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1. Introduction 

The field of polymer science emerged to develop new materials for growing civil and 

military needs. It tends to be more interdisciplinary than most sciences, combining chemistry, 

chemical engineering, and other fields as well[1,2]. The first polymers used were natural 

products, especially cotton, starch, proteins, and wool. The first synthetic polymers were made 

early in the twentieth century[3]. In 1937 one of the most special polymer types with versatile 

properties was discovered[4] (Figure 1). This special type of polymer is polyurethane (PU), 

which was developed by Otto Bayer to compete with nylon[5,6]. Bayer’s invention ranks 

among the most important breakthroughs in polymer science. At the beginning of the 1950s, 

researchers were able to use PUs to produce soft foam plastic. In the early 1960s, synthetic PU 

adhesive, PU flexible fiber, and others types were developed [7]. From the mid-1960s to the 

1990s, the development of polyurethanes significantly increased and it became unavoidable in 

many applications[8,9]. In 2018 the PU market reached 59.5 billion USD globally and it is 

expected to grow between 2019 and 2026 by 5.8% CAGR (compound annual growth 

rate)[10,11] (Figure 1). 

 

Figure 1. Timeline of major developments in the history of polyurethane. 

Polyurethane is used in a large array of industries as flexible, and rigid foams, elastomers, 

and thermoplastic materials[12]. Most of the PU types are designed to make life more 

comfortable and products more durable[13,14]. 
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1.1 Polyurethane Chemistry 

Polyurethanes (PU) are a special group of heterochain polymers (Figure 2).  
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Figure 2. Schematic structure of polyurethane. 

Urethane group (-NH-COO-) is formed by the reaction of isocyanate (NCO) and hydroxyl (OH) 

groups[15,16] (Figure 3). 

 

Figure 3. Schematic representation of urethane formation. 

1.1.1 Isocyanates 

Isocyanate is a chemical that contains at least one isocyanate group (-N=C=O) in its structure. 

In PU synthesis two types of isocyanates, aromatic and aliphatic ones are used. Aromatic 

isocyanate is the most common type applied in the PU industry such as toluene diisocyanate (TDI), 

methylene diphenyl diisocyanate (MDI), and their oligomers for increased functionality and cross-

linking. Mostly their application focuses on rigid and thermoset polyurethane[17]. To ultraviolet 

light and outdoor weathering resistance, aliphatic polyisocyanates such as hexamethylene 

diisocyanate (HDI) and hydrogenated MDI (HMDI) can be applied. These are also used in coatings 

as they blend well with pigments, and retain a gloss aspect[18]. However, these aliphatic molecules 

are less reactive and more expansive compared to their aromatic counterparts[19]. 

The reactions between a diisocyanate, a linear long-chain polyol, and a low-molecular-weight chain 

extender will lead to the production of elastomers. The properties of the elastomers are determined 

mainly by the chain structure, the degree of branching of the polymeric intermediate, and the 
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stoichiometric balance of the components. To achieve optimal mechanical strength, the ratio of 

NCO groups compared to OH groups usually has to be kept in the range of 1.0–1.1. As the ratio 

falls below 1.0, the mechanical strength, hardness, and resilience decrease, and elongation and 

compression set to increase very sharply[20]. 

1.1.1.1 Methylene Diphenyl Diisocyanate (MDI)  
 

Methylene diphenyl diisocyanate (MDI) is the generic name of a product used in industrial 

settings. Monomeric 4,4'-MDI is a white to pale yellow solid at room temperature, with a molecular 

weight of 250 (g/mol) (Figure 4). It has a boiling point of >300 °C at 101.3 kPa, and a melting 

point of 39–43 °C, and a vapor pressure of <1 mPa at 20 °C. It has a transient existence in water; 

thus, its water solubility is only notional. However, monomeric MDI is soluble in octane, benzene, 

and kerosene[21]. Although monomeric MDI is also available, but polymeric MDI (pMDI) is the 

primary technical/commercial form of methylene diphenyl diisocyanate, and pMDI is actually a 

mixture that contains 25–80% of monomeric 4,4'-MDI as well as oligomers containing 3–6 rings 

and other minor isomers, such as the 2,2'-MDI (Figure 4). The exact composition of pMDI varies 

with the manufacturer. pMDI is a dark reddish brown liquid with an indefinite melting point around 

0 °C and a vapor pressure of <1 mPa at 20 °C. MDI is highly reactive in the environment or when 

taken up by organisms and is rapidly hydrolysed to form 4,4'-methylenedianiline (MDA), which 

reacts with excess MDI to yield insoluble oligurias and polyureas[22] .  

MDI is used for polyurethane elastomer synthesis which has a wide variety of applications 

(rollers, packing, rubber vibration insulators, synthetic leather, spandex fibers, rubber shoe soles 

etc.). Polymeric MDI is applied to make rigid and flexible foams, foundry resin sand binders, and 

heat insulating materials [22] (Figure 4). 
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Figure 4.  Chemical structure of 4,4'-MDI, and 2,2'-MDI. 

 

1.1.1.2.  Toluene diisocyanate (TDI) 
 

Toluene diisocyanate (TDI) (Figure 5) is one of the most common and most volatile aromatic 

isocyanates used in the production of polyurethane polymers. It is commonly a colorless or pale-

yellow liquid consisting of a mixture of 2,4- and 2,6-TDI isomers which will polymerize readily in 

air (Figure 5). It has a high vapor pressure (3.33Pa at 25 °C; boiling point 115-120 °C) and must 

be strictly controlled to prevent fugitive emission losses to the atmosphere. TDI liquid must be 

managed carefully, because below 8-14 °C, it will begin to freeze, creating special problems in 

outdoor handling activities for much of the year[23]. 

The amine raw materials are generally manufactured by the hydrogenation of the corresponding 

nitro compounds; in this case, toluenediamine (TDA) is synthesized from dinitrotoluene, which 

then converted to toluene diisocyanate (TDI)[24]. 
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Figure 5. Chemical structure of 2,4-TDI, and 2,6-TDI. 

1.1.2 Polyols 

Polyols are the second main components used in polyurethane production. Polyols compose 

the biggest number of starting materials that can be used to design PU. These species are generally 

structures containing two or more hydroxyl groups. This group of molecules can be divided into 

high and low-molecular-weight polyols. If the applied polyol has a high molecular weight, with 

long alkyl segments, flexible or elastic polyurethanes can be created, due to their linear chains 

allowing free rotation accompanied by low functionality and a low degree of cross-linking. While, 

if the applied polyol has a low molecular weight, rigid polyurethanes will be produced. Due to their 

short chains and high functionality an increase in their viscosity will occur which leads to highly 

branched and cross-linked polyurethane[25]. The reactivities are not the same for all hydroxyl 

groups. Primary alcohols react readily at 25–50°C, while the secondary and tertiary alcohols are 

about 0.3 and 0.005 times less reactive than the primary ones, respectively[26]. 

Polyols are very important components of polyesters and polyurethanes. As chain extenders, 

they control to a large extent the mechanical, thermal, and physical property of the polymer and 

can reduce the overall cost[26]. 

Most of the polyols that are used in the production of PUs are derived from petroleum 

feedstock. However, the increasing concern over the environmental impact and the availability of 

petroleum has motivated the development of bio-and renewable raw material-based polymers. 
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Thus, the application of renewable and sustainable chemicals, such as green and bio-based polyols, 

have been increased significantly in the production of PUs[27–29]. 

Thus, there are many reactions involved in polyurethane synthesis such as the reaction of 

isocyanate with alcohols, water, urethane, urea, and carboxylic acid[30,31].  

1.1.3  Reaction of Isocyanates and Alcohols 

The reaction of isocyanate with alcohol is one of the most important reactions in the synthesis 

of polyurethane. This exothermic reaction will lead to the formation of urethane bonds (Figure 

6)[32]. Where the oxygen (nucleophilic) of the alcohol group will react with the carbon (partially 

positive) of the isocyanate group[33]. This leads to the transfer of a proton from the hydroxyl group 

to the nitrogen of the isocyanate group, and thus, urethane bond will be formed[34]. 

 

Figure 6. Possible reactions of isocyanate (NCO) with various reaction partners. 

1.1.4 Reaction of Isocyanate with Water 

The reaction of isocyanate with water is an important sidereaction in urethane formation 

besides the isocyanate-alcohol reaction[35]. The isocyanate-water reaction is more exothermic 

than the reaction with alcohol. In PU synthesis water is commonly used as a blowing agent[36]. 

The reaction between the isocyanate and water will lead to the formation of an intermediate 

carbamic acid which decomposes to form amine and carbon dioxide (CO2)[37]. Then, the 

resulting amine will react with another isocyanate and urea will be generated[38]  (Figure 6).
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1.1.5 Reaction of Isocyanates and Urethane  

The reaction between isocyanate and urethane will lead to the formation of an 

allophanate[39,40]. As the hydrogen atom will be linked to the nitrogen atom, therefore, the 

urethane group can be considered HXR. The formation of allophanate work at high temperature 

(> 110 ºC) and it is a reversible reaction[41] (Figure 6). 

1.1.6 Reaction of Isocyanates and Urea  

Isocyanates can react with urea as well to yield a biuret[42]. The reaction of the isocyanate 

with urea is an equilibrium reaction, similar to the isocyanate-urethane reaction. High 

temperatures (>110 °C) are needed to form a biuret[39] (Figure 6). 

1.2  Other Raw Materials Used for the Synthesis of Polyurethanes 

The properties of polyurethanes are affected by the chemical structure and the functionality 

of isocyanates and polyols[43]. However, other materials can also affect polyurethane synthesis 

such as catalysts, chain extenders, crosslinkers, surfactants, and blowing agents[44]. Chain 

extenders are used in polyurethane synthesis, and have a low molecular weight which affects 

the thermal, and mechanical properties, morphology, and cellular structure of polyurethane. 

Also, they increase the block length of the rigid segment. Chain extenders are diols or diamines, 

and they can be aromatic or aliphatic[45,46]. Meanwhile, the cross-linkers are important for 

polyurethane to control the mechanical strength and rigidity of the polyurethane properties. 

Cross-linking is a chemical process that leads to creating a covalent bond between the polymeric 

chains leading to forming an interconnected network. Using aromatic or cyclic cross-linkers 

various properties of the products can be finetuned such as thermal stability, resistance to fire, 

and mechanical strength compared to the aliphatic cross-linkers[47]. Surfactants are often used 

in the manufacture of polyurethane foams. It is used to enhance the distribution of the 

isocyanate and polyol to promote a homogenous phase and provide stability in developing 

cellular structures. The mechanisms for surfactants work in two-step. First, it affects the raw 

material mixture by lowering the surface tension. Second, provides emulsification for the whole 

system[48]. Meanwhile, besides their application in foaming purposes, they are also used for 

nonfoaming, which will allow the release of air and function as a wetting agent, where this step 

is necessary for the development of coatings to evenly cover a surface and prevent 

delamination[49]. Blowing agents are important for the properties of the foam produced. The 

final characteristics of the produced foam are controlled by the quantity, quality, and nature of 

a blowing agent[50]. The classification of the blowing agents includes the physical and 

chemical blowing agents. Different blowing agents are used in the polyurethane technology 



   Organocatalytic Urethane Synthesis – A Computational Study         Hadeer Waleed                                                                    
  

19 
 

such as chlorofluorocarbons (CFCs), hydrogenated fluorocarbons (HFCs), hydrogenated 

chlorofluorocarbons (HCFCs), low-boiling saturated and unsaturated hydrocarbons, and water 

which led to the formation of carbon dioxide[51].  

1.2.1 Catalysts 

The term catalysis was coined by Berzelius over 150 years ago, and it comes from the Greek 

words ̋ kata˝ meaning down and ̋ lyein˝ meaning loosen[52]. Berzelius wrote that the term catalysis 

meant “the property of exerting on other bodies an action which is very different from chemical 

affinity. By means of this action, they produce decomposition in bodies and form new compounds 

into the composition of which they do not enter˝[53]. Many years later in 1895, Ostwald came up 

with the definition that we use until today: ˝a catalyst is a substance that changes the rate of a 

chemical reaction without itself appearing in the products˝[54],[55]. In 1998 the foundation for 

green chemistry was laid down including twelve principles[56]. Two of these principles are energy 

efficiency and the use of catalysts. As in this work, the system deals with catalytic urethane 

formation which eventually leads to better energy efficiency.  

Catalysis plays a fundamental role in industrial chemical transformations. More than 85% of 

synthetic chemicals are made through catalytic processes since catalysts promote more 

energetically favorable reactions in comparison to non-catalytic ones, thus, allowing the use of 

milder reaction conditions. Catalysts have a significant influence on polymerization reaction 

mechanisms (e.g. free-radical, cationic, anionic, and insertion polymerization). Among others, 

Ziegler–Natta as well as metallocene catalysts which have been successfully introduced in the 

industry for the production of polymers for new applications has to be mentioned[57]. Catalysts 

come in a multitude of forms, ranging from atoms and molecules to large structures like zeolites 

or enzymes. Moreover, they may be used in different surroundings: in gas, liquid, or at the surface 

of solid materials[58]. Catalysts can be classified according to their physical state, chemical nature, 

or the nature of the reactions that they catalyze. In the following section, three types will be 

differentiated: biocatalysts, homogeneous, and heterogeneous catalysts (Figure 7)[59,60].  
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Figure 7.  Common catalyst types: homogeneous, heterogeneous, and biocatalysts. 

Biocatalysis is the use of natural catalysts, such as enzymes, to carry out chemical 

transformations on organic compounds. Enzymes are highly specific and efficient catalysts 

(Figure 7). Thus, using biocatalysts in a reaction will give a predominant product, with high yield 

and shorter reaction time which will make the reaction ecofriendly[61]. Enzymes can be employed 

to obtain polymers of regular structure when high stereo-, regio- and chemoselectivity is needed. 

Furthermore, these special structures can be used succesfully in the production of new complex 

functional polymers based on natural compounds[62]. It is an important subspecialty of white 

biotechnology used in the manufacture of a large variety of chemical products required for the 

production of medicines and crop protectants, biodiesel, detergents, biosurfactants, food additives, 

functionalized biopolymers, and others[63]. Biocatalysis has developed into an industrially 

attractive technology and has been incorporated into mainstream organic synthesis[64]. 

Homogeneous catalysis, refers to a catalytic system in which the substrates for a reaction and the 

catalyst components are brought together in the same phase, usually in the liquid phase[65,66] 

(Figure 7). In heterogenous catalysis the substrates for a reaction and the catalyst are in a different 

phase, usually liquide and solid, respectively[67] (Figure 7). Heterogeneous catalysts are widely 

used in many important industrial applications such as hydrogenations, synthesis of ammonia, and 

ethylene oxidation because of simplifying the separation and purification steps[68–70]. 

Meanwhile, the right choice of the catalyst has a significant effect on polymer formation and 

on the time required for polymerization. The presence of the right catalysts accelerates 

polymerization[71]. Moreover, the catalyst can also affect the properties of the polymeric products 
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such as polyurethanes[72],[73]. In relation to PU synthesis, catalysts are often used to accelerate 

the reaction rate of polynucleophiles with isocyanate groups or to promote the trimerization of the 

isocyanate group to form cross-linked polymers. In the production of polyurethane, the amount of 

applied catalysts is small, but their impact is significant[74]. They can promote the foaming 

reaction. Polyurethane foam formation basically consists of two primary reactions, the first one is 

the urethane formation (gelling) which involves the reaction of the isocyanate with alcohol. This 

reaction leads to the formation of a cross-linked polymer, as several hydroxyl groups are 

used[75,76]. The second one is the urea formation (blowing), which is produced by adding water 

to isocyanates accompanied by the release of carbon dioxide as the blowing agent[77,78]. 

Furthermore, catalysts play an important role in the control and balance between the gelling and 

blowing reactions. They help to accurately control the relative reaction rates of the isocyanate with 

both alcohol and water. The imbalance between them is the reason for the foam collapse or 

formation of inappropriate cells that can be closed or opened prematurely[38,79]. Meanwhile, there 

are secondary reactions occur, when the isocyanate reacts with an urethane, amine, and urea, to 

produce allophanate, polyurea, and biuret, respectively[80–82]. 

Polyurethane catalysts mainly include organic acids, organic bases (amine catalysts), and 

organo-tin (organometallic) catalysts[83–86]. 

1.2.1.1 Organic Acid 
 

Organic acid catalysts are a type of organic catalysts, which showed to a significant efficiency 

in urethane formation (alcohol−isocyanate) reaction[87]. The use of acid catalysis is expected to 

expand the range of metal-free polyurethane syntheses under both solution and bulk polymerization 

conditions[87]. Meanwhile, there are certain organic acids which are able to promote urethane 

formation under mild polymerization conditions and low catalyst loadings[88]. On the other hand, 

organic acid catalysts can extend the range of polymerizable monomers that have amides or 

additional functionalities that are sensitive to base catalysis[89] (Figure 8).  
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Figure 8. Structural features of organic acid catalysts commonly used in polyurethane 
synthesis. dimethyl hydrogen phosphate (DMHP), methanesulfonic acid (MSA), and 
trifluoromethanesulfonic acid (TFMSA). 

In a previous study, the investigations of the reaction between isocyanates and alcohols at high 

temperatures using organic acid catalysts were done, and the result showed that the use of organic 

acid catalysts was not as good as using tin catalysts[90]. Another study showed the ability to 

synthesize urethane bonds from the diisocyanates and diols in the presence of organic acid 

catalysts. They found that sulfonic acids were more efficient for polyurethane synthesis than 

dibutyltin dilaurate or 1,8-diazabicyclo[5.4.0]undec-7-ene. They figured that the employment of 

organic acid catalysts will lead to expanding the scope of metal-free polyurethane syntheses under 

both solution and bulk polymerization conditions, as it is effective for polymerizing sterically 

hindered secondary alcohols and isocyanates[87]. Meanwhile, another study showed that the use 

of sulfonic acid immobilized organic nanoparticles (nanoacid) exhibits considerable efficiency in 

catalysing urethane formation[88]. 

1.2.1.2 Organic Bases (amine catalysts) 
 

Amine catalysts are a type of organic compounds derived from ammonia (NH3) by replacing 

one or more of the hydrogen atoms with alkyl groups. There is primary, secondary, or tertiary amine 

depending on replacing one or more hydrogen atoms of ammonia with alkyl groups[91]. In the 

urethane synthesis the amine group activates the nitrogen-carbon double bond of the isocyanate 

group rapidly, depending on which of the competing species is close to the activated isocyanate 

site[85],[37]. There are many types of amines catalysts, and by considering their chemical 

structures, they can be essentially divided into aliphatic amines, cyclic amines, aromatic amines, 

alcohol amines, and ether amines (Figure 9)[86,91–96]. Previous studies proposed a mechanism 

for urethane formation in the presence of amine catalysts, but not the whole potential energy surface 

of the reaction was described[97,98].  
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Figure 9. Structural features of common amine catalysts and their application. 1,8-

diazabicyclo[5,4,0]undec-7-ene (DBU), 1-(3-aminopropyl)imidazole (APIM), 1-

methylimidazole (1-MIM), N,N-dimethylcyclohexanamine (DMCHA), 1,4-

dimethylpiperazine (DMP), 1,4-diazabicyclo[2.2.2]octane (DABCO), N,N,N',N",N"–

pentamethyldiethylenetriamine (PMDETA), N,N-dimethyl-1,3-propanediamine (DMPDA), 

1,2-Dimethylimidazole (1,2-DMI), and N-Ethylmorpholine (NEM), 2-(2-

dimethylaminoethoxy)ethanol (DMEE), and bis[2-(N,N-dimethylamino)ethyl]ether 

(DMAEE), 4-methylmorpholine (N-MM), 2,2-dimorpholinodiethylether (DMDEE), 2-

dimethylaminoethanol (DMEA). 

1.2.1.3 Proton affinity 
In the case of amine and acid catalysts, proton affinity is an important thermodynamic 

quantity because it describes the tendency of a structure to accept or donate a proton. Catalysts 

that donate or accept protons at specific reaction sites can direct the reaction towards desired 

pathways, lowering the activation energy barriers and enhancing the reactivity of the catalytic 

system. Proton affinity (PA) is computed as follows (Eq. 1)[99]: 

    PA = −ΔHr = −(H (protonated structure) – H (neutral structure))                            Eq.1 
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1.3 Polyurethane Types 

Having established the foundational importance of polyurethanes, we now explore the various 

types developed over the years and their unique applications. 

1.3.1 Rigid Polyurethane Foams 

Rigid PU foams are one of the most commonly used versatile and energy-saving insulation 

materials[100]. These foams can significantly reduce energy costs on the one hand and can 

make commercial and residential appliances more comfortable and efficient on the other[101]. 

To ensure a stable temperature as well as a reduced noise level for both home and commercial 

appliances, builders often resort to using polyisocyanurate and PU foams[102,103]. These 

foams have been proven to be effective as insulation materials, and hence have been applied in 

window insulations and wall and roof insulations as well as in barrier sealants for air and 

doors[104,105] (Figure 9). 

 

Figure 10. Main applications and types of polyurethanes. 

1.3.2 Flexible Polyurethane Foams 

The use of flexible polyurethane foams has developed in the past 40 years on the basis of their 

ability to meet the requirements of the cushioning (mostly furniture), packaging, and safety 

products’ markets[106] (Figure 9). This has been achieved through three predominant product 

types: slabstock foam, molded foam, and integral skin foam[107]. 
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Slabstock foam has been developed to be used in lower density products and has found its main 

applications in cushioning and packaging (bedding, furniture cushioning, seats in public transport, 

textile backing (sportswear), carpet linings packaging etc.)[108]. The density not only has impact 

on the cost of the products, but also on their comfort[109].  

Molded foam tends to occupy the interim range of densities for applications where some load-

bearing requirement exists (e.g. automotive and transport seating)[110]. However, the division 

between this sector and the one occupied by integral skin formulations is somewhat blurred since 

skin formation is a natural property of polyurethane systems when moulded[111].  

Integral skin foams are molded foams, which are manufactured either by injection into 

closed, vented molds (as in the case of steering wheels) or into open molds (as is the case with 

shoe soles)[112]. These foams are characterized by a high-density outer skin and a low density, 

softer core[113]. 

1.3.3.  Thermoplastic Polyurethanes 

Thermoplastic polyurethanes (TPUs) are linear, segmented block copolymers consisting of 

hard and soft segments[114,115] (Figure 10). The hard segments are rigid and highly polar and 

made from diisocyanate and short chain extender molecules such as diols or diamines[116]. 

Hard segments have high interchain interaction due to hydrogen bonding between the 

urethane/urea groups. The hydrogen bonding associations within the hard segments of the TPUs 

act as reinforcing filler for the soft matrix[117]. On the other hand, soft segments consist of 

long, linear flexible polyether or polyester chains which interconnect two hard segments[118]. 

In brief, the hard segments act as multifunctional tie points working as both physical crosslinks 

and reinforcing fillers, while the soft segments primarily influence the elastic properties of 

TPUs[119].  

1.3.4.   Polyurethane Ionomers 
Ionomers are polymeric materials having a small number of ionic side groups in 

hydrophobic main chains[120] (Figure 10). Ionic fragments can be included in these polymers 

in the form of cationic, anionic, or zwitterionic groups in various concentrations[121]. 

Depending on the type of polymer, the ionic groups can be distributed along the main chain 

periodically, randomly, or as end groups. The concentration of ionic groups usually varies in 

the range of 1– 15 mol% and they can be completely or partially neutralized. Intensified 

interaction between ionic pairs and their clustering could increase the density of the nodes of 

their spatial polymer grid[122]. This feature leads to a high probability of self-organization with 
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the formation of various types of nano- and microstructures which contain ionic clusters and 

ion-conductive channels[123]. The resulting polymer network also causes strong changes in the 

mechanical properties of ionomers compare to the original non-ionic polymers[124,125].  

1.3.5 Waterborne Polyurethane Dispersion 

Waterborne polyurethane dispersion (PUD) consists of linear thermoplastic polyurethane 

chains dispersed in water due to the presence of ionic groups in the structure (i.e. polyurethane 

ionomer), which act as an internal emulsifier[126](Figure 10). Typically, an NCO-ended 

prepolymer ionomer is prepared first, which is readily dissolved in acetone. Afterwards, a chain 

extender, such as diamine, is added to react with the terminal NCO groups to increase the 

molecular weight of the polymer[127]. For facilitating the dispersion of the polyurethane in 

water, the acetone has to be removed to produce phase inversion and thus, obtain the 

polyurethane dispersion[128]. A major ingredient of the PUDs is the polyol (i.e. hydroxyl ended 

oligomer) as it provides their main properties such as flexibility, cross-linking ability, or 

thermosetting potential[129]. Several polyols can be used to manufacture PUDs such as 

polyesters, polyethers, polycarbonates and renewable source-based polyols[130]. 

1.3.6 Binders 

PU binders (PUB) are often used to bond different types of fibers and other materials to 

each other. PUBs provide a permanent gluing effect between organic materials and long-strand 

lumbers, oriented strand boards, laminated veneer lumber, medium density fiberboards, particle 

boards, and straw boards[131] (Figure 10). As a binding material, the ratio of the hard-/ soft 

segments of PUs should be high, and good thermal stability is required[132]. Sometimes a 

specific or moderate acid number (not too high or not too low), weak crystallinity, limited 

molecular weight, and narrow particle distribution are preferred for a good quality binder[133]. 

To impart excellent chemical resistivity in PU binders, hybridization with acrylic polymer is 

also preferable[134]. 

1.4  Application of Polyurethanes (PU) 

With versatility in the chemistry and constituent materials, polyurethanes find ubiquitous 

applications in almost all fields[135–138].  

1.4.1  Coatings, Adhesives, Sealants and Elastomers (CASE) Industry  
Polyurethane has taken over the CASE industry in the last few decades[139]. The wide variety 

of physical and chemical properties of PU can be finetuned and tailored according to the need of 

the end application or the product[140,141]. Adhesives based on PU offer very good bonding 
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strength and at the same time, polyurethane based sealants provide remarkable tight seals[142,143].     

For polyurethane to be used in suitable coating applications it needs to have good adhesion, high 

chemical resistivity, excellent drying, low-temperature flexibility, and very good abrasion 

resistance[144,145]. Over the past two decades, there has been numerous research on the 

appropriate material for coating applications and polyurethane has always come out as one of the 

best paint and surface coating material[146,147]. 

1.4.2  Automotive Industry 

The automotive industry has been one of the key application areas of polyurethanes[148,149]. 

PUs can be used to create comfortable seats, impact resistant front bumpers and rigid body for cars. 

Polyurethanes can also be found in the car doors, windows, and ceiling sections[150]. The biggest 

advantage of using polyurethane over metal or other materials is that apart from the comfort it 

reduces the weight of the car drastically and hence increases the fuel economy, making the car more 

efficient in its performance[151]. It is also being used for insulation and acoustic damping purposes. 

Polyurethane seats and cushions provide high comfort for the passengers[152]. 

1.4.3 Medical Applications 

Due to the cost-effectiveness, toughness and longevity, PU has found usage for medical 

purposes[153,154]. The formerly mentioned properties (e.g. good mechanical properties, and 

biocompatibility) have helped this polymer to beat other materials such as metals, metal, alloys, 

and ceramic[155,156]. Polyurethanes are used in medical applications such as tubing, surgical 

drapes, catheters, hospital beddings, wound dressing, and many more[157,158]. However, the most 

frequent application of polyurethane in the medical field is for short period implants[159].  

In one study crystalline prepolymers were used to improve the biodegradability of the 

polyurethane product in which water was applied as a chain extender[160]. A palpable increase in 

mechanical and degradation properties has been achieved compared to PU which is extended with 

ethylene glycol as a chain extender[161,162]. Furthermore, these properties were deemed suitable 

as joint endoprosthesis. Polyurethane has also found applications in drug delivery systems for the 

colon and intra-vaginal rings[163]. 

1.4.4 Textiles and Apparels  

Since its inception, PU was considered as a good material for apparel. Initially, PU is converted 

into thin threads and then incorporated into nylon to make light and stretchable garments[164]. But 

with the advancement in research more and more improved garments have surfaced in the 

industry[165]. Spandex fibers and thermoplastic elastomers have heavily influenced new-age PU 
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apparels[166]. Due to the advancements in technology, the manufacturers have a whole new wide 

variety of PU-based products, such as faux leather, bra cups, and manmade skins, which have 

applications in various rigorous sports attire and in a large range of accessories. The textile industry 

has highly benefited from waterborne polyurethanes (WPUs) and polyurethane dispersions (PUDs) 

[167–169].  

WPUs do not have harmful volatile organic compounds as their solvent counterparts and hence 

are environmentally friendly, worker friendly with low toxicity. They also showcase excellent 

properties such as permeability, abrasion resistance, softness (soft to touch surface). Also, crock 

fastness, fastness of washing, and soap fastness of reactive dyes, acid dyes, and direct dyes on dyed 

fabrics may be immensely improved by the use of WPU as finishing agents[170,171]. 

1.4.5 Marine Applications  

Polyurethane has been a great addition to marine technology along with epoxy. Polyurethane 

based epoxy is not only an excellent building material but also excels in marine coatings too[172]. 

It protects from corrosion, water erosion and also manages the drag flow of the boat’s hull by not 

allowing aquatic life to settle or grow on the ship[172]. This anti-fouling and algae protection have 

been one of the best utilities of the PU marine coatings. PU foams are also used in boats and ships 

because they provide outstanding insulation with very effective noise controlling or damping 

properties[173].  

Boat parts made up of PU are generally lighter in weight than its metal counterpart hence 

increasing the efficiency of the boat engine and it also highly resistant to corrosion compared to 

the metals. Polyurethane also provides increased tear and abrasion resistance and load-bearing 

capacity even at lower temperatures[174]. Exploiting these properties, the marine industry has 

taken PU into various products such as cables and wire coatings, drive belts, hydraulic tubing as 

well as boat and ship construction. Recently polyurethane is being used as a removable media, i.e. 

removing organic substances from water[175].  

Cyclodextrin PU has been reported for the removal of parabens from aqueous bodies. These 

types of PU can be produced by microwave-assisted synthesis, and they are usually insoluble in 

water and hence is very highly effective in the collection and removal of unwanted organic 

substances from aqueous systems[176]. It has been reported that cyclodextrin PU is also very good 

in the removal of phenol as well as Nile red dye from water [177] 
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1.4.6 Polyurethane Wood Composites  

Polyurethane has stood out to be a very important material in the field of wood composites 

because the combined flexibility of wood and PU, lightweight and strength provide a suitable 

reinforcing material[178]. Recently polyurethane-based flat composites were produced by 

inculcating activated carbon to tackle the interference produced by electromagnetic waves or 

electromagnetic interference shielding (EMI)[179]. Activated carbon loading was done into PU for 

microwave adsorption and complex permittivity[180]. The composites made by this process 

performed better than polyethylene and polyester which need metal additives for higher 

performance. PU-wood composites can also be generated by using wood wastes[181,182]. 

1.5 The aim of this work 

Considering the aforementioned details and the significance of polyurethane synthesis, as well 

as the important role of catalysts in polyurethane synthesis, and aiming to contribute to the 

principles of green chemistry, aims need to be established for the current dissertation. First and 

foremost, it is necessary to understand the urethane formation processes both with and without the 

presence of different catalysts. The following aims are set to be pursued: 

1. The development of a computational protocol applicable to the study of catalytic and 

catalyst-free urethane formation reactions has to be carried out 

2. The catalyst-free urethane formation reaction has to be studied and described. 

3. The catalytic urethane formation reactions have to be studied and compared and 

corresponding general mechanisms envisaged. 

4. The validity of the proposed mechanisms has to be verified. 
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2. Methods 

2.1 Schrödinger Equation 

The reaction mechanism of the urethane formation in the presence of organocatalysts 

consists of various elementary reaction steps including the formation of the reactant complex, 

transition states, intermediates, product complex, and the final product. All of the involved 

molecules have a particular structure and the corresponding thermodynamic properties can be 

calculated. To determine the energy of a molecule, the Schrödinger’s wavefunction equation 

can be used (Eq. 2)[183] as follows: 

𝑯𝚿 = 𝑬𝚿                                                 Eq. 2 

where 𝑯 is the Hamiltonian operator, 𝚿 is the wavefunction of all the spatial coordinates 

of nuclei and spatial and spin coordinates of electrons, and 𝑬 is the energy[184]. 

By solving the Schrödinger equation a set of wave functions and a set of energy 

corresponding to the electron states allowed in that atom will appear[185]. The mathematical 

expressions of the wave functions can determine the probability of finding an electron in the 

area of a point near the nucleus. While, The movement of particles that form matter (molecules, 

electrons, and atoms) is studied by quantum mechanics[186].  

The fundamental postulates of quantum mechanics are[187–189]: 

1- The momentary state of a quantum chemical system is represented by the wavefunction 

which describes the probability distribution of its measurable properties. Thus, the non-

relativistic time-independent Schrödinger equation (Eq. 2) will be applied to the energy 

of the ground state of a molecular system which does not depend on time. 

2-  The physical observables are represented with a linear Hermitian operator in the Hilbert 

space which gives the total energy of a system and defines the possible state vectors of 

the system. As the mathematical terms of the time-independent Schrödinger equation 

represent an eigenvalue equation (𝚿= eigenfunction, and 𝑬= eigenvalue) (Eq. 2) and 

since the Hermitian operator has real eigenvalues and expectation values, therefore, the 

Hermitian operator will be valid to the time-independent Schrödinger equation. 

3- The measurable energy values are equal to the eigenvalues of the 𝑯 operator. 

4- A given physical observable of the general expectation value was described by the 

fourth postulate (Eq. 3). 𝐴 is the corresponding operator, and 𝛹∗ is the conjugate form 

of the normalized wavefunction Ψ. 
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⟨𝑨⟩ = ∫ 𝚿∗𝑨𝚿𝒅𝒕                               Eq. 3 

  

5- This postulate states that the time evolution of a system is governed by the Schrödinger 

equation (Eq. 4). 

𝐢ℏ
𝛛𝚿(𝛕,𝐭)

𝛛𝐭
= 𝑯𝚿(𝛕, 𝐭)                                Eq. 4 

 

where ℏ is the reduced Planck constant, and 𝑯 is the total energy Hamiltonian operator. 

6- Pauli exclusion principle can be deduced by the sixth postulate which is called the 

antisymmetry principle. To trade all coordinates of similar particles with half-integer 

spin (fermion) and symmetric for the exchange of all coordinates of identical particles 

with integer spin (bozon) the wave function of a microsystem must be antisymmetric. 

In the expanded version of the Hamiltonian can be seen that the total energy of system in 

quantum mechanics contains kinetic and potential energy terms, the sum of all possible 

interactions between electrons and nuclei (Eq. 5):  
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where ∇  𝑎𝑛𝑑 ∇  are the Laplacian operators which give the sum of second partial 

derivatives of a function, 𝑀  is the ratio of the mass of nucleus A to the mass of an electron, 

and 𝑍  is the atomic number of nucleus A. The first and second terms correspond to the kinetic 

energy of all the electrons and nuclei, the third and fourth terms correspond to the Coulomb 

repulsion between electrons and nuclei respectively, and the last (fifth) term represents the 

Coulomb attraction between nuclei and electrons[190]. 

To simplify the wavefunction, various approaches were tested. In 1927 Max Born and 

Robert Oppenheimer's (BO) approximation made a huge change in the complexity of 

wavefunction. BO approximation is a description of the molecular spectra based on an 

approximate quantum mechanical treatment of electrons and nuclei in the molecules 

separately[191]. Thus, as the nuclei are much heavier than the electrons this helped to support 

the possibility of the dynamic decoupling. Therefore, in (Eq. 5). the second term of the equation 

will be eliminated because the nuclei can be treated as static particles concerning electrons. 

First Second Third Fourth Fifth 
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While, for the fourth term of the equation, repulsion between nuclei can be treated as a constant 

for a fixed configuration of the nuclei which led to a simpler equation (Eq. 6). Thus, via the 

Born-Oppenheimer approximation only the ”electron related” part of the Hamiltonian is kept 

and the electronic Hamiltonian is acheived[192]. 

𝑯𝒆 = − ∑
𝛁𝒊

𝟐

𝟐
+ ∑ ∑

𝟏

𝒓𝒊 𝒓𝒋
− ∑ (∑

𝒁𝑨

|𝒓𝒊 𝑹𝑨|
)𝑴

𝑨 𝟏
𝑵𝒆𝒍
𝒊 𝟏

𝑵𝒆𝒍
𝒋 𝒊

𝑵𝒆𝒍
𝒊 𝟏

𝑵𝒆𝒍
𝒊 𝟏                                     Eq. 6 

2.2 Computational Chemistry 

The first theoretical considerations originated for theoretical chemistry in the XVIII century. 

The development of the theoretical arguments into a vast body of concepts was in the XIX 

century[193]. Later a remarkable shift occurred where theoretical chemistry was commonly 

named atomistic modeling. There is a wide sense of the word "modeling" including computer-

based approaches with different techniques that can even overlap with the computer-aided 

design of molecules or materials[194]. Today theoretical chemistry is an additional tool for 

chemists besides the various spectrum of available analytical methods during the operation of 

development[195]. Where the theory and experiments are competing to provide the existence 

of compounds not previously synthesized. Computational chemistry is strongly depends on 

approximations. By the development of computational tools the achievement of an approximate 

solution of the Schrödinger equation with extremely good precision and to predict molecular 

properties with an accuracy that is comparable to experiments became possible[196]. There are 

many different ways to use computational chemistry. Modeling the molecular system before 

synthesizing it in the laboratory helps to reduce the time, raw materials, and toxic waste that 

will appear with the synthesis of the compound. The system with the lowest energy is the most 

stable one[197]. The energy in a system is divided into kinetic and potential energy. The 

translational, vibrational, and rotational motion are the contributions to the kinetic energy. 

While the potential energy (defined by Coulomb's law) is separated into terms of bending, bond 

stretching, hydrogen bonds, conformational energy, etc. 

The potential energy surface (PES) describes the total energy of a molecular system that 

differs with slight changes in its structure. It is a mathematical relationship that gives the 

resultant energy of a molecular structure as a function of its coordinates. In the diatomic 

molecule, a two-dimensional curve will result between the internuclear separation on the X-

axis ( re- is the equilibrium bond length (the lowest point of the curve)), and the energy at that 

bond distance on the Y-axis (Figure 11).  
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Figure 11. Potential energy curve for a diatomic molecule 

While, for the large system, the amount of degrees of freedom within the molecule will lead 

to PES with many dimensions. Since the 3N-6 is the degree of freedom for a molecule (where 

N is the number of atoms if N>2), the corresponding potential energy surface is also multi-

dimensional[198]. In aPES each point will correspond to various values for the different bond 

angles, bond distances, and dihedral angles within the molecule. The potential energy curve 

(PEC) is represented by a 2D section of the PES. The determination, visualization, and 

comparison of the energy levels of the reaction pathways such as reactants, intermediates, 

transition states, and products are carried out with PEC. Studying the reaction dynamics, and 

obtaining the vibrational properties of the molecule is one of the numerous common reasons 

for doing a potential energy surface computation. In the case of a catalytic reaction mechanism, 

the reactants, intermediates, transition state, and products have to be found and the 

corresponding the potential energy curve can be drawn. On the PEC the minimum stationary 

points correspond to optimized geometries and are called minima. While the transition state 

structure between the reactants and products of a reaction can be defined as a stationary point 

on a potential energy surface. Which describes the rates of elementary reactions (elementary 

reactions are single-step reactions with a single transition state without intermediates) on a 

molecular scale. Transition state theory was formulated in 1935 by Erying and Polanyi to 

explain bimolecular reactions based on the relationship between kinetics and 

thermodynamics[199]. 

The properties of the molecule will be affected even with small changes in the structure. 

Therefore, before proceeding with properties predictions it will be necessary to locate the 
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equilibrium geometry for the molecular systems under examination. To do so the geometry 

optimization of the compounds should carried out[200]. A geometry optimization locates a 

point on a potential energy surface, starting with the initial geometry, and then, changing it till 

a lower-energy structure, a local minimum achieved. This lower energy corresponds to the 

conformer that is nearest to the starting geometry. The determination of the local minimum is 

carried out by varying the coordinates of nuclei and computing the corresponding electronic 

energy and nuclei repulsion energy. Computed energy and geometry optimization are time-

consuming and complex. To carry this out, quantum chemical softwares are used[201]. In this 

study, the Gaussian 09 software package was employed. Several different theoretical methods 

are available in Gaussian 09, which can be used to compute the studied systems with differing 

accuracy, and model various chemical environments, and molecular states. Frequency 

calculation must be carried out after the geometry optimization. It will take into account the 

nuclear vibrations in molecular systems in their equilibrium states. The frequency calculation 

confirms that the structure is the right stationary point. The presence of an imaginary frequency 

means that the structure is a transition state and not a minimum[202]. 

2.3 Thermodynamic Parameters 

Thermodynamic properties of molecules such as Gibbs free energy (G), entropy (S), 

enthalpy (H) can be computed. These parameters can be obtained with the help of partition 

functions [q(V,T)] which describe how the probabilities are partitioned among the various 

microstates such as rotation, vibration, transition, and electronic state. Thermodynamic state 

functions (G(T,p), H(T), E0, S(T,p)) for all participated molecules in a reaction can be 

calculated, and thus, the corresponding thermodynamic properties of the reaction can be 

obtained[203]. 

The entropy (S) of the system is associated with the natural logarithm of the number of 

possible microstates (W) which was shown in 1868 by Boltzmann (Eq. 7): 

𝑺 = 𝒌𝑩 𝐥𝐧 𝑾                                                                     Eq. 7 

where kB is the Boltzmann constant (1.38 × 10  J K⁄ ). A system with a smaller number 

of possible microstates has a lower entropy[204]. While the entropy contribution through 

partition functions would be (Eq. 8): 

𝒔 = 𝑵𝒌𝑩 + 𝑵𝒌𝑩 𝐥𝐧
𝒒(𝑽,𝑻)

𝑵
+ 𝑵𝒌𝑩𝑻

𝝏 𝐥𝐧 𝒒

𝝏𝑻
𝑽                   Eq. 8 

N is the particle number of molecules as a dimensionless quantity. 
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Enthalpy (H) is the total amount of the energy of the system. For a specific process, the 

change in enthalpy is a change in internal energy associated with the changing volume. Enthalpy 

is identified as the sum of the internal energy of the system (E) and the mathematical product 

of its pressure (p) and volume (V) (Eq. 9)[205,206]: 

𝑯(𝑻) = 𝑬(𝑻) + 𝒑𝑽                                          Eq. 9 

With the partition functions the enthalpy can be determined as follows (Eq. 10): 

𝑯 − 𝑯(𝟎) =
𝛛 𝐥𝐧 𝐪

𝛛𝛃 𝐕
+ 𝐤𝐓𝐕 

𝛛 𝐥𝐧 𝐪

𝛛𝐕 𝐓
                 Eq. 10 

where β is the most probable populations of the states of the system, related to the 

tempreture. 

             q is the partition function of the system. 

Gibbs free energy (G(T,p)) depends on the change in enthalpy (H) and a change in entropy 

(S) times temperature, at a constant pressure (p), and temperature (T)[207] (Eq. 11). 

       𝑮(𝐓, 𝐩) = 𝑯(𝐓) − 𝐓𝑺(𝐓, 𝐩)                                           Eq. 11 

By using the partition function Gibbs free energy can be described via (Eq. 12): 

𝑮 − 𝑮(𝟎) = −𝐧𝐑𝐓 𝐥𝐧
𝐪

𝐍
                                                       Eq. 12 

where R is gas constatnt (8.314 J/K.mol), T is temperature, q is the partition function of the 

system, and N is the particle number of molecules as a dimensionless quantity. 

2.4 Computational Chemistry Methods 

The major purpose of computational chemistry is to find a solution to chemical problems 

via simulating the studied system but providing accurate, reliable, and comprehensive 

information at an atomic level. Quantum chemistry and molecular mechanics are the two main 

approaches in computational chemistry methods. In quantum chemistry, the electrons accounted 

are explicitly. The quantum chemistry methods calculate the interaction of electrons and nuclei 

by solving the time-independent electronic Schrödinger equation using the Born–Oppenheimer 

approximation. Quantum chemistry methods are divided into two important types, 

wavefunction and density functional theory (DFT) methods[208]. The wavefunction or ab initio 

methods are using a mathematical function to compute the electron distribution. The coupled-

cluster (CC) technique is considered the theoretical gold standard of the wavefunction methods.   
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However, the computational cost for CC will increase with the system size[209]. Density 

functional theory methods use the electron density to determine the properties of the system. 

Unlike the case of wavefunction-based methods, DFT methods are suitable to deal with larger 

systems including those with more than thousands of electrons[210]. 

The main limitation of computational studies is the time required for the simulation, 

especially in case of  large systems, it can be longer than the available resources. Furthermore, 

there are plenty of different methods available which work pretty well for certain systems and 

are very accurate, but not all of them are able to find all the critical points on the potential 

energy surface (PES). Therefore, in this work, three different DFT methods (B3LYP, 

BHandHLYP, and ωB97X-D) were tested. However, only BHandHLYP was suitable to find all 

critical points of the reaction on the PES. All in all, it can stated that there are no general 

methods for every application. In many cases, the methods can only deal with a well-defined 

set of chemical or physical problems. In our case, as it was proved by two different approaches 

(geometrical and thermodynamic validation) that G3MP2BHandHLYP is suitable to study 

organocatalytic urethane formations. 

2.4.1 Ab Initio 

The main goal of ab initio methods is to compute the stationary states of electrons in the 

electrostatic field of atomic nuclei (electronic structure). It is independent of experimental data. 

There is no need for fitting parameters or calibration. It can used for the hypothetical systems 

to compute the structure and mechanical properties[211]. The Hartree–Fock method (HF) is 

one the most common ab initio method and it divides the Schrödinger many-electron equation 

into one-electron equations[212,213]. The HF ab initio method goal is to find the dominant 

Slater determinant in the wave function system by optimizing the spatial form of the spin 

orbitals to minimize the energy of the wave function[214]. However, the electron correlation in 

the system can not be addressed with the HF method, this will lead to lower accuracy, but faster 

calculations. Therefore, post-Hartree-Fock methods were developed to reach higher accuracy. 

The main aim of the post-HF ab initio methods is to capture the part of the electron correlation 

missing from the original HF formulation[215]. There are two ways to do that. The first one is 

to try to correct the single determinant approximation. The second is to try through the 

perturbation theory to introduce correlation energy[216]. The Møller–Plesset (MP) perturbation 

theory (e.g. MP2, MP3, MP4, MP6) is the most popular example of the post-HF ab initio 

methods[217]. The coupled-cluster method (CC) is one of the most accurate formulations which 

is useful in a variety of fields ranging from quantum chemistry to nuclear physics, and material 
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sciences. This theory was presented in 1960 for computing nuclear binding energies in nuclei 

that could be treated in the first approximation by a single configuration of protons or neutrons. 

The CC method decomposes the wavefunction of a quantum many-body system in terms of 

amplitudes for exciting clusters of a finite number of particles[218,219]. 

2.4.2 Density Functional Theory 

Density functional theory (DFT) was the predominant theory of the quantum mechanical 

simulation of periodic systems for the past 30 years[220]. Today it has been used widely to 

simulate various systems and to predict the electronic and molecular properties. The main 

advantage of the DFT methods is their low computational cost[221]. DFT is based on two 

theorems developed by Hohenberg and Kohn, which states that the energy of a molecule can 

be determined by using the electron density[222]: 

Theorem I: The characteristics of a molecule in the ground state electronic state are 

determined by electron density. This density is a unique function of the external potential.  

Theorem II: The electron density that minimizes the full energy of the system corresponds 

to the true ground state electronic density. 

A straightforward proof of the first theorem was put forward by Wilson in 1965. Wilson’s 

observation was that the positions and charges of the nuclei are determined by the electron 

density. The external potential in DFT is the Coulomb attraction between electrons and nuclei. 

The nuclei are considered fixed objects according to the Born-Oppenheimer approximation, 

which exercises their Coulomb potential to the electrons[223]. Therefore, the electronic 

Hamiltonian of the system can be written as (Eq. 13): 

𝑯𝐞 = 𝐕𝐤(𝐧) + 𝐕𝐞𝐞(𝐧) + 𝐕𝐞𝐱𝐭(𝐧)                                Eq. 13 

where: 𝑉 − kinetic interaction operators 

            𝑉 − electron-electron interaction operators 

             𝑉 − external potential 

The external potential (Vext) can be represented as a function of the ground state electron 

density (Eq. 14): 

𝐕𝐞𝐱𝐭(𝐧) = ∫ 𝒏 (𝒓) 𝚿∗(𝒓)𝚿(𝒓)𝐝𝐫                                Eq. 14 
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Thus, the electron density uniquely determines the Hamiltonian operator. This means that 

the total energy is a function of the density. Therefore, the energy will be (Eq. 15): 

𝑬 = ∫ 𝐕𝐞𝐱𝐭(𝐧) 𝐧(𝐫) + 𝐅[𝐧(𝐫)]                                      Eq. 15 

where F indicates the functional relation, and consists of  two 𝐕𝐤(𝐧) and  𝐕𝐞𝐞(𝐧) terms. 

Solving the Hohenberg-Kohn theorems for a real system was carried out with the 

collaboration between Kohn and Lu Jeu Sham (Kohn-Sham formalism)[224]. According to the 

Kohn-Sham formulism, the energy of a system can be determined by using the energy of an 

idealized system with noninteracting electrons and a deviation parameter. This theorem shows 

that the electron density could described by solving a set of equations involving a single 

electron. They have introduced a virtual non-interacting system, assuming that its ground state 

is equal to the density of the real interacting system[225].  

    The electron density of the ground state at a location is defined as the following (Eq. 16): 

𝐧(𝐫) = ∑ 𝛗𝐢
𝐊𝐒(𝐫)

𝟐𝐧
𝐢 𝟏                                                       Eq. 16 

where 𝛗𝐢
𝐊𝐒(𝐫) are the Kohn-Sham orbitals. Thus, the ground state of the system is 

represented as (Eq. 17): 

𝒉𝑲𝑺(𝒊)𝛗𝐢
𝐊𝐒 = 𝜺𝒊

𝑲𝑺𝛗𝐢
𝐊𝐒                                                         Eq. 17 

where 𝒉𝑲𝑺(𝒊), and 𝜺𝒊
𝑲𝑺 are the Kohn-Sham Hamiltonian and corresponding energy of the 

Kohn-Sham orbital, respectively. 

For the interacting real system, the Kohn-Sham Hamiltonian (𝒉𝑲𝑺(𝒊)) is written as the 

following (Eq. 18): 

𝒉𝑲𝑺(𝒊) = 𝑽𝒌[𝒏(𝒓)] + 𝑽𝒆𝒆[𝒏(𝒓)] + 𝑽𝒆𝒙𝒕[𝒏(𝒓)] + 𝑽𝑿𝑪[𝒏(𝒓)]                     Eq. 18 

where 𝑽𝒌[𝒏(𝒓)] is the kinetic energy term, 𝑽𝒆𝒆[𝒏(𝒓)]  electron-electron repulsion term, 

𝑽𝒆𝒙𝒕[𝒏(𝒓)] external potential term, 𝑽𝑿𝑪[𝒏(𝒓)] exchange-correlation term ( ∆𝒌
𝒄𝒐𝒓𝒓[𝒏(𝒓)] +

∆𝒆𝒆
𝒄𝒐𝒓𝒓[𝒏(𝒓)]). 

The exchange-correlation functional (∆𝒌
𝒄𝒐𝒓𝒓[𝒏(𝒓)] + ∆𝒆𝒆

𝒄𝒐𝒓𝒓[𝒏(𝒓)]) is corresponding to the 

exchange (𝑬𝑿[𝐧(𝐫)], where 𝑬𝑿 is the interactions between electrons of the same spin), and  

correlation energy terms (𝑬𝑪[𝐧(𝐫)], where 𝑬𝑪 is associated with the electron-electron 

interactions with opposite spin)[226]. However, in practice, DFT methods will need electron 



   Organocatalytic Urethane Synthesis – A Computational Study         Hadeer Waleed                                                                    
  

39 
 

exchange and correlation interaction approximations. There is an unlimited list of approximated 

functionals with varying complexity levels. Thus, Jacob’s ladder of DFT is created by Perdew 

to show how the DFT is handling the 𝑽𝑿𝑪[𝒏(𝒓)] . Where the DFTs are categorized on rungs of 

a ladder according to their complexity (Figure 12)[227]. 

. 

Figure 12. Jacob's ladder of density functional approximations. 

The local spin density approximation (LSDA) of Kohn and Sham is the mother of all 

approximations. A real inhomogeneous system with divided into infinite volumes by using the 

LSD approximation. The electron density in each of the volumes is considered constant. From 

the uniform electron gas model the exchange-correlation energy for the density within each 

volume can obtained. This will lead to writing the total exchange-correlation energy of the 

system as follows (Eq. 19)[228,229]:  

𝑬𝑿𝑪
𝑳𝑫𝑨(𝒏) = ∫ 𝒏(𝒓)𝒅𝒓 𝑬𝑿𝑪

𝒖𝒏𝒊𝒇
(𝒏(𝒓))𝒅𝒓                                      Eq. 19 

         𝑬𝑿𝑪
𝒖𝒏𝒊𝒇

(𝒏) is the exchange-correlation energy per particle of an electron gas with uniform 

spin densities. 

LSD approximation demonstrated surprising accuracy for solid surfaces and solids, 

especially those with fast density variations. This was due to the exact characteristics that LSD 

approximation was inheriting from the uniform electron gas. The most typical LSDA 

functionals are the SPWL (Slater Perdew-Wang local), PZ (Perdew-Zunger), VWN (Vosko-

Wilk-Nusair), and the PW (Perdew-Wang) functionals[228]. 

Although the LSD approximation was a common choice for solid-state physics, it was not 

popular with the plurality of quantum chemists. However, Jones and Gunnarsson, and others 
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proved that although LSDA yields reasonable molecular geometries and vibration frequencies, 

it causes extremely overestimated atomization energies. Therefore, by using the generalized 

gradient approximation (GGA) the errors in the atomization energy are significantly reduced. 

The generalized gradient approximation (GGA) functionals represent the second rung of 

Jacob’s ladder, and their general form is as follows (Eq. 20)[230]: 

𝑬𝑿
𝑮𝑮𝑨(𝒏) = ∫ 𝒇𝑮𝑮𝑨(𝒏(𝒓), 𝛁𝒏(𝒓))𝒅𝒓                                      Eq. 20 

The GGAs could lead to better results for the geometries and ground state energies than the 

LSDAs, mainly for weak and covalent systems. The most common gradient-corrected 

correlation functionals are the PBE (Perdew-Burke-Ernzerhof), B88 (Becke88), and BLYP 

(Becke, Lee–Yang–Parr)[231]. 

Meta-generalized gradient approximation (meta-GGAs) is the third rung of Jacob's ladder. 

This approximation will enhance the accuracy of GGAs by taking into account the local kinetic 

energy density. This leads to treating various chemical bonds (e.g. metallic, covalent, and weak) 

with more accurately compared to LSDAs and GGAs. The meta-GGA can written as follows 

(Eq. 21)[232]: 

𝑬𝑿𝑪
𝒎𝑮𝑮𝑨(𝒏) = ∫ 𝒇(𝒏(𝒓), 𝛁𝒏(𝒓), 𝝉(𝒓)) 𝒅𝟑𝒓                              Eq. 21 

Popular meta-GGA functionals include MPW1K (a modified version of the Perdew-Wang 

gradient corrected exchange functional, with one parameter optimized to give the best fit to the 

kinetic data), and TPSS (Tao–Perdew–Staroverov–Scuseria)[233]. 

Jacob’s ladder also contains one of the most common functionals represented in the fourth 

rung of the ladder, defined as hybrid functionals. The most well-known methods in this function 

are B3LYP and M06. The B3LYP (Becke, 3 parameter, Lee-Yang-Parr) was used in many 

studies and also became a reference for many researchers in the applied density functional 

theory because of its wide applicability ranges. The B3LYP  method contains the linear 

combination of LSDA and BLYP functionals[234]. 

M06 is another popular hybrid functional method introduced by Truhlar and his co-workers. 

It is a member of the Minnesota Functionals (Myz) family. M06-L, M06-HF, and M06-2X are 

other methods in the Myz family which achieved popularity and appreciation for their good 

performance on different systems. The M06 is used to study main-group thermochemistry, 

organometallic thermochemistry, and kinetics, in organometallic, and noncovalent 

interactions[235]. 
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Although there is a wide range of functionals, but there is no general functional for every 

application. In many cases, the functional can only deal with a well defined set of chemical or 

physical problems. 

The need to create specific functionals that could deal with a set of problems was the major 

aim of the development of the DFT methods. Therefore, today various functionals are available 

for certain problems, but not a single one for all[236]. Therefore, this study shows that the 

BHandHLYP ( Becke, Half-and-Half, Lee-Yang-Parr) is the most effective DFT method than 

the other methods (e.g. B3LYP, ωB97X-D) for synthesizing the urethane in the presence of 

organocatalysts, in combination with the 6-31G(d) basis set[237]. 

2.4.3 Basis Sets 

A basis set is a mathematical description of the orbitals of a system. It is a set of 

mathematical functions building the quantum mechanical wavefunction for a molecular system. 

A basis set can be interpreted as restricting each electron to a particular region of space[238].    

In computational a better accuracy of the electronic structure will be provided by the 

application of larger basis sets with a relatively high number of mathematical functions. Also, 

larger basis sets imposes fewer restrictions on electrons, however, with fewer restrictions more 

computational time will be required[239]. The most common basis set can be broadly classified 

into the following types; minimal basis sets STO-nG, where STO is a slater type orbital and n 

is the number of primitive Gaussian functions that comprise a single basis function. For 

example, in the minimal basis set STO-4G each atomic orbital is treated as a single slater type 

orbital (STO), which is approximated by a linear combination of 4 Gaussian functions 

(4G)[240]. The second type is the correlation-consistent basis sets such as cc-pVDZ 

(correlation-consistent valence double zeta), cc-pVTZ (correlation-consistent valence triple 

zeta), and cc-pVQZ (correlation-consistent valence quadruple zeta), etc[241]. Split-valence or 

Pople basis sets, in which valence orbitals are represented by two or more basis functions of 

various sizes such as split-valence double-zeta basis set (6-31G) where the core orbitals are 

created of 6 primitive Gaussian functions, and two basis functions (double-zeta) will describe 

the valence orbitals, each of them made from three Gaussians and one Gaussian. These can be 

improved by polarization (*) (6-31G*) and diffuse functions (+) (6-31+G*)[242–244]. 

2.4.4 Composite Methods 

The composite methods are developed to provide an algorithm for obtaining accurate 

energies for reasonable cost. It combines robust levels of theory with smaller basis sets and 
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modest theories with larger basis sets to approximate the results obtained at a much higher level 

of theory[245]. Several different model chemistries were developed. In 1980 Pople and Curtiss 

proposed the first model chemistry called G1. Thereafter, improvements were achieved and 

better models G2 and G3 were designed. Conceptually each of these composite methods is 

similar. They just vary in what sets of compounds are used, which methods for the baseline and 

the corrections will be used, and which properties were employed in the ultimate fitting 

procedure[246]. These composite methods have an element of semi-empirical nature to them 

due to that the calculated energy is fitting to some experimental property[247]. In most cases, 

the Gaussian-n (n≤4, e.g. G3, G3MP2, G3MP2B3) families are applied with reasonable success. 

In this work, the G3MP2BHandHLYP composite method was applied, because of the necessity 

of the application of the BHandHLYP/6-31G(d) level of theory to obtain the proper geometries 

and thermochemical data. Furthermore, on the optimized structures, two single-point energy 

calculations have been performed at the MP2/GTMP2Large and QCISD(T)/6-31G(d) levels of 

theory[248–254]. All calculations were performed by using the Gaussian 09 program[255]. 

2.5 Applied Levels of Theory 

The level of theory for a calculation is usually written as a method/basis set pair. The method 

could be Hartree-Fock, post-Hartree-Fock, density functional theory, etc. Each method differ in 

computational cost, resource requirements, and accuracy. Therefore, taking into account the 

size of the studied system, computational cost, and features of the previously discussed methods 

and basis sets, in this study different density functional methods were used such as B3LYP[232], 

BHandHLYP[237], and ωB97X-D[256], in combination with the 6-31G(d)[257–259] basis set 

(Figure 13). However, just the BHandHLYP method was able to find all the critical points on 

the potential energy surfaces (PES) of the studied catalytic processes.  

 Thus, to further improve the accuracy of the results, the G3MP2BHandHLYP composite 

method[248,260,261] was applied and used in the discussion of the results. To achieve 

G3MP2BHandHLYP energies, geometry optimization and frequency calculation have been 

carried out at the BHandHLYP/6-31G(d) level of theory. Furthermore, on the optimized 

structures, two single-point energy calculations have been performed at the QCISD(T)/6-

31G(d) and MP2/GTMP2Large levels of theory (Figure 13). Thus, the G3MP2BHandHLYP 

total zero-point energy (E0) has been computed as follows (Eq. 22)[248,260–262]: 

E0[G3MP2BHandHLYP] = E[QCISD(T)/6-31G(d)] -   
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E[MP2/GTMP2Large] + ∆E(HLC) + ∆E(ZPE) Eq. 22 

Where ZPE is the zero-point correction, while HLC is the higher-level correction. HLC is 

a linear function of the number of valence electrons with α and β spins, −Anβ − B (nα−nβ), with 

nα ≥ nβ. The value of A is 10.041 mEh, and B is 4.995 mEh (Eh−Hartree) for molecules. 

The G3MP2BHandHLYP composite method was not applicable in case of larger species 

(e.g., 2,2-dimorpholinodiethylether (DMDEE)), because computational cost of the calculations 

exceeded the available limit. Therefore, for those structures two sets of calculations were carried 

out. First, the whole system was calculated by using the BHandHLYP/6-31G(d) level of theory 

and then, a truncated system was created and on that two more calculations were carried out at 

the BHandHLYP/6-31G(d) and G3MP2BHandHLYP levels of theory. Thereafter, the 

G3MP2BHandHLYP energy of the whole system was estimated according to the quasi-

G3MP2BHandHLYP (qG3MP2BHandHLYP) protocol by using the following equation 

(Figure 13)  (Eq. 23): 

  𝐸 = (𝐸 ,  𝐸 , ) + 𝐸 ,   Eq. 23 

Furthermore, an additional correction has been applied to handle zwitterionic structures 

within the proposed mechanisms to approximate the energy of the species. The applied 

correction was previously successfully used in the literature to handle a system within which a 

zwitterionic structure is formed in the case of an amino acid[[263]. To balance the effect of the 

formation of the zwitterionic intermediate IM, -24.9 kJ/mol and -38.1 kJ/mol was added to the 

was added to the relative Gibbs free energy and relative enthalpy[264], respectively. 
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Figure 13. The applied level of theory. 

2.6 Solvent Models 

The effects of the corresponding environmental factors such as solvent and temperature, 

must be considered when a chemical reaction is studied. Therefore, in computational studies of 

reaction mechanisms four different approaches are used to mimic the environment: implicit (or 

continuum), explicit, mixed (hybrid implicit/explicit) solvation models or gas phase 

calculations (Figure 14)[265,266]. 

 

Figure 14. Schematic comparison of explicit and implicit solvation models. 

Explicit-solvent methods treat solvent molecules explicitly. It considers the movements and 

effects of the actual solvent molecules within a given region around the solute molecules. The 

disadvantage of this model is the computational cost, which could prevent the study of large 

systems, and long time scales[267]. 

The implicit model treated solvent as a continuous medium described by its macroscopic 

properties: bulk dielectric permittivity, possibly surface tension[268]. In the implicit solvent 

models, the electrostatics-based solute-solvent interactions will considered. The cavity will 

created when the solute is immersed into the continuum. Thus, inside this cavity, the charge 

distribution of the solute polarizes the continuum, leading to the back-polarizes the solute 
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charge distribution[269]. The implicit models have several advantages including that the 

computational costs are lower, and the scaling of calculations on parallel machines is better. 

Implicit solvation models can be classified into different types such as the 

solvation model density (SMD) model is a universal solvation model, where D stands for 

˝density˝, while “universal” means that this model can be applicable to any solute (charged or 

uncharged ) in any medium (solvent or liquid)[270]. Another type is the polarizable continuum 

model (PCM), which allows the ab initio calculation of the energy and the electronic properties 

of molecules dissolved in anisotropic and inhomogeneous solvents, the calculation of static and 

frequency-dependent polarizabilities and hyperpolarizabilities in solution, and the analytic 

optimization of solutes geometry[271]. In this work the solvation model density (SMD) model 

was used with considering the effects of two different solvents, tetrahydrofuran (THF, εr = 

7.4257) and acetonitrile (MeCN, εr = 35.688)[248,260,261]. 

The hybrid implicit–explicit (hybrid cluster-continuum) solvation model approximate the 

solvent environment by using explicit solvent molecules together with implicit solvation. It will 

model the short-ranged interactions explicitly and long-range effects through the continuum 

model surrounding the cluster. Hybrid cluster-continuums are applied to handle various 

problems such as finetuning the activation-free energy barriers for ionic processes in solution, 

calculating the pKa in aqueous and nonaqueous solvents, and surface reactions[272,273]. 

Therefore, these models are important in quantum chemical research. Also, it is used for 

handling proper computational of organic reactions whether is happening in a polar 

environment or charged species are involved[274]. 
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3. Results and Discussion 

In this chapter, the formation of urethane from the reaction of isocyanate and alcohol in the 

presence of 18 bases (amine) catalysts (Figure 9) and 3 acid catalysts (Figure 8) is investigated. 

A general mechanism for urethane formation in the case of bases and acid catalysts is proposed. 

In the case amine catalyst system, two different alcohols were used (methanol, and butanol). 

All in all, density functional theory methods and composite methods are applied. 

3.1 Mechanism 

3.1.1 Catalyst-Free Reaction Mechanism of Urethane Formation 

The catalyst-free urethane bond formation goes through a concerted mechanism. First, a 

reactant complex (RC) is formed between the isocyanate and alcohol, where the former is an 

electrophile, and the latter is a nucleophile (Figure 15). In the transition state (TS), the N=C=O 

group bends, activating the carbon for the formation of a new C-O bond, while the H-O bond 

breaks and the N-H forms to achieve the product (P) with the urethane bond. 

 

Figure 15. Schematic representation of the general catalyst-free reaction mechanism of 
isocyanates and alcohols. R—reactants, RC—reactant complex, TS—transition state, and P—
product. 

3.1.2 Urethane Formation Mechanism in the Presence of Catalysts 

The proposed and studied catalytic urethane formation reaction mechanism contains seven 

steps (Figure 16). 
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Figure 16. Schematic representation of the general amine -catalized urethane formation 
mechanism. RC—reactant complex, TS—transition state, and PC—product complex. 

It starts with the formation of a complex between the alcohol and the catalyst (RC1) 

because, under industrial conditions, the catalyst is first mixed into the polyols. In the next step, 

the isocyanate is mixed into the system and a three-molecule complex is formed (RC2). After 

the complex formation, a proton transfer occurs between the alcohol and the amine group of 

the catalyst (TS1). At the same time, a new C-O bond forms between the carbon of the NCO 

group and the oxygen of the alcohol, which leads to the formation of an intermediate (IM). 

Thereafter, the catalyst will return the proton through a transition state (TS2) and, thus, a 

product complex is formed (PC), where the urethane bond is complete and the catalyst is 

hydrogen-bonded to the product. In the final step, the catalysts and the product will be separated 

(P). 

3.2 Urethane formation- reactions of phenyl isocyanate and methanol without and in the 

presence of amine catalysts1 

The catalytic activities of eight different catalysts used in polyurethane synthesis have been 

compared using theoretical methods. The catalysts contain different amine, ketimine, and 

 
1  The following subchapter is based on: Hadeer Q. Waleed. et al. Polymers, 2022, 14, 8. 
https://doi.org/10.3390/polym14010008. 
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aromatic nitrogen functional groups. They are usually applied to synthesize polyurethanes with 

various mechanical properties (rigid and flexible foams, etc.) (Figure 17). 

 

Figure 17. Chemical structures of the studied catalysts. 1,8-diazabicyclo[5,4,0]undec-7-ene 
(DBU), 1-(3-aminopropyl)imidazole (APIM), 1-methylimidazole (1-MIM), N,N-
dimethylcyclohexanamine (DMCHA), 1,4-dimethylpiperazine (DMP), 1,4-
diazabicyclo[2.2.2]octane (DABCO), N,N,N',N",N"–pentamethyldiethylenetriamine 
(PMDETA), N,N-dimethyl-1,3-propanediamine (DMPDA). The catalytic nitrogen-containing 
groups which are considered in the calculations are highlighted with red circles. 

To determine the effect of the catalysts, a catalyst-free reaction has also been investigated. 

 

3.2.1 Structural and Energetic Features of Model System (Methanol-Phenyl isocyanate) 

The reaction of methanol and phenyl isocyanate has been selected as a first model to 

describe the energetic and structural features of the catalyst-free urethane formation. The 

structures of the corresponding reactant complex (RC), transition state (TS), and product (P) 

have been optimized (Figure 15, Figure 18) and the reaction mechanism has been 

characterized. 

 

Figure 18. Three-dimensional structures of the reactant complex (RC), transition state (TS), 
and product (P) in the reaction of methanol and phenyl isocyanate, which are used as a model 
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of catalyst-free urethane formation. The structures have been optimized at the BHandHLYP/6-
31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. 

During the reaction between phenyl isocyanate and methanol, a reactant complex (RC) 

forms in the first step. It is stabilized by a hydrogen bond between the hydroxyl group of the 

methanol and the nitrogen of the isocyanate group with a corresponding distance of 2.154 Å 

(Figure 18), while the relative enthalpy (∆rH) is -6.65 kJ/mol compared to the sum of the 

separated reactants (Table 1). 

Table 1.  Relative enthalpy (∆rH) of the reaction between phenyl isocyanate and methanol with 
and without catalysts, calculated using the G3MP2BHandHLYP composite method in 
acetonitrile, using the SMD implicit solvent model at 298.15 K and 1 atm. R—reactant, RC—
reactant complex, TS—transition state, IM—intermediate, PC—product complex, and P—
product. 

 ∆rH (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -6.65’ 116.19 - - - -94.03 

DBU 0.00 -26.65 -36.84 -3.07 -153.02# -119.39 -126.33 -94.03 

APIM 0.00 -15.32 -22.27 16.67 -115.84# -87.00 -113.12 -94.03 

1-MIM 0.00 -18.83 -25.01 15.06 -106.53# -76.75 -113.90 -94.03 

DMCHA 0.00 -26.35 -35.16 -3.06 -140.37# -112.89 -127.46 -94.03 

DMP 0.00 -25.01 -34.70 2.58 -133.10# -106.62 -124.98 -94.03 

DABCO 0.00 -24.94 -33.37 1.81 -132.76# -106.20 -121.82 -94.03 

PMDETA 0.00 -26.21 -35.90 -2.58 -136.89# -109.85 -118.24 -94.03 

DMPDA 0.00 -18.52 -26.63 8.24 -129.69# -101.26 -119.00 -94.03 

       ’ RC for catalyst-free reaction. # Corrected relative enthalpy calculated according to ref.[251,263,264]. 

After this, in the TS, a proton from the hydroxyl group shifts to the nitrogen atom of the 

isocyanate, while a bond forms between the hydroxyl’s oxygen and the NCO’s carbon. The 

potential energy curve of the reaction (Figure 19) shows that the reaction needs to overcome a 

barrier of 116.19 kJ/mol to reach the final urethane product (P), which has a relative enthalpy 

(∆rH) of -94.03 kJ/mol (Table 1). 
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Figure 19. Energy profile (relative enthalpy (∆rH)) of the phenyl isocyanate and methanol 
reaction calculated using the G3MP2BHandHLYP composite method in acetonitrile, using the 
SMD implicit solvent model at 298.15 K and 1 atm. 

3.2.2 Urethane Formation Reaction in the Presence of Nitrogen-Containing Catalysts 

A varied set of nitrogen-containing catalysts have been selected from the literature[275–

280]. Based on their applications, the catalysts can be divided into four groups as follows: DBU, 

APIM–DMCHA, DMP–PMDETA, and DMPDA, which are used in the synthesis of flexible, 

rigid, and semi-rigid foams, and others, respectively (Figure 17 and Table 2). 

Table 2. Structural features of the studied catalysts and their applications. RNH2, R2NH, R3N, 
R2C = N-R: primary, secondary, tertiary amines, and secondary ketimine, respectively. 

Catalysts 

Resulted  

Polyurethane 

Type 

Structural 

Property of PU 

Functional Groups  

References 
RNH2 R2NH R3N R2C = N-R 

DBU Flexible foam Cyclic   • • [275] 

APIM Rigid foam Aromatic, Linear • • •  [275] 

1-MIM Rigid foam Aromatic  • •  [276] 

DMCHA Rigid foam Linear   •  [277] 

DMP Semi-rigid Cyclic   • •  [278,279]  

DABCO Semi-rigid Cyclic   • •  [280] 

PMDETA Semi-rigid Linear   • • •  [275] 

DMPDA Other Linear  • •   [86] 
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There are three linear, three cyclic, one aromatic, and one aromatic and linear structures. 

Catalyst DMCHA has only one, while all the others have at least two potential catalytic sites 

(Table 2). Most of the catalysts have at least one tertiary amine group, except DMPDA, which 

contains only two secondary amines (Figure 17). Secondary ketimine groups are also 

important, as occurs in catalyst DBU, while catalysts APIM and 1-MIM contain aromatic 

groups. Primary and secondary amine groups can be found only in catalysts APIM and 

DMPDA, and they are significant due to their potential reaction with isocyanates. However, 

only the catalytic activity of the species will be discussed. 

3.2.2.1 Proton Affinity (PA) of the Studied Catalysts 
 

As the proposed catalytic mechanism contains protonation steps, it is important to know the 

proton affinities (PA) of the catalysts. Only the nitrogen-containing groups of the catalysts are 

considered, and the corresponding PA values have been calculated (Eq. 1) (Tables 3 and Table 

A1(Appendix A)).  

Table 3.  Computed (PAcalc) and measured proton affinities (PAexp) in kJ/mol. The calculations 
have been carried out at the G3MP2BHandHLYP level of theory in gas phase at 298.15 K and 
1 atm. RNH2, R2NH, R3N, R2C = N-R: primary, secondary, tertiary amines, secondary ketimine, 
respectively. • side; •• middle amine group. 

Catalysts PAcalc (kJ/mol) 
PAexp (kJ/mol)[281] 

 RNH2 R2NH R3N R2C=N-R 

DBU - - 937.50 1070.34 - 

APIM 905.75 994.19 800.93 - - 

1-MIM - 983.68 785.51 - 959.6 

DMCHA - - 998.68 - 983.6 

DMP - - 984.84 - - 

DABCO - - 983.91 - 963.4 

PMDETA - - 
984.71 • 

982.62 •• 
- - 

DMPDA - 966.54 - - 1035.2 

In some cases, there are more than one amine group in the catalysts, but only one of them 

is considered during the catalytic mechanism. However, the proton affinity has been computed 

for all nitrogen-containing groups. The experimental and computational results are in fairly 

good agreement with each other (Tables 3 and Table A1(Appendix A)). In the case of catalyst 

DMCHA, the deviation between the calculated and experimental values was the lowest, only 
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15.08 kJ/mol. The deviation between the calculated and literature data is the highest, 68.66 

kJ/mol, in the case of catalyst DMPDA. Catalyst 1-MIM has the lowest calculated proton 

affinity (785.51 kJ/mol) within the studied set of structures in the case of its tertiary amine 

group (Tables 3 and Table A1(Appendix A)), which makes it the best proton donor, as less 

energy is needed to remove the proton. It is followed by the tertiary amine group of catalyst 

APIM, which has just a slightly higher PA value (800.93 kJ/mol). The highest proton affinity 

belongs to the secondary ketimine of catalyst DBU (1070.34 kJ/mol), which makes it the best 

proton acceptor. Most of the calculated PA values are around or above 900 kJ/mol (Tables 3 

and Table A1(Appendix A)). All in all, the proton affinities of the amine groups of the 

catalysts cover a wide range of almost 300 kJ/mol, between 785.5 and 1070.3 kJ/mol.  

3.2.2.2 Structural Features of Urethane Formation in the Presence of the Studied 
Catalysts 
 

Even though the same reaction mechanism of phenyl isocyanate and methanol was 

considered in the presence of the studied catalysts (Figure 16), the structural features vary 

slightly with the different catalysts (Table 4, Figures 20, and Figures A1-A7(Appendix A)). 

Table 4. The N-H, O-H, and C-O bond lengths (Å) along the phenyl isocyanate (PhNCO) and 
methanol reaction pathway in the presence of the studied catalysts. N-H* for catalysts, while 
N-H** for PhNCO. 
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Figure 20. Optimized structures along the reaction pathway between phenyl isocyanate and 
methanol in the presence of 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU), calculated at the 
BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. RC—reactant 
complex, TS—transition state, IM—intermediate, and PC—product complex. 

In the first step, during which the RC1 forms, the distance between the catalyst’s nitrogen 

and the methanol’s hydroxyl hydrogen ranged between 1.812 and 1.882 Å (Table 4, N-H*). In 

the second step, RC2, a three-molecule complex forms with the addition of PhNCO. A new 

interaction between the methanol’s oxygen and the PhNCO’s isocyanate group occurs, but only 

minor changes could be identified in the length of the previously established N-H*. The effect 

on the O-H bond length was even smaller and almost no change was observed between RC1 

and RC2 (Table 4). As the TS1 developed in the presence of the catalysts, the N-H slightly 

decreased while the C-O significantly decreased, by ~0.2 and ~1.2 Å, respectively. At the same 

time, the O-H increased in each case by ~0.3 Å (Table 4). The structural changes take place 

according to the proposed steps, and it shows that the methanol’s oxygen loses the proton while 

attaching itself to the isocyanate’s N=C=O group. Thus, an IM is formed including the 

protonated catalyst (N-H*), which is hydrogen-bonded to the nitrogen of the adduct (N-H**), 

while the methoxy group (from the methanol) is attached to the carbon of the former isocyanate 

group (C-O) (Figures 20 and Figures A1-A7(Appendix A)). The N-H* distance was the 

lowest in this step for each catalytic process, and it was in the range of 1.041 and 1.092 Å, while 

N-H** ranged between 1.597 and 1.779 Å. In TS2, proton transfer occurs and, thus, the final 

urethane bond develops (N-H* increases, while N-H** decreases). Through this step, the PC 
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will be formed, which is a bimolecular complex of the catalyst and the final product (methyl 

phenylcarbamate).  

3.2.2.3 Energetics of Urethane Formation in the Presence of Different Catalysts 
 

The thermodynamic properties of the catalysed isocyanate–methanol reaction have been 

computed (Tables 1, and Tables A2, A3(Appendix A)) and the corresponding energy profiles 

have been drawn (Figures 21 and Figure A9(Appendix A)). The most stable methanol-catalyst 

complex (RC1, ∆rH = -26.65 kJ/mol) and trimolecular complex (RC2, ∆rH = -36.84 kJ/mol) 

were formed in the presence of DBU catalyst, while the least stable ones were associated with 

APIM catalyst (RC1 and RC2, ∆rH = -15.32 and -22.27 kJ/mol, respectively).  The calculated 

barrier height significantly decreased (∆∆rH > 98 kJ/mol) in the presence of the studied set of 

catalysts compared to the catalyst-free reaction. The relative energy at TS1 was the lowest in 

case of DBU catalyst (∆rH = -3.07 kJ/mol) within the studied set of catalysts (Table 1, Figure 

21, and Figure A9(Appendix A)).  

 

Figure 21. Energy profiles (relative enthalpy (∆rH)) of the catalyzed urethane formation 
reactions calculated with the G3MP2BHandHLYP composite method in acetonitrile, using the 
SMD implicit solvent model at 298.15 K and 1 atm. #Corrected relative enthalpy of IM 
calculated according to Ref.[251,263,264]. 

The relative energy of the IM was the highest in the presence of 1-MIM (∆rH = -106.53 

kJ/mol), while this step was more preferred in the case of DBU. By applying DBU catalyst, 

TS2 (proton shift) had the lowest relative energy ((∆rH = -119.39 kJ/mol) compared to the 

studied set of catalysts. Before the reaction completed, the product complex (PC) formed with 

a relative enthalpy range of -113.12 and -126.33 kJ/mol. After this, the product was achieved, 
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which had a relative energy of -94.03 kJ/mol. Therefore, along with the whole reaction 

mechanism, DBU catalyst was the most effective and provided the most favorable pathway, 

which can be associated with its high PA and cyclic structure. 

 

3.3 Urethane formation- reactions of phenyl isocyanate and butan-1-ol without and in 

the presence of cyclic amine catalysts2 

Three different cyclic amine catalysts (Figure 22) were studied, and their catalytic activity 

in urethane synthesis was compared by using kinetic measurements.  

 

Figure 22. Chemical structures of the studied catalysts. 1,4-Diazabicyclo[2.2.2]octane 
(DABCO), 1,2-Dimethylimidazole (1,2-DMI), and N-Ethylmorpholine (NEM). The catalytic 
nitrogen-containing groups which are considered in the calculations are highlighted with red 
circles. 

Furthermore, the catalytic reactions were also examined by using computational tools to 

determine the step-by-step mechanisms with and without catalysts and to compare the reaction 

pathways (Figure 22). Catalyst design and development will be possible by describing the 

catalytic urethane formation at the molecular level. 

3.3.1 Catalyst-Free Model Reaction (Butan-1-ol-Phenyl isocyanate) 

The reaction of butan-1-ol and phenyl isocyanate has been selected as a second model to 

describe the energetic and structural features of the catalyst-free urethane formation. It can be 

seen that the catalyst-free reaction goes through a concerted step (Figure 15). First, the reactant 

complex (RC), including PhNCO and BuOH, is formed. In the studied case, a hydrogen bond 

between the hydroxyl group of BuOH and the nitrogen of the NCO group of PhNCO formed 

with a corresponding distance of 2.182 Å (Figure 23).  

 

 

 
2 The following subchapter is based on: Hadeer Q. Waleed. et al. Polymers, 2022, 14, 2859, 
https://doi.org/10.3390/polym14142859 
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 Figure 23. Three-dimensional structures of the reactant complex (RC), transition state (TS), 
and product (P) in the reaction of butan-1-ol and phenyl isocyanate, which are used as a model 
of catalyst-free urethane formation. The structures have been optimized at the BHandHLYP/6-
31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. 

In the next step, a transition state (TS) developed in which a proton transfer between the 

BuOH hydroxyl group and the nitrogen of the NCO group took place (1.387 Å), while a C-O 

bond was formed between the NCO’s carbon and the butan-1-ol’s oxygen (1.494 Å). The 

relative enthalpy of the TS compared to the entrance channel was 116.49 kJ/mol (Table 5, and 

Figure 24), and after this, the final urethane product (P) was reached. 

Table 5. Relative enthalpy (∆rH) of the reaction between phenyl isocyanate and butan-1-ol 
with and without catalysts, calculated using the G3MP2BHandHLYP composite method in 
acetonitrile, using the SMD implicit solvent model at 298.15 K and 1 atm. R—reactant, RC—
reactant complex, TS—transition state, IM—intermediate, PC—product complex, and P—
product. 

∆rH(kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.0 - -8.97’ 116.49 - - - -94.84 

DABCO 0.0 -24.54 -41.44 -0.84 -134.98# -109.15 -124.63 -94.84 

1,2-DMI 0.0 -20.56 -28.55 7.25 -116.89# -88.56 -119.56 -94.84 

NEM 0.0 -27.33 -44.40 -0.87 -135.30# -107.93 -132.21 -94.84 

     ’RC for catalyst-free reaction. # Corrected relative enthalpy calculated according to ref.[251,263,264].  
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Figure 24. Energy profile (relative enthalpy (∆rH)) of the phenyl isocyanate and butan-1-ol 
reaction calculated using the G3MP2BHandHLYP composite method in acetonitrile, using the 
SMD implicit solvent model at 298.15 K and 1 atm. 

3.3.2 Proton Affinity (PA) of the Studied Catalysts 

As proton transfers are crucial during the reactions, proton affinity (PA) was computed for 

all unique nitrogen that were considered catalytically active within the cyclic amine catalysts 

(Ep. 1) (Figure 22, Table 6). The PAs of the catalytically active nitrogens were in a range of 

973.2−1002.9 kJ/mol. The results showed that the difference between the calculated and data 

in the literature was 20.5 kJ/mol in the case of DABCO and 18.1 kJ/mol for 1,2-DMI. As the 

nitrogen of NEM had the lowest proton affinity (973.2 kJ/mol), after protonation, it was the 

most prone to donating its proton. Meanwhile, 1,2-DMI was the best proton acceptor, as it had 

the highest proton affinity (1002.9 kJ/mol). 

Table 6. Computed (PAcalc) and measured proton affinities (PAexp) of the tertiary amines of the 
studied catalysts: 1,4-diazabicyclo[2.2.2]octane (DABCO), 1,2-dimethylimidazole (1,2-DMI), 
and N-ethylmorpholine (NEM), in kJ/mol. The calculations were carried using the 
G3MP2BHandHLYP composite method in the gas phase at 298.15 K and 1 atm. 

Catalysts PAcalc (kJ/mol) PAexp (kJ/mol)[282] 

DABCO 983.9 963.4 

1,2-DMI 1002.9 984.7 

NEM 973.2 - 
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3.3.3 Structural Features of Urethane Formation in the Presence of the Studied 

Catalysts 

The mechanism was also examined in the presence of catalysts (Figure 16, Figures 25, and 

Figures B1, B2(Appendix B)). It can be seen that additional structures were formed compared 

to the catalyst-free case. 

 

Figure 25. Optimized structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of NEM, calculated at the BHandHLYP/6-31G(d) level of theory in 
acetonitrile at 298.15 K and 1 atm. RC—reactant complex, TS—transition state, IM—
intermediate, and PC—product complex. 

During the industrial urethane synthesis, the catalyst was mixed into the polyol. Thus, in 

the presence of catalysts, the reaction was mimicked by the formation of the first complex 

(RC1) between the catalyst and the alcohol. The distance between the catalyst’s nitrogen and 

the hydroxyl hydrogen of butan-1-ol was in the range of 1.856 and 1.926 Å (Table 7, N-H *). 

Then, isocyanate was added to the system, which led to the formation of a trimolecular complex 

(RC2). In the case of RC2, an interaction occurred between the oxygen of BuOH and the NCO 

group of the isocyanate, with the corresponding C-O distance being in the range of 2.958–3.073 

Å, while a minor change in the length of the N-H * bond could be identified compared to the 

same interaction in RC1 (Table 7).  
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Table 7. The N-H, O-H, and C-O bond lengths (Å) along the phenyl isocyanate (PhNCO) and 
butan-1-ol reaction pathway in the presence of the studied catalysts. N-H* for catalysts, while 
N-H** for PhNCO. 

 

The formed complexes (i.e., RC1 and RC2) were the most favoured in the case of NEM (∆rH = 

-27.33 kJ/mol, and -44.40 kJ/mol, respectively), while in the presence of 1,2-DMI, they were 

the least stable (∆rH = -20.56 and -28.55 kJ/mol, for RC1 and RC2, respectively) compared to 

the other studied catalysts (Table 5 and Figure 25). As the catalytic reaction mechanism 

included proton transfer steps, the proton affinity of the catalytic nitrogen influenced the relative 

enthalpy of the reaction steps (e.g., the reactant complex (RC1)), and by increasing the proton 

affinity, the corresponding thermodynamic property also changed (Table B1, B2(Appendix 

B)). After the formation of the reactant complexes, the reaction continued with TS1 in which a 

proton transfer occurred from the hydrogen of the OH group to the nitrogen of the catalyst, and 

the corresponding distance between these groups significantly decreased to the range of 1.661–

1.744 Å in the studied systems. The potential energy curve showed that in the presence of NEM, 

the TS1 step had the lowest relative enthalpy (∆rH = 0.87 kJ/mol) within the studied set of 

catalysts (Figure 26). The N=C=O group was bent activating the carbon for the formation of a 

new C–O bond, and this led to the formation of an intermediate (IM), where the distance 

between the hydrogen of the OH and the nitrogen of the catalyst significantly decreased, while 

a bond formed between the carbon of the N=C=O and the oxygen of the BuOH. The relative 

enthalpy of the IM is lowest in the presence of NEM (-135.30 kJ/mol). After the formation of 

the IM, the proton transfer occurred from the catalyst to complete the formation of the urethane 

bond. In this step, the N-H* increased, and the N-H** decreased compared to the IM. The 

relative enthalpy of TS2 was lowest in the presence of DABCO (∆rH = -109.15 kJ/mol) 

compared to the other two (i.e., 1,2-DMI and NEM) catalysts. 
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Figure 26. Energy profiles (relative enthalpy (∆rH)) of the catalyzed urethane formation 
reactions calculated with the G3MP2BHandHLYP composite method in acetonitrile, using the 
SMD implicit solvent model at 298.15 K and 1 atm. #Corrected relative enthalpy of IM 
calculated according to Ref.[251,263,264]. 

 The penultimate step in the catalytic mechanism was the formation of the product 

complex (PC) in which a new bond formed between the hydrogen of the BuOH and the nitrogen 

of the N=C=O. The corresponding distance was significantly decreased, and it was in the range 

of 1.020–1.023 Å (Table 7, Figures 25, and Figures B1, B2(Appendix B)). This led to the 

final step in this mechanism, namely, the separation of the catalyst from the product. The 

relative enthalpy for the product was significantly reduced to -94.84 kJ/mol (Table 5 and 

Figure 26). It was found that the presence of the catalyst in urethane formation significantly 

changed the reaction mechanism compared to the catalyst-free case. There was a multi-step 

pathway to form the product. The presence of catalysts significantly reduced the relative 

enthalpy, and the barrier height decreased (∆∆rH > 108 kJ/mol) compared to the catalyst-free 

reaction. By comparing the calculated activation energies (i.e., 26.5, 23.7, and 27.8kJ/mol) with 

measured values (i.e., 18.1 ± 0.7, 20.3 ± 0.8, and 24.8 ± 0.8 kJ/mol)[250] for the DABCO-, 1,2-

DMI-, and NEM-catalysed reactions, respectively (Table 5), the highest difference was only 

8.4 kJ/mol in the case of DABCO, while the lowest difference (3 kJ/mol) was experienced in 

the case of NEM. These results prove the validity of the proposed mechanism and verify the 

method selection as well. 
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3.4 Urethane formation-reactions of phenyl isocyanate and butan-1-ol without and in the 

presence of aliphatic tertiary amine catalysts3 

Urethane formation in the presence of three tertiary amine catalysts (N,N-

dimethylcyclohexylamine (DMCHA), 2-(2-dimethylaminoethoxy)ethanol (DMEE), and bis[2-

(N,N-dimethylamino)ethyl]ether (DMAEE)) (Figure 27)[275,283] has also been analysed by 

using computational tools to understand the reactions from a mechanistic point of view. The 

activity of the catalysts has been compared by using theoretical methods. The catalyst-free 

system has also been studied computationally and used as a reference (Figure 15). To mimic 

the experimental system as close as possible, the reaction of butan-1-ol and phenyl isocyanate 

has been selected as reactants to describe the energetic and structural features of the urethane 

formation (Figures 15, 23, and 24). 

  

Figure 27. Chemical structures of the studied catalysts. N,N-dimethylcyclohexylamine 
(DMCHA), 2-(2-dimethylaminoethoxy)ethanol (DMEE), and bis[2-(N,N-
dimethylamino)ethyl]ether (DMAEE). The catalytic nitrogen-containing groups which are 
considered in the calculations are highlighted with red circles. 

3.4.1 Proton Affinity (PA) of the Studied Catalysts 

 As the suggested catalytic mechanism includes protonation steps, the proton affinities 

(PA) have been computed for all nitrogen containing groups (Table 8). In the case of DMCHA 

the deviation between the calculated and literature data is 15.08 kJ/mol. DMEE has the lowest 

proton affinity (972.7 kJ/mol), which makes it the best proton donor, as less energy is needed 

for the deprotonation. While DMCHA has the highest proton affinity which makes it the best 

proton acceptor. All in all, the proton affinities of the tertiary amine groups of these catalysts 

are in the range of 972.7 and 998.7 kJ/mol (Table 8). 

 
3 The following subchapter is based on: Hadeer Q. Waleed. et al. Phys. Chem. Chem. Phys, 2022,24, 20538-20545, 
 https://doi.org/10.1039/D2CP00728B. 
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Table 8.  Computed (PAcalc) and measured proton affinities (PAexp) in kJ/mol. The calculations 
have been carried out at the G3MP2BHandHLYP composite method in gas phase at 298.15 K 
and 1 atm. 

Catalysts PAcalc (kJ/mol) PAexp (kJ/mol)[281] 

DMCHA 

DMEE 

   998.7 

   972.7 

983.6 

- 

DMAEE           973.5     -  

 

3.4.2 Structural Features of Urethane Formation in the Presence of the Studied Catalysts 

 

In contrast to the catalyst-free case, urethane formation in the presence of catalysts includes 

seven steps (Figure 16, Figure 28, and Figures C1,C2 (Appendix C)).  

 

Figure 28. Optimized structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of DMAEE, calculated at the BHandHLYP/6-31G(d) level of theory 
in acetonitrile at 298.15 K and 1 atm. RC—reactant complex, TS—transition state, IM—
intermediate, and PC—product complex. 

First, a complex (RC1) between the alcohol and the catalyst is forming, while the distance 

between the catalyst’s nitrogen and the hydroxyl hydrogen of butan-1-ol is in the range of 1.867 

and 1.883 Å (Table 9, N-H*). This is supposed to mimic the industrial urethane synthesis, 

within which, first the catalyst is mixed into the polyol. Then, in the next step the isocyanate, 
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PhNCO, is added to the system, and RC2, a trimolecular complex is formed. In this step, a new 

interaction occurs between the butanol’s oxygen and the isocyanate group, while only 

insignificant changes can be identified in the length of the previously established N-H*.  

Table 9. The N-H, O-H, and C-O bond lengths (Å) along the phenyl isocyanate (PhNCO) and 
butan-1-ol reaction pathway in the presence of the studied catalysts (DMCHA, DMEE, and 
DMAEE). N-H* for catalysts, while N-H** for PhNCO. 

 

The effect on the O-H bond length is even smaller and almost no change is observed 

between RC1 and RC2 (Table 9). The most stable butan-1-ol–catalyst complex (RC1) and 

trimolecular complex (RC2) are formed in the case of DMCHA (∆rH = -28.14 kJ/mol, and -

47.16 kJ/mol, for RC1 and RC2, respectively). Meanwhile, DMEE–butan-1-ol is the least stable 

RC1 (∆rH = -27.33 kJ/mol), and DMAEE participates in the least stable trimolecular complex 

(RC2, ∆rH = -38.67kJ/mol) (Table 9 and Figure 29). 

 Table 10. Relative enthalpy (∆rH) of the reaction between phenyl isocyanate and butan-1-ol 
with and without catalysts, calculated using the G3MP2BHandHLYP composite method in 
acetonitrile, using the SMD implicit solvent model at 298.15 K and 1 atm. R—reactant, RC—
reactant complex, TS—transition state, IM—intermediate, PC—product complex, and P—
product. 

’RC for catalyst-free reaction. # Corrected relative enthalpy calculated according to ref.[251,263,264].  

In the next step, TS1 is developing in the presence of the catalyst where a proton transfer 

between the alcohol and the amine group of the catalyst occurs, and the N=C=O group is being 

bent activating the carbon for the formation of a new C–O bond. Therefore, the N-H* and C-O 

distances are significantly decreased, and these are in the range of 1.685 – 1.718 Å, and 1.815 

– 1.847 Å, for N-H* and C-O, respectively. At the same time, the O-H distance increased from 

0.975 – 0.978 to 1.006 – 1.011Å. The potential energy curve showed that in the presence of 

∆rH (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -8.97’ 116.49 - - - -94.84 

DMCHA 0.00 -28.14 -47.16 -5.94 -143.73# -116.14 -130.65 -94.84 

DMEE 0.00 -27.33 -44.75 -5.36 -135.94# -107.74 -131.45 -94.84 

DMAEE 0.00 -27.59 -38.67 -3.20 -139.72# -111.10 -127.92 -94.84 
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DMCHA the TS1 step has the lowest relative energy (∆rH= -5.94 kJ/mol) within the studied 

set of catalysts (Figure 29).  

 

Figure 29. Energy profiles (relative enthalpy (∆rH)) of the catalyzed urethane formation 
reactions calculated with the G3MP2BHandHLYP composite method in acetonitrile, using the 
SMD implicit solvent model at 298.15 K and 1 atm. #Corrected relative enthalpy of IM 
calculated according to Ref.[251,263,264]. 

In the next step, an IM is formed which includes the protonated catalyst, hydrogen bonded 

to the nitrogen of the forming urethane bond, and the distance in this step is the lowest for N-

H* and it is in the range of 1.068 and 1.075 Å for each catalyst, while a new C–O bond is 

formed between the carbon of the NCO group and the oxygen of the alcohol. In this step, the 

relative enthalpy is the lowest in the presence of DMCHA (∆rH = -143.73), which is followed 

by DMAEE (-139.72 kJ/mol) and DMEE (-135.94 kJ/mol). Thereafter, TS2 will occur, and the 

catalyst will return the proton to the nitrogen forming urethane group, and in this step N-H* 

increases, while N-H** decreases. At this step, the relative enthalpy is the lowest in the 

presence of DMCHA (∆rH = -116.14 kJ/mol) compared to the other two studied catalysts. 

Before the reaction completes, a product complex (PC) is forming, where the urethane bond is 

complete, and thus, the distance between N-H** significantly decreased (Figure 28, and 

Figures C1, C2(Appendix C)). In the final step the catalysts and the product will be separated 

(P), with the corresponding relative energy of -94.84 kJ/mol. 

Taking into account the fact, that the catalyst is first mixed into the alcohol and a complex 

will be formed between the alcohol and the catalyst (RC1), the measured activation energy will 

be the difference between TS1 and RC1 (Figure 29). The calculated enthalpy differences are 

-150

-100

-50

0

50

∆
rH

 (
kJ

/m
ol

)

reaction coordinate

 DMCHA
 DMEE
 DMAEE

P

PC
TS2

#IM

RC2
TS1

RC1

R



   Organocatalytic Urethane Synthesis – A Computational Study         Hadeer Waleed                                                                    
  

65 
 

22.2, 21.9, and 24.4 kJ/mol, for the DMCHA, DMEE, and DMAEE catalysed reactions, 

respectively. These are in an excellent agreement with the experimentally determined values 

which are 25.8 ± 1.0, 23.9 ± 1.3, and 25.2 ± 0.7 kJ/mol, for the DMCHA, DMEE, and DMAEE 

catalysed reactions, respectively[252]. The highest difference was only 3.6 kJ/mol in the case 

of DMCHA, while the lowest difference (1.9 kJ/mol and 1.1 kJ/mol) was experienced in the 

case of DMEE, and DMAEE, respectively, which further proves the validity of the proposed 

mechanism and verify the method selection as well. 

The PhNCO – butan-1-ol reaction was also studied in the presence of three additional 

catalysts, N,N-dimethylpropane-2-amine (DMIPA), N,N,N’,N’-tetramethylpentane-1,5-

diamine (TMPD), and N-[2-(dimethylamino)ethyl]-N’,N’-dimethylethane-1,2-diamine 

(DMAEDMED) (Figures C3-C5 (Appendix C)), to investigate whether modifications further 

than the gamma positions from the catalytic centre causes any significant change in the catalytic 

activity. DMCHA was compared to DMIPA, while DMAEE was compared to TMPD, and 

DMAEDMED. The results showed that the relative energy difference for TS1 is less than 3.5 

kJ/mol for each catalyst pairs (Table C2(Appendix C)). Thus, the change in the structure does 

not affect significantly the activity of the catalysts. 

3.5 Urethane formation in the presence of 2,2-dimorpholinodiethylether (DMDEE) and 

1,4-dimethylpiperazine (DMP)4 

The catalytic activity of 2,2-dimorpholinodiethylether (DMDEE) and 1,4-

dimethylpiperazine (DMP), two cyclic amines were studied (Figure 30) using computational 

methods and verifying the data with kinetic measurements. Industrially, DMDEE is a strong 

foaming catalyst. It can be prolonged the storage period of N=C=O components due to the steric 

hindrance of amino groups. DMDEE is a specifically suitable catalyst for one-component 

polyurethane rigid foam sealant systems. It is also used for polyether and polyester polyurethane 

soft foam, semi-rigid foam, etc.[284]. While 1,4-dimethylpiperazine (DMP) is a liquid 

crystalline compound melting at 105 ˚C, dissoluble in water, alcohol, glycerol, and glycols. In 

case of DMP, the nitrogen containing ring plays an essential role in biological research and the 

drug manufacturing industry. Furthermore, it is an important cyclic component in the industrial 

field as raw materials for hardener of epoxy resins, accelerators for rubber, and urethane 

catalysts. DMP is used as a catalyst that speeds up polyurethane formation[285]. However, to 

 
4 The following subchapter is based on: Hadeer Q. Waleed. et al. Computational and Theoretical Chemistry,   
2023, 1221, 114045, https://doi.org/10.1016/j.comptc.2023.114045 
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the best of our knowledge, the atomistic details of urethane synthesis in the presence of DMDEE 

have never been studied before, while the catalytic effect of DMP has never been compared 

before with experimental values. Thus, important insights are gained by this combined 

experimental and computational study into their catalytic activity.  

 

Figure 30. Chemical structures of the studied catalysts. 2,2-dimorpholinodiethylether 
(DMDEE), and 1,4-dimethylpiperazine (DMP). The catalytic nitrogen-containing groups which 
are considered in the calculations are highlighted with red circles. 

To describe the reactions from a mechanistic point of view,  a recently proposed general 

urethane formation reaction mechanism without and with amine catalysts[250,252,253] was 

followed (Figure 15, and Figure 16). The catalyst-free system has been studied 

computationally and used as a reference (Figures 15, 23, and 24) (Table 11).  

Table 11.  Relative enthalpy (∆rH) of the reaction between phenyl isocyanate and butan-1-ol 
with and without catalysts, calculated using the G3MP2BHandHLYP composite method in 
acetonitrile, using the SMD implicit solvent model at 298.15 K and 1 atm. R—reactant, RC—
reactant complex, TS—transition state, IM—intermediate, PC—product complex, and P—
product. 

∆rH (kJ/mol) 

 R RC1     RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.0 - -8.97’ 116.49 - - - -94.84 

*DMDEE 0.0 -27.27 -54.65 -5.03 -133.12# -109.29 -135.34 -94.84 

DMP 0.0 -26.43 -35.81 -2.79 -135.69# -109.27 -129.23 -94.84 

’RC for catalyst-free reaction. *calculated using the qG3MP2BHandHLYP workflow. # Corrected relative enthalpy 
calculated according to ref.[251,263,264].  

3.5.1 Proton Affinity (PA) of the Studied Catalysts 

As the catalytic reaction mechanism include proton transfer steps, and one of the main 

factors which affect the activity of the catalysts is the proton affinity (PA) of the catalytic 

nitrogen, thus, PA of the catalytically active sites was also computed within the amine catalysts 

(Figure 30, Table 12). As the nitrogen of DMP had lower proton affinity (984.84 kJ/mol), after 

protonation, it is more prone to donate the proton. Meanwhile, DMDEE is better proton 

acceptor, as it had higher proton affinity (1012.28 kJ/mol). These effected the relative energy 
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of the reaction steps (e.g., IM, TS2) and by increasing proton affinity the corresponding relative 

energy is also increasing. 

Table 12. Computed (PAcalc) of the amines of the studied catalysts, 2,2-
dimorpholinodiethylether (DMDEE), and 1,4-dimethylpiperazine (DMP), in kJ/mol. The 
calculations were carried by using the G3MP2BHandHLYP composite method in the gas phase 
at 298.15 K and 1 atm. 

Catalysts PAcalc (kJ/mol) 

DMDEE 1012.28 

DMP 984.84 

 

3.5.2 Structural Features of Urethane Formation in the Presence of the Studied Catalysts 
 

In the presence of catalysts the urethane formation mechanism includes additional steps 

compared to the reaction without catalysts (Figures 16, 31 and 32). 

 

Figure 31.  Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of 2,2-dimorpholinodiethylether (DMDEE) calculated at the 
BHandHLYP/6-31G(d) level of theory in acetonitrile. RC—reactant complex; TS—transition 
state; IM—intermediate; PC—product complex. 
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Figure 32. Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of 1,4-dimethylpiperazine (DMP) calculated at the BHandHLYP/6-
31G(d) level of theory in acetonitrile. RC—reactant complex; TS—transition state; IM—
intermediate; PC—product complex. 

 First, the catalyst and alcohol are mixed during the industrial urethane synthesis, therefore, 

for modeling this experimental process, first the complex formation (RC1) between the catalyst 

and alcohol was computed (Figures 31 and 32). It was found that the distance between the 

catalyst’s nitrogen and the hydroxyl hydrogen of BuOH was in the range of 1.901 and 1.924 Å 

(Table 13, N-H *). The next step is when the isocyanate is added to the system and a 

trimolecular complex (RC2) is formed, in this case, an interaction will occur between the carbon 

of the NCO group and the oxygen of the alcohol with the distance between them being in the 

range of 3.059–3.114 Å (Table 13, C-O) for the studied systems. 

Table 13.  N-H, O-H, and C-O bond lengths (Å) along the phenyl isocyanate (PhNCO) and 
butan-1-ol reaction pathway in the presence of the studied catalysts, 2,2-
dimorpholinodiethylether (DMDEE), and 1,4-dimethylpiperazine (DMP) calculated at the 
BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. N-H * for catalysts, 
while N-H ** for PhNCO. 

 

After the trimolecular complex, a transition sate (TS1) will occur and through that a bond 

will form between the carbon of the NCO group and the oxygen of the alcohol group. 

Meanwhile, a proton is donated from the hydrogen of the OH group to the nitrogen of the 
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catalyst, and the corresponding distance between them is significantly reduced to the range of 

1.686–1.712 Å. In the TS1 step, the lowest relative enthalpy was in the presence of DMDEE 

(∆rH = -5.03 kJ/mol) (Figure 33, Table 11). TS1 is followed by an intermediate (IM) within 

which the distance between the hydrogen of the BuOH and the nitrogen of the catalyst was 

significantly reduced to the range of 1.071–1.073 Å. This leads to the next step where the second 

transition state (TS2) will form, within which the proton is donated back from the nitrogen of 

the catalyst to the nitrogen of the NCO group, with a corresponding distance in the range of 

1.388–1.408 Å (Table 13, N-H **). In the penultimate step of the catalytic mechanism, the 

product complex (PC) will form which will include a new bond between the nitrogen of the 

NCO group and hydrogen of the BuOH group with decreasing in the corresponding distance to 

the range of 1.019–1.021 Å (Table 13, Figures 31 and 32). In the final stage of the catalytic 

mechanism the catalyst will separate from the product, which has a relative enthalpy of -94.84 

kJ/mol (Table 11 and Figure 33). All in all, it was found that in the presence of catalysts a 

multi-step pathway is feasible to reach the product. The barrier height of the reaction 

significantly decreased (>118 kJ/mol) in the presence of catalysts compared to the catalyst-free 

reaction. The relative enthalpy difference for TS1 was 121.5 kJ/mol in the presence of DMDEE, 

while in the case of DMP it was 119.3 kJ/mol compared to the catalyst-free reaction, 

respectively. 

 

Figure 33.  Energy profiles (relative enthalpy (∆rH)) of the catalyzed urethane formation 
reactions calculated with the G3MP2BHandHLYP composite method in acetonitrile, using the 
SMD implicit solvent model at 298.15 K and 1 atm. #Corrected relative enthalpy of IM 
calculated according to ref.[251,263,264]. 
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In the experimental protocol, first the catalyst is mixed with the alcohol, where a complex 

will be formed between them (RC1), and thus, the measured activation energy will be the energy 

difference between TS1 and RC1 (Figure 33). Thus, the corresponding relative enthalpy are 

22.2 and 23.6 kJ/mol, for DMDEE and DMP, respectively (Table 11, Figure 33). The 

differences compared to experimentally determined activation energy values are 11.2 kJ/mol in 

the case of DMDEE, and only 5.3 kJ/mol for the DMP catalyst[249]. These are not excellent, 

but still acceptable differences and can be used to further verify the validity of the suggested 

mechanism. 

3.6 Urethane formation in the presence of morpholine, and 4-methylmorpholine5 

The further understanding of the catalytic process is inevitable to achieve more 

environmentally friendly processes and thus, in this research, the reaction between PhNCO and 

BuOH is studied in the presence of two different cyclic amine catalysts (Figure 34). These two 

cataysts, morpholine, and 4-methylmorpholine are synthetic organic liquids used mainly as an 

intermediate in the production of rubber chemicals, corrosion inhibitors, waxes and polishes, 

and optical brighteners. Due to their advantageous physicochemical, biological, and metabolic 

properties, as well as facile synthetic routes. The morpholine ring is a versatile and readily 

accessible synthetic building block, it is easily introduced as an amine reagent or can be built 

according to a variety of available synthetic methodologies[286]. 

 

Figure 34. Chemical structures of the studied catalysts. 

The formation of the urethane linkage has been studied by using the butan-1-ol and phenyl 

isocyanate as reference models (Figure 15). The catalyst-free system was investigated along 

with the catalytic process, the geometries were optimized, and the corresponding 

thermodynamic properties were calculated, and based on these the reactions were characterized 

(Figures 23, and 24) (Table 14). 

 
5 The following subchapter is based on: Hadeer Q. Waleed. et al. Sci Rep, 2023, 13, 17950, 
https://doi.org/10.1038/s41598-023-44492-x 
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Table 14.  Relative enthalpy (∆rH) of the reaction between phenyl isocyanate and butan-1-ol 
with and without catalysts, calculated using the G3MP2BHandHLYP composite method in 
acetonitrile, using the SMD implicit solvent model at 298.15 K and 1 atm. R—reactant, RC—
reactant complex, TS—transition state, IM—intermediate, PC—product complex, and P—
product. 

∆rH (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -8.97’ 116.49 - - - -94.84 

morpholine 0.00 -22.95 -31.41 5.31 -125.44# -97.44 -120.47 -94.84 

4-methylmorpholine 0.00 -25.21 -34.89 -0.58 -132.26# -105.96 -127.37 -94.84 

’RC for catalyst-free reaction. # Corrected relative enthalpy calculated according to ref.[251,263,264].  

3.6.1 Proton Affinity (PA) of the Studied Catalysts 

Proton affinities (PAs) for the active nitrogens of the catalysts are also calculated (Figure 

34, Table 15). It was found that morpholine is better proton acceptor, as it had higher proton 

affinity (1523.95 kJ/mol). While, 4-methylmorpholine has a lower proton affinity (963.07 

kJ/mol), after protonation, it is more prone to donate the proton.  

Table 15. Computed (PAcalc) of the amines of the studied catalysts, morpholine, and 4-
methylmorpholine, in kJ/mol. The calculations were carried by using the G3MP2BHandHLYP 
composite method in the gas phase at 298.15 K and 1 atm. 

Catalysts PAcalc (kJ/mol) 

morpholine 1523.95 

4-methylmorpholine 963.07 

 

3.6.2 Structural Features of Urethane Formation in the Presence of the Studied 

Catalysts 

Several additional steps will occur in the case of the mechanism of the phenyl isocyanate – 

butan-1-ol reaction in the presence of amine catalysts compared to the catalyst-free pathway 

(Figure 16) which was proposed before[253]. In this case, the first step will be the formation 

of the bimolecular reactant complex (RC1), and then a trimolecular complex will emerge 

(RC2). The hydrogen bond between BuOH and the catalytic amine is formed, and the 

corresponding N-H* distance is 1.889 Å in case of morpholine and a bit elongated to 1.906 Å 

when 4-methylmorpholine is considered (Table 16, Figure 35). 
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Figure 35. Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of catalysts: a) morpholine, and b) 4-methylmorpholine calculated 
at the BHandHLYP/6-31G(d) level of theory in acetonitrile. RC—reactant complex; TS—
transition state; IM—intermediate; PC—product complex. 

Table 16. N-H, O-H, and C-O bond lengths (Å) along the phenyl isocyanate (PhNCO) and 
butan-1-ol reaction pathway in the presence of the studied catalysts, morpholine, and 4-
methylmorpholine calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile at 
298.15 K and 1 atm. N-H * for catalysts, while N-H ** for PhNCO. 

 

To verify the proposed mechanism and the potential formation of the reactant complexes or 

intermediates, an extensive search for crystal structures in the Cambridge Structural Database 

(CSD)[287] was carried out. Crystal structures including morpholine and 4-methylmorpholine 

complexed with hydroquinone (Figure 36 ˝a˝) were found[288]. It can be seen that the 
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interaction (-OH---N-, hydrogen bond) between morpholine and the corresponding hydroxyl 

group in the crystal structure and in the case of the optimized reactant complex (RC1) is very 

similar to each other and the difference between the length of the hydrogen bonds is only 0.048 

Å, while in the case of 4-methylmorpholine it is even smaller 0.031 Å. These promising 

similarities between the crystal structures and the computed reaction complexes further support 

the previously proposed complex 7-step mechanism. 

 

Figure 36. Comparison of morpholine and 4-methylmorpholine complexes: a - crystal 
structures[288]; b - optimized structures. 

Another interaction was established between the carbon of isocyanate and hydroxyl oxygen 

of BuOH. The corresponding C-O distance is 3.044 Å and 3.055 Å in case of morpholine and 

4-methylmorpholine, respectively (Figure 35). After the reactant complex formation, proton 

transfer occurs in TS1 from the hydroxyl group to the nitrogen of both morpholine and 4-

methylmorpholine, and thus, the corresponding N-H* distances reduced to 1.674 Å and 1.689 

Å, respectively (Figure 35).  

The relative enthalpy of TS1 is the lowest -0.58 kJ/mol when 4-methylmorpholine is 

considered, while in case of morpholine a increase of ~5 kJ/mol is experienced (Figure 37). 

However, in both cases the relative enthalpy of the transition state significantly reduced 

compared to catalyst-free process. 
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Figure 37. Relative enthalpy (∆rH) profile of the studied catalysed urethane formation 
reactions in the presence of morpholine, and 4-methylmorpholine calculated at the 
G3PMP2BHandHLYP level of theory in acetonitrile using the SMD implicit solvent model, 
respectively. # Corrected relative enthalpy of IM calculated according to ref. [263,264] 

The catalysts are mixed first with the polyol in the experimental preparation steps and thus, 

RC1 is formed. Thereafter, the trimolecular complex is evolved by adding the isocyanate and 

the reaction proceeds. Therefore, to compute the barrier height for the first reaction step, the 

relative energy between TS1 and RC1 has to be computed. In the presence of morpholine and 

4-methylmorpholine (Table 14). In previous studies, kinetic experiments of urethane formation 

were carried out[249,250,252]. The results showed that in the case of cyclic catalysts the 

activation energy (Ea) cover a wider range between 24.8-25.8 kJ/mol, while in the case of linear 

catalysts it is around 23.9-25.2 kJ/mol. In the current work, the studied catalysts are cyclic 

structures and the calculated activation energies are 24.6 and 28.2 kJ/mol, for 4-

methylmorpholine, and morpholine respectively, which is in good agreement with previous 

experimental data for similar catalysts. This indicates that morpholine is a bit less effective to 

prepare urethane compared to its methylated counterpart. A zwitterionic intermediate structure 

(IM) will form after TS1 within which a new bond will develop between the isocyanate’s carbon 

and butan-1-ol. The corresponding relative enthalpy of the IMs are -87.34 and -94.16 kJ/mol, 

for the morpholine and 4-methylmorpholine catalyzed reaction, respectively (Table 14).  

The second transition state (TS2) will form where the proton transfer from the catalyst to 

the product occurs. In TS2, the distance between N-H** decreased, while the distance between 

N-H* increased compared to IM (Table 16, Figure 35), and the relative enthalpy are differed 
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by ~10 kJ/mol in case of morpholine and 4-methylmorpholine. The TS2 structures including 

morpholine and 4-methylmorpholine have a relative energy of -97.44 kJ/mol and -105.96 

kJ/mol, respectively. 

It seems that IM is higher in enthalpy than TS2, ∆∆rH[TS2-IM]=-10.10 kJ/mol and -11.79 

kJ/mol in case of morpholine and 4-methylmorpholine, respectively (Table 14), which needs 

to be explained. The most straightforward explanation is the solvent effect, which is caused by 

the zwitterionic nature of the intermediate. Despite numerous attempts, IM was not located in 

the gas phase, which is also related to its zwitterionic nature. Furthermore, calculations were 

also carried out in different solvents and it was found that by changing solvent the relative 

enthalpy of TS2 and IM is also changing (Table 17) similarly in the literature[289], but the IM 

remained higher than the corresponding transition state. Thus, the applied method is not suitable 

to handle the solvent effect precisely in case of the zwitterionic intermediate. Therefore, a 

correction was applied which was previously successfully used in the literature to handle a 

system within which zwitterionic structure is formed in case of an amino acid[264]. To balance 

the effect of the formation of the zwitterionic IM, -38.1 kJ/mol[263] was added to the relative 

enthalpy which shifted the uncorrected relative enthalpy (∆∆rH[TS2-IM]) between TS2 and IM 

from -10.10 kJ/mol and -11.79 to 28 and 26.31 kJ/mol in case of the morpholine and 4-

methylmorpholine catalysed process, respectively. By applying the correction, the IM became 

lower in energy than TS2, and thus, the previous irregularity in the energy profile has been 

handled.   

Table 17. Relative enthalpy (∆∆rH[TS2-IM]) for intermediate (IM) and TS2 in various media. 

Medium 

Dielectric constant 

(ε) 

 ∆∆rH (kJ/mol) 

morpholine 4-methylmorpholine 

Water 80 -7.66 -7.45 

Acetonitrile 37.5 -8.92 -8.80 

Tetrahydrofuran 7.58 -6.56 -8.78 

 

The formation of the product complex (PC) is the penultimate step of the reaction, it is a 

bimolecular compound of the catalyst and product (Figure 35). In the last step, the catalyst is 

separated from the product. The reaction is significantly changed in the presence of catalysts 

compared to the case of catalyst-free system (Table 14). The product forms in multiple steps 

and the relative enthalpy is significantly reduced in case of the organocatalytic reaction. The 
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proton affinity of the catalytic site affects the relative enthalpy of the reaction steps (e.g., TS1, 

IM, TS2) and by increasing proton affinity the corresponding relative enthalpy is also increasing 

and thus, the lower proton affinitiy can be associated with better catalytic effect. Considering 

the studied catalysts, 4-methylmorpholine is more effective to promote urethane formation than 

morpholine. 

3.7 Stoichiometric reaction and catalytic effect of 2-dimethylaminoethanol in urethane 

formation6 

Some of the studied catalysts contain reactive functional groups (e.g. OH) that can act as 

stoichiometric reactants with isocyanate and form urethane bonds. One of such structures are 

2-dimethylaminoethanol (DMEA) which has a reactive functional group (OH). In the case of 

DMEA two different processes were considered and studied: catalytic and stoichiometric 

scenarios. Therefore, the computational study of urethane formation in the presence of 

2-dimethylaminoethanol (DMEA) which has a reactive functional group is carried out (Figure 

38). 

 

Figure 38. Chemical structures of the studied 2-dimethylaminoethanol (DMEA) catalysts.  

3.7.1 Urethane formation involving 2-dimethylaminoethanol (DMEA) as a catalyst 

First, DMEA is considered as a catalyst for the model reaction between phenyl 

isocyanate (PhNCO) and butan-1-ol (BuOH). Previously the proposed reaction 

mechanism was considered. In this catalytic reaction (Figure 16), a reaction complex 

(RC1) between the alcohol and the catalyst is formed first. This step was computed to 

model the experimental process, where a premix of a polyol and the catalyst is usually 

prepared beforehand. In the next step, the isocyanate is added to the system and 

trimolecular reaction complex is formed (RC2). This will lead to the formation of the first 

transition state structure (TS1) where the N=C=O group is being bent, activating the carbon of 

the isocyanate group for the formation of a new bond with the oxygen belonging to the hydroxyl 

 
6 The following subchapter is based on: Hadeer Q. Waleed. et al. Phys. Chem. Chem. Phys., 2024, 26, 7103-
7108, https://doi.org/10.1039/D3CP05800J. 
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group (C–O bond) with a distance of 1.829 Å (Table 18). At the same time a proton transfer 

occurs from the hydroxyl group of the alcohol to the nitrogen of the catalyst where the N-H* 

bond length decreased to 1.713 Å (Table 18, and Figure 39).  

Table 18. O-H, C-O, and d N-H bond lengths (Å) along the butan-1-ol and phenyl isocyanate 
(PhNCO) reaction pathway in the case of 2-dimethylaminoethanol (DMEA) (catalytic system), 
calculated at the BHandHLYP/6-31G(d) theory level at (298.15 K and 1 atm) in acetonitrile. N-
HI for DMEA, while N-HII for PhNCO. 

 O-H C-O N-HI N-HII 

RC1 0.975 - 1.883 - 

RC2 0.977 3.232 1.871 - 

TS1 1.007 1.829 1.713 - 

IM - 1.367 1.077 1.669 

TS2 - 1.359 1.202 1.393 

PC - 1.336 2.014 1.022 

P - 1.333 - 1.004 

Thus, an intermediate structure (IM) is reached. Thereafter, the proton is donated back from 

the nitrogen of the catalyst to the nitrogen of the isocyanate group through a transition state 

(TS2) while the corresponding distance N-H** is 1.393 Å. Thus, the urethane bond is complete, 

and a product complex (PC) is formed. The N-H* increased to 2.014 Å while the N-H** bond 

length decreased to 1.022 Å. At this point the final product (P) is formed by the separation from 

DMEA, and N-H** bond length further decrease to 1.004 Å (Table 18, Figure 39). 
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Figure 39. Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of 2-dimethylaminoethanol (DMEA) calculated at the 
BHandHLYP/6-31G(d) level of theory in acetonitrile. RC—reactant complex, TS—transition 
state, IM—intermediate, and PC—product complex. 

3.7.2 Urethane formation involving 2-dimethylaminoethanol (DMEA) as a reactant 

New reaction mechanism was proposed for the stoichiometric reaction between DMEA and 

phenyl isocyanate (Figure 40).  
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transition state, IM—intermediate, and PC—product complex. 
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 The mechanism starts with the formation of a reaction complex (RC) with isocyanate. 

Leading to the first transition state  (TS1) where the N=C=O group is activated and a new C–O 

bond is forming with a distance of 1.529 Å (Table 19, Figure 41). 

Table 19. O-H, C-O, and d N-H bond lengths (Å) along the butan-1-ol and phenyl isocyanate 
(PhNCO) reaction pathway in the case of 2-dimethylaminoethanol (DMEA) (stoichiometric 
reaction), calculated at the BHandHLYP/6-31G(d) theory level at (298.15 K and 1 atm) in 
acetonitrile. N-HI for DMEA, while N-HII for PhNCO.  

  O-H C-O N-HI N-HII 

DMEA 

RC 0.962 3.118 2.308 2.455 

TS1 1.065 1.529 1.539 2.392 

IM 2.304 1.402 1.051 1.798 

TS2 2.329 1.387 1.206 1.374 

P - 1.333 - 1.004 

Meanwhile, the proton will be donated from the hydroxyl group of the DMEA to the 

nitrogen of the same molecule (N-H*) with the distance of 1.539 Å. After this step, the 

intermediate structure (IM) is formed where the created C-O bond has a distance of 1.402 Å 

and the distance between N-H* is only 1.051 Å (Table 19, Figure 41). 

 

Figure 41. Optimised structures along the reaction pathway between phenyl isocyanate and 2-
dimethylaminoethanol (DMEA) (stoichiometric reaction) calculated at the BHandHLYP/6-
31G(d) level of theory in acetonitrile. RC—reactant complex, TS—transition state, IM—
intermediate, and PC—product complex. 
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 This step will lead to the second transition state (TS2) where the proton is donated from 

the nitrogen of DMEA to the nitrogen of the isocyanate group with a distance of N-H** 1.374 

Å (Table 19, Figure 41) and where the distance of N-H* is increased to 1.206 Å. That will lead 

to the final step where the product (P) is formed with N-H** equal to 1.004 Å. 

3.7.3 Energetics of urethane formation in the presence of DMEA 

The thermodynamic properties of the stoichiometric reaction and catalyzed phenyl 

isocyanate–butanol urethane formation with DMEA involvement have been computed (Table 

20, and Tables E1,E2(Appandix E)) and the corresponding energy profiles have been drawn 

(Figure 42). 

Table 20. Relative enthalpy (∆rH) of the reaction between phenyl isocyanate (PhNCO) and 
butan-1-ol in the presence 2-dimethylaminoethanol (DMEA) (catalytic system), and DMEA 
with PhNCO (stoichiometric), calculated at the G3MP2BHandHLYP theory level at (298.15 K 
and 1 atm) in acetonitrile using the SMD implicit solvent model. R—reactant, RC—reactant 
complex, TS—transition state, IM—intermediate, PC—product complex, and P—product. 

∆rH (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -8.97’ 116.49 - - - -94.84 

Catalytic system 0.00 -25.66 -38.08 -2.56 -133.61# -106.51 -126.79 -94.84 

Stoichiometric system 0.00 -22.19 - 38.63 -89.29# -57.27 - -95.23 

  ’RC for catalyst-free reaction;  # Corrected relative enthalpy calculated according to ref.[251,263,264].  

 The most stable molecular complex (RC1, ∆rH = -25.66 kJ/mol) was formed in the case of 

the reaction within which DMEA is involved only as a catalyst. The lowest relative enthalpy of 

the transition state (TS1) was also experienced in case of the catalyzed isocyanate–butanol 

reaction (∆rH = -2.56 kJ/mol) and it was 41.2 kJ/mol lower compared to TS1 of the 

stoichiometric process (∆rH = 38.63 kJ/mol) (Table 20, Figure 42). 
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Figure 42. Relative enthalpy (∆rH) profile of the studied catalysed urethane formation 
reactions in the presence 2-dimethylaminoethanol (DMEA). Phenyl isocyanate (PhNCO) and 
butan-1-ol (BuOH) (catalytic system, black line), or DMEA and PhNCO react (stoichiometric 
reaction, blue line). The energies were calculated at the G3PMP2BHandHLYP theory level at 
(298.15 K and 1 atm) in acetonitrile using the SMD implicit solvent model, respectively. 
#Corrected relative enthalpy of IM calculated according to Ref. [251,263,264]. 

Otherwise, comparing the processes with the catalyst-free reaction of phenyl isocyanate-

butanol, it was showed that the relative enthalpy in the case of the catalyst-free case was much 

higher (∆rH(TS)= 116.49 kJ/mol)[249–252] compared to both catalytic and stoichiometric 

reactions (Table 20). This indicate that the involvement of an amine in the reaction would lead 

to a more preferred process. To balance the effect of the formation of the zwitterionic IM, a 

correction (−38.1 kJ/mol) was employed and added to the relative enthalpy of the compound 

(IM) which led to a shift in the ∆rH from -95.51 kJ/mol and -51.19 kJ/mol to -133.61 and -89.29 

kJ/mol in both catalytic and stoichiometric processes, respectively. The relative enthalpy of the 

IM were the highest in the case of the stoichiometric system (∆rH =  

-89.29  kJ/mol), while this step was more preferred in the case of the catalyst system (∆rH =  

-133.61 kJ/mol). Meanwhile, in the TS2 step, the catalytic system had the lowest relative 

enthalpy (∆rH = -106.51 kJ/mol). In the case of the catalytic system, the reaction was completed 

by forming the product complex with a relative enthalpy of -126.79 kJ/mol. This step does not 

occur in the case of stoichiometric reaction. The final step for both reaction systems (catalytic 

and stoichiometric) will be the formation of the product, where the difference in the relative 
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enthalpy between the catalytic and stoichiometric reaction is 0.39 kJ/mol (Table 20, Figure 

42).  

All in all, in the first process (catalytic system), DMEA acts as a catalyst when phenyl 

isocyanate and butan-1-ol will react, while in the second case, a stoichiometric reaction is 

considered when DMEA react with phenyl isocyanate. The rate determining step of the 

stoichiometric scenario is significantly higher compared to the catalytic reaction system. 

Therefore, 2-dimethylaminoethanol can be considered as a more effective catalyst than 

stoichiometric reactant. Furthermore, when the stoichiometric pathway occurs, after urethane 

bond formation between DMEA and isocyanate, the former will be prevented from free 

movement and thus, it will not be able to catalyze as many reactions as it could, and it will not 

be as effective. Therefore, more catalysts will be needed to achieve the same effect. On the 

other hand, the catalyst will not be released from the final product and thus, less risk is 

associated with it towards the end users.  

3.8 Urethane formation in the presence of 4-[2-(dimethylamino)ethyl]morpholine, and 
N,N-dimethylbenzylamine. 

The reaction between butan-1-ol (BuOH ) and phenyl isocyanate (PhNCO) is studied in the 

presence of two different amine catalysts 4-[2-(dimethylamino)ethyl]morpholine (DMAEM), 

and N,N-dimethylbenzylamine (DMBA)(Figure 43) using computational methods. The 

proposed mechanisms (Figure 15 and 16) has been used to understand the reactions from a 

mechanistic point of view.  Furthermore, the comparison between two selected catalysts has 

been carried out where the DMAEM catalyst contains different aromatic and aliphatic nitrogen 

functional groups. While the DMBA catalyst contains just aliphatic nitrogen functional groups. 

The BuOH – PhNCO reaction has been used as a model to study urethane formation (Figure 

43). 
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Figure 43. Chemical structures of the studied 4-[2-(dimethylamino)ethyl]morpholine 
(DMAEM), and N,N-dimethylbenzylamine (DMBA) catalysts. The catalytic nitrogen-containing 
groups which are considered in the calculations are highlighted with red circles. 

3.8.1 Proton Affinity (PA) of the Studied Catalysts 

A proton affinity (PA) was computed for all unique nitrogen that were considered 

catalytically active within the aromatic and aliphatic amine catalysts (Ep. 1) (Figure 43, Table 

21). The PAs of the catalytically active nitrogens were in a range of 968.10−987.37 kJ/mol. The 

difference between the calculated and data in the literature was 18.97 kJ/mol in the case of 

DMBA . As the nitrogen of DMAEM had the lowest proton affinity 968.10 kJ/mol), after 

protonation, it was the most prone to donating its proton. Meanwhile, DMBA was the best 

proton acceptor, as it had the highest proton affinity (987.37 kJ/mol). 

Table 21. Computed (PAcalc) of the amines of the studied catalysts, 4-[2-
(dimethylamino)ethyl]morpholine (DMAEM), and N,N-dimethylbenzylamine (DMBA), in 
kJ/mol. The calculations were carried by using the G3MP2BHandHLYP composite method in 
the gas phase at 298.15 K and 1 atm. 1N— aromatic nitrogen, 2N— aliphatic nitrogen. 

Catalysts PAcalc (kJ/mol) PAexp (kJ/mol)[282] 
DMAEM-1N 968.10 - 
DMAEM-2N 972.59 - 

DMBA 987.37 968.4 

 

3.8.2 Structural Features of Urethane Formation in the Presence of the Studied Catalysts 

The steps of the phenyl isocyanate – butan-1-ol reaction in the presence of the studied 

catalysts have been computed (Figure 44, and Figures F1,F2(Appendix F))(Table 22). 

Additional structures (e.g., IM) have been formed compared to the catalyst-free pathway. 
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Figure 44. Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of 4-[2-(dimethylamino)ethyl]morpholine (DMAEM-1N) calculated 
at the BHandHLYP/6-31G(d) level of theory in acetonitrile. 1N—aromatic nitrogen, RC—
reactant complex, TS—transition state, IM—intermediate, PC—product complex. 

In the first step, a reaction complex (RC1) between the butan-1-ol and the catalyst is formed 

first. The RC1 step was computed to model the experimental process, where catalysts are mixed 

first with the polyol. In the next step, the phenyl isocyanate is added to the system and a 

trimolecular reactant complex, RC2 was formed in this case. A hydrogen bond formed between 

the hydroxyl group of the butan-1-ol and the catalysts nitrogen and the corresponding N-H* 

distance is in the range of  1.853 Å-1.924 Å (Figure 44, and Table 22). Another interaction 

was established between the isocyanate carbon and butan-1-ol hydroxyl oxygen. The C-O 

distance is in the range of 2.891 Å-3.051 Å. 

Table 22. N-H, O-H, and C-O bond lengths (Å) along the phenyl isocyanate (PhNCO) and 
butan-1-ol reaction pathway in the presence of the studied catalysts, 4-[2-
(dimethylamino)ethyl]morpholine (DMAEM), and N,N-dimethylbenzylamine (DMBA) 
calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. 
1N— aromatic nitrogen, 2N— aliphatic nitrogen, N-H * for catalysts, while N-H ** for PhNCO. 
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 The reaction is going through two transition states and an intermediate. After the formation 

of the complex (RC), a proton transfer will occur in TS1 from the hydrogen of the hydroxyl 

group to the nitrogen of the catalyst and thus, the N-H* distance will be reduced compared to 

that of the reaction complex (Table 22). Furthermore, a bond is forming between the butan-1-

ol oxygen and the isocyanate’s carbon. The relative enthalpy of the TS1 is lower (ΔrH = –7.40 

kJ/mol) when DMAEM-1N is considered, while in the case of DMAEM-2N, an increase of ~10 

kJ/mol is experienced. Meanwhile, the DMBA catalyst has lower TS1 (-3.86 kJ/mol) than the 

DMAEM-2N (Table 23). 

Table 23.  Relative enthalpy (∆rH) of the reaction between phenyl isocyanate and butan-1-ol 
with and without catalysts, calculated using the G3MP2BHandHLYP composite method in 
acetonitrile, using the SMD implicit solvent model at 298.15 K and 1 atm. 1N— aromatic 
nitrogen, 2N— aliphatic nitrogen, R—reactant, RC—reactant complex, TS—transition state, 
IM—intermediate, PC—product complex,and P—product. 

∆rH (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -8.97’ 116.49 - - - -94.84 

DMAEM-1N 0.00 -27.56 -52.41 -7.40 -137.58# -106.34 -129.85 -94.84 

DMAEM-2N 0.00 -21.26 -42.60 2.90 -132.59# -104.55 -120.05 -94.84 

DMBA 0.00 -23.62 -37.43 -3.86 -140.21# -113.21 -132.99 -94.84 

      ’RC for catalyst-free reaction;  # Corrected relative enthalpy calculated according to ref.[251,263,264].  

Through TS1, an intermediate structure (IM) obtained within which a bond is formed 

between the isocyanate’s carbon and the butan-1-ol’s oxygen, while the protonated catalyst is 

hydrogen bonded to the nitrogen of the former isocyanate group (Figure 44). To balance the 

effect of the formation of the zwitterionic IM, a correction (-38.1 kJ/mol) was employed and 

added to the relative enthalpy of the compound (IM) which led to a shift in the ∆rH from -99.48 

kJ/mol, -94.49 kJ/mol, and -102.11 kJ/mol to -137.58 kJ/mol, -132.59 kJ/mol, and -140.21  

kJ/mol for DMAEM-1N, DMAEM-2N, and DMBA, respectively. The relative enthalpy of the 

IM were the highest in the case of the DMAEM-2N (∆rH = -132.59 kJ/mol), while this step was 

more preferred in the case of the DMBA (∆rH = -140.21 kJ/mol). The reaction was continued 

with TS2 within which the proton transferred from the catalyst to the isocyanate group. It can 

be seen that in TS2 the N-H** distance decreased compared to the IM (Figure 44, and Table 

22). The relative enthalpy of TS2 calculated in DMBA is -113.21 kJ/mol, which is lower than 
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in the case of DMAEM (Table 23, Figure 45). The penultimate step in this reaction mechanism 

is the formation of the product complex (PC). It is a bimolecular complex of the final product 

(Figure 45). The final step is the separation of the catalyst from the product. 

 

Figure 45. Relative enthalpy (∆rH) profile of the studied catalysed urethane formation 
reactions in the presence 4-[2-(dimethylamino)ethyl]morpholine (DMAEM), and N,N-
dimethylbenzylamine (DMBA) calculated at the G3PMP2BHandHLYP theory level at (298.15 
K and 1 atm) in acetonitrile using the SMD implicit solvent model, respectively. 1N— aromatic 
nitrogen, 2N— aliphatic nitrogen. #Corrected relative enthalpy of IM calculated according to 
ref. [251,263,264]. 

All in all, the presence of the catalyst changes significantly the reaction mechanism and the 

energetics of the reaction compared to the catalyst-free case,  where the barrier height of the 

reaction significantly decreased (>123 kJ/mol) in the presence of catalysts (Table 23). However, 

the aromatic amine catalyst has a slightly greater effect on the energetics of the catalytic reaction 

compared to the aliphatic amine catalysts (Table 23, and Figure 45). 

3.9 Urethane formation in the presence of acid catalysts 

Besides the amine catalysts (organic bases), organic acids have also been shown to be an 

effective catalyst in urethane synthesis. However, there are not many studies used organic acids 

in urethane formation. Herein, the reaction between PhNCO and BuOH is studied in the 

presence of three different acid catalysts (Figure 46). The computational tools have been used 

to understand the reactions from a mechanistic point of view. The reaction of butan-1-ol and 

phenyl isocyanate has been selected as reactants to describe the energetic and structural features 

of the urethane formation (Figures 15, 23, and 24). 
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Figure 46. Chemical structures of the studied catalysts. dimethyl hydrogen phosphate 
(DMHP), methanesulfonic acid (MSA), and trifluoromethanesulfonic acid (TFMSA). 

3.9.1 Structural Features of Urethane Formation in the Presence of the Studied 

Catalysts 

General mechanisms for urethane formation from isocyanate and alcohol in the presence of 

organic acid catalysts have been proposed (Figure 47).  

 

Figure 47.  Schematic representation of the general organic acid-catalyzed urethane formation. 
RC—reactant complex, TS—transition state, and PC—product complex. 

First, a complex (RC1) between the alcohol and the catalyst is forming, while the distance 

between the catalyst’s oxygen and the hydroxyl hydrogen of butan-1-ol is in the range of 1.830 

and 2.048 Å (Figure 48, and Figures G1,G2(Appendix G)) (Table 24, O-H*). This is 

supposed to mimic the industrial urethane synthesis, within which, first the catalyst is mixed 

into the polyol. Then, in the next step the isocyanate, PhNCO, is added to the system, and RC2, 

a trimolecular complex is formed. In this step, a new interaction occurs between the butanol’s 

oxygen and the isocyanate group, while only insignificant changes can be identified in the 

length of the previously established O-H*.  
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Figure 48. Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of dimethyl hydrogen phosphate (DMHP) calculated at the 
BHandHLYP/6-31G(d) level of theory in acetonitrile. RC—reactant complex, TS—transition 
state, PC—product complex, and P—product.  

Table 24. N-H, O-H, and C-O bond lengths (Å) along the pathway of the phenyl isocyanate 
(PhNCO) and butan-1-ol reaction in the presence of the studied catalysts, dimethyl hydrogen 
phosphate (DMHP), methanesulfonic acid (MSA), and trifluoromethanesulfonic acid (TFMSA), 
calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile. O-H* for catalysts, 
while O-H** for butan-1-ol. 

 

The effect on the O-H** bond length is even smaller and almost no change is observed 

between RC1 and RC2 (Table 24). The most stable butan-1-ol–catalyst and trimolecular 

complex are formed in the case of DMHP (∆rH = -18.09 for RC1, and RC2, ∆rH = -47.79 

kJ/mol)). Meanwhile, TFMSA–butan-1-ol is the least stable one  RC1 (∆rH = -6.94 kJ/mol), 

while MSA–butan-1-ol is the least trimolecular complex one (RC2, ∆rH = -41.30 kJ/mol) 

(Table 25 and Figure 49). 

Table 25. Relative enthalpy (∆rH) of the reaction between phenyl isocyanate and butan-1-ol 
with and without catalysts, calculated using the G3MP2BHandHLYP composite method in 
acetonitrile, using the SMD implicit solvent model at 298.15 K and 1 atm. R—reactant, RC—
reactant complex, TS—transition state, PC—product complex, and P—product. 

∆rH (kJ/mol) 
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 R RC1 RC2 TS PC P 

Catalyst-free system 0.00 - -8.97’ 116.49 - -94.84 

DMHP 0.00 -18.09 -47.79 -15.31 -133.12 -94.84 

MSA 0.00 -8.66 -41.30 -8.44 -125.01 -94.84 

TFMSA 0.00 -6.94 -45.94 -42.85 -130.46 -94.84 

                  ’RC for catalyst-free reaction. 

In the next step, TS develops in the presence of the catalyst where a proton transfer between 

the alcohol and the catalyst, also between the N=C=O and catalyst occurs, and the N=C=O 

group is being bent activating the carbon for the formation of a new C–O bond. Therefore, the 

O-H*, C-O and N-H distances are significantly decreased, and these are in the range of 1.677 

– 1.960 Å, 1.824 – 2.480 Å, and 1.240 – 1730 Å for O-H*, C-O, and N-H respectively. At the 

same time, the O-H** distance increased. The potential energy curve showed that in the 

presence of TFMSA the TS step has the lowest relative enthalpy (∆rH= -42.85 kJ/mol) within 

the studied set of catalysts (Figure 49).  The results showed that the barrier height of the 

reaction significantly decreased (>123 kJ/mol) in the presence of acid catalysts compared to 

the catalytic-free system (Table 25). 

 

Figure 49.  Relative enthalpy (∆rH) profile of the studied catalysed urethane formation 
reactions in the presence of dimethyl hydrogen phosphate (DMHP), methanesulfonic acid 
(MSA), and trifluoromethanesulfonic acid (TFMSA) calculated at the G3PMP2BHandHLYP 
level of theory in acetonitrile using the SMD implicit solvent model, respectively. 
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Before the reaction completes, a product complex (PC) is forming, where the urethane bond is 

complete, and thus, the distance between N-H significantly decreased (Figure 48). In the final step 

the catalysts and the product will be separated (P), with the corresponding relative enthalpy of -

94.84 kJ/mol. Where both the strength of a given acid and the nucleophilicity of its conjugate base 

play a vital role in the bifunctional catalysis of urethane formation. 
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4. Summary 
Polyurethanes are some of the most versatile and unique polymers used in the industry for 

manufacturing a wide variety of products. Polyurethane is a macromolecular polymer including 

several urethane linkages that are formed by the reaction between -NCO groups (isocyanate) and -

OH groups (polyol). Isocyanates and polyols are responsible for the different properties of PU 

products such as flexibility and hardness. The synthesis of polyurethanes from diisocyanates and 

polyols under industrial conditions requires a catalyst or often a combination of catalysts, which 

can be regarded as the most important component of the reaction system besides the starting 

materials. Therefore, one of the main development trends in PU synthesis is finding improved 

catalysts. The effect of a catalyst in the urethane bond formation lies in an increase in the rates of 

reactions, completion of the reactions, and establishment of a proper balance between the chain 

propagation reaction and the foaming proces. Therefore, several types of catalysts are used in 

urethane synthesis such as amine, acid, and organometallic catalysts. 

 In this doctoral dissertation, urethane formation in catalyst-free and catalytic processes was 

studied using computational chemical tools, and a general formation mechanism was proposed. All 

in all, urethane formation was studied in the presenece of 18 amine and 3 acid catalysts. An 

extensive method test was carried out and BHandHLYP/6-31G(d) was selected in combination with 

the SMD solvent model to describe all the different steps along the pathways of the catalytic 

urethane formation mechanism. Further improvements on the calculations were included using the 

G3MP2BHandHLYP composite calculation scheme. The applicability of the mechanism for amine 

catalysed urethane formation was tested in the case of the phenyl isocyanate (PhNCO)–methanol 

(MeOH) reaction. The catalytic activities of eight different catalysts used in polyurethane synthesis 

have been compared by adding them to the PhNCO–MeOH model system. As the studied catalytic 

mechanism contains protonation steps, the proton affinities (PA) of the catalysts have also been 

calculated and compared. All in all, the proton affinities of the amine groups of the catalysts cover 

a wide range of almost 300 kJ/mol, between 760.6 and 1070.34 kJ/mol. The energetics of the model 

reaction significantly changed in the presence of catalysts. The barrier height was reduced by >100 

kJ/mol compared to the catalytic-free reaction. It was found that 1,8 diazabicyclo[5,4,0]undec-7-

ene (DBU) catalyst was the most effective and provided the most favorable pathway, which can be 

associated with its high PA and cyclic structure. Meanwhile, the applicability of the mechanism for 

amine catalysed urethane formation in the case of the phenyl isocyanate (PhNCO)–butan-1-ol 

(BuOH) reaction was also tested. The catalytic activities of different cyclic amine catalysts 

(categorized into two groups: secondary and tertiary nitrogen functional groups) and aliphatic 
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catalysts used in polyurethane synthesis have been compared by adding them to the PhNCO–BuOH 

system. As proton transfers are crucial during the reactions, proton affinity (PA) was also computed 

for all unique nitrogen that was considered catalytically active within the cyclic amine catalysts. 

The PAs of the catalytically active nitrogens were in a range of 963.07−1523.95 kJ/mol. The effects 

of secondary and tertiary nitrogen functional groups have been analyzed. The results indicated that 

the catalysts within the tertiary nitrogen functional groups are the most effective and provided the 

most favorable pathway with the lowest enthalpy in the range of (TS1, ∆rH=-7.40-2.90 kJ/mol) 

compared to the secondary nitrogen functional group (1,2-dimethylimidazole (1,2-DMI) (TS1, 

∆rH= 7.25 kJ/mol), and morpholine (TS1, ∆rH= 5.3 kJ/mol)). The results showed that in the case 

of cyclic catalysts the activation energy cover a range between 22.2-27.8 kJ/mol, while in the case 

of aliphatic catalysts, it is around 21.9-24.4 kJ/mol. The calculated thermodynamic properties have 

been compared to experimentally measured values and it was found that the highest difference was 

11.2 kJ/mol, while the lowest difference was only 1.1 kJ/mol. Thus, the applied computational 

protocoll was successfully validated. In addition, a new general formation mechanism for catalytic 

urethane formation in the presence of three acid catalysts has been proposed and studied using 

theoretical methods. The mechanism includes one transition state and product complex. This route 

is different from the mechanism for catalytic urethane formation in the presence of amine catalysts. 

Meanwhile, it is slightly similar to the catalyst-free process as both have one transition state. 

However, the results showed that the barrier height of the reaction significantly decreased (>123 

kJ/mol) in the presence of acid catalysts compared to the catalyst-free system.  

It can be stated, that through this doctoral dissertation, a deeper understanding of the effect of 

catalysts on urethane formation is achieved. Meanwhile, the computed and measured 

thermodynamic properties were in good agreement with each other, which proves the validity of 

the proposed mechanism and verifies the method selection as well. Thus, a great theoretical tool 

has been achieved which can be used to describe similar systems in the future. 
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5. New scientific results 

During my Ph.D. I studied the effect of organocatalysts on urethane formation using 

computational tools, and the following main conclusions are drawn as new scientific results: 

1st Thesis 

Method test has been carried out and a computational protocol applicable to the study of 

catalytic and catalyst-free urethane formation reactions has been selected. The protocol includes 

the G3MP2BHandHLYP composite method in combination with the SMD implicit solvation 

model. To keep the computational protocol as simple as possible, but finetune the energy of 

zwitterionic species, a correction has also been introduced and applied (Figure 1T). 

 

Figure 1T Relative enthalpy (∆rH) profile of the phenyl isocyanate (PhNCO) and butan-1-ol 
(BuOH) reaction in the preseance of 4-methylmorpholine (catalyst) before (black line) and  
after the correction (blue line). 
  

2nd Thesis 

The catalyst-free reaction mechanism of phenyl isocyanate and alcohol (methanol (MeOH), 

and butan-1-ol (BuOH)) has been described by applying density functional theory and 

composite methods. It was found that the relative enthalpy difference in the barrier heights 

(∆rH[TSBuOH-TSMeOH]) when MeOH or BuOH are involved in the reaction with phenyl isocyanate 

is just 0.3 kJ/mol, which indicates that increasing the length of the aliphatic chain of the alcohol 

did not have a significant effect on urethane bond formation (Figure 2T). 
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Figure 2T Relative enthalpy (∆rH) profile of phenyl isocyanate (PhNCO) - methanol (MeOH) 
and PhNCO - butan-1-ol (BuOH) reactions, indicated with black and red lines, respectively. 
Calculated at the G3PMP2BHandHLYP theory level (298.15 K and 1 atm) in acetonitrile using 
the SMD implicit solvent model. 
 

3rd Thesis 

A general mechanism for catalytic urethane formation in the presence of amine catalysts 

has been proposed and verified by using theoretical methods and literature data (Figure 3T). 

The mechanism was tested in the cases of 18 catalysts. The proposed reaction mechanism of 

amine catalysed urethane formation contains seven steps. It starts with the formation of an 

alcohol-catalyst complex (RC1), which is followed by the formation of an alcohol-catalyst-

isocyanate trimolecular complex (RC2). After these steps, a proton transfer occurs between the 

alcohol and the amine group of the catalyst (TS1). This leads to the next step where the 

intermediate (IM) will be formed. Thereafter, the catalyst will return the proton through a 

transition state (TS2), and thus, a product complex is formed (PC). In the final step, the catalysts 

and the product will be separated (P).  
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Figure 3T Schematic representation of the general amine -catalized urethane formation 
mechanism, where RC—reactant complex, TS—transition state, and PC—product complex. 

4th Thesis 

A general mechanism for catalytic urethane formation in the presence of acid catalysts has 

been proposed and studied using theoretical methods (Figure 4T). The proposed reaction 

mechanism of acid catalysed urethane formation contains five steps. First, a complex (RC1) 

between the alcohol and the catalyst is formed. Then, in the next step the isocyanate is added 

to the system, and RC2, a trimolecular complex is formed. After the complex formation, 

transition state (TS) develops and where a proton transfer between the alcohol and the catalyst, 

also between the N=C=O and catalyst occurs. Before the reaction completes, a product complex 

(PC) is forming, where the urethane bond is complete. In the final step, the catalysts and the 

product will be separated (P). The mechanism was tested in case of three different acid 

catalysts. 
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Figure 4T  Schematic representation of the general organic acid-catalyzed urethane formation, 
where RC—reactant complex, TS—transition state, and PC—product complex. 

5th Thesis 

A new reaction mechanism was proposed for the stoichiometric reaction between 2-

dimethylaminoethanol (DMEA) and phenyl isocyanate (Figure 5T). By comparing the catalytic 

and stoichiometric processes, it was found that the catalytic process is more effective for 

urethane formation even if the difference in energy is not so high. Thus, DMEA can act as an 

effective catalyst and after some time, it can also react with free isocyanates and be built into 

the polymer chain which will reduce the volatile organic compound (VOC) content in the final 

product.  
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Appendix 
 

Urethane formation reactions of phenyl isocyanate and methanol without and in the 
presence of amine catalysts 

 

 

Figure A1. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and methanol in the presence of 1-(3-aminopropyl)imidazole (APIM) calculated at 
the BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. RC – reactant 
complex, TS – transition state, IM – intermediate, PC – product complex. 
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Figure A2. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and methanol in the presence of 1-methylimidazole (1-MIM) calculated at the 
BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. RC – reactant 
complex, TS – transition state, IM – intermediate, PC – product complex. 

 

Figure A3. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and methanol in the presence of N,N-dimethylcyclohexanamine (DMCHA) calculated 
at the BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. RC – 
reactant complex, TS – transition state, IM – intermediate, PC – product complex. 
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Figure A4. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and methanol in the presence of 1,4-dimethylpiperazine (DMP) calculated at the 
BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. RC – reactant 
complex, TS – transition state, IM – intermediate, PC – product complex. 

 

Figure A5. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and methanol in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) calculated 
at the BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. RC – 
reactant complex, TS – transition state, IM – intermediate, PC – product complex. 
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Figure A6. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and methanol in the presence of N,N,N',N",N"–pentamethyldiethylenetriamine 
(PMDETA) calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K 
and 1 atm. RC – reactant complex, TS – transition state, IM – intermediate, PC – product 
complex. 

 

 

Figure A7. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and methanol in the presence of N,N-dimethyl-1,3-propanediamine (DMPDA) 
calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. 
RC – reactant complex, TS – transition state, IM – intermediate, PC – product complex. 
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Figure A8. Energy profile (relative enthalpy, ∆rH) of the phenyl isocyanate (PhNCO) and 
methanol reaction calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile using 
the SMD implicit solvent model at 298.15 K and 1 atm. 

 

Figure A9. Energy profile (relative enthalpy, ∆rH) of the catalyzed urethane formation reactions 
calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile using the SMD implicit 
solvent model at 298.15 K and 1 atm. 
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Table A1. Computed and measured proton affinities (PA) in kJ/mol. The calculations have been 
carried out at the BHandHLYP level of theory in gas phase at 298.15 K and 1 atm. RNH2, 
R2NH, R3N, and R2C=N-R: primary, secondary, tertiary amines, and secondary ketimine, 
respectively. •side, •• middle amine group. 

Catalysts 
                       PAcalc  

PAexp[281] 
RNH2 R2NH R3N R2C=N-R 

DBU - - 916.7 1065.4 - 

APIM 898.5 987.5 776.3 - - 

1-MIM - 975.8 760.6 - 959.6 

DMCHA - - 983.5 - 983.6 

DMP - - 969.9 - - 

DABCO - - 972.4 - 963.4 

PMDETA 
- - 

969.3• 

965.1•• 
- - 

DMPDA - 954.0 - - 1035.2 
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Table A2. Zero-point corrected relative energies (∆rE0), relative enthalpies (∆rH), and relative Gibbs 
free energies (∆rG) of the species in the reaction between phenyl isocyanate (PhNCO) and methanol 
with and without catalysts, calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile 
using the SMD implicit solvent model at 298.15 K and 1 atm. R – reactant, RC – reactant complex, 
TS – transition state, IM – intermediate, PC – product complex, P – product.  

∆rE0 (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -9.36’ 121.87 - - - -120.67 

DBU 0.00 -31.81 -37.43 -0.19 -125.23 -123.51 -146.44 -120.67 

APIM 0.00 -28.22 -33.55 4.45 -94.59 -102.39 -143.83 -120.67 

1-MIM 0.00 -24.06 -35.61 12.35 -80.63 -86.60 -140.27 -120.67 

DMCHA 0.00 -28.72 -34.24 6.51 -96.81 -102.68 -140.90 -120.67 

DMP 0.00 -24.13 -29.11 12.99 -89.53 -96.15 -138.47 -120.67 

DABCO 0.00 -24.51 -36.02 8.56 -94.99 -104.00 -138.83 -120.67 

PMDETA 0.00 -26.16 -31.66 8.88 -91.15 -98.69 -133.29 -120.67 

DMPDA 0.00 -22.03 -27.77 10.72 -95.35 -102.65 -138.53 -120.67 

∆rH (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -5.32’ 120.36 - - - -121.89 

DBU 0.00 -31.03 -31.09 1.41 -124.70(-162.80#) -123.70 -145.15 -121.89 

APIM 0.00 -27.28 -27.39 5.87 -95.06(-133.16#) -103.95 -143.10 -121.89 

1-MIM 0.00 -22.90 -29.10 13.55 -80.95(-119.05#) -88.19 -138.95 -121.89 

DMCHA 0.00 -28.24 -28.14 7.90 -96.69(-134.79#) -103.52 -140.04 -121.89 

DMP 0.00 -23.37 -22.60 14.21 -89.50(-127.60#) -97.02 -137.66 -121.89 

DABCO 0.00 -23.60 -29.75 9.99 -94.64(-132.74#) -104.39 -137.64 -121.89 

PMDETA 0.00 -25.32 -25.32 10.01 -91.16(-129.26#) -99.41 -132.46 -121.89 

DMPDA 0.00 -21.49 
 

-21.46 
 

11.83 
 

-95.54(-133.64#) -103.89 
 

-137.78 
 

-121.89 

∆rG (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - 27.84’ 171.78 - - - -71.72 

DBU 0.00 7.60 44.58 93.02 -28.85(-53.75#) -26.12 -54.47 -71.72 

APIM 0.00 5.95 45.17 92.13 1.39(-23.51#) -6.63 -53.18 -71.72 

1-MIM 0.00 10.95 40.93 104.40 17.23(-7.67#) 11.13 -50.86 -71.72 

DMCHA 0.00 12.92 47.73 100.66 2.46(-22.44#) -0.61 -44.01 -71.72 

DMP 0.00 14.71 49.51 106.38 9.17(-15.73#) 5.09 -42.77 -71.72 

DABCO 0.00 11.75 43.16 99.51 1.35(-23.55#) -6.74 -46.93 -71.72 

PMDETA 0.00 11.06 47.71 103.40 7.30(-17.60#) 1.10 -38.48 -71.72 

DMPDA 0.00 15.49 46.44 101.26 -0.19(-25.09#) -4.74 -46.91 -71.72 

’RC for catalyst-free reaction. # Corrected relative enthalpy and relative Gibbs free energies calculated according to 
ref[251,263,264].  
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Table A3. Zero-point corrected relative energies (∆rE0), and relative Gibbs free energies (∆rG) 
of the species in the reaction between phenyl isocyanate (PhNCO) and methanol with and 
without catalysts, calculated at the G3MP2BHandHLYP level of theory in acetonitrile using the 
SMD implicit solvent model at 298.15 K and 1 atm. Cat. – catalyst, R – reactant, RC – reactant 
complex, TS – transition state, IM – intermediate, PC – product complex, P – product.  

∆rE0 (kJ/mol) 
 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - −8.22’ 120.18 - - - −90.33 

DBU 0.00 −27.43 −40.71 −2.20 −112.98 −116.72 −125.14 −90.33 
APIM 0.00 −16.27 −25.95 17.72 −74.79 −82.97 −111.38 −90.33 
1-MIM 0.00 −19.99 −29.04 16.33 −65.63 −72.68 −112.74 −90.33 

DMCHA 0.00 −26.81 −38.76 −1.96 −99.90 −109.55 −125.82 −90.33 
DMP 0.00 −25.77 −38.73 3.84 −92.55 −103.27 −123.31 −90.33 

DABCO 0.00 −25.85 −37.16 2.85 −92.53 −103.34 −120.54 −90.33 
PMDETA 0.00 −26.88 −39.61 −1.08 −96.15 −106.49 −116.42 −90.33 
DMPDA 0.00 −19.03 −30.45 9.63 −88.89 −97.52 −117.25 −90.33 

∆rG (kJ/mol) 
 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - 28.99’ 170.09 - - - -41.38 
DBU 0.00 11.97 41.31 91.02 -16.60(-41.50#) -19.33 -33.17 -41.38 

APIM 0.00 17.91 52.76 105.40 21.19(-3.71#) 12.79 -20.74 -41.38 
1-MIM 0.00 15.02 47.50 108.38 32.23(7.33#) 25.05 -23.33 -41.38 

DMCHA 0.00 14.97 43.36 92.34 -0.50(-25.40#) -7.34 -28.79 -41.38 
DMP 0.00 13.07 39.88 97.22 6.15(-18.75#) -2.04 -27.61 -41.38 

DABCO 0.00 10.41 42.02 93.80 3.80(-21.10#) -6.07 -28.64 -41.38 
PMDETA 0.00 11.83 41.26 94.94 3.80(-21.10#) -5.20 -20.12 -41.38 
DMPDA 0.00 18.64 43.92 100.33 6.42(-18.48#) 0.55 -25.48 -41.38 

 ’RC for catalyst-free reaction. # Corrected relative enthalpy and relative Gibbs free energies calculated according to ref.[179], 
[259], [260]. 
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Urethane formation reactions of phenyl isocyanate and butan-1-ol without and in the 
presence of cyclic amine catalysts 

 

 

Figure B1. Optimized structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) catalyst, calculated at 
the BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. RC—reactant 
complex, TS—transition state, IM—intermediate, and PC—product complex. 

 

Figure B2. Optimized structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of 1,2-dimethylimidazole (1,2-DMI) catalyst, calculated at the 
BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. RC—reactant 
complex, TS—transition state, IM—intermediate, and PC—product complex. 
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Figure B3. Energy profile (zero-point corrected, ∆E0) of the studied catalyzed urethane formation 
reactions calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile using the SMD 
implicit solvent model at 298.15 K and 1 atm. 

Table B1. Zero-point corrected relative energies (∆rE0), and relative Gibbs free energies (∆rG) of 
the reaction between phenyl isocyanate and butan-1-ol in the presence of the studied catalysts, 1,4-
diazabicyclo[2.2.2]octane (DABCO), 1,2-dimethylimidazole (1,2-DMI), and N-ethylmorpholine 
(NEM), calculated at the G3MP2BHandHLYP level of theory in acetonitrile using the SMD implicit 
solvent model at 298.15 K and 1 atm. R—reactant; RC—reactant complex; TS—transition state; 
IM—intermediate; PC—product complex; P—product. 

∆rE0 (kJ/mol) 
 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.0 - −11.2’ 119.1 - - - −92.6 
DABCO 0.0 −26 −46.6 −0.9 −96.2 −107.6 −124.7 −92.6 
1,2-DMI 0.0 −21.8 −33.5 7.2 −78.4 −86.9 −119.9 −92.6 

NEM 0.0 −28.7 −49.1 −0.2 −95.9 −106 −132.2 −92.6 
∆rG (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.0 - 28.9’ 170 - - - −41.5 
DABCO 0.0 14.5 28 91.5 2.2(-22.7#) −6.9 −28.8 −41.5 
1,2-DMI 0.0 19.5 46.7 103.1 19.7(-5.2#) 14.9 −24.6 −41.5 

NEM 0.0 13.3 34.6 100.7 9.1(-15.8#) −0.9 −33.9 −41.5 

            ’RC for catalyst-free reaction. # Corrected relative Gibbs free energies calculated according to ref.[179], [259], [260]. 
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Table B2. Zero-point corrected relative energies (∆rE0), relative enthalpies (∆rH), and  relative 
Gibbs free energies (∆rG), of the reaction between phenyl isocyanate and butan-1-ol in presence 
of the studied catalysts, 1,4-diazabicyclo[2.2.2]octane (DABCO), 1,2-dimethylimidazole (1,2-
DMI), and N-ethylmorpholine (NEM), calculated at the BHandHLYP/6-31G(d) level of theory in 
acetonitrile using the SMD implicit solvent model at 298.15 K and 1 atm. R – reactant, RC – 
reactant complex, TS – transition state, IM – intermediate, PC – product complex, P – product. 

                                       ∆rE0 (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.0 - -10.5’ 122.8 - - - -120.9 

DABCO 0.0 -24.1 -37.2 9.5 -93.5 -102.9 -138.4 -120.9 

1,2-DMI 0.0 -27.6 -32.1 10.4 -87.3 -94.2 -142.4 -120.9 

NEM 0.0 -23.8 -33.8 18.2 -84.2 -91.2 -137.8 -120.9 

∆rH (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.0 - -8.2’ 120.13 - - - -123.2 

DABCO 0.0 -23.5 -32.1 9.6 -94.2(-132.3#) -104.5 -138.3 -123.2 

1,2-DMI 0.0 -26.3 -28.1 10.4 -87.6(-125.7#) -95.9 -142.1 -123.2 

NEM 0.0 -22.4 -29.1 17.5 -85.5(-123.6#) -93.1 -137.8 -123.2 

∆rG (kJ/mol) 

 R RC1 RC2   TS1 IM TS2 PC P 

Catalyst-free system 0.0 - 29.7’ 173.7 - - - -69.9 

DABCO 0.0 15.5 37.4 101.9 4.9(-19.9#) -2.2 -42.5 -69.9 

1,2-DMI 0.0 13.8 47.2 106.2 10.9(-13.9#) 7.6 -47.2 -69.9 

NEM 0.0 18.2 49.9 119.1 20.8(-4.1#) 13.9 -39.5 -69.9 

’RC for catalyst-free reaction. # Corrected relative enthalpy and relative Gibbs free energies calculated according to ref.[179], [259], [260]. 
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Urethane formation reactions of phenyl isocyanate and butan-1-ol without and in the 

presence of aliphatic tertiary amine catalysts 

 

Figure C1. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and butan-1-ol in the presence of N,N-dimethylcyclohexylamine (DMCHA) 
calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. 
RC – reactant complex, TS – transition state, IM – intermediate, PC – product complex. 

 

Figure C2. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and butan-1-ol in the presence of DMEE calculated at the BHandHLYP/6-31G(d) 
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level of theory in acetonitrile at 298.15 K and 1 atm. RC – reactant complex, TS – transition 
state, IM – intermediate, PC – product complex. 

 

Figure C3. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and butan-1-ol in the presence of N,N-dimethylpropane-2-amine (DMIPA) calculated 
at the BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. RC – 
reactant complex, TS – transition state, IM – intermediate, PC – product complex. 

 

Figure C4. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and butan-1-ol in the presence of N,N,N’,N’-tetramethylpentane-1,5-diamine 
(TMPD) calculated at the BHandHLYP/6-31G(d) level of theory in acetonitrile at 298.15 K 
and 1 atm. RC – reactant complex, TS – transition state, IM – intermediate, PC – product 
complex. 
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Figure C5. Optimized structures along the reaction pathway between phenyl isocyanate 
(PhNCO) and butan-1-ol in the presence of N-[2-(dimethylamino)ethyl]-N’,N’-dimethylethane-
1,2-diamine (DMAEDMED) calculated at the BHandHLYP/6-31G(d) level of theory in 
acetonitrile at 298.15 K and 1 atm. RC – reactant complex, TS – transition state, IM – 
intermediate, PC – product complex. 

Table C1. Zero-point corrected relative energies (∆rE0), and relative Gibbs free energies (∆rG) 
of the reaction between phenyl isocyanate and butan-1-ol with and without catalysts, calculated 
at the G3MP2BHandHLYP composite method in acetonitrile using the SMD implicit solvent 
model at 298.15 K and 1 atm. R – reactant, RC – reactant complex, TS – transition state, IM – 
intermediate, PC – product complex, P – product. * RC for catalyst-free reaction. 

∆rE0 (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -11.22’ 119.11 - - - -92.58 

DMCHA 0.00 -29.29 -51.48 -5.40 -104.97 -114.39 -130.52 -92.58 

DMEE 0.00 -28.40 -48.88 -4.40 -96.65 -105.58 -131.06 -92.58 

DMAEE 0.00 -29.04 -43.57 -3.07 -100.93 -109.33 -127.63 -92.58 

∆rG (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - 28.91’ 170.05 - - - -41.54 

DMCHA 0.00 15.24 36.85 95.68 -4.69(-29.59#) -9.41 -30.65 -41.54 

DMEE 0.00 14.19 37.24 97.24 5.81(-19.09#) -1.05 -39.88 -41.54 

DMAEE 0.00 12.64 40.66 94.20 -1.46(-26.36#) -6.62 -26.62 -41.54 

     ’RC for catalyst-free (cat.-free) reaction.  # Corrected relative Gibbs free energies calculated according to ref.[179], [259], [260]. 
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Table C2. Zero-point corrected relative energies (∆rE0), relative enthalpies (∆rH), and relative  
Gibbs free energies (∆rG),of the reaction between phenyl isocyanate and butan-1-ol in presence 
of  catalysts, calculated at the G3MP2BHandHLYP/6-31G(d) level of theory in acetonitrile 
using the SMD implicit solvent model at 298.15 K and 1 atm. R – reactant, RC – reactant 
complex, TS – transition state, IM – intermediate, PC – product complex, P – product. 

∆E0 (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

DMCHA 0.00 -29.29 -51.48 -5.40 -104.97 -114.39 -130.52 -92.58 

DMIPA 0.00 -27.11 -45.91 -2.33 -101.87 -110.46 -127.51 -92.58 

∆∆E0 = 3.07 

DMAEE 0.00 -29.04 -43.57 -3.07 -100.93 -109.33 -127.63 -92.58 

TMPD 0.00 -29.61 -43.80 -3.16 -103.10 -111.06 -127.87 -92.58 

DMAEDMED 0.00 -29.72 -43.79 -3.88 -103.73 -111.26 -127.48 -92.58 

∆∆E0*= 0.09 
∆∆E0 = 0.81 

∆H (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

DMCHA 0.00 -28.14 -47.16 -5.94 -105.63(-143.73#) -116.14 -130.65 -94.84 

DMIPA 
0.00 -25.93 -41.37 -2.48 -102.78(-140.88#) -112.44 -127.55 -94.84 

∆∆rH = 3.46  

DMAEE 0.00 -27.59 -38.67 -3.20 -101.62(-139.72#) -111.10 -127.92 -94.84 

TMPD 0.00 -27.92 -38.90 -3.53 -104.08(-142.18#) -112.97 -127.83 -94.84 

DMAEDMED 0.00 -27.85 -38.70 -3.96 -104.44(-142.54#) -113.22 -127.35 -94.84 

∆∆rH*= 0.33 
∆∆rH = 0.76 

∆G (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

DMCHA 0.00 15.24 36.85 95.68 -4.69(-29.59#) -9.41 -30.65 -41.54 

DMIPA 0.00 15.92 38.62 93.96 -0.79(-25.69#) -6.37 -29.69 -41.54 

DMAEE 0.00 12.64 40.66 94.20 -1.46(-26.36#) -6.62 -26.62 -41.54 

TMPD 0.00 8.59 38.23 94.85 -3.36(-28.26#) -7.33 -30.72 -41.54 

DMAEDMED 0.00 7.08 38.39 93.25 -6.71(-31.61#) -6.94 -31.83 -41.54 

* (∆∆E0= TS1DMAEE - TS1TMPD). # Corrected relative enthalpy and relative Gibbs free energies calculated according to 
ref.[251,263,264]. 
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Urethane formation in the presence of 2,2-dimorpholinodiethylether (DMDEE) and 1,4-

dimethylpiperazine (DMP) 

 
Figure D1. Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of truncated model structure calculated at the BHandHLYP/6-
31G(d) level of theory in acetonitrile at 298.15 K and 1 atm. RC—reactant complex; TS—
transition state; IM—intermediate; PC—product complex. 

Table D1. Zero-point corrected relative energies (∆rE0), and relative Gibbs free energies 
(∆rG), of the reaction between phenyl isocyanate and butan-1-ol without and in the presence 
of the studied catalysts, 2,2-dimorpholinodiethylether (DMDEE), and 1,4-dimethylpiperazine 
(DMP), calculated at the G3MP2BHandHLYP level of theory in acetonitrile using the SMD 
implicit solvent model at 298.15 K and 1 atm. R—reactant; RC—reactant complex; TS—
transition state; IM—intermediate; PC—product complex; P—product. 

                                          ∆rE0 (kJ/mol) 
 R RC1     RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -11.22’ 119.11 - - - -92.58 
*DMDEE 0.00 -28.73 -58.82 -5.01 -94.15 -107.42 -135.63 -92.58 

DMP 0.00 -28.02 -40.90 -2.38 -96.71 -107.45 -129.19 -92.58 
∆rG (kJ/mol) 

 R RC1     RC2 TS1 IM TS2 PC P 
Catalyst-free system 0.00 - 28.91’ 170.05 - - - -41.54 

*DMDEE 0.00 11.24 34.07 92.65 11.29(-13.61#) -0.44 -34.72 -41.54 
DMP 0.00 13.07 39.92 94.44 5.09(-19.81#) -3.56 -30.82 -41.54 

’RC for catalyst-free reaction. *calculated using the qG3MP2BHandHLYP workflow. # Corrected relative Gibbs free energies calculated 
according to ref.[251,263,264]. 
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Table D2. Zero-point corrected relative energies (∆rE0), relative enthalpies (∆rH), and relative 
Gibbs free energies (∆rG), of the reaction between phenyl isocyanate and butan-1-ol in 
presence of the studied catalysts, 2,2-dimorpholinodiethylether (DMDEE), and 1,4-
dimethylpiperazine (DMP), calculated at the BHandHLYP/6-31G(d) level of theory in 
acetonitrile using the SMD implicit solvent model at 298.15 K and 1 atm. R – reactant, RC – 
reactant complex, TS – transition state, IM – intermediate, PC – product complex, P – product. 

∆rE0 (kJ/mol) 
 R RC1     RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -10.48’ 122.75 - - - -120.94 
DMDEE 0.00 -23.29 -36.12 16.94 -79.40 -87.04 -137.31 -120.94 

DMP 0.00 -25.03 -28.54 14.58 -88.03 -95.33 -138.65 -120.94 
∆rH (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 
Catalyst-free system 0.00 - -8.23’ 120.13 - - - -123.20 

DMDEE 0.00 -21.82 -31.95 16.92 -80.27(-118.37#) -88.91 -137.01 -123.20 
DMP 0.00 -23.43 -23.44 14.16 -88.91(-13.61#) -97.14 -138.69 -123.20 

∆rG (kJ/mol) 
 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - 29.65’ 173.69 - - - -69.89 
DMDEE 0.00 16.69 56.77 114.60 26.04(1.14#) 19.94 -36.40 -69.89 

DMP 0.00 16.07 52.28 111.40 13.77(-11.13#) 8.57 -40.27 -69.89 
    ’RC for catalyst-free (cat.-free) reaction. # Corrected relative enthalpy and relative Gibbs free energies calculated according to 
ref.[251,263,264]. 
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Stoichiometric reaction and catalytic effect of 2-dimethylaminoethanol in urethane 
formation 

Table E1. Zero-point corrected relative energies (∆rE0), enthalpies (∆rH), and relative Gibbs 
free energies (∆rG), of the reaction between phenyl isocyanate and butan-1-ol in the presence 
2-dimethylaminoethanol (DMEA) (catalytic system), and reaction between 2-
dimethylaminoethanol (DMEA) and phenyl isocyanate (PhNCO) (stoichiometric), calculated 
at the BHandHLYP/6-31G(d) level of theory in acetonitrile using the SMD implicit solvent 
model at 298.15 K and 1 atm. R—reactant; RC—reactant complex; TS—transition state; IM—
intermediate; PC—product complex; P—product. 

∆rE0 (kJ/mol) 
 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -10.48’ 122.75 - - - -120.94 
Catalytic system 0.00 -25.35 -37.91     13.59 -86.98 -96.11 -138.33 -120.94 

Stoichiometric system 0.00 -17.68 - 44.49 -46.78 -52.21 - -118.02 
∆rH (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 
Catalyst-free system 0.00 - -8.23’ 120.13 - - - -123.20 

Catalytic system 0.00 -24.04 -33.85 13.04 -88.21 (-126.31#) -98.45 -138.50 -123.20 
Stoichiometric system 0.00 -15.89 - 40.03 -51.44 (-89.54#) -57.40 - -121.32 

∆rG (kJ/mol) 
 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - 29.65’ 173.69 - - - -69.89 
Catalytic system 0.00 16.44 49.00 111.31 15.66 (-9.24#) 8.69 -41.55 -69.89 

Stoichiometric system 0.00 24.04 - 100.13  12.68 (-12.22#) 7.88 - -64.77 
 ‘RC for catalysts-free reaction. # Corrected relative enthalpy and relative Gibbs free energies calculated according to 
ref[263,264]. 

Table E2. Zero-point corrected relative energies (∆rE0), and rela ve Gibbs free energies (∆rG) 
of the reaction between phenyl isocyanate (PhNCO) and butan-1-ol in the presence 2-
dimethylaminoethanol (DMEA) (catalytic system), and DMEA with PhNCO (stoichiometric 
system), calculated at the G3MP2BHandHLYP level of theory at (298.15 K and 1 atm) in 
acetonitrile using the SMD implicit solvent model. R—reactant; RC—reactant complex; TS—
transition state; IM—intermediate; PC—product complex; P—product. 

∆rE0 (kJ/mol) 

 R RC1    RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -11.22’ 119.11 - - - -92.58 

Catalytic system 0.00 -26.96 -42.13 -2.00 -94.27 -104.16 -126.62 -92.58 

Stoichiometric system  0.00 -23.98 - 43.09 -46.53 -52.07 - -91.93 

∆rG (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - 28.91’ 170.05 - - - -41.54 

Catalytic system 0.00 14.83 44.78 95.72 8.38(-16.52#) 0.64 -29.84 -41.54 

Stoichiometric system  0.00 17.74 - 98.73 12.93(-11.97#) 8.01 - -38.68 

‘RC for catalysts-free reaction. # Corrected relative Gibbs free energies calculated according to ref.[263,264]. 
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Urethane formation in the presence of 4-[2-(dimethylamino)ethyl]morpholine, and N,N-

dimethylbenzylamine 

 

Figure F1. Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of 4-[2-(dimethylamino)ethyl]morpholine (DMAEM-2N) calculated 
at the BHandHLYP/6-31G(d) level of theory in acetonitrile. 2N—aliphatic nitrogen, RC—
reactant complex, TS—transition state, IM—intermediate, PC—product complex. 

 

Figure F2. Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of N,N-dimethylbenzylamine (DMBA)calculated at the 
BHandHLYP/6-31G(d) level of theory in acetonitrile. RC—reactant complex, TS—transition 
state, IM—intermediate, PC—product complex. 
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Table F1. Zero-point corrected relative energies (∆rE0), relative enthalpies (∆rH), and relative 
Gibbs free energies (∆rG), of the reaction between phenyl isocyanate and butan-1-ol with and 
without catalysts, calculated using the BHandHLYP composite method in acetonitrile, using 
the SMD implicit solvent model at 298.15 K and 1 atm. 1N— aromatic nitrogen, 2N— aliphatic 
nitrogen, R—reactant, RC—reactant complex, TS—transition state, IM—intermediate, PC—
product complex, and P—product. 

∆rE0 (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -10.48’ 122.75 - - - -120.94 

DMAEM-1N 0.00 -23.58 -34.16 16.90 -82.39 -85.98 -133.13 -120.94 

DMAEM-2N 0.00 -21.49 -32.48 17.59 -87.42 -94.71 -134.63 -120.94 

DMBA 0.00 -18.91 -30.77 17.72 -88.37 -95.35 -138.08 -120.94 

∆rH (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -8.23’ 120.13 - - - -123.20 

DMAEM-1N 0.00 -22.22 -29.91 16.66 -83.35(-121.45#) -87.77 -133.22 -123.20 

DMAEM-2N 0.00 -20.18 -28.05 17.13 -88.17(-126.27#) -96.45 -134.55 -123.20 

DMBA 0.00 -17.48 -26.17 16.86 -89.40(-127.50#) -97.18 -138.30 -123.20 

∆rG (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - 29.65’ 173.69 - - - -69.89 

DMAEM-1N 0.00 21.10 57.03 114.42 21.43(-3.47#) 20.77 -32.41 -69.89 

DMAEM-2N 0.00 22.22 55.42 117.25 14.33(-10.57#) 10.34 -36.52 -69.89 

DMBA 0.00 22.57 52.95 117.59 14.84(-10.06#) 8.81 -38.89 -69.89 

     ’RC for catalysts-free reaction;  # Corrected relative enthalpy and relative Gibbs free energies according to ref.[251,263,264].  
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Table F2. Zero-point corrected relative energies (∆rE0), and relative Gibbs free energies (∆rG) 
of the reaction between phenyl isocyanate and butan-1-ol with and without catalysts, calculated 
using the G3MP2BHandHLYP composite method in acetonitrile, using the SMD implicit 
solvent model at 298.15 K and 1 atm. 1N— aromatic nitrogen, 2N— aliphatic nitrogen, R—
reactant, RC—reactant complex, TS—transition state, IM—intermediate, PC—product 
complex, and P—product. 

∆rE0 (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - -11.22’ 119.11 - - - -92.58 

DMAEM-1N 0.00 -28.92 -56.65 -7.16 -98.52 -104.55 -129.76 -92.58 

DMAEM-2N 0.00 -22.57 -47.04 3.36 -93.74 -102.81 -120.13 -92.58 

DMBA 0.00 -25.04 -42.04 -3.00 -101.08 -111.38 -132.77 -92.58 

∆rG (kJ/mol) 

 R RC1 RC2 TS1 IM TS2 PC P 

Catalyst-free system 0.00 - 28.91’ 170.05 - - - -41.54 

DMAEM-1N 0.00 15.76 34.53 90.37 5.31(-19.59#) 2.19 -29.03 -41.54 

DMAEM-2N 0.00 21.14 40.87 103.02 8.01(-16.89#) 2.24 -22.02 -41.54 

DMBA 0.00 16.44 41.68 96.86 2.13(-22.77#) -7.22 -33.58 -41.54 

         ’RC for catalysts-free reaction;  # Corrected relative Gibbs free energies calculated according to ref.[251,263,264].  
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Urethane formation in the presence of acid catalysts 

 

Figure G1. Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of methanesulfonic acid (MSA) calculated at the BHandHLYP/6-
31G(d) level of theory in acetonitrile. RC—reactant complex, TS—transition state, PC—
product complex, and P—product.  

 

Figure G2. Optimised structures along the reaction pathway between phenyl isocyanate and 
butan-1-ol in the presence of trifluoromethanesulfonic acid (TFMSA) calculated at the 
BHandHLYP/6-31G(d) level of theory in acetonitrile. RC—reactant complex, TS—transition 
state, PC—product complex, and P—product.  
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Table G1. Zero-point corrected relative energies (∆rE0), relative enthalpies (∆rH), and relative 
Gibbs free energies (∆rG), of the reaction between phenyl isocyanate and butan-1-ol in 
presence of the studied catalysts, dimethyl hydrogen phosphate (DMHP), methanesulfonic acid 
(MSA), and trifluoromethanesulfonic acid (TFMSA) calculated at the BHandHLYP/6-31G(d) 
level of theory in acetonitrile using the SMD implicit solvent model at 298.15 K and 1 atm. R – 
reactant, RC – reactant complex, TS – transition state, IM – intermediate, PC – product 
complex, P – product. 

∆rE0 (kJ/mol) 
 R RC1     RC2 TS1 PC P 

Catalyst-free system 0.0 -  -10.48’ 122.75 - -120.94 
DMHP 0.0 -21.67 -41.77 -7.93 -151.94 -120.94 
MSA 0.0 -13.19 -34.19 0.53 -144.67 -120.94 

TFMSA 0.0 -9.95 -35.97 -25.77 -146.28 -120.94 
∆rH (kJ/mol) 

 R RC1 RC2 TS1 PC P 
Catalyst-free system 0.0 - -8.23’ 120.13 - -123.20 

DMHP 0.0 -19.32 -38.12 -9.40 -153.13 -123.20 
MSA 0.0 -11.42 -30.82 -1.35 -145.96 -123.20 

TFMSA 0.0 -7.28 -32.57 -24.36 -147.11 -123.20 
∆rG (kJ/mol) 

 R RC1 RC2 TS1 PC P 
Catalyst-free system 0.0 - 29.65’ 173.69 - -69.89 

DMHP 0.0 13.78 43.57 92.46 -51.18 -69.89 
MSA 0.0 25.74 52.01 98.52 -45.29 -69.89 

TFMSA 0.0 30.20 56.17 67.24 -47.89 -69.89 
   ’RC for catalyst-free reaction. 

 

Table G2. Zero-point corrected relative energies (∆rE0), and relative Gibbs free energies 
(∆rG), of the reaction between phenyl isocyanate and butan-1-ol in presence of the studied 
catalysts, dimethyl hydrogen phosphate (DMHP), methanesulfonic acid (MSA), and 
trifluoromethanesulfonic acid (TFMSA) calculated at the G3MP2BHandHLYP/6-31G(d) level 
of theory in acetonitrile using the SMD implicit solvent model at 298.15 K and 1 atm. R – 
reactant, RC – reactant complex, TS – transition state, IM – intermediate, PC – product 
complex, P – product. 

∆E0 (kJ/mol) 
 R RC1     RC2 TS1 PC P 

Catalyst-free system 0.0 - -11.22’ 119.11 - -92.58 
DMHP 0.0 -20.44 -51.44 -13.84 -131.93 -92.58 
MSA 0.0 -10.44 -44.68 -6.57 -123.71 -92.58 

TFMSA 0.0 -9.61 -49.35 -44.25 -129.63 -92.58 
∆G (kJ/mol) 

 R RC1 RC2 TS1 PC P 
Catalyst-free system 0.0 - 28.91’ 170.05 - -41.54 

DMHP 0.0 15.02 33.91 86.56 -31.17 -41.54 
MSA 0.0 28.50 41.53 91.43 -24.33 -41.54 

TFMSA 0.0 30.54 42.80 48.75 -31.24 -41.54 
      ’RC for catalyst-free reaction. 

 


