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but analysis of systems involving displacement of charged groups
is invariably complicated by electrostriction terms. His inter-
pretation of the data for Co(NH,)s(OH,)*" (AV* +1.2 cm? mol™)
and Cr(NH;)s(OH,)*" (AV* -5.8 cm® mol™) in terms of a com-
mon mechanism is based on an assertion that the coordinated
water is more compressed when coordinated to Co(III) than
Cr(III), and the latter complex will form stronger hydrogen bonds.
Compression of an aqua ligand in the first coordination sphere
of a 3+ ion is significant,?® and unlikely to vary markedly with
the ion; nor do we find any great variation in AV* with size of
the neutral donor for either Cr(III) or Co(III) (Table III) with
some donors clearly extending further into the solvation shell than
others. In any case, a negative activation volume must be taken
to imply a more compressed activation state; we can adopt the
long-employed conventions and say it is more associated. Whereas
steric influences of other ligands are likely to lead to a preference
for dissociative (bond-breaking) processes in octahedral complexes,
it is apparent that chromium(III) at least has a preference for

(23) Stranks, D. R. Pure Appl. Chem. 1974, 38, 303.

associative (bond-making) processes, and the operation of an I,
mechanism in aquation reactions of pentaamminechromium(I11)
in contrast to an I; mechanism for aquation of pentaammine-
cobalt(III) compounds seems to have been adequately demon-
strated. The reason for this differentiation, however, still remains
obscure.
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Volumes of activation (AV?.,;,) and reaction volumes (AFpy) for the base hydrolysis of 16 different cobalt(III) amine complexes
of the type CoLsX3*, CoLsX?*, CoL4X,*, and CoL,XY™* were determined from high-pressure kinetic and dilatometric mea-
surements, respectively. The values of AV? .y range from 43 to 19 cm® mol™, and those for AVyy range from 24 to 9 cm® mol™,
depending on the charge on the complex as determined by that on the leaving group X. The data are very consistent with earlier
reported data for closely related systems and demonstrate clearly both the minor role played by the nonparticipating ligands L,
and the influence of complex charge. The reported results are all in line with a Sy1CB mechanism. However, evidence for apparent
cases involving rate-limiting deprotonation rather than the usual rate-determining ligand dissociation process was not forthcoming,

since no differentiation on the basis of AV, was observed.

Introduction

Base hydrolysis reactions of cobalt(III) amine complexes are
one of the most extensively investigated systems in inorganic
reaction kinetics.? It is generally accepted that such reactions
proceed according to a Sy1CB mechanism in which a conjugate
base species dissociates in the rate-determining step to produce
a 5-coordinate intermediate, which rapidly picks up a solvent
molecule (H,O) to produce the hydrolysis product. An alternative
E2 mechanism was suggested®* in which abstraction of an amine
proton and loss of the leaving group are concerted processes; i.e.,
the five-coordinate intermediate is produced directly without the
formation of a conjugate base precursor. Subsequent studies have
once a;g7ain confirmed the general validity of the Sy1CB mecha-
nism.
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Tobe et al.3? recently investigated a number of base hydrolysis
reactions in which the formation and reprotonation of the con-
jugate base species interfere with the rate-determining dissociation
of the leaving group. If we consider a general Sy 1CB mechanism,
as outlined in eq 1, it is usually assumed that formation of the

k
Co(L)sX®* + OH™ == Co(L)4(L-H")X@™* + H,0
-1

k.
Co(L)(L-H*)X@"* —» Co(L)(L-H*)** + X*

fi
Co(L)((L-H*?* + H,0 —= Co(L);OH>* (1)
conjugate base species occurs in a fast preequilibrium, followed
by the rate-determining step &, (L = amine, L-H* = deprotonated
amine). Under such conditions and in the presence of an excess
of OH-, the pseudo-first-order observed rate constant can be
expressed as in eq 2, where K| = k;/k_;; this reduces to the
kotsa = k2K [OH] /{1 + K,[OH7)}
~ koK ,[OH"] (2)
simplified form when X,[OH"] « 1.2 In the trans-Co(RSSR-

(8) Lichtig, J.; Sosa, M. E.; Tobe, M. L. J. Chem. Soc., Dalton Trans. 1984,
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references therein.
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Table I. Values of kg for the Base Hydrolysis of a Series of Cobalt(II1) Amine Complexes as a Function of Pressure
C,a [OH_], u,b t,c A,d P kobsdf AV‘exp!h

complex hydrolysis product(s) mM mM mM °C mm MPa s cm? mol™!
Co(NH,);OC(Me)N(Me),** Co(NH,);OH** 1.5 2§ 34 154 280 5 0.505 +432x1.7
25 0.324
50 0.212
74 0.141
98.5 0.098
Co(NH,Me),CI>* Co(NH,Me),OH?* 110 13 9.5 280 4 806 +328x17
25.5 5.31
50.5 391
76 293
100 2.05
Co(NH,Et);CI** Co(NH,Et);OH?** 01 1 3 122 265 5 3.75 +31.1 £ 0.5
25 2.88
50 2.11
75 1.53
100 1.07
cis-Co(en),(NH,)CI?* 78% cis-, 22% trans-Co(en),(NH;)OH>*/ 2 S0 56 25 290 S 0.537 +31.8%0.6
245 0436
50.4 0304
73.7 0.233
98.5 0.172
cis-Co(en),(NH,) Br2* 71% cis-, 23% trans-Co(en),(NH;)OH™/ 2 50 56 25 305 5 356  +308% 1.0
25 2.87
51 2.19
74.5 1.55
99 1.18
trans-Co(en),Cl,* 95% trans-, 5% cis-Co(en),(C1)OH*# 1 15 16 14.5 285 5 6.52 +24.8 £ 0.5
26.5 5.08
50 4.13
75 3.12
99 2.49
1 15 16 14.5 293 S 5.74 +23.8 £ 0.6
26 4.90
50.5 3.76
75 2.94
99 2.33
cis-Co(en),Cl,* 37% cis-, 63% trans-Co(en),(Cl)OH* ¢ 1 50 51 9.7 295 5 1.09 +279 £ 0.7
264 0.807
50 0.625
76 0.472
101 0.352
trans-Co(en);(N,)CI* 77%-trans, 23% cis-Co(en),(N;)OH*# 04 50 50 154 350 5 0163 +267£04
26 0.128
50 0.0977
75 0.0759
99 0.0586
cis-B-Co(trien)Cl,*/ cis-B-Co(trien)(Cl)OH*/ 3.8 0.005 100 3.7 310 5 0.887 +35.7+1.2
25.5 0813
50 0.760
74 0.652
99 0.621
trans-Co(RSSR-cyclam)Cl;*  trans-Co(RSSR-cyclam)(Cl)OH* * 0.1 1 1 94 264.6 4 134 +20.1 £ 0.9
26 11.1
48.4 8.92
73 7.14
96.3 6.20
0.1 1 1 95 2725 37 177 +17.4 0.6
23.5 151
50 12.8
76 10.6
100 8.52
0.1 1 3 119 2725 S 40.5 +19.4 £ 0.8
25 33.0
50 26.4
75 22.5
100 18.5
cis-Co(en),(NO,)Cl* cis-Co(en),(NO,)OH* 02 50 50 24.4 340 5 0.081 +20.8+0.3
25 0.070
50 0.056
75 0.045
100 0.037
cis-Co(tet)Cly* cis-Co(tet)(Cl)OH* 0.1 1 3 122 265 5 29.9 +23.1 08
25 239
50 19.5
75 14.6

100 11.9
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c? [OH, w? 1,° A P, Kobeds” AV s
complex hydrolysis product(s) mM mM mM °C mm MPa st cm?® mol™!
cis-Co(tet)(Cl)OH* cis-Co(tet)(OH),* 0.1 1 3 12.2 265 5 0.097 +25.9 £ 2.1
25 0.0695
50 0.053
75 0.041
100 0.034
trans-RS-Co(tet)Cl,* trans-RS-Co(tet)(Cl)OH*/ 0.1 1 3 122 265 5 50.8 +22.1 £ 0.7
25 41.0
50 339
75 25.7
100 21.0
0.2 2 6 4.7 275 5 29.9 +20.4 £ 0.7
25 24.2
50 20.0
75 16.3
100 12.6
trans-RR(SS)-Co(tet)Cl,*  trans-RS-Co(tet)(ClYOH* ™ 0.2 2 6 57 275 S 15.8 +244 1.2
25 12.8
50 9.4
75 7.2
100 5.95
trans-RS-Co(tet)(C1)OH* trans-RS-Co(tet)(OH),*/ 0.1 1 3 12.2 265 S 0.0142 +23.8+09
25 0.0109
50 0.0086
75 0.0067
100 0.0054

¢ = [complex]. ®u = ionic strength. ¢z = temperature. A = wavelength. ¢ Mean value of more than four runs. /Reference 23. ¢Reference 24.
hReference 25. ‘Reaction performed in Tris buffer. /Reference 26. *References 26, 27. /Reference 28. ™Reference 29.

cyclam)Cl,* system studied by Tobe et al.? (cyclam = 1,4,8,11-
tetraazacyclotetradecane) it was found that k_; and k, are of
similar magnitude at 0 °C and that k, » k_, above 25 °C. Under
such conditions the conjugate base formation step cannot be
treated as a rapid preequilibrium, and a steady-state approximation
must be applied. This results in the rate law shown in eq 3, which

kowsa = k1ko[OHT} / (k) + k) (3)

reduces to kyuq = ki [OHT] for ky 3> k_y; i.e., the formation of
the conjugate base species becomes the rate-determining step of
the mechanism. Several examples of this apparent behavior have
been reported.’

Our general interest in base hydrolysis reactions of cobalt(III)
amine complexes has led to detailed studies of the volume profiles
for such processes.!%!!  We could on the basis of these mea-
surements estimate the partial molar volume of the common
5-coordinate intermediate Co(NH;),(NH;)?* in the hydrolysis
of a series of complexes of the type Co(NH;)sX®*, In addition,
the introduction of alkyl substituents on one ammine ligand created
the possibility to gradually increase the size of this intermediate
and to investigate the additivity property of the partial molar
volumes of 5- and 6-coordinate species. The results for a total
of 14 different complexes formed a very consistent picture and
underlined the validity of the Sy1CB mechanism.

The volumes of activation for the two limiting forms of the
Sn1CB mechanism as discussed above, i.e., where kgpq = K ko-
[OH™] or kg = &k [OH], are expected to differ significantly.
We have therefore extended our earlier studies-to include addi-
tional complexes of the general type Co(L)sX®"* or Co-
(L),XY®™* and to include several species for which the change
in the rate-limiting step was reported.®® Further, we have in-
vestigated the influence on AV* and A¥gy of varying the non-
participating ligands and the precursor charge in this study. The
results of this study define the mechanistic sensitivity of volumes
of activation and volume profiles for such base hydrolysis processes.

Experimental Section

The cobalt(IIT) amine complexes used in this study were either ob-
tained as gifts or prepared as described in the literature'? and were

(10) Kitamura, Y.; van Eldik, R.; Kelm, H. Inorg. Chem. 1984, 23, 2038.
(11) van Eldik, R.; Kitamura, Y.; Piriz Mac-Coll, C. P. Inorg. Chem. 1986,
25, 4252.

identified by chemical analyses and UV-vis spectroscopy; all spectra
agreed with literature data. Chemicals of analytical reagent grade and
CO,-free doubly distilled water were used throughout this study. UV-vis
spectra were recorded on Perkin Elmer 555 and Shimadzu UV 250
spectrophotometers.

In the dilatometric studies a Carlsberg dilatometer with a capillary
diameter of 0.0448 cm was used according to the procedures outlined
before.!%!3  The temperature was controlled to £0.001 °C. Kinetic
measurements were performed on a thermostated (£0.1 °C) high-pres-
sure stopped-flow instrument.!® The observed rate constants were cal-
culated over 2-3 half-lives with the aid of a fitted infinity value in order
to eliminate the effect of secondary base hydrolysis and isomerization
reactions.

Results

Kinetic Measurements. The pseudo-first-order hydrolysis rate
constants were measured under the conditions indicated in Table
I. The contribution of spontaneous aquation is negligible under
the selected conditions. The values of k. decrease significantly
with increasing pressure for all the studied systems. For a general
base hydrolysis reaction with second-order rate constants kg and,
at infinite dilution, kg°, eq 4 can be derived where Y, Yoy, and

kotsa = kg[OH™] = kg°[OH7]Y You/ Y, 4)

Y, are the activity coefficients of the reactant complex, OH~, and
transition state, respectively. Plots of In k4 versus pressure are
linear within the experimental error limits for all the studied
systems up to 1 kbar. For the majority of cases AV*y, was
calculated by using eq 5. Only for the hydrolysis of cis-8-Co-

. ELES
A exptl = T dp ; -
dlnk YcY,
—Rr(—““‘) + RTS| 10 -8 °”) (5)
dp T dp Y, T

(12) Shibata, M.; Uehara, A. Shinzikkenkagakukoza, Maruzen; Tokyo,
1977; Vol. 8-1I1, Chapters 12-15. Lawrance G. A.; Schneider, K. J.;
van Eldik, R. Inorg. Chem. 1984, 23, 3922, Staples, P. J.; Tobe, M.
L. J. Chem. Soc. 1960, 4812. Sargeson, A. M.; Searle, G. H. Inorg.
Chem. 1967, 6, 787. Bosnich, B; Poon, C. K.; Tobe, M. L. Inorg.
Chem. 1965, 4, 1102. Cooksey, C. J.; Tobe, M. L. Inorg. Chem. 1978,
17, 1558.

(13) Kitamura, Y. Bull. Chem. Soc. Jpn. 1979, 52, 3453,
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Table II. Dilatometrically Determined Reaction Volumes for the
Base Hydrolysis of a Series of Cobalt(I1II) Amine Complexes at 25
°C

A I_/obld’ A I-/c:(n" A VBH!aa

complex cm® mol”!  cm® mol™ cm? mol™!
Co(NH,);0C(Me)N(Me)*  22.1 18 23.9
Co(NH,Me),Ci** 12.2,12.7 0 12.5
Co(NH,Et),C1** 12.1% 0 12.1
cis-Co(en),(NH,)CI2* 9.3 0 9.3
cis-Co(en),(NH,)Br?* 10.9 0 10.9
trans-Co(en),Cl,* 9.3,8.1 -0.1 8.8
trans-Co(RSSR-cyclam)CL* 11.1, 10.9¢ 0.1 11.1
trans-Co(RS-2,3,2-tet)Cl,* 8.6 0.1 8.7
cis-Co(2,3,2-tet)Cl,* 14.7 -0.1 14.8
cis-Co(en),(NO,)CI* 8.9 -0.1 9.0

AV = AVped — AV, 2AL 10 °C. At 20 °C.

(trien)Cl,*, for which a tris buffer was used, AV*,,q Was calculated
by using eq 6. The pressure dependence of ¥, Yoy, and Y, were

Av? exptl =

d In kqpeq d d Y.
- ———— - 2. an—— + — —_—
R & ) 23Rpo(pOH) Rpo g ) ©

estimated using the Debye—Hiickel limiting law.!* The contri-
bution of the last terms in eq 5 and 6 are very small indeed:
between 0 and 1.4 cm® mol™. The term -2.3RTd(pOH)/dp in
eq 6, however, has a value of 26.3 cm® mol™! when a reaction
volume of 4.3 cm® mol™ at infinite dilution and 25 °C is used for
the acid dissociation of the Tris buffer!S (Tris = tris(hydroxy-
methyl)aminomethane). The determined AV?* for cis-3-Co-
(trien)Cl,* is anomalously high compared with other like-charged
ions, but the validity of the result is impaired by necessary as-
sumptions employed in the calculation in this one case. Direct
reaction with hydroxide ion is the prefered and generally employed
method.

Dilatometric Measurements. Throughout these measurements
a 15 cm® 10 mM complex solution was mixed with a 3 cm? 50
mM NaOH solution at 25 °C. For the complexes Co-
(NH;)sOC(Me)N(Me),3*, cis-Co(en),(NH;)CI?*, and cis-Co-
(en),(NH;)Br?*, the change in volume was measured 15 min after
mixing, at which point the hydrolysis reaction had gone to com-
pletion. In the case of the Co(NH,Me)sCI** complex, the
meniscus height was recorded 2-4 min after mixing, since sub-
sequent precipitation interferes at longer times. For cis-Co-
(en),(NO,)CI* the movement of the meniscus was followed for
47 min after mixing during which the base hydrolysis proceeded
to 97% completion. The progress of aquation (21.6%) during the
time (28 min) from dissolution of the complex to mixing with base
was taken into account by using a AV for the neutralization of
cis-Co(en),(NO,)H,0%* of 18.9 cm?® mol.'*  For trans-Co-
(en),CI** and trans-Co(RSSR-cyclam)Cl,*, the volume increase
on mixing is followed by a slow decrease in volume, which cor-
responds to the hydrolysis of the second chloride ligand. The
results for the hydrolysis of the Co(NH,Me)sCI** and trans-
Co(en),Cl,* complexes were corrected for a small contribution
resulting from spontaneous aquation. A further correction was
introduced throughout the series of complexes to account for the
change in ionic strength during mixing, in the way described
before.!? The dilatometric results are summarized in Table 1.

Discussion

On the basis of our previous experience with base hydrolysis
reactions of cobalt(III) amine complexes,!%!! the reaction volume

(14) Hamann, S. D. J. Chem. Soc. Faraday Trans. 1 1984, 80, 2541.

(15) Kitamura, Y.; Itoh, T. J. Solution Chem. 1987, 16, 715.

(16) Kitamura, Y.; Takamoto, T.; Yoshitani, K. Inorg. Chem. 1988, 27,
1382,

(17) van Eldik, R. In Inorganic High Pressure Chemistry: Kinetics and
Mechanisms; van Eldik, R., Ed.; Elsevier: Amsterdam, 1986; Chapter

1.
(18) Kitamura, Y.; van Eldik, R. Ber. Bunsen-Ges. Phys. Chem. 1984, 88,
418,
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Figure 1. Volume profile for the base hydrolysis mechanism outlined in
eq l.

profile for the Sy 1CB mechanism outlined in eq 1 can be presented
schematically as in Figure 1. The experimental results in Tables
I and II underline the general validity of this volume profile.
AV ;ou and AVyy are positive for all the studied systems, and
both exhibit a significant dependence on the nature, especially
the charge, of the precursor complex and the leaving group, i.e.,
the change in electrostriction during the reaction.'®!! The large
volume collapse from the transition to the product state, i.e.,
AV?on — AVpy, is mainly due to the binding of a water mole-
cule'®!! during the final step of the process (see eq 1). The large,
positive value of AV*., can be ascribed to the sum of two com-
ponents, AV = AV(K|) + AV*(ky), both of which are positive
due to charge neutralization and the release of a solvent molecule
in the former case and ligand dissociation in the latter case.

The results for the systems investigated in this study are all
in line with the general concepts of the Sy1CB mechanism and
the results reported before.!%!! This becomes obvious from an
overall comparison of all the available data for the base hydrolysis
of different cobalt(III) amine complexes given in Table III. For
instance, the results for Co(NH,R);CI** (R = Me or Et) and
cis-Co(en),(NH,;)CI** are in close agreement with those for
Co(NHj,)sC1?* and the series of Co(NH,),(NH,X)CI?* species
(see Table III) and clearly show the minor influence of the
nonleaving groups. The formation of different isomers as hy-
drolysis products in some cases does not affect the treatment of
the data since the partial molar volumes of such isomers are indeed
very similar.!® It follows in general that the nature and size of
the nonparticipating (spectator) ligands play a minor role in
depicting the intimate nature of the hydrolysis mechanism as
revealed by the parameters.!” Averaged AV*.,, values for 3+
ions (42 cm?® mol™), 2+ ions (30 cm? mol™Y), and 1+ ions (24 cm?
mol™!) follow a modest trend with precursor charge. Notable is
the observation that the data range for complexes of the type
CoL,X,* (19.4-27.9 cm® mol™) is lower than that for the CoLX?*
species (26.4-33.0 cm® mol™), but rather surprisingly not well
separated. By comparison, AV* for the highest CoL;X?* species
is over 7 cm?® mol™! lower than values for CoLsX3* species. A
closer analysis of the data reveals the reason for this behavior.

As mentioned before, the absolute values of AV?,, and AVpy
strongly depend on the changes in electrostriction during the
reaction. The systems in Table III can be subdivided into four
groups of reactions based on the overall change in charge of the
system as determined by the ionic nature of the precursor complex
and the hydroxide group and the product complex and the leaving
group. The different volume parameters in Figure 1 were averaged
for each of these groups and may be summarized as a function
of AZ? i.e., the change in charge during the reaction. Such data
are subjected to large error limits in cases where only a few data
points are available. Nevertheless, the results clearly demonstrate
the decrease in the volume parameter with increasing AZ?, i.e.,
with increasing electrosctriction.!” These trends are presented
schematically in Figure 2 and agree with the correlation found
for a series of neutralization reactions'® and our general under-
standing of electrostriction effects.!” Furthermore, these corre-
lations enable us to understand the similarity in particularly AVgy
for the CoLsX?* and CoL,X,* systems since AZ? has the same
value (zero) for both systems. Since AVpy and AZ2 both relate
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Table III. Summary of Activation and Reaction Volume Data for the Base Hydrolysis of a Series of Cobalt(III) Amine Complexes?

AVBHsb AV‘:xpﬂ - AV(KI),C AV‘(k2),d

complex AV? o, €m3 mol™! cm?® mol™! AVgy, cm® mol™! cm?® mol™! cm?® mol™! ref
Co(NH;)sMe,SO** 402 £ 0.5 21.2 19.0 27 13.2 10
Co(NH;3);OC(Me)N(Me),** 4324 1.7 23.9 19.3 27 16.2 e
Co(NH,)F** 264£1.0 7.4 19.0 22 44 10
Co(NH,);CI>* 330+ 08 9.9 23.1 22 11.0 10
Co(NH,)sBr?* 32514 11.1 21.4 22 10.5 10
Co(NH,)s1%* 336+ 1.0 15.5 18.1 22 11.6 10
Co(NH,)sNO,** 31.0 £ 0.8 13.2 17.8 2 9.0 10
Co(NH;)(NH,X)CIz*

X: cis, Me 29404 9.8 19.6 22 7.4 11
trans, Me 28.6 £ 1.3 10.4 18.2 22 6.6 11
trans, Et 283£14 10.1 18.2 22 6.3 11
cis, n-Pr 264 = 1.5 11.4 15.0 22 44 11
trans, n-Pr 299 £ 1.2 22 7.9 11
trans, n-Bu 28.7 £ 0.7 11.9 16.8 22 6.7 11
trans, i-Bu 285+ 1.2 12.0 16.5 - 22 6.5 11

Co(NH,;Me)C1** 328 %17 12.5 20.3 22 10.8 e
Co(NH,Et)CI** 31.1£0.5 12.1 19.0 22 9.1 e
cis-Co(en)y(NH,;)CI** 31.8£ 0.6 9.3 22.5 22 9.8 e
cis-Co(en),(NH;)Br#* 308 1.0 10.9 199 22 8.8 e
cis-Co(en),Cl,* 279 £ 0.7 17 10.9 e
trans-Co(en),Cl,* 243 0.5 8.8 15.5 17 7.3 e
cis-B-Co(trien)Cl,* 357+£1.2 17 18.7 e
trans-Co(RSSR-cyclam)Cl,* 18.8 £1.3 11.1 7.7 17 1.8 e
trans-Co(en),(N,)Cl+ 267 £ 04 17 9.7 e
cis-Co(en),(NO,)CI* 20.8 £ 0.3 9.0 11.8 17 3.8 e
cis-Co(tet)Cl,* 23.1 £ 0.8 14.8 8.3 17 6.1 e
cis-Co(tet)(OH)Cl* 259 £ 2.1 17 8.9 e
trans-RS-Co(tet)Cl,* 21.3£ 0.9 8.7 12.6 17 4.3 e
trans-RR(SS)-Co(tet)Cl,* 244 £ 12 17 7.4 e
trans-RS-Co(tet)(OH)Cl* 238 +£09 17 6.8 e
Co(NH,)S0,* 222 £ 0.7 -3.9 26.1 17 5.2 10

¢ For experimental conditions see original work. tet = 1,9-diamine-3,7-diazanonane; en = 1,2-diaminoethane; trien = 1,8-diamino-3,6-diazaoctane;
cyclam = 1,4,8,11-tetraazacyclotetradecane. ®Determined dilatometrically for overall base hydrolysis (BH). ¢Calculated from the expression'®
AV(K,) = 14.5 - 2.5AZ% where AZ? = (Z - 1)2 - Z2 = 1 = 2Z. 4AV*(ky)) = AV .y — AV(K,). ¢ This work.

50

o AVIKy
Lok 8.0 x AV |
- ° AV*exp'rl
] -
3 AV
g | BH |
&
\:' od
220k -
[}
&
5 D
S 1o ! . .
-1}
c
g d
°
> ok -
d
1
-1 I I L ! s L J L )
<0 s -2 2 6 10

822
Figure 2. Plot of volume parameter versus AZ2 The letters a, b, and
c refer to averaged data for 3+, 2+, and 1+ complexes with neutral (a)
or 1- leaving groups (b, ¢), whereas d refers to a 1+ complex with a 2—
leaving group.

to the overall reaction, the similarity for 2+ and I+ ions is an-
ticipated to be greater than in the case of AV?*,,, where different
electrostriction effects will operate in the transition state. This
is seen in the greater average variation between AV*,,, for the
two systems compared with APy data in Figure 2. In addition,
with the help of a predicted value for AV(KX;),'¥ the trends in
AV*(k,) can be interpreted in a similar way (see Figure 2).

It is very encouraging to see that the volume data for so many
different systems can be treated in a systematic way. The volume
collapse (AV* .,y — APpy) has in many cases a value of ca. 20
cm® mol™!. This means that the partial molar volume of the
5-coordinate transition state species, viz. Co(L)4(L-H*)?*, is very
similar to that of the 6-coordinate hydrolysis product.!®!! Fur-
thermore, this volume collapse can be ascribed to the ionization

of water (accompanied by a volume decrease of 22 cm® mol™! 18)
in order for it to bind as H* and OH" in the final product. In
this respect we notice that the data for the cyclam complex does
not fit the reported trends well, although AV*,xpﬂ is not markedly
smaller than the average value found for the other CoL,X,*
species. The value of APpy for the cyclam complex is apparently
normal, indicating that the observed deviation in AV* — APyy has
its basis in the kinetics. This deviation is an indication for a
possible change in rate-determining step within the concept of the
Sn1CB mechanism,

As mentioned in the Introduction, Tobe et al.® have reported
that the rate law in eq 3 applies to the cyclam system. In the case
where k_; and k; are of similar magnitude, the pressure dependence
of k, k_;, and k, must be taken into account in the interpretation
of AV?*,. Tobe et al.® reported a value of 0.79 for ky/k_, at
0 °C and of ca. 8 at 25 °C. For our measurements at 9.4 °C,
we assumed k,/k_; to be ca. 4. Under such conditions, k_; + k,
=~ k, and eq 3 reduces t0 kg = ki [OH], such that AV, =
AV*(k,). A changeover in the rate-determining step may account
for the smaller value found for AV‘M, viz. ca. 19 cm? mol™!. This
value is close to that expected for AV(K;), viz. 17 cm® mol™!,
indicating that AV*(k_;) << AV*(k,) and is close to zero. We are
not aware of any direct measurement to underline this latter
conclusion, but it seems to be in good agreement with a recently
reported value of ~4.7 cm?® mol™! for the reaction of a water
molecule with Co(en),(hfac)?** to produce Co(en),(hfac:OH)* and
a proton.!® However, AV? o for the cyclam system at a higher
temperature (11.9 °C), where k,/k_; would be expected to change
and influence the determination somewhat, was not different. This
could indicate that AV*., is not a sensitive indicator of a change
in rate-determining step in the present system, although it was
previously predicted that a changeover in the rate-determining
step from &, to k, should be accompanied by a significant decrease
in AV*.p0.!! It is notable that like-charged complex ions such

(19) Kitamura, Y.; van Eldik, R. Inorg. Chem. 1987, 26, 2907.
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as cis-Co(en),(NO,)CI* exhibit low AV* .,y like trans-Co(cy-
clam)Cl,*, yet rate-determining deprotonation does not appear
to apply in the former case. The validity of AV* . as an indicator
of a change in rate-determining step during base hydrolysis was
probed further by studying the ¢rans-dichloro complexes of 1,9-
diamino-3,7-diazanonane with RS or RR(SS) geometry, where
rate-limiting deprotonation has been suggested.® We find that
AV? oxpu does not change significantly with temperature, nor do
the values differ notably from values for other 1+ systems with
chloride as the leaving group. Despite expectations of a clearly
smaller AV*,; when rate-limiting deprotonation apparently
operates,!! the experimental data do not underline this. This either
indicates that AV*,,, is insensitive to a change in rate-determining
step in such base hydrolysis reactions or that a common mecha-
nism, in which dissociation of the conjugate species is rate-de-
termining, operates in all cases. We expect that AV* for conjugate
base formation should be smaller than A¥(K,). This process
involves the neutralization of charge and the production of a water
molecule, which will both be accompanied by volume increases.
Similarly, the reverse process involves the disappearance of a water
molecule and the creation of charge, such that a decrease in volume
is expected for both contributions. It follows that the transition
state of this process should be located between that of the reactant
and product (conjugate base) species. On the basis of these
arguments AV* for conjugate base formation as rate-determining
step should be significantly smaller than A¥V(K), i.e., ca. 17 cm?
mol™. Since AV*, is at least as large as AV(K)) in all the studied
systems, we are forced to believe on the basis of the reported data
that conjugate base formation cannot be the rate-determining step.
This conclusion contradicts earlier arguments in favor of such a
rate-limiting process® and deserves further thought.

What does appear to hold is that those systems of like charge
that exhibit little isomerization during base hydrolysis, such as
trans-Co(cyclam)Cl,* and cis-Co(en),(NO,)CI*, exhibit slightly
lower AV*,,, values than systems such as zrans-Co(en),(N;)CI*
and the Co(en),Cl,* compounds where mixtures of isomers result.
This may imply a greater degree of ligand rearrangement in
forming the transition state in the latter case, with concomitant
greater disturbance of the electrostricted solvation sheath. Such
effects, if they operate, may also act to mask the anticipated

Kitamura et al.

differences from a change in rate-determining step, since the
compounds studied here that should exhibit rate-determining
deprotonation do not usually isomerize during the first hydrolysis.

The results of this investigation do demonstrate how activation
volume data can be treated in a rather systematic manner. This
is rare for an activation parameter associated with structural and
solvational changes. Similar conclusions were reached for an
extended series of activation volume data for the aquation of
Co(NHj;);L**, Cr(NH;)sL**, and Co(N),XY"*,20-22 further
demonstrating the validity of this statement.
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