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Abstract—A new series of 2,4-hexadienoic acid derivatives (S1–S42) has been synthesized and evaluated as antimicrobial agents
against Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Candida albicans, and Aspergillus niger. Quantitative structure–
activity relationship (QSAR) investigation using Hansch analysis was applied to find out correlation between antimicrobial activities
with physicochemical properties of the synthesized compounds. Various physicochemical descriptors and experimentally determined
minimum inhibitory concentration values for different microorganisms were used as independent and dependent variables, respec-
tively. The QSAR revealed that topological parameters especially molecular connectivity indices (v2, 0vv, 2vv) were found to have
overall significant correlation with antimicrobial activity of 2,4-hexadienoic acid derivatives. The statistical results of training set,
cross-validated r2 and conventional r values gave reliability to the prediction of molecules with activity using QSAR models.
� 2007 Elsevier Ltd. All rights reserved.
2,4-Hexadienoic acid (sorbic acid) obtained from Sorbus
aucuparia L. Rosaceae1 isolated by Hofmann Ann was
found to possess antibacterial2 and antifungal activity.3

Further it enhances absorbance of ocular drugs4 and in-
creases antitubercular activity of pyrazinamide.5 Sorbic
acid is mainly used as preservative agent in pharmaceu-
tical6 and food products.7 Sorbic acid is unsaturated at
ab and cd position and its derivatives have also been
studied for their antimicrobial activity by us8 and
others.9

Quantitative structure–activity relationship has been
traditionally perceived as means of establishing correla-
tion between trends in chemical structure modification
and respective changes of biological activity.10 QSAR
is widely used in development of antimicrobial agents.
Substituted pyrazinoic acid esters having 100 times more
activity than pyrazinamide against Mycobacterium
tuberculosis, in vitro, have been reported.11
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In view of above and in continuation of our efforts in
describing the contribution of QSAR in demonstrating
biological activity,12–18 we present here, a report on
the application of QSAR to analyze antimicrobial po-
tential of 2,4-hexadienoic acid derivatives using physico-
chemical descriptors. To our knowledge it is the first
time the extensive QSAR has been studied on the 2,
4-hexadienoic acid derivatives.

The esters of 2,4-hexadienoic acid were achieved by
reaction of 2,4-hexadienoic acid with corresponding
alcohol in presence of mineral acid (Scheme 1). The syn-
thetic route to the derived amides/anilides includes the
reaction of 2,4-hexadienoyl chloride with corresponding
amine/aniline in cold and normal conditions (Scheme 2).
The precursor 2,4-hexadienoyl chloride was prepared by
treatment of 2,4-hexadienoic acid with thionyl chloride.
The physicochemical characteristics of synthesized 2,
4-hexadienoic acid derivatives are presented in Table 1.
Structures of all the newly obtained 2,4-hexadienoic acid
derivatives have been ascertained on the basis of their
consistent IR and NMR spectral assignments.

It is important to note that the stereochemical configu-
ration of 2,4-hexadienoic acid, i.e., 2E,4E-hexadienoic
acid, is unaffected during the reaction which is evidenced
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Scheme 1. Synthetic route for esters of 2,4-hexadienoic acid.
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Scheme 2. Synthetic route for amides/anilides of 2,4-hexadienoic acid.

Table 1. Physicochemical characteristics of 2,4-hexadienoic acid

derivatives

Compound Mol. formula Mol.

Wt.

Mp/bp*

(�C)

Rf % yield

Training set

S1 C6H8O2 112 133–136 0.65 —

S2 C12H12O3N2 232 125–128 0.55 32.75

S3 C12H12N2O3 232 98–101 0.64 58.18

S4 C13H15NO2 217 148–151 0.58 62.20

S5 C12H12NOCl 221 126–129 0.67 50.10

S6 C12H12NOCl 221 155–158 0.68 48.64

S7 C13H15NO 201 122–125 0.71 55.00

S8 C12H12NOBr 266 210–213 0.59 60.20

S9 C12H14N2O 202 173–176 0.41 20.29

S10 C12H13NO2 203 100–103 0.40 27.09

S11 C6H10NO 111 118–121 0.25a 92.34

S12 C8H13NO 139 115–118 0.35 47.90

S13 C8H13NO 139 125–128 0.51 32.70

S14 C9H15NO 152 41–44 0.47 55.90

S15 C8H13NO 139 75–78 0.51 89.90

S16 C10H17NO 167 112–115 0.21 30.10

S17 C11H17NO 179 122–125 0.31 65.80

S18 C10H15NO2 181 49–52 0.24 57.40

S19 C6H10N2O 126 105–108 0.42 61.90

S20 C8H12O2 140 193–196* 0.70a 66.90

S21 C9H14O2 154 118–121 0.66b 35.00

S22 C9H14O2 154 106–109 0.23b 73.04

S23 C10H16O2 168 95–98 0.69a 40.20

S24 C10H16O2 168 100–103 0.29b 45.60

S25 C10H16O2 168 147–150 0.23b 55.00

S26 C10H16O2 168 111–114 0.59c 60.70

S27 C11H18O2 182 115–118 0.73a 50.20

S28 C11H18O2 182 161–164 0.77a 70.51

S29 C12H20O2 196 132–135 0.65c 62.52

S30 C13H22O2 210 112–115 0.82a 58.00

S31 C9H12O2 152 124–127 0.73a 57.80

S32 C12H12O2 188 75–78 0.69a 87.30

Test set

S33 C12H13ON 187 152–155 0.70 32.20

S34 C13H15NO2 217 110–113 0.73 46.08

S35 C12H12NOCl 221 95–98 0.73 43.20

S36 C13H15NO 201 128–131 0.72 54.47

S37 C18H17NO 263 155–158 0.82 90.30

S38 C7H11NO 125 110–113 0.20b 64.00

S39 C13H15NO 201 110–113 0.18a 94.50

S40 C7H10O2 126 177–180* 0.66a 57.70

S41 C13H14O2 202 119–122 0.50c 40.20

S42 C15H13NO2 239 115–118 0.44 50.20

TLC mobile phase — Benz., EA (4:1); aTol/CHCl3 (7:3); bBenz., cEA/

Hex (1:9).
* Boiling point should be added.
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by the 1H NMR coupling constant values of synthesized
2,4-hexadienoic acid derivatives which are within the
range of J = 11–20, the coupling constant (J) values
for trans compounds.19

The 2,4-hexadienoic acid derivatives were evaluated for
their in vitro antibacterial activity against Gram-positive
Staphylococcus aureus, Bacillus subtilis and Gram nega-
tive Escherichia coli and in vitro antifungal activity
against Candida albicans and Aspergillus niger by two-
fold serial dilution method.20 Double strength nutrient
broth IP and Sabouraud dextrose broth IP21 have been
employed as media for growth of bacterial and fungal
cells, respectively. The results of antimicrobial study
are presented in Table 2. The results of antimicrobial
studies indicated that the compounds m-nitrosorbani-
lide, p-nitrosorbanilide, p-chlorosorbanilide, N-phenyl-
sorbanilide, and 8-quinolinyl sorbate (S2, S3, S6, S37,
and S42) were found to be the most active compounds.
Further it is noteworthy to mention here that 2,4-hex-
adienoic acid derivatives were more active towards
Gram-positive bacteria than the Gram-negative
bacteria.



Table 2. Antimicrobial activity of 2,4-hexadienoic acid derivatives

Compound pMICbs PMICsa pMICec pMICca pMICan

Training set

S1 0.95 0.85 0.75 0.95 0.90

S2 1.46 1.30 1.22 1.32 1.40

S3 1.41 1.22 1.22 1.27 1.27

S4 1.34 1.19 1.19 1.30 1.35

S5 1.30 1.20 1.14 1.30 1.40

S6 1.35 1.20 1.14 1.30 1.30

S7 1.32 1.21 1.10 1.21 1.21

S8 1.32 1.43 1.10 1.33 1.30

S9 1.31 1.20 1.16 1.21 1.16

S10 1.27 1.05 1.00 1.27 1.16

S11 1.00 0.90 0.90 1.10 0.95

S12 1.14 1.10 0.94 1.20 1.10

S13 1.05 0.94 0.84 1.10 1.05

S14 1.14 1.00 0.88 1.09 1.00

S15 1.04 0.99 0.94 1.09 0.95

S16 1.20 1.10 1.04 1.30 0.90

S17 1.21 1.11 0.95 1.16 1.20

S18 1.26 1.16 0.92 1.20 1.10

S19 1.00 0.85 0.80 1.00 0.95

S20 1.05 0.89 0.89 1.11 1.00

S21 1.15 0.98 0.89 1.15 1.09

S22 1.20 1.09 0.97 1.20 1.25

S23 1.13 1.00 0.97 1.13 1.13

S24 1.13 0.88 0.97 1.13 1.08

S25 1.30 1.13 1.08 1.27 1.13

S26 1.13 1.00 0.97 1.13 1.20

S27 1.20 1.10 1.00 1.30 1.16

S28 1.26 1.20 1.00 1.16 1.16

S29 1.20 1.00 0.95 1.29 1.20

S30 1.30 1.23 1.10 1.23 1.23

S31 1.10 0.88 0.93 1.09 1.10

S32 1.23 1.02 1.13 1.25 1.32

SDa 0.13 0.14 0.12 0.09 0.14

Test Set

S33 1.18 0.97 0.97 1.18 1.13

S34 1.24 1.20 1.10 1.30 1.20

S35 1.25 1.15 1.09 1.25 1.20

S36 1.26 1.21 1.00 1.26 1.46

S37 1.42 1.30 1.23 1.32 1.40

S38 1.10 1.00 0.84 1.10 1.10

S39 1.21 1.15 1.00 1.21 1.21

S40 1.10 1.00 0.90 1.10 1.00

S41 1.16 1.20 1.00 1.21 1.15

S42 1.89 1.89 1.89 1.28 1.42

SD 3.33b 3.33b 3.33b 2.64c 2.64c

a Standard deviation.
b Ciprofloxacin.
c Fluconazole.
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The anilides with electron withdrawing group were gen-
erally more active than other derivatives (esters and
amides). The presence of aromatic ring may be respon-
sible for their higher activity which is further evidenced
by higher activity of N-phenyl-substituted anilide (S37).
The importance of electron-withdrawing groups in
enhancing the antimicrobial activity is supported by
similar results observed by Sharma et al.22 Importance
of aromatic rings in improving the antimicrobial activity
was further evidenced by low antimicrobial activity of
simple amides (S11, S12). It is also important to note that
the moderate increase in activity of benzyl sorbamide
(S39) may be attributed to the separation of aromatic
ring and amide linkage by the presence of a CH2 group.
The positive contribution of aromatic ring may be due
to the involvement of aromatic ring in enhancing the
binding of molecules with the target.

In order to identify the substituent effect on the antimi-
crobial activity, quantitative structure–activity relation-
ship (QSAR) studies were undertaken using the linear
free energy relationship model described by Hansch
and Fujita.23 Biological activity data (MIC) were cali-
brated into their logarithmic values (pMIC) on molar
basis and are listed in Table 2. QSAR studies were per-
formed by linear regression analysis. The molecular
descriptors are selected in such a way that they should
cover different types viz., hydrophobic, electronic, steric,
and topological descriptors. The calculated parameters
used in the present study are (log P), molar refractivity
(MR), Kier’s molecular connectivity (0v, 0vv, 1v, 1vv,
v2, 2vv) and shape (j1, ja1) topological indices, Randic
topological index (R), Balaban topological index (J),
Wiener topological index (W), Total energy (Te), ener-
gies of highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), di-
pole moment (l), electronic energy (Ele.E), nuclear en-
ergy (Nu.E), and molecular surface area (SA).24–30 The
value of selected molecular descriptors of 2,4-hexadie-
noic acid derivatives used in linear regression analysis
is depicted in Table 3.

In the present work, a training set consisting of 32 mol-
ecules (S1–S32) was used for linear regression model gen-
eration and a test set consisting of 10 molecules (S33–
S42) was used for the evaluation of the predictive ability
of the generated model. The reference drugs ciprofloxa-
cin and fluconazole were not included in model genera-
tion as they belong to a different structural series.

Correlation analysis (Table 4) was performed on all the
descriptors to find out colinearity among them. In gen-
eral parameters showed high colinearity (r > 0.8). The
high interrelationship was observed between 1v and 0v
(r = 0.988), R and 0v (r = 0.988), MR and 1v
(r = 0.983) and low interrelationship was observed be-
tween Te and logP (r = �0.485).

The correlation of different parameters with antimicro-
bial activity of 2,4-hexadienoic acid derivatives is pre-
sented in Table 5. The above table indicated the
predominance of topological parameter in describing
the antimicrobial activity of 2,4-hexadienoic acid deriv-
atives against B. subtilis in Eq. 1.

QSAR model for antibacterial activity against B. subtilis

pMICbs ¼ 0:106ð�0:006Þ2vþ 0:701ð�0:027Þ ð1Þ
n = 32 r = 0.961 q2 = 0.913 S = 0.035
F = 361.93

Here and thereafter, n, number of data points; r, correla-
tion coefficient; r2, squared correlation; S, standard error
of estimate; F, Fischer ratio; q2, cross-validated r2 ob-
tained by leave one out method.



Table 3. Molecular descriptors used in regression analysis

Compound LogP MR 0v 0vv 1v 1vv 2v 2vv R W

Training set

S1 1.47 33.28 6.41 4.66 3.77 2.29 2.89 1.22 3.77 79.00

S2 2.49 67.10 12.67 9.29 8.13 4.98 6.87 3.18 8.13 606.00

S3 2.49 67.10 12.67 9.29 8.13 4.98 6.86 3.18 8.13 630.00

S4 2.28 66.24 11.80 9.44 7.76 5.00 6.13 3.10 7.76 535.00

S5 3.05 64.58 11.10 9.22 7.22 4.99 5.97 3.36 7.22 434.00

S6 3.05 64.58 11.10 9.22 7.22 4.99 5.96 3.35 7.22 442.00

S7 3.00 64.82 11.10 9.03 7.22 4.89 5.97 3.24 7.22 434.00

S8 3.32 67.40 11.10 10.03 7.22 5.39 5.96 3.82 7.22 442.00

S9 1.75 64.48 11.10 8.60 7.24 4.69 5.86 2.96 7.24 426.00

S10 2.25 61.47 11.10 8.47 7.22 4.62 5.97 2.92 7.22 434.00

S11 0.60 35.11 6.41 4.80 3.77 2.36 2.89 1.29 3.77 79.00

S12 1.10 44.90 7.98 6.66 4.68 3.19 3.72 2.12 4.68 143.00

S13 1.19 44.75 7.82 6.42 4.81 3.38 3.39 1.78 4.81 150.00

S14 1.66 49.27 8.53 7.13 5.31 3.88 3.74 2.18 5.31 200.00

S15 0.41 46.29 8.53 6.58 5.31 3.49 3.74 1.90 5.31 200.00

S16 0.21 57.48 10.81 8.39 6.76 4.56 4.81 2.66 6.76 357.00

S17 1.82 57.04 9.52 8.20 6.34 4.93 4.87 3.27 6.34 284.00

S18 0.75 53.97 9.52 7.90 6.34 4.50 4.87 2.82 6.34 284.00

S19 0.59 39.59 7.11 5.30 4.31 2.61 3.01 1.39 4.31 110.00

S20 1.84 42.80 7.82 6.33 4.81 3.27 3.39 1.64 4.81 150.00

S21 2.31 47.32 8.53 7.04 5.31 3.77 3.74 2.05 5.31 200.00

S22 2.26 47.22 8.69 7.20 5.16 3.66 4.23 2.37 5.16 192.00

S23 2.71 51.93 9.23 7.75 5.81 4.27 4.10 2.41 5.81 261.00

S24 2.72 51.74 9.40 7.91 5.70 4.20 4.35 2.54 5.70 245.00

S25 2.33 51.86 9.61 8.13 5.45 3.98 5.37 3.42 5.45 236.00

S26 2.71 51.80 9.40 7.91 5.66 4.13 4.57 2.91 5.66 252.00

S27 3.10 56.53 9.94 8.45 6.31 4.77 4.45 2.76 6.31 334.00

S28 3.04 56.47 10.10 8.62 6.16 4.63 4.93 3.23 6.16 324.00

S29 3.50 61.13 10.65 9.16 6.81 5.27 4.80 3.11 6.81 420.00

S30 3.90 65.73 11.36 9.87 7.31 5.77 5.16 3.47 7.31 520.00

S31 2.24 47.22 8.53 6.62 5.31 3.38 3.74 1.80 5.31 200.00

S32 3.18 57.83 10.23 8.01 6.83 4.39 5.34 2.62 6.83 364.00

Test Set

S33 2.53 59.78 10.23 8.10 6.83 4.48 5.34 2.74 6.83 364.00

S34 2.28 66.24 11.80 9.44 7.77 5.01 6.05 3.07 7.77 503.00

S35 3.05 64.58 11.10 9.22 7.24 5.00 5.86 3.29 7.24 426.00

S36 3.00 64.82 11.10 9.03 7.22 4.89 5.96 3.24 7.22 442.00

S37 4.46 84.45 14.21 11.44 9.83 6.56 7.85 4.23 9.83 829.00

S38 0.85 40.00 7.11 5.72 4.31 2.82 3.01 1.50 4.31 110.00

S39 2.63 64.61 10.93 8.81 7.33 4.94 5.68 3.09 7.33 458.00

S40 1.50 38.05 7.11 5.63 4.31 2.68 3.01 1.41 4.31 110.00

S41 3.28 62.67 10.93 8.72 7.33 4.83 5.68 2.98 7.33 458.00

S42 3.27 71.75 12.79 10.04 8.81 5.66 7.24 3.64 8.81 666.00

Table 4. Correlation matrix of antibacterial activity of 2,4-hexadienoic acid derivatives against B. subtilis

Mol. descriptor LOGBS LOGP MR 0v 0vv 1v 1vv 2v 2vv j1 ja1 R W Te

LOGBS 1.000

LOGP 0.534 1.000

MR 0.921 0.609 1.000
0v 0.935 0.559 0.977 1.000
0vv 0.898 0.678 0.973 0.946 1.000
1v 0.915 0.541 0.983 0.988 0.934 1.000
1vv 0.845 0.665 0.956 0.914 0.980 0.922 1.000
2v 0.961 0.521 0.940 0.959 0.891 0.948 0.836 1.000
2vv 0.886 0.649 0.910 0.872 0.955 0.849 0.928 0.875 1.000

j1 0.858 0.598 0.931 0.964 0.937 0.933 0.913 0.859 0.835 1.000

ja1 0.794 0.609 0.885 0.908 0.929 0.869 0.917 0.775 0.835 0.982 1.000

R 0.915 0.541 0.983 0.988 0.934 1.000 0.922 0.948 0.849 0.933 0.869 1.000

W 0.906 0.562 0.956 0.978 0.904 0.979 0.884 0.936 0.812 0.935 0.866 0.979 1.000

Te �0.904 �0.485 �0.941 �0.984 �0.909 �0.974 �0.883 �0.932 �0.823 �0.951 �0.896 �0.974 �0.967 1.000
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Table 5. Correlation of molecular descriptors with antimicrobial

activity of 2,4-hexadienoic acid derivatives

Mol.

descriptor

pMICsa pMICbs pMICec pMICca pMICan

LOGP 0.421 0.534 0.503 0.482 0.729

MR 0.828 0.921 0.877 0.839 0.788
0v 0.796 0.935 0.904 0.841 0.761
0vv 0.829 0.898 0.830 0.854 0.779
1v 0.783 0.915 0.881 0.820 0.765
1vv 0.781 0.845 0.758 0.804 0.732
2v 0.827 0.961 0.922 0.824 0.806
2vv 0.853 0.886 0.783 0.812 0.763

j1 0.720 0.858 0.836 0.810 0.676

ja1 0.687 0.794 0.755 0.785 0.613

R 0.783 0.915 0.881 0.820 0.765

W 0.775 0.906 0.888 0.796 0.762

Te �0.768 �0.904 �0.872 �0.825 �0.711
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The topological index, 2v, signifies the degree of branch-
ing, connectivity of atoms and the unsaturation in the
molecule which accounts for variation in activity.31

The coefficient of 2v in the Eq. 1 is positive, indicating
that the antibacterial activity of 2,4-hexadienoic acid
derivatives against B. subtilis is directly proportional
to the value of 2v. The compounds S2, S3, S37 and S42

having the 2v values of 6.87, 6.86, 7.85 and 7.24 (Table
3), respectively, which are higher than those of many
compounds in training as well as test set make them to
be highly active against B. subtilis (Table 2). Similarly
the compounds S1, S11, S19, S38 having minimum 2v val-
ues 2.89, 2.89, 3.01, 3.01 (Table 3), respectively, have
minimum activity (Table 2).

The QSAR model expressed by Eq. (1) was cross-vali-
dated by its high q2 value (q2 = 0.913) obtained by ‘leave
one out’ (LOO) method. In order to confirm our results
we have synthesized a test set consisting of ten 2,4-hex-
adienoic acid derivatives viz (S33–S42) and predicted
their activities using Eq. 1. The comparison of observed
and predicted values in case of test set (Table 6) demon-
strated that the above-mentioned values are close to
each other evidenced by low residual activity values.
Similar results were observed when we predicted the
activity of training set with the same equation. Further
the plot of linear regression predicted pMICbs against
observed pMICbs (Fig. 1) also favours the model ex-
pressed by Eq. 1.
Table 6. Comparison of observed vs predicted antimicrobial activity of te

models

Test set pMICbs pMICsa p

Obs. Pre. Res. Obs. Pre. Res. Obs.

S33 1.18 1.27 �0.09 0.97 1.09 �0.12 0.97

S34 1.24 1.34 �0.10 1.20 1.15 0.05 1.10

S35 1.25 1.32 �0.07 1.15 1.19 �0.04 1.09

S36 1.26 1.33 �0.07 1.21 1.18 0.03 1.00

S37 1.42 1.53 �0.11 1.30 1.35 �0.05 1.23

S38 1.10 1.02 0.08 1.00 0.88 0.12 0.84

S39 1.21 1.30 �0.09 1.15 1.15 0.00 1.00

S40 1.10 1.02 0.08 1.00 0.86 0.14 0.90

S41 1.16 1.30 �0.14 1.20 1.13 0.07 1.00

S42 1.89 1.47 0.42 1.89 1.25 0.64 1.89
Eqs. 2–5 are developed to predict the antimicrobial
activity of 2,4-hexadienoic acid derivatives against
S. aureus, E. coli, C. albicans, and A. niger.

QSAR model for antibacterial activity against S.aureus

pMICsa ¼ 0:172ð�0:019Þ2vv þ 0:622ð�0:052Þ ð2Þ
n = 32 r = 0.853 q2 = 0.694 s = 0.076 F = 80.45

QSAR model for antibacterial activity against E. coli

pMICec ¼ 0:098ð�0:008Þ2vþ 0:537ð�0:037Þ ð3Þ
n = 32 r = 0.922 q2 = 0.829 s = 0.048
F = 170.39

QSAR model for antifungal activity against C. albicans

pMICca ¼ 0:059ð�0:007Þ0vv þ 0:728ð�0:052Þ ð4Þ
n = 32 r = 0.854 q2 = 0.685 s = 0.051 F = 80.82

QSAR model for antifungal activity against A. niger

pMICan ¼ 0:098ð�0:005Þ2vþ 0:681ð�0:064Þ ð5Þ
n = 32 r = 0.806 q2 = 0.609 s = 0.084 F = 55.64

As in case of B. subtilis the antibacterial activity against
E. coli (Eq. (3)) and antifungal activity against A. niger
(Eq. (5)) indicated the predominance of topological
parameter, second-order molecular connectivity index
(2v), in describing the antimicrobial activity of 2,4-hex-
adienoic acid derivatives.

Similar results were observed in case of S. aureus for
which valence second-order molecular connectivity in-
dex (2vv) and C. albicans for which valence zero-order
molecular connectivity index (0vv) were found to govern
the antimicrobial activity.

As in case of Eq. 1, the predictive ability of Eqs. 2–5
against respective microorganisms is supported by the
low residual activity values observed in case of test
(Table 6) as well as training set (Figs. 1–5). Further
the high q2 values observed also supports the goodness
of the QSAR models (q2 > 0.5) described by Eqs. 2–5.
The other statistically significant equations derived are
presented in Table 7.
st set of 2,4-hexadienoic acid derivatives using corresponding QSAR

MICec pMICca pMICan

Pre. Res. Obs. Pre. Res. Obs. Pre. Res.

1.06 �0.09 1.18 1.21 �0.03 1.13 1.20 �0.07

1.13 �0.03 1.30 1.28 0.02 1.20 1.27 �0.07

1.11 �0.02 1.25 1.27 �0.02 1.20 1.26 �0.06

1.12 �0.12 1.26 1.26 0.00 1.46 1.27 0.19

1.31 �0.08 1.32 1.40 �0.08 1.40 1.45 �0.05

0.83 0.01 1.10 1.07 0.03 1.10 0.98 0.12

1.09 �0.09 1.21 1.25 �0.04 1.21 1.24 �0.03

0.83 0.07 1.10 1.06 0.04 1.00 0.98 0.02

1.09 �0.09 1.21 1.24 �0.03 1.15 1.24 �0.09

1.25 0.64 1.28 1.32 �0.04 1.42 1.39 0.03
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Figure 1. Plot of predicted pMICbs values against experimental pMICbs values for the linear regression developed model by Eq. 1.
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Figure 2. Plot of predicted pMICsa values against experimental pMICsa values for the linear regression developed model by Eq. 2.
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It is worthwhile to mention here that no outliers were
observed in the present study and also the q2 value of
the QSAR models developed was more than 0.5 which
is the basic criteria on for qualifying the QSAR model
to be a valid one. Even the ‘rule of thumb’ allowed us
to go for a multiparametric model, the high interrela-
tionship among the molecular descriptors made us to
stick to a monoparametric model. The ‘rule of thumb’
gives information about the number of parameters to
be selected for regression analysis in QSAR based on
the number of compounds. According to this rule for
QSAR model development one should select one
parameter for a five-compound data set. The number
of compounds in present study allowed us to go up
to a maximum of octaparametric models, the high
interrelationship (auto-correlation) between parameters
restricted us to a single parametric model, being the
auto-correlation of molecular descriptors prevents the
significant improvement in the statistical parameters of
the QSAR model in multiple linear regression (MLR)
analysis.

The multicolinearity (auto-correlation) between the
parameters32 is indicated by the change in signs of the
coefficients, a change in the values of previous coeffi-
cient, change of significant variable into insignificant
one or an increase in standard error of the estimate on
addition of an additional parameter to the model.

Generally for QSAR studies, the biological activities of
compounds should span 2–3 orders of magnitude. But in
the present study the range of activities of the
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Figure 3. Plot of predicted pMICec values against experimental pMICec values for the linear regression developed model by Eq. 3.
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Figure 4. Plot of predicted pMICca values against experimental pMICca values for the linear regression developed model by Eq. 4.
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compounds is within one order of magnitude except in
case of 8-quinolinyl sorbate (S42) where the order of
magnitude is two. But it is important to note that the
predictability of the QSAR models developed in the
present study is very high as evidenced by the low resid-
ual values (Table 6). This is in accordance with results
suggested by Bajaj et al.,33 who stated that the reliability
of the QSAR model lies in its predictive ability even
though the activity data are in the narrow range. Fur-
ther, recent literature reveals that the QSAR has been
applied to describe the relationship between narrow
range of biological activity and physicochemical proper-
ties of the molecules.34–36 When biological activity data
lie in the narrow range, the presence of minimum stan-
dard deviation of the biological activity justifies its use
in QSAR studies.17 The minimum standard deviation
(Table 2) observed in the antimicrobial activity data jus-
tifies its use in QSAR studies.

Summarizingly, a number of 2,4-hexadienoic acid deriv-
atives have been synthesized in efficient yields. The syn-
thesized compounds exhibited good in vitro
antibacterial and antifungal profile. The trend of antimi-
crobial studies showed that these title compounds were
highly effective against Gram-positive bacteria. More-
over, quantitative structure–activity relationship study
revealed that antimicrobial activity of these synthesized
derivatives against microorganisms under test was
mainly governed by topological parameters, molecular
connectivity indices (v2, 0vv, 2vv). The predictive ability
of the developed QSAR models was established by the
help of a test set which was excluded from model
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Figure 5. Plot of predicted pMICan values against experimental pMICan values for the linear regression developed model by Eq. 5.

Table 7. Regression analysis and quality of correlation for modeling antimicrobial activity of 2,4-hexadienoic acid derivatives

S.No. QSAR Model (pMIC=) n r q2 F S

B. subtilis

1 0.071 (±0.005) 0v + 0.516 (±0.048) 32 0.935 0.860 207.72 0.045

2 0.012 (±0.001) MR + 0.558 (±0.050) 32 0.921 0.830 167.86 0.050

3 0.095 (±0.008) 1v + 0.623 (±0.047) 32 0.915 0.816 153.83 0.051

4 0.095 (±0.008) R + 0.623 (±0.047) 32 0.915 0.816 153.83 0.051

S. aureus

5 0.084 (±0.010) 0vv + 0.412 (±0.083) 32 0.829 0.644 66.17 0.081

6 0.012 (±0.002) MR + 0.415 (±0.083) 32 0.828 0.646 65.59 0.081

7 0.104 (±0.013) 2v + 0.584 (±0.063) 32 0.827 0.645 65.09 0.082

8 0.068 (±0.010) 0v + 0.409 (±0.094) 32 0.796 0.592 51.75 0.088

E. coli

9 0.066 (±0.006) 0v + 0.360 (±0.056) 32 0.904 0.789 134.35 0.053

10 0.0007 (±0.00) W + 0.780 (±0.023) 32 0.888 0.761 111.53 0.057

11 0.088 (±0.009) 1v + 0.463 (±0.054) 32 0.881 0.743 104.06 0.058

12 0.088 (±0.009) R + 0.463 (±0.054) 32 0.881 0.743 104.06 0.058

C. albicans

13 0.050 (±0.006) 0v + 0.713 (±0.057) 32 0.841 0.661 72.64 0.053

14 0.008 (±0.001) MR + 0.737 (±0.055) 32 0.839 0.660 71.19 0.054

15 �0.0002 (±0.000) Te + 0.755 (±0.055) 32 0.825 0.623 64.10 0.058

16 0.070 (±0.009) 2v + 0.859 (±0.043) 32 0.824 0.632 63.40 0.056

A. niger

17 0.011 (±0.002) MR + 0.536 (±0.088) 32 0.788 0.581 49.20 0.087

18 0.077 (±0.011) 0vv + 0.542 (±0.090) 32 0.779 0.566 46.16 0.089

19 0.088 (±0.014) 1v + 0.610 (±0.084) 32 0.765 0.537 42.27 0.091

20 0.088 (±0.014) R + 0.610 (±0.084) 32 0.765 0.537 42.27 0.091
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development. Further the QSAR models were cross-val-
idated by their high q2 values obtained by leave one out
technique.

Experimental. Melting points were determined on Elico
melting point apparatus and are uncorrected. The purity
of each compound was ascertained by single spot TLC
on silica gel G. The IR spectra were recorded on KBr
pellets on a Perkin Elmer IR spectrometer. The wave
number is given in cm�1. The 1H NMR spectra were
performed on Bruker Avance II 400 NMR spectrometer
in CDCl3 solution; all values are reported in d ppm.

General procedure for preparation of esters of 2,4-hexadi-
enoic acid (S20–S31, S40, and S41). A mixture of 2,4-hex-
adienoic acid (0.08 mol) and appropriate alcohol
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(0.74 mol) was heated under reflux in presence of min-
eral acid until the completion of reaction. Once the reac-
tion has been completed, the reaction mixture was added
to 200 mL ice-cold water and the ester formed was ex-
tracted with ether (50 mL). The ether layer was sepa-
rated and on evaporation yielded the crude ester which
was then recrystallized from alcohol.

General procedure for synthesis of amides (S2–S19 and
S33–S39). The acid chloride of 2,4-hexadienoic acid was
prepared by reaction of 2,4-hexadienoic acid with thionyl
chloride. The solution of corresponding amine (0.1 mol)/
aniline (0.1 mol) in ether (50 mL) was added dropwise to a
solution of acid chloride (0.1 mol) in ether (50 mL) main-
tained at 0–10 �C/room temperature. The solution was
stirred for 30 min and the precipitated amide was sepa-
rated by filtration. The crude amide was recrystallized
from alcohol. In case of anilides, the precipitates of crude
anilide were treated with water and ether layer was sepa-
rated, washed successively with 5% hydrochloric acid, 4%
sodium carbonate and water to remove residual aniline.
Evaporation of ether layer yielded anilides which were
recrystallized from alcohol took place.

Structure of synthesized compounds was confirmed on
the basis of their spectroanalytical data.

Analytical data for compound S4. 1H NMR (CDCl3): d
7.47–7.53 (m, 4H, ArH), 7.25–7.29 (t, 1H, terminal
CH of CH@CHAC@O, Jtrans = 16 Hz), 6.82–6.85 (d,
1H, CH adjacent to C@O), 5.87–5.90 (m, 1H, CH of
@CHACH3, Jtrans = 12 Hz), 1.83–1.87 (d, 3H, CH3 of
CH3ACH@). IR (KBr pellets): cm�1 1608.27 (C@C),
1660.2 (C@O), 3080.0 (CH), 3299.7 (NH).

Analytical data for compound S11. 1H NMR (CDCl3): d
7.31–7.37 (dd, 1H, central CH of @CHACHACH@),
7.27 (s, 2H, NH2), 6.22–6.26 (m, 1 H, CH of
@CHAC@O, Jtrans = 16 Hz), 5.75–5.79 (d, 1H, CH of
CH3ACH@, Jtrans = 16 Hz), 1.83 (d, 3H, CH3). IR
(KBr pellets): cm�1 1611.4 (C@C), 1637.9 (C@O),
2969.5 (CH), 3100 (NH).

Analytical data for compound S12. 1H NMR (CDCl3): d
6.14–6.26 (d, 1H, CH of @CHAC@O), 5.75–5.79 (d, 1H,
CH of CH3ACH@, Jtrans = 16 Hz), 6.19–6.22 (d, 1H,
CH of RACHAC@O, Jtrans = 12 Hz), 2.75 (s, 6H, CH3

of N(CH3)2), 1.83–1.91 (d, 3H, CH3 of CH3ACH@).
IR (KBr pellets): cm�1 1637.5 (C@O), 3026.2 (NH),
2925.7 (CAH).

Analytical data for compound S20. 1H NMR (CDCl3): d
7.22–7.28 (dd, 1H, central CH of
R@CHACH@CHAC@O), 6.09–6.22 (d, 1H, CH of
R@CHAC@O, Jtrans = 12 Hz), 5.75–5.79 (m, 1H, CH
of CH3ACH@, Jtrans = 16 Hz), 4.17–4.22 (m, 2H, CH2

of OACH2ACH3), 1.84–1.87 (d, 3H, CH3 of
CH3ACH@), 1.29 (t, 3H, CH3 of OACH2ACH3). IR
(KBr pellets): cm�1 1140.6 (CAO), 1619.6 (C@C ),
1713.4 (C@O), 2937.8 (CAH ).

Analytical data for compound S22. 1H NMR (CDCl3): d
7.29–7.37 (t, 1H, terminal CH of CH@CHAC@O),
6.19–6.23 (t, 1H, terminal CH of CHACH@CHAC@O,
Jtrans = 16 Hz), 5.75–5.78 (m, 1H, CH of @CHACH3,
Jtrans = 12 Hz), 4.04–4.07 (m, 1H, CH of CH(CH3)2),
1.86–1.88 (d, 3H, CH3 of CH3ACH@), 1.15–1.32 (d,
6H, CH3 of (CH3)2). IR (KBr pellets): cm�1 1151.5
(CAO), 1640 (C@C), 1713.6 (C@O), 2981.2 (CAH).

Analytical data for compound S23. 1H NMR (CDCl3): d
7.51–7.54 (t, 1H, terminal CH of CH@CH AC@O),
6.15–6.20 (d, 1H, CH adjacent to C@O, Jtrans = 20 Hz),
5.75–5.78 (m, 1H, CH of @CHACH3,Jtrans = 12 Hz),
1.86–1.85 (d, 3H, CH3 of CH3ACH@CH), 1.25–1.45
(m, 2H, CH2 of CH3CH2), 0.88–0.90 (t, 3H, CH3 of
O(CH2)3CH3). IR (KBr pellets): cm�1 1265.3 (CAO),
1644.4 (C@C), 1722.4 (C@O), 2934.6 (CAH).

Analytical data for compound S24. 1H NMR (CDCl3): d
7.23–7.37 (t, 1H, terminal CH of CH@CHAC@O),
6.15–6.18 (d, 1H, CH adjacent to C@O, Jtrans = 12 Hz),
5.74–5.79 (m, 1H, CH of CH3ACH@, Jtrans = 20 Hz ),
1.84–1.88 (d, 3H, CH3 of CH3ACH), 1.52–1.65 (m,
2H, CH2 of CH3ACH2), 1.22–1.24 (d, 3H, CH3 of
OCH CH3), 0.89–0.93 (t, 3H, CH3 of CH2ACH3). IR
(KBr pellets) : cm�1 1263.9 (CAO), 1613.1 (C@C),
1722.1 (C@O), 2935.8 (CAH).

Analytical data for compound S33. 1H NMR (CDCl3): d
7.26–7.73 (m, 5H, ArH), 7.07–7.11 (t, 1H, NH), 1.83–
1.87 (d, 3H, CH3), 5.90–5.93 (m, 1H, CH of
CH3ACH@, Jtrans = 12 Hz ), 6.03–6.20 (m, 2H, terminal
CH of @CHACH@CHA). IR (KBr pellets): cm�11495.6
(C@C, aromatic), 1610 (C@C), 1657.7 (C@O), 3054.4
(CH), 3302 (NH).

Analytical data for compound S35. 1H NMR (CDCl3): d
7.25–7.33 (m, 4H, ArH), 7.00–7.03 (d, 1H, CH adjacent
to C@O, Jtrans = 12 Hz), 6.17–6.23 (t, 1H, terminal CH
of CHACH@CHAC@O), 5.92–5.96 (m, 1H, CH of
@CHACH3, Jtrans = 16 Hz), 1.86–1.93 (d, 3H, CH3 of
CH3ACHA). IR (KBr pellets): cm�1 1473.1 (C@C, aro-
matic), 1617.7(C@C, aliphatic), 1659.8 (C@O), 3025.7
(CAH, aromatic), 3265.6 (NH).

Antibacterial assay. A 24-h fresh culture was obtained
by inoculation of respective bacteria in double strength
nutrient broth-IP followed by incubation at 37 ± 1 �C.
The stock solution of synthesized 2,4-hexadienoic acid
derivatives was serially diluted in tube containing 1 mL
of sterile double strength nutrient broth—IP to get a
concentration of 50 to 3.125 lg/mL and then inoculated
with 100 lL of suspension of respective organisms in
sterile saline (S. aureus, B. subtilis and E. coli). The inoc-
ulated tubes were incubated at 37 ± 1 �C for 24 h and
minimum inhibitory concentrations (MIC) were deter-
mined. From the observed MIC values, the exact MIC
values were determined by making suitable dilution of
stock solution.

Antifungal assay. The antifungal activity of synthesized
2,4-hexadienoic acid derivatives against the fungal spe-
cies C. albicans and A. niger was determined by serial
dilution method similar to Antibacterial assay using
Sabouraud dextrose broth-IP. The inoculated tubes
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were incubated at 37 ± 1 and 25 ± 1 �C for a period of 2
and 7 days in case of C. albicans and A. niger,
respectively.

QSAR studies. The details of molecular descriptors are
available in literature and therefore they are not dis-
cussed over here.23–29 The structures of 2,4-hexadienoic
acid derivatives are first pre-optimized with the Molecu-
lar Mechanics Force Field (MM+) procedure included in
Hyperchem 6.03,37 and the resulting geometries are fur-
ther refined by means of the semiempirical method PM3
(parametric Method-3). We chose a gradient norm limit
of 0.01 kcal/Å for the geometry optimization. The low-
est energy structure was used for each molecule to calcu-
late physicochemical properties using TSAR 3.3
software for windows.38 Further the regression analysis
was performed using the SPSS software package.39 The
predictive powers of the equation were validated by
determination of cross-validated r2 (q2) using leave one
out (LOO) cross-validation method.40
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