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Abstract 

Many synthetic routes to constructing biologically-active heterocyclic compounds are made 

feasible through the (3 + 2) cycloaddition 32CA reactions. Due to a large number of possible 

combinations of several heteroatoms from either the three-atom components (TACs) or the 

ethylene derivatives, the potential of the 32CA reactions in heterocyclic syntheses is versatile. 

Herein, the 32CA  of thiophene-2-carbothialdehyde derivatives and C,N-disubstituted nitrilimines 

have been studied through density functional theory (DFT) calculations at the B3LYP/6-311G(d,p) 

level of theory. In the present study, one-step (3 + 2) and two-step (4 + 3) mechanisms of the 

addition of the TAC and ethylene derivative have been investigated. In all reactions considered, 

the one-step (3 + 2) cycloaddition is preferred over the two-step (4 + 3) cycloaddition. The TAC 

chemoselectively adds across the thiocarbonyl group present in the ethylene derivative in a (3 + 2) 

fashion to form the corresponding cycloadduct. Analysis of the electrophilic (𝑃𝐾
+) and nucleophilic 

(𝑃𝐾
−) Parr functions at the various reaction centers in the ethylene derivative show that the TAC 

adds across the atomic centers with the largest Mulliken atomic spin densities, which is in total 

agreement with the experimental observation. The selectivities observed in the title reaction are 

kinetically controlled. 
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1.0 Introduction 

 Cycloaddition reactions present robust synthetic routes for forming a wide range of products with 

complex stereo- and regio-chemistry. (3 + 2) and Diels-Alder cycloaddition reactions are common 

cycloaddition reactions that provide efficient methods for constructing vital heterocyclic and 

carbocyclic compounds [1–4]. The synthetic applicability of  (3 + 2) cycloaddition (32CA) 

reactions in modern-day chemistry is overwhelming[5,6]. The exact mechanistic peculiarity of a 

particular 32CA reaction depends critically on a delicate interplay of several factors, primarily the 

electronic and steric nature of the substituents on the reacting species [7,8].  

Recently, massive attention has been shifted to the chemistry of compounds containing thioureas, 

thioamides, and thioketones. The extremely reactive nature of thioketones makes them essential 

precursors in the synthesis of heterocyclic compounds. Thioketones serve as efficient ethylene 

derivatives for constructing five-membered heterocyclic compounds [9] of remarkable versatility 

in academia and industry. Thioketones are referred to as “superdipolarophiles” due to their unique 

reactivity towards some types of three-atom components(TAC) [10].  

Huisgen and Rapp [11] reported a 32CA reaction between aromatic thioketones and dimethyl 

acetylenedicarboxylate in chloroform yielding dimethyl 3,3-diphenyl-3H-1,2-dithiole-4,5-

dicarboxylate and benzothiopyran with the latter taking dominance yield. The benzothiopyran and 

related systems have critical biological activity. Koga et al. [10] also reported a similar hetero-

Diels -Alder reaction between aromatic thioketones and benzyne. Similarly, Grzegorz et al. [12] 

reported chemo- and regio-selective hetero-Diels-Alder reaction between hetaryl thioketone and 

activated acetylenecarboxylates followed by a 1,3-hydrogen shift to yield thiopyran derivatives 

with important biological activity. 

Aromatic and cycloaliphatic thioketones have gained significant interest due to their extreme 

reactivity towards a wide variety of TACs [13]. While the one-step mechanism of addition has 
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been mostly reported in literature, the reactions of aryl/hetaryl and dihetaryl thioketone with 

diazoalkanes and thiocarbonyl ylides have been reported to proceed via a diradical two-step 

mechanism [14–17]. Mloston et al. [18] reported a novel 32CA reaction between enantiopure 

carbohydrate-derived nitrones and cycloaliphatic thioketones. The reaction was carried out in 

tetrahydrofuran at room temperature yielding 1,4,2-oxathiazolidines with complete 

regioselectivity. Mloston et. al.[19] reported a regio-selective 32CA between phenyl (thiophen-2-

yl) methanethione (1) with in situ generated N-aryl-C-trifluoromethyl nitrilimine (2) as shown in 

scheme 1. The reaction chemoselectively led to the formation of 2,3-dihydro-1,3,4-thiadiazole 

derivatives (3). The 1,3,4-thiazolidine unit serves as a core structure in the synthetic construction 

of various drugs such as antimicrobial, antineoplastic, analgesics, and antitubercular agents [20].  

Scheme 1: 32CA between phenyl(thiophen-2-yl)methanethione (1) with in situ generated N-aryl-

C-trifluoromethyl nitrilimine (2) [19]. 

 

A manifold of theoretical and experimental studies on reactions of TAC and ethylene derivatives 

have been reported in recent literature. No theoretical study on reactions of aryl hetaryl thioketones 

and nitrile imines are known to the authors. In this work, we present a systematic theoretical study 

on the novel reaction between aryl hetaryl thioketones and nitrile imines. The molecular 

mechanism, substrate reactivity and factors controlling the chemo-, regio-, stereo- and enantio-

selectivities involved in this reaction are conclusively settled. A wide range of substituents with 

different electronic and steric influences on both reactants have been studied to provide molecular-
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level insights into how different substituents affect product distribution. These mechanistic 

concerns are addressed with the aid of proposed reaction schemes 2 and 3. 
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Scheme 2: Proposed Scheme of Study for the 32CA of Thioketones (A1) and C,N-disubstituted Nitrilimines (A2) 
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Scheme 3: Proposed Scheme of Study for the (4 + 3) cycloaddition of Thioketones (A1) and C,N-

disubstituted Nitrilimines (A2) 
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2. Theory and Methods   

A. DFT Calculations and Geometry Optimizations  

Initial geometries of all the molecules considered in this study were constructed with Avogadro 

[21] molecular builder and visualizer, and each geometry was minimized interactively using the 

sybyl force field [22]. Transition state (TS) geomtries were computed by constructing guess input 

structures. This was achieved by constraining specific internal coordinates of the molecules (bond 

lengths, bond angles, dihedral angles) while fully optimizing the remaining internal coordinates. 

This procedure offers a suitable initial TS input geometries which are then submitted for full TS 

calculations without any geometry or symmetry constraints. The geometry optimization of all 

minima and maxima structures were achieved through the Berny analytical gradient optimization 

method developed by Schlegel [23]. Full harmonic vibrational frequency calculations were 

imposed to substantiate that each TS converged geometry had a Hessian matrix with only a single 

negative eigenvalue, characterized by an imaginary vibrational frequency along the respective 

reaction coordinates. The default self-consistency field (SCF) convergence criteria (SCF=Tight) 

within the Gaussian 16 quantum chemistry program was used [24,25]. Intrinsic reaction coordinate 

calculations [25–27] were then performed to ensure that each TS smoothly connects the reactants 

and products along the reaction coordinate [28–30]. We used the CYLview for visualization and 

illustration of all the optimized structures [31]. 

All the DFT calculations were executed with the Gaussian 16 [32] computational chemistry 

software package at the B3LYP/6-311G(d,p) level of theory.  The B3LYP is a gradient-corrected 

functional of Becke, Lee, Yang, and Parr for exchange and correlation. The B3LYP has been found 

to be an excellent functional for the study of cycloaddition reactions, especially those involving 

low activation barriers [33]. The B3LYP functional is a Hartree–Fock DFT hybrid functional which 

has been the bedrock of quantum chemical studies on organic molecules over the years [34]. 
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Organic reactions that proceed with low energy barriers [35] are best studied with the B3LYP 

functional as it averts the challenges of recording near negative activation barriers with, for 

instance, M06-2X [36] hybrid meta-generalized gradient approximation functional. 

  

B. Reactivity Indices  

The global electrophilicities (ω) and maximum electronic charge (ΔNmax) of the various aryl 

hetaryl thioketones and C,N-disubstituted nitrilimine derivatives were calculated using equations 

(1) and (2).  

                              ω = 
μ2

2ղ
      (1) 

                    ΔNmax = 
−μ

ղ
                       (2) 

The electrophilicity index gives a quantitative measure of the ability of a reaction substrate to 

accept electrons [37] and it is a function of the electronic chemical potential, μ = (EHOMO + 

ELUMO)/2 and chemical hardness, ղ= (ELUMO - EHOMO) [38]. Therefore, species with large 

electrophilicity values are more reactive towards nucleophiles in a given set of reagents. These 

equations are based on the Koopmans theory [39] originally established for calculating ionization 

energies from closed-shell Hartree–Fock wavefunctions, but have since been adopted as 

acceptable approximations for computing electronic chemical potential and chemical hardness. 

The maximum electronic charge transfer (ΔNmax) measures the maximum electronic charge that 

the electrophile may accept. Thus, species with the largest ΔNmax index would be the best 

electrophile given a series of compounds. 

The local electrophilic (𝑃𝐾
+) and nucleophilic (𝑃𝐾

−) Parr functions were obtained through the 

analysis of the Mulliken atomic spin densities (ASD) of the radical anion and the radical cation by 

single-point energy calculations over the optimized neutral geometries using the unrestricted 
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UB3LYP formalism for the radical species [40]. The nucleophilicity index of the various reagents 

were calculated using equation (3). The scale of nucleophilicity is made in referrence to 

tetracyanoethylene (TCE) [41]. 

𝑁(𝑛𝑢) =  𝐸𝐻𝑂𝑀𝑂(𝑛𝑢)(𝑒𝑉) −  𝐸𝐻𝑂𝑀𝑂(𝑇𝐶𝐸) (𝑒𝑉)                                                   (3) 

The global electron density transfer [42] (GEDT) was computed by the sum of the natural atomic 

charges, obtained by a Natural Population Analysis [43,44] (NPA) of the atoms belonging to each 

framework at the TSs. The sign indicates the direction of the electron density flux in such a manner 

that positive values mean a flux from the considered framework to the other one and vice versa. 

 

C. Rate Constants 

The rate constants of the reaction at a specific temperature [k(T)] for the reaction of 

phenyl(thiophen-2-yl)methanethione and N-phenyl-C-trifluoromethyl nitrilimine calculated using 

equation (4) [45]. 

𝑘(𝑇) =  
𝐾𝐵𝑇

ℎ𝑐∘   𝑒−𝛥ǂ𝐺∘ 𝑅𝑇⁄                                   (4) 

where kB  = 1.380662 x 10-23 J/K is the Boltzmann’s constant, T  = 298.15 K is the reaction 

temperature, ℎ  = 6.62617 x 10-34 J.s is the Planck’s constant, R = 1.987 cal/mol.K is the molar 

gas constant, 𝛥ǂ𝐺∘ is the Gibbs free energy of activation and R is the molar gas constant, and 𝑐∘ 

is the concentration of the reacting species which is taken as 1. 
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3.0  Results and Discussion 

The multiple reaction centers present in the thiophene-2-carbothialdehyde derivatives (ethylene 

derivative) avails different modes of addition to the C,N-disubstituted nitrilimines (TAC). Based 

on the ethylene derivative’s geometric orientation towards the TAC, a (3 + 2) or (4 + 3) 

cycloaddition may result. In this present study, three characteristics (3 + 2) cycloaddition reaction 

routes have been investigated alongside a distinctive (4 + 3) cycloaddition reaction channel.  

From scheme 2, a (3 + 2) cycloaddition originates from the addition of the TAC across the 

thiocarbonyl group of the ethylene derivative (A1) labeled as Path A. Two different reaction 

channels stem from Path A yielding the regioisomeric products P1A and P2A. The structural 

formula P1A arises from the preferential attachment of the nitrilimine carbon (A2) to the 

thiocarbonyl group’s carbon atom to yield the 1,2,3-thiadiazole ring. P2A arises from the selective 

attachment of the nitrilimine carbon (A2) to the thiocarbonyl group’s sulfur atom to generate a 

1,3,4-thiadiazole ring. 

The addition of the TAC across the C1 and C2 bond (the less-hindered side of the thiophene ring) 

yields a different reaction route labeled Path B in scheme 2, which encompasses two different 

reaction channels. P1B and P2B are regioisomers arising from Path B, as shown in scheme 2. An 

alternative mode of 32CA emanates from the addition of the TAC across the C3 and C4 bond (the 

hindered side of the thiophene ring) of A1, yielding the reaction route labeled Path C. The 

structural formulas P1C and P2C are regioisomers arising from Path C. 

 In scheme 3, we propose a two-step (4 + 3) cycloaddition reaction between A1 and A2 to furnish 

two regio-isomers P1D and P2D. A thorough search for a possible one-step (4 + 3) cycloaddition 

reaction route between A1 and A2 proved futile. Hence, a one-step (4 + 3) pathway has been ruled 

out from our present discussion. 
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3.1 Analysis of the Parent Reaction of Phenyl(thiophen-2-yl)methanethione (A1) with N-

phenyl-C-trifluoromethyl Nitrilimine (A2) 

The mechanism and selectivities involved in the reaction of phenyl(thiophen-2-yl)methanethione 

(A1, R1 = Ph) and N-phenyl-C-trifluoromethyl nitrilimine (A2, R2 = CF3, R3 = Ph) have been 

investigated and the results discussed in this section. The energy profile for the (3 + 2) 

cycloaddition reaction of phenyl(thiophen-2-yl)methanethione (A1, R1 = Ph) with N-phenyl-C-

trifluoromethyl nitrilimine (A2, R2 = CF3, R
3 = Ph)is shown in figure 1. Figure 2 shows the energy 

profile for the (4 + 3) cycloaddition reaction of phenyl(thiophen-2-yl) methanethione (A1, R1 = 

Ph) with N-phenyl-C-trifluoromethyl nitrilimine (A2, R2 = CF3, R
3 = Ph). Figure 3 is a graphical 

representation of the stationary point structures with geometrical parameters for the two-step (4 + 

3) cycloaddition reaction between N-phenyl-C-trifluoromethyl nitrilimine (A2, R2 = CF3, R
3 = Ph) 

and phenyl(thiophen-2-yl)methanethione (A1, R1 = Ph). The rate constants for the formation of 

the various isomeric cycloadducts and intermediates considered in scheme 2 for the reaction of 

phenyl(thiophen-2-yl)methanethione (A1, R1 = Ph) and N-phenyl-C-trifluoromethyl nitrilimine 

(A2, R2 = CF3, R
3 = Ph) have been calculated and results shown in table 1. 

In the present study, one-step and two-step mechanisms of addition have been investigated for 

both (3 + 2) and (4 + 3) cycloaddition reactions of phenyl(thiophen-2-yl) methanethione (A1) with 

N-phenyl-C-trifluoromethyl nitrilimine (A2, R2 = CF3, R3 = Ph). An asynchronous one-step 

mechanism of addition is observed for the (3 + 2) addition of the TAC across the ethylene 

derivative. No stationary point structures were obtained for the two-step (3 + 2) mechanism of the 

addition of the TAC across the ethylene derivative.  The geometries of the TS structures obtained 

for the one-step (4 + 3) cycloaddition of the TAC across the ethylene derivative suggested that the 

(4 + 3) addition proceeds via a two-step mechanism with an initial carbon-carbon bond formation 
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between A1 and A2. From the energetics displayed in figures 1 and 2, the reaction between 

phenyl(thiophen-2-yl)methanethione (A1, R1 = Ph) and N-phenyl-C-trifluoromethyl nitrilimine 

(A2, R2 = CF3, R
3 = Ph) preferentially goes through a (3 + 2) addition rather than the (4 + 3) 

addition. The TAC chemoselectively adds across the thiocarbonyl group of the ethylene derivative 

(path A), which is consistent with the experimental observation. The most kinetically favored 

reaction route occurring along path A is the formation of P2A with a reaction energy of -29.7 

kcal/mol through TS2A with an activation energy of 3.5 kcal/mol and has the highest calculated 

rate constant of 1.7 × 1010 s-1. The regioisomer P1A is the closest competing pathway that proceeds 

through TS1A with an activation energy of 10.5 kcal/mol and a rate constant of 1.2 × 105 s-1. The 

rate of formation of P2A is approximately 141666 times faster than the formation of P1A through 

TS1A. The addition of the TAC across the C1 and C2 (less-hindered of the thiophene ring) 

endocyclic olefinic bond of the ethylene derivative (path B) is kinetically favored over the addition 

across the C3 and C4 (hindered of the thiophene ring) olefinic bond of the ethylene derivative (path 

C), as evident from the energies shown in figure 1.  The reaction route that proceeds to afford P2B 

through T2B is the most favored reaction channel occurring along path B and proceeds with a rate 

constant of 5.4 × 104 s-1. The activation energy of T2B is 11.0 kcal/mol, which is 6.3 kcal/mol 

lower than the activation energy for the formation of P1B (regioisomer of P2B) through TS1B. 

The formation of P1C through transition state TS1C is kinetically favored over its regioisomeric 

cycloadduct P2C.      

From figure 2, the formation of INT1D through TS1D proceeds with an activation barrier of 22.8 

kcal/mol. INT1D can undergo cyclization through TS3D with an activation energy of 9.3 kcal/mol 

to generate cycloadduct P1D. The formed intermediate INT1D is thermodynamically unstable and 

can decompose to generate A1 (R1 = Ph) and (A2, R2 = CF3, R
3 = Ph) by clearing an activation 
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barrier of 8.9 kcal/mol, which is kinetically favored over the cyclization step through TS3D.  

Evident from figure 2, A1 (R1 = Ph) and (A2, R2 = CF3, R
3 = Ph) can also react through transition 

state TS2D with an activation energy of 12.0 kcal/mol to afford INT2D, which undergoes 

subsequent cyclization through transition state TS4D with an activation energy of 15.8 kcal/mol 

to furnish the cycloadduct P2D with reaction energy of -5.5 kcal/mol. The formation of INT2A is 

kinetically and thermodynamically favored over the construction of INT1A.  

The polar character of the competitive 32CA reactions was analyzed by calculating the GEDT at 

the two favorable transition states (TS1A, TS2A) associated with the addition of the TAC across 

the thiocarbonyl group present in A1.  Reactions with GEDT values of 0.0 e correspond to non-

polar processes, while values higher than 0.2 e correspond to polar processes [42,46]. The 32CA 

reaction of   (A1, R1 = Ph) and (A2, R2 = CF3, R
3 = Ph)  through TS1A proceeds via a reverse 

electron density (REDF) [47,48] whereas the reaction through TS2A proceeds via a froward 

electron density flux (FEDF) [47,48] . The GEDT, which fluxes from  (A1, R1 = Ph) to (A2, R2 = 

CF3, R
3 = Ph) is 0.11 e at TS1A and the GEDT which fluxes from  (A2, R2 = CF3, R

3 = Ph) to  (A1, 

R1 = Ph) is 0.12 e  at TS2A. The GEDT value indicates a low polar character in the 32CA reaction 

involving the addition of the TAC across A1.
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Figure 1: Energy profile for the 32CA reaction of phenyl(thiophen-2-yl)methanethione (A1, R1 = Ph) with N-phenyl-C-trifluoromethyl nitrilimine 

(A2, R2 = CF3, R
3 = Ph) in the gas phase at the B3LYP/6-311G (d,p), level of theory. 
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Figure 2: Energy profile for the (4 + 3) cycloaddition reaction of phenyl(thiophen-2-yl) methanethione (A1, R1 = Ph) with N-phenyl-

C-trifluoromethyl nitrilimine (A2, R2 = CF3, R
3 = Ph) in the gas phase at the B3LYP/6-311G (d,p), level of theory. 
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Figure 3: Graphical representation of optimized stationary point structures for the (4 + 3) cycloaddition reaction of phenyl(thiophen-2-yl) 

methanethione (A1, R1 = Ph) with N-phenyl-C-trifluoromethyl nitrilimine (A2, R2 = CF3, R
3 = Ph) in the gas phase at the B3LYP/6-311G (d,p), level 

of theory.
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Table 1: Rate constants (in s-1) for the (3 + 2) and (4 + 3) cycloaddition reactions of phenyl(thiophen-2-

yl)methanethione (A1, R1 = Ph) and N-phenyl-C-trifluoromethyl nitrilimine (A2, R2 = CF3, R
3 = Ph). 

 

 

 

 

 

 

 

 

3.2  Effects of Substituents on the Reaction of Phenyl(thiophen-2-yl)methanethione (A1) 

with N-methyl-C-substituted Nitrilimine 

The mechanistic effects of substituents with different electronic nature on the TAC in the title 

reaction have been investigated and the results discussed in this section. Table 2 shows the results 

for the (3 + 2) cycloaddition reaction of phenyl(thiophen-2-yl)methanethione (A1,  R1 = Ph) with 

nitrilimine derivatives (A2).  The (4 + 3) cycloaddition between A1 (R1 = Ph) and nitrilimine 

derivatives (A2) have also been examined and the results displayed in table 3. The energy profile 

for the (3 + 2) cycloaddition reaction of phenyl(thiophen-2-yl)methanethione (A1, R1 = Ph) with 

N-methyl-C-trifluoromethyl nitrilimine (A2, R2 = CF3, R
3 = CH3) is shown in figure 4. Figure 5 

shows the energy profile for the (4 + 3) cycloaddition reaction of phenyl(thiophen-2-yl) 

methanethione (A1, R1 = Ph) with 2,2,2-trifluoro-1-(methyldiazen-1-ium-1-ylidene)ethan-1-ide 

(A2, R2 = CF3, R
3 = CH3). 

Product/Intermediate  Rate constants[k(T)] 

P1A 1.2 × 105 

P2A 1.7 × 1010 

P1B 0.7 × 101 

P2B 5.4 × 104 

P1C 2.6 × 103 

P2C 1.4 × 10-4 

INT1D 1.2 × 10-2 

INT2D 9.9 × 103 

P1D 9.5 × 105 

P2D 1.6 × 101 
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From the energetics displayed in figures 4 and 5, the (3 + 2) cycloaddition reaction between A1 

(R1 = Ph) and (A2, R2 = CF3, R
3 = CH3) is kinetically favored the (4 + 3) cycloaddition reaction. 

Analysis of the energetics displayed in figure 4 shows the TAC (A2, R2 = CF3, R3 = CH3) 

chemoselectively adds across the thiocarbonyl group (path A) of the ethylene derivative (A1, R1 

= Ph), which is consistent with the preferred reaction path established in section 3.1. Similar to the 

parent reaction, the most favorable reaction channel is the formation of P2A through cyclic 

transition state TS2A with an activation energy of 4.0 kcal/mol, whereas the formation of its 

regioisomer P1A proceeds through TS1A with an energy barrier of 11.1 kcal/mol. The formation 

of P2A is highly exergonic with a reaction energy of -36.4 kcal/mol. The least kinetically favored 

reaction path occurring via the (3 + 2) mechanism of addition of the TAC across the ethylene 

derivative is the reaction route that proceeds regio-selectively to afford P2C through TS2C. Figure 

5 shows that the formation of P2D is the most favorable reaction route occurring along the (4 + 3) 

mechanism of addition. The formation of P2D proceeds with the initial construction of INT2D 

through TS2D with an activation energy of 13.4 kcal/mol follow by cyclization of INT2D through 

TS4D with an activation barrier of 13.4 kcal/mol. Similar to the parent reaction, the formation of 

INT2D through TS2D is thermodynamically and kinetically favored over the reaction channel that 

proceeds to generate INT1D. 

The effects of different electron-donating groups (EDGs = CH3, NH2, OH) and electron-

withdrawing groups (EWGs = Br, Cl, CN,) on the TAC (A2, R3 = CH3, R
2 = EDGs, EWGs) have 

also been examined. From tables 2 and 3, the (3 + 2) cycloaddition remains the most favorable 

mechanism of the addition of the substituted TAC (A2, R2 = EDGs, EWGs, R3 = CH3,) across the 

ethylene derivative. This (3 + 2) cycloaddition reaction is completely chemoselective along the 

thiocarbonyl group in the ethylene derivative. The formation of P2A through TS2A is the most 
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favorable reaction for the A1 (R1 = Ph) with nitrilimine derivatives (A2) irrespective of the nature 

of the substituent on the TAC, and the closest competing reaction route proceeds to afford its 

regioisomer P1A through TS1A. Evident from table 2, the pathway that proceeds to furnish P2C 

through TS2C remains the least kinetically favored reaction route for all (3 + 2) cycloaddition 

reactions considered. Even though a slight increase in activation energies is observed for phenyl 

substituent on the TAC (A2, R2 = Ph, R3 = CH3), the energetic trends remain the same. The 

formation of P2D is the most favored reaction channel for all the (4 + 3) cycloaddition reactions 

considered.  
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Figure 4: Energy profile for the 32CA reaction of phenyl(thiophen-2-yl)methanethione (A1, R1 = Ph) with N-methyl-C-trifluoromethyl 

nitrilimine (A2, R2 = CF3, R
3 = CH3) in the gas phase at the B3LYP/6-311G (d,p), level of theory. 
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Figure 5: Energy profile for the (4 + 3) cycloaddition reaction of phenyl(thiophen-2-yl) methanethione (A1, R1 = Ph) with N-methyl-

C-trifluoromethyl nitrilimine (A2, R2 = CF3, R3 = CH3) in the gas phase at the B3LYP/6-311G (d,p), level of theory.
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Table 2: Activation energies for the 32CA reaction between Phenyl(thiophen-2-yl)methanethiones and N-methyl-C-substituted 

nitrilimines. All energies are in kcal/mol. 

SUBSTITUENTS TS1A TS2A TS1B TS2B TS1C TS2C P1A P2A P1B P2B P1C P2C 

R1 R2 R3             

Ph H CH3 9.9 5.8 19.9 14.8 15.3 22.4 -25.1 -33.9 -28.8 -27.7 -20.0 -19.6 

Ph CH3 CH3 8.0 3.9 18.0 14.3 13.4 20.9 -24.2 -35.1 -29.9 -29.0 -21.2 -18.1 

Ph NH2 CH3 6.0 1.8 14.1 11.8 11.5 16.9 -26.2 -34.1 -31.0 -29.7 -22.8 -19.0 

Ph OH CH3 5.0 2.2 15.3 11.7 11.3 15.8 -33.0 -40.7 -38.2 -37.1 -29.4 -24.8 

Ph Br CH3 9.2 6.1 17.8 14.2 14.1 21.1 -25.2 -35.4 -32.2 -30.5 -23.0 -18.7 

Ph Cl CH3 8.0 4.2 16.4 12.8 13.0 19.7 -28.7 -38.1 -35.3 -33.7 -26.2 -22.2 

Ph CN CH3 11.2 5.6 19.2 17.6 18.2 22.5 -23.3 -32.6 -30.1 27.7 -20.1 -17.4 

Ph CF3 CH3 11.1 4.0 18.4 12.7 15.4 23.5 -25.4 -36.4 -33.8 -31.5 -28.0 -20.2 

Ph Ph CH3 15.5 10.0 24.0 20.8 20.7 26.3 -15.1 -29.4 -25.0 -23.5 -14.7 -9.9 

 

Table 3: Activation energies for the (4 + 3) cycloaddition reaction between Phenyl(thiophen-2-yl)methanethiones and N-methyl-C-

substituted nitrilimines. All energies are in kcal/mol. 

SUBSTITUENTS TS1D TS2D TS3D TS4D INT1D INT2D P1D P2D 

R1 R2 R3         

Ph H CH3 28.9 14.4 12.7 18.5 16.2 -1.0 -1.8 -3.8 

Ph CH3 CH3 27.7 14.3 7.2 18.5 20.5 -1.1 -5.9 -3.8 

Ph NH2 CH3 22.9 12.5 5.8 13.2 17.1 -2.4 -8.3 -4.6 

Ph OH CH3 - 12.1 8.2  13.3 10.9 -9.4 -14.6 -14.4 

Ph Br CH3 27.4 14.8 7.4 15.6 17.7 -2.6 -9.0 -8.5 

Ph Cl CH3 25.2 13.2 7.4 15.4 14.3 -5.5 -12.3 -11.4 

Ph CN CH3 26.8 15.3 17.3 17.8 5.6 0.9 -7.4 -5.1 

Ph CF3 CH3 27.4 13.4 9.8 13.4 13.2 -3.1 -9.5 -8.7 

Ph Ph CH3 36.2 17.8 7.0 21.0 27.2 4.9 2.6 2.4 
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3.3  Reaction of Thiophene-2-carbothialdehyde Derivatives with N-methyl-C-

trifluoromethyl nitrilimine. 

Tables 4 and 5 show the results for the (3 + 2) and (4 + 3) cycloaddition reactions for N-methyl-

C-trifluoromethyl nitrilimine A2 (R2 = CF3, R3 = CH3) and thiophene-2-carbothialdehyde 

derivatives A1 (R1 = EDGs, EWGs) at the B3LYP/6-311G (d,p) level of theory. In all reactions 

considered, the (3 + 2) cycloaddition proceeds via an asynchronous one-step mechanism while the 

(4 + 3) cycloaddition goes through a two-step mechanism.  

From tables 4 and 5, the reaction of thiophene-2-carbothialdehyde A1 (R1 = H) with N-methyl-C-

trifluoromethyl nitrilimine (A2, R2 = CF3,  R
3 = CH3,) favors the (3 + 2) cycloaddition mechanism 

with the formation of P2A through TS2A with an activation energy of 3.3 kcal/mol being the most 

kinetically preferred reaction route. The formation of P1A through TS1A with an activation barrier 

of 5.7 kcal/mol is the closest competing pathway. The formation of P2B through TS2B is favored 

over the reaction route that proceeds to afford its regioisomer P1B through TS1B by 4.2 kcal/mol 

for the reaction of A1 (R1 = H) with A2 (R2 = CF3, R
3 = CH3). From table 5, the two-step (4 + 3) 

cycloaddition reaction between A1 (R1 = H) and A2 (R2 = CF3, R
3 = CH3) favors the construction 

of P2D. The first step corresponds to the formation of intermediate INT2D via TS1D with an 

activation energy of 13.8 kcal/mol followed by cyclization of INT2D through TS4D to afford 

P2D. The formation of INT1D via TS1D proceeds with an activation energy of 26.2 kcal/mol 

followed by cyclization of INT1D through TS3D with an activation energy of 4.4 kcal/mol to 

afford P1D. The mechanistic effects of EDGs (R3 = CH3, CH2CH3, NH2, OH, Cyc) and EWGs 

(R3 = Cl, CN) on the reaction of A1 (R1 = EDGs, EWGs) with A2 (R2 = CF3, R
3 = CH3) have also 

been study. With regards to the reaction of A1 (R1 = H) and A2 (R2 = CF3, R
3 = CH3), a slight 

variation in both activation and reaction energies were observed for the reaction of A1 (R1 = EDGs, 

EWGs) with A2 (R2 = CF3, R
3 = CH3) but the energetic patterns remain the same. 
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Table 4: Activation for the 32CA cycloaddition reaction between N-methyl-C-trifluoromethyl nitrilimine and thiophene-2-

carbothialdehyde derivatives. All energies are in kcal/mol. 

SUBSTITUENTS TS1A TS2A TS1B TS2B TS1C TS2C P1A P2A P1B P2B P1C P2C 

R1 R2 R3             

H CF3 CH3 5.7 3.3 17.2 13.0 14.1 14.2 -33.1 -41.2 -32.9 -31.1 -29.7 -20.9 

CH3. CF3 CH3 8.6 4.6 16.7 13.3 14.5 14.7 -29.8 -38.8 -33.2 -31.2 -30.6 -20.8 

CH2CH3 CF3 CH3 8.1 4.1 16.5 13.4 14.3 14.8 -29.1 -38.7 -33.4 -31.2 -31.1 -21.2 

NH2 CF3 CH3 9.8 5.7 15.6 13.7 15.2 14.1 -19.5 -31.5 -34.3 32.1 -36.5 -30.2 

OH CF3 CH3 9.5 5.2 17.2 13.6 14.3 13.9 -19.7 -32.3 -32.8 -31.3 -30.4 -23.4 

aCyc CF3 CH3 9.8 8.0 18.0 13.1 14.7 14.4 -27.7 -35.5 -33.5 -31.4 -31.8 -22.5 

Cl CF3 CH3 10.0 6.0 18.5 13.0 14.0 11.8 -29.3 -44.2 -32.2 -30.6 -29.1 -21.1 

CN CF3 CH3 6.6 1.0 19.3 12.1 12.6 11.3 -26.3 -36.5 -32.2 -30.9 -28.7 -20.4 

            aCyc = cyclopropyl 

Table 5: Activation for the (4 + 3) cycloaddition reaction between N-methyl-C-trifluoromethyl nitrilimine and thiophene-2-

carbothialdehyde derivatives. All energies are in kcal/mol. 

SUBSTITUENTS TS1D TS2D TS3D TS4D INT1D INT2D P1D P2D 

R1 R2 R3         

H CF3 CH3 26.2 13.8 4.4 8.0 16.4 -1.9 -10.8 -9.6 

CH3. CF3 CH3 26.3 - 5.3 7.1 15.2 -2.2 -10.0 -10.5 

CH2CH3 CF3 CH3 25.8 13.2 4.9 7.2 14.7 -2.4 -10.1 -9.5 

NH2 CF3 CH3 20.0 12.0 7.5 3.2 9.7 -0.7 -12.8 -14.8 

OH CF3 CH3 22.5 12.7 - - 13.7 -1.0 -11.8 -12.2 

aCyc CF3 CH3 26.0 13.3 6.3 6.5 13.2 -2.4 -9.8 -11.6 

Cl CF3 CH3 28.6 12.9 5.9 9.5 15.8 -2.3 -8.9 -9.2 

CN CF3 CH3 26.1 12.8 5.9 10.1 17.3 -3.3 -8.7 -8.2 

               aCyc = cyclopropyl 
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3.4  Global Reactivity Indices Analysis of the Reaction of Thiophene-2-carbothialdehyde 

Derivatives and C,N-disubstituted Nitrilimine Derivatives 

In this section, we employ various conceptual tools to analyze the reaction of A1 and A2. The 

electronic chemical potential (μ), chemical hardness (ղ), global electrophilicity (ω), maximum 

electronic charge transfer (ΔNmax) and nucleophilicity values (N) of the various derivatives of 

nitrilimine (A2) and thiophene-2-carbothialdehyde (A1) have been calculated and the results 

displayed in tables 6 and 7 respectively. The μ for A1 (R1 = Ph) is -4.41 eV and that of A2 (R2 = 

CF3, R
3 = Ph) thus A2 (R2 = CF3, R

3 = Ph) present a similar chemical potential as A1 (R1 = Ph). 

Consequently, it is expected that the reaction of A1 (R1 = Ph) and A2 (R2 = CF3, R
3 = Ph) will 

present low polar character. This observation is consistent with the calculated GEDT values of the 

competitive 32CA reaction pathways discussed in section 3.1.  From table 6, EWGs (R2 = CF3, 

Br, Cl, CN,) on the nitrilimine (A2) increases the electronic chemical potential values relative to 

A2 (R2 = CF3, R
3 = Ph) thus making the TACs strong electron-acceptor molecules. The order of 

electron-withdrawing ability of the various nitrilimine derivatives is given as; -CF3 < -Cl < -Br < 

-CN. Contrary to EWGs, EDGs (R2 = CH3, NH2, OH, Ph) reduces chemical potential values 

relative to A2 (R2 = CF3, R
3 = Ph) hence making the TACs strongly electron-donating molecules. 

From table 7, the increase in the order of the electronic chemical potential for the various 

substituents on the ethylene derivative A1 is given in the order -NH2 < Cyc < CH2CH3 = Ph < OH 

< H < CH3 < Cl < CN. The increase in the electron-withdrawing character of -Cl and -CN accounts 

for the significant decrease in their electronic chemical potential.  

The global electrophilicity (ω) [37] and maximum electronic charge transfer (ΔNmax) [49] have 

become a useful tool in the analysis of the reactivity of species participating in polar organic 

reactions. The electrophilicity ω scale permits the classification of reacting organic species as 

strong electrophiles with ω > 1.5eV, moderate electrophiles with ω > 0.8eV and nucleophiles 

(marginal electrophiles) with ω < 0.8eV.    The ω values of A1 (R1 = Ph) is 3.07 eV and A2 (R2 = 

CF3, R
3 = Ph) is 2.23 eV. Thus, both A1 and A2 are strong electrophiles. The ΔNmax value for A1 
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(R1 = Ph) is 1.39 eV and A2 (R2 = CF3, R
3 = Ph,) is 3.77 eV. The ω and ΔNmax values suggest that 

A1 (R1 = Ph) is both a better electrophile and nucleophile than A2 (R2 = CF3, R
3 = Ph) thus A1 (R1 

= Ph). EDGs on the ethylene derivative A1 significantly reduce the ω value relative to A1 (R1 = 

Ph) whereas EWGs on A1 increase the ω value. A2 (R2 = H, CH3, NH2, R
3 = CH3) are marginal 

electrophiles, A2 (R2 = OH, Cl, CF3, Ph, CN, R3 = CH3) are moderate electrophiles and A2 (R2 = 

Br, R3 = CH3) is a strong electrophile as seen from table 6. From table 7, all the thiophene-2-

carbothialdehyde derivatives (A1) considered in this study are strong electrophiles.  

By examining the nucleophilicity values (N) [41] provided in table 6, A2 (R2 = CF3,R3 = CH3) has 

N value of 0.81 eV and is the poorest among the nitrilimine derivatives, while A2 (R2 = Ph, R3 = 

CH3) with N value of 3.91 eV represents the best nucleophile. For N-methyl-C-substituted 

nitrilimine, EDGs A2 (R2 = CH3, NH2, OH, R3 = CH3) tend to increase the nucleophilicity (except, 

R2 = OH) in the order CH3>NH2>OH relative to A2 (R2 = H, R3 = CH3). In contrast to EDGs, 

EWDs on the TAC A2 (R2 = Br, Cl, CN, CF3, R
3 = CH3) reduces the N value in the order  Br<Cl< 

CN<CF3. Aromatic substituent on the TAC A2 (R2 = Ph, R3 = CH3) drastically increase the N 

value of the TAC. The N values shown in table 7 for various substituents on the A1 is given in the 

order NH2>Cyc>Ph>CH2CH3>H>OH>Cl>CN>CH3. The observed N values are consistent with 

the observed reactivity patterns. 
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Table 6: Global reactivity indices for the various derivatives of nitrilimine (A2). Orbital energies 

are in eV. 

 

 

 

Table 7: Global reactivity indices for the various derivatives of thiophene-2-carbothialdehyde 

derivatives (A1). Orbital energies are in eV. 

  

 

SUBSTRATE (A2) HOMO LUMO   μ η ω ΔNmax N 

R2 R3        

H CH3 -7.62 0.53 -3.54 8.15 0.77 6.52 1.75 

CH3 CH3 -6.94 0.85 -3.05 7.79 0.60 6.84 2.41 

NH2 CH3 -7.29 0.40 -3.44 7.69 0.77 6.39 2.08 

OH CH3 -7.70 0.23 -3.73 7.93 0.88 6.23 1.67 

Br CH3 -8.02 -1.26 -4.64 6.76 1.59 4.73 1.34 

Cl CH3 -8.13 -1.01 -4.57 7.11 1.47 4.98 1.24 

CN CH3 -8.42 -1.00 -4.72 7.42 1.50 4.99 0.94 

CF3 CH3 -8.56 -0.35 -4.45 8.21 1.21 5.65 0.81 

Ph CH3 -5.46 -1.06 -3.26 4.40 1.21 4.93 3.91 

CF3 Ph -6.58 -2.23 -4.40 4.35 2.23 3.77 2.79 

SUBSTRATE (A1) HOMO LUMO   μ η ω ΔNmax N 

R1        

H -6.22 -2.91 -4.56 3.31 3.15 1.38 3.15 

CH3. -7.63 -1.82 -4.73 5.80 1.92 0.81 1.74 

CH2CH3 -6.07 -2.76 -4.41 3.31 2.94 1.33 3.30 

NH2 -5.95 -2.13 -4.04 3.82 2.13 1.06 3.42 

OH -6.54 -2.5 -4.53 4.02 2.56 1.13 2.82 

Cyc -6.09 -2.65 -4.37 3.43 2.78 1.27 3.38 

Cl -6.76 -3.18 -4.97 3.58 3.45 1.39 2.61 

CN -6.92 -3.78 -5.35 3.14 4.57 1.71 2.44 

Ph -5.99 -2.83 -4.41 3.17 3.07 1.39 3.37 
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3.5  Analysis of Chemoselectivity with Local Reactivity Indices. 

In this section, we employ the local electrophilic (𝑃𝐾
+) and nucleophilic (𝑃𝐾

−) Parr functions [40] 

to analyze the chemoselectivity observed in the titled reaction. Figure 6 shows the atomic labels 

of the ethylene derivative (A1, R1 = Ph) and TAC (A2, R2 = CF3, R
3 = Ph). The Mulliken atomic 

spin densities (ASD) analyses have been employed to investigate the origin of the 

chemoselectivity, and the results are shown in table 8. These analyses allow the characterization 

of the most electrophilic and nucleophilic centers in a molecule. Within an ethylene derivative, the 

reaction center having the largest electron density is the ideal point of attachment by a TAC. 

Analysis of the reaction centers present in the ethylene derivative with respect to the electrophilic 

Mulliken spin densities shows that, C1 = -0.019, C2 = 0.01, C3 = -0.017, C4 = 0.016, C5 = -0.060 

and S2 = 0.864 and the nucleophilic Mulliken spin densities shows that, C1 = 0.188, C2 = -0.085, 

C3 = 0.205, C4 = -0.092, C5 = 0.331 and S2 = 0.292. The relatively large electron density present 

at C5 and S2 compared to other reaction sites accounts for the preferential addition of the TAC 

across the thiocarbonyl present in the ethylene derivative.  

 

 

Figure 6:  Atomic labels of Phenyl(thiophen-2-yl)methanethione (ethylene derivative) and N-

phenyl-C-trifluoromethyl nitrilimine (TAC) 
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Table 8: Mulliken atomic spin densities of Phenyl(thiophen-2-yl)methanethione (ethylene derivative) and N-phenyl-C-trifluoromethyl 

nitrilimine 

 

 

 

 

 
ETHYLENE DERIVATIVE 

 
TAC  

MULLIKEN 
 

MULLIKEN  
ANION CATION 

 
ANION CATION 

C1 0.188 -0.019 C12 0.062 -0.010 

C2 -0.085 0.010 C13 0.502 0.235 

C3 0.205 -0.017 C14 -0.004 0.075 

C4 -0.092 0.016 C15 0.009 0.196 

C5 0.331 -0.060 C16 0.001 -0.109 

C6 -0.046 0.092 C17 -0.007 0.352 

C7 0.077 -0.007 C18 0.002 -0.067 

C8 -0.039 0.028 C19 -0.003 0.149 

C9 0.104 0.074 N1 0.287 0.084 

C10 -0.042 -0.031 N2 0.126 0.283 

C11 0.084 0.060 F1 -0.003 0.004 

S1 0.053 0.006 F2 0.008 0.007 

S2 0.292 0.854 F3 0.014 0.001 
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4.0  Conclusion 

The reaction of phenyl(thiophen-2-yl)methanethione and N-phenyl-C-trifluoromethyl nitrilimine 

proceed through an asynchronous one-step 32CA reaction rather than a two-step (4 + 3) 

cycloaddition and present low character for the addition of the TAC across the thiocarbonyl group. 

The TAC chemoselectively adds across the thiocarbonyl group present in the ethylene derivative 

to yield P2A. The formation of P2A has the highest calculated rate constant of 1.7 × 1010 s-1 and 

is 141666 times faster than the closest competing pathway, which goes through TS1A to generate 

P1A. The two-step (4 + 3) cycloaddition reaction occurs with an initial carbon-carbon formation 

between the reacting species. Significant selectivity between the various regioisomers was 

observed.  

The reaction route that regio-selectively proceeds to afford P1A is the preferred pathway in all 

reactions considered irrespective of the substituents’ effects on the ethylene derivative and TAC.  

Analysis of the electrophilic (𝑃𝐾
+) and nucleophilic (𝑃𝐾

−) Parr functions at the various reaction 

centers in the ethylene derivative shows that the TAC adds across the atomic centers with the 

largest atomic spin densities. The selectivities observed in the title reaction are kinetically 

controlled. Results from global electron density transfer (GEDT) reveal the low polar character in 

the 32CA reaction involving the cycloaddition of the nitrile imines to selected ethylene derivatives.  
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