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line and mouse macrophage cell line J 744A.1. A QSAR analysis by CP-MLR with alignment-free 3D-
descriptors indicated the relevance of structure space comparable to the minimum energy conformation 
(from conformational analysis) of 5c to the activity. The study indicates that the compounds attaining 
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Introduction 
Mycobacterium tuberculosis, the leading causative agent of tuberculosis (TB), is responsible for the 

morbidity and mortality of a large population worldwide. According to a WHO report, by 2020 AD 
nearly one billion more people will be infected, 200 million people will get sick and 70 million will die 
from tuberculosis if proper steps are not taken to control it.1-3 Moreover, the opportunistic TB infection 
due to AIDS and emergence of drug resistant TB strains have made its chemotherapeutic strategies 
increasingly ineffective.4 Traditionally, it has relied heavily on a limited number of drugs such as 
isonicotinicacid hydrazide, rifampicin, ethambutal, streptomycin, ethionamide, pyrazinamide, 
fluoroquinolones, etc.5 However, many of these drugs have different disadvantages such as prolonged 
treatment schedules, host toxicity, ineffectiveness against resistant strains etc. This has motivated for the 
search of new chemical prototypes capable of rapid mycobactericidal action with shortened duration of 
therapy, reduced toxicity and enhanced activity against drug resistant strains and also against the latent 
bacteria for its control.6-12 This paradigm shift in the strategies has drawn attention towards the outer 
cell wall and membranes of the pathogen as an attractive target for exploring new drugs.13,14 In 
mycobacteria, the cell wall structure consists of a dense network of cross-linked sugar residues 
esterified with mycolic acid at the ends.15,16 This understanding has prompted for the investigation of 
various sugar prototypes with distinct characteristics as potential antitubercular agents.17-21 Earlier, we 
investigated some highly functionalized heptenol and octenol derivatives from the glucal and galactal 
for their antitubercular activity.22,23 A quantitative structure-activity relationship (QSAR) study of these 
analogues with topological descriptors has suggested for less branched and saturated structural 
templates for improved activity.24 In recent literature, some 2H- pyran–3(6H)–one derivatives (Figure 1) 
are reported to exhibit significant activity against gram-positive bacteria.25 A variety of carbohydrate 
derivatives are also known to interfere with the cell wall biosynthesis of M. tuberculosis.6,19,20 These 
studies suggested that arabinogalactan linked disaccharides and decaprenolphosphoarabinosides 
interfere with the mycobacterial arabinosyltransferases. Moreover, some iminosugars are inhibitors of 
the UDPGalf transferase,a in mycobacterial cell wall biosynthesis.21 All these studies emphasize on 
modified carbohydrates as potential scaffolds to interfere with the components of mycobacterial cell 
wall biosynthesis. In this background, C-3 alkyl and arylalky 2,3-dideoxy hexenopyranosides are 
synthesized to investigate their activity against M. tuberculosis and to develop a rationale for the 
activity. In recent modeling studies, the alignment-free 3D-descriptors from the molecular geometry are 
increasingly put to use as an alternative to the grid-based 3D-QSAR studies.26-33 They offer insight of 
the receptor via the conformational space of the probe molecules and are successfully used in the 
development of rationales for divergent biological activities including tubercolosis.27,29,31-35 In view of 
this, a QSAR of antitubercular activity of these hexenopyranosides is attempted using the alignment-free 
3D-descriptors from DRAGON software.36 
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Figure 1. Substituted-2H-pyran-3(6H)-ones associated with activity against gram-positive bacteria; R1 
and R2 are alkyl and aryl groups respectively. 

Chemistry. The synthesis of prototype molecules under this study was initiated with 3,4,6-tri-O-
acetyl-α-D-glucal (1).37 Iodine catalyzed Ferrier rearrangement38,39 of 1 with isopropanol furnished 4,6-
di-O-acetyl-2,3-dideoxy hex-2-enopyranoside (2). Its deacetylation yielded dihydroxy derivative (3), 
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which on allylic oxidation40 followed by acylation of C-6 hydroxyl with different acylchlorides resulted 
in 4, 5 and 6 in good yields (Scheme 1).  
Scheme 1a 

OO
R1O

OCH(CH3)2

4 R1 = -COC(CH3)3

5 R1 = -COCH3

6 R1 = -COp-NO2Ph

O
AcO

AcO
AcO

O
AcO

OCH(CH3)2
AcO

O
HO

OCH(CH3)2
HO

1 2 3

a b c, d
1

23

4 5
6

 
a Reagents: (a) (CH3)2CHOH, THF, I2, 3h, rt; (b) NaOMe, MeOH, 2h, rt; (c) MnO2, CHCl3, 48h, rt; 

(d) (CH3)3CCOCl / (CH3CO)2O/ P-O2N-Ph-COCl, Pyridine, 6h, 0-5°C. 

The Morita-Baylis-Hillman (MBH) reaction41-43 of 4, 5 and 6 with various aliphatic and aromatic 
aldehydes in the presence of TiCl4/TBAI in DCM at -78 to -300C yielded highly diastereoenriched 4a-h, 
5c and 6c-h (Scheme 2). The reaction is almost completely diastereoselective (>99%) without using any 
chiral catalyst. It is due to the formation of an ortho-ester intermediate during the reaction.44 Making use 
of our previously reported procedure,44 the C-4 keto group of 4a-f, 4h, 5c, 6c, 6f and 6h were 
stereoselectively reduced with NaBH4 in the presence of CeCl3.7H2O leading to the formation of their 
erythro derivatives, 4ar-fr, 4hr, 5cr, 6cr, 6fr and 6hr respectively, in very good yields (Scheme 2). All 
the compounds were purified by column chromatography and characterized by elemental analyses, IR, 
NMR and FABMAS spectra. 
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a Reagents: (a) TiCl4, TBAI, R2CHO, DCM, 8-48h, -78°C→ -30°C; (b) NaBH4, CeCl3.7H2O, 

C2H5OH, 2-5h, rt. 

Among the analogues, the crystals of 4dr were obtained on slow evaporation of its solution in 
acetone–hexane (1:3) at room temperature. Figure 2 is ORTEP diagram of 4dr from the X-ray study. It 
crystallized in monoclinic form with P21 space group. The central hexenopyranose ring is in a distorted 
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half chair conformation with unsaturation between C-2 and C-3. In Cahn-Ingold-Prelog system,45 the 
relative conformations of C-1, C-4, C-5 and C-1’ are assigned as S, S, R, and R, respectively. 

 

Figure 2. The ORTEP diagram (30% probability) of 4dr with atomic numbering scheme. 

Biology. The compounds were evaluated for their in vitro antitubercular activity against M. 
tuberculosis H37Rv in Agar dilution assay.46 The minimum concentrations of the compounds required 
for the complete inhibition of the bacterial growth per spot (minimum inhibitory concentration, MIC) 
are summarized in Table 1. Ofloxacin was used as the standard drug (MIC is 0.75µg/mL). Among these 
analogues, 4d, 4h, 5c and 4hr showed activity at MICs 3.12, 6.25, 1.56 and 1.56µg/mL, respectively. 

Cytotoxicity was investigated for 4d, 4h, 5c and 4hr in VERO cell line47 and in mouse macrophage 
cell line J 744A.1.48 In VERO cell line, 4h, 5c and 4hr showed cytotoxicity at 25µg/mL and 4d showed 
no toxicity even at 100µg/mL. In mouse macrophage cell line J 744A.1 assay, the compounds were 
tested at 12.5, 25 and 50µg/mL, in parallel with standard antitubercular drugs, Rifampicin and 
Sparfloxacin. These compounds did not show any toxicity. 

QSAR. The QSAR study was attempted with two structure databases representing the X-ray structure 
4dr (Figures 2, 3a) and the conformational analysis derived minimum energy structure of a high active 
compound 5c (Figure 3b). The conformational space of these two structure databases differ in their C-3 
substitution region (Figure 3). Alignment-free 3D-descriptors from DRAGON software36 were opted as 
indices of the conformational space. It resulted in 681 and 679 descriptors, respectively, for 4dr and 5c 
databases. The computational procedures of embedded structural information divide these indices into 
eight descriptor classes.36 
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Figure 3. (a) X-ray structure of 4dr; (b) conformational analysis derived minimum energy structure of 
5c; (c) superimposition pose of 4dr (carbons: green) and 5c (carbons: yellow); in all, oxygens are in red 
and nitrogens are in blue; hydrogens are suppressed for clarity. 

The QSAR models have been developed using CP-MLR (combinatorial protocol in multiple linear 
regression) in conjunction with a three-stage descriptor classification protocol.49,50 CP-MLR is a 
variable selection procedure for the model development.49-51 The descriptor classification protocol50 
typically segregates the descriptor classes into four categories depending on the significance of 
information content to the activity (Figure 4). The first three categories are primary contributors 
(category I: a descriptor class forming a model with its constituent descriptors), collective contributors 
(category II: a descriptor class unable to form a model with its constituent descriptors alone, but can 
form model(s) in combination with a descriptor from another such class) and secondary contributors 
(category III: a descriptor class forming model(s) only in combination with the category I). The last 
category is non-contributors – a descriptor class not forming a model in any manner such as in 
categories I, II or III. The descriptor classes provide scope to understand the phenomenon under 
investigation in relation to the concepts embedded in them. 
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Figure 4. Schematic representation of categorization of descriptor classes. A, B, C, etc in circles are 
descriptor classes and ai, bi, ci etc, respectively, are their constituent descriptors. Depending on the 
information content to correlate the activity, the descriptor classes are put into four categories as 
primary contributors (category I), collective contributors (category II), secondary contributors (category 
III) and non-contributors (category IV). Coefficients of ai , bi , ci etc are not shown. 

Results and Discussion  
Among the highly active analogues, 4d carries a trimethylacetyl protection group at C-6 position and 

a p-cyanophenyl methyl side chain at C-3 position of hexenopyranoside ring. In 4d, the replacement of 
C-3 p-cyanophenyl methyl group by p-nitrophenyl methyl (4c) or decyl moiety (4h) has resulted in 
lowering the activity of the corresponding analogues. Compound 5c, a C-6 acetyl variant of 4c showed 
remarkably high activity (1.56µg/mL). However, in these analogues replacement of C-6 trimethylacetyl 
or acetyl by p-nitrobenzoyl group resulted in loss of their antitubercular activity (6c-h). 

The compound 4hr formed by the reduction of the C-4 carbonyl of 4h showed better antitubercular 
activity (1.56µg/mL) than 4h itself (6.25µg/mL). However, the other reduced compounds (e.g. 4dr and 
5cr) were found to be far less active than their precursors. In the case of compounds with C-6 p-
nitrobenzoyl group, the C-4 carbonyl reduction has little effect on the activity. For example, 6cr, 6fr 
and 6hr showed almost the same activity as 6c, 6f and 6h. These results thus suggest that in 2,3-dideoxy 
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hexenopyranosides, the nature of side chain at C-3 and the protection group at C-6 play  important role 
in determining the antitubercular activity of these compounds. 

QSAR Analysis. The alignment-free 3D-descriptors of X-ray crystal structure (4dr) database of 
hexenopyranosides (Table 1) did not lead to any model for the antitubercular activity. Under identical 
conditions, three 3D-descriptors classes, namely GEO (Geometrical descriptors),36 WHIM (Weighted 
Holistic Invariant Molecular descriptors)26 and GETAWAY (GEometry, Topology, and Atom-Weights 
AssemblY descriptors)30,31 of the minimum energy conformation of high active compound (5c) have 
evolved as collective contributors (category II) to explain the activity. At the end of a search for four 
parameter models, 50 descriptors (Table 2) have emerged from these descriptor classes to model the 
activity. The following are selected three- and four-parameter models52 for the activity from a pool of 
equations. 

–logMIC = –3.667(0.558)PJI3 -5.204(2.11)E3v +11.832(3.735)R1u+ +7.654 
n=23, r=0.835, Q2=0.508, s=0.251, F=14.61  (1) 
–logMIC = –3.571(0.518)PJI3 –14.986(4.940)ISH +40.044(10.726)HATS2p –59.740(17.397)R6e+ 

+19.29 
n=23, r=0.879, Q2=0.573, s=0.224, F=15.23  (2) 
In the randomization study, none of the identified models has shown any chance correlation. These 

are further validated through two test sets corresponding to descriptors clustering and random selection 
procedures with each one containing eight out of twenty-three compounds of Table 1. The test sets 
predictions are in agreement with their experimental values (Table 3; Figure 5). 
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Figure 5. Plots of training (▲) and test sets (ο) predicted activities versus observed activity 
corresponding to equations 1(a, b) and 2 (c, d). Number of compounds in training set is 15 and in test 
set is 8. 

Among the descriptors, PJI3 (3D Petitjean shape index; GEO class) has the highest influence on the 
activity of these analogues. It is a measure of eccentricity in the molecules. Its regression coefficient 
suggests that molecular structures with compact conformational features are favorable for activity. In 
equation 1, E3v is a directional WHIM descriptor for axial density (v; weighted by atomic van der 
Waals volumes) along principal axes 3. Its regression coefficient suggests in favor of reduced axial 
density for enhancement in activity. The GETAWAY descriptors ISH, R1u+, R6e+and HATS2p 
(equations 1 and 2) are embedded with the information from the molecular influence matrix (MIM, H-
matrix). In this class, ISH (standardized information content on the leverage equality) encodes 
molecular symmetry information. It suggests in favor of symmetry in molecules for better activity. The 
descriptors R1u+ and R6e+, respectively, represent the influence of maximal autocorrelations of lag 1(u; 
unweighted) and lag 6 (e; weighted by atomic Sanderson electronegativities) of R-matrix (MIM as a 
fraction of distance matrix) on the activity. The descriptor HATS2p is autocorrelation of lag 2 (p; 
weighted by atomic polarizabilities) from the MIM. The regression coefficients of these descriptors 
suggest in favor of increasing number of one and two centered fragments in the chosen molecular 
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conformation for better activity. Besides the three- and four-descriptor equations, a number of higher 
models also exist among the identified descriptors (Table 2).  

A PLS (partial least squares) analysis has been carried out on these 50 CP-MLR identified descriptors 
(Table 2) to facilitate the development of a ‘single window’ structure-activity model. In the PLS cross-
validation,53 three components are found to be the optimum for these fifty descriptors (dataset-I) and 
they explained 76% variance in the activity (r=0.872, Q2=0.588, s=0.223, F=20.20). A PLS analysis has 
also been carried out on the dataset devoid of these 50 identified descriptors (dataset-II; 629 
descriptors). Under identical conditions, the dataset-II could explain only 63% variance in the activity 
(r=0.794, Q2=0.345, s=0.278, F=4.55). The dataset of 681 descriptors of the X-ray structure (4dr) 
database has resulted in a far inferior PLS model and explained only 57% variance in the activity 
(r=0.758, Q2=0.264, s=0.298, F=8.54). These results clearly substantiate the relevance of the 50 
identified descriptors (Table 2) in modeling the activity of these compounds. The MLR-like PLS 
coefficients of these 50 descriptors are given in Table 2. Figure 6 shows a plot of the fraction 
contribution of normalized regression coefficients of these descriptors to the activity (Table 2). 

 

Figure 6. Plot of fraction contribution of MLR-like PLS coefficients (normalized) of the 50 descriptors 
(Table 2) to the activity. The horizontal axis refers to descriptors’ serial numbers. The ten most 
significant descriptors are identified by gray shaded lines. 

The PLS analysis has also suggested that PJI3 as the most determining descriptor for modeling the 
activity of the compounds (Table2; descriptor no. 3 in Figure 6). The other significant descriptors in the 
PLS model are SPH, DISPe (GEO), Gu, G1v, G3v, L3u, E3e (WHIM), ISH and R3m+ (GETAWAY) 
(Table 2; descriptor nos. 2, 5, 18, 11, 12, 9, 14, 19 and 40  in Figure 6). Among them, SPH (spherosity) 
is an anisomertry descriptor and DISPe is a COMMA228 descriptor. The coefficient SPH suggests in 
favor of flat molecules for the activity. DISPe is a measure of displacement between the geometric and 
the electronegativity (e) centers in the molecule. Its negative regression coefficient suggests that an 
increasing separation between geometric and electronegativity centers is detrimental to the activity. 

Both ISH (GETAWAY) and Gu (global molecular symmetry, unweighted; WHIM) infer about 
molecular symmetry (equation 2; Table 2). They suggest in favor of symmetry in the compounds for the 
activity. The directional WHIM descriptors G1v, G3v, L3u and E3e (weighted by v, u or e) represent 
the projections of symmetry (G), dimension (L) and density (E) of the atoms along respective principal 
axis 1, 2 or 3. Among these, the coefficients of G1v, G3v and L3u (Table 2) suggest in favor of larger 1 
and 3 axial symmetries and dimension for better activity. The coefficient of E3e (Table 2) suggests for a 
reduced axial density, weighed by electronegativity. The descriptor R3m+ (GETAWAY) is R maximal 
autocorrelation of lag 3 weighted by atomic mass (m). Its coefficient (Table 2) suggests for three-
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centered structural fragments with minimum atomic masses. Collectively, the analysis suggests that 
minimizing of PJI3, SPH, DISPe, Gu, E3e, ISH and R3m+ and maximizing of G1v, G3v and L3u in the 
compounds would lead to improved activity. In terms of molecular features, an extended structural 
frame, reduced symmetry and separation in geometric and electronegativity centers are detrimental to 
the activity. At the same time the compounds with conformational features of enhanced dimension and 
symmetries along their principal axis 1 and 3 are favorable for the activity. In comparison to these ten 
descriptors, the remaining ones appear in lower order of significance to influence the activity of the 
compounds (Table 2; Figure 6). A brief description of all the 50 descriptors is given in Table 2. 

Conclusion 
This study has provided a rational approach for the development of novel antitubercular agents based 

on 2,3-dideoxy hex-2-enopyranoside from carbohydrate synthon 3,4,6-tri-O-acetyl-α-D-glucal (1). 
Employing MBH reaction we conveniently introduced alkyl / arylalkyl groups at C-3 of 
hexenopyranosides leading to this new class of molecules. The synthesis is almost completely 
diastereoselective without the usage of any external chiral agents. The correlation of the activity of these 
analogues with the 3D-descriptors emanating from the minimum energy conformation of 5c suggests its 
relevance to the antitubercular activity.  The conformational space of the minimum energy structure 
from conformational analysis (5c) and the X-ray structure (4dr) differ in their C-3 substitution region 
(Figure 3). Collectively, the identified descriptors suggest in favor of compounds embedded with some 
degree of symmetry, compact conformational features and closely placed geometric and 
electronegativity centers for enhanced antitubercular activity. The involvement of the directional WHIM 
descriptors in the correlations suggests the complex nature of interaction between the compounds and 
their target. The autocorrelation descriptors from GETAWAY suggest in favor of 3-centered structural 
fragments. Among the high active compounds, 4d has shown no toxicity. It is identified for further 
development. 

Experimental Section 
General Methods. All the reactions were monitored by warming the CeSO4 (1% in 1M H2SO4) 

sprayed precoated silica gel TLC plates at 100°C. NMR spectra were recorded on Bruker Avance DPX 
200 FT, Bruker Robotics and Bruker DRX 300 Spectrometers at 200 (1H) and 50 MHz (13C). For 13C 
NMR reference CDCl3 appeared at 77.4 ppm, unless otherwise stated. Mass spectra were recorded on a 
JEOL SX 102/DA 6000 mass spectrometer using argon/xenon (6 kV, 100 mA) as the FAB gas. IR 
spectra were recorded on Perkin–Elmer 881 and FTIR-8210 PC Shimadzu Spectrophotometers. Optical 
rotations were determined on an Autopol III polarimeter using a 1dm cell at 28°C in methanol or 
chloroform as the solvent; concentrations mentioned are in g/100 mL. Elemental analyses were carried 
out on Carlo–Erba-1108 and Vario EL III instruments. Bruker P4 diffractometer equipped with graphite 
monochromted MoKα radiation (0.71073 Å) at 293(2)K was used for the X-ray Crystallographic study. 
XSCANS (Version 2.21. Siemens Analytical X-ray Instruments Inc., Madison, Wisconsin, USA. 1996) 
was used for the data collection and reduction. SHELXTL-NT (Version 5.1. Bruker AXS Inc., Madison, 
Wisconsin, USA. 1997) was used for structure refinement. Organic solvents were dried by standard 
methods. Aldehydes were purchased from Aldrich and Fluka chemical co. Enones 4, 5 and 6 were 
synthesized in the lab. 

General procedure for the preparation of 4a-6h. To a stirred solution of tetrabutylammonium 
iodide, TBAI, (0.2 mmol) in dry CH2Cl2 (5 mL) at -78°C was added TiCl4 (1.5 mmol) dropwise. After 
stirring for two minutes, a mixture containing enuloside 4, 5 or 6 (1 mmol) and respective aldehyde (2 
mmol) in dry CH2Cl2 (5 mL) was added. The reaction mixture was slowly warmed to -30°C and stirred 
for the specified time depending on the enulosides and aldehydes used. A saturated aqueous solution of 
sodium bicarbonate was added, followed by filtration through a celite pad. The organic layer from the 
filtrate was separated, and the aqueous layer was again extracted with ethyl acetate. The organic layers 
were then combined, washed with brine solution, and dried over sodium sulfate. The crude product 
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obtained after evaporation of the solvent was chromatographed to yield the pure compounds. 
Compounds 4a-c, 4e-h, 5c, and 6c are reported in previous publication.44 

General procedure for the preparation of 4ar-6hr. To a stirred solution of 4a-6h in ethanol 
(10mL), NaBH4 (0.5mmole) and CeCl3.7H2O (1mmole) were added and the reaction mixture was stirred 
continuously at room temperature for the specified time depending on the compounds to be reduced. 
After completion of the reaction (TLC control), excess  NaBH4 was neutralized with acetone and the 
reaction mixture was concentrated in vacuo to get crude product which on column chromatography 
yielded the pure 4ar-6hr. Compounds 4ar, 4cr and 4hr are reported in previous publication.44 

Biological Activity. Agar dilution method.46 Briefly, 2-fold serial dilutions of each test 
compound/drug were incorporated into 7H10 agar. Inoculum of M. tuberculosis H37Rv was prepared 
from fresh Lowenstein–Jensen slants adjusted to 1 mg/mL (wet weight) in Tween 80 (0.05%) saline and 
diluted to 10-2 to give a concentration of approximately107 cfu/mL. 5 mL of bacterial suspension was 
spotted into 7H10 agar tubes containing 2-fold serial dilution of drugs per mL. The tubes were 
incubated at 370C and final readings were recorded after 30 days. The MICs were read as the minimum 
concentration of drugs/compounds that completely inhibited the growth of M. tuberculosis per spot. 
Ofloxacin was used as the standard drug. 

Cytotoxicity studies. The Cytotoxicity study was carried out in VERO cell line.47 VERO cells, 
originally obtained from ATCC and maintained in CDRI, were seeded on a 96 well plate and incubated 
at 37oC in 5% CO2 and 95% air. Cells were exposed to varying concentrations (25, 50, 100 μg/mL) of 
the compound for 72 hours. MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] 
assay was performed as per the standard protocol to assess cell viability. It is based on the MTT 
reduction. Using the standard protocol cytotoxicity was also studied in mouse macrophage cell line J 
744A.1.48 

QSAR Study. Dataset. Two structure databases of hexenopyranoside derivatives (Table 1), 
corresponding to the X-ray structure (4dr) and the minimum energy structure from the conformational 
analysis of a high active compound (5c), were created for the computation of molecular descriptors. The 
database structures of X-ray structure (4dr) were generated in MOE (molecular operating environment) 
software54 by making appropriate changes to the crystal structure template followed by energy 
minimization in AM1 semi-empirical method55 (rms gradient 0.001) as implemented in the software to 
result in the final conformations. For the second structure database, the minimum energy conformation 
of 5c was identified through its systematic conformational analysis in MOE with default parameter 
settings followed by energy minimization (force field: MMFF94)56 and refinement of final conformation 
in AM1 method. The remaining structures of the database were generated from this template of 5c by 
appending appropriate changes to it followed by structural refinement in AM1 method.  

DRAGON software36 was used for the computation of alignment free 3D-descriptors of the structure 
databases. This resulted in 681 and 679 descriptors, respectively, for the X-ray (4dr) and the minimum 
energy conformation (5c) structure databases. The antitubercular activity (MIC, in moles per liter) of the 
compounds (Table 1) was considered after its transformation into logarithm of the inverse of inhibitory 
concentration (-logMIC). The QSAR models were generated using CP-MLR49 in conjunction with a 
three-stage descriptor classification protocol50 and PLS analysis.53  

CP-MLR. It is a ‘filter’ based variable selection procedure for the model identification and 
development in QSAR studies.49-51 It involves a combinatorial strategy with appropriately placed 
‘filters’ interfaced with MLR and extracts diverse models having unique combination of descriptors 
from the dataset. The filters set the thresholds for the descriptors in terms of inter-parameter correlation 
cutoff limits in subset regressions (filter-1), t-values of the regression coefficients (filter-2), internal 
explanatory power (filter-3; square-root of adjusted multiple correlation coefficient of regression 
equation, r-bar) and the external consistency (filter-4; Q2 i.e. cross-validated R2 from the leave-one-out  
procedure). Throughout this study, for the filters-1, 2, and 4 the thresholds were assigned as 0.79, 2.0, 
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and 0.3≤Q2≤1.0, respectively. The filter-3 was assigned an initial value of 0.71. In order to collect the 
descriptors with higher information content, the threshold of filter-3 was successively incremented with 
increasing number of descriptors (per equation) by considering the r-bar value of the preceding optimum 
model as the new threshold for next generation.  

Descriptor Classification Protocol. The three-stage descriptor classification protocol50 is 
implemented with the 2-descriptor combinations (baseline models) as they are the simplest to 
understand and explain the activity. In the 1st stage of classification protocol, the correlations of the 
activity with 2-descriptor combinations from the individual descriptor classes (DCs) of the dataset were 
used to sort the DCs into four categories. They are primary contributors (category I: a DC forms model 
with its constituent descriptors), collective contributors (category II: a DC unable to form model with its 
constituent descriptors, but forms model(s) in combination with a descriptor from another such DC), 
secondary contributors (category III: a DC forms model(s) only in combination with category I) and 
non-contributors (category IV: a DC unable to form model(s) in any manner like category I, II or III). 
The sorted DCs were collated in the 2nd stage to identify all the 3-descriptor models across the 
categories. In the last stage, the individual descriptors of all 3-descriptor models were pooled to discover 
the higher models for the activity. 

All the identified models were reassessed for the chance correlations by repeated randomization of the 
activity.51 Each identified model was subjected to one hundred simulation runs with scrambled activity 
and the emerging correlations were counted to express the percent chance correlation of the model 
under examination. The proposed models were validated through two test sets, one from the single 
linkage hierarchical clustering of all the descriptor of the compounds and the other from the random 
selection procedure, with each containing 8 out of 23 compounds in analysis. The descriptors identified 
in the CP-MLR were evaluated through the PLS procedure53 as well. 
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FIGURE CAPTIONS 

Figure 1. Substituted-2H-pyran-3(6H)-ones associated with activity against gram-positive bacteria; R1 
and R2 are alkyl and aryl groups respectively. 

Figure 2. The ORTEP diagram (30% probability) of 4dr with atomic numbering scheme. 

Figure 3. (a) X-ray structure of 4dr; (b) conformational analysis derived minimum energy structure of 
5c; (c) superimposition pose of 4dr (carbons: green) and 5c (carbons: yellow); in all, oxygens are in red 
and nitrogens are in blue; hydrogens are suppressed for clarity. 

Figure 4. Schematic representation of categorization of descriptor classes. A, B, C, etc in circles are 
descriptor classes and ai, bi, ci etc, respectively, are their constituent descriptors. Depending on the 
information content to correlate the activity, the descriptor classes are put into four categories as 
primary contributors (category I), collective contributors (category II), secondary contributors (category 
III) and non-contributors (category IV). Coefficients of ai , bi , ci etc are not shown. 

Figure 5. Plots of training (▲) and test sets (o) predicted activities versus observed activity 
corresponding to equations 1(a, b) and 2 (c, d). Number of compounds in training set is 15 and in test 
set is 8. 
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Figure 6. Plot of fraction contribution of MLR-like PLS coefficients (normalized) of the 50 descriptors 
(Table 2) to the activity. The horizontal axis refers to descriptors’ serial numbers. The ten most 
significant descriptors are identified by gray shaded lines. 

 

SCHEME TITLES 

Scheme 1a 

a Reagents: (a) (CH3)2CHOH, THF, I2, 3h, rt; (b) NaOMe, MeOH, 2h, rt; (c) MnO2, CHCl3, 48h, rt; (d) 
(CH3)3CCOCl / (CH3CO)2O/ P-O2N-Ph-COCl, Pyridine, 6h, 0-5°C. 

Scheme 2a 

a Reagents: (a) TiCl4, TBAI, R2CHO, DCM, 8-48h, -78°C→ -30°C; (b) NaBH4, CeCl3.7H2O, C2H5OH, 
2-5h, rt. 
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Table1. Observed and predicted antitubercular activity of 2,3-dideoxy hexenopyranosides (Scheme 2). 

-logMICb Comp.  

No. 

MICa 

(μg/mL) obs Eq1 Eq2 PLS 

4a 50 3.93 4.05 3.78 4.03 

4b 50 3.93 4.06 4.2 3.87 

4c 50 3.93 4.29 4.29 4.11 

4d 3.12 5.11 4.54 4.66 4.83 

4e NA  4.15 4.27 4.15 

4f 50 3.95 4.12 4.08 4.04 

4g 25 4.14 3.98 4.03 4.34 

4h 6.25 4.83 5.02 5.05 5.02 

5c 1.56 5.39 4.94 4.99 5.03 

6c 25 4.29 4.08 4.1 4.38 

6d 25 4.27 4.46 4.78 4.66 

6e 25 4.26 4.16 4.08 4.16 

6f 25 4.31 4.13 4.18 4.36 

6g 25 4.21 4.47 4.17 4.04 

6h 25 4.29 4.38 4.49 4.25 

4ar 25 4.23 4.28 3.99 4.00 

4br 25 4.23 3.87 3.97 3.94 

4cr NA - 4.44 4.55 4.3 

4dr NA - 4.60 4.76 4.85 

4er 25 4.20 4.45 4.35 4.28 

4fr 25 4.25 4.08 4.31 4.07 

4hr 1.56 5.44 5.00 4.92 5.19 

5cr 25 4.18 4.90 4.46 4.46 

6cr 25 4.29 4.17 4.54 4.56 

6fr 25 4.31 4.14 4.03 4.26 
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6hr 25 4.30 4.36 4.38 4.39 

a, NA: not active up to 50 μg/mL 

b, MIC is in moles per liter 
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Table 2. The identified 3D-descriptors of minimum energy conformation (5c) directed structure 
database of 2,3-dideoxy hexenopyranosides (Table 1) for modeling their antitubercular activity. 

No Descriptora Reg Coef (fc) Orderb  No Descriptora Reg Coef (fc) Orderb 

 Geometrical      

1 SPAM 0.281(0.005)45  25 HATS0v 3.705(0.030)11 

2 SPH -1.760(-0.054)3  26 HATS1v 2.745(0.018)18 

3 PJI3 -1.411(-0.109)1  27 H6e 0.026(0.005)44 

4 DISPm -0.006(-0.020)16  28 HATS6e -0.669(-0.016)22 

5 DISPe -0.441(-0.042)6  29 H1p 0.169(0.009)36 

6 DISPp -0.046(-0.007)38  30 HATS0p 3.732(0.027)15 

7 G(N..F) 0.001(0.009)37  31 HATS1p 3.018(0.018)19 

 WHIM   32 HATS2p 0.095(0.001)49 

8 L1u -0.010(-0.015)24  33 HATS3p -2.052(-0.014)27 

9 L3u 0.120(0.039)7  34 R2u 0.049(0.005)43 

10 L1v -0.008(-0.014)26  35 R3u 0.097(0.012)30 

11 G1v 16.783(0.056)2  36 R6u -0.023(-0.002)48 

12 G3v 9.568(0.036)9  37 R1u+ 2.388(0.029)12 

13 E3v -0.622(-0.013)28  38 R1m+ 0.587(0.017)21 

14 E3e -1.148(-0.038)8  39 R2m+ -0.562(-0.016)23 

15 L1p -0.008(-0.013)29  40 R3m+ -5.194(-0.031)10 

16 G2p 1.283(0.006)42  41 R6m+ -1.785(-0.007)41 

17 Tp 0.001(0.002)47  42 RTm+ 0.482(0.014)25 

18 Gu -16.095(-0.048)4  43 R2v+ 2.188(0.007)39 

 GETAWAY   44 R3e 0.110(0.010)32 

19 ISH -6.043(-0.044)5  45 RTe -0.0002(-0.0003)50 

20 HIC 0.019(0.003)46  46 R2e+ -0.826(-0.017)20 

21 H6u 0.051(0.010)31  47 R3e+ -3.823(-0.028)14 

22 HTu 0.002(0.009)35  48 R6e+ -8.606(-0.029)13 
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23 HATS0u 0.505(0.010)33  49 R1p 0.267(0.009)34 

24 HATS6u -0.844(-0.019)17  50 R2p+ 2.188(0.007)40 

 

a, Geometrical: SPAM, average span sphere radius; SPH, spherosity; PJI3, 3D Petijean shape index; 
DISPw, displacement between the geometric centre and the centre of the w property field, calculated 
with respect to the molecular principal axes, the last character ‘w’ refers to the weighting property 
which may be either ‘m’ for atomic masses or ‘v’ for atomic van der Walls volumes or ‘e’ for Sanderson 
electro negativities or ‘p’ for atomic polarizabilities or ‘u’ for unweighted; G(N..F) sum of geometrical 
distances between N and F; 

WHIM: Lnw, Gnw and Enw, directional indices of size, symmetry and   accessibility, respectively; in 
this, n refers to the directional component 1, 2 or 3 and ‘w’ refers to the weighting property (for ‘w’ see 
DISPw); Tw and Gw, global indices of size and symmetry weighted by property w; 

GETAWAY: ISH, standardized information content on the leverage equality; HIC, mean information 
content on the leverage magnitude; Hkw and Rkw, H (Molecular Influence Matrix; MIM) and R (MIM/ 
distance matrix) autocorrelation descriptors of lag k weighted by property w; lag k refers to the number 
of edges in the fragment unit considered in the computation (for ‘w’ see DISPw); HTu, H total index 
unweighted; HATSkw, leverage-weighted autocorrelation of lag k weighted by property w;  Rkw+, R 
maximal autocorrelation of lag k weighted by property w; see ref 36. 

b, MLR like regression coefficient of three-component PLS model; (fc) is fraction contribution of the 
regression coefficient to the activity; order indicates the order of their significance in the PLS model; the 
constant term of PLS model is 10.328; number of compounds are 23. 
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Table 3. Predicted activity of descriptor cluster and random test sets (8 compounds each) of the 
compounds of Table 1 and the corresponding statistics. 

Residualsa 

  Des clusb  Randomc 

Comp  Eq1 Eq2 PLS  Eq1 Eq2 PLS 

4a  -0.17 0.09 -0.45     

4b  -0.13 -0.32 -0.13     

4c      -0.31 -0.33 -0.36 

4f  -0.17 -0.12 -0.34  -0.10 -0.07 -0.31 

6c  0.15 0.17 -0.01     

6e      0.10 0.11 0.45 

6g      -0.26 0.01 0.16 

6h  -0.04 -0.11 0.01     

4br      0.33 0.24 0.25 

4hr  0.30 0.39 0.50  0.43 0.46 0.33 

5cr  -0.66 -0.26 -0.46     

6cr      0.12 -0.25 -0.16 

6fr  0.14 0.30 0.21  0.11 0.19 0.30 

         

r  0.851 0.874 0.929  0.818 0.891 0.894 

Q2  0.429 0.455 0.745  0.395 0.381 0.622 

R2
Pred  0.64 0.736 0.516  0.681 0.688 0.532 

s  0.234 0.226 0.165  0.267 0.22 0.208 

F  9.64 8.11 22.95  7.41 9.7 14.58 

a, difference of observed and predicted -logMIC; each training set has 15 compounds. 

b, test set from the descriptors clustering. 

c, test set from random selection. 
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Supporting Information Available. Characterization data for all new compounds 4br, 4d, 4dr, 4fr, 
4er, 5cr, 6cr, 6d, 6e, 6f, 6fr, 6g, 6h and 6hr; purity table showing elemental analyses of listed above 
compounds; 1H NMR and 13C NMR  spectra of 4d, 4dr, 5c, 5cr, 6h and 6hr; crystallographic 
information file (CIF) of 4dr; molecular modeling coordinates of 5c; complete dataset of alignment free 
3D-molecular descriptors of structure databases corresponding to the X-ray crystal structure of 4dr and 
the minimum energy conformation of 5c; PLS loadings, weights and sensitivity of independent and 
dependent descriptors of PLS model. This material is available free of charge via the Internet at 
htpp://pubs.acs.org. 
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