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Second-order rate constants have been measured spectrophotometrically for the Michael-type reaction of 1-(X-
substituted phenyl)-2-propyn-1-ones (2a-f) with amines in H2O at 25.0 ± 0.1 °C. A linear Brønsted-type plot is
obtained with βnuc = 0.25 ± 0.02, a typical βnuc value for reactions which proceed through a stepwise mechanism
with attack of amine on the electrophilic center being the rate-determining step. Secondary alicyclic amines are
found to be more reactive than isobasic primary amines. The Hammett plot for the reactions of 2a-f with
morpholine is not linear, i.e., the substrate with a strong electron-donating group (e.g., 4-MeO) exhibits a
negative deviation from the Hammett plot. However, the Yukawa-Tsuno plot for the same reactions exhibits
an excellent linear correlation with ρ = 0.62 and r = 0.82. Thus, it has been proposed that the nonlinear Hammett
plot is not due to a change in the rate-determining step but due to ground-state stabilization through resonance
interactions. 
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Introduction

Addition reactions of amines to carbon-carbon double
bonds conjugated with a strong electron withdrawing group
(EWG) have been intensively investigated and their reaction
mechanisms are fairly well understood.1-4 The correspond-
ing reactions of carbon-carbon triple bonds with amines
have also been performed widely.5-11 However, most studies
have been focused on the stereochemistry of the reaction
products (e.g., Z- or E-isomers of enamines) due to synthetic
interests.5-8 Thus, the mechanism for additions of amines to
electron-deficient acetylene derivatives is not fully under-
stood.

We have performed kinetic studies for Michael-type
reactions of a series of aliphatic primary amines to activated
acetylene derivatives such as 3-butyn-2-one (1)9 and 1-(X-
substituted phenyl)-2-propyn-1-ones (2a-f).10 The reactions
have been suggested to proceed through a stepwise mech-
anism with rate-determining nucleophilic attack on the
electrophilic carbon atom followed by fast proton trans-
fer.9,10 However, the reactions of 1 with substituted anilines

have been reported to proceed through specific acid catalysis
and the catalytic effect is remarkable for the reaction with
weakly basic aniline such as 4-cyanoaniline.11 

We have extended our study to reactions of 2a-f with a
series of secondary alicyclic amines as shown in Scheme 1.
The kinetic data obtained in the current study have been
compared with those reported for the corresponding reac-
tions with aliphatic primary amines to investigate the effect
of amine nature (i.e., primary vs. secondary amines) on
reactivity and reaction mechanism.

Results and Discussion

All reactions obeyed pseudo-first-order kinetics. Pseudo-
first-order rate constants (kobsd) were calculated from the
equation, ln (A∞ – At) = –kobsdt + C. The plots of kobsd vs.
amine concentrations were linear passing through the origin,
indicating that general acid/base catalysis is absent. Thus,
the rate equation is given by eq. (1). Five different amine
concentrations were used to determine the second-order rate
constants (kN) from the slope of the linear plots of kobsd vs.
amine concentrations. Correlation of coefficients of the plots
were usually higher than 0.9995. It is estimated from the
replicate runs that the uncertainty in the rate constants is less
than ± 3%. The second-order rate constants obtained in this
way are summarized in Table 1. The kN values reported for
the corresponding reactions with primary amines are also
included for comparison purpose.

Rate = kobsd[substrate], where kobsd = kN[amine] (1)

Effect of Amine Basicity on Reactivity and Reaction
Mechanism. As shown in Table 1, the second-order rate
constant decreases as the basicity of amines decreases, i.e.,
kN decreases from 41.9 M–1s–1 to 11.5 and 2.21 M–1s–1 as the
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pKa of the conjugate acid of amines decreases from 11.22 to
8.36 and 5.68, in turn. The effect of amine basicity on
reactivity is illustrated in Figure 1. The Brønsted-type plot
exhibits a good linear correlation with βnuc = 0.25 for the
reactions of 1-phenyl-2-propyn-1-one (2c) with secondary
alicyclic amines, when kN and pKa are statistically corrected
using p and q (i.e., p = 2 except p = 4 for piperazinium ion
and q = 1 except q = 2 for piperazine).12 A similar result is
demonstrated for the corresponding reactions with primary
amines. The magnitude of βnuc values for the two series of
reactions is almost identical within the experimental error

range, implying that these reactions proceed through the
same mechanism. 

The current reactions can proceed either through a con-
certed mechanism with a transition-state (TS) structure
similar to TS1 or through a stepwise mechanism with TS2 or
TS3 depending on the rate-determining step (RDS). One
might expect a large primary kinetic isotope effect (KIE) if
the reactions proceed through TS1 or TS3, in which proton
transfer is partially advanced in the RDS. Since we found
that KIE is absent for the reactions of 2c with the primary
amines, the reactions have been concluded to proceed
through a stepwise with TS2, in which proton transfer does
not occur.10 Thus, one can suggest that the reactions of 2c
with secondary amines also proceed through TS2.

The above argument can be further supported by the βnuc

value of 0.25, which is typical for reactions proceeding
through a stepwise mechanism with addition of amines to an
unsaturated bond (e.g., C=C or C=O bond) being the RDS.
In fact, Bernasconi et al. have reported that βnuc = 0.22-0.32
for addition of amines to benzylidene Meldrum’s acids2a,2f

and 1,2,3,4-tetrachloro-6-phenylfulvene.2e A similar βnuc

value has often been reported for aminolysis of various
esters, in which the RDS is the attack of amines on the C=O
bond to form an addition intermediate.13-16

Effect of Amine Nature on Reactivity and Reaction
Mechanism. As shown in Figure 1, secondary alicyclic
amines are more reactive than isobasic primary amines
toward substrate 2c. This result is consistent with the report
that primary amines are less reactive than secondary or
tertiary amines of similar basicity, e.g., in deprotonation of
carbon acids such as nitroethane,17a 4-nitrophenyl and 2,4-
dinitrophenylacetonitriles,18 in nucleophilic displacement on
chloramines,19 and in aminolysis of various esters.17b,20 Since
solvation energy was reported to increase in the order
R3NH+ < R2NH2

+ < RNH3
+, solvent effect has been sug-

gested to be responsible for the lower reactivity shown by
primary amines compared with secondary or tertiary
amines.17,18

Steric hindrance would be more significant for the reac-
tions with secondary amines than for those with primary
amines. Accordingly, one might expect that secondary amines
are less reactive than isobasic primary amines if steric
hindrance is an important factor to determine the reactivity
of amines. However, the current result shows that secondary
amines are more reactive than primary amines of similar
basicity, indicating that steric effect is insignificant for the
present reactions.

One can expect that steric hindrance would be significant
for reactions in which the bond formation between the
nucleophile and the substrate is greatly advanced in the TS.

Table 1. Summary of Second-order Rate Constants for the
Michael-Type Reactions of 1-Phenyl-2-propyn-1-one (2c) with
Primary and Secondary Alicyclic Amines in H2O at 25.0 0.1 °Ca

Entry amine pKa kN/M–1s–1

1 piperidine 11.22 41.9
2 piperazine 9.82 44.0
3 1-(2-hydroxyethyl)piperazine 9.38 20.8
4 morpholine 8.36 11.5
5 1-formylpiperazine 7.98 8.67
6 piperazinium ion 5.68 2.21

7 ethylamine 10.63 1.33
8 glycine 9.76 1.13
9 ethanolamine 9.50 0.703

10 benzylamine 9.34 1.22
11 glycylglycine 8.25 0.595
12 glycine ethyl ester 7.75 0.466
13 trifluoroethylamine 5.70 0.0467

aThe kN values for reactions with primary amines were taken from ref.
10.

Figure 1. Brønsted-type plots for the Michael-type reactions of 1-
phenyl-2-propyn-1-one (2c) with primary (○) and secondary
alicyclic amines (●) in H2O at 25.0 ± 0.1 °C. The identity of points
is given in Table 1.
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The βnuc value of 0.25 obtained in this study suggests that
the bond formation is advanced only a little in the TS, which
is responsible for the result that steric effect is insignificant
in the current system. This argument is consistent with the
reports that primary amines are more reactive than second-
ary or tertiary amines of similar basicity in the nucleophilic
substitution reaction of phenyl acetate in which βnuc =
1.05,17b while the reverse is true in the reactions of phos-
phate and sulfate esters in which βnuc = 0.2020a and 0.13,20b

respectively.
Effect of Substituents on Reactivity and Reaction

Mechanism. To get further information on the reaction
mechanism, second-order rate constants have been deter-
mined for the reactions of 1-(X-substituted phenyl)-2-
propyn-1-ones (2a-f) with morpholine. As shown in Table 2,
the reactivity increases as the substituent X changes from an
electron donating group (EDG) to a strong EWG, i.e., kN

increases from 4.64 M–1s–1 to 11.5 and 34.5 M–1s–1 as the
substituent X changes from 4-MeO to H and 3-NO2, in turn.

The effect of substituent X on reactivity is illustrated in
Figure 2. The Hammett plot is not linear since 2a exhibits a

negative deviation. We have reported a similar result for
aminolyses of 4-nitrophenyl X-substituted benzoates21 and
2,4-dinitrophenyl X-substituted benzenesulfonates22 as well
as alkaline hydrolysis of O-4-nitrophenyl X-substituted
thionobenzoates,23 and nucleophilic substitution reactions of
2,4-dinitrophenyl X-substituted benzoates with OH–, CN–,
and N3

–.24 In all cases, the substrate with a strong EDG in the
benzoyl or sulfonyl moiety exhibited a negative deviation
from the Hammett plot.21-24 Traditionally, such a deviation
has been interpreted as a change in the RDS on changing the
substituent X from an EWG to an EDG, since the rate of
amine attack would be slow when X = EDG but becomes
fast when X = EWG. However, we have proposed that the
nonlinear Hammett plots were not due to a change in the
RDS, since the corresponding Yukawa-Tsuno plots exhibited
an excellent linear correlation.21-24

We have constructed a Yukawa-Tsuno plot for the reac-
tions of 2a-f with morpholine. Figure 3 demonstrates an
excellent linearity with ρ = 0.62 and r = 0.82. Such a linear
plot clearly indicates that the reactions of 2a-f proceed
without changing the RDS. 

The r value in the Yukawa-Tsuno equation, eq. (2) repre-
sents the resonance demand of the reaction center or the
extent of resonance contribution.25 Accordingly, one can
suggest that ground-state (GS) stabilization through the
resonance interaction as illustrated in the resonance
structures I and II is responsible for the negative deviation
shown by the substrate with an EDG (e.g., 2a). This
argument is consistent with our previous proposal that
resonance structures III and IV are the cause of the negative
deviation shown by the substrate with a strong EDG from
the Hammett plot for aminolysis of aryl X-substituted
benzoates.21-24

Table 2. Summary of Second-order Rate Constants for the
Michael-type Reactions of 1-(X-Substituted Phenyl)-2-propyn-1-
ones (2a-f) with Morpholine in H2O at 25.0 ± 0.1 °C

Entry X kN /M–1s–1

2a 4-MeO 4.64
2b 4-Me 8.59
2c H 11.5
2d 4-Cl 14.4
2e 4-CN 31.4
2f 3-NO2 34.5

Figure 2. Hammett plot for the Michael-type reactions of 1-(X-
substituted phenyl)-2-propyn-1-ones (2a-f) with morpholine in
H2O at 25.0 ± 0.1 °C. The identity of the points is given in Table 2. 

Figure 3. Yukawa-Tsuno plot for the Michael-type reactions of 1-
(X-substitute phenyl)-2-propyn-1-ones (2a-f) with morpholine in
H2O at 25.0 ± 0.1 °C. The identity of the points is given in Table 2.
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log kX/kH  =  ρ [σo + r(σ+ – σo)] (2)

Conclusions

Our present study has allowed us to conclude the follow-
ing: (1) The reactions of 2a-f with all the amines studied
proceed without general acid/base catalysis. (2) The reac-
tions of 2c with secondary alicyclic amines result in a linear
Brønsted-type plot with βnuc = 0.25, which is a typical βnuc

value for reactions proceeding through a rate-determining
attack of amines on the electrophilic center (e.g., TS2). (3)
Secondary amines are more reactive than isobasic primary
amines toward 2c. (4) The Hammett plot for the reactions of
2a-f with morpholine is not linear, while the Yukawa-Tsuno
plot for the same reactions results in an excellent linear
correlation with r = 0.82. (5) The nonlinear Hammett is not
due to a change in the RDS but due to GS stabilization
through resonance interactions. 

Experimental Section

Materials. 1-(X-substituted phenyl)-2-propyn-1-ones (2a-
f) were readily prepared from oxidation of the corresponding
carbinols,26 which were obtained from the reactions of X-
substituted benzaldehydes with ethynylmagnesium bromide
in dried diethyl ether as reported in the literature.27 The
purity of 2a-f was checked by means of their melting points
and 1H NMR spectra. Doubly glass distilled water was
further boiled and cooled under nitrogen to eliminate CO2

just before use. Amines and other chemicals employed were
of the highest quality available.

Kinetics. The kinetic studies were performed using a UV-
vis spectrophotometer for slow reactions (t1/2 > 10 s) or a
stopped-flow spectrophotometer for fast ones (t1/2 ≤ 10 s)
equipped with a constant-temperature circulating bath. The
reactions were followed by monitoring the appearance of
enaminone 3 at a fixed wavelength corresponding to the
maximum absorption. Typically, the reaction was initiated
by adding 5 μL of ca. 0.02 M substrate stock solution in
CH3CN by a 10 μL syringe to a 10 mm UV cell containing
2.50 mL of the reaction medium and the amine. All reactions
were carried out under pseudo-first-order conditions in
which the amine concentration was at least 20 times greater
than that of 2a-f. The amine stock solution of ca. 0.2 M was
prepared in a 25.0 mL volumetric flask under nitrogen by
adding 2 equiv of amine to 1 equiv of standardized HCl
solution to obtain a self-buffered solution. All the transfers
of solutions were carried out by means of gastight syringes. 

Product analysis. The enaminones 3a-f were identified to
be E-isomers from their 1H NMR spectra.
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