1660

Inorg. Chem. 1981, 20, 1660-1666

Contribution from the Department of Chemistry,
State University of New York at Buffalo, Buffalo, New York 14214

Kinetics and Mechanism of the Reactions of Sulfito Complexes in Aqueous Solution. 2.
Formation and Aquation of Aquo(sulfito-0)(2,2’,2”-triaminotriethylamine)cobalt(III)

Ion!?

A. A. EL-AWADY*? and G. M. HARRIS*

Received October 6, 1980

The rates of the rapid reversible uptake of SO, by diaquo(2,2’,2”-triaminotriethylamine)cobalt(IIT) complex ions have
been determined by the stopped-flow technique over the ranges 3.5 < pH < 6.6, 10 <t <25 °C, and 0.006 < [total sulfite]
<0.07MatI=1.00M (NaClO,). The rate parameters at 10 °C for the second-order reactions of SO, with Co(tren)(H,0),**,
Co(tren)(OH)(OH,)?*, and Co(tren)(OH)," are respectively as follows: k = (5.0 £ 0.3) X 10, (3.3 = 0.1) X 107, and
(76+£13)x 10 M1s; AH* =36+1,45%0.1,and 11.5 2 0.3 kcal mol™}; AS* = 94 % 3,-8.0% 03,and 23 £ 3
cal deg™ mol™. The product obtained is shown by spectral studies to be an O-bonded monodentate sulfito complex, which,
in the unstable protonated form Co(tren)(OH,)(OSO,H)?*, eliminates SO, with rate parameters at 10 °C of k = (1.4
%+ 0.1) X 10% 57!, AH* = 11.1 % 0.8 kcal mol™, and AS* = -4.6 £ 0.4 cal deg™! mol™'. Comparisons are made between
the results of this study and those of similar previous studies involving CO,, SO,, SO;2-, HSeO;", HM0oO,~, and HWO,",
leading to a number of worthwhile mechanistic conclusions.

Introduction

In the preceding paper in this series,? we have reported a
kinetic study of the very fast direct addition of aqueous SO,
to the species Co(NH;)sOH?* to yield an unstable O-bonded
monosulfito complex ion. This type of reaction affords a close
mechanistic parallel to the now fully documented phenomenon
of reversible CO, uptake by a large number of octahedral
hydroxometal complexes.* In such rapid reactions, all of
which occur with half-times of seconds or less, it can be un-
equivocally concluded that they take place without the met-
al-oxygen bond fission which is characteristic of conventional
hydroxo or aquo ligand replacement. A number of other recent
studies have pointed up the similarly high reactivity of several
additional group 6 moieties toward cobalt(III)-aquo complex
ions, including the SO, ion,™® the HSeO; ion,’ the HMoO,"
ion,'® and the HWO,™ ion.!! All of these require the stop-
ped-flow technique for rate measurement and therefore ne-
cessitate the postulation of a “direct addition” mechanism of
the type already mentioned. We now report the results of our
second study of SO, uptake and elimination, this time by the
sterically robust complex ion diaquo(2,2’,2”-triaminotri-
ethylamine)cobalt(ITI), Co(tren)(H,0),**. In the higher
acidity range (pH <6.6), the SO, uptake behavior of this
system is quite similar to that of its pentaammine analogue,
including complete reversibility of the process at the high-acid
end of the range (pH <3). A new feature appears, however,
in that there is evidence for rapid SO, addition, not only as
expected to the two deprotonated species Co(tren)(OH,)-

(1) A preliminary report of this work was presented at 179th National
Meeting of the American Chemical Society, Houston, Texas, March
1980; see Abstract No, INOR 134,

(2) Previous paper in this series: van Eldik, R.; Harris, G. M. Inorg. Chem.
1980, 79, 880.

(3) On leave from the Department of Chemistry, Western Illinois Univer-
sity, Macomb, Ill. 61455,

(4) van Eldik, R.; Palmer, D. A; Kelm, H.; Harris, G. M. Inorg. Chem.
1980, 79, 3679.

(5) Murray, R. S,; Stranks, D. R.; Yandell, J. K. J. Chem. Soc. D 1969,
604,

(6) Stranks, D. R,; Yandell, J. K. Inorg. Chem. 1970, 9, 751.

(7) Farrell, S. M,; Murray, R. S. J. Chem. Soc., Dalton Trans. 1977, 322.

(8) Thacker, M. A,; Higginson, W. C. E. J. Chem. Soc., Dalton Trans.
1975, 704.

(9) (a) Fowless, A. D.; Stranks, D. R. Inorg. Chem. 1977, 16, 1271. (b)
Ibid. 1977, 16, 1276. (c) Ibid. 1977, 16, 1282.

(10) Taylor, R. S. Inorg. Chem. 1977, 16, 116.
(11) Gamsjager, H.; Thompson, G. A. K.; Sagmilller, W.; Sykes, A, G. Inorg.
Chem. 1980, 19, 997.

0020-1669/81/1320-1660$01.25/0

Table 1. Acid Dissociation Constants for Co(tren)(OH,),** and
§0,(aq) (/ = 1.0 M (NaCIO,))

temp, °C Pk, ¢ pK,° szb pK4b
6.0 1.69 6.30 6.07 + 0.05 8.30 £ 0.05
10.0 1.74 6.30 6.01 £ 0.06 8.31 £ 0.04
14.0 1.79 6.30 5.96 = 0.03 8.22+0.04
18.0 1.84 6.30 5.89 + 0.05 8.27+ 0.06
22.0 1.87 6.30 5.85z 0.04 8.24 + 0.04
25.0 1.90 6.30 5.80 = 0.04 8.23+£0.03

¢ Determined as outlined previously.?»'¢!” ® Previously report-
ed values for pX, and pK, at 20 °C are 5.42 and 7.8, respectively,
at/=0.1 M (NaClO,)*? and 5.35 and 7.95, respectively, at / =
0.5 M (NaClQ,)."*

(OH)?** and Co(tren)(OH),", but also to the diaquo ion itself,
Co(tren)(OH,),**. Furthermore, as will be fully discussed in
a subsequent paper,!? while the expected slow reduction of
cobalt(III) by the O-bonded sulfito ligand is observed in the
lower pH range, above pH 7 the final process is not redox but
substitution for the second aquo ligand by SO, to yield a very
stable bis(sulfito) end product.

Experimental Section

Materials. [Co(tren)(C0,))(ClO,) was prepared from commercially
available 2,2",2”-triaminotriethylamine tris(hydrochloride) (Strem
Chemicals) or the free base (The Ames Laboratories, Inc., Milford,
Conn.) by following previously described procedures,!!4

[Co(tren)(OH,),](Cl0,); was prepared from the carbonato salt as
described elsewhere.!* The purity of the compound was checked by
elemental analysis!* and by the comparison of the UV-vis spectrum
(Cary 118C spectrophotometer) with that reported earlier'>* (see
Table II). All chemicals were of reagent grade, and the laborato-
ry-distilled water was further purified by passage through a mixed-bed
anion—cation exchange resin column. Solid sodium metabisulfite,
Na,S,0s, was used as the source of sulfite; this salt is very stable in
storage but hydrates very rapidly and completely upon dissolution
in water to yield sulfite.?
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Table II. UV-Visible Absorption Spectra of Some S- and
O-Bonded Sulfito Co(III) Species

complex? Amax> M e, M~! cm™! ref

Co(tren)(OH,),** 503,355 111,87 this work

503,358 110,83 13

503, 358 110, 80 14
Co(tren)(OH,)(0SO0,)* 510,325 136, 1825 this work
Co(NH,),(0S0,)* 518,330 ~88,~2100 2
(en),Co(0OS(0)- 512,326 _ 134,4100 18

CH,CH,NH,)**
Co(tren)(80,),” 450,300 250, ~16 000
(sh)

283,225 17500,4000 this work

Co(NH,),S0,* 456,278 148,18600 2, 19, 20,
21,22
(en),Co(S(0),- 432,288 220,14200 18
CH,CH,NH,)**

trans-Co(NH,),(OH,)(SO,)* 472 159 20

473,273 120, 6460 19
cis-Co(NH,),(S0,)," 452,295 200,20900 21

264 20000

454 210 23
trans-Co(NH,),(S0,)," ~430 (sh), 490,29500 21

327

Co(en),(SO,)(NH,)* 463,272 162,13800 24
Co(en),(80,)(NCS) 452,275 216, 6560 24
Co(en),(OH)(SO;) 460,275 240,7110 24
Co(en),(H,0)(SO,)* 460,280 158,18620 24

465 162 25

% en = ethylenediamine.

Determination of Acid Dissociation Constants. The values for the
first and second acid dissociation constants K3 and K, for Co-
(tren)(OH,),** were determined at five different temperatures and
an ionic strength 7 = 1.0 M (NaClO,) by titrating a 4 X 10° M
complex solution with 0.1 M NaOH (see Table I). The pH mea-
surements were made with a Fisher Model 420 pH/ion meter and
a Markson combination electrode. The pK values utilized for the acid
dissociation constants K; and K, of “H,SO;” (aqueous SO,) at the
various temperatures and an ionic strength of 1.0 M (NaClO,) are
also included in the tabulation.

Spectral Measurements. Preliminary experiments in which buffered
Na,S,0s, NaHSO,, or Na,SO; solutions were added to buffered
Co(tren)(OH,),** solutions showed an instantaneous color change
from pink to orange at pH 4-7. At pH below 5.7 the orange solution
slowly fades at room temperature to produce the almost colorless light
pink solution characteristic of cobalt(IT). At higher pH, however,
the orange solution changes to a stable bright yellow solution. These
color changes were followed spectrophotometrically in the UV-vis
region by means of the Cary 118C spectrophotometer. It was observed
that the concentration of the orange solution depended on the amount
of sulfite added and the pH of the solution. The maximum con-
centration of the orange intermediate was found to occur in the range
5.5 < pH < 6.2. The spectrum of the resulting solution was recorded
at 10 °C to slow down its redox decomposition (pH <5.7) or the
subsequent formation of the yellow complex (pH >7). A comparison
of the UV-vis absorption spectrum of our orange intermediate with
those previously reported for similar S- and O-bonded (sulfito)co-
balt(III) species (Table IT) shows clearly that the present intermediate
conforms to the spectral criteria for the O-bonded arrangement. In
addition, the formation of the intermediate is a reversible process.
Thus acidification to pH <3 of its solutions immediately after its
formation at pH >7 results in the quantitative regeneration of the
diaquo species. Acidification of analogous S-bonded complexes (e.g.,
cis-Co(en),(SO,)(H,0)*), however, results in small and rather slow
spectral changes. These observations are in agreement with those
recorded for the SO, uptake and elimination reactions of the aquo-
pentaamminecobalt(I1I) species.? Attempts to isolate our O-bonded
intermediate were unsuccessful due to its subsequent reactions leading
either to redox decomposition at low pH or to the formation of the
stable yellow species at high pH.'? Recently, however, Adamson and
co-workers!® have isolated what appears to be the first robust Co(III)

(18) Maicke, H.; Houlding, V.; Adamson, A. W. J. Am. Chem. Soc. 1980,
102, 6888.
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Table III. Dependence of SO, Uptake Rate Constant on pH
and Total Sulfite at 10 °C

pH ST,M kobsd? st kg,S‘x
4.0:0.2 0.0136 1162 69 +2
0.0266 204:4 157 + 4
0.0419 3168 259 £ 8
0.0537 40422 357+ 22
4.2 £ 0.15 0.0094 771 47+ 1
0.0188 113+ 4 83+4
0.0376 2115 181 +5
0.0470 265:+7 235+ 7
0.0657 395+8 365+ 8
4.5 £ 0.01 0.0096 501 351
0.0166 75+2 60+2
0.0250 107+2 92 +2
0.0306 137 +2 12212
0.0444 191 + 176 £ 5
5.0z 0.1 0.0094 26.0 £ 0.2 21,32 0.2
0.0188 47 + 2 4212
0.0376 101 +2 96 +2
0.0470 125:1 12021
0.0657 176 £ 3 171+ 3
6.0 £ 0.1 0.0088 4.8:0.2 4.3+0.2
0.0138 7.4+ 0.2 6.9 +0.2
0.0190 11.2 £ 0.1 10.7 £ 0.1
0.0217 13.2+ 0.2 12.7 £ 0.2
0.0283 18.5 £+ 0.2 18.0+ 0.2
6.7+ 0.1 0.0094 1.03 £ 0.04 0.94 + 0.04
0.0188 2.18 + 0.02 2.09 £ 0.02
0.0376 5.6 £ 0.1 5.5+0.1
0.0470 7.9 £0.1 7.8 £ 0.1
0.0657 129 £ 0.2 12.8 £ 0.1

complex containing an O-bonded sulfito ligand [(en),Co(OS(O)-
CH,CH,NH,)]?**. The spectral characteristics of this species parallel
very closely those observed for our orange intermediate (Table II).

Rate Measurements. All rate measurements were made at an ionic
strength of 1.0 M (NaClO,) over the ranges of temperature, pH, and
total sulfite concentration given in the Results. The “equilibrium
method”?26 was employed to study the SO, uptake process. In this
method appropriate amounts of solid [Co(tren)(OH,),](ClO,); are
dissolved in Mcllvaine phosphate—citric acid buffers?’ of a given pH
value, and the ionic strength is adjusted to 1.0 M with NaClO,.
Similarly known amounts of solid Na,S,0js are dissolved in the same
buffer system with the same ionic strength adjustment. The resulting
solutions are thermostated and introduced separately into the ther-
mostated storage syringes of an automated Durrum Model 110
stopped-flow assembly, and the runs are made in the usual fashion.
The reactions were studied under pseudo-first-order conditions in which
the sulfite concentration is at least 10 times that of the Co(III)
complex. Most of the experiments were performed at a wavelength
setting of 430 nm, with some done at 410 and 480 nm, and no
variations were indicated in the rate data derived. The SO, elimination
process was followed by a “pH-jump” procedure. In this, the O-bonded
(sulfito) species is prepared in situ by dissolving appropriate amounts
of solid Co(tren)(OH,);(ClO); in 1 M NaClO, at 0-5 °C, adding
Na,S,0; to give a molar ratio of complex to sulfur(IV) of 1:2, and
immediately adjusting the pH to 5.5 in order to stabilize the rapidly
formed sulfito species. This solution is placed in one syringe of the
stopped-flow assembly and reacted with phosphate—citrate buffer
solution of the appropriate pH in the other syringe. All observed
pseudo-first-order rate constants were obtained from automated
least-squares analysis of the digitalized stopped-flow data and are

(19) Siebert, H.; Wittke, G. Z. Anorg. Allg. Chem. 1973, 399, 43.

(20) Thacker, M. A ; Scott, K. L.; Simpson, M. E,; Murray, R. S.; Higgin-
son, W. C. E. J. Chem. Soc., Dalton Trans. 1974, 1486.

(21) Scott, K. L. J. Chem. Soc., Dalton Trans. 1974, 1486.

(22) Elder, R. C.; Heeg, M. J.; Payne, M. D.; Trkula, M.; Deutsche, E.
Inorg. Chem. 1978, 17, 431.

(23) Richards, L.; Halpern, J. Inorg. Chem. 1976, 15, 2571.

(24) Baldwin, M. E. J. Chem. Soc. 1961, 3123,

(25) Scaott, K. L.; Murray, R. S.; Higginson, W. C. E. J. Chem. Soc., Dalton
Trans. 1973, 2335.

(26) Chaffee, E.; Dasgupta, T. P.; Harris, G. M. J. Am. Chem. Soc. 1973,
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Table IV, Dependence of SO, Uptake Rate Constant on pH and Temperature at Sy =0.038 M

temp, °C pH Kobsds> 8" ks, 87! pH kobsds 8~ ke s pH kobsds §7° kg, 57!
10.0 3.50 474 + 26 325 + 26 4.49 152+2 137 +2 5.85 32:1 31:1
3.50 481 + 28 332 +28 4,54 172t 4 158+ 4 5.85 29.6 + 0.4 29+ 0.4
3.65 425 + 16 320+ 16 4,57 146+ 3 133+ 3 5.90 25.2+ 0.6 24.6 + 0.6
3.76 357+ 6 275 + 6 4.68 134+ 3 124+ 3 5.91 28.3 + 0.6 28 = 0.6
3.81 271+ 5 198 £ 5 4,91 119+ 3 113+3 5.92 279 £ 0.3 27.3+£0.3
3.83 286 + 10 216 £ 10 4.97 101 +5 96+ 5 5.92 28.0+ 0.3 274 £ 0.3
3.85 2576 1916 4.99 101 +2 96 + 2 5.96 26.7 £ 0.3 26.2+ 0.3
3.86 276 £ 13 21113 5.01 96 + 1 91+1 5.99 21.8+ 0.4 21.3+0.4
3.90 261+ 4 202+ 4 5.12 73+3 69+3 6.06 18.8+ 0.3 18.4 + 0.3
3.98 262+ 10 213+ 10 5.23 77+ 1 741 6.06 20.6 £ 0.7 20.2 £ 0.3
3.98 270: 10 22110 5.33 64 +2 622 6.10 19.3+ 0.4 19+ 0.4
4.10 229 + 10 192+ 10 5.33 64 +2 62 +2 6.17 18.2+ 0.3 18.0 £ 0.3
4.15 224+ 4 191+ 4 5.35 633 61+3 6.28 12.0+ 0.3 11.8 + 0.3
4.19 209z 6 179+ 6 5.45 64 +1 621 6.34 10,3+ 0.2 10.1 £ 0.2
4.20 211+5 181+5 5.50 51+0.5 49 + 1 6.37 12,5 £ 0.7 12.3 £ 0.7
4.29 182+ 4 158 + 4 5.66 43+ 1 42 +1 6.53 6.4+0.2 6.3+0.2
4.32 179+ 4 157+ 4 5.78 30.7 £ 0.3 302 0.5 6.57 6.2 + 0.3 6.1+0.3
4.46 154+ 4 138+ 4 5.85 27.5 £ 0.6 27 £ 0.6 6.58 6.7 £ 0.1 6.6 + 0.1
14.0 3.98 456 + 30 386 + 30 4.49 248 + 3 2263 5.37 88 +2 86 +2
4.07 408 + 23 35213 4,83 185+ 2 175 ¢£2 5.85 43+ 1 42 +1
4.12 385+ 19 335+ 19 5.02 148 £ 2 142 £ 2 5.91 42 ¢ 1 41+ 1
4,18 365+ 18 32118 5.05 1303 124+ 3 6.10 291 28+ 1
4.29 301+ 12 267 £ 12 5.24 1021 98 + 1 6.17 22.3+1 221
4,37 272 £17 244 + 17 5.34 911 88 +1 6.37 15,7+ 1 15+1
6.58 10.0 + 0.4 10+ 0.4
18.0 4.49 400 + 22 374 £ 22 5.22 124+ 3 119+ 3 591 53=1 52+1
4.63 352+ 19 33319 5.36 124 = 1 1201 6.10 331 321
4.84 286 + 10 274 £ 10 5.38 117 £2 114 + 2 6.17 3021 291
4.87 220+ 15 209 + 15 5.57 8211 80«1 6.37 22+1 22+ 1
5.02 205+3 197 +3 5.79 582 57+2 6.58 13+ 0.3 13+£0.3
5.19 1554 150+ 4 5.85 61 +3 603
22.0 5.85 81+2 79 2 6.10 41 + 2 40+ 2 6.37 301 29 £ 1
5.91 80+ 2 78 +2 6.17 37+2 371+2 6.58 191 19«1
25.0 5.85 99+ 2 97 + 2 6.10 542 532 6.37 361 3512
5.91 90 + 88+2 6.17 502 49 + 2 6.58 22+1 22+1
Scheme I SO, uptake and a backward rate constant k, for SO, elimi-
Co(rren)(OHz)ay ¢ 50 ‘o nation from the protonated sulfito product such that
e \ ot kovsa = ki + ki, (1
i % Coltren)(OH2)(0SO2H) It is readily derived from the proposed mechanism that
Co(tren)(OHa)(OH)z* + S0, ‘/2 -H’J |‘x.-, kio[H*]
-H'J [x, ' =\ —— thknt
/",2// Coltren)(OH 2 XOS0 2) K,
+ +
Coltren)(OH),! + SO -+ | rxs koK, K;[H*] S0, )
Coltren)(OH) (0SO2) [H*] [H*]2 + K,[H*] + KK, 2]
d h f at least six kineti and
no 1C .
reportc as the mea at least six Kine runs kb = kz[H+]2/([H+]2 + KS[H+] + K5K6) (3)

Results and Discussion

The SO, uptake process was first studied at 10 °C as a
function of total sulfite concentration Sy at various pH values
between 4 and 6.7. These data appear in Table III, and an
essentially linear dependence of kg On Sy is noted at each
pH. Our second set of data was obtained at a fixed St value
of 0.038 M, within the acidity range 3.5 < pH < 6.6 and at
a number of temperatures in the range 10-25 °C. These data,
given in Table IV, illustrate the steep decline in k4 as the
pH is increased. It is clear that the SO, uptake behavior of
this complex is very similar to that of the pentaammine ana-
logue, so we devised a reaction mechanism analogous to that
proposed for the pentaammine? (see Scheme I) but including
some new features proven necessary in our subsequent detailed
analysis of the present data. As will be shown below, these
modifications require that allowances be made for SO, reac-
tions with the diaquo and dihydroxo species, as well as with
cis-Co(tren)(H,0)(OH)?*, the most prevalent species over a
considerable part of the pH range of the experiments.

According to Scheme I, the observed pseudo-first-order rate
constants should be the sum of a forward rate constant k; for

Also, the SO, concentration may be calculated at each pH
from the equation

[SO,] = [H*]®Sy/([H*]* + K,[H*] + K,K))  (4)
At low [H*] (pH >5.5), there is an almost negligible con-
tribution from the reverse process, so that the expression for
kopea (eq 1) reduced to that for &; (eq 2). As will be obvious
later, the term involving k,q is much smaller than those in-
volving k;; and k,, in this pH range, so the observed rate
constant is given by

= kf =
k12K K;[H*]
[H*] [H*]® + K3[H*] + K3K,

This equation can be cast in either of two forms which enable
evaluations of k;; and k;,K,. In the first of these, we have

kowsa([H*]? + K3{H*] + K;K,)
K3[H*}{SO,]

kobs

[SO,] (5)

11

K=

= ky + kiKy/[H*]
(6)
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Table V. Rate Data and Activation Parameters for the SO,
Uptake Reactions of the Hydroxoaqua and the Dihydroxo Cations

temp, °C 1077k,,,9 M~ 57 107k, 9 M~ 57!

10.0 3.30.1(3.320.1) 7.6+ 1.3(7.7%2.0)
14.0 3.9+ 0.2(3.6+0.2) 12+2(8.3%4.0)
18.0 4.2£0.3(3.7+0.3) 15 3(9.3 £6.0)
22.0 47+05(42:07) 20:6(12+9)
25.0 5.3+0.4(4.4+0.3) 24:3(1526)

AH* kcal mol™! 4.5:0.1 11.5 £ 0.3

AS*, cal deg™ mol™ -8 +0.3 23 +3

@ Less dependable values derived from the intercepts of (6) and
(7) are given in parentheses.

A plot of k’vs. [H*]™ should yield a straight line of slope k;,K,
and intercept k;;. Alternatively, eq 5 can be written in the
form

- kospa([H*]? + K3[H*] + K3Ky)  kyy[HT] +k
K1K4[SO,) K, 12
)

according to which a plot of k" vs. [H*] should give a slope
of k;;/K, and an intercept of k),. All the ke values for which
pH >5.5 given in Tables III and IV have been subjected to
linear least-squares analysis according to both (6) and (7). The
values of k,; and k;, so obtained are recorded in Table V,
together with the temperature variation parameters for the
slope-derived rate constants, which have been selected as the
more dependable set of values. While it is true that the in-
tercept-derived data for k;; appear to be almost as precise as
the nonbracketed slope-derived analogues, the corresponding
k,, data are clearly less precise, as is usual in this type of
graphical data analysis.

At the higher acidities (pH <35.5), the SO, elimination
reaction governed by ky can no longer be neglected. In order
to obtain values for k,, we performed SO, elimination ex-
periments in the range 3.00 < pH < 5.00 and at 6.0, 10.0, 14.0,
and 18.0 °C, the data for which appear in Table VI. The
observed pseudo-first-order rate constants in these experiments
are, of course, given by (1). To correct ky for the k; contri-
butions, we did a series of successive approximations. First
we assumed that the contribution of the diaquo reaction to k¢
is small and can be neglected. The initial value of k; is thus
calculated by using the known data for k;, and k,, and values
of the various equilibrium constants and substituting into (5).
The resulting values are subtracted from the observed pseu-
do-first-order rate constants for the elimination experiments
shown in Table VI. The calculated values for k, are found
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10°(H*), M

Figure 1. Variation of SO, elimination rate constant, ky, with [H*]
at several fixed temperatures.

to  vary linearly with [H*], i.e., ky, = k’,[H*]. The values of

’, obtained from this first approximation were used to cal-
culate a k, correction for the observed pseudo-first-order re-
action of the SO, uptake experiments done at pH values lower
than 5.5. First approximations to values of the second-order
rate constants ko for the reaction of the diaquo species are
then calculated as explained below. We then use this value
for ko together with the known values of k;, and k;, and the
various dissociation constants to calculate a better k; correction
for the elimination reaction data by use of (2). Improved
values for ki, and hence k’ are then calculated. The process
is repeated until constant final values of k, are obtained, as
reported in Table VI. Plots of these ky, values vs. [H*] give
good straight lines at the various temperatures used (see Figure
1). These data were subjected to a linear least-squares
treatment, and the k’, values obtained are presented in Table
VII together with the corresponding activation parameters.
The k’; values are then used to calculate ky, at various acidities
and temperatures, thus enabling calculation of the k; values
recorded in Tables III and IV. The expected linear relationship
between k¢ and [SO,] or St at a fixed pH (see eq 2) can now
be satisfactorily confirmed, as shown by Figure 2. The linear
relationship between k, and [H*] implies that under the
conditions of our experiments KKy << [H*] and K5 >> [H*),
enabling the simplification of (3) to

ky = k2 [H*] = (ky/K5)[H] (8)
Actually, K is estimated to be ~10™* by comparisons involving

Table VI. Dependence of kg4 on pH and Temperature for the SO, Elimination Reaction of Co(tren)(OH,)(0OSO,H)**

temp, °C pH kobsds 8~ kp, 87" pH kobsds 87 ky, s~} pH kobsds> 8" ky, s
6.0 3.10 283+ 3 265+ 3 3.50 102 + 2 94+ 2 4.09 302 26 £2
3.18 252+ 7 237+ 7 3.60 875 805 4.35 24+1 20+ 1
3.25 195+ 3 182+ 3 3.68 76 £ 1 701 4,49 18+ 0.3 14.6 £+ 0.5
3.33 173+ 4 162 + 4 3.77 55+2 49 £2 4.57 12 + 0.6 8.6 + 0.6
3.41 121+5 111 +5 3.96 45+ 1 40+ 1
10.0 3.14 377+ 32 336 + 32 3.75 115+ 6 102+ 6 4.42 40+1 33+1
3.35 269 + 14 242 + 14 3.93 92 +1 81+1 4.61 29+ 0.4 23+0.4
3.52 184 + 164 £+ 6 4.05 69 + 2 59+2 4.75 19.6 + 0.7 14+ 0.7
3.63 152 ¢ 136 + 6 4.15 54:1 46+ 1 4.95 15.3+0.3 10 0.3
14.0 3.16 555+ 45 450 + 45 3.57 210+ 11 165+ 11 4.02 89 +4 69 + 4
3.19 562 £ 45 462 £ 45 3.60 207 + 21 166 + 21 4.15 732 572
3.38 321 +27 256 + 27 3.70 1595 124+ 5 4.33 54+2 412
3.40 306+ 19 243+ 19 3.70 161 +7 126 + 7 4.42 42+1 29 +1
3.53 248 + 10 199 £ 10 3.87 123+ 2 98 £ 2 4.75 25 £ 0.7 17+1
. 4.86 1921 1121
18.0 3.41 472+ 40 330 + 40 3.78 224 +5 159+ 5 4,18 916 61+6
3.52 356 + 28 244 + 28 3.81 191+ 3 130+ 3 4,43 66t 2 47+ 2
3.58 3009 202+9 3.91 141+ 4 97+ 4 4,56 49+ 2 34 £ 2
3.70 255 +8 178+ 8 4,04 125+ 4 87 4 4.84 25+1 151



1664 Inorganic Chemistry, Vol. 20, No. 6, 1981

Table VII. Rate Constants and Activation Parameters for the SO,
Elimination Reaction

1075k, 10%, =
temp, °C M-t s-! 10°K,% M k',K,, s
6.0 3.0£0.1 3.4 1.2
10.0 4.7+0.2 2.7 1.3
14.0 6.6 £ 0.2 2.1 1.4
18.0 8.0+0.3 1.6 1.3
AH¥ = 11.1 + 0.8 kcal mol™!
AS* =7.0 + 0.4 cal deg™ mol™!

@ Estimated as explained in footnote 28a.

300

200

ke, g1

100

S5y M

Figure 2. Variation of SO, uptake rate constant, kg, with total sulfite
concentration at several fixed acidities at 10 °C.

existing data.?®2 While there is little doubt that KsKg <<
[H*],28 the requirement that K5 substantially exceed [H*]
over the whole range of the experiments is not fulfilled.
However, K is probably large enough to approximate to the
linear variation expressed by (8). The estimated values of K
for the various temperatures have therefore been used to de-
termine the “true” second-order rate constants k, which are
included in Table VII. It is seen that k, appears to be es-
sentially independent of temperature in the range studied.
However, this is a result of procedure for estimating the change
in K5 with temperature and should not therefore be given much
weight, The figures quoted in Table IX relate in fact to the
composite rate constant k’,.

The determination of the rate parameters for the reaction
of the diaquo species with molecular SO, was accomplished

(28) (a) The pK for proton dissociation from the O-bonded selenito ligand
in the species cfs-Co(en),(OH,)(0SeO,H)?* is given™ as 4.35 at 25 °C.
However, aqueous selenic acid is a little weaker than aqueous SO, (the
pKs for the two species are 2.36 and 1.90 at 25 °C, respectively). One
should therefore expect a value for pKj in our system of a little less than
4 at 25 °C. We have consequently adopted a value for this of 3.9 at
25 °C. Then, assuming K has the same temperature variation as K
for aqueous SO, (Table I), one derives the values given in Table VII
for K at the various experimental temperatures. (b) The value of the
pK corresponding to pKj for the sulfur-bonded species trans-Co(en),-
(OH,)(SO;y)* is known® to be 9.45 at 25 °C. While the parallel to our
system is not by any means clear-cut, an order of magnitude estimate
for K4K, can reasonable by set at <1072, thus considerably smaller than
any of the [H*]? values of the applicable data.

(29) Dasgupta, T. P,; Harris, G. M., in preparation.

(30) Dash, A. C.; El-Awady, A. A.; Harris, G. M,, in press.

(31) Delovine, J. M.; Wan, W. K.; Harris, G. M., in preparation.

(32) Dasgupta, T. P,; Harris, G. M. Inorg. Chem. 1978, 17, 3123.

(33) Palmer, D. A,; Harris, G, M. Inorg. Chem. 1974, 13, 965.

(34) Harris, G. M.; Hyde, K. E. Inorg. Chem. 1978, 17, 1892.

El-Awady and Harris

-7 k:‘, sec'M™!

1 - AL i J
[} 50 400 450 200 250
10°H" M

Figure 3. Variation of quantity k** = k(K + [H*])/K3[SO,] with
[H*] at several fixed temperatures.

as now described. At high [H*] (pH <5.5), the fraction in
the dihydroxo form is negligible, and we can thus neglect its
contribution to the forward rate constant, the equation for
which thus takes the form (see (2))

kio[H?* K
Bk | oo Jis0a @
3

kf= "
K; + [HY]

Equation 9 can be rearranged to give
K; + [HY] ko -,

\ “X,[SO0,] K, [H*] + ky (10)
Plots of the left-hand side of (10) (symbolized as k**), cal-
culated by use of the k; values in Tables III and IV and the
other known parameters vs. [H*] at the various temperatures
yield straight lines of intercept &, and slope k,o/K; (see Figure
3). Least-squares analysis of the plots yields the following
values of k5 and ky;: 1075k, = 5.0 £ 0.3, 12 £ 1, and 30
+ 3 Mts!at 10.0, 14.0, and 18.0 °C, respectively, and 107k,
=4.1 £0.2,4.7 £ 0.3, and 4.2 £ 0.2 M! 57! at the same
temperatures. The latter values are somewhat deviant from
the more dependable values of Table V, but they do attest to
the internal consistency of the treatment. The activation
parameters for ko are AH* = 36 + 1 kcal mol™! and AS* =
94 =+ 3 cal deg™! mol™. These are very far removed from the
corresponding values relating to k,, and k;, (Table V).
However, they perhaps should not be taken too seriously
without further confirmation, since the derivation of both k&,
and k;, from (10) requires the use of k; values for which the
subtracted k, corrections are very substantial (see data of
Tables 11T and IV for pH <5.5).

One final confirmation of the efficacy of our analysis of the
rate data is provided by considering only the k; values in the
intermediate pH range (5.5 < pH < 6.2). Under these con-
ditions the SO, uptake reactions of both the diaquo and di-
hydroxo species make a relatively small contribution, and (2)
reduces to

ke=k _K SO 11
=k Tk, (SO, (11

A plot of [SO,]/k¢ vs. [H*] should be linear with a slope of
1/k,K; and an intercept of 1/k;;. Such a plot for data at
10 °C is shown in Figure 4, and the derived values are k,; =
(3.0%0.2) X 10’ M~ s7! and pK; = 5.8 £ 0.1. It is seen that
both these values are in reasonable agreement with the results
quoted in Tables V and I, respectively.
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Table VIII. Rate Constants for the Reaction of Various Aquoaminecobalt(III) Complex Ions with Some Group 6 Oxides and Oxyanions

in Aqueous Solution at 25 °C%

AHF, AS*,
complex ion reactant k, M~ s7! kcal mol™! cal deg™! mol™! ref

Co(tren)(OH,),** SO, 9 x10° 36+1 94 + 3 this work
Co(tren)(OH)(OH,)** SO, 5.3 x107 4.5+ 0.1 -8.0+0.3 this work
Co(tren)(OH),* SO, 2.4 x 10° 11.5 £+ 0.3 23+ 3 this work
cis-Co(en) ,(OH)(OH,)** SO, 1.0 x 10® 6.0 £ 0.1 -1.6+0.2 29
Co(NH,),OH** SO, 4.7 x 108 9.8 0.3 14.0 + 0.4 2
Co(tetren)OH?** SO, 3.3 x10® -0.5+1.0 -21+£3.5 30
trans-Co(en),(SO,)(OH,)* S0, 600% 7
Co(NH,),OH,** HSeO, " 147 13.5+ 0.5 -9.0+£1.0 9b
Co(NH,),OH** HSeO, - 8 9¢
Rh(NH,),OH?** HSeO, " 20 9¢
cis-Co(en),(OH,),* HSeO, - 281 13.0 £ 0.5 ~9.6 £ 1.0 9b
cis-Co(en) ,(OH)(OH,)** HSeO, - 4 9¢
trans-Co(en),(OH,), ** HSeO, - 787% 11.5 £ 0.6 ~12.61.4 9b
cis-Co(tn),(OH,),** HSeO, - 291% 129+ 0.3 -9.9+0.9 9b
trans-Co(tn),(OH,),** HSeO, - 10320 12.1+ 0.8 -10.1 # 1.1 9%
Co(NH,),OH,* HMoO, - 3.2 x10°¢ 10
Co(NH,) ,OH** HMoO, - 6.6 X 10* 10
cis-Co(en),(OH,),** HWO, - 3.2 x107 11
cis-Co(en),(OH)(OH,)** HWO, - 1.0 x 107 11
Co(tren)(OH)(OH,)** Co, 44 14,7 + 0.1 -1.9 £ 0.2 14
Co(NH,),OH** CO, 220 15.3+ 0.9 3.6 £+ 3.0 26
cis-Co(en),(OH)(OH,)** CO, 280 14.8 + 0.2 2.0+£0.8 31

% tetren = tetraethylenepentamine; tn = trimethylenediamine. b Limiting second-order rate constants estimated by use of ion-pairing data
discussed in the respective references—ie., k,(lim) = (k, (lim))Xp (no similar ion-pairing effects found for SO, or CO, reactions).
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Figure 4. Variation of quantity [SO,]/k; with [H*] at 10 °C.

A number of fruitful comparisons may now be made con-
cerning the relative reactivities of cobalt(III)-aquo complex
ions toward SO, as well as SO,%" and several other group 6
oxyanions. Similar comparisons are also possible with respect
to the acid-catalyzed decomposition rates of some of the
product complexes. The available data on these two types of
reactions are summarized in Tables VIII and IX, all expressed
as rate constants extrapolated®® where necessary to 25 °C.
Some examples of carbonate data are also included for use
in the discussion to follow. Considering first the formation
reactions of Table VIII, the most obvious feature is the division

(35) The temperature dependence parameters for the first rate constant of
Table VIII (ko in the text of this paper) are subject to considerable
error, so the extrapolation may not give a valid comparison with the
succeeding entry (k;, in the text). The actual experimental values at
18 °C are 3.0 X 10° and 4.2 X 10" M 57!, respectively, a difference
ratio of 14 rather than the much smaller ratio of 6 from the table.

Table IX. Rate Constants for the Aquation Reactions of Various
Protonated Sulfito and Selenito Complex Ions in Aqueous
Solutions at 25 °C

AH?*, as*,
kcal cal deg™!
complex k,s! mol™! mol™! ref
Co(tren)(OH, ) 3.8x10° 11.1:0.8 7.0 £ 0.4 this
(0SSO, H)** work
cis-Co(en),(OH,)- 6.0 x1038@ 29
(0SO,H)**
Co(NH,),(0SO,H)** 1.0x10°¢ 2
Co(tetren)(OSO,H)** 1.1 x10° 7.2 +2.5 —-20.4+ 8.7 30
Co(NH,)(0SeO,H)** 0.28 12.3+ 0.8 ~19.5+2.7 9%
cis-Co(en),(OH,)- 0.18 12.4 £+ 0.8 ~15.3 + 2.0 9%
(0SeO,H)**
trans-Co(en),(OH,)- 1.1 11.7 £ 0.6 —-20.5 + 2.8 9b
(0SeQ,H)**
cis-Co(tn),(OH,)- 0.20 12.6 + 0.7 —19.4 £ 2.8 9b
(08SeO,H)**
trans-Co(tn),(OH,)- 0.32 12.9 £ 0.7 —18.8 £ 2.6 9
(0SeQ,H)?*
Co(tren)(OH,)- 1.19 143+ 0.4 -10.2 £ 1.2 32
(OCO,H)**
Co(NH,),0CO,H** 1.10 16.8+0.2 -2+1 33
cis-Co(en),(OH,)- 0.45 34
(0CO,H)?**

¢ Extrapolated from data at 10 °C by using the same AHF value
and the same acid dissociation constant for the OSO,H ligand as
for the “tetren” and *“tren” analogues for the (NH,) and (en),
species, respectively.

of the second-order rate constant values into two main
groupings. Thus, the values for SO,, HM0oO, and HWO,”
fall within the range of approximately 10°~10° M~ 57!, while
for SO,> and HSeO;", the range is about 10~10* M1 s,
which also is seen to bracket the values for comparable CO,
uptake reactions. It is clear that the major factor determining
these rate groupings is the increase in AH* and decrease in
AS* for the slower group, indicative of less facile processes
from the standpoint of both energy input into and ease of
achieving the appropriate geometry for the transition state.
In all examples given, the mechanisms suggested by the au-
thors involve direct addition of the entering group 6 center to
the oxygen of the Co—OH or Co-OH, moiety. This requires,
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in the case of SO, uptake by Co-OH or Co-OH,, the con-
certed release of one or two protons, respectively, to yield the
stable sulfito product.* Uptake of the anionic species similarly
consists of nucleophilic attack by the cobalt(III) moiety on
the group 6 center.*!! Here, however, concerted release of
a water molecule must occur, utilizing an oxygen atom from
the entering oxyanion, which can only be fast if oxygen release
by the oxyanion occurs readily.!! One notes that this process
occurs much more readily for HMoO, and HWO, than for
SO,* or HSeO;~. A possible measure of the relative rates of
oxygen atom release from these anions in the uptake reaction
is provided by data on oxygen exchange between the various
anions and solvent water. For HMo0O,~ and HWOQ,", this
exchange is known!! to be complete in less than 20 s at 25 °C,
while SO;? and HSeO,™ are also stated®’ to exchange rapidly
and completely with water. However, these latter measure-
ments were made in boiling water, but a recent study®® of water
exchange with selenite reports an exchange half-time of about
1 h at 0 °C for either Se0,2 or HSeO,~. No temperature
dependence data are given, but a fair conjecture (assuming
AH* = 25 kcal mol™) suggests a half-time value of the order
of about 1 min at 25 °C, not too different from the molybdate
or tungstate figures.

An interesting contrast between the simpler SO, addition
and the oxyanion additions is that the latter occur somewhat
more readily with the Co~OH, grouping than with Co—OH,
the reverse of our finding in the present work.”® The two
forms of the transition state for the HXO,™ anions may be
visualized as’®

- o
‘,H O\
LsCo0 == - ====---XOn-» L5Co0="="-==-X0p- 2
\H"’O( \H"’O/
H NH

Apparently, the presence of the additional proton in the first

(36) This mechanism is completely analogous to that for CO, uptake, which
however is a much slower process (see the final entries in Table VIII).
This deceleration must result from a combination of the several factors
which would tend to hinder CO, addition as compared to SO,, such as
its smaller size, its rigidly linear geometry, the carbon atom’s lack of
readily available “lone pair” electrons or d orbitals, and perhaps the
lower degree of solvation of CO, (as indicated by its much lower solu-
bility in water).

(37) Hall, N. F.; Alexander, O. R. J. Am. Chem. Soc. 1940, 62, 3455,

(38) Okumura, A.; Okazaki, N. Bull. Chem. Soc. Jpn. 1973, 46, 1084,

(39) Evidence for a reaction of this type was not observed in the penta-
ammine study.? However, in the latter system, the SO, uptake reaction
becomes too fast for stopped-flow measurement at the low pH values
required to obtain the appropriate data. In the case of CO, uptake, the
carbonato complex product is completely unstable at pH values low
enough to ensure the presence of an appreciable fraction of the aquo
complex in the totally protonated form.
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of these somewhat labilizes the system and accelerates the
various bond adjustments required to release the water mol-
ecule. However, in SO, uptake, it is to be expected that the
double proton release in the Co-OH, system should be
somewhat more difficult to accomplish than the single release
with the Co~OH analogue. One notes in contrast that the
interaction of SO, appears to be a straightforward dissoci-
ative anation which occurs at the slow rate (half-time of many
hours at room temperature) characteristic of Co~OH, bond
fission.** This contrast is clearly the result of the extreme
inertness of the SO, entity in aqueous solution, for which
oxygen exchange with the solvent has a half-time at 100 °C
of several hours even in strongly acidic solution*! and is much
slower otherwise.

Turning now to the elimination rate data of Table IX, we
again note the large contrast in rate constants for the sulfito
and selenito species. However, here the mechanisms proposed
provide a straighforward explanation. For the various pro-
tonated sulfito species, the decomposition is accomplished by
molecular SO, elimination, and there should be no substantial
rate constant variations within the group, as is seen to be true
(all are within a factor of 6 of one another). The selenito
complexes, by contrast, decompose much more slowly (factors
between 10? and 104) though they differ among themselves
by a factor again of only about 6. The problem with the
selenite release process is probably related to the necessity of
including a water molecule in the transition state, explaining
in part the large negative AS* values observed for all these
reactions.*> Again, however, sulfate complexes do not conform
to the pattern, since their aquation appears to involve con-
ventional Co~O bond fission, so that typically the aquation
rate constant is many orders of magnitude lower than for any
of the SO;2" or SeO;%~ complexes mentioned above.*
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