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A Study of the Diastereoselectivity of Diels-Alder Reactions on the Ce-SiO2 as Support
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The diastereoselectivity of Diels-Alder reactions were studied on the silica surface supported with different 
concentrations of cerium ion as efficient Lewis acid catalysts under solvent-free conditions. The results showed 
that the diastereoselectivity of reaction was highly improved in these conditions. The cerium ion was grafted 
on silica surface by using ion exchange method.
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Diels-Alder (DA) reaction, leading to six membered ring 
products with controlled regioselectivity and stereochemi­
stry, is a powerful tool in organic synthesis.1-4 Lewis acid 
catalysts, such as ZnCh, AlCls, FeCls, Yb(OTF)3, and UI3, 
can have a significant effect on the rate and endo selectivity 
of DA reactions, especially when they are coordinated to the 
heteroatom of dienophile, such as the oxygen of carbonyl 
group.5-7 The carbonyl group become more electron-with­
drawing when there is the interaction of metal ions as Lewis 
acid sites with carbonyl group of dienophile. This effect 
decreases the energy level of the LUMO of dienophiles and 
allows more efficiently overlapping with HOMO of the 
diene.8 Therefore, the reaction proceeds with great ease.

According to the Pearson’s HSAB classification, trivalent 
state of rare earths which located between Mg2+ and Ti4+ are 
hard acids.9 The rare earths salts of strong acids are some­
times able to work as effective Lewis acid catalysts in the 
presence of water, alcohols, or even amines, although most 
traditional Lewis acids lose their activities under such 
conditions.10 The rare earth Lewis acid could be recovered 
after reactions and reused without any loss of activity 
because of their stability. Another important aspect of rare 
earths is their high coordination numbers. These properties 
are highly advantageous for coordinating various chiral and 
achiral ligands around the metal ions and strong affinities to 
the oxygen of carbonyl group as a hard ligand. Recently, it 
was reported that chiral rare earth organophosphates-cerium 
complexes were evaluated as a homogeneous Lewis acid 
catalyst for the asymmetric hetero-DA reaction.11

Homogeneous Lewis acids have serious drawbacks such 
as the use of more than one molar equivalent, laborious 
work-up procedures and problems with environmentally 
hazardous waste-streams. It was reported that several 
inorganic solid acids, such as zeolite, clays, mesoporous 
molecular sieves (Al-HMS and La-SBA-15), alumina, and 
metal functionalized silica (ZnCh, AlCh, FeCls) are efficient 
heterogeneous catalysts in DA reactions of Cyclopentadi- 
ene.12-18

It was proved that silica gel in comparing to the other 
inorganic material, is a suitable support for the heterogeni- 
zation of several kinds of catalysts, because it is an abundant 

and cheap material, with good adsorption properties due to
their high surface area, nanoporousity, and physico-chemical
stabilities during the 
has two types of fun

reaction process.19 The silica surface 
ctional groups such as siloxane (Si-O-

Si) and silanol group (Si-OH). Silanol groups on silica 
surface behave like a weak acid (pKa = 9.4), thus they have 
both strong hydrogen bonding and dipole-dipole interactions 
as the well known Bronsted acid.20,21 The acidity of surface 
was obtained and changed by adding a metal ion on the 
surface by increasing metal charge and concentration.22a

In this work, the various concentrations of Lewis acid on 
silica gel surface were obtained by using ion exchange 
method of cerium ion (III) and (IV) in alkali conditions.22b 
Then, the diastereoselectivity of DA reactions of cyclo­
pentadiene and methylacrylate with the resulting solid acids 
in the absence of solvent were studied. The high endo/exo 
diastereoselectivity was observed for more charge and high 
concentration of cerium ion on silica surface.

Results and Discussion

The results of the Diels-Alder reactions between cyclo­
pentadiene and different methylacrylate in the presence of 
various prepared supports (so-called X-A-Ce-SiO2 which 
correspond to the preparation of supports with various 
concentrations of cerium solution in molar unit (X = 0.05 M 
to 0.08 M) and oxidation state of cerium ion (A = 3 and 4).) 
are summarized in the Tables 1 and 2. For pure silica as 
support, 0-A-Ce-SiO2, the reaction exhibits good yield, but 
less and poor diastereoselectivity of reaction. The yield and 
specially diastereoselectivity increase in the case of support 
with high concentration of cerium ion on silica surface as the 
results shown in the Table 1 and 2. By the GC-Mass results 
for this diene, it was shown that the product which was 
passed from column at 6.048 min is the main reaction
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Table 1. Diastereoselectivity and yield of Diels-Alder reaction of 
methylacrylate and cyclopentadiene using Ce (III) loaded on silica 
as support

aThe X-3-Ce-SiO2 correspond to the preparation of supports with various 
concentrations of cerium solution in molar unit (X = 0.05 M to 0.08 M) 
and oxidation state of cerium ion is 3. “The amount of cerium ion loaded 
on silica was determined by ICP method.

Concentration of Ce(III), 
(X-3-Ce-SiO2)a

mmol Ce/g 
Silica"

yield 
(%)

de (%) endo/exo

Without support — 98 55 77:23
SiO2 0 92 67 83:17
0.05 -3-Ce-SiO2 0.25 96 85 92:8
0.06 -3-Ce-SiO2 0.3 95 86 93:7
0.07 -3-Ce-SiO2 0.35 97 88 94:6
0.08 -3-Ce-SiO2 0.4 97 90 94:4

Table 2. Diastereoselectivity and yield of Diels-Alder reaction of 
methylacrylate and cyclopentadiene in the presence of Ce (IV) 
loaded on silica as support

Concentration of
Ce(IV), (X-4-Ce-SiO2)a

mmol Ce/g 
Silica

yield 
(%) de (%) endo/exo

Without solvent - 98 55 77:23
SiO2 0 92 67 83:17
0.05 -4-Ce-SiO2 0.25 96 89 93:7
0.06 -4-Ce-SiO2 0.3 97 92 96:4
0.07 -4-Ce-SiO2 0.35 99 93 97:3
0.08 -4-Ce-SiO2 0.40 99 94 98:2

aThe X-4-Ce-SiO2 corresponding to the preparation of supports with 
various concentrations of cerium solution in molar unit (X = 0.05 M to 
0.08 M) and oxidation state of cerium ion is 4.

product and the m/e at 152 and 66 respectively are 
concerned to parent and base peak.

As mentioned above, when the concentration of metal ion 
on surface is increased, the Lewis acid sites of cerium ion on 
the surface of silica will be increased. Thus, with the high 
cerium ion concentration on the silica surface, the dia- 
stereoselectivity of reaction will be increased. Because of 
the limited capacity of silica for grafting the cerium ion, by 
increasing of cerium ion concentration to 0.2 M, the ICP 
results showed the exist of cerium ion in the filtered solu­
tion, furthermore the diastereoselectivity did not improved 
more than of 24% so the concentration study was stopped till 
0.2 M. On the other hand, the endo/exo diastereoselectivity 
and yield for Ce(IV) are rarely higher than Ce(III), which 
may be due to its relative strong acidic properties.

The FT-IR spectra of the Ce(IV) modified silica, free 
methylacrylate, and the loaded methylacrylate on the Ce(IV) 
modified silica were shown in the Figure 1. The symmetry 
stretching frequency of C=O for free methylacrylate is 
observed at 1730 cm-1. When, methylacrylate is loaded on 
the Ce(IV) modified silica, the carbonyl frequency shifts 
about 20 cm-1 to the low wave number region. This fre­
quency shift of C=O to low wave number is attributed to the 
coordination of methylacrylate with cerium ions on the silica 
surface. It was reported that this band shifted to the low 
wave number region about 10 cm-1, when the metal ion was 
Zn(II).23 Cerium (IV) is a strong Lewis acid than Zn(II), thus

Figure 1. FTIR spectra of a) 0.08-4-Ce-SiO2, b) loaded methyl­
acrylate on 0.08-4-Ce-SiO2, c) methylacrylate.

the frequency shift of C=O for cerium ion will shift to the 
lower wave number region than zinc ion. However, the 
width of this band is attributed to the several kinds of 
carbonyl groups coordination and also possibility of hydro­
gen bonding with the Si-OH of silica surface. The spectrum 
of Ce(IV) modified silica (Fig. 1a) is presented only for 
comparing.

The exact mechanism of these metal functionalized silica 
effects is not well understood.23 Vesselovskii and coworker 
have proposed that the adsorption of reactants on the surface 
of silica particles may facilitate the formation and stabili­
zation of pre-reaction complexes by bringing the reacting 
moieties within each reactant into closer proximity.24 A 
related theory has been advanced by Menger who suggested 
that the rigid anchoring of functional groups can fix reac­
tants in proximity to each other less than the critical bonding 
distance, thus leading to significant rate enhancements.25 An 
alternative theory introduced by Parlar and Baumann26 who 
suggested that only a small fraction of reactants are actually 
strongly adsorbed on the silica surface and that the enhanced 
rates and selectivities are caused by symmetry controlled 
secondary orbital interactions between strongly adsorbed 
species and species that are free to move about on the 
surface. Previous theories to account for the promotion of 
reactions on the surface of silica were developed for pro­
cesses taking place in the absence of solvent.8 However, the 
catalytic mechanism in this work is proposed by the 
adsorption and coordination of Lewis acid site of cerium ion 
with the carbonyl of methylacrylate and probably hydrogen 
bonding or protonation of the dienophile by acidic SiOH 
groups on the silica surface and then the DA reaction carries 
out with facility.
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Table 3. Diastereoselectivity and yield of Diels-Alder reaction of 
cyclopentadiene with other dienophiles in the presence of Ce(IV) 
loaded on silica as support

Diene yield (%) de (%) endo/exo
methyl methacrylate 79 89 93:17
methylacrylate 99 94 98:2
methylvinylketone 85 93 97:3
crotonaldehyde 77 68 84:16
ethylvinylether — — —

Table 4. Diastereoselectivity and yield of Diels-Alder reaction of 
cyclopentadiene with methylacrylate in the presence of recycled 
Ce(IV) loaded on silica as support

Time yield (%) de (%) endo/exo

first 99 94 98:2
second 96 90 96:4
third 94 90 96:4
fourth 94 90 96:4

Finally, we have decided to develop the reaction of 
cyclopentadiene with the other dienophiles under the solvent 
free conditions using X-A-Ce-SiO2 as support. The results 
which obtained by GC-Mass analysis, were shown in Table 
3. As you see, the best results for diastereoselectivity are 
concerned to use methylacrylate and methylvinylketone as 
dienophile.

We continued the reaction with methylacrylate as dieno­
phile and 0.08-4-Ce-SiO2 as support (Table 2). After the 
period of reaction, the support was recycled and reused for 4 
times. For each time, the results of yield and Diastereo- 
selectivity were calculated by the GC and GC-Mass analysis 
as shown in the Table 4. As these results, we see that this 
support could be recycled and reused for several times. The 
diastereoselectivity of blank reaction without support and 
solvent was 55%. The reaction in solvent without support 
had diastereoselectivity of 56% so the solvent does not have 
any effect on improving the diastereoselectivity. For proving 
that the reaction was completed before the extraction step 
with Soxhlet, in other tray, the extraction was done just by 
filtering the product from the catalyst and the GC results 
showed the same diastereoselectivity. Therefore before the 
extraction step, the reaction was completed.

Conclusions

The cerium ion on silica surface catalysts prepared by 
using ion exchange method were proved to be effective 
heterogeneous catalysts for high diastereoselective DA 
reaction of cyclopentadiene and dienophiles without solvent. 
The diastereoselectivity of the reaction strongly depends on 
the concentration and charge of cerium ion as a hard Lewis 
acid on the silica surface. There is a direct relation between 
concentration and charge of cerium ion on the silica surface 
and diastereoselectivity of DA reaction. The characteristic 
FT-IR band for C=O stretching frequency indicated that 

methylacrylate was coordinated with cerium ions on the 
surface of silica. The catalytic mechanism was suggested by 
adsorption and the carbonyl group coordination of methyl­
acrylate with cerium ion on the silica surface which have a 
great role in the diastereoselectivity of DA reactions.

Experiment지 Section

Mater^s and methods. Ce(NO3)3,6H2。or Ce(SO4)2,4H2。, 
ammonium solution, dicyclopentadiene, silica (kieselgel 60, 
particle size 63-200 ^m, Sbet = 450 m2g) were purchased 
form Merck company. Acetone and methylacrylate was 
purchased from Merck and were freshly distilled before use. 
Cyclopentadiene was freshly prepared by pyrolysis of 
dicyclopentadiene at 170 °C for each reaction and keep at 
-20 °C. Gas chromatography was performed with a gas 
chromatograph with HP-5 column, 5% Phenyl Methyl 
Siloxan capillary (30 m x 530 g/m x 1.50 g/m). Infrared 
spectra were collected on a Bruker TENSOR 27 FT-IR 
spectrophotometer.

Preparation of supports. Silica gel (20 g) was added to 
ammonium solution 1 M for 5 min. To the obtained 
NH4+-SiO2, the solution of Ce(NO3)3,6H2。and Ce(SO4)2, 
4H2O with various concentration 0.05 to 0.08 M was added 
with stirring for 1 h in room temperature. At this time, the 
ion-exchange between NH4+ and cerium ion takes place. The 
solids were filtered and washed with 30 mL acetone and 
then dried in oven for 2 h. Next, for removal of none ion- 
exchaged NH4+ and reducing the silanol of surface, all solids 
were heated at 350 °C under vacuum for 2 h. All obtained 
solids were stored in polypropylene bottle until used as 
support. The index X-A-Ce-SiO2 corresponding to the pre­
paration of supports with various concentrations of cerium 
solution in molar unit (X = 0.05 M to 0.08 M) and oxidation 
state of cerium ion (A = 3 and 4).

X-A-Ce-SiO2 DA reaction under s이vent-free condi­
tions (in a phase of g에). Methylacrylate (0.9 mL, 10 mmol) 
was added to 0.08-4-Ce-SiO2 (5 g, 2 mmol Ce/5 g SiO?) as 
support in very small portion with vigorous stirring of solid 
in a stopped flask. The reaction mixture was stirred for 30 
min and cooled about -20 °C, then freshly distilled cyclo­
pentadiene (2.5 mL, 26 mmol) was added to this mixture 
with vigorous stirring. It was stirred for 2 h at -20 °C. 
Finally, the crude product was extracted with acetone or 
methanol in a Soxhlet about 24 h. The yield of reaction was 
determined by GC with an standard solution of methyl­
acrylate in dichloromethane. The endo/exo ratio was 98:2. 
The GC-Mass data was shown two peaks in m/e 152 and 66 
ascribed to parent and base peaks, respectively. The same 
reactions were done for the other catalysts.

For comparing, this reaction was carried out with any 
catalyst in acetone and dichloromethane as solvent and also 
the other tray was done without any solvent and catalyst too.
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