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THAI ABSTRACT 

มณีภรณ์ ภูริพัฒน์ : การศึกษาเชิงทฤษฎีของปฏิกิริยาบิกิเนลลี และปฏิกิริยาการแปลง
กลูโคสเป็น 5-ไฮดรอกซีเมทิลเฟอร์ฟูรัล (THEORETICAL INVESTIGATIONS OF THE 
BIGINELLI REACTION AND THE GLUCOSE TRANSFORMATION TO 5-
HYDROXYMETHYLFURFURAL) อ.ท่ีปรึกษาวิทยานิพนธ์หลัก: รศ. ดร. วุฒิชัย พาราสุข {, 
123 หน้า. 

ในวิทยานิพนธ์ฉบับนี้ได้ท าการศึกษาเชิงทฤษฎีของปฏิกิริยาอินทรีย์  2 ปฏิกิริยา คือ 
ปฏิกิริยาบิกิเนลลี และปฏิกิริยาการแปลงกลูโคสเป็น 5-ไฮดรอกซีเมทิลเฟอร์ฟูรัล ท้ังนี้ ได้มีการ
ท านายกลไกปฏิกิริยา และอิทธิพลของตัวท าละลายท่ีผลต่อปฏิกิริยาดังกล่าว ในการศึกษาปฏิกิริยาบิ
กิเนลลี ผู้จัดท าได้น าระเบียบวิธีแรงเทียมเหนี่ยวน าปฏิกิริยามาใช้เพื่อหาวิถีของปฏิกิริยาท้ังหมดท่ี
เป็นไปได้ของปฏิกิริยาหลายองค์ประกอบชนิดนี้อย่างเป็นระบบ จากการศึกษา พบว่า วิถีปฏิกิริยาท่ี
เป็นไปได้มากที่สุด คือ การเริ่มต้นจากการก่อเกิดพันธะระหว่างธาตุคาร์บอนและธาตุไนโตรเจนของยู
เรีย และเบนซัลดีไฮด์ จากนั้นจึงเกิดปฏิกิริยาการเติมนิวคลีโอฟิลิกของสารเอทิล แอซีโตอะซิเตท อนึ่ง 
เป็นท่ีน่าสนใจอย่างยิ่งท่ีโมเลกุลของยูเรียท่ีถูกเพิ่มเข้าไปนั้นสามารถเร่งปฏิกิริยาบิกิเนลลีเกือบทุก
ขั้นตอน ดังนั้น เราจึงกล่าวได้ว่า ปฏิกิริยาบิกิเนลลีเป็นปฏิริยาหลายองค์ประกอบท่ีถูกเร่งโดยโมเลกุล
ยูเรีย นอกจากนี้ ปฏิกิริยาบิกิเนลลีท่ีเกิดในเอทานอล และโทลูอีนก็ให้ผลลัพธ์ไปในทาง
เดียวกัน ส าหรับการศึกษาปฏิกิริยาการแปลงกลูโคสเป็น  5-ไฮดรอกซีเมทิลเฟอร์ฟูรัลท่ีเกิดขึ้นใน
ของเหลวไอออนิกและในน้ านั้นได้ใช้ระเบียบวิธีริซึม เอสซีเอฟ เอสอีดีดี ควบคู่กับทฤษฎีแอบ อินิชิโอ
โครงสร้างอิเล็กทรอนิกส์ ท่ีมีช่ือว่า ซีซีเอสดี(ที) พบว่า ปฏิกิริยาไอโซเมอไรเซชันของกลูโคสท่ีเกิดในน้ า
จะชอบเกิดกลไกปฏิกิริยาแบบวง ในขณะท่ีปฏิริยาท่ีเกิดในของเหลวไอออนิกจะชอบเกิดกลไก
ปฏิกิริยาแบบโซ่เปิด นอกจากนี้ พบว่าวิถีปฏิกิริยาท่ีสมเหตุสมผลส าหรับปฏิกิริยาการแปลงฟรักโทส
เป็น 5-ไฮดรอกซีเมทิลเฟอร์ฟูรัลท่ีเกิดในน้ าและของเหลวไอออนิก คือ กลไกปฏิกิริยาแบบวง ท้ังนี้ ใน
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ENGLISH ABSTRACT 

# # 5487845120 : MAJOR NANOSCIENCE AND TECHNOLOGY 
KEYWORDS: DFT / AFIR METHOD / BIGINELLI REACTION / RISM-SCF-SEDD / 5-
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In this thesis, the new insights of the Biginelli reaction, and the glucose 
transformation to 5-hydroxymethylfurfural have been provided. The obtained most 
favorable pathways have been purposed without prejudice. Also, the solvent effect 
in each reaction has been considered. The artificial force induced reaction (AFIR) 
method was applied to investigate systematically all possible multi-component 
pathways for the Biginelli reaction mechanism. Among all possible pathways, the 
most favorable one starts from the C-N bond formation between urea and 
benzaldehyde molecules, and follows by the nucleophilic addition of ethyl 
acetoacetate molecule. Surprisingly, an extra urea molecule is catalyzing the reaction 
nearly every step. Therefore, the Biginelli reaction is a urea-catalyzed 
multicomponent reaction. The reaction was found identical in ethanol and 
toluene. For glucose transformation to 5-hydroxymethylfurfural (HMF), RISM-SCF-
SEDD method coupled with ab initio electronic structure theory, namely coupled 
cluster single, double, and perturbative triple excitation (CCSD(T)) has been 
employed to consider the reaction in both ionic liquid (IL) and water. We found that 
glucose isomerization in water favored the cyclic mechanism, while open 
chain mechanism is more favorable in ILs. Besides, the reasonable pathway of the 
transformation of fructose into HMF is the cyclic mechanism in both IL and water. 
The decomposition of free energies and radial distribution functions (RDFs) of solute-
solvent that are operated by RISM-SCF-SEDD was utilized to clarify the solvent effects 
of IL. 
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CHAPTER I INTRODUCTION 

Previous studies of some organocatalytic reactions might have some missing 
pathways. It is likely because of intricacy to speculate real transition state (TS) 
structures in several conceivable pathways; hence most pathways were based on 
chemical intuition. There are two remarkable organocatalytic reactions: 1) the 
Biginelli reaction and 2) the glucose transformation to 5-HMF, which are essential for 
pharmacology, and alternative energy, respectively. The first reaction, namely 
Biginelli reaction, has had great impact in organic synthesis due to its higher atom 
and energy economy compared to linear synthesis.[1] Also, it is noteworthy that a 
class of compounds exhibits pharmacological activity.[2-4] The second reaction is the 
glucose transformation to 5-hydroxymethylfurfural. It starts from plants and leaves 
debris, which mostly comprised of cellulose[5], followed by conversion to biofuel. 
These would provide results of merit to agricultural country like Thailand. Thus, both 
reactions are much worthy to understand with the deeper insights, since the 
knowledge can be used to design more efficient processes, or even to design new 
catalysts with enhanced efficiency. 

Multicomponent reactions (MCRs) are the chemical reaction which involves 
three or more reagents in one pot.[6-15] MCRs have many advantages in organic 
synthesis due to atom-economy fashion, and less waste generation compared to 
stepwise linear synthesis.[1] Actually, there are many types of MCRs such as 
Passerini[16-19], Ugi coupling,[20-22] Biginelli,[23, 24] and Hantzsch reactions.[25, 26]  

The Biginelli reaction is an important multicomponents reaction.[2, 27, 28] It was 
used to synthesize many bioactive compounds,[2-4] such as antihypertensive 
agents,[29] potassium channel antagonists,[30] anti-HIV agents,[31] and so forth.[32-40] 
Firstly discovered in 1893,[23, 24] this reaction brings about three-component coupling: 
urea, aldehyde, and -keto ester, in one pot to form 4-aryl-3,4-dihydropyrimidin-
2(1H)-one (DHP) as demonstrated in Scheme 1.1. 
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Scheme 1.1 The Biginelli reaction[41] 

 

The variations of the experimental conditions were proposed to enhance the 
efficiency of process.[27] Brönsted acids[42-46], Lewis acids,[15, 47-50] ionic liquids,[51-56] or 
even excess of one reactant[47, 51, 57-60] have been used as catalysts. After its 
discovery, various mechanisms were proposed (see Figure 1.1). The first one, namely 
iminium route,[57] considers the condensation of the benzaldehyde and urea to form 
the iminium followed by a nucleophilic addition of the third partner (Route A in 
Figure 1.1). The second mechanism, the so-called enamine route[14] (Route B in 
Figure 1.1), starts from the coupling between urea and ethyl acetoacetate to give 
the enamine followed by the reaction of the carbonyl compound. Finally, the third 
mechanism is a Knoevenagel type reaction[13] between the aldehyde and the -keto 
ester followed by a C-N bond formation with the urea (Route C in Figure 1.1). 

Various experimental and theoretical studies have been conducted to verify 
its reaction mechanism.[8, 15, 47, 51, 52, 59-63] De Souza et al.[64] have identified 
intermediates by direct infusion electrospray ionization mass spectrometry (ESI-MS). 
They found different intermediates involving all three routes. The study was then 
supported by theoretical calculations for C-C and C-N bonds formation steps and 
summarized that the iminium route was most favorable routes. The C-C bond 
formation corresponding to the nucleophilic addition of the -ketoester on the 
iminium was found as the rate-determining step of the process. Recently, Clark et 
al.[65] proved that the solvent ability to promote the tautomeric equilibrium for the 
-ketoester impacts on the process efficiency. They showed that the proticity of the 
solvent is not critical for the efficiency of the process, as the yields were found 
similar in both protic and aprotic solvents. 
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Figure 1.1 Three main routes for the Biginelli reaction[41] 

 

The absences of theoretical investigations on Biginelli reaction, such as the 
cyclization and dehydration steps, as well as the absence of a systematic study, are 
driving us to reconsider the preferred reaction pathway for deep insights of these 
essential reactions. Are there only three routes demonstrated which possibly lead to 
the DHP? Are the reactions in protic and aprotic solvents exactly identical? Are the 
proticity and polarity of the solvent critical? Does one of reactants act as a catalyst?  

The next organocatalytic reaction is the glucose transformation to 5-HMF. This 
reaction is now the hot issue since human beings are concerned about the depletion 
of petroleum resources. Thus, renewable power and alternative energies have been 
focused by vast numbers of researchers. One of the areas of interest is the 
conversion of cellulose from plant’s waste to biofuel because of its 
superabundance, renewability, and worldwide branching.[66]  

Cellulose is a polysaccharide which consists of several thousand glucose units 
linking together with a linear chain  (14) glycosidic linkage as shown in Figure 
1.2.[67] Regularly, cellulose is insoluble in water and most organic solvents, but its 
glucose units can be chemically broken down with concentrated acids at high 
temperature.[68-72] However, it was found that cellulose can be dissociated in ionic 
liquids (ILs) and then converted to biofuel.[73] Consequently, cellulose could be used 
as a renewable energy resource.  

 



 
 

 

19 

O

OO
HO

OH

OH

OH

OH

O
HO

O

O

HO
HO

OH

OH

O

OH

OH

OH

HO

n  
Figure 1.2 The structure of cellulose 

 

Ordinarily, major component of plants and leaves debris is lignocellulose 
which is composed of cellulose, hemicellulose and lignin.[5] Cellulose can be 
separated from lignin for using in the process of biofuel production. The processes of 
degradation and transformation biomass to biofuel consist of various steps.[68, 74] as 
shown in Figure 1.3, and many green chemicals are produced. Firstly, polymer chains 
of cellulose are hydrolyzed into low molecular weight fragments by hydrolysis 
process. Then, the glucose units are isomerized into fructose units. After that, 
fructose is transformed to 5-hydroxymethylfurfural (HMF) which can be converted to 
many useful chemicals, such as 2,5-dimethylfuran (DMF), levulinic acid (LA) and so 
forth.[75]  

 
Figure 1.3 Conversion of cellulose to biofuel[76] 
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Figure 1.4 The proposed mechanisms of glucose transformation to HMF 

 

Several mechanisms of glucose transformation to HMF have been 
investigated.[77] Recently, the two mechanisms of hexose isomerization of pyranose 
into furanose and a subsequent transformation to furfural have been suggested: 
cyclic[78-85] and open chain mechanisms[80, 86-91] (See Figure 1.4). The open chain 
mechanism initially begins with an open chain aldose isomerization to the ketose 
structure. After that, two water molecules are dehydrated from an open chain ketose 
via acid-catalyzed dehydration followed by the chain closing and furfural forming. On 
the other hand, Antal et al.[78, 79] suggested a cyclic mechanism for the 
transformation of fructose into HMF without the ring opening. Also, his guidance was 
relied on the experimental evidences. 

In 1934,[92] Graenasher first suggested that cellulose could be dissolved by 
molten N-ethylpyridinium chloride, in the presence of nitrogen-containing bases. 
From these reasons, many kinds of ILs were used as the novel solvent for dissolving 
cellulose and other biopolymers.[93-102]  
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Figure 1.5 Examples of Ionic Liquids 

 

ILs are molten salt at room temperature because of its low melting point 
(below 100°C). Normally, it composed of an organic heterocyclic cation mostly 
containing nitrogen or phosphorus and an inorganic anion. Anions significantly affect 
the miscibility with water and other solvents, whereas, cations markedly affect the 
melting point, viscosity, and electrochemical stability.[103-106] Due to its low toxicity, 
high ionic conductivity, non-volatility, non-flammability, wide electrochemical 
window, high thermal stability and recyclability,[107, 108] ILs are demanded as 
interesting green solvents and effective solvent for cellulose dissolution. Examples of 
ionic liquids are displayed in Figure 1.5. 

Recently, cellulose dissociation into glucose units in ILs and acidic aqueous 
solutions have been theoretically considered by Nishimura and co-workers.[109] 
Moreover, Zhao et al.[110] showed that the glucose conversion to HMF occurred from 
an isomerization of pyranose to furanose and followed by dehydration to HMF. 
However, the conversion of biomass to biofuel in form of HMF is a new process and 
its notions are not entirely comprehended, especially mechanisms.[86, 111] This 
knowledge is advantageous to the design of more effective processes. In this work, 
we will focus only the mechanism of glucose transformation to 5-
hydroxymethylfurfural.  

To provide more insights and understanding, the theoretical approaches, such 
as molecular dynamics simulations and ab initio quantum mechanics, have been 
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employed to study the reaction mechanisms. In previous studies, the implicit 
solvation model such as PCM, COSMO, SMD, and G4MP2 level of theory have been 
utilized to examine the transformation of glucose and fructose to HMF.[80, 81, 85, 106, 112-

115] The details of the overall pathways of glucose dehydration and conversion have 
been provided from these studies. Besides, the reaction in 1-ethyl-3-
methylimidazolium chloride ([EMIM]Cl), has been theoretically studied using the 
B3LYP functional. As it is hard to look for the exact dielectric constant of [EMIM]Cl, its 
physical data was still inadequate.[116] Additionally, the implicit solvation models still 
be devoiced of the properties of full accounting of microscopic. Soon after its 
discovery, a microscopic enlightenment of solute-solvent circumstances during the 
process has been demonstrated by Qian et al.[83, 84, 111, 117, 118] The progression of 
studies carried out by Car-Parrinello molecular dynamics and metadynamics 
simulations (CPMD-MTD) have been published to show the free energy surfaces of 
isomerization, mutarotation, and dehydration of glucose to HMF in aqueous 
solutions. 

Although the molecular dynamics can confirm the equilibrium state, the 
thermodynamic properties can be also considered by statistical mechanics model. 
The important point of view is that these molecular simulations provide the amount 
of particles in radial distance demonstrated by the radial distribution functions 
(RDFs).[119] However, an outstanding alternative method, which offers reasonable 
computational time due to no need to define the ‘simulation box’ is ‘Reference 
Interaction Site Model’ (RISM), which will be further employed and discussed in 
section 4.2.   

The breakthrough of green technologies for renewable energy from biomass is 
much more important to develop sustainable economy. HMF and its derivatives are 
dramatic because their energy capacities are higher than that of ethanol and almost 
equivalent to that of gasoline. DMF, gasoline and ethanol can provide around 31.5 
MJ L-1, 35 MJ L-1 and 23 MJ L-1, respectively.[120, 121] Thus, it is a promising alternative 
fuel for transportation. Moreover, the transformation biomass to HMF and its 
derivatives is uncomplicated and can be completed in one step. Thus, this process is 
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remarkable to biofuel production which is much suitable to Thailand, which is an 
agricultural country.  

As the reaction in ILs can take place at milder conditions (100-140°C) and the 
chemicals are less harmful to environments, we can say that this reaction is green. 
Nevertheless, the kinetic studies of this reaction are still in its infancy, especially 
mechanisms, thus its perceptions might not be completely understood. This reaction 
is a new process composed of multiple reaction pathways, several of ring and open 
chain isomers of sugars, and solvation effects.[86] Based on the requirement of 
engineering applications for biomass, it is essential to investigate these reaction 
pathways.  

Theoretical studies on chemical reactions give hints to resolving the reaction 
mechanism. Experimentally, a reaction mechanism could be suggested from found 
intermediates. This is in some ways an almost impossible task, since many species 
are very reactive thus having short-life. However, accurate estimations of reactive 
intermediates as well as transition state complexes can be achieved by means of 
quantum chemical calculations. In the reaction mechanism study, finding transition 
state (TS) structures is essential missions to analyze and predict how the reaction 
proceeds.[122] This knowledge has advantages for the design of more effective 
processes. However, it is still a difficult task in theoretical study of complicated 
reaction mechanisms.[123-128] 

Herein, the author will study systematically a quantum chemical study of all 
possible pathways among three reactant molecules of the Lewis acid-catalyzed 
Biginelli reaction using a new theoretical approach for finding transition states (TSs), 
namely AFIR method with DFT calculation. The most favorable pathway without bias 
and prejudice will be proposed. Moreover, the glucose and fructose transformation 
to HMF in ILs and acidic aqueous solutions will be considered with DFT calculation 
and coupled-cluster electronic structures, as well as RISM-SCF-SEDD solvation theory. 
Additionally, solvent effect will be considered.  
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Therefore, in this thesis, the author will provide new insights for Biginelli 
reaction, and the glucose transformation to 5-hydroxymethylfurfural. The most 
favorable pathways will be proposal without preconception. The different pathways 
in each reaction will be discussed. The author hopes that the proposed reaction 
mechanisms and the roles of solvation will give the deeper insights on those reaction 
processes.  
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CHAPTER II THEORETICAL BACKGROUND 

2.1 Quantum Mechanical Calculations  

 Quantum mechanical calculations have been widely applied in chemistry. In 
practice, they were employed to determine transition states, ground and excited 
states of atoms and molecules, and predicting physical and chemical properties of 
chemical compounds. The dynamical equation of particles can be distributed into 
four regions as shown in Figure 2.1 concerning to velocity and mass.  
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Figure 2.1 Domain of dynamical equations[129] 

 

The Newton’s second law, F=ma, is mostly employed to heavy particles with 
quite slow motion. However, the relativistic effect becomes crucial when the 
particle’s velocity is close to the speed of light. The quantum mechanics was used 
to explain the light particle including electrons, which acts both particle and wave 
characteristics. The difference between classical mechanics and quantum mechanics 
is that quantum mechanics displays the probability, which can locate the position of 
particle over time. On the other hand, classical mechanics demonstrates the 
determining, which just provides the probability of the particle being at the absolute 
position and at the exact time.[129] In the following section, quantum mechanical 
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calculations will be explained in brief and in the following order 1) Molecular 
quantum mechanics and Hartree-Fock Approximation, 2) Electron correlation and 
coupled-cluster method, 3) Reaction pathway search method: Artificial Force Induced 
Reaction (AFIR), and 4) Solvation models. 

 

2.1.1 Molecular quantum mechanics and Hartree-Fock Approximation 

 Determining energies and properties of molecules is the major goal of 
quantum mechanical calculations. Normally, they can be obtained by solving the 
fundamental equation, so-called Schrödinger equation.[129-131] 

 

 ̂        (Eq. 2.1) 

 

where   is the wavefunction,  ̂ is the Hamiltonian operator, and   is the energy of 
the state. The probability distribution of finding the particle can be defined by the 
absolute square of the wavefunction (| | ). 

 Generally, the Hamiltonian operator of all particles is the combination of 
potential ( ̂) and kinetic ( ̂) operators for N particles.  

 

 ̂   ̂   ̂    (Eq. 2.2) 

 

 However, with 3N degree of freedom the Schrödinger equation is too 
complicated to be solved. Considering the fact that the mass of nuclei is much larger 
than that of electron, nucleus should shift more torpidly. This makes electron adapt 
their distribution to quickly alter the location of nuclei. This suggested that the 
distribution of electrons is not based on their velocities, but the position of 
nucleus.[132] Realizing this fact, the complicacy of solving Schrödinger equation for a 
molecular system is then reduced to solving series of the electronic Schrödinger 
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equation in the field of fixed nuclei. This is the underline of the Born-Oppenheimer 
approximation. 

 The electronic Schrödinger equation is given as 

 

 ̂                                 

(Eq. 2.3) 
 

where         is an effective electronic energy,      is the electronic wave function 
relied on the coordinate ( ) and nuclear coordinate ( ),  ̂     is defined as the 
combination of the kinetic energy of electrons, the attractive interaction of electron 
to nuclei, and the repulsive interaction between electrons as follows (in atomic unit) 
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(Eq. 2.4) 
 

 The constant repulsion energy of nuclei is combined to the total energy in 
case of fixed nuclei ( ) as follows 
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(Eq. 2.5) 
 

Normally, the Born-Oppenheimer approximation provided only the error of 
10-4 a.u. for hydrogen atom and also becomes better for the system of heavier 
nuclei.  

The exact solution of the electronic Schrödinger equation of (Eq. 2.3) cannot 
be obtained for system containing more than one electron. Thus, an approximate 
solution must be sought. One of the simplest approaches is the Hartree-Fock (HF) 
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approximation which employed the variational principle. Therefore, the determinant 
of one-electron wavefunctions for orbitals     was defined as 

 

|  ⟩  
 

√  |
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 (Eq. 2.6) 
 

In HF approximation, electronic energy is defined as  

 

   ⟨  | ̂|  ⟩   (Eq. 2.7) 

 

where  ̂ represent full electronic Hamiltonian. Substituting    in (Eq. 2.6), the 
Hartree-Fock energy can be determined from  
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(Eq. 2.8) 
 

The orbital    can be obtained from the canonical Hartree-Fock equation 

 

                  

(Eq. 2.9) 
 

where    is Fock operator, which demonstrates effective operator for each electron 
and    is the orbital energy. The Hartree-Fock energy (  ) and the orbital energy (  ) 
are defined as follow 
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(Eq. 2. 10) 
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(Eq. 2.11) 
 

The Hartree-Fock equation in (Eq. 2.9) is not linear and must be iteratively 
solved by self-consistent field (SCF) method.  

 

2.1.2 Electron correlation and coupled-cluster method 

 Weak interactions of few kcal mol-1 play important roles in chemistry.  Thus, 
to predict weak interactions quantum mechanical calculations should yield accuracy 
within 1 kcal mol-1. By treating electron-electron interaction in an approximate way, 
the Hartree-Fock method cannot provide the exact total energy. The deficiency of 
Hartree-Fock method can be termed (lack of) “electron correlation”. One of the 
wavefunction-based approaches which taking into account of electron correlation is 
coupled-cluster (CC) method.[119, 133] 

 One of the deficiencies of HF method is one-electron wavefunction or orbital 
obtained from HF equation. This is somehow can be circumvented by introducing 
many-determinant wavefunction instead of single-determinant one. The idea of 
coupled-cluster method is to generate many-determinant wavefunction by using 
excitation operator T.[129, 134] 
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(Eq. 2.12) 
 

where    is cluster operator,   is defined as the cluster order. The    results to the 
N-table excitation determinants. For instance,  
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(Eq. 2.13) 
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(Eq. 2.14) 
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(Eq. 2.15) 
 

where    ,    
  , … , are cluster amplitudes. |  

 ⟩, |   
  ⟩, … , are single, double, … , 

excitation determinants, respectively.      and       represent number of occupied 
and virtual orbitals, respectively.  

The coupled cluster (CC) wavefunction is then defined as[119] 
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(Eq. 2.16) 
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(Eq. 2.17) 
 

The Hartree-Fock state was denoted in (Eq. 2.17). The single, double, triple, 

and quadruple,   , excitation determinants are represented in the second, the third, 

and the fourth term,   , respectively. If only    and    are maintained, the method 
was called ‘coupled cluster singles doubles’ (CCSD). The CCSD wave function can be 
defined as follows 
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(Eq. 2.18) 
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(Eq. 2.19) 
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Table 2.1 Type of CC methods and their   operator expansion 
 

Methods   expansion 

CCD      

CCSD         

CCSDT            

CCSDTQ               

 

The first term is Hartree-Fock state. The single, double, triple, quadruple,… 
excitation determinants are defined in the second, the third, the forth and the fifth,… 
respectively. This shows that coulpled-cluster method are both size-extensive and 
size-consistentive as this method contains full expansion of excitation types, but the 
identical number of excitation determinants will not be restored. Table 2.1 
demonstrates several types of coulpled-cluster methods and their   operator 
expansions. 

However, the accuracy of calculation is based on the contribution of the 
direct triple excitation (  |  ⟩) The CCSD(T), which stands for coupled-cluster with 
single, double, and approximate triple excitations method is now widely used as the 
gold standard for theoretical studies. However, CCSD(T) consumes large computer 
resources since it is scaled to N7.  

 

2.1.3 Reaction pathway search: Artificial Force Induced Reaction (AFIR) 

In theoretical study of chemical reaction, finding transition state (TS) 
structures is an essential mission for analyzing and predicting reaction mechanisms. 
This knowledge is advantages for the design of a more effective process. TS is not 
the stable state. It locates at the saddle point on potential energy surface. 
Nevertheless, searching for TS is a difficult task, since it is not easy to locate the most 
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suitable one owing to its large numbers of degrees of freedom. Hence, several TSs 
can be found for each reaction pathway. The “reaction coordinate” can be used to 
determine whether a particular TS is belong to a specific reaction pathway.[119]   

Activation energy, denoted by Ea, is the height of the reaction barrier which 
distinguishes two local minima (reactants and products) of the potential energy 
surface. (See Figure 2.2)[129] 
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Figure 2.2 The potential energy surface plotted against the reaction coordinate.[135]  
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It is a non-trivial task to find TS structures manually. Most TSs arrive from the 
chemical intuition (which means bias). Presently, there are numerous methods, which 
were developed for searching minimum energy reaction path automatically, such as 
the single coordinate driving (SCD),[136-138] the metadynamics method,[139, 140] the fast 
marching method[141] and so forth. One of them, which was developed in 2010 by 
Morokuma and Maeda’ group is the artificial force induced reaction (AFIR) 
method.[142, 143] The AFIR explores all probable reaction pathways including 
unexpected reaction paths automatically and systematically without any 
arbitrariness. The concept of AFIR method is to impose the constant artificial force 
between two or more initial reagents randomly. All possible pathways could be 
found with various orientations of reactants molecules. This could avoid missing 
some important paths form a reaction, which may have several reaction pathways. 
Additionally, AFIR method was applied to various organic multi-components 
reactions. Several essential and unprecedented reaction pathways could be 
encountered automatically and efficiently 

AFIR method[142, 143] is ideally befitted for unbiased and systematic studies. All 
possible reaction mechanisms need to be carried on to resolve these crucial issues. 
Sometimes, they might involve to same molecules two or more times, and even 
concern to the reactant molecules in different order. For the simplest case in which 
A and B are single atoms, the constant artificial force can be employed as a linear 
function as shown in (Eq. 2.20) 

 

                   
(Eq. 2.20) 

 

where the parameter   is the strength of the artificial force. Figure 2.3 demonstrates 
the function of (Eq. 2.20) with several amounts of  . In case (a), there is no   added 
to the reaction. The reaction barrier obstructs the product X and the reagent region A 
+ B. When the weak force is added as in case (b), a tight complex takes place before 



 
 

 

35 

the reaction barrier. However, the barrier will be vanished when a strong force is 
added as shown in case (c). The product X can be found by geometry minimization. 

 

 
Figure 2.3 F(Q) in (Eq. 2.20): (a) with   = 0, (b) with small   and (c) with large  [143] 

 

 For general force term of AFIR function, a system with multiple degrees of 
freedom was designed. The best function was suggested to sum of isotropic 
functions centered at each atom. Thus, AFIR function was proposed as follows: 
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(Eq. 2.21) 
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where      is the potential energy surface which concerned to atomic 
coordinates  . The parameter   is weighting parameter, which was set to 6 for 
standard value.[144] The     is a distance between     and    atom of reagents. 

The parameter   is given as follows: 
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(Eq. 2. 22) 
 

 Hence,   represents model collision energy between any coupled molecules. 
In this thesis, the author will utilize   instead of  . Furthermore,     and   will be 
set as the same as the argon cluster, which are 3.8164 Å and 1.0061 kJ mol -1, 
respectively.[145] 

Then, all approximate transition states (TSs) and intermediates (local minima, 
LMs) of low-energy reaction pathways will be automatically searched. To obtain true 
TSs and LMs, these approximate stationary points will later be optimized without 
artificial force. Maeda et al[145] has investigated the Passerini coupling approach and 
proposed that the reaction take place from the condensation between an aldehyde, 
an isocyanides and a carboxylic acid to form an -acyloxy amide. This is in contrast 
to the common believed, which suggested that an additional carboxylic acid 
molecule is directly involved in the reaction and catalyzes the reaction.[18, 19]  

 

2.1.4 Solvation models 

 Most chemical reactions normally occur in solution. The normal practice to 
theoretically investigate the chemical reaction in solution phase is by the quantum 
mechanical calculations in combination with solvation effect. There are several 
theories for address solvent effects. The solvent effect could be classified as short-
range and long-range. The short-range effect demonstrates that solvent molecules 
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have strong interaction, such as hydrogen bonding. The long-range effect is caused 
with the solutes by solvent polarization. To accommodate the solvent effect, two 
models, explicit and implicit, are imposed. In the explicit model, solvent molecules 
were added to the system. Normally, only those in the first solvation shell are added 
to save the computer time. However, this is only justified the short-range effect. To 
accommodate both short-range and long-range effects, more solvent molecules 
must be included and, hence, results in long computation time. Whereas, solvent is 
only viewed as dielectric media in the implicit solvent model. It is thus called the 
“continuum model”, where only the long-range effect or solvent polarization can be 
accounted for. In this section, only two solvation models, that was employed in this 
thesis i.e. Polarized-Continuum Model (PCM)[119] and Reference Interaction Site 
Models (RISM)[146] will be discussed. 

 

2.1.4.1 Polarized Continuum Model (PCM) 

Polarized Continuum Model (PCM) is one of the continuum models. The 
macroscopic media combined with fixed dielectric constant will be used instead of 
real solvent molecules. The electronic structure, which encircled by the dielectric 
medium, will be resolved in burrow of vacuum. The interaction of solvent 
polarization, reaction field, and solute molecules are stabilized. The solvation free 
energy is defined as follows.[119, 146] 

 

                                                   

(Eq. 2.23) 
 

where              is the solvation free energy,          is the destabilization causing 
by cavity creation,              is the solute-solvent interaction, and                 is 
the electrostatic interaction of polarized medium and solute. 
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The surface potential    is included to the Hamiltonian to incorporate the 
reaction field of solute-solvent interaction 

 

        

(Eq. 2.24) 
 

where    represents the vacuum state Hamiltonian. 

The PCM can be used only for the system in which the interplay between 
solute and solvent is not very important, such as the reaction in aprotic solvents, for 
instance. Thus, it is not suitable to consider the reaction that has the short-range 
interaction.[119] 

 

2.1.4.2 Reference Interaction Site Model (RISM) 

The reference interaction site model (RISM),[147, 148] which is based on a theory 
in statistical mechanics for molecular liquid developed by Chandler et al.[147], is an 
alternative for molecular dynamics simulation. In this theory, the radial distribution 
functions (rdfs) can be calculated analytically. This makes the statistical ensemble 
achievable at a proper computational cost. From the previous studies, the anomeric 
equilibrium of glucose and its derivative have been studied by RISM in aqueous 
solution.[149, 150] Moreover, the Diels-Alder,[151] SN2-type reaction,[152] and SN1-type 
hydrolysis of cellobiose into two glucose in ILs[109] have been successfully 
investigated by reference interaction site model self-consistent field model spatial 
electron density distribution (RISM-SCF-SEDD), which is the self-consistent 
combination of RISM and molecular orbital (MO) theory.  

RISM can be summerized based on its advantages and manners as follows: 1) 
RISM concerns to an infinite number of solvent molecules. There is no need to 
define the ‘simulation box’ and it is free from statistical error. Also, thermodynamic 
ensemble provided is enough. 2) The computational cost is remarkably decreased 
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contrasted to method of standard molecular dynamics simulation, since an analytic 
expression for the solvent free energy is existed, 3) The inputs and outputs of the 
simulations are consistent with those computations.[152, 153]  

The new version of RISM, namely reference interaction site model self-
consistent field model spatial electron density distribution (RISM-SCF-SEDD) was used 
in this dissertation since it is much more powerful in the interplay of molecular 
orbital and RISM calculation than the original RISM-SCF. In RISM-SCF-SEDD, the spatial 
electron density distribution was treated and the set of grid points are not 
demanded as these artificial parameters can be ignored.[154] 

In RISM-SCF-SEDD, the total energy of a system (  ) is defined as follows,[154-

156]   

               

(Eq. 2.25) 
 

   is the energy of the solute molecule from ab initio MO theory.       is the 
thermal correction to the free energy.    is solvation free energy given by[156]  

 

    
 

 
∑∫  [       

 

 
   
     (       )  

 

 
            ]

  

 

(Eq. 2.26) 
 

where   is the number density and        .   is the Heaviside step function.    
is Boltzmann constant.   is the temperature in Kelvin.        and        are total 
and direct correlation functions, respectively between site   (in solute) and   (in 
solvent).[157] 

In case of hydrogen, for transition states of hydride transfer between carbon 
and oxygen, the Lennard-Jones distance parameter     

  and well depth      , were 
set as the arithmetic and geometric which related to CH and OH parameters, 
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(Eq. 2.27) 
 

    
  √   

    
  

(Eq. 2.28) 
 

 From the previous study[109], the free energies (in water) are estimated by 

 

       
           

         [   ] 

(Eq. 2.29) 
 

where        
     is free energy of the reaction.       

     is calculated free energy.   is 
the gas constant. [   ]  is the molar concentration of pure water. The symbol bases 
on the type of reaction which concerns to the molecules of water. For dehydration 
reaction the symbol is positive, while the symbol is negative for the hydration 
reaction. 
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CHAPTER III COMPUTATIONAL DETAILS 

 Methodologies and computational details for investigations of the Biginelli 
reaction and the glucose to 5-hydroxymethylfurfual transformation will be discussed 
in this chapter.  

 

3.1 Biginelli reaction 

Urea, benzaldehyde (BA), and ethyl acetoacetate (EAA) were used to model 
the three reactants in this study. The detailed multi component (MC)-AFIR 
calculation scheme is as follows. First, approximate local minimums (LMs) and 
transition states (TSs) for the first step between two components were explored 
extensively by the MC-AFIR method[142, 143, 158] for all approached orientation and 
directions. In this case, Nmax = 10 and M06-2X/3-21G level of theory was used. Then, 
all the approximate LMs and TSs obtained by the initial MC-AFIR search were 
reoptimized at M06-2X/6-31+G(d) level without the AF. The AFIR functions were 
minimized with = 200 kJ mol-1 (suggests that pathways with a barrier of more than 
50 kcal mol-1 will not be searched) starting from initial structures whose orientations 
and approach directions of two reactants were determined randomly. To examine 
the effect of the stabilization by other reactants, one or two reactants were 
coordinated to the reactive parts in the obtained TSs, and their structures were 
reoptimized at M06-2X/6-31+G(d). 

Moreover, the AF was initially added to directly dehydrate the obtained 
bimolecular intermediates in step II: Dehydration step. Also, molecule of H2O, EtOH, 
EtOH+EtOH+ and urea were included as the catalyst. Herein, we manually added 
molecule of catalyst to the bimolecular intermediate in several ways for finding the 
complex with the lowest energy. To reduce the computational cost, we applied the 
AF (= 200 kJ mol-1) to the active part between an intermediate and catalyst to 
remove water molecule at M06-2X/6-31+G(d) level. After that, the approximate LMs 
and TSs were reoptimized at M06-2X/6-31+G(d) level without the AF. In this case, 
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simultaneous bond forming and breaking in the concerted processes are also 
examined. The AF was employed attractively (positive value of ) between the atoms 
where a bond is intended to be formed and repulsively between the atoms where a 
bond is intended to be broken. These principles will be employed for the further 
steps as well. 

In all the calculations, the solvation free energy was included by the 
polarized continuum model (PCM)[146, 159, 160] with a dielectric constant of 24.852 for 
ethanol. In section 4.1.5, the obtained LMs and TSs along the most favorable 
pathway were reoptimized using the PCM with a dielectric constant of 2.3741 
(toluene). Moreover, the effect of solvent proticity was also discussed by considering 
the explicit solvent molecule(s) in ethanol in case of the proton transfer steps. We 
reported the Gibbs free energy and the electronic energy with zero-point correction 
(ZPE, in parentheses) at 1 atm and 298.15 K. Here in, we would like to compare the 
different potential energy profiles with the same number of reagent molecules. Thus, 
we mainly use the Gibbs free energy. 

After optimization of a TS, the intrinsic reaction coordinate (IRC)[161, 162] was 
calculated from the TS to two LMs to confirm the reaction pathway. All these AFIR, 
reoptimization, and IRC calculations were performed by the Global Reaction Route 
Mapping (GRRM)[163, 164] program using energies, first, and second energy derivatives 
computed by the Gaussian09[165] program. 

 

3.2 Glucose to 5-Hydroxymethylfurfural transformation 

-D-glucose molecule is used to model the starting pyranose structure of this 
study. For glucose isomerization step, two mechanisms, cyclic[78-85] and open chain 
mechanism[80, 86-91] were investigated. (See Figure 1.4).  For the transformation of 
fructose into HMF, only cyclic mechanism were considered since Antal et al.[78, 79] 
suggested that this process can take place without the ring opening. To find each TS, 
the interesting reaction coordinate is selected and varied as the energy profile. Each 
reaction coordinate will direct along the emphasized reaction step; hydration, 
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dehydration, protonation, and deprotonation. The highest point will be used to 
optimize for finding real TS. Geometries of LMs and TSs were optimized at B3LYP/6-
31+G(d) level. The single-point CCSD(T)/aug-cc-pVDZ was carried out to re-evaluate 
those energies.  

In all calculations, the solvation Gibbs free energy was included by RISM-SCF-
SEDD. The Kovalenco-Hirata closure[157] was used to solve the equation of RISM 
integral. The reactions were studied both in water (at 10 MPa, 473.15)[166-168] and IL, 
the so-called 1-methyl-3-methylimidazolium ([MMIM]Cl) (at 1 atm, 373.15 K). The 
initial TS search was calculated at B3LYP/6-31+G(d) level in water. Then, all TSs and 
LMs obtained in water were re-optimized at B3LYP/6-31+G(d) in [MMIM]Cl. In water, 
values of 473.15 K, 10 MPa, 0.029114 molecules Å-3 were set for temperature (T), 
pressure (P), and number density ( ), respectively. Likewise, values of 373.15 K, 1 
atm, 0.005291 molecules Å-3 were set for T, P and   in [MMIM]Cl, respectively. 
Besides, the molar concentration of pure water is set to 55.5 M. Table 3.1 shows the 
Lennard-Jones parameters of the solute.[151, 169, 170] While, the Lennard-Jones 
parameters of the solvents, such as SPC-like water and [MMIM]Cl, are shown in 
Appendix. In this case, the diffuse functions of auxiliary basis functions for all atoms 
were removed so that the RISM-SCF-SEDD can rapidly converge during calculations of 
single point energy.[171] 

After optimization of TSs, the hessian was calculated to confirm the 
optimized TS whether it has only one imaginary frequency. All calculations were 
performed by a modified GAMESS program package.[172]  
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Table 3.1 Lennard-Jones parameters of solutes 
 

Site /Å /kcal mol-1 References 

C 3.500 0.066 [169] 

O in C-O-C 2.900 0.140 [169] 

H on C 2.500 0.030 [169] 

H on O 1.000 0.056 [170] 

H in O-H 3.166 0.155 [170] 

H in C-H--O 1.750 0.041 See (Eq. 2.27) and (Eq. 2.28) 

Cl in HCl 4.417 0.118 [151] 

H in HCl 1.000 0.056 [170] 
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CHAPTER IV RESULTS AND DISCUSSIONS 

 In the following section, computational results of the Biginelli reaction and 
the glucose to 5-hydroxymethylfurfual transformation were discussed individually. In 
each reaction, all possible mechanisms were followed and then the most favorable 
mechanism was suggested. Moreover, the solvent effect and the involvement of 
additional reagents or solvent molecule were as well carefully examined. 

 

4.1 Biginelli reaction 

In this section, the three main routes will be considered separately: Route A 
begins with the reaction between the protonated urea and BA, Route B starts the 
reaction with the protonated urea and EAA, and Route C with the protonated EAA 
and BA. The reaction is composed of 4 steps; bond formation, and transformation. 

 

4.1.1 Route A: Iminium Route 

4.1.1.1 Step I: Initial bond formation   

Firstly, the proton affinity of the reactants has been calculated. The initial 
protonation always arises on urea due to its highest proton affinity over the other 
reagents. (see Figure S1 in Appendix). 

The first step of the Route A is the reaction between protonated urea and BA. 
Three pathways (A1-A3) were obtained from the MC-AFIR calculations as shown in 
Figure 4.1. Among them, the C-O bond formation (A2) has the lowest activation 
Gibbs energy of 20.2 kcal mol-1. The reactant complex (A2-1) obtained from IRC from 
TS A2-2 is higher in energy than the complex (A1-1) despite of a lower proton 
affinity of BA than urea as proton affinity of BA and urea are 22.2 and 7.9, 
respectively. The second lowest pathway is the C-N bond formation (A1) whose 
activation free energy is only 0.6 kcal mol-1 (TS A1-2) higher than that of TS A2-2. In 
pathway A1, IRC calculation demonstrated that the proton transfer from the urea 
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oxygen to the BA oxygen concertedly arises with the C-N bond formation between 
the BA carbonyl carbon and the urea amine group. The pathway A3 is much higher in 
energy so it can be neglected. 
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Figure 4.1 Intermediates and transition states between protonated urea and 
benzaldehyde (Step I in Route A). Gibbs free energies (1 atm, 298.15 K) (electronic 
energies with ZPE correction in parentheses), in kcal mol-1 relative to the isolated 
reactant molecules, were obtained at the M06-2X/6-31+G(d) level in PCM ethanol. 

 
However, to obtain the final product DHP, the C-N bond must be formed. 

Thus, the second urea addition to A2-3 (the product of A2-3) was considered for the 
C-N bond formation pathway. (See Scheme 4.1) The AFIR search could not find the 
concerted process for the C-N bond formation of A2-3 and the second urea. The 
reaction proceeds in stepwise process, where the C-O bond dissociation between the 
first urea and the BA initially occurred. It is followed by the C-N bond formation 
between the second urea and the BA. The lowest TS for this pathway is around 5.5 
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kcal mol-1 higher than the TS of the direct C-N bond formation (A1-2). Therefore, the 
most reasonable reaction pathway for the first step of the Route A is the direct C-N 
bond formation (A1) from the resting stage (A1-1) of the reactant complex, even 
though the TS of the C-O bond formation has the lower energy.  

 

Ph O NH2

NH2OH
PhN

H2

H2N

O OH

H2N NH2

O

O NH2

NH2

Stepwise

[A2-3]+urea [A1-3]+urea  
Scheme 4.1 Proposed catalytic process with a second urea (in red circle) 

 

In addition, three- and four-component step were also examined to 
investigate the possible involvement of additional components in this reaction. 
Figure 4.2 shows the most stable conformations for each pathway.  Other less stable 
conformations are shown in Figure S3 and Figure S4 in the Appendix. For three 
components step, an extra urea, a BA, and an EAA were added to the LMs and TS in 
the pathway A1 denoted pathway A1U, A1Z and A1E, respectively. With the BA or 
EAA as a third partner (A1Z and A1E), the resulting TS structures are significantly 
similar to the ones without an extra component as it just stabilizes the acidic proton 
on the BA. Remarkebly, the activation energy for the C-N bond formation is lowered 
by the extra urea as displayed in pathway A1U. The barrier difference between A1 
and A1U is 5.3 kcal mol-1. In A1U pathway, the additional urea is protonated and it 
donates a proton to BA, whereas a proton is donated from the reactant (protonated 
urea) directly in A1. This increases the nucleophilicity of the urea and electrophilicity 
of the BA involved in the C-N bond formation. The main difference between pathway 
A1 and pathway A1U is the position of the proton. the proton was bonded to the 
reacting urea in A1, but it moved to reside at the additional urea in the A1U. This 
make C-N bond formation becomes more nucleophilic compared to pathway A1. 
Also, the hydrogen-bonding with the extra protonated urea stabilizes the system and 
can explain the stabilization of the TS. In other three component reaction pathways 



 
 

 

48 

A1Z and A1E, the additional protonated BA and EAA stabilize the proton on the 
reactant BA, respectively. Thus, we can say that an extra urea catalyzes this step of 
Biginelli reaction. This is in good agreement with the observation that the excess urea 
was often used for this reaction.[173, 174]  

To consider other stabilization effects, the four-component step (A1UE) was 
also investigated. This was done by adding an EAA to the LMs and TS in pathway 
A1U, because EAA would react with the C-N bond formed product in the following 
step. We found that the barriers of A1U and A1UE are similar because the EAA just 
stabilizes a proton on nitrogen and does not involve in the reaction. In addition, 
adding a third urea (A1UU) and a second BA (A1UZ) in the four-component step 
were also considered. Their role is similar to the additional of EAA in A1UE. The 
barrier difference for A1U is very small. Therefore, we can summarize that the fourth 
component does not directly involve in the reaction. 
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Figure 4.2 Two-, three- and four-component Step I (C-N bond formation) for Route A. 
See Figure 4.1 for computational details. 
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4.1.1.2 Step II: Dehydration 

Since the iminium A1-3 has been observed in ESI-MS.[64] The following 
dehydration step will begin with an intermediate A1-3. The AFIR search showed that 
the dehydration step of A1-3 cannot arise without any catalysts. Thus, to dehydrate 
an intermediate A1-3, several possible catalysts (in case of protic molecules) such as 
water, one and two ethanol molecules were studied. The detail mechanisms in each 
case were proposed and the activation energy differences for utilizing each catalyst 
were also calculated. Using water and EtOH as catalysts the reaction requires 
respectively 6.5, 4.1 and 3.9 kcal mol-1 of activation energy higher than using urea. 
We found that the urea-catalyzed pathway is the most favorable pathways as shown 
in the Step IIA-IIB (Figure 4.3). The extra urea could catalyze this pathway by acting 
as a proton agent and the reaction is stepwise. An EAA was added to this pathway for 
making it consistent to the whole reaction. Despite the only mission it of is solvent, 
the barrier with and without an EAA were not significantly different. In this step, the 
reaction starts from the A1UE-3’, which is the most stable conformer of the 
intermediate from Step I. The proton was transferred from the tertiary nitrogen of the 
reacted urea to the extra urea carbonyl oxygen (Step IIA). A very low barrier was 
required for the intermediate A1UE-5. The reaction goes over the TS A1UE-6 leading 
to the iminium ion A1UE-7 (Step IIB) which coordinated with the water, EAA and urea 
products. Therefore, the extra urea catalyzes the dehydration step as well as Step I. 
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Figure 4.3 The most favorable pathways of Step II (Route A). See Figure 4.1 for 
computational details. The straight dashed line shows intermediates that are not 
connected by IRC. 
 

4.1.1.3 Step III: Condensation 

Following the dehydration step, the condensation of the intermediate A1-4 
(Figure S6) and EAA was investigated. Regularly, an EAA can tautomerize between 
diketo and enol form in solution as displayed in Figure 4.4. In spite of the fact that 
the enol form of EAA molecule is less stable than the diketo form in equilibrium (~4 
kcal mol-1), the reaction is eventually preceded by an enolic EAA which forming a C-C 
bond with A1-4 to yield an intermediate A1UE-9 leading to A1UE-11 (Figure 4.5). 
This is in good agreement with the experiment. Since the reaction efficiency is 
proportional to the diketo-enol tautomerization equilibrium constant (KT).

[65]  
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Figure 4.4 Diketo-enol tautomerization of an ethyl acetoacetate. 
 

Furthermore, we found that urea also involved as a proton mediator in the 
mechanism of this step. Pathways for step III (Condensation with the third partner) 
with and without the extra urea was shown in Figure S7 in Appendix. The initial 
barrier of 19.9 kcal mol-1 (A1E-10) is taking down by 18.0 kcal mol-1 owing to the 
affiliation of the extra urea in four components step (A1UE10). Even though, this 
would be only 1.9 kcal mol-1 lower than the TS without an additional urea, the 
product of this step is stabilized by the extra urea. To sum up, while the second urea 
is not directly involved in the condensation step, it stabilizes the resulting 
intermediate by 12.5 kcal mol-1 because it acts as a strong proton acceptor from the 
EAA fragment.  
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Figure 4.5 The most favorable pathways of Step III and IV (Route A) starting from 
A1UE-7 to DHP. See Figure 4.1 for computational details. The straight dashed line 
shows intermediates that are not connected by IRC. 



 
 

 

53 

[A1-4]+urea
16.8
(3.5)

A1-5
20.8
(6.0)

A1-6
10.4
(-4.5)

N
H

O

NH2Ph

N
H

O

NH2Ph

H2N N
H2

O
N
H

O

NH2Ph

N
H2

H2N

O

N
H2

H2N

O

 
Figure 4.6 C-N bond formation leading to diurea derivative (A1-6). See Figure 4.1 for 
computational details. 

 

Based on the fact that most experiments often used excess urea and the 
reactions seem to depend on the use of urea.[14, 15, 60, 61, 173-175] An optional reaction 
pathway including the second urea was considered. The authors also investigated the 
biureide-based reaction pathway leading to A1E-11. According to ESI-MS analyses,[64] 
a diurea derivative A1-6, which results in a BA and two urea molecules has been 
monitored. We found that a biureide intermediate A1-6 itself and its formation TS 
(A1-5) were not too high in term of free energy (10.4 and 20.8 kcal mol-1, 
respectively). Consequently, it was not astonished that ESI-MS could observe this 
intermediate. Nevertheless, to form A1E-11, the reaction required huge energy 
around 36.7 kcal mol-1 in term of free energy to overcome the barrier. This is too 
high when compared to A1UE-10, which demonstrated that the biureide-based 
pathway is not satisfactory. Therefore, the final product DHP cannot be formed from 
A1-6, even though the formation of an intermediate A1-6 is ergodically possible. This 
suggests that the reaction that passing through a diurea derivative (A1-6) cannot 
transform to the final product DHP without going back to A1-4. Thus, the more 
preferable pathway is the direct condensation between the dehydrated intermediate 
to the enolic form of EAA promoted by an extra urea (A1UE-10). 

 

4.1.1.4 Step IV: Transformation into DHP 

The transformation into DHP starting from A1UE-11 consists of many substeps as 
shown in Figure 4.5. Cyclization firstly takes place that is followed by proton transfer 
from the second urea to the enol part. Then, the dehydration and deprotonation by 
the extra urea bring about the final product DHP. The rate determining step (RDS) of 
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Route A is the cyclization step (A1UE-12), since it has the highest barrier is the 21.5 
kcal mol-1. The RDS of this route is different from the previous study which proposed 
that the RDS is the condensation step.[64] Until recently, there is no study that finely 
determined every steps of the reaction in details including the cyclization step for 
the three main routes. Most of the reports just only focused on C-N (step I) and C-C 
(step III) bond formation.  

Besides, the pathway of step IV with EtOH as a catalyst was investigated. The 
RDS is also the cyclization step ([A1E-12]+EtOH) but its barrier of 28.2 kcal mol-1 can 
be lowered by 23.7 kcal mol-1 when removing EtOH. Therefore, step IV which using 
EtOH is not pleasing. In this case, the extra urea can reduce the barrier heights 
dramatically in every substeps of this pathway. For the cyclization step, without any 
catalyst the barrier is changed from 28.2 kcal mol-1 and 23.7 kcal mol-1, respectively, 
to only 21.5 kcal mol-1. This demonstrates that the cyclization step, A1UE-12 is 
modestly stabilized by an additional urea (Figure 4.5), as the cyclization TS with the 
second urea, A1UE-12, is 2.2 kcal mol-1 lower than that of A1E-12. Likewise, the 
second urea is utilized to accomplish the proton transfer and dehydration steps. 
Moreover, the concerted pathway starting from A1UE-12’ leading to A1UE-15 has 
been examined during AFIR search but it requires a 1.7 kcal mol-1 higher than the 
stepwise pathway. As already mentioned, an extra urea can act as better proton 
donor during proton transfer and dehydration steps than water and ethanol. The TS 
for dehydration with ethanol molecule (A1E-16+EtOH) is 4.7 kcal mol-1 less stable 
than that with an extra urea (A1UE-16). As the results, we can ascribe that the 
additional urea catalyzes Step IV. 
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Figure 4.7 The best overall pathway for Route A. See Figure 4.1 for computational 
details. 
 

4.1.1.5 Overall pathway in Route A 

 Nearly all the steps along the Route A were catalyzed by an extra urea. This 
can explain why an excess of urea is often used experimentally.[14, 15, 60, 61, 173-175] Urea 
directly involves in this reaction as an proficient oraganocatalyst. The result agrees 
with the experiment that the proticity and polarity of the solvent are not critical.[65] 

Furthermore, the RDS of this route is the cyclization step. Because the final product 
(DHP) is not soluble, ∆Gr becomes very small for the reaction. Consequently, the 
reaction will be discussed as irreversible. Also, the higher TS structure (A1UE-12) is 
investigated as the rate-determining step. Nevertheless, the tautomerization of the -
keto ester into the enol needs to occur before this step, which is followed by the C-
C bond formation. This pathway is consistent with experimental fact that an 
enolization of the -keto ester has impact to the efficiency of this reaction.[65]  

To investigate the electronic effects of the aryl group of the aldehyde, an 
electron withdrawing group (EWG, -NO2) or an electron donating group (EDG, -OMe) in 
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para position of the benzaldehyde have been added in all three pathways (See 
Table S2 in Appendix). The RDS barriers are similar regardless of the substituents. 
Therefore, the influence of the aryl ring substitution of the aldehyde is very small. 
This is also consistent with the experimental results.[65]  

 

4.1.2 Route B: Enamine Route 

For Route B, an urea and an EAA were employed for initial condensation and 
each reagent was protonated alternatively. MC-AFIR was utilized to search all 
possible pathways of bimolecular system. At each step of the reaction, the 
additional reagents have been determined to insure the obtained best pathway. All 
AFIR pathways are shown in Figure S11-Figure S14 and Table S3 in Appendix. The 
most favorable pathway in terms of the free energy of the transition state is C-O 
bond formation between these two reagents (B2). However, C-N bond was required 
to produce DHP. The urea and BA were added to B1-3 to form C-N bond based on 
enamine- and iminium-like reaction. (Figure S11) Like those of Route A, they cannot 
occur with the lower barrier than that of pathway B1. The reaction preceded 
stepwise. Consequently, the most reasonable pathway obtained by MC-AFIR search is 
eventually pathway B1. 

The best pathway with four components for Route B at the M06-2x/6-31+G(d) 
level was demonstrated in Figure 4.8. To be consistent with the whole reaction, the 
extra urea and BA were added to pathway B1. We found that the extra urea similarly 
involved in the reactions as a proton donor and proton acceptor, while a BA has only 
solvent role similar to  route A. An extra urea and BA were utilized to stabilize the 
lowest pathway for the initial C-N bond formation, whose energy of the TS, B1UZ-2, 
is 14.8 kcal mol-1. Then, the intermediate B1UZ-3 is dehydrated in a two-steps 
process which promoted by the second urea as well.   
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Figure 4.8 The best pathway for Route B. See Figure 4.1 for computational details. 
 

As shown in Figure S13 and Table S3 in Appendix, the energy of the TS (21.4 
kcal mol-1) is lower than the same step that catalyzed by other components. For 
dehydration step, several catalysts H2O, EtOH, EtOH+EtOHH+ and urea, have been 
considered. The barrier differences for utilizing each catalyst were also calculated. 
We found that the dehydration assisted by urea is the most favorable pathway due 
to the entropy effect, the barrier of the dehydration assisted by urea and BA is 1.7 
kcal mol-1 higher than that using only urea in term of free energy but lower by 7.6 
kcal mol-1 for energies with ZPE correction. As the results, the dehydration step with 
four components is considered since it is consistent and facile when compare the 
whole reaction. 

Pathways for step III (Condensed with the third partner) with and without the 
extra urea were displayed in Figure S14. To precede this step, an intermediate B1-4 
must be tautomerized into enolic form. The initial barrier of 26.9 kcal mol-1 (B1Z-10) 
was lowered by 18.2 kcal mol-1 with the participation of the extra urea in the four 
components step (B1UZ-10). After that, this resulting intermediate is tautomerized to 
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the enamine B1UZ-9, followed by the C-C bond formation, which takes place with 
18.2 kcal mol-1 activation barrier leading to B1UZ-11. Transformation into DHP 
starting from B1UZ-11 initially commenced with proton transfer followed by 
dehydration, cyclization and deprotonation, respectively. (Figure 4.8) The second 
urea activates the BA during this process. The activation energy without the extra 
urea is 8.7 kcal mol-1 higher. The successive dehydration step is supported by an 
extra urea to form B1UZ-16. Like those in Route A, the RDS of Route B is the 
cyclization step (B1UZ-17) with the barrier of 31.2 kcal mol-1. To promote the 
cyclization step, several catalysts and conformations were examined. The lowest 
transition state structure concerned to an extra urea was shown in Figure 4.8. To 
provide B1UZ-18, the nucleophilicity of the nitrogen involved in the C-N bond 
formation was increased by an additional urea. Lastly, the anticipated product, DHP 
can be acquired. 

Moreover, the pathway of step IV using EtOH as a catalyst was examined. 
(Figure S15) The RDS is also at cyclization steps ([B1Z-17]+EtOH). Its barrier of 38.2 
kcal mol-1 can be decreased by 33.4 kcal mol-1 by removing EtOH. Thus, step IV with 
using EtOH was not satisfactory. Herein, the extra urea can also change the barrier 
heights dramatically, for cyclization process with and without catalyst, i.e. from 38.2 
and 33.4 kcal mol-1, respectively, to only 31.2 kcal mol-1. 

. 

4.1.3 Route C: Knoevenagel Route 

For Route C, a BA and an EAA were handled for the first condensation. All 
possible pathways of bimolecular system were searched by MC-AFIR and 
summarized in Appendix. In the same way to Route A and B, the most favorable 
pathways in terms of the free energy of the transition state was C-O bond formation 
(C2). In this case, C-C bond must be form to produce the product DHP but the 
barrier of C-C bond formation (C1-2) is much higher than C-N bond formation in 
Route A (A1-2) and Route B (B1-2). Despite the C-C bond formation between BA and 
an EAA was not satisfactory, the urea was added to C2-3 based on enamine- and 
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iminium-like reaction. The obtained barrier is much higher than than that of pathway 
A1 and B1. However, we already knew that the extra urea can act as proton donor 
and acceptor and it was add to pathway C1. With a similar approach to the one used 
in route A and B, the best path with four components for Route C at the M06-2x/6-
31+G(d) level was demonstrated in Figure 4.9. To be consistent with the whole 
reaction, two molecules of urea were added to pathway C1. We found that the first 
urea can catalyze pathway C1 while the second urea only act as a solvent. The two 
molecules of urea can change the barrier heights dramatically, i.e. from 27.3 to only 
23.4 kcal mol-1. This suggests that the most favorable four-component pathway 
directing to the C-C bond formation step is passing through TS C1UU-2, with a 23.4 
kcal mol-1 activation barrier. As results, Route C is still challenged. 

For dehydration step, several catalysts such as H2O, EtOH, EtOH+EtOHH+ and 
urea have been considered. Activation energy differences for utilizing each catalyst 
were also discussed. We found the dehydration assisting by urea is the most 
favorable pathways among others. The energy of the reaction is raised when the 
solvent molecules (EtOH) or two urea molecules are employed. The barrier of 
dehydration assisting by two molecules of urea is 2.4 kcal mol-1 higher than that by 
only one urea for free energy but is lower by 10.8 kcal mol-1 for energy with ZPE 
correction. This is due to entropy effects similary to Route B. Herein; the dehydration 
step with four components is showed. 

Based on whole mechanism of Route C, the RDS is the dehydration of step II 
(C1UU-6) with barrier height around 28.0 kcal mol-1. The RDS of this route is totally 
different from that of Route A and Route B. (See Figure 4.9) In this case, a concerted 
pathway starting from C1UU-5 to C1UU-9, which is through TS C1UU-6’ was 
investigated, but the higher barrier (32.8 kcal mol-1) was observed.  
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Figure 4.9 The best pathway for Route C (Step I-IV) leading to A1UE-11.  See Figure 
4.1 for computational details. 

 

Pathways for step III (Condensation with the third partner) with and without 
the extra urea were displayed in Figure S20 in Appendix. The barrier of 31.8 kcal mol-
1 (C1U-10) was lowered by 23.6 kcal mol-1 by the participation of the extra urea in 
four-component step (C1UU-10). We found that the resulting intermediate C1UU-11 
can tautomerize to A1UE-11. It is a common intermediate with Route A, thus the 
following step, the cyclization and dehydration steps, were already regarded in 
section 4.1.1.  

 

4.1.4 Comparison among all routes 

The AFIR method has been applied to investigate reaction mechanism of 
Biginelli reaction based on three previously proposed mechanisms (routes):  Route A 
(Iminium Route), Route B (Enamine Route), and Route C (Knoevenagel Route). No 
new route was discovered. However, the association of the extra urea was found to 
be the key to lower the activation barriers for nearly all the steps. The most 
favorable four-component pathways for Routes A, B, and, C were demonstrated in 
Figure 4.7, Figure 4.8, and Figure 4.9, respectively. Also, they all are united and 
compared systematically in Figure S21 in the Appendix. As the two first steps, Route 
A and B are competitive. One can remark that the dehydration step of an 
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intermediate B1UZ-3 is much higher than that in Route A, while Route B has the 
lowest TS in term of free energy for this first step. The RDS, which is the highest point 
on the reaction mechanism, was recapitulated in Table 4.1. For Route B and Route 
C, the reaction barrier is 6.5 and 9.7 kcal mol-1 higher than that of Route A, 
respectively. It is noteworthy to mention that the RDSs are different from those 
proposed in the previous studies. In this research, we can mention that the lowest 
reactant complex is conjoint for all the routes A, B, and C. Consequently, we can 
consider about the rate relied on ∆G‡ of the TSs. 

 

Table 4.1 The energies (in kcal mol-1) of the transition states of  
the rate-determining step for the different routes. 

Route: Rate-Determining Step ∆G‡ 

Route A: Cyclization/C-N bond formation (A1UE-12) 21.5 

Route B: Cyclization/C-N bond formation (B1UZ-17) 31.2 

Route C: Dehydration step/C-O bond breaking (C1UU-6) 28.0 

 

4.1.5 Solvent effects 

 As already referred to the previous studied, the protic and aprotic solvents 
provided the similar yield, disrespect to their different polarity and proticity.[65] As 
discussed in the previous section, while the solvent molecule such as EtOH does not 
directly involved in the reaction, urea is more significant for overall proton transfers. 
The optimized pathways from all three main routes were re-optimized in toluene to 
ensure that the similar mechanism can proceed in both protic and aprotic solvent. 
(See Figure S22-Figure S24 and Table S5). The intermediates and TS structures 
obtained in ethanol are similar to the ones obtained in toluene. In this case, we can 
also considered about the rate determining step based on ∆G‡ of the TSs, since the 
lowest reactant is the same for all the Routes A, B, and C. Route A is the best 
pathway. Route B and C is 9.6 and 1.8 kcal mol-1 higher in energy than Route A, 
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respectively. Although, different from proposed in solvent ethanol C-N bond 
formation (step III) becomes the RDS of Route C, the RDSs still related to the 
cyclization step for Routes A and B. Thus, the conclusion remains the same. 
Therefore, reaction behaves in protic and aprotic solvent in the same way. Since the 
minimum energetic pathway (especially in the dehydration steps) does not 
concerned to the proticity of the solvent. The barrier of 21.5 kcal mol-1 calculated in 
ethanol for Route A, is close to 22.0 kcal mol-1 calculated in toluene. This result is in 
good agreement with the experimental results[65] and it can be summarized that a 
similar mechanism is followed in protic and aprotic solvent. 

 

4.2 Glucose to 5-Hydroxymethylfurfural transformation 

 First, the isomerization of glucose (Glu) to fructose (Fruc) through the cyclic 
and open chain mechanism was studied. Then, the fructose dehydration leading to 
HMF was investigated. The whole mechanisms of glucose transformation leading to 
HMF including essential transition states and intermediates were shown in Figure 1.3. 

 

4.2.1 Glucose isomerization into Fructose 

4.2.1.1 Cyclic mechanism 

The intramolecular hydrogen bonding of GLU was found to be dominant in 
gas phase. The bond distances between atoms in water are almost the same with 
those in IL phase, but the orientation of some groups are different. Figure 4.10 
displayed optimized geometries of acid-catalyzed glucose isomerization in ILs, the so-
called 1-methyl-3-methylimidazolium ([MMIM]Cl), following cyclic mechanism. The 
cyclic mechanism is started by protonation on the O2 site of Glu to form Cy1. After 
protonation, the hydroxyl group becomes a good leaving group, which leads the 
bond formation between C2 and ether oxygen atom, producing furanose ring and a 
water molecule. The bond distance between C2-O2 is elongated from 1.421 Å to 
1.506 Å. Interestingly, the bond distance between C2 and an ether oxygen atom O5 
is decreased (1.771 Å), while C2-O2 bond is increased (2.319 Å). As a result, the bond 
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between C2 and ether oxygen atom (O5) was formed. Due to the sp2 character of 
structure Cy2, high energies were demanded for the direct rotations along the C1-OH. 
Thus, this drives to form structure Cy3 by deprotonation at O1–H group.[118] The 
torsion angle (O5–C2–C1–O1) of Cy3 changes from 123.73 to 7.89 (for Cy4) due to 
rotation of the molecule, followed by protonation at O1 site leading to Cy5. Then, 
TSCy5-Cy6 confirms the hydride-shift (Cy5Cy6) between carbocation C2 and C1. The 
bond distances between H atom, C1 and C2 become C1–H=1.38 Å and C2–H=1.34 Å. 
To form Cy7, carbocation C2 of Cy6 is added a water molecule, followed by 
deprotonation of protonated fructose Cy7 at O2 site to produce Fruc. 

 

 
Figure 4.10 Optimized geometries of the intermediates during the glucose 
isomerization into fructose via cyclic mechanism in [MMIM]Cl (1 atm, 353.15 K.). The 
selected bond lengths and angles are given in unit of Angstrom and degree 
respectively. The labels for carbon and oxygen atoms are given for glucose and the 
important sites for each intermediate. 
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4.2.1.2 Open chain mechanism 

 The optimized geometries structures of acid-catalyzed glucose isomerization 
in [MMIM]Cl following open chain mechanism were shown in Figure 4.11. We found 
that the intramolecular hydrogen bonding is dominant in gas phase. The distance 
between atom almost same but the orientation of some groups are different. 
Likewise, the reaction mechanisms via open-chain mechanism was similar in water 
and [MMIM]Cl. Even so, the acid and base of reaction in water are H3O

+ and H2O, but 
HCl and Cl anion in [MMIM]Cl. The protonation of the ether oxygen atom in Glu was 
firstly initiated, followed by deprotonation at the O1 group, leading to the aldose 
form of glucose (Op2). Since the direct bond breaking between C1 and O5 requires 
high energy around 25 kcal mol-1 to overcome barrier,[117] deprotonation reaction 
needs to occur. The bond distance of C1-O5 in Op1 and Op2 enlarges from 1.602 Å 
to 2.618 Å. Op2 can lead to Op3 by some rotations along C-C bonds, which totally 
looks like a chain. Due to these rotations, the bond between O5 and C1 is elongated 
to 5.351 Å. Op4’ results in the complex between Op3 and HCl in [MMIM]Cl with the 
O1–H distance is 1.622 Å. The structure Op4’is sequentially deprotonated and 
protonated leading to Op5 and Op6’. In this case, C2 in Op4’ is deprotonated by the 
chloride anion. Then, the double bond between C1 and C2 in Op5 is formed with 
1.338 Å bond distance. The complex Op6’, with the distance between H and Cl of 
1.704 Å, is generated from TSOp5-Op6, which is the reaction of proton transfer between 
the HCl and C1. Additionally, to close the chain, the bond distance between C2 and 
O5 in Op8 becomes shorter to 3.07 Å. To obtain Op9, which is fructose protonated 
at oxygen atoms of ether linkage, the carbonyl group of the ketone (O2) is 
protonated. Eventually, O5 site of Op9 is deprotonate to manufacture Fruc. 
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Figure 4.11 Optimized geometries of the intermediates during the glucose 
isomerization into fructose via open chain mechanism in [MMIM]Cl (1 atm, 353.15 K). 
The selected bond lengths are given in unit of Angstrom. 

 

4.2.1.3 Comparison 

 The geometries structure of acid-catalyzed glucose isomerization optimized in 
water for acid-catalyzed isomerization of Glu to Fruc following the cyclic and the 
open chain mechanisms were demonstrated in (Figure S25 and Figure S26)Figure 
S28. We found that the TS structures in each step both in water and [MMIM]Cl are 
similar, despite the difference in the form of acid-base, which are H3O

+-H2O and HCl-
HCl2

- for water and [MMIM]Cl, respectively. The spontaneous formation of HCl2
- from 

HCl and Cl in ILs can take place.[176-181] The formation of HCl2
- from HCl and Cl was 

found to be an exothermic reaction by 6.3 kcal mol-1.  

 The free energy profile of isomerization between glucose and fructose in 
[MMIM]Cl and water following the cyclic mechanism are shown in Figure 4.12 (a). 
The activation barrier of this process (Cy1TSCy1-Cy2) are 36.9 kcal mol-1 and 23.8 kcal 
mol-1 for reaction in [MMIM]Cl and water, respectively. The rotation barrier between 
C1-C2 bond (Cy3Cy4) are 2.4 and 4.6 kcal mol-1 in [MMIM]Cl and water, 
respectively. Moreover, barriers for hydride shift (Cy5Cy6) are 34.9 and 22.2 kcal 
mol-1 in [MMIM]Cl and water, respectively.  
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Figure 4.12 Free energy profile of glucose isomerization to fructose via (a) cyclic and 
(b) open chain mechanisms. Orange line shows the free energy changes in [MMIM]Cl 
at (1 atm, 353.15 K) condition. Blue line shows the free energy changes in water at 
(10 MPa, 473.15 K) condition. All values are reported in kcal mol-1. 
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  The free energy profile of glucose isomerization to fructose in [MMIM]Cl and 
water following the open chain mechanism are demonstrated in Figure 4.12 (b). 
Protonation of Glu to Cy1 in [MMIM]Cl and water demands lower energies around 
2.5 kcal mol-1 than to Op1. However, intermediates with cyclic forms, e.g. Op2, Op3, 
Op5, Op7, and Op8, are more stable in [MMIM]Cl rather than in water. In addition, 
Op4 and Op6 can stabilize positively charge molecules using chloride anion in 
[MMIM]Cl by around 14 kcal mol-1 obtaining complex Op4’ and Op6’. The rate-
determining step in [MMIM]Cl is the protonation step of Op5 with 32.4 kcal mol-1 
activation free energy. 

 For overall reaction of glucose-fructose isomerization (GluFruc), the barrier 
of isomerization in [MMIM]Cl via open chain mechanism are 4.5 kcal mol-1 lower than 
the cyclic mechanism. On the other hand, the cyclic mechanism is favorable by 8.7 
kcal mol-1 in water lower than those in open chain mechanism. Therefore, open 
chain mechanism is preferable mechanism for glucose-fructose transformation in 
[MMIM]Cl, whereas cyclic mechanism is the more favorable pathway in acidic 
aqueous solutions. 

 

4.2.2 Fructose dehydration into HMF 

The fructose transformation to HMF in water has been proposed by Antal et 
al., which could take place via a cyclic mechanism.[78] Furthermore, this mechanism 
has been theoretically studied at G4MP2-B3LYP/6-31G(d,p) levels of theory and SMD 
solvation model by Assary et al.[80] Likewise, Yang et al. at have also examined using 
similar level of thoery ( G4MP2-B3LYP/6-311+G(d,p)) but employed PCM and COSMO 
solvation model.[85] Nevertheless, it is still interesting and challenging to elucidate the 
mechanism for fructose to HMF transformation. Since the essential TSs among 
intermediates during this mechanism have not yet been considered, in this section, 
the vital TSs of dehydration step in [MMIM]Cl are investigated. 
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Figure 4.13 Geometry changes during the fructose transformation into HMF via cyclic 
mechanism in [MMIM]Cl at 1 atm, 353.15 K. It is started from TSCy6-Fh1. The selected 
bond lengths are given in unit of Angstrom. 
 

The sequential progression of protonation, dehydration, and deprotonation 
reactions is supposed for the fructose dehydration to HMF (FrucHMF). Firstly, the 
reaction takes place in the reverse direction of glucose isomerization into fructose 
starting from Fruc to Cy6 following the cyclic mechanism, followed by the 
deprotonation of C1 of Cy6 to form Fh1. Figure 4.13 demonstrated the optimized 
structures starting from TScy6-Fh1 and important transition states in [MMIM]Cl. Then, 
Fh2 is created by the protonation at C3-OH, so that the leaving OH2 group can be 
formed. This result is in the longer bond distance of C3-O3 by 0.1 Å. For  the 
transition state of the dehydration reaction Fh2Fh3+H2O (TSFh2-Fh3), the distance of 
C3-O3 is 1.980 Å. Fh3 is deprotonated at C1-OH to form Fh4 which was detected as a 
stable intermediate from experiments.[207, 208] Then, Fh4 is protonated at the C4-
OH and water leaves. The dehydration of Fh5 takes place through TSFh5-Fh6, which 
makes the bond distance between C3 and C4 become smaller (1.1 Å). Finally, the 
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final product, namely HMF, is formed by the deprotonation at C5 site of Fh6. 
Additionally; optimized structures of fructose dehydration in water were obtained 
and given in Appendix. 

The energy profile of the fructose dehydration to HMF in [MMIM]Cl and water 
were displayed in Figure 4.14. The dehydration step Cy7TSCy6-Cy7 only demands 4.9 
kcal mol-1 in water, while FrucTSCy6-Cy7 desires 18.4 kcal mol-1 in [MMIM]Cl 

 

 
Figure 4.14 Free energy profile of fructose transformation into HMF. Orange line 
shows the free energy changes in [MMIM]Cl at (1 atm, 353.15 K) condition. Blue line 
shows the free energy changes in water at (10 MPa, 473.15 K) condition.  All values 
are reported in kcal mol-1. 
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 Hence, other dehydration steps in water were not calculated. The 6.7 and 
15.9 kcal mol-1 have been required for deprotonation reactions of C1 from Cy6 in 
[MMIM]Cl and water, respectively. The activation barrier of the second and the third 
dehydration process in [MMIM]Cl are 19.5 and 4.9 kcal mol-1, respectively. Thus, the 
RDS for the conversion of fructose to HMF is TScy6-Fh1 for both [MMIM]Cl and water, 
which required 21.5 and 17.9 kcal mol-1 activation barrier, respectively. As the results, 
the isomerization to fructose becomes the RDS of overall pathway starting from 
glucose and leading to HMF eventually. 

 

4.2.3 Energy decomposition analysis  

In the following section, the RDS for whole reaction pathways of Glu leading 
to HMF in ILs, TSOp5-Op6’, was finely examined. The free energy changes (∆∆G) can be 
decomposed as follows: 

 

∆∆G = ∆Eu + ∆Gcoor + ∆∆   (Eq. 4.1) 
 

where ∆Eu is related to the electronic energy changes of solute, ∆Gcoor is the 
difference of thermal correction to the free energy, and ∆∆ is the change on the 
solvation free energy. For the GluTSOp5-Op6’ reaction, we found that ∆Eu, ∆Gcoor, 

and ∆∆ are 33.0, 7.2, and -7.8 kcal mol-1 respectively. Hence, it is suggested that 
the solvation effect is essentially to decrease the free energy barrier in ILs. 

For RISM calculation, the sum of the value from each atomic site  was 
computed for solvation free energy of the solute molecules.[152, 182, 183]  

 

    ∑    

    

 

 

  (Eq. 4.2) 
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Table 4.2 The change of solvation free energy on each site. 
Atomic label[a] ∆∆ 

Main -6.9 

H 7.3 

Cl -8.2 

[a] The definition of labels is given in Figure 4.15. 

*Energies are given in kcal mol-1. 

 

 

 
Figure 4.15 Definition of atomic labels (Main, H, Cl) for the contribution to the 
solvation free energy. The regions surrounded by the red line are represented as 
‘Main’. 

 

Table 4.2 demonstrates the contribution of each site to the change of 
solvation free energy ∆∆. The analysis obviously shows that the chain form of Glu 
is greatly stabilized by [MMIM]Cl, in contrast to the cyclic form, by 6.9 kcal mol -1.  As 
well, it is noteworthy that the Cl sites is the main stabilization of TSOp5-Op6’. 

The solvent effect is clarified by the microscopic interaction between solute 
and solvents demonstrated in the RDFs. Figure 4.16 (a) displays the RDFs for the 
interactions between Cl and solvent sites. There are two peaks of RDFs located at 3.7 
Å for the Cl site in free HCl located at 3.7 Å with the largely positive site of [MMIM]+ 
(CRv site), followed by less intense peak at 5.7 Å. The peaks profile of free HCl are 
not so much different with CRv-Cl in TSOp5-Op6’. However, the RDFs of the free HCl 
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and TSOp5-Op6’ is totally different for the Cl with the Cl- anion of solvent (Clv). The first 
peak of ClHCl-Clv at 4.0 Å shows that it is very intense, which corresponding to the first 
solvation peak of HHCl with Clv. Nevertheless, the peak of Cl site in TSOp5-Op6’ (at 4.0 Å) 
is very low compare to free HCl. This suggests the lower repulsive interactions 
between hydrogen site of solute and the chloride anions in solvent, as this peak 
shows the direct contact. In addition,  cations and anions around free HCl and TSOp5-

Op6’ can be proposed in Figure 4.16 (b). The hydrogen sites of hydroxyl groups in 
TSOp5-Op6’ were distributed by chloride anions. This make the peak was rosen up at 
larger distances. To sum up, the Cl site in TSOp5-Op6’ was stabilized by the chloride 
anions as weaker repulsive interactions. 

 

 
Figure 4.16 (a) RDFs between Cl sites in HCl and TSOp5-Op6’. Inset on shows the 
interactions of the solute sites with Clv and CRv sites. (b) Schematic figure of cations 
and anions around free HCl and TSOp5-Op6’. 
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CHAPTER V CONCLUSION 

Theoretical investigation by means of DFT calculation was utilized to clarify 
the reaction mechanisms of the organic reactions. In this thesis, the two of essential 
organic reactions have been focused: 1) the Biginelli reaction and 2) the glucose 
transformation to 5-HMF.  

Three possible routes of Biginelli reaction, iminium route (route A), enamime 
route (route B), and Knovenagel route (route C) of benzaldehyde, urea and ethyl 
acetoacetate were searched by means of AFIR. The route A was found to be the 
lowest energy pathways. The rate-deterrmining step for this route is the C-N bond 
formations during the cyclization step with a 21.5 kcal mol-1 activation barrier, in 
contrary to the common knowledge.[64] For the route B, the rate-determining step is 
still the cyclization step. However, the barrier for its RDS was found to be almost 10 
kcal mol-1 higher in energy than that in Route A. The C-O bond breaking in the 
dehydration step was predicted as the RDS for route C. With the barrier of almost 6.5 
kcal mol-1 higher in energy than that of route A. Thus, the route A was found to be 
the lowest energy pathway for the Biginelli reaction.  

It is noteworthy to observe that all steps are catalyzed by the presence of an 
extra urea. Surprisingly, an extra urea is directly involved in this reaction by reserving 
proton and stabilizing Lewis acid. Also, it insures all proton transfer during the 
dehydration steps. This suggests that an extra urea acts as organocatalyst in the 
Biginelli reaction. This results explains why similar yields were obtained 
experimentally when a protic polar solvent, such as ethanol, or an aprotic and non-
polar solvent such as toluene is used. This is consistent with the experimental fact 
that an excess of urea is often used experimentally.[14, 15, 60, 61, 173-175]  

Regarding to small variance in the reaction barrier, It is possible that the most 
favorable pathway might be changed with very bulky substituents due to the close 
contact among reactants. Therefore, to determine Biginelli reactions with different 
catalysts and substituents would be advertent and challenging topics. 
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For the glucose transformation to 5-HMF, the combination of RISM and 
quantum mechanical calculation, the so-called RISM-SCF-SEDD, have been applied in 
acidic aqueous and ILs solutions. In water, by the cyclic mechanism is the most 
favourable pathway for glucose isomerization, with a 23.8 kcal mol-1 activation free 
energy (GluTSCy1-Cy2) as compared to the barrier of 32.5 kcal mol-1 for the open 
chain mechanism. On the other hand, the open chain mechanism becomes more 
favourable in IL with a 32.4 kcal mol-1 activation barrier (GluTSOp5-Op6’) whereas the 
barrier of the cyclic mechanism is 36.9 kcal mol-1. For the fructose conversion to 
HMF, the rate-determining step is the deprotonation at C1 (TSCy6-Fh1). The activation 
barriers were found to be 21.5 kcal mol-1 and 17.9 kcal mol-1, in ILs and water, 
respectively. Although, the free energies for the reactions in IL are higher than in 
acidic aqueous solvent, the various side reactions often occur in the reaction in 
water. This is the major disadvantage which rises up the cost of product 
purification.[78, 184] Thus, it is necessary to determine these reactions in near future. 

In addition, the detail of solvent effect carried out by RISM-SCF-SEDD can 
suggest both short-range and long-range solvent-solute interaction, the information 
that cannot be earned from the continuum model. The decomposition of free 
energy was utilized to analyse the solvent effect. Moreover, we could assign the 
contribution to solvation free energy of each site or group by RDFs with RISM-SCF-
SEDD. The contribution of solvation free energy change in IL was elucidated and 
found that it gives large contribution to reduce the free energy barrier. The solvation 
structures demonstrate that the weak repulsive interactions by the chloride anions in 
ILs bring about the stabilization of Cl site in TSOp5-Op6’. Albeit, the reaction 
mechanism in other solvents and even the use of metal catalyst have not been 
discussed.  We hope that the results of this research would provide a deeper insight 
and notions on reactions of glucose transformation to 5-hydroxymethylfurfural in the 
acidic condition. 
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Figure S1 Proton Affinity (Gibbs free energy in kcal mol-1) in PCM ethanol with 
respect to H3O

+ at the M06-2X/6-31+G(d) level. 
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Figure S2 Detailed mechanism with a second urea (in red circle) to the intermediate 
A2-3 and leading to product A1-3. Gibbs free energies (P=1 atm, T=298.15 K) 
(energies with ZPE correction in parentheses), in kcal mol-1 relative to individual 
reactants, were obtained at the M06-2X/6-31+G(d) level in PCM (ethanol). 
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Figure S3 The obtained three-component pathways for Step I (C-N bond formation) 
with an extra urea and benzaldehyde for Route A. See Figure S2 for computational 
details. 
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Figure S4 The obtained three-component pathways for Step I (C-N bond formation) 
with an extra ethyl acetoacetate  for Route A. See Figure S2 for computational 
details. 
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Figure S5 Pathways for Step I (C-N bond formation) with four components for Route 
A. See Figure S2 for computational details. 
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Figure S6 Detailed mechanism of Step II (Dehydration) of Route A with different 
catalysts. See Figure S2 for computational details. 
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Table S1 Activation energy difference of Step II (Dehydration) of Route A with 
different catalysts at the M06-2X/6-31+G(d) level. All energies are relative to the 
activation energy of reaction using urea+ ethyl acetoacetate (EAA) as catalysts. 

 

Catalyst 
∆∆G 

(kcal mol-1) 

∆∆(E+ZPE) 

(kcal mol-1) 

H2O 7.3 20.2 

EtOH 4.9 16.9 

2EtOH 4.7 5.5 

EtOH+EtOHH+ 30.4 30.5 

urea 0.8 13.2 

urea+EAA 0.0 0.0 
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Figure S7 Pathways for Step III (Bond formation with ethyl acetoacetate) with three 
and four components for Route A. See Figure S2 for computational details. 
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Figure S8 Detailed mechanism for Step III (C-C bond formation) passing through a 
diurea derivative (A1-6) leading to product A1E-11. See Figure S2 for computational 
details. 
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Figure S9 Gibbs Free energy profiles for Step IV (Route A) in ethanol. See Figure S2 
for computational details. 
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Figure S10 Additional concerted pathway of cyclization step for Route A from A1UE-
11’ to A1UE-15’ which does not go through A1UE-13. See Figure S2 for 
computational details. 

 

Table S2 The energies (in kcal mol-1) of the transition states of the rate-determining 
step for the different routes with para-substitution on aryl ring of benzaldehyde, 
were obtained at the M06-2X/6-31+G(d) level in PCM ethanol. 

 

Route: Rate-Determining Step Para-substitution 
on aryl ring 

∆G‡ 

Route A: Cyclization/C-N bond formation (A1UE-12) W/O 21.5 

 NO2 23.0 

 OMe 23.1 

Route B: Cyclization/C-N bond formation (B1UZ-17) W/O 31.2 

 NO2 33.7 

 OMe 29.2 

Route C: C-N bond formation (C1UU-6) W/O 28.0 

 NO2 28.3 

 OMe 29.0 
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Figure S11 All obtained initial association pathways for Route B.  See Figure S2 for 
computational details. 
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Figure S12 Detailed mechanism with an additional urea (in red circle) and 
benzaldehyde (BA) (in blue circle) to the intermediate B2-3 and leading to product 
B1-3. See Figure S2 for computational details. 
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Figure S13 Detailed mechanism for Step II (Dehydration) of Route B with different 
catalysts. See Figure S2 for computational details. 
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Table S3 Activation energy difference for Step II (Dehydration) of Route B with 
different catalysts at the M06-2X/6-31+G(d) level.  All energies are relative to the 
activation energy of reaction using urea as a catalyst.  

 

Catalyst 
∆∆G 

(kcal mol-1) 

∆∆ (E+ZPE) 

(kcal mol-1) 

H2O 4.1 6.5 

EtOH 4.1 4.5 

2EtOH 6.4 4.8 

EtOH+EtOHH+ 19.0 8.2 

urea 0.0 0.0 

urea+BA 1.7 -7.6 
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Figure S14 Pathways for Step III (Bond formation with benzaldehyde) with three and 
four components for Route B.  See Figure S2 for computational details. 
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Figure S15 Gibbs Free energy profiles for Step IV (Route B) in ethanol.  See Figure S2 
for computational details. 
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Figure S16 All obtained initial association pathways for Route C. See Figure S2 for 
computational details 
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Figure S17 Detailed mechanism of adding a second urea (in red circle) to the 
intermediate C2-3 leading to product C1-3. See Figure S2 for computational details. 
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Figure S18 Detailed mechanism of Step II (Dehydration) of Route C with different 
catalysts.  See Figure S2 for computational details. 
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Table S4 Activation energy difference of Step II (Dehydration) of Route C with 
different catalysts at M06-2X/6-31+G(d) level. All energies are relative to the 
activation energy of reaction using urea as a catalyst. 

 

Catalyst 
∆∆G 

(kcal mol-1) 

∆∆(E+ZPE) 

(kcal mol-1) 

H2O 7.3 7.3 

EtOH 3.8 3.1 

2EtOH 9.2 3.2 

EtOH+EtOHH+ 27.4 12.1 

urea 0.0 0.0 

2urea 2.4 -10.8 
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Figure S19 Additional concerted pathway of dehydration step for Route C from 
C1UU-5’ to C1UU-9’ which does not go through C1UU-7. See Figure S2 for 
computational details. 
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Figure S20 Pathways for Step III (Bond formation with urea) with three and four 
components for Route C. See Figure S2 for computational details. 
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Figure S21 Free energy profiles of three main routes: Route A in blue, Route B in 
pink and Route C in green See Figure S2 for computational details. 
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Figure S22 Free energy profiles of overall reaction for route A with four components 
at the M06-2x/6-31+G(d) level. Reactions in EtOH and toluene were demonstrated in 
blue line and orange line, respectively.  

 

 



 
 

 

114 

A1UE-2-T
-1.2

(-36.8)

A1UE-4-T
-9.2

(-47.9)

A1UE-1-T
-10.3

(-44.8)

Dissoc.
Channel

0.00
(0.00)

A1UE-3-T
-9.1

(-47.0)

A1UE-6-T
4.1

(-33.4)

A1UE-5-T
-9.3

(-47.0)

A1UE-7-T
-8.5

(-44.9)

G
(E+ZPVE)

Step II

Proton transfer + Dehydration

Step I

C-N bond formation

A1U-2-T
6.0

(-15.9)

A1U-4-T
-1.9

(-26.5)

A1U-1-T
-12.4

(-34.7)

A1U-3-T
-2.3

(-26.1)

A1U-6-T
8.4

(-15.3)

A1U-5-T
-8.1

(-32.1)

A1U-7-T
-7.7

(-29.2)

Ph N NH2

OO

NH2H2N

O
H

O

EtO

O

HH
Ph N

H
NH2

O

N

O

H2N

H

H

H O

EtO

O

O

H
Ph N N

OOH

N O

NH2

H

H

H

H

H

O

OEt

O

H

Ph N
H2

NH2

OO

NH2H2N

O
H

Ph N N

OOH

N O

NH2

H

H

H

H

HH

Ph N
H

NH2

O

NH2

O

H2N

H

O

H

 
 

Figure S23 Free energy profiles of the most favorable pathways of step I-II (Route A) 
in toluene.  Three- and four components step were demonstrated in pink line and 
blue line, respectively. See Figure S2 for computational details. 
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Figure S24 Free energy profiles of the most favorable pathways of step III-IV (Route 
A) in toluene. Three- and four components step were demonstrated in pink line and 
blue line, respectively.  See Figure S2 for computational details. 

 

Table S5 The energies (in kcal mol-1) of the transition states of the rate-determining 
step for the different routes, were obtained at the M06-2X/6-31+G(d) level in PCM 
toluene. 

Route: Rate-Determining Step ∆G‡ 

Route A: Cyclization/C-N bond formation (A1UE-12-T) 22.0 

Route B: Cyclization/C-N bond formation (B1UZ-17-T) 31.6 

Route C: C-N bond formation (C1UU-10-T) 23.8 

 

 

 

 

Table S6 Lennard-Jones parameters of solvents 
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Figure S25 Geometry changes during the glucose-fructose isomerization via cyclic 
mechanism in water at 10 MPa, 473.15 K. The selected bond lengths are given in unit 
of Angstrom.  

 

Species Site /Å /kcal mol-1 Ref. 

[MMIM]+ 

CR 3.88000 0.10414 

[185] 
CW 3.88000 0.10414 

N 3.25000 0.16692 

Me 3.77500 0.20350 

Cl- Cl 4.41724 0.11800 [186] 

Water 
H 1.00000 0.05600 [155] 

O 3.16600 0.15500 [155] 
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Figure S26 Geometry changes during the glucose-fructose isomerization via open 
chain mechanism in water at 10 MPa, 473.15 K. The selected bond lengths are given 
in unit of Angstrom. 

 

Table S7 Energy difference of Op4’ and Op6’ stabilized by chloride anion in 
[MMIM]Cl 

 

 

 

 

 

 

 

 

 

 

Intermediate ∆∆G 

(kcal mol-1) 

∆∆∆G 

(kcal mol-1) 

Op4 25.81 
14.50 

Op4’ 11.31 

Op6 29.83 
14.40 

Op6’ 15.43 
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Figure S27 Geometry changes Op4 and Op6 stabilized by Cl-  ion (Op4’ and Op6’, 
respectively) in open mechanism in [MMIM]Cl at 1 atm, 373.15 K. The selected bond 
lengths are given in unit of Angstrom. 

 

Figure S28 Geometry changes during the fructose transformation into HMF via cyclic 
mechanism in water at 10 MPa, 473.15 K. The selected bond lengths are given in unit 
of Angstrom. 
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