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ABSTRACT 
 
Density-functional theory (B3LYP/6-31G(d,p)) and 

ONIOM(B3LYP/6-31G(d,p):UFF) have been employed to 
investigate the reaction of the Mukaiyama aldol reaction 
and compare the catalytic efficiency between the metal-
organic framework (MOF-505) and Cu-exchanged ZSM-5 
zeolite. The Mukaiyama aldol reaction of encapsulated 
formaldehyde and silyl enol ether was studied on three model 
systems: (1) bare model: O=CH2/H3SiOHC=CH2; (2) MOF-505: 
MOF-505/O=CH2/H3SiOHC=CH2; and (3) Cu-exchanged 
zeolite: Cu-ZSM-5/O=CH2 /H3SiOHC=CH2. The reaction is 
proposed to take place in a single concerted reaction step. It 
is found that both catalysts make the carbon atom in 
formaldehyde more electrophilic which leads to a lower 
energy barrier of the reaction as compared to the bare 
model system. For the comparison of the catalytic 
efficiency, it is found that Cu-ZSM-5 reduces the activation 
energy (6.3 kcal/mol) to be lower than that for MOF-505 
(11.0 kcal/mol). 
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1 INTRODUCTION 
 
The Mukaiyama aldol reaction, an acid-catalyzed aldol 

reaction between a silyl enol ether and a carbonyl 
compound, has been an important and versatile tool in 
organic and biochemical domains [1]. For instance, Takasu 
et al. [2] reported the preference reaction on a [2+2] 
cycloaddition over the Mukaiyama aldol reaction in their 
study of the Lewis acid-catalyzed reactions between silyl 
enol ethers and α,β-unsaturated ethers. In the aspect of 
organic chemistry, formaldehyde is well known as one of 
the most versatile carbon electrophiles. However, its 
application is often limited because it rapidly tends to 
polymerize to solid paraformaldehyde and trioxane. In 
order to obtain formaldehyde monomer, thermal or Lewis 
acid pretreatment is therefore used to depolymerize 
paraformaldehyde or trioxane. Environmentally friendly 
porous materials such as zeolites were found to be 
promising candidates for the storage of molecular 

formaldehyde. For the reaction with larger molecules, 
porous materials like metal-organic frameworks (MOFs) 
become more advantageous because of the accessible 
variation of freely designed pore dimension and chemistry 
inside the cavity. As porous materials, MOFs also find 
applications in catalysis [3-7]. We approach the reaction 
mechanisms on a molecular level by means of quantum 
chemical calculations. Because both zeolites and MOFs are 
micro-mesoporous materials, the computational methods 
and schemes used for MOFs can be adopted from the ones 
used in the study of zeolites. Like in zeolites [8-11], only a 
small part of the framework affects the electronic properties 
of the reactive site, thus facilitating modeling using 
quantum chemical methods. To include the contribution of 
the environmental framework on the adsorption of the 
reactants, hybrid methods such as embedded cluster or 
combined quantum mechanics/ molecular mechanics 
(QM/MM) methods [12-19] as well as the ONIOM schemes 
are well suited to such systems. In this work, we study the 
reaction mechanism of the Mukaiyama aldol reaction 
between an encapsulated formaldehyde molecule and silyl 
enol ether on MOF-505 and Cu-ZSM-5 zeolite. 

 
2 COMPUTATIONAL METHOD 

 
Both Cu-ZSM-5 and MOF-505 structures are obtained 

from the XRD data. In the ONIOM model, the system is 
separated into two parts. The inner cluster consists of the 
active region, typically modeled in a small cluster 
calculated with density functional theory, to account for the 
interactions of adsorbates with the porous structure and 
their chemical reactions. The outer layer represents the 
environmental framework, described by a molecular 
mechanics force field, to account for the van der Waals 
interactions due to the extended structure. In this study, we 
study the reaction mechanism of the Mukaiyama aldol 
reaction between encapsulated formaldehyde molecule and 
silyl enol ether on MOF-505 and Cu-ZSM-5 zeolite. We 
have employed the ONIOM2 (B3LYP/6-31G(d,p):UFF) 
method to investigate the reaction on Cu-ZSM-5 and MOF-
505. Since the active paddle wheel unit of MOF-505 is the 
effective part of the molecules of the system because 
formaldehyde can easily enter between the 3,3’,5,5’-
biphenyltetra-carboxylic
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Figure 1: Geometry of (a) MOF-505 and (b) Cu-ZSM-5  
where the high layer (DFT region) is represented in ball-bond view and the low layer (UFF) is represented by line view.

acid unit, it is the inner ONIOM layer. The framework 
environment constitutes the outer ONIOM layer. For the 
ZSM-5 crystal structure (MFI framework), there are 12 
symmetrically nonequivalent tetrahedral framework positions 
known as T-sites. The active region, consists of the 10T ring, 
representing the acidic site of zeolite and that of the reactive 
molecules whereas the rest of the framework is included into 
the calculation with the universal force field. 

 
3 RESULTS AND DISCUSSION 

 
We separate the topics into sections: 3.1-3.3. In the first 

section, we discuss the reaction without any Lewis acid 
catalyst. In section 3.2, the existence and reactivity of 
encapsulated formaldehyde in the MOF-505 (O=CH2 
@MOF-505) is described. We predict the interactions of 
MOF-encapsulated formaldehyde with silyl enol ether 
(O=CH2 @MOF-505/H3SiOHC=CH2). In section 3.3, we 
describe the proposed mechanism of the Cu-ZSM-5 
catalyzed reaction (O=CH2@MOF-505/H3SiOHC=CH2). 
Finally, we make the comparison of the two catalyzed cases 
with the reaction without any Lewis acid catalyst. 

 
3.1 The Mukaiyama aldol reaction between 
formaldehyde and silyl enol ether without a 
Lewis acid catalyst 

For the mechanism of the uncatalyzed Mukaiyama aldol 
reaction of the parent system, the concerted pathway has 
been examined previously by Gung et al. [20] and Denmark 
et al. [21]. In agreement with results obtained by Gung et al., 
a boat-shaped six-membered-ring transition state is located 
for the concerted pathway. This concerted transition state 
involves a simultaneous C-C bond formation and the silicon 
group transfer. In the present work the reaction is predicted 
to be exothermic, by -26.6 kcal/mol. The reaction coordinate 
(the normal mode that has an imaginary frequency) indicates 
again the concerted mechanism of the Mukaiyama aldol 
reaction. The activation energy is 13.7 kcal/mol. 

3.2 MOF encapsulated formaldehyde 
(O=CH2@MOF-505) and the Mukaiyama 
aldol reaction between MOF-505 encapsulated 
formaldehyde and silyl enol ether 
(O=CH2@MOF-505/H3SiOHC=CH2 

The Cu unit (Cu1-Cu2) is barely changed upon the 
adsorption of formaldehyde (0.084 Å and 5ο for changes in 
the Cu1-Cu2 bond distance and the O-Cu-O bond angle, 
respectively). According to the interaction between the 
hydrogen atoms of formaldehyde and the oxygen atoms of 
the framework, the corresponding distance between the 
formaldehyde oxygen and the Cu atom of MOF-505 active 
site is 2.32 Å. The carbon-oxygen bond of formaldehyde is 
elongated from 1.21 to 1.22 Å. For the Mukaiyama aldol 
reaction, a concerted mechanism was proposed in which the 
bond between the carbon atom of formaldehyde (C) and the 
silyl enol ether (C1) is found and the silicon group 
transferred. We suggest the fundamental step of the reaction 
as follows: 

 
CH2=O + MOF-505     →     CH2=O@MOF-505    (1) 
SiH3O-CH=CH2 + CH2=O@MOF-505 
        →     O=CHCH2CH2OSiH3@MOF-505    (2) 
O=CHCH2CH2OSiH3@MOF-505 
        →     O=CHCH2CH2OSiH3 + MOF-505    (3) 

 
Initially, formaldehyde adsorbs over the paddlewheel 

active site of MOF-505 via a lone pair electron interaction 
with an adsorption energy of -14.3 kcal/mol. Then, the 
encapsulated formaldehyde interacts with silyl enol ether 
via a π interaction with a coadsorption energy of -23.2 
kcal/mol, followed by the chemical reaction in order to 
produce 3-silyloxy-propanal. The activation energy is 11.0 
kcal/mol. The transition structure of the proposed 
concerted pathway is confirmed with its mode of 
imaginary frequency which belongs to the C-C bond 
formation and the silicon group transfer. The product 
formation is exothermic by -46.8 kcal/mol. The adsorbed 
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propanal needs 20.2 kcal/mol to desorb from the active 
site in the final step (3). From our calculation, we propose 
MOF-505 to be a potential catalyst for the Mukaiyama 
aldol reaction of formaldehyde and silyl enol ether.  

 

 
(a)  

 
(b) 

   

 
(c)  

  
(d) 

Figure 2: Optimized structures of (a) O=CH2@MOF-505 
(b) coadsorption complex (c) transition state and  

(d) product adsorption. 

 
3.3 Cu-ZSM-5 encapsulated Formaldehyde 
(O=CH2 @Cu-ZSM-5) and the Mukaiyama 
aldol reaction between Cu-ZSM-5 
encapsulated formaldehyde and silyl enol 
ether (O=CH2@Cu-ZSM-5/H3SiOHC=CH2) 

Formaldehyde first interacts with the active Lewis acid 
site by its lone pair electron. The carbon-oxygen bond of 
formaldehyde is consequently elongated from 1.21 Å to 
1.22 Å. The intermolecular distance, measured between the 
formaldehyde oxygen and the Cu atom of zeolite, is 1.89 Å 
and the corresponding adsorption energy for the complex is 
-31.8 kcal/mol. The C-O···Cu-ZSM-5 angle is 138.0ο.  
We propose the reaction proceeds through the same 
mechanism that was previously described in the section 3.2. 
The reaction is initiated by the coadsorption of silyl enol 
ether on the encapsulated formaldehyde at the active site of 
the zeolite. The silyl enol ether molecule diffuses over the 
adsorbed formaldehyde on the Cu-ZSM-5 with a 
coadsorption energy of -52.7 kcal/mol. The activation 

energy is 6.3 kcal/mol. These results demonstrate that the 
zeolite framework contributes a larger effect on the 
stabilization of the adsorption and transition state than the 
one on the MOF structure. The adsorbed 3-silyloxy-
propanal product is exothermic, -66.3 kcal/mol. The 
product desorption requires 39.6 kcal/mol in the final step. 
Therefore, Cu-ZSM-5 zeolite can be used as a catalyst in 
the Mukaiyama aldol reaction. 

 

(a)  
 

(b) 
   

 
(c)  

 
(d) 

Figure 3: Optimized structures of (a) O=CH2@Cu-ZSM-5 
(b) coadsorption complex (c) transition state and  

(d) product adsorption. 

 

 

Figure 4: Calculated energy profile (kcal/mol) for the 
Mukaiyama aldol reaction between formaldehyde and silyl enol 
ether in the MOF-505 system (black solid line), the Cu-ZSM-5 

system (red dot line) and the bare system (blue dash line). 
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The energy diagram of all three systems, i.e. 
uncatalyzed, MOF-505 and Cu-ZSM-5 catalyzed, were 
plotted in Fig. 4. For the bare system, the activation energy 
of the reaction is 13.7 kcal/mol whereas the barriers of the 
MOF-505 and the Cu-ZSM-5 systems are 11.0 and 6.3 
kcal/mol, respectively. MOF-505 and Cu-ZSM-5 reduce the 
activation energy to be lower than that in the bare system. 
Cu in both catalysts induces the oxygen of formaldehyde to 
be more electronegative, which can be attacked by carbon 
nucleophile such as carbon in silyl enol ether. 

 
4 CONCLUSIONS 

 
Density-functional theory and the ONIOM approach are 

used for comparing the catalytic efficiency between the 
metal-organic framework (MOF-505) and the zeolite 
structure (Cu-ZSM-5) on the Mukaiyama aldol reaction of 
formaldehyde and silyl enol ether. The reaction mechanism 
is proposed to be intermediate-free concerted, consisting of 
the silicon group transfer and carbon-carbon bond 
formation. Both MOF-505 and Cu-ZSM-5 contain a Cu ion 
which behaves as a Lewis acid. Not only the acid in both 
catalysts is predicted to reduce the energy barrier, it was 
also found that environmental inclusion of the metal 
organic framework and zeolite has an effect on the structure 
and energetics of the adsorption complexes. As a 
consequence, it leads to a lower energy barrier (ΔEact = 11.0 
and 6.3 kcal/mol) of the reaction as compared to the bare 
model system (13.7 kcal/mol). The results indicate that 
Cu-exchanged ZSM-5 and MOF-505 can preserve 
formaldehyde in a monomeric form and also act as a Lewis 
acid which catalyzes the Mukaiyama aldol reaction of 
formaldehyde with olefin without the presence of 
potentially harmful acidic chemicals. 

 
ACKNOWLEDGEMENTS 

This research was supported by grants from the National 
Science and Technology Development Agency (NSTDA), 
the Thailand Research Fund (TRF), Kasetsart University 
Research and Development Institute (KURDI), the 
Commission on Higher Education, Ministry of Education, under 
the Postgraduate Education and Research Programs in Petroleum 
and Petrochemicals, and Advanced Materials as well as the 
Sandwich Program in the Strategic Scholarships Fellowships 
Frontier Research Network (CHE-PhD-SW-SUPV to SC). The 
Kasetsart University Graduate School is also 
acknowledged. 

 
REFERENCES 

[1] (a) R. Mahrwald, “Modern Aldol Reactions”, Wiley-  
VCH: New York, 2004. (b) K. Miura and A.            
Hosomi, “In Main Group Metals in Organic 
Syntheses”, 409-592, 2004.    

[2] K. Takasu, M. Ueno, K. Inanaga and M. Ihara, J. 
Org. Chem. 69, 517, 2004.  

[3] S. Hasegawa, S. Horike, R. Matsuda, S. Furukawa, 
K. Mochizuki, Y. Kinoshita and S. Kitagawa, J. 
Am. Chem. Soc. 129, 2607, 2007. 

[4] M. Casarin, C. Corvaja, C. diNicola, D. Falcomer, L. 
Franco, M. Monari, L. Pandolfo, C. Pettinari, F. 
Piccinelli and P. Tagliatesta, Inorg. Chem. 43, 
5865, 2004.  

[5] L. Alaerts, E. Seguin, H. Poelman, F. Thibault-
Starzyk, P. A. Jacobs and D. E. De Vos, Chem. Eur 
J. 12, 7353, 2006. 

[6] B. Xiao, H. Hou and Y. Fan, J. Organomet Chem. 
692, 2014, 2007. 

[7] S. Choomwattana, T. Maihom, P. Khongpracha, M. 
Probst and J. Limtrakul, J. Phys. Chem. C. 112, 
10855, 2008. 

[8] J. Sauer, Chem. Rev. 89, 199, 1989. 
[9] J. Sauer, P. Ugliengo, E. Garrone and V. R. 

Saunders, Chem. Rev. 94, 2095, 1994. 
[10 J. Limtrakul, Chem. Phys. 193, 79, 1995. 
[11] J. Limtrakul, P. Treesukol, C. Ebner, R. Sansone 

and M. Probst, Chem. Phys. 215, 77, 1997. 
[12] J. Limtrakul, S. Jungsuttiwong and P. 

Khongpracha, J.  Mol. Struct. 525, 153, 2000.  
[13] P. E. Sinclair, A. De Vries, P. Sherwood, C. R. A. 

Catlow, and R. A. Van Santen, J. Chem. Soc. 
Faraday Trans. 3401, 1998.  

[14] M. Braendle and J. Sauer, J. Am. Chem. Soc. 120, 
1556, 1998.  

[15] S. P. Greatbanks, I. H. Hillier, N. A. Burton, P. J. 
Sherwood, Chem. Phys. 105, 3770, 1996. 

[16] R. Z. Khaliullin, A. T. Bell and V. B. Kazansky, J. 
Phys. Chem. A. 105, 10454, 2001.   

[17] J. Limtrakul, T. Nanok, S. Jungsuttiwong, P. 
Khongpracha and T. N. Truong, Chem. Phys. Lett. 
349, 161, 2001.  

[18] A. H. De Vries, P. Sherwood, S. J. Collins, A. M. 
Rigby, M. Rigutto and G. J. Kramer, J. Phys. Chem. 
B. 103, 6133, 1999.  

[19] M. Svensson, S. Humbel, R. D. J. Froese, T. 
Matsubara, S. Sieber and K. Morokuma, J. Phys. 
Chem. 100, 19357, 1996.  

[20] B. W. Gung, Z. Zhu and R. A. Fouch, J. Org. 
Chem. 60, 2860, 1995. 

[21] S. E. Denmark, B. D. Griedel, D. M. Coe and M. E. 
Schnute, J. Am. Chem. Soc. 116, 7026, 1994. 

 
 

NSTI-Nanotech 2009, www.nsti.org, ISBN 978-1-4398-1784-1 Vol. 3, 2009311




