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A B S T R A C T 
 
 
In this study, the application of the Diels-Alder cycloaddition reactions between 
methyl acrylate and cyclopentadiene has been studied using a silica-supported 
catalyst with various concentrations of Zn2+ ion (Silica@Zn+2) as Lewis acid 
catalyst without using the solvent. The effective role of silanol groups in 
increasing the stereoselectivities of products was also studied. 
 

  

Introduction 

he Diels–Alder reaction is applied to 
provide C-C bonds to afford molecules 
with a double bond and two formed C-C 
single bonds [1, 2]. This reaction leads to 

six-membered rings and the challenge is to 
control the regioselectivity and stereochemistry 
[3]. Typically, the reaction leads under mild 

reaction conditions with dienes and dienophile 
structures, with external thermal energy or 
pressure. There are various processes to grow 
the rate of Diels–Alder reaction, [4] and the use 
of Lewis acids, [5] heterogeneous acids, [6, 7] 
high pressures, [8, 9] and ultrasound irradiation 
[10]. 

Furthermore, the reaction not only occurs in 
solution but also on solid surfaces such as 
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alumina, [11] K10 montmorillonites,[12] and 
zeolites [13]. Silica gel due to its widespread 
availability, high surface area, high thermal 
stability, and many reactive sites for 
functionalization is accessible support. Silica gel 
has been used as the catalyst for Diels–Alder 
reactions [14-17]. For example, ZnCl2 supported 
on silica gel was studied in the treatment of 
furan with acrylonitrile, 2-chloroacrylonitrile, 
and methyl acrylate [18]. 

In an earlier study, the diastereoselective 
Diels-Alder reaction was reported on the silica 
as support with various concentrations of 
cerium as Lewis acid catalysts solvent-free 
conditions [19]. therefore, the Diels-Alder 
reactions of methyl acrylates with 
cyclopentadiene, promoted by Zn+2 on the silica 
surface as support was reported in this paper. In 
this regard, many concentrations of Lewis acid 
ZnCl2 on silica gel surface were obtained by 
various zinc ions in alkali conditions. 

Experimental 

Apparatus and analysis 

It was added in Supporting information. 

Preparation of Silica@Zn+2 

Silica gel (20 g) was added to ammonium (1 M) 
for 5 min to gain NH4+-SiO2, different volumes of 
distilled water with different concentrations of 
zinc chloride were added and mixed for 30 min 
at room temperature (Table 1.). It was filtered 
and washed with acetone (30 mL) and dried to 
get solids as support.  

Diels–Alder reaction under solvent-free 
conditions (in a phase of gel) 

Methyl acrylate (0.9 mL, 10 mmol) was added to 
Zn2+-SiO2 (5.5 g) as support in a flask. The 
reaction mixture was stirred for 45 min and 
cooled at -20 ℃, then distilled cyclopentadiene 
(2.5 mL, 26 mmol) was added to by stirring for 2 
h at -20 ℃. Finally, the product was extracted by 
Soxhlet for about 24 h. The yield of the reaction 
was calculated by GC. 

Results and discussion 

The catalytic performance of ZnCl2 on the silica 
surface in the cycloaddition reaction of methyl 
acrylates and cyclopentadiene (Scheme 1). Table 
1 shows the experiments using A mL distilled 
water and B mL zinc chloride (0.1 M) for gaining 
supports with different concentrations of Zn2+. 

 

Scheme 1. The Diels-Alder reaction of methyl acrylates and cyclopentadiene. 

Then, the diastereoselectivity of Diels–Alder 
reactions of cyclopentadiene and methyl 
acrylate with the resulting solid acids was 
studied (Table 2). The reaction was performed 
with pure silica, to see the effect of the Zn2+ 
concentration on reaction rate. It was observed 
that the reaction pictures a good yield, with less 
diastereoselectivity (Table 2, entry 1). The 
results indicated that an increase in the amount 

of ZnCl2 concentration has a positive effect on 
the yield and diastereoselectivity. This could be 
due to the concentrating methyl acrylates on the 
silica surface by the coordination of methyl 
acrylate with zinc ions. 

The best result was achieved with 80% ZnCl2 
concentration.  

 
 
 



 

 

199 

2021, Volume 1, Issue 4 

Table 1. Various quantities used for the preparation of silica supports with different concentrations 
of Zn2+ 

Incorporated metal ion 
onto the silica pores (%) 

Distilled water (A mL) 
The volume of 0.1 M 

ZnCl2  (B mL) 
0 100 - 
1 99 1 
5 95 5 

10 90 10 
25 75 25 
50 50 50 
60 40 60 
70 30 70 
80 20 80 

 
Table 2. The catalytic effect of silica surface supported with different concentrations of Zn2+ ion on 
the cycloaddition reactions of methyl acrylates and cyclopentadiene. 

ZnCl2 Concentration (%) Yield (%) de (%) 
0 95 67 
1 96 69 
5 96 70 

10 97 70 
25 97 80 
50 97 86 
60 99 87 
70 99 90 
80 100 92 

 
To further explore the potential of this 

protocol, we investigated the Diels-Alder 
reaction involving crotonaldehyde and 
cyclopentadiene by Silica@Zn+2 as support (50% 

ZnCl2 concentration) (Scheme 2). To our delight, 
the reaction was accomplished smoothly and the 
desired cycloadduct was gained in 79% yield 
with 77% diastereoselectivity. 

 

Scheme 2. The Diels-Alder reaction of crotonaldehyde and cyclopentadiene. 

The catalytic activity was done by the 
adsorption and coordination of Lewis acid as 
zinc ion with methyl acrylate and hydrogen 
bonding of the dienophile by acidic Si-OH on the 
silica surface. 

The silica surface has two functional groups 
including siloxane (Si-O-Si) and silanol group 

(Si-OH) which silanol groups act like weak acids 
(pKa = 9.4).  

The role of hydrogen bonding on the reaction, 
treatment of silanols with hexamethyldisilazane 
(HMDS) was done to protect the remaining free 
silanol groups according to equation 1. 
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Equation 1 

The resulting Zn2+-SiO2 (50% ZnCl2 
concentration) with protected silanol groups 
was then examined in Diels–Alder reaction of 
cyclopentadiene and methyl acrylate giving a 
yield of 97% with 57% diastereoselectivity. The 
decrease of the selectivity of cycloadducts (from 
86% to 57%) is supposed to be the result of a 
decrease in the formation of silanol groups 
hydrogen bonds to the methyl acrylate. This 
means that methyl acrylate molecules can 
change their positions more freely within the 
cavities, resulting in poor stereoselectivity of the 
reaction. 

In another experiment, to verify the specific 
effect of silanol groups, the silica surface was 
grafted with (3-
mercaptopropyl)trimethoxysilane (MPTS) to 
prepare the thiol functionalities on the surface 
(Scheme 3). By previous results, it was observed 
that diastereoselectivity of cycloadducts in the 
presence of Zn+2 on the silica surface as support 
(50% ZnCl2 concentration) was decreased from 
86% to 65%. Also, in comparison with the result 
obtained from the silica surface with no Zn2+ on 
it (Table 2, entry 1), almost the same 
diastereoselectivity was observed. 

 

Scheme 3. Thiol functionalization of the silica surface. 

The impregnation of silica surface with ZnCl2 
was studied, which reduced silanol groups to the 
minimum level. The Diels–Alder reaction was 
carried out and 76% diastereoselectivity was 
obtained. 

It could be concluded that silica gel could be a 
promoter in the Diels–Alder reaction since it 
involves the formation of hydrogen bonding 
with Zn+2, followed by attracting and fixing 
dienophile to react with Diene in 
diastereoselective manner (Scheme 4). 

 

Scheme 4. hydrogen bonding of dienophile to the hydrogen of the hydroxyl group of silica gel. 
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Conclusion 

In conclusion, we have reported a very effective 
heterogeneous catalyst for the Diels-Alder 
reactions of cyclopentadiene and methyl 
acrylate. Silica gel could be modified by ZnCl2 to 
prepare suitable Lewis acid sites on the surface 
of the support. The diastereoselectivity of the 
reaction depends on the zinc concentration on 
the silica surface. The effective role of silanol 
groups in increasing stereoselectivities was also 
studied. 

Acknowledgments 

We gratefully acknowledge the support from the 
Research Council of Alzahra University. 

References 

1. W. Carruthers, Cycloaddition Reactions in 
Organic Synthesis, Pergamon: Oxford, 1990. 
[Pdf], [Google Scholar], [Publisher] 
2. F. Fringuelli, A. Taticchi, The Diels–Alder 
Reaction. Selected Practical Methods, John Wiley: 
New York, 2002. [Crossref], [Google Scholar], 
[Publisher] 
3. J.G. Martin, R.K. Hill, Chem. Rev., 1961, 61, 
537-562. [Crossref], [Google Scholar], 
[Publisher] 
4. U. Pindur, G. Lutz, C. Otto, Chem. Rev., 1993, 93, 
741-761. [Crossref], [Google Scholar], 
[Publisher] 
5. S. Yamabe, T. Dai, T. Minato, J. Am. Chem. Soc., 
1995, 117, 10994-10997. [Crossref], [Google 
Scholar], [Publisher] 
6. J.K. Park, S.W. Kim, T. Hyeon, B.M. Kim, 
Tetrahedron: Asymmetry, 2001, 12, 2931-2935. 
[Crossref], [Google Scholar], [Publisher] 
M.V. Gómez, Á. Cantín, A. Corma, A. de la Hoz, J. 
Mol. Catal. A: Chem. 2005, 240, 16-21. [Crossref], 
[Google Scholar], [Publisher]  

8. W.G. Dauben, C.R. Kessel, K.H. Takemura, J. 
Am. Chem. Soc. 1980, 102, 6893-6894. 
[Crossref], [Google Scholar], [Publisher] 
9. B. Plietker, D. Seng, R. Fröhlich, P. Metz, 
Tetrahedron 2000, 56, 873-879. [Crossref], 
[Google Scholar], [Publisher 
10. C.P. Raj, N.A. Dhas, M. Cherkinski, A. 
Gedanken, S. Braverman, Tetrahedron Lett. 
1998, 39, 5413-5416. [Crossref], [Google 
Scholar], [Publisher] 
11. G. Hondrogiannis, R.M. Pagni, G.W. Kabalka, 
P. Anosike, R. Kurt, Tetrahedron Lett. 1990, 31, 
5433-5436. [Crossref], [Google Scholar], 
[Publisher]  
12. P. Laszlo, H. Moison, eacute, egrave, ne, Chem. 
Lett., 1989, 18, 1031-1034. [Crossref], [Google 
Scholar], [Publisher] 
13. F. Figueras, C. Cativiela, J.M. Fraile, J.I. 
Garcia, J.A. Mayoral, L.C. de Ménorval, E. Pires, in 
Studies in Surface Science and Catalysis, eds. H. 
Tadashi and Y. Tatsuaki, Elsevier, 1994, pp. 391-
398. [Crossref], [Google Scholar], [Publisher] 
14. C. Cativiela, J.M. Fraile, J.I. García, J.A. 
Mayoral, E. Pires, A.J. Royo, F. Figueras, L.C. de 
Ménorval, Tetrahedron, 1993, 49, 4073-4084. 
[Crossref], [Google Scholar], [Publisher] 
15. J. Fraile, J. García, J. Mayoral, A. J. Royo, 
Tetrahedron: Asymmetry, 1996, 7, 2263-2276. 
[Crossref], [Google Scholar], [Publisher] 
16. A. Heckel, D. Seebach, Helv. Chim. Acta, 
2002, 85, 913-926. [Crossref], [Google Scholar], 
[Publisher] 
17. K. Wei, S. Wang, Z. Liu, Y. Du, X. Shi, T. Qi, S. 
Ji, Tetrahedron Lett., 2013, 54, 2264-2266. 
[Crossref], [Google Scholar], [Publisher] 
18. J.M. Fraile, J.I. García, J. Massam, J.A. 
Mayoral, E. Pires, J. Mol. Catal. A: Chem., 1997, 
123, 43-47. [Crossref], [Google Scholar], 
[Publisher] 
19. G. Mohammadi Ziarani, A. Badiei, A. 
Miralami, Bull. Korean Chem. Soc., 2008, 29, 47-
50. [Crossref], [Google Scholar], [Publisher] 
 

 

 

 Copyright  ©  2021 by SPC (Sami Publishing Company) + is an open access article distributed under 

the Creative Commons Attribution License (CC BY)  license  

(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, 

and reproduction in any medium, provided the original work is properly cited.  

 

 

https://books.google.com/books?hl=en&lr=&id=eygXBQAAQBAJ&oi=fnd&pg=PP1&dq=W.+Carruthers,+Cycloaddition+Reactions+in+Organic+Synthesis,+Pergamon:+Oxford,+1990&ots=UlLoMy-8oI&sig=apxJOhH8RndN0oIHqUs70A-B7lQ#v=onepage&q=W.%20Carruthers%2C%20Cycloaddition%20Reactions%20in%20Organic%20Synthesis%2C%20Pergamon%3A%20Oxford%2C%201990&f=false
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=W.+Carruthers%2C+Cycloaddition+Reactions+in+Organic+Synthesis%2C+Pergamon%3A+Oxford%2C+1990&btnG=#d=gs_cit&u=%2Fscholar%3Fq%3Dinfo%3AdjBBWgM36KsJ%3Ascholar.google.com%2F%26output%3Dcite%26scirp%3D0%26hl%3Den
https://www.sciencedirect.com/bookseries/tetrahedron-organic-chemistry-series/vol/8?page-size=100&page=1
https://doi.org/10.1002/0470845813
file:///C:/Users/user/Desktop/JAOC/JAOC-39/Google%20Scholar
https://onlinelibrary.wiley.com/doi/book/10.1002/0470845813
https://doi.org/10.1021/cr60214a001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=J.G.+Martin%2C+R.K.+Hill%2C+Chem.+Rev.%2C+1961%2C+61%2C+537-562.&btnG=
https://pubs.acs.org/doi/pdf/10.1021/cr60214a001
https://doi.org/10.1021/cr00018a006
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=U.+Pindur%2C+G.+Lutz%2C+C.+Otto%2C+Chem.+Rev.%2C+1993%2C+93%2C+741-761&btnG=
https://pubs.acs.org/doi/pdf/10.1021/cr00018a006
https://doi.org/10.1021/ja00149a023
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=S.+Yamabe%2C+T.+Dai%2C+T.+Minato%2C+J.+Am.+Chem.+Soc.%2C+1995%2C+117%2C+10994-10997&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=S.+Yamabe%2C+T.+Dai%2C+T.+Minato%2C+J.+Am.+Chem.+Soc.%2C+1995%2C+117%2C+10994-10997&btnG=
https://pubs.acs.org/doi/abs/10.1021/ja00149a023
https://doi.org/10.1016/S0957-4166(01)00529-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=J.K.+Park%2C+S.W.+Kim%2C+T.+Hyeon%2C+B.M.+Kim%2C+Tetrahedron%3A+Asymmetry%2C+2001%2C+12%2C+2931-2935&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0957416601005298
https://doi.org/10.1016/j.molcata.2005.06.030
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.V.+G%C3%B3mez%2C+%C3%81.+Cant%C3%ADn%2C+A.+Corma%2C+A.+de+la+Hoz%2C+J.+Mol.+Catal.+A%3A+Chem.+2005%2C+240%2C+16-21&btnG=
https://www.sciencedirect.com/science/article/pii/S1381116905004048?casa_token=kmEV-4NnehgAAAAA:913u0HOTVc3xPm7E6zb2YNc09ZF-fqLP3EF-QA0wrWh2LzSAgBbsb_tgU8qXdfoK8zISnrGb8Tg
https://doi.org/10.1021/ja00542a060
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=W.G.+Dauben%2C+C.R.+Kessel%2C+K.H.+Takemura%2C+J.+Am.+Chem.+Soc.+1980%2C+102%2C+6893-6894&btnG=
https://pubs.acs.org/doi/pdf/10.1021/ja00542a060
https://doi.org/10.1016/S0040-4020(99)01073-X
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=B.+Plietker%2C+D.+Seng%2C+R.+Fr%C3%B6hlich%2C+P.+Metz%2C+Tetrahedron+2000%2C+56%2C+873-879&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S004040209901073X
https://doi.org/10.1016/S0040-4039(98)01016-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=C.P.+Raj%2C+N.A.+Dhas%2C+M.+Cherkinski%2C+A.+Gedanken%2C+S.+Braverman%2C+Tetrahedron+Lett.+1998%2C+39%2C+5413-5416&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=C.P.+Raj%2C+N.A.+Dhas%2C+M.+Cherkinski%2C+A.+Gedanken%2C+S.+Braverman%2C+Tetrahedron+Lett.+1998%2C+39%2C+5413-5416&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0040403998010168
https://doi.org/10.1016/S0040-4039(00)97865-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=G.+Hondrogiannis%2C+R.M.+Pagni%2C+G.W.+Kabalka%2C+P.+Anosike%2C+R.+Kurt%2C+Tetrahedron+Lett.+1990%2C+31%2C+5433-5436.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0040403900978651
https://doi.org/10.1246/cl.1989.1031
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=P.+Laszlo%2C+H.+Moison%2C+eacute%2C+egrave%2C+ne%2C+Chem.+Lett.%2C+1989%2C+18%2C+1031-1034&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=P.+Laszlo%2C+H.+Moison%2C+eacute%2C+egrave%2C+ne%2C+Chem.+Lett.%2C+1989%2C+18%2C+1031-1034&btnG=
https://www.journal.csj.jp/doi/abs/10.1246/cl.1989.1031
https://doi.org/10.1016/S0167-2991(08)63280-2
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Diels-Alder+Condensation+of+Methyl+and+%28-%29-Menthyl+Acrylates+with+Cyclopentadiene+over+Zeolites+and+Cation+Exchanged+Clays&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0167299108632802?via%3Dihub
https://doi.org/10.1016/S0040-4020(01)89919-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=DC.+Cativiela%2C+J.M.+Fraile%2C+J.I.+Garc%C3%ADa%2C+J.A.+Mayoral%2C+E.+Pires%2C+A.J.+Royo%2C+F.+Figueras%2C+L.C.+de+M%C3%A9norval%2C+Tetrahedron%2C+1993%2C+49%2C+4073-4084&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0040402001899191
https://doi.org/10.1016/0957-4166(96)00281-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=J.+Fraile%2C+J.+Garc%C3%ADa%2C+J.+Mayoral%2C+A.+J.+Royo%2C+Tetrahedron%3A+Asymmetry%2C+1996%2C+7%2C+2263-2276&btnG=
https://www.sciencedirect.com/science/article/abs/pii/0957416696002819
https://doi.org/10.1002/1522-2675(200203)85:3%3c913::AID-HLCA913%3e3.0.CO;2-U
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Enantioselective+Heterogeneous+Epoxidation+and+Hetero-Diels-Alder+Reaction+with+Mn-+and+Cr-salen+Complexes+Immobilized+on+Silica+Gel+by+Radical+Grafting&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/1522-2675(200203)85:3%3C913::AID-HLCA913%3E3.0.CO;2-U
https://doi.org/10.1016/j.tetlet.2013.02.080
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=K.+Wei%2C+S.+Wang%2C+Z.+Liu%2C+Y.+Du%2C+X.+Shi%2C+T.+Qi%2C+S.+Ji%2C+Tetrahedron+Lett.%2C+2013%2C+54%2C+2264-2266.+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0040403913003304
https://doi.org/10.1016/S1381-1169(97)00044-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=J.M.+Fraile%2C+J.I.+Garc%C3%ADa%2C+J.+Massam%2C+J.A.+Mayoral%2C+E.+Pires%2C+J.+Mol.+Catal.+A%3A+Chem.%2C+1997%2C+123%2C+43-47.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1381116997000447
https://doi.org/10.5012/bkcs.2008.29.1.047
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=G.+Mohammadi+Ziarani%2C+A.+Badiei%2C+A.+Miralami%2C+Bull.+Korean+Chem.+Soc.%2C+2008%2C+29%2C+47-50&btnG=
https://www.koreascience.or.kr/article/JAKO200802727200317.page
http://www.samipubco.com/
https://creativecommons.org/licenses/by/4.0/

