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Hidroxiacetofenonas, especiamente o isdmero para, sdo importante compostos da industria
farmacéutica. Elas podem ser obtidas por acilagdo do fenol, mas as propriedades termodinamicas
dessa reacdo ndo estdo disponiveis. A estimativa das propriedades desta reacdo, usando o método
de Benson, indica que aformagao das hidroxiacetofenonas é favoravel atemperaturas entre 300 K
e 800 K. Temperaturas superiores favorecem a formagdo do acetato de fenila. Neste intervalo de
temperatura, ameta-hidroxiacetofenona € mais estavel que osisdmeros orto e para.

Hydroxyacetophenones, especialy the para-isomer, are important compounds in the pharma-
ceutical industry. They can be obtained through acylation of phenol but no data about the thermo-
dynamic properties of this reaction are available. The estimation of the properties of this reaction,
using the Benson method, shows that the formation of hydroxyacetophenones is favorable at
temperatures between 300 K and 800 K. Higher temperatures favor the formation of phenyl acetate.
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In this temperature range, meta-hydroxyacetophenone is more stable than the other isomers.
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Introduction

Acylation reactions are largely employed in the fine
chemical industry, producing a variety of synthetic fra-
grances and pharmaceuticals. The principal routeto obtain
acylaromatics, for example, is the acylation of aromatics,
whichisgenerally carried out using Bronsted or Lewisacid
catalysts™2.

Hydroxyacetophenones, especially the ortho and para-
isomers, which are required in the fabrication of pharma-
ceutical products*® stand out among the aromatic products.
These compounds can be obtained by direct C-acylation of
phenol with acetic acid or rearrangement of phenyl acetate
(Fries Reaction, Eq. 2, Fig. 1). Obvioudly, thefirst routeis
more interesting since it employs more readily available
and less expensive raw materials but, due to the greater
electron density of the oxygen atom of the phenol molecule,
the formation of the hydroxyacetophenones occurs essen-
tially through O-acylation and ester formation (Eq. 1).
Several authors have studied this route in liquid phase® or
gasphase™>®. Inboth casethe primary product isthe phenyl

acetate and the hydroxyacetophenones are secondary pro-
ducts. Additionally, for kinetic reasons, the phenyl acetate
formation is much faster than itsisomerization’. However,
to the best of our knowledge, no thermodynamic study of
this reaction has been carried out, aiming to evaluate the
appropriate conditions for the optimal formation of the
desired isomers.

Hence, the goal of thiswork wasto estimate thermody-
namic parameters, like enthalpy, Gibbs energy of forma-
tion and the equilibrium constant of this reaction, as well
as the hydroxyacetophenone isomer’ s distribution at ther-
modynamic equilibrium. Furthermore, theaim of thiswork
is also to emphasize the importance of the use Benson's
method, which is recommended for the estimation of ther-
modynamic parameters for aromatic isomers.

Calculations

The main difficulty in estimating the thermodynamic
properties of reactions 1 and 2 isto evaluate the free Gibbs
energy of formation of the hydroxyacetophenone (HAP)
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Figure 1. Phenol acylation and Fries isomerization.

isomers. Ried et al.2 mention different waysto estimate the
thermodynamic properties of organic compounds, like the
methods of Y oneda, Joback, Thin, Cardozo and Benson.
He indicate that the last one offered the best estimated
values for the case of organic isomers, giving errors lower
than 1% and, therefore, the Benson method will be used in
thiswork.

Benson’s method used for the estimation of standard
enthalpy of formation (DHs°298), absolute entropy (S°29s)
and ideal-gas heat capacity (Cp®), is described in his com-
prehensivereview®. It considers that molecules are formed
by groups of atoms. Each group is marked for the key atom
with valence greater than unity, followed by a notation
specifying other atoms bonded to it. The phenol molecule,
for instance, has six groups of atoms: (a) one group formed
by the phenal function, symbolized by O-(H)(Cg) and (b)
five groups formed by a hydrogen atom bonded to an
aromatic carbon Cg-(H) where Cg represents an aromatic
carbon.

Equations 3, 4 and 5 show the expressions for the
estimation of the enthalpy of formation, heat capacity and
entropy of the compounds in reactions 1 and 2, respec-
tively. They are obtained by summing the contributions of
each i-group (DH;, Cp°(T) and S°;), which are tabulated by
Ried et al.® and Benson et al.®, taking into account the
frequency of appearance n; of each group in the molecule:

DHt°298 = S ni DH; 3
DH:° 298 = S ni DHi (4)

S° 298 = Sni §°i - RIn(s) - RIn(h) (5)

27 | =

Kom

H

COCH ,

(o, m, p) - Hydroxyacetophenone

The Benson method requires the correction of the sum
of theentropies (Eq. 5) using the symmetry number (s) and
the number of possible optical isomers (h). Ried et al. and
Benson et al.® present several suggestions defining the
symmetry number (s) of different molecules; neverthel ess,
wewere not ableto find any tabled valuefor s correspond-
ing to hydroxyacetophenones. According to these authors,
the symmetry number of the molecule can be obtained by
the product of theinternal symmetry number (Sint) and the
external symmetry number (Sext):

S = Sint. Sext

The sint parameter represents the number of symmetry
elements of each group and sex represents the number of
symmetry elements of the whole molecule. Accordingly,
the ortho and meta-hydroxyacetophenoneisomershavesint
= 3 (since only the methyl group has symmetry elements)
and sext = 1, whichisthe plane defined by thearomatic ring.
The para-hydroxyacetophenone hasthe samesint valueand
Sext = 2 Since, besidesthe plan defined by the aromatic ring,
it has asymmetry axis defined by the para-positionsin the
aromatic ring. Therefore, s = 3 for the ortho and meta
isomersand s = 6 in the case of the para-HAP. There are
no optical isomers among the HAP, and consequently this
correction in Eq. 5 is not necessary.

The Benson method® also demands fixed corrections
for the following properties of ortho-isomers of aromatic
compounds:

DHt®208 = DH¢® - 0.57 (6a)

S°298 =S -161 (6b)
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Cpsoo = Cp° +1.12 (6¢c) The equilibrium constant of reactions 13 and 14
ields, respectively:
Cpaoo = Cp° +1.35 (6d) y =P Y
o _X(x-y)
Cpsoo = Cp° +1.30 (6€) 1wy (15
Cpeoo = Cp° +1.17 (6f) fiy
Ko =—2— (16)
Cpsoo = Cp° +0.88 (69) X-y
Equation 7 shows how the entropy of formation of each S .
compound (S°s9s) can be calculated from its chemical a fi=1 (17)

elements

DS°208 = S°208 - S Se 208 (7)
where:

Sc%208(H2) = 31.21 cal/mol K

S%08(C) = 1.361 cal/mol K

Sc°208(02) = 49.00 cal/mol K

Finally, we can estimate the thermodynamic properties
and the chemical equilibrium constant (K) of the reactions
at different temperatures as follows:

° _ Cp (T) +Cp298

Com=""5 (8)
DH(%(T) = DH° 208 + Cp°m (T - 298) 9)
DS(T) = DSi%sg + Cp°m. In (T / 298) (10)
DG (T) = DHr(T) - T . DS(T) (11)
K(T)=exp [@] (12)

By knowing theequilibrium constant (K1) of theforma-
tion of phenyl acetate (Eq. 1) and of hydroxyacetophenone
isomers (Ko, Kom € K2p, EQ. 2), other parameters of both
reactions at a given temperature can be calculated: the
phenol and acetic acid molar consumption (x) at the chemi-
cal equilibrium, the molar conversion to phenyl acetate
(x-y) or hydroxyacetophenone (y) and the molar fraction of
hydroxyacetophenone isomers (fo, fm € fp). The values of
these parameters can be achieved solving the system
formed by Egs. 15, 16 and 17, supposing that initially the
reactants are in a specific molar proportion (equimolar and
unitary, for instance).

Phenol + Acetic Acid «* Phenyl Acetate + Water (1)

(Ix) (1) (x-y) x (13
Phenyl Acetate & 0, m, p-Hydroxyacetophenoneq2)
(x-y) y (14)

referring f; to themolar fraction of o, m or p- hydroxyaceto-
phenones isomers.

Solving the system formed by the Egs. 15, 16, and 17
we obtain the molar consumption of reactants (18), the
conversion (19) and the selectivity to hydroxyacetophe-
nones (20):

X=@K1(K1+a)

) (18)
3
X é K 2
y=—"%5— (19)
1+3 Koy
i=1
where
3
a Ko
a=1- Kj- ———
1+ é_ K i
i=1
and
-y
SHAF " (20

Once the values of x and y have been established for a
certaintemperature, themolar fractionsof theHAFisomers
(fi) can be determined from Eq. 16.

Results and Discussions

Thermodynamic properties of the phenol esterification
reaction

Table 1 shows the chemical groups present in the
phenyl acetate (PA) and hydroxyacetophenone (HAP), the
number of times that each group appears in these mole-
cules, and the thermodynamic properties of each one. The
value of the group contributions for the calculation of its
thermodynamic properties was furnished by Ried et al 8
and Benson et al.®.

Table 2 shows the results for the thermodynamic prop-
erties of formation of phenyl acetate at various tempera
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Table 1. Contribution of the groups for the thermodynamic properties of PA and HAP.
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Group NpPA NHAP DH; / S/ Cp®i / ca/moal K
Kealfmol — callmalK =, qq ¢ 400K 600K 800K

Cs-(H) 5 4 3.30 11.53 3.24 4.44 6.30 7.64
Cs-(0) 1 1 -1.80 -10.12 3.90 5.30 6.60 6.90
Cs-(CO) 0 1 9.70 0 2.67 3.14 4.15 4.96
C-(CO)(H3) 1 1 -10.08 30.41 6.19 7.84 10.79 13.02
CO-(Cs)(C) 0 1 -37.60 0 5.68 6.92 8.37 9.40
O-(Cg)(H) 0 1 -37.60 29.10 4.30 4,50 5.20 6.00
CO-(0)(C) 1 0 -33.40 14.78 5.97 6.70 8.02 8.87
O-(Cb)(CO) 1 0 -32.52 0 2.06 2.71 342 3.88
Table 2. Thermodynamic properties of PA formation.
T/K Cp°®/ cal/mol K DH¢° / Kcal/mol DSr° / cal/mol K DG¢° / Kcal/mol
298 34.32 -61.30 -94.28 -33.21
400 44.75 -57.27 -82.64 -24.21
500 5341 -52.44 -71.58 -16.65
600 60.33 -47.01 -61.16 -10.31
700 66.14 -41.11 -51.38 -5.14
800 70.37 -35.02 -42.59 -0.95
900 73.06 -28.98 -34.94 2.46
1000 74.31 -23.17 -28.52 535
tures, obtained by Benson group contribution method (Egs. 1000—
3,4and5) and Egs. 8, 9, 10 and 11. 1 lex10°

Similarly, Tables 3aand b indicate the thermodynamic 800— - Ilgm
properties of formation of the hydroxyacetophenones iso- ] - Kz:f)’ Laxi08
mers at the same temperature interval, taking into account 600 — PA
the symmetry number (Eq. 5) and the fixed correctionsfor MG 40 o; - 1 A
the ortho-HAP isomer (Egs. 6 aq). The values of the free 1 s
Gibbs energy of formation of the other compounds in- o 2x10
volved in the acylation reaction (phenol, acetic acid and AN Ffox10?
water) were reproduced from Stull et al.°. P < B 3 |

- i T~ T " T " T " T " T " T "1
Table 4 presents free Gibbs energy of reaction (DGr1) T e O VS T

of formation of phenyl acetate (Egs. 1 and 13). The equi-
librium constant (K1) of thisreaction indicatesthat (Fig. 2)
the formation of phenyl acetate is more favorable at high
temperaturesreasonablevaluesonly at temperatureshigher
than 800 K. Table 4 also displays the free Gibbs energy
(DGro, DGrm € DGp) of theisomerization reaction of phenyl
acetate to hydroxyacetophenones (Egs. 2 and 14). The
corresponding equilibrium constants (K20, Kom € Kzp) of
the Fries reaction (Fig. 2) indicate that the formation of
these isomers, on the contrary, decrease continuously by
increasing thetemperature and the hydroxyacetophenones
formation reaction is less favorable at temperatures higher
than 800 K.

Temperature / K

Figure 2. Equilibrium constantsfor phenyl acetate and hydroxyacetophe-
none formation.

Reaction conversion and product distribution

Figure 3 presentsthe estimated val ues of the phenol and
acetic acid conversion (x), the molar conversion to phenyl
acetate (x-y) and hydroxyacetophenone, HAP (y) as a
function of the temperature. It shows that the reactant
consumption is very small at temperatures below 400 K,
but it reaches almost 100% at temperatures higher than 800
K. Among the products, theformation of hydroxyacetophe-
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nones is amost 100% selective up to 800 K (Fig. 3). At
higher temperatures their formation decreases about 20%,

favoring phenyl acetate formation.

Ph  Phenol conversion
HAP HAPhenone
PA  Phenylacetate
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-——
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Figure 3. Conversion and acylation products of phenol with acetic

acid.

Table 3a. Thermodynamic properties of ortho-HAP formation.

The distribution of ortho, meta and para-hydroxyace-
tophenone isomers (fo, fm and fp) as a function of the
temperature is shown in Fig. 4. The results indicate that
metaisthe most and ortho the least stable of all isomers. It
can be also observed that, as the temperature increases,
thereisadecreasein the fraction of meta and para isomers
and a consequent increase in the ortho-isomer.

1,0 —
L —— HAP selectivity
08 -..---m-HAP
I ~__ p-HAP
...... o-HAP
06 -
= T
= L
(9]
o 04
w2
02 - e
! ! | \ ‘ ‘ : ;

300 400 500 600 700 800 900 1000

Temperature / K

Figure 4. Selectivity for hydroxyacetophenone and isomer distribution
at equilibrium.

T/K Cp° / ca/mal K DHs° / Kcal/mol DS° / cal/mol K DGs° / Kcal/mol
298 36.82 -63.91 -93.02 -36.19
400 46.81 -59.64 -80.71 -27.36

500 54.93 -54.64 -69.28 -20.00

600 61.48 -49.07 -58.62 -13.89

700 67.19 -43.00 -48.61 -8.98

800 7132 -36.77 -39.62 -5.07

900 73.97 -30.56 -31.79 -1.95
1000 75.27 -24.57 -25.17 0.60

Table 3b. Thermodynamic properties of meta and para-HAP isomer formation.

meta and para meta para
T/K Cp°/ cal/mol K DH¢° / Keal/mol DSt / cal/mol K DGt° / Keal/mol DSt / cal/mol K DGt° / Kcal/mol
298 35.70 -64.48 -91.41 -37.24 -92.79 -36.83
400 45.46 -60.34 -79.46 -28.56 -80.84 -28.00
500 53.63 -55.46 -68.30 -21.31 -69.68 -20.62
600 60.31 -49.98 -57.81 -15.29 -59.19 -14.47
700 66.08 -44.03 -47.95 -10.46 -49.33 -9.49
800 70.44 -37.84 -39.00 -6.64 -40.38 -5.53
900 73.38 -31.65 -31.13 -3.63 -32.51 -2.39
1000 75.07 -25.60 -24.36 -1.24 -25.74 0.14
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Table 4. The Gibbs energies for the O-acylation of phenol (Eg. 1) and the Fries isomerization (Eq. 2).

PA (Eq.1) HAP (Eq. 2)

T/K DGr1 / Keal/mol DGro / Keal/mol DGrm / Kcal/mol DGrp / Kcal/mol
298 10.04 -2.99 -4.04 -3.62

400 9.92 -3.15 -4.34 -3.79

500 8.16 -3.35 -4.66 -3.97

600 5.97 -3.58 -4.98 -4.15

700 0.46 -3.84 -5.32 -4.35

800 -5.31 -4.11 -5.68 -4.58

900 -13.06 -1.95 -3.63 -2.39
1000 -22.27 0.60 -1.24 0.14

The higher stability of the meta-HAP isomer (about
60% of the isomers) is very similar to that presented by
other disubstituted benzenic compounds, as in the case of
the xylenes'. However, stability of the ortho isomer (be-
tween 10 and 20% of theisomers) is somewhat lower than
that found among the xylenes but is comparable to that of
the diethylbenzenes'?. This indicates that the formation of
the ortho-isomer of disubstituted benzenic compounds is
influenced by the size but apparently not by the electronic
properties of the substitutes present in the aromatic ring.

Conclusions

Thiswork presents the necessary steps for the calcula
tion of thermodynamic properties of hydroxyacetophe-
nones, an important group of compounds employed in the
pharmaceutical industry. The Benson method, employed to
estimate thermodynamic properties of the compounds in-
volved in the reaction, was considered adequate for this
system, since it gave an isomer distribution resembling
other similar aromatic compounds.

The results indicate that, although the O-acylation is ki-
netically favored, hydroxyacetophenones (C-acylation) are
yielded as dmost single products from the reaction between
acetic acid and phenol at temperatures between 300 K and
800 K. At higher temperatures, however, the formation of
about 20% of phenyl acetate (O-acylation) takes place.

Similarly to other disubstituted aromatic compounds,
meta-HAP is the most stable out of the three isomers.
Ortho-HAP is the least stable isomer, resembling the
diethylbenzenes (DEB) in behavior. This could indicate
that the formation of the ortho-isomer of disubstituted
benzenic compounds is influenced by the size (OH and
COCHgs in the case of HAP and C;Hs in the case of DEB)
but apparently not by the electronic properties of the sub-
stitutes present in the aromatic ring.
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