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ABSTRACT: This paper describes solvent effect on tautomerism and polymerization of ethyl 
4-methyl-3-oxo-4-pentenoate, which is in coexistence with two tautomers. The ketonic form is 
predominant in polar solvents and the enolic one in non-polar solvents. The tautomeric equilibria 
depend on polarity and hydrogen-bond donating power of the solvents. The homopolymerization 
and the copolymerization with styrene in polar and non-polar solvents reveal that there are a 
negligible interaction between EMAA monomer and the solvent, and a specific solvation of the 
polY.mer radical having EMAA unit as the terminal group. The enolic-type radical is more reactive 
than the ketonic one. 
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Since the work of Nazarov and Zavyalov2 

the usefulness of esters of 3-oxo-4-pentenoic 
acid for a Robinson annelation3 and a 
Mannich reaction for· the construction of 
the piperidine ring4 has been demonstrated. 
However, the esters have never been chosen 
as the subject of the study of polymerization. 

be one of factors governing rate of polymeri­
zation and copolymerization parameters. 

Our great interest is focussed on vinyl com­
pounds with a tautomeric substituent, par­
ticularly with a keto-ester group. Ethyl 4-
methyl-3-oxo-4-pentenoate (ethyl methacryloyl 
acetate, abbreviated EMAA) is in coexistence 
with two tautomers, i.e., the ketonic and 
enolic forms. Therefore, homopolymeriza­
tion of EMAA can be regarded as copolym­
erization of the keto- and enol-type mono­
mers, and the keto-enol equilibria seem to 

t Part I of this series is ref I. 

In the present paper, we discuss the solvent 
effect on tautomerism of EMAA, using mul­
tiparametric regression analysis and empiri­
cal polarity parameters, according to the 
"Linear Solvation Energy Relationship". 5 

Additional investigation has been done for 
obtaining preliminary data on polymerizabil­
ity of the tautomers of EMAA. 

EXPERIMENTAL 

EMAA was prepared according to the 
procedure of Stork.6 bp 70-72°C [5 mmHg 
(0.67 kPa)]. The solvents were commercially 
available and purified by the standard meth-
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ods prior to use. Polymerization and co­
polymerization in benzene and dimethyl sulf­
oxide (DMSO) were carried out at 60°C in 
sealed tubes with 2,2'-azobisisobutyronitrile 
(AIBN) as the initiator. After a given time, 
the contents were poured into a large excess 
of methanol or petroleum ether, and the re­
sulting polymers were filtered off, dried under 
reduced pressure, and then weighed. The po­
lymerization rate and the copolymer compo­
sition were determined by gravimetric and 
elemental analyses, respectively. 

For the determmation of the equilibrium 

Table I shows NMR chemical shifts of 
EMAA. The spectral data reveal that EMAA 
is in coexistence with two tautomers, i.e., the 
ketonic and enolic forms. The keto-enol in­
terconversion is sufficiently slow on NMR 
time scale that the tautomeric constant can 
be calculated from area obtained by integra­
tion of the singlet peaks at 3. 73 and 5.23 ppm 

Table I. 1 H and 13C NMR chemical shifts of EMAA a 

Chemical shift Chemical shift 

Proton ppm Carbon ppm 

Keto Enol Keto Enol 

C1-H 
6.87 5.34 C-1 126.5 120.1 
6.00 5.89 C-2 144.6 137.7 

C3-H 1.83 1.88 C-3 17.3 18.3 
C5-H 3.73 5.23 C-4 167.8 171.4 
C7-H 4.12 4.19 C-5 45.2 88.8 
C8-H 1.21 1.26 C-6 194.2 173.5 
0-H 12.16 C-7 61.1 60.7 

C-8 14.3 14.4 

a Measurement were carried out without solvent at 
24°C. 
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constant, the 1H NMR spectra of EMAA 
were measured in hydrogenated solvents at 
24°C on a JEOL GX-400 spectrometer, the 
concentration being 0.077 mol dm- 3 . 

RESULTS AND DISCUSSION 

Tautomerism of EMAA 
Generally, keto-ester compounds are pos­

sible to have tautomeric structures. For ex­
ample, tautomerization of EMAA is express­
ed as follows: 

which are assigned to the methylene and me­
thyne protons lying between two carbonyl 
groups, respectively. As can be seen from 
Table II, the ketonic fraction in EMAA in­
creases with an increasing polarity of sol­
vents. Such a tendency is widely noted in 

No. 

2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
12 

Table II. Equilibrium constant (KT) for the 
tautomerization of EMAAa 

Solvent 
Ketonic 

KT fraction 

Hexane 0.370 0.588 
Triethylamine 0.374 0.596 
Carbon tetrachloride 0.389 0.637 
Benzene 0.492 0.968 
I ,2-Dimethoxyethane 0.733 2.743 
Ethyl acetate 0.748 2.971 
Acetonitrile 0.796 3.900 
Acetone 0.798 3.943 
Pyridine 0.822 4.615 
Dimethylformamide 0.856 5.944 
Methanol 0.860 6.153 
Dimethyl sulfoxide 0.891 8.149 

a Measurement were carried out at 24°C in hydrogen-
a ted solvents with the concentration of 0.077 
moldm- 3 . 
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tautomerism of keto-ester compounds such 
as ethyl acetoacetate. 

As quantitative description of the solvent 
effects on chemical processes and spectro­
scopic properties, linear multiparametric 
equations have been proposed by many au­
thors.7-11 Taft et a!. have also proposed a 
"Linear Solvation Energy Relationship" as the 
empirical solvent scale, 5 

x=x0 +s(n* +db) +aa +b/3 

where n* (polarity), 15 (polarizability), a (hy­
drogen-bond donating power), and f3 (hy­
drogen-bond accepting power) are referred 
to as the solvatochromic parameters, and s, 
d, a, and b as the solvatochromic coeffici­
ents, respectively. This equation is regarded 
as a general representation of the solvent effect 
because of a better correlation between sol­
vatochromic parameters and other empirical 
solvent scales.12 

Figure 1 shows regression analysis of the 
equilibrium constant with the solvatochromic 
parameters. The application of the Kamlet­
Taft equation5 to our tautomeric system 
gives a good linear correlation 

In KT= -0.648 + 2.811(n*- 0.26215) 

+0.737a+0.059{3 R=0.967 

A comparison of the s.olvatochromic coef­
ficients shows that the tautomeric equilib­
ria are dependent on the polarity and hy­
drogen-bond donor acidity of the solvents. 
In EMAA-solvent interaction, the solvents 
may serve as hydrogen-bond donor for the 
ketonic tautomer and as hydrogen-bond ac­
ceptor for the enolic one. Therefore, much 
contribution of the solvent acidity is pre­
sumed to result from preponderance of the 
ketonic form of EMAA. 

The equilibrium constant of EMAA 
changes also with concentration of solute 
and temperature. The NMR measurements 
of EMAA were carried out in two typical 
solvents, acetonitrile of a polar solvent and 
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Figure I. Regression analysis of equilibrium constants 
with the solvatochlomic parameters. Same symbols as in 
Table II. 
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Figure 2. Influence of dilution on the ketonic fraction 
of EMAA in carbon tetrachloride ( 0) and acetonitrile 
Ce). 

carbon tetrachloride of a non-polar solvent. 
As can be seen from Figure 2, the tautomeric 
equilibria exhibit a. remarkable dependence 
on the EMAA concentration. Therefore, 
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the equilibirum constants obtained are the .chloride solution, and 11H = 1.10 kcal mol- 1 

observed. Dilution with carbon tetrachloride and 11S = 8.07 cal mol- 1 K -l for acetonitrile 
favors shift of the equilibrium to the enolic 
tautomer, whereas opposite effect should 
occur in acetonitrile solution. These con­
centration effects probably result from dif­
ferences between polarities of solvent and 
solute andjor solute-solvent interactions. 
Since the measurements were carried out in 
such higher concentration as the solution 
is not considered to be the ideal solution 
and as polymerization of EMAA are ac­
cutually performed, the appearance of the 
concentration effect may be inevitable. Sim­
ilar concentration effect on tautomeric equi­
libria has been reported by Roussel et a/. 13 

Figure 3 shows the temperature depend­
ence of the equilibrium constant. The equi­
librium of EMAA in carbon tetrachloride 
shifts toward the ketonic tautomer with an 
increase in temperature, whereas the use of 
acetonitrile as the solvent takes the opposite 
effect. Enthalpy and entropy differences 
between the ketonic and enolic tautomers 
were found to be 11H= -2:07kcalmol- 1 and 
11S= -6.18 calmol- 1K- 1 for carbon tetra-
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Figure 3. Temperature dependence of equilibrium con­
stants for tautomerization of EMAA in carbon tetrach­
loride (0) and acetonitrile (e). 
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solution, respectively. 

Polymerization of EMAA 
The polymerization was carried out at 

60°C with [EMAA] = 1.46 mol dm- 3 by use of 
polar and non-polar solvents. As can be seen 
fr:om Figure 4, the rate of polymerization in 
benzene is higher than that in DMSO. The 
ketonic fraction in EMAA is 0.492 in benzene 
and 0.891 in DMSO, at the concentration 
of 0.077moldm- 3 • The equilibrium constant 
depends on the concentration of the solute 
(EMAA), temperature, and solvents. Though 
the fraction of each tautomer under condi­
tions that the polymerization was performed 
is not determined, it is obvious that the enolic 
fraction is predominant in the non-polar 
solvent and the ketonic one in the polar 
solvent. 

The copolymerization of EMAA (M1) and 
styrene (M2) was carried out using the same 
solvents as in the case of homopolymeriza­
tion. The copolymerization parameters ob-
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Figure 4. Time-course of conversion for the polymeri­
zation of EMAA at 60°C in benzene (0) and DMSO 
(e). [EMAA]=l.46moldm- 3 , [AIBN]=2x 10- 2 

moldm- 3 . 
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Table III. Copolymerization parameters for the 
EMAA (M1)-styrene (M2 ) system 

Solvent r, r2 Q, e, 

Benzene 0.67 0.13 2.20 0.76 
DMSO 0.46 0.10 2.43 0.95 

tained are listed in Table III. r 1- and r2-values 
are dependent on and independent of the 
solvents, respectively. Monomer reactivity 
ratio r 2 is the ratio of the rate constants 
for addition of two monomers toward the 
polymer radical with styrene unit at its ter­
minal position. No difference in r2-value sug­
gests a negligible interaction between EMAA 
monomer and the solvent. On the other 
hand, there is a significant effect of the 
solvent on r 1• Monomer reactivity ratio r 1 

represents the ratio of rate constants for ad­
dition of EMAA and styrene toward the 
polymer radical with EMAA unit as the ter­
minal group. S.ince the reactivity of styrene 
is supposed to be independent of the sol­
vent, negligible interaction between EMAA 
and the solvent, as described above, suggests 
a specific solvation of the propagating poly­
mer radical having EMAA as the terminal 
unit. 

The polymerization rate depends on the re­
activities of both polymer radical and mono­
mer, and much contribution of the former 
is generally considered. The enolic form of 
EMAA monomer, of course, predominant in 
a non-polar solvent, and the ketonic form 
in a polar solvent. However, the keto/enol 
ratio of EMAA unit in the polymer is not 
always equal to that of the monomer. The 
enolic fraction in the polymer was measured 
on a 1 H NMR spectrometer and found to 
be 0.33 and 0.30 in benzene-d6 and DMSO­
d6, respectively. This finding shows that the 
enolic fraction in the polymer is approxi­
mately equal in both solvents. The corre­
sponding equilibrium may be true for the 
terminal EMAA radical along the polymer 
chain. Even if so, however, it seems reason-
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able to asume that DMSO has more sol­
vent effect on the propagating polymer radi­
cal than benzene does. 

CONCLUSIONS 

EMAA is an equilibrium mixture of two 
tautomers, the ketonic and enolic forms. 
The former is predominant in a polar sol­
vent and the latter in a non-polar solvent. 
Regression analysis of the equilibrium con­
stant with the solvatochromic parameters 
revealed that the tautomeric equilibria de­
pend on polarity and hydrogen-bond donor 
acidity of the solvents. However, the keto/ 
enol ratio of EMAA unit in the -polymer is 
independent of the solvent used. 

The polymerization of EMAA is faster 
in a non-polar solvent than in a polar sol­
vent. The results of the copolymerization 
of EMAA and styrene suggest that there 
are a negligible interaction between EMAA 
monomer and the solvent, and a specific 
solvation of polymer radical having EMAA 
unit at its terminal position. 
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