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ABSTRACT

The kinetiocw and mechaniem of éxidatian-reductinn af
dliaquatetrakis~ (2, 2~-hipyridine)~p~axo~diruthenium/IIi
lon (RulQRu4™2 with same thiolg (L~oysteine,
mercayptoacetic acld, R—mercaptoethylamine and 2~
mercaptoethancl? and 1,3-dihydroxybenzene (Resorci-~
noly hawe been studied in aquecus perchlerice acid
(HC10,4Y solutions at 25.0 + 0.17C, I = 1.0 <NaClO,?
for thiole and I = 2.0 (NaCllOs? for the resoroinol.,
One mwole of the reductant (thiolse) ie consumed by one
mole of the oxidant (RuDRu“*) and twa moles of the
aridant are reguired for one nmole of the resproeinol
.02, All +the reactions are firmt-order in Thoth

oxidant and reductaant, with following rate laws,

- Al RulORBu~*1
*********** = Kkl RuQRu4+]1{ RSN

"""""""""" = Yol RuQRu4+1[ H.Q1

Vhere [ RSH)

n

(L-cysteline, mercarptoacetic acid,
p~mercaptoetbylanine and 2-mercapto-
ethanol)

{H:Ql = rescroinol



viit
k: (L-cysteine) = 2.02 £ 0.2M'e—? at
[H*1 = 1.33 x 10—=M
ki (Mercaptoacetic acidd) = (8.98 £ 0.08) x 107 Tg?
at (H*l = 1.0 »x 109N
ke (B-mercaptoethviamine) = (2. 28 + 0,02) % 10" Mg}
at [H*1 = 1.0 x 10-2M
ko (2-mercaptoethbanol) = 4.54 + 0.01M "=~ at
[H*1 = 1.0 % 10—=M
k: (Resorcinol) = (8.35 + 0.07) x 10 =M 1g—)

at [H*] = 1.0 x 10~"NM

The rate of the reactionse for both the thiole and
resorcinonl show an inverse hydrogen ion dependence
[H*1 ' and the kinetic data are conefetent with the

following equations,

- d RuQRu2*]

[ RuORu4*JI{ RSHITH*1

]

REH L-cyeteine, mercaptoacetic acid and

f-mercaptoethylamine

- dl RuOru2*1

= [RuORu4+1{H-QILB*]1

dat
H:Q = resarcinol
- dl RuORu=*1
---------- = (¢ + b[HE*)- ") RuORu4+)l2-mercaptoethancl]



wh

Yhere ¢ 1is an intercept for +the plot of k. versus
1/TH*1~" and b the slope for the plot of k. versus
[H*] .

The rate, of the. L-cysteine and mercaptoacetic acid

systems were enhanced by additi on of anions G3"", NO3"
and SOA") and cations <Na*, K-, Rb* and Mn?*) . For
t he | 3- mer capt oet hyl am ne, 2- mer capt oet hanol and

re.sorcinol system additi on of such ions have no
effect on the reaction rate. All the thiols reactions
show evidence of free radical mechani sm, but the
re.sorcinol reaction show no evidence, of free radical

mechani sm Bot h the results of spectroscopic
i nvestigations and M chaelis-Menten analysis show no
evi dence of i ntermedi ate compl ex formati on of

significant stability. Experimental results obtained
in all the systens studied are in favour of an outei—
sphere, mechanism and the. mechani sm has been proposed

for all the systens.
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CHAPTER _ONE

1.0 INTRODUCTION

Oxidation-reduction reactions (redox reactions)
have bheen extensively studied because aof the important
role they play in chemical, binlogical and
technological Processes CIyun, 1982) ., Thorough
knowledge wf this area of chemistry will definitely
aid the development and effective control of a wide
area of science and technology. The earlier research
on this aspect of chenistry has hbeen restricted to
stoichiometry and thermodynamic properties. The
kinetics of these reactions were overlooked, onrimarily
because the reactiaons were often very fast and the
technigues available could not cope with the rate of
reaction.

Recently, quite a large number of kinetic
investigation have been carried out on electron-
tranafer processes (Sutin, 1962; Hunt, 1964; Svkes,
1966; Burgess, 1978). The investigations were made
passible by the use af radiolsotove=s and a wide range
of techniques that vary from conventional
spectrophotometric methods for elow reaction. (te =
Ca 30 seconds) to continuous and stopped-flow methods

for fast reactions (tw = milliseconds). These methods



have heen extencsively reviewed (Stranke, 1660; Caldin,
1974, Wilkins, 18743, Belpw are brizf summaries of

the nethods.

1.1 Rate monitaring techniques

1.1.1 Conventioual) methods

There technigques are used in monltoring reactian
that have half-lives, of about 30 seconds, These,
which include photometric, electrometric, polarime-
tric, spectrometric methoda and dleotoplice =mampling
tachniques, have been discussed by Stranks, (1962).
They iunvolwve measuring as a function of tiwme, the
concentration aof one or mnore of +the yeactante or
products or even any physical property such as
absorbance which is directly relatad ta the
concentration (Wilkins, 1974:%.

Vost transition metale 1ons howewver, react much

faster, hence fast-reactlion techniques are required,

1.1.2 Past Reaction Techniques

These technigues are used for reactions with
half-livers of about a mnmilliseconds. Fast reaction
techniques can be Tthroadly classified into flaow,

relaxation and reconance methods.



{a) Flow  wmethodes: Theoe involwed the mizning of
separate eolutions of +twae reactants inside the
nonitoring device, and they permit the observations of
the reaction ocouring as rapidly as 0.1 milliseconds.
(The usual range iz 1 ~ 10 nilliceconds) <(Espenson,
19811, NMiferent flow methods exist depending on tha
treatnest glven to the reactlon nixture (Caldin,
1874>, ng common flow methode are the cantinuaus and

the stopped--flow methode.

(1> Qootipuows-f3gw methad: In  this method, +the
reaction mirture flaw continupusly along an
obeervation tubse, while conventional monitoring is

made elther at different noints along the obzervation
tube (with the flow maintained at constant rate? ar at
g fixed paoint on the tube with varied flow rate. In
gdther cases a wseries of values for the extent of
reactlon is cbtained at different tines. Those wvaluem

conastituate the kinetic data reguired,

Cidy Bro-egd _flow methods: The solutions are foroced
together through & mixing device and asg the mixed
solution flow along the tube, it 1x abruptly stopped
g0 that the solution come to rest within a few

milliseconds. The rate of the flow along the



pbuervation tnbhe 41e sueh that when the solution is
stopped a segment within one centimeter of wmnixing
device has bean mixed for only 1-2 milliseconds. Any
reaction taking place in thie =egment of sclution is
then moni tored and +he signal raolayed to an
pucilloscope

This techpiques make 1t nosaihle to conventionally
studv reactions with half-lives ranging frum a few
milliesconds +o eseveral seconds. This method 1s
particnlarly immortant in the study of the forumation
of conpl exes which (2 Tl s as intermediate in

trreversible reastinn,

‘b)Y Pelaxation Methads

Thess methode are avplied to revercible reaztions
with half-lives (tu) ase short as 10" seconds (Elgen
gt al, 19863). The: observed eanilihrivom 1: perturbed
by ranid wvariation of physical waramciars wsuch ae
temperature, precsure or electrical field Intoncsity
and time taken +tno readiast to a new eguilibrium
position s monitored, which dis then related 10 rate
constant of foward sand bachkward reaoction. The
dependence of a particular equilibrium on chosen

external physical parametors largely determines the

method of pertubation used for such an equilibrium and



hence these methods are referved to as temperature-
jumn, preceure-jump or electric-tumn me'hods (Wilkine, -

1a8n)

f¢) Rasonance techniques

Roth n.n.r and e.c.r techniques have been uvced to
etudy rcomnlex farmation (Pearsan and Pulson, 1059;
Pearson and Buch, 1062) and aquation of metal ions
(Conniclk and Poulesaon, 1959 Iin walution v nmr
techniques, the reaconance absorptlion line is related
to the life-time of the nucleus in a given snin state,
while 1in e.s.r it im related to the life-time of
paramagnetisc specles dn a glven energy state. Any
reduction of life-time of theas otatee by chemical
interaction results in line Uroadening. On addition
of increasing amount of reagent wneacurement of the
corresponding increacge in width of line dus ta second
reagent can be made,

H.or mr-1line broadeniog (Pearson and Laniec, 1064)
have heen extensively used +to measure rates of
exchang: of several mono- and bhi-dentate nttrogen and
oxygen donor ligande coordinated to Mun't, Fal?, Op*T,

Ni*? and Cut?.
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1.2 Theoaretical Congsideration in Flectron-—iransfer

Processes

1.2.1 PFraunk-Coundon Principle

Flectron—-transfer process have to satiaefy the
Frank—-Condon princinle (restrichticom). Vhich states
that nuclei motion 1 co slow (107" =) compared to
that of electron (10 "e) hence «lectron transfer occur
without aprreciable wmovement of the nuclai (Sutin,
1966y . Thie ehowe that nuclear no=siticon remains
emsent Tally uwnperturbed durting the act of electron
trancefer processe (Platzman and Frank, 1054; Sutin,

19667 . Thi=s leads *o two main consequences on

electron—-transfer processes.

(ad The reactants (oxidant and reductant) must undergo
reorganisation before electron-transfer euch that
their energies 1in transition cetate hecomee 1dentical

in order to miniwlise the change on electran transfer.

‘B No amgular momentum mist be transferred to or from
the trauncition state Juring the art of electron
tranefer and a restriction ts alse lmneced on the

change in snin angular momentum.
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1.2.2 Electron tunnelling theory

Tuw addition to Frank-Condon »rinciple, the
electron tunnelling theary wvas develoned by sone
vorkers (Valee 1954, Marcus, Zwolinski and Eyring,
1056) . I+ has lbeen nated that eloectronls energy is
not A high ia  etther the ‘reactante' or the
'produaete! activated comnlex as the ~lassical
potential energy barrier to electron migration between
these conmlerxes. Therefors, electron migration is
viewed as a tannelling progess In which the electron
paseec through the potential energy bdarrier rather
than aver It {(Rasolc and Pear=an, 1067). The result
e that the electron can he traneforred to a dictance
much graater than would correspond to the actual
callision of reactaulr, Figure 1.1 illustrates a
potentlal energy barricer leakage
uy aud v refer 1o ground stater of electran 1n cation
1 and ? respectively.

d = Vidth of barvier at height of penstration
V = kinetic energy of the electron
M. = hetght of the barrier.

This led =g thanraticlan ta attempt
calenlatione of the «lactran transwlc-tfon coeffis~fent
(Marcus et al, 1954) Thelr results were exprecsed in
terme of tramsition state theory of chemical kinetics

and could be written in the form



~

Energy

Eiectron Coordinate —————>»—

FIG-11:ELECTRON TRANSFER BY PENETRATION OF A POTENTIAL
ENERGY BARRIER ,



T - Alr~ AGe™
k= ——--k’g-x‘p( S - - radett. JRP 4. i 1
h RT RT
vt = electron transmicslon coefficient

E = Rate constantl

K = Boltzman constant
T = Absolute tewmperature
Ge* = activation energy

Gr* = hvdration energy for i{mner coordination « hLell
arrangegment,
R = Gas con=tanh
The transmizslon couefficlent, which ia alwaye less
than one, increases (leading to increase the rate
constanl) af  the exchanging partiners cocome olopse
together . b a result of electrostatic repuleion, the
energy of actlvallon also increases and thie tsnd to
decrease the ratse, Hoe=var, at an optinxua dietance a
mazimum exchange rate is abtalaed. Taule:, C1959) and
Lewis (1980 all discuseed the quection oi pulential
cnexrgy as a conceptual Lool la the ctuwdy of «lectron
transfer reactions. They all concluded that eleciron
tunnpelling s probably invalved in novt electran-
transfer procesces, although the tunnelllrg otep might

not be the rate determining step in most cases.
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1.3 Oxidation-Reductinn_ (Redax) Reaction
Fedny reaction ~an be classified fnto two wmain
tynes: - Homonuclear (ientopic) exchange reaction and

chand 41 or crocs reactiom. Thizs clagssification 1= on

the bhasis of thelyr tlhermodynamle oarametare.

1.3.1 Homonuclear or Isotopic Exchange Reaction
The principle involwed here, 1=s that electron
tranefer takese nlace hetwean tuyo fons of +the =ane

elamonte, examplos

CO* (NH-~ Y =% # COMNH2Y, F* =——=> CO*(BH- )= % ColNH-) ="

€1.:23

2 b CrC) aZFr  ———-

o

Cr*Cloa2* & Cr®s ., ... ¥ )

(Where ¥y i

in

an ifeptontically labellaed snecies),

Thare i no net chenmlcal change and the rate constant
for the forward oand backward reaction are equal so
Kooy sdivieaasn = 1 AR = 0 AR > 0, A = 0. The

reaction is studied by icotopic labelling

1.3.2 Hetervopuclear Electron Bxchange or Croms
Reactinn
The reactants are chemically distinct from the

product, the rate can be measured by chemical methods.
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AH 2 0, and AG € 0 examples
Fe(CRY.-2~ 4+ IrCly®— ———> Fal(CN}®— 4+ IrCl:=" ., (1.4)

Mn(VIT1) + 4Mncll} -~ > EMncIlId ... €1.5)

Thie classe of redny reaction could be complimentry
when the oxidant and reductant undergo equal change 1In

axidation states, example

EncIIy 4+ T1CTITITH =e=D STV + TIACIY .... €1.6)
Coften) . ** 4+ RU(NH Y}, * ——=% Cofen)-* + Ru(NH.), **
1.7

Tn these reactions the stoichiowetry ie always
1.1, They could he nonm-complimentry in which case the
axidart aud reductant undergo unequal changes 1in
oxidation =states, Fxrzamnle

Bn®Y ¥ ZFa?* ==~=) Bn%* 4 ZFa=r ., .. {1.8)

The stoichicometrvy of thesee ¢lasse of reacticons is
usually not 1.1, These certainly 1involves the
formation of reactive iIintermediate in which unstable

oxidation vtates of the mwetal are formed.

1.4 Mechaniswm of Redox Reactions
In studying wmwschaniem of electron tranefer
procese, the following are pointe of mechanistic

interest.



I
w

(ad What 1ie the stalchiamestry of the reaction and what
ie the compocition aof the activated commlawx?

th» I= the reactian accompanied by transfer of
electroms ar atoms. If atorme are 1ranaferred which
atoms are transferred”

(¢?» How many electrong are transferred 1n a single
etep (for a reaction involving multivalant changed?

tdd» How does the rate of electron transfer compared to
the rate of suletitution?

(3 Tf the reaction ! thermodynamically feasible,
what »raovide the driving force far the reaction?

(fy What is the elgniiicance ~f acid-bace catalysis
tif any)?

(g I 1t cvossible to {depntify or tnfar the ~losensss
of approach of the reactante in the activated caomplex
rior to electron trancter?

(thy What are the products formed? Can any he {=olated
and fdentified”

The answers ta thoeese guesttions led +o0 the two
digtinct mwechanism that have leen established for
radove  reactiones. The ontar- and the itnner-sphere
mechaneme {ilrst wrouosed by Taule su! Wle cowvarkers

(Taube, Mever and Rich, 1952; Taube, 1950) .
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1.4.1 The Outer-Sphere Mechanism

The electron transfer involves two reactants
whoee coordination shell remain intact although not
completely uvndisturhed during the act of electron
transfer The muter-ephere nccure when both reactants
are ipert with respect +to substitution or one is
relatively inert and does not present site for labile
reactant, examnle.
KalCNY.® + Fal(CN), 4" ——=5 [Ma(CN)u*" )} Fe (CNY.-2—]1 -=>

Mo (CNY 2~ + Fe(CNY.' (.. 1.9

The mada of activation of outar-sphere mechanisn
can be {llurtrated as chown belnw for the reaction

batwaan Mo /CNT .7 and Ba (CN)-2-

Mo (CHY..™ + Fa(fN)}. .4~ —--% WMa(CN)a2— + Fel(CR),. 2~
¢1.310)

The reaction <1.10) which take=s nlace via outer-—

enhere mechaniegm is thought to ocour 1r four astens ae

shown bolow,

Step 1: Formation of precorcor camploey,

Ko (CNY o ? " o+ Fe NIt —=> [ (CN)  Mo¥ONG (CNFe! P (W) Y17

€1, 130
Step 2: Activation of the precursar complex
{ (CR) > Ho¥CHY (CNFe ™7 (CNY ey ===> [ (CN)MoVYCN) (CNFe!* (CNYs)1%7-

wiww v xSk 38D
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Step 3: Electron transfer and formation of successor
conplex

[ (CHY-XKoVERY (CRFe! ' (CHY)} 187 ===} [ (CR) . Mo?VCHY CCRFe? 7 {CHYILI1 7™

Step 4: Decomposition of succesear complex to give
final products
{ (CRY M VORY (CHFe T 1T (CHY317— ———> Hod(CRYa*~ + Fed(N). ™~
.00 $1.14)

Step 3 is the rate-determining step.

Energy

Reactants A . Uy rdnts

Fig 1.2 Reaction coordinate ---->

Energy profile diagram for a redox reaction which

occure by the outer-spbere mechanien,
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Tn Fig 1.2 A i the formation pf nreconreor complex
B is the electron transfer and forwaticn of succeesor
complex, while € fie the separation of successor
complex to gilve fiual uroducte,

Thaeoretl ieally any nf the bthree steps can be the
rate-determining sten, hut the wmoast oveual  rate-
determining step 1s B that 1s, electron transfer and
guvccescar complex formationr, hence iacrease In energy

of the reaction.

1.4.2 JIoner-cphere mechanian

The mardin charactericstic of this mechanism is
that suabstitution acounve at ane af the metal centres
to gftve a binuclear ligand-ty idzed crec’es prinr to
electraon tranefer,. The two reactants are ldinked
together hy at least one bridging ligand common o
their coordination srhells. Fectron transfor through
thie ligand whkich le uwsually Yot unt alwave
transferrved from one reactan® o another

Exanple

COPTXCNM N X™* & Cyit(P, 0, =v =% “eor & SEH*. + TeR% L, (1.18)
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[CaTTT  (BN-)e. -~ X = CrTT (RN <24 & H:O pa . 0316

Binuclear | ligand Lrideed intermcdiate

(]

Floctron trancefer

RS «Car? = X - O 7T M4 L0 .0 AT

Ca=* + SNH.™~ & orxX=* caea CL.18D

The bridging Yigand has been transferred
where (X = F-, €1, Br—, T-). Taube (10653, 1050,
Taube Mever (19%4) .

Gauserally loener-enhere mechaniem occure through

the following =tope

Sten 1 Formatlon of encounter or collision complex

LoMiriyms & MEE(R.O) " -5 ['{b_x'tl_x-"ll(“ ) Cor * nea
sisras o o TN

Rtep 2: Foarwation of a M tdged orecusery commlex

[T MITI_Y-MIL(H O), 1eme + ne) =3 (L .MEIT-Y-MIT(H.D),.] (m+ + ne)

+ B0 ..... (1.20)
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Sten 3: Actiwvation of precuseonr comnlex

[T M T Yo MIT () Yeme & ned ooy (L WITT-Y-WTT (H Q). I%Cm+s + n+d

Sten 4: Formation of ouwccessor comnlex and electron
tranafer
I LaWF 3 R=X-NrF (Rl JMeme + ntdeay ([ Lt E=X-REFL{H 0] ] 05mE 3 02
..... 1.122)

Step B Teactivation of cuvccessor comnlex

‘!"'!l !_r__!: l‘!:_“’__ﬂ\,_"_lblm& Ll b R, 3 rL._"l!..x..utll{n.‘n)'_}(nu- - e3>
L. 23N

Eten A Decownos! tian of the cuccessor ~ompley

(1. ME2 Y- MY (), Jrme & mes Ly [LMITCH QY WTIY L)Y

Aoy of +the reaction secheme could he +the rate-
determining step, but in miwciple orly 3 special
cares have been noted, these are

(a) Formation of =uccessor conplex 1= the rate-
determining sten, thiaa de found {1in  subhstitution
controlled redox reaction

(b)Y Rlectron trancfer within the bridged complex is
the rate determining etep. This is the most commonly

ohserved result in inner-sphere mechanicm.



(¢) The decomposition of the suocessor complex ie the

18

rate—determining step.

Typical energy profile for a redox reaction which

occure by the inner-sphere mechanism ie illustrated in

1.3

Fig
m
Energy
. »
A B c D
Intermediate
>~
e
Renction coordinate ----)»
Fig 1.53: Energy profile diagram for a redox reaction

which occure by the inner-sphere mechanisnm
Callision cowplex
Bridged precuseor complex formation
Successor complex formation and act of electron
transfer
Decomposition of successor conplex giving the

products
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1.5 Diagnoclis of Redoxy Reaction Mechaniom

The main obilechtlives af the redowx kinetics
fnventigations {s to distinguish between the two
estabhliched reaction mechaniem, the -uter- and inner-
ephere Iin a particular reaction. This task is
sopetines abwvious bot pften difficult and sometimes
Inpossible,. The following coriteria are used 1in

asaigninzg & mechanien for any reaction.

1:5:1 Erwaon (Krao) Vorsusn Bases:  Neoaoes s

In an ovter-ophere mechaniem the rate of redox
proceses s greter thapn the aubsetitution rate into the
coordination hell of the metal. An example of an
nuter-sphere mechantem 1isg  the exchange reaction
Fe* (CHY, 1 and FefCN),.~ (Deck and WVahl, 19%54) This

ie shown in the following equation

Fe®¥(CNY. .7~ + FelCN), %~ -—=> Fat(CN)-?~ + Ra(CN). 4~
..... €3, 282

Vith k.iag = 103¥-1g™? while +the related k.., =

2 x 10°7M1a-1 (Pasenheiwm ot al, 10745, Therafore in

thie care the electron trans=fer accur much faster than
euhetitution thus, outer-sphere mechanism ie favoured.
An exceptional eituvation arices when X,.. = kKauw. In

thle case the reaction is sald to be substitution
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control led. Rut when kKoo 2> Xean, sSubstitution
pocoure prior to electron tranaefer MOCeRR, the
reaction is saild to proceeed via ar inner-sphere
mechantsm A good exauwple 1e the reduction of

Co(NH- )Y, C1=* by Cr¥* reported by Taube ot al (1954)

1.5%.2 Identification of bipuclear intermediate
Presence of ap intermediate fe¢ an evidence in
sunnort of an inner-sphere wechaniswu, Fxamnle is the
reaction VO2* with Cr=*, an intermediate VOCr=+ was
charactericed (Foapenson, 1965). The identification of
a bhipuslear Leidged intermediate ic not unequivocal
evidence that the bridged intermediate 1o necessary

for an inner-ephere mechanism

1.5.3 Product analysis

Tnner-sphere mechanism occur by transfer of
electron betwasn twa wetal centres thraough a bridging
ltgand common both metal. Whan  the lleand s
trancferred fraom one metale centre +to annther after
the act nof electran-transfer. This worovides an
evidence in sesunmort of an  inner-erhere mechanien,
example Cr=- reaction with Co™ (Tanha, 195%). The
product Crll1¥®* was 1colated, thics cshow that the Cl-
which served as bridging ligand has heen transferred

fram Co#®" to Cr2*,
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Atom transfer 1s not a strong evidence for the
pparation of an inner-sephera mechaniew becavuse not all

inner-aphere mechanlism are accampanied Ty atam

trancfer. For examnple, the reaction
Co(EDTAY# 4+ Fal{CN)u®r —--> Cof{EDTA}" + Fe!(CNl}. 4™

sewe (1.28)
is an electron transfer whilch oocurs by inner-epherae
nechanism but {a not accompanied by ligand transfer
(Huchital and Hodges, 18752, The praducts of sone
reactlon rapldly hydrolyse making detectlon difficult,

example, Fedt and Fe®+*,

1.5.4 PReactivity Pattern
The reactlvity pattern have been used to assign
mnechanlewm and comparing this with those for a reagent
of a known mnechanism. For examples COr™* in most cases
raact by an inner-sphere nechanism, while Ru(NH..},.®*
reacts by the outer-sphere mechaniem <{from the faot
that kioea 22 Keewd. Below are smome of the reactivity
patterns. _
(1) Bescllvity pattern with wide range of reactaote
If a range of similar complexes e.g CoflWH.)X* (X
= Cl-, F, Brm, or NOy) are compared with particular
reductant and the rates are found to bhe similar, the

outer-sphare mechanism ie sald to be operating, since
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thie mechanicm does mot depend on the fdentity of the
bridging ligand= but when the rates depend on the
nature of the bridging group, Inner-sphere mechaniam

1z predicted (Sykes, 1967; Shae and Haim, 1073),

(i1) Relative rates of reaction of bhydrorxo and aquo
couplexes
The hydroxyl group (OH") 18 a better hridging
ligand than H:0O, =o it is expected that the hydroxo
complexes react faester via inner-spherse mechanism,
thue where ki~ << kioos, the outer-=sphere mechaniem is

salid to be aperating.

1.5.5 The eflfect of added fons

Thae effect of added anione and cations gives
clues +to the type of mechanism in a given redox
reaction (Pennington and Haim, 1967; Przystas and
Sutin, 1973 and Adegite &t al, 1977). Anior catalysed
reaction are presumed to he aperating wia an ouvter-

sphere mechaniem.

1:5.6 Karcus theory
In the outer-=phere mechanism, the weak
interaction between +the reactants has permitted its

theoretical treatmente and correlation between knetice



and thermodvynamic parametere (Sutin, 1966; Diebler and
Sutin, 1964) Probably, the most widely used of these
treatments is the Marcue theory. Marcus (10656) .

Vhen work terme are =small, that 1s when wvery

little reorganisation i= involved prior to electron

tranefer, the theory predicte that for reaction
£1.27).

¥,
D*x%, + Red, e====) *Red, + Ox. svasate  B¥ w2l

and related isotopic exchange reactions (1.28) and

(1.29) .
k“]
N*x, + Red, &=====z *Red, + (O, WONETRR 1 NP~ . 5 ]
..
D*% . + Red. &=====33 *Red. + 0Ox.. sean KL 29)

The Marcue equation for the cross reaction is

logk, = = %Ylogk., + ¥“lagk., + ¥logK - + logf ... (1.3Q)

The value of f {e evaluated from the eguation ¢1.21).

<]ORK|:)?

‘]Os‘k:t k=o/Z%)
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Vhere k.. and K:sx are the rate and equilibrium
constants respectively for the cross reaction, k., and
kzx are the “hmmnnuclear elactron exchanée rates
constantse respectively and Z = 10'"'M-'s-' is the
collision fregquency for the homogenous reaction.
Thus, from Marcus equation, the theoretlcal rate
constants for the electron tranefer reaction «can be
calculated from equation (1.32), by considering the
solvent reorganisation ocourring outeide the inner-

coordination ehelle of each of the reactantis.
It = Xm-:w.':u_ﬁG:“/RT ....... {1.32>

5G* = the change in free energy of ion-ion and ion—
solvent interactions accompanying the forma-

tion of actiwvated coumplex.
AG* = Wr + AG*in + AG*out L ..... (1,33

Vhere Wr = work needed to bring the two reactants

together

————

aG*in = inner-sphere reorganisation term

-l R 4 450

AG*out = outer-sphere reorganisation term

A
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Using equation ¢1.30) and (1.31) relation Marcus
and Sutin, 1675 between the kineticse parameters for
croses reaction and the components, self-exchange

reactian can be derived.

AG*, = 0.5A6G%,, + 0.5AG*=22 =2 AG=y2(€1 4+ @) .... €1.34)

&G*, . = The free energy of activation
AG=, = = The overall free energy in the medium used
AG*,, and AG*.;: are free energies of activation
for self-exchange reaction. « is usually small when f

= 1 thue equation (1.34) becomes

aG*, > = 0.854G%,, + 0.54G*.. + 0.5aG=,> .... (1.36)

The differentiation of equation (1.36) (Marcuse and

Sutin, 1975) gave related equation for enthalpies and

entropies of activation.

aH i 2* = (0.5aH,,* + 0.5aH=2*) (1 - 4a®) + 0.5aH,=°¢1 + 2«)

(1.37M
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and

88 = (0.%28,% + 0,%8824%) (1 - 4a%) (1-4a™®) + 0.8a8, (1 + 2a)

In a reaction proceeding wia outer-sphere
mechanism, a linear relatlionship between the Ifree
energy of activation and staandard free energy change
o0f +the reaction i1& predicted with a =lope of a
stralght 1line being 0.50. From Marcus +theory
Eestevrimtmsn = Kovwmrwms indicates the outer-sphere
mechani su. On the other hand if kewe ?? Kewie, then
it can bhe presumed that dnner-sphere mechanism ix
pperating.

It must be noted that, none of the above criteria
gives conclusive prove of the mechanism. However,
when +two or more criteria polnt ta the same
conclueion, the mechaniem can be assigned with mone

degree of certainty.

1.6 Solvatsd electron theory

One further possibility of mechanism of electron
transfer in solution 18 that of solwvated alectron, In
this mechaniasm the reductant eject an electran into
solvent which then solvater 14 and hold it until +the
oxidant picks 1t up. The redox process involved 1s

thought to pccur as 1llustrated bhelow.



A+ 8 === A+ + 8- cee. £1.392

E- + B &zm===2 (8~ + BI¥* —(—> B + B .... (1.40>

WVhere A = reductant
B = oxidant
8 = solvent

Although +this processe occurs readily in non-agueocus
media such as liquid ammonia, 1t 1= highly unlikely
that a solvated electron with an estimated potential
at —-2.7V (Latinmer, 19%2) will exist in water without

rapidly reducing water according tao this equation.

BCmars + H.:0 ———— %H:}EI:{;HL\ + DH- Por e oa €1.42>

Thus, the possibllity that this mechanism aperates in

aqueocus madia 1s renote.

1.7 QObjectives of the proiect

The study of redox reaction of biologically
{wportant thiols played a vital role in understanding
of their role as electron-iransfer enzyme <Martin and
Spence, 1970). The metal-thinl complex is linked with
its effectiveness of the thiol in removing unneeded

metal don (Sugiura, 1972).
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The use of thiols in agriculture <(Paricha and
Levitte, 1967), in tanning, coemetice and pharmaceuti-
cal dindustries promoted a detail {1investigation on
kinetics of the redox reactions of the thionls.

The interest on the oxo-bridged complex has been
largely on ite extinction coefficient in the wvisible
region and 1te relative e=tability towards photo-
diesociation. The oxo-bridged dimere of ruthenium
have complete delocalisation aof their excess electrons
over the metal centres <(Robin and Day, 1967). They
are aleo used as electron conductore in inorganic
polymers (Meyer gt al., 1981), Recently considerable
intereste  have  been focused on the kinetic
investigation of the oxo-bridged ruthenium (I111) dimer
(Iyun et al, 1990, 1992 and 1993). Very little work
has been doune on the redox reaction of the oxo-bridged
ruthenium (IIT) with thiois.

In thie project the oxidation of thiols and
resorcinol by the oxo-bridged ruthenium <(IIT) dimer
( (bipy) HzORuORuH:O(bipyr:l** has been investigated,
as part of an effort to throw more 1ight on the
kinetics and mechanism of the oxo-bridged ruthen-
ium ¢I1I) dimer redox reaction with thinls (L-cysteine
mercaptoacetic acid, f-mercaptoethylamine and 2~

mercaptoethanol) and a diol ¢1,3-dihydroxybenzene).
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Amechanisan cpneistent  wiih the results obtained is

.

praposed for all the 'é.yatema studiad.
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Many redox reactions of Ruthenium (III) ions have
been reported. Reaction of (NH2)wRuCl#®*, (NHu)sRuBr=+
and (NHs)«Ru.OH.®* with Cr(II>, V(III> and Eu(ll),
studied by (Stritar and Henry Taube, 1969). The
reaction of the ruthenium (I11) complexes with Cr(II>
wvere found to predominantly occurs by inner-sphere
mechanism, but the reaction of V(II)> with ruthenium
(ITI) complexes (Stritar and Henry Taube, 1968) are so
rapid that they cannot 1involve substitution by a
bridging group into a normal coordination position of
the reducing agent. Ru (NH4) s02.C.CHa"* reported by
(Adegite et al, 1979 and Ru(NHa)sNCS** studied (Lee
and Early, 1981) all were found to be of inner-sphere
mechanisnm,

An outer-sphere mechaniesm was reported for the
redox kinetics of Ru {NHx=*, Ru(NHa)sCl3+,
Ru (NH») «H=0%*, Ru(NH1)sPy®* and Ru(NHx)sPyZ®* reported
by (Davies and Early, 1878). Macartney and Sutin
(1983 reported the reaction of Rulbipy)=a®* with
ascorbic acid, these were all found to proceed by the

outer—-sphere mechanism.
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2.2 Mixed-Valenced Complexes of RuCIII)

Several mixed-valenced complexes of Ru(III) have
been prepared (Krentzen and Taube, 1976; Tom and
Taube, 1975) and their properties compared with those
of the monomeric analogues. Empbasie placed on their
studies are mainly on the nature and extent of metal-
metal interaction across the bridging ligands and
consequences of such interaction on +the phyeico-
chemical properties of such system (Meyer and Miller,
1971; WVeaver et al, 1975). It was found that the
extent of delocalisation between the two ruthenium
eitese depend mainly on the oxidation states of
ruthenium ions and the effect of bridging and non-
bridging group (Tom and Taube, 19875).

Recent studies by (Haim gt al, 1988) have shown
that metal-metal overlap occurs hy the metal-ligand
mixing due to the large Ru-Ru distance (6.9A~) for the
pyrazine-bridged ruthenium dimer (Haim gt al, 1988)>.

In contrast the study of ruthenium bridged by some
heterocycle ligands indicates no metal-metal
interaction across the heterocyclic (Sullivan and
Mevyer, 1979), but transition was observed due to
metal-metal charge transfer (Sullivan and Mayer,

1680).
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2.3 xo-bridged complexec af Buthenium (I1X1)

. Oxo-bridged transition metal complexes are
_strongly oxldisling and are often used 1in synthetic
chemiastry (Meyver et al, 1981y and some served as a
catalyst. Far exanple [ (bipy):H:ORuORuR:O(bipy) 1=~
is used as a catalyst for oxidation of water (Meyer gt
al, 1981).

The transition metal oxo-bridged complexee play a
vital role as redox agentse in both ochenical and
blological systéms, They are also used as electron
conductore in inorganic polymers. Therefore there is
need to establish the factors that govern the nature
of their reactivities which help 1in development of
redox catalyeis and enhanced their  industrial
application. High wvalent oxp-bridged ocomplexes aof
ruthenium, for example those containing polypyridyl
1igand have been used as oxidative catalyst (Chin-Ming
et al, 1986) and those derived from trans—:
(RUCbipy)w (OHw)1® play an impartant role in photelytic
aplitting of water (Taqul et al, 19863.

. The properties of the ligand bridged complexes can
differ esignificantly depending o©on the mode and/or
extent of metal-metal I1interaction (Weaver £t al,
1676, There are four main cases in which,
(1) There is strong direct metal-metal bonding

(11} Strong metal-metal lnteractlon exist dut through
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a bridging ligand.
(114D Veak metal-metal interaction exist either
through space or through bridging ligand.
(iv> Those in which there is no evidence for metal-
electron interaction.

Robin and Day (1967) have shown that the first row
transition metal complexes exhibite weak metal-metal
interaction and become stronger in case of second and
third row transition metals.

Veaver et al (1975) have synthesized and
characterised oxo~-bridged compl exes of type
[ (LL) 2XRuDRuX(LL)z1"* (LL = bipy. or phen., X = Cl,
NO: or H=0) these fall into Robin and Day class (III)
(Robin and Day, 1967). These have been reported to
have unsual physico-chemical properties when compared
to monomeric analoguee (Weaver et al, 1875). These
properties have been suggested to arise from
chemically significant interaction between the two
Ru(III) ions acrose the oxo-bridged. The RuORu
interactions ie =0 strong that the identity of the
separate Ru(III) 1is lost in determining the physical
and chemical properties of their own.

The studies of oxo-bridged complexes carried out
by Baunann and Meyer (1980) have concluded that the
oxo-bridged of Ru(III) dimer <can support strong

electronic interaction between the metal sites which



34

lead to extensive reversible redox chemistry,. The
strong electron-electron coupling can lead to new
chemical sysetems where the physical and chemical
properties at the metal seites are significantly
modified compared to related monc;meric analogues,

The same spectra and chemical properties of RuORu
were found 1in Os-0-0s, but Fe-0-Fe showe different
properties (Cotton and Wilkinson, 1980). Metal-metal
interaction of FedlIll) is 1insignificant to effect
similar changes in electronic and chemical properties
(Khedekar gt al, 1977). Thie 1is probably due to
lesser d-orbital extension of Fe(III)> compared to
Ru(III) and Osd(ITI).

Most kinetice studies on Rudlll) are those of
ammines (Adeglite and 1979; Lee and Early, 1681) and
the bipyridine complexes (Macartney and Sutin, 1983).
Haim and Coworkers (1988) reported the kinetics
studies on pyrazine bridged ruthenium dimer C(Akhtar
and Haim, 1988). The investigation established that
the pyrazine bridged ruthenium dimer react by the
outer-ephere mechanism based on correlation with
Marcus theory.

Iyun and Adegite (1989) reported the reduction of

[ ¢bipy)=ClRUORUC] (bipy)=1=+ by Eu®+, V** Ru(NHa)e>*
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:H_ana &1ohm*, thevréte data obtained wére iﬁéarﬁratad.in
:terma of an outer—-sphere machanisnm. The
kinetic investigations on tha reaction of
[ ¢bipy)uHwORUORUHZO(bipy) =)+  with sulphite (Iyun,
Ayoko and Lohdip, 19892), Iodine <(Ivun, Ayoko and
Habiba, 1992);, Bramate <(Iyun, Ayoko and Lohdip, 1992)
wera all found to proceed by ouiter-sphere mechanism.
The most recent investigation on the redox
reaction nf the oxobridged dimer was reported by Iyum,
Ayoko and Lawal (1892) with 1,4-dihydroxybenzene. The
resuilt obtained was unequlvocally interpreted internm=
of an outer-sphere mechanism. .
... The lkinetice investigation of the oxo-bridged
ruthenium dimer was carried cut with some thiols (L-
cystelne, mercaptoacetic acid, f—mercaptoethylamine
and 2-mercaptoethannl) and Reszorcincl (1,3~

dihydroxybenzene), s0 as 0o widen the kinetice studies
of the oxobridged ruthenium dimer.
2.4 Thiols

The thiols are basically organic compoundas that
contalns the —-SH group. However, the thilo-compounde
not  necessarily having the -S8H group are also

sometimes loosely referred to as thiole.
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Previous oxidation of many thiols by metals or
their complexes have been shown to proceed through the
formation of an intermediate prior +to electron
transfer (inner-sphere mechanism).

In agquo-cobaltic oxidation of a-mercaptocarboxylic
acid (Hil11 et al, 1967; Hill and M¥chAuley, 1968)
elactron transfer wae proceeded by the formation of
transient species. Similar results were reparted in
thallium (I1I) oxidation of thiomalic acid (Amjad et
al, 1977), Cr(lIV) oxidation of L-cysteine McCann and
McAuley, 1975) and Fe(IIl)> oxidation of mnercapto
carboxylic acid (Lappin and McAuley, 1975),. However,
in cerium (IV) oxidation of o-thiole (Hill and
MchAuley, 1968) and thioureas (Gomwalk %t al, 1968>
agquo-cobaltic oxidation of thioureas (Shanker et al,
1973) and the reaction of 1,2-tungstocobaltate (III)
ion with thiocureas (Olatunii, 1875), L-cysteine,
mercapto acetic acid and B-mercaptoethylamine
(Olatunji and Ayoko, 1983). There was no evidence for
intermediate complex formation prior to electron-

transfer (outer-sphere mechaniem).

2.4.1 L-gcysteline

L-cysteine 1is also known ase 2-amino-3-mercapto
propanaoic acid, iea an optically active sulphur

containing amino acid.
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‘TIt is found in fresh milk, Mackerel, bteef, pork
and wheat flour (Pienlezek, Danuta and Graberek,
19753 . L-cysteine crystallised in orthorhonmbic form
(Kerve, Ann and Asbmore, 1978), with four molecules in
the unit cell. This was proved by 3-dimentional
neutron diffraction studies. It is slightly soludle
in water.

- ...It die used in reduction of paracetamol poisnhing.
in male mice (Strubelt and Siegar, 10743, Alen
addition of 0.1iM HCl and 1.0mM cystelne was found to
bhe effective for mineral jpreservation for about 15
daye. Zinc chloride (ZnCly) remains upto 100% i1in
 water containing cysteine. It is therefore used 1in
agricultural studies toc maintain mineral concentration

. in water (Dokiya b al, 1974>. Cystelne served as

L reactivator of fibrin stablilising factor from an

atherwise inactive fornm in blood clatting (Lorand and
Imcobson, 1908583, I+ 1=s also used as a mother
substance of taurine a c¢owmpound which is widely

dlstributed often in remarkably large amount as a
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conjugant of bile salt in vertebrete (Earneet Baldwin,
19483 .

Redaox reaction between coysteine and transition
metal or thelr complexes results in faormation of a .
disuvlphide products. Cysteine oxildation by molybdenum
{Martin and Spence, 1970}, chromium reaction with L= .
cyetelne (JTohn and Mcluley, 1978, chromic acid
oxidation aof cyatéine (Goswaml and Srivactava, 1081)>,
L-cysteine oxidation by 12-tungestocobaltate (I1I3 ion
{Olatunil and Ayoko, 1983) and cysteine oxidation by
copper—2, 9-Dimethyl-1, 10-phenanthroline complexes
(Gary and Robert, 1984 were all found to praduce
disulphide product. In most cases the attack was on
the esulphur atom ae sulphur 1= more nucleophilic than
nitrogen. i

L-cysteine oxidation occurs by either inner- c;r.
puter—-sphare mnechanism, Olatunji and Ayoko (1983
investigation on the L-cysteine oxidation by 12-
tungstocobaltate. (III) ion, indicated no evidence fmr_
the formation of an intermediate of significant
stability, that occur prior to electron transfer step.
. But chromium (VI} reduction by L-cysteine reported by
(Inhﬁ and McAuley, 1975) presence of an intermediate
wae observed, thus, +the result was 1interpreted in

terms of an inner-sphere mechanlsm.



;;!wThelobaerved rate constant in L—cyétéine radox
reﬁdiioﬁ normally have hydrogen ion dependencs, The
rates usually decrease with increasing [H*], +this
' strongly suggests a pre equilibrium step invalving the
releﬁae of a proton, <Aycko and Olatunji, 1083; Gary
and Robert, 1084) reported that the proton is obtained
'tby deprotonation of wsulphydryl group (-SHY. The
emperical rate law was given as

- dl oxidant]

————————— = ¥l oxidant)lL-cyseinel [H*I1~7 .... <2.1)
at |

A pogltive acid dependence was also reported for
pome redox reactions of cysteine with some transition
metals or their complexes (John and McAuley, 1975,
Gaswami =%t al, 1881),

In spite of the facts that the remction of L-
éysteine with many transition metals or their
complexes have Ybheen reported, no reaction of the
substrate with the oxo-bridged ruthenium Adiwer have
been reported. Therefore an account of the klnetics
tnvestigation on the redox reaction of L-cysteine with

the oxobridged dimer ie reported in this project.
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©.2.4.2 Yaroaptoacetic acid
G B
0
ER - G - COOH
} o - g IEALERLES
H
(1D
Mercaptoacetic acid (Thiaglycolic acid) bhas wide
range of application, 1t 18 used in preventicn of
carrosion of copper (Patel gt al, 197%), 1in cosnetics
 industry (Tankomato and Yoshihiro, 19679), long-lacting
bhair conditioning lotion is formulated using
. mercaptoacetic acid. In pharmaceuticals (Shiffer,
21979 about 75% treatwent of acue 1s achieved by
. topical application of mercaptoacetic acid,

Barlier reparte on the axidation of many thicle by
metals ions have been shown to proceed by an inner-
sphere mechaniem, oxidation of mercaptocarboxylic acid
by agquao cobaltic 4don (Hill and McAuley, 210675, o-
mercaptocarboxylic acid oxidation by Fed(III) <(Lappin
and MchAuley, 19795), Z2-mercaptosuccinic acid oxldatlion
by copper (Lappin and McAuley, 1977 and R-umercapt-
Qgthylamine oxidation by 12-tungseto <obaltate (IIID
ion (Dlatunji and Ayoko, 1983) were however found to

proceed hy outer-ephere mechaniam.
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Mercaptoacetic acid redox reaction with ecome
.metaia complexes such as Mo(V) and ModVI> Martin and
Shence, 1970} wanadium (V> (Ramakrishna gt al, 1977)
all were reported to proceed with no formation of an
1nterm§diata cpmplexes pripr to electran  transfer
{outer-aphere mechaniam).

The observed rate constants in the mercaptoacetic
acid redox reactions were found to have both positive
acid dependence (Martin and Spence, 1970 and an
inverse acid dependence (Qlatunli and Ayoko, 19883).
The decrease in rate with increasing [H*]1 in case of
later, etrongly suggests a pre-equlibrium step
involving the release of a proton (Ellis gi gl, 1975;

Snow et al, 1975 and Qlatunild and Avocko, 19383).
2.4.3 A Mercaptoethylasdne
H H

8 - ¢ - C — EHy

m
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This compound bhas been used to impart some
protection to animale against the effect of ionising
radiation (Kirk-Orthmwer, 1969 and it has been a model
structure for a considerable volume of U.S Gavernment
sponsored research seeking more effective and less
toxic antiradiation drug. f-mercaptoethylamine and
other thiols componds such as 3-mercaptovaline
(penicillamine) and glutathione in their reactions
with metal ions play an important rale in
understanding of the nature of electron transport
enzyme which often incorporate sulphydryl group.

Deepite its importance, less redox reaction
investigations have been carried out with 8-
mercaptoethylamine. Dlatunii and Ayoko €1983)
reported the reaction of f-mercaptoethylamine with 12-
tungstocobaltate (II1I) ion, the reaction was found to
proceed via free radical intermediate formation, with
that formation of a disulphide product. This
reaction like most thiols exhibits an inverse acid
dependence. Cr(IV) oxidation of L-cysteine (McCann
and McAuley, 197%), glutathione and penicillamine
(McAuley and QOlatunji, 1977), thiocureas (McAuley and
Olatunji, 1982). All these reactions occur wvia the
formation of intermediate of significant stability and
the reaction mechaniem were interpreted in terme of

inner~sphere mechaniem. However, ceric oxidation of
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a~thiols (Hill and McAuley, 1068) and thicureas

-(Gamwalk and McAuley, 19752 and glutathione reaction

with diaguotetrakis—(2,2-bipyridined—-u—oxadirutheniun

;ﬁ(III} ion reported by Ayoko, Tyun and Allen (199033,

.. there was no evidence of formation of an intermediate

compiax prior ta the electron-transfer. In all these
the outer-sphere mechanism wae proposed for the

reaction.

o

2.4.4 2-¥ercaptoethanal
H "

| !

HE - C - C - OH
! !
H H

'$4'! 2

. . 2-mercaptoethanol has been used for the
enhancement of draught tolerance by planis <(Paricha
and Levitt, 1087), i1t 1s used as an activataor of
protinase an enzyme used for hide unhairing (Xia,
1982). 2-Mercaptoethanol acte as free radical
scavenger which reduces self deconpesition of radio
chenmical (Baker, 1983).

... Like most thiole Z2-mercaptoethanol oxidation by

matale complexes lead to the formation of
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disulphides product, the redox reaction Dbetween
ferricyanide and 2-mercapto ethanol (Meehan, Kolhoff
and Kakiu, 1962) has complicated kinetics. It shows
second-order at 1initial stage of +the reaction and
become zerc-order at later stage of the reaction
indicating 1:1 stoichiometry with farmation of
disulphides product. Amino acid containing the -SH
group (RSH)Y and 2-mercaptoethanol were reported to
reduce Se(IV) compound in 0.1M HC! with an RSH to Se
in ratio of 4:1 to give disulphide products of the
type RSSeR (Sakurai, Tanako and Wakayama, 1985), 2-
mercaptoethanol reduces eelenium (IV) +to elemental
state in weakly, acidic, neutral and alkaline media,
2-mercaptnethanol 1is& oxidised to bis (2-hydroxyethyl)
disulphide (Resat, Huseyin and Izzet, 1989, The
redox reaction bhetween the ligand and selenite can be

represented by the following equation

H.SeDs + 4HO.CH-.CH.SH ---> 8e + 2HO0. (CH»).-88-(CH:).0H + H.O

Most of redox reaction of 2-mercaptoethanol with
metals go via free radical, Ti(III)-H:0O. couple and
Ce(IV) oxidation of thiols (Gilbert, Lane and Norman,

1975), 2-mercapto-ethanol oxidation by riboflavin



(Holden and Main, 1977}, methylene blue <(Earl and

- Tang, 1978), L _ o L

2-mercaptoethancl redox reactions have shown
hvydrogen ion dependence. Meehan et al, (1962)
reported that the oxidation of Z2~mercaptoethancl by

ferricyanide, the rate decrease with increasing

acidity with no effect nn increasing ionic strength.

In Se(IV) reduction by 2-mercaptoethanal <(Huseyin et
al, 1989 the rate is proporticnal to the square of
ligand concentration and inverse square root .Df
hydrogen don concentration, +the owver all empirical

rate law 1o given by equation (2.43),

- Al oxidant]
—————————— = ki 2-mercaptoethanoll®[H"1-" ... (2.4}
4t at .
e
2.4.5 Resprcinol (1,3-dihydroxyl benzene)
OB
0Ox

Resorcinol (1, 3-dibkvydroxyl benzene) is one of the

three iecomeric dihydroxy benzene in which the two
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hydroxyl groups are located meta to each other aon the
ring, that is, 1,3 positions. It is8 found in Shale
0il (Lille et al, 1973) 1in sugar cane molasses
(Takeshi Tohru and Yakiko, 1067). Resorcinol is used
in medicine (Shichiro, 1956) as antibacterial agent,
in pharmaceutical ie used in formulation of compound
used for skin disease +treatment (Tavlory, 1077). The
adhesive based on resorcinol are exceptionally water-
resistant (Micheal and Dolanko, 1978 and find
extensive uee in marine plvvood and similar
applications. The viecosity of brines used for
maintanence of petroleum well can bhe increased by
addition of resorcinol (House and Hoover, 1082).
Dihydroxyl benzene compounds and their substituted
derivatives along with ascaorbic acid are well
characterised two electron reductantse (H.Q-Q + 2H*+2e)
that have importance in biologically electron
traneport syetems (Rich, 1982). These compounde have
been used in a number of electron-transfer studies
involving traneition metal oxidant such as Co(H.O)®*
(Pelizzetti and Mentasti, 1976) and [IrClal=—
(Pelizzetti et al, 1977).
Most redox kinetice of benzenediols proceed via
the one-electron oxidation to semiquinone radical

(HQ=). Catechol and quinol oxidation by Iromn (III),
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vanpadium(ITI) and Thallium<IIID studied by
(Pelizzetti, Mentasti, Pramaurn Saini, 1974) and
benzenedial oxidations by aquapentachloro-
diguotetrachloro- and hexabromo-Iridate(IV) studied by
(Pelizzetti et al., 1978), cerium(IV) oxidation of
resorcinol reported Dby (Yadav and Verma (1981),
ascorbic acid oxidation by trise (2,2~-bipyridine)
canplexes of Osmiumd(ITIT) Ruthenium(ITI) and
Nikel(111) studied by (Macartney and Sutin, 1083) and
same conplex redox reaction with [RU(CN) =]~
(Macartney and Sutin, 1990 and the most recent
kinetics investigation of dihydroxyl benzene (1,4-
dihydroxy benzene) with an oxobridged ruthenium dimer
(Diaquotetrakise(2,2-bipyridine)-p-oxodiruthenium (III)
ion (Iyun, Ayoko and Lawal, 1992>, all these redox
reactions were all found to proceed via omne electron
oxidation to a semiguinone radical which is the rate
determining step followed by a second one-eletron
oxidation ta quinone, by either outer- or inner-sphere
mechaniesm depending on the nature of the oxidant.
Varioue acid dependence on hydrogen ion
concentration is obsmerved for oxidation of dihydroxy
benzene compounds with esome metale complexes. The

kinetice oxidation of 1,2- and 1,4-dihydroxy
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benzene by hexacyanoruthanate (III) ion (Macartney and
Mark, 1990) shpws an inverse firset-order [H*1-' and
1,4-dihydroxy Dbenzene oxidation by diaquotetrakis
(2,2-bipyridine)-p-oxodiruthenium (IIT), d1on (Tyun et
al., 1992) is acid Independent.

In order +tno enhanced the applicability of
resarcinnl in industries, there ie a need for
vnderstanding +the Xkinetics and wmwechaniem of {ts
reactions, thuse 1ite reaction with an oxobridged

ruthenium ¢(IT1) {on reported in thie thesis.
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g

CHAPTEER THREE o »
3.0 | Ezperimental

3.1 Materials avd Beageats
All reagents and solvents were used wilithout
further purificetians. Distilled water was used in

preparing the solutions.

3.1.1 Dlaguotetrakip <(2,2-hipyridine)-p-gzodirutheniom
L1112 pexchbhlorate [ (bipy)oHaO0RWORUH0C(hipy)z1C10.
The oxo-bridged complex [ (bipy)=aHizORuORUH.OC(bipyla.14~
(RuQRu**) was prepared, purified and characterised as
preparad by WVeaver gi al (1975), as follows,
Clim-Dishlorobds (2,2'-bipyridine} ruthenium <(III)
(2.0g, 4.13 mmoles) was suspended in 180cw™ of
distilled water containing silver niltrate (1.76g,
10.36 nmmoled. The mixture was heated to reflux for 8
hours then cooled to room temperature and centrifuged.
The supernatant liguid was filtered by suction into
fine frit to remove rsilver chloride and silver metal.
The filtrate was heated on steanm bath and treated with
a saturated solution of sodivm perchlorate untill
pracipitation Ybegan to occur. Slow cooling to O0®C

produced desired material which was collected by
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suction filtration, washed with small portion of
cooled water and air dried. The =alt wae
recrystallised from the hot water containing emall
amount of NaClOa. The resultant dark microcrystalline
solid gave deep green snlution in water and
acetonitrile.

The vield was about S5% of +the theoretical
(Theoretical = 2.69g). The concentration of +the
complex was determined spectrophotometrically using
published values (Weaver et al, 1975). The purity was
ascertained by comparing the electronic spectral
properties of prepared complex with literature wvalues
(WVeaver gt al, 1975%) and were found to he eimilar.
3.1.2 IL-gcysteine solution

0.1M stpck solution of L-cysteine 98% (Koch-light)
wae prepared by dissplving 1.2116g of =substrate in
100cw™® disetilled water. The deseired concentration of
L-cyeteine eolutions for the reaction were made from
this solution,
3.1.83 JMercaptoacetic acid solution
A 1.0M stock sclution of mercaptoacetic acid
96% (BR.D.H) was prepared using doubly-distilled water
by diseolving 1.82cm® concentrated solution in 2%5cwm”
of dietlled water. The desired concentrations of the
subetrate for the reaction were made from this

solution.
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3.1.4 S-wercaptoethylamine solution
: = 1.0 stock =olution of R-mercaptoethylamine
(Koch~1ight) was prepared by dissolving appropriata
volume of the subetrate in a distilled water. The

reguired caoncentrations were made from this solution.

3.1.5 2-Mercapltoethanol solution

| 2.0 stock solution of 99% 2-mercaptoethanal
(B.I:.H) was prepared by diesolwving 14.lcw® nf the
substrate in 100cw® distilled water. The desired
concentrationse for the reaction were made from thie

salution.

3.1.6 Resnx:mmmtim

2. 0M stock solution of resorainel ((RB.D.HED
Analar was prepared by disaolving 22.022g of +the
substrate 1in 100cm® distilled water. The required
concentrations for the reactions were all prepared

fron this stock solution.

8.1.7 Sﬂliﬂ_ﬁﬂlutiﬂﬂﬁ

| The solutions of LicCl, NaCl, KCl, RpCl, Mglla,
MnCl.., NaND., Na.S0. and CHCOONa were all prepared hy
dissolving ¥known weights of the respective salts in a
known valume of distilled water. All saltis were of

(B.D.H> L.R.
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3.1.8 Preparation of standard solution of sodium
perchlorate NaClOa

A known weight of NaClO. (B.D.H, G.P.R) was
dissolved in distilled water and standardised by
gravimetric methaod ae follows. 2.0cm® portion of
¥aCl0Os stock eolution were taken in preweighed bottle
dried at about 100-110°C and cooled in a descicator
until oconstant weighte were obtained. The weight
obtained after drying 2.0cm® portion of the salts were
used to calculate the actual énncentrntion of the

eoclution.

2.1.9 Preparation of standard perchloric acid solution

A stock =olution of perchloric acid 2M was made
by dilution of a concentrated solution of HC10.
(BR.D.H; Analar). The perchloric acid was standardised
volumetrically useing (Rorax) sodium tetraborate
decahydrate as a primary standard using methyl red as
indicator,

The molarity of HC10, solution wae determined
using the equation of +the reaction below (Vogel,
1978) .

Bs0»* = + 2H* + SH.0 &===3 4H4B0O, .... (3.1)
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3.2 Stolchiometric studies

The estoichiometries of the reactions were
determined by spectrophotometric titration using the
mole ratio method. In all cases the concentration of
the oxidant [RuORu“*] wae kept constant while that of
the reductant were varied.

[RuDRu“+]l = (4.2 - 8.0) x 107<M, (Reductantl] = (1.6~
10~ - 2.268 x 107®)M for all the syeteme at constant
ionic strength of 1.0M (NaClO,) for the thiole systems
(L-cysteine, mercaptoacetic acid, B-mercaptoethylamine
and Z-mercaptoethanol) and 2.0M (NaClQOs> for the
resarcinol system. (H*] = 1.33 x 107°M for L-cysteine
syetem and [H*] = 1.0 % 10-*M for the mercaptoacetic
acid, B-mercaptoethylamine, 2-mercaptoethanol and
resorcinol systems. The reaction was allawed to
continue completion at 25.0 % 0.1<C in all the sycetems

used, the absorbance was measured at > = 650nm.

3.3 Kinetics Measurements

The rate nf the reactions were monitored on a

corning 253 colorimeter. The rate of reaction of each
oxidant with the reductants (L-cysteine,
mercaptoacetic acid, f-mercaptoethylamine, 2~

mercaptoethanocl and resorcinol) was studied by

monitoring the decrease in absorbance of the oxidant
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at wvelength of » = 650nm. All kinetice mneasurement
were carried out under pseudo-firet order condition
with respective reductant at least 100 fold in excess
over the oxidant concentration at 25.% + 0.1=C and
1.0M (NaCl04) 1onic strength for the thiols systems
and 2.0M (RaCl0.) donic strength for resorcinol

eyetem.

3.4 Test for intermediate cumplex

3.4.1 Spectrophotaometric test

These measurements were done in arder to find
out whether spectroscopically determinable
intermediate complex was formed bhetween oxidant and
reductant during the reaction in each case. The
electronic epectra of the reaction mixture were run
after two minutes {n each case over a range aof
wavelengthe, A similar run was made for the oxidant

alone in each case.

3.5 Test for free radical

Scn™® of acrylanmide was added to a partially
oxidieed reaction mixture containing various
concentrations of oxidant, reductant and hydrogen ion.

Thiec was fallowed by addition of a large excess of



g
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_ methanol, the acrylamide was alsa added to snlutiaon of
the oxidant and reductant ceparately. This served as

control.

3.6 FProduct analysls

The product analysie was carried cut in respect
of RPuQRu“*-thiols systems. All the reactions studied,
the formation of a disulphide product was ascertained
by comparing the spectra of the reaction mixture, that
kad gone +to completion, with +the spectrunm ocbtained
when +the reductants (thiole) were treated with
hydrogen paroxide which 1= known to oxidised thinls to

disulphide (Zahid &t al, 1977>.

RSH + HaOs —-—--> RSSR + 2H.0 ..... 3. 2)
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CHARPTER FOUR

4.1 S;tnisﬂaimm

The stoichiometry determined for the five systens
showed that a mixed-valenced complex RuQRu®+* 1ie the
probable product of the reactlon. The titratiom
curves from which the stoichiometries were deternmined
are presented by a typical plot {in figure (4.1, The
results were coneistent with one mple of the diaquo

oxcbhridged dimer belng consumed by one ncle of L-

cyeteine, mer captoacetic acid, RB-mercaptoethylamine
and 2-wercaptoethanol. In came of resorcinol, +the
stoichiometry 1=, two nmoles af +he pxobrideed

(RuORu“*Y are consummed for each one mole of the
resoarcinsl used,

On the basis of the stolichicmetries determined,
the oaverall egquation faor these reactlons can be

represented by the following equations.

2RuQRu<+ + 2REH —--> Z2Ru0Ru™+ + RS8R + 2H* ... 4.1)

2RulRu4+ + HupQ ==-=> Z2RuDRu®*+ + Q + 2H* ... e, 23

Vhere RBuORu<* = Diaquo oxobridged Rutheanlum (III?
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RuORu?* = Mixed-valenced diaguo oxobridged
ruthenium
REH = L-cysteine, mercaptoethylamine and
2-mercaptoethanol.
H:Q = Resorcinol

4.2 Determination of order with recpect to [RuQRy<4+1
and [ Reductant]

The linsarity of the peeundo-first-order plote of
log Ay - A.) versus time for these reactions wvariled
from wmore than 70 to 60% of the reaction. The
linearity of these plote indicate that these reaction
are first-order with respect ta [(RuORu4*l in each
case, (A and A. are the absarbance=s of the complex
at time t and the end of the reaction respectively).
A tynical plot is shown in figure (4.2). From the
elopes of esuch plots the peeudo-firset order rates
constante (K., ...) were obtained.

Plote aof 108 kicwws> versus log [Rl (R =
reductant) gave a slope of 0.92 * 0.05 (L-cysteine),
0.95 + 0.02 (mercaptoacetic acid), 0.80 % 0.06 (R~
mercaptoethylamine), 0.96 % 0,05 (2-mercaptoethanol)
and 1.01 + 0.04 <(Resorcinol), chowing that the
reaction is of first-arder {nmn all the substrates. The

reactione are therefore second-aordr overall in the
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[RuORL4 ]z 4.0 x 10%M

[RSH] =4.0 x10*M
[H*] =133x103M
I = 1-OM (NGCIO‘:‘)

2.0
1.0
0 L 1 I 1 1 1 I 1
0 30 60 90 120 150 180 210 240

Timein sec.

FIG.4.Z:PSEUDO-FIRST-ORDER PLOT FOR THE REDOX REACTION BETWEEN
RuORu%* AND L-CYSTEINE .
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five systems, The second-order rate constants ko were
determinad from the XYurwes a5 Kowsa/[R] and  are
reported in tadles (4.1 - 4.5,

Therefore the rate equations for +the reaction of
the nxidant and the reductante, ER],. cAan he
reprecented by the equatlions (4.3 and 4.4Y shown
below.

- Al RuQRu+1 :
—————————— = KulRuODRu*+1[RSH1I .... 4.3

Vhere REH = L-eoysteine, mercantoacetic acid,

f-mercaptoethylamine and wercaptosthannd

= Al RuQORu4+1

Where HQ = Resorcinol

The second-order rate conatants (k) caloulated
from XKewewas/{ RSH] were fairly constant, further
supporting that the reactlions are firet-order with
raspest to reductants. Sinilarly the second-order
rate constants abtained by same calculation above for
the resorcinol system are fairly constants,

The plote of 102 Xeswwn versus lpg [R1 (R = thial

and the resorclnol) were given in figures 4.3 ~ 4.7,



6!

Log [L-Cysteine]
42 ~4:Q -3-8 -3-6 ~3.4 -32 -3-0 ~2:86 -2.6
i

| T i | '

<-24
[RuoRU®* ] = 4.0 x 10° M & /

[H'] =1.33x10°M
I =1:0M (NaCl0g) -1-2:6

i
&
o

Log Kobsd

1

1
w
Y

4=-34

FIG.4+3 :PLOT OF LOG Kobsd VERSUS LOG [L-CYSTEINE ]



oL - - o Loy Livies v
30 28 26 <24 =22 20
|

[RuORu®"] =5.0x 108 M
[H*] =0aM
I =1-0M (NaClOy)

Fle.z..z,_.-. PLOT OF LOG Kobsd YERSUS [MAAT-

=-2.7

~-3:2

Kobsed

Log




63

-3-30

Log [BMEA]
370 -350 -330 -310 -2290 -2:70  -250 230 210
L] T T T T T L] '

1190

—

i

[RuORu4* ]=5.0 x10° M
[H'] =1.0x10°M
I~ =1.0M(NaClO)

F1G. 25: PLOT OF LOG Kobsd VERSUS LOG (BMEA].

-139

-1-59

=179

-1.99

-2.19

-239

-2.59

-279

-2.99

Log Kobsd



K

L 4

Log [2-METOH]

-335 -3.15 -2.95 -275 -255 -2.35 -2.15 -1-95 -175 -1.55 -135, ¢
T T T T T T T T T T o =

- =195

[RuORU%"] =5.0 x16%Mm

[H*] =1.0x10"M
I =1+0M (NaClQ,) 4~ 2.15
[o] - -2-35
<-2.55
=275
4-2.95
4-315
4 4-335

() \
FIG-4+6.PLOT OF LOG Kebsd VERSUS LOg [2-MET OH] |®

Log Kobsd



-0.0

CRUORU%*] =54 x10° M
[H*] =10 x10%2M

i 1 =2-0M (NaClQy)

210
il o
~=-14

4-16

1
1
~
o

1
b

)

[¥]

FIG-4-%:PLOT OF LOG Kobsd VERSUS LOG [H;Q1FOR THE REACTION

OF RuORu“' AND RESORCINOL,

Log Kobsd



66

For the RuORu4+-l-cysteine ayeten
ke = 2.02 % 0,02 "s~" at [(H*1 = 1.33 x 10-"MI = 1,0X

(NaCl0s), T = 25.0 * 0.1=C

Far the RuORu4* - Mercaptoacetic acid system
ko = (8.98 + 0.09) » 10-2M-"'g~" at [H*] = 1.0 » 102N

I = 1.0M (NaC10.), T = 25.0 + 0.1=C

For the RuDRu4* - B-mercantoethylamine syetem
k: = (2.28 £ 0.02) x 107"M~ s~ at [H*)] = 1.0 x 10-3X

I = 1.0M (NaC104), T = 25.0 + 0. 1°C

For the RuORu“* - 2-mercaptoethannol systen
kx = 4.45 £ 0.01M 's™" at [H*] = 1.0 x 1072N

I = 1.0M NaClQaY, T = 25.0 + 0.1°C,

For the RuORu<4* - Resorcinol! systenm
k. = ¢8.35 £ 0,.078) x 10-2M-'g~" at [H*]1 = 1.0 x 10—=NM

1 = 2.0M (NaClQx), T = 25.0 + 0.1<C,

4.3 Effect of hydrogen 1on on the rates of reactian
aof [BuORu2*1 and !Reductant)

The influence of acid on the rate of the reaction
were investigated in the acid range 4.0 x 107 - 4.5 x

10-=M, while the concentration of RuORu“* and the
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reductant were kept constant. The reaction was
carried out at 25.0 %+ 0.1°C and I = 1.0M NaCl0.)
except 1in RuQORu4* - Resorcinol system, where the

reaction was carried out at 1onic strength of 2.0M
(NaCl0.>. All the reactions were inversely influenced
by acid. Table 4.1 - 4.5).

Least square plots of XK. versuse [(H*1-' pass
through the origin (no significant intercept) for L-
cyeteine, mercaptoacetic acid, R-mercaptoethylamine
and resorcinal systems represented by a typical figure
(4.8%and plot of k. versue [H*] ' was aleo linear with
an intercept for RuORu<4* - 2-mercaptcethanol system,
figure (4,9).

The rate constant can be represented by equation
(4.5) for L-cysteine, mercaptoacetic acid, B-mercanto-
ethylamine and resorcinol aystems and (4.6 for 2-

mercaptoethanol syetem.

Ky = alH*1™? aiswse SAGY

ki = b + clHE"] T c.. . €4 B)
The overall equation for L-¢cysteine,
mercaptoacetic acid, B-mercaptoethylamine and

resorcinol is
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ITable 4,1
Pzevdo-first-order and second-order rate constants for
the reaction of RuDRu4* and L-cysteine

[RuORu4*=] = 4,0 x 10-"M, T = 25,0 = 0.1%C, X = 650nm

JO¥(RSHIM 102(H+, M I<NaClQu)M 104K umwme ' ReM-'g—
8 1.33 1.0 187 1.06
20 1.33 1.0 2.64 1.82
40 1.33 1.0 9. 08 2.26
&0 1.33 1.0 12.10 2.01
a0 1.33 1.0 1%, 80 1.98
100 1.33 1.0 168, 80 1.68
120 1.33 1.0 21.90 1.83
140 1.33 1.0 31.36 2.24
160 1.33 1.0 3%, 00 2,12
180 1.33 1.0 40.%0 2,25
200 1.33 1,0 44,40 2.22
240 1.33 1.0 45,830 1.89
B8O 0.04 1.0 39, 80 4.98
80 n.10 1.0 24,80 4.35
80 0.20 1.0 25.20 3.18
80 0.38 1,0 11.60 1.45
a0 0.50 1.0 3.24 0.41
80 0.85 1.0 2.73 0.34
80 0,80 1.0 2.45 0.31
80 1.80 1.0 2,32 0.29
80 3. 00 . 1.0 o 2.25 0.28

80 4.80 ' 1.0 1.02 0.13
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Table 4.2
Peeudo-firet-order and second-order rate constante for
the reaction of RuDRu“* and Mercaptoacetic acid

[RUORu2+] = 5.0 x 10~=M, T = 25.0 % 0.1=C, » = 650nm

104 RSHIM 10=(H+) M T = (NaClOs2M 102k, .une”’ 107ks

. e MY
16 10 1.0 1851 0.40
20 10 1.0 1.63 8.20
80 10 1.0 8.98 8.70

120 10 1.0 10 78 8.90

160 10 S M 14.70 Q.20

240 10 1.0 22.10 9.20
40 2 1.0 49.0 122.00
40 4 1.0 12.0 21.00
40 10 1.G 5.02 12.589
40 14 1.0 2.30 5.00
40 20 1.0 0.83 2.10
40 10 n.25% 2.33 5.82
40 10 0.50 3.25 a8.12
40 10 0TS 4,40 11.22
40 10 1.00 5.2% 13.12
40 10 1.25 5.72 14. 20
A0 10 1.50 5.81 14.52
AD 10 1.78 5.02 14 .80
40 10 2.00 f.35 15. 86
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Iable 4.3
Paeuvdo-first-order and second~order rate congtante for
the reactiorn of RuORu#* and RAR-marcaptoethylamine

[ RuORu2"l = 5,0 » 10-%M, T = 25.0 % 0.1=C, X = 650nm

104[REHI M 10%{H*IM, INaClO.I¥ 10%*Nkiwas 107k,M-"

[ e1

a8 1.0 1.0 1.78 22.3
20 1.0 1.0 4.48 22. 4
60 1.0 1.0 13.50 22.8
100 1.0 1.0 22.10 22.1
140 . 1.0 1.0 30. 80 22,0
180 1.0 1.0 41.04 22.5
2RO 1.0 1.0 62,72 22.4
400 1.0 1.0 91.20 22,4
180 0.8 1.0 73.62 40.9
180 4.0 1.0 a3, A0 18.8
180 8.0 1.0 14.10 7.8
180 16. 0 1.0 6.853 3.8
180 24.0 1.0 5.02 3.2
180 32.0 1.0 3.48 1.9
180 40.0 1.0 2.84 1.5
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Table 4.4
Pseundo-first-order and segond-order rate constants for
the reaction of RuQRu** and Z2-mercatoothannl

{RuORu#+1 = 5,0 x 10"*M, T = 25.0 + 0.1+C, » = &50num

104l REH1IN, IO H"IM, T = (NallOadM 10%korwe koM

gt s

8 1.0 1.0 .77 4.71
20 1.0 1.0 9,40 4.78
60 1.0 | 1.0 27.90 4.65
100 1.0 1.0 44.7 4.47
140 1.0 1.0 68.00 4.85
180 1.0 1,0 82.10 4.56
400 1.0 1.0 182. 00 4.55
100 1.0 1.0 272. 00 6. 82
400 a.4 1.0 228,40 5,71
400 ~ o.8 1.0 106, 80 4,92
400 1.0 1.0 179.20 A. 48
400 4.0 1.0 47 .30 1.73
400 8.0 1.0 21.80 0.55
400 10.0 1.0 19.70 0.49

400 40.0 ' 1.0 &.50 0.21
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Peeudo-—firat-order
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and second-crder rate constants for

the reaction af RuDRu~** and Pesproinnl.
[RuORu~+l = 5.4 = 10-%M, T = 25.0 % 0.1*C, » = 650nnm
100 He Q1M,  10%[HTIM, INaClOad¥ 10%Kiwmas™'  10%kKae
MN-lag

8 10 2.0 Q.67 8,45

260 10 2.0 1.66 2.31

40Q 140 2.0 3.3 &.28

- 80 10 2.9 6,77 8.44
100 10 2.0 &,27 a.,27
200 19 2.0 16,686 8.33
400 10 2.0 33.64 8. 41
400 10 2.0 6h. 32 8,29
80 1 2.0 £.64 10.81

B0 4 2.0 T7.37 9,21

8a a8 2.0 §.01 8.64

&80 12 2.0 6,37 7.86

80 20 2.0 4,68 Fi. &5

a0 28 2.0 0.8% 0,81

80 32 2.0 0.26 0.33
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C=1.15 x 107'"¥=g~"', 1T = 1,0M (NaClOa)>
[H*] = (1.0 % 10°* = 4.0 x 10-=)M

RuORu** - Resorcinol system
a = 2.61 x 10-"M~~e-', I = 2.0M (NaClO.)
(H*]) = €1.0 x 10-= ~ 3.2 x 107U
4.4 The effect of added anions

The concentration of all other reactants were
kept constant and at ionlc strength of 1.0M (NaCl0s)
for the reaction of the oxobridged ruthenium dJdimer
(RUORu“*) with the thiols (L-cysteine, mercaptoacetic
aclid, f-mercaptoethylamine and Z2-mercaptoethanol) and
an ionic strength of 2.0M (NaClO.) for the reaction of

the oxobridged ruthenium dimer (RuDRuy~+) with

resarcinol. The effect of added anianc an the rate of
the reaction was investigated for (X1 = (1.0 x 1074 -
8.0 x 10-")M X = (Cl-, NO:{P. CH ICUU‘_ and S0a.™). It

wae acscertained that +the anions did not react with
either the oxidant <(complex) or the reductants
(substrates). The rate of the reaction of RuORus+ -
L-cysteine and mercaptoacetic acid systems wae found
to be influenced by ¢Cl—, NO.~ and S04~) Table ¢4.6)
and ¢4.7). But the rate of the RuORu** - R-mercapto-
ethylamine, 2-mercaptoethanol and resorcinol are not
affected by the anions (Cl—, NO.~ and CH.COO ). The
resulte are illustrated in tables «4.8), (4.9) and

4.10).



Table 4.6

Rate-

order rate constant for RBulRu"*-L-cystelne reaction.
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Data for the effect of anions on the second-

{RUORu4+] = 4.0 x 10-%M, [H*] 10-2 [RSH} =
2.0 % 10-7M, T = (NaCl0.), 25.0 & 0,17, X =
650nm.
L 20MXI M 0%Keseesl] O AN
c1- 0.4 4.67 2.84
1.4 5.490 2.75
2.4 6.21 3.16
3,2 8.20 4,10
NO.~ 0.4 3,64 1.82
0.8 5. 02 2.51
1.6 5.83 2.01
4.0 8.50 4.25
80~ 0.8 2,49 1.24
1.2 3,28 1.64 W
1.6 3.38 1,69
2.0 4,80 2.30
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Table 4.7
Rate-Nata for the effect of anione and cations an the
second-order rate annetant for RuQRyu4+ -
mercaptoacetic acid reaction.
{RuORu4+] = 5.0 » 10-=M, [RSH] = 2.0 » 102 ¥, (EH*l =

0.2, I = 1.0M (NaC10,), T = 25.0 + 0.1=C, » = 6850nm

) SR L. & & W S U 75NNl S 0 o - ekl ok A
Na~ A 1.6%5 8.2%5
e 2.96 14.40
12 3.14a 15.405
16 3.54 17.70
20 3.79 18.75
24 3.89 10.45%
K* A }.39 16,95
12 2.56 17.480
16 .74 18.70
24 3.99 19,05
RL* 8 7.60 33.0
12 7.7Q 38.50
16 7.80 39 50
24 a.46 47.20
Mn=* A 2.56 12. 80
12 2.58 12,00
16 2.63 18.15
20 2.84 14.20
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Table 4.7 continued
X 104 Xa. M = 10%kseas'  10FkK-MT's”*
24 2.92 14.60
Cl- a 1.65 8.2%5
8 2.96 14.40
12 3.19 15.95
20 .75 18. 7%
24 3.89 19.45%
NO.,— 4 1.38 6,75
8 1.56 7.80
12 .78 8.%0
28 1,83 .85
32 2.27 11.35
S0,.™ 4 1.52 5.60
a 1. 75 8.7%
12 1. 891 4.55
16 1.80 Q.05
20 2.64 13. 20

24 2.96 14.60



Iable 4.8 : ;

Rate data for the effect of anions and catlons on the
second-order rate constant for +he RuDRu4+ - @A
mercaptoethylamine reaction

[RUORy4+1 = 5.0 x 10-%M, [RSH] = 1.8 x 10-%M, [H*] =

1.0 » 10~™M, T = 1,0M (NaClO.), T = 25.0 % 0.1%C, X =

6500w ..

X 10°1X1, K 107K S 107Ka ¥ gt

c1- 2 4.07 o 22.6

_°~ .. 3.8 22.1

16 . .. 401 223

50 401 22.3

100 4.01 S 22.4

CHCO0™ 2 | 3,98 22.2

1c 3.90 22.8

100 | 4,10 22.4

NG~ 2 4,01 22.4

w6 408 22.7

. 100 . 4.10 - 22.8

L1+ 2 401 - 22.4

10 | 4.12 22.9

. 100 4.01 | 22.3

Na~ 2 B 22.6

10 . 89 - 221

100 4.01 22.3
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Table 4.8
X 1040 X1 X 107K s KoM= g—?
K+ 2 4.10 22.3
10 4.15 22.8
100 4.09 23.1
Rb* 2 4.0% 22.7
10 4.01 22.5
100 4.01 22.4
Mn=" 2 4.01 22.83
10 4.05 22.5
100 4.10 22.8
Mg=* 2 3.98 22.1
10 4.00 22.7

100 4.01 22.4
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Iable 4.0
Rate data for the effect of anione and cations on the
second-order rate constants for +the RulORu**~- 2=~
mercaptoethanol reaction [RulRu4+l = H.0 = 10-%N,
{RBH1 = 1.0 = 1Q0—#M, [H"] = 2.0 x 10-*=*M, I = 1.0M

NaClOa), T = 25.0 = 0.1=C, A = 650nm

X 1041 X1M 1 0% KB koM et
c1- 2 45.1 | 4.51
10 44.7 4.47
20 ) 45.86 | . 4.56
NO.~ 2 44.8 4.48
10 46.2 4.62
20 . 47.3 4.73
CH:..CO0™ 2 52.2 5.22
10 49.3 . 4.93
20 45. 4 o 4.54
Li~ 2 51.1 5.11
10 48.2 4,82
20 44.6 | 2.46
Na* 2 42.2 . 4.22
10 - 43,2 " 4.32
20 46.1 4.61
K+ 2 437 4.37
10 . as.1 4,51

20 47.1 4.71
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Rb*

Un=+

19

20

10

20

1o

20

45.2

46.3

44.5

45.5

42.9

46.2

43. 6

44.2

de M

4.52

»
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Table 4.10
Rate data for the effect of anion and catiaon on the
second-order rate constant for the RuQRu=* -
Resarcineol reaction
[RuQRu+*1 = 5.4 x 10 =M, [RH=Ql = 8.0 % 10~=M, [H*] =

1.0 = 10—=M, 1

2.0M (RaCl0,), T = 25.0 = 0.1=C, ) =

650nm
X 107 XX 10% ke s -1 a1
s I 1 6.62 8.28
20 6.62 8.28
50 6.75 B8.44
RO~ 1 6.62 8.24
20 6.32 7.90
50 6.42 8.02
S0a™ 1 6.72 8.40
20 6,42 8.02
50 8.72 8.40
Li~* 1 6.53 8.16
20 6,86 8.58
50 6.23 7.79
Na~ 1 6.42 8.02
20 6.62 8.28
50 6.78 8.44
Hg~* 1 6.53 8.16
20 6.42 8.02
50 6.64 &8.30
Mn=+ 1 6.14 7.68
20 6.52 8.15

50 6.84 8.55
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4.5 Effect of added cations

The concentration of all other reactants were
kept constant and at ionic strength of 1.0M (NaClOa)
for RuORu<* - L-cysteine, mercaptoacetic acid, RA-
mercaptoethylamine and 2-mercaptoethanol systems and I
= 2.0M (NaClDs> for RuDRu4* - resorcinol system. The
effect of monopositive and dipositive cations on the
rate of the reaction were investigated for (2Z*] = 2.0
¥ 102 - 5.0 x 10-2M (2~ = Li*, Na*, K= and Rb*) (Z=~
= Mg#* and Mn=*). Both the mono- and dipositive
cationas were fopund not to affect the reaction in all
the systems studied.
4.6 Test for intermediate complex
4.6.1 GSpectrophotometric tests

These tests were carried out on all the systems
in order to find out whether spectroscopically
determinable intermediate complex was formed between
the oxobridged dimer and each of the reductants during
the reaction. The electronic spectra of the reacting
mixture were run after two minutes of the commencement
of the reaction, over a range of wavelength (550 -
690) nm. A similar run was made for the complex alone.
From the spectral there was na clear shift from 660nm,
the »max for the oxobridged ruthenium in all the tests
carried out for the systens. The extinction

coefficient (E) was not alea enhanced. All theese do
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not conpletely ruled out the formation of an
intermediate complex, even if any occur it must have a
very small formation.
4.6.2 Michaelis-Menten ploto
Least square analysie of the plot of 1/kcrvaa

versus 1/[Rl1 where (R = L-cysteine, mercaptoacetic
acid, f-mercaptoethylamine, 2-mercaptoethanol and
resorcinol) gave a straight lines passing through the
origin. Typical plot is presented in figure (4.10).

The Michaelis-Menten model of enzyme action lead

to a rate law of farm

- df Praduct]
---------- 2 Koomes [ B=) eee. C4.100
dt
Vith Xoinas = Es[81/7/(Kwe + [S) ..... <4.11)

The exprescion for the kewwa in equation <4.11) can

rearranged intao

1/Kevimas = 1/ + (Ku/k,D[81? cene  CheTB)
Where ¥X.,...s = rate constant for the overall reaction
[El. = total enzyme coancentration
Ko = Micaelis-Menten rate constant.
¥ = rate constant for the break-up of an
active intermediate into products.
& = substrate (8 = reductant in the reaction

studied)
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From the equation ¢4.12) plot of 1/Xoweas VErsus

17181 will give 1/k, as an intercept. Therafore 1in

Michaslis-Menten plots the straight line paseing

through the origin show that 1/%k: 1s zeroc and thie
suggests that the absences of an intermediate complex

formation in the reaction studied.

4.7 FEree radical test

Acrylamide was polvmerized when it was added witg
excess of methanol +to partially oxidised reaction
mixture in RuQRu4* - L-cysteine, nmercaptoacetic acld,
B—mercaptoethylamine and Z-~mercaptoethancl systens,
but no such gel formation was observed in respeot aof
the resorcinol reaction. Acrylamide did not polynerise
in presence of either of the reactant alone. Thie
suggests that free radicale were farmed in thiols
~reactions  but were not  detected in Tresorcinol
reactionse probably their formation and destruction may

be so fast that 1t ie not detectad.

4.8 IThe effect af ignic strength

. The effect of ionie strength on the rate of the
reaction was investigated in the range of I = 0.26 -
2.5M {Rall0a.> for nercaptoacetic acid, g-

mercaptoethylanine and 2-nmercaptoethancl reactions and
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I = 0.50 - 2.5N (Nall0.) for L-cyeteine and resoroinol
reactions. In all the reactionse the concentration of
'~ pther reactante were kept constante at 25.0 & 0,1=C,
The rate. constantes were found +o increase with
incréasing ionic strength for RuDRu4* - mercaptoacetic
~acid and resorcinal systenms, :ables (4.2 and (4.14);
while +the decrease in rate with increasing ionic
Btfeﬁgth was ohserved for RuORut* - L-~coysteine, 8-
mercaptoethylamine and Z-mercaptoethancl systems
~ Tables (4.11), <4.12) and (4.13),

. The effects of ions on the rate constant of the
reaction involving twa reactants with charges Z. and
2w are related by the following equation (Broneted,
1922), ; o

log k¥ = 1ug Kee + 2aZaZul”? ..., 4.12)
k = The rate constant af the reaction
k. = hypothetical rate constant in medium of
infinite dielectric constant
I = lonle strength

.50 at 29+C,

R
]

This eguation has been uesed *to correlate ealt“
effect with rate constant for reaction involving ions
thus plota of log k wve I* should be linear with almpa'
ZaZe (at 28<C) and intercept values of log K

(Bronastad, 1922). The equation predict a positive
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Table 4,31 .
Effect of i{onic strength and medium dialactric"
conetant on the reaction of RuORu4* and L-cysteine

[RuQRu**1 = 4.0 x 10-%¥M, T = 25.0 % 0.1*C, » = &650nm

LM 104 W] P « Al g1
0.580 4 1 - - 4.81
0.75 4 1 - - 4.28
1.00 4 1 - ~ 2.52
1.25 4 1 - - 0.96
1.50 4 1 - - 0.71
1 4 1 0.5 78.24 2.63
1 4 1 1.0 ?7.94 23,90
1 4 1 1.5 77.63 24,52
2 1 2.0 77.33 28,90
1 4 1 2.5 77.04  31.30
1 4 1 4.0 76.75  44.40
i 4 1 3.5 76.45  47.90
1 4 1 4.0 76.16  55.00
1 ' 1 4.5 75.87 55.60
1 4 1 5.0 75.5Q  73.80

*YWhere D 1 Dielectric constant af the mediumn
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Takle 4.12

"% Effect. of d{onic strength and medium dielectric

constant an the reaction of RuORu» &g B-
" mercaptoethylamine

[RuOru+*]1 = 5,0 2 10-%¥, T = 26.0 = 0.1=C, X = 650nm

L¥ _ 10%[REHI, M_ 1024[E-1X

0.25 18 10 - - 5. 3%
0.50 18 10 - - 4.55
0.75 18 10 - - 4.12
1.00 18 - 10 - - 3.85
1.25 8 10 - - .73
1.50 18 10 - - 2,02
1 18 _ 10 1.0 77.94 4,04
1 .18 10 | 1.5  77.63 4.34
1 18 10 2.0 77.33 4.49
Y - 10 2.6 77.04  5.01
1 18 10 3.0 76,75 5. 54
1 18 10 3.5 76.45 5. 64
1 18 10 4.0  76.16 5,71
1 18 1Q 4.5 75,87 5.84
1 18 10 5.0 75.50 5.92

Vhere D ig the dielectric constant of the medium



Iakle 4.13

Effect of inoilc strength and medium dielectric
constant on the reaction of RuDRut* and Z-mercapto
ethanol

[RuOQRu4*1 = 5.0 » 10-¥, T = 26.0 = 0.1~C, X\ = 650nm

0. 25 0. 2O - - 49.8
0.50 10 . 20 = - 49.4
1.00 10 20, . - - A%.5
1.580 i . 20 - - 32.0
2,00 1o 20 - - 31.5
2.50 10 20 - - 23.5
1 10 20 _ 10 73, 09 2.70
1 . 10 . 20 , 20 €7.65 2.97
1 10 20 30 62.26 3. 08
1 10 . 20 40 56 .85 3, 85
1 . 10 | 20 50 51.41 4.13
T 10 20 60  45.07 4.28

0

* D iz the Dielectric constant of the medium
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lahlae 4,14
Effect nf ionic etrength and medium dielectric
constant on the reaction of RulRu“4 and Resorcinol

[ RuDRu“4*+1 = §.4 = 10-"M, T = 265.0 + 0,1=C, » = &650nmn

0,50 a0 10 = - . 0.903
1.00 80 10 - .. = . . 4.38
1.50 80 1o . - - 5,90
2.00 80 10 - - 9.05
2.50 80 10 - - 16. 190
2 8o . 10 10 73,00 6.92
2 80 10 20 67.66 6.67
2 an 10 30 62,27 6.57
2 80 10 40 56,55 5.46
2 80 10 50 51.41 6.34
2

80 10 60 45, 98 6.13

* Yhere D ig dielectric constant of the medium
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ealt effect (1.e an 1increasing rate constaﬁf with

increasing salt concentration) when reactant are of
the same slgn and negative salt effect when charges
are of opposite sign (Bronsted, 1982). In this work
linear plots were observed for log Xawws wversus I,

figures (4.11) and <4.12),

4.0 Effsct nf the dielectric copstant of the medium
an.the rate of reaction [BPulQRu<4+l and [Reductantl
For reaction between two ionse of charges Zn and

Zw the rate constant is given by

a® Dot Zp L™ L
lnk = 1Ink, -~ —-=——-— [ — e ], L, 40140
2DKT T ey rm

VYhere k 1® the hypothetical rate constant, D is the
dlielectric constant, and ra, Tm and r« are the radili
of the reactant ions & and B and the activated complex
respectively.

In a reaction between aniomn Z. and a polar

molecule (2w = 0) equaticn (4.14) becomes
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BETWEEN RuORu%4* AND RESORCINOL .
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The equation (4.15) predicts a linear plot of log
k versus 1/D with a negative slope if the charges of
the 1onse are of the same sign and with a positive
elope 1if the ions are oppositely charged (Vilkinse,
1974) . The effect of medium dielectric c<onstant on
the rate constant for the reaction of RuORu“* and
reductants was investigated ueing 10-60% w/v ethanol
for 2-mercaptoethanol and resorcinol system and 0.5 -
5.0% v/v acetone for L-cysteine and B-mercaptoethyl-
anmine systenms. The values for the rate constant are
presented in tables (4.11) - (4.14). Typlcal plote of
Eorwa versus 1/D (where D = Dielectric constant) is

shown in figure (4.13).

4.10 Activation parameters

The rate of the reaction between RuORu4+ and L-
cysteine wae determined in temperature range 2%5.0°C -
38.0=C. And plot of log k: versus 1/T is shown in
figure (4.15), (logkz is obtained as the wlopes of
plot of k.uwrs versus [H*]1-' at each temperature)
figure (4.14). From the slope of the curve an
activation energy for the reaction waes determined.
Knowing the activation energy for the reaction, aH®
for the reaction 1is calculated from the equation

(4.16) below



L Wilking, 1674
Vhere R = Gas constant

T

)

Temperature at (25<C) 208K
and AS* can be obtained fraow the equation (4.17) below
AS* = 4.6(log A - 13.2) calmal-'deg™' .... 4.17)
. (Wilkine, 1974) |
VYhere log A = intercept un Arrheniue plot fig ¢4.15)
| " ‘Table <(4.15) displays the values o0f +the rate
donstants at different temperatures and associated

activation parameters.

1.11 Product analyails

The uv and visible spectra of the reacted mixture
of the reactants (for the thiols) were mneasured and
these were found to correspond with the spectra of the
reactionsg between +the thiole (L-cysteine, mercapto
acetic acid, 2-mercaptoethannl and B-mercaptoethyl-
“amine) with hydraogen peroxide (HaD=), x = 290nm,
~Figure (4.16). This correspond with the repart aof
Zahid <¢1977> ir which TIOH®* was found to oxidised
thiole to disuphide. Thus, the result obtalned in
this research ungquivocally confirmed that disulphide

ie one of the product.
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o | Yp 16°
12.7 12.8 12-9 13.0 134 13.2 132 13-4
-2'00 - T T T T | i
_2.20F
-2:40F
2
%
a
xO )
..2»60|- *
= (RuoRV“ ] =1.98 x 166 M
- [L-Cysteine] =4.0 x 1G4 M
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-320- -

FiG.4: 13 PLOT OF LOG Kobsg VERSUS Y/p FOR THE REACTION OF RuORu*'
AND L.CYSTEINE .
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Table 4.15
Effect of acld and tenperature on +the reaction of
RuQRu”** and L-cyateine

[RuORu4*] = 2.0 x 10-M, » = &650nm

T=C 104[H+IM 104IRSHIM TRaClO. M 104kcmwm KoM

- o)
25.5 2 - 1.0 61.20 7.62
25.5 4 8 1.0 45.40 5.63
25,5 & 8 1.0 38.90  4.86
25,5 20 8 1.0 7.1 0.89
25.5 80 8 1.0 1.48 0.19
20.0 2 8 1.0 78.20 Q.70
20,0 4 8 1.0 52.20 6.%3
30.0 8 8 1.0 30,80  4.08
80, 0 20 8 1.0 18,10 2.26
30.0 A0 8 1.0 3.53 0,44
35, 0 2 a8 1.0 146.00 18.25
35.0 4 8 1.0 112.00 14.00
35.0 8 8 1,0 86.20 10.78
35.0 20 a 1.0 56.30 7.04
35.0 20 8 1.0 Q.80 1.23
25.0 200 a8 1.0 4.10 0.%50
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: lctivation parametere for the reaction at copnetant
{H*1

RuQRu~** -~ L-oystelne systen

69.27 Klmol=-"

Ea =

AH® = 22,01 Kimal—?
AS* = ~ 310.64 KImpl-
AG* = 106.81 XKJImpl—’

The epectra of the reaction mixtures for all the
five systems were tmken aver a range of wavelength
C400-700nm) after about an hour of the compencement of
the reacticon. It was found that the absorption occurs
maximally at abpout 482nm this compared +to »max of
485nm reported by <Iyun el al, 1882) for the reduction
of the same oxidant RuDRu4* which is probably the
mixed-valenced complex Ru** TQRu' ¥ (RuQRu™+) fligure

¢4.173.
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[RuORU“T]=2.0 x165M
[L-Cysteinc] =8.0 x10%M
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FIG.4» 1 TYPICAL PLOT OF Kobsd VERSUS [H'] FOR REDOX REACTIONS
OF RUORU® AND L~ CYSTEINE.
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-1
10° +°K
2.4 _?’2 -3;3 _3.:1,
[RuORW*"] = 2.0 x 16°M
[L~Cysteine]=8.0 x 102 M
2.6l I =1:0M(NaClO,)

Log- Kobsd

32

FIG. 4. (& TYPICAL ARRHENIUS PLOT FOR THE REDOX REACTIONS
OF RuORu“' AND L-CYSTEINE
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CHAPTER FIVE

5.1 kit

The stoichiometries for *he reactions indicated
that oune mole of the reductants (L-cysteine, marcapto-
acetic acid, f-mercaptoethylamine and 2-mercapto-
ethanal) 1e& consumed by one wmwole af the oyidant
(RuQku<*), <(equation 4,1). This result 1= consistent
with reaction of L-cysteine with chraomium (VIY (McaCann
and McAuley, 1075) 12-tungstocobaltate <TITY (Ayoka
and Olatunii, 1982, Cu(II)-2,9-Diwethyl-~1,10~-phenan—
throline (Gary and Robert, 1084). Mercaptoacetic acid
and f-mercaptoethylamine were reported to undergo 1:1
stoicbiometric reaction in redox reaction with 12-
tungecstocobaltate(IIT) {ion reported by Olatunji and
Ayoko (19833 . Other stolchiometric ratios wvere
reported for the redox reaction of thiols L-cystelne,
reaction with Mo A S and peroxide - Round
chromium(TV) <(Martin and Spence, 1970; Gould and Gosh,
1989) iundicated a 1:2 and 1:5 stolichiometry redustant:
oxidant recpectively and 2-mercaptoethanal reaction
with Se(IV) a 1:4 stolchiometry was observed (Resat et

al, 1989). The oxidant (RuORu“**) redox reactions with



107

variouse substrates were reported to shown wvarying
etoichiometric ratios. The oxobridged ruthenium dimer
reaction with I-, 80.,~, Fe(H:0)=*" and glutathione

(Iyun et al, 1992; and 1093) a 1:1 stoichiometry was

observed. And 5:1 and 2:1 staichiometry 1in ite
reaction with Br.— (Iyun et al, 1692) and
hydroquinone (Iyun, Avoko and Lawal, 1092>

respectively,

Kinetice studies of +the +thiols (L-cysteine,
mercaptoacetic acid, B-mercaptoethylanmine and 2~
mercaptoethanol (RSH) with the oxobridged ruthenium
dimer (RuORu“*) have shown that the reaction is firet-
order in both the oxidant and reductants concentration

as illustrated in eguatian (5.1).

= dl RuORu4+]
——————————— k[ RuDRu4*+1[ REH] : £5.10

Under the experimental conditions used for these
reaction k. wae evaluated as ko = 2.02 £ 0.2M g (L~
cysteine); ¢(8.93 z 0.06) x 10-"M s’ (mercaptoacetic
acid); (2.24 = 0.02) x 10=>*M"'s' (B-mercaptoethyl-
amine) and (4.54 £ 0.01 M e ' 2-mercaptoethanol. All

the reactions were carried out at ionic strength I =

1.0M (NaCl0s)> and T = 25.0 = 0.1<C,.
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The acid dependence observed for the reaction of
thiole with the oxidant ({n thi= investigatione suggest
the release of proton in pre-equilibrium step, that
is, the deprotonation of sulphydryl group (-SH) of the
thiols or thie could aleo arieed by the depronotation
of pectentially acidic aqualigand of the ozobridged
ruthenium dimer. The later poesibility 1s ruled out
by the stability of the oxobridged dimer in acidic and
anionic media reported by (Iyun, Ayoko and Lohdip,
1992). Thia suggerte that it may be relatively inert.
The {inversee hydrogen {ion concentration dependence for
the +thinle oaxidation were earlier reoported for the
reaction of L-cysteine, mercaptoacetic acid and B-
mercaptoethylamine with 12-tungestocobaltate(III> ion
(Olatunji and Ayokn, 19872 +thiole oxidation of the
metals (Kuyundzic and FEveree, 1070), Sipilar rasult
were reported for the oxidation of Z-wercaptoethancl
by ferricyanide Meehan £t al, 1962). Se(IV) (Resat
et al, 1986) reduction by 2-mercaptoethancl, the rate
is proportional to inverse square root of hydrogen ion
concentration. However, cyeteine oxidation by Goswami
et al, (16981 reportad an increased 1In rate with
increasing hydrogen concentration. Rut cysteine,
cysteine methyl ecter and penicillamine (2-

mercaptovaline) oxidation by copper (I11)-2,9-Dimethyl-
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1,10-phenonthroline (Gary and Robert, 1981) and L-
cysteine and mercaptoacetic acid oxidation by
peroxide-Bound~chromivm (IV) (Gould and Gosh, 1089)
were all reported to show an acid 1independent path
within the pH range used for the kinetic
investigation.

In the raedox reaction of (RuORu*") with varioue
substrates, varioue types of acid dependencies of the
reaction rates were observed. TIn the oxidant reaction
with S04= and glutathione (Iyun et al, 1992; 1993) an
inverse acid [H*1-? wae reparted. WVith hydragquinone
and Br0 . (Iyun gt al, 1992) an acid-independent and
an [(H*1® 4term were obgserved respectively, The
oxidation of T and Fe(H.0).* and reduction of I0.™
(Tyun et al. 1992) by the oxobridged ruthenium dimer
were all [H*']1 dependent.

The rate law far the reaction of the thiols (RSH)
and the oxohridged ruthenium dimer (RuORU4*) can thus

be represented by equation (5.2) and (5.3)

- al RuORu2*1]
----------- = alH*1-'[{ RuDRu4*1[ RSH] POV & - 8->

Vhere RSH = L-cyeteine, mercaptoacetic acid, and

f-mercaptoethylamine
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- Al RuQEu4*]1 = (C + BWIH*1-" Y[ RuORu4*~IIRSRI ..., (3, 3)

RSH = Z2-mercaptoethanol.

Possible mechanisms consistent with  +the result

obtainad fur the reaction of the oxobridged ruthenium
dimer with thiole (L-cystelne, mercaptoacetic acid, R-
mercaptoethylamine and 2Z2-mercaptoethancld are given

below.

L-Cysteine-RulRu~" reactions

Mechanism I

K W
REH &====3 RS~ + H* vaeaas (5045

'3 .

RSH + RuQRu#™ —~——=3 RS + BuORu=®" + H+ ... &K.%
k';:-r. .

RS- 4+ RuQRu4* m~e—cwem—  RuORu®+ 4 RE& v e (5,8

fast
2RE W e > RSSR . . (5.7

Kiw = The acld dissonclation constant for the

sulphydryl group (—-SH) in L-cysteine.

From the ahove reaction schemes, the rate af the

reaction could be deriwed as follows.
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.i-

If ke >> k. equation (5.8} bhecomes

- Al EuQPu=*1
----------- = kI BRES-1[ RudBRu~+) R ¢ <P b

subatituting for RE" from equation (5.4) gives

- A4l RuQRu~*1
*********** = k-KJ I RuDRu24+-IIRSHICH*TI -~ ., ., (5,10}

This eguation it similar to equation (0.2) with

a = el

Hence the proposed mechanism correspond to the result

phtained.

Yechanisn I1I
K
RY f=m===x R + H* e ... CBLTAD
K(:'-wr.
RulRut+ + RS e=em===x [RuORu**l, RS- ..... 5,12)
¥ -

[RuORn4*+1,RS~ + BSH ——~-> RuORu®* + RSSRE .... (5.13)
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fast
BADRu4+ + RSSPH e====z=% RulRu™+ + RSSR + H* .... (5,14

Applvyving steady state anproaximation to the

concentration of RuQRu4* complex, the following rate

'ﬁaw ie ariived at.

~-Al RPulRu4+1 kKo Kol RSHII RuORu#+1
————————— o B e e e e e e, (516D
gt (H*1 + K..K.{H*1L{RSH]
I£f [H*1 > W..H.[H+*1{RSH]
-dl BulQRua+1 EoKew Kol REHI L RuORUA*]
--------- Tt Y 4 S T K4 B
dt [H+1

The equation is jdentical with the rate expression
in equation (8.2)% with a = kwKewKe. Thus the proposed

meachinsn is in line with the result obtained.

f-mercaptoathylamine~-RuORu<" reactinn

The nK. caorresponding to the loss of a proton from
-SH and NH," groups 1is greater than & (Wilson and
Martin, 1071, Morris, 19743, 1f the rate of
protonation of RSH i1s diffusion controlled, the rate
of dissociation of =such a protonated epeclies may be
egtimated from the dissociation constant of <thiol
group (McCann and McAuley, 197%; Mcfuley and Qlatunji,

1977 . '
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Thus,
Ko
RSH e====3 R3~ 4+ H* ..... (8.17)
Ka = Ku’k 5 oeades 7 08182
or Ko = 10"“Ka b e .. B.19)

Since the walue nof K. 1s approximately 107" - 107
the value of K. can be abtained in eguatiom ¢5.19) ie
of order 10 - 107& ', the value is much higher than
the observed rate constant for this electron transfer
reaction. It i therefore reacomnahble to acsume +hat
the dissosciation of —-8SH preceed electron transfer.
The following mechanism 1s therefore propoced for the

reaction of RuORu#* and A-mercaptoethylamine.

Mechani=m IIT

¥
2RSH &====33 2RSS~ + 2H* wa s o as OB 20Y

Kim
(RuORul“** 4+ RS &====3% [RuOBRul"*~ RS ,.... &5H.21)
s
[RuORul1“* ,RS + RS ---> [(RuORul®* + RSSR ... (5.22)
fast
[RuORul14+ + RSSR =—==—= > [RuORulI=* + REZIR ... (5.2

K.... ie the outer-shere equilibrium constant.
Based on the reaction scheme the rate of loss of

RuORu“* is given by equation (5.24).
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-dl RuQRu4+] ¥, ,K...K. [ RSHI =2 RuDRu4+1

----------- = e —————— e 5280
A+ [H*12 4 K..K.*[RSHI[H*)

12 (H*)= 4 KauKs"[RSHITHE*), then

KoK ki RSHIZ[ RuORu4+1
Kimiz = = e cmccmc e ee o ———— s en (OB.28)
KooK PSHICH"

Kale.,*l RSHIT RuDRu4*}

The equation (5.26) ie in agreement with equation
(5.2) with a = kaka"
Another mechaniem which i{ie alsoc consistent with

the obmerved experimental data ie given below.

Mechanism IV

ku-
[ RuOPy12+ + REH &===== [RuORul2+ RS- + H* ... (.27
Teo. 3
( RuORul =+ RS~ ~==—= » [RuORul“®* + RS ... (BL28)
fast
2R wemme—oe—— > RSP L. ... (% . 200

Thi= mechaniem 1= 4n agreement with the rate law,

- dl RuORu4~]
——————————— = KeKewl RuORu2*31{ RSHI[ H*]1 " < e €830
at
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This mechanism agrees with the experimental rate
law in egquation (5.2) with a = KeKew.
2-mercaptoathancl = RulORu4r reaction
The following mwechanism is proposed based on  the

experimental results obtained for the reaction.

Mechanisn V

Ku
ESH &====2 RS~ + H* ..... (5.3
K 1 r
[ RuORul#" + RS &ss===z3 [RulORuI**+,RS~ ..... (5.32)
X
{RuQRul~*™ + RSH ~-—-—> [RuQRul™" + RE + H™ ... (5.3%
ko
[RuQRul2+ , RS~ =-=—==2> [RuQRul™" + RE&. e e (5.345
fast
2RE2'  m—m——— » RESR e ea e 5.,352

With equatione (B5.33) and (5,34 as the rate

determining steps the rate egquation can be written as

- df RuORu4+1
———————————— = Kol RuQBu4+1{ REH1 + kI RuDRu++, RS-1]

cres. (BH,36)

Substituting for {(RuQRu#*,RS~1 from equation (G.32)
gives

" — AL RuDRu4+1
------------- = kol RuORu4+1{REH1 + k. K'®[RulORu<+1[ RS-}
dt : ve e, 18,372
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Subctituting for RS- from eagquition (5.31) gives

- Al RuQRu+*1 k%5, Kol RuCRu2*1 [ RSH]
--------- = k«[RuORuA*1[RSH] ¥ ~~--m-eermmmmec e | | (5.38)
dt (H*]
- dl RuORu~+] Kokiy ko
---------- = {RuORu2*1[ RSH) (ks + -========) . ...  (5.30)
dt [E*]

Thi=s equation 1s in agreement with the
experimentally ohtained rate law (5.3) with < = k. and
b = XipeKuks. Thuse the propocsed mechaniem is
consictent with the experimental result obtained.

The negative calt effect observed in the reaction
of L-cysteine, B-mercaptoethylamine and Z2-wercapto-

ethanol with the oxobridged dimer Indicated that

unlike chargee are interacting 1In the activated

complex (Wilkins, 1977). Thise agrees with equations
(5.6), (5.21) and (5.32) in the proposed reaction
sechemes. And the positive salt effect olhserved for
the reaction of mercaptoacetic acid with the

oxobridged dimer alseo agrees with the equation (5.13)
in the vropnsed reaction echeme in which like charges
are interacting or a charge reactant with a neutral
molecule (Wilkines, 1977).

The presence of gel formation resulting from
polymericsation, when acrylanmnide was introduced 1into

the reaction mizture obeerved in all the substrate (L-
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eyeteine, mercaptoacetic acid, f-mercaptoethylanine
and 2-mercaptoethanol? oxidation by the oxcbridged
futhenium dimer, euggests the presence of frea-radical
ag the poesible intermediate in these reamctions. Free
radical intermediate formation has been previously
reported for wvarietlese of thiole reactions (Karmann gt
al. 19468>, Ayoko and Olatunji, (19852, alzo reported
the presence of free radical 4intermediate in various
thiols reaction, Aypka and Olatunii (1983) reparted
the oxidatien of L-cyetelne, mercaptoacetic acid and
B-mercaptoethylamine by 12-—tungetocobhaltate (IT11) 1nﬁ
proceed via a free-radical formation mechanismnm.
Bimilar observation was reported for L-cysteline and
mercaptoacetic acid oxidation by  per o - -Bound-
chromium IV (Gonld and Gosh, 123862 and 2
marcaptoethancl reaction wlith Be(IV) (Resat 2t al,
1980 and most recently the report of Ivun, Ayeoko and
Ekubo (10933 on the glutathione oxidation  hy
diaguotetrakis (2, 2-bipyridined-p—oxo~diruthenium
(ITI> ion, the reaction proceed via frese radical
formation mechanism. Therefore +he observed free
radical intermediate formation f£or the reaction of
thipls with the oxobridged dimer reported in this work
agrees with a literature observation that +thiols

compounds react in the s-deprotaonated form to give
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thiyil radicale (RS -) i.e; the intermediate for
disulphide formation (Grachev and Soroka, 1681).

The obeerved antonz (M1-, WO.,, CH.COO- and S0.=)
cataly=sis on the reaction rate for the reaction of L-
cysteine and mercaptoacetic acid with oxobridged dimer
and the cation (Na*, ¥K*, Rh* arnd ¥Mn=*) acceleration of
the rate for the react?on of mercantoacetic acid with
the oxobridged Adimer eungeest that the reaction occurs
by onter-anlere wnmechanienm, Ton= catalvels aof the
reaction rate were ealier reported as characteristic
af an onter-sphere reactione (Pennington and Hain,
1967; Przystas and Sutin, 1073; Adegite et al; 1077).
Although cation and anion catalysis was not observed
in the reaction of f-mercaptoethylamine and Z2-mercap-
toethanol with the oxobridged dimer, +this does not
ruler out the pasmsibility of the outer-ephere mechaniesm
for these reactions, eince the rate—-determining steps
for these equations (5.22) and (5.35) are the
dissociation of the lon-pair. Therefore the anions
and catione are excluded 1Iin the activated comnplex
formation, hence the expected catalysise by the ions
cannat bhe observed. Outer-sphere redoxx reaction
accenmpanied by anion catalyeis was reported for the
redox reaction of the oxidant (RuDRu4*) with Br0a—,

0.~ and 1,4-bhenzene diol (ITyvun et al, 1992).
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Further support for outer-sphere mechanism for
these raactionq (thicle/RuCRu+*) systems ic observed
by lack of intermediate complex formation in these
reactions. This wase proved by aboence of any ehift in
‘max nor an enhancement of absorbance when the spectra
af the reaction mixtures for the individual thiole and
the oxidant were run two minutes after the initiation
of the reaction (in each case). The result indicated
that there wae no epectroscopic evidence for
intermediate complex formation prior to the electron
trancfer step. To buttressed this evidence,
Michaeli=—~Menten plote of 1/k.wecas vers=ue 1/[REH] (RSH
= L-cysteine, mercaptoacetic acid, B=
mercaptoethylamine and 2-mercaptoethancl) (fig 4.10)
were carried out, and all these were found to be
linear pascing through the origin with no intercept,
thie further suggests adbsence of any detectable
intermwediate of significance stablility. Therefore the
reactions of all the thiole with the oxobridged dimer
occurs by the nuter-sphere mechanismn. In thie respect
the mechaniesm ie eimilar to the one proposed for the
reactiaon of L-cysteine, mercaptoacetic acld and B-
mercaptoethylamine with 12-tungestoccobaltate <(III) ion
(Olatunii and Ayoko, 1983) and glutathione oxidation

by the oxobridged ruthenium dimer (Iyun et al, 19932,
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oxobridged rothenium dimar reaction with some
oxyanions (RrD .-, S0.7) (Ivun et al, 1292), all were
found to proceed wia outer-ovhere mechaniamn.
Unfortunately, the ahsence of requisite data could
not allow the Marcuse thenry (Marcus, 1062) to be
tested for thesa reactiones Hawayer from the observed
data, it ie poseible to sscume that the reactinn of
RuDRu+* with tha thipnle (lL-cysteine, mercanptoacetic
acid, @-mercaptoethylamine and 2-mercaptaetharnl) all

proceed by ovter-spnhere mechaniean.

5.2 RuflRu4~ - Resorcinol syctewm
The atalchiometris studies for the reaction
indicated one mole of +the reductant rer two moles of
the aovidant in excese of RulORu4* (equation 4.2). This
value 1e consictent with that reported for 1,4-bhenzene
di0! reaction with the ocxcbridged ruthenium dimer
(RuDRy24+) (Iyun £t al, 1992%, reesorcinal oxidation by
vanadium (Mittal and Mehrotta, 1965 and cerifum (Yadav
and Varma, 1081Y.
Firset-order dependence on each of Lhe reactants is
commonly sncountered in the reaction of
dihydroxyhenzenes (Verma and Yadav, 1981:; Iyun et al,

1962), Thise is 1llustrated by equation (5.40)
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= dl RuQQRu=24+]
——————————— = k[ RuORu“*1[H.Q ass s €580

An Inverse first-order hvdrogen ion dependence has
heen featured 1in the reaction of dihvydroxyhenzenes
with metal conplexes, ounter-aphere oxidation of
hydrogquinone by Cu(dmp) .=+ (Clemmer et al, 19793, 1,4~
and 1,2-dihydrozylbenzene oxidation by [Ru(CNY;12—
(Macartney “t al, 1000), 1,4-d1hydroxybenzene
oxidation by the oxobridged ruthenium dimer <(Iyun gt
al, 14982 Similarly, an inverse firet-order hydrogen
fon dependerce has heen ohserved 1in resorcinol -

RPuyNky4+ rapnctinn Thies conforme to the equation;

ks = alg*1— waers:  COLETY

The ocverall rate law for the reaction can be written

as in eguation 5.42)

- df RuQRu#*1
—————————— = alH*"1'"[RuORu“*1[ H=Q) « & wame SRR
The obhserved acid dependence conld be due to the
thermodynamic etahility of the phenolate ion (Clemmer
et al, 1979). From the data obtained the following
reaction schemes can bhe proposed for the reaction of

the nxobridged dimer with resorcinol,
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K,
H:Q &===> HO~ + H* ..... (5.43)
Kie
{RUORu“*1 + HQ™ &====3 [RuORu!“**+ HQ- i i o K449
Ke

[ RuORu4+1 , HQ~ —=—=2 RUQR®*" + HQ .is:: B.4%5

fast
[RuORul** 4+ HQ ~====5% BuldRu™* + H* + O

(5.46)

Vith equation (5.45) as the rate-determining step,

the rate equatiorn can be writien a=

= dl BulRu"*~]
————————— = Kol RuORu“*, HQ1 PORVETRYPRN: < . THY - 4 1 )
e+

Applying e=teady ctate approvimation +n the
concentration of { RuDRu”*, HO™1 subetituting for

[RuORu2*,HQ1 from equation (5 44) gives

- dif RuORu* "1
—————————— = KoKipl RUORUWA*ITHOY .... (5.48)
dt
Substituting for THQ 1 from souation (5.43)

in equation (£.48) glvees



123

= dl RuDRu4+) K.lkak,  f RuOPu<4+1[ H..Q)

—————————— PN L D 1-

This equation ie identical with experimental rate
equation (5.42) with a = k. K, lc..

The poeitive ralt effect (Broncsted, 1922) ohecerved
in thie redowy reaction is in line with the proposed
reaction scheme (5.4%) . Free radical test wae found
to be negative, but thie does not commletely negate
the formation of radical in the reaction. Revort on
the hydroguinone reaction with Ru(CN)..1™"= (Macartney
et al. 1940 tha rate determining !1e one-electron
oxidation of H-Q or HQ~ which are rapidlv followed by
second one-electron oxidation of +tha semiquinone
radical HO-. Baxendale and Bardy (19051) raeparted that
the eemiouinone free radics’ {e =a reactive that on
most systens 1t cannot be observed eynerimentally,
accourtineg probahly for the lack of free radical
trapping experiment. Frea radicals are commonly
obeerved in moet of the reaction of dihydroxyhenzene
(Rykova ot 31, 1072).

Addition of cations (Li*, WNa* X* Pbh*, Mg=* and
En®*) and anions C1-, NO.~ and S0.") were found to

have no effect on the reaction rates. A characteristic
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¢f an ilnper-ephere reaction mnechaniem (Przstas and
Sutin, 1973; Adegite et al, 1977). Tack of 1ione
catalysels adbegerved in the rvaction of rerorcino?! with
RuQRu"* may be due to electrom transfer in the rate-
determining waten (equation 5.45) occure within an ion

pair complex, trerefare the 1on catalysis can not be

obhserved

Michaellc-¥enten vlot of 1/%k. ...+ wereus 1/fH2Q]
pase. throngh the origin, fig 4.10) 1indicating the
absence of couplexz formation, The cnectrum of the

reaction mixture Was run one minute after the
tnftiation of +the reaction and +he apectrum was
compared *o that of oxaobridged dimer, no any shift
pbeerved fn the Amax 6%58nm, ~haracteristic onof the
oxobridged dimer Thi= esuggeest that an intermediate
complex isa wmost  1ikely not formed Dbetween the
reactante. Thie obeervation suggests resarcinal -
RuOPu~+ reactinmns occur wia muter-sphere mechanism.
Rased o©on the observed resvlts an muter-sphere
mechani=m can =afely be proonsed for the reaction of

the owobridged dimer with resorcinal.
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Summary and Conclusion
The redox reactions of diaquotetraklse 2,2-

bipyridine)-p-oxo-dirutheniumd<IID) ion wae studied

with thiole (L-cysteine mercaptoacetic acid, B-
mercavtoethylamine and 2-mercaptoethancl) and
resorcinal in acid medium, The rates of all the

reactions chowed 1inverse hydrogen 1on dependence.
Thie shows deprotonation of the reductant.

The stoichiometries were 1:1 for the RulQRus™
thiols reactions, while 2:1 oxidant: reductant was
pbserved for the RuORu4*-resarcinol reaétion. The
thiols reaction gave a disulphide product.

The rate of reactlion of the aoxldant with cysieine
wae found to be catalysed by added anions (C17, NO.—,
£04,~) while that of mercaptoacetic acid wae catalysed
by both the anions and cations <Li*, Na*, K*, Rb*,
Mn=+) . But the rate of reaction of B-
mercaptoethylamine, 2-mercaptoethanol and resorcinol
with the oxidant were found to be independent of the
added {ons. Free radical intermediate formation was
observed for all the thiols - oxidant (RuORu“**)
reacticns but it was not observed in case of
resorcinol - oxidant-reaction. The product for all

the syetens was found to cbeerved at about 48%5nm.
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This preobably correspond to the absorption band of a
nixed-valenced complax RuORu®*,

The following rate constants for the reactions of

“tha oxidants and the reductants ware observed.

ki (L-cyetaine) = 2,02M's7, ki (mercaphtn acetic
acid = §.98 x 107"M-'g~', k. (f-mercaptoethylaminel =
2.28 » 10m's', ke C-percaptoethancl) = 4.54M™ 'z,
ki (resorcinol) = £.38 = 10-#*M'g—¥,

ODn  the hasis of +the results af these
investigations, the absence of both spectroscopic and
kinetisc evidence of complex formatlon prior to
electron=transfer and non-conformity of the results
with Michaelis-Menten eguation, it is suggested that
all the reactions of the RuDRu4™ with the reductants
gtudied 1un this project, probably proceed by ocuter-
sphere mechanlems and the mechanlsm is proposed for

211 the systems.
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