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      Due to their biodegradability and lower sideeffects, many sugar esters (SEs) have received much attention from researchers and been 
widely applied in medicinal chemistry. In this respect, methyl 6-O-pentanoyl-α-d-galactopyranoside, obtained from methyl α-d-
galactopyranoside (MDG) using direct site-selective unimolar pentanoylation, was converted into four 2,3,4-tri-O-acyl esters in reasonably 
high yields. All the compounds were characterized by spectroscopic techniques. The results of Prediction of Activity Spectra for 
Substances (PASS) analysis indicated that the MDG esters had many potential biological activities. More specifically, the alkyl ester 
derivatives had higher antimicrobial potential than those of the sulfonyl ester. In addition, their absorption, distribution, metabolism, 
excretion and toxicity (ADMET) prediction revealed that most of the SEs had acceptable drug-related safety parameters. In this regard, the 
thermodynamic properties of galactopyranosides were also investigated and are reported herein. 
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INTRODUCTION 
 
      The unique and significant structural diversity of 
naturally occurring carbohydrates, especially those with 
monosaccharide structures, makes them the best recognition 
markers for numerous physiological activities [1-3]. 
Carbohydrates are found to have much higher structural 
diversity than proteins and lipids, and this might be related 
to their specific cellular action. Among the carbohydrates, 
galactose (Gal), a C-4 epimer of glucose, has been widely 
used to build up biologically active glycoconjugates in 
living organisms [4]. In addition to its dietary and metabolic 
functions, Gal has multiple clinical applications [5-7]. 
      For instance, Gal was found to act as an important 
component of binding sites for a wide range of pathogens, 
selectins,  and  toxins  [8-9].  Furthermore,  its  disaccharide  
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Galα1-4Gal is considered to be the most powerful binding 
adhesin of Streptococcus suis involved in S. suis 
interactions with host cells. Hence, Gal residue is associated 
with diverse pathologic conditions and mimicking of the 
evolution of pathogen-binding protein isoforms [10-12]. 
Despite the above-mentioned useful functions and 
applications of Gal, extensive research has been performed 
to modify its various stereocenters to minimize the 
immunogenic effects of galactose-carrying biotherapeutic 
products [13-15]. 
      Several studies have shown that galactose residues are 
the key molecules for targeting hepatocytes involved in 
tumor cells [16]. In this regard, Liu et al. [17] successfully 
synthesized butyryl galactose ester (But-Gal) and found that 
galactose ester-modified microemulsions could be used as 
nanocarriers for the therapy of hepatoma. The modification 
of monosaccharide sugars with an ester group or multiple 
ester   groups),  hence  called  sugar  esters  (SEs),  extended 



 

 

 

Matin et al./Phys. Chem. Res., Vol. 9, No. 4, 591-603, December 2021. 

 592 

 
 
their application to a wider range of products, including 
low-calorie sweeteners, flavorings and biosurfactants/ 
emulsifiers in foods, food additives, detergents and 
pharmaceutical, biomedical, cosmetic products [18-21]. In 
addition, SEs have been suggested to have potential activity 
against SARS-CoV-2 main protease [22]. Furthermore, acyl 
galactopyranosides, such as 5-aminosalicylic acid ester, 
were found to be highly active not only in the treatment of 
inflammatory bowel disease (IBD) but also against 
Staphylococcus aureus and Escherichia coli [23-24]. 

However, monosaccharides, compared to other 
biomolecules such as amino acids and nucleosides, pose 
more unique synthetic challenges [25]. The key issue is that 
each sugar monomer contains several hydroxyl (OH) 
groups, each representing a potential site of chemical 
reactivity [26-28]; thus, in most cases, a mixture of mono-, 
di- and polyesters is formed [29-31]. Many methods, such 
as (i) direct [32-33], (ii) catalytic [34-35], (iii) protection-
deprotection [36-38], (iv) enzymatic [39] and (iv) 
microwave [40] methods, have been developed and 
employed for organic synthesis [28,31]. Different methods 
gave different selectivity and product yield [31]. In the 
present study, we employed the direct acylation method, 
while maintaining some conditions, to achieve site-selective 
6-O-pentanoylgalactopyranoside [41]. 

Although a plethora of studies have examined the role of 
Gal sugar in human health and diseases, many of its 
functions still remain unknown due to its biological 
diversity. Furthermore, more studies are needed to clarify 
the biological significance of anti-Gal antibodies and the 
stereoelectronic effects of galactosylation, sialylation, and 
acylation in different biological activities of the body [42]. 
Accordingly, we endeavored to synthesize and explore the 
use of different SEs [43]. Herein, we report on the synthesis 
of some 6-O-pentanoyl-α-d-galactopyranoside esters using 
PASS (Prediction of Activity Spectra for Substances) 
prediction and in silico ADMET (absorption, distribution, 
metabolism, excretion, and toxicity) and thermodynamic 
properties. 
 
EXPERIMENTAL 
 
General Methods 
      The necessary reagent grade chemicals and solvents  are 

 
 
commercially available. Some solvents, such as n-hexane, 
ethyl acetate, etc., were distilled before use. The solvent 
system(s) used for thin-layer chromatography (TLC)       
and column chromatography (CC) included different 
proportions of chloroform/methanol and/or n-hexane/ethyl 
acetate. Silica gel plates (Kieselgel 60 F 254) were used for 
TLC. The spots were visualized by spraying the plates with 
1% H2SO4 in methanol, followed by heating the plates at 
+150 °C until coloration appeared. The compounds were 
purified by CC using silica gel G60. The solutions were 
concentrated under reduced pressure below 40 °C in a rotary 
evaporator (Büchi R-100, Switzerland). FT-IR spectra were 
recorded on KBr discs. Melting points were uncorrected. 
The compounds were characterized by 1H (400 MHz) and 
13C (100 MHz) NMR spectra, which were recorded in 
CDCl3 solution. Chemical shifts were reported in  units 
(ppm) with reference to TMS as an internal standard. 
Coupling constants values are reported in Hertz (Hz).  
 
Synthesis 

Methyl-6-O-pentanoyl-α-d-galactopyranoside (2). 
The regioselective methyl 6-O-pentanoyl-α-d-
galactopyranoside was prepared according to a literature 
procedure from methyl α-d-galactopyranoside (MDG, 1) in 
49% yield as a brownish solid (m.p.: 95-96 C) [41].  

General procedure for 2,3,4-tri-O-acylation of 
compound 2. Acyl halide (MsCl/TsCl/iso-PentCl/BzCl, 3.3 
eq) was added slowly to a solution of triol 2 (0.1 g) in 
pyridine (1 ml) at 0 ºC, followed by addition of a catalytic 
amount of DMAP. The reaction mixture was allowed to 
attain room temperature, and stirring was continued for       
10-12 h. The reaction mixture was quenched with ice water 
and extracted with DCM (3 × 3 ml). The DCM layer was 
washed successively with 5% hydrochloric acid, saturated 
aqueous sodium hydrogen carbonate solution, and brine. 
Then, the DCM layer was dried and concentrated. Column 
chromatography (CC) of the obtained residue with               
n-hexane/ethyl acetate as an eluent furnished the 
corresponding 2,3,4-tri-O-acyl products (3-6) in good 
yields. 

Methyl-2,3,4-tri-O-mesyl-6-O-pentanoyl-α-d-
galactopyranoside (3). Thick syrup; yield: 94%; Rf = 0.54 
(n-hexane/EA = 4/1); FT-IR (KBr): 1738 (CO), 1364, 1362, 
1354 (SO2), 1072 cm-1 (pyranose ring); 1H NMR (400 MHz,  



 

 

 

Synthesis, PASS, In Silico ADMET, and Thermodynamic Studies/Phys. Chem. Res., Vol. 9, No. 4, 591-603, December 2021. 

 593 

 
 

CDCl3): H 4.98 (dd, J = 10.2 and 3.4 Hz, 1H, H-3), 4.85-
4.89 (m, 2H, H-1 and H-4), 4.78 (dd, J = 10.0 and 3.6 Hz, 
1H, H-2), 4.34-4.39 (m, 2H, H-6 and H-6′), 3.98-4.01 (m, 
1H, H-5), 3.38 (s, 3H, OCH3), 3.35 (s, 3H, SO2CH3), 3.33 
(s, 3H, SO2CH3), 3.24 (s, 3H, SO2CH3), 2.33 [t, J = 7.6 Hz, 
2H, CH3(CH2)2CH2CO], 1.60-1.67 (m, 2H, 
CH3CH2CH2CH2CO), 1.26-1.36 [m, 2H, 
CH3CH2(CH2)2CO], 0.91 [t, 3H, J = 7.0 Hz, CH3(CH2)3CO].  

Methyl-6-O-pentanoyl-2,3,4-tri-O-tosyl-α-d-
galactopyranoside (4). Clear syrup; yield: 76%; Rf = 0.59 
(n-hexane/EA = 4/1); FT-IR (KBr): 1743 (CO), 1369, 1365, 
1362 (SO2), 1055 cm-1 (pyranose ring); 1H NMR (400 MHz, 
CDCl3): H 7.81 (d, J = 7.6 Hz, 2H, Ar-H), 7.76 (d,              
J = 8.4 Hz, 2H, Ar-H), 7.61 (d, J = 8.4 Hz, 2H, Ar-H), 7.37 
(t, J = 8.4 Hz, 4H, Ar-H), 7.26 (d, J = 8.0 Hz, 2H, Ar-H), 
4.88 (dd, J = 9.8 and 3.2 Hz, 1H, H-3), 4.81-4.85 (m, 2H, 
H-1 and H-4), 4.73 (dd, J = 10.0 and 3.6 Hz, 1H, H-2), 
4.16-4.33 (m, 2H, H-6 and H-6′), 3.98-4.01 (m, 1H, H-5), 
3.38 (s, 3H, OCH3), 2.49 (s, 3H, CH3C6H4SO2), 2.48             
(s, 3H, CH3C6H4SO2), 2.45 (s, 3H, CH3C6H4SO2), 2.34                
[t, J = 7.6 Hz, 2H, CH3(CH2)2CH2CO], 158-1.67                 
(m, 2H, CH3CH2CH2CH2CO), 1.29-1.39 (m, 2H, 
CH3CH2(CH2)2CO], 0.93 [t, J = 7.6 Hz, 3H, 
CH3(CH2)3CO]; 13C NMR (100 MHz, CDCl3): C 173.5 
[CH3(CH2)3CO], 145.4, 145.1(2), 133.6, 133.0, 132.8, 
129.9(2), 129.7, 128.0(2), 128.0 (Ar-C), 97.7 (C-1),                 
73.6, 69.0, 68.4 (C-2/C-3/C-5), 67.2 (C-4), 62.4                    
(C-6), 55.6 (OCH3), 33.8 [CH3(CH2)2CH2CO], 26.9 
(CH3CH2CH2CH2CO), 22.7 [CH3CH2(CH2)2CO], 21.7(2), 
21.6 (3×CH3C6H4CO), 13.6 [CH3(CH2)3CO]. 
Methyl-2,3,4-tri-O-isopentanoyl-6-O-pentanoyl-α-d-
galactopyranoside (5). Syrup; yield: 87%; Rf = 0.52 (n-
hexane/EA = 4/1); FT-IR (KBr): 1739, 1733, 1722, 1719 
(CO), 1066 cm-1 (pyranose ring); 1H NMR (400 MHz, 
CDCl3): H 5.47 (d, J = 3.2 Hz, 1H, H-4), 5.42 (dd, J = 10.8 
and 3.2 Hz, 1H, H-3), 5.17 (dd, J = 10.8 and 3.6 Hz, 1H,         
H-2), 5.00 (d, J = 3.4 Hz, 1H, H-1), 4.16-4.20 (m, 1H, H-5), 
4.08-4.13 (m, 2H, H-6 and H-6′), 3.41 (s, 3H, OCH3), 2.37 
[t, J = 7.6 Hz, 2H, CH3(CH2)2CH2CO], 2.25-2.31 [m, 6H, 
3(CH3)2CHCH2CO], 2.08-2.14 [m, 3H, 
3(CH3)2CHCH2CO], 1.58-1.65 (m, 2H, 
CH3CH2CH2CH2CO), 1.27-1.37 [m, 2H, 
CH3CH2(CH2)2CO], 0.98(2), 0.97 [3s, 36H, 
3(CH3)2CHCH2CO], 0.92 [t, J = 7.2 Hz, 3H, 
CH3(CH2)3CO]. 

 
 

Methyl-2,3,4-tri-O-benzoyl-6-O-pentanoyl-α-d-
galactopyranoside (6). Oil; yield: 72%; Rf = 0.64 (n-
hexane/EA = 4/1); FT-IR (KBr): 1745, 1743, 1740, 1738 
(CO), 1054 cm-1 (pyranose ring); 1H NMR (400 MHz, 
CDCl3): H 8.13 (d, J = 7.4 Hz, 2H, Ar-H), 7.99-8.09 (m, 
4H, Ar-H), 7.58-7.66 (m, 2H, Ar-H), 7.43-7.56 (m, 5H,           
Ar-H), 7.35-7.42 (m, 2H, Ar-H), 5.74 (dd, J = 10.4 and         
2.8 Hz, H 1H, -3), 5.68 (dd, J = 10.4 and 3.2 Hz, 1H, H-2), 
5.67 (t, J = 3.2 Hz, 1H, H-4), 5.21 (d, J = 3.2 Hz,  1H, H-1), 
4.58 (dd, J = 11.2 and 5.6 Hz, 1H, H-6), 4.45 (dd, J = 11.2 
and 6.8 Hz, 1H, H-6′), 4.20-4.24 (m, 1H, H-5), 3.46 (s, 3H, 
OCH3), 2.38 [t, J = 7.4 Hz, 2H, CH3(CH2)2CH2CO], 160-
1.69 (m, 2H, CH3CH2CH2CH2CO), 1.33-1.41 (m,                  
2H, CH3CH2(CH2)2CO], 0.94 [t, J = 7.4 Hz, 3H, 
CH3(CH2)3CO]; 13C NMR (100 MHz, CDCl3): C 173.7 
[CH3(CH2)3CO], 166.1, 165.8, 165.6 (C6H5CO), 133.7, 
133.4, 133.2, 130.2 (3), 129.8(2), 129.7, 128.5(2), 128.4 
(Ar-C), 97.6 (C-1), 70.8, 68.9, 68.2 (C-2/C-3/C-5), 67.6             
(C-4), 62.7 (C-6), 55.5 (OCH3), 33.9 [CH3(CH2)2CH2CO], 
27.0 (CH3CH2CH2CH2CO), 22.2 [CH3CH2(CH2)2CO], 13.6 
[CH3(CH2)3CO]. 
 
PASS Prediction  

PASS is a software product designed for the prediction 
of a wide range of biological activities [43]. PASS can 
predict various biological activities with 90% accuracy. 
Initially, all the structures of galactopyranosides were     
drawn using ChemDraw 16.0 with the appropriate 
geometry; then, they were converted into SD format. 
Finally, they were used to predict the biological                
activity spectrum using PASS online software 
(http://www.pharmaexpert.ru/PASSonline/index.php) [44]. 
The predicted results were designated as Pa (probability for 
active compound) and Pi (probability for inactive 
compound), where Pa > Pi and their values varied from 
0.000 to 1.000 (Pa + Pi ≠ 1). 
 
ADME/T and Drug Friendliness Analysis 

The ADMET and pharmacokinetic properties of the 
SEs 2-6 were predicted in silico using the pkCSM online 
server [45]. Generally, in silico ADMET predictions are 
preferred since rapid ADMET evaluation can minimize 
serious failures in different stages of in vivo drug discovery. 
For ADMET prediction, first, the structures of all 
compounds   (1-6)   were  drawn  by  ChemDraw  18.0  with               
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the appropriate geometry; then, they were converted to            
the InChIkey, SMILES and SD formats to be used as            
input for different analyses. Finally, these file formats           
were used to predict the ADMET properties using              
the pkCSM-pharmacokinetics online server 
(http://biosig.unimelb.edu.au) [45]. 
 
DFT Optimization and Thermodynamic 
Calculations 
      The accurate prediction of the structure and energetics, 
along with the molecular orbitals, is crucial for the 
understanding and characterization of various properties of 
carbohydrate molecules. In the past few decades, density 
functional theory (DFT)-based quantum mechanical 
methods have been widely used to predict thermal, 
molecular orbital (MO), and molecular electrostatic 
potential (MEP) properties [46]. To predict thermodynamic 
and MO properties, the initial geometry of MDG (1) was 
obtained from the ChemSpider database. Then, all other 
structures (2-6) were drawn using the GaussView (5.0) 
program [47] while maintaining proper stereochemistry. At 
this stage, all the compounds were optimized at DFT 
B3LYP/6-31G(d,p) basis set at 298.1 K and 1.0 atm without 
any solvent on a computer with an Intel Core i7 computer. 
These optimized structures were used for various 
thermodynamic calculations. In addition, WebMO server 
and GaussSum 3.0 software were used in this study. 
 
RESULTS AND DISCUSSION 
 
2,3,4-Tri-O-acyl Esters of 6-O-
Pentanoylgalactopyranoside 2 

Initially,   site-selective   6-O-pentanoyl  MDG (2)  was 

 
 
 
 
 
 
 
 
 
 
 
 
 

prepared according to a procedure from MDG (1) in 49% 
yield as a brownish solid (m.p.: 95-96 °C) [41]. Once the 
MDG (2) was prepared, its 2,3,4-tri-O-acylation was carried 
out with four acylating agents. Thus, treatment of triol 2 
with trimolar mesyl chloride and purification resulted in a 
faster-moving syrup (94%, Scheme 1). Its FT-IR spectrum 
showed three SO2 stretching bands as well as a carbonyl 
band, indicating the attachment of three mesyl groups in the 
molecule. This was further confirmed by the appearance of 
three three-proton singlets at  3.35, 3.33 and 3.24. Also, a 
three-proton singlet at  3.38 was attributed to the 
galactosidic OCH3 group. Significant downfield shifts were 
observed for H-2 ( 4.78), H-3 ( 4.98), and H-4 ( 4.85-
4.89) compared to that of their precursor 2 [41], indicating 
the attachment of mesyl groups at C-2, C-3 and C-4 
positions of the molecule. A detailed analysis of the 
spectrum enabled us to assign its structure as methyl-2,3,4-
tri-O-mesyl-6-O-pentanoyl-α-d-galactopyranoside (3). 
      Similarly, the tri-O-tosylation of pentanoate 2 in dry 
pyridine for 12 h gave a clear syrupy compound in good 
yield (Scheme 1). Its FT-IR spectrum showed a carbonyl 
stretching band at 1743 cm-1 and sulfonyl stretching bands 
at 1369, 1365 and 1362 cm-1. Furthermore, its 1H NMR 
spectrum showed the presence of twelve aromatic protons at 
 7.81 (2H), 7.76 (2H), 7.61 (2H), 7.37 (4H) and 7.26 (2H) 
and three three-proton singlets at  2.49, 2.48 and 2.45, 
indicating the attachment of three tosyl groups in the 
molecule. This was further supported by the analysis of its 
13C NMR spectrum, which revealed the presence of carbon 
signals at  145.4, 145.1 (2), 133.6, 133.0, 132.8, 129.9 (2), 
129.7, 128.0 (2), 128.0, 21.7 (2) and 21.6. Thus, the 
structure of the compound was assigned as methyl 6-O-
pentanoyl-2,3,4-tri-O-tosyl-α-d-galactopyranoside (4).  

O
HO

HO
HO OMe

OH

[41]
6
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HO
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Scheme 1. Synthesis of galactopyranoside esters 3-6 
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In the next step, isopentanoyl chloride was used as a 
potential acylating agent, and a syrup was obtained in 87% 
yield (Scheme 1). The presence of four carbonyl bands at 
1739, 1733, 1722 and 1719 cm-1 in its FT-IR spectrum 
indicated the attachment of three isopentanoyl groups in the 
molecule. Again, the presence of additional twenty-seven 
protons in its 1H NMR, compared to the number of protons 
in its precursor 2, supported the above observation. Also, 
the signals of H-2, H-3 and H-4 were shifted downfield 
compared to that of their precursor compound 2 [41]. A 
detailed analysis of its spectral data established its structure 
as methyl-2,3,4-tri-O-isopentanoyl-6-O-pentanoyl-α-d-
galactopyranoside (5). 

 Finally, the treatment of 6-O-pentanoate 2 with 
trimolar benzoyl chloride in dry pyridine gave an oil in 
good yield (Scheme 1). In its FT-IR spectrum, the 
compound showed characteristic stretching bands at 1745, 
1743, 1740 and 1738 cm-1. Its 1H NMR spectrum showed 
additional fifteen aromatic protons at  8.13 (d, 2H), 7.99-
8.09 (m, 4H), 7.58-7.66 (m, 2H), 7.43-7.56 (m, 5H), and 
7.35-7.42 (m, 2H), indicating the attachment of three 
benzoyl groups in the molecule. Their corresponding carbon 
signals were also observed in its 13C NMR spectrum. All 
these observations and analogy with compounds 3-5  
confirmed its structure as methyl-2,3,4-tri-O-benzoyl-6-O-
pentanoyl-α-d-galactopyranoside (6). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
PASS-predicted Biological Activities 

After the successful synthesis of galactopyranoside 
esters 2-6, the biological activities of these compounds  
were predicted using PASS online software 
(http://www.way2drug.com/passonline/) [43-44]. Although 
these compounds showed a plethora of biological activities, 
only their antibacterial, antifungal, anticarcinogenic, and 
antioxidant properties are presented in Table 1. For 
comparison, similar biological activities were predicted for 
tetracycline, a standard antibiotic, and fluconazole, a 
standard antifungal agent. 

As Table 1 shows, while the incorporation of the 
pentanoyl group in MDM (1) increased its antifungal and 
anticarcinogenic properties, it decreased its antibacterial and 
antioxidant properties. Furthermore, the addition of both 
mesyl (3) and tosyl (4) groups decreased its antibacterial, 
antifungal, anticarcinogenic and antioxidant properties. 
However, the addition of isopentanoyl group, as in 5, 
increased both its antibacterial and antifungal properties, 
even more significantly than did the addition of 
monopentanoate 2. Overall, the alkyl ester groups (2, 5-6) 
had higher antimicrobial potential than did the sulphonyl 
ester groups (3-4) (Table 1). 

 
ADMET Properties 

The   web-based  rapid  ADMET   virtual   screening   or  

          Table 1. PASS-predicted Biological Activities of Galactopyranosides 1-6 
 

Biological activity 
Drug 

Antibacterial Antifungal Anticarcinogenic Antioxidant 

 Pa Pi Pa Pi Pa Pi Pa Pi 
1 0.541 0.013 0.628 0.016 0.731 0.008 0.667 0.004 
2 0.528 0.014 0.669 0.012 0.769 0.006 0.530 0.005 
3 0.408 0.028 0.436 0.042 0.433 0.026 0.288 0.025 
4 0.362 0.040 0.388 0.052 0.299 0.058 0.263 0.032 
5 0.566 0.011 0.689 0.010 0.555 0.015 0.408 0.011 
6 0.505 0.016 0.642 0.014 0.632 0.011 0.413 0.011 
TTC 0.694 0.005 0.523 0.023 - - - - 
FCZ - - 0.726 0.008 - - - - 

          Pa = probability ‘to be active’; Pi = probability ‘to be inactive’; TTC = tetracycline; FCZ = fluconazole. 
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filtering and prioritization of chemical structures can help 
researchers to identify promising drug candidates [45,48]. 
Also, nowadays, comprehensive studies of ADMET 
properties are routinely carried out at the early stage of drug 
discovery to reduce the attrition rate [48]. In the present 
study, the ADMET properties of galactopyranosides            
1-6 were predicted using the pkCSM online server 
(http://biosig.unimelb.edu.au) [45]. The results are shown in 
Table 2.  

Caco-2 permeability (C2P), human intestinal absorption 
(HIV), and P-glycoprotein inhibitor (P-gpI) were used to 
predict the absorption level of galactopyranosides (Table 2). 
The C2P of compounds 5 and 6 were found to be higher 
than that of other galactopyranosides. The addition of         
ester groups increased the HIA of all compounds, with 
compounds 2-6 having excellent %HIA, even better than 
that of fluconazole. Overall, the esters were predicted to be 
easily absorbed by HIA. 

Blood-brain barrier (BBB) membrane permeability and 
central nervous system (CNS) permeability were used to 
characterize the distribution of galactopyranosides. The 
BBB values, as presented in Table 2, indicated that the SEs 
could moderately  cross  BBB.  However,  the  compounds,  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

comparable to the fluconazole, were able to penetrate 
through CNS (Table 2). While compounds 1-3 were found 
to be CYP3A4 substrate, the rest of the compounds (i.e.,          
4-6) were found to be non-substrate. Total renal clearance 
of all the SEs was found to be higher than that of 
fluconazole.  

The acute toxicity of compounds 1-6 was predicted and 
expressed as hERG (the human Ether-à-go-go-Related 
Gene) inhibition and oral rat LD50 values. Compounds           
that inhibit or block the hERG potassium channels can 
potentially cause life-threatening arrhythmias [49]. In this 
study, all galactopyranosides were non-inhibitor of hERG 
and thus can be considered safe. These molecules had good 
LD50 values compared to those of fluconazole. Overall, the 
predicted toxicity parameters of the compounds were in 
good agreement with those of fluconazole.  
 
DFT-optimized Calculations of Different Properties 

A DFT-based method was used to calculate the 
thermodynamic properties of the compounds and predict the 
stability and other inherent properties of molecules. The 
results of the DFT calculations were used to estimate the 
thermodynamic   stability  of   galactopyranosides  1-6  and  

      Table 2. ADMET Calculation of Galactopyranoside-derived SEs 2-6 
 

Absorption Distribution  Metabolism Excretion Toxicity 
BBB  CNS  Drug C2P HIA 

(%) 
P-
gpI (Permeability) 

CYP3A4 
substrate 

Total 
clearance 

hERG 
inhibitor 

Toxicity 
(LD50) 

1 -0.247 33.43 No -0.992 -3.622 No 0.671 No 1.157 
2 -0.141 61.53 No -1.076 -3.237 No 1.557 No 1.620 
3 0.107 100 Yes -2.807 -3.517 No 1.701 No 2.373 
4 -0.151 100 Yes -2.864 -3.981 Yes 0.626 No 2.557 
5 0.966 93.98 Yes -1.675 -2.772 Yes 1.085 No 2.152 
6 0.862 100 Yes -1.608 -3.419 Yes 0.919 No 2.758 
FZ 1.191 87.82 No -1.200 -3.221 No 0.386 No 2.210 

     C2P = Caco-2 permeability (log Papp in 10-6 cm s-1, >0.90 indicates high permeability); HIA = human  intestinal       
     absorption (%absorbed, >30% is better absorbed); P-gpI = P-glycoprotein inhibitor; BBB (blood-brain barrier) is 
     expressed  as  logBB (logBB > -1.0 is  moderately   cross   blood-brain   barrier);  CNS  is  expressed   as  logPS  
     (logPS > -2.0 can easily  penetrate  the  CNS);  Total  clearance  is  expressed  in  log ml min-1 kg-1;  Toxicity  is        
     calculated in oral rat acute toxicity (mol/kg); FZ = fluconazole. 
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calculate MO and MEP energies. 
      Thermodynamic properties. The structures of MDG 1 
and its different esters (2-6) optimized by DFT (B3LYP/6-
31G(d,p) basis set at 298.15 K and 1.0 atm are shown in 
Fig. 1 (H atoms are not shown for clarity). All the molecules 
were found to have almost similar conformations and the 
same C1 symmetry. 

The thermodynamic properties of these compounds,  
such as their optimized energy, internal energy, enthalpy 
(ΔH), Gibbs free energy  (G),  entropy  and  dipole  moment  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(μ), were calculated at 298.15 K and 1.0 atm, and the results 
are presented in Table 3. 

It is known that the lower the energy of a molecule is, 
the more tightly its electron is bound to the nucleus and, 
hence, the more stable the molecule will be. In this study, 
with an increase in the number of acyl group(s) attached to 
galactopyranoside 1, the level of RB3LYP energy gradually 
decreased in galactopyranosides 2-6. Sulfonyl esters 3 and 4 
had the lowest energy, indicating that they had the highest 
stability. Internal energy  and  enthalpy  of  esters  2-6  were  

1 2 
3 

4 5 6 

1 2 
5 

4 

3 

O5 

 

Fig. 1. DFT (B3LYP/6-31G,d,p)-optimized structures of galactopyranosides 1-6. 
 
 

Table 3. RB3LYP Energy (Hartree), Internal Energy (IE) (Hartree), Enthalpy (Hartree), Gibbs Free Energy (GFE)  
                   (Hartree), Entropy (cal mol-1 K-1), and Dipole Moment (DM, Debye) of 1-6 
 

Drug MF Energy IE Enthalpy GFE Entropy DM 
() 

1 C7H14O6 -726.7054 -726.4665 -726.4656 -726.5208 116.188 1.2769 
2 C12H22O7 -997.3825 -997.0139 -997.0130 -997.0887 159.420 1.1957 
3 C15H28O13S3 -2761.2812 -2760.7857 -2760.7848 -2760.8940 229.948 8.2289 
4 C33H40O13S3 -3453.9463 -3453.1917 -3453.1907 -3453.3395 313.074 7.9937 
5 C27H46O10 -1808.9515 -1808.1902 -1808.1892 -1808.3207 276.578 3.5163 
6 C33H34O10 -2030.3304 -2029.6673 -2029.6663 -2029.7910 262.325 4.0331 
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also lower than those of non-ester galactopyranoside 1. 
Gibbs free energy (G), which includes both enthalpy and 
entropy, shows the spontaneity of a reaction at G < 0. With 
an increase in the size and number of ester groups, G values 
decreased in groups 2-6 more than in group 1 (Table 3), 
indicating the spontaneous binding of esters 2-6 to other 
substrates, such as enzymes, in their biological activities. 
Dipole moment (μ) is the measure of net molecular polarity 
and reflects binding affinity. The mesyl ester 3 had the 
highest μ (8.2289 Debye), followed by the tosyl ester 4 
(7.9937 Debye). In general, the attachment of acyl group(s) 
was found to increase the stability, polarity, spontaneous 
binding, and interaction of galctopyranoside esters 2-6 with 
other substrates. 
      Conformations of galactopyranosides 1-6. It can be 
seen from Fig. 1 that these Gal compounds existed in the 
normal 4C1 conformation. However, to confirm this finding, 
the bond angles of the pyranose ring of ester compounds  2-
6 were compared with those of non-ester 1 (Table 4). Gal 1 
is well-known to be present in the 4C1 conformation. 
Compared to the introduction of the original compound 1, 
the introduction of ester groups at different ring positions 
(C-2, C-3 and C-4) slightly changed the ring bond angles 
(Table 4). In a previous study, we found that a large 
difference of bond angles occurred during the deviation 
from the normal chair conformation of monosaccharide 
molecules [50]. In the present study, the very small bond 
angle changes which occurred due to the attachment of acyl 
groups showed that the MDG esters 2-6 had an almost 
normal 4C1 chair conformation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MO Analysis. MO theory is the most important 
quantum mechanical theory for describing and 
approximating molecular bonding. In this study, MOs, 
especially HOMO (highest occupied molecular orbital) and 
LUMO (lowest unoccupied molecular orbital) energies, 
were calculated for all the compounds based on their DFT-
optimized structures. Then, the HOMO-LUMO energy gap 
(ߝ) was used for the calculation of molecular hardness (η; 
η = 2/ߝ) and softness (S, S = 1/η) of galactopyranosides        
1-6. When the HOMO and LUMO orbital energies are 
closest to any molecular orbitals with different energy 
levels, the HOMO-LUMO gap is the most likely area where 
excitation energies may occur. HOMO-LUMO energy gap 
(ߝ) and other relevant properties of all galactopyranosides 
(1-6) are presented in Table 5. 

As is evident from Table 4, the HOMO-LUMO energy 
gap (ߝ) values of mesyl ester 3 (Fig. 2a) and isovaleryl 
ester 5 (Fig. 2b) are higher than that of the non-ester MDG 
(1). Hence, mesyl ester 3 and isovaleryl ester 5 are less 
reactive and more stable. However, the HOMO-LUMO 
energy gap (ߝ) values of tosyl ester 4 and benzoyl ester 6 
are lower than 1, indicating that esters 4 and 6 can be 
relatively more easily photochemically excited than esters 1, 
3 and 5. Accordingly, the molecular hardness of esters 1, 3, 
and 5 seems to be higher than that of esters 4 and 6. 

MEP Analysis. The MEP is the potential energy of a 
proton at a particular location near a molecule. While the 
negative electrostatic potential corresponds to an attraction 
of the proton by the concentrated electron density in          
the molecule, generally colored in  shades  of  red,  and  is  a  

 Table 4. Bond and Dihedral Angles of MDG 1-6 
 

Bond angle in degree 
Molecule 

O5-C1-C2 C1-C2-C3 C2-C3-C4 C3-C4-C5 C4-C5-O5 C5-O5-C1 
1 107.75 110.18 110.88 110.88 111.88 114.55 
2 108.95 109.85 110.41 109.84 112.03 114.51 
3 109.89 110.16 111.60 107.35 110.41 114.52 
4 109.53 106.07 109.79 108.70 110.45 113.84 
5 109.84 108.77 110.77 108.76 110.92 114.34 
6 109.44 108.80 111.41 108.96 111.20 114.16 

            *The values were calculated from their optimized structures. 
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favorable site for the electrophilic attack, the positive 
electrostatic potential corresponds to the repulsion of the 
proton by the atomic nuclei in regions where low electron 
density exists, usually colored in shades of blue, and is a 
favorable site for nucleophilic attack. The more the red-blue 
difference is, the more polar the molecule is. If the surface 
is largely white or colored with lighter shades, the             
molecule is mostly nonpolar. The MEP surfaces of 
galactopyranosides 1-6 are shown in Fig. 3.  

The MEP analysis (Fig. 3) showed that the incorporation 
of ester groups into MDG (1, -0.1560 eV) gradually 
increased its negative red color (-0.2026 to -0.2236 eV).  

Therefore, it can be stated that ester groups increased the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

maximum rate of the electrophilic attack in the molecule.            
In the case of sulfonyl esters 3 (+0.3139 eV) and 4                  
(+0.3270 eV), their positive electrostatic potential, 
illustrated by shades of blue, increased more than that of 
sulfonyl ester 1 (+0.1847 eV). On the contrary, the positive 
electrostatic potential of sulfonyl esters 2, 5 and 6 
decreased. As a result, the red-blue differences are more 
pronounced for esters 3 and 4, confirming their high dipole 
moment (μ) (Table 3). 
 
CONCLUSIONS 
 

Several   galactopyranoside-based  novel  SEs,  starting  

                           Table 5. HOMO and LUMO Energies (eV), Energy Gap, and Molecular Hardness and  
                                         Softness of Galactopyranosides 1-6 
 

Drug ߝHOMO LUMO Gap 
 (ߝ) 

Hardness 
 (η) 

Softness  
(S) 

1 -7.478 -0.526 6.958 3.479 0.287 
2 -7.342 -0.524 6.818 3.409 0.293 
3 -7.725 -0.592 7.133 3.567 0.280 
4 -6.876 -1.206 5.670 2.835 0.353 
5 -7.332 +0.113 7.445 3.723 0.269 
6 -6.910 -1.333 5.577 2.789 0.359 

 
 
 

DO
S 

Energy (eV) 

DO
S 

Energy (eV) 

(a) (b) HOMO LUMO 

GAP 

7.133 

HOMO LUMO 

GAP 
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Fig. 2. DOS plot of esters (a) 3 and (b) 5 for the HOMO-LUMO gap. 
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from methyl α-d-galactopyranoside (1), were synthesized 
and characterized successfully. The biological activities of 
all the synthesized compounds (1-6) were predicted by 
PASS online software. The results showed that the addition 
of the isopentanoyl group, as in 5, increased the 
antibacterial and antifungal properties of all compounds, 
even more significantly than did the addition of the 6-O-
pentanoate 2. Also, the alkyl ester compounds were found to 
have higher antimicrobial potential than the sulfonyl ester 
compounds. ADMET prediction showed that the SEs had a 
high safety profile and thus could be considered as 
promising drug candidates. More importantly, this study 
indicated that the addition of ester groups improved various 
thermodynamic properties, such as stability, polarity, 
spontaneous binding, and interaction with other substrates, 
of the Gal esters (2-6). Also, the related MO and MEP 
properties of different ester groups (1-6) were discussed 
above. 
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