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ABSTRACT
The oxidation of complexes
. . 3+
of Tl(III),(T1L6) {L=ur,Meur,
DMeur,DEtur,N-Bu-ur,and Phur),

by iodine as 13

acetonitrile solutions, appears
to proceed as a second order
reaction and is much faster in
ethanol solution {(where solvo-
lysis occcurs) than in acetonit-
rile.The enthalpy of activation
appears to decrease as ligand's
size increases which suggests
that the kinetic stability of
these compounds is not just be-
cause of steric hinderance;but
electronic effect of the ligand
must be more important.

The mechanism of the reac-
tion is suggested to be an in-
ner redox reaction in which an
electron transfers through a

bridge which is formed by bon

3 to the complex ion.

ding I

INTRODUCTION

Titanium (III) is a suffi-
ciently strong reducing ion
which can be oxidized by many
oxidising agents.The earliest
reports discuss the kinetics
of oxidation of Ti{III) by adgue -
ous solutions of iodine{l,2).
Their investigations were con
fined to fairly high concentra:
tions of acid and iodide.A re-
cent report shows a more com -
plex acid dependence(3).This
reinvestigated work studies the
reaction over a wider range of

reactant concentrations.

There are many other re-

in ethanol and ports on oxidation of Ti{III)by

oxidising agents{4-4€).Among
there,a review paper with 41
references discusses the use
of Ti(III) as a reducing agent

in analytical chemistry,the de

termination of Ti(III),the sta-

te ‘of Ti(IIXI) i agueocus solu-

tions and methods for stabili-
sation of Ti(III) by using ne-

utral hetroarcmatic 1ligands con-
taining N(such as O-phenantro-
line) {5).Many Ti{III)oxidation
reactions proceed via outer -

sphere mechanism(l10,11).In some
of them such as Ti(III)-Co(III)
redox reactions electron-trans-
fer occurs through a bridge

which is made by the ligand{oxa-

late ion) (1l2).Earley,and ka -
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llen {12)have suggested that
"some of the remarkable propéer-
ties of TLi(III) and Ru{II) (such
as the ability to reduce per-
chlorate ion) can be understood
as involving unusually exten-
2g elec-
acceptor

sive overlap between t
tron~donor and- orbi-

lals. This effect should bhe

more prominent in inner- sphere
than in outer-sphere reactions.
The magnitude of interaction
between electron-donor and elec-
tron acceptor orbitals, in or
prior to the transition state,
should be important in deciding
whether or not Marcus' theory
is applicable and clearly would
be important in the considera-
tion ¢f such reactions on a
molecular orbital basis”,
Among the Ti(III) redox re-
actions for which inner-sphere
mechin.sms have been demonstra-
ted, those inveolving oxidants
of less positive charge are
more rapid than those involving
oxidants cof more positive charge

(14) .
EXPERTMENTAL PROCEDURE

Reactant solutions were pre-
pared according to the follow-

ing procedure: titanium N-sub-

stituted urea complexes were

aliguots the

solutions cbta-

ined upon thelxr preparation{l5): I;

solution was prepared by dissolving

iodine (A.R.grade) in ethanocl oz

acetonitrile solutions contain-
ing potassium iodide,free from

any impurities and gases, under

nitrogen atmosphere. Rate mea-

surements were made on an Amin-
co Morrow stopped flow spectrc-
photometer designing for faster
reactions. More details of the
technical treatments have pre-
viously reported (16). Scolvents
were purified by distillation,

under nitrogen, from a suitable

dryving agent, 1i.e. ethanol,

from magnesium ethoxide prepa-
red in situ; acetonitrile, from
molecular sieve,

P205.

RESULTS AND DISCUSSTONS

Al: the oxidation reactions

followed by

on Ti(III) have been carried out
in agueous solutions which makes
the .problem more complicated
But the present work is interes-
ting because first,the reactions
were occurred in an absolutely
pure organic solvent,and second
on a known complex that has al-
ready been prepared.

{a)Oxidation of[Ti(ur)éIBWith

KI

Ethanol
3

in

The reaction was studied
assuming pseudo-first -crder condi-

tions,with Ti(III) in excess

(Figs 1,2).Plots of ko var-—-

bs

sus [Ti(I1I)] (Fig.3) and 1n k
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versus recliprocal temperature

(Fig.4) were linear.The plot of '%.
k versus [Ti(II1)] was in

obs

agreement with equation 1.

k =k [Ti(I11)] 1 at

obs

< B 5{*— -

sgg .3 2r

g} . .
. B3 2 n 2 19?1' 13 34
z35E% Fig.4.Arrhenjius plot for oxi-
355532 e dation of [Ti(ur)6]I3 by KL, .
T T o fo T TR haepit

Fig.l. variation of absorbance- vs

time for the oxidation of [Ti(ur)6}I;

o
>y KI3 at 25 C
b g
,,éé 8
T Eaeg !
SEEERs L B llac e,
a9 L) 1 7 K ¢ SEC
.Fig.2. variation of absorbance vs
time for the oxidation of[Ti(ur)6I3]
o
by KI3 at 54 C.
1
o :
A4}
10t e
06 T
02t i
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Fig.3.Variation of kO for

bs
oxidation of [Ti(ur)6JI3 by

KI_ vs [Ti(1TI)]

[§4]

Table 1. Variation of Xk vs tempera-
ture

(rif(II11)]=0.036 M and [I_]~-
J.0036 M)

No.of Runs T‘:mp kobs_(';ve) ]—(1 -1
c S lmol 5
2 25 0.1l00 5.56
2 30 0.159 B.53
2 35 0.260 14.44
2 40 0.400 22.22
2 45 0.629 34.94
' 2 50 1.000 55.65
| 2 55 1.400 77.87

The values of k(Table 1)
were used to calculate the ac-
tivation parameters.

The oxidation reaction of
Ti{(III) by iodine is one of the
earliest reports of redox SysS-—
tems involving Ti(IIXI}) . This
reaction and a similar one,oxi-
dation by chlorine,and others

were investigated in agueous

acid solutions(1-42).
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In this work,the reaction

with I; was carried

out in ethanol.The reaction

of Ti(III)

followed a second-~order kine-

tics with a second-order rate

constant k=5.56 1 mol_l s_l at
L] A .

25 C.The reaction is adequately

described by equation 2.i.e.

the reaction is first-order

both in [Ti(III)] and in [1;]

—d[I;]

dt

-y dlricrin]_

= k[Ti(II!)][I;]
dx

2
Since tne scolvent,ethanol,

in comparison with urea is a
weak donor,then the complex may

exist mainly as

[Ti(ur)6]3+i0n in the ethanol

solution.Therefore, equations
3 and 4 are suggested as the
relevant oxidation steps for

the reaction!

. 3+ - K o -
[11(ur)6} 41 _l_.lTllur)GJ "o:;
3
i+ -k 4+ -
[Titur) 17 41? ._JL.[TiturJGI 31

4
Although it is uncertain whether the
Ti{(IV) exists as[Ti(ur)6]4+or in some
other form.The suggested mechanism
is in agreement with what has been
suggested for the Ti(III)—(“,l2 and

Ti{III})-I, systems (17,18}.

2
In general,halogen oxida-
tion reactions are thought to
proceed by the mechanism indi-
cated by reactions 3 and 4.

Reversibility in the first step

6

(and the expected product inhi-

bition) seems to depend on the

Q
free energy, 4G ,for the first

-]
step.If the redox potential,E

n+_M(n—l)+

for the M couple 1s

much less than for X, - [X, ] (%=1

2
-]
Br or Cl), AG for the first

step will be less than zero.

The first step in such one el-
ectron changes will not bhe re-
versible in the kinetic sense ,

. C e, +
and inhibition by n" i.e. the

oxidation product of the reac-
tion,will not be abserved.
However, 1f the converse is
true,the first step will be re-

n+
versible in the sense that M

will inhibit the reaction.The

V:N—Cl and V I‘]—Brz reactions

] v Y o - ~
B (v /Y )=1.00 V,E (cl,/2c1)
1.358 v,E°(Br2/2Br =1.065 V).

which are strongly inhibited

3 2
I 5y (2°(re” " /Fe

2 1T
0.77 V),inhibited by Fe

v
by V ;and Fe
I
, pro-
duce good examples of the la-

tter case(l7-20).While Ti(IIIX)-
T11I ITI

’ - :V -Br

I2 v 12 2

are good examples of the

yTi(III) -
Cl2
former (21-24) .

We now examine the mecha-
nistic details of the reaction
of[Ti(ur)&f+with 1,.The first-
step 1s probably the diffu-
sion-controlled formation of a
collision complex with the reac-

tants trapped in the solvent

matrix Eg{(5).
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. 3+, - . 3+ -
[Tl(ur)sl +1, —«—tlTl(ur)G] ceen Iy

(A)

The entity (&) can then progress ei-
ther through an inner-sphere path 6

and 7 giving precursor (B) and suc-

cessor (C) complexes:
1+ - . 24+
[Ti(ur)G] ...13——0[T1(111)ur613]
(B) 6
2+ . 24
[Ti(III)uIGI]] ———*[Tl(IV)urelj]
(c) 7
and the products:
. 2+ . 4+ 2-
[Tl(IV)ut613] ——~+iT1ur6| +1] B

or through an cuter-sphere mecha-

34 - . 4+
_..1_3——>{T1(ur)6] ”.I:’“—_-]
Products

9

nism

[Ti(ur)G]

The binuclear specie will
be termed an intermediate only
if its life-time exceeds cha-
racteristic vibration times,
and obviously in these situa-
tions the observed second-or-
der rate constant and the asso-
ciated activation parameters

* -

AH ' and 45’ will be composite

values. The present oxidations
also appear to correspond to
the case where the first step
is irreversible.

Since the redox rate cons-
tant is less than the substi-
tution rate constant (Table 22
then electron transfer within

the precursor comnlex will be

rate determinrning

Table 2.Rate constants of some

o
Ti{(III)reactions at 25 C

Reaction k/lmol‘ls_l Aeference

f I n_0| (sub) 10° a0
[Ti(R,01 ] 5
[Tl(ur)slj++H20 {Sub) 135 16
[ritur), 3 isen”| (sup 2770 16
[Ticuzo)6]3§5cn' (5ub} 3980 41
[Ti(ur]6]3++1; (0x) 5.55 this work

3+ -

i 6.80 3

[TL(HZD)GI *I, | (ex)

The mechanism of the reac-

tion is suggested to be an in-

ner redox reaction where in an

electron tranfers through the

3 with the

bridge bonding the I

complexion

: 3+ - ¥
Ti :
( ('-”-')6] +I3—-D[T1(ur)613]

[Ti(ur)6|4++I§_. —]
19

The following reactions were

alsc studied,and their results

are listed in tables 3 , 4 and

figs.5,6.

{(b)Reaction of [Ti(Meur)6]I3

with K13 in acetonitrile.
ic)Reaction

of [Ti(DMeur)B]I

3
with KI3 in acetonitrile.
id)Reaction

of [Ti(DEtur)6]I3

with KI
3

{e)Reactian

in acetonitrile.
of [Ti (nBu- T
[ {nBu ur)6] 3

with KI3in acetonitrile.

(f) Reaction of [Ti(Phur)6] I

3

in acetonitrile.

of

with K13

(g)Reaction [Ti(DEtur)6]I3

with KI in

3 ethanol.
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Table 3.Variation of k wvs tem-

perature for the oxidation of

i E I b KI
[Ti(D tur)GJ 5 DY 3

nol.

in etha-

[Ti(III)]=0.036 M and [KI3]=O.0036M)

at A =430 nm.

No.of Runs | TO®P | K_  lave) x
e "1 1mo1”! o1
4 25 0.800 44.48
3 o0 1.241 48.96
3 35 1.713 95.15
: 40 2.372 131.78
: as 3.853 214.04
¢ 20 5.70% 116.96
! 23 7.967 442.62
Ink

Tlg. 5.

of [Ti(DEtur)6]13 by KIY

31

32

Arrhenius plot for

3

33

104/T

oxidation

Table 4.The result obtained for

the reactions.

Reaction :zézf Tsmp. IOijbs-j»‘l\v1-5 lmoi?::fl
[ 5
b-Reaction of 1 25 0 .64 LS.l
['r;(nur:6|13 with 1 10 1.43 33.6
KIJ in acetonitrile 1 % 3.le 74.8
2 40 6.79 159.9
2 45 13.90 327.7
2 50 29.20 687.7
c-Reaction of 2 25 1.53 61.13
lh-:mmunﬁlx3 with 1 3L 432 23.0
x[J 1n acetonitrile 2 15 3.01 121.0
| 40 4.03 162.0
d-Reaction of 2 a5 8.2 171
IT1ipEter) J1, with 4 40 18.3 383
'“3 in acetonitrile 4 45 3.8 09
4 50 54.0 1130
3 5% 94.8 1983
e~Regaction of 2 s 2.84 47.57
[Tl(n-Bu-ur)6i13 1 40 5.4% 91 45
with K]_] in aceto™ 4 45 9.26 155.23
nicrile. 4 50 16.05 268.84
4 55 26.04 436.18
f-Reaction of 2 15 1 3¢ 44.10
[Ti(Ph—ur)S]I3 with 3 40 2.55% 83.60
¥t, in acetonitrile 1 a5 .96 129.1%8
2 50 a.oo 262.29
H 55 15.40 504.92

1nk

31 3z 33 33.5

4
. . 10 /T
Fig.6.Arrhenius plot for

cxldation of reactions b-f

Comparison the reactivities of

the complexes

The second-order rate cons-

tants

(at 25°¢C)

and activation

parameters determined for the

various reactions in the pre-

vious section are summarised

in Table 5.
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Table S.Rate constants and ac-

tivation parameters

k298
-3 -t
t1me1™ts™h

Reaction Salvent

[‘}'i(urlelj. EtOH 5.6

[Tl(seurjﬁl)’ HeCN 9.015

3
[Txlnu!ur)6] * KaCH o061

3
[vaipEtun ] * MeCHN 0.067 97.7

[Tx(nz:uz)S]]' EroR aa.s 80.0

[r;cnau-ur)Blj’
P

nelH 0.016 90.0

HeCN 0.012

(T4 tehur)

Considering now the oxida-
tion reactions,the majority
were carried out in acetonit-
rile since the solvolysis of
the complexes in ethanol was
too severe to allow oxidation
studies.The two reactions in
ethanol are seen to be genera-
1ly much faster than the co-
rresvonding reactions in ace-
tonitrile.In the case of the
diethyvlurea complex,reactions
in the two solvents are direct-
ly compared with the reaction
in ethanol being some 70 times
faster.The lower activation
energy and negative 4S5 in the
ethanol solvent supports the
occurance of solveclysis prior
to the oxidation step.It is
gquite plausible that the acti-
vating(rate determining) step
in the ethanol-solvent oxida-
tion is,in fact, a solvolytic
step. This suggestion is su-
pported by the generally rather

unstable nature of these com-

pPlexes in ethanol,evidenced by
9

the changes in visible region
absorption spectra following
dissolution of the complex.
The sclutions in acetonit-
rile are much more stakle; no
changes in absorption spectra
occcur during the solution sto-
rage, which is in keeping with
the expected relative sclvoly-
tic properties of EtOH and Me—
CK. Thus,it is likely that the
mechanism involves a direct in-

(I3)

and complex as already sugges-

teraction between oxidant
ted (equations 5-10) .However,
not a straightforward relation-
ship seems to exist among the
reaction rate constants,acti-
vation parameters, and the na-
ture {(neither size nor induc-
tive effect) of the alkyl subs-
tituent in the urea ligand.IXt
seems clear that even a small
change in reagent, such as the
substitution of dimethylurea
for methylurea, brings out a
marked change in reaction type.
However, direct comparison of
the reac+ions of the methyl-,
diethyl-,and n-butyl-urea com-
pPlexes shows a steady reduction
in both the AH*

and the (posi-

tive} AS* along the series.
Since increasing the size of
the attached ligand would be
expected,other things being

egual, to increase the diffi-
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culty of "approach" of I3, to

the complex, and hence increase
the activation energy for this
step, 1t must be concluded
that factors other than steric
ones(i.e.electronic factors)
must be more important.However,
these ligands become progre-
ssively weaker nucleophiles
along the substituent group se-
ries: BE>Me>DEt>nBu.Thus,substi-
tution(and/or solvolysis)be-
coms more pronounced,but also,
because the electron-donor ca-
pacity of the ligands decrea-
ses, the effective electron
density at the Ti3+ center be-
comes smaller along the same
series,perhaps with the result
that the tendency to oxidation
also reduces along the series.
‘'However,it is also clear
that the situation is not as
simple as this discussion might
suggest, as several features
remain unexplained (particu-
larly the apparently anomalous
reaction of the dimethylurea
complex) .In order to determine
the mechanism of all these re-
actions much more research
would be needed before any fur-
ther discussion becomes possi-
ble.
Definitions,Symbols,and Abbre-

viations

As far as possible,stan-

dard symbols and abbreviations

(s.I.units and T.U.P.A.C. con-
vention} have been used.
Abbreviations:
Me=CH3;Et=C2H5;Pr=n=C3H7;
Bu=n—C4H9;Ph=C6H5
ur=urea,CO(NH2)2
Meur=methylurea,CO(NHMe)NH2
Etur=ethylurea,CO(NHEt) NH
DMeur=sym—dimethylurea,CO(NHMe)2

TetMeur=tetramethylurea,CO(NMeZ)2
Prur=propylurea,CO(NHPr)NH2

nBu—ur=n~buty1urea,CO(NHBu)NH2

Phur=phenylurea,CO(NHPh)NH2

DEtur=sym—diethylurea,CO(NHEt)2
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