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Abstract-The tautomeric state of methylated phenols was evaluated experimentally and by quantum-
chemical calculations. The values ofDHt and Kt are presented.

The phenol-cyclohexadienone rearrangement may
be regarded as a particularcase of keto-enol tauto-
merism [234]. In the review [2] are summarized the
factors leading to stabilization of cyclohexadienones.
It was established that one among these factors is the
presence of alkyl substituents attached to thering
(best ofall, ortho-tert-butyl). Thelack of quantitative
data prevents the estimation of contributionfrom
separate components into the phenoltautomerism.
This study aims to fill in this gap by an example of
methylated phenols.

In a series of studies [538] an interaction of
phenols and cyclohexadienones with strong Lewis
acids was established with the use of UV, IR, and

NMR spectroscopy that in the presence of two molar
equivalents of AlBr3 arose complexes of the same
composition andstructure. Thisfact may be used to
calculate the enthalpy (DHt) and tautomerism con-
stants (Kt). Actually, if exists the process described
in Scheme 1, then a certain complex can be obtained
by two differentways, and it conforms to Hess

,
law

[equation (1)].

DH1,2+ DH2,3+ DH3,4= DH1,6+ DH6,5+ DH5,4 (1)

Let us takeDH6,5+ DH5,4= DH7,9, sinceDH1,2+
DH2,3 + DH3,4 = DH1,4, and DH1,6 = DHt,
thenDH1,4 = DHt + DH7,9 and we therefrom obtain
DHt = DH1,4 3 DH7,9.

Scheme 1.

ÄÄÄÄÄÄÄÄÄÄ
* For communicationXVII, see [1].
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Experimental and calculated values of enthalpyDHt (kJ mol31) and constants of tautomeric equilibriumKt
a for methylated

phenols
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Phenol
³ DHt ³ Kt

ÃÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄ
³ experimental³calculated (MP2)³ experimental³calculated (MP2)

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄ
Phenol ³ 71.4 ³ 70.7 ³ 2.5310313 ³ 3.3310313

3-Methylphenol ³ 68.4 ³ 69.7 ³ 8310313 ³ 5310313

3,5-Dimethylphenol ³ 66.2 ³ 67.9 ³ 2310312 ³ 1310312

2-Methylphenol ³ 3 ³ 61.4 ³ 3 ³ 1.4310311

2,3-Dimethylphenol ³ 56.2 ³ 58.9 ³ 1.2310310 ³ 4310311

2,3,5-Trimethylphenol ³ 55.4 ³ 58.0 ³ 1.6310310 ³ 6310311

2,6-Dimethylphenol ³ 3 ³ 44.6 ³ 3 ³ 1.331038

2,3,5,6-Tetramethylphenol ³ 42.4 ³ 43.6 ³ 331038 ³ 1.931038

2,3,4,5,6-Pentamethylphenol ³ 34.8 ³ 40.7 ³ 731035 ³ 631038

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄ
a TheKt values given in the table were calculated with the value ofDSt 31.2 J K31 [10].

Thus to evaluate theDHt value it is necessary to
measure the formation enthalpy of triple complexes of
phenolsDH1,4 and cyclodienonesDH6,5 with Al2Br6
and insert these values into equation(1). TheDH1,4
values for the methylated phenolsI are given in[7].

By calorimetric titration of substituted cyclohexa-
dienonesVIIa 3d we found that only small variations
exist in the formation enthalpies of complexesIXa3d.
Therefore we took forDH7,9 a constant value of
158.3 kJ mol31).

a, R1 = R2 = R3 = R4 = R5 = R6 = CH3; b, R1 =
R2 = R3 = R4 = R5 = CH3, R6 = CHCl2; c, R1 =
R3 = R5 = CH3, R6 = CHCl2; d, R1 = CH3, R6 =

CHCl2.

If into equation (1) instead ofDH6,4 value
is inserted DH7,9, we should obtain in first

approximation the valuesDHt for the series of
methylated phenols (seetable).

As seenfrom the table, theDHt value gradually
decreases with increasing number of the methyl
groups bonded to thering from 68.4 (for 3-methyl-
phenol) to34.8 kJ mol31 (for pentamethylphenol).

For ortho- and meta-methylated phenols exists a
linear correlation betweenDHt and Hammett

,
s

s-constants. The enthalpy of tautomeric transforma-
tion for unsubstituted phenol(71.4 kJ mol31) was
obtained by extrapolation according to equation(2).

The estimation of enthalpy of the tautomeric
processes in the phenol series may be used as criterion
for quantum-chemical calculations. Inparticular,
calculation ofDHt values by MO SCF procedure [9]
show that phenol structure is more stable than that
of 2,5-cyclohexadienone by94.2 kJ mol31, and the
calculation by optimized OHF procedure with MP2
corrections gives a value42.5 kJ mol31 [10].

It turned out that calculations using MP2 afforded
DHt values very close to experimentalresults. The
biggest deviation was observed for the tautomerism
enthalpy of pentamethylphenol, and it amounted to
~6 kJ mol31.

According to quantum-chemical calculations the
stability of the keto form of methylated phenols
should decrease in the series ortho3meta3para-cresol.
Maximum stabilization of 2,5-cyclohexadienones is
achieved in the presence of ortho-methyl groups
(1CH3 10313 kJ mol31), the effect ofmeta-methyls is
less pronounced (1CH3 334 kJ mol31), and the
appearance of apara-methyl group destabilizes the
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keto form. Thehigher stability of the ortho-alkylated
2,5-cyclohexadienones is confirmed by numerous
examples cited in review[2].

However we should mention some discrepancies
between the values of cyclohexadienones stability
obtained by calculations, fromcalorimerty, and NMR
spectra of the complexes of the ketoform. For
instance, from the NMR spectra [4, 5] follows that
among 2,6-dimethyl- and 3,5-dimethyl-2,5-cyclo-
hexadienones the most stable is 3,5-dimethyl-2,5-
cyclohexadienone since in the presence of 2 mol
equivalents of AlBr3 the keto form complex from
2-methylphenol forms byhalf, and 3-methylphenol
totally transforms into the keto complex under these
conditions [4, 5]. The inconsistency of the calculated
and spectral data presumably arises because these
complexes by the structure arerather oxybenzenium
ions than 2,5-cyclohexadienones, and the stabilizing
contribution of methyls in these structures isdifferent.

The constants of equilibrium between methylated
phenols and keto forms were estimated from the
general thermodynamic equilibrium (atDSt 31.2 J K31

[10]). In the table are given the numerical values of
the constants of tautomeric equilibrium obtained from
the experimental data and quantum-chemical calcula-
tions. As seen, theconstants gradually grow from
2.5010313 for phenol to 701037 for pentamethyl-
phenol. It turnedout, that two meta-methyl groups
stabilize the keto form approximately5-fold, whereas
the effect of twoortho-methyl groups is greater by
nearly four orders of magnitude, and theexhaustive

methylation of phenol results in stabilization 2.80106

times.

We like to mention in conclusion that thermo-
chemical experiment and quantum-chemical calcula-
tions provide a possibility to estimate and predict
with high probability the thermodynamic parameters
of the phenol-cyclohexadienone tautomerism for
phenols of the benzeneseries.
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