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method in being applicable only so long as the plateau
region lasts: both are based on the conservation of mass
and the fact that transport occurs only by sedimenta-
tion in a region where Oc/dr = 0. Unfortunately
there seems to be little gain in accuracy when it is used
with interference!? rather than schlieren optics.26.

In addition to being precise, the present method has
the advantage that the measurements and computa-
tions are simple, To find Ac it is necessary only to
record the positions of a few fringes at either end of the
column and then to count the fringes in between.*

A New Method for Measuring Molecular Weights
during the Transient Period.—Since the slope of the
plot in Fig. 1 gives s?/D, it could be used to find s/D
(and therefore M) if s were known. This is illustrated
in Table II, where predicted values of s (eq. 1) and
known values of 9, p, and 0 1n ¥/dc¢ have been combined
with the present measurements of s2/D to give /. The

TABLE 11

VALUES FOR THE MOLECULAR WEIGHT OF SUCROSE OBTAINED BY
A NEw METHOD

¢9, g./100 ml. M (obsd.)/M?°
3.619 0.994 &= 0.004
4.498 0.998 &= .009
5.420 1.003 &= .004
5.579 1.001 &= .007

¢ Calculated from eq. 7 using known values for the sedimenta-
tion coefficient: in this case, the ones given by the extended
Svedberg equation and the diffusion data of Gosting and Morris.”
The experimental uncertainty indicated for M (obsd.) is that of
finding the slope of eq. 7.2}

agreement is quite good. This new method might be a
good way of making use of the potential accuracy of
interference optics in finding molecular weights from
the transient period, something which has not yet been
accomplished with the Archibald method (¢f. Richards
and Schachman?®). It could be useful with proteins of
large molecular weight which take a long time to reach
sedimentation equilibrium because of low diffusion co-
efficients.? The procedure would be to find s from the
rate of movement of a boundary at high rotor speed

(27) K. E. Van Holde, J. Phys. Chem., 63, 1574 (1959).
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(inspection of the boundary shape also provides a
check on the homogeneity of the material) and then to
measure (Ac/c®) wvs. ¢ in experiments at lower rotor
speed where a freely sedimenting boundary is not
formed. Then the results from the two experiments
are combined to give the molecular weight.

Factors Controlling the Time Needed to Reach
Equilibrium.—With the aid of eq. 6 we can now de-
rive expressions for two effects noted experimentally in
an earlier study* of the approach to sedimentation equi-
librium. First Ac/c® is almost independent of column
height while the plateau region lasts. When we com-
pare two experiments (1 and 2) at the same time and
rotor speed but with different column heights, we find
fromeq. 6

da _ 7 1+ Hi(w?s/4)(xt/D)"2 + .. ]
Ac;  Fa [l + Hay(wis/4)(xt/D)/: + .. ]

The column height H enters only in a small correction
term. There is however a definite dependence of Ac
on the position of the mid-point 7. In principle one
could hold 7 constant while varying H, but in routine
experiments 7 would be likely to change when H is
changed.

Secondly it was noted* that the rate of approach to
sedimentation equilibrium is nearly independent of
w? during the existence of the plateau region as well as
in later stages of the experiment. The departure from
equilibrium may be measured by the parameter ¢*2
which is defined as

(11)

e=1 - Ac/Ac(eq) (12)

When Ac(eq) is expressed by eq. 9 and Ac by eq. 6,
and these are substituted into eq. 11, one obtains a
simple expression for ¢ which is valid in the first part of
the experiment, while the plateau region lasts. Here

e = 1 — 4(Dt/nH2'2[1 + (Hos/4)(xt/DV/r + .1 (13)

w? appears only in the minor correction term and e
depends chiefly on (D/H?), as is also true after the
plateau region vanishes.* 2
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The reactions of Co(NHj),I+* with Cl; and Br; result in quantitative yields of Co(NH;3)sCl*+ and Co(NHj;);-

Br* 7, respectively.

produce quantitative yields of Co(NH;);Cl*+ and Cr(NH;);Cl*™+, respectively.

Similarly, the reactions of Co(NH;);Br** and Cr(NH;);Br** (in 0.10 4 Cl7) with Cl,

The reactious of Co(NHj;)s-

Br*+ with HOBr and HOCI and of Co(NH;)I** with HOBr, ICl, O;, CH;COsH, $:,0,72% HSC;—, and H,0,

yield Co(NH;);0H;*? quantitatively.

O® tracer studies on the reactions of Co(NH;):I*+ with HyO; and O;

indicate that 31 and 5.59, respectively, of the oxygen in the Co(INH;)sOH.*? product is derived froin the

oxidizing agent.

The reaction of Co(NH;);1 T+ with HyO, when H* and H:0, are in excess obeys the rate law

ks(Co(NHjs)sl *+)(H.O:)(H™*) during approximately the first two half-lives, but this phase is terminated by a

sharp decrease in (Co(NH;)I ).
(NHj)sI**.

Co(NH;);Cl** becomes an increasingly important product.
Co(NH;);l ¥ reacts with O3 or S;0s~% in the presence of Cl~.

Iodine and iodate ion strongly accelerate the rate of disappearance of Co-
The rate of reaction of Co(NH;)sI*+ and H;0; is independent of (Cl~) but as (Cl™) is increased

Co(NH;);Cl** is also formed in high yields when
The mechanisims of the reactions are discussed,

H
and they feature rearrangements of the type (NH;3);ColOH *3 to (NH;3);CoOI *3 and (NH;);ColCl*? to (NHs)s-
CoClI*3, followed in each case by loss of I(I) (as HOI, for example).

The behavior of the iodopentaamminecobalt(III) ion
toward various ‘‘one-electron’’ oxidation-reduction
reagents has been reported recently.! It was demon-
strated that with some of these reagents (hydroxyl and

(1) A. Haim and H. Taube, J. Am. Chem. Soc., 85, 495 (1963).

methyl radicals, iodine atoms) reduction of the Co(I1I)
center occurs, whereas with other reagents (ceric and
cobaltic ions) the oxidation state of the Co(I1l) center
is preserved. In the present paper we report the re-
sults obtained in a study of the reactions of Co(NHj)s-
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I++ with various ‘“‘two-electron” oxidizing agents.
Two important features have emerged from this in-
vestigation. First, the oxidation-reduction changes
that occur in the bound iodide ion do not involve any
net change in the oxidation state of the Co(III) center
and, in all instances, the cobalt-containing products
are Co(I1l) pentaammine complexes. Second, it has
been possible to show in some cases that the reduced
form of the oxidizing agent is retained'in the coordina-
tion sphere of the Co(I11) product. The very efficient
capture.of ligands when oxidizing agents act on I~ or
Br— bound in the coordination sphere of Co(I1I) which
we have observed in the present work has no precedent
in the numerous reactions so far reported for Co(III)
complexes.

Experimental

Materials.—Hypochlorous and hypobromous acids were pre-
pared by treating an excess of saturated chlorine or bromine
water at 0° with silver perchlorate-perchloric acid solution.
The silver halide formed was filtered out and nitrogen was bub-
bled through the resulting solutions to remove the excess chlorine
or bromine. These solutions were standardized iodonietrically.
Peroxyacetic acid solutions were prepared from glacial acetic
acid and 309, hydrogen peroxide.? The unreacted hydrogen
peroxide was titrated with Ce(I'V) and the peroxyacetic acid was
standardized iodometrically. Caro acid was prepared by heating
sodium peroxydisulfate in 5 M perchloric acid.® All other chemi-
cals were reagent grade. Ordinary distilled water was used in
all experiments.

Preparation of Complexes.—[Co(NH;);11(ClO4)s, [Co(NH;);-
Br](ClOy);, [Co(NH;3);0H:](ClOs);, and [Co(NH;)sClICl; were
synthesized as described earlier.! Since some experiments re-
quired a very precise knowledge of the extinction coefficients of
the chloro and aquo complexes at various wave lengths, [Co-
(NH;):0H,] [ClO,)s and [Co(NH;),Cl]Cl, were purified by re-
crystallizing them four times from aqueous solution. [Cr-
(NH;);OHy1(NOs)s- NHNO; was prepared according to the
procedure described by Mori.* Treatment with hydrochloric
or hydrobromic acid yielded [Cr(NHj;)sCl]Cl; and [Cr(NHjy);Br]-
Bry, respectively.

Stoichiometric Experiments.—Solutions of the complex ion
under study and of other reagents required were pipetted into
volumetric flasks. The oxidizing agent was then added (O3 and
Cl; as gases and other oxidizing agents in solution) and any
volume defect was made up by adding solvent. After the
reactions had proceeded to completion, the solutions were treated
in the following manner. For the experiments with Cl,, Br,,
and Os, the excess oxidant was removed by bubbling nitrogen
through the solutions. For the experiments with HOCI and
HOBr, the excess oxidant was reduced with sodium bromide and
the bromine formed was removed by a stream of nitrogen. For
the experiments with ICl, H:0,, $:05372, HSO;~, and CH;CO;H,
the iodine formed was extracted with carbon tetrachloride and
the aqueous layer was centrifuged to clarify it. After treating
the product solutions as described, aliquots were withdrawn and
examined spectrophotometrically to determine the nature of the
cobalt species present in solution.

Kinetics of the Co(NH;),I**-H;0, Reaction.—Solutions of
Co(NH;);I"+and all other reagents except the H:O; were pipetted
into a volumetric flask which was placed in a constant tem-
perature bath at 25 & 0.1°. After temperature equilibrium
had been reached, the HyOs was added, and the solution was made
up to volume and rapidly transferred to a spectrophotometric cell.
The cell was placed in the thermostated (25 3= 0.1°) cell holder
of a Cary spectrophotometer, and a recording of optical density
vs. time at the desired wave length was obtained. All experi-
nents were performed at 388 mu; at this wave length Co(NH;),I*+
Co(NH;);OH,™3, and I, have extinction coefficients of 2700, 11,
and 100, respectively. In all experiments the conceutration of
Co(NH;3)sI ** was less than 19 that of H;O;. Pseudo-first-order
rate constants k; were obtained from the slopes of plots of log
(D, — Dw)ws. time; D, and D« are the optical densities of the
solution at ¢ and after reaction is complete, respectively; Do
could not be measured experimentally because even after all the
Co(NH;)sI** has reacted, the optical density at 388 mu continues
to decrease because H:0; oxidizes iodine to iodate. Therefore,
values of Do were calculated from the initial concentration of
the Ca(NH;);I7* reactant and the extinction coefficients of the
Co(NHj;);0He™8 and I; products assuming that the stoichiometry
of the reaction is given by eq. 1.

2H* + 2Co(NH; )1+~ + HyO, = 2Co(NH;);OH.*3 + I, (1)
(2) W. C. Smit, Rec. trav. chim., 49, 675 (1930).

(3) I. M. Kolthoff and 1. K. Miller, J. Am. Chem. Soc., T3, 3055 (1951).
(4) T. Moeller, Inorg. Syn., 5, 131 (1957).
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Although I; is oxidized to 10;~, the calculation of D, on the
basis of eq. 1 is a sufficiently good approximation. During the
time when useful kinetic data can be obtained D. is ouly 2.2~
5% of D, and 88-98% of the I, corresponding to eq. 1 is formed.

Stoichiometry of the Co(NH;),I**-H,0, Reaction in the Pres-
ence of Cl—.—Solutions of Co(NH;);I™*, HCIO4, and HCI of
known concentrations were pipetted into volumetric flasks.
The desired quantity of H:O; was then added and any voluine
defect was made by adding solvent. After the reaction had
proceeded to completion, the iodine was extracted with carbou
tetrachloride, the aqueous layer was centrifuged, and the optical
densities at 507 and 550 mu were measured. At 3507 mu, Co-
(NH;):Cl** and Co(NH;);OH,*3 have an isosbestic point with
extinction coefhicient 45.2, and therefore this wave lengtli was
useful in establishing that the chloro and aquo coinplexes were
the only two cobalt-containing products. Furthermore, any
large (>29) difference between experimental and calculated
optical density at 507 mu was adopted as a criterion to reject
experiments (7 out of 44 experiments were rejected on this basis).
At 550 mu the extinction coefficients of Co(NHj;);Cl=+ and Co-
(NH;);OH,™3 are 47.2 and 20.8, respectively; thus this wave
length was useful in calculating the concentration of the Co( NHj),-
Cl** product.

018 Tracer Experiments.—Co(NHj;):1*" was dissolved in O%-
enriched water containing the perchloric acid. The oxidizing
agent was added and after reaction had proceeded to completion
the solution was cooled to 0° and [Co(NHj;);OH;| Br; was precip-
itated by addition of an excess of conceutrated HBr. The
removal of the bound water and subsequent equilibration with
CO, were performed as described by Posey and Taube.? The
mass spectrometric analyses were performed by tlie courtesy of
Dr. John W. Harbaugh of the Geology Departinent.

Spectrophotometric Measurements.—Absorption spectra were
obtained with a Cary Model 14 recording spectropliotometer
fitted with a thermostated cell holder and cell compartment.

All experiments with Co(NH;)sI** were performed in semi-
darkness to avoid photochemical decomposition. The results
obtained for the reactions of Co(NHj);I™" have been corrected
for the amount of [Co(NHs);OH:](ClO,)s originally present in the
[Co(NH;);1)(ClO4); preparation.? All stoichiometric experi-
ments were performed at room temperature.

Results

In Table I we present a summary of the experiments
designed to determine the identity of the cobalt(III)
products formed in the reactions of Co(NH;)sI++,
Co(NH;)sBr*+, and Cr(NH;);Br** with various oxi-
dants. Columns 5 and 6 of Table I list the positions
of the maxima and the optical densities at the maxima,
respectively, of the solutions resulting from the various
reactions. Column 7 lists the optical densities calcu-
lated for quantitative formation of the products indi-
cated in the last column. The excellent agreement
between the values in columns 6 and 7, and also be-
tween the values in column 5, with those expected for
the formation of the corresponding products, demon-
strates that the major products of the reactions are
indeed the ones listed in the last column of Table I.
In addition to the wave lengths listed in column 53,
other wave lengths at which the various possible re-
action products display a larger difference in extinction
coefficients were examined, and it is estimated that the
reaction products indicated in Table I are formed in
>95%, yield, except where otherwise indicated. The
agreement referred to above shows that Co(lI) is not
an important reaction product. In addition, the ab-
sence of Co(II) was demonstrated for experiments
1, 2, 6, and 8 by examining the absorption of the
corresponding solutions in 9.6 4 HCl at 692 mu (where
Co(II) has a maximum with extinction coefficient 522).
Since no absorption could be detected, it is concluded
that less than (.59, Co(Il) is formed in these reactions.

Experiments 2, 10, and 11 of Table I show that
the reaction of Co(NH;);I++ and Co(NH;):Br*++ with
Cl, yield Co(NH;);Cl*+, even when as in 0.010 1 H~
the hydrolysis of Cl; is appreciable. In contrast, the
reaction of Cr(NH;);Br+* with Cl. in 1.0 37 H+ yields
principally the Cr(NH;);OH,™® ion (¢f. expt. 13).
However, in 1.0 4 H* and 0.10 1 Cl- (¢f expt. 16)

(5) F. A. Posey and H. Taube, J. Am. Chem. Soc., T9, 255 (1957).
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TABLE 1

SPECTROPHOTOMETRIC IDENTIFICATION OF THE Co(IIl) PropucTts ForMED BY THE REACTIONS® oF Co(NH;j)sl ¥+, Co(NH;)sBr*+, aND
Cr(NH;);Br+* wiTH VARIOUS OXIDANTS

(H+)1 )\max, Dmaxx
Expt. Complex, M X 103 Oxidant, M M mu Dmax caled.? Co(III) product
1 Co(NH;3)I*+ 8.30 Brg, 0.050 0.010 550° 0.170  0.176¢ Co(NH;)sBr*+
2 Co(NH;)I*+, 3.20 Cly, bubbling 0.010 532° 157 .1604 Co( NH;),Cl++
363° 155 .151¢
3  Co(NH;)l*+*, 1.05 HOBr, 0.020 1.0 492/ .490 .500 Co(NH;);0H,*+?
345 .460 .470
4 Co(NH;)I++ 1.14 ICl, 0.10 1.0 4927 544 541 Co(NH; );OH,*3
345" 525 .509
5  Co(NHs)I*+, 9.00 CH;CO:H, 0.065 0.010 4927 .420 .425 Co(NH; );OH, *+3
345° .396 .400
6  Co(NH;)I+*, 0.89 O3, bubbling 0.010 492/ .427 422 Co(NH; J;OH, **
3457 .401 .396
7 Co(NH;)l*+ 5.36 $,0572, 0.20 1.0 492" .250 .254 Co(NH;);OH,*
345" .230 .239
8  Co(NH;)l*t, 5.48 H;0s, 0.50 1.0 492/ .258 .260 Co(NH;);0H, 3
3457 .240 .243
9  Co(NHs)l*+ 6.50 HSO;™, 0.020 1.0 492* .310 .308 Co(NH;);0H,+3
‘ 345" .300 .290
10 Co(NH;)Br++, 5.40° Cly, bubbling 0.010 532° .277 .278 Co(NH;)sCl++
363° .256 .261
11 Co(NH;)sBr, 5.20 Cly, bubbling 1.0 532° .265 .267 Co(NH;)sCl++
363° .252 .251
12 Co(NH;sBr, 0.91 HOBr, 0.020 1.0 4927 .426 431 Co(NH;);OH, *+3
3457 .395 .405
13  Co(NH;)Br, 3.04 HOCI, 0.020 1.0 492/ .140 144 Co(NH,);0H, **
3457 .139 .135
14  Co(NH;iCl™+ 6.25 HOCI, 0.020 1.0 532° .326 .329°
363° .303 .302¢
15  Cr(NH;)Br*+, 5.90 Cly, bubbling 1.0 4927 .191 .190 { 99 Cr(NH;)Cl++ }
3677 .188 187 919, Cr(NH;),OH,**
16  Cr(NH;)Br*+, 2.86 Cly, bubbling’ 1.0 518 510 512 Cr(NH;),Cl*+
376+ .538 .540

¢ The reactions are complete on mixing except in experiments 7 (#1, 3 min. at 0.05 M $,0;72), 8 (rate reported on elsewhere in this

paper ), and 14 (no reaction in 10 min.).
for Co(NH;)sBr** is 550 mu.
for Co(NH;)sCl** are 532 and 363 mu.
353 mu. * Amax for Co(NH;3):S0,* are 515 and 355 my.
® Amax for Cr(NH;);Cl** are 512 and 375 mu.

the dominant reaction product becomes Cr(NH;);Cl++.
The iodometri¢ titer of the solutions resulting from
experiments 1, 2, 10, and 11 of Table I was determined
after the excess chlorine or bromine had been removed.
For the reactions of Co(NH;);I*t+, the titer corre-
sponded to oxidation of I~ to 10;=%7 In contrast,
‘the solutions derived from the experiments with Co-
(NH;);Br ¥+ did not display any oxidizing capacity
after the volatile oxidizing agents were removed. The
stoichiometries of these reactions are therefore de-
scribed by eq. 2 and 3.
Co(NHy)sI** + 3X; + 3H,0 = Co(NHa)eX ** + 10;~ +
5X~ + 6H* (X = Cl, Br) (2)
CO(NHa)sBr++ + ‘/2C12 = CO(NH3)5C1++ + ‘/2Br2 (3)

It is noteworthy that the reactions of Co(NH;);I++
with CH3CO3H (expt‘ 5), 5203_2 (expt. 7), and HSOs_
(expt. 9) do not yield acetato or sulfato complexes but
Co(NH;);OH,*? as the only cobalt-containing reaction
product. It is not surprising that the reactions of O;
(expt. 6) and H,0, (expt. 8) with Co(NH;);I++ yield
Co(NH;);OH,*3; additional insight into these re-
actions is provided by O®-tracer experiments which
are described below. The reactions of HOBr with
Co(NHj;);I+* and Co(NH;);Br++ (expt. 3, 12) and of
HOCI with Co(NH;)sBr++ (expt. 13) are rapid and
Co(NH;3)sOH,+*® is the final product in all instances.

(6) This reaction has been exploited to analyze iodine in Co(NHj)sI ++

salts.
(7) See R. G. Yalman, J. Am. Chem. Soc., T8, 1842 (1953), and ref. 1.

b Optical density calculated for formation of the product indicated in the last column.
¢ Corrected for the Co(NH;);OH;*3 originally present in the [Co(NHj;)sI](ClO,)y preparation.
7 Amax for Co(NH;);OH;*3 are 492 and 345 mu.
* Calculated for no reaction.
10.10 M Cl1~ present.

¢ )\mﬂx
° )\max

9 Apax for Co(NH;);OCOCH; ** are 510 and
¥ Amax for Cr(NH;);OH, ™3 are 480 and 361 mu.

No reaction occurs between Co(NH;);Cl*+ and HOCI
in 10 min. at room temperature (expt. 14). Finally,
the reaction between Co(NH;);I1** and ICl (expt. 4)
yields only Co(NH,);OH, *2,

Kinetics of the Co(NH;);I+*+-H,0, Reaction.—This
reaction was studied in detail and proved to be fairly
complicated. Although only some general features of
the reaction have been uncovered, they appear to us
to be of such interest as to justify a report at the
present time. First, as already indicated, the only
cobalt-containing product (in the absence of anions
other than ClO,~) is Co(NH;);OH,*%. With regard to
the iodine-containing products, I, is a reaction product,
but under the experimental conditions (high H* and
H,0; concentrations), I is ultimately oxidized to 10;.%
The other features of the reaction are best considered
in relation to the kinetic studies summarized in Table
IT and Fig. 1. The pseudo-first-order rate constants
ky listed in column 7 of Table II were obtained from the
initial slopes in plots of log (Dy — D<) vs. time. It was
necessary to use initial slopes because the plots for all
kinetic experiments displayed deviations from linearity
between the second and third half-lives.® This is

(8) For a review of work on the 103 -, Iz, H20: system see J. H. Baxendale
in '"Advances in Catalysis,”” Vol. IV, Academic Press, Inc.,, New York,
N. Y., 1952, p. 31.

(9) The deviations from a simple pseudo-first-order behavior were
dramatically displayed in the optical densities »s. time curves obtained
with the spectrophotometer. Such curves are concave upward for 3-4 half-
lives when suddenly an inflection point occursand the optical density rapidly
decreases.
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TasLE 11
KineTics oF THE Co(NH;);l +-H,;0, ReacrioN; IoNIiCc STRENGTH, 0.94; TEMPERATURE, 25°
(Co(NH3s)sI +*), (H*),® (H:03), (€17, (12), ks,
Expt. M X 10¢ M M M M X 104 k1, min. ! M~2 min, =1
1 ) 5.11 0.935 0.097 0.0262 0.288
2 5.20 .935 .096 5.0 L0254 282
3 0.68 935 097 .0198 218
4 7.20 .935 .19 .0604 .340
5 4.86 .935 .38 113 .318
6 4.24 .935 .36 110 .328
7 4.86 .935 .38 .110 .310
8 4.86 .935 .38 10.0 .104 .293
9 4.86 .935 .38 0.20° .102 .292
10 0.50 .935 .36 079 .235
11° 4.80 .0935 .38 .0045 .126
12¢ 4.35 .935 .36 .077 .229
13 4.90 .935 .97 .265 .294
14° 4.08 0748 .97 .. o 017 .24
15 5.20 .937 .096 0.0124 . .020 .22
16 5.06 .930 .097 .124 . .0205 227
17 4.96 .930 .096 .124 5.0 .023 .26
18 5.20 .936 .38 L0124 C . 088 .248
19 3.40 .935 .36 .0367 . .081 .240
20 5.10 935 .38 .075 C .083 .234
21 5.20 .935 .38 L1285 - .081 227
22 5.00 .935 .38 .125 5.0 .082 .230
237 5.21 1.23 .87 .50 . .337 .282
24 4.57 0.81%¢ .37 .024° o .116 2737
25 4.86 0.93"° .37 .12 o .292 . 2887
o Added as HCIO, and HCl. ® This is the concentration of added 10;~. ¢ Ionic strength 0.094. ¢ Measured at 460 mu. ¢ lonic

strength adjusted with NaClO,. / Added as NaCl.

4.7(Co(NHjs):I**)(Hz0)(H *)(S0,72).

exemplified for expt. 7 of Table II by the curve A in
Fig. 1. The other experiments summarized in Fig. 1
were designed to uncover the factors that cause the
deviations from first-order behavior. A comparison
of curves A and B of Fig. 1 shows that although addi-
tion of 1.0 X 10~% M I, does not appreciably change the
initial slope, it brings about the rapid disappearance
of Co(NHj)sl*++ at shorter times. Similarly, expt.
1 and 2 of Table II show that addition of an amount
of I, equal to ca. twice the iodine in the Co(NH;);I++
reactant does not appreciably change the value of &
(0.0262 and 0.0254 min.~}, respectively). Curves
C and D of Fig. 1 serve to demonstrate that either addi-
tion of 2 X 1073 M 103~ alone or 2 X 10-%3 M 105~ and
1 X 107* M I, tremendously increases the rate of dis-
appearance of Co(NH;);I*+ As noted above, both
iodine and iodate are formed in this reaction, and there-
fore the autocatalytic nature of the reaction is ascribed
to the accumulation of these two products. Direct
evidence bearing on the question of iodate formation was
obtained from expt. 12 performed at 460 my; at this
wave length the extinction coefficients of I, Co(NHs)s-
I+*, and Co(NH;);OH,*™® are 746, 272, and 37.7,
respectively. In this experiment, the optical density
of the solution first increases, reaches a maximum at
19 min., and then decreases, demonstrating that I,
is both formed and consumed during the course of the
reaction. At the maximum optical density, it is esti-
mated that 969 of the iodine content of the Co(NH;)s-
I+* consumed is present as I,. Furthermore, the
smaller rate constant at 460 mu!® as compared to those

(10) The rate constant was obtained from the initial slope of a plot of
log (Do — D) vs. time (D is the measured optical density at 460 my; Do is
the optical density calculated if the stoichiometry of the reaction were that
given by eq. 1). It must be noted that the slope of log (Do — D) vs, time
does not give the rate of formation of Is, since it can be shown that

Dm—D=%’CT(1—A)+

(C0<NH3)5I++)|:ER0H2 — er1 + %2 A:I

¢ Tonic strength 1.23.
culated using a value of 0.15 for the dissociation constant of HSO, .

* Added as HCIO4 and H,80s. *(H™) and (SO,7?) cal-
7 After subtracting from the total rate that given by the function

governing the disappearance of Co(NHj)I++ (&
values of 0.077 and (.108 min. !, respectively) definitely
show that during the first two half-lives, the stoichiom-
etry of the reaction deviates from that represented

0.2 T ! ! T T T I I T

0.0\

2 4 é 8 10 12 14 16 18
Time in minutes.

Fig. 1.—The reaction of Co(NH;);I** with H.O,; 4.86 X
10~ M Co(NH;)I*+, 0935 M HT, 0.38 M H.0,, 25°: O, no
addition (curve A); @, 1.0 X 107% M I; added (curve B); @,2.0
X 1073 M 105~ added (curve C); @, 2.0 X 1073 3/ 103~ and
1.0 X 107% M I, added (curve D).

by eq. 1. A measure of iodine formation as the re-
action proceeds was obtained from the expression (see
footnote 10 for definition of the symbols)

_ D — Crens _ :Ig
4 = [(_—CO(NH3)50H2+3) + exr — erom: o (4)

where e1,, er1, and erOH, are the extinction coefficients of Io, Co(NHz)sI **,
and Co(NH;3)sOH: "3, respectively, Ct is the initial concentration of Co-
(NHs)sI**, and 4 is the fraction of Co(NHj)sI ™ “ reacted which ap pears as Io.
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The concentration of Co(NH;);OH,*? present at the
time D was measured was computed from the expres-
sion (Co(NH;);OH,** = Cr(l — e %) where &k was
taken as 0.108 min.~!. The results on the formation of
I, are summarized in Table III. The values of A4 listed
in column 4 show that the fraction of Co(NH;)I++
reacted which is transformed to I, increases as the re-
action proceeds.

TaBLE III
ForMATION OF I; IN THE REAcCTION OF Co(NH;);I** Axp H;0:
0.935 M H™*, 0.36 M H;0,, 25°, 4.35 X 10t M Co(NH;)l ++

Time, (Co(NH3)s0OH: +3),

min. De M X 104 AC
0 1.180% 0 .
1.5 1.240 0.65 0.88
2.0 1.258 0.84 .88
2.5 1.276 1.06 .87
3.0 1.295 1.19 .89
3.5 1.312 1.37 .89
4.0 1.332 1.53 .89
5.0 1.368 1.81 .90
6.0 1.402 2.07 .91
7.0 1.431 2.30 .92
8.0 1.464 2.52 .92
9.0 1.490 2.80 .92
10.0 1.515 2.91 .94
11.0 1.549 3.03 .95
12.0 1.559 3.16 .95
13.0 1.575 3.27 .95

@ Measured optical density at 460 mu. ® Calculated from the
expression (Co(NH;);OHs™3) = 4.35 X 10741 - g70-108)
¢ Fraction of Co(NH;);I '+ reacted that appears as I,. 9 Cal-
culated from the initial concentration of Co(NH;)sI *+.

The last column of Table II lists the specific rate k;
of the rate function k3 (Co(NH3)sl*+)(H.0,)(HT).
The bulk of the experiments were performed at 0.935
M H+ and 4.2-5.2 X 10~* M Co(NH;);I++. Under
these conditions, the first-order dependence upon
(H,O,) is fairly well established (¢f. expt. 1, 2, 4-9,
13). In two experiments (3, 10) performed at ca.
one-tenth (Co(NH;)sI++), ks is 20-259, smaller; in
experiment 14 performed at 0.0748 M H+, k; is 259,
smaller. The smaller rate at lower ionic strength
(expt. 11) is consistent with the expected ionic strength
dependence for a-reaction of the charge type 42, 4 1.

Included in Table II are the results obtained with Cl1—
and SO,~2? added. A comparison of the rate constants
for expt. 15 and 16 shows that increasing (Cl—) by a
factor of ten does not appreciably change the value of
the rate constant. However, the rate in the presence
of Cl- is approximately 209, lower than in the absence
of C1-. An entirely similar set of results was obtained
at 0.38 M H,0,. As shown by experiments 18-21,
the rate constant is independent of (Cl—) from 0.0124
to 0.124 M and 209, lower than in the absence of Cl—.
Addition of I, again does not change the initial rate of
the reaction (c¢f. expt. 16, 17, and 21, 22). The results
with added SO,~2 (expt. 24, 25) are consistent with a
reaction proceeding by two parallel paths: one identical
with that observed in the absence of SO,72%, and a new
path with a rate law of the form k(Co(NH;)I++)
(H209) (H ) (SO4~2) where by = 4.7 M ~* min. %

Stoichiometry of the Co(INH;);I-+-H,0, Reaction in
the Presence of Cl~.—Although the rate of the reaction
between Co(NH;);I1++ and H;0: is not much affected
by added Cl-, the stoichiometry of the reaction is
drastically altered. In the absence of added Cl—,
Co(NH;);OH *? is quantitatively formed. As the CI—
concentration is increased, Co(NH;);Cl++ becomes an
increasingly important product. The results of the
stoichiometric experiments are summarized in Table
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TABLE IV

PropucCT DISTRIBUTION IN THE REACTION OF Co(NH;);I ++ wiTH
H;0; 1N THE PrESENCE OoF Cl—; (H*) = 0935 M, T = 25°

(Co-
(NHa)sI++),  (H:09), (C17), (12,

Expt. M X 104 M M M X 104 Fa RY
1 5.20 0.38 0.0125 . 65.0 1.9
2 9.77 .098 025 . 74.4 2.9
3 9.77 .098 .050 .. 81.8
4 8.66 .196 .050 . 83.6
5 8.99 .39 .050 . 81.3
6 8.66 .98 .050 . 83.6

82.6 4.7
7 8.21 .098 075 . 81.2
8 8.21 .098 075 0.75 81.6
9 5.10 .38 .075 .. 8.5

10 8.99 .39 075 . 89.8
11 8.74 .39 075 . 87.1
12 8.74 .39 075 0.50 85.3
13 8.74 .39 .075 1.0 86.3

84.8 5.6

14 8.55 .098 .100 .. 86.4
15 8.99 .39 .100 . 88.9°
16 8.45 .39 .100 . 88.6

88.0 7.4

17 9.77 .098 (125 . 89.6
18 4.96 .096 (125 0.50 86.2
19 5.06 .097 125 .. 88.1
20 5.00 .38 .125 0.50 90.4

21 8.99 .39 .125 . 91 .4

89.1 8.2

22 8.21 .098 150 . 83.0

23 8.21 .098 .150 0.75 88.2

24 8.45 .39 150 . 91.4

25 8.45 .39 .150 . 92.3

26 8.35 .39 .150 . 90.8
27 8.35 .39 .150 0.75 88.5

90.0 9.0

28 8.21 .098 .200 . 90.0
29 8.21 .098 .200 0.75 87.7

30 8.35 .39 .200 .. 91.6

31 8.35 .39 .200 0.75 91.6
32 8.45 .39 .200 . 92.3
33 8.45 .39 .200 . 93.8

91.2 10.3

34 9.90 .050¢ .050 . 82.0 4.6
35 9.90 .050% .125 . 89.5 8.5
36 10.0 ¢ .050 .. 84.9 5.6
37 10.0 ¢ 125 91.0 10.1

e F is the % Co(NHs)l** converted to Co(NH;)Cl*™.
® R is the ratio (Co(NHj;)sCl**)/(Co(NH;);0H,%3). ¢ (H™*) is
0.0935. 9 The oxidant is S;0s 2 ¢ The oxidant is O;.

IV where F (column 7) is defined as the % of Co(NHj)s-
I+t* which is converted to Co(NH;);Cl*+ and R
(column 8) as the ratio (Co(NH;)sCl*+)/(Co(NHs)s-
OH,*%). Although the scatter of the results is con-
siderable, the following features appear to be well
established: (1) At constant (H*) and (Cl7), F is
independent of (HQ,) (¢f. expt. 3-6, 8 and 10, 15 and
18 and 22, 23 and 25-27, 29 and 31); (2) at constant
(H,0,) and (Cl-), F is independent of acidity (cf.
expt. 15, 16); (3) addition of iodine does not affect
the value of F (¢f. expt. 9-10, 12-14, 23-24, 27-28,
29-30, 31-32); (4) as shown in Fig. 2 where R has been
plotted »s. (Cl=), the dependence of R upon (Cl7)
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094, T = 25°)
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TABLE V
PropucT DISTRIBUTION IN 1HE REACTIONS OF Co(NHj)sl ¥+ witH VARIOUS OXIDANTS IN THE PRESENCE OF SO, 2 (u
(Co(NHa)sI+4),
Expt. M X 10¢ Ozidant, M (H%

1 1.57 H,0,, 0.74 0.532

2 1.63 H:0,, 0.74 .47

3 1.56 H:0., 0.74 .44

4 1.04 Ce(IV,, 7.65 X 1073 .507

5 1.09 Ce(IV), 7.65 X 10—3 .186

6° 1.38 Ce(IV),3.06 X 1078 .60

7 1.38 Ce(IV),3.06 X 1073 .60

8 1.59 O3, bubbling .507

e Calculated using 0.15 for the dissociation constant of HSO,™.

the fraction of the total reaction proceeding by the SO, 2 path.
and 5, 499 of the Co(NH;);I +* ends up as Co(1I); see ref. 1.
SO4 +)/(C0( NH3)50H1+3).

becomes less than first order as (Cl—) increases. In-
cluded in Table IV are experiments in which S,05~?
and O; have replaced H;0; as the oxidizing agent. The
values of F for these experiments are very close to the
values obtained with Hy;O, (compare the values of F
for expt. 35, 37, and 3-5, and for expt. 36, 38, and
18-22).

A similar study with SO;~? instead of Cl~ was per-
formed and the results are summarized in Table V.,
As shown by the values of F listed in the last column
of Table V, when H,0: is the oxidizing agent (expt. 1-3)
Fincreases with increasing (SO47%). In contrast, with
Ce(IV) as the oxidizing agent (expt. 4-7) F appears to
be independent of (SO,~%). The single run with Os
yielded an F-value higher than that with H,O, at the
same (SO,~2) (expt. 8and 1).

Tracer Experiments.—The results of O tracer ex-
periments in the reactions of Co(NHj)sI ™+ with HyO,
and Oj;are summarized in Table VI.

TABLE VI

018 TRACER EXPERIMENTS IN THE REACTIONS OF Co(NH;)I++
wiItH Hy0, aAND O5°
(Co(NH;s)I*) = 20 X 1072 M, (H*) = 0.935 M, 25°

Oxidant Ng X 10% NH o X 10%.9 Fe
H;0 9.00 6.82 31
Oy 9.30 8.90 5.5

e Oxidizing agents of normal isotopic composition, with mole
fraction of O18 = 2.00 X 1073. ® Mole fraction of H,O in the
solvent. ¢ Mole fraction of H,O!8 in the Co(NH;);OH:*? prod-
uct. 9 Corrected for the [Co(NH;);OH:|(ClO4); present in the
[Co(NH;)s1]-(ClO4), preparation. ¢ F is the 9% of O in Co-
(NH;)sOH; ™3 produet derived from the oxidizing agent.

Discussion

Of the reactions described in this paper, those in-
volving H,O, as oxidizing agent have been studied
most thoroughly. They are the most amenable to
experimental tests of mechanism and it is only for them
that we are able to reach definite conclusions about the
nature of the oxidative substitution reactions which
we have encountered. Since those conclusions form
the basis for the discussion of results for the other
systems as well, the results obtained with H,O, as
oxidizing agent will be discussed first, but the discus-
sion at this juncture will be limited to those features
which provide the basis for our conclusions about the
mechanism of the oxidative substitution at Co(III)
and Cr(III).

The features of the reaction which are significant for
the present purposes are these. 1. The reaction is
first order in (H¥), (H:0:), and (Co(NH)sI++). 2.
Although Cl— can be incorporated into the products,
the rate of reaction is independent of (Cl~) (the slight
decrease in rate occasioned by the first addition of Cl—
will be discussed later). 3. Sulfate ion does increase

b

4 6% of Co(I11) product present as Co(NH;):S0,*.
¢ These are experiments 3 and 4 of Table II, ref. 1.

(8047)° F® fe R/,
0.098 32.7 62.3 0.49
.0385 14.7 37.2 17
.016 7.8 21.1 .084
.097 53.0¢
.060 56.0°
.10 50.09
.10 58.09
.097 47

Fis the 9, of Co(NHs)I** converted to Co(NH;):80,*. ° f is
In experiments 4
7/ Ry = (Co(NHy)s-

the rate, contributing an additional reaction path.
The efficiency of formation of Co(NH;)sSO,* is the same
for both kinetic paths. 4. Substantial transfer of
peroxide oxygen to the aquo product takes place.

The fact that at high enough (Cl—) the product is
almost entirely Co(NH;);Cl*+ proves that a 4-center
reaction, that is, a reaction in which at Co—OH bond is
made simultaneously with an I-OH bond, is not in
question (it should perhaps be stressed that the direct
reaction of Co(NH;)sOH,*? with Cl— is much too slow
to account for the observations and that in fact the
equilibrium is unfavorable to the formation of the chloro
complex). The chemistry and the kinetic behavior
observed when Cl~ is present show that an intermediate
(or intermediates) are formed by the reaction of HyO4
with Co(NHs);I*+. This intermediate, however, can-
not be the species Co(NHs)s*® which conceivably
could be generated by the reaction

Co(NH;)I*+ + H:0, + HY = Co(NH;)+ + HOI + H,0

The selectivity for the formation of Co(NH,);Cl*t+
seems much too great to be accounted for on this basis-—
Co(NHj)s*® can reasonably be expected to be very
reactive. The fact that oxygen transfer from H,O,
to Co(I1I) takes place in any event argues against Co-
(NH;);+® as the intermediate in question. We sug-
gest that the intermediate formed by the reaction of
CO(NH3)5I++ with HzOg is [CO(NHg)sIOH]+3 The
observations cited are accounted for by ascribing to this
intermediate the reasonable competitive reactions given
below.
(a) Rearrangement

(NH;):ColO*H *3 + H,O0 —>

(NH;)CoO*H, %3 + HOL (5)

thus explaining the transfer of oxygen from H,0, to
Co(III). Transfer is not complete and it is not ex-
pected to be complete because, as will be shown later,
at least 509, of the aquo product formed arises from
the reaction of (NH;)sCol*+ with other oxidizing
agents which are formed in the system. Taking ac-
count of this circumstance, the results show that
transfer from H,0, to Co(III) takes place in at least
629, of the H,0,—(NH;)sCol*+ reaction events. Ex-
change of the intermediate with solvent may account
in part for the defect from 1009, but we cannot con-
clude that such exchange does in fact occur to a sig-
nificant extent.
(b) Substitution by C1—on I+

Cl
(NH;3);:ColOH** + Cl~ —> [(NH;);ColOH] *2  (6)

The experimental results on atom exchanges for hypo-
halous species'! as well as a number of correlations

(11) M. Anbar and H. Taube, J. Am. Chem. Soc., 80, 1073 (1958) ;
M. Anahar, S. Guttman, and R. Rein, 1bid., 81, 1816 (1959).
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made by Edwards!?® are in accord with the high re-
activity which the intermediate shows to Cl—. It
should be pointed out that the experimental results do
not require that OH~ is replaced by Cl—. In fact,
in view of the observation that the reactivity to Cl—is
independent of (H¥) it seems likely that rearrange-
Cl1

ment of Co(NH;);IOH+* takes place without replace-
ment of OH~.

When SO,~? is present, an additional path enters,
which is described by the rate equation

rate in M min. 7} = 0.70(Co(NH;);I T ") H0:)(HSO, ) (7)

[note that 0.70(HSOs~) = 4.7(H*")(SO,s~%)]. Because
the coefficient multiplying the rate function of eq. 7
is greater than that which multiplies (Co(NH;)sI++*)-
(H,0,)(H ™), it is unlikely that HSO,~ is acting merely
as an acid and we conclude that (SO,~2) assists in the
reaction. Some interesting conclusions can be drawn
from the correlation of product formation with the
kinetic data. Comparison of f with F (Table V) shows
that not all of the reaction flowing by the SO,~2 path
forms Co(NH;);SO,+.  The fact that the product ratio

R, = (Co(NH;):50,7)/(Co(NHj;3)s0H; *3)

is linear in (SO,72) [R:/(S0s7%) = 5.0, 4.9, and 5.3 at
(80,72 = 0.98, 0.33, and 0.016 M] may be of special
significance. Since the fraction of the reaction flowing
by the sulfato path changes quite markedly over the
range in (SOs~%) covered, the constancy of R/(SOs7?)
implies that the efficiency of formation of the sulfato
complex is the same for both paths. This is the result
expected if the same interniediate is formed by the
two paths, and if the intermediate lives long enough to
come to equilibrium with respect to the ionic atmos-
phere. The product ratio R, can be shown to be re-
lated to the concentration of SO,~2 by an equation of
the form

R = a(S0,7%)/(1 + bK(S0:™)

The term 1 compared to bK (SO,~?) represents the rela-
tive rate at which Co(NH;);OH,*? is formed from the
intermediate, Im, and from the outer-sphere sulfate
complex, Im,-50,72%; b represents the specific rate ratio
for the two reactions

I»-SO.~% + HyO —> Co(NH;):0H,*3 + SO;~2 + HOI
I + H0 —> Co(NH;3);0H,*® + HOI

and K represents the equilibrium quotient for the re-
action

In + SO;s72 = 1,-80472

Ksis observed to be linear in (SO,~?); we can therefore
conclude that bK(SO,72) is small compared to 1. The
value of K is the item of immediate interest because its
magnitude would give a clue to the charge on the inter-
mediate (i.e., is the intermediate Co(NH;);IOH*¢
or Co(NH;);10+7*?), but any conclusion as to the mag-
nitude of K would depend on an assumption about
the magnitude of b.12b

In the present context, the results obtained with
Ce(IV) as oxidizing agent (¢f. Table V) are interesting
in showing that this reaction does not form the same
intermediate as does the reaction when H,0, acts.
It is worthy of note in addition that the results on
product formation in this particular system are con-
sistent with the formation of an outer-sphere sulfate
complex, possibly Co(NH;);*7%-SO472, which reacts
in part to form aquo ion and in part collapses to the
inner-sphere form.

(12) (a) J. O. Edwards, Chem. Rev., 80, 455 (1952); J. Am. Chem. Soc.,
76, 1540 (1954); (b) F. A. Posey and H. Taube, tbid., T8, 15 (1958).
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At the same concentration of SO;~2 the yield of the
sulfato complex is higher when O; acts as the oxidizing
than when H,O, acts. We must conclude therefore
that a different intermediate is formed at least in part
when Oj rather than H,O, reacts. This conclusion is
suggested also because the efficiency of oxygen transfer
in the two cases is different. It is possible, though
not proved, that the reaction of Oy does in fact forin the
H,0, intermediate in the first stage, as seems reasonable,
but the intermediate then reacts quite rapidly with O;.

Although it is by no means proved that the other re-
actions proceed by the rearrangement mechanism ont-
lined for H;0,, it does seem reasonable that the re-
actions are in fact similar. The rearrangement niech-
anism does give a means of understanding the other
results on product formation, and they will be con-
sidered in relation to this kind of mechanism. In the
following some conclusions are drawn from the data of
Table I, assuming that in each case the rearrangement
mechanism obtains.

The results with HSO;~ and CH;COz;H merit little
additional comment; in their present incomplete form
they are compatible with the formation of Co(NH;);-
IOH " as the intermediate or with the formation of
Co(NHs;);ISO, 7+ and Co(NH;);IOAc™?, respectively,
but with the stipulation that in the latter case they
hydrolyze before rearrangement. This stipulation is
necessary also when the reaction of S;0572 is considered
because no formation of the sulfato complex takes place
in this system. The excellent agreement of the results
for H,0,; and S;0;~2 on product competition when Cl—
i1s present suggests that the intermediates for the two
systems are in fact the same. It should also be men-
tioned that a 4-center activated complex is eliminated
by the S;0s~? results as a reaction path in that system.

The reactions, Co(NH;);I+* 4+ Cl; or Br;, and Co-
(NH;);Br++ + Cl,, are remarkable in the high yield
of halide-containing product which they feature (cf.

Table I). This results leads to the conclusion that
Co(NHj)sICIT3,  Co(NHgy)sIBr+3, and Co(NHjy)s-
BrCl*® rearrange much more rapidly than they

hydrolyze. Thus we conclude further that when Co-
(NH;)sI++ reacts with ICl, Co(NH;);ICI+* is not
formed. The reaction may proceed to form Co(N-
H;)sI, ™%, which then hydrolyzes and rearranges, or
ICIl may hydrolyze rapidly enough so that HOI rather
than ICl is the species which attacks the iodo complex.

Comparison of the result obtained for the reaction of
Co(NH;)sBr ¥+ with Cly, which yields only the chloro
complex, with that for the reaction with HOCI, which
yields only the aquo ion, leads to the interesting con-
clusion that attack by the bromo complex in HOCI is
at O rather than at Cl. No conclusion can, however,
be drawn on the point of attack in HOBr by the bromo
complex; if it is at oxygen the experimental result is
explained directly; if at Br, we need only add the pro-
viso that hydrolysis to Co(NH;);BrOH** + Br— be
possible. Nor can a conclusion on the point of attack
in HOBr by Co(NH;);I*+ be drawn from the results
obtained for this reaction, since HOBr is known to
form Co(NH;);OH*?® from the bromo complex.
Finally, we wish to draw attention to the results ob-
tained with Cr(NH;);Br++ in coniparison to those for
Co(NH;)s:Br++. We conclude that for the former
reactant, HOCI forms the aquo complex and Cl, the
chloro complex just as in the Co(III} case, but the
quantitative difference between the systems is remark-
able: Cr(NH;);:Br*+ shows a very much higher re-
activity for HOCI compared to Cl. than is the case
with the Co(IIl) complex. The large difference is
astonishing in view of the fact that the polanizing
capacity of Cr(NH;)s™* is much like that of Co(N-
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Hs)s*3,'% and suggests participation by d-electrons in
the reactions.

Although we are unable to offer a complete interpre-
tation of the kinetic observations made on the Co-
(NHs)sI*++ 4+ H,O, reaction over the entire course,
additional comments seem called for, particularly since
some of the general conclusions we have drawn depend
in part on these additional considerations. In the fore-
going we have not considered the possibility that Co-
{(NH;);OH,*3 arises from a process other than the
direct reaction of Co(NHj)sI*++ with H,O,, but it
follows at once from the fact that I, is the principal
iodine-containing product over the major portion of the
reaction that only about one-half or less of the aquo ion
is formed by the direct reaction; that is HOI, or some
product derived from it by oxidation or disproportiona-
tion, is reduced efficiently by Co(NHs)sI**. In the
limit, if no iodine-containing product other than I,
were formed, at most 509, of the aquo product could
be formed by the direct reaction.

It appears that at least half of the aquo ion is pro-
duced in the direct reaction. This follows because:
(1) the reaction obeys fairly good pseudo-first-order
kinetics over two half-lives; (2) addition of I, in
amounts equivalent to the Co(NHjy)sI** does not affect
the rate of reaction during the first two half-lives
(although the rapid disappearance of Co(NHg)sI**
is brought about at earlier times); (3) addition of I10;™
in amounts equivalent to 5% of the iodo complex does
not affect the rate of reaction (it must be realized that
reaction of 103~ with Co(NH;);I*+* to form I, and Co-
(NH,;)s;OH:*?® involves the disappearance of 5Co-
(NHs);I +8 per 10;7); (4) the formation of I ap-
proaches within 129, that expected for reaction 1,
even during the initial stages of the reaction. Some
of these points will be further elaborated in the follow-
ing discussion.

By analogy with the corresponding acid-catalyzed
oxidation of I- by H,0,° it may be reasonably as-
sumed that HOI is formed in the reaction of Co(NHjy)s-
1++ with Hy0,, and the question arises as to the fate of
HOI. In principle, HOI can undergo 4 reactions in
this system

Disproportionation: 5HOI = 21, + 10;~ + 2H:0 + H* (8)
Reduction to I,: 2HOI + H;0, = O + I, + 2H;0 (9)
Oxidation to 10;~: HOI + 2H,O; = 10;~ + 2H.0 + H*(10)

Reaction with Co(NHj)I*+:
HOI + Co(NH;)I** + H* = Co(NH;);OH,*3 + I. (11)

The results presented in Table III, which show that
formation of I, is in fact observed, rule out reaction 10
as the only reaction occurring. To be sure, it might
be argued that the oxidation of HOI involves some in-
termediate oxidation state (perhaps HIO,) which
rapidly reacts with Co(NH;)sI *+. This scheme would
require a strong autocatalytic behavior even during the
initial stages of the reaction, in contradiction with the
experimental observations. It might be argued that
indeed HOI is oxidized to 10s~, but that 10;~ rapidly
reacts with Co(NHg)sI*+ to form Co(NH;)s;OH,"?
and I,. This possibility may be ruled out on the fol-
lowing grounds: first, addition of small amounts of
10,— does not increase the rate of disappearance of Co-
(NH,)s1++: second, a rapid reaction between 105~ and
Co(NHjy)sI T+ requires the presence of I,.!* Reaction 9

(13) The pK values for Cr(NHs);OH:*? and Co(NHs)s;OH:*3 are 52
and 5.7,

(14) Experiments not reported here show that the Co(NHjy)sl * 105"
reaction in 1 M H* and in the absence of H:O: follows a strongly autocata-
1ytic course, presumably because Is is formed as reaction proceeds. No at-
tempts have yet been made to correlate the 10z ™-I: catalyzed aquation of

Co(NHs)sI ++ with the rate of I exchange between 102~ and Is (Q. E. Meyers
and J. W. Kennedy, J. Am. Chem. Soc., 73, 897 (1950)).
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Fig. 2.—Ratio of (Co(NH;);Cl1**) to (Co(NH;);OH:7?) formed
by reaction of Co(NH;);I 7+ with H,O, in the presence of Cl™.

cannot be ruled out at the concentrations used in the
kinetic experiments. However, it must be noted that
at 0.935 M HCIO,, 0.036 M H,0,, and 0.010 37 Co-
(NH;)sI *+, the oxidizing titer of the solution remains
constant, showing that under these conditions, re-
action 9 occurs, if at all, to a negligible extent. The
fraction of Co(INH;)sl++ disappearing which results in
the formation of I, would be expected to be 0).80, 1.0,
0, and 1.0 for reactions 8, 9, 10, and 11, respectively, to
be compared with the experimental values ranging
from 0.87 to 0.95. It must be concluded, therefore,
that there are at least two paths for the disappearance
of HOI, one leading to I0;~ and the other(s) to IL..
In view of the arguments presented above, formation
of 10;~ by reaction 10 can be ruled out in the present
system, and it is noteworthy that arguments against
the participation of reaction 10 in the oxidation of I, by
H,O, have also been presented elsewhere!® We
conclude, therefore, that 10~ formation occurs by
reaction 8, with reaction 11 {and under some condi-
tions perhaps reaction 9) accounting for the formation
of I,. Neglecting reaction 9 and using an average
value of 0.92 for the fraction of Co(NH;)sI* disap-
pearing which results in the formation of I., we calcu-
late that 439 of the HOI reacts with Co(NH;),I+™,
with the rest undergoing disproportionation. It must
be noted that the 439 value is an upper limit because
reaction 9 has been neglected. Since the kinetic ex-
periments obey fairly good pseudo-first-order behavior
during the first two half-lives, it is concluded that at
least 539 of the total Co(NH;);1** disappears by
direct reaction with H,0,;. Of the remaining Co(N-
H;);1+*, some perhaps disappears by reaction with
HOI and by rapid reaction with the intermediates
generated in the I,-10;—H,0, system. The last con-
clusion follows from the observed effects of I, and 103~
on the rate and also from the autocatalytic nature of
the reaction in the later stages. In this connection it is
important to note that the ratio of I, formed to Co-
(NH;)sI T+ reacted increases as the reaction proceeds,
showing that although I10s~ is formed from the begin-
ning of the reaction, at later stages its rate of disap-
pearance exceeds its rate of formation. All of these
observations prove that Co(NH,);I** is an efficient
scavenger for the intermediates generated in the
1.-H,0,-10;~ system, but in view of the complicated
nature of this system it is not profitable to speculate
about the nature of the intermediates involved.
However, it is noteworthy that two effects observed
in the H;0,—1,-10;~ system have also been observed in
the present investigation, namely the presence of in-

(15) W. C. Bray and H. A. Liebhafsky, ibid, 53, 38 (1931); H. A.
Liebhafsky, bid., 88, 2074 (1931).
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duction periods and the elimination of such induction
periods by addition of 10;~.

The conclusion that ouly approximately one-half of
the Co(NH;);I++ disappears by direct reaction with
H,0. and that the balance reacts with HOI or some
other intermediate oxidation state of iodine may explain
the variation of R with (Cl1-) shown in Fig. 2. If a
single intermediate reacts with Cl—, then R must be
linear in (Cl7); but if intermediates of different re-
activity and leading only to the same products are
present, the form of the variation of R with (Cl-) will
be qualitatively at least like that shown in Fig. 2.

The absence of Co(II) in all the reactions described
contrasts with the formation of Co(II) in the reactions
Of CO(NH;3)51++ 2 and CO(NH:;)5CQO4+ 16 Wlth “‘one-
electron’’ oxidizing agents, but conforms to the results
obtained in the reaction of Co(NHj3);C.O,* with “two-
electron” oxidizing agents.’® The absence of Co-
(11) further shows that I and OH are not formed in the
03, H.0,, and S:057? systems since these radicals have

(16) P. Saffir and H. Taube, J. Am. Chem. Soc., 8%, 13 (1960).

R. F. Heck

Vol. 85

been shown to react rapidly with Co(NH,);I++ to
yield Co(I1).2

The most novel aspect of the present investigation is
the extraordinary efficiency for the transfer of halide
ions to the coordination sphere of Co(III), in particular
for the reactions of Co(NH;);I++ and Co(NH;)sBr++
with Cl;, These reactions do not appear to have a
precedent in the organic systems where apparently the
nonfree-radical chlorination of organic iodides proceeds
by a nucleophilic displacement of a complex > CICl,
by Clg..”
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Alkyl-

and Acylcobalt Carbonyls Containing Olefinic Unsaturation. II.

Cyclization of

5-Hexenoylcobalt Tetracarbonyl and Nonterminal Olefin Complexes

By R. F. Heck
RECEIVED MARCH 2, 1963

Alkenoylcobalt tetracarbonyls, RCH==CH(CH),COCo(CO),, decompose thermally into a variety of prod-
ucts depending upou the valie of # and upon the trans-substituent R, When » = 0 or 2 and R = H or CHj,
relatively stable cyclic r-alkenoylcobalt tricarbonyls are formed. When » = 1 and R = H or CH;, decomposi-

tion leads mainly to r-allylcobalt tricarbonyl derivatives.
and unsaturated cyclic ketones are fornied along with cobalt hydrocarbonyl or octacarbonyl.

alkoxyacylcobalt tetracarbonyls behave similarly.
reactions fro the literature.

Introduction

The interactions of transition metal compounds with
olefins are of considerable interest because these inter-
actions are responsible for many catalytic reactions
such as hydroformylation, catalytic hydrogenation,
and the Ziegler olefin polymerization. In this and the
previous paper of this series,’ the reactions of olefins
with acylcobalt tetracarbonyls have been investigated
by determining structures and thermal decomposition
products of a series of alkenoylcobalt tetracarbonyl
complexes. These complexes undergo various reactions
depending upon the structure of the unsaturated acyl
group.

Experimental

S-Hexenoy! Chloride.—3-Butenyl p-toluenesulfonate was pre-
pared at —20° by adding 90 g. of p-toluenesulfonyl chloride
slowly to a solution of 28 g. of 3-butene-1-ol in 200 nil. of pyri-
dine. After the addition, the solution was kept at 0° for 30 miu.
and then diluted with ice and cold water. The product was ex-
tracted with several portions of ether. The extracts were then
washed witlt water, cold dilute hyvdrochloric acid, aud finally with
aqueous sodiuin bicarbonate. After being dried, the solvent was
evaporated at room temperature under vacuum and the product
was recrystallized twice from ether—-pentane at —~80°. The entire
product, ni.p. 7.5-9.5° and »2p 1.5150, was then rinsed with a
little dry 1netlianol into a solution of 53 g. of dimethyl mialonate in
400 ml. of dry niethanol in whicli 9.7 g. of sodiumn: had beeu pre-
viously dissolved. Tlie reaction mixture was refluxed for about
4 lir.  About half of the inethanol was remmoved by distillation.
Water was added to the residue and the product was extracted
with ether and distilled, b.p. 76-87° (5.5 mm.). There was thus
obtained 13.5 g. of dimethyl 3-butenylmalonate. About 10 g. of
higher boiling niaterial, b.p. 160-180° (5.5 mni.), was also ob-
tainted; it was probably the dibutenyl derivative. The mono-
butenyl ester was hydrolyzed by adding it to a solution of 30 g. of

‘1Y R. F. Heck and 1D. 8. Breslow, J. Am. Chem. Soc., 83, 1097 (1961).

If » = 3 and R = H or CHj;, mixtures of saturated
Unsaturated

Mechanisms are proposed to explain these and two related

potassitin hydroxide in 30 ml. of water and 30 inl. of methanol.
After 1 hr. at room temperature, the solution was acidified with
cold, concentrated hydrochloric acid, diluted with water, and ex-
tracted several times with ether. Evaporation of the ether and
recrystallization from benzene gave 8.2 g. of 3-butenylmalonic
acid, m.p. 90-91°. Anal. Caled. for C;HOs: C, 53.14; H,
6.37. Found: C, 53.18; H, 6.66.

5-Hexenoic acid was obtained by distilling the malonic acid at
130° at 20 mmin. Redistillation gave 5.4 g. of pure acid, b.p.
108.5-109° (21 mun.).

The 5-hexenoyl chloride was prepared by refluxing the 5-liexen-
oic acid witlt 10 ml. of thionyl chloride for 1 hr. and distilling.
There was obtained 4.85 g. of colorless liquid, b.p. 53-54° (21.5
min.).

S-Hexenoylcobalt Tricarbony! Triphenylphosphine.—In a
gasometric apparatus! at 0°, which had been filled and fluslied
with ether—saturated carbon monoxide, were placed 30 mil. of
of 0.07 M sodiuni cobalt carbonyl in ether solution and 3.0 inl. of
1.0 M 5-hexenoyl chloride in ether. After 2 hr. at 0° there was
no change in the gas volume but the infrared spectrum of tle
solution showed that all of the sodium cobalt carbonyl liad
reacted. (The characteristic 5.3 u band of cobalt carbonyl anion
had disappeared.) The addition of 3.5 mil. of 1.0 M triphenyl-
phosphine in ether resulted in the evolution of 1.54 uunoles of
carbon monoxide. Evaporation of the solution below room teni-
perature and several recrystallizations of the product froun ether-
pentane at —80° gave yellow-brown prisms of the phosphine
complex, m.p. 90.5-93° dec. Anal. Caled. for CxHxO4PCo:
C, 64.534; H, 4.82. Found: C, 64.70; H, 4.96. Tle iufrared
spectrum of the complex had bands in carbon tetrachloride at
3.23 (w), 3.40 (w), 4.88 (s), 5.08 (vs), 3.96 (vs), 6.78 (1), 6.99
(s), 7.15 (w), 7.69 (w), 8.43 (w), 9.12 (s), 9.33 (w), 9.32 (w),
9.72 (m), 10.00 (m), 10.08 (1), 10.90 (11), 11.34 (w) and in car-
bon disulfide at 13.40 (m), 14.14 (m), and 14,42 (s) u.

Cyclization of 5-Hexenoylcobalt Tetracarbonyl.—5-Hexenoyl-
cobalt tetracarbonyl was prepared at 0° as described in the pre-
ceding experiment except that 1.0 ml. of dicyclohexylethylamine
was added. The reaction mixture was tlien warmed to 25°.
About 34 ml. of gas was evolved over a period of several hours.
The infrared spectrum of tlie solution showed the bauds of cobalt
carbonyl and a new carbonyl band at 5.73 u. The bands of the



