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Deuterium substitution both in the complex and in the solvent slows down the rate of acid hydrolysis of chlorocomplexes

of cobalt(III).

This is similar to what is observed in the solvolysis reactions of organic halides and the same explanations

may be used. The isotope effect in the base liydrolysis of Co(NHjs)sCl*2 is consistent with, but does not prove, an SN1CB

mechanism.

A recent paper? has discussed the effect of deu-
terium substitution, both in the complex and in the
solvent, on the rates of reactions such as

Co(NH;),Cl+2 + H,0 — Co(NH;);H.0* + Cl— (1)
CO(NH3)5C1+2 + OH— —_ CO(NH3)5OH+2 + Cl— (2)

The first of these reactions is called acid hydrolysis,
or aquation, and the second is base hydrolysis.
For both reactions it was found that deuterium
systems reacted more slowly than light hydrogen
systems by factors of 0.6 to 0.7. Particularly in
the case of acid hydrolysis, where hydrogen ex-
change is slow, it was shown that deuteration both
of the complex and of the solvent slowed down the
rate. Surprisingly, deuteration both in the com-
plex and in the solvent did not seem to produce a
reaction rate slower than deuteration in the com-
plex or in the solvent alone.

On the basis of these results, a rather detailed
mechanism of the aquation process was proposed
in which four water molecules are hydrogen bonded
to both the Cl and an adjacent NH; group of the
complex. The rate determining step was then
the concerted motion of the chloride ion outward
and a water molecule bonded to it inward. This
picture has since been elaborated and extended.?
The effect of replacing hydrogen by deuterium
was explained by assuming that hydrogen bonds
are stronger than deuterium bonds. The failure
to obtain a still lower rate when the complex and
solvent were both deuterated was explained by the
fact that deuteration was only 85-909, complete.
Hence some light hydrogen bonds would always
exist and offer a pathway for reaction. Partly
on the basis of a report* that the rates of hydrolysis
of methyl halides was the same in H;O and in
D,0, it was stated? that other detailed reaction
mechanisms could not account for the isotope
effects found for the cobalt complexes.

It has since been shown® that the rates of hy-
drolysis of methyl halides are in fact slower in
D.O than in H,O. For a large number of hydrolyz-
able organic derivatives of acids, ratios of kp,o/
km,0 ranging from 0.60 to near unity have now
been observed.® Furthermore, there does not seem
to be any clear cut evidence as to whether hydrogen
bonds or deuterium bonds are the stronger. Reports
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in the literature are conflicting.® It seems likely
that the difference will be small enough so that the
usual measurements of heats of hydrogen bond
formation will not be sufficiently precise to supply
an answer. A theoretical prediction in condensed
media does not seem possible at present.” It is
certainly true that most physical properties indi-
cate a greater degree of association for D,O than
for H20.8

In the case of base hydrolysis the rate of Co-
(ND3);C1+? in D,O was only 0.60 that of Co-
(NH;)sClt? in H;0. The conclusion given? that
this reduction in rate supports an Sx1CB mech-
anism? has been criticized!® on the grounds that a
reaction going by a fast acid-base preequilibrium
followed by a slow step, should be faster in D,O than
in H,O. Several examples, such as the alkaline
cleavage of diacetone alcohol and the reaction
of chlorohydrins with hydroxide ion,!! may indeed
be cited in which &p,o0 > &u,0.

Because of these various objections, it was de-
sirable to extend the studies of isotope effects in
the hydrolysis of chloroamminecobalt(III) com-
plexes to see to what extent the mechanisms
proposed in reference 2 should be modified. The
previous studies on acid hydrolysis also have been
repeated. The two important changes are that
a higher degree of deuteration of the complex ion
Co(ND;);Cl*? has been achieved (969;) and the
rate studies have been done more carefully.

Experimental

The same procedures were used for the acid hydrolysis
studies as had been reported previously.? A sufficiently
large quantity of 99.5% D.0 was used to give 96.29, D
content for the salt [Co(ND;);Cl]Cl; based on random equili-
bration. This figure would not be clianged much by any
reasonable isotopic equilibrium constant for the exchange.
The compound irans-[Co(B-picoline);Cl:JNO; had been
prepared previously.i2 The compound [Pt(NH;)s]Cls-H.0
was an analyzed sample obtained from J. W. Palmer.

Acid hydrolysis rates were studied at 49.4 = 0.1° usiug
the spectrophotometric method. Tlie values of D= nceded
were obtained from reference 2. In addition, the Guggen-
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heim method®® was used in a number of cases. The same
rate constants were obtained by the two methods. The
change in optical density at 550 mu was followed for both
light and heavy [Co(NH;);C1]Cl;.  For [Co(B-pic)Clz]NO;s,
a peak at 640 myu was found and the reaction was followed at
660 mu, since the reaction product had nearly zero absorb-
ancy at this wave length. Except for a scattering of the
first few points, the first order plots were linear up to one
half-life, beyond which the reactions were not followed.
Two to four runs were made for each case.

The solubulities of tlie chloropentammines in H,O and in
D;0 could not be determined at 49° because of hydrolysis
during saturation. The solubilities were determined at 27°,
in which case the aquation was slow. Excess solid was
shaken with the solution for one half hour to attain equilib-
rium. A longer contact time up to 75 min. did not change
the results nor did changing the amount of excess solid.
Analysis was made by determining the optical density of 2
ce. of saturated solution diluted to 5 cc.

The pK,. of Pt(NH;)s* in H,O and of Pt(NDs)s ™ in D:O
was measured by a potentiometric titration using a quin-
hydrone electrode, a saturated calomel electrode and a KCl
salt bridge. The apparatus was standardized using acetic
acid in H2O and in D20 since the isotope effect in this case is
known.!* The known ratio for Kga in H;O and Kpy4 in DO
then was used to calculate E? for the electrodes in D;O, in-
cluding any junction potentials. The value of E° was
found to be 0.4864 volt at 25°, The pK, was calculated
from the simplified equation

[salt] .
[acid] (3)
Determination of the pXa of acetic acid in H;O before and
after using the assembly in DO did not produce any changes.
It was not possible to titrate Pt{(NH;)s** all the way to the
equivalence point because the solution became too alkaline
for quinhydrone to function. Two or three separate titra-
tions were made for each case.

pK, = pH — log

Results and Discussion

Table I gives the rate constants found for acid
hydrolysis. For comparison the results of the
previous investigation? also are shown. These
have been corrected from 52 to 49.4 by means of
the known activation energy. Two definite con-
clusions can be drawn from these data. One is
that deuteration of both the complex and the sol-
vent produces the greatest retardation as would
reasonably be expected. Further in the region of
a system containing 90 mole 9 D and 10 mole
9% H there is no abnormally high rate. The second
conclusion is that the retardation in rate does not
depend on a codperative effect involving hydrogen
bonding by a solvent molecule both to the chloro
group and to an acidic proton in the complex.
This conclusion follows from the similar results in
D0 for Co(8-pic)sCly+ and Co(NH;)sCl*t2  Ac-
cordingly the data cannot be said to give specific
support for the mechanism of ref. 2.

TABLE I

RATES OP AcID HYDROLYSIS OF
CHLOROAMMINECOBALT(III) COMPLEXES AT 49.4°

k X 103, min. "t
Complex Solvent This work Ref. 2
ICo(NH;3)sC1IC 2 H:0 1.91 0,02 1.90
[Co(NH3)C1]Cle D0 1.34 £ .02 1.24
[Ca(ND3)sC1]Cle H:0 1.45 = .02 1.37
[Co(ND)sC1]Cl2 D:0 1.15 & .01 1.42
[Co(ND:)sCl1]Cl2 907% D20-107, H20 1.14 = .03 ..
[Co(8-pichCl2]NO; H.O 42 4+ 1
[Co(8 pic)sC12]NOs D:0 33 £ 1

(13) E. A. Guggenheim, Phil. Mag., 2, 538 (1926).
(14) S. Korman and V. K. LaMer, Tuis Journat, 68, 1396 (1936),
give a value of 3.3 for the ratio Kya/Kpa at 26° and 3.16 at 29°.
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In fact the behavior of these inorganic systems is
identical with that of organic halides. In solvoly-
sis reactions it has been found that deuteration of
the solvent reduces the rate, as already mentioned®
and deuteration of the halide also reduces the rate.'s
The magnitude of the rate reduction in the latter
case depends on the mechanism, being greater
for Syl reactions than for Sy2 reactions.!* The
factor 1.32 for ku/kp given by the first and third
entries in Table I are in the mid-range of those
reported for organic halides. The factor by which
the rate is reduced in going from H,O to D0 is
not diagnostic of mechanism being similar for alkyl
halides ranging from methyl to ¢-butyl.?

The various explanations given for the isotope
effects in organic systems are possible explanations
for the inorganic systems. The generally accepted
theory for the deuterium effect when located 3 to
the halogen in the reacting molecule is that of hy-
perconjugation in the transition state.!'® Such an
explanation is certainly possible for the cobalt
system

Co—Cl— Co CI1™

| [
H—I!\I—H H—I!!\T H+

The details of this method for explaining lower
reaction rates on deuterium substitution are given
by Streitwieser.” The treatment also could apply
to the cobalt case.

There are two explanations for the slower rate
of solvolytic type organic reactions in D,O com-
pared to H;O. One, due to Robertson and Laugh-
ton,® stresses stronger bonding in D,O than in
H,O. Thus in order to solvate the ions as they
are formed from neutral molecules, it is necessary
to break up ‘‘icebergs” of ordered water around
the reactants. This is more difficult in D;O than
in H,0, hence slower reaction occurs. The other
explanation is given, for example, by Pritchard and
Long.8 This stresses the idea that DO is less
effective than H,;O in solvating ions. Hence
reactions producing ions will go more slowly in
D,0. The evidence for the poorer solvating prop-
erties for D,O, in spite of a dielectric constant
virtually the same as for Hy0, is that salts are less
soluble in heavy water. Table II shows that this
is true for the cobalt complexes also. There is
in fact fair correlation between the relative solu-
bilities in H,0 and in DsO and the relative rates of
hydrolysis for any one complex.

It is of interest that the heavy complex turns
out to be more soluble in either solvent than the
light complex. This may be explained either by the
lattice energy of the light complex being greater
or by the hydration energy of the ions of the light
complex being less. In the same way, the lower
solubility of salts in D,O in general may be due to
either stronger bonding of the solvent so that the
intrusion of ions becoines more difficult or to
weaker interaction of the ions with the solvent.!®

(15) V. J. Shiner, Jr., ibid., 76, 2023 (1953); E. S. Lewis and C, E,
BRoozer, tbid., 76, 791 (1054).
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TasBLE I1
SOLUBILITY OF CHLOROAMMINECOBALT(III) COMPLEXES IN
H,;0 aNp D,O AT 27.2°

Relative values

Solubility, Solu-

Complex Sotv, mole/1. bility Rate
[Co(NH;):Cl]Cl, H,0 (.0224 1.00 1.00
[Co(N1;):C1]Cl, D,0O .0166 0.74 0.70
[Co(ND;);C1]Cl, H,0 L0256 1.14 .76
[Co(NDg)sCl]Cl, D:0 0193 0.86 60
[Co(8-pic),Cl, 1N Oy H,0 .0397 1.00 1.00
[Co(B8-pic)eCly]NO; D,O .0342 0.86 0.79

In summary, there are several explanations for
the isotope effects on rates of aquation of the cobalt
complexes. Omne possible explanation is that origi-
nally proposed by Adamson and Basolo.? This de-
pends upon the rather dubious assumption that
hydrogen bonds are weaker than deuterium bonds.
However, it cannot be said that the mechanism of
ref. 2 is excluded by the data. That is, the transi-
tion state may be as shown and the isotope effects
may be due to the causes cited for organic halides.

Turning to the case of base hydrolysis, it is
necessary to consider the steps of the proposed
Snx1CB mechanism in detail to predict the isotope

effect. In brief we have for such a mechanism
HA + OH- === A~ + H,0 fast (4)
A~ —> products slow (5)
The rate then is given by
Rate = k(K./Kw)[HA][OH] (6)

where % is the rate constant for step 5. Now it can
be seen that isotope effects for the three constants
k, K, and Ky may be expected. The observed
isotope effect will be
ke = (kKa/KL),H (7
kp  (kK./Kw)p

In the case under discussion HA is Co(NH;);Cl+2
and A~ is Co(NH;)«NH,Cl*. In D;0 solvent each
of these species will be exchanged rapidly to Co-
(NH;);Clt? and Co(ND;3)4ND,Clt under basic
conditions.? The observed isotope effect, as men-
tioned earlier, is ku/kp = 0.60 (averaged between
2.5 and 18°). This must be interpreted in terms of
changes in K., Ky and %k on deuteration. For
the rate constant % a reasonable prediction can be
made. It should show an effect approximately
the same as for acid hydrolysis of Co(NDj)sClt?
in D;O. From Table I this is seen to be (1.15)/
(1.91) = 0.60.

Accordingly, for the mechanism to agree with
the facts, it is necessary that isotope effects in K,,
the acid ionization constant of the complex ion,
and K, the ion product of water, be equal to
each other. Ky is known in D;O% to be 0.154 X
10— at 25°. Thus the isotope effect on Ky is
6.5. The isotope effect on K, remains to be de-
termined. Unfortunately this is not possible be-
cause the complex is too weak an acid to measure
directly.

(19) It should perhaps he emphasized that differences in bonding
between D and H are probahly due chiefly to zero point energy ef-
fects, Some suggestions that inductive differences exist have been
made; E. A, Halevi and M. Nussim, Teirahedron, 1, 174 (1957), for
example.

(20) R. W, Kingerley and V. K. LaMer, TBI1S JoURNAL, 63, 3256
(1841),
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An estimate of the isotope effect can be made be-
cause of the well known generalization that the
smaller the K,, the larger the isotope effect.”
This rule can be given a theoretical justification, at
least for a series of acids of a given type in which
changes in K, are accompanied by changes in the
stretching frequency for the acidic protomn.??

The weakest acid other than water for which the
isotope effect has been measured is 2-chloro-
ethanol!!s where K, in water is 4.9 X 10~" and the
ratio (K.)u/(K.)p is 4.8, which is in accord with
an extrapolation of the Rule and LaMer plot. This
suggests that for an acid considerably weaker, an
isotope effect of 6.5 may well be attained or even
exceeded. Water, where K, must be taken as 2 X
10~16 to be consistent, gives an unusually large
effect probably because of special circumstances.

An estimate of K, for Co(NHj);Cl*? may be made
in the followimg way. It must be smaller than
10~1%since it is not measurable even for Co(NHj)e+3
which must be a stronger acid still.?* Further the
value must be greater than 10~% since the rate of

the reaction
ky
Co(NH;)Cl*2 + OH~ =

2
CO(NH3)4NH2C1+ + Hzo (8)

can be measured, k; being about 1.5 X 105 M1
sec.”! at 25°.2¢ The product k:[H,O] cannot ex-
ceed a figure of about 10'? sec. ™!, assuming that re-
action occurs on every stitably oriented collision.
Since ky/ky = K,/K for reaction 8, it can be seen
that K, > 10—2.

The result of this line of argument suggests that
K, for Co(NH;)sCl*2 should be in such a range that
an isotope effect of 6.5 is not unexpected. In
such a case it can be said that the observed isotope
effect on the rates of base hydrolysis agrees with
the Sx1CB mechanism. Again it must be admitted
that it does not exclude other mechanisms, for
example, a direct nucleophilic attack by hydroxide
or deuteroxide iomn.

The data in Table III are designed simply to
show that the isotope effect on the acidity of an
ammine complex is not abnormally small. In
fact, if anything, the observed ratio, (Ka)u/(Ka)D
= 4.2, is larger than might have been expected on
the basis of the acidity of Pt(NHj)st4.

TABLE 1II
Is0TOPE EFFECT ON THE K, OF Pt(NH;)st¢ AT 20.0°
Compound Solvent Ka
[Pt(NH,)s]CLe® H.0O 6.9 =1X 108
[Pt(ND3)s]CL® D,O 1.6 0.7 X 108
CH,COOH® H,0 2.3+0.2 X107
CH,COOD* D,0 (0.70 X 107%)

@ Concentration 0.01 M. °® Concentration 0.04 M.
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