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INTRODUCTION

In medicinal and organic chemistry, coumarins and their
derivatives play a critical role because of their structural varia-
bility and versatile synthetic methodologies [1-3]. In many
species of bacteria, plants and fungi, numerous natural deriv-
atives of coumarins are found [4,5]. Literature has reported their
application as precursors or active products in pharmacology
for new, effective pharmaceuticals and their biological prop-
erties. Moreover, coumarins act as photoreactive chromophores,
which undergo reversible [2π + 2π] cycloaddition in the UV-
Vis-NIR region after irradiation with specific wavelengths [8].

Studies on 3-acetylcoumarin [9] and 4-hydroxy-1-thio-
coumarin [10], the structural changes of 7-hydroxy-4-methyl-
coumarin dimer [11], spectroscopic and quantum chemical
electronic structure investigations of 3,4-dihydrocoumarin and
3-methylcoumarin [12], FT-IR, FT-Raman and UV-vis spectra
and DFT calculations of 3-cyano-4-methylcoumarin [13],
vibrational spectra, normal modes, ab initio and DFT calcu-
lations of 6-chloro- and 7-chloro-4-bromomethylcoumarin [14],
vibrational and ab initio studies of 3-acetyl-6-bromocoumarin
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and 3-acetyl-6-methylcoumarin [15], density functional theory
investigations and vibrational spectra of 7-acetoxy-6-(2,3-
dibromopropyl)-4,8-dimethylcoumarin [16], theoretical study
on 3-acetyl-6-bromocoumarin [17], infrared study of 6-methyl-
coumarin in binary solvent mixtures [18], FTIR and Raman
spectral assignments for 6-methyl-4-bromomethyl-coumarin
[19], inhibitory effects and oxidation of 6-methyl-coumarin,
7-methylcoumarin and 7-formylcoumarin via human CYP2A6
and its mouse and pig orthologous enzymes [20], biodistri-
bution study of free and microencapsulated 6-methyl-coumarin
[21], synthesis and evaluation of 6-methylcoumarin derivatives
as potent and selective monoamine oxidase B inhibitors [22],
antioxidant properties of hydroxy-3-arylcoumarins [23], photo-
dimerization of 6-methylcoumarin [24], determination of 6-
methylcoumarin and 7-methoxycoumarin in cosmetics [25]
have also been reported.

To the best of our knowledge, no detailed structural, spectro-
scopic and reactivity studies have been undertaken on 6-methyl-
coumarin and owing to the vast biological applications of
6-methylcoumarin and derivatives of coumarin in an enormous
field, an extensive structural, spectroscopic and quantum
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chemical studies on 6-methylcoumarin have been carried out
by using FT-IR, FT-Raman, FT-NMR spectroscopic techniques
along with DFT studies for the first time in order to provide
the structure characteristics, vibrations, reactivity properties
and the effect of methyl group on the pyrone moiety.

EXPERIMENTAL

6-Methylcoumarin (6MC) was purchased from Sigma-
Aldrich, USA and used as such without any purification. The
FT-IR spectrum of the compound was recorded in liquid phase
by CsI windows in a Bruker IFS66V spectrometer equipped
with a Globar source, Ge/KBr beam splitter and a deuterated
triglycine sulphide (DTGS) detector in the range of 4000-400
cm-1 with the spectral resolution of 2 cm-1. The FT-Raman
spectrum of the compound was also recorded with the same
instrument with FRA 106 Raman module. The Raman spectrum
was obtained in the wavenumber range 4000-100 cm-1. The
light scattering was excited using a low-noise diode pumped
Nd:YAG laser source operating at 1.064 mm with 200 mW
power. A special (enhanced) liquid nitrogen cooled germanium
detector was used. The frequencies of all sharp bands are accu-
rate to 2 cm-1. The 1H (400 MHz, DMSO) and 13C (100 MHz,
DMSO) NMR spectra were recorded on a Bruker HC400
instrument.

The structural parameters of 6-methylcoumarin (6MC)
were determined with precision using the standard high level
6-311++G** and triple zeta cc-pVTZ basis sets incorporating
both diffuse and polarization functions. Thus, the gradient
corrected density functional theory (DFT) [26] with the three-
parameter hybrid functional Becke3 [27,28] for the exchange
part and the Lee-Yang-Parr (LYP) correlation functional [29],
calculations have been carried out in the present investigation
with Gaussian 09 [30] program. The harmonic vibrational
frequency calculations were carried out resulting in IR and
Raman frequencies together with intensities and Raman depo-
larization ratios. The dipole moment and polarizability tensors
were computed analytically.

Isoelectronic molecular electrostatic potential surface
(MEP) and electron density surface [31] were calculated using
cc-pVTZ basis set. The molecular electrostatic potential (MEP)
at a point ‘r’ in the space around a molecule (in atomic units)
can be expressed as:
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where, ZA is the charge on nucleus A, located at RA and ρ(r′) is
the electronic density function for the molecule. The first and
second terms represent the contributions to the potential due
to nuclei and electrons, respectively. V(r) is the resultant electric
potential at each point ‘r’, which is the net electrostatic effect
produced at the point ‘r’ by both the electrons and nuclei of the
molecule. The electron density surface mapped with electro-
static potential depict the shape, size, charge density distribution
and the site of chemical reactivity of a molecule. GaussView
5.0.8 visualization program [32] has been utilized to construct
the MEP surface, electrostatic potential surface and the shapes
of Frontier molecular orbitals.

The stabilization energy E(2) associated with the delocali-
zation of i (donor) → j (acceptor) is estimated from the second-
order perturbation method [33-35] as shown below:

2
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where qi is the donor orbital occupancy, βi and βj are diagonal
elements (orbital energies) and F(i,j) is the off-diagonal Fock
matrix element.

The 1H and 13C NMR isotropic shielding constants are
calculated by GIAO method [36,37] using B3LYP/cc-pVTZ
method. The effect of solvent is included using the PCM model.
The chemical shifts (δ) with respect to tetramethylsilane (TMS)
have been determined from the isotropic shielding constant
values using the relation δiso(X) = σTMS(X) − σiso(X), where δiso

= isotropic chemical shift and σiso = isotropic shielding constant.
The global and local descriptors of reactivity are deter-

mined utilizing finite difference approximation. Using the finite
difference approximation, the Fukui functions for studying
the reactivity at the atomic level are defined as:

k k kf (r) q (N 1) q (N)+ = + −  for nucleophilic attack

k k kf (r) q (N) q (N 1)− = − − for electrophilic attack

( )k k k

1
f (r) q (N 1) q (N 1)

2
+ = + − −  for free radical attack

The term qk is the atomic charge of the kth atom in the neutral
(N), anion (N+1) or cation (N-1) molecular species. The local
reactivity descriptors of the particular atom of the molecule

a a a a
k k k k(s f S, f= ω = ω  and a

kf  where a = +, - and 0) describing

nucleophilic, electrophilic and free radical attack, respectively
were also evaluated. The calculation of global electrophilicity
is based on the equation ω = µ2/2η. The multiphilicity
descriptors (∆ωk), which can be simultaneously characterises
a chemical species nucleophilic as well as electrophilic nature.
If (∆ωk) > 0, then the site k is favoured for a nucleophilic attack,
whereas if (∆ωk) < 0, then the site k may be favoured for an
electrophilic attack.

RESULTS AND DISCUSSION

Structural properties: The optimized stable geometry
of 6-methylcoumarin (6MC) with numbering of atoms is shown
in Fig. 1. The optimized structural parameters namely bond
lengths and bond angles of 6MC determined at B3LYP with
6-311++G** and cc-pVTZ basis sets are presented in Table-1
and compared with experimental data of 4-(4-chloroanilino-
methyl)-6-methyl coumarin reported by Kokila et al. [38]. The
data obtained by B3LYP/cc-pVTZ method is only taken for
comparison unless otherwise stated. The actual C-O bond length
in a six membered heterocyclic ring is 1.43 Å, but a significant
reduction of O1-C10 bond length (1.36 Å) and O1-C2 (1.39 Å)
is observed in present investigation is due to the fusion of
benzene ring with α-pyrone ring. The variation of bond
distances between O1-C2 and O1-C10 in coumarin derivatives
is a quite common feature and confirmed in the present investi-
gation also.
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Fig. 1. Optimized geometry and atom numbering of 6-methylcoumarin

TABLE-1 
STRUCTURAL PARAMETERS OF  

6-METHYLCOUMARIN DETERMINED BY  
B3LYP/cc-pVTZ AND B3LYP/6-311++G** METHODS 

Structural 
parameters 

B3LYP/cc-
pVTZ 

B3LYP/6-
311++ G** 

Expt.a 

Internuclear distance (Å) 
O1-C2 1.39 1.40 1.372 
O1-C10 1.36 1.37 1.384 
C2-C3 1.46 1.46 1.472 
C2=O11 1.20 1.20 1.208 
C3=C4 1.35 1.35 1.341 
C3-H12 1.08 1.08 – 
C4-C9 1.44 1.44 1.443 
C4-H13 1.08 1.09 – 
C5-C6 1.39 1.39 1.373 
C5-C9 1.40 1.41 1.410 
C5-H14 1.08 1.09 – 
C6-C7 1.40 1.41 1.414 
C6-C17 1.51 1.51 1.529 
C7-C8 1.38 1.39 1.376 
C7-H15 1.08 1.09 – 
C8-C10 1.39 1.39 1.377 
C8-H16 1.08 1.08 – 
C9-C10 1.40 1.40 1.415 
C17-H18 1.09 1.09 – 
C17-H19 1.09 1.09 – 
C17-H20 1.90 1.09 – 

Bond angle (°) 
C2-O1-C10 122.7 122.8 122.4 
O1-C2-C3 115.9 115.9 118.0 
O1-C2-O11 117.9 117.9 117.7 
C3-C2-O11 126.2 126.2 124.3 
C2-C3-C4 121.7 121.7 120.1 
C3-C4-C9 120.8 120.8 121.1 
C6-C5-C9 121.7 121.6 122.7 
C5-C6-C7 117.9 118.0 119.6 
C5-C6-C17 121.6 121.6 121.2 
C7-C6-C17 120.5 120.4 – 
C6-C7-C8 121.8 121.8 119.2 
C7-C8-C10 119.2 119.1 120.5 
C4-C9-C5 124.0 124.0 126.1 
C4-C9-C10 117.3 117.3 118.3 
C5-C9-C10 118.7 118.7 115.6 
O1-C10-C8 117.8 117.7 117.7 
O1-C10-C9 121.5 121.5 119.9 
C8-C10-C9 120.7 120.8 122.4 
aValues taken from Ref. [44] 

 

The influence of the substituent on the molecular para-
meters, particularly in the C-C bond distance of ring carbon
atoms is not significant. The mean bond length of aromatic
ring is 1.39 Å. More distortion in bond parameters is observed
in the hetero ring than in benzene ring. The bond length C2-C3
(1.46 Å) is longer than the other ring C-C bond distances. The
C3=C4 and C2=O11 double bond distances were determined
as 1.35 Å and 1.20 Å. These are in correlation with 3-acetyl-
coumarin [15] and 4-hydroxy-1-thiocoumarin [16]. Similarly,
the bond length of C6-C17 is 1.51 Å shows the pure single
bond nature. The bond length of C9-C10, C4-C9 and C5-C9
are 1.40, 1.44 and 1.40 Å, respectively are well agreed with
the literature.

The bond angle decreases when the electronegativity of
ligand atoms is more than that of central atom. There is increase
in the distance between bond pairs since they are closer to
ligand atoms. Due to this, they tend to move closer resulting
in the decrease in bond angle. The reduction in bond angles
O1-C2-O11 (117º) and O1-C2-C3 (115º) revealed the same.
In the case of benzene ring, the electron donating methyl group
present at C6 carbon atom significantly influences the bond
angle at the point of substitution C5-C6-C9 (117.9º) and is
less than 120°. Similarly, the bond angles at the neighbouring
atoms C6-C5-C9 (121.7º) and C6-C7-C8 (121.8º) with respect
to C6 are more than the normal benzene ring bond angle 120º.
The bond angles at the fused ring carbon atoms C9 and C10
are significantly differ because of the hetero nature of the
pyrone ring. These are determined as C4-C9-C5 (124º) and
O1-C10-C8 (117.8º). The stuructural parameters determined
by DFT method are well agreed with the reported coumarin
derivatives.

The parameters such as total thermal energy, vibrational
energy contribution to the total energy, therotational constants
and the dipole moment values obtained from B3LYP method
with 6-311++G** and cc-pVTZ basis sets. The energy of the
compound 6MC determined by B3LYP/cc-pVTZ method is
-536.5327 Hartrees. The total dipole moment of the molecule
determined by B3LYP/cc-pVTZ method is 5.32 D.

Analysis of molecular electrostatic potential: The total
electron density mapped with electrostatic potential of 6-methyl-
coumarin constructed by B3LYP/cc-pVTZ method is shown
in Fig. 2. The electron density of the molecule lie in the range
from -5.768e × 10-2 to 5.768e × 10-2. The electrostatic potential
spreads between -4.233e × 10-3 and 4.233e × 10-3. The colour
scheme for the MEP surface is red, electron rich, partially
negative charge; blue, electron deficient, partially positive
charge; light blue, slightly electron deficient region; yellow,
slightly electron rich region; green, neutral; respectively. The
region around oxygen atoms represents the most negative
potential region (red). The areas around the hydrogen atoms
of methyl group and in the ring hydrogen possess the maximum
positive charges. The predominance of green region in the ring
surfaces corresponds to a potential halfway between the two
extremes red and dark blue colour. The total electron density
surface mapped with electrostatic potential clearly reveals the
presence of high negative charge on the carbonyl oxygen
(C=O) while positive charge around the -CH3 group.[44]
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Fig. 2. Total electron density surface mapped with the electrostatic potential
of 6-methylcoumarin

Frontier molecular orbitals: The energies of HOMO
LUMO, LUMO+1 and HOMO-1 and the LUMO-HOMO
orbital energy gap are calculated by using B3LYP/cc-pVTZ
method and the pictorial illustration of the frontier molecular
orbitals are shown in Fig. 3. The region of HOMO spread over
the entire molecule while in the LUMO the ring part has more
overlapping. This clearly reveals the possibility of n→π* and
π→π* transitions in 6-methylcoumarin. Frontier orbital energy
gap (ELUMO – EHOMO) of 3-acetylcoumarin [39] and 4-hydroxy-
1-thiocoumarin [9] is 4.2085 eV and 4.4115 eV, respectively.
The frontier orbital energy gap (ELUMO – EHOMO) of 6MC is
found to be 4.4831 eV and suggest that 6-methylcoumarin
has slightly harder and moderately reactive.

LUMO
LUMO + 1

HOMO 
HOMO – 1

4
.4

83
1 

eV

Fig. 3. Frontier molecular orbitals of 6-methylcoumarin

Natural bond orbital (NBO) analysis

Analysis of bonding concepts: The hybridization and
delocalization of electron within the molecule has been
explained by natural bond orbital analysis (NBO) utilizing
B3LYP/cc-pVTZ method. The bonding orbital for C2=O11

with occupancies 1.9801 electrons has 31.02% C2 and 68.98%
O11 character. The bonding orbital of C3=C4 with occupancies
1.8287 electrons has 53.53% C3 character and 46.47% C4
character. The presence of double bond in these bonds is
confirmed by 100% p-character. The bonding orbital for O1-C2
with occupancies 1.9892 electron has 69.04% O1 character in
sp2.38 hybrid and 30.96 % C2 character in sp2.98 hybrid orbital.
The bonding orbital for C6-C17 with occupancies 1.9809
electrons has 50.26% C6 character and 49.17% C17 character.

Donor-acceptor interaction energy analysis: The
bonding-anti bonding interaction can be quantitatively described
in terms of the NBO approach and expressed by means of
second-order perturbation interaction energy E(2). The lone pair
donor orbital, n→π* interaction between the oxygen (O1) lone
pair and the C2-O11 and C9-C10 antibonding orbitals are
strongly stabilized with 36.29 and 30.06 kcal mol-1, respec-
tively. This reveals the delocalization of oxygen lone pair
towards the ring is more probable. The nO→σ*OC stabilization
energy of lone pair of electrons presents in the oxygen atom
(O11) to the antibonding orbital of O1-C2 is 37.72 kcal mol-1.
The bond pair donor orbital, πCO→π*CC interaction between
the C2-O11 bond pair and the C3-C4 antibonding orbital give
least stabilization of 5.40 kcal mol-1 indicates that it is less
likely to occur. The πCC→π*CC interactions in the aromatic ring
possess the stabilization energy in the range 11.01 and 21.83
kcal mol-1.

Vibrational analysis: Using FT-IR and FT-Raman spectra,
the vibrational spectral assignments of 6MC have been per-
formed on the basis of reported literature. The accuracy and
precision of the vibrational assignments are confirmed by the
PED contribution [40] of the respective mode. The observed
and theoretically predicted wavenumbers by density functional
B3LYP/6-311++G** and B3LYP/cc-pVTZ methods are
collected in Table-2. The FT-IR and FT-Raman spectra of 6-
methylcoumarin are shown in Figs. 4 and 5, respectively.
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Fig. 4. FT-IR spectrum of 6-methylcoumarin

C-C vibrations: The C-C stretching vibrations are observed
in the region 1247-1685 cm-1. Therefore, the fundamental mode
observed at 1685 is assigned to the C=C stretching. The other
modes 1621, 1575, 1489, 1428, 1326, 1281 and 1261 cm-1
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TABLE-2 
OBSERVED FT-IR, FT-RAMAN AND CALCULATED FREQUENCIES USING B3LYP/cc-pVTZ AND B3LYP/6-311++G**  

METHODS ALONG WITH THEIR RELATIVE INTENSITIES AND PROBABLE ASSIGNMENTS OF 6-METHYLCOUMARINa 
Observed  

wavenumber (cm–1) 
B3LYP/cc-pVTZ  

calculated wavenumber 
B3LYP/6-311++G**  

calculated wavenumber 

FT-IR 
FT-

Raman 
Unscaled 

(cm-1) 
Scaled 
(cm-1) 

Depolaristion 
ratio 

Unscaled 
(cm-1) 

Scaled 
(cm-1) 

Depolaristion 
ratio 

Vibration 
assignment 

%PED 

3429 w        2 × 1717  
3079 m 3061 w 3217 3061 0.25 3215 3059 0.23 ν=C-H 92νCH 
3038 w 3040 w 3201 3040 0.23 3200 3038 0.21 νC-H 87νCH 
3021 w 3026 w 3167 3026 0.33 3166 3024 0.24 νC-H 89νCH 

  3166 3039 0.43 3165 3036 0.55 ν=C-H 90νCH 
  3160 3034 0.40 3159 3031 0.37 νC-H 91νCH 

2983 vw 2988 vw 3106 2983 0.75 3105 2981 0.75 νaCH3 85νCH3 
2921 w 2925 w 3074 2921 0.75 3075 2919 0.75 νaCH3 87νCH3 
2867 vw  3028 2867 0.07 3026 2865 0.07 νsCH3 92νCH3 
2286 vw        1169 +1102  
2198 vw        2 × 1102  
1890 vw        2 × 1452  
1717 vs 1716 s 1810 1719 0.34 1801 1716 0.34 νC=O 95νC=O 
1685 vs 1686 vw 1668 1670 0.28 1665 1667 0.26 νC=C 90νCC 
1621 s 1622 m 1654 1624 0.72 1649 1621 0.62 νC-C 87νCC 
1575 s 1576 vs 1604 1578 0.36 1600 1575 0.35 νC-C 85νCC 
1489 m 1492 w 1523 1491 0.25 1517 1488 0.23 νC-C 89νCC 

  1503 1482 0.47 1501 1477 0.44 δaCH3 87δCH3 + 12βCCC 
1452 m  1487 1455 0.75 1486 1451 0.75 δaCH3 82δCH3 +15βCCC 
1428 m  1466 1431 0.75 1461 1427 0.75 νC-C 82νCC 
1381 m 1383 w 1421 1396 0.35 1419 1390 0.37 δsCH3 80δCH3 + 16βCCC 

  1412 1386 0.21 1405 1382 0.17 νC-C 81νCC 
1326 vw 1326 m 1361 1329 0.25 1361 1325 0.23 νC-C 87νCC 
1281 vw 1280 vw 1304 1283 0.22 1297 1279 0.15 νC-C 79νCC 
1261 s  1287 1264 0.73 1281 1260 0.73 νC-C 85νCC 
1247 m 1248 w 1270 1250 0.22 1266 1246 0.16 νC-CH3 82νCC 
1189 m 1190 vs 1201 1192 0.36 1197 1188 0.37 βC-H 62βCH + 24βCCC 
1169 s 1169 vw 1184 1172 0.23 1180 1168 0.19 βC-H 65βCH + 22βCCC 
1133 w 1126 vw 1154 1136 0.16 1149 1132 0.14 βC-H 67βCH + 18βCCC 
1102 s 1103 vw 1101 1105 0.26 1093 1101 0.30 νC-O 79νCO 
1043 w  1069 1046 0.75 1063 1042 0.74 ωCH3 62ωCH3 + 25γCCC 

  1025 1008 0.50 1022 1001 0.53 τCH3 59τCH3 + 28γCCC 
 989 vw 1023 992 0.75 1004 988 0.75 β=C-H 60βCH + 24βCCC 
  983 966 0.75 969 949 0.75 β=C-H 62βCH + 19βCCC 

939 w 946 w 962 949 0.14 957 945 0.13 βCCC 59βCCC + 26βCH 
905 s 906 vw 911 908 0.36 906 904 0.42 νC-O 83νCO 

  910 895 0.75 896 877 0.75 γC-H 59γCH + 21γCCC 
838 s 847 vw 856 842 0.30 852 837 0.33 βCOC 67βCOC + 19βC=O 

  853 840 0.75 839 821 0.75 γ=C-H 62γCH + 18γCCC 
811 s  847 815 0.75 835 810 0.75 γ=C-H 60γCH + 25γCCC 
759 m 758 m 783 763 0.75 762 758 0.06 γC-H 59γCH + 24γCCC 

  765 754 0.08 759 743 0.75 βCCC 54βCCC + 21βCH 
 692 vw 707 696 0.75 694 691 0.75 γC-H 56γCH + 24γCCC 

676 vw 676 vw 687 680 0.38 685 675 0.42 βCCC 58βCCC + 22βCH 
587 w 586 vw 591 593 0.68 589 588 0.75 βCCO 56βCCO + 20βCH 
559 w  576 563 0.75 562 558 0.75 βCCC 57βCCC + 23βCH 
532 w 534 w 544 536 0.72 542 531 0.73 βOCC 58βCCO + 25βC=O 
498 w 500 w 505 502 0.37 502 497 0.36 βC=O 62βC=O + 24βCCO 
450 vw 453 vw 470 457 0.75 461 452 0.75 γCCC 55γCCC + 26γCH 

 423 m 422 427 0.24 421 422 0.21 γCCC 56γCCC + 21γCH 
 374 w 385 378 0.75 379 373 0.75 γCCC 54γCCC + 22γCH 
 362 w 364 366 0.42 363 361 0.40 βC-CH3 59βCC + 18βCH 
 247 vw 345 252 0.75 336 246 0.75 γCOC 62γCOC + 21γC=O 
 202 vw 240 207 0.29 240 201 0.31 γCCO 54γCCO + 23γCH 
 183 w 179 188 0.75 173 182 0.75 γC-CH3 52γCC + 20γCH 
  161 163 0.75 156 152 0.75 γCCC 54γCCC + 21γCH 
  80 83 0.75 78 75 0.75 γCCC 57γCCC + 22γCH 
  46 50 0.75 49 47 0.75 γCCC 52γCCC + 24γCH 

aν-stretching; β-in-plane bending; δ-deformation; ρ-rocking; γ-out of plane bending; ω-wagging and τ-twisting. 
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Fig. 5. FT-Raman spectrum of 6-methylcoumarin

observed in the infrared spectrum are attributed to the carbon-
carbon stretching vibrations of the ring. The fundamental mode
observed at 1247 cm-1 is assigned to C-CH3 stretching vibration.
All CCC in-plane bending and CCC out of plane bending modes
are observed in the region below 1000 cm-1 [39,41]. The bands
corresponding to COC, CCO and OCC in-plane bending vibra-
tions are assigned at 838, 587 and 532 cm-1, respectively in
infrared spectrum whereas in the Raman spectrum these are
attributed to 847 and 586 cm-1, respectively. The CCC in-plane
bending modes are assigned to 939, 676 and 559 cm-1 mode in
IR spectrum. The modes observed in the Raman spectrum at
453, 423 and 374 cm-1 are assigned to CCC out of plane bending
vibrations.

C-H vibrations: The C-H stretching vibrations of benzene
derivatives generally appear in the region of 3000-3100 cm-1

[9,39,42]. In this region, the aromatic C-H stretching bands
are found to be weak and this is due to a decrease of the dipole
moment caused by the reduction of negative charge on the
carbon atom. This reduction occurs because of the electron
withdrawal on the carbon atom by the substituent due to the
decrease of inductive effect, which in turn is caused by the
increase in chain length of the substituent [43]. Hence, the
bands obtained at 3038, 3021 cm-1 in IR and 3040, 3026 cm-1

in Raman spectrum are assigned to C-H stretching vibrations.
The bands appeared at 1189, 1169, 1133 cm-1 in infrared and
at 1190, 1169 and 1126 in Raman spectra are assigned to the
aromatic C-H in-plane bending vibrations. The aromatic C-H
out of plane bending vibrations are observed in Raman at 758
and 692 cm-1. The alkenyl =C-H stretching appears in the higher
end at 3079 and 3061 cm-1 in IR and Raman spectra, respectively.
Another =C-H vibration is determined by DFT at 3039 cm-1.
The separation between these two modes is due to in-phase and
out of phase in nature. The strong band obtained in IR at 811
is assigned to =C-H out of plane bending mode.

Methyl group vibrations: The asymmetric and symmetric
stretching modes of -CH3 group normally appear below 3000
cm-1 [44,45]. The bands observed at 2983, 2921 and 2988,
2925 cm-1 in IR and Raman spectra, respectively are fully depo-
larized and assigned as asymmetric stretching vibrations of
-CH3 group. The symmetric methyl stretching is assigned to
2687 cm-1. This assignment is in good agreement to the asym-
metric stretching frequency for -CH3 group observed in
3-methylcoumarin at 2900 cm-1 [12]. The -CH3 deformations
are expected in the region 1370-1465 cm-1. So, the medium
IR band observed at 1452 cm-1 is assigned to asymmetric de-
formation of -CH3 group. The symmetric methyl deformation

is attributed to the medium band at 1381 cm-1. All other related
fundamentals of methyl group are listed in Table-2.

C=O and C-O vibrations: Almost all carbonyl compounds
have a very intense and narrow peak in the range of 1800-1600
cm-1 [45,46]. Coumarins have two characteristic strong absor-
ption bands arising from C=O and C-O stretching vibrations.
The intense C=O stretching vibration of coumarin occurs at
higher frequencies than that of normal ketones. In case of
3-(bromoacetyl)coumarin, the C=O stretching vibration
observed at 1747 cm-1 and C-O stretching vibrations observed
at 1216 cm-1 [47]. Udaya Sri & Chaitanya [48] observed the
strong band in FT-IR spectrum at 1720 cm-1 and a weak band
in FT-Raman spectrum at 1741 cm-1 and assigned to the C=O
stretching vibration [18]. In 6-methylcoumarin, the very strong
band observed at 1717 cm-1 in FT-IR and the strong band at
1716 cm-1 in FT-Raman spectrum are readily assigned to the
C=O vibration. In the present investigation, the overtone for
C=O group is observed at 3429 cm-1 as weak band, confirmed
the assignment of C=O stretching vibration. The C-O stretching
vibration is observed at 1102/1103 and 905/906 cm-1 in FT-
IR/FT-Raman spectra of 6-methylcoumarin.

Scale factors: The inclusion of anhormonicity in the
computed frequencies can be eliminated by scaling the theor-
etical wavenumbers. The linear scaling equation method has
been used to brings the experimental and theoretical vibrational
frequencies closer together [49-52]. The scaling equation y =
0.9996x – 0.5999 and y = 0.9983x + 5.0087 were used in the
case of 6-methylcoumarin with 6-311++G** and cc-pVTZ
basis sets, respectively.

NMR spectral studies: The 13C and 1H NMR chemical
shifts have been determined with B3LYP/cc-pVTZ method
using the gauge independent atomic orbital (GIAO) method
[34,35]. The 1H and 13C theoretical and experimental chemical
shifts, isotropic shielding constants and the assignments of 6-
methylcoumarin are presented in Table-3. The observed 1H
and 13C NMR spectra of 6-methylcoumarin in CDCl3 solvent
is given in the Figs. 6 and 7, respectively.

The hyperconjugative effect of methyl group is most
pronounced on the chemical shifts of the protons H18, H19
and H20. Hence these are all give a singlet in the highly shielded
position with chemical shift of 2.38 ppm. The singlet peak
observed at 7.25 ppm is assigned to H14. All other hydrogen
atoms produce doublet signals. The H13 is highly deshielded
at 7.64 ppm. The deshielded proton H16 and H12 shows the
doublet signals at 7.30 and 7.31 ppm, respectively. The calcu-
lated and experimental chemical shift values show very good
agreement with each other.

Unsaturated carbons give signals in the region 100-200
ppm [53]. The highly deshielded carbon C2 appears at 161.02
ppm. The more chemical shift of C4 (152.13 ppm) indicate
the direction of delocalization of electrons towards the carbonyl
carbon. Among the ring carbon atoms C10 is highly shielded
signifies that lone pair of O1 move towards the ring. All other
aromatic carbon atoms have the chemical shift in the range
116.48-143.45 ppm. Comparing the chemical shift positions
of ring carbon atom with that of methyl carbon atom (C17),
the upfield chemical shift of methyl carbon (20.67 ppm) is
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TABLE-3 
EXPERIMENTAL AND THEORETICAL 1H AND 13C NMR 

CHEMICAL SHIFTS (δiso, ppm) WITH RESPECT TO TMS AND 
SHIELDING CONSTANTS (σiso) OF 6-METHYLCOUMARIN 

Atom 
Shielding 

constant (σiso) 
Isotropic chemical 

shift (δiso, ppm) 
Expt. 

C2 18.55 165.98 161.02 
C3 64.34 120.19 116.48 
C4 33.27 151.27 152.13 
C5 50.73 133.81 132.80 
C6 42.85 141.68 143.45 
C7 45.38 139.15 134.13 
C8 63.12 121.41 118.56 
C9 59.55 124.99 127.71 

C10 22.90 161.64 77.14 
H12 25.36 6.61 7.31 
H13 23.77 8.20 7.64 
H14 24.20 7.77 7.25 
H15 24.00 7.97 7.18 
H16 24.27 7.70 7.30 
C17 162.02 22.52 20.67 
H18 29.10 2.87 2.38 
H19 29.10 2.87 2.38 
H20 29.55 2.43 2.38 
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Fig. 6. 1H NMR spectrum of 6-methylcoumarin
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Fig. 7. 13C NMR spectrum of 6-methylcoumarin

due to the hyperconjugative effect of methyl group. The triplet
peak obtained at around 77 ppm is due the CDCl3 solvent.

Analysis of a structure-activity relations

Atomic charge distribution: The atomic charges of neutral,
cationic and anionic species of 6-methylcoumarin calculated
by NBO analysis with B3LYP/cc-pVTZ method. Among the
carbon atoms C2 and C10 has positive charge while others
have negative charge. The positive charge of C4 is due to the
attachment of highly electronegative oxygen atom (O1) to it.
The more positive charge on C2 and highly negative O11
indicates the polar nature of the carbonyl group. The electron
donating nature of methyl group by means of hyperconjugative
effect makes the carbon atom C17 with high negative charge.

Reactivity properties: The global parameters ionization
potential (I), electron affinity (A), electrophilicity (ω), electro-
negativity (χ), hardness (η) and softness (S) of the molecule
were determined. The local reactivity data revealed that the
nucleophilic attack is favourable at C9 and C17. The order of
electrophilic attack is C17 > C2 > C5. The methyl carbon may
be replaced by any other groups by electrophilic, nucleophilic
or free radical attack. From the dual reactivity descriptors, the
atoms C6, C9 and C10 are favourable for nucleophilic attack.
The other atoms are more prone to electrophilic attack. This
indicates the possibility of the breaking of C9-C4 and C10-
O1 bonds to produce benzene derivatives.

Conclusion

The geometry of 6-methylcoumarin under investigation
was optimized by B3LYP method using cc-pVTZ and 6-311++
G** basis sets. The vibrational frequencies were assigned, elab-
orated in detail and compared with the theoretical frequencies.
The chemical reactivity and site selectivity of the molecule
has been determined with the help of global and local reactivity
descriptors. The kinetic stability has been examined by LUMO-
HOMO energy gap. The carbon and hydrogen environment
have been investigated in detailed manner utilizing NMR
spectroscopy. Thus, the present investigation provides geo-
metrical parameters, kinetic and thermodynamic stability of
the molecule, chemical reactivity, the energy gap between the
frontier molecular orbitals, the probable electronic transitions
and chemical shifts of the compound.
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