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The structures of all of the chemical species involved in the prototropic tautomerism and acid-base
dissociation equilibria of N-(2-oxo-2H-chromen-3-yl)acetamide were determined both experimentally and
theoretically. Using the calculated acidity constants, the prototropic equilibrium constants for keto-enol
tautomerizm were determined. The enolate and the keto-amino forms were found to be predominant. The
gauge including atomic orbital method for calculating 1H and 13C NMR nuclear magnetic shielding tensors
at both the Hartree-Fock and density functional levels of theory was applied to N-(2-oxo-2H-chromen-3-
yl)acetamide. The obtained theoretical data were compared to the experimental data. A satisfactory agreement
between the experimental chemical shifts and the theoretical values of shielding constants were obtained.
Acceptable correlations were presented between experimental and theoretical results.

Introduction

The coumarin system is present in a very broad range of
natural and non-natural products of biological interest.1 Cou-
marin derivatives are important naturally occurring and synthetic
compounds which show several relevant applications. In
particular, they exhibit different biological activities, including
anticoagulant, spasmolytic, diuretic, anthelmintic, and hypo-
glucemic actions.2-9 In the present study, we focused our
attention on N-(2-oxo-2H-chromen-3-yl)acetamide (3-acetami-
docoumarin; 3AC) which is a substituted coumarin bearing a
relatively volumous substituent at position 3 of the R-pyrone
ring.

The acidity constant, pKa, of a compound is an important
property in both the life sciences and in chemistry.10 The most
important of the parameters are lipohilicity, solubility, perme-
ability, and apparent acid dissociaton constants (Ka), because
these factors determine the absorption and bioavailability of the
molecule.11-14 The Ka value is an important parameter to
estimate the extent of ionization of drug molecules at different
pH values, which is of fundamental importance in the consid-
eration of their interaction with biological membranes and in
their synthesis.15,16 The ability to cross the blood-brain barrier
toward the site of action can be characterized by some
physicochemical parameters, such as acidity constants, pKa,
which can predict the behavior of biologically active compounds
in living organisms governing their ionization degree at the
physiological pH value.17 Following our work on drug precursor
2-amino-4-(3 or 4-substituted phenyl)thiazole derivatives,18 we
now report on the acid-base and tautomeric behavior of 3AC
(Figure 1).

Experimental Section

Reagents. The structure of 3AC is depicted in Figure 1. The
reagent (98%) was obtained from Sigma-Aldrich and was used
without further purification. The other reagents were of analyti-
cal grade.

Materials and Solutions. The buffer solutions employed were
prepared from (a) HCl-KCl, pH 1; (b) KH2PO4-NaOH, pH
7.0; (c) Borax-HCl, pH 8.0-9.0; (d) Borax-NaOH, pH
9.3-10.7; (e) Na2HPO4-NaOH, pH 10.9-11.5.19 The percent-
ages of sulfuric acid solution [(1 to 98) % H2SO4] were
determined by titration with a primary standard substance
Na2CO3 using methyl red as an indicator.20 All of these materials
and standard buffer solutions were from Merck and were not
further purified.

Equipment. The pH values were measured by pH meter (pH/
ion analyzer Orion 720 A+) furnished with a combined glass
electrode. It was standardized at 25 °C by using standard buffers
and calibrating at three points. To calibrate the pH meter,
standard buffer solutions of pH 4.0, 7.0, and 9.0 were used.
The UV-vis spectra, were recorded at each pH using a Hitachi
150-20 double beam spectrophotometer controlled by a com-
puter and equipped with a 1 cm path length (quartz cells were
used). All measurements were carried out at (25 ( 0.1) °C.
The theoretical calculations were carried out using the Gaussian
03W program which is implemented in Intel based PCs.
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Figure 1. Atomic numeration of 3AC.
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Procedures

Procedure for Spectrophotometric Measurement. The spec-
troscopic method depends on the direct determination of the
ratio of the molecular species in a series of nonabsorbing buffer
solutions for which pH values are either known or measured.
To provide a series of buffers in highly acid regions, acidity
functions Ho were used. Thus, for determining the acid dis-
sociation constant of a very weak base, solutions of known Ho

take the place of the buffer solutions mentioned above. For the
protonation of the anion of a strong acid, which yields a neutral
molecule, the function H_ was used. For a weak base B which
ionizes by simple proton addition, the Ho, H_, or pH values at
half-protonations were measured for several compounds during
the course of the present work, using the UV spectrophotometric
method of Johnson.21 This method takes into account any
medium effect on the wavelength of the maximum UV
absorption and the corresponding extinction coefficient. This
effect is particularly significant at high acidities.

Bronsted (1923) was the first to show the advantage of having
the ionization of both acids and bases (i.e., conjugate acids)
expressed on the same scale, just as pH is used for basicity as
well as for acidity. For acids the ionization process (i.e.,
deprotonation) is

and the ionization constant, Ka, is given by

where [ ] represent the activity of each ionic species (in
mol ·L-1).

For bases the ionization is

and

At a given temperature, the constants expressed by eqs 2 and
4 are thermodynamic quantities also known as thermodynamic
ionization constants. The equilibrium constants might be
expressed in terms of concentration and activity coefficient (eq
5)22

Therefore, the pKa value can be expressed as follows (eq 6):

pH Scale. A stock solution of 3AC (0.001 M) was prepared
in an ethanol-water (1:1) mixed solvent. Sample solutions were
prepared by adding 0.5 mL of stock solution to 9.5 mL of buffer

solution and a sample solution series of 10 mL volumetric flasks
were obtained. In this way, the sample solutions which have
absorbance values of the UV-vis spectrum between 0.5-1.0
absorbance were prepared. All the series of standard solutions
were placed in UV cells, hermetically closed and thermostatted
at (25 ( 0.1) °C for 15 min. The UV-vis spectra were then
recorded on the spectrophotometer within the range of (240 to
410) nm (1 nm resolution) (Figure 2). Simultaneously, the
corresponding absorbance values were measured at three
wavelengths of (272, 334, and 378) nm. Considerable changes
were observed in the range of pH 9.08-11.20.

Ho Scale. The general procedure applied as follows; a stock
solution of the compound under investigation was prepared by
dissolving the compound (about (10 to 20) mg) in water or
sulfuric acid of known strength (25 mL) in a volumetric flask.
Aliquots (1 mL) of this solution were transferred into 10 mL
volumetric flasks and diluted to the mark with sulfuric acid
solutions of various strengths or buffers of various pH.23 The
total mass of solution in each flask was measured and the mass
percent of sulfuric acid in each solution was then calculated
knowing the mass of sulfuric acid added and the total mass of
the final solution. In the case of buffer solutions, the pH was
measured before and after addition of the new solution.24 The
absorbance of each solution was then measured in 1.0 cm cells,
against solvent blanks, using a constant temperature cell-holder
in a Hitachi 150-20 double beam spectrophotometer. The
scanning spectrophotometer was thermostatted at (25 ( 0.1)
°C. The wavelengths were chosen such that the fully protonated
form of the substrate had a very much greater or very much
smaller extinction coefficient than the neutral form. Calculations
of half protonation values were carried out as follows; the
sigmoid curve of absorbance or extinction coefficients at the
analytical wavelength (A, λ) was first obtained (Figure 3). Since
the deprotonation (ion formation) and protonation (cation
formation) processes are both an equilibrium process we will
give only one example for deprotonation.

The absorbance of the fully deprotonated molecule (Aca;
absorbance of conjugated base (anion)) and the pure free base
(Afb; absorbance of free base (neutral molecule)) at a basicity
were then calculated by linear extrapolation of the arms of the
curve. Equation 7 gives the ionization ratio where Aobs (the
observed absorbance) was converted into the molar extinction
coefficient εobs using Beers law of A ) εbc, (b ) cell width,
cm; c ) concentration, mol ·dm-3).

HA h H+ + A- (1)

Ka )
[H+][A-]

[HA]
(2)

BH+ h B + H+ (3)

Ka )
[B][H+]

[BH+]
(4)

Ka )
[B][H+]

[BH+]

γBγH+

γBH+
(5)

pKa ) pH + log
[BH+]

[B]
(6)

Figure 2. Spectral changes for the 3AC molecule at various pH conditions.
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A linear plot of log I against Hx or pH gives rise to a line in
one form of y ) mx + n, and by using the values -1.0 < log
I < 1.0, the slope, m, was obtained using the half protonation
value as Hx

1/2 or pH1/2 at log I ) 0; the pKa values were obtained
(Figure 4).23

The pKa values were calculated by using the equation:

When the values of the slope obtained m are around unity,
then the base is called a Hammett base.25

Computational Methods

HF and DFT Calculations. We have used several theoretical
methods and conclusively identified density functional theory
(DFT) and the Hartree-Fock (HF) approach for 1H and 13C
NMR chemical shifts as the most appropriate. The gauge
including atomic orbital (GIAO) method, using the HF and DFT
levels of theory with different basis sets were applied to the
3AC molecule. A detailed justification for the correlation of
quantum mechanically calculated 1H and 13C NMR absolute
chemical shielding tensors and empirical 1H and 13C NMR
chemical shifts measured relative to tetramethylsilane (TMS)
has also been presented.

Energies and frequencies of 3AC anions/cations were calcu-
lated using DFT, which has been a reliable technique for
calculation of molecular properties and energetics. The initial
geometries of the molecules were modeled by the DFT
calculations included in the program CS Chem3D.26 These
geometries were optimized with the Gaussian 03W program
packages,27 using the B3LYP function with the 6-31G* basis
set and the default convergence criteria. To analyze the solvent
effects on all of the species involved in the proposed ionization
reactions, the conductor-like polarizable continuum model
(CPCM) was used.28

The B3LYP/6-31G* method reproduced very similar data,
and this method is seen to be successful to describe the true
value when the experimental values were taken as reference. A
correlation between computed and experimental values was
observed. As was indicated earlier, an excellent correlation

between experimental and B3LYP/6-31G(d) calculated pKa

values (i.e., R2 value is 0.995) was observed.
On the other hand, the experimental and the theoretical

investigations of the 3AC molecule have been performed success-
fully by using NMR and quantum chemical calculations. Applica-
tion of the GIAO method yields 1H and 13C NMR chemical shifts
that are in reasonable agreement with experimental chemical shifts.
The geometry of 3AC has been optimized using the 6-31G(d),
6-31+G(d), 6-31G(d,p), 6-311++G(d,p), and 6-311+G(d,p) basis
sets. After optimization, 1H and 13C NMR chemical shifts (δ)
were calculated for 3AC using the GIAO method with the
B3LYP/6-31G(d), B3LYP/6-31G(d,p), B3LYP/6-311+G(2d,p),
B3LYP/6-311+G(2d,2p), B3LYP/6-31+G(d,p), B3LYP/6-
311+G(d,p), B3LYP/6-311++G(d,p), B3LYP/6-311++G(2d,p),
and B3LYP/6-311++G(2d,p) basis sets and the Hartree-Fock
method with the same basis sets. Relative chemical shifts were
then estimated by using the corresponding TMS shielding,
calculated in advance at the same theoretical level as the
reference. The NMR chemical shifts were computed with the
Becke-3-Lee-Yang-Parr (B3LYP) and HF with different basis
sets using the GIAO method and are given relative to that of
TMS calculated at the same level of theory. The GIAO 1H and
13C chemical shifts provide a reasonable reproduction of the
experimental data.

General Scheme to Compute Absolute pKa Values

Thermodynamic Cycle. Several authors have developed
approaches for the computational determination of pKa which
involve the use of a thermodynamic cycle relating pKa to the
gas-phase proton basicity via the solvation energies (∆G(sol)

o ) of
the products and the reactants (Scheme 1).

The inter- and intramolecular interactions can cause substan-
tial changes in the geometry and electronic structure of
compounds in solution in comparison with the isolated gas

Figure 3. εmax as a function of pH at (378 nm) plot for the deprotonation
of 3AC.

I ) [B]

[BH+]
)

(Afb - Aobs)

(Aobs - Aca)
)

(εfb - εobs)

(εobs - εca)
(7)

pK ) mHx
1/2 (or pH1/2) (8)

Figure 4. pH as a function of log I (at 378 nm), plot for the deprotonation
of 3AC.

Scheme 1. Interrelationship between the Gas Phase and the
Solution Phase Thermodynamic Parameters
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phase. Therefore, the aqueous phase calculations are essential
for pKa determination and for this reason the CPCM solvation
methods have been included in the present calculations.
Calculation of the pKa of a molecule, B, involves quantum
mechanical calculations to characterize the gas phase system
∆G(g)

o for both the associated acid, BH+ (g), and the dissociated
species, B (g) and H+ (g), and to characterize the solvated
system (∆G(aq)

o ) for the associated [BH+ (aq)] and dissociated
[B (aq) and H+ (aq)] species. Thus, the pKa of B (aq) is given
by

where

Most of the terms in this equation will be taken from our
computations, but there are two terms that need careful
consideration, the free energy of a proton in the gaseous phase
∆G(g)

o (H+) and its solvation free energy ∆G(sol)
o (H+). In the case

of the free energy of a proton in the gaseous phase, it can be
easily calculated by the Sackur-Tetrode equation29

Regardless of which procedure is used for absolute pKa

computation, knowledge of the proton solvation energy ∆G(sol)
o (H+)

is required. For ∆G(g)
o (H+) the experimental value of -26.28

kJ ·mol-1 is used. In the current work, we have used the values
∆G(g)

o (H+) ) -26.28 kJ ·mol-1 and ∆G(sol)
o (H+) ) -1129.68

kJ ·mol-1.30 The calculation of ∆G(g)
o uses a reference state of

1 atm and the calculation of ∆G(sol)
o uses a 1 M reference state.

Converting the ∆G(g)
o reference state (24.46 L at 298.15 K) from

1 atm to 1 M is accomplished. The absence of imaginary
frequencies verified that all structures were true minima at their
respective levels of calculation.

Tautomerism. Possible tautomerisation along with protonation
and deprotonation patterns for the studied molecules are depicted
in Scheme 2.

The tautomeric equilibrium constants were calculated from
the Charlton method and the following equation31 (eq 13)
presented below:

In this approach, the pKa values of model molecules of both
keto and enol forms are used. In models of the main tautomers
the possibility of proton migrations were eliminated by replacing
the acidic protons with methyl groups. All geometries were taken
as starting points using B3LYP/6-31G(d) geometry optimiza-

Scheme 2. Possible Tautomeric, Protonation, and Deprotonation Patterns for 3AC

Table 1. Calculated Free Energies, Gg and Gaq, using Density Functional Theory (B3LYP/6-31G*)a

process Gibbs energy (gas phase) Gibbs energy (aqueous phase) solvation Gibbs energyb (CPCM)

protonation B + H+ h BH+ G(g)(B) G(g)(BH+) G(aq)(B) G(aq)(BH+) ∆G(sol)
o (B) ∆G(sol)

o (BH+)

2h 3 -2949.37133 -2950.69296 -2949.37130 -2951.13626 0.01838031 278.176951
2h 7 -2949.37133 -2950.77771 -2949.37130 -2951.11602 0.01838031 212.295285
5h 6 -2949.23773 -2950.72446 -2949.29099 -2951.13235 -33.4199845 255.952095
5h 8 -2949.23773 -2950.68682 -2949.29099 -2951.04523 -33.4199845 224.905560

deprotonation BH+ h B + H+ G(g)(BH+) G(g)(B) G(aq)(BH+) G(aq)(B) ∆G(sol)
o (BH+) ∆G(sol)

o (B)

2h 1 -2949.37133 -2946.96158 -2949.37130 -2947.34252 0.01838031 -239.043844
5h 4 -2949.23773 -2946.99718 -2949.29099 -2947.36021 -33.4199845 -227.809344

a All values are given in atomic unit, Hartree (1 hartree )2625.5 kJ ·mol-1). b Solvation energies calculated with CPCM and performed in Gaussian
03W.

pKa ) ∆G(aq)
o /2.303RT (9)

pKa )
1

2.303RT
(∆G(g)

o - ∆G(sol)
o (BH+) + ∆G(sol)

o (B) +

∆G(sol)
o (H+)) (10)

∆G(g)
o ) ∆G(g)

o (B) - ∆G(g)
o (BH+) + ∆G(g)

o (H+)
(11)

∆G(g)
o (H+) ) 2.5RT - T∆S ) -26.28kJ ·mol-1

(12)

pKT ) pKa(model for product) - pKa(model for reactant) (13)
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tions. The optimized structures were then used in the solution
phase to determine the free energies (Table 1).

Results and Discussion

The spectra of 3AC are shown in Figure 3 for the pH values
9.08 and 12.30. The spectrum obtained at pH 1.16 (neutral 3AC)
did not suffer modifications with a change of the pH of the
reaction medium up to pH 6.48. On the other hand, considerable
changes were observed in the range of pH 6.48 to 12.3. The
spectrum obtained at pH 1.16 is practically identical to that of
pH 6.48.

EWaluation of Acidity Constants and Tautomeric Equilibria.
The computed thermodynamic energies and other physical
parameters were obtained. The ab initio computed Gibbs
energies ∆G, solvation energies ∆Gsol, and calculated and
experimental acidity constant, pKa, values are given in Tables
1 and 2.

A good correlation is observed between theoretical (ab initio)
and the experimental values of the pKa in the case of protonation
(i.e., 2 h 3 equilibrium). So we can safely state that the
molecule exists in the keto-amine form 2 before protonation
and protonates at the acetamide carbonyl group. With the same
analogy we can say that the molecule exists in the enol-imine
form 5 before deprotonation and deprotonation occurs therefore
at the -OH group of acetamide (i.e., 5h 4 equilibrium) (Table
2). Similarly the values of the tautomeric equilibrium constant,
KT, and isomerization constant, Ki, can be evaluated (Table 3).
The Ki value of 108.06 for the isomerization equilibrium 1 h 4
indicates the predominance of the enolate form 4 over the
enamine form 1 with a ratio of 4:1 ) 114.82. The value of 1.2
× 10-17 for tautomerization for 2h5 indicates the overwhelming
predominance of the keto-amino form 2 over the enol-imine
form 5.

GIAO Predictions of 1H/13C Chemical Shifts and Compari-
son with Experimental Results. The GIAO method with the
B3LYP function of theory and Hartree-Fock theory was
employed to interpret available NMR data (chemical shifts) of
3AC. The calculations are summarized in Table 4 (bold
characters in Table 4 show the best fit to experimental data).

The depicted list of GIAO theoretical isotropic 1H and 13C
NMR chemical shifts relative to TMS are obtained with the
Hartree-Fock and DFT for 3AC. Various different approaches

Table 2. pKa () Half Protonation) Values of Protonation and
Deprotonation Processes

process pKa (calc.)a pKa (expt.)

Protonation
2 h 7 -0.98 -0.74
2 h 3 -0.73 -0.74
5 h 6 16.23 -0.74
5 h 8 -0.24 -0.74

Deprotonation
2 h 1 18.23 10.16
5 h 4 10.17 10.16

a Calculated from eq 9.

Table 3. Isomerization Ki
a and Tautomerization KT

b Constants for
the Studied Molecule (DFT/6-31G*)

Ki
a KT

b

process isomerization tautomerization

1h 4 108.06

2h 5 1.2 × 10-17

a Ki values calculated by using Ki ) Ka(enol form)/pKa (keto form).
b KT values calculated by using KT ) Ka(enol form)/pKa (keto form).
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have been developed and tested, however, the most widely used
technique is the GIAO calculation of 1H and 13C NMR chemical
shifts at the DFT B3LYP 6-311++G(2d,p) level which is
suitable for organic molecules.

All of the structures were fully optimized with the Gaussian
03W program with the B3LYP and HF methods with different
basis sets. After the optimization, 1H and 13C NMR chemical
shifts were calculated with the GIAO method using correspond-
ing TMS shielding calculated at the same theoretical level as
the reference. However, prediction of 1H and 13C NMR chemical
shifts using any of the methods is in good agreement with
experiment.32 In order to compare isotropic shielding with
experimental chemical shifts, the NMR parameters for TMS
were calculated for each basis set and used as the reference
molecule.

The data in Table 4 reveal that the Hartree-Fock based
calculation results are in excellent agreement with the
experimental13C chemical shift data. The B3LYP-based calcula-
tion demonstrates similar agreement for the1H chemical shifts.
The GIAO calculations were performed using DFT (B3LYP)
with the 6-31G(d), 6-31G(d,p), 6-31+G(d,p), 6-311+G(d,p),
6-311++G(d,p), 6-311+G(2d,p), 6-311++G(2d,p), and 6-311+
G(2d,2p) basis set as recommended33 and Hartree-Fock levels
of theory with the same basis sets. These trends are in good
agreement with experimental results.

Although linear correlations typically exist between experi-
mental and theoretical values predicted in this manner, the slope
of the line can deviate from unity, depending on the computa-
tional method and choice of basis set (Figures 5, 6, 7, and 8).34

The deviation from linearity for some points obviously occurs
due to the presence of the N-H and O-H groups which can
easily form hydrogen bonding. Another possibility of course is
the medium effect on these groups.

A linear scaling of the calculated chemical shifts is used in
order to account for the differences in the conditions of the
experimental measurements and computational predictions, as
well as for possible systematic errors either at the geometry
optimization or NMR stages of the calculations.

Conclusion

In this study, the experimental and theoretical investigations
of the 3AC molecule have been performed successfully by using
NMR and quantum chemical calculations. First, we proved the

feasibility of a UV-vis spectroscopic method using the absor-
bance values to determine the ionization constants of 3AC in
EtOH-water solutions. To analyze the solvent effects on all of
the species involved in the proposed ionization reactions, the
PCM of Tomasi and co-workers was used.35 The calculations
were performed at DFT/6-31G* using Tomasi’s method. To
calculate solvation energies, a popular continuum model of
solvation has been used at the B3LYP levels of theory in
conjunction with the 6-31G* basis set. The theoretically obtained
protonation and deprotonation constants exhibit good agreement
with the acidity constants which were experimentally determined
in our present work. A reasonable correlation was obtained
between the protonation/deprotonation energies of the com-
pounds calculated at the B3LYP/6-31G* levels of theory and
their aqueous pKa values. Ability to predict acidity using a
coherent, well-defined theoretical approach, without external
approximation or fitting to experimental data would be very
useful to chemists. Finally, it seems that theoretical calculations
of physical parameters provide satisfactory results to supplement
experimental findings for quantitative structure-activity relation
studies.

We also now report a unique collection of experimental NMR
data (chemical shifts) for 3AC showing the effectiveness of

Figure 5. Comparison of experimental and theoretical 1H NMR chemical
shifts for 3AC (calculated at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level
of the theory).

Figure 6. Comparison of experimental and theoretical 1H NMR chemical
shifts of 3AC (calculated at the HF/6-311+G(2d,p)//HF/6-31G(d) level of
the theory).

Figure 7. Comparison of experimental and theoretical 13C NMR chemical
shifts of 3AC (calculated at the B3LYP/6-311++G(2d,p)//B3LYP/6-
311+G(d,p) level of the theory).
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GIAO/DFT and GIAO/HF calculations in predicting chemical
shifts. NMR methods are a very powerful tool for the study of
molecular behavior in heterogeneous systems.36 Some difficul-
ties that arise in the interpretation of the origin of certain NMR
signals can be overcome by quantum chemistry calculations.
In this part of our study, the GIAO methods using the B3LYP
and HF with different basis sets were applied to 3AC. Applica-
tion of the GIAO method yields 1H and 13C NMR chemical
shifts that are in agreement with experimental results. Com-
parison of the B3LYP and HF methods showed that the best
results for small molecules with the HF/HF approach. For the
13C shieldings, the HF/HF calculations were almost identical
in quality and for 1H NMR the B3LYP/B3LYP performed better.
The GIAO/DFT approach predicted the 13C NMR shifts of
heteroaromatic ring carbons which are in better agreement with
experiment. To summarize our results, we report a general
correlation between experimental and theoretical results for 1H
and 13C NMR and pKa data. The calculated isotropic shielding
constants based on DFT/GIAO and HF/GIAO methods are
found to be in good agreement with the experimental results.

Acceptable agreements between the theoretical and experi-
mental results were observed for the HF level 13C NMR
chemical shifts and for the B3LYP-type 1H NMR chemical
shifts.
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