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Abstract: The rates of hydrolysis of a series of substituted benzaldehyde methyl 8-quinolyl acetals have been determined in 
50% dioxane-FhO (v/v) at 30 0C. The reactions involve hydronium ion catalyzed hydrolysis of the neutral and protonated 
species. Hammett p values are —3.1 and —2.6, respectively. These acetals are also subject to general acid catalysis. Divalent 
metal ions (Cu2+, Co2+, Ni2+, Mn2+, and Zn2+) exert a large catalytic effect even though binding to the reactant is very weak. 
For example, a 0.02 M concentration OfNi2+ (1000-fold excess) at pH 7.2 produces a 2 X 10s enhancement in /c0bsd for hydrol­
ysis of 3,4-dichlorobenzaldehyde methyl 8-quinolyl acetal, but there is no indication of saturation effects. The rate constants 
for metal ion catalysis of the hydrolysis of the substituted benzaldehyde methyl 8-quinolyl acetals vary with changing substitu-
ents in the same manner as those for the hydronium ion catalyzed reactions. At constant metal ion concentration £0bsd is pH 
independent at pH values above the p^ a of the quinoline nitrogen. Metal ion catalysis must be due to a transition-state effect 
in which the leaving group is stabilized. Incorporation of a second functional group which can chelate the metal ion, as in 3,4-
dichlorobenzaldehyde 8-(2-carboxyquinolyl) methyl acetal, leads to strong binding to the reactant; i.e., saturation effects are 
observed at low metal ion concentrations (10 - 2-10 - 3 M), but catalytic effects at >0.01 M metal ion concentration are slightly 
less than with the 8-quinolyl acetals where reactant binding is weak. This emphasizes the importance of transition-state bind­
ing in these reactions. 

The mechanism of hydronium ion catalyzed hydrolysis of 
simple acetals has been well established as the classical A-I 
mechanism (eq 1) in which there is preequilibrium protonation 
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of the acetal followed by rate-determining breakdown of the 
conjugate acid to an alcohol and a resonance-stabilized car-
bonium ion.2-3 In this mechanism protonation facilitates de­
parture of the leaving group. In the light of eq 1, it might be 
expected that metal ions would also effectively catalyze the 
reactions if they could bind to the reactant. Apparently, simple 
acetals without metal ion coordinating functional groups are 
not subject to metal ion catalyzed hydrolysis. However, Clark 
and Hay4 found that hydrolysis of 8-quinolyl /3-D-glucopyra-
noside is catalyzed by metal ions. Binding to the substrate was 
found to be weak, and saturation effects could not be 
achieved. 

General acid catalysis and partially rate-determining pro­
tonation by hydronium ion occur in cases where C-O bond 
breaking is facile,5'6 owing to a good leaving group (a phenol) 
in combination with a moderately stable carbonium ion in­
termediate,7-9 or to a highly stabilized carbonium ion when 
the leaving group is poor.10-1' In those reactions, protonation 
and C-O bond breaking occur in a concerted manner, as, for 
example, in I.5-7 A metal ion should participate similarly; i.e., 
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its effect would be a transition-state effect. A transition-state 
effect in which the leaving group is stabilized has been regarded 
as a possibility in metal ion catalyzed ester and amide hy­
drolysis,12"15 but evidence is lacking. In order to determine the 
effectiveness of metal ions in reactions in which C-O bond 
breaking is part of the rate-determining step, we have studied 
the hydrolysis of substituted benzaldehyde methyl 8-quinolyl 
acetals such as II, and, to determine the effects of strong metal 
ion binding to the reactant, the hydrolysis reactions of 3,4-
dichlorobenzaldehyde 8-(2-carboxyquinolyl) methyl acetal 
(III) have been investigated. Mixed methyl phenyl acetals of 

OCH,, 

II III 

substituted benzaldehydes have been shown to be subject to 
general acid catalysis in their hydrolysis reactions.9-16 
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Figure 1. Plots of log £obsd vs. pH for hydrolysis of benzaldehyde methyl 
8-quinolyl acetal (O),p-chlorobenzaldehyde methyl 8-quinolyl acetal ( • ) , 
andp-nitrobenzaldehyde methyl 8-quinolyl acetal (©) in 50%dioxane-
H2O (v/v) at 30 0C and n = 0.05 with LiClO4. 

Table I. Rate Constants for Hydrolysis of Substituted 
Benzaldehyde Methyl 8-Quinolyl Acetals at 30 0 C in 50% 
Dioxane-H20 (v/v), » = 0.05 (with LiClO4) 

substituent P* a 

A:0 X 104, 
M- M" 

H 
H" 
p-Cl 
p-Cl" 
p-Cl* 
p-NO? 
3,4-diCl 

3.71 

3.71 

5.20 
3.29 
3.58 

2.86 

1.07 
1.77 

198 
0.0356 
0.206 

42.9 
96.0 
19.1 
35.5 

6990 
0.289 
2.48 

3.12 

" In 50%dioxane-D2O (v/v). * In H2O. 

Experimental Section 

Materials. 8-Hydroxyquinoline-2-carboxylic acid was prepared 
as previously described17 except that 8-hydroxyquinoline /V-oxide was 
obtained from Aldrich Co. The acid was esterified by refluxing 
overnight in methanol saturated with dry HCI. After the methanol 
was removed by rotary evaporation, the ester hydrochloride was 
suspended in a small volume of water which was neutralized to pH 
5 by the addition of sodium acetate. The precipitated free base form 
of methyl 8-hydroxyquinoline-2-carboxylate was then recrystallized 
from dry chloroform-hexane (mp 84-86 0C). Hay and Clark14 have 
reported a melting point of 105-106 0 C for the ester hemihydrate. 

The syntheses of the mixed acetals were accomplished by the gen­
eral method described earlier.18 The acetals which were solids were 
recrystallized from chloroform-hexane. 

Benzaldehyde methyl 8-quinolyl acetal had bp 140 0 C (0.03 mm), 
/!D2 4 1.6172. Anal. Calcd for C n H i 5 N O 2 : N, 5.28. Found: N, 
5.26. 

4-Chlorobenzaldehyde methyl 8-quinolyl acetal had bp 155 0 C 
(0.04 mm), KD2 4 1.6178. Anal. Calcd for C ] 7 H I 4 C I N O 2 : C, 68.13; 
H, 4.68; N, 4.68. Found: C, 67.59; H, 4.82; N, 4.50. 

3,4-Dichlorobenzaldehyde methyl 8-quinolyl acetal had bp 175 "C 
(0.02 mm), «D

2 4 1.6261. Anal. Calcd for Ci7Hi3Cl2NO2 : C, 61.1 1; 
H, 3.89; N, 4.19. Found: C. 61.10; H, 4.07; N, 4.10. 

4-Nitrobenzaldehyde methyl 8-quinolyl acetal hydrate had mp 
48-50 0 C. Anal. Calcd for C 7 H 1 4 N 2 O 4 -H 2 O: C, 62 J 9 ; H, 4.87; N, 
8.53. Found: C, 61.78; H, 4.58; N, 8.39. The infrared spectrum con­
clusively showed the presence of the hydrated form. 

3,4-Dichlorobenzaldehyde methyl 8-(2-carbomethoxyquinolyl) 
acetal had mp 127-129 0C. Anal. Calcd for Ci9HnNO4Cl2 : C, 58.19; 
H, 3.83; N, 3.57. Found: C, 57.84; H, 3.96; N, 3.39. The ester was 
hydrolyzed to its carboxylate salt by adding equal volumes of a solution 
of 4 X 10"3 M ester in MeOH to a solution of 0.4 MNaOH in 80/20 
v/v F . tOH/H 2 0 and allowing the solution to stand for at least 1 h. 

The dioxane used in these studies was spectral grade (Mallinckrodt) 

Figure 2. Plots of log kN (O) and log k2 (Co2+) ( • ) vs. cr for hydrolysis 
of para-substituted benzaldehyde methyl 8-quinolyl acetals in 50%diox-
ane-H20 (v/v) at 30 0C and n = 0.05 with LiClO4. 

and was refluxed over sodium borohydride for 3 h and distilled prior 
to use. 

Kinetic Measurements. The rates of hydrolysis of the acetals were 
measured with a Beckman Model 25 recording spectrophotometer 
or a Durrum Dl 10 stopped-flow apparatus equipped with a Hew­
lett-Packard Model 1207B storage oscilloscope. With the 8-hy-
droxyquinolyl acetals, the non-metal-ion-catalyzed reactions were 
followed by monitoring appearance of phenol at 260 nm, and the 
metal-ion-assisted reactions were measured by following appearance 
of metal ion-phenol complex at 260 or 252 nm. In the case of the 8-
(2-carboxyquinolyl) acetal (III), all rates were measured by following 
appearance of phenol or metal ion-phenol complex at 265 nm. In a 
typical experiment where the half-life of the reaction was 10 s or 
greater, 10-50 /uL of a stock solution of acetal (1 X 1O-2 M in MeOH) 
was added to 2-3 mL of reactant solution maintained at the desired 
temperature. Reaction rates with half-lives of 5 s or less were measured 
using the stopped-flow spectrophotometer. One drive syringe con­
tained 40 ^L of the acetal stock solution in 0.001 M A'-ethylmor-
pholine buffer (pH 8). The other drive syringe contained metal ion 
and the reaction buffer (0.02 M). 

Noncomplexing buffers were used whenever possible, and the total 
buffer concentration was only 0.02 M. Therefore, no corrections were 
made for any possible metal ion-buffer complexation. In addition, 
the solutions contained 2 X 1O-5 M EDTA as a precaution against 
trace metal ion effects from buffer or salts. However, reactant solu­
tions which did not contain EDTA but which were extracted with 
0.001 M dithizone in carbon tetrachloride" gave exactly the same 
results with the 8-hydroxyquinolyl acetals. Good first-order kinetics 
were obtained for at least 4 half-lives. Pseudo-first-order rate constants 
and subsequent kinetic parameters were evaluated using a nonlinear 
least-squares program. Reaction solution pH values were measured 
with a Beckman Model 3500 or a Radiometer Model 22 pH meter. 

Results 

The p H - l o g (ra te constant) profiles in Figure 1 for hy­
drolysis of substituted benzaldehyde methyl 8-quinolyl acetals 
at 30 0 C in 50% d ioxane -FhO, /u. = 0.05, show hydronium ion 
catalysis at low p H , a plateau as the pKa of the quinoline ni­
trogen is approached, and a hydronium ion catalyzed hydrol­
ysis of the neutral species at higher pH values. The values of 
^obsd follow the equation 

^obsd 
k-NHan2 + k^KaaH (2) 

where k^n and /CN are second-order rate constants for hy­
dronium ion catalyzed hydrolysis of the protonated and neutral 
species, respectively, and Kd is the apparen t dissociation con­
stant of the quinoline conjugate acid. Values of these constants 
are given in Table I. The H a m m e t t ap p lots 2 0 for the substit­
uent groups H,p-C\, and/?-NC>2 are linear as shown for k^ in 
Figure 2. The values of p for &NH and k^ are —2.60 and —3.07, 
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Figure 3. Plots of log &0bsd vs. pH for hydrolysis of 3,4-dichlorobenzal-
dehyde 8-(2-carboxyquinolyl) methyl acetal in H2O (top curve) and 50% 
dioxane-H20 (v/v) (bottom curve) at 30 0C and fi = 0.05 with 
LiClO4. 

Table II. Rate Constants for Hydrolysis of 3,4-
Dichlorobenzaldehyde 8-(2-Carboxyquinolyl) Methyl Acetal at 30 
°C in H2O and 50% Dioxane-H20 (v/v), n = 0.05 (with LiClO4) 

solvent P*a M"1 s-' M - ' s -
k0 X 104, 

H2O 4.83 75.2 2090 2.04 
50% dioxane-H20 4.79 3.11 39.6 

respectively. In H2O as the solvent a pH-independent reaction 
was observed in hydrolysis of the p-chloro-substituted com­
pound (A:0 = 3.12X 10- 4 S- ' ) . 

It has been well established that hydrolysis of benzaldehyde 
methyl phenyl acetals is general acid catalyzed.9-16 A small 
catalytic effect by buffer was also observed with the present 
series of acetals. For example, the second-order rate constant 
for chloroacetic acid catalysis of the hydrolysis of />-chloro-
benzaldehyde methyl 8-quinolyl acetal in 50%'dioxane-H2O 
at 30 0 C is 0.035 M - 1 s_1 , while that for formic acid catalysis 
(pH 4.22, n = 0.25 M with LiClO4) is 0.018 M" 1 s"1. The 
second-order rate constant for formic acid catalysis of the 
hydrolysis of II at 30 0 C in 50% dioxane-H20 (pH 4.22, n = 
0.25 M with LiClO4) is 0.0017 M - ' s - ' . Rate constants at pH 
>3 were therefore routinely obtained in 0.02 M total buffer 
where buffer effects are negligible. 

The pH-log (rate constant) profiles for hydrolysis of 3,4-
dichlorobenzaldehyde 8-(2-carboxyquinolyl) methyl acetal 
in H2O and 50% dioxane-H20 at 30 0 C, n = 0.05, are pre­
sented in Figure 3. In dioxane-H20 eq 2 is followed, but in 
H2O an additional term &o for pH-independent hydrolysis is 
required: 

^obsd — 
&NHtfH2 + ^ N A V ^ H + koK& 

K3 + ai 
(3) 

Values of the constants are given in Table II. 
The rate of hydrolysis of the substituted benzaldehyde 

methyl 8-quinolyl acetals in 50% dioxane-H20 and H2O2 1 is 
markedly catalyzed by low concentrations of divalent metal 
ions (Cu2 + , Co2 + , Ni 2 + , Mn 2 + , and Zn 2 + ) . However, satura­
tion effects were not observed at metal ion concentrations as 
high as 0.02 M (1000-fold excess over substrate). In Figure 4 
is shown the linear plot of k0bsd vs. N i 2 + concentration for 
hydrolysis of 3,4-dichlorobenzaldehyde methyl 8-quinolyl 
acetal at pH 7.2. Similar linear plots were obtained with the 
other metal ions in the series at various pH values. The sec­
ond-order rate constants A: 2 (slope of k0bsd vs. Me2 +) are given 

Figure 4. Plot of &0bsd vs. Ni2+ concentration for hydrolysis of 3,4-di­
chlorobenzaldehyde methyl 8-quinolyl acetal at pH 7.2 in 50% dioxane-
H2O (v/v) at 30 0C and fi = 0.05 with LiClO4. 

Table III. Second-Order Rate Constants for Metal Ion Catalysis of 
the Hydrolysis of Substituted Benzaldehyde Methyl 8-Quinolyl 
Acetals at 30 0C in 50% Dioxane-H20 (v/v), /j. = 0.05 (with 
LiClO4) 

compd 

benzaldehyde methyl 
8-quinolyl acetal 

p-chlorobenzaldehyde methyl 
8-quinolyl acetal 
3,4-dichlorobenzaldehyde 
methyl 8-quinolyl 
acetal 

p-nitrobenzaldehyde methyl 
8-quinolyl acetal 

metal ion 

Ni2+ 

Co2+ 

Co2+ 

Mn2+ 

Ni2+ 

Co2+ 
Ni2+ 

Co2+ 

Zn2+ 

Cu2+ 

Ni2+ 

Ni2+ 

Co2+ 

Co2+ 

Co2+ 

Cu2+ 

Cu2+ 

Mn2+ 

pH 

6.5 

6.5 
6.9 
6.5 
6.8 
6.8 
7.2 
6.1 
5.4 
6.1 
6.4 
7.2 
7.4 
7.2 
6.5 
5.9 
5.2 
6.5 

* 2 , 
M - ' s - 1 

34.0 

17.7 
21.8" 
0.318° 

17.8 
5.63 
1.67 
0.752 
1.54 

3020 
0.364 

12.5b 

0.0632 
3.32* 
3.41c 

200 
17 800b-21 

0.0384c 

" In 50% dioxane-H20, n = 0. 
ix = 0.1, with KCl. 

, with KCl. * In H2O. c In H2O, 

in Table III, and in Figure 2 is shown a plot of log &2 vs. a for 
Co2 + catalysis. The order of reactivity is Cu2 + > Ni 2 + ~ Zn2 + 

~ Co 2 + > Mn2 + . The metal ion catalyzed reactions are pH 
independent at pH >4 as shown in Figure 5 where the pH-log 
(rate constant) profiles are presented for hydrolysis of 3,4-
dichlorobenzaldehyde methyl 8-quinolyl acetal in the presence 
of 0.005 M Ni 2 + and in the absence of metal ion. The decrease 
in ^obsd at pH <4 must reflect an increased difficulty of metal 
ion binding when the quinoline nitrogen is protonated. 

The hydrolysis of 3,4-dichlorobenzaldehyde 8-(2-car-
boxyquinolyl) methyl acetal is also catalyzed by divalent metal 
ions, and saturation effects are observed at low concentrations 
of metal ion. Figure 6 is a plot of £0bSd at pH 7.3 vs. the con­
centration of Ni 2 + . Since spontaneous hydrolysis is negligible 
the equation 

*obsd — 
^Me-KWMe2+] 

»2+1 (4) 
1 + KMe[Me2 . 

is followed, where /CMC is the limiting value of A:0bsd and Ky\& 
is the metal ion association constant. Similar saturation plots 
for the other metal ions at various pH values allowed deter­
mination of the constants in Table IV. The metal ion dilution 
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Figure 5. Plot of log A0bsd vs. pH for hydrolysis of 3,4-dichlorobenzaldehyde 
methyl 8-quinoIyl acetal in 50% dioxane-H20 at 30 °C and fi = 0.05 with 
LiCIO4 in the absence of metal ion (O) and in the presence of 0.005 M 
Ni 2 + (•) . 

Table IV. Metal Ion Effects in the Hydrolysis of 3,4-
Dichlorobenzaldehyde 8-(2-Carboxyquinolyl) Methyl Acetal at 30 
0C in H2O and 50% Dioxane-H20 (v/v), /* = 0.05 (with LiClO4) 

metal ion 

Ni 2 + 

Co 2 + 

Zn 2 + 

Cu 2 + 

pH 

7.30 
7.20 
6.30 
5.30 
6.40 
6.30 
5.30 
6.40 
6.09 
5.23 
4.09 
6.40 

solvent 

H2O 
H2O 
H2O 
H2O 
50%dioxane-H2O 
H2O 
H2O 
50%dioxane-H2O 
H2O 
H2O 
H2O 
50%dioxane^H2O 

^Me, 
S - ' 

1.36 
1.33 
1.34 
1.56 
0.0212 
0.74 
0.705 
0.0278 

23.4 
21.1 
23.4 

1.03 

^ M = X 10-3 , 
M - ' 

1.10 
0.740 
0.768 
0.514 
3.70 
1.67 
1.55 
2.16 

>10" 
>10" 
>10" 
>10" 

" Cu2+ shows a saturating effect at a concentration of 2 X 10 
M. 

data obtained in 50% dioxane-water are less satisfactory than 
those obtained in water. The value of /c0bsd increases more than 
expected at high metal ion concentrations, perhaps due to a 
medium effect because of replacement of unipositive lithium 
ions by dipositive metal ions at low ionic strength in the diox-
ane-H20 medium. This trend was observed to a much lesser 
extent in water. To test whether a medium effect was indeed 
the cause, several kinetic runs in 50% dioxane-water (v/v) were 
followed with ionic strength /j. = 0.5 M. The data obtained were 
significantly improved at the higher ionic strength; at pH 7.2, 
the values of kMe and KMe are 3.85 X lO"2 s~' and 1.16 X 103 

M - 1 , respectively, for Co2 + . 
In hydrolysis of III catalyzed by Mn 2 + at pH 7.2 in H2O (n 

= 0.1 with KCl), saturation effects were not observed at metal 
ion concentrations as high as 0.005 M. The value of k2 is 26.5 
M - 1 s_ 1 . At Mn2 + concentrations greater than 0.005 M the 
points fall below the straight line in the plot of /c0bsd vs. metal 
ion concentration, and at 2 X 1O-2 M Mn 2 + /c0bsd is almost 
50% below the line, thus indicating that KMe for binding is ~50 
M - ' and the limiting rate constant ^Me is ~ 6 X 10_1 s~'. 

Discussion 

The hydrolysis of the substituted benzaldehyde methyl 8-
quinolyl acetals proceeds in an analogous manner to the cor­
responding benzaldehyde methyl phenyl acetals which have 
been extensively studied.9'16 Thus, the Hammett p value for 
hydronium ion catalyzed hydrolysis of para-substituted 

6 8 10 4 5 
Ni2*x103M 

Figure 6. Plot of /;obsd vs. Ni2+ concentration for hydrolysis of 3,4-di­
chlorobenzaldehyde 8-(2-carboxyquinolyl) methyl acetal at pH 7.3 in H2O 
at 30 0C and [i = 0.05 with LiClO4. The solid line was constructed from 
eq 4 and the constants of Table IV. 

benzaldehyde methyl phenyl acetals is —2.26.16 The p values 
for hydronium ion catalyzed hydrolysis of the neutral and 
protonated species of the substituted benzaldehyde methyl 
8-quinolyl acetals are —3.1 and —2.6, respectively. These large 
negative values reflect the unfavorable effect of electron 
withdrawal in the aldehyde portion of the molecule on basicity 
and on the ease of stabilization of the developing carbonium 
ion. The benzaldehyde methyl phenyl acetals are subject to 
general acid catalysis in their hydrolytic reactions with 
Br^nsted coefficients of 0.5-0.9.9 '16 General acid catalysis 
arises in these reactions because of the ease of C-O bond 
breaking due to the good leaving group (a phenol) in combi­
nation with a moderately well stabilized carbonium ion in the 
transition state. Likewise, the benzaldehyde methyl 8-quinolyl 
acetals, possessing the same structural features, also undergo 
general acid catalysis in their hydrolytic reactions. The D2O 
solvent isotope effects for hydronium ion catalyzed hydrolysis 
of substituted benzaldehyde methyl 8-quinolyl acetals (Table 
I) are comparable to those obtained with electronically similar 
methyl phenyl acetals.16 Consequently, the acetals hydrolyze 
by identical mechanisms which undoubtedly involve partial 
proton transfer from hydronium ion or general acids to the 
leaving group oxygen in the transition state (IV). 

5+ ^,.OCH3 

JCH:' 

In reactions proceeding via transition states similar to IV 
it might be expected that metal ions would duplicate or en­
hance the effect of acids by binding to the leaving group in the 
transition state. However, for this to occur it is necessary that 
a functional group be present so that the metal ion can be 
chelated; metal ion catalysis is not observed in the hydrolysis 
of simple acetals, although heavy metal ions will catalyze hy­
drolysis of thioacetals by binding to sulfur.22 Divalent metal 
ions are very effective catalysts in the hydrolysis of the benz­
aldehyde methyl 8-quinolyl acetals. Large rate enhancements 
are observed at low metal ion concentrations. For example, in 
hydrolysis of 3,4-dichlorobenzaldehyde methyl 8-quinolyl 
acetal a 0.02 M concentration of Ni 2 + enhances &0bsd at pH 
7.20 by a factor of 2.2 X 105.23 The other metal ions in the 
series Cu2 + , Co2 + , Zn 2 + , and Mn2 + are also highly effective 
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catalysts, the order of reactivity being Cu 2 + > Ni 2 + ~ Co 2 + 

~ Zn 2 + > Mn 2 + . This catalysis is associated with the ability 
of a metal ion to chelate the quinoline nitrogen and the oxygen 
leaving group at some point in the reaction, since benzaldehyde 
methyl 6-quinolyl acetals are not subject to metal ion catalyzed 
hydrolysis.24 The second-order rate constants for metal ion 
catalyzed hydrolysis roughly parallel the binding constants to 
the product 8-hydroxyquinoline.25 Since the second-order rate 
constant k2 is actually k2'KMe, the product of a binding con­
stant and a rate constant, the parallel with the product binding 
constants suggests that the values of Ic2' are similar. 

The catalytic effects exerted by the divalent metal ions are 
obtained in spite of the fact that binding of metal ion to the 
reactant is very weak. In Figure 4 it can be seen that there is 
no indication of any saturation effect in the Ni2+-catalyzed 
reaction at 0.02 M metal ion concentration. The metal ion must 
therefore be exerting its large effect in the transition state. The 
metal ions bind strongly to the product 8-hydroxyquinoline,25 

and accordingly binding in the transition state should be much 
stronger than binding to reactant. As the C-O bond begins to 
break negative charge will be generated on oxygen, thereby 
allowing the metal ion to bind strongly in the transition state 
as in V. The metal ion binding to the quinoline nitrogen and 

6+ ^OCH3 

OCH3 

the leaving group would increase the ease of unimolecular C-O 
bond breaking. Metal ion catalysis can therefore be properly 
viewed as an enhancement in the pH-independent unimolec­
ular decomposition, just as hydronium ion and general acid 
catalysis, in which concerted proton transfer and C-O bond 
breaking occur, can be similarly viewed. All acetals subject to 
general acid catalysis have been found to give rise to a uni­
molecular decomposition reaction because of the great ease 
of bond breaking.56 It will be noted in Figure 5 that the metal 
ion catalyzed reaction is pH independent at pH >4. Further 
evidence that the metal ion is functioning analogous to hy­
dronium ion is afforded by the similar changes in the rate 
constants for the two reactions as the substituent groups in the 
aldehyde portion of the molecule are varied (Figure 2). It can 
be seen in Tables I and III that /CN and k2 for Ni 2 + are quite 
similar for all the 8-quinolyl acetals. 

The hydrolysis of 8-quinolyl-/3-D-glucopyranoside is also 
metal ion catalyzed,4 but in that case catalysis may be due to 
binding of the metal ion to the reactant. Glycoside hydrolysis 
proceeds by an A-1 mechanism or perhaps may be solvent as­
sisted (A-2).26 '27 In those mechanisms, which occur because 
of the relative instability of the glycosyl carbonium ion, a 
proton is completely donated to oxygen by hydronium ion in 
a preequilibrium process. Before the C-O bond can begin to 
break in such cases, a proton must be completely transferred 
to the leaving group. Therefore, it would be expected that metal 
ion catalysis would be analogous and would depend upon 
binding to the reactant. 

Incorporation of a carboxyl group into the 2 position of the 
benzaldehyde methyl 8-quinolyl acetals has little influence 
(~tenfold rate enhancement) on the non-metal-ion-catalyzed 
hydrolysis reaction. Thus, the pH-log (rate constant) profiles 
for II and III are quite similar in shape. However, the second 
functional group in position to bind a metal ion in III leads to 
strong metal ion chelation to the reactant (VI). In contrast with 
II, saturation effects are now observed at low metal ion con­
centrations. Figure 6 shows a typical plot of £0bsd vs. metal ion 

concentration illustrating this saturation effect. However, 
strong binding to the reactant does not increase the effective­
ness of metal ion catalysis over that with the benzaldehyde 
methyl 8-quinolyl acetals. In fact, at equal concentrations 
of metal ion (>0.01 M), the rate-enhancing effect in hydrolysis 
of II is greater than that of III. It is likely that strong binding 
to the reactant does not produce a further rate enhancement 
because such binding does not appreciably facilitate the ease 
of metal-ion binding in the transition state. The smaller cata­
lytic effect of metal ions in hydrolysis of III may in fact reflect 
an increased difficulty of binding to the transition state; i.e., 
the geometrical constraints imposed by binding to the reactant 
may be less favorable for the reaction. The limiting rate at high 
metal ion concentration is almost the same for Ni2 + , Co2+ , and 
Zn2 + , and only ~tenfold larger for Cu2 + . This is again very 
likely because binding to the phenolic oxygen of the leaving 
group in the transition state is the critical factor. The rate ratios 
are therefore similar to those encountered with the 8-hy­
droxyquinoline acetals with small variations in the series. 

One complexity encountered in the 2-carboxyquinolyl sys­
tem, which does not occur with the acetals of 8-hydroxy­
quinoline, is that addition of one proton to the quinoline portion 
of the molecule will not necessarily inhibit metal ion catalysis. 
Thus, the scheme of eq 5 is possible. 

+ Me- + 3==* [complex] 

IK,, 

products 

*V 
Me2+ < f [complex'] 

I*""' 
products 

Assuming that the non-metal-ion-catalyzed reaction can 
be neglected 

k Me''a H A W [ M e 2 + ] + kMeKMeKa[ Me2 +] 
<obsd - a H ( l + A W [ M e 2 + ] ) + K8(I + A W M e 2 + ] ) 

Since A-Me > A-Me' 

(kMe'aHKMe' + £MeAWA"a) [Me2+] 
<-obsd — 

(6) 

(7) 
«H + *a(l +A -Me[Me2+]) 

Evidence for a significant contribution to /c0bsd of the &M</ 
pathway would be an acid dependence of the limiting rate at 
high metal ion concentration. However, this is not observed. 
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The rate constants give a satisfactory fit to the equation 

*obsd aH + ATaCl + / W M e 2 + ] ) W 

and are nearly pH independent at pH >5. 
a-Amylase, an enzyme catalyzing the hydrolysis of the 

polysaccharide a-amylose, requires the presence of Ca2+.28 

It is not known whether the metal ion is necessary for catalytic 
purposes, although it is important for structural reasons. 
However, it is clear that a properly positioned metal ion could 
play a large catalytic role in such enzymatic reactions. It has 
recently been reported29 that Mn2+ and Mg2+ activate /3-ga-
lactosidase. A catalytic effect of Mn2+ was observed in hy­
drolysis of the substituted benzaldehyde methyl 8-quinolyl 
acetals, but it is small in comparison with the other metal ions 
in the series. For example, at pH 6.5 (30 0C) the second-order 
rate constant for Mn2+ catalysis of the hydrolysis of /?-nitro-
benzaldehyde methyl 8-quinolyl acetal (0.0384 M - 1 s_1) is 
100-fold less than that for Co2+ (3.41M-1S-'). However, the 
catalytic effect of Mn2+ in hydrolysis of III is comparable to 
that for Ni2+, Co2+, and Zn2+. Binding to oxygen ligands is 
favored over nitrogen by Ca2+, Mn2+, and Mg2+.30 With the 
benzaldehyde methyl 8-quinolyl acetals, where catalysis occurs 
through binding in the transition state, preferred binding to 
oxygen should confer little or no advantage over the other metal 
ions, because binding is taking place to an incipient oxygen 
anion and the quinoline nitrogen. On the other hand, Ca2+, 
Mn2+, and Mg2+ might have an advantage when strong 
binding to the reactant is required, i.e., in cases where the acetal 
hydrolyzes by an A-I or A-2 mechanism (preequilibrium 
protonation by hydronium ion), as in glycoside hydrolysis, and 
the other ligand is an oxygen base (carboxylate anion, etc.). 

Metal Ion Enhancement of C-O Bond Breaking. The finding 
of marked catalytic transition,state effects with the present 
series of compounds shows conclusively that metal ions can 
greatly enhance the ease of C-O bond breaking by stabilization 
of the leaving group. This type of catalysis might also be ef­
fective in the hydrolysis of esters in cases where breakdown of 
a tetrahedral intermediate is rate determining. Such an effect 
has in fact been considered in certain metal ion promoted 
OH—catalyzed reactions of 8-hydroxyquinoline esters.13,14 

However, in hydrolysis reactions of phenolic esters involving 
attack of hydroxide ion it would be expected that formation 
of a tetrahedral intermediate would be rate determining,31 and 
therefore metal ion stabilization of the leaving group would 
be of little consequence.32 A transition-state effect has also 
been suggested as a mechanistic possibility for the zinc me-
talloenzyme carboxypeptidase A.12 A mechanism in which a 
metal ion stabilizes the leaving group in the transition state 
might be a favorable possibility when the leaving group is poor 

and the rate-determining step is breakdown of the tetrahedral 
intermediate. 

Acknowledgment. This work was supported by a research 
grant from the National Institutes of Health. 

References and Notes 
(1) Postdoctoral Fellow, Department of Biochemistry, University of Southern 

California. 
(2) Fife, T. H.; Jao, L. K. J. Org. Chem. 1965, 30, 1492. 
(3) Cordes, E. H. Prog. Phys. Org. Chem. 1967, 4, 1. 
(4) Clark, C. R.; Hay, R. W. J. Chem. Soc, Perkin Trans 2 1973, 1943. 
(5) Fife, T. H, Ace. Chem. Res. 1972, 5, 264, 
(6) Fife, T. H. Adv. Phys. Org. Chem. 1975, 11, 1. 
(7) Fife, T, H.; Jao, L. K. J. Am. Chem. Soc. 1968, 90, 4081. 
(8) Fife, T. H.; Brod, L. H. J. Am. Chem. Soc. 1970, 92, 1681. 
(9) Anderson, E.; Capon, B. J. Chem. Soc. B 1969, 1033. 

(10) Anderson, E.; Fife, T. H. J. Am. Chem. Soc. 1969, 91, 7163. 
(11) Fife, T. H.; Anderson, E. J. Org. Chem. 1971, 36, 2357. 
(12) Dixon, N. E.; Gazzola, C; Blakely, R. L.;'Zerner, B. Science 1976, 191, 

1144. 
(13) Barca, R. H.; Freiser, H. J. Am. Chem. Soc. 1966, 88, 3744. 
(14) Hay, R. W.; Clark, C. R. J. Chem. Soc, Datton Trans. 1977, 1866, 

1993. 
(15) Fife, T. H.; Squiiiacote, V. L. J. Am. Chem. Soc. 1978, 100, 4787. 
(16) Capon, B.; Nimmo, K. J. Chem. Soc, Perkin Trans. 2 1975, 1113. 
(17) Fife, T. H.; Przystas, T. J.; Squiiiacote, V. L. J. Am. Chem. Soc 1979, 101, 

3017. 
(18) Fife, T. H.; Przystas, T. J. J. Am. Chem. Soc. 1979, 101, 1202. 
(19) Thiers, R. E. In "Methods of Biochemical Analysis", Glick, D., Ed.; Inter-

science; New York, 1955; Vol. V, pp 273-335. 
(20) Hammett, L. P. "Physical Organic Chemistry"; McGraw-Hill: New York, 

1940; Chapter VII. 
(21) In H2O and dioxane-H20 infinity points for the hydrolysis reactions of the 

8-quinolyl acetals were stable (>8-10 half-lives). However, at much longer 
time intervals in H2O at high concentrations of Cu2+ the absorbance in­
creased, which could be due to breakdown of a hemiacetal. This was not 
observed with the other metal ions, in 50% dioxane-H20, nor in any of the 
reactions of III. Therefore, it was not investigated further. 

(22) De, N. C; Fedor, L. R. J. Am. Chem. Soc. 1968, 90, 7266. 
(23) Since this concentration of metal ion is not saturating, larger rate en­

hancements could be obtained by increasing the metal ion concentration. 
Also, since the metal ion catalyzed reaction is pH independent, larger 
enhancements would be observed at higher pH values. 

(24) Fife, T. H.; Przystas, T. J., unpublished data. 
(25) Values of the logarithms of the stability constants at 25 0C for complexation 

of various metal ions with 8-hydroxyquinoline: Cu(II), 12.10; Ni(II), 9.27; 
Co(II) 8.65; Zn(II) 8.52; Mn(II) 6.80. Sillen, L. G.; Martell, A. E. "Stability 
Constants of Metal-Ion Complexes"; The Chemical Society: London, 1964; 
ibid., Supplement No. 1, 1971. 

(26) Capon, B. Chem. Rev. 1969, 69, 407. 
(27) Young, P. R.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 8238. 
(28) Thoma, J. A.; Spradlin, J. E.; Dygert, S. In "The Enzymes," 3rd ed.; Boyer, 

P. D. Ed.; Academic Press: New York, 1971; Vol. V, p 115. Hsiu, J.; Fischer, 
E. H.; Stein, E. A. Biochemistry 1964, 3, 61. 

(29) Huber, R. E.; Parfett, C; Woulfe-Flanagan, H.; Thompson, D. J. Biochemistry 
1979, 18, 4090. 

(30) Cotton, F. A.; Wilkinson, G. "Advanced Inorganic Chemistry," 3rd ed.; 
Wiley-lnterscience: New York, 1972; p 217. Basolo, F.; Pearson, R. G. 
"Mechanisms of Inorganic Reactions",' 2nd ed.; Wiley: New York, 1967; 
pp 23-25. 

(31) Bruice, T. C; Benkovic, S. J. "Bioorganic Mechanisms;" W. A. Benjamin: 
New York, 1966. 

(32) The rate enhancements produced in the metal ion catalyzed hydrolysis 
reactions by substitution of a carboxyl group into the 2 position are much 
greater with the ester 8-(2-carboxyquinolyl) hydrogen glutarate17 and show 
a larger variation within the series of metal ions than in the case of the 
acetal III. This difference arises because of the different mechanisms, the 
ester hydrolyzing with metal ion promoted attack of OH - at the ester car-
bonyl. 


