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ABSTRACT: The enol content and equilibrium free energies for the keto-enol tautomerism have 
been determined for a series of 1,3-diketones. at 40 OC, in deuterochloroform and dimethyl- 
sulfoxide-d 
trifluorome P 

(DMSO), by IH n.m.r.. Compounds containing methyl, phenyl, s-butyl, 2-thienyl. 
hyl and ethoxy groups have been examined. The equilibrium free energies in DMSO 

are characterized by a linear additivity effect, and substituent parameters, representing 
the variation produced by the substituent, have been calculated. Equilibrium enthalpy and 
entropy have been obtained in the range of temperature 20-60 eC. A correlation between enolic 
15 
s&E r- 

coupling constants and equilibrium free energies in DMSO is discussed in terms of 
ituent effects on the energy of the enol. 

The tautomeric equilibrium of simple enols2 as well as of fl-diketones has been the subject 

of COntinuOs interest in chemistry. In the latter system, the position of the keto-enol 

equilibrium is affected by the presence of substftuent groups at the three carbon atoms 

of the diketone frame (Equation I). 

R-(f-fftjR’-C=R” _ 

8 :: 

R-C’&?‘-T-R” 

AH b 
(1) 

Interpretation of substituent effects is complicated by the fact that the influence on the 

stability of each of the two tautomers cannot be established unambiguously.4 

It is known that electron withdrawing groups increase the content of the enol form.5 

Alkyl groups produce a decrease of enol percent when attached to the central carbon atom' 
6a 

and an increase when bonded to the 1 and 3 positions. However, only scattered data are 

available on the effect of fi-substituents on the tautomeric equilibrium. 5.6 and the phenomenon 

is not well understood, whereas solvent effects have been investigated in detail.' 

We report a systematic investigation on the equilibrium composition for a series of 

B-dike&ones. carried out by 'H n.m.r, in CDC13 and DMSO-d6 solutions. The results are 

reported in Table 1. 
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Substituentsin kero-enol tautomcrism 

Among the b-diketones, each replacement of the methyl grouos 

increases the enol percent, which varies between 63.5% (1) and 100% 

derivatives (9, 10 and 11) in CDC13. The enol percent is lowered in 

of 2,4-pentanedione 

for the trlfluoromethyl 

OMSO solution for all 

compounds. In fact, the higher polarity of DMSO shifts the eauilibrjum toward the keto form 
7a 

and the enol content varies in a larger range, between 56% for (1) and 97% for the hexafluoro- 

derivative (8). Therefore, measure~nt of enol oercent and evaiuation of substituent effects 

are facilitated in this solvent. 

2999 

Despite the different electronic characteristics of trifluoromethyi, phenyi, thienyl 

and t-butyl groups, the enol percent in the corresoonding p-diketone derivatives is always 

higher than that in 2,4_pentanedione. The only exception is represented by the two 2-thienyl 

derivatives (7 and 8), the enol content of which, in CDC13, is similar to that of 2,4-pentanedione 

(1). Alkyl substitution at the central carbon atom causes a drop of the enol content, in 

agreement with the previous findings (entry 2) 
4,la 

The presence of the ester functionality also 

decreasesdrastically the enol percent (12). The trifluoromethyl derivatives (9, 10, 11) in 

CDC13 show only the peaks due to the enol form, whereas, in DNSO, the peak from the keto 

-CH2- grouo is clearly observed (see Experimental). 

The results show the additive character of substituent effects on the tautomeric 

eauilibrium. The influence of a group on the equilibrium free energy of the monosubstituted 

derivative, with respect to 2,4_pentanedione, is reproduced by the same extent, within the 

experimental error, in the disubstituted compound. For instance, the equilibrium free 

energy in DMSO varies from -0.14 kcal/mol for 2.4-pentanedione, (l), to -0.76 kcal/mol 

for 1-phenyl-1,3_butanedione, (3), and to -1.48 kcal/mol for 1.3-diohenyl-1.3-prooanedione. 

(4). Substitution of methyl by phenyl group produces a change of 0.62 kcal/mol in the 

first case and of 0.72 kcailmol in the second one. A similar additive character of substituent 

effects was observed by Shapet'ko for 
1 
H and 

13 
C n.m.r. chemical shifts of the a and@ 

carbon atoms in the enol form of j?-diketones. 
8 

An analogous additive effect nas been found 

by us for the corresponding keto tautomers.' A linear equation was used to reoresent the 

variation produced by the fl-substituents and to caiculate chemical shift values. In a similar 

fashion. substltuent parameters. calculated from the equilibrium measurements. can reoresent 

the increment apportioned to each of the p-substituents in terms of eauilibrium free energy 

in OMSO, according to equation 2: 

5G" = -0.14 + j(X) + A(Y) (2) 

where -0.14 is the AGo vaiue for 2.4-pentanedione and d(X) and d(Y) are the substituent 

factors attributable to group X and Y, respectively. The average A values are -0.67 

kcal/mol for R = ohenyl, -0.30 kcal/mol for R = t-butyi, -1.0 kcal/mol for R = CF3, and 

-0.16 kcal/mol for R = 2-thienyl. Thus, AGO calculated for CF3COCH2COC(CH3)3 is -1.44 kcal/mol 

which compares very well with the experimental value of -1.54 kcal/mol. 

A similar treatment can be extended to the data from the CDC13 solutions and the 

substituent parameters obtained are -0.46 kcal/mol for R = phenyl and -0.25 kcal/mol for 
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R = t-butyl. The Z-thienyl derivatives have about the same 

and the trifluoromethyl derivatives are about 100% enol. 

enol content of 2.4-pentanedione 

It is quite remarkable that a linear additivity observed for physical parameters, such 

as chemical shifts of single species, applies in the case of a chemical phenomenon Involving 

two equilibrating species. 

The spectra were recorded at different temperatures in the case of 2,4-pentanedione (1). 

the two phenyl (3 and 4) and the two &-butyl (5 and 6) derivatives, between 20 and 60 OC. 

The actual variation of composition with temperature9 and the the~dynamic parameters for 

enolization, ketozenol. are listed in Table 2. The results are consistent with data 

available in the literature. 
3,10;7b 

The enol is energetically more stable than the keto form, 

by ca. 2 kcal/mol for most compounds. The negative values of the equilibrium entropy are 

in agreement with the more rigid structure of the enol, as expected for the presence of an 

intramolecular hydrogen bond. 
11 

Although only five compounds. and therefore two substituents, 

have been examined, the thermodyn~ic parameters do not seem to vary in a predictable way. 

Table 2 -_ 

Variations of Enol Content with Temperature and Ther~dlnamic 

Parameters for the Equilibrium Keto,:Enol, in DMSO. 

Compounds Enol Percent" AH0 AS0 

R R“ 21 oc 40 oc 60 '=% (kcal/mol) (eu) 

(I) Ch3 CH3 59.8 55.7 51.1 -1.75 -5.2 

(3) Ph CH3 80.4 77.1 74.1 -1.89 -3.6 

(4) Ph Ph 93.7 91.5 87.8 -3.59 -6.8 

(5) But CH3 72.9 68.2 63.4 -2.18 -5.5 

(6) But But 80.6 77.2 74.1 -1.85 -3.5 

We searched for possible correlations between electronic parameters, like chemical 

shifts and/or coupling constants, and equilibrium free energies, in order to obtain clues 

about relative importance of substituent effects on the two tautomeric species. On 

examination of l3 C n.m.r. data for both keto and enol species in the same series of 

fi-diketones,I only the coupling constants, IJ -CR=' for the enol form seem to vary along 

with equilibrium free energies,in DMSO, according to a well defined trend (Figure la). The 

point obtained from the lJ_CH= coupling constant for enolic CH3COCH2C02Et (12) and its 
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Plot of enolic '5 

40 “C) in DMSO ( Aj!"' 

coupling constants of the fl-diketones fi equilibrium free energies (fiG" at 

Extrapolaiion of the equilibrium free energy (AGo = -6.3 kcal/mol, corresponding to 99.996% enol) 

from the J 
-CH= 

coupling constant (153.9 Hz) of the pure enollc species, 4-methoxy-3-penten- 

-2-one (6). 
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equilibrium free energy (1.98 kcal/mol, 4% enol) also lies 

by least square treatment of the corresponding points from 

Moreover. entering the graph with the 'J_CH, coupling 

on the straight line obtained 

the fi-diketones. 

constant for the ether 

HeCOCHC(OMe)He (153.9 Hz in CDC13), which is a pure enol species, gives on the abscissa 

scale an extrapolated value of 6.3 kcalfmol for the equilibrium free energy, corresponding 

to a theoretical 99.996% enol (Figure lb). 

The trifluoromethyl derivatives 9 and 10 did not fit into the correlation obtained 

for the other compounds, probably because of the strong electronic perturbation produced 

by the substituents.However,a straight line can be drawn with the points from compounds 

I. 9 and 10. 

A similar graph obtained from the 

of them laying between 126 and 128 Hz,' 

lJ_cHZ coupling constants of the keto species, all 

shows only scattered points. 

Since the coupling constants reflect the bond sp character, the plot shows that higher 

enol content is associated with increasing p character of the -CH= linkage (i.e.: values of 

1 
J decreasing toward the typical values of sp3 C-H bonds). 

12 
The ibridization of the central 

carbon atom is quite likely related to the overall thermodynamic stability of the molecule. 

In this respect, the energies of the keto species appear to be less and randomly dependent 

on structural variations than those of the enol, if coupling constants may be taken as 

sort of energy probes. It may therefore be suggested that changes in the equilibrium 

composition as a function of structure are caused by variations in the energy of the 

enol rather than of the ketone. 

EXPERIMENTAL 

The compounds were either commercially available or prepared as previously described, 
13 

according to literature methods. 
1 
H n.m.r. spectra were recorded on a Bruker Spectrospin WP 80 SY pulsed FT spectrometer 

operating at 80.13 MHz, with the probe thermostatted at 313 OK. Samples were in 0.05 molar 

solutions of chloroform-do (CDC13) or dimethylsulfoxide-d6 (OmSO). 13C n.m.r. data for 

4-methoxy-3-penten-2-one, CH3COCHC(OCH3)CH3, were obtained with the same instrument. The 

solvents were dried over molecular sieves and all manipulations were carried out under argon 

atmosphere. The solvents were used for both internal 'H lock and internal reference (peak 

at 7.25 ppm for CHC13 and 2.49 ppm for DMSO, downfield from Me4Si). The samples were 

thermostatted at 40 OC, at least for three days for the CDC13 solutions, before recording 

the spectra. Equilibrium constants were obtained by integration of keto and enol resonance 

peaks, generally -CH 
1 

2- and -CH=, respectively, and the measurements were accurate within 1%. 

H n.m.r. chemical shifts for the compounds in CDC13 have been previously reported, 
13 

and 

those recorded in DMSO solutions are listed in Table 3. Up to ten fold dilutions of 0.12 

molar 1,3-diphenyl-1,3-propanedione showed no change in enol percent or chemical shifts. 
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Table 3 

1H n.n.r. Chemical Shifts ( d, ppm) of @-Diketones, in DMSO-d6 

Compound Substituents Enol Tautomer Keto Tautomer 

R R' R" OH -C2f.+ -C*H- 

1 CH3 

2 CH3 

3 Ph 

4 Ph 

5 But 

6 But 

7 Thi 

8 Thi 

9 cF3 

10 cF3 

11 cF3 

12 CH3 

!.!) Center of a quartet 

H 

CH3 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

CH3 15.48 

CH3 16.44 

CH3 16.1 

Ph 17.1 

CH3 15.87 

But 16.27 

CH 3 15.6 

Thi 15.9 

CH3 10.3 

cF3 11.6 

But 9.2 

OEt 11.98 

5.66 3.66 

3.85" 

6.52 4.26 

7.32 4.86 

5.81 3.76 

5.86 3.86 

6.36 4.20 

7.08 4.73 

5.94 2.74 

6.62 3.22 

6.31 4.35 

5.08 3.56 
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