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Abstract: A kinetic study of the dehydration of 9-hydroxy-10-methyl-c/s-decalone-2 (1) to form 10-methyl-A1'9-
octalone (2) in aqueous solution has been made using a variety of primary and secondary amines as catalysts. 
Evidence, including a large primary kinetic isotope effect with appropriately deuterated 1, has been found for 
catalysis involving rate-limiting a-proton abstraction by general bases from an iminium derived from 1. When 
the general base is another molecule of the imine-forming amine, the bimolecular rate constant (fcAB) varies less 
than a factor of 2 over an amine basicity range of 105. This invariance results from a balancing of two effects: 
an increase in the effectiveness of the amine as a general base for a-proton abstraction with increasing pK,. (ft = 
0.5), and a decrease in the susceptibility of iminium ions to deprotonation with increasing pK„. These findings 
lead to the conclusion that a nucleophilic amine catalyst for a deprotonation will be most effective when pH = 
pKj< = pKa

B, where p#a
N is the pAV of the imine-forming amine and pK*B is the pK* of the general base. The fact 

that this condition for maximum catalytic effectiveness can be met at neutral pH elucidates why many enzymes 
have evolved which operate via iminium ion formation. The maximum rate of catalysis for an enzyme constrained 
to operate with pH = p#a

N = P-^aB is estimated and compared with experimental values. 

As delineated in part I of this study,1 the dehydration 
^ of /3-hydroxy ketone 1 to form a,/3-unsaturated 

ketone 2 is subject to complex general acid-base ca
talysis. Additional catalysis of this reaction by non-
tertiary amines via iminium ion formation was also ex
pected, because such catalysis had been found previ
ously in the conversion of /3-acetoxy ketone 3 to 2.2 

Similar, but more extensive, evidence of nucleophilic 
catalysis by primary and secondary amines of the de
hydration of 1 is presented in this paper. These re
sults are then used as the basis for a generalized dis
cussion of this type of catalysis, in which conversion of 
a carbonyl group to an iminium ion facilitates removal, 
without its bonding electrons, of a group in the a posi
tion. Such processes are prevalent, both enzymically 
and in model systems. Examples include decarboxyla
tions of /3-keto acids,3,4 aldol5,6 and retroaldol7 reac
tions, enolizations,8-11 and dehydrations.1213 In this 
discussion, we offer an explanation why the iminium ion 
pathway is particularly well suited to biochemical sys
tems. 

(1) D. J. Hupe, M. C. R. Kendall, G. T. Sinner, and T. A. Spencer, 
/ . Amer. Chem. Soc, 95, 2260 (1973). 

(2) D. J. Hupe, M. C. R. Kendall, and T. A. Spencer, ibid., 94, 1254 
(1972). 

(3) P. A. Frey, F. C. Kokesh, and F. H. Westheimer, ibid., 93, 7266 
(1971). 

(4) F. C. Kokesh and F. H. Westheimer, ibid., 93, 7270 (1971), and 
references therein. 

(5) J. C. Speck, P. T. Rowley, and B. L. Horecker, ibid., 85, 1012 
(1963). 

(6) A. A. Yasnikov, T. S. Boiko, N. V. Volkova, and I. V. Mel'ni-
chenko, Biokhimiya, 31, 969 (1966). 

(7) F. H. Westheimer, Ann. N. Y. Acad. Sci., 39, 401 (1940). 
(8) J. Hine, M. S. Cholod, and J. H. Jensen, / . Amer. Chem. Soc, 93, 

2321 (1971), and earlier papers in this series. 
(9) M. L. Bender and A. Williams, ibid., 88, 2502 (1966). 
(10) G. E. Lienhard and T.-C. Wang, ibid., 90, 3781 (1968). 
(11) M. A. Roseman, Ph.D. Thesis, Michigan State University, 1970. 
(12) D. Portsmouth, A. C. Stoolmiller, and R. H. Abeles, J. Biol. 

Chem., 242, 2751 (1967). 
(13) See W. A. Wood in "The Enzymes," Vol. V, 3rd ed, P. D. Boyer, 

Ed., Academic Press, New York, N. Y., 1971, p 582, for a consideration 
of "Schiff Base-Assisted Dehydrations," including the example cited in 
ref 12. 

0J^^J 0<KAHK O ^ ^ O^A^ 
OH A 0 H / \ OAc 

D D D D 
1 l-C,-d2 2 3 

Results 

The preparation of the substrates for this study, 1 
and l-Ci-e?2,

14 was described in part I.1 The reactions 
of dilute aqueous solutions of these /3-hydroxy ketones 
were monitored by observing the increase in absor-
bance at 247 nm caused by formation of the product 2. 
The reactions proceeded essentially quantitatively and 
afforded excellent pseudo-first-order kinetics. 

The rate of formation of 2 from 1 is described by eq 
1, where [H3O+] is aH as measured by pH meter, [OH -] 

^ = [/([B-\|,[OH-],[H30+]) + /cA[RNH3+] + 

£/cAB
n[RNH3+][B"]][l] (1) 

n 

is Aw/tfH, [Bn] is the concentration of a given general 
base in solution, and [RNH3

+] is the concentration of 
primary or secondary (but not tertiary) amine. The 
quantity /([Bn],[OH-],[H30+]) represents the complex 
dependence of the rate of dehydration of 1 on pH and 
general base and acid concentrations which was de
scribed in part I.1 

Because primary and secondary amines exhibit large 
kinetic terms reflecting catalysis via iminium ion forma
tion, as described below, it was not possible, as it was 
for tertiary amines, to measure all of the individual 
rate constants necessary to describe completely the 
quantity /([Bn],[OH-],[H30+]). However, in order to 
obtain values of the desired rate constants kA and 

(14) The substance designated l-G-rf2 is actually 1,1,3,3,8,8-hexa-
deuterio-9-hydroxy-10-methyl-ci'i-decalone-2, as its method of prepa
ration (ref 1) makes clear. 
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Table I. Rate Constants for the Reactions of 1 and 3 with Primary and Secondary Amines in Aqueous Solution at 25c 

-Substrate 1-

Amine P#a« 
fca', 

M'1 sec-
^ A B , 

M'1 sec-
* A , 

A/ -1sec -1 
No. of 

runs 
* B , 

A/ -1sec -

-Substrate 3b-
^ A B , 

M~2 sec-1 
* A , 

A/-1sec" 

Cyanomethylamine 5.34 5,0 X 10"« 2.45 X 10~3 1.5X10-« 
Trifluoroethylamine 5.70 2.5XlO"6 1.4 XlO" 
Ethyl glycinate 
Ethoxyethylamine 
Allylamine 
«-Butylamine 
Morpholine 
Hexamethylenimine 
Piperidine 
Pyrrolidine 

7.73 
9.44 
9.49 

10.61 
8.36 

11.10 
11.22 

7.0 X 10-
2.1 X IO"5 

5.0 X 10-« 
1.2 X 10-" 

2.0 X 10-8 

2.9 X 10-3 

1.4 X 
1. 

6.0 X 10"« 
6.0 X 10"' 

10-s 

2.5 X 
2.0 X 
3.0 X 

io-« 
io-i 
io-6 

.2 X 10-
~ 8 X lO-

ll.32 4.7 X 10-3 

104 
32 
44 
16 
36 
29 
56 
48 
24 
24 

3.8 X 10-* 4.1 X 10-
6 X 10-» 
7 X 10-* 
2 X 10-3 

9 X 10"3 

2 X 10"s 

5 X IO"3 

9 X 10-' 
3 X IO"1 

1 X 10"» 

8 X IO"3 

0 X IO"3 

1.0 X IO'4 

4.6 X IO"6 

3 X IO-6 

° The sources of all the pKa values are given in ref 2. * Data from ref 2. 

0.2 0.4 
Total Amine [M] 

Figure 1. Plot of &<,bsd values for the conversion of 1 to 2 vs. total 
cyanomethylamine buffer concentration at pH 5.25 (G), pH 6.94 
(V), and pH 3.02 (E). The lines were computed using eq 3 and 
the rate constants in Table I. 

&AB> which reflect nucleophilic catalysis, this quantity 
must at least be estimated. We have chosen the sim
plifying assumption shown in eq 2, where /CH[H3O+] + 

/([Ba]5[OH-L[H3O+]) « MH3O+] + 

X>B'n[B"]+/oH[OH-] (2) 

/ O H [ O H _ ] at any specified pH is given by eq 3 in part I. 
This assumption of linear dependence on general base 
concentration (/CB'[B]) ignores the change in slope 
which occurs at 8.1 X 1O-7 sec -1 for catalysis of 1 -*• 
2.1 An error of approximately 8 X 1O-7 sec -1 is there
fore introduced, but this is < 1 % of the rate which kAB 

terms exhibit (~10 - 4 sec-1) in the pH-rate profiles 
shown below in Figure 4. Thus, for the purpose of 
evaluating kA and kAB, the rate of reaction may be 
adequately approximated by eq 3, where each kB'[B] 

dP] = i/cH[H30+] + / O H [ O H - ] + E ^ f B - ] + 
dt ( 

MRNH3+]+ E^[RNH 3
+ ] [B"] £[1] ( 3 ) 

term represents catalysis proportional to free amine. 
As discussed below, this term may include catalysis by 
either of two mechanisms. 

In Table I are listed the rate constants, obtained as 
described below, for the various primary and secondary 
amines used in this study. For comparison, the cor
responding values of kB, kA, and kAB with keto acetate 
3 as substrate2 are also listed. The values of kA in 
Table I were obtained from the slopes of plots of 
fcobsd vs. [RNH3

+], using kobsd values (corrected for 
/CH[H3O+] if necessary) measured at pH's well below 
the catalyst pK&, where kAB and kB' terms are negligible. 
These terms were found only for the low-pJ^a primary 
amines in Table I. No such terms were detected for 
low-p-Ka tertiary amines, such as N,N-dimethylcyano-
methylamine (DCMA, pK* = 4.20), or for any high-
pATa amines. 

Similarly, the values of kB' were determined from the 
slopes of plots of kobsd (corrected for/oH[OH_] if neces
sary) vs. [RNH2] at pH's far enough above the pK* so 
that kA and kAB terms were negligible. If this was not 
experimentally possible (as with fl-butylamine, pK* = 
10.61), an approximate value of kB' was obtained and 
used to calculate an approximate value of kAB. By an 
iterative method, these two constants were refined to 
give the best fit with concentration dependence and 
pH-rate profile data. 

Each of the primary amines used in this study ex
hibited kA B [ R N H 3 + ] [ R N H 2 ] terms, which caused 
upward curvature in plots of /c0bsd vs. buffer concentra
tion (Figure 1), and bell-shaped pH-rate profiles with 
a maximum at the amine pKa, where the value of 
[RNH3

+][RNH2] is greatest (Figure 2). In Figure 1, 
nearly linear dependence of /c0bsd on buffer concentra
tion is found both when pH > pK&, owing to dominance 
of ^ ' [RNH 2 ] , and when pH < pK*, owing to domi
nance of /CA[RNH3

+] . When pH « pKa, however, the 
^ A B [ R N H 3

+ ] [ R N H 2 ] term is the most important and 
second-order dependence on amine concentration pro
duces upward curvature. The value of kAB for each of 
the primary amines was obtained from the slope of a 
plot of (kohed - /CB '[RNH2] - /CA[RNH3

+]) VS. [RNH3
+]-

[RNH2]. 
The points in Figure 1 are experimental; the curves 

were computed from the constants for CMA in Table 
I, using eq 3. Figure 2 shows the individual pH-rate 
profiles computed with the constants in Table I for the 
kB'[RNH2], /TA[RNH 3

+ ] , and ^ A B [ R N H 3
+ ] [ R N H 2 ] terms 

for 0.1 M CMA buffer. Their sum gives a good fit 
with the points determined experimentally under the 
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Figure 2. Plot of pseudo-first-order rate constants, fcobsd, for the 
conversion of 1 to 2 in the presence of 0.1 M cyanomethylamine 
buffer vs. pH. The points are experimental and the lines were 
calculated for the kB '[RNH2] term ( ), the /cA[RNH3

+] term 
( ), the ZkAB[RNH3

+][RNH2] term ( ), and the sum of these 
three terms ( ), using eq 3 and the rate constants in Table I. 
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Figure 3. Plot of pseudo-first-order rate constants, fcobsd, for the 
conversion of 1 to 2 in the presence of 0.4 M trifluoroethylamine 
buffer vs. pH. The points are experimental and the line was calcu
lated using eq 3 and the rate constants in Table I. 

same conditions, showing plateaus above and below 
the pK*, caused by the kB' and /cA terms, respectively, 
and a bell-shaped portion with its maximum at the ?K& 

caused by the ^ A B [ R N H 3
+ ] [ R N H 2 ] term. 

Using eq 3 and the rate constants in Table I, excellent 
fits were also obtained with pH-rate profiles measured 
for other primary amines, as shown in Figure 3 for 
0.4 M trifluoroethylamine (TFE). In order to facilitate 

Figure 4. Six pH-rate profiles calculated for the conversion of 1 to 
2 catalyzed by 0.5 M total buffer concentrations of primary amines, 
using eq 3 and the rate constants in Table I. The amines are (a) 
cyanomethylamine, (b) trifluoroethylamine, (c) ethyl glycinate, (d) 
ethoxyethylamine, (e) allylamine, (f) n-butylamine. 
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Figure 5. Three pH-rate profiles for the conversion of 1 to 2 
catalyzed by 0.1 M CMA (O), 0.1 M CMA + 0.2 M DCMA (V), 
and 0.1 M CMA + 0.4 M DCMA (Q). The lines were calculated 
as the sum of the terms for CMA and DCMA plus 1.15 X 1O-3' 
[HCMA+][DCMA]. 

visualization of the variation in kA, ^AB, and kB' terms 
which occur with changing amine pA^, the pH-rate 
profiles for each of the primary amines used in this 
study have been computed for 0.5 M total amine con
centration and are shown in Figure 4. 

The addition of a general base B to a reaction mixture 
containing a primary amine produced a new third-
order term /CAB[RNH3

+][B], proportional to protonated 
primary amine concentration times general base con
centration. Figure 5 shows the experimental points 
in the pH-rate profiles for 0.1 M CMA (identical with 
those in Figure 2), for 0.1 M CMA + 0.2 M DCMA, 
and for 0.1 M CMA + 0.4 M DCMA. The curves 
shown in Figure 5 fitting the data points were obtained 
by adding to the CMA terms the fcB'[B] term for 
DCMA and a new term, A-AB[CMAH+][DCMA], where 
A:AB = 1.15 X 10-3Af-2SeC-1. 
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Figure 6. Plot of the logarithms of third-order rate constants, &AB, 
obtained from ^AB[HCMA+][B] terms measured for the conversion 
of 1 to 2 (H) and 3 to 2 (O), vs. the pXVs of the general bases, B. 
The slope of the line is 0.5. The data for 3 were taken from ref 2. 

Among the four secondary amines used, only mor-
pholine showed upward curvature in a plot of k0hs& vs. 
total amine concentration, indicating a significant kAB 
term. However, the magnitude of this term was con
siderably smaller than those for primary amines, 
making the simplifying assumptions of eq 3 inapplicable 
and the value of /CAB for morpholine in Table I approx
imate. No catalysis proportional to protonated amine 
concentration was found for any of the secondary 
amines, but none with a very low pA"a was used. 

When substrate l-Ci-d2 was studied with CMA at its 
p#a, the slope obtained from a plot of k0hsd vs. [CMA] • 
[HCMA+] was about one-sixth the magnitude of a slope 
of a similar plot for 1. Since the &AB term represents 
96% of the catalysis of 1 -* 2 by 0.4 Af CMA at its 
pAfa, this is a good indication of a primary kinetic iso
tope effect in the &AB term. As discussed in part I,1 

tertiary amines are capable of catalyzing isotopic ex
change at Ci and inducing thereby a diminution in the 
kinetic isotope effect observed as the reaction pro
gresses. However, the pseudo-first-order plots for 
CMA with l-Ci-d2 were linear to at least 1 half-life, 
showing that exchange at Cx is not important. Such 
exchange, indicated by upward curvature in the pseudo-
first-order plot, was observed for high-p^a nontertiary 
amines such as pyrrolidine. However, the rate of ex
change in such cases is of the same magnitude as that 
found for tertiary amines of comparable pKR. 

Discussion 
Nucleophilic Amine Catalysis of the Conversion 1 

to 2. As indicated in eq 3, the rate of forma
tion of enone 2 from 1 is proportional to protonated 
primary (or secondary) amine concentration and pro
tonated amine concentration times general base con
centration. The analogous kA and /CAB terms were 
shown in the case of keto acetate 3 to reflect catalysis 
via iminium ion formation.2 The fact that the kA and 
ArAB terms for CMA, TFE, and ethyl glycinate (EG) are 
very similar in magnitude for the elimination reactions 
of 1 and 3 suggests that the same mechanism is opera

tive in both cases. A large, undiminishing, primary 
kinetic isotope effect found with 3-C1-^2

2 was conclusive 
evidence that the rate-limiting step for the kAB term in 
the elimination of acetic acid from 3 is amine catalyzed 
a-proton abstraction from an equilibrium concentra
tion of iminium ion. The similar isotope effect found 
with \-C\-dt establishes that in this case also the kAB 
term is caused by the process shown in Scheme I. 

Scheme I 

+ fast ^ ^ 'I™ f ^ ^ 1 + ^ ^ N s v P - 1NP^P 
R ^ J. OH R ^ X)H r 

RNB 

2 + RNH3 T 
fast 

- N A ^ V J 

The fact that a-proton exchange occurs via general 
acid and base catalysis, as discussed in part I,1 but not 
via the iminium ion mechanism shown in Scheme I, 
reflects the difference in the nature of the a-depro-
tonated intermediates enol Ie, enolate anion I - , and 
enamine 4. It was shown1 that enolate anion I - , but 
not enol Ie, underwent general acid-catalyzed repro-
tonation at Ci competitively with conversion to 2. 
Enamine 4, unlike Ie, is not in rapid equilibrium with 
an anionic species analogous to I - , and it is not sur
prising that its kinetic behavior is more like that of Ie. 
Although it is impossible to determine whether there is 
general acid catalysis of the loss of hydroxide ion from 
4, because this occurs after the rate-limiting step, 
analogy with the behavior1 of Ie and l~ suggests that 
such catalysis exists. 

The kA terms for the reaction of low-p-fo primary 
amines with 1 are ascribed, as they were for 3,2 to the 
special case where water acts as the general base for 
abstraction of the a proton from the iminium ion, 
giving a rate = kA'[RNH3

+][H2O] = MRNH3
+]. 

With neither substrate did low-ptfa tertiary amines such 
as DCMA exhibit kA terms, ruling out a mechanism 
involving general acid catalysis. 

The most general expression for this type of nucleo
philic catalysis is that in which any general base, Bn, 
contributes a term ^AB1T-RNH3

+][B11]. As discussed 
above, a rate constant kAB

n of 1.15 X 10~3 Af-2 sec-1 

is required to calculate the rates observed (Figure 5) 
after addition of DCMA buffer to a dehydration of 1 
catalyzed by CMA. This behavior again is analogous 
to that found with 3 in the presence of CMA and added 
general bases.2 

Figure 6 shows values of log kAB obtained with either 
1 or 32 from measured ^AB[RNH3

+][B] terms, where 
RNH3

+ is protonated CMA, plotted vs. the pfC. of the 
general base (B). The bases are either free amine, ace
tate ion, water, or hydroxide ion. The kAB values for 
the case where B is water were obtained by dividing kA 
by [H2O] = 55 Af. The kAB values for both 1 and 3 
are plotted together because the very different leaving 
groups of these two substances are significantly in-
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volved only after the rate-determining proton abstrac
tion. In Figure 6, the slope of the plot (0.5) is the 
Brpnsted /3 for a-proton abstraction from a cyano-
methyliminium ion. This value is consistent with the 
reported Bronsted /3 of 0.5 for the a-exchange reaction 
of the methyliminium ion derived from isobutyralde-
hyde-2-d16 and is similar to the reported value of 0.4 
for the a-proton abstraction from the iminium ion 
formed from glycine and acetone.9 It is also consistent 
with the & values of 0.5 and 0.65 which can be derived 
from the observed16,17 a values for general acid catal
ysis of the reverse reaction, C-protonation of enamines. 

Should the base abstracting a proton from the 
iminium ion be hydroxide ion, the observed rate would 
be ^ A B [ R N H 3

+ ] [ O H - ] , which is kinetically equivalent 
to k-e, '[RNH2]. The measured free amine rate con
stants, ks', thus may be combinations of the specific 
base-general acid catalysis found for tertiary amines1 

and catalysis involving iminium ion formation. Al
though these terms are both proportional to free amine, 
and therefore are not distinguishable kinetically, a 
given amine which has a large component of nucleo-
philic catalysis should produce a rate constant, kB', 
larger than an amine of comparable pK& which has none. 

In Figure 7, the values of log kB' are plotted vs. the 
pAVs of the amines in Table I. The values of kB' used 
for tertiary amines are assumed to be equivalent (eq 2) 
to the /cB

f values reported in part I of this study.1 

Large positive deviations from the line drawn through 
the tertiary amine points can be seen for certain pri
mary and secondary amines. These rate accelerations 
are ascribed to nucleophilic catalysis in which hydroxide 
ion acts as the general base. This interpretation is 
confirmed by the fact that conversion of the measured 
kB '[RNH2] term for CMA into the corresponding 
/CAB[RNH 3

+ ] [OH-] term (by kAB = kB '[RNH2]/ 
[RNH3

+][OH-] = kB '[RNH2][H30+]/[RNH3
+]/:w = 

kB 'KJKW) affords a value of log kAB which fits nicely 
on the Bronsted plot for other general bases with CMA, 
as shown in Figure 6. 

The substantial decrease in kB' values upon changing 
the catalyst from pyrrolidine to hexamethylenimine to 
piperidine, despite their similar pAVs, provides further 
evidence that nucleophilic catalysis involving hydroxide 
ion as the general base is occurring. This order of re
activity reflects the relative ease of iminium ion for
mation from these secondary amines. As noted pre
viously,1819 the incorporation of an sp2 atom, as in 
iminium ion formation, is more favorable in»a five- or 
seven-membered ring system than in one with six 
members. Analogous positive deviations were not 
found with substrate 3, presumably because the kB 

terms for 3 are much larger than the corresponding 
kB' terms for 1. Similar masking by general base 
catalysis was probably responsible for Hine's failure 
to observe covalent catalysis by secondary amines of 
a-proton exchange in isobutyraldehyde.20 

(15) J. Hine, J. Mulders, J. G. Houston, and J. P. Idoux, J. Org. 
Chem., 32, 2205 (1967). 

(16) P. Y. Sollenberger and R. B. Martin, / . Amer. Chem. Soc, 92, 
4261 (1970). 

(17) J. K. Coward and T. C. Bruice, ibid., 91, 5329 (1969). 
(18) T. A. Spencer, H. S. Neel, T. W. Flechtner, and R. A. Zayle, 

Tetrahedron Lett., 3889 (1965). 
(19) G. Stork, A. Brizzolara, H. Landesman, J. Szrauszkovicz, and 

R. Terrell, / . Amer. Chem. Soc., 85, 207 (1963). 
(20) J. Hine and J. Mulders, / . Org. Chem., 32, 2200 (1967). 
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PK0 

Figure 7. Plot of log kB' values for the conversion of 1 to 2 cata
lyzed by primary (Q), secondary (A), and tertiary amines and hy
droxide ion (O) vs. amine pK*. 

The fact that the terms proportional to free amine 
are much smaller in the case of ketol 1 has another 
important consequence. With keto acetate 3, the kB 

terms completely swamped the nucleophilic catalysis 
terms for any amine catalyst with p/fa > 8. With ketol 
1, however, nucleophilic catalysts were readily studied up 
to pKB ^ 10.5. Accordingly, it was possible to observe 
that the values of kAB for the dehydration of 1 vary ir
regularly within a factor of only 2 over a range of amine 
catalyst basicities of greater than 106 (Table I; Figure 
4). Our earlier conclusion2 that kAB is independent of 
catalyst pK&, based on data from only three amines, was 
thereby confirmed. 

As discussed above, these kAB terms reflect rate-
determining a-proton abstraction by free amine from 
an iminium ion formed by the same amine. Thus, we 
can say fcAB[RNH3

+][RNH2][l] = A;IB[RN+H=CR2]-
[RNH2] where kiB is the second-order rate constant for 
this proton abstraction from the iminium ion. Results 
of Williams and Bender21 indicate that the equilibrium 
concentration of imine depends only slightly on the 
amine pK&, and Bender,9 Hine,22 and we2 have assumed 
that KiLmi™ = 103ATa

amine irrespective of amine pKa, so 
that [RN+H=CR2]/[RNH3

+] should not depend upon 
the pK& of RNH3

+. Accordingly, fciB will, like kAB, be 
relatively independent of the basicity of the catalyst. 

This important conclusion is the consequence of two 
compensating trends associated with a change in amine 
pK&. Clearly, increasing the catalyst pK& increases the 
efficiency of RNH2 as an a-proton abstractor; a 
Bronsted /3 of 0.5 has in fact been determined for this 

(21) A. Williams and M. L. Bender, J. Amer. Chem. Soc, 88, 2508 
(1966). 

(22) J. Hine, B. C. Menon, J. H. Jensen, and J. Mulders, ibid., 88, 
3367(1966). 
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Figure 8. Plots of log kx values for the catalysis by protonated 
primary amines of the conversion of 1 to 2 (H) and of 3 to 2 (O), vs. 
the pATa's of the primary amines. The slope of the lines is approxi
mately —0.5. The data for 3 were taken from ref 2. 

process (Figure 6). On the other hand, increasing 
catalyst pK& decreases the susceptibility of the derived 
iminium ion to a-proton abstraction. Evidence that 
this is so may be seen in Figure 8 where values of log 
kA are plotted against the pATa's of RNH3

+ for sub
strates 1 and 3. In both cases the slope is roughly 
— 0.5, indicating that for a given general base (in this 
case, water) an increase in the pA"a of the amine which 
forms the iminium ion results in a decrease in the rate 
of proton abstraction. The rates of abstraction of the 
a proton from a series of isobutyraldehyde iminium 
ions have been shown by Hine to exhibit similar be
havior.23 

General Analysis of Catalysis via Iminium Ion Forma
tion. The factors discussed above place constraints on 
the design of a catalyst, such as an enzyme, which is to 
contain both a nucleophilic amine and a general base. 
It might initially be assumed that an ideal catalyst would 
contain a high-pATa general base and a low-pA â primary 
amine. However, at any pH low enough to generate 
an appreciable concentration of the protonated primary 
amine (and therefore produce the iminium ion in equi
librium with it), almost all of the high-p^Ta general base 
would be protonated. While the rate constant kAE, 
would then indeed be large, the observed rate would 
be small, since only a negligible fraction of the catalyst 
would be in proper state of protonation. A balance 
must be struck between having a much lower pAfa pri
mary amine than general base (with a small fraction of 
active catalyst but large fcAB) and having a much higher 
pA"a primary amine than general base (with a large 
fraction of active catalyst but small kAB). It will be 
useful to put this argument into quantitative terms, 

What one seeks to optimize is the rate of product 
formation per mol of catalyst (fc0bsd/[cat]), where [cat] 
is the total concentration of catalyst regardless of state 
of protonation. For a catalyst containing both the 

(23) J. Hine, B. C. Menon, J. Mulders, and J. P. Idoux, /. Org. Chem., 
32, 3850 (1967). We unfortunately failed to refer to this precedent in 
our previous discussion of this topic (ref 2). 

pKS-pKf 

Figure 9. Plot of log fcAB' vs. pATa
N - pKJ* ( ), with a slope o 

- 0.5; plot of a™* (see text) vs. pK^ - pK<? ( ); and plot of the 
logarithm of the product of &AB' and ama* vs. pKJ* — pK„B ( ).f 

primary amine and the general base (H2NEB), the 
rate is &obsd — &AB 

'[H3N+EB]. Since the total catalyst 
concentration is the sum of all the species in reasonable 
prototropic equilibria (i.e., [cat] = [H3N+EBH+] + 
[H3N+EB] + [NH2EB+H] + [NH2EB]), the quantity 
of interest, /cobSd/[cat], is equal to ICAE'CC, where a is 
the fraction of catalyst in the proper state of protona
tion (H3N+EB). Since a is a function of pH (e.g., at 
very low pH's the catalyst is almost all H3N+EB+H and 
a = 0), it is necessary to specify at what pH the catalyst 
is to operate. The product [RNH3

+][B] for any primary 
amine and general base will be at a maximum at a pH 
halfway between the p# a of RNH3

+ and that of BH+. 
In order to maximize a, and hence &ob8d/[cat], it is 
desirable to operate at pHmax == (pATa

N + pATa
B)/2, 

where pK„N is the pK& of the imine-forming amine 
function and pJ^a

B is the pATa of the general base. The 
fraction of total catalyst in the proper state of protona
tion at pHmax is amsx, where amax = [H3N+EB]/ 
([H3N+EB+H] + [H3N+EB] + [H2NEB+H] + [H2NEB]). 

In Figure 9, log k^' is plotted against the difference in 
pK% between the nucleophilic amine and the general 
base. The slope of this line is —0.5, consistent with 
either the Br0nsted /3 for proton abstraction or the 
susceptibility of the iminium ion to proton abstraction, 
depending on which pK* is changed in order to vary 
(pira

N — pAT»B). Also plotted as a function of p-rv„N — 
pAaB is amax. The logarithm of the product of these 
two terms, log fcABamax = log /cobsd/[cat] is also shown. 
The value of kobBd/[csit] is at a maximum when p-Ka

N — 
pKe.B = 0, meaning that the greatest catalytic efficiency 
would be obtained by having pH = pATa

N = pK^. 
It should be reemphasized that the magnitude of 

&obad/[cat] is not altered by a change in pHmax, so long 
as the Br0nsted /3 for a-proton abstraction is balanced 
by the changing iminium ion susceptibility to proton 
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abstraction. No inherent advantage would be gained 
by designing a catalyst to operate at high or low pH, 
since the largest /cobSd/[cat] would be obtained at any pH 
so long as pAaN = pKJ* - pH. However, a nucleo-
philic amine enzyme, which necessarily functions at a 
physiological pH near neutrality, would be predicted 
to have both a primary amine and general base with 
P-KVs = 7 at the active site. 

The available evidence is consistent with such a con
clusion. First, it is clear from the above argument that 
hydroxide ion or water would be inefficient general bases 
in such enzymic processes. The imidazole moiety of a 
histidine residue, which has been suggested as a general 
base in reactions of this type12 as well as in numerous 
other enzymic processes, has pKa = 6.0 in the parent 
amino acid24 and should therefore be very well suited 
for this role. The usual nucleophile, the primary e-
amino group of a lysine residue, on the other hand, 
has pK& = 10.53 in the parent amino acid.24 Such a 
pK* obviously would be badly suited to furnish an 
optimum fc0b«<i/[cat]. Westheimer's recent finding3'4 

that the e-amino group of the imine-forming26'26 lysine 
residue in acetoacetate decarboxylase has a pK& of 
6.0 is accordingly of great significance to the present 
analysis. Evidence of such lowering of pK& so that 
pATa

N » pH may be anticipated for other enzymic 
nucleophilic amines. 

Implicit in this discussion is the reason why enzymes 
have evolved which function via a nucleophilic mech
anism rather than via direct general base proton abstrac
tion. As we have seen, with pH = pATa

N = pAV3, 
&obsd/[cat] is predicted to be relatively constant regard
less of pH. A simple general base-catalyzed proton 
abstraction a to a carbonyl group, however, would have 
a rate strongly dependent upon the pK& of the general 
base at the active site. If such a proton abstraction were 
to be effective at pH 6, it presumably would require a 
general base with pATa

B ^ 6, in order to avoid essentially 
complete protonation of the base. We have shown 
previously2 that conversion of a carbonyl group to an 
iminium ion, using an amine with pAfa

N = 6, increases 
the rate of proton abstraction by a given general base 
by a factor of 105. In other words, a nucleophilic 
enzyme which can bind substrate efficiently as iminium 
ion, and in which pA"a

B = p/fa
N = pH = 6 will have a 

/c0bsd/[cat] 105 greater than that for direct proton ab
straction by the general base. The more complex 
multifunctional pathway thus can provide a much more 
rapid rate-determining step. 

It is also of interest to attempt to estimate the rate to 
be expected of an enzyme constrained to operate within 
the guidelines elaborated above, in order to compare 
this estimate with actual rates of enzymes which func
tion via iminium ion formation. The rate constant for 
a-proton exchange for muscle aldolase is 690 sec-1,9 and 
that for 2-keto-3-deoxy-6-phosphogluconic acid al
dolase is 120 sec-1. n Accordingly, an estimated rate 
of 102—103 sec-1 would be consistent with those found 
experimentally. 

The rate of product formation according to the analy
sis above may be expressed as rate = /ciB[R2G=N+HE] • 

(24) D. D. Perrin, "Dissociation Constants of Organic Bases in 
Aqueous Solution," Butterworths, London, 1965. 

(25) G. A. Hamilton and F. H. Westheimer, / . Amer. Chem. Soc, 81, 
6332(1959). 

(26) I. Fridovich and F. H. Westheimer, ibid., 84, 3208 (1962). 

[B*], where fciB is the second-order rate constant for the 
reaction of the general base with the iminium ion, 
[R2C=N+HE] is the concentration of enzyme-sub
strate iminium ion, and [B*] is the "effective con
centration"27 of a proximate general base. For re
actions in which p/Ta

N = pATa
B, kiB is independent of 

pK& and has a value of ^1O1 M~l sec-1.28 Therefore, 
the desired value of the rate per mol of enzyme is rate/ 
[ENZ](SeC-1) = 10(M-1SeC-1X[R2C=N+HE]Z[ENZ]). 
[B*](M). If we assume that all of the enzyme is able 
to bind substrate as protonated imine at neutral pH, 
then [R2C=N+HE]/[ENZ] « 1, and only a relatively 
small effective concentration of B (10MO2 M) would 
be necessary to explain the observed enzymic rate. How
ever, it is more probable that most of the imine will be 
unprotonated at pH = pA â

N, because pATa
N — pATa

Im « 
3,2<9 and, accordingly, the value of [R2C=N+HE]/ 
[ENZ] will be ~10~3. In order to produce an enzymic 
rate of 102-103 sec-1, an effective concentration of gen
eral base on the order of 10MO5 M would then be re
quired. 

Attempts to evaluate effective concentrations of in
tramolecular general bases for a-proton abstraction 
directly from carbonyl compounds have not afforded 
values this large. Harper and Bender29 and Bell and 
Fluendy30 have found intramolecular a-proton ab
straction by carboxylate anions with effective general 
base concentrations of 50 and 0.3 M, respectively. A 
similar study by Coward and Bruice,31 in which the 
general base was a tertiary amine, revealed only a 0.05 
M effective base concentration. These effective con
centrations are undoubtedly lowered by the entropic 
barriers32 to the formation of the required cyclic transi
tion state. There is an additional constraint for a-depro-
tonation reactions in the requirement that the proton 
being abstracted should be situated so that continuous 
overlap is permitted between the orbital containing its 
bonding pair of electrons and the ir orbital of the car
bonyl group.33 Inability to meet this criterion un
doubtedly contributed to the low effective general base 
concentrations in the examples cited above. This view 
is supported by Hine's study8 of intramolecular cataly
sis of enolization via iminium ions of acetone-e?6 with 
diamines. The maximum intramolecular catalytic 
term for diamines of the type H2N(C)nNR2 occurred 
when n = 3, giving the eight-membered transition 
state shown in 5.8 The general base in 5 can adopt 
a position for abstraction of the a deuteron which 
allows effective orbital overlap. 

Page and Jencks32 have recently argued that ef
fective concentrations up to 10s M are reasonable for 
intramolecular reactions, owing to the large loss of 

(27) The concept of "effective concentration" is required for a com
parison of intramolecular reactions with analogous intermolecular re
actions. For a discussion, see W. P. Jencks, "Catalysis in Chemistry 
and Enzymology," McGraw-Hill, New York, N. Y., 1969, Chapter 1. 

(28) A value of 4 X 101 Af"1 sec -1 was calculated for CMA with keto 
acetate 3.' 

(29) E. T. Harper and M. L. Bender, / . Amer. Chem. Soc., 87, 5625 
(1965). 

(30) R. P. Bell and M. A. D. Fluendy, Trans. Faraday Soc, 59, 1623 
(1963). 

(31) J. K. Coward and T. C. Bruice, J. Amer. Chem. Soc, 91, 5339 
(1969). 

(32) M. I. Page and W. P. Jencks, Proc. Nat. Acad. Sci. U. S., 68, 
1678 (1971). 

(33) See H. O. House, "Modern Synthetic Reactions," 2nd ed, W. A. 
Benjamin, New York, N. Y., 1972, pp 469-473, for a general discussion 
of this "stereoelectronic factor." 
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(CH3)2N—C^ 

5 

translational and rotational entropy which would be 
required to reach the transition states of the cor
responding intermolecular reactions. Certain com
parisons of inter- vs. intramolecular catalysis have sug
gested the existence of such large effective concentra
tions. One example is the factor of ~107 M found for 
intramolecular reaction of anions of dicarboxylic acid 
monophenyl esters.3435 Therefore, until better models 
are constructed to test the effective concentrations of 
intramolecular general bases for a-proton abstraction, 
it seems reasonable to conclude that values of 104-
105 M are possible. 

It is appropriate to mention here the several at
tempts which have already been made to observe in
tramolecular proton abstraction using an imine-forming 
amine which contains a general base. Bender and 
Williams9 found no kinetic term reflecting intramo
lecular proton abstraction by carboxylate ion from the 
iminium ion in the case of glycine catalysis of acetone 
enolization. This result is not surprising because gly
cine has pATa

N - pA:a
B = 7.3. In a study36 of 

the enolization of isobutyraldehyde-2-d catalyzed by 
glycine and its higher homologs (H2N(CH2)„COOH), 
no such catalysis was detected. In a polarographic 
study of the aldol condensation of butyraldehyde in 
alcohol, Yasnikov6 has claimed evidence for intra
molecular proton abstraction from iminium ions by 
carboxylate anions with glycine and other amino acids, 
and by amines with lysine and ethylenediamine. How
ever, this claim is based on observation of bell-shaped 
pH-rate profiles for these various catalysts at only one 
concentration. In the absence of concentration de
pendence data showing less than second-order de
pendence on catalyst for these terms, the most probable 
explanation for these curves is intermolecular catalysis 
analogous to that responsible for the curves displayed 
in Figures 2 and 3. Hine's recent studies of the a 
dedeuteration of isobutyraldehyde-2-c? with poly-
ethylenimines37 and of acetone-c?6 with diamines8 stand 

(34) E. Gaetjens and H. Morawetz, J. Amer. Chem. Soc, 82, 5328 
(1960). 

(35) T. C. Bruice and U. K. Pandit, Proc. Nat. Acad. Sd. U. S., 46, 
402 (1960). 

(36) J. Hine, B. C. Menon, J. Mulders, and R. L. Flachskam, Jr., 
/ . Org. Chem., 34, 4083 (1969). 

out as the first investigations which have produced con
vincing evidence of intramolecular catalysis of this 
type. As noted above, the latter study has also con
tributed importantly to understanding the geometry of 
such processes. 

The considerations above may be summarized in 
the following guidelines for the design of nucleo-
philic amine catalysts for a-deprotonation reactions. 
First, it is obviously desirable to incorporate fea
tures which will increase the stability of amine-
carbonyl condensation product in the transition state. 
Second, the catalyst should possess an intramolecular 
general base with the correct geometry to abstract an 
a proton from the iminium ion. Third, it is unim
portant what pH is chosen for maximum catalytic 
efficiency, so long as pH ^ pATa

N = pKa
B. Use of 

pH's near neutrality has the advantage of avoiding 
interference at high or low pH's from catalysis of the 
same or other reactions by general bases or acids, and 
it is appropriate for simulation of enzyme action. 

Experimental Section 
Materials. The substrates used in this study, 1 and 1-CW2, 

were prepared as previously described.12 The amines used as 
catalysts were purified either by two recrystallizations of their 
hydrochloride salts from 1:1 methanol-1-propanol, or by distilla
tion twice from barium oxide directly before use. 

Apparatus. A Unicam SP 800B spectrophotometer equipped 
with an automatic cell changer and controlled by a Cary 1116100 
program timer was used to obtain data on four runs simultaneously. 
The temperature within the cuvettes was maintained at 25.0 ± 0.1 ° 
by circulating water controlled by a P. V. Tamson bath through the 
cuvette housing. 

Kinetics. The methods used to obtain &0bsd values were identical 
with those described previously.J •2 Within a series of runs in which 
the buffer concentration was varied, all k0bed values were corrected 
for minor variations in pH, as described in part I.1 The pH-rate 
profiles were measured on solutions prepared by adjusting 5-ml 
aliquots of buffer solution (four times the desired final concentra
tion) to the desired pH, followed by addition of enough solid KCl 
to make the solution 0.8 M in chloride ion after dilution to 10 ml. 
Such solutions were diluted 1:1 with aqueous solutions of 1 to 
initiate the reaction. 
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(37) J. Hine, F. E. Rogers, and R. E. Notari, /. Amer. Chem. Soc, 90, 
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