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HPLC chromatogram has thus been assigned to RSS03H. 
On the basis of eq 2-5, the calculated yields of RS03H,  

RSS03H, and unhydrolyzed (Hz0)SCr(S02)Rz+ are 40%, 40%, 
and 20%, respectively. The satisfactory agreement between the 
observed (2545%) and calculated (-40%) yields of both RS03H 
and RSS03H and, in particular, the formation of comparable 
amounts of the two products strongly support the proposed 
mechanism. 

We assign the formula (Hz0)sCr(SOz)R2t to the green species 
produced in 20 f 10% yield in the reaction of (Hz0)5CrR2+ with 
SOz. The visible spectra of these complexes show only low-in- 
tensity bands typical of inorganic complexes of chromium(II1). 
The UV region indicates the presence of bound SO2 (the band 
at 260 nm) and the alkyl group (strong absorption for R = benzyl). 
Base hydrolysis a t  pH 10 of the ion-exchanged complex formed 
in the reaction of SOz with the 2-propylchromium yields 2- 
propanesulfonic acid, probably by the sequence of reactions 6, 3, 

(Hz0)5Cr(S02)CH(CH3)zz+ - 
(Hz0)6Cr3+ + (CH3)$HS02- (6) 

and 4. As expected, the decomposition of 2-propanesulfinic acid 
in the absence of SOz/HSO< yielded no (CH3)*CHSS03H. The 
concentrations were too low, however, to attempt the identification 

Reaction according to eq 2 gives rise to two distinctly different 
chromium(II1) products, Cr(H20)63+ and the insertion product, 
(Hz0)SCr(S02)RZt. The relative amounts of the two are ap- 
parently determined by the competition between a molecule of 
solvent and the nucleophilic site on the leaving ligand for the 
coordination site on the metal center. A similar situation occurs 
in the reactions of several functionalized alkylchromium complexes 
with HgZ+? In the alternative scheme] the transition state 
collapses to the contact ion pair ((H20)sCr3+,RS0z-). The re- 
combination of the fragments within the ion pair to yield the Cr-0 
or Cr-S product and their escape into the solvent are then re- 

H P  

of (CH3)ZCHSSOzCH(CH3)2 by NMR.  
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sponsible for the formation of the two products. 
The insertion of SOz into the metal-carbon bonds by electro- 

philic substitution often yields the 0-bonded product, which 
subsequently isomerizes. The data available in the present case 
are insufficient to distinguish between the 0- and S-bonded species. 
If the initial product is indeed 0-bonded, the isomerization might 
not take place, given the hard/soft properties of the pentaaquo- 
chromium(II1) entity, sulfur, and oxygen. On the other hand, 
the isomerization to the S-bonded isomers has been observed for 
a number of related cobalt(II1) and chromium(II1) complexes 
of the type L5MOS0z+.z2-24 
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Kinetic competition between Ti02+ and Co(NH3):+ was used to study the reduction of titanium(1V) by the indicated aliphatic 
radical. The second-order rate constant is (1.1 f 0.1) X 106 M-' S-' a t 25 OC and 1.0 M ionic strength in aqueous 1 M 2-propanol. 
The rate constant is independent of [Ht] over the range 0.03-0.08 M. The method of "stored free radicals", based on the homolysis 
of CrC(CH3)20H2+, was used to study the oxidation of titanium(II1) by the same radical. The apparent second-order rate constant 
increases markedly with decreasing [H+]. The inverse [Ht] dependence, unprecedented for oxidations by this radical, suggests 
that a transient intermediate is stabilized by the incipient formation of titanium(1V) already partly deprotonated, thus assisting 
in the formation of the species Ti02+. Schemes by which this can be accomplished are suggested. 

Introduction 
Reactions in which aliphatic radicals reduce and oxidize 

transition-metal aquo cations proceed by a diversity of mecha- 
nisms. Reduction reactions appear to occur by "simple" electron 
transfer. with metal-carbon bond formation known but rare.2 The 
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(2) (a) Elroi, H.; Meyerstein, D. J .  Am. Chem. SOC. 1978, 100, 5540. (b) 
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mechanisms for oxidation include, for example, metal-carbon bond 
formation (eq 1) and hydrogen atom abstraction from a coor- 
dinated water molecule (eq 2 ) .  The intervention of an organo- 

H,O+ 
M(HZ0);' + 'R + ((HzO),M-RxfJ 

M(HzO),X+' + R H  (1) 

M(H20),X+ + 'R - (H,O),M-OH"+ + R H  (2) 
metallic intermediate has been verified for Cr2+ 3-5 and CU',~.' 
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whereas strong circumstantial evidence points to hydrogen atom 
abstraction for V(H20)62+8 and Eu,?? Kinetic data for these 
and other ions have recently been summarized.lOJ' 

The situation for titanium(II1) is ambiguous at  present, in part 
because data are so ~ c a r c e . ' ~ - ' ~  The mechanism for titanium(II1) 
oxidation should be of additional interest, because (unlike the case 
for other metal ions studied) one-electron oxidation yields the oxo 
cation Ti02+, not a simple hydrated i0n.'~9'~ Thus protons may 
play an unusual role in the activated complex. The earlier in- 
vestigation~'~-'~ of reactions between Ti(II1) and aliphatic radicals 
were conducted at  high and constant [H+], providing no data on 
this point. 

Oxidation of Ti(H20)63+ by the radicals investigated occurs 
so slowly that methods based on the production of a "burst" of 
radicals are, at best, marginal. To circumvent these limitations, 
we adopted the "stored free radical" method,"9~"-19 based on the 
production of the free radical by homolysis of an organo- 
chromium(2+) cation. The oxidation of Ti(H20)b3+ by 'C- 
(CH3)20H, eq 3, was investigated with particular emphasis on 
the kinetic dependences on [Ti(III)] and [H']. 

Ti(H20)63+ + 'C(CH3)20H = 
(H20)5Ti02+ + (CH3),CHOH + H+ (3) 

Closely related to this chemistry is the reduction of titanium(1V) 
The source of the radical is again by the same radical, eq 4. 

TiO,? + 'C(CH3)20H + H+ = Ti(H20)63+ + (CH3)ZCO 

CrC(CH3)20H2+, but now the other reactions require that the 
rate constants be evaluated by kinetic competition methods. 
Experimental Section 

Materials. A stock solution of titanium(1V) was prepared by dis- 
solving TiOS04 (Merck analytical grade) in 0.5 M HCI and standardized 
spectrophotometrically at 410 nm by using the H202  method.20 

A stock solution of titanium(II1) in chloride medium was prepared by 
dissolving titanium metal (Alfa Inorganic m3N+ Sponge) in -3.3 M 
HCI at  30-40 "C under anaerobic conditions.21 It was filtered, divided 
into portions, and stored in a freezer. Several preparation attempts were 
made to obtain a solution containing a negligible amount of titanium(1V) 
(-0.07%) and a favorable ratio of titanium(II1) and H+ concentrations 
(0.97 and 0.37 M, respectively). A given Ti(II1) stock solution was 
discarded when its Ti(1V) content exceeded 0.1% as assessed spectro- 
photometrically. The titanium(II1) concentration was determined spec- 
trophotometrically in 1 M HCI at  502 nm (e = 3.9 M-' cm-'), and the 
amount of Ti(1V) checked at  310 nm (cTi(l11) = 0.3 M-' cm-I, ~ T ~ ( I V )  = 
15.2 M-l cm-1).22 
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Scheme I 
Craq 2*  + *C(CH3)2OH 

(H20)&rC(CH3 )20H2* - 

Scheme I1 
H' 3* 

CrC(CH3)20H2* - Crag + (CH3)2CHOH ( k ~ )  
2+ 

CrC(CH&0H2* Craq + *C(CH3)2OH ( k ~ , k ~ ~ )  

'C(CH3)20H + T13* - TO2* -t (CH&CHOH i- H* (kTi3) 

T102' + C:' (+2H*) - Ti3* + C?* + H20 

Lithium chloride (Merck analytical grade) was recrystallized two 
times from water. The same stock solution of lithium perchlorate as in 
a previous study was used.23 All other chemicals used were of analytical 
grade. Redistilled water was used throughout. Oxygen-sensitive mate- 
rials were handled under an oxygen-free argon atmosphere by syringe- 
septa methods. 

The organochromium complex (H20)5CrC(CH3)20H2+, which is the 
source of the radical, was prepared as described earlier24 by the reaction 
between Cr(H20)62t and H 2 0 2  in acidic solution containing 1 M 2- 
propanol. The alcohol was distilled as needed, at  least weekly. Solutions 
of CrZ+ were prepared by zinc amalgam reduction of Cr(H20),St under 
argon. 

Techniques. The kinetics of the oxidation of titanium(II1) by 'C- 
(CHJZ0H were followed spectrophotometrically with a Cary 219 in- 
strument at  an absorption maximum for CrC(CH3)20HZ+, X = 31 1 nm 
(e  = 2500 M-' cm-I), as described p r e v i ~ u s l y . ~ ~  The reaction followed 
pseudo-first-order kinetics, since both reactants competing for the radi- 
cals, Cr2+ and Ti(III), were present in substantially higher concentrations 
over that of the organochromium cation. 

The rate constant for the reduction of titanium(1V) by 'C(CH3)?OH 
was determined by analysis of the cobalt(I1) produced after allowing a 
mixture of Co(NH&'* and Ti(1V) to compete for the radicals. The 
CoZt was determined by the thiocyanate method,25 both for competing 
runs and blanks. The latter involved reaction with C O ( N H ~ ) ~ ~ +  only. 
Results 

Reduction of Ti(IV). The fast reaction between Ti02+ and Cr2+ 
required the use of a method based on the analysis of the amounts 
of products formed in competitive reactions. The reaction between 
Co(NH3);+ and 'C(CH3)20H, known from earlier work,26 proved 
to be a useful calibration reaction, since it is otherwise uninvolved 
chemically. The reactions proceed as shown in Scheme I. After 
each experiment, a quantitative analysis was performed for Co- 
(H20)62+; note that Cr2+ and C O ( N H J ) ~ ~ +  react so slowly that 
this reaction need not be included in the data analysis. This 
concentration, [Co(II)],, is less than that in a corresponding blank 
experiment with titanium(1V) absent, [co(II)]b. 

The expression in eq 5 allows the calculation of kT,., in each 
experiment, since other values are known. (At 1.0 M ionic 

(5) 
kTi4 [ Ti02+] - [C0(I1)Ib - [co(II)Ir - 

kCo[Co(NH3)63C1 [co(II)Ir 
strength kG = 4.1 X lo5 M-' s-l at 25.0 0C.)26 The data obtained 
are presented in Table I. The average value of kTi4 is (1.1 & 0.1) 
X lo6 M-' s-' a t 25.0 "C and 1.0 M ionic strength. This rate 
constant is independent of [H+] over the concentration range 
0.030-0.80 M. 

Oxidation of Ti3+. The reaction rate was determined by 
measuring the  effect of Ti3+ on the  decomposition of CrC-  
(CH3)20H2+. The chemical reactions involved are presented in 
Scheme 11, in which any [H+] dependences are for the moment 
ignored. The reaction between Ti(1V) and Cr(I1) occurs rapidly 

(23) Bakac, A.; ButkoviE, V.; Espenson, J. H.; Marcec, R.; OrhanoviE, M. 
Inorg. Chem. 1986, 25, 2562. 
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Table I. Concentrations and Rate Constants Obtained for the Reductions of Ti02+ by 1-Hydroxy-1-methylethyl Radicals at 25 OC and I.( = 1.0 
M in 1 M 2-Prooanol" 

0.86 0.71 5.19 
2.50 2.35 10.0 
1.56 1.40 5.19 
2.06 1.90 5.19 
5.47 5.31 10.0 

0.50 
0.79 
0.805 
1.0 
1.5 

1.56 
4.07 
2.88 
3.14 

3.0 
1.95 
4.37 

2.38 
3.6 
1.99 

1.1 
1.62 
1.79 

1.50 
3.90 
2.73 
2.98 

2.84 
1.79 
4.22 

2.22 
3.44 
1.83 

0.94 
1.46 
1.63 

[H+] = 0.50 M 
5.19 0.76 

10.0 1.1 
54.19 1.3 

5.19 1.7 

[H+] = 0.10 M 
10.0 0.915 
5.19 1 .os 

10.0 1.3 

[H+] = 0.060 M 
10.0 0.67 
10.0 0.83 
5.27 0.97 

[H+] = 0.030 M 
5.27 0.61 
5.27 0.79 
5.27 1 .o 

1.3 
1.3 
1.2 
1.1 
1.1 

1.1 
1.1 
1 .o 
1.2 

1.3 
1.2 
1.2 

1.2 
1 .o 
1.1 

1.3 
1.1 
1.3 

a [(H20)5CrC(CH,)20H2+] = 1.6 X lo4 M. [Ti(IV)] at zero reaction time. [Ti(IV)] at the end of the reaction. dCalculated by use of average 
[Ti(IV)] in each run. 

in \ 
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[ Cr 2* l / [T i  (IIIII 
Figure 1. Plot of the kinetic data for the oxidation of Ti3+ by 'C(CH~)IOH according to eq 9. Data are shown in lines A-N for [H'] = 8 5 ,  70, 60, 
40, 10, 5.0, 3.2, 1.9, 1.2, 1.0, 0.90, 0.83, 0.72, and 0.60 mM in 0.10 M C1- (lines A, C ,  D, K, and M) and 0.10 M Clod- (lines B, E-J, L, and N).  

under these conditions ( k  = 7.5 X lo3 M-' s-l ),I6 but it influences CrC(CH3)20H2+ is expected to follow pseudo-first-order kinetics. 
only the  overall stoichiometry and  not t he  rate.  T h e  value of kobsd is thus  a composite quantity, which can be 

With  the  steady-state approximation for the  concentration of rearranged to eq 7 .  

1 t he  free radical, the  reaction r a t e  can  be expressed as in eq 6. 

- - -d In [CrC(CH3)20HZ+]  

d t  T h e  values of the  known rate  constants a r e  k,/s-' = 3.31 X 
and kcr = 5.1 X lo7 

M-I s-]? The data for the oxidation of titanium(II1) were analyzed 
a t  each acidity according to eq 6 and  7 .  Figure 1 presents a plot 
of (kobsd - kA)-I versus [Cr2+]/[Ti(III)]  a t  each [H+] .  The  
least-squares slopes of the straight lines obtained are  summarized 

kHkTi3 [Ti(III)l + 4.91 X 10-3[H+],24 kH = 0.127 
kobsd =kA + kcr[Cr2+] + kTi3[Ti(III)] (6) 

Since Ti3+ and CrZ+ were used a t  concentrations high compared 
to  that  of the  organochromium cation, the  disappearance of 



Reduction and Oxidation of Ti  by 'C(CH,),OH 

Table 11. Kinetic Data for the Oxidation of Titanium(II1) Aquo Ions 
by 1-Hydroxy-1-methylethyl Radicals at 25 'C and p = 0.1 M 
(HCIO., + LiC104 or HC1 + LiCI) in 1 M Aqueous 2-Propanol 

103[H+] /M 1O3[H+Iq/M 10-2 x 1 o-'k~i,/ 
(added) (calcd') slope/sbsc M-l s-l 

85d 85.3 13.2 f 0.3 3.05 
70d 70.2-70.4 11.9 f 0.4 3.35 
60d 60.5 11.2 f 0.1 3.6 
40d 40.5 10.5 f 0.2 3.8 
10.01 11.0-12.0 9.6 f 0.1 4.2 
5.0 8.85 7.4 f 0.3 5.4 
3.24 5.65 6.3 f 0.2 6.35 
1.93 4.53 4.9 f 0.2 8.2 
1.25 3.08 4.34 f 0.07 9.3 
1 .oo 2.59 3.28 f 0.17 12.2 
0.90d 1.90 2.59 & 0.06 15.5 
0.83 1.86 2.21 f 0.05 18.2 
0.72d 1.61 1.93 & 0.03 20.8 
0.60 1.50 1.90 f 0.09 21.1 

"Calculated by using K, = 7.3 X M for Ti(H20)63+ at 25 OC 
and p = 0.1 M. buncertainties quoted are standard deviations. CThe 
slope of plots of (kabsd - kA)-' vs [CrZ+]/[Ti(III)]. dChloride medium. 

in Table 11, along with the values of kT,3 calculated from each 
set of runs at  different [H']. 

The effect of using perchlorate versus chloride is negligible, as 
shown by the data, which include a considerable number of ex- 
periments in each medium. 

Effects of [H+]. Although the reduction of titanium(1V) was 
independent of [H'], the rate of oxidation of titanium(II1) in- 
creases markedly with decreasing [H']. To account for this 
phenomenon, it is first necessary to allow for the increase in [H+] 
from its nominal value (Le., that added as perchloric acid) to the 
equilibrium value in a given solution. This requires allowance 
for the acid ionization of Ti(Hz0)63+, an acid of appreciable 
strength (eq 8; K,  = 7.3 X M at 0.1 M ionic strength), which 

Ti(H20),3+ = (HzO)5TiOHz+ + H+ (K , )  (8) 

is present a t  significant concentration in the reaction solutions. 
This effect can be quite substantial, especially at low acidity and 
high Ti(II1) concentration. The concentrations so calculated are 
the values labeled [H+Ies in Table 11. 
Interpretation and Discussion 

The reduction of titanium(1V) converts TiOZ+ to Ti3+. This 
may be accomplished within a single transition state, assisted by 
proton transfer from the radical accompanying electron transfer, 
since net proton release accompanies the conversion of 'C- 
(CH3)*0H to (CH,),CO. That point aside, a relatively simple 
electron-transfer process accounts for the data, and the lack of 
an appreciable kinetic effect of varying [H+] is quite consistent 
with this picture. 

On the other hand, the complex effect of [H'] variation on the 
rate of Ti3+ oxidation signals a much more intricate process. To 
our knowledge, this is the only base-catalyzed reduction of this 
aliphatic radical. It should be noted, however, that base-catalyzed 
hydrolyses are known; for example, the heterolytic solvolysis of 
[(Hz0)5CrC(CH3)20H]z+ has been reported.z7 

Whatever the details, the qualitative interpretation seems clear: 
the intermediate(s) is (are) stabilized by incipient formation of 
hydrolyzed products. This is certainly consistent with Ti02+ being 
the predominant titanium(1V) ~ p e c i e s . ' ~ J ~  

Even then, there are two sources for the kinetic effect of [H+] 
variation, and they tend to be intermingled (and perhaps confused) 
in the analysis of the results obtained. One source is the change 
in rate caused by the shift in the proportions of the species Tiaq3+ 
and TiOH2+ by virtue of equilibrium in eq 8; the other, the effect 
(if any) of varying [H'] on the kinetic parameters of the mech- 
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Scheme I11 

Ti,, 
3+ + 'R W TiR" - TiOH3+ + RH 

TiOH2* + *R ==2 HOTiR2+ - Ti$' + RH 

100 303 500 700 
I H 'l-'/M-' 

Figure 2. Plot of the second-order rate constant for the oxidation of Ti3+ 
by 'C(CH,),OH versus [H+]-I in 0.1 M Clod- (0) and 0.10 M C1- (0). 

anism by which the reaction proceeds. 
Two possibilities, both of which represent the results satisfac- 

torily, will be considered. In one, three parallel reactions are 
considered, those being the bimolecular reactionsz8 between the 
aliphatic radical and Ti,:+, TiOH2+, and Ti(OH)z' (or TiO+). 
The equation applicable to that model is given in eq 9; a nonlinear 

kTi3(1 + Ka./[H+I) = kl + kZ/[H+] + k3/[H+IZ (9)  

least-squares fit represents the data adequately, and gives the 
following parameters (M, s units): k, 3.6 X lo5, kz = 1.8 X lo3, 
and k3 = 25 at  0.1 M ionic strength and 25 OC when K, is taken 
as 7.3 X M. 

An alternative consists of the chemical equations shown in 
Scheme 111, in which parallel hydrolytic pathways of an orga- 
notitanium(1V) intermediate are invoked to arrive at a dependence 
on [H'] that is consistent with the experimental formulation. The 
numerical assignments are less clear, although on the basis of 
literature data it is likely that the rate constants for radical binding 
to Ti3+ and TiOH2+ are nearly the same. That is, an element of 
substitution control is inferred from the model given. Note that 
a plot of the uncorrected value of kTi3 (i.e., the apparent sec- 
ond-order rate constant without allowance for the changing dis- 
tribution of Ti(II1) between Ti(Hzo)63+ and (HzO)5TiOH2+ over 
the range of [H']) is a linear function of 1/[H+] (Figure 2). Once 
again, the rate is accelerated at low [H+] since the transition states 
are stabilized by incipient TiO2+ formation. 
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