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Kinetic Deuterium Solvent Isotope Effects on the General Acid-catalysed
Dissociation of Metal Cryptates

By Brian G. Cox " and Wojciech Jedral, Chemistry Department, University of Stirling, Stirling FK9 4LA
Paul Firman and Hermann Schneider,” Max-Planck-Institut fiir biophys. Chemie, D—3400 Gottingen, W.
Germany

The dissociation of metal ions from cryptate complexes is subject to general acid catalysis in a number of cases.
The dissociation of Ca(2,2,2)%+ has been studied in the presence of HCl and several carboxylic acids as catalysts, and
kinetic solvent isotope effects measured for the HCI- and CH;CO,H-catalysed dissociation. The observation of
general acid catalysis, combined with relatively large isotope effects (2.4 and 2.7, respectively), are consistent with a
rate-determining proton transfer in the dissociation reaction. The H+*-catalysed dissociation of Ag(2,2,2) + shows a
lower, but still significant, isotope effect (1.9) and most likely also involves a rate-determining proton transfer step.
Li(2,1,1) + shows somewhat different behaviour in that the apparent catalytic constant for acid catalysed dissociation
decreases with increasing buffer concentration. The results are shown to be in quantitative accord with a reaction
scheme involving protonation of Li(2,1,1)+ followed by competitive dissociation of Li+ from Li(2,1,1)H%* and
deprotonation by A- of Li(2,1,1)H?* to give (2,1,1)H + or regenerate Li(2,1,1)+, respectively. Kinetic solvent

deuterium isotope effects for the protonation and deprotonation—dissociation steps are close to unity.

THE dissociation of metal ions from complexes (cryp-
tates) formed between cations and macrobicyclic ligands
(cryptands) of the type (1)--(3) ! has been shown in a
number of cases to be subject to catalysis by strong
acids,2® and by general acids, HA, in a variety of
solvents.88 The susceptibility to catalysis decreases as
the size of the metal ion increases relative to that of the
ligand cavity, and as the conformational flexibility of

(1) a=1, b=c=0 (2,1,1)
(2) a=b=1,¢c=0 (2,2,1)
(3)a=b=c=1 (2,2,2)

the ligand is decreased.14%8 Catalysis is particularly
marked in solvents such as propylene carbonate,” in
which the uncatalysed dissociation rates of the complexes
are very low. Catalysis presumably involves the inter-
action between a proton or acid HA and the lone pair of
one of the nitrogen atoms in an exo-conformation. The
final product of the reaction is the protonated cryptand.

Recent work by Bergman et al.? and Cox and Jencks 10
has established that significant kinetic isotope effects
may be observed for proton transfer between oxygen and
nitrogen bases (RH/R values of up to ca. 3.8). Such
proton-transfer reactions are normally very fast, but
may become rate-determining if they occur after an
unfavourable equilibrium, as part of a complex reaction
scheme. Maximum isotope effects were observed when
the pK, values of the proton donor and the protonated
proton acceptor were similar. This latter conclusion,
however, does not appear to hold if the proton is involved
in strong intramolecular hydrogen bonding.1!

In this paper we present a full account of a study of

the general acid catalysed dissociation of Ca(2,2,2)%*
and Li(2,1,1)* cryptates,® together with a study of the
kinetic solvent deuterium isotope effects on the dissoci-
ation of K(2,2,2)*, Ag(2,2,2)*, Ca(2,2,2)2*, and Li(2,1,1)*
cryptates.

EXPERIMENTAL AND RESULTS

Cryptands (2,2,2) and (2,1,1) were comimercial samples
(Merck) used without further purification. The salts
LiClO,, LiCl, KCl, CaCl,, Ca(NOy),, AgNO,;, and NaOAc
(Merck or B.D.H.) were used without further purification.
NEt,Br, used to maintain constant ionic strength where
appropriate, was purified by recrystallisation from 95%,
EtOH-H,O. Buffer solutions were prepared by partial
neutralisation of the acid with aqueous NEt,OH solutions
(except for buffers in D,0).

DCland DCIO, solutions in D,0 were prepared by diluting
concentrated aqueous solutions of the acids (ca. 10—12mM)
with D,O (Fluorochem Ltd., 99.99%). As the acid concen-
trations used in kinetic measurements were <3 X 1073m,
the amounts of H,O introduced in this way were negligible.
CH,CO,D solutions in D,O were prepared by adding glacial
acetic acid to D,O. In the most concentrated acetic acid
solutions used in D,O (0.2M) this corresponds to only
0.29, 'H. The 'H content of D,O solutions used was
checked by n.m.r., using internal references such as the
CH, group in CH,CO,D-CH;CO,~ and were found to be
always <1%. CH;CO,D-CH,;CO,~ buffers in D,0 were
prepared from appropriate mixtures of CH;CO,D and
Na[CH,CO,] solutions. It was shown by comparative
studies in H,O using buffers prepared both from CH,-
CO,H + NEt,OH and CH;CO,H 4 Na[CH;CO,] that the
presence of Nat (which could, in principle, interfere in the
reactions by competitive complexation) had no effect on the
observed rates.

Reactions were initiated in a stopped-flow apparatus
(Durrum-Gibson or instrument constructed at M.P.I,,
Gottingen) by mixing an excess of acid with the appropriate
cryptate salt [equations (1) and (2) where HA represents a

MCry?+ 4 2H* —m CryH,** + M2+ )
MCry?*t + 2HA —» CryH,2* 4 M2+ 4 2A- (2)
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general acid]. An excess of at least 10-fold in acid con-
centration was normally used in order to ensure pseudo-
first order conditions. Where necessary, corrections were
made to allow for any change in acid concentration (or
buffer ratio, » = [HA]/[A™]) that occurred during reaction.
The reactions were followed conductimetrically as described
earlier. %% Reaction (1) is accompanied by a decrease in
conductance because of the loss of (highly mobile) protons,
reaction (2) is accompanied by a significant increase in con-
ductance. All reactions were carried out at 25.0 (40.1) °C.

For reactions carried out in buffer solutions [equation
(2)] the ionic strength was maintained at a constant value
by the addition of NEt,Br. This was necessary in order to
maintain constant hydrogen-ion concentration in buffer
solutions of varying concentration. Reactions involving
HCIO, or HCI solutions [equation (1)] were carried out in
the absence of added NEt,Br in order to maximise the
conductance changes (<<10%) being measured. The
observed rates were corrected to zero ionic strength as
described below.

In all cases the rate law shown in equation (3) was
obeyed, in which £, is the observed first-order rate constant.

—d[MCry?*]/d¢ = ko[MCry?*] 3)

Rates of dissociation of K(2,2,2)*, Ag(2,2,2)*, Ca(2,2,2)2*,
and Li(2,1,1)* were measured under a variety of conditions
as described below.

K(2,2,2)*. Earlier studies in aqueous solution have
shown that the rate of dissociation of K(2,2,2)* is indepen-
dent of H* concentration (up to 2.5 x 1073m)2and CH,CO,H
concentration (up to 0.1M).® Acid-catalysed dissociation
has, however, been observed in more concentrated aqueous
H* solutions,® and the dissociation is strongly catalysed by
acids in propylene carbonate.” In the present study, the
uncatalysed dissociation rate constant, k4, has been deter-
mined in H,0 and D,0O from measurements in HCI (or DCI)
solutions [equation (1)]. Concentrations of HCIDCI),
KCl, and (2,2,2) were in the range (0.2—2) x 1073Mm,

1.0 x 102M, and (0.7—1.0) x 107, respectively. The
results obtained were %43(H,O) 7.5 (40.3) and k3(D;O)
6.5 (+0.3) s71.

Ag(2,2,2)*. The dissociation of Ag(2,2,2)* is very

strongly acid-catalysed. Measurements were carried out in
H,O and D,0, and the results and experimental conditions
are reported in Table 1. The observed rate constant in
H,0 and D,O had the form shown in equations (4) and (5)
respectively. Values of ke, calculated from equations (4)
and (5), using activity coefficients y, obtained from the

ko(H,Ofs71 =
0.4 (£0.2) 4 5.27 (4+0.25) x 10 [H*]»2, (4)

ke(Dy0) s =
0.12(£0.1) + 2.74 (+.14) x 10°[D*}/y*, (5)

Davies equation (6), are included in Table 1 for comparison
with experimental values. In equation (6), I represents the

log y, = —AD(1 + I¥) + 41/3 )

ionic strength, and A4 the Debye-Hiickel parameter.
Earlier measurements on the dissociation rates of several
Ag* cryptates gave a slightly lower value (4.70 X 10® dm?
mol™ s71) for the H*-catalysed dissociation of Ag(2,2,2)*.12
However, for the purposes of comparison with the results
in D,0 the present results are more appropriate as the
results summarised in equations (4) and (5) were measured
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TABLE 1

Acid-catalysed dissociation of Ag(2,2,2)* in H,O and
D,O at 25 °C

(i) HCIO, in H,0, [AgCIO,] (1—5) x 107*M, [2,2,2] (0.25—1)
X 10™4m

103[HCIO,]/m 0.141 0.169 0.496 0.675  0.860
Re[s™2 0.78 0.89 2.97 3.88 5.25
ke(calc)/s71 @ 0.80 1.25 2.60 4.00 5.08
103[HCIO,]/m 1.25 1.45 1.64 2.02 2.23
kefs? 7.42 7.93 9.84 124 13.3
ke(calc)[s1 e 7.36 8.59 9.69 12.1 13.4

(ii) DCIO, in D,0, [AgCIO,] (0.2—2) x 107m, [2,2,2] (0.25—
1.1) x 107u

103[DCIO, ] /M 0.172 019 036 043  0.76
hofs1 0.203 090 060 140  2.27
ke(calc)/s™1 b 056 064 110 1.21 230
103[DCIO,]/m 1.25 152 163 192 202
kofs 406 464 490 550  6.09
ko(calc)/s 3 3.73 460 490 581  6.09
103[DCIO,] /M 086 115  2.36
Bofs1 2.64 345  7.28
k,(calc)/s1 8 251  3.47 7.10

¢ Calculated from equation (4). ?Calculated from equation

(5).

under identical conditions, thus minimising the relative
errors in the two solvents.

Ca(2,2,2)2*. Rates of dissociation of Ca(2,2,2)2* were
measured in dilute HCI solutions (H,O and D,O) and in
buffers prepared from iodoacetic acid, formic acid, 3-
chloropropionic acid, and acetic acid (H,O and D,O).
Results and experimental conditions are listed in Table 2.
In all cases the observed rate constants were found to
conform to equation (7), y,* being the appropriate activity

ko = kg + kg[H*)/y,* 4 kma[HA] (7

coefficient correction for reaction between species of charge
24 and 14. In solutions used to determine kg (7.e. in the
absence of HA), ionic strengths were low (<<0.003M), so that
activity coefficient corrections were relatively small. In
buffer solutions, k, was strictly linear with [HA], and
independent of buffer ratio (after due allowance for H*
catalysis). This is illustrated in Figure 1, which shows
results obtained in CH,CO,H-CH;CO,~ buffers after
correction for the small contribution from H* catalysis at
these pH values (ca. 4.0—4.5).

50r
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FIGURE 1 Acetic acid catalysed dissociation of Ca(2,2,2)%+:
@ [HOAC]/[OAc] 2.75; + [HOACc]/[OAcT] 1.49
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TABLE 2

General acid-catalysed dissociation of Ca(2,2,2)%* in
H,O0 and D,O at 25 °C

(i) HCl in H,0, [CaCl,] 5 X 107, [2,2,2] 5 x 1052 x 1074m

103[HCI]/m 035 075 1.00 1.10 1.50
ofs? 0.415 0.636 0.867 1.00 1.29
ko(calc)[s1 e 0.415 0.695 0.832 0.490 1.25
103{HC1]/m 1.80  2.80
kofs1 1.34  2.25
ke (calc)[s™1 @ 143 2.23

(ii) DClin D,0, [CaCl] 1 x 107%™, [2,2,2] 5 X 107%—1 X 107¢m

102[DCI] /M 0.29 0.63 092 126 1.60
Bofs 1 0.169 0.248 0.353 0430 0.577
Eo(calc)[s? @ 0.159 0.261 0.341 0.450  0.562

(iii) CH,ICO,H in H,O, [HA] 0.87 [A-], I 0.06M, [2,2,2] 7.5 X
1074M, [CaCl,] 5 x 1073m

10[CH,ICO,H]/m  1.35 206  2.77  3.48 4.19
ks 213 268  3.14 403 4.73
ko(calc)/s1 @ 219 277 339  3.98 4.52

(iv) HCO,H in H,0, [HA] = [A-], I 0.06M, [2,2,2] 7.5 X 1074Mm,
[CaCl,] 5 x 1073Mm

10*[HCO,H]/m 0.78 1.64 2.50 3.35 4.21
kofs™? 0.735 1.11 1.46 1.83 2.21
ko(calc)/s1 @ 0.740  1.12 144 185 2.20
10°[HCO,H] /M 5.07
RefsT 2.58
ke(calc)/sT2 @ 2.54

(v) CH,CICH,CO,H in H,0, [HA] 1.83 [A-], I 0.06m, [2,2,2]
7 X 107%M, [CaCl,] 5 x 1073

10°[CH,CICH,CO,H]/ 1.52  3.05 463  6.20  7.80
M

Befs 113 1.90  2.87  3.53 441

ko(calc)/s 1@ 119  1.95 277 358  4.41

10*[CH,CICH,CO,H]/ 9.35
M

Bofs 5.35
keo(calc)/s1 8 5.25

(vi) CH,CO,H in H,0, [HA] 3.8 [A-], T 0.032m, [2,2,2] 7 x
1074, [CaCl,] 2.0 x 107*m

103 CH,CO,H]/M 0.019 0.029 0.049 0.069  0.099
Bofs 0.761 111 166  2.26 3.17
ko(calc)[s1 8 0.770 107 175  2.25 3.18

(vii) CH,CO,D in D,O [DA] 3.8 [A-], I 0.032m, [2,2,2] 7 X
1074y, [CaCl,] 2.0 x 107M

102[CH,CO,D]/um 0.019  0.029  0.049  0.069  0.099
kofs 0.329 0.423 0.642 0.831 1.21
keo(calc)/s1 @ 0.315  0.433  0.667 0.841  1.20

% Results calculated from equation (7) using catalytic con-
stants listed in Table 3.

TABLE 3

Catalytic constants ¢ for the general acid-catalysed
dissociation of Ca(2,2,2)?* in H,0 and D,O at 25 °C

kga/mol™? I/mol
Acid Solvent kqfs? dm?s™? dm™?
H,0 0.17 0.00
D,0 0.09 0.00
H+ H,0 564 0.00
D+ D,0 231 0.00
CH,ICO,H H,0 82.8 0.06
HCO.H H,0 40.0 0.06
CH,CICH,CO,H H,0 50.8 0.06
CH,,COH H,0 29.6 0.032
CH,CO;D D,0 10.8 0.032

@ Catalytic constants [equation (7)] 459 except for k4
values +10%,. ? Ionic strength.

Catalytic constants obtained by fitting the experimental
results in the various solutions to equation (7) are collected
in Table 3. Rate constants calculated from equation (7)

J.C.S. Perkin II

using catalytic constants from Table 3 are included in
Table 2 for comparison with experimental values.
Li(2,1,1)*. The dissociation of Li(2,1,1)* was studied in
dilute HCl (H,O and D,O) and in a variety of buffers:
chloroacetic acid, iodoacetic acid, formic acid, 3-chloro-

TABLE 4

General acid-catalysed dissociation of Li(2,1,1)* in
H,;0 and D,0O at 25 °C

(i) HCl in H,0, [LiCl] 9 x 107*m, [2,1,1] (0.5—1.0) x 107%m

103[HC1]/m 045 0.75 110 1.50 2.40
102, /s 3.64 458 5.24 6.30 8.26
102k,(calc) /s 3.68 4.39 5.18 6.13 8.36

(ii) DClin D,0, [LiCI] 1.0 X 107M, [2,1,1] (0.5—1.0) x 107*M

103[DCI] /m 0.46 0580 1.09 1.60 2.45
10%,/s1 3.00 3.50 3.94 5.08 5.89
102k, (calc) /s 2.98 3.51 3.95 4.77 5.92

(i) CH,CICO,H in H,0, [HA] 0.40 [A-], I 0.13m, [LiClO,]
1 x 107m, [2,1,1] 8 x 107m
102[CH,CICO,H]/m 0.76 1.55 2.38 3.20 4.03
102k, /s 8.90 12.7 158 18.3 20.8

(iv) CH,ICO,H in H,0, [HA] 0.99 [A-], I 0.05M, [LiClO,]
5 x 107M, [2,1,1] 5 X 1074m
102[CH,ICO,H]/M 0.76 1.57 2.38 3.20 4.01 4.82
10%,/s1 6.98 10.1 11.9 14.2 159 17.9

(v) HCO,H in H,O, [HA] 1.03 [A-], I 0.06M, [LiCIO,] 4.9 x
1073M, [2,1,1] 8.0 X 107M

102[HCO,H] /M 1.01 1.55 2.10 2.64 3.19 4.27
102%,[s? 468 537 599 640 7.20 17.98
102[HCO,H]/m 5.36
102,/s 8.82

(vi) CH,CICH,CO,H in H,0, [HA] 1.85 [A-], I 0.05M, [LiClO,]
4.5 x 1073m, [2,1,1] 6 x 10™*Mm
102[CH,CICH,CO,H]/m 1.53 3.06 4.64 6.21 7.81 9.36
10%k,/s™? 468 5.71 6.62 7.26 7.84 8.40

vii) CH,CO,H in H,0, [LiCl0,] 4—8 x 1073m, I 0.03m,
2 2 2
[2,1,1] 4—6 x 107*M

(a) [CH,CO,H] 4.4 [CH,CO,"]

102[CH,CO,H]/m 1.06 212 318 4.24 849 12.8
102k,/s7 3.43 3.80 4.09 4.31 5.14 5.60
102[CH,CO,H]/m 21.3
102k,[s71 6.48

(b) [CH,CO,H] 8.8 [CH,CO,"]
102[CH,CO,H]/m 211 421 632 842 105 13.6
10%,/s 3.70 4.44 4.98 547 592 6.39
102[CH,CO,H]/m 18.1
102k4/s1 6.94

(c) [CHLCO,H] 20.5 [CH,CO,"]
102[CH,CO,H]/m 9.25 140 185 23.2
102k,/s1 6.41 7.52 8.70 9.61

(viii) HO,CCO,- in H,0, [HA-] 3.0 [A*], T 0.133m, [LiClO,]
5 x 107M, (2,1,1] 7 x 107M
102[HO,CCO,~]/m 0.74 1.54 234 3.15 3.96 4.77
10%,[s71 515 6.76 8.88 10.1 11.9 12.9

(ix) CeH,NH,+ in H,0, [HA*] 0.9 [A], [LiClO,] 4 x 107,
[2,1,1] 0.7—3 X 107w, I 0.06m
102[C,H,NH,+]/m 1.13
10%,/s1 2.67 2.80 2.76 2.89
(i) &o(calc)/s? = 0.027 + 20.6 [H+]/y.2.
(ii) ko(calc)/s? = 0.023 + 14.2 [D+]/y.2.

2.28 3.41 4.57 5.70

2.87

propionic acid, acetic acid, mono-oxalate (HO,C-CO,7), and
anilinium ion. The results are listed in Table 4, together
with experimental conditions. The reaction has previously
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been shown to be strongly catalysed by H*, and the results
in Table 4 show that the rate is also dependent upon the
concentration of general acids. However, in contrast to
results for Ca(2,2,2)%*, the observed rate constants do not
show a simple linear dependence upon [HA] in any of the
buffers studied. This is illustrated in Figure 2 in which

10-0
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10%[CH3CO,H1/M

FIGURE 2 Acetic acid catalysed dissociation of Li(2,1,1)*:
+ [HOACc]/[OAcT] 20; @ [HOAc]/[OAcT] 8.8; A [HOAc]/
[OAc] 4.4; [ [HOACc]/[OAcT] 2.3

results in CH,CO,H-CH,CO,~ buffers (again corrected for
the small contribution from H* catalysis) are shown. Itis
noticeable that at higher concentrations of acetic acid (and
hence acetate ions) the results fall below those extrapolated
from lower concentrations. Furthermore, the curvature
becomes more pronounced as the buffer ratio is decreased.
In order to study the effect more quantitatively, rates were
measured at constant acetic acid concentration (0.2m) and
a variety of acetate concentrations. The results (in H,O
and D,O) are listed in Table 5. The rate constants cor-
rected for the uncatalysed reaction, 23 and H* catalysed
reaction, [H*}kg+/y,? using values obtained in dilute HCl

TABLE 5

Effect of acetate on the acetic acid catalysed dissociation
of Li(2,1,1)* in H,O and D,0O at 25 °C e

[NaOAc] /M kefsT1 ® k(corr)fsT1 ¢
H,0 : [CH;CO,H] = 0.2m
0.010 0.109 0.069
0.015 0.098 0.062
0.025 0.087 0.054
0.045 0.072 0.041
0.065 0.060 0.030
0.085 0.056 0.027
0.105 0.050 0.021
D,0 : [CH,CO,D] = 0.2m
0.015 0.088 0.063
0.025 0.083 0.059
0.045 0.069 0.045
0.065 0.059 0.036
0.085 0.054 0.031
0.105 0.048 0.025

8 Ionic strength = 0.113 (NaNOQ,). ? Observed rate con-
stant (4+39%). ¢ Rate constant corrected for uncatalysed, kg,
and H+-catalysed, [H+]kg/y+? dissociation.
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solution, are also included in Table 5 (see below). The

interpretation of these results is discussed below.

DISCUSSION

The dissociation reactions of Ca(2,2,2)2* with a
variety of acids, and of Ag(2,2,2)* and Li(2,1,1)* with
H*, show a simple linear dependence of rate upon acid
concentration. This is illustrated, for example, in
Figure 1. The dissociation of Li(2,1,1)* is also catalysed
by general acids (Table 4 and Figure 2), but the apparent
catalytic effect of HA decreased with increasing con-
centrations of the basic component, A~. Such an effect
could be produced by competitive interaction between
A~ and Li(2,1,1)* to form a complex that is relatively
inert towards dissociation of Li*. Weaver and his co-
workers 13 have found evidence of strong interaction
between lanthanide cryptates and the anions OH~ and
F-. However, this association was restricted to 34
cryptates and furthermore, led to a more rapid dissoci-
ation of the complexes. Thus we present an alternative
explanation of the present results in the form of the
Scheme, in which [Li(2,1,1)H2+*] is assumed to be low.

kR

Li(2,1,1)+ + H* Li(2,1,1)H+ (8a)

k:
Li(2,1,1)* + HA % Li(2,1,1)H + A-
A

(8b)
k,
Li(2,1,1)H* — 3 (2,1,1)H* + Lit (9
SCHEME

Application of the steady state approximation to
[Li(2,1,1)H2*] leads to the rate law shown in equations
(10) and (11). Thus in the presence of an excess of HA

—d[Li(2,1,1)*)/d¢ = R[Li(2,1,1)*]  (10)

kuko[H*] 4 kgak,[HA]
k_1 + kA[A—] + kz

and A~ the reactions would be pseudo-first-order, but if
k is plotted against [HA] at constant buffer ratio, curves
concave to concentration axes are obtained instead of the
usual straight lines. Such a scheme can be treated
quantitatively in the general case 4 by making use of the
fact that the various rate constants are not independen-
dent, but are related through the equilibrium constant,
(Li(2,1,1)H2+)/[H*])[Li(2,1,1)*] = K. However, in the
CH,CO,H-CH,CO,~ buffer system for which the most
comprehensive set of results have been obtained, effects
due to catalysis by H* are very small, contributing a
maximum of 12%, to the observed rates, and normally
much less. Thus in order to simplify the treatment the
observed rate constants have been corrected to allow for
catalysis by H*, using catalytic constants measured in
dilute HCl solutions, and reactions (8b) and (9) only
included in the kinetic scheme. Under these conditions,

Bo=ke— kg = (11)

we obtain (12), in which % = ke-ka-kg[H*)[/y,2. The
(HA] _ 1 | RfA7]
B Ema kaaky (12)
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application of equation (12) to the results in Table 5 is
shown in Figure 3, in which %7 is plotted against [A~].
The lines shown correspond to equations (13) and (14)

50
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104[CH3CO; /M

Ficure 3 Effect of acetate on the acetic acid-catalysed
dissociation of Li(2,1,1)* or H,O 4+ and D,0 @

=

for results in H,O and D,0O respectively. These results
(Figure 3) give kgoac(H,0) 0.476 and kpoa.(D,0O) 0.439

k(I-112 o) = 105 + 330[0Ac”] (13)
MDl—zo) — 11.4 + 258[0Ac] (14)

mol? dm? s1, and values for koic/ky = 31.7 and 22.7
mol? dm? in H,0O and D,O, respectively. In the other
buffer systems studied the concentrations of HA and
A~ vary simultaneously and the kinetic measurements
were carried out at low [A~] in order to obtain more
accurate values of kya. However, the results may be
analysed in a similar manner by plotting [HA]/% against
[A7], and the resulting values of kg, are reported in
Table 6. Values of k,/k, for the various carboxylate
anions obtained from the analysis of the results in
Table 4 are ku/k, = 4.9, 4.5, 9.0, 22.3, and 31 mol dm™3
for A~ = CH,CICO,~, CH,ICO,~, HCO,~, CH,CICH,CO,",
and CH3;CO,~, respectively. The values are subject to
large uncertainties, but show a sensible increase in 4/,
as the basic strength of A~ increases. Also included in
Table 6 are catalytic constants for H* catalysis and
rate constants for the uncatalysed dissociation, #kq,
obtained from the measurements in the absence of added
buffer.

The dependence of the catalytic constant, Zga, upon

J.C.S. Perkin II

TABLE 6

Catalytic constants @ for the general acid-catalysed
dissociation of Li(2,1,1)* in H,O and D,0O at 25 °C

ka]  Rua/mol?  pK, I/mol
Acid Solvent s7! dmés (HA)? dm3e¢
H,0 0.027 0.0
D,0 0.023 0.0
H+ H,0 20.6 ¢ —1.70 0.0
D+ D,0O 14.214 0.0
CH,CICO,H H,0 5.5 2.87 0.13
CH,LICO,H H,0 3.26 3.17 0.05
HCO,H H,0 1.51 3.75 0.06
CH,CICH,CO,H H,0 0.87 4.10 0.05
CH,CO,H H,0 0.48 4.76 0.113
CH,CO,D D,0O 0.44 0.113
HO,CCO,~ H,0 4.214 4.27 0.138
CeH ,NH,+ H,0 0.04 4.60 0.06
(+0.02) 4
% kgs +5%. PR. A. Robinson and R. H. Stokes, ‘ Electro-

lyte Solutions,” Butterworths, London, 1965, 2nd edn. ¢ Ionic

strength. 4 Corrected to I = 0.

the strength of the acid HA for the two systems
Ca(2,2,2)2* and Li(2,1,1)* may be seen more clearly in
Figure 4, in which log kx4 is plotted against pK,(HA).
Also included in Figure 4 is the dependence of ka/%,

LX) -
ST T

oh _ —
1-0r . — &3

K°2 o5

w

0-0f e

log kya i log(ka/ky)

]
=)

25 30 35 40 45 50
Pkq
FiGURE 4 Bronsted plot for the general acid catalysed dissoci-
ation of Ca(2,2,2)%** and for the protonation @ and de-
protonation-dissociation, kafk, O, of Li(2,1,1)*. Catalysing
acids are as follows: 1, CH,CICO,H; 2, CH,ICO,H; 3, HCO,H;
4, CH,CICH,CO,H; 5, HO,CCO,~; 6, C;H.NH,*; 7, CH;CO,H

upon pK,(HA) for the Li(2,1,1)* system. Catalytic
constants for the dissociation of Ca(2,2,2)%* are con-
siderably larger than for Li(2,1,1)* and significantly
less sensitive to acid strength (Brgnsted « values1®
are 0.27 and 0.57, respectively). A striking difference
between the uncharged carboxylic acids and the charged
acids (mono-oxalate ion, HCO,"CO,", and anilinium ion,
CeH;NH,*) when used as catalysts for the dissociation
of Li(2,1,1)* is also apparent. Thus kg, for HCO,CO,~
is ca. 100 larger than that for C;H,NH;*, despite a
difference of only 0.23 in their pK, values (Table 6).
Although the results are rather limited, it does seem that
the relative charge of the complex and the catalysing
acid plays an important part in determining the overall
rate. This is despite the fact that the cation might be
expected to be relatively insulated from the catalyst by
the ligand.
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The solvent deuterium isotope effects for the various
dissociation reactions are collected in Table 7. The
results for the uncatalysed dissociation of Li(2,1,1)*
and K(2,2,2)* show that as expected the change in solvent
from H,O to D,O has little effect on reactions not involv-
ing proton transfer. The value for Ag(2,2,2)* catalysed
by H* is sufficiently large to suggest a rate-determining

TABLE 7

Kinetic deuterium solvent isotope effects
on the dissociation of metal cryptates at 25 °C

k(H,0)/
Cryptate Catalyst k(D,0) #
K(2,2,2)*+ 1.15
Ag(2,2,2)* Ht 1.92
Ca(2,2,2)%+ 1.9 (+0.4)
Ca(2,2,2)%+ H+ 2.42
Ca(2,2,2)2+ CH,CO,H 2.74
Li(2,1,1)+ 1.17
Li(2,1,1)* H+ 1.45
Li(2,1,1)+ CH,CO,H 1.09

@ k(H,0)/k(D,0) values 4-10%,.

proton transfer for this reaction. The dissociation of
Ag(2,2,2)* in carboxylic acid buffers has not been studied
because of problems with incomplete reaction for this
very stable cryptate, but the reaction should be subject
to general acid catalysis.

Isotope effects are relatively large for each of the three
reactions of Ca(2,2,2)%* studied. The observed isotope
effects for the uncatalysed or spontaneous dissociation
indicates that water may be assisting as a general acid
catalyst in this reaction, but the large uncertainty in the
value of k(H,0)/k(D,0) makes this observation rather
tentative. The results for H* and CH;CO,H as catalysts
strongly support the conclusion that general acid
catalysis of Ca(2,2,2)?* dissociation is due to a rate-
determining proton transfer, rather than to an alter-
native mechanism involving, for example, a rate-
determining dissociation of Ca?* from a H-bonded
AH - - - (2,2,2)Ca%* complex formed in a pre-equilibrium
step. Such a mechanism should lead to an inverse
isotope effect.18:17

The results for the acetic acid-catalysed and to a lesser
extent the Ht*-catalysed dissociation of Li(2,1,1)*
contrast quite sharply with those for Ca(2,2,2)2* and
show an almost negligibly small isotope effect. Such a
situation is indicative of a very unsymmetrical transition
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state for the transfer of the proton 18 and may be
consistent with the observation of a competitive back
reaction between Li(2,1,1)H%?* and A~ as discussed
earlier (Scheme). In the limit of a very fast back
reaction (Ra[A”] > k,) (Scheme) and equations (10)
and (11) would correspond to specific acid catalysis,
and the overall reaction should show an inverse isotope
effect.1® Thus, depending upon the extent to which the
transition state for the forward reaction lies close to
Li(2,1,1)H*, a low isotope effect is not unreasonable.
It has been noted earlier 1° that transfer of a proton from
H,O (or D,O) to the free ligand (2,1,1) shows quite a
large kinetic isotope effect (RE/kD 3.9).

We thank the S.R.C. for a grant, and the University of
Warsaw for giving leave to W. J.

[1/608 Received, 14th April, 1981]

REFERENCES

1 J. M. Lehn, Struct. Bonding (Berlin), 1973, 16, 1.

2 B. G. Cox and H. Schneider, J. Am. Chem. Soc., 1977, 99,
2809.

3 D. A. Gansow, A. R. Kajsar, K. M. Triplett, M. J. Weaver,
and E. L. Yee, J. Am. Chem. Soc., 19717, 99, 7087.

4 B. G. Cox, H. Schneider, and J. Stroka, J. Am. Chem. Soc.,
1978, 100, 4746.

5 R. Gresser, A. M. Albrecht-Gray, and J. P. Schwing, Nowuv.
J. Chim., 1978, 2, 239.

¢ B. G. Cox and H. Schneider, J. Am. Chem. Soc., 1980, 102,
3628.

? B. G. Cox, J. Garcia-Rosas, and H. Schneider, J. Phys.
Chem., 1980, 84, 3178.

8 B. G. Cox, J. Garcia-Rosas, and H. Schneider, J. Am. Chem.
Soc., 1981, 103, 1054.

® N. A. Bergman, Y. Chiang, and A. J. Kresge, J. Am. Chem.
Soc., 1978, 100, 5954.

10 M. M. Cox and W. P. Jencks, J. Am. Chem. Soc., 1978, 100,
5956.

11 F. Hibbert and H. Robbins, J. Chem. Soc., Chem. Commun.,
1980, 141.

12 B, G. Cox, H. Schneider, and H. Schultz, Ber Bunsenges.
Phys. Chem., submitted for publication.

13 E. L. Yee, O. A. Gansow, and M. J. Weaver, J. Am. Chem.
Soc., 1980, 102, 2278.

4 R. P. Bell and P. T. McTigue, J. Chem. Soc., 1960, 2983.

15 R. P. Bell, ‘ The Proton in Chemistry,” Chapman and Hall,
London, 1973, 2nd edn.

16 E. M. Arnett and D. R. McKelvey, ‘ Solute-Solvent Inter-
actions,’ eds. J. F. Coetzee and C. D. Ritchie, Marcel Dekker, New
York, 1969, ch. 6.

17 P. M. Laughton and R. E. Robertson, ‘Solute-Solvent
Interactions,’ ed. J. F. Coetzee and C. D. Ritchie, Marcel Dekker,
New York, 1969, ch. 7.

18 A. J. Kresge, Pure Appl. Chem., 1981, 53, 189.

19 A. M. Kjaer, P. E. Sgrensen, and J. Ulstrup, J. Chem. Soc.,
Chem. Commun., 1979, 965.



