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Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most frequently prescribed 
drugs and have multiple therapeutic uses. These drugs are predominantly used for the treat-
ment of musculoskeletal diseases because of their analgesic, antipyretic, and antiplatelet activi-
ties. Oxicams constitute an interesting class of organic compounds and have been investigated 
in the search for new analgesic and anti-inflammatory drugs. In the present work, a theoretical 
investigation of the molecular structure and spectroscopic properties of a series of five oxicams 
in different solvents was performed using density functional theory (DFT) methods. The geo-
metric optimizations of the oxicams were carried out using the M06 density functional and the 
CBSB7 basis set. The infrared data were all obtained at the same theoretical level. The UV-Vis 
absorption and NMR data of some oxicams were calculated using the DFT and CBSB3 basis 
sets. The analysis of structural parameters, particularly the bond length and spectroscopic data, 
indicated that interactions occurred between the hydrogen bond types for 4-meloxicam, iso-
xicam, and normeloxicam. Stereoelectronic interactions caused by the substitution of alkyl 
groups caused the bond lengths to elongate. Similarly, the substitution of heteroatoms, such as 
nitrogen, sulfur, or oxygen, increased the bond lengths and angular stresses. 
 
DOI: 10.15372/JSC20170206 
 
K e y w o r d s: nonsteroidal anti-inflammatory drugs, chemical properties, spectroscopic ana-
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INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs) have various therapeutic uses, including for the 
treatment of musculoskeletal diseases, because of their analgesic, antipyretic, anti-inflammatory, and 
antiplatelet activities [ 1 ]. However, their use is limited by their potential adverse effects, such as pep-
ticulcers or renal failure. Both adverse effects and potential toxicity are due to the inhibition of the 
cyclooxygenase (COX) enzyme, which causes the inhibition of thromboxanes and prostaglandins  
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Fig. 1. Structure of oxicams studied by DFT and TD-DFT using the M06 den-
sity functional as well as the CBSB7 and CBSB3 basis sets (1 = 4-meloxicam,  
             2 = droxicam, 3 = isoxicam, 4 = lornoxicam, 5 = normeloxicam) 

 
(PGs). PGH2 synthase exhibits two catalytic activity paths: cyclooxygenase and peroxidase. NSAIDs 
inhibit the activity of COX, but do not inhibit the activity of the peroxidase enzyme. 

Oxicams are enolcarboxamides that contain the 4-hydroxy-1,2-benzothiazines-3-carboxamide 1,1- 
dioxide group in their skeletons. These compounds exhibit interesting pharmacological properties 
since they are a class of NSAIDs characterized by a long duration of action [ 2 ]. Piroxicam and 
meloxicam derived from oxicam are eight times more selective for COX-2 than oxicam and have few 
clinical side effects at the gastrointestinal level [ 3 ]. 

Rofecoxib is an NSAID of the oxicam class. This product was removed from the market because 
it increased the risk of heart attack and stroke. Subsequently, other derivatives of this chemical class 
family, such as parecoxib, valdecoxib, and lumiracoxib, were recalled due to their pharmacologic side 
effects [ 4 ].This fact justifies the search for new analgesics and anti-inflammatory drugs based on oxi-
cam derivatives with better therapeutic properties. 

They are effective in the treatment of rheumatoid arthritis, osteoarthritis, postoperative pain, and 
degenerative joint diseases. Furthermore, these compounds also display chemopreventive and chemo-
suppresive effects against various cancer cell lines and therefore represent an important class of versa-
tile pharmaceutical drugs. The DFT approach has been applied to predict the pKa of several synthe-
sized oxicam derivatives [ 5 ]. 

The studies performed in the liposomes/water systems proved that, in spite of structural similari-
ties, oxicams present different interactions with lipid membranes and the found correlations between 
interactions with membranes; ionization forms and COX inhibition are relevant to understand the 
pharmacological effects of these oxicams [ 6 ]. 

In a previous work, we have shown that the spectroscopic properties of oxicams are heavily influ-
enced by the solvent used in the analysis [ 7, 8 ]. The underlying solvent has a considerable effect on 
the oxidation potentials of the oxicams and, hence, on their antioxidant activity, mainly by affecting 
the solvation of their more polar intermediates in the electrochemical calculations [ 9 ]. 

In the present work, the molecular structure and spectroscopic properties of five oxicams (Fig. 1) 
have been studied in different solvents using DFT and TD-DFT methods and the M06 suite of func-
tionals in conjunction with the CBSB7 and CBSB3 basis sets. The results were analyzed and corre-
lated to the available experimental results. 

METHODS AND COMPUTATIONAL DETAILS 

Theoretical calculations were performed using the DFT methods implemented in the Gaussian 09 
computational package [ 10 ]. The equilibrium geometries were determined by the generalized gradient 
technique. The force constants and vibrational frequencies were determined by computing the analyti-
cal frequencies at the stationary points obtained from the geometry optimization. The optimized ge-
ometries were characterized as true minima on the potential energy surface (PES) when all of the har-
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monic frequencies were real. The molecular structure and properties were calculated using the M06 
functional suite, which is a set of four meta-hybrid GGA density functionals that provides consistent 
and satisfactory results for several structural and thermodynamic properties [ 11—13 ]. 

Geometric optimization and calculation of the vibrational mode frequencies and intensities of the 
infrared spectra were performed based on the CBSB7 basis sets (equivalent to 6-311G (2d,d,p)). Other 
electronic properties were calculated with the CBSB3 basis sets (equivalent to 6-311++G(2d, f ,2p)). 
The CBS methods adequately seek the solutions of the Schrödinger equation for small and medium sized 
molecules. These methods calculate the total energy with a high degree of accuracy (�1.2 kcal/mol), 
meaning that they are suitable for ab initio calculations of electronic structures [ 14—16 ]. 

Solvation energies were computed by the integral equation formalism-polarizable continuum mo-
del (IEF-PCM) [ 17 ], including the UAKS model for water, methanol, ethanol, 1,4-dioxane, dimethyl-
sulfoxide, and N,N-dimethylformamide. 

The calculation of UV-Vis data was performed by solving the time-dependent DFT (TD-DFT) 
equations according to the method implemented in Gaussian 09 [ 18—21 ]. The infrared (IR) and ultra-
violet (UV-Vis) data were calculated with the Swizard [ 22, 23 ] program and visualized with Gabedit 
[ 24 ]. In all cases, the spectra show the calculated frequencies and absorption or emission wave-
lengths. The NMR spectra and magnetic properties were calculated using the M06 density functional 
with the CBSB3 basis set. The NMR spectra and magnetic properties were visualized and analyzed 
using GaussView 5.0.  

RESULTS AND DISCUSSION 

The spectroscopic techniques are widely accepted as non-invasive techniques to investigate the 
behavior of drugs in different solvents, including their interactions with macromolecules. Such studies 
can yield a wide array of information relating to the structure, dynamics, energy, and related properties 
of individual molecules as well as the interactions that occur when molecules are solvated by a sol-
vent. Oxicams are extremely sensitive to their microenvironments, which makes their spectral parame-
ters strongly dependent on the corresponding solvents [ 25 ]. 

Structural parameters. The optimized geometries of 1—5 (Fig. 2), obtained with the M06 den-
sity functional and the CBSB7 basis set, present similar structural parameters because their structures 
differ only in the aromatic ring. By analyzing each compound, it can be observed that the substitution of 
hydrogen atoms with alkyl groups in the oxicam structures increases the length of the replaced bond. In 
a similar fashion, the presence of heteroatoms also increases the length of the replaced bond. This can 
be attributed to the interaction between the electronic structure and stereochemistry of a molecule (ste-
reo electronic effects), which occurs in the electron clouds of the substituent group and the bond atom. 
As such, the chemical bond length increases to reduce the stereo electronic effects. Additionally,  
a lengthening of the bond when the carbon atom is replaced by the heteroatom (sulfur specifically) is 
observed because of nuclear repulsion; since the heteroatom has a larger atomic radius than carbon, the 
bond length increases. Some of the structures exhibit typical hydrogen bond interactions. 

For the specific case of the structure of 4-meloxicam (1), the bonds corresponding to R(8—22) 
and R(17—23), which are formed between carbon atoms and sulfur, increase in length due to the 
higher atomic radius of sulfur, which in turn increases the repulsion. Additionally, the increase in the 
bond length at R(6—21) clearly shows the stereotype electronic interaction of the methyl group. In 
this way, the angles corresponding to C8—S22—C9 (1.537 rad or 88.1�) and C17—S23—N21 
(1.742 rad or 99.8�) cause angular tension between these atoms. The C14 atom of (1) presents a sp2 
hybridization and is attached to the oxygen atom (O13) in a planar structure. The O12 atom is 
0.0992 nm from the H32 atom, indicating a typical hydrogen bond. This bond is supported by 
0.1693 nm bond between O13 and H32. The 1.759 rad angle between C14, H32, and O13 results in a 
considerable angular strain. 

The droxicam (2) molecule exhibits the effects of increasing bond lengths corresponding to  
R(9—20), which presents an electronic stereo effect due to the alkyl substituent. This can also be seen 
in R(10—23) between carbon and nitrogen atoms; in R(12—25) and R(13—25) between oxygen and 
sulfur atoms due to interactions between heteroatoms, such as R(20—25) between nitrogen and sulfur  
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Fig. 2. Optimized structures of oxicams 1—5 calculated with the M06 density functional and the CBSB7 basis set  
                     (showing the numbering used in this work and determined by the calculation software) 

 
atoms; and in R(18—25) between carbon and sulfur atoms. This is evidenced by a bond angle of 
1.752 rad (100.4�), resulting in a strong angular tension between C18—S25—N20. 

The isoxicam (3) molecule shows hydrogen bond type interactions with bond lengths of 0.1866 
and 0.2046 nm between O14—H8 and N23—H9, respectively. 

This interaction results in an angular strain between C17—N23—H9 and C18—O14—H8, which 
is caused by angles of 1.398 rad (80.1�) and 1.787 rad (102.4�), respectively. Additionally, it is possi-
ble to observe elongated bond lengths, as in the above structures, including N23—C6, C19—S25, and 
N23—S25 bonds, due to stereo-electronic and nuclear repulsion effects. 

The structure of lornoxicam (4) includes a chlorine heteroatom which is highly electronegative. 
This gives unique characteristics, such as a high electron density, that translate into an elongation of 
the bond formed between C7—Cl18 (0.1712 nm). Similar to the previously mentioned structures, the 
C6—N20 bond elongates due to the stereo-electronic and nuclear repulsion (0.1468 nm). 

In addition, C7 binds to the second heteroatom, sulfur, which elongates the C7—S22 bond 
(0.1732 nm), leading to bond angles of 1.581 rad (90.6�) and 1.723 rad (98.7�), respectively, and an-
gular tensions between C7—S22—C17 and C16—S23—N20. 

In normeloxicam (5), the H32 and O13 atoms have a bond length of 0.1698 nm and show hydro-
gen bonding interactions, resulting in a O13—H32—C14 bond angle of 1.758 rad (100.7�). Similarly 
to the other molecules investigated in this study, this structure presents elongated bond lengths due to 
alkyl group substitutions or bonds between carbon and heteroatoms, particularly sulfur. The bonds 
between C8—S22—C9 and C17—S23—N21 result in highly stressed angles of 1.541 rad (88.3�) and 
1.740 rad (99.7�), respectively. 
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IR and UV-Vis absorption spectra. The infrared spectra calculated with the M06 density func-
tion and the CBSB7 basis set as well as the absorption spectra of the five oxicams in six different sol-
vents calculated with TD-DFT and the M06 density function coupled to the CBSB3 basis set indicate 
that the intensity of an absorption band depends on the polarity of the bond. 

The absorption intensity increased with increasing polarization of the chemical bonds. This is also 
true for the absorption spectra obtained using various solvents, namely, water, methanol, ethanol,  
1,4-dioxane, dimethylsulfoxide, and N,N-dimethylformamide. Aromatic rings, amide, carbonyl, hy-
droxyl, and amino groups in the structure of the studied compounds lead to transitions of several types, 
such as � � �* and n � �*,�between180 nm and 370 nm. An increase in the solvent polarity, indi-
cated by a larger dielectric constant (�), shifted the n � �*�transitions to lower wavelengths (increased 
energy and hypsochromic shift) and caused bathochromic shifts to � � �* transitions. The location 
and intensity of the bands depend on the substituents present in the structure, which shift the absorp-
tion peak of the chromophore to longer wavelengths (hypsochromic effect) or to lower wavelengths 
(bathochromic effect) and possibly varies the intensity. All of the calculated electronic transitions and 
hypsochromic/bathochromic shift effects are in good agreement with the observed experimental values 
[ 26 ]. 

The IR spectrum of 4-meloxicam (1) has bands between 3300 and 3400 cm–1, which are attributed 
to absorptions of hydroxyl and secondary amide groups. The absorption near 1572 cm–1 is characteris-
tic of the second arylamide. The absorption at 1180 cm–1 is characteristic of an S=O group. The ab-
sorption at 600 cm–1 is characteristic of sulfur heteroatom bonds. From the UV-Vis absorption spectra, 
it can be observed that the increasing polarity of the solvent caused a hypsochromic effect that favored 
the formation of hydrogen bonds in the molecule. 

Droxicam (2): the IR spectrum presents two sharp peaks between 1780 and 1900 cm�1 which cor-
respond to carbonyl groups (C15—O11 and C16—O14). These two signals were displaced due to the 
difference in the chemical environments that were tested. The absorption related to the C15—O11 
bond shifted to a higher frequency due to the delocalization of � electrons between its neighboring 
atoms. At approximately 1450 cm�1, the spectrum shows a sharp peak that is characteristic of the SO2 
group. By analyzing the UV-Vis absorption spectra (Fig. 2, 2), transitions of �* � n type from 200 to 
315 nm and also characteristic absorption at approximately 280 nm, which corresponds to the carbonyl 
groups, can be observed. 

Isoxicam (3): Absorption bands characteristic of hydrogen bonds (3650 and 3300 cm–1) can be 
observed in the IR spectrum. These interactions were observed in the absorption spectra for the sol-
vents with higher dielectric constants. Fig. 2, 3 shows that the absorption bands are narrower and more 
pronounced in the more polar solvents. 

Lornoxicam (4): The characteristic absorptions of amide (1793 cm�1) and bound C—Cl (800—
600 cm–1) can be observed. The two bonds with the sulfur heteroatom C17—C16—S22 and C17—
C16—S23 have different chemical environments. The C17—C16—S22 group is influenced by the 
electronegative chlorine atom and the absorption band moves toward 1470 cm�1, whereas the S23 
atom is bonded to two oxygen atoms and one nitrogen atom, which causes a strong signal of approxi-
mately 1570 cm�1 and other absorption bands characteristic of sulfonamide (1180 cm–1). An absorp-
tion band corresponding to the hydroxyl group attached to C15 located at approximately 1150 cm�1 
can also be observed. 

An analysis of the absorption spectra (Fig. 2, 4) clearly shows the effect of the solvent polarity in 
the positions of the peaks. For example, for solvents with a higher dielectric constant than that of 1,4-
dioxane, the spectra display two notable signals, whereas the spectrum in the presence of 1,4-dioxane, 
which has a dielectric constant (�) of 2.25, shows a broadening and deformation of the absorption 
bands due to hypsochromic and bathochromic shifts in the system. 

Normeloxicam (5): the IR spectra of 5 show peaks characteristic of hydrogen bond interactions 
and absorptions of sulfonamide, amide, and enol groups. These are favorably observed in the UV-Vis 
absorption spectra with higher dielectric constants (Fig. 2, 5) and narrow spectra corresponding to the 
n � �* and � � �* transitions (hypsochromic and bathochromic shifts, respectively). Furthermore, 
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because of the electron delocalization in the atomic centers of the anti-bonding molecular orbital, the 
energy decreases so that the absorption maxima shift to longer wavelengths. 

CONCLUSIONS 

The analysis of structural parameters indicates hydrogen bond interactions between the adjacent 
hydrogen and oxygen atoms, which is evidenced by an appropriate length for this type of interactions. 
The structures of 4-meloxicam, isoxicam, and normeloxicam yield interactions similar to those with 
hydrogen bonds. The replacement of a hydrogen atom by an alkyl group in the studied structures elon-
gated the corresponding bond length. This effect can be attributed to stereoelectronic interactions be-
cause of the substituent size. Heteroatom (nitrogen, sulfur or oxygen) substitution for carbon atoms in 
the molecular structure increases the bond lengths and angular stresses. 

The absorption spectra of these molecules exhibit a peak of approximately 1571 cm�1, corre-
sponding to the carbonyl group, which is displaced to lower frequencies due to the electron delocaliza-
tion. The absorption band intensities also increase with the polarity of the bonds. The transitions ob-
served in the molecules correspond to � � �*�and n � �* electronic transitions. The increasing sol-
vent polarity caused hypsochromic displacements at the bands corresponding to n � �* transitions, 
while the � � �* transitions moved to longer wavelengths (bathochromic shift). 

As a result of the electron delocalization, the anti-bonding MO energy decreased so that the ab-
sorption maxima shifted to longer wavelengths. The calculated electronic transitions as well as the 
hypsochromic and bathochromic shift effects are in good agreement with the observed, averaged ex-
perimental values. 

The variations observed in the IR and UV-Vis spectra may be related to the different structures 
involved in the tautomeric equilibrium in the tested media. A particular structure involved in keto-enol 
tautomerism can be favored depending on the polarity of the medium, which also determines the anti-
inflammatory activity of the structures studied [ 5, 6, 9 ]. 

 
The bond length and bond angle data of the optimized molecular structures, as well as the IR and 

UV-Vis spectra of the systems used in this work, are available in the supplementary material. 
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(CONACYT, Mexico) and Federal Institute of Education Science and Technology of South of Minas 
Gerais — Inconfidentes (IFSULDEMINAS). R. Ramírez-Tagle gratefully acknowledges the financial 
support from Fondecyt 1130007 The authors are grateful to R. Arratia for his valuable assistance.  
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