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The fast reversible SO2 uptake by hexaaquochromium(II1) perchlorate to form an unstable 0-bonded intermediate [Cr(OH2),- 
(OS02)]+ was studied by stopped-flow technique. Formation of the 0-bonded sulfito species was studied over the range 2.3 Q 
pH Q 3.8 and 0.14 Q [total sulfite] Q 0.875 M at I = 1.0 M (NaCIOJ at 25 'C. The second-order rate constant for the formation 
of the sulfito-0 intermediate is (4.4 i 0.2) X IO2 M-I S - I .  Retardation by S2052- is observed and is ascribed to the formation 
of nonreactive ion pairs [Cr(OH2)6-&05]+ with an association constant of 279 f 13 M-I at 25 OC and I = 1.0 M. The rate 
of the reverse SO2 elimination reaction is directly proportional to [H+] in the range 0.015 6 (H') Q 1 .O M at I = 1.0 M (NaC104) 
with a rate constant of 1.58 f 0.04 M-l s-' at 25 OC. The 0-bonded intermediate undergoes intramolecular rearrangement to 
the S-bonded isomer in the ranges 1.5 6 pH Q 2.5 and 0.035 Q [total sulfite] Q 0.35 M and Z = 1.0 M (NaC104) with a rate 
constant equal to (1.98 f 0.2) X s-I, at 25 OC. The mechanistic implications of the rate data will be discussed. 

Introduction 
The chemistry of (su1fito)metal complexes has received con- 

siderable attention in recent years.2-'0 The sulfite ligand is 
ambidentate in the sense that it could coordinate, at  least in theory, 
to a given metal ion through sulfur or one of the oxygens acting 
as a monodentate ligand or through two oxygens acting as a 
bidentate ligand. Both S-bonded7-lo and O-bonded2" sulfito 
complexes are known and well documented, with the former being 
the most stable. Although chelated sulfito complexes have been 
reported,"J2 the evidence for their existence is not conclusive. 

0-bonded sulfito complexes are formed on the stopped-flow time 
scale by reaction of acidic aqueous sulfite with a number of metal 
hydroxo complexes and therefore necessitate the postulation of 
a "direct-addition" mechanism. In this type of mechanism, the 
reaction takes place without the metal-oxygen bond fission, which 
is characteristic of conventional hydroxo or aquo ligand re- 
placement. This, of course, will lead to the formation of an 
0-bonded sulfito complex. 

Recently van EldikS studied the SO2 uptake and elimination 
reactions of hydroxopentaamminechromium(II1) ion with dissolved 
SO2. The observed reactions were kinetically fast and form the 
0-bonded sulfito species [Cr(NH,),(OSO,)]+ in a similar fashion 
to the cobalt(II1)  analogue^.'^ The resulting sulfito-0 complex 
is unstable and loses SO2 on acidification, to regenerate the Cr- 
(NH3)50H23+ species, or undergoes subsequent isomerization 
and/or substitution reactions. These secondary reactions, which 
are also observed in the cobalt(II1) analogues, make it impossible 
for the authors to isolate the 0-bonded species. 

Carlyle and KingI3 studied the rate of aquation of chloro- 
chromium(II1) ion [Cr(OH2)5CI]2+, (isothiocyanato)chromium- 
(111) ion [Cr(OH2),NCSI2+, and isomeric bis(isothiocyanato)- 
chromium(II1) ions [Cr(OH,),(NCS),]+ in the presence of sulfite 
ions. The results demonstrated a noticeable increase in complex 
lability in the presence of sulfite. In these reactions the sulfite 
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ion is believed to be 0-bonded, with the suggested reactive species 
being C T ( O H ~ ) ~ ~ +  and HS03-. The sulfite ligand labilizes the 
complex, increasing the anation rate, and is easily removed by 
acidification. 

C T ( O H ~ ) ~ ~ +  is considered to be one of the few aquo species 
sufficiently inert so that the exchange ratel4 can be determined 
by conventional sampling techniques. This inertness also exists 
for the vast majority of Cr(II1) substitution  reaction^.'^ In these 
reactions a dissociative or a dissociative interchange mechanism 
has been invoked. 

Formation of Cr(II1) complexes of coordinatively unsaturated 
anions such as the nitrite was believed to occur by a 
mechanism termed pseudosubstitution, where substitution takes 
place without direct metal-ligand bond breakage, and hence will 
occur on the ligand rather than on the metal. 

In this study we report the kinetics and mechanisms of the SO2 
uptake and elimination reaction of hexaaquochromium(II1) 
perchlorate as well as the isomerization of the resulting oxygen- 
bonded (sulfito)pentaaquochromium(III) ion. 

Experimental Section 
Materials. Except when indicated, reagent grade chemicals were used 

without further purification. The laboratory-distilled water was further 
purified by passage through a mixed-bed anion-cation-exchange resin 
column. Solid sodium metabisulfite, Na2S205 (Baker Analyzed), was 
used as the source of sulfite; this salt is very stable in storage but hydrates 
very rapidly upon dissolution in water to yield sulfite.2 

Preparation and Characterization of Compounds. Hexaaquo- 
chromium(II1) perchlorate was prepared by the reduction of reagent 
grade chromic trioxide (Cr203) in perchloric acid solutions by hydrogen 
peroxide according to the reaction 

2Cr203 + 6HC104 + 3H202 - 2Cr(OH2)6(C104)3 + 3 0 2  

The hydrated salt was then crystallized from the solution.I8 In some 
cases, purchased samples of chromium(II1) perchlorate (Baker Chemical 
Co.) were also used. Solutions of chromium(II1) species were analyzed 
for total chromium by a spectrophotometric method.I9 The UV-visible 
spectral parameters of the complex measured by a Cary 118 spectro- 
photometer were close to those reported earlier.') Chromium(II1) solu- 
tions prepared were stored in the refrigerator and were never kept longer 
than 3 days at a time. 

Isolation of the Solid Cr(H,O),(OH)(SO,). Our early attempts to 
isolate the green sulfito product used column chromatography. A solu- 
tion made of 0.62 g of Cr(OH2)6(C104)3 and 3.8 g of Na2S20, in 100 
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mL of H 2 0  was left standing for 6 h. Then, of the above solution 20 mL 
were placed on a Nat form cation-exchange column. The free sulfite was 
easily removed with H 2 0  (tested with Ba(CIO,),). No movement of the 
green band was observed with washings of up to 4 M NaC10,. Then, 
washing with a 1.25 M Na2S20S solution (2.5 M S(IV)) moved the green 
band with the phase line. The visible spectrum of the solution collected 
was the same as that observed in the kinetic runs. Thus, it appears there 
is a sulfite-dependent equilibrium where removal of sulfite from the 
reaction mixture forms a product that cannot be eluted except by addition 
of sulfite. 

We next tried to isolate the product by precipitation. The reactant 
solution was made by dissolving 4 g of Cr(OH2)6(C104)3 and 15 g of 
Na2S20S in 100 mL of H 2 0  and adjusting the pH to 2.9 with NaOH. 
Bubbling SO2 through the solution for 1 h lowered the pH to 1.9. Letting 
the solution stand overnight yielded a green precipitate. It had been 
notedzo that (su1fito)metal complexes dissolve readily in water containing 
sulfur dioxide, owing to the formation of the bisulfite. Also, the green 
band, which could not be eluted from the cation-exchange resin until 
aqueous sulfite was used, may be a precipitate formed when free sulfite 
was initially eluted off. On the premise that the loss of sulfite caused 
both precipitations, a reactant solution of 4 g of Cr(OH,)6(C104)3 and 
2 g of Na2S205 dissolved in 100 mL of H 2 0  was adjusted to pH 2.9. 
After the mixture was allowed to stand for 30 min, the green solid began 
to precipitate. Repeating the experiment in 25 mL of H 2 0  yielded a 
precipitate in 15 min. Mixing the reagents dry and then adding enough 
water to make a slurry, filtering, and washing with water yielded the 
product almost immediately. The solid obtained was redissolved in 1 M 
HCIO, and the resultant mixture heated nearly to boiling. The visible 
spectrum of the solution was similar to those observed experimentally. 
The spectrum had A,,, at 430 and 594 nm at pH 1. 

Results of an analysis of the solid product:21 Cr, 22.86; S ,  15.19; CI, 
C0.05. These results coupled with the chromatographic behavior of its 
aqueous solution are consistent with the formula Cr(H,O),(OH)[(SO,): 
Anal. Calcd: Cr, 23.51; S, 14.5. 

General Rate Measurements. All kinetic data were obtained by fol- 
lowing absorbance change vs. time at 423 nm and 25 OC, except the 
sulfite dependence of the S-bonded sulfito formation, which was studied 
at 580 nm. All other spectra were recorded at room temperature. The 
ionic strength of the reaction mixtures were adjusted to 1 M with 4 M 
NaC104. 

Rate measurements for the SO, uptake were made by using the 
"equilibrium method", previously designed to study C02-uptake reac- 
tions,, under pseudo-first-order conditions with an excess of sulfite. In 
this procedure, appropriate amounts of hexaaquochromium(II1) per- 
chlorate were dissolved in water, the pH was adjusted to a predetermined 
value with perchloric acid or sodium hydroxide as needed, and the ionic 
strength was adjusted to 1 M. The same was done for solutions of sodium 
metabisulfite except acid was not added. These solutions were introduced 
separately into the reservoirs of an automated Durrum Model 110 stop- 
ped-flow assembly, and the runs were made in the usual manner. Final 
pH determination is discussed later. After mixing, the Cr(II1) concen- 
tration was 0.0175 M in all uptake measurements. The S(IV) concen- 
tration was kept at 0.525 M during the pH dependence study and was 
varied in the range of 0.14-0.875 M (0.14 M d [S(IV)] d 0.875 M) for 
the study of rate dependence on S(IV). We have thus utilized the sulfite 
buffering capacity in these experiments. 

Rate measurements for SO, elimination were followed by acidifying 
the 0-bonded (sulfito)pentaaquochromium(III) species with perchloric 
acid. This complex was prepared in situ by dissolving appropriate 
amounts of Cr(OH2)6(CIO,), (0.035 M) and Na2S2O5 to give s, = 0.525 
M (S, = total sulfur(1V) concentration) and the ionic strength adjusted 
to 1 M. The perchloric acid concentration varied in the range 0.1 M Q 
[HC104] 6 2.0 M. In the SOz-elimination experiment, each solution was 
placed in one of the two reservoir syringes of the automated Durrum 
Model 110 stopped-flow assembly. The time from mixing Cr(II1) and 
S(IV) to the first stopped-flow measurement was always less than 15 min 
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to avoid 0- to S-bonded isomerization. The initial pH of the Cr-S 
mixture and final pH of the reaction mixtures were recorded (see pH 
measurements). 

The observed pseudo-first-order rate constants were calculated in the 
usual way using a linear least-squares program and are reported as the 
mean of at least six measurements for the S(IV) dependence study of SO, 
uptake and at least 10 measurments for the elimination reactions. 

Kinetic studies of the slow secondary step were performed in a ther- 
mostated cell holder of a Cary UV-visible spectrophotometer (Cary 118 
Cary 15, or Cary 14) in self-buffered sulfite media. The reagent solutions 
were thermostated at the reaction temperature and then rapidly mixed 
in a thermostated 1-cm curvette. The reaction mixture was allowed to 
stand 2 min before recording the absorbance. This time was to allow the 
uptake and elimination reactions to reach equilibrium. The chromium- 
(111) was always 0.01 1 M after mixing, and the sulfur(1V) concentration 
was varied in the range 0.035 M C [S(IV)] d 0.29 M, as specified in the 
Results and Discussion. The observed pseudo-first-order rate constants 
were calculated from plots of In (A, - Ao)/(A, -A , )  vs. time, where Ao, 
A,, and A, are the absorbances at time zero, t ,  and infinity, respectively. 
Most of the experiments were done at X = 423 nm where the transfor- 
mation of the 0-bonded to S-bonded sulfito product is associated with 
a substantial absorbance difference. In a number of experiments, com- 
plete spectral curves were run at a series of time intervals over the 
wavelength range 350-600 nm with the rate of isomerization followed 
at X = 423 nm. The data proved that there is no wavelength dependence 
of the observed rate constant. 

pH Measurement. The pH measurements were made with a Beckman 
Research Model pH meter and a calomel reference electrode or a Fisher 
Accumet Model 420 pH/ion meter equipped with a Markson combina- 
tion electrode. The meters were standardized against commercially 
available standard buffers. 

In the uptake reaction, equal volumes of the two reactant solutions 
were rapidly mixed in a water-jacketed sample holder and the pH was 
measured. For the elimination reaction, equal volumes of the reactant 
solutions were rapidly mixed, the pH was immediately measured, and the 
pH was measured again when the kinetic measurements were completed. 
The kinetic measurements took a total of between 15 and 20 min. No 
noticeable pH change was observed. In the slow 0- to S-bonded isom- 
erization, equal volumes of Cr(II1) and S(IV) solutions were mixed at 
25 "C. The initial pH was recorded after 2 min, and the solution was 
returned to the water bath. At t,, the final pH of the thermostated 
solution was also measured. 

Acid Dissociation Constants. The dissociation equilibria for SO2 in 
aqueous solution may be represented by 

SO, + H 2 0  2 HS03- + H+ 

HSO~- 2 so3,- + H+ 

2HSOC 2 S2Os2- + H2O 

Analysis of our data was done on the basis of K ,  = 1.26 X lo-, M, K2 
= 5.01 X lo-' M, and K4 = 7.0 X lo-, M-I at 25 OC and I = 1.OM as 
reported in the literature., 

Solutions of hexaaquochromium(II1) are an equilibrium mixture of 
CT(OH,)~~+, Cr(OH2)s0H2+, and Cr(OH,),(OH),+ as well as a number 
of polymeric products. The equilibria can be presented by 

K3 K6 
Cr(H20),"' + Cr(H20),0H2* t HC e CdH20),(0H)2+ t H+ 
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polymeric products 
The  value^'^*'^ of K, and K6 used in this work, are K ,  = 1.32 X lo4 M 
and K6 = 2.5 X 10" M. 
Results and Discussion 

Qualitative Observations. When SOz gas is bubbled through 
a Cr(H20)63t solution, the color changes from blue to green. 
When SO, is removed, by acidification or  bubbling Nz through 
the solution, the  characteristic blue of Cr(H20)63+ is obtained. 
The blue to  green color change was rapid when sodium meta- 
bisulfite was used as the sulfur(1V) source. This reaction is 
completely reversible if the solution is immediately acidified. The 
degree of Cr(H,0)63+ regeneration was shown spectrophoto- 
metrically to decrease with an  increase in time before acidification. 
The slow secondary reaction is complete in several hours and was 
determined to be irreversible. 
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Figure 1. Successive scans of the spectral changes during the SO2 uptake 
by Cr(OH2)50H2+ and isomerization of Cr(OH2)5(OS02)+ to its S- 
bonded form: [complex] = 0.10 M, [S,] = 0.35 M, pH 2.60, temp 25 
"C,  I = 1.0 M (NaC104). Time in minutes reading upward at 440 nm: 
0, 1, 10, 45, 80, and - respectively. 

The complete reaction sequence was followed spectrophoto- 
metrically (Figure 1) in the UV-visible spectrum. The observed 
reaction rates of the initial and secondary steps are sufficiently 
different to study them separately. Carlyle and KingI3 used 
formate buffer for their investigation of chromium complex re- 
activity in the presence of sulfite, but our investigation showed 
a reaction between the buffer and Cr(H20)63+ solutions. Several 
other buffer systems were tested but proved too reactive in the 
Cr(II1)-S(1V) system. For these reasons we decided to study the 
reactions using the sulfite buffering capacity. The experimental 
values obtained for the pseudo-first-order rate constants were found 
to be unaffected when the experiments were done in the presence 
or absence of dissolved oxygen. 

0-Bonded Sulfito Formation. The kinetics of the formation of 
the 0-bonded sulfito species was studied over the range 2.3 C pH 
C 3.8 and 0.14 C ST < 0.875 M a t  25 OC and Z = 1.0 M (Na- 
Clod). The experimental results obtained are summarized in Table 
I. All the tabulated pseudo-first-order rate constants, koM, were 
calculated by means of a linear least-squares analysis of log (A,  
- A,) vs. t data obtained directly from the automated stopped-flow 
system, where A, and A,  are functions of the absorbances at  time 
t and a, respectively. These plots were linear a t  least up to 3 
half-lives. 

The observed rate constants of Table I may be treated as done 
in similar previous as the sum of the overall rate con- 
stants for SO2 uptake by Cr(OH2)50H2+ ( k f )  and SO2 elimination 
(kb)  from [Cr(OH2)s(OS02H)]2+ (eq 1). As a first approxi- 

(1) 

mation, we neglected the back-reaction rate constant, kb, in our 
attempt to fit the data of the S02-uptake experiments to the 
concentrations of hydrogen ions and the various sulfur(1V)-con- 
taining species in solution. This approximation is quite valid for 
the present system since the observed rate constants for the SO2 
elimination were found to be much less than for the uptake re- 
action, even at  hydrogen ion concentrations 10-1000 times greater 
than those used for the uptake experiments. 

An investigation of the aqueous S2052-/S02/HS03-/S03- 
equilibria reveals that, unlike.our previous studies, the S2OS2- 
species cannot be neglected in the calculations. The concentration 
of the metabisulfite ion ranges from 0.001 to 0.04 M. The con- 
centration of the various sulfur(1V)-containing species are given 
by the series of equations (2 ) - (5 ) ,  where Kl,  K,, and K4 are the 

k o m  = k f  + kb 

sc = f i s c  (3) 

sc = f 2 &  (4) 

[H+I2 

K, [H+l 

= [H+I2 + Kl[H+]  + KlK2 

[HS03-1 = [H+I2 + K,[H+] +KIKZ 

K1K2 
[S032-] = s, = f 3 &  ( 5 )  

[H+I2 + K,[H+] + KlK2 
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Table 1. Dependence of kobsd on pH and [Total Sulfite] for SO, 
Uptake by Cr(OH,),3t in Sulfite Buffer at 25 "C 

~~ ~ 

2.34 0.525 42 i 2 155 1.16 401.7 4.21 
2.50 0.525 42 f 2 104 1.09 418.5 4.38 
2.70 0.525 41 t 1 97 1.01 427.7 4.48 
2.90 0.525 40 i 1 94 0.98 430.4 4.51 
2.92 0.525 39 i 1 91 0.96 420.7 4.41 
3.03 0.525 38 i 1 90 0.94 416.7 4.36 
3.12 0.525 36 f 2 87 0.91 399.1 4.18 
3.24 0.525 31 i 2 92 0.96 418.2 4.37 
3.34 0.525 38 I 1 98 1.03 434.1 4.56 
3.39 0.525 37 i 1 98 1.03 427.6 4.48 
3.50 0.525 36 t 1 102 1.06 425.0 4.44 
3.51 0.525 34 ?- 1 96 1.01 400.2 4.20 
3.59 0.525 36 f 1 108 1.13 431.2 4.52 
3.69 0.525 34 i 0.3 111 1.16 417.2 4.37 
3.78 0.525 36 i 2 127 1.33 452.5 4.74 
3.86 0.525 34 i 2 131 1 .57  438.6 4.59 
3.06 0.14 41 i 0.4 350 3.67 448.5 4.10 
3.07 0.28 42 t 0.4 183 1.91 381.3 3.99 
3.04 0.35 40 f 0.3 194 1.46 373.2 3.91 
3.06 0.525 44 0.3 105 1.10 403.9 4.23 
3.00 0.700 5 1  f 0.4 92 0.96 663.4 6.95 
3.05 0.875 49 0.4 72 0.76 752 7.08 

a Calculated rate constants by using eq 6 .  Calculated rate 
constants by use of a scheme in which the reacting species are 
CI(OH,),~+ and HSO,-. Calculated rate constants by use of 
Scheme I and eq 10 with Q, = 279 M-'. 
stants by use of a scheme in which the reacting species are 
Cr(OH,)," and HSO; in the presence of metabisulfite ion pairs. 

equilibrium constants for the S02 /HS03- ,  HS03-/S032-,  and 
HSO3-/Sz0?- pairs, respectively, ST is the total concentration 
of all the sulfur(1V)-containing species, and S, = (ST - 2[S,052-]). 
The data were then fitted with a mechanism for the SO2-up- 
take/elimination process as outlined in previous With 
the assumption that Cr(OH2)50H2f  and SO2 are the reacting 
species, the expression for the observed rate constant kobsd takes 
the form ( 6 ) ,  where K3 and K5 are acid dissociation constants for 
Cr(OH2):+ and Cr(OH2)50S02H2+,  respectively, k ,  is the sec- 
ond-order rate constant for SO2 uptake by Cr(OH2)50H2+, and 
k2 is the second-order rate constant for SO2 elimination. 

Calculated rate con- 

Values of kl  calculated from the known values of kobsd, K3 ,  
[SO,], and [H+] and utilizing eq 6 are given in Table I. (Note 
that the values of kb were neglected in these and subsequent 
calculations). One notes that k l  calculated in this way is not 
constant and decreases with pH to a minimum value and then 
increases when ST is kept constant. For data a t  varied ST and 
constant pH, the calculated k ,  values decrease also with increasing 
ST. This type of behavior is inconsistent with simultaneous ad- 
dition of SO2 to C T ( O H ~ ) ~ ~ +  and Cr(OH2)50H2+ as proposed in 
the SO2-uptake study of C ~ ( t r e n ) ( O H , ) , ~ + . ~  An attempt to fit 
the data to a reaction scheme in which the reacting species are 
Cr(OH2)63+ and HSO< resulted in similar behavior for kl  (Table 
I). It should be noted, however, that, kinetically, SO2 addition 
to Cr(OH2)50H2+ is indistinguishable from HS0< addition to 
Cr(OH2)63+. The apparent anomalous behavior of k l  with pH 
and its continuous fall off with increase in total S(1V) concen- 
tration led us to investigate other possible mechanisms. 

Careful consideration of the data, particularly those at  essen- 
tially constant pH and varied ST over a 6-fold order of magnitude, 
reveals that one of the sulfur(1V)-containing species has a retarding 
influence on the rate of the reaction. A similar rate-retarding 
influence was observed in the study of the SO2-uptake/elimination 
processes of C ~ ( t e t r e n ) O H , ~ + . ~  This influence was ascribed to 
the SO3,- ion due to the formation of a nonreactive ion pair 
C~( t e t r en )OH,~+ . -SO~~- .  We  have attempted to test this pos- 
sibility and assume the formation of the nonreactive ion pair 
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Scheme I. Mechanism for the 0-Bonded Sulfito Formation and 
Elimination via Addition of SO, to Cr(OH,),OHZ' in the Presence 
of Metabisulfite Ion Pairs 

Cr(OH2)50H2t t SO2 Cr(OH2)5(OS0fl)2t 
*2 
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Scheme 11. Mechanism for 0-Bonded Sulfito Formation via an 
Interchange Mechanism with Bisulfite Ion Pairs 

3t 
Cr(OH2):' t HSO; 5 C r ( O H 2 ) G  ...HS03- 

t 
H2O I t  K5 

Cr(OH2)63+--S032-. In this scheme, the observed rate constant 
is given by the equation (7), which upon rearrangement takes the 

form (8) or (9). In these equations Q1 is the ion-pair formation 

constant,flSc = [SO,] given by eq 3, and&& is the S032-con- 
centration given by eq 5.  If this mechanism is applicable, then 
a plot of 

should be linear for all the data. This, however, was not the case, 
and it was obvious that such a scheme does not interpret the data, 
particularly when one considers the data at  constant pH and varied 
S(IV) concentrations. 
SO2/HSO3-/S0?- equilibrium shows, however, that in the range 
of pHs used in this study the predominant species are SzOt-, SO2, 
and HS03-. The behavior of SO2 and HS03- are identical as we 
have shown previously. However, the presence of S205,- in the 
concentration ranges given could explain the observed rate-re- 
tarding effects. This fact, however, does not eliminate the possible 
formation of sulfite ion pairs with the hexaaquochromium(II1) 
ion since such an ion pair might very well be important at  higher 
pH values, a region in which the S032- ion concentration becomes 
meaningful. 

Scheme I gives a mechanistic interpretation of the data in which 
a metabisulfite ion pair is formed between S2052- and Cr(OH2)?+, 
leading to rate retardation. This scheme leads to an observed rate 
constant given by (10) in which Q2 is the metabisulfite ion-pair 

Careful investigation of the 

formation constant and all the other quantities and constants are 
as defined earlier. Rearrangement of eq 10 gives (1 1). A plot 

lIK3 knso, 

[H+][S20s2-]) for all data gave a good straight line, and a 
least-squares fit of the data gave the values k l  = (4.36 f 0.23) 
X 10, s-I M-' and Q2 = 279 f 13 M-I. The value of 436 s-' M-I 
for the second-order rate constant for the SO2-uptake process is 
some lo6 smaller than the corresponding constant for the Cr- 
(NH3)sOH23+ systemS or the cobalt(II1) systems 

The slow water-exchange rate of hexaaquochromium(II1) and 
the relative inertness of aquochromium(II1) compounds toward 
anationI5 rule out the possibility of formation of the 0-bonded 
sulfito complex via conventional HS03- substitution for ligand 
water. Rate-limiting addition of HSO< to C T ( O H , ) ~ ~ +  without 
Cr-0 bond fission (cleavage) remains a possibility. As indicated 
previously, this process is kinetically indistinguishable from SO2 
addition to Cr(OH2)50H2+.  

Application of this mechanism gives kl' = 4.58 f 0.25 s-l M-' 
and Q2 = 282 f 13 M-l. One notes, however, that the second- 
order rate constant for SO2 addition “kin and for HSOC addition 
"kl'" are related by the equation (12). 

k1 = kl'Kl/K3 (12) 

The values of 436 and 4.58 s-l M-I for the second-order rate 
constants k, and kl', respectively, are some lo6 smaller than the 
corresponding constants for the Cr(NH3)50H23+ systems5 or the 
cobalt(II1) systems studied.24 These are, however, of comparable 
order of magnitude to those observed for the reactions of HSe03- 
with a number of Co(II1) aquo and hydroxo  specie^.^' In these 
systems, an interchange mechanism was suggested, involving the 
rapid formation of a precursor outer-sphere species in a pree- 
quilibrium followed by rate-determining interchange between outer 
and inner spheres of the complex. Application of this mechanism 
to the present system (Scheme 11) gives (1 3) or (14). A plot of 

kHSO~Klp[H+l iHS03-I 
(13) K3 + [H'] + KI,[H+][HS03-] kobsd = 

- -  1 - + ( K3 + [H+l I( L, (14) 
kobsd kHSol [H'] [HS03-] ~ H S O , K I ~  

I lkoM vs. (K3 + [H+])/[H+] [HS03]  should yield a straight line 
with an intercept of l/kHSO, and a slope of l/(kHsq,KIp). 
Least-squares fit of the data to this form with the exclusion of 
the point a t  ST = 0.14 M gave acceptable straight line fit and 
yielded values of kHSO, = 0.50 f 0.06 s-I and KIP = 10 f 4 M-'. 

Of interest is the comparison of the product kHso KlP = 5.0 s-I 
M-I to the second-order rate constant k,' = 4.58 s-? M-', which 
are essentially the same, leading one to conclude that on the basis 
of kinetic data alone one cannot distinguish between the two 
pathways. Nevertheless the fact that these second-order rate 
constants are of comparable orders of magnitude to those obtained 
for HSe0,- addition reaction to a number of aquo- and hydrox- 
ocobalt(II1) species and to the HS03- pathway in Pt(NH3)SOH2+ 
interaction with aqueous sulfite (Table IV) suggests that the 
reacting species in the present system might very well be the 
bisulfite ion instead of molecular SOz and that the chromium(JI1) 
species reacting might be the hexaaquo cation C T ( O H ~ ) ~ ~ + .  

!3O2-Elimination Process. The rate data for the SO,-elimination 
reaction are given in Table 11. In a manner similar to the uptake 

( 3 1 )  Fowless, A. D.; Stranks, D. R. Inorg. Chem. 1977, 16, 1276. 



0-Bonded (Su1fito)pentaaquochromium Perchlorate 

Table 11. Dependence of kobsd on  [H+] for the SO,-Elimination 
Reaction of Cr(OH,),(OSO,)' at 25 "C 

[H'], M kobsd, S-'  ki: S- '  kb,b S-' 

0.015 0.498 0.426 0.072 
0.031 0.407 0.310 0.097 
0.110 0.365 0.121 0.244 
0.340 0.571 0.143 0.527 
0.750 1.213 0.020 1.193 
1 .ooo 1.677 0.015 1.662 

a Calculated by using eq 10. [SIT = 0.2625 M.  

Table 111. Dependence of kobsd on pH and [Total Sulfite] for 
the Isomerization of Cr(OH,),(OSO,)'at 25 "C 

2.2 0.035 1.14 1.65 
2.2 0.058 1.88 1.81 
2.2 0.093 3.29 2.04 
2.2 0.140 5.65 2.15 
2.2 0.187 8.14 2.24 
2.2 0.233 8.50 2.35 
2.2 0.292 10.13 2.60 
1.53 0.350 17.74 2.83 

0.350 
0.350 
0.350 
0.350 
0.350 
0.350 
0.350 
0.350 

15.09 
19.10 
16.04 
19.51 
21.67 
2 1.60 
20.92 
19.82 

experiments, the observed pseudo-first-order rate constant is ex- 
pressed as the sum of the forward reaction and back-reaction rate 
constants, as given by eq 1. The forward rate constant contribution 
to the overall observed rate constant is calculated from the known 
values of k l ,  Q2, [H+], and the various sulfur(1V)-containing 
species by the use of eq 10 or 12. A plot of kb vs. hydrogen ion 
concentration gave a good straight line with an intercept of 0.04 
f 0.02 and a slope of 1.58 f 0.04 (obtained from a least-squares 
fit). These values indicate that the elimination process involves 
direct reaction of hydrogen ions with Cr(OH2)s(0S02)+ followed 
by rate-determining loss of SO2 from the protonated species as 
illustrated in the various schemes given. However, for the latter 
case to be valid, it is necessary that the equilibrium constant Ks 
be very large and that Cr(OH2)s(0S02H)+ acts as a strong acid 
in the Bransted sense. In either case, the value of k2 or k2/K5 
is 1.58 f 0.04 M-' s-l. The intercept of 0.04 f 0.02 is essentially 
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zero and does not warrant additional consideration. 
Isomerization of Cr(OH2)s(OS02)+. The slow secondary step, 

following the S02/HS03- addition reaction, is assumed to be 
associated with 0-bonded to S-bonded isomerization. As we 
indicated in the Experimental Section, the results of elemental 
analysis as well as chromatographic behavior of solutions of the 
final product are consistent with the formula Cr(OH2).,0H(S03). 
The isolated product, however, could very well be a polymer. It 
is very resistant to solubility in aqueous as well as acid solutions. 
The only other possibility is the formation of a dinuclear 
complex-a common Occurence with Cr(II1) species. The present 
reaction is associated with isosbestic points a t  559, 498, and 393 
nm (Figure 1). The reaction was studied in the ranges 1.5 6 pH 
6 2.8 and 0.035 6 S(IV) d 0.35 M. The data obtained are 
summarized in Table 111. One notes that the pseudo-first-order 
rate constant sharply increases with total S(IV) and attains a 
limiting value that is independent of p H  used. Under these 
conditions, the rate law for isomerization of Cr(OHz)s(OS02)+ 
to its S-bonded sulfito analogue is best described by (1 5). Lack 

of dependence on p H  or the various S(IV)-containing species 
suggests that the process is totally intramolecular. The low values 
of koM at low S(IV) concentration is best explained as due to the 
incomplete conversion of the aquo complex to the 0-bonded sulfito 
complex. Similar behavior to this was observed in the study of 
the Co(tetren)(OSO,)+ isomerization reaction (4). The average 
first-order rate constant obtained in the present system is (1.98 
f 0.2) X lo4 s-l compared to 2.8 X lo4 s-' for the cobalt system. 

A summary of data concerning the various isomerization and 
sulfite addition reactions of a number of sulfito complexes is 
presented in Table IV. It is clearly noticeable that the isomer- 
ization reactions have very similar rate constants a t  25 OC with 
only but a slight dependence on the nature of the central metal 
atom and/or other ligands. This result lends support to the 
intramolecular mechanism suggested for the isomerization process. 
Similar argument was used in the interpretation of isomerization 
rates of the nitrito complexes of the type M(NH3)SON@.16 This 
was shown to be the case for the Co(II1) complex using l80 tracer 
studieseZ6 

Table 1V. Rate Parameters for the Isomerization of (Sulfito-@metal Complexes and the Reactions of Various Aquo- and Hydroxometal 
Complexes with SO,/HSO,'/HSeO; and the Acid Dissociation Constants of the Corresponding Aquo Complexes 

I .  Isomerization Reactions 
complex ion k , ,  s-' ref complex ion k, ,  s-' ref 

Co(tetren)(OSO,)+ 2.7 x 10-4 4 W O H ,  1, (OS0 , )+ 1.98 x 10-4 this work 
Pt(NH,),(OSO,)' 5.6 X 25 

11. SO,/HSO;/HSeO; Addition Reactions 
complex ion reactant k , ,  M-' s-'  PK, ref 

Co(NH,),OHZ+ 
Co(tetren)OHZ+ 
Co (tr en)(OH2)z3f 
Co(tren)(OH,)OH2' 
Co(tren)(OH),' 
cisCo(en), (OH,)OH2' 
cis-Co(en), (OH)," 
trans-Co (en) , (OH )OH + 

trans-Co(en), (OH),' 
Rh(NH,),0H2' 
Pt(NH,),0H3' 
Cr (NH, ), OH I+ 

Cr(OH,),0H2* 
Pt (NH, ), OH '+ 
CI(OH,),~+ 
Cr (OH , ), '+ 
C O ( N H , ) ~ ( O H ~ ) ~ *  
Co(NH,), (OH)'+ 
c i sco  (en) , (OH , ) , '+ 
cisco( en), (OH ,)OH '+ 

4.7 x lo8 
3.3 x lo8  
9 X108 
5.3 x 10' 

1.0 x lo8 
1O'O 
1.4 X108 
1.9 x 1O'O 
1.8 X lo8 
6.8 X106 
2.9 X lo8 
4.4 x 102 
590 
5 
4.58 
147 
8 
281 
4 

2.4 x 109 

6.30 
6.30 
5.80 
5.80 
8.23 
6.06 
8.20 
4.40 
7.90 
6.80 
4.23 
5.20 
3.88 
4.23 
3.88 
3.88 
6.3 
6.3 
6.06 
6.06 

2 
4 
3 
3 
3 
23 
23 
24 
24 
5 
25 
5 
this work 
25 
this work" 
this workb 
31 
31 
31 
31 

a Using an I, mechanism. Using the direct-addition mechanism in the presence of metabisulfite ion pairs 
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Another comparison of interest concerns the SO2-addition re- 
actions to a number of metal hydroxo complexes (Table IV). It 
is noted that in all cases, with the exception of Cr(OH2)50H2+,  
studied in this work the direct SO2 addition to the mono and 
dihydroxo forms of the various species are very rapid, ranging from 
a low of 6.8 X lo6 s-’ for the monohydroxoplatinum(1V) to a high 
of 2.2 X 1OIo s-’ for the cis-dihydrobis(ethylenediamine)cobalt(III) 
complex, a value within only 1 or less order of magnitude of the 
diffusion-controlled limit. The value of 4.4 X lo2 s-l M-’ for 
Cr(OH2)SOH2+ obtained in this work is clearly an exception 
especially when compared to the pentaammine analogue, 2.9 X 
los s-’ M-I. The value, however, of 4.38 s-’ M-’ obtained by using 
a mechanism in which the reacting species are Cr(OH2)63+ and 
HS03- is of comparable magnitude to that observed for the re- 
actions of C O ( N H , ) ~ O H ~ +  and HSeO, (8 s-l M-I) and cis-Co- 
(en)2(0H2)OH2+ and HSe03-  (4 s-l M-I) (see Table IV), sug- 
gesting very strongly that this is the preferred route in the present 

system. 
It has previously been s h o ~ n ~ ’ , ~ ~  that log k for the C 0 2  uptake 

by various metal hydroxo complexes depends linearly with the 
pK value of the corresponding aquo form. Analysis of the data 
given in Table IV suggests the possibility of such a trend over the 
limited range of available data. The observed variations, however, 
suggest that the nature of the central metal atom and/or other 
ligands must play an important role in determining the value of 
the rate-limiting step for the SO2-addition reactions. 
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Reaction of [M(COD)CI], (M = Rh, Ir; COD = cycloocta-l,5-diene) with excess PPh2CH2CH2SiMe2H in THF solution affords 
the 5-coordinate M(II1) complexes M(PPh2CH2CH2SiMe2),C1 (1, M = Rh; 2, M = Ir), which are enantiomeric with the two 
P atoms trans; the common geometry for 1 and 2 deduced from spectroscopic data has been substantiated with X-ray diffraction 
that shows crystals of the two compounds to be isomorphous. Halide ion exchange reactions yield the analogues 3-6 M- 
(PPh,CH,CH,SiMe,),X in which X = Br or I. Treatment of [Ir(COD)C1]2 with 2 mol equiv of PPh2CH2CH2SiMe,H allows 

the 6-coordinate intermediate Ir(PPh2CH2CH2SiMe2)(COD)(H)(CI) (7) to be recovered, in which the chelating ligands occupy 
a plane with H and CI mutually trans and from which chel (diphos, dpm, PPh2CH2CH2SiMe2H) displaces COD, yielding 
respectively Ir(PPh2CH2CH2SiMe2)(chel)(H)(CI) (8, diphos; 9, dpm) or compound 2, although under similar reaction conditions 
a Rh analogue of 7 could not be obtained. The coordinatively unsaturated Ir complex 2 reacts rapidly with a variety of neutral 
molecules (CO, PF3, P[ORI3, RNC), generating 6-coordinate adducts as single isomers possessing a common structure with L 
entering cis to CI, trans to Si; with L = t-BuNC, Me3CCH2CMe2NC, or Me2CHNC, Rh analogues 10-12 are also formed from 
1. Compounds 1 and 10-12 offer the first fully characterized examples respectively of bis(silyl)rhodium, octahedral silylrhodium 
species, the stability of which contrasts remarkably with the sensitivity toward dissociative cleavage of unsupported Si-Rh bonds. 
Conversion of 1 or 2 to the corresponding hydrido complexes M(PPh2CH,CH2SiMe2),H (23, M = Rh; 24, M = Ir) has been 
demonstrated in solution with NMR spectroscopy, and although the structures of these species remain uncertain since attempted 
isolation leads to decomposition, compound 24 has been intercepted to form 6-coordinate CO or t-BuNC adducts. 

I 4 

7 

6 

, 

Introduction 

Silyl complexes of rhodium and iridium have been studied in 
considerable detail,2 principally because of putative intermediacy 
in metal-catalyzed hydrosilylation of 01efins.~ To date, all ex- 
amples of such species, regardless of whether M = Rh or Ir, are 
M(II1)  derivative^,^.^ accessed virtually without exception via 

(1) Part 4: Auburn, M. J.; Stobart, S .  R. J .  Chem. Soc., Chem. Commun. 
1984, 28 1. 

(2) Brooks, E. H.; Cross, R. J. Organomet. Chem. Rev. Sect. A 1970, 6,  
227. Glockling, F.; Stobart, S .  R. MTP Int. Rev. Sci.: Inorg. Chem., 
Ser. One 1972,6, 64. Ang, H. G.; Lau, P. T. Organomet. Chem. Rev., 
Sect. A 1972, 8,  235. Mackay, K. M.; Nicholson, B. K. In 
“Comprehensive Organometallic Chemistry”; Wilkinson, G., Stone, F. 
G. A., Abel, E., Eds.; Pergamon Press: Oxford, 1982; Vol. 6, p 1043. 
Aylett, B. J. Ado. Inorg. Chem. Radiochem. 1982, 25, 1. 

(3) Harrod, J .  F.; Chalk, A. J. In “Organic Syntheses via Metal Carbonyls”; 
Wender, I., Pino, P., Eds.; Wiley: New York, 1977. 

oxidative addition of silanes to d8 precursors including [M- 
(PPh3),Cl] or trans-[M(PPh,),(CO)X] (M = Rh, Ir; X = C1, 
Br) ,  [ I rH(PPh , ) ,CO] ,  or [ I r ( d i p h ~ s ) ~ ] +  (diphos = 
PPh2CH2CH2PPh2). In other respects, however, it has become 
clear that silyl compounds formed by the two elements are con- 
spicuously dissimilar, rather than resembling one another; in 
particular, most representative rhodium species are 5-coordinate 
a t  the metal center and are very sensitive to reductive cleavage 
of the Rh-Si bond,*g5 while iridium analogues, which are ac- 

(4) Chalk, A. J.; Harrod, J .  F. J .  Am. Chem. SOC. 1965, 87, 16. Bennett, 
M. A.; Milner, D. L. Ibid. 1969, 91, 6983. Glockling, F.; Irwin, J. G. 
Inorg. Chim. Acta 1972, 6, 3 5 5 .  Harrod, J .  F.; Gilson, D. E. R.; 
Charles, R. Can. J .  Chem. 1969, 47, 2265. Harrod, J. F.; Smith, C. A. 
J .  Am. Chem. SOC. 1970, 92, 2699. 

( 5 )  de Charenteney, F.; Osborn, J. A,; Wilkinson, G. J .  Chem. SOC. A 1968, 
787. Haszeldine, R. N.; Parry, D. J.;  Parish, R. V. Ibid. 1969, 683. 
Haszeldine, R. N.; Parish, R. V.; Taylor, R. S. J .  chem. SOC., Dalton 
Tram. 1974,231 1. Muir, K. W.; Ibers, J. A. Inorg. Chem. 1970,9, 440. 
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