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Abstract  
Quantum chemical study of N-acetylacetamide  was carried out at various theoretical levels 

such as HF, B3LYP and MP2 methods with the most popular basis set, 6-311++G (d, p). 

The computational results reveal that the amide resonance and intramolecular hydrogen 

bonding are two superior factors in determining the most stable conformation of diamide 

and amide–imidic acid tautomers, respectively. The evaluation of hydrogen bond energies 

predicts that the hydrogen bond strength of N-acetylacetamide is weaker than 

acetylacetamide. But the results of atoms in molecules, natural bond orbital, and 

geometrical parameters are given a different order, EHB (N-acetylacetamide) > EHB 

(acetylacetamide). Although the bond average energies of tautomerization process 

emphasized on more stability of amide–imidic acid tautomer, but our theoretical 

calculations reveal that the diamide conformers are more stable than the amide–imidic 

ones. The population analyses of equilibrium conformations by natural bond orbital method 

also predict that the origin of tautomeric preference is mainly because of the electron 

delocalization of amide functional group, especially LP(N)→ π*C=O charge transfer. 
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1. Introduction  

Hydrogen bonding is one of the most important concepts in chemistry due to its profound 

influences on the chemistry of life, crystal packing, solvation, catalysis, chelation, and a host 

of other important phenomena [1, 2].  Resonance assisted hydrogen bond (RAHB) is a particular 

subject of hydrogen bond which frequently observed in various complex biological systems. 

Gilli and coworkers have been proposed the RAHB model as linking the strength of the 

hydrogen bond to the resonance in chelated systems [3-5]. The chelated enol form of β-

dicarbonyl compounds is one of the most significant RAHB structures with O-HO hydrogen 

bond which most widely studied, theoretically and experimentally [6-10]. The consequences of 

the -electron delocalization within the chelated enol forms of β-dicarbonyl compounds, are as 

follows: (I) the shortening of OO distance; (II) the strengthening of hydrogen bond; (III) the 

equalization of the corresponding single and double bonds.  

The amide functional group is the fundamental unit of proteins, peptides, and other biologically 

important molecules and has been traditionally characterized by a restricted C-N bond rotation, 

coplanarity of the attached atoms, short C-N bond lengths, red-shifted carbonyl stretching 

frequencies, relative stability toward nucleophilic attack and protonation at oxygen rather than 

nitrogen [11]. By substitution an acetyl group on the nitrogen atom of amide compounds, the 

new class of compounds which called β-diacetamides, was introduced. N-acetylacetamide 

(NAA) as the simplest member of β-diacetamides compounds can participate in the 

amideimidic acid equilibrium (Fig. 1). At this equilibrium, there are two type of tautomer, 

diacetamide (DA) and amide-imidic acid (AI) which interconvert to each other by tautomeric 

equilibriums. The appropriate arrangement of acetamide and imidic acid functional groups in 

AI-11 is caused that a symmetric and simple RAHB system with a heteroatom (N) is formed. 

The small molecules, can be used as a model for characterizing the properties of complex 

biological molecules and therefore potentially interest.  

In the present study the characterization of the equilibrium conformations, especially global 

minimum, and estimation of the intramolecular hydrogen bond (IHB) and -electron 
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delocalization strength were carried out. Furthermore, a detailed population analysis for all the 

conformational equilibrium of NAA was performed by natural bond orbital (NBO) methods 

[12] and quantum theory of atoms in molecules (QTAIM) [13] to evaluate the origin of 

conformational and tautomeric preferences. NBO and QTAIM are powerful data collecting 

methods at microscopic level on the systems being examined [14-24]. 

CH3NH3C
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O O

H

Imidic acid Amide

 

Figure 1: AmidImidic acid tautomeric equilibriums in NAA. 

2. Computational details 

All of the computations in the present study were performed by Gaussian 03 series of programs 

[25]. The geometry optimizations were carried out by HF, B3LYP and MP2 methods with the 

most popular basis set, 6-311++G (d, p). The optimized structures at MP2/6-311++G (d, p) 

level of theory were used to obtained the appropriate wave function files for AIM and NBO 

analyses. The nature of the IHB in the most stable conformers has been studied using the AIM 

theory of Bader by mean of AIM2000 software [26]. According to this theory, when two 

neighboring atoms are chemically bonded, a critical point for bond formation appears between 

them. At the bond critical point (BCP), 2ρ= 0, the charge density is minimum at rc along the 

bond path but maximum along any orthogonal displacement. The sign of Laplacian for electron 

density at a BCP, 2ρ, reveals whether the charge is concentrated, as in covalent bond (2ρ<0), 

or depleted, as in closed-shell (electrostatic) interactions (2ρ>0). Additionally, for better 

understanding the nature of RAHB systems and tautomeric preference, the natural bond orbital 

(NBO) analysis was performed by using the NBO package included in Gaussian 03 [27]. NBO 
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analysis is carried out to understand the orbital interactions and charge delocalization during 

the course of the reaction. 

3. Results and discussion 

Theoretically, NAA has about 11 different conformers, which systematically arranged in two 

tautomeric classes, DA and AI with 3 and 8 members, respectively. Theoretical structures and 

the relative optimized energies of all the possible conformers are shown in Fig. 2 and Table 1. 

From the relative energies at all of the computational levels, we can easily conclude the 

following energy order:                   

                                                   DA < HB-AI < non HB-AI    

This order readily shows that the DA conformers are more stable than the others which followed 

by HB-AI and non HB-AI forms. The investigation and interpretation of energy gaps within 

each group and between these groups are the main goals of the present work. 

Table 1. The relative optimized energies of NAA conformers at 

various levels of theory (kcal/mol). 

Conformer HF B3LYP MP2 

DA-1 7.15 6.20 5.67 

DA-2 00.00 00.00 00.00 

DA-3 5.96 4.37 4.24 

AI-11 10.21 8.50 8.83 

AI-12 10.21 8.50 8.83 

AI-13 14.76 14.14 12.98 

AI-14 14.76 14.14 12.98 

AI-21 21.30 19.78 18.47 

AI-22 21.30 19.78 18.47 

AI-23 22.02 20.23 19.32 

AI-24 22.02 20.23 19.32 
a at 6-311++G (d, p). 
   



  
 
 

 
 

5 
 

CH3 N CH3

O O

H

DA-1

N CH3

O

H

H3C

O

DA-2 DA-3

N

H

CH3

O

CH3

O

O

N

H

H3C CH3

O

N

CH3

O

CH3

O

H
AI-13

N

CH3

O

H
AI-12

N

CH3

O

O

CH3

H
O

H3C

AI-21

N

OO

H3C

H

CH3

AI-23

N

CH3

O

O

H3C

H

AI-24

N

CH3

O

H

O

AI-22

N

O

H

CH3O

CH3 CH3

AI-11 AI-14

 

 Figure 2: All of the plausible theoretical conformers of NAA. 

1-3- Conformational preference 

 For NAA, three different planar DA conformers (DA1, DA2 and DA3) were proposed and 

represented in Fig. 2. All of these conformers at HF,  MP2 and B3LYP levels with the most 

popular basis set, 6-311++G (d, p), were fully optimized. The harmonic vibrational frequency 

calculations predict that all of them have the special local minimum on the potential energy 

surface and are stable. The bond length of DA conformers and the selected donor-acceptor 

charge transfer energy of these forms at MP2/6-311++G (d, p) level of theory are collected in 

Table 2 and 3, respectively. It is obvious from Table 1, all of the computational levels 

emphasized on DA2 as the most stable form respect to the other conformers. Furthermore, the 

energy difference between the consecutive forms is relatively small and can be relate to the 

dipole-dipole interactions or repulsive interactions between the carbonyl functional groups. 
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Beside the dipole-dipole interactions, the donor-acceptor charge transfer interactions are 

probably participate in the determining the most stable diamide form. The total values of charge 

transfer energies between the nitrogen lone pair and carbonyl antibonds (*C=O) of DA1, DA2 

and DA3 are about the 117.06, 126.48 and 129.08 kcal/mol, respectively, which are different 

from the energy order (see Table 3). Finally, the geometrical parameters of DA forms, for 

instance C-N, also emphasized on more delocalization in DA3 which followed by DA2 and 

DA1 and is in line with the previous conclusion. Thus this results show which repulsive 

interactions in the DA-3 form is greater than other DA forms.  

Table 2. The bond length of DA conformers at MP2/6-

311++G (d, p) level (Å). 

  DA1 DA2 DA3 

R (C=O) 1.211 1.217 1.219 

R (C-N) 1.408 1.396 1.403 

R (C-N) 1.408 1.410 1.403 

R (N-H) 1.011 1.014 1.017 

R (C-C) 1.519 1.515 1.510 

R (C-C) 1.519 1.504 1.510 

R (C=O) 1.211 1.218 1.219 

 

Table 3. The charge transfer energy of DA forms at 

MP2/6-311++G (d, p) level (kcal/mol). 

  DA1 DA2 DA3 

LP (N)→π*C=O 58.53 57.51 64.54 

LP(N)→π*C=O 58.53 68.97 64.54 

Total 117.06 126.48 129.08 
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Figure 3: The IR spectrum of DA1 conformer of the Diamide group. 

Theoretically, AI group has about 8 different possible conformers which only AI-11 and AI-12 

have planar structures (Fig. 2). All of these conformers were fully optimized at HF, MP2 and 

B3LYP levels with most popular basis set, 6-311++G (d ,p). The optimized structures of AI-

12, AI-14, AI-22 and AI-24 clarify that these conformers convert to the similar conformers. 

Thus these forms has not the special local minimum in potential energy surface. The bond 

length of AI conformers and donor–acceptor charge transfer interactions are given in Table 4 

and 5, respectively. 

From the relative energies of enol forms at all of the computational levels, we can find the 

unique energy order:                               AI-11< AI-13 < AI-21 < AI-23 

The most stable form (AI-11) has significant energy difference with other conformers. It seems 

that the more stability of AI-11 with respect to other enol forms is probably due to the IHB 

formation and π-electron delocalization. 
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The IR spectrum of AI-11 conformer of the Amide-imidic acid group have been drawn in Fig. 

4. The IR spectrum of A1-11 shows a band at about 3050 cm-1 which is related to the stretching 

vibration of the O-H bond. The peaks at 1675 cm-1 and 1650 cm-1 can be ascribed to the 

stretching frequency of carbonyl group (C=O) and the stretching vibration of the C=N group 

respectively [28, 29]. The absorption bands in the area of 1350-1375 cm-1 can be attributed to 

the stretching vibration of the C-N bond. The peak at 1275 cm-1 is due to the C–O stretching 

vibrations. 

Table 4. The bond length of AI conformers at MP2/6-311++G 

(d, p) level (Å). 

  AI-11 AI-13 AI-21 AI-23 

R(C=O) 1.240 1.219 1.213 1.221 

R(C-N) 1.397 1.413 1.422 1.407 

R(C-C) 1.503 1.508 1.511 1.509 

R(C=N) 1.308 1.283 1.272 1.277 

R(C-O) 1.323 1.349 1.368 1.356 

R(O-H) 1.001 0.969 0.963 0.963 

R(C-C) 1.495 1.499 1.500 1.508 
aq1 0.089 0.130 0.150 0.130 
bq2 0.083 0.130 0.155 0.135 

                                           a q1=RC-N-RC=N 
                                                                    b q2=RC-O-RC=O 

 

Table 5. The charge transfer energies of AI forms at MP2/6-311++G (d, p) level 

(kcal/mol).   

Charge transfer AI-11 AI-12 AI-13 AI-14 AI-21 AI-22 AI-23 AI-24 

LP(O) →π *C=N 81.77 81.86 54.98 54.98 48.39 48.39 51.04 51.04 

π C=N →π * C=O 54.15 54.24 22.68 22.66 1.24 1.25 21.05 21.05 

C=N →π *C=O  π 2.03 2.03 2.52 2.52 - - 2.59 2.60 

π* C=N →π* C=O 130.58 131.14 22.50 22.48 0.84 0.85 20.58 20.57 

Total 268.53 269.27 102.68 102.64 50.47 50.49 95.26 95.26 
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Figure 4: The IR spectrum of AI-11 conformer of the Amide-imidic acid group. 

2-3- Hydrogen Bond 

 

The intramolecular hydrogen bond plays a significant role in conformational preference and its 

energy is the most important characteristic of this interaction, which strongly depend on the 

choice of the reference state. Many authors have devised various methods to estimate the energy 

of intramolecular hydrogen bond [30-34]. In Schuster method, it is assumed that the energy 

difference between the close (with IHB) and open (without IHB) conformers to be equal with 

IHB energy [30]. Although, the IHB energy of OHO systems, such as MA and NFF, can be 

easily calculated by the Schuster method, but this result would be handled carefully, since the 

estimated energy are perturbed by the conformational interactions. In the previous study we 

evaluate the energy of IHB of NFF by Schuster method, related rotamers method (RRM) and 

Grabowski method. The results of extensive studies show that in the presence of any stabilizing 

and destabilizing factors the RRM is not useful [31]. Thus we evaluate the energy of IHB of 

NAA and AA by Schuster method (see Table 6). The Schuster energy of IHB for chelated enol 

forms of NAA and AA at all of the computational levels were obtained which signify the 
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Schuster energy of hydrogen bond in NAA is lower than the corresponding value of AA. In 

other word, it can be concluded that the presence of a heteroatom (N) significantly decreased 

the IHB strength. The geometrical parameters can be applied for qualitative description of IHB 

strength. As we know, with strengthening the O-H···O hydrogen bond, R(O···O) and R(H···O) 

decrease and R(O-H)  increase. For example, the values of R(O···O) for chelated enol forms of 

NAA is about 2.495 (Table 7). The QTAIM is a powerful tool for characterization and 

qualitative narration of IHB strength. Poplier [35] proposed a set of criteria for the 

characterization of hydrogen bond within the AIM formalism. Two criteria are connected with 

electron density, BCP, and its Laplacian, 2BCP, at BCP of two hydrogen bonded atoms and 

the other are related to the integrated properties of the H atom.  In order to have a deeper 

knowledge of the nature of the possible hydrogen bonds in NAA conformers, a topological 

analysis of electronic charge density, BCP, and its Laplacian, 2BCP were performed. The 

topological parameters of chelated enol form of AA and NAA at the MP2/6-311++G (d, p) 

level were evaluated and the results were collected in Table 8. Unlike the HB energies, the 

electron densities and its Laplacian at BCPs signify that the IHB in NAA is stronger than the 

AA.                                                                                    

The existence of hydrogen bond implies that a certain amount of electronic charge is transferred 

from the proton acceptor to the proton donor and a rearrangement of electron density within 

each part of molecule is occurred. Electron delocalization or charge transfer effects can be 

identified from the presence of off diagonal elements of the Fock matrix in the NBO basis. The 

strength of these delocalization interactions, E (2), are well estimated by second order 

perturbation theory. The NBO occupation numbers for the proton donor antibonds, lone pairs 

and their respective orbital energies () are reported in Table 8. Furthermore, some significant 

donor-acceptor interactions of enol form of AA and NAA and their energies at MP2/6-311++G 

(d, p) level of theory, are also given in Table 8.  

In NBO analysis of HB systems, the charge transfer between the lone pairs of proton acceptor 

and proton donor antibond (*) is most significant. As we know, the hydrogen bond charge 
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transfer greatly changes the occupation number of the molecular orbital's which involved in 

IHB interaction. The occupation number of proton donor antibond (*OH) in non HB 

conformers is very small and near zero, while the corresponding value for proton acceptor lone 

pairs is near to the standard value of 2, and the corresponding values in HB enol form show 

greatly changed. These results can qualitatively predict the IHB strength, which is consistent 

with the AIM analysis conclusion. The results of NBO analysis also show that in chelated 

forms, one or two lone pairs of proton acceptor and the proton donor antibonds are involved 

and the corresponding stabilization energies of NAA and AA are about 42.17, 35.85  kcal/mol, 

respectively. These results again emphasized on the conclusion of geometrical parameters and 

AIM analyses.  

Table 6. The hydrogen band energy by the Schuster 

method at various level of theory (kcal/mol). 

  HF B3LYP MP2 

NAA 11.08 11.27 9.63 

AA 14.07 15.86 14.78 

 

 
Table 7. The selected structural parameters of HB forms of NAA and AA at 

MP2/6-311++G (d, p) level of theory (Å and degree). 

  NAA(open) NAA(close) AA(open) AA(close) 

R(O...O) 3.204 2.495 2.782 2.547 

R(O...H) - 1.590 - 1.631 

R(O—H) 0.963 1.000 0.963 0.998 

Ө(OHO) 159.481 147.89 167.71 150.49 
 

 

 

 

Table 8.  The selected results of AIM and NBO analyses at MP2/6-311++G (d, p) 

level. 

  NAA(open) NAA(close) AA(open) AA(close) 

BCP - 0.06311 - 0.05702 

2BCP - -0.03958 - -0.0371 

LP(O)→σ*
OH - 42.17 - 35.85 
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ON(LP) 1.903 1.883 1.918 1.895 

ON(σ*) 0.0047 0.0616 0.0067 0.055 

E(LP) (kcal/mol) -4.44×10-22 -5.36×10-22 -4.36×10-22 -5.29×10-22 

E(σ*) (kcal/mol) 6.78×10-22 6.55×10-22 6.81×10-22 6.76×10-22 

∆E 1.12×10-21 1.19×10-21 1.11×10-21 1.20×10-21 

 

3-3--electron delocalization 

The -electron delocalization is very well known phenomenon that exist in simple and complex 

molecules and influences on the chemical reactivity, chemical reactions and other characteristic 

of systems [36, 37]. Although, Grabowski advised a simple method for evaluation the difference 

in -electron delocalization energy between the open and close enol forms in β-dicarbonyl 

compounds [38], but unfortunately, there is no exact method for estimating its energy.     

In RAHB systems, the equalization of corresponding bonds is a direct geometrical consequence 

of -electron delocalization and can be regard as a resonance criterion. From the Gillis 

parameters, q1=RC-N-RC=N and q2=RC-O-RC=O, we can qualitatively estimate the greatness of 

resonance. The bond lengths, q1 and q2 for AI conformers are given in Table 4. These results 

reveal that the -electron delocalization of AI-11 is much greater than the other AI conformers. 

Additionally, the existence of -electron delocalization implies that a certain amount of electric 

charge is transferred between the donors and acceptors and a rearrangement of electron density 

is occurred. These electronic charge transfers are well estimated by NBO approach at MP2/6-

311++G (d, p) level of theory and collected in Table 5. These results readily show that the -

electron delocalization in HB-AI form (AI-11), are very greater than the non HB-AI ones which 

support the Gilli's results. 

 

4-3- Tautomeric preference 

 

Theoretical and experimental studies about the -dicarbonyl compounds explicitly show that 

the HB enol form has extra stability with respect to the other forms, keto and non HB enol, and 

is global minimum [39]. Furthermore, the relative energies of NAA conformers (Table 1) reveal 
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that in presence or absence of IHB, the DA conformers are usually more stable than AI ones. 

This extra stability can be related to tautomeric process and amide resonance effect.  

In the simplest member of -diamide compounds (NFF), the bonds average energies predict 

that the tautomeric process of amide functional group stabilize the molecule, about 4.78 

kcal/mol, because C=O, C-N and N-H bonds are broken and C-O, C=N and O-H bonds are 

formed [40]. It is obvious that the presence of π-electron delocalization and intramolecular 

hydrogen bond more stabilized the chelated AI form (AI-11) and we expect that this form is 

recognized as global minimum.  But unexpectedly, DA tautomer have extra stability with 

respect to the AI tautomer, even its hydrogen bonded form. Hence, we conclude that the average 

bond energies result cannot rationalize the extra stability of DA tautomer.  

As previously mentioned, the amide functional group is characterized by some specific 

properties which are readily rationalized with the most popular concept of amide resonance. 

The most general definition of amide resonance is the ability of the nitrogen atom to delocalize 

its lone pair over the π system of carbonyl functional group. This delocalization implies that the 

planar amide group has to be represented by a set of resonance structures which justify the NAA 

treatment (see Fig. 5). The simplest feature of amide resonance is the lengthening of C=O and 

shortening of C-N skeletal bonds of amide functional group (see Table 2). It is obvious that 

these values are much different from the corresponding values in the small molecules, such as 

methyl amine with RC-N=1.465 Å and formaldehyde with RC=O=1.213 Å which are calculated 

at MP2/6-311++G (d, p) level of theory.  

Although, the magnitude of resonance phenomenon in amides can be evaluated by various 

methods such as geometrical parameters, rotational barrier of C-N and AIM analyses, but the 

significant of this charge transfer can be carefully calculated by the second order perturbation 

theory in NBO analyses. The population analyses of equilibrium conformations by the natural 

bond orbitals method also predict that the origin of tautomeric preference is mainly due to the 

electron delocalization of amide functional group, especially LP(N)→ π*
C=O charge transfer. 

The electron charge transfers between the donor and acceptor orbitals of DA forms are collected 
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in Table 3. It is evident that the significance of resonance in DA3 is much greater than the other 

DA forms that followed by DA2 and DA1.  

N

O

N

O

A B 
 

Figure 5: Schematic representation of amide resonance. 

4. Conclusion 

Quantum chemical calculations, based on HF, B3LYP and MP2 methods, are applied to 

conformational study of NAA. The results of these ab-initio calculations were employed to 

evaluation the origin of conformational and tautomeric preferences in NAA. Additionally, the 

results of NBO and AIM analyses were used in order to estimation of IHB strength. 

- At all of the theoretical levels, the DA forms have more stability with respect to the AI 

conformers. - DA-2 forms have greater stability with respect to the other forms and known as 

global minimum. 

- Theoretical calculations at all of the computational levels show that the IHB in AA is stronger 

than the NAA, however AIM and NBO analyses and geometrical parameters give the opposite 

result, EHB(NAA)> EHB(AA) . 

- A detail investigation of tautomeric equilibrium, hydrogen bond and resonance, explicitly 

show that the origin of tautomeric preference is mainly due to the electron delocalization in 

diamide tautomer, especially LP(N)→ *
C=O charge transfer. 
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