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Second-order rate constants have been measured spectrophotometrically for the addition reaction of a series of 
alicyclic amines to 3-butyn-2-one to yield their respective enamines at 25.0 °C. The reactivity of the amines in­
creases with increasing the basicity of the amines. However, the Bronsted-type plot obtained exhibits a down­
ward curvature as the basicity of the amines increases, i.e. j3nuc decreases from 0.3 for low basic amines (pKa< 
9) and to 0.1 for highly basic amines QK 그 9). Such a curvature in the Bronsted-type plot is clearly indicative 
of a change in the reaction mechanism or transition state structure. From the corresponding reactions run in 
D2O? the magnitude of kinetic isotope effect (KIE) has been calculated to be about 0.8 for highly basic amines 
and 1.21 for weakly basic amines. The difference in the magnitude of KIE also supports a change in the reac­
tion mechanism or transition state structure upon changing the basicity of the amines. Furthermore, the small 
KIE clearly suggests that H+ transfer is not involved in the rate-determining step, i.e. the addition reaction is 
considered to proceed via a stepwise mechanism in which the attack of the amines to the acetylene is the rate­
determining step. The curvature in the Bronsted-type plot has been attributed to a change in the degree of 
bond formation between the amine and the acetylene.

Introduction

Nucleophilic additions to carbon carbon triple bonds have 
been widely investigated due to synthetic interests.1'5 Par­

ticularly, additions of nitrogenous nucleophiles to acetylenes 
with electron withdrawing groups such as COR, CO2R, CN 
and SO2R have been frequently employed as a route to a 
variety of heterocyclic compounds.5 The types of het-
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erocyclic compounds prepared in this manner include py- 
raz이es, pyrroles, isooxazoles, etc. 3-Butyn-2-one (1), readi­
ly available from the oxidation of 3-butyn-2-ol, is one of 
the intensively studied acetylenes. Recently, we have in­
vestigated the reaction of 1 with NH2NH2 to form 3-methyl- 
pyrazole via a Michael-type addition intermediate.6 How­
ever, few mechanistic studies have been performed for the 
reaction of 1 with secondary amines which yield enamines.7 
In order to obtain more reliable information about the reac­
tion mechanism, we have studied the reactions of 1 with a 
series of alicyclic secondary amines whose pKa range is 
over 5.5 in the pKa unit as shown in Scheme 1.

Experimental

Materials. 3-Butyn-2-one (1) was obtained from Al­
drich and distilled just before use. Other chemicals in­
cluding the amines used in the present study were of the 
highest quality available from Aldrich (or Tokyo Kasei for 
3-methylpiperidine) and generally recrystallized or distilled 
before use. Doubly glass distilled water was further boiled 
and cooled under a nitrogen atmosphere just before use.

Kinetics. The kinetic study was performed with a 
Hitachi U-2000 UV-VIS spectrophotometer equipped with 
a Neslab RTE-110 model constant temperature circulating 
bath to keep the reaction mixture at 25.0±0.1 °C. The 
reactions were followed by monitoring the appearance of 
the products at a fixed wavelength corresponding to the 
maximum absorption (為明)of the respective enamines. All 
the reactions carried out under pseudo-first order con­
ditions in which the concentration of amines was at least 
20 times greater 나lan that of 1. The stock solutions of 
amines were prepared freshly with amine and 0.5 
equivalent amount of HC1 (or amine hydrochloride and 0.5 
equivalent NaOH) to suppress formation of hydroxide by 
solvolysis.

Results and Discussion

All the reactions obeyed pseudo-first-order kinetics up to 
over 90% of the total reaction. The pseudo-first-order rate 
constants (A：obs) were measured from the w이1 known 
equation, ln(A8・At)드&曜 , t + c. Apparent second-order rate 
constants (編)have been obtained from the slopes of the 
linear plots of ^obs vs amine concentration. The enamines 
formed in this way have been reported to be the trans iso­
mer in most cases.7,8 The kinetic results are summarized in 
Table 1 and demonstrated in Figures 1-3.

In Figure 1 are graphically demonstrated the kinetic 
results for the addition reactions of 1 with 7 alicylic amines. 
One can see that the reactivity of the amines increases with 
increasing their basicity. However, the Bronsted-type plot is 
not linear but exhibits a downward curvature upon in­
creasing the basicity of amines. It has been generally
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Table 1. Summary of Apparent Second-order Rate Constants 
Capp) for Addition Reactions of Alicylic Amines to 3-Butyn-2- 
one in H2O at 25.0±0.1 °C

apKa data from reference 17, unless noted otherwise. bpKa data 
from reference 11b. cThe rate constant for the corresponding reac­
tion run in D2O.

Amines pKaa 如pp,
1. piperazinium ion 5.68 0.851 (0.705)c
2. 1 -formylpiperazine 7.98" 3.20 (3.18/
3. morpholine 8.36 4.12 (4.07/
4. 1 -(2-hydroxyethyl)piperazine 9.38” 6.00
5. piperazine 9.82 13.3 (15.3)。

6. 3-methylpiperidine 11.07 10.2 (12.9)c
7. piperidine 11.22 10.9 (12.方

known that a linearity in a Bronsted-type plot indicates a 
common reaction mechanism for a given series of reactants, 
while a break or curvature is suggestive of a change in reac­
tion mechanism or transition state structure.910 Therefore, 
one might attribute the nonlinearity in Figure 1 to a change 
in reaction mechanism or transition state structure.

Figure 1. A Bronsted-type plot for the addition reaction of al­
icyclic amines to 3-butyn-2-one in water at 25.0 °C. logA:app and 
pKa's are statistically corrected by using p and q, i.e. p느2 (except 
p=4 for piperazinium ion) and q그 1 (except q=2 for piperazine). 
See references 11b and 13.
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The present reaction could proceed via one step con­
certed mechanism with a transition state similar to TS1, Le. 
the nucleophilic attack by >NH and proton transfer from the 
nitrogen atom to the carbon atom occur concertedly. The 
reaction could also proceed in a stepwise mechanism with 
an addition intermediate 2. In a stepwise mechanism, the 
transition state structure would resemble either TS2 or TS3 
depending on the rate-determining step (RDS). It is noted 
that both TS2 and TS3 experience partial charge separation 
while TS1 does not.

One might suggest that the reaction proceeds via TS1 bas­
ed on the fact that only the trans isomers have been ob­
tained. In this mechanism, proton transfer is involved in the 
RDS, and therefore, primary kinetic isotope effect (KIE) is 
expected. In order to determine the magnitude of KIE, the 
reactions have been performed in D2O. In Figure 2 are de­
monstrated the kinetic results for the reactions of 1 with pi- 
perazinium ion and piperidine in H2O and D2O. The mag­
nitudes of KIE have been calculated to be 1.21 and 0.86 for 
the reaction with piperazinium ion and piperidine, respec­
tively. The KIE values of other amines are about 0.8 for 
strongly basic amines but about 1.0 fo호 weakly basic am­
ines. The KIE value of 1.2 is too small to be primary KIE. 
Moreover, the inversed KIE (<1.0) clearly suggests that pro­
ton transfer is not involved in the RDS. Therefore, one can 
eliminate a possibility of a concerted mechanism (TS1).

The nucleophilic attack process would be accelerated 
with increasing the basicity of amines, while the proton 
transfer process from the nitrogen atom to the carbon atom 
in the present system (e.g. TS3) would be decelerated as 
the amine becomes more basic. Consequently, the effect of 
amine basicity on rate would be insignificant for the reac­

tions in which proton transfer is involved in the RDS. As 
shown in Figure 1, the reactivity of the amines used in the 
present study appears to be not so sensitive to the basicity 
of the amines, i.e. /3nuc values have been calculated to be 
about 0.3 for the weakly basic amines and about 0.1 for the 
strongly basic amines. Therefore, one might suggest that the 
present reactions proceed via TS3 based on the small /3nuc 
values. However, this mechanism also requires primary KIE. 
The small KIE values clearly rule out the possibility of TS3.

TS2 is the transition state structure for the reactions in 
which proton transfer occurs after the RDS. In this mechan­
ism, no primary KIE is expected. Therefore, one can pro­
pose that the present reactions proceed via TS2, based on 
the absence of primary KIE. In order to examine this pro­
posal, the reaction of 1 with piperazinium ion has been per­
formed in 3 different pHs (pH=5.38, 5.68, 5.98) by chang­
ing buffer ratio. The kinetic results are demonstrated in Fig­
ure 3. One can see that the plots of A:obs vs amine con­
centration are linear and the slope of the plots (Zrapp) appears 
to be slightly different upon changing pH of the reaction 
medium. However, the difference in kapp values is con­
sidered to be insignificant and within the experimental error 
(±3%). If piperazinium ion or its conjugate acid behaved 
as a general base or acid catalyst, one should have observed 
significant difference in the kapp value with upward cur­
vatures in Figure 3. Therefore, the linearity shown in Figure 
3 suggests that proton transfer is definitely not involved in 
the RDS of the present reaction.

The magnitude of j3nuc value has been generally under­
stood to represent the degree of bond formation or charge 
transfer from a nucleophile to an electophile at the tran­
sition state. Since the degree of charge transfer would be 

Figure 2. Plots showing kinetic isotope effect for the addition 
reaction of piperidine and piperazinium ion to 3-butyn-2-one in 
H2O (•) and D2O (O) at 25.0 °C.

Figure 3. Plots showing dependence of rate on pH for the ad­
dition reaction of piperazinium ion to 3-butyn-2-one at 25.0 °C. 
(pH 5.38 (•), 5.68 (O) and 5.98 (Q)).
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less significant for neutral amines than anionic nucleophiles, 
one can expect smaller j0nuc value for the reactions with am­
ines than with anionic nucleophiles. Therefore, one might 
consider that the small ^nuc values in the present system are 
simply due to the use of neutral amines as the nu이eophile. 
However, a change in the reaction mechanism has been 
also suggested to influence the magnitude of j8nuc values sig­
nificantly. For example, aminolysis of carboxylic esters has 
been generally understood to proceed in a stepwise mechan­
ism and the magnitude of pnac values has been reported to 
be in the range of 0.7-1.0 for the reactions whose RDS is 
the second step (e.g. leaving group departure),11-33 However, 
the magnitude of /3nuc has been reported to decrease up to 
0.1-0.3 when the RDS changes from the second step to the 
first step (e.g. nucleophilic attack to form an addition in­
termediate).11~13 The gnuc value of 0.1-0.3 in the present sys­
tem is similar to the one observed in aminolysis of carbox­
ylic esters in which the nucleophilic attack process is the 
RDS, supporting that the present reactions proceed via TS2.

It has been well known that the effect of solvent on rate 
is dependent on the charge type of reactants and transition 
states.14,15 Significant rate enhancements have been often re­
ported for the reactions with anionic nucleophiles upon sol­
vent change from H2O to dipolar aprotic solvents such as 
MeCN and DMSO due to destabilization of the ground 
아가However, on the contrary, the reactions with neu­
tral nucleophiles (e.g. amines) have been reported to exhibit 
rate retardation in dipolar aprotic solvents.16 The reactants in 
the present system are neutral in charge but the transition 
state would develop partial charge (e.g. TS2). Such a charg­
ed transition state would be less solvated in MeCN than in 
H2O. Accordingly, the rate in the present system would de­
crease upon solvent change from H2O to MeCN. However, 
such a rate decrease would be expected to be less sig­
nificant for the reactions proceeding with less charge de­
veloped transition state. As mentioned in the preceding sec­
tion, one might consider that the degree of charge transfer 
(or charge development) would be less significant for the 
reactions with more basic amines based on the smaller /3nuc 
value for the more basic amines (e.g. 0.1 for 아rongly basic 
amines and 0.3 for weakly basic amines in Figure 1).

In order to examine this argument, the reactions of 1 with 
morpholine and piperidine have been performed in MeCN. 
Both reactions with morpholine and piperidine have been 
found to be less reactive in MeCN than in H2O as expected. 
Besides, the rate decrease has been found to be less sig­
nificant for the more basic piperidine system (e.g. 10.9 
M-1s-1 in H2O and 5.62 M-1s-1 in MeCN) than the less 
basic morpholine system (e.g. 4.12 M-1s-1 in H2O and 0.52 
M-1s-1 in MeCN), indicating that the charge development 
in the transition state is less significant for the more basic 
amine system. This is completely consistent with the pro­
posal made from the magnitude of pnuc value in the prec­
eding section.

Conclusions

The present kinetic study has allowed us to conclude the 
following. (1) The present reaction proceeds in a stepwise 
mechanism with 나le transition state similar to TS2. (2) The 
degree of bond formation between the nucleophile and sub­

strate becomes smaller as the amine basicity increases, 
which is responsible for the curvature in Figure 1.
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