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The condensation reaction of aromatic ketones with formaldehyde was carried out in organic
media in the presence of cation-exchange resins used as catalysts. The corresponding 1,3-dioxacy-
clohexane could be obtained in good yield as the reaction selectivity was satisfactory. The investi-
gation of the main parameters of the reaction (structure of the reactants, nature of the catalyst and
of the solvent, hydration rate of the medium) showed the prevailing role of the residual water
occurring in the organic reaction medium. The Karl Fischer titrimetric method allowed the value of
this parameter, which governs the catalytic activity of ion-exchange resins, to be controlled satis-

factorily.

INTRODUCTION

The investigation of the synthesis of 1,3-
dioxacyclohexanes from alkenes using sup-
ported acid catalysis (/) led us to consider
the choice of new reactants. Ketones hav-
ing two enolizable positions « to the car-
bonyl group (2) were found to be suitable as
they could give rise to the same heterocy-
cles.

Besides the potential interest of these de-
rivatives (3), the reaction considered is
quite different from the Prins reaction (4-6)
as water is released. This paper reports the
effect of various parameters on the conden-
sation of formaldehyde with acetophenone
and propiophenone. These ketones were
selected for their structural analogy with
substituted styrenes (I, 6). The effect of
water on the reaction progress was more
particularly investigated.

EXPERIMENTAL

Water determination. The Karl Fischer
titrimetric method (7) was used for the de-
termination of water in the various samples
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analyzed. This procedure allowed the rate
of hydration to be assessed separately
within the liquid phase, the resin, and the
whole reaction medium (8, /7).

The samples were introduced into a
closed system protected from atmospheric
moisture. The excess of Karl Fischer re-
agent was titrated with anhydrous metha-
nol. Each milliliter of the Karl Fischer re-
agent was equivalent to approximately 2 mg
of water. The water equivalence factor in
milligrams of water per milliliter of reagent
was determined using sodium tartrate
(N32C2H406, 2H20).

Synthesis of 1,3-dioxacyclohexanes (2).
The ketone (3 x 1072 mole) paraformalde-
hyde (or monomeric formaldehyde, 9 X
102 mole), the acid catalyst (1.2 x 1072
equiv. H*), and an organic solvent (50 ml)
were introduced into a 250-ml reactor fitted
with a mechanical stirrer and a reflux con-
denser. The mixture was stirred at 65°C.
The reaction time was 20 hr in every case,
with the exception of the experiment listed
in Table 4.

The reaction medium was analyzed by
means of vapor phase chromatography us-
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ing an OV 101 nonpolar column and xylene
as the external standard.

RESULTS AND DISCUSSION

Effect of Various Parameters on the
Condensation Reaction between
Formaldehyde and Enolizable Ketones

Paraformaldehyde and aqueous formal-
dehyde. The condensation reaction be-
tween formaldehyde 2 and acetophenone 1a
gives rise to 1,3-dioxacyclohexane 3a as
well as to the hydroxymethyl derivative 4a,
and to the crotonic derivative 5a; further-
more, a water molecule is released (Scheme
D.

The data listed in Table 1 clearly show
that aqueous media preclude the conver-
sion of acetophenone to 5-benzoyl-1,3-diox-
acyclohexane whether in homogeneous (ex-
periments 1 and 4) or heterogeneous
(experiments 2, 3, 5, and 6) acid catalysis.
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ScHEME 1. The products of the condensation reac-
tion of formaldehyde with acetophenone in the pres-
ence of ion-exchange resins.

Such a result can be assigned to the fact
that the formation of the enol species in the
rate-determining step (/2) is limited in the
presence of water (/3).

However, in organic media containing
the same initial amount of residual water

TABLE 1

Effect of the Catalyst, of the Reactant, and of the Solvent on the Progress of the Reaction:

_... [aldolization product 4a
acetophenone® + formaldehyde F_So i {1,3.dioxacyclohexane 3a
20 hr,® 65°C L
la 2a,b crotonization product 5a
Solvent Formaldehyde?® Cation® 3a (%) 4a(%) 5a(%) 1a(%) Experiments?
exchar :
resirn

Benzene HCHO (aqueous) Conc. H,SO, — — 2 77 1
Benzene HCHO (aqueous) C 350/H* — 4 5 91 2
Benzene HCHO (aqueous) IR 120/H* — 4 5 91 3
1,4-Dioxane Conc. H,SO, —_ — 4 90 4
1,4-Dioxane  HCHO (aqueous)  SP 120/H* 3 6 5 86 5
1,4-Dioxane = HCHO (aqueous) IR 120/H* 3 7 5 85 6
Toluene n(CH;0) Conc. H;S0, — — —_ 17 7
1,4-Dioxane n(CH,0) Conc. H,SO, 4 — 21 29 8
Toluene n(CH;0) SP 120/Ht 22 2 4 72 9
1,4-Dioxane  n(CH,0) SP 120/H* 59 1 S 35 10
Toluene n(CH,0) IR 120/H* 17 2 2 79 11
1,4-Dioxane  n(CH,0) IR 120/H* 60 2 2 36 12

¢ The conversion rate of acetophenone did not increase significantly (experiments 1-19, Tables 1, 2, and 3).

b 2a, aqueous formaldehyde; 2b, paraformaldehyde.

¢ The hydration rate of the catalysts before the reaction was 180 mg water per gram of resin. The macropore
ion-exchange resins used were Baker-C350 and Lewatit SP-120; the gel-like cation-exchange resin was Amber-

lite-IR 120.

4 Polymeric products were formed in the experiments carried out in homogeneous acid media (experiments 1, 4,

7, and 8).
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(experiments 7-12), the dioxane heterocy-
cle 3a was obtained in good yield and selec-
tivity only in the presence of polymeric cat-
alysts.

The difference in reactivity observed in
organic media between acetophenone and
styrene (6) in the case of paraformaldehyde
is likely to depend on the prior occurrence
of the keto-enol equilibrium which is a pre-
requisite for the condensation reaction. As
this equilibrium controls the reaction rate
(12), it is therefore likely to be promoted in
the presence of polymeric catalysts as
shown recently by Iditoiu and Gates (/4)
for acetone in the presence of sulfonic
membranes.

As the occurrence of keto-enol equilibria
can bring about the stabilization of the in-
termediate reaction species, the reaction
pathway leading to the heterocycle is then
no longer preferential. This phenomenon
may account for the decrease in selectivity
with respect to styrene. However, the al-
dolization reaction (Scheme 1) cannot be
considered as a side reaction since the cor-
responding reaction pathway is analogous
to that leading to the diol in the reaction
between formaldehyde and styrene (5, 16).
On the contrary, the crotonization reaction
leading to 5a breaks the reaction pathway to
1,3-dioxacyclohexane, and decreases the
reaction selectivity in the same manner as
the ethylenic alcohols resulting from the de-
hydration of the diols in the Prins reaction
4).

The proportions of 4a and 5a, however,
remained limited; furthermore, these deriv-
atives could be easily separated from the
1,3-dioxacyclohexane formed.

Moreover, the difference in reactivity ob-
served between toluene and 1,4-dioxane
might also depend on the keto-enol equilib-
rium, but certainly not to the extent shown
by experiments 5 to 8. The behavior of the
ion-exchange resins in these two solvents
actually depends on their hydration rate
which is likely to play a prevailing role (15).

The comparison of the results obtained in
homogeneous and heterogeneous acid me-

dia points out the effect of the structure of
the polymeric network on the reaction se-
lectivity. This effect has already been re-
ported for the Prins reaction (4-6) and was
assigned to the localization of the reactive
species within the polymer. As there is
nearly no contact between the H* ions and
the reactive species, polymerization or deg-
radation reactions are thus precluded.

In contrast to inorganic acids (/2) (tests
1, 4, 7, 8), no polymeric products could be
observed when ion-exchange resins were
used as catalysts. This can therefore be
considered as an advantage of ion-exchange
resins. Experiments (9-12), which were
carried out in organic media characterized
by their low water content, showed the un-
expected identical behavior of the macro-
porous and gel-like catalysts (8) in 1,4-diox-
ane as well as in toluene, although the
catalytic activity was lower in the latter sol-
vent.

Effect of the solvent. The investigation of
the solvent effect in the presence of ion-
exchange resins was undertaken so as eluci-
date the difference in reactivity observed in
1,4-dioxane and toluene (experiments 9-
12).

Experiments (13-18) (Table 2) corrobo-
rated the data obtained in toluene and 1,4-
dioxane and showed the importance of the
miscibility of the solvent used with the hy-
dration water of the system. The phenome-
non observed is enhanced by the water re-
leased in the reaction medium. Its effect on
the ionization of the active sites (/7, 18) is
likely to account for the lower reactivity of
acetophenone as compared to styrene (6).

Effect of the structure of the catalyst.
The variation in the reticulation rate of the
polymeric catalysts used appeared to have
no marked effect on their activity (Table 3).
A slight decrease in reactivity could be ob-
served as the reticulation rate increased.
The access of the reactants to the active
sites was then hampered as a result of the
change in the size of the unit cells of the
catalyst lattice. In that respect, it can be
noted that the gel-like ion-exchange resins
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TABLE 2

Effect of the Solvent on the Condensation Reaction of Acetophenone with Paraformaldehyde in the Presence
of Ion-Exchange Resins

Solvent Cation 3a (%) 4a (%) 5a (%) 1a (%) Experiments
exchange
resin?®
Benzene® SP 1200H* 19 1 3 77 13
Benzene IR 120/H* 18 1 2 79 14
1-Bromobutane® SP 120/H* 21 1 3 75 15
1-Bromobutane IR 120/H* 19 1 2 68 16
1,2-Dimethoxyethane SP 120/H* 60 1 5 34 17
1,2-Dimethoxyethane IR 120/H* 60 1 6 33 18

¢ The hydration rate of the catalysts before the reaction was 180 mg water per gram of dry resin.

% Water-insoluble solvent.

displayed the same behavior as their mac-
roporous homologues.

This particular phenomenon can be as-
signed to the water released: as the reaction
proceeds further, the gel-like ion-exchange
is swelling. The diffusion of the reactive
species should therefore be easier within
such a structure at the end of reaction;
the effects related to the porosity of the
macromolecular network are then attenu-
ated.

Comparative reactivity of acetophenone
and propiophenone. When the data listed in
Table 4 are compared to those of Table 1
(tests 6 and 8), the reactivity of pro-
piophenone appears to be markedly higher
than that of acetophenone. The occurrence
of an extra methyl group in propiophenone
increases the reactivity of the double bond
of the enol species towards electrophilic
reactants.

The faster reaction progress in the pres-
ence of a macroporous resin (experiment
25) can corroborate the role assigned to the
water formed in the course of the reaction,
since its favorable effect on diffusion de-
pends on the amount released.

Furthermore, experiment 25 showed that
the number of water molecules released in
the course of the reaction (Scheme 1) was
directly proportional to the amount of ke-
tone 1b that had disappeared when Lewatit
resin SP 120 was used as a catalyst.

Effect of the Hydration Rate on the
Progress of the Condensation Reaction

In contrast to the condensation reaction
between styrene and paraformaldehyde in
organic media characterized by their low
water content (6), water is released in the
course of the reaction investigated here.

The effect of the water initially occurring
in the reaction medium was determined
prior to the assessment of the role of the
water released by the reaction with pro-
piophenone used as a reactant.

Effect of the initial hydration rate. The
data listed in Table 5 clearly show that the
reactivity of propiophenone in 1,4-dioxane
markedly depends on the initial hydration
rate of the ion-exchange resin.

In the presence of a highly dehydrated
catalyst (experiment 22), 1,4-dioxane can-
not replace the hydration water of the ion-
exchange resin. This observation is less
surprising if the shift of the keto-enol equi-
librium is considered to be the rate-deter-
mining step (/2). The appearance of the
enol species, which is a prerequisite for the
condensation reaction, depends on the ion-
ization of the active sites. As a matter of
fact, the ionization of the catalytic sites re-
quires a definite amount of water so that the
reaction can start. However, a too high hy-
dration of the reaction medium simultane-
ously enhances the dissociation of the sul-



20

JANIER-DUBRY, DELMAS, AND GASET

TABLE 3

Effect of the Reticulation Rate of the Catalyst on the Reaction between Acetophenone and Paraformaldehyde
in 1,4-Dioxane

Cation Reticulation 3a (%) da (%) Sa (%) 1a (%) Experiments
exchange percentage

resin®
IR 116 2 64 | 4 31 19
iR 120 8 60 2 2 36 20
IR 124 12 57 1 2 40 21
SPC 108 8 63 1 6 30 22
SP 120 20 59 1 5 35 23

¢ Hydration rate before reaction: 180 mg of water per gram of dry resin.

fonic groups and the solvation of the
protons. The reactivity is then decreased as
the approach of the reactants is hampered
17, 18).

These phenomena may also account for
the poor results of the condensation in hy-
drated organic media. It was therefore in-
teresting to investigate the distribution of
the water molecules within each phase of
the reaction medium.

Effect of the water released in the course
of the condensation reaction. The hydration
water occurring in the reaction medium is in
equilibrium with the two phases of the sys-
tem as it is miscible with 1,4-dioxane. The
determination of the water content of the
whole reaction medium was not considered
as it would have required too large amounts
of reagent.

The plot of the water content of the resin
against the water content of the liquid phase
(Fig. 1) was obtained from different water—
1,4-dioxane-resin SP120/H* mixtures. This
plot allowed the water content of each
phase to be calculated directly from only
one determination on the solution. The da-
tum point X corresponds to the amount of
water found in 1,4-dioxane, for the reaction
between formaldehyde and propiophenone,
after 20 hr.

The total amount of water in the reaction
medium was 360 mg; the water contained in
4 g of resin was 172 X 4 = 688 mg (Fig. 1).
Taking into account the amount of water
introduced initially together with the resin
(174 X 4 = 696 mg), the water released in
the course of the reaction corresponded to
360 + 688 — 696 = 352 mg. This value

TABLE 4

Reactivity of Propiophenone in the Condensation Reaction:

Propiophenone + m(CH;0)

1,3-dioxacyclohexane 3b

) {aldolization product 4b
1,4 dioxane

ib crotonization product Sb
Cation 3b (%) 4b (%) 5b (%) 1b (%) Experiments
exchange '
resin®
Reaction time (hr) 10 20 40 10 20 40 10 20 40 10 20 40
IR 120/H* 7-62-64 3-2-0 2-4-6 68-32-30 24
SP 120/H*?® 35-64-65 0-0-0 5-8-8 60-28-27 25

2 Hydration rate: 175 mg water per gram dry resin.

b After 15 hr the yield in 1,3-dioxacyclohexane 3b was 63%.
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TABLE 5

Effect of the Hydration Rate of the Ion-Exchange Resin on the Reaction:

propiophenone + paraformaldehyde

SP 120/H* { 1,3-dioxacyclohexane 3b

1,4-dioxane U crotonization product 5b

1b 2b
Hydration rate of the 3b (%) 5b (%) 1b (%) Experiments
resin SP 120/H*
(mg HyO/g dry resin)
41 — — 100 26
172 63 7 30 27
500 — — 100 28
shows that 2 X 1072 mole of water was CONCLUSIONS

formed; the yield of the reaction, as calcu-
lated with respect to water, is then ca. 70%.

The gas chromatographic determination
showed that the reaction yielded 64% of
5-benzoyl-5-methyl-1,3 dioxacyclohexane,
and 8% of phenylisopropenylacetone. The
latter derivative originated from the aldoli-
zation reaction which was followed by the
crotonization reaction. A molecule of water
was then released as in the heterocycliza-
tion reaction. The agreement between the
values of the yield obtained from the water
determination and from the gas chromato-
graphic determination is therefore satisfac-
tory.

In addition, Fig. 1 shows the gradual wa-
ter saturation of the resin as the water con-
tent of the reaction medium is increasing.
The decrease in the reactivity of the func-
tional groups can therefore be assigned to
the increase in the water content of the re-
action medium, which markedly slows
down the progress of the condensation re-
action.

This phenomenon was much more pro-
nounced in toluene than in 1,4-dioxane
since the hydrophilic character of the latter
solvent decreased the number of water mol-
ecules in the environment of the active
sites. Such a limitation cannot operate in
the solvents that are not water miscible (Ta-
bles 1 and 2): as the hydration of the func-
tional groups is increasing more rapidly, the
reaction is slowed down earlier.

The use of ion-exchange resins, which al-
low the introduction of water in the medium
to be controlled, together with the applica-
tion of the Karl Fischer titrimetric method
are convenient for following the progress of
the condensation reaction.

The water content of the organic reaction
medium exerts a decisive effect on the ori-
entation of the reaction. The data reported
above, as well as those provided previously
by the investigation of the Prins reaction
(15) and the Wittig reaction (/9), point to
the major importance of this parameter
which should be taken into account in syn-
thesis. The Karl Fischer titrimetric method
affords a satisfactory control of this param-

mg water /g resin SP 120

300

A A

A

A

-

200 /‘

/ = point X

mq water /ml solution

100 200 360

FiG. 1. Plot of the water content of the ion-exchange
resin against the water content of the solution.
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eter and is therefore particularly convenient
for the control of the catalytic activity of
cation-exchange resins in organic media.
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