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A B S T R A C T   

Direct unimolar one-step valeroylation of methyl α-D-mannopyranoside (MDM) furnished mainly 6-O-valeroate. 
However, similar reaction catalyzed by DMAP resulted 3,6-di-O-valeroate (21%) and 6-O-valeroate (47%) 
indicating reactivity sequence as 6-OH>3-OH>2-OH,4-OH. To get potential antimicrobial agents, 6-O-valeroate 
was converted into four 2,3,4-di-O-acyl esters, and 3,6-di-O-valeroate was converted into 2,4-di-O-acetate. Direct 
tetra-O-valeroylation of MDM gave a mixture of 2,3,4,6-tetra-O-valeroate and 2,3,6-tri-O-valeroate indicating 
that the C2–OH is more reactive than the equatorial C4–OH. The activity spectra analysis along with in vitro 
antimicrobial evaluation clearly indicated that these novel MDM esters had better antifungal activities over 
antibacterial agents. In this connection, molecular docking indicated that these MDM esters acted as competitive 
inhibitors of sterol 14α-demethylase (CYP51), an essential enzyme for clinical target to cure several infectious 
diseases. Furthermore, pharmacokinetic studies revealed that these MDM esters may be worth considering as 
potent candidates for oral and topical administration. Structure activity relationship (SAR) affirmed that satu
rated valeric chain (C5) in combination with caprylic (C8) chains was more promising CYP51 inhibitor over 
conventional antifungal antibiotics.   

1. Introduction 

Fatty acid esters of monohydric alcohols such as methanol or ethanol 
have been reported to be associated with reduced antimicrobial activity 
of fatty acids [1]. On the other hand, fatty acid esters of the polyhydric 
glycerol, i.e. monolaurin, have been found to increase their effectiveness 
as antimicrobial agent [2]. Accordingly, fatty acid esters of sugars with 
multiple hydroxyl groups constituted an important class of fatty acid 
derivatives, termed carbohydrate fatty acid (CFA) esters and/or sugar 
esters (SEs) [3]. These tasteless, and odorless SEs are composed of a 
hydrophilic carbohydrate moiety, and one or more fatty acids as lipo
philic moieties [4]. Therefore, SEs are amphiphilic, nontoxic, biode
gradable, nonirritating, and environment friendly [5]. In addition, the 
good stabilizing, and conditioning properties of CFA esters significantly 
contributed to their increased inclusion in daily commodities including 
as low caloric sweeteners, fat replacer, flavorings, and 

biosurfactants/emulsifiers in foods, food additives, detergents, and in 
pharmaceutical, biomedical, cosmetic, and oral-care products [6,7]. 

The properties of CFA esters can vary widely from a minute changes 
in their constituent fatty acid, and sugar moieties and therefore, it is of 
immense interest to develop CFA esters of diverse physicochemical 
properties with various biological functions. For examples, several CFA 
esters have reported to have antitumor, plant growth inhibitory, insec
ticidal, and miticidal, antibiotic, and antifriction property [8–12]. 
Therefore, CFA esters have long been used as versatile intermediates in 
the syntheses of many natural products due to the presence of multi
functional groups [13–15], in addition to their extensive use for design, 
and development of new drugs [16]. 

In recent decades, emergence of multiple drug resistant (MDR) 
pathogenic strains is a global health concern, a leading cause of noso
comial, and community infections [17]. Therefore, design and synthesis 
of new chemotherapeutic agents with novel mode of action is always 
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time-demanding dealing with MDR microbial strains. The structure ac
tivity relationship (SAR) of several mannopyranose esters with different 
side chains concluded that 6-O-myristoyl-D-mannopyranose [(Fig. 1(1)] 
was highly active against methicillin-resistant Staphylococcus aureus 
ATCC 33591 (MRSA), in addition to its prospective use as environment 
friendly antimicrobial in food processing, food preservation, and for 
treating bacterial and fungal diseases in animal, and plants [18]. Very 
recently, we reported that that incorporation of alkanoyl, and aromatic 
ester groups on octyl glucopyranoside [Fig. 1(2)] as carbohydrate 
moiety increased antimicrobial potentiality even at very low concen
tration (10 μgmL− 1) which may act as competitive inhibitors of lano
sterol 14α-demethylase [19]. 

Synthesis of CFA esters can be achieved by chemical and enzymatic 
methods, and industrial sugar esters are currently being manufactured 
by chemical syntheses. However, the two major challenges with CFA 
ester syntheses are- (i) the presence of several 2◦ hydroxyl groups of 
almost similar reactivity, mostly affecting functionalization (esterifica
tion) step leading to a mono-, di-, and polyesters [20], and (ii) the 
tremendous variation (variety) of carbohydrate structures. Accordingly, 
various methods have been attempted and reported in the last couple of 
decades for selective esterification (acylation) [21–32]. All the methods 
and/or strategies described were successful to some extents, however, 
suffered from numerous shortcomings, i.e. complex processes of multi
ple steps, tedious, expensive, low selectivity and extremely low yield 
[32,33]. Hence, in most of the cases, direct acylation method main
taining proper reaction conditions is preferred for the 
monosaccharide-based CFA ester synthesis to reduce the number of 
steps, and to increase the final yield(s) [23,29]. 

Most of the antifungal and antiprotozoal drugs are designed through 
targeting sterol 14α-demethylase (CYP51) inhibition [34] such as azoles 
(fluconazole; VNI; Fig. 2). Inactivity of CYP51 deters the biosynthesis of 
fungal essential ergosterol [34b]. However, MDR to azole class needs to 
identify non-azole scaffolds with high affinity for CYP51 [35]. Antimi
crobial activities especially antifungal susceptibility of CFA esters is also 
related to CYP51 inhibition [19,22] similar to azoles, papulacandins etc. 
In addition, sugar moieties with ester groups as in papulacandins led to 
higher solubility and reduced hemolytic toxicity [36]. Hence, one of our 
major objectives was to get non-azole type MDM based potential CYP51 
inhibitor to overcome MDR microbial strains. 

Even though the broad applications of SEs are known for many years, 
huge variation of their antimicrobial activities is one of the major 
drawbacks, and in addition, detail pharmacokinetic studies along with 
SAR were missing. In this study, we aimed at regioselective synthesis of 
valeroyl esters of MDM [Fig. 1(3)] employing direct and DMAP- 
catalyzed method, and successfully synthesized nine MDM esters 
[Fig. 2(4–12)]. The detail investigation of PASS (prediction of activity 
spectra for substances), in vitro antimicrobial activities, molecular 
docking with sterol 14α-demethylase (CYP51), MM-GBSA binding af
finity analyses, and pharmacokinetic calculations (ADME/T, drug- 
likeness) including SAR for competitive CYP51 inhibitors of 4–12 are 
discussed. 

2. Results and discussion 

2.1. Regioselective 6-O-valeroylation of mannopyranoside 

Initially, methyl α-D-mannopyranoside (MDM, 3) was reacted with 
valeroyl chloride in dry pyridine at low temperature for 18 h, followed 

by chromatographic purification gave a semi-solid (Scheme 1). 
Stretching bands at 3250–3550 (br, OH), 1733 (CO), 1059 cm− 1 

(pyranose ring) in its FT-IR spectrum indicated the attachment of only 
one valeroyl group with MDM molecule (Fig. S1). The 1H NMR spectrum 
clearly showed a two-proton triplet at δ 2.37 (J = 7.4 Hz), two two- 
proton multiplets at δ 1.55–1.64 and 1.30–1.40, and a three-proton 
triplet at δ 0.91 (J = 7.4 Hz) indicating the attachment of one valer
oyloxy group in the molecule. In addition, H-6a (at δ 4.40 as dd, J = 12.2 
5.0 Hz) and H-6b (at δ 4.22–4.32 as br m) resonated considerable 
downfield as compared to its precursor MDM (usual value for H-6a is δ 
~3.85 and for H-6b is δ ~3.75) [37,38] which clearly demonstrated the 
incorporation of valeroyloxy group at C-6 position. This observation was 
furthermore confirmed by the HMBC spectrum (Fig. S8). The 13C NMR 
spectrum showed the presence of only one carbonyl peak at δ 174.1, and 
four additional aliphatic carbon signals at δ 34.1, 26.9, 22.2 and 13.6. 
Altogether the FT-IR, 1H & 13C NMR, COSY, and HMBC spectra 
(Figs. S1–S10) unambiguously confirmed the MDM ester as methyl 
6-O-valeroyl-α-D-mannopyranoside (4). 

2.2. DMAP-catalyzed valeroylation: synthesis of methyl 3,6-di-O- 
valeroyl-α-D-mannopyranoside (5) and methyl 6-O-valeroyl-α-D- 
mannopyranoside (4) 

Unimolar valeroylation of MDM (3) in presence of 4-dimethylamino
pyridine (DMAP) in pyridine at low temperature gave two faster moving 
products with Rf = 0.59 and Rf = 0.31 (chloroform/methanol = 5:1; 
Scheme 2). Initial elution with chloroform/methanol provided the 
faster-moving component (Rf = 0.59) in 21% as a semi-solid which 
resisted crystallization. 

This semi-solid component showed bands at 3300–3600 (br), 1747, 
1718 and 1062 cm− 1 in FT-IR spectrum, corresponding to OH, CO and 
pyranose ring stretching, respectively. These observations indicated the 
partial attachment of valeroyl groups in MDM molecule. Further, the 1H 
NMR showed extra eighteen aliphatic characteristic protons corre
sponded to two valeroyl groups, and thus, confirmed the attachment of 
two valeroyloxy groups in the molecule, which was furthermore, 
corroborated by 13C NMR spectra; two carbonyl peaks appeared at δ 
174.1 and 173.5. The reasonable downfield shift of H-3 to δ 5.11 (as dd) 
from its usual value ~δ 3.89 ppm [37], and H-6 to δ 4.54 (1H as dd), and 
4.31 (1H as dd) as compared to 3 [38,39] clearly suggested the 
attachment of valeroyl groups at C-3 and C-6 positions. These altogether 
observations (Figs. S11–S15), assigned the synthesized MDM ester as 
methyl 3,6-di-O-valeroyl-α-D-mannopyranoside (5). Fig. 1. Structure of compounds 1–3.  

Fig. 2. Synthesized MDM SEs, fluconazole, and VNI.  

Scheme 1. Reagents and conditions: (a) Py, C4H9COCl, 0 ◦C-rt, 18 h, 79%.  
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Furthermore, elution with chloroform/methanol (15:1) provided the 
slower-moving component (Rf = 0.31) in 47% yield as a semi-solid 
(Scheme 2). This compound was found completely identical as pre
pared earlier by direct method, and hence, assigned as 6-O-valeroate 4. 
Formation of 3,6-di-O-valeroate 5, and 6-O-valeroate 4 demonstrated 
that during DMAP-catalyzed valeroylation reactivity of OH groups in 
MDM is: 6-OH>3-OH>2-OH,4-OH. 

Let us consider the mechanism for 3,6-di-O-valeroate 5 formation 
under DMAP-catalyzed reaction; N-acyl(4-dimethylamino)pyridinium 
ion selectively attacks the less hindered equatorial C3 OH position of the 
initially formed 6-O-valeroate 4, as evident by similar type of previous 
observation [40]. The abstraction of a proton from the complex 4a by 
pyridine facilitates removal of DMAP to produce compound 5 (Fig. 3). 

2.3. Synthesis of 2,3,4-tri-O-acyl esters of 6-O-valeroate 4 

To confirm the structure of 6-O-valeroate 4 and to get new CFA esters 
with various chain length (C2–C10) we have synthesized four 2,3,4-tri- 
O-acyl esters 6–9 employing acetic anhydride, hexanoyl chloride, 
octanoyl chloride and decanoyl chloride. Initially, 2,3,4-triol 4 on re
action with acetic anhydride in anhydrous pyridine in the presence of 
DMAP for 11 h afforded a faster moving single product compound as a 
thick syrup (93% yield; Scheme 3) 

The FT-IR spectrum analysis of this syrup clearly showed four 
carbonyl stretching peaks at 1759, 1755, 1753, and 1738 cm− 1. 
Furthermore, the frequency corresponding to OH group(s) was absent, 
indicating the tri-O-acetylation of the molecule. The 1H NMR spectrum 
indicated a three-proton singlet at δ 3.42 (assigned for anomeric OCH3 
protons), and three three-proton singlets at δ 2.16, 2.05 and 2.00 
(assigned as acetyl methyl protons). The H-2, H-3 and H-4 protons 
appeared at δ 5.25, 5.35 and 5.29, respectively while those were at δ 
3.92, 3.78 and 3.64, respectively in its precursor 6-O-valeroate 4. These 
downfield shifts confirmed the attachment of acetyloxy groups at C-2, C- 
3 and C-4 positions. These were further affirmed by its 13C NMR spectra; 

three acetyl carbonyl peaks appeared at δ 170.0, 169.8, and 169.6, along 
with three acetyl methyl carbons resonated at δ 20.8, 20.7, and 20.6. 
Therefore, the structure of the acetate was assigned as methyl 2,3,4-tri- 
O-acetyl-6-O-valeroyl-α-D-mannopyranoside (6; Figs. S16–S20). 

Further reaction of 4 with 3.3 molar equivalent hexanoyl chloride in 
pyridine in the presence of DMAP for 14 h followed by chromatography 
gave a semi-solid product (86% yield; Scheme 3). This semi-solid 
product had four bands at 1739, 1725, 1713, and 1695 cm− 1 for CO 
group, and no bands were observed for OH group, indicating that the 
attachment of hexanoyl groups in the molecule. This interpretation was 
furthermore supported by the 1H and 13C NMR spectra (Figs. S21–S25); 
1H NMR showed the characteristic extra thirty-three protons (equivalent 
in numbers to three hexanoyl groups added to the molecule) in addition 
to valeroyl’s nine protons. These observations unambiguously estab
lished the newly synthesized compound as methyl 2,3,4-tri-O-hexanoyl- 
6-O-valeroyl-α-D-mannopyranoside (7). 

Similarly, separate reaction of triol 4 with 3.3 molar equivalent 
octanoyl chloride and decanoyl chloride followed by chromatography 
gave 2,3,4-tri-O-octanoate 8 (Fig. S26-S30), and 2,3,4-tri-O-decanoate 9 
(Figs. S31–S35), respectively in good yields (Scheme 3). 

2.4. Synthesis of methyl 2,4-di-O-acetyl-3,6-di-O-valeroyl-α-D- 
mannopyranoside 10 

In compound 5, C-2 and C-4 OH groups are free. We have exploited 
these positions for acetylation employing dimolar acetic anhydride. 
Thus, treatment of 3,6-di-O-valeroate 5 with acetic anhydride in pyri
dine in the presence of catalytic amount of DMAP yielded a syrup in 89% 
yield (Scheme 4). 

The FT-IR spectrum of the reaction product showed characteristic 
peaks at 1763, 1756, 1747, 1733 (CO), and 1086 cm− 1 while the 
stretching band for OH group(s) was absent, indicating the complete 
acetylation of 3,6-di-O-valeroate 5. The 1H NMR spectrum of the 

Scheme 2. Reagents and conditions: (a) Py, C4H9COCl, DMAP, 0 ◦C-rt, 16 h, 5 
(21%), 4 (47%). 

Fig. 3. Mechanism for the formation of DMAP-catalyzed 3,6-di-O-valeroate 5.  

Scheme 3. Reagents and conditions: (a) Py, Ac2O/RCOCl, DMAP, 0 ◦C-rt, 
11–16 h. 
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compound had two additional three-proton singlets at δ 2.15 and 2.03, 
and the 13C NMR spectrum indicated two additional carbonyl (CO) 
signals at δ 169.9 and 169.6, and two methyl carbon signals at δ 20.7 and 
20.6, together confirmed the attachment of two acetyl groups in this 
compound. Furthermore, a downfield shift of H-2 (δ 5.24) and H-4 (δ 
5.31) indicated the attachment of acetyl group at C-2 and C-4 positions, 
respectively, fully corroborating with the HMBC experiments. There
fore, all these observations, together assigned the structure of compound 
as methyl 2,4-di-O-acetyl-3,6-di-O-valeroyl-α-D-mannopyranoside (10; 
Figs. S36–S44). 

2.5. Synthesis of per-O-valeroyl esters of MDM (3) 

To compare biological activities and to examine positional effect of 
acyl groups we extended direct acylation method to prepare per-O- 
valeroyl MDM; treatment of 4 with little excess valeroyl chloride for 14 h 
followed by chromatographic purification gave a homogeneous syrup 
(91%; Scheme 5). On the basis of its 1H NMR (which showed attachment 
of additional 27 protons) and other spectroscopic analyses 
(Figs. S45–S50) the compound was unambiguously established as 
methyl 2,3,4,6-tetra-O-valeroyl-α-D-mannopyranoside (11). 

On the other hand, direct valeroylation of 3 with excess valeroyl 
chloride showed sluggish reaction and hence we increased temperature 
up to 45 ◦C. After 16 h work-up followed by purification yielded major 
faster-moving compound (Rf = 0.58, 56%) along with slower-moving 
compound (Rf = 0.49, 26%; Scheme 5). The FT-IR, 1H and 13C NMR 
spectra of higher Rf compound were found identical to that of the 
compound 11 prepared from 6-O-pentanoate 4. The slower-moving 
minor compound showed characteristic OH bands at 3308-3560 cm− 1 

in its FT-IR spectrum. The presence of OH stretching band indicated the 
partial valeroylation of MDM molecule. Appearance of extra twenty- 
seven protons (three valeroyloxy groups), and three CO peaks in its 1H 
and 13C NMR spectrum, respectively as well as considerable downfield 
shift of H-2, H-3, and H-6 as compared to 3 [38,39] confirmed the 
attachment of valeroyl group at C-2, C-3, and C-6 positions. Thus, it was 
assigned as methyl 2,3,6-tri-O-valeroyl-α-D-mannopyranoside (12; 
Figs. S51–S56). 

Formation of 2,3,6-tri-O-valeroate 12 from MDM (3) further proved 
that 4-OH is the least reactive among OH groups in MDM. Thus, along 
with our previous observation as described in earlier sections for 
regioselective valeroylation by direct, and DMAP-catalyzed method, we 
can conclude that the reactivity of all OH groups in MDM (3) follow the 
order: 6-OH>3-OH>2-OH>4-OH. 

2.6. Computational antimicrobial activities evaluation using PASS 

Web based PASS (prediction of activity spectra for substances; 
http://www.pharmaexpert.ru/PASSonline/index.php) was used for the 
evaluation of antimicrobial activities of the compounds, as reported 
previously [27]. The PASS prediction data of the mannopyranoside 
derivatives 4–12 clearly indicated that the MDM esters reported here 
had reasonable antimicrobial activities (Table 1). However, the pre
dicted biological activities against bacteria (0.52<Pa<0.58) and fungi 
(0.62<Pa<0.71) clearly suggested that the MDM esters could be more 
potent against phytopathogenic fungi as compared to that against bac
terial pathogens. The PASS study also revealed that compounds identi
fied from the present study have various potential biological activities, 
and further studies are needed to validate these predictions. 

2.7. In vitro antimicrobial activities of MDM esters 4–12 

2.7.1. Effects against bacteria 
The antibacterial activities of the MDM esters were evaluated against 

one Gram-positive (Staphylococcus aureus), and two Gram-negative 
(Escherichia coli and Pseudomonas aeruginosa) bacteria using disc diffu
sion method [9,26]. The antibacterial activities were expressed as size of 
inhibition zone (diameter in mm; Table 2; Fig. 4a). None of the com
pounds showed any observable antibacterial effects against 
Gram-negative bacterial while all compounds had very similar anti
bacterial effects against Gram-positive Staphylococcus aureus (Table 2). 
Effectiveness against Gram-positive S. aureus (MRSA) was previously 
observed for mannose monoester 1 in pyranose form [18]. However, the 
present MDM ester series (pyranoside form) showed little activity 
against MRSA probably due to more lipophilicity (presence of multiple 
acyl chains) and glycosidic nature. 

Scheme 4. Reagents and conditions: (a) Py, Ac2O, DMAP, 0 ◦C-rt, 11 h, 89%.  

Scheme 5. Reagents and conditions: (a) 4, Py, C4H9COCl, DMAP, 0–45 ◦C, 14 h, 
91%; (b) 3, Py, C4H9COCl, DMAP, 0–45 ◦C, 16 h, 11: 56% & 12: 26%. 

Table 1 
PASS predicted biological activity of MDM esters.   

Biological Activity 

Drug Antibacterial Antifungal 

Pa Pi Pa Pi 

3 0.541 0.013 0.627 0.016 
4 0.528 0.014 0.669 0.012 
5 0.570 0.011 0.706 0.009 
6 0.558 0.012 0.675 0.011 
7 0.551 0.012 0.673 0.011 
8 0.551 0.012 0.673 0.011 
9 0.551 0.012 0.673 0.011 
10 0.574 0.010 0.692 0.010 
11 0.551 0.012 0.673 0.011 
12 0.578 0.010 0.699 0.010 

Pa = Probability ‘to be active’; Pi = Probability ‘to be inactive’ 

Table 2 
Antibacterial effects of MDM esters 4–12.  

Diameter of zone of inhibition in mm (5 μg.dw ⁄ disc) 

Type→ G-(+ve) G-(-ve) G-(-ve) 
Drug S. aureus E. coli P. aeruginosa 

3 08 ± 0.50 NI NI 
4 08 ± 0.50 NI NI 
5 09 ± 1.00 NI NI 
6 09 ± 0.55 NI NI 
7 09 ± 0.35 NI NI 
8 09 ± 0.50 NI NI 
9 09 ± 0.35 NI NI 
10 08 ± 0.70 NI NI 
11 09 ± 0.45 NI NI 
12 08 ± 0.60 NI NI 
TC[a] *22 ± 0.58 *25 ± 0.50 *22 ± 0.41 

Data are presented as Mean ± SD. TC = tetracycline; NI = no inhibition; dw =
dry weight; * = good inhibition; [a] standard antibiotic (25 μg/disc). 
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2.7.2. Antifungal activities 
The evaluation of in vitro antifungal activities [9] of MDM esters 

4–12 against two pathogenic fungi viz. Aspergillus fumigatus ATCC 
46645, and Aspergillus niger ATCC 16404 clearly indicated that all the 
MDM esters had excellent antifungal activities (Table 3; Fig. 4b). To be 
more precise, the antifungal activities of MDM esters were very similar 
and/or even better than that observed with standard antibiotic flucon
azole (Table 3) against A. fumigatus. Among the MDM esters 2,3,4-tri-
O-octnoate 8 (*80.0%) showed highest inhibition followed by 
6-O-valeroate 4 (*71.6%) and 2,3,6-tri-O-valeroate 12 (*71.6%), while 
the inhibitory activity of standard antibiotic fluconazole was *65.0%. 
However, only methyl 2,3,4-tri-O-octnoyl-6-O-valeroate 8 exhibited 
very good inhibitory activities (*69.7%) against A. niger, which was very 
much better than that of the standard antifungal antibiotic fluconazole 
(37.1%). More potentiality against fungal pathogens especially 
A. fumigatus by these MDM-based CFA esters are probably due to 
increased lipophilicity (presence of multiple acyl chains) and glycosidic 
nature (discussed in SAR section). 

2.8. Molecular docking studies 

To rationalize the excellent in vitro experimental antifungal results of 
MDM esters 4–12 we conducted their biding affinity with sterol 14α- 
demethylase (CYP51). Here, we considered XP docking to filter out the 
false positive ligand by strict scoring function [41], and used two known 
reference ligands (VNI; PubChem CID: 49867823, and fluconazole; 
PubChem CID: 3365) for rigorous validation. Most of the MDM-based 
CFA esters (4, 5, 7–12) possess higher binding affinity (− 7.2 to − 11.8 
kcal/mol) compared to azole type CYP51 inhibitor fluconazole (− 7.147 

kcal/mol). These observations clearly supported our PASS and in vitro 
results that the non-azole type MDM esters had better inhibitory po
tentiality against CYP51 over azole type fluconazole (Table 4). 

Interestingly, compound 8 showed the highest negative docking 
score of − 11.836, followed by compound 9 (− 10.521) while the docking 
score for reference ligand VNI was − 10.249 and fluconazole was − 7.147 
only (Table 4). Detail investigation of non-bond interaction of com
pound 8, and reference VNI with sterol 14α-demethylase showed 
different patterns of bonds. For examples, VNI had one conventional 
hydrogen bond, one carbon hydrogen bond, two alkyl bonds, and ten pi- 
alkyl bonds (Fig. 5a). On the other hand, compound 8 showed three 
conventional hydrogen bonds, one carbon hydrogen bond, ten alkyl 
bonds, and two pi-alkyl bonds (Figs. 5b and 6). The increased number of 
conventional hydrogen bonds is a clear indication for a strong binding of 
compound 8 with sterol 14α-demethylase. Therefore, the observed 
profound antimicrobial activity of compound 8 could be originated from 
the inhibition of sterol 14α-demethylase which may lead to stop ergos
terol synthesis, facilitating leaking of microbial cell membrane. 

2.9. MM-GBSA measurement 

Molecular mechanics-generalized born surface area (MM-GBSA) 
measurement indicated that with the addition of multiple ester groups 
(increasing hydrophobicity), and chain lengths binding affinity with 
sterol 14α-demethylase increases (Table S1). To our surprise, more hy
drophobic MDM esters 5–12 showed better binding affinity with CYP51 
than azole type CYP51 inhibitor fluconazole. More importantly, com
pound 8 had the highest binding affinity (− 84.24 kcal/mol) over 
reference VNI (− 83.93 kcal/mol), and fluconazole (− 46.58 kcal/mol) 
(Table S1). These observations clearly revealed that novel compound 8 

Fig. 4. (a) Diameter of zone of inhibition in mm against bacteria (TC = tetracycline), (b) %age of inhibition against fungal pathogens (FCZ = fluconazole).  

Table 3 
Zone of inhibition (%) against fungal pathogens by MDM esters.  

Percentage of zone of inhibition 

Drug wt.μg/mL PDA A. fumigatus A. niger 

3 100 31.6 ± 0.34 NI 
4 100 *71.7 ± 0.68 39.4 ± 0.40 
5 100 *70.0 ± 0.12 24.2 ± 0.40 
6 100 *66.7 ± 0.49 18.2 ± 0.33 
7 100 *65.0 ± 0.54 54.5 ± 0.37 
8 100 *80.0 ± 0.81 *69.7 ± 0.74 
9 100 *70.0 ± 0.44 51.5 ± 0.28 
10 80 *66.7 ± 0.58 21.2 ± 0.37 
11 100 *68.3 ± 0.34 48.5 ± 0.50 
12 100 *71.7 ± 0.58 18.2 ± 0.39 
FCZ[a] 12.5 *65.0 ± 0.25 37.1 ± 0.17 

Data are presented as Mean ± SD. FCZ = fluconazole; NI = no inhibition; dw =
dry weight; * = good inhibition; [a] standard antibiotic. 

Table 4 
Extra precision (XP) Glide molecular docking results of MDM esters against 
sterol 14α-demethylase.  

Drugs Docking score 
(kcal/mol) 

Glide energy 
(kcal/mol) 

Glide ligand 
efficiency 

Glide emodel 
(kcal/mol) 

8 − 11.836 − 64.997 − 0.257 − 98.899 
9 − 10.521 − 67.736 − 0.202 − 47.747 
VNI − 10.249 − 57.187 − 0.278 − 83.708 
7 − 8.787 − 60.802 − 0.22 − 79.398 
11 − 8.167 − 57.358 − 0.221 − 79.743 
12 − 7.63 − 49.494 − 0.246 − 68.819 
5 − 7.506 − 42.097 − 0.3 − 51.338 
10 − 7.341 − 51.338 − 0.237 − 71.069 
4 − 7.218 − 36.896 − 0.38 − 47.944 
FCZ − 7.147 − 36.927 − 0.325 − 49.09 
6 − 6.276 − 46.297 − 0.224 − 53.8 
3 − 5.704 − 21.508 − 0.439 − 23.063  
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Fig. 5. Binding modes of compounds with sterol 14α-demethylase. Molecular interactions are displayed in hydrophobic surface view. The hydrophobic intensities of 
the binding site ranged from − 3.00 (least hydrophobic area – shaded blue) to 3.00 (highly hydrophobic area – shaded brown). (a) VNI and sterol 14α-demethylase 
complex; (b) compound 8 and sterol 14α-demethylase complex. 

Fig. 6. The best non-bonding interactions of MDM esters 8 in the active site of CYP51 in 2D and 3D style.  
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may act as competitive inhibitors of sterol 14α-demethylase (CYP51). 

2.10. ADME/T studies 

Pharmacokinetic study of the synthetic compounds was conducted 
using pkCSM [42], (Table S2). First, all MDM esters were water soluble, 
except compound 7 and 11, and all had a good Caco-2 cell line 
permeability, except the compound 4 and 5 which were very poorly 
permeable. All CFA esters showed good intestinal absorption rate and 
skin permeability, the properties of potential candidates as oral and 
topical drugs. In addition, most of the MDM esters did not show any 
noticeable interactions with p-glycoprotein, a biological barrier 
extruding xenobiotics/drugs reducing the bioavailability of the orally 
taking drugs [43]. Therefore, all CFA showed overall satisfactory ab
sorption rate. 

The volume of distribution (VD) is the theoretical volume that the 
total dose of a drug would need to be uniformly distributed to give the 
same concentration as in blood plasma. The higher the VD is the more of 
a drug is distributed in tissue rather than plasma. Here, VD of all com
pounds is low. The fraction unbound in plasma is an important deter
minant of drug efficacy, because in general, only the unbound drug is 
capable of interacting with pharmacological target proteins such as re
ceptors, channels, and enzymes and is able to diffuse between plasma 
and tissues. Here, all compounds showing high unbound fraction while 
SEs 7, 8, and 9 are medium. In addition, CNS permeability and blood 
brain barrier (BBB) permeability showing similar data, where all com
pounds are unable to pass CNS and very poorly permeable to BBB, which 
is important to reduce unusual side effects. Therefore, these CFA esters 
showed good distribution rate providing high fraction unbound in 
plasma. 

Cytochrome P450 is an important detoxification enzyme in the body; 
it oxidizes xenobiotics to facilitate their excretion. Many drugs are 
deactivated by the cytochrome P450, and some can be activated by it. 
Here, the synthetic compounds did not inhibit the isoforms CYP1A2, 
CYP2C19, CYP2C9, CYP2D6 and CYP3A4 of cytochrome P450. Inter
estingly, our synthetic compounds are not likely to be CYP2D6 substrate, 
but SEs 5–12 metabolite by CYP3A4. These data suggested that these 
novel CFA esters were not metabolized by maximum isoforms of cyto
chrome P450. Hence, metabolism of CFA esters showed satisfactory 
results by avoiding cytochrome P450 metabolism. 

Organic cation transporter 2 (OCT2) is a renal uptake transporter 
that plays an important role in disposition and renal clearance of drugs. 
Here, all compounds are not likely to be OCT2 substrate, except com
pounds 7 and 8. Total clearance of drugs is also calculated, which will be 
helpful for dosing rate of drug. The entire novel SEs did not show any 
toxicity in AMES toxicity, hepatotoxicity and skin sensitization analyses. 
They also did not inhibit human ether a go-go gene (hERG) indicating 
safer drug nature. Inhibition of hERG by any drug causes for the 
development of acquire long QT syndrome, which lead to fatal 

ventricular arrhythmia. 

2.10.1. Drug-likeness studies 
Pharmaceutically relevant all physicochemical properties of CFA 

esters like number of heavy atoms, number of aromatic heavy atoms, 
fraction Csp3, rotatable bonds, number of hydrogen bonds acceptors and 
donors, molar refractivity (MR), and topological polar surface area 
(TPSA) were consider for drug-likeliness evaluation (Table 5). Different 
studies reported that number of heavy atoms should be 20 to 70, fraction 
Csp3 should be > 0.25, rotatable bonds should be ≤ 10, number of H- 
bonds acceptors should be ≤ 10, number of H-bonds donors ≤5, MR 
should be between 40 and 130 and TPSA should be ≤ 140. Further, we 
considered different computational filter of Lipinski, Ghose, Veber, Egan 
and Muegge which developed based on different cut off values of 
physicochemical properties of molecules. Here, compound 9 showed 2 
Lipinski violations while 7, 8 and 11 showed 1 violation and rest of the 
compounds showed 0 violations. All the SEs satisfied Lipinski rule of five 
except compound 9. Hence, we consider other filter where maximum 
compounds were satisfied the drug-likeness evaluation and bioavail
ability score of all compounds satisfied drug-likeness test except C10 
chain containing compound 9. 

2.11. Structure activity relationship (SAR) 

We attempted to derive structure activity relationship (SAR) of the 
MDM esters on the basis of our PASS, in vitro activity tests, docking, and 
MM-GBSA binding affinity results to shed light into the mechanisms of 
antimicrobial activity. Firstly, with the addition of mono to multiple 
ester group(s) and elongation of chain lengths (C2–C10) hydrophobicity 
of the resulting MDM esters gradually increased. This increased hydro
phobicity perhaps could because of the improved hydrophobic mem
brane permeation [19,22,44] and as a consequence microorganism lose 
their membrane integrity followed by lysis. Secondly, in general, with 
the increase of chain length antifungal activity, and binding affinity 
gradually enhanced up to C8 and then decreases with elongation of 
chain length (C10) (Tables 2–4). 

Overall, it was evident that addition of valeroyl (C5) and octanoyl 
(C8) groups, especially valeroyl at C-6 position and octanoyl at C-2, C-3 
and C-4 positions as in compound 8, increased both docking MM-GBSA 
binding affinity profoundly with sterol 14α-demethylase (CYP51; Ta
bles 4 and S1; Figs. 5 and 6). The high affinity with CYP51 compared to 
VNI, and fluconazole inhibit ergosterol biosynthesis, facilitating leaking 
of microbial cell membrane. Thus, our experimental results depicted 
most of these MDM esters as potent antifungal agents via CYP51 inhi
bition. To this end, we believe that the approaches for new and/or 
derived non-azole type antimicrobial agents that we report here may 
pave a way dealing with increased antibiotic resistivity, and may of 
great interest from global public health viewpoint. 

Table 5 
Drug-likeness evaluation of CFA esters using SwissADME.  

Categories Parameters 3 4 5 6 7 8 9 10 11 12 

Physico-chemical properties Heavy atoms 13 19 25 28 40 46 52 31 37 31 
Aromatic heavy atoms 0 0 0 0 0 0 0 0 0 0 
Fraction Csp3 1 0.92 0.88 0.78 0.87 0.89 0.9 0.81 0.85 0.86 
Rotatable bonds 2 7 12 13 25 31 37 16 22 17 
H-bond acceptors 6 7 8 10 10 10 10 10 10 9 
H-bond donors 4 3 2 0 0 0 0 0 0 1 
Molar refractivity 40.47 64.62 88.78 93.84 151.52 180.36 209.2 108.26 137.1 112.94 
TPSA 99.38 105.45 111.52 123.66 123.66 123.66 123.66 123.66 123.66 117.59 

Drug-likeliness filters Lipinski violations 0 0 0 0 1 1 2 0 1 0 
Ghose violations 1 1 0 0 3 4 4 0 3 0 
Veber violations 0 0 1 1 1 1 1 1 1 1 
Egan violations 0 0 0 0 0 1 1 0 0 0 
Muegge violations 2 0 0 0 2 3 3 1 2 1 
Bioavailability Score 0.55 0.55 0.55 0.55 0.55 0.55 0.17 0.55 0.55 0.55  
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3. Conclusion 

We presented a general and convenient method to synthesize a series 
of regioselective mannopyranoside based novel CFA esters reasonably in 
good yields. The applicability of these CFA esters as antimicrobials was 
tested. Both PASS predication and in vitro evaluation established them as 
better antifungal agent(s) than standard antibiotic. Pharmacokinetic 
studies like ADME/T, drug-likeness, and medicinal chemistry friendli
ness analyses revealed that these CFA esters possess good results, and 
hence, all compounds (except 9) are oral and topical active candidates. 
Molecular docking study revealed the detailed binding mode of CFA 
esters with sterol 14α-demethylase, where compound 8 showed best 
binding mode contributing 3 conventional hydrogen bonds. Molecular 
mechanics-generalized born surface area (MM-GBSA), all computational 
and SAR study concluded that amongst the saturated acyl chains, valeric 
chain (C5) in combination with caprylic (C8) chains, as in novel com
pound 8, was found the most promising against fungal pathogens, and 
may act as competitive inhibitors of sterol 14α-demethylase comparable 
to fungal antibiotic. It is anticipated that compound 8, and other 
structures that emerge in coming years, will provide rationales to 
address profound CYP51 inhibitory activities with diversity of non-azole 
type mannopyranoside esters. 

4. Experimental section 

4.1. Instrumentation and materials 

Thin layer chromatography (TLC) was performed on Kieselgel GF254 
plates and the plates were heated at 150–200 ◦C by spraying with 1% 
methanolic H2SO4 until coloration took place. Column chromatography 
(CC) was performed with silica gel G60. Evaporations were conducted 
below 40 ◦C in a Buchi rotary evaporator (R-100, Switzerland) under 
reduced pressure. The solvent system employed for the TLC and CC was 
chloroform/methanol and/or n-hexane/ethyl acetate in different pro
portions. FT-IR spectra were recorded on a FT-IR spectrophotometer 
(Shimadzu, IR Prestige-21) in KBr technique. 1H (400 MHz) and 13C 
(100 MHz) NMR spectra were recorded in CDCl3 solution using tunable 
multinuclear probe (Bruker DPX-400 spectrometer, Switzerland). 
Chemical shifts were reported in δ unit (ppm) maintaining TMS as an 
internal standard, and J values are shown in Hz. Elemental analyses 
were conducted with a C,H-analyzer. Solvents and commercially avail
able chemicals (Merck) were purified by standard methods or used as 
purchased. 

4.2. Synthesis 

4.2.1. Methyl 6-O-valeroyl-α-D-mannopyranoside (4) 
To a cooled (0 ◦C) mixture of methyl α-D-mannopyranoside (MDM, 3) 

(3.0 g, 15.450 mmol) and pyridine (5 mL) was added valeroyl chloride 
(pentanoyl chloride) (2.05 g, 17.001 mmol) slowly. The reaction 
mixture was stirred at 0 ◦C for 4 h and then overnight at room tem
perature when TLC indicated the complete conversion of the starting 
compound into a faster moving product (Rf = 0.31, chloroform/meth
anol = 5:1). Ice was added to the flask to decompose excess reagent. 
Usual work-up followed by elution with chloroform/methanol (10:1, v/ 
v) provided compound 4 (3.40 g, 79%) as semi-solid. Rf = 0.31 (chlo
roform/methanol = 5:1); FT-IR (KBr) νmax/cm− 1: 3250–3550 (br OH), 
1733 (C––O), 1059 cm− 1 (pyranose ring). 1H NMR (400 MHz, CDCl3): δH 
4.69 (s, 1H, H-1), 4.40 (dd, J = 12.2 and 5.0 Hz, 1H, H-6a), 4.22–4.32 
(br m, 4H, H-6b and 3 × OH), 3.92 (dd, J = 3.6 and 1.2 Hz, 1H, H-2), 
3.78 (dd, J = 9.6 and 3.6 Hz, 1H, H-3), 3.69–3.73 (m, 1H, H-5), 3.64 (t, J 
= 9.6 Hz, 1H, H-4), 3.37 (s, 3H, OCH3), 2.37 [t, J = 7.4 Hz, 2H, 
CH3(CH2)2CH2CO], 1.55–1.64 (m, 2H, CH3CH2CH2CH2CO), 1.30–1.40 
[m, 2H, CH3CH2(CH2)2CO], 0.91 [t, J = 7.4 Hz, 3H, CH3(CH2)3CO]. 13C 
NMR (100 MHz, CDCl3): δC 174.1 [CH3(CH2)3CO], 100.9 (C-1), 71.5, 
70.5, 70.4, (C-2/C-3/C-5), 67.7 (C-4), 63.8 (C-6), 54.8 (OCH3), 34.1 

[CH3(CH2)2CH2CO], 26.9 (CH3CH2CH2CH2CO), 22.2 
[CH3CH2(CH2)2CO], 13.6 [CH3(CH2)3CO]. Anal. Calcd for C12H22O7 
(278.3): C, 51.79; H, 7.97. Found: C, 51.85; H, 7.99. 

4.2.2. Methyl 3,6-di-O-valeroyl-α-D-mannopyranoside (5) and methyl 6-O- 
valeroyl-α-D-mannopyranoside (4): DMAP catalyzed valeroylation 

Reaction of MDM (3, 3.0 g, 15.450 mmol) in dry pyridine (5 mL) 
with valeroyl chloride (2.05 g, 17.001 mmol) in the presence of catalytic 
amount of DMAP (10 mg) was conducted at 0 ◦C for 6 h and 10 h at room 
temperature. TLC indicated the complete conversion of the starting 
compound into two faster moving products (Rf = 0.59 and 0.31, chlo
roform/methanol = 5:1). Ice was added to the flask to decompose excess 
reagent. Usual work-up followed by initial elution with chloroform/ 
methanol (20:1) provided faster-moving component (Rf = 0.59) 5 
(1.176 g, 21%) as semi-solid which resisted crystallization. Rf = 0.59 
(chloroform/methanol = 5:1); FT-IR (KBr) νmax/cm− 1: 3300–3600 (br 
OH), 1747, 1718 (C––O), 1062 (pyranose ring). 1H NMR (400 MHz, 
CDCl3): δH 5.11 (dd, J = 9.2 and 3.4 Hz, 1H, H-3), 4.80 (d, J = 1.2 Hz, 
1H, H-1), 4.54 (dd, J = 12.2 and 5.6 Hz, 1H, H-6a), 4.31 (dd, J = 12.2 
and 2.2 Hz, 1H, H-6b), 4.01 (dd, J = 2.0 and 3.4 Hz, 1H, H-2), 3.82 (br s, 
2H, 2 × OH), 3.72–3.75 (m, 1H, H-5), 3.62 (t, J = 9.6 Hz, 1H, H-4), 3.41 
(s, 3H, OCH3), 2.31–2.45 [m, 4H, 2 × CH3(CH2)2CH2CO], 1.60–1.70 (m, 
4H, 2 × CH3CH2CH2CH2CO), 1.26–1.42 [m, 4H, 2 × CH3CH2(CH2)2CO], 
0.95 [t, J = 7.2 Hz, 3H, CH3(CH2)3CO], 0.92 [t, J = 7.2 Hz, 3H, 
CH3(CH2)3CO]. 13C NMR (100 MHz, CDCl3): δC 174.1, 173.5 (2 × CO), 
100.7 (C-1), 70.9, 70.5, 69.4 (C-2/C-3/C-5), 66.0 (C-4), 63.1 (C-6), 55.1 
(OCH3), 34.1, 33.9 [2 × CH3(CH2)2CH2CO], 27.0, 26.9 (2 ×

CH3CH2CH2CH2CO), 22.2, 22.1 [2 × CH3CH2(CH2)2CO], 13.6(2) [2 ×
CH3(CH2)3CO]. Anal. Calcd for C17H30O8 (362.42): C, 56.34; H, 8.34. 
Found: C, 56.41; H, 8.41. 

Further elution with chloroform/methanol (12:1) provided slower- 
moving component (Rf = 0.31, chloroform/methanol = 5:1) 4 (2.021 
g, 47%) as semi-solid. Its FT-IR, 1H and 13C NMR spectra were similar to 
that of prepared by direct valeroylation in the earlier step. 

4.2.3. General procedure for 2,3,4-tri-O- and 2,4-di-O-acylation of 
compound 4 and 5 

To a solution of the 4 or 5 (0.1 g) in dry pyridine (1 mL) corre
sponding acyl halide (3.3 or 2.2 eq.) was added slowly at 0 ◦C followed 
by addition of catalytic amount of DMAP. The reaction mixture was 
allowed to attain room temperature and stirring was continued for 
11–16 h. For compound 9, the reaction mixture was stirred additional 1 
h at 45 ◦C. A small amount of ice was added to the reaction mixture to 
decompose excess acyl halide and extracted with dichloromethane 
(DCM, 5 × 3 mL). The DCM layer was washed successively with 5% 
hydrochloric acid, saturated aqueous sodium hydrogen carbonate so
lution and brine. The DCM layer was dried and concentrated under 
reduced pressure. The residue thus obtained on CC (gradient elution 
form n-hexane to n-hexane/ethyl acetate = 8:1) gave the corresponding 
2,3,4-tri-O- or 2,4-di-O-acyl esters. 

4.2.4. Methyl 2,3,4-tri-O-acetyl-6-O-valeroyl-α-D-mannopyranoside (6) 
Syrup; yield 93%; Rf = 0.54 (n-hexane/EA = 4:1); FT-IR (KBr) νmax/ 

cm− 1: 1759, 1755, 1753, 1738 (C––O), 1087 (pyranose ring). 1H NMR 
(400 MHz, CDCl3): δH 5.35 (dd, J = 8.2 and 3.2 Hz, 1H, H-3), 5.29 (t, J =
8.8 Hz, 1H, H-4), 5.25 (dd, J = 3.2 and 1.4 Hz, 1H, H-2), 4.72 (d, J = 1.4 
Hz, 1H, H-1), 4.28 (dd, J = 12.0 and 5.6 Hz, 1H, H-6a), 4.14 (dd, J =
12.0 and 2.4 Hz, 1H, H-6b), 3.98 (ddd, J = 8.8, 5.6 and 2.4 Hz, 1H, H-5), 
3.42 (s, 3H, OCH3), 2.38 [t, J = 7.8 Hz, 2H, CH3(CH2)2CH2CO], 2.16 (s, 
3H, CH3CO), 2.05 (s, 3H, CH3CO), 2.00 (s, 3H, CH3CO), 1.60–1.68 (m, 
2H, CH3CH2CH2CH2CO), 1.32–1.40 [m, 2H, CH3CH2(CH2)2CO], 0.92 [t, 
J = 7.3 Hz, 3H, CH3(CH2)3CO]. 13C NMR (100 MHz, CDCl3): δC 173.4 
[CH3(CH2)3CO], 170.0, 169.8, 169.6 (CH3CO), 98.6 (C-1), 69.6, 69.2, 
68.5, (C-2/C-3/C-5), 66.2 (C-4), 62.3 (C-6), 55.2 (OCH3), 33.8 
[CH3(CH2)2CH2CO], 26.8 (CH3CH2CH2CH2CO), 22.2 
[CH3CH2(CH2)2CO], 20.8, 20.7, 20.6 (CH3CO), 13.6 [CH3(CH2)3CO]. 
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Anal. Calcd for C18H28O10 (404.41): C, 53.46; H, 6.98. Found: C, 53.51; 
H, 6.94. 

4.2.5. Methyl 2,3,4-tri-O-hexanoyl-6-O-valeroyl-α-D-mannopyranoside (7) 
Semi-solid; yield 86%; Rf = 0.55 (n-hexane/EA = 4:1); FT-IR (KBr) 

νmax/cm− 1: 1739, 1725, 1713, 1695 (C––O), 1068 (pyranose ring). 1H 
NMR (400 MHz, CDCl3): δH 5.37 (dd, J = 10.0 and 3.2 Hz, 1H, H-3), 5.33 
(t, J = 9.6 Hz, 1H, H-4), 5.27 (dd, J = 3.2 and 1.1 Hz, 1H, H-2), 4.70 (d, J 
= 1.1 Hz, 1H, H-1), 4.24 (dd, J = 12.4 and 5.6 Hz, 1H, H-6a), 4.15 (dd, J 
= 12.4 and 2.0 Hz, 1H, H-6b), 3.95–4.00 (m, 1H, H-5), 3.41 (s, 3H, 
OCH3), 2.32–2.42, 2.18–2.29 [2 × m, 8H, CH3(CH2)2CH2CO and 3 ×
CH3(CH2)3CH2CO], 1.51–1.68 [m, 8H, CH3CH2CH2CH2CO and 3 ×
CH3(CH2)2CH2CH2CO], 1.23–1.41 [br m, 14H, CH3CH2(CH2)2CO and 3 
× CH3(CH2)2(CH2)2CO], 0.86–0.96 [m, 12H, CH3(CH2)3CO and 3 ×
CH3(CH2)4CO]. 13C NMR (100 MHz, CDCl3): δC 173.3, 172.7, 172.5, 
172.4 [CH3(CH2)3CO and 3 × CH3(CH2)4CO], 98.7 (C-1), 69.3, 69.0, 
68.6, (C-2/C-3/C-5), 65.9 (C-4), 62.4 (C-6), 55.2 (OCH3), 34.1, 34.0(2), 
33.8 [CH3(CH2)2CH2CO and 3 × CH3(CH2)3CH2CO], 31.2, 31.1(2) [3 ×
CH3(CH2)2CH2CH2CO], 26.8 (CH3CH2CH2CH2CO), 24.6, 24.4, 24.3 [3 
× CH3CH2CH2(CH2)CO], 22.2, 22.1(3) [CH3CH2(CH2)2CO and 3 ×
CH3CH2(CH2)3CO], 13.8, 13.7(2), 13.6 [CH3(CH2)3CO and 3 ×

CH3(CH2)4CO]. Anal. Calcd for C30H52O10 (572.73): C, 62.91; H, 9.15. 
Found: C, 62.98; H, 9.18. 

4.2.6. Methyl 2,3,4-tri-O-octnoyl-6-O-valeroyl-α-D-mannopyranoside (8) 
Oil; yield 82%; Rf = 0.62 (n-hexane/EA = 4:1); FT-IR (KBr) νmax/ 

cm− 1: 1738, 1724, 1716, 1689, (C––O), 1068 (pyranose ring). 1H NMR 
(400 MHz, CDCl3): δH 5.36 (dd, J = 10.0 and 3.2 Hz, 1H, H-3), 5.32 (t, J 
= 9.6 Hz, 1H, H-4), 5.27 (dd, J = 3.2 and 1.1 Hz, 1H, H-2), 4.71 (d, J =
1.1 Hz, 1H, H-1), 4.25 (dd, J = 12.0 and 5.6 Hz, 1H, H-6a), 4.16 (dd, J =
12.0 and 2.0 Hz, 1H, H-6b), 3.96–3.99 (m, 1H, H-5), 3.42 (s, 3H, OCH3), 
2.36–2.44, 2.19–2.29 [2 × m, 8H, CH3(CH2)2CH2CO and 3 ×

CH3(CH2)5CH2CO], 1.50–1.68 (m, 8H, CH3CH2CH2CH2CO and 3 ×
CH3(CH2)4CH2CH2CO], 1.20–1.42 [br m, 26H, CH3CH2(CH2)2CO and 3 
× CH3(CH2)4(CH2)2CO], 0.87–0.96 [m, 12H, CH3(CH2)3CO and 3 ×
CH3(CH2)6CO]. 13C NMR (100 MHz, CDCl3): δC 173.4, 172.8, 172.5, 
172.4 [CH3(CH2)3CO and 3 × CH3(CH2)6CO], 98.7 (C-1), 69.3, 69.0, 
68.6, (C-2/C-3/C-5), 65.9 (C-4), 62.4 (C-6), 55.2 (OCH3), 34.2, 34.1(2), 
33.8 [CH3(CH2)2CH2CO and 3 × CH3(CH2)5CH2CO], 31.7, 31.6(2) [3 ×
CH3(CH2)4CH2CH2CO], 29.1, 29.0(2), 28.9, 28.8(2) [3 ×

CH3(CH2)2(CH2)2(CH2)2CO], 26.8 (CH3CH2CH2CH2CO), 24.9, 24.8, 
24.7 [3 × CH3CH2CH2(CH2)4CO], 22.6, 22.5(2), 22.1 
[CH3CH2(CH2)2CO and 3 × CH3CH2(CH2)5CO], 14.0(3), 13.6 
[CH3(CH2)3CO and 3 × CH3(CH2)6CO]. Anal. Calcd for C36H64O10 
(656.89): C, 65.82; H, 9.82. Found: C, 65.88; H, 9.80. 

4.2.7. Methyl 2,3,4-tri-O-decanoyl-6-O-valeroyl-α-D-mannopyranoside (9) 
Oil; yield 81%; Rf = 0.67 (n-hexane/EA = 4:1); FT-IR (KBr) νmax/ 

cm− 1: 1748, 1713, 1711, 1710 (C––O), 1065 (pyranose ring). 1H NMR 
(400 MHz, CDCl3): δH 5.36 (dd, J = 10.0 and 3.2 Hz, 1H, H-3), 5.31 (t, J 
= 9.6 Hz, 1H, H-4), 5.27 (dd, J = 3.4 and 1.2 Hz, 1H, H-2), 4.71 (d, J =
1.2 Hz, 1H, H-1), 4.25 (dd, J = 12.0 and 5.6 Hz, 1H, H-6a), 4.15 (dd, J =
12.0 and 2.0 Hz, 1H, H-6b), 3.96–4.00 (m, 1H, H-5), 3.41 (s, 3H, OCH3), 
2.27–2.43 [m, 8H, CH3(CH2)2CH2CO and 3 × CH3(CH2)7CH2CO], 
1.56–1.68 [m, 8H, CH3CH2CH2CH2CO and 3 × CH3(CH2)6CH2CH2CO], 
1.21–1.42 [br m, 38H, CH3CH2(CH2)2CO and 3 × CH3(CH2)6(CH2)2CO], 
0.96 (t, J = 7.6 Hz, 3H, CH3), 0.89 (t, J = 7.2 Hz, 9H, 3 × CH3). 13C NMR 
(100 MHz, CDCl3): δC 173.4, 172.8, 172.5, 172.4 [CH3(CH2)3CO and 3 
× CH3(CH2)6CO], 98.7 (C-1), 69.3, 69.0, 68.6, (C-2/C-3/C-5), 65.9 (C- 
4), 62.4 (C-6), 55.2 (OCH3), 34.0(4) [CH3(CH2)2CH2CO and 3 ×
CH3(CH2)7CH2CO], 31.9, 31.8(2) [3 × CH3(CH2)6CH2CH2CO], 29.4(3), 
29.2 (6), 29.0(3) [3 × CH3(CH2)2(CH2)4(CH2)2CO], 26.8 
(CH3CH2CH2CH2CO), 24.6(3) [3 × CH3CH2CH2(CH2)6CO], 22.6(4) 
[CH3CH2(CH2)2CO and 3 × CH3CH2(CH2)7CO], 14.0(4) [CH3(CH2)3CO 
and 3 × CH3(CH2)8CO]. Anal. Calcd for C42H76O10 (741.05): C, 68.07; 
H, 10.34. Found: C, 68.11; H, 10.38. 

4.2.8. Methyl 2,4-di-O-acetyl-3,6-di-O-valeroyl-α-D-mannopyranoside 
(10) 

Thick syrup; yield 89%; Rf = 0.52 (n-hexane/EA = 4:1); FT-IR (KBr) 
νmax/cm− 1: 1763, 1756, 1747, 1733 (C––O), 1086 (pyranose ring). 1H 
NMR (400 MHz, CDCl3): δH 5.35 (dd, J = 10.0 and 3.2 Hz, 1H, H-3), 5.31 
(t, J = 10.0 Hz, 1H, H-4), 5.24 (dd, J = 3.2 and 1.2 Hz, 1H, H-2), 4.71 (d, 
J = 1.2 Hz, 1H, H-1), 4.27 (dd, J = 12.4 and 5.6 Hz, 1H, H-6a), 4.16 (dd, 
J = 12.4 and 2.2 Hz, 1H, H-6b), 3.95–3.99 (m, 1H, H-5), 3.41 (s, 3H, 
OCH3), 2.22–2.42 [m, 4H, 2 × CH3(CH2)2CH2CO], 2.15 (s, 3H, CH3CO), 
2.03 (s, 3H, CH3CO), 1.62–1.68 (m, 2H, CH3CH2CH2CH2CO), 1.50–1.58 
(m, 2H, CH3CH2CH2CH2CO), 1.26–1.42 [m, 4H, 2 × CH3CH2(CH2)2CO], 
0.95 [t, J = 7.6 Hz, 3H, CH3(CH2)3CO], 0.90 [t, J = 7.2 Hz, 3H, 
CH3(CH2)3CO]. 13C NMR (100 MHz, CDCl3): δC 173.4, 172.6 [2 ×
CH3(CH2)3CO], 169.9, 169.6 (2 × CH3CO), 98.6 (C-1), 69.6, 68.8, 68.5 
(C-2/C-3/C-5), 66.2 (C-4), 62.3 (C-6), 55.2 (OCH3), 33.8, 33.7 [2 ×
CH3(CH2)2CH2CO], 26.8, 26.7 (2 × CH3CH2CH2CH2CO), 22.2, 22.1 [2 
× CH3CH2(CH2)2CO], 20.7, 20.6 (2 × CH3CO), 13.6, 13.5 [2 ×
CH3(CH2)3CO]. Anal. Calcd for C21H34O10 (446.49): C, 56.49; H, 7.68. 
Found: C, 56.43; H, 7.72. 

4.2.9. Methyl 2,3,4,6-tetra-O-valeroyl-α-D-mannopyranoside (11) and 
methyl 2,3,6-tri-O-valeroyl-α-D-mannopyranoside (12) 

Methyl α-D-mannopyranoside (3) (0.2 g, 1.03 mmol) in pyridine was 
treated with valeroyl chloride (0.619 g, 4.532 mmol) in presence of 
catalytic amount of DMAP. The reaction mixture was allowed to attain 
the room temperature and stirring was continued at room temperature 
for 12 h and 1 h at 45 ◦C, when TLC examination indicated the 
completion of the reaction with the formation of two products (Rf = 0.58 
and 0.49). Usual work-up and CC purification with n-hexane/EA (14:1) 
initially gave tetra-O-valeroate 11 (0.306 g, 56%) as a homogeneous 
syrup. Rf = 0.58 (n-hexane/EA = 4:1); FT-IR (KBr) νmax/cm− 1: 1760, 
1741, 1735, 1733 (C––O), 1084 (pyranose ring). 1H NMR (400 MHz, 
CDCl3): δH 5.32 (dd, J = 10.0 and 3.2 Hz, 1H, H-3), 5.28 (t, J = 10.0 Hz, 
1H, H-4), 5.22 (dd, J = 3.2 and 1.2 Hz, 1H, H-2), 4.67 (d, J = 1.2 Hz, 1H, 
H-1), 4.20 (dd, J = 12.0 and 5.2 Hz, 1H, H-6a), 4.11 (dd, J = 12.2 and 
2.4 Hz, 1H, H-6b), 3.92–3.96 (m, 1H, H-5), 3.38 (s, 3H, OCH3), 
2.31–2.38 [m, 4H, 2 × CH3(CH2)2CH2CO], 2.20–2.27 [m, 2H, 
CH3(CH2)2CH2CO], 2.15–2.19 [m, 2H, CH3(CH2)2CH2CO], 1.57–1.66 
[m, 4H, 2 × CH3CH2CH2CH2CO], 1.52–1.56 [m, 4H, 2 ×

CH3CH2CH2CH2CO], 1.21–1.40 [m, 8H, 4 × CH3CH2(CH2)2CO], 0.91 [t, 
J = 7.2 Hz, 3H, CH3(CH2)3CO], 0.84 [t, J = 7.2 Hz, 3H, CH3(CH2)3CO]. 
13C NMR (100 MHz, CDCl3): δC 173.3, 172.7, 172.5, 172.3 [4 ×
CH3(CH2)3CO], 98.6 (C-1), 69.3, 69.0, 68.6, (C-2/C-3/C-5), 65.8 (C-4), 
62.3 (C-6), 55.2 (OCH3), 33.8, 33.7(3) [4 × CH3(CH2)2CH2CO], 26.9, 
26.8, 26.7, 26.6 (4 × CH3CH2CH2CH2CO), 22.2, 22.1, 22.0(2) [4 ×
CH3CH2(CH2)2CO], 13.6, 13.5(3) [4 × CH3(CH2)3CO]. Anal. Calcd for 
C27H46O10 (530.65): C, 61.11; H, 8.74. Found: C, 61.17; H, 8.77. 

Further elution with n-hexane/EA (10:1, v/v) furnished tri-O-valer
oate 12 (0.120 g, 26%) as a homogeneous syrup. Rf = 0.49 (n-hexane/ 
EA = 4:1); FT-IR (KBr) νmax/cm− 1: 3308–3560 (OH), 1738, 1733, 1730 
(C––O), 1081 (pyranose ring). 1H NMR (400 MHz, CDCl3): δH 5.20 (dd, J 
= 3.6 and 1.0 Hz, 1H, H-2), 5.16 (dd, J = 10.0 and 3.6 Hz, 1H, H-3), 4.65 
(d, J = 1.0 Hz, 1H, H-1), 4.46 (dd, J = 12.0 and 4.2 Hz, 1H, H-6a), 4.33 
(dd, J = 12.2 and 2.4 Hz, 1H, H-6b), 3.80–3.84 (m, 1H, H-5), 3.78 (t, J =
10.0 Hz, 1H, H-4), 3.38 (s, 3H, OCH3), 2.26–2.39 [m, 6H, 3 ×
CH3(CH2)2CH2CO], 1.53–1.67 [m, 6H, 3 × CH3CH2CH2CH2CO], 
1.23–1.40 [m, 6H, 3 × CH3CH2(CH2)2CO], 0.92 [t, J = 7.2 Hz, 6H, 
CH3(CH2)3CO], 0.88 [t, J = 7.6 Hz, 3H, CH3(CH2)3CO]. 13C NMR (100 
MHz, CDCl3): δC 174.3, 173.6, 172.7 [3 × CH3(CH2)3CO], 98.7 (C-1), 
71.4, 70.9, 69.5 (C-2/C-3/C-5), 65.9 (C-4), 63.1 (C-6), 55.1 (OCH3), 
33.9(2), 33.8 [3 × CH3(CH2)2CH2CO], 27.0, 26.9, 26.7 (3 ×

CH3CH2CH2CH2CO), 22.2, 22.1(2) [3 × CH3CH2(CH2)2CO], 13.6(3) [3 
× CH3(CH2)3CO]. Anal. Calcd for C22H38O9 (446.53): C, 59.18; H, 8.58. 
Found: C, 59.20; H, 8.55. 
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4.3. In vitro antimicrobial activities evaluation 

The antibacterial activities of synthesized MDM esters were tested 
against three human pathogenic bacteria. Among them one Gram- 
positive was Staphylococcus aureus ATCC 25923, and two Gram- 
negative were Escherichia coli ATCC 25922 and Pseudomonas aerugi
nosa (CRL, ICDDR, B). For antibacterial activities test, the disc diffusion 
method [9,22] was followed. Dimethylformamide (DMF) was used as a 
solvent for the test chemicals, and a 2% solution of each compound was 
used. The plates were incubated at 37 ◦C for 48 h. The control was DMF 
without chemicals. Mueller-Hinton (agar and broth) medium was used 
to culture the bacteria. Each experiment was carried out three times. 
Tetracycline (antibiotic used for bacterial infections, brand name 
Tetrax-500, from Square Pharmaceuticals Ltd., Bangladesh) was used as 
a positive control and compared with tested chemicals under identical 
conditions. 

In vitro antifungal activities were investigated against two human 
pathogenic fungi viz. Aspergillus fumigatus ATCC 46645 and Aspergillus 
niger ATCC 16404. The antifungal efficacy was investigated based on 
food poisoning technique [9,22]. The test tube cultures of the bacterial 
and fungal pathogens were collected from the Biochemistry Laboratory, 
Department of Biochemistry and Molecular Biology, University of 
Chittagong, Bangladesh. Sabouraud (agar and broth, PDA) medium was 
used for culture of fungi. Linear mycelial growth of fungus was 
measured after 2–4 days of incubation. The antifungal results were 
compared with that of standard antibiotic, fluconazole (brand name 
Omastin, 50 mg, Beximco Pharmaceuticals ltd., Bangladesh). 

4.4. Computational methods 

4.4.1. Molecular docking 
Cytochrome P450 sterol 14α-demethylase is the enzyme that cata

lyzes 14α demethylation of lanosterol, which is important in ergosterol 
biosynthesis [45]. Inhibition of this enzyme stopped ergosterol synthe
sis, which further facilitates cell membrane to rapture in microorgan
isms. Currently, voriconazole is the drug of choice, though the treatment 
efficiency is low. For this reason, we have docked these synthetic com
pounds with Cytochrome P450 sterol 14α-demethylase to evaluate their 
binding affinity and compare docking score and non-bond interaction 
with bounded VNI ligand, and known drug fluconazole. 

4.4.1.1. Ligand preparation. In order to build a data set, we have 
collected SDF format of these synthetic compounds after drawing in 
ChemDraw 18.0 and we also downloaded SDF format of VNI (PubChem 
CID: 49867823) and Fluconazole (PubChem CID: 3365) from PubChem 
database. Further, all the SDF prepared by using LigPrep module 3.1 of 
Maestro 11.6 software (Maestro, version 11.6, Schrödinger, LLC). Here, 
all ligands were minimized by applying OPLS3e force field. During the 
minimization, the module Epik 2.2 was utilized to fix the ionization state 
of the ligand at pH 7.0 ± 2.0. From this analysis, up to 32 possible 
stereoisomers of each compound were generated and we selected the 
best conformer with lowest energy. 

4.4.1.2. Protein preparation. As the protein target of the molecular 
docking was Cytochrome P450 sterol 14α-demethylase, its crystal 
structure was retrieved from the RCSB protein data bank (PDB id: 4UYL; 
organism: Aspergillus fumigatus). Further, the protein crystal structure 
4UYL prepared by using protein preparation wizard of Maestro 11.6 
software (Maestro, version 11.6, Schrödinger, LLC), in which the crystal 
structure is initially assigned proper hydrogen, charges and bond orders. 
At neutral pH, all hydrogen bonds in the structure were optimized, de
leting unnecessary water. Then the minimization process was run with 
the OPLS3e force field, considering structural changes of not more than 
0.30 Å of RMSD. The active site of the protein was fixed for docking 
simulation by generating a grid box at the reference ligand (VNI) 

binding site. Grid generation parameters were kept at default, with a box 
size of 18 Å × 18 Å × 18 Å, and the OPLS3e force field utilized for post 
minimization. The charge cut-off and van der Waals scaling factor were 
set to 0.25 and 1.00, respectively. 

4.4.1.3. Molecular docking procedure. We carried out extra precision 
(XP) flexible docking using the Glide module of Maestro 11.6 software 
(Maestro, version 11.6, Schrödinger, LLC), which is more sophisticated 
than SP/HTVS in scoring function. Here, all ligands were treated flexi
bly, considering the partial charge and van der Waals factor of 0.15 and 
0.80, respectively. Minimization was performed to the docked complex 
after docking using the OPLS3e force field. The best-docked pose with 
highest negative Glide score value was recorded for each ligand. 

4.4.2. MM-GBSA binding energy measurement 
Binding affinity calculations were carried out using the Prime MM- 

GBSA module of the Maestro 11.6 software (Maestro, version 11.6, 
Schrödinger, LLC), where greater negative affinity denotes higher sta
bility [46]. The docked Pose viewer file from Glide XP docking was used 
for calculation, using the sampling minimization protocol used gener
alized born surface accessible (GBSA) as a continuum model, and 
OPLS3e force field as molecular mechanics (MM), keeping the protein 
flexible. For correcting empirical functions of π-stacking and H-bond 
interactions, a dielectric solvent model such as VSGB 2.0 was used. For 
comparison binding affinity of CFA esters was compared with standard 
sterol 14α-demethylase (CYP51; Table S2) inhibitor VNI (the experi
mental drug for treatment of Chagas disease caused by the fungus 
Trypanosoma). 

4.4.3. ADME/T and drug-likeness evaluation 
In order to predict the pharmacokinetic profile of the derivatives, 

pkCSM online tool [42] was utilized, where the absorption, distribution, 
metabolism, excretion and toxicity of each ligand were calculated. 
Drug-likeness and medicinal chemistry friendliness properties of the 
derivatives, such as topological polar surface area (TPSA), Ghose 
violation, bioavailability score and Lipinski’s rule of five were predicted 
by using SwissADME web tool [47]. Before using these tools, at first, we 
have drawn all the structures by ChemDraw 18.0 software, and collected 
InChI key, SMILES and SD file format. InChI key were used to find these 
compounds in different database and we found our derivatives as not 
reported in any database yet. SMILES (simplified molecular-input 
line-entry system) strings were used in pkCSM, and SwissADME online 
tools while SD file format used in molecular docking. 
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Abbreviations 

MDM methyl α-D-mannopyranoside 
CYP cytochrome P450 
CYP51 sterol 14α-demethylase 
SAR structure activity relationship 
CFA carbohydrate fatty acid 
SEs sugar esters 
MDR multiple drug resistant 
MRSA methicillin-resistant Staphylococcus aureus 
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DMAP 4-dimethylaminopyridine 
PASS prediction of activity spectra for substances 
MM-GBSA molecular mechanics-generalized born surface area 
ADMET absorption, distribution, metabolism, and excretion 
NMR nuclear magnetic resonance 
COSY correlation spectroscopy 
HSQC heteronuclear single quantum coherence spectroscopy 
HMBC heteronuclear multiple bond correlation 
XP extra precision 
VD volume of distribution 
BBB blood brain barrier 
hERG human ether a go-go gene 
MR molar refractivity 
TPSA topological polar surface area 
TLC thin layer chromatography 
CC column chromatography 
TMS tetramethyl silane 
DMF: dimethylformamide 
ATCC American type culture collection 
ICDDR,B international centre for diarrhoeal disease research, 

Bangladesh 
PDA potato dextrose agar 
SDF standard data format 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.carres.2020.108130. 
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