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ABSTRACT 

 

The aim of this investigation was to determine the molecular properties and provide an 

interpretation of the vibrational mode couplings of these two paracetamol analogues: 2-bromo-2-

methyl-N-(4-nitrophenyl)-propanamide and 2-bromo-2-methyl-N-p-tolyl-propanamide. E/Z 

isomers, keto/enol unimolecular rearrangement and prediction of the transition state structures in 

each mechanism were also assessed using the Density Functional Theory (DFT). The DFT 

estimates a high energy gap between E and Z isomers (9-11 kcal∙mol
-1

), with barrier heights ranging 

from 16 to 19 kcal∙mol
-1

. In contrast, the barrier energies on the keto/enol isomerization are almost 

10 kcal∙mol
-1

 higher than those estimated for the E/Z rearrangement. The kinetic rate constant was 

also determined for each reaction mechanism. Natural bond orbital analysis and the quantum theory 

of atoms in molecules were used to interpret the intramolecular hydrogen bonds and to understand 

the most important interactions that govern the stabilization of each isomer. Furthermore, an 

analysis of the atomic charge distribution using different population methodologies was also 

performed. 

 

 

Keywords: kinetics; rate constant; acetaminophen; FT-IR; heat of formation 
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INTRODUCTION 

 

 Paracetamol is considered to be a first-line treatment for children’s pain and fever because of 

its analgesic and antipyretic actions [1]. Because of the different environmental [2-5] and 

pharmacological implications of paracetamol [6-10], several investigations have been performed to 

assess its spectroscopic properties [11-15] and to determine the different aspects of its 

crystallization [16-21]. Different paracetamol derivatives have also been shown to have antioxidant 

activity [22,23] as a fatty acid amide hydrolase inhibitor [24], and these derivatives are potentially 

safer analgesics than paracetamol itself [25-32]. 

 The purpose of this study is to describe the electronic properties and provide an 

interpretation of the vibrational mode couplings in these two paracetamol analogues: 2-bromo-2-

methyl-N-(4-nitrophenyl)-propanamide and 2-bromo-2-methyl-N-p-tolyl-propanamide (Figure 1). 

In this investigation, we will characterize the E/Z isomers, the keto/enol unimolecular arrangement 

and the transition state structures in each mechanism. A Natural Bond Orbital (NBO) analysis and a 

topological analysis using the Quantum Theory of Atoms in Molecules (QTAIM) [33] will also be 

performed. These compounds have already been synthesized and their structures were analyzed 

using X-ray diffraction [34,35]. However, there are few studies on their electronic properties and 

also little information on the details of their vibrational frequencies and their respective vibrational 

couplings. Therefore, a combined experimental and quantum chemical investigation on the 

electronic properties will provide a good understanding of these systems, as shown in previous 

studies [36-42]. 
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MATERIALS AND METHODS 

 

 The compounds were synthesized using the procedure published by Moreno-Fuquen et al. 

[34,35]. The infrared spectrum was recorded between KBr windows from 4000 to 400 cm
−1

 on a 

FTIR GX1 spectrophotometer with a resolution of 1 cm
−1

 and using 64 scans. 

 All the calculations were carried out using the GAUSSIAN 09 program [43]. Stationary 

points on the potential energy surface were fully optimized, and harmonic vibration frequencies 

were evaluated to characterize their nature as minima. The absence of imaginary frequencies 

indicated that all optimized structures were the true minimum. The PBE1PBE functional [44,45] 

was used in the optimization procedure with the 6-31G(2df,2pd) basis set [46,47]. A tight 

convergence and an ultrafine grid were used in the optimization procedure. The PBE1PBE 

functional demonstrated a good performance in to estimate the electric dipole moment and 

polarizability [48] as well as in to the prediction of the transition state structures in organic reactions 

[49,50] and in unimolecular rearrangements [51]. The transition state structures (TSs) were 

searched using the synchronous transit-guided quasi-Newton method [52,53], where is required the 

reactant and product for the structure as input. The TS structures were then optimized with 

analytical gradients using the Berny algorithm with redundant internal coordinates until a stationary 

point on the potential surface was found. Finally, the transition state structures were verified by 

subsequent frequency calculations, which allowed us to determine the imaginary vibrational 

frequencies related to the reaction path. A Hessian-based predictor-corrector reaction path algorithm 

[54,55] was also used to confirm the reactant and the product of each TS structure. In addition, 

M05-2X [56] and BMK [57] functionals were also applied in the energetic profiles of the reaction 

pathways due to their accurate prediction of chemical reaction barrier heights for modeling kinetic 
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rate constants [56-59]. For these both DFT functionals were employed the 6-311++G(d,p) basis sets 

[46,47]. All simulations were performed in gas phase 

 The atomic charge analysis was performed using different methodologies: Mulliken, 

Lowdin, generalized atomic polar tensor (GAPT) [60], Natural Population Analysis (NPA) [61], 

Chelp [62], ChelpG [63], Merz-Singh-Kollman (MK) [64,65] and the Hirschfeld method [66,67]. 

NBO analysis was performed using the NBO 6.0 program [68]. Topological analysis with QTAIM 

was performed using the AIMALL program [69]. In the charge analysis, bond indexes, NBO and 

QTAIM calculations were used the PBE1PBE/6-31G(2df,2pd) method. 

 

RESULTS AND DISCUSSION 

 

Geometry and structure prediction 

 The structure prediction showed good agreement between the experimental and 

PBE1PBE/6-311G(2df,2pd) geometry, mainly when the bond lengths and angles were compared. 

The mean absolute error (MAE) for c1 and n1 were 44% and 55%, respectively. Nevertheless, the 

MAE values is around 6% when compared the experimental and calculated bond lengths, while 

these values decreases to 1% examining the bond angles. The main reason for this difference is 

likely a result of the quantum chemical calculations where the molecules were simulated in vacuum. 

However, X-ray analysis was performed on a single-crystal sample and the crystal packing was 

shown to affect the structure geometry. We compared the experimental and the predicted dihedral 

angles. For c1, the C11-N13-C6-C1 torsional angle was -31.2(5) as shown using X-ray analysis [35], 

while with the PBE1PBE functional is 0.2. For n1, the experimental [34] and predicted C11-N13-

C6-C1 angles were 12.7(4) and 0.0, respectively. The large value for the c1 C11-N13-C6-C1 
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torsional angle occurs because this molecule is stabilized by three intermolecular interactions that 

are formed by each carboxyl group (a NH-O hydrogen bond and two weak CH-O bonds). In 

contrast, n1 presents two intermolecular interactions for each amide group: a CH-O and a NH-O 

hydrogen bond [34]. Another example of a dihedral angle that is affected by the crystal packing is 

the Br-C12-C11-O15 angle. In c1, the Br-C12-C11-O15 experimental torsional angle is -100.5(3), 

while it was estimated to be 179.9 using the PBE1PBE/6-311G(2df,2pd) method. For n1, the 

experimental and predicted Br-C12-C11-O15 angles are -97.1(2) and 180, respectively. 

 

Frontier orbitals, atomic charge distribution and heat of formation 

 Figure 2 shows the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) in paracetamol and their analogues investigated here. The main 

contribution for c1 and n1 HOMOs come from the bromine lone-pair electrons [lp(Br)], with a 

minor contribution from the CC bonds and a very small contribution from the lone-pair electrons 

from nitrogen [(lp(N)] and oxygen atoms [lp(O)]. In contrast, for paracetamol is seen large 

contribution from aromatic ring in HOMO as well as from CN and lp(O). The major contribution in 

the c1 LUMO comes from anti-bonding CC (

CC), while in n1, there is also a contribution from 

the CN bond and from the lp(O) of the NO2 group, as well as from the 

CN of the amide group. 

Examining the HOMO-LUMO gap of paracetamol and their analogues is seen only a small 

difference among these structures, where the largest value is estimated from n1. This difference in 

the n1 HOMO-LUMO energy gap occurs mostly in response to the large stabilization of its LUMO 

that results from the change in the substituent group that increases the n1 electron-acceptor 

character. 
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 Another important issue is a population analysis of the atomic charge distribution (see ST1, 

in the supplementary material). Examining the QTAIM charge distribution, we found that a larger 

negative charge is estimated for the oxygen of the carbonyl group [q(O)CO] than for the bromine 

charge [q(Br)], while the largest positive charge is estimated for the carbon atom in the carbonyl 

group [q(O)CO]. In addition, we used different methodologies to evaluate the susceptibility of the 

partial atomic charge distribution that results from the population method that was used, including 

the Mulliken, Lowdin, GAPT, NPA, Chelp, ChelpG, MK and the Hirschfeld methods. The QTAIM 

charge was used as the reference value because this charge framework is obtained by the integration 

of electronic density within the atomic basis followed by addition of the nuclear charges [33], 

making the QTAIM methodology the most reliable option. Although the QTAIM method led to a 

high separation between the element charges (particularly because of its partition scheme), the 

QTAIM methodology showed good efficiency compared to other population methods, which has 

also been confirmed for other systems [70-74]. The ChelpG, GAPT, Mulliken and MK methods 

showed small differences from the QTAIM values and all the methodologies showed a good 

efficiency to predict the partial atomic charge distribution, with the exception of the Lowdin charge. 

This lowest performance of Löwdin charges is due to this population method does not lead to good 

results as the basis set is increased for a triple zeta quality and the values may behave unpredictably 

[75]. Specific examples were the bromine charge and the -CH3 and -NO2 peripheral groups. The 

NPA and the Lowdin charge showed a large difference from the QTAIM value in the bromine 

charge, while only the Mulliken, GAPT and Hirschfeld methods predicted the correct sign for 

q(Br). For the -CH3 and -NO2 peripheral groups, only the GAPT method estimated the correct 

character for both groups. Therefore, based in these results, it is noteworthy to mention that QTAIM 
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and GAPT method are the most appropriate population methods to analysis the paracetamol 

analogues. 

 To provide more information about of the two paracetamol derivatives, we also estimated 

the heat of formation at 0K and 298K. It is important to address that the heat of formation is an 

important energy descriptor parameter in the quantitative structure-activity relationships (QSAR) 

for drug design with the objective to capture complex relations between relevant descriptors in 

order to evaluate the biologic activity of different molecules [76-78]. The methodology proposed by 

Curtis et al. [79] was used to calculate the heat of formation, which combines ab initio and 

experimental values. The experimental heat of formation at 0 K for the elements was provided by 

NIST-JANAF [80] for the total atomization energy, as follows: C (Hf
0K

=171.29 kcal∙mol
1

), N 

(Hf
0K

=112.97 kcal∙mol
1

), O (Hf
0K

=59.55 kcal∙mol
1

), H (Hf
0K

=51.63 kcal∙mol
1

) and Br 

(Hf
0K

=26.74 kcal∙mol
1

). The carbon (-0.08 kcal∙mol
-1

), oxygen (-0.22 kcal∙mol
-1

) and bromine (-

3.51 kcal∙mol
-1

) spin-orbit corrections were obtained according to Moore [81]. These calculations 

were carried out using the G3MP2 method [82]. The c1 heat of formation at 0K was -24.26 

kcal∙mol
-1

, while that of n1 was -21.61 kcal∙mol
-1

. In addition, at 298K, the heat of formation for c1 

and n1 was -34.66 and -32.10 kcal∙mol
-1

, respectively. 

 

Relative stability among the isomers, transition state structures and rate constants 

 The relative stability and the electric dipole moment among the different positions of 

functional groups in the phenyl ring (A-E isomers) can be seen in Figure 3. In c1 regioisomers, it 

can be noted that the different positions of methyl groups caused only a small effect in the electric 

dipole moment. However, the electric dipole moment ranged from 2.6 to 6.5 Debye considering the 

n1 regioisomers. In terms of the energetics, isomer B demonstrated the largest energy gap for both 
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paracetamol analogues. Among c1 regioisomers, isomers C-E presented an energy difference lower 

than 0.5 kcal mol
-1

 when compared with isomer A. In n1 regioisomers, the relative stability analysis 

confirmed isomer A as the most stable conformation, while the energy difference from isomers C-E 

varied from 0.7 to 2.7 kcal mol
-1

. 

 The relative stability of the two paracetamol analogues is shown in Figure 4. The E/Z 

reactions are slight exoergic, and the energy gap between c1 and c2 ranged from 9.6 to 10.5 

kcal∙mol
-1

, demonstrating only a slight increase in the E/Z energy difference that results from the 

NO2- substitution. These results are also in good agreement with the values predicted by Aydin et 

al. [83] for a pyrimidine derivative. An important aspect in Figure 3 is the transition state structure 

TS1, which connects the E and Z isomers. For TS1c, barrier height is estimated to have an energy 

of 9.6 kcal∙mol
-1

 with PBE1PBE and M05-2X functionals and an increase of 1 kcal∙mol
-1

 was found 

using the BMK functional. In contrast, the barrier energy increases almost 1 kcal∙mol
-1

 for TS1n, 

with the PBE1PBE functional. It is noteworthy to comment that these barrier energies were smaller 

than what was predicted by Sargol et al. for an acyl hydrazone derivative [84]. Sargol and co-

authors estimated the barrier heights at 18 kcal mol
-1

 for the E/Z unimolecular rearrangement, but 

the E/Z energy gaps were smaller than 1 kcal∙mol
-1

.  

 On the other hand, the keto/enol energy difference varied between 16 and 19 kcal∙mol
-1

 for 

both paracetamol analogues. TS2 represents the transition state structures that connect the Z isomers 

with the enol configurations, where the reaction pathway is carried out by a proton transfer from the 

amine group into the keto functional group, which leads to formation of the enol group. The barrier 

at TS2c is 37 kcal∙mol
-1

 relative to c2 with M05-2X and BMK functional, while the n2→n3 

reaction also shows a sizable entrance barrier, varying from 32.6 to 37.3 kcal∙mol
-1

. Note that 
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reverse routes involve barriers of 25-30 kcal∙mol
-1

 with a small difference between both 

paracetamol analogues. 

 We also predicted the Gibbs free energy and the rate constants for each process at 298K 

(Table 1). We used the canonical transition state theory to calculate the rate constants. We can see 

that the E/Z isomerization pathways ranges from 2.58  10
-2

 to 1.46 s
-1

. These reactions also show 

small half-lives where the highest value (39 seconds) was predicted for the c1→TS1c→c2 reaction 

using the PBE1PBE functional. The reverse route (c2→TS1c→c1) half-life is estimated to be less 

than 4 ns, while this same process increases two orders of magnitude for the NO2 analogue. On the 

other hand, the rate constants in the keto/enol pathways varied from 4  10
-15

 to 6  10
-12

 s
-1

 because 

of the large Gibbs free energy of activation, and these half-lives ranged from 10
11

 to 10
14

 s. In 

contrast, the reverse route is five orders of magnitude faster considering the M05-2X/6-

311++G(d,p) method. 

 

Molecular electrostatic potentials, bond order indices, NBO analysis and other different 

properties of each isomer 

 Further insights into the electronic structure of the paracetamol analogues can be obtained 

when the electric dipole moment is analyzed (Table 2). A look at nitro isomers shows that the 

electric dipole moment increases in the following order: n2<n1<n3. However, the difference 

between the n1 and n3 dipole moment is less than 4%. In contrast, the dipole moment of the 

isomers with the methyl group can be arranged in the following order: c1<c3<c2. In this case, the 

c2 dipole moment is 70% larger than that of c1. We also performed a QTAIM analysis between 

methyl isomers to determine the main reason for this difference in the dipole moment. An 

inspection of the c1→c2 configuration change reveals an increase in the contribution of the 
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formamide group followed by a decrease of the C(CH3)2Br group, and a slight increase in the p-

tolyl contribution is also noted. According to the polarizability, the difference among the isomers is 

larger among the CH3- species than among NO2- isomers. 

 Another important property is the octanol/water partition coefficient (log P), which 

measures the hydrophobicity of the compounds (see Table 2). Log P was calculated according to 

Ghose et al.’s atom fragment method [85] that was implemented in the Hyperchem program [86], 

which has been used with success to predict experimental values [87-90]. Generally, log P<0 

indicates a hydrophilic nature for the compound, while a lipophilic and an amphiphlic character is 

expected when the result is log P>1.5 and 0<log P<1.5, respectively. For the paracetamol isomers 

that are estimated to have a lipophilic character, a decrease of log P for enol configurations is 

predicted. Using the surface area and the volume of each isomer, the lowest values for Z 

configurations can be estimated, and these results are similar to those of the enol species. Moreover, 

the refractive index difference among the CH3- and NO2- isomers is less than 5%. 

 The nitrogen-oxygen bond order index among the isomers was also studied (see ST2 in the 

supplementary material). The Mayer bond index [91] was used in the E/Z configuration change, and 

we estimated an increase in the C-N bond order (from 1.0 to 1.2), followed by a slight increase in 

the C=O bond order value (from 1.9 to 2.0). Nevertheless, an increase in the C-N bond order to 1.9 

is predicted after the keto/enol isomerization, which occurs because the bond character changes 

from a  bond to a  bond. This bond nature change is also seen for the C-OH bond, where the 

Mayer bond index changes from 2.0 to 1.2. In contrast, the  C-Br bond order values do not show 

significant changes for each reaction. 

 To evaluate the susceptibility of the bond index methodology, the Wiberg bond index (bowi) 

[92], the bond delocalization index (BDI) [93] and the atom-atom overlap natural localized 
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molecular orbitals/natural population analysis bond index (bonlmo) [94] were also used. An 

interesting case is the C-N bond in the formamide group on the c1→c2 isomerization, where the 

Mayer index and bonlmo predicted an increase in the bond order, while the Wiberg index estimated a 

decrease in bond order. BDI did not show any significant change in the bond order value (less than 

2%). In contrast, the nitro analogue reaction was different. In the n1→n2 configuration change, 

only BDI and bonlmo showed any significant change in the C-N bond order (less than 3%), while the 

Mayer and Wiberg bond indices predicted small increases in the bond order value of 9% and 5%, 

respectively. 

 Figure 4 presents the molecular electrostatic potential map of each isomer. In the 

electrostatic potential maps, the positive regions (in blue) refer to areas where the nucleophilic 

character is estimated, while the red areas are the areas that demonstrate an electrophilic nature and 

green represents the neutral regions. Among the isomers, the main electrophilic regions are 

presented in the phenyl ring and in carbonyl group, but a decrease in the electrophilic regions in the 

Z isomers is estimated. Among the isomers, the differences that are caused by CH3- and NO2- 

substituent groups are also important. In isomers with nitro functional groups, there is a decrease in 

the phenyl electrophilic character, particularly because of the charge transfer to the NO2- group. 

This issue became clearer when we compared c2 and n2 electrostatic potential maps. In c2, the 

main electrophilic areas were localized in the phenyl ring and in the carbonyl group, while in n2, 

these areas are in the carbonyl and nitro group. 

 NBO calculations estimate that the electrostatic effect is predominant in c3, while the steric 

effects are predominant in n3. In n2, the steric repulsion and the electrostatic effect have a similar 

contribution, although very small. Similar characteristics are seen for c2, but the electrostatic effects 

are two times higher than the steric contribution. Moreover, we also performed a second order 
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perturbation theory analysis of a Fock matrix based on the NBO. Analyzing the interaction between 

nitrogen lone pairs [lp(N)] and CO antibonding (

CO) [lp(N)→


CO] showed a decrease of 16 

kcal∙mol
-1

 in the E/Z unimolecular rearrangement based on the second-order interaction energy (E
2
). 

In addition, in the c1→c2 reaction, the charge transfer from lp(N) into aromatic 

CC 

[lp(N)→

CC(arom)] decreased by 13 kcal∙mol

-1
, while the CC(arom)→


CC(arom) charge transfer showed 

an estimated increase of 10 kcal∙mol
-1

. In the n1→n2 reaction, the decrease in the lp(N)→

CC(arom) 

interaction is less than 3 kcal∙mol
-1

, while the CC(arom)→

CC(arom) donation decreased by 12 

kcal∙mol
-1

. The lp(O)→

CN and lp(O)→


CC interaction is also important, but the E

2
 energy 

decrease was small. For the c2→c3 reaction, an energy decrease of 49 kcal∙mol
-1

 is predicted in the 

lp(N)→

CO interaction, and also reveals an increase of 21 kcal∙mol

-1
 in the lp(N)→


CC(arom) 

donation.  

 

QTAIM analysis of intramolecular interactions 

 Figure 5 shows the molecular graphics of each isomer, indicating the bond paths, bond 

critical points (BCPs, in green), the ring critical points (RCPs, in red) and the cage critical points 

(CCPs, in blue). QTAIM analysis was performed on several parameters (Table 3) such as the 

electronic charge density [(r)] and its Laplacian [
2
(r)], the total energy density [H(r)], the 

ellipticity () and the relationship between the modulus of the local potential energy and the local 

energy density [|V(r)|/G(r)]. Thus, shared interaction (in most of the covalent compounds) shows 

large electron densities, which are followed by negative values in its Laplacian, while closed-shell 

interactions present low (r) values and positive 
2
(r) values that are associated with their ionic 

nature or van der Waals compounds [95]. The E isomers have two BCP associate intramolecular 

interactions: the O-HC and Br-HN interactions. The electronic charge density of the c1 and n1 O-
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HC interactions are 0.01851 and 0.01935 a.u., respectively, while that of the Br-HN interactions are 

also similar (0.024 a.u.). The 
2
(r) results for both interactions show positive values, indicating 

the ionic nature in these two interactions. 

 Another important parameter is the electronic energy density found by Cremer and Kraka 

[96], which is the sum of the local kinetic and potential energy density at the BCP. When H(r) is 

negative, this indicates a stabilization in the accumulation of electronic charge in the internuclear 

region (a characteristic of a covalent interaction), while a positive result shows that the 

accumulation of electronic charge leads to a destabilization of the system, which is a characteristic 

of van der Waals and ionic bonding systems. The H(r) results for the O-HC interactions are 

positive, emphasizing their ionic character in E isomers. The Br-HN total energy density between E 

isomers shows a more negative value for the n1 H(r), which suggests a large electronic charge 

concentration between the Br and H basins. The H(r) values show different characteristics between 

the c1 and n1 Br-HN interaction [a positive (610
-5

 a.u.) and a negative (-110
-4

 a.u.) value, 

respectively], both resulting in a very small interaction, which does not imply a distinguishing 

nature for each interaction and also emphasizes their ionic nature. 

 The covalent nature of each interaction can also be analyzed when we take into account the 

|V(r)|/G(r) relationship, where this ratio may work as an estimation of the “covalence” character of 

a bonding interaction. A |V(r)|/G(r) relationship greater than 2, indicates a covalent interaction, a 

value smaller than 1 indicates a noncovalent interaction and a value between 1 and 2 indicates a 

partially covalent interaction. Examination of the O-HC interaction in the E isomers revealed a 

|V(r)|/G(r) value less than 1, demonstrating their noncovalent character; this relationship indicates a 

partial covalent nature for the Br-HN interactions. Another important aspect is the ellipticity, which 

can work as an indicator of the instability in each interaction. Ellipticity shows a higher value for 
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the O-HC interaction than for the Br-HN interaction, which suggests that the Br-HN interaction is 

more stable than the O-HC interaction. 

 We further studied the intramolecular interactions among the other isomers. Analysis of the 

Z isomers and enol species showed two intramolecular interactions: Br-HC and CH-C. An 

interesting parameter in CH-C interactions is the large ellipticity value, which confirms the 

instability of these intramolecular interactions and their ionic character when the |V(r)|/G(r) 

relationships are investigated. On the other hand, comparing the ellipticity results in Br-HC 

interactions between both Z isomers shows a value an order of magnitude lower for n2, which 

reveals its higher stability. Moreover, a distinguishing characteristic in n2 is the presence of a CCP. 

In this CCP, the electronic density is lower than in the other three surrounding RCPs, while an 

examination of the kinetic energy density shows that the electrons move similarly in CCP and 

RCPs. 

 

Vibrational spectral analysis 

 In this section, we will discuss the infrared characteristic bands of the two paracetamol 

analogues and their assignments, based on a comparison between the simulated spectra in a vacuum 

and experimental spectra in the solid state. The discussion in this section only involves c1 and n1 

infrared vibrational frequencies. The experimental FT-IR spectrum of c1 and n1 are presented in 

Figures 6 and 7, respectively. The vibrational wavenumber assignments were performed through 

visualization of vector displacement in the AVOGRADO [97] program, but for this task we did not 

use any scale factor. 
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Carbon-Bromine and NO2 vibrational modes 

 For a compound with a NO2 group, the symmetric [(NO2)as] and asymmetric [(NO2)sym] 

stretching vibrational modes are usually located in the regions 1540-1625 cm
-1

 and 1360-1460 cm
-1

, 

respectively [98,99]. In the n1 infrared spectrum, the (NO2)sym and (NO2)as are localized at 1340 

and 1528 cm
-1

, respectively. The NO2 scissoring band is detected at 855 and 751 cm
-1

 in the FT-IR 

spectrum. In addition, the deformation vibrations of the NO2 group as rocking and wagging modes 

are in the low frequency region [98,99]. 

 Carbon-halogen vibration frequencies are assigned in a wide frequency range of 480-1129 

cm
-1

, based on previous reports [98,99], because these bands are highly affected by adjacent atoms 

or groups. For example, the C-Br stretching [C-Br)] band is observed at the 700-1070 cm
-1

 region 

in bromine-phenyl groups [100-103], but this band is detected at 481 cm
-1

 in p-bromonitrobenzene 

[104] and at 540 cm
-1

 in α-bromotoluene [105], demonstrating the effect of peripheral groups. In the 

c1 FT-IR spectrum, the C-Br) band is observed at 696 cm
-1

, and also has 2 shoulders at 650 and 

628 cm
-1

. The shoulder at 650 cm
-1

 is associated with the N-H wagging mode, while the shoulder at 

628 cm
-1

 is a result of the C-Br) mode coupled with the C-H out-of-plane vibrations. Based on 

DFT calculations, the C-Br) peak was predicted at 692 cm
-1

, and the two shoulders are estimated 

at 656 and 646 cm
-1

. In the n1 infrared spectrum, there is a band that is divided into two peaks at 

692 and 673 cm
-1

 with small bandwidths. The frequency at 692 cm
-1

 is assigned to the C-Br) 

vibration and the band at 673 cm
-1

 is a result of the N-H wagging mode. 

 

Carbon-Hydrogen and Carbon-Carbon vibrational modes 

 The fundamental CH3 bands are usually detected in the region between 2950 and 2990 cm
-1

 

[92,93]. In n1, the symmetric CH3 [(CH3)sym] vibrational mode is detected at 2930 cm
-1

. In the c1 
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FT-IR spectrum, the band at 2857 cm
-1

 is assigned to (CH3)sym of the methyl-phenyl group, while 

the peak at 2923 cm
-1

 is related to the (CH3)sym modes in the C(CH3)2Br peripheral group. These 

results are in agreement with previous studies [106-109]. In addition, the asymmetric CH3 

[(CH3)as] frequency in the n1 infrared spectrum showed a band at 2978 cm
-1

 with a shoulder at 

3005 cm
-1

. Conversely, in c1, the peak at 2983 cm
-1

 is associated with the (CH3)as mode of the 

methyl-phenyl group, and the bands at 3005 and 3036 cm
-1

 are assigned to the (CH3)as frequency 

of the C(CH3)2Br group. For CH3 vibrational modes in c1, these two well-separated peaks for the 

C(CH3)2Br peripheral group are a result of the CH-O intermolecular interactions in the crystal 

packing.  

 The aromatic C-H stretching vibrations occurs in the region of 3100-3000 cm
-1

 [98,99]. In 

c1, the experimental C-H aromatic peaks are observed at 3127-3060 cm
-1

, while this region was 

estimated in the range of 3262-3171 cm
-1

 using the PBE1PBE functional. The aromatic bands in n1 

were detected in the region of 3134-3049 cm
-1

, and when we performed the DFT simulations, 

shifted values for c1 that resulted from the simulations performed in a vacuum were predicted in 

this region (in 3269-3190 cm
-1

). 

 For the C-H in-plane and out-of-plane bending vibrations in the phenyl ring, both modes 

usually lie in the regions 1500-1350 cm
-1

 and 1000-600 cm
-1

, respectively [98,99]. The strong bands 

at 1471, 1404 and 1369 cm
-1

 in the infrared spectrum corresponds to c1 C-H in-plane bending 

vibration modes, while DFT frequencies were predicted in 1455, 1490 and 1590 cm
-1

. In n1, C-H 

in-plane bending modes were detected as small intensities at 1406 and 1373 cm
-1

 in the 

experimental FT-IR spectrum, while the C-H out-of-plane bending vibrations were observed at 882 

and 830 cm
-1

, which shows similar values as those of the DFT frequencies (in 900 and 853 cm
-1

). In 
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addition, C-H out-of-plane bending bands occur at 813, 893 and 942 cm
-1

 in the c1 FT-IR spectrum, 

while these modes were estimated at 838, 952 and 985 cm
-1

 using the DFT simulation. 

 

Vibrational modes associated with the amide group 

 The N-H stretching [(N-H)] band shows a strong signal in both infrared spectra. In c1, the 

(N-H) mode appears as a strong and broad band in the region of 3156-3416 cm
-1

, with a maximum 

intensity localized at 3303 cm
-1

. This result is similar to previous studies [110-112]. The DFT 

results showed a blue-shift of 288 cm
-1

 when we compared with the c1 (N-H) experimental value. 

The (N-H) band in n1 appears as a tight peak at 3407 cm
-1

, which is in agreement with results 

from Kolev et al. [113] for a butenoic-phenylamide structure. In addition, a blue-shift of 168 cm
-1

 

was also seen compared with the experimental results with the n1 simulated value. An explanation 

for this difference in the shape of the (N-H) band between these molecules may be a result of the 

c1 crystal packing that is stabilized by three intermolecular interactions formed by each carboxyl 

group, while in n1, there is a CH-O and a NH-O hydrogen bond for each amide group. 

 The carbonyl stretching frequencies [(C=O)] are expected in the region 1680-1715 cm
-1

 

[98,99], and those for n1 and c1 are detected at 1701 and 1657 cm
-1

, respectively. For this 

vibrational mode, there is also a tight band for n1, while the (C=O) band shows a broad shape for 

c1, particularly because the hydrogen bonds in the crystal packing. Using the PBE1PBE functional, 

these peaks are predicted at 1797 and 1787 cm
-1

 for n1 and c1, respectively, while the c1 (C=O) 

intensity is almost two times higher than the estimated intensity in n1. The c1 result is also in good 

agreement with El-Shahawy et al. [114], who detected the (C=O) mode in 1640 cm
-1

 for 

paracetamol. Comparing the experimental and predicted (C=O) frequencies, the differences in the 

estimates were higher than previous studies. For example, Panicker et al. [110] estimated a blue-
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shift of 35 cm
-1

, Mary et al. [112] estimated a blue-shift of 24 cm
-1

 and Kolev and Angelov [113] 

estimated a blue-shift of 6 cm
-1

. In this study, we found a shift of 96 cm
-1

 for n1, and a blue-shift of 

130 cm
-1

 for c1 when the experimental and DFT (C=O) frequency values were compared. In 

addition, the peak of the amide NH-C=O group occurs at 1600 cm
-1

 at the c1 FT-IR spectrum, in 

contrast with the scissoring band in the n1 spectrum that has two peaks at 1613 and 1597 cm
-1

, 

which are caused by hydrogen bonds in the crystal packing. 

 The C=O in-plane and out-of-plane deformations [98,99] occur in the regions of 625±70 and 

540±80 cm
-1

, respectively. In c1, the C=O in-plane deformation is detected at 638 cm
-1

, and with 

the PBE1PBE functional, it is predicted at 641 cm
-1

. The C=O out-of-plane deformation peak is 

estimated at 486 cm
-1

 for c1, while in the FT-IR, it occurs at 499 cm
-1

 with a very small signal. The 

n1 C=O in-plane and the out-of-plane deformation bands are localized at 638 and 499 cm
-1

, 

respectively, while DFT simulations predicted a blue-shift that is less than 20 cm
-1

 for both 

vibrational modes. Moreover, the N-H rock in-plane peaks of c1 and n1 in FT-IR are observed at 

1164 and 1150 cm
-1

, respectively. Another important peak is the C-N stretching vibration coupled 

with N-H out-of-plane wagging, which in general is localized in the region 1275±55 cm
-1

 [98,99]. 

For c1 and n1, this mode occurs at 1320 and 1338 cm
-1

, respectively. 

 

CONCLUSIONS 

This research has provided insight into several properties of two paracetamol analogues: 2-bromo-

2-methyl-N-(4-nitrophenyl)-propanamide and 2-bromo-2-methyl-N-p-tolyl-propanamide. The heat 

of formation for c1 and n1 at 298K was -34.66 and -32.10 kcal mol
-1

, respectively. An atomic 

charge distribution showed a larger negative charge for the oxygen atom of the carbonyl group 

compared with the bromine charge, and the largest positive charge is estimated for the carbon atom 

in the carbonyl group. Of the methodologies that were used, ChelpG, GAPT, Mulliken and MK 

showed small differences from QTAIM. In addition, the energy gap between E and Z isomers was 
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less than 10 kcal mol
-1

, while the keto/enol energy difference was almost two times higher. A 

similar picture is also reported here when the barrier heights are considered. The barrier energies in 

the E/Z unimolecular rearrangement are two times lower than the barrier heights in the keto/enol 

isomerization. For the kinetics, the rate constants in E/Z isomerization pathways range from 3  10
-2

 

to 1.46 s
-1

, leading into a half-life of 39 seconds. The rate constants in the keto/enol pathways, 

however, varied from 10
-15

 to 10
-12

 s
-1

. 
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Figure caption 

Figure 1. In the left side is showed the 2-Bromo-2-methyl-N-(4-nitrophenyl)-propanamide (n1) and 

2-Bromo-2-methyl-N-p-tolyl-propanamide (c1) optimized structures with PBE1PBE/6-

31G(2df,2pd). In the right side is demonstrated the structural superposition of calculated (in red) 

crystallographic structures (in blue; from references 34 and 35) for each compound. 

Figure 2. Frontier orbitals of 2-Bromo-2-methyl-N-(4-nitrophenyl)-propanamide (n1) and 2-

Bromo-2-methyl-N-p-tolyl-propanamide (c1) predicted with  PBE1PBE/6-31G(2df,2pd). 

Figure 3. Relative stability (in kcal mol
-1

) among the regioisomers involving the different positions 

of the functional groups in the phenyl ring of both paracetamol analogues by (PBE1PBE/6-

31G(2df,2pd)), [M05-2X/6-311++G(d,p)] and {BMK/6-311++G(d,p)}. The electric dipole moment 

() is in Debye. 

Figure 4. Relative energetic profile (in kcal mol
-1

) of the E/Z configuration change reaction and the 

keto/enol unimolecular rearrangement of both paracetamol analogues by (PBE1PBE/6-

31G(2df,2pd)), [M05-2X/6-311++G(d,p)] and {BMK/6-311++G(d,p)}. 

Figure 5. Molecular electrostatic potential of each isomer mapped with an isovalue of 0.0004 a.u. 

The right side view represents the front of the solid surface, while the left side view shows the back 

of the surface and displays the molecular disposition. 

Figure 6. Molecular graphs of the isomers. Green points represent bond critical points (BCP) and 

red points indicate ring critical points (RCP) and blue points represent cage critical points (CCP) 

Figure 7. KBr infrared spectrum of 2-Bromo-2-methyl-N-p-tolyl-propanamide (c1). 

Figure 8. KBr infrared spectrum of 2-Bromo-2-methyl-N-(4-nitrophenyl)-propanamide (n1). 
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Table 1. The Gibbs free activation energy (G
0, in kcal mol

-1
), the rate constant (, in s

-1
) and the 

half-lifetime (, in s) at 298.15K of each reaction by three different functionals 

 
Property c1 → c2 c2 → c3 n1 → n2 n2 → n3 

  Forward Reverse Forward Reverse Forward Reverse Forward Reverse 

G
0 PBE1PBE 19.6 10.1 34.5 24.6 18.6 7.1 32.8 25.5 

 M05-2X 17.2 7.0 37.1 30.2 17.2 7.0 37.1 30.2 

 BMK 17.4 6.3 37.3 28.8 17.4 6.3 37.3 28.8 

 PBE1PBE 2.58  10
-2 

2.65  10
5 

3.30  10
13 

6.26  10
-6 

1.40  10
-1 

3.92  10
7 
6.01  10

-12 
1.18  10

-6 

 M05-2X 1.46 4.92  10
7 
4.14  10

-15 
4.26  10

-10 1.46 4.92  10
7 
4.14  10

-15 
4.26  10

-10 

 BMK 1.07 1.58  10
8 

3.0  10
-15 

4.53  10
-9 1.07 1.56  10

8 
3.0  10

-15 
4.53  10

-9 

 PBE1PBE 38.82 3.77  10
-6 

3.03  10
12 

1.6  10
5 7.15 2.55  10

-8 
1.66  10

11 
8.44  10

5 

 M05-2X 0.69 2.03  10
-8 

2.42  10
14 

2.35  10
9 0.69 2.03  10

-8 
2.42  10

14 
2.35  10

9 

 BMK 0.94 6.41  10
-9 

3.33  10
14 

2.21  10
8 0.94 6.41  10

-9 
3.33  10

14 
2.21  10

8 

 

* For the PBE1BE functional was used the 6-31G(2df,2pd) basis sets, while for M05-2X and BMK 

functionals were employed the 6-311++G(d,p) basis sets. 

 

 

 

Table 2. The electric dipole moment (, in Debye), log P, surface area (in Å
2
), volume (in Å

3
), 

refractivity index, mean polarizability (, in a.u.), relative steric energy (Esteric, in kcal mol
-1

) and 

the relative electrostatic energy (Estatic, in kcal mol
-1

) 

 

 

 

Property c1 c2 c3 n1 n2 n3 

Log P 4.87 4.87 3.49 4.59 4.59 3.21 

Surface area 422.89 406.33 407.24 426.83 411.42 411.35 

Volume 674.81 660.3 664.17 680.73 666.83 670.1 

Refractivity 36.69 36.69 33.72 38.08 38.08 35.11 

 1.13 4.09 1.66 5.76 3.45 5.99 

 125.0 107.1 110.7 128.6 123.6 119.8 

Esteric 0.0 -2.5 -4.4 0.0 1.0 -9.5 

Estatic 0.0 -5.3 11.4 0.0 1.4 0.8 
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Table 3. Several properties in bond critical points (BCPs) in the intramolecular interactions as the 

electronic charge density [(r)] and its Laplacian [
2
(r)], total energy density [H(r)], ellipticity (), 

and the relationship between local potential energy and the local energy density [|V(r)|/G(r)] 

 

 

c1 

O-HC Br-HN 

n1 

O-HC Br-HN 

(r) 0.01851 0.02399 (r) 0.01935 0.02460 


2
(r) 0.06481 0.06840 

2
(r) 0.06811 0.06867 

H(r) 0.00123 0.00006 H(r) 0.00127 -0.00015 

|V(r)|/G(r) 0.92 1.00 |V(r)|/G(r) 0.92 1.01 

 0.17043 0.10745  0.16798 0.09980 

c2 CH-C 

Br-HC 

n2 CH-C 

Br-HC 

(r) 0.01237 0.01132 (r) 0.01295 0.01749 


2
(r) 0.04129 0.03397 

2
(r) 0.04258 0.04749 

H(r) 0.00180 0.00139 H(r) 0.00163 0.00076 

|V(r)|/G(r) 0.79 0.80 |V(r)|/G(r) 0.82 0.93 

 0.34030 0.19311  0.45732 0.01963 

c3 CH-C 

Br-HC 

n3 CH-C 

Br-HC 

(r) 0.01256 0.00673 (r) 0.01203 0.00677 


2
(r) 0.04251 0.01953 

2
(r) 0.04165 0.01973 

H(r) 0.00192 0.00095 H(r) 0.00192 0.00096 

|V(r)|/G(r) 0.78 0.76 |V(r)|/G(r) 0.77 0.76 

 1.18391 0.18120  0.89458 0.18895 
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Figure 1. 
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Figure 2. 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

-32- 

 

 

 

 

 

 

 

 
 

Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

-36- 

 

 

 

 

 

 

 

 
 

 

Figure 7. 
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Figure 8. 
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Highlights 

 FT-IR of 2-bromo-2-methyl-N-(4-nitrophenyl)-propanamide  

 FT-IR of 2-bromo-2-methyl-N-p-tolyl-propanamide 

 Several properties: Log P, surface area, dipole moment, electrostatic potential 

 Population methods: Chelp, ChelpG, NPA, QTAIM, Mulliken, Lowdin, MK, GAPT, Hirshfeld 

 Heat of formation using the G3MP2 method 


