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Sumnaty

The subsüÍÈutlon reactions of [Co (NI{3) sOHz] 
3*, [Rtr(NH3) sOIIz] 

3*,

cis- and tz,ans-[Co (en) z (OIíz) 2] 3+, anð, cis- and txane- [Co (tn) 2QH) 2J3+

with seleníÈe have been studied over the pH range 1-10. In additíon'

prelíninary invesÈígatÍons have beerl made into the substituÈion

reactions of []Ti(Me6tren)OH2]2* r¿ith C1 , Br , N3 , and HSeO3 ' and

also the reaction of aquocobalamin (Vitamln BL2a) wíth seienite'

In the case of aquo-conlplexes of cobalt (III) (and also

[Rh(Mi3)SOIle]3+¡ the reacEíon half-tines at 25" range from several

seconds around pH 10 to 30 mÍllisecs aroued pII 3. These short

hal-f-tines contrast with the half-times of many hours for waËer-exchange

with the aquo-ligands, ancÍ the half-tine of minutes for the oxygen-

exchange raie between selenite ancl waËer at pH 10'

Infrared and analytÍcal studies of the crystallíne selenito

products show that seleníÈe ís oxygen-bonded to the metal cenÈre as

a monodentate ltgand, as in [Co(NHg)5OSeO2J+. However, under forcfng

conditlons seienite can also be made to act as a bidentate lfgand

bonded through tr,lo oxygen atoms' as in [Co(en)202Se0]
+

The monodentaEe seleniÈo conpl-exes are suseeptíble to rapid

acj.d- and base-hydrolysis but sígnificant eoncentrations stíl1

perslst at plt 1 and pH 10. Selenito-complex formation Ís vlrtually

complete in Èhe neutral pll region.

the activation enthalpies for substitutíon and hydrolysis

are generally in Èhe range 46-60 kJ mol-l but fal-l to around
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35 kJ mol-l betvreen pH 6 and pH 8.5. These low values are indicative

of se-o bond formation and rupture and compare favourably with the

activation enthalpies for the oxygen-exchange reaction between

selenite and water, AHt =S4.6 kJ mol-l, and the base-hydrolysís of
ex

-ÞI
[co(NH3)5oseo2l+, o1Ïr. = 48.1 kJ nol..l, both of which proceed through

Se-O bond rupture 1n Ëhe rate determining steP' Since the metal-oxygen

bondremainslntact,thesubstituÈÍonprocesscanbeconceivedas

nucleophilic attack of an aquo-ligand at the Se(IV) centre'

Around pH 3 substitution proceeds through a Precursor ion-pair'

e.g. eis-Co(tn) 2@Hù23*.tls"og-' At 30'3o and 1 M Íonic strength'

k - = 37 ! 2 stt-li Krp = 11'4 t 0'6 M-r t
an

for the substj-turion of cis-Co(tn)z(OHZ)23+ with HSeO3 . In the

neutralpHregiontheobservedkineticsareconslstentf¡/ithËhe

rate law

kob" = k1[HSeo3 ] + kz[uSeo3 12'

A lirniting rate was observed around pH 7 but noÈ aÈ plt 8'

Íthen cís- anð' tt'ans-diaquo complexes substiÈute with

selenite Ëhere is a two-steP reaction sequence:

translco(NN) z@Hùzl3+ + IrSeo3- ]. t.oqnr.[co(NN)2(o'z)oSeO2H]'* +
(cis) (eis)

eis lco (NN) 2 (ouz) oseo2u] 2+

(trans)

Step I, substitution by seleniÈe, proceeds up to 105 tines faster

than step II, lsomerization of the selenlto product' when NN=en

and up to 102 Èimes faster when NN = tn. ['Ihereas step I is virtually

independent of amine ring slze, sÈep II 1s markedly accelerated wiËh
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6-membered tn rlngs. The acËivation enthalples for step II are of

the order of 110 kJ no1-1, indicatlve of Co-O bond cleavage' At 25o

and 1M ionic strength, K tyans * cí.s = 13.5 t 1 at pH 3.3' and 70 t 20

ar PH 7.0.

In the case of [NÍ(Me5Ëren)ott2]2+, the reacÈíon half-Ëimes at

25o range from several seconds for HSe03 to 100 nillisecs for N3 .

The kinetics are consistenÈ ¡sith the rate law

kob"=kr + k2[Y-J,

where k1 and k2 are both dependent on the naËure of Y'

No discernible reacÈion was found between seleníte and

aquocobalamin.
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Chnptez' L. Intz'oduction

L.L Irnrg anic Sub s titution Re aetiovts

The class of inorganic reactions involving Èhe replacement of

oneligandinametalcomplexbyanoÈher,co''rmonlycalledsubstitution'

has been Èhe subject of extensíve investigaÈion and review in recent

y.ar". 1-3

The advent of fast reaction techniques4 such as stopped-flow,

llne-broadening (N.M.R. and E.S.R.), temperature-juurp and pressure-j-:np,

ultrasonic absorption, and flash photolysis has progressively extended

the time r,ange available to the kineticist by a factor of roughly 1010'

As a direct result, the available data on ínorganlc substitution

reactions have increased enormously ovel Ëhe past t$¡eniy years '

Together r¿ith a beËter undersÈanding of the role of the solvent in

these reactions and Ëhe significance of ion-ion interactions ín

solution, thís has 1ed to a reaPPraisal of convenÈional mechanistic

ideas.

Agoodexampleofthisistheapparentlysímplereaction

[Co(NH3)sgl]2+ + Noz llzo, 
ICo(NHs)sNOz]2+ + Cl- 1.1

which was orÍginally thought to proceed by dÍrecÈ substitution of

Cl by NO2 and subsequently found in 1954 to follow a conplex 5-step

reacLíon pathwaY.5

7.2 Assígwnent of Reaction Mechall¿sm: Aetioation Modes

Since any substit.ution reaction inherently involves bond-
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rupture and bond-formaÈlon, a fundamental question aríses as to

whether the fornaËíon of a neI¡I bond between the metal and the

Íncoming lígand ís concurrenÈ wlth, or subsequent Lo, díssociatíon

of the outgoing ligand frorn the complex. These alternatíve modes

of activatíon are termed dissociative, and associative, respecÈlvely.

A substitutíon reactíon proceeding by a purely dissociative
61

mechanism Ís comronly classlfied as D or s"l(Lím), whereas a
61

purely associatíve pathway is designated A or SN2(lftn). The

D-type mechanism l-eads to an intermedíate of reduced ccordination

number ln a rate determíning dissoclative step ' foll-owed by rapid

assoclaÈÍon of the new ligand. In the A-Eype mechanlsm, rapíd

dissocfation of the old lígand from an intermedíate of íncreased

coordlnatlon nrunber follows the rate-deterrnining assocíative steP.

Most substÍtuËion reacËions have mechanisms which are

SOmewhere between these thto extreme cases. Such reactions can be

16
classified as S*1 and S*2¡ or better, Id and Ia, which are

representative of the Lnterchange mechanfsm ln which emphasis 1s

placed on the lnterchange of 1-lgands between the first and second

coordination spheres of a meta1.

7.3 Anatior¿ Reaetions

The replacemenÈ of an aquo-l1gand by an aníon comprlses a

particular class of substítution known as anatlon which can be

written in the general form

ROH23+ +X kx

hro
Rx2+ + Hzo r.2
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where kx and kH2O are the raÈe constants for the forward anation

and ïeverse aquatíon reactions' resPectively'

In the past, particular emphasis has been placed on siudying

anaËion reactions in non-aqueous solventsr hrhere ion-association

plays an important role.

In aqueous solution, however, the effect of ion-association

is more subtle and generally only indirect evidence of ion-paír

formation based on kinet.ic data is available, raËher Ëhan the direct

detection of ion-pairs in soluÈion. lon-assocíation consËants which

are derived purely from kinetic measurements are subject to doubE

if the ion-associaÈed state resembles more closely Ëhe reactant

state than the transition state and wherever possible an independent

determÍnation should be made from conducÈance, charge-Èransfer or

ultrasonic absorption daËa. An added diJficulty in aqueous soluÈion

is thaË most ion-association constants have ratT¡-er low values ín

rüater.

7.4 lon-Assoeiatíon ín Aqueous SoLution

It was not until the early 1950s that a sudden revival of

interesÈ in inorganic substltution reactions, coÍncÍding wiÈh the

íntroduction of such techniques as N.M.R. and ultrasonic absorptíon,

focussed attention on the ímportance of ion-associatíon in reactíon

kÍneÈics.

J..4.1. Íhe Soluated Lon

The classic contlnuumsolvent model of DebyeT and Onsager'8

¡d¡rich has been utilized by Bj"rr,r*9 and Fuossl0 for assocÍated
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electrol-ytes, corisiders Èhe solveÛt as strucÈureless and completely

characËeri.zed, by iÈs bulk properties such as viscosity and dielectric

constant. This model, which disregards any specific ion-solven¡

ínteractions, ís only adequate for ions sepalated by tI^lo or more

solvenÈ molecules.

fþg límitatÍons of thecontinuummodel promPted Frank and l^Ienl1

to fntroduce the concepË of rrstructure-makingrr and |tstrucÈure-breakingt'

by ions in solution. Thelr model considers the íon in solution as

surrounded by three concentric regions:

1. region A, containing a definite number of solvent molecules

in a regular orientation, is the structure-making regicn;

2. region B, where the solvent is randomly oriented, ls the

strucÈure-breaklng region ;

3. region C fs the bulk solvenË'

Regions A and B are commonly referred to as the prímary and

secondary coordlnation spheres, resPectively, of the solvaÈed ion.

Measurement of the exact compositíon of the fírst coordination

sphere (i.e. the coordj-nation number) has been made for varÍous íons

using the N.M.R. method.l2

L. 4. 2 Ion-Assosiation Meehanism: The ReLa.ûatton Method.

The occurrence of tr^¡o dístinct maxíma whose shapes are

characteristic of a slngle rel-axation process' in the ultrasonÍc

absorption curves of a number of 222 eLectrolytes ín aqueous solution,

partícularly the sulphates of divalent cations, led to Eigentsl3

proposal of a 3-sEep reaction sequence for ion-association in
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solution. This is shown ín the reaction scheme below:

M2+ +
aq

I
Y,, ,

kztx2-
aq

xz

2

llk2 ksz II
III
k+s

M2+

lvr'* d' d'
Lt"'H

M2+ x2-aq
x2-

aq

aq

1

4

3

k

,F
\"

43

3

Steplwasi<ientifiedasthediffusion-controlledapproach

of the solvated metal and ligand ions, tû^l ana x2l, to form the solvent
' --ae aq'

separaÈed íon-Pair, 2;

step II corresponds wíth the removal of a trater molecule from

the first coordination sphere of the anion to form the intimate or

outer-sphere ion-Pair, 3.

steP III, which is the rate-deternining step for ion-associaÈion,

corresponds with the removal of a water molecule from the first

coordination sphere of the catíon and its subsequenË replacement by

the X2- ion to fonn the contact, or inner-sphere ion-pair, 4'

Thlsmultistepion.assocíationProcesshasbeenconfirnedby

Atkinson and Korl4 who observed three relaxation peaks at tu 3, 30,

and 200 MHz during an investigation inÈo the ion-association of Mnsoq

in aqueous solution. only the 3 and 200 MHz peaks had been originally

found by Eigenl3 who assumed the existence of a third peak.
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For ìtrSO4 in aqueous solution, steP I in the above reaction

scheme can not¡ be identified with Ëhe 200 MIIz peak, step II with

the 30 MIlz peak, and sÈep III with the 3MHz peak'

The existence of three relaxation peaks at T' 0'13, 11, and

LT}lfrtzhas also been reporÈed for MgSOa ín aqueous soluËionrl5

r,¡hich is responsible for the large excess absorpÈion at ultrasound Ín

sea r¡rater.

The outstanding features which emerge from the Eigen treatment

of ion-associaËion are:

1. the forward rate constant, klz, for steP I is in good

agreement with that predicted for a diffusion-controlled

rate;

2. the forward rate constant, k23, for step II is vÍrtually

independent of ttre cation, M2+;

3. the forward rate constant, k34, for step III is very

símíf¿a ¡e þ , the rate constant for Èhe solvent exchange
ex

on M2t - l¡r Èhe case of M = tr{n, kg,* = k"*.

Although the importance of ion-pair formation and solvenÈ

exchange in relation to the mechanistic interpretaÈÍon of ligand

substitution has been reco gti-zed qualitatively for some tinerl6

the Eigen model provides a sound basis for a quantitative ÈIeatment

of the processes Ínvolved tn the region of the solvaËed ion. In

addiÈion, applícation of the relaxaÈion method has proved to be

particularly valuable ín ttr-e study of labile metal complexes whích

undergo very rapíd reactions.lT
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7.5 Actíuation Pat'ametet's for Substitution Reaetíons

Theratelawforareactionisdeterminedfromaconcent'ration

study which leads to an evaluatÍon of the rate constant' The

t-f
activatÍon Parameters, ÀHT and AST ' ate determined from a

l
temperature dependence study of Ëhe rate, and ÀVl' from a Pressure

dependence studY.

Dissociative reacËions, in the absence of solvent interactíon

and charge alteration in the Ëransition sÈaÈe' are characterized by

1
relatively high AHT values, indicative of the large årìount of energy

t
required for bond-rupture, and positive ÀsT values, arising from the

increased disorder ín dissociating a lígand from the metal complex'

In addiËion, Èhe rates of dissociative substítutÍon reactions are

índependent of the nature of the nucleophile'

By contrast, associative substiÈution reactions have lower

JI

^H.l 
values, negaÈive ¡'ST values, and reaction rates which vary

aecording to Ëhe nucleoPhÏLe'

Considerthesubstitut'ionreactionínvolvlngthereplacement

ofaneutralligandfromanunchargedrnetalcomplêxbyanother

neutral ligand in a non-aqueous solvent of low ínteractíon:

[Mo(co)s] + PnBu3 MeOIl, 
[Mo(co)5PnBu3J + co 1'3

Thís re¿cÈÍonl 8 ís des"rÍbed by a two-Ëerm rate la¡rr

R = k1 [Mo (co) o] + k2 [Mo (co) s] [PnBu3J r '4

indicatíngthatsubst'iEutionÍsproceedingthroughtwoalÈernative

path\^¡ays. The activaÈÍon Parameters f or rhe dissociatíve and
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assoclaËive pathways described by the k1 and k2 terms are

¡nrt = L32.6 kJ mol-l , As,* = 28.0 J K-] mot-]

^frz* 
= 90.8 kJ mol-] , ÀSr* = -.62'3 J K-r mol-l

Since most substitution reactlons involve solvent ParÈiciPation,

especially if carried ouË in aqueous solution, and also involve a

change in charge leadí¡g to formatíon of the transition state, the

assignment of reaction mechanism is generally not as facile as ín

the above case.

Bennetto and Caldinl9 h"\t. sl¡-om that there is a linear
r+

relation betv¡een Á,IlT and Á,ST for ligand substituÈion reactions,

íncluding the specific case of sol-venÈ-exchange, of divalent metal

ions in various solvents, after ligand-fle1d stabilizatíorl effects

have been Èaken into account. Using the structural uoclel of Frank

and Wenl2 they have interpreËed this linear relation as arísfng

from a t'solvenÈ-modified dissocíative processtt wíttl the solvenÈ

playing an active role in controlling the overall ligand subsÈitutíon

reaction.

The activaÈion Èermr#, 
'" 

also sËrongly dependent on

solvent and electrostrictive eharge effects and no símp1e conparÍson

can be rnade between the sígn of this term and Ëhe mechanism of the

reactíon.

An exampls ef ¡hjs is the aquaEion of ICo (NIl¡)sXl C3-n)+
,

where X = So4 2-, CL , Br , and No3 , which has been shown2o to

proceed by a-dissociative mechanism and yet the activation parameters'
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I+
^Vl 

and 
^,Sr, 

are negative because of electrosËrictive interaction'
I

For the part.icular case r¿here X = H2O, AVT is posiÈive since there

is no electrostricÈive component for water'

L.6 Anation Reactions of oetahedyaL cobaLt GII)'Anrine conrpLeæes'

Many of the anaËioi¡. studies at octahedral cefitres have been

made on cobalÈ(llr)-amine complexes because of their suitability

for kinetic investigation with regard to stability, ease of preparation,

and relative inertness to substituÈion. some of Èhese reactions have

been recently reviewed.2

Most anation reactions of these complexes ín aqueous solutíon

are found to have a non-linear dependence on anion concentration'

[Lt-] . A plot of k"o vs. [Lt-] , where k"r, i" the observed fÍrsË

order rate constant, generally shows an initial línear dependence

at lohr [L*-] Lending tor¡¡ards a limiÈfng value, krrr(lin) ' at high

[Lt-]. In some cases, however, the linear dependence is maintained

up to the highest anion concentraÈíons used'

The observed rate law, which can be expressed in íts

reciprocal form as

Ltk . = bla + Lla [Lt-] 1.5
' obs

where a and b are experimental pararneÈers, is eonsistent with either

of two closely related mechanisms'

In the dissociative competition mechanism (D or SNi(lin)),

dissociation of an aquo-ligand from the meÈa1 complex 1-eadíng to

a5-coordinateinterme.diateintherate_determiningstep,is
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fol-lowed by compeÈítive aÈtack beÈween solvent ltateT and the

incomingnucleophí1eonËhenewlyformedspecies.ThelÍrniÈing

rate of anation in the case of the D-mechanism is reached when

the concentration of the anion is such that it reacÈs with the

intermediate as soon as lt is formed, leading Ëo a steady-state

sítuation where the rate of foruation of the ÍnÈermediate is

equal to iÈs rate of removal. The anation rate is then independent

of the anion concentration.

The ion-pair mechani.sm (sN IP) involves the rapíd pre-equilibrium

formation of an ion-pair betvreen Èhe charged reactants, followed by

rate-deÈermining interchange withín the ion-paír. For relatively

inert aquo-complexes the Eigen mechanism can be símplÍfied:

K
RIIzoo* + Lm- # {rut2ot+, Lt-} 1' 6

lRltroo+, Lt-] RL Cn-n)+ + HzO L.7
slow

TheernergenceofalinitingrateÍnÈhecaseofÈheSNIP

mechanism occurs when all the subsÈrate catíons aÏe compleÈely

lon-paired and each act of dissociation within the ion-pair leads

to substitution. The one-step interehange process can Proceed through

either mode of acÈivation and ís therefore classífied as Id or Ia'

TheD-mechanismhasrecentlybeendemonst'ratedforÈhe
2).

by SO32-, where the raËe+
anation of tt'mslCoCen)z SosCOHz)]

data are consistent with ttre 2-step reaction scheme

trans-lCo (en) 2S03 (oH2) 1+ 1.8
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Co(en)zsos* + so32- è trans-lco(en)2(so3)zJ 1'9

where the 5-coordinate ínËermediaËe, Co(en)2so3+, is sufficiently

stable to be selecÈive tor¿ards different nucleophíles. Thls is

shown by the comPetiÈion ratío of

k/k =(915)x103at25"Cs. f,f

between So32- and H2o for the Co(en)zSOg* intennediate' The

alternatíve S"IP mechanism has been ruled ouÈ because of the

improbably high ion-assocÍatíon consËants required at the ioníc

strengths emPloYed.

Anotherínstancewherethistypeofmechanismisthoughtto

be operatíve Ís rhe anarion of cis and txans-[co(cyclam)c1(oH2)]2+

by CI- and NCS- ,22 ,h"r" Èhe reaction proceeds through a 5-coordinaËe

square pyramídal inËermedÍate leading to a competiËíon raÈio between

NCS- and H2O of

\ar/hr.=4.9x104at59oforthetrans-substrate;

\rr/hro = 4.3 x 102 at 25o for the czls-substrate'

ThisdifferencelnraËioshasbeentakenasexcludingthe

posslbility of a trígonal-bipyranidal internediate. Agaín the high

value required for the ion-association cofistant in the case of the

tyans-substrate has been cÍted as evidence against an s*IP mechanlsm'

FÍna1ly, it is worth menËioning an anation reactÍon vrhich does

not ínvolve an amÍne complex, namely the anatÍon of [RhC1(OHZ)S]2+

by C1-r23 rh"r. it has been possíble to nechanisËica1ly discrÍminate



between the D and

wlth that derived

unusual source oÍ

base forms of the

different rates.

T2

S*lP pathways by comparing the observed rate 1aw

for each of these two alternative mechanisms' This

evidence coues as a result of the acid and conjugate-

complex simultaneously undergoing chloride anation at

co(lrn3) 53+ + HzO

An investigation into the formatÍon of lCo(NIl¡)5X]2+ complexes,

where x = cl , Bï , NO3 , scN , and H2Po4-, by the reacËion of

[Co(NHg)SNg]2+ with HNO2 Ín the presence. of the above anÍons 1ed to

the original proposal by llaim and Taube24 that a D-mectnnÍsm,

leading to formation of the 5-coordinate intermediate, Co(NffS)53*, was

operative for this reactíon and also for Ëhe direct anation of

Co(NHe)SOIlz3* bY X , ttiz. ,

k-E2O

lco(NHg) 5oH2J 
3+ ffi

co(NII3) S3+ + x- [co(Nn3) sX]2+

1.10

1.11

Thlsmechanist'icproposal,whichnecessarilyrequíres

competition beÈween X- and II2O for Èhe CoCNHg)53+ iot"tmediate,

has been refu¡ed by Pearson and Moorer2s how"ver, who found no

evidence for any direct formation of [Co(NII3)5NCS]2+ during an

fnvesrigation ínro rhe acid hydrolysis of [Co(NEg)5t'tO3J2+ ín the

presence of excess NCS

In order to account for this díscrepancy, and also for the

observation ttrat Èhe rates of anation of tlte [co(NHg)uon23+J species

by SO42-rCl , SCN-, and H2PO4 are nearly a consËant factor of 5 less
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than the rate of vrater exchange, Langford and Steng1e6 put

forward the proposal of a dlssociaÈive interchange, Idrmechanism.

Partial dissociation of an aquo-ligand from Èhe metal complex

results in an unstable inÈermediate ¡¿hich imuediaÈely reacts with

any available llgand in the secondary coordination sphere. Thus

for a 1:1 ion-pair in an octahedral sysÈem the Id mechanism

predicts a krrr(lin)/hr. ratio of 1:5 based on the statistical

population of the secondary coordination sphere'

An excepÈion to the above prediction occurs for the anaÈion

-26of [co(NH3)soHz]s+ bY N3 ,'" where kan(lin)/hro = 1' Thís has been

attributed to speciJic association of the ínconing azLde group with

the dissociating aquo-ligand througtr- hydrogen bonding so that each

act of aquo dissociation results in azLde entry'

The sirnilarity of the rates of entry of the incomíng

nucleophlles, wiÈh the exception of N3-, is consistent with a

dlssociative mode of activation.

Conversely, ttre anaÈion of the {RhCNIf3)SOIIZ]3+ species by

Cl- and Br ís considered Èo proceed through an Ia mechanLsm,zT

wlth the i¡rcoming ligand providing a greater degree of nucleophilic

assistance Èhan Ì,rater. The ratio kan(lim) lnt O' is approximately

2:1, whictr- is 10 Èimes as large as for the díssocÍative Ínterchange

ín the analogous cobaltclll) system and ís presented as evidence fol

ao associaÈlve mode of actlvaÈion.

AlthoughÈtreLangfordnodelisexperimentallysupportedina

number of cases, iÈ should be re¡ernbered that it is based on the
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assumption that the rate of water-exchange within the íon-pair,

coincident with a lirniting rate of anatlon, is the same as the water-

exchange raie ín Èhe absence of any competótive anation. This inplies

Ëhat there is no marked change in the nature of the transition-staÈe

arising from ion-pairing. For a truly va1ld comparison Èhe rate of

hrater-exchange within the ion-pair should be measured simultaneously

with the rate of ligand substitutÍon'

It now seems quite likely that aquation reacÈions and, by

ínference from Èhe pri:rciple of mlcroscopic reversibílity, anatíon

reactions ínvolvíng octahedral cobaltCIII) complexes are dissociative

Ín character. IniËial studies on the aquaÈion of. cis ar.:d trans-

[Co(en)2AC1]n+ complexesr2S where A = OH-'C1 , NCS , NH3, and NO2-'

gave rise to the dual reaction mechanism postulate, whereby S"1 or

S*2 kinetÍcs were assigned on the basís of Ètre steric course of the

reaction. Ilowever, subsequent investigations irtËo strucÈure varíaÈíon,

leading to the Larrgfordz9 li:r"at free-energy relation between rate

and equilibrium constants for dtfferent leaving groups, have shown

that there is very little nucleophilic assistance from Èhe íncomíng

ligand in the transiÈion state for these reacÈíons, which effectively

rules out ttre possibllity of bímolecular or A-type substítution.

J..7 Arntíon Reaetions InUoLUíng Gtoup V artd vI )ryør'ions.

T,he anaÈion reactions of the [CoCen)Z(OIlz)Z]3* "P."ies wíth

so42-, Seo42-r30.rrd Po43-,tt h"',r" been for¡nd to proceed by the

rapid pre-equilíbriurn formaËion of an ion-paÍr spe-cíes followed by

rate determÍníng interchange withÍn the ion-paír' For the
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oxygen-exchange reaction of the cis anð, trans4Laquo species,

t + N 23 hrs . at 25o, and for a 50:50 mixture of dlaquo and hydroxo-

aquo ions, t 4 T, 25 mins., ãt 25".32 The ratio, k"n(1ím)/urro'

is approximately Lz1 ¡ot SO+2- and seo42-, and 1:15 for PO+3-,

which, according to the Langford classification, is consistent with

a d-mode of activation.
I

The high AHI values,
t

^Hr 
= 146.4 kJ mo1-l for So42- anation,

f
and ÀHT = L25.5 kJ mo1-t for POr*3- anation,

are consistent with Co-O bond rupture in the rate-determíning step'
_ 16

For the anation reaction of [Co(NHg)SOHZ]3* rvith SO+2-,-

kan(1in) l\ro¡, 1:5 and ¡tt* = 99.2 ! 2.1 kJ nol-I, which is again

consistent with an s*IP mechanism with co-o bond cleavage in the

raÈe-deÈernining steP.

In contrast to Ëhe phosphate anation of [Co(en) 2(OH)z]3*,

substítution by arsenaËe of the [co(NIl3)so1lz]3* íon is thought to

proceed through an associaÈive mechanism involving nucleophilic

attack by the aquo-ligand of the complex on the As(v) centre in

HAsOU2-.33 lor the oxygen exchange reactlon of IIAs042-,

t + N 25 nÍns. at PII 6 and 25o'3+

The HAso42- ion was found to be approxímaËe1y 10 times more

suscepËibIe to nucleophilÍc aÈtack than the H2AsOr*- ion' In contrast

to the analogous phosphate reactionr'the rate-determining step ín the

arsenate anation is formation of an As-O bond, not cleavage of a co-o

bond
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The greaÈer facility of reacËions involving arsenaËe compared

with analogous reacËions involvi-ng phosphaÈe can be attributed to the

relative ease with which As (v) can exPand Íts coordination ngmber to

5.

As previously described in section 1.6, anaËion of trans_

[Co(en)2S03(ggz)]+ ¡y SO32-is considered to proceed through a

D-mechanism. The sulphito ligand 1s responsible for a narked

acceleration in the rate of substitution compared vriÈh sirnilar reactions

for other diamagnetic cobalt(III) coroplexes and also exhibits a very

strong tYans-effect-
I

The low enÈhalpy of acÈivaÈion term, 
^IlT 

= 66.5 kJ mol-l, can

¿
be compared with the usual range of ÀHT values between L04'6 - ]-25'5

kJ mo1-l for analogous cobalt(lII) substitution reactlons' Since the

sulphito ligand can Potentially bond through either O or S, a possibie

J
explanaÈton for the 1ow ÀIlT value is that anatiorr proceeds through a

pseudo tetragonal intermediate, Co(en)zSOe*, utilÍzing the enpty Eg

cobalt(III) orbital Èo form a 3-centre r-T bond'

The anarion reactions of [Co(NIle)sOHz]3* and còs-lCo(en)2N02

(OHe)]2+ Uy NO2 have been found to involve the Ínitial formetion of

the unstable nitrito ísomer, followed by intramolecular rearrangement

to the sLable nitro product which is the rate-deËermining steP at

noderaÈely high concenÈrations of No2-'5'35

ThefactthatthekeysÈepinthereactionSequenceinvolves

rapid nitrosation of the compl-ex by N2o3 (2HNo2 + Nzoa + Hzo)
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and not Co-O bond cleavage has been confirned ty 180 studies.36

The rate of anation is much greater than the rate of water-exchange,

which proceeds by the normal dissociative pathway'

1.8 PLøn of the Pv'esent Inuestigation'

Prellminary investÍgations in these laboratories indicaÈed

that substitution of the aquo Iígand of [Co(NIi3)soHz]3+ by HSeo3

and the reverse 4quation of the selenito product occurred at very

fast rates (t b of the order of seconds or less) compared with

typical- cobalt(lll) substitution rates whi-ch have half-times of

minutes or hours at 25o. For the particular case of aquo-ligand

exctrange on ICoCNH¡)SOItzl3*, E 4 \ 32 hrs. at 25".37 The rate

of exchange of oxygen beEween selenite and solvent I^tater, however,

ís considerably fasËer than the aquo-ligand exchange rate for

fco(Nll3)soHzl3*. At oo, t t ¡' 60 mins. at pE > 10 and n' 12 mins'

at pÏt n, 8.7.38

It was therefore declded to launch a deÈailed kinetic and

thermodynamic fnvestigation into ttre afiation reactions of a series

of octahedral aquo-¡mine cobaltcf|) complexes wíth selenite, in aqueous

solution, and to extend thís study Ëo other transitíon metals such as

RhCIn) and NiCrI.).

The base hydrolysis of ICo(NHs)5oSeo2l+ has been studied in

these laboratories3g and found to proceecl by cleavage of a Se-O bond

fn the rate-deÈerminÍng sÊep. A pressure-dependence study, also

carried out in Lhese laboratories,40 has confirmed Èhe associative
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natuïe of the rate-determining step. The acËivaÈion parameteTs for

the hydrolysis of [co(NH3)5OSeo2]+ are,

+

^H¡ 
= 48.1 t 1'4 kJ mol-l ;

I
^Sr 

=-LZL !4 JK-lrnol-l;
I

ÀVT = -2O.8 ! 1.0 cn3 nol-l t

where the 1ow ¡tt* valrre is indicaËive of Se-O bond ruPture'

ThecobalÈ(Ill)complexeschosenfortheanat'ionsÈudywere

lco(Ntls)souz] 3+, cis arrd trans-lCo(en) 2(oHùz]3*, a¡d cis- ar.d

trans_[Co(rn) z(OtIù2]3+. A larer addition was the macroeyclic

cobalt(III.) compound, Vitanin B L2a (aquo-cobalamin) '

Of particular inÈeresL lsas the effect of ring size on the

rate of anation. The i¡rclusion of an extra CII2 $roup inËo the

4míneringhasbeenforrndÈohaveaconsiderableeffectontherates

of re¿ctions involving octahedral cobalt(III) trt eompfexes as

compared wiÈt¡, those involvlng the analogous cobalt(IIl) ez complexes'

For instance, Ëhe base-hydrolysis of the lcoCtn)313+ "o*plex 
proceeds

by a factor of tu 104 faster than Èhe base-hydrolysis of the [Co(en)g]3+

complex, and the isomerísaËion rate for trans-Ico(tn) 2(oLùzl3* i" 103

greaterqt than Èhat for Èhe analogous tz,ans-lco(en)z(oll2)z]3* "otPl-ex'42

Table 1.1 compares the relevant kinetic data for tîe trt' an.d en

base-hydrolYsls reactions'
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TabLe 1. L

Effect of Ring Síze on Reactíon Rate

Reaction kooo (M-rs""-l) AH (kJ nol-l) AS (J f- Irnol- 1¡ ref .

lco(rn)gl3+ + oH

lCo(en)113+ + on-

(7.30 ! 0.38)x10-3 138 t 5

2.2 x 10-7 156

155 t 18

L26

43

44

By extending this a steP further to include amacrocyclic compound

such as aquocobalamin, which has a very labile aquo-ligand,45 it tas

hoped to gain a greater appreciaÈion of the nature of the "steric

effects,,which give rise to these dramatic increases in subsÈltution

raÈes. The aquocobalamin species is particularly suitable for kínetic

sÈudy because of its !'/ater solubility and monomeric form in solutíon'

and as a comparison r,¡ith the kinetícally ínert model cobalamin complexes'

lodo- -and nirroaquobis (dinethylglyoxiruato)cobalt(IlI)' and the similar

cobalÈ(IIr) complexes usually Ínvestigated'

In order to tesL the influence of the nature of the metal íon on

aquo 1abi11ry, the [Rh(NHs)sOllz]3t and [Ni(Me5tren)0l12]2+ complexes r¡Iere

al-so included in the investigation'

PreliminarystudiesintothesubstitutionreacÈionsof

[Nt(Me5tren)OH2J2+, and the analogous Co(lI) and Cu(Il) complexes'

with nucleophiles such as cl , Br , and scN-rut o"*'" indicated half-tímes

of seconds in sËriklng contrast, to the very much fasÈer rates generally

observed for complexes of these metal lons. An extenslon of this work
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to include selenite substituÈíon would seem valuable i¡r Ëhe ínterpretaËion

of the reaction mechanism, wiËh parËicular emphasis on wheÈher

S-coordinate complexes, such as [Ni(Me5tren)OH2]2+, undergo substítution

in a manner sinilar to that of either 4- ot 6- coordinate complexes.

Since there are very little data available on inorganic

selenito complexes, a detailed preparative and analytical investigation

was also deemed necessary, especially considering the biological

importance of natural-ly occurring selenium compounds'47-54
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Chaptet, 2, Pxeparation and Chataetez'Lzation

of SeLertito ConrPLeæes

2.L Introduetíon

To dat.e, Èhe only inorganic metal seleniÈo complexes reported,

wíth selenite direetly coordinated to the netal cenÈre' are the seríes

of red hygroscopic solids, [co(en)z(oHz)seo3]X.nll2o, where x = cl ,

No3 r Br , and So42-.f llowever no indication was given as to whether

the selentte ligand is coordinated through seleníum or oxygen.

ReeenÈly, Vanderhoek2 has prepared and characterized the new

selenito complexes, [co(N[s)5. oseo2]x.II2o, where x = clo+ and Br '

in Èhese laboratoríes. The selenite ligand r¿as found from ínfrared

spectral evidence to be coordi¡rated to cobaltCllf) through oxygen'

Other oxyanions, such as SO42-, SeO42-r3 "rrd 
HAsO42-rq "r. .1"o

coordinated to the metal centre Ëhrough oxygen. The No2 ion can

ni't r ¿

coordinaËe Èhrough either oxygen or nitrogen, although the Sffi-tonaea

níËrite cornplex ls more stable Èhan Èhe #Ë{ä"--bonded nitrito complex

which readily undergoes linkage isomerízation to form the stable nitrite

complex.5 ¡, Êhe case of SO32-, coordination occurs predominanÈ1y

through sulphur. There is, however, some evidence for the existence

of the unstable oxygen-bonded species ín solution'6

ourÍnvestigaËionsintothesubstitutíonreactionsof

octahedral cobalt(lll) amÍne-aquo complexes wiÈh selenite necessitaÈed

the preparation and chara ctetizaELon of Èhe resultanË selenito com'plexes "



26

ItwasfoundthatthesynÈhesesofthesecompoundsare

complicated by their extreme solubility in waÈer, resulting in an

inherent tendency to form an oil rather than a solid product' Also,

the use of excess selenite results either in contaminaÈion of the

productorsubstitutionofthesupportinganionbyselenite.By

careful conÈro| of the reaction condlËions, however' iL was

posslble to obtain a number of air-stable, crystalline compounds with

selenite coordinated Lo the metal centre both as a monodentaÈe and a

bidentate ligand.
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2.2 ErperimentaL

2,2.7 SPectra

Al-1 infrared spectra l,/ere run as solicl KBr discs on a Perkin-

Elmer45TgratLnginfraredsPectrophotometerwitheitherbromide

(where possíble) or perchloraÈe as the supporting anÍon of the ¡netal

complex.

A11U.V.-visibleSPectrawererecordedonaUnicamsPS00

sPectroPhotomeËeÏ.opÈicalabsorbancevaluesrequiredforthe

determinationofmolarabsorptivitiesl¡IeÏemeasuredonamanual

Shímadzu QR 50 spectrophoÈometer to an accuracy of ! 0'001'

2. 2. 2 pKa DetermLnations

AllpKameasurelneÛtsweremadeonaRadiometerpllmeter23to

an accuracy of t 0.05. Jh'ís fnst,rtment ÞIas also used for measuring

Èhe pH. of the various conplex solutions'

Anhydrous sodir¡m selenite in perchloríc acid l'¡as potentiomeÈríca1ly

tíÈrated againsÈ sodium hydroxÍde of known molarity' The ioníc sÈrengÈh

was adjusted to 1.0 M witb- sodlum perchlorate'

Cis and tz,ans-|Co(en)2CoIr2)oSeO2H] (c104)2 in water were simílarly

títrated against sodiun hydroxade'

2.2.3 Prepa.z'atíons

Ttre complexes, ICo CNEs) soHzl CC1O4) ,,' "í"-ICo 
Cen) 2OE (OH2)l [ClOa) z

and tnans-ICo Cen)zoECoE2)l (cloa)2 .2H2o't *"t" prepared by the methods

reported in the liÈerature. The preparaÈion9' of tt'ans-lcoCrn)2oII(0II2)]

ccl-04) 22H2o tras modífied, as reporÈed helow, resultíng ín a signÍJícant
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increase in the Product Yield.

Anal-ysesforCrNrllrandClwereperformedbytheAustralian

Mlcroanalytical Service; analyses for Se, Co, HzO, and NI13 \'Iere

performed in these laboratories '

trans- [Co (tn) oH. (oH2) I (C101) 2.2H2O

A. trans-lco(tn) 2CL2)}L. 3.5 II2o

Anhydrous cocL2 (6.9 g) and LíC1 (2.3 Ð were dissolved in

methanol (300 ml.) and the solution filtered (if nece'ssary) to remove

cobalt oxide. To Èhis soluÈion was added a slight excess of 1'3

diamÍnopropane (9.2 n1), and concentrated IlCl ( 7 n1.) was then

added to make Ehe solution slightly acidic. oxygen was bubbled

through Ëhis soluÈion for 1-2 hours and the resultant green needle

cryst,als r¿ere collected, washed r¿ith ethanol, then acetone, and

aí¡-dried. A second batch tras obtained by adding more 1'3

diaminopropane c2 n1.) and concentrated HC1 (1.5 n1-.) to this fíltrate

and bubblíIg o>rygen through the solution for a further t Ï;.o,t. The

resultant green crystals were collected and dried as before' Yíe1d

757..

B. Ico (tn) 2Co3lCloa

trans-lCo(tn)2c121c1.3.5 ll2o (6'8 g') and Lí2C03(5'0 e') were

díssolved together in waÈer (50 n1.) at 75o Èo give a deep red-purple

solutíon. After 15 mÍnutes at 75o the solution v¡as allowed to cool

and the product crystallized from soluÈion by the addition of ethanol'

The fine red crystals were collecËed, washed r¿íth a sma11 amounL of
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cold water, then ethanol, and air-dried. A second batch was obÈained

by reducing the volume of the filtrate and crysta1-J'izítg by atldition

of ethanol. The red crystals were collected and dried as before'

Yield of chloride salt 80%.

The perchlorate salË was then prepared by dissolving

[co(tn)2c03]c1.H2} (5.0 g.) and Lic1o4(1.7 e.) together in the minÍmr:m

volume of vrater at 75o. On cooling, the resulËanÈ dark red crysËals

were collected, washed with eÈhanol, then ether, and air-dried.

Yield of perchlorate saLt 957".

c. trans-lco(tn)20n. (oIIz)l Cc1o4) 2-2H2o

This complex was then prepared from Ico(tn)2cq]c104 by the

method of Jonasson et. al-.g yieta 952.

ICo (lrnr ) coseo o C lOr,.HcO : ICo(NHa) qoseor]Br.HrO

These complexes were prepared by the meËhotl of Vand erfuoek.L

A. Ico(Nng) 5oSeo2lClo4.H2o

[co(N]I3)5OII2J(ClOa)3 (10 g.) and Na2SeO3(4 e.) were díssolved

together ín a nínimum voh¡me of warm r¡/ater and the resulÈant red-purple

solutfon heated to 70oC for several minutes. The red-purple crystals

which formed on cooling the solution were co1lecËed and washed wítb-

ethanol. The product elas recrystalTLzed frorn a mí¡rímr¡m volume of hot

waÈer to give red crystals which were lùashed with ethanol, tfren ether

and air-dried. Yield 602.

Ico(NHg)5OSeO2lcC1O4).Il2O requíres co, 15.20; NIr3 ' 22.02; Se, 20.4O%

Found: Co, 14.80; Mt3r 21.94; Se,20.00i4.
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B. [co(NHg)5oseo2]nr.n2o

[co(NH3)SOHZ](ClO+)s(6 g.) was suspended in acetone and then

\üater was added to just dissolve the complex. The addition of excess

LiBr resulÈed in Èhe formaÈion of a red precipitaÈe which was collected

and washed with acetone.

The red [co(NHg)50H2]Br3 complex (5.0 g.) was then treated

wiÈh Na2SeO3 Q.l g.) dissol-ved ín a miní¡num volume. of warm water and

the procedure used above í¡r the preparaÈion of the perchlorate salt

rìras repeated to yield bright pink crystals of the selenÍto bromide

complex. The pure product was collected, washed with ethanol, then

ether, and air-dríed. Yield 602.

[CoCNHg) 5oSeo2]Br.Il2o requires Co, 16.00; Se 21.40; NII3 , 23'LOï"'

Found: Co, 15.80; Se, 21.10; NH¡, 22.907".

sis-lCo(e.n) o (OHc ) OSeOcIil (C1Ou) c

eis-ÍCoCen)zOH.COH2)JCC1O+)z(5 g.) was added Èo seleníous acíd

(2 g.) dissolved in a minimgn vo|¡me of warn I'/aËer to give a deep

red-purpl-e solution. Cooling yielded a recl-purple oí1 which was

crystallized out as a pink-purple solid by successive additíons of

ethanol. The crude produet was collected, washed witfr ethanol, then

ether, and air-dried. There Iüas a tendency for the solid product to

revert to afi oí1 when left on the punp for even a short Period of ÈÍme'

Reerystallizatlon from a míninum volume of hot \¡Iater yiel-ded a nåuve

solid on addition of ethanol . The pure producÈ, which rlas T^Iashed and

dried as above, showed no tendency to revert to an oí1 even on

prolonged exposure to air. Yield 40%.
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els-lCo(en)zOSeOzH(OHz)l (C1O4)2 requires C, 9'16; N' 10'69;

H, 3. 63; Cl, 13. 54; Se , L5.077".

Foundi C, 9.45; N, 10.73; H, 3.50; C7, L4'40; Se, 15 '42i¿'

tz,ans- Co en .OSeO H c10

trans-[Co (en) 2OH. (OII2) ] (ClO+) z(5 e. ) was added Ëo selenious

acid (2 g.) dissol-ved ín a minimum volume of cold \iIater. The red

trans hydroxo-aquo complex dissolved to give a dark green-grey

solution from whích a grey precipitate rapidly formed. The crude

product was collecÈed, washed with ethanol and air-dried.

' Recrystallization v/as carried out í¡r dílute acid soluÈion to

prevent the rapid isomerizaÈion to the more stable czls-isomer which

occurs at neutral pll. The pure trans producÈ r¡as collecËed as

blue-green needles whlch were washeil with ethanol, then ether, and

air-dried . Yi'eLd 20"/..

trans-ICo(en)2oSeo2H. CoH2)l (C104)2 requires C, 9'16; N, 10'69;

H,3.63; Cl, 13.54; Se,75-077(.

Found 3 C, 8.83; N, 10. 23i H, 3.57; Cl, 13'40; Se, L5 '327"'

trar¿s-l Co (en) cOSeOcIl(OHr ) I Brr

trans-Ico(en)zoll(oL))Bx2 kTas prepared by adcling excess LiBr

ro a concenrraËed solution of trans-lCo(en)20]I(oH2)l(C104)2 in water'

The red precipiÈaÈe formed was collected' r^¡ashed with aceÈone and

air-dried.

A solution of Èhe red complex bromÍde salt in water was then

treated with an equímolar amount of selenious acid to give a blue
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solution whích was reduced in vol-ume on a rotary evaporaËor at 1oI^7

temperature. Acldition of aceÈone to Èhe concenÈrated solution

caused the rapid formation of a purple-blue precípitate which r'ras

coll-ected, washed wiËh acetone and air-dried' Yield 30%'

trar¿s-lCo(en)2oSeo2l1. CoHz)]Br2 requires C, 9'90; N, 11'55; H' 3'92;

Br , 32 .97 ; Se, 16 -29i4.

Found3 C, 9.51; N, 11 .26; H, 3'83; Br, 31'83; Se' 15 '467"'

eis-lCo (en)c (olb)oSeo2lBr

cis-lco(en)2oll. (ollz)l (clo¿+) 2 (5.0 g.) I¡ras susPended in acetofie

and enough water was then added to just dissolve the complex' The

addition of excess LiBr produced a red precipitate r¿hich was collected'

washed nith aceËone and air-dried' Yield 902'

eis-[co(en)20H.(olt2)JBr2 (4.0 g.) and Na2seo3 (1.9 g.) were

dissolved together in a minimtrm volume of cold h7aÈer' AddÍtion of

excess LiBr and acetone resul-Èed in Èhe formation of a pale pink

precipitate which vras filtered off. The red filËrate lüas treated

with further acetone to yield a dark-red oil which was allowed Èo

stand overnight under aceÈone. The resultant wine-red solid was

collected, washed with acetone and air-dried ' YíeLd 407"'

als-lco(en)z(oH2)oseo2lBr requires C, 11'89; N, L3'87; H' 4'46;

Br, 19.79; Se, L9.55i¿.

.Foundi C, L2.03; N, 13.50i H, 4 'L4; Bt, 20'10; Se' 18'83it,'

o SeO c10Co en

cis-[co(en)roE. Collz)] (cloa) , (6 e') was added to Na2se03
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(2.5 g.) díssolved in a minimum volume of v¡arm \¡Iater and the

resulÈant deep red-purple soluËion heated to 60o for several

minutes. coolfng yielded a deep red-purple oi1 which was precipitaÈed

out as a nauve so1Íd by successive additions of ethanol' The crude

product was collected, r¿ashed with ethanol, then eÈher and briefly

air-dried. The purple eËhanolic filtrate \¡Ias concentrated Èo yield

more product and this was then combined with Ëhe origínal baËch for

recrystallization from a minimum volume of hot l¡Iater. Slor¿ cooling

produced crimson crystalline plates which were collected, then

washed and dried as above. YLeId 257"'

[Co(en)2O2SeO]C104 requires C,11'84; N,13'82; H,3'95; Cl' 8'75;

Se, 19 .48%.

FoundiC,11.26;N,L3.57iH,3'94;Cl'8'82iSer18'85z '

lco (tn) rOzSeO]C1Or+

trans-ICo(rn)zoH.. (ouz)l (Cloa)2 .2H2o C3 g.) ancl Na2Seo3(1'a g')

were díssolved together Ín a ninímum volume of warm v/aËer' The

resulËant deep red-purple solutíon was heated to 600 for several

minut'es.S1or¡coolíngyieldedpínkneedlecrystalswhicñwere

collected, washed wittl ethanol, then ether and air-driecl. Rapíd

coolÍngresultedÍnfomationofaÈhíckredollwhicl¡'was

crystallized ouË as a pínk solid by successive addiÈions of eÈhanol'

The pure produetwas collecÈed, ttren wastred and clríed as before'

Yield 302.

ICoCtn)2o2SeolC1o4 reQuires C, 16'62; N, J.2'92; H, 4'62; C7'' 8'18;

Se, L8.227".
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Found: C, 17.32; N' 12.36; H, 4'73; CL, 7 '87; Se' 17 '667"'
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2.3 ResuLts and Ùiscussion

2.3.1 Infroted Data

Evidence for coordinated selenite is based primarily on

Ínfrared specÈral data. For a non-linear molecule such as the

pyramidal SeO32- ion, there are 3N-6 fundamental nodes of

vibration,lO where N is the number of atoms in the molecule'

Thus there are 6 fundamental vibrat,ions for SeO32- of whÍch two

pairs are degenerate. This gives rise to 4 fundamental frequencies,

vl, v2, !3, and v4rall of which are infrared active' for the

free seleud-t.e anion which has C3y symoetry.

The frequencies, v1 and v2, correspond to syronetrÍc Se-O

bond streÈchilg and deformation modes, and v3 and v4' Èo degenerate

symuetric and asymmetric Se-O bond stretctring and deformaËion modes,

respectively. These frequencies are listed í¡r Table 2.L, f'ot fxee

seleniËe, as in anhydrous Na2SeO3, and for selenite as a supporËing

anion, as in [co(NH3)o]z(SeOs)g.

IaþLe 2. L

Fundaurental Vibration Na2S
cm

eOa
-1" cm

lco CNH3) 6 l2(se03) 3
-l

u1

,)2

v3

vta

790

460

742

400

788

450

740

395
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Coordination of the selenite anion to a metal centre through

Se would mean reLention of C3y s)rmnetry. Ilowever' cooldínation of

seleniËe through O, either as a monodentate or bidentaÈe ligand,

would cause a reductíon in syÍrmetry from C3o' to Cs' on the basís

of group theory Èhere is expecÈed to be an lncrease in the number of

absorption bands from 4 to 6 on loweríng Èhe synrmetry, coinciding with

sp1-itting of the degenerate vibrations. All 6 fundamental frequencíes

for coordinated selenite are lnfrared active. The relationship betv¡een

the C3y and Cs symmetry grouPs is shown Ln TabTe 2'2'

TabLe 2.2rr

Synmetry Vibrational Frequencies

Ca.r(SeOr2') v1(41)

Cs (RoSeo2+) vr r¡ ,l,r\o,,,
vs

!s
I
(A

vg

v2 (42)

ôs

t
v3(lr)

ôs

v3 (E)

vd

va (E)

ôd

v5(A lr)
vas ôs ôas

v : streÈching

ô : deformation

s

as

d

Synmet,ric

asynmetric

degenerate

Selenj-te absorbs in the region fron 900 - 25O c.-I. Fíg. 2.I

compares Èhe infrared spectra of Ico(NHg)5OSeO2]Br.Il20 and

[Co(NH3)S]Z(SeOg)3 in this region. The spectrum of the pentaamnine-

selenito complex is ín agreement wíth the oríginal sPecËrum obtained

by Vanderhoek.2
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The spect ta are conrplicated by the presence' ín the regíon

of inÈeresË, of a number of absorptíon bands due to N-II bending

modes.DeuÈerationofÈhecoordj¡tatedaruninegroupsshiftsthese

N-Hbendingfrequenciesdownfieldandenablesidentificationofthe

selenite absorPtion bands '

AnanalysisoftheinfraredspecÈraforthefollowingseleníto

complexes : [Co (Nns) 5OSeO2JBr .HzO, cis-lCo(en) 2OSeO 2H' (OII) ] (C104) 2'

tyans-lCo (en) 2oseo2H' (olr2) f}xz, cís-lco(en) 2oseoz ' (OHz) ]Br '

[Co(en)2O2SeO]C104, and ICo(tn)2O2SeOlClO4; has shown ín each case the

Presenceof6discinctabsorptlonbandswhichareclearlyaÈtribuÈable

to coordinated selenite' A list of the principal absorption

frequencie.sintheregiong00-250"*.]b"fore,andwtrerepossÍble'

afterdeuterationfore¿clroftheabovecomplexes,ísshownínTable2.3.

ontlrebasisoftheavail-ableí¡rfrareddata,therefore,it'can

beconfídentlyassumedthatbondingofselenitetoametalcentre

occurs througb- oxygen and not selenium' Si-nce 6 absorptÍon bands

areobservedforbotlr.monodenÈateandbidenÈaËeselenÍtocornplexes'

nounequÍvocaldisti¡rctionbetweenthesetwoformsispossÍbleonthÍs

basí-s.Ilowever,fromaqualiËativeassessmentofthevaríousI.R.

spectra, two distí¡rgulshing features emerge whích enable tenËatíve

identí-fication of the alternate forms ' viz''

1. the absorptíon bands of the bidentate selenito complexes

are much strarper compared to Èhose of the monodentate

seleníto comPlexes and'

2- tfre degenerate'J3 vibration of the free seleníÈe anion



Iahle 2.3

I co (N]I3 ) 5oseo2l Br . II2o

tr(cn-l) AssÍgnment

eíslCo(en) 2082. OSeo2Irl CC1O4) z

I (cn{) Assignment

trmts-Ico C.nLzCoItz) oser2ul (c104) 2

1¡.r-l ¡ . Áséignte:ri

880 (-)

820 (-)

80s (809)

7 ss (7 58)

6e5 (706)

s20 (s08)

4es (-)

46s (-)

3eo c386)

360 (3s6)

320 (-)

N-II

N-II

v1

v2

v5

v3

N-IT

N-II

v4

v5

N-It

850

830?

770

580

530

470

400

350

N-ll

vl

v2

v5

v3

N-H-

v4

v5'

850

830

800

760

600

5ZO

42s

380

360

N-H-

vl

N*II.

,)2

v5

v3

N-g

v4

vg

U)
æ



TabLe 2.3 Contd.

cí s Åc o Gn) z Couz L0 SeO zf c 10 4 fco Cenlzo2seol clo+

ìCcn-'r) Assigtirnert A Ccn-f I

Ico Ctnlzo2seol cloa

848 (-)

83s (830)

7es(-)

760 (7s8)

678(682)

se0 (-)

sso (-)

slo c-)

480 C46s)

400 (383)

378(367)

3ss c-)

32s (-)

300 (-)

N-E

v1

N-g

v2

v5

N-H

N-H.

N-IT

v3

v4

v5,

N-9.

N-fl.

N.II

88oG)

830 (822)

803 c-)

762(760)

678c682)

seo (-)

s7s c563)

s1s (-)

480 C4s1)

40s c388)

360G)

303 G)

Ass{gqqq+q - - }Ccn-rl Assfgäm¡rrlË

N-Il

v1

N-H-

v2

N*H-

N-E

v5

v3

N*H-

N-II,

N-II

v4

v5

N-If

v1

N-S-

v2

v5

N-H,

v3

N-H-

v4

v5,

N-g_

N-fl

8e0 c-)

8i2(832>

778 c*l

762c760,

74e()

7L2G\

67 3c67 5\

s41 Cs20)

soo c-)

46e C-)

448c:I

4ol C3eo)

382c363)

(/)
\o

( ) af ter der-rteratfon.
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issplitintoadoubletforthemonodentatespeciesbut

issplitinÈot\,/oseParateandsinÈhecaseofthebidentaÈe

sPecies.

2. 3. 2 PKa DetermLnations

The potentiometric tiËraÈion curve for N1SeO3 is shown in

Fig.2.2.Fromt'hiscurvethepKavaluesdetermínedforNa2Seo3-'.

(= 0.1 M) are:

PKr = 2'36 ! 0'05 ;

PKz = 8'06 t 0'05 t

at 2Oo and 1 M ionic strength'

Thesevaluesareingoodagreementwiththeggmmonlyquoted

values of pK1 N 2.5 and pK2 fu B.o in .,dilute solution., at 20 - 25".72

The poÈentiometric tiÈ,ration curves for cis-[Co(en)-zOSeO2H(OH2)ì

CClo4) 2 and tv'ans-lCo(en)2OSeO2Il(oIlz)] (ClOr+)2 ate shown in Iigs ' 2'3

and 2.4, resPectivelY.

Ï:roxcis_lco(en)2oSeO2II(OIlz)](C1O+)2thedeterminedpKavalues

are: PKr = 4'35 t o'05;

PKz = 8'3010'05;

and for trans-lco(en)2oseo2li(oH2)l(cloa)2 the pKa values are:

PKr = 4'55t0'05;

PKz = 7'70 !o'05;

at 20" and 1 M íonic sÈrength'

Theproblennol^IistoassígnthepKavaluesoftheselenito

complexes , uL" arrd trans-[Co(en) 2(OHùOSeO2II](C10a) 2¡ to the two
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proton donors.

Coordination of selenite would be expected to lead Ëo a

lowering of the two selenite pKa values relative to the values for

free selenite, corresponding with the increased acidiÈy of coordínated

selenite compared with free selenite. This has been observed ín the

case of the analogous phosphate complexes.l3 On the basis of this

assumption, therefore, the lower of the two pKa values measured for

borh c.tls- and tyans-[Co(en) 2(OHùOSeO2II] (ClOq) 2 car'L be tentatÍve1y

assigned to the second pKa va1ue, PK2 se1., of the coordinated

seleniÈe ligand. By analogy, the first pKa value of Ëhe coordinated

seleniÈe li-gand, pKl sel., ís expected to be of the order of -2.

The significanË increase Ín optical absorbance acconPanied

by the shl-ft of Ànor* to shorter wavelengths in the vÍsíble spectrum

of the hydroxo-selenito species cornpared with the aquo-seleníto

species, as descri}ed fn sectio¡' 2.3.3, provides the basis for

assignlng ttr-e higtr-er of the measured pKa values Ëo the aquo-1igand.

The observed specÈral change can be related to a símílar change in

the visible spectrum of Èhe hydroxo-aquo species with respect to the

diaquo species.

2.3.3 U.V. - VisibLe SPeettaL Data

1. Icp(NHa) soseozl
+

The u.v. - visible spectrlm of the cobaltc[I) pentaanmÍne-

selenito complex at neutral pll exhibits a maximum at 519 nm

(e = 61.9 },rl "r-l) and a charge transfer band towards the shorter

wavelengths.
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In acid solution (pH . 4) the selenito-complex undergoes

rapíd acid-hydrolysis (tä t l- sec at 25o) ' The shift in lt"*

towards the shorÈer wavelengths and Èhe aPPearance of a shoulder around

360 nm in the charge Lransfer band with decreasing pII is consistent

with the reversible formation of the aquo speeies. At PH 1, the u.v.

visible spectrum exhibíts two maxina:

Àmax I = 492 nn' a = 50'O M-] cm-l ;

Àmax 2 = 356 nm, e = 48'5 M-r c*-l ;

whích are characteristlc of the aquopenta¡r¡nnÍ:recobalt(III) complex'f +

ln basic solution, the seleníto-complex undergoes slow

base-hydrolysis to ttle hydroxo species (th > t hr' at 25o) '

The various sPectra are shor,m in Fig ' 2'5'

2. eis ar.d tv'ans- lco (en) n (otto ) oseor I
+

The U.V. - visible spectrum of the czls-selenito complex at

neutral pH exhibits a naximum at 530 nrn (e = 110 M-l cm-l), a

mÍnlmum at 450 nm Ce = 29 l{rl "t-l), 
and a shoulder ín the eharge

tlansfer band at 360 nn (e' = 107 u -lcru-l) '

The correspondíng trans-selenit,o complex spectTr¡m exhÍbits

two maxíma at 590 rrm Ce = 50.0 l,f-l "*-l) and 450 nm Ce =31.0 U-l cn-l)

and a mÍnimurn at 500 nm Ce = 2L.0 t"t--l crn-l)'

These spectra are shown in Fig. 2.6 together with- the specÈrum

of ÈTre equtlibriun mÍxture resultÍng from Ètre slow isomerizaÈion of

tJne eis and trøts-i-somers (see section 4'8) '

Both isomers undergo rapid acid-hydrolysis¡ as ís evídenced

by the shift ín l,o,.* to shorÈer ¡^ravelengths and the gradual
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emergence of another maximum in place of the charge transfer band

withdecreasingpH,coincidingwiththeformationofthediaquo

species.S However' even at pH 1, there is still a significant

concentration of the selenito species remaining after hydrolysis

equilibration is comPlete.

The spectra of t:rle cis and ttans-selenito complexes at pH 1

and pH 3 are shown ín Figs.2.7 and 2'8, respectively' together

r^rith the spectra of the equilibrium mixtures obtained on ísomerization'

In basic solution both selenito isorners undergo slow base-

hydrolysis and there is a resultant shift ín the spectra Ëowards the

respective tlihydroxo species.S Basic decomposition to yield cobalt

oxides becomes imPortant over a relatively short tirne period arc¡uncl

pE 12 and over a somewhat longer time period in the range pH 10-12'

The spectra of t:ne cis ar¡d tyAns-selenito complexes at pH 10 are

shown in Fig. 2.g together with the isomerization mír¡ture.

+ +
3 Co o SeO Co trr SeO

+
The u.v. - visible specrrrrm of the lco(en)2O2SeOl species at

neutralpll'shownínFlg.2.Lo,orl¡ribitstwomaximaat5l0nm'and

360 nm, a mlnimum at 425 nm, and a charge transfer band in the

regÍon of 300 nn. A similar spectrum is obtained for Èhe

J

[Co(tn )2O2SeO]' sPecíes.

Tabl-e 2.4 shows a comparison of the relevant sPectral data

for the bidenÈate selenito complex, ICo(en)2O2SeOl+, and the

monodentate seleniÈo complex , cís-I1o("n)ZCOHZ)OSeO2]+, at PH 1 and

pll 7.
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IabLe 2.4

MoLar Absorptiuities of Monodentate and Bidentate

SeLenito Cornpleæes at SeLected Wauelengths

++ cis- ICo(en) z (oH2) 0Seo2 JlCo(en) 202SeOl

A. pII 7.

À (nn)

510

425

360

B. pll 1.

À (nn)

49s

41-5

360

,(fr cm-r)

155

2r.4

L42

" 
(M-r .t-l )

93.7

16.1

7r.4

À (nn)

532

450

360

I(nn)

492

4L5

360

e (M-r .r-r )

100

28.7

L07

" 
(M-1 

"r-l )

7L.6

L7.t

61.5
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2.4 Surmnatg

The preparative and analytical studies have shown that there

are t$Io types of selenito products formed when selenite is reacÈed

with octahedral aquo-amine cobalt(III) complexes in aqueous solution'

under forcing conditions ínvolving comparatively high

temperatures and long time períods, bidentate selenito cornplexes such

+
as Co(en)2O2SeOf, where the selenite ligand is coordinated to the

cobalÈ centre Ëhrough tr¡Io oxygen aËoms' can be prepared Ín 1ow yÍe1d

at fieutral pH. Apart from microanalyÈical evidence, these eomplexes

can be identified by the following physical characteristics:

1. the presence of 6 sharp bands in the I.R. region due to

Se-oabsorPËionswiththev3vibrationbeingspl.itinto

two separate bands;

2. the presence- of 2 absorption bands in the visible region

whichhaveunusuallyhighnolarabsorptivitiesfor

octahedral comPlexes;

3. the absence of anY PKa value;

4. their slow solubility in r¿ater Cc'f' Èhe analogous

Co (en) 2PO4 comPl"*) . I 3

Under normal conditions, however, nonodenÈate seleníLo

complexes, such as cis a,'d trans-Co(en)zCo1tz)oSeo2g2+, ¡¡here the

seleniÈe ligand is coordinat.ed to the metal centre through one

oxygen atom, are formed ín reasonable yield over a faírly wide

range of p}l. These complexes are characterized by:
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1. 6 well-deflnetl bands in the I'R' region due to Se-O

absorptions, wlÈh Ëhe v3 vibration being sp1lt into a

doublet;

2. 1 absorption band in the visible regíon with a muctr

lor¿er molar absorptivity than for'Èhe analogous bidentate

specles;

3. two pl(a values;

4. ready solubilitY 1n waËer'
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cltøpter 3. Equilíbtiun studies on seLenito cortpLeæes.

S.L fntnoduetion

It wÍll be shown in this chapter, and also in chapter 4, that

only monodentate selenito-complex formation is signíficanÈ under the

relatively nÍld reacËion conditÍons used throughout the equilibrÍum

and kinetic studies of selenito substitution with aquo-complexes'

Spectral evídence in Ëhís chapter also points to the absence of any

appreciable formatÍon of bis-selenito products even up to selenÍte

concentraËíons 50 times ín excess of the díaquo-complex concentratÍon'

Although the monodentate seleniÈo complexes undergo rapid

acld-hydrolysis, signlficant concentratlons stí1l persist even at

pH 1 especÍally in the presence of excess selenite. This has enabled

a detailed quantítative analysis of the equilibríum properties of

several octahedral cobalt(III) amíne-selenÍto complexes to be made

at low pH using spectrophotometry. IsomerLzaËíon of the eis arrd trans-

ICo(en) 2(OHù2]3+ and cis-fCo(tn)z(OHz)213+ complexes (see 4'3'3) and

their seleniÈo products (see 4.8) is suffíciently slow in the low pH

region to enable an unambiguous interpretation of the equílibrium

data in each case. Ilorvever, it hlas not possible Èo perforro an equilÍbrium

study on the trans-lCo(tn)z(Ottz)OSeOZH)z+ specíes because of its rapid

ísomeriza!íon to the corresponding cis-isomer even aË low temperature

(see 4.8).

Onlyaqualitati-veequílibriumanalysiscouldbemadeat

neutral pll because of the small optical absorbance changes ínvolved

(seleníto-complex format,íon ís vírtually complete in this region),
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and the problems associaEed with isomerlzatíon of Èhe reactant and

product sPecÍes.

A qualitative analysis was also made at high pH (> 10) '
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3.2 ErperimentaL

3.2.1 MatetiaLs

,,Anhydroust' sodíum seleníte CS.n.H. ; selenium conÈent analysed

as 957") Í,Ías recrystallized from concentrat.ed aqueous solution by

additionofacetonitrile.Thepurehydratedformwasthendried

in uacuo over P2o5 at 60 - 80o. Analysis of the anhydrous sodium

selenite as selenium by back titration of iodine with sodium

thiosulphatelgave a selenium content of' 99'9%'

SoluÈions cÉ perchloric acid \^rere prePared by dílution of Èhe

concentïated reagent (Baker Analysed, 70.97") and standardised with

red mercuric oxide.2

Solutionsofsodir:nhydroxidewerepreParedbydiluÈíonof

concenÈrated volumetríc solutions (B.D.H., 0.1 and 1'0 M) and

standardi-sed with perchloric acid of knor¿n molaríty'

Doubly di'stil-led l¡IaÈer r¿as used f or all dílutions '

Sodir-uu perchlorate (NaClO +'HzO, Fluka) was used wÍthout

further purÍ.fication.

3.2.2 7ptieaL Absorbance Measurements

Allopticalabsorbancemeasurementsweremader¿Íthamanual

shímadzu specËrophotometer, model qR 50' to an accuracy of I 0'001'

The cell housíng inside the spectrophotomeLer was maintaíned at the

desíred temperature by rapidly purnping water from an external

thermostaÈ through the metal block contaÍning the quartz cel1s' all

solutions were suitably equílibrated prior to recording measurements'



51

Becausethemono_selenitocoruplexesundergorapidacid-

hydrolysis, iÈ was not possible to obtain the product molar

absorptivity at low pH by direct measurement of the pure producE

in acld soiution. This value was therefore esti¡nated by plotting

the apparent molar absorptivity, a apP, obÈained for a number of

differenÈ rarios of Ise(lv)]/laquo-conplex] at a glven PH, against

1/tse(Iv)1, and extrapolating back to Ll[Se(IV)] = o, Í-n order to

determine the product molar absorptivíty, e sel' at infÍnÍÈe se(IV)

concentration.

Atneutralpll,eselcouldbemeasureddirectlyfromthe

pure complex in solut.ion. This value IìIas in good agTeemenÈ wíÈh thaÈ

obtaíned by reacÈíng the aquo-complex wittl excess selenite in situ'

Inallcasesthewavelength-chosenforÈheinvestÍgat'ionwas

thaÈ corresponding to an optímum difference ln optÍca1 absorbance

beÈween reaùtant and Product'

3-2.3 PH Measwements

AllpH.measurenentsweremadeusingaRadiometerpEmeter23

to an accuracy of ! 0.05. A prelÍmínary study ç'¿s' madê at each

parÈicular selenite concentrat.ion used, irr Èhe equilibrÍrm ínvestígaÈion

to determine Èhe e:(act concentration of acid or base required for each

reacÈanÈ solution whict! would give Èhe requíred pil value on ní:cing'

3. 2. 4 Erpez'LmentaL Con&itions

Inallcasest'heaquo-complexconcenÈratÍonwasmaínÈaÍnedat

a cofistant value of ,r, 1 x 10-2 M. Ihe selenite concentratíon was

varied over the range 1 x 10-2 - 1 If'
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The pH was varied over the range pH 1 - plt 10, with actual

determinatlons of equilibrium constants at pll 1 and pII 3, and

estimates at pH 7 and pII 10. A minlmum of 4 differenË [Se(fv)/[aquo-

complexl ratíos was used for each quantitative determínation'

The equillbrir:m study was carrled out over a temPerature

range of 15 - 40o.

Ionic strengÈh was adjusted to 1 M with sodlr:m perehloraÈe.
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3.3 PoLyseLenite EquíLíbv"ta in Aqueous SoLutíon

An emf tiÈration sÈudy on the reaction between the selenite

ion, SeO32- (=1,2-), and H+, í.t' various aqueous ionic media has been

made by Barcza and Sillèn.3 The results are consístent wÍth the

formation of the binuclear seleniÈe species , HLz3-, H2Lz2-, H3L2-,

and H4L2 in addition t.o the mononuclear products, HL and H2L, over

the concentration range used, vLz., L = 0.02 - 3.0 M. The general form

of the reacÈion can be written

pLz- + n"*.* Hq Lp(2P-q)- 3.1

The thernodynemics of the polyselenite equilÍbria have been

studied calorímetrically by Arnek and Batcza4 who found ÈhaÈ the

stabílity of the binuclear species increases with dílutíon of the

mediun, as a result of the large posíÈive Íncrease fn ASo accompanying

the decrease in ionic sÈrengEh.

Prior Ëo these ínvestigations, only qualitative evidence exísted

for the presence of polynuclear selenÍte species. In Èhe case of the

anal-ogous sulphite ion, however, quantiËative evídence for ilÍmerLzatíon

has been avai.l-able for some time.5

lJhereas sulphite dímerÍzation Ís readfly recognÍzable by the

devlation from Beerrs lav¡ aË relatí'yely fr-igh anÍon concerì.tration, thís

characterístic appears to be less evldent i¡r the case of selenite.

Treí¡ín and Wilf ,6 while studyíng the environmental effects on the U.V.

specÈra of selenites in solution, found no devÍatíon from Beerrs traw

even up to l lvl concentration of HSeO3- ion. The-se results are ín
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direct, contïast. to those of Ley and KönigTwho ascribed the deviations

from Beerrs 1aw, which they observed in the U'V' specËra of

concenËïated solutlons of H2SeO3, to the formation of the polymeric

species, (tt2seo3)n. The disparity between these t\¡/o sets of data

could conceivably be attributed to the different pH conditions at

which the investígations were performed'

It should be clearly sÈaÈed, however, that although deviation

frou Beerrs law does provide evidence for dímerization or polymerízation

ill certain cases, the absence of any suctl- deviation does noË exclude

tlre possibility of their exisÈence. The specÈral characterístics of

the mononuclear and bi¡ruclear species could be so símílar as to

prevent Ehe detecÈion of any deviation outside ttre Ïange of experímental

error.

The normal solid selenites, such as Na2SeO3, âËê presumed to

conÈaín pyranidal SeO32- uniËs on the basís of l.R. spectral data' 8

EvÍdence available from crystal strucÈure analyses of solid acid

selenites, such as ll2Seo319 and Na H3CSeog)rrlQ has índicated no

separate polynuclear groups but raÈher fnfínite chains or sheets of

SeO3 unitÉ¡ connected through hydrogen l¡ondst as shown below'

--o oH--- --0 oH,- --
/þH- 

-'--o
e

Simon and Paetzoldll concluded from their observaÈion of

identical Râman sPectra for concentraÈed solutions of the acid

selenites, MHSeO3 arrd' I'12.Se205, thaÈ Èhe rapid equíLibrirrm

S

u

Se

I
Se

u
n
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2HSeO3- 
=2 

Se2O52- + HzO 3'2

is est.ablished between the two species.

As will be described in chapter 4, however, it is more

convenienË, especially from a kinetic vievrpoint, to use the

alternative formul-ation for selenite dimerizaËion

2HSeO 3 -<-¿ II2 (SeO 3 ) 2?- e-Ec. 3 ' 3

proposed by Barcza and Sillén.3 Th. dimeric species, Il2(SeO3)22-, is

shown below.
2-

o t-

0 Se e=O

o EO

Ffg. 3.1 shows the distribution between the various selenite

species for (a) L = 0.1 M, cb) L = 1.0 M in 1M NaclOr* medium at

25" .

The features of general Ímportance which should be noted are:

1. In dilute sol-utíon CL ( 0.1 M), the predominant seleníte specíes

are the mononuclear forms Seo32- (= 1,2-), HSeo3 (= HL-), ancl

I12SeO3(= ilzl), related by the equilibria

H+ + L2- 5 Er 3.4

HL + n+ ëå HzL 3.s

where pKt = 8.06 and PK2 = 2.36. Csee 2'3'3) '

2. The extent of dirnerizaÈion is negligible aÈ pll 7 10 over the

entire seleniËe concentration range, i'e' the pure SeO32-

species is comPletelY monomeric.
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Although Èhe existence of trirneric and higher selenite

species cannot be entirely discounted, ít seems 1ike1y

that the predominanÈ polynuclear species are dimeric,

especiallyforLllM.
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3.4 Distrtbution of Aquo SPeeies

The distribution curves for the eis-LCo(en)z(oHz)zl3*,

ttans-lco(en) z@nùz]3t, and a mixture of cis and tv'ans-

[Co(tn) 2@Tlùz]3t iott" are shown in tr'igs, 3'2, 3'3, and 3'4,

respectively. These are based on the knoum pKa values for these

complexes which are sunmari-zed belor'l;

eis-ÍCo("t)z(OHz)zl3+ : pKl = 6.06, PK2 = 8'19 at 25o;r2

trans-lco(en)2(ollz)zJ 3+ : PKI = 4.45, PKz = 7 '94 at 25" ;t2

[Co(rn) z(OHùz]3+ : pKI = 4.75, pK2 = 7.45 at 22".t3

No distribuEion curve has been drawn for the trívial case

of the ICo(NII¡)SOHz]3+ species sínce the distributÍon beÈween aquo

and hydroxo ions is readily derived from Èhe known pKa va1ue,

PK" = 6'6 at 25o'14

Three outstandi¡rg features emerge fron these data:

1. the predominant complex form at PH < 4 ís the aquo or díaquo ion;

2. at neutral pE, Èhe. hydroxo or hydroxo-aquo form predomÍlates;

3. at pll > 9, the major complex forn is ttr-e hydroxo or díhydroxo

ion.
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3.5 Definitíon of TerTns

The term "se(tv)" will be taken to include all proÈonated and

dineric forms of SeO32-.

The term "selenitett will be used generally as a sysËematic

reference to the oxyanion grouP itself, and more specÍfica11y as a

direcË reference to Èhe SeO32- ion.

The term "bÍ.selenite" r¿i1l be taken to include IIL23-, H2L2z-,

and H3L2 , as well as HL .

The term ttselenious acidt' wÍl1 be taken to fnclude H4L2 as well

as {e.
The term t'aquo-complext' r,¡i11 be used in the general sense to

Ínclude all the proËonaÈed and isomerÍc forms of ICo(en)Z(OHZ)Z]3+

and ICoCtn)zCOHz)'zl3+, and the protonated forms of [CoCNH3)sOHz]3*.
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3.6 ResuLts and Discussion

I,Ihen selenites (SeO32- or its protonated forms) are mixed with

octahedral aquo-amine cobalt(III) complexes in aqueous solution the

degree of conplex-selenito formaËion rises to a maxímum at neutral pH

and progressively decreases with any pH change away from Èhis region'

A general relatlon for Èhe equilibrium reaction

Rorr23+ + Ln- å *"(3-n)+ + Hzo 3.6

can be written as

selenito c 1 3.7K aquo comp 1ex Se )l

where [Se(IV)] tse(lv)l Ínitiå1 - IseleniÈo complexl

3.6.1 Region of Loü PH : PH I - 4.

AÈ Iow pHi acid-hydrolysis is coupetråtive with selenite

substitution. Excess selenite forces eq. 3.6 to the right, allowing

K to be evaluated specÈrophotometrically for several dífferent ratios

of seleniÈe/aquo-complex, the concenËration of the latter beÍng held

at a constant value of ru 1 x 10-2 U. The anion concentration was

varÍed up to 1 M.

Equilibrium daËa at pH 1 and pll 3 are shor'rn Ín Tables 3.1,

3.2, 3.3, and 3.4, for the ICo(NH3)sOIrzl3+, eis ar.d træts'

ICo(en) 2(OH)zl3t, arid cís-ICoCtn) 2(O[z)zl3t íott", resPectíve1y' The'

rapid isomerizaríon of t¡^e tyans-lCoCtn)2(OIl2)21 3+ species]3

precludes any equilibriurn study on this isomer'

A comparfson of Ëhe K yalues at pll I and pll 3 for a particular

aquo-íon shows thaË there is a 10 - 30 tímes Íncrease ln K at tñ-e



TahLe 3.J Sta&L¿,tU Cornatø,ta foy tha ñyetry lco(lE¡IsoHzl3+ + fSalrY¡ -at 25.È + O.1o

A. pH- n, 1-.2, J: = 55O nn.

lo2lsäcw)l cMI PHCí o.O5l Z se1ênifo:,¿omile<

7

11

16

29

40

47

K & hià,eleirfÈeCt5)

5

10

15

25

50

100

r.25

1.15

1.10

L.25

1.30

1.20

1.5

r.2

1.3

1.6

r..3

1.8

o.2

0.1

o-1

o.2

0.1

0.2

+

+

+

+

t

+

26

25

27

27

20

29

o\o



B- pH-î, 3"2r Jr --55O nu.

lozlgecry)l @l pHG o-osl Z selinitò-complo<

i7

55

5T

7L

82

88

K-

L3 L2

L8 !z

15!1

L7 !Z

]-.8!2

14J1

Ê h:Ltel-eníte Ci3)

7.5

15

25

aÈ 550 nn.).

o\H

L7

24.

79

19.

22

L7

5

10

2.85

3.25

2.95

3.30

3.15

3.1550

([Co(NIlf)SOIlz3+] = 1.01 x 10-2 M; lr = 1'0 ]f' ClOa- nedium¡ ""qrro 
= 2L'6' eselenito = 44'3 l{+l c-d
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A. plf 't, tr.2, .¡r = 55O nn.

rolsecrvl-l GIr puCr- o.osl Z sel-enitö=conplex ,.g õiÈál"¡1a¿"fit0I

Or
N)

50

50

59

58

51

55

11

16

L9

33

53

62

5

10

15

25

50

100

1.30

L.20

r_.15

r.25

1.35

1.20

2.6

1.9.

1.6

2.4

2.2

3.3

0.4

0.3

o.2

0.2

0..3

o.4

+

È

+

+

+

+



B-. pIL ¡J 3.2r. )L = 519 *

lozIsecrr)l CMI pECr o" osl Z, se1¿Ð.ito+complex'

28.

50

65

81

93

95

1 3.25

3.25

3.25

3.1-5

3.25

3.25

K-

56!4

50!4

43 !3

46+3

51 +4

56+4

- & Lis,eleni¡e(È5)

67

5B

52

s4

64

63

2.5

5

10

25

50

o\(,

(lqis-Co(en)2(OH2)23*l = 0.98 x 10-2 M; u = L.0 M, G1o4 medfrm;

e = 31.2. e . = 70.0 M-l cm-l aË 550 nn; e = 67-5,-aquo -selenito aquo

eselenÍto = 93.5 If I cm-l aË 510 nn.)



+ lse-clv)l at 15.0 ! 0.1".
lahLe 3.3

A. pH n, 1.2, l, = 6O0 nm.

lo2lsecrl/)J Gfr PrC! O.o5l % . selenfto+onPle:(

39

45

58

65

10

15

50

100

q\s
9l

87

25

L.2A

1.10

L.25

L.25

1.20

6.5 ! 0"7

5.7 + 0.6

5.8 + 0.6

3.8 r 0"4

5.1 + o.5

B- .bisäfení¡eCt20)

LL7

110

7Z

72



B. PE r 3.3, À = 600 nm.

102[se(rv) ] (M) pH(t 0.05)

5 ,3.50

10 3.20

25 3.25

50 3.25

Z selenito-complex

68

77

88

92

ß biselenite(110)K

53 16

36!4

44!5

44!5

58

42

52

50

ol\
lJr

(ltrans-Co(en)2(OnZ)z3il - 0.98 x 1O-2 lt; U = 1.0 M, ClOa- dír:m; e----- = 17'3,' aquo

eseleniËo = 42.2 M'r cn-I at 600 nn.)



TabLe 3.4 StahiLity ConstØtts foz the System ais-lCo(tn)z(OHz)213++ [Se(IV)l at 25.0 + 0.1".

A. pII n, 1.2, \ = 560 nm.

102[se(rv) ] (M) pll(t 0.05) % selenito-complex

L7

22

25

36

60

73

K ß bíseleniËe(!10)

70

56

61

60

63

55

5

l_0

15

25

50

100

L.25

L.25

1.10

1.15

1.15

1.15

4.L

2.9

2.2

2.3

3.0

2.9

0.4

0.3

0.2

o.2

0.4

0.3

+

+

+

+

+

+

Or
o\



B. pH t 3.3, tr = 560 nm.

ro2 [ se (rv) ] (M) pE(t 0. 05)

3 .50

3.30

3.35

3.10

3.10

Z selenito-complex

80

81

86

90

95
o\{

7.5

10

15

25

50

K

62!5

47!4

45!4

39t3

37!3

g biselenite(t5)

67

53

50

46

54

(Íeis-co(rn)z(onz)z3rl = 0.99 x 10-2 lt¡ u = 1.0 M, c1o4- medir:m; t"qrro = 29.9,

eselenito = 75.5 }f-l cn-I at 560 nn.)
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higher pII value. Although this could be simply attributed to the

relaËíve effecÈs of acid-hydrolysis at the two ptl values, it seems

more pertinenÈ to exami¡e ttp alternative viewpoiÎE Èhat Ëhe síze

ofKisdependenËonthenatureofthereactanËspecies.

FromFigs.3.2,3.3,and3'4ritcanbeseenthattheaquo/

diaquo ion is the predomínant complex form in the pII range I - 4'

This is Èrue for each of Ëhe complex ions studied. Reference to

Fig.3.lshows,troweverrthatttrereisalargedecreaseÍnthe

proPorÈionofbiselenitepresenÈírrgoingfrompII3topHl.At

pH 3, bÍselenÍte constitutes aPproxinately 9O7" of trl-e toÈal

selenite concentration f or L = 0.1 -Il in 1 M NaC1O4 medium, and

this fal-ls Èo only 5"/" at pH 1. lt can therefore be proposed that

this decrease in bíseleniÈe concentration is responsíble for tEe

corresponding decrease in K at low pE'

Totesttheh'ypothesisthatanycontributiontocomplex

fonnation from the sele¡raous acid frac.tion is neglÍgíble, ít ís

necessary to deflle the forrnation constant' I híselenite, wtiich can

be written as

I biselenite
selenito

aquo comPle><l Ibiselenit el

where {biselenite] = lbí.selenite]initial - lselenito-comp1-ex] '

If selenito-complex formãtion is due to biselenite, then g- 6íse1e-niËe

slpulcl be constant at pH. l ancl pE 3 wi.thin the e-x¡rerímental error'

Also Íf ß bíselenite at a given PH is independent of th'e concentrations

of the Índivídual species r¿hich make up the bíselenite fraction, then

both the monomeric IISeo3 íon and its dímeric forms have comparable

3.8
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formaÈion consÈants.

At 1ow total Se(IV) concentration (L I 0.1 M), the HSeO3- ion

constitutes almosË the entire biseleniËe fraction and [HSeO3 J (and

hence lbíselenite]) can be determíned from the pKa values measured

for sel-enite i¡r dilute soluÈion (see 2'3'2)'

Ilowever, as the total Se(lv) concentration is í¡rcreased the

concenËration of Èhe HSeo3 species decreases as dímerízaLiott

becomes increasingly irnportant' At PH 1, when L = t'0 M' Ëhe entire

biselenit. ¡a¿qtion is composed of dimeric species'

Althougtr- th-e concentrations of the individual biselenite

species vary conside.rably from L = 0'1 M to L = 1'0 M' the percentage

of the total selenlt.e conceûtration attributable to biselenite

remalns essenÈíally constant for both r¡alues of L. tf iÈ ís assr¡med

that the percentage contribution of biselenÍte is constant over the

entire range of selenite concentration used in the equilibríum study,

ví2., L = 0.01 - 1.0 M, thejl th-e hisel-enite concentratÍon can 6e

estímaËed for Lhose L values which 1íe between 0.1 and 1.0 M' The

absolute bisel-enite concentration increases with total SeCIV)

concentratíon.

The ß biselenÍte values at pE I and pH' 3 are shown Ín Tables

3:1r3.2r3.3and3.4.Thereísreasonablygoodagreerentbetr¿een

the two sets of data considering the sysËematic etTor which ís

fntroduced at Èhe higher selenite concentratÍons in addítÍon to the

actual error Ínvolved ín measuring the optical absorbance values'

Ttregeneralconclugionwhichcanbedrawn,then'Ísthatthe
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degree of selenito-couplex formation at low pil is entirely dependent

on the concentraÈion of the HSeO3 ion, at low biselenite conceritration,

and lts associated dimeric forms at high biselenite concentration'

A Èemperature dependence sÈudy at pH 1 for each of the aquo-

amine cobalt(rll) ions iirdícaÈed that K is virÈually invariant

with temperaÈure over the range 20 - 40" '

subsÈiËrrtion in the 1ow pll region can therefore be described

by the following sÈoichiometric equation

ROII23+ + ESeo3- Ê RoSeo2H2+ + Ilzo 3'9

(+Eq Lp) (+Eq'rLP-r)

9.6.2 Region of NeutraL PH : PH 6 - B'

At neuÈral pll Ehe oPtical absorbance value obtaÍned by reacting

Èhe aquo complex witla excess selenÍte is iclenËícal wÍth that of the

pure monodenËate seleníto compound. In factrwhen selenite ís Plesent

í¡ large excess there is a progressive decrease ín tlre product molar

absorptivítybelowth¿tofthepurecomplex.Thissuggeststhat

selenite-catalysedtr.ydrolysíshecomesímportantaÈhighseleníte

concentration. Bis-selenito comple:c formation can be ruled out as

a possible alternative explanation sínce this woul<l be expecLed to

lead to an increase in optical- absorbance by analogy wiÈh tlre sírní1ar

íncrease found for the bidentate selenito species (see 2'3'3)'

Because of the. very srnall optical absorbance dÍfferences

í¡rvolved when the seleniËe con-centration is held consÈant and tlie

aquo-complex concentratíon varied, any quanÈitative evaluaÈion of K

by spectrophotometric meafis is preclucted in the neutral pE regí-on'
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Hor^¡ever a qualiËative analysis indicates K > 100 which means that

in the absence of any compÅtitive acid- or base-hydrolysis reac¡ions '

subsËitution of seleníte proceeds essenÈia11y to compleÈion. The

rise in K to a maxímum value in this region colncides wiÈh an optimum

concentration of biselenite' Between pll 4 and pll 6 biseleníte

constitutes virtually 1002 of the total selenite concenÈration and

at pll 7 grealer than 90%'

SubstiËutionatneutralpHcanbestoichiometricallywritten

as 
RoI{z+ + }ISeo3- + Roseo2+

C+Hq LP)

3.6.3 Region of Htgh PH : PH ¿' 10

+ HzO

(+Hq-rLp-:)

3.10

ThedecreaseínKathighpHisconsisÈentwfththedecrease

inbiseleniteconcentrationandtheincreasingímportanceofbase-

hydrolysis. At pII 11.5, Ehe rate of base_hydrolysis is compôtitive

with the rate of substitution, the value of K being \ 5 aË 25o and

0.5 M ionic strength for the CoCNTI¡)5OH2+ ion'15 The low value of

KathighpllisalsoíndicativeoftherelativelyPooÏercoordinatíng

abilÍtyofselenitecomparedwiÈhbiseleníte.substitutíonínthis

regíon can be stoichiometrically wriËÈen as

Roltz+ + seo32- a+ ROSeo2+ + oE* 3.11

C+ESeo3*) (+IIzo)
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3.7 Swnnazg

The equilibrium study has shown Èhat substiËutj-on by seleniËe

on octahedral aquo-amine cobalt(IfI) complexes proceeds essentially

Ëo compleÈion when there J.s an optimum concentration of biselenite'

vLz,, in the neutral plt region. Under the reaction conditions employed

Èhere is no significant bidentate selenito-cornplex formaÈíon. There

is also good evidence t,o suggesÈ that bis-seleniËo cornplex formation

is relatívely unímportant, at least uP to ISeCIV)I = 0.5 M.

AlÈhough there ís a substa:rtia1 decrease ín the overall

equilibrium constant, K, for selenito-complex formatíon with- íncreasíng

ancl decreasíng pll away from ttre neutral region, sÍgnifÍcant concenËrations

of the monodenÈate selenito species sÈíl1 persist at pH 1 and pI{ 10'

especially in the presence of excess selenÍte. This decrease íl tlre

value of K can be ascribed to the relatively Poorer coordinating

ability of the selenious acid and selenite species compared $rith the

bíselenite species which means Ëhat acid and base hyclrolysÍs tiecome

competltíve with selenite substiËution at low and higli pE respectively.

Ttre following stoichiomeÈric equations can be written for

selenÍte substitution :

RoH23+ + ESeo3* 
=l 

Roseo2ll2+ + Hzo

(+Irq tp) C*Eq::LP-r)

1n acidic soluÈion CpIl 1 - 4);

ROH2+ + HSeO3- --> ROSeO2+ + HzO

C+Itq Lp) (+Ilq-1r.p-1)

in neutral solutlorr (pil 6 - B) ;
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ROH2+ + seo32- ->
(+HSeo3 )

in basíc solution (PH ) 10)

J

ROSeO2' +oH
(+H2o)
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Chapter 4. KLnetícs of SeLendte Substítution

With Aquo-Ligands

4_ Substitution at SeLenium GV): Selenito-ConrpLeæ Fornation.

4.L fnttoduction

A number of anation sËudies have been made on the reacËions

of octahedral aquo-amine cobal-t(III) complexes wíth group V and VI

oxyanions. Table 4.1 su¡nmarizes the relevant kínetíc and mechanÍstic

data obtained for some of these reactions. In each case a comparison

has been made beÈween the rate of anation, k"o, "rd the raËe of

water-exchange, k"*, wiEh a víew to assigning reaet.ion rnechanism on

the basis of the Langford model.

It can be seen from Table 4.I that the l-abile-oxygen containing

ligands, such as HAso42- (group V) and So32- (group VI), undergo

substlËuËion more readily than the Ínert-oxygen contaíning ligands,

such as PO43- and 5042-, respecÈÍvely. On this basís, thereforer

SeO32-, whieh Ís analogous to SOrz-, would be expected to be more

reactíve with regard to substfËution than SeO42-, whích is analogous

to SO42-.

Previous qualitative stud.iesG I 7 oo the oxygen-exchange reaction

beÈween selenite and solvent water índicaËed Ëhat the rate of exchange

is rapid even in strong alkali solution. DavÍes8 found thaË Èhe rate

of exchange for Se(IV) r^ras greater than that for both S(IV) and

Se(VI), and also that the reaction was acid-catalysed with exchange

occurring rapidly through the monoanÍon, HSeO3 . Thís dependence

of the exchange rate on [H+] for oxyanlons is
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well known.9

Recently, Okumura and Okuzakil0 have measured Èhe oxygen-exchange

rate on seleniÈe at 0o over Èhe pH range 8.7 - I2.5. The kinetics were

found to be consistent with the rate law

R = kI[seo32-J + k2[HSeO3-] + k3[HSeO3-]2 + t +IHSeO3-] [SeO32-J 4.I

The important conclusions arísíng from this sÈudy were

1. at pII > 10, Èhe exchange rate, R, ís independent of pI{ and depends

on [Se(IV)]I.0, í.". the exchange proceeds exclusively by the

reaction Path
*^ â- --tseörz- + Hzo ? seo32- + Hzö; 4'2

r .32
2. at pII < 9: R depends on pll and on [Se(IV)] 

- indicating that

exchange by Èhe dÍ-neric Pathways

---+ SeoO.2-<-

è se2o52-

is also imPortant;

3. the exchange rate íncreases rapidly wíth decreasing pH'

¿
The enthalpy of activation, Àul* = 58'6 t 3'8 kJ mo1-1' for

exchange at pH 9.1 ls similar in nagniÈude to the enÈha1py of

¿
actívation. AHf . = 48.1 t 1.4 ÈJ mol-l, for the base-hydrolysis of
--'.' ---hyd

+ Ll.
[Co(NHa)5OSeO2ìï,-' which is also known to proceed by Se-g bond

cleayage Ín Èhe rate-detennining step.

ln order to examine the kinetics of seleníte substítuÈíon for

a varÍety of aquo-ligands with a view to comparíng the raEes of

substituÈion with those for oÈher group V and VI oxyanions, and also

IlSeO3

IlSeO3

IlSeO3

SeO32-

+ HzO

+ oH:

4.3

4.4
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wÍth Èhe rate of oxygen-exchange on selenite' Ëhe complexes'

[Co (NHs ) sOHz ] 
34, 

t nh (Nns) sO]12I 
zt , eLs a¡d tt'ans- [Co (en) z(o1ù 2f3+ ,

a¡d eLs- and t?ans-[Co(tn) z(OHù2]3+, were selecÈed for invesËigation

over the pII range 1 - 10.
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4.2 STOPPED.ELOW APPARATUS

The stopped-flow apparatus used throughout Èhe kinetÍc

Ínvestigation was one based on the design of Tregloan and Laurencel2

and constructed in Èhese laboratories. The apparatus vras adapËed

for specÈrophotomet.rÍc use ín the U.V. and visÍble regions and has

a cell paÈh length of 0.2 cn and dead tíme of about 5 msec.

Temperature stability Èo an accuracy of t 0.1o was maintained by the

rapid circulation of \,rater pumped from an external thermostat tank

through chrome-plated panels which enclosed Èhe mechanical sectíon

of the apparatus. A detailed layout of this section is contaÍned in

Appendix I.

4.2.L Opties

1. Li t Source

A quaxtz-tungsten lamp with an operating voltage of 11.6 v

and operatíng current of 9.2 a was used for followíng kinetic runs

in the vísible region. The lamp was connected to a constant-po\^Ier

supply which had a variation of + 0.001 v in output-voltage for an

input-vo1-tage variatíon of + 1 v.

For work in the U.V. regÍon, a 75 watt arc-xenon larnp with an

operating volÈage of 12.6 v and oPerating current of 5.5 a was used.

The lamp rt/as connected to a stabiliser to minimize noise.

In each case the lamp housing was rigtdly mounted and cooling

was by convection.

2. Observation Cell

The fused q:uartz observation ce1l (Spectrosil) has a path
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length of 0.2 cm and approximate volume of 0'1 c'c'

4.2.2 Mechanics

l-. Pneumatic Drive

This was based on the deslgn of Tregloan and Laurence.l2

pressures of 40 - B0 p.s.i. of nitrogen \^/ere applíed through a

quickopenfrrgvalvetoabrasspistonmounÈedinacylírrderbehind

the syringe drivíng Ërolley'

2. Míxine Chamber

The original nixíng chamber, made of perspex and fitted wíÈh

ateflonseal,wasfoundtobeunsatisfactoryevenundermoderate

gas pressures. Thí.s r¡¡as Ëheref ore discarded Ín f avour of a

sturtevantl3 míxing chamber wtricb- consists of a seríes of teflon

Platesscrewedfirmlytogeth-e'r(seeAppendíxI)andr¿asfoundr-osea1

effectively even under prolonged applicatíon of nitrogen aÈ 80 p's'í'

3. Stopping Device

The stopping section of the aPParatus was moclified from the

desígn of Síbly and Laurence.l4 After passing through Èhe observation

cellthereactionsolutionenËersateflonblockwí-tlraccesstoa

stopping-syringe and outlet tube' The Ínlet hole of the stoppíng-

block ís centrally locaÈed-but the outlet hole ís shífted horízontally

and. verÈically off-centre and lÍnked to the stoppíng-syringe and

outleÈ tube by mears of a 3*ray teflon tap'

ln Fig. 4.1.

This Ís shown schenaticallY

By adjustíng the 3<nray tap to Ëhe required position the reacÈion

solution can be directed straigtr-t to the outlet tube, by-passírrg the
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thesÈopping_syringeandthusprovidingameansforflushingout

the observaÈion cell prior to the commencement of a kinetic run'

During the run itself the solution is directed Ínto the

barrel of the stoppÍng-syringe afÈer passing through the observatíon

cell and forces the syringe plunger into an overhead metal frame'

This provides an efficienÈ means of stopping the soluÈion flow'

After completion of the run ttte solution can be drained from the

stoppílg-syringe by Èhe necessary adjustment of the 3-Ûay tap'

Thetapitselftrasdesígnedsothatthebrasshanclleis

clarnped around the teflon (see Appendix l) raËher tfran passíng

througtr- it because of the ease witb. rn¡hich teflon is distorted' This

design allowed ease of movement even thougtr- the tap-face was securely

heldagaírrstÈheteflonsËopping-blockbymeansofabrasspressure

p1ate.

The overhead metal frame, whíct¡- holds the stoppíng-syrfnge'

was firrnly anchored to the assembly suPPort, and the clístance between

th-e syringe plunger and the top of the frame could be adjusted by

varyÍng tlre slze of the packíng pieces between the base of the frame

and the assembl-Y.

4 .2. 3 ELeetz'onics

1 Tríeeeri¡rg

The cathode ray oscllloscope could be trÍggered eiÈIrer internalLy

or externally. Internal triggering, whictr- is acÈivated by the change

ín optical absorbance which occurs when new soluËíon ís íntroduced

ínto the obse.rvation ce1l, has the disadvantage of recordíng the
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actual Push as r^7e11 as any subsequent Teaction'

All recorded Èraces rÍere therefore triggered exÈerna11y at

the precise Ínstant of stoppíng the flow' Triggering occurred

whenever a Èhin copper strip, which was glued to the plunger of

the stopping-syringe and linked through a 15v battery to the

external trigger contact of the oscí'lloscope' came into contacË

with the overhead metal stoppÍng frame. This meafit Ëhat apart

from the time Èaken for rnixing of the reactanË soluÈions only

the reaction iÈse1f r¡as recorded duríng a kinetic run'

2 PtrotomultiPlier

The operating voltage of the photomultiplier Tiras tu 0'5 kv

andtheoutputlargeenoughËocoupledirectlyÈothed.camplífíer

of the oscílloscope. The total amount of lÍgtr-t fa11Íng on tÏre

photomultiplier after passing through the reacÈion soluËíon fn Èhe

observation cell was backed off by means of a backÍng-off poÈentiometef'

up Èo 10v of ligrr-r could be backed off in this way but generally the

figure was kepL ín the region of 4 - 6 v' The arnount of lí-ght

backed-off gives the base-line voltage, Vot measured Ín volts'

3. Capacitors

Three dífferent capacítors, vLz', 0'001' 0'005' and 0'056 ptr''

urere employed to reduce lúgtl- frequency noise with a consequent íncrease

íll Èhe response-tÍme. The largest capacitor c0.056 l1) was used only

for Èhe slowest reactions and then only when necessary. tr{rrerever

possible the 0.001 lF capacitor was used Ín preference to the 0'005 lF

capacitor whic.h has a slightly larger time-consËanË'
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4. Storage

Traces ü7ere recor<ied on a TektronÍx 564 storage oscilloscope

r¡ith a 2^63 differential amplifier and 2867 tíme base' The stored

traces were phoËograptr-ed using Polaroid P/N 55 4 x 5 Land film ín a

Tektronlx Oscilloscope C12 camera'

4.2.4 Data Processing

The Polarold film negatives were placed in an overhead

projector and traced onto graph PaPer usJrrg a magnificatíon facÈor

of 3. A m-rmber of daËa pairs, Vt and t' correspondíng Èo trace

heightandtíme,respectively,werere¿dofffromtheo<pandedtface

andfedí-rrtoanlBM6400cGûputer,usirrgProgramAmod(lístedín

Appendix ll) to calculate the observed first-orcler rate conståftts (see

secÈion 4.3.4r.

4. 2. 5 Pet'fonmance

consÈarrtflorgvelocitywasreaclredÍn20-30msecusÍng

the pneunatic drive and remained constant until tÏre flot'¡ was sÈopped'

The tíme betr,¿een rnixing and ohseryation was measured to b-e ahout

3msecusinganacid-baseneutraLl-zatLonreactionwithad<lecl

indicator as the test reacÈion' The stopping tÍne r¿as of tlre order

of 1 - 2 msec, giving a total dead tíme of about 4' 5 msec'

The stopping-syrínge, which is basically a hydraulic

stoppíng deviee, was fourrd to be far superior Èo the alternatíve

mechanÍcal stopping device, the stopping-peg' in that mechanical

bounce is vf¡tual1y e1í-nínated. This enables hígher pressures of

nltrogen to be used with a consequenÈ reductíon ín stopPíng-tíme'
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and an increase in the reproducibility of the results'

TestscarriedouÈondegassedandnon-degassedreacÈant

soluËions indÍcated that there üIas no aPpreciable difference in

the reproducibility of the results r^¡hich means thaÈ cavÍtation

effects are unimPortant.
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4.3 ErperimentaL

4.3.1 MateYLaLs

tz'anslco(tn)zOHCOHz)] CCfO+) 2'2H2O \¡Ias Prepared as prevfously

described in ch. 2, section 2'2'3'

T:ne cis arrd trans-Ico (en) zoHColtz) I Cc1o4Þ complexes were

prepared according to the method of Kruse and Taube'15

[Co(NHg)sollz-]CC1O4)3 tuas prepared using the method of Basolo

and Murmarrt.I6

[Rh(NH3) sOHz-] (C1o4) 3 \¡ras prepared by the method of Swaddle and

Stranks . I 7

Foraltothermaterialsused,seech.3,section3.2.l"

4.3.2 pH Measurements

All pH. measurements tzere made on a pll-radiometer 25 r^zítÏr

expandíng scale to ari accuracy of t 0'01'

4.3.3 KLnetics

All substitution reactions r¿ere fol1or¡ed ín Èlie U'y' -. vísíb1e

regionusingËhestopped-flowapParatuspreviouslydescríb.ed.

Concentrations of aquo-complexes r¡¡ere usually in the range 0'5 - 1'0 x

1O-2 U. SeleniÈe concentïations varÍed from 5 - 50 tfunes excess of

aquo-complex concentrations after nixíng. TIre kínetÍc invesÈígation

was carried out over a tenperaËure range of 10 - 40o and a range of

pll from 1 - 10. lonic strength was ailjusÈed to 1M with perchloráte

ion. Where possible, kÍnetic runs \¡Iere carried out aÈ two dÍfferent

wavelengÈhs corresponclíng wlth an increase, and a decrease ín optical
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absorbance' resPectively, Ín going from reactants to products'

Reactant solutions were equilibrated for up to t hr' before mixÍng'

theacÈualtÍmetakenbeingdependentontherateofísomerízation

(where relevant) of the particular aquo-cornplex involved'

4. 3. 4 KLnetíc Pz'oeedt'tt'e

Theoverallplanofthekíneticinvestigationwasbasedon

a knowledge of the pKa values of the aquo-complexes Ínvolved, the pKa

values of selenÍte ín dilute sol-utÍon, and the rates of isomerizatíon

oftheenaldtnaquo-complexes.Inordertomeasuretheeffectof

pHontheselenitesubstÍtutionprocess,anumberofpllvaluescovering

the range 1 - 10 were selected, coÏresPonding with an optimum

concentratíon of a partícular aquo-complex or selenite species' The

pHvaluesusedforeachsysËemandthepercentagedistributlonof

theaquo-complexandselenitespecíesaËthesevaluesaresummarized

Ín Tables 4.2 arrd 4.3, respectively'

The setenite distributíon figures shown ín Table 4'3 axe

derived from the pKa values for selenite 1n di-luLe solution (see

2,3.2) and as such are based on the assumption that only the

monomeric forms, H2SeO3, IISeO3 , and SeO32- are of importance'

These figures vary slightly from the daÈa of Batcza and si11-én,18

showninFíg.3.1forL=0.lM,wherecontributionsfromdimeric

forms are taken into account, but are included here to illustrate the

inltial basis for the subsequent plan of klnetíc investigation' The

aquo-comPlexdisÈribuËionfigurescorresPondwiththoseshor,¡nin

FÍgs. 3.2,3.3, and 3.4'
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Iahle. 4"2 Disþrífuttion of, Aqyo -CorrpLer l^rotonate.d Forms

%' DÍstiÍ5utfun öf xajôr Piotonate¡ forn

cis .Co 3+ trans Co(en)z(

100

96.6

trans Co (en) zOIt-Olt^2*

co(tn)^(ott-)^3*

100

98.3

.oHr 3* Rh(l.TItCo (NIIq) .OIlz 3*

I

3
100

100

100

100

100

.oE2* th

100

) soH2tOH.OIlr2* Co rOIl. o¡g.c2* co(Ntr¡)cis Co(en) r
æ
!

6

7

8

85.2

96.2

tcoE)

99,.1

91.5

99.7

tyans Co coCtolz CoCNf,a)

10o,

99.2

FþCNq)qoÉ21

100

96.2

+ ôI
qOHÍ \eis Co(sr)z(oÐzt

98.5

2 2

10



88

IabLe 4.3 tLstrLbution of SeGV) Beü¡een Monomez'Le SpeaLes

(based on K7 = 4.3? x 70-3' Kz = 8'71 v' 70-9 at 25e)'

PII % DistribuÈlon

1

3

6

7

I

Il^ SeO 3

95.8

18.6

HSeO a

4.2

81.4

99.1

92.O

53.4

1.1

Seòtz-

0.9

8.0

46.6

98.910
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AnisomerízaEionstudyofthebisethylenediaminediaquo

cobalt(III) system has been made by Bjerrum and Rasmu"""rr.19 The

data they obÈained are presented in the reaction scheme belo¡'¡'

ais-lco(en)z(onz) 2l 3+ Sg cis-lco(en)2ou(oHùY+ þg cis-fco(en)zloti)zl+

k1¡txc/Ë=58k2¡frc/t=I.42k3|^Kc/t=0.80
(=kr) +, 

)o - +l (=k;) il

trqns-[co (en) 2 (ou2) 2 ] 
3+ g tt ans-lco (en) 2oH(oH2))2+ l:2Atuans-lco("n) z (oH) z ]+

The reaction half-Ëimesl5 fot isomerizaËion at 25" atez

¡$ u 24 lnrs, for Èhe diaquo sPecies;

tU \ L4 mins for Èhe hydroxo-aquo specíes;

¡$ 't' 24 ]nrs. for the dihydroxo species'

ThepllvaluesselectedforËhekinetícstudyofselenite

substitution ill the [co(en)z(ollz)2]3+ system were pHs 1, 3, 7, and

10(seeTab1e4.2).InorderËocircrrmventtheproblemof

isomerization during equílibraÈion of the reactant solutions, both

t}re eis- arld trans-isomers vlere stored as the diaquo species in

o.lMperchloricacid.TtrepHofthereacÈionsolutionwasthen

adjusted to the desired value aÈ Èhe tí-ne of mixing'

SÍncealloftheabovepllvaluesfalloutsidetheeffecÈive

bufferÍngrangeforseleniEerviz'raroundpll2'4andpH8'1'the

selenÍte reactant solut,ions were made uP Ín acid or base whose

concentration was predetermined to give the required overall pÏI

on mixing r,rith- the acidic complex reactanÈ solution' The pH of

tTremj:<edsolutionscouldbemeasuredaft'erreactÍontoensuTe

that the anticipated pll on mixing had been aÈtained'
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An isomerjzaxLor- study of the bis trirnethylenediaminediaquo-

cobalt(III) system was made by Jonassott.20 The data he obtaíned

are summarized below.

e¡s- lco( tn) z (ogz ) 2 I 
3+ ê cis - fco(tn) 2ou (olt2) I 2+ + cis - [c o(tn) z ¡ou) z J+

Kc/¡ = 1gg 4.75 Kc/t = 0.71 7,45 Kc/r = I.56

trans- lco (tn) 2(oHù z) 3+= translCo (tn) 2oH (oH2) l * jtz,ans [co (tn) z$Ð z)

Because of the rapid isomerization processes, only an averaged set of

pKa values could be measured although the quoted values are close to

those for the tYqns-en conPlexes'

The react.ion half-ti¡es for isomerization at 250 are:

t2 "'lO secs for th-e diaquo species;

tZ N 1 sec for the hydroxo-aquo species;

¡$ nI3O mins for the dihydroxo species'

The rapid tto*s¡izaÈion of tlne toans-díaquo specíes to the

analogous czis species proceeds virtually to eompleÈion' This

providesameansforfollowingÈbesubstituÈÍonbyseleniÈeonthe

pure czls-diaquo species and its associaÈed protonaËeil forns' The

trans_|Co(tn)2oHCoH2)](cloa)2.2iF¿acomplexwasthereforedissolved

in 0.1 M percLloric acld and allowed to ísomeríze to the cís-diaquo

complo<.Asinthecaseoftheanalogousensystemthedesired

pHofthereactionsolutionr¿asaÈtainedonmixÍngËhereactant

solutions. Th-e concenÈrations. of acid or base requlred for uaking

up the selení-te ïeacLant solutions trere agaÍn predeÈermíned'

TheísomerLzatLonofthetr'ans_ðilryroxospecÍestoan

equilj-brium mixtur e of eís- arrð. tyans- isomers is sufficíent1y slcw

ltlllt +
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Ëo enable a kinetic study of selenite substitution on the pure

ttans species and its associaEed protonaÈed forms. Accordingl¡ Èhe

tz.ans-lco(tn)2oII(OH2)] (C104) 2.2H2O complex was dissolved in 0.1 ]f

sodium hydroxide and the pH of the reaction solution adjusted Èo

Èhe desired pII value as above. lsomerization I^las kept to a mínímum

ín the tyans system by not exceeding a temPerature of 25o ÈhroughouE

the kinetic investigation.

IniËial investigations into the substitution on selenite ín

the [Co(NIla)SOHz]3* and [RhCÑ13)SOIfz]3+ systems T¡Iere performed at

neutral pE using TrLzwa Base (pKa = 8'15 aE 25") as a buffer'

The pKa values of the complex species at 25o are:

pKa = 6.6 for lco CNH3) sonzl 
3+ ' 2-l

pKa = 5.9 for lnb-CNEa)soHzl3+ .2-1

Eo¡¿ever, because of the large variation of pKa wÍttr Ëemperature

associatecl with the use of thís particular buffer, 1aËer runs Tlere

carriedoutbydissolvíngÈhecomplexspeciesin0.lMperchloric

acidandusingthesametechniqueofplladjustmenËasforLheen

arrd tn syst.e:ns.

4.3.5 Treøtrnent of ResuLts

Fírst-order rate constants were clerived form computer plots

of log1O CVo - Vt) vs tirnerusing program AMOD (see Appendíx II),

where v is the íntensaty of tb.e transmitted líght measured ín mv,

and cvo - vt) is proporríona1 ro cO.D.o - o.D.t) when (vo - vt)/

vo < 0.1-. The raÈe consËants obÈaÍned r.ot a partícular kÍnetic

run, þerformed Ín duplicate, were consistent to within ! 5%' At



92

least trvo indivÍdual seËs of data were obtained for each paü of

reactant concentrations so Ëhat Ëhe particular rate consÈanË

neasured was Èhe average of four or more separate determínatíons'

Any rate constant havÍng a l-inear correlaÈion coefficient of < 0'995

onthebasisofale.astsquaresanalysiswasrejected.
J+

Activation paraileters, AHT and ÀSl, L7ere derÍved from plots

of 1og10 kob" vsl/T usíng Program ACTPAR (see Appendix III), where

k - is the observed fí-rst-order rate constant and T is the
obs J

temperature in oK. Tlte activation enthalpy, AHT, is determined from

the slope of the above linear p1oÈ, with a1lo\¡Iance for the RT

I
contrisuEion, and Ëhe acËavataon entroPy, Às', from tlre íntercePÈ'

InordertosÍmplifythekÍ-neticínterpretation,Èhe

concenËrations of tlre monomeïic sel-enite species were determi¡red

from Èhe tr,zo pKa values

PKL = 2.36 Ì 0'05 ; PKz = 8'06 + 0'05;

at 20o and 1 M ionic sürength.

SÍncemostofthekinetÍcwork\irascarriedoutÍnthe

tesperatuïe range 20 - 40" and Èhe yariation of pKa over thÍs

range is < 0.15118 it *"" decí-ded to use the above values throughout

the kínetíc analysÍs, e:<cept for a slight adjustmenË at ÈemPeratules

< 20".

Althougtr- the non-consideration of dÍmeríc species wí11-

natural-ly le¿d to a slíght error in the absolute values of the

monomeric seleníte cofrcentrations calculated by this nethod,

nevertheless ttp relative kjlnetic trend wiÈh íncreasíIg seleníte
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concenÈration wlll- stil1 be apparenË. The naxÍrnum absolute concentration

of seleníte used throughouÈ the kinetic study was 0.25 l{', and as mosÈ

of the concentrations \¡/ere of the order of 0.1 M or 1ess, this means

that the total dimer concerit,rat,ion is relatively 1ow over the entlre

selenite concenÈraËion range.

since the outstanding feature r¿hich emeTges from Èhe

substitution study is the similarity of klnatlc behaviour for all

systems wiËhin a partlcular pII region, it Ís convenient to clivide

the results into three separate secÈions, viz., the 1ow pH regíon

1 - 4, the neuÈral pII region 6- 8'5, and the high pH regíon around

pll 10.
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4.4 ResuLts ø¿d Discussion

4,4.1- Lou pH Region: PH L - 4

A kínetic study of the anaÈion reactíon between t]ne eis-

[Co(rn) 2@HùZ]3* "p."ies and selenite r¿as carried out at pH tu 3.3.

The aquo-complex concentration was held constant aË 5 x 10-3 M and

the selenite concentration varled frorn 2 .5 - 25 x l-0-2 t"t. Table

4.4 shows the final pll values of the reacÈion solutions for each

individual selenite concentration used. in Ëhe kinetic sÈudy. Ihese

pE values $Iere measured aË four different temperatures, vi.z., 25, 30,

35 and 40o. or¡er thís range the pH is virtually invariant wiÈh

teüperature.

The U.V. - vísib1e spectra of the cís-ICo¡tn)z(OH2)zl3+ complex

and the seleniÈo product are shown in Ì'ig. 4.2. Two wavelengths,

I = 560 nm and À = 480 nm, corresponding with an íncrease and decrease

.ín optÍca1 absorbau,ce resPectively, betwee¡r reactant and producÈ' T¡Iere

selected for the substiÈution invesÈígation.

A concentraÈion dependence study was carried out at 30.3o.

The observed fírst-order rate constants obtaÍned are surEnaxízeð ín

Table 4.5. These data are also shot¿n in graphical form Ín Eigs 4'3

and 4.4 where kob" i" plotted as a funct,ion of ISe(W)l ancl lIISeO3-1,

respectively. As previously mentioned, lHSeo3-] was calculated using

the sinþ1e pKa value, PKI = 2.36.

Ttre plots of kob" vs ISeCIV)I and kob" t" lIlSeO3 J increase

lÍnearly with anion concenÈration at fl-rsÈ but then tend Èowards a

limiËing value. The reclprocal form of the functional dependence'
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IabLe 4.4 pH of Reaction soLutíons for substitution of

eis-l.co(tn) z (oIIz) zl3+ uv se(lv)

l02IseCrv)l CM) pll (t0.01)

3Q.20 34.8025.20 40. 00

2.5

3.75

5.0

7.5

10

15

25

3.00

3.L7

3-10

3.46

3.2L

3.48

3.35

3.01

3.18

3. l-1

3.46

3.23

3.48

3.38

3.02

3.19

3.11

3.47

3.23

3.50

3.38

3.03

3.20

3.r2

3.48

3.25

3.51

3.40

(laquo complexl 5 x 10-3 M ; I = 1.0 M, ClOr¡ rnediurn)
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TahLe 4.5 Rate Data fot'Substitution of

r:ìs-lco(tn) z (ouz).1 3+ ¡v se(lv)'

T
(sec- I ¡t koo" (sec- I )

*
102 [se(rv) ] (M)

2.5

3.75

5.0

7.5

10

15

25

kobs

6.80

10. 6

L2.3

L5.2

L8.5

2L.L

+ 0.23

t 0.4

t 0.6

r 0.3

t 0.3

! 0.6

6.10

10.1

l'2.r

15.8

18.1

23.r

28.7

o.3s

0.3

0.5

0.6

0.4

1.0

t,2

+

+

t

+

+

+

+

CTenp = 30.3 t 0.1o ; u = 1.0 M, ClOa medium; [aquo complex] =

5 x 10-3 M; pn = 3.3 t 0.3)

{ t"t",rt"d at 480 nrn * measured at 560 nm
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Llk__ vs L/[HSeO3-], is shown ín Fig. 4.5 and is characteristic of a
an

general ion-pair mechanism. Fron the intercept' k"o = 37 ! 2 "."-1,
andfromÈhes10pe,Krp=11'410'6}rr'at30'3t0'10and1ìf

ionic sÈrength.

The sÍ-gnificanË features to emerge from an analysis of Èhe

rate data for the above sPecles are:

1. the stunilaríty of the reaction rates between tine cís-ICo(tn) 2(OHù2]3+,

r¡Ls-lco("n) z (ogz) 2l 3+, and Ico (Mls) sollz] 3+ iotts;

2. the existence of a significar.iL tnans-efiect at pll 1 and PH 3, where

the rates of substiËution for the tnans-lco(tn)z(oHz)z]3* attd

tnarts-lCo("n) Z (OIIZ) Z] 
3* 

"otPlexes 
are aPproximately 5 times as

great as for the analogous cis complexes;

3. the. k , values at pll 3 are uP to 25 times larger than the values
obs

at pII 1 wiÈhin a partlcular aquo-sysËem'

A temperature dependence study was carried out aÈ PH l-.1 and

pH 3.3 for rhe cis-fCo(tn)zCOI12)z-13* .o"tion reaction over the

range 25 - 4Oo at an aquo-complex concentraÈion of 1 x 10-2 t"t and

a selenite concent.ration of 10-l M. At ttl-is seleniÈe concentration,

ion-pairÍng of the cation 1s ¿lmost complete. Simil-ar sËudies were

also undertaken for the anaËion by selenite of tine trans-lCoCtn) r(On)ù3+

¿7ís- anð. tz,ans-lcoCen) z (olt2) zl3t, lco (Nn3) 5oII2l 
3+, and lRh(NII3) 5ot12l 

3+

eomplex ions. The rate data obÈained are sumarized in Table 4'6 and

+t
the activation parameÈeïs, ÀIIT and AST, derived from these data are

shorm in Table 4.7.
+

The allr. values shown ín Table 4.7 aLI 1ie in the range of
obs
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TabLe 4.6 (ernpeTatwe Dependence studies of se(I1/)

Substì'tution tvLth Vatious Aquo-MetaL ConrpLeæes

Aquo-Complex Ternp (oC) pIl

obs

1
k (sec-1)

pll 3
k . (sec-

ODS
t¡

eís-co(tn)z1ott2)23+

trans-Co(tn) z (oII2) 23+

czis-co (en ) 2(ott) ,3+

trans Co(en) 2(OHz)23+

Co CNH3) 5 (0112) 3+

0.76 t 0.03

1.05 r 0.02

1.50 r 0.01

2.I7 ! 0.o2

2.27 ! 0.04

3.26 ! 0.10

5.05 r 0.26

0.58 I 0.01

0.83 t 0.02

1.10 t 0.02

1.68 r 0.06

3.47 ! 0.10

4.81 t 0.28

7.2L ! 0.L7

0.71 ! 0.02

1.00 r 0.03

1.39 t 0.03

1-.93 t 0 .04

L7.4 x 0.6

25.9 t 0. I

37.2 ! 7.I

50.5 r 2.8

20.2 ! 0.7

29.9 ! J..r

44.r ! L.4

16.8 t 0.5

25.L ! O.7

35 .2 t 0.3

50.0 I 0.8

22.9 ! 0.6

30.6 t 0.6

47.0 t 1.0

8.81 t 0.21

13.6 r 0.4

18. I ! 0.5

27 .L 1 0.5

25

30

35

40

10

15

20

25

30

35

40

15

20

25

25

30

35

40

([aquo complex] = 1x 10-2 M; [se(rv)] = 1o-l ]1; u = 1'0 t"I'
C1O4- medíum)
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IabLe 4.7 L. Actíuation Patametens foz' substitu-,ion by seTv) at pH L'

Aquo-Cornplex ¡nt(ru mol-1)
^sÏge(J 

r-lrno1-l¡ AcÍr, (r.t mo1-r)

els-co(en) z (oHz) z3+

tyans-Co(en) z (ollz) z3+

cí,s-Co(tn)zçon2)23+

tyans-co(tn) z 1on2) z 
3+

co (NI13) 50112 
3+

52.O

48.8

52.8

s4.3

49.4

2.L

7.4

1.5

1.9

0.6

-66.9

-56.6

-62.L

-37.8

-73. I

2,6

1.5

1.8

1.3

0.9

7L.9

65.7

7r.3

65.6

71".4

2.9

r.9

2.0

2.3

0.9

+

+

+

+

+

+

+

+

+

+

+

J

+

+

+

IabLe 4.2 B. Actiuation Payaneters fon Szthstitution by Se(IV) at pH 3'

Aquo-Complex ¡nt(¡.:r mol-t)
^rlrr(.1 

t<-]rnol-1¡ Àc
I

Ige(L.l nol-1)

eis-Co(en) z (onz) z3+

tyqns-co(er) z (oIIz) z3+

cis-Co(tn) z (oHz) z3+

trans-Co(ttt) z (oIIz ) z 
3+

Co (NH¡) 5 (oli2) 3+

54.3 ! 1. 9

48.O ! 2.5

53. I r 1.3

50.5 t 3.1

56.6 ! 2.0

-30 .9

-49.6

-26.8

-24.0

-28.9

0.9

2.3

0.5

1.3

0.9

63. s

62.8

61. 8

57 .6

65.2

z.L

3.2

1.5

3.5

2.3

I

+

+

+

+

+

+

+

+

+
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46 - 54 kJ mo1-I. This is consistent with a coumon rate-determining

stepÍnvolvingthebreakingorformingofaSe-obond.Avalueof
_t

^Hl 
= 48.1 t 1.4 kJ uo1-] has been measured for the base-hydrolysis of

+
[Co(NHg)5OSeO2]' which j-s known Ëo Proceed by Se-O bond cleav"gt'I1

Substitution reactions proceeding by Co-O bond cleavage or formation
t-

in the rate-deÈermining steP generally have ÀHT velues in the Ïange

100 - 150 kJ mol-l, as evidenced, for exanple, by the substltution of

eís-lCo(en)z(Ollz)zl3+ by SO42-,q "r,d 
PO43-,1 th",. 

^H+ 
= 146'4 kJ mol-l,

and 125.5 kJ mol-1, resPectivelY'

UsÍngtheknov¡nequilibriumdata(see3.6.1),t'heobserved

first-order rate constants at PH 1 can be split up into the forward

anaÈion and backward aquation rate constants for Ëhe general reactiont
k^_

ROH23+ + selenite ff| noseo2rz+ + IIzo 4'5
oaq

Sllce kob" - k"r, * k"q, "t krrr/nrn = K, whert kob" and K are

both known, the individual anation and aquaÈion rate constanÈs, k"o

and k . can be determined. These values are shown Ín Table 4'B
aq'

for the various aquo-complexes lnvolved. Because of the rapid

isomerizarion of t1¡e t?ans-ICo(tn) 2(OHùzl3t "p."i." 
(see 4'3'4) which

prevented the determinaËion of K for this ion, a value of 6 was

assigned by analogy with Èhe value measured for the trans-ÍCo(en)Z

(OIIZ)2]3+ ion. This ís based on the reasoning that since Ëhe K values

f or Èhe eís-Ico(rn) z (OIlz) zl 3* and cís-ICo(en) 2 (OH2) z-l 
3t iorr" at pH I are

similar, Èhe same should be true of the respective tz'ans-ísomers'
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IabLe 4. B Erperimental and' CaLcuLated kon VaLues at pH J'

Aquo-Complex TemP ('C) \y¿
(sec-I ) kan t"e"-t) k (calc) (sec-l)

an

cts-co(tn) 2(oH) z3+

sLs-Co(eo) z (onz) z3+

trans-co(tn) 2 cotl2) z3+

trans-CoCen) z 1on2) z3+

Co CNH3) 5 (0112) 3+

25

30

35

40

25

30

35

40

10

15

20

15

20

25

25

30

35

40

0.20

o.27

0. 39

0.56

0.18

o.25

0.33

0. sl

a.32

0.47

0.72

0. 54

0.75

1.13

0.28

0.40

0.56

o.77

0.56

0.78

1.11

1.61

0.40

0.58

o.67

t.r7

1. 90

2.79

4.33

2.93

4.06

6.08

0.43

0.60

0. 83

1.16

0.5

0.8

1.0

3.0

0.4

o.7

1.0

1.5

0.6

0.9

1.1

0.7

0.9

1.3

0.3

0.4

0.5

0.8

+ experimentally determined values at pII 1'

* calculated from data at PIf 3'
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The size of the K value aÈ pH 3, ví2., ' 20 for all systens

studied, precludes any reliable separaÈion of Èhe observed first-order

rate constant into the individual forward and backward raÈe constants

and Ít can be assumed that ko'" = k"o at this pIt'

Because of the invariance of K with ternperature (see 3'6'1),
I

the AHT values for the anation and aquat.ion reactions are the same

I+
wiËhin experimental error. Table 4.9 shows the AHI and ASr values

for the anation and aquation reacËions'

The decrease in rate in goíng from pH 3 to pH 1 must be

related to a change íJl Èhe characÈer of the selenite specíes Presentt

since from Èhe aquo-complex dÍstribuÈion curves presenËed in Fígs'

3.2.3.4,tt1'eaquoordiaquoformistlr-epredominanÈcomplexspecies

ín eacfr case and any contrihutíon frorn h-ydroxo or hydroxo-aquo forms

can be considered to be negligíble'

The Se dísrribution data of. Barcza ancl Si11án for ISeC1y)l = 0'1

MínlMNaClo4assuPPorEingelectrolyreshowthattheextenËof

selenite dímerízatíon varies from about 40% at pH 1 to 2o"l around pll3

Cfig. 3.1). At pH. 1 the predoninant monomeric seleniÈe forn is the

neutral I12SeO3 species whictr is present to the ærtent of about 60%,

and aÈ pH 3 At j-s Ëhe Hseol ion r¿hich predonínates Èo the extent of

ahott 657.. Thus the stríking dÍfference Ín Èhe Se distríbutíon

bt¿Lwee[ the two pll valuea is the sharp rlrop Ín the percentage of

IISeO3- which is present Èo tt* er<Eent of only about 2.5% at PII 1'

Aprelímínaryanalysisofttr-elcineticdataindicatedËhaÈthe

fall off j' rate wíth decreasing pH could bã correlaÈed with a símí1ar

fall off í-n IISeO3- ion concenÈraÈion. In order to test the propcsition
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IabLe 4.g Actitsation Pæameters {ot, Anation and Aquatíon Reaetions

at PH 1' anC 25o.

Aquo-Complex
+

^Hr(kJ 
mol r) ¡st (.1 r<-1no1-1) o.tlur mo1-l)

eis co(tn)z¡ott2)23+ 52,7 + 2.44

52.9 t z.6b

trans co(tn) 2(oHù23+ 54.0 ! 2.6

-64.3

-7 4.6

-40.2

-55.0

-68.7

-78. 5

-58. 1

-72.2

-77 .6

-75.2

+

+

t

+

+

t

+

+

+

+

2.8

3.8

1.8

2.6

3.3

4.6

2.7

3.6

3.1

4.6

7L.9

75.r

66.0

70.4

72.7

75.4

66.t

70.3

72.7

7 3.7

5.2

6.4

4.4

5.2

5.8

7.5

5.1

6.0

5.1

7.6

+

+

+

+

+

+

+

+

t

t

^Itrøts Co(en) z(OHz)zó' 48.8 ! 2.4

cis Co(en)z¡on2)23+

co(Nn3) Sollz3t

54.0 ! 2.6

52.2 ! 2.5

52,0 ! 2.9

48.8 ! 2.4

49.5 ! 2.O

51.3 È 3.0

(laquo conplexl = lxto-2u; [se(lv)] - 10-rM; u= 1'0]1'

C10a nediun)

a = anation b = aquation
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thaÈ substitution ill the 1ow pll region is due only to the HSeo3

species-, the predícÈed anation rate constanÈs at pH 1, k"n(calc) '

were calculaÈed from Èhe observed anation Iate coristants at pI{ 3 whích

lfere nornalised ro lttseog-]/[se(IV)] = 1 and multiplied by the

concentration of HSeo3 ion at pH 1. The measured and calculated

values are compared in Table 4.8 for each of the sysÈems studied'

In all- cases there is good agreement between the tr¿o seÈs of data'

This treatment provicles good evídence thêt Èhe acÈive selenite

speciesínthelowp}lregion,atleastinrelativelydíJ-ute

solutíon, is indeed the monomerÍc HSeO3- ion. Any contrÍbution from

Il2SeO3 and dimeric species towards the overall substítutíon rate musE

necessaríl-y be regarded as very srnall . The non-reacÈívity of H'2seo3

may be relaued to an unfavourahle ion*paí¡ formaËion constant between

tTre aquo-complex and Èhe neutral selenlte species'

TtresubstÍtutionofanaquo-ligandbyseleniteínacidíc

solution can no\¡I be written ín the general f orms ' 
'

+ + HSeo.- #* Iucm{)rCour)oseozl)2+ + Hzo 4'6
*tyd

Cwhere M = Co(IIl) and NN = ¿n ot tn), and

v
IMCN) son2l 

3+ + HSeo3 #* IMCN) 5oseo2Ìll2+ + Hzo 4 '7
*hyd

(where M = CoCllI) and N = NHe)'

The kinetic dara for substitution of eis'ÍCo(tn)2(OH2)zl3+

by selenite are conslstent with an S*lP mechanism involving the initial-

rapid formation of the precuïsor ion-pair species, eís'fco(et)Z

(oII2 ) 21 
3+ . HSeo 3 .
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Although the Se distribution data of Barcza and Si1lén

indicate a signíficant falI-off ín the concentration of the n2(SeO3) r2-

species around pH 3, this decrease ís not sufficient to account for

the absence of the dÍmeric PathwaY

RoH23+ + I12(seo3) 22- Z Roseo2il2+ + IISeo3- + I12o 4.8

at high [se(IV)]. It seems like1y, therefore, that the actual

sharp drop in Ëhe H2(SeO3) 22- "on""ntration 
occurs aÈ s1Íght1y higher:

pH (around pH 4) and Èhat the concentration of this species around

pII 3 is low. Baxcza and Si11én themselves point out that the use of

the same equi1ibríum constants over the broad range of se(rv)

concentrations used in theÍr distribution study (vLz. 0.02 - 3 M) ís

open to question and Èhis nay well explaÍn the discrepancy whích

arí,ses f rom our kÍnetic observations. Arnek arrd Baxcza22 Ítave also

found Ëh¿t the distrÍbution between the varíous SeCIV) specíes Ís 
,

narkedly affected by medír'm changes Ce.g" in goí:rg from 3M Èo 1M

NaClOa). tr{hereas the kinetic study was performed on solutíons adjusted

to 1 M ionic sÈrength witb, sodium perchlorate, the Sí11én equílÍbrium

study was carried out i¡r solutions Í¡here the concentraLion of sodir¡m

perchlorate r¡ras itself 1 M. This should also be taken ínto consideration

wh-en referrÍng to the Se dístribution data in f ig. 3'1'

AlÈhough Ëhe Il3(seo3)2 species Ís also Present in 1ow

concentration around pE 3, it 1s presunably not as effective as tñe

smaller ESeO3* species with regard to ion-pair formation and appears

¿e have no signÍficant effect on Èhe rate of substÍtutíon, eveft at

hrsh IseClv)J.
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4.4.2 NeutraL PH Regíon

A. pH6-7.5

A concenÈration dependence study was carried ouÈ on the

anation reaction between t]ne cis-lCo(en)2OH(OH2)]2+ ion and selenite

at each of 4 d:lf.f.erent Èemperatutes vi2.r 25,30, 35 and 40o. The

hydroxo-aquo complex concentration was maintained at 1 x 10-2 lt antl

the seleni-te concentration varied from 5 - 25 x 1O-2 ll' Table 4'10

shows the pH of the reaction soluÈions for each selenite concenÈration

used at 25 and 40o. As for the region around PH 3, there is again

only minimal variation of pll with temPeraÈure'

The U.V. - visible specrra of the eis-lCo("n)z(On) (0112)J2+

ion and the selenito producÈ are shor¿n in Fig. 4.6. Most runs \ÀIere

performed at À = 530 nn, corresponding with an j-ncrease ín optÍcal

absorbance from reactants to Products. sone, howeverr hlere

followed at À : 480 nn where there is a decrease ín opËica1

absorbance from reactants to producÈs '

The observed first-order rate constanÈs which were obEaíned

from this study are shown in Table 4'11'

Plots of koh"vs lseClv)l .td kob" vs lHSeO3l, wtrere [HSeo3-]

was calculated from the síngle pKa value, pK2 = 8.06' r{ere approxÍmaËely

llnear r,¡ith negative intercepts as shown in Flgs. 4.7 and 4.8.

Iloweverrtbt Lob" wae plotted as a frrnctÍon of ISe(IV)12 ancl

flISeO3 J2 as in Figs. 4.9 arrd 4.10, tlrere $7as an ÍniLial 1ínear

dependence on the second Power of the anion concentratíon and then

a tend towards a límiting value' Ihe reciprocal p1oËsr l/k"n vs
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TabLe 4.L0 pH of Reaction soLutíons fon stfüstítution of

cis-lco(en) z (oH) (oII2) l2+ uv se (rv)

ro2 [se(rv) ] (M) 25.2o PH (to.ol) 
4o.oo

5.0

7.5

10

15

20

25

7.2L

7 .05

7.28

7.LO

7.06

7.L8

7.25

7.08

7.32

7.L3

7.1-0

7.22

(laquo conplexl l- x 10-2 M ; rr = 1.0 M, CJ-O4- medir.m)
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40
f.U

400 450

Flg.4.6

500
À (nm)

5s0 600 650

U.v. - VÍsible Spectra of (A) sLs-lCo(en)zlott¡ (ott2)J2+,

(B) eis-[Co(en) z(ouùOSeo212* ^t pH T, 7.
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IabLe 4.77 Rate Data fon Substitution of

eis-lco(en)z(oH) (oH2) l2+ ¡v se(rV)

tO2[Se(rV)](M) k25.(sec-l) k30o(sec-l) k35o(sec-l) k40o(sec-r)

5.0

7.5

10

15

20

25

0.74 ! 0.04

1.43 t 0.04

4.90 r 0.18

7.11 I 0.19

! 0.03

+ 0,06

I 0.11

! 0.17

! 0.25

+ 0.6

2.38 ! 0.11

3.50 ! 0.14

7.66 ! 0.37

10.9 ! 0.4

I2.4 r 0.5

2.83 !

4.27 !

9.06 t

13.0 +

15.0 +

0.93

1. 88

2.68

6.24

8. 70

0.10

o.2L

0.32

0.4

1.07.90 ! 0.45 10.2

(laquo complex] = 5 x l-o-3 u ; l.t = 1'0 M, Cloa- rnedium)



15

5

0

l5

0t

01

5o

00

250

5 10 15

t úls" nv)t(M)
20

Fig. 4.7 Plots o fk-
oÞs

vs [Se(IV)] for Substitution of

cis-lCo (en) z (oH) (oH2) l 2f vrith Selenite at PII 7.

400

350

300

250

10 15 20

ì-u
ô)
(n

oaoj<

0

tu ro
0
a
-oo
ll

5

0 5

10
2 tHSeOtl( M )

Fig. 4.8 Plots of kob" t" []lSeo3-l for Substitution of

eis-Íco(en)2 (oH) (0112) l2t with selenite at pI{ 7 '

0



15

l5

Iig. 4.g Plots of ko'" vs ISe(IV) f2 for. Substitution of
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U[ttseog-)2, are shown in Fig. 4.11. The k"o ttd K* values,

derived from the intercepts and slopes respectively, are suronarized

ln Table 4.L2. From the plots of k" vs UT and Kr" vs UT,

¿,H+ = 25.5 I 1.0 kJ mo1-1, Às
an

+ = -L26 ! 4 J K-l mo1-1;
an

^hp
= 11.6 1 0.4 kJ mo1-1, Àstp =-L75t4JK-Ino1-1;

respeetively, for Èhe anaÈion of cis-fCo(en)zOH(OH2)12+ Íon by seleniËe.

In additioÍr to the temperature dependence study carried out

si:nultaneously with Ëhe concentration dependence study for the

eis-lCo(en) zOII(Ott)J2+ coraplex, Ëemperature dependence studies were

performed ar pH 6 on the tz,ans-lco(en)2oH(oÐ2))2+, arld eis- and

trans-lCo(rn)zOH COIrz)12+ species. This plt was selected because ít

coÍncides with an optimun concenÈratÍon of the hydroxo-aquo form of

the aboye complex specÍes, In each case the concentraÈíon of the

conplex species was 1 x 10-2 M and the selenite concentraÈion was

to-r l.l. The rate data from Èhese studÍes are Presented ín Table 4.13

J+
and the aetlvatíon parâmeters, ÁHT' and ÁSlrr, derived from Ëhem are

shom ín Tabl-e 4.L4 together with the values obtaíned for cís-

IcoCen) 2ott.oï2)2+.
I

An analysí-s of Èhe 
^HTn 

values reveals that ttr,ey fa1l ín the

range 32 - 42 kJ mo1-f whicb- fs significantly lower than the 46 - 54

kJ nol-l range of values found at pH 1 and PE 3'

A cornparison of the rate data for the various com-plex species

shows

1. a rnarked si:nilarÍty between Èhe rates of substitution for the
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IabLe 4.L2 k* and Kt.p. VaLues for SeGV) Substitution of

eis-lCo (en) zoH. (onz) l 2*

Ternp (+g . 1o ¡ k (sec-t ¡ \ P CM-T)en

25.L

30.4

35.0

40.0

20.0 t 1.8

25.O ! 3.6

28.6 t 3.6

34.5 r 4.0

15. 7 r 5.3

17.1 I 4. I

18.9 r 1. 1

20.4 ! L.9

(pll = 7.2O ! 0.01 ; ll ' 1.0 M, C1O4 nedium)



TabLe 4.J3

Temp ('c) koo" (sec-l )

cis-co(rn)zlog) (oIIz)2+ trans-co(tn)z(oH)(olr2)2+

1.00 r 0.05

1.384 r 0.040

1.90 r 1.10

2.65 r 0.15

3.56 ! 0.29

5.70 t 0.30

([aquo complex] = 1x 10-2 M; [Se(IV)] = 10-r lt; I = 1.0 M, CLO4 nedtr:m)'

Iernperatwe Dependence of SeGV) tubstitution fot

Tatious Aquo-MetaL ContPLeæes

HHH

10

15

20

25

30

35

40

trans-Co(en) z (oH) (oIIz ) 
2+

1.18 t 0.04

1.55s I 0.050

2.0L t 0.07



Table 4.14 Aetit¡ation Patønetens for tubstitution of Se(II/) at pH 6.

Aquo Conpl-ex

äì." -co(en) z (oII) (H2o) 2+

truts -Co (en) z (oE) (oHù 2+

eíq-Co(tn) z (oH) (oHz) 2+

trans-co(tn) z (oE) (oHù2+

tr measured at pH 7.

¡nt(u nol-l) ¡sÏge(J r-lno1-]¡

36.2 ! 2.4

34.8 t 0.5

37.4 ! L.3

42.6 ! 2.8

-109 ! 7

-LLz ! 2

-103 t 3

-86.0 t 5.9

¡eÏga(kJ not-t¡

68.7 ! 4.5

68.2 1 L.1

68.L ! 2.2

68.2 ! 4.6 H
N)
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en arld ún comPlexes and,

2. the absence of any significant tt'ans- effecÈ in this pII region'

The initial linear dependence of the plots of kob" vs [se(rv)]

and [HSeO3-] Índicated that the reaction was probably proceeding by

a monomeric as well as a dímeric pathway, at least at the lower

selenite concentrations, giving an overall rate law

2
k. =kr[HSeoa ] +

oDS
k2lHSeo3 J 4.9

The quanritV koO"/[IlSeO3l was plotted as a function of lTISeO3 ], as

shown in trtig. 4.L2. From the ínËercePts and initial slopes, the

respective monomeric and dimeric raÈe constants, k1 and k2' can be

calculated and these are suÍtrtratLzed in Table 4'15'

The predominanÈ complex form i¡r the pH region 6-7 ís the

hydroxo or lr-ydroxo-aquo ion. I11 tb-e case of tj¡e eís-lCo(en)2COHZ)Z]3+

system, the hydroxo-aquo ion is Present to Èh-e extent of about 867"

at pE 7. Ttre contríbutions from the hydroxo-aquo forms aÈ PE 6 for

the czs- a¡¡d trans-ICoCtn) 2(OHz)213+ systens are aboùt 90"/. and for

tfre trans-lco(en)¿(o[)13+ system about 967 '

The Se dístrÍbuÈion daÈa of Baxcza anct Síl1én lndicate that

80 - g)lz of ttre se(rv) concentraÈion in Èhe pH range 6 - 7 exists

ln the monomeric form for lSe(lV)J = 0'1 M in 1 M NaC1o4 as suPporËíng

electrolyte. The predomínanË monomeric forn Ís the HSeO3 ion r¿hich

is present to the exÈenÈ of 70 - B0% and the prcclomÍnant dÍmerie form

Ís the EZL*-ion whictr contributes about 18% giving a total biseleníte

conceritration of beÈween 90 and LO07"'
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IabLe 4.1-5 Monomet'íc and Dimeric Raþe Constants for the

Reactíon of eis-[Co(en)20H(oH2) ]2+ wÍth Se(IV).

Temp (1 0.1') k1 (sec-lu-1 I L1zkz(sec-1¡1-2 ¡

25.L

30.4

35.0

40.0

7!L

9r1
L3!2
L5!2

2.1 r 0.1

2.8 ! 0.2

3.3 r 0.2

4.0 r 0.3
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It is apparent from the kinetic data that subsËiÈution by

seleniËe in this pH region proceeds by two major pathways which

can no\¡I be writ.ten as

ROH22+ + HSeO3 þ4- ROSeO2+ + HZO

Rorr22+ + tt2(seo3)22- y2g¡ Roseo2+ + Ilseo3

4. 10

4.11

?aÈh 4.10 is only important at relatively 1ow ISe(IV)l'

The observed kínetics for t:rte aLs-lCo(en)20I1(0II2)12+ anaÈion

are consístent wittt an S*lP mechanism proceedlng through Èhe preeursor

ion-paír specÍes , eís-lcoCen) zonCotl))z+ .tt2 (seo3) z2-'

The enhanced reactivity of the dimeric species' H2(SeO3)22',

overt'hemonomerlcspecíes,IlSeo3,inthíSpHregíonispresumably

related to the more favourable íon-association consÈant beÈween a *2

and a *2 species than betwee¡r a *2 and a -1 species'

B. pll I - 8.5

Aconcentratíondepurdencestudy\¡rascarriedouËat25,30,

35rand 40o for rhe substitution of ICo(N¡fe)5OHl2+ by selenÍÈe and aÈ

25, 30, and 35o for rhe substit,ution of IRhCNIIg)SOHI?+ by seleníte'

The ICoCNE¡)5OH_12+ conceritraÈion was mainËained at 1x 10-2 M ancl the

selenite concentration varied from 5 * 25 x 10-2 U. In the case of

[RhCNII3)5OIt]2+, the complex concentration was lreld at 5 x 10-3 M anil

the selenite concentration yaried from 3.75 - 25 x :rO-2 M. The

reactanÈ solutÍons weïe prepared Ín 0.5 M hízma Base buffer' Table

4.16 shows tfre measured pll values of the reacÈion soluÈÍons at each

selenire concenrrarion used for Ètr-e lCo(NH3)soHl2+ ancl Inh(NII¡)soHl2+
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TabLe 4.L6 pH of Reaetion SoLutions fot' Suhstitution of,

[co(NH3) 5 (ogz) ] 3* and [Rh(NH3) 5 (ouz) ] 3+ ty se(rv)

ro2 [se (rv) ] (M) 25,2"
pII(t0.01)

30.20 34.80 40.00

3.7 5

5.0

7.s

10

15

25

8 .16

8.18

8.20

8.22

8.32

8.40

7 .97

8.00

8.05

8.09

8 .20

8.31

7 .86

7.90

7.96

7.99

8.13

8.20

7.74

7 .78

7.85

7.90

8.00

8.10

([aquo conplex] = 1 x 1O-2 M for Co(III), 5 x tO-3 U for Rh(III) ;

U = 1.0 M, C1O4- medÍun).
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systems. The large variaÈion í¡r pll wiËh temperature attributable to

the Trizua Base buffer is a complicating factor which 1ed Èo Èhe

eventual- removal of this buffer in favour of adjusÈing the pH at the

t,ime of mixing as previously deseribed in sectiot 4.3.4.

The U.v. - visible sPectra of the [co(NHg)5oH]2+ and

tRh(Nffa)5OH]2+ ions and their seleniÈo products are sho\47n in Figs'

4.13 and 4.I4rrespecÈive1y. KineÈíc runs I{ere followed at 550 nm

and 460 nm for Èhe subsÈitution of tco(Nif3!OH]2*, corresPonding with

an increase and decrease ín optícal absorbance from reactants to

products respecÈive1y, and aL 350 nm for Ëhe subsËitution of

tnh(NIfe)sOH]2+ which correspo¡1ds wíth an increase in optical absorbance

from reactants Èo ProducËs.

T[re rate data derAr¡ed from tfÈ substiEutíoa s-tudíir-q are sfioun

Ín Table 4.I7 a¡d 4.18, for the ICoCNilg)sOH]2+ and IRhCNns)5OHl2+

sysËems, respectively. The outstandíng feaËure í-s the remarkable

simllarity of substitutíon rates for the díJferent transition metal

sysfems.

PloÈs of kob" vs ISeCIV)I and kob, t" [tlseo3 J are shown ín

Figs. 4.15 and 4.L6 for e-ach system. Ttr-e plots show an approxÍmate

linear dependence aË fÍrst but. then increase sharply with anÍon

concentration around [Se(lV)] = 0.10 M'

ffi*k.,h"isplottedasafunctionofttr.eSquareoftt¡-eaníon

concentïation, however, there is a linear dependence uP to Èhe

h:tghe-st anion concentratiorr used. These plots are shown ín Figs ' 4'L7

and 4.18, respecrively, for the [Co(NH3) sOH]2+ and IRh(NH3) 5On12* io,t" '
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IabLe 4.L7 Rate Data for Substia,ttion of lco(NHs)s(oH) l2+

by Se(Iv).

to2[se(rv) ] k25o (sec-t) k39o (sec-r) k35o (sec-l) k49o (sec-1)

7.5

5.0 0 .40

0.78

t.25

2.37

4.3s

0.03

0 .05

0 .06

0.06

0.15

L.74

3,42

4 .85

9 .09

20.2

0.06

0.19

0.30

0.41

1.3

t

I

t

I

+

0.63 10.04 1.18 10.07

1.17 r 0.05 L.92 ! 0.09

2.10 r 0.10 3.r9 ! o.24

3.51 I 0.39 5.57 ! 0.25

6.92 t 0.16 11.8 t 0.6

+

+

1

t

+

10

15

25

([hydroxo-complex] = 1 x 1O-2 M; u= 1.0 M, Cfo4 medium)
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TabLe 4.L8 Rate Data foz'Stbstítutíon of

tp,h (Nng ) s (oH) I 2+ ¡y se (rv)

102[se(rv)] (M) krro(sec-r) kroo(sec-r) krro(sec-r)

3.7s

5.0

7.5

10

25

0.43

0. 82

1.53

2.55

4.72

10.3

0.02

0.03

0.05

0.19

0.22

0.5

0.79

1.33

2.80

4.39

7 .L6

17.9

0.04

0.05

0.11

0.37

o.25

0.8

1.33

2.07

3. 85

7.32

L2.4

27.5

0. 11

0.06

0.11_

o.29

0.4

2.L

15

t

+

+

1

t

+

+

+

+

+

+

t

+

+

+.

+

+

+

([hydroxo complex] = 5x1O-3M; u =1.0M, C1o4 medium)





Fíg. 4.L6 Plots of (") kobs t" [se(rv)], (b) kobu t" [HSeo3 ] for

subsrituri.on of [Rh(NIIe)sOH]2+ wírh selenite at pH 8.
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Flg. 4.L7 Plots of kob" t" [HSeO3-12 f.o, Substitutíon of

[Co(NHs)soH]2+ with Selenite aÈ pH 8.
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Fig. 4.18 Plots of ko'" vs luSeos-12 fot Substitution of

¡nn1Nn3)soHl2+ with seleníte at pll 8'

35n
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The k . values derived from the slopes are shown ín Table 4.19.
SubS

The activation parameters derived frorn plot" of k"rrb" vs 1/T are

for the lco(NHs)5oH]2+ ion,
I,]

ÀHr = 33.2 !L.2kJ mo1-1, ÀS1 -^= -70.8 t 1'7 J K-l uo1-]--^subs ' suÞs

and for the [Rh(NIIs)soH]2+ iorr,
_r_-I

^Ht. 
= 32.6 r 1.0 kJ mo1-1, AST = -66.0 t 1.3 J K-I mo1-1.

subs

J
The ÀitT values are similar in magnitude to those found in the

subs

region pH 6 - 7.

The inirial lineariry of the plots of kob" t" [se(lv) ] and

kob" t" [HSeO3 I suggested that the substitution reacËíon may be

proceedíng by a t\^Io-step reaction pathway described by the rate-law

kob" = k1[HSeo3 -] + kz[useo3 J2

Figs. 4.19 and 4.20 shov¡ the p1oÈs of koO"/[HSeO3-] vs [HSeO3-J for

the cobal-ÈCTIT) ¿nd ¡þ6d'íilmCIII) sysÈems respectively. The plots

are línear with intercept = kl and slope = ]K2. The relative

magnitudes of ttre tr¡ro raÈe constarits, k1 and k2, which are shown in

Table 4,2O, indicate that aÈ low [HSeOg-] the monomerí-c and dímeric

paÈhs are competitive, buÈ aÈ higtr,er lllseo3-J the k2 term takes over

and the rate 1aw becomes simplified to

kob" = k'[ESeoe-J2 4'r2

Around pH. 8 Ëhe predomÍnant complex form ís the hydroxo ion

which, ls presenL to the extent of about 957" fot the [CoCNfI:)SOIIZ]3*



LzL

TabLe 4.L9 k"rrh, VaLues for Se(ID Subst'itut'ion of

co (NHg) 5oH2+ and RLr (NHs) soH2+

Temp (t 0.1') 102k",r6" (sec-I l¡2¡

co(Nng) son2+ Rh(NH3) soH2+

25.2

30. 3

34.9

40.0

7.2 ! 0.3

8.9 r 0.4

11.0 r 0.5

L4.2 ! 0.7

16.2 r 0.8

20.4 ! L.4

25.3 I 1.8

([aquo conplex] = 1 x 10-2 l,t for Co(III), 5 x 10-3 M for Rh(III);

pH = 8.0 I 0.4; u - 1.0 M, C1O4 medÍum)
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IabLe 4.20 Monomeric cnd Dinerie Rate Corntøtts fot, the Reactíon of

lco(NHs) soII-12+ and [Rh(NI{s) solr]2t with Se(IV)

Temp (t 0.1")

25.2

30. 3

34.9

40.0

Co (NHs ) 5OII2+

k'(sec-]lt-l) LO2k2(sec-114-2)

Rh (NHg) soII2+

k1(sec-llrl) L}2k2(sec-r¡¡2¡

3t1

4t1

5!2

7!2

7.2 ! O.2

8.9 t 0.5

11 tl_

L4 !2

t+1

3.t 1

5!2

]-6!2

20!4

25!6

H
N)
1..)
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system arrd gg% for the tnh(ñrs)sOllzl3+ system.

The Se distribution data of Barcza and Sil1én indicaÈe that at

this pH about 90% of. the totalse(IÐconcentration is in Ëhe monomeríc

forn, of which 55:z Ls conÈributed by the seo32- ion, for [se(lv) ] =

0.1 MrNaClOr, as supporting electrolyte. The prineipal dirneric fcrm

is the HL23- ion which reaches its maximurn concentraÈion at pII B.

Thus the dual reaction path mechanism indicated from the

kinetic data can now be written as

ROH22+ Il SeO 3 þ4- ROSeo2+ + Hzo

ôI
ROH2'' n(seo3)23- k2"tt, Roseo2+ + seo32-

+

+

4.r3

4.L4

Again path 4.13 1s only ínportanÈ at low [Se(fV)].

unlike rhe anaÈíon of the eís-lcocen)zoilcoLù12+ species at

pIITwhere a lÍmiËi¡rg raËe of substitutíon Ís attained aÈ hígh [Se(W)]'

no such liniting raËe ls observed for the anation reactíons at pll I

of rhe [Co(NHs)SOH]2+ and [Rh(N]13)5OlIl2+ species. Thís rnay be

attributed Èo the considerable decrease Ín Èhe HSeO3 ion concentraËíon

from pll 7 to plt 8 (a drop of about 40%) which reduces substantially

the number of IISeO3- ions available for dimerízation' fn other words

the total biselenite concenÈraÈion is much higher at pH 7 than at pH 8.

4.3.3 High pH Region : PH 10

No concentration dependence study r¡as undertaken in this region

but temperature dependence studles tùere carried out for the cis- arrd

tz.ans-lco (en) 
2 

(oH) 2)+ , "i"- arrd' trans-[Co (tn) 
2 

(oH) 2J+, "td

[Co(Nfg)SOH ]2* iorr". In each case the complex concentration was
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1 x 10-2 M and the seleniËe concentration was 10-l M.

The raÈe daËa obtained are listed in Table 4.21 and the

actlvation parameters derived from them are summari-zed in Table 4.22.

Once again the remarkable feature is the similarj-ty of the substíËution

rates between the differenÈ systems. There is also no sígnificant

trans-effect in thÍs pH region.

A conparison of Ëh. kob" values at pH 10 and pH 8 for the

[Co(NH3)5OII]2+ ion shows that there is a sharp.drop in the substitution

rate at the higher pH value. At pH B, kob" = L.25 se.-l, and at pH 10,

k, = O,2L se"-I at 25o and [Se(IV)] = 0.1 M. The HSeO3 concentration
obs

at pll 10 1< 2%) Ís too small to fully accounË for the observed rate of

substlÈutíon at this pH - k",rb"(calc) n, 0.025 "u"-l 
(determíned from

kob" "t pH s), which is only one Ëenth of the actual kob" r"he at PtI 10

for [Co(NHg)sOH]2+. There is also a measurable substítution rate at

pH 11.5 (see 3.6.3) where [HSeO3-] - 0, r¿hich means that the seo32- Íon

does undergo substitution, although at a much slower rate than the HSeO3

ion. Thus aE pH 10, substitutlon of the hydroxo-lÍgand probably proceeds

by two concurrenË paths, ví2.,
J

ROH'+ HSe03
kl s,tbs

RoH+ + seo 2- k2=,rb"

R0Se02 + HzO

R0Se02 + OH

Er; -
4,L5

4.L6
3 <-

\v¿
lrt pII > 11, substitution would proceed only by reaction 4.L6. The

decrease in the rate of substíËution wíËh increasing pH can therefore

be aÈtributed to the fact that the leaving grouP in reaction 4.16,
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+

k
obs

trøts co(tn)2(0H)2+

(sec-l )

ets Co(en)zloH)z trqvts Co(en)2(oH)z
+

Co (NH3) soH2+

lenrperatwe Ðependenee of Se(ID Subetitution vùt?t"

Varùow Hy droæo-MetaL CorupLeæes

Tenp.
( "c) +sis co(tn)z(oH)2

¡.)
(¡¡

10

15

20

25

30

35

40

0.021 t 0.001

0.05s + 0.00r

0.L32 t 0.007

0.05e t 0.001

0.L1s t 0.006

0.19a 10.0040.11s t 0.00r

O.Ug + 0.00'+

0.260 1 0.003

0.375 t 0.005

0.13s t 0.00a

0.19r t 0.00a

O.245 t 0.003

O.347 t 0.005

'0.210 t 0.00s

0.31 r 0.02

0.59e t 0.00e

([hydroxo conplex] = 1 x 1O:2 M; [Se(IV)] = 10-1 ]f; U = 1.0 M, ClOa- medigm)



Iable 4.22 Aetitsation Patøneters for Substítutíon of Se(ID at pH 70.

o"T1ur uo1-l)
I

^slr, 
(J K-rnol-r) o.Ïr, (k.r nol-l)Ilydroxo-Complex

eLs -Co(en)z(oH)z+

trøts-Co(en)z (oH) z+

sis-co(cn) z (oH) z+

,trø¿s*Co(tn) z (oII) z+

Co (NH3) 5 (oH) 2+

48.1

59.2

61. 8

45.L

52.3

1_.0

3.0

1.0

1.3

L.2

7s.6

74.8

76.0

79.L

74.4

r.7

3.9

1.3

2.5

L.7

+

+

+

I

+

-92.L ! 2.2

-52.4 ! 2.9

-47.4 t 0.9

-114 t 4

-74.L ! L.7

+

+

+

+

+

H
N)
o\
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whlch becomes increaslngly inportant aË high pH, is the 0H ion

which is a much Pooreï leavirrg group than 1I2O '
I

Ttre AHT values for substitution Ín thLs reglon fal1 in the

range 46 - 6L kJ nol-I whlch is in good agreemenË with the range

of the values observed aË 1ow pll. This is agaín conslsÈent with

se-o bond fortation or cleavage ln thê Ïate-deternini¡rg step.
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4.5 Swrvnary

Frorn an analysis of the kinetic data for the substitution

by seleníte of various aquo-1Ígands over the pH range 1 - 10, Èhe

following general conclusions can be made:

1. Èhe substítution rat.e attains its maxÍmum value around pH 3 : 4,

correspotìdíng with oPtimum concentrations of the diaquo (in Èhe

case of t]ne en and trt sysËems) or aquo (in the case of the

pentaarnnine systems) species and the HSeO3 species. The

substíÈuti-on rate is lowest at high pll (ì 10), correspondíng

wÍth optírnum concentrations of the dÍlrydroxo or ltydroxo specíes

and the Seo12- species;

2. the nature of the nitrogen hases CNE¡, en, and tnL eoordí¡rated

to the metal has only a secondary effect on reaction rate;

3. the nature of the metal does not aPpear to greatly ínfluence

the reaction rate, as is evidenced by the rernarkable sími-larity

fn the lCo(NE3)5OEl2t and IR6(NH¡)sOHl2* substitution Iates;

4. there ís a slight but sígnÍficant tv%n,-effect at PiI 1 and pH 3

ccf . the strong tz,ans-effect o<híbited by the analogous sulphite

grorrps) which, however, becomes less lmportant at hígIrer pH and

Ís ln fact entí¡e1y absenË at Pll 10;

5. the subsÈitution mechanism is complicated at neutral pII C6 - 8.5)

by the emergen-ce of a dÍmeric pathr,raY, fu addition to the

monomeric parhway observed at low CI - 4) and high (10) pll;

6. ttrc activaÈion enthalpies for hydrolysís and subsÈitution are

generally ín ttre range 46 - 60 kJ nofl which is indícative of
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Se-O bond rupture and formation in the raËe-determiníng step

(cf. base hydrolysís of [Co(NH3)5OSeO2]+ which proceeds by Se-o

+
bond rupËure and has AHT = 48.1 t 1.4 kJ to1-1); however in Èhe

neutral pH region Èhe activation enËha1py for substitution fa11s

Èo around 35 kJ mo1-1.

The subst,ituÈion half-tl-nes at 25", which vary from a few

seconds to about 30 urillisecs depending on pH, can be conËrasted

wÍth the half-times of many hours for ttre exchange of oxygen between

the aquo-ligand and solvent rl¡ater in the case of the [Co(en)Z(OttZ)Z]3+

and [Co(NHs) 5OII2J 
3+ 

"orpl"* 
sysÈens.

Tlre subsÈitution half-tines at pE 10 which are of the order

of 5 - 10 secs aE 25o can also be compared with the half-Èírne of about

2 hrs. for the oxygen exchange reacÈion on selenite íÈself at Èhe same

pE.

In view of these comparative reaction raÈes and tlre fact thaf

ttre metal-oxygen bond remains Íntact during substiEution the

substitution reaction can be conceived as proceeding by an associatíve

mechanisrn which, involves nucleophllic attack of the aquo-lígand

on the se(w) centre. A simÍlar mechanism has been proposed for the

anation reaction between lCo(NI13)SOEz]3t arrd arsenate.2 A possible

reaction sctreme for the substiËution at Se(IV) in Èhe 1ow pll regíon

í-s shown be1ow.
o------o

Se=O-o:
\ /-/H-----oH

R3+ -r R - OSeO2iI2+ + \IzO
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At neutral pH, subsÈiÈut.ion occurs nainly through the dimeric

species, H2(SeO3)22- and. tt(SeO3)23-, so that the leaving gïoup will be

IlSeO3 , and at high pH, substituÈion proceeds mainly through SeO32-,

with OH as Ëhe leaving grouP.
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B. Isomer"izatíon at SeLenium(IV) : SeLenito - ContpLeæ fsomerization.

4.6 Introduetion

Investigations into the substitution reactions of tz'Ans-

[Co(en) z@Hz]zl3* ar,d trans-[co(tn) z(o1ù2]3+ with selenite, as

described in section A, suþsequenÈ1y 1ed to the detection of a

second slor¿er reactíon step which occurred after the í¡ritial fast

substitution process.

\l¡en tz,ans-[Co(er)Z(OIlz)Z]3* t"" reacted with excess seleniËe

at pH n, 3 there rras an immedÍaÈe colour change from red to green

followed by a gradual conversion (cornpletetl within t 3 hrs. at 25')

to red-purple on sÈanding. This contrasted wíth Èhe analogous

substituÈion reaction of cís-lCo(en)ZCOIIZ)213+ with seleníte where

there was no visually detectable colour change after ttre initía1

Ínmedi¿te conversion from red to red-purp1e. Subsequent spectrophoto-

metric analysÍs, however, revealed a s1íght shift in Èhè vísíble

spectrum of the ezls-selenlto product over a sinilar tirne period as

above

A símilar 2-step reaction sequence was also found ín the case

of the trøts-fCo(tn)ZCOHZ)Zl 3+ substltuÈion reaction with selenite,

but here step ll r.ras considerably faster than for tlre analo9olus en

system and completed withín'a mat¡er of seconds aL 25o.

The final specËra after completÍon of step II in the case of

tÍ:re tyans-diaquo complexes vrere found to be identical with those of

Ëhe analogous cis-diaquo complexes on completion of step lI. Thí,s
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índicated thaÈ step Il involved isourerizaÈíon of Èhe respective

seleniËo products to an equilibrium mixture of. s|s- and trans-

isomers.

The Ísomerization reaction

trans-[co(en) z(ol2)oseo2n]2+ + 3'3 cìs-lco("n)z(onz)oseo2nl 2+ 4.t7

ls sufficÍenÈly slow to enable Èhe isolation of t}:¿ trarts-selenito

complex aÈ low temperature, as described in ch. 2, A temperature and

pressure dependence study of this isomerization reaction hras subsequently

performed ln these laboratoties by Vanderhoekz3 using the pure trans-

Ico (en) 2(olùoseo2nl 2+ co*ple*.

A temperature dependence study was also carried out for the

Ísomerization reaction

trqns-Ico(tr,)z(oH2)oseo2nl'+ +jj cis-lco(tn) z (oH2)oseo zHJz+ 4. 18

by preparing the ty,ans selenito complex in situ in the mixing chamber

of the stopped-flow apparatus and followÍng the resultanË lsouerizatíon

process on completion of Ëhe initfal substitution reaction.
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4.7 Eæperimental

4.7 .1- Matez,iaLs

trans-fCo(en)z(oHz) oseo2Hl2* *"" prepared by Êhe method

described in 2.2.3.

tz,ans-[Co (tn) 2 (oH2)oSeoz[]2+ was prepared' in situ from

tyans-lco(rn)2(oHZ)Z]2* (s"" 2.2.3 and 4.3.4) and excess selenite.

4.7.2 OptieaL Absorbance and pH Meastu'emenl;s

These hrere carried out using Èhe meÈhods previously described

in 3. 2.2 ar.d 3.2.3 .

4,7.3 kinetics

All kinetíc runs involved in the isomerization study of the

txans-[Co(en) 2(OHùOSeO2H]2+ complex system were performed wÍth a

Unicam SP 800 conËinuous scan spectrophotometer linked Ëo an exÈernal

recorder Èhrough an expanded scale control. Constant temperaÈuTe T^Ias

rnaintained by rapidly pumpíng water from an external thermostaE through

the metal block contaínÍng Èhe reactÍon ce1l. This instrument was also

used {n the determinaÈion of ísosbestic points for the ísomexization

reactions.

The kinetic study of the tz'ans-[Co(tn)r(oitr)oSeozï)z+

lsomerfzation reaction was performed using the stopped-f1ow

apparatus prevÍously descrlbed.

All reaction soluËions were adjusted to 1 M lonlc strength

with sodium perchlorate.
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4.8 Rest¿Lts and Discussion

The relevant spectral data for the isomerization process in

tlne en and tn systems are srrurmarí-zeð. ín Tables 4.23 ar.d 4.24

respectively, at 4 different pH values, viz. pII 1, 3, 7 and 10.

These dat.a can be compared with Èhose obtained for the pure

monodentate and bidenÈate selenito complexes Q.3.3). fne ímportant

conclusion is that only monodentate seleniÈo co¡nplex formation is

ímportant under the conditions used during the kínetÍc investigation.

The rate data obtained frour the temperature dependence studies

of the tr,ans-lco("t) z CoH2)oseo 2Hl2+ arrd tv,ans-[co (tn), (oH2)oseO2H] 2+

ísomerization reacÈions at pll 3.3 are shown in Table 4.25, and the
If

activation parameters, AHT and ÄST, are presented í¡r Table 4.26,
I

togetlrcr r,rith the ÀVT values for tine trans-[Co(en)z(gttz)OseOzEJz+

system measured at pll 3.3 and pll 7.0.

A comparison of Èhe rate data for isomerizat.ion wíth that

for subsËitution at the same pH reveals that the isomerizatíon rate

Ís a factor of 105 slower than the subsËituÈion raÈe ín the case

of the ¿n system and 102 slower in- Ètre case of tt..e tn sysÈem.

In conÈrast to the substituÈj-on step ruhere there is onJy a

secondary dependence of reacÈion rate on the nature of the nitrogen

base coordÍnate.d to the meta1, tlre raÈe of isouerization is greaÈly

acceleraEed on the insertion of an extra CIl2 group Ínto the amine

ríng. The rate of ÍsomerLzatLon for Èhe tz,øts-lCo(¡n)2(OHz)OSeO2H]2+

complex ís a factor of 103 greater than for the trans-fCo(en)z

(OH2)OSeOrH]2* complex whereas Èhe rates of substituËion by selenite



YqbLe 4.23 Isomerization of tz'arus-ICo(en)z(onr¡oseo2Hl2+

CompJ-ex Species

trørs-l Co (en) z (oIIz ) OSeozII] 2+ eis-lco (en) z (oIIz ) OSeo2Hl 2+

equilibrir:n
mixture

5oo (72)

s20 (88)

367 (87)

pE

1 trmaxl.=

Àmaxf

fsosbestic points:

3

lsosbestic polnts:

6

isosbesÈic points:

10

Lsosbestlc poinËs:

573 nn (e=33 lflcn-l)

440 nn (e=33 lfrcn-l)

563, 445, 380 nm.

seo (3e)

438 (31)

594, 453, 425, 378 w.

seo (s0)

589, 450, 403 nm.

570 (+g)

470 (32)

566, 47O m.

soo (84)

360 (70)

s20 (96)

3s6 (84)

F(¡
(¡l

s30 (110) 530 (103)

524 (100) s26 (90)

([aquo-coroplex] = 1x 10-2lt; [se(Iv)] = 10-r M; u = 1.0 M, C10a- rned r.un; Temp = 25.0 t 0.1')



pH

isosbestic points:

6

isosbestic points:

10

isosbestic points:

lable 4. 24 IsonerLzation of trarus-lCo(tn)z (olt2)oseo 2H)2+

Complex Species

tnøæ- [ co (rn) 2 (oII2) oseo2n] 2+ eis^Íco(tn) z (ouz) oseo2ul2+

t hraxr = 500 nrn(e= 48 lt-rcn-l)

Àmax2 = 362 nm(e= 87 ¡l-1cm-1)

Ísosbestic poinÈs z 577 , 477 nm.

3 s48 (43)

s20 (68)

36s (82¡

s3e (80)

372 (76)

s46 (e2)

3e9 (80)

equilÍbrirlm
mixture

sL7 (61)

36s (73)

53e (78)

372 (73)

s45 (8e)

3ee (76)

H
(¡)
o\

600, 483, 424, 403 rrm.

s20 (64)

368 (80)

5L0, 446, 374 om.

s34 (72)

500, 415 nn.

s3s (7ø¡ 534 (7s)

(laquo-conrplex] = 1x1O-2u; [se(rv)] =10-lM;tt=1.0M, ClOa rnedi , Temp.=25.0 10.1')



TabLe 4.25 Tençtenatuze fupend.ence Studùes of en and ttt fsomerùzat¿on Reaetions at pH 3.3.

Temp. (1 0.1') k (sec-r )obs

tnøts-LCo(en) z (OHz)OSeo zF-i2+ tnans-lco(tn) z (oH2) oseo zH)2+

15.1 (5.7 10.2)xl0-z
(L2.2 t 0.6) x 10-2

(22.0 11.0)x10-2
19.9 1.20 x lO-a

2.42 x LO-a

4.77 x 7O-a

9.87 x 10-a

25

30

34

1

3

9

F
(f,)



IabLe 4.26 Actitsaùion Pæqmeters for en Ød tn Isomerùzqtion Reactíone at pE 3.3.

Complex oot qr..r mol:l) arTrr(¡ r-r nol.-r) o.lrr(k.l nol-r)

trøts-lco(tn) z (onz) oseo2nl 2+

trørs-lco (en) 2 (oII2) oseo2El2+

l
AVrt+c(cnrmol. t)

trø¿s-l co (en) 2 (ott2) oseozn] 2+ 7.5 ! 0.2

7.3 x 0.2

110.0 ! 2.L

L09.2 t L.3

t_07.5 t 10.5

52.7 ! 4.2
I

¡vÎ ett(sn3 nol-l)

L2.7 ! 1.0

7.3 t 0.2

82.0 t 5.1

97.5 ! 2.5

pE

3.3

7.0

H(,
æ
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are comparable for both complexes.
J

The high AHT values observed for sÈep II are consistent with

Co-O bond cleavage in the raËe-deterninirrg step. IÈ can be seen from

Table 4.26 tnat the AIt* values for the en and. trt Lsomerizations are

almost the sarne and that the large difference in raËes of isonerizat.ion

between the two systems is tterefore almost entirely due to the

differences ín the entropy of activaÈion term. At plt 3.3 the

difference in TAS* between Èhe Èwo systems is 16.4 kJ mo1-1. The

en¡ropy difference can be atËributed to the relaËive1y greater freedom

for the six-membered tn ríng in a dissociaÈed transítíon sÈate

involving release of Èhe aquo-1igand.

This large dlfference i¡r ' omerl'Tation rates between tÏ;re en

and. tn complexes Ís consistent with previous observations for other

reacÈions involving these complexes where there is Co-O bond cleavage

in the rate-deterninirr-g step. For insÈance, the base hydrolysís of

the Co(to)A3+ complex24 las been found to proceed by a factor of 104

faster than the base hydrolysis of the Co(en)3* co*p1e*r25 and the

isomerization rate for tz'ans-ICoCtn)Z(OIl2)Z]3* i" 103 tímes greater

than that of the tz'ans-ICoCe¡r)zColfz)zl3t "otplex 
(see 1.8)'

Ttre equilíbrirln constanL' Kí"o, G kt/kc), I^¡as measured at

two pII values, viz., PH 3.3 and 7.O, fox the reactÍon
. K-.^^*

tyans-lCo (en) z(olz)oSeo2n] 
2+ *isgrtr+ 

ais-ICo(en) z Coliz) oSeO2lll2+

K. ='13.5 + I at pH 3.3 (25o, 1 M ionic strengtlr-) t '
l_som

K. = 70 + 20 at PH 7.0 C25o, 1M íonÍc strengtb-)'
asom
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A qualitative analysís of the equilibrium properties for the

analogous ún system indicated that the cis-seLqtito cornplex \¡7as

again strongly predominant and sirnilar *i"o,o values would be expected

to those quoted above.

frie cis-selenito products are favoured over the entire pH

range although Ki"oro progressively decreases wíth decreasing pH'

The increased sËability of the eás-seleníto complex relatíve to the

tnøts-lsomer can probabl-y be attrÍbuËed to the presence of hydrogen

bonding in the sLs-isomer, leading Èo the formation of a pseudo

síx-menbered rlng:
H 2+

f,<"'

I
OH

This supposítion is sËrongly supporte'd by Ëhe respective
J-t^1+

AVT values aÈ pH 3.3, Avlc = *7.5 cn3 mol-l and ÀVra = r L2'7

cm3 mol-l, for the ttøts * eis a¡d sLs -> tz'ans isomerization
1

pathways in the case of Ehe en system.23 The hígher AVTa value

has been interpreted as arising from the necessity to achieve

virtually complet,e removal of the aquo-ligand in the transitíon
I

state leading to eis + trqns Ísomerízation, whereas the lower AVl"

value ls taken as an indication that only stretchíng of the metal-\^7ater

bond, is required ín the transition state leadíng to trøß -> cis
rJ-

isomerization. The difference betr^reen the t¡¿o ÀvT values À(lvT¡ =
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+'5.2 cm3 mol-l, thus represents the additional volume increase

required to overcome hydrogen bonding.

the increase in the proportion of the tz'arts-isomer at 1ow

pII is pre-sumably a reflection of the increasing importance of acíd

hydrolysís r¿hich would make the formation of the trarts-selenito

complex stati.sÈically more favourable Èhan that of the czls-seleniËo

compl-ex.
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4.9 Sutnnaxy

When cis and tyans diaquo complexes are reacted wiÈh selenite,

there ís a two-step reaction sequence

t?ans co(tqn)z(onz) z3r + HSeo3
(cís )

I

eLs
(fu,ans)

co (NN) z (onz)oseo2r2t

Step I, which Ís substitution by selenite, is up to 105

times faster than sÈep II, whieh is isomerizaÈion to an equÍlíbríum

mÍxture oÍ. cis and trans ísomers, when NN = ¿71 and up to 102 times

faster when NN = tn.

The substitution by selenite occurs \,rith half-times of seconds

or less and ís fastest around plf 3 - 4. The slower Ísomerization

reactíon has its maxí-uum rate ín the neutral pll region.

I,Ihereas step I is vÍrtually unaffected by ríng sLze (e.g,

NN = en or tn), step ll is markedly accelerated ¡,rÍth 6-rnembered ún

ríngs as opposed to 5-membered en rings, the difference Ín the

respective isomerizaËLon rates being of the order of 103.

step I is Èhought Èo procee<l by associaÈive attack on Èhe

se(Iv) centre by an aquo-ligand, resulting 1n Se-O bond breakage ín

the rate-determÍning step. Step II is proposed as proceedíng by

dÍssociative release of water from the seleníto cornplo< Ínvo1víng

Co-O bond cleayage in the rate-deterrnining step.

Formation of the cls-selenito producÈ is favoured over the

trAns isomer for tb-e enÈíre pH range I - L2 because of the aclded
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stability imparted to the czis complex through intramolecular

hydrogen bonCing.
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CVnpter 5 SeLenite Substitution with StericaLLy-
Hindered Aquo- Lig ands .

5.1- Introduction

The previous chapters (2 - 4) have dealt l^Iith the substitution

reactions between Se(IV) and relaÈively inert octahedral aquo-complexes.

As stated in chapter 1, it was decided to conclude the overall

fnvesÈígation into seleni-Èe substituÈion by making a prelíminary survey

of selenito formation wiÈh Ëwo other aquo-comPlexes of quiÈe

dlfferenÈ stereochemical environments, viz., the 5-coordinate trigonal-

bipyrarddal nickel(Il) complex, [Nj-(Me6tren) OIl2]2+, and the macrocyclíc

cobaltclt ) corrinoid, c6Z Hso N:3 015 P co (aquocobalamin or vitamin

B12a) .

5. L . J. [-Ní (]le5 tren) Ott2l 2+

The ligand, Me6,Èrer¡ INCCH2CII2NCCII3) z)el, forms high spin

complexes of divalent first row transitíon metals and has 1itt1e

tendency to 7 r-bond with metals. The 5-coordination appears t,o be

rfuid1y maintained by the sterlc crowding about the N(CH3)2 grouPs

which effectively prevenÈs the possibility of aËtaining a 6-coordínate

configuration. The structure of Èhe [Ni(Me5tren)NCS]+ species ís

shown belo¡^r.

Ni' .

N

3

N

\

3

CII,\

CE
\.",

3



L47

This can be conrrasted with the complex, [Ni(tr"rr)(SCN)2]0,

which has a eís-oc¡ahedral configuration and a visible sPectrum

whÍch differs markedly {åH ,n. more strongly absorbíng S-coordinate

[ui(ue6tren) oH2]2+ complex.

I^lestl has recently sËudied the solvenË exchange reactions of

ICo(tren)CH3CN]2* and [Co(Me5tren)Ctt3Cn]2+. He found that the more

loosely 5-coordinate tren complex exhibited a similar lability to

other solvated co(ll) species buÈ Ehat the more rigidly 5-coordinate

Me5tren complex underwent solvent exchange at a rate which \^Ias too

slow to measure on the N.M.R. Èime scale. The analogous solvenE

exchange pïocess for Èhe lNi(Me5tren)cll3cN] complex was also too slow

Èo be rneasured bY N.M.R.

This unusua| ki-netic behaviour prornpted Weatherburn2 to carry

out some preliminary experímerits on Èhe substÍÈution reactions of the

Ni(Tï), CoCII), and Cu(rr¡ Me5,tren complexes with Br-, C1 , and SCN '

Tlrese reacLions could be followeil Ín the visible region usÍng the

stopped-flow method and the reaction half-Ëímes at 25o utere ÍfI the

100 nsec range.

sfnce no data has yet been published on the substiÈution

reactions of Me5,tren complexes, iÈ was decided to repeat the re¿ctions

rviÈh C1- and Br for the lNi(t'ie6tren)OffZl2+ cotple* in these laboratoríes

ancl to also ínclude a sÈudy of th-e substitution reacEion I'ith the azide

ion, N3 . This would Èhen al1or¿ a comparison Eo be made beËqreen Ëhe

substitution reactions of these repïesentaÈive nucleophíles and the

subsÈitution reaction wÍttr sele-nite.
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5,1.2 Aquocobalamtn

The st.ructure of the aquocobal¡min molecule is shown in Fig. 5.1.

Chelation with Èhe benzímidazole side chain prevents the formation of

2:1 courplexes. The cobal-È(IIl) ion is ln an octahedral environment,

being surrounded by 5 nitrogen atoms and 1 oxygen atom. Thus the

macroêyclíc aquocobalarnin compound nay be compared with the kinetically

inert model cobalamín complexes, iodo- and nitroaquobis(dimeÈhyl-

glyoxiuraÈo) cobalt(lll), where the cobalt(III) ion is ín ¿ si¡ni1ar

ocËahedral environmenÈ. The sËructures of these roodel cobalamln

complexes are sttor¡trt below.
L+

cH¡- f,:\J

CI13-C: N C-CH3

-cHsc

X=lorN02

Although the cobalt(lII) ion ís considered to be 6-coordínate

ín aquocobalamin, iË seems likely that the sËerically hindered

aquo-ligand is only weakly bound to the metal centre. Recent

studies3 on the subsËitution reacÈions of aquocobalamin with SCN ,

SO32-, 52032-, NCo*, N3-, t-, and Br* have indicaËed Ëhat the

aquo-ligand ís particularly labile tor¡ards substitutíon. The

dissociation raÈe constants for the reacËions

k
L + CBM*OIIr# CBM-L + HzO 5.1-Kd
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varied frour 5.9 x 102 - < 10-5 sec-1at 25o. When L = HSo3 , the

reacÈion pathway was found Ëo be

kr.^+
Itso3- + cBlf - oH2 

ÇÐuo 
au* - sorz- + H3o- 5-2

No significant change in Èhe anation rat.e üIas found on varying the

pH between 3.7 and 5.8, indicating that kínetic paths involving

II2SO3 or SO32- are uninportant. This can be compared with Èhe similar

result obtained for Ëhe anaÈion reactions of cobalt(III) aquo-complexes

with IISeO3 r âs described in chapter 4.

In vier¿ of the sterically hildered nature of the aquo-lÍgand

ln aquocobalamin and the fact thaÈ selenite substituÈion r¿iÈh

aquo-complexes aPpears to proceed througlr- nucleophflic attack of the

aquo-ligand at Se(lV), the reaction of aquocobalamin with selenite

was thought to be of particular interest.
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5.2 Erpenímental

5.2.1 MatertaLs

A. [Ni(Me6tren)C1O4]CfO4 \^ras prepared by the method of Cianpolini

and Nardi.4 In aqueous solution, this speeles generates

[Ni(Me6Èren)O]1212f which has a PKa = 9.53 at 25".5

Anhydrous LíBr(B.D.H.) and Licl(B.D.H.) were dried in vacuo

aÈ 50o and used without further purification.

sodíum azLde (B.D.H.) was recrystalLízed from concentlated

aqueous solution and dried ín uacuo at 50o.

sodium selenite c¡.o.tt.) was purified and dried as previousl.y

descri-bed.

Anhydrous Lic1o4 cG.E.S.) and Nac1o+.H2o (Fluka) were used

without further purífication.

All soluÈions were prepared from doubly di,stilled water.

B. Crystalline hydroxocobalamin chloríde (c1axo) was Èhe source

of aquocobalamín. A stock solution was made up by dissolving

approximately 1 g. of the chloride ín 1 litre of 0.01 l"i HC1O'+.

The absorptÍon at 350 nm rlas used to determíne the concentration

of thí-s stock solution.6

5.2.2 Kinetics

A. [Ní(Me6 Èren) oH2J 2t

All substituÈion reactions were followed in the visÍble region

using ttr-e stopped-flow aPparatus prevíously described. In order to

maintain pseudo fírst order reactíon condítions Èhe 1ígand
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concentration after mixing T^ras at least 10 times greater than that of

the aquo complex, this being 5 x 10 -3 U. The ligand concenÈraÈion was

varied up to 0.5 M.

The pH remained constant at 8.40 I 0.1 before and after reaction

over the vrhole range of ligand concentration for Èhe Br , Cl , and N3

reactions v¡ithout the need for an external buffer. In Èhe case of

the selenite reacEion, the self-buffering properËy of the ligani

itself was used t,o maintain the pII at 8.55 I 0.05 over Ëhe entire

Se(IV) concenÈraËion range. The orlginal buffer used, Trizma Base,

rnras discarcled when iÈ was found to react with the [Ni(Me5tren)Ott2i2+

complex over a relatively short period of tÍne.

The ionic strength was adjusted to 1 M with the appropriate

metal perchlorate salt
. All kineËic runs lrere performed at a temperature of.25.2 + 0.1-o.

B. AquocobaLønín

PrelÍmínary kÍnetic investígations vere performed ín the U-V.-

vÍsible region on a Unicam SP 800 scanníng spectrophotometer over Èhe

wavelength range 250 - 650 nm and a pll range 1-10. Further experÍmenËs

were then conducted on the sËopped-flow apparatus prevÍous1y described

at pll 'ì, 3 and pH tu 10 over the wavelength- range 25O - 850 nn. In all

cases, faquocobalarnin] - 1.4 x 10-4 M, [Se(IV)] = 1.4 x ]¡0'2 M and

U = l- M, adjusÈed r¿Í-th perehlorate íon. No external buffer was used,

the pll of tte reactant solutions being adjusted prior to míxing.
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5.3 ResuLts for [Ni(Me5,tren) oiË'z)'+ System

5.3.L Nature of Reactíon Products

The visible specÈra of the [Ni(Me5tren)Ott2]2+ complex with

cl , Br , and N3 ions are shovrn in Fig. 5.2. In each case there

is a slight increase in optical absorbance and shift away from tro'r..

on addition of the anion. Kinetic runs were performed aE 435, 440,

and 410 nm for the Cl , Br , and N3 lons, respectíve1y' corresPondíng

with the increase in optical absorbance from reaction Èo producË'

under Èhe reaction conditions enployed in the kinetic study

([anion] >, 10 x [Ni(Me6tren)Ott22+J), subsÈitution proceeds virÈually

Èo completion. The spectra obtained from Ëhe reacËions of C1 , Br ,

and N3 with [NiCMe6rren)Ol12f2* are consisËenË with the formaÈion of

5-coordinate chloride, bromide, and azLde substituted Me5,Ëren complexes'

The visible spectra of the INiCMe.tren)OH2l2+ complex with

HSeO3- and Trizma Base are shown in Fig. 5.3. There is a large

decrease in optical absorbance around 410 nm wÍth the HSeO3 ion

and an even larger decrease in Èhe same region with Trizma Base'

corresponding to a visually detecÈable colour change from bright

green to very pale blue-green. The spectta or the ESeO3 and T.rlzma

Base producÈS are characteristic of 6-coordinate complexes.

5.3.2 Kinetics of Substitution Reaetíons

The rate data at 250 0btained for the substiËutíon of

{Ni(Me5tren)0tt2l2t with Y , where Y - Cl, Br, N3, and HSeo3, are

shown in Table 5.1. The data for Èhe C1 substitutÍon are compared

with the unpublíshed daÈa of tr'leatherburn'2



Fig. 5.3 Visible Spectra of (A) [lrli(]fe5tren)Ott2l2+,
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IabLe 5.J. Rate Data f,or St'thstitution of,JNiCMeôtren)oHdz+ h{ t- at 25o.

k - Csec{l
oqsi..

IY'.-l (M)

0.05 c8.0) 5 .s2

(8.8) 6.60

(8.6) 7.87

(e .4) 8.83

(10.5) 10. 1

(11.0) 11. 4

0.1

o.2

0.3

0.4

0.5

+

+

+

+

+

+

0.20

0.15

0.2L

0.15

0.3

0.4

6.25

6.51

7 .46

8.76

9 .05

10.1

0..19

0.21

0.28

0.21

0.15

0.1

z7.z

jz-4

43.0

52.5

66.4

74.6

0.100

o.152

a.270

0.400

0.506

0.607

0.001

0. o15

0.009

0.017

o.o27

o.o22

+

+

+

+

+

+

+

+

+

+

+

+

o.6

0.6

1.5

2.8

2.5

3.3

ESeO3

+

+

+

+

i

+

H
(Jr
tJ)

([Ni(Me5tren)0822+-]=5x1O-3 ¡4;fi=1.O-l{,C104-¡s¡lirrm;1=25.2!O.1o;pnfClJ=8.40+O'10r

pE(Br-) = 8.35 + O.O5, pU. CN3:l = 8.45 + O.O7, pUCgSe¡3:I - 8.55 i O.O5)'

C ) data ín brackets from ref... 2.
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lY-VS shown Ín Flg.' 5.4, are linearThe plots of kob"

(slope = kz) with positive intercepts

nature of the incoming nucleophile.

D-mechanism qras operaÈing, i...

5.3

(= kt) which díffer with the

In order to test whether a

t - klk^lY ]
^obs l+k-r [Y-]

1' 1o'k. =f¡;¡1 -
ODS

-Llkrþ s.4

Llk was plotted as a function of. Ll [Y ], as shown Ín Fig' 5'5' If
obs

a D-mechanism Ís operatíve such a plot should be linear with an

intercept = k_t /ktkz and a slope = l/ktkz. The non-linear ploÈs

obtained inciicate that a D-mechanism is not operatíve and that

rather the kinetics are consistent wíth Ëhe rate law

k-,- = kt + k2[Y-] 5'5
oDS

where k1 and k2 are both dependent on the nature of the nucleophile'

y Table 5.2 surmrarizes the k1 and k2 values deríved from the plots

fn Fig. 5.4.

In the case of azide, the inítíal fast reacÈíon (step I) was

followed by a slower reaction (step II). The k1 and k2 values listed

fn Table 5.2 for azlde refer to step I. Ãt 25" and -[N3 J = 0.4 M,

k. = 66.4 ! 2.5 sec-l for step I and lc--- = 0.335 t 0.015 "."-1'-obs ' obs

for step II. tr'or both steps Ëhe optical absorbance changes are

fn the same sense (step I contributes ^, 907" towaxds the overall

optical absorbance change) wíth the spectrum of the product

corresponding to a 5-coordinate cornplex.
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Fig. 5 .5 Plots of. L/k^.- vs 1/[Y] for Substitution of [Ní(Me5tren)OH2]2+. oDs
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IohLe 5.2 k1 and k2 &erms for INiCMe6tre-n) oH2J2+ +Y

Anion k1 (sec-l) k2 (u-1s ec-1)

c1

Br

N3

IISeO 3

5.3 ! 0.3

5.8 r 0.3

2L t1

0.041 0.01

11.6 I 1.0

8.6 1 0.6

110 I 15

1.2 r 0.1
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A single kinetic run \¡r'as performed for Y = SCN At 25 '
k, = 34.5 t 2.5 sec-l, for [Ni(Me6tren)0H22+] = 5 x 10-3 M,

obs

[scN-] = 5 x 10-2 M, and p = 1.0 M, adjusted with perchlorate ion.

The corresponding value for N3 Í" kob" = 27.2 ! 0.6 sec-Ì. A

detailed kineËic analysis \^las Prevented because of the rapid

crysÈallizatlon of the thiocyanato complex, presumably as the

perchlorate salt, [Ní(Me5Èren)NCS]C104.

In the case of HSeo3 and Trizma Base only a single slow step

could be detecte<i over the entire wavelength range used, although a

search was made for a faster sÈep. If such a step occurs it must

have a reaction half-Ëírne of. tb < 5 msec. A single run was performed

for the Trizma Base reaction' At 25o, tb rv 50 secs, for

{Ni(Me5rren)Ott22+l = 5 x 10-3 M, lTrLzma Basel - 0.5 M and p= 1.0 M,

adjusted wÍ-Ëh percblorate Íon. Ihe corresponding value for HSeO3

ís t4 = 1.1 secs (%0" = 0.607 L 0.022 """-l) '
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5.4 Díseussion

The C1 and Br substiËution reactions fo11ow a simple one-step

pathway and the kinetics are consistent with the observed rate 1ar¿

5.5 r¡here both ki and k2 are dependent on Èhe nature of Y. For

octahedral meÈal complexes in oxidation staËe II, a single (dissociative)

tern k2[Y] is comnon r,øith k2 independenË of the nature of Y. For square

planar complexes, a two-Èerm rate 1aw is connon but the k1 Èerm is

characterist,íc of Èhe solvent path and Índependent of Èhe nature of Y.

The two-Èerm rate 1aw 5.5, wiËh k1 and k2 dependent on the naÈure of Y,

has also been found for substitution reacÈions involving other

5-coordínate netal complexes.

Pearson et. al.7 studied the rates of substitution ín nethanol

for the 5-coordinate Pt(Il) complexes, IPt X(QAS)IX, where X = C1 , Bï ,

I.-, SCN , and QAS = (o-Ph2As.C5Ha)34s. They attributed the observed

t!üo-tern rate 1aw 5.5 to a mechanÍsm involving para1le1 bimolecular

aËtack by the lÍgand on the complex and an ion-paír of the complex.

In order to account for the dependence of the k1 term on Èhe nature

of Y, they examined the ploÈs of kob" t" [y] at 1or¿ lYl and found that

there rìras no longer a linear relation but thaË the plots curved away

to zero. The curved portion of the plot was Èhen identífied as the

reaction between the complex and the nucleophile and Ëhe linear

region as the reaction beÈv¡een an ion-paÍr of the complex and the

nucleophíle. At high IYl, the rate 1aw Èhen becomes

kob" = kc - krr/K + krplY] 5.6
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vùhere K is the equilibrium constant for ion-paíríng and kc and k*

are Èhe respective rate constarits for the reacÈion of Y with coroplex

and ion-pair. This mechanism ignores any possible solvent path and

proposes a 6-coordínate transiËíon stat.e. The present studíes,

however, give no evidence for ion-paíring effects 1n the kz[v] term

in that even at 0.5 M [Y], no sígnificant deviation from lÍnearíty is

observed, as can be seen from Fig. 5.4.

Morgan and TobeB have studied the substiËutíon reactíons

[ux(qas)l++yMeoIIr[uv(qas)J++x5.7
(where M = Pt; X = Cl , Br ; Y = NO2 , N3 , NCS , I , SC(NH2)2, PØli

M = pd; X = C1-; y = NO2 ; Qas = (o-Me2As CSH,*)SAs).

They question the validity of Èhe ion-paír path\^/ay proposed by

Pearson et.al. and suggest an alternatíve mechanism ínvolvíng a

planar 4-coordínate intermediate ín which one or two of the four

arsenics of the quadridentate lígand are tenporarily uncoordinated.

Thelr reactíon scheme Ís shown below.
+Y

As

I
Y

J
As

c

AS

k

qr.-

As

AS

As-Pr-X
4 - no r"l,
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Assuming, (1) K << l- so thaÈ on1-y a sma11 fractíon of the complex

Ís in the 4-coordínate form, (2) the square planar substftutlon fol-lor'¡s

a thro-term rate law, and (3) the replacement of the axíal X 1s

írreversible, they define a rate expressÍon which, when kc[Y] tt k-b*

k 0. sínplifies toc'
kob" = Kt(kå * n3) - qk_b/kc] + (ka + \)KtYl s.8

Thus k2 from eq. 5.5 can noÌ¡I be equated with (k" + \)*' and k1 with

K{G0 + {t - \k_O/k"}. For rhe k1 expression, the first Ëerm in

the brackets represents the solvolytic reactívity of the sul¡strate-

and is índependent of Y, but the second term contains three Y-

dependent constants thus uraking kt dependent on Y.

A sinilar type of mechanÍsm is envisaged for the substítution

of [Ni(ue5tren)oH2]2+ ¡y Y , ví2.,

The azide reaction is complicated by the emergence aE high

N3 concentration of a slower second step after the ínítial- fast

reaction step. Lincoln9 has found from equílibrium studíes on the

+I
ICu(Ue6,tren)N3]- and ICu(tute5tren)NCS]' ions Ehat two species are

produced in both systems even though both are 5-coordinate and have

the same stoichiometry, Also, var:íatíon of the INS-]/tClO4-] raÈio

in the azLde system causes a shÍft ín the conformaËlonal equilibrium

of the Me5tren ligand. The reason that the conformer equilíbrium



160

arises í¡ the case of N3 (and SCN ) may be attribuÈed to the much

faster substitution rates (step I) wíth N, and the subsequent

conformer rearrangement reaction (steP II) cannot keep pace, as

it presumably can for the slower Cl- and Br reactions.

Although only one reacËion sÈep was kinetically deÈected for

the HSeO3 reaetion, it seems likely that there is a tl,lo-ste-p process

leading to the formatíon of a 6-coordínate selenito complex. The

first step would then be subsËitution (step I) to form a monodentaLe

seleniÈo product followed by ring closure (step II) to form a bidentate

selenito-complex, The fact that Èhere r¡ras no rrinsËantaneousrr increase

in optÍca1 absorbance (corresponding to S-coordinate complex formation)

on cortrnenceuent of a kínetic run índicates that sÊep I is slow and

step Il is fast. This meafls that the stationary concentration of

the 5-coordinaÈe monodenLate selenito intermediate is very 1ow and

hence no specÈral effect is observed. As fasÈ as this í¡rËermediate

is formed it í-s converted to the 6-coordinate bidentate selenito

product. The k1 and k2 values listed ín Table 5.2 f.ot HSeO3 can nohr

be i-dentíJied wíth step l. Since tA < 5 msec for step II, klt t 2 x 104

-tsec-r, for ring-closure. The proposed reaction scheme for HSeO3

subst.itution is shown below.

{Ni(Me6tren)oll2l'z+;,*+ {Ni(}4e5tren)oSeo2l ¡ft'Me6Èren (.> = .

This mechanism is consistent wiËh the observed rate 1aw 5.5.

It is i¡rterestíng to note thaÈ, unlike the substÍËution

reactiòns of [CoCN]13)50]f.12+ and IRh(Mlg)sOHl2t with selenite around
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pH B, there is no evidence of any dependence of the substítution

rate for [Ní(Me5Ëren)OH2]2i on [Se(fV)]2, even up to [Se(rV¡1 =

0.5 M, ar Èhe pll (8.55 I 0.05) used for the kineiic investígation.

A similar mechanism can also be tentatively assigned to the

Ttizma Base substitution reaction. This means that Trizma Base

would Ëhen be acting as a bidentaÈe lígand coordinating to the

meËal cenËre through eiËher t\^Io oxygen atoms, as for seleniEe, or

one oxygen and a nitrogen atom. Gillardl0 h"" proposed the 1atËer

case for the structure of the Trizma Base complex, [Co(en)zT-n32'l-,

whict¡- Ís shown belovr.
L+

oHl

,"]

sirnilar ocrahedrar Ni(ll) complexes, such as [Ni(triol) (cH3cN) g]2*,

where triol = I,1, l- trlmetlrylolethane, and [Ni (dianol) (CH3CN) 3 ] 
2-+,

where diamol = 1r1-dimethylarni¡o-1-methylolethane, have recenËly been

prepared by West..1 The strucÈures of these complexes are shown be1ow.

LÞ'<:

CHa

t"
ï-.n,
c]F^z I

otl

2

2olt

AN AN

[tti(rriol) (AN) s]2+ [Ni(diarnor) (AN) 312+

AN = CH3CN (acetonitrile)
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the foll-owlng structure can therefore be proposed for the

Trizma Base compl-ex with [Ní(]ae5tren)OII2l2+.

N

CH

cHs

CH 3

\N .¿cHs
cHs
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5.5 Conelusíon

The subsËiturion reactions of [tti(Me6tren)OII2]2* with Cl-, Br-,

N3 (and SCN ), HSeO3 , and Tti-zma Base, all appear to have kinetÍcs

which are consisËent with Ëhe tÌüo-term rate 1aw

kob"=kr+k2[Y]

Although Cl , Br , and N3- (a1so SCN ) form the anÈicipated S-coordinate

products, the Potential bidentates, selenite and Trizma Base, have the

unusual property of converËing the orÍginal S-coordínat.e Me5tren species

ÍnËo an apparent,ly 6-coordinate product.

It wíll be necessary Ëo evaluate activation Paråmeters before

the dÍfferences ín k1 and k2 for different nucleophíles can be

discussed in detail. A pÉ study of tlre seleniÈe substiËutÍon

reaction and the isolation and characterízatLon of products are also

requÍred. To test trheËher the apparent 6-coordinate species are Ín

fact only intramolecular trydrogen bonded forms r¡rithout genuíne

6-coordinatÍon, the reactlons of other potential hidentate lígands,

such as AsOr*3-, should be studied.
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5.6 ResuLts and Discussíon for the AquocobøLøwin system.

Only a very slighÈ shift io trr"* r,ras detected spectrophotometricall]'

on the addition of excess selenite to aquocobalauin in aqueous solution

at room temperature. There \¡las no change in the intensity of Àr"*:

No reactÍon hras observed in the millisec-second time range using

stopped-flow kinetícs .

A qualitative invesÈÍgation was Èhen performed Ín which

aquocobalamin was nÍxed wiËh a variety of differenË ligands includíng

other oxyaniorrs. There was no visually deÈectable reacËion' for those

lÍgands which coorciinate througtr, o:(ygen, vi'2., selenite, selenate,

sulphate, phosphate' arsefiate' oxalaÈe' carbonate, niËrate, and

chromaËe.

ReacÈions ç's¡g ímmedíately observable for niÈrogen bonding

ligands such as nitrite, azLde, and thiocyanate; sulphur bondíng

ligands such- as sulptr-'ite and dith'ionite; halogen bonding lÍgands '

c1- and Br ; and carbon bondíng ligands such as cyaníde. As mentíoned

Ín Èhe lntroduction, some of Èhese reactions har,'e already been

kineti-cally investigaËed.

It would appear fron the aboye evidence that the fotmaÈion constanÈs

for coordination of o-bonded ]-igands are very low or that tfreír

coordínation has little spectral Ínfluence on the cobalamín moiety'
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AppendÌ'æ I Stopped^FLout Appatatus

Thegenerallayoutofthemechanica].sectionofthe

apparatus is shown on Èhe fo1-1-owing pages. This section incorporates

the storage and drlve-syrlnges which are Linkecl through tI"7o-I47ay taPS

Ln bl.ock 1, the mixing charuber (bl-ocks 2a, b, cn d, e), the cel-l--bl-ock

(bl.ock 3), and the stopping-block (block 7) which ís l-inked to the

stopping^syrlngeandËhece].l.blockthrougha3.waytapcontained

in bLock 8. Blocks 4, 5, and 6 are connectíng bl-ocks, and l-a and

9 are pressure-Plates.
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Appendi.æ II Pt'ognøn Anod

This progrâm T¡/as designed to calculate fírsË- and second-order

rate constants from plots of log1g C vs t, where C is the concentratiorr

(M) and t is the time (secs), usíng a least squares subrouËine. The

function, log1g C, is direcÈIy proportional to logro (Vo - VË), r"'here

V 1s the intensity of t,ransmiËÈed light measured ín volts, Vo ís the

base l-ine voltage, and Vt (= Vo - AV) ís the voltage at time t' Also

incorporated into Program Anod is Subroutine Reader which provides a

neans for calculating both weighÈed and unweighËed values of the

rate constant.s.

Below is a lisÈing of the input data, and Program Arood.

IMIIT DATA

CARD NO. COLI]MNS CONTENTS

1

2

1-80

1

2-3

7

L'6
7-r3

14-18

30-3s

36-38

4L

42

NAME OF JøB

CHARACTER INDICATES LAST JOB

NI]MBER OF POINTS (T2)

CIIARACTER INDICATES PLOT

voLTS/DrvrsroN (F6.3)

TIME/DrVrSrON (F7.6)

TrlfE oF MÐilMiIlf (r5.2)

BASELINE VOLTAGE (I'6. 3)

MAGNIFICÀTION FACTOR (F3)

CITARACTER INDICATES CARD 4 TO BE READ

O FOR IINIIIEIGI1TED L.S.; 1 f'OR I^IEIGIITED L'S'
2 FOR BOTII

EXTINCTION COEFF. (F5)

CELL LENGTI1 (CÞ1) (16.3)

3

4 1-5

6-11
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PROGRAM AMOD (TNPUT,OUTPUT)
DTMENSTON NÆ4E (10), r (100), C (100), Cl (100), c2 (100),I^11 (100),tr{z (100)
DTMENSTON D(100), C3(100, 2)
colßtoN/Al lE,cr-,Tz

1 RBAD 2, (NAìÆ(I),I=1,8)
2 r'oRMAT (8A10)

READ 3, N,NV,LOT
3 FORMAT(A1,12,3X,A1)

CALL READER(T, C,Wl,NV,NI^r)
TZ = T2x]-000000.
Str{l = 0.0
SW2 = 0.0
DO 4 I=I,NV
cl(I) = AtoG(c(I))
c2(I) = 1.O/c(I)
D(I) = C(r)*sxç1
I^I2(I) = C(I)*Wl(I)
Str'Il =SI^I1 +l^I1(I)

4 SW2 = SI^I2 + I^I2(I)
L=0
rF(NI^t-l) 4L,6,6

4L DO 5 I=I,NV
Wl(I) = l-.0

5 w2(r) = t.o
K-
GOTOS

6 DO 7 r-l,NV
Wl(I) = Wl(I)*NV/SI\II

7 lñ2(r) = I^I2(I)*NV/SI^I2
K= 1

B cArL LSQU(T,Cl,tr{l,NVr51,Rl,Yrl,SrNT1, S51)
CALL LSQU (1, Cz,I,tr2,NV, S 2,F.2,YIz, S INT2, S S 2 )
L=L*1
S1 = ABS (S1)
rF(L-t) 81,81,121

81 cz = (r(2) - r(1)> 1rcL(r)*r(2) - c2(2) *r(1))
PRINT 9, (NAME(I),I=1,8),E,CL

1-5

6-10

11-15

L6-20

ETC.

rrME(1) (Fs.2)

vorrAGE(1) (Fs.2)

rrME (2)

VoLTAGE(2)

8 PAIRS OF READINGS/CARD



9 FoRlfAT(1H1,10X, 8410, / I /,LOX,*EXTTNCTTON COEFFICIENT =*,F5.0, /,10X,
$ *Cnr,l LENGTTI -*,F6 .3,// /)
PRINT 10
FORMAT (12X, *TIME*, 14X, TTCONC *, l5X, *¡¡ (CONC) *, 15X, *1 / CoNC*, zLN,

$ *0.D.*, /,10x, *(x1000) *,11X*(x1000) *,38X,*(x.001) *,/)
D0 101 I-I,NV
A1 - 1000.*T(I)
A2 = 1000.*c(I)
A3 = 0.001*C2(I)
PRINT 11, A1 ,A2,CL(I) ,I^11(I) ,43,1^72 (I) ,D(I)
FORMAT (lOX,FB. 4, 10X, FB. 4, 10X, r'6. 3, * (*, F5 . 3,*) *, 10X, FB. 4, * (*,

$F5. 3, *) *,10X, F8. 4)
PRTNT T2 , TZ,CZ
FoRMAT(l/ ,L}x,*TIltE To REACH MAx CoNC - *,F6,*USEC*,10X,'tEXTRAPoL

$ernt coNcENTRATToN AT T=0 rs*,E10.3,:tt4x¡
rF(K) L22,L22,L24
PRINT 123
FORMAT(// /,5X,*IINI^IEIGHTED LEAST SQUARES PARAMETERS *, / /)
G0 T0 126
PRINT 125
I'ORÌ"íAT (/ / / ,5X,*I^TEIGIITED LEAST SQUARBS PARAMETERS* , / /)
PRINT 13, S1,S51,Yr1,SrNTl,Rl-
FORMAT (rOX, *1ST ORDER K -*, F7 . 3,2X,*+ I -*,t7 . 3, /, lox, *Y TNTERCEPT =

g*, F7 .3 ,2X,*+/-* ,t7 ,3 , | ,L0X,'*CORRELATION COEFFICIENT =*,F8.5)
52 = 0.001*52
SS2 = 0.001*SS2
YI2 = 0.001*YI2
SINT2 = 0.001*5INT2
PRrNT L4, 32,S52 ,Yr2, SrNT2 ,R2
FORMAT ( / /, lOX, *2ND ORDER K = *, E7 . 3,2X,x¡ / -x,87 . 3,2X,*X1000*, f ,L1X,

$*y tNruncEpT = x ,F7 .3,2x,'t+/-* ,7 .3 ,2x,?txl000*, / ,10x, *CORRELATIoN c
$OEFFICIENT =*,F8.5)
rF(L-l) L4r,L4L,I42
rF(NI^t-l) L42,L42,4L
IF(LoT.EQ.1H ) cO TO 16
CALL SCALE (Cl ,C2,C3,NV,FACT,T)
PRINT 15 , (NAME (r ) , r-1 , B) , tr'ACT

FORI"ÍAT(/,10X,8A10, / ,LOX,*FIRST ORDER VALTIES MADE POSITIVE ÆqD MULT

$rpr,r¡o gy*,FB)
rF(N.EQ.1H ) cO TO 1
STOP

END AMOD

SIJBROUTINE READER(T,V, W,NV,NI,tr)
DIMENSTON T(1),V(r),W(1)
c0MÌ"f0N/A1 /E,CL,TZ
READ 1, WD,TPDTTZTVO TFMAG,NTNW
rr'(N.NE.LH ) 2,4

10

101
11

12

L2L
L22
L23

L24
t25
L26

13

L4

141
L42

16

15



1 F0R¡4AT(F6 .3,Í7.6 rF5. 2,llx,F6.3,F3,2X,2A1)
2 READ 3, E'CL
3 FoRMAT (r'5 ,F6. 3)
4 READ 5, (1(I),V(I),I=1,NV)
5 FoRMAT(16F5.2)

VPD = VPD/TMAG
TPD = TPD/II"fAG
TZ = TZ*TPD
D0 6 ìt-l,NV
vr = vo/ (vo -wn*v(r) )
V(r¡ = AL0G10(Vr)/(E*Ct)
R(I) = TPD*T (t) - 'tZ

6 l^i(r) = VT*v(r)
RETI]RN

END RNADER

suBRoItTrNE SCArE (CL,C2, C3,NV, FACT, T)
RETI]RN
END SCAIE

ST]BROUTINE LSQU(X,Y,TNT,N,S,R,YI,SERIM,SERS)
DTMENSToN X(1),Y(r),W(1)
xY=x2=Y2=cx=cY=o.0
DO 2 I-lrN
CX = CX + x(I) *I^I(I)
CY=CY+Y(I)*W(I)
XY = XY + X(I)*Y(I)*FI(I)
X2 = X2 + X(I)'{.X(I) *t^I(I)

2 Y2 = Y2 * Y(I)*y(I)*I^i(I)
cx = cx/N
cy = GylN
X2 = X2lN
SX = SQRT (X2 - CX,tCX)
SY=SQRT(Y2-CY*CY)
g = (xv/lt - cy*cy)/(Sx,tsx)
YI = CY- S*CX
R = s*Sx/SY
SERY = sY*sQRr( (1.O-R*R) /(N-2.0) )
SERS = SERY/SX
SERTNT = SERYTSQRT(X2)/SX
RETI]RN
END LSQU



Appenáiæ III Progrøn Actpar

Thls program üras designed to calculaËe the activat.ion
JI

pâÍemg¡sas, E, AHl, and ASl, from plots of 1o916 k vs 1/T,

where k ís the rate constant and T is the absolute temperat,ure

measured in oK, uslng the least squares subroutine, LSQU. The
I

enÈropy of actívation t.erm ÄST, was cletermined both from the

intercepÈ at I/T = 0 and by direct substituÈion of k and ¡tif trrto

the transltion-staÈe equation. 
I

" _ kBT e^sr/R. e-AHr/RT
h

where kU = Boltzmannrs constant and h = Planckts constant.

Belo¡'r is a lísting of the ínput data, and Program Actpar.

INPUT DATA

CARD NO. COLI]MNS CONÎENTS

1

2

3--

1

tt-L2
1-10

LL.20

2L-30

31-40

41-50

1-10

r1-20

ETC.

CHARACTER INDICATES LAST JOB

NUT"ÍBER OF PoTNTS (T2)

PLAIICK| S CoNSTANT (E 10.3)

BoLTZMANN'S CONSTANT (E 10.3)

GAS CoNSTAT{T (F 10.0)

TEMPERATURX (F 10.0)

RATE CoNSTANT (F 10.0)

TEMPERATURE (F 10.0)

RATE CoNSTANT (F 1_0.0)

4 PAIRS OF READINGS/CAPJ



2
1

PROGRAII ACTPAR (TNPUT,OUTPUT)

DTMENSTON VT (100),RC (100),X(100),Y(100)
READI rM,N
FoRMAT (41 , 9X, 12 )
READ 10lrPC, BC TGC,T,RCC
FORMAT (28L0. 3, 3F10 . 0)
READ toO, (VT(r),RC (r),r=1,N)
FORMAT (BFr010)
DO 3 I=IrN
x(r¡=17Yt1t, $ Y(I)=ALOG(Rc(I))
CONTINUE
CALL LSQU(X,Y,N,S,R,YI,SERINT,PEI' SERS,PES)

E=-GC*S
SEE=PES*E/100.
H=E-GC:kT
SEH=pES*H/fOO.
RK=E)G (S/T+YI)
EN=GC*ALOG ( (RK*PC*EXP (H/ (CCxr¡ ) ) / (¡c*r) )
EN2=GC*ALOG ( (RCCrfpC*EXp (H/ (Gc*T) ) ) / (SCxr) )
ENT=GC* (Yr-ArOG (BC*T /PC ) )
sEENT=PEI.åENT/ 100 .

PRINT 2OO

FORMAT(1H1.30X,*¡ç11VATION PARAMETERS*,/ / /)
PRINT 2OI
FORI,IAT (25X,*¡*,30X, *\r' , / /)
PRrNT 202, (X(r),Y(r),r-1,N)
FORMAT (20X, 810. 3, 20X, E10 . 3)
PRINT 2O3,S,YI,SERS,PES,SERINT,PEI,R,SEE'SEH
FORMAT (/ li.i SLOPE = t{,810.3,1,* Y rNT = tl'E10 -3,/,* S,E.

* sl,opE = *,810.3,/,* P.E. SIOPE =*,F6.2,1,t< SLE. INTERCEPT =

**,E10 .3,/ ,* P.E. INTERCEPT - x,F6.2,/ ,* CORRET¿'TION COEIF =

**,fS.4,i,?k S.E. ACÎ. ENERGY =*'E10.3,/,* S.E. ENTHALPY= *,
1E10.3)
PRrNT 2O4,7
I'ORMAT (/ / / ,* TEIP .= *,87 .2)
PRINT 207
FORMAT(//, * ENTROPY CALCULATED BY DIRECT SUBSTITUTIoN INTO T' S

1. EQUATION*)
PRrNT 205,8,H,EN
FORMAT (/ /',* ACT. ENERGY= * ,17 , / ,x ENTIIALFY= * ,F7 , / ,

1* ENTROPY= 'k, F6 . 2)
PRINT 2OB

FORMAT(//, *ENTROPY CALCULATED FROM INTERCEPT*)
PRINT 206,E,H,ENT, SEE, SEH, SEENT

FORMAT (/ /',*- 
- 

¡.Cí. ¡l¡BnCy= *,87,/ ,* ENTHALPY= *,T7,1 ,* ENTR

lopy=:t,86.i,/,* S.E. AcT. ENERGY= *,E10.3r/rrk S.E. ENTHALPY =

1 *,E10.3,/,* S.E. ENTROPY= :t,E10.3)
PRrNT 205,8,H,8N2
rF (M. EQ .l-H) GOro 2

END ACTPAR

101

100

3

200

20t

202

203

207

205

208

204

206



c

SUBROUTINE T,SQU (X,Y,N, S,R YI, SERINT'PEI,SERS,PES)
DLTTENSTON X (100),Y (1.00)

SUBROUTINELSQUAPPLIESLEASTSQUARBSMETHODToVVSX

xY=x.2-Y2-CX=CY=0.
DO 2 I=lrN
CX=CX.+X(I)
CY=CY+Y(I)
XY=XY*X(I)*Y(I)
X2=Y,2iX(T) *X (I)
Y2=Y2+.Y (I) ".rY (i)
xB=cx/N
YB=CY/N
5¡= (X2 /N-XB'åXD) **0 . 5

5Y= (r 2 /N-YB*YB) *'t0. 5
R= (XY/N-XB,|YB) / (SX*SY)

C CAICULATE SLOPE OF LINE OF BEST FIT

5= (¡1*gY) / SX

YI=YB-S*XIJ
sYY=Y2-CYìcCY/N
sxx=x2-cx*cx/N
SERy=SQRT ( (sw-s*s*SIJ) / (N-2.0) )

cCALCULATESTANDARDERRORINSLOPEANDINTERCEPT

SERS=SEFJ/ SQRT (SXX)

SERINT=SERI...SQRT (1 . 0/N+XB?IXB/ SXX)

PCSE= (SERS/S) *100. 0
PES=ê.BS (FCSE)
pB1- (SER INT'k10c . 0 )YI
PEI=ABS (PEI)
RET[ìRN
END LSQU

2




