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      In this work, the properties of 2,4-dioxo-4-phenylbutanoic acid (DPBA) and some of its derivatives have been investigated using 
quantum mechanical calculations in the gas phase and solution media. The electron delocalization and intramolecular H-bonds substantially 
affect the potential energy surface. At all levels of calculations and phases (gas and three solutions) selected in this work, enolic tautomers 
are more stable than diketo, and the repulsive H∙∙∙H interaction and the orientation of double bonds affect the relative stability of enolic 
tautomers. The trend does not change in the presence of substituents located on the phenyl group. The acidity of the most stable enolic 
tautomer is lower than that of the other two tautomers. The effect of solvent on the acidities of tautomers was investigated by explicitly 
introducing the molecules, and implicitly introducing them as a uniform environment. Although the acidity of enolic group is higher than 
that of carboxylic group in the gas phase, the order is reversed in the aqueous solution using both methods. The order of acidities of 
tautomers depends on the phase and substituents; increases in the acidity and the trend of acidities of tautomers change after complexation 
with Mg2+. 
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INTRODUCTION 
 
      Diketo acids (DKAs) with one carboxyl and two 
carbonyl groups are very attractive in different of chemistry 
[1-3]. The mentioned functional groups make DKAs and 
their derivatives chemically and biologically active, and 
important in drug design programs. The screening of a 
library of 200,000 compounds by a team of Italian 
researchers [4,5] has shown that DKAs and some of their 
derivatives can function as selective and reversible 
inhibitors of hepatitis C virus RNA-dependent RNA 
polymerase (RdRP HCV, viral nonstructural protein NS5b). 
In addition, it has been shown that 2,4-DKA derivatives can 
be beneficial in building several angiotensin-converting-
enzyme (ACE) inhibitors [6]. 
      The inhibitory effects of DKAs and related compounds 
on the HIV-1 integrase (IN) have also been investigated by  
 
*Corresponding author. E-mail: ebrahimi@chem.usb.ac.ir 

many authors [7-13] Sechi et al., designed and synthesized 
some DKA complexes when they examined the metal-
complexing ability of some DKAs in solution media. They 
used the lipophilic balance, by complexation with the metal 
ions, in order to explain different antiviral potencies of 
certain DKA compounds with similar physicochemical 
properties [9]. On the other hand, there are some serious 
problems in the synthetic methodology required to produce 
a structurally diverse family of new DKAs with interest in 
HIV integrase inhibitors [19]. However, a novel strategy has 
been used to assemble the β-DKA pharmacophore of HIV 
integrase inhibitors on purine nucleobase scaffolds [10]. 
Some witnesses show that among all reported IN inhibitors, 
some β-DKAs that have entered the clinical trials are the 
most promising compounds [20-23]. 
      The 2,4-dioxo-4-phenylbutanoic acid (DPBA), which is 
a β-DKA, has been studied extensively as a drug for 
hepatitis C [4,24-26],  HIV-1  [7-12]  and influenza [27-30].  
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Some works have also been performed on novel DPBA 
analogs as mycobacterium tuberculosis inhibitors [31]. 
      The effects of aryl substitutions on the properties of the 
dioxobutanoic moiety were investigated by Cvijetić et al. 
[32]. In addition, they experimentally studied the effect of 
pH on the electronic properties of some related compounds. 
All calculations were performed on the enolic tautomer of 
DPBA that was specified as predominant using the NMR 
spectroscopy and cyclic voltammetry [33]. As the study was 
performed in the presence of CF3COOD, D-acetate buffer, 
and H-carbonate buffer, and considering the minor 
difference between stabilization energies of tautomers, it is 
expected that the solvents affected the dominant form of 
DPBA.  
      The intramolecular H-bonds (IHBs), as the most 
important intramolecular interactions, have a crucial role in 
the molecular structures, chemical reactions, and 
conformational preference of compounds [34,35]. They can 
affect many molecular features such as the proton transfer 
phenomenon, crystalline synthons, and molecular structures 
in the molecular and biomolecular systems [36,37]; hence, 
the nature of IHBs has been the subject of many 
experimental and theoretical studies [38-43]. The strong 
IHBs in the enolic tautomers of β-diketons can be attributed 
to the π-conjugating skeleton that can be assisted by 
electron delocalization on six membered rings made by H-
bonding [44-46].  
      In the present work, the relative stability of tautomers of 
DPBA and the effects of substituents located on the phenyl 
group were systemically investigated in the gas phase and 
solutions. In addition, the acidities of carboxylic and enolic 
hydrogens were investigated in the gas phase and in the 
presence of solvent explicitly and implicitly, before and 
after complexation with Mg2+. The complexation with the 
metal ion and the change in the acidity can critically affect 
the activity of DPBA as a drug in the body [9,12,14,47]; 
especially, functional sequestration of Mg2+ ion in the active 
site of HIV-1 integrase can be performed by DPBA, as an 
aryl diketo acid [33]. The activities of several sites of DPBA 
on complexation with the Mg2+ ion and the effects of 
substituents located at the six-membered ring on the acidity 
of DPBA have also been investigated in the gas phase and 
solution media.  

 
 
COMPUTATIONAL DETAILS 
 
      The density functional theory (DFT) is presently the 
most successful approach to compute the electronic 
structure of many-body systems, in particular atoms, 
molecules, and the condensed phases [48-54]. Herein, full 
geometry optimization of compounds and complexes were 
carried out using the M06-2X [55] method in conjunction 
with the 6-311++G(d,p) basis set using the Gaussian 09 
program package [56]. Frequency calculations were also 
performed at the above-mentioned level to identify the 
nature of stationary points and to obtain the thermodynamic 
properties at the same level. In addition to the above 
mentioned level, the most stable conformers of tautomers 
were also optimized using the B3LYP-D3 [57], wB97XD 
[58], and MP2 [59] methods in conjunction with the           
6-311++G(d,p) basis set in the gas phase and two solutions. 
The effects of method and basis set on the stabilities of 
tautomers in the presence of substituents have also been 
investigated by single point calculations at the B3LYP/6-
311++g(d,p), B3LYP-D3/6-311++G(d,p), and M06-2x/aug-
cc-pVDZ levels of theory. The nature of intramolecular 
hydrogen bonds were identified using the results of the 
atoms in molecules (AIM) analysis carried out in the 
AIM2000 software [60,61]. The quantum theory of AIM is 
a model that characterizes the chemical bonding of systems 
based on the topology of the electronic charge density. 
Although this method is a very useful tool in analyzing the 
hydrogen bonds, it does not reveal the origin of this 
phenomenon. This problem has been successfully solved by 
the natural bond orbital (NBO) analysis. The NBO analysis 
was carried out on the mentioned wave functions using the 
NBO 3.1 package [62] included in the Gaussian 09 
program.  
      The acidities of DPBA tautomers were estimated using 
two models: (1) using the ΔG values of reaction indicated in 
Eq. (1) 
 
      HA → H+ + A-                                                   (1) 
 
These calculations were performed using the M06-2X 
method in conjunction with the 6-311++G(d,p) basis set by 
a self-consistent reaction field (SCRF) model; i.e., the 
integral  equation   formalism   variant   of   the   polarizable  
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continuum model (IEFPCM) [63], in the water and CHCl3 
solvents. (2) eight water molecules were located around 
each tautomer in chemically rational positions, and the 
structures were optimized in the gas phase and solution 
media. Then, the positions of the potentially acidic H atoms 
were separately scanned from those in the compound 
toward the nearest water molecules. In other words, the 
reaction indicated in Eq. (2) was modeled to estimate the 
acidity and to investigate the kinetics of H+ exchange 
between H2O and selected tautomer.  
 
      HA + H2O  A- + H3O+                                               (2) 
 
RESULTS AND DISCUSSION 
 
Tautomerism and Intramolecular H-bonding 
      The most probable conformers of three tautomers of 
DPBA, including one diketonic (series I) and two enolic 
(series II and III) tautomers, are presented in Fig. 1S. The 
relative energies of the structures optimized at the M06-
2X/6-311++G(d,p) level of theory are given in Fig. 1S, too. 
As can be seen, the most stable conformers of the series I 
and III are local minima, and the most stable conformer of 
the series II is the global minimum on the potential energy 
surface. As seen in Scheme 1, two parameters can be used 
as indicators for planarity; the inter-ring torsion angle         
Φ (=DC4C2C1C3) and the difference between the adjacent C-C 
double and single bond lengths between acceptor and π 
moieties (∆r), which the latter is shown in bold lines in 
Scheme 1. An inter-ring torsion angle below 1° and small 
difference between neighboring C-C bonds demonstrate the 
high planarity which is desirable for achieving effective π-
conjugation [64]. The Φ (and ∆r) values are 0.29, 0.09, and 
0.43 degrees (0.09, 0.07 and 0.09 Å) in I, II and III, 
respectively. Given the values of Φ, ∆r and the dihedral 
angle θ (=DC4C5C6C7), II and III are planer, but I, in which    
θ = 70°, is not planar.  
      The results of calculations at various levels of theory on 
the most stable conformers of tautomers in the gas phase 
and two solutions are given in Table 1. At all levels and all 
media, the most stable structure corresponds to II, and the 
order of stability is II > III > I. The tautomer III has been 
estimated more  stable  than  II  in  the  Verbić et al.’s  work 
[33]. 

 
 
This difference in the relative stabilities of the tautomers II 
and III can be attributed to the difference in the solvent and 
the slight difference in the stabilization energies of 
tautomers II and III. The differences in the stabilization 
energies of II and III are in the ranges 1.5-5.7 and 0.1-3.6 
and 0.5-4.4 kcal mol-1 at various levels in the gas phase, 
water, and CHCl3, respectively.  
      Two typical isodensity surfaces obtained from AIM 
analyses for enolic tautomers are shown in Fig. 1. As can be 
seen, the conjugated double bonds and delocalization of     
π-electronic cloud support planarity in the enolic tautomers 
II and III. Delocalization of π-electrons in diketo tautomer 
is lower than that in other tautomers; this phenomenon and 
high angle strain make the side chain out of plane in 
tautomer I. The strong C=O∙∙∙H hydrogen bonds (r = 1.69- 
2.00 Å) and weak H∙∙∙H interactions (r = 2.0-2.10 Å) are 
only observed in planar structures of enolic tautomers, and 
the former makes tautomers II and III more stable than I.  
      The difference between the stabilities of two enolic 
tautomers decreases (see Table 1) from the gas phase to the 
solution and with the increase in dielectric constant of 
solvent, which can be related to the extra stabilization of 
more polar compounds in the water. It is equal to 1.94, 1.71, 
and 1.58 kcal mol-1 in the gas phase, CHCl3, and water, 
respectively, at the M06-2X/6-311++G(d,p) level. 
      The electronic charge densities (ρ) and the Laplacian of 
electronic charge densities (2ρ), calculated at the H-bond 
critical points (HBCPs) using the AIM analysis on the wave 
functions obtained at the M06-2X/6-311++G(d,p) level, are 
given in Table 2. In addition, this table includes the most 
important geometrical parameters of related H-bonds and 
the donor-acceptor interaction energies E(2) obtained from 
the NBO analysis.  
      Two H∙∙∙O H-bonds are observed from the structural 
parameters and the results of AIM and NBO analyses in the 
enolic tautomers II and III, one of which is a resonance-
assisted [65] strong OH∙∙∙O H-bond (RAHB). As can be 
seen in Table 2, the E(2) values of lpO→*OH interaction of 
OH1∙∙∙O and O···H1O are higher than those of O···H2O in 
enolic tautomers II and III, respectively. The values for 
O···H1O and O···H2O are respectively equal to 34.6 and 
2.11 kcal mol-1 in III, and for OH1···O and O···H2O are 
24.3 and 3.84 kcal mol-1 in II. The ρ (and 2ρ) values 
calculated at the HBCP  of  the  mentioned  interactions are  
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respectively equal to 5.8 × 10-2 (1.52 × 10-1) and 2.3 × 10-2 
(1.08 × 10-1) au in tautomer III. The values are respectively 
equal to 4.8 × 10-2 (1.48 × 10-1) and 2.6 × 10-2 (1.08 × 10-1) 
au in tautomer II. The ρHO and E(2)

lpO → σ*(OH) parameters can 
be used as measures to compare the strength of H-bonds in 
the tautomers. Thus, OH1∙∙∙O and O···H1O are much 
stronger than O···H2O in the enolic tautomers, which can 
be attributed to the positions of atoms in the enolic 
tautomers and the orientations of molecular orbitals 
contributed to the interactions. The OH1∙∙∙O and O···H1O 
bonds form a six-membered ring in both tautomers, which is 
a more appropriate distance and orientation available for   
H-bond  interaction,  while  the O···H2O bond forms a five- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
membered ring.  
      Considering the structural parameters and the results of 
AIM and NBO analyses, the O∙∙∙H1O bond in III is 
considerably stronger than that (OH1∙∙∙O) in II. Resonance 
with the phenyl group makes O1 a more electron donor and 
the mentioned H-bond stronger in tautomer III. 
      The O2 atom participates in two intramolecular 
interactions as H-bond acceptor in tautomer II, while it 
participates in one H-bond interaction as acceptor in III. In 
other words, besides H1∙∙∙O2, the lone pairs of O2 
participate in the O2∙∙∙H2 H-bond lowering its tendency in 
the former interaction in tautomer II. The latter interaction 
makes the tendency of H1 stronger in the O1∙∙∙H1 H-bond in  

 
I 

 = 0.29 º, Δr = 0.09 Å 
II 

 = 0.09 º, Δr = 0.07 Å 
III 

 = 0.43º, Δr = 0.09 Å 
X = NH2, OH, OCH3, CH3, H, F, Cl, Br, CN, NO2 

 
Scheme 1. Diketo I  and  enolic tautomers II and III of 2,4-dioxo 4-phenyl butanoic acid. Δr (= rC2C4-rC2C3) is the  
                 difference between the adjacent C-C double and single bond lengths between acceptor and π moieties,  

                    and Φ (=DC4C2C1C3) is the inter-ring torsion angle 
 
 
                               Table 1. The Relative Energies (in kcal mol-1) of Tautomers Calculated at the  
                                              Four Levels 
 

 B3LYP-D3  M06-2X 

 I-II III-II EII  I-II III-II EII 

Gas 8.19 2.46 -687.03472  7.14 1.94 -686.63919 

Water 5.83 2.24 -687.04622  3.33 1.58 -686.72689 

CHCl3 6.71 2.35 -687.04304  4.23 1.71 -686.72367 

 wB97XD  MP2 

Gas 5.45 2.23 -686.75301  3.35 1.83 -685.14103 

Water 2.91 1.89 -686.76388  1.43 1.52 -685.15088 

CHCl3 3.83 2.03 -686.76068  2.13 1.63 -685.14796 
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tautomer III. These make the O···H1O intramolecular 
interaction in III stronger than OH1∙∙∙O in II. This 
description is confirmed by the rotation of carboxyl group 
around the C6C7 bond, which breaks the second H-bond in 
II.  
      Although these results support the stronger H-bond in 
the tautomer III, the more stable  tautomer  is  II.  The AIM 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
analysis shows that there is a H∙∙∙H repulsive interaction 
with ρ = 1.17 × 10-2 and 2ρ = 4.48 × 10-2 a.u. in tautomer 
III, and 1.13 × 10-2 and 4.44 × 10-2 au in II. The stronger 
repulsive interaction in III makes it slightly less stable than 
II. In addition, the conjugated system is more extended in 
tautomer II as compared with III.  
      The OH∙∙∙O intramolecular  H-bonds  are  also  observed 

(a

(b) 
 

Fig. 1. The isodensity surfaces obtained from AIM analysis for (a) tautomer II and (b) tautomer III. 
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for diketonic tautomer I. These interactions are weaker than 
those of II and III because of the nonplanar structure, 
improper orientation of H-bond donor and acceptor, and the 
absence of resonance in the tautomer I. 
      The stabilities of tautomers were also compared in the 
presence of substituents located at the six-membered ring at 
several levels of theory in the gas phase and solutions. The 
relative energies of tautomers I and III, in comparison to 
the most stable tautomer II, calculated in the gas phase and 
solution media using the B3LYP, B3LYP-D3, and M06-2X 
methods in conjunction with the 6-311++G(d,p) and 
ccPVDZ   basis   sets,   are   listed  in  Tables  3  and  1S  (in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
supplementary materials). The differences in the 
stabilization energies EI-II (and EIII-II) change slightly by 
changing the method and basis set. They change from ~ 6.0 
(1.8) at M06-2x/6-311++G(d,p) to 9.5 (2.6) kcal mol-1 at the 
B3LYP/6-311++G(d,p) level. The differences decrease in 
the solution media. The EI-II (EIII-II) values decrease at most 
by 2.5 (0.3) kcal mol-1 from the gas phase to the water 
solvent at the M06-2x/6-311++G(d,p) level. However, the 
difference in the stabilization energies of II and III in the 
presence of various substituents is less than 4.5 (2.5) kcal 
mol-1 in the gas phase (solution) and the trend in the relative 
stabilities does not change by substituents. 

                                          Table 2. The   Topological   Electron    Charge   Densities  (102  in  
                                                         a.u.), Donor-acceptor  Interaction Energies (in kcal mol-1),  
                                                         and the Lengths  (in Å)  of  H-bonds of Enolic Tautomers  
                                                         Calculated at the M06-2X/6-311++G(d,p) Level 
 

 H-bond r ρ 2 ρ E(2) 

II OH1∙∙∙O 1.69 4.8 1.48 19.82 + 4.48 

 O∙∙∙H2O 2.01 2.6 1.08 0.86 + 2.98 

 H∙∙∙H 2.10 1.1 0.44  

III O···H1O 1.62 5.8 1.52 29.73 + 4.87 

 O∙∙∙H2O 2.01 2.3 1.08 2.11 

 H∙∙∙H 2.01 1.2 0.44  
 
 
   Table 3. The Relative Energies (in kcal mol-1) of Tautomers in the Presence of Substituents Calculated at  the M06- 
                  2x/6-311++G(d,p) Level 
 

X  1I 1III 2II X I III II 

NH2 6.11, 3.78 1.85, 1.65 7.92417, 7.90836 F 5.76, 3.32 1.73, 1.44 -35.95770, -35.96880 

OH 5.80, 3.45 1.77, 1.53 -11.94270, -11.95770 Cl 5.78, 3.35 1.78, 1.49 53.68406, 53.67326 

OCH3 5.92, 3.54 1.88, 1.61 -51.23160, -51.24440 Br 5.82, 3.39 1.81, 1.52 -60.28740, -60.29830 

CH3 5.89, 3.45 1.88, 1.58 23.97609, 23.96519 CN 5.87, 3.52 1.83, 1.56 -28.9515, -28.96700 

H 5.86, 3.44 1.92, 1.60 63.28401, 63.27326 NO2 5.90, 3.62 1.87, 1.59 -141.20200, -141.21700 
  1) RE = Ei - EII,  where  i = I or III.  2) 750 + EII  in  Hartree,  with  the  exception  of  Cl  (with 1200 + EII)  and  Br  
  (with 3200 + EII). 3) The bold data were calculated at the solution media. 
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      As can be seen in Table 3, the REi-II (i = I and III) 
values decrease in the presence of EWSs, while they often 
increase in the presence of EDSs. The ED and EW 
substituents strengthen/weaken the H-bonds in both 
tautomers II and III. The resonance between phenyl group 
and the six-membered ring made by H-bond 
decreases/increases in presence of EWSs/EDSs. The effect 
of resonance on the stability of II is higher than that of III. 
Therefore, increase/decrease in the relative energy level of 
II is bigger than those of I and III in the presence of 
EWSs/EDSs.  
      Increase in the electron density around the H-bond 
acceptor reinforces the ρHO and E(2)

lpO → σ*(OH) parameters. 
According to Table 2S, it is obviously found that the both 
parameters increase/decrease in the presence of ED/EW 
substituents.  
      The Hammette constants  of substituents located at the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ring are negative for NH2, OH, OCH3 and CH3 substituents, 
and are positive for Br, Cl, F, CN and NO2 substituents [66]. 
The  constants of substituents are in good linear 
relationship with the ρ values calculated at the O∙∙∙H BCPs 
and the E(2) values of lpO → σ*(OH) (are given in Table 
2S), where the correlation coefficients are equal to 0.97 (see 
Figs. 2 and 3). 
      Comparison of the isodensity surfaces indicated in Fig. 
2S shows that the effects of substituents on the O∙∙∙H and 
H∙∙∙H interactions are negligible.  
 
The Acidity of DPBA 
      The gas phase and SCRF calculations. The acidities 
were estimated using the ΔG values of reaction indicated in 
Eq. (1). The conformers of all probable anions made from 
the tautomers I-III (by removal of a proton from carboxylic, 
enolic  and  ketonic  groups  or  change in the  conformation 

 

Fig. 2. Correlation between Hammett constants and the ρ values for OH1∙∙∙O H-bond in tautomer II. 
 
 

 

Fig. 3. Correlation between the σ constants of substituents and the E(2) values for OH1∙∙∙O H-bond in tautomer II. 
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and tautomerization) are shown in Scheme 2. The 
conversions of conformers are performed by rotation around 
a bond (scanning a dihedral angle) or changing the distance 
between two atoms. The energy differences between various 
conformers are lower than 13 kcal mol-1 (the underlined 
numbers in Scheme 2 are relative energies). The energy 
barriers on conversions of conformers are lower than 23 
kcal mol-1. The trend in the stability of conformers is 4 > 1 
> 5 > 3 > 6 > 7 > 2.  
      The most stable conformer (as well as 1 and 2) can be 
made from the removal of a proton from C5 in I, O1 in II or 
O2 in III. Three resonance structures of related anions are 
shown in Scheme 3.  
      The natural charges of O1, O2 and C5 atoms of the most 
stable conformer, calculated at the M06-2X/6-311++G (d,p) 
level, are given in Table 3S. The trend in the negative 
charges  is  O1 > O2 > C5;  hence, the resonance structure A 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
has the highest contribution in the electronic structure of 
anion, and resonance structure B has the lowest 
contribution. As can be seen in Table 3S, EDSs increase the 
negative charges on the mentioned atoms, and decrease the 
stability of anion, while EWSs behave in a reverse manner. 
      (a) The diketonic Tautomer I: the ΔG values of 
deprotonation process of tautomer I, in the gas phase and 
solution media, are listed in Table 4. The bold data 
correspond to the calculations in the solution; the data in the 
row indicated by H are the ΔG values of the mentioned 
reaction for DPBA. As can be seen, the ΔG values in the 
solution media are smaller than those in the gas phase. The 
acidity increases in the aqueous solution because the 
decrease in the energies of ions is larger than that of neutral 
species on going from gas phase to the aqueous solution. 
The acidity increases in the presence of EWSs such as NO2 
and halogens, and decreases in the presence  of  EDSs  such  

 
Scheme 2. The conformers of anions optimized at the M06-2X/6-311++G(d,p) level. The energy barriers are  
                 given near  the arrows.  The underlined  data  are  the  relative  energies  (relative  to  the up right  
                  corner conformer). 
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as NH2 and CH3. Based on the natural charges listed in 
Table 3S, EWSs decrease the charges of specified atoms of 
anion; therefore, they stabilize the related anion and 
increase the acidity of compound, while EDSs behave in the 
opposite manner and decrease the acidity.  
      (b) The enolic tautomer II: the H1 and H2 atoms 
contribute in competition for deprotonation, and affect the 
acidity of enolic tautomer II. The ΔG values of 
deprotonation processes at the two positions 1 and 2 (ΔG1 
and ΔG2 presented in the second and third columns) are 
listed in Table 4. According to those data, deprotonation 
from position 1 is easier than that from position 2  in the gas 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
phase. 
      The OH1∙∙∙O interaction is stronger than O∙∙∙H2O; 
therefore, the occupancy of *OH1 antibonding orbital 
(0.052 e) is higher than that of *OH2 orbital (0.017 e) 
making the deprotonation easier at position 1 as compared 
to position 2.  
      On the other hand, the carboxylic group is more acidic 
than the enolic group in the aqueous solution. The change of 
dipole moment is higher on the deprotonation of carboxyl 
group; hence, the decrease in energy of respective anion is 
larger in the aqueous solution, which decreases the ΔG 
value and increases the acidity of corresponding  functional  

 

Scheme 3. The resonance of anions produced by the removal of proton from tautomers I, II and III 
 
  

       Table 4. The Relative Gibbs Free Energies (in kcal mol-1) of Deprotonation Process Calculated at the M06- 
                      2X/6-311++G(d,p) Level of Theory  
 

X I  II III 

NH2 -2.41, -1.15  -4.43, -3.25 -4.16, -2.49  -4.23, -2.94 -4.01, -2.35 

OH -0.34, -0.12  -1.84, -1.91 -1.61, -1.22  0.09, 0.09 -0.53, -0.26 

OCH3 -0.88, -0.01  -2.13, -1.51 -1.49, -0.54  -2.29, -1.63 -2.12, -1.20 

CH3 -0.86, -0.21  -1.53, -0.90 -0.54, 0.18  -2.49, -1.86 -1.92, -1.25 

F 2.58, 0.35  2.84, 0.78 1.96, 0.29  2.56, 0.53 1.79, 0.01 

Cl 3.05, 0.28  3.91, 1.17 3.22, 0.90  3.14, 0.42 1.84, -0.51 

Br 3.37, 0.40  4.56, 1.51 3.52, 0.99  4.47, 1.43 2.84, 0.28 

CN 7.50, 1.18  8.47, 2.07 6.79, 1.09  8.98, 2.62 6.53, 0.90 

NO2 6.50, -0.04  10.09, 2.94 8.01, 0.45  10.29, 3.17 7.59, 1.27 

H 319.91, 166.60  318.22, 168.91 324.49, 167.98  316.82, 167.82 321.41, 166.19 
      ΔΔG = ΔGDPBA - ΔGX. The bold data correspond to ΔG values  in the  solution. The  values in the latest row  
      refer  to ΔG values for DPBA. In  the enolic  tautomers,  two  columns  correspond  to  deprotonation  from  
      positions 1 and 2, respectively. 
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group. Herein, the substituent effects on the deprotonation 
process are similar to those of tautomer I. A good linear 
correlation is observed between the acidities of functional 
groups and the  constants of substituents (R2 = 0.93 for 
position 1 and R2 = 0.99 for position 2) in tautomer II (see 
Figs. 4a and 4b). 
      (c) the enolic tautomer III: two above-mentioned groups 
can also participate in the deprotonation process in the 
enolic tautomer III. Same anions are obtained on the 
deprotonation from the position 1 in the tautomers II and 
III. The ΔG values related to the removal of H+ in the gas 
phase and aqueous solution are listed in Table 4. Similar to 
the tautomer II, the removal of H+ from position 1 is easier 
than 2 in the gas phase, while the trend is reversed in the 
solution. The substituent effects on the ΔG values and the 
acidity of III are similar to those of other tautomers. 
      In DPBA, the ΔG values of deprotonation from the 
carboxyl groups of tautomers I-III are respectively equal to 
319.91, 324.49 and 321.41 kcal mol-1 in the gas phase.  The  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
related values for deprotonation from the enolic groups of II 
and III are 318.22 and 316.82 kcal mol-1, respectively. 
Thus, the acidity of carboxyl group in I is higher than those 
in II and III, while it is lower than those of the enolic 
groups of II and III in the gas phase. On the other hand, the 
ΔG value of deprotonation from the carboxyl group of III 
(166.19) is slightly lower than that of I (166.60) and II 
(167.98) in the solution. 
      The ΔG values of deprotonation of carboxyl and enolic 
groups of tautomer II are slightly larger than those of 
tautomer III in the gas phase and solution; therefore, the 
acidity of II is lower than III in both phases. This can be 
attributed to the higher stability of respective anions in the 
gas phase and solution.  
      Explicitly introducing the solvent molecules. Eight 
water molecules were located around each tautomer (see 
Scheme 4) in the chemically rational positions, and the 
structures optimized at the M06-2X/6-311++G(d,p) level   
in order to investigate the acidity in the  presence of  solvent 

 
Fig. 4. Correlation between Hammett constants and (a) ΔG1, and (b) ΔG2 in the tautomer II. 

 



 

 

 

Tautomerism, Intramolecular H-bonding, Acidity and Complexation/Phys. Chem. Res., Vol. 7, No. 2, 375-394, June 2019. 

 385 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
molecules using the reaction indicated in Eq. (2).  
      The results obtained from scanning the distance between 
the H atom of carbonyl group and the O atom of the nearest 
water molecule are indicated in Figs. 5 and 6. As can be 
seen in Fig. 5a, two minima connected with a small energy 
barrier are observed on scanning the H atom of carboxyl 
group. The energy difference between the two minima is 
very small for the tautomers I-III. The energy barrier of 
diketo tautomer (0.81 kcal mol1) is higher than those of 
enolic tautomers (0.12 and 0.11 kcal mol-1). Comparison 
between plots presented in Figs. 5b-5d indicates that the 
energy barrier and the energy difference between the two 
minima do not change significantly by EDSs located at the 
ring, while EWSs change the pattern substantially. The 
complex AH∙∙∙H2O is generally a little less stable than A-

∙∙∙H3O+ in the presence of EDSs. On the other hand, the 
relative stability of two complexes is reversed, and no 
energy barrier (or a very small barrier) is observed from A-

∙∙∙H3O+ to AH∙∙∙H2O in the presence of EWSs. Therefore, 
the equilibrium HA + H2O  H3O+ + A- shifts to right by 
EDSs and to left by EWSs, which contradicts the 
impression that EWSs/EDSs can stabilize/destabilize the 
anions and increase/decrease the acidity of related 
compounds. 
      The results of scanning the distance between enolic 
hydrogen (in tautomers II and III) and the oxygen atom of 
the nearest water molecule are plotted in Figs. 6a-6c. 
Considering  that  the enolic tautomer  is an  H-acid, the  left  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
side is more stable than the right side in the above-
mentioned equilibrium. No energy barrier is observed 
between two sides. Although the right side is not a ground 
stationary point, the energy difference between two sides is 
lower than 10 kcal mol-1. As can be seen in Figs. 6b and 6c, 
the difference between two sides increases/decreases a little 
in the presence of EDSs/EWSs. 
 
Complexation with Metal Ions 
      The complexation of organic compounds with the Mg2+, 
Mn2+, Ca2+, Cu2+ and Zn2+ ions is physiologically important 
in human body [11,18]. In the present work, the 
complexation of the most stable conformers of tautomers I, 
II and III of DPBA with Mg2+ cation has been investigated 
in the gas phase and solution media. The structures of the 
most probable complexes of tautomers I, II and III with 
Mg2+ ion are shown in Scheme 5. As can be seen, the 
diketoic tautomer I with the nonplanar structure can bind to 
Mg2+ from three regions, and the complexation occurs from 
one region in the planar tautomers II and III.   
      The ΔG values of AH + Mg2+ AHMg2+ process 
calculated in the gas phase and the solution media           
(AH = DPBA or one of its derivatives) are given in    
Scheme 5. As can be seen, the values calculated in the gas 
phase are more negative than those in the solution media, 
which may be attributed to the higher stability of Mg2+ in 
the solution. The most negative ΔG value corresponds to the 
diketoic  tautomer  I from the first region; the ΔG values are    

 
Scheme 4. The tautomers of DPBA surrounded by eight water molecules 
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Fig. 5. The results of scanning the distance between the H atom of carboxyl group and the nearest water  
            molecule in the (a) tautomers I-III, (b) substituted diketo tautomer I (X-I), (c) substituted enolic  

                   tautomer II (X-II), and (d) substituted enolic tautomer III (X-III). 
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-171.39, -164.94 and -125.91 kcal mol-1 for tautomers I 
(complex 1), II and III, respectively. The diketoic tautomer 
I has two other possibilities for complexation with Mg2+ 
(complexes 2 and 3). Approaching the oxygen atoms of 
region 1, which is not possible for the enolic tautomers, 
gives a higher tendency to tautomer I for complexation with 
Mg2+. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      The complexation with Mg2+ can affect the acidic 
behavior of DPBA. The ΔG values of  AH  A- + H+ and 
AHMg2+  AMg+ + H+ reactions, calculated at the M06-
2X/6-311++G(d,p) level, are given in Table 5. Herein, AH 
and AHMg2+ refer to tautomers I-III and their complexes, 
respectively. Comparison between the ∆G values of the 
above  mentioned  deprotonation processes  can  be  used to  

 

Fig. 6. The results of  scanning the distance between the H  atom of  enolic group and the nearest water  
            molecule in the (a) enolic tautomers II and III, (b) substituted enolic tautomer II (X-II), and (c)  

                 substituted enolic tautomer III (X-III). 
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investigate the effect of complexation with Mg2+ on the 
acidic behavior of tautomers. 
      All data correspond to the deprotonation from 
carboxylic groups of complexes presented in Scheme 5 with 
the exception of ΔG2 for II and III corresponding to the 
deprotonation from enolic group. The bold data are the ΔG 
values calculated in the solution. 
      The effect of complexation on the G value depends not 
only on the media, but also on the type of tautomer. As can 
be seen in Table 5, the G value of deprotonation of 
carboxyl group is reduced by 197-224 kcal mol-1 in the gas 
phase for tautomer I. The G values of deprotonation    
from  enolic  and  carboxyl  group  decrease by 176 and 171         

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
kcal mol-1, respectively, for tautomer II after complexation. 
The related changes are 215 and 209 kcal mol-1 for tautomer 
III. As a result, the trend in the acidity of carboxyl group 
remains constant (I > III > II) after complexation with 
Mg2+. An exception is observed in the aqueous solution 
before complexation, where the G value in III is slightly 
lower than that in I.  
      The G value of deprotonation of tautomer I decreases 
by 7-23 kcal mol-1 after complexation in solution depending 
on the position of binding to Mg2+. The related changes are 
approximately equal to 24 (23) and 5 (3) kcal mol-1 for 
deprotonation from the enolic and carboxylic groups, 
respectively, for tautomer II (III).  

I-Mg2+

II-Mg2+ III-Mg2+

1

2
3

1 1

-171.39 -6.40 -157.27 -6.24 -145.94 -0.16

-164.94 -2.71
-125.91  -4.11

 
Scheme 5. The complexes of tautomers with the Mg2+ ion. The data indicated under the complexes are the G  

                    values of complexation. The ΔG values obtained in the solution media are bold 
 
 
                                     Table 5. The Gibbs Free Energies (in kcal mol-1) of Deprotonation 
                                                    Process Calculated at the  M06-2X/6-311++G(d,p) Level  
                                                    after Complexation with Mg2+ 
 

 ∆G1 ∆G2 ∆G3 

I 122.94 146.61 108.83 159.32 95.92 143.45 

II 153.08 162.81 142.62 145.40  

III 112.64 163.12 102.13 145.24  
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CONCLUSIONS 
 
      According to quantum mechanical calculations, the most 
stable conformers of enolic tautomers II and III of DPBA 
are planar that are more stable than the most stable 
conformer of diketonic tautomer I with a nonplanar 
structure in the gas phase and solution, where the trend of 
stability (II > III > I) is independent of the level of 
calculations. The strong intramolecular hydrogen bonding 
(C=O∙∙∙H, r = 1.69-2.00 Å) and electron delocalization may 
be two reasons for the higher stability of enolic tautomers II 
and III in comparison to the diketoic tautomer I. The 
difference between the stabilities of two enolic tautomers 
decreases from the gas phase to the solution and with the 
increase in dielectric constant of solvent. It is equal to 5.20, 
2.52 and 1.75 kcal mol-1 in the gas phase, CHCl3, and water, 
respectively, at the M06-2X/6-311++G(d,p) level. 
      The enolic tautomers have two OH∙∙∙O intramolecular 
H-bonds. Based on the geometrical parameters (r = 1.62 vs. 
1.69 Å), and the results of NBO (E(2) = 34.6 vs. 24.3       
kcal mol-1) and AIM (ρ  10-2 = 1.52 vs. 1.48 a.u.) analyses, 
O∙∙∙H1O in III is stronger than OH1∙∙∙O in II because of the 
effect of other H-bond, which decreases (increases) the 
tendency of acceptor (donor) in the OH1∙∙∙O (O∙∙∙H1O) of II 
(III). Although the O∙∙∙H1 interaction in III is stronger than 
H1∙∙∙O in II, the repulsive H∙∙∙H interaction and the 
orientation of double bonds make II more stable than III. 
Depending on the functional group, the EDSs/EWSs located 
at the para-position increase/decrease the strength of 
intramolecular H-bond. 
      The difference in the stabilization energies of II and III 
in the presence of various substituents is less than 4.5 (2.5) 
kcal mol-1 in the gas phase (solution) and the trend in the 
relative stabilities does not change by substituents. 
However, the effects of substituents on the relative 
stabilities of tautomers is very small (< 0.35 kcal mol-1). 
      The stabilities of tautomers I and III relative to II 
decrease in the presence of EWSs, while they often increase 
in the presence of EDSs.  The  constants of substituents are 
in good linear relationships (R = 0.97) with the ρ values 
calculated at the O∙∙∙H BCPs and the E(2) values of lpO → 
σ*(OH). 
      The acidities of tautomers in the solution were estimated 
using two methods: (1) the solvent  effects  were considered  

 
 
implicitly using IEFPCM model, and (2) eight water 
molecules were located at the chemically rational positions 
around each tautomer. In both methods, the calculated 
thermodynamic properties of deprotonation process show 
that the acidity of diketo tautomer I is comparable with 
those of enolic tautomers II and III in the gas phase and 
solution. The ∆G values of deprotonation of tautomers I-III 
of DPBA decrease from 319.91, 324.49 and 321.41 in the 
gas phase to 166.60, 167.98 and 166.19 kcal mol-1 in the 
solution. In tautomers II and III, the enolic functional group 
has a higher acidity compared to the carboxylic group in the 
gas phase, but it is reversed in the aqueous solution 
(independent of considering the effects of solvent molecules 
explicitly or implicitly) and after complexation with Mg2+. 
Depending on the functional group, the ED/EW substituents 
located at the para-position decrease/increase the acidity.  
      The tendency of several sites of DPBA for complexation 
with Mg2+ has been investigated at the gas phase and 
solution. The diketoic tautomer I with a nonplanar structure 
can bind to Mg2+ from three regions, and complexation 
occurs from one region in planar tautomers II and III. The 
ΔG values of complexation of tautomers I (and complexes 2 
and 3), II and III change from -171.39 (-157.27, -145.94),    
-164.94 and -125.91 in the gas phase to -6.40 (-6.24, -0.16), 
-2.71 and -4.11 kcal mol-1 in the solution, respectively. 
      The trend in the acidity of carboxyl group remains 
constant (I > III > II) after complexation with Mg2+. An 
exception is observed in the aqueous solution before 
complexation, where the G value in III is slightly lower 
than that in I.  
      The G value of deprotonation of carboxyl group 
decreases by 7-23, 5 and 7 kcal mol-1 in solution in 
tautomers I-III, respectively, after complexation; the related 
change for the enolic group in II and III is 24 and 23      
kcal mol-1. Although the acidity is substantially higher in the 
aqueous solution, the change in acidity by complexation in 
the aqueous solution is substantially lower than that in the 
gas phase.  
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