Transition Met. Chem. 7, 125-127 (1982)

Dissociation of some Octahedral Complexes of Cobalt(IIT) and Chromium(ITI) 125

Kinetics and Mechanism of Acid Catalysed Dissociation of some
Octahedral Complexes of Cobalt(III) and Chromium(III)

Anuradha Dhur, Sarmistha Das, R. N. Banerjee and D. Banerjea*

Department of Chemistry, University College of Science, 92, Acharya Prafulla Chandra Road, Calcutta-700009, India

Summary

The kinetics of dissociation of glycinepentaammine-
cobalt(III) and tetraaquomonoacetylacetonatochromium(III)
ions in moderately strong perchloric acid media have been
investigated spectrophotometrically. From the dependence of
the rate on various acidity functions and the observed isokine-
tic and free energy relationships, both the complexes appear to
react by an associative process involving interaction of the
conjugate acid form of the substrate complex and H;O".

Introduction

Investigations carried out earlier®® on the acid catalysed
dissociation of metal complexes have corroborated the useful-
ness of an analysis of the rate dependence of such a reaction on
acid concentration and different acidity functions in elucidat-
ing of the intricate mechanism. In particular, insight on the
role of the incoming water molecule in the transition state of
the process is obtained. To test the generality of the observa-
tion, studies on several other systems are in progress and the
results of investigations on the dissociation of the glycinepen-
taamminecobalt(III) ion into the aquopentaamminecobalt(IIT)
ion and of tetraaquomonoacetylacetonatochromium(III) ion
into the hexaaquochromijum(III) ion in moderately strong per-
chloric acid media are reported here.

Results and Discussion

Under the experimental conditions the [Co(NHj)s(glyH) >
ion aquates quantitatively to [Co(NH;)s(OH,)]**. Thus the
visible spectrum of a solution containing [Co(NH;)s(glyH)]**
(0.002M) in 1.0-5.0M HCIO, at 80° gradually changed with
time and finally became identical to that of an agueous solu-
tion of [Co(NHz)s(OH,)]** of the same molar concentration®
and suffered no significant further change. Similarly,
[Cr(acac)(OH,),]** aquates to [Cr(OH,)]** under the experi-
mental conditions, as corroborated by earlier report®.

Also under the experimental conditions, the pseudo first
order rate constants (k) increased for both the complexes in
a nonlinear fashion as the HCIO,4 concentration increased (see
Figure 1). The Zucker-Hammett plots® of log ko, vs. log
[HCIO,], as also the alternative Zucker-Hammett plots® of
log ko, vs. ~Hy7, are all good straight lines for both the com-
plexes, however the slopes (see Table 1) of these lines are not
diagnostic of the mechanism®>). The plots of {log kq,, + Hp}
vs. —log ap,o (slope = ®®) as also the plots of {log ke, + Ho}
vs. log {[HCIO,] + Hy} (slope = ¢) for both the complexes
are good straight lines with correlation coefficients of ca.
0.998. The slopes of these lines, as evaluated by the least
squares method (see Table 1), indicates an associative activa-
tion for both complexes in the formation of the transition state
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Figure 1. k, vs. [HCIO,] plot. (A), (C), (E), for [Cr(acac)(OH,),J**
(0.005M) at 70°, 80°, and 90° respectively; (B), (D), (F), for
[Co(NH,)s(glyH)** (0.002M) at 60°, 70°, and 80° respectively.
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involving the conjugate acid form of the complex and H;O™ as
the interacting species®.

A plot of log ke for the Co™ complex vs. log Koy for the
Cr™ complex at different acid concentrations is linear with a
slope of 1.2 (see Figure 2), which suggests the operation of
similar mechanism in both the cases.

The activation parameters, AH™ and AS¥, have been evalu-
ated as usual using the Eyring equation in the appropriate
form® and from kg, values at three different temperatures
(60°, 70°, 80° for the Co™ complex, and at 70°, 80°, and 90°
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Figure 2. log k., for the Co™ complex vs. log kg, for the Cr
complex. Temp., 80°; [HCIO,): (1), 3.0M; (2), 3.5M; (3), 4.0M; (4),
4.5M; (5), 5.0M; (6), 5.5M.
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Table 1. Correlation of the rate constants with different acidity functions

Temp. Slope of Zucker- Slope of the alternative Zucker- ¢® )
) Hammett plot® Hammett plot®

COHI Crlﬂ COIH CrHI COIH CrHI COIH CrIII
60 1.9 - 0.48 - 3.9 - 0.64 -
70 1.9 2.0 0.48 0.45 4.0 3.9 0.65 0.76
80 1.9 2.0 0.47 0.44 3.9 4.1 0.67 0.78
90 — 1.9 - 0.48 - 4.3 - 0.70

for the somewhat slower reacting Cr'"' complex) under other-

wise similar conditions. The average of the least square values
for these parameters, evaluated from the kg, values, in differ-
ent concentrations of HCIO, (2.0, 3.0, 4.0 or 5.0 M for the
Co™ complex, and 3.0, 3.5, 4.0 or 4.5 M for the Cr'"* com-
plex) are given below:

ASHIK 'mol ™!
13.4 £ 0.4
7.9 £ 0.8

AH*/kImol ™

123.7 £ 0.4
111.2 £ 0.8

CI'HI
C OIII

In conformity with the conclusion regarding the mechanism of
dissociation in the present cases, a linear correlation between
AH™ and AS™ values for these two complexes with those for
the acid catalysed dissociation of [Cr(acac),(OH,),]* ™,
[Cr(acac)s]®, [Cr(ox)(OH,),]*® and [Cr(mal)(OHy)l" ),
for which similar dissociation mechanisms have been estab-
lished previously, has been observed (see Figure 3).

It is seen that the AH* value for [Cr(acac)(OH,),J*" is
higher than that for the acid catalysed dissociation of
[Cr(acac),(OH,),]" 9 which in turn is higher than AH™ for
[Cr(acac);]?; this is the kind of general behaviour observed in
many systems and is possibly due to an increase in the metal-
ligand bond strength with increasing effective positive charge
on the complex!?,

Saito- e al.? previously studied the reaction of the
[Co(NH;)s(glyH)]** complex over a limited and much lower
range of HCIO, concentrations. In general, we find their data
to be consistent with ours as regards the acid catalysis; but in
the absence of any evidence, these authors were noncommittal
as regards the mechanism of the process, whether associative
or dissociative. The present studies suggest the operation of an
associative mechanism involving attack of the conjugate acid
form on the complex by H;O%, which implies that the solvent
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Figure 3. AH* vs. AS™ plot for the acid catalysed dissociation of (1),
Cr(acac);; (2), [Cr(ox)(OHy)]"; (3), [Cr(mal)(OHp)l]*; (4),
[Cr(acac),(OHyp),]"; (5), [Co(NHa)s(glyH)I*;

(6), [Cr(acac)(OH,)J**.

-in addition to its function as a nucleophile also acts as a proton

transfer agent®,

It is known that dissociation of a metal-carboxylato complex
in aqueous solution may involve M—O or C-O bond fission, a
point which can only be settled convincingly by making use of
tracer studies using labelled oxygen. In fact, for the aquation
of [Co(NH;)s(OAc)]*" in acidic media such evidence has been
furnished in support of Co~O bond fission> 1, which has also
been inferred by others®. Similarly, for the aquation of trans-
[Co(en),(OAc),]*, Co—O bond fission has also logically been
postulated®™ since the reaction goes with stereochemical
change, a fact which rules out C-O fission. It is therefore likely
that aquation of the glycinepentaamminecobalt(IIT) complex
also proceeds by Co—O bond fission. In fact, the dissociation
of tris(glycinato)chromium(III) is also reported to take place
by Cr-O bond breaking®®. The AH* value (111.2 kJ mol™)
for the aquation of the [Co(NHa)s(glyH)]** is comparable to
that for the aquation of [Co(NHjs)s(OAc)*
(AH* = 104.5 kJ mol ™)™ and both are much higher than
that of the [Co(NH;)s(OCO,)]* (AH* = 71.5 kJ mol™1)1?
which aquates by the C-O bond fission process.

Much experimental evidence has accumulated in literature
that in the majority of cases the ligand replacement reactions
of cationic complexes of cobalt(III) involving Co-ligand bond
fission occurs by a dissociative mechanism (1), while the cor-
responding reactions of chromium(IIl) complexes are mostly
associative (I,) in character. Most of the earlier results are well
documented in several reports and reviews'?. However,
departure from these general trends are well-known. Thus, the
replacement of S,0%™ in [Co(NH3)5(S,0:)]* by H,0, NH;,
CI™ and OH™ occurs by an associative process'29, and the
aquation of cis-[Co(en),(L)I]** occurs by a dissociative pro-
cess when L = NH;, MeNH,, PhNH,, etc., but by an associa-
tive process when L = pyridine®. Also, the replacement of
H,O in [Cr(NH;)s(H,0)]** occurs by a dissociative process
(I)® in contrast to [Cr(H,0)s]** which reacts associatively
(I,). In the present work an associative mechanism for the
aquation of [Co(NH;)s(OOCCH,NH?)]** in acid media has
been established, while it is believed that [Co(NH;)s(OAc)]**
aquates by a dissociative mechanism, the former differing
from the latter in having a significant degree of Co™-OH,
bond formation in the transition state. This is not unlikely
since the ~-NH3 end group of the O-bonded glycine in the
cobalt(II) complex, being electron-withdrawing, is likely to
deplete the electron density on the Co™ centre sufficiently to
facilitate nucleophilic attack thus favouring an associative pro-
cess. Since the pK, value of [Co(NH;)s(glyH)]** is known to
be ca. 8.5%7 the complex exists essentially in this form under
the experimental conditions with virtually no [Co(NHj)s-
(gly)]** present. The comparable AH™ values for the aqua-
tions of [Co(NH;)s(OAc)]** and [Co(NH;)s(OOCH,NH;)**
(loc. cit.) are possibly suggestive of an interchange process (I
and I, respectively in the two cases) where the Co—-O bond
fission chiefly contributes to the AHT term.
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Experimental
Materials

Pure glycinepentaamminecobalt(III)} perchlorate monohy-
drate, [Co(NH3)s(O,CCH,NH,)[(ClOy4); + HO was synthe-
sised by a known method® and its purity was checked by its
d-d spectrum® (eX¥m = 69). A pure solution of tetra-
aquomonoacetylacetonatochromium(IIT) perchlorate,
[Cr(C4H;0,)(OH,),](ClOy), was prepared based on the results
of the previously reported kinetic studies® on the dissociation
of Cr(acac);. An aqueous suspension of 0.02M Cr(acac); in
0.4M HCIO, (500 cm?) was digested on a water bath in a
stoppered vessel until all the complex dissolved and the
absorbance features of the solution (1 cm® diluted to 10 cm®)
closely resembled that reported® for [Cr(acac)(OH,),]**. The
solution at this stage was cooled, extracted several times with
distilled Et,0 to remove free MeCOCH,COMe and stored in
an amber bottle in a refrigerator. The purity of the solution
was checked by analysis. Its chromium content was estimated
spectrophotometrically at 372nm after oxidation to
chromate(VI) by alkaline H,0,%”. MeCOCH,COMe was
estimated volumetrically by Ce!¥ sulphate®”. Found: Cr:
MeCOCH,COMe = 1:1.02.) The free acid in the solution was
estimated by a standard procedure’” using a strong cation
exchange resin (Dowex 50W-X8) in its hydrogen form.

All other chemicals used were of reagent grade.

Methods

Spectral observations indicated that glycinepentaam-
minecobalt(I1T) and tetraaquomonoacetylacetonato-
chromium(IIT) ions aquate smoothly in moderately strong
HCIOQ, at conveniently measurable rates into aquopentaam-
minecobalt(III) ion and hexaaquochromium(III) ion respec-
tively. The rates of these dissociation reactions in a large
excess of HClO, (1.5-6.0 M) were followed spectrophotomet-
rically by a sample quenching technique at appropriate
wavelengths where the absorbance difference between the
starting complex and the aquated product is sufficiently large
[500 nm for the Co™ complex and 560 nm for the Cr™ com-
plex]. The pseudo-first-order rate constants (ko) were evalu-
ated graphically from -log(A; — Ax)/(A¢ — As) vs. time (t)
plots as usual, using the A. value expected for quantitative
formation of the aquated product, viz. [Co(NH;z)s(OHy)]**
from  [Co(NHy)s(glyH)]’* and [Cr(OH,)s]** from
[Cr(acac)(OH,),**. All absorbance measurements were made
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using a Carl-Zeiss spectrophotometer (VSU-2 P) against water
blank using 2 cm quartz cells.

Acknowledgement

This work was carried out with financial assistance from the
CSIR (New Delhi). This and the award of a post-doctoral
fellowship to one of us (R.B.) is gratefully acknowledged.

References

O D. Banerjea and S. Dutta Chaudhuri, J. Inorg. Nucl. Chem., 32,
29085 (1970). - @ B. Chattopadhyay and D. Banerjea, J. Inorg. Nucl.
Chem., 36, 2351 (1974). — © B. Chattopadhyay, J. Roy and
D. Banerjea, J. Inorg. Nucl. Chem., 40, 2041 (1978). - C. H. Lang-
ford and W. R. Muir, J. Am. Chem. Soc., 89, 3141 (1967). - ©) D.
Banerjea, Z. anorg. allgm. Chem., 359, 305 (1968). — © L. Zucker
and L. P, Hammett, J. Am. Chem. Soc., 61, 2791 (1931). - O M. A.
Paul and F. A. Long, Chem. Rev., 57, 1, 935 (1957). - ® J. F. Bun-
nett, J. Am. Chem. Soc., 83, 4956 (1961). ~© J. F. Bunnett and F. P.
Olsen, Can. J. Chem., 44, 1899, 1917 (1966). — '© D. Banerjea and S.
Sarkar, J. Indian Chem. Soc., 50, 635 (1973).

) K. Ogino, T. Murakami and K. Saito, Bull. Chem. Soc. Jpn., 41,
1615 (1968). — 12 C. A. Bunton and D. R. Llewellyn, J. Chem. Soc.,
1692 (1953). — ¥ C. Andrade, R. B. Jordan and H. Taube, Inorg.
Chem., 9, 711 (1970). - ® F. Monacelli, F. Basolo and R. G. Pear-
son, J. Inorg. Nucl. Chem., 24, 1241 (1962). — ® T. P. Dasgupta and
M. L. Tobe, Inorg. Chem., 11, 1011 (1972). -~ 99 E. G. Timofeeva
and A. A. Koroleva, Koord. Khim., 4, 1223 (1978); cf. ref. 22,
p. 186. - ™ D, J. Francis and R. B. Jordan, J. Am. Chem. Soc., 89,
5591 (1967). - U® T. W. Swaddle, Coord. Chem. Rev., 14, 217 (1974).
- D. A. House, Coord. Chem. Rev., 23, 223 (1977). -
@) A. McAuley (Ed.), Inorganic Reaction Mechanisms, Vol. 5, Spe-
cial. Period. Rep., Chem. Soc., London, 1977.

@) A. McAuley (Ed.), Inorganic Reaction Mechanisms, Vol. 6, Spe-
cial. Period. Rep., Chem. Soc., London, 1979. — ¥ A. G. Sykes
(Ed.), Inorganic Reaction Mechanisms, Vol. 7, Spec. Period. Rep.,
Chem. Soc.,London, 1981. - ® D, Banerjea and T. P. Dasgupta, J.
Inorg. Nucl. Chem., 27, 2617 (1965). — @ D. Banerjea, J. Chem.
Educ., 44, 485 (1967). - ) G. Reiter and V. S. Podil’chuk, Koord.
Khim., 5, 239 (1979); cf. ref. 22, p. 173. — ® T. Ramasami and A.
G. Sykes, Inorg. Chem., 15, 2645 (1976). - *" H. Taube, E. Deutsch
and R. Holwerda, Inorg. Chem., 11, 1965 (1972). — ® J. Fujita, T.
Yasui, and Y. Shimura, Bull. Chem. Soc. Jpn., 38, 654 (1965). -
@) G. W. Haupt, J. Res. Nat. Bur. Stand., 48, 2331 (1955). -~ " G.
R. Smith, Cerate Oxidimetry, G. F. Smith, Chem. Co., Columbus,
Ohio (1942).

(Received September 28th, 1981) T™C 714




