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bstract

The MCM-41 and zeolite Y exchanged with Li+, Na+, K+ and Cs+ were used as catalyst for Diels–Alder reaction of cyclopentadiene (CPD)
ith p-benzoquinone (PBQ) and some derivatives to achieve higher reaction rate and diastereoselectivity. The 2:1 CPD–PBQ adducts of endo-
nti-endo and endo-anti-exo obtained, respectively, in the case of PBQ as the major product in the presencece of MCM-41 and CsY is remarkable.

emiempirical calculation by PM5 method was carried out to define the energetics of the system and Goering–Schewene diagram under the catalytic
ffect of BF3 and AlCl3 Lewis acids. It was found that even though the endo-anti-exo is thermodynamically more stable than endo-anti-endo in
ncaytalyzed Diels–Alder reaction, the latter is the more stable isomer in the presence of Lewis acid catalyst.

2006 Published by Elsevier B.V.
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. Introduction

The Diels–Alder (DA) reaction has been recognized as one
f the most important methods for the construction of six-
embered ring. Due to the concerted and orbital controlled

eaction pathway, usually predictable stereoselectivity can be
ealized and making this reaction particularly useful in the
tereoselective synthesis of various synthetic intermediates [1].
lthough DA reactions are little influenced by polar factors,
ewis acids exert a strong catalyzing effect. Furthermore, Lewis
cid catalyzed DA reactions are not only faster but also more

tereoselective and more regioselective than the uncatalyzed
eactions [1]. For this reason, the catalyzed reactions are of great
mportance. Many research have been done to improve the reac-
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ion rate and selectivity using homogenous Lewis acid [2,3],
igh pressure [4,5], and water as solvent [6]. Heterogenization
f valuable homogeneous catalysts by either inclusion or immo-
ilization within micropore or mesopore materials has several
dvantages such as reducing hazardous effluents and easier cata-
yst separation in harmony with sustainable green chemistry [7].

The cycloaddition reaction of cyclopentadiene (CPD) with
-benzoquinone (PBQ) is one of the oldest reactions named as
A reaction [8]. Theoretically, equimolar amount of PBQ, reacts
asily with CPD to form a 1:1 cycloadduct [9], containing two
somers of endo as the major and exo as the minor product. The
A reaction with the 2:1 ratio of CPD to PBQ, on the other
and, affords the 1:1 cycloadduct and 2:1 adduct containing six
tereoisomers as the major and minor products, respectively.
ith the exception of exo-syn-exo isomer, all the other five have
een synthesized and characterized previously [10].

Mesoporous molecular sieves, which was synthesized by
obile group in 1992 [11], have a space enough to accom-
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odate the guest molecules. The silicious MCM-41 exhibits
hexagonal array of one-dimensional mesoporous pore sys-

em ranging from 15 to 100 Å. Enlarging the pore size from
icropore to mesopore region (>20 Å), and reducing the Lewis

cid strength makes the MCM-41 to be different in compar-
son to zeolite [12]. The alminumsilicates known as the zeo-
ites partly contain aluminum for silicon ions. This results in

network that bears a net negative charge. Compensation by
ther ions causes the zeolites to be positively charged within
he channels, cavities and supercages [13]. Therefore, chemists
ave found this system as a brilliant host for the accommo-
ated guest molecules in order to study either the positive
eld or the cavity confinement on reaction rate and product
tereoselectivity.

In this investigation, we decided to investigate the DA reac-
ion of PBQ, methylbenzoquinone, 2,5-dimethylbenzoquinone
nd 2,6-dimethylbenzoquinone with CPD in the presence of
CM-41 as solid acid catalyst. We also studied the same reac-

ions under the effect of alkali metal exchanged zeolite Y in
rder to compare the catalytic activity of zeolite solid acid with
hose obtained with MCM-41. In order to minimize the surface
eaction, we included the PBQ within the MCM-41 and zeolite
ores by utilization of non-polar solvent. Therefore, no reaction
as expected to occur prior to approaching the CPD molecules

nto the pores. Furthermore, to reduce the ret-DA possibility,
ll reactions were carried out at room temperature. To define
he energenics of the system and Goering–Schewene diagram
14], semiempirical calculations was decided to be carried out
y using PM5 method.

. Experimental

.1. Materials

PBQ and other derivatives were purchased from Aldrich and
urified by sublimation before use. NaY zeolite was prepared
nd characterized according to the procedures described in the
iterature [15].

.2. Preparation of cation exchanged zeolite Y

Monovalent cation (Li+, K+ and Cs+) exchanged zeolites
ere prepared by stirring 10 g of NaY with 100 mL of 10%

queous solution of the corresponding metal chloride for 12 h
nder reflux condition. The zeolites were filtered and washed
horoughly with distilled water for several times. This proce-
ure was repeated for three times to ensure maximum exchange
f cations of interest for Na+ ions. The cation exchanged zeolites
ere then dried at 120 ◦C for 6 h. The exchanged percentages
f Li+, K+ and Cs+ were determined by atomic absorption spec-
roscopy as 73, 87 and 71, respectively.

.3. Preparation of MCM-41
MCM-41 was synthesized and characterized according to the
rocedure previously described in literature by using hexade-
yltrimethyl ammonium bromide as a template [16]. The product

e
i
4
C

ig. 1. Diels–Alder reaction of CPD with PBQ to endo-anti-endo and endo-
nti-exo isomers.

as calcined at 540 ◦C for 6 h to remove the template from the
CM-41 structure.

.4. Typical procedure for DA reaction

To a solution of 108 mg (1 mmol) of PBQ in 70 mL dry hex-
ne, was added 2.0 g of activated MY zeolite or 4.0 g of MCM-41
after pretreatment at 500 ◦C for 12 h), and the mixture was
tirred under N2 atmosphere at room temperature for 3 h. The
lurry was filtered and washed with fresh hexane and then ether
n order to remove the adsorbed PBQ on the zeolite surface.
o the PBQ loaded zeolite in 70 mL hexane, was added 70 mg
or 145 mg) (1:1 or 2:1 mmol) of freshly distilled CPD in one
ortion and the slurry was stirred under N2 atmosphere at room
emperature for 3 h. The slurry was then filtered and washed with
resh hexane in order to remove any adsorbed unreacted CPD on
eolite surface. The product was extracted from zeolite cavities
or MCM-41) by stirring the solid in 80 mL of ether for 5 h. The
lurry was filtered and the filtrate was evaporated by rotary evap-
rator. The residue was analyzed directly by using 1H NMR to
etermine the diastereomeric ratio. The products were separated
y column chromatography (ether–petroleum ether, 20:80), and
haracterized by comparison of their 1H NMR with authentic
amples.

.5. Method of calculation

The structure of compounds was built by chemdraw, version 8
nd was saved as MOPAC files by Chem3D for PM5 calculation.
ll calculations were done with WINMOPAC v.3.5.

. Results and discussion

As seen in Table 1, in the absence of solid acid cata-
yst, equimolar amount of CPD with PBQ reacts to form 1:1
ycloadduct efficiently. Utilization of two equivalents of CPD
nder the similar condition produces only 13% of 2:1 adducts
ithout catalyst (Fig. 1). Unfortunately, dimerization of CPD

ompetes with this reaction because of the partial inactivation
f 1:1 cycloadduct toward further DA reaction. The dicyclopen-
adine byproduct contaminates the main product(s) and cannot
e separated easily. Consequently, the synthesis of 2:1 adduct in
he absence of catalyst needs large excess amount of CPD to be
omplete [17]. On the other hand, a mixture of 90:10 endo-anti-

ndo to endo-anti-exo of 2:1 adduct stereoisomers in 94% yield
s produced in the presence of mesoporous structure of MCM-
1. Interstingly, this result is similar to that reported recently by
orma and co-workers [18]. We have included their results in
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Table 1
Catalytic effect and diastereoselectivity of MY zeolite and MCM-41 on DA reaction of CPD with PBQ to 1:1 and 2:1 adducts

Catalyst PBQ (mmol) CPD (mmol) Yield (%) Selectivity (%)

1:1 2:1 Endo-anti-endo Endo-anti-exo

– 1 1 87 100 – – –
LiY 1 1 89 33.8 66.2 62 38
CsY 1 1 80 34.0 66.0 43 57
– 1 2.1 74 87 13 76 24
LiY 1 2.1 88 2 98 57 43
NaY 1 2.1 82 5 95 50 50
KY 1 2.1 95 8 92 76 24
CsY 1 2.1 80 10 90 40 60
MCM-41 1 2.1 94 0 100 90 10
MCM-41a 1 3 90 0 100 91.4 8.6
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l–MCM-41a 1 3 94

a Results obtained at 60 ◦C are taken from Ref. [18].

able 1 in order to make the comparison with our results more
onvenient. Based on their observation, the authors remarked
hat even though the endo-anti-exo is thermodynamically more
table, the kinetically controlled endo-anti-endo isomer has been
roduced as the major product [18]. Unfortunately, no explana-
ion was provided for these speculations. Recall that the less
table 1:1 cycloadduct produced as the primary major prod-
ct has the endo fusion in bicyclic product. This preference
as arisen due to developing secondary interaction between the
ouble bond LUMO present in five member ring and hexa-ene-
ione HOMO present in six member ring at the transition state
19]. Since such secondary interaction is definitely absent in the
econd step toward the formation of the 2:1 adducts, the logic
ehind the mentioned kinetically preference for endo-anti-endo
somer cannot be envisaged easily. Moreover, they showed that
he introduction of Al, Sn or Ti atoms in the framework enhances
he DA reaction rate while preserving the selectivity to the endo-
nti-endo isomer [18].

Suprisingly, the 2:1 adduct is obtained predominantly if the
A reaction is carried out within the zeolite cavities no matter to

tart with 1:1 or 2:1 ratio of CPD to PBQ. The major difference
ppears in reaction stereoselectivity with the latter ratio being
he more selective toward the formation of 2:1 adduct. Diastere-
meric ratio of 2:1 adduct depends on the cation type inside
he zeolite supercages. Inspection of the results presented in
able 1 clearly indicates that with the exception of KY, increas-

ng the cation size from Li+, to Na+ and then to Cs+ directs the
eaction to generate endo-anti-exo isomer in higher amount. In
ontrast to the DA reaction catalyzed by MCM-41 which afford
he endo-anti-endo (90%) as the dominant isomer, the endo-
nti-exo is obtained as the major product in the presence of CsY
60%). Based on the energy minimized structure obtained by

OPAC, the minimum sizes were determined as 8.58 and 8.38 Å
or endo-anti-endo and endo-anti-exo, respectively. Therefore,
he formation of the smaller stereoisomer as the major prod-
ct within the zeolite Y exchanged with the largest Cs+ cation

ith limitation in pore size is not surprising. On the contrary,
nder the kinetic conditions, obtaining the larger isomer, i.e.,
ndo-anti-endo within the MCM-41 supercages with no lim-
tation in pore size is anticipated. It is not possible to give a

R
t
a
l

0 100 65 35

lear-cut explanation for K+ irregularity. Some factors such as
oulomb interaction, the polarizability of the cation, and the
verage distance between the cations might be responsible for
his observation [20].

In order to rationalize the results, the key role of benzo-
uinone complexed to the acid sites available within the MCM-
1 or zeolite pores either in the primary step to the 1:1 CPD–PBQ
dduct or in the second step affording the 2:1 adduct must be
aken into consideration. Frontier molecular orbital (FMO) the-
ry can successfully rationalize an enormous range of chemical
henomena. The significance of the highest occupied molecu-
ar orbital (HOMO) and lowest unoccupied molecular orbital
LUMO) become apparent since the interaction between non-
egenerate orbitals is inversely proportional to the energy gap
etween the orbital. The smaller this gap, the interaction is
tronger and reaction proceeds faster. The main orbital inter-
ction in DA reaction is between the LUMO of dienophile and
OMO of the diene [1]. Electron withdrawing substituents on

he dienophile double bond, and electron donating groups on
iene accelerate the reaction by lowering the LUMO energy and
aising the energy of HOMO orbital, respectively [1]. It is known
hat MCM-41 sample, owing to its short-range amorphous char-
cteristics, strongly dealuminates during the activation proce-
ure, leading to a sample with lower and weaker acidity [21]. The
resence of weak Bronsted acid sites in MCM-41 was claimed
o be responsible for the observed rate enhancement of DA reac-
ion [18]. The LUMO energy of the 1:1 CPD–PBQ adduct either
lone or complexed to BF3 and AlCl3 as the model of solid
cid sites calculated by using the PM5 method is presented in
able 2. We have included the similar result for acrolein as a
imple and well known dienophile in Table 2 in order to com-
are our results with those already present in literature. It is
vident from Table 2 that the CPD–PBQ dienophile LUMO
nergy lowering due to complexation with BF3 and AlCl3 are
.25 and 1.13 eV, respectively. As shown in Table 2, acrolein
LUMO is lowered by 1.85 eV under the catalytic effect of BF3.

ecall that Houk and Munchausen [22] observed experimen-

ally that tri-cyanoethylene was 106 times more reactive than
crylonitrile in DA reactions and had a LUMO energy that was
ower by 2.06 eV. Aluminum chloride catalyzed DA reaction of
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Table 2
LUMO energies and orbital coefficients of dienophile either alone or complexed
to BF3 and AlCl3 Lewis acids

Structure ELUMO (eV) Orbital coefficient

C1 C2 C3

−0.53 −0.54 0.29 0.62

−2.38 0.52 −0.16 −0.70

−2.06 0.51 −0.15 −0.70

−1.24 0.36 0.36 0.36

−2.49 −0.38 0.24 0.54

−2.37 +0.39 −0.26 −0.53
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Table 3
Stabilization energy of the DA transition state of BF3 catalyzed with respect to uncat

DA reactants
�E1

2(cHOMO1cLUMO1β11)2

(Ediene
HOMO − E

dienophile
LUMO )

−0.40

−0.53
talysis A: Chemical 264 (2007) 220–226 223

ome dienes with methyl acrylate were experimentally shown
o have the rate enhancement of 105 in comparison to uncat-
lyzed reaction [23–25]. Guner et al. [26] found a decrease
n the LUMO energy of 2.63 eV for the acrolein–boron triflu-
ride complex based on ab initio calculations. Based on the
atter result, the authors believed that the decrease of 2.63 eV
or the acrolein–boron trifluoride complex is slightly larger
han expected for the experimental rate increase of 105 to
06 times that have been reported for catalyzed reactions [26].
he decrease of 1.85 eV for acrolein–boron trifluoride complex
btained in our semiempirical calculations is closer to experi-
ental results. Roughly speaking, it can be concluded that the

ate enhancement due to 1.25 eV lowering of 1:1 CPD–PBQ
UMO energy is estimated about two to three numbers of mag-
itude. On the other hand, the energy difference in transition state
tabilization calculated on the basis of the third term appears in
lopman’s equation for DA reaction uncatalyzed and BF3 cat-

lyzed is shown in Table 3 [27]. Based on these results, and
y knowing that the activation entropy for the catalyzed and
ncatalyzed may be considered to be similar, the rate enhance-
ent due to the presence of BF3 catalyst is estimated about 102

o 103. This ratio is similar to that which was anticipated by
LUMU lowering (vide supra).

Tables 4 and 5 present the calculated thermodynamic parame-
ers for BF3 catalyzed DA reaction of 1:1 CPD–PBQ adduct with
PD and ret-DA reactions of endo-anti-endo and endo-anti-
xo at 25 and 60 ◦C, respectively. Comparison of the calculated
G

◦
r ’s of uncatalyzed or thermal DA to endo-anti-endo and

ndo-anti-exo presented in Table 4 footnote with that for BF3
atalyzed reaction clearly indicates that while the endo-anti-exo
s more stable than the endo-anti-endo in uncatalyzed (thermal)
A reaction, the latter is the more stable isomer formed in the
resence of BF3 catalyst. Therefore, the formation of endo-anti-
ndo as the major product (90%) in catalyzed DA reaction is in

greement with the Evans-Polanyi principle (see Table 4) [28].
n other word, the more thermodynamically favored isomer is
he more kinetically favored isomer as well. This result is not

alyzed reaction

�E2 Total �E (eV)

2(cHOMO4cLUMO2β24)2

(Ediene
HOMO − E

dienophile
LUMO )

−0.40 −0.80

−0.42 −0.95
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Table 4
Thermodynamic parameters of BF3 catalyzed DA reaction of 1:1 CPD–PBQ adduct with CPD at 25 and 60 ◦C

Reaction temperature,
K (◦C)

DA product �H
◦
r (kcal/mol) �S

◦
r (cal/K/mol) �G

◦
r (kcal/mol) �H# (kcal/mol) �S# (cal/K/mol) �G# (kcal/mol)

298 (25) Endo-anti-endo −29.00 −51.33 −13.71 7.66 −52.74 23.15
Endo-anti-exo −27.67 −50.77 −12.56 10.29 −50.20 25.19

333 (60) Endo-anti-endo −29.07 −51.52 −11.92 7.60 −52.96 24.58
Endo-anti-exo −27.64 −50.95 −7.99 10.24 −50.37 29.88

�G0
r for the formation of endo-anti-endo and endo-anti-exo in uncatalyzed (thermal) DA reactions were found by calculations as −11.14, −12.15 and −8.17,

−9.59 kcal/mol at 25 and 60 ◦C, respectively.

Table 5
Thermodynamic parameters of BF3 catalyzed ret-DA reaction of endo-anti-endo and endo-anti-exo adducts to1:1 CPD–PBQ adduct and CPD at 25 and 60 ◦C

Reaction
temperature, K
(◦C)

ret-DA starting
material

�H
◦
r (kcal/mol) �S

◦
r (cal/K/mol) �G

◦
r (kcal/mol) �H# (kcal/mol) �S# (cal/K/mol) �G# (kcal/mol)

298 (25) Endo-anti-endo 29.00 51.33 13.71 35.22 −1.97 35.51
Endo-anti-exo 27.67 50.77 12.56 37.88 0.57 37.71

3
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33 (60) Endo-anti-endo 29.07 51.52
Endo-anti-exo 27.64 50.95

urprising since the BF3 is complexed to the carbonyl group
ither in the 1:1 adduct starting material or in 2:1 adduct product.
oreover, such complexation not only stabilizes the transition

tate, but also stabilizes the product as well. This effect is consis-
ent with Leffler assumption, which states that the free energy of
eaction will only be partially reflected in the free energy of acti-
ation [29]. That the ��Gr is smaller than ��G# (see Fig. 2),
ay not be difficult to be interpreted since due to the breakage

f the bonds in going from neutral reactants to neutral product,
here are more partial charges present in the transition state than

eactants and product [29].

Comparison of the distereoselectivitis obtained in DA reac-
ions in the presence of Al–MCM-41 [18], and MY (M = alkaline
ation), might reveals another aspect of these two solid acid

m
T
w
t

ig. 2. The Goering–Schewene diagram of BF3 catalyzed DA reaction to endo-anti-
nti-endo and endo-anti-exo to 1:1 of CPD–BQ adduct and CPD at 25 ◦C.
11.92 35.24 −2.00 35.83
7.99 37.88 0.59 37.71

atalysts. Recall that a mixture of 90:10 of endo-anti-endo to
ndo-anti-exo was obtained in the presence of Al–MCM-41 with
he Si/Al molar ratio of 15 during 1 h at 60 ◦C [18]. On the other
and, a mixture of these two stereoisomers with less selectivities
as formed when MY zeolite was used as catalyst (see Table 1).
uch results may be interpreted easily since ��G# is 5.30 and
.04 kcal/mol, respectively (see Fig. 2 and Fig. 3). Moreover, as
een in Table 5, the ��G

◦
r ’s for BF3 catalyzed DA reactions

t 25 and 60 ◦C to endo-anti-endo and endo-anti-exo are 1.15
nd 3.93 kcal/mol, respectively. This means that the reaction is

ore selective at 60 ◦C under kinetic conditions (lower time).
he selectivity in the case of Al–MCM-41 decreased to 65:35
hen the reaction was prolonged to 6 h (thermodynamic condi-

ion) [18]. This effect was explained by the occurrence of ret-DA

endo and endo-anti-exo isomers and BF3 catalyzed ret-DA reactions of endo-
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F -anti-endo and endo-anti-exo isomers and BF3 catalyzed ret-DA reactions of endo-
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C
using 5 M lithium percholrate in ether [31]. It is worth not-
ing that the dipolemoment changes from 1:1 to 2:1 adduct was
calculated as 2.86 to 4.15 Debyes, respectively. Therefore, the
formation of 2:1 adduct in the case of methylbenzoquinone in

Table 6
Catalytic effect of MY and MCM-41 on DA reaction of CPD with some PBQ
derivatives

Dieneophile Catalyst Time (h) Yield (%)

Methylbenzoquinone – 5 60
MY 3 90
MCM-41 3 96

2,5-Dimethylbenzoquinone – 5 50
MY 3 85
ig. 3. The Goering–Schewene diagram of BF3 catalyzed DA reaction to endo
nti-endo and endo-anti-exo to1:1 CPD–PBQ adduct and CPD at 60 ◦C.

eaction promoted by the higher bronsted acid sites present in
l–MCM-41 [18]. In contrary, the incorporation of Al within

he MCM-41 network has interpreted to increases the number
f Lewis acid sites based on the pyridine adsorption experiments
30]. The dispute has yet to be resolved. To make insight into
he energetic of system, the Goering–Schewene diagrams [14]
or the BF3 catalyzed DA reactions at 25 and 60 ◦C are shown in
igs. 2 and 3. As seen in Fig. 3, under the thermodynamic con-
itions (60 ◦C and 6 h), it is the endo-anti-endo isomer, which
ust be accumulated as the major product. Obtaining the 65:35

f the endo-anti-endo to endo-anti-exo isomer in the presence
f Al–MCM-41 during 6 h at 60 ◦C [18], is consistent with the
nergy diagram. The authors believed that the change in the ratio
as promoted by the occurrence of ret-DA reaction during 6 h.
ue to the presence of many acid sites either Bronsted or Lewis

n Al–MCM-41 (similar to homogeneous BF3 or AlCl3), the
ccurrence of the ret-DA with the free energies of activation of
5.83 and 37.71 kcal/mol, respectively, for endo-anti-endo and
ndo-anti-exo (see Table 5 and Fig. 3) at 60 ◦C is anticipated.
ecall that the ret-DA in our experiments is not likely to hap-
en at room temperature (25 ◦C) due to the high free energies
f activation in the absence of efficient thermal energy (35.51
nd 37.71 kcal/mol, see Table 4 and Fig. 2). Therefore, it can
e concluded that the formation of both stereoisomers within
Y zeolite has arisen from DA condensation of CPD–PBQ
ith CPD. For this, the MY zeolite should be more acidic than
l–MCM-41 with the molar ratio of Si/Al = 15 (vide supra).
In the next step, the reaction of a number of PBQ deriva-

ives such as methyl-benzoquinone, 2,5-dimethylbenzoquinone
nd 2,6-dimethylbenzoquinone with CPD were investigated in
he presence of MY zeolites and MCM-41 (Fig. 4). We have

ot specified the cation type in MY since no differences were
bserved in their reactivities. The results are presented in Table 6.
n contrast to PBQ, the 1:1 cycloadducts are produced as the
ain products by using the PBQ derivatives. As seen in Table 6,

2

Fig. 4. Diels–Alder reaction of CPD with PBQ to 1:1 cycloadducts.

he higher product yields are generated in the presence of either
ation exchanged zeolites Y or MCM-41. Moreover, products
ith more purity are obtained under these conditions. That the
:1 adducts similar to PBQ are not obtained in these cases were
nticipated since the 2:1 adduct of methylbenzoquinone with
PD has been produced either under high pressure [5], or by
MCM-41 3 95

,6-Dimethylbenzoquinone – 5 45
MY 3 75
MCM-41 3 84
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