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Reactions of four aldehydes with five aromatic compounds have been carried out on a series of 
USY zeolites with unit cell size in the 24.56 to 24.25-,~ range. Conversion decreased in the order 
formaldehyde > benzaldehyde > acetaldehyde > propionaldehyde and also in the series anisole > 
toluene > benzene > chlorobenzene. For aliphatic aldehydes a mixture of ortho-ortho', or- 
tho-para', and para-para' diarylmethanes was obtained. USY zeolites show a higherpara-directing 
selectivity than A1CI 3 . Benzaldehyde reacted with benzene derivatives to afford mixtures of diaryl- 
and triarylmethanes. Formation of ditolyl- and dianisylmethanes in the corresponding reactions 
indicated that bulky triarylmethanes, once formed inside the crystalline framework, have strong 
diffusional limitations to get out of the zeolite cavities and can undergo subsequent protolytic 
cleavage. A decrease in the activity of the zeolite to catalyze hydride transfer reactions lead to a 
decrease on the diphenylmethane yield. Finally, diphenylmethane appears as a primary product 
indicating that a series of consecutive reactions such as the formation of diarylcarbinols followed 
by protonation, water elimination, and hydride abstraction are taking place inside the pores of the 
zeolite before the real primary product comes out from the zeolite. © 1991 Academic Press, Inc. 

INTRODUCTION 

Modified zeolites are finding new applica- 
tions as heterogeneous acid catalysts for or- 
ganic reactions in the liquid phase and at 
moderate temperatures (1). This is due not 
only to the advantages associated to the use 
of solid acids, i.e., easy work-up and regen- 
eration, non-contaminant wastes, etc., but 
also to the possibility for controlling the ca- 
talytic properties of the active sites by 
means of variations in their crystalline struc- 
ture, ion exchange, framework Si/A1 ratio, 
and other structural features (2). 

Recently we studied the condensation of 
formaldehyde with benzene in the presence 
of a series of acid Y zeolites (3), and it was 
concluded that only strong acid sites, those 
with pKa < 0, were able to catalyze this 
reaction, increasing the lifetime of the cata- 
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lyst when increasing the framework Si/A1 
ratio of the solid. Thus, good conversions 
and selectivities for the formation of diphe- 
nylmethane were obtained with a USY zeo- 
lite with a unit cell size of 24.51 ,&. Since 
protonation of the carbonyl group is the first 
common step in acid-catalyzed aldehyde 
and ketone condensations (4) we considered 
that these conclusions should be valid for 
other analogous transformations. These 
types of aromatic alkylations are of practi- 
cal importance since large scale processes 
such as the bisphenol A preparation, ani- 
line-formaldehyde oligomerization, and 
phenol-formaldehyde polymerization are 
examples of this type of reaction (5). More- 
over, well-known procedures for the prepa- 
ration of heterocyclic compounds involve 
the intramolecular cyclocondensation of an 
aromatic carbonyl compound as the final 
step (6). 

In the present work we have extended 
the scope of the formaldehyde alkylations 
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of benzene catalyzed by acid zeolites, by 
performing the reaction of four aldehydes 
with five benzene derivatives in the pres- 
ence of a series of USY zeolites ranging 
from 2.451 to 2.430 nm of unit cell size. The 
aim is to know what products are formed 
and their distribution when the aromatic ring 
allows positional isomers, relating the re- 
sults to the structure of the reagents and 
determining the role played by the zeolite 
catalysts. 

EXPERIMENTAL 

Catalysts 

The USY-I zeolite was prepared stirring 
a commercial NaY sample (SK-40, Union 
Carbide) with a 0.25 M aqueous solution 
of ammonium acetate using a solid-liquid 
weight ratio of 1 : 4 at 25°C for 30 min. The 
exchanged zeolite was dried at 110°C for 6 
h and deep-bed calcined at 550°C for 3 h. 
This partially exchanged NaHY was submit- 
ted to two additional exchange-calcination 
treatments first with a 0.40 solution and then 
with a 0.60 M solution of ammonium acetate 
following the above experimental pro- 
cedure. 

Chemical analysis determined that the 
Na20 content of the resulting USY-1 was 
less than 2% by weight of the initial compo- 
sition. The crystallinity was 85% of the ini- 
tial NaY, while the unit cell size measured 
by XRD, following the ASTM D-3942-8 pro- 
cedure, was 24.41 ,~, which according to the 
Fitchner-Smittler equation (7) corresponds 
to 19 AI per unit cell. 

Dealuminated HY-200, HY-250, HY-300, 
HY-350, and HY-450, were obtained by 
treating the commercial NaY material with 
SiCI  4 at the temperature indicated by the 
number, following the method described by 
Beyer and Belenkaya (8). Finally the re- 
sulting zeolites were submitted to two con- 
secutive exchange calcination processes us- 
ing a 0.40 and 0.60 M aqueous solution of 
ammonium acetate working as it has been 
described for USY-1. The Na20 content of 
the resultant samples was less than 2 wt% 
of the Na20 content of the starting material. 
The unit cell sizes, and the number of frame- 

work A1 per unit cell are given in Table 1. 
BET surface areas and pore-size distribu- 
tion measured by N2 adsorption and desorp- 
tion are also given in Table 1. 

Reaction Procedures 

Zeolite-catalyzed reactions. Activation of 
the catalysts was performed in situ by heat- 
ing the solid (1.00 g) at 150°C under vacuum 
(1 Torr approximately) for 3 h. After this, 
the system was left at room temperature and 
then a solution of nitrobenzene (100 mg) as 
internal standard and the corresponding al- 
dehyde (200 mg) in the appropriate aromatic 
compound (50 ml) as solvent was poured 
onto the activated catalyst. The resulting 
suspension was stirred magnetically at the 
solvent reflux temperature for 17 h. At the 
end of the reaction the catalyst was filtered, 
washed with dichloromethane, the organic 
solution concentrated in vacuum, and the 
residue weighed and analyzed by gas chro- 
matography-mass spectrometry (GC-MS) 
using a Hewlett-Packard 5988A spectrome- 
ter provided with a 25-m capillary column of 
cross-linked 5% phenylmethylsilicone. The 
JH NMR analysis was carried out with a 
60-MHz Varian 360 EM spectrometer in tet- 
rachloromethane as solvent and TMS as in- 
ternal standard. The zeolite was submitted 
to continuous solid-liquid extraction with 
dichloromethane using micro-Soxhlet 
equipment. After removal of the solvent, 
the residue was also weighed and analyzed 
by GC-MS and ~H NMR spectroscopy. In 
all cases the recovered material accounted 
for more than 90% of the starting aldehyde. 

Isolation of pure isomeric compounds 
was accomplished by high performance liq- 
uid chromatography (HPLC) using an iso- 
cratic Waters apparatus provided with a 
semipreparative Microporasil column and 
mixtures of hexane-ethyl acetate as eluent. 
1H NMR spectra of 200 MHz were recorded 
in a Varian model Geminis using deuterated 
trichloromethane as solvent and TMS as in- 
ternal standard. 

The chemical structures and their corre- 
sponding numbers of all the products ob- 
tained in this study are presented in Fig. 1. 
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TABLE 1 

Physicochemical Characteristics of the Zeolite Catalysts 

Zeolite Unit cell 
size (A) 

AI per Crystallinity SBET 
unit cell (SK-40 = 100%) m 2 . g-I 

Pore Na20 
volume (wt%) 

(10-30 A,) 

USY- 1 24.41 19 85 576 0.05 0.07 
HY-200 24.56 37 100 516 0.01 0.08 
HY-250 24.50 30 100 581 0.01 0.07 
HY-300 24.47 27 100 623 0.02 0.07 
HY-350 24.43 22 95 600 0.03 0.05 
HY-450 24.25 1.9 95 581 0.05 0.04 

The letter R refers to the substituent on the 
aromatic ring and can represent a methyl, 
chloride, methoxy, or hydrogen for the se- 
ries of products named a, b, c, and d, respec- 
tively. 

AICl3-catalyzed reactions. Aluminum 
chloride (250 mg, 1.9 mmol) was added to a 
solution of the corresponding aldehyde (200 
mg) in the aromatic compound (50 ml) and 
the resulting mixture stirred magnetically at 
50°C for 1 h. Then, the organic layer was 
thoroughly washed, first with concentrated 
hydrochloric acid and finally with water. 
After it was dried over anhydrous Na2SO 4 , 
the reaction mixture was concentrated in 
vacuum and the residue analyzed by 
GC-MS. 

RESULTS AND DISCUSSION 

Assignment of the reaction product struc- 
tures (see Fig. 1) were based on the NMR 
spectra together with the observation in the 
GC-MS analysis of intense peaks for the 
corresponding molecular ions, and the pat- 
tern for the aromatic protons in the ~H NMR 
and the out-of-plane C-H bending vibra- 
tions of the aromatic rings in the region be- 
tween 900 and 700 cm-~ in the IR (9). The 
reactions proceeded cleanly and in all cases 
the unidentified by-products accounted for 
less than 5% of the total weight. The results 
attained for the condensation of aliphatic 
aldehydes with benzene derivatives on 
USY-1 zeolite are summarized in Table 2 
and are expressed as the molar ratio prod- 
uct-to-initial limiting reagent in percentages. 

In a first stage, the alkylation by formalde- 
hyde of slightly activated or deactivated 
monosubstituted benzene derivatives, was 
carried out using USY-I zeolite or AIC13 as 
catalyst. As expected, a mixture of three 
diarylmethanes 1-3 was obtained in each 
case, corresponding to the ortho-ortho' 
(la-e), ortho-para' (2a-¢), and para-para' 
(3a-e) positional isomers. The measured av- 
erage 1 : 2 : 3 using the USY-1 catalyst was 
0.44/1.25/1, while the same ratio for the 
A1C13 catalyst was 0.80/1.34/1. A compari- 
son indicates that while the relative percent- 
age of the ortho-para'/para-para' isomers 
is similar for both catalysts, USY-1 clearly 
inhibits the ortho-ortho' product (Table 3). 

As the formation of diarylmethanes in- 
volves two consecutive electrophilic at- 
tacks to an aromatic ring with an ortho/ 
para directing substituent, a likely explana- 
tion for the above finding would be that the 
ortho-to-para ratio for the first alkylation is 
almost the same for both catalysts, but it 
is different for the second one, where the 
zeolite would be more selective against or- 
tho-ortho substitution than AIC13 . This fact 
would indicate that the crystalline structure 
of the zeolite does not exert significant steric 
constraint in the formation of intermediate 
benzylic alcohols and the geometrical limi- 
tation imposed by the zeolite only takes 
place in the second arylation. This rational- 
ization is consistent with the remarkable in- 
crease in the size of the different species 
involved in the mechanism. 

In order to confirm the role played by the 
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R 

la~l 2 a - c  3 a - c  

CH 3 CH 3 R 

a R 
5 6a,  c,  d 7a ,  c 

9 i 0  a-c l l a - c  
R 

~ f ~ H  H a CH 3 

b C1 

c OCH 3 
12 R 

1 3 a - c  1 4 a - c  d H 

4 

- - ~ H 3  
R ~ / ~ ' -  C H ~ -  R 

8a ,  c 

1 2 a - c  

Ft6. 1. Chemical species referred to in this paper. 

crystalline structure of the USY-1 disfa- 
voring the ortho-ortho' isomer, an alterna- 
tive set of experiments using as catalyst a 
1 : 1 w/w mixture of A1CI 3 and amorphous 
aluminosilicate (25 wt% of AI203 content) 
was performed, and the results were very 

similar to those reported in Table 3 using 
AICI 3 alone. This fact supports our conclu- 
sion that the structure of the zeolite governs 
the selectivity of the ortho-para con- 
version. 

Also in agreement with the size of the 

TABLE 2 

Results of the Reaction of Aliphatic Aldehydes with Benzene Derivatives in the Presence of USY-1 

Carbonyl Arene Total product Products (yield, %) 
compound yield 

CHzO PhCH3 72 la  (14), 2a (31), 3a (27) 
PhCI 38 lb  (5), 2b (19), 3b (14) 
PhOCH3 85 l e  (16), 2x (44), 3¢ (25) 
o-(CH3)2C6H 4 75 4 (12), 5 (63) 

CH3CHO Phil  6 6d (6) 
PhCH 3 38 6a (2), 7a (15), 8a (21) 
PhC1 < 1 - -  - -  - -  
PhOCH3 48 lc  (3), 2¢ (5), 3e (9), 6c (3), 7e (7), 8c (21) 

CH3CH2CHO Phil  5 9 (5) 
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T A B L E  3 

React ion of  Aliphatic Aldehydes  with Benzene Derivatives: Compar i son  AICI3 vs USY-I  Catalysis  

Carbonyl  Arene  Products  
compound  oo' : op '  : pp '  

Product  ratio over  catalysts  

AICI 3 USY-1 

CH20  PhCH3 l a : 2 a : 3 a  0 .8 :1 .25 :1  
PhC1 l b : 2 b : 3 b  0 .8 :1 .42 :1  

0.52: 1.15:1 
0.36 : 1.36 : 1 

CH3CHO PhCH  3 6 a : 7 a : 8 a  0.18 : 0.45 : 1 0.10:0.71 : 1 

products involved, a comparatively remark- 
able selectivity to the para-substitution in 
the presence of USY-1 was observed (Table 
2) when formaldehyde reacted with 1,2-di- 
methylbenzene to yield the compounds 4 
and 5 or when acetaldehyde was used as 
carbonylic reagent to give the ortho-ortho', 
ortho-para', and para-para' isomers of the 
1,1-diarylethanes (products 6-8). The rather 
low conversions attained for the latter alde- 
hyde, which did not react appreciably with 
the deactivated chlorobenzene, can be due 
to the general well-known decrease of the 
carbonyl reactivity as consequence of the 
substitution of H by methyl on this group 
(10). In this context, as could be expected 
taking into account the chemical behavior 
of both aliphatic aldehydes, the result of 
the condensation of propionaldehyde with 
benzene is similar to that found for the acet- 
aldehyde (Table 2), giving additional sup- 
port to our proposal. 

On the other hand, benzaldehyde reacts 
with benzene and its monosubstituted deriv- 
atives in the presence of USY-! to afford 
complex mixtures of diaryl 1-3, 10, 11 and 
triarylmethanes 12-14. A series of experi- 
ments were carried out using as catalyst a 
series of Y zeolites with several framework 
Si-to-A1 ratios to afford mixtures of diphenyl 
and triphenylmethane in different propor- 
tions depending on the AI content. The sys- 
tems studied and their results are summa- 
rized in Table 4. 

Two conclusions can be drawn from this 
table. First, the lower conversions achieved 
with benzaldehyde compared with formal- 
dehyde correspond to the decrease in reac- 

tivity of the carbonyl group due to the conju- 
gation with an aromatic ring. Second, the 
greater para-substitution selectivity for the 
triarylmethanes is probably due to the in- 
crease of the steric hindrance introduced by 
the phenyl ring in 12-14 compared with an 
hydrogen atom in 1-3. 

Reaction Mechanism 

Due to the simplicity of the product distri- 
bution, we have chosen, as a model reac- 
tion, the condensation of benzaldehyde with 
benzene. In this case, the products obtained 
were diphenyl ld  and triphenylmethane 12d 
(Table 4). When the yields obtained at differ- 
ent reaction times were plotted (Fig. 2), it 
appears that diphenylmethane is a primary 
plus secondary product, while triphenyl- 
methane is a primary and unstable product. 

In the case ofa  non-zeolitic catalyst, such 
as BF 3, it has been reported (11) that the 
condensation of benzaldehyde with aro- 
matic compounds does not give triarylmeth- 
anes, but diarylmethanes with minor 
amounts of benzoic acid, together with sub- 
stantial quantities of heavy tars. 

The proposed mechanism involving the 
intermediacy of benzyl benzoates generated 
by disproportionation of aldehydes could 
not fully justify all their experimental data 
(11). Moreover, in our case, using the USY- 
1 zeolite as catalyst, all attempts to detect 
benzoic derivatives were unsuccessful. 

On the other hand, the accepted general 
mechanism for analogous carbonyl conden- 
sations with arenes involves a usually non- 
isolable benzylic alcohol formed by initial 
oxygen protonation on the C ~ O  group and 
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TABLE 4 

Results of the Reaction of Benzaldehyde with Benzene Derivatives in the Presence of HY Zeolites 
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Arene Catalyst Si/Al Total Products (yield, %) Remarks 
product 

yield 

Phil  USY-1 8.6 12 ld  (4.0), 12d (8.0) Ratio 12d to ld  2.0 
HY-200 4.2 6.2 ld  (2.0), 12d (4.2) 2.1 
HY-250 5.4 15.9 ld  (3.4), 12d (12.5) 3.7 
HY-300 6.2 7.6 ld  (1.1), 12d (6.5) 5.9 
HY-350 7.7 6.5 ld  (1.0), 12d (5.5) 5.5 
HY-450 99.4 5.3 ld  (0.8), 12d (4.5) 5.6 

PhCH 3 USY-I 69 

PhCI USY-1 18.7 

PhOCH 3 USY-1 70 

10a (2.5). l l a  (3.5), la  (3.5), 
2a (4.5), 3a (2.5), 12a (20.0), 
13a (22.0), 14a (10.5) 

10b (2.0), l l b  (2.5), 12b (1.0), 
13b (5.2), 14b (8.0). 

10c (10.0), l i e  (11.0), 1¢ (5.0), 
2e (5.0), 3e (19.0), 13e (9.0), 
14c (11.0) 

ld  and one isomer of 
tritolymethane were 
detected. 

subsequent electrophilic attack of the aro- 
matic nucleus. This reactive intermediate 
would undergo further protonation and wa- 
ter elimination to generate a stabilized car- 
bocation which would react with a second 
arene molecule. This mechanism is repre- 
sented in Scheme 1, for the particular case 
considered here, and would justify the for- 
mation of the isomeric triarylmethanes 
12-14 as primary products if a fast proton- 

Yield (%) 
8- 

TPM DPM 

1 2 4 6 17 t(h) 

FIG. 2. Yield (%) of diphenyl ld  ( x ) and triphenyl- 
methane 12d (O) versus the reaction time (h) for the 
condensation of benzaldehyde with benzene in the 
presence of USY-I. 

ation of the benzylic alcohol is assumed (the 
asterisk denotes ortho- and para-isomers). 
Two alternative processes can be envisaged 
to explain the observed mixtures of diaryi- 
methanes (Scheme 2, the asterisk denotes 
ortho- and para-isomers). Both processes 
have in common a step involving a hydride 
transfer to a diarylmethyl cation, being dif- 
ferent in the actual precursor of these spe- 
cies, the non-isolated diarylcarbinol by pro- 
tonation and water elimination (route i) or 
the triphenylmethanes by protolytic cleav- 
age (routes ii and iii). 

Formation of diarylmethanes by proto- 
lytic cleavage of triarylmethanes could ex- 
plain the secondary character of the diaryl- 
methane fraction, as well as the unstable 
character of the triarylmethane fraction. 

The diarylmethane product distribution 
for the condensation with toluene and ani- 
sole in Table 4 provides strong support that 
the operating mechanism is the cleavage of 
triarylmethanes leading to the ditolyl and 
dianisyl derivatives (pathway iii in Scheme 
2), unless we assume an important degree 
of improbable migration of methyl and me- 
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SCHEME 1 . -  Mechanism of formation of triarylmethanes 

SCHEME 1 

thoxy groups under the reaction conditions. 
Moreover, the relative stability of the possi- 
ble diarylmethyl cation intermediates 16 and 
17 will determine the relative rate of routes 
ii and iii and therefore we should expect a 
gradual change in the ratio of products 1-3 
to 10, 11 as a function of the substituent 
ability to release or withdraw electron den- 
sity on the aromatic nuclei in the series 
MeO, Me, and C1, as observed (Table 4). 

In order to get additional evidence on 

pathways ii and iii in Scheme 2 as well as 
the observation of diphenylmethane (ld), a 
solution of triphenylmethane (12d) in tolu- 
ene was heated at 110°C in the presence of 
the USY-1 zeolite for 24 h. Under these 
conditions, only the starting material 12d 
could be recovered, showing the strong limi- 
tations of the triarylmethane to diffuse in- 
side the pores of the zeolite. The formation 
of diarylmethane from either route ii or iii, 
involves a hydride transfer step. If this is 

OH 
I 

Ph-C-Ar 
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1 5 "  
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/ i i  
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1 
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Ph-C-Ar 
I 
Ar 
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hH 
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Ar-C-Ar 
I 
H 

17"  

fl 
iv 

abstraction 

Ar-CM2-Ar 

1-3 

Ortho and para isomers 

SCHEME ~.- Proposals for the formation of diarylmethanes 

SCHEME 2 
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so, depending on the relative ability of the 
zeolite to catalyze the hydrogen transfer re- 
actions, the ratio of tri- to diarylmethanes 
will be different. Indeed, when the reaction 
is carried out on USY zeolites with different 
framework Si/A1 ratios (Table 4), it can be 
seen that the ratio of triphenylmethane to 
diphenylmethane increases when the Si/AI 
ratio increases. This is in agreement with 
the fact that the higher the framework Si/AI 
ratio of the zeolite, the lower its hydrogen 
transfer ability (12). Then, the contribution 
of diarylcarbinols 15 to the formation of ld  
may be explained assuming that hydride do- 
nors are present at the initial stages of the 
reaction. The diarylcarbinols can also act as 
a hydride donors, since the dismutation of 
benzylic alcohol to toluene and benzalde- 
hyde over alumina at 250°C can be consid- 
ered a related precedent (13). However, all 
our attempts to detect benzophenone in the 
course of the benzaldehyde reaction were 
unsuccessful. Therefore, the nature of hy- 
dride-donating species remains unknown at 
the present, although the high stability of 
cations generated from 15 and triarylmeth- 
anes by hydride transfer is obvious. These 
cations would be strongly adsorbed on the 
zeolite surface and not observed in the or- 
ganic solution, and probably would act as a 
"hidden" source of successive hydride ions 
in its way to coke or to other unidentified 
polymeric materials. Coke formation will 
decrease with increase of the framework Si/ 
AI ratio of the zeolite and, also from this 
point of view, the ratio of 12d to ld  products 
should increase with increase of the Si/A1 
ratio of the zeolite. 

Finally, the occurrence of a small degree 
of methyl migration in the condensation of 
aldehydes with methylated benzenes in the 
presence of USY-1 (entries xylene in Table 
2 and toluene in Table 4) was confirmed 
performing the reaction of diphenyimethane 
in toluene at 110°C for 17 h and observing 
the formation of para-benzyltoluene l l a  
(4%). On the other hand, it is worth men- 
tioning that for the reactions involving me- 
thoxy-substituted aromatic rings, no prod- 

ucts arising from demethylation or methyl 
rearrangement could be detected. 

CONCLUSIONS 

In the present work we have shown that 
the condensation of aldehydes with benzene 
derivatives can be catalyzed by Y zeolites 
to give mixtures of the possible ortho- and 
para-substituted diarylalkanes. Compari- 
son with the AICl3-catalyzed reaction shows 
that Y zeolite catalysts exert significant 
product shape selectivity only on the second 
arylation step. On the other hand, the influ- 
ence of the structure of the aldehyde and the 
arene on the reactivity follows the general 
pattern known for carbonyl nucleophilic ad- 
ditions or electrophilic aromatic substitu- 
tions. A small degree of methyl transfer for 
the reactions in toluene or xylene has also 
been observed. 

Finally, benzaldehyde reacts with ben- 
zene derivatives to yield mixtures of diaryl- 
and triphenylmethanes. While the latter can 
be expected to be formed, according to the 
condensation mechanism (Scheme 1), the 
former ones have been rationalized assum- 
ing hydride transfer to stabilized diaryl- 
methyl cations, which would be generated 
both from the initial arylcarbinols 15 (route 
i in Scheme 2) and the tirarylmethanes 12-14 
by protolytic cleavage (routes ii and iii in 
Scheme 2). 
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