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Abstract 
 

       Synthesis of novel benzothiazoles via intramolecular C–S bond formation 
reactions is increasingly being explored since they have been found in a wide range of 
natural products and pharmaceutical agents. Sharma et al. reported the ruthenium-
catalyzed preparation of novel benzothiazole derivatives from N-arylthiourea 
precursors, with a range of reaction yields and selectivity being observed. We have 
employed a density functional theory-based computational model to investigate the 
reaction mechanism leading to the benzothiazole product and help uncover the origin 
of the differing experimental yields and substrate specificities. We proposed a modified 
mechanistic scheme where the rate-determining step to be the synchronized breaking 
of the peroxide bond of the oxidizing agent with the concomitant proton-coupled 
electron transfer from the haloarene urea and a Ru-bound water molecule, not 
electrophilic Ru–C bond activation. Evidence for this being the rate-determining step 
is (a) the barrier is consistent with a lack of kinetic isotope effects associated with the 
ortho-H atom and (b) the computed rate-determining barriers for 10 N-arylthiourea 
substrates show good correlation with the observed yield.  
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Chapter 1 

 Introduction 
 

1.1 Research motivation 
       Benzothiazole is an important heterocyclic compound found in a wide range of 
pharmaceutically active agents and natural products. It represents a common 
heterocyclic scaffold consisting of a benzene ring fused with a thiazole ring containing 
sulfur and nitrogen in its thiazole structure. Benzothiazole and its derivatives have been 
reported to possess anticancer, antimicrobial, anti-inflammatory, anti-viral, and other 
activities [1-6]. As a result of the benefits mentioned above, there has been significant 
effort in exploring new ways to prepare molecules of this class [7-10]. The classical 
synthesis of 2-aminobenzothiazoles involves the intramolecular aromatic electrophilic 
substitution of thiobenzanilides using various oxidants and condensation of 2-
aminothiophenenols with aldehydes or carboxylic acids. This includes the cyclization 
of N-(2-halo)arylthioureas or direct intramolecular C–S bond formations via C–H 
functionalization of N-arylthiourea under transition metal catalysis, which expands the 
range of synthesis methods [11-12]. Progress towards the development of transition 
metal catalyzed reactions for the construction of C−S bonds has been challenging 
compared to other carbon-heteroatom coupling types (C−C or C−N) [13-16] due to 
difficulties related to efficiency and selectivity. However, these problems have largely 
been overcome through the identification of new transition metal catalysts in 
conjunction with C−H bond functionalization [17-21]. 
       Sharma et al. [18] reported the synthesis of 2-aminobenzothiazoles from N-
arylthioureas using a Ru-catalyzed intramolecular C−S coupling reaction with oxone 
acting as the reducing agent. The screening of diverse N-arylthioureas demonstrated 
the reaction had a broad scope, with electron-donating substituents generally 
displaying higher reactivity. The authors proposed a five-step mechanism based on 
kinetic isotope effect (KIE) data, which indicated that the more conventional direct C−H 
bond activation was not rate-determining. Instead, they suggested an electrophilic Ru-
mediated rate-determining step consistent with the KIE data where the ortho carbon 
transitions from sp2 to sp3, without involving C−H bond activation. Limited DFT 
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calculations exploring the reaction were performed, predicting the rate-determining 
barrier to be 26.5 kcal/mol. 
       Computational methods have proven extremely useful in clarifying experimental 
phenomenon associated with Ru-based catalytic systems. Therefore, these methods 
have been applied to further explore the mechanistic proposals associated with the 
ruthenium-catalyzed formation of benzothiazoles from N-arylthioureas. This study 
expands on the DFT reported by Sharma et al. [18] by using a larger octahedral RuCl3-
based DFT model in contrast to the previously tetrahedral configuration and include s 
the required oxidizing agent. This more complete model allows to investigate the five 
steps in the proposed mechanism, as well as other possibilities. Additionally, the effect 
of spin on the Ru (II/III) system on the structures and energetics is also considered [22-
24]. 
 

1.2 Objectives of the study 
       1) To validate or revise the current mechanistic proposal related to the ruthenium 
catalyzed formation of 2-aminobenzothiazoles from N-arylthioureas.  
       2) To confirm the rate-determining step of the reaction.  
       3) To determine whether the proposed mechanism can explain the experimental 
yields of the diverse substrates, which range from 55% to 91%. This understanding 
should facilitate the design of future catalysts for the synthesis of novel benzothiazole 
derivatives.  
 

1.3 Scopes of the study 
This study is divided into two main paths : 
       1) The validity of current and two new mechanistic proposals associated with 
benzothiazole production is examined using DFT calculations and considers the effect 
of spin on the structures and energetics of the Ru(II/III) system.  
       2) To evaluate the validity of the new mechanistic proposal, the correlation 
between the rate-determining barrier and the yield for 10 N-arylthioureas is examined. 
These cover a range of electron-donating/neutral and withdrawing groups at the ortho-
, meta-, and para- positions of the aryl thioureas.  
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1.4 Benefits of the study 
       1) Computational simulations of benzothiazole derivatives provide clear insights 
into the reaction mechanism at the molecular level.  
       2) Rationalization of the selectivities and yields of organic chemistry reaction. It is 
highly sought after for the preparation of fine chemicals for industry or drug molecules 
in the pharmaceutical industry. 
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Chapter 2 

Theory and literature reviews 
 

2.1  Benzothiazole   
       Benzothiazole (Figure 2.1) is a class of heterocyclic compounds containing a 
benzene ring fused with a five-membered ring that consists of nitrogen and sulfur 
atoms. The benzothiazole ring system was found in diverse marine and terrestrial 
natural compounds, which have a broad range of pharmaceutical applications. 
Especially, the benzothiazole group displays an important role in medicinal chemistry 
and is also demonstrated in a various of biologically active compounds [5-6, 25] 
including antitumor, anticancer, antibacterial, antimicrobial, antidiabetic, anti-
inflammatory, anticonvulsant, antiviral, antioxidant, antitubercular, antimalarial, 
antiasthmatic, anthelmintic, photosensitizing, diuretic, analgesic and other activities. 
Therefore, the study of benzothiazoles is considered to be of great interest by reason 
of their high pharmaceutical and biological activity. 
 

 
 

Figure 2.1  Chemical structure of Benzothiazole. 
 

2.2  Synthesis of benzothiazole   
 

       2.2.1  Condensation of 2-aminothiophenols with aldehydes 
       Products of 2-bisthiophene substituted benzothiazole are obtained through the 
condensation reaction between 2-aminobenzenethiol and 5-aldehyde bisthiophene 
compounds by using dimethyl sulfoxide (DMSO) under reflux conditions for 1 hour.  
(Scheme 2.1) [26]. The evaluation proceeded with the fluorescent properties of the 
products. In the range of 450-600 nm, they exhibited strong fluorescence, significant 
Stokes shifts and high quantum yields. These compounds could potentially be applied 
as fluorescent markers due to their intense fluorescence. 
 

N

S

R
2

R
1

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



5 

 
 

 
 

Scheme 2.1  Interaction of 2-aminobenzenethiol with 5-aldehyde bisthiophene   
through condensation process to generate benzothiazole. 

 
       The synthesis of benzothiazoles through condensation of 2-aminobenzenethiol 
with benzaldehyde compounds by using phenyl iodoniumbis(triuoroacetate) (PIFA) as 
the oxidizing agent could be effectively promoted under microwave conditions 
(Scheme 2.2) [27]. Compared to traditional heating methods, the use of microwave 
irradiation significantly reduces reaction time, improve yields and broadens the scope 
of applicable substrates. 
 

 
 

Scheme 2.2 Interaction of 2-aminobenzenethiol with benzaldehyde through 
condensation process to generate benzothiazole. 

 
       A visible light could promote the preparation of benzothiazole products from 2-
aminothiophenol and aldehyde (Scheme 2.3). The reaction system was exposed to 
irradiation from a 12W blue LED for 6 hours under the air [28]. A variety of aldehydes 
were investigated to assess the reaction's applicability across various substrates, 
revealing that aromatic, heteroaromatic and aliphatic aldehydes are compatible. This 
discovery provides an efficient, non-transitional metal catalyst, an additional additive 
and presents a convenient synthetic method for producing benzothiazole. 
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Scheme 2.3  The condensation process between 2-aminothiophenol and aldehyde 
under visible light generates benzothiazole. 

 
       An effective, simple, environmentally friendly approach for the production of  
benzothiazole involves the condensation reaction of 2-aminothiophenol with diverse 
aromatic aldehyde employing SnP2O7 as a novel heterogeneous catalyst (Scheme 2.4). 
This approach yields high product efficiency (87–95%) with short reaction times and 
the catalyst could be reused without any degradation of its activity [29].  
 

 
 

Scheme 2.4  The condensation process between 2-aminothiophenol and aromatic 
aldehyde generates benzothiazole. 

 
       The rapid synthesis of 2-aryl-benzothia/(oxa)zole is achieved through the 
condensation reaction of 2-aminothiophenol and various aryl aldehydes using Acacia 
concinna as a biocatalyst under microwave irradiation (Scheme 2.5) [30]. Compared to 
traditional approach, the microwave irradiation technique offers significantly shorter 
reaction times with higher yields of the desired products. Additionally, this process is 
environmentally friendly, as it is carried out without the use of solvents. 
 

 
 

Scheme 2.5  The synthesis of benzothiazole through condensation of 2-aminothiophenol 
and aryl aldehyde. 
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       2.2.2  Condensation of 2-aminothiophenols with aetones 
       The condensation reaction between 2-aminobenzenethiol and β-diketone was 
catalyzed toluenesulfonic acid under metal-, radiation- and oxidant-free conditions to 
provide 2-substituted benzenes in great yields (Scheme 2.6). To identify the optimal 
catalytic system, the authors attempted various acids, such as benzoic acid (PhCOOH), 
trifluoroacetic acid (CF3COOH), and acetic acid (CH3COOH). However, TsOH·H2O was 
selected as a catalyst for solvent screening in terms of yield. The mechanism revealed 
that the Brønsted acid-catalyzed condensation reaction of 2-amino thiophenol with 
2,4-pentanedione would occur to generate a ketamine intermediate in the presence 
of TsOH·H2O. The intramolecular nucleophilic addition and the C−C bond cleavage 
reaction would finally occur to generate the desired product. The advantages of this 
method include simple procedures, readily available raw materials, mild reaction 
conditions, broad substrate universality and good application potential [31]. 
 

 
 

Scheme 2.6 Condensation process of 2-aminobenzenethiol with 𝛽-diketone to 
generate benzothiazole. 

 
       A one pot strategy has been developed for the synthesis of 2-acylbenzothiazoles 
under metal-free conditions. The reaction proceeded with aryl methyl ketones and 2-
aminobenzenethiol (Scheme 2.7). The mechanism revealed that the aromatic ketones 
are reacted with TsNBr2 in DMSO at 65 °C for 3 hours. The resulting crude reaction 
mixture is treated with 2-aminobenzenethiol through condensation reaction, Michael 
addition and oxidative dehydrogenation sequence to produce the desired product [32]. 
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Scheme 2.7 Condensation process of aryl methyl ketones and 2-aminobenzenethiol 
to generate benzothiazole. 

 
       2.2.3  Condensation of 2-aminobenzenethiols with acyl chlorides 
       The synthesis of benzothiazoles is achieved through a one-pot, three-component 
reaction involving thiols, oxalyl chloride, and 2-aminothiophenol within the system of 

n-tetrabutylammonium iodide (TBAI) at 60 ◦C (Scheme 2.8). The present methodology 
favored the preparation of the desired products in good yields with a wide range of 
substrates through simultaneous formation of C−N and C−S bonds. The advantages of 
this method include mild reaction conditions and high efficiency [33]. 
 

 
 

Scheme 2.8 The reaction of thiols, oxalyl chloride and 2-aminothiophenol facilitates  
the formation of benzothiazole. 

 
       The 2-chloromethyl-benzothiazole could be achieved from the condensation 
reaction of 2-aminothiophenols with chloroacetyl chloride under microwave irradiation 
for 10 min in the presence of acetic acid (Scheme 2.9). In comparison to traditional 
methods, the microwave-assisted procedures are more efficient and environmentally 
friendly, offering shorter reaction times and high yield [34]. 
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Scheme 2.9  The interaction between 2-aminothiophenol and chloroacetyl chloride 
through the condensation process. 

 
       2.2.4  Condensation of 2-aminobenzenethiols with acids 
       The synthesis of 2-substituted benzothiazole through the condensation reaction 
of 2-aminobenzenethiol with various types of aliphatic or aromatic carboxylic acids 
(Scheme 2.10). The novel heterogeneous mixture of methanesulfonic acid and silica 
gel had been developed as an efficient medium for the synthesis of 2-substituted 
benzothiazole. Moreover, the silica gel could be reused multiple times without a 
reduction in yield. This method offers several advantages including simplicity, the use 
of readily available and diverse carboxylic acids and ease of handling under reaction 
conditions [35]. 
 

 
 

Scheme 2.10  Interaction of 2-aminobenzenethiol with aliphatic or aromatic  
                    carboxylic acids to generate benzothiazole. 
 
       A common and efficient methodology to synthesize benzothiazole through the 
condensation reaction of 2-aminothiophenol disulfides with carboxylic acids in the 
presence of tributylphosphine at room temperature (Scheme 2.11). This method was 
explored using 2-aminothiophenol disulfides and a variety of carboxylic acids 
containing both electron-donating and electron-withdrawing substituents. This resulted 
in the formation of the desired benzothiazole with moderate to good yields. The 
advantages of this approach include mild reaction conditions and the use of non-toxic 
reagents [36].  
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Scheme 2.11 The condensation process between 2-aminothiophenol disulfides and 
carboxylic acids to generate benzothiazole. 

 

       2.2.5  Cyclization of diverse substituted thioamides 
       A methodology has been developed for visible light-driven, intramolecular C−S 
bond formation of aromatic substrates to synthesize benzothiazole in good yields 
through the cyclization of thioamide derivatives under 2,2,6,6-tetramethylpiperidine N-
oxide (TEMPO) (Scheme 2.12). Notably, this photochemical cyclization proceeds 
without the need for an additional photoredox catalyst, transition-metal catalyst, or 
base [37].  
 

 
 

Scheme 2.12  Cyclization of thioamide derivatives. 
 

       2.2.6  Cyclization of CO2 as raw materials 
       The preparation of benzothiazoles is achieved from 2-aminobenzenethiols and 
carbon dioxide under the condition of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) at 1 
atm of CO2 and 60–70 °C (Scheme 2.13). The reaction exhibited a wide scope of 
substrate and demonstrated good tolerance for functional groups. Additionally, the 
precatalyst salt could be reused multiple times without any reduction in activity [38].  
 

 
 

Scheme 2.13 The cyclization of 2-aminobenzenethiol and CO2 to generate 
benzothiazole product. 
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       2.2.7  C–S coupling via C−H bond functionalization 
       The ability to activate the typically inert C–H bonds have significance for 
hydrocarbon functionalization, which necessitates the cleavage of at least one C–H 
bond. These bonds are generally challenging to cleave directly because of their 
thermodynamic stability (calculated at approximately 420 kcal/mol for primary C–H 
bonds). Traditionally, the formation of C–C bonds in alkanes through C−H bond 
activation has often depended on radical chemistry. However, the selective 
functionalization of C–H bonds with sulfur groups is less frequent due to the limited 
availability of suitable reagents that can accommodate sulfur-containing functional 
groups. The challenge in expanding this area is finding new transition metal complexes 
that can efficiently surmount the thermodynamic and kinetic barriers associated with 
C–H bond activation [17]. The application of C–H activation facilitated by specific 
transition metals to generate carbon–heteroatom (S, N, O) bonds is a valuable asset in 
pharmaceutical and medicinal chemistry [39]. Transition metals, with their varied 
oxidation states, are ideal catalysts for C–H activation. Generally, transition metal ions 
act as effective electron-pair acceptors that easily bind to electron-rich molecules and 
anions. The interaction between metals and ligands can cause changes in the relevant 
frontier molecular orbitals, potentially enhancing the conditions for efficient C–S bond 
coupling. 
 

       Patel and co-workers discovered that regioselective formation of intramolecular 
C−S bonds (a and b) occurs during the synthesis of 2-aminobenzothiazole from 2-halo-
substituted thioureas, utilizing either PdCl2 or CuI as the catalyst (Scheme 2.14) [11]. 
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Scheme 2.14  Patel’s palladium and copper-catalyzed synthesis of benzothiazoles. 
 
       In many instances, the reactions involving substrates with less reactive 2 -halo 
groups favored the C–H activation via palladium rather than proceeding through the 
dehalogenation pathway. The specificity of the reactions is influenced by the choice 
of the metal catalyst as well as the substituents present on the aryl thioureas. 

 

 
 

Scheme 2.15  Mechanism for the differential selectivity using palladium catalyst. 
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with sulfur to generate intermediate (I). Subsequent reductive elimination produces 
benzothiazoles and regenerates Pd(0) which maintains the catalytic cycle (path I, 
Scheme 2.15). In path II, for substrates containing 2-fluoro or 2-chloro substituents, 
precoordination of sulfur to Pd leads to the formation of a palladacycle either via 𝜎 
bond metathesis generating intermediate (II) or via a base-assisted deprotonative 
metalation generating intermediate (III). In this pathway, benzothiazole is obtained via 
the C–H activation pathway with the retention of 2-halo (Cl, F) substituents. The in situ 
generated Pd(0) gets oxidized to Pd(II) in the presence of air to continue the catalytic 
cycle. Depending on the nature of the substituents present, they prefer to go either 
via path I or path II and in some cases both paths compete with each other giving a 
mixture of products. In contrast, the Cu catalyzed reaction involves intramolecular C–
S cross-coupling of ortho-halothioureas for all halogens (F, Cl, Br, and I) and proceeds 
through an oxidative insertion/reductive elimination mechanism via a Cu(I)/Cu(III) cycle.  
       From the regioselective intramolecular C–S bond formation during the formation 
of 2-aminobenzothiazole from 2-halo substituted thioureas using Cu and Pd catalyst. 
Palladium prefers the C–H activation pathway over dehalogenative for less reactive 
halogens, such as fluoro. However, no satisfactory explanation for this selectivity 
emerged from the study. For bromo and iodo substituents prefer the dehalogenation 
pathway while chloro substituted thioureas follow either pathway, resulting in both 
types of benzothiazoles. In contrast, Cu favors the dehalogenation pathway for all 
halogens. 
 

       In subsequent research, Patel and co-workers presented an efficient approach for 
synthesizing 2-aminobenzothiazoles from aryl isothiocyanates via Cu(OTf)2-catalyzed 
intramolecular C–H functionalization/C–S bond formation (Scheme 2.16) [40]. Using 10 
mol% of Cu(OTf)2 in toluene and under 1 atm of O2 at 110 °C, both electron-poor and 
-rich substrates were successfully converted into the desired products. 
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Scheme 2.16  The production of 2-aminobenzothiazoles from aryl isothiocyanates 
by copper catalyst. 

 
       This research is consistent with the findings of Nagasawa et al. [40-42]. These 
findings indirectly support the oxidative cyclization mechanism where copper triflate 
is initially coordinated with the sulfur atom leading to a directed ortho-metalation via 
an electrophilic aromatic substitution pathway. This is followed by the formation of a 
six-membered metallacycle and subsequent reductive elimination to give 2 -
aminobenzothiazole. The Cu(0) species formed in this step is oxidized to Cu(II) by 
molecular oxygen thereby maintaining the catalytic cycle (Scheme 2.17). 
 

 
 

Scheme 2.17  Mechanism for copper catalyzed oxidative cyclization of N-arylthiourea. 
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2.3  Computational chemistry  
       Computational chemistry aims to simulate and predict molecular structures and 
properties using a variety of calculations based on quantum and classical physics. 
These approaches greatly minimize the time, costs, and resources required for 
experimental processes. Furthermore, computational chemistry enables the 
exploration of a broader chemical space, which can result in discovering novel and 
unexpected molecules. 
 

       2.3.1  Density Functional Theory (DFT) 
       Density functional theory (DFT) [43-46] is an approach to the electronic structure 
of atoms and molecules that has received a lot of attention since the 1980s and 
1990s. Hartree-Fock theory is the first attempt to develop density functional theory. In 
this theory, the multi-electron wavefunction is expressed as a Slater determinant which 
is made from a set of single-electron wavefunctions. However, density functional 
theory attempts to calculate all electronic energy and the total electronic density 
distribution, while Hartree-Fock theory exactly calculates the overall electron 
wavefunction. The main idea behind density functional theory is a relation between 
all electronic energy and the total electronic density. And later density functional 
theory was developed by Hohenberg and Kohn theory and Kohn and Sham 
theory. Hohenberg and Kohn theory proved that all energy of an electron gas is a 
characteristic function of the electron density. The ground state energy of the system 
and the density are the minimum of the all energy functional which is indeed the 
indeed single-particle density of the ground state. Kohn and Sham theory presented 
that can replace them any electron problem by an equivalent set of self-consistent 
single-particle equations, can called Kohn-Sham (KS) equations. The Kohn-Sham 
overall energy functional is 
 

𝐸[ᴪ𝑖] =  2∑∫ᴪ𝑖(−
ℎ2

2𝑚
) ∇2ᴪ𝑖𝑑

3𝑟 +   ∫𝑉𝑖𝑜𝑛(𝑟)𝑛(𝑟)𝑑𝑟

𝑖

  

+  
𝑒2

2
∫

𝑛(𝑟)𝑛(𝑟 ,)

|𝑟 − 𝑟 ,|
𝑑𝑟𝑑𝑟 ,  +   𝐸𝑥𝑐[𝑛(𝑟)]  +  𝐸𝑛𝑛 

(2.1) 

 
       where the ᴪ𝑖 are electron states 
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 𝐸𝑛𝑛 = ∑
𝑍𝑖𝑍𝑗

|𝑅𝑖 −𝑅𝑗|𝑖𝑗

 (2.2) 

 
       The equation is the Coulomb energy of the nuclei, 𝑉𝑖𝑜𝑛 is the electron-ion 
potential, 𝑛(𝑟) is the electron density. 
 

 𝑛(𝑟)  =   2 ∑ |ᴪ𝑖(𝑟)|
2

𝑁𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑

𝑖=1

 (2.3) 

 
       And 𝐸𝑥𝑐[𝑛(𝑟)] is the exchange-correlation functional. In (Equation 2.3), factor 2 
occurs due to there being contributions from up spin and down spin. Only the 
minimum of the energy functional is the ground state energy of the system that has a 
physical meaning. At the minimum of the energy functional, the electronic states ᴪ𝑖 

are self-consistent solutions of the Kohn-Sham equation. 
 

 𝐻𝐾𝑆ᴪ𝑖(𝑟) = 𝐸𝑖ᴪ𝑖(𝑟),          𝐻𝐾𝑆 = −
ℎ2

2𝑚
∇2  +   𝑉𝐾𝑆[𝑛(𝑟)] (2.4) 

 
with 
 𝑉𝐾𝑆 = 𝑉𝑖𝑜𝑛(𝑟) +  𝑉𝐻(𝑟)  + 𝑉𝑋𝐶(𝑟) (2.5) 

 
       Here  𝐸𝑖 is the Kohn-Sham eigenvalue and 𝑉𝐻  is the Hartree potential of the 
electrons, defined as follows 
 

 𝑉𝐻(𝑟) = 𝑒2 ∫
𝑛(𝑟 ,)

|𝑟 − 𝑟 ,|
𝑑𝑟 , (2.6) 

 
       The exchange-correlation functional 𝑉𝑋𝐶 is the functional derivative of the 
exchange-correlation energy. 
 

 𝑉𝑥𝑐(𝑟) =  
𝛿𝐸𝑥𝑐[𝑛(𝑟)]

𝛿[𝑛(𝑟)]
  (2.7) 

 
       The interacting many-electron system is planed by the Kohn-Sham equation onto 
a system of noninteracting electrons moving into an effective potential. The effective 
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potential shows the effect of the interactions with the other electrons. The theory  
would be feasible if the exchange-correlation energy were clearly known. In operation, 
the exchange-correlation energy must rely on approximate expression. The simplest  
approximation is the local density approximation (LDA). The exchange-correlation 
energy of LDA is assumed to be 
 

 𝐸𝑥𝑐
𝐿𝐷𝐴 = ∫𝑑𝑟𝜖 [𝑛(𝑟)]𝑛(𝑟) (2.8) 

 
       Where is the exchange-correlation energy per unit volume of a homogeneous 
electron gas of density. 
       Once the Kohn-Sham orbitals are determined, the overall energy can be received 
from the simplified equation (Equation 2.1) as follows 
 

𝐸[ᴪ𝑖] =  ∑ 𝐸𝑖

𝑁𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑

𝑖=1

+ ∫𝑑𝑟(
1

2
𝑉𝐻(𝑟) +  𝑉𝑥𝑐(𝑟)) 𝑛(𝑟) + 𝐸𝑥𝑐[𝑛] + 𝐸𝑛𝑛 (2.9) 

 
       The pseudopotential idea is used to simplify the treatment of a many-electron 
system. By dividing the electrons of the atoms into core electrons and valence 
electrons. Then the core electrons are assumed to display only a passive role and the 
terms of pseudopotentials can be described the ion valence electron interaction. The 
pseudopotential idea removes the core electrons and replaces the strong ionic 
potential by a weaker “pseudopotential”. The famous form of pseudopotential is the 
Kleinman and Bylander form. 
 

 𝑉𝑖𝑜𝑛(𝑟) =  𝑉𝑝𝑠,𝑙𝑜𝑐𝑎𝑙(𝑟)+ ∑ ∑
𝜙𝑙𝑚(𝑟)∆𝑤𝑙(𝑟)∆𝑤𝑙(𝑟

,)𝜙𝑙𝑚(𝑟 ,)

∫𝑑𝑟 𝜙𝑙𝑚(𝑟)∆𝑤𝑙(𝑟)𝜙𝑙𝑚(𝑟)

𝑙

𝑚=−1𝑙

 (2.10) 

 
       Where ∆𝑤𝑙(𝑟) =  ∆𝑤𝑙(𝑟)− 𝑉𝑝𝑠,𝑙𝑜𝑐𝑎𝑙(𝑟). The function 𝑤𝑙 , 𝑉𝑝𝑠,𝑙𝑜𝑐𝑎𝑙(𝑟), and 𝜙𝑙𝑚 are 
determined by solving the Schrodinger equation, projecting out the core state, and 
receiving a potential for the valence state. The scattering properties of potential should 
be conserved and this potential could be transferable led to it should exactly describe 
the valence electrons in different chemical environments. 
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       Figure 2.2  Flowchart of density functional theory (DFT) calculation. shows the 
flowchart of the self-consistent calculation of the Kohn-Sham states ᴪ𝑖. The sum of 
the atomic densities is the initial density 𝑛0(𝑟). The Kohn-Sham equation is then solved 
self-consistently. When some convergence criterion is reached, the self-consistency 
cycle is stopped. The two most ordinary criteria depend on the difference in the total 
energies or densities at repetitions 𝑖 and 𝑖 − 1, i.e., the cycle is stopped when 
|𝐸𝑖 −𝐸𝑖−1| < ƞ or ∫𝑑𝑟|𝑛𝑖(𝑟) − 𝑛𝑖−1(𝑟)| < ƞ, where 𝐸𝑖 and 𝑛𝑖 are the overall energy 
and density at repetition 𝑖 and ƞ is a determination tolerance parameter. If the self-
consistency criteria are not satisfied, then one continues to repeat. In principle, the 
starting density in the new cycle would be the density obtained in the prior step. In 
solving the nonlinear Kohn-Sham equations which led to instabilities. This problem has 
been avoided by various density-mixing schemes. The commonly used pattern is linear 
mixing, when the two prior repetitions were proposed, the new density is a linear 
combination of the densities. 
 
 𝑛𝑖+1 =  𝛼𝑛𝑖 + (1 − 𝛼)𝑛𝑖−1 (2.11) 

        
       Where 𝑛𝑖 is obtained from (Equation 2.3). 
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Figure 2.2  Flowchart of density functional theory (DFT) calculation. 
 
       2.3.2  Basis sets 
       The basis sets [44-46] most normally used in quantum mechanical calculations 
are composed of atomic functions. The Slater type orbitals are a clear alternative. 
Unfortunately, Slater functions are not especially responsible for implementation in 
molecular orbital calculations. The reason is because some of the integrals are difficult 
to evaluate, particularly when the atomic orbitals are centered on different nuclei. It 
is relatively straight-forward to calculate integrals involving one or two centers. Three- 
and four-centre integrals are also plausible with Slater functions if the atomic orbitals 
are located on the same atom. But if the atomic orbitals are based upon different 
atoms, three- and four-centre integrals are very difficult to calculate. The Slater orbitals 
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are replaced by ab initio calculations with functions based upon Gaussians. The 
Gaussian function has the form exp(𝛼𝑟2) and the basis functions are used in ab initio 
calculations consisting of integral powers of 𝑥, 𝑦 and 𝑧 multiplied by exp(𝛼𝑟2). 

 
 𝑥𝑎𝑦𝑏𝑧𝑐exp(−𝛼𝑟2) (2.12) 

 
       𝛼 defines the radial extent (or spread) of a Gaussian function and a function with 
a small value of 𝑎 provides a large spread. The powers of the Cartesian van can 
determine the order of these Gaussian functions such as a zeroth-order function with 
𝑎 + 𝑏+ 𝑐 = 0, a first-order function with 𝑎 + 𝑏 + 𝑐 = 1, etc. Therefore, there is one 
zeroth-order function, three first-order functions and six second-order functions. The 
idea of using Gaussian functions in quantum mechanical calculations is frequently cited 
to Boys [47]. A major strength of Gaussian functions is that the product of two Gaussians 
can be expressed as a single Gaussian, placed along the line joining the centers of the 
two Gaussians 𝑚 and 𝑛. 
 

 exp(−𝛼𝑚𝑟𝑚
2)𝑒𝑥𝑝(−𝛼𝑛𝑟𝑛

2) = exp (−
𝛼𝑚𝛼𝑛

𝛼𝑚 +𝛼𝑛
𝑟𝑚𝑛
2 )exp(−𝛼𝑟𝑐

2) (2.13) 

 
       𝑟𝑚𝑛  is the distance between the centers 𝑚 and 𝑛, and the orbital exponent 𝛼 of 
the combined function is related to the exponents 𝛼𝑚  and 𝛼𝑛 by 
 
 𝛼 = 𝛼𝑚 +𝛼𝑛 (2.14) 

        
       𝑟𝐶 is the distance from point C, which has coordinates. 
 

 𝑥𝑐 = 
𝛼𝑚𝑥𝑚+𝛼𝑛𝑥𝑛

𝛼𝑚 +𝛼𝑛
; 𝑦𝑐 = 

𝛼𝑚𝑦𝑚 +𝛼𝑛𝑦𝑛
𝛼𝑚+ 𝛼𝑛

; 𝑧𝑐 = 
𝛼𝑚𝑧𝑚+𝛼𝑛𝑧𝑛

𝛼𝑚+ 𝛼𝑛
 (2.15) 

 
       𝑥𝑚 ,𝑦𝑚 , 𝑧𝑚 and 𝑥𝑛 ,𝑦𝑛 , 𝑧𝑛 are the centers of the two original Gaussians 𝑚 and 𝑛 
respectively. 
       Consequently, in a two-electron integral of the form (𝜇𝜈|𝜆𝜎), the product 
𝜙𝜇(1)𝜙𝜈(1) can be replaced by a single Gaussian function that is centered at the 
suitable point C. For Cartesian Gaussian calculation is more complicated than the 
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example have been mentioned above due to the presence of the Cartesian functions. 
However, efficient methods for performing the integrals have been invented. 
       Quantum chemists have devised efficient short-hand notation schemes to denote 
the basis set used in an ab initio calculation, although this does mean that a 
proliferation of abbreviations and acronyms is introduced. However, the codes are 
usually quite simple to understand. 
       A minimal basis set is a type of representation that includes only the number of 
functions necessary to describe all the occupied orbitals of an atom. In practical terms, 
this means that for each atom, the basis set contains the atomic orbitals in its 
corresponding shell. For instance, hydrogen and helium require a single 𝑠-type function 
while elements from lithium to neon use the 1𝑠, 2𝑠, and 2𝑝 functions, and so on. The 
STO-3G, STO-4G, and other STO-nG basis sets are examples of minimal basis sets where 
each orbital is approximated using n Gaussian functions. It is found that at least three 
Gaussian functions are required to properly represent each Slater type orbital and so 
the STO-3G basis set is the absolute minimum that should be used in an ab initio 
molecular orbital calculation. In fact, there is often little difference between the results 
obtained with the STO-3G basis set and the larger minimal basis sets with more 
Gaussian functions, although for hydrogen-bonded complexes STO-4G can perform 
significantly better. The STO-3G basis set does perform remarkably well in predicting 
molecular geometries, though this is due in part to a fortuitous cancellation of errors. 
Of course, the computational effort increases with the number of functions in the 
Gaussian expansion. 
       The use of polarization basis functions is indicated by an asterisk (*). Thus, 6-31G* 
refers to a 6-31G basis set with polarization functions on the heavy atoms. Two asterisks 
(6-31G**) indicate the use of polarization (𝑝) functions on hydrogen and helium. The 
6-31G** basis set is particularly useful where hydrogen acts as a bridging atom. Partial 
polarization basis sets have also been developed. For example, the 3 -21G(*) basis set 
has the same set of Gaussians as the 3-21G basis set supplemented by six 𝑑-type 
Gaussians for the second-row elements. This basis set therefore attempts to account 
for 𝑑-orbital effects in molecules containing second-row elements. There are no 
special polarization functions on first-row elements, which are described by the 3-21G 
basis set. 
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       A limitation of minimal basis sets is their inability to effectively describe species 
such as anions or molecules with lone pairs which have a significant electron density 
distributed farther from the nuclear centers. This issue arises because Gaussian bas is 
functions have relatively low amplitudes at distances far from the nuclear centers. To 
address this, highly diffuse functions can be added to the basis set which improves its 
capacity to represent the electron density farther away. Such basis sets are indicated 
by a "+" thus the 3-21+G basis set includes an additional set of diffuse 𝑠- and 𝑝-type 
Gaussian functions for heavy atoms. The notation "++" is used, it indicates that diffuse 
functions are also included for hydrogen atoms in addition to heavy atoms. At these 
levels the terminology starts to become a little unwieldy. For example, the 6 -
311++G(3𝑑𝑓, 3𝑝𝑑) basis set uses a single zeta core and triple zeta valence 
representation with additional diffuse functions on all atoms. The (3𝑑𝑓, 3𝑝𝑑) indicates 
three sets of 𝑑 functions and one set of 𝑓 functions for first-row atoms and three sets 
of 𝑝 functions and one set of 𝑑 functions for hydrogen. This latter convention is 
probably the most generic. One commonly encountered example is the 6-31G(𝑑) basis 
set, which is synonymous with 6-31G*. 
       The basis sets have been considered thus far are sufficient for most calculations. 
However, for some high-level calculations, a basis set that effectively enables the basis 
set limit to be achieved is required. The even-tempered basis set is designed to achieve 
this which each function in this basis set is the product of a spherical harmonic and a 
Gaussian function multiplied by a power of the distance from the origin. 
 
 𝑥𝑘𝑙𝑚(𝜌,𝜃, 𝜙) = exp(−𝜁𝑘

2)𝑟1𝑌𝑙𝑚(𝜃,𝜙) (2.16) 
 

       The orbital exponent is 𝜁𝑘 expressed as a function of two parameters 𝛼 and 𝛽 as 
follows 
 
 𝜁𝑘 =  𝛼𝛽𝑘        𝑘 = 1,2,3,… ,𝑁 (2.17) 

 
       The even-tempered basis set consists of the following sequence of functions: 1𝑠, 
2𝑝, 3𝑑, 4𝑓,…, which correspond to increasing values of 𝑘. The advantage of this basis 
set is that it is relatively easy to optimize the exponents for a large sequence of basis 
functions. 
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       2.3.3  Restricted and unrestricted configurations 
       The derivation of Hartree-Fock equations was performed for a special case of a 
closed shell systems. In a closed-shell configuration, each molecular orbital (MO) is 
occupied by two electrons with opposite spins. Consequently, the total spin of the 
system, which is the (vector) sum of all electron spins, is zero [48]. 
 

 𝑆̂ = ∑𝑆𝑖(𝑖)  = 0

𝑁

𝑖=1

 (2.18) 

 
       This is referred to as a singlet or spin singlet because the multiplicity is defined 
as the number of possible orientations of the total spin, which is 
 
 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑐𝑖𝑡𝑦 = 2𝑆 + 1 (2.19) 

 

is one for S = 0. 
       The S is the spin quantum number and can take half integer and integer values, 
i.e. S=0, 1/2, 1, 3/2, 2 etc. The quantum numbers S come from the allowed values of 
the total spin operator 𝑆̂2 which are S(S+1) in the units of ħ (but in atomic units this is 
1). Therefore, the square of the total spin is S(S+1), where S is the quantum number 
(not S2). By contrast, open shell systems are those where all electrons are not paired. 
For example, a radical or atom with a single unpaired electron is a doublet, because 
S =1/2 and 2S +1 = 2. An atom or a molecule with two electrons with the same spin 
is a triplet, because S = 1, therefore 2S +1 = 3. 
 

Table 2.1  the value of S2 is calculated and compared to S(S+1). 
spin quantum number multiplicity total spin 

S 2S+1 S2 = S(S+1) 

0 1 (singlet) 0 

1/2 2 (doublet) 0.75 
1 3 (triplet) 2 

3/2 4 (quartet) 3.75 
2 5 (quintet) 6 
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       There are two ways to describe the electron configurations in open shell systems, 
restricted and unrestricted. 
 

 
 

Figure 2.3  Spin restricted configurations require both alpha (𝛼) and beta (𝛽) spins to 
occupy the same spatial orbitals (left). For spin unrestricted configurations 
allow each spin (alpha (𝛼) or beta (𝛽)) to occupy different spatial orbital 
(right). 

 

       2.3.3.1  Restricted configurations 
       Restricted open shell wavefunctions have a well-defined value of the total spin 
(S=0, 1/2, 1 etc. which correspond to singlet, doublet, triplet etc.). In quantum 
mechanics, these are eigenfunctions of the total spin operator 𝑆̂2. However, in certain 
cases, the wavefunction with the appropriate spin and antisymmetric cannot be 
accurately represented as a single Slater determinant. 
       An illustrative example is an open-shell singlet, exemplified by the singlet state 
of the oxygen molecule 1O2, the appropriate singlet wavefunction is 
 
   (1,2) =

1

2
[1(1)2(2) +2(1)1(2)][𝛼(1)𝛽(2) − 𝛼(2)𝛽(1)] (2.20) 

 
       This function cannot be expressed as a single determinant but is represented as 
a combination of two determinants. 
 

  (1,2) =
1

√2

[
 
 
 

1

√2
det(

1(1)𝛼(1) 2(1)𝛽(1)

1(2)𝛼(2) 2(2)𝛽(2)
)

+
1

√2
det (

1(1)𝛽(1) 2(1)𝛼(1)

1(2)𝛽(2) 2(2)𝛼(2)
)
]
 
 
 

 (2.21) 

 
       The spin polarization is not considered which arises from the electrons with the 
same spin interact differently than those with opposite spins. 
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       2.3.3.2  Unrestricted configurations 
       Unrestricted wavefunctions permit different spatial distributions for electrons with 
𝛼 spins and 𝛽 spins, allowing for the description of spin polarization. Spin polarization 
arises from exchange-correlation effects due to the interactions of electrons with the 
same spin, particularly in systems with unpaired electrons, such as radicals. However, 
unrestricted wavefunctions do not possess a well-defined value of spin, meaning they 
are not eigenfunctions of 𝑆̂2. They suffer from the spin contamination by states with 
higher spin. For example, singlet states may exhibit contamination from triplet and 
quintet states, while doublets may be contaminated by quartets and sextets. 
 

       2.3.4  Spin density and spin contamination 
 

       2.3.4.1  Spin density [49-50] 
       Electrons within an atom are described quantum-mechanically by their 
wavefunctions, Ψ(𝑟), which are determined by four quantum numbers consisting of 𝑛, 
ℓ, 𝑚𝑙, and 𝑚𝑠. The probability of locating an electron at position 𝑟 within a small 
volume 𝑑𝑟 is represented by the electron probability density or also known as electron 
density. 
 
  𝜌(𝑟) = | (𝑟)|2𝑑𝑟 (2.22) 

 
       The two values of the spin quantum number, 𝑚𝑠 (±½), correspond to two 
possible spin states, leading to the decomposition of the non-relativistic wavefunction, 
𝛹(𝑟), into two orthonormal functions, 𝛹𝛼(𝑟) and 𝛹𝛽(𝑟). The 𝛼 state is called "spin up" 
while the 𝛽 state is called "spin down." The electronic probability density for all 
electrons in the 𝛼 state is represented as 
 
  𝜌𝛼(𝑟) = ∑ |𝛼(𝑟)|

𝑁𝛼
1

2
 (2.23) 

 
       Where 𝑁𝛼 is the total number of 𝛼 electrons. Similarly, the probability density for 
all 𝛽 electrons is expressed as 
 
  𝜌𝛽(𝑟) = ∑ |𝛽(𝑟)|

𝑁𝛽

1

2

 (2.24) 
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The total electronic probability density can thus be expressed as 
 
  𝜌(𝑟) = 𝜌𝛼(𝑟) + 𝜌𝛽(𝑟) (2.25) 

 
       These electron densities are commonly visualized as isodensity surfaces or 
isosurfaces. An isosurface is a three-dimensional representation of all points where a 
particular function (in this case, 𝜌(𝑟)) equals a specified value, known as the isovalue. 
       Electron density isosurfaces are valuable for examining various molecular 
systems. However, in cases where an unpaired electron is displayed, it is often more 
insightful to calculate spin density, which is defined as the difference between the 𝛼 
electron density and the 𝛽 electron density. 
 
  𝜌𝑠(𝑟) = 𝜌𝛼(𝑟) − 𝜌𝛽(𝑟) (2.26) 

 
       Electronic spin density is positive in regions where an electron is more likely to 
occupy the 𝛼 spin state and negative in regions where an electron is more likely to 
occupy the 𝛽 spin state. Experimentally, electronic spin density is measured using 
electron paramagnetic resonance (EPR). Computationally, it is visualized through an 
isosurface, similar to the representation used for the total electron density. 
       In calculating the spin density, one issue that must be taken into account is spin 
contamination. In unrestricted self-consistent field (SCF) calculations, the alpha and 
beta electrons and their corresponding orbitals are computed separately. As a result, 
the wavefunction is no longer considered an eigenfunction of the total spin, <S2>, 
which introduces errors into the calculation. This error, referred to as spin 
contamination, indicates that a given wavefunction appears to be in a given spin state 
but is actually mixed with a different spin state. High levels of spin contamination can 
impact the total energy, geometry, population analysis, and spin density of the system.  
 

       2.3.4.2  Spin contamination [51-53] 
       Introductory explanations of Hartree-Fock calculations (generally employing 
Rootaan's Self Consistent Field (SCF) approach) typically concentrate on singlet 
systems where all electron spins are coupled. The computation can be performed 
with relative ease when assuming the calculations are restricted to two electrons 
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occupying each orbital. This is commonly termed a spin restricted Hartree-Fock (RHF) 
calculation. For systems exhibiting a multiplicity other than one, the RHF method 
cannot be directly applied. Instead, an unrestricted self-consistent field (UHF) 
calculation is typically employed. In this approach, two separate sets of orbitals are 
established, one for the alpha electrons and another for the beta electrons. Generally, 
both sets of orbitals utilize the same basis functions but feature distinct molecular 
orbital coefficients. The benefit of unrestricted calculations is their ability to be 
executed with high efficiency. However, the disadvantage is that the wave function is 
no longer an eigenfunction of the total spin, <S2>, which may introduce certain errors 
into the calculation. This issue is known as spin contamination. 
       Spin contamination leads to wave functions that appear to be the intended spin 
state but actually contain a mixture of other spin states. This can occasionally cause 
the computed total energy to decrease slightly due to increased variational flexibility. 
It more commonly causes a slight increase in the total energy as a higher energy state 
is introduced into the mix. However, this variation is an artifact of an incorrect 
wavefunction. Since the error is not systematic, the energy difference between states 
will be negatively impacted. High levels of spin contamination can impact the 
geometry, population analysis and notably distort the spin density. 
       Most ab initio programs provide the expectation value of the total spin, <S2>, to 
detect spin contamination. In the absence of spin contamination, this value should 
equal S(S+1) where S is 1/2 times the number of unpaired electrons. Spin 
contamination is considered negligible if the value of <S2> differs from S(S+1) by less 
than 10%. Spin contamination frequently occurs in unrestricted Hartree-Fock (UHF) 
calculations as well as in unrestricted Møller-Plesset (UMP2, UMP3, UMP4) calculations. 
In contrast, significant spin contamination is less commonly observed in density 
functional theory (DFT) calculations, even when employing unrestricted Kohn-Sham 
orbitals. Unrestricted calculations often incorporate a spin annihilation step which 
eliminates a significant portion of the spin contamination from the wavefunction during 
the calculation process. This approach aids in reducing spin contamination, but it does 
not entirely eliminate it. The final value of <S2> serves as the most reliable indicator 
of the level of spin contamination present. 
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       For example, an unrestricted calculation on a CH radical presents a doublet (spin 
multiplicity of 2), with the total spin S2 expected to be 0.75.  
 
Annihilation  of  the  first  spin  contaminant :  
S**2  before  annihilation              0.7529,               after              0.7500 

 
       The <S2> value after the UHF calculation was 0.7529 which is slightly higher than 
0.75. This suggests that the wavefunction was influenced by a higher spin, although 
the contamination was not excessive. Gaussian attempts to correct for the 
contamination using a method known as spin annihilation. In this instance, the 
contribution from the higher spin component was completely eliminated, resulting in 
the accurate spin value of 0.75. 
 

2.4  Kinetic isotope effect 
       The kinetic isotope effect (KIE) displays the substitution of isotope affects the 
reaction rate. This valuable method for elucidating reaction mechanisms and 
identifying whether a specific bond is cleaved during the rate-determining step. The 
KIE is typically assessed by replacing a hydrogen atom in the bond of interest with a 
deuterium atom. In these instances, the KIE is represented as the ratio of the rate 
constants, kH/kD. The KIE can be classified in several ways, including as primary or 
secondary and as normal or inverse.To elucidate the basis of the KIE, attention will be 
given to the primary KIE where C–H or C–D bond cleavage happens during the rate-
determining step. 
       Examine the homolytic cleavage of C–H and C–D bonds. The activation energy 
for reaction is determined by the gap between the dissociation energy and the lowest 
vibrational level which corresponds to the zeroth (𝑛 = 0 in Equation 2.27). At 300 K, 
this lowest energy state accounts for up to 99% of C–H bonds and is referred to as the 
zero-point energy (ZPE). 
 
  𝐸𝑛 = (𝑛 +

1

2
) ℎ𝑣       𝑤ℎ𝑒𝑟𝑒 𝑛 = 0,1, 2,… (2.27) 

 
       The chemical bond can be likened to a spring with masses at both ends, allowing 
the vibrational frequency of the bond's stretching motion to be calculated using the 
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classical spring model (Equation 2.28). By combining Equation 2.27 with Equation 2.28, 
we can establish that the zero-point energy (ZPE) is inversely related to the square 
root of the reduced mass (𝑚𝑟). Since the 𝑚𝑟 for a C–D bond is higher than that of a 
C–H bond (𝑚𝑟

𝐶𝐻 = 1.08, 𝑚𝑟
𝐶𝐷 = 1.71), the ZPE for the C–D bond is lower. This implies 

that the higher activation energy (𝐸𝑎) for a C–D bond, resulting in a slower dissociation 
rate that leads to the KIE greater than 1. 
 

  𝑣 =
1

2𝜋
√

𝑘

𝑚𝑟
       𝑤ℎ𝑒𝑟𝑒 𝑚𝑟  =

𝑚1𝑚2

𝑚1+𝑚2
 (2.28) 

 
       By assuming that the bond is fully broken at the transition state, we can estimate 
the maximum KIE using Equation 2.29. At 300 K, the KIE for a C–H bond with a 
vibrational frequency of 3000 cm⁻¹ is roughly 6.5. 
 

 

 𝐾𝐼𝐸𝑓𝑢𝑙𝑙 =
𝑘𝐻

𝑘𝐷
= 𝑒𝑥𝑝 (−

𝐸𝑎
𝐶𝐻−𝐸𝑎

𝐶𝐷

𝑅𝑇
) 

          = 𝑒𝑥𝑝 (−
𝐸𝑙𝑖𝑚−𝑍𝑃𝐸𝐶𝐻− (𝐸𝑙𝑖𝑚−𝑍𝑃𝐸𝐶𝐷)

𝑅𝑇
) 

             = 𝑒𝑥𝑝 (
𝑍𝑃𝐸𝐶𝐻 −𝑍𝑃𝐸𝐶𝐷

𝑅𝑇
) = 𝑒𝑥𝑝 (

∆𝑍𝑃𝐸𝑟𝑒𝑎𝑐𝑡

𝑅𝑇
) 

(2.29) 

 
       Examples of complete bond breakage at the transition state are uncommon and 
primary kinetic isotope effect (KIE) values are usually below 6.5. In most cases, the 
bond is only partially cleaved or an alternative bond starts to form concurrently at the 
transition state. When a bond is not fully dissociated, it exhibits different zero-point 
energies for the C–H and C–D cases (similar to the ground state) but the bond in the 
transition state is less robust, resulting in a smaller difference in the ZPE. Although the 
activation energy remains greater for the deuterated substrate compared to the non-
deuterated version, the disparity in activation energies is lower than in cases of full 
dissociation, leading to lower values of the KIE (Equation 2.30). 
 

 

 𝐾𝐼𝐸𝑝𝑎𝑟𝑡 =
𝑘𝐻

𝑘𝐷
= 𝑒𝑥𝑝 (−

𝐸𝑎
𝐶𝐻−𝐸𝑎

𝐶𝐻

𝑅𝑇
) 

                       = 𝑒𝑥𝑝(−
𝑍𝑃𝐸𝑇𝑆

𝐶𝐻− 𝑍𝑃𝐸𝐶𝐻− (𝑍𝑃𝐸𝑇𝑆
𝐶𝐷− 𝑍𝑃𝐸𝐶𝐷)

𝑅𝑇
) 

                   = 𝑒𝑥𝑝 (
𝑍𝑃𝐸𝐶𝐻−𝑍𝑃𝐸𝐶𝐷 − (𝑍𝑃𝐸𝑇𝑆

𝐶𝐻−𝑍𝑃𝐸𝑇𝑆
𝐶𝐷)

𝑅𝑇
) 

     = 𝑒𝑥𝑝 (
∆𝑍𝑃𝐸𝑟𝑒𝑎𝑐𝑡 −∆𝑍𝑃𝐸𝑇𝑆

𝑅𝑇
)< 𝐾𝐼𝐸𝑓𝑢𝑙𝑙 

(2.30) 
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       Equation 2.30 facilitates the comparison of experimental KIE with theoretical 
values by utilizing zero-point energies derived from calculations.  
       There are three common approaches to measuring the KIE. 
       1)  Performing two separate experiments, one with a substrate containing a C–H 
bond and another with a substrate containing a C–D bond and then measuring the 
rate constants for each. 
       2)  Carrying out a competitive experiment involving deuterated and non-
deuterated substrates where the KIE is measured based on the relative amounts of 
products formed from each substrate or by tracking the depletion of the starting 
materials. 
       3)  Performing an intramolecular competition experiment using a substrate 
containing both hydrogen and deuterium atoms in equivalent positions. In this 
scenario, the KIE can also be determined by the relative amounts of product resulting 
from the functionalization of the C–H or C–D bonds. 
       These approaches can yield different KIE values for the same reaction, depending 
on the relation between the rate-determining step (RDS) and the C–H cleavage step. 
By analyzing the KIE values derived from two or more of these techniques, researchers 
can gain important insights into the reaction mechanism and the position of the 
elementary steps relative to one another. For example, if the RDS coincides with the 
C–H cleavage step, the KIE will be detected in all three experimental approaches. 
Conversely, if the RDS occurs before the C–H cleavage step and the substrate 
containing the bond of interest is not engaged in this step, the KIE will only be detected 
with the second and third methods. This discrepancy arises because the product 
distribution is determined by the rate differences in C–H bond cleavage, irrespective 
of whether it is the RDS. In the first method, the reaction rates for both deuterated 
and non-deuterated substrates will be identical, resulting in no observable KIE. Further 
details and analysis of other potential reaction scenarios can be found in a recent 
publication by Simmons and Hartwig [54]. 
       The KIE is an effective and straightforward technique for investigating reaction 
mechanisms, providing critical information about which bond is cleaved during the 
reaction and at what stage it occurs [55]. 
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2.5  Literature reviews 
       Sharma et al. [18] reported an efficient approach to the preparation of 2-
aminobenzothiazoles. The authors utilized a ruthenium catalyzed intramolecular C–S 
coupling reaction of N-arylthioureas for the synthesis of 2-aminobenzothiazoles that 
has been developed. They used kinetic, isotope labeling and some limited 
computational studies to shed light on the catalytic mechanism (Scheme 2.18). They 
propose an electrophilic ruthenation pathway instead of a direct C–H activation. The 
scope of the method was also examined for the diverse N-arylthioureas.  
 

 
 

Scheme 2.18  Ruthenium catalyzed intramolecular C–S coupling leading to 2- 
                    aminobenzothiazole. 
 
       The authors performed some limited theoretical calculations using the hybrid DFT 
based B3LYP functional to provide insights into the reaction mechanism. They replaced 
the morpholino group with hydrogen for the simplicity of calculation and used p-
cymene and chlorine (Cl) as ligands in the ruthenium complex within their system. 
They evaluated three possible intermediates in the proposed mechanism (Figure 2.4). 
The structure 12 displayed an interaction between Ru and C2 of phenyl ring with a 
bond distance of 2.47 Å and the hydrogen attached to C2 was distorted from planarity 
by approximately 17°. Following the reaction mechanism, the corresponding transition 
state was identified where the hybridization of C2 of phenyl has been changed from 
sp2 to a distorted sp3, supporting the formation of the structure 13. The strong 
interaction between C2 and the electrophilic Ru(II) promotes the breaking of the C−H 
and Ru−Cl bonds, leading to the formation of 14 and HCl. The energy barrier for this 
reaction is calculated to be 26.5 kcal/mol. However, the secondary kinetic isotope 
effect (KIE) suggests that the C−H bond breaking is not the rate-determining step. 
Instead, it is associated with the change in hybridization state (from sp2 to sp3) of the 
arene carbon to which either the proton or deuterium is attached [56]. 
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Figure 2.4  Calculated structures of 12, 13, and 14 using DFT method. 
 
       The methodology exhibited broad substrate scope and diversity which cover a 
range of electron-donating and withdrawing groups. Notably, in substrates with an 
electron-donating substituents, the cationic charge present in the structure 13 on the 
phenyl ring is effectively stabilized by the presence of the electron-rich group. In 
contrast, electron-withdrawing substituents on the phenyl ring destabilize the structure 
13, leading to slower reactions. The authors observed that electron-rich N-
phenylthiourea exhibited a reaction faster than electron-deficient N-phenylthiourea. It 
was proposed that this was influenced by the direct coordination of the substituent 
with the ruthenium complex (Figure 2.5). 
 

 
 

Figure 2.5  Explanation for the rational behind the regiochemical outcome of NO2− 
                phenylthiourea.  

 
       In 2020, Henry et al. [21] explored the iron-catalyzed synthesis of 2-
arylbenzoxazoles and 2-arylbenzothiazoles. They developed two distinct methods for 
these syntheses, utilizing iron(III)-triflimide to activate N-bromosuccinimide (NBS). The 
first method involves the one-pot cyclization of N-arylbenzamides via a regioselective 
iron(III)-catalyzed bromination reaction, followed by a copper(I)-catalyzed C−O bond 
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formation. The second method achieves direct cyclization of N-arylthiobenzamides 
through iron(III)-mediated bromination, followed by intramolecular electrophilic 
aromatic substitution reaction. Both approaches were applied to a wide range of 
substrates, resulting to the synthesis of a small library of products, including two 
compounds of pharmaceutical significance. It is notable that the single step C−S bond 
forming process occurs under milder conditions than typically required for this type of 
cyclization, resulting in a cleaner generation of the desired compounds. 
       In 2020, Gao et al. [57] presented an efficient and mild method for the synthesis 
of 2-substituted benzothiazoles using readily available arylthioureas and NiBr 2 as the 
catalyst. This approach offers good yields, lower costs, simpler performance, and 
reduced reaction time. Additionally, the scalability of the reaction without significant 
loss in yield shows its potential for pharmaceutical and industrial applications. After 
determining the optimized reaction conditions, the scope of substrates for the 
synthesis of 2-dimethylamino-benzothiazoles was investigated. A variety of substrates 
containing electron-withdrawing or electron-donating groups were efficiently and 
rapidly converted to the desired products. Initially, phenylthioureas with halogen 
substituents in the para-position provided excellent yields (83−86%). However, 
stronger electron-withdrawing groups, such as nitro and cyano, slightly reduced the 
yields. On the other hand, substrates with electron-donating groups gave excellent 
yields (90−94%). 
       In 2020, Ongagna et al. [58] studied a series of [M(NHC)2X2] (where M is nd8 
transition metal and X represents halogens Cl, Br and I) were optimized in the gas 
phase using three different functionals (B3LYP, M06 and B3PW91) and two basis sets. 
The Lanl2DZ basis set was applied to nd8 transition metals and halogens while 6-
311+G(d,p) was used for other atoms. The performance of these methods was 
compared by examining the bond distances between metal and carbon (C–M) as well 
as metal and halogen (M–X) atoms. The B3PW91 functional yielded bond distances 
closest to experimental data. Additionally, the calculated total energies showed that 
the complexes favored a normal coordination mode for binding. The bond critical 
point (BCP) analysis suggested that the M–X bonds are more stable than the M–C 
bonds, and the hybridization of metal cation in C–M and C–X bonds are ~dsp2, with 
increased d character when moves from nickel (Ni) to platinum (Pt). Charge 
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decomposition analysis (CDA) revealed that Pt-halide complexes had lower |d/b| ratios 
due to the relativistic effects that contracts the s and p orbitals and diffuse d and f 
orbitals. 
       In 2022, Broudic et al. [59] investigated reaction conditions using palladium and 
copper to successfully cyclize cyanothioformamides into benzothiazoles substituted 
at various positions, with a versatile carbonitrile group at C2. The presence of 2 equiv 
of potassium iodide (KI, as an inorganic additive) was found to be essential for better 
conversion, and air was essential for reoxidizing Pd0 at the end of the reaction. The C–
H functionalization/C–S bond formation reactions generally produced good to 
excellent yields, enabling the synthesis of a broad range of benzothiazole derivatives. 
Compared to previous studies, this method generated only one regioisomer, except in 
cases of unsymmetrical 3,5-disubstituted thioformanilides where steric hindrance 
influenced the outcome. This approach also facilitated the formation of 
polyfunctionalized 2-cyanobenzothiazoles, useful as building blocks for more complex 
heterocyclic systems or for applications in molecular labeling. 
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Chapter 3 

Research methodology  
 

       To investigate the mechanistic proposals and obtain insights into the ruthenium-
catalyzed formation of 2-aminobenzothiazoles from N-arylthioureas, the density 
functional theory (DFT) method was utilized. A model of the most efficient catalyst 
identified by Sharma et al. (RuCl3, 89%) [18] was first created to validate the current 
mechanistic proposal. An octahedral complex [60-62] consisting of RuCl3, N-
arylthiourea, and three water molecules was generated, consistent with Scheme 3.1. 
The peroxide oxidizing agent potassium monopersulfate (oxone) was modeled with 
hydrogen peroxide for reasons of computational efficiency [63-64].  
 

 
 

Scheme 3.1  Proposed mechanism leading to the preparation of 2-aminobenzothiazoles. 
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       The study led to the design of the plausible mechanisms as shown in Scheme 
4.1, where Pathway A (blue) had a mechanistic process comparable to that described 
by Sharma et al. in Scheme 3.1. Pathway B (green) showed a slightly different reaction 
sequence from Pathway A, and Pathway C (red) represented an alternative route for 
the generation of benzothiazole products. Additionally, the non-catalyzed reaction 
involving the substrate, hydrogen peroxide, and water was also examined for 
comparison. 
       After obtaining insight into the reaction mechanism, the correlation between the 
rate-determining barrier and the yields for 10 N-arylthioureas was explored to assess 
the validity of the new mechanistic proposal. As shown in Figure 3.1, 10 N-arylthioureas 
cover a range of electron-donating/neutral (MeO, H) and withdrawing groups (F, Cl, Br, 
I, and NO2) at different positions (ortho-, meta-, and para- positions) of the aryl 
thioureas. These generate the corresponding products with yields ranging from 
55−91%.  
 

 
 

Figure 3.1  The yield for 10 N-arylthioureas which cover a range of electron-
donating/neutral (MeO, H) and withdrawing groups (F, Cl, Br, I, and NO2) 
at the ortho-, meta- and para- positions of the aryl thioureas. 
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Computational details 
       All calculations were performed using the Gaussian 16 program using the 
UB3PW91 functional [65], a commonly used method in Ru-based research [58, 66]. 
Geometry optimizations were carried out using the 6-31+G** basis set for H, N, O, and 
S atoms and using the LANL2DZ for Ru (∆E) [24, 67-69]. Single-point energies (ΔEsp) 
were then calculated using the 6-311++G** basis set for H, N, O, and S atoms, and 
def2-TZVP for Ru [70-71]. The existence of doublet and quartet spin states (M) was 
examined since it has been shown that benzothiazole synthesis can follow a free 
radical process [72-73]. Stationary points displaying spin contamination were excluded 
(i.e., <S2> ≥5% from the expected value).  
       Stationary points were validated through an analysis of their vibrational 
frequencies. Transition states exhibited a single vibration with a negative eigenvalue 
while minima showed only positive values. Free energies (ΔG) were calculated using 
the zero-point energies and thermal corrections were calculated at 298.15 K. 
       The Discovery Studio 2019 Client program (DSV) was used to create 3D structure 
analysis of stationary points and all 2D structures were drawn by the ChemSketch 
program. 
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Chapter 4 

Results and discussion 
 

       The DFT computational method was used to shed further light on the 
mechanistic proposals associated with the ruthenium catalyzed formation of                          
2-aminobenzothiazoles from N-arylthioureas. The calculation results display three 
possible mechanistic routes (Pathway A, B and C). The chemical structures of stationary 
points obtained on three mechanistic pathways leading to 2-aminobenzothiazole are 
illustrated in Scheme 4.1. The corresponding energies are given in Table 4.1. The 
reliability of calculated energy values was verified by the strong correlation between 
the ∆E, ∆Esp and ∆G values with R2 being 0.99 as shown in Figure S1, only the ∆E 
values will be referenced henceforth. The energy profile of optimized structures is 
shown in Figure 4.1. 
       In Scheme 4.1, the key changes in charge and spin density are described 
throughout the chemical reaction. The use of single headed (homolytic) and double 
headed (heterolytic) arrows clarifies the complex alterations in bonding and the 
electron movement within the system. Ruthenium remains in the d5 (+3 oxidation 
state) throughout the reaction, however significant charge transfer occurs onto the 
different positions, including the N-arylthiourea atoms, the peroxide while the O−O 
bond breaks, or its coordinating ligands (H2O and Cl). The required reactions involve H 
atom or H+ proton transfers and oxidative electron transfers occur in a concerted 
system via different centers, which can be considered through proton coupled electron 
transfer (PCET) processes [72-73]. The movement of bonding electrons in Scheme 4.1 
are colored to represent the three distinct reaction pathways that have been identified, 
while any internal electron transfers are indicated using gray arrows. 
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Scheme 4.1  llustration of the discrete steps involved in the production of 2- 
                   aminobenzothiazole from N-arylthiourea. 
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Table 4.1  The computed ∆E and ∆G energies of stationary points using the 
UB3PW91/6-31+G**/LANL2DZ level. The ∆Esp correspond to the single 
point energy of stationary points using the UB3PW91/6-311++G**/def2-
TZVP level. Energies are reported in kcal/mol and relative to the reactant. 
Absolute barriers heights are in parenthesis. 

ID M ∆E ∆G ∆Esp 

REACT 2 0.0 0.0 0.0 

TS1 4 16.2 10.0 10.4 
INT1 4 -33.1 -34.5 -39.7 

TS2 2 9.1 (42.2) 6.6 (41.1) 3.9 (43.6) 
INT2 4 -18.5 -21.6 -25.1 

TS3 2 -7.0 (11.5) -9.5 (12.1) -13.8 (11.4) 

INT3 4 -24.9 -29.5 -34.9 
TS4 4 -12.6 (12.3) -20.3 (9.2) -20.9 (14.0) 

INT4 4 -25.3 -29.7 -32.2 
TS5 2 -22.8 (2.5) -25.8 (4.0) -28.4 (3.8) 

TS6 2 -14.1 (10.8) -16.9 (12.6) -21.4 (13.5) 

INT5 2 -75.9 -71.2 -77.4 
TS7 2 -71.9 (3.9) -70.4 (0.8) -72.4 (5.0) 

TS8 2 -25.4 (7.7) -26.7 (7.9) -32.4 (7.3) 

PROD 2 -77.2 -75.5 -79.3 
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Figure 4.1  Computed reaction energy profile corresponding to the production of 2 - 
                aminobenzothiazole from N-arylthiourea. 
 
       The mechanism for all three pathways initiates with REACT. The calculated 
structure (REACT) consists of an octahedral ruthenium complex formed by N-
arylthiourea and Ru(III)Cl3(H2O)2. This resulting intermediate (REACT) displays Ru–S 
distance of 2.39 Å, while the Ru–Cl and Ru–O distances are found to be ~2.3 Å and 
~2.2 Å, respectively. The stationary point proceeds via a doublet spin state with the 
radical located on the ruthenium atom (Figure S2). Hydrogen peroxide (H2O2) is also 
added in the starting model and a third water molecule, which was a ligand of the 
ruthenium complex, has been displaced by the N-arylthiourea on its association with 
ruthenium. Further investigation revealed that the difference in energy between the 
Ru-water complex and the Ru-N-arylthiourea complex is 3.4 kcal/mol in favor of the 
former. 
 

4.1  Pathway A 
       Mechanistic pathway A in Scheme 4.2, which has a mechanistic process 
equivalent to that described by Sharma et al in Scheme 3.1, is performed to validate 
the mechanistic proposal. This process involves the generation of an electrophilic 
ortho phenyl carbon via Ru−C bond formation and reduction of hydrogen peroxide.  
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Scheme 4.2  The illustration of the production of 2-aminobenzothiazole from  
                   N-arylthiourea through mechanistic pathway A (blue line). 
 
       In the first step, the reactant (REACT) is simultaneously deprotonated by H2O2 of 
both the thiourea nitrogen and a coordinated water molecule in ruthenium complex. 
This leads to the bond breaking of the peroxide bond giving rise to the intermediate 
(INT1). 
       In the transition state (TS1), the peroxide O–O bond distance increases from 1.44 
Å in the REACT to 2.15 Å in TS1, and the two transferring protons have O---H distances 
of ~1.3 Å indicating a PCET event where two electrons have transferred prior as shown 
in Figure 4.2. TS1 preferentially applies in the quartet spin state (3 unpaired electrons) 
and analysis of Natural bond orbital (NBO) indicates a homolytic process with the 
evolving radicals being confined to the ruthenium atom and both peroxide oxygen 
atoms at the transition state (Figure S2). INT1 also favors a quartet spin state with the 
radical electrons located on the ruthenium atom, the substrate phenyl ring and the 
thiourea moiety (Scheme 4.2). The barrier to reaction (TS1) is found to be 16.2 kcal/mol 
while the intermediate (INT1) shows lower energy than the REACT (-33.1 kcal/mol) as 
shown in Table 4.1. 
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       In the process of TS2, Ru−C bond formation is required, which leads to the 
removal of water molecules from the ruthenium complex. TS2 sees the Ru---C 
distance of the intermediate (INT1) shorten from 4.16 Å to 2.41 Å at the transition state 
(TS2). Simultaneously, the Ru−OH2 bond elongates from 2.20 Å in INT1 to 2.29 Å in 
TS2 (Figure 4.2). TS2 proceeds through doublet spin state with an energy barrier of 
42.2 kcal/mol (Table 4.1), while the barrier energy value reported by Sharma et al. [18] 
for Ru–C bond formation was 26.5 kcal/mol. However, the results cannot be directly 
compared because different model system is used. The proton transfer step from the 
ortho carbon can occur in the latter step. Due to the large distance between the ortho 
carbon hydrogen and the ruthenium complex to 4.16 Å makes direct proton transfer 
impossible in conjunction with Ru−C bond formation. 
       INT2 proceeds via the quartet spin state with an intermediate energy of -18.5 
kcal/mol relative to REACT and 14.6 kcal/mol less stable than INT1 (Table 4.1). This 
structure is observed to be consistent with structure C reported by Sharma et al . [18] 
in Scheme 3.1. NBO analysis displays the two radicals exist on the ruthenium complex, 
which can describe that the previous transition state had one radical on aromatic 
carbon in INT1 delocalized to the ruthenium complex. And one radical delocalized 
within the  molecular orbitals (MO) of the thiourea substrate (Scheme 4.2). 
       TS3 involves the proton attached to the ortho carbon of six-membered ring is 
transferred by the urea nitrogen. This process is carried out through proton shuttling 
from the surrounding two water molecules, which are generated from the reduction 
of peroxide and liberated on Ru–C bond formation. The C---H bond distance is 
elongated from 1.09 Å in INT2 to 2.87 Å in TS3. Then the transfer of proton from 
isolated water molecule back to the urea nitrogen. The distance between N---H bond 
is found to be 1.57 Å in TS3 (Figure 4.2), suggesting proton transfer after C–H bond 
breaking. It should be noted that proton shuttling event is performed using a doublet 
spin state and the aromatic ring is re-established through further electron re-
arrangement, i.e. PCET. The energy demand to overcome the transition barrier (TS3) is 
11.5 kcal/mol (Table 4.1), relatively low, as expected in the reaction involving proton 
transfer. 
       INT3 requires proton transfer and ring closure steps to form the product. The 
stationary point adopts the quartet state with radicals located over the ruthenium 
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complex. The resulting intermediate (INT3) has an energy relative to the reactant of -
24.9 kcal/mol and being 6.4 kcal/mol more stable than INT2 (Table 4.1). 
       After INT3 is formed, the reaction can proceed via two routes. Pathway A leads 
to INT4 and TS5 to form PROD while Pathway B proceeds through INT5 to form PROD 
via TS6 and TS7, respectively. 
       For TS4, the investigate focuses on proton transfer to give INT4 lead to ring 
closure as the final step, as proposed by Sharma et al. [18] (Scheme 4.2). At the 
transition state, a proton is shuttled from the thiourea nitrogen to the Ru-bound 
hydroxide via two water molecules. It is found that the existence of hydronium ion in 
the transition state facilitates proton transfer. The corresponding distances are 
observed at N---H distance of 1.36 Å and O---H distance of 1.38 Å as shown in Figure 
4.2. TS4 proceeds preferentially in the quartet state with a barrier to reaction of 12.3 
kcal/mol (Table 4.1).  
       INT4 can be achieved in the quartet spin state with two radicals located on the 
ruthenium complex. Analysis of the Mulliken charge shows that there is a positive 
charge on the ortho carbon of the six-membered ring along with a delocalized radical 
within the substrate  system. This stationary point corresponds to a highly 
electrophilic carbon reported by Sharma et al in structure D (Scheme 3.1). INT4 energy 
is found to be -25.3 kcal/mol relative to REACT and 0.4 kcal/mol lower in energy than 
INT3 (Table 4.1). 
       TS5 is the final step in Pathway A. This transition state involves the five-
membered ring closure via the C–S cross-coupling and re-coordination of a water 
molecule with ruthenium to give an octahedral configuration (Scheme 4.2). The results 
of the Mulliken charge display the positive charge on ortho carbon in six-membered 
ring and the negative charge on thiourea correspond to the C–S bond formation, which 
leads to the formation of PROD. The C---S electrophile-nucleophile distance reduces 
from 3.06 Å in INT4 to 2.57 Å in TS5 (Figure 4.2). TS5 proceeds via a doublet spin state 
with a relatively low barrier of 2.5 kcal/mol (Table 4.1). 
       PROD from this calculation is in the form of 2-aminobenzothiazole bonded with 
ruthenium complex catalyst and the structure is -77.2 kcal/mol lower than REACT 
(Table 4.1). The octahedral Ru-complex is performed using a doublet spin state with 
the radical located on the ruthenium atom. 
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Figure 4.2  Optimized geometries obtained in the production of 2-aminobenzothiazole 

from N-arylthiourea in mechanistic pathway A  (blue line). Key distances are 
illustrated in Å. 

 
 
 

2.96

3.76

1.22

1.19

1.08
1.38

1.14
1.36

2.05
1.72

2.44
1.92

2.47

2.32
2.35

1.41
1.34

1.98

2.47

1.74

2.31

2.35

2.03

INT3 TS4
(M=4) (M=4)

1.39

2.42

3.06

3.79

2.57

3.73

2.01

2.16
2.30

2.512.35

1.73
2.35

1.74
2.44

2.12

2.45

2.34

2.36

2.00

TS5INT4
(M=4) (M=2)

1.341.35 1.361.34

1.77

2.14
2.35

2.16
2.40

1.84

2.43

2.33

PROD
(M=2)

1.30

1.39

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



47 

 
 

4.2  Pathway B 
       As mentioned earlier, INT3 can undergo two catalytic routes, including INT3 to 
INT4 (Pathway A) and INT3 to INT5 (Pathway B). Both routes can yield 2-
aminobenzothiazole as a product. For INT5 to be formed from INT3 via TS6, it is worth 
noting that in this step, the C–S coupling associated with the direct five-membered 
ring closure can occur prior to the proton transfer step. 
 

 
 

Scheme 4.3  The illustration of the production of 2-aminobenzothiazole from N-
arylthiourea through mechanistic pathway B (green line). 
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charge analysis suggest that there is a reduced electrophilicity of the six -membered 
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       INT5 sees the complete C–S cross-coupling to form a five-membered ring and 
the water ligand coordinates with the ruthenium complex (Scheme 4.3). The C–S bond 
length is shortened from 2.75 Å to 1.78 Å in TS6 and INT5, respectively (Figure 4.3). The 
stationary point exists in the doublet spin state and has an energy of -75.9 kcal/mol 
lower than REACT (Table 4.1) due to the re-aromatization of the phenyl ring leads to 
highly exothermic activity. 
       For the reaction to be complete, TS7 proceeds with a proton shuttle from the 
thiourea nitrogen to the Ru-bound hydroxide through two water molecules (Scheme 
4.3). The proton shuttling is displayed in Figure 4.3. The N---H distance is found to be 
1.04 Å in INT5 and is elongated to 1.25 Å in TS7. The O---H distance is shortened from 
1.68 Å in INT5 to 1.48 Å in TS7. This step has a very low energy barrier of 3.9 kcal/mol 
(Table 4.1). 
       As illustrated in Figure 4.1, the rate-determining step for both Pathway A (blue) 
and Pathway B (green) is observed to be TS2, which corresponds to Ru–C bond 
formation. Pathway B is slightly more favored than Pathway A because TS6 is lower 
than TS4 by 1.5 kcal/mol. However, based on the single point energies, the free energy 
barrier of TS4 is lower than that of TS6 by -3.4 kcal/mol, suggesting that both pathways 
can potentially be completed. 
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Figure 4.3  Optimized geometries obtained in the production of 2-aminobenzothiazole 
from N-arylthiourea in mechanistic pathway B (green line). Key distances are 
illustrated in Å. (For REACT, TS1, INT1, TS2, INT2 and TS3 can see at Figure 4.2). 
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4.3  Pathway C 
       A third mechanistic possibility was explored, where the direct formation of the 
Ru−C bond does not contribute to increasing the electrophilicity of the substrate. 
Indeed, this step is the rate-determining step in both Pathways A and B, having an 
energy barrier of 42.2 kcal/mol (Table 4.1 & Figure 4.1). 
 

 
 

Scheme 4.4  The illustration of the production of 2-aminobenzothiazole from N-
arylthiourea through mechanistic pathway C (red line). 

 
       An alternative route (red) begins from INT1 via TS8 (Scheme 4.4) with a modest 
barrier of 16.2 kcal/mol. The transition state involves the ortho carbon proton is 
transferred to the Ru-bound hydroxide and C−S bond formation can occur. In Figure 
4.4, the C−S distance decreases from 3.44 Å in INT1 to 2.47 Å in TS8, which is notably 
shorter than the corresponding distances in the other ring closure transition states (TS5 
and TS6) at 2.57 Å and 2.75 Å, respectively. The proton coupled electron transfer 
(PCET) occurs after the transition state has been traversed as can be seen from the 
short C−H bond distance of 1.09 Å and long O---H interaction distance of 1.98 Å. The 
energy barrier to the reaction in this doublet spin transition state was found to be 7.7 
kcal/mol (Table 4.1). 
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Figure 4.4  Optimized geometries obtained in the production of 2-aminobenzothiazole 
from N-arylthiourea in mechanistic pathway C (red line). Key distances are 
illustrated in Å. (For REACT and TS1 can see at Figure 4.2). 
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Ru increases the electrophilicity of the phenyl ortho carbon and the nucleophilicity of 
the thiolate via electron/charge transfer only. This means that the irreversible oxidative 
step (TS1, 16.2 kcal/mol) is the rate-determining step. Indeed, once INT1 is formed, 
the reverse barrier to reaction is 49.3 kcal/mol. Thus, the subsequent traversal of TS8 
to form the benzothiazole product is facile. In addition, while Sharma et al. [18] found 
that the radical scavenging agent TEMPO does not affect the outcome of the reaction, 
given the low barrier to reaction for the quartet INT1 state, it is plausible that 
insufficient time exists for it to undergo reaction with the radical inhibitor given the low 
barrier to forward reaction. 
       Another important consideration is that KIE (kH/kD) studies were performed using 
a substrate with a deuterated ortho aryl carbon. However, no KIE was observed 
confirming that the transfer of ortho aryl carbon proton (i.e., TS8 or TS3) cannot be 
involved in the rate-determining step. Indeed, this was a key element leading to 
Sharma et al. [18] proposing their original mechanism involving a direct Ru−C bond 
formation (i.e. via TS2). 
       The findings are broadly in agreement with the proposals of Sharma et al. [18], 
yet it appears the role of ruthenium is to increase the electrophilicity of the aryl ring 
not through direct C−Ru bond formation, but rather through charge transfer effects. It 
is found that the oxidation of the peroxide bond (TS1) followed by rapid proton 
transfer and ring closure (TS8) is (a) consistent with the KIE and (b) energetically much 
more favorable than the former. 
  

4.5  Correlation of yield vs. RDS barrier 
       To assess the validity of the new mechanistic proposal, the correlation between 
the predicted rate-determining barrier (TS1) and the yield for 10 N-arylthioureas (9c-
9g, 9i, 9n-9p) which display yields ranging from 91% to 55% had been investigated 
(Table 4.2). These cover a range of electron-donating/neutral (MeO, H) and withdrawing 
groups (F, Cl, Br, I, and NO2). The substituents also cover the ortho-, meta-, and para-  
positions of the aryl thioureas. 
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Table 4.2  Computed energies obtained from the examination of the influence of  
                electron-donating and electron-withdrawing groups substituent on the          
                ortho-, meta-, and para-positions. Energies are relative to the reactant   
                and reported in kcal/mol.  

ID Structure % yield 
TS1 

(M=4) 
PROD 
(M=2) 

9a 
 

87 16.2 -77.2 

9c 
 

85 16.2 -76.4 

9d 
 

79 15.1 -78.0 

9e 
 

75 15.7 -77.0 

9f 
 

73 15.7 -77.0 

9g 
 

67 15.7 -77.2 

9i 
 

91 15.8 -77.0 

9i* 
 

- 16.2 -76.4 

9o 

 

78 17.2 -77.1 

9n 

 

64 17.0 -77.0 

9p 

 

55 18.4 -78.4 
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Figure 4.5  A comparison of TS1 (M = 4) energy barriers and %yield, obtained for 9a 
                and the substituents on the ortho-, meta-, and para-positions. 
 
       A plot of the TS1 energy barriers versus the reported benzothiazole reaction 
yields is reported in Figure 4.5. A relatively weak correlation is observed for all 10 
molecules as can be seen by the R2 of 0.33. The observation can be explained by the 
electron-donating substituents providing greater stabilization of the evolving positive 
charge on the aryl ring at TS1, leading to an increased yield. It should be noted that 
the correlation with the energy barriers of TS2 was also assessed, however, no 
correlation was found (R2 = 0.0). 
       While the overall correlation between the %yields and TS1 barrier is relatively 
weak, It is observed that the correlation markedly improves when the data are broken 
down by the substituent type and/or location. When exemplars with para-substituted 
electron-withdrawing substituents are excluded, R2 = 0.87 is observed (Figure 4.5). The 
latter set (9d, 9e, 9f, and 9g) is found to display much lower yields than would be 
expected based on their generally low barriers. In addition, the correlation within the 
excluded group is also much improved (R2 = 0.54). 
       The discrepancy between the two identified groups would suggest the model 
employed here does not describe some key experimental aspects of the real system. 
Indeed, the sterically less hindered para-substituted halides (9e, 9f, and 9g) potentially 
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undergo side reactions with catalytic metals such as ruthenium and palladium resulting 
in their lower than predicted yields [61, 74-76]. Additionally, the lower than predicted 
yields for 9d could be due to an effect noted by Sharma et al. [18] that the nitro group 
can potentially coordinate with Ru directly, thus leading to reduced reactivity. 
       Finally, it is interesting to note that the meta-methoxy substituent of 9i can 
potentially result in two isomers, denoted 9i and 9i* in Table 4.2. Our calculations 
clearly show that 9i is kinetically and thermodynamically preferred as is expected given 
9i* is not reported under experimental conditions. 
 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



 

 

Chapter 5 

Conclusions 
 

       This study presents a detailed DFT study exploring the mechanism of formation 
of a novel class of benzothiazoles via intramolecular C−S bond formation catalyzed 
via an electrophilic ruthenation pathway. 
        The results are in general agreement with Sharma et al. [18] that ruthenium acts 
to increase the electrophilicity of the aryl ring of the N-arylthioureas. However, our 
results suggest this is limited to charge transfer effects and does not necessitate Ru−C 
bond formation. It is found that the initial oxidative step (TS1) is rate-determining and 
that this is consistent with the observed kinetic isotope effects. Additionally, analysis 
of the relationship between the experimentally reported benzothiazole reaction yields 
and our predicted RDS barriers shows a good correlation giving us further confidence 
in our findings. 
       In summary, the results reported here are in good agreement with the 
experimental data reported on this reaction, showing the value of such calculations in 
synthetic organic chemistry. It shows that such calculations could prove useful to 
rapidly explore the scope of such reactions, predicting reaction selectivity or the 
potential outcomes with new, untested reagents. 
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Suggestions for model design 
 

       From this study, we found that electron-donating and electron-withdrawing 
substituents at the ortho-, meta-, and para-positions of N-arylthioureas significantly 
affect the reactivity. The electron-donating substituent (OMe, 9i) at the meta-position 
was observed to increase the electron density in the neighboring positions, giving the 
para-positions of the substituent higher electron density which led to the formation 
of a C−S bond followed by proton transfer. These results are consistent with the high 
yield of 91% (9i) and the low energy required for the reaction being 15.8 kcal/mol. The 
properties of electron density are useful for predicting the selectivity of reactions. In 
the future, to achieve a higher yield of derivatives, it is possible to select substituents 

with stronger electron-donating properties such as -OH and -NH₂. However, when the 
electron-withdrawing group is substituted at the meta-position, this will result in lower 
electron density at the para-position of the substituent. Therefore, ortho carbon have 
less electrophilicity, leading to reduced C−S bond formation. 
 

 
 

Figure 5.1  Drugs designed for chemical synthesis to improve reactivity for high yield. 
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Appendix A: Supporting information  
 

 
 

Figure S1.  Correlation between the calculated ∆E, ∆G (red square) and ∆Esp (black 
dot) for stationary points in this study. 

 
 

 
 

Scheme S1.  Uncatalyzed reaction pathway (yellow pathway). 
 
 
 
 
 
 
 

y = 0.95x - 4.06
R² = 0.99

y = 0.99x - 6.02
R² = 0.99

-100

-80

-60

-40

-20

0

20

-100 -80 -60 -40 -20 0 20

E
n

e
rg

y
 ∆

G
 o

r 
∆

H
s
p

k
c
a
l/
m

o
l 

Energy ∆H kcal/mol 

∆G

∆Hsp

Δ
G

 o
r 

Δ
E

s
p

k
c
a
l/
m

o
l

ΔE kcal/mol

ΔG 

ΔEsp

y = 0.95x – 4.06

R2=0.99

y = 0.99x – 6.02

R2=0.99

20

0

-20

-40

-60

-80

-100
-100 -80 -60 -40 -20 0 20

N

H

N

S

O

H

R

O
O

H
H

OH2
OH2

N

N

S

OR

REACT PROD

TS

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



68 

 
 

Table S1.  The values of <S2> before and after annihilation of spin contamination. 

 
Multiplicity=2 Multiplicity=4 

<S2> 
before 

<S2>  
after 

%error 
<S2> 

before 
<S2>  
after 

%error 

REACT 0.7549 0.7500 0.00 3.7682 3.7501 0.00 
TS1 1.7646 0.8107 8.09 3.7678 3.7501 0.00 

INT1 1.7856 0.8876 18.35 3.7887 3.7507 0.02 

TS2 0.8367 0.7527 0.36 - - - 
INT2 1.7580 0.8858 18.11 3.7949 3.7509 0.02 

TS3 0.7762 0.7502 0.03 - - - 
INT3 1.2885 0.7662 2.16 3.7713 3.7502 0.01 

TS4 0.9926 0.7563 0.84 3.7714 3.7502 0.01 

INT4 1.3544 0.8062 7.49 3.7765 3.7503 0.01 
TS5 1.3842 0.7856 4.75 - - - 

TS6 0.8332 0.7513 0.17 - - - 
INT5 0.7539 0.7500 0.00 3.7630 3.7501 0.00 

TS7 0.7539 0.7500 0.00 3.7633 3.7501 0.00 

TS8 1.2756 0.7689 2.52 3.7932 3.7508 0.02 
PROD 0.7541 0.7500 0.00 3.7653 3.7501 0.00 
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Table S2.   Computed ∆E, ∆G and ∆Esp energies of reactant, transition state structures, 
intermediates and product. Energies are in kcal/mol and relative to REACT. 
Values given in parenthesis are the barriers relative to their corresponding 
minima. 

 
Multiplicity 2 Multiplicity 4 

∆E ∆G ∆Esp ∆E ∆G ∆Esp 

REACT 0.0 0.0 0.0 - - - 

TS1 - - - 16.2 
(16.2) 

10.0 
(10.0) 

10.4 
(10.4) 

INT1 - - - -33.1 -34.5 -39.7 

TS2 9.1  
(42.2) 

6.6  
(41.1) 

3.9  
(43.6) - - - 

INT2 - - - -18.5 -21.6 -25.1 

TS3 -7.0 
(11.5) 

-9.5 
(12.1) 

-13.8 
(11.4) - - - 

INT3 -16.7 -21.1 -24.8 -24.9 -29.5 -34.9 

TS4 -7.8 
(17.1) 

-15.1 
(14.4) 

-13.6 
(21.3) 

-12.6 
(12.3) 

-20.3 
(9.2) 

-20.9 
(14.0) 

INT4 - - - -25.3 -29.7 -32.2 

TS5 -22.8 
(2.5) 

-25.8 
(4.0) 

-28.4 
(3.8) - - - 

TS6 -14.1 
(10.8) 

-16.9 
(12.6) 

-21.4 
(13.5) - - - 

INT5 -75.9 -71.2 -77.4 -63.1 -65.5 -64.7 

TS7 -71.9 
(3.9) 

-70.4 
(0.8) 

-72.4 
(5.0) 

-59.8 
(16.0) 

-65.1 
(6.1) 

-60.7 
(16.7) 

TS8 -25.4 

(7.7) 
-26.7 

(7.9) 
-32.4 

(7.3) 
-20.6 

(12.5) 
-21.3 

(13.2) 
-27.7 

(11.9) 
PROD -77.2 -75.5 -79.3 -57.8 -60.9 -59.8 
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Figure S2.  Spin density for  
                stationary points. 
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Figure S3.  Mulliken charges for  
                stationary points. 
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Table S3.  Computed ∆E, ∆G and ∆Esp energies obtained from the examination of the influence of electron-donating and electron-withdrawing 
groups substituent on the ortho-, meta-, para- positions. Energies are relative to the reactant and reported in kcal/mol. Values given 
in parenthesis are the barriers relative to their corresponding minima. 

Structure 
% 

Yield 

TS1 
M=4 

INT1 
M=4 

TS2 
M=2 

TS8 
M=2 

PROD 
M=2 

∆E ∆G ∆Esp ∆E ∆G ∆Esp ∆E ∆G ∆Esp ∆E ∆G ∆Esp ∆E ∆G ∆Esp 

9a 87 
16.2 
(16.2) 

10.0 
(10.0) 

10.4 
(10.4) 

-33.1 -34.5 -39.7 
9.1 

(42.2) 
6.6 

(41.1) 
3.9 

(43.6) 
-25.4 
(7.7) 

-26.7 
(7.9) 

-32.4 
(7.3) 

-77.2 -75.5 -79.3 

9c 85 
16.3 
(16.3) 

10.0 
(10.0) 

10.5 
(10.5) 

-41.1 -41.1 -47.5 
5.9 

(47.0) 
5.2 

(46.3) 
0.8 

(48.3) 
-28.2 
(13.0) 

-27.8 
(13.3) 

-34.4 
(13.0) 

-76.4 -74.8 -78.7 

9d 79 
15.1 
(15.1) 

8.3 
(8.3) 

9.2 
(9.2) 

-28.6 -31.0 -35.6 
9.7 

(38.3) 
7.1 

(38.1) 
4.3 

(39.9) 
-21.6 
(7.0) 

-22.0 
(9.0) 

-28.8 
(6.8) 

-78.0 -76.7 -80.1 

9e 75 
15.7 
(15.7) 

9.5 
(9.5) 

9.9 
(9.9) 

-35.1 -35.9 -41.7 
8.6 

(43.7) 
6.8 

(42.8) 
3.4 

(45.0) 
-24.3 
(10.7) 

-24.2 
(11.7) 

-31.1 
(10.6) 

-77.0 -75.3 -79.1 

9f 73 
15.7 
(15.7) 

9.2 
(9.2) 

9.9 
(9.9) 

-34.3 -35.5 -40.9 
8.1 

(42.3) 
6.4 

(41.9) 
2.7 

(43.6) 
-24.0 
(10.3) 

-24.2 
(11.3) 

-30.8 
(10.1) 

-77.0 -75.6 -79.2 
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Table S3. (continued) 

Structure 
% 

Yield 

TS1 
M=4 

INT1 
M=4 

TS2 
M=2 

TS8 
M=2 

PROD 
M=2 

∆E ∆G ∆Esp ∆E ∆G ∆Esp ∆E ∆G ∆Esp ∆E ∆G ∆Esp ∆E ∆G ∆Esp 

9g 67 
15.7 
(15.7) 

9.2 
(9.2) 

10.0 
(10.0) 

-34.0 -35.3 -40.7 
8.1 

(42.1) 
6.6 

(41.9) 
3.0 

(43.7) 
-23.8 
(10.1) 

-24.1 
(11.1) 

-30.7 
(10.0) 

-77.2 -75.8 -79.2 

9i 91 
15.8 
(15.8) 

9.5 
(9.5) 

10.1 
(10.1) 

-32.5 -34.1 -39.2 
4.0 

(36.5) 
1.9 

(36.0) 
-1.1 

(38.1) 
-26.4 
(6.2) 

-26.6 
(7.4) 

-33.8 
(5.4) 

-77.0 -75.2 -79.1 

9o 78 
17.2 
(17.2) 

14.4 
(14.4) 

12.1 
(12.1) 

-32.7 -34.0 -39.5 
8.8 

(41.5) 
7.5 

(41.6) 
3.5 

(42.9) 
-22.7 
(10.0) 

-22.9 
(11.1) 

-29.9 
(9.6) 

-77.1 -75.7 -79.2 

9n 64 
17.0 
(17.0) 

14.0 
(14.0) 

11.3 
(11.3) 

-32.8 -34.6 -39.3 
8.8 

(41.6) 
7.1 

(41.7) 
3.6 

(43.0) 
-22.8 
(10.1) 

-23.2 
(11.4) 

-29.6 
(9.8) 

-77.0 -76.1 -78.9 

9p 55 
18.4 
(18.4) 

15.5 
(15.5) 

12.8 
(12.8) 

-34.1 -35.5 -40.5 
7.3 

(41.4) 
6.4 

(41.9) 
2.4 

(42.9) 
-24.4 
(9.8) 

-24.5 
(11.0) 

-31.1 
(9.4) 

-78.4 -77.1 -80.1 
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