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Abstract—The reactions of phenol coupling with ketones MeCOR (R = CH;, C,Hs, C5H5, and C,Hy) are studied
in the presence of heteropoly acids with different structures and compositions in toluene solutions
([PhOH]/[MeCOR] = (2-8)/1 mal/mal; 50-70°C) with thioglycolic acid added as a promoter. The reaction rate
depends on ketone and heteropoly acid, and the yield of bisphenolsis as high as 24—72%. The reaction orders are
0.68,0.77, and 0.97 with respect to H,P, W5, 05, H3PW 1,04, and H,SiW 1,0, respectively, and the activeation ener-
giesare 25.1, 21.0, and 20.6 kcal/mol, respectively. Heteropoly acids of the Dawson structure exhibited the highest

activity.

INTRODUCTION

The following reaction of phenol coupling with
ketonesis of considerable interest as a method for pre-
paring various bisphenols, which arewidely used in the
synthesis of high-molecular-weight compounds, epoxy
resins, and antioxidants [1]:

OH

2 @ + CH,COR
R @)
0 OO orena
CHs

R= CH3, C2H5, C3H7, and l‘ert—C4H9.

Reaction (1) occursin the presence of homogeneous
or heterogeneous acid catalysts such as H,SO, [1, 2],
HCI [3], BF;, SbFs, and AICl; in combination with
hydrogen chloride[1], sulfo cation exchangers[4], and
zeolites (HZSM-5, HY, and H-mordenite) [5]. It was
found [6-8] that the heteropoly acids H;PW,,0,, and
H,SiW,,0,, aso successfully catalyze the coupling of
phenol with acetone. It was proposed to use H;PW,,0,,
supported on clay [7] or (NH,),HPW ,0,, immobilized
on polysiloxane [9] as a catalyst of this reaction. In all
cases, the yield of bisphenol in the presence of het-
eropoly acids was as high as 65-75%. The catalysts
were promoted with sulfur-containing compounds to
inhibit side processes and to accelerate the reaction. It
was proposed to use thio-substituted aliphatic carboxy-
lic acids, mercaptoamines, mercaptans, sodium or
potassium thiosulfate, hydrogen sulfide, boric acid,
etc., as promoters [ 1-5]. The best results were obtained
with thioglycoalic acid [1]. In this work, we studied the
kinetics and mechanism of reaction () in the presence

of heteropoly acids with different structures and com-
positions of thioglycolic acid as a promoter.

EXPERIMENTAL

Chemicals. The chemically pure heteropoly acids
study were additionally purified by recrystallization
from water. HiCeMo,,0,, Was prepared according to
the procedure in [10]; and HcP,W,,0,,, HP,W 5O,
HSPW“ZI‘O40, H5PW11TiO40, H6P2M0180627
H,((PW,,059),Ce, and H;PWMo0O,, were synthe-
sized electrochemically [11-13]. The heteropoly acids
were taken as crystal hydrates and heated in a nitrogen
flow a 100°C for 4 h before use. Phenol of reagent
grade and toluene and thioglycolic acid of anaytical
grade were used without additional purification. The
following freshly distilled ketones were taken: acetone
of analytical grade, methyl ethyl ketone of analytical
grade, methyl propyl ketone of reagent grade, and
methy! tert-butyl ketone of reagent grade.

Coupling. The reaction was performed in a constant-
temperature glass reactor equipped with amagnetic stirrer
and areflux condenser in a toluene solution at 60—-100°C.
Phenol (9.8 g; 0.104 moal), toluene (20 ml; 0.19 mal),
thioglycolic acid (TGA) (0.2 ml; 0.0028 mol, which
corresponds to [TGA] = 0.054 moal/l) and a heteropoly
acid (1.5-4.5 wt % based on phenol) were placed in the
reactor. The mixture was heated to 60-90°C; a ketone was
added in the molar ratio [PhOH]/[MeCOR] = (2-8)/1;
and the mixture was stirred at 300 rpm at this tempera-
ture for 7-15 h. Samples for GLC analysis were taken
at regular intervals. A Tsvet-500 chromatograph with a
glass column (1 m x 3 mm) packed with 3% OV-17 on
Chromaton W and a flame-ionization detector was used
for the analysis under conditions of programmed tem-
perature increase from 90 to 270°C (20 K/min). Octa
decane was used as an internal standard.
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Table 1. Mass spectra of bisphenols containing various substituents*

CH, C,oH5 CsH- C4Hq
m/e % me % me % me %
27 4.7 39 13.7 41 19.0 29 23.2
65 51 65 12.9 91 42.6 41 13.2
91 9.0 91 34.0 108 18.7 91 345
99 85 119 40.8 119 374 108 16.0
119 18.9 212 549 211 66.1 119 33.2
214 100 214 100 213 36.8 212 24.0
215 10.0 215 16.9 214 100 214 100
228 26.7 242 18.4 256 255 270 18.0
* Molecular ions are underscored; nve = 214 was taken as 100%.
The GC-MS identification of products was per- 2303 ([Plo-2[BP])[K]
formed on an LKB-2091 instrument (Sweden) with a k = log =" =2 (2)

glass capillary column (40 m; Carbowax 20M—Luko-
pren G1000 (1 : 3) asastationary phase with an ioniza-
tion energy of 70 €V). Table 1 summarizes mass spec-
troscopic data for major products.

Calculation of rate constants. According to [3],
under the conditions of substantial excess of phenol
([PhOH]/[MeCOR] = 8 : 1 mol/mol) in the presence of
acid catalysts, reaction (I) followsthe second-order rate
equation

w = K[ MeCOR][PhOH]. ()

On thisbas's, the rate constants of second-order reactions
were caculated (at the linear portion of a plot of the
bisphenal yidd asafunction of time) by the equation

Table 2. Bisphenol yield in the coupling of phenol with ac-
etone in the presence of various heteropoly acids (HPAS)
(65°C; [HPA] = 4.15 wt %)

_ Bi sphegol

Caays | IFROTIMECOMS, | Tie, | idd, %

to theory)
H3PW 15,0, 3:1 720 8
840 12
H3PW 15,0, 8:1 610 21
720 27
H3PM0,,0,4 8:1 720 12
HeP,W, 071 8:1 610 46
720 60
820 66
HePoW 1504, 8:1 360 55
450 66
500 73
HsPW11ZrOyg 8:1 720 28
H1o(PW1,049),Ce 8:1 720 13

" ([Plo-2[K]o)t = ([Klo—2[BPI)[Pl,’

where [K], and [P], are the initial ketone and phenol
concentrations, respectively, and [BP); is the bisphenol
concentration at the point t in time.

RESULTS AND DISCUSSION

Tables 2 and 3 summarize the results obtained with
the use of heteropoly acids as catalysts of reaction (I).
We found that under these conditions bisphenols can be
prepared in 60-70% yields. The [PhOH]/[MeCOR]
ratio and temperature considerably affected the yields
of bisphenols. The reaction time decreased and the
product yield increased with an increase in the phenol -
to-ketone ratio or temperature.

Along with the main reaction, side processes result-
ing in anumber of products occurred in the synthesis of
bisphenols. Many of these products reacted with each
other or with one of the reactants to give additional
products. The major by-product was an ortho—paraiso-
mer, the amount of which reached 20% under some
reaction conditions. An ortho—ortho isomer was formed
in amuch smaller amount (1-2%).

The reaction was much slower in the absence of a
promoter (thioglycolic acid). Thus, in the reaction of
phenol coupling with acetone ([PhOH] : [MeCOMe] =
8 : 1 mol/mol; [HeP,W,,05] = 4.15 wt %) in the
absence of thioglycolic acid, the bisphenol yield was
10.4% in 350 min, whereas it was 26.5% in the pres-
ence of thioglycolic acid.

Note that ~0.04 wt % of heteropoly acids (on the
basis of the reaction mixture) dissolve in the reactants,
however, this heteropoly acid amount is insufficient for
the reaction to occur at areasonable rate.

We found that the reaction orders of phenol cou-
pling with acetone with respect to heteropoly acids are
closeto unity or lower (Fig. 1), namely: 0.68, 0.77, and
097 fOI’ H6P2W21071, H3PW12040, and H4SiW12040,

KINETICS AND CATALYSIS  Vol. 41

No. 6 2000



COUPLING OF PHENOL WITH KETONES

respectively. The corresponding activation energies are
equal to 25.1, 21.0, and 20.6 kcal/mol, respectively.

We found that the rate constant is alinear function of
the promoter (thioglycolic acid) concentration (Fig. 2).
These data are consistent with a traditional understand-
ing of the mechanism of reaction (1), according to which
the following two carbocations occur in the system:

R
CH,COR+H" = CH3C:3+ : (IT)
OH
A
R R
CH3C|:SR1 +H" = CH3(|3+ +H,0. (I1D)
OH SR!
B

The reactivity of carbocation B is higher than that of
carbocation A. Both of reactions (I1) and (111) of car-
bocation formation are equilibrium reactions; the con-
centrations of carbocations depend on the degree of
positive-charge compensation by 1€l ectrons of oxygen
and sulfur atoms. In the case of thioglycolic acid, this
compensation is more pronounced because of the lower
electronegativity of the sulfur atom; consequently, the
energy barrier for its formation is lower. In turn, this
leads to a higher concentration of carbocations B than
of A. Thisfact is consistent with the direct proportion-
ality of therate of arate-limiting step of the coupling of
phenol with acetone to the concentration of the sulfur-
containing promoter thioglycolic acid (Fig. 2).

We experimentally found a particular relationship
between the structure and reactivity of ketones. The
reaction rate dramatically decreased together with the
bisphenol yield as the length of an alkyl radica
increased from CH; to C,H, (Table 3); in this case, the
activation energy increased. Thus, the activation energy
was equal to 25.1, 26.3, or 28.4 kcal/mol for R = CH;,
C,Hs, or C;H,, respectively. The experimental data are
consistent with the theory of ketone reactivity of [2, 14].
The activity of acarbonyl group strongly depends on the
nature of adjacent substituents. The electrophilicity and
hence the reactivity of ketones decreases with the chain
length of akyl radicals. It islikely that a decrease in the
reactivity in methyl tert-butyl ketone is due to stronger
steric hindrances as aresult of higher branching at the a-
carbon atom of an akyl group of the ketone.

Table 4 summarizes the results of kinetic measure-
ments for the coupling of phenol with acetone in the
presence of various heteropoly acids. It can be seen that
the activity of heteropoly acids essentially depends on
the composition and structure of the anion. For tung-
sten heteropoly acids, the activity depending on the
structure decreases in the order

Dawson>2:21>Keggin>(1:11),: 1.
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Fig. 1. Reaction rate constant k of phenol coupling with acetone
as afunction of heteropoly acid (HPA) concentration a 65°C;
[PhOH] : [MeCOMe] = 8 : 1 mol/mol: (1) HgPaW5107,
(2) H4SIW 15040, and (3) H3PW 1,040

For similar heteropolyacids (Keggin structures), the
following activity seriesis observed:

H,SiW,,0,, > H;PW,,0,,.

For heteropoly acids of the same type (Keggin struc-
tures), H,PW,,0,, isconsidered to be the strongest acid
[15]. However, it exhibited the lowest activity in the
given reaction. This can be explained by different

Table 3. Coupling of phenol with ketonesin the presence of
2.5wt % HgP,W,,04;

_ Bi _sphegol
R |[PhOH}/[RCOME]| T,°C | TIme %’r'ggﬁv/g
to theory)
CHj, 8:1 60 360 26
720 60
820 64
C,Hsg 8:1 60 360 Traces
8:1 70 360 15
8:1 80 380 60
4:1 70 360 7
720 14
2:1 70 360 4
720 9
CsH-, 8:1 70 360 1
720 6
8:1 80 360 15
720 35
90 380 58
C4Hg 8:1 90 380 14
720 18
920 25
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Fig. 2. Reaction rate congtant k of phenol coupling with ace-
tone asafunction of thioglycolic acid concentration at 65.4°C;
[H6P2W21071] = 415 wt%; [PhOH] : [MeCOMg] =
8: 1 mol/mal.

behaviors of heteropoly acidsin aquasi-liquid state due
to which a heteropoly acid can heterogeneously cata-
lyze various reactions [15]. Another explanation is the
presence of an additional ion (Zr** or Ti**) in the com-
plex heteropoly anions. In principle, this additional ion
can activate substrate molecules or stabilize organic
molecules in atransition state by a coordination posi-
tion oriented toward the outer coordination sphere of
the heteropoly anion [16].

Molybdenum heteropoly acids, which have a higher
oxidation potential, are easily reduced under reaction
conditions and become inactive. However, they can
also be arranged in the following order of activity
depending on the structure:

Dawson > Dexter—Silverton > Keggin.

The dependence of the catalytic activity on the
structure and composition of heteropoly acids was aso

Table 4. Reaction rate constants of phenol coupling with ac-
etone. [PhOH]/[MeCOM¢] = 8: 1; [Cat] = 3.0 wt %; 60°C

Catalyst Heteropoly acid type [20] K }9 " 1
mol I~ s~
HePoW,,07¢ 2:21* 18
HgPoW 1505, Dawson 19
H3PW 15,0, Keggin 6.1
HsPW 1 TiO,q Keggin 6.9
HsPW;1ZrOyq Keggin 9.7
H1o(PW,039)Ce (1:112),: 1** 49
H4SIW 1,0, Keggin 6.9
HgCeM 015,045 Dexter—Silverton 8.6
HgP,M 0104, Dawson 11
H3PM0,,0,9 Keggin 18
H3PM0gWeOyg Keggin 45

* The P: W ratio in the formula.
** The ratio between P, W, and Ce.
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observed in other reactions [17-19]. Note that these
relationships are different for various reactions.
Because dataon the acidity of structurally different het-
eropoly acids are yet very incomplete [20], we cannot
conclude about the degree to which the acidity is
responsible for the catalytic activity of a heteropoly
acid in a particular reaction. The results of this study
and data published before[17-19] alow usto conclude
that, in addition to the acidity, the structure and compo-
sition of heteropoly anions play an important role in
heteropoly acid catalysis.
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