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Abstract
The reaction mechanism for the formation 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 reac-
tion with time. The reaction is proposed to proceed through two transition states: Ts1 (the rate-determining step) with 
highly unstable species (with a requisite orientation for the reaction to proceed), and Ts2 with a lower energy leading to 
the product. Computation of the reaction pathway was also carried out 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 com-

putation 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 ap-
proximation (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 the use of standard func-
tional approximation and standard basis set, the theoreti-
cal calculation of the electronic structure and energetics 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 ex-
change 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-(carbomylcar-
bamothioyl) benzamide has been explored. 

The mechanisms for the oxidation of thiophene by 
OH radicals under inert conditions (Ar) have been studied 
using density functional theory in conjunction with vari-
ous exchange-correlation functionals.15 A density func-
tional theory (DFT) study has been performed to explore 

the mechanisms of the acid catalyzed decarboxylation re-
action of salicylic acids using the B3LYP method with 
6-31++G(d,p) basis set in both gas phase and aqueous en-
vironment.16 Density functional theory (DFT) has been 
used to study the cobalt(I)-catalyzed enantioselective intra-
molecular hydroacylation of ketones and alkenes. Hydro-
gen migration was both the rate determining and chirali-
ty-limiting step, and this step was endothermic. Reductive 
elimination was the rate-determining step, but the chirali-
ty-limiting step was hydrogen migration, which occurred 
easily. The results also indicated that the alkene hydroacy-
lation leading to (S)indanone formation was more energet-
ically favourable than the ketone hydroacylation that gave 
(R)-phthalide, both thermodynamically and kinetically.17 

The reaction mechanisms of H2 with OCS have been 
investigated theoretically by using density function theory 
method. Three possible pathways leading to major prod-
ucts 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 corre-
sponding reaction mechanism given by the potential ener-
gy surface determined from the relative energies.18 Though 
a lot of computational effort has been expended on differ-
ent reaction systems much has not been done on the reac-
tion mechanisms of thiones with amines.



329Acta Chim. Slov. 2018, 65, 328–332

Odame:   DFT Study of the Reaction Mechanism   ...

In this work we present the computed reaction 
mechanism and the DFT transition state studies of the for-
mation of N-(carbomylcarbamothioyl) benzamide, the 
transition states that contribute to the formation of prod-
ucts as well as the intermediates in the reaction pathway 
have been computed and discussed.

2. Computational Details
The reactants, transition states, intermediates and 

products structures were fully optimized at the B3LY-
P/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.19–22 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 coor-
dinate (IRC)23–25 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 pack-
age,26 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 species used for the computations are defined as 

follows.
I1 = initial starting material
Ts1= first transition state and highest energy specie

P1 = Intermediate 
TS1 = Second transition state
P2 = final product.
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 spe-
cies (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 us-
ing 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 fre-
quency, 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 orien-
tation for attack of the thione carbon by the lone pair of 
electrons on the nitrogen of the urea. A forward IRC com-
putation and optimization of the species obtained gave P1 
which is a singlet species of no charge with a dipole mo-
ment of 3.7226 Debye. The relative free energy of P1 is 
–0.66 kcal/mol. The formation of the C–N bond in P1 us-
ing the thione carbon leads to the formation of TS2 which 
is also a singlet species with a charge of 2 and a dipole mo-
ment 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 

Figure 1. The potential energy surface of the formation of N-(carbomylcarbamothioyl) benzamide computed using the B3LYP/6-31g(d) level of 
theory.
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frequency of zero. The dipole moment of P2 is 7.7072 De-
bye. 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 poten-
tial energy surface of the formation of N-(carbomylcarba-
mothioyl)benzamide computed using the B3LYP func-
tional and 6–31g(d) basis set and the corresponding opti-
mized conformation of the intermediates and transition 
states in gas phase for the formation of N-(carbomylcarba-
mothioyl)benzamide. All the other functionals used for 
this computation (B3PW91, M06 and wB97XD) gave in-
consistent results hence a good potential energy surface 
could not be obtained. 

The bond length has been computed for all the spe-
cies. Table 1 gives the bond angles of starting species, in-
termediates, transition states and the products for the re-

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	 1.23	 1.20	 1.23	 1.21	 1.21
C8-S	 1.58	 1.67	 1.57	 1.64	 1.634
N3-C9	 1.39	 1.36	 1.39	 1.40	 1.39
C4-C3	 1.39	 1.39	 1.39	 1.40	 1.40
C4-C5	 1.40	 1.40	 1.40	 1.40	 1.40
C3-C2	 1.40	 1.40	 1.40	 1.40	 1.40
C8-N1	 1.20	 1.27	 1.21	 1.40	 1.40
C5-C6	 1.40	 1.40	 1.40	 1.40	 1.40
N1-C7	 1.43	 1.41	 1.44	 1.41	 1.41
C2-C7	 1.48	 1.49	 1.48	 1.50	 1.50
C2-C1	 1.41	 1.40	 1.41	 1.40	 1.41
C7-01	 1.21	 1.22	 1.21	 1.21	 1.21
C6-C1	 1.39	 1.39	 1.39	 1.39	 1.39
C9-N2	 1.38	 1.51	 1.39	 1.42	 1.42
N2-C8	 3.70	 1.66	 3.66	 1.401	 1.39

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 	 Imaginery	 Free	 Change in	 Change in
	 moment	 frequency	 Energies	 entropy (hartrees) 	 entropy (kcal/mol)

B3PW91/6-31G(d)

I1 	   4.89	 0	 –1060.862	 0	 0
TS1	 10.39	 1	 –1060.798	   0.063	   39.69
P1	   5.16	 0	 –1060.819	   0.043	   27.07
TS2 	   9.24	 1	 –1060.844	   0.017	   10.82
P2 	 12.29	 0	 –1060.877	 –0.015	 –9.28

M06/6-31G(d)

I1	   2.83	 0	 –1060.734	 0	 0
Ts1	   3.52	 1	 –1060.717	   0.017	 10.42
P1	   5.37	 0	 –1060.676	   0.057	 35.88
Ts2	   9.25	 1	 –1060.701	   0.033	 20.67
P2	 12.05	 0	 –1060.734	   –0.0003	 –0.19

Wb97XD/6-31G(d)

I1	   3.74	 0	 –1060.940	 0	 0
Ts1	 10.73	 1	 –1060.865	 0.075	 46.97
P1	   2.11	 0	 –1060.941	 0.001	   –0.684
Ts2	   6.19	 1	 –1060.933	 0.007	   4.18
P2	   9.33	 0	 –1060.932	 0.008	   5.09

action. The bond distances of the atoms in the aromatic 
range are approximately 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  com-
puted 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 num-
bering for clarity.
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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 0.13336 eV in Ts1 with 
the final product P2 giving a HOMO–LUMO gap of 
0.14175 eV.

Figure 3 gives the 1H NMR monitoring of the reac-
tion over a 3 hour period at 30 minute intervals. The ami-
no 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. 

5. Conclusion
The reaction mechanism of N-(carbomylcarba-

mothioyl)benzamide has been successfully computed with 
B3LYP/6-31g(d). The reaction is proposed to proceed 
through two transition states Ts1 (the rate determining 

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	 –0.044	   0.010	   0.043	   0.035	   0.040
LUMO+3	 –0.005	   0.005	 –0.004	   0.022	   0.027
LUMO+2	 –0.013	 –0.006	 –0.013	 –0.022	 –0.021
LUMO+1	 –0.041	 –0.033	 –0.047	 –0.031	 –0.034
LUMO	 –0.081	 –0.034	 –0.080	 –0.064	 –0.069
HOMO	 –0.258	 –0.208	 –0.259	 –0.198	 –0.210
HOMO–1	 –0.261	 –0.213	 –0.261	 –0.240	 –0.237
HOMO–2	 –0.264	 –0.240	 –0.262	 –0.266	 –0.265
HOMO–3	 –0.269	 –0.241	 –0.270	 –0.274	 –0.271
HOMO-4	 –0.276	 –0.242	 –0.277	 –0.277	 –0.274
HOMO-LUMO GAP (eV)	   0.177	   0.174	   0.179	   0.133	   0.142

Figure 3. 1H NMR monitoring of the progress of the reaction with time at 30 minute intervals
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step) which is a high energy species. Ts2 which is the sec-
ond transition state has a lower energy hence it easily leads 
to the product. The HOMO-LUMO gaps showed the tran-
sition 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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Povzetek
S teorijo gostotnega funkcionala smo z uporabo  B3LYP / 6-31g (d) funkcionalnega in baznega seta preučevali meha-
nizem tvorbe  N- (karbomilkarbamotiioil) benzamida in rezultate primerjali s podatki, dobljenimi iz časovnega sprem-
ljanja poteka reakcije z 1H NMR spektroskopijo. Ugotovili smo, da za potek reakcije lahko predlagamo dve prehodni 
stanji: Ts1 (stopnja, ki določa hitrost reakcije) z izredno nestabilnimi delci, ki za nadaljevanje reakcije zahtevajo določeno 
orientacij in Ts2 z  nižjo energijo, ki vodi do produkta. Računanje reakcijska pot je bila izvedena tudi z uporabo B3PW91 
/ 6-31G (d), M06 / 6-31G (d) in Wb97XD / 6- 31G (d) funkcionalnih in baznih setov, a dobljeni rezultati ne dopuščajo 
zanesljive napovedi  reakcijske poti.
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