measure the spin latﬁice ielaxatirn time for the lgF'nucleuB in
p-F aniline. The samples were agprox1mately 10% p-F aniline

'/ in acetone and no spec1al precaﬁiions were taken to remove oxygen.

4

v
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The protons were decoupled to give a single sharp line in the
19' spettrum ;he values obtained for Tl were qulte con31stent
ranglng from 2.7 sec to 3.2 secC with an-average value of 3. 0 sec.
Values of Tl are not usually "considered rellable to more than
s106 070, 0 p - I

The values of Ty for p-f_aniline,determined from the decay1
and reCOVery of magnetlsatlon however varied over a much wrder .
range. JIn general the values of Tl were longer than 3.0 sec
and varied up to 10 seconds Inltlally the Tl values were deter-
mined from the logarlthmic plots of the decay of magnetlsation.
Usiﬁgotals method the results were usually cons;stent WLthln ‘a
particular experlment for example those glven 1n Table 7.1 for
two consecutlve experlments on a sample contalnlng p- F anlllne,
the acetone-anil and ZnTuq(C104)2 in acetone. The relaxation
times T, are in good agreement with each otherbut not with the
value of 3.0 sec determined by the saturation recovery technique.
Also the test of tte method, i.e.lthe comparison of thevvaluey%f

.MA
TA/TB with the value of £ obtained by 1ntegrat10n is not par—

MB
ticularly satisfactory. These problems combined with the one
'mentioned in Chapter 3, ‘i.e. the inability of the frequency
generators to maintain thelr set frequency to x0.l1 Hz or better,
finally led to the abandonlng of efforts to actually measure T,
ln tﬁe presence of chemical exchange on a cw spectrometer. The
alternatlve methad was to take the T, value from a saturation -

recovery experiment and to determine Mg/Mﬁ "as outlined in Chapter

3 Section (D). Some experiments were conducted using this approach.
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Table 7.1

lgF SST results

Sampié; p-F .aniline (A), p~F anil, (B) and ZnTﬁ4(C104)

inuacetgng .é .
lst ekperiment ' 2nd expefiment

TlA 8.5 sec. 9.5 sec

Tyg 8.0 sec : o 8.0 sec

Ta 1 . 1.4 sec ' 1.5 sec

Tg ] 0.5 sec 0.5 sec

TA/?B 2.7 ‘ 3.3

B A N
M‘;/Mo 3.8 3.7

wF

N SR

. A
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One such eXperiment involved measuring the rate of
exchange between p F aniline and ltB acetone anil in the presence
of ZnTu (C104)é as a function of added Tu concentratlon. The
Tu decreasedAthe rate as expected fora metal complex catalysed
process involving coordination oflreactlng substrates.

Another experlment lnvolved addlng Nl(ClO4)2'6H20 to
P- F aniline in acetone and observing a fast reaction by SST as
andlcated by the value of MA/MA Addlng ortho—phenanthroline or
terpyridlne dramatically reduced the value.of MA/MA Since the
addition of either of these two compounds is not likely to ghange
the value of T greatly, the conc1u51on lS that o- phenanthrollne
.and terpyridine inhibit the act1v1ty of N12+ as a catalyst in this
eystem. On the other hand a,a-dipyridyl was found to be inef-
fective as an inhioitor.

A third experiment involved measuring how the rate of
reaction or exchange changed with time due to possible deterioration
of the catalyst., The method used was to determine M /MA by
weighing the cutouts of the peaks. The sample was p-F aniline
and ZnTu, (C1l0,), in acetone. Thehvalues of-Mﬁ/Mi as a function
of time are listed in Table 7.2. The results indicate a slow
decreasa in the rate of exchange but this is not fast enough

to interfaere with the rate measurements reported elsewhere in-

S

this thesis.

(C) EXPERIMENTS USING lH NMR
In order to-be able to carry out an SST experiment to

meagure the exchange rate of aniline and anil using lH NMR there



Sample:

"Table 7.2
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Time dependghce of Mg/Mi

Time after adding -~
catalyst in minutes

-

MP/u®  (anil)

o

17
35
55
72

‘109

129
225
245

1l week later

2.65.
2.62
2.87
2.76

2.70

<1l.0

p-F aniline, p-F anil,

ZnTu,Cl0O

4 in acetone.

Measurements of anil resonance with (Mi) and

without (Mg)-saturation of aniline resonance.
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are .a numbéé of conditions which need to be satisfied. Firstly

a suitable peak for use as a probe,mﬁst be choSen. ‘This should

ideaYly be a singlet, i.e. ﬁhere_Shouid be no spinwspﬁn.cbupling'to
any other nuclei in the molgcule. The methyl peak of p-toluidine
ould be_satisfactory from this point of view since tﬁere is iny

a small {usually un:ésolved)'coupling to the aromatic pretons.

The second cqndiﬁion is that the selected ﬂucleus‘dr group of.
nuclei shbu;d have different chemical shifts in the-gnil and in

the parent aniline.. In the‘Fase of p-toluidine Ehe difference

in chemical shift between the para'methyl group ‘n p-toluidine
itsedf and its acetone anil is 10.4 Hz at 100 MHz. For p-anisidipe
and m-toluidine the situatién is very similar. Using the available
-equipmept on the HAlOO it was not possible £o carry ou£ SST ex-
periments on peaks that close together.:hThe "beats" generated

by the observing and saturating fields together with the modulation
due to tha’sample'SPinning frequency . tended to obscure a regign

of roughly 15 to 20 Hz on each side of the satﬁrated peak. -This
eliminated aﬁy possibility of measuring éxchange rates for aniline/
anil, systems using €W spectrometers observiﬁg lH.

It was hOWever posgible to measure another exchange rate
us}ng lH NMR and SST. This was the rate of exchange of the two
‘methyl groups of the anil. In Figure 4.1 "~ is the lH spectrum of
the acetone anil of p—Flaniline in CD,CN. The two methyl reso-
nances are 38 Hz apart at 100 MHz. It was noted that on addition
of ZnTu4(C104)2fto such a sclugion the methyl resonances were

slightly broadened. This sﬁggeéted that the rate of exchange of
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the two peaks,\éither with each other qr.with acetone, would

be aménable to a study ugihg'SST. This must be carried out. in a
solvent other than :cetone.d-G to avbid rapid deuteration of the
anil methyl_peaks}‘;Acgfonitrile is a suitable alternative

solvent and in'CD3CN reai&ual 1H'signais are convenientiy'located

-betﬁeen the two isopropylide;e resonances.
Initial experiments indicated that only weak fields were
required to saturate. the very sharp isopropylidene signals and
that at those fields there was usually little "beat" activity
in the vicinity of the other signal. 1In Figure 7.1 are shown
some lH‘NMR spectra oétained at 100 MHz with a aample-of
N-isopropylidine p-F ;niline in acetonitrile d-3. 1In each case
the methyl region of the speﬁffhm is shown and the weak quintet
is due to the residual ;H in the CD3CN. Thé‘weak sharp peak
labelled Ac is due to acetone. Spectrum A shows the normal
spactrum. In B the high field methyl peak of the anil has been
saturated using an external oscillator. The other methyl signal
shbwa only a very slight change in intensity. Spectrum C is
obtained when a ;mall guantity of ZnT}A4(C104)2 is addedlﬁo the _
solution and a slight broadening of the anil methyl peaks can (f
be observed. Now, as shown in spactrum.D, when a aaﬁurating field . - -~
is app}iéd at the high fieid methyl peak there is a marked
decrease in intensigy of the other methyl signal. However
‘ Ehe acetone signal is éompletaly unaffected by the saturation

of one of the anil méthy; peaks. The conclusion here is that there
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:is a process which interchanges the anii-methﬂ% groups wgich
does not involve the acetone: i

* A possible explanaﬁion for the observed exchange is that
the anil on coordination to the metal has ité - C=N-bond weakened
due to the participatioh of M*N-& . This wéuld lower the acti-
‘vation energy necessary for rotatipn about the C-N bénd and -
thus facilitate the interchange of the two methyl groups. For
thé compouna N-isopropylidene aniline in the dbsence of catalyst
the temperature at which the two methyl peaks coalesce was found
to be i26°C(79) . Since the above éxperiments weré carried out
at room temperaturg the observed interchange is obviously a
catalyséd process. This is confirmed by the absence-of an;SST
effect in_thé absence of catalyst. |

As in the case of SST in lgF NMR attempts were made to

automate meaaurements and to determine Ty values in the presence
of exchangg.' Similar stability problems were encountered in
the p?eéenﬁ experiments. Also slight irregularities_in the NMR
sample tubes were found to produce "beats" in the -vicinity of the
observed‘peaks‘when the saturating field was'switched on. For
these r;asoﬁs no quantitative experiments were carried out using
automated techniques. Hoﬁever the gualitative SST experiment
described above does establish that there is some metal complex \
catalysed process reépbnsible for interchanging the anil methyl

groups which is faster than the dynamic equilibtium involving

the formation and hydrolysis of the anil.
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(D) | coMPARISON OF 'H AND ' ssT LIFETIMES -

Following the observation of the catalysed exchange of
the methyl groups of the acetone anil of p-F aniline it seemed

desiriable’ to compare the :rate of aniline/anil exchange as

monitdéred by s

oF
groups| of the anil using lH NMR.

F NMR with the rate of exchange -of the two methyl -

R}

4

The experiments were carried out on both the DPGOVand
HAl00 spectrometers with both pfobe températures set to 27°C.
The sampgle consisted og_p-F aniline .and p:%“gnil {an m'50/50
mixture) dissolved in CDBCN. The p-F anil};és prepared as
described in Chapter 4 Section (C).‘ The SST expefiments were
designed to determine the ratio Mg/Mﬁ by measuring the intensity

of a peak with a saturating fielq at B and again with the

satusating|field at some position remote from both A and B.
The A, B palirs were the lgF signals of p-F aniline and its
acetone anil and the tﬁo méthyl signals of the anil.
The following measurements were carried out:

(a) the lgF spectrum was integrated t

v (b) SST expeliments were performed on both lgF and lH
{c) the catal st_ZnTu4(C104)2 was added and when equilibrium
. was eétablisbed the SST experiments were repeated.
(d) the sample\was then split into two portions. To one half
was added a\small quantity of acetone h-6 and the intensity
of the acetope'and anil methyl peaks was monitored for one

hour. To the other portion of the sample was added a small

quantity of water and the same peaks were observed for an hour.
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The information f#om {a) allowed calculation of the
conceniiations of both the p-F aniline and the p-F anil.prpseht
in Fhe solution. .Thé intensity measEremenﬁs in Sb) showed that
£h0r9 was no effect caused by the sdturating field in the 13e
case and a small (v 108) decrease in intensity in the 'y case. -
After the addition of the ZnTu4(C104)2 the SST-experlmentél results
shown in Table 7,3 were obtained. The_Tl values needed to
calculate the exchange Iifetimeé were measured independently.
The value of 3.0 sec for il of'rgF in p-F aniline was obfa;ned
from a .series of "saturation recover?";maasuremehts as described
in section (B) of this chapter. The Ty value used in interpre-
ting the y results was that obtained for acetone in a Ch, CN
containing 0.2 moles/%. of p—toiuidine'and with a'ZnTu4(C104)2
concentration approximately equal to that uged in the gbgbe' -
experiment.' The value obtained and used waé 4.8 secoﬁds._

From Table 7.3 it may be seen that the lifetime calculated

lgF NMR is approximately half that

for the anil‘as measured byr
obtained for the interchange of the two anil methyl groups.

The‘second half of the experiment consisted of monitoring
the effect of adding acetone and water to separate portions
of the catalysed sample. The acetone or water would be expected
to displace the posihg?n of the equilibrium

" Aniline + ﬁéetone F=§ anil + water
and the return to the new equi{ibrium position could be observed.
(32)

This is a "concentration jump" experiment . The change in

the equilibrium position was followed by measuring the ratio of



165

' : o ,Table 7.3

I

4 results for low field anil Me signal

; a

4.8 cm (average of 4 scans) -

o
. X \ .
Mi = 1.17 cm (average of 7 scans)
¢ .
'I‘lA = 4.8 ;KC
TlA = TlA ;K'= 1.17 sec -
o , .
- — i - .
s Ty = 1755 sac.

lgF résults‘for'p-F aniline signal

o
il

5.5 cm (average of 5 scans)

Mﬁ- = 2.0l cm .(average of'6 scans)
TlA = 3.0 sec,
TAniline - 1:73 sec
and TAnil = 0.72 sec.
Comparison of results:
. '
- t(Me from H) 1.55

= - 2.1
T(Anil from 19F 0. 72
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the intensitiés of the acetone signal and the anil methyl signal
' A

besjde it. The éample at equilrbriﬁm after the addition of the
catalyst was b.GG M in p-F anil, 1.53 M in p-F aniline and

1:351P 3-M in ZnTu (C104)23 The acetone concentration wes very
smeil. Acetone h-6 was then added to the sample, so that the'

~!

solution was 0.22 M in added acetone. ‘:hls was at least ten timesl

"the concentration of acetone'already present, However-the‘addi~

tion of acetone produced'no observable-change in the anil methyl

aignals when added nor did the intensities change with time.

This means that the conCentrﬂtlon of water in the acetone must

be such that the ratlo (H O]/[acetone] is equal to the equlllbrlum

constant K deflned by: . Ox
[p-F anil][H20]

. & YT T5=F anilinelTacetone]

E
The coecentration of water in the acetone was measured using the
method outlined in'Chapter 4 section (G). The value of
(Hzol/[acetone]lwes found. to be 8x107°. This gives an estimate
for XK of » 1x10”2 which is in fact in good agreement with the
values obtained in acetone soigtion and reported in Chapter 4
Section (G)t ’ : e

Addition of water to the other half of the original‘solu~'
tion however produced a large 'shift in the position of the equfiif

.(‘ s

brium. The solutlon was initially 0.5 M in added H20 In Figure

7.2 the intensity of the acetone peak (in arbitrary units) is
- . " Q'~ N

plotted agdinst the time alapéed in minutes after the addition
of the water. By extrapolation a value of the initijal rate of

formation of acetone from anil and water may be obtalned Thls

-
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3

is 3x10 ° moles/f.sec. It is interestihg at this point to compare

tuis rate with the rate obtained from the'SST’éxperiment using

lgF NMR. The process observed here is

p—Fréniline ;j::gpr'anil¢
9
The lifetime observed for p-F aniline in’ this experiment was

0.74 sec = T, .- ‘The rate of reaction of the anil is then given
by
Rate = lanil] - 0.86 _ 0.9 moles/k. sec.
, T, . 0.74
Anil .

Thus:exp:essed in moles/i.sec. the rate measured by SST
is roughly 102 times as large as the rate measured by the initial
rate method. There would therefore seem to be two distinct

R i
processes involved.

(E) FT 55T MEASUREMENTS

The experimental céhditiong-which were us;d for running
SsT expériﬁents on an FT spectrometgr have been described in
Chapter 3 Sectidn.(E); The main advantages of the FT method are
(as SST experiments can be performed on pairs dﬁ peaks that are
within 10 Hz or less pf each other and (b) the spin relaxation
times Tl may be measured in the presence of exchange thqé alloQing.
the effects of-the catalyst on 'I‘l to be determined. In fact the
T1 value measured for the protons of the methyl group in p-
toluidine was found to be affected by the metal complex concentra-
tion. When the ccqcentration of'ZnTu2C12(C) in a solution con-

taining 0.2 M p-toluidine in acetone d-6 was changed the following
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T, values were obtained_by the 180°-1-90° method; C = 0.15 M,
Tl = 3.0‘sec; cC = 0.30 M,Ti = 2,7 sec; and'C =:d.45 M,T1 = 2.4‘
éec.  THié decrease in Tl as the metalxcohéiex’éonceﬁtratidn is
incféé;éaléould be due to the‘inérease in the QOACEntration of
protons in the soiution (since they are more effectivé in pro-.
moting dipolar relaxation than deuterons) or it could be due to
a very small concentration'bf a paramagnefic impurity pfesent in
the ziné complex. -

‘The.SST experiments performed on the FT spectrométer‘ .
were mainly concerned with determining suitable'exPerimental.con—'
ditions and exploring the limitations of thé-technique.“Howéber;
gdme rate data were obtained for the exchange betwéen p%toluidine :
and its acétone gnil as monitored by:their para me%&yl signals.

The samples werelcatalysed with ZnTu,Cl, and the resulté are
presented in Table 7.4.

The lifetimes for the aniline obtained in this way may
be compared with those derived from the initial rate experimentlﬁt'
Measurements of the initial rate of formation of anil from

2

of Chapter 5. The measured initial rate of formation was

p-toluidine (d-2) catalysed by ZnTu2Cl' are reported if Section (Bii)

v l.6><10-4 moles/%. sec. with an initial p-toluidine conceﬁtration
of 0.2 moles/L. and a catalyst concentration cof 0.02 moles/%.
An approximate lifetime for the aniline under these conditions

may be derived using the expression - )

concentration ' 0.2 :
T C = = & 1200 sec.
Aniline rate 1.6x10"4

Lifatime =

-
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Table 7.4
Results of FT SST experiments
Conc. of ZnTu,Cl, ] Ty "anil |- “Aniline R
in molgs/Q. ‘ (sec) {sec) {sec)
]
! 0.14 3.1 | 7.7 i ‘ 4.6 1.0
0.39 i 2.4 | 4.0 2.2 1.16
. . L
1

Both samples were initially 0.2 M in p-toluidine and the

‘ temperature was 28°C.

MM _(Anil) Ty iv
R = m) ' —T_&E—l;}'—‘ (ldeally R = l.o)
© Aniline

-
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This is the lifetime for an aniline molecule involved in the
egailibrium, - ‘

Aniline + acetone & anil + H,0 .

It is only an appfoximate figure since fhe initial rate and‘con-(
centration‘afe used instead of the equilibrium rate and concen-
tration.’ However these factors will compensate for one another
and the estimate is certainly gobd to within an order of magnitude.
To compare the above lifetime from the lnltlal rate stu-
dies w1th that obtalned by the FT SST measurements an allowance
must be made for the dlfferent ZnTu2Cl2 concentrations. Assumihg
that the rate is directly proportional to the ZnTu2C12 concen-
tration this would éredict that an initial rate experiment with
0.2 M.ZnTu2C12'wduld vield a lifetime for the aniline of A 120
sec. . The observed value of the lifetime for aniline as measured
by FT SST under these conditions is in fact 4 seconds. Other
factore involved, if taken into account, would only serve to make
the diserepancyleven larger. One_of these is the fact that ﬁhe
initial rate measurements were performed using p-toluidine (d~2)
wherees the FT SST experiments used p-toluidine (h-2). There
is also the difference in temperature- the initial rates were
measured at 35°C whereas the SST experlments were carrled out
at 27°C. The third point is that the dependence of the‘rate on
ZnTu2Cl2 concentration is likely to be less than first’ order
at high ZnTu2C12 concentrations. Thus there is a marked
discrepancy between the results of the\kwo experimentgfmgggﬁﬁiques

which are supposedly measurihg the same process. These calculations
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are stronglf supported by the observation that samples pfepafed
for SST experimenté with 2nTu2Cl2 cqncentfations of'O.g moles/%. -
~ or less c;uld»be observed coﬁing'to.eqdilibrium'in the NﬁR spec~
trometer. With é ZnTu2C12 concentration of 0.14_molés/2. the |
time to form one‘half of the equilibrium concentration of the
anil was roughly 5 minutes. However the SST lifetime measured -
lfor the aniline in this éample was * 5 seconds. These results ‘
tend to suggest that there is some process which exchanges

aniline and anil faster than the reaction of the formation and

hydrolysis of the anil.
(F) DISCUSSION
The results presented .so far in this chapter may be summa-

rized as follows:

{a) Exchange of aniline and anil‘as‘obServed via their para .
substituents is metal complex catalysed.

(b} The observed rate of exchange of aniline anduanil as
measuréd by SST experiments (%H andllgF) using the para.
substituents as a probe is much faster than can be expléined
on the basis of the catalysed formation and hydrolysis of .
the anil in either acetone or acetonitrile as a solvent.

(é) The interchange of the methyl groﬁps of the anil is metal
complex catalysed but does not proceed via acetone.

{d) The lifetime of an anil molecule as measured via'its‘pafa
substituent is halflthat for the interchapge of its methyl
groups.

.Agide from chemically unlikely possibilities involving

/Q'
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breaklng the bond between the para substltuent (CH or F) and
the aromatic ring the 'most reasonable explanation of all the
above results is<that there is a metal complex catalysed

transimination reaction taking place, 1i.e.

a
- CH, {a) - 'CH, {B) CH, {Rn) CH, (B)
(7.1)
c\_ | c\
X / CH3 / C‘H3
CH, CH

This reaction is analogous to the formation‘ﬁf thg anil exéept
that here the aniline attacks the carbon.df the imine bond of

' the anil ‘rather than that of the carbonyl bond of aceténe.

To show that there was a transimination procgss occuring

an experiment was carried out using methods for measuring the

-
-
—

Lini£i31 rates. A sample of p-toluidine (0.2 M) in acetone was
prepared, a‘littlé ZnTu4(C104)2 was added and thé reaction was
monitored using the_p-CH3 peaks of p-tcluidine and its apil.
After thirty minutes the reaction had proceeded roﬁghly 66%

to completion. At this point aniline was added to the sampie
so as to make the aniline concentration " 0.4 M; The first
sweep through the methyl region after the additigﬁ of tﬁe

Anil

aniline showed that the ratio (Anil+Aniline) for the.p—toluidine

had changed from 0.4 to 0.125. .This new "equilibrium" position ‘
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was reached in less than one minute. ' The reaction taking place

was CH CH

3 . 3 ,
+ == +
(3
NH » N - Q\ NH
2 YN CH _— Rb)
— 3 c— CHy .
/ /
CH, . lCH3

This transimination reaction is at leest lOz,times faster than

the reaction with acetone forming the anil. The rate of reacfibnl
of -aniline with acetone is compa:able‘with that‘of p—toluidine.
This means that in the SST experiments the only ‘significant Eon-
trlbutlon to the, measured exchange lifetimes will be from the

g

transimination process. .

The role of the metal complex in catalysinglthe.transiminaj
tion reaction was demonstrated with a sample containing p-toluidine
and its aeetone anil in acetone d-6. Aniline was added and no
transimination was observed. Also, as mentioned in section B
of this chapter the transimination reaction is inhibited by Tu.

In a transimination reaction such as that of 7.1, each
time that the iSOpropylidine group is transferred from one ring
to another there is a 50/50 chance that the reaction will occur
without changing the syn/antl posltlon of the methyl groups.

On the other hand the para substituent will be exchanged on

every reaction. Thus the predicted lifetime for the anil methyl

groups would be twice that of the para substituent of the anil.
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The axperimantai-result presented in sactipn D of_ﬁhis chapter
is thus in good agreemdnt with this prediction.

| The transimination reaction thus aexplaing all the experi-
mental observations and discrepancies presented in this chapter
The catalysed free rotatlon of the anil methyl groups is not

excluded but may well be’ slower than exchange via a transimination

reaction.

-



CHAPTER EIGHT

. PISCUSSION AND- CONCLUSION

\

(A}  INTRODUCTION
A catalysed reaction .consists of a_number of steps ,each k\‘.
with its own rate Constant. 'In general one of these steps will
be much slower ﬁhan any of the others and this is then knowﬁ as
Athe "rate-determining step:. The objgctive of kinetic studies
of catalytic reactions is-usually to determine the nature of
the rate.determining step, to measure its rate constant:and
to infer the mechanism of the step and thus of the reaction.
Since mechanisms are rafely "proved” by kinetic studies,
the approach to determining the hechanism used here will be to
find the simplest aﬁd most chemically reasonable mechanism

which wi}l fit the observed facts and measurements.

(B) NATURE OF THE CATALYTIC SPECIES

‘Certain definite conclusions about the metal complex
catalysed formation and hydrolysis of anils may be drawn from
the results'preseﬁted in the previous chapters. The first point
is that the reaction is homogeneously catalysed by metal com-
plexes, specifically thiourea complexes of Co and Zn. The un-
catﬁlysed reaction is very slow and may be ignored at the
catalyst concentrations used in these studies. Also,the rate

of reaction is directly proportional to the catalyst concen-

LW
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tration  for the.case of 2nTﬁ#(ClOd)2 as catalyst. The
effectiveness of the variops c&talysts-correlates roughly with
the dissociation constant of the complex as measured in acetone
solutisn. .

One of the.must important gquestions to bevaettled is

whether one

.

or more, of the reagents need to be complexed to the
metal for reaétion-to occur. The need for complexing is strongly
-suggested by the inhibition studies carried out usiné thiourea.
Furthermore.the obsefbéd behaviour of the rate as a function of
aniline, anil‘and water cqncentrations suggests in the simplest
interpretat{gn a fast pre—equiiibrium involving $ssociation of the
substrates with the metal complex.
One posaiﬁle mechanism not_involvihg any complexed reagents

" would be a tfansimination reaction involving complexed Tu. The
mechanism would involve the formatidn of an imine betyeen acetone
and the amine groﬁp'of the thiourea,followed by a transim{:;tion
reaction between that imine and an aniline molecule. This is
unlikely for the following reasons:
(a) Tu alone is ineffective as a catalyst.
(b) fhere is no evidence for catalysed imine formation between

acetoné and thiourea(ﬁg).
kc) Both Zn(DMTu)zBr2 and Zn(TMTu)zBr2 are very effective
ap catalysts,and here a transimination mechanism could

not operate since a nitrogen with two hydrogen atoms is

necessary for such a reaction.

&
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At this point it should be noted that any of the indi-
viduaI stepa“involGiﬁg complexing of the various substrates
c&nnot be rate determ;qing. This may be seen from a'qomparison
"of the measured lifetimes for ligand exchange with the lifetimes
for the forﬁaﬁion-or hydrblysis of the anils. For the case of
ZnTu Cl ag catalyst in acetone which was 0.2 M in p- toluidine,
j the initial rate of formation was 1,6x10 -4 moles/ﬁ,sec. This
can be converted to a lifetime for the forward reaction by

- conc. _ 0.2 moles/%, - 3
T Rate _ ~ 107 geconds.

1.6’*10“4 mecles/ L. sec.

The heasﬁred lifetimes for the ligand exchange processes
conce;ned are many orders of magni£udé less than this figure: In
-Chapter 6 Section (E-iii) lifefimes of 107° and 1079 seconds
are reported for exchange of p-toluidine and its anil with
CoTu2C12. Kinetics for the analogous zinc complex are belleved
(69)

to be very similar

The experiments involving dilution with CCl, for both the

4
formation and hydrolysis of the anil have been discussed in

Chapter 5. 'The result for both reactions is that the rate-de-
termining step aépears to be first order, that is (the rate is
independent of the degree of dilution with CC14).Since the rate is
known to depend on the aniline, anil, water and catalyst concen-
trations, then this result suggests that the rate—daterminihg-

step takes place in a ternary complex, i.e. one containing both

of the substrates and the catalyst. The simplest ternary complex

is one containing both substrates complexed to the metal in the
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first coordination sphere of the complex. . As was shown in Chapter

5,S5ection (B-iii) ,this model will predict the observed behavicur

‘on dilution with an inert solvent. .For the forward reaction, i.e.

the formation of the Anil, the modal_would predict that the rate

of formation of anil would be directly proportional to the con-

centration of the species containing both acetone and aniline

vy
coordinated, or;

rate « [MAnAcC12]
for the case of MTu,Cl, as a catalyst:
In order to test this model for the mechanism it is
necessary to be abl;-to calculate the céncentrations of the

various mixed ligand species in a solutlon with many potential

ligands. A method for doing this is prgsanted in Appendix A

for the MTu2x2 and MTﬁi+ cases. Also de:ived therein are the

apprOpriate expressions for the rate if it is assumed to depend

on the concentration of speciea contalning coordinated acetone

and aniline.
The form of equation (A.2) is particularly suitable

for iterative computatidn to find the concentrations of all the
species [MLiLjy. The prbgram réquirea values of the equilibrium
constants Ki and the total metal concentration m. It also |
raquires an initial guess for each of the free ligapd co ptra-
tions [Li] as well as the total amount of ligénd i in th{ solution.

. The procedure is to use the initial guesses for [Li in

equation (A.2) and to calculate the terms [uLiLj]. New values for
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[Li] are then obtained from a serieslof expressions

ML.L. i

[Li] = [Til N 1 i)

Il =3

y
where [T,]) is the total concentration of the ligand {™in the

solution.

) :
The new values for [Lil, i.e. [Li] ,are then substituted

into equation (A.2}. .This procéss may be repeated until conver-

gence 1s obtainéd, i.e, untillthe vaiue.of a pafti;ular [MLiLj] 5

changes by iess than 1% in two consecutive iterations. The

program was found to converge rapidly when m was small compafed

L} - .

to iny product KiILi].‘ The program is reproduced i\ Appendix B.
This program was used Qiﬁh the data from the experiment de-

signed to find the dependence of the initial rate on the p-toluidine

2

5,Section (B-ii). "The values used for the equilibrium constants

concentration with ZnTu Cl2 as catalyst,as descriged in Chapter

were those detarmined for acetone and p~toluidine wgth CoTu2C12,

as outlined in Chapter 6,Sections (B) and (E). The input data
a9 \ -

and the values for the concentrations of some of the épecies in .

solution are repof?ed in Table 8.1. The program converged after

12 to 20 iterations.

1f the model outlined above (i.e. that involving coordina—
ted aniline and acetone) is the,correét one,then the initial rate
should be directly proportional to the calculated concentration
of the species Mggﬁlez.- A glqnce at thé figures in fable 8.1
shows that in fact tﬁg calculated value of‘MAnAcCl2 actually

decreases as the aniline concentration is increased, in direct:



Table B.1

Calculated Concentrations

1Bl

*from Tabla. 5.3

Input data: Initigl ZnTu2Cl concentration 0.021% M
Acetone concentration 13.65 M
Equilibrium constants: Kl(Tu) = 1.0
. K, (An) = 0.036
: Ky (Ac) = 0.000107
. - ‘ *
[p-toluidine] [MAnAcC12] A B Initial Rate
moles/% sec
moles/ 2 moles/% )
0.064 1.10x2071 74x107%] 1.27,107%] 7.45.107°
0.117 1.04x10'4“ .84x10" .3ix10' 1.281074
- 0.162 1.00.10" .55x107 .86~10" 1.44x107¢
0.213 9.5 x107° | 6.17x107°| 6.71~207%| 1.67~107"
0.292 8.5 <1075 | 6.97°1075] 5.59v10"2| 2.28v10"%
0.620 7.3 107> | 9.09x10" .50~10"2," 3.31~1074
A= ([MTuAcC12] + [MAnAcClz])[An]
. B = ([MTuAnCl,] + 2[MAnAnCl,] + [MARAcC1,])/[An]
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contradiction to the observed régﬁlt. In fact the‘value of
IMnnAcClz] will not increase as a ﬁunction of [p-tol] unless
KB[AQ]->> Kz[An], (see equation (A.S)). From the experimgnts
described in previous chapters and'from ﬁhe general behaviour
of thiourea metal complexes in solution with ahiline,it is not
reasonable to conceive of K {Ac] belng greater than K [An].

The same conclusion will hold for the case Jf MTu4++ as
é catalet since the expressioh (equation &A.B)) for the
concentration of all species contg%hing coordinated acetone and
aniliﬁe has e;actly the same form‘as‘fof/the MTu2Cl2 case. The
model thus fails to reprcduce the experimeptal behaviour of the yﬂ
initial rate of formation  of anil as a function of aniline concen-
tration, both for 2nTu2Clé and ZnTu, (Cl0,), as catalysts.

For the above reasons then, it is necessary to abandon
the mechanism where both,;ubstrates Are coordinated prior to
reactién. Tﬁis means returning to a mechanism in which only
one sﬁﬁstrate is coordinated. However, in order to.explain the
results of the dilution experiment, the second substrate must be
bound to the metal complex in such‘a fashion that CCl4 will not
dissociate this adduct. hhatever the nature of this binding (be it at
weak fifth coordination site, hydrogen bonding, or simply a Van der

Waals interaction), the site at which it occurs will be referred to,

in the foljowing Qiscussion, as a second coor@ination sphere sit®.) Thus

Al

the condition for the dilution ekperiment may be expressed by
saying that the second substrate is a much better second sphere

ligand than CCl4 and is thus not displaced by CC14. That such
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a mechanism w1ll correctly predict the result of the dllutlon
experament is shown below for the case of MTu C;z as catalyst
' Suppose that acetone is to be the first sphere 11gand

and anlllne the gecond spherqfllgand. Then for replacing Tu by

acetone .
K3 . \
MT\J2C12 + AC = MT\JACClz + Tu
! K. [MTu,C1.] [Ac] -
35 T2772 .
M 1 = . -
) - B L -y I s

The second coordination sphere will fnitiaily.contain acetone
and may be represented by MTu, Cl (Ac) or MTuAcCl (Ac)."Now

for aniline replacing acetone in the second coordination sphere

. 1
MTU.ACCl’z_' {Ac) + AN F=ome> MTuAcCl « (An) + AC

P . : [MTuAcCl “(Ac)] (An]
[MTuAcCL,* (A} = K' [Ac]
(MTu,C1,* (Ac)] [An]
- K.K3 . [Tu]

rz"|
If the rate is proportlonal to the concentration of

MTuAcClz'(An) then *
: [MTu2Cl {Ac)] [An]
Rata « K'K

"3 (Tu]

On dilution with an inert solvent to a volume V times the original

volume , [MTu.,Cl, - (Ac)]
Rate = K'K 272 (An] , WV
3 v v ‘ITU.I
/ [MTu,Cl,°(Ac)] [An)
— Lo 272 L
(j Rate = K'K, [Tul v

. e o % on dilution.

There is an additional species containing acetone in the first
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coordination sphere which will make a significant contribution

to the rate,and that is the species'MAnAcClz. The othér acetone,
‘ _ ' . |

containing species,MAcAcClz,will only be present lin extremely

- . N .
small amounts due to the size of the term K3[Ac] relative to the

terms Kz[An] and [Tu]. The full expression for the rate will then
be

! Rate « [MTuAcCl.‘(An)] + [MAnAcCl,- (An}]

L dilution

The second term by a similar analysis will also show v

behaviour. Tﬁis is in fact the observed rbksult.

ﬁlthough in- principle this méchanism could have either
aniline or acetone as the first sphere ligand, all chemical
axperience with reacﬁlons of this nature would suggest that Acetone—

(//135 the first sphere is much more likely. As quoted in the first

éhapter there is much evidence to show that one of the wain dri-
y;ng forces: in metal catalysis of.nuéleOphilic attack is the
polarizatioﬁ of charge-which takes place in the carbonyl group,

say, on coordination. The relatively larger positive charge

on the carbon of the carbonyl group renders it much mors susceptible
to nucleophilic attack, in this case by the nitrogen of the -
aniline. ©On Ehe other hand, the complexing of aniline would
‘reduce its ability to act as a nucleophile towards the carbonyl
- group since it is‘doing s¢ already to the metal.

A confirmation of this argument comes from the calcu-

lations of the concentrations of the various species in solution.

If the rate was proportional to the concentration of complexed
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aniline there would- be three important species to consider:
MTUAnCl,, MARAnCl, afiti MAnAcCl,. With acetone in the second

sphere the rate would then be proportional to the following term:

[MTuARC1, + 21MAnAnc12) + [MAnAcCl,]
. : lAn}

In Table 8.1 the calcuiated values for this term are listed,and
it may be seen that in fact the value decreases as the aniline
concentration is increasedrin contrast to the observed behaviour.

For the revérse reaction of the  hydrolysis of the anil
the same arguments qpply;ﬁith the ::C-N- group replacing the
carbonyl group and with H20 now being the nucleophile. The
mechanism - of this reaction would then inveolve coordinated and
polarised anil, and H20 in the second coordinaticon sphere,

For the case where MTu,Cl, is the catalyst and the’
reaction is the formation of the anil, the rate should be di-
rectly proportional to [MTuAcCl,:(An)] + [MAnAcCl,'(An)]. This

can be written as . .

Rate =« [MTuAcClz-(An)] + {MTuAcClz-(An)]

[MTuACCl. * (Ac)] [An] [MARACCL.. * (Ac) ] [An)
\XK. 2 +K 2
[Ac] [Ac]
Rate « ([MTuAcCly* (Ac)] + [MARACCI,: (Ac)]):(An)  (B.1)

This last term can be calculated by the computer program
previously described and this was done using the conditions of
the ‘experiment with ZnTu2C12 and p-toluidine. The results are

contained in Table 8.1. With this model the rate does at least
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increase as the concentration of aniline is increased. The ob-
served rate is also directly ﬁfoportional to the calculated value .
of the term in‘equation {(8.1) ,as m;y"be readily seen from
figure 8.1 where the initial rate is plotted against the term 
in question. ' >

With MTU._C1, as the catalyst,it is shown in Appendix A
that ap approximation,justifiaﬁle when the aniline concentration
is small,leads to the expectation that. (Inipial Rate)hl should
be directly proportional to (VTKET)-I. To check the éanqe of
validity of this approximation in Figure 8.2(a), the inverse
of the calculated value of ([MTuRcC12] +:[MAnAcC12])[An] is
plotted against »TAnT Y . The araph shows that, with the data
and the values of the equilibrium constant chosen, only the point
representing the most concentrated sample does not lie on the
straight line. In Figure 8.2(b) thae experimental data from Table
5.3 is plotted in the form {Initial Rate) ! versus (ﬁTE:ESTT)_%
and a linear graph is obtained.

The above model,when applied to the case of MTu2Cl as

2

the catalyst,does not in fact predict that the plot of vs

L
Rate
TK%T should be linear. In fact,when the data of Table 8.1 are
plotted in the form ([MTuAcC12] + [MAnAcClzntan] vs [An],a very
'shallow curve is obtained. The experimental results for the
initial rate of formation of anil from p-toluidine with ZnTu2Cl2
as catalyst are too scattered for the expectad slight curvature

of the Lineweaver-Burk plot (figure 5.4) to be detected.
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Fig. 8.1 The term ([MTuAcCl,]+[MACAnCl,])[An] (in moles?/12x105),
as calculataed from the data in tabledﬁ.l, plotted against
the initial rate (in moles/l.sec.~10%), from table 5,3,



Fig. 8.2 (a) A plot of % (Where:X = (INTUACC,)+MARACCI,]) . [An]
. in molesz/llhlo_d, from table 8.1) ayainst
(JTEEET]f?l (in ll/z/molel/z). |

(b) A plot of initial rade™® (in 1.sec/molo10™?)

- ) . ’
against (rlptol[)_l (in llfzfmolel’z) for the

date of tablpg 5.3. ) S
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\
When MTuz+ is the catalyst,the predicted dependence of

};he initial‘rate on aniline conéentration is mofe complex. As
diécusseg-in Aépendix‘h,tha inversae of the rate should be roughly
propoftionafﬂﬁo T%HT- and any curvature would probably be experi-
mentally undetectable. Computation of the expected behaviour is
péecluded in‘this case by the lack of knowledge about the.
équilibrium constants. However, using this model whe;e the
écetone is coordindted to the metal the results of thé Tul
inhibition experiment with ZnTu (C104)2 are readiiy
_explained A's shown'ln Appendix A,the model predicts that [rate]
should be proportlonal to the free thiourea concentration’ [Tu].
Under thg experimental conditions,the free thiourea concentration
ma;‘ba accurat;iy represented by the total concentration of Tu
added. As shown in figure 8.3.a reasonable fit to a stfaight line
is obtained. Any slight deviayion from linearity may be ex-
plaiged by noting that the model only allows for inhibition by
Tu in the first coordination sphererand ignores effects in the
second coordination sphere.

Althougn not critical to the arguments presented in this
section,the equilibrium constants used in the calculations with
Zn'i‘uchl2 are open to some discussion. The analogous tetrahedral
complexes of COII and ZnII are known to be similar in proper-
ties,and in particular\it_was concluded that CoTu2Cl2 and ZnTu2Cl

(69) (89)

were very similar concluded that the eguilibrium

Shulman

constant for the replacement of Tu by ‘water in aQueous acetone
. .
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was v 10 times larger in the case of ZnTuzcl than for CdTu Cl

However be. aviour of tge complexes in aqueoua acetone may not

2.

be mirrored in dry acetone with anilines. This question can
L) N " [N

only be resolved by measuring the, equilibrium constants with

the zinc complex.
&

(3

(C) NATURE ¢ THE RATE DETERMINING STEP

- -

In the prgvfous section it was conoludod that for the
foiward reaction, i.e. tho formation of the anil, the species
inﬁolvod in the rate-determining step contained acifone, anilino
and the Metal complex. The model giving the best agreement with

-
exXperimenrt was one having acetone in the flrst coordination sphere
of the complex, and aniline in a second coordination sphere site,
The next problem is to determinefas far as possible,whioh step
in the formation of the anil is actually the rate-determining
cne. As discussed in Chapter l,Section (C),carbinolamines are
generally invoked as intermediates in ﬁhe formation aod hydrolysis-
of anils in aqueous solution. Either the formation or hydrolysis
of the carbinolamine may be rate-determining,and this can be pH
dependent. A feasible series of steps“for_the metal catalysed
formation of the anil is the following.

The reaction involves (a) nucleophilic attack of aniline

on the carbon of the coordinated carbonfl group, transfer of

one proton from N to O to give a coordinated carbinolamine as in

-

|

(€}, transfer of a second proton to give a coordinated anil and water.

~

< | .
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The same series of steps in the reverse\grder would give the

*
mechanism for the hydrolysis of the anil, starting with the
anil in the first coordination sphere and water in,a second
sphere sjite.
%,
If the step (¢) to (d) were to be rate-determining for

. . . . 4 . ) .

the torward reaction, then a buildup of the carbinolamine (c) is to :

Le expected. Howéver,experimentglly nNo evidence was ever found
tor the presence of carbinolamines in the solutions studied, or

for the presgnce of a fast exchange between acetone and aniline.
on the one hand,and a carbinolamine on the other. This includes

studies using acetonitrile as a 'solveant.

e -
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There are two further pieces of evidence which suggest_that
neither ot the steps (b)+(c) or (c)+(d) is likely to be rate-
detefmining. The first of these is the measured value for
%%%g—% for the formation qf the anil from p-toluidine and ace-
tone. This was found to have a value of 1.55 (Chapter 5.Section
(D)i. This value is in the régiqn expected for a secondarf
isotope effect,but is low for a primary effect {i.e. where
proton transfer is important in the rate~determining step).

The second piece of evidence is the observation tha£ the

measured lifetime for a catalysed proton exchange between

“p-toluidire and H,C is.,at most,lOn3 sec at 35°C,with a catalyst

cohcenuraﬁlon les§ than that used in the initial rate studies,
The proton exchanges postulated in the mechanism are unlikely
to. be 106 times slower than this.

All these argu&ents lead to the conclusion that neither
of gpe steps (b)=+{(c) or (c);(d) are likely or plausible as rate-
determining steps. Thezwitterions (b) and (d) are therefore

.

likely to have only a fleeting existence 1in acetone or acetoni-

‘trile solution. Therate-determining step is therefore suggested

-

as being the nucleophilic attack of aniline on coordinated acetone

for the forward reaction, and of water on coordinated anil for

the reverse reaction.
(D} Transimination

As discussed in Chaptdf 7 ,the transimination reaction,

Aniline + Anil =2 Anil + aniline
w
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has been‘studied using.SST methods. Since the products are
the same as the reactants here, the reaction is difficult to
detgct by "classical methods"; Lut - is very conveniently studied
by SS8T experiments. These arerin a senseranalogous to relaxation
methods, such éé‘temperature—jump, which probe the system by
small displacemghts of the equilibrium position. However,SST
experiments sﬁudy the systeh at chemical equilibrium,but use non-
equilibrium states of.the spin system as a probe‘ In the case
of the transimination reactionrthe SST method proved very useful,
giving results which would otherwise have been very difficult
to obtain, e.1. from line-broadening dtudies.

The :transimination reaction ishfprmally analogous to the
other reactions studied, i.e. the formation and hydrolysis of
the anii:which proceed by nucleophilic attack on the & + end
of a polarised double bond. It would tﬁerefore be reasonable to
invoke the same mechanism, i.e. the anil in the first coordina-
tion sphere and the aniline in the second sphere. The fact
that the lifetime for the interchange of the anil methyl groups
is one half of that of the anil itself would indicate that the
process of exchanging the methyl groups is occurring during
the transimination reaction. In fact,this proceés may contribute
in a major way to the activation energy of the transimination
reaction. The difference between the rate of transimination and
that of the formation or hydrolysis of the anil, is probably
due to a difference in equilibrium constants,rather than

rate constants. The concentration of species with anil as
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Ly «

a first sphere ligand,and aniline in a sécond sphere site,may
be much larger than those invcked in the formation and hydrolysis
reactions of the‘anilf In fact, the equilibrium constants known

would predict just this result.

(E) NATURE OF .\THE SECCHND SPHERE SI‘TE

Ip the previous section it was shown that in order to
explnin the obéekved results ,it was necessary to a&opt a model
in which the rate-determining step involved one ligand in the
first coordination sphere,and another in the "second sphere?.
On the basis of kinetics alone,it is not possible to distinguish
between & tiuv second coordination sphere site and a fifth ligand
in the first coordination sphere. ¥n facf;five—coordinate in-
termediates have been invoked to explain. ligand exchange‘reac—
tions in Co(II) and 2Zn(II) thiourea complexes(sg). In those
cases, the formation of the five—coo:dinate intermediate is the
rate-determining step. This cannot be true in the present case,
and therefore ;he five-coordinate complex,if it existed,would
have to be relatively more stable. There are five-coordinate
Complexés of cotl which are stable, the best known bein@PCo(CN)g-_
which has been much studied. Howéver,in these systems, i.e..
thiourea complexes of Co{II) and Zn({I1),there is no evidence
for species of higher coordipation number than four in amounts
detectable by other than kinetic measurements(ao). Therefore

the assignment of the nucleophile to a true second coordination

sphere site is preferred.
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The second cogidination sphere of neutral cémplexas

has recentxy been recemvxng some attention,and this area has
recently been rev1ewed(44)., NMR spectroscopy has been the main
tool used,and paramagnetlc_cdmplexés have proved vefy fruitful
as probes. The interactions are agreed to be predominantly
electrostatic,although in some cases hydrogen bonding may be
inyoived. The energies involved in Secoﬁd sphere boédihg are
usually estimated at 4 to 5 kcal/mole. In this particular case,
the onl}'necesaary condition is that aniline {or watexr) be a
much bet;er second sphere ligand than carbon tetrachloride,so that
on dilution no aniline is replaced by Ccid. This is consistent
with guantitative measurements of the ability of various compounds
to act as second sphere ligands(QB)

The second'éphere site for aniline could in theory involve

'some direct interaction of the lone pair of electrons on the

nitrog;n with the metal, hydroéén bonding to other ligands (e.qg.

. ‘ ' o : ¢
thiourea or acetone),and electrostatic 1nteract10ns(9 ).

MH. f{ _- Me
/// l \\-O::C ™~ Me

One strong argument against a large intéraction of the lone pair
with the.metal (i.e. a fifth coordination sitalis that this would.
reduce the basiciﬁy of the aniline and thus make any cgtaiyqis much

- : 95
legs effective. Evidencerexista for such an effect( ).

v
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{F)} SUGGESTIONS FOR FURTHER WORK

The present metal complex catalysed 1eactlons do show
great promise as a system in whlcn to 1nvestlgate homogeneous
catalysis. Many convenient pngbes are avallable 1nclud1ng SST.

_ Among suggestlons for further work along this line are:

(a) - Investigating 4in more detall the tranclmlnatlon reaction
(i.e. carrying out a dilution experiment W1th CC14, deter-
mining the dependance on aniline and anil concentration,

'_and‘studying the inhibition with Tu quantitatively).

(b} Studying the effect of chanéing the para substituent on
the 1rciatic ring. . |

{(c) Detéerwining the 'activation parametérs for both reactions.

(d) Working with paramagnetic caf?iysts where the equilibrium

constants can be measured.

(e} Investigating the effectiveness of "the present catalysts
in other related reactions involving nucleophilic attack
on a double bond, and, the transamination reaction.

(f) -Measurement of both processes observed in the transi ina-

v tion reaction with the same sample and spectrometer,™i.e.

1

using FT SST with p-toluidine/p~toluidine-anil as the

sample. . : -

.{G) CATALYTIC EFFICIENCY

‘ The experimental data reported in this thesis have demon-

'
A\l [N

strated that metal thiourea complexes are v very effectlve catalysts

for anil formatlon, hydrolysis and transimination. These catalysts

‘are many times more efficient that those usually used in reactions
' ®
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_ _ .6f Schiff ‘bases (see Chapter 1). It would be very interesting
kjf\ ™to be able to compare the catalysts used here with enzymes.

Uﬁf;rtunﬁtely sugh atcomparisgn is. not poséible since the
enzymatic data necessary, i.e, limiting rates with Qery similar
substra£es,£s not available in the literature,

An obvious guestion is-why these metal complexes are so
effective-;t catalysing these reactions of anils. Clearly
‘several criteria need'to be satisfied if the catalyst is to be
eff;ctive{ At least one of the reactants must be coordinated to

. the metal. The extentlof coordination will depend on competition’
‘ with other .available 1igand;. On thé other hgnd the products must
not be tco tightly bound,otherwise the result is a promoted.fatﬁér
than a catalysed reaction. The eqpilibrium constants in the
systems dnder discussion are clearly favourable for fulfilling

-

these conditions.

7

For metal ions in ;queous soiution the solvent is too good
a ligand for optimum catalysis without the use'of‘chelating sub-
strates. Thiourea is a good enough ligand to induce solubility
in non—aqueous'solveqts_but, unlike o-phenanthroline\for example,
it does not permanently block the reaction site. Another'impo;-
tant factor igﬂcatalysis ;ay well be the second sphere bind;ng
ability of the anciliarx ligand . Thiocurea 'has obvious hydrogen

bonding possiQilities.
. o
\1In addition to these equilibrium constant considerations,
kinetic factok¥s are also pertinent.-The rate of ligand exchange
must not be'a limiting factor. Thus we would predict that Co III

or Pt II complexes, which are known to be non-labile,would not

.

et ~

o
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be effective catalysts. Once a reactant is complexed,the meatal
atom plays a fqrther role in "activating" the substrate. It
appears that for this type of reaction this. is a simple electron-
withdrawingsprocess from the acetone or anil. Thus.both the
transition metal Cb and the non-transition metal Zn are gffec?ive
catalysts. This may be compared with the activation of ethylense,
for example, iﬁ homogeneous hydrogenation, where it would appear
“that specific interactions bétween 3 ‘orbitals and ™ or?itals
are required,and catalysis is limited to transition metalé.
Flnally,thé role of the catalysts in bringing together
the reactante should be mentioned. This has bee; referred to as
the "promnastic"” effett(3dl and is undoubtedly a factor in any
reaction which without catalysis would be bimolecular in nature.

In the present case the effe¢t of the catalyst is to produce an

essentially "unimolecular" rate-determing step. Hydrogen ions

in aqueous .solution are‘effective in activating a ketone by charge.

polarization but ack any promnastic ability. Acid catalysed anil
formation proceeds by a different mechanism ﬁhan‘the matal complex

catalysed reaction, and is slower.

(4) CONCLUSIONS . -
. Thé’pfopégéd mébhanism—of-ther@@ctiong?étﬁdiqd involtgs
‘.r_te—determin%ng nucleophilic attack of a seéend sphere ligand
'(aqiline.or water) on the Polarised double bond of a first
sphere one (;nil 6r acé%oqs). in Fhe original definitions of
the "template effect" and "promﬁastig éfféct“ (Chapter 1), it
was implicitly assumed that both of the‘feéctants were, in fact,

first sphere ligénds. However: it seems reasonable to extend the

W g
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i Y 34 . .
definition of a promnastic~pffect‘ )‘ﬁp\pover the present case

of a first sphare llgand and alsecond sphere one,51nce the

.
A

metal is truly fulfilling its roéé as a. "matchmaker"
I'he present reactions alsq_bear.a_close analogy to ligand
exchange reactions. 1In the notation of Langford and Gray(gs),an '

1 mechanism involves as its rate—determining step the interchange

.of ligands between first, and second sppggl 51tes. "For an 1

process, the essential feature is the nucleophilic attack of a-
second sphere ligand onAthe metal 1on,displac1ng a first sphere
ligand. In the present cyse we postulate the nucleophilic
attack of the second sphere ligand on a positively charged
ligand c¢uit.e,rather than on'the positively chargéd metal. These
two proceéses have obvious similarities. The direct attack of

a "free" anilinemolecule (for example) on coordinated acetone,

would, in a similar way,be analogéﬁs to an associative A mechanism
of.iigand axchange. .

' The results of £hi§ work may contribdte to the understan-
ding of some enzymatic reactions. The protein moieties in
metalloenzymes could provide many possibilities for the specific
bindiﬁg of substrates in the equivalent of the "second sphere”
of the_meﬁal atom, ‘Reactions invo{ving the metal as the active

site could then proceed in a manner quite analogous to the reactions

studi®d in the present work. In fact, the association or binding

T

constants determined kinetically may, in some cases, refer to binding
at. such sites, rather than at tH&-primarx or metal centre.

%
|
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APPENDIX A
(i) The MTuquz case

The following is a.general solution of the problem of
determining ‘the concentration of any particular speéies in a

solution of a metal complex with two available ligand binding

sites,with any number of potential ligands in the solution. The

ligands are labelled Li where L, may be Tu and L2 acetone etc.\
The equilibrium constants K, are defined in terms of the
equilibrium | .
where .

] [MLjLiJ[Ll]
i FMLlellLil

That is, the.constants Ki are defined for replacement of ligand
Ll by the ligand Li'and the same constant K, refers to all
replacements of Ll by Li,regardless of the nature of the second
ligané Lj.

The‘conCentration in solution of any species MLiL. will
then be proportional to the concentrations of the free ligands,
i.e. [Li] and [Lj],and to the equilibrium ‘constants Ki and K,.
Thus, for gll the possible speacies MLiLjp
[MLiLjJ.m Kixj[Li][le -

(ML) = o KK IL L) (A.1)

+

—
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However, the sum of the condentratiqns.of all the species MLiL.

must be the total amount of metal in solution. Let the total

amount-ot metal in solution be m.' Then ' \ﬁ_/’//_/
n
) [ML.L.,} = m
i,4=1 3

where there are n potential ligands in sclution. From equation

‘ALL)

n .
a ;: Kixj[Ll] [Lj] = m

m

I K.K.[L.}[L.
i,§=1 1 3t ey

Then the . mcentration of any species-MLiLj is given by

mKiRj[Li][Lj]

IMLiLj] = /{{." (A.2)
T OK. K [L.}[L -
i,9=1 13774 .
- n '
The expression L Kin[Li][Lj] may always be written, in-the -
‘ i,3=1 - .
form
- 2
(Ky (L] f KylLod o+ R3LL3]+i.... K (L 1)
' WK K, (L] (L] .

Thus, [MLiL.] = L . 5 (A.3)

(KlELl] + K2IL21_+ K3[L3] + o)

To take a specific case, suppose.that there are three potential .

iigands in solution. The concentration of the species ML2L3 is

L

given by the equation

2mK_K. [L.] [L.]
ML,Ly) = 2-3'72° 103

3 - (A.4)
(K [Lyd + KylL,) + Ky(Lg))

The factor of -2 arises. because both ML2L3 and ML3L2 are counted

as ML2L3.-- e
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Egquation {A.4) will then apply to cases whereboth reactants in

a4 reqaction muét be first coordina;ion'spheré ligands, i.e., where
the vate is propértional to the céncentration of species con-
taining both reactants complexed. For the.case of the formation

of the anil then,

: 2mKo K4 [An] [Ac)
Rate « jMAnAcClz] = - 7 - (A.5)
a {[Tal + K2[An] + K3[Ac])

The second case which needs to be analysed is that

where one substrate is a first coordination sphere ligand and
the other is a second coordination sphere ligand. For this analy-
sis the 1.. . spherc ligand is acetone and the second i; aniline,
but the eguations are completely general.

- The species in solution'haging acetone in the first coordi-
natién sphere will be MTuAcCléT’asnAcClz and MAcAcClz. From
equdéion (A.4) the total concentration of species with acetone

as a first sphere ligand will be given by

2mK3[Ac] + ([Tu] + K2[An] + Ka[Ac])

(ITu]l + K,[an] + Ky[ac])?
. 2mK3[Ac] -
(TTul + K,[An] + Ky[Ac]) | -

The factor of 2 for the MAcAcCl:2 case arose from the
fact that either of the two ligands may react.

Now with aniline as a seccond sphere.ligand and using
the same analysis as in éhapter 8 ,Section (B) ,the concentration

of species with Ac as a first sg?ere ligand and An as a second

sphere one is given by ' .
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2mK3[Ac]_

| . Kk'lan)
N ' ([Tu) + K,[An] + Kg[Ac]) [ac]
_ 2mK3K'[An]
Therefovre, Rate = TTul + KZIADT_+ K3[Ac}
or ;
2ka‘K3[An]
Rate =

TTul] + K2[An] + K3Uﬁﬂ

Now the term K3[Ac] << [Tu] and KziAn],using the equilibrium
constants tfor CoTu2Cl2 and the concentrations computed with the

data of Table 8,1.

1 1 . {Tu] 1 - (A.6)
Rate ZEﬁK'K3 An 2ka'K3 2 *

Furthermore, assume the terﬁ [MTuAnC12] > [MTuAcClzl. Using

the data of Table 8.1 in the most dilute sample where [An] = 0.06 M
the ratio [MTuAnClzl/[MTuAcClZ] is 13,8, This justifies the

above assumption. Therefore,all the thiourea free in solution

-

can be considered to come: from formation of the species MTuAnClz.

“*
. Kz
MTU2C12 + An — MTuAnC12 + Tu
{m-x) {x) (x)

Neglecting the amount of An complexed (which is very small)

then x2
K2 - Zm—XSIAnS
x2 + Kj An x - K2 maAn = 0

Kz[Anl”i //K§[An]2 + 4K2[An]m
2

X = -




- : J
IP

The term K‘;[An]2 \-4K2[An]m

—Kz[An] b fIKzlAnjm

Therefore, X = 5

or -K, [An]

[Tu] = '—22—*‘— * ‘r4K2[An]m *

substituting into eguation (A.6)

1 'K, L, R (A.7)
- _ L] _1 » . .
Rate akk'kyvm  TRnT 2kmK K
Thus a plot of thé.versus 1 ~should be linear with a
- a Y'[Anl
slope of —- —=——r
ka‘Ksrm

{11i) The MTu§+ case

The case of a metal complex with four available first
I
coordination sphere ligand binding sites may be treated in a manner
completely analogous to that of two sites. Using the same defi-

nitions, then;
IMLiLijLQ] = BKinKth[Li][Lj][Lk][LR]

- 3 3 3 3
M = total M'I‘u‘1 initially added = 1L L Z L MLiL.LkL
i=1 j=1 k=1 =1 )<y
- 3 3 3 3
= r X K. .
B L I KKKk, [L 1L

1 3L, ]
i=1 j=1 k=1 =1 k™%

3

Thus, R = M
3 3 3 3
T b T I K,K.XK K, [L gfn.y(n, l(n.] .
i=1 3=1 k=1 e=1 iv37kTe i? j k )
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3 3 3 -3 ‘ ‘ .
. KihjthQ[LiI[le[Lk][LQ% = {hlLl + K

4
N . N L, + XK,L,)
=1 =1 k=1 (=1 22 33

”~
Suppose the rate of reaction is proportional 'to the concentration

of species containing complexed. L., and L

2 3.
These are

ML1L1L2L3 + ML.L.L.L, + ML.L_L.L + etc..

1tk 172M1b3
* | .
e
ML,L,LiLy + ML LiL.Ly + etc. \

MLzhiEELB + ML2L2L3L2 + etc.

ML3L3L3L2 + atc,

ey ! — ’
§_142LJL3 + etc.__\j ) \

> + ete.
Ly Lyloly + ete

Now nwalecting the order we have

M(L§L1L3) 12 such terms
M(L2L2) € such terms
273
M(L3L3) 4 such terms “w
M(L%Lq) 4 such terms
M{L.,L L2) 12 such terms
17273 . —_
2
M(LlLBLz) 12 such terms

Counting the number of L2,L3 pair interactions, the appfopriate

numerical factors are
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oy N 2 . _
M{LIL, L) 12x1 = 12
2.2 _ )
M(L2L3) 6x4 = 24
M(L3L.) 4x3 = 12
2t3 .
M(L3L. ) dx3 = 12
)
~M(L L Lz) 12x2 = 24
1203
2 _
M(LL,L3) 12x2 = 24
Now, -
rate « 12[M(LL L) +2M(L2L2) M (L3L ) +M (3L ) +2mn. non2e2M (L. 112 ]
: 1k2l; L3 2b3 ) 1k2l3 13l

1:NK:K3IL21[L ]

s a2 2 2. 2. 2
) — —3 (K (L) 7H+2K Ry [Ty (L] +K; (L, ) “+KS[Ly]
(Ky {L)1+K, (5, ] +K5 (L))

+2K1K3[Ll][L3]+2K1K2[L11[L2]]

12MK2K3[L2][L31

2
K, [L,] + K, (L] + K,[L,]]
- 4 171 2772 373
(Kl[Ll] + K2[L2] + K3[L3])

12MK2K3[L2][L3]

(=4

7 5 (A.8)
(K)[Ly] + KL, + Ky(Lg])
This expression is identical (except for a numerical factor)
with equation (A.4) which applies to the MTu.Cl. case.

2772
The ‘second case to be treated wiﬁh MTu2+ as a catalyst,

4
is where one substrate (say acetone) is in the first coordination
sphere and the other ({aniline) is in the second. This problem
is approached as was the analogous one with MTu2Cl2 as catalyst,

allowing for the appropriate numerical factors for species with

more than one coordinated acetone molecule.
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The total concentration of all species with Ac complexed (with
numerical factors) is given by

4nk [Ac) (ITu) + K,[An) + K;[Ac])>

{

(ITa] + K,[An] + K [Ach)®

4mK3[Ac]
[Tu] + K, TAn] + K, [Ac]

. A
If the rate now depends on those species having acetone

as a first sphere arnd aniline as a second sphere ligand then

Rate « iy (Ae] . K'[An]
[Tu]l + K, [anT + K TAcT - "Tac]
4mK'K$[An]
[Tu] + K, [An] + K [AcT (A.9)

Once again, except for a numerical factor, this expression is
identical with that obtained using the same model ‘with M’I‘u2Cl2
as a catalyst.

For a double reeciprocal plot then

1. 1 . 1Tu] 1 . | 1 . IAc]
Rate 4mK‘K3 lAn] t InK K3 Kz + InK’ [An] ° (A.10)

Unfortunately in this expression both terms containing T%ET

are of comparable size

1 - [Tu] 1°
Rate A m + B [A—n]— + C . “(A.ll)

Since [Tu] itself depends on [An] it is not possible to

predict the exact dependence of (Rate)-l 1

on [an]” % but from the
form of (A.1ll) a double reciprocal plot should be fairly close
to linear. |



“

209

LY

For the inhibition of the reaction by-Tu;the dependence

~of (Rata‘)"1 on [Tu] may be obtained as follows;

1 [Tu] + K2[An] + K3[Ac]
Rate 4mK‘K3[An] ‘
[Tu) w25 . o Ac] !

“ KK, An] © IWK'Ky © 4K’ [An]
Since the catalyst concentration is very small compared

to [Ac) or [An], these terms may be treated as constants with

respect to changes in [Tu].

. . 1 ‘ .
l\“ “ . m [TU] . (A.12)

It is to be noted that the model with Ac and An
coordinated as first sphere ligands gives a different predic-
tion for the inhibition behaviour. It predicts for MTu§+" that

‘(Ra.te)_l will depend on [Tu] aé low.values of [Tu]rand on [Tu]2

at high values of [Tu].

L]

b
Vel
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