DFT study of the reaction mechanism of N-(carbomylcarbamothioyl) benzamide
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Abstract.
The reaction mechanism of N-(carbomylcarbamothioyl)benzamide has been successfully 
computed with the B3LYP/6-31g(d) functional and basis set and compared with 1H NMR 

monitoring of the progress of the reaction with time. The reaction is proposed to proceed 
through two transition states Ts1 (the rate-determining step) which is a highly unstable 
species has the requisite orientation for the reaction to proceed. Ts2 which is the second 
transition state has a lower energy hence it easily leads to the product. Computation of 

the reaction pathway using  the B3PW91/6-31G(d) , M06/6-31G(d)  and  Wb97XD/6- 31G(d)  
functionals and basis set. These results do not present a clear reaction pathway compared to that

given by the B3LYP/6-31G(d).
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1. Introduction
The use of Density functional theory (DFT) in computation in most branches of chemistry over the years has been extensive,1-3 and various methods have been used in that regard, 4–8 the methods used include local density approximation (LDA), generalized gradient approximation (GGA), meta GGA, hybrid GGA, hybrid-meta GGA, and double-hybrid GGA, various empirical corrections such as dispersion, have been successfully implemented in many popular computational codes. By using of standard functional approximation and standard basis set, the theoretical calculation of the electronic structure and energetic of chemical interest are easily computed.  B3LYP, which is a global hybrid GGA and has been used extensively in most areas of chemistry. It is a hybrid of exact Hartree–Fock exchange with local and semi-local exchange and correlation terms on the basis of the adiabatic connection,9–14 In this work, the use of different DFT methods to compute the reaction mechanism for the synthesis of N-(carbomylcarbamothioyl) benzamide has been explored. 
{[(Phenylformamido)carbonyl]amino}methanethioamide), C9H9N3O2S, has been synthesized and studied both benzoyl and terminal thiourea fragments were found to adopt transoid conformations with respect to the central carbonyl O atom. The benzoyl and thiobiuret groups were almost coplanar, making a dihedral angle of 4.40 (8). The molecular structure is stabilized by two intramolecular N—HO hydrogen bonds. In the crystal, N—HO and N—HS hydrogen bonds link the molecules into a tape running along.15 Two hydrogen abstraction channels found for the reaction of CHF2OCF2CHFCl with atomic chlorine has been studied using B3LYP/6-311G(d,p), BH and HLYP/6-311G(d,p), and M06-2X/6-311G(d,p) methods. Dynamics calculations were followed by means of canonical variational transition state with the small-curvature tunneling correction between 220 and 2,000 K.16 The mechanisms for the oxidation of thiophene by OH radicals under inert conditions (Ar) have been studied using density functional theory in conjunction with various exchange-correlation functionals.17 A density functional theory (DFT) study has been performed to explore the mechanisms of the acid catalyzed decarboxylation reaction of salicylic acids using the B3LYP method with 6-31++G(d,p) basis set in both gas phase and aqueous environment.18 Density functional theory (DFT) has been used to study the cobalt(I)-catalyzed enantioselective intramolecular hydroacylation of ketones and alkenes. Hydrogen migration was both the rate determining and chirality-limiting step, and this step was endothermic. Reductive elimination was the rate-determining step, but the chirality-limiting step was hydrogen migration, which occurred easily. The results also indicated that the alkene hydroacylation leading to (S)indanone formation was more energetically favourable than the ketone hydroacylation that gave (R)-phthalide, both thermodynamically and kinetically.19 The mechanisms of AuCl3- and AgOTf-catalyzed cyclization of 1-(indol-2-yl)-3-alkyn-1-ols has been computed. The calculations revealed that AuCl3 is more effective in catalytic ability than AgOTf to catalyze the cyclization of 1-(indol-2-yl)-3-alkyn-1-ols into carbazole derivatives.20
The reaction mechanisms of H2 with OCS have been investigated theoretically by using density function theory method. Three possible pathways leading to major products CO and H2S, as well as two possible pathways leading to by-product CH4 have been proposed and discussed. The structure parameters, vibrational frequencies and energies for each stationary point were calculated, and the corresponding reaction mechanism given by the potential energy surface determined from the relative energies.21
In this work we present the computed reaction mechanism and the DFT transition state studies of the formation of N-(carbomylcarbamothioyl) benzamide, the transition states that contribute to the formation of products as were as the intermediates in the reactions pathway have been computed and discussed using  

2. Computational details
The reactants, transition states, intermediates and products structures were fully optimized at the B3LYP/6-31G(d). When compared with other levels of theory, the B3LYP method was sufficiently accurate for predicting reliable geometries and frequencies of the stationary points.22–25 Computation of vibrational frequency based on the optimized geometry of each reactant, transition structure, intermediate and product was carried out. All reactants, intermediates and products had no imaginary frequencies, whereas each transition state had one and only one imaginary frequency. The intrinsic reaction coordinate (IRC)26–28 calculations, were performed at the same level of theory to ensure that the transition states lead to the expected reactants and products. The computations were carried out  using the GAUSSIAN 09 program package,29 with Gausview 4.1 as the software for preparing the files whilst the HOMO–LUMO diagrams were generated using Avogadro.
3. Results and discussion
The predicted reaction pathway proceeds by the coming together of urea and benzoyl isothiocyanate (I1), it was obtained by optimising the starting material to a minimum and also tracing the reverse intrinsic reaction coordinate (IRC) path of the transition state TS1. The starting materials were initially minimized using the B3LYP functional and the 6-31g (d) basis set. The two species (I1) together have no charge and a dipole moment of 2.1286 Debye. At the onset of the attack of the thiocyanate carbon by an amine group of urea, the distance between the carbon of the thione and the amine was 3.70191 Å. In the determination of energy profile, I1 was used as the point of reference.  A transition state Ts1 was computed using both the B3LYP functional at the 6-31g(d) basis set, this gave a dipole moment of  10.2126 Debye  and a relative free energy of +40.23 kcal/mol. TS1 is singlet species of no charge,  It is a saddle point with a single imaginary frequency, obtained according to the Berny algorithm and subsequent vibrational analysis. The high energy barrier of Ts1 is consistent with the fact that it is the rate determining step. This is the step that involves attaining the right orientation for attack of the thione carbon by the lone pair of electrons on the nitrogen of the urea.  A forward IRC computation and optimization of the species obtained gave P1 which is a singlet species of no charge with a dipole moment of 3.7226 Debye.  The relative free energy of P1 is -0.66 kcal/mol. The formation of the C–N bond in P1 using the thione carbon leads to the formation of TS2 which is also a singlet species with a charge of 2 and a dipole moment of 9.3700 Debye. TS2 is a saddle point with a single imaginary frequency. The relative free energy of TS2 is 13.62 kcal/mol. A forward IRC pathway from TS2 gives P2 which is a singlet species of no charge, and an imaginary frequency of zero. The dipole moment of P2 is 7.7072 Debye. P2 is the product of the reaction and this consistent with experimentally obtained product. The relative free energy of P2 was 10.04 kcal/mol. Figure 1 gives the potential energy surface of the formation of N-(carbomylcarbamothioyl)benzamide computed using the B3LYP functional and 6-31g(d) basis set and the corresponding optimized conformation of the intermediates and transition states in gas phase for the formation of N-(carbomylcarbamothioyl)benzamide. All the other functionals used for this computation (B3PW91, M06 and wB97XD) gave inconsistent results hence a good potential energy surface could not be obtained. 
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Figure 1

 The potential energy surface of the formation of N-(carbomylcarbamothioyl) benzamide computed using the B3LYP/6-31g(d) level of  theory.
The bond length has been computed for all the species. Table 1 gives the bond angles of

starting species, intermediates, transition states and the products for the reaction. The bond

distances of the atoms in the aromatic range are approximately the equal whilst the bond 

lengths of the groups that are at the site of activity or directly attached to the site of activity 

undergo significant changes in most cases. Whilst  table 2 gives the compiled results of the 

computed reaction pathway using  the B3PW91/6-31G(d) , M06/6-31G(d)  and  Wb97XD/6-

31G(d)  functionals and basis set. These results do not present a clear reaction path way as given by 

the B3LYP/6-31G(d).
Figure  2  gives the structure of I1 with enlarged numbering for  clarity 
[image: image2.png]



Figure  2 structure of I1 with enlarged numbering for clarity.

Table 1
 Comparison of the bond lengths of the starting species, intermediates, transition states and products. 
	Bond length/Å
	I1
	Ts1
	P1
	Ts2
	P2

	02-C9
	1.22613
	1.19884
	1.22549
	1.20723
	1.20924

	C8-S
	1.58249
	1.66812
	1.5716
	1.6396
	1.639

	N3-C9
	1.38584
	1.35505
	1.38652
	1.39534
	1.38794

	C4-C3
	1.39398
	1.39281
	1.39409
	1.3952
	1.39502

	C4-C5
	1.39628
	1.39633
	1.39605
	1.39551
	1.39582

	C3-C2
	1.40279
	1.40273
	1.40265
	1.40282
	1.40278

	C8-N1
	1.20307
	1.26745
	1.20896
	1.40332
	1.39983

	C5-C6
	1.39978
	1.39831
	1.3992
	1.39752
	1.39771

	N1-C7
	1.43038
	1.41252
	1.4379
	1.40747
	1.40804

	C2-C7
	1.47689
	1.49447
	1.47623
	1.50604
	1.50086

	 C2-C1
	1.40536
	1.40273
	1.40589
	1.40199
	1.40804

	C7-01
	1.21201
	1.21763
	1.21146
	1.21186
	1.21354

	C6-C1
	1.39001
	1.39161
	1.38976
	1.39225
	1.39203

	C9-N2
	1.38466
	1.51235
	1.38515
	1.41788
	1.41748

	N2-C8
	3.70191
	1.6611
	3.65927
	1.39781
	1.39458


Table 2 
Compiled results from the computation of the reaction mechanism using the B3PW91/6-31G(d) , M06/6-31G(d)  and  Wb97XD/6-31G(d)  functionals and basis set.
	species
	Dipole moment
	Imaginery frequency
	Free  Energies
	Change in entropy (hartrees) 
	Change in  entropy (kcal/mol)

	B3PW91/6-31G(d)

	I1 
	4.8915
	0
	-1060.861725
	0
	0

	TS1
	10.3919
	1
	-1060.798477
	0.0632
	39.69

	P1
	5.1590
	0
	-1060.818584
	0.043141
	27.07

	TS2 
	9.2368
	1
	-1060.844490
	0.017235
	10.82

	P2 
	12.2905
	0
	-1060.876512
	-0.014787
	-9.28

	M06/6-31G(d)

	I1
	2.8321
	0
	-1060.733532
	0
	0

	Ts1
	3.5180
	1
	-1060.716919
	0.016613
	10.42

	P1
	5.3698
	0
	-1060.676353
	0.057179
	35.88

	Ts2
	9.2504
	1
	-1060.700590
	0.032942
	20.67

	P2
	12.0450
	0
	-1060.733839
	-0.0003070
	-0.19

	Wb97XD/6-31G(d)

	I1
	3.7381
	0
	-1060.939894
	0
	0

	Ts1
	10.7251
	1
	-1060.865050
	0.07485
	46.97

	P1
	2.1080
	0
	 -1060.940984
	0.00109
	-0.684

	Ts2
	6.1924
	1
	-1060.933239
	0.00666125
	4.18

	P2
	9.3266
	0
	-1060.931779
	0.008111
	5.09


4. HOMO-LUMO Analysis
Table 3 gives the frontier orbitals for all the species in the reaction pathway computed using the B3PLYP functional at the 6-31g(d) basis set. The HOMO-LUMO gaps showed that there is consistency in the information obtained from the HOMO-LUMO gaps of the different species. For I1 the gap was 0.17727 eV this is consistent with high energy barrier hence heat or any other source of energy to help to form the Ts1 with a HOMO-LUMO gap of 0.17424 eV , the HOMO-LUMO gap obtained for P1 was 0.17881 eV this narrows to 0.13336eV in Ts1  with the final product P2 giving a HOMO-LUMO gap of 0.14175 eV.
Table 3
Frontier orbitals of reacting species, transition states, intermediates and product computed using B3LYP/6-3
	
	I1/eV
	Ts1/eV
	P1/eV
	Ts2/eV
	P2/eV

	LUMO+4
	-0.04441
	0.01013
	0.04281
	0.03464
	0.04048

	LUMO+3
	-0.00521
	0.00547
	-0.00438
	0.02219
	0.02733

	LUMO+2
	-0.01315
	-0.00627
	-0.01251
	-0.02223
	-0.02105

	LUMO+1
	-0.04126
	-0.03252
	-0.04665
	-0.03084
	-0.03442

	LUMO
	-0.08103
	-0.03402
	-0.08017
	-0.06416
	-0.06864

	HOMO
	-0.25830
	-0.20826
	-0.25898
	-0.19752
	-0.21039

	HOMO-1
	-0.26138
	-0.21262
	-0.26068
	-0.23961
	-0.23709

	HOMO-2
	-0.26362
	-0.23997
	-0.26247
	-0.26571
	-0.26477

	HOMO-3
	-0.26888
	-0.24074
	-0.27012
	-0.27351
	-0.27137

	HOMO-4
	-0.27581
	-0.24264
	-0.2773
	-0.27702
	-0.27444

	HOMO-LUMO GAP (eV)
	0.17727
	0.17424
	0.17881
	0.13336
	0.14175


Figure 3 gives the 1H NMR monitoring of the reaction over a 3 hour period at 30 minute intervals. The amino group gets attached after 30 minutes with the amino group changing environment upon attachment hence the disappearance of the signal at 4.50 ppm with time, whilst the signal at 12.00 ppm increases in intensity with time. 
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Figure 3
 1H NMR monitoring of the progress of the reaction with time at 30 minute intervals
4. Conclusion

The reaction mechanism of N-(carbomylcarbamothioyl)benzamide has been successfully computed with B3LYP/6-31g(d). The reaction is proposed to proceed through two transition states Ts1 (the rate determining step) which is a high energy species. Ts2 which is the second transition state has a lower energy hence it easily leads to the product. The HOMO-LUMO gaps showed the transition states have narrower HOMO-LUMO gaps compared to the starting materials, intermediate and products. The narrower HOMO-LUMO gaps confirms the ease of their transitions and hence their high reactivity.
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