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ABSTRACT

The kinetics of substitution of [Ti(ur)é]3+
by HQO and SCN ion in ethancl seclution
have been measured spectrophotometrically
by stopped- flow method.Water is a good nuc
lecophile towards Ti{III) substrates.Even
the solvent ethancol appears to be a poor
ligand when compared to water.Substitution
in general feollows two parallel pathways
“direct {second order) reaction,and sol-
volysis followed by rapid substituticn
(first order).Both mechanisms are impor -
tant for H,_0 substitution,but for SCN

2

reaction is much more rapid and proceeds

entirely by the "direct" route,probably
pecause of the greater nucleophilic strength of
SCN  Vv.§. H,0.
INTRODUCTIDN
Substitution Reactions

Substitution embraces the replacement
to a metal by a

of a ligand coordinated

free ligand 1n solution or the replace -

ment of the coordinated ion by a freeme-

tal ion.The replacement of cne unidentate
ligand by ancther is the simplest situation to
envisage and this process has been used exten -
sively to investigate the mechanism of substitu-
tion.Direct replacement appears to be rare with
octahedral complexes.In this sort of complexes
substitution can be multistaged ,50 that at
least one of Qhe unidentate ligands will
usually be a solvent molecule.In addition
to this type of ligand interchange reac-
tion,the replacement of one ligand by
another without the direct intervention
cf sclvent is also possible.

Such ligand interchange in metal com -
plexes can occur in two ways,either by a
combination of scolveolysis and anation,or
by simple 1interchange.Most of the exami-
nations of solvolysis have been made in

agqueous solution and with inert complexes
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since it is often easier to produce specific
starting species in these cases.The re -
lative simplicity of behaviour in agueous so-
lution is not usually duplicated in other
solvents.

The Kinetics of Replacement Involving Uni-
(1).

The rate law governing

dentate ligands
substitution in
octahedral complexes often consists of two
terms,one first-order in the metal complex
(M) alone and the other first-order in both M
and entering ligand Y:

—a{M)
ét

kltn} +k2(M)(Y) 1

The experiments are invariably carried
out using excess Y and therefore with
pseudo-first-order conditions.The expe -
rimental first-order rate constant ko

bs
is given by

v=k
obs (o 2
Th £ £ = +
erefore obs kl k2(Y)
A plot of k_, vs {y) will have an inter
cept kl and a slope k2'

Significance of klz

The term containing kl represents subs-
titution hehaviour in octahedral com -
plexes when ligand-ligand replacement
takes place via the sclvated complex:

+Y 3

ML, — L MS — L. MY+S

The rates of substitution reaction in non-
agueous solvents are often dependent upon
the concentration of the entering nucleo-
thile and this dependence can he quite

complicated

+Y Y
LSMS....S:LSML....Y."'_+L5ML....2Y;—_Fetc. 4
X K
1
k k
0 1 kz
L_MS .
5 LSMY L LSM. L...Y
(LqMY) (LSMS...L._Y)(Lsﬂs...L...2Y)

This would give rise to a general expres-
sion ¢f the rorm:
k_+ 2
N MU ST RS IAPLPY S P
obs” T T T >
1+K Y] +K 2
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Kineti1c Measurements

The rates of the reactions of Ti(ITT)
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1n ethancl as sclvent were determined
spectrophotometrical;y by following the
change in absorbance with time at the
wavelengeth (A} selected.The instrument
used was an Aminco-Morrow stopped-flaw
srectrophostometer which was fitted to a
data collecticn system (DASAR) and tele
type. {See Faigure 1).The measurements are
stored digitally,displayed on a visual
di:; lay,ar.l ocoutput on paper tap;e on a tele-
type.Subsequent data treatment was ca -
rried out on a cromputer.In the present
work,the chosen wavelength was usually
that at which maximum changes in the trans-
mittance occurred i1n going froum starting
materials to product,as obtained from pre-
liminary experaiments.The chosen time-base
was usually the fastest time which allowea
a complete reaction (or stages of reaction)to be

monitored in a single run.
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Fig.1l. stopped-flow photospectrometer apparatus

To measure and adjust the temperature
a thermocouple was fitted to the cell,
and the reservoir syringes and observa
tion cell were thermostatted with water

from a constant temperature bath.By ba -
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lancing the heating and cooling effects,
the temperature of the cell compartment
was kept within t0.20 during a particu -
lar run.Due to the air sensitive reac -
tions a special type of inlet tube was
used (Fig.l).The tube was designed to bc
cvacuated to 0.91 Torr and then filled
with nitrogen.The solution intreduced to
the stopped-flow machine in this tube was,
therefore,always under nitrogen.The arrange-

ment used is shown in Fig.l.

The complex was prepared using Ticlj( ~ 15%)
soluticn with adding recrystalized urea
ligand from ethanol {absolutly pure)so -
lution,under dry nitrogen free from oxygen
Complex crystalines were dissolved in ab-
solute ethanol (100%) which was purified in the
lab. Twice distilated water free from any gases
in ethanol solvent was used.

RESULTS AND DISCUSSION

Kinetic investigations of redox reac -~

tions of Ti(III) as a reductant have

aroused considerable interesc in the Last

few years, (2-37) .But reports about subs-

titution reactions on Ti(III} asthis work

are very .rare.bere we studied the kine -

tics of substitution ot urea from [Ti(Ur)6]1

by Hzo and

neral the

3
SCN in ethanol solution.In ge-
rate eqguatlen was derived,rate
constants measured at several tempera -
tures,and activation parameters calcula-
ted.
{a)Reaction of [Ti(ur)6]I3 with H,0 in
enthanol

The reaction was studied spectropho -
tometrically by monitoring the changes in
absorbance with time at 625 nm.Pseudo -
first-order conditions {excess Hzo) ere
always used and plots of ln(Aw—At)versus

time were usually linear for more than

B0% of the reactions,(Fig. 2).The value

of A was difficult to determine experi-
mentally,and was treated as an "unknown"
The method of least sguares was used to

calculate the best values of a_ and k0bs

for each run.The plot of Kibs versus[qu]
{(Fig.3)was linear,and followed equation
3}

kobs=ko+k2 l-Hzo) [
The value of kO was significant, and was

determined from the intercept of the plot
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The slope of the line was used to caleu-
late the second order rate constant, k2,
and hence the activation parameters. The
plot kobs/[Hzo]versus reciprocal tempera -
tures is linear{(Fig.4). The activation para-
meteres were calculated using the transi-
tien theory.

k2=kobs/[H20] 7

[Tiw r)s]r+ H,0

— —

ke o
. _l%AAﬁdeLAY7d¥TjJ\&j:\\ qﬁfﬁxﬂﬂﬁf\jﬂ_ﬂpthJf\AApJ»A/quVV

Activation parameters:

* -1
£i11=3.67{+0.8)kJ mol

* -1 -1
AS=-80.8(23)J mol K
No kinetic' studies on Ti(III)~urea com -
Plexes have previously been reported.Wa-
ter is a good nuclecphile towards Ti(1II)
substrates,and undergoes a substitution
reacticon in [Ti(ur)a]I3 in an organic

solvent.Even the solvent ethanol appears

e
T=21¢
Fig.2.Variaticns of absorpance vs time

with H,O

for the reaction of[Ti(ur)e]I3 5

Rl
at 21 C.

Kabhs

'y

1 4; hsp] -|4.

Fig.3_.variation of kD ,for ligand subs -

bs

titution of[Ti(ur)s]I3 with H_O,vs c¢con -

2
centration of water.

00

to be a poor ligand when compared to water.
Although ethanol dominates the substitution
the weakness of its bond to the metal
causes it to dissociate repeatedly, thus
giving the water a chance to enter the
co-ordination sphere.As the eguation 6

shows, the overall rate equation fits 8.

Ik

37 33 . 34
YT

fig.4.Arrhenius plot for ligand substi -

tution of [Ti I i .
[ 1(ur}6] 5 with H,0

-
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ratesk_[Ti(ITI)V+k,[#,0]1{Ti(111)] 8 (b} Reaction of [Ti(ur) )1 with KSCN in Ethanoi
The first cerm of the equaticon shows that The reaction was studied as in (a)
the rate is partly independent of [HZOJ Pseudo-first-ocsder conditions (excess .
and this is probably due to the solvoly- KSCN) were used and plots of ln(Am—At]vs
5is of the complex. (However,this is not- time for the first stage of the reaction
seen for the substitution by KSCH). were linear.The plot of absorbance vstime

The process for the solvent ethanol is showed different stages for the reaction
generally reversible: 34 (Fig.5) The Plot of kobs versus SCN (F1g.6)was
[Ti(ur)6]3++Et0Ha__.—_g [Ti(ur)SEtOH] +ur 9 linear in arlr_eement with equation 19

In the presence of water,the eguilib~ kpemiliscn | 19

rium is over to the right (Fig.2)because The value of k was used tn calculate

water is generally a better solvent for the activation parvameters.The plot of in &
solvolysis than ethanol.The positiop of versus tne reciprocal of the temperature was li-
equilibrium is strongly dependent upon ° .

near up to 40 C{Fig.8)and after that,probably
the nature of the leaving group {urea)

which is itself in competition with the because the second stage of the reaction became

solvent (ethanol) and the entering group more active,the real value of the k bs was not
[}
(water). found.
The following equations are suggested Activation parameters :
* -1
for this reaction: LH=75(£3)kJ mol
: I+ : 3+ ¥ -1 -1
[Tl(u.r)E] +1-:t0H;=z[n(ur)6] ....EtOH 19 A48=73(%210)1J mol K
I+ . + i i -
[Tilur) 6]3...E:tOH_.[T1_{ur)5EtOH]j...ur 11 Tr.e activation parameters were calculated us

o
T+ ]3+ ing only the points up to 40 C
LTi{ur) _EtOH]~.ur+EtOH T EtOH) . .EtOH+ur . .
LT )S 1 _--[ ‘(ur}S e 12 In non-agueous solvents solvolysis is reduced
. + k 3+ . .
[TL(UI)SEtOH]3.. .EtOH_....O[Ti(ur)SE:tOH] +ELCH 13 because ethanol is less coordinating and solva -
K .
. 3+ + .
[ Titur) EeoH) +H201———"[Ti(ur)5EtOH]3....H20 or ting than water
It is often relatively easy to distinguish

I+
i S 14 . . . .
k[TJ.(ur)stO] EtOH direct substitution from cryptosolvolysis (1).In
) 3+ P
[Tliur)sEtOH] --..Hzo—é[Ti(ur)sHZC]atEtOH or the latter case solvolysis is followed by an

. 37 anaticn under conditions where the sclvento-comr
[Tl(u:)z,Hzol L...EtOH 15

plex is too reactive to be directly observable

kobs—k°+Kkl[H20J (1+x{r12011 16 et ie:

Kope~kotkk [H,0] if K[H, 0]¢K1 17 ’ L

" =k _+k_JH.0] where k_=kKk L_ML+§ — LSMS-H'_. — LSML‘+S 20
obs o "2 2 2 1 . 18

['ri(ur)s]3+ + SCN
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Fig.5.variation of absorbance vs time for

the reaction of [Ti(ur)6]13 with KSCH at
2s5°c,
34
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[Ti (ur)s]a’ + SCN
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Fig.6.Variation of absorbance vs time for

the reaction of [Ti(ur)E]Iq with KSCHN at

45°C.
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Fig.7:variation of kobs for ligand subs -~ Fiy.8.Arrhenius plot for ligand substitu-
titution of ['."1(ur)6113 with XSCN vs con- tion of [Ti(ur) ]I, with KscCXN

centration of KSCHN.

However, the water case was in agreement with

The rate of substitution reactions 1s often de— curve C and the present case (SCN ) with curve
pandent upon the concentration of the entering B.As the plot of absorbance versus time shows
nuclecphiie and this dependence can be quite this is a step-wise reaction.and these stages
complicated. F1g.9 shows a number of curves for are clearsst at higher temperatures (Fig.6) as
the plot of kobs against [ L'] which have heen kobs was calculated for the firsc stage.The
obtained (1). overali rate law for the reaction is shown in
Kobs c *obs r“obs sqpa lon 21
e . AN i r1n] [sen] -
dr
° The reaction scheme shown below is postula -
" ted to explayn the stages:
6 [Tx,tur)6}3*4SCN_;==i[Ti(ur)sscn]2'+uv 22
. vl v i?i(ur)SSCN] n++scNi_—s[Tl(ur)ﬂtgny5]++ur 23
This is a rather fast reaction when compared
Fig.9.Dcpendence of pseudo-first-order o the reaction of water {k_=2770 1.101"13~L at .

for entry of L' upon - L -1

rate constant k - -
o 25°C for SCN v.s.k2:135 Imol s

b
the concentration (1)

at 25" for
water).The solvolytic intorforence can be
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considerable,as 1n the case of ethanol

water,or negligible as indicated here.
When the complex reacts with water,the

reaction is a cryptosolvolysis and the

rate law is rather complicated hut for

SCN  the results show a direct substitu-

SN

ticn.A direct associative nv 5

,process
is possible:

3+ -
L. - 8CN

[Ti(ur)6]3:SCN:——>[Ti(ur)6] 24

. 3
[Tiur) )7 L se— [7icur) sen)®t os
Fritun) sen] 2 plraqur) sen)?™, L Lur 26
. 2+ -
D.uur%SCN] "-Uf—+[Ti(ur)SCN]2++ur 27

5
Taking tirst the substitution reac

tions, 1t is clear that althcecugh substi
tution by SCN proceeds over tewnty times
faster (at 25°C)than substitution by H20
but probably this is not due to a lower
activation energy.In fact, AH* for the
SCN~ substitution is approximately
double that for the agquation.The greater
rate of the SCN reaction is a reflection
of the large,positive,entropy of activation for
this reaction, compared to the negative entropy
of activation in the case of HQO.Thatis,
the two reactions proceed by different
meccechanisms {(the difference being charac-
tvrised by the very clj.fferem:A'S“F values).
Furthermore, because the SCN~ substitution
13 the faster,1t is probable that some
mechanism is open to this nucleophile
which is not,for some reason,oper to the
HjO nucleophile.

- It has already been argued that in the
aguation, two pathways must be qperating
"direct'

independently,namely a sSubiti-

tution of a urea ligand by HQO,and an

Yindirect” pathway involvine prior sclve

lysis by ethanol.The negat:ive AE* and ra-
ther small AH* suggest an associatave(2s5)
(A,0or snz}mechanlsm for the "direct” subs
titution. However,in the SCH substitution,

the "direct'"pathway was observed only

which,if taken with the rathor largerﬂ.‘\HAF
and positive AS#,probably indicatrs a

more dissociative activation step (D/Id,
or 5y,7).It must be concluded that the
greate! nucleophilic Streagth of SCM an

relation to Hzo allows the former to take

advantaue of ari react wath,an activated state

wuleh tohe H_ O apparently cannot react

with.This :s conslstent with the observa-

tion of a simple reaction pathway for the

SCH reaction,whilst in the H_O case,

2

with the slower direct reaction resutl

tirg from the lower nucleophilic strength
of Hzo,the solvolysis reaction alsc becomes im -

portant.
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