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ABSTRACT 

EXPLORING THE MODE OF ACTION OF MULTIFUNCTIONAL 

ORGANOCATALYSTS  

Quantum mechanical calculations have successfully uncovered organocatalytic reaction 

mechanisms and explained their outcomes. However, understanding the mode of action of 

complex multifunctional organocatalysts remains challenging due to their numerous 

conformational degrees of freedom. This work presents a computational protocol called 

CIPOC (Computational Identification of Potential (Organo)Catalysts) that combines 

quantum mechanical calculations and drug design tools to address the challenges of 

exploring the mode of action and active conformations of complex multifunctional 

organocatalysts. CIPOC was applied (1) to discover novel chiral catalytic structures for the 

catalysis of the asymmetric conjugate addition reaction of dimethyl malonate to trans-(β)-

nitrostyrene, which is particularly noteworthy to access gamma-aminobutyric acid (GABA) 

close analogs, (2) to uncover the mode of action of dimeric quinidine in the reaction of 

oxindole with nitrosobenzene that yielded unexpectedly aminooxylation products. We 

discovered a novel 2-aminoDMAP/urea catalyst, which catalyzed the reaction of dimethyl 

malonate to trans-(β)-nitrostyrene eight-fold faster than Takemoto’s catalyst, previously the 

best-known catalyst for this transformation. We showed that quinidine dimer binds 

nitrosobenzene through its protonated amine, while both hydroxyl groups in the catalyst 

structure interact with the substrates and orient the enolate resulting in a concerted addition-

proton transfer pathway. Additionally, both studies revealed the importance of catalyst 

distortion in determining the catalytic activity, highlighting the extraordinary performance 

of urea-based catalysts compared to their thiourea analogs, despite their lower acidity. The 

impact of catalysts on the mechanism and selectivity has been thoroughly investigated and 

explained. The essential interactions and binding preferences of catalysts in critical transition 

states have been explored, and the factors that influence the stereoselectivity of the reaction 

have been clarified. This work presents a new perspective on the challenges of exploring the 

mode of action and active conformations of complex multifunctional organocatalysts. As a 

future work, an automated tool that can identify potential catalyst candidates in a given pool 

for a target reaction could enormously facilitate an organocatalyst screening process. 
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ÖZET 

ÇOK FONKSİYONLU ORGANOKATALİZÖRLERİN ETKİ ŞEKLİNİN 

İNCELENMESİ 

Kuantum mekanik hesaplamaları, organokatalitik reaksiyon mekanizmalarını başarılı bir 

şekilde ortaya çıkarmış ve sonuçlarını açıklamıştır. Bununla birlikte, karmaşık çok 

fonksiyonlu organokatalizörlerin etki mekanizmasını anlamak, sayısız konformasyonel 

serbestlik derecesi nedeniyle zorlu bir hal almaktadır. Bu çalışma, CIPOC (Potansiyel 

(Organo)Katalizörlerin Hesaplama ile Tanımlanması) adında bir hesaplama protokolünü 

sunmaktadır. Bu protokol, kuantum mekanik hesaplamaları ve ilaç tasarım araçlarını 

birleştirerek karmaşık çok fonksiyonlu organokatalizörlerin etki mekanizmasını ve etkin 

konformasyonlarını keşfetme zorluklarını ele almayı amaçlamaktadır. CIPOC, belirtilen 

amaçlarla kullanılmıştır: (1) dimetil malonatın trans-(β)-nitrostiren ile asimetrik konjuge 

eklem reaksiyonunu katalizlemek için yeni kiral katalitik yapılar keşfetmek, bu da gamma-

aminobütirik asit (GABA) benzerlerine erişimi mümkün kılmaktadır ve (2) oksindolün 

nitrosobenzen ile reaksiyonunda dimerik kinidinin etki mekanizmasını ortaya çıkarmak, bu 

reaksiyonda beklenmedik şekilde aminooksilasyon ürünleri elde edilmiştir. Dimetil 

malonatın trans-(β)-nitrostiren ile reaksiyonunu Takemoto'nun katalizöründen sekiz kat 

daha hızlı bir şekilde katalizleyen yeni bir 2-aminoDMAP/üre katalizörü keşfettik. Kinidin 

dimerinin nitrosobenzen ile protonlanmış amin tarafından bağlandığını, katalizör 

yapısındaki her iki hidroksil grubunun substratlarla etkileşime girdiğini ve enolatı 

yönlendirdiğini ve bu şekilde birleşik bir eklenme-proton transfer yolu oluşturduğunu 

gösterdik. Ayrıca, her iki çalışma da katalizör distorsiyonunun katalitik aktiviteyi 

belirlemedeki önemini ortaya koymuş olup, asitlik düzeyi daha düşük olsa bile üre bazlı 

katalizörlerin, tiyoüre analoglarına kıyasla olağanüstü performansa sahip olduğunu 

vurgulamıştır. Katalizörlerin mekanizma ve seçicilik üzerindeki etkisi detaylı bir şekilde 

incelenmiş ve açıklanmıştır. Önemli geçiş hallerinde katalizörlerin temel etkileşimleri ve 

bağlanma tercihleri araştırılmış ve reaksiyonun seçiciliğini etkileyen faktörler açıklığa 

kavuşturulmuştur. Bu çalışma, karmaşık çok fonksiyonlu katalizörlerin etki mekanizmasını 

ve etkin konformasyonlarını keşfetme zorluklarına yeni bir bakış açısı sunmaktadır. Belirli 

bir hedef reaksiyon için potansiyel katalizör adaylarını belirleyebilen otomatik bir aracın 

geliştirilmesi, organokatalizör tarama sürecini büyük ölçüde kolaylaştırabilir. 
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1. INTRODUCTION 

Understanding the activation mechanism and mode of action of known catalysts is crucial 

for rational and systematic design of novel catalysts for important transformations 

commonly employed in industry. Computational approaches have emerged as excellent tools 

to explain reaction mechanisms and selectivity [1]. Quantum mechanical calculations have 

successfully uncovered numerous organocatalytic reaction mechanisms and explained the 

observed reaction outcomes; yet, understanding the mode of action of highly complex 

multifunctional organocatalysts is still a challenging task due to their large number of 

conformational degrees of freedom. The existing computational strategies for exploring 

organocatalytic reactions are limited by the manual construction of a few structures based 

on chemical intuition and imagination. There are still no approaches that can adequately 

capture the full conformational space of the reaction and important binding modes of 

multifunctional organocatalysts. An automated tool that can identify potential catalyst 

candidates in a given pool for a target reaction could enormously facilitate an organocatalyst 

screening process. 

In this thesis, we describe a computational approach, CIPOC (Computational Identification 

of Potential (Organo)Catalysts) [2] that combines the quantitative power of quantum 

mechanical calculations with drug design tools to shed light on the ambiguous active 

conformations and mode of action of multifunctional organocatalysts with complex 

structures, and to discover new catalysts.  

This approach (Figure 1.1) is based on the construction of a theoretical active site model 

including functional groups that are involved in the structures of the multifunctional 

organocatalysts. It basically is a quantum mechanically optimized transition state of the rate-

determining step of the target reaction with optimal 3D arrangement of catalytic functional 

groups around the substrates. These models, so-called theozymes, have been successfully 

used in the “inside-out” design of enzymes for reactions not catalyzed by nature [3–5] and 

multifunctional spirocyclic oligomers as transesterification catalysts [6]. Catalytic group 

maps (CGM) are constructed with pharmacophore-like features such as an H-bond acceptor 

and donor, aromatic ring centers, etc. Then, the catalyst conformer library is screened against 

CGM in order to identify the conformers that can stabilize the optimized transition structure. 

On the quantum mechanically optimized theozyme, replacing the model catalytic groups 
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with the matching conformer of the catalyst gives the transition structure in the presence of 

the chiral multifunctional catalyst. Finally, the rate and selectivity of the leads are evaluated 

using quantum mechanical calculations. 

 

Figure 1.1. Outline of the developed computational approach 
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The dissertation starts with Computational Details (Chapter 2); the fundamental principles 

underlying the computational techniques employed in this study are presented. The next two 

chapters describe the application of CIPOC for two target reactions. The first reaction of 

interest is the asymmetric conjugate addition reaction of dimethyl malonate to trans-(β)-

nitrostyrene in the presence of chiral bifunctional acid-base organocatalysts (Chapter 3). 

Second, the mode of action of dimeric quinidine-catalyzed enantioselective reaction of N-

benzyl-protected oxindole with nitrosobenzene is explored (Chapter 4). Both chapters 

(Chapters 3 & 4) are designed with their introduction, details of computational approach, 

results and discussion, and conclusion sections. In the introduction parts, the importance of 

the subject has been emphasized, and relevant investigations in this field are presented. The 

CIPOC protocol is explained in detail in the computational approach sections, focusing on 

the example catalyst studied for the target reaction in that part. The following part of this 

thesis presents the outcomes of our computations, which are analyzed, discussed, and 

compared with experimental findings. Lastly, the concluding remarks are presented. 

Additionally, recommendations for a future study are noted for each section. 
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2. COMPUTATIONAL DETAILS 

Computational chemistry is applied to predict molecular structure and reactivity on 

computers with well-developed mathematical methods. It has become an increasingly 

important tool in modern chemical research and is considered indispensable by many 

chemists [7]. 

Computational chemistry uses mathematical techniques to mimic chemical structures and 

reactions based on fundamental physical laws. Instead of conducting experiments, chemical 

phenomena can be examined through computer-based calculations by chemists.  

Through theoretical chemistry, researchers can gather knowledge about the property of 

molecules and chemical reactions that cannot be obtained through experimental observations 

alone. This makes computational chemistry an essential part of modern chemical research, 

as it can provide insights into chemical systems that are difficult to obtain through traditional 

experimental methods. As such, computational chemistry can be considered a 

complementary research area to experimental chemistry [8]. 

Generally, methods of computational chemistry are investigated in two categories:  

• Classical (or Newtonian) mechanical methods  

• Quantum mechanical methods  

2.1. QUANTUM MECHANICS 

Quantum mechanics (QM) has become an essential tool for studying chemical reactions. The 

Schrödinger equation lies at the core of QM. It gives exact solutions for the particle in a box, 

the particle on a ring, the harmonic oscillator, the particle on a sphere, and the hydrogen 

atom [9]. 

The field of quantum mechanics has been employed to explain the behaviour of small-scale 

systems. The fundamental principle of QM is the Schrödinger equation, which defines the 

electronic properties of molecules. 

The form of time-independent Schrödinger equation is: 
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𝐻̂𝜓 = 𝐸𝜓 (2.1) 

 

where 𝐻̂ is the Hamiltonian operator (involves kinetic and potential energy), E is the 

electronic energy of the system, and ψ is the wave function. A system is described by ψ, a 

function that depends on the locations of nuclei and electrons in the system. The energy of 

the system, involving both the potential and kinetic energies of the nuclei and electrons, can 

be represented as a sum by the Hamiltonian operator. 

In this equation, 𝑚ₑ and 𝑚ₖ represent the mass of the nucleus and electron, ћ is Planck's 

constant divided by 2π, 𝛻² is a mathematical operator called Laplacian, 𝑒 is the charge carried 

by an electron, 𝑟 represents the distance between the two particles, and 𝑍 is the atomic 

number. The given expression consists of five terms: the first term expressed the kinetic 

energy of the electrons, the second term expressed the kinetic energy of the nuclei, and the 

third term expressed the attraction between the electrons and the nuclei. The remaining two 

terms represent the interelectronic and internuclear repulsions, respectively [7]. 

The Schrödinger equation can be precisely calculated for hydrogen atoms only, but for 

many-particle systems, exact solutions cannot be found due to the correlated motions of the 

particles. However, some approximations can be made to overcome this issue. Additionally, 

since the nucleus of the mass of the molecule is significantly greater than that of the 

electrons, its motion can be assumed negligible compared to that of the electrons. They can 

be considered stationary, i.e., their kinetic energy can be supposed to be zero. The Born-

Oppenheimer approximation suggests that the attractive potential energy term between 

nuclei and electrons can be neglected. The term for nuclear kinetic energy is considered 

independent of electrons [10]. The potential energy term between nuclei is assumed to be 

constant, and hence, the Schrödinger equation for Born-Oppenheimer approximation 

becomes: 

(𝐻̂𝑒𝑙 + 𝑉̂𝑛𝑛)𝜓𝑒𝑙 = 𝐸𝑒𝑙𝜓𝑒𝑙 (2.3) 

 

Various QM methods based on the Schrödinger equation with approximate solutions were 

developed to solve Equation 2.3. Two main categories exist for QM methods. 

𝐻̂ =  − ∑
ћ2

2𝑚𝑒
∇𝑖

2  − ∑
ћ2

2𝑚𝑘
∇𝑘

2  −  ∑ ∑
𝑒2𝑍𝑘

𝑟𝑖𝑘
 + ∑

𝑒2

𝑟𝑖𝑗
𝑖<𝑗

+ ∑
𝑒2𝑍𝑘𝑍𝑙  

𝑟𝑘𝑙
 

𝑘<𝑙𝑘𝑖𝑘𝑖

 

 

(2.2) 
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• Semi-empirical 

• Non-empirical  

2.1.1. Ab initio Methods 

Ab initio methods utilize QM calculations to solve the molecular Schrödinger equation 

related to the molecular Hamiltonian. Due to the electron-electron interaction terms, finding 

an exact analytical solution to the Schrödinger equation is challenging. Therefore, numerical 

iterative methods solve the equation with a predefined error margin. The available 

computational methods provide precise and trustworthy numerical solutions for wave 

functions and energies [10]. 

The Hartree-Fock (HF) approach is the simplest ab initio electronic structure calculation, 

where the instantaneous electron-electron repulsion is neglected and its average effect taken 

into account. To correct for electron-electron repulsion, post-Hartree-Fock methods such as 

coupled cluster theory (CC) and Møller-Plesset perturbation theory (MPn) are commonly 

used. However, the Hartree-Fock method may not be sufficient for some cases, especially 

bond-breaking processes. 

Ultimately, the variational theorem offers a means to determine the best solution for a 

problem, particularly in the case of many-body systems where no definitive solution exists. 

The theorem asserts that the energy calculated from an approximate wave function will 

always be higher than the actual energy. This means a more accurate wave function will give 

a lower energy value. The "best" wavefunction is consequently attained when the energy 

reaches its minimum point. At this juncture, the first derivative of energy will be equal to 

zero. To reach the energy minimum, an iterative procedure called the self-consistent field 

(SCF) theory is employed. This iterative process enables the adjustment of the wave function 

to approach the most stable energy state successively. SCF method considers both Coulomb 

and exchange integrals and utilizes HF equation  to iteratively determine the optimal 

wavefunction. 

𝑓𝑖𝑥𝑖 = 𝜀𝑖𝑥𝑖 (2.4) 
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In equation 2.4, 𝑥𝑖 is the molecular orbital of the electron  (i),  𝑓𝑖 is the Fock operator, and 𝜀𝑖 

is the corresponding energy of the orbital. The one-electron Fock-operator isrepresented as 

shown in equation 2.5. 

𝑓𝑖 = −
 1 

2
∇𝑖

2 − ∑
𝑍𝑘

𝒓𝑖𝑘
+ 𝑉𝐻𝐹(𝑖)

𝑛𝑢𝑐𝑙𝑒𝑖

𝑘

 (2.5) 

where  𝑉𝐻𝐹(𝑖) is the HF potential which is defined the average repulsive potential 

experienced by each electron due to the other electrons. The SCF method begins by 

initializing an initial guess for the molecular orbitals based on a specific molecular geometry. 

The calculated wavefunction 𝑥𝑖 is then used to generate a new Hartree-Fock potential, 

𝑉𝐻𝐹(𝑖). This iterative procedure is repeated until convergence is accomplished [10]. 

The Hartree-Fock method, also known as SCF theory is a valuable tool for initial predictions 

about various systems. It can generate accurate outcomes when determining the 

configurations and vibrational frequencies of steady molecules as well as some transitional 

states. But, this method fails to consider electron correlation, which arises from the 

immediate repulsion between electrons. As a result, it is not suitable for accurately modelling 

the energetics of reactions and bond dissociation [11]. 

2.1.2. Semi-empirical Methods 

Semi-empirical methods perform calculations by neglecting or parameterizing certain 

integrals based on the experimental information. Therefore, this method is high-speed and 

suitable for large molecules. While semi-empirical methods may provide accurate results for 

molecules similar to those used for parameterization, their accuracy is only sometimes 

reliable for various systems.  

Modern semi-empirical models are based on the Neglect of the Diatomic Differential 

Overlap (NDDO) method, which makes it simple. There are four different NDDO models. 

These are Austin Model 1 (AM1), Parametric Method 3 (PM3), Pairwize Distance Directed 

Gaussian/Parametric Method 3 (PDDG/PM3), and Modified Neglect of Diatomic Overlap 

(MNDO) [12]. 
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Semi-empirical calculations have the advantage of being much faster than ab-initio 

calculations. It could be used to find an initial prediction for ab-initio calculations. However, 

semi-empirical methods are that the outcomes can be doubtful, and limited properties 

reliably can be expected. In addition, if a molecule analyzed has similarities to the molecules 

used in the method's database for parameterization, then the outcomes of the calculations 

may be very accurate. On the other hand, if a molecule that differs greatly from the molecules 

in the parameterization database may result in less accurate answers [10]. 

2.1.3. Density Functional Theory 

Density Functional Theory (DFT) is based on electron density rather than wave functions, 

in contrast to Hartree-Fock Theory. The fundamental principles of DFT are the Hohenberg-

Kohn theorems [11], which were proposed in 1964. According to the first theorem, the 

electron density ρ(r) defines the external potential V(r), while the second theorem introduces 

the variational principle. This represents that for a specified electron density, there is only 

one specific distribution of nuclei with their presented charges, and the energy is minimized 

with respect to electron density. It can be expressed using Equation 2.6. 

𝜌(𝒓) = 𝑁 ∫ … ∫|𝜓(𝒓1, 𝒓2, … , 𝒓𝑛)|2𝑑𝒓1
𝑑𝒓2

… 𝑑𝒓𝑛
 

(2.6) 

where 𝒓  describes coordinates of electrons. The electronic energy of the system in its ground 

state is a function of the electron density. It is the essence of the "functional" aspect of DFT 

and can be defined as: 

𝐸[𝜌(𝒓)] = ∫ 𝑉𝑒𝑥𝑡(𝒓)𝜌(𝒓)𝑑𝒓 + 𝑇[𝜌(𝒓)] + 𝑉𝑒𝑒[𝜌(𝒓)] 
(2.7) 

The equation can be described as the sum of three terms, where the term 𝑉𝑒𝑥𝑡(𝒓) represents 

the interactions of the electrons with an external potential. The second term, 𝑇[𝜌(𝒓)], is the 

kinetic energy of the interacting electrons, and the third term, 𝑉𝑒𝑒[𝜌(𝒓)], defines the 

interelectronic interaction energy. The electronic energy is changed as: 

𝐸[𝜌(𝒓)] = ∫ 𝑉𝑒𝑥𝑡(𝒓)𝜌(𝒓)𝑑𝒓 + 𝑇𝑠[𝜌(𝒓)] + 𝐽[𝜌(𝒓)] + 𝐸𝑋𝐶[𝜌(𝒓)] 
(2.8) 

where is the classical Coulomb energy 𝐽[𝜌(𝒓)] between electrons, which is commonly 

referred as the Hartree electrostatic energy:  
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𝐽[𝜌(𝒓)] =
1

2
∫ ∫

𝜌(𝒓1)𝜌(𝒓2)

|𝒓1 − 𝒓2|
𝑑𝒓1

𝑑𝒓2
   (2.9) 

𝑇𝑠[𝜌(𝒓)] describes the kinetic energy of the non-interacting electrons: 

𝑇𝑠[𝜌(𝒓)] = ∑ ∫ 𝜓𝑖(𝒓) (−
∇2

2
) 𝜓𝑖(𝒓)𝑑𝒓

𝑁

𝑖=1

 

(2.10) 

and the exchange-correlation energy functional, 𝐸𝑋𝐶[𝜌(𝒓)] represents the correction to the 

kinetic energy resulting from the interactions among electrons and nonclassical adjustments 

to the electron-electron repulsion energy. It includes contributions from exchange 𝐸𝑋[𝜌(𝒓)] 

and correlation 𝐸𝐶[𝜌(𝒓)][10]. 

The Kohn-Sham scheme provides the full statement for the energy of an N-electron system, 

which can be written as Equation 2.11 [11]. 

𝐸[𝜌(𝒓)] = − ∑ ∫
𝑍𝐴

|𝒓 − 𝑹𝐴|

𝑀

𝐴=1

 𝜌(𝒓)𝑑𝒓 + ∑ ∫ 𝜓𝑖(𝒓) (−
𝛻2

2
) 𝜓𝑖(𝒓)𝑑𝒓

𝑁

𝑖=1

+
1

2
∫ ∫

𝜌(𝒓1)𝜌(𝒓2)

|𝒓1 − 𝒓2|
𝑑𝒓1

𝑑𝒓2
+ 𝐸𝑋𝐶[𝜌(𝒓)] 

(2.11) 

The wave function of this system is represented by using a Slater determinant of one-electron 

functions 𝑋𝑖, and the electron density is represented as: 

𝜌(𝒓) = ∑⟨𝑋𝑖|𝑋𝑖⟩

𝑁

𝑖=1

 (2.12) 

The solution to the Kohn-Sham equations determines the Kohn-Sham orbitals [11].  

ℎ𝑖
𝐾𝑆𝑋𝑖 = 𝜀𝑖𝑋𝑖 (2.13) 

where the Kohn-Sham Hamiltonian, ℎ𝑖, is expressed as: 

ℎ𝑖
𝐾𝑆 = −

∇2

2
− ∑ ∫

𝑍𝑘

|𝒓𝑖 − 𝒓𝑘|

𝑀

𝑘

+
𝜌(𝒓)

𝒓𝑖𝑗
𝑑𝒓 + 𝑉𝑋𝐶 (2.14) 

In Equation 2.14, 𝑉𝑋𝐶 is the exchange-correlation potential. It is related to exchange-

correlation energy by Equation 2.15 [11]. 

𝑉𝑋𝐶 =
𝛿𝐸𝑋𝐶

𝛿𝜌
 (2.15) 
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2.1.3.1. Functionals 

The term 𝐸𝑋𝐶[𝜌(𝒓)] accounts for more than just exchange and correlation effects, as it also 

includes the discrepancy in the kinetic energy of the actual system and a theoretical non-

interacting system. The specific mathematical expression for this exchange-correlation 

function is currently unknown, and the functionals described here are only various 

approximations of this function. 

Local Density Approximation (LDA) is commonly used, which assumes a uniform electron 

gas where the electron density is the same everywhere to approximate the exchange-

correlation function. However, this assumption is inappropriate for molecules where electron 

density varies fast. To overcome this, Generalized Gradient Approximation (GGA) methods 

take into account the inhomogeneity of electron density by incorporating its gradient in 

addition to the density itself in the exchange and correlation energies [12]. 

In its original form, a meta-GGA (MGGA) DFT functional includes the second derivative 

of the electron density (the Laplacian). This progression after the GGA incorporates only the 

density and its first derivative in the exchange-correlation potential. In contemporary usage, 

the term MGGA functional more commonly refers to a function that combines the kinetic 

energy density, specifically the Laplacian of the orbitals. Several functionals belonging to 

this category include tHCTH, TPSS, VSXC, and M06L [11]. 

The hybrid methods combines mixing various amounts of the HF nonlocal exchange 

operator with local DFT exchange-correlation functionals and gradient-corrected density 

functions. The parameters of the hybrid functional are optimized by comparing the results 

to a database of thermochemical data. 

Empirical three-parameter hybrids refer to a mixing approach that combines LDA, HF 

exchange, and gradient-corrected exchange and correlation functionals. 

𝐸𝑋𝐶 = (1 − 𝑎)𝐸𝑋
𝐿𝐷𝐴 + 𝑎𝐸𝑋

𝐻𝐹 + 𝑏∆𝐸𝑋
𝐺𝐶 + 𝐸𝐶

𝐿𝐷𝐴 + 𝑐∆𝐸𝐶
𝐺𝐶 (2.16) 

where 𝐸𝑋
𝐻𝐹 is the nonlocal HF exchange energy, 𝐸𝑋

𝐿𝐷𝐴 and 𝐸𝐶
𝐿𝐷𝐴 are exchange and 

correlation energies within LDA formalism, ∆𝐸𝑋
𝐺𝐶 and ∆𝐸𝐶

𝐺𝐶 are the gradient corrections 

for the exchange and correlation functionals. 
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Hybrid density functional methods refer to alternative approaches that include a percentage 

of HF exchange with the exchange correlation of the GGA method. Three-parameter 

functional B3LYP [13, 14] which is used in this thesis, is the most famous example of hybrid 

density functional. It is a combination method of LDA and GGA functionals taken from the 

DFT and HF methods, as shown in Equation 2.17. 

𝐸𝑋𝐶
𝐵3𝐿𝑌𝑃 = (1 − 𝑎)𝐸𝑋

𝐿𝑆𝐷𝐴 + 𝑎𝐸𝑋
𝐻𝐹 + 𝑏𝐸𝑋

𝐵 + (1 − 𝑐)𝐸𝐶
𝐿𝑆𝐷𝐴 + 𝑎𝐸𝐶

𝐿𝑌𝑃 (2.17) 

where a, b, and c were optimized to 0.20, 0.72, and 0.81, respectively, using a set of 

atomization energies, proton affinities, ionization potentials and total atomic energies, and 

LSDA (Local Spin Density Approximation), HF (Hartree-Fock), B (Becke) and LYP (Lee-

Yang-Parr) are the functionals [11].  

Several one-parameter hybrid methods have been suggested, which modify the percentage 

of HF exchange incorporated into the functional. The one-parameter hybrid exchange-

correlation energy can be expressed as follows: 

𝐸𝑋𝐶 = (1 − 𝑎)𝐸𝑋
𝐷𝐹𝑇 + 𝑎𝐸𝑋

𝐻𝐹 + 𝐸𝐶
𝐷𝐹𝑇 (2.18) 

In equation 2.18,  𝑎 is the percentage of HF exchange in hybrid functional, 𝐸𝑋
𝐻𝐹 is the 

nonlocal HF exchange energy, 𝐸𝐶
𝐷𝐹𝑇 is the local DFT correlation energy (𝐸𝐶

𝐷𝐹𝑇 = 𝐸𝐶
𝐿𝐷𝐴 +

𝐸𝐶
𝐺𝐶), and 𝐸𝑋

𝐷𝐹𝑇 is the local DFT exchange energy (𝐸𝑋
𝐷𝐹𝑇 = 𝐸𝑋

𝐿𝐷𝐴 + 𝐸𝑋
𝐺𝐶)[11]. 

2.1.3.2. Basis Sets 

A basis set is a mathematical representation of the orbitals that create a system and are used 

to perform computational chemistry to describe the electronic wave function in the HF 

method or DFT. The aim is to convert the partial differential equations of the model into 

algebraic equations that can be easily implemented on a computer.  

A basis set is a collection of functions used to describe the orbitals in a system. Roothaan 

proposed the Hartree-Fock orbitals in 1951 as a linear combination of atomic orbitals, and 

the coefficients are determined through calculation. There exist two primary categories of 

basis sets: Gaussian-type orbitals (GTOs) and Slater-type orbitals (STOs), with the latter 

being more commonly used in modern DFT. 

The basic Hartree-Fock method uses the smallest possible set of basis functions on each 

atom to contain all the electrons and maintain spherical symmetry, resulting in molecular 
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orbitals with limited flexibility. Using larger basis sets increases the number of adjustable 

coefficients and results in a more accurate description of the molecular orbitals. Extremely 

large basis sets can provide nearly complete flexibility, and the limit of this approach is 

called the HF limit, which provides the best possible definition of the system using a single 

electron configuration.  

Many Gaussian basis sets are available for performing SCF calculations, with the ones 

developed by Pople and co-workers being the most commonly used. The STO-3G basis set 

is the simplest and smallest one, where three Gaussian functions represent the Slater-type 

orbitals. It is considered a minimal basis set as it contains only the number of orbitals 

required to hold the electrons of the neutral atom. 

Pople and co-workers developed different levels of basis sets for carrying out self-consistent 

field (SCF) calculations, and one of the most commonly used is the split-valence basis set. 

A minimal basis set (STO-3G) has limitations regarding its ability to adjust its orbitals to fit 

the molecular environment. Split-valence basis sets solve this problem by dividing the basis 

into two parts: an inner, compact orbital, and an outer, more diffuse one. This allows for 

greater variation in the size of the atomic orbitals that contribute to the molecular orbital 

within the range set by the inner and outer basis functions.  

Adding polarization functions to increase flexibility can improve the split-valence basis set. 

In polarization basis sets, d orbitals are added to all heavy atoms, designated with a * or (d). 

It is also possible to add polarization to hydrogen atoms by using **. 

To better represent the electronic wave function in specific systems, larger-sized functions 

called diffuse functions can be added to the standard valence-size functions. These diffuse 

functions allow orbitals flexibility. They are significant in systems where electrons are 

relatively far from the nucleus, such as those with lone pairs, anions, and excited states. The 

6-31+G (d) basis set includes diffuse functions added to heavy atoms, while the 6-31++G 

(d) also adds them to hydrogen atoms. The 6-31+G* and 6-31+G** basis sets, which use 

split valence approximation, have been utilized in gas-phase calculations. [10]. 

2.2. SOLVENT MODELS 

A solvent model is an approach in computational chemistry used to investigate the behavior 

of solvated condensed phases, including reactions and processes occurring in biological, 

chemical, and environmental solutions. By accounting for the behavior of solvents, these 
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models allow simulations and thermodynamic calculations that can provide new insights and 

predictions about physical processes [15, 16]. 

Solvent models are used in computational chemistry to simulate and calculate reactions and 

processes in solutions, such as biological, chemical, and environmental systems. Theoretical 

studies related to reaction mechanisms using QM can approximate the thermodynamic 

properties of liquids based on three main types of solvent models: implicit (or continuum), 

explicit solvation models, and cluster/continuum (or hybrid implicit/explicit) (Figure 2.1) 

[17]. To model the solvation effect, implicit solvent models assume the solvent as a 

homogeneous medium that surrounds the solute, whereas explicit solvent models consider 

the behavior and interactions of individual solvent molecules in a specific region around the 

solute. Hybrid models combine aspects of both explicit and implicit models to minimize 

computational costs while maintaining some spatial resolution of the solvent [18]. 

 

Figure 2.1. Schematic representation of solvent models [17] 

2.2.1. Explicit Solvation Models 

Explicit solvent models directly include the solvent molecules in the computation by 

considering their coordinates and molecular degrees of freedom. This method is considered 

more realistic because it takes into account direct and specific interactions between the 

solvent and solute, in contrast to implicit continuum models. Fully explicit solvent models 

can provide a realistic representation of the environment in which catalytic reactions occur 

in the condensed phase. In such models, the solute is situated inside a box surrounded by 

sufficiently solvent molecules to replicate the system's density. These models are typically 
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utilized in molecular mechanics (MM), Monte Carlo (MC), and molecular dynamics (MD) 

simulations. QM calculations may use solvent clusters. MD simulations are useful for 

studying a chemical system's time evolution. They often rely on empirical force fields to 

effectively determine the properties and motions of large systems [11]. 

2.2.2. Implicit Solvation Models 

Continuum solvent models (CSM) are a type of implicit solvent model used in computational 

chemistry where no explicit solvent molecules are included in the studied system. The 

homogeneous polarizable medium in this approach refers to the solvent, and it is described 

by its dielectric constant ε. The solute is positioned within a cavity formed within the solvent 

medium in continuum solvent models,. The solute's electron density within the cavity 

induces the solvent medium's polarization, which modifies its electron distribution. This 

method evaluates the electrostatic part to the solvation Gibbs energy. However, it is required 

to consider non-electrostatic contributions and electrostatic ones to obtain more precise 

solvation energies [19]. Different theoretical assumptions, cavity definitions, and boundary 

conditions create various implicit solvation models. These are the Solvation Model Based 

on Density (SMD), the Polarizable Continuum Model (PCM), and the Conductor-like 

Screening Model (COSMO). These solvent models are computationally efficient and 

maintain a system size similar to that in the gas phase while avoiding sampling over solvent 

degrees of freedom. Therefore, they have become the most widely used method in 

homogeneous catalysis [20]. Nonetheless, continuum solvent models have some limitations. 

They describe the solvent as a uniform medium and thus cannot account for specific 

interactions between solute and solvent molecules, which is significant in particular 

scenarios. Therefore, if solvent molecules can directly include in the reaction, this solvent 

model may not be suitable. 

In the implicit solvation model, different physical effects contribute to the overall solvation 

process and solvation of a free energy of a system is expressed as:  

∆𝐺𝑠𝑜𝑙 = ∆𝐺𝑒𝑙𝑒𝑐 + ∆𝐺𝑐𝑎𝑣 + ∆𝐺𝑑𝑖𝑠𝑝 (2.19) 

In equation 2.19, ∆𝐺𝑒𝑙𝑒𝑐 is the electrostatic component of the solute-solvent interaction 

energy and has a stabilization effect. ∆𝐺𝑐𝑎𝑣 is the energetic cost of placing the solute in the 
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medium through a cavity. Dispersion interactions between solvent and solute are defined as 

∆𝐺𝑑𝑖𝑠𝑝 which add stabilization to the solvation free energy. 

Various well-established solvent models are employed effectively in different systems. PCM 

is a widely used implicit model that has led to the development of various versions. It is 

based on the Poisson-Boltzmann equation, a modified form of the original Poisson's 

equation. SMD has been commonly worked in addition to the PCM. SMD model solves the 

Poisson-Boltzmann equation in a way similar to PCM but uses a set of precisely 

parameterized radii to construct the cavity [20]. The SMD method, which is used in 

quantum-chemical research [16], is more sophisticated than other models in that it includes 

specific parameterizations for various solvents using several parameters.  

2.3. VIRTUAL SCREENING 

In drug discovery, virtual screening (VS) is a computer-based approach to search large 

databases of small molecules to discover potential drug candidates that could bind to a 

specific protein receptor or enzyme target [21]. 

Virtual screening is organized into two primary categories: structure-based (docking) and 

ligand-based screening. Docking is a computational method used in structure-based drug 

design that predicts the geometry of protein-ligand interactions and estimates binding 

affinities. On the other hand, ligand-based screening uses active compounds as templates 

[22]. 

2.3.1. Pharmacophore Modelling in Virtual Screening 

Pharmacophore modeling is commonly utilized in virtual screening to discover molecules 

that can prompt the requested biological activity. To achieve this, scientists create a 

pharmacophore model or a set of criteria that describes the required 3D arrangement for the 

desired interaction pattern. This model is then used to search databases of chemical 

compounds for molecules that fit the criteria and are likely to show the desired biological 

activity [23].   
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To determine molecules that exhibit the desired biological activity in drug discovery, 

researchers construct a pharmacophore model, which includes various features positioned in 

a specific 3D pattern. Each feature is described by a sphere determining the allowed 

deviation from its exact position. This method represents various molecular recognition 

patterns such as hydrogen bond donors, hydrogen bond acceptors, anionic, cationic, 

hydrophobic, and aromatic rings using spheres with a defined radius as a geometric 

constraint. The size of the sphere defines the level of strictness in the constraint. A second 

feature can be added to indicate the direction of specific interactions like hydrogen bonds 

and aromatic rings. The pharmacophore query can combine multiple features in any manner 

[24] 

In order to screen a library of catalysts, pharmacophore features are commonly benefited as 

queries. The library comprises different conformations, and each is compared to the query 

by aligning the molecule's pharmacophore features with those of the query. A molecule is 

considered to be a hit if it fits within the spheres representing the features of the query. 

However, in cases where the query is too complex to find matching molecules from the 

library, partial matching can be permitted, in which only the crucial features are matched   

[23]. 
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3. IDENTIFICATION OF CHIRAL BIFUNCTIONAL ACID-BASE 

CATALYSTS FOR MICHAEL ADDITION REACTIONS 

Asymmetric organocatalysis is an attractive approach for synthesizing organic molecules 

with high enantiomeric purity [25–27]. Significant advancements in organic synthesis have 

been reported in recent years, in the field of organocatalysis, with a particular focus on 

thiourea bifunctional organocatalysts [25, 28]. Although organocatalysis is commonly 

regarded as an environmentally friendly and cost-effective catalytic alternative, it often 

requires high concentrations of catalysts (10 mol% or higher) [29]. As a result, searching for 

more active and stereoselective catalysts becomes a fundamental challenge in this type of 

catalysis. Thus, an understanding of the reaction mechanism is crucial not only for 

discovering new catalysts but also for the development of more efficient low-loading 

catalytic systems. 

In this chapter of the thesis, the proposed protocol (CIPOC) was applied to discover new 

multifunctional organocatalysts and understand the origins of catalysis and 

enantioselectivity for the addition of dimethyl malonate with trans-β-nitrostyrene in 

collaboration with Prof. Cihangir Tanyeli’s Research Group at Middle East Technical 

University (METU). 

3.1. INTRODUCTION 

Asymmetric organocatalysis by bifunctional acid/base type small organic molecules enjoys 

widespread use as catalysts in stereoselective transformations [30–32]. The design of such 

catalysts essentially relies on the suitable placement of an acid (H-bond donor, HBD) and a 

base (H-bond acceptor, HBA) together around some stereogenic elements. The simplicity of 

this guiding design principle has given inspiration to many hundreds to develop their own 

with much of the interest centered on HBDs (for example, urea and thiourea) [33–37]. 

Although relatively less explored, Brønsted basic HBAs (for example, amine), have been 

shown to be game-changers in these endeavors [38]. Guanidines [39–43], 

iminophosphoranes [44, 45], cyclopropenimines [46, 47], and amidines [48–52] are among 

some influential, emerging organo-superbase motifs developed to this end. Inspired by these 

organobases, in particular, with that of Wulf et al. [53], Tanyeli and co-workers have found 
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2-aminoDMAP superbase a fruitful precatalyst readily yielding sulfonamides [54] and 

squaramides [55] catalyze Michael additions of 1,3-diketones to trans-nitroolefins. These 

catalysts, however, failed to give any addition products with malonates, that gives gamma-

aminobutyric acid (GABA) close analogues. The first efficient organocatalytic process for 

this reaction was made possible by the tert-amine/thiourea catalyst (1S), a.k.a. Takemoto’s 

catalyst [56, 57]. This catalyst typically required 10 mol% catalyst loadings and day-long 

reaction times to afford Michael adducts in good yields (Figure 3.1).  

 

Figure 3.1. Michael addition reaction of malonates to nitroolefins catalyzed by Takemoto’s 

organocatalysts [56] 

To develop more active and stereoselective catalysts, an understanding of the reaction 

mechanism is important. Several groups computationally explored the origin of 

enantioselectivity and the rate-determining step of the reaction. Pápai and co-workers [58] 

reported a low energy binding mode in which the malonate interacts with the thiourea and 

nitroolefin interacts with a protonated amine, in contrast to the binding mode proposed by 

Takemoto, in which  malonate H-bond with the protonated amine, whereas thiourea 

stabilizes the nitroolefin (Figure 3.2 (a) & (b)). Theoretical investigations by Liu et al. [59] 

supported the binding mode proposed by Pápai and co-workers [58]. Even though Hamza et 

al. [58] and Liu et al. [59] provide valuable insights into the enantioselectivity of the reaction, 

the lack of overall free energy barrier (∆𝐺≠) limits the interpretation of the experimentally 

observed kinetics. Liu et al. identified the final proton transfer step as the rate-determining 

step in the gas phase reaction. However, when the solvation effects are included in the 

calculations [60], C-C bond formation is identified as the rate-determining step. In this study, 

Izzo et al. [60] reported a new binding mode that was not considered in the aforementioned 
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studies (Figure 3.2 (c)). This new pathway involves the formation of a H-bond between the 

nitrogen of the thiourea catalyst and the dimethyl malonate. The proposed transition structure 

was calculated to be higher in energy than the transition state proposed by Pápai and co-

workers [58]. Pliego [61] employed theoretical calculations that consider both gas-phase and 

solvent effects to determine the complete mechanism and free energy profile. The results 

suggest that the C-C bond formation step is rate-determining. Apart from these studies aimed 

at elucidating the reaction mechanism and enantioselectivity, there are no efforts specifically 

focusing on the design of a more active and selective catalyst for this reaction. Therefore, 

our catalyst database which includes 1565 cinchona, 21 β-isocupredine derivatives, and 10 

cyclohexyl derivatives (Figure 3.3) is screened using CIPOC to discover more active and 

stereoselective catalysts for the target reaction.  

 

Figure 3.2. Newman projections (viewed along the forming C-C bond) of different binding 

modes reported (a) Takemoto [57], (b) Pápai [58], and (c) Izzo et al. [60]  
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Figure 3.3. Studied catalyst library 

3.2. COMPUTATIONAL APPROACH 

CIPOC summarized in Figure 1.1 was employed to identify novel catalytic structures for the 

addition reaction of dimethyl malonate to trans-β-nitrostyrene. Initially, theoretical active 

site models (theozymes) including representative functional groups involved in the catalyst 

library (Figure 3.3) were generated at the B3LYP-D3/6-311+G(d,p)//B3LYP-D3/6-31G(d) 

level to evaluate their catalytic performances, optimal 3D arrangements for maximum TS 

stabilization taking into account their binding mode preferences. Based on the lowest energy 

theozymes catalytic group maps (CGMs) were generated and diversified  followed by their 

screening in the conformer library of the catalyst database.  Final step involves the evaluation 

of hit catalyst candidates using QM calculations. The details of each step is described in the 

following subsections. Complete methodology for all QM calculations is given in subsection 

3.2.5. 

3.2.1. Theozyme Generation 

Theozymes created with QM transition state optimization in the presence of catalytic 

functional groups provide valuable quantitative information on the degree of individual 
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atomic interactions' contribution to catalysis and transition state stabilization [62]. It 

basically is used to explore the optimal 3D arrangement of catalytic functional groups for 

maximum transition state stabilization. Theozymes have shed light on the factors that 

contribute to catalysis for many different reactions, and the insights gained have paved the 

way for the development of computationally designed enzymes [63] and spirocyclic 

organocatalysts [6]. 

3.2.1.1. Theozymes Based on Different Catalytic Groups 

We generated theozymes using different catalytic groups to understand their effect on the 

activation barrier of the rate determining C-C bond formation step. Three  main theozymes 

which are shown in Figure 3.4 were constructed using different catalytic groups for the most 

inclusive catalytic functional groups. 

First model (Figure 3.4 Theozyme 1S) consists of tert-amine and thiourea groups and is 

created based on the cinchona/β-isocupredine derivatives and Takemoto’s catalyst, which is 

the most efficient organocatalyst for the target reaction identified so far [56, 57]. Other model 

(Figure 3.4 Theozyme 2S) consists of 2-aminoDMAP and thiourea groups and is constructed 

based on the studies of Tanyeli and co-workers showing the efficiency of 2-aminoDMAP 

superbase motif to access sulfonamides [54] and squaramides [55]. Another model 

consisting of 2-aminoDMAP and urea groups (Figure 3.4 Theozyme 2O), is urea analogue 

of Theozyme 2S. 

 

Figure 3.4. Newman projections (viewed along the forming C-C bond) of the theozymes 

with different catalytic groups 
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3.2.1.2. Theozymes Based on Different Binding Modes 

We generated theozymes using different binding modes to understand their effect on the 

activation barrier of the rate determining C-C bond formation step. Two main theozymes 

which are shown in Figure 3.5 were constructed based on proposal by Takemoto (Binding 

mode A (BMA)) and Pápai (Binding mode B (BMB)). Although Izzo [60] proposed an 

alternative binding mode, it has not been considered in this study as it is shown to be 

energetically unfavorable.  

    

Figure 3.5. Newman projections (viewed along the forming C-C bond) of the theozymes 

with different binding modes  

Enantiotopic faces are considered to examine selectivity. The enantioselectivity was 

explored at the C-C bond formation step through the nucleophilic attack of the enolate to the 

Si face or Re face of trans-β-nitrostyrene (Figure 3.6). 

     

Figure 3.6. Nucleophilic effect of the enolate to the Si face or Re face of trans-β-

nitrostyrene 
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Figure 3.7. Relative orientations of representative catalytic functional groups 

 

Figure 3.8. Relative orientations of the 2-amino-pyridine group for Si and Re face model  
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The next step involved the diversification of transition states via rotation around the forming 

C-C bond, which determines the relative orientations of catalytic functional groups (Figure 

3.7). 

For example, diversification for Theozyme 2S BMA gives a total of 24 TSs, 12 of which 

are enantiomers. Located TS structures with promising activation barriers for the C-C bond 

formation step were used to generate catalytic groups maps (Figure 3.7 & 3.8). 

3.2.2. Creating Catalytic Group Map & Pharmacophore Search 

A catalytic group map (CGM) was constructed using MOE [64] with pharmacophore-like 

features (Figure 3.9), such as H-bond acceptor and donor, aromatic ring centers, etc., based 

on the quantum mechanically optimized theozymes. An inclusive catalytic group map is 

necessary to ensure matching with three different catalyst skeletons and to avoid missing 

any matching possibilities. For screening, a partial matching mode was applied to include 

all our catalyst database (Figure 3.2) with three different skeletons. Partial matching mode 

is defined as a match of at least two, but not all of pharmacophoric features. Two nitrogens 

of HBD (alcohol/amine/urea/thiourea) were represented as H-bond donors. One nitrogen of 

HBA (amine) was represented as H-bond donor/acceptor to include both cyclohexyl and 

cinchona skeletons. The aromatic ring of HBA was chosen as an aromatic center. Selected 

features for CGMs (Table 3.1) were used to build the 3D pharmacophore models (Figure 

3.10).  

Table 3.1. Selected pharmacophore groups for CGM (3D layout is shown in Figure 3.10) 

 Catalytic Group 

Map 

HBA Group  HBD Group 

 Radius Feature  Radius Feature 

CGM 
F1 1.0 Don / Acc F3 1.0 Don 

F2 1.4 Aromatic F4 1.0 Don 
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Figure 3.9. Pharmacophore-like features in MOE [64] 

3.2.3. Generating Conformer Library of Organocatalyst 

A conformer library for each catalyst included in the database (Figure 3.3) is generated to 

identify the catalyst that could provide the catalytic functional groups in the optimal 3D 

arrangements depicted in the low-energy theozyme.   

A conformational search was performed for each explored catalyst with MOE (Molecular 

Operating Environment)[64] software with MMFF94x. Because including chirality in the 

explored space makes a stochastic search well-suited for organic molecules [65], stochastic 

search was preferred. The rejection and iteration limit was used as 1000 to achieve a 

sufficient conformational sampling for an initial assessment in a reasonable amount of 

computational time. Root mean square deviation (RMSD) of the two conformations are less 

than 0.25, these were considered duplicates. All of the catalysts and their conformations were 

saved in .mdb format as database and later employed for pharmacophore screening. All the 

conformations of matched catalysts were ranked according to the MM force field 
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calculations, and the lowest 20 of them were optimized with QM to calculate the lowest 

energy conformer of each studied catalyst. 

3.2.4. Matching the Theozyme 

The catalyst conformer library was screened against the CGM to identify the conformers 

that can stabilize the determine theozyme structure (Figure 3.10). The resulting hit 

conformers were primarily sorted by their matching scores (RMSD) and their deviations 

from their optimum catalytic geometries. Partial matches were allowed to obtain all possible 

catalytic candidates.  

 

Figure 3.10. Generation of catalytic group map (CGM) using theozyme and matched 

conformer of bifunctional catalyst, orange sphere=aromatic center, pink sphere= hydrogen-

bond donors  

3.2.5. Quantum Mechanical Calculations 

On the quantum mechanically optimized theozyme, replacing the model catalytic groups 

with the matching conformer of the catalyst gives the transition structure in the presence of 

the chiral bifunctional catalyst (Figure 3.11). Finally, the rates and selectivity of the leads 

were evaluated using QM calculations. 
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Figure 3.11. Matching the catalytic active site model, orange sphere=aromatic center, pink 

sphere= hydrogen-bond donors 

All QM calculations were carried out using Gaussian16 [66]. Due to the large number of 

atoms typically involved, the standard B3LYP/6-31G(d) level is often used to create 

theozyme. Theozymes calculated at this level for different catalytic reactions and unnatural 

substrates were compared with protein crystal structures, and it was confirmed that the 

quantum mechanical active site successfully represented the placement of catalytic groups 

in the enzyme active site [67, 68]. Therefore, it is expected that theozymes should also 

successfully identify the placement of catalytic groups targeted in organocatalysts. In 

addition, Houk and his group reviewed over 300 studies conducted between 2000 and 2010 

on the mechanisms of organocatalytic reactions and the fundamentals of chiral catalyst 

selectivity [1], showing that the DFT’s standard level, B3LYP/6-31G(d), successfully 

explains experimental activity and selectivity. So, B3LYP/6−31G(d) was used to optimize 

all reactants, transition states, and products [13, 14, 69, 70] including Grimme’s correction 

for better treatment of dispersion interactions. Due to the presence of aromatic motifs, where 

dispersion interactions are particularly important, a dispersion correction energy was 

necessary for energy calculations to better account for π-π interactions, and the molecular 

electronic energies were determined using dispersion-corrected DFT. This involved 

combining the self-consistent field (SCF) energy obtained from KS-DFT calculations with 

the standard atom pairwise London dispersion energy derived from D3 theory [71]. Single-

point energy calculations were computed using the B3LYP-D3/6-311+G(d,p) level of 

theory. The intrinsic reaction coordinate (IRC) [72, 73] method was used to determine 
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minimum energy paths from the transition states to verify the reactants and products. Since 

the system being studied contains zwitterionic intermediates, the effect of the solvent was 

taken into account both in the geometry optimization and in the calculation of single-point 

energies. Solvent effects were considered with the SMD model [74] as implemented in 

Gaussian16. Toluene was used as the solvent to represent the experimental conditions 

(Figure 3.1). Frequency calculations were used to verify all stationary points as minima or 

saddle points and to calculate thermal corrections at 298.15 K. The energy corrections to 

enthalpy and free energy, which accounted for zero-point vibrational energies, were applied 

to the molecular electronic energies. The calculations were performed at 298.15 K using the 

harmonic oscillator approximation. Truhlar's quasi-harmonic correction was utilized, and all 

frequencies below 100 cm−1 were adjusted to 100 cm−1 to minimize errors in entropy 

estimation associated with low-frequency vibrational modes [75]. All energies reported in 

terms of Gibbs free energies with  quasi-harmonic in kcal/mol. All distances are given in Å. 

Carbon atoms are shown in light grey, the hydrogens in white, oxygens in red, chlorine in 

green, sulfur in yellow, and nitrogen in blue in the figures. 

Enantiomeric excess (ee %) was calculated by assuming that the final ratio between the 

enantiomers is determined by the Boltzmann distribution of TSs leading to each enantiomer. 

The ee % was calculated using the equation 3.1 [76]. 

𝑒𝑒 % =
1 − 𝑒−

∆𝐺≠
𝑅

𝑆⁄

𝑅𝑇

1 + 𝑒−
∆𝐺≠

𝑅
𝑆⁄

𝑅𝑇

× 100 

∆𝐺≠
𝑅

𝑆⁄   shows the Gibbs free energy difference between R and S enantiomeric transition 

states. T is temperature in Kelvin and R is universal gas constant 1.987 cal.K-1.mol-1. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Theozymes Based on Different Catalytic Groups 

We generated theozymes using different functional groups to understand their effect on the 

activation barrier of the rate-determining C-C bond formation step. Theozyme 1S consists 

of tert-amine (monodentate HBD) and thiourea groups (bidentate HBA). Theozyme 1S 

(3.1) 
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particularly represents the functional groups involved in the cinchona/β-isocupredine 

derivatives and Takemoto’s catalyst. Theozyme 2S consists of 2-aminoDMAP (bidentate 

HBD) and thiourea groups (bidentate HBA). 

 

Figure 3.12. Newman projections (viewed along the forming C-C bond) of all theozymes 

for BMA and their activation free energies relative to the starting materials  

Figure 3.12 shows the transition state geometries of the corresponding theozymes and their 

activation energies relative to the starting materials. Calculations show that TSTheozyme 2S is 

0.4 kcal/mol lower in energy than TSTheozyme 1S. These results suggest that bidentate H-

bonding is only slightly favored over a monodentate H-bonding interaction for BMA.  

TSTheozyme 2S is found to be 2.1 kcal/mol lower in energy than TSTheozyme 2O. Although both 

of the theozymes include bidentate H-bonding, the thiourea group (Figure 3.12(b)) provides 

better TS stabilization than urea (Figure 3.12(c)). This result is in line with higher acidity of 

thiourea compared to urea (pKa(thiourea) = 21.1 and pKa(urea) = 26.9,  in DMSO)[77, 78] 

indicating its better H-bonding ability.  
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3.3.2. Theozymes Based on Different Binding Modes 

We generated active site models using different binding modes to understand their effect on 

the activation barrier of the rate determining C-C bond formation step. Two different binding 

modes of the lowest energy Theozyme 2S was considered (Figure 3.5). Results show that 

Theozyme 2S BMB as proposed by Pápai, is 2.2 kcal/mol higher in energy than Theozyme 

2S BMA, which is the original proposal of Takemoto and co-workers (Figure 3.13). 

Therefore, further studies were conducted based on the low-energy transition state model 

(TSTheozyme 2S) via BMA. 

 

Figure 3.13. Newman projections (viewed along the forming C-C bond) of Theozyme 2S 

with different binding modes and their activation free energies relative to the starting 

materials   

3.3.3. Matching and Evaluation of the Full Catalysts 

The catalyst conformer library containing 1565 cinchona, 21 β-isocupredine, and 10 

cyclohexyl derivatives (Figure 3.3) was screened against the CGM (Table 3.1) to identify 
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the catalysts that can stabilize the theozymes (Chapter 3.3.1 & 3.3.2) to discover more active 

and stereoselective catalysts for the target reaction. This procedure is explained in detail in 

Chapter 3.2.5. The most promising catalyst candidates with maximum catalytic group match 

avoiding the steric clash between substrates and catalysts are evaluated. Only the low energy 

structures are given and discussed in the text. 

The most promising candidate based on QM evaluation results is the 2-aminoDMAP/urea 

(2O) derivative with a predicted activation energy 9.1 kcal/mol and enantioselectivity of 

98.2% ee (Figure 3.14(a)). Intriguingly, the thiourea analogue (2S), which was predicted to 

be more stable by 2.1 kcal/mol in model calculations (Figure 3.12), is found to be disfavored 

by 2.5 kcal/mol in the presence of full catalyst (Figure 3.14(b)). It is unusual but not unique 

for catalysts based on urea to exhibit superior performance compared to their thiourea 

analogues [79, 80]. To better understand this unexpected result, a distortion/interaction 

analysis [81] was performed. The distortion/interaction analysis is a tool used to examine 

activation barriers that determine reaction rates. In the case of bimolecular reactions, the 

activation energies are the combined energies needed to distort the reactants into the 

geometries they have in TS, as well as the interaction energies between the two distorted 

molecules. The energy required for distorting the molecules is referred to as the distortion 

energy, which is the primary contributor to the activation barrier. The TS is reached when 

this distortion energy is overcome by the stabilizing interaction energy. By examining the 

changes in these energies along the reaction coordinate, valuable insights can be gained 

regarding the factors that control reactivity [81]. 

Figure 3.15 shows the distortion/interaction analysis of the full catalysts and model systems 

involving urea and thiourea. For both systems as the interaction energies for urea and 

thiourea analogues are essentially the same, the distortion energy determines the activity of 

catalyst. 

In the model system, the catalyst distortion energies are similar because the catalytic units 

are treated independently, whereas lower distortion of the substrate in the thiourea favors 

Theozyme 2S over Theozyme 2O. The lower distortion of substrates in the thiourea model 

can be explained by forming C-C bond lengths in the located TSs. Upon formation of the C-

C bond, sp2 hybridized planar carbons of the substrates transforms into tetrahedral sp3 

carbons. Forming C-C bond in TSTheozyme 2S is 2.26Å compared to 2.19Å in TSTheozyme 2O 

indicating an earlier TS, which results in less distorted substrates. 
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Figure 3.14. Newman projections (viewed along the forming C-C bond) of the transition states for Re and Si face attack in the presence of 2O, 

2S, and 1S catalysts and their activation energies  
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  Figure 3.15. Distortion/Interaction Analysis of (R)-TS2O & (R)-TS2S and their theozyme 

transition states 

For the full catalyst, when the distortion energy of substrates are compared, thiourea 

catalyzed transition state has 1.4 kcal/mol lower distortion energy of substrates (trans-β-

nitrostyrene and dimethyl malonate). It is clear that (R)-TS2S is more favorable according to 

the distortion of substrates as in the model system. However, the reaction in the presence of 

the 2S catalyst is less active (2.5 kcal/mol) than the 2O catalyst (Figure 3.14). In the full 

catalytic system, however, the main difference is the distortion energy of the catalyst. Similar 

to the model system the distortion energy of substates is in favor of the thiourea catalyst 

(2S), yet, the distortion of the thiourea catalyst has 5.1 kcal/mol higher energetic cost than 

the urea analogue (2O), which results in a much lower activation barrier for the 2-
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aminoDMAP/urea (2O) catalyst. These results suggest that the energetic cost of distorting 

the 2-aminoDMAP/thiourea (2S) catalyst to the active conformation plays a significant role 

in a destabilization of (R)-TS2S with respect to (R)-TS2O. This leads to an unexpected 

decrease in the reactivity of the 2S catalyst. 

The free energy profile for the dimethyl malonate addition to the trans-β-nitrostyrene 

reaction in the presence of a 2S catalyst is given in Appendix, Figure C.1.  

To examine the catalytic performance of the organo-superbase motif (2-aminoDMAP) the 

2S catalyst, and enantiomeric transition states in the presence of 1S (Figure 3.14(c)), in 

which 2-aminoDMAP group is replaced with dimethyl amine 1S is compared with 2S 

(Figure 3.14(b)). It was found that a combined effect of bidentate H-bonding and a stabilizing 

π-π interaction strongly favors (R)-TS2S (∆𝐺≠=10.9 kcal/mol) relative to (R)- TS1S. These 

interactions contribute differently to the stabilization of molecular structures, and the 

understanding individual contributions of these interactions to the stabilization of 

corresponding structures requires a detailed analysis. For this purpose, two different 

conformations of 2-amino-pyridine (3S) were studied. While (R)-3S takes advantage of both 

π-π stacking and H-bonding. (R)-3S-conf profits only from π-π stacking and double H-

bonding is not allowed. It is clearly seen that conformation of (R)- TS3S instead of (R)- TS3S-

conf  decreased the activation free energy by 4.9 kcal/mol because of the bidentate H-bonding. 

So, approximately 4.9 kcal/mol is due to bidentate H-bonding and approximately 6.0 

kcal/mol is due to π-π stacking. Moreover, the activation free energy of dimethyl amine ((R)-

1S) is 9.0 kcal/mol higher compared with 2-amino-pyridine ((R)-3S-conf). The effect of 

stabilizing π-π interaction strongly favors (R)-3S. All computed results revealed that the Re 

face attack is more stable than the Si face attack in the presence of all studied catalysts. Thus, 

only Re face results were included in the comparison. 

To understand the effect of dimethyl amine substituent, (R)-2S and 2-amino-pyridine (R)-

3S were compared. Their structures and activation energies relative to the starting materials 

are given in Figure 3.16. The activation free energy of (R)-TS2S is 2.0 kcal/mol higher than 

(R)-TS3S (Figure 3.16(b)&(c)). 
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Figure 3.16. Newman projections (viewed along the forming C-C bond) of the transition 

states for Re face in the inclusion of 1S, 2S, and 3S and their activation energies  
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Our full catalyst calculations were carried out via BMA, which is found more favorable for 

model theozymes (Figure 3.13). However, in the previously reported theoretical studies [58–

61], results indicate that BMB is more favorable binding preference in the presence of 

Takemoto’s catalyst (1S). To examine binding preferences of the 2-aminoDMAP containing 

full catalyst, CGM was generated based on the Theozyme 2S BMB and screened against 

catalyst library (Figure 3.3). Our calculations show that (R)-TS2S BMB is 4.5 kcal/mol 

higher in energy than (R)-TS2S BMA. Results suggest that BMA is more favorable pathway 

than BMB in the presence of catalyst which interacts with bidentate H-bonding. Because 

both computed results revealed that the Re face attack is more stable than the Si face attack, 

only Re face results were included in this comparison (Figure 3.17). 

 

Figure 3.17. Newman projections (viewed along the forming C-C bond) of the transition 

states for Re face in the presence of 2S with different binding modes and their activation 

free energies  
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3.3.4. Catalytic Performance of Proposed Catalysts 

The 2S and 2O catalysts, which were identified through screening in the catalyst library 

include 1565 cinchona, 21 β-isocupredine derivatives, and 10 cyclohexyl derivatives (Figure 

3.3) using the CIPOC protocol and determined to be more active than Takemoto's catalyst 

(1S) based on QM calculations, are proposed for experimental testing to our collaborating 

Prof. Cihangir Tanyeli’s Research Group. Additionally, it is revealed theoretically that these 

catalysts (2S/O) can compete with Takemoto's catalyst (1S)  in terms of selectivity. Thus, 

Tanyeli and co-workers concentrated on urea (2O) and thiourea (2S) of 2-aminoDMAP 

precatalyst to compare their (2O/S) activities with those of Takemoto (1S) in the same 

enantioselective transformation under identical reaction conditions [57]. When they ran 

conjugate addition of trans-β-nitrostyrene and diethyl malonate, both thiourea (2S) and urea 

(2O) acted two- to eight-fold faster (Table 3.3); and the urea catalyst (2O) gave complete 

conversion in a couple of hours affording distinctively higher enantioselectivity and yield, 

comparable to 1S. 

Table 3.2. Experimental comparison of the catalytic performances of 2-

aminoDMAP/(thio)urea (2S and 2O) and those of Takemoto’s (1S) 

entry catalyst timeb (h) yieldc (%) ee (%) 

1 1S 24 86 93 

2 2S 12 80 75 

3 2O 3 89 91 

aReactions were run in 0.2M concentration of trans-β-nitroalkene, (0.2 

mmol) with 2 equivalent of diethyl malonate and 10% catalyst loading 

in toluene, rt. bTime for complete conversion. cIsolated yields.  
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3.4. CONCLUSION AND FUTURE WORK 

CIPOC identified a novel chiral 2-aminoDMAP/(thio)urea catalysts (2S and 2O) as being 

superior than Takemoto’s catalyst (1S) for the conjugate addition of dimethyl malonate and 

trans-β-nitrostyrene. Calculations not only revealed the activity of this chiral 2-

aminoDMAP/(thio)urea is attributed to the dual-function of 2-aminoDMAP unit (double H-

bonding and π-stacking interactions) but also predict urea analog (2O) to be more active than 

the thiourea (2S). Results with the model catalyst have suggested that the thiourea-containing 

catalyst (2S) is highly favored than the urea-containing catalyst (2O). However, the inclusion 

of chiral bifunctional catalysts shows the importance of catalyst distortion in determining 

the activity. The proposed catalysts (2O and 2S) was tested experimentally by Tanyeli’s 

Research Groups for the target reaction. Experimental results are in excellent agreement with 

the computational predictions. This study not only demonstrates the applicability of CIPOC 

to determine the catalytic activity and selectivity of different multifunctional 

organocatalysts, but also shows its predictive power allowing easy and cheap identification 

of potential organocatalyst candidates for a selected target reaction. 

The complete mechanism and free energy profile of Takemoto's catalyst (1S) have been 

previously examined in detail and the rate-determining step has been determined [61]. 

However, considering the different preferred binding preferences in Takemoto's (1S) and 

discovered catalysts (2O and 2S), the full catalytic cycle can be further investigated in detail 

for both BMA and BMB binding preferences in the proposed catalysts. Additionally, in order 

to understand the effect of dimethyl amine substituent, (R)-2S and 2-amino-pyridine (R)-3S 

were compared in Chapter 3.3.4. Since the activity of 2-amino-pyridine containing catalyst 

(R)-3S is found to be more favorable theoretically, it can be experimentally tested for its 

catalytic activity for the target reaction. 
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4. EXPLORING THE MODE OF ACTION OF DIMERIC QUINIDINE 

CATALYZED ENANTIOSELECTIVE AMINOOXYLATION 

REACTION 

In recent years, numerous highly effective synthetic protocols have been established utilizing 

cinchona alkaloids as chiral catalysts [82–86]. While progress has been made in 

understanding the mechanism of action of these compounds, the development of novel 

catalytic strategies still relies mostly on experimental approaches. The application of 

computational methods to gain insights into their mode of action has been limited to a small 

number of cases. This is mainly due to the complexity of cinchona alkaloids, which makes 

modeling their catalytic properties a challenging task, particularly in the context of 

explaining stereochemical outcomes.  

Several theoretical studies demonstrate how the employment of straightforward models for 

the catalyst subunits can yield significant insights into the mechanism by which cinchona 

derivatives operate, particularly regarding the preferred binding modes between the catalyst 

and substrate(s) [87]. Although these simplified models have proven to be valuable in 

elucidating the mode of action of cinchona derivatives and understanding their interactions 

with substrates in a complementary manner, it is insufficient for determining the activation 

mechanism and mode of action of multifunctional organocatalysts. Additionally, in the 

previous chapter, we observed how the simplified models failed to determine the activity of 

the full catalyst. Especially in dimeric structures, the challenge lies not only in the 

complexity of the structure similar to that observed in monomeric cinchona structures, but 

also in the high degree of conformational flexibility. Although their capability for multisite 

binding and conformational flexibility lead to difficulties in investigations, these features are 

also the secret to their success in organic chemistry.  

In this chapter of the thesis, the proposed protocol, CIPOC, was applied to investigate the 

ambiguous active conformations and mode of action of complex multifunctional dimeric 

quinidine organocatalysts with a high degree of conformational freedom for the 

aminooxylation reaction of oxindole with nitrosobenzene. In the reaction of N-benzyl-

protected 3-substituted-2-oxindole with nitrosobenzene, which is often studied with 

cinchona alkaloid derivatives as catalysts [88–92]. Barbas and co-workers reported that this 
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reaction gives high yields of aminooxylation product in the presence of the dimeric 

derivative of quinidine [91] (Figure 4.1). Barbas’ catalyst is the first example of an 

organocatalyst that can create a tetrasubstituted chiral center at the C3 position of oxindoles 

through asymmetric synthesis and the formation of a C-O bond in the reaction of oxindoles 

with nitrosobenzene. Despite its success, the mechanism of the enantioselective 

aminooxygenation catalyzed by the dimeric quinidine-based catalyst remains undetermined 

due to the complex structure of the catalyst. In this study, the impact of catalysts on the 

mechanism and selectivity has been thoroughly investigated and explained. The essential 

interactions and binding preferences of catalysts in critical transition states have been 

examined, and the factors that influence the stereoselectivity of the reaction are clarified. 

This work presents a new perspective on the challenges of exploring the mode of action and 

active conformations of complex multifunctional organocatalysts. 

 

Figure 4.1. Reaction of N-protected 3-methyl-2-oxindole with nitrosobenzene [91] 

4.1. INTRODUCTION 

The development of chiral catalysts for the asymmetric synthesis of oxindole derivatives 

with a tetrasubstituted carbon at the 3-position has gained significant attention in recent 

years. This is due to the privileged nature of the oxindole skeleton, which serves as a core 

motif in numerous bioactive natural products and pharmaceutically active compounds. [93, 

94]. For applying CIPOC in this chapter of the thesis, the reactions of 3-substituted 2-

oxindoles with nitrosobenzene were selected as targets because of their attractive product 

distribution. It is possible to obtain two different products with different biological activities 

in this reaction (Figure 4.2). 3-substituted 3-hydroxy indole units achieved through 

aminooxylation are found in many natural products with a broad biological activity such as 

maremycin, convalutimidine, donaxaridine, dioxybrasinine, and celogentine K, and also in 
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pharmaceuticals such as SM-130686 and TMC-95A [95]. On the other hand, 

hydroxyamination products are found in the structure of potential drug candidates 

(NITD609, SSR-149415, and AG-041R) for the treatment of malaria and stress-related 

illnesses [95]. Even though obtaining the required product in high yield and purity by 

steering the product distribution in favor of one of the adducts is of critical importance, the 

reaction leads to different major products in the presence of different catalysts and the 

catalytic mode of action of cinchona alkaloids and how they affect the product distribution 

are not yet known. 

 

Figure 4.2. Reactions of 3-prochiral 2-oxindoles with nitrosobenzene 

In the reaction of 2-oxindoles with nitrosobenzene, which is frequently studied in the 

presence of cinchona alkaloid derivatives as catalysts, interestingly, the main product 

obtained varies depending on the catalyst used. For instance, Chen and co-workers obtained 

hydroxyamination products with 90% yield by using quinine C6'-hydroxy derivative as the 

catalyst in the reaction of N-benzyl-protected 3-substituted-2-oxindole with nitrosobenzene 

[96]. In contrast, Barbas and co-workers reported 3-hydroxy oxindoles as aminooxylation 

products from the same reaction with 85% yield and 92% ee in the presence of a dimerized 

quinidine derivative at the C6' position, a.k.a. Barbas’ catalyst [91] (Figure 4.1). On the other 

hand, Jia et al. achieved the highest yield of 91% in obtaining 3-amino-oxindoles by using 

chiral bifunctional tertiary amine thiourea derivatives as catalysts in the asymmetric 

hydroxyamination reaction [97]. Similarly, Zhang's group developed cinchona alkaloid 

derivatives that show N-selectivity in the reactions of N-unprotected 2-oxindoles [96]. 

Lastly, Companyó et al. [92] obtained N-adduct from N-unprotected 3-substituted-2-

oxindoles and nitrosobenzene reaction catalyzed by bifunctional amino-thioureas. After five 

days aminooxylation product was observed in the inclusion of protecting group of the 

starting oxindole. They reported that protecting group of 3-substituted oxindole determines 

the regioselectivity of the reaction.  
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Figure 4.3. The proposed catalytic mechanism of the reaction between N-benzyl-protected 

3-methyl-2-oxindole and nitrosobenzene in the presence of cinchona alkaloid-derived 

catalyst by (a) Barbas and co-workers [91] and (b) Çamlısoy’s Thesis [98] 

The proposed catalytic cycles of the reaction between 3-substituted 2-oxindoles and 

nitrosobenzene with a cinchona alkaloid-derived catalyst are given in Figure 4.3. The 

catalytic cycle I (Figure 4.3 (a)) proposed by Barbas and co-workers is assumed to begin 

with the deprotonation of the oxindole C3 methine proton by the catalyst's amino group. The 

protonated catalyst is assumed to form an ion pair with the enolate and direct the 

nitrosobenzene with its hydroxyl group. In the next step, proton transfer from the protonated 

amine catalyst to the intermediate results in the formation of aminooxylation product while 

releasing the catalyst. Although they could not explain the mechanism of the dimeric 

quinidine-catalyzed enantioselective aminooxylation, they propose catalytic cycle I (Figure 

4.3 (a)). Barbas and co-workers mentioned that N-adducts were observed as minor product 

(<15%) occasionally, and the reaction was O-selective.  Catalytic cycle II (Figure 4.3 (b)) 

also begins with the deprotonation of the oxindole C3 methine proton by the catalyst's amino 

group. In contrast to catalytic cycle I, the protonated amine of the catalyst activates the 

nitrosobenzene, paving the way to a low energy concerted addition proton transfer step, 

while the hydroxyl group of the catalyst stabilizes the enolate. This enolate then reacts with 

nitrosobenzene in an N- or O- selective fashion. The C-N or C-O bond forms simultaneously 

with the transfer of proton from the catalyst in a single step. Çamlısoy investigated cinchona 
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alkaloid catalyzed enantioselective reaction of 2-oxindoles with nitrosobenzene in her Ph.D. 

thesis [98] and reported this reaction in the presence of cinchona derivatives including 

alcohol functional group gives 15% ee. The product distribution disfavor the formation of 

the O-adduct, and the probability of the formation of N-adduct was calculated as 83%. In 

addition, the cinchona derivative including the thiourea functional group gives also 

hydroxyamination products (97%) in high enantioselectivities (100% ee). The results 

revealed that hydroxyamination is the major reaction pathway, which proceeds through a 

concerted addition-proton transfer mechanism. None of the catalysts in the database were 

identified to be capable of directing the product distribution towards the aminooxylation 

products. 

Even though access to O-adducts from the reaction of oxindoles with nitrosobenzene in the 

presence of Barbas’ catalyst is a great success, the mechanism of the reaction and how the 

catalyst provides a catalytic arrangement of the multiple functional groups in its structure to 

stabilize the rate-determining step remains unclear. Moreover, there is no computational 

strategy so far to explore the mode of action of such flexible complex multifunctional chiral 

catalytic structures.  No computational study is performed with an organocatalyst of this size 

in the literature. 

4.2. COMPUTATIONAL APPROACH 

CIPOC summarized in Figure 1.1 was employed to investigate the ambiguous active 

conformations and mode of action of dimeric quinidine organocatalysts for the reaction of 

oxindole with nitrosobenzene. Initially, theozymes including representative functional 

groups involved in the dimeric quinidine catalyst (Figure 4.4) were generated at the B3LYP-

D3/6-311+G(d,p)//B3LYP-D3/6-31G(d) level to evaluate their catalytic performances, 

optimal 3D arrangements for maximum TS stabilization taking into account their binding 

mode preferences. Based on the lowest energy theozymes catalytic group maps (CGMs) 

were generated and diversified  followed by their screening in the conformer library of the 

catalyst. Final step involves the evaluation of hit conformers of catalyst using QM 

calculations. The details of each step is described in the following subsections.  
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Figure 4.4. Barbas’ dimerized quinidine derivative catalyst [91] 

4.2.1. Theozyme Generation 

Two main catalytic cycles for cinchona alkaloid-derived catalysts have been proposed 

(Figure 4.3). The catalytic cycle I (Figure 4.3 (a)) is the proposal of Barbas, in which enolate 

interacts with nitrosobenzene in an O-selective fashion, as a result of the directing effect of 

a hydroxyl group of the catalyst. On the other hand, in the catalytic cycle II (Figure 4.3 (b)) 

enolate interacts via hydrogen bonding with the hydroxyl group of the catalyst, and 

nitrosobenzene interacts with the protonated amine group of the catalyst. In this cycle bond 

formation and proton transfer occurs simultaneously, as previously mentioned in the 

introduction section (Chapter 4.1). Possible new binding preferences due to the dimeric 

structure of the catalyst were also taken into consideration, in addition to the binding 

preferences in the proposed catalytic cycles (Figure 4.3). The binding modes studied are 

summarized in Figure 4.6 [99].  

In this chapter, while aminooxylation was named A, hydroxyamination was labeled as H in 

the nomenclature. In addition, the binding preferences of the catalytic cycle I (Figure 4.3 

(a)) are named 1, and the binding preferences of catalytic cycle II (Figure 4.3 (b)) as 2. For 

example, Model A1 (shown in Figure 4.5) signifies aminooxylation model TS of catalytic 

cycle I. The nomenclature was further modified to include a suffix: 1  for no additional 

hydroxyl group of catalyst interaction, 2 for additional hydroxyl group of catalyst interacts 

with nitrosobenzene, and 3 for additional hydroxyl group of catalyst interacts with oxindole 

after the point depending on the presence of the second hydroxyl group in the dimeric 

structure of the catalyst.  For example,  A2.3 (shown in Figure 4.6) signifies aminooxylation 

TS of catalytic cycle II in which additional hydroxyl group of catalyst interacts with 

oxindole.
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Figure 4.5. Theozymes of aminooxylation reaction for each binding mode 

 

Figure 4.6. Proposed binding modes for cinchona alkaloid derived catalysts for (a) 

catalytic cycle I (b) catalytic cycle II 

The theozymes were constructed using the catalytic functional groups (hydroxyl and amino 

groups) which are involved in the structures of the studied multifunctional dimeric 

organocatalyst (Figure 4.4). The theozymes for main binding modes, which are shown in 

Figure 4.6, were created by representing the hydroxyl group of the catalyst with one 

methanol and the amine group with one trimethylamine, as shown in Figure 4.5. These 

created models were diversified by rotating around the forming bond (C-N or C-O). 

Enantiotopic faces were also taken into account to examine enantioselectivity. The lowest 
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energy models were determined for each binding mode by optimizing them with quantum 

mechanical calculations. QM calculation details are explained in Chapter  4.2.5. 

4.2.2. Creating Catalytic Group Map & Pharmacophore Search 

The pharmacophore analysis was carried out using MOE [64]. Catalytic group maps (CGM) 

were constructed with pharmacophore-like features such as H-bond acceptor and donor, 

aromatic ring centers, etc. based on the quantum mechanically optimized theozyme.  

Table 4.1. Selected pharmacophore groups for CGM (3D layout is shown in Table 4.2) 

 CGM 
Hydroxyl Group Protonated Amine Group Excluded Volume 

 Radius Feature  Radius Feature  Radius Feature 

CGM-1 

F1 1.0 Don F2 1.0 Cat&Don V1 2.0 Exc1 

F7 1.4 Don2 vector F3 1.0 AtomQ V2 1.5 Exc1 

   F4 1.0 AtomQ V3 2.0 Exc1 

   F5 1.0 AtomQ V4 1.0 Exc1 

   F6 1.4 Don2 vector    

CGM-2 

F1 1.0 Don F2 1.0 Cat&Don V1 2.0 Exc1 

   F3 1.0 AtomQ V2 1.5 Exc1 

   F4 1.0 AtomQ V3 2.0 Exc1 

   F5 1.0 AtomQ V4 1.0 Exc1 

CGM-3 

F1 1.0 Don F2 1.0 Cat&Don    

F7 1.4 Don2 vector F3 1.0 AtomQ    

   F4 1.0 AtomQ    

   F5 1.0 AtomQ    

   F6 1.4 Don2 vector    

 

Different CGMs, consist of different features were generated using different interaction 

types (Figure 3.7) or variant radius determining the tolerance on the deviation from the exact 

position in the pharmacophore groups contained in the lowest energy theozymes for each 

binding mode. These differences in pharmacophore queries (Table 4.1) are shown in Table 

4.2 as an example on the generated theozyme (Model A1). Additionally, excluded volume 

property was taken into account to avoid steric clash between substrates and catalyst in 
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CGM-1 and CGM-2 which are shown in Table 4.1. CGM-1 which has seven features and 

four excluded volume is the most restrictive pharmacophore query for this target reaction. 

CGM-2 and CGM-3 were constructed as the subsets of CGM-1. All the essential features, 

which are representations of trimethyl amine and methanol, must be present in all CGMs. 

Increasing the number of pharmacophore features involves implementing more stringent 

criteria. This can significantly reduce the probability of finding a suitable match during the 

virtual screening process. So, if hit numbers were not sufficient using CGM-1, subsets of 

CGM-1 (CGM-2 and CGM-3) were taken into account. 

Table 4.2. Representation of 3D layout of CGMs for aminooxylation modelTS 

 ModelTS 

Selected Pharmacopore 

Groups CGM 

CGM-1 

   

CGM-2 

   

CGM-3 
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4.2.3. Generating Conformer Library of Organocatalyst 

A conformational search was performed for the explored dimeric catalyst using MOE [64] 

software with MMFF94x. A LowModeMD search was utilized based on its capability to 

explore conformations that are close to relevant and realistic low-energy states, as well as its 

efficiency in identifying most of the local minima of complex multicomponent systems 

[100]. An iteration limit of 500000 with a rejection limit of 500000 was used to obtain a 

sufficient sample of conformational minima because of the highly complex multifunctional 

organocatalyst with a large number of conformational degree of freedom. When the RMSD 

values of the two conformations are less than 0.25, these were considered duplicates. 11103 

conformers were generated for the dimeric catalysts. All conformations were ranked 

according to the MM force field calculations, and the lowest 40 of them were optimized with 

QM to calculate the lowest energy conformer of each studied catalyst. 

4.2.4. Matching the Theozymes 

All CGMs based on the low energy theozymes were screened against the catalyst conformer 

library containing 11103 conformers (Figure 4.7). The resulting hit conformers were 

primarily sorted by their matching scores (RMSD) and their deviations from their optimum 

catalytic geometries. As an example, CGM-1 (Table 4.1 & 4.2) based on the Model A1 was 

screened against the catalyst conformer library and 32 hit conformers were determined. After 

these 32 hit conformers were sorted with respect to ascending matching scores (RMSD), and 

they were examined based on predefined criteria, which are,   

• Results showing an overlap between substrates (oxindole and nitrosobenzene) and 

matched catalysts were ignored. 

• The cutoff criterion was set to 0.8 RMSD, and matches with RMSD values higher 

than 0.8 were discarded. 

A total of seven hits were determined as possible active conformers for further evaluation 

using QM calculations. Screening of CGM-1 (Table 4.1 & 4.2) based on the enantiomeric 

model of Model A1 gave only three hit conformers. 
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Figure 4.7. Construction of CGM using modelTS and matched conformer of dimeric 

catalyst  

4.2.5. Quantum Mechanical Calculations 

On the quantum mechanically optimized theozyme, replacing the model catalytic groups 

(methanol and trimethyl amine) with the matching conformer of the catalyst gives the 

transition structure in the presence of the chiral Barbas’ catalyst (Figure 4.8). The product 

distribution and enantioselectivity were explored by applying the same protocol on the 

model transition state constructed for each binding preference which is given in Figure 4.5. 

Finally, the rates and selectivity of the leads were evaluated using QM calculations. 

Detailed explanations about QM calculations were mentioned previously in Chapter 3.2.5. 

The same methodology was applied in this chapter. The only difference is the use of THF as 

a solvent instead of toluene to represent the experimental conditions [90–92]. 
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Figure 4.8. Matching the catalytic active site model for hydroxyamination 

4.3. RESULTS AND DISCUSSION 

4.3.1. Theozymes Based on Different Binding Modes 

We generated theozymes (Figure 4.5) using different binding modes to understand their 

effect on the activation barrier. In this chapter, since the Barbas' dimeric catalyst was studied, 

only the alcohol and tertiary amine functional groups present in the structure of this catalyst 

were used to construct the theozymes. Firstly, considering the proposed catalytic cycles 

(Figure 4.3) theozymes leading to aminooxylation were generated using described protocol 

(Chapter 4.2.1). Quantum mechanically optimized theozymes and their activation barriers 

relative to the starting materials  are given in Figure 4.9.  

Model A2, which is the theozyme for catalytic cycle II, has a lower activation barrier 

than Model A1, which is the theozyme for catalytic cycle I. TSModel A1  describing a stepwise 

pathway proposed by Barbas, is calculated to be 1.2 kcal/mol higher in energy than the 

lowest theozyme. These calculations suggest that aminooxylation reactions proceed through 

a concerted addition-proton transfer pathway. This result agrees with the reported theozyme 

calculations by Çamlısoy [98].  
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Figure 4.9. Theozymes and their relative Gibbs free energies relative to the starting 

materials for aminooxylation reaction 

The effect of the protecting group (benzyl) of oxindole on the activation barrier was also 

investigated. Figure 4.10 shows the optimized two different arrangements of the benzyl 

group (highlighted in green) and their activation barries relative to the starting materials. 

Model A1(a) is 5.8 kcal/mol lower in energy than Model A1(b). Model A1(a) protfits form 

a stabilizing edge to face π-π interaction between benzene ring of oxindole with 

nitrosobenzene [101, 102]. Although Model A1(b) is higher energy, both of these theozymes 

were included in screening against catalyst library to explore all the binding modes. 
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Figure 4.10. Different arrangement of benzyl group of substrate for aminooxylation model 

and their Gibbs free energies relative to starting materials 

4.3.2. Matching and Evaluation of the Full Catalysts 

On the quantum mechanically optimized theozymes, replacing the model catalytic groups 

with the matching conformer of the catalyst gives the TS in the presence of the full catalyst. 

Finally, the rates and selectivity of the hit conformers of the catalyst were evaluated using 

QM calculations. Only the lowest energy enantiomeric transition structures in the presence 

of matching catalyst are discussed in the following sections. 

4.3.2.1. Stepwise Pathway 

Figure 4.11 represents the enantiomeric transition state structures for the rate-determining 

addition step of aminooxylation for catalytic cycle I in the presence of Barbas’ dimeric 

catalyst with different binding modes and their activation barriers with respect to reactants. 

The important interactions on these structures that need to be compared are highlighted in 

green.  
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(R)-TSA1.1 is the lowest energy transition state showing only two polar interactions between 

the catalyst and the substrates. Protonated amine form an ion-pair with the enolate and 

alcohol of the same quinidine unit orients nitrosobenzene. 

Even though matching resulted in conformers allowing an additional polar contact from the 

C9-alcohol of the second quinidine unit (Model A1.2 and Model A1.3), the corresponding 

TS structures are found to be higher in energy. 

(R)-TSA1.2 is 2.3 kcal/mol higher in energy than (R)-TSA1.1 with a forming C-O bond length 

of 1.92 Å compared to (R)-TSA1.1 with a forming C-O bond length of 1.80 Å. (R)-TSA1.1  

shows a strong ion pair interaction (𝑑𝑂..𝐻𝑁 = 1.68Å). A weakening in this ion pair interaction  

has in (R)-TSA1.2 (𝑑𝑂..𝐻𝑁 = 1.86Å) This strong ion pair interaction has been disrupted in (R)-

TSA1.2 resulted in a 2.3 kcal/mol energetic cost. 

(R)-TSA1.3 has the highest activation barrier (20.8 kcal/mol) among all the binding modes of 

aminooxylation TS through stepwise path. This can be explained by the negative charge on 

enolate stabilized by an additional hydroxyl group of dimeric catalyst. So, a decrease in 

electron density leads to the deactivation of the nucleophile that significantly increases the 

activation barrier. 

The calculations of the rate determining addition step of aminooxylation for catalytic cycle 

I  (Figure 4.11) showed that the Re face attack is more stable than the Si face for binding 

mode 1 and 2 (A1.1 & A1.2). Contrary, Si face attack is more favorable for binding mode 3 

(A1.3).  

Different arrangements of the protecting benzyl group of substrate for (R)-TSA1.1 is also 

explored and results are given in Figure 4.12. The upward orientation of the protecting 

benzyl group of oxindole did not provide any additional π-π interactions. Although both of 

them have the same polar interactions between substrates and catalyst, (R)-TSA1.1(a) is 10.1 

kcal/mol lower in energy than (R)-TSA1.1(b) in energy because of stronger H-bonds as can be 

depicted from shorter H-bond distances and close to linear H-bond angles (𝑑𝑂..𝐻𝑁 = 1.68Å, 

174.3° and 𝑑𝑁..𝐻𝑂 = 1.59Å, 177.1° versus 𝑑𝑂..𝐻𝑁 = 1.95Å, 140.1° and 𝑑𝑁..𝐻𝑂 = 1.75Å, 

172.7°). On the side of the dimer that does not interact with the substrates, a stabilizing 

intramolecular interaction is also observed between the hydroxyl group and the amine, which 

is 2.01 Å. 
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Figure 4.11. Transition states of aminooxygenation for the catalytic cycle I in the presence of dimeric catalyst with different binding modes 

and their Gibbs free energies relative to starting materials 
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Figure 4.12. Different arrangement of benzyl group of substrate for (R)-TSA1.1 and their 

Gibbs free energies relative to starting materials  

Figure 4.13 shows the different interactions of the hydroxyl group of catalyst with 

nitrosobenzene for (R)-TSA1.2. Although both of the transition states have the same 

interaction according to Figure 4.6, the additional hydroxyl group of dimeric catalyst 

interacts with nitrosobenzene in two different arrangements. In catalytic cycle I (Figure 4.3 

(a)), addition of the enolate to nitrosobenzene develops a negative charge on its nitrogen. In 

(R)-TSA1.2(a) additional hydroxyl group interacts with the nitrogen of nitrosobenzene, while 

in (R)-TSA1.2(b) it interacts the oxygen of nitrosobenzene which is involved in the bond 

formation. A combined effect of the destabilization of (R)-TSA1.2(b) together with better 

stabilization of the negative charge on the nitrogen atom of nitrosobenzene by bidentate H-

bonding in (R)-TSA1.2(a) disfavors (R)-TSA1.2(b) by 7.3. 
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Figure 4.13. Transition state alternatives for (R)-TSA1.2 and their Gibbs free energies 

relative to starting materials  

4.3.2.2. Concerted Pathway 

Figure 4.14 represents the enantiomeric transition state structures for the rate-determining 

addition step of aminooxylation for catalytic cycle II in the presence of Barbas’ dimeric 

catalyst with different binding modes and their activation barriers with respect to reactants. 

(R)-TSA2.2 is the lowest energy transition state.  

The structure of (R)-TSA2.2 from two different views is shown in Figure 4.15. The important 

interactions are highlighted in green. In (R)-TSA2.2, an additional hydroxyl group interacts 

with the nitrogen of nitrosobenzene, so the negative charge on the nitrogen atom of 

nitrosobenzene can be better stabilized by the presence of two strong H-bonds, as explained 

before with the example of (R)-TSA1.2(a). In addition to H-bonds, there are three different π-

π interactions. First one (pi-pi int 1) is an intramolecular interaction between quinoline and 

the alkene group of catalysts. The second (pi-pi int 2) is an intermolecular interaction 

between the alkene group of the catalyst and the benzene ring of oxindole. The last one (pi-

pi int 3)  is also an intermolecular interaction between the quinolone part of the catalyst and 

the benzene ring of oxindole. 
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Figure 4.14. Transition states of aminooxygenation for catalytic cycle II in the presence of a dimeric catalyst with different binding modes 

and their Gibbs free energies relative to starting materials  
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Figure 4.15. Lowest energy transition state geometry, (R)-TSA2.2 from two different views 

and its Gibbs free energies relative to starting materials  

 

Figure 4.16. Transition state alternatives for (S)-TSA2.1  and their Gibbs free energies 

relative to starting materials 
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(S)-TSA2.2 is has the same binding mode that leads to the S enantiomer. In (S)-TSA2.2 3.4 

kcal/mol higher in energy than (R)-TSA2.2, protonated amine group interacts with the oxygen 

of nitrosobenzene, which is involved in the bond formation, instead of the nitrogen of 

nitrosobenzene. This interaction supposably increased its activation barrier. 

(R)-TSA2.1 is 6.8 kcal/mol higher in energy (R)-TSA2.2 (Figure 4.14) leading preferably to S 

enantiomer. Figure 4.16 shows the different arrangements of the hydroxyl group of catalyst 

for (S)-TSA2.1. (S)-TSA2.1(a) is 5.5 kcal/mol lower in energy than (S)-TSA2.1(b). Both TSs have 

the same binding mode involving a total of two polar interactions. The major difference 

between the two structures is the alcohol group in the catalyst interacting with the enolate. 

In (S)-TSA2.1(b), protonated amine and alcohol units belong to different quinidine units, 

whereas in (S)-TSA2.1(a) interacting alcohol and amine groups are on the same quinidine 

moiety, and an intramolecular H-bond is observed between the hydroxyl group and the 

amine in the second quinidine moiety (𝑑𝑁..𝐻𝑂 = 1.90Å highlighted in green). This 

intramolecular H-bonding interaction presumably stabilizes the catalyst decreasing its 

distortion energy. 

(R)-TSA2.3 has the highest activation barrier (13.6 kcal/mol) among all the binding modes of 

aminooxylation TS through concerted path, as aforementioned (R)-TSA1.3 in Figure 4.11. 

This can be also explained by the negative charge on enolate stabilized by an additional 

hydroxyl group of dimeric catalyst. So, a decrease in electron density leads to the 

deactivation of the nucleophile that significantly increases the activation barrier. 

The calculations of the rate determining addition step of aminooxylation for catalytic cycle 

II  (Figure 4.14) showed that the Si face attack is more stable than the Re face for binding 

mode 1 and 3 (A2.1 & A2.3). Contrary, Re face attack is more favorable for binding mode 

2 (A2.2). 

(R)-TSA2.2 (in Figure 4.15) is the lowest energy transition state among all aminooxylation 

TSs. Its energy is 3 kcal/mol higher than (R)-TSA1.1 (in Figure 4.12) describing a stepwise 

pathway proposed by Barbas. These calculations suggest that aminooxylation reaction 

proceeds via a concerted addition-proton transfer pathway. 

4.3.2.3. Evaluation of N- Selectivity 

To explain the conflicting experimental results based on  product distribution in the 

literature, considering the proposed catalytic cycles (Figure 4.3) theozymes leading to 
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hydroxyamination were generated. Quantum mechanically optimized theozymes and their 

activation barriers relative to the starting materials are given in Figure 4.17. 

 

Figure 4.17. Theozymes and their relative Gibbs free energies relative to the starting 

materials for hydroxyamination reaction 

Model A2  and Model H2, which are theozymes for catalytic cycle II, have lower activation 

barrier than Model A1 and Model H1, which are theozymes for catalytic cycle I. These 

calculations suggest that both aminooxylation and hydroxyamination reactions proceed 

through a concerted addition-proton transfer pathway. This result agrees with the reported 

theozyme calculations by Çamlısoy [98]. TSModel A1  and TSModel H1, describing a stepwise 

pathway proposed by Barbas, is calculated to be 28.9 kcal/mol and 29.2 kcal/mol 

respectively. 

Figure 4.18 compares the polar interactions in the optimized theozymes of aminooxylation 

and hydroxyamination reactions for catalytic cycle II. Although there is an extra face to 

edge π-π interaction between nitrosobenzene and the benzyl group of oxindole in TSModel A2, 

TSModel H2 is significantly stabilized by stronger H-bonds as can be depicted from shorter H-
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bond distances and close to linear H-bond angles (𝑑𝑁..𝐻𝑁 = 1.54Å, 168.3° and 𝑑𝑂..𝐻𝑂 =

1.91Å, 152.6° versus 𝑑𝑂..𝐻𝑁 = 1.38Å, 163.9° and 𝑑𝑂..𝐻𝑂 = 1.75Å, 176.3°). 

 

Figure 4.18. Theozyme comparison Model A2 vs Model H2 and their relative Gibbs free 

energies relative to the lowest energy Model H2  

Model calculations suggest that the hydroxyamination reaction is favoured energetically for 

both catalytic cycles. While this energetic difference is 5.5 kcal/mol for catalytic cycle I, it 

is 7.3 for cycle II. These theoretically obtained results are in line with the experimentally 

observed hydroxyamination product in the presence of certain catalyst [88, 90, 92]. 

In order to evaluate the unexpected O-selectivity of the Barbas’ quinidine dimer catalyst, we 

investigated the active catalyst conformers based on Model H2.2, especially focusing on the 

hydroxyamination analogue of (R)-TSA2.2, which is the lowest energy binding mode and TS 

for the aminooxylation reaction. 
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Figure 4.19. (R)-TSH2.2 and its Gibbs free energies relative to starting materials  

Although calculations with the model catalyst have suggested that the hydroxyamination 

reaction is favored over the aminooxylation reaction, (R)-TSH2.2  (Figure 4.19) is 4.8 

kcal/mol higher in energy than (R)-TSA2.2. To better understand the reason of energy 

difference between (R)-TSA2.2 and (R)-TSH2.2, the distortion/interaction analysis (Figure 

4.20) was performed for the Re face attack TSs as they are more favorable than the Si face 

(Figure 4.14). The distortion/interaction analysis [81] of the transition states can be used to 

provide insights into the source of enantioselectivity and the factors that influence the 

activation energy barrier in the step responsible for determining regioselectivity and 

enantioselectivity.  
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Figure 4.20. Distortion/Interaction Analysis of (R)-TSA2.2 & (R)-TSH2.2  

For both transition state as the interaction energies are close to each other, the distortion 

energy determines the activity of catalyst. Lower catalyst distortion favorably contribute to 

the stabilization of aminooxylation with respect to hydroxyamination reaction. When the 

distortion energy of substrates was compared, hydroxyamination transition state has 0.7 

kcal/mol lower distortion energy of substrates (oxindole and nitrosobenzene). The lower 

distortion of substrates in the (R)-TSH2.2 can be also explained by bond lengths in the located 

TSs. The located transition structure (R)-TSH2.2 which has a forming C-N bond 1.98Å and 
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its substrates are less distorted than (R)-TSA2.2 which has a forming C-O bond of 1.84Å. It 

is clear that (R)-TSH2.2  is more favorable according to the distortion of substrates. However, 

the main difference is the distortion energies of catalysts. Dimeric catalyst pays 10.9 

kcal/mol higher energetic penalty in order to attain its active conformation in (R)-TSH2.2 

relative to its conformer in (R)-TSA2.2, which results in a much lower activation barrier for 

aminooxylation reaction. These results suggest that the energetic cost of distorting the 

dimeric catalyst to the active conformation may play a significant role in the destabilization 

of (R)-TSH2.2 with respect to (R)-TSA2.2. This leads to a decrease in the reactivity of the 

dimeric catalyst in hydroxyamination reaction.  

Overall, calculations favor a concerted addition-proton transfer pathway leading to both 

hydroxyamination and aminooxylation products. The free energy profile for the lowest 

energy pathways toward aminooxylation and hydroxyamination reaction is given in Figure 

4.21. In aminooxylation pathway, the catalyst in its active conformation binds 

nitrosobenzene through the protonated amine and the hydroxyl group on the same quinidine 

moiety and orients the oxindole to a near attack conformation by forming a H-bond with the 

alcohol functionality on the other quinidine moiety. This complex which is 2.6 kcal/mol 

higher in energy than the separated reactants, leads to (R)-TSA2.2, which is  3.5 kcal/mol 

uphill. The product is 4.0 kcal/mol more stable than  the separated reactants leading to a free 

energy span of 10.1 kcal/mol for the aminooxylation catalytic cycle. The binding mode of 

the catalyst in the hydroxyamination pathway is essentially the same, yet the complex is 

much higher in energy (∆𝐺=9.1 kcal/mol), presumably due to catalyst distortion. The 

corresponding TS is only 1.8 kcal/mol higher in energy (indicative of the facile formation of 

the N-adduct how the complex) leading to N-adduct, 2.5 kcal/mol more stable than the 

reactants. The calculated free energy span for the hydroxyamination reaction is 13.4 

kcal/mol over the catalytic cycle.  The calculations therefore suggest that the aminooxylation 

pathway is 3.3 kcal/mol favoured over the hydroxyamination pathway as a result of the 

catalyst distortion. 
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Figure 4.21. Free energy profile (∆𝐺≠) in kcal/mol for the reaction of N-protected 3-

methyl-2-oxindole with nitrosobenzene  
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4.4. CONCLUSION AND FUTURE WORK 

CIPOC was applied to explore the ambiguous active conformations and mode of action of 

complex multifunctional dimeric quinidine organocatalysts with a high degree of 

conformational freedom for the aminooxylation reaction of N-benzyl-protected 3-

substituted-2-oxindole with nitrosobenzene. 

Calculations with the model catalyst have suggested that the hydroxyamination reaction is 

favored over the aminooxylation reaction. The inclusion of a dimeric multifunctional 

catalyst has additionally exposed the importance of the 3D arrangement of functional groups 

of dimeric catalysts and shown the significance of catalyst distortion in determining the 

product distribution. Calculations with the dimeric catalyst showed that aminooxylation 

reaction is more highly favored than hydroxyamination reaction. Our results revealed that 

C6' quinidine dimer binds nitrosobenzene through its protonated amine, while both hydroxyl 

groups in the catalyst structure interact and orient substrates. The reaction proceeds via a 

concerted addition-proton transfer pathway to give  the O-adduct as major product. Although 

these results are in line with Barbas’ experimental observations, calculations revealed that 

reaction proceeds via catalytic cycle II proposed by Çamlısoy.  

This study not only demonstrates the applicability of CIPOC to the investigation of the 

catalytic activity and selectivity of highly complex multifunctional organocatalysts with a 

large number of conformational degree of freedom but also shed light on the ambiguous 

active conformations and mode of action of the dimeric catalyst. 

Quantum Theory of Atoms in Molecules (QTAIM) and Independent Gradient Model (IGM) 

analyses can be performed to facilitate the visualization and better understanding of 

intermolecular and intramolecular interactions. QTAIM [103, 104] can be employed to 

analyze the intramolecular and intermolecular interactions formed in TSs. This approach 

examines the topological properties at hydrogen bonds, van der Waals interactions, and π-π 

interactions [105–110]. Additionally, IGM [111] analysis is a method that can be used to 

visualize intermolecular interactions in the structures. Energy decomposition analysis (EDA) 

[112] also can be utilized for dissecting the factors influencing selectivity.  
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APPENDIX A:  COMPLETE ENERGETICS FOR ALL REACTANTS, 

TRANSITION STATES, AND PRODUCTS 

Table A.1. The B3LYP-D3/6-311+G(d,p)//B3LYP-D3/6-31+G(d) energetics (kcal/mol) of 

bifunctional acid-base catalyzed model transition states of trans-β-nitrostyrene and 

dimethyl malonate  

Structure ∆𝑬𝟎 ∆𝑯 ∆𝑮 ∆𝑮𝑸𝒖𝒂𝒔𝒊 𝒄𝒐𝒓𝒓. 

Reactants 0.0 0.0 0.0 0.0 

TSTheozyme 2S / 

TSTheozyme 2S BMA 
-20.4 -20.2 13.4 17.2 

TSTheozyme 2S BMB -18.5 -18.5 15.6 19.4 

TSTheozyme 2O -17.4 -16.5 14.4 19.3 

TSTheozyme 1S -19.0 -19.2 15.0 17.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



80 

 

Table A.2. The B3LYP-D3/6-311+G(d,p)//B3LYP-D3/6-31+G(d) energetics (kcal/mol) of 

bifunctional acid-base catalyzed transition states of trans-β-nitrostyrene and dimethyl 

malonate  

Structure ∆𝑬𝟎 ∆𝑯 ∆𝑮 ∆𝑮𝑸𝒖𝒂𝒔𝒊 𝒄𝒐𝒓𝒓. 

Reactants 0.0 0.0 0.0 0.0 

(R)-TS2S  / 

(R)-TS2S BMA 
-16.6 -16.9 9.2 11.6 

(S) -TS2S -14.2 -14.8 12.7 14.2 

(R)-TS2S BMB -12.2 -12.4 13.3 16.1 

(R)-TS1S -5.7 -6.0 19.0 22.5 

(S)-TS1S -1.7 -2.1 23.2 26.5 

(R)-TS3S -19.5 -19.9 7.2 8.6 

(R)-TS3S-conf -14.4 -14.8 12.3 13.5 
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Table A.3. The B3LYP-D3/6-311+G(d,p)//B3LYP-D3/6-31+G(d) energetics (kcal/mol) of 

energy profile for bifunctional thiourea catalyzed transition states of trans-β-nitrostyrene 

and dimethyl malonate  

Structure ∆𝑬𝟎 ∆𝑯 ∆𝑮 ∆𝑮𝑸𝒖𝒂𝒔𝒊 𝒄𝒐𝒓𝒓. 

Reactants 0.0 0.0 0.0 0.0 

(R)-2S-complex -16.9 -17.2 9.6 11.0 

(S)-2S-complex -17.3 -17.4 8.5 10.7 

(R)-TS2S -16.6 -16.9 9.2 11.6 

(S)-TS2S -14.2 -14.8 12.7 14.2 

(R)-2S-product -26.3 -26.8 -0.3 2.1 

(S)-2S-product -23.0 -23.4 2.6 5.5 
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Table A.4. The B3LYP-D3/6-311+G(d,p)//B3LYP-D3/6-31+G(d) energetics (kcal/mol) of 

model transition states of N-benzyl-protected 3-substituted-2-oxindole with nitrosobenzene 

Structure ∆𝑬𝟎 ∆𝑯 ∆𝑮 ∆𝑮𝑸𝒖𝒂𝒔𝒊 𝒄𝒐𝒓𝒓. 

Reactants 0.0 0.0 0.0 0.0 

Model A1 / Model A1(a) -4.8 -4.9 27.2 28.9 

Model A1(b) 0.9 0.8 32.2 34.7 

Model A2 -6.1 -6.0 25.8 27.7 

Model H1 -5.1 -5.5 27.3 29.2 

Model H2 -13.4 -13.3 18.0 20.4 
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Table A.5. The B3LYP-D3/6-311+G(d,p)//B3LYP-D3/6-31+G(d) energetics (kcal/mol) of 

dimeric quinidine catalyzed transition states of N-benzyl-protected 3-substituted-2-

oxindole with nitrosobenzene 

Structure ∆𝑬𝟎 ∆𝑯 ∆𝑮 ∆𝑮𝑸𝒖𝒂𝒔𝒊 𝒄𝒐𝒓𝒓. 

Reactants 0.0 0.0 0.0 0.0 

(R)-TSA1.1 / 

(R)-TSA1.1(a) 
-19.8 -20.4 8.2 9.1 

(R)-TSA1.1(b) -9.5 -9.9 17.6 19.2 

(S)-TSA1.1 -11.1 -11.2 15.7 17.5 

(R)-TSA1.2 / 

(R)-TSA1.2(a) 
-17.4 -17.9 10.2 11.4 

(S)-TSA1.2 -12.4 -12.9 15.3 16.4 

(R)-TSA1.3 -8.1 -8.6 19.3 20.8 

(S)-TSA1.3  / 

(S)-TSA1.3(a) 
-13.9 -14.3 13.1 15.0 

(S)-TSA1.3(b) -12.9 -13.3 14.3 15.9 

(R)-TSA2.1 -16.0 -16.4 10.2 12.9 

(S)-TSA2.1  / 

(S)-TSA2.1(a) 
-16.8 -17.1 9.7 11.9 

(S)-TSA2.1(b) -11.1 -11.2 15.6 17.4 

(R)-TSA2.2 -22.5 -23.1 6.8 6.1 

(S)-TSA2.2 -19.1 -19.4 8.3 9.5 

(R)-TSA2.3 -15.2 -15.7 12.2 13.6 

(S)-TSA2.3 -18.9 -19.3 9.3 9.8 

(R)-TSH2.2 -17.6 -18.0 9.3 10.9 
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APPENDIX B:  DISTORTION/INTERACTION ANALYSIS  

Table B.1. Distortion/Interaction Analysis of (R)-TS2O & (R)-TS2S * 

 ∆𝐸𝑑𝑖𝑠𝑡 

(dimethyl malonate) 

∆𝐸𝑑𝑖𝑠𝑡 

(trans-(β)-nitrostyrene) 

∆𝐸𝑑𝑖𝑠𝑡 

(catalyst) 
∆𝐸𝑖𝑛𝑡 

TS C-C 

lentgh (Å) 

(R)-TS2O 5.6 10.2 6.4 -93.6 2.26 

(R)-TS2S 5.1 9.3 11.5 -93.4 2.30 

* The activation energies, ΔE, the distortion energies, ΔEdist, and the interaction energies, ΔEint, are 

given in kcal/ mol. 

 

Table B.2. Distortion/Interaction Analysis of TSTheozyme 2O & TSTheozyme 2S * 

 ∆𝐸𝑑𝑖𝑠𝑡 

(dimethyl 

malonate) 

∆𝐸𝑑𝑖𝑠𝑡 

(trans-(β)-

nitrostyrene) 

∆𝐸𝑑𝑖𝑠𝑡 

(catalyst-

DMAP) 

∆𝐸𝑑𝑖𝑠𝑡 

(catalyst-

urea/thiourea) 

∆𝐸𝑖𝑛𝑡 
TS C-C 

lentgh (Å) 

TSTheozyme 2O 6.7 11.4 0.7 0.5 -98.6 2.19 

TSTheozyme 2S 5.8 9.9 0.7 0.4 -98.7 2.26 

* The activation energies, ΔE, the distortion energies, ΔEdist, and the interaction energies, ΔEint, are 

given in kcal/mol. 

 

Table B.3. Distortion/Interaction Analysis of (R)-TSA2.2 & (R)-TSH2.2 * 

 ∆𝐸𝑑𝑖𝑠𝑡 

(oxindole) 

∆𝐸𝑑𝑖𝑠𝑡 

(nitrosobenzene) 

∆𝐸𝑑𝑖𝑠𝑡 

(catalyst) 
∆𝐸𝑖𝑛𝑡 

TS C-C 

lentgh (Å) 

(R)-TSA2.2 10.5 8.8 26.6 -97.6 1.84 

(R)-TSH2.2 9.5 9.1 37.5 -99.4 1.98 

* The activation energies, ΔE, the distortion energies, ΔEdist, and the interaction energies, ΔEint, are 

given in kcal/ mol. 
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APPENDIX C:  ENERGY PROFILES 

 

Figure C.1. Free energy profile (∆𝐺≠) in kcal/mol for the addition reaction of 

dimethylmalonate to trans-β-nitrostyrene [B3LYP-D3/6-311+G(d,p)-

SMD(Toluene)//B3LYP-D3/6-31G(d)-SMD(Toluene)] 

 

  

 


