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Abstract

n— —_—

The rate of reaction of tranSv[Rhen212]+ with Y7 (% = a1 .

Bfﬁ) and of hydrolysis of trans—[Rhen2X2]+ in the presence of Ve

X=¢c1, I, Y =F, 8042", 9043"; X = Cl, Y = Br ) is shown to
depend on the concentration of Y. This is ascribed to the dissociative
reaction of an {Rhenzxz, Y}(l—n)+ ion-pair. The ion-association constants

are shown to be small.

The rates of base hydrolysis of EggggfiRhen2X2]+ and45533§f{Rhen2X0H]+
(X = C1, Br, 1) depend on the concentration of hydroxide, The hydroxide-
dependent pathways are energetically similar to the other anion-dependent
pathways of 555257diacidobisethylene&iaminerhodium(III) complexes. The

base hydrolyses of trans—[Rhen XOH]+w(X = Cl, Br, 1) are stereoretentive,

2
but the dihalo-complexes give some g%gfproducts. This is explained by the
SNICB mechanism if it is assumed thagjthe sigma-trans-effect of the amido-
group is large and transmitted by rhodium p-orbitals. The possibility
that the hydroxide-dependent reactions occur via a species intermediate
between the conjugate base and a hydroxide ion-pair is discussed.

The kinetic trans-effect of hydroxide has been measured by the
enthalpies of activation for the aquation of Esgggf[RhenZOHx]+ and for
anation of_gzgggf[Rhen20H0H2]2+ by X (X = C1, Br, I), but its value varies
with the reaction. The intrinsic kinetic trans-effect (IKTE), however,
is a constant. The IKTE,series of ligands, L, is shown to correlate with
the polarisability of L, although solvation effects are also important.

The thermodynamic trans-effect (TTE) of hydroxide has also been measured.
The TTE series of ligands, L, correlates with the covalency of the Rh-L
bond as measured by the intensity of the first ligand field transition of
_;_{gg_s_-[Rllenchl]n+.

The rate of anation of trans—[Pt(CN)4BrOH2]— by bromide has been



studied as a function of the bromide concentration. The reaction is
shown to occur by an intramolecular redox reaction within a
{Br...BrPt(CN)aonz}z— charge-transfer complex, and also by reductive

attack of bromide on the charge-transfer complex.
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Abbreviations

The following abbreviations are used in the text without further

explanation.

Ligands

~Me nethyl

Et ethyl

n-Pr n-propyl

t-Bu - t-butyl

Ph phenyl

OAc™ acetate ion

en ethylenediamine
en~-H the mono~amido;defivative of ethylenediamine
pn 1,2-propanediamine

Et,dien 1,1,7,7-tetraethyldiethylenetriamine

trien triethylenetetramine
tet-b pD,L-5,7,7,12,14,14-hexamethyl~1,4,8,11~tetraazacyclotetradecane
trenen 4—aminoethyl-1,4,7,10~tetraazadecane
cyclam 1,4,8,11-tetraazacyclotetradecane
PY pyéidine
f-pic 3-methylpyridine (B-picoline)
y-pic A-methylpyriﬁine (Yfpicoline)
pip piperidihe 1 -
bipy 2,2"-dipyridine
phen 1, 10-phenanthroline
CHEtpy pyridiniumpropyl <i}N~CHEt
92—

ox oxalate ion



EDTAS ethylenediaminetetraacetato-ion
acac acetylacetonato-icn
DH dimethylglyoximato-ion
diars o~-phenylene-bis(dimethylarsine)
DMSO dimethylsulphoxide
g gram hr hour
mol mole , deg degree
mmol millimole cal calorie
nl millilitre kcal  kilocalorie
cm centimetre e.u. entropy unit (cal deg -1
nm nanometre a.u. absorbance unit
s second M molar
min minute N normal
General
uv ultra violet
i.r. infra red
n.Mm.Y. nuclear magnetic resonance
kobsd a pseudo-first-order rate constant
A 7wavelength
A wavelengiﬁ of an abSofbénce maxiﬁumj
A X extinction coefficient at an absorbance maximum
M. O, molecular orbital
log, loglo logarithm to the base 10
In natural logarithm

mol
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PART I

- SUBSTITUTION REACTIONS OF TRANS-
DIACIDOBISETHYLENEDIAMINERHODIUM(III)

COMPLEXES

13'.
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CHAPTER 1

Mechanisms of Substitution in Inert Metal Complexes;

a Critical Review

(1)

Langford and Gray have defined four modes of reaction available

to an octahedral complex ML_X undergoing the substitution reaction (1.1)

5
in solution.

MLSX“+ Y —> MLSY + X - (1.1)
These are a dissociative D mechanism characterised by production of a
five co~ordinate intermediate MLS; reaction by this mechanism can be
considered to occur if competition ratios for the supposed intermediate
can be shown té be independent of the means of generating it. Reaction
via an associative A mechanism can be considered to occur if the presence

during the reaction of a seven-co-ordinate intermediate ML _XY is detected.

5
The other two mechanisms envisage reaction occurring without the formation
of an intermediate via an interchange, I, mechanism which can either
involve slight bond-making to the incoming group and extensive breakage

of the bond to the leaving group (Id mechanism), or the reverse situation
which is designated an Ia reaction.

There have been several attempts to predict theoretically the

mechanism of the reaction and the precise geometry of the transition state

or intermediate for complexes of a particular metal, These have concentrated - -

on the loss of crystal field stabilization energy (C.F.S.E.) on going from an
octahedral ground state to a five (Id or D) or seven (Ia or A) co-ordinate
transition state. Although loss of C.F.S.E., which is called the crystal
field activation energy, C.F.A.E., is only one of several contributions to

(2)

the overall activation energy, predictions using this simple approach



(3) have observed that the
3+
2]

have often been fruitful. Thus Swaddle et al,

position of the ligand field band of [Co(NHS)SOH changes with pressure

and the ligand field volume of activation for HZO loss from this ion is
calculated to be +1.6 cm3 mol—l, in excellent agreement with the experi-

mental value of +1,2 cm3 mol—l. C.F.A.E. calculated using one-electron

parameters indicate that for dO to le ions the C,F.A,E. is lower for an

(4)

associative, a, reaction via an octahedral wedge transition state than

(5)

for an a reaction via a pentagonal bipyramidal transition state or a d

(%) Companion(6) has

mechanism via a square pyramidal transition state.
emphasized the advantages of using many-electron formulae in these calcu-

lations, but it is unlikely that qualitative conclusions for a paritiqular

metal ion are affected by this complication. It is reassuring that C.F.A.E.

(7)

calculated using an M.0. approach are identical with Basolo and

(5)

Pearson's,

(8)

More specific calculations by Adamson et al, have predicted that
the lowest energy mode of reaction for Co(III) substitutions will be dis-
sociative in nature and will involve a square pyramidal transition state,
whereas Cr(III) has its lowest C.F,A.E. for reaction via an asséciative
reaction and an octahedral wedge transition state. In general it can be
predicted that the C.F,A.E. will become increasingly important in deter-
nining the mode of reaction as one descends a given group of the Periodic
Table} this is a comsequence of the larger ligand field splittings for
second and third row transition metals.(g)
In addition to Crystal Field considerations, steric factors predict
that an associative mechanism would be unfavourable for an octahedral com-
plex, Thus although P4(II) complexes generally react via an associative

(10)

mechanism, the sterically hindered complexes [PdEtédienX]+ (X =C1,
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Br , I ) undergo reaction via a dissociative mechanism in dipolar
aprotic solvents and an associative mechanism, for which only the solvent

(11) Steric

can act as an effective nucleophile, in protic solvents.
factors are likely to be less restrictive for the larger second and third
row transition metal ions than for the first row transition metals. Thus
both steric and electronic factors suggest that increased associative
character might be expected in reactions of second and third row transition
metals compared with the first transition series.

So far as experimental results are concerned, Co(III) complexes
have been extensively studied and their mechanisms used as models for
comparison with complexes of other metals. Their mechanisms will be
considered first, therefore, before discussing mechanisms available to
Rh(III) complexes.

For reaction by a dissociative mechanism, the rate of loss of X
from CoLSX should be dependent on the strength of the Co-X bond. The
Co(NH3)53+ moiety is a hard acid(lz) and Co~-X bond strengths decrease in
the order X = F > Cl > Br > I , and rates of aquation increase in the

(13)

order X=F <Cl <3Br <1I, correlating with the strength of the Co-X

bond and not free energy of solvation of the leaving group.(14) There is
a reasonably good correlation between the logarithm of the rate constant,

k_ , for the reaction
aq

: PV S R
(Co(NH,) X1 + H,0 —+ [Co(NH,) OH,]7" + X (1.2)

and the basicity of the leaving group X (X = F, Cl, Br, SCN ) as measured

(15) A similar correlation exists when X is a series of

(16)

by the pKa of BX.

carboxylate ligands; aquation for the latter complexes occurs by Co-0
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an

and not C-0 bond breaking. Where data are available, and when X is

not a carboxylate ligand, logarithms of the rate constant for reaction
(1.2) also correlate well with the logarithms of the rate constants for

(15)

solvolysis of the corresponding alkyl halide. All these facts point

to a dissociative mode of activation.

(18) showed that a plot of the logarithm of the rate constant

Langford
for reaction (1.2) against the logarithm of the equilibrium constant, K,
for the same reaction is a straight line of unit gradient. This implies
that the transition state is very like the products in that the Co-X bond
is almost completely broken to give a fully solvated anion, X . Haim(lg)

has pointed out that if the reverse of reaction (1.2) is assumed to occur

by the Id mechanism

K

[co (w,) 08, 13 + x™ LB {[Co(vm,) 08,1, x}** (1.3)
k

{[Co(NH) SOHZJ,X}ZJ’% (co(ty) x1%* + o, (1.4)

then a linear free energy relationship between kaq and K with a gradient

of unity implies that the product k is independent of X. This will

IPKIP

obviously be true if KI and kIP are separately independent of X

P
Neglecting specific interactions and assuming the distance between the
ions in the ion pair is not greatly dependent on X, KIP will be approxi-
mately constant for all anions of the same charge,l563the‘1ineér free
energy relationship implies that kIP is independent of the nature of X.
(20)

This is the criterion for a dissociative mechanism. Langford and Muir

have studied the reaction

x1%" + w0 (1.5)

3+, -
[Co(m,) OH,]7" + X' —> [Co(nH )

3)5
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and shown that the rate law is

_ lgpKyplX]

k B Sy v
obsd 1 + KIP[X]

(1.6)

in accordance with the interchange mechanism. Values of KIP agree with

those determined spectrophotometrically which argues against the alterna-

tive interpretation of K__ as a constant measuring the competition of X

1P
and H20 for a five-co-ordinate intermediate. Values of kIP varied by only
a factor of two for X = HPOZ_, Ccl, SCN , 8042-, and in all cases k., was

about one fifth of the rate constant kex for H,0 exchange of

2
[Co(NH3)50H2]3+. This implies that the incipient Co(NH3)53+ moiety reacts

unselectively with whichever nucleophile, H_ O or X , is suitably orientated

(21)

2

in the outer sphere. The Bockris model of ion-solvation considers a

cation to be surrounded by a monolayer of H, O molecules, some of which are

2

orientated and bonded to the cation, and the rest of which are non-
orientated and are bonded to solvent molecules in a solvent-structure-
broken region lying between the monolayer and the bulk solvent, Since

presumably only orientated H,0 molecules can react with the Co(NH3)53+

2

species, a ratio of 0.2 for kx/kex means that on this model the second

co~ordination sphere of the encounter complex contains five orientated Hzo

molecules. Results similar to these were found(zz) for anation of
cis-—[CoenzNOz(DMSO)]2+ by C1 , NOZ_, SCN~ in DMSO. For anation of

[Co(NHB)SOHé]3+ by N.  in water, howevér,:kﬁllk;k is about equal to

3
3
unity; this has been explained(23) as being due to a specific orientation

of NB_ adjacent to the departing H,

transfer from the H,0 to the N, to give HN

2 3 3
(24 has considered the transition enthalpy AHT'for reaction

0 molecule, with possible proton
as the incoming nucleophile.
Fowell

(1.2); AH_, measures the enthalpy of the transition state relative to that

T
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of the products

MH. = aHT - an®

T aq (1.7)

where Aqu is the enthalpy of activation for reaction (1.2) and sHO is

the standard enthalpy change for reaction (1.2). Values of AHT were approxi-

mately constant for X = C1 , Br , N03 ; this means that the nature of X

affects the enthalpy of the transition state and the product in an identical

way, and a linear relationship of unit gradient exists between AHaq and AHO.
The volumes of activation AV* for reaction (1.2) reinforce the large

body of evidence which suggests a dissociative mechanism. For the Hzo

ods
exchange of {Co(NH3)5 OH2]3+ where electrostriction is minimal, AV' is

+1.2 cm3 molql; the positive value implies a dissociative mechanism,(zs)

3

especially when compared with the value of -27 cm molﬁl found for the

assoclative reaction of Br with trans—[Pt(PEt3)2C12].(26) When values of
AV* for reaction (1.2) are plotted against AVO, the molal volume change

for the reaction, a straight line of unit gradient is found, indicating
(3

again that substantial Co-X bond breaking occurs in the transition state.

(27) F 0 (3)

An earlier claim that AV’ was equal to AV has since been withdrawn.

One final éxperiment which has indicated that reaction (1.2)

3
‘in the presence of 0.5 M SCN~ leads to rapid formation
(28)

- occurs by an Id and not a D mechanism is the fact that loss of NO

2+
from [Co(NH3)5N03]

- of the aquo-complex followed by slow anation by SCN . Data for the
3H+
5]

reaction of the five-co-ordinate species [Co(NH3) , generated by action

of HNO, on [Co(NH3)5N3]2+, with SCN  in aqueous solution show that_SCN"

9
competes very effectively with water in scavenging this spec::i.e.s;(2 )

2

clearly [Co(NH3)5]3+ is not generated during the spontaneous aquation of
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-

{CO(NH3)5N03]2+, even though NOj

is a very good leaving group.
Apart from anation reactions where formation of the encounter

n(20) the concentra-—

complex (ion-pair) leads to "accidental bimolecularity
tion of the entering group does not generally enter into the rate law
for substitution in Co(XIII) complexes. There are a few small [anion]-
‘dependences found for reactions of cationic complexes; these have been
ascribed to ion-pairing, and are discussed in Chapter 3. Apart from these,
the only widespread exception to the above rule is found for OH in
aqueous solution, or more generally, the lyate ion of the solvent. The
general consensus of opinion is that this is due to reaction of the OH
ion with the substrate to give a very reactive deprotonated species
(SNlCB mechanism), and this too is discussed in Chapter 3. The insensi-~
tivity of the rate of reaction to concentration of other entering nucleo-
philes again supports a dissociative mechanism.

The very extensive experiments used to elucidate the mechanism
for Co(IIl) complexes, have not always been applied to other metal com-
plexes, and investigators have sometimes assigned mechanisms to the latter
on the basis of the effect of changing the charge of the substrate, the
effect of non-labile ligands, solvent effects, #nd the stereochemistry of
the reaction products. It is therefore necessary to consider the effect
of these factors on CoﬁIII) complexes.‘ N

For a>éisboéiéti§exrééctioﬁ; increased‘pdéitivé chérgé on fhe sub-r
strate should lead to decreased reactivity; unfortunately, changing the
electronic charge entails changing the non-labile ligands, and the two

(30)

complexes may no longer be comparable. Chan and Chan have found that

the rate constants and activation parameters for loss of €1 from cis-
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[CoenzLCJ.]n+ when L is the protonated diamine [HZN(CHZ)B—NH3]+ are very
similar to those found when L is CH3—(CH2)3NH2. The insensitivity to
charge is not, perhaps, surprising since the extra positive charge on the
diamine is located not on the cobalt, but five atoms away from the
departing C1°.

The effect of the non-labile ligands can be considered as duve to
a superposition of steric and electronic factors, Chan and co-workers
have extensively studied the effect of steric strain in aquation of cis-
[CoenzLCJ.}2+ where 1 1is an amine; in all cases increased steric hindrance

in the ground'state leads to increased rates of aquation.(30—32)

(33)

They

have also shown that the sterically hindered(Ba) complex [Co(NHZMe)SCI]2+

loses Cl~ very much more rapidly than [Co(NH3)5C1]2+. However, the impor-—
tance of changing solvation of the substrate as the non-labile ligands

(35) (36)

are altered has been emphasised. Chan and Poon have elegantly

demonstrated the effect of steric strain in trans-[Co(tet-b)C12}+. In

"open" environment, and the other is com-

this complex one €l is in an
pressed and shielded by the macrocyclic ligand, The shielded Cl™ aquates
fourteen times faster than the non-sterically hindered C1 .

The electronic effects of non-labile ligands have been discussed

for loss of 0032_ from cis-[CoLZCO3]+,(37) loss of C1 from cis~
(38)
[CoL2012]+ where L (in both complexes) is phen, bipy or en, and loss
_ | (39) | .
of C1 fromhcis~{Coen2AC1]?+, where A 1is a substituted pyridine. 1In

all cases the order of increasing reactivity parallels the order of increas-
ing basicity of the amine; this is in marked contrast with the associative
replacement of C1 from [Pt(phenX)Clz] (phenX is a substituted phenanthro-~

line) by dithiooxamide where complexes of the least basic phenanthroline
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react most rapidly.(éo)

- + '
For loss of C1 from cis- and trans—[CoenZLCIIn , the rate constants

decrease in the orders(al)
trans-L = OH > Noz" > NB" >CN > Br > Cl > 5042' > NCS™,
cis-L = OH > C1 > Br > Noz' > 5042' > NCS .

Although very considerable enhancement of reactivity is achieved by changing
L from NCS™ to OH , the above orders show that the effect of L does not
depend greatly on its geometry in the complex relative to the leaving group.
In order to explain the non-stereospecificity of electronic effects in

(42)

Co(III) complexes, Pearson and Basolo have suggested that the non-

labile ligands affect the rates of reaction predominantly through 71—

(43)

interactions in the transition state and Langford has argued that the
lack of a.Specific trans-effect is due to Co(III) utilising 3d rather than
4p orbitals in its bonding.

Poon et al., have discussed(aa-ag) loss of C1  from Ezgggf[CoLAC1]n+

where L is cyclam, 2en, 2pn, 4NH, and A is SCN, N, NOZ-, c1, NH,

and have suggested that for a given trans-ligand, A, the relative reactivi-
ties of the complexes can be correlated with the position of L in the
nephelauxetic series. Within the E;ggg;[CocyclamACl]n+ and trans-
[CoenzACI]n+ series the rate of loss of C1 has also been correlated with
the position of A  in the nephelauxetic serigs{(aa)

o dﬁevﬁéﬁugﬁét érsié;ligaﬁd caﬁ affétt tﬁe feacﬁion rété of a comélex

(50) postulated

is by hydrogen-bonding interactions., Adamson and Basolo
co-operative hydrogen-bonding between the leaving group, a water molecule
in the second co-ordination sphere, and an acidic hydrogen atom on the cis-

ligand:
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|
R H. H
~ N -0.::
| e !
- Co. Ccl-°
//{

(51)

Pearson et al. have queried this interpretation for normal aquation

(3)

of cis-amine complexes, but there is convincing evidence that a basic

leaving group, such as N, , is so extensively hydrogen bonded in the
transition state that aquation of [Co(NH3)5N3]2+ can Be considered to
involve loss of N_H from a dipositive, deprotonated species. It is not

3

clear whether proton loss has occurred from the co-ordinated NH

(3)

3'ligands,

or from a water molecule in the solvation sheath; Swaddle favours the

latter interpretation,

The stereochemistry of spontaneous aquation of Co(II1) complexes

(52a)

has been extensively discussed by Basolo and Pearson
(52b)

and reviewed by
Archer. The general rule appears to be that stereochemical change
occurs only for trans-isomers, and then only when the trans-ligand has
s—-donor properties. Under these éircumstances, rearrangement to a tri-
gonal bipyramidal transition state is energetically feasible, but for the
cis~isomers the ligand is already in a position to give extensive 7~
bonding, and aquation via a square pyramidal transition state is indicated.
Recently, however, there have been indications ;hat stereochemicél(rear—

- rangement does in fact occur‘withrgigféompleiés;(53;54) ’Toﬁé(ss)zéﬁireé
lated the occurence of stereochemical rearrangement with a large, positive
entropy of activation, AS*, and pointed out that this assumes that ''the

grosser aspects of stereochemical change are determined in the tramsition

state.,"” However, trans—diacido-complexes of macrocyclic ligands aquate



with retention of configuration and still have positive values of

AS*}(56’57) This behaviour is consistent with a general loosening of the

(56)

macrocyclic ligands in the transition state, which could well be

(57

trigonal bipyramidal, but the large amount of steric strain in the

cis-complexes makes their formation energetically unfavourable compared
to formation of the Ezéggfcomplexes.(57)
Sol&ation effects on reaction rates are difficult to predict from
first principles; the general procedure has been to attempt to correlate
trends in reaction rates with trends for a reaction of known mechanism.
Thus Burgess et al.(sa) have shown that for aquation of Ei§7[Coen2C12]+
and [Co(NH3)5C112+ in aqueous organic solvents, a graph of the logarithm
of the rate constant against the Grunwald-Winstein solvent parameter, Y,
is linear with a slope of +0,30. This is taken to indicate a dissociative
mechanism, but with rather different solvation requirements for the complex
ion and its transition state compared with the alkyl halide and its transi-

(58,59) (60) also showed that the rate of

tion state, However, Burgess
aquation of gigf[CoenZClz]+ in EfBuOH/HZO migtures decreases as the mole
fraction of t-BuOH increases from 0 to 0.04, then increases as the mole
fraction of t-BuOH is further increased. He has interpreted this behaviour

as indicating that Co-OH, bond making has some importance in the transition

2
state, since below 0.04 mole fraction t-BuOH the mixed solvent behaves
as a "clathrate" water-structure-enhancing system, and above 0.04 mole
fraction t-BuOH a "re-organised" water-structure-breaking model becomes

(61)

appropriate, However, this analysis has neglected the effect of solva-
tion on the leaving Cl1 ion; it might reasonably be supposed that if a
"free'" water molecule would interact more readily with the Co(III) ion in

an associative mechanism, it would also interact more readily with the



Cl™ ion in a dissociative mechanism.
Although the available evidence indicates that most Co(III)

complexes react by an Id mechanism, there are several important exceptions.

(62)

Co(III) haematoporphyrin is considered to undergo anation by a D

mechanism; the presence of a Co-imine linkage appears to enhance the

lability of the complex and increase the tendency to react by a D path-

way.(57) Anations of cis- and trans-[Co(cyclam)ClOHZ]2+ are similarly

considered to be D reactions; differing competition ratios for the inter—
mediates derived from the two geometric isomers, and the complete retention
of configuration observed in both cases, means that the reactions proceed

through two different square pyramidal intermediates and not through a

(63)

common trigonal bipyramidal species. A D reaction pathway by a well~-

characterised intermediate has been found for Co(III) systems which contain

the sulphite-ligand trans to the leaving group.(ﬁa"es)

2~
3

the transition state (and also the intermediate) rather than bond-weakening

(68)

The strong trans-
labilising effect of SO , which apparently acts via stabilisation of
in the ground-state, is considered responsible for formation of the
intermediate. 1In addition, penta-cyano-complexes of Co(III) show a D

mechanism.(ﬁg)

Presumably, here the high negative charge of the complex,
as well as increased Co-CN bond strengths due to the r—acceptor properties
of CN  lead to reaction via a D pathway and stabilisation of the inter-
mediate.(69)

Reaction by a five-co-ordinate intermediate also becomes more likely
as the leaving group, X, becomes more weakly bound. Artificial weakening
of the Co-X bond has been achieved by reacting Co complexes containing a

halide or pseudo-halide leaving group, with Hg2+. There is a large body

of evidence which suggests that the reaction proceeds by pre-association

25
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3
of the ng electrophile with the leavinpg group to give a binuclear

(70-72) 11 is followed by loss of HgX' to give a five-co-ordi-

(70,29)

complex;

nate intermediate, The situation when other electrophiles are used

to induce aquation is not so clear.(75’77’78)

Examples of Cobalt(ITI) complexes reacting by an associative

mechanism are rare, and in every case the assignment is somewhat ambiguous,

520 ]+ with C17, OH , NH, contains

5 3 3
a term which is first order in concentration of entering nucleophile.(79)

The rate law for reaction of {Co(NHB)

The order of reactivity is OH > ¢l > NH, > H,O which is similar, but

3 2
not identical to the order of nucleophilic reactivity constants(so)

nEH I for loss of I from CH3I. The position of OH is ambiguous, since
3
it can react via the SNICB mechanism; similarly, it may be that the position

of NH3 is determined by its ability to provide OH ions in aqueous solution.
Cl” could be forming a reactive ion-pair with the substrate, although the
very negative value of"AS*.is hard to explain on this mechanism.

In order to explain the formation of gi§78—[CotrienCIOH2]2+ as

the sole product of the aquation of trans—[CotrienC12]2+, Sargeson and

(81)

Searle have postulated an associative mechanism, with the incoming

water molecule helping to evict the C1  ligand, and giving the observed

(82)

product by Ingold's edge~displacement mechanism, Niththyananthan and

Tobe(83) have pointed out that the stereochemistry of the product is not
inconsistent with a dissociative mechanism provided that account is taken
of hydrcgen-bonded and steric interactions in the transition state. An

Ia mechanism has also been suggested for the aquation of [CO(NH3)5P04H3}3+

where the observed rate is a linear function of the activity of HZO(SA) and

for the base hydrolysis of [Co(NH3)5P04].(85) The mechanistic assignment
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for the last complex is very ambiguocus.
The only other inert octahedral complexes which have been studied
in detail are those of Cr(III). BHere there is no evidence for a D

pathway in spontaneous aquation(86’87) but the Hg2+—cata1ysed aquations
(88)

are at least Id in nature, and may well involve a D mechanism. An

Id mechanism has been proposed(89) for aquation of [Cr(NCS)ﬁ]B“. The
aquation of {Cr(NHB)z(NCS)4]_ also seems to be Id, but this complex
requires the participation of two H,0 molecules in the transition state,

one suitably orientated to form the product, and one to hydrogen-bond to

o, (90,91)

the leaving NCS io This model, which bears some resemblance to

(92)

Adamson's original model for the reaction might explain the slightly

negative volume of activation for the reaction.(93)
Swaddle and his co-workers have accumulated convincing evidence

that anation of [Cr(H20)6]3+ (and by microreversibility the aquation of

[Cr(HZO)SX]n+)§94_98) and also the corresponding reactieons of the pentam-
mine complexes(gg) occur by an Ia mechanism. Powell(loo) has also cor-

related transition enthalpies, AHT (see equation 1.7) for the reaction

3+, - |
0 —> [Cr(WH,) 0H,]°" + X (1.8)

2+
[cr(H,0),X1°" + H,

with the enthalpies of solvation of X ; for reactions of Cobalt(III)

complexes AHT is independent of the nature of X, An Ia mechanism is in

agreement with Adamson's C.F.A.E. calculations(g) and with German and
Dogonadze's quantum mechanical predictions$101) Espenson,(loz) however,

prefers an Id mechanism for these reactions, The conflict between these
two interpretations may be more apparent than real; whilst Espenson is
emphasising that ligand-dissociation plays an important part in forming

the transition state, Swaddle is indicating that reactions of cationic
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Cr(I1I) complexes are nevertheless more associative than those of cationic

Co(II1) complexes. The term ''ligand-assisted dissociative interchange”(loz’

103) although cumbersome, at least indicates that both modes of activation
are important.

Rhodium(III) is isoelectronic in its valence shell with Co(III)
and its kinetics have generally been compared with those of its congener,
but there are some similarities between reactions of Rh(III) and those of
Cr(III).

The effect of the leaving group has been studied for halide loss

2+(104,105) +(106) + (106)

from [Rh(NH3)5X] . Ezggg—[RhenZIX] and §£§g§7[Rhen2BrX] .
"In each case the rate constants increase in the order X = I < Br < Cl ,

This trend is the reverse of that found for halide loss from [Co{(NH X]2+,

(105)

3)5
suggested that this indicated an Ia mechanism for
(104)

and Chan et al.
the Rh(III) complexes. However, Po& et al. pointed out that the

enthalpies of activation for [M(NH X]2+ follow the order I < Br < Cl ,

3)5
for both Co(III) and Rh(III) complexes, and using this criterion the
relative reactivities of the complexes within the two series are similar,
implying by Chan's reasoning that a common mechanism is operative. Thus
mechanistic assigﬁments on leaving group effects do not seem to be very
reliable. |

The entering groups in_the Spbstitution ;ggctiog .

RhL.X + Y RhLY + X (1.9)

appear to have little, if any, effect on the rate, provided that Y is

(166-109)

not OH and X 4is not H,O. This has been interpreted to mean

2

that, as for Co(III), the rate determining step is aquation of [RhLSX],

followed by fast anation of [RhLSOHz] by Y .
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One of the most profound differences between Co{(III) and Rh(III)
chemistry is that stereochemical change in Rh(III) substitutions is extreme-
ly rare. Those examples which have been found haye involved forcing
conditions, and they are discuésed in Chapter 3. This retention of topo-
graphy may be one reason why Rh(III) exhibits a pronounced trans-effect;
stereorigidity means the trans-ligand cannot become sterically and electro-
nically equivalent to the cis-ligands by forming with them the axial plane
of a trigonal bipyramidal transition state. The trans-effect in Rh(III)

(104,106,110,111) (112)

has been studied by Poé et al. and by Klabunde

and will be discussed in detail in Chapter 4, The cis~ligands do exert

a slight effect; the rate constant for Cl1~ loss from trans—[Rh(NH3)4012]+

is twice that of'trans-{Rhen2C12]+;(108) this is consistent with the ligand

(108) (49)

field strengths and the nephelauxetic effects

(108)

of the amine ligands..

However, Po& has pointed out that the reverse order of reactivity

occurs in anation of the corresponding chloroaquo-complexes, and that the

effect of the cis-ligands is due to solvation rather than electronic

(107,113)

effects. It does seem to be generally agreed, however, that

electronic effects in Rh(III) are governed by g- and not m-bonding consi-

(106,107,114-116)

derations. Steric effects of the cis-ligands, although

they follow the same trend as for Co(IlI), are not so important for the
larger Rh(III) ion.(107)
| The small effect of charge on rates of réaﬁfidﬁ df'RH(III)‘aminé
(107)
as evidence that these complexes react by an asso-

Poé(llo)

complexes was cited

ciative mechanism, has noted that the effect of charge may be
+

obscured by the trans-effect., However, for cis—[RhenZClzl and cis-

[Rhen NH3Cl]2+ where the trans-ligand remains the same, the rates of cl

(117)

2

loss at 90.3°C differ by only one order of magnitude; ‘the corresponding
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Co(IIIl) complexes differ in rates by a factor of 480 at 25°C.(118)

The
rather small differences (ca. 2 kcal mol—l) between activation energies
for substitution in Rh(III) complexes and their Co(III) analogues, com-
pared to the C.F,A.E. prediction of 5 kecal mol*l has also been explained
b& assuming Rh(III) substitutions are more associative than Co(III)

(107,119,120)

reactions. In view of the rather tenuous nature of most of

this evidence for an Ia pathway in Rh(III) amine complexes, Poé& has sug-
gested that a precise assignment of mechanism for these éomplexes may not
be possible.(llo)
However, more definite evidence for an Ia pathway in Rh(III)
substitutions has been obtained from studies of anation reactionms.

(121) and Poé(122’123)

Monacelli separately studied anation of

[Rh(NH3)50H2]3+ by C1°, Br , I , SCN , 5042”. In some cases a rate law

of the form

K _ _al[x]

obsd 1 + b[X] (1.10)

was found, where X ~is the incoming anion. Values of b agreed well
with ion association constants KIP determined spectrophotometrically for
ion—pairihg between the substrate and X. The rate law is consistent with
the interchange mechanism shown for Co(III) anation in equations (1.3)

and (1.4). From equation (1.6), a/b is equal to kop the rate constant

for interchange of X from thersecond go—ordination sphere to the first.
The value ofkIP seems to depend on ihe nature of X,\its value being
X=1¢C1 > Br > S0 2_, and more importantly, it is up to 5 times greater

4

than kex’ the rate constant for H,0 exchange in [Rh(NH3)SOH2]3+. In 4.0 M

2
Cl™ solution, ﬁhe rate of H, O exchange is'only enhanced by a factor of

(124)

2

so acceleration of H,0 loss from the {[Rh(NH

1.2, 2

+
3)50H2],x}“ ion pair
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by electrostatic repulsion is not a valid explanation for the high values
of kIP/kex' The conclusion is that the rates of reaction are enhanced
because there is a certain amount of bond formation to the entering anion
in the transition state, i.e., that the mechanism is Ja. The effects of
changing the composition of the ionic atmosphere on the activity coeffi-

cients of the complex salt and the ion pair, and also of possible ion-

pairing of the complex ion with C104- have been discussed by Po& et al.(123)

They have concluded that although these effects will most probably increase
the value of kIP/kex’ there is a remote possibility that they will actually
decrease it; the decrease would not be sufficient, however, to invalidate

the assignment of the mechanism as Ia.

(97a)

Swaddle and Stranks have determined the volume of activation

#+ 3

AV" for the H,0 exchange of [Rh{KH

3+
2 2}

OH and found it to be -4.1 em

3)5
-1 s s e . . . s
mol *; the negative value indicates the reaction is much more associative

* 2 41.2 ® mo1™l), but slightly

than the corresponding Co(III) reaction (AV
less than the Cr(III) reaction (AV$ = -~5.8 cm3 molwl). It has been

suggested, however, that curvature of the plot of log kex against pressure
for the Rh(III) reaction indicates an Ia mechanism at high pressures which

(97a) Powell(lZS) has used

changes to an Id mechanism at low pressures.
transition enthalpies to show that [Rh(NHS)SX}2+ aquations and
{Rh(NH3)50H2}3+ anations are more associative than the corresponding Co(III)
rgactions,‘but lessAassociative thap {Cr(HZQ)sx}gf,aquations and
{Cr(H20)6]3+ anatioﬁs. Yle feels, however, thaf fhe rhodium(III) pentammine
reactions are dominated by their dissociative character.

Like Cr(III), Rh{(III) can sometimes react by a dissociative mechanism;

continuing the trend of more dissociative activation for Rh(III) than
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Cr(III), the existence of a D pathway seems fairly certain for anionic.

Rh(III) complexes. The rate of approach to equilibrium in the

system
3- kl 2- -
[Rh€1, 17 + B,0 == [RhC1.0H,]” + Cl (1.11)
6 2° Tk, 542
obeys the rate law
k = k, [RhC1 3"] + k _[RhC1.0H 2’][01‘] (1.12)
obsd 1 6 -1 : :
(126)

An Ia mechanism was originally assigned, with'{RhCISOHZ]Z_ under-
going direct nucleophilic attack by Cl~ . This contrasts with C1~ exchange
of [RhCl6]3- which proceeds via aquochloro-intermediates, with no direct
attack by Cl-,(127) and is also inherently unlikely from electrostatic
considerations., Further work on the reaction of the nucleophiles, X'=

Br , I, SCN, N02~, N, with [RhClSOHZ]z- showed that in some cases a

3
(128)
rate law corresponding to equation (1.10) was obeyed.

With two
anionic reactants, b is unlikely to be an ion-pairing constant, and the

reaction was accordingly assigned a D mechanism.

{RhClsonz]z" = {RhClS]Z,— + Hy0 (1.13)

[RhCls]z’ + X — [Rhc15x13" (1.14)

Recently Pavelich and Harris have suggested(lzg) that
‘tRh(}iO)5Cl]2+ undergoes Cl anation by a D mechanism. The rate iaw is
that of equation (1.10), which can be explained by either a D mechanisnm
or interchange within an ion-pair. The authors considered competitive
ion-pairing by ClO4_, and also the formation of [Rh(H20)4OHCl]+ and havé

decided that an ion-pair interchange mechanism can be excluded because



assumption of this mechanism means that (a) the pH-dependence of the

kinetic data is not consistent with the value of KA’

. + .
of [Rh(H20)5Cl]2 obtained by potentiometric titration, (b) the pH-

the acidity comstant

dependence of the reaction is not properly described at low pH, (c) a
negative value is obtained for one of the ion-pairing constants. The
sole product of the reaction is Egans—[Rh(H20)4012]+, and Pavelich and

Harris have argued that considering that only H,_O loss trans to the co-

2

ordinated €1  ions leads to reaction, does not affect their conclusions.

However, the possibility remains that the acidities of H,_ O molecules cis

2

and trans to the Cl 1ligand are not equal, and that a KA value determined

by titration may not refer to the stereospecific K.A appropriate to the

anation, This casts some doubt on objections (a) and (b) to the ion-
pairing mechanism, and also on (c¢), since the calculations on which this

point was based assumed the potentiometric value for K,. The authors

A
k(130)

have also re-interpreted earlier wor on the C1™ anation of

[Rh(H.0) ]3+ in terms of a D mechanism. The H
2776
3+
6]

20 exchange of

[Rh(H,0) occurs with a much higher enthalpy of activation and a rather
2

more positive entropy of activation than the corresponding values for H20

(131)

exchange of [Cr(HéO)6]3+. This was interpreted as indicating a d

mechanism for [Rh(H20)6]3+. Anation by C1™ of [Rh(H20)6]3+ obeys the

(130)

familiar rate law of equation (1.10). The limiting rate, a/b is

slightly larger than kéx; the rate cbhsfaht‘fér‘Hzc—é;cﬁaﬁge of
[Rh(H20)6]3+, although the differences are within experimental error.
This is consistent with a D formulation for the mechanism. If the
reaction occurs by the alternative ion-pair interchange mechanism, a/b is
equal to kIP, the rate constant for interchange within the ion pair. A

ratio of klp/kex of unity implies appreciable bonding to the incoming

33



(20,121-123)

nucleophile in the transition state. Assipnment of the mechan-

ism for this reaction would be facilitated if a volume of activation were
available for the water exchange of [Rh(H20)6]3+

The only other simple reaction of Rh(III) which has been assigned
a D mechanism is aquation of Ezgggf[Rh(DH)ZSOBCI]Z— which Syrtsova and

(132

Bolgar ) haye postulated follows a similar mechanism to that of its

Co(I1I) analogue. A D mechanism has been postulated for anation of

(66)

ICc(DH)ZSO3OH2]—,(68> but an Id mechanism is not excluded. A D

mechanism has also been postulated for Hg2+—induced aquation of

[Rh(NH3)5C1]2 and [Rh(NH ) Br ]2+ (58a,76,133) Chan et al. have argued
that the fact that the activation enthalpies Aﬂii and AH§r for loss of

C1™ and Br respectively in induced aquations obey equation (1.15) and

. 3 B
the corresponding parameters AHHgCl and AHHgBr for induced aquation obey
equation (1.16) indicates that spontaneous aquation of these complexes

proceeds by an associative mechanism.

ML - Aﬁgr = 1.9 kecal mol ™t (1.15)
& 4 -1
AHHgCl - AHHgBr = 42,0 kcal mol (1.16)

However, if the induced aquation proceeds by a pre-equilibrium formation

of a binuclear complex, as in the Ag+—cata1ysed aquation of

2+ (135)

[Rn(NH ) Br] AHH c1 and AHH eBr will include the heats of formation

of this complex. If it is assumed that_the relative affinity of Hg2+ for
Cl™ and Br 1is unaffected by their complexation to Rh(III), equation (1.16)

becomes

+ - 0 -
AHHgCl thr - ¢ HHgCl AHHgBr) ¥ (1.17)

where AHggX is the heat of complexation of Hg2+ with X~ and Y measures
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the relative activation parameters for loss of HgCl+ and HgBr+ from the

corresponding binuclear complexes. Use of Christensen's values(l35) for

(136)

Aﬂggx gives Y = -2.4 kcal mol—l and of Arnek's values gives Y =

~-2.0 keal mol_l. Both these values, and particularly the latter, are in
good agreement with that for spontaneous aquation (equation (1.15)) which
indicates that the mechanisms for spontaneous and induced aquation need
not be completely dissimilar.

It might be expected that the pattern established for Co(III) and
Rh(III) might be continued for Ir(III) complexes, with increased associa-
tive character in the reactions of cationic complexes, and probably D
pathways for substitutions involving anionic complexes. This prediction
appears to be true in practice. Bauer and Basolo(l37) found that substi-
tutions of trans-diacidobisethylenediamineiridium(III) show the familiar
insensitivity to the nature of the entering group, indicating that reaction
occurred by rate-determining aquation of the substrate followed by fast
anation of the aquo-complex. Evidence very similar to that presented for

[Rh(NH3)50H2]3+ suggests that [Ir(NH3)50H2]3+ undergoes HZO exchange(lBS)

(139)

and anation by an Ia process, and the order of increasing associative

(139)

3+
OHZ ]

n._3 -—

3)5

Garner and co-workers have studied the anionic [IrCln(HzO)6__n

character in anations of [M(NH

complexes. Although they have drawn no mechanistic conclusions from their

_ results, théy have shown that anation of_[IrClSOHz}zfs‘;éo); cis- "

(141) (143)
201

- 42 ‘
[IrClA(HZO)Z} . 1,2,6—[IrC13(H20)3](1 ) and Eyans—[lrpyZClBH

by Cl  all follow the rate law

kobsd = kz[Cl 1. (1.18)

At very high [Cl ], the rate law for anation of [IrClSOHz]Z_ becomes(144)
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. .—alelt]
Kobsa = T+ BLCL7] . (1.19)

which indicates that for at least this reaction, the mechanism is D.

Rh(III) might also be expected to follow similar reaction mechan-

isms to the isocelectronic Ru(IlI) ion. However, the chemistry of Ru(Il)

(145-149)

seems dominated by its w—donor properties, and from direct com-

parison of analogous complexes, it has been concluded that Ru(II) donates

,115,148)

n-electron density much more readily that R‘n(III).(ll4 Thus

[Ru(NH3)6]2+ and [Ru(NH3)5py]2+ aquate by an acid-catalysed path which

(146)

. . . 2+
has been ascribed to interaction of a proton with Ru~ 1n-electron

density to give an unstable seven-co-ordinate hydride of Ru(IV). Reac-

(150)

tions of Ru(II) are stereoretentive), implying either dissociative
activation via a square pyramidal transition state or an associative

reaction with cis-attack by the entering nucleophile. Reaction of

(151) N

4
[Ru(NH Hz)z with substituted pyridines or organic nitriles,

3750 2

(152)

or NZO are accurately first order in concentration of incoming nucleo-

phile, and on the basis of the small variation of rates for the different

(151)

nucleophiies have been assigned a D mechanism. Since a limiting

(68)

rate is not reached, Wilmarth's classification would imply that the

mechanism might be better formulated as Id. A dissociative mechanism has
also been suggested for substitution reactions of EEEf[Ruphenzpy2]2+.(lsob)
Ru(IIl) lacks the w-donor ability of Ru(II)(147’148’l§3),and‘it~
might be predicted to show siﬁilarities of kinetic behaviour to Rh(IIL).
Like Rh(III), Ru(III) amine complexes show retention of configuration; for

(154) The

+
Ru(III) this behaviour is found even in ng -induced aquation.
effect of charge on the complex is parallel in the two systems, and for

2+
both the rate constants for halide loss from [M(NH3)5X] decrease in
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the order X = C1 > Br > 1 .(155)

From this evidence, the reaction
mechanism for Ru(III) cationic complexes is considered to be Ia. However,
the kinetics of reaction of the anionic complexes of Ru{III) do not seem

to follow the trends established for Rh(III). Thus Cl exchange of
{RuCl6]3_ is retarded, not accelerated, by Cl™, which has been ascribed

to a superposition of primary kinetic salt effects and decreased activity
of HZO in more concentrated HCl solutions, leading to lower rates of attack

(156)

by H20 in an Ia mechanism. One rather surprising kinetic observation

is that the [Cl_] has no effect on the rate of anation of cis—~ or trans-
[RuCl3(H20)3];(157) unless reaction occurs by a D mechanism where C1~
conpetes very much more effectively than HZO for the five~co-ordinate
intermediate or by interchange within an ion-pair which is formed extremely
readily, it is hard to explain this observation. Anation of [RuClz(H20)4]+
is, however, first order in [C1~].(157)

In summary, anionic complexes of all the systems considered here, except
those of Cr(III) and Ru(III), tend to undergo reaction by an extreme D
mechanism. For the cationic complexes the order of increasing a activation,
i.e., of increasing bond-formation to the entering nucleophile, appears to be
Ru(II), Co(III) < Rh(III), ir(III), Ru(III) < Cr(III). The position of

Ru(III) will remain ambiguous until H,_O exchange studies on [Ru(NH3)50H2]3+

2
. ‘ 3+ 2+

are available, and the question of the [Rh(H20)6] and [RhClS(QHZ)S] ‘

anation data requiressome further thought before_it‘can be stated unambigu--

ously that Rh(III) shows an associative mode of activation in its cationic

aquo—~complexes.
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CHAPTER 2

General Experimental

Preparation and characterisation of complexes

20

trans—[EﬁS?2C12}C%94, Egans-[RhE?28r21C10 Eggggf[Rhenzlz]C104,

trans~[Rhen IC1]C104

o

2

All these complexes were prepared by standard methods,(l)(z) and

were characterised by elemental analysis (perforﬁed by the Imperial Col-
lege Microanalytical Department, London, England, and by the A, B. Gygli
Microanalytical Laboratories, Toronto, Canada) and by UV-visible spectro-
scopy. For trans-[Rhen,IX]C10, (X = C1 , I ), which undergoes partial
aquation whilst being dissolved, the spectra were recorded using solutions
that were at least 0.1M in NaX. The spectra of the less labile dichloro~
and dibromo-complexes were recorded in water alone. Since all these com~

(3) (&)

plexes are slightly 1ight-sensitive, their solutions were generally
handled in red light, and stored in the refrigerator in flasks wrapped in
aluminium foil. Microanalyses of representative samples of the compounds

are given in Table 2.1, and their spectra in Table 2.2,

trans~[Rhen2Br0H]C104

An attempt was made to prepare this complex as its agquobromo-
derivative by refluxing _gzggg_—[RhenzBrZ]CfLO4 with one equivalent of silver
perchlorate for 45 min. The silver bromide was filtered off aﬁd‘the v
spectrum of the filtrate (suitably diluted) was recorded. There was a
shoulder at ca. 230 nm, which suggested the presence of residual
££§3§7[Rhen28r2]+. Moreover, when an aliquot of the filtrate was heated

with sodium hydroxide at 64.3°C, a fast reaction occurred, with pseudo-
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first-order rate constant kf = 3,3 % 10-4 s-l, followed by a slower reac-

tion which had a pseudo-first-order rate constant ks of 3,9 x 10—5 s-l.

(5}

for the base

(6)

The value of kf agreed well with Shaw's preliminary data

hydrolysis of trans-{Rhen

BrOH}+, and that of ks with Bott's data for

2
the substitution reactions of Ezgggf[Rhenzﬁr2]+. A second attempt was
made to prepare pure Ezgggf[RhenzBrOH2]2+, this time by refluxing trans-
[RhenzBrZ]C1O4 with one equivalent of silver perchlorate, and sufficient
perchloric acid that the pH of the final solution was less than 2, Ho&—
ever, the product of this preparation was also contaminated with trans-
{Rhen23r2]+.

A solution of pure Ezéggf[RhenzBrOH]+ was finally prepared by
refluxing EEggg;—[RhenzBrz]ClO4 (0.4457 g, 0.9243 mmol), dissolved in the
minimum amount of hot water) with 1 ml of ca. 0.1 perchloric acid, and
10 ml 0.09245M silver perchlorate (one equivalent), in a foil-wrapped
flask for 40 min. The solution was then placed on a 12 cm long column
of Dowex 50 W (100-200 mesh) cation-exchange resin, using the vacuum
ion~exchange apparatus shown in Fig. 2.1. The Ezgggf[RhenzBr2]+ was
eluted with 0.5M sodium perchlorate, the eluate being collected in 14 to
15 ml fractions., The UV-visible spectra of the fractions were monitored
on a Perkin Elmer 402 spectrophotometer. ' When all the dibromo-complex
had been eluted, the eluant was changed to 0.5 sodium perchlorate con-
taining'O.lﬁ.sodium hydroxide, and the resulting EzgggfthenZBrOH]+

: +
eluted. From the known volumes and absorbances of the {[Rhen Broll] and

2

[RhenzBr2]+ fractions, and the extinction coefficients of these complexes

+
(vide infra), it was calculated that the Egans—[RhenQBrOH] /trans-

+ . +
[Rhen ]" mixture before separation contained 14% grans—[RhenzBr7] .

2572
The spectra of the bromohydroxy-fractions showed that>the sodium hydroxide

also eluted traces of an unidentified compound, which was probably an
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impurity associated with the resin: the presence of this compound did
+
not appear to affect the kinetics of any reaction of the trans-[RhenZBrOH]

+ .
complex, The solutions of trans-[Rhen BrOH] were stored in the refri-

2
gerator in foil-wrapped flasks,

The UV-visible spectrum of a suitable 552557[RhenzBrOH}+ fraction
was recorded, ;nd the fraction was then aﬁalfééd by converting the trans-
BrOH]+ to trans-[Rhen ]+

[Rhen . A suitably diluted aliquot of the

2 2572
bromohydroxy-fraction was heated with an acid bromide solution (final
[Br ] = 0.2, pH = 4 to 6) until there was no further change in the spec-
trum (1% hr). The absorbance of the product was measured at 278 nm, and
the concentration of the original bromohydroxy—-fraction calculated from

the known extinction coefficient (3042 Mwl cm—l) of trans~[Rhen2Br2]+

at this wavelength. The spectroscopic parameters obtained for trans-

+
IRhenzBrOH] are given in Table 2.2,
- +
trans—[RhenZCIOH}
This complex was initially prepared by refluxing trans—[RhenZCIZ]Clo4

with one equivalent of silver perchlorate. Spectroscopic determination of
the purity of the product was more difficult than for the bromo-analogue,
but curved rate plots were obtained for the base hydrolysis of the product,
indicating that the solution was contaminated with residual trans-
[Rhen,C1, 1. 7' | |

| A solution of pure Ezgggf{Rhen2C10H1+ Qaé obtained by refluxing
EI?_E_S:_—[RhenZClz]ClO4 (0.5866 g, 1.49 mmol) dissolved in the minimum amocunt
of hot water with one equivalent of silver perchlorate for ca. 3% hr.

The chlorohydroxy- and dichloro-complexes were then separated on a column

of Dowex 50 VW ion exchange resin, as outlined for their bromo-analogues.



49

The EIEEE;{RmmchHj* was eluted with 0,51 sodium perchlorate containing
0.1M sodium hydroxide. The chlorohydroxv-complex fractions were stored
in the refrigerator in foil-wrapped vessels. Spectroscopic analysis of
the chlorohydroxv- and dichloro-complex fractions showed that the original
solution had contained 15% E£§3§7[Rhen2012]+.

: . + s
The spectroscopic parameters of trans-[Rhen,KClOH] were determined

2

by recording the UV-visible spectrum of a suitable chlorohydroxy-fraction,

which was then analysed by converting the trans-[Rhen ClOH]+ to trans-

2
[Rhen2012]+ as follows., An aliquot of the solution was heated with hvdro-
chloric acid (final [HC1] = 0.6M) at 78.6°C until there was no further
change in spectrum (ca. 1 hr). The absorbance of the resulting solution
at 409 or 28% nm was measured, and its concentration calculated from the
knovn extinction coefficients (82.2 and 124 Mwl cm_l respectively) of
Ezgggy{RhenZClé]+ at these wavelenpths, The spectroscopic parameters

obtained for Egans—[Rhen ClOH]+ are given in Table 2.2.

2

trans-{[Rhen IOH]+

2

+
transf[RhenZIDH] was prepared in situ by heating an aliquot of
standard trans~[RhenzIC1]ClOQ with an aliquet of standard sodium hydrox-

ide in a 1 cm quartz cell. There was an initial fast reaction,
+ - .
E;ansf[RhenzICl} + O -~ Intermediate ... . (2.1)

which occurred with the spectroscopic changes shown in Fig. 2.2, The
isosbestic points are diffuse because the rate of hydrolysis of the inter-
mediate is not negligible corpared to its rate of formation. By following
the decrease in absorbahce at 310 nm and the increase in absorbance at

277 nm, the rate constant, kf, for reaction 2.1 was found to be 7.6 x 1O~4 g1
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-4 - X ,
and 2,9 x 10 s 1 respectively at 50.2°C. DBecause of the spectroscopic

changes accompanying hvdrolvsis of the intermediate, these values repre-

sent upper and lower limits respectively for kf' The average value of

8.8 x 10*4 s-l agrees well with the data(6) for the reactions
+ - + -
trangf[RhenZICl] + Br — Egans—[RhenzIBr] + Cl (2.2)
+ . - + -
trans—[RhenzICl] + 1 - trans—[RhenzIz} + C1 (2.3
so the fast reaction is
trans-[Rhen,IC1]7 + 0" ~—> [Rhen o1 + c1” (2.4)

2 2

The spectra of the [Rhen

- +
ZIOH]4 intermediate, and of the [Rhenz(OH)z]

product of further hydrolysis

[Rhen

210}1]* + 01" — [Rheny(om),1" + 1 (2.5)

are both independent of the concentration of hydroxide used for reactions
2.4 and 2.5. As discussed in Chapter 3, this indicated that no stereo-
chemical change occurred during either reaction 2.4 or reaction 2.5, and
;he [RhenZIOH]+ product of reaction 2.4 was assigned the trans-geometry.

During reaction 2.4 the absorption maxima of trans-[Rhen ICl]+

2

decreased in intensity, and new peaks grew at 274, 402 and 446 nm. The

spectrum of trans-[Rhen IOH]+ was obtained by assuming that when these

2

peaks were at their maximum intensity the only complex present was trans-

+ .
[RhEHZIOH] - The extinction coefficients given for trans-[Rhen IOH]+ in

2

Table 2.2 are therefore lower limits for the values of éinax
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Chemicals

All chemicals were reapent grade and used as received unless other-
wise stated. Sodium hydroxide for kinetic runs was obtained from Fisher
Chemicals Ltd. as 2N certified reagent solutions which were diluted appro-
priately. Sodium perchlorate was obtained from B.D.E. Ltd. or Fisher Chemi-

cals Ltd. as the hydrate, NaCl0 'HZO' This was heated at 150°C for 24 hr,

4
cooled and ground to a powder, then heated at 210°C for a further 12 hr to
give anhydrous NaClOA. Since commercial sodium perchlorate usually con-
tains insoluble impurities, all sodium perchlorate solutions were filtered
before use. Sodium chloride, bromide, iodide and fluoride were dried at
150 to 180°C for 12 hr prior to use. Sodium sulphate, NaZSOA’ and sodium

phosphate, Ja3P04.12H20,were used as received from B,D.H. Ltd. All solids

which had been dried were stored in dessicators over silica gel,

Spectra

All UV-visible spectra wefe recorded on a Perkin Elmer 402 spectro-
photometer. Spectra which were recorded during a kinetic run weré recorded
at the fast speed (full spectrum--190 t6 850 nm——-in 2 min): very precise
measurements were fecorded on-the slow speed (full spectrum in 40 min),
Routine spectra were recorded at the medium speed (full spectrum in 8 min).

All specﬁra were calibrated with holmium glass.

Kinetics

the thermostatted cell compartments of either the Cary 16K or the Perkin

Elmer 402 spectrophotometer. Temperatures in the 402 cell compartment were



measured with a precision thermometer, and emergent stem corrections
were made. Temperatures in the Cary 16K were measured by a thermistor
connected to a Wayne Kerr B221 conductivity bridge. The thermistor
had previously been calibrated every 0.1 to 0.2°C from 6 to 85°C against
a partial immersion thermometer. There were no discernible differences
between the temperatures in the different cell holders of either the
Perkin Elmer 402 or the Cary 16K. This was shown bﬁth by direct measure-
ments with the thermistor, and by simultaneously measuring the rate
constant for a standard reaction, under idemtical experimental conditioms,
in each holder of the cell compartment. The results are given in Table
2.3 and show that if there are temperatufe gradients within the cell
compartments, or effects due to the amount of time a given cell spends
in the light path, they are sufficiently small that they do not affect
the kinetic data. |

A given kinetic run was initiated by mixing aliquots of standard
solutions of the reactants in the cell; this was then placed in the cell
compartment of the spectrophotometer and allowed to come to thermal

equilibrium for at least 10 min. The reaction was then followed by

52

monitoring the change in absorbance at fixed wavelength, A; all absorbances

measured during kinetic runs were in the range 0 to 1.2 a.u. The pseudo-

first-order rate constant k obsd ¥as obtained from the slope, s, of the

graph of loglo(]D -D l) against time, where D, D, are the absorbances<rrgbm;i‘”

at A at time t, and after completion of the reaction, respectlvely. Thus

kpog = ~2.3026(s) | (2.6)

Fig. 2.3 shows a typical pseudo-first-order rate plot. When reactions

were too slow to measure the value of D_ easily, this was obtained by
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extrapolation of data for the first 3 te 5 half-lives, a second adjust-
ment of D_ being performed if the initial extrapolation gave a curved

rate plot. Alternatively, Guggpenheim plots were used.

Ligand Dependences

In many of the reactions studied, the value of k depended

obsd

. - .
on the concentration of added anion, Y , at constant ionic strength,

i.e, the rate law was

kobsd ki + kz[Y] (2.7)

The values of kl’ k2 were obtained from a weighted least squares pro-

gramme which assumed a constant percentage error, P, in k When a

obsd’
ligand dependence was performed at different temperafures to obtain
activation parameters for kl and kz, it was assumed that the percentage
errors at eaéh temperature‘belonged to a common population. The vari-
ances found for kobsd at each temperature for a given system were
therefore pooled to give a new percentage error, P, which applied at
all temperatures. f'was then used to‘give the standard deviations in
kl and kz. All errors quoted in this thesis are standard deviations,

unless otherwise stated, and are corrected for the number of degrees

of freedom appropriate to the way they were determined.

Activation Parameters

Activation parameters were obtained under two sets of conditions:

(a) At low reactant concentrations, where the contribution of second-

order terms to kobsd was neplirible,

. ¥ * . .
In this case the enthalpy, AH , and entropy, AS , of activation
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were obtained from the slope and interceot of the straight line eiven hy
the unweighted least squares analysis of the temperature—dependence of
the rate constant, kr’ according to the equation

+ #
AHT A8

2.303RT * 2.303R

loglo(kr/T) = loglo(k/h) - (2.8)

where T 1is the absolute temperature, and k, h, R are Boltzmann's
constant, Planck's constant, and the universal gas constant respectively.

(b) Using values of k, or k, which had been obtained from the ligand-

dependence of k

obsd

In this case a weighted least squares analysis of £he temperature~
dependence of kl (or kz) according to equation 2.8 was used to give the
appropriate activation parameters. For anv vélue, ki’ of the rate con-
stant, the weighting factor, LA associated with the ordinate, loglO(ki/T)‘

is given by
N2
w, o= 1/(1og10(1 + 0i/ki)) (2.9)

where Gi is the absolute value of the standard deviation of ki'

Statistics

The statistical treatment used in determining both the ligand-
dependences and the activation parameters is outlined in detail in
appgndix A.:‘The computer programmes:(wfitten'in the Watfiv high-speed
modification of Fortran IV) which were used to perform the least squares

calculations are given in appendix B.
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Table 2.1

Analyses of trans-diacidobisethvlenediaminerhodium(II1) complexes

Complex Element Found Calculated
trans—[Rhen2C12]C104 C 12.4% 12.2 %
15§ 4,247 4.06%
N 14.3% 14.2°%
trans—-[RhenzBrz]ClOA C 10.1% 9.98%
n ' 3.40% 3.33%
N 11.8 % 11.6 &
— (-7 ﬂ',‘
trans [RhenZIZ]Cl()A C 8.58% 8.33%
I 2.82% 2.78%
N 9,58% 9,71%
'trans~{Rhen2101]c104 C 9.73% 9.90%
H 3.52% 3.30%
trans—[Rhenz(OH)OHz](ClOa)z c 10,9, 10.7% 10.5%
' H 4.21, 4.39 4.27%
N 13.3:, 13,5% 12.3%

Cc1 15.1 15.5%




Table 2.2

Visible and yV spectra of trans-diacidobisethyvlenediaminerhodium(IIT)

complexes
Complex This work Published values
Anax € nax *nax €rax 2L
o) 0l en ™ (am Glen™D
trans-[Rhen,C1,]" 410 82 407 75 1
289 121 286 125
241 (sh) 1,690 -
207 39,600 -
trans-[Rhen,Br,]" 431 115 425 120 1
277 2,930 276 3,000
234 37,800 231 31,000
trans-[Rhen,T,1" 467 271 462 260 2
342 16,000 340 14,300
- - 269 31,000
- - 222 20,000
trans-[Rhen,1C1]" 490 260 - - 2
n440(sh) n160 440 154
301 4,300 300 4,350
e . 241 138,000 242 .~ :38,500
trans-[Rhen,T0H]' 446 150 400- 7 7
402 160 450 }
274 4,000 270 2,150
trans-[Rhen,Bron]* 376 105 370 103 7
n290 (sh) 148 290 (sh) ~200
trans-[Rhen,Cloi]” 370 93,5 w360 52 7

293 134 280 76



Table 2.3

(a) Reproducibility of kinetic runs in the cell compartment of the Cary 16K

grans—{RhenzIz]+ +CclT — Ezgggf[khenzlcl]+ + I

Temperature = 44,62°C [c17] = 0.10M
Cell nurber !Qi-kobsd iE:il
1 6,466
2 6.501
3 6.492
4 6,492
5 6.430

——— C - —— B T YR S e

(b) Reproducibility of kinetic runs in the cell compartment of the Perkin

Elmer 402

— - ——— _— © e e+

- + -
trans~[PRhen IOH]+ + 0OH —— trangf[Rhenz(OH)z} + 1

2
Temperature = 55.4°C [oH ] = 0.01M
5 ~1
Cell number 10 kobSd (s 7)
1 2.642
3 2.625
4 2.617
Temperature = 81.0°C . [OH7] = 0.01M
Cell number - : R I 105<k . (s—l)
LS o = Fobsd ~E—t
1 62.04
2 61.70

3 61.34
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CIIAPTER 3

Reactions for which the rate is dependent on the nature and concentration

of added anions

Introduction

The SNllP mechanism

For several octahedral complexes the rates of substitution are
dependent'on the nature and concentration of the anions present in solu-
tion. Except when the anion is hydroxide, when the reaction appears to
occur by the SLICB mechanism (vide infra), this dependence is small, and

N

it has been ascribed to the S _1IP mechanism of equations 3.1 to 3.3,

N
[MLSX]"""' + H,0 j—‘?‘—» [3»[1;50}12](“‘“)+ + X (3.1)
{msx]m +.Yn’;cY—4— {msx,\:}(m"“)"" (3.2)
{MLSX,Y}(m_n)+ + 0,0 -—k—g—» [MLSGHZ](MD-*‘ +X +Y (3.3)

In cases where the final product is [Iv{LSY](m"-l.n)+ it is not possible to

tell whether the formation of this product occurs by rapid anation of

](m+1)+ }(m—n)+
2

{MLSXOH or by a dissociative interchange within the {ML_.X,Y

S
ion-pair.

3+

For association of sulphate with [Cden or‘[Co(NH3)6]3+, the

e

‘rate of formation of the ion-pair is diffusion-controlled. Assuming

3]

this is also true for ion-association reaction 3.2, the rate law for the

SNIIP nmechanism is

k + Kk [Y]
1{ - o }Q{\Y, (3.4)
obsd 1+ KY[X]
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if KY[Y] is much less than unity, equation 3.4 becomes

kobsd = ko + KYkY[Y] (3.5)

Despite the belief(z)

that reactions of chromium(III) complexes
have some associative character} the reactions of ion-pairs of both
chromium(III) and cobalt(III) complexes have been interpreted in terms of

a dissociative‘mechanism. Jones et al.(3) and Walker and Monk(a)

separately studied the reaction

\ 2+ -
[Cr(uH ) 117" + B0 — [Cr(Wi,)0m,]7 +cl (3.6)

in the presence of divalent anions, and found the rate law of equation
3.4, Vhen the added anion was citrate the product was exclusively the
aquo-complex, even under conditions where the citrato-complex was

(3)

stable; it appears that in this case interchange within the ion-pair
definitely does not occur. Furthermore, as can be seen in Table 3.1,
ion-pairs are not generally much more reactive than the free complex,

nor do the reactivities of the ion-pairs varv greatly with the'nature

of the anion. Both these observations agree with a dissociative mechanism,
and tﬁe data in Table 3.1 show that this assignment is valid in non-

(5)-(10)

aqueous solvents, as well as in water. Watts et al. have
~ extensively studied the spbstitution,isomerisation and solvolyéis‘of
\cﬁféﬁiﬁm(fiiijand éobaif(iii}:ééﬁéléiés in hgﬁ;;&;éﬁﬁs ééi;énﬁs‘éﬂa
suggested that, depending on the nature of the complex and the solvent,
reaction 3.3 occurs by either an Id or a D mechanism.

The data in Table 3.1 show that ion-pairs are generally more reactive

(6)

than the free complex; although Watts has warned against over-simplifying

the kinetic effects of ifon-pairing, it is possible to explain the enhanced



reactivity of the ion~pair by invoking electrostatic repulsion between

Y% and the leaving group X ., 1In addition to the repulsion transmitted

through space, electron density may be transmitted across the complex

via hydrogen bonding between the anion and the protons of a co-ordinated

amine, Circular dichroism,(ll)—(l7) n.m.r.(lg)

(17)(19)

and x-ray crystallo-

graphic studies show that such hydrogen-bonding is sufficiently

extensive in the {Coen3,P04}O ion-pair that it alters the conformations

of the ethylenediamine rings. Direct charge-transfer from anion orbitals
to the orbitals of the central atom of the cation can also occur: the

+ —
n.m.r. spectrum of {BuaN ,M(PPh3)I3 }0 (M = Co(II), Ni(II)) indicates

transference of free spin density from the paramagnetic anion to the dia-

(20)

}(m~n)+

magnetic cation. Formation of the ion-pair {MLSX,Y is often

accompanied by the growth of charge-transfer bands in the spectrum of

the cation, although it is not always clear whether these are due to

(21)

direct Y to M charge-transfer or interaction via the co~ordinated

ligands.(zz)(23)

The SQIIP mechanism seems to be fairly well-established for

1
(25)

cobalt(IIT) and chromium(III) complexes, but only one study of the

kinetic effect of ion-pairing has appeared for rhodium(III) complexes,

(24)-(26) (25)

and only three for iridium(ITI) complexes. Burgess et al,

studied the radiochloride exchange reactions of cis—[RhtfienClz]+ and

f'fréns~[Rﬁ;n2012]+; in both cases the rate law was tﬁatiof‘equatiohf3;&.

1

The values of KC found (25 M ~ for trans-[Rhen2C12]+ at 80.6°C, and

1
60 Mﬂl for cis-—[RhtrienClzl+ at 60.2°C) are extremely high for associa~
tion between two univalent electrolvtes in water, particularly as no

mention is made of correction to zero iomic strengtn and the chloride ion

concentration ranged from 1 x 10—3M to 1.00 M. However, for both



complexes the ion-pairs are approximately three times more reactive than
the free ion, which fits the pattern established for cobalt(III) and
chromium(III) complexes.

For the iridium(III) complexes mnot only were the ion-association

constants found extremely high (KVO for trans—[Iren2C12]+ was said(26)
X rrans
2
to be 207 Mfl at 90°C), but the reactivity of the free complex was

apparently negligible compared to that of the various ion-pairs. This

was found for the reaction of trans—[[ren2C12]+ with radiochloride,(za)

(26) (26)

bromide and the reaction of cis—[lren2012]+ with

(26)

and nitrite,

(25)

radiochloride, From these results, Burgess et al. claimed that

(27)

Basolo and Bauer's results for the reaction of Ezggﬁf{lren2012]+

with 0.2 M iodide referred to the reaction of the {IrenZClZ,I}O ifon—pair.

However, it is strange that the reactivity of this ion-pair should be

(27)

the same as the reactivity of whatever species are present in 3 x 10

M hydroxide solution,

The S, 1IP mechanism and reactions with hydroxide
JA |

(28)

Chan and his co-workers consider the base hydrolysis of
cobalt(III) complexes to occur by an SNlIP mechanism, but they have given
no explanation for the very high reactivity of the supposed hydroxide

ion-pair. The major evidence for the operation of an §

(28)

7\‘J.IP nechanism ig

base hydrélysis was fhé claim ﬁhat the bése hydrolyses of
-
[Co(NH3)5Cl]2+, [CoenZNH3Cl]2+ and [CotrienNH3C1]2 all obeved the rate

law

kKo™ y

Kobsd = T+ K[oH"]

instead of the usual second-order rate law

66

(3.4a)
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kohsd k2[0H ] : (3.7)

The magnitude of K in equation 3.4a led to the conclusion that it was

KOH’ the ion-pairing constant for association between the substrate and

1.(29) (28)

hydroxide. However, when Buckingham et a extended Chan's results

for [Co(NH Cl]2+ from [OH ] = 0,1 ¥ to [OH ] = 1.0 M, they found that

3>5
equation 3.7 was obeyed even up to 1.0 M hydroxide. Thus there appears

to be no positive evidence that the base hydrolysis of cobalt(IIT)

complexes occurs by the SNHP mechanism.

The 5, 1CB mechanism for cobalt(III) complexes

The Swch mechanism given in equations 3.8 and 3.9 has been found
*

to be capable of rationalising all or almost all the data available for

the base hydrolysis reactions of metal—amine—complexes.(30)
o, o~ B (n-1)+
ML, R,EXT™ + 0T === [, (R)X] " + H,0 (3.8)
(n-1)+ “c + L %
(ML, (VR X1 +H0 —=> DML, (RAOH]T + X (3.9)

Equation 3.8 is a fast pre-equilibrium, and equation 3.9 is the uni-
molecular reaction of the conjugate base.

Although the equilibrium concentration of the deprotonated species

1+ (31)-(33)

[ML4(NR2)X](n— is much less than that of the corresponding ion-pair,

(33)(34)

”—,suqh:SPécigs'havgubgénzdetacted by Navon et al.’” in highly basic = -

aqueous solutions, and have been formed in stoichiometric amounts using

(35)-(39)

sodium in liquid ammonia. Moreover, the complexes Eé§f{CoLAC12]+.

(L = py, B~pic, y-pic) which have no acidic nrotons are not susceptible

(40) The most compelling evidence for the involvement

(41)

to base catalysis.

of a deprotonated intermediate comes from Poon and Tobe's study f



the base hydrolysis of trans—-{CoD —cyclamClz]+ (D4—cyc1am is the fully

4
N—-deuterated analogue of c¢cyclam). This complex was allowed to undergo
ca. 3% of total reaction with OI in HZO, then the reaction was quenched
with acid. The unreacted substrate had exchanged ca. 20% of its H-
deuterons, but the trans-chlorohydroxy-product contained ca. 40% N-H
bonds. The rate of deuterium exchange of the product was negligible
compared to its rate of f;rmation, so the extra exchange must ha&e
occurred during the base hydrolysis reaction, which implies a deproton-
ated intermediate.

There is much evidence for the dissociative nature of the conju-

(42) showed that the second

gate base mechanism. FPearson and Edgington
order rate constant k' for the reaction of [Co(NH3)501]2+ with the peroxide
anion was smaller than the corresponding rate constant for reaction with
hydroxide, and the diminﬁtion in reactivity was almost exactly what would

be expected if the species catalysing the aquation of [Co(NH3)SCl]2+

were hydroxide ion produced by the equilibrium

- -
H02 + HZO = H202 + OH , : (3.10)

Thus hydroxide was not acting as a nucleophile in an SNZ reaction, because in
this case the reaction with peroxide would have been faster than that
with hydroxide, the alpha-effect of the extra oxygen atom in 02H~ making

‘-peroxide a better nucleophile than hydroxide. " - - - =lwrﬂv“*~ s

(43)

Green and Taube also concluded that hydroxide was not acting

as a nucleophile in the base hydrolysis of [Co(NH3)SX]2+ (X =Ccl, Br ,

1 ) when they showed the fractionation factor, T for incorporation of

1
016H— and OlSH- in the [Co(NH3)50H]2+ product was 1.004 in all cases. If

hydroxide acted as a nucleophile, F, would have been 1.016, the value

1



(@)}
O

(44)

given by considering the equilibrium constant for the reaction

32016 +ofm = o a0 (3.11)

Moreover, the lack of dependence of Fl on the nature of the leaving
group X suggested a dissociative mechanism with a common intermediate.
The values of Fl in Green and Taube's experiment represent the

competition of 016H2 and OlSH2 for the intermediate {Co(NH3)4NH2}2+.

The competition of anions, Y (Y = N3-, SCN, NOZ-’ DAc , 5042_,

(45)

POAB_) for this intermediate has also been investigated. The competi-

tion ratio, f, defined as

Percentage of [Co(NH3)5Y] Product

'~ Percentage of [Co(NH ;) (GHT Product (3.12)

was independent of the nature of the leaving group X and of the concentra-
tion of hydroxide. It did depend on the concentration of Yn_, and it
varied from one anion to another., All these results are consistent with
an SNICB mechanism where the intermediate {Co(NH3)4NH2}2+ is very reactive
énd does not distinguish greatly between different nucleophiles. Similar
experiments(AG) on the competition of azide and thiocyanate for the inter-
mediate {Co(MeNHz)AMeNH}2+ showed the same trends, but indicated that
{Co(MéNHZ)éMENH}2+ discriminated more between nucleophiles than
{Co(NH3)4NH2}2+.' The five co-ordinate intermediate derived from
{Co(MéNHZ)SX}2+'is therefore more stable than that derived from

-+ : .
X}z ; this is consistent with the large amount of steric strain

47

{CO(NH3)5

imposed on [Co(MeNH C1]2+ by the bulky methylamine ligands.

2)5
The stereochenical consequences of the base hydrolysis of cobalt(III)

complexes have been extensively studied. Buckingham et a1.(48)(49)

determined the stereochemistry of the reaction
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[Coen,LX]™ + 0H™ — [Coen,LoN]™ + X~ (3.14)

2

and Tobe's earlier results have been summarised by Basolo and Pearson.(51)(52)‘

For trans-[Coen.1x]" (L = c1”, wes™, N7, 08, ¥0,; X = €17, Br , N

2 2 3
NCS ) and for cis~[Coen2LX]n+ (L =0C1, NH, NCS N3", oH , NOZ—;

X =Cl, Br, NOB_’ N3_, NCS™) the stereochemistry of the product is
independent of the leaving group, X. However, the stereochemistries of
the products from the cis- and trans-isomers of the same complex are not

identical; this has been rationalised(SI)(sz)

in terms of the two trigomal
- bipyramidal intermediates derivable from [CoenzLX]n+.

Detailed interpretation of the stereochemical changes accompanying
base hydrolysis has relied on the assumption that there is extensive 7-
donation from the amido-group to the metal atom in the deprotonated inter-

(53)

mediate. However, Buckingham et al. showed that such 7-bonding did
not occur in the conjugate base derived from [CotrenenC1]2+. This complex
contains an asymmetric secondary nitrogen centre trans to the leaving
group; the optical activity due to this asymmetric centre was not lost
during base hydrolysis, implying that the tetrahedral nitrogen atom never
achieved sp2 hydridisation, and hence did not participate in 7-donation

to cobalt(III). However, this conclusion may only apply to the special
cése of [CotrenenCl]2+, because in this complex nm-donation by the amido-
group trans to the leaving group would lead to considerable conformational
‘strain because of the steric requirements of the macrocyclic 1izand.
Thus in spite of Buckingham's experiment, interest still centres on the

importance of m-bonding in the tramsition state. For a complex which

contains amine-groups both cis and trans to the leaving group, Nordmeyer

(55)

has suggested that productive deprotonation occurs in the cis-position,

because n-donation from the amido-group can then aid the formation of the

. (54) ST —



71

five co-ordinate intermediate. Moreover Green

(56) has rationalised the

stereochenistry of [Coen LOH]n+ formed by the base hydrolysis of

2

+ - - - - - -
[Coen,LX]™ (L = NO,”, OH, N,”, Br , NH,, C17, NCS') in terms of the

2’ 3’

n—donor properties of L,

Base hydrolysis of rhodium(III) complexes

Relatively few studies of the base hydrolysis of rhodium(III)

complexes have been made. Johnson et al.(57) found that rhodium{III)
complexes were less susceptible than cobalt(III) complexes to base hydro-
lysis, when measured by the ratio kzlko. kz is the second order rate

constant for base hydrolysis, and kO the first order rate constant for

aquation, of the complex in question. Thus k2/k0 was ca, 2 X 103 M’l

1

for cis—[Rhen2C12}+ and 4 x 102 M~ for cis—[RhtrienClz]+; the corresponding

ratios for cis—{Coen2C12]+ and cis—[CotrienClz]+ were 4 x 106 and

N This difference nay be partly due to a

1.3 % 109 Mfl respectively.
lower acidity of the amine protons of the rhodium(III) complex; the rate
of exchange of these protons is certainly lower for rhodiuﬁ(III) complexes
than for their cobalt(IIi) analogues.(57)(58)

Another difference between the two metals was that only those

rhcdium(IfI) complexes for which there was a primary or secondary amine

trans to the leaving group showed an increased rate of substitution in

- basic solution, - Thus the rate of aquationibf;fraﬂéﬁ[kheﬁéClélf,waé,the TR

same at pH = 1.0 as in 0.1 M sodium hydroxide.(57)

This was explained
by assuming the cis-diacidobisethylenediamine-complexes and the trans-

amine-complexes were more acidic than the trans-diacidobisethylenediamine-

+
{RhenZClz] differ by less than a factor of two at 58.6°C, The importance

of acidity of the co-ordinated amine has been discussed by Klabunde,(gg)
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+ : ;
who showed that for trangf{RhenzpyCl]z base hydrolysis was relatively
important, even though the trans-ligand was not a primary or secondary

amine. By considering the acidities of the co-ordinated water molecules

2+

in trans--[RhenzpyOHz]3+ and trans-{PRhen,ClON , Klabunde concluded that

2 2}

the acidity of the ethylenediamine ligand in trans—[RhenzpyCI]z+ was
greater than that in trans—[Rhen2C12]+.

The base hydrolysis of trans~[Rhen2py01]2+ gives rise to 647 cis-

(59)

: +
{RhenzpyOH]z product; all other base hydrolysis reactions of

(57)(59)

rhodium(III) complexes are stereoretentive. Stereochemical

change dccurring during rhodium(III) substitution reactions is very rare;
the only other trans to cis transformations known are the reports that on

(60)
heating with sodium oxalate, traqgj[Rhen2C12]+ gives 67 cis—[Rhenzox]+,

2
and that in aqueous solution trans~[Rhen2NH3H]~+ is in reversible equili~-

(61)

brium with its cis-isomer. Similarly the only cis to trans reactions

are direct isomerisations of complexes containing two cis—iodo~

1igands,(62)(63)

where relief of steric strain provides the driving force
for reaction, |

Although there is some evidence that the aquation reactions of
rhodium(III) complexes are Ia in nature, it appears that the base hydro-
lysis reactions, where they occur, are dissociative. Chan et al.(64)
have claimed the base hydrolysis of [Rh(NHB)SX]2+ (x=c1", Br, I) is
an A'reactioﬁ bécausé the group replacement factors parallel those for
an SNZAr reaction, but assignment of mechanism oﬁ such a basis seewms

1, (65)-(67)

very dubious. Moreover Lalor et a have also studied the

reaction

[Rh(HH3)5X}2+ + O0H [Rh(NH3)50H]2+ + X (3.15)
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(68) that a graph of A52+

hydration of X, is a straight line of slope 0.8. The corresponding

and have shown against AS O, the entrooy of

graph for the reaction
[CO(NHB)SX]2+ + 0H  — [Co(I\THB)SOH]z-'— + X (3.16)

also has a slope of 0.8, From this fact, and from the general similari-

(69)

ties of the activation parameters fromreactions 3,15 and 3,16 they

concluded that reaction 3.15 occurs by an SVICB mechanism, This assign-
L

ment agrees well with Panunzi and Basolo's study(70)

of the competition
of azide and nitrite ions for the intermediates formed during the base

hydrolysis of trans~[Rhen2MeNH2X]2+ (X=¢€1, Br , I ) and cis-

ft

[RhenzNOZX]+ (X =¢€1, Br , I ) in water and DMSO. The competition ratios,

f, defined as

‘Percentage [RhenzLY] Product

£ = Percentage [RhenzLOH] Product (3.17)

(L = cis~NO, or trans~MeNH2; Y = N3-, NOZ—) were independent of the nature

2

of X and of the concentration of hydroxide, but were dependent on the
concentration and nature of Y.

Finally, one reaction which follows a special mechanism is the

(71) The rate lav is

base hydrolysis of [Rh(NH3)50C0CC13]2+ in methanol.
k, + k K[MeO ] L

= - 1 .2 — ’ il o £3.18): sl
1°+ K[MeQ ] ' R S . :

o kob sd

and the values (ca. 20 M~1) of X are too large to refer to formation of

(71)

the conjugate base. Monacelli suggested that k., referred to aquation

1
of the free complex and k2 to aquation of a methoxide ion-pair. However,

methanolysis
he could not exclude a mechanism where kl and kz referred to agquasden of

a methoxide ion-pair and ion-triplet respectively. In water the base



hydrolysis of {Rh(NHB)SOCOCC13}2+ occurs by a normal SNICB pathway, and

by a pathway involving nucleophilic attack of hydroxide on the carbonyl

atom of the co-ordinated trichlorvacetate ligand.(72)
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Results

(A) Kinetics of the Reactions of trans-diactdobisethylenediaminerhodium-

(I11) Complexes with Hydroxide

(1) The reaction of trans-[Rhen IOH]+ with hvdroxide

2

A solution of trans—[RhenZIOH]+ was generated in situ by the base
hydrolysis of trans-[Rhen21C1]+ as outlined in chapter 2, and used to

study the reaction
+ - + ., -
trans—[Rhenzlﬁﬁ] + OH — [Rhenz(OH)z] + 1 (3.19)

The spectroscopic changes occurring during the reaction are shown in

Fig. 3.1; these changes were identical in 1.0 and 0.10 M sodium hydroxide,
and there were sharp isosbestic points at 341 and 362 nm in both cases.
The spectra of the dihydroxy-products are given in Table 3.8. Reaction
3.19 was studied by monitoring the decrease in absorbance at 272 nm, and
absorbance changes of ca. 1.0 a.u. were obtained in 1 cm cells. The
pseudo-first-ordef rate plots were straight for at least three half-lives.
At a constant ionic strength of 1.0 M, maintained by sodium pefchlorate,

the rate law was

kobsd = k1 + k2[0H ] (3.20)

- A typical graph of k against [OH ] is shown in Eig;f3}2. ‘From the

obsd

temperature dependence of kl and k,, the associated activation parameters,

F * *
SH,, AS," and MH,T, &S,
and AHl*, Asl#’ AHZ#, AS2* are given in Table 3.2,

2’

=
were calculated, The values of kobsd’ kl’ k2
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(2) The reaction of trans—[Rhen BrOH]+ with hydroxide

2

A solution of trans-—[RhenzBrOH]+ prepared as outlined in chapter 2

was used to study the reaction

trans—|[Rhen BrOH]+ + O —> [Rhen

oﬁ)zl"' + Br_ (3.21)

2 2(

The spectroscofic changes associated with reaction 3.21 are shown in Fig,
3.3; these changes were identical in 0,065 and 0.732 M sodium hydroxide.
Good isosbestic points were maintained at 301 and 360 nm. The spectra of
the dihydroxy-products are given in Table 3.8, Reaction 3.21 was studied
by following the decrease in absorbance at e;ther 250 or 255 nm; absorbance
changes were at least 0.6 a.u. in 1 cm cells. The rate plots were straight

for three half-lives. The dependence of kob on the concentration of

sd
hydroxide at constant ionic strength of 1.0 M (maintained by sodium perchlo-

rate) is described by the rate law

Kipeq = Ky * ky[0H] (3.20)

Values of kobsd’ kl, k2 and the corresponding activation parameters are

given in Table 3.3.

(3) The reaction of trans-[Rhen C].OH]+ with hydroxide

2
»4A:§qlution>?f EzgggjigheQZCIOH]f,ﬁg?gpared,aﬁVout;ipgd>ig:chap;er 2, B
w#s used fésétﬁdy the reaétion A | o B
trans-[Rhen,C1OH]" + OH™ —» [Rhen,(0H),]" + C1° (3.22)

During the reaction, absorption maxima due to the chlorohydroxy-complex

decreased in intensity, and new peaks which were ascribed to the dihydroxy-



77

product appeared at 298 and 347 nm. The spectroscopic changes depended
slightly on the concentration of hydroxide used, there being isosbestic
points at 253 and 266 nm in 0.067 M hydroxide that were lacking in 0,734
M hydroxide. Apart from this, as shown in Fig. 3.4A and Fig. 3.4B and in
Table 3.8, the overall changes were very similar in 0.734 M and 0.067 M
hydroxide.

The kinetics of reaction 3.22 were studied by following the de-
crease in abgorbance at 240 nm where the absorbance changes were ca. 0.4
a.u., in 1 cm cells. The pseudo-first-order rate plots were straight for

three half-lives. The dependence of k on the concentration of sodium

obsd
hydroxide at a constant ionic strength of 1.0 M (maintained with sodium
perchlorate) is shown in Fig. 3.5 and Table 3.4. At concentrations of

hydroxide greater than 0.233 M the rate law

Kpeqa = kg +ky[0H7] (3.20)

was obeyed, but at each of the seven temperatures studied, the point for
[OH—] = 0.0335 M was much higher than the straight line pfedic;ed by the
rate constants at the other hydroxide concentrations. This systematic
deviation may be éonnected with the different spectroscopic changes
observed at low concentrations of hydroxide. The values of k., were esti-

1

mated (a) by assuming that at [OH ] = 0.0335 M k is approximately

obsd
equal to'kl and (b) by analysing the points for [0H ] > 0.233 M according
to equation 3.20., The values of kobsd and of kl and k2 obtained by these

methods are shown in Table 3.4, The activation parameters found from the

temperature dependence of k. and kz are also given in Table 3.4, It can

1

be seen that the wvalues of AHli and ASI# are very little affected by the

method used to estimate kl'
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(4) The reaction of trans—[Rhen2C12]+ and hvdroxide
The reaction
+ - + -
trans-{RhenZCIZ] + 20H — [Rhenz(OH)z] + 2C1 (3.23)

occurs with the spectroscopic changes shown in Fig. 3,6A and Fig. 3.6B.
As shown in Table 3.8, the spectrum of the product depends on the concen-
tration of hydroxide used, and this was ascribed to stereochemical rear-

rangement occurring during the reaction
+ - ‘ + -
trans—[RhenZClz] + OH —+ [RhenZCIOH] + OH (3.24)

This effect is discussed more fully in the next section. From the known
(78)

rates of base hydrolysis of traqgf[RhenZCIOH]+ and cis-
(79) ‘
[RhenZCIOH]+, reactions 3.25 and 3.26
+ - + - |
trans-[RhenZCIOH] +0H — [Rhenz(OH)Z] + C1 (3.25)
cis-[Rhen,Cl0H]" + OH™ — [Rhen, (0H) , 1" + c1” (3.26)

will be sufficiently fast compared to the rate of reaction 3.24 that
reaction 3.24 will be rate-determining. Thus clean isosbestic points at
276 and 384 nm (1.0 M hydroxide) or 283 and 386 nm (0.1 M hydroxide)

are observed during the reaction.

| | Thé?rate of reacdtion 3.24 was‘aéfefgiﬁéﬁ;gyléﬁildﬁiﬁg fﬂé‘déérease
in absorbance at 245 nm where absorbance changes of ca. 0.7 a.u. were
obtained in 1 em cells. The rate plots were straight for three half-
lives and the values of k obtained are shown in Table 3.5. At con-

obsd

stant ionic strength, the rate law

kobsd = kl + kz[OH ] (3.20)
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is obeyed; values of k k2 and the activation parameters associated

13

with these rate constants are given in Table 3.5. Four kinetic runs
were performed at a constant, low concentration of hydroxide and varying

concentrations of sodium perchlorate; the values of kobsd obtained are

also given in Table 3.5.

(5) The reaction of trans-[Rhen Br2}+ with hydroxide

2

The spectroscopic changes occurring during the reaction

trans-[RhenzBr2]+ + 2007 — [Rhen,(0H) 2]* + 2By (3.27)

are shown in Fig, 3.7A and 3.7B, These changes obviously depend on the
concentration of hydroxide, as does the spectrum of the product (see
Table 3.8). This was ascribed to formation of cis-[RhenzBrOH]+ during

the reaction
‘ + - + -
trans-[RhenZBrZ] +0H — [RhenzBrOH} + Br (3.28)

The occurrence of stereochemical rearrangement is discussed more fully
in the next section. Sharp isosbestic points at 325 and 392 nm (1.0 M
hydroxide) and 328 and 394 nm (0.1 M hydroxide) are found experimentally,

so the ratesof reactions 3.29 and 3,30

trans-[RhenzBrOH]+ + OH  — [RhenZ(OH)z}+ + Br ‘/ (3.29)
+ - + -
cis—[RhenZBrOH] + O — [Rhenz(OH)Z] + Br (3.30)

must be much faster than the rate of reaction 3.28; reaction 3,28 is
therefore rate-determining.

Reaction 3.28 was studied by following the decrease in absorbance
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at 250 nm, vhere absorbance changes of ca. 1.0 a.u. were obtained in
1 cm cells. The rate plots were straight for three half-lives, and the

values of kObSd obtained are shown in Table 3.6. At constant ionic

strength the rate law

kobsd = kl + kZ[OH 1 (3.20)

was obeyed. The values of kl’ k2 and the corresponding activation

parameters are given in Table 3.6.

(6) The reaction of trans—[Rhen212]+ with hydroxide

The reaction

trans-[Rheu212]+ + 200 — [Rhenz(oﬁ)zl+ + 217 (3.31)
takes place in two stages:
+ - +, -
trans—[RhenZIZ] + O0H — [RhenZIOH] + I (3.32)
+ - + -
[RhenZIOH] + 0 — [Rhenz(OH)Z] + I (3.19)

The rate of reaction 3.19 is slower than that of reaction 3.32. Fig.

3.8 shows the spectroscopic changes associated with the overall reaction
3.31. During the later stages of this reaction, isosbestic points ascri-
bable to reaction 3.197c1ear1y emerge at 346 and 362 am. Fig. 3.9

refers to more dilute solutions and éhows*fhe sﬁectroscoﬁic changes
assbciated with reaction 3.32 alone. The spectrum of the final
[Rhenz(OH)2]+ product depends slightly on the hydroxide concentration
(see Table 3.8). This was ascribed to the formation of a small amcunt

of Eigf[Rhenz(OH)2]+ in concentrated hydroxide solutions, and is dis-



cussed more fully in the next section.

The rate of reaction 3.32 was stﬁdied by following the decrease
in absorbance at 341 nm, an isosbestic point for reaction 3.19, and
absorbance changes of ca. 0.7 a.u. were obtained in 1 ¢m cells. The

rate plots were straight for three half-lives, and the values of kobsd

found are given in Table 3,7. At constant lonic strength, the rate law

+

kbea = K1

is obeyed, and wvalues of k k2 and their associated activation para-

19

meters are given in Table 3.7.

(B) Stereochemical Rearrangement Occurring during Reactions with Hydroxide

(1) Reactions of trans-halohydroxy-complexes

As shown in Table 3.8, the spectra of the dihydroxy~products of
base hydrolysis of Ezgggf[RhenzﬁHX]+ (X = Cl, Br, I) are independent of
the nature of X, and of the concentration of hydroxide. Moreover, the
full spectra, between 275 and 360 nm agree qualitatively with the spectrum
of a sample of Eggggfikhenz(OH)2]+ made by dissolving trans-—
[RhenZOH(OHz)](0104)2 (prepared as in reference 75) in 0,1 M sodium hydro-
xide., However, the extinction coefficients of the dihydroxy reaction pro-
ducts vere a constant factor of 1.12 #0.02 times larger than those of
tﬁe isoiate& sémple. >Thé différence could be due tﬁ'co-precipitation of
the diaquo-complex, or of hydrated species during the isolation of trans-
[RhenZOH(OHZ)](CIOA)z. The spectrum of the product of hydrolysis of
££§E§7[Rhen212]+ inyO.lOO M hydroxide also agrees with the spectra of

the hydroxy-products of hydrolysis of trans—[RhenZOHX]+ (X = €1, Br, 1),

81

k, + kz[on‘] (3.20)
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and in each case the‘product was assumed to be pure Esgggf[Rhenz(OH)2]+.
When, in later experiments, the spgctrum of Esgggf[Rhenz(OH)2}+

was required, the extinction coefficient of this complex at a given wave-

length was taken as the unweighted mean of the extinction coefficients

of the dihydroxy-products of hydrolysis of trans-[Rhen OHCl]+ in 0,067 M

2

hydroxide at 80.16°C, trans-[Rhen,OHBr]® in 0.065 M hydroxide at 80.13°C,

2
trans-[RhenZOHI}+ in 0.100 M hydroxide at 80,0°C, and trans-[Rhen212]+
in 0.100 M-hydroxide at 80.27°C. The spectrum obtained in this way is

shown as curve A in Fig. 3.10.

(2) Reactions of trans—-dihalo-complexes

The dependence of the spectroscopic changes accompanying the base
hydrolysis of jggggf[Rhen2X2]+ (X = C1, Br, I) on the concentration of
hydroxide present was ascribed to the formation of cis-hydroxy-products.
Since the acid hydrolysis reactions of these complexes give only trans-

products,(73)

and since the product spectra differed most from the spec—~
trum of Eggggf[Rhenz(OH)2}+ when the reaction was carried out at high
hydroxide concentrations, all stereochemical rearrangement was assumed

to occur during the second-order pathway for hydrolysis. Moreover, since

+
no rearrangement occurs during the base hydrolysis of trans-[RhenZOHX]

(X = C1, Br, I), any cis-dihydroxy-complexes formed during the base

““hydrolysis of tfanéQ[RhenéX2]+'mustvhaverﬁeeh‘foméa'from'éié;[Rhénz

produced in the reaction
+ - + -
trans—[RhenZXZJ + 0H ~— [RhenZXOH} + X (3.33)

Finally, it was shown that the spectrum of trans—[Rhenz(OH)2]+

(prepared from an isolated sample of trans—[RhenZOH(OHZ)](0104)2) was



unaffected by heating in 1.00 M sodium hydroxide at 80.9°C for 7% hr.

+
Thus no direct trans to cis isomerisation of [Rhenz(OH)zl occurs during

the base hydrolysis reactions.

Determination of the mole fraction of cis-product

(a) For the reactions of trans—[Rhen2C12] and trans—[RhenzBr2]+ with

1.0 M hydroxide

The mole fraction, Xc of cis—{Rhen OHX]+ formed during the reac-

2

tion of_trans-[Rhen X + (X = Cl, Br) with 1.00 M hydroxide was calculated

2 2]

in three ways.
Method 1

A known weight of trans~[Rhen2X2]ClO was refluxed with an aliquot

4

of standard sodium hydroxide in a foil-wrapped flask for 30 half-lives

of the reaction

83

trans—{Rhen2X2]+ + 20 — [Rhenz(OH)2]+ + 2X (3.34)

The dihydroxy-product solution (A) was cooled, suitably diluted and its
spectrum run. The solution was quantitatively transferred to another
foildwrapped flask, an aliquot of standard HX added, and the mixture re-
fluxed till no furthex change in the spectrum occurred., (For the reac-
tion with HBr of the [Rhenz(OH) ]+ product of hydrolysis of trans-
[RhenzBrz} , nitrogen was bubbled through the solution to prevent oxida-
tion of the HBr ) The dihalo-product solutlon (B) was cooled and its
spectrum run. It was then placed on a column of Dowex 50 W cation
exchange resin (100-200 mesh) and separated by the usual vacuum ion~
exchange technique. 0.1 M sodium perchlorate was used to elute the trans-—

{Rhen2X2}+, and 1.0 M sodium perchlorate to elute the £1§f[Rhen2X2]+.
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The eluate was collected in 14 ml fractions, and the progress of the
elution followed by rumning the visible and UV spectrum of the fractions
in 1 em cells. The absorbance of trans—{RhenéClé]+ was measured at

205, 241, 250 or 290 nm, and that of c.is-[Rhen2C12]+ at 230, 240, 296

or 356 nm, The absorbance of trans—[RhenzBr2]+ was measured at 234,
250 or 279 nm and that of cis-[Rhen,Br,]" at 240, 276 or 372 mm.

From the known extinction coefficients of trans—[Rhen2X2]+ (X =
Cl, Br), the number of moles Nt of trans—[Rhen2X2]+ can be calculated

from the equation

n V,(A,-B.) :
N = § A i i ‘ (3.35)
t =1 .

where Vi’ Ai’ B 151 are the volume, absorbance, base line and appropriate

i’
extinction coefficient of the "i'th fraction, and n is the total number
of trans-fractions. The mole fraction XC of cis—[Rhen2X2]+ is then given

by the equation

t

N -N
X = -2

c N
o

(3.36)

vhere No is the total number of moles of [Rhen2X2]+ present., For the
reaction of Ezggér[Rhen2012]+ X, was 0.17, and for the reaction of
E£§§§7[Rhen23r2]+ Xc was 0.41.

~The gigf{Rhen2C12]+ fractions had absorbance m;xima";t 356 and )
206 nm, and the cis-[RienBr,]* fractions had maxtma at 372 and 276 mm.
The extinction coefficients of these peaks can be found in the following
way. By choice of suitable fractions, the ratio, fk’ of the extinction
coefficient at a reference wavelength (356 nm for gigf[Rhen2012]+ and
372 nm for Ei§7[Rhen2Br2]+) to the extinction coefficient at any other

wavelength A could be determined, Hence the equivalent absorbance Aj°



of a given fraction at the reference wavelength is given by

A.° = (A.,-B,)Ff 3.37
5 ( 3 J) A ‘ ( )

where Aj, Bj are the absorbances of the solution and the base line at

A nm. Since

N, = A, %€°V : (3.38)
h| k| 3
where Nj’ Vj are the number of moles and volume of the "j"th fraction and
€° is the extinction coefficient of cis—[Rhen2X2]+ at the reference

wavelength, and since

N,

X, = ﬁwl- (3.39)
O
it follows that m
A-B)EV
.Zl( b J) 2
o = A T (3.40)
C O

where m is the number of cis-fractions. Using equation 3.40 the absorp-

tion spectrum of cis-[Rhen2C12]+ was calculated to be Amax = 356, 296 nm;

€max = 192, 188 M-l cm—l. This is in excellent agreement with Klabunde's

1 -1

results(so) of A= 352, 294 nm; € =190, 190 M ~ cm . Similarly
max - max

+
the spectrum of cis—[RhenzBrZ] was found to be Amax = 372, 276 nm,-€max

= 220, 943 Mfl cmfl. This is in reasonable agreement with the results of

Johnson et al.(62) (A = 362, 276 nm; € = 210, 900 Mfl cm—l).
: ' i max . . max , 7 g

The'fﬁll spectrum of éis—[RhenZXZ]+ was calculated in tﬁo ways .

In the first (method A), the concentration, c,, of a suitable cis—fraction

k|
was calculated by the equation

P (3.41)
€
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The extinction coefficient of Eigf[Rhen2X2]+ at any wavelength was then
calculated from the known concentra?ion and absorbance of the fraction

at the given wavelength. The second method (B) used the unseparated
mixture of dihalo-products (solution B). In this solution the extinction

coefficient,'éapp at any wavelength is given by

‘Eapp = ft(l-Xc) + chc (3.42)

where €t is the extinction coefficient of Ezgggf[Rhen2X2]+ at that wave-
length. All the quantities in equation 3.42 are known except-€£, which
can thus be calculated. The spectra calculated by the two methods are
given in Table 3.9A4 (X = Cl) and 3.98B (X = Br). In both cases, the
spectra from the two methods agree qualitatively, but the extinction
coefficients calculated by method B are always considerably higher than
those found by method A. The reason for this difference will be discussed
later, but as the extinction coefficients calculated by method A agree
with those of previous workers, these were the values used in all subse-
quent calculations. The spectra of cis~ and Ezgggf[Rhen2012]+ are shown
in Fig. 3.11, and the spectra of cis- and Eggggf[RhenzBr2]+ in Fig, 3.12,
The spectrum of Eigr[Rhenz(OH)2}+ can also be calculated from these
experiments, since equation 3.42 applies to the mixture (solution A)
of dihydroxy-products. At all wavelengths, the extinction coefficients
<5§ ca1cu1ated for Eggf[ﬂhenz(OH)2]+ using tﬁé'dihYdroxy—prodﬁcts of hydro-
lysis of E£§E§7[Rhen2012]+ and Ezgggf[RhenzBr2}+ differed by less than
17%. The 'best" extinction coefficient for Ei§;[Rhen2(DH)2]+ at a given
wavelength was taken to be a weipghted average of the two values of‘E}
at that wavelength. The weighting factor was Xcz where Xc is the mole

fraction of cis-products found in the experiment.



87

Methods 2 and 3

These methods were used to calculate Xc from other experiments
than those used in method 1. In method 2 a 1 em quartz cell containing
a solution of known Ezéggf[Rhen2X2]+ and hydroxide concentrations was
heated in the thermostatted cell compartment of the Perkin Elmer 402
spectrophotometer until no further spectroscopic change occurred. The
solution was cooled, shaken, and its spectrum run. From this spectrum,
the known spectrum of>££§3§7[Rhen2(OH)2]+ and the spectrum of cis-
[Rhenz(OH)2]+ given b& the analysis of method 1, the value of Xc was calcu-
lated every 5 nm from 275 to 350 nm and at 360 nm. The "best' value of
Xc was taken as the weighted mean of all these values, using a weighting
factor of (€c~f%)2. GEc'and f% are the extinction coefficients of cis-
and Eggggf[Rhen2X2]+ respectively.)

In method 3 an aliquot of the dihydroxy-product was heated with
an aliquot of standard HX until no further spectroscopic change occurred;
the product was assumed to be a mixture of cis- and Egggg—{Rhen2X2]+.
From the spectrum of this mixture and the spectra of cis- and trans-
[RhenZXZ]+ given in Fig, 3.11 (X = Cl) and Fig. 3.12 (X = Br) the mole
fraction, Xc, of cis-product was calculated every 5 nm from 285 to 350 nm,
then every 10 nm from 350'to.390 nm (X = C1) and every 5 nm from 330 to

350 nm, then every 10 am from 350 to 410 nm (X = Br). The calculations

‘ areloutlinedwin Table 3.10. In each of the‘tQOfcases,,theg”best";value4;:‘='LV¥:5"

of Xc was taken as the weighted mean of all the values of Xc calculated

in the experiment, the weighting factor being (Ec--ét)2 ({C and ét are now
+

the extinction coefficients of cis- and trans—[RhenZXZ] ).

For the reaction of trans—{Rhen Clz]+ with 1,00 M hydroxide at

2
80.58°C method 2 gave Xc as 0.31 and method 3 gave Xc as 0.61., For the
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reaction of Eggggf[RhenzBr2]+ with 1.00 M hydroxide at 80.09°C, X,
was calculated to be 0.28 by method 2 and 0.68 by method 3. These values
can be compared with those found in the ion-exchange experiments (method
1) if the percentage rearrangement, P.R., occurring during the hydroxide-
dependent pathway is calculated. P.R. is given by
X

P.R. = 100(~F£] , (3.43)
where F, the fraction of the reaction proceeding via the hydroxide-
dependent pathway can be calculated from the known kinetics of the reac-
tion. For ££§§§7[Rhen2C12]+, P.R. is 23% by method 1, 53% by method 2 and
100Z by method 3: for EggggfiRhenzBr2]+, P.R. is 51% by method 1, 437 by
method 2 and 100% by method 3. This could be explained if there was some
isomerisation of cis- to Ezgggf[Rhen2X2}+ during the ion—exchangé separa-
tion of the two isomers. This isomerisation could be photochemical in
nature since the separation procedure took several hours and no attempt
was made to shield the column from the fluorescent laboratory lights; the
photoisomerisation‘of Eigf[Rhen2C12]+ has recently been reportgd by Muir

and Huang.(135)

Alternatively, the reaction could be a thermal aquation
which is catalyséd by the resin,

Regardless of the exact mechanism, isomerisation during separation
of cis- and Ezgggf[Rhen2X2]+ (X = C1, Br) wqg}d explain the diffgrgnce
Agétﬁeen the extinction coefficiénts found fér éié;tRhenzkéj+”;;ing sepa-
rated and unseparated solutions (methods 1A and 1B). If the value of Xc
found by the ion-exchange separation is less than the mole-fraction of
cis-products formed during the hydrblysis of Ezgggf[Rhen2X2]+, then the

+
extinction coefficients of cis—[Rhen2X2] calculated from the unseparated

mixture will be too large. This is what is found in practice. Furthermore,
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the extinction coefficients calculated for gggf[Rhenz(OH)2]+ using the
unseparated dihydroxy-products will also be too high. When these values
of the extinction coefficients are applied to the analysis of other mix-
tures of cis- and £I§§§7[Rhen2(0H)2]+ they will give values of XC which
are too low. Again, thié is exactly the behaviour that is observed.

It thus appears that the most reliable value of XC for hydrolysis
of Ezgﬂgf[Rhen2X2]+ (X = €1, Br) is that given by method 3. Assuming this
value of Xc and the spectrum of Eggggf[Rhenz(OH)2]+ given in Fig. 3.10 curve
A, the spectrum of Eigf[RhenZ(OH)2]+ was recalculated from the mixtures of
dihydroxy-products formed in method 2. At all wavelengths, the extinction
coefficients of §1§7[Rhen2(0H)2]+ calculated from the [Rhenz(OH)z]+
products of hydrolysis of Eggg§f[Rhen2C12]+ and Ezgggf[RhenzBr2]+ in
1.0 M hydroxide differed by less than 87, At each wavelength the weighted
mean of the two values for the extinction coefficient was calculated,
using Xc2 as the weighting factor, where XC is the mole fraction of cis-
product. The spectrum of Eggf[RhenZ(OH)2]+ so obtained is shown as curve

B in Fig, 3,10.

(b) Determination of the mole fractions for the cis-products of the

reactions of ﬁrans—[Rhen2012]+ and trans—[RhenzBr2]+ with 0.1 M

hydroxide and of trans—[Rhen212]+ with 1.0 M hydroxide

An aliquot of a solution of known Ezgggf[Rhen2X2]+ (X =C1, Br, I)
s ééncentratidn,'and;of the required sodium hydroxide cénéentration, ﬁas |
heéted in the Perkin Elmer 402 spectrophotometer until no further spectro-
scopic change occurred. From the spectrum of the dihydroxy-product, and
the spectra of cis— and ££§g§y[Rhen2(OH)2]+ given in Fig. 3.10, the mole

fraction, Xc’ of cis-product was calculated at 360 nm and every 5 nm from
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275 to 350 nm. This calculation is outlined in Table 3.10 for the reaction
of trans--{Rhen212]+ with 1.00 M hydroxide. The "best" value of X, was
taken as the weighted wean of all these values, the weighting factor

being Cfc—%%)z. ({fc—f%} is the difference in extinction coefficients at

the given wavelength of cis- and trans—[Rhenz(OH)2]+.)

For the‘reactions of EEEEﬁ?then2C12]+ and 55§§§;[Rhen2Br2]+ an
aliquot of the dihydroxy-complex solution was heated with standard HC1
or HBr until no further spectroscopic change occurred. From the spectrum
of the dihalo-products, and the spectra of cis- and Eggggj[Rhen2X2]+
given in Fig. 3.11 (X = C1) and Fig. 3.12 (X = Br), the mole fractionm, Xc’
of cis-products was estimated. For the dichloro-product, Xc was calculated
every 5 nm from 285 to 350 nm andAevery 10 nm from 350 to 390 nm; for the
dibromo-product Xc was calculated every 5 nm from 330 to 350 nm, then
every 10 nm from 350 to 410 nm. In each case, the 'best’ value of Xc
was taken as the weighted mean of the values determined at each of the
above wavelengths, the weighting factor being C€c-f1)2. (Ec and €£ are
now the extinction coefficients at the given wavelength of cis- and trans-
[Rhen,X,1".)

For the reaction of Ezgggf[Rhen2C12]+ with 0.100 M hydroxide at
80.58°C, Xc was 0.22 by analysis of the dihydroxy-product and 0.17 by
aﬁalysis of the dichloro-product. For the reaction of EEQE§7[Rhen2Br2]+
, withWOflOO M hydroxide at 80.09°C, Xc was O.ZQ;by analysis of the dihydroxy-
products and 0.20 by analysis of the dibromo products. As expected, there
is good agreement between values of Xc calculated from dihydroxy- and
dihalo-products, although the estimated uncertainty in Xc of 0.1 makes
discussion of the p‘recise values of Xc meaningless.

For the reaction of trag§—[Rhen212]+ with 1.00 M hydroxide at 80,27°C,
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the value of Xb was found (from the dihydroxy-product) to be 0.21. From
equation 3.43 and the known kinetics of base hydrolysis of trans-
[Rhen212]+, the percentage rearrangement, P.R.,, occurring in the hydroxide-
dependent pathway 1is 46%Z.

The values of Xc and P.R. obtained from all the stereochemical

rearrangement experiments are summarised in Table 3,11,

(C) Kinetics of the Reactions of trans-diacidobisethylenediamine-

rhodium(III) Complexes with Anions other than Hydroxide

(1) The reaction of transf[Rhen212]+ with chloride

The reaction

trans-[Rhen212]+ + C1l° — trans-[Rhen ICl]+ + 1 (3.44)

2

(73)

has been studied previously and the spectroscopic changes which

occur have been well documented.(74)

Replacement of the second iodide

in Eggggf[Rhen2I01]+ is auto-catalytic, but below 55°C the rate of this
reaction is negligible compared to that of reaction 3.44.(73) In this
work the extinction coefficient,'égoo, at 300 nm of the iodochloro-products
of all kinetic runs was 3800 x110 M_l cm_l. The value of fBOO for an
isolated sample of ££§3§7[Rhen2101]+ dissolved in 0.1 M sodium chloride

is 4350 ML

cmul; the difference between these values was caused by a
SIight'alkalinity of the sodium chloride solutions used iﬁ the kinetic
runs, However, the concentration of hydroxide was too low to affect the
rate of reaction 3.44,

The rate of reaction 3.44 was determined by following the decrease

in absorbance at 342 nm, Absorbance changes of ca. 0.8 a.u. were obtained

in 1 cm cells and the pseudo-first-order rate plots were straight for
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four half-lives. The dependence of kobsd on the concentration of chloride
at a constant ionic strength of 1.0 M (maintained with sodium perchlorate)

was investigated at a variety of temperatures. The rate law found was

K peq = Kp +k,MC17] (3.45)

and a typical graph of k_ against [C1 ] is shown in Fig. 3.13. The

bsd

activation parameters AHI*’ ASl¢ and AH2¢, AS;}= associated with the first-

and second-order pathways respectively were obtained from the temperature

dependence of kl and kZ' The values of kObSd and all parameters derived

from them are given in Table 3.12. Some kinetic runs were performed at

3

constant temperature and various ionic strengths, I, such that I = [C1™],
The values of kobsd ocbtained under these conditions are shown in Table

3.13. Table 3.13 also gives the values of k obtained in a series of

obsad ]
runs carried out at constant temperature and varying concentrations of
sodium perchlorate so that I = [0104']. The concentration of sodium chlo-

ride was low enough that the contribution to k from the7§écond . order

obsd
pathway was negligible, but sufficiently high that reaction 3.44 went to

completion,

{2) The reaction of traus—[Rhen212]+ with bromide

The reaction

trans—{Rheh212]+ +-Br_ — trans—[RhenZIBr]+ + 1 (3.46)

has also been studied by Bounsall et al.(73)

Replacement of the second
iodide in trans-—[RhenZIBr]+ is autocatalytic, but below 55°C the rate of
this reaction is negligible compared to that of reaction 3.46. In this

work, the extinction coefficient €311 at 311 nm of the iodobromo-products
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of all kinetic runs was 6060 %370 M—l'cm_l, considerably lower than the

(74)

value of 7500 M—l cm—'1 reported by Bounsall for an isolated sample

of trans-[Rhen IBr]ClOA. Again, this difference was caused by a slight

2
alkalinity of the sodium bromide solutions, but the concentration of hydro-
xide was insufficient to affect the rate of reaction 3.46. Reaction 3.46
was studied by following the decrease in absorbance at 342 nm. Absorbance
changes of ca. 0.7 a.u. were obtained in 1 cm cells and the pseudo~-first-

order rate plots were straight for at least four half-lives. At a constant

ionic strength of 1.0 M, maintained with sodium perchlorate, the rate law

Kopsa = Ky +K,[Br] (3.47)

was found. A typical ligand-dependence plot of k against [Br ] is

obsd

shown in Fig. 3.14. Values of kobgd? k

parameters are given in Table 3,14,

1° k2 and the associated activation

(3) The reaction of ttans—[Rhen212]+ with hydroxide in the presence of

fluoride, phosphate or sulphate

In order to investigate the effect of other anions on the rate of

the reaction

trans—[Rhen212]+ +HO0 —> [RhenzIOH2]2+ + 1 (3.48)

2
fouf:kiﬁétic runs“ﬁéreiéimditéﬁédusij perfbfﬁéa>in the thermostatted
cell compartment of the Cary 16K. The four cells contained

2I?]+ + 0,200 M sodium fluoride + 0.80 M sodium perchlorate
+ 0.01 M sodium hydroxide

(A) trans-[Rhen

(B) trans—[Rhen212]+ + 0.334 M sodium sulphate + 0,01 M sodium hydroxide

{C) trans-[Rhen212]+ + 0.167 M sodium phosphate + 0,01 M sodium hydroxide
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(D) Egiggr[Rhen212]+ + 1.00 M sodium perchlorate + 0.01 M sodium hydroxide
The hydroxide was present to prevent hydrolysis of the anions, and to
provide a well—chéracterised product (EzgggflkhenZIOH]+). The effect

of this low a concentration of hydroxide ion on the rate of reaction

3.48 was negligible. The reacﬁions were followed by observing the decrease

in absorbance at 341 ﬁm, an isosbestic point for the reaction
. + - T4 -
trans—[RhenZIOH] + O ~—> [Rhenz(OH)Z] + I (3.19)

Absorbance changes in 1 cm cells were ca. 0.9 a.u. in all cases, and the
pseudo-first-order rate plots were straight for at least four half-lives.

The rate constants, found are given in Table 3.15.

kobsd’

It was assumed that the rate law for these reactions was

k kl + kz[Y] | (3.49)

obsd

where Y = F , 8042- or P043-, and where k, is the rate constant found

in cell D. The values of kz‘found for the various anions, using equation

3.49, are also given in Table 3.15.

{4) The reaction of trans-[Rhen2012]+ with hydroxide in the presence of

bromide

An initial kinetic run for the reaction of 6.5 x 10"3 M trans-
[Rhen2C12]+ with 0.025 M sodium hydroxide and 1.01 M sodium bromide showed
that under these conditions the product of the reaction was predominantly

[Rhenz(OH)2]+ formed by the reaction

trans-[Rhen 012]+ + 200 — [RhenZ(OH)2]+ + 2c1° (3.23)

Further kineticlruns on the base hydrolysis of trans—[Rhen2C12]+ in the
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presence of bromide were performed using a lower concentration of sub-
strate, 0.100 M sodium hydroxide, varying concentrations of sodium bromide,
and sufficient sodium perchlorate to keep-the ionic strength constant:

at 1.0 M, The reaction was followed by measuring the decrease in absor-
bance at 241 nm, and the rate plots wefe straight for three half-lives.

The rate law was

, -
kobsd kl + kz[Br 1 (3.50)

and the values of k kl' and k2 found are given in Table 3.16. Since

obsd’
the rate of hydrolysis of trans—[Rhen2012]+ is dependent on the concentra-

tion of hydroxide, k. " is not a true unimolecular rate constant, but is

1

given by

v ’ -
kl kl + kz[OH ] (3.?1)

where kl is the rate constant for unimolecular aquation of trans-

[Rhen2012]+ and kz' is the second order rate constant for the reaction of

this complex with hydroxide. At 77.87°C, k,' 1s 4.00 x T s"l, '
s0 kl can be calculated from equation 3.51 to be 3.143 x 10'_5 s-l at this
temperature.

(5) The reaction of trans-[Rhen2(212]+ with hydroxide in the presence of

sulphate

© An initial kinetic runwdn the"réactioﬁ of 6.36 x 16-3 M Eggggf-
[Rhen2012]+ with 0.025 M sodium hydroxide and 0.35 M sodium sulphate showed
that the product of the reaction was predominantly [Rhenz(OH)2]+ produced
by reaction 3.23. Further kinetic runs were performed using a lower

concentration of substrate, 0.010 M sodium hydroxide, varying concentrations
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of sodium sulphate, and sufficient sodium perchlorate to keep the ionic
strength constant at 1.0 M. The reaction was followed by measuring the

decrease in absorbance at 242 nm. The rate law was

= 2-
kObsd = kl' + k2[504 ] (3.52)

h k' i !
where k, is g;ven by equation 3.51. Values of kobsd’ kl s kl and kz

are given in Table 3.17,

(6) The reaction of trans—[Rhen2012]+ with hvdroxide in the presence of

phosphate

A preliminary kinetic run on the reaction of 6.42 x 10-3 M trans-

+
[Rhen 012] with 0.025 M sodium hydroxide and 0.167 M sodium phosphate

2
showed that the product of the reaction was [Rhenz(OH)2]+ with possibly
some phosphato-complexes or ion-pairs. Further kinetic runs using a

lower concentration of substrate, 0.010 M sodium hydroxide, varying concen-
trations of sodium phosphate and sufficient sodium perchlorate to keep

the ionic strength constant at 1.0 M were performed. The reaction was
studied by following the decrease in absorbance at 242 nm and the rate

plots obtained were straight for three half-lives. The pseudo-first-order

rate constants found are given in Table 3.18; they obey a rate law

3_ .
= ]
o ]

vhere kl' is defined by equation 3.51. The values of kl', kz and kl

calculated are given in Table 3.18,
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(7) The reaction of trans-[Rhen2012]+ with hydroxide in the presence of

fluoride

The reaction of Ezgggf[Rhen2C12]+ with 0,01 M sodium hydroxide,
varying concentrations of sodium fluoride, and sufficient sodium perchlo-
rate to keep the ionic strength constant at 1.0 M was investigated by
following the decrease in absorbance at 242 nm., The pseudo-first-order

rate plots were straight for three half-lives. The rate law obeyed was

= f T
kobsd kl + kz[F 1 (3.54)

t
and values of kobsd’ kl s kl and k2 are given in Table 3.19.

(8) The reaction of trans—[RhenzBr2]+ with fluoride

The reaction of trans~[Rhen ]+ with fluoride in neutral solutions

2%
has been investigated by Bott et al.,(73) but these authors give no
information about the spectroscopic changes occurring during the reaction.

A solution of trans—[Rhen Br2]+ was heated with 0.20 M sodium fluoride;

2
although the solution was too dilute to characterise the products, the
final spectrum shqwed almost complete loss of substrate,

Three further kinetic runs were performed using solutions contain-
ing varying concentrations of potassium fluoride and sufficient potassium
nitrate to keep the ionic strength constant at lfowa The reaction was
félio;ed b& measuriﬁg tﬁe decrease in aﬁsorbancevat“270 ﬁm, andlthe rate
plots were straight for two half-lives. The large background absorbance
of the nitrate ion made the overall absorbance of the seolutions very high:
for the solution of highest nitrate concentration, only the last part of
the reaction could be followed. The values of k found are given in

obsd
Table 3.20: because of the experimental difficulties, the precision of
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+
these values is low so that although the aquation of trans—[RhenzBrz]
seems to be slightly dependent on the concentration of fluoride present,
it is not possible to assign a value to the second-order rate constant

for the reaction with fluoride.

(D) Spectroscopic Interactions between trans—diacidobisethylenediamine-

rhodium(III) Complexes and Added Anions

(1) Trans—{Rhen2012]+ and iodide

A solution of trans-[RhenZCIZ]C1O in water was prepared with the

4
minimum amount of heating. A 1 ml aliquot of this solution was mixed

with a 2 ml aliquot of a standard sodium iodide solution. The spectrum

of the mixture was recorded on the Perkin Elmer 402 spectrophotometer
using a "blank" composed of 1 ml of water and 2 ml of the sodium iodide
solution, The absorbance at 285 nm of the complex/iodide solution was
also measured against that of the blank on the Cary 16K spectrbphotometer;
the measurements were made at least three times with the same solutions,
then averaged. Thé experiment was repeated using the same concentration
of Eggggf[Rhen2C12]+ and several different concentrations of sodium iodide.
All handling of the solutions was performed in red light. The dependence
of the spectrum of Ezéggf[Rhen2C12]+ on the iodide concentration of the
final solution is showm in Fig._3.15. The values‘of the absorbance at

B 285 nﬁvrecorded on fﬁé Céry 16K ére shoﬁn ianable 3.21 and are plotted

against the concentration of iodide in Fig. 3.16.

(2) Trans—{Rhen2012]+ and bromide

A 1 ml aliquot of a standard trans-[Rhen2C12]+ solution was mixed



with a 2 ml aliquot of a standard sodium bromide solution. The spectrum
of the>mixture was recorded on the Perkin Elmer 402, against a "blank"
solution composed of 1 ml of water mixed with 2 ml of the sodium bromide
solution. The experiment was repeated using several different concentra-
tions of bromide, All the solutions were handled in red light. The
dependence of the spectrum of E£§E§T{Rhen2012]+ on the concentration of

bromide is shown in Table 3.22 and Fig. 3.17.

{(3) Trans-[Rhen2C12]+ and iodide in the presence of other anions

A 1 ml aliquot of a standard E;gggf[Rhen2C12]+ solution was mixed
with a 2 ml aliquot of a solution containing 0.75 M sodium iodide and a
known concentration of the sodium salt of the anion under investigation.
The spectrum of the resultant solution was recorded on the Perkin Elmer
402 spectrophotometer, the "blank” being a mixture of 1 ml of water and
2 ml of the appropriate sodium iodide/anion solution. The experiment
was performed using chloride, bromide, fluoride, ﬁydroxide, sulphate and .
phosphate as the added anion. The concentrations of these anions in the
final solution and the extinction coefficients of this solution at 285

and 290 nom are given in Table 3.23.

(4) Ttans-[Rhen212]+ and iodide in the presence of other anions

The spectroscopic interaction between trans—[RhenZIZI and iodide

(81) at ca. 300 nm there is a vefy marked intensi-

has been studied by Bott;

fication of the absorbance of the complex. In the present experiments a
+

standard solution of trans-[RhenZIZ] was prepared with the minimum amount

of heating in red light, A 1 ml aliquot of this solution was mixed with a

2 ml aliquot of a solution containing 0.75 M sodium iodide, a known

99
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concentration of the sodium salt of the anion (Yn‘) under investigation,
and sufficient sodium perchlorate to maintain the ionic strength of the
final mixture at 1.5 M. The spectrum of the mixture was recorded én the
Perkin Elmer 402 spectrophotometer, using a solution composed of 1 ml of
water mixed with 2 ml of the iodide/anion/perchlorate solution as the
"blank”. The concentrations of the anions in the final solution, and the
extinction coefficients of these solutions at 300 nm are given in‘Table

3.24,
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Discussion

The most important question raised by all these results is the
exact nature of the mechanism producing the second order term in the
rate law. In addition to the classical SN11P and SNZIP reactions, there
is also the possibility of redox-catalysed pathwavs similar to those

found for platinum(IV) complexes.

Redox Mechanisms

In addition to the normal interchange mechanism for aquation of
rhodium(III) complexes (equations 3.62 and 3.63), it is possible to consi-

der a redox mechanism (equations 3.64 and 3.65) similar to that proposed

by PoE et al.(gz) for platinum(IV) complexes.
+ %o 2+, -

[RhenzLX} + HZO e [RhenzLOHz] + X (3.62)

: [Rhen2L0H2]2+ +y? fast, [RhenzLY}(z"n)+ + 1,0 (3.63)
n- + kg N (n-1) - + - «

Y o+ [LRhen2X] ?i?~~* YL + [Rhenz] + X (3.64)

Y
k
y - (Rhen, 1% + ¥" —2 ¥ + [LRhen,y]Z™7* (3.65)

. i +
Applying the steddy state assumption to the concentration of [Rhenz] .

the mechanism of equations 3.62 to 3.65 predicts the rate law

kfks[Y]z
kpsa = %o TR OF GASED. (3.66)
R - s''r ,
which reduces to
Kobsa = Ko+ Kgl¥l (3.67)
if under all conditions studied
ks{Y]/kr > 1 (3.68)
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It is also possible to consider a rhodium(I) catalvsed pathway;

such a reaction pathway is found for the reactions of trangf{thy4C12]+
(91)

and its analoguesfsB)—(go) trans~[Rh(DH)2C12]+ and cis-
(92) '
+
[thipy2C12] . The rhodium(I)-catalvsed mechanisr is given by egua-
tions 3.62, 3.63, 3.69 and 3.70.
v + [Rhen,]" <L {RhenzY}(l"“)+ (3.69)

fast

{YRhenz}(l_n)+ + {Lmhenzx]+ fast, [YRhenzL](z’“)+ + [Rhen,]T + X (3.70)

2

+ ) i
The [Rhenz] nust be present in low, steady-state concentrations or auto-
catalysis and sigmoid rate plots would be obtained. Applying the steady
state assumption to [Rhen2]+, the mechanism of ecuations 3.62 to 3.64

and 3.69 to 3.70 gives

kobsd ko + kf[Y] (3,67)

It thus appears that whatever the details of the redox mechanism,
the rate-determining step is reduction of the substrate by 7. The most
important evidence against the redox mechanism is that phosphate and-
éulphate catalyse the hydrolysis of EIEEET[Rhen2012]+ and Ezgggf[Rhen212]+
more effectively than chloride and bromide. This is incompatible with
the rate-determining step being reduction of the rhodium(I11) species,
sincg tbewreducing power of phospha;e and sulphate is much less than that

'ofrchloriae éf bromide,.

The Jon—-Pairing Mechanism

The ion-pairing mechanism is outlined in ecuations 3.62, 3.63, 3.71

and 3.72.
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[RhenZLX]+ + 1,0 -9 [?Jxen2L0312]2+ + X (3.62)
[Rhen2L0H2]2+ + Y™ fast, [RhenzLY](z“n)+ + 1,0 | (3.63)
[RhenzLX]+ + Y™ E*ﬁié {RhenzLX,Y}(l—n)+ {(3.71)
{RhgnzLX,Y}(l"n)+ —»EX+ [RhenZLY](z"“)+ + X (3.72)

If the interchange reaction 3.72 is Ia in nature the reaction has an

SVZIP mechanism; if reaction 3.72 is Id in nature, the mechanism is

designated SNllP. The rate law predicted by either mechanism is

k. + kK [Y]
= .0 S ©(3.73)
obsd 1+KY[Y]

When Y%7 is OH , the "“ion-pair” {RhenzLX,OH}O may- in fact be the depro-
tonated intermediate {Rhen(en~H)LX}0. Because of this ambiguity, the
remarks made below are not considered to apply to hydroxide. Once a |
pattern has been established for the reactions with other anions, the
reactions with hydroxide will be discussed in terms of their agreement

with, or departure from, this pattern.

Reactions with anions other than hydroxide

Under the experimental conditions of these experiments, equation
3.73 is an over-simplified form of the rate law. Two sets of conditions

can be coﬁsidered, depending on whether or not the ionic strength is

controlled by addition of NaClOA. If NaC104 is added, the reactions
_ , clo
clo, + [RhenzLX] S {RhenzLX,Cloa} (3.74)
“c10, L )
{RhenzLX,Cloa} ——— [Rhen,LOH,]"" + X + 10, (3.75)
[Phen,Loi, %% + y*~ .fast, [Rhenzm](z‘“)* + HO (3.76)



must be considered, and equation 3.73 becomes

ky + kK Iyl + k01o&K0104[01°4 !

104

k = (3.77)
obsd 1+ KCI04[0104] + KY[Y]
At a constant ionic strength of 1.0M, equation 3.77 becomes 3.78, 3.79
and 3.80 for auni-, di- and tri-valent anion respectively.
kg + Kojo K c1o, + (Kyky = Key0 Keyo, ) 1Y)
Kobsd 1 +4K ¥+ ( )?Y] : (3.78)
ClO4 KY ClO4
kg * k0104K0104+ (Kyky - 3K0104k01o4)m
k = (3.79)
obsd 1+Kg, + (KY - Xeio YY)
4 4
% * Ke10 %c10, * (Kyky = e c1o YY]
Kobsd = 1 +4K + ( ?Y] (3.80)
N - c1o4

), where m = 1, 3, 6, in the denominator of equa-
ClO4

tions 3.78, 3.79, 3.80 means that even if substantial amounts of ion-

The term (KY mK

association occur, this might not be detected by curvature of the graph

of kobsd against [Y].

If sodium perchlorate is not added to maintain the ionic strength,

I, constant, KY in equation 3.73 varies with the ionic strength, and is

given(93) by the equation

Ky = KY972 o ) . (3.8D

0
where KY is the ion-association constant at I = 0.0 M and y is the mean
activity coefficient of the unassociated salt [RhenZLX]nY. Substitution

of equation 3.81 in equation 3,73 gives
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kO + kYKY vy}

k

obsd (3.82)

02
1+ K,y [Y]
Interpretation of the results in this chapter requires a knowledge

of (a) the magnitude of KY’ and especially, of K , and (b) the relative

ClO4

magnitudes of kY’ or the relative reactivities of the ion-pairs. The
latter should enable a distinction to be made between the SNIIP and

SNZIP mechanisms. Because KClO is not known for these complexes, initial
4

estimates of KY must be made using the data obtained in the absence of

perchlorate.

(A) Calculation of Ion-Association Constants using Experiments Performed

in the Absence of Perchlorate

(1) Association between trans—[Rhen212]+ and chloride (from kinetic data)

The value of Kgl for the association . '

0
212,01} ; (3.83)

trans—[Rhen212]+ + €1~ = [Rhen
was estimated using equation 3.82 and the results given in Table 3.13

for the dependence of k on the [C1 ] at I = [C17]. By extrapolation

obsd
of the graph of kobsd against [C1 ] to [C1 ] = 0.0 M, ko was found to be
2.310 x 10_4 s-l. ‘Values of y were calculated using the Davies equation(ga)

logy = -0.5(/T/(+/D) - 0.31) | | (3.84)

Although equation 3.84 is not strictly valid above I = 0.3, it was used
up to 1.0 M because there is no other equation available for calculation
of activity coefficients at high ionic strengths. Rearrangement of

equation 3.82 gives
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k
obsd 0 _ _
YZ[Y] = y = obsd kYK (3.85)

The standard deviation, cy, of any value of y was calculated assuming
that the standard deviation in k0 and in each value of kobsd was 7 x 10-5
(i.e. ca. 3%). The values of y and cy obtained are shown in Table

3.25; a weighted least squares analysis of these data according to equa-—

tion 3.85, and assuming the error in k was negligible compared to that

= 1.2 1.4 ML,

obsd
in ave KO
iny g Cl

{2) Association between trans- [Rhen2C12]+ and bromide {(from spectroscopic

data)
The equilibrium constant Kgr for the association

Y+ BrT <= {(Rhen.ci.,3r}° (3.86)

trans—[BhenzCl 2C1,s

5]

was calculated from the spectroscopic interaction between trans-

[Rhen261 * and bromide. If this interaction is assumed to be due to

5]

ion-pair formation, equation 3.87 applies.

,.«‘J‘EP__.___Q= -
{Br—]yz z ‘%PP Br KBr Br (3.87)

C€app is the observed extinction coefficient of the rhodium(III) species
and‘fo, f%r are the extinction coefficients of};he free [Rhen2612]+'ion
and the {RhenzClz,Br}o ion-pair respectively.) The activity coefficient,
Y, was calculated from equation 3.84 and the values of 2z calculated

from the results at 260 nm as listed in Table 3.26. An unweighted least squares
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treatment of these data according to equation 3.87 gave Kgr = 0.7 £ 0.5
M_l and éBr = 700 + 600 M‘l cm—l. In view of the systematic errors

assoclated with extension of the Davies equation to such high ionic strengths,

the standard deviation of K?

- is probably an underestimate of the actual

error.

Association of trans—[Rhen2C12]+ and iodide (from spectroscopic data)

" The equilibrium constant, KO for the association

I’
+ - s 0
_trans~{Rhen2Clz] + T = {RhenZCIZ,I} (3.88)

was calculated using the equation

<aop " S0 0. .0
“APP__ D ., - & g +rE (3.89)
[I-—]YZ app I T

where éi is the extinction coefficient of the ion-pair {Rhen2C12,I}

and EQPP,EEO have their previous meanings. Calculation of the activity

coefficient, v, is more difficult in this set of experiments, because the
(94)

Davies equation 1s inappropriate at the highest ionic strengths used.

(93)

Using Burnett's adaptation of the Scatchard equation it can be shown

that at a given ionic strength, I,

logy = %(1ogYSI + logYNaI) (3.90)

and ¥ are the meaﬁ‘acéivity coefficients in'pure'501ufions

where Y Nal

SI
of ionic strength I of {Rhen2012]I and Nal respectively. A graph of

(95)

against I was drawn usiane publiéhed values of YWaI’and Yaal

TNal
was read off at any desired ionic strength (see Fig. 3.18). Values of

Ygp were calculated by assumine that the mean activity coefficients of

massociated [Rhen2C12]I were equal to those of the hypothetical
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unassociated salt E£§B§7[Coen2E02X}C1 {X is a univalent anion). Values

Q
of Yo1 for {CoenZNOZX]Cl were calculated from Burnett's('3) tabulation
¥ ST ing ivi ici s, . - NO_Ni
of the corresponding activity coefficients, Yref of trans: [Coen2 5 3}Cl2
using the equation(QB)
Zl
log Yoy = E;-log Yref (3.91)

(Zl = 1 = the valency of the [CoenzNOZX]+ ion and 22 = 2 = the valencyv of

the [CoenzNH3N02]2+ ion). Values of Yref were intervolated from the graph

(93)

of Y ¢ @fainst I given in Fig. 3.19. Since Burnett's data for trans-
[Coen21{3N02]C12 do not extend below I = 0.5M, it was not possible to calcu-
late v for points below this ionic strenpth, and they were accordingly
omitted in the subsequent calculations. Values of eam} at 285 nm, vy, and
the function w are listed in Table 3.27., An unveiphted least squares
~analysis of the results of Table 3.27 according to equation 3.89 gives
Kg = (.38 % 0.02 M—'l and €I = 1440 £ 80 M_l cmhl. In view of the systematic
errors associated with the method of calculating vy, the standard devia-
tions associated with Kg andEI are probably much larger than the values

quoted above,

(B) Calculation of Theoretical Ion-Association Constants using the Fuoss Equation

0 . . .
The values of KY for these three ion-pairs can be compared with the

- values predicted by the Fuoss(Qﬁ)—equation;
n
Ky = s al exp(|2,2, | e?/€akT) (3.92)

vhere N is Avogardro's number, Zl' Z2 are the valencies of the anion
and cation respectively, e is the electronic charse, € the dielectric

constant of the medium, k is Boltzman's constant, T the absolute



temperature, and a 1is the distance between the centres of the two ions
) . ; 0 .

when they are in contact. In the calculation of KY from equation 3.92

the only parameter which was not known with certainty was a. Mo data

seem to be available on the x-ray structures of ethylenediamine complexes

(19)

of Rh(III), but a study of [Coen (HPQ has been carried out,

31, (PO, 5
. . ; + . R
Fig. 3.20 shows the molecular dimensions of the [Coen3]3 ion and lists
the equations used to calculate T, the radius of this cation. (It was
assumed, as an aid to calculation, that the ethylenediamine ring was

planar.) Since the Rh-N bond distance cis to the hydride lipand in

trans~[Rh(NH3)5H]2+ is 2,07 K,(97) which is close to the Co-N distance of
(19)
1.96 A in [Coen3]3+, it was felt that the value of r% calculated for

1.
[Coen3]3+ was a reasonable estimate of the value of r, for [Rhen3]3 or

+
trans«[RhenzLX] . The last assumption was justified by the fact that the
plane of the ethylenediamine rings presents the largest radius in the non-

. + -
spherical transf[RhenzLX] cations. The radius, r_, of the anion, "

" =Cl, Br, F, OH , 5042*, P043: C104“), was taken as the crystallo-

(28) ~’(98) Br-’(98) F~’(98) OH*’(99)) or

3—). The 8042f

graphic radius of the ion (C1 , 1

72—
4 4
ionic radius was estimated as the average of the S$=0 and S~0OH bonds in

HZSOA(lOO) plus the van derWaals(101) radius, VO of oxvgen. The P043—

was estimated from known covalent radii (SO ’ C104~, PO

ionic radius was similarly estimated as the average of the three P-O bond

5 (19) |

nlus VO and the 0104— radius as the average of the

-(102)
4

a in equation 3.92, is then given byv

lenpths in HPO4

C1-0 bond lengths in C10 plus VO. The distance of closest approach,

109

a = r +vr (3.93)

Values of r, and r_ are listed in Table 3.28, Table 3.28 also pives the
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corresponding values of KO

v calculated by equation 3.92 for association of

Y with trans- [Rben LX ] and also for association of Y with di- and

+
trivalent cations of the same radius as trans-[Phen,LX] .

2
From Table 3.28 it can be seen that the wvalues of Kg found here

1}, {Rhen,Cl.,Br} and {Rhen,Cl,,1} are of the

for the ion-pairs {RhenzIz,C 2C1,5 201y,

same order of magnitude as those predicted by the Fuess equation. This

(25)

contrasts sharply with the work of Burgess et al. who claimed that

0 .
the ion-association constant KCl for the equilibrium

* 41017 => {mhen.Cl..,Cl} (3.94)

trang-{Rhen 2Cl,s

2€1,]

was 25 £ 5 M—1 in water at 80.7°C. Moreover, the results of this work

(10) of -1

are in reasonable agreement with Palmer and Watts' wvalue 9 +6Y
for the ion-association constant of equation 3.94 measured in DMSO at
25°C.v (In DMSO under these conditions the Fuoss equation predicts Kgl
will be 3.9 M-l.) From these results it appears that association
constants of Ezgggj[RhenzLX]+ with univalent anions are rather small in

water.

Ion-Association Constants from Competitive Association

Experiments

Assoc1ation with trans-{Phen Clz]

The conclusion that the association constants for the ion pairs

{Rhen LX,Y}O (L, X, Y=C1, Br , I ) are rather small is reinforced bv

2

the results given in Table 3.23 for the effect of an added anion, Yn_,

+ -
on the spectroscopic interaction between trans-[Rhen and T . In
P T mralls

2012]

the presence of an’ the equilibrium
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[Rhen,c1,]" + Y*~ V&—-_* {Rhen.C1 ,Y}(l”“)+ (3.93)
2772 2772
obtains as well aé equation 3.88, and equation 3,96 is replaced by
equation 3.97.
£, +e K (1]
e - —+k (3.96)
PP 1+ K (1] ,
eo(l + I%,[Y]) +€IKI[I ]

app = 4 R+ K] | o (3.97)
% 1

(It is assumed in equation 3.97 that the extinction coefficient of the

}(l—n)+

{rhen.,C1,,Y

4
,C1,, ion-pair is the same as that of free [RhenZClZ] :

even for the bromide ion-pair, where a slight spectroscopic interaction
occurs (Table 3,22), this seems to be true to a first approximation.)
Adding e affectséén“,in two ways; it chénges Kcl because it increases
the jonic strength and thereby alters y, and it decreasesﬂsapp because

of the term KY[Y] in the denominator of equation 3.97. Table 3,23 shows
that Egpp is in fact.little affected by the addition of even relatively
large amounts of Y. This indicates that y is little changed by the
increasing ionie strength, probably because the activity coefficient of
pure unassociated‘{Rhenzclz]I decreases with increasing ionie strength, I
(Fig. 3.19), vhereas that of pure unassociated Nal increases with increas-

ing I (Fig. 3.18). The fact that é;pp is essentially unaffected by the

presence of Y?” also means that at the ionic strength of the experiment

way] << 1+ K. (1] (3.98)

Since KI apparently has the same value in the solution of sodium iodide
plus NanY as in sodiuwm? iodide alone. and the value of KI in 0.53M sodiur
C e -1 0 _ 938 -1

iodide is 0.19 M from equation 3.81 (assuming KI =32 M ) it follows

that
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KY[Y] << 1.19 (3.99)

It is possible to assign more definite limits to the value of KY if it is
further assumed that the ninimum lowering of{fapp which can be detected
and unambiguously assigned to ion-associatiocn by Y7 i{s 10% of the original
value offiapp. This treatment gives the upper limits listed for K, in
Table 3.29. Table 3.29 also gives upper limits for the values of KYO,

the ion-association constants at zero ionic strength: these were calcula-
ted from the limits found at the ionic strength of the competition experi-
ments, using equations 3.81 and 3.84. Zquations 3.81 and 3,84 were also
used to calculate KY at I = 1,0M, the ionic strength used in most of the
kinetic rums; these values are also piven in Table 3.29. The results in
Table 3.29 can be summarised by saying that the ion-association constants
at zero ionic strength (KYO) are quite consistent with the Fuoss equation,

and that at the ionic strength of 1.0M used for most of the experiments

reported here, KY for trans—[Rhen2C12]+ is rather small.

Association with trans—[Rhen212]+

Because tlie ionic strength was kept constant with sodium perchlorate,
+
the results for the spectroscopic interaction between trans—[RhenZIZ]

and iodide in the presence of other anions (Table 3.24) give no informa-

" tion about the absolute values of KY.for this complex. Nevertheless, with ~

the exception of hydroxide, the effect of the added anions is little
different from that of perchlorate at the constant ionic strength of 1.5%,
Thus at this ionic strength, the ion-association constants are all similar

to that for verchlorate. The larece effect of hvdroxide mav be connected
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complexes in the solution: the effect of hvdroxide is in no way unusual
in the Eggggf{Rhen2C12]+/I‘ interaction. Since the sizes and charpe-
distributions are probably similar in EEEBﬁ:[Rhen2C12]+ and trans-
{Rhen212]+, the results found for the former complex can probably be
extended to the latter, i.e., values of KY are small at 1.0™ ionic

strength.

Ton-Association with Perchlorate

The question of ion-association involving perchlorate is contro-

versial, Many authors have assumed that because perchlorate does not

(103)

readily form inner-sphere complexes, it is equally inert towards

the formation of outer sphere complexes. To a certain extent there is a

theoretical justification for this wview. 1If as a first avproximation the
crystal field theory is assumed to obtain, the sole binding force in the

inner sphere is electrostatic and the free energy AG?S for the process

[1»{L50}12}’“+ + Y7 — [z»mSY}(m'“)+ + 1,0 (3.190)
is given by the equation
26® = ac® +ac® . -0 (3.101)
is es solv HZO

where Ast is the free energy due to the electrostatic attraction between

and‘Y—, CO

‘-s
‘,ﬂ‘ H.0

5 is the free energy due to attraction between HLS and HZO
o S : - ‘ : :

an&’AGzoi;‘ié the free energy‘chaﬁée associéiiEAKQith changé iﬁnsblvétion'
of [MLSOHZ]m+ and Yn-. In outer-sphere complexation an equation exactly
corresponding to equation 3.101 can be written for AGgs. the free enerpgy
of formation of the outer sphere complex: although the absolute sizes of

the terms in equation 3.101 will differ in the two cases (probably bheing

smaller for outer sphere complexation), for a given »air of ions their
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relative magnitudes may well remain the same. Thus if, as with per-

o . cos 0 :
chlorate, Gig is large and positive, Gos may also be fairly large and

(93) (104) (105)

positive. Recently, however, several authors have queried

this view.
The results fiven here do not shed much light on the value of

KCIOA. It appgars that the rates of substitution in.Ezgggf[Rhen2C12]+,
££§E§7[Rhen212}+ and Ezgggj[RhenZIOH]+ are independent of the concen-
tration of perchlorate, under conditions where second order reactions
with other anions are not occurring (see Tables 3.5, 3.13 and 3.2).

This suggests that for these complexes either K is zero, or the reac-

C].O4

tivity of the perchlorate jon-pair is identical with that of the free ion.

for trans-[Rhen,I,] by
A Lrrans 2%9
using the data at I = 1.0M and 55.0°C for the reaction

An attempt was made to calculate Kglo

trans-[Rhen212]+ +Ccl — _g:rans~[Rhen21'C1]+ + 1 (3.19)

From equation 3,78 and knowing that
kClO = kO (3.102)
4 .

we cohtain

) _ 1 Kol T(kpy=k o @) K

Koo, = — @ ) -1 (3.103)

4 1~ [c1] “obsd

The expefiments'at 55.0°C in the absence of perchlorate géve'kéAi'
2.310 x 1074 71, Koy = 3.313 x 2074 571 and RQ, = 1.2 1.2 Ml Using

equations 3.81 and 3.84, K . at 1.0M ionic strength is 0.76 *0.89 M

c1

The walues found for Kglo using equation 3.103 are given in Table 3.3(:

4
the points at 0.100 and 0.300M chloride were ignored since the wvalues of

kobsd were very close to the value for k Tven at [C1 ] = 0.550 and

0"
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. ‘ .0
0.800}, the errors of the estimates of K must be at least as larre

clo
4 .
as the estimates themselves. However, the values ohtained are not signi-
. . , . ) L0
ficantly different from those for other univalent anions, and if KCIO
TG

is not zero, it is at least not very large.
The uncertainty about the magnitude of association constants for

perchlorate ion-pairs extends to work on similar svstems. XNyman and

(106)

Plane studied the association

3t

[Pten ]4+ +Cl == {Pten,,Cl (3.104)
3 3

spectrophotometrically, and showed that at a constant ionic strength of

0.5M, replacement of c1” by ClOa increased, rather than decreased the appa-

rent assoclation constant. This suggests that variation of K . for equili-

Cl

brium 3.104 occurs due to changes in the activity coefficients of the

participating species, and that at an ionic strength of 0,5M,K is

cl0
(107) 4

very small. Mironov et al. feel that perchlorate is only capable

of forming solvent-separated ion-pairs with the corresponding complex

[Coen3]3+, although no experimental evidence is advanced for this view-

(108)

point. On the other hand, Johansson has claimed that a weak complex

‘ 4
has calculated that the ion association constant at zero ionic

strength is 28 M_l. Conductivity studies have also indicated that Kglo
: - 14 ot _ ._1(109)7 (110 e
- for [Co(WH,),1  and {Co(mH.))_C1] is 25 M 7 7 gnd 14 M7 - - respec—
376 3’5

(111)-(113)

between [Coen3]3+.and clo
(93) ‘

does exist, and from conductance data

Burnett

tively. Although the controversv about whether or not different
methods of measuring assocliation constants should give the same value for
KY obscures the interpretation of this evidence, it anpears that at the

very least the ion-association constants involving perchlorate are not

greater than those involving other univalent anions, and thev mav well be
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much less.

The Relative Reactivities of Ion-Pairs and Assignment of the Mechanism

Using Kinetic Results at Comstant Ionic Strength

For all the reactions studied the rate law at constant ionié

strength was

kobsd = kl + kz[Y] (3.105)

This may be because at all concentrations of ¥? studied the term

(X [ci0,7 ] + KY[Y]) in the denominator of equation 3.77 was a constant,
C104 4

Alternatively, if, as found for the analogous cobalt(III) and chromium(III)
complekes, the reactivities of the ion-pairs are not very different from

the reactivity of the free complex, the curvature of the graph of kobsd

against [Y] might not be experimentally detectable.
However, a lower limit for kY can be calculated because kY can

never be less than the highest value of kob obtained, so

sd

1gi 2 k1+ kz[Y]max (3.106)

where [Y]max is the highest concentration of Y?" uysed. If the term

(KY - wK )[Y] in the denominator of equations 3.78 (m = 1), 3.79
ClO4

(m = 3) and 3.80 (m = 6) is not negligible compared to unity, the points

of the graph of k against [Y] will define a curve which is slightly

obsd.

convex upwards, and a straight line drawn through these points will give

an intercept, kl, which is greater than ko and a slope, k2’ which is 1less

than kYKY. From the inequalities 3.107
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k. <k (3.107)

anéd 3.106 it follows that

kY kl + kZ[Y]max

0 k1

(3.108

The limits obtained for the relative reactivities of the ion-pairs and
the free ions are given in Table 3.31 for all the reactions studied.
The limits of Table 3,31 pive no information about the reactivirty

of the ion-pair of one anion, Yn—. compared to that of another anion,
P~ A . . s
Z . However, it is possible to estimate such relative reactivities if

it is assumed that at an ionic strength of 1.0M the association constants

}(l—n)+

of the ion-pair {trans~[Rhen2LX],Y are independent of the charge

on the anion, an. {(Calculations using the theoretical ion-association
constants given by the Fuoss equation and the Davies equation to predict
the variation of activity coefficients with ionic strength suggest that
this ié indeed true. Q.v. Table 3.32, column three.) In this case, the

effect of the term (K [0104] + KY[Y]) in the denominator of equation

ClO4

3.77 in causing curvature of the graph of k against [Y] will be similar

obsd

for all anions an’ and the relative values of k2/kl will reflect the
+
relative values of kYKY/kO‘ For a given cation, trans~[Rhen2LX] , both KY

and ko are constant, so kZ/k becomes a measure of k,, the relative nucleo-

1
philicity of the amion Y© . Values of k,/k, are listed in Table 3.33.

From the results given in Tables 3.31 and 3.33 the intimate nature

(114) (115)

of the mechanism can be assigned. Po& et al, and Monacelli and

Viel(ll6)(ll7) have tentatively suggested that the bromide anation of

+
[Rh(NH3)50H2]3 is Ia, because the rate of interchange within the

. 2+ .. .
{Rn(NHB)SOHZ,Br} ion-pair is twice as fast as the rate of water exchange
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in the free ion. They made the assumption that the location of the bro-

mide ion in the second co-ordination sphere of [Rh(NH3)50Hé]2+ was.com~
pletely random; in this case loss of water results in detectable feaction
for only ca. 207 of the exchanges, and interchange within the ion-pair
becomes effectively ten times faster than water exchange. Poé et al.(lls)
" have admitted that ifrthe bfomide ion is specifically located adjacent

to the leaving group, so that all exchanges were fruitful, the evidence
for an Ia mechanism was less conclusive.; |

In the present work the lower limits found (Table 3.31) for kY/kO
show that the ion-pair is not necessarily even twice as reactive as the
free ion, Moreover, in order to demonstrate nucleophilic assistance by
Yn—, a higher wvalue of kY/kO would be required for the reaction of trans-
[RhenzLX]+ than for the reaction of [Rh(NH3)50H2]3+. This is because
even with an Id mechanism, the rate enhancement due to electrostatic
repulsion between Y?" and the leaving group will be greater when the
latter is an anionic ligand than when it is a neutral molecule. The
results in Table 3.31 thus offer no positive support for an Ia mechanism
for'gggggf[RhenzLX]+.

The variation of reactivities amongst the ibnfpairs (Table 3.33)
also fails to support an associative mode of activation for the bis-
ethylenediamine-complexes. For anions of the same charge (F , C1 , Br )
there is little variation in reactivity, in spite of the fact that the _
nucleophilicifies of these anions towards platinum(II) vary very greatly.(134)
The reactivity of the ion-pair seems to correlate with the charge on the
anion, but even for the ion-pairs {Eggggf[Rhen2012],Po4}2“ and {trans-

[Rhen,T,1,P0, }°7, k,/k, is only 19 and 5.4 times greater tham k,/k  for

the corresponding bromide ion-pairs. These relative reactivities may
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gtill include a contribution from the larger association constant for

the trivalent ion, if K is not as susceptible to the ionic strength

PO4

as the data of Table 3;32 suggest. These relative reactivities are con-
sistent with an Id mechanism where a greater negative charge on the anion,
Yn—, leads to increased repulsion between Y™ and the leaving group,
and hence a greater reactivity of the ion-pair. All the evidence thus
supports the assignment of a dissociative mode of activation to the reac-
tions of trans-diacidobisethylenediaminerhodium(III) complexes,

The observation of a possible Ia mechanism for the anation of
{Rh(NH3)50H2}3+ and an Id mechanism for the aquation of Eggggj[Rhen2X2]+
(X = Cl, I) is consistent with the different charges of the complexes,
The lower the positive charge on the substrate, the easier it is for the
leaving group to depart without the assistance of bonding to an incoming
nucleophile. Rhodium(III) complexes appear to lie very much on the border-

line between associative and dissociative activation, the charge on the

complex determining the intimate nature of the reaction pathway.

(11) Second-Order Reactions with Hydroxide

The hydroxide-dependent reactions suffer from the same difficulties
of interpretation due to possible association of the complex with perchlo-
rate as do the other anion-dependent reactions. If the hydroxide-dependent
reactions occur by the SNlIP mechanism, these difficulties are caused by
the fact that an unknown fraction of the substrate is present as perchlo-
rate ion-pairs. If the reactions occur by the SN1CB mechanism, on the other
hand, the acidity of a perchlorate ion-pair is not likely to be the same
as that of the free complex. Moreover, if association with perchlorate

occurs, the first- and second-order rate constants, kl and k for both

2’
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where Y = Cl1, Br, OH, is linear. Leffler and Grunwald

120

the hydroxide~ and other anion-dependent reactions will be complex func-
tions of rate constants. As well as making comparison of the rate con-
stants themselves rather difficult, this complicates the interpretation
of the activation parameters calculated from the rate constants.

However, for all the reactions studied, the Eyring plots for kl

and for kZ were linear within a reasonably small experimental error. It

+ % % *
1° ASl and AH2 ’ AS2 did not

refer exactly to simple reactions of the free complex and its ion-pair

was therefore assumed that even if AH

-(equations 3.1 to 3.3) or conjugate base (equations 3.1, 3.8 and 3.9),

nevertheless the values of these activation parameters were a measure of

the relative energetics of these reactions.

The SNIIP Mechanism

The SNIIP mechanism assumeé that hydroxide behaves simply as a
centre of negative charge, and on this model its kinetic behaviour should
not differ markedly from that of the other anions studied. 1In the present.
work, there were indeed similarities between the hydroxide~dependent reac-
tions of Ezgggr[khenzLx}+ and the reactions involving other anions. Thus

Fig. 3.21 shows that the isokinetic plot of AH * against A82+ for the

2
reaction
trans~[Rhen212]+ +Y — trans—[Rhen21Y1+ + I (3.109)

(118)

have concluded
that, for substituent effects on the rates of organic reactions, a linear
plot of AH* against ASE’= means the same mechanism is followed in all the
reactions being compared. Apart from the complications introduced by

possible ion-pairing with perchlorate, the extension of this conclusion
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to reaction 3.109 is dubious, since changing one of the reactants is
hardly equivalent to changing a substituent which is remote from the reac-

tion site. Nevertheless, Fig. 3.21 sugpests that the mechanism of the

hydroxide-dependent reactions is energetically similar to the mechanism
of the other anion-dependent reactions,

This point is demonstrated more dramatically in Fip. 3.22 where

-+ = BA

values of AHZ* - AHl+ are plotted against ASZ* - ASl' for all the anion-

dependent reactions of Ezgggf[RhenzLX}+ studie&. Yithin experimental
error a straight line can be drawn through all the points, repardless of
whether they represent the relative activation parameters for the reac-
tions of a variety of different substrates with a comwon anion (hydroxide),

+ .
or of a common substrate (trans-{Rhen 1) with several different anions.

)
This pseudo—-isokinetic plot can be explained qualitatively by neglecting

perchlorate ion-pairing and considering the thermodynamic cycle

- S AH2¢,A82¢ 0
trans-[RhenzLX] » {Y,RhenzL...X} (3.110)
(I1)
AHJ_#
* +Y

88y ' Mire

N B81¢

trans-{Rhen.L...X}

2
(1)

Here (I) is the transition state for the first-order (Id) reaction, and

(11) is the transition stéte forithe second-order reaction: H]C and SIE

are the enthalpy and entropy for interconversion of the two transition

states, By the laws of thermodvnamics

¥ +
AT+ A (3.111)

e
oul
]

F *
= c
A82 Au1 + ASIC (3.112)



AHIC and ASIC will be functions of the amount of stereochermical rearranre-—
ment occurring during the second-order reaction, and also of the desolva-
tion of Y and transition state (I) which is necessarvy to form (11}, If
extensive stereochemical rearrangement occurs during the formation of
(1I1), then AHIC will becore rather highly positive, because energy is
required to overcore the ecrystal field stabilisation effects which oppose
distortion of (I); however, because the ligands have greater freedom of
movement in (I1), ASIC will concurrently become large and positive,

There is a similar correlation between the effects on AHIC and ASIC

caused by desolvation of Y® . The greater the desolvation of Yn_, the
larger‘AHIC will be, because desolvation involves breaking HOH...Y""
hydrogen bonds; but ASIC concurrently becomes more positive because of
the increased freedom of the water molecules. The importance of desolva-—
tion of Y is shown in Fig. 3.23 and Fig. 3.24 where AHZi and ASZ# for

reaction 3,109 are plotted against the enthalpy and entropv respectively

(119) of Y . The slopes of Fig. 3.23 and Fig. 3.24 are

of desolvation
0.10 +0.03 and 2.6 0.7 respectively, so it appears that the effect of
entropy is much more important than that of enthalpy. It is not clear why
the slope of the entropy plot should be greater than unity, but this may
simply show that other factors such as stereochemical rearrangement are

important in determining the value of AS *. Indeed, the effects of

2 .
 stéreochemiéa1 rearraﬁgement and of desolvation of Ynf are not en;irely’
distinct, since ion-association constants are penerally greater for cis-
complexes than their trans-isomers. The greater the stereochemical rear-
rangement occurring in the formation of 1I, the larger will be the ion-

P . . n- . .
airing constant for association of ¥ with IT, and the more extensive
P y

will be the desolvation of Ynu.

122
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Although the energetics of the hydroxide-dependent reactions are similar

to those of the other anion-dependent reactions of trans-[Rhen

+
v
HLX] s

there are differences between the two tymes of reaction. In general, the

hydroxide~dependent pathways are rather faster than those of the other

anions,

The most important difference, however, is that the hydroxide-

dependent pathways sometimes give rise to extensive stereochemical chanpe,

whereas the other anion-dependent reactions do not.

Althouph, as shown

above, this effect can be included in the rationalisation of the energe-
tics of the S 1IP process, the 8§, 1IP mechanism offers no explanation as to
.o N

why hydroxide should be unique in this respect.

The SWlCB Mechanism

The SVICB mechanism of equations 3.62, 3.63, 3.113 and 3.114

does explain both the relative reactivities of rhodium(III) complexes

towards base hydrolysis, and the stereochemical rearrangement which occurs

during this reaction.
+ -
[RhenzLX] + OH

{Rhen(en—H)LX]O + H,0

2

\

e 0

== [Rhen(en-H)LX]" + H,0 (3.113)
kca -

——— [RhenzLOH} + X (3.114)

. +
The results obtained in this work for the base hydrolysis of trans—[Rhen7LX]

are compared in Table 3.34 with the results for the bhase hydrolyses of

- other rhodium(III) complexes.

Johnson et al.(57)

and of Klabunde,(

In agreement with the observations of

59)

the complexes studied here are much

less susceptible to base-catalysis than those which have an amine ligand

trans to the leaving group.

isomers of Erangf[Rhenz

This difference between the cis- and trans-

LX]+ has been ascribed to a higher acidity of the



cis-complexes, and also a higher reactivitv of the deprotonated inter-

mediate derived from cis—[RhenzLX]+.(57)(59)

59 ' +

Klabunde( ) has supgested that one reason whv E}gf[RhenzLX] is

so reactive towards base is that the amido-proup can be generated trans
to the leaving group, and that the trans-effect of the amido-group is

high. This hypothesis can be expanded by considering the nature of the

1 (73)(76)

trans-effect in rhodium(IIT) complexes. Pod et a have shown

that in rhodium(III) complexes the trans-effect is transmitted by o-bond-

—

2

- (120>\ Langford(lZl)

ing interactions, so the high trans-effect of NR
_(120)
analogous to that of H or C2H5 .

that in rhodium(III) the o~trans—effect is transmitted by p-orbitals, a

is probably a g-effect,

has suggested

common p-orbital being shared by the trans-lipand and the leaving group.

As the leaving group, X, departs, it leaves an empty hybrid orbital on

the rhodium(III) centre: a trans amjdo-group can stabilise the square pvra-
‘midal transition state by acquiring a larger share of the p-orbital common
to the Rh-NHR and Rh-X bonds (see Fig. 3.25a). .In a square pyramidal
transition state this cannot happen if the amido-group is cis to X, because
NHR and X no longer share a common p-orbital (Fig. 3.25b). Hdwever, if
-rearrangement to a trigonal bipyramidal transition state occurs, then

the amido—group will obtain a share in the p-orbital originally shared by
X and L, and will therefore be able to stabilise the transition state
(Fig. 3.25?), Since statistical addition of water to a trigonal bipyra—

. .
midal transition state gives two-thirds cis—[Phen,L0ii] as product, the

2
hypothesis that the amido-group has a high sipgma-trans-effect which is

. .
transwitted via the rhodium p~orbitals predicts that Eggggf[nhenzLx] may

. . . + .
rearrange during base hydrolysis, but E&ﬁ;[ﬂhenoLX] will not. This is

exactly the situation found in practice.
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The production of a trigonal bipyramidal transition state from

+ \ ,
E;angf[RhenzLX} requires more enerpv than the formation of a square nvra-

midal transition state because the loss of crystal field stabilisation energy

(122)

is greater for the first case. Table 3. 35 shows the relative acti-

~Y o * s

vation parameters, AHZT - AHlT and ASZ - ASlT, for the base hydrolyses

of several rhodium(III) complexes. TFor the trans-diacido-complexes,

' *
reactions which occur with stereochemical change have AHZ' - AHl$ =
8.10 #1.1 kcal mol—l and ASZ* - ASl* = 23 +4 eu: for reactions which are
stereoretentive, AHZ* - AHl =0 #1.5 keal mol_l and ASZ* - Asl* = 1 %4 eu.

-

Thus rearrangement involves a sizeable increase in the relative enthalpy

of activation, in agreement with the predictions of crystal field theory.

A

The large, positive wvalues of AS, - AS T found for the reactions which

2 1
occur with stereochemical change agree with Tobe's correlation(133) of

positive entropies of activation with stereomobility, and suggest that an
appreciable amount of the molecular motion necessarv for rearrangement has

occurred by the time the transition state is formed. This correlation

does not extend to the cis-diacido-complexes, where AS * AS . ca. 22

2 1

kecal mol_l, and the reactions occur with retention of configuration. How-
ever, the relative enthalpies of activation are significantly lower (2.2
i1.6 keal mol_l) than for the trans-complexes, indicating again the effect
that stereochemical rearrangément has on the crystal field of activation.
?inally,rthe data for the pentammine,cqmplexes_cannot bercompared directly
with fﬁéArésﬁlts for the ethylenediamine complexes, because the charpe on

the complex, and hence the effect of solvation, is different in the two

; o F
cases. The high values of AHZ* - AHl# and very positive values of AS, -

ASl=F probably reflect the extensive desolvation which occurs on converting

2+

. +
the transition state {R}1(m3)5...x} to {Rh(WH,) M X} .

20"
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(C) The 5,1CB/S, 1IP Spectrum

It appears from the above evidence that the details of the hvdroxide-

dependent reactions of Ezpns—[Rhenz

mechanism, although the energetics of this reaction are very similar to

+
1LX] are best explained by the SNICB

those predicted by the SNIIP mechanism, Chan and Lau(lZB) have suggested
that there is é conjugate base/ion-pair spectrum for the interaction of
metal amine complexes with hydroxide. The N.,.H...OH sysﬁem is assumed

to be linked by hydrogen bonds: if the proton is closer to the nitrogen
atom, the species is an hydroxide ion-pair: if the proton is closer to

the OH ion, the species is a conjugate base. Chan and Lau envisaged
species intermediate between the ion-pair and the conjugate base where the
proton was equidistant from the nitrogen atom and the hydroxide ion. It is
possible that such a species is responsible for the hydroxide-dependent
(33)

pathway for substitution of traqgj[RhenzLX +. However, Navon et al.

detected both {Coen OH}2+ and [Coenz(en—H)]z+ in very basic solutions of

33
[Coen3]3+; the equilibrium constants for reactions 3.115 and 3.116 are
29 M"l and 0.7 Mfl respectively.
sk - Kom 2+
[Coeny]™" + ol o {Coen,,, 01} (3.115)
[Coen3]3+ + OH f=g£é {Coenz(en—H)]2+ + HZO (3.116)

n+

' This suggests that'for the aggregate {L5MNR H,..0H} a singleé energy -

2 B
minimum at a unique H-H distance does not occur: instead there are two
energy minima, corresponding to two distinct svecies, with a fairly large
activation energy governing their interconversion. As the nitrogen atom
of the co-ordinated amine becomes less basic, the proportion of the conju-
gate base increases because the potential well of this species deepens

R

relative to that of the ion-pair, but the equilibrium L-H and 0-11 distances
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of the ion-pair and conjupate hase do not chanpe. A similar situation has

(124)

been found for the equilibrium between the hydrogen-bonded (A) and

proton-transfer (B) complexes of phenols and amines.

| |
R-0-H.....N-R == R-Q .... .n—zf-n (3.117)
R R
A B

However, single-minima complexes are sometimes formed for the adducts of
substituted benzoic acids and substituted pyridines, when the difference
between the pKa values of the acid and the pyridine is close to the critical

, 25
difference necessary for proton-transfer to occur.(] )

It may be that the
. . . . . + . s .
basicity of ethvlenediamine in Ezgﬂgf[RhenzLX] is sufficiently close to

the critical value for the proton-transfer reaction
0] 0
{RhenzLx,on} e {Phen(en-—H)LX,HZO} (3.118)

that a single complex, intermediate between the ion-pair and the conjugate

base 1s produced,
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Table 3.1

(m-n)+

'Relative rates of substitution of ion-pairs {MA LX,Y} and free ions

4
[MAhLX]m+ of cobalt(III) and chromium(III) complexes

n—

complex : Y solvent kY/kO reference

24 2~
ICo(NH3)501] 50, H,0 1.95 - 127
malonate H20 2,0 ‘ 127
tartarate HZO 2.25 127
phthalate HZO 2.85 127
maleate H20 3.05 127
I\T()3 H20 1.1 128
glycollate Hzo 1.15 128

24 2~
{CO(NH3)SBr] SO4 HZO 2,25 127
malonate H204 2.0 127
tartarate - H,0 2.55 127
phthalate H20 2.8 127
maleate H20 2,75 127

2+ 2~
[Co(NHB)SI] sol. ‘ H,0 2.1 o127
malonate H20 2.1 127
tartarate H20 2,2 127
phthalate H20 3.0 127
- - maleate . HO o 3.1 127

P Y o 2- h - ” ‘

[Cr(NH3)5C1] SO4 H20 1.6 4
malonate HZO 2.5 4
tartarate H20 2.3 4
phthalate HZO 2.25 ‘ 4
NO3 Hzo 1.1 4

{(cont.)



Table 3.1 (cont.)

complex . ¥
+ 2~
cis—[Coen2C12] SO4
. + -
c1s—[Coen2012] NB
CH3C02
c1L
cis~[Coen,Br ]+ Br
— 2772
+ ~
trans [CoenzBrZ] Br
+ . -
cis—[CrenZBrZ] « Br

cis—[CrenzBrDMSO]2+ Br

+
trans—[CrenzBrZ] Br

trans-[Cren BrDMSO]2+Br~

2

solvent

H20

MeCH
MeOH
MeOH
DMSO
DMSO
DMSO
DMSO

DMSO

DMSO

)

1.14
5.0
3.0

2,25

1.3
0.8
0.67
1.0

1.0

reference

129
130
130
131
132
132

9

136 -
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Table 3.é
Kinetic data for the reaction of trans-[Rhen,10H]" with O™
[emx] = 2.7 x 10”4M I =1,00M
Temperature [oH ] 105 k ,
perature AL N —obsd
o) o )
81.0 1.00 95.4
0.900 84.8
0.800 84.2
0.700 75.8
0.600 78.5
0.500 76.2
0.400 77.7
0.300 72.7 .
0.200  69.8
0.100 62.6
0.0100 65.8, 62.0, 61.2, 61.7, 61.3
75.7 1.00 53.5, 53.8
| 0.900 48.3
0.800 46.2
0.700 47.0
0.600 4.4
0.500 42.5
0.400 42.9, 38.9
0.300  39.5 )
0.200 38.0
0.100 36.2
0.0100 34,1, 34.0, 34.1

(cont.)
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Table 3.2 (cont.)

Temperature | [0H ] 107 ko g
°c) o )
70.3 1.00 29.1

0.900  27.1
0.800 25.2
0.700 23.3
0.600 23.4
0.500 22.2
0.400 21.0
0.300 20.6
0.200 19.0
0.100 18,92, 19.6
0.0100 19.0
65.5 1.00 15.9
0.900 13.0
0.800 13.8
0.700 13.2
0.600 13.1
0.500 12.9
0.400 11.8
0.0 117 '_
0.200 11.3
0.100 10.0
0.0100  10.5, 10.6

(cont.)
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Table 3.2 (cont.)

Temperature lgﬁ:l 105 k.
obsd

(°0) ) s™h
60.9 1.00 8.32

0.900 7.51

0.800 7.67

0.700 7.19

0.600 7.04

0.500 7.05

0.400 6.56

0,300 6.06

0.200 6.23

0.100 5.97

0.0100 5.33, 5.80
55.4 1.00 3.82

0.900 3.37

0.800 3.52

0.700 3.34

0.600 3.31

0.500 3.07

0.400 ~ 3.07

0.300 3.00

0.200 2.80

0.100 2.71

0.0100 2.63, 2.62, 2.64

(cont.)



Table 3.2 (cont.)

Temperature 105 kl 105 k2
°c) s™h ot s7h
81.0 62.18 +0.89 27.76 2,08
75.7 33.95 #0.57 17,77 +1.17
70.3 17.9% 0.37 ‘ 9.224 +0.762
65.6 10.26 +0.20 4.359 +0.397
60.9 5.573 +0,108 2,484 0,216
55.4 2,619 +0.045 - 1.051 +0.094

Standard deviation of k = 3,7%
obsd
AH1+ = 27.81 #0.18 kcal mol™t
Asl"“ = 5.01 #0.52 e.u.
% : -1
AH2 = 29 .34 +0.85 kcal mol
ASZ+ = 7.93 £2.48 e.u.

Experiments at varying concentrations of perchlorate
' 5

[c10,"1 [oH] 107 ko
) ™) (s™H
0.200 0.02 16.4, 16.8

1.00 0.02 16.5, 16.6

Temperatufe = 69°C

[emx] = 2.8 x 10~

4

M

140
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Table 3.3

Kinetic data for the reaction of trans—[RhenzBrOH]+ with OH

[emx] = 1.3 x 1077y I = 1.00M
Temperature on’1 lgf—gobéd
(°c) 0 ™
78.94 0.8301 171.4

0.6301 164.7
0.4301 160.0
0.2301 149 .1
0.0301 142.9
69.72 0.8301 65.80
0.6301 62.87
0.4301 58.87
0.2301 53.21
0.0301 53.16
63.38 0.8301 31.97
0.6301 28.84
0.4301 27.70
0.2301 26.14
0.0301 25,35
56.51 0.8301 13.60
0.6301 12,62
0.4301 11.89
0.2301 11.15
0.0301 10.93

(cont.)



Table 3.3 (cont.)

Temperature

(°0)

50.06

Temperature

(°0

78.94
69.72
63.38
56.51

50.06

Standard deviation of k

%
Aty

%
1

&
2

ASZ

AS

%

10

[oH ]

e

)

0.8301
0.6301
0.4301
0.2301

0.0301

Dk

=1

(s

141.9
51.28
24,66
10.60

4.73

25.99
1.91
25.08

-3.11

...1)

2,7
+1.00
+0.48

30.21

4 +0.092

lg;—£obsd

(st

6.019
5.684
5.374
4.975

4.855

36.52

17.32
7.698
3.326

1.502

= 2,3%

£0.19 keal mol ™t

#0.57 e.,u.

$1.30 keal mol™>

i3.88 e.u.

+5.62
+2.12
+1.015
+0,436

0,194

142



Table 3.4

+ -
Kinetic data for the reaction of trans-[Rhen2C10H] with OH

[emx] = 3 x 10 ¥ I=1.00M
Temperature fon ] 100k,

(°C) ) s"h
75.76 0.8332 118.8
0.6332 113.2
0.4332 106.8

0.2332 98.68
0.0332 107.9

71.80 0.8332 80.97

0.6332 77.11

0.4332 73.21

0.2332 65.54

0.0332 68.28

64 .80 0.8332 37.93

0.6332 36.86

0.4332 34,17

0.2332 31.01

0.0332 34.05

58.02 0.8332 16.66

, 0.6332 15.90

0.4332 14,96

0.2332 14.28

0.0332 14.66

(cont.)



Table 3.4 {(cont.)

Temperature

(°c)

53.77

49.89

45,50

Assuming that [OH ] > 0,2332M the rate law is k

lon}

(D

0.8332
0.6332
0.4332
0.2332

0.,0332

0.8332
0.6332
0.4332
0.2332

0.0332

0.8332
0.6332
0.4332
6.2332

0.0332

10° &
=—obs

s™h

9.763
9.495
8.982
8.181

8.902

6.224
5.852
5.471
5.107

5.837

3.518
3.277
3.123
2.913

3.041

obsd

d

= kl + kZ[OH ]

144

{cont.)



Table 3.4 {cont.)

Tenperature 105 kl }QEEQ
°c) ™ ot
75.75 91.40 +1.75 33.70
71.80 60.49 +1.17 25.68
64.80 28.59 +0.55 11.98
58.02 13.30 £0.25 4.031
53.77 7.667 20.145 2.692
49.89 4.669 +0.090 1.865
45,50 2.685 #0,052 0.9807

Standard deviation in kobsd = 1,3%
AHI* = 25.14 %0.15 keal mol™t
8s,% = -0.67 10.46 e.u.

s, = 25.84 30.70 keal mol™t
8s,% = -0.49 £2,10 e.u.

Assuming that kob

sd

*
AHl

%3
AS1

Standard deviation in k

~0.56 *1.33 e

at [OH ] = 0.0332M equals k

1

25.08 #0.44 keal mol L

U,

obsd 3.7%

-1
s

145

+3.18
2,14
+1.01
+0.452
£0.263
0,165

+0.094
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Table 3.5
Kinetic data for the reaction of Ezgggf[Rhen2012]+ with OH™
| [emx] = 5.5 x 10”4 I = 1.00M
Temperature {od"] 196 k
~———obsd

(°c) ) ™h

77.70 1.00 76,17

0.800 62,22

0.550 51.58

0.200 39.60

0.010 33.12

74.62 1.00 50.07

0.750 41.75

0.500 36.67

0.250 29,20

0.010 23.92

71.74 1.00 34.15

0.750 29.43

0.500 23.17

©0.250 19.34

0.010 17.02

67.95 1.00 22,47

0.750 18.61

0.500 15.53

0,250 13.67

0.010 11.91

(cont.)



Table 3.5 {(cont.)

Temperature
(°C)

64.86

64.33

62.21

Temperature
°o
77.70
74,62
71,74
67.95
64.86
64,33

62,21

[oH ]
(M)

1.00

0.750
0.500
0.250

0.010

1.00

0.750
0.500
0,250

0.010

1.06

0.750
0.500
0.250

0.010

732,12 +1.28

23,38 #0.79

16.04 0,67

11.43 +0.46
7.047 0,284
7.696 *0,308

5.330 #0.213

1Q~—Ebbsd
™
13.26
11.03
9.610
8.181

7.358

13.36

11.73
9.731
8.736

8.083

9.458
8.247
7.039
6.108

5.549

40.31

25.70

16.83
9.843
5.595
5.165

3.853

0,570
0,611

+0.427

147

(cont,)
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Table 3.5 {(cont.)

Standard deviation of k = 4,67

obsd
4 -1
AH,T = 26.06 *0.63 keal mol
Asl* = -5.14 +1.84 e.u.
o -1
AH2 = 35.07 *1.42 kecal mol
Aszq= = 21.00 #4.14 e.u.

Experiments at varying perchlorate concentrations

[emx] = 5.3 x 10"4M Temperature = 80.36°C
[610 7 [OH ] 10% &
—=g— e “~--—pbsd
on o) h
0.906 0.0100 40,65
0.604 0.0100 42.07
0.302 0.0100 41.95

0.000 0.0100 41.69
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Table 3.6

+ —
Kinetic data for the reaction of trans—{RhenzBrZ] with OH

femx] = 1.2 x 107y ‘ I = 1.00M
Temperature ng:l 105 kubsd

(°c) ) ™
80.2 1.00 51.4

0.900 47.1

0.800 40,8

0.700 37.1

0.600 35.1

0.500 30.8

0.400 27.2

0.300 26.0

0.200 22.6

0.100 . 19.7

0.0100 18.3, 17.9, 17.3
75.2 1.00 27.0

0.900 23.9

0.800 21.9

0.700 20,2

0.600 17.8

0.500 16.4

0.400 15.0

0.300 13.1

0.200 . 12.0

0.100 10.9

0.0100 9.86

(cont.)
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Table 3.6 (cont.)

Temperature fon ] 10° K bsd

70.0 1.00 13.1
0.900 12.4
0.800 11.3
0.700 10.5
0.600 9.52
0.500 8,72
0.400 8.15
0.300 7.53
0.200 6.84
0.100 | 6.08
0.0100 5.86

64.8 1.00 6.67
0.990 6.24
0.800 5.55
0,700 5.24
0.600 4.89
0.500 4 .48
0.400 4.06
0.300 .- 3.80
0.200 3.55
0.100 3.31
0.0100 3.12, 3.24

(cont.)
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Table 3.6 {(cont.)

- 5

Temperature [oH 1 10 kubs d
60.4 1.00 3.48
0.900 3.48
0.800 3.09
0.700 3.03
0.600 2.77
0.500 2.52
0.400 2.46
0.300 2.32
0.200 2.08
0.100  1.97
0.0100 1.83, 1.84
Temperature 105 kl _l_(f._.li?_
(°c) ™ ot s7h
80.2 17.07 0.36 30.13 $1.03
75.2 9,136 +0.270 15.67 +0.64
70.0 5.466 0,150 7.183 10,343
64.8 3.001 +0.069 3.238 0.162
60.4 1.794 0,040 1.683 $0.091
Standard deviation of kobsd = 4,07 .
m, " = 25.78 £0.33 keal mol ™t
8s," = -3.21 £0.96 e.u.
oi,* = 33.65 $0.64 keal mol T
85.F = 20,26 +1.84 e.u.

‘2
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Table 3.7

Kinetic data for the reaction of trans-[Rhen212}+ with OH
5

[emx] = 6 x 10 M I = 1.00M
Temperature LQL:l lgf—kobsd
0 o0 ™
65.06 1,00 100.5

0.750 89.02
0,500 80.26
0.250 71.32
0.010 67.11
59.60 1.00 - 56.99
0.750 51.95
0.500 47.18
0,250 42,44
0.010 39,05
55.07 1.00 31.74
0.750 28.76
0.500 26.28
0.250 24,28
0.010 22.65
50,18 _ 1.00 17.12
0.750 15.83
0.500 14.68
0.250 13.65

0.010 12,80
. (cont.)
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Table 3.7 (cont.)

Temperature fon 1 }~Q~—~I§obsd
| 45.96 1.00 9,745
0.750 9.272
0.500 8.383
0.250 8.071
0.010 7.523
41.10 1.00 5.065
0.750 4.714
0.500 4,494
0.250 4.290
0.010 4.078
36.35 1.00 2,416
0.750 2.432
0.500 2.298
0.250 2.222
0.010 2.100
Temperature 105 kl _];(f___l_c_z
°c) ™ ot s7h
T65.05  64.97 1,00 33,00 £1.90
59.60 38.43 +0.58 18.08  £1.10
55.07 22.26 +0.34 8.939 +0.622
50.18 12.65 0,19 4.312 0,343
45,96 7.464 +0,111 2.254 +0,199
41.10 4.048 0,060 0.9549 $0.1051
36. 35 2.120 £0.031 10.3437 +0.0525

(cont.)
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Table 3,7 (cont.)

Standard deviation of kobsd = 1.8?

AH1+ = 24.33 30,12 keal mol L
ASl+ = -1,35 £0.38 e.u.
AH2+ = 31.18 20,71 keal mol ©
ASZ+ = 17.66 2,16 e.u.



Table 3.8

Spectroscopic data for the dihydroxy-products of base hydrolysis of

trans—[RhenzLXJ+

L

OH

OH

CH

OH

OH

Cl

Cl

Br

Br

X

Br

Br

Cl

Cl

C1

Cl

Br

Br

[oH ]
()
1.00

0.100

0.732

0.065

0.734

0.067

1.00

0.100

1.00

0.100

1.00

0.100

Temperature

(°0)
80.0

80,0

80.13

80.13

80.16

80.16

80.58

80.58

80.09

80.09

80.27

80.27

A

max

(nm)

297,

297,

296,

297,

297,

298,

287,

296,

286,;

296,

294,

297,

347

348

346

346

346

347

336

343

334

344

345

347

max

ot

133,

133,

128,

129,

131,

130,

149,

138,

147,

135,

138,

132,

cm )
102

100

97.7

97.0

99.0

96.6

142

110

141

110

108

100

155
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Table 3.9. Spectra of dihalobisethylenediaminerhodium(III) complexes

(A) spectra of cis- and ttans-[Rhen2C12]+

Am) € _from € _from <,
Method A Method B
280  150.1 198.6 127.4
285 173.1 229.9 126.4
290 190.0 248.4 127.7
295 198,7 257.6 125.7
300 195.9 259.7 117.6
305 180.7 236.6 108.3
310 159.2 187.7 100.0
315 140,1 168.2 89.26
320 132.8 157.7 78.50
325 131.4 154.7 66.28
330 140.1 171.4 52.58
335 155.1 188.8 41,82
340 173.4 219.1 31.79
345 187.5 240.8 24,21
350 195.9 253.3 19,32
360 194.6 256.9 16.63
370 170.4 . 243.4 20.05
380 141.7 - 213.2 ©35.22
390 C113.6 0 165.6  56.00
400 85.3 103.6 78.26
410 56.8 51.4 86.57
420 36.0 ~10.1 81.93
430 22.4 ~34.8 63.59

fEc = extinction coefficient of gig;[Rhen2C12}+ in M~l cm_1

jzt = extinction coefficient of Ezgggf[Rhen2C12}+ in M—l cm_l



157

Table 3.9 {(contd.)

(B) Spectra of cis- and trans—[RhenzBrz]+

A_(om) < from <. from <,
Method A Method B

330 167.5 230.1 84,31

335 153.8 221.3 66.82

340 153.2 229.2 53.05

345 160.0 245.5 41,58

350 174.9 267.8 30.97

360 197.9 304.0 17.49

370 | 214.0 314.1 12.04

380 206.6 296.6 12.?1

390 185.5 261.9 22,37

400 160.0 225.3 44,16

410 135.2 189.2 70.83

420 110.4 148 .8 100.1

430 86.2 112.7 115.6

440 66.4 72.6 113.0

450 50.2 43.8 90.05.
'&c = extinction coefficient of _c_:_:_i;s:[RhenzBrZ]*- in Mﬂl cmml
-€, = extinction coefficient of trans-[Rhen _Brzl"; in M'-l cmf'_J_‘
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Table 3.10
Specimen calculations for the determination of Xc from the dihydroxy-
products of base hydrolysis of £1113§_—[Rhen2X2]+ (X = C1, Br, I) and from
'the dihalo-products of anation of these dihydroxy-complexes

(A) From the- [th-mzClZ]+ product of anation of the dihydroxy-product

(Data for the reaction of trans—-[Rhen Clz]+ with 1.00M hydroxide at

2
80.58°C)

A €app €c €t Xc calc?
{(nm) (M-1 cm-l) (M-'l cm—l) (M“1 cm-l) (M—l cm-l)
285 162 173 126 0.77 155
290 170 190 128 0.67 166
295 172 © 199 126 0.63 171
300 168 196 ' 118 0.64 166
305 159 181 108 0.70 153
310 146 159 100 0.77 136
315 133 | 140 89.3 0.85 120
320 121 . 133 78.5 0.79 112
325 115 131 66.3 0.75 106
330 13 140 52.6 0.69 106
335- 112 155 41.8 0.62 | 111
340 113 173 31.8 - 0.58 118
345 116 . 188 24,2 - 0,56~ 124"
350 | 117 196 19.3 0.55 127
360 117 195 16.6 0.56 126
370 113 170 20.1 0.62 112

e alc 1s the value of {app calculated from equation 3.42 taking

X =X, {
c

(cont.)
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Table 3.10 (cont.)

380 106 142 35.2 0.67 100

390 102 114 56.0 0.80 91
Weighted average of Xc = ﬁé = 0.61.

(B) From the [RhenZBrZ]+ product of anation of the dihydroxy-product

(Data for the base hydrolysis of trans—[RhenzBr }+ in 1.00M hydroxide at

2
80.09°C)

A -Eépp ‘€% 4£t Xc calca
@ Mlemd lendy o lenh or! enh
330 155 176 81.5 0.85 145
335 135 161 64.8 0.78 130
340 - 128 161 51.6 0.75 126
345 127 168 40,4 0.72 127
350 129 184 30.4 0.68 134
360 139 208 18.1 0.67 146
370 142 225 12.6 0.65 156
380 136 217 13.2 0.64 151
390 126 | 195 22.9 0.64 139
400 121 168 44,7 0.67 128

410 119 142 » 73.1. .A"_0.75- o120
Weighted mean value of Xc :.i; = 0,68,

a€£ c is the value of égpp calculated from equation 3.42 taking

(cont.)
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Table 3.10 (cont.)
{(C) From the [Rhenz(OH)2}+ product. (Data for the base hydrolysis of trans-

[Rhen212]+ in 1.00M hydroxide at 80.29°C)

A E:—app 6; fi Xc féalca
e leal ol el art el
270 118 141 95.7 - 105
275 121 155 102 0.37 113
280 128 163 , 110 0.3 . 121
285 133 163 118 0.34 128
290 136 161 126 0.29 133
295 138 155 130 0.30 136
300 136 150 130 0.30 135
305 132 146 125 0.31 130
310 123 150 s 0.25 122
315 115 154 106 0.18 116
320 109 159 98.3 0.17 111
325 106 165 93.7 0.17 109
330 105 168 92.4 0,17 109
335 106 168 94,0  0.17 110
340 108 164 96.6 0.16 -1
345 109 156 98.3 0.18 111
350 . 107 142 98.1 - - 0,21 167
360 93.1 111 88.2 0.22 93.0
370 72.5 78.4 69.8 - 71.7
380 52.2 51.7 51.0 - 51.2

Weighted average value of Xc = Xé = 0.21.

e

cale 1S the value of-€épp calculated from equation 3.42 taking
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Table 3.11
Stereochemical reérrangement during the hydroxide-dependent pathway

for base hydrolysis of trans-[R}lenzLX]+

L X [on"] Temperature Xca P, R.b
62 (°c)

c1 c1 1.00 80.58 0.61° 100

c1 c1 0.10 80.58 o.zoch

Br Br 1.00 80.09 0.68° 100

Br Br 0.10 80.09 0.20%4

I I 1.00 80.27 0.219 46

1 I 0.10 80.27 od

OH c1 0.73 80.16 %4

oH  Br 0.73 80.13 0% 4

OH 1 1.00 80.0 o?

a . .

Uncertainty in Xc estimated as 0.1

b R

P.R. = Percentage rearrangement occurring in the second-order pathway

“from dihalo-produéts of anation of the dihydroxy-complexes

dfrom dihydroxy-products



Table 3.12 .

: . ‘ 3 + . -
Kinetic data for the reaction of trans—{Rhenzlzj with Cl

femx] = ca, 6 % 10“5 M

Temperature
(°C)

55.0

49.9

45.4

42.0

[c1]

()

1.00

0.800
0,550
0.300

0.100

1.00

0.800
0.550
0.300

0.100

1.00
0.800

0.550

0,300 _

0,100

1.00

0.800
0.550
0.300

0,100

I=131.00¥

107 k
S——0bs

(s7t

26.93
26,20
25.03
23.20

22.94

15.10
14.33
13.83
13.17

12,63

8.206
7.893
7.593
7.1

6.966

5.323
5.121
5.036
4,812

4,663

d

(cont,)



Table 3.12 (cont.)

Temperature

(°c)

34.8

Temgerature

(°C)

55.0
49.9
45.4
‘42.0

34.8

Standard

[c1]
()

1.00

0.800
0.550
0.300

0.100

107 k
——0
(s

1.990
1.981
1,908
1.850

1,788

bsd

22.21

12,36

6.819 +0.060

4,602 +0.040

1.774 *

deviation of k

= 24,54
= -0.66
= 29,57

= 11.75

+0.20

+0.11

4,802

2.633

0,327

+0.182

1.373 *0.095
0.7070 *0,0655

0.015 0.2349 *0,0249

ohed = 0-96%
-1
+0,.11 kecal mol
+0.36 e.u, -
+1.08 keal mol T

+3.37 e,u.

163
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+ -
Table 3.13. Kinetic data for the reaction of trans—[RhenZIZ] with Cl
at varying jonic strengths

(4) Experiments at varying ionic strength and varying [Cl ]

[emx] = ca. 6 x 10-5 M I=[Cl] .temperature = 55.0°C
[c1 ] 10° kg
() s™h
1.00 27.43, 27.11
0.700 26.53, 26.08
0.300 25,57, 24,22
0.200 24.63
0.100 24,25, 23,68, 23,30
0.0700 23.60
0.0500 23,74
0.0200 23.30
0.0100 : 23,64, 22.86

(B) Experiments at varying ionic strength and constant fc17]
-5 -
[cmx] = ca, 6 x 10 " M I= [Cloa ] temperature = 55,25°C

[C17] = 0.0502 M

- 5

[c10,71 107 Koy g
ay “ﬁ(sfl)”
0.906 23.13

0.604 23,28

0.302 23,26

0.000 23.38
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Table 3.14

. . . . + . -
Kinetic data for the reaction of ;raqgf[Rhenzlz} with Br

[emx] = 6 x 107 i I=1.00¥M
Temperature [Br ] 10° k
e e ~--—-—obsd

(°c) ) s™
54.2 1.00 25.73
0.800 25.54
0.550 24,12
0.300 23.11
0.100 21.65
50.0 1.00 15.38
0.800 15.00
0.550 14,46
0.300 13.77
0.100 12.83
45.3 1.00 8.283
0.800 8.136
0.550 7.766
0.300 7.216
0.100 S 6.961
42.0 1.00 5.403
0.800 5.205
0.550 5.000
0.300 4.683
0.100 4.571

(cont.)
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Table 3.14 (cont.)

- 5
zgmneraturqA [Br ] 10 k bed
° -1
°c (D) (s ™)
35.5 1.00 2,458
0.800 : 2.341
0.550 2.259
0.300 2.128
’ 0.100 2.105
' 5 ‘ 5
Temperature géL_jh~ 10"k,
(°c) (sh ot s
54,2 21.45 +0.28 4,678 +0.458
50.0 12,75 x0.16 2,797 10,272
45.3 6.808 +0.088 1.569 +0.,147
42,0 4.449 +0,058 0.9513 +0,0957
35.5 2,040 +0.026 0.3964 +0.0437
Standard deviation of k = 1.4%
obsd
F ' -1
AHl = 24,78 +0.18 keal mol
Asl* = 0.15 $0.56 e.u.
% -1
: AH2 = 25.98 1,37 kcal mol
AS * . 0.85 #4.31 e.u.



Table 3.15

167

+ -
Kinetic data for the reaction of trans»{RhenZIZ] with OH in the presence

. . n
of other anions, Y

[emx] = 7.1 x lﬂ“SM
[oH ] = 0.010M
Yn—- [YD."]
3..
904 0.167
2...
50, 0.333
F 4 0.200
c1o, 1.00
%1c10,”] = 0.800M

4

10 k'obsd
(s~
23.12
23.63
19,87

19.32

I = 1,01

Temperature = 53.78°C

23
13

ca. 3
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Table 3.16. Kinetic data for the reaction of trans—[Rhen2012]+ with Ol

in the presence of Br

[emx] = 5.4 x 1074 I = 1.00M
[oH ] = 0.100M Temperature = 77.87°C
[Br”] () 100k, (s7h

0.900 3.704

0.700 3.728

0.500 3.684

0.200 3.545

0.000 g 3.555
10° k' = 3.543%0.051 st 10° ky = 3.143 s 1
10° k, = 0.217%0.092 gt Standard deviation of k_ . = 1.85%

sd

Table 3,17. Kinetic data for the reaction of trans—[Rhen2C12]+ with OH

in the presence of 8042~
femx] = 5.8 x 10 ™ . I =1.01
foH ] = 0,01 - Temperature = 77.22°C
2- 5 -1
[s0,”71 (0 100k, . (s7h
0.333 4,226
*
0.120 3.460
0.0334 3.271
0.00334 3.235
*
I = 0.87M
105k1' = 3.175 %0.104 st 10° k, = 3.137 s 1
5

10” k, = 3.03 20,69 Mul 5"1 Standard deviation of k = 4,5%
2 obsd
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Table 3.18. Xinetic data for the reaction of trans-[Rhen_Cl ]+ with O

2%
in the n»nresence of P043~
[emx] = 6.0 x 10y I = 1.014
{OH"] = 0.01M . Temperature = 79.44°C
3- 5 -1
[Pos_“] (M) 10 kobsd (s )
0.167 5.973
0.0833 4,787
0.0167 4.066
0.00167 3.860
10° k ' = 3.832 £0.095 g1 10° k, = 3.780 s T
10° k., =12.5 1.3 M L gt Standard deviation of k = 3.3%
2 obsd

Table 3.19., Kinetic data for the reaction of trans~[Rhen2012]+ with OH

in the presence of F

4

[emx] = 5.8 x 10 '™ I =1.01M
[oH ] = 0.01M Temperature = 77,82°C
[F] (0 10° k. . (s7h
Sttt ~———obsd——=
0.200 3.474
0.100 3.324 .
0.050 3.194
0.000 3.220
10° k;' = 3.180 %0.085 a1 10° ky, = 3.140 g1
105 kz = 1,40 0,77 M-~l s-1 Standard deviation of kobsd = 3,4%
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Table 3.20

e . . + -
Kinetic data for the reaction of trans-—[RhenzBr2 with F

[emx] = 3.5 x 10—4M I =1.00M Temperature = 80.4°C
- 5 -1
[F 1 M 107 ko g (s )
1.00 20.23
0.70 19.19

0.40 17.01



Table 3.21

Spectroscopic interaction between trans-[Rhen

femx] = 2,412 x 10—3M

0.2140
0.3817
0.6047
0.7993
1.032
1.205
1.398
1.603
1.799
2.004
2,230
2.404
2.611
2.808

3.005

+ .
2C12} and iodide

Absorbance at 285 nm

0.2919
0.4460
0.4967
0.6249
0.6921
0.7837
0.8330
0.9148
0.9780
1.0532
1,1160
1.1604
1.2489
1.3206
1.3796

1.4486

I=[1]



Table 3.22

Spectroscopic interaction between trans-|

Absorbance at A

Fhen,C1

240 nm

0.471
0.473

0,490

0.488

0.486

0.513

Absorbance at A =

femx] = 2.661 x 10™*M
[Br'] D 235 nm
0 0.492
0.200 0.496
0.400 0.526
© 0.600 0.538
0.800 0.543
1.00 0.572
emx] = 2.309 x 10 M
[Br ] (M) 260 nm
0 0.863
0.200 0.910
0.400 0.965
0.600 0.983
© 0.800 1.040_
1.00 1.075

270 nm

0.312
0.337
0.362

0.374

0.385

0.408

2

245 nm

0.418
0.407
0.430
0.429
0.423

0.449

280 nm

0.260
0.275
0.287

0.294

0.291.

0.302

2]+ and bromide

172

I = [Br ]
250 nm
0.312
10.302
0.321
0.324
0.320
0,340
I=[Br]
290 nm 300 om
0.270 0.252
0.280 0.256
0.291° 0.269
0.297 0.270
- 0.291 0.267
0.301 0.274



Table

+
Spectroscopic interaction between grans-{RhenZCIZ] in iodide in the

3.23

n-—
presence of other anions, Y

(a)
(b)
(b)
(b)
(b)
(b)
(b)
(b)

(a)
(b)

vl

-
c1

Br

0.149
1.00
1.00
0.400
0.334

0.167

no iodide added

[I7] = 0.500M

=
~a

ot

cm ) M

115
234
233
221
218
229
226

233

at 290 nm
po 20
-1

116

206

205
198
195
203
202

204

cm

173
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Table 3.24

Spectroscopic interaction between grans-[Rhen212}+ and iodide in the

n-
presence of other anions, Y

bl ] -€____at 300 nm
(M) ortem -
(a) 0104‘ 1.50 3330
(b) c104" 1.00 4980, 5300
(b) F 0.997 5020
(b) €1” 1.00 5430
(b) Br~ | 1.00 5510
(b) OH™ 0.400 4440
() s0,%” 0.334 5490
() Po, > 0.167 5280

Ionic strength = 1.50M
(a) no iodide added

(b) [I7] = 0.500M
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Table 3.25
Calculation of the ion-association constant for the ion-pair

{“trans—{RhenzIz],Cl} using equation 3.85 and the results in Table 3.13

5 5 5 5

[c1 ] 10 (kabs i"le 107 v 107 o 107 k bsd
(630) (s"l) (M"l s"l) (M’1 s—l) (s“l)
1.00 4,33 6.863 1.58 27.43
4.01 6.354 1.70 27.11
0.700 3.43 8.626 2.51 26.53
2.98 7.494 2.50 26.08
0.300 2.47 15.12 6.1 , 25.57
1.12 6.86 6.2 24,22
0.200 1.53 ‘ 13.60 8.8 24,63
0.100 1.15 18.7 16.2 24,25
0.58 9.4 16.2 23,68
0.20 3.2 16.2 23.30

k. = 2.310 x 10°% g1

0
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Table 3.26
Calculation of the ion-association constant for the ion-pair
{trans_-{RhenZCIZ],Br} using equation 3.87 and the results in Table 3.22

for A = 260 nm

[Br ] < - & z

~app—0 Sapp

¢5)] (M-l cm—l) (M"2 cm‘-l) (M_l cm~1)
0.200 20.4 193.8 394,1
0.400 | 44,2 204 .4 417.9
0.600 52.0 156.3 425,7
0.800 76.7 163.6 450 .4

1.00 91.8 145.,5 465.6
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Table 3.27
Calculation of the ion-association constant for the ion-pair

{trans-{RhenQCIZI,I} using equation 3.89 and the results in Table 3.21

&l L Sapr—=0 - Sapp
oty ot e h o2 en b ot ol
0.6047 0. 704 138.1 461.0 259.1
0.7993 0.690 165.9 436.2 286.9
1.032 0.679 203.9. 428.3 324.9
1.205 0.675 - 224.3 408.8 %54
1.398 0.673 258.3 408.2 379.3
1.603 0.671 284.5 393.7 405.5
1.799 0.671 315.6 389.3 436.7
2.004 0.672 341.7 377.4 462.7
2.230 0.677 360.1 352.4 481.1
2.404 0.682 396.8 354.6 517.8
2.611 0.689 426.6 344.1 547.5
2.808 0.696 451.1 331.6 572.0

3.005 0.703 479.7 323.1 600.6



Table 3.28

Calculation of ion-association constants at zero ionic strength (KY

for the ion-pairs {RhenzLX,Y}m+ using the Fuoss equation

v

Ionic radii used

EYO (Mfl) for association with
[Rhen,1X]"  [Rhen)ix]**  [mhen rx1**
1.4 5.2 19
1.7 5.5 18
1.8 5.6 18
1.9 5.7 '17
1.3 5.1 20
2.3 6.3 17
6.3 46 340
17 340 6700

trans-[RhenzLX]n+

F

c1

-

Br

4.1 &
1.3 %
1.8 4
2.0 X

2.2 &

1.0 &

2.9 %

2.9 %

>0

2.9

0

)
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Table 3,29

+ -
Upper limits for ion-association constants of trans-[RhenZCIZ} and YO

¥ K, ISYO_ R, at 1= 1.0M
ol o oty

F < 2.4 at I = 0,65M < 4.3 < 2,7

cl < 0,35 at I = 1.50M < 0.44 < 0,28 .

Br~ <0.35at I = 1.50M < 0.44 < 0.28

. < 0.88 at T = 0.90M < 1.5 < 0.95

soaz" <1.0 at I = 1.50M < 4.5 < 0,90

Po43~ <2.1 atI=1.504 < 33 < 2.1

Table 3.30

Calculation of the association constant for the ion-pair

{trans—[RhenZIZ], C104}
o -4 -1
Temperature = 55.0°C ' ko = 2,310 x 10 " s
o _ ~1 - -4 ~1
KCl = 1.2 M kCl 3.313 x 10 s
- 4 (a) o (b)
[c1 ] 10k bsd E:c1o4 50104
O b ol ot
0.100 2.294 -6.5 -~10
© 0.550 2.503 1.7 2.7
0.800 2,620 1.8 2.9

(a) At T =1.0M

(b) corrected to zero ionic strength using equations 3.81 and 3.84



Table 3.31

Relative reactivities k /k, of the ion-pairs {Eggggf[RhenzLX],Y}

(1-n)+

and the free ions trans—[RhenZLX]+
n— o

L X Y KYIEO Temperature (°C)

cl cl F > 1,09 77.82

cl c1 Br > 1.16 77.14

c1 c1 soaz' > 1,36 77.22

c1 c1 r063‘ > 1.51 79 .44

Br Br F v 1,0 80.4

I I F > 1,03 53.78

I I cl > 1.22 55.0

1 1 Br > 1.22 54,2

1 I s0, 2" > 1.22 53,78

1 1 9043" > 1.39 53.78
Table 3.32

associoion

Effect of ionic strength on the theoretical mste constants calculated

from the Fuoss equation for the ion-pair {trans—[RhenZLX],Y

Yl

K,

o

1.4

1.7
1.8
6.3

17

EY at T = 1,0M

-

1

0.9

1.1
1.1
1.3

1.1

180
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Table 3,33

~n)+
Relative reactivities, R, of the ion-pairs {trans-[Rhen C12],Y}(l n)

2
and {Eyans—{RhenZIZ]’Y}(l*n)+

(a) {trans- [RhenZClz 1,Y} (1-n)+

n= -1
L. kylky Q) R
F 0.44 2.8
Br 0.16 1
50, 1.07 6.7
P043~ 3.06 " 19

(b) {trans—[RhenZIZ] ,Y}(l-n)+

Xw—- Eglkimiﬁ:il R
F 0.14 0.64
cr 0.22 1
Br. 0.22 1
3042_ 0.67 ‘ 3.1
PO > 1.18 5.4
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Table 3.34

Base hydrolysis of rhodium(III) complexes

trans-—[RhenzLX}n+

L X AH * AS * k,/k, at PR‘a) reference
* 2 L 29 fi5-2L 2 IERSTERSR

(kcal mol™ D) (e.u.)  80°C (D)

OH c1 25,84 -0.49 0.39 0% This work
OH  Br 25.08 -3.11 0.29 0% This work
CH I 29,34 7.93 0.49 0% This work
Cl C1 35.07 21.00 1.4 100% This work
Br Br 33.65 20,26 1;8 1007% This work
I I 31.18 17.66 0.82 467 ‘This work
PY cl 35 25 647 59

cis—[RhenZLX]+

L X st ks ae PR reference
(kecal mol_l) (e.u.) 80°C (M-l)
4(® |
c1 ¢l 24.5 10 2 x 10 0% 57,59
oH ci 25.0 13 470 0% 59
No, Cl 25.4 12 1.4 x 10% 0% 59
24
[Rh (V) X] o |
X éﬁzj. ' ‘§§2i 52131 at ggca)' reference

(keal mol-l) (e.u.) 80°C (Mfl)

c1 27.8 19.3 2 x 10° - 67, 126
By 29.9 25.8 5 x 10 - 67, 126
I 32.2 30,7 5 x 104 - 67, 126

{a) PR = percentage rearrangement occurring during the second-order pathway.

(b) at 55°C
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Table 3.35

Relative activation parameters for base hydrolysis of rhodium(III) complexes

trans—[RhenzLX]+

% & # * (a)
L X M, - AHI~ AS, - 88, PR reference
(kecal mol-l) (e.u.)
c1 cl 9.0 1.6 26 *5 100y This work
VBr Br 7.9 0.7 23 2 1007 This work
1 1 6.9 0.7 19 - +2 LA This work
CH Cl 0,7 0.7 0 +2 0% This work
oH Br -0.9 #1.3 -5 +4 0% This work
OH I 1.5 #0.9 3 13 0% This work
. +
c1s~[Rhen2LX]
L X ég.¢ - AHli é§2$ - Asli 25(3) reference
(kcal mol—l) (e.u.)
o cl 3.8 ' 23 0% 59
NOZ Cl . 0.7 21 0% 59
Rh(NH3)5X
F S F * (a)
X éﬂz - AHI— é§2 - ASI— PR reference
(kecal mol‘l) (e.u.)
» .>Cl* : *-‘3.6::u“ R 34,4 IR if“Q54 67,;l26 R,
Br 5.4 36.7 - 67, 126
I 6.0 38.5 - 67, 126

(a) PR = Percentage rearrangement occurring during the second-order

pathway.
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Fig. 3.1 Spedtroscopic changes occurring during the reaction

of trans-[Bhenzloﬂl+ with hydroxide

temperature = 80.0 %c
[complex] = 6.42 x 1073 M
[OH™ ] = 0.100 M

A = substrate B = product
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of trans-[RhenzIOH]+‘on the concentration of added hydroxide at 75.7 QC
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Fig. 3.3 Spectroscopic changes occurring during the reaction .

of trans-[RhenzBrOH]+ with hydroxide

témperaturé = 79.95 °c
[complex] = 4.42 x 1073 M
[oH™] = 0.097 M

A = substrate B = product
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Fig. 3.4A is given overleaf on page 187a
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Fig. 3.5 The dependence of the pseﬁdo—first-order rate constant for substitution

4+ . o._ .
of trans-[Rhen,C10H] on the concentration of added hydroxide at 75.75 C :é.é
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Fig. 3.6A is given overleaf on page 190a
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Fig. 3. 6B Spectroscopic changes occurring during the
reaction of trans—[Bhen2012]+ with hydroxide

temperature = 80.58 e

[complex] = 7.50 x 1073 M

LOH™] = 0,100 M

A = substrate B = product .
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Fig. 3.7A 1s given overleaf on page 192a
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Fig{ 3;7'B Spectroscoplic changes occurring during the

reaction of trans—[BhenzBr2}+ with hydroxide

temperature = 80.09 °C

[complex] = 6.95 x 1070 M
[OH™] = 0,100 M
B = product

A = gubstrate
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Fig. 3.8 Spectroscopic changes occurring during the

reaction of"trahs;[RHehé12]+ with hydroxide

temperature = 80.27 °C
[complex] = 7.36 x 1072 M
[oH™] = 0.100 M

A = gsubstrate B = product



195

=
rrensboms

Alisatbance

1e-

i " [
259 300 350 400
Wavelength (nm}

Fig. 3.9 Spectroscopic changes occurring during the first
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temperature = 60.57 °C

[ complex] 2.17 x 1075 M

LoH™] 1.00M

A = gubstrate B = product
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Fig, 3.1C Spectra of dihydroxybisethylenediaminerhodium({IIX)
. complexes - . R e e

A trans-[RhenZ(OH)2]+ B cis-[Rhenz(OH)23+
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Fig. 3.11 Spectra of dichlorobisethylenediaminerhodiun(III)

complexes

+
A trans-[ﬁhen20121+ B cig-[Bhenzclz}
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Fig. 3.12 Spectra of dibromobisethylenediaminerhodiun(III)

complexes
A traas»[RhenzBr23+ B cggﬂfﬁhenZBr?]+
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Fig. 3.15 The spectroscopic interaction between

Erans—[Rhen2012}+ and iodide
[complex] = 2.412 x 1072 M
Spectra from A to Q are of increasingly more
concentrated iodide solutions
For A [I7] = 0
For Q [1I7] = 3.005 M
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Fig. 3.17 The absorbance at 260 nm of trans~[Rhen2012]+

solutiong as a function of added bromide lon

[complex] = 2.309 x 1073
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Fig. 3.20 The molecular dimensions of the [Coen3]3 cation

and the estimation of its ionlc radius
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CHAPTER 4

g The Trans-Effect of Hydroxide

Introduction

(1)

Basolo and Pearson have defined the trans-effect of the ligand

L in the compiex E£§2§7[MA4LX]n+ as the effect of L on the rate of
losé of X; the complex is considered to show a trans-effect if the
effect of changing L is greater than the effect of changing the cis-
ligands, A. Similarly, if the‘ligand L. weakens the M-X bond in the
érohnd~state complex Ezgggf[MAaLX]n+ more than it does in the complex
Eigf[MAALX]#+, L can be said to exhibit a trans-influence. WNot all
workers have agreed with these definitions, and the condition that trans-
effects and trans-influences be greater than the corresponding gi§f
effects and cis-influences has often been omitted.(z)(B)

The trans-influence of 1L is measured by the effect of changing
L on an equilibrium property (such as i.r. stretching frequency, bond
length, n.m.r. paraméters) of the M~X bond. Appleton et al.(3? have com-
pared the varioug methods for measuring the trans-influence; both the
effect of 'L on the hybridisation of the M-X bond, and the net charge

transfer by o- and w-bonding from L to M appear to be important in

defermining:the magnitude of the trans-influence. The various methods

differ in tﬁeir'relativé seﬁsitivifiés to theée two factors, so that no
unambiguous estimate of the effect of L on the strength of the M-X bond

can be obtained from the phvsical properties of the complexes.

The Thermodynamic Trans-Effect

(4)-(6)

Po& and his co-workers have discussed the effect of L in



213

trans—[Rhen LX ] (X a halide) on the softness, or class (b) character,

of the {Rhen L moiety. This is formally a trans-influence, but

Po& et al. have called it the thermodynamic trans-effect (TTE). Because
it is measured by truly thermodynamic quantities, and because the concept
of the TTE is intimately related to studies on the kinetic trans-effect,
the distinction of the TTE from other Exgggfinfluenéeé seems justified.
The relative enthalpies of the complex ions are much more sensitive than

(4)

their free energies to the nature of L, and the TTE is more usefully

defined in terms of enthalpies,rather than equilibrium constants. The .

0
TTE of L is measured by the slope dH /dHO of the graph of HLX

0 .
c1x are the relative enthalpies of trans-

+
[RhenzLX]n and trans—{Rhen2C1X]+ respectively (X = Cl , Br , I ). The

0
1 1
against JClX’ where HLX’ H

enthalpy of traqgf{RhenzLI]n+is invariably greater than that of trans-

[RhenzLCI]n+, but as the {Rhen L}(n D+

(7

moiety becomes softer (in the

Pearson sense) the enthalpy of trans~[Phen LI] decreaSES relative

0 0
to that of trans—{RhenzLCI] . Thus a small value of dHLX/dHC corres—

1X
ponds to a larpge thermodynamic trans-effect of L. When L is HZO

-

0
dHLX/dHClX cannot be measured directly, because the graph of HH OY

0 (5)
against HClX is not linear. However, HH o1 HH OCI can be calculated
by the equation
0 0 0 0 _ ¥ *
Bor T Hoer) T Par T Feaer T Mawomyer T Mromyrer
e . . . ° - # . -i: - . B .
- (AHclcl/Hzo" AHICI/HZO) (4.1
where AHiV/Y is the enthalpy of activation for the reaction
’ ' nt n+
trans-[Rhen,LX]" +Y - traqgf[RhenzLY] + X (4.2)

In this way HP - Hg was found to be 21.0 #1.2 kecal mol~1: division
HZOI 20Cl
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. 0 ] . 0 4] -1
of this value by HClI - HClCl gives dHHZOX/dHCIX as 1.12 +0.06 kecal mol .
The TTE of L decreases in the order(a)_(é)
L = 1 > NH, v 3r > c1° > 1,0 _ (4.3)
a® /@’ . = 0.66; 0.81: 0.85: 1.00: 1.12 4.4
LX‘ C]_X - . Y +OLle . H » - . ( . )

In their discussion of the TTE, Po& and Bounsall(4) pointed out
that in comparing the thermodynamic trans-effects of two halide ligands
L and L' on the same Rh-X indicator bond, it was necessary to also consi-
der the thermodynamic trans-effect of X on the Rh-L and Rh-L' bonds.
If we consider the case where L, L' and X are all halide ions, we can
assume that the TTE of a lipand L on the trans Rh-X bond is due to the
product of two terms: the trans-bond weakeniﬁg effect (TBWE) of L, and
the susceptibility to trans-bond weékening (STBW) of X. 1If HO(Rh—I)
and HO(Rh—Cl) are the bond energies of isolated Rh-I and Rh-Cl bonds, o
and B are the TBWE of I” and Cl’, and a and b are the STBW of I~

and C1 respectively, then

0 0 0 0 '
Hpp - Hpop = K (Rh-I) - H(RB-CL) + 20a - (ab+8a) (4.5)
1 10 - B2@n-1) - #BOCRn-C1) + (ob+ 2gb (4.6)
1c1 ~ Heicr T -I) - H (Rh- Ba) - 28 .

Experimentally the TTE of iodide is greater than that of chloride,<4) i.e.

0 0 0 0

Hrr i < Hrer " Paar (4.7
Rearrangement of equation 4.7 gives

0. 0 e

My ~Hip ~Hoye > 0 (4.8)

and substitution of equations 4.5 and 4.6 in equation 4.8 gives
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ob +Ba-Bb~-0a > O (4.9)

(o-B)(b-a) > O , (4.10)

From the inequality 4.10, either o > B andb > a or @ < 8 and b < a.

The i.r. stretching frequeney i%h—Br of the Rh-Br bond in trans~[RhenZIBr]+

+ (4)

is lower thanjb for trans~[RhenzC1Br] , which indicates that in

Rh-Br
fact o 1s greater than B and therefore b is greater than a. The

(8)

rhodium-chloride bond is stronger than the rhodium~iodide bond, so

it appears that the susceptibility to trans-bond weakening is directly
related to the strength of the rhodium-halide bond, stronger bonds being
~more susceptible to Ezgggfbond weakening. This postulate explains the
very high thermodynamic trans-effects found for the partially disso—

ciated chloride and bromide ligands in the transition states

{RhenZX...Cl}+ and {Rhgnzx...Br}+ X = Cl; Pr, I).(Z) 1f Cl* and Br*

represent the partially dissociated chloro- and bromo-ligands respectively,

then Ho % 0

- 0 0 '
cift - HCl*Cl is 15.1 keal mol 1 and H_ F_ - H_ # is 11.4 keal
-1

Br I Br-Cl

mol ~. This gives the TTE of Cl* as 0.81, approximately equal to the

TTE of NH3, whereas the TTE of Br* is 0.61, greater even than that of I .
* +

The high values obtained for the TTIE of Cl* and Br need not imply that

the trans-bond weaking effeects of these ligands are high. If y is the

TBWE of Cl* and c¢ the STBW of the Rh-Cl* bond, then

M:b": " 0

e i T R e
- = H(RL-T) - H (Rh- +ae) - (vb+ .11
Hortr = Hor¥ey H (Rh-I) - H (Rh-C1) + (yatae) - (yb+Bc) (4.11)
Experimentally, it is found that(z)
0. 0. 0 0
Pei*t ~ Hor*er < Har ~ Yo (4.12)

Substituting equations 4.11 and 4.6 in equation 4.12 gives



ya + ac - yb ~ Re < ab + 8a — 2pb : (4.13)
Rearrangement of equation 4.13 gives
(b-e)(0-8) + (y-B)(b-a) > O ' (4.14)

From equation 4.14 it can be seen that the high TTE of Cl* may be due to
the susceptibiiity to trans-bond weakening of c1l” being very much less
than that of a "normal” chloride ligand: this factor could completely
outweigh the effect of the differing trans-bond weakening effects of Cl
and Cl. Thus care muét be exercised in deducing relative trans-bond

weakening effects from relative thermodynamic trans-effects.

In octahedral complexes the kinetic trans-—effect (XTE) is by no
means as well documented as the trans—influence. There are a few isolated

(9)(10)

examples of the KTE reported for complexes of iridium(III),

II)(ll) (12) and more extensive studies have

chromium(I and rhenium(V), .
been made of the KTE in cobalt(III)(13)~(l6) and rhodium(III)(z)(S)(6)(17)-(19)
complexes. For the amine complexes of cobalt(III), large trans-effects

exist in the sense that the nature of the ligan& L. has a profound effect

on the rate of loss of X from Ezgggf[CoeﬁzLX}n+: however, this trans-

. efféct isjgenerally similar“;n magnitudg to the gigfeffect oﬁ”"L,'in
Eggf[éoenzik]n+.(20) In tetramine complexes of cobalt(III1) ligand effects

are therefore predominantly non-directional. The exceptions to this rule

are sulphite, and alkyl lipands, which have very specific trans-labilising
properties.(l5)

In the cobalamin complexes, and in the cobalamin "model” complexes

of dimethylglyoxime and its analogues, there has heen much investigation
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of kinetic trans-effects. Since the cis-isomers of these complexes do
not exist, there is no possibility of measuring the corresponding cis-

(13)

effects, but Pratt and Thorp have suggested that there is little

difference between the cobalamins or glvoxime complexes and the "normal”
amine complexes of cobalt(III), lipand-effects being non-directional in
bofh cases.

For rhodium(III) complexes, however, it appears that specific
kinetic Ezgggfeffects do indeed exist. The rate of chloride loss from
££§E§7[Rhen2NOéC1}+ is 75 times greater than the rate of chloride loss

+ -
from.gigf{RhenZNOZCI] , indicating that NO, has a high KTE.(lg) Chloride

2

and hydroxide appear to have low kinetic trans-effects, comparable to

that of ethylenediamine, when measured by the relative rates of chloride

-y, (19)(21)

loss from cis- and trans—[Rhen LCl]+ (L=cl1, od

2
There has been some speculation about the cause of this difference
between rhodium(III) and cobalt(Illy complexes. Fearson and Basolo(16)

: . +
suggested that the failure to observe a specific trans-effect in [Coen,LX]

2
was due to opposing o- aﬁd m-donor effects of L on the energy of the
transition state. The transition state is most effectively stébilised
by g-donation from L when L is trans to the leaving group, and by
n-donation when L is cis to the leaving group. In rhodium(III) com-
plexes m-bonding seems to be relatively unimportant, and a specific trans-

'efféct-ispﬁbéérve&.' Langford,(zz)-howéﬁer, f;els that the aifféfénce
between rhodium(III) and cobalt(III) complexes can be explained if in
forming ¢g-bonds rhodium(III) uses p-orbitals, and cobalt(III) uses d-
orbitals. p-Orbitals specificallv connect trans-lipands, whereas d-
orbitals connect both cis- and trans-lipands.

(2) (5) (6) (17)

Po& and his co-workers have carried out systematic



studies on the trans-effect of L in trans-{RhenzLX]+; these provide
information about the nature of the interaction between trans-ligands,
although since detailed studies of the cis-complexes are lacking, it is
not clear whether the effects observed are specific trans-effects. The
kinetic trans-effect (KTE) of L can be measured by the quantity AL’

which is defined as

U .

% + vation fo
AH.LX /Y and AHIX /y are the enthalpies of activation for reactions 4.16 and

4.17 respectively.

trans-[RhenzLX]n+ +Y — trans~[Ehen2LY]n+'+ X (4.16)
trans-—[RhenzIX]n+ +Y = trans-[RhenZIY]n+ + X (4.17)

{Since substitution reactions of rhodium(III) complexes occur by an aquo-

(36)

intermediate , either X or Y in equations 4.15 to 4.17 must be HZO)'

)

Small values of AL correspond to large %inetic trans~-effects . How-
ever, using the definition of equation 4,15, the magnitude of the KTE

(5) (6)

of L depends on the nature of(x, softer leaving groups giving
smaller values of AL’ and hence larger values of the KTE. This can be
‘understood by considering the enthalpy éhgnges occurring during the reac-
tions

trans--[RhenzLX]n+ + H20 F==9trans-[khén LOHZ](n+1)+ + X (4.18)

2

trans--[RhenzIX]+ +,H20‘$==> trans—[Rhgnz 2

N
AHLX/H 0 and AHIX/H o are the enthalpies of activation for reactions

%
4.18 and 4.19 proceeding from left to right; AHLOH /X and AHIOHZIX

the enthalpies of activation for the reverse reactiOns.

From equation 4.15

1on,1% + X7 (419)

218
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* F
By, “ixmyo T om0 (4.20)
. But
0 _ F 0 0
HogF = Ml mo Py Y, (4.21)
2 2
0 F 0 0
HIX? = AHIX/HZO + HIX + HHZO (4.22)
where ng% and'H?Y# are the enthalpies of the transition states for
reactions 4.18 and 4.19 respectively.
Substituting equations 4.22 and 4.21 in equation 4,20 gives
_ 0. .0 0 _0 '
AL = HLX¥ - HIX* + (HIX HLX) (4.23)
Similarly, from equation 4,15
s i 2
AL T HLOHZ/X - {IOHZ/X . (4.24)
But
0 _ F 0 0 :
HLX# = AHLOHz/X +-HLOH2 + HX (4.25)
0 _ F 0 0
HIX* = AHIOHZ/X + HIDHZ + HX (4.26)
Substituting equationé 4,25 and 4.26 in equation 4.24 gives
_ 0 0 0 0
AL = Hpg® o HpR S (HloHZ"HLOHZ) (4.27)

Comparison of equations 4.23 and 4.27 shows that the KTE will only be a

mxg?éoﬁsténtfﬁf.;ig_'
o .0 _ .0
fx 7 fix T Prom

0

LOM (4.28)

- H
2

2
Since the thermodynamic trans-effect of L will not necessarily equal

that of iodide, equation 4.28 will not generally be true, and the kinetic

trans-effect of L will depend on the reaction used to measure it,
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The condition that the KTE of L be independent of the leaving

group can be obtained in a different form by adding the quantity Hg - Hg 0
2

to both sides of equation 4.28, then rearranging to give equation 4.29

0 0 ] 0 0 - 0 o 0

HLOH2 tHy = Hy - HHZO = HIOH2 + Hy - Hpy - ano (4.29)

Thus the KTE of L will be independent of the leaving roup if the molar
enthalpy changes AHO for reactions 4.18 and 4.19 are the same. In order

(6)

to achieve this condition, Po& et al. constructed curves of AH%= against

AHO for the reactions

trans—[RhenZLX]n+ + H20 —-9-trans-[RhenzLOHZ](n+l)+ + X (4.30)
1:rans--[Rhen2L0HZ](n+1)+ +X — trans-[RhenzLX]n+ + HZO (4.31)

These curves are shown in Fig. 4.1. The intrinsic kinetic trans-effect
(IKTE) of L is now measured by Ag, which is ‘defined as the verticél-
distance between the curve obtained when the trans-ligand is L, and the
curve for the trans-iodo-ligand; this distance corresponds to the
difference in AH% for reaction 4.18 and the corrésponding reaction 4.19a
of the hypothetical complex‘Eggggf[RhenzIZ]+ which proceeds with the

same value of AHQ as reaction 4.18

trans-[RhenZIZ}+ + HZO #==> trans—[Rhen IOH2]2+ + 2z (4.19a)

2

The IKTE series obtained by Po&, Shaw and Wéndt(6) was

L=1>Br > NH3'2 cl ' .32)

Values of Ag increase along this series.

The IKTE of hydroxide has not been studied, but estimates of its
kinetic trans-effect (umcorrected for thermodynamic effects) can be ob-
tained using equation 4.15 and the reactions

](n+1)+
2

trans-[Rhen2L01]n+ + H,0 —— trans—[Rhen,LOH + C1 (4.33)

2 2
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trans-[Bhen, L3r]™" + H0 =~ tragﬁf[RhenZLOHZJ(“+l)+ + Br_ (4.34)
Ezgggf[RhenzLOHZ](n+l)+ + I — trans—{RhenzLI]n+ + Hzo (4,35)

However, if the KTE of hydroxide is determined in this way not only the
magnitude of the KTE but also the position of hvdroxide in the trans-
effect series depends on the reaction used. Thus using reaction 4.33 and

data from references 2, 6 and 19, the KTE series is

L = 1 > o > Br > NH, > C1 ' (4.36)
AHiCl - AH?Cl = 0 1.2:  2.1:  3.1: 3.8 keal mol -
\ (4.37)

Reaction 4.34 and data from references 2, 6 and 23 give the KTL series

L = I > NHy > Br 2 OH > c1° (4.38)

+ + 1
Mygy = Mpp, 1.5:  2.1;  2.4: 4.5 keal mol

(4.39)

L]
(]

Finally, reaction 4.35 and data from references 2, 6 and 17 give the KTE

series
L = I— > Br— > OH—' ~n C1 > NH3 (4 .40)
AH:OH - Aﬁion = 0 3.2; 5.8; 5.9; 6.4 keal mol L
2 2 (4.41)

A similar situation occurs when L is NHB’ but in this case the diffi-
culties are removed by using the intrinsic kinetic gggggfeffect.(6)
The aim of the present research was therefore to measure the IKTE of

hydroxide and so determine unambiguously the position of hydroxide in

the kinetic trans-effect series.



(a)

222

Results

Calculation of the Intrinsic Kinetic Trans-LCffect of Hydroxide

From the aguation of trans-~[Rhen IQEJ+ and the iodide anation of trans-

2

2+
[Rhen, (OH)OH,]7"

As discussed in chapter 3, the base hydrolysis of trans-[Rhen IOH]+

2

obeys the rate law

kobsd = kl + kz[OH ] , (4.42)

the term which is independent of the hydroxide concentration correspond-

ing to the reaction

IOH]+ + H,0 —— trans-[Rhenz(OH)OH2]2+ + T (4.43)

traqgf[ghen 5€

2

The rate constants and activation parameters for reaction 4.43 are there-

F F .
1 and AS1 which are

listed in Table 4.1. Thus the enthalpy of activation of reaction 4.43 is
(17)

fore given by kl and the associated values of AH

27.81 +0.18 keal mol-l. Combining this value with Po& and Shaw's value

of 23.81 #0.15 keal molﬂ1 for the enthalpy of activation of the reaction

trans—[Rhenz(OH)0H2]2+ + I — trans-[RhenZIOH]+ + H. 0O (4.44)

2

gives AHO = 4,00 20,23 kecal mol'~l for reactiqn 4.43, and -4.00 0,23

"ﬁ'iééi'ﬁbl§14f;r reaction 4.44. The IKfB of hydroxide was measured by AgH

which is defined as

0 F F
= I - AR 4,
AOH MOHX/Y A}ref (4.45)
7 . ' . . .
where AHOHX/Y is the enthalpy of activation for the reaction

trans—[RhenZOHX]n+ + Y —> trans-[Rhen OHY]™ + X (4.46) -

2
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and Aﬁie £ - is the enthalpy of activation of the corresponding reaction

trans-[RhenZIZ]+ + Y — trans—[RhenZIY] + Z (4.46a)

which proceeds with the same molar enthalpy change
as reaction 4.46., Values of AHief were interpvolated from the curve for

L =1 given in Fig. 4.1 and vere 22,69 +0.17 kecal mo1™l for reaction 4,43,

*
ref

by the standard

and 18.76 *0.07 keal mol"1 for reaction 4.44. (The error limits in AH

F
ref

deviation of AHO.) The value of AgH is thus 5.12 #0.25 keal mo1™t from

reaction 4.43, and 5.05 #0,17 kcal mol ™) from reaction 4.44.

represent the uncertainty induced in the value of AH

(b) From the aquation of trans~[Rhen BrOH]+ and the bromide anation of trans-

2
- [Rhen, (omon, 1%

+ ,
The base hydrolysis of traus~[RhenzBr0H] also obeys the rate law
of equation 4.42, the hydroxide-independent pathway corresponding to the

reaction

20 ¥ trans—[Rhenz(OH)OH2]2+ + Br  (4.47)

Ezggﬁf[RhenzBrOH]+ + H

The enthalpy of activation for reaction 4.47 is therefore AHl*, the

enthalpy of activation associated with kl. AHl* was estimated (a) from

the temperature-dependence of kl and (b) from the temperature-dependence
of kobsd at [OH ] = 0.032M, a concentration of hydroxide which is so low
ohsq from the term 1 T 1s negligible.

Table 4.2 lists the rate constants used, and the enthalpies of activation

that the contribution to k
calculated. The final value for the enthalpy of activation for reaction
4.47 was 26,30 *0,09 keal mol—l: this is the weighted mean of the values

calculated by methods (a) and (b). The rate of the reaction

Brou]’ + 1,0 (4.48)

trans-—[Rhenz(OH)OHZ]z+ 4+ Br -— trans-[Rhen 2

2
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+
cannot be determined because the subsequent formation of traqgf{RhenzBrz

(5)

complicates the kinetiecs of reaction 4.48.

(5)(6)

However, Po€ and his co-

workers have shown that the nucleophilic characters of the halide

ions as measured by the relative values of the enthalpies of activation

F

AHLOH2 /X

for the reaction

x1™ + 1.0 (4.49)

trans~[RhenzLOHz](n'*‘l)+ + X — trans-[Rhen2 9

are independent of the nature of the ligand L. This is shown clearly

% %
b * i - o3
in Table 4.3 which lists values of (AHLOHZ/CI APLOHz/I)’
, F * F £
(AHLOH2/Br - AHLOHZ/I) and (AHLOHZ/Cl - AHLOHZ/Br) for a variety of

* . -
LOHZ/BI'
I) is 0.77 #0.27 kecal mol_l. (1t is assumed in this calculation

trans-ligands, L. ¥rom Table 4.3 the average value of (AH

_-‘F
AHL()H2 /
that the cis—-effect of four ammonia ligands is equal to that of two

a7n and Twigg(za) have shown this to be

ethylenediamine ligands; both thaw
justified.) The enthalpy of activation for reaction 4.48 is therefore
the enthalpy of activation of reaction 4.44 plus 0.77 #0.27 kcal molnl,
i.e., 24,58 iO.31‘kca1 mol_l. The molar enfhalpy change associated with
reaction 4.47 is thus 1,72 £0.32 kcal‘molﬁl, and for reaction 4.48 it is

| -1.72 £0.32 keal ﬁol*l. Using these values of AHO, the value of Aﬂief
appropriate to reaction 4.47 is 21.14 +0,20 kcal.mol—l; and to reaction

1 0

4.48, 19.50 $0.12 keal mol .  AJ. 1is thus 5.16 *0.22 keal mol 1 using

C:feaétion 4.47;?and*5.08.10.33 kecal moil..'l usiné'reactioﬁ 4,48,

(c) From the aquation of trans-[RhenZClOH]+ and the chloride anation of

trans—[Rhenz(OH)OHZ]Et

2C10H]+ also obeys equation 4.42,

and the hydroxide-independent pathway corresponds to the reaction

The base hydrolysis of trans—[Rhen
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trans-[Rhen ClOH]+ + 0,0 —— trangf[Rhenz(OH)0H2]2+ + Cc1 (4.50)

2 2

The enthalpy of activation for reaction is thus Aqu, the enthalpy of

activation associated with kl, which is 25,14 *0,15 kcal mol—l. The

value of kobsd at 0.033M hydroxide was consistently higher than that pre-
dicted by equation 4.42; however, the enthalpy of activation (25.08 *0,44
kecal mol_l) associated with kobsd at this hydroxide concentration was

not distinguishably different from the value of AHl%. The enthalpy of
activation of reaction 4.50 was accordingly taken to be 25.13 #0.14 kecal

-1 . .
"mol 7, the weighted mean of the two estimates of this parameter.

The kinetics of the reaction

ciou]” + w0 (4.51)

traqgf[Rhenz(OH)OH2]2+ + €1 -—> trans—[Rhen 2

2

cannot be studied because of complications due to the subsequent forma-

tion of trans—[Rhen2C12]+.' The enthalpy of activation of reaction 4.51

F _ ¥
LOHZ/CI LOHZII
Table 4.2, and the enthalpy of activation of reaction 4.44, This calcu-

was calculated using the average value of (AH AH ) given in

lation gives AH ' for reaction 4,51 as 25.13 #0.40 kecal mol-l; from these
values of AH* for reactions 4.50 and 4.51, AHo for reaction 4.50 is

0.00 %0.42 kcal mol‘l, and for reaction 4.51 AHO is also 0.00 *0.42 kcal

-1

mol ©, Thus the value of AH:e appropriate to reactions 4.50 and 4.51 is

o.
OH

is therefore 4.93 %0.24 keal mol™' using reaction 4.50, and 4.93 +0.44

f
20.20 *0.19 kcal mol"'-.1 for both cases. The value of A

keal mol L using reaction 4.51.

0

The final value of AOH

The final value of Agﬁ was taken to be the weighted average of the
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values obtained from the reactions

-+ -
trans-[Rhen, OHX Ty Hy0 — EEEQ§;[RhenZOHOH2]2 + X (4.52)
and
24 - +
trans~[Rhen20H0H2] + X EEEEEf[RhEHZXOH] + HZO (4.53)

(X=Cl, Br, I ). This final value was found to be 5.06 +0,10 kcal

mol L.

It is possible to calculate the relative enthalpies of the halo-
hydroxybisethylenediaminerhodium(III) complexes from the standard enthalpy

changes of reactioms 4.43, 4.47, and 4.,50. Thus

0 0 0 o _

HOHOHZ L T HHZO = 4,00 $0,23 | (4.54)

0 0 0 o _

HOHOHZ = Hpron ¥ e~ Hazo = 1.72 £0.32 (4.55)

0 0 0 0

HOHOHZ - HClOH + H01 - HHZO 0.00 +0.42 . (4.56)
: 0 ‘ o+ 0
vhere HLX is the enthalpy of trans—[RhenzLX] , HX is the enthalpy of

solvated X -and Hg 0 is the enthalpy of water. From equations 4.54 and
2

(

4,55, and the known difference 25) (10.4 kcal mol—l) between the enﬁhalpies

of éolvate&iiodide and bromide ions we obtain

0 0

Hyon = Hpron

= 8.12 #0.39 keal mol™ 1 (4.57)

Similarly, equations 4.54 and 4.56, and the difference in enthalpv
(25)

(18.5 kecal m01~1) of the solvated chloride and iodide ions, gives

0 K2 = 14,50 #0,48 kecal mol ™t (4.58)

Bron ~ Hoiom
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If the enthalpy of the iodohydroxy-complex is arbitrarily taken as zero,
then the enthalpies of Eggggf[RhenzBrOH]+ and Eggggf{Rhen2C10H]+ are
~8.12 $0.39 and -14,50 +0.48 kcal mol T respectively.

Fig. 4.2 shows the graph of the relative enthalpy of trans-
[RhenZOHX]+ (X = C1, Br, I) against the relative enthalpy of trans-

[Rhen2C1X1+. The slope (dHO /dHO

) of this graph, which measures the
QHX CiXx

TTE of hydroxide is 0.77.
Discussion

The Intrinsic Xinetic Trans-effect of Hydroxide

The values found in this work for the enthalpies of activation of

the reactions

trans—[RhenZOHX]+ + H,0 —— trans-[Fhen OHOH2]2+ + X (4.52)»

2 2

{X = C1, Br) do not agree with the previous values of Klabunde(19>

(X = Cl; Table 4.4) or Shaw(23)

(X = Br; Table 4.2). 1Indeed, much of

the confu#ion about the position of hydroxide in the kinetic trans-effect
series was due to incorrect values for these enthalpies of activation.
Howevér; even using the new enthalpies of activation the relative posi-
tions of chloride and hydroxide in the KTE series still depend on the

reactions used to measure the KTE. Thus reaction 4.33 gives the new

series

> Br > Ni, > C1~ OH (4.59).

i
[aa}
|

KTIE of L

v

= . _ . . ) .
Moy = Mlygy = 05 215 3.1 3.8 4.04 (4.60)

reaction 4,34 the series



RIEof L = I > NH; > Br > OH > c1 (4.61)
mf om0 1.5: 213 3.2: 4.5 (4.62)
LBr IBr ; : s 4
and the series derived from reaction 4.35
KIEof L = I > Br > OH ~ cl > NH, (4.40)
ot -0 3.2; 5.8: 5.9: 6.4 (4.41)
HLOHZ IOH2 B H o 0 o7 s . .

is unchanged.

The values listed in Table 4.5 show that AgH’ and hence the IKTE
. of hydroxide, however, is a constant, regardless of the nature of the
leaving gfoup. The mean value of 5.06 0,10 keal mofd'ébtained for AgH
is compared in Table 4.6 with the values of Ag found for other ligands.
Since high positive numbers correspond to iow kinetic trans-effects,

it follows that the IKTE series is

L = I >Br > NH, 2 Cl” 2 OH ' (4.63)
This order correlates qualitatively with the polarisability of the

(26)

ligand L. Quantitatively the agreement is not good as shown in

Fig. 4.3 where Ag

0
the free ligand. There appears to be a linear correlation between AL

is plotted against the molar refraction, R, of

'and R when L =C1, Br , I, but when L = OH or NH, the enthalpies

3

of activation appear to be lower than those predicted by the polarisa-

bility of L. This can be understood by remembering that the difference
+

in enthalpy of the ground state [RhenZLX]n and the transition state

[RhenzL...X]n+ depends not only on the bonding forces within the complex
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ion, but also on'the_difference in solvation of the ground state and the
transition state. TFor the three halide ions these differential solva-
tion effects are likely to be very similar, and the polarisability of

L. becomes the major factor in determining the relative magnitudes of
the IKTE for these ligands,

However; when the Eggggfligand is ammonia the ground state haé a
charge of +2 units,.and the transition state an incipient charge of +3
units, and the differential solvation effects in this case will not be
equal to those when L 1s a halide and the ground and transition states
have charges of +1 and +2 respectively. To a first approximation, the

enthalpy of solution AHS of the complex cation in either the ground

olv
or transition state can be calculated from the equations(27)
AG - ,Eﬁfsﬁ(l__l.) | (4.64)
solv 2r D ’
5 .
N(ze)© 1 ,3D
ASsolv 2r DZ (8T) (4.65)
solv AGsolv + TASsolv ‘ : (4.66)

where N is Avogadro's number, ze is the charge, and r the radius of
the cbmplex ion, D the dielectric constant of water and T the abso-

lute temperature. At 50°C equations 4.64 to 4.66 give

solv -(ze)” x 0.491 x < | (4.67)

If for the reaction

(n+1)+

trans—[RhenzLX]n+ + HZO — trans-[Rhen2L0H2] + X (4.30)

it is assumed that the enthalpy of solvation AH__ of the incipient X

SX
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anion is independent of L and that the transition state has the same
radius, but one unit of charge more than the ground state, then the

contribution AH:O of the difference in solvation of the ground and

lv

transition states to Ag will be given by
s? = ~(2n+1) x esz 0.491 + AH (4.68
solv T ' SX -68)

where n is the charge of the ground state. For univalent ground states

(L=0H , Cl, Br, I), st is given by

§olv
rut = -3 e’ x0.491 + AH (4.69)
solv r : SX :

and for divalent ground states (L = NH3)

¥ ezN.
solv = -5 = x0,491 + AHSX : ‘ (4.70)

The extra stabilisation given by the more negative enthalpy of solvation
of the transition state when L is ammonia is the reason why the enthal-
pies of activation of [Rh(NH3)5X]2+ are lower than would bevpredicted
from the polarisability of ammonia.

It might be expected that the point for L = OH~ would lie on
the straight line for L = C17, Br , I , since all four complexes are
univalent and AHjolv is given by equation 4.69 in each case. However,
the solvation requirements of co-ordinated hydroxide differ from those
”of‘ghloride,‘brdmide and iodide because the hydrnky?ligand'één-péftiCi~
pate in two kinds of hydrogen-bonding to the solvent. This is shown in
Fig. 4.4. As the leaving group X departs, the trans-ligand L
donates extra electron density into the Rh-L bonding orbital. When L
is a halide ion (Fig. 4.4a) this means that less electron density is

associated with L and the HOH...L-Rh hydrogen bond becomes weaker.



. This effect also occurs when L is hydroxide, the HOH...0-Rh hydrogen
bond becoming weaker, but inductive withdrawal of electrons through the

H-0-Rh bond system makes the H,O...H-0-Bh hydrogen bond stronger. This

2
extra stabilisation of the transition state due to solvation effects
explains the direction, if not necessarily the magnitude, of the devia-

.0 0
- tion of AOH from the graph of AL against molar refraction of L.

The Thermodynamic Trans-effect of Hydroxide

0 (0]
The value of the TTE of hydroxide, measured by dHOHX/dHCIX is

0.77, which places hydroxide between iodide and ammonia in the thermo-

dynamic trans-effect series

L = I >O0H 2NH;2Br >Cl >Hy0 (4.71)

The increasing softness of the {RhenZL}2+ moiety as L changes along
(&)

the series C1 , Br , I has been ascribed to the increasing degree
of covalency of the Rh~L bond., When Bott and Poé(s) extended the TTE

series to include H,O they used the polarisability of L as a measure

2
of the degree of covalency which could be expected for the .Rh~L bond.
However, the positions of NH, and OH  in the fuller TIE series of

equation 4.71 cannot be correlated with the polarisability of L, since

the latter(zs) would predict the TTE order
L = I >Br >Cl >0Nd, > OH > H,0 (4.72)
(5)

However, it has been suggested that the nephelauxetic ratio,

R, for the complex [RhL ]n+ might be a better measure than the polari-
6

sability of L of the degree of covalency of the Rh-L bond. Rhodium(IIT)

(28)

does not form a hexaiodo- or hexahydroxy-complex, but for the other
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| +
ligands of the TTE series 4,71, the nephelauxetic ratio of [RhLG]n

increases in the order(zg)

L = Br < Cl < NH, < H,0 (4.73)

The degree of covalency of the Rh-L bond in [RhL6}n+ therefore decreases

in the order

Br > Cl” > NH, > H.0 (4.74)

L 3”8,

The order of equation 4.74 does not correspond with the observed TTE

order of equation 4.71, the position of NH, in the TTE series being

3

much higher than would be predicted from the nephelauxetic ratio of
[Rh(NH3)6]3+. Moreover, the position of OH in the TTE series is also

hgiher than would be expected from the nephelauxetic ratios of other

oxygen—~donor ligands.(BO)(3l)

Although the nephelauxetic ratio for [RhLG]n+ does not correlate
well with the TTE of L, there is an alternative measure of the covalency
of the Rh-L bond. This is the extinction coefficient,*imax, of the first
ligand field transition of the complex E;gggf[Rhen2L01]n+. This transi-
‘tion is Laporte-forbidden since both the initial and final_staﬁes are
"gerade', but it gains intensity because the bonding molecular orbital

formed by the interaction of an "ungerade" ligand p~orbital with the

(32)

"gerade" metal d-orbital is somewhat unsymmetrical. However, this

is not thé-only mechaniém by which the g:g_:ransiﬁions~gain-iniensity;(sg)'

and in addition the spectra of the trans~[Rhen2L01]n+ complexes are more

complicated than those of complexes which have simple 0, (33)A

- The intensity of the first d-d absorption band is thus a rather approxi-

symmetry.

mate measure of the degree of covalency of the Rh~L bond. Nevertheless,

as shown in Table 4.7 and Fig. 4.5, there is indeed a correlation between
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< and the TTE of L, The value Ofleﬁax for L = H20 was calculated

max
(5)

by multiplying Bott and Poé&'s value by 1,80, the ratio of the extinc-

tion coefficients found by the present author for trans—[RhenZCIOH]+ to

those found by Bott and Poé(s)

for the same complex. Multiplication by
this factor corrects for the presumably too large concentrations of trans-
[RhenZCIOHZ]Zf assumed by Bott and Pog. The value °f4§ﬁax given for

(34)

L = Br is for the peak at 413 nm; the shoulder quoted by Bott and

Po& at 486 nm with €= 10 M ¥ em ' was felt to be spurious, since the
ligand field sﬁlittinghof bromide is greater than that of iodide,(35)
and the first d-d absorption in Esgggf[Rhenzlcll+ is only at 490 nm.(a)
The standard deviation of*Emax was assumed to be *5%, except for trans-
[Rhen2C10H2]2+; here the standard deviation of*imax was assumed to be
*10%, because of the uncertainty introduced by the use of the correction
factor.

From the values of*Emax given in Table 4.7, the covalency of the

Rh-L bond in trans—[RhenzLL'l]n+ decreases in the order

L =1 > m13 A~ Br ~ OH »>Cl > H,0 : _ (4.75)

which agrees well with the TTE series of equation 4.71. The correspon-

dence between*Emax and the TTE of L (measured by ngx/nglx) is also

shown in Fig. 4.5. It appears that the TTE df L does indeed correlate
'witﬁ‘tﬁe covalence of the Rh-L bond, prﬁvidéd_ﬁhafftﬁe-iéﬁféfyis measﬁre&:4m;f
in terms of the intensity of the ligand field bands of Ezgggf[RhenzLCl]n+.

It is at first sight surprising that this correlation should
depend on the method used to estimate the covalence of the Rh~L bond.
However, the TTE of a ligand depends not only on the trans-bond weakening

effect (TBWE) of L, but also on the susceptibility to trans—bond
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« weakeniﬂg (STBW) of the Rh-L bond.(a) The high thermodynamic trans-
effects found for ammonia and hydroxide may be due to the combination
of a moderate TBWE and a low STBW of the Rh—NH3 and Rh-OH bonds. When
the covalency of the Rh-L bond is estimated by the polarisability of L
or the nephelauxetic ratio for [RhLG]n+ these mutua}iinteractions are not
taken into account. The intensity of the ggg transitions in trans-
{RhenzLC1]n+, however, gives a measure of the covalency of the Rh-L bond
when it is trans to a halide ligand, i.e., in an environment which is
similar to that in which the TTE of L is measured. This may well be

the reason why the TTE of L correlates better With'eﬁax than it does

with other methods of measuring the covalence of the Rh-L bond.



235

References

(1) F. Basolo and R. G. Pearson, '"Mechanisms of Inorganic Reactions’,
2nd edn., Wiley, New York, 1967, page 356.
{(2) H, L. Boft, E. J. Bounsall and A. J. Poé, J. Chem. Soc. A, 1966, 1275.
(3) T. G. Appleton, H. C. Clark and L. E. Manzer, Co~ord. Chem. Rev.,
1973, 10, 335.
(4) E. J. Bounsall and A. J. Po&, J. Chem. Soc. A, 1966, 286.
(5) H. L. Bott and A, J. Po&, J. Chem. Soc. A, 1967, 205.
(6) A. J. Poé, K. Shaw and M, J. Wendt, Inorg. Chim. Acta, 1967, 1, 371.
(7) R. G. Pearson, J. Amer. Chem. Soc., 1963, 85, 3533.
(8) A. J. Po€ and M, S. Vaidya, J. Chem. Soc., 1961, 1023.

A
(9) A. A, El-Awady, E. J. Bounsall and C. S. Garner, Inorg. Chem., 1967,

(10) I. B. Baranovskii and A, V. Babaeva, Russ. J. Inorg. Chem., 1968, 13,
721.

(11) R. Buchacek, D; W. Hoppenjans and G. Gordon, Inorg. Chem., 1971, 10,
422,

(12) J. A. Casey and R. K. Murmann, J. Amer. Chem. Soc., 1970, gg) 78.

(13) J. M. Pratt and R. G. Thorp, Adv. Inorg. Chem. Radiochem., 1969, 12,

(14) B. A. Bovykin, Russ. J. Inorg. Chem., 1972, 17, 1576.

©(15) J. E. Byrd and W. K. tvilmrth, Inorg. Chim. Acta l‘lé\}.;‘ 1971, 5, 7.

(16) R. G. Pearson and F. Basolo, J. Amer. Chem. Soc., 1956, 78, 4878.

(17) A. J. Po& and K. Shaw, J. Chem. Soc. A, 1970, 393.

(18) 1. B, Baranovskii, Russ. J. Inorg. Chem., 1967, 12, 1512.

(19) U. Klabunde, Ph.D. thesis, Northwestern University, Evanston, Illinois,

1967, page 74.



- (20)

(21)

(22)
(23)
(24)

(25)

(26)

27

(28)

(29)

(30)

(31)

(32)
(33)
(34)
(35)
(36)

236

Reference 1, page 171.

S. A, Johnson, F, Basolo ana R. G. Pearson, J. Amer. Chem. Soc.,
1963, 85, 1741.

C. H, Langford, Canad. J. Chem., 1971, 49, 1497.

K., Shaw, Ph.D. thesis,; University of London, 1966, page 107.

A. J. Po# and M. V. Twigg, Canad. J. Chem., 1972, 50, 1089.

L. Benjamin and V. Gold, Trans. Faraday Soc., 1954, 50, 797; but
see also referénce 6.

Landolt-Bornstein, Auflage 6, Springer-Verlag, Berlin, 1950, 1 (1),
404,

J. P. Hunt, ""Metal Ions in Aqueous Solution', Benjamin, New York,
1963, page 14.

W. P. Griffith, "The Chemistry of the Rarer Platinum Metals",
Interscience, London, 1967, Chapter 6.

C. K. Jdrgensen, Prog. Inorg. Chem., 1962, 4, 99.

C. K. Jérgensen, "Absorption Spectra and Chemical Bonding in Com-
plexes', Pergamon Press, Oxford, 1962, page 138.

A. B. P. Lever, ''Inorganic Electronic Spectroscopy', Elsevier, Amster-
dam, 1968, page 212.

Reference 31, page 132,

Reference 30, page 109.

H. L. Bott and A. J. Po&, J. Chem. Soc., 1965, 5931.

Reference 31, page 204.

Reference 1, pages 177-179.



237

Table 4.1

+
Kinetic data for the aquation of trans~[Rhen21.OH]

Temperature (°C) 105 k (s~l)(a)
81.0 62.18 +0.89
75.7 | 33.95 $0,57
70.3 17,99 $0.37
65.6 10.26 +0.20
60.9 5.573 £0.108
55.4 2.619 +0.045
aT = 27,81 £0.18 keal mol™t
#

AS" = 5.01 0,52 e.u.

(a) from the hydroxide-independent term in the rate law for the reaction

trans~[RhenZIOH]+ + OH —— trans—[RhenZ(OH)2]+‘+ T
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Table 4,2
Kinetic data for the aquation of trans-[RhenzBIOHj+
(a) from the hydroxide-independent term in the rate law for the base

hydrolysis of trans—[RhenzBrOH]+

Temperature (°C) 10° k (sh)
78.94 141,9 $2.7
69.72 51.28 £1.00
63.38 24,66 0,48
56.51 10.60 +0.21
50.06 4.734+0.092

st = 25.99 £0.19 kcal mol™t
%

AS = 1,91 #0,57 e.u.

(b) from the pseudo-first-order rate constant for base hydrolysis of

trans-[Rhen BrOH]+ at [OH ] = 0.032M

2
- o 5 -1
Temperature (°C) 107" k (s )
79.64 156.2 , 159.0 , 161.7
73,77 82.45 , 82.73, 83.41
69.10 49.17 , 49.42 , 51,22
63.63 26,44 , 25.83 , 25.69
59.40 15.58 , 15.33 , 15.31
54 .04 | 7.829, 8.041, 7.759
50.04  4.656, 4.656, 4.562
AH* = 26,38 #0.10 kcal molw1

AS* = 3,11 #0.29 e.u.

Standard deviation of k = 2.0%

%

From reference 23 AH = 25.5 kecal mol—l
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Table 4.3
Relative nucleophilicites towards anation of traq_s_;—[RhenzLOHz]n+
% 4 + % % %
L Mygnozer T Mrowm st “rom./me T “Mron/r “Mrom. /1 T YMron. /Br
2 2 2 2 2 2
(k “l "1 "1
cal mol 7) (kcal mol ) (kcal mol ™)
c1 : - - 0.9 +0.42
Br - - . -0.3 +#0.58
1 1.5 %0.50 0.6 %0.42 0.9 +0.50
N 1.1 #0.54 0.9 %0.36 0.2 +0.58
Average value of AH' - = 1.32 0.37 keal mol t
LOH, /C1 LoH, /1 = ' .

+ 4 -1

Average value of AHLOHZ /Br " AHLOHZ /1 = 0,77 #0,27 kcal mol



Table 4.4

Kinetic data for the aquation of trans-{Rhen2

240

ciou]”

4(a) from the hydroxide-independent term in the rate law for the base

hydrolysis of trans-[Rhen,Cl0H]" at [OH7] 2 0.23324

. Temperature (°C) 105 k (s-l)
75.76 91.40 +1.75
71.80 60.49 *1.17
64,80 28.59 *0.55
58.02 13.30 0,25
53.77 7.667 +0,145
49.89 ’ 4.669 0,090
45.50 2.685 +0.052

%

auT = 25.14 #0.15 keal mol T

AS*

—0.67 i0-46 e.u,

(b) from the pseudo-first-order rate constant

of trans—[Rhen2C10H1+ at [OH ] = 0.0332M

for base hydrolysis

Temperature (°C) 10° Kk (S-l)
75.76 107.9

71.80 68.28

64 .80 34.05

58.02 - - 14,66

53.77 8.902

49.89 5.837

45.50 3.041
mt = 25.08 +0.44 keal mo1”t
as¥ = —0.56 +1.33 e.u.

Standard deviation of k =

#

From reference 19 AH = 22.3 keca

5.7%

1 mo1”}



Table 4.5
g

The intrinsic kinetic trans-effect of hydroxide, measured by AOF

.trans-[Rhen,,OHX]n-'. +Y — trans--[RhenzOHY}m+ + X

(a) From reference 26

2h1

S 3 o art e bow
(kecal mol-l) (kecal mol—-l) (kecal mol—l)
c1 Hy,0 ©  25.13 20,14 20.20 0,19 4.93 0,24
Br H,0 - 26,30 £0,09 21.14 0.20 5.16 *0.22
I H,0 27.81 0,18 22.69 0.17 '5.12 %0,25
H,0 Cc1 25.13 0.40 20.20 $0.19 4,93 +0.44
H,0 Br 24,58 +0,31 19,50 #0.12 5.08 +0.33
HZO I 23.81 0,15 18.76 0.07 5.05 #0.17
- Average value of AgH = 5,06 £0.10 kecal tm:;l-'1
Table 4.6
Intrinsic kinetic trans-effects measured by Ag and the polarisability of L
L Ag Molar Refraction(a)
(kcal mol—’l) | (cm3 molﬂl)‘
1 B . 0,00 19.21
Br | 3.20 #0.20 . 12.66
NH 4,75 +0.15 5.63
c1 . 5.02 20,18 / S 9.07
w0 s.0ss0.10 476



Table 4.7
Thermodynamic trans-effects (measured by ngx/nglx) and the

intensity esﬁax) of the first ligand field band of trans-{[Rhen LCl]n+

2

L. dﬁgx/ dﬂglx Chax G en™y
A 0.65 260 13
on” 0.77 93.5 % 5
NH, 0.81 104 %5
Br~ 0.85 95 %5
c1 1.00 82 *4
H,0 1.12 47 £5



Fig. 4.1

Au® (keal mol-1)

Curves of the intrinsic kinetic trans—effect

of L in trans-[BhenZLX]n+
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CHAPTER 5

Summary of Results Presented in Part I

The rate law for reactions 5.1 (Yn- = Cl, Br ) and 5.2

@ =8, F, sof", P043" )
trans-[Rhen212]+ + Y — trans—[RhenZXY](Z-n)*'+ 1~ (5.1)

trans—[Rhen2C12]+ + OH + Y —— [Rhen.CloH]T + Y™ + c1”=  (5.2)

2

has been found to be

Koped = Kq + Kp[Y] (5.3)

The enhanced rate of hydrolysis of_Ezgggf[Rhen212]+ in the presence of
F , SO4Z~ and P043- has also been interpreted in terms of equation 5.3.
It is shown that a redox mechanism, involving a rhodium(I) intermediate
is unlikely; instead an ion-pair interchange mechanism is suggested.

Values of the association constants, K;, at zero ionic strength

for the equilibrium

(1-n)+

trans-[RhenZXZ]+ + Y %::Lé {Rhen Xz,Y} (5.4)

2
have been calculated from kinetic data obtained in the absence of support-—
ing electrolyte (X = I; Y = Cl), or from the spectroscopic interaction
between Esgggf[Rhén2X2]+ and Y (X=Cl; Y= I, Br). For the associa-
tions of trans-(Rhen,I,]" with chloride, and trans-[Rhem,Cl,]" with bro-
mide, where the ionic strength, I, ranged from zero to 1.0M, the Davies
:equation(l)
of unassociated EigggftRhenZXZ]Y. For the association between trans-

[Rhen2C12}+ and iodide, where I ranged from 0.5 to 3.0M, the activity

. was used to calculate the changing mean activity coefficient - - - - . --



coefficient of jodide was interpolated from published values, and the
activity coefficient of traan[Rhen2C12]+ was assumed to be the same as

the mean activity coefficient of trangf[CoenzNOZX]+. The value of
(2)

YSI b
was obtained from Burnett's tabulation of Yref’ the mean activity

(2)

Ys1
coefficient of trans—[CoenzNHBNoz]Clz, by using the equation

= 1 .
log vgy 7 108 Yeef : (5.5)

The values obtained for K; by these methods were all small (K§ < 1.2

+1.5 M—l), and in reasonable agreement with the predictions of the Fuoss

(3)

equaﬁion. Using competition studies, limiting values of K; were

obtained for the interactions of trans—[Rhen2C12]+ with F~, ci’, Br ,

5042“, P043~; these were all slightly less than the predictions of the

Fuoss equation. Finally, the rates of aquation of trans-[Rhen2012]+,

trans-[RhenZIOH]+ and trans~[Rhen212]+ are all independent of the concen-

-]

tration of added perchlorate, indicating that either KClo

~is zero, or

4
the rate constant for aquation of the perchlorate ion-pair is equal to

that for aquation of the free ion. Further evidence presented here

c10 is less than or equal to the ion association constants

4
for other univalent anions.

suggests that K

Most of the kinetic experiments reported here have been performed
at constant ionic strength, maintained with sodium perchlorate. Although
it is not clear whether or not perchlorate ion-pairs with Ezgggf[RhénzLX]+,
if has been shown that at I = 1.0M, the equilibrium constants for the
association of Ezgggf[RhenzLX]+ with YV will all be very similar, regard-
less of the valency of Y?". The ratio (kl + kZ[Y]max)/kl’ which measures
the minimum value for the relative reactivity of the ion-pair and the free

ion ([Y]max is the maximum concentration of Y. studied) is no larger



than the corresponding ratios found for the SwllP reactions of cobalt(III)
and chromium(III) complexes. Also, the relative values of the ratio
kZ/k1 have been shown to be an approximate measure of the relative rate

constants, k for reaction of the ion-pairs. The charge of the anion

Y)
is the most important factor in determining the value of kY’ and there
are none of the specific effects which would be expected for an Ia

mechanism. The interchange within the ion-pair is therefore assigned

as 1d, and the mechanism designated SNllP. Since substitution within

(3-n)+

{Rh (NH ) ;OH,,Y} is Ia, and within {Rhen Lx,Y}(l"“)+ it is 1d,

2
rhodium(III) appears to lie on the borderline between associative and
dissociative activation, the charge on the complex deciding the intimate
mechanism.

The base hydrolysis of several trans-diacidobisethylenediamine-
rhodium(III) complexes has also been studied. There is an isokinetic.

relationship between the enthalpies (AHZ*) and entropies (ASZ*) of activa-

tion for the second-order pathways of the reaction
+ - + -
trans-[RhenZIZ] +Y [RhenzIY] + I _ (5.6)

where Y = C1, Br, OH. There is also a pseudo-isokinetic relationship

between AHZ* - AHI* and ASZ* - Asl* for the base hydrolysis of trans-

[Rhen,1X]" (L = X = C1, Br, I; L = OH, X = Cl, Br, I) and the reactions

of trans-[Rhen212]+ with chloride and bromide. (AHZ*, ASZ* are activa-

tion parameters for the second-order pathway of the reaction
+ - + -
trans—[RhenzLX] + Y - {RhenzLY] + X (5.7)

: F ¥
and AHl . Asl are the corresponding activation parameters for the first-

order pathway for reaction 5.7.) This indicates that the base hydrolysis
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Ln
[

of the complexes ££§g§f[Rhen2LX]+ occurs b& a ?athway which is energe-
ﬁically similar to the SNlIP pathways found for these complexes.

Unlike the SNllP reactions, however, the base hydrplyses of
££§E§7[Rhen2LX]+ often occur with extensive rearrangement., This stereo-
mobility is best explained by the SN1CB mechanism, if it is assumed
that the amido-group has a large sigma-trans-effect which is transmitted
via the rhodium p-orbitals. This hypothesis also explains the observed

differences in the behaviour of cis- and trans~[Rhen2LX]+ in base hydro-

lysis. For g}§f[Rhen2LX]+ the amido-group is generated trans to the
leaving group, and ihe high sigma-trans-effect of NHR , which can operate
in a square pyramidal transition state, leadg to a high reactivity of

the conjugate base, and to a stereoretentive réaction. In the trans-
[RhenzLX]+ complexes the amido-group is cis to the leaving group, and it
can only donate electron density into the p-orbital originally used for
bonding to X if the transition state is trigonal bipyramidal. Addition
of water to such a transition state gives appreciable amounts of cis-
[RhenZLOH]+, and the extra crystal field activation energy (CFAE) asso-
ciéted with formation of a trigonal bipyramidal transition state explains
the lower susceptibility of E£§E§7[Rhen2LX]+ to base hydrolysis. It

has been shown that the trans-complexes which undergo stereochemical
rea;raggemenp during base hydrolysis have 1arg¢ values of AHZ* - Aal¢
‘(in aé?eeﬁeﬁ; with CFAE érédicfions), and also have large, poéifive

values of AS * (4)

2 of the

- ASl*, in agreement with Tobe's correlation
entropy of activation with stereomobility. Finally, the concept of an
SNlIP/SNch mechanistic spectrum cannot be discounted, and it is possible

that the species responsible for base catalysis of the aquation of trans-



[RhenZLX]+ is halfwav between the conjugate base and the hydroxide ion-
pair.

+
The first-order pathway for the base hvdrolysis of trans-[Rhen,0HX]

2
(X = C1, Br, I) is the reaction

trans—{RhenZOHX]+ +H0 -— trans-[RhenZOHOHZ]Z+ + X (5.8)

2

S0 AHl:’E is the enthalpy of activation of reaction 5.8. From the known

enthalpy of activation for the iodide anation of trans-[Rhen 0HOH2]2+

2
and the relative nucleophilicities of the halide ions; the enthalpies of

activation AHil for the reaction

ouxl+ + H.0 (5.9)

trans—[Rhen20H0H2]2+ + X — trans—[Rhen2 2

were calculated., The overall enthalpy changes for reactions 5.8 and 5.9

were calculated from AHl* and AHfl.
The kinetic trans-effect of hydroxide has been measured by the

parameter AOH’ which is given by

% %
Bow = MHomxsy T Mrxsy (5.10)
# .
where AHOHX/Y is the enthalpy of activation for the reaction
trans—[Rhenzoax)‘“++Y“‘ —_— trans—[RhenZOIIY](Z_n)+ + xZ ™ (5.11)
and AH* is the corresponding parameter for the reaction

IX/Y

tféns-[RhénZIX]m. +Y7 —s trans-[RhénZIY](2°“)+ + x(Zm- (5.12)

However, both the value of A - and the position of hvdroxide in the kine-

)

tic trans-effect series depend on the nature of the leaving group X in

reactions 5.11 and 5.12; pecause AHO differs for the two reactions.
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' However, this difficulty can be completely

resolved by using the intrinsic kinetic trans-effect (IKTE) of hydroxide.

The IKTE of a ligand L is measured by Ag, which is given by

0 _ .k & '

where AHiX/Y is the enthalpy of activation of the reaction

n—

trans-[RhenzLX]m+ +Y — trans—[RhenZLY]p+ + xT (5.14)

(Xor¥Yis H20) and Aﬁief is the enthalpy of activation for the corr-
esponding reaction of the hypothetical complex Ezgggf[RhénZIZ]+ which
proceeds with the same AHO as reaction 5.14. The value of Ag
the IKTE of hydroxide, is a constant; using published studies of the

u* and hence

IKTE of other ligands, the IKTE of L was found to decrease in the order

L=1 >Br >0NH, 2 CL > OH (5.15)

3

This order correlates well with the polarisability of L, but the numeri-
cal value of Ag (and thus the IKTE of L) also depénds on secondary
effects such as the differential solvation of the ground state and transi-
tion state of reaction 5.14.

From the values of the over-all enthalpy changes for reaction 5.8,
and the known enthalpies of solvation of X (X = Cl, Br, I), the relative

'_enthalpiqs Hg of trans-[Rhen OHX]f X = Cl, Br, I) were calculated. -~

2
The thermodynamic trans-effect of hydroxide was measured by the slope

0 0 0 0 0
dHOHX/dHClx of the graph of HOHX against HClX’ where HClX

enthalpy of trans—[Rhen2C1X1+. Using published values of dﬂgx/dﬂglx

(ng is the relative enthalpy of trans—[RhenzLX]+), the thermodynamic

HX

is the relative

trans-effect of the ligand L was found to decrease in the order
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t
#

T >0 2NHy2Br >cCl >H,0 (5.16)

This does not correspond with the order of either molar refraction R,

or nephelauxetic ratio B, of L, but correlates well with«&max, the
intensity of the first lipand field band of Eggggf[RhenzLCI]n+. It ié

. postulated that.éﬁax is a better measure of the covalency of the Rh-L

bond than either R or 8, because R and B are properties of an isolated
Rh-L bond, whereas1£max refers to a Rh-L bond which is trans to a halide
ligand. The thermodynamic trans-effect of a ligand L is a function

of the susceptibiliﬁy to trans-bond weakening §f the Rh-L bond, as well

as the trans-bond weakening effect of L, and it is necessary to measure
the covalency of the Rh-IL bond when it is in an environment similar to

that used to measure the trans-effect.
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PART II

THE ANATION OF
TRANS-BROMOAQUOTETRACY ANOPLATINUM{IV)

BY BROMIDE



CHAPTER 6

Introduction; Substitution and Redox Reactions of Platinum(IV) Complexes

The chemistry of platinum(IV) complexes is very complicated, and

the mechanisms of the substitution reactions of these compounds have been

(1)

much discussed. Recently Peloso has written a comprehensive review

of the mechanistic studies carried out for platinum, nickel and palladium

(2)

complexes, and there are several reviews of the platinum(II)-catalysed

reactions of platinum(IV) complexes.

Conventional substitution reactions of an octahedral complex

(3

It was originally thought that platinum(IV) complexes might
undergo substitution by an Ia process, because the crystal field activa-
tion energy of a third row transition metal is high, and also because

the metal atom carries a high formal positive charge in these complexes.
Howaever, conventional substitution processes have been found for only a
few reactions of platinum(IV) complexes, and there is no evidence that
these reactions are.associative. The reaction of [PtF6]2_ with iodide or
bromide is independent of the concentratlion of the entering anion, but

(4)

is acid-catalysed. This behaviour is similar to that found in the

dissociative reactions of cobalt(III) fluoro-complexes. Early claims

that the halide interchange reactions of [PtX6]2" (X = C1, Br, I)(S)(ﬁ)
(7

' +
and the reaction of trans—[PtenZCIZ]2 with nitrite were Ia processes

(8) (9

have both been withdrawn. The first stage of the reductive elimi-
nation of 06H51 from trans—[Pt(PEt3)2(CGHS)zlz] could be an associative
or dissociative aguation of iodide,(lo) but it has been claimed that the
first step of the redox isomerisation of cis—[Pt(C3H6)py2C12]'to trans-

[Pt(CHEtpy)pyClz] is the dissociative loss of pyridine.(ll)
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Reactions involving platinum(III) intermediates

Reaction via a platinum(III) intermediate has been discussed for

the light-sensitive halide exchange reactions of several platinum(IV)

(5),(12)-(16)

complexes, and for the allied reactions which are induced

an (However, photoaquation appears to proceed by

(

by pulse radiolysis.

formation of a five-co-ordinate platinum(IV) species. 12)(18)) Platinum-

(I1I) intermediates are formed in non-complementary redox reactions

between platinum(IV) complexes and one-electron reducing agents;(lg)

these reactions can be of both the inner sphereczo)(21)

sphere(zz)_(za) type.

and the outer

Platinum{II)-catalysed reactions

If the reaction

trans—-[PtLt‘XZ]n+ +Y — tra.ns--[PtL4XY]n+ + 7 {6.1)

is carried out in the presence of [PtL6]n+, the rate law usually found is

Kk bsd = k[PtLa][Y ] (6.2)

The mechanism proposed for these platinum(lI)-catalysed reactions is

given in equations 6.3 to 6.5.

Y + [PtLA]‘H', = {Y—PtLA}(n_l)'-l- (6.3)
A
{3{-}’>t1,4}(“'1)+ + [X—PtL&—Z]m— et {Y—PtLq—X—-PtLl*—Z}(zn—l)-’r (6.4)
A B
{Y-—PtLl:K-—PtL&—Z}(2n—1)+ — [Y—PtLa—X]M' + [PtLa]m' + 2z (6.5)

B
The most important evidence for this wmechanism is that the rate of

platinum-exchange is equal to the rate of ligand-exchange. This has been
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‘ 2 25
shown by labelling the starting complexes with dissimilar cis—ligandss c(25)
: 2
a radioactive cis—ligand,(zc) and with 195Pt.(2c)( 6) Also, the bridged

structure proposed for the platinum(II)/platinum(iV) intermediate, B,
ocecurs in the solid state structure of [PtenBr3], which is composed of

(27)

chains of alternate [PtenBrA] and [PtenBrZ] units. The platinum(I1)

and platinum(IV) centres of [PtenBrB] retain their identity, and there

(15)

is no platinum-exchange in the solid state. Finally, the accumula-

tion of the fiﬁe—co—ordinate adduct [PtdiatszY]+ (Y = C1, Br, I) during
the reaction

— . 24 . -
Y o+ {Ptdlarsz] + [Pt(PEtB)zxa] —_ [PtdlarSZXY] + [Pt(PEt3)2X2] + g (6.6)

(28)

(X = C1, Br) has been demonstrated by Peloso and Ettorre.

Reduction of the platinum(IV) substrate by anions

The mechanism of equations 6.3 to 6.5 is essentially a reduction of
the platinum(IV) substrate by a platinum(II) complex; the reaction is
only apparently a substitution reaction if the non-labile ligands‘of the.
platinum{II) and platinum(IV) complexes are identical. In the absence
of platinum(II)} complexes, and in the presence of a good reducing anion,

Y , the platinum(IV) substrate may instead be reduced by Y :

Y+ [xptL421“+ —r ¥X + [PtL4]n+ +z (6.7)

(1) (29)

Peloso et al. have studied the reduction of cis— and trans-

[PtL,X,]1 (L = PPh P(n-Pr),, AsLt.,, pip, py, MelNH,, EtNH

3, 2;
- o 2- 24 -
by SCN , SeCll , I , 8,05 » and of [Ptdiarszxz] (X = C1, Br) by NO, ,

X = Cl, Br)

I, and SCN . The relative reactivities of the anions are independent of

the substrate for all complexes except those containing methylamine or
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ethylamine; and, again with the exception of the methylamine- and
ethylamine-complexes, the relative reactivities of the substrates are

independent of the reducing anion, Y. Peloso(zga)

has argued that this
means the contribution of Y to the free energy of activation is.indepen-
dent of the substrate, and therefore there is only slight bond-formation

(30)

to Y in the transition state., However, Po¥ and Vaughan pointed out

that Peloso's results were consistent with a linear relationship

AG = chAG (6.8)
between the free energy of activation (AG#) and the standard free energy
change for reaction 6.7. AGO is given by

0 _ 0 0
AGT = 4G, + 4G, (6.9)

where AGlo and AG20 are the standard free energy changes for reactions

6.10 and 6,11 respectively.

[PtL[‘XZ]m- + 2 —— [PtL4]n+ + X 4+ 7 (6.10)
Y 4+ X — XY+ 2 ' (6.11)

Hence
AcY = cAGlo + caszo (6.12)

Peloso's results follow from equation 6.12, regardless of the value of ¢,
so his correlations give no information about the position of the transi-
tion state along the reaction co-ordinate. However, using the known
reduction potentials of [PtL2014] (L = cis- or Ezggng(ngr)3 or trans-
S(EfPr)z)and the rates of reduction of those complexes by iodide, Po& and

(30)

Vaughan calculated c¢ to be approximately unity. Although they have
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suggested that equation 6.12 might be better written as

I 0 0 '
AGT = °1AG1 +c2AG2 (6.13)

it appears that, at least for the phosphine and sulphide complexes,

the transition state is very similar to the products.

The REOA mechanism

Po& and his co-workers have studied the substitution reactions
of several anionic complexes, and shown that provided the anion is not
too strong a reductant, the reductive elimination of equation 6.7 is
followed.by oxidatid¥ addition of YX and Y to [PtL4] to give trans-
[PtL4XY]. The reductive elimination-oxidative addition (REQA) meghanism

is shown in equations 6,14 and 6.15.

k B
Yo+ [XPtL!}X]n"" % X + [PtLh]n++ X (6.14)
-1
n+ - kZ - n+
X + [PtL4] + Y ——s Y + [XPtLAY] {6.15)

In the presence of hexachloroﬁﬂdate(IV) (to prevent catalysis
by platinum(III) intermediates) the reaction of iodide with [PtBr6]2"

proceeds in three distinct stages which have been ascribed(a) to the

reaction scheme:

Stage 1.
17+ [PtBr6]' ﬂ% IRy + [PtBra]z— + Br (6.16)
Brl + [Pt3r4]2" + 1~ fast, 5, [PtBr412]2_ (6.17)
Stage 2
I+ [PtBralz]z' slov, 1pr 4 [PtBrz:[Z]z‘ + Br (6.18)
Bri + [Pe3r,1,1%7 + 17 I35, 5y [Ptar,1,1% (6.19)
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Stage 3
- 2- slow 2-- -
I + [PtBrZIal ~—+ IBr + [PtIAI + Br (6.20)
Brl + {PtIA]Z- + 17 38t 5 [Pt16]2" (6.21)

(5) (8)

The rate law for all three stages is

kobsd = k[1] (6.22)

The possibility that reaction 6.17 proceeded in three steps

IBr + [PtBra}Z- w1 fast, - [Ptnrszlz" (6.23)
1+ [PtBrSI}Z— fast, I, + [PtBrajz" + Br (6.24)
1, + [PtBra]z- + 1 fast, [PtBralz]z— (6.25)

was not excluded, nor were the analogous three-step processes for reac-
tions 6.1%9 and 6.21. However, the reaction of bromide with [Pt16]2"
occurs by rapid replacement of three or four iodide ligands, followed by
slower substitution of the others to give [PtBr6]2-. The intermediafes
6]2‘ with iodide,

which suggested the product of the initial rapid reaction was [PtBr3I3]2—

observed were not those found in the reaction of [PtBr

where each molecular axis had the arrangement Br-Pt-I. Po& et al.(s)
explained these results by assuming that however the IBr molecule was
generated, 1t was always the iodine atom which became attached to the
platinum centre in the reoxidation step. This is consistent with the
direction of polarisation of the IBr molecule, but assumes that when the
IBr molecule is generated in the configuration I-Br...Pt, it is suffi-
ciently free to rotate to the confipuration Dr-I..,Pt.

The reaction of [PtClB]zm with iodide also obeys(s) the rate law



of equation 6.22, but in this case [PtIB]z- is produced without the accu-
mulation of any detectahle intermediates. Since 1.0 M chloride does neot
affect the rate of production of [PtIélz—, reaction 6.26 does not compete

very efficiently with reaction 6.27.(31)

ICl + [Pt014]2‘ + 017 —— 1+ [PtClG]z_ (6.26)

ClI + [PtClA]Z_ +1 — C1 + [Ptc1412]2' (6.27)
2— (32)

The hydrolysis of [PtIG] has also been studied, but the

stoichiometry and kinetiecs of the reaction are very complicated. The

reduction of [PtIG]z- by iodide to give [PtIA]Z- and 13_ has been proposed
as one step of the reaction
2- - -
[Ptl’.6] +Hy0 — [PtISOHZ] + 1 (6.28)

This hypothesis is substantiated by the Ffact that the reaction of

{Pt16]2- with iodide or bromide in the presence of halogen scavengers

gives only [Pt14]2- or [PtBralzq.<8)

Although the reaction of trans—[Pt(CN)a012]2— with bromide and

of [Pt(CN)4BrX]2_ (X = C1, Br) with chloride occur by predominantly

[Pt(CN)AIZ— catalysed pathwayszg%he rate law for the reaction of trans-

[Pt(CN)blez' (X = C1, Br) with iodide 153D

kobsd = k[I ] (6.22)
The reaction occurs by the REOCA mechanism of equations 6.29 to 6.30, as

(33)

does the reaction of trans-[Ptoxzxz]zh (X = C1, Br) with iodide,

which also obeys the rate law of equation 6.22,

1™+ [xchaxlz‘ slow, gy 4 [PtL4]2- + X (6.29)
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XI + [PtLa]z'— + I = X + [IPtL&I]z-‘ (6.30)

Reaction 6.29 is theoretically reversible, but the rate of reaction of
EIEEETIPt(CN)AC12]2— with 4,2 x 10‘3 M iodide is only decreased by ca.
% in 1.0 M chloride,(3l) so reaction 6.30 is much faster than the réverse
of reaction 6.29,
The rates of substitution of iodide in EEEEET[PtL4012]2- and
Eggggf[PtLéBrzlz_ (L = CN, %ox, I) have been compared(33) to the suscep-
tibility of EEEEﬁf[PtLAIZ] to reduction, which is given by the equilibrium

constant for the reaction

L o -
trans—[PtL[}Iz]z + 17 == [PtL, ] + I, (6.31)

The equilibrium constants for reaction 6,31 are in the ratio 104:103:1

for L = CN, %ox and I respectively, and the relative rate constants for
the reaction of iodide with Ezggg;{PtLaBrz]z— are 104:5 x 102=1 respec-
tively. Tor the chloro-complexes the correlation is less good, the rela~
tive rate constants for reaction of iodide with EEEEéf[PtL4012]2_ being

5 x 104:10:1 for L = CN, %ox, I respectively, However, the general
parallel between the equilibrium constants and the rate constanfs suggests
that reduction is indeed the rate-determining step for these reactions.
Moreover the difference in A0 for the reduction of Esgggf[Pt(CN)aBrZ]Z-
and Ezgggf[PtBr6]2“ by icdide is 5 keal mol_l; and the corresponding
difference in AG# is also 5.kcal mol—l.(30) This implies that the transi-

tion state for the initial redox reactions of equation 6.29 lies close

to the products on the reaction co-ordinate.
(34)

Skinner and Jones studied the hydrolvsis of trans-[Pt(CN)ABrZ]Z_

and found the rate law

k = kl[Br ] + RZ[OH ] (6.32)

obsd
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They rejected the possibility that the first term in the rate law was

due to bromide acting.as the reductant in the REDA mechanism because in
alkaline solution the Brz produced would be hydrolysed to HOBr, which

they felt would be unable to oxidise the [Pt(CN)A]z_. (Pod and Vaughan(30)
later showed that this claim was not valid.) Skinner and Jones(34)
found that the.rate of‘"decomposition” (presumably to [Pt(CN)a]zi) of
Ezgggf[Pt(CN)ABrz]z_ is slcwer in the presence of 0.01 M phenol, than in
the presence of 0.01 M aniline. Poé& and Vaughan(30) admitted this was
incompatible with a mechanism where free bromine was liberated, because

bromine reacts with phenol or aniline at rates which approach diffusion

control, and the reaction

Br
<:::>—R + 3Br, — Br—<::j}——-R + 3HBr (6.33)
Br

(R = OH or NHZ) should only affect the position of equilibrium, and not

the rate, of reaction 6.34

Br + [BrPt(CN)ABr]— ~—+ Br, + {Pt(CN)éjzﬂ + Br (6.34)

(34)

Skinner and Jones suggested that the bromide-dependent term in the

rate law of equation 6.32 was due to the dissociative reaction of a
{Br...BrPt(CN)ABr}B— ion-pair. The hydroxide-dependent term was ascribed
to an Id mechanism of [?t(CH)aBrZ]Z-; it was claimed that before fruitful
reaction betwéen EEEEEf[Pt(CN)ABrZ]Z“ and hvdroxide could occur, the hydrox-
ide ion must be in the second co-ordination sphere of the complex and
suitably orientated to enter the vacant co-ordination site.

Poé& and Vaughan(Bo)

have reinterpreted Skinmer and Jones' data
according to the RECA mechanism., They showed that the graph of AG¢ for

the reaction
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trans~[1.=t(czi)413r2]2' +Y trans—[Pt(‘CN)aBrY]z— + Br {6.35)

(Y =Br, o , I") against AGD for the reaction
Y + Br —+ YBr + 2e (6.36)

was linear with a slope of 0.7; this implies that the rate~determining
step of reaction 6.35 i3 reduction of the complex by Y, and the transi-
tion state for this reduction is rather similar to the products. It has

(31)

also been shown that the rate law for the reduction of trans-

[Pt(CN)412]2— by iodide in alkaline solution obeys the rate law

kobsd = kl[I 1+ kz[OH ] (6.37)

which resembles the rate law of equation 6.32 which is found for the

substitution reaction

trans-[Pt(CN)ABrZ]Z_ + 0 — trans—-[Pt(CN)ABrOH]Z- + Br (6.38)

Skinner and Jones(ss) also studied the anation of trans-

[Pt(CN)ABrOHZ]_ by bromide, and interpreted the results in terms of the rate law

- -12
kpsa = KifBrl+k,(ar]” | (6.39)
proposing the mechanism shown in equations 6.40 to 6.%44.
Term which is first-order in [Br )
- fast. -
(PtL, Brod,}] === {PtL4Br} + 1,0 (6.40)

{PtLaBr}H + - Siov, [PtLl“Brzlzh (6.41)
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Term which is second-order in [Br }

Br + [BrPtL&OHz]_ fast. {Br...BrPtLl‘OHZ]Z_ (6.42)
2- fast N 2-

{Br...BrPtLaOHzl S e {Br...BrPtLl'} + OH, (6.43)

{Br...BrPtLA}Z— + B S, g [‘BrPtLABr]Z_ (6.44)

where L = CH. The reaction was later studied by Mason(ae) at very low

bromide concentrations, and the rate law was found to be

2

= k' + k[Br ] (6.45)

Kobsa

The value of k' was very small, and except at very low concentrations of
bromide its contribution to kobsd was negligible, Mason did not discuss
the difference between his rate law (equation 6.45) and that of Skinner
and Jones (equation 6.39), but interpreted the rate law of equation 6.45

by the mechanism of equations 6.46 and 6.47

Br + {BrPtLAOHZ}- fasts {Br...BrPcLaonz}z' (6.46)
{Br...BrPtLAOHZ}Z- + By 8L, g4 [BrPtLaBr]Z— (6.47)

where L = CN. Unlike Skinner and Jones, Mason did not feel justified in
assigning the associative or dissociative nature of reaction 6.47, although
he did consider it to be a normal interchange reaction. Recently, Morgan

and Jones(37) T

e—-examined the reaction, at concentrations of bromide
which were intermediate between those of Mason and those of Skinner and

Jones, and found the rate law

-.2
kobsd k{Br ] (6.48)

They interpreted their results by the mechanism of equations 6.42 to
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6.44, and claimed the term which was first-order in bromide that was
found originally was due to a [Pt(CN)a]z_ catalysed pathway.

The anation of trans-[Pt(CN), BrOH 17 by chloride has also been

(36)

2

studied by Mason. In this case the rate law was

Kped = k[c1] , (6.49)

and the mechanism proposed was a second-order interchange reaction between
trans—[Pt(CN)ABrOHZ]- and chloride. The non-existence of a second-order
dependence on the chloride concentration was explained by the lower

tendency of chloride to associate with the substrate in the equilibrium
cl + [BrPt(CN)AOHZ]_ > {Cl...BrPt(CN)40H2}2_

Skinner and Jones' original rate law (equation 6.39) has, however,

been found to apply to the bromide anation of [PtBrSOHZ]— and cis~

(38) (38)

[PtBra(OH)Z]. Elding and Gustafson interpreted this result in

terms of the rapid pre-equilibrium between [PtBr
(ort1) -

41.0}12]“" and a

{PtBr,LOH, ,Br} ion-pair (L = Br; OHi,) and the slow, second-order

4§72
reactions of both these species with bromide ions. Like Mason, Elding
and Gustafson felt that no information was available on the associative

or dissociative nature of these second-order reactions.

Summary

There are several.pathways available for the thermal reactions of
platinum(IV) complexes, and for any reactiom the pathway followed is
partly determined by the charge of the complex. Cationic complexes
generally react by a platinum{IT)-catalysed redox mechanism. Neutral

complexes may also react by a platinum(II)-dependent pathway, but in the
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absence of platinum(II) catalysts, they may be reduced by anions.
Platinum(II)~-catalysed reactions are energetically unfavourable for most
anionic platinum(IV) complexes, which instead undergo substitution by

the REOA mechanism. The interchange mechanism which is uéually found
forloctahedral complexes is rather rare for platinum(IV) complexes. How-
ever, it has been claimed that the bromide-anation reactions of several
anionic comple#es occcur by parallel pathways invelving interchange reac-

tions of the substrate and of a substrate-bromide ion-pair.
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CHAPTER 7

Anation of trans-[Pt(CH) ,,Brr_mz]“ by Bromide

Preamble

As indicated in chapter 6, the anation of EEEEEf[Pt(CN)4Br0H2]— by
Br has been studied by three groups of workers. Skinner and Jones 1
found the rate law

d{Pe(CN) ,Br, 1 + ;
4°72 1 - =2
- = KA[+ %H"‘] (a,(Br7] + b [Br ] )[PE(LN)4Bf0H9J (7.1)

where KA is the acid dissociation constant for the equilibrium

- K 2- .+
[Pt(CN)ABrOHzl Fe=tas [Pt(CN)4BrOH] + H (7.2)
The factor [H+]/(KAf[H+]) in equation 7.1 can be explained by assuming that
the rate of Br anation of trans—[Pt(CN)ABrnH]zp is negligible compared with
that of ;rans—[Pt(CN)ABrOHz]_. At a constant [H+] and with a pseudo-~first

order excess of Br , equation 7.1 reduces ta

k, , = alBr]+b(Ec] (7.3)

where

+ .
. [H
* AT A 7.4

A
1)
b = mbl | {7.5)

Equation 7.3 predicts that a praph of kobsd/{Br‘] against [Br ] will be a

straight line with a non-zero intercept. This graph was drasm using Skinner

(1)

and Jones' data at pH = 1.00, and is shown in Fig, 7.1l. The dotted line,

A, represents the equation
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kobsd
[Br~]

= a+ b{Br ] - (7.86)

in which values of a and b were calculated from equations 7.4 and 7.5

1° bl and KA'

at very low [Br ] obey the rate law

respectively, using Skinner and Jones' wvalues of a

liowever, Hason's results(z)
+

g " ?Li[‘lﬁﬁ k[Br 1% + k' (7.7)
A .

where k' is very small, and except at very low [Br ], negligible. For

k

concentrations of Br that are sufficiently large that k' is negligible,

equation 7.7 becomes

“obsd _ (']
+ [

TE;:T EZ"* -E;T k[Br ] {7.8)
Using Mason's value(z) for k and Skinner and Jones' value(l) for KA’ the

dependence of kobsd/[Br-] on [Br ] at pH = 1.00 was calculated. The depen—

dence is shown in Fig. 7.1 as the full line B.
(3)

The results of Morgan and Jones

(1

are not strictly comparable with

(2)

those of Skinner and Jones or with Mason's, because the last two
investigations were performed at an ionic strength, I, of 1.0 M, and Morgan
and Jones' work wés carried out at I = 0.5 M. For this reason, Morgan and
Jones' results are shown separately in Fig. 7.2. Morgan and Jones claim that
their results obey the rate law

+

- [H'] ' -2
kobsd KA T [—IFT k3[Br 1 (7.9)
but their tabulated valves of kobsd/f[Bf_]2 where
't (7.10)

£ = K+ 4]



which should equal the constant, kg, decrease systematically by 16% over the

3

concentration range 7.5 x 10~ M ¢ [Br } < 2.5 x 10—2 Y {see reference 3,

;mahmt[Bf]zfrm1Mdd1k'

Table 8). Moreover, the linear graph of kObSd 3

is calculated, has a non-zero intercept, in spite of the fact that equation
7.9 requires that the line pass through the origin (see reference 1, Fig.
1). Fig. 7.2 shows the graph of kobsd/[Br—] against [Br ] for Morgan and
Jones' data; the dotted line C was drawn by using Morgan and Jones' value
of ké, and judging by inspection the best straight line through the points
which had the required slope. The intercept of this line is ca. 25 M_l s—l,

indiecating that Morgan and Jones' interpretation of their results would in

fact require the rate law

. o mh

“obsd K, + [FF]

{3.23 = 15%[5r7 1% + 25[8x" ]} (7.11)

The term that is first order in [Br ] is in complete disagreemenf with
Mason's results at very low [Br ].
However, the apparent conflict between the results of the three sets

of workers seems to be resolved by the redox mechanism of Po& and co-

(4)-(7)

workers. This predicts the reaction sequence
- - kl 2
Br + [BrPtL,0H, ] == Br, + [PtL,] + OH (7.12)
4772 k_l 2 4 2
2- I - 2- '
Br, + [PtLA] + Br ~—=—r Br + [BrPtL4Br] (7.13)
where L. = CN . The steady state assumption applied to thé concentration

of [PtLQ]Z“ gives the rate law
-2
. ) klkz[Br ] [H+] B
obsd k, _ (K, + [H¥])
k(L+— @B

1\—~I!.

(7.14)
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Analysis of Skinner and Jones' datacl) at pi = 1.00 according to equation

7.14, and assuming a constant percentage error in kobsd’ gave

5.2 -1

+ + - -1
klkz[ﬂ ]/k,__l(KA + [H ]) = (3.5 £ 0.3) x 10° M ‘s and k2/k_1 =52 +8M7;

these values were used to draw curve D in Fig. 7:1. Similar analysis

of Morgan and Jones' data(z) gave k1k2[H+]/k—1(KA + [H+]) = (4.1 + 0.2) x 104
M_Zsﬂl at pH = 1.88 and kzlk-l = 12 £ 3 Mfl; these values were used to

draw curve E in Fig. 7.2.

Equaéion 7.14 predicts that at high [Br ], where (kzlk_l}[Br-] becomes
very much greater than 1, a limiting value of kobsdf[Br-] (equal to
kl[H+]l(KA + [H+])) should be reached. The onset of this effect can be
seen in curves D and E of Figs. 7.1 and 7.2 respectively. The aim of the
present work was to extend the previous studies of the {Brﬂ]-dependence of

the reaction
trans—[Pt(CN}4BrOH2]_ + Br —— trans-[Pt(CN)4Br2]2" + H20 (7.15)

to much higher [Br ] and to see whether the function kobsd/[Br—] does indeed

reach a limiting value.

Experimental

Preparation of Complexes

K, [PE(@0),]- 31{'29

Potassium tetracyanoplatinate(II) was prepared by slowly adding solid
Kz[Pt014] (ex Johnson Matthey and Mallory; 4.15 g) to a warm solution of KCN
(2.60 g in 50 ml). This gave a pale yellow-green solution and a small
quantity of brown crystalline precipitate. Addition of further KCN (ca.
0.1 g) did not dissolve the latter, and the solution was cooled and filtered.
The filtrate was warmed and its volume reduced to ca. 35 ml. It was cooled
and Kz[Pt(CN)A]'BHZO precipitated as pale yellow-green crystals which were

removed by filtration. Further evaporation of the filtrate yielded more of
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the rather soluble Kz[Pt(CN)&]'Bﬂzn. The two crops of ecrystals were combined

and recrystallised from the minimum amount of warm HZO' The recrystallised

product was washed with a little ice-cold H,D, but since it was required for

2

 further synthesis, it was not dried.

trans—K, [P£(CN)  Br, ]

Kz[Pt(C§)4]-3H20 (4.3 g) prepared as above was dissolved in the
ﬁinimum amount of HZO’ and a few ml of ca. 3 M HBr added. Br2 {1 ml) was
added and the solution was warmed (not boiled) on a hot-plate to evaporate
the excess Br2 and reduce the volume to ca. 5 ml. Bright yellow, granuiar
crystals precipitated and were filtered off. They were recrystallised by
dissolving in the minimum amount of warm 3 M HBr, then cooling slowly to
4°C. The resulting crystals were filtered off usinp ice-ceold apparatus,
.washed with a little ice-cold dil. IiBr, and dried under vacuum at 35-45°C
for 4 hr. The crystals did not change appearance at all on drying, and it
is probable that they were originally isoclated as the anhydrous salt.(s)

The spectroscopic parameters of the product are compared with published

values for trans~K2[Pt(CN)4Br2] in Table 7.1.

Kinetics

Preliminary experiments

In initial experiments on the bromide anation of tranSF[Pt(CN)aBrOHz]—,
the bromoaquo-platinum(IV) complex was generated in situ by oxidising

Kz[Pt(CN)A] with one equivalent of bromine:

Br. + [pe(c), 127 + w0 £285, BT 4 (BrPr(cw),om
4 4

2 9 (7.16)

2]_

(1)-(3}

Although this method was used by the previous workers, it was found

to be rather inconvenient in this study, due to the difficulty of preparing
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standard solutions of Br2 and of preventing the evaporation of Br

o once
they have been standardised. The bromoaquo-substrate was therefore prepared

from trans—[Pt(Cﬂ)hBrz]z-by the reaction
trans—[Pt(CN)hBrzlz— + 0  — trans—{Pt(CN)aBrOHfb'+'Br- (7.17)

In order to check the feasibility of preparing the substrate by this method,
% known weight of EEEEEf[Pt(CN)ABrZ]ZH was dissolved in 1 x 10_3 M ¥aOH

and {its U V spéctrum measured. Changes in the U V spectrum of the solution
were monitored on the Perkin-Elmer 402 Spectrophotometer for 1 hr, after
which time no further change oceurred. From Skinner and Jones' results(g)

on the kinetics of the alkaline hydrolysis of ££§E§7[Pt(CN)4Br2]2h, the half-
iife of reaction 7.17 will be less than 1 min at 25°C, and the ratio
[Pt(CN)ABrOHah]I[Pt(CN)aﬁrzzb] will be greater than 103 at the [OH ] obtain-
ing. Thus the compound formed after 1 hr was assumed to be trans-
[Pt(CN)QBrOH32‘;as shovn in Table 7.2 its extinction coefficient at 345 nm

(1)

is 277 Mu1 cmnl, in excellent agreement with Skinner and Jones' values

of 260 M_l cm_l at 342 nm. An aliquot of the [Pt(CN)ABrOH]Z—solution was

added to an equal aliquot of a solutiom of HClQ, and NaBr to give a final

5

4
solution that was 8 x 107 M in H+ and 0.02 M in NaBr. The extinction
coefficient of this solution at 345 nm is given in Table 7.2, where it is
compared with the extinction coefficient (at the same wavelength and under
similar conditions of pH and [Br ]) of authentic ££§5§f[Pt(CN)4Br2]2".

Reaction 7.17 is clearly readily reversible on adding acid and it represents

a very convenient method of preparing ;rans—[Pt(CN)ABrogg— in situ.
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Quantitative Kinetic Experiments
The reaction

trans- [Pt (C) ,BrOH ] + Br ——— trans-[Pt(CN}, Br ]2— + H.0 (7.18)
—_— 4 ZJ ——— 472 2

was studiaed using a Durrum-Gibson stopped flow spectrophotometer fitted with
a logarithmic converter so that absorbances could be read directly from the
oscilloscope screen. The absorbance against time traces were photographed
using a Tetronix oscilloscope camera system and Polaroid Land Film type 107.
Temperature control in the flow system was achieved by immersing the drive
syringes in a water bath throupgh which the water was circulated after passing
through a heat exchanger placed in an external thermostat-bath, For all runs
temperatures close to the drive syringes were within the range 25.00 * 0.04°C
measured by a precision partial immersion thermometer.

For the kinetic measurements, Egézg—[Pt(CN)aBrTHB“ vas generated by
preparing a solution that was ca. 1 % thA M in EIEEETKZ[Pt(CN)4Br2]
1.0 M in HaClO4 and 1 x 1(}_3 M in NaOll. This solution was freshly prepared
-on each day that kinetic runs were performed, and it was used as the reactant
solution in the first of the drive syringes. The second reactant solution

3 3 1

was 1.4 x 10~ M in HC1O,, from 8 x 107

sufficient NaClO4 to maintain the ionic strength at 1.0 M. On mixing equal

to 4 x 10" M in NaBr, and contained

aliquots of the two solutionms in the spectropnhotometer, a solution which was
“h -3 - -3
2x 10 "HMinH, 5 x10 "™ in‘trans—[Pt(CN)ABrOHZ] , from 4 = 10 to
-1 L . .
Z » 10 7 M in HaBr and with an ionic strength of 1.0 was generated. Reaction
7.18 was followed by measuring the increasing absorbance at 342 nm.
After the stopped-flow measurements had been completed, 10 rl aliquots
of each of the two reactant solutions were mixed and the pH of the combined
solution was measured using a Radiometer pll-meter 26, A glass electrode was

used as the probe electrode, and a saturated calomel electrode as the
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reference electrode. Some difficulty was experienced in making the pll-
measurements; although the initial reading was steady for about 1 min, énd
reasonably constant for all solutions, it then fell extremely rapidly, and
did not appear to reach a steady value. Since saturated KCl was used as the
salt bridge in the reference electrode, it was felt that precipitation of
KClO4 in the pores of the electrode sinter where the KCl solutiomn came into
‘contact with the 1.0 M NaClOlIr test solution was the cause of this effect.
However,'by making rapid measuremenfs of the pH, and soaking the electrodes
thoroughly in distilled HZO betwveen readings, it was found that the pH of
all the reactant solutions was 3.554 %0.002. This value differed somewhat
from the value of 3.699 that was calculated from the known concentrations of-
NaOH and HC].O[+ in the two solutions, In view of the difficulty of making
the pH-measurements, this difference 1s probably not significant; the one
important conclusion for the interpretation of the kinetic measurements!;is
that whichever value of the pH is correct, éhe pH is within experimentaih
error the same in all solutions.

Pseudo-first order rate constants, kobsd were obtained by pldttiné‘
log (v - yt) against time where Ve and y_ are the ordinates in em on the-
stopped flow trace corresponding to the absorbances at 342 nm of the reaéting
solution at time t, and after completion of the reaction respectively. The
assumption of pseudo-first order conditions is an approximatioﬁ only, since
all previous authors have shown that the [H+]—dependence of the reaction rate

can be described by the rate law

K - ———T[H+] £C[Br 1) (7.19)
obsd KAf (HT] ‘ -

where £([Br }) is a function of the concentration of Br , and in the present

experiments the [H+] was comparable to that of [Pt(CN)QBrOHZ]‘. Assuming
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that the [H+] was 2.79 x 10“4 M, the experimentally measured value, and that

KA is 3 x 10_2 M (an average of the results of all the previous workers),

it can be calculated from equation 7,20

] [Pt (CX) , BroH]

Ky = [P(cR) Broi, ] (7.20)

that in these experiments the initial value of the ratio

[Pt(CN)kBrOH]/[Pt(CN)ABrOHZ] is greater than 100, Thus the equilibrium
-— 2__ +- .
[Pr(CN) 43r0}i2] gt [Pt(CN)ABrOH] + H . (7.2)

lies almost entirely to the right hand side, and the initial [H+] of the

solution is 2.79 x 10“4 + [substrate] = 3,29 x 10“4 M. As the [Pt(CN)aBrOHZ]n
undergoes anation to [Pt(CN)aBrzlzq, equilibrium 7.2 will be displaced to

+
the left, consuming H' . The net reaction will therefore be

trans—[Pt(CN)aBrOH]" + H+ + Br —— trans—[Pt(CN)ABrZ]Z- + H20 (7.18)

- .
and for each mole of trans—[Pt(CN)aBrZ] produced, 1 mole of H+ will be
consumed, The [H+] will therefore change continually throughout the reaction

4 M to 2,79 x 10_4 M, and by equation 7.19 the pseudo-first

from 3.29 x 10~
Qrder rate constént will decrease by 15Z during the reaction. This effect
would give rise to curved first order rate plots, but since the absorbance
changes during the reaction were less than 0.1 absorbance unit, uncertainties
in the value of y_ in some cases more than compensated for the slowing down
of the reaction due to consumption of H+. In view‘of this, and of the low
signal/noise ratio in some of the faster runs, which rendered determiqation

of Ve and y_ rather difficult, it was felt that a full second-order analvsis

of the data according to equation 7.19 was not justified. Thus the rate
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constants were obtained from the slope of the graph of log(ym—yt) Apainst
tire, the best straight line being drawn through the points for the first
75% of the reaction; reasonably pood rate plots were usually obtained

over this period. A typical rate plot is shown in Fig. 7.3.

Results and Discussion

The values obtained for kobsd at the various bromide concentrations
used are given in Table 7.3. The average value k of kobsd for a given set
of runs at a constant concentration of bromide is given in Table 7.5, There
are two sets of runs at [Br ] = 4 x 10b2 M; these were performed on two
different days with freshly prepared solutions, and were treated as two
different sets of runs rather than one combined set. Within a set of runs
the precision is éenerally fairly good, as can be seen from the standard
deviations of.E, which are listed as a percgntage,cz_in column 3 of Tahble
7.4. A “pooled" standard deviation of k, Goys defined as the square root of
the pooled estimate of the variance of k is 2.53%., (The equations for calecu-
lating GZ are given In Appendix A.) This value is considerably less than
the value of 14,6% which is the mean deviation between the two sets of runs at
[Br ] = 4 x 10_2 M, indicating that although the precision of the measurements

within a set of runs is relatively high, the apreement between sets of runs

is not as good.

Determination of the rate law

The rate law for the simple redox mechanism (equations 7.12 to 7.13)
predicts that for the bromide anation of Ezgggf[Pt(CN)&BrOHZ]—, the function
kobsd/[Br_] should initially increase linearly with fBr ], but should eventu-

ally reach a limitinp value at high [Br ]. A graph of kobsd against [Br ]
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was plotted using the average values of k iven in Table 7.5, Fig., 7.4

3 M

obsd B

shows the results obtained over the concentration interval 4 x 10
< [Br_] <6 x 10_2 M and Fig. 7.5 those for the concentrations of bromide

2 1 M. {The error bars on these and

in thelrange 6 x 100" M < [Br ] <2 %10
the other graphs will be explained later.) Fig., 7.4 indicates that at low
[Br ] the function (kobsd/[Br-]) begins to reach a limiting value, but at

[Br 1 greater.than ca., 0.02 M the function begins to increase once‘more, as
shown in Fig, 7.4 and 7.5. This indicates that although at low concentrations
of bromide the redox mechanism provides the major pathway for reaction, at
higher [Br ] a pathway giving rise to terms in the rate law that are at least
third order in [Br ] becomes increasingly important. A graph of the function
kobsd/[Br_]2 against [Br ] was therefore plotted and it is shown in Fig. 7.6.

Rearrangement of equation 7.14, the rate law for the redox mechanism, predicts

that

Kobsd  _ (kyky k) ]
[Br ]2 (1 + (ky/k_pD B (K, + OTFD)

(7.21)

so that if this mechanism is occurring, the funcgion kobsd/[Br_]2 should
decrease with increasing [Br ]. Fig. 7.6 shows that this does indeed happen,
up to a [Br ] = d.O3 M; at concentrations of Br greater than this value,

the function increases with increasing [Br ], then appears to reach a limiting
value. Fig. 7.4, Fig. 7.5 and Fig. 7.0 sugpested that the full rate law

for the Br anation of Ezgggf[Pt(CN)ABrOHzl— might be.of the form

-2 -3
— a[Br } ce[Br ]
obsd = T+ O] T I = dIBe=] (7.22)

k

A weiphted least squares treatment of the data of Table 7.5 according

to equation 7.22 was therefore carried out, assuming that there was a con-

-

stant percentage error in kobsd' In the analysis it was assumed that in
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each set of n_ runs at fixed [Br ] there were n, independent determinations

of k equal to the average value k of k found for that set. The use
obsd obsd

of average values of k was necessary because the weighting factor, w,

obsd

associated with an individual point in the least squares procedure is piven

by
w o= -——1—--—2- (7.23)
(kobsd)

Thus at a constant [Br ], the weightiﬁg'factor would always be unduly high

for the lowest wvalue of k05 removes this

sd; the use of average wvalues of kdbsd

bias, The use of nspc:ints all with tteaverage value of kobs d ensured that the

precision associated with the number of points in the set was not lost.
The details of the least squares analysis are given in Appendix D and the
computer programmerwritten to perform it in appendix E. The least squares
procedure inveolved an interative refinement of initial estimates ao, b

cO, d0 of a, b, ¢, d. These initial estimates were obtained by assuming

3

that at low concentrations of Br equation 7.22 reduces to

_.2
_ a{Br ]
kobsd = T + biBr-] . (7.248)

which gave estimates of a and b. Using these estimates of a and b,
values of kobsd at high [Br ], and the full rate law of equation 7.22,
it was then possible to calculate estimates of ¢ and d. These estimates
of ¢ and d were used with values of kobsd at low [Br ] and the full
rate law of equation 7.22 to give better estimates of 3 and bh. It was
necessary to repeat this procedure several times in order to obtain self-
consistent values of a, b, c, d. When the values of these parameters were
0O .0 0 0

self~consistent they were used as a , b, ¢, d, the initial estimates of

a, b, ¢, d in the weighted least squares analysis. This lengthy procedure
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simply to obtain rough estimates of 2. b, ¢, d was necessary because the

percentage error in k is quite high, the function represented by equation

obsd
7.22 is mathematically very complicated, and values for a, b, ¢ and 4 are

all interdependent. It has been emphasised by Wentworth(lo)

that unless the
initial estimates of parameters required for a non-linear least squares
analysié are reasonably close to the final values obtained, the iterative
.procedure of tﬁe least squares method may not converge, in which case it
.becomes impossible to solwve the least squares equations for the parameters
required.

The results finally obtained by the least squares treatment are shown

in Table 7.6. The average values of k fit equation 7.22 with a standard

obsd
deviation of 11.1%. In view of the experimental difficulties involved in
stopped flow measurements and the nonhpseudo—first order conditions employed
in these experiments, a standard deviation of this order of magnitude seems
entirely reasonable. Moreover, this figure is comparable to the mean devia-
tion of 14,6% found between the averages of the tw0-sets of runs at [Br ] =
0.04 M, and it seems likely that much of the imprecision implied by the
standard deviation of 11,1% is due to the difficulty of reproducinz a given
set of data, rather than systematic deviations from fhe rate law of equation
7.22,

The curves drawn through the experimental points of Figs. 7.4, 7.5
and 7.6 were calculated according to the values of a, b, ¢, d given in
Table 7.6. The error bars of the function y = kobsd/[Br_] in Figs. 7.4 and

7.5 represent y * Gy where GY is the standard deviation of y. By the law of

propagation of errors, UY is given by

oy = ‘g% (7.25)
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where k 1is the percentage error (11.1%) of anv value Of"kobsd' Similarly
the error bars of the function z = koqu/[Brﬁl2 in Fig. 7.0 represent -
z+ o, where 9, is the standard deviation of 2z and is given by
_ k=
Uz = 109 (7.26)
If we define
-.2
- a[Br ]
Ka = T blBr] (7.21)
and _
k. = __ELEEZIi_ (7.28)
B 1 + d[Br~] *

then rearrangement of equation 7.22 gives equations 7.29 and 7.30.

[Br ] 1__ b
l__ - — 42 (7.29)
kbbsd kB a[Br~] a
x> 1 + 4 (7.30)
kobsd - kA c[Br~] c

- -.2 -

Hence graphs of [Br ]/(kobsd—kB) and {Br ] /(kobsd“kA) against 1/[Br ]
should be linear. These graphs are shown in Figs. 7.7 and 7.8 respectively.
Points for [Br ] greater than 5 x 1072 M are omitted in Fig. 7.7 since at
concentrations of Br greater than this figure kB becomes large compared

with kobsd and the corresponding values of [Br ]/(k )} become very

obsd “8

bsd at [Br ] = 0.04 M was also

imprecise. The value of 1.564 s_l for ko
omitted from Fig. 7.7 since this value of kobsd deviates by 29% (nearly three

standard deviations) from the value predicted by equation 7.22., At bromide

. -2
concentrations less than 5 x 10 ™

. kA is relatively large compared with

kobsd; the points for Br concentrations less than 5 x 10"2 M are therefore
omitted in Fip. 7.8, since at these concentrations the standard deviation

of [Br_]z/(kobsd—kA) becodmes very large. The error bars in Fig., 7.7
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+ 1 - - - » !
represent u * o, where u is [Br ]/(kobsd kB) and o, is the standard
deviation of u, calculated from the known standard deviaticons and covariances
of a, b, ¢, d as indicated in appendix D. The error bars in Fig. 7.8
similarly represent v * o, where v is [Br_]zl(kobsd—kA) and o, is the
standard deviation of v, calculated as shown in appendix D. Doth Fig., 7.7
and Fig. 7.8 are reasonably good straight lines, as predicted by equation

- 7.22,

- Comparison of these results with those of previous workers

As discussed above, trans—[Pt(CN)ABrOHZ]_ is a moderately strong acid,
and the experimental rate law of equation 7.22 would be written more properly
as

-42 -.3
aS[Br 1 cS[Br ]

kobsd = YT+ BiEc] © T+ di8c]

f (7.31)

where a, c_ are the kinetic parameters for trans—[Pt(CN)4Br0H2]" itself,
and f is the fraction of the substrate which is present as [Pt(CN)ABrOHZ]-
at the experimental pH., From a mass balance on the substrate species the

equation

: [Pt(CN)ABrOHZI + [Pt(CN)ABrOH] = C (7.32)

t

follows, where Ct is the total concentration of substrate species present

at any time. ¥From equations 7,31 and 7.32 it follows that"

£ o= i) (7.33)
K+ (] :

A

Substitution of this value for f in equation 7.31 and comparison with
equation 7.22 leads to the equalities

ash
a = e (7.34)
KA 4+ h
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c h

s
c = —— - (7.35)
KA + h

where h represents the [H+] obtaining during the present studies,
Comparison of the results of this study with those of previous

investigations involves the use of equations 7.31 to 7.34. 1If h, represents

1

, . _ :
the (H ] of a previous study, and kébs the pseudo-first order rate constant

d

at a given [Br ] then

o afBr 1% eler’® 1, _n Kty (7.36)
obsd 1+ b[Br-] 1+ d{Br] (Kﬁfh) hl :
.Defining
-.2 -.3
1 { a[Br ] c¢[Br ] }
g = e - (7.37)
kobsd 1+ bi{BrT] 14 disr} .
it can be seen from eguation 7.36 that
h, (X, +h)
1A
g = T (7.38)
h(KAfhl)

There seemed little point in comparing values of g calculated from equa-
tions 7.37 and 7.38, since the value of KA is not known with any degree of
precision, ThusAKA was found to be 2.5 x 1072 M by Skinner and Jones' 1

and 3.16 x 10—2 by Morgan and Jones(B) {both values were obtained from the

pi~dependence of the rate constant in the Br anation of trans-

(2) 2

[Pt(CN)aBrOHZ]‘), whereas Mason found values of 3 x lOn2 M and 1.07 x 107° M

from the pH-dependences of the anation of this complex by Br and by cl
respectively. A comparison with the previous work was attempted by using
equation 7,37 to calculate values of g for each of the runs performed by

(2)

Mason at constant pH and varying, [Br }. Since Mason found the rate law
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+ :
(n 1] -2 '
= o N 5 + .
kobsd : KA + [HF] k{?r ] k ' (7.39)
e T 1
the value of kobsd used in equation 7,37 was taken to be (kobsd k'), The

values of g obtained are shown in Table 7.7. The average value, g, of
g -appropriate to this set of runs was then calculated, and this value of
E'was used as g 1in equation 7.38 to calculate KA' Since the pH of the

present study varied during the kinetic yrun, h_ in equation 7,38 was

assumed to be given by
h = h_+ kC (7.490)

+
where hf is the [H ] at the end of the reaction and Ct is the total concen-

tration of Pt(IV) species present. Since hf was either 2.79 x 10—4 M oor

2 x 10-4 M depending on wvhether the measured or calculated value of the pH

was assumed to be correct, calculations for K, were performed using both

A

values, and the results are shown in Table 7.8, This procedure was followed

for Skinner and Jones' two sets of data(l) at pH = 1,00 and 1.90 respectively,

and for Morgan and Jones' data(a) at pi = 1.88. TIn all these three cases,

the correction of kébsd by subtraction of k' was not necessary since k' is

negligible compared to k;bsd' The calculation of KA’ or even of g, from
)

Morgan and Jones' results(3

is not strictly justified, since their work was
performed at an ionic strength of 0.5 M, and not 1.G M, but their work has
been included for the sake of completeness. The wvalues of g and t found
for all authors' data are given in Table 7.7, and the values of KA_in Table
7.3. The results in Table 7.8 show that on the wiole, rerardless of the
value assumed for the [ﬁ+] of this study, the values of KA obtained are

reasonably close to those found by other workers. The one exception to this

result appears to be the work of Morgan and Jones,cB) and as explained abnve,
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their work is not strictly comparable with the results of this study, or
of the other investigations. The variation of the calculated value of Kh

with the sets of results that are being compared is most probably due to

. . . L .
systematic errors in the {H ], both in h and in hl' Thus Mason's valuescz)

of hl were simply calculated from the concentration of HClO4 which was

(1) (3)

'added, Skinner and Morgan measured the PH of their solutions; this work
has shown that the two methods are not necessarily ecuivalent.

An altérnative method of comparing the results of the different
studies, which eliminates the systematic errors of both h and hl’ can be
devised, This method involves '‘correcting” the results of earlier workers

to the pH of this study by use of the equation
k = kxg (7.41)

where Elis the correction factor {given in Table 7.8) appropriate to .the
results in question. Graphs of [Br‘]/(kcorr—kB) against 1/[Br ] were plotted

and are shovn in Figs. 7.9 and 7.10. (kB is defined in equation 7.28.)

The straight lines in Figs. 7.9 and 7,10 were drawn according to the equation

_Bc1] _ _1 __.b
kcorr - kB alBr7] * a (7.42)

which is entirely analegous to equation 7.22 except that kcorr has replaced

Using the wvalues of a, b, ¢, d given in Table 7,6 and of E'given
: (1)

kObSd '
in Table 7.8, Skinner and Jones' results at piI = 1,00 and 1.90 fit equation
7.42 with standard deviations in kcorr of 14,0%Z and 9.5% réspectively. There
do seem to be some systematic deviations from equation 7.42 (see Figp. 7.9},
but the later, and presumably more accurate, results of Morgan and Jones fit

equation 7.42 with a standard deviation of only 5.2%, and the deviations

seem to be random. Similarly, Mason's results fit equation 7.42 very well,
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the standard deviation beines only 2.77%.

Possible mechanisms

There are several mechanisms which can be postulated to explain the
rate law found for this reaction. 7The first to be considered is derived

(2)

from a mechanism sugpested by Mason. From his results at very low [Br-],

‘where the rate law of equation 7.22 reduces to

k, JJE = a[Br ]2 (7.43)

he suggested that the mechanism involved formation of a Br ion-paired
species, followed by a second order reaction of the ion-pair with another

Br ion. Although he said that the nature of the second order reaction could
not be deduced from the experimental data, he appears to have felt that it
must be an A, or more probably, an Ig.process.r Mechanism A given below
represents an adaptation of Mason's mechanism; reactions 7.44 and 7.46 are
those originally proposed by Mason, and reactions 7.45 and 7.47 were added

in an attempt to explain the third order dependence on [Br |.

Mechanism A

Br~ + [BrPtL,0H,]” === {Br, BrPtL,OH. }> - (7.45)
472 A 452

- 2~ or 3-

Br + {Br, BrPtLAOHz} s {2Br, BrPtL40112} : (7.45)
B

2- -8 - 2-

{Br, BrPtL OH_ .}~ + Br ——— Br + [BrPtL,Br]" + U0 (7.46)
LR 4 2

3= _ ok - 2—

{2nr. BrPtLADHZ} + pBr -———— 2Br + [BrPtLéBr] + HZO (7.47)

B

(In this and all the other mechanisms discussed for this reaction, L
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indicates CM.) Species A and B are an jon-pair, and an ion-triplet, respec-
tively, formed between the platinum{IV) substrate and Br . As shown in’

Appendix B, Section (i), this mechanism predicts the rate law

-3
kobsd ky IP[Br 1+ koK pKyp (B ]

1+ KIP[Br_} + K [Br ]

n

(7.48)
IP IT

‘where f is defined in equation 7.33. Since KIP and KIT represent associa-

tion between two ions of similar charge it is unlikely that they are greater
than 0.2 M-l, the association constant calculated by ?rue(ll) for 'associa-
tion" between two neutral species. Tven at 0.2 M Br , the highest [Br ]

used in this study, (KIP[Br—] + K [Br ] ) therefore would compose only

IP IT

9% of the dencminator in equation 7.48; under these conditions equation 7.48

would approximate to

kobsd

3 = 1 IP[Br ] + 1K

oKip I”[Br ] (7.49)

Equation 7.49 clearly does not resemble the experimentél rate law, equation

7.22, If for some reason KIP and KIT were unexpectedly large, so that the

full rate law of equation 7.48 would be predicted, the possibility exists

that equation 7.48 might represent the variation of k with [Br ] as well as,

obsd

or better than, equation 7.22, (Since k obviously depends in a very

obsd
complex fashion on [Br ], it is not easy to distinguish by inspection between
different.polynomial expressions for this dependence.) However, as shown in

Appendix C, section (i), equation 7.48 does not predict the minimum found in

the graph of kobsd/[Br“]2 against [Br ] (Fig. 7.6). Uhatever the mapnitudes

of KIP and KIT’ mechanism A can therefore be rejected.

A mechanism where the interchange reactions of steps 7.46 and 7.47 are
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not Ia, but Id, can also be considerad. In this case, steps 7.46 and 7.47
must now be written as two steps, the first being the formation of an encounter

complex (steps 7.50 and 7.52 in mechanism B), and the second beinm a dissocia-

- . tive interchange within the encounter complex (steps 7.51 and 7.53 in nech-

anism B). The main reason for considering this mechanism is Skinner and

VJones' claimcg) that the bromide-assisted hydrolysis of trans—[Pt(CJ) 2]2—
is the Id reaction of a Br ion pair. If the reaction
{Br, BrPt(CN)ABr}S— + R0 ——— {Br, BrPt(CN)AOHZ}Zd + Br (7.54)

is Id in nature, microreversibility demands that the reverse of this reaction
also be Id in nature. Mechanism B shows the reaction sequence for the Id

reaction of a bromide ion-pair and triplet with Br .

Mechanism B

Br + [BrPtL 2] === (Br, BrPtL4 } . (7.44)
- Kop
Br + {Br, BrPtL } === {2Br, BrPtL,OH } (7.45)
4%y B 4
2- - 5 3
{Br, BrPtL4 2} + Br === {Br, BrPtL40H Br} (7.50)
- 5 - 2
{Bx, BrPtLaouz, Br} —= Br + [BrPtLaBr] + H,0 (7.51)
-, - K5 e
{2Br, BrPtLAOHz} 4+ Br =——= {2Br, Br"’tLAOHZ, Brl (7.52)
B
w5 - 2~
{2Br »BIPLL OH, ,Br} —s 2B + [BrPtLaBr] + 1,0 (7.53)

In this mechanism, the ion-pairs B and C must he isomeric, the isomerism
being caused by the different positions of the associated Br ions in the

second co-ordination sphere of the complex. This mechanism therefore
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requires that in the second co-ordination sphere of the complex there be
specific sites for association., The rate law predicted by mechanism B is

derived in Appendix C, section (ii), and it is found to be

-12 -3
Kobad kyKppKy (Br 717 + kK K Ko [Br] .55
f »

» - r -2 -3
14 KBl + (LITKIP‘f KiKppd [Br 17 + KK K [Br ]

27IPTIT

In order that the term K K

. -3 . o . -
2 IPLIT[Br 17 comprise even 10%Z of the denominater

in equation 7.55 at the highest [Br ] used, it is necessary that the product

KK be at least 12.5 M 3. Since

2 IPKIT

KZKIPKIT = 83 : (7.?6)

where 83 is the overall formation constant of the ion quadruplet
{2Br, BrPt(CN)AOHZ, Br}4- from trans—[Pt(CN)aBrOHz]_ and 3Br , a value of

'83 of 12.5 M--3 is clearly totally unreasonable, Thus equation 7.55 reduces to

: -2 ~.3 .
Kobsd _ kKK [Br 17 + IR KK, [Br ] (7.57)
3 1)

- r rd - 2
1+ KIP[Br ] + (KITkIP + KILIP)[Br ]

which is of the form

kobsd a{BrH]2 + b[Br“]3 ' -
3 = - ) .(7”8)
1+ cfBr ]+ d[{Br ] ' '
where ) a = klﬁlKIP (7.59)
b = kZKZKIPKIT (7.60)
c = KIP (7.61)

d = KIP(KIT + Kl) (7.62)
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Equation 7.58 is of the same form as equation 7.48, and it has already been

shown (Appendix C, section (i)) that this equation does not predict the

variation of k

obsd

can therefore be eliminated.

with [Br ] that is found experimentally.

Mechanism B

The next variation on a2 classical octahedral substitution mechanism

is an adaptation of the mechanism which was proposed for this reaction by

Morgan and Jomnes.

(3)

Since this mechanism assumes D activation and reaction

via an (ion-paired) five-co-ordinate intermediate, it automatically concludes,

by the principle of micro-reversibility, that Skinner and Jones' assignment

(9

of the hydrolysis of the ion-pair {Br, BrPt(CN)aBr}B_ as an Id mechanism is’

erroneous.
Morgan and

mechanism;

Jones,

This implication of theilr mechanism was not commented on by

(3)

steps 7.44, 7.63 and 7.64 represent these authors' original

Mechanism C shows the adaptation of Morgan and Jones' -

mechanism, and steps 7.45, 7.65 and 7.66 were added in an attempt to expléin.

the third order dependence on‘[Br_] in equation 7.22.

Mechanism C

Br + {Br, BrPtlL

Br + [BrPtLAOHZ]

2-
4OHZ}

{Br, BrPtL

o, 2"
A

4

{Pr, BrPtL&}z_ + Br
C

{2Br, PrPtL 0&2}3"

B 4

{2Br, BrPtLé}B_ + Br

17
“IP,

{Br, BrPtLaon}z_
A
{2Br, BrPtL OH.}°
> 42

B

{Br, BrPtL }2' + H.0
c 2

BRr + [BrPtLaBr]z_

{2Br, BrPtL 137+ wo
o A 2

2Br + [BrPtLaBr]z_

(7.48)

(7.45)

(7.63)

(7.64)

(7.65)

(7.606)
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As in mechanisms A and B, species A is an ion-pair and species B an ion-
triplet formed between Br and the hexa-co-ordinate platinum(IV) substrate;
species C and D are the corresponding species derived from the five-co-

(1)

ordinate species {BrPtL4}“. Following Skinner and Jones and Morgan and
Jones,(B) equations 7.44, 7.45, 7.63, 7.65 are assumed to be rapid pre-
equilibria, and equations 7.64 and 7.66 to be rate~determining. Consistent
with theilr nature as association constants between lons of the same charge,
KIf and KIT aré assumed to be very small; since penta-co-ordinate Pt(IV)
species have not been detected in solution, Kl and K2 are also assumed to
be very small, With these assumptions, Mechanism € predicts that the raté

‘law will be

x
obsd _ -2 ] -.3
Fo = kKK [Br ]+ kKK Ko (B ] . (7.67)

Equation 7.67 is derived in Appendix C, section (iii). Equation 7.67 is
not of the same form as the experimental rate law, equation 7.22, so Morgan

(3)

and Jones' mechanism as such does not predicﬁ the correct form of the rate
law and can accordingly be eliminated.

However, mechanism C in fact assumes that the rates of reactions 7.64
and 7.66 are negiigible compared with those oflthe reverse of reactions 7.63

and 7.65 respectively. If this restriction is lifted, the more peneral

mechanism D is obtained, where kZ[Br_] and kh[Br—] are no longer negligible

compared to k_l'and k_3 respectively.
Yechanisn D
- - KIP 7
Br + [RrPtL, 0H, ] <= {Br, BrPtL,OH,} (7.44)
42 4772
S A
2 17 3
Br- + {Br, BrPtL,OH,}" <= {(2Br, BrPtL, OH,}™" (7.45)

A B



{Br, BrPtL,OH ]2' =k {Br, BrPtL }2" + |0 (7.
42 k 4 2
A -1 c
2- - ky - 2=
{Br, BrPtLé} + Br —— Br + [BrPtLaBr] (7.
c
3- Ky 3- '
{28r, BrPtL, OH,} === {(2Br, BrPtL,}~ + H,0 (7.
4 2 k 4 2"
B -3 D
. k. - k4 2—
{2Br, BrPtL,}™ + Br —— 2Br + [BrPtL,Br] - (7.
This mechanism predicts the rate law
k k. k.K [13.1-“]2 k. k (8 "]3
obsd _ “12°1p o 39St .
f k_; + k,[Br~] k_y + k,[Br ]

which is of the same form as the experimental rate law (equation 7.22), so
that mechanism D cannot be eliminated immediately. However, this mechanism

predicts that the Br jon pair, A, is very nuch more reactive than the sub-

296

63)
64)
65)

66)

68)

strate, since there is no term in the rate law corresponding to reaction -of

(1)

the substrate itself. {(Skinner and Jones' original claim

(2)

such a term was disproved by Mason and by Morgan and Jones.(3)) This
situation is very unusual; as shown in Table 3.1 on page 135, ion pairs

are generally only 1 to 5 times more reactive than their parent complex

towards dissociative activation. Moreover, comparison of the predicted rate

law (equation 7.68) with that found experimentally (equation 7.22) gives

c _ , .
T " kgKppKyef @.
a _. . _
b kl‘{n’f (7.
so that
o _ S 7
ad N '

that there was

69)

70)

71)
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-
‘3“I'r/k1

-1 : .
is calculated to-be 125 M ~. Since it was assumed implicitly in the deri-

Using the experimental values of a, b, ¢, d given in Table 7.6, 1

vation of equation 7.68 that even at the highest concentrations of Br

(0.2 M), KIP[Br-] and KIT[Br—] were very much less than 1, K__ must be very

P

much smaller than 5; and because of the more unfavourable electrostatic

contribution to the free energy of formation of the ion triplet, KIT would
(3)

be expected to be very much smaller than X Also, Po# and Vaughan

ir*
using a spectroscopic method found that the ion-pair formation constant for

the equilibrium
Br + [Brpt(cn)43r]2' == [PBr, BrPt(cn)QBr}3“ (7.72)

was less than 0.1 M-l. If it is assumed that the ion-pair
2 -
{Br, BrPt(CW) 40142} is roughly equivalent to trans—-{BrPt(CH) 4151']2 B

also becomes less than 0.1 M_l. This means that k3/k is greater than

1
125/0.1 = 1,25 x 103. It seems wholly unreasonable to assume that the ion-
triplet {2Br, BrPt(CN)4OH2}3‘ will be over a thousand times more reactive

than the ion-pair {Br, BrPt(CK)aoﬂz}zﬂ towards dissociative activation. In
addition, it 1s necessary to propose some kind of specific associatiop between
Br ions and {BrBt(CN)A}_ in D, in order to explain why these species require
the presence of a second and a third Br  ion in their second co-ordination
sphere before they can collapse to the [BrPt(CN)aBr]z_ product. In order to
account for the fact that Br accelerated, rather than retarded, the supposedly
dissociative hydrolysis of Ezggﬁf[Pt(CN)aBrzlzu, Skinner ana Jones(g)

proposed a mechanism involving the {Br, BrPt(CN)ABr}3- ion-pair, and proposed

that this speecies had the structure I

{Br—.......BruPt(CN)4~£r}3_ (1)



where the Br 1ligand trans— to the associated free Br ion is the leaving
group. An attractive interaction, indicated in T by dotted lines, hetween
the associated Br ion and the co—prdinated Br ligand, was sugrgested to be
the binding force within the appregmate. The high positive charge of the
central Pt atom polarises electrons in the Pt-Br bond, making the co-ordinated
Br relatively positive, and hence susceptible to electron donation by free

Br . Followiﬁg this example, the structure of the ion-paired intermediate

C would be IT
- ' 2_
{Br .......Br—Pt(CN)a} (11)
and that of the ion~triplet species D would be TIX

Br‘..

'Br—Pt(CN)4 (111)

In each case the associated Br ions are located across the molecule, trans
to the vacant co-ordination site, and collapse of C or D to give the
dibromo-product cannot be accomplished without considerable rearrangement

of the molecular geometry. However, in structure IIL it is difficult to seé
why the two Br ions prefer to occupy adjacent positions in the second co-
ordination shell, when electrostatic considerations supgest they would be
located at antipodes of the complex. An alternative structure for D would

be IV

{Br"......;Br'.......Br—Pt(CN)4}3‘ (IV)

which is derived from II by considering that there is extensive polarisation

in the Br...Br—Pt bond, so that the Br ...Br becomes analogous to Brz, and

can accept electron donation by a further Br ion to give the structure IV



- (9}

3 * Since Skinner and Jones

that the Pt and Br ions retain their oxidation states of +IV and -1 respec-

wihich corresponds to Br state quite definitely
tively, the extent of polarisation in the Br...Br¥Pt bond of II nust be
rather small, and it seems unlikely that the associated Br ion would become
sufficiently positive that the attractive interaction discussed above would
be greater than the electrostatid‘repulsion between II and another Br ion.
Thus it is haré ﬁo accept the physical reality of an ion-triplet species
formed by the supposed geometfically specific association between three
negative ioms.

One final piece of evidence against this mechanism is the fact that at
an ionic strength of 0.5 M, and at low concentrations of Br where the rate

law of equation 7.68 reduces to

k_o%:s_d_ - kBr[Br-]Z (7.73)
where kBr = El;%;lg . (7.74)
Mason(z) found that the activation parameters associated with kBr were
Aﬂzr = 9,3 #1.5 kecal mol_l and AS;r = -2 4 e,u. (The values found by Morgan
and Jones(B) at an ionic strength of 1.0 M, at Br COncentrétions where

equation 7,73 is just becoming inappropriate are not significantly different
from Mason's.) These values can be contrasted with the activation para-
meters found by Domingos et al.(lz) for the €1 anation of [IrClSOHZ]z—;
this reaction is postulated to occur by a D mechanism, and the activation
parameters in 1.0 M €1 solution are AH# = 27.6 *1.0 keal nolﬂl and

AS$ = 7.3 #3.5 e.u. Corresponding to equation 7.74 we can write

Lo
AH# = AH! + an°

Br 1 Ir (7.75)
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where ﬁHI is the apparent enthalpy of activation associated with the product

- 0
k1k2/k~l and Al

IP is the enthalpy of formation of the ion-pair, species A.

. : 0
In order that AHi he comparable to Domingos' value for AH#, AHIP must be
within 1 or 2 keal mol'_1 of the difference between AH:r and AH*, i.e.,

AH?P is ca. (9.3 -~ 27.6) or -16.3 kcal mol—l. This value is totally unreason-—
able; although_the enthalpies of formation of aggregates of similarly charged

ions are not known, enthalpies of formation of ion pairs between.oppositely

-1 (13)

charged ions generally lie between the limits -3 to +5 keal mol
Mechanisms A to D exhaust the possible classical substitution mechan-
isms that can be postulated for this reaction, and all have been found to be

7

inadequate. As Po& and his co-workers have emphasised, the substitution
reactions of anionic Pt(IV) complexes are all consistent with a redox mechan-
ism where the incoming nucleophile reduces the substrate to the corresponding
Pt(II) species in a rate determining step which is follewed by the fast re-
oxidation of the Pt(II) intermediate to give the Pt(IV) product. As indicated’

on page 274, the simple redox mechanism predicts the rate law

k -2
obsd _ _a[Br ]
£ 1+ b[Br] (7.76)
. k. k
where a = Elmg (7.77) -
i -1
k
b = 1—}— (7.78)
-1

kl being the rate constant for the reduction of traqg;[Pt(CN)aBr0H2]~ to
[Pt(CN)A]ZH and k—l and kz being the rate constants for the re-oxidation of

the Pt(I1) complex in the presence of H,0 or Br respectively. Obviously,

2

the simple mechanism of Pod et al, will not completely explain the observed

dependence of kobsd on {Br ]. However, it does predict one part of the
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two-part rate law, and qualitatively it seemed likely that the mechanism

for reaction 7.15 dinvolved two parallel pathways, one being the usual redox
reaction of the substrate with Br_, and the other involving the presence of
more than two Br ions in the rate-determining transition state., The first

redox mechanism to be considered arises from a comment by Skinner and Jones(g)

2-

on the mechanism for the bromide-assisted hydrolysis of trans~[Pt(CN)ABr2] .

9
4 2]
by Br , under the alkaline conditions obtalning it would be hydrolysed to

They claimed that if Br, were produced by reduction of trans-[Pt(CN), B

HOBr. Thus mechanism E considers the possibility that in the Br anation
of trans~[Pt(CN) BrOH ]—, Br, produced by reduction of the substrate by Br
can react with another Br ion to give Br "; this can then re-oxidise the

Pt(I1) complex to the dibromo-product or the bromoaquo-substrate.

Mechanisn E

k
Br+ [BrPtL 0N ] =L By + [PtL ]2’ + OB (7.79)
k_y 2 4 2
Br, + Br é’a Br3— (7.80)
2- o - 2- |
Br2 + [PtLa] + Br ——— Br + [BrPtL4Br] (7.81)
- 2- kg
Br3 + [PtLl‘] + OH, —=> 2Br + [BrPtL 2] (7.82)
- y S A - -
Br3 + [PtL4] + Br ——— 2Br + [BrPtL4Br] (7.83)

As shown in Appendix C, section (v), this mechanism predicts the rate law

- -3
k Kk, (B )% + Kk, K _(Br]
obsd _ 172 154 Br (7.8%)

k 1+ (kz + k3KB))[Br ] + kAKBr[Br_}z

Equation 7.84 is of the form
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obsd _ a[Br_]2 + b[Brﬂ]3
1+ c[Br ]+ d[Br_]z

(7.85)

and it has already been shown (Appendix C, section (i)), that repardless of
the values of a, b, ¢ and d, this expression does not predict the minimum
in the graph.of kobsd/[Bru]2 against [Br ] that is found experimentally
(Fig. 7.6). ‘Mechanism E can therefore be rejected.

The failure of mechaﬁism E to explain the experimental results
indicated that the reaction pathway which was higher order in [Br-]
involved the direct interaction of two Br ions with the substrate, rather
than with the reactive intermediate generated by reduction of the substrate
by Br . Reactioﬁ 7.15 was therefore considered to proceed by the Br
reduction of a bromide-substrate ion pair, as well as by the more usual
redox mechanism. The ion pair was assumed to‘have a definite geometry,
and the binding forces within the ion-palr were assumed to be very local-

igsed, as shown in mechanism F.

Mechanism F

Br + [BrPtL40H2]- =L {Br....BrPtLdon}z_ (7.86)
- K 2-
{Br....BrPtL,OH.} == Br_ + [PtL,]° + OH (7.87)
: 42 k_; 2 4 2
- 2~ K3 - 2~
Br + {Br....BrPtL,OH,} === Br_ + (PtL,]“ + OH . (7.88)
Ay k_q 3 4 2
. 11(_B_Lm -
Br + Br2 = Br3 | (7.80)
-Br
-, . - K - 2-
Br2 + [PtLa] + Br —"> Br + [BrPtLaBr] (7.81)

Br3_ + [PtLA]Z_ + Br —3» 2Br + [BrPtL&Br]ZH (7.83)
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Steps 7.86, 7.87, 7.81 represent the normal redox pathway, and equation 7,80
is assumed, as hefere, to be a verv rapid equilibrium. As shown in

Appendix C, section {vi), this mechanism predicts the rate law

- - 2 - - 3

K rod ) kyk,k_K{Br 1% + Kk k.k K[Br ] (7.89)
£ k, - '

k_lk_B(l + %o {Br 1)
-1
which is of the form

“obsd _ aler 1%+ plax"33 (7.90)

£ 1+ c[Br-1 )

As shown in Appendix C, section (vi), this rate law will not predict the
minimem found in the graph of kobsd/[Br-]2 against [Br ], and mechanism F
can therefore be completely discounted.

The next mechanism to be considered is a variation of mechanism F
in that the Br2 and Br3‘ generated in steps 7.87 and 7.88 respectively do
not diffuse away from the {Pt(CN)4]2- into the body of the solution, but
remain co-ordinated to the platinum(II) species. Thus in mechanism G
outlined below, species B and C are fiveuco;ordinate platinum(II) complexes,
there being a Brz‘molecule and a Br3- jon respectively co-ordinated along

the z-axis of the complex, perpendicular to the plane of the four CN

ligands.

Mechanism G

Br + [BrPtLalu e {Br....BrPtL40H }2" ' (7.86)
A 2
2- kl 2
- e r> -
{Br....BrPtL40H2} A {Brz....PtLa} + 0H2 (7.91)

-1 B
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k
- o . - -
Br™ + {Br....BrPtL OH }°" === {Br. ....PtL }3 + OH (7.92)
' 42 3 376 4 2
k!‘
Br + {Br.....PtL }2' ﬁ5@¥> {Br, ....PtL }3" (7.93)
2 4 k 3 4
B -Br C
R - 2-
{Brz....PtLa} 4+ Br ———— Br + [BrPtLéBr] (7.94)
- 3- - K& - 2-
{Br3 ....PtLa} + Br —— 2Br + [BrPtL4Br] (7.95)

Equilibrium 7.93 is analogous to the equilibrium of equation 7,80, and
like the latter, it was assumed to be established very rapidly. As shown

in Appendix C, section (vii), the rate law predicted by this mechanism is

kg kK, + kaKﬁr[Br"])[Br“]z
2 - z (7.96)
A 2 -
k_ (1 + -kj"l-[Br D

which 1s of the form

kobsd - a[Br-]2 + b[Br"]3

f - 1+ c[Br]

(7.97)

As shown in Appendix C, section (vi), regardless of the values of a, b, and
¢, equation 7.97 will not predict the minimum found in the graph of kobsd/[Br—]2
against [Br‘}. Mechanism G is therefore unacceptable.
The final mechanism to be considered is identical to that of
mechanism G except that the equilibrium of equation 7.93 is considered to
be established so slowly relative to the rates of reactions 7.94 and 7.95
and the reverse of reactions 7.91 and 7.92, that it does not act as a pertur-
bation on the system, and its existence can be ignored. The reaction secuence

of mechanism H therefore represents this modification of the redox mechanism.
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Mechanism H

Br™ + [BrPeL,OH,]” == (Br....BrPtL 08, }%" (7.86)
47772 A &2
2 kL 2
T ) -
{Br....BrPtLQOHz} % {Brz....PtLa} + OH2 {7.91)
-1
B
- 9_ k3 \ - 3=
Br + {Br..BrPtL,0H,l === {Br, ....PtL,}" + OH (7.92)
5772 k 3 4 2
-3
C
- - Ky - 2-
{Brz....PtLé} +Br —=—— Br + [BrPtLéBr] - (7.94)
- -, - K - 2- |
{B:L-3 ....PtLA} + Br ——— 2Br + [BrPtLaBr] (7.95)
As shown in Appendix C, section (viii), the rate law predicted by this
mechanism is
X K.k K[Br ]° k.k,K[Br 1>
obsd 172 374
2950 + (7.98)
f kz _ k4 C .
k ,(1 +—([Br ]) k .(1 +-—[Br 1)
-1 k_l -3 kh3

which is of the same form as the experimental rate law (equation 7.22).

In addition to predicting the correct form of the rate law,
mechanism H agrees well with the known chemistry of platinum(IV) and plati-
num(II) complexes. Thus although association between two negatively
charged species is unlikely in terms of simple electrostatic interactions,
the specific geometry and interaction proposed for the species
{Br....BrPt(CN)éon}zd suggest this species should be designated as a
charge-transfer complex, rather than an ion-pair. The existence of such
complexes between platinum(IV) compounds and halide ions has already been
proposed to explain the spectroscopic interactions which occur between

- - - - 4
trans—[Pt(CN)&Xz]2 and X (X = Cl, Br)(y) and between [PtBre]2 and Br .(l )
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For the tetracvano-complexes the spectrum is unaffected by the addition

of relatively large amounts of [Pt(CN)alz_ so the redox reaction

X + [XPt(CN)AX]Z_ 2 xa‘ + [Pt(CN)a]z— (7.99)

is not responsible for the spectroscopic changes. At a fixed wavelength
the increase in absorbance is linear up to 2.0 M bromide or 4.0 M chloride,
suggesting that X for these complexes is less than 0.1 Mfl. In agreement
with the assum#tions of mechanism H, chafge transfer compléxes of halide
ions and anionic platinum(IV) complexes do exist, and the equilibrium
constants governing their formation are small.

Evidence for the specific nature of the interactions within these
complexes comes from studies of the asscociation of halide ions with cationic
platinum(IV) complexes. When free X is added to EggﬂngPtenZXZ]?f
(X = C1 , Br ) new peaks grow in the UV spectrum at 240 mm (X = C1 )
and 260 nm (X = Br ).(15)(16) The positions of these peaks are close to
the absorption maxima of Cl2 in €1~ solution and Br, in Br solution

2
(17) 2+

respectively, but the addition of [Pten

2] does not affect the absorbance,

so the redox equilibrium
2+

- . _
X + [Pten2X2]2 — X3 + [Ptenz] (7.100)

cannot be causing the spectroscopic interaction. However, the similarity

of the spectrum of the ion-pairs to that of the corresponding trihalide ion

(15)

led Po& to propose that the agssociated species had the specific geometry
+ —-— .
{X....XPtenZX} » and to suggest that X to Pt charge transfer had occurred

to some extent. This view is reinforced by Fleischauer and Adamson's

(18)

study of the photoaquation of trans—[Pt(NHB)aBr2]2+. Flash photolysis
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of this complex in the presence of sodium bromide generates a transient
species, identified as Brzﬂ, which is not produced by flashing solutions

of trans—[Pt(NH3)&Br2](CIO or sodium bromide alone. Thus the structure

&)2
assigned to the charge-transfer complex of bromide and [Pt(CN)&BrOHz]H
seems very reasonable.

Having settled the structure of the charge-transfer complex (A),
the question as to the nature of the complexes {Brz....Pt(CN)A}Z— and
{Br3_....Pt(CN)&}3- (species (B) and (C) in mechanism H) then arises.

The formation of five-co-ordinate adducts by square planar complexes of

(19) (20)

platinum(II) has been postulated many times, and Harris and Livingstone

have emphasised that the presence of m-acceptor ligands in the complex

enhances the tendency to form such species. Consistent with this hypothesis,

-(21)

[Ni(CH) ]3— is readily formed from ([Ni(CN) ]2— and CN and (Ptdiars ]2+
5 4 2

readily forms five-co-ordinate adducts with Cl_, Br , I—, N3 s SCN—,

(22)(23)

SeCN or thiourea. The formation of adducts of square planar

Pt(1I) complexes and molecular halogens has also been suggested. Joneé
(24)

studied the oxidative addition of Cl, to [PtClA]Z_ in water,

and Morgan 2

at 25°C, in which the first reaction is

= 480 —— [PtCl

€1, + [PtCl,] 2

” 0H,]" + C1 (7.101)

5

followed by the slower anation of the chloroaquo-intermediate

[PtC1,O0H,1™ + €17 —— [PtClG]Z_ + OH (7.102)

2

7. -
Unlike the corresponding oxidative addition of Br, to [Pt(CN)al“ ,(1) (3

2

reaction 7.101 was slow enough to be studied with a stopped flow spectro-

photometer, and the rate of the oxidation was found to be independent of

the concentration of Cl .(24)

2 Good first-order rate plats were ohtained,



even when the concentration of 612 was equal to that of [PtClA]z—. This
: -5 '
implies that even at reactant concentrations as low as 3 X 10 ~ M, the

equilibrium
2- Kasgj 2-
Cl2 + [PtCla] === {01 ....PtClQ} (7.103)

is saturated. Even if it assumed that departure from linear rate plots
could only be detected if 50% of the [PtClA]z- were uncomplexed, since

[Clz....Pt614]

Yass T TTPeCI,i(clT] | (7.104)
and
[Ptc1,} = fc1”] = [c1,....ptCc1,] = 2.5 x 1077 (7.103)
it follows that Kass is greater than 4 X l()ZF M_l. Similarly, Hopgood and
Jenkins(zs) found an equilibrium constant of (2.7 20.,7) x 104 M_l for the
reaction
12 + [Pt(acac)z] = {12....Pt(acac)2} (7.106)

in CCl4 at 31.3°C.

Kinetic evidence is also available to support the suggestion that

the equilibrium constant for the reaction

Br, + [Pt(eN), 177 «== {Br,....Pe(c;),}*" | (7.107)

is large. However, since this relies on the premise that the Br -assisted
hydrolysis of trans—[Pt(CN)4Br2]2_ occurs by a redox mechanism it is first
necessary to digress somewhat and consider the mechanism of the hydrolysis

(9)

. a9
of trans-[Pt(CN)éBrz]“ « . Skinner and Jones studied the reaction

2= - - -
[P(cN),Br, ] + H,0 —— [Pt(CN),BroH,]” + Br (7.108)
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in the presence of OH and Br and found the rate law

Ky oq = KIBr] FR'[oHT] (7.10?)

As indicated in Chapter ‘6, the mechanism proposed to explain the second
term of this rate law involved an Id substitution of OH in the subsérate,
the dependence of the rate on the [oH ] representing an "accidental bimole-
cularity" which arises from the necessity that before rea€£ion_can occur,’
OH must be preéent in the second co-ordination sphere of the complex.

It is hard to envisage the occurrence of this'"accidental bimolecularity”,
since the second cdﬁordination sphere of the complex presumably contains.

only H20 molecules and (maybe) an OH ion. The presence of the OH ion

0 molecule is ideally situated to '"capture"
(26) can

seems superfluous when a H2
the vacant co~-ordination site, and a Grotthus chain mechanism
convert the aguo-complex to its hydroxv-analogue at a rate which is limited
only by the mobility of a proton.

It seems most reasonable, therefore, to ascriﬁe the term in the

" rate law that is dependent on [0OH ] to the occurrence of the redox mechanism

shown in equations 7.110 and 7.111.
HO + [BrPt(CN)ABr]Z— e {HOBr....Pt(CN)A}z_ + Br (7.110)

{HOBr....Pt(CN)A}z_ + OH

, T HO + [BrPt(CN)4OH2]_ (7.111)

(9

Skinner aﬁd Jones ascribed the dependence of the rate én [Br_] to a
mechanism involving Id loss of Br from a {Pt(CN)ABrz, Br}z_ ion-pair. Tt
has already been shown (page 292 ) that the anation of EEEBE‘[Pt(CN)4BrOH2]_
by Br  does not occur by the Id substitution reaction of the

[Pt(CN)aBrOH Br]zu ion-pair with a further Br ion. Therefore, by the

2,



principle of micro-reversibility, Skinner and Jones' mechanism cannot
apply to the reverse reaction. The mechanism giving rise to the [Br ]-

dependence in equation 7.109 must therefore involve the reactions
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L - ' —

Br + {BrPt(CN)ABr]2 ==t {Br....BrPt(CN)QBr}3 (7.112)
3-- k—2 2- - ~
{Br..,.BrPt(CN) Br} = {Br,....Pt(CN),}° + Br (7.113)
h 4 k, 2 4
- 3~k - 3- -
Br + {Br....BrPt(CN)aBr} ?T:““é {Br3 ....Pt(CN)A} + Br (7.114)
4 .

2- k—l - | -
{Brz....Pt(CN)A} + OH, —+ Br + [BrPt(CN)40H2] (7.115)

- 3- k_3 - -
{Br3 ....Pt(CN)lF} + OB, ——— 2Br + [BrPt(CN)QOHZ] (7.116)

The rate law predicted by this mechanism, and its implications, will be
discussed later. However, it appears that the mechanism of the hydrolysis
of trans-[Pt(CN)4Br2]2— in the presence of Br or OH does involve the

(9)

formation of Br,, HOBr or Br. and [Pt(CN)A]z-. Skinner and Jones

2° 3

showed that the "decomposition” (presumably by reduction to [Pt(CN)A]Q_,
although the exact nature of the product was not specified by these authors)
of Eggggf[Pt(CN)éBrz]zn waé accelerated by both aniline and phenol.

However, at the same concentration of additive, the rates of decomposition
were different, depending on whether aniline or phenol was added as the
bromine scavenger. As indicated in Chapter 6 (page 264 ), if free Br2 is
produced, the rates of decomposition of [Pt(CN)AErzlzu should be the same
at the same concentrations of scavenger. That the rates are in fact
different constitutes extra evidence that the intermediates in equations

7.91, 7.92, and 7.110 are {Brz....Pt(CN)4}2~, {Br3’....Pt(cm)4}3", and

{HOBr....Pt(CN)a}zu respectively,
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=2
f~a

There is alsc some evidence which supports the feasibility of

producing the species {Br3-....Pt(CN)4}3_ bv the reactions

Br™ + {Br....BrPt(CN) 08 }2" —— (Br. ....Pt{CN), }°" + ou (7.92)
4772 3 4

2
and

Br + {Br....BrPt(CN)&Br}3— — {Br3-....Pt(CN)4}3— + Br (7.114)

(27)

Woodruff and Margerum observed that the ring closure reaction of

[Co(EDTA)Br]z— was accelerated by Br_,, and proposed the bimolecular reaction

2!

[Co(ED'I'A)Br]z- + Br, —» [Co(EDTA)] + Br3‘ (7.117)

in which Br2 acts as an electrophile. The transition state for reaction
7.117 presumably has the structure {(EDTA)CO....Br....Br—Br}z— which is
somewhat similar to the structure {Br(CN)aPt....Br—Br—Br}B-.

One final aspect of mechanism H which deserves comment: is the postu-
late that the equilibrium interconverting B and C is slow compared with
the internal re-oxidation reactions of these species. At first sight this is

rather surprising, since it might be expected that the reaction

Br™ + {Br,....PtL,}*” === (Br, ....Pt(cym), }>" (7.93)
2 4 3 4
would be analogous to the reaction
I+ 12 Rt 13 (7.118)
(28)

which is known to occur at rates approaching diffusion control, A
possible explanation for this difference may lie in the nature of the

Pt....Br2 and Pt....Br3- bonding of B and C respectively. Square planar

Pt(II) complexes can be considered to act as biphilic agents; the presence
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of two vacant co-ordination sites renders them good electrophiles, whereas
the presence of non-bonding electron density suggests that in differené
circumstances-they could also behave.as fairly good nucleophiles. Both
types of behaviour are known to occur. Thus much has been written about
the tendency of square planar d%complexes to expand their co-ordination
shellsf accepting electron density from Lewis bases to give five-co-
ordinate complexes, and specific examples were mentioned eaflier. Examples

of Pt(I1) squére planar complexes acting as nucleophiles are somewhat

rarer. However, CF.CO,H, CH,CO,H and H_BO, all accelerate the rate of

3772 3772 3773
*C1l™  exchange of trans-[PtpyZCIZ];(zg) HNO, catalyses the reaction of
: (30)

several Pt(II) complexes, and the catalysis of the reaction

trans-{Ptpip,Cl,] + Y — trans-{Ptpip,CIY] + cr (7.119)

(Y = NO2 » *C1 ) by HNO2 and H3BO3 has been studied in detail.(3l)

The rate law for reaction 7.119 is

kobsd = kl + kz[Y ] + k3{Y J[HA] (7.120)

where HA = HNOZ, H3BO3,and kl, k2 are the rate constants for the normal
substitution pathways where the substrate undergoes nucleophilic attack

by the solvent, S, and Y respectively. The reaction pathway proposed for
the [HA]-dependent .term in equation 7.120 was the nucleophilic attack of ¥~
on the six-co-ordinate species [HA....PtpipZCIZ....S] where HA and S are
co—ordinated along the z-axis of the complex, perpendicular to the plane

of the other ligands. Becausge the less electrophilic NOZ- ion does not
give rise to a term in the rate law corresponding to k3[Y_][HA], HA was

considered to act as an electrophile in the six~co-ordinate complex. The

catalysis is easily explained if the Pt—HA bond involves electron donatien
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from filled Pt d-orbitals to 7* orbitals of HA; since this reduces the -
electron density on the Pt centre, the complex is rendered more susceptibler
to nucleophilic attack. Additional evidence for the formation of an
[HA....PtpiPZClz....S] adduct comes from the observation that the absarption

spectrum of trang-{Ptpip,Cl,] is enhanced in the presence of HNO_,, but not
fLrans P1P, 2

- (3L
2 L]
The reactive intermediate {Brz....Pt(CN)4}2~ may well be similar to

2,
in the presence of NO

[HA....Ptpip2C12....S], in that the Pt(IL) ion acts as an electron denor

in both cases. The tendency for Br2 to act as an electrophile is best

- (32)
3

accepts electron-density from organic
(33)

exemplified by the formation of the polyhalide ions Brzcl_ and Br

but charge transfer complexes where Br2

molecules such as dioxane or benzene are also well known. In all

cases, the linear Br-Br....D arrangement (where D is the donor molecule

(32)(33)

or ion) is observed. It thus seems very likely that in the complex

Brz....Pt(CN)h, the electron donation is in the sense Pt + Br Moreover,

(3)

20

Morgan and Jones suggested that in the adduct {Cl1 ....PtClA}Z_ the Pt—C1

2
bond was formed by overlap of the filled Pt(II) dzz orbital with an empty

2

03 antibonding orbital of the C1 Thus they proposed that Pt(II) was

2.
acting as the electron donor.

On the other hand, the electron donation in the complex

{Br3_....Pt(CN)4}3# should be similar to that in [X....Pt(di_ars)z]+ where
(22)(23)

X acts as an electron donor. (X =¢€1, B8r , I, N3n, NCS .)

This is because Br3- is itself already a charge transfer complex, and the

ion possesses a high electron density, so it is unlikely to be susceptible
to further nucleophilic donation. Moreover, electron acceptance by the

Pt(II) centre provides a means of very efficient electron delocalisation

tt

over the entire molecule since the presence of "soft'" CN ligands renders
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the complex very polarisable.
The hypothesis that the bonding in {Y....Pt(CN)a} depends on whether
Y is Br2 or Br3“ seems to be compatible with the chemistry of these two

species, and with what is known of the interactions of Pt(II) complexes

with similar species. It is now easy to see why the equilibrium
Br + {Brz....PtLa}z" S yamna {Br;....PtL&}Z_ (7.93)

should not be established rapidly; interconversion of {Br ....PtLA}z—

2

and {Br3-....PtL4}3— not only requires the formation of the encounter

complex {Br , Br ....Pt(CN)4}3—, but also necessitates an electronic redis-—

2
tribution within the complex. This might well increase the free energy of
activation for reaction 7.93 and decreases the rate of equilibration of

the two intermediates,

Implicationg of Mechanism H

From the above discussion there is a good deal of kimetic and non-
kinetic evidence to suggest that mechanism H is the mechanism of the Br
anation of Eggggr[Pt(CN)ABrOHz]_. Having estabiished the reasonableness
of this-mechanism, it is now possible to consider some of its implications.

From a comparison of equation 7.121, the rate law pfedicte& by
mechanism H under conditions where less than 100% of the substrate is in

the bromoaquo-form

S -.3
. ) [H+] lezK[Br ] . k3k4K[Br 1 x (7.121)
obsd K, + [AF] ky ky | '
k (1 +="—[Br 1) k (L +—I[Br ]):
-1 k -3 k I
-1 -3 g
and the rate law found experimentally (equation 7.22)
-.2 -
. _ _alBr ] c(Br 17 (7.22)
obsd 1+ b{Br-] "1+ d[Br~] ’
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it can be seen that

+ k.k K
4 = [H ] W (7.122)
(KA + [HT]) k
-1
K
b = (7.123)
k
-1
+ k,lk K
1] 374
c =y X (7.124)
(X, + [HF]) k_4
k4 .
d = T (7.125)
-3
From equations 7.122 to 7,125
+
a _ (1]
S _——-—.—-—l_ﬁ._-(KA FTE x le (7.126)
+ .
[ (H_] |
3 (KA + 5D x k3K | (7.127)
and
k
be _ 3
- - kl (7.128)

Substituting the experimental values of a, b, ¢ and d into equation

7.128, the ratio.k3/k1 is found to be 125 210 M-l. {The error limits are

calculated as shown in appendix D, section 2¢ .) If we define AGl# and
AG3* as the free energies of activation of reactions 7.91 and 7.92 respec-

tively,

{Br....BrPclL OHZ}Z— —_—— {Brz....PtLA}z" (7.91)

4

Br + {Br....BrPtL&onz}z‘ —_— {Br3'....PtL4}3‘ (7.92)

(34)

then from the transition state theory
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+
AG

- kT, 1

lnklr = ln(h ) 2T (7.129)
kT AG3$ |
lnk3 = ln(?t-) - TRT (7.130)
From 7.129 and 7.130
pe. ¥ - AG oo RT 1n(k,/k.,) (7.131)
3 1 173 *

If the transition states for reactions 7.91 and 7.92 are denoted as
N .
{Br....Br:....TE’tL[‘....01&2}'r and {Br....Br....Br....PtLA....OHZ}; respectively,

then a formal equilibrium constant Kgr can be written for the equilibrium

K
Br + {Br...Br...PtLA...OHZ}i <%= {Br...Br...Br...PtL,...O0H.}

r o FELy e OHy
s¥ ¢

* (7.132)

o
+

Br of equilibrium 7.132 will be given by

and the standard free energy AG

Acgr = G(c*) - G(B*) - G(Br ) (7.133)

where G(X) represents the free energy of the species X. Using the same

notation

-

4
AGl

]

c(8™y - 6a) + G(H,0) (7.134)

AGB* = o™ - ca) - o) + G(1,0) (7.135)

where G(A) is the free energy of the charge transfer complex,

{Br-....BrPtquﬂz}z_. From 7.134 and 7.135

86,7 - AGl? = G(CT) -~ e(BT) - c(Br ) (7.136)
From 7.136 and 7.133
§ % %
8G,_ = G, - AG (7.137)
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But
+ +
AGBr = =RT In KBr (7.138)
From 7.138 and 7.131
RT In K = RT In(k,/k,) (7.139)
“Br . 13
Hence
. k
K= 2 (7.140)
T k
1
Thus the formal equilibrium constant for reaction 7.132 is 125 £10 H_l.
This can be compared with the equilibrium constant for the reaction
- Y - .
BPr + Br2 == Br3 (7.80)

(35) 1

which at 25°C and in 1.0 M T&Ia(l‘]..()l4 has the value 13.5 M . It can be
seen that co-ordination to Pt(II) in the transition state enhances the affin-
ity of the incipient Br2 for Br . This is not surprising, since delocalisa-
tion of electron density via the Pt(II) ion and the m-bonded CN 1ligands
has already been postulated to occur in the ground state complex
{Br3“....Pt(CN)4}?_. This delocalisation should be possible even in the
transition state, where the Br3_ is only in the process of formation.

There is another way to explain the value of the ratio k3/kl, without
using a pseudo-thermodyﬁamic argument. The alternative explanation considers

the effect of Br in reaction 7.92 as a pseudo-alpha effect.(36)

Thus reac-
tion 7.92 can be separated into two further elementary processes: formation

of an encounter complex (reaction 7.141) and electron transfer within the

encounter complex (reaction 7.142).

Br + {Br...BrPtLAOHZ}Z— L EN {Br,Br...BrPtL

401{2}3' (7.141)
A c!
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kl
0H2}3' 3, (Br '...PcL4}3' 4+ OH

(7.142)
3 C

{Br,Br...BrPtL

c' 4

2

In C' the additional Br ion is located in the third co-ordination sphere of
the complex, co-linear with the Br ...Br-Pt bond (or interaction) system.

The fourth-order rate constant, k3, is now given by

— t
k3 = Keck 3 (7.143)
so that
k k' K
Eé = -%—95 (7.144)
1 1 ’ 1

Since Kec must be very much less than unity, k'3/kl must be very much greater
than 125. If we consider the composition of the charge-transfer complex

{Br...BrPtLQOHZ}Z-, we can rewrite equatiomn 7.91 as

{HOH,Br...BrPtL

4onz} ——+ {HOH...Br ...PtLA}zf + OH (7.145)

2 2

where the interaction between the H,0 molecule and Br or Br, 1s predomi-

nantly hydrogen-bonding. It can now be seen that k'3 is much greater than
kl because of a pseudo-alpha effect, In reaction 7.142 the process of
electron transfer from the Br in the second co-ordination sphere of the
complex to the Pt(IV) will be greatly facilitated by donation of electron
density from the Br ion in the third co-ordination sphere. The closer the
nature of the transition state is to that of the products, the more greatly
developed this electron donation will be, In reaction 7,145, on the other
hand, the only way electron density can be transferred from the hydrogen-
bonded HZO molecule is by breaking the H...Br hydrogen bond. Breaking this
hydrogen bond will contribute a relatively small amount of electron density

to the bromide ion and the alpha effect of the water molecule will be very

small. The very large alpha effect of bromide relative to that of water



will make k'3 very large compared to kl. Even though KEc is very much less

than unity, k'3 is sufficiently large that k,, which 1s the product of Kec

3!
and k'3 is 125 times greater than kl'
From equation 7,123 the competition ratio for reoxidation of

{Brz...Pt(CN)a}z- in the presence of Br and H20 can be calculated to be
87 + 16 M—l. Similarly, equation 7.125 gives the competition ratio for

reoxidation of {Br3—...Pt(CN)4}3- in the presence of Br .and H,0 as 6.0 *

2
1.2 Mul. The relative values of the ratios are entirely consistent with
electrostatic considerations. Thus the triple negative charge on
{Br3_...Pt(CN)4]3- makes it relatively harder for the Br ion to approach
the intermediate, compared with the neutral H20 molecule. With the doubly

charged internmediate {Brz...Pt(CN)A}Z_, approach of the Br ion is not so

unfavourable compared with HZO so the competition ratio is higher.
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The values obtained for the competition ratios do raise some questions

for the hydrolysis of [Pt(CN)4B;2

the presence of OH and Br . The reaction is essentially the reverse of

about Skinner and Jones' datacg) ]2_ in

the Br anation of trans-[Pt(CN)ABrOHZ]; and as discussed earlier the mechan-

ism demanded by microreversibility is as shown in equations 7.110 to 7.116.

HO + [BrPtLaBr]Z_ B {HOBr...PtLA}Z— + Br (7.110)

{HOBr...PtL4}2_ + OH, —— OH + [BrPtL&OHzl_ ' (7.111)

2

Br + [BrPtLABr]Z- <X (Br...BrPtL,Br}" (7.112)

4

{Br...BrPtLaBr}3- ?“éi;ﬁ {Brz...PtLa}z- + Br (7.113)

Br + {Br...BrPtLABr}:’“ = {Br3_...PtL4}3— + Br (7.114)

2

{Brz...PtLl'}zH + O, ——= Br + [BrPtLAOHzl- (7.115)
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K | o
{Br3_...PtL4}3— +oH, — 2 2B + [BrPtL, OH, 1™ (7.116)

The rate law for this mechanism is derived in appendix C, section ix,

where it is found to be

k_k, [OH] kK .k .K'[Br-] k .k ,K'[Bc"]?
Kobsd = % i 2 Be-] + k—l ;2k Tl k-3 ;4k [(Br 1 (7.146)
008 g T X_5lbT -1 T KpttT -3 T Kgler
Equation 7.146 can be compared with the experimental rate law
kogsd = k[OH™] + k'[Br"] (7.109)

It can be seen that equation 7.146 correctly predicts the variation of

k pga Wwith the [OHT] at a fixed [Br' ], under which conditions equation 7.146

- reduces to

kg = AlOH 1 +3 (7.147)

where

kg

A = ” (7.143)
~5 -
1+ EE_ {Br 1)

k_K'[Br ] k_AK'[Br-]Z
B = " + " (7.149)
2 - 4 -
r(1+G[Br]) (1+E—:;[Br])

Comparison of equatfons 7.147 and 1.109 gives

kS
k = T (7.150)
(1+ == [Br"])
ke
Equation 7.150 predicts that although at a fixed [Br | kobsd should be pro-
portional to [OH ], the constant of proportionality, k, should be a function

(9

of the [Br ]. Unfortunately, Skinner and Jones only obtained the [0H ]-

dependence of kobsd at one [Br ], so this prediction cannot be checked.



At a fixed [OH ] and varying [Br ], equation 7.146 reduces to

k K'[Br ] k 4K'{Br”12
N _ c o2 -
obsd k_s _ k2 k& _
(L+—=[Br D {1 + — (1 +—— [Br 1)
kg kg k_5

where

C = kg[oH ]

(7.151)

(7.152)

Equation 7.151 will reduce to equation 7.109 under three sets of conditions:

Set (1)

For all [Br ] studied:—

k_5 _
(a) Y [Bxr" ] << 1
6
k_,K'[Br ] | k_aK'[Br"]Z
(b) " >> ”
1+ iz— [Br 1) (1 + Eé_ [Br 1)
kz _
(c) = [Br ] << 1
-1
Set (2)
For all [Br ] studied:—-
(a) As for 1(5)
k_,K'[Br ] - k_K'[8r7 1%
(b) T << =
L+ D @+ B
-1 -3
K, )
() ﬂr—-[Br ] > 1
-3
Set (3)

For all [Br ] studied:--

(7.153)

(7.154)

(7.155)

(7.156)

(7.157
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(a) As for I(a)

kK" [Bx] k_K'[Br 1?
(b) T is comparable to n (7.158)
p) - 4 -
(1.'!' T‘-:I [Br 1) {1+ T(.-:; [Br 1)

{(c) Ags for I(e) and 2(e)

Nothing is known about the value of the competition ratio k_5/k6, noxr are
the relative magnitudes of the terms .

k_K'[Br 1/(L + (ky/k_)[Br]) and k_K° (B 12/Q1 + (k, /k_j) [Br 1)
known. However, from this work kzlk—l is known to be 87 * 16 and kt’/k_3

to be 6.0 £ 1.2, The maximum range of Skinner and Jones' results is for

pH = 9.0 and 0 < [Br ] < 0.5 M, with values of k at [Br ] = 0.0, 0.2,

obsd
0.3 and 0.5 M, Condition 1(c) is certainly not met under these conditions,

since even at 0.2 M Br k2[Br-]/k_1 is 17.4 * 3.2. Hence the sets of condi-
tions outlined above in (1) and (3) are not obeyed at all [Br ] and these
conditions cannot explain the observed rate law. On the other hand, equation

7.109 is obeyed at pH = 8.5 by the values of k at [Br ] = 0.0, 0.05

obsd
and 0.1 M, At these [Br ], condition 2(¢) is not met, since even at 0.1 M

Br , khlk_3 is only 0.6 * 0.12. Hence the set of conditions outlined in
(2) cannot explain the observed rate law, The most reasonable explanation
for the observation of equation 7.109 as the experimental rate law is that

equation 7.109 is in fact an oversimplified interpretation of the data.
1(9)

Skinner and Jomnes points are rather sparse, and the linear dependence of

k on [Br_] may well represent a balance between the decrease in the first

obsd

two terms of equation 7.146 as the {Br ] increases, and the corresponding
increase of the third term under the same conditions. The [Br ]-dependence is,

in any case, rather small, k at pH = 9.0 increasing by less than a factor

obsd

of 3 over the [Br ] range 0 < (Br ] < 0.5 M, Further investigation of this

reaction, paying particular attention to the variation of kob with the [Br—]

sd
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at low [Br_], seems indicated, In addition, an investigation of the varia-
tion of kobsd with the {OH“] at different fixed [Br ] should be carried out

to check the predictions of equation 7.150,

Extension of mechanism H to other anation reactions of Pt(IV) complexes

If mechanism H is considered to apply to the general reaction

(@)= 4 o4, (7.159)

trans—[PtL;Youz]“" + X ——— trans-[PtL,¥X] )

the reaction sequence shown in equations 7.160 to 7.165 is obtained.

K
[vper, on, 1™ A [YPtL401{](“+1)" +ut (7.160)
X+ [YPtL!‘OHZ]n" N SN {X...YPtL40¥12}(n+l)_ (7.161)
k
{X...YPtL,0H }(“ﬂ)" e (XY...PtL }(“ﬂ)‘ + OH (7.162)
42 k 4 2
-1
k
X+ {..ypen,on 1D B v v e 3D o (7.163)
42 k_, 2 4 2
- k
{XY...PcL4}(“+D“ + X —2e X % [YPtL4X](n+1)_ (7.164)
k
{XZY...PtLA}(n""z)” X =2 s [YPeL,X) (n+1)- (7.165)
This reaction sequence gives the rate law
-2 -3
K bed k k,K[X"] kk, K[X ] .
—_— = + - {7.166)
3 B, _ K,
k. (1L+—[X D k (1 +:—[X ]
-1 k -3 k
-1 -3
where
P (7.33)
R, + 1] .
Hason(z) studied the Cl anation of E;ans—[Pt(CN)aBrOHZI— and found
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3

that over the concentration range 4.0 x 107" M < [CL ] ¢ 1.6 x 10“-2 M, the

rate law was

k
_Q%QQ = k[c17] (7.167) -

This rate law can be derived from equation 7.166 if for all [C17] used in

the study
k2[01“]
k__.._.. oY 1 (7: 168)
-1
and -3 -2
kk,K[CL7] k k,K[C1]
i << T (7.169)
k_,(L + Ei" e’ N k_ (1 + EZ— [c1 D
- -3 - -1

Combining equations 7.169 and 7.168 gives the rather simpler condition

-2
kgk, [C17]

on << kl | (7.170)

R
k_y(L+ i Lo D

Since equation 7.168 must hold even at the lowest [Cl ] of Mason's study,
k

it follows that EE—, the competition ratio of €1~ and H20 for the inter-
-1 '

mediate {ClBr...Pt(CN)4}2-, is greater than 250,

By using results obtained for the Br anation of trans-
[Pt(CN)4BrOH2]_, and assuming that trends established for this reaction are
also applicable to the C1 anation of this complex, it is possible to make
a rough estimate of the relative magnitudes of the left and right hand sides
of equation 7.170. It was shown earlier that the ratio k3/k1 equals the

equilibrium constant Ki for the hypothetical reaction

X + {X...Y...PtLa...OHZ}* == {X,..X...Y...PtL ...0112}4"' (7.171)

4



and Ki can be compared with the equilibrium constant, Kx for the equilibrium

-—

X 4+ XY === XY (7.172)

For the Br anation of trans—[Pt(CN)ABrOHZI- it was found that
%

Kr

Xpr

I1f we assume that for the Cl anation of the same complex

9.26 (7.173)

+ ¥+
KCl KBr
. = {7.174)
Cl KBr
then s
KC1 = 9,26 KCl (7.175)

Unfortunately, KCl is not known, but the equilibrium constant Kél for the

formation of the trichloride ion

cl1L + Cl2 S Cl3 (7.176)

-1 _(32)

is only 0.2 M —; K., would be expected to be much less than Ké

c1 1’

because the reaction
Cl” + ClBy === (C1-Cl-Br] (7.177)
requires that C1 be bonded to the negative end of the Br-Cl dipole. From

equatlon 7.177 it follows that

+ -1
KC1 << 1.85 M {7.178)

i.e., for the Cl anation of trans-[Pt(CN)aBrOHzlh

(W8]

3« 1.85 Mk (7.179)

P



We can rewrite the left hand side of equation 7.170 as

k4[01']2
k4 } = k 1 + D [Cl 1 (7.180)
k {(L+—[CL D
-3 k_3
where -
k&[cl 1
D='—'—k*—-"—-' (7.1 1)
-3
Since
b_ (7.182)
1+0D
it follows that
k4[01-]2 _
A < k3[C1 1 {7.183)
4
k_ (1 + [cr n
—3
From equations 7.183 and 7.179
ka[C1-]2 _
k << 1.85 kl[01 1 (7.184)
k(1 + [c1™1)
—3

At the highest [CLT] used by Mason (1.6 x 1072 M), equation 7.184 becomes
=,2
ka[Cl ]
' k
k_ .1+ k fcr'D
-3

<< 2.96 x 10™%k

1 (7.185)

Thus even at the hiphest concentrations of €1 used by Mason, the condition
of equation 7,170 is obeyed, and it is not surprising that a term in the rate
law corresponding fo the production of the intermediate {ClZBr...Pt(CN)A}S_
is not observed. It can thus be seen that the kinetic parameters obtained

for the Br anationm of trans—[Pt(CN)ABrOHZ]_ are quite consistent with the



experimental data for the Cl1 anation of the same complex, Furthermore,
the non-existence of a term involving [01—13 in the rate law for the anation

by C1 can be ascribed to the low affinity of C1° for the Cl atom in BrCl,
+
ot -

Mechanism H is not only consistent with the reactions of different

or even in the transition state {Cl...Cl...Br...Pt(CN)&...OH

anions with trans~[Pt(CN)4Br0H2]_, but it can also explain the results of
Br anation studies of a variety of Pt(IV) substrates, Elding and Gustafson
(14) studied the Br anation of [PtB.OH,] and cis-[PtBr, (OH,),] and found

that in each case the rate law
- -2
= 1
kobsd k[Br ] + k'"(Br ] (7.186)

was obeyed, This rate law is entirely consistent with the rate law (equa-
tion 7.22) found for the Br anation of EEEEET[Pt(CN)aBIOHZ]—, being the
limiting form of equation 7.22 obtained when both b{Br ] and d[Br ] are
very much larger than unity.- For the anation of [PtBrSOHZ]_
2 M< [Br ]«

, equation
7.186 is obeyed over the concentration range 2.5 x 10~

4 x .'I.O--1 M, so in this system the competition ratios kzlk_ and k4/k_3 must

1
both be much greater than 40 M-l. Similarly, for the anation of cis-

[PtBrA(OHz)Z]’ equation 7.186 is obeyed over the concentration range

1 x 10_2 M < [Br ] < 3 x 10“1 M so kzlk_l and k4/k_3 must both be much

greater than 100 Mfl.

(14)

Under Elding and Gustafson's conditions, 100% of the substrates

in the reactions

- - -
[BrPtBréoHZ] + By —* [PtBrG] + 1,0 (7.187),

[BrPtBrB(HZO)Z} + Br ——* [PtBrSOHz] + H20 (7.188)

were in the bromoaquo-form, so that f in equation 7.166 becomes equal to
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unity and the rate law predicted by mechanism H becomes

1 ZK[Br ] Kqk K[Br ]
kobsd = k + k (7.189)
k_ (1 + (Br' D k_ (1 +— [Bx' D
kg k-3

Comparison of equations 7.189 and 7,186, assuming that kz[Br-]/k_1 and

kafBr-]/k_3 are both much greater than unity gives

k = le (7.190)

k' = k3K (7.191)
Hence

%L = ;% (7.192}

From equation 7.140 the ratio k3/k]‘~ gives the equilibrium constant for the

hypothetical reaction

Br + {Br...Br...PtL4...0H2}* = {Br...Br...Br...PtL OHZ}* (7.193)

4'--

. where L, = Br, or Br30H2 From Elding and Gustafson's values for k' and k,
K§¥ can be calculated to be 25 Hﬁl for [PtBrSOHZ]_ ana 12.5 Mfl for cis-

[Pt Br4(0H2)2]. These values can be compared with the corresponding value

of Kgr = 125 + 10 M ! found in this work for Br anation of trans-
[PF(CN)4BrOH2]_. The high value of K;r found when L in equation 7.193 is

CN; has already been explained by assuming that the pﬁlarisable CN lipgand,
aided by Pt-CN 71-bonding,can delocalise electron density over the whole of

the activated complex {Br...Br..fBr...PtLA...OHZ} . When the four cis-ligands
are Br , the relatively high polarisability of Br will again aid electron
delocalisation in the incipient Br3ﬁ

sation will be less efficient than when the cis-ligands are CN . With

complex of platinum(II), but the delocali-



cis—[PtBrA(OH)ZJ one of the soft cis-Br

(37)

non-poclarisable H20 molecule.
tion state {Br.,.Br..

smaller.

Br.. 'PtLl&' . +OH

2

therefore decreases and K;
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ligands has been replaced by a hard,

The electron delocalisation in the transi-

r becomes

One final system to which mechanism H can be applied is the Br

anation of the cationic complex trans-[Pt(NH3)4Br0H2]3+.

Mason(z) found the rate law

k
f

which was obeyed over the concentration range 0,01 M < [Br ] < 0,03 M.

rate law is consistent with equation 7.166,

ism H if it 1s assumed that

obsd

k
Eg- [Br]
-1
and _3
k3k4K[Br ]
k,
k_5(1 + ¢+ [Br' 1)
k_3
for all the [Br ] studied.

0.03 M Br , it foliows that for this system kzlk—l

33 ML,

3 &K[Br ]

PR
k_3(1 + E‘:‘; [Br D

which can be rewritten as

kA[Brd]
k, -
k__3(1 + '*I;—-— [Br ])

-3

<<

<<

<<

<<

k[Br 12

1 2

For this reaction

(7.194)

This

the rate law predicted by mechan~-

(7.195)

K[Br ]

k
-~ k_ (1 +

kiko

k,

— = %{Br

(7.196)
[Br™ 1)

-1

Since equation 7.195 must be obeyed even at

must be much less than

Moreover, by combining equations 7.195 and 7.196 we pbtéin

12 (7.197)

(7.198)
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' If we now assume that the relative values of the competition ratios of Br

}(n+1)' n+2)-

and H20 for the intermediates {Brz...PtLa and {Br3—...PtL&}(

are unaffected by whether L is CN or NH, then the ratio R defined in equa-

3
tion 7.199 will be the same for the Br anation of trans-[Pt(CN)ABrOHZ]_
2+
and trans-[Pt(NH3)aBr2] .
k k
R (7.199)
-3 2
From the Br anation of the tetracyano-complex
R = 35 = 6.90 x 107 (7.200)
From equations 7.199 and 7.200
k k
4 6 2
. 2_< (7.201)
k_3 87 k_l

From equations 7,201 and 7,198 and knowing that kzlk_l is much less than

33 Mﬂl, we obtain

k3[nr"] << 14.5 k (7.202)

1

This must be true even at 0,03 M Br , the highest [Br ] used by Mason, so

k3 << 483 kl {7.203)
This means that K:r, the formal equilibrium constant for the reaction
Br~ + {Br...Br...Pt(¥1),...00,}7 «—= (Br...Br...Br...Pt(NH.),...0H y¥
34 2 3°4 2
{7.204)

is very much less than 483 M"l. A rather more useful limit to the value of

K;r for reaction 7.204 can be obtained if it is assumed that a contribution

to kobsd from the term k3k&[Br—]3/k_3(l + (kalk_3)[Br-]) could be detected



- 1if it was even 10% of the value of the term klkz[Br_lzlk_l(l + kzlk_l[Brtl). .

This changes the inequality of equation 7.198 to

k.k,[Br ] : k. k
34 < (0.1) 22 (7.205)

K - k.

k (1 + — [Br ]) '
-3 k
-3
and gives the value of K;r for equation 7.204 as less than 48.3 Mnl. This

value is very much less than the value of Kgr found when the four cis-

ligands are CN , in agreement with the hypothesis that a soft, m-bonding

-

3 complex by

electron delocalisation more readily than would a hard, g-bonding ligand

ligand such as CN would stabilise the incipient Pt(I1)-Br

like NHB' On the other hand, the extra 4 and 3 units of positive charge on
[Pt(NHB)ABrOHZ]3+ compared with [PtBrSOHZ]_ and cis-[PtBra(OHZ)Z] respectively

would give a higher positive charge to the incipient Pt(II) complex, and make

it more ready to accept electron donation from the incipient_Br3_ ion. The

effect of the overall charge of the complex is relatively small, since Kﬁr
for the uninegative complex [PtBrSOHZ]— is greater than K;r for the neutral
cis~[PtBr4(0H2)2]. However, the very large difference in charge of 4 units

between trans—[Pt(NHB)&Brz]3+ and [PtBr OHZ]— could well make K:r for the

5
former complex larger than that for the latter, in spite of the lower polari-
sability of NH3 compared to Br . In order to obtain an estimate of the
relative magnitudes of the effects of the charge on the complex and the
polarisability of the cis-ligands on K:r it would be necessary to extend

Mason's study of the anation of trans—[Pt(NH Br0H2}3+ to much higher {Br ],

3)4

so that the value of KE% for this system can be defined more closely.
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Summagz

The bromide anation of trans—[?t(CN)aBrOHZ]- has been studied and
found to obey the rate law -

a[Br—]2 + c[Br_]3

kobsd = T +biBr ] T 1+ d[Br]

The mechanism proposed for this reaction involves the formation of a charge-
transfer complex between the substrate and Br . This complex reacts by two

pathways, either undergoing an auto-redox reaction to give a Br2 adduct of

3
adduct of [Pt(CN)4]2—; The adducts then undergo the reverse redox reactioms

[Pt(CN)A]z_, or reacting with Br  in a redox reaction which forms a Br

to regenefate the substrate in the presence of HZO’ or to form the dibromo-

2—Pt and Br3 -Pt

bonding in the two adducts are different, so equilibration between the two

product in the presence of Br ., The natures of the Br

specles is slow compared to their rates of reoxidation. A good deal of
kinetic and non-kinetic evidence is adduced for this mechanism and it is
shown that it explains the results obtalned in other anation reactions of

Pt{IV) complexes.
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Table 7.1

Spectroscopic parameters for trans-Kz[Pt(CN)4Br2}

mau{e 'Emaxf reference
346 1230 (a)
1160 (b)
342 1140 (e)
342 1200 (d)

{a) This work in HZO

(o) This work i 0.02 M NaBr and 1.16 x 107> M HCl0,

(¢) Skinner and Jones, J. Amer. Chem. Soc., 1969, 91, 1984
(d) D. H. Vaughan, Ph.D. Thesis, University of London, 1968
(e) nm

() M"l cm-l

335
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Table 7.2

Spectroscopic data for the reaction

trans-{Pt (CN) hBrOH]" + H+ + Br — trans-[Pt(CN) 4Br2]2- + H-20
x
Compound Means of Preparation Conditions € at 345 nm
(Pt(cN) Br,1°"  from solid, pure [(Br} = 0.02 M 1160
K,[Pt(CN),Br,] (H'] =1.16 x 1073 ¥
[Pr(CN) BroH]™  [Pr(c®),Br, )" + 00" [oHT] = 1.0 x 107> ¥ 277
2- + -4
[Pt(CN)aBrZ] Regenerated from [H'] =8x10 M 1150
[Pt(CN)aBrOH]_ [Br'] = 0,02 M
+u + B
# -1 -1

in M cm



Table 7.3

trans—[Pt(CN)aBrOHz]" + Br

Observed pseudo-first order rate constants

103 [Br ]

)

4.00
5.00
6.00
7.00
8.00
9.00
10.0
12.0
16.0
20.0
30.0
40.0=
40.0*
50.0
60.0
70.0
80.0
90.0
106
110

120

lO2 k

absd

(st

2.878,
5.188,
5,733,
7.949,
10.95,
12.62,
14.31,
22.06,
40.46,
52.89,
122.6,
165.4,
203.7,
373.5,
490.7,
803.7,
1023,

1356,

1874,

2461,

2936,

)

2.878, 2.964, 2.964,
5.188, 5.608, 5.608,
5.733, 5.417, 5.417,
7.949, 8.586, 8.586,
10,95, 11,15, 11,15,
12.62, 14,13, 14,13,
14.31, 14,08, 14.04,
22,06, 25.71, 25.71,
40,46, 44.69, 44.69,
52.89, 52.23, 51.77,
122.6, 110.4, 115.0,
165.4, 145.7, 180.6,
203.7, 197.0, 204.8,
373.5, 307.7, 350.2,
£90.7, 407.0, 412.1,

803,7, 731.3, 765.0,

3.161,
5.493,
5.610,
8.046,
11.10,
16.76,
13,02,
25.94,
43,83,
48.93,
115.0,
141.6,
249.7,
350.2,
448 .4,

765.0,

3.161
5.493

5.282,
8.046,
11.10

16.76,
12.78,
25.94,
43,83,
47.18,
108.1,
147.9,
207.6,
3138.2,
434.1,

723.3,

5.066,

8.091,

17.63,
12,78
26.53
45,29,
47,18
103.5,
147.9
207.6
313.0,
434.1,

682.2,

1023, 973.4, 1040, 884.9, 936.3, 936.3

1356,
1874,
2461,

2936,

1132, 1141,
1824, 1598,
2226, 2127,

2974, 2161,

1299,
1840,
2353,

2795,

1299, 1261, 1261

1844,
2408,

2795,

1902,
2408

2869

1902

5.066

8.091

17.63, 17.32

45.29

103.5

313.0

364.3

682.2

37



Table 7.3, continued

103 7] 102 x

(

130
140
150
160
170
180
190

200

1)

2
obsd

™

3627, 3627,
3523, 3523,
4469, 4469,
4393, 4393,
6201, 6201,
6674, 6674,
6784, 6784,

7997, 7997,

3432,
3375,
4406,
4917,
6497,
6533,
6892,

6950,

3408,
3694,
4228,
5139,
6497,
6679,
6557,

7711,

*Different sets of

Tuns

3137,
3940

4074,
5139,
5429,
6102,
6557,

7185,

3036,

4083,
4721,
5264,
6102,
7563,

7812,

3036

4083
4575, 4575
5445, 5445
6369
7563

7812



Table 7.4

trans—[Pt(CN)ABIOHZ]- + Br

Reproducibility of pseudo-first order rate constants

103 [Br ] No. of points G%T
4.00 6 1,77
5,00 6 1.46
6.00 ' 8 1.75
7.00 8 1.14
8,00 6 0.34
9.00 9 4,55

10.0 7 2.00
12.0 7 2.93
16.0 8 -1.62
20.0 7 1,85
30.0 8 2.38
40.0% 7 3.45
40,0% 7 3.16
50,0 -8 2.77
60.0 8 3.46

10° [Br]

+

Ho. of points GZ

70.0 2,29
80,0 2.24
90.0 2,41
100 1.91
110 2.04
120 3.84
130 2.94
140 2.67
150 1.65
160 2.27
170 3.16
180 1.53
190 2.35
200 2.02

Using a pooled estimate of variance, the percentage error in the average rate

constant for a set of runs =

2.53%,

-i..
A

expressed as a percentage.

* different sets of runs

g, = standard deviation of the average value of ko

bs

d

for a set of rums,
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Table 7.5

trans—[Pt(CN)éBrOHZ]— + Br

Average rate constants and their variation with [Br ]

103 (Br'] 10° k sq To- of points 103 [Br ] 102 k eq Do« of points
an (sH | 0 s™h
4.00 3.001 6 70.0 7445 8
5.00 5,430 6 80.0 973.8 7
6.00 5.415 8 90.0 1263 8
7.00 8.168 8 100 1832 8
8.00 11.07 6 110 2349 7
9,00 15.51 9 120 2781 7
10.0 13.62 7 130 3329 7
12.0 24.85 7 140 3611 5
16.0 43.57 8 150 4259 7
20,0 50. 44 7 160 4731 8
30.0 112.6 8 170 5872 8
40,0% 156.4 7 180 6448 7
40, 0% 210.6 7 190 6957 7
50.0 339.9 8 200 7638 7
60.0 435.2 8

% different sets of runs



Table 7.6

trans—[Pt(CN)hBrOHz]— + Br

Variation of kobsd with [Br ] assuming the rate law

k

obsd

(2.50

4]
]

(2.17

]
it

covariance
covariance
covariance
covariance
covariance

covariance

i+

+

I+

of

of

of

of

of

of

a[Br-}2 . c[Br_}3
T+b[B-] T T+ dBr]
0.17) = 103 % g1
16 »°1
0.22) x 10% w2 g2
1.2
aandd = 2.590 x 103 M—3 5"1
aand ¢ = 2.732 x 10° M ° ¢ 2
aandd = 1.368 x 18% 13 gt
band ¢ = 2.955 x 10% M % g1
band d = 1,497 x 10% ¥°%
candd = 2.511 x 100 % &1
bed 11.1%

Standard deviation in ko



Table 7.7

Comparison of the results found in this study with those of previous workers

Mason  Inorg. Chem., 1971, 10, 1914

[H') = hy = 8.0 x 1073 u

103 {(Br 1 | !._{f___&

0.7685, . . 427

0.6935 43.0

0.6185 43,5

0.5370 41.3 Averape value of g =
0.5185 42.9 g = 42,5 x 1070
0.4185 41,3

0.3185 42,4

0.2685 40.9

0.1685 44 .3
Skinner & Jones J. Amer. Chem. Soc., 1969, 91, 4405

'] = by =1 x 1070 x

103 (3] 10 ¢

32,0 . 9.79

25,6 8.40

22.4 7.45

19.2 7.43 Average value of g =

16.0 7.26 7 = 7.52 x 1073

12.8 6.94 |

11.2 6.69

9.6 7.56
continued..,.

8.0 6.17
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Table 7.7, continued

Skinner & Jones J. Amer. Chem. Soc., 1969, 91, 4405

[H+] =h; = 1.26 x 1072

10% [Be7] 103 ¢
40,0 i4.0
32.0 21.6
24.0 -21.4
16.0 18.4 Average value of g =
12.8 21.5 g = 20.5 x 1073
9.6 19.7
8.0 18.7
6.4 18.8
Morgan & Jones J. Inerg. Nucl. Chem., 1972, 34, 275
(] =y = 1,318 x 1072
10° [B:7] 10° o
25.0 - 38.8
20.0 40,0
17.5 41.0 Average value of g =
15.0 40.6 g = 41,1 x 1073
12.5 42,2
10.0 39.9

7.5 45.3



Table 7.8

Calculation of KA

Reference 103 hl () _ 103 g
a 100 7.523
a 12.6 20.5
b 13.18 41,12
c 8.0 42.5

a Skinner and Jones

b Morgan and Jones

¢ Mason
4

d h taken as 3.04 x 10 M
e h taken as 2,25 x 10”4 M

Published values of KA

2.5 x 1072 M reference 1

2

5.0 x 107%, 1.07 x 1072 M reference 2

3.16 x 1072 3 reference 3

2

10 KA QEL_
d e
6.7 4,2

-8.2 8.4
6.5 1.5
1.6 0.9

A}

s
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© SKINNER AND JONES
JA.C.S. 1969, 91, 4405

[B71 (M),

Data of Skinner and Jones at pH = 1.00 re-interpreted
according to the redox mechanism

line drawn by Skinner and'Jones according to the
rate law of equation 7.6

Jine drawn acbording to Mason's rate law of
equation 7.8

curve drawn according to the rate law predicted
by the redox mechanism (equation 7.14)
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@ MDRGAN AND JONES,
J. INORG. RUCL, CHEM,
1372, 34, 278

‘102 [Br7]

(W)

Fig, 7.2 Data of Morgan and Jones re-~interpreted according
to the redox mechanism

C 1line drawn by Morgan and Jones according to the
rate law of equation 7.11

E curve drawn according to the rate law predicted
by thre redox mechanism (equation 7.14)



| -
o5 { Yoo = ¥ ) 0875 cm =5 s

Fig., 7. 3 Typlcal pseudo—first-order rate plot obtalned for the bromide

anation of trans-[Pt(CN)hBrOH i
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k
obsd
03— [Br] ' /
(s7'm)
ﬁ
)

102 (8] ()

1
6

Fig. 7.4 kobsd/[Br—] ag a function of [Br~] at low bromide

ton concentrations
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102 [Be] | (M)

) - _ ] ;
5 /] 20

Fig. 7.5 kobsd/[qu] as a function of [Br~] at high bromide

ion concentratlons
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bl
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Fig. 7.6 kobsd/[Br"]2 as a function of the bromlde ion

concentration



Fig., 7.7 [Br"]/(kobsd—kB) as a function of the reclprocal of the bromide ion

concentration

16¢



104 [Br-)2
15— kubsd‘k.ﬂ

(M25s)

Fig., 7.8 [Br"]z/(kobsd-kA) as a functlon of the reciprocal of the bromide ion

concentratlon
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15 k:carr -kB

104

O SKINNER AND JONES, J. AMER. CHEM. S0C.,
1969, 91, 4405

© MORGAN AND JONES, J. INORG., NUCL CHEM.,
1972, 34, 215 :

1 -
T M)

{8r7]

g 00 289

Fig. 7.9 The results of Skinner and Jones and of Morgan and Jones re-interpreted
according to the rate law of equation 7.22

549
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(] MASON, INGRG, CHEM, 1971, 10, 1914
5

1873

Fig. 7.10 Mason's resulbts re-interpreted according to the rate law of
equation 7.22 '
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APPENDIX A
S A Expe ‘ta Dsta Part I

Cage 1 ; Calc t t

The unweighted mean, Yy, of a series of N observations

¥y is given by

7 o= L9y (a.1)

N
where 2: denotes summation over all values of L from i = 1
3
t°1=No

The standard deviation, Gi , of an individual value of 7y

is given by
i = % . (&02’ .
N -1
By applying the law of propagation of errors to equation
A.1, the standard deviation, S5 of ¥ is given by
2
vy -
N2
which simplifies to
Jn
Case 2 ; Calculation of the ye ted m a geri £

eryat
The welghted mean, ¥ , of a serles of observations

¥y » each with a different standard deviation, 01 » is glven
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by
7 = ?:‘wlyi (a.5)
&
where Wy is a welghting factor defined as
w, = -3 | (4.6)

2
dl
By applying the law of propagation of errors to equation A.S,

the standard deviatlon, % , of ¥ 18 given as

/Z, 2 _2
o= = R (4.7)

Yy 0
.

From equations 4.6 and A.7 it follows that

O’S; = =l (A.8)
7
1
Cage 3 ;: Th eight agt e 2 t
f bgerva L " "
ra r

The experimental values, P of x are "fixed" in
the Berkson sense, so-bhat there is consldered to be no
error in the value of S all the error of the observation
beling éssoclated with the corréspondlng value, ¥y » of y.
The mathematical relationship between y and x 1s assumed to
conform to the ideal law
'y = o+ Bx (A 9)

The "best" value, @ , of a according to the least squares
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treabtment is glven by
A Z;"Z Zi:yi." 21:"15’1 Z;"i
IEZ:x? - (7. x )¢
i i i

L

(4.10)

where N iz the number of observabtions,

at
The "best" value, B , of 8 is given by
N Z:ﬁx Y, = j:,x i: y
% = 17t { L1 (A.11)

ﬁlé}xf -~ ( i%,xl)z

a8
and the standard deviatliom, 0& , of an individual value of
Iy 1s glven by
A Az
Z(yl-sxi-a)

¥y N - 2

By the law of propagation of errors gpplied to equation A.10,

A
the standard deviation, 3h s Of the intercept a 1g gilven by

JFZ:( i:fXE - xy i:,xi)z
1 1 (4,13)

2

NZX? - (z:t xl)h

i 1
where L denotes summatlion over all vaelues of J from J =
J

to J = N, Equation A.13 simplifies to
A /EI% ’
oh = c’ (A.14)

" l 2
Z;, Y - ( Z% le

sl
Simllarly, the standard deviation, og s 0f Lhe slope B is

given oy

s [T Ty

1 (4,15)
NZ:X - (Z, X )2
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which simplities to

oy = %y N (A.16)
N Z:,xf - Z:xtlz
i 1

L
The covarience, éb , between 2 end 38 is glven by
- Lx

i

! (A.17)
- N Z;,::i -~ ( Zj}xi)z

Cgp ~

Cage 33 ;'The application of this treatment to the temperature-
dependence of g flirgt-order rate tant, k , which hag
been meagured under conditions where the observed rate constant,
l{c:bsd’ gauals Ky

Thls case corresponds to pseudo-first-order rate
consvants found at very low concentrations of entering
ligand, where the reactlion proceeds by a single, first-order
pathway and the rate law ls
% (a.18)

obsd T~ “r
The temperature-dependence of kr can be described by the

k

Eyring equation

logyo(k, /T) = log,o(k/n) - B+ as* (2.19)
2.3038T 2.303R

where T is the absolute temperature, AH* and AS¥ the enthalpy

end entropy of activatlion, and k, h, B are Boltzmann's constant,
Planck's congstant, and the universal gas constant, respectively.
Equation A,19 corresponds to equation A,9 If

logloikr/P) | (4.20)

i

y

T
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so that
A + .
@ = log,,(k/n) + .48 (4.22)
2.303R
8 = -oH (4.23)
2.303R
A o + . ag¥
Once @ a2nd B have been calculated, &H' snd 437 can be caleculated

from equations 4.22 and A.23. The standard devliations, th

and.‘Gé s OFf AH#_and ast are glven by =quations A.24 and 4.25

respectively.
oy = 2.3033(05) ' (a.24)
og = 2.3038(c2) | (4.25)

where oz and dE\are defined in equations 4.14 and A,16.
This treatment of the data assumes that there is 2
congtant percentage standard deviation, P , which is temperature-~

independent, associzted with an individual determlnation of

kobsd' Thus the standard deviation, le s of any value,

k1 of kobsd is glven by
Cpy = 51 (4,26)
100

The standard deviation, 61 y Of the corresponding value of
¥y is given by
v, +0, = log(k, +C,,) © - (a.27)
From equations A.26 and 4,20
o =
N log, (1 + O, /k,) (4,28)

and from equations A.28 and A.26

O& = 10510(1 + P/100) (4.29)



360

Since P is a constant, O"t is also a constant, and the unweighted
least sguares treatment is clearly =appropriate. An estimate

of the wvalue of P can be obtained from equation A.29 If the
standard deviation d‘y defined in equatlion A,12 is substituted

forQ Thus

l.
IaY
P = 100(antllog(5y) - 1). (4.30)
Cage % ; The welght least gguyares ana f the ar
ependence r f obgervat g t L "
parameber, X

As for case 3, the experimental values, Xy s of x
are "fixed" in the Berkson sense, and the 1ldeal relationshilp
between y and x is assumed to be that of egquation A.9. Ir
the stendard deviation of any value, Ty ,l of ¥y 1ls assumed to
be 61, then the weighting factor, Wy assoclated with ¥y is

given by

: =1
M TT42 (4.31)
L

The "best" estimate, 3 s of 0 is glven by

A Z;’Wtyi Z;,wixf - %\,wlxiyi Z}wixl

-2 _ 2
2"1 Z'Wi‘{i (& W, X, )
i i i
A
whilst the "best" egstimate, 8 , of B is glven by
n Zowy Zowyxyyy = 7 wyxy zwzyi
B o= 1 L 1 1 (4.33)

2 2
Z% w, ZE,wlxt - (Z{ wlxi)

Application of the law of propagatlon of errors to equation
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A.32 gives the standard deviation, T4 s of a as

Zw(waz-x T owox,)?
O‘Q: /j-j 111 Jlixl

(A.34)
Z_;: Wy lele - (Zi Wlxi)_2
Equatlion 4,34 simplifies to
T w x?
oh = /1 1 (4.35)

2 2

Similarly, the law of |propagatlion of errors applied to eguation
. . A
A,33 glves the standard deviation, G’B‘ , of 8 as

Twdz, Lw, - lux )2
- jawj e L (A,36)

i
2 2
Z;., wy Zi‘,wlxl - ( Z% Wy X, )

%

which simplifies to

Lw
y L

O'g = (A-B?)
f_‘,wl Ewixf - (7 wfl_:xl)2
1 1 i
The covariance, J&_"B s OF o and a is glven by
- Iw.x
Ogy = _ L '* (5.38)
?:',W1 2wix$ - () wlxi)z
1 i 1
Cage Ya ; The application of this treatment to the linear
dependence of pgeudo-firgioorder rate congtants, k , . » on
the centrat 2 a Y
The rate law
Kopgg = %p * kz[Y] (4.39)

corresponds to equation A,9 if
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¥ = ¥4 (A.40)
x = [¥] | | (4.51)
o = k, (4.42)
B = X, (A.43)

If 1t 1s assumed that there is a constant percentage error,
g

P, in kobsd y then the standard devistion, N y Of Y is

glven by

Oj-. = Pyl . (A.Ml-)
100

Since P/100 1is a constant, the weighting factor, Wy s for ¥y
can be taken as l

1

7y
The value of P can be estimated from the experimental data

using the egquation

A o 2
zg,wi(yi - @ - Bx,)
N -2

P = 100 (A, L6)

where N is the number of observations and & and B are given
by equations A.32 and A,.33 respectively, However, the

‘ : ‘ A
standard deviations, oy and gs 4 of & and 8 are now glven by

equations A.47 and A48 respectively.

o]
| Z:'WLXZ
or = B 1 : (A7)

100 oW, lw x> - ( 7 ow.ox, )@
i 171 it
i 1 i
Wy

og = P (a,b8}

»
i

IOOJ Zwi Z‘arlx? - (T W, X )2
p by Bl y bt
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A
The covarlance, da/\s , of & and B is mglven by

L,wyx,

1o ow f,wxz-():wz)z
1 171 1”1
1 i i
Cage b ; The application of this treabtment bto the temperature-
£ rate bant: £ b value '
th dar g t £ a s
re not enkt L

The temperature-dependence of the rate constant, kr ’
can be represented by the Eyring equation (equation A.19),

which coaforms to equation A.G if

¥y = logy,(k./T) (4.20)
X = 1 ' (A.21)
T

Since the standard deviation, Gki sy of a glven value, k of

§ »

k. ls known, the standard deviation, Ui , of the corresponding

value of yi is glven by
O, = logy {1 +0,,/k,) . (4.28)

and the welghting factor, Wy oo for ¥y by

w, = c?lé | (4.31)
1
The values of ‘Er., ?3, 'o’a, cs‘é\ and O’&'\B are given by equations
A,32, A,33, A,35, A.37 and‘ A,38 resgpectively. The "best"
values of AH , AST, Ox andO’g are glven by
T - - 2.303113 (4,50)

asT = 2.309R4 - Log, (k/h) (4.51)



Sy = 2.303‘&(65\) {A.24)
gg = 2.303ﬂﬁﬁ£) (4.25)
The rrech f n gtandard tatl for th nite aber
of degreeg of ﬁ;eedom agsociated with 1tg determination

In all the above cases, the standard deviation, O,
calculated from 2 set of experimental data is in Ltself
uncertalin becsuse it ls based on a2 sample of the population
to which 1t belongs, rather than the whole population, For
the matheﬁatical functions

y = o+ Bx (A.52)
y o= ¥ (4.53)
where a,8,Y are constants, the whole population corresponds
to an infinite number of observations. It is possible to

allow for the induced uncertainty by using the equation

-/ & .
S corr “'(?—ﬂ)cr (A, 5%)
Boo
1] 1
wheretTéorr is the "corrected" standard deviation, tn is the

value of Student's t parameter at the 95% confidence level
for the n degﬁees of freedom assoclated with the determination
of &, and £t is the corresponding parameter for an infinite
number of degrees of freedom. The value of n is given by the
equatlon

no= N-om (A.55)
where N 15 the number of observations and m the number of
constants connecting the “fixed" and observed variables. For
example, for the standard deviation of an unweighted or a

welghted mean (cases 1 and 2), m is 1. For two varlables,
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- ¥ and x connected by the egquatlon
¥y = a + Bx (A.9)

the value of m is 2,

Cage 3 ; The uge Qf'pgglgg variances
If_the standard deviatlon,tjy y of a quantity, y , 1s
estimated by M different experiments, then provided that

the statlstical samples on which these estimates are based

belong to a common population, the "best" valu»a,a'.Y . ofo‘y
s given by
- Jon o2
5. = g ek {A.56)
y an
k

Wherecdk 1s the "k" th estimate of(j& » n 1s the number of
degrees of freedom assoclated with the "k" th experiment, and

Z:denotes summation over all values of k¥ from k¥ = 1 to k = M,
k

Ok is the experimental value of O_, and is not corrected for

¥y
the finite number of degrees of freedom assoclated wlth lt.
Instead, the pooled standard deviation,?3& s 18 corrected for

the number of degrees of freedom using equation 4,54, and

teking
n = J.om (4.57)
k. .
Case 5a ; The spplication of poosled variapces to the ligand-

£y a e ~first-prder rate constants at several
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different temperatures, and the effect of this treatment
on _the activation garametefs derived from thig data

For a given reaction, 1t is possible to postulate
that the percentage deviation, P , of the pseudo=first-
obgg * 1S 8 constant which is
temperature~independent, This is in fact the assumption

order rate constants, k

which was made in calculating zactivation parameters fronm
valueg of kdbsd at low ligand concentrations (case 3a).

With thls agssumption, the values, P of P found by the

k ]
application of case L4a to the ligand~dependences of L

at a varlety of temperatures belong to a common population,

and the pooled percentage deviation, 7 y of k is glven

obsd
by

(A.58)

The total number of degrees of freedom associated wlth P

is zg;nk «

The effect of pooling the percentage deviations of

k on the derlved values of the actlvatlon parameters

obsd
for the flirst- and second-order pathways for the base

hydrolyses of trans-[Rhen2010H1+ and trans-[Rhen2012]+ is

shown in Table A.1, For each reactlon, the actlvatlon

F
1 °?

following two ways :-

4-_
paremeters, AH AS? ’ AH; ’ ASZ , were determined in the
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Met A

At each btemperature, values of kl s K their standard

Ky
devia_tions, 0‘1 ando‘z s and Ethe percentagé deviation, P, of

K hsq Were caleculated using the treatment of case ha. After
correction of 0'1 and 0'2 for the number of degrees of freedom
; and 0’1
and kz 'and.o"z were geparately used in the treatment of cass 4b

to give values of AH:: ’ AST and AH: s &Sg y and the corresponding

assoclated with their estimation (equation A.54), k

standard deviations.

Method 3

Values of kl s Ky and P were calculated at each
temperature as in method A, For each reaction, the values
of P found at the different btemperatures were pooled zccording
to the treatment of case %3 Lo glve a value for P. The
values, &, and &, , of the standard deviations of k, and X

a 8

at each temperature were then calculated using equations

2

A,59 and A.60, and the data points for the temperature in

question,.

I

5, = P L (4.59)
100 Z’Wi i:wixf - ( Z,wlxl)z

R 1

_[zm R

G = B_| 1 1 | (4.60)
00 2 2
1 Zi:wl Zilwixi - Zi: wlxl)

Equations A.59 and A.60 correspond to equations A,47 and

A48, with the temperature-dependent paramester, P , replaced

by the temperature-independent parameter, r. The standard
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deviations, '3; and O , were then corrected for the number

B
of degrees of freedom using equation A.54 and taking

n = Lo (4.57)
k
The values of k1 and kz and thelr corrected standard
deviations were then used separately In the treatment of case
4b to give‘estimates of AHT R AST , AH; . Asj y end thelr

regpective standard deviations.

The results of both methods, given in Table A.1,
show that although the two methods often give very similar
values for the activatlon parameterg, thls is not always
true. For the second-order reactlon of Egggg-[ﬂhenZCIOH]+
with hydroxide, method A puts a good deal of weight on one
point, whereas method B puts more nearly equal weighting
on all points. Method B thus appears to be experlmentally,
as well as theoretically, more Justifiable thanAmethod A,
Method B was therefore used to determine all the activation

parameters calculated in thls thegis,.

General reference

J. Mandel, "Statistical Analysis of Experimental Data',
Wiley, New York, 1964



Table A.1

The effect of pooling varlances on the actlivation parameters

calculated for concurrent first- and second- order reactlons

(a) trans-[Rhen ClDH]+ + OH™

2

; first-order pathway (kl)

Temperature

(°¢)

75.75
71.80
64 .80
58.02
53477
49.89
45,50

10°%

1

(==1)

91.
60.
28.
13.
7
b,
2.

AHI (keal mol™ 1)

:1:
. Asl

(e u.)

Lo
49
59
30
667
669
685

107w,

Method A Methed B
7.571 14,81
1.293 18,47
1.192 14,51

21,58 15.25
1.304 15.12

594.8 , 14.39

9.004 14,67
25.45 + 0.19 25,14 + 0.15
0.27 + 0.58 ~0.67 + 0.46

(b) trans-[Hhen2010H]+ + OH™ ; second-order pathway (kz)

Temperature

(%c)

75.75
71.80
614,80
58.02
53.77
49.89
45,50

M¥ (keal mol”

(e.u.)

5
107k,

(M~1g~1)
33.
25,
11.
L,
2.

1

0
1y

70
68
98
031

692
.865
. 3807

-1

1077w,
Method A Method B
34.31 65.27
8.433 82.66
7.665 81.07
65;66 47.00
6.181 61.14
2870 73.42
39.79 63.57
24,16 £ 0.89 25.84 + 0.70
-5.56 + 2,74 -0.49 + 2,10

Continued. . aus ceea

369



Table A,1 (continued)

(e) trans-[Rhen2§}2]+ + QH™
o 6

Temperature 107k,
(°c) (g~1)
77.70 32.12
74;62 23.38
71,70 | 16 .04
67.95  11.43
64,86 7.0L7
64.33 - 7.696
62,21 5.330

' AHI (keal mol”

AST | (e.u.) =

(d) trans-[Rhen.Cl 17 + om”

: first-order pathway (kl)

2522

Temperaﬁure ;gfgi
(°c) (ntg~t)
77470 40,31
74,62 25.70
71.74 16.83
67.95 9.843
64.86 5.595
64.33 5.165
62.21 3.853

ﬁﬁz'(kcal mo1l™1) =

AS; (e ul) =

1079,

Method A Method B
1.931 3.461
b,997 h,797
0.8260 3.209
1.165 3.345
1.532 34399
1.162 3.455
2.201 3.L62

26.37 + 0.81 26.06 + 0.63
~h.2h + 2,37 ~5.,14 + 1.84
;_second-order pathway (k,)
Method A Method B
6.156 10.90
13.18 8.828
2,110 7.896
2.198 6.089
2.531 5.638
1.501 b, 26
3.103 _ L,805
35,01 + 1.86 35,07 + 1.42
20.81 + 5.38 21.00 + 4,14
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APPENDIX B

Computer programmes used in Part I

s
LA
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FROGRAMME B1

Calculation of an unwei.ghted mean

This programme corresponds to case 1 of appendix A.
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e wle mlp Al abe ale ale afe Llo ole Wloste Wl afe Wt wie wle Al wle wbe ala ale abs wbe owle Wle ) W wla aty abe vbe wle ale wle vde ale als wle aly afs
re sz e slr i 23 3 ol e Se ol ole e sl o N Mo e sz o e s ol vl B e Sl ae Nt 2 e ot st o' se 3 sk ol ot e sk Sl

K3

% HATETV

* CQP-J.\J“IK

% T4/003

s e s oS S e oo Mt e s e ol T il S el s ke e ol s ol sk ) e ok Aok kR
SJ0R CaPadaVi}IK 30 310YNYNYYY

C PROGRAMME TO CALCUILATE AN UMWEIGHTED MEAN VALUE
DIMENSTION X{LTO0)D(T00}YD2{T700),RRI7ND)
CHARACTER=®80 TITLE
WRITE {643006)

3006 FORMAT (1H1+2Xs18HUNWEIGHTED AVERAGE //)
READ{S5,2100) M ' '
2100 FORMAT (14)
DO 21 J = 1.4
READ (5,3004) TITLE
3004 FORMAT (ABD)
WRITE (6,1025)
1025 FORMAT (1HOs1X,120(1H%) //})
HWRITE (6,4001) TITLE
4001 FORMAT (1HO.5X,AB0 //)
WRITE (641025}
READ (5,2100) N
SUMX = 0.0
SUMDZ = 0.0
O 1 1 = 1.M
READ (5,1000) X(I)
1000 FORMAT ({El12.5)
SUMX = SUMX + X(1)
1 CONTINUE
WRITE (6,1001)
1001 FORMAT {(1HO,2X,4HX(1))

P = N

XMEAN = SUMX/P

DO 2 I = 1,N

DII) = X(I) — XMEAN

N2(T) = DIIYED(T)
SUMD? = SimD2 + D2(1)
WRITE (6,4,1002) X(1)
1002 FORMAT (1HC+2X,G1l2.5)
2 CONTINUE
VXTI = SUMD2/(P=1.0)
EXTI = SORTI(VXI)
VXMEAN = VYXI/P
EXMEAN = SQRT(VXMEAN)
PCENT = 100J0%=EXMEAN/XMEAN
PERK = 1N0.O%EXI/XMEAN '
WRITE (64,1003 )XMEAN, EXMEAN, EXT
10032 FORMAT (1HO«2X,y BHXMEAM = , F16.8/ 3X, 30HSTANDARD DEVIATION UF XM
*EAN = , FEl6.8/7 3%, 29HSTANDARD NEVIATION OF X(1) = , E16.8)
WRITE (6,1007) PCEMT .
1007 FORMAT (1HD, 2%, 29HSTGMAXMEAN AS A PERCENTAGE = , G12.5)
WRITE (6,10039) PERK
1009 FORMAT (1HOQ2X, THPERK = 4 G17.5)
FRITE (641008}
1008 FOERMAT (1HO,1H /11X 120(01H%y //)
21 CONT INUE
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END

SDATA
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PROGRAMME B2

Cgleulation of a weighted mean

Thls programme corresponds to case 2 of appendix A,



508N

1y ba nbe wte We wheoate whe owee wheoafo sl oale i we wl by ghe ale wle e sle ale sle oletale ofp nhe vle 5l
SEUHNARTRT RRNI AR R A S - b X e s R £ et e i)

e HATFTVY

Ta /003

% oW %

e e siede sl R

CaPadaVUIK 30 310YNYMYYY

C PRIOGRAMME TN CALCULATE WEIGHTRERD AVERAGES

2100

1000

1010

inil

1004

1002

1003

1005
1012

1013

SDATA

DIMENSION XIT7O0)WITO0) WX { TN} SIG(TO0) ,SIG2{70N)
CHARACTER=80 TITLE

READ {5,21Nn0) ™

FORMAT (14)

WRITE (641000}

FORMAT (1HL 42X, 17HWEIGHTED AVERAGES //)
DO 21 b = 14M

READ (5,1010) TITLE

FORMAT (A80)

WRITE (641011} TITLE

FORMAT (1HO,2X,A80)

READ (5,2100) N

SUMKW = 0,0

SUMWYX = 0.0

WRITE (6.,1004)

FORMAT {1HO 32Xy 4HX{I )} 418X «6HSTGIT )y 16X s4HWIT) )
DO 1 1 = 1.N

READ (5,1002)Y X{I})y SIGII)
FORMAT (2(E12.51))

SI1G2(1) = SIG(I)=SIGI(T)

WI) = 1.0/51G2(1)

WXETY = W{I)=xX(T1)

SUMWX = SUMWX + WX(T)

SUMW = SUMW + W(I)

CONTINUE

XMEAN = SUMWX/SUMb

SIGZ2XM = 1.0/S!HMy

SIGXM = SQRT(SIG2XM)

BO 2 1 = 14N

WRITE (64,1003) X(T)}sSIGII) WIT)
FORMAT (1HO.W1X,3(G1l2.5,10X))
CONTINIE

WRITE {(6,1005) XMEAN

FORMAT (1HD.+2Xy8BHXMEAN = +E16.8)
WRITE {(6,1012) SIGXM

FORMAT (1HO,2Xy30HSTANDARD DEVIATION IN XMEAN = 4 G17.5)

WRITE (6,1013)

FORMAT (1HO,1Xs1H //1X4,12001H%) ///)
CONT INUE

STOP

END

T T T B T e L B e N I P P d r A d L L ] .l
R S R A R R T A R N R R A N NI N S AT N R Rl I R AT NI R R R R R NI E SRR AR AR RIFR NI NI SR NR AT

o 376
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PROGRAMME B3

Calculation of pooled varlances

This programme corresponds to case 5 of appendix A.



o sle g ste whe whe b she sl ale ale he Mo ats Wl W wle ade sle st she ale e whe s e ale e ly sl e wie ale whe el ale 4l gl ale sl ate ste s gip ses ate sbe
o s NI s RN R e iR R e Al R

WATFTV
CaPodaViIK
52 747007
§ OB CaPoadaVIITK 30 RLINYNYNYYY

C PROGRAMME FOR POOLED VARTIAMNCFES
DIMENSTION SIGISN0) MOFISO0) VARNISON] ,P(500)
CHARACTER®80 TITLE
READ {5,2100) M
2100 FORMAT (14}
WRITE {6,3000)
3000 FORMAT {1HY1,2X,16HPOOLEN VARIENCES //)
DO 21 0 = 1.0
SUMNMDEF D.0
SUMVAR 0.0
READ (5+5000) TITLE
5000 FORMAT [(ARD)
WRITE {6,6002)
6002 FORMAT {1HD+1X4120(1H*x) //)
WRITE (A,6001) TITLF
6001 FORMAT (IHNBX,ABD //)
WRITE (6,6002)
WRITE (651003)
1003 FORMAT {(1HQ?X,6HSIG(T 20X ,5HDF(T))
READY (5,2100) M
DO 1 T = 1.M
READ (5,10C0) SIG(I)y NDFE{T)
1000 FORMAT (FlZ2.54 14}
P{I) = MDFI(T)
VARMIT) = SIG{INESIG(T)IxP{T)
SUMMDF SHMNDFE + P{1)
SUMVAR SUMVAR + VARN(T)
WRITE (6,1004) SIG(I). NDF{TI)
1004 FORMAT (1HO.1X+G1l6.8:10Xs14)
1 CONTINNE
POOLVA
POLSIG

oW

SUMV AR/ SUMNDF

SORT{POOLVA)
WRITE (6,1001) POLSIG :

1001 FORMAT (1HD,2X,28HPOOLED STAMDARD DEVIATION = 4 Gl6.8)
WMRITE (6,1002) SUMNDF

1002 FORMAT {1HD.2X,37HTOTAL NUMRER OF DEGREES 0OF FREEDOM = , GlA.8)
WRITE (&,.6000)

6000 FORMAT (1HOLIX,1H //1X 12001Hx) ///)

21 CONTINUE

STOP
£ND

SIATA

AL



FROGRAMME B4

Unwelghted least squares analysis for the equation

y:ﬁ.'i‘Bx

This programme corresponds to case 3 of appendix A,

37
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2z 2l v o v ol T Soe Sl B S N ne E e sl el sl e e e e s vz s oz R s e s el e ale SR e o e e e Sle
B WATFIV
e
C.PodaVIIIK
T4/003
3¢ Sl 2la 2l ol ok e e e sz slo e soe s o e e s sl e sl sl e sl s e e e sk e sk e Mo s e sl e sle e s sl e sl e e sk e e vk

SINRYK CePada VIUTK 30 AINYNYNYYY
C UNWMETGHTED LEAST SOMMJARES FOR Y = ALPHbO + RETA%X
DIMENSIDN DRSHK{100), TEMP(100}, ABRSTEM(100),C{100},Y{100),%(100)},
AX2{100),XY{100)s D(1O0).D2(10C), F{100)s G(1C0O), F2(10C), G2(100),
AYCALGCIION)
CHARACTER=80 TITLE
READ (5,2100) M
2100 FDRMAT (14)
DO 21 J = 1,M
READ (5,4000) TITLE
4000 FORMAT (ABD) .
WRITE (&6,1024)
1024 FORMAT (1H1,1Xe120(1Hx) //)
WRITE (6,4001) TITLE
4001 FORMAT (1HD,5%,A80 //)
WRITE (6,1025)
1025 FORMAT (1MHO.1X4120(1H*) //)
READ (5,1000) N
1000 FORMAT (14)
I =0
SUMYX = 0.0
SUMY = 0,0
SLMX?2
SUMXY
SuMn2
SUMF?2 .
SUMG2 = 0
NDO1 1 =1
READ (5,1002) Y{I)+X{1)
1002 FORMAT {2{F12.51)}
X2(1) X(IY=X(1)
XY(1) X(I)=yY (1)
SUMX = SUMX + X(1)}
SUMY = SUMY + Y{I)
SUMX2 = SUMX?2 + X2(1)
SUMXY = SUMXY + XY(I)
1 CONTINUE
P= N _
0 = P®SUMX2 = SHMXESIMX
ALPHA = (SUMXPHSUMY — SHMXYXSIIMX )} /0
RETA = (PRSUMXY = SUMY:=ESURMX ) /0
DO 2 1T = 1,
YCALGC(TY = ALPHA + RETA®X(I)
DETY) = Y(I)= YCALGID)
D24TY = DYDY
FOI) = SUMX2 ~X (T }*Slmx
GITI)Y = PeX{I1) = SUMX

I

F201) = FITI)*F(1)
G2ETY = GUT)=G(1)
SUMDZ2 = SUMDR + N211)
SUIAF? = SIWF? + F2( 1)



1N03
1006

1004

1009

1004
1011
1019

11z

1023

SDATA

SIG? = SUMGY 4 62T 381
COMT ITMUF '

kP = [EN2/IE=2.0)

N = SORTIOK?)

NKPCT = 100,0520K

VALPHLE = SIBGFE2RNOKY /[ On0)

FALPHA = SORTIVALPHAY

VBETA SHmG 20K / (050

FRFTA SORTIVAETA)

WRITE (&41003)

FORMAT (THO 38X 4 4HX T Y2 1AX e aHY {1 )y 16X 8R3YCALC(T) )

NO 3 1T = 1,.NM

WRITE {(6,100A) X{T)1,¥(114YCALC(T)

FORMAT (1HD,5X,3(G12.5,8X))

COMTINUE

WRITe (6,1004) HLPHA

FORMAT {1HO 45X 12ZHINTERCEFPT = +G12.51}

WRITE (6.1009) &ALPHA

FORMAT {1HD 45X ¢ 34HSTANDARD DEVIATION INM TMTERCEPT = 4G12.5)
WMRITE (A,1008) RETA

EFORMAT (1HN,BX, 8BHSI.OPE = +0G12.5)

WRITE {6£.,1011) ERETA

FORMAT (THO 55X 4 30HSTANDARD DEVIATION IN SLOPE = ,G12.5)
WRITE (6.,1019) OKPCT

FORMAT (1HO,5X, 26HSTANDARD NEVIATION IN Y = 4,G12.5,:2H %)
WRITE {(6.1017) N

FORMAT {(1HD 45X 19HMUMRER (IF POINTS = 4[4}

CONT INUE

WRITE {6,1023)

FORMAT (1HO4IX 1H /71X 312001H%Y //777)

STnp

END
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PROGRAMME Bj

Welghted least squares analysis for the equation

y’:(!."i'Bx

Thls programme corresponds to case 4a of appendix A.
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P :

Celo bVl

.‘
s
3

HJNRM CabadeVIITK 30 AINYNYMYYY
€ “EIGHTED LFAST SOUARES PRUGRAMME FOR Y = ALPHA + RETA {X)

NIHENSTON XEI0N) Y (1IN0 ) oW (1IN0 4 WX {100 «HX2 {100}, FI100) ,AL100) .,
AE(INN)IRBILI00IAY LGOI «RY (100100100, DY2(100),0BEVY{L100),EYZ2{10G0),
HEGY2L1IOMY . YCALC(100)

CHARACTER=HO TITLE

READ {5+ 2100) M

2100 FORMAT({I4)

WRITE (6,3001) .

3001 FORMAT (1H1.2X,45KWETIGHTED LEAST SQUIARES FOR Y = ALPHA + BETAXX)

NN 21 b = 141 .

REAN (5,4000) TITLE

4000 FNRMAT (ABD)
HWRITE (A.4001) TITLF
400l FORMAT {(1HO,2X,A80)
READ (5.1000) A, TEMP
1000 FORMAT (14, FArL7?)

I =0

SUMH = 0.0

StmHX = 0,0

SUMWX? = 0.0

SUMAY = 0,0
h.0

SUMRY =

SUMDY? = 0.0
SUMFYZ2 = N.0
SUMGYZ = (.0
no 1 1 = 1,M

READ (5,1001) X(T1}, Y(T)
1001 FORMAT {2{(G12.5})

WITI) = 1.0/{¥(I)&k¥YL(T1))

WX(T) WITY=X(1)

WX2{T) = WD) EX{I}IxX{T1)

SUMKW = SUMW + WI(I)

SUMHX = SUMKEX + WXI(T)

SUIMWXZ2 = SUMWX? + WX2(T)

1 CONTINUE
0 = SUMWRSUMUX? — SUMIX=SHME X
NN 201 = 1,0

FETI) = SUMKWX? — X(TI):=S1MWX
A(T) = F(T)=w({l)

GEIY = XD )y=SUMyY — SHMKEX
5(I) = Gi{D)y=w(I)

AYIT)Y = A{TIY=¥Y(])

RY(I) = R{I)=x=Y(T)

SUMAY = SUMAY + AY({I)
SHMRY = S{IMBRY + BY{1)

7 CONT IMUE
ALPHA = S1MAY /O

RETA = SUMRY/O
BN 3 T = 1ok
YCALCUT) = ALPHA + RETARX{T)
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DY = YA(T) - YOALCLTD

NEVY (L)Y = N1y /y(1)

NY2(L)Y = DIy DY/ ey Ty (1))
SIMNIY Z = SUMNY? + DY2(071)

A CNOMNTINEIE
NENMMIM = N ~ 2

72 = SUMDY 2 /DENORM
K = SORT(IOK?2)

no 4 F = 1.M
Fy2(1) = FUIISFR(T)/{Y LRy (TY})
GY2(1) = GUIPGET) /(YT yxy{T))
SUMFY? = SUNMFY? + FYZ(1)
SHGY2 = SHMGY2 + 6GY2(1)

4 CONTINUE
VALPHA = DK2%SUNMFY2/({Q%0)
EALPHA = SORT(VALPHA)
VRETA NK2=S1MGY 2/ (0%0)

FRETA = SQRT{VRETA)
HWRITE {(641002)
1002 FORMAT {1HO«4Xy 4HX({I1, 18X, 4HY(I},y, 18X, 4HW(I}s 18X, 8HYCALC(I),
614Xy THOEYY{(1))
) 5 1 = 1,N
HRITE (6+10N03) X{TI)y Y{I)s W{I), YCALC{I), DEVY(I)
1003 FORMAT (5X. S(1PE12.5,10%))
5 COMTINUE
WRITE (A,1004) ALPHA
1004 FORMAT {1HO, 1X, 12HINTERCEPT = 4 G 16.8)
WRITE (6,1009) EALPHA
1009 FORMAT (1HO,1Xs 34HSTAMDARD DEVIATION IMN INTFRCEPT = 4 Gl6.8)
WRITE (641005} RETA
1005 FNRMAT (1HO, 11X, 8HSLOPE = , Gl6.R8)
WRITE (6,1011) FRETA
1011 FORMAT (1HO, 31X, 30HSTANDARD DEVIATION IN SLOPE = 4, Gl6.8)
WRITE (6,1007) MK
1007 FORMAT {(1HQs 1X, 24HPERCENTAGE FRROR IN Y = , Gl6.8) :
WRITE (641012) M
10172 FORMAT {(1HOy 1X. 19HNUMAER OF POINTS = o 1&)
WRITE (641014) TEMP
1014 FORMAT {1HOs 1X. 14HTEMPERATURE = 4 F6.2y 3H 0C)
WRITE {6,3002)
3002 FORMAT (1HOLIXs1H // 1X212001H%} ///7)
21 CONTINUE !
STOP
END

SOATA



PROGRAMME B6

Welghted least squares analysis for the equabtion

y‘:CI.-l*BX

using a pooled estimate of wvarlance

This programme corresponds to case 5a of appendix A.
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1o ahr wds ate sbaoshe oo Ve ale bl ohe abe ol sle als b b St ghe iz e atrodtoaly ale sl ale ale wle ule sl e wts s wbe utg ol fe yle ohe
A AR AR P R AR AR A S 1 B £ L S A A AR A S A AR A A St n b A

% WATETV

CoPodsVOIK

= T4/003

12wl ule wia wle o hovte s sl e sle Y ol sl ol el sl [ P R D B D ge L P e I S DR DR P )
AR RRTERS ne ol e sl (R b B i e g ) B AR A A

FIRW CaPotaVUIHK 30 FIOYNYNYYY
C WEIGHTFD LEAST SOUARES PRNOGRAMME FOR ¥ = ALFHA + RETA (X)
C USIMG PRGLED ESTIMATE OF VARTENCFE
REAL=S8 XE1001 Y {100) W {100} WXT100)yWX21100)+F(100) ,A(100),
HGLI0D).BL1IODY, AY(IOO),RY(100),0(100)vbY?{lﬁO),DEVY(100),FY2(100)y
6GY?21NDY,,YCAILC(100)
CHARACTER®RD TITLE
READ (5, 2100) ™
2100 FNRMAT(14)
WRITE (6,2001)
3001 FORMAT (1H1.2Xs17HLIGAND NEPENDENCE //)
N 21 0 = 14M
BEAD {H5,4000) TITLE
4000 FORMAT (ABD)
WRITE {(6,4001) TITLE
4001 FORMAT (1HD,2X,ABND)
READ {5.,1000) Ny TEMP
1000 FORMAT (14, FAH.2)
RFEAD (5,3000) NK
AN00D FORMAT (E12.5)
NK? = DK==:Dx
I = 0
SUMY = 0.0
SUMMX = D0
SUMWX 2 = (0.0

SUMBY = 0.0

SUMDYZ = 0.0
SUMEY 2 = 0.0
SUMGYZ2 = 0.0
0D 1 I = 1«0

READ (541001 ) X{T}y YI(T)
1001 FORMAT (2{G1l”.5)})

W{T) = 1.0/{Y{T)%xY(1))

WX(T)Y = WII¥sX[1)

WX2{T) = WIT)=X{T)}=X({1)

SUMW = SHiMW + W)

SUMWY = SUMWX 4+ WX{1)

SUMWX? = SUMWX? + WX2{1)

1 CNMT INUE
0 = SHMEESUMEX? — SHMWX:SHIMRX
BN 2 T = 1.0

FITY = SHMWX? — X{T)=SIHMEY
AMTY = FIT)sW{T1)

GUT)Y = X(O1)=SOMM — StikbX
BlT) = GUI YW {T)

YETIY = A(T)=Y(])

BY (1) = R{TI=xY(T)

SUMAY = SIHMAY + AY (1)
SUMRY = SUMRY + BY(1)

2 COMTINUF



AU BPHA = StioAY /O
BETA = SUWRY /0
N3 T = 1,0
YOALCATY = ALPRA + BRETASRX(T)
NETY = vY(I)Y ~ YOAMLC(T)Y
UREYYA{TY = D{IysYLID
Byz2{1) DUTI=NCIN /Y (T Y=Y {I}))
Sy ? SUMNY2 + DY2LT)
3 CONT INUIE
NDENOM = M - 2

NG 4 T = 1,.N
FY240I) = F{T F{E)/tY (T Ry (1))
GYZ(TY = GUI)=G{T)Y/ (Y {TyyY{I})
SUMFY?2 = SUMFEY? 4+ Fy2(1)
SUMGY? = SUMGYZ2 + GY2(1)

4 CONTINUE
VALPHA = DK2=uSHMEY2/(0Q%0Q)
FALPHA = SORT{VALPHA)
VBETA NK2%SUMGY 2/ (Q0%0)

EBETA = SQORT{VRETA)
HRITE (&,1002)
1002 FORMAT (IHO.4X, 4HX(I)y 18Xy 4HY(I), 18X, &4HW(I}, 18X, BHYCALC{I}),
614X THDEVY(TY))
PO 5 1T = 14M
WRITE (641003} X(I}s YI{T)y W(T)s YCALCIT)y DEVYI(I)
1003 FORMAT (5%, 5(1PE12.5,10%))
S CONTINUE
WRITE (641004} ALPHA
1004 FORMAT {(1HO, 1X, 12HINTERCEPT = 4, G 16.R)
HRITE (6,100G) EALPHA
ID09 FORMAT {1HOD,1X, 34HSTANDARD NEVIATION IN INTERCEPT = + Gl6.81)
WRITE (641005) RETA
1005 FORMAT (1HCs 1Xe BHSLOPE = 4+ G16.8)
WRITE {641011) ERETA
1011 FORMAT (1HO, 11X, 30OHSTAMDARD DEVIATION IMN SLOPE = , (Gl&6.8)
WRITE (6,1007) (K
1007 FORMAT (3ri0, 1X, 24HPERCENTAGE FRRUOR IN Y = 4 Gl6.8)
WRITE (641012) N
10172 FORMAT (1HO,y 1X, 19HNUMRER [OF POINTS = 4, 14)
WRITE (64,1014} TEMP
1014 FORMAT {1HODs. 1Xs 14HTEMPERATURE = 4 F6.2, 3H 0OC)
WRITE (643002)
3002 FORMAT (1HO.1X41H A7 1Xa12000H=) f/ /)
21 CONTIMUE
STOpP
END

SDATA



PROGRANMME B7

Unwelghted least sguares analysis for the temperature-

dependence of a rate constant according to the Eyring

equation

This programme corresponds to case 3a of appendix A,

W
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C UNWEIGHTED LEAST SOQHARES AMALYSIS FOR LOGIO(KORSD/T)Y AGAINST (1/7) .

DIMENSTON ORSDK(INN), TEMP(IOR), ARSTEM{I0D}.C(100) .Y (200),X(100),
EX2LINN) XY (100), DI1CD)LD20100), FLICNY, GLICO), F2(100), G2{1001},
6YCALC(IODND) .

CHARACTER=8D TITLE

READ (5,1001) RDLCOMs PLACON, R

1001 FORMAT (3(E16.81))
READ (5,2100) ™
2100 FDORMAT (I4)
WRITE (6.4002)
4002 FORMAT (1HYLe2X422HUNWETIGHTED EYRING PLOT //)
DN 21 0 = 1.M
READ (5,4000) TITLE
4000 FORMAT (A80)
WRITE (6+4001) TITLE
4001 FORMAT (1HD.2X,A80)
READ (5,100G) N
1000 FORMAT {I4)
1 =20
SUmMYx = 0
Stmy = 0
SUmMX?2
SUMXY
SumMny
SUMEZ
SUMG?2
no 1 1
READ {5,1002) DRSDK(I)y TEMP({T)
1002 FORMAT (2(E12.51))
ARSTEM(I) = TEMP(I) + 272.16

o n
D0 22D

C{I) = DRSDK(TI)}/ARSTEM(T)
Y{I) = ALDGIO(C(IY)

X{I) = 1.0/ARSTEM(T)
X2{1) = X(I}x(I)

XY{I) = X(I)*Y(])

SUMX = SUMX + X(I)
SHIMY = SUMY + Y (I}
SURMXZ2 = SUMX2 + X2(1)
SUMXY = SUMXY + XY({I1)
1 CONTINIE
P = N
N = PESUMX2 — SUMXeESHMX
ALPHA = [SUMYX2%HSUIMY = SUHMYXY=SHMY) /0
RETA = (PaESUMXY — SUMYSSUMX) /O
DN 2 1 = 14N
YCALC(IY = ALPHA + RETASX(T)
N{IY = Y(I)— YCALC(I)
N201) = DETY=N{T)
F{T11) SHIAX 2 =X (T )=SHMX
GIT) PX{I) - SslimX

fioun
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F2LTY = F{IY=EL(T)

G2LTY = GEIYRGET )

SUMPZ = SU=h2 + [2{I1}

SHkFE?2 = SUMF?2 + F2{1)

SUMG?Z = SUWG?2 + G2(1)
2 CONTIMIE

NK?2 = SH¥R2/{(P~2,.0)
K = SORT{OK?)
VALPHA = SUMF2Z:ROK2/(00)
TEAMLPHA = SORTIVALPHA)
VRETA = SUMGR=HOKZ/ (0D%y)
FRETA = SORT{VRETA)
F o= BOLCOMN/PLACUON
7 = ALOGIO(E)
DELH = —(BETAMRX2.3026)
NELS = Rkx2.23026x(ALPHA ~ 2}
FDELH = ERETA®R*%(2.,3026
EDELS = EALPHA%R%2,3026
WRITE (6,1003) )
1003 FORMAT (1HO,S5X.BHDARSNDK(T), 14Xy THTEMP(I)415X, &HX{I),1BX, 4HY{1},
A18Xe BHYCALC(I), 14X, &4HDI(I))
B3 1T = 1.M
WRITE (6.1006) DRSDK{TYy TEMPITI)y X{Idye YI{T)y YCALCI{T}s DIT)
1006 FORMAT (5Xs 5(1PE12.5s 10X),1PELZ2.5)
3 CONTINUE
WRITE (64,1016} DELR
1016 FORMAT (1HO, 1%, Z8SHENTHALPY OF ACTIVATION = , G16.8})
HWRITE (6,102720) EDELH
1020 FGEMAT (THO, 1 X4 THSTANDARD NDEVIATION IN ENTHALPY OF ACTIVATION
6G1l6.8)
WRITE (6+.1021) BELS
1021 FORMAT (1HO41X, P24HENTROPY (OF ACTIVATION = , GlA.R)
WRITE (6,1022) EDELS
1022 FORMAT (IHN,1X, 46HSTANDARD DEVIATIUM OF ENTROPY OF ACTIVATIN
6Gle6.8)
WRITE (641019) 0K
1019 FORMAT {1HO, 1Xe. Z26HSTAMNDARD DEVIATION IN Y = 5 (G16.8)
WRITE {A6.,1012) N
1012 FORMAT (1HOs1X, 19HNMUMBER OF POINTS = o I4)
WRITE (644003)
4003 FORMAT ([1HO2X, 23HEND OF THIS SET OF DATA ////7)
21 CONTINUE
STOP
END

SDATA
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PROGRAMME B3

Weighted least squares analysls for the temperature-~

dependence of a rate constant according to the Eyring

equation

This programme corresponds to case U4b of appendix A
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€ WEIGHTFD LFAST SOUARES PROGRAMME FOR LOGIC(K/T) VERSUS (1/T)
C ASSUMES UNFOUAL WEIGHTING 0F THE POINTS
C SIGK IS CORRECTED FOR THE NUMBER (F DFGRFES 0F FREENOM
DOVURLE PRECISIDN DLOGIO
REAL=®R '
% ORSDK(100), TEMP{100), SIGK(100}. ARSTEM{100}, C(100),
XY (100). X{100), D(102)y SIGY(100), W(100D), WX(100), WX2(l0N},
HELINQ), ALIO0). G(I0N0Y), RO100}, AY(100), BY(100), F2W{100}),
EG2W100), YCALL(10D)
REAL =8 SUMULy SUIAMYX 3 SHIMWX 25 SUMAY 5 SUMBY ¢ SUME2W, SUMG2 W
CHARACTERXAO TITLE
READ (5,1001) BOLGCON, PLACON, R
1001 FORMAT (3(E16.8))
READ (5, 2100} M
2100 FORMAT (14)
PO 21 0 = 1.
REAN (5,4000) TITLE
4000 FORMAT {ARO)
WRITE (6,8n00)
BONO FORMAT (L1H1,42X,60(2H% ) //)
WRITE {6.4001) TITLE
4001 FORMAT (1HO,2X,880 //)
WRITE (6,48001)
BOO1 FORMAT (1HO,2X,60(2H% ) //)
READ (5,2100) M
1 =0
SUMW = 0.0
SUMWX = 0,0
SUMWX2 = 0.0

SUMAY = 0,

SUMBY = 0.0
SUMF2W = 0.0
SUMG2W = 0.0
DD Y I = 1,.N

READ (5,1002) ORSDK(I)y TEMP{I), SIGK({I)
1002 FORMAT (3(E12.5))

CABSTEMIT) = TEMP({I) + 273,16

CliI) = ORSDK({T)I/ABRSTEM(T)
Y(I} = DLOGINIGIT))

X{I) = 1.0/ABSTEM(I)

N{IY = 1.0 + SIGK(IY/ORSNDKI(T)
SIGY(I) = pLOGIo(RIIN)

WLTY = 1.0/(STAYIT I=SICYLITYH)

WXAT)Y = W{I¥y=xX{])
WX2(T)) = WTyex {1 )ex(1)
SUMWY = SUiiW + W)
SUMWY = SUMWX + WX(])
SUMWX? = SUMWY? + WX2(1)
1 CONTINUE
0 = SUMEERSIHMWX? — SUMKWXRSUMEX

L1
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1003

1006
3

1007

1024
4

1016

1020

1021

1022

1012

8002
21

$DATA

393
B2 1 = 1.N

FOTY = SUMWXD — X(T}=Stmex
A{IY = F(I)=1{1)

GIT) = X1 )sQUMe = SHmuX
R{T) = GrTi=ui{l)

AY(T)Y = A(TY=xv{]I)

RY(T) = R{T}RY{I)

SUMAY = StiMAY + AYI(T)
S{IMRY = SUMRY + RY{T)
Fau{I) = F{UYRF{I))=M{T]}
G2WET) = GLII=RG{IY*W( 1)
SUME2W = SUMF2W + F2u{T)
SUMGZY = SUMB?W + G2W(I)
CONTINIE

ALPHA = SUMAY/Q

BETA = SUMRY/O

VALPHA = SUMF2W/(0%0Q)
VBETA = SUMG2W/(Q=0)
EALPHA = SORT{VALPHA)
ERETA = SOQRT(VRETA)

E = ROLCON/PLACON

Z = ALOGIO(E)

DEILH = —(BETA%R®2,3026)
DELS = R*2.3026%{ALPHA - 7))
EDELH ERETA®R%2.3026

EDELS = EALPHA%R%2,3024
.WRITE {(4,1003)
FORMAT {1HG, 5%, BHOBSDK(I), 19X, THTEMP({I), 20X, THSIGK(TI))
DO 3 1 = 14N
WRITE (A41006) OBSDK(TY, TEMP(TI), SIGKI(T)
FORMAT (5X, 3({1PE12.5, 15X%})
CONT I NLUE
WRITE (6, 10073}
FORMAT {1HO, 5X, 4HX(T), 18X, 4HY(I)y 18X, THSIGY{TI), 15Xsa4HW(T),
*1BX+BHYCALC(I)) :
DB & 1T = ¥sN
YCALC{I) = ALPHA + BETA%X(T1)
WRITE (6,1024) X{I)s Y{I)y SIGY(I)y, W(I),y YCALCI(I)
FORMAT (5Xs 5(1PE12.5¢ 10X))
CONT IMNUE
WRITE (6,1016) DELH
FORMAT (1HO, 11X, 25HENTHALPY OF ACTIVATION = ,G1l6.8)
WRITE {6,+1020) EDELH
FOGRMAT (1HO+1Xs4THSTANDARD DEVIATION OF ENTHALPY OF ACTIVATION
#G16.8)
WRITE (&6+1021) DELS .
FORMAT (1HQO, 1%. Z4HENTROPY 0OF ACTIVATION = ,G16.8)
WRITE (6,1022) EDELS :
FDRMAT {1HO,1X, 46HSTANDARD DEVIATION 0OF ENTROPY 0OF ACTIVATION
*516.8)
WRITE (6,10172) ™
FORMAT (1HD, 1X, 19HNUMRFR OF POINTS = , 14)
HRITE (6,B8007)
FORMAT (1HO,IH  ///71X120018%) F/77/1/)
CONTINIUE
STOP
END



PROGRAMME B9

Weighted least squares analysis for the variation of

an equilibrium constant with temperature according to

thie equation

1nK = -AH/RT + AS/R

This programmne lg an adaptatlon of case 4 of appendix A,
and although 1t was not used for the results found in this

study, it ls glven here for the sake of completeness.
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C PROGRAMME TO CALCULATE EMTHALPIES & ENTROPIES FROM

JITH TEMPERATURE
C ASSUMES UNEQUAL WEIGHTIMG OF THE POINTS

C THE VARIATION DF EQUILIUM COMSTANTS

2100

4002

4001

1002

DOLRLE PRECISION DLOGLN
REAL*8

*Y (100}, X{100), D(100}, SIGY(100),
#*F(100), A(100), G(100}s BL10O0),

AYL1I00),

W{100),

BY (1001},

WX{100), WX2{100),

F2W (100},

*G2W(100),YCALC(1Q0) 4EK(100},TEMP(100},STIGK{100)} ABSTEM(100)
REAL*8 . SUMW SUMWX» SUMWX 2y SUMAYy SUMBY o SUMF2W, SUMG2W

CHARACTER*80 TITLE
READ {5, 2100) ™
FORMAT (14)

Do 21 J = 1.4

READ {5.,4002) TITLE
FORMAT (A80)

WRITE (6.4001) TITLE

FORMAT (1H1 42X+ A80)
READ (5,2100) N
1 =0

SUMW = 0.0
SUMWX = 0.0
SUMKWX2 = 0.0
SUMAY = 0.0
SUMRY = 0.0
SUMF2W = 0.0
SUMG2W = 0.0

DO 1 1T = 14N

READ (5,1002) EK(I},TEMP{1},SIGKI(TI)

FORMAT {3(E12.5))
ARSTEM(I) = TEMP(I) + 273.16

Y{I) = DLOGIO(EK(T))}

X{I) = 1.0/ABSTEM(I)

D{I) = 1.0 + SIGK(T}/EK(I)
SIGY({I) = DLDGIO(NDI(TI))

WIT) = 1.0/{SIGY(1)*SIGY(I1))

WX{TI)Y = WT)sexX(1)

WX2(T) = WIYEX{I )xX(1)
SUMW = SUMW 4+ W(I)

SUMWYX = SUMWX + WX(I)
SUMKX?2 = SUMHX? + WX2(1)

CONTINLIE

0 = SUMR=SHMWXYD? = SUMRWXESHMY X
DN o2 7 = 1,N

FITY = SUMWX2 ~ X(T)=SUmMWX
ATY = FHLYRW(T)}

GIT)Y = X(T)=SUMK — SlUMWX

ROTY = GLTY=w (T}

AYLTY = A1)y (1)

RY{I) = R(I}*=Y(T)

SUMAY = SUMAY + AY({ 1)
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QIMRY = SU)RY 4+ BY (T

F2ull) = FOT)SFIT)Hv(T)
P2 {T) = GUTYRG(Tys=wi])
SUMFE?H = SIWFE2W + FPE{T) |
SURMGZW = SHIMEGPW + G2W{T)

? CONTIMILFE
ALEHA = Stlstay /0
RETA = SIMRY /0
VAL PHA = SHMEZW/ (GnG)
VRETA = SUMG2W/(0%0)
FALPHA = SORT{VALPHA)
FRETA = SORT(VRETA)

Ro= 1.987

DELH = —(RETA®R®2,3026)
DELS = R#2.30726%ALPHA
ENDELH = ERETA=R%2,3026
ENELS = EALPHA®RR®2,3026

WRITE (6,1003)
1003 FORMAT {1HD,5Xs5HEK(T) 22X s THTEMP(T) 20X, THSTIGK( 1)}
o3 I = 1,N
WRITE (6,1006) EK(I)y TEMP(I), SIGKI{T)
1006 FORMAT (5X, 3(1PELZ2.5y 15X))
3 COMTIMNIIE
WRITE (&4 1007)
1007 FORMAT (1HO#BX 4 &HX (T ) 4 18X 4HY{T )3 18X, BHYCALC(T ) 14X, THSIGY (1),
® 15X +4HW(TY))
Nno 4 I = 1.N
YCALC(T) = ALLPHA + BETA=X(T)
WRITE (641024) X(TD)oY{(T)aYCALCCE),SIGY(T),W(T)
1024 FORMAT (5X, S5(1PE12.5, 10X))
4 CONTINUE
WRITE {(6,1016) DELH
1016 FORMAT {1HC,1X, 11HENTHALPY = 4, G16.8)
WRITE (6.1020) EDELM

1020 FORMAT (1HC+1X+33HSTANDARD DEVIATION IN ENTHALRPY = ., Gl6.8)
WRITE (6,1021) DELS :

1021 FNRMAT (1HO,1X, 10HENTROPY = 4 G16.8)
WRITE {(6,1022) EDELS

1022 FORMAT (1HO,1X, 32HSTAMDARD DEVIATION IM EMTROPY = , Gl6.8)

WRITE (64,1012} N
1012 FORMAT (1HO, 11X, 1YHNUMRER (OF POINTS = , T4}
WRITE (6s 4000}
4000 FORMAT (JHO,1Xs1H //1X.12001H%)Y ///)
21 CONMTINUE
STOP
END

SDATA
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PROGRAMME B10

Calculation of the spectra of rhodium(III) complexes

This programme uses the measured absorbance values at a
variety of wavelengths of a solution of known concentration

to calculate the spectrum of the ccmplex in terms of its

extinctlon coefficlents.
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G PROGRAMME FNR SPECTRA 0OF RE(TII) COMPLEXFS

1004
1000

1001

1002
1005
1011

21

SDATA

DIMENSTION 1L(500Y), A(S00)y RLI500), ACIR({500),

READ(5,2100) M
FORMAT ({14&)
WRITE (6,1010)
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ET(500)

FORMAT (1H1,2X,29HSPECTRUM OF RH(TIT) CNMPLEXES //)

no 21 o = 1,M

WRITE (6410046

FORMAT (1HD 22X  YHLAMARDA( T )y 11X+5HETI(TI))
READ (S5.,1n00) N

FORMAT (14)

REaAD (5,10N01) CT

FOEMAT (E17.5)

Pt 11 = 1,W

REAR (5,1002) L(I)s A({I)s RLIID)
FORMAT (T4, P(F&.4))

ACOR(TIY = A(T) = RL(ID

ET{I) = ACOR(1)/CT

WRITE (6,1005) L{IYy ETL1Y
FORMAT (1HO, 1Xs 14, 16%,G16.8)
CONTINUE

WRITE (6,1011)

FORMAT (1HN,2X, 23HEND OF THIS SET 0OF DATA ///)

CONT INEEE
STnp
END '



PROGRAMME Bi11

Calculation of the fraction of cls-products of a reaction

using a mixture which has been separated into 1ts

components by lon-exchange

For thls programme the total concentration of .rhodium(III)

specles ls known, as is the spectrum of one of the isomeric
products. (In this case the spectrum of the trang-lsomer

is known). The absorbances at reference wavelengths of

the trans- and cls-fractions are used to calculate the mole

fraction of clg-products and the extinction coefficients
of the gls-isomer at the reference wavelengths. The
particular programme appended iIs for a mixture of c¢cls- and

+
trans—[Rhen2012] .

399
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C STERENCHEMICAL CHANGE PROGRAMME

CALCULATION OF FRACTIDN OF CI1S PRODUCTS & 0OF ECIS
HSING SEPARATED CIS & TRANMS SOLUTTIONS

C TRANS RHENZCLZ2 + 0OH 10N EXCHANGE ANALYSIS 0OF PRODUCT

foowle wie whe ale afe ols sl ale ale vle ale ne abe s sl abs T she wheowbe sl wle ste aby ale af sl sta wie nleonie whs abe sl wly uhe
R R i A R R A it S e e R LR C Rt g

.,'ugo

SRR NS

CoPodaVilTK

DIMENSTON AT{500),LT(500),¥T{500).AC{500),LC{500},VC(500},
#*ACORT{500),CT(500),THMOLE(500),ACORC(500),EQUIVA(500)},CC(500},

#CMULE (500) 4 NFRACT(500),CAR(500)
STMOLE = 0,0
READ (541000) TATMOL
1000 FORMAT (E12.5)
READ (5,1001) NT
1001 FORMAT {14)
READ (5,1002) BLTZ205,RLT241+RLT250,RLT29D
1002 FORMAT (4(F6.4))
READ (54,1003) ET2N5,ET241,ET?250,ET290
1003 FORMAT (4(E12.5))
DO 1 T = 14NT
READ (5, L0C4INFRACT(I)SAT(I)oLT{I),VT{I)
1004 FORMAT (14, F6.4, T4, E12.5)
IF (LT(I).EQ.205) RLT = RLT205
IF (LT(I).EQ.2N05) ET = ET?205
IF (LT{I}L.EQ.241) RLT = RLT241
IF (LT(I}.EOQ.241) ET = ET241
IF (LT(I)LED.250) RLT = RLTZ250
IF (LT{I1).FE0Q.250) ET = FT1250
IF {LT{I).EQ.290) RLT = RLTZQO
IF (LT(I).EQ.290) ET = £ET290
ACORTI(I) = AT(T) — BLTY
CT(I) = ACORTA{TI}/ET
TMOLE(T} = CT(IIRVT{T}
STMOLE = STMOLE + TMOLE(TI)
1 CONTINGUE
WRITE {(6,1005)
1005 FORMAT (1H1 42X, 14HTRANS RHENZ2CL2//)
WRITE (6,1009) TOTMOL
1009 FORMAT (1HO,2X,24HTOTAL MUMBFER OF MOLES = +Gl6.8)
WRITE (641008) STMOLE K
1008 FORMAT (1HO,2X,27HNUMRER 0[F #MOLES OF TRANS = ,G1l6.8)
WRITFE (6,1006)

1006 FORMAT (IHO, 2% 0HFN{T Y+ 5 X AHARSIT )y 14X s 9HUAMBDALT ) , 11X, 6VOLITY,

HYAEX Gy THOOMC (T )« 13X BHMOLES(T))
D2 T = 1,MT

WRITE (6,1007) NFRACT(I)s AT(T)y LT(T)y VTIIYWOTLI)THOLE(T)
1007 FORMAT {1THN 32X T 46X g Fhady 14Y 414, TAX 017 05+BX 0168 X016 ,8)

2 COTINIE
SHEMCAR = N0
READ (B ,2000M(0
2000C FORMAT (14)
REATY (%,72001) BLC230, RLO740, RIC3AS6G
2001 FORMAT (3(F6H.4Y))



- N - o - 501
REATY [S,2002) F2a0, Fr4n, F2Q4, F25A
20072 FrunbT (A(F12.5))
ISR 13 i = 1,:\](,
REAN {5,2003) MERACT{T s AC(T)Ye 1LO(0T)y V(D)
2003 FNxwWAT (T4, Fh.t, 14y F17.5)
IF {LCII).FO,23M) RLL = RLC23N
IF (LGC{I)LEQ.230) F = F230
IF (LC{T)Y.F0.?24D) BLC = RLO240
IF (LC{I).ED.P40) F = F24D
[F (LC{I1}.F0.35A) RLLC = RLCASA
IF (1LC(IY.EQ.35A) F = F354
ACORG(T)Y = AGLTY = RLC
FOUTVALTY = ACORCLTI=F
CAR(I) = EQUIVA{TI=®VC(T)
SUMCAR = SUMCAR + CARI(T)
11 CONT INUE
WRITE (6.,2004)
2004 FORMAT (1H142%512HCIS RHENZ2CLZ2//)
SCMOLE = TOTMOL — STHMOLE
WRITE {6,200%) SCMOLF
2005 FOOMAT (1HO 2%, 25HNUMRER OF MOLES OF CIS = ,616.8)

FC356 = SUMCAR/SCMOLE
EC?296 = EC356/F29A
EC240 = EC356A/F240
EC220 = EC35&4/F230

WRITE (6,2006) EC356, EC296, EC240, EC230
2006 FORMAT (1HO,2X,32HEXTINCTION COEFFICIENT AT 256 = 4Gl6.8/ 2X,32HEX

#*TIMCTION COEFFICIENT AT 296 = 261648/ 2X, 32HEXTINCTION COEFFICIEN
T AT 240 = 5 G16.8/ 22X 3ZHEXTINCTION COEFFICIENT AT 230 = ,G1l6.8)
WRITE (6,1006) -

NN 12 1T = 14N

CCIT) = EQUIVAIL)Y/EC3SA

CMOLE(T) = CCOTYRVCLT)

WRITE (6,1007) NFRACT(T), AC(T)y LC(T), VC(I)y CC(I)s CWMNLE(T)

12 CONTIMIE
ST
END

SDATA



PROGRAMME Bi2

Calculation of the spectrum of a cls-complex from the

spectrum of a cis- and trans-complex mixture

For thls programme the total concentration of rhodium(III)

species, the spectrum of the trans-lsomer and the mole

fraction of the clg~isomer present are all known. The
absorbances of the mixture at a variety of wavelengths are
used to calculate the spectrum of the gis-isomer in terms

pof 1ts extinctlon coefficlents.

ko2



AT ETV
CoP.doVUIR

7L /002

S ANR CaPadeVUIK AN 3LOYMYRMYYY
C PROGRAMME FNR HV SPECTRUM MF CIS COMPILEXFS
C USTMG HIMSERPARATED CIS £ TRAWS MIXTHRES
DIMENSICON A(S0NY,RLISCD)+ETRAMS(SQ0)-L{5N0},ACOR{S0O0) ,FAPP(S5C0O)
RECIS(H0ND)
READ (5,2100) ™
2100 rORMAT (14)
WRITE {6,1015)
1015 FORMAT {(1H142X24HSPECTRA OF CIS COMPLEXFS //)
PO 21 0 = 1.0
READ (H.,72100) N
READ {5.1000) XC,y CNONTNOT
1000 FNRMAT (2({E12.5))
WRITE (6,1004) XC
1004 FORMAT {1HN 22X 26HFRACTION OOF CIS PRONDUCT = 4, El6.8)
XT = 1.0 = XC
MRITE (641003}
1003 FORMAT (THQO 2% QRHLAMBRDA(T) y5X s THEAPP{T ) s LOX,9HETRANS(T) 417X,
FTHFCIS(I))
no 1 T = 1.0
READ {(5,100)0) A(TYy RL{T)s LOI), ETRANS(I)
1001 FORMAT {2 F6.4), 14, £17.5)

ACOR(IY = A(1) ~ RL(I)
EAPP(TI} = ACDR(I)}/CONTNAT
FCIS(IY = (EAPP{I) — ETRANS{TII=XT)/XC

WRITE (641002) L{I)y EAPP{T}s ETRAMNSII), ECIS(I)
1002 FORMAT (1HDO, 1X,I14,10X,3(G16.8+10X))
1 COMTINDE
WRITE (6.1014)
1014 FORMAT (1HD.2Xs P3HEND OF THIS SET OF DATA ///)
21 COMTINIE
STOP
END

$DATA
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PROGRAMME B13

Calculation of the fraction of cis-products of a reaction

using the unseparated mixture of cls- and trans-~-complexes

In this programme the spectra of Eoth the ;gégg— and cis-
complexes are known, and are used bo calculate the mole
fraction of the gcis-isomer present from the observed spectrum
of a mixture of cis~ and trans-complexes of known total

rhodlum(IIT) concentration.

b
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T abs alg wdp ads
[T )

o 5 3 TE T oo e NI R NT LB N alz e oy sia N N4 o o e oo ma sl e 3l N sl Y v o
HATFTVY

CoePad,VINTK

o 74/003

& 1R CaPadaVIIIK A0 3IOYAVYMYYY
C PRIOGRAMME TO CALCHLATE FEACTIOMN NF CIS PRONDUCTS
G HSTMNG URNSEFPRPARATED IS & TRAWMS w»IXTORES
DIFEMSINM A(300),RLISCOI s FTRANS{SNC)IHZECISIAON)yL{500)YACHRIBNO0)
HEAPD(S50N) X {500)
READN (5,21n0) M
2100 FORMAT (14)
WRITE (&,3001)
3001 FNRMAT (1HYL,2X%X,37HTO CALCULATE FRACTION OF CIS PRODICTS //)
B 21 0 = 1.8 '
READ (541000) N
1600 FORMAT (T4)
READ {(H,10072) CONTOT
1IND2 FORMAT (F1272.5)
WRITE (6,1003)
1003 FORMAT (1HO2X,9HLAMBDA(T Y+ S5X s THEAPP(I )+ 14X +SHETRANS(I),12X,
RTHECTSIT ) e 14X 4HX (1))
N1 1T = 14N
READ (55,1000 LAT) AT +RLITYSETRANS(IT) ZECTISLT)
1001 FORMAT (T4, 2(FA.4)32(F12.5))
ACOR{TY = A1) — RLIT)
EAPP(T) = ACHOR{I}/CIONTOT
X{1) = (EAPP{T) — ETRANS{TIIV/(ECTIS(T) — ETRANS(I
WRITE (6,1004) L{T)+EAPPUT)+ETRANS{TIIZECTS(T ) X{
1004 FORMAT (1HN,1X,T14,10X,4({01A6.8,+5X))
1 CONTINUE
WRITE (6,300N0) :
3IN00 FORMAT (1HD.2X%, ?3HEMD OF THIS SFT OF DATA ///)
21 COMTINNE
SYOP
END

M
I)

SDATA
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PROGRAMME Bil

Calculation of the gpectrum of a mixture of cis- and

trans-isomers

This programme uses the known spectra of the gis- and trans-
complexes, and the known mole fraction of the cls-complex
to predict the spectrum of the mixture of cig~ and trans-

isomers, and to compare 1t with the observed spectrum.
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WATFTV

X
O
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B~
L
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Ta /003

edle sl sy
RIS

wls e ale ale ol aby nle ale ale ol Wl ol afe whe wle ot wle ale sbe utr ale wbs ale ale ale ols ale ule ale ale ob Wl ade ale Se ale ale oty wle ol oda od-
R e e R R AR T R R S S R SR A A A AR A AR A T AR A AR AR S A R A AR

SINRK CePodoVUIK 30 3LIOYNYNYYY
C PROGRAMME TO CALCULATE SPECTRA FROM X(CIS, ECIS,s FTRANS
DIMENSION A(S00),BLISO0)SETRAMSISNOYZECTSISN0) L (500, ACHL{500),
*EAPP{500),ECALC({500)
CHARACTER*RO TITLE
READ (5,2100) ™
2100 FORMAT (14)
WRITE (6,3001)
3001 FORMAT (1H1,2X,43HCOMPARTSONM OF URSERVED & CALCULATED SPECTRA //)
DD 21 0 = LaM
READ (5,3002) TITLE
3002 FORMAT (A80D)
WRITE (6,2003) TITLE
3003 FORMAT (1HG,2X,A80)
READ (5,1002) XCIS
1002 FORMAT (E12.5)
WRITE {(6.,1005) XCIS
1005 FORMAT (1HO,2X,7THXCIS = 5, E12.5 /)
READ (5,21C0) o
READ (5,1002) CONTOT
XTRANS = 1.0 - XCIS
. WRITE (6,1003)
1003 FORMAT (1HO,2Xs9HLAMBDA{ T} 5%, THEAPP(I) 14X ,9HETRANS(I) 412X,
HTHECIS(I) s 14X 8HECALCITY )
DR 1 I = 1,N
READ (5,1001) L(I),A(T)sBRLIT),ETRANS{I}SFECIS(T}
1001 FORMAT (T4, 2(F6.4)42(E12.5})
ACOR(I) = A(IY — RLI(I)
EAPP(I) = ACOR(I)/CONTOT
ECALC(I) = ETRANS{I)I*XTRANS + ECISUI}*®XCIS
WRITFE (6,1004) L{I)+EAPP{T)},ETRANS(I}ECIS{I),ECALCII)
1004 FORMAT (1HO,1Xs14,10X,4{G16.R8,5X))
1 CONTINUE
WRITE (6,3000)
3000 FORMAT (1HD+2Xe1H //1X,12001H%) ///)
21 CONTINIE
STNP
END

EDATA
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PROGRAMME B15

Calculation of elution curveg

For this programme the spectra of the various components
of the original mixture mugt be known. The absorbances
at reference wavelengths of the different fractions of
an ion-~exchange geparation are uged to cslculate elution
curves for the components, together with the percentage
composition of the original mixture, The partlcular
programme appended 1s for the lon-~exchange separatidn of

trans~[Bhen2010H]+ and trans—[Bhen2012]+.



%
C
C

fe wle nls b wle wle wle wle abr ol sle she ale wde Wl abe wbe wle wla wle e ale o 'y
R R R L O S A AR R LR S A

WATETV
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% 7A/0ﬂ3

e e ote le sl ok 3z v vl =i e dle st pe oo ool e sl e sl Y sk o)
N el se e e e e sz sk S e e sle e el wie s

JORK CaPadeVIITK A0 AI0YNYNYYY

PROGRAMME TO CALCULATE ELUTIONMN CURVES
TRANS RHENZCLOM SEPARATION FROM TRAMS RHENZCLZ
DIMENSTION NFRﬂCT(500)vﬂ(SOO)vL(500)7AC0R(SOD)vCUNC(5OO);VUL(500)
CHARACTER=B80 TITLEs TF1l,s TF2
SUMECYL = DWO
SUMCZ = 0.0
VFE = 0.0145
READ (5,1000) TITLE
1000 FORMAT (A80)
WRITE (6,100} TITLE
1001 FORMAT (1H1,2X%.AB0 //)
READ {5.,1000) TF1
WRITE (6,1002) TF1
1002 FORMAT (1HOL,?2X.ABD /)
WRITE (&£6,+1003) ‘
1003 FORMAT {1HD 42X+ OHFEN{T 145X+ 6HARS(T ) 314X, 9HLAMBDA(T) 11X, 7HCONC(I),
RI3XG&HV(T) )
READ (5,1004) N}
1004 FORMAT (14)
DO 1 I = 1, N1
. READ (5,1005) NERACT(I), A{I), LI(T)
1005 FORMAT (I4,Fhi4,14})

IF (L{I).EQ.205) AL = 0.1154
IF (L{I).NE.205) RL = 0.06a5
IF (L{I).EQ.205) E = 39100.0
IF {L{T).EQ.241) E = 1690.0
IF (L{I).EQ.25N) E = 1130.0
IF (L{IJ.EQ.290) E = 121.0

RL = 0.065

ACORITI) = AtI} - BL

CONC{I) = ACORI(I)/E

VOLI(T) = 14.5%NFRACT(I)

SUMCY = SUMC1 + CONC(I) :

WRITE (6,1006) NFRACT(I)+A(T)sL(T),CONC(I),VOL(T)
1006 FORMAT [1HC,2X 3 14,6XsFbads14Xe14,16X32{G12.5+8BX1}])

1 COMTINUE

WRITE (6,1010) SUMC1
1010 FDRMAT (1HG,2X,8HSUMC] = +G16.8)

TMY = VExSUMC]

WRITE (6,1008) TMi
1008 FORMAT (1HO, 11X, 1H  /2X,2IHTAOTAL MOLES OF THIS FRACTION = ,

G168 //)

HEAD (5,1000) TF2

WRTTE (6.,1002) TE2

WRITE (6.10:03)

READ (5,1004) NP

nn 2 1 = 1,4N2

READ (5,1005) MFRACT{I)»A{T)41 (1)

IF (LIT).EQ.240) E 2670

TF (LID).E0.293) F 134.0



!
TF (LED).EN,370) £ o= 43,5 110
ACHTR T ALY - RL
COmei) ACTR (T Y/F
VOL (1) = 14.35MERACT(L)
SUEC2 = SUMGCY? + CONC(T)
MRITE (6410060 ) UFRACTITY AT oL (1) COMCIT)NVOLLT )
7 CORTINUR
WRPITE (64,1031 SUINMG?
1011 FORMAT [IHOW 22X RHSUMCZ = 4 G16.8)
THP2 = VEXRSUMEG?
MRITE (&,100R) T2
WRITE (6,1007)
1007 FORMAT (THGL1X IH /71X 120{1H%) ///)
STOP
END

$OATA
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Appendix C

Possible Mechanisms for the Bromide Anation of trans—[Pt(CN)ABrOHzl'

For the formulae given in all mechanisms, L = CN , and the geometry
of all Pt(IV) species is assumed to be trans. Moreover, the rate laws have
been derived assuming that the pH is sufficiently low that the substrate is
completely in the form [Pt(CN)aBrOHZ]‘, and no [Pt(CN)aBrOH]Z— is present.

If the pH is not sufficiently low for this to be true, then the equilibrium

X
[PtLaBrOHZI- =P [PtLABrOH]2’+H+ (c.1)
must be considered,.
Since +
[PtLABrOH][H ]
K, = : (c.2)
[PtLaBrOHZ]
and from a mass balance on the substrate species
- 2— )
[PtL4Br0H2] + [PtLaBrOH] = C, (C.3)

where Ct is the total concentration of substrate species, it follows that

- () |
Brod,] = ———¥—r00¢ {C.4)
2 KA + [H+] t

[Pt:L[l

Thus at pH values such that less than 100% of the substrate is in the bromo-

aquo—-form, it is necessary to multiply the values of kob in this appendix

sd
+ +
by the factor [H ]/(KA+[H .
(i) Mechanism A; Adaptation of Mason's Mechanism
- KIP 2-
Br + [BrPtLaOHZ]_ —_— {Br,BrPtLaouz} (€.5)

S A



hiz

Br + {Br,BrPtLAOHz}Z_ —LLs {ZBr,BrPtL40H2}3" (C.6)
B
2- T - 2
{Br,BxPtL,0H,}° + Br ——— Br + [BrPtL,Br]° + H.O (C.7)
A 42 4 2
3- -k - 2-
{2Br,BrPtL40H2} + Br ~—=—— 2Br + [BrPtLaBr] + HZO . (C.8)
B

Assumptions
Steps C.5, C.6 are rapid pre-equilibria and steps C.7, C.8 are rate

determining.

Prediction of the rate law

_ [A)
Xpp = TsTiB] (€.9)
- [3)
K1t Al BT ] (€.10)
From C.9
[A] = Kg[Br ](s] (c.11)
From C.11, C.10
. -,2
(Bl = K pKip[Br 17(s] (C.12)
From a mass balance on the substrate species
[S] + [Al + [B] = Ct (C.13)
where Ct is the total concentration of unreacted [BrPtLQOHZ]— species.
From C.13, C.12, C.11
- -.2
[s1{1 + KI?{Br ] + KIPKIT[Br 17y = Ct {(C.14)
tlence
Ct
(sl = (€C.15)

z )
L4 Ryp{Br ]+ KppKpp[Br ]
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d[BrPtLaBr] _ -
—_— = kltA][Br ] + kz[B}[Br ) _(c.16)
From C.16, C.15, C.12, c.1ll
d[BrPtlL,Br] (k.X [Br_lz + k.K. K [Br“]B){s]
A - 11p 271PIT (C.17)

dt - -2
1+ KIP[Br ]+ KIPKIT[Br ]

Remembering that

[Ct] + [BrPtLaBr]

where C° is the total concentration of Pt(IV) species present, we obtain

c® (C.18)

-2 . -3 o
d[BrPtLABr] _ (leIP{Br 1" + kZKIPLIT[Br 17 (C [BrPtLaﬂr]) ©.19)
dt - -2 :
1+ KIP[Br ] + KIPKIT[Br ]
assuming a pseudo-first order excess of Br , equation C.19 gives
-2 -3
leIP[Br 17+ kZKIPKIT[Br ]
kobsd = — ) (C.20)
1+ KIP[Br 1+ KIPKIT[Br ]
which is equivalent to
K _ a[Br 1% + b 1> (c.21)
obsd, 1+ c[Br"] + d[Br 1%
where
a = leIP (c.22)
b = szIPKIT (c.23)
c = KIP (C.24)
4= KR (C.25)



iy

Proof that according to this rate law the praph of k:UbSJ/[Br_]2 against [Br ]
o

will not have a minimum

For ease of computation, let

kobsd
(5r"12
x = [Br ]
From C.27, C.26, C.21
a + bx
y 7
1+ cx + dx

*
At a point of inflectiom ,

dy
dx 0

From C,28
dy _ (1+cx+dx2)b = (atbx) (c+2dx)
dx D
where
D = (l+cx+dx")2

dy b - ac - 2adx - bdxg
dx D

From C.32, C.29, at the point of inflection

bdx2 + 2adx +ac - b = 0

So there are points of inflection at

-2ad * /iazdz - 4bd(ac-b)
2bd

*
The term "point of inflection" is used in the general sense

of maximum, minimum or point of inflection.

(C.26)

(c.27)

(c.28)

(C.29)

(c.30)

(c.31)

(c.32)

(C.33)

(C.34)
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Since =x represents a concentration, the negative root has no phvsical

significance, and the only point of inflection is found at

~2ad + 2\/:;12d2 - bd(ac-b)

x = 754 {c.35)
i,e,, at —
S22 -
x = —-ad + va"d~ - bd{ac-b) (C.36)
bd
. d2
For a minimum, the sign of ——%-at the point of inflection must be positive.
dx
From C.32
dy . ¥
i 5 (C.37)
where N = b - ag¢ -~ 2adx - bdx2 . (C.38)
di dn
2 D(Z2) - W(ED)
4y - O & (c.39)
dx D2 ' '

at the point of inflection,

N =0 (C. 40)
Hence
2
dy - L(dN :
dxz D(dx N=0 (c.41)
N=0 -

D is a perfect square (equation C.3l), and x is a concentration so it
must be a real number, hence D must be positive, and the sign of

(dzy/dxz) is given by the sign of (dN/dK)H=O

N=0

ay

ix - ~2ad - 2bdx (C.42)

Substituting from C.36,



416

[9-1) VAN bd(ac-b) (C.43)
dxfvop

Hence the point of inflection is a maximum, and not a minimum, and the rate
law of equation C.20does not predict the experimentally-found minimum in

-2 ] -
the graph of kobsd/[Br 1° against [Br 1.

(ii) Mechanism B; Id anation of an ion-pair and an ion-triplet

. K
Br_ + [BrPtL,OH,]” === (B¢ ,BrPtL,o0H,}>” (c.5)
§2 42
S A
- 2-  Fop - 3-
Br + {Br,BrPtL,0H,} === {2Br ,BrPtL,OH,} (c.6)
A b2 5 472
- 2~ - K - 3-
{Br ,BrPtLQOHZ} + Br === {Br ,BrPtLaouz,Br} (C.44)
A C
- 3- KoL 2-
{Br ,BrPtL,0H,,Br} ~—=» Br + [BrPtL,Br}® + 1,0 (C.45)
C4 2 4 2 .
- 2 - K - 4
{2Br ,BrPtL,0H,}" + Br === {2Br ,BrPtL,OH,,Br} (C.46)
42 472
B D
- w5 - 2-
{ZBr,,BrPtL40H2,Br} —>=» 2Br + [BrPtL4Br] + H,0 (C.47)

D

Assumptions
Steps C.5, C.6, C.44, C.46 are all fast pre-equilibria; steps C.45

and C.47 are rate-determining.

Calculation of the Predicted Rate Law

[A]
1P - TSI(Br ] (.9)

~
|

_ B}
Kip = AT (c.10)
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1 RGBT (.
- [D]
Ky = oI (c.
From C.9 '
[A] = Rppls1[Br’] (c.
From C.10 and C.11
- , ~.2
[B] = KITLIP[S][Br 1 - {(C.
From C.48 and C.11
-.2
From C.49 and C.12
R -.3
[D] = RZKITKIP[S][Br 1 (C.
d[BrP;LaBr]
——— = kj[C] + k,[p] (c.
d[BrPtLABr} -2 -3
B T = lelKIP[S][Br 17 + szZKITKIP[S][Br ]
{C.
From a mass balance on the substrate species
[A] + [B] + [€] + [D} + [s} = ¢, (c.
where Ct is the total concentration of unreacted [BrPtLAOHz]" species.
From C.54, C.51, C.50, C.i2, C,11
[S111 + K__[Br ] + (K, K __+K X )[Br'"]2 + K. K K [Br_]3 = C (C
1P 1T IP 1 IP 2°IPIT t ’
Bence
Ct
[s] = (c.

- , . ) - -3
1+ KIP[Br ] + (KITRIP+thIP)[Br 1 + KZKIPKIT[Br ]

519

48)

49)

11)

12)

50)

51)

52)

53)

54)

55)

56}
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From C.56 and C.55, and remembering that

Ct = € - [Br?tLABr] (C.18)

where C° is the total concentration of all Pt(IV) species present, we obtain

r - 2 - o
d[BrPtL,Br] N KyplBr ] (k1K1+k2KITK2[Br nN(c {BrPtL4Br]) ©.57)
dat - . -2 ~13 '
1+ KIP[Br 1+ (KITKIP+K1hIP){Br 17 + KZKIPKIT[BI: ]
Assuming a pseudo-first order excess of Br , equation C.57 gives
k.K_ K '[13.1:._]2 + k¥ K. K.[Br 1°
K _ 1°1P1 27IPTIT 2 (c.58)
‘obsd . - - -2 . -.3 *
1+ hIP[Br ] + (KITKI?+KIRIP)[Br ]1° + thIPKIT[Br ]
which is equivalent to
-.2 -.3
Kobsd = a[fr_l, : bEB; ] _3 (C.59)
1+ c[Br ]+ d{Br 17 + e[Br ]
where a = leIPKl . (C.60)
b = kZKIPKITKZ (C.61)
c = KIP {C.62)
d = KIP(KIT+K1) (C.63)
e = KK Koo (C.64)
(1ii) Mechanism C; Adaptation of Morgan and Jones' Mechanism
- - Ko 2-
Br + [BrPtL,0H,] === {Br,BrPtL,OH,} (C.5)
47772 4772
3 A :
- 2~ Fry 3~
Br + {Br,BrPtL,OH_} s==== {2Br,BrPtL,CH,} (C.6)
4772 i 4772
A B
K
{Br,BrPtLQOHz}Z_ — {Br,BrPtLA}zu + OH, (C.65)

A c
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{Br,BrPtLA}Z" + Br f——3+ Br + [BrPtLaBr]z- (C.66)

C

- Ky 3~
{2Br,PtL,0H,} === {2Br,PtL,}”~ + H,O (C.67)
p 42 5 4 2
3- - kl; - y

{ZBr,PtLa} + Br —— 2Br + [BrPtLaBr] (C.68)

D

Assumptions
Steps C.5, €.6, C,65, C.67 are all fast pre-equilibria and steps
C.66.and C.68 are rate-determining. The ion association constants KIP

and KIT are considered to be very much less than 1, and the disscciation

constants, Kl and Kz, are similarly presumed to be very small.

. Prediction of the Rate Law

Kyp = E;ﬁféi;:g (c.9)

Kpp = I;%%%;:; (€.10)

K, = %%% (C.69)

K, = %%% (c.70)
From C.9

[a] = KIP[S][Br"] (C.11)
From C.11, €.10

[8] = XK [s1[Br1? | (c.12)
From C.11, C.69

[c] = KlKIP[S][Br"] (C.71)
From C.12, C.70

[D] = Ky K [S1Br 17 (c.72)
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d[BrPtL4Br] . -
— k,[C[Br ] + k, [DI[Br ] (C.73)

From C.73, C.72, C.71

d[BrPtLABr]
dt

(e K187 + kKK Ko (82719 [S1[BET] (C.74)

But

[s] + [BrPtLhBr] c* (€.75)

where C° is the total concentration of Pt(IV) species present.

From C.75, C.74

d[BrPtLéBr] -2 -3
i = (kKK [Br 17 + kKKK [Br ]17) (C°-[BrPtL, Br])
(C.76)
Assuming a pseudo-first order excess of Br , equation C.76 gives
k = kXK. K [Br"]2 + kKK K. [Br ] (€.77)
obsd 27°1IP 4737IPIT '
which is of the form
-2 -3
kobsd alBr 17 + b[Br ] | {(C.78)
where
a = RZKIKIP {C.79)
b = k4K3KIPKIT (C.80)
(iv) Mechanism D; D anation of an jon-pair and an ifon-triplet
- - KIP 2~
Br + [BrPtL,0H,] <= {Br,BrPtL,0H,} (c.5)
4772 A 47°2
§ 2- Ky 3
Br + {Br,BrPtLhoﬁz} = {ZBr,BrPtL&OHZ} ; ‘ (c.6)

A C
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k
4032}2" FE;=£ {Br,BrPtLA}Z_ + H.0 (€.65)

{Br,RrPtL 9
-1

2- - kz 92—
{Br,BrPtL4} + Br —— [BrPtLaBr] (C.66)

k
{2Br,BrPtL,0H,} N {2Br,BrPtL }3" + H,0 (C.67)
A k_, A 2

k
{2Br,BxPtL,} + Br~ 4 2R % [BrPtLaBr]ZH (C.68)

Assumptions
Steps C.5 and C.6 are rapid pre-equilibria: equation C.66 and the

reverse of equation C,65 represent competition by Br and H,0 respective-

2
1y for the intermediate €, and equation C.68 and the reverse of equétion
C.67 represent competition by Br and HZD respectively for the intermediate

D.

Prediction of the Rate Law

Equations C.%, C.10, C.11, C.12, C.52, C.75 still hold, but it is
now necessary to apply the steady state assumption to the concentrations

of the intermediates C and D.

Thus
déil = 0 = k,{A] - k_,[c] - kz[C]{Br-] (Cc.81)
déE] = 0 = k,[B] - k_,[D] - kA[D][Br_] (c.82)

From C.81 and C.11 _
leIP[S][Br ]

k-l + kz[Br ]

n

ic] (c.83)



4=

From C.32 and C.12

-2
kK, K. [S1[Br7] .
[p] =~ SIEIP (C.84)
k“3 + kh[Br ]

From C.84, C.83, C.52

‘ -2 -3
d[BrPtL,Br] k kK o [BrT]17(s] . kgl Ko Koo [Br 17[5]
dc

k_y + ky[Br'] k_q+ k,[Br ]

(C.85)
-3

From C.85 and C.75

-2 ~.3
d{BrPtL4Br] klszIP[Br ] . k3k4KITKIP[Br ]
dt

ky +ky[Br ] k_ + &, [Br ]

(C°—[BrPtLABr]) (C.86)

Assuming a pseudo-first order excess of Br , equation C.86 gives

kK. [Br]? kg, K. K _[Br]°

kobsd 17271P — 374 ITIP _ (c.87)
k~1 + kz[Br ] k_3 + kA[Br_]
which is of the fomm
-2 -.3
K - a[Br ] + c[Br ] (C. 88)
obsd 4 L p[BrT] 1+ d[Br )
vhere
k. k. K
a = —1.._2..-.-]-:-2- (C.Bg)
k
-1
k
b o= (c.90)
-1
k. k,K_. X
B 2 (c.o1)
|
-3
k
_ 4
d = ¢ | (C.92)

3



(v) Mechanism E; Redox reaction between Br and the

substrate and

equilibration of the Br2 intermediate with Br

Br + [BrPtl

S

Assumptions

3_

k
0r,]1” === Br, + [PtL,1° + OI
20 Tk, T2 T VM 2

+ Br $¥££é Br

3
. - 2=
+ By —~—~+ Br + [BrPtLQBr]
k3 ~ _
+ 0H2 ————r 2Br + [BrPtLAOﬂz]

4+ Br ~—— 2Br + [BrPtLanr]z"

h213

(€.93)

(C.94)

(C.95)

(C.96)

(C.97)

Step C.94 is a very rapid equilibrium and [PtL4]2~ (A) is a reac-

tive intermediate.

Prediction of the rate law

Applying the steady state assumption to the [Al

dfAl _
dt—o
but
KBr
From C.99
(Bry]

It

k]_[S][Brﬁ] - k_;[Br,][A] - kz[BrZ][A][Br—]

- k3[Br3_][A] - k4[3r3'][A][Br"]

[Bry ]

[Brz][Br—]

K, [Br,}[Br ]

(C.98)

(C.99)

(C.100)



Substituting C,100 in C.98

kyIS1[Br 1 = k_;[Br, 1A - &, [Br,[A][Br ] - kK, [Br,J(A][Br ]

—kAKBr{Brz][Aj[nr“]z - 0 (C.101)
From €.101
k, [}(Br]
[(A}[Br,] = - —) (C.102)
k-l + (k2+k3KBr)[Br 1+ k4KBr[Br ]
d[BrPtLABr] ~ _ _
—Fr = k,[Br,1[AI(Br ] + k,[Br, 1[A][Br"] (C.193)

From C.103, C.102, C.100

d[BrPeLsr] klkz[sl[Br—]2 + k1k4KBr[S][Br“]3 (C.104)
a by + Gt ) [Be] + kg (827)7

Because

[s] + [BrPtL,Br]

c® (C.75)
where C° is the total concentration of all Pt{IV) species present,

-.2 -3
d[BrPtL,Br] ko, [Br 17 + Rk, Ky [Br] )
dt N k + (k.tk )[BT—] +k [Br._]z (C.'[BIPCL4Br])
-1 2 3KBr 4K3r

(C.105)
Assuming a pseudo-first order excess of Br , equation C,105 gives
k. k,[Br 1% + k kK, [Br 17
1%2 1°45sr

K - (c.106)
obsd - -.2
k_y + (kytkgKp )[Br ) + kK. [Br |

which is equivalent to

K - a[BrH]2 + b[Br—]3 c.107)
obsd - - 2 )
1+ cf{Br ] + d{Br ]




where

{vi) Mechanism F

Br + [BrPtLéon]

{Br...BrPtL

A 4

Br~ + {Br...BrPtL, OH.}>"

4772

Br + Br

2-

Br2 + [PtLA] ~ + Br

B

Br3

B

Assumptions

Equilibria C.112, C.90 are very fast. K is very small, so

2~
OFZ}

T+ [PtLA]Z— + By

2_
{Br...BrPtL&OHz}

+ [PtL4]2" + 0"

B

Bl.‘2 )

- 2
Br3 + [P;Lh] + OH2

Br
- 2-
B~ + [BrPtLaBr]

2Br + [BrPtLaBr]Z—

L2

(C.108)

(c.109)

(C.110)

(C.111)

(C.112)

(C.113)

{(C.114)

(C.94)

(C.95)

(C.97)

that

even at the highest [Br | used the [A} is negligible compared with the

[Ss]. Brz, Br3_ and Species B are reactive intermediates to which the

steady state approximations can he applied.

5



L26.

Prediction of the rate lar

Equation C.75 still holds

S Ly (€.115)
[s1[Br ]
From C.115
[Al = K[S}[Br ] (C.116)
Applying the steady state assumption to [BrZ]
d[BrZ] _ -
P = 0 = ¥ [A] - k_,IB][Br,] - k,[B][Bry][3r ] - ky [B][Br ]
+k_p [Bry'] _ (€.117)
But
k [Br, ]
Ky, = T = 2 (€.118)
—Br [Brz][Br ]
From C. 118
- kBr -
[Br3 ] = R [Brz][Br ] (C.119)
—-Br ’
From C.119, C.117
k,[A] - &, [B][Br,] - k,[B][Br,](8r ] = O (C.120)
whence
k. [A]
[31{Br,] = (c.121)

k___1 + kz[Br ]

Applyirg the steady state assumption to [Braﬂ}



d[Br3—]
dt

]
)
i

%hmﬁ]m{1~k 31

'—Br[Br

From C.122, C.119

ky[A1[(Bx7] ~ k_4(BI(Br, T - k,[B1(Br,"1(Br ] =
whence
_ k(A (Br ]
(31[Bry"1 = .
k_3 + ka[Br ]
But from C.124, C.121, C.118
k
(l + k [Br 1)
KBr = k4 _
klk_3(l + E:; [Br D
Since KBr must be independent of the [Br ],
Y2 M
kg k_3
and KB _ k3 } k__1
r k_3 kl
d[BrPtL4Br] _ _ ~
— 5% = kz[B][Brzl[Br ] + ka[B][Br3 1[Br ]
From C.128, C.121, C.116
-2 -.3
d[BrPtL,Br] k. .k, K[ST[Br ] k, k. K[S1[Br }
4 - 271 + 63
dt k, K, B
k(L4 7= (Br]) k_ L+ [Br])
~1 "3

From C.129, C.126, C.75

ky[A1[Br 1 - k_5[B](Rry ] ~ &, [B](Br " J(Br )

0

27

(C.122)

(Cc.123)

(C.124)

(C.125)

(c.126)

(C.127)

(C.128)

(C.129)
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d[BrPtL, Br] kkik_K[BrT]2 4 kkgk K[Br]3
— - (C° - [BrPtL Br]) (C.130)
dt k, _ 4
k_lk_3(l + T [Br 1)
~1
Assuming a pseudo~first order excess of Br , equation C.126 gives
-2 P~ 3
. ) kzklk_3K[Br 17 + k4k3k_1k[Br ] 131
obsd k2 B :
k__lk_3(l + -k—-[Br ])
-1
which by equation C.127 simplifies to
- -2
k. K(k, + k [Br DI[Br]
obsd k2 B
k-l(l + A {Br 1)
~1
This is of the form
-2 -
. _ alBr ) + prer)3 (c.133)
obsd 1+ e[Br]
wvhere
k, k
a = 2Llyg (C.134)
. k
-1
k k. K
_ 41
b = . KBr (C.135)
-1
k k
e = ___kz - __k‘* (C.136)
-1 -3
. -,2
Proof that acc§rd1ng to this rate lawrthe graph of Eub i/[Br ]
against [{Br | will not have a minimum
For ease of computation, let
k
b
y = 224 (C.26)
[Br ]
X = [Br ] (C.27)



From C.133, C.27, C.26

a + bx
= T em (€.137)
*®
at a point of inflection
& - 5 (C.29)
dx
From ¢€.137
dy _ (I+ex)b - (atbx)c (C.138)
dx (l+cx)2
%1 - E_Z_EEE (C.139)
X (1+ex)
From C.132 there will only be @ point of inflection if
b = ac : (C.140)

Substituting equation €.140 in equation C.137 we find there is only a

point of inflection for the function y if
y = a (C.141)

Since equation C.141 shows y to be independent of x, the rate law of
C.133 will clearly not predict the observed minimum in the graph of

-2 . -
kobsd/{Br 17 against [Br ].

{vii) Mechanism G

Br + [BrPtLQOHz] SN {Br...BrPtL

OHZ}Z_ (€.112)
A

4

k
2 - 2~
{Br...BrPtL, OH,}"" <= {Br,...ptL, 1" + on (C.142)

-1 B 2

*
See footnote on page X414



Br + {Br...BrPtL

- y -
Br + {Brz...PtL4}

B

2—
{Br2 “ oPtL&.}

{Br3

Assumptions

Equation C,112 1s a fast pre-equilibrium and K

- 3-
...PtLa}

430

.2 ks 3
- _ - _
0112} -——*—‘\—k_g, {Br3 ..‘PtLA} + OH, (C.143)
k' _ ‘
=BIN (mr 7. .PeL, ) (C.144)
k 3 4
-By
L T 2-
+ Br -—~——=+ Br + [BrPtLaBr] {C.145)
- k4 - 2-
+ Br ——— 2Br + [BrPtL,Br] (C.146)

4

is very small so

that even at the highest [Br ] used, the concentration of A is negli-

gible compared to that of §.

fast equilibrjum so that although B

and C

mediates they are readily interconvertible.

Prediction of the rate law

Equations C.116, C.115, C.75 still hold.

Applying the

din]

steady state assumption to [B]

Equation C.143 is assumed to be a very

are very reactive inter-

L2 0 = kAl - k_ [B] - K, (BI[Br"T - k', _[BI[Br ] + k'_;_[C] (G.147)
But
o il-i;r [ngr‘l o
From C.148
[c] k:Br [B][Br"] (C.149)



b31

From C,149, C.147

k (A} - k_,[B) - k,[Bl{3r'] = 0 (C.150)
whence
k, Al
[B] = — | - (€.151)
k—l + kz[Br ]

Applying the steady state assumption to [C]

élgl = = - - ' - 1!
de = 0 = KIA)IBr ] - k_,0C] - Kk, [CI(Br ] + k'[ [BI[Br] - k'_, [C]
(C.152)
From C.152, C.149
ka[AT[Br™) - k_jlC) - Kk, [C][Bx"] = O (C.153)
whence _
k3[A][Br ]
[c] = —~ (C.154)
k_3 + k&[Br‘]
Trom C.154, C.149, C.148 "
IER N )
*l
1 -
K By = k (C.155)
k (1 + [Br 1)
—3
But K'Br must be independent of the [Br ].
Hence
i?a‘ = P& (C.156)
-1 ~-3
and
k k
3 -1
¥ = x (C.l57)
Br k_3 kl
d[BrPeL, Br]

s = k,[B1[Br ] + K, [C][Br ] (€.158)
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From C.158, C.154, C.151, C.112

d[BrPtL,Br] K,k K[S1[Br 12 K k.x[s][Br ]°
4 2 473
= + (C.159)
dt K, ~ K, ~
k., (L+— [Br D) k (1 +——— [Br I}
-1 3 -3 k
-1 -3
From C.159, C.157, C.156
d[BrPtLaBr] k K(k + L [Br D I[Br ] [s]
at = kz 3 (C.160)
k__l(l + P (sr
-1
From C.160, C.75
d[BrPeLBr] ko K(k, + kX' [Br DB 17(C° - [BrPiL,Br])
4 4 4
dt - n (C.161)
2 -
1\_1(1 + T{""‘—' [Br ])
-1
Assuming a pseudo-first order excess of Br , equation C.161 gives
kiK(k, + kK [Br D) [Br ]
kobsd = k. (C.162)
1(1 + {(Br 1)
—1
which is of the form
-42 -3
R, = 2Pr Ll rblr] (C.163)
1+ c[Br }
vhere
k kK
a = ot (C.164)
Ck,k KR!
p - L4 Br (C.165)
k
-1
I k
2 T4
¢ = 7 = % (C.166)



(viii) Mechanism I

Br + [BrPtL,OH

{Br...BrPtL
A

Br + {Br...BrPtL
A

{Br,...
2 B

2-
PtLq}

]“ ;=ié=a
4772
S
k
T ) e
2 k
-1
2 k
OH]' gza-_—.i
2 k
-3
- kz
+ Br ———
- k4
+ Br ——

{Br
3 C

Assumptions

- 3
...PtLA}

{Br...BrPtL ouz}z'

A 4

2
{Erz...PtLA} + 01

B 2

{Br "...PtL4}3" + 0H

3¢

2
- 2
Br  + [BrPtL,Br]

2Br + [BrPtL&Br]Z—

%33

(C.112)

(C.142)

(C.143)

(C.145)

(C.146)

Equation C.112 is a fast pre-equilibrium and K is very small,

so that even at the highest [Br ] used, the [A] is negligible compared with

the [S]. S&pecies

are not Interconvertible,

Prediction of the rate

law

From C.115

(Al

[A]
[s1[Br]

kis]{Br ]

Applying the steady state assumption to [B]

d[B] _
ic = 9
From C.167, €.116
[B]

]

k,IA] - k)

klx[s][Br']

8] - kz[B][Br—]

k ., + kZ[Br

-1

]

Applying the steady state assumption to [C)

B and C are distinct, reactive intermediates which

(C.115)

(C.116)

(C.167)

(C.168)
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dfc] _ - -~y - 1 -
—E—t—- = 0 = k3[A][HI‘ ] k—3[C} ka[C][BI’ ] (C.lﬁg)

From C.169, C.116

kBK[S]{Br_]Z

[c] = - (C.170)
k_5 + k,[Br]
d{BrEtLaBr] ~ _
— - = kz[B][Br ] + kA[C][Br ] (C.171)
Froem C.171, C.170, C.168
-2 -.3
d[BrPtLhBr] klsz[Br ] k3k4K[Br ]
—5% " = — + —| [5] (C.172)
kg +kyBr ] k_q+ Kk, [Br]
Since
[s] + [BrPtLaBr] = C° {C.75)
Where C° is the total concentration of Pt(IV) species present
-42 ~13
d[BrPtLABr] klsz[Br ] k3k4[Br ]
——— = — + —| (c°-[BrPtL,Br])
k~l + kZ[Br ] k_3 + k4[Br ]
{C.173)
Assuming a pseudo-first order excess of Br , equation C.173 gives
-42 -.3
‘ klsz[Br ] k3k4K[Br ]
kobsd = — + — (C.174)
k_l + kz[Br ] k_3 + kA[Br ]
which is of the form
-2 -+3
N a{Br 1} 4 clBr ] (C.175)
obsd g 4 biBeT] 1+ d[Br)
where
k.k, K
a = -2 (C.176)
k
-1
Ky
b o= = (C.177)



(ix) Mechanism proposed

for the hvdrolysis of trans—[Pt(CN)AB

r2]2-

in the presence of

Br or OH .

Br + [BrPtL
1

]

{Br...BrPtL, Br} "

Ay

Br~ + {Br...BrPtL.Br}> <=

Ay

2

{Br ..PtL&}

2'g

{Br
3 C

HO + [BrPtL

5

{HOBr...PtL

}
b 4

Assumptions

K' is very small, so that at all concentrations of Br used,

the [Al]is negligible compared with the [81}. Species B, C and D are

T 4+ oH

";..PtL4}3' + OH

23—

Br]z-

2

2

Br]zp

+ OH2

{Br...BrPtL,Br}>"

4
A
2..

{BRr....PtL,}" + Br

2 4

B

{Br. ...PtL,}°" + By

3 a s s 4

c

- o=
Br~ + [BrPtL,ON,]

28 + [BrPtLAOHZ]_

{HOBY...PtL }2“ + Br
D 4

HO + [BrPtL,OH,]

distinct, reactive intermediates which are not interconvertible,

Prediction of the rate law

i

(8,1

[sll[ur”]
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(C.178)

(C.179)

(C.180)

(C.181)

(C.182)

(C.183)

(C.184)

(C.185)

(C.186)

(C.187)
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From C.187

[A) = K'[Brilis,] _ (€.188)

1)
Applying the steady state assumption to [B]

d[B]

e = 0 = kA ) + kBB - k_ (B] (C.189)
From C.189
k_,[A,]
(8] = 21 — (€.190)
k_, + ky[Br]

Applying the steady state assumption to [C]

g%%l = 0 = k_ (a8 ]~k [CI{Br ] - k_,(cC] (C.191)
From C.191 _
k—A[All[Br ]
[cy = - (C.192)
k_3 + k,[Br ]

Applying the steady state assumptien to [D]

d(p] _ - - -
= = 0 = kS[Sl][OH 1 - k_s[D][Br 1 - ke [D] | (C.193)
From C.193
ko [SI[OH ]
[p] = — (C.194)
k6 + k?S[Br 1
d[BrPtL, OH,]
rs = Kk Ipl + k_[B] + k_,[c] (C.195)

From C.195, C.194, €.192, C.190, C.188

- - -.2
t - r t
d[BrPtL,OH, ] ) k5k6[0H ][sl] . knlk—ZK [Br ][sl] . k_3k_4h [sl][sr ]
dt

ke + k_g[Br ] k_y + k(527 k_ g+ k,[or]

(C.196)



Since

[sl] + [BrPtL onz] = (° (cC

197

where C° is the total concentration of Pt(IV) species present, it follows

that
- ! , -
d[RxPtL,OH, ] . [ kgk, [01] k ik X' [Br]
r = (€% - [BrPtL,0H,]) — + -
11{6 + k_5{Br 1 k__ + kz[Br ]
k_gk_ K ZL
+ (C.128)
k_y+ T, 31 |
-3 J
Assuming a pseudo-first order concentration of Br and 9): 8 equation
€.198 gives
kek [on ] k_jk R [Br ] k_gk_,K" [Br~ ]
Kibsd = + — (C.199)
k6 + k__S[Br ] k—l + kz[Br ] 11_3 + kl}[Br ]
which is of the form
t T -.2 -
k - a'[Br] + _C [Br ] - e[0H ] (C.200)
°bsd 4 biBr] 14 dBr] 1+ £1Br7]
where
a' = k_ZK' (C.201)
ks
b = (C.202)
k
-1
¢' = k—4K' (C.203)
K
d = 2 (C.204)
k
-3
e = ks (C.205)
k 5
= 2 .2
f X (C.206)
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Statistlceal Analysis of Experimental Data {y Paprb IT

Case 1 ; The welghted least areg ana i f the bromide-
dependence of the pseudo-firgt-order rate constant :gy‘

anztion of trang-[PtQCN!!BrOH]"

As indicated in chapter 7, the bromide-dependence of
the pseudo-first-order rate constang, kobsd y was assumed Go

be of the form

Kopsg = _8LBr"1%  + _olBe713 - (D.1)
1 + b[BrT] 1+ alBr~]
If we define
Y = X_peq (D.2)
x = [BrT] (D.3)

then equation D,1 becomes
J = axz + cx3 | (D.4)
1+ bx 1 + dx
In accordance with the Berkson model, all the error of an
individual observation is assumed to reside in the value of
Ve Furthermore, 1t is assumed that there is a constant
percentage error, P , in y, so that the standard deviation,

S of the "i" th observationm, ¥y » is given by

S, = PYy (D.5)

Equation D, can be "linearised" by expansion of y in a
truncated Taylor's serles about the zpproximate valus, yo s

of ¥y given by equation D.6
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yo = __§Ox2 + c°x3 {D.6)
1 + b0x 1+ a%%

where ao ’ b0 . co ’ do are approximate values of a, b, c, 4.

This expanslon gilves

0 0 0 0
% = (3% (a - a0 (3)(b-b) (é (¢ - ¢9)
i (ﬂ)oa 2 +'5%o_ +:§%)o° °

+(§_x) (a - a% (D.7)
34d/0
where the subscripts zero {0) on the partial derivatives
indicate that they are evalunated at a = ao, b = b0 s G = co ’
d = do . Thus
(ay) = _x (D.8)
oa/0 1+ box
ﬁ%x) = -a0%3 {D.2)
b/0 (1 + bOx)Z
Qg_) = 33 (D.10)
2¢c /0 1+ de
(%X_) = -coxu (D-ll)
da/0 (1 + dOX)Z
If we define.
0
A = § -} (D.12)
J 33/0
where j = a, b, ¢ or 4, equation D.7 becomes
Ay = AaF, + AbF + AcF + AdF, (D.14)

Equation D.1% is linear in Aa, Ab, Ac, Ad, and hence is amenable
to a least squares treatment to determlne the "begt" values,

A M A N
Aa’ Ab’ AC, Ad’ Of lﬁa, éb’ AG, Ad.



By the law of propagation of errors, the standard
deviation, C&l y agsoclated with a ziven value, Ay1 s Of

Ay will be gilven by

= - Iy
Spy = Oy = 'IB% {D.15)

slnce yo is a constant. Since P/100 1s also a comstant,

the weighting factor, Wy , assoclated with &yl is glven by

(D, 16)

W =
1

<< |H
= [N

For a least squares analysls of the data accordlinggg

to equation D,14, AQ, ab, ag, A3 are chosen so that
2
i

3 = Zilwir = a minimun _ (D.17)
L

where EZZ denotes summation over all values of I from { = 1
i
to L = N, the total number of observations, and the residuszl,

L is glven by

r = Ayl - AaFa1 ~ AbF - Ach

bt ~ AdFy, (D.18)

i 1

where Fai’ Fois Fooo Fdi are values of Fa’ Fus Fc’.Fd at

X o= Xy and y = Yyie To fulfill the condition of equation

D.17,
(a_s) = 0 (D.19)
34a
'C%%B) = 0 : : (D.20)
(2ic) = 0 (D.21)
G§§_ = 0 {D.22)
Y¥]

The conditions of equations D.19 to D,22 will be obheyed at



Aa = An
6b = Ab
A = 58

A
Ad = Ad

Application of equabtiong D.19 to D.26 to equatlions D.17

and D,18 gives the four normal equations D.27 to D.30.

A . A A v A -
Aaiwiral + Abzl‘,wll"aié‘bi + Aczi’wlratii +

-~
+'AdZLIW1Fa1Fd1 = Z}_:wiFaiA‘vl

N L2
1« F h i
é‘a?"raipm + ADZ’_:‘“’iI'b + Acz“’i bif ol

~
* AdZi:winiFdi = Zwi b1 A7y

AQZwi al ol + AoZWi bi + AcZWl ol

i

* Ad,.ZWtilrdl = Zl\’wchlAyl
” Fal
Aa?“xp * Abz”t pifay * AGZ;WELFchdi

* MZ’"‘L ar = ;WlelAyi

I

(D.23)
(D.24)

(D.25)
(D,26)

{D.27)

(D,28)

(D.29)

(D.30)

Equations D.27 to D.30 can be solved using determinants (see

reference 5) to give the values of Aé‘, Aﬁ, «ﬁ'c‘:, Aﬁ.

I

| \ |
"oorrected" values, &, b, ¢, d, of a, b, ¢, d are then glven by

g = aO+A§
b = b0+ ab
g = OO+Ag
a = a% + af

(D,31)
{D.32)
(D, 33)

(D.3%)



b2

The value of the percentage deviation, P , ln y is glven by

(_D.35)

where N is the number of observatlons. The standard deviatlion,
Of » of A2 , which by the law of propagation of errors applied

to equation D,12 is also the standard deviation of & , ls

given by
Op = P Mo (D.36)
: 100/ D
where
Lu? F, ZwFan I:WF F, ZWF Fy
LwF rb Ew‘ b 5 ZWI‘bF ‘Z\wr
D = {(D.37)

Lwr 7 Lur WFe Zw}? F_ ZWF 7,

Lwr F, Luf P, LuF_F, LuF 7 R
In equation D, 37

ZijFk - ?;wiFJiFkl (D.38)

where J, k = a, b, ¢, d.

Maa denotes the cofactor of Z.w in D,

iai al
A
The standard deviatlons, Q ’ 05 » OF of b 3, d are

similarly glven by

li

O‘g bh - (D.39)

D
[M
SIS % 522 (D.10)



A o M
- L d_d
ad 100/ D

L3

(D.41)

where i, , (] = b, ¢y, 4) is the cofactor of Zi',WlFJiF'Ji tn D.

. A
The covariance, O—;ﬁ;" of & and b is given by

Sap = =—=ab

M
where LN is

Similarly

2 M

10”’ D

the cofactor of Z’WiFainl in D.
i

P2 hul

cd

¥ 5

10

(D,h2)

(D.43)
(D.44)
(D.45)
(D.aé)‘

(D.47)

where O’ﬁ( denotes the covarlance between J and kX and Mjk is

the cofactor of ZwiFJiFkl inD. (J =a, by ¢, 4 ; k = b, c,
i

d and k # J)

- The least squares btreatment was then repeated, taking

a2 = 5§

N
b = b
0 A
. = o

AN
do = g

(D.43)
{(D.49)
{p.50)

(D.51)



iy

. A
until the "n™ th iteratlon zave values of &, b, E,'ﬁ whnich
differed by less than 0.5% from thz corresponding valuss
found in the "{n-1)" th iteration. When this condition
ADNA A ‘
was met, the values of a, b, c, d, P,q;,cja, o8y G O

O3 O5ar o b? OBy Oy obtalned were taken as the final

estimates of these parameters.

Case 2 ; Calculation of the standsrd deviation of a quantity
Wwhi : £ip; 2, b
Ir
g = f{a,b,c,d) (D.52)

then the standard deviation, ¢, , of g ls glven by

s2 . Ag)22+ ég)%.z

(D.53)

where O, is the standard deviation of J (j = a,bycyd) and

Oyy 18 the covarlance between J and k (kx = byc,d amnd k # J).

Cage 2a ; Calculation of the standard deviation of the

ctlio 7]
w = _ [Br~] (D.5%)
kobsd - kp
where
ky = _o[Br ) (D.55)
1 + alBr™]

From equations D.54%, D,55, D,2, D,3



u o= x.
Y‘kB'

= cx3
1+ dx

kg

The gtandard deviation, oﬁ , of u 1s given by
52 = (3132 (Bu\ (skB>2 2, (akB)d
b (By) Y (p\3e / "¢ \Sa,/ ¢
dkg)[ ok
2( )(ad)dcd}

The terms in equation D.58 are glven by

-+
+

d = P
4 100
38
y (y - kB)2

G%%;) i (y f kB)z

a kB) = }C3
d¢

3kﬁ> = oz

Cese 2b ; Calcula t tandar viabi £

functlion. v
v = [Br~]°
- Kobga ~ ¥a
whare
kA. - aJ:BI‘-]z_
1 4+ b[Br™]

From equations D.6é4%, D,65, D.2, D.3

{D.5%)

(D.57)

(D.58)

(D.59)

(D.60)

(D.61)

(D.62)

(D,63)

(D.64)

(D.63)



2

v = X (D.66)
¥y o= ky
where
ky = _ﬂz_ (D.67)
1 + bx
The standard deviation, Sy of v 1s glven by
2 _ ‘”av)zdz o (39 )2 <5kA 2 2 +<51~:A)20,_2
¢ = (§g)er sk, {82 )% "(55 )b
. z(ﬂ) VO (D.68)
da /\2b a :

CTY s glven by equation D.59 and the other terms in equation

D.68 are given by

(av -x? (D.69)
"§'} (y - kA)Z

(_91) = x° (D.70)
k) (3 - k)2

Ak, = %2 (D,71)
(aa) 1 + bx

dky) = _-ax® (D.72)
(?E_) (1 + bx)?

Cagse 2¢ ; Calculation of the gtandard deviation of the
function B

R = be (D.?B)
ad

The standard devliation, ©; , of R is given by equation

D.74.

4hg



(D.74)
The terms in equation D.74 are glven by
(gg)_ -~ -bo (D.75)
da azd
ob ad
(__Ei) = b (D.77)
ac ad
(é__) = «bc (D-?S)
od ad2
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APPENDIX E

Computer programmes used in Part 1II



PROGRAMME E1

Welghted least squares analysis for the equation

¥ = ax?/(1 + bx) + oxd/(1 + dx)

This programme corresponds to case 1 of appendlx D.

149
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D
S AL A

* HATFIV
* T4/003
e 3o 3ot i e ol Sl sl ok S 2o aje o i sk Ak de sl s sl s B

e wle wle the als whe ot gl
AR TR NIRE RS REAR

CePadaVUIK 30 3A10OYNYNYYY

C WEIGHTED LEAST SOUARES PROGRAMME FOR

C KOBSH = ARXEX/{1.0+REX)  +  Ca)XE)CX/(1.04D%X)

DIMENSION X{230},Y(230}+A(2301,B(230),0(220).,D(230),W(230),
6GWAZ{230) WAR(230),WACI23N},WADI23N),WB21230),WRC{230),WBD(230),
EWC2(230) 4 WED(230),WD2(230)sWAY(230),WRY(230),%CY(230),WDHY(230),
6PARTI(230),PARTZ2(230D),YCALC(250},RESIDI230),4TRES(230),
*YPRED(230),DELY(230)

6000

6002

6001

60073

1000

1001

1002

. SUMWAC

DIMENSION PCENTI(230)
CHARACTER*®*B0O TITLE

READ (5,6000) TITLE

FORMAT (A80D)

WRITE (66002}

FORMAT (1IH1 41X 12001H=) / /)
WRITE {6.6001) TITLE

FORMAT (1LHO.5X,A80 //)
WRITE (6.6003)

FORMAT {(ITHOD,1X, 12001 H%Y / /)
READ (5,1000) AK.BK,CK,DK
FORMAT (4(F12.5))

READ {(5,1001Y N

FORMAT {14)

SUMW = 0.0

SUMIWA R
SUMWAR

SUMWAD
SUMWRZ2
SUMWRC
SUMWRD
SUMWEC 2
SUMWCD
SUMWD2
SUMWAY
SUHIMWRY
SUMWCY
SUMWDY
SUMKWTR

prea ot 1N

READ (541002) Y{(I), XI(1)
FORMATI?2(ELZ.5))

&

oo o non U
P T T T T )

hnu

L I

ODO0OD0ODOIDDDOO0D0D0O
MO0 0 20020

L ]

o

ACTY = XCIFSEX(TI)/ (1o + RKEX{I))
RIT) = =AREA(TIHX(TI)Y /701 0+RKEXLTY)
CIT)Y = XUTD)=X{T ) X () /01 D+DK%=X (1))
DETY = —CRAEXCTIRCOD) /(1. 0+DKEX(T))

YREEEDIT)Y = AK=A{T) + CK=CLUT)
DELY(TIY = Y41} — YPRED(T}
Y{T) = 1.0/(Y(I)=Y(1))

SHMW = SUmw + W {T1)

WAP LT ACTI=A(T )W)
SUMKWA 2 SUMHA? + WARZ{T)

o

Ir ote wde wde wle ale o wle obe ol obe Ll wle ale dle wle b wieale afs wle an afs wle ol w0
SESISE AT s I e X WO AT LS

Al wly whe afs ohe ofe ofe ule ol wle
X TR RN IR R

2
;

CaPadaVUIK

e

2 A

e wly P A N e
m LSRR s s

%450



WAR{TY = A{T)#R{I})=ad(T)
SUMWAR = SUMWAR + WAR({ 1)
WACHT) = A{T)¥=C{L)=W{])
SHMMAC = SHMWAC + WAC{T)
HADCT) = ACE)=D{I %W (])
SUMWAD = SUMWAD + WAD(T)
WR2{T1) = B(I)HR{T)=W(T)
SUMWRZ = SUMWRZ + WB2(1)
WBCIT) = BOT)*C{II*W(T)
SUMWRC = SUMWRC + WRC(T)
WBD{T)Y = BRIT)RD{TIYRW{])
SUMWBD = SUMWBD + WBD(T)
WC2{T) = CLII=CII)=W(T)
SUMWC?Z = SUMWEZ + WC2(I)
WCDIT) = ClIYD(T)I=W{T)
SUMWCD = SUMWCD + WCDI(TI)
WD2(I)Y = DIIY*ED(IT)=W{T)
SUMWDZ = SUMWDZ + WD2(1)
WAY(TI) = W{I)=A{I)*DELY(I)
SUMWAY = SUMWAY + WAY{I)
WBY{T)} = W{I)*=BR{I)*®DELYI(I)
SUMWBY = SUMHWRY + WRY(T)
WCY{TI) = W{I)=C{I ) =DELY(T)
SUMWECY = SUMWCY + WCY(T)
WDY(T) = W{I)=D{I)*DELY(])
SUMHDY = SUMWDY + WDY(I1)
CONTINUE

El = SlUMWA?

E2 = SUMWAR

E3 = SHMWAC

E4 = SUMWAD

F1 = SuMuaAR

F? = SUMWR?

F3 = SUMWRC

Fa = SHMWRD

Gl = SUMWAC

G2 = SUMWRC

G3 = SUMWC?

G4 = SUMWED

H1 = SUMWAD

HZ2 = SUMWRD

H3 = SUMWCD

H4 = SUMKWD?2

P1 = SUMWAY

P2 = SUMWBRY

P3 = SUMWCY

P& = SUMWDY

CALL DETMT (EVL.E24E34E4,43F1+F24F34F44GLeG29639G49H1IyH2Z4H3,HL,
AANSWER)

NENAM = ANSWER

CALL DETMT (P1+P2yP33PbyF1+F2.F34F4,G1,4G2yG3:G4,H1,H2,H3,R4,
HEANSHWER)

ANUIM = ANSWER

CALL DFETMT (E)4E2+E34E4+PLsP2+PF4P4,G14G290G396B44HI HZ2 ,HAHG,
HAMSWER )

RMNIIM = ANSWER

CALL NETMT (Fl4E2+4F34F43F14F2F34F4,P1,P23P34P44HTH2H3,HE,
EANSWER }

CMNIM = ANSWER

CALL DETMT (Bl EZ2E34E4sF14F243F3,F4,514G2:0G3:G4,P1,P2,P3,P4,
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1003

1004

1005

1006

1011

1010

1009

FHANSHES
Py 18
DELA
NELR
BELC
RELD
ANEW
BNEW
CNEW =
NNEM =
Do 2 1
PART1{

—

ANSHER

AN ZDENOM

BMLUIM S TTENDM

CNUM/DFEROM

DN/ DENDM

AK + NELA

BK + NELR

CK + DELC

DK + DELD

1+N

ANEWAX{T )X (T} /(1a
CNEW X { D)X {TYRX{]Y
PARTI(I)Y + PART2(1
YET)Y — YCALCID)
100.0%RESID(TI/YA{T)
W{TL)HRESIDI{T)=RESTID(T)

UMWTR + WTRES({T)

e u

nmnnu

1 X 0
PART2(1 X1 ¥/
YCALC(1] )
RESIDII

PCENTI(I

WTRESH{I
SUMWTR

CONTINU
P o= N
K2 =
NK =

WRITE

) =
} =
] =
Yy =
)] =
) =
= §
E
SUMWTR/{P
SORT(NOK2)
{641003) ANEW

FORMAT {1HD.%5X, THANEW = ,
WRITE (6,1004) BANEW

FORMAT (1HO,s 55X, THBNEW = ,
HRITE(6,+1005) CNEW

FORMAT (1HO, 55Xy THCNEW = ,
WRITE {(6,1006) DNEW

FORMAT (1HO,s 5X, 7THDMEW = , Gl16.8)
WRITE {(6,1011) aAlKy BK, CKs DK

FORMAT {1HO+5X+sB5HAK = +616.845X¢5HBK
GSX'SHDK = 9016.8}

WRITE {6,1010) DELA, DELR,
FORMAT (1HD.5X, THDELA =
6G164843X, THDELD =
WRITE (6,1009) OK

- 4.0)

Gl6.8)
G16.8)

Gi6.8)

DELCs» DELD

1G1l6.8)

16G16.843X,7HDELR

FORMAT(1HO+5X ¢ 24HPERCENTAGE ERROR IM Y
CALL DET3 (F2.F3,F4,G2+63,64+H2,H3,4,H4,RESULT)

1G1608'SX,SHCK =

+ RMEWHX(T)Y)
(10 + DNEWEX(T))

+GloeBy3X, 7THDELC.

G16.8)

COEFFA = RESHLT/DENOM

CALL DET3 (El1+E34E44G1+G3+G4+HL+HIH4,RESHLT)
COEFFB = RESULT/DENOM

CALL DET3 (El+E24F4+F1«F2+F43H1+HZ24H4,RESULT)
COEFFC = RESULT/DENOM

CALL DET3 (E1,F24F34F1+F2+F3+G1+G2+G34RESULT)
COEFFD = RESULT/DENODM

CALL DET3 (E2+E34E44G2+G3+G4,H2sH34H44RESULT)
COEFAR = ~RFESHLT/DENOM

CALL DET3 (EP+E34E4+F24F3+F4+HZyHAZHARESHILT)
CORFAC = RESULT/DENDM

CALL DNET3 (F2+F343FLyFP24F34F44G23G34G44RESULTY
COEFAD = —=RESILT/DENMDM

CALL DFT3 (F1+F233F4,F13F3sF&,H14HA,H4,RESULT)
COFFRC = —=RESULT/DENDHM

CALL DET3 (E1+E24E44F1+F3,F44G14,632,G4,RESULT
COFFRND = RESUHLT/DENDM

CALL DET3 (F1yF23F44F1+F2+4F4,G146G2,G4,RFSULT)
COEFCD = —~RFESULT/DENDM

VA = COEFFA=OK?

SIGA = SORTIVA)

?

52
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VR = COEFFEREOK?
SIGR = SORT(VR)
VO = (NEFRCHNKR?
SIGC = SORT(V(EY
VN = COEFFDEOK?
SIGD = SORT(vhH}

COVAR = CORFARKROK?
CoOvaC = CORFACHOK?
COVAD = CUEFAD=OKZ
COVRC = COEFRCHOK?
COVRD = COEFRLEOK2
COVCD = COEFCD=0K?2
COCNAR = COVAR/{SIGARSIGR)
COCOAC = COVAC/(SIGA=SIGC)
COCUAD = COVAD/{SIGA=SIGR)
COCNRC = COVRC/(SIGR*®SIGC)
Cacnrn = COVBD/(SIGR=STIGND)
COCOCD = COVED/(SIGC=*SIGND)

RATTIO = BNEWRCNEW/{ANEWSEDNEW)

DRA = —BNEWSCNEW/ (ANEWHANEWRDNEW )

DRR = CNEW/ { ANEWXDNEW )

DRC = RNEW/ (ANEWXDNEW)

DRD = —ANEWXCHMEW/ { ANEWRDNEWEDNEW )

SRA = DRAXDRARVA + DRR%EDRR:VR

SRR = DROXDRCHVE + DRDHDRDHVD

SRC = 2.0%NRALDRBACAVAR + 2.0%DRAXDRCECOVAC
SR = 2 0%DRAXNRDHCOVAD + 2.0%DRBXDRC=COVRG
SRE = P.0XNRBREDRDHCIVARN + 2L 0%NRCHDROXCOVED
SIG?R = SRA + SRB + SRC + SR + SRE

SIGR = SORT{(SIG2R)
WRITE (641013) VA, VB. V(G VD
1013 FORMAT {(1HN,2Xs5HVA = G168/ 2X45HVB = 61648/ 2X,5HVC = ,GlAa.8/
®¥2X45HVD = ,G1l6.8)
WRITE {(6,1014) SIGA, SIGR, SIGC., SIGD
1014 FORMAT {1HO+2X, 26HSTANDARD DEVIATION IN A = +G16.8/ 2X,26RSTANDARD
#* DEVIATION IN B = 4Glb8/ 2X,26HSTANDARD DEVIATION IN C = ,Gl6.8/
®2X 4 26HSTANDARD DEVIATION TN D = ,G16.8)
WRITE (6,1015) COVARGCOVAC COVADN,,COVRC,COVAD, COVED
1015 FORMAT (1HO+2X+ 22HCOVARIANCE UOF A & B = 4G12.5/3X+22HCOVARIANCE OF
A& C = yG12.5/3X%,22HCOVARIANCE OF A & D = +6G12.5/3%,22HCOVARTANC
%FE OF B & C = +G172.5/3%,22HCOVARIANCE OF B £ D = 4G1l2.%/3Xy 22HCUVAR
IANCE OF C &§ D = +G12.5/)
WRITE (641016) COCDAB,COCDAC.CDCDAD,COCORC,COCORD,COCOCD
1016 FORMAT (1HQ42X9HCOCOAR = 4G12.5/3X+9HCOCOAC = +G12.5/3X,
#*GHCOCOAD = 4G12.5/3Xs9HCOCORC = 4G12.5/3X4,QHCOCOBD = ,Gl2.5/3X,
*QHCOCOCD = 4G12.5/)
WRITE (6+41020) RATIO. SIGR
1020 FORMAT (1HO, 2XL8HRATIO = ,G12.5 /3X,THSIGR = G1l2.5//)
WRITE {(6,1007)
1007 FDRMAT (THOHX3a4HX{TI )y LAX, 6HYLT) 4 16X 4BHYCALCIT) 12X, BHPCENT (T Y,
HIPX G 4HHW (T ))
NG 3 1 = 1,N
WRITE (6+41008) X{I)1aY{T)aYCALCII ) 4PCEMTITI LW (T])
1008 FORMAT (1HD5X5{G172.5.,8%X))
3 CAONTINUE
WRITELA,1I012) SUMWAZ s SUMHUARy SUMWACG y SIIMHAD 3 SUMKNRE 2 o SUMWRC y SHREIEL)
AGSUMNECZ 3 SUMHCD  SUMWD 2 3 SHMWAY » SUMWRY o SHIRWEY » SUMWDY
1012 FORMATIIHO 55X GHSUMWA?Z = yG1l6.85% s 9HSUMWAR = 4 G16.B,5X%y9R50HMnLl =
6 2G16L875X,9HSUNMHAD = yG1ALBsEXJOHSHMWRE?Z = sG16.8¢5X 4 9HSUMERKE = o
65GIE.8/5X,9HSUMWRD = ,G16.R¢OXyGHSUMWE? = +GLALBBX s YHSUMKHCHD =



5k
s GlALEBX, 9HSHAYRY =
+GlALB)

AGLHE B/ EX 4 SHSHMUNY = 3 G164Rs 5K, QHSIIMYAY
AGIALB/BX ¢ GHSTTMHCY +Gl1ELR S BY, GHSUHMHDY
WRITE (H,2001) :
2001 FORMAT {1HO,1Xs1H /71X 12000H%} // /)

1
1l

STOP

END

SURBROUTINE DETMT [(R14R2+R34R4 4851 482+83454,T14T24T3,T4aUL,U2,41I34Ub,
GANSWER }

Al = T3IXx4 — T&*EU3I

A2 = T3%U4 — T&4k)3

A3 = TP¥»j4 - Ta=i)p

A4 = T2313 — T3xl42

R1 = T2=xl14 — T&=xl}p

B2 = Tilxli4 — T4¥til

R3 = Ti1=ll4 ~ T4#={Jl

B4 = Tl%H3 — T3]

Cl = T2%=U3 — T3:=42

G2 = T1l=Uy3d ~ T3=11

C3 = Tl=N2 — Tz=U1l

C4 = Tryz — T2%U1

Bl = §2=p1 ~ S§3#81 + Sax(1
D2 = S1*kA2 - S3%R2 + Sa=x(C2
D3 = S1%A3 — S2%B3 + S4=mL3
D4 = Si=A4 - S2%R4 + 53%(C4
ANSWER = R1®D]1 — R2ED2 + R33N — RakN4
RETLIRN

END

SURRDUTINE DET3 {X1+X2,X3,Y1,Y2,Y3,21+22,23,RESULT)}

W1l = Y2%73 - Y3%k/72

W2 = Y1%73 - Y3*71}

W3 = Y1=%72 - Y2xZ1

RESULT = X1%W1 — X2%MH2 + X3%W3
RETURN

END

SDATA



PROGRAMME E2

Calculation of functions of y and x for the equation

v = axz/(l + bx) + cxo/(1 + dx)

This programme corresponds in part to cases 2a, 2b, 2c¢ of
appendix D. It was used to calculate the functlons

plotted in Fig. 7.% to Fig. 7.8.
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C USIMG AVERAGE VALUES OF KORSD

C

C

C

C A=z szaieso s sl e sleosle sl sesloosie sl g oie s v sl wla nle sl sl sl e e s e s vle I 2l e sl e e s e e e e e ez e s i s e e Sl AR St e s e e sl sl e e e

%S IG6G

1000

2004

1006

2002

1001

5000

20

G12e5/3Xe5HDK

DIMENSTOM

FYPLOTL(Z230 . YCALFI (233G YPLOTZ(230),YCALPZ2(230)

DIMENSTON

GI220),HI230),F(230),GCALCI230),HCALC(230)

e
Ey

f O OO MO0 N 0O %

L
-2
it
3

X(?30)yY(?30)sYFALC(??”)yPAQTl(730);PART2(230)v”(?30)v

DIMENSION A(230),8(230),0(230),D(230),VKA(230),VKB(230),VK(230),
#SK(230),VKZ{230) ¢ SKZ(230)STCEH{2230) ZHLIWML(230) s HLIML(230),

(730),GLIMU(22C),GLIML {230}

DIMEMSION SYPL{230),YPLI{230),YPYLL(230),SYP2(230)+YP2L1{230),

“YPZL({230)

"

CHARACTER=80 TITLE
READ (541000) TITLE
FORMAT (A8BD)

WRITE (6,2004)
FORMAT [1H1,1X,60(2H%
WRITE {6+1006) TITLE
FORMAT {1H0,2X,A80)
WRITE (6,2002)

FORMAT
READ (541001) AK,
FORMAT (4E12.5)
WRITE (6,5000)
FORMAT {1HD,2X,5HAK

BK

(1HO 1 Xy 1H / 1X.60{2H% )

Yo/

/)

CKy DK

AK 4+ BRK,CKyDX

+G12.5/3X,5HBK

1G12.5)

1G12.5/7

3%, 5HCK

= oy

READ
1011
READ
READ:
1010
WRITE
FNRMA
3%y 5H
21245
R?
KEAD
FORMA
RIS
LEAD
FORMA
PART1

1019

2100

1002

FORMAT

(54,1010}
FNRMAT

{5,1011) VALVR,COVAR
{3E17.5)

{(5+1011) VC,VD,COVCD
0K

(F12.5)
{641019)
{(1H0,2Xy5HVA
12.5/3Xs 5HVD

T
V(C
/)
K=K
{B,72100)0
T (T4

T = 1,N
(551002) Y{I)yX(1),Ml
T (PE12.5. 14)

(1) AKX D)

I

+G172.5/3X, BHCOVED

1)

VASVR,COVARSVC VD, COVCED K
1512.5/3X45HVA

1 G12.5/3X,8HCND

#X{EY/ (1.0 + RKEX{T))

VAR

r

yG12.5/
1G12.5/3%X,5H0K

an
o

R
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FART2{TY = CRHEXITIY=X(I)=X{T) /(1.0 + DKEX{(T))
YCALCLTY = PARTI(I) + PARTZ(T)

YPEATI(IY = y{I}y/%(1)

YPLOT2 (1) = YPLOTYI(TI}Y/¥(T)

YCALPLIT) = YOALCLIN/ZX(T)

YCALP2{I) = YCALPL(I}/X(T)

FOI) = 1.0/7X%(1)

GUT) = X{TI)Z{Y(I1}=PART2(T))

GCALCLI) = XUI)/PARTI(1)

HIT) = XCIVEX{T)/(Y(T)=PARTI(T})

HCALCIT) = X(I)RX(1)/PART2(T)

ACT) = X{ID)EX{T) /(1.0 + RK*X(I))

RIT) = —AKREACTYEX(I)I/ (1.0 + RKEX(1))

VKA{T) = ACT)®=A(II®RVA + REID®ROIIEVR + 2.0%A{I)*B(1)*COVAR

VKAT) = OK2%Y(T1)*Y(I) + VKA(T)

SK{IY = SORT(vK(I))

SIGHIT) = HIT}=SK{I)/(Y(I) — PARTL(IYV)

HLIMU(T} = H{I) + SIGH(I)}

HLIMLITY = H({T) — SIGH(TI)

COT) = XOIVEX(UE)=X(I)/ (10 + DKEX(I})

DEE) = —CK=C{I)=X(I) /(140 + DKXEX{T))

VKRIT)Y = COII=COIY=YC + DLII=D{I)*VD + 2.0%C(I)=D(1)}*=COVCD
VKZ{T) = OK23Y(I)=Y{I) + VKB({I)

SKZIT) = SORT(VKZI(I))

SIGGIT) = GUITI=SKZ(I)/(Y(I) — PARTZ2(I))
GLIMU{I)} = G{I) + SIGG(I)
GLIMLIT) = G{(I) - SIGG(T)

)

SYP1(1 YPLOTL{T ¥=0DK

SYP2{T1) = YPLOT?2(I}*0OK

YP1IU(TI} = YPLOTI(I) + SYPI(TI)
YPIL(T) = YPLOTI(I) - SYPL({T)
YP2U(I) = YRPLOT2(I} + SYpP2(1)
YP2L{I) = YPLOT2(I) ~ SYP2(I)

1 COMTINUE
WRITE (6,2002)
WRITE (641003)
1003 FORMAT (1HO+2X44HX{ 1) 4 16X 9HYPLOTI(I) s 11X sGHYCALPL(I) y11X,
HOHYPLOTZ (1) 911Xy OHYCALP2{T) 911X yaHM{T))
D 3 1 = 14N
WRITE (6,1004) X(1).YPLOTI(I)}YCALPI(I )}, YPLOTZ(I),YCALP2{(T) M(I)
1004 FORMAT (1HOs2X,5(G12.5+8X),14) '
3 CONTINUE
WRITE (6,2002)
WRITE (6,2000)
2000 FORMAT {1HO 41X s4HG{T) 316X yBHGCALC{T) s 12X s&4HF{T1) 416X s4HHIT) 416X,
HBHHCALC{I)s12X,4HF(1)) '
PO 4 1 = 1,N
WRITE (6,2001) G6{I1)2GCAICTII)sFU{T)yHII)HCALCI{T)sFLT)
2001 FORMAT (1HO,1X,6{G12.5,8%X))
4 CONTINDE
WRITE (6,2007)
WRITF (6,1008) :
1008 FORMAT (1HO 2X s THSIGGIT )y 13Xs RHGLTIMUI{T) + 12Xy BHGLIMLIT) 312X, THSTIGH(
HT Ve 13X o BHHLTMULT } 9 12Xy BHHLIML (1)}
PN S 1 = 1,40
WRITE (651009} SIGGII}-GLIMUITYyGLIML( IYaSTEH{T) +HLIMU(T ) HLIML(T)
1009 FORMAT (3X,6(0(12.5,8%))
5 CONTINUE
WRITE (6+2002)
WRITE (6,1020)
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1020 FORMAT (1THO,2X, THSYPI(T ) 4 12X, THYPIU(T ) o 13XL THYPYIL(T),y 13X, >
FIHSYPZ2 1) 13X, THYP2ULT ) 2 13Xy TRHYP2ILITY )
N6 T = 1.M
WRITE {6,1009) SYPLIT Y+ YPIUUT)aYPILLI)oSYP2{T),YP2U(T}YsYP2LLIT)
6 CONTIMUE
WRITE {6,1007)
1007 FORMAT (QIHO.1XsIH  ////7¥%012000RK) f1 /771717 77)
STOP :
END

SDATA
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PROGRAMME E3

Comparison of all data for the bromide~znation of

trans-[Pt(CN)uBPOsz—

This programme re-interprets all previous data for this
reaction in terms of the rate law found ln the pfeéent
study. It was used to calceulate the parameters glven in

Table 7.7 and the functions plotted in Fig. 7.9 and 7.10.
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508 CePadaMITY A0 RTOYNMYNYYY
C PROGRAMME TO COMPARE ALL PTICN)Y4RRUOHZ + RR DATA
CIMENSTION X{500),0RSDK(SDD}+PARTLI(500],,PARTZ2(500),Z{(500},0H2(500),
#D{500),CORRK(S500) +FACTURI(B0D}»CALCKIB00Y,PCENT(500)},G(500),
*ZU%S(SOO)9Y(500)qYCALC(SOG)'YPLOTl(500)rYPLDTZ(BOO)p
XYCALPLISOC ) YCALPZ2{500) XPLOT(500)
READ (5.,1001) AK,s BK, CKs DK
1001 FORMAT (&4{E12.5)})
WRITE (4.2000)
2000 FORMAT (1H1,2%, Z23HTRANS PT(CM)4BROH2 + RR //)
WRITE (6,.3000) AK, RK, (K, DK
3000 FORMAT {(1HD,IX5HAK = +E12.5+5X+5HBK = +G12.5+5%XyHHCK = ,612.5,5X%,
®BHDK = 4,G17.5)
READ(S,2100) ™
2100 FORMAT (14)
o 21 3 = 1,#
REAI} (5,1000) Ny IDENT, HC. 0OK1
1000 FORMAT (214,2E12.5)
IF {IDENT.ED.T) WRITE {(6,1002)
IF {IDENT.EQ.2) WRITE (6£,1003)
IF (IDENT.ED0.3) WRITE {(6,1004)
1002 FORMAT (1HO,7X, 42HSKINNER AMD JOMESy JeAsC.S. 1969, 91, 4405)
1.003 FURW.&T (1H012Xv 26HMASO§‘]1 IoC- 19?11 101 19]““')
1004 FORMAT (1HO,2X, 4CHMORGAN AND JONESs Jel.Ne.Ce 6972y 34, 275}
HRITE (6,1009) HC
1009 FORMAT (1HO.2X21HCONCENTRATION OF H = 4E12.5)
WRITE (6,1006)
1006 FORMAT (1HO 42X s4HX (1) +16Xs9HFACTORIT) 311X, BHCORRKI(I) »12X,
FEHCALCK{T )+ 12Xy BHPCENT(I) )
SUMF = 0.0
S5UMbD2z = 0.0
DD 1 1T =1y N
READ (5.,1005) X(1}, QOBSDK{]I)
1005 FORMAT (2(E12.5)) -
PARTI{I) = AREX(IISX{I)/(140+RK=X(T))
PARTZ2{IY = CoeeX (I )X (I V5=X{I)/(1.0+DK=X{T))
Z{I) = PaARTI(1) + PARTZ2(1I)
CORRKI{I) = NRSDK(I)Y - NK1
FACTOR(I)Y) = Z{1)/CORRK(])
SUME = SUE + FACTORI(T)
1 CONTINE
P = nl
FMEAN = SUMFE/P
o 2 1 = 1.M
CALCK{TI) = Z2(1)/FMEAN
DETY = CORRKA{T)Y — CALCK{I)
PCENTITY = D(ITY/CORRKILT)
N2{1) = PCENT(TYRPCEMT(T)
StMDy = SUMD?2 4+ D2(T1)
WRITE (6410071 X{1)FACTORITYCNRRK{ T}y CALCKIT),PCENT(I)
1007 FORMAT (1HN 41X +5{6GT16.844X))
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Hoo N0

4001
3

1008

1010

FDATA

=
N
}-.A

CONTIMHE
MRITE (644000)
FORMAT (THD, 2X 3 BHXPLOT (1) 412X, SHYPLOTI (1) 31 1%, QHYCALPI(T) 411X,

FCHYPEIOT2{L )y TTXLQHYCALL2 (T )« 11X, 0HXPLOTL{T) )

N 3 [ = 18

ZOBS(T) = CORRK{TI)=mEMEAN

Y{Iy = ZOBRS{1I)

YCALCULY = Z2(7)

YPLOTI(TY = X(TI/{Y(I)-PARTZ2(1))

YPLOT2{TY = XOIIEX{TI) /(Y (T)=-PARTYI(1))

XPLOT{T)Y = 1.0/%(1)

YCALPLITY = X{E)/(YCALC(TY=PARTZ2(T})

YCALP2({T) = XUEI)&X{UD)/(YCALCIT)-PARTI(I))

HRITE {6,4001) XPLOT(IY+YPLOTI(I),YCALPLI{TI),YPLOT2(T),YCALPZ(IY,

®XPLOT(T)

FORMAT (1HO41Xs6(6G12.54R8%X1))

CONTINUE

DK2 = SUMD2/{P-1.0)

MK = SORT(UK?2)

WRITE (6,1008) FMEAN

FORMAT (1H0,2X,26HAVERAGE VALUE OF FACTOR = , 612.5)
WRITE (6,1010) NK

FORMAT (1H0,2X,34HPERCENTAGE ERRDR IN CORRECTED K = , (lé.R)
MRITE (&6.2001)

FORMAT {1H0,IXs1H //1Xs12001Hx)}///)

CONTINMNUE

ST0p

END



