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Experimental factorial design has been used to study several factors that are assumed to affect 
the results of the K 10-catalyzed Diels-Alder reaction between methyl acrylate and cyclopentadiene. 
The results obtained were complemented by physical characterization of the solid catalysts using 
X-ray diffraction, FTIR studies of adsorption of pyridine, methyl acrylate, and solvents, and BET 
measurements. Among the factors studied, the nature of the solvent is the most important one 
influencing the reaction results. Complementary studies have shown that solvents miscible with 
water give rise to low yields and endo/exo selectivities, very close to those obtained without clay 
in the same solvent. In these solvents the clay does not play any catalytic role and the reaction 
takes place in the bulk of the solvent. In general, excellent results are obtained with solvents 
nonmiscible with water, but a close relationship exists between the nature of the solvent and the 
cation exchanged into the K10 montmorillonite. In particular, anisole is the best solvent for Zn 2+- 
doped K10 montmorillonite-catalyzed reaction, hut it is not so good when the exchanged cation is 
Fe 3+. In this case a radical-promoted Friedel-Crafts reaction of cyclopentadiene with anisole and 
oligomerization of cyclopentadiene take place. The presence of radicals has been confirmed by ESR 
experiments. Furthermore, in methylene chloride as solvent, catalytic activity is related to strength 
of Lewis acidity, and Zn2+-K10 is a better catalyst than Fe3~-K10. © 1992 Academic Press, Inc. 

INTRODUCTION 

Smectite clays and their derivatives show 
catalytic activity in a wide variety of reac- 
tions. In particular, montmorillonites have 
been frequently used as catalysts in organic 
reactions involving catalysis by BrCnsted or 
Lewis acids (I, 2). 

The Diels-Alder reaction, leading to cy- 
clic products with well controlled regio- 
chemistry and stereochemistry, is a power- 
ful tool in organic synthesis. Given the 
fragility and high molecular weight of the 
cycloadducts, the reaction usually requires 
the use of solvents. In the absence of cata- 
lyst several authors (3, 4) have shown that 
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solvent effects are noticeable in this reac- 
tion. For instance, in the reaction between 
cyclopentadiene and methyl acrylate, the 
endo/exo selectivity is changed from 78/22 
in 1,4-dioxane to 92/8 in methanol/water = 
1 : 1. This solvent effect has been explained 
in terms of solvophobic power and polarity. 

This reaction is catalyzed by Lewis acids, 
the use of which also increases the regio- 
selectivity and stereoselectivity, and it has 
been shown that inorganic solids, such as 
silica gel (5, 6), magnesium silicate (6), alu- 
mina (6, 7), and clays(8, 9), can act as effi- 
cient catalysts. Laszlo et al. (8) reported 
that Fe3+-doped K10 montmorillonite is a 
useful catalyst for reactions of carbonyl- 
containing dienophiles. In these reactions, 
no great influence of the solvent was ob- 
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FIG. 1. Reaction between methyl acrylate and cyclopentadiene. 

served on the conversion or the endo/exo 
selectivity when water, ethanol or methyl- 
ene chloride were compared (8b). However, 
a preliminary work reported an important 
effect of the solvent on the reaction between 
cyclopentadiene and methyl acrylate cata- 
lyzed by Zn2+-K10 montmorillonite (10). 
Laszlo et al. have also shown the impor- 
tance of the nature of the cation introduced 
into the K10 clays. In the dimerization of 
dienes, in the presence of 4-tert-butyl phe- 
nol, Fe 3+ was more active than Zn 2+ , Co 2+ , 
or A13+ (8a). The authors suggested a radical 
mechanism for these reactions. As sug- 
gested by Adams (1), more systematic work 
is needed in order "to build up the base of  
knowledge necessary for predictive rea- 
soning." 

This problem is so complex that classical 
analysis of this reaction would be very time- 
consuming, but experimental design offers 
an interesting alternative for the identifica- 
tion of experimental factors which affect ca- 
talytic activity and selectivity. Experimen- 
tal design, a well known tool in several 
scientific and industrial areas, has seldom 
been used in the field of heterogeneous ca- 

TABLE 1 

Metallic Ion Contents and Loss of Water in Natural 
and Ion-Exchanged K10 Montmorillonites a 

F L  ~' F L - F e  F L - Z n  S C  b S C - F e  S C - Z n  

% A I  6 .72  7 .16  7 .27  6 .89  6 .72  6.43 

% F e  1.81 3.75 2 .24  2 .12  3 .95  2.32 

% Z n  - -  - -  1.93 - -  - -  1.77 

% H 2  O° 3 .96  4 .39  4 .68  3 .54  4 .69  3.85 

a D a t a  r e f e r r e d  to  d r y  w e i g h t  (120°C).  

F L  - F l u k a ,  S C  - Sfid C h e m i e .  

c W e i g h t  loss  a t  500°C. 

talysis. This paper presents the use of exper- 
imental design for the analysis of some fac- 
tors influencing clay-catalyzed reactions. In 
particular, the well known Diels-Alder re- 
action between methyl acrylate and cyclo- 
pentadiene (Fig. 1) catalyzed by Kt0 clays, 
is studied. The acidic properties of the clays 
can easily be monitored by cation exchange, 
while the size of their pores minimizes diffu- 
sional limitations of the kinetics. 

EXPERIMENTAL 

Preparation and Characterization o f  
the Catalysts 

Cation exchange was effected by gradu- 
ally adding the montmorillonite (10 g) (K10, 
supplied by Sfid Chemie or Fluka) to 
stirred ferric or zinc chloride solutions 
(125 ml, 1 M) at room temperature follow- 
ing the procedure reported by Laszlo et 
al. (8d). The suspensions were stirred for 
24 h, filtered, and washed chloride-free 
with deionised water. The resulting solids 
were dried overnight in a thin bed at 120°C 
in an oven, and ground in a mortar; the 
final colour of the samples is pale grey for 
the ZnZ+-clay and yellowish brown for the 
Fe 3-- sample. The catalysts were equili- 
brated over saturated salt solutions in order 
to give reproducible water contents, and 
were analyzed by thermogravimetry in a 
Perkin-Elmer TGS-2 apparatus equipped 
with a System 4 microprocessor controller. 
Chemical analyses were obtained by 
plasma emission spectroscopy in a Per- 
kin-Elmer Plasma 40 emission spectrome- 
ter. The results are given in Table 1. 

Surface areas were calculated from BET 
nitrogen isotherms determined at 77 K. In 
all cases the values obtained fall within 
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the range of 220-240 m 2 / g .  The micropore 
volume (pores -< 1 nm) is 0.1 ml/g. 

X-ray diffraction patterns were recorded 
on a Philips computer-driven X-ray diffrac- 
tometer using CuKo~ radiation. The cation- 
exchanged montmorillonites retain the 
structure of the initial montmorillonites. 

The interaction between the clays and 
methyl acrylate was studied by infrared 
spectroscopy on Nicolet 320 FT-IR and 
Perkin-Elmer 1600 Series FT-IR spectrom- 
eters. Acidic properties were determined by 
adsorption of pyridine as probe molecule on 
self-supported wafers. Wafers were com- 
pressed under 5 tons • c m  - 2  pressure to ob- 
tain thin disks 18 mm in diameter with a 
weight of - I0 mg • cm -2. The resulting wa- 
fers were placed in cells (equipped with KBr 
windows and connected via stopcocks to 
a vacuum line) where the treatment of the 
catalysts was performed. The adsorption of 
methyl acrylate in the liquid phase was per- 
formed by immersion of wafers in solutions 
of methyl acrylate in methylene chloride and 
acetonitrile at the concentration used in 
Diels-Alder reactions and then washing 
with CC14, following the method reported 
by Fusi et al. (11). 

ESR spectra were recorded at room tem- 
perature on a E l l2  Varian spectrometer 
working in the X band. The diphenylpicryl 
hydrazyl resonance line (g = 2.0037 -+ 
0.0002) was used to measure the microwave 
frequency, and the magnetic fields were 
measured with a Bruker ERO35M nuclear 
magnetic resonance gaussmeter. The sam- 
ples were contained in ESR 4-mm id quartz 
tubes. 

Reaction Procedure 

Methyl acrylate was purchased from 
Merck and used without further purifica- 
tion. Organic solvents were dried and puri- 
fied according to standard procedures. 
Cycloadducts were prepared according to 
procedures described in the literature (12). 

Reactions were carried out in Schlenk 
flasks. Preweighed (1.25 g or 2.50 g) cation- 
exchanged montmorillonite was dried at 

120°C in an oven overnight. The flask was 
charged with these samples and the solvent 
(15 ml) under Ar atmosphere at the working 
temperature. Methyl acrylate (0.645 g, 7.5 
mmol) and freshly distilled cyclopentadiene 
(0.495 g, 7.5 mmol or 1.485 g, 22.5 mmol) 
were added via a syringe (under these condi- 
tions a complete disolution of the reagents 
is achieved using any of the solvents). The 
reaction flask was shaken for 24 h and the 
reaction monitored by gas chromatography 
(FID from Hewlett-Packard 5890 II, cross- 
linked methyl silicone column 25 m × 0.2 
mm x 0.33/xm, helium as carrier gas 16 psi, 
injector temperature 230°C, detector tem- 
perature 250°C, oven temperature program 
50°C (3 min)-25°C/min-100°C (9min), reten- 
tion times: methyl acrylate, 2.7 min; exo 
cycloadduct, 12.7 min; endo cycloadduct, 
12.9 min). 

Overall yields and endo/exo ratios were 
calculated from the solution obtained by fil- 
tration and washing of the catalyst with the 
reaction solvent. 

Adsorption Isotherms 

Preweighed clay (0.5 g) was dried at 120°C 
in an oven overnight. A quantity of 6 ml 
of a solution of methyl acrylate (or endo 
cycloadduct) in methylene chloride (or ace- 
tonitrile) of a given concentration (0.1, 0.3, 
0.5, 0.75, 1.0, 1.5, and 2.5 M) were then 
added. The suspension was shaken for 24 h 
at the working temperature (20°C or 
-25°C); 0.1 g of n-decane was added as 
internal standard (13), and the solution was 
analyzed by gas chromatography: oven tem- 
perature program 50°C (3 min)-25°C/ 
min-200°C (1 min), retention times: methyl 
acrylate, 2.7 min; n-decane, 7.7 min; endo 
cycloadduct, 8.5 rain. 

RESULTS AND DISCUSSION 

Experimental Design 

Factorial experimental design is a tech- 
nique which minimizes the number of exper- 
iments needed to investigate the effect of 
several factors (e.g., temperature, concen- 
tration) at several levels on some measuring 
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quantity (e.g., the yield), where results of  
all combinations of  the factor  levels are ob- 
served. The experiments are designed so as 
to be ideally orthogonal and approximately 
equally dissimilar with respect  to the factors 
assumed to influence the measured quan- 
tity. In other words,  the experiments can be 
represented by evenly distributed points in 
the corresponding factor  space (14). 

In particular, a 2 n factorial design consists 
of  experiments with n factors at two levels. 
The main effect is the difference in response 
caused by the change in level of a factor 
averaged over  all levels of the other factors. 
This has meaning in a practical sense only 
if the effect of  a factor  is not dependent  on 
the levels of  the other  factors. If the effect 
of  a factor,  say A, is dependent  on the level 
of another  factor  B, a second-order  interac- 
tion between factors A and B is said to exist. 
In this case, a description of the effect of 
the factor  A would not be complete without 
consideration of  the interacting factor B. 
This concept  can be easily extended to 
higher order  interactions (14). 

Although this methodology can be applied 
manually, the use of computer  programs 
makes its application easier. We have used 
the N E M R O D  package (15), which easily 
generates complete factorial designs and 
their fractional replicates (see below), as 
well as calculating the coefficients of main 
effects and interactions. 

Initially there were five measured quanti- 
ties (responses) to be studied by means of 
the factorial design: the percentage of con- 
version after 2 h (R 1 , representing the cata- 
lytic activity), the percentage of  conversion 
after 24 h (R2), the overall yield after 24 h 
after washing (R3), the endo/exo ratio after 
24 h (Re), and the overall endo/exo ratio 
after 24 h after washing (Rs). 

Using the same responses before and after 
washing permits one to test whether  the ad- 
sorption of  reagents and/or products intro- 
duces modifications in the behaviour  of the 
system. 

The choice of  the pert inent factors deter- 
mines the quality of a factorial design. Each 

TABLE 2 

Factors and Levels of the Factorial Design 

Factor Level (+) Level ( - )  

F~: exchanged cation Fe 3+ Zn 2+ 
F2: clay source Fluka Sfid Chemie 
F 3 : diene : dienophile ratio a 3 : 1 1 : 1 
/74: temperature 20°C - 25°C 
/75 : solvent CH2C12 CH3CN 
/76 : clay : dienophile ratio b 1 : 3 1 : 6 

mol : mol 
b g:mmol. 

factor must be represented by two different 
levels in the factorial design, so an easy ex- 
perimental control of  these factors is re- 
quired. The first aim of  these studies is to 
find the area of the experimental  domain 
where the reaction takes place with good 
results. Therefore,  when one factor plays an 
important role, a deeper  study has to be 
made in order  to find the physico-chemical  
bases of this behaviour.  

The factors assumed to influence this re- 
action were chosen on the basis of  prior 
knowledge of their influence in homoge- 
neous or heterogeneous phases. There  were 
six such factors, which can be divided into 
four categories: 
- - F a c t o r s  affecting the catalyst: the ex- 
changed cation (F1) and the montmorillonite 
source (F2). 
- -F ac to r s  affecting the reagents; the 
diene : dienophile ratio (/73). 
- - F a c t o r s  affecting the reaction conditions: 
the temperature (F4) and the solvent (/:5). 
- - F a c t o r s  affecting reagents and catalyst si- 
multaneously: the montmorillonite: die- 
nophile ratio (F6). 

For  each factor two levels are to be cho- 
sen in order to define the factor  space. These 
levels are given in Table 2. 

Lewis acids are the most efficient cata- 
lysts for Diels-Alder  reactions,  so it is con- 
venient to test clays of different Lewis acidi- 
ties. Lewis acidity and the distribution 
between Lewis and BrCnsted forms are con- 
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Fro. 2. IR spectra of pyridine adsorbed on Fe 3+ and 
Zn2+-exchanged montmorillonites. BrCnsted acidity 
(band at 1545 cm-i).  Lewis acidity (band at 1450 cm-l).  

trolled b y  the nature of the cations (1); thus 
Zn 2+ and  Fe 3+ were selected as exchange 
cations. Figure 2 reports the infrared spectra 
obtained on F e  3+- and Zn2+-exchanged 
montmorillonites evacuated at 120°C, after 
pyridine adsorption at room temperature, 
followed by desorption at the same tempera- 
ture. F e  3 + - e x c h a n g e d  K10 montmoriUonite 
exhibits stronger BrCnsted acidity (band at 
1545 cm 1) and weaker Lewis acidity (band 
at 1450 cm-]) than the corresponding Zn 2+- 
exchanged K10 montmorillonite (16, 17). 

K10 montmorillonite is available from dif- 
ferent sources; furthermore, the analysis of 
water and metallic ion contents show small 
but statistically significant differences be- 
tween clays commercialized by Fluka and 
S(id Chemie (Table 1), so catalysts from 
both these sources were investigated. 

The diene:dienophile ratio is a well- 
known factor influencing the results of the 
Diels-Alder reactions. Two levels were 
fixed with an excess of diene (3 : 1) and equi- 
molar quantities of diene and dienophile 
(1: I). 

Temperature is also a well-known factor 
influencing the reaction course. Normally, 
an increase in temperature leads to faster 

reaction rates, but lower endo/exo selectivi- 
ties. We chose 20°C (i.e., a temperature 
close to room temperature) and-25°C as 
temperature levels. 

The results obtained in clay-catalyzed or- 
ganic reactions depend on the solvent used 
as the reaction medium. It has been sug- 
gested that this dependence is related to the 
coordinating ability of the solvent (18), so 
we chose two solvents with different donor 
ability, namely, dichloromethane and aceto- 
nitrile. 

Finally, the ratio between catalyst and re- 
agents is an important factor from a practical 
viewpoint. The upper level chosen (1 g of 
catalyst/3 mmol of dienophile) is that de- 
scribed by Laszlo and Moison (Sd), whereas 
the lower level represents half the amount 
of catalyst with respect to the upper level 
(1:6). 

For six factors and two levels, 64 experi- 
ments (26 ) are necessary to determine the 
coefficients of the main effects and all the 
possible interactions between two or more 
factors. However, if we assume that third 
and higher order interactions are negliglible, 
it is possible to find subsets of the complete 
factoral design which still enable the coeffi- 
cients of main effects and second-order in- 
teractions to be found. These subsets are 
called fractional replicates or fractional fac- 
torial designs (14). 

In this case, a fractional factorial design 
of 16 experiments (2 6-2 ) was  used initially. 
The coefficients of main effects (contami- 
nated with third and higher order inter- 
actions) and those of paired (or aliased) 
second-order interactions can then be calcu- 
lated. The latter means that individual coef- 
ficients for second-order interactions cannot 
be determined, but one can determine sums 
of two or three of them. 

Table 3 gives the fractional factorial de- 
sign used (experiments 1-16) and the results 
of the experimental measurements of the 
corresponding Diels-Alder reactions. As 
can be seen from the results described in 
Table 3, responses R 4 and R 5 are virtually 
identical. This means that adsorption of 
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T A B L E  3 

Exper iments  of  the  Fract ional  Fact ional  Design and the Augmented  Fractional  Factorial Design with the 
Corresponding Exper imental  Responses  

Exper iment  F~ f 2 r 3 U 4 Fs F6 R~ R~ R~ R d R~ 

1 . . . . . .  0.1 1.5 2.3 5.7 6.0 
2 + - - - + 15.3 10.1 28.3 15.9 16.0 
3 + - - + + 30.8 6.7 63.1 20.2 19.6 
4 + + - - - + 1.6 1.6 7.0 14.9 15.6 
5 - - + - + + 43.6 50.7 85.0 19.0 20.3 
6 + - + - - + 3.0 9.0 16.8 13.2 12.6 
7 - + + - - - 0.4 3.0 5.3 5.3 5.8 
8 + + + - + - 18.5 39.3 60.5 22.1 21.9 
9 - - - + - + 3.6 25.8 30.2 4.6 4.8 

10 + - - + + + 9.7 2.4 9.5 6.0 5.8 
11 - + - + + - 45.6 48.1 46.2 11.2 11.3 
12 + + - + - - 3.2 15.4 16.1 5.8 5.7 
13 - - + + + - 61.0 71.1 74.8 10.6 10.7 
14 + - + + - - 16.2 65.2 69.0 6.4 6.4 
15 - + + + - + 10.2 68.8 71.1 4.5 4.5 
16 + + + + + + 65.1 69.0 72.9 13.2 13.1 

17 - - - + + + 45.8 43.8 45.3 9.4 9.7 
18 + + - + + 17.7 10.2 17.7 14.5 12.8 
19 - + + - + - 11.4 53.2 58.4 20.5 20.3 
20 + + - + + - 15.2 15.4 14.7 10.1 10.3 
21 + + + + - + 10.8 62.8 65.0 4.7 4.7 

a % Convers ion  at 2 h. 
b % Convers ion  at 24 h. 
c Overall  yield at 24 h. 
d Endo/exo ratio at 24 hr. 
e Overall  endo/exo ratio at 24 h. 

p r o d u c t s  o n  t h e  c l a y  is  n o t  s e l e c t i v e  f o r  e n d o  

o r  e x o  a n d  t h e r e f o r e  o n l y  R 4 w i l l  b e  c o n s i d -  

e r e d  t h r o u g h o u t  t h e  w o r k .  

Analysis of the Factorial Design Results 

T h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  c a l c u l a t e d  

f o r  t h e  m a i n  e f f e c t s  a n d  t h e  a l i a s e d  s e c o n d -  

o r d e r  i n t e r a c t i o n s  a r e  g i v e n  i n  T a b l e  4 .  I n  

o r d e r  t o  o b t a i n  i n f o r m a t i o n  a b o u t  t h e  s t a t i s -  

t i c a l  s i g n i f i c a n c e  o f  t h e s e  c o e f f i c i e n t s ,  r e p l i -  

c a t e s  o f  e x p e r i m e n t s  10 a n d  16 ( r a n d o m l y  

c h o s e n )  w e r e  c a r r i e d  o u t ,  a n d  w i t h  t h e  c o r -  

r e s p o n d i n g  c a l c u l a t e d  s t a n d a r d  e r r o r s  ( 2 . 61  

f o r  y i e l d s  a n d  0 . 5 5  f o r  e n d o / e x o  s e l e c t i v i -  

t i e s ) ,  a t - t e s t  w a s  u s e d  t o  d e t e r m i n e  w h i c h  

c o e f f i c i e n t s  w e r e  s i g n i f i c a n t  a t  a 9 5 %  l e v e l  

o f  p r o b a b i l i t y .  T h e s e  a r e  i t a l i c i z e d  i n  T a -  

b l e  4.  

I n  t h e  c a s e  o f  R 1 ( p e r c e n t a g e  o f  c o n v e r -  

s i o n  a t  2 h ) ,  o n l y  F5  ( s o l v e n t )  p r o v e s  t o  b e  

s i g n i f i c a n t ,  a l t h o u g h  F 3 ( d i e n e  : d i e n o p h i l e  

r a t i o )  a n d  F 4 ( t e m p e r a t u r e )  h a v e  h i g h  c o e f -  

f i c i e n t s  b e l o w  t h e  c r i t i c a l  v a l u e .  T h e s e  r e -  

s u l t s  m e a n  t h a t ,  a l t h o u g h  h i g h e r  c o n c e n t r a -  

t i o n  a n d  t e m p e r a t u r e  a c c e l e r a t e  t h e  i n i t i a l  

r e a c t i o n  r a t e ,  t h e  r o l e  o f  t h e  s o l v e n t  p r e d o m -  

i n a t e s  i n  t h i s  a s p e c t  o f  t h e  r e a c t i o n .  T h u s ,  

o n  a v e r a g e  t h e  r e a c t i o n  r e a c h e s  a h i g h e r  

d e g r e e  o f  c o n v e r s i o n  a t  2 h i n  d i c h l o r o m e t h -  

a n e  t h a n  i n  a c e t o n i t r i l e .  

A r a t h e r  s u r p r i s i n g  r e s u l t  i s  t h e  n o n s i g -  

n i f i c a n c e  o f  F 6 ( c a t a l y s t  : d i e n o p h i l e  r a t i o ) ,  

s i n c e  a d e c r e a s e  i n  t h e  r e l a t i v e  c o n c e n t r a -  

t i o n  o f  c a t a l y s t  i s  e x p e c t e d  t o  r e d u c e  t h e  

i n i t i a l  r e a c t i o n  r a t e .  O n e  p o s s i b l e  e x p l a n a -  

t i o n  o f  t h i s  r e s u l t  w o u l d  b e  t h a t  t h e  c a t a l y s t  
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TABLE 4 

Coefficients of Main Effects and Interactions for Re- 
sponses R I to R4 Calculated with the Fractional Facto- 
rial Design (16 Experiments) 

Factors Coefficients a 

Rl R2 R3 R4 

F t ~3.93 -3 .99  -6.11 1.01 
F 2 1.43 1.00 1.66 0.99 
F 3 6.77 16,53 15.79 0.63 
F~ 6.33 15,25 7.59 - 3 . 3 8  
F 5 15.71 6.69 13.92 3.62 
F6 0.46 - 1,22 3,31 0.79 

F I F  2 + F 3 F  5 4.10 3.81 2.48 0.84 
FIF3 + F 2 F  5 2.36 2.59 3.99 0.92 

F~F 4 + F s F  6 0.64 - 3 . 7  -0.73 -0 .96  
F 1 F s + F z F 3 + F 4 F  6 -5 .12  2,99 6.11 -1 .48  
F I F  6 + F a F  5 2.82 -4 .76  -11 .78  -1 .15  
F2F,~ + F 3 F  6 2.76 3.59 1.21 -1 .00  

F2F 6 + F3 F 4 4.53 6.27 7.42 0.26 

F 0 (mean effect) 20.50 30.49 41.14 11.16 

a Italicized figures are significant to 95%. 

is in excess even in the lower level. Addi- 
tional experiments were carried out by de- 
creasing the catalyst : dienophile ratio. The 
results are shown in Fig. 3, in which the 
initial conversion shows a linear depen- 
dence on the amount of catalyst at low cata- 
lyst : dienophile ratios, then reaches a pla- 
teau in the range of ratios used in the 
factorial design. At high catalyst amounts, 
the rate is limited by diffusion, and this ex- 
plains the nondependence of R1 with F 6. 

The main factors affecting R 3 (overall 
yield after washing the clay) are F3 
(diene:dienophile ratio) and F5 (solvent), 
although F 4 (temperature) also has a high 
coefficient. Thus the best yields are ob- 
tained in CH2C12 at 20°C and with the higher 
diene:dienophile ratio. In the case of R2 
(percentage of conversion after 24 h), F 3, 
F4, and F5 are again the most important fac- 
tors, but the relative importance o fF  4 and F 5 
is reversed. The comparison of these results 
indicates that adsorption of products is more 
important at low temperatures and in 
CH2C12 . In fact, Table 5, which gathers the 
averaged differences between R 3 and R 2 
(i.e., the increase in the yield after washing 

the clay), shows that the adsorption effect 
is only important with CH2C12 at -25°C. 

Finally, in the case of the endo/exo selec- 
tivity, R4, the only significant factors are F4 
and Fs, with opposite signs, i.e., a decrease 
in temperature increases the endo/exo selec- 
tivity, as expected, as does the use of di- 
chloromethane as solvent. 

Going now to the second-order interac- 
tions, it would be interesting to have some 
additional information about those involv- 
ing F5 because of the importance of this fac- 
tor in almost all responses. 

Following the factorial design theory, a 
minimum of eight additional experiments 
are necessary in order to obtain individual 
coefficients for all second-order interac- 
tions. However, we are only interested in 
interactions involving Fs, therefore five ad- 
ditional experiments are enough to split all 
the desired paired interactions. These addi- 
tional experiments were chosen using an ex- 
change algorithm which searches for the D- 
optimality of the final experimental matrix, 
i.e., it tries to minimize the global variance 
of the calculated coefficients. This algorithm 
is implemented in the NEMROD package 
(15). 

Table 3 gives the five additional experi- 
ments (17-21), and the corresponding ex- 
perimental responses. 

Most second-order interactions are not 
significant, excepting that for factors FIF5 
in the case of R2 (-I0.10).  One possible 
explanation of this interaction would lie in a 
larger adsorption of products in the case of 
Zn 2 +-doped montmorillonite with respect to 
Fe 3 +-doped montmorillonite. In fact, the ef- 
fect of the adsorption (which exists only in 
the case of dichlorornethane) is larger when 
the catalyst is a Zn2+-doped montmoril- 
lonite. 

To summarize the results described up to 
now, it can be said that three main factors 
influence the reaction course. First, the 
diene : dienophile ratio is an important fac- 
tor influencing the final yield of the reaction, 
but it has no effect on the endo/exo selectiv- 
ity and is only moderately important for the 
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Fro. 3. Dependence  of  the initial reaction rate (yield after 2 h) on the amoun t  of  Z n > - c l a y  in the 
reaction carried out  at 20°C with 3 eq. of  diene. 

initial rate. Secondly,  the temperature  has 
only a moderate  influence on the final yield 
and the initial rate, but is determinant on the 
endo/exo selectivity obtained. Finally, the 
solvent is important  for the final yield, the 
initial rate and the endo/exo selectivity, so 
it seems to be the most determinant factor 
overall. Fur thermore ,  it has been shown 
that there is a product-adsorption effect 
which depends on the solvent. 

In connect ion with this, it is important to 
note that the role of  the solvent on the endo/ 

T A B L E  5 

Dependence  of  the Adsorpt ion  of  Products  (R3 - 
R2) on Tempera tu re  and Solvent  

Tempera tu re  Solvent  R~ ~'b R~ ,C R 3 R) 
(°c) 

20 CH2CI 2 47.6 50.8 3.2 
20 CH3CN 43.8 46.6 2.8 
25 CH2CI 2 26.7 59.2 32.5 

- 25 CH3CN 3.7 7.8 4.1 

a Convers ion  at 24 h. 
b Averaged  values  f rom Table 3. 
c Overall  yield at 24 h. 

exo selectivity is very different in the case 
of non-catalyzed reaction. Thus, when the 
reaction is carried out in the absence of 
montmoriltonite at 20°C, the endo/exo selec- 
tivities obtained are reversed with respect  
to the catalyzed process (3.7 for dichloro- 
methane and 4.3 for acetonitrile versus 10.2 
and 5.3, respectively, for the averaged val- 
ues of the catalyzed reactions in the same 
conditions). 

Influence of the Solvent 

In order  to explain why the solvent is so 
important, and its role, additional experi- 
ments were carried out by keeping the other  
reaction conditions constant and using a re- 
duced set of solvents with different physico- 
chemical features. 

In the clay-catalyzed Claisen re- 
arrangement of  allyl phenyl ethers, it has 
been suggested that the coordinating ability 
of the solvent, related to its basicity, is an 
important factor for explaining its influence 
on the reaction results (18). In view of this, 
a set of eight solvents was selected in order  
to cover  a broad range of electron-donating 
ability, as described by Gutmann 's  DN pa- 



402 C A T I V I E L A  E T  A L .  

T A B L E  6 

Resul t s  of  the  R e a c t i o n  b e t w e e n  Methy l  A c r y l a t e  and  C y c l o p e n t a d i e n e  a 

Solvent Conversion (%) Overall yield endo/exo DN b fl~c 
at 24 h. (%) at 24 h. 

15 min. 30 min. 

Sp d log Pe 

Zn2+-doped KI0 montmorillonite 
1 , 4 - D i o x a n e  - -  4.2 39,9 4.2 14.8 0.41 
Acetone - -  1.9 55.5 3.6 17.0 0.50 
Acetonitrile - -  2.9 66.2 4.4 14.1 0.44 
Cyclohexanone - -  8.5 78.7 3.4 - -  0.52 
Diethyl ether - -  23.7 98.5 9.0 19.2 0.45 
Dichloromethane - -  58.2 99.4 9.5 0.0 0.05 
Anisole 37.9 65.9 100.0 10.9 - -  0.26 
Toluene - -  75.4 98.9 11.2 -0 .0  0.14 

Acetonitrite 
Diethyl ether 
Dichloromethane 
Anisole 46.9 

m Dichloromethane 
Acetonitrile 
Anisole 

Fe3+-doped KI0 montmorillonite 
3.9 64.7 5.2 14.1 0.44 
6.5 29.6 6.8 19.2 0.45 

31.9 84.1 13.0 0.0 0.05 
48.5 48.3 g 13.1 - -  0.26 

95.0 h 8.4 I~ 
Noncatalyzed reaction 

2.2 54.1 3.7 0.0 0.05 
2.7 62.8 4.3 14.1 0.44 
3.1 72.8 3.2 - -  0.26 

0.0794 
0.1267 
0.2167 

0.0000 f 

0.0000 f 

0.2167 

0.0000 f 

0.0000 I 
0.2167 

- 0 . 4 2  
-0 .24  
-0 .34  
-0 .26  

0.86 
1.25 
2.10 
2.73 

-0 .34  
0.86 
1.25 
2.10 

1.25 
0.34 
2.10 

a All the reactions were carried out at 30°C with a ratio diene : dienophyle 
b Donor number. See Ref. (19). 
" Hydrogen-bond basicity. See Ref. (20). 

Solvophobic power. See Ref. (2]). 
e Source: Ref (22). 
f M. H. Abraham, personal communication. 

At this time an additional amount of cyclopentadiene (3 eq.) is added. 
~' Results obtained 24 h after the new addition of diene. 

= 3 : 1 .  

rameter (19) or Abraham's fi~ hydrogen- 
bond basicity parameter (20). However, 
there are other solvent features which are 
known to influence the course of the 
Diels-Alder reaction (4), for example, po- 
larity and solvophobicity (21), and they 
were also considered. Table 6 gives the list 
of solvents used in this series of experi- 
ments, together with some of their physico- 
chemical features and the results of the reac- 
tions. 

As can be seen, neither the reaction yield 
nor the endo/exo selectivity proved to be 
related to the solvent coordinating ability. 
Nevertheless, there is a qualitative relation- 
ship between rate (represented by the per- 
centage of conversion after 30 rain), overall 
yield after 24 h and endo/exo selectivity on 
the one hand and the hydrophobicity of the 
organic solvent (represented by log P, the 
octanol/water partition coefficient (22)) on 
the other. Thus, hydrophobic solvents show 

good results, whereas, in hydrophilic sol- 
vents, a comparison of the results with those 
obtained in noncatalyzed processes (4d) 
seems to show that most of the reaction 
takes place in the bulk of the solvent, so the 
clay does not play a catalytic role. 

In view of these results two questions 
arise: why is acetonitrile unsuitable as a sol- 
vent for this reaction and why does anisole 
show such different behaviour as a function 
of the cation? In order to find an answer to 
these questions several experiments were 
carried out. 

The adsorption isotherms of methyl acry- 
late in Zn2+-doped K10 montmorillonites 
were performed from methylene chloride 
and acetonitrile at 20 and -25°C. The re- 
sults obtained from these experiments are 
shown in Fig. 4, where the initial concentra- 
tion of this reagent in the Diels-Alder reac- 
tion is indicated. As can be seen, the adsorp- 
tion from acetonitrile is lower than from 
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FIG. 4. Adsorption isotherms of methyl acrylate on 
Zn 2 +-exchanged montmorillonite from solutions in ace- 
tonitrile and in methylene chloride. The initial concen- 
tration used in Diels-Alder reactions is underlined. 

methylene chloride, but not so low as to 
account for the noncatalytic effect of the 
clay in this solvent. In fact, although the 
adsorptions from 1 M solution of methyl 
acrylate in both solvents are similar, the 
Diels-Alder reactions carried out at 20°C, 
with this concentration of dienophile, show 
the abovementioned influence of the solvent 
(CH2C12: 63.9% in 30 min with endo/exo = 
9.8; CH3CN: 5.6% in 30 min with endo/exo 
= 4.4). 

This behaviour may be due to a lack of 
adsorption of cyclopentadiene from acetoni- 
trile solutions. Unfortunately, the tendency 
of cyclopentadiene to dimerize prevents the 
realization of reliable adsorption studies. In 
fact, when solutions of 1.485 g of cyclopen- 
tadiene, in 15 ml of methylene chloride and 
acetonitrile, were kept at 20°C for 24 h in 
the presence of 1.25 g of Zn2+-doped K10 
montmorillonite, 0.7 g of a yellowish oil 
were obtained in both solvents. 

Further insight into the differences be- 
tween methylene chloride and acetonitrile 
was achieved by an IR study of the adsorp- 
tion of methyl acrylate on wafers of Fe 3 + 
and ZnZ+-doped clays. The wafers were left 
to stand for 24 h in solutions of methyl acry- 
late in methylene chloride and acetonitrile, 
reproducing the concentration used in the 

Diels-Alder reactions. They were then 
washed with CC14 and the IR spectrum was 
registered. Figure 5 shows the IR spectra of 
the wafers of ZnZ+-doped clay resulting 
from this treatment. As can be seen, in the 
spectrum of the clay treated in acetonitrile 
only the bands corresponding to molecular 
water, structural vibration of the clay and 
CN vibrations appear. Nevertheless, the 
clay treated in CH2C12 shows a carbonyl 
band (1695 cm 1) which is shifted from its 
position in solution (1725 cm 1 in methylene 
chloride), so the dienophile is coordinated 
to an acid center of the clay. The Fe 3+- 
doped clay exhibits the same behavior. 

Adsorption isotherms indicate the ad- 
sorption of dienophile in the clay from solu- 
tions in acetonitrile. However, the lack of a 
carbonyl band in the IR study shows that 
the dienophile is eliminated from the clay by 
washing with CC14. Therefore, the above- 
mentioned adsorption is very weak and 
probably takes place on the surface of the 
clay. 

By contrast, adsorption of dienophile 
from solutions in methylene chloride is 
stronger and coordination of methyl acry- 
late to acidic sites in the clay takes place. 
This coordination probably occurs deep 
within the interlayer region, where the ma- 
jority of the exchangeable cations are to be 
found. The change of volume during the re- 
action is small enough to allow the reaction 
to take place in this region (a sphere with 
the volume of the transition state (23) has a 
diameter of 7.6 A). 

Adsorption isotherms of the major prod- 
uct, endo cycloadduct, show that adsorp- 
tion of products increases when the tem- 
perature decreases, which is specially sig- 
nificant when the adsorption from solutions 
in acetonitrile is considered. At -25°C ad- 
sorptions of cycloadduct from methylene 
chloride and from acetonitrile are similar 
(Fig. 6). Hence the lack of adsorption of 
products in the reactions carried out in 
acetonitrile at - 25°C must be due to the low 
chemical yield obtained. 

Table 6 shows that the Fe 3+-doped clay- 
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Fro. 5. IR spectra of Zn2+-exchanged montmorillonite after adsorption from solutions of methyl 
acrylate in acetonitrile and in methylene chloride. 

catalyzed reaction carried out in anisole is 
very fast, but after 30 rain there is no further 
conversion. However, when an additional 
amount of diene is added the reaction con- 
tinues but with a decrease of the endo/exo 
selectivity, which indicates that the reaction 
is partially noncatalyzed. 

m n"~l ads/g clay 
4 

20oC.CH2C12 y 

3' ~ 20°CCH3CN 

• -25oC.CH2CI2 f /  
. o . 

1 

0 ~ :- ~-'- A A , ~- 

0,0 0,5 1,0 1,5 2,0 2,5 
conc (M) 

Fro. 6. Adsorption isotherms of endo cycloadduct 
on Zn2"-exchanged montmorillonite from solutions in 
acetonitrile and in methylene chloride. 

Several authors have shown (8a, 24) that 
dimerization of dienes catalyzed by clays is 
a radical-promoted reaction. In particular, 
Laszlo and Luchetti (8a) have reported that 
dimerization of cyclohexadiene is promoted 
by doped K10 montmorillonites in the pres- 
ence of 4-tert-butyl phenol, which is known 
to generate radical cations (25). Catalytic 
activity for this dimerization depends on the 
type of cation exchanged in the clay, and the 
best results have been obtained with Fe 3+. 

In view of these reports it was speculated 
that the low activity for methyl acrylate cy- 
clopentadiene cycloaddition on Fe ~ +-doped 
clay in the presence of anisole could be at- 
tributed to a radical-promoted disappear- 
ance of cyclopentadiene by parallel reac- 
tions. Some of the products resulting from 
these reactions were identified as adducts 
1 : 1 and 1 : 2 ofanisole and cyclopentadiene, 
by gas-chromatography-mass-spectrome- 
try. Cyclopentadiene is also eliminated from 
the reaction medium via oligomerization; a 
polymer fraction was detected by precipita- 
tion with methanol from the reaction me- 
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FIG. 7. ESR spectra of (a) Fe3+-exchanged montmorillonite and (b) after saturation with anisole. 

dium. The byproducts resulting from these 
parallel reactions deactivate the clay, which 
accounts for the decrease in endo/exo selec- 
tivity observed when an additional amount 
of diene is added (Table 6). 

These parallel reactions are minimized in 
the presence of the Zn2+-doped K10 mont- 
morillonite, because of the lower tendency 
of this cation to promote the formation of 
radicals in the presence of phenolic com- 
pounds (8a). This hypothesis was checked 
by ESR analysis of the initial samples and 
of the same samples saturated with different 
solvents. 

The spectra of both Fe 3+ and Zn 2÷ clays 
dried at 120°C (Fig. 7) show a complex signal 
with a narrow asymmetric line at g -4 .4 ,  
with a shoulder on the low field side (g 
8.5) and a very broad line centered at g 
2. This spectrum is typical of Fe 3 + in a high 
crystal field (26), and is not changed by the 
addition of either methylene chloride, di- 
ethyl ether, anisole, or methyl acrylate. 

There is also a much narrower signal 
(2XHpp - 1  roT) at g = 2.004 -+ 0.002, which 
could be characteristic of free radicals. The 
presence of this very weak signal in the ini- 
tial solid could be attributed to traces of 
organic material adsorbed on the clay. Upon 

anisole addition, the intensity of this signal 
increases by a factor of 10 in the case of the 
Fe 3-- clay but remains unchanged in the case 
of the Zn 2 + sample. The original narrow sig- 
nal of the clay at g = 2.004 is not modified by 
the addition of methylene chloride, diethyl 
ether or methyl acrylate, and it can be con- 
cluded that the new signal appearing upon 
anisole addition is characteristic of radical 
formation induced by the interaction of ani- 
sole with the Fe 3 + clay. 

It can be concluded that, in the absence of 
radicals (Zn z÷-doped K10 montmorillonite), 
the Diels-Alder reaction of carbonyl- 
containing dienophiles is faster than diene 
dimerization or other lateral reactions. In 
the presence of radicals the Diels-Alder re- 
action is promoted (the conversion of 
methyl acrylate after 15 rain on Fe3+-doped 
K 10 montmorillonite is higher than on Zn 2 +- 
doped K 10 montmorillonite in anisole as sol- 
vent, see Table 6), but lateral reactions are 
also faster and overall reaction yield is 
lower. 

Influence of the Exchanged Cation 

The coefficients obtained in the analysis 
of the factorial design indicate that F I (ex- 
changed cation) is not a significant factor. 
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TABLE 7 

Coefficients of Main Effects and Interactions for Re- 
sponses R 1 R3, and R 4 Calculated with the 2 3 Factorial 
Design (CH2C12) 

Factors Coefficients a 

R1 R3 R4 

F 1 - 9 . 1  - 1 2 . 2  -0 .5  
F 3 10.9 18.3 1.5 
F 4 9.1 -4 .2  - 4 . 5  

F1F 3 3.8 5.6 1.9 
F~F 4 1.1 2.6 -0 .2  
F3F 4 6.9 4.7 0.2 
F1F3F 4 6.2 3.1 0.1 

F0 (mean effect) 36.2 55.6 14.8 

a Italicized figures are significant to 95%. 

However, one half of the experiments have 
been carried out in acetonitrile, where the 
clay has been shown not to play any cata- 
lytic role, so a further analysis is needed. If 
only the experiments carried out in methyl- 
ene chloride are considered, the coefficients 
calculated for first order effects are contami- 
nated with second-order interactions. How- 
ever, taking into account that F2 and F6 are 
not significant a 2 3 factorial design for F1 
(exchanged cation), F3 (diene:dienophile 
ratio), and F4 (temperature) can be consid- 
ered with only the experiments carried out 
in CHzC12 (Table 1, experiments 2, 3, 5, 8, 
10, 11, 13, and 16). The analysis of this facto- 
rial design leads to the coefficients gathered 
in Table 7, where the significant coefficients 
are italicized. As can be seen, there is 
not any significant interaction. F 3 (diene: 
dienophile ratio) shows the above-described 
influence on the results obtained. However, 
F4 (temperature) does not show a significant 
influence on the overall yield, which seems 
to indicate that its effect is only relevant in 
reactions carried out in acetonitrile. With 
regard to F 1 (exchanged cation) the 
Zn2+-K10 montmorillonite favours high re- 
action rates and overall yields, but this fac- 

tot does not have any influence on the endo/ 
exo ratio. 

It can be concluded that the clay with the 
greater Lewis acidity is the more efficient 
catalyst. 

CONCLUSION 

Experimental factorial design has proved 
to be a useful tool for studying several fac- 
tors influencing clay-catalyzed Diels-Alder 
reactions. This study shows the expected 
influences for the temperature and the 
diene : dienophile ratio. The influence of the 
exchanged cation indicates that Zn2+-K10 
montmorillonite, with a greater Lewis acid- 
ity than the Fe3+-clay, is a more efficient 
catalyst. This study shows that the most 
important parameter is the nature of the sol- 
vent. Hydrophilic solvents appear to be in- 
adequate for this type of reaction. Further- 
more, an interaction exists between the 
solvent and the nature of cations exchanged 
into the clay. In particular, the association 
of anisole with easily reducible cations such 
as Fe 3+ induces undesirable radical reac- 
tions. From a practical point of view, the 
use of organic solvents with the clay has two 
advantages over the use of water as solvent: 
much larger concentrations of reagents can 
be reached in organic solvents and tempera- 
tures below 0°C can be used, which greatly 
increases the endo/exo selectivity. 
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