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In M LiCl at 25 °C, Co(NH;)sBr*" reacts with
TiOH?" with k, = 0.18 M s~ \. Co{NH3)sF?" reacts
with Ti®" with k, =1 X 10° Mt 571, For Cofen/,-
(H,O)(OH)*" ions, rate constants for reaction with
Ti®" are 50 M 57! for trans and 20 M 57! for cis:
for the same oxidants, rate constants for reaction
with TIOH* are 3 X 10° M s™! for cisand 4 X 10°
M™! s ! for trans. The reactions with rate constants
near 10> M ' s~! are interpreted as substitution-
limited inner-sphere processes. Bromide ion is a poor
bridging ligand for Co(Ill)-Ti(Ill) electron transfers
while hydroxide ion and (especially) fluoride ion are
efficient bridging ligands, cross-bridge interactions
are more important for reactions of Ti(Ill) than for
reactions of Cr(II).

Introduction

Cr?" reduces Co(III) complexes by means of both
outer-sphere and inner-sphere mechanisms: which
reaction-path is followed is determined by which
ligands are present in the Co(III) coordination sphere.
The same two mechanisms also operate in the case of
reductions of Co(III) complexes by Ti3*, but the
detailed nature of the influence of potential bridging
ligands is different. For instance ClI” is an efficient
bridge for Cr(II)~Co(III) electron transfer, but not
for the corresponding Ti(III)~Co(III) processes. We
now report results of experiments [1, 2] which bear
on this effect, particularly as it applies to OH™ as an
electron-transfer ligand.

Experimental

Reagents were generally prepared as previously
described [3]. Paratoluenesulfonic acid (hereafter
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HTos) was recrystallized from water. [Co(NH3)sF] -
{NO,), was prepared by a published method [4] and
converted to the iodide by treating a solution with a
KI/HI solution. Anal. [5] %Found/%Calcd. for
[Co(NH5)sF]1,: Co, 14.3/14.2;N, 16.7/16.8; H, 3.5/
3.6; F, 4.4/4.6; I, 61.1/60.9. [Co(NH3)sBr] Br, [6]
gave the analysis (%Found/%Calcd.) Co, 15.4/15.4;
N, 18.3/18.3; H, 3.9/3.9; Br, 62.3/62.5. Trans-
hydroxoaquobis(ethylenediamine)cobalt(IIT) per-
chlorate was prepared as described [7]. Anal
%Found/%Calcd. for t-[Co(en),(H,0)(OH)] (C10,),:
C,11.8/11.6; H,4.6/4.6;N, 13.6/13.6;Cl, 17.1/17.0.
A solution of this salt was passed through a Dowex
50 ion-exchange column, washed free of Cl1O; by 0.1
M HTos and eluted with 0.3 M HTos-2 M LiTos solu-
tion. The product, in 0.35 M HTos and 0.68 M LiTos,
gave a visible spectrum [X, nm(€)]; 450 (37); 443
(42); 350 (68.6-sh). This solution of trans[Co(en),-
(H,0),] 3" was stored in the frozen state. Cis-aquo-
hydroxobis-ethylenediaminecobalt(IIT) bromide
monohydrate was prepared [7] and gave a spectrum
agreeing with the literature [A, nm(e)]: 492 (78);
355 (65). Anal. [5] (%Found/%Calcd.): C, 12.5/
12.2; H, 5.1/5.4;N, 14.2/14.3. A suspension of fresh-
ly-prepared [Co(en),CO;3]Br [7] was treated with
HTos and the product freed from Br using Dowex
50. In 0.3 M HTos0.7 M LiTos, the product cis-
[Co(en),(H;0),]3" showed two peaks in its spec-
trum: [A, nm(e)] ; 492 (78); 356 (66).

Ti(III) solutions, in chloride media, were prepared
as described [4]. Titanium sponge was dissolved in
deaerated 2 M HTos by heating for one week. The
resulting solution was placed on a deaerated Dowex
50 column and washed free of SO; using 0.1 M
HTos: a solution of Ti(III) in 0.3 M HTos-2 M LiTos
was obtained by elution, and stored frozen. Ti(IIl)
solutions were generally handled using platinum
needles and nitrogen atmospheres.

Kinetics were measured spectrophotometrically as
previously [3] described by following change in
absorbance at a wavelength of maximum absorbance
of the Co(IIl) salt in the region 350-360 nm. Either
first or second order rate plots were used, as ap-
propriate. When [H'] >0.05 M rate plots were linear
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for two half-times, for less-acidic solutions complica-
tions due to polymerization of Ti(IV) were en-
countered, and 1nitial slopes (to ~25% reaction) were
used to compute rates

Results

Each reaction gave a 1/1 ratio of Co(III) consumed
per mole of Ti(III) reactant (within 10%) when
studied under second-order conditions Deviations
from that stoichiometry occurred 1n some experi-
ments when small amounts of perchlorate 1on were
present Some such deviations were found to be due
to trace contamination caused by the use of stainless
steel needles Complications were absent when
platinum needles were used, unless trace amounts of
Ni2* were also added Table I shows results of kinetic
experunents

TABLE I Rates of Reduction of Co(IlI) Complexes by
T1(III) 1n Aqueous Media

ky X 103

[H'], [Th(ID)],
mlg!

mM mM

A) Co(NH3)sBr?*, (0 2 to 0 5 mM), x = 1 0 (LiCI), 25 °C

502 86 6 117
913 217 843
913 43 4 9 86
700 434 118
46 5 217 157
46 5 43 4 161
189 867 390
123 542 480

B) Co(NH3)sF2", (1 to 2 mM), g = 1 (LiCh), 25 °C

325 154 714b
650 309 599b
129 617 39sb
255 1235 283b
255 309 282b
255 617 279b
450 123 5 130°
630 617 119b
720 309 76 1P
815 309 125

C) c1s-Co(en)2(H,0)3", (0 3 to 1 mM), 1 0 M LiCl, 25 °C

46 8 542 103
552 542 749
552 108 747
552 217 756
672 217 570
804 217 400
1252 433 204
167°¢ 759 147
136¢ 759 185
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D) c1s-{Co(en)o(H20)2]3", LiTos, 2 M, 24 °C

173 110 188
266 110 0990
358 110 0676
451 110 0486
514 168 441
205 304 992
186 304 969
205 488 725
205 309 8 82

E) trans-[Co(en),(H,0)2] 3+, =10 (L1Tos), 24 °C

195 597 222
358 618 82
254 618 178
223 618 260
117 309 60 7

280bserved pseudo-first-order rate constant divided by [T1-
(111)] b These rate constants not multiphed by 103, as all
the others 1n this column are  ¢LiTos, 24 °C

Oxidation of Ti(IIT) by both Co((NH,)sBr?* and
by Co(NH3)sF?* follow the rate law given by eqn (1)

- X Co(IID)] [T1(IIT 1
rte = o [CoD) (T ()

For Co(NH3)sBr?*, the acid-dissociation of T1(H,0)3"
provides a sufficient interpretation of the acid-depen-
dence of the rate Using 5 X 1073 M as the equilib-
rium constant for that process [3], leads to the value
of 018 (+002) M ! 57! for the second-order rate
corzlftant for reaction between TIOH?* and Co(NH,)s -
Br

In the case of Co(NH;)sF?*, however, this inter-
pretation 1s not sufficient to rationalize the data,
which requure K=007Mandk=11X103M 1 57!

Both cis and trans-diaquo 1ons follow an acid
dependence which 1s qualitatively different from that
followed by the Co(NH;3)sX?" 1ons A plot of k[H']
vs [H']™! 1s inear 1n both cases, indicating a rate law
of the form of eqn (2)

" Hr

rate = ( ) [Co(IIT)] [Ti(TID)] ©)

-
[H]  [H"]?
For the ciston, k" 15 14 X 107 57! (at both u = 1
and u=2)and k" 1516 X 1075 Ms  foru=10
and 55 X 1075 M s7! for u = 20 For the trans-1on
K'152X 10 3s P and kK" 56 X 107 M ' 57! for
u=1

Discussion

The reduction of Co(NH;)sBr?* 1s best inter-
pretated as an outer-sphere electron-transfer between
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Co(NH;)sBr?* and TiOH?'. The second-order rate
constant reported here is somewhat larger than
previously reported values, but is still consistent with
the rate to be expected for such a process on the basis
of linear free-energy correlations [9] . The large value
of K observed for Co(NH3)sF2" might be due to a
prior deprotonation of the conjugate acid of the
oxidant [10], or to a two-step mechanism involving a
deprotonated intermediate.

If Co(NH;3)sFH" had an acid-dissociation constant
near 0.1 M, this species should have been detected in
other kinetic or spectrophotometric studies. Absence
of any evidence of protonation of the oxidant
strongly favors the mechanism:

k
Ti(H,0)2* + Co(NHs)sF”—ki—“
1

(I’Ig())STlFCO(I‘H'l:;)g+

!

K
(H,0)s TiIFCo(NH;3 )3 =——
HO(H20)4T1FC0(NH5 )‘5‘+ +H"

k
(HO)(H,0), TiFCo(NH,)}* —>— Ti0*" +

Co?" + HF + 5NH;

The low-acid limiting rate is close to that observed
for reaction of Ti(III) with [10] Ru(NH;)sOOCCH3"
and with [11] Ru(NH;3)sNCS?*, This indicates that
the factors which reduce the rates of Co(III) reduc-
tions, relative to those for Ru(IIl) reductions [12],
are not important in these cases. This indicates that
all three reductions are rate-limited by the same
process, displacement of water from Ti(H,0)3*. A
value of 10> M~ ! s™! then corresponds to k;. The
value of K is a combination of k_;, K’ and k;. Since
it has been reported that TiF; has unusually high
stability [13], it would be expected that K' would
be large.

The first term in rate law 2 might be interpreted as
either reaction of TiOH?" with the diaquo ion or
reaction of the hydroxo-ion with Ti3*. The most
reasonable mechanism for the second term is reaction
of the aquo-hydroxy ions with TiOH?*, This ratio of
rates of reaction of rrans and cis Co(en),Cl; with
TiOH?" is about 4.5 in contrast to the ratio of 30
found for both rate constants of eqn. (2). The pK,
values for the diaquo ions are [14] 6.0 for cis and
4.5 for trans. The most coherent interpretation is to
consider both terms of eqn. (2) to corresPond to reac-
tions of aquohydroxo-oxidants, with Ti*" and TIOH?*
respectively. On this basis, rate constants for reaction
of aquohydroxo-ions with Ti3* are 50 M~ ! 57! for
trans and 20 M s7! for cis, and rate constants for
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reaction with TiOH?* are 3 X 10> M~ s7! for the
cis ion and 4.10> M ! s for the trans ion. The rate
differences between the cis and #rans ions are
rationalized by the differences in acidity of the two
ions, within experimental error.

All four rate constants are larger than would be
expected for outer-sphere processes. The rate
constants for the reaction of the aquohydroxy-
oxidants with TiOH?" are close to those for the sub-
stitution-limited reactions of Ti(III) discussed above.
It is apparent that hydroxide ion is an efficient
bridging ligand for Co(III)-Ti(IIl) electron transfer.
(It should be noted that a doubly-deprotonated inter-
mediate could be formulated as a u-0xo species,
which would lead to strong cross-bridge interaction
of the metal ions [15]). For Co(IlI)—Cr(II) reactions
F~ is a relatively poor bridging ligand but OH , and
especially Br~, are rather efficient. For Co(III)—
Ru(II) reactions, Br~ does not function as a bridging
ligand but OH™, and especially F™, are effective. It
seems that the closer approach of the metal atoms (in
the intermediate) to one another, permitted by
fluorine and oxygen (as compared to bromine), is
more important when Ti(III) is reductant than when
Cr(Il) is reductant.
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