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To investigate the possibility that the free-radical pathway may also contribute 1o the
decarboxylation reaction, the thermolysis of 1 containing deuterium in the ethylene bridge (1-d,)
was investigated.’ * I decarboxylation proceeds by the acid-promoted ionic pathway, a d,-
monoacid will be produced, while a free-radical pathway would place a deuterium at the 3-
position of the aromatic ring (from D abstraction by the aryl radical) to form a ds-monoacid
(Schemet1).'® The thermolysis of 1-d, was performed at 325 °C and 400 °C, and the product
distribution was similar to that reported for 1. At conversions ranging from 3-9%, GC-MS
analysis of the 1-(3-carboxyphenyl)-2-phenylethane product showed no evidence of a ds -species
(<5%), based upon the comparison of the observed and calculated M* and (M+1)" peaks for the
trimethylsilylated derivative of the d,-monoacid. These data provide convincing evidence that
decarboxylation of 1 is occurring predominantly by an ionic pathway in the neat liquid.
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Scheme 1

PYROLYSIS OF CARBOXYLATE SALTS

In coal, many of the carboxylic acids exist as carboxylate salts.'” Exchange of inorganic
cations, such as Na*, K*, Ca*™*, or Ba™, into deminerdized low-rank coals can significantly
decrease liquefaction yields and increase cross-linking.® For example, in the liquefaction of
Zap lignite (400 °C, 30 min, tetrain, Ha), exchange of potassium cations into an acid
demineralized coal decreased liquefaction yields 40% compared to the demineralized coal.>*
Thermolysis of the dipotassium salt of 1 was investigated at 400 °C for 30 min nedt, in tetralin,
and in naphthalene.® No thermolysis products were detected and 1 was recovered unreacted
(>99 mol%). Calcium benzoate was also found to be relatively stable at 400 °C (0.05%
conversion to benzene in Ih). Addition of a small amount of water (-3 equiv) to the reaction
tubes did not significantly alter the conversions. However, if calcium benzoate was added to
benzoic acid, the rate of decarboxylation increased. For example, the decarboxylation of benzoic
acid increased by afactor of 7.7, 12.3 and 14.8 by me addition of 4.8, 11.1, and 15.1 mol%
calcium benzoate, respectively. In the thermolysis of substituted benzoic acids, Manion et al.
found that bases, such as pyridine. accelerated the decarboxylation of benzoic acid.” It was
proposed that decarboxylation occurred by the anionic mechanism (eq 2). However, the cationic
mechanism is still consistent with these results (eq t), and a new mechanistic pathway does not
have to be invoked to rationalize these experimental results. In the decarboxylation of 4-
aminobenzoic acids in dilute aqueous acid, it was concluded either ipso-protonation of the
aromatic ring (k) or loss of the carboxyl proton (ks) is wholly or partialy rate controlling
(Scheme 2).%' If the anion decarboxylates, protonation of the aromatic ring is rate controlling
(k3). Thus, if both ipso-protonation and proton loss from the carboxylic acid are rate contralling,
the rate of decarboxylation would be accelerated for the carboxylate sat. This prediction was
confirmed by Kaeding's study on the impact of benzoate salts on the decarboxylation of
sdicyclic acid in benzoic acid at 200-230 °C.2 All the benzoate sdlts enhanced the
decarboxylation rate, although the magnitude varied considerably with the metal. For example,
the potassium, sodium, and calcium benzoate accel erated the decomposition of salicyclic acid at
212 °C by afactor of 16.1, 10.7 and 6.3, respectively, and the decarboxylation rate was directly
proportional to the concentration of the salt. Thus, decarboxylation of carboxylic acids and their
salts can be described by the cationic mechanism shown in Scheme 2. In the presence of aweak
base, carboxylate salts are formed and a similar series of reactions can be proposed. Moreover,




anilinium and pyridinium ions have been shown to catalyze the decarboxylation of saticylic

acid.” Thus, a new mechanism does not have to be proposed for the base or salt catalyzed
decarboxyiation of aromatic carboxylic acids.
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Scheme 2

ANHYDRIDE FORMATION

The thermolysis of 3 was also studied in a non-hydrogen donor solvent, naphthalene, at 400
°C. In a 10-fold excess of naphthalene, the major products were the same as in the neat
thermolysis except for the formation of two new minor products (<3 mol%) 7 and 8, which
congtitute cross-linked products. Thermolysis of 1 and 2 in naphthalene also produced
naphthylated products, but the yield of these products was ca. three times smaller than that for 3.
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Arylated products were also found when biphenyl was used as the solvent, and 1- and 2-
phenylnaphtha ene were found in the thermolysis of benzoic acid in naphthalene. The formation
of 7 and 8 were reduced by tetralin, a hydrogen donor solvent, indicating that the arylation
reaction proceeded by a free radical pathway. The arylated products could aso be reduced by
small amounts of water (0.5-3 equiv).

The formation of small quantities of arylated products in the aromatic solvents was
surprising on the basis of the liquid phase experiments. The yield of arylated products was found
to be very sengitive to the reaction conditions and trace amounts of water, and at times, it was
very difficult to obtain reproducible data. After the thermolysis of many model compounds had
been investigated, it was concluded that the arylated products arise from formation and
decomposition of aromatic anhydrides. In the thermolysis of benzoic acid in naphthalene (2.5
equiv) at 400 °C, a smal amount of benzoic anhydride (ca 1.4%) was observed in addition to
benzene (1.2%). 1-phenylnaphthalene (0.06%), and 2-phenylnaphthalene (0.06%). When water
(0.5 equiv) was added to the mixture of benzoic acid and naphthalene, benzoic anhydride was
not observed. In the thermolysis of 3 in naphthalene, a small amount of the anhydride of 3,
(0.4%), was observed by HPLC and by LC-MS (by comparison with an authentic sample).
These studies confirmed that anhydrides could be formed under the sealed tube reaction
conditions used in this study and that small amounts of water minimize their formation.

Next, the thermolysis of the anhydrides were investigated since there was little literature
information on the pyrolysis of aromatic anhydrides at moderate temperatures (<500 “C). It was
discovered that the anhydrides decomposed very rapidly under the reaction conditions. The
decomposition of benzoic anhydride (7.5% conversion) at 400 °C in naphthalene (10 equiv) was
ca. 8 times faster than that for benzoic acid (0.97% conversion) under similar reaction
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