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Abstract: Chiral natural compounds are often biosynthesized in an enantiomerically pure fashion 20 

and stereochemistry plays a pivotal role in biological activity. Herein, we investigated the signifi-21 

cance of chirality for nature-inspired 3-Br-acivicin (3-BA) and its derivatives. The three unnatural 22 

isomers of 3-BA and its ester and amide derivatives were prepared and characterized for their anti-23 

malarial activity. Only the (5S, αS) isomers displayed a significant antiplasmodial activity, revealing 24 

that their uptake might be mediated by the L-amino acid transport system, which is known to me-25 

diate acivicin membrane permeability. In addition, we investigated the inhibitory activity towards 26 

Plasmodium falciparum glyceraldehyde 3-phosphate dehydrogenase (PfGAPDH), since it is involved 27 

in the multitarget mechanism of action of 3-BA. Molecular modelling shed light on the structural 28 

and stereochemical requirements for an efficient interaction with PfGAPDH, leading to covalent 29 

irreversible binding and enzyme inactivation. While stereochemistry affects the target binding only 30 

for two subclasses (1a-d and 4a-d), it leads to significant differences in the antimalarial activity for 31 

all subclasses, suggesting that a stereoselective uptake might be responsible for the enhanced bio-32 

logical activity of the (5S, αS) isomers. 33 

Keywords: stereochemistry; 3-Br-acivicin; Plasmodium falciparum; glyceraldehyde 3-phosphate de-34 

hydrogenase; multitarget; covalent inhibitors 35 

 36 

1. Introduction 37 

Natural products (NPs) have historically played a major role in drug discovery [1], 38 

and have been pinpointed as privileged scaffolds for interacting with protein drug targets 39 

[2]. The unique chemical diversity and structural complexity of NPs allowed the expan-40 

sion of the known chemical space explored by medicinal chemists [3]. The majority of NPs 41 

are chiral and they are biosynthesized in an enantiomerically pure fashion [4]. Generally, 42 

stereochemistry has a crucial impact on drug action, since it affects target binding, metab-43 

olism and distribution. For different compounds classes, stereochemistry is the driver for 44 

potency and pharmacokinetics [5]. In addition, it has been shown to affect the protein 45 
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transport systems resulting in a stereospecific uptake of drugs, as described for -lactam 46 

antibiotics [6]. 47 

The natural compound (5S, αS) acivicin (AT-125, Figure 1A), produced by Streptomy-48 

ces sviceus, and its synthetic analogue 3-Br-acivicin (3-BA, 1a, Figure 1A) have been de-49 

scribed as L-glutamine analogues capable of irreversibly inhibiting several glutamine-de-50 

pendent amidotransferases, including CTP synthetase (CTPS), carbamoyl phosphate syn-51 

thetase and XMP aminase [7-9], and γ-glutamyl transpeptidase [10]. The acivicin/3-BA 52 

covalent mechanism of action involves the nucleophilic attack of an activated catalytic 53 

cysteine residue of the target enzyme to the Cl/Br-substituted C-3 of the 4,5-dihydroisox-54 

azole ring (Figure 1C) [11,12]. Considering the inhibitory activity towards Trypanosoma 55 

brucei CTPS, 3-BA was 3-fold more potent than acivicin, highlighting that the leaving 56 

group plays an important role in the irreversible mode of action. The differences in en-57 

zyme inhibition translated into an enhanced in vitro and in vivo antitrypanosomal activity 58 

for 3-BA [13]. Considering different targets, we had previously reported that acivicin was 59 

inactive towards Plasmodium falciparum glyceraldehyde 3-phosphate dehydrogenase 60 

(PfGAPDH), while 3-BA was able to irreversibly inhibits PfGAPDH, a key enzyme of the 61 

Plasmodium glycolytic pathway [14]. In the erythrocytic stages, the malaria parasite relies 62 

heavily on anaerobic glycolysis for energy production [15], leading to the identification of 63 

glycolytic enzymes as promising targets for the development of antimalarial agents. 64 

We had previously modified the amino acidic portion of 1a and synthesized a series 65 

of analogues, keeping the stereochemistry of the natural product unchanged. The ester 66 

(2a, 3a) and amide (4a) derivatives of 3-Br-acivicin were investigated for their antimalarial 67 

activity on P. falciparum cultures and for the ability to covalently inhibit PfGAPDH. All 68 

compounds (1a-4a) showed antiparasitic activity against D10 (chloroquine sensitive) and 69 

W2 (chloroquine resistant) strains of P. falciparum, with IC50 lower than 1 M (Figure 1B). 70 

The methyl and benzyl esters displayed the highest second-order rate constant (kinact/Ki) 71 

used to characterize covalent binding of irreversible inhibitors to PfGAPDH (2a: 10.7; 3a: 72 

6.6 M-1∙s-1; Figure 1B) [14,16]. These outcomes clearly indicated that the similarity with L-73 

Gln was not essential for the inhibition of GAPDH. 74 

Despite chemical modifications in the amino acidic portion of 1a had been exten-75 

sively explored [14,16-18], the effect of stereochemistry on the biological recognition pro-76 

cesses, protein binding and antiparasitic activity has not been investigated yet. Herein, we 77 

disclosed the synthesis of the unnatural isomers of 1a-4a, and we explored the importance 78 

of stereochemistry for the in vitro antimalarial activity and the inhibitory activity towards 79 

recombinant PfGAPDH, which is known to be involved in the multi-target mechanism of 80 

3-BA. 81 

 82 

 83 
Figure 1. (A) Chemical structure of acivicin, 3-BA (1a) and 3-BA derivatives (2a-4a). (B) Bio-84 

logical data for compounds 1a-4a. *Second-order rate constant used to characterize covalent binding 85 

A B

C
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of irreversible inhibitors to PfGAPDH. **IC50 towards P. falciparum D10 and W2 strains. (C) Proposed 86 

reaction mechanism for the 3-halo-4,5-dihydroisoxazole moiety. 87 

 88 

2. Results and Discussion 89 

2.1. Synthesis of Enantiomerically Pure Unnatural Isomers  90 

The synthesis of the enantiomerically pure target compounds started using the chiral 91 

synton (S)-12 or (R)-12. The diastereoisomeric mixtures 5 and 6 were obtained through 92 

1,3-dipolar cycloaddition of bromonitrile oxide to alkenes (S)-12 and (R)-12, respectively, 93 

as previously described [19]. Treatment of 5 with a 5:1 mixture of AcOH/H2O provided 94 

alcohols 7a and 7b (Scheme 1A), that were separated by flash chromatography. Analog 95 

conditions led to the synthesis of alcohols 7c and 7d, starting from 6 (Scheme 1B). Alcohols 96 

7a-d were oxidized to the corresponding carboxylic acids 8a-d using Fe(NO3)3·9H2O, 97 

TEMPO and KCl under an air flux, as O2 source [20]. This is a cleaner method compared 98 

to traditional oxidation procedures used to convert alcohols into carboxylic acids, which 99 

typically involve the use of chromium-based reagents, and it allowed us to obtain the de-100 

sired products in high yields (80-88%). The final amino acids 1a-d were obtained after 101 

treatment of the N-Boc precursors (8a-d) with a 15% TFA solution in dichloromethane. 102 

The zwitterionic compounds were isolated after ion-exchange chromatography employ-103 

ing the DOWEX Marathon C (H+ form) resin. 104 

 105 

106 
 107 
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Scheme 1. (A, B) Synthesis of compounds 1a-1b (A), and 1c-1d (B). Reagents and conditions: i) ac-108 

cording to Ref. [19]; ii) AcOH/H2O 5:1, 40°C, 48h; iii) TEMPO, Fe(NO3)3·9H2O, KCl, air flux, DCE, 109 

r.t., 24h; iv) (1) 15% TFA, DCM, r.t., 1h; (2) column purification with Dowex Marathon C (H+ form) 110 

resin, 10%Py/H2O (eluent). 111 

Compounds 2b-d, 3b-d and 4b-d were synthesized following the procedure previ-112 

ously described for the (5S,S) isomers 2a, 3a and 4a [16]. Briefly, N-Boc protected carbox-113 

ylic acids 8b-d were treated with trimethylsylildiazomethane and methanol at room tem-114 

perature to obtain the methyl esters 9b-d (Scheme 2). Reaction of 8b-d with benzylbro-115 

mide under basic conditions at 50°C afforded benzyl esters 10b-d. The coupling reaction 116 

between the carboxylic acids 8b-d and benzylamine using EDC hydrochloride and HOBt 117 

gave amides 11b-d. Intermediates 9b-d, 10b-d and 11b-d were treated with a 15% TFA 118 

solution in dichloromethane to cleave the Boc-protecting group and give the free amines 119 

2b-d, 3b-d and 4b-d, respectively (Scheme 2). 120 

 121 

Scheme 2. (A, B) Synthesis of compounds 2b-d, 3b-d and 4b-d. Reagents and conditions: v) 2N 122 

TMSCHN2 in hexane, PhMe/MeOH, r.t., 1h (for 9); BnBr, KHCO3, DMF, 50°C, 1h (for 10); BnNH2, 123 

EDC·HCl, HOBt, dry THF, r.t., 2h (for 11); vi) 15% TFA/DCM, r.t., 2-4h. 124 

2.4. Antimalarial Activity against Plasmodium falciparum 125 

All diastereoisomers were investigated for their in vitro antiplasmodial activity. The 126 

phenotypic assays were performed against D10 (chloroquine sensitive) and W2 (chloro-127 

quine resistant) P. falciparum strains, using the parasite lactate dehydrogenase (pLDH) 128 

method and chloroquine (CQ) as control. Considering all four compound subclasses (1a-129 
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d, 2a-d, 3a-d, 4a-d), the compounds showing the natural configuration (5S, αS) were sig-130 

nificantly more active than the corresponding enantiomers and diastereoisomers. 1a-4a 131 

showed submicromolar IC50s against both P. falciparum strains (IC50 < 1 M), with no sig-132 

nificant differences between the two strains (D10 and W2, Table 1). While the natural (5S, 133 

αS) isomers (1a-4a) were potent antimalarial agents, the isomers possessing the (5R, αR) 134 

absolute configuration displayed a moderate antiplasmodial activity (1 < IC50 < 10 M). 135 

The (5S, αR) and (5R, αS) absolute configurations resulted in a huge drop in the antima-136 

larial potency, leading to poorly active compounds (Table 1). 137 

Table 1. Chemical structures, clogD and IC50s against P. falciparum D10 and W2 strains.  138 

 139 

 140 

 141 

 142 

aThe clogD values (pH 7.4) were calculated by using ACD/pKa GALAS algorithm of ACD/Percepta 143 

software (ACD/Percepta, Advanced Chemistry Development, Inc., Toronto, ON, Canada, 2017, 144 

http://www.acdlabs.com.). 145 
bpLDH method; data are the mean of three independent experiments ± SD; D10: CQ-susceptible P. 146 

falciparum strain; W2: CQ-resistant P. falciparum strain. 147 

 148 

For the methyl ester derivatives, the enantiomer of 2a [(5R, αR)-2d] was approxi-149 

mately 10-fold less potent than 2a towards P. falciparum D10 and W2 strains, whereas the 150 

diastereoisomers (2b and 2c) were inactive towards both strains (IC50 > 15 M, Table 1). 151 

The same trend was observed for the other subclasses (1a-d, 3a-d and 4a-d), with the ex-152 

ception of 1c, which presented an IC50 < 10 M (Table 1). Thus, the stereochemistry led to 153 

significant differences in the antimalarial activity, with the natural isomers always being 154 

the most potent molecules. Since all isomers in each subclass (1a-d, 2a-d, 3a-d and 4a-d) 155 

have the same clogD, the differences in antiplasmodial potency could not be correlated to 156 

a different passive diffusion across cell membranes. The natural compound (5S, αS) aciv-157 

icin is known to compete with amino acids for cellular uptake via transporters. Indeed, 158 

acivicin uptake is mediated by the L-amino acid transport system that is responsible for 159 

the Na+-independent transport of neutral amino acids [21,22]. The microenvironment of 160 

Structure Compound clogDa 

P.falciparum 

D10 IC50 

(µM)b 

P.falciparum 

W2 IC50 

(µM)b 

 

(5S, αS)-1a 

0.02 

0.35 ± 0.08 0.34 ± 0.12 

(5R, αS)-1b 23.54 ± 0.31 24.75 ± 0.90 

(5S, αR)-1c 7.49 ± 1.48 8.47 ± 2.06 

(5R, αR)-1d 8.79 ± 1.12 10.18 ± 1.75 

 

(5S, αS)-2a 

0.04 

0.79 ± 0.21 0.88 ± 0.23 

(5R, αS)-2b 17.14 ± 5.91 17.18 ± 7.39 

(5S, αR)-2c 40.67 ± 16.20 48.18 ± 14.81 

(5R, αR)-2d 8.27 ± 1.05 7.42 ± 3.54 

 

(5S, αS)-3a 

1.41 

0.37 ± 0.12 0.26 ± 0.05 

(5R, αS)-3b 32.65 ± 18.10 34.85 ± 5.30 

(5S, αR)-3c 19.35 ± 4.34 16.51 ± 8.11 

(5R, αR)-3d 4.31 ± 0.51 4.50 ± 1.82 

 

(5S, αS)-4a 

0.76 

0.36 ± 0.11 0.48 ± 0.18 

(5R, αS)-4b 18.20 ± 1.15 18.20 ± 0.93 

(5S, αR)-4c 19.35 ± 2.15 19.35 ± 3.36 

(5R, αR)-4d 8.55 ± 1.95 8.91 ± 3.40 

http://www.acdlabs.com/
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P. falciparum-infected human erythrocytes is controlled by two membranes. Normal ma-161 

ture erythrocytes are relatively impermeable to L-Gln, and therefore also acivicin. The in-162 

flux of L-Gln and other amino acids is controlled by different transporter systems, each 163 

varying their substrate specificity [23,24]. Our results suggested that the stereochemistry 164 

might be relevant for the recognition by the putative transporters, not only for the amino 165 

acid 3-BA (1a), but also for its ester and amide derivatives (2a-4a). Indeed, only the (5S, 166 

αS) natural isomers (1a-4a) showed a significant potency in inhibiting P. falciparum prolif-167 

eration. To investigate whether the different antiplasmodial activities could be related also 168 

to a distinct interaction of the isomers with biological targets, we tested the inhibitory 169 

activity towards PfGAPDH, which is a known target for 1a-4a [16]. 170 

2.2. In vitro inhibitory activity towards PfGAPDH  171 

3-Br-acivicin (1a) biological activity is correlated to its ability to inhibit multiple tar-172 

gets. Among these, PfGAPDH had been previously suggested to be involved in the anti-173 

malarial effect of 1a and other structurally related compounds [16]. For this reason, the 174 

four diastereoisomers of each compound were investigated for their ability to inhibit 175 

PfGAPDH activity. All molecules were screened at a concentration of 100 M, after a 3-176 

hour incubation time. While 3-Br-acivicin (1a) produced a PfGAPDH inhibition higher 177 

than 50%, its enantiomer 1d and diastereoisomers (1b and 1c) were inactive (Figure 2A). 178 

A similar trend was observed for the amide-bearing isomers 4a compared to 4b-d. In con-179 

trast, all four isomers of the methyl (2a-d) and benzyl (3a-d) ester derivatives were able to 180 

fully inhibit PfGAPDH at a 100 M concentration, leading to a residual PfGAPDH activity 181 

lower than 1% (Figure 2A). Therefore, compounds 2a-d and 3a-d were selected for further 182 

investigation and tested at 50 µM for 30 minutes. All diastereoisomers (2a-d and 3a-d) 183 

showed enzyme inhibition >50%, with the natural isomer 2a being the most active (37% 184 

residual activity at 50 µM; Figure 2A). 185 

The covalent mechanism of action of 2a and 3a had been already characterized though 186 

mass spectrometry, using undigested and trypsin-digested PfGAPDH after incubation 187 

with the tested compounds [14]. We also proved the selective modification of the catalytic 188 

Cys153 with no involvement of other Cys residues [14]. In addition, the kinact/Ki ratio typ-189 

ically used to characterize the covalent binding of irreversible inhibitors to the target pro-190 

tein was measured for compounds 1a-4a [16]. Therefore, we can assume that the unnatural 191 

isomers 2b-4b, 2c-4c and 2d-4d displayed the same irreversible mechanism of inhibition 192 

observed for their corresponding natural isomers (5S,S) 1a-4a. 193 
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 194 

Figure 2. (A, B) Residual activity (%) of PfGAPDH upon incubation with 100 µM of compounds 195 

1a-d, 2a-d, 3a-d and 4a-d for 3 hours (A) or 50 µM of compounds 2a-d and 3a-d for 30 min (B). All 196 

experiments were performed at 25 °C in a buffered solution containing 10 mM TEA, 5 mM EDTA, 197 

10 mM sodium arsenate, pH 7.6. PfGAPDH was at 2 µM concentration. CTRL: activity of PfGAPDH 198 

maintained under the same conditions in the absence of inhibitors. Experiments were performed in 199 

independent triplicates. Data are shown as mean ± SD. 200 

2.3. Molecular modelling  201 

Compounds 1a-1d, 2b-2d, 3b-3d, 4b-4d were subjected to conformational analysis 202 

and flexible docking simulations in complex with PfGAPDH using the same computa-203 

tional procedure previously applied to 2a, 3a, and 4a [16]. The present results (Table S1-204 

S38) were integrated with those previously obtained, analyzed, and related to the inhibi-205 

tory activities of the compounds. The aim was to simulate the binding of the compounds 206 

to PfGAPDH just before undergoing the nucleophilic attack by the catalytic cysteine resi-207 

due (C153). According to the flip-flop model proposed for the catalytic reaction mecha-208 

nism of GAPDH, the substrate rotates around C153 moving the C-3 phosphate from a first 209 

(PI) to a second (PII) interaction site [25,26]. In line with these findings, different starting 210 

complexes were considered and two possible binding approaches to C153, named BA1 211 

and BA2, were obtained for each compound, which corresponded to the approach from 212 

the PI or PII site, respectively (Figure 3 and 4; Tables S15-S32).  213 

The geometry and the conformational energy of the docked ligands were compared 214 

to those of the conformers obtained by the conformational analysis (Table S33). The sol-215 

vent-accessible surface (SASA) of the leaving group (bromine atom) was calculated (Table 216 

S34) and the ligand-protein interactions were analyzed (Table S35-S38).    217 

 218 
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It resulted that the active isomers 2a-2d could approach C153 assuming both binding 219 

modes. In the BA1 (Figures 3A and S1), the protonated amine function and the ester func-220 

tion interacts with the PI site while the bromine atom points towards NAD+.  221 

 222 

 223 
 224 

Figure 3. (A-D) Docked structures of PfGAPDH in complex with: i) 2a (orange), 2b (yellow), 225 

2c (green) and 2d (magenta) approaching from the PI site (BA1; A) or PII site (BA2; B); ii) 3a (orange), 226 

3b (yellow), 3c (green) and 3d (magenta) approaching from the PI site (BA1; C) or PII site (BA2; D). 227 

All structures are superimposed on the starting PfGAPDH conformation by fitting Cα atoms. The 228 

starting protein conformation (gray) is displayed as solid ribbons and the Connolly surface of the 229 

active site is shown. The backbone of the docked complexes is in line ribbons, key interaction resi-230 

dues are displayed and labelled, and heteroatoms are colored by atom type (N, blue; O, red; S, yel-231 

low; Br, brown). The van der Waals volume of the sulfur atom of C153 is scaled by 50%. Hydrogen 232 

atoms are omitted for clarity, except those involved in ligand-protein hydrogen bond interactions 233 

(black dashed lines). 234 

 235 

In BA2 (Figures 3B and S2), the protonated amine and the ester function are located 236 

at the PII site and the bromine atom is positioned at the PI site pointing towards the active-237 

site segment. Considering the orientation of the leaving group, this binding approach is 238 

favored by a larger solvent accessible surface area (SASA) of the bromine atom (Table 239 

S34). However, assuming the BA1 (Figures 3A and S1), the bromine atom could leave the 240 

active site together with NAD+, similarly to the hydride ion of the substrate. The putative 241 

binding conformations of 2a-2d resulted all within 5 kcal/mol from the global energy min-242 

imum (GM) (Table S33). 243 

Similar results were obtained for the active diastereoisomers 3a-3d although charac-244 

terized by a more hindered benzyl moiety compared to the methyl group of 2a-2d (Figures 245 

3C-D, S3 and S4). In particular, assuming the BA1, the phenyl ring is positioned in the 246 

large cleft between the S-loop (aa182-210) and the S7-S8 loop (aa122-130), being slightly 247 
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differently oriented according to the stereochemistry of the C5 carbon (occupying the PII 248 

site in the 5S diastereoisomers 3a and 3c; Figure 3C). On the other hand, in the BA2, the 249 

phenyl ring is positioned according to the stereochemistry of the Cα carbon being oriented 250 

toward the PI site or the PII site in the R (3c, 3d) and S (3a, 3b) diastereoisomers, respec-251 

tively (Figure 3D). 252 

On the other hand, the results obtained for 1a-1d suggest that a salt-bridge interaction 253 

between the negatively charged carboxylic group of the ligands and R237 of PfGAPDH 254 

(involved in phosphate binding and translocation) could be responsible for the drastic 255 

reduction of the inhibitory activity of 1b-1d. Indeed, when the carboxylic group is posi-256 

tioned at the PI site (BA1; Figures 4A and S5), the salt-bridge with R237 is responsible for 257 

keeping the electrophilic carbon of the 3-bromo-4,5-dihydroisoxazole ring (C3) away from 258 

the sulfur atom of C153 (> 4 Å; 1b and 1c) or, in the case of 1d, placing the 4,5-dihydroi-259 

soxazole nitrogen atom between the C3 carbon and the C153 sulphur atom. In any case, 260 

such ionic interaction hampers the approach to C153 and the formation of the carbon sul-261 

phur bond (⁓ 1.80 Å). 262 

 263 

 264 
Figure 4. (A-D) Docked structures of PfGAPDH in complex with: i) 1a (orange), 1b (yellow), 265 

1c (green) and 1d (magenta) approaching from the PI site (BA1; A) or PII site (BA2; B); ii) 4a (orange), 266 

4b (yellow), 4c (green) and 4d (magenta) approaching from the PI site (BA1; C) or PII site (BA2; D). 267 

All structures are superimposed on the starting PfGAPDH conformation by fitting Cα atoms. The 268 

starting protein conformation (gray) is displayed as solid ribbons and the Connolly surface of the 269 

active site is shown. The backbone of the docked complexes is in line ribbons, key interaction resi-270 

dues are displayed and labelled, and heteroatoms are colored by atom type (N, blue; O, red; S, yel-271 

low; Br, brown). The van der Waals volume of the sulfur atom of C153 is scaled by 50%. Hydrogen 272 

atoms are omitted for clarity, except those involved in ligand-protein hydrogen bond interactions 273 

(black dashed lines). 274 
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 275 

When the carboxylic group is positioned in the PII site (BA2; Figures 4B and S6), the 276 

diastereoisomers 1b-1d still present the salt-bridge with R237 together with a charge-as-277 

sisted hydrogen bond interaction with T214, drastically reducing the SASA of the bromine 278 

atom positioned at PI (Table S34). Importantly, the carboxylic group of 1a (the only active 279 

diastereoisomer) is not involved in any interaction with R237 and, accordingly, the SASA 280 

of the bromine atom is not reduced (Tables S34 and S35). In line with what observed for 281 

the carboxylic group, for the amide derivatives 4b and 4d, the introduction of the NH 282 

group is responsible for additional interactions with the protein which move the ligand 283 

away from C153 (Figures 4C and 4D; Tables S27-S30; Figures S7 and S8). As previously 284 

reported, this is also true for 4a (the only active diastereoisomer), but only assuming the 285 

BA2 [16]. Finally, diastereoisomer 4c docked conformations are highly distorted in both 286 

binding approaches (Figures S9 and S10) and show an energy difference from the global 287 

minimum conformer higher than 15 kcal/mol (Table S33). Therefore, computational re-288 

sults are consistent with PfGAPDH inhibitory activities and provide useful molecular 289 

models to drive future structural modifications.  290 

 291 

3. Conclusions 292 

Herein, we investigated the importance of stereochemistry for the biological activity 293 

of nature-inspired 3-Br-acivicin and its derivatives. For each molecule, the four isomers 294 

were prepared and evaluated in vitro towards P. falciparum. Only the (5S, αS) natural iso-295 

mers showed a significant antimalarial activity, suggesting that their uptake might be me-296 

diated by the L-amino acid transport system. Considering the PfGAPDH inhibition, the 297 

most potent compounds turned out to be the ester derivatives 2a-2d and 3a-3d, with no 298 

significant differences among the diastereoisomers. In contrast, stereochemistry affected 299 

target binding for the other two subclasses (1a-1d and 4a-4d). A clear correlation between 300 

the PfGAPDH inhibitory activity and the antimalarial potency was not observed, there-301 

fore additional targets might be involved in the biological effects. The racemic form of the 302 

3-bromo-4,5-dihydroisoxazole scaffold had been exploited in chemoproteomic profiling 303 

methods to engage reactive cysteine residues in the human proteome [27]. Our enantio-304 

merically pure 3-bromo-4,5-dihydroisoxazole derivatives represent valuable tools for pro-305 

teomic experiments on malaria parasite P. falciparum, aiming to reveal new ligandable 306 

sites in proteins and to guide a future structure-based drug design. 307 

4. Materials and Methods 308 

4.1. Chemistry 309 

4.1.1. General 310 

All reagents, solvents and starting materials were purchased from Sigma-Aldrich, 311 

Fluorochem or TCI Europe. The diastereoisomeric mixtures 5 and 6 were prepared as pre-312 

viously described [19]. Compounds 2a, 3a and 4a were prepared from intermediate 8a as 313 

previously described [14,16]. 1H NMR and 13C NMR spectra were recorded with a Varian 314 

Mercury 300 (300 MHz) spectrometer. NMR spectra were obtained in deuterated solvents, 315 

such as CDCl3 or D2O. The chemical shift (δ values) are reported in ppm and corrected to 316 

the signal of the deuterated solvents. Peak multiplicities are reported as: s (singlet), d 317 

(doublet), dd (doublet of doublets), ddd (doublet of doublet of doublets), t (triplet), dt 318 

(doublet of triplets), q (quartet), m (multiplet), br (broadened). Chemical shifts (δ) are ex-319 

pressed in ppm and coupling constants (J) in Hertz (Hz). Thin layer chromatography 320 

(TLC) plates were purchased from Sigma-Aldrich (silica gel 60 F254 aluminum sheets, 321 

with fluorescence indicator 254 nm), a dilute alkaline solution of KMnO4 or a ninhydrin 322 

solution were used to visualize the compounds. Flash chromatography was performed 323 

using silica gel, pore size 60 Å, 230-400 mesh particle size. Specific rotations ([]DT) were 324 
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calculated based on the optical rotation measurements obtained with a Jasco P1010 polar-325 

imeter coupled with a Haake N3-B thermostat. 326 

4.1.2. General procedure A: 327 

To a stirred solution of the appropriate tert-butyl (1-(3-bromo-4,5-dihydroisoxazol-5-328 

yl)-2- hydroxyethyl)carbamate precursor 7a-d (1 eq) in DCE (0.8 mL/mmol), KCl (0.1 eq), 329 

Fe(NO3)3 x 9H2O (0.1 eq) and TEMPO (0.1 eq) were added. The reaction mixture was 330 

stirred under an air flow for 24 hours and the reaction progress was monitored by TLC. 331 

The solvent was evaporated and purification by silica gel column chromatography gave 332 

compounds 8a-d. 333 

4.1.3. General procedure B: 334 

Compounds 8a-d (1.0 eq) were treated with a 15% DCM solution of trifluoroacetic 335 

acid (10 eq) at 0 °C, and the solution was stirred at rt for 1 h. The volatiles were removed 336 

under vacuum and the crude was purified by ion-exchange chromatography using 337 

Dowex Marathon C (H+ form) resin, elution with a 10% solution of pyridine in water. The 338 

solvent was evaporated under reduced pressure to obtain compounds 1a-d. 339 

4.1.4. General procedure C: 340 

TMSCHN2 2.0 M in hexane (2 eq) was added dropwise to a cooled solution of 8b-d (1 341 

eq) in toluene (10 mL/mmol) and MeOH (0.4 mL/mmol). After stirring at room tempera-342 

ture for 1 h, the mixture was concentrated under reduced pressure and purification by 343 

silica gel column chromatography gave compounds 9b-d. 344 

4.1.5. General procedure D: 345 

Compounds 8b-d (1 eq) were dissolved in DMF (6 mL/mmol). Benzyl bromide (1.2 346 

eq) and KHCO3 (1.2 eq) were added to the solution. The reaction mixture was stirred at 347 

50°C for 1 h. The reaction mixture was diluted with EtOAc and the organic layer was 348 

washed with 1N HCl, 5% NaHCO3, and brine. The organic layer was dried over anhy-349 

drous Na2SO4, filtered, and evaporated to dryness. Purification by silica gel column chro-350 

matography gave compounds 10b-d. 351 

4.1.6. General procedure E: 352 

Benzylamine (1 eq), EDC hydrochloride (1 eq) and HOBt (0.5 eq) were added to a 353 

solution of 8b-d (1 eq) in dry THF (35 mL/mmol). The reaction mixture was stirred at room 354 

temperature for 2 h, then the solvent was removed under reduced pressure. Purification 355 

by silica gel column chromatography gave compounds 11b-d. 356 

4.1.7. General procedure F: 357 

The N-Boc precursor 9b-d, 10b-d or 11b-d (1 eq) was treated with a 15% DCM solu-358 

tion of trifluoroacetic acid (10 eq) at 0 °C. The resulting solution was stirred at rt for 4 h. 359 

The volatiles were removed under vacuum, 5% aqueous solution of NaHCO3 was added, 360 

and the aqueous layer extracted with DCM. The organic layer was dried over anhydrous 361 

Na2SO4, filtered, and evaporated to dryness. Purification by silica gel column chromatog-362 

raphy gave compounds 2b-d, 3b-d or 4b-d. 363 

4.1.8. tert-Butyl ((R)-1-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-364 

hydroxyethyl)carbamate (7a) and tert-butyl ((R)-1-((R)-3-bromo-4,5-dihydroisox-365 

azol-5-yl)-2-hydroxyethyl)carbamate (7b) 366 

The diastereomeric mixture 5 (2.80 g, 8.02 mmol) was dissolved in a 5:1 mixture of 367 

AcOH/H2O (60 mL) and stirred at 40°C for 48 h. The solvent was evaporated and the crude 368 
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was dissolved in EtOAc and washed with water. Purification by silica gel column chro-369 

matography (cyclohexane/EtOAc 9:1) afforded I fraction 7a (1.11 g, 3.61 mmol, 45% yield) 370 

and II fraction 7b (719 mg, 2.33 mmol, 29% yield). 371 

7a: white prisms (from iPr2O), [α]D20 = +91.8 (c = 0.5, CHCl3). 1H NMR (300 MHz, 372 

CDCl3) δ 5.11 (brs, 1H), 4.77 (ddd, J = 8.7, 8.7, 8.7, 1H), 3.88–3.99 (m, 1H), 3.67–3.82 (m, 2H), 373 

3.25–3.38 (m, 2H), 1.89 (brs, 1H), 1.45 (s, 9H). 13C NMR (75 MHz, Chloroform-d) δ 156.2, 374 

138.5, 81.0, 80.5, 61.4, 54.2, 44.6, 28.5 (3C). Analytical data were in agreement with litera-375 

ture values [13].  376 

7b: white prisms (from iPr2O), [α]D20 = -91.5 (c = 0.5, CHCl3). 1H NMR (300 MHz, 377 

CDCl3) δ 5.01–4.88 (m, 2H), 3.90-3.65 (m, 3H), 3.32 (dd, J = 17.5, 10.5 Hz, 1H), 3.21 (dd, J = 378 

17.5, 8.4 Hz, 1H), 2.05 (brs, 1H), 1.45 (s, 9H). 13C NMR (75 MHz, Chloroform-d) δ 156.5, 379 

138.4, 80.9, 80.2, 62.3, 54.1, 43.9, 28.2 (3C). 380 

4.1.9. tert-Butyl ((S)-1-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-381 

hydroxyethyl)carbamate (7c) and tert-butyl ((S)-1-((R)-3-bromo-4,5-382 

dihydroisoxazol-5-yl)-2-hydroxyethyl)carbamate (7d)  383 

The diastereomeric mixture 6 (2.80 g, 8.02 mmol) was dissolved in a 5:1 mixture of 384 

AcOH/H2O (60 mL) and stirred at 40°C for 48 h. The solvent was evaporated and the crude 385 

was dissolved in EtOAc and washed with water Purification by silica gel column chroma-386 

tography (cyclohexane/EtOAc 9:1) afforded I fraction 7d (1.07 g, 3.45 mmol, 43% yield) 387 

and II fraction 7c (793 mg, 2.57 mmol, 32% yield). 388 

7c: white prisms (from iPr2O), [α]D20 = +90.1 (c = 0.5, CHCl3). NMR data were con-389 

sistent with those obtained for the corresponding enantiomer 7b. 390 

7d: white prisms (from iPr2O), [α]D20 = -90.3 (c = 0.5, CHCl3). NMR data were con-391 

sistent with those obtained for the corresponding enantiomer 7a.  392 

4.1.10. (S)-2-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-((tert-butoxycarbonyl)amino)ace-393 

tic acid (8a) 394 

Compound 8a was prepared according to general procedure A from intermediate 7a 395 

(1.00 g, 3.23 mmol). Purification by silica gel column chromatography (cyclohex-396 

ane/EtOAc 7:3 + 1% AcOH) gave compound 8a as a white solid, which was recrystallized 397 

from iPrOH (836 mg, 2.59 mmol, 80% yield). [α]D20 = +169.2 (c = 0.1, CHCl3). 1H NMR (300 398 

MHz, CDCl3) δ 5.45 (brs, 1H), 5.00 (ddd, J=11.0, 7.7, 3.9, 1H), 4.52 (dd, J=8.0, 3.9, 1 H), 3.30–399 

3.60 (m, 2 H), 1.45 (s, 9H). Proton of COOH not seen. 13C NMR (CDCl3) δ 172.2, 155.7, 138.6, 400 

82.1, 81.5, 56.3, 44.3, 28.5 (3C). Analytical data were in agreement with literature values 401 

[13]. 402 

4.1.11. (S)-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-((tert-butoxycarbonyl)amino)ace-403 

tic acid (8b)  404 

Compound 8b was prepared according to general procedure A from intermediate 7b 405 

(700 mg, 2.26 mmol). Purification by silica gel column chromatography (cyclohex-406 

ane/EtOAc 7:3 + 1% AcOH) gave compound 8b as a white solid, which was recrystallized 407 

from iPrOH (643 mg, 1.99 mmol, 88 % yield). [α]D20 = -95.0 (c = 0.1, CHCl3). 1H NMR (300 408 

MHz, CDCl3) δ 5.31-5.22 (m, 2H), 4.58 (d, J = 9.3 Hz, 1H), 3.40 (dd, J = 17.7, 10.9 Hz, 1H), 409 

3.25 (dd, J = 17.7, 7.7 Hz, 1H), 1.46 (s, 9H). Proton of COOH not seen. 13C NMR (75 MHz, 410 

Methanol-d4) δ 170.7, 157.1, 137.8, 81.4, 79.7, 55.8, 43.2, 27.2 (3C). 411 

4.1.12. (R)-2-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-((tert-butoxycarbonyl)amino)ace-412 

tic acid (8c) 413 

Compound 8c was prepared according to general procedure A from intermediate 7c 414 

(700 mg, 2.26 mmol). Purification by silica gel column chromatography (cyclohex-415 

ane/EtOAc 7:3 + 1% AcOH) gave compound 8c as a white solid, which was recrystallized 416 
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from iPrOH (614 mg, 1.90 mmol, 84% yield). [α]D20 = +98.0 (c = 0.1, CHCl3). NMR data were 417 

consistent with those obtained for the corresponding enantiomer 8b.  418 

4.1.13. (R)-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-((tert-butoxycarbonyl)amino)ace-419 

tic acid (8d) 420 

Compound 8d was prepared according to general procedure A from intermediate 7d 421 

(1.00 g, 3.23 mmol). Purification by silica gel column chromatography (cyclohex-422 

ane/EtOAc 7:3 + 1% AcOH) gave compound 8d as a white solid, which was recrystallized 423 

from iPrOH (868 mg, 2.68 mmol, 83% yield). [α]D20 = -168.5 (c = 0.1, CHCl3). NMR data 424 

were consistent with those obtained for the corresponding enantiomer 8a. 425 

4.1.14. (S)-2-amino-2-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)acetic acid (1a)  426 

Compound 1a was prepared according to general procedure B from intermediate 8a 427 

(200 mg, 0.62 mmol). 1a was obtained as a white solid, which was recrystallized from 428 

MeOH/H2O (94 mg, 0.42 mmol, 68% yield). [α]D20 = +172.2 (c = 0.1, water). 1H NMR (300 429 

MHz, D2O) δ 5.08 (ddd, J = 11.0, 8.2, 3.3 Hz, 1H), 3.92 (d, J = 3.3 Hz, 1H), 3.45 (dd, J = 17.1, 430 

11.0 Hz, 1H), 3.35 (dd, J = 17.1, 8.2 Hz, 1H). Protons of NH2 and COOH not seen. 13C NMR 431 

(75 MHz, D2O) δ 170.0, 140.9, 79.7, 56.1, 42.9. Analytical data were in agreement with lit-432 

erature values [13]. 433 

4.1.15. (S)-2-amino-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)acetic acid (1b) 434 

Compound 1b was prepared according to general procedure B from intermediate 8b 435 

(200 mg, 0.62 mmol). 1b was obtained as a white solid, which was recrystallized from 436 

MeOH/H2O (66 mg, 0.30 mmol, 48% yield). [α]D20 = -100.4 (c = 0.1, water). 1H NMR (300 437 

MHz, D2O) δ 4.95 (ddd, J = 10.6, 7.5, 7.3 Hz, 1H), 3.77 (d, J = 7.3 Hz, 1H), 3.54 (dd, J = 18.3, 438 

10.6 Hz, 1H), 3.40 (dd, J = 18.3, 7.5 Hz, 1H). Protons of NH2 and COOH not seen. 13C NMR 439 

(75 MHz, D2O) δ 170.5, 140.8, 79.5, 56.4, 44.4. 440 

4.1.16. (R)-2-amino-2-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)acetic acid (1c) 441 

Compound 1c was prepared according to general procedure B from intermediate 8c 442 

(200 mg, 0.62 mmol). 1c was obtained as a white solid, which was recrystallized from 443 

MeOH/H2O (99 mg, 0.45 mmol, 72% yield). [α]D20 = +100.7 (c = 0.1, water). NMR data were 444 

consistent with those obtained for the corresponding enantiomer 1b. 445 

4.1.17. (R)-2-amino-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)acetic acid (1d)  446 

Compound 1d was prepared according to general procedure B from intermediate 8d 447 

(200 mg, 0.62 mmol). 1d was obtained as a white solid, which was recrystallized from 448 

MeOH/H2O (101 mg, 0.45 mmol, 73% yield). [α]D20 = -170.4 (c = 0.1, water). NMR data were 449 

consistent with those obtained for the corresponding enantiomer 1a. 450 

4.1.18. Methyl (S)-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-((tert-butoxycar-451 

bonyl)amino)acetate (9b) 452 

Compound 9b was prepared according to general procedure C from intermediate 8b 453 

(200 mg, 0.62 mmol). Purification by silica gel column chromatography (cyclohex-454 

ane/EtOAc 8:2) gave compound 9b as a yellow oil (123 mg, 0.37 mmol, 59% yield). [α]D20 455 

= -111.5 (c = 0.5, CHCl3). 1H NMR (300 MHz, Chloroform-d) δ 5.27-5.18 (m, 2H), 4.53 (dd, 456 

J = 9.4, 2.0 Hz, 1H), 3.81 (s, 3H), 3.36 (dd, J = 17.6, 10.8 Hz, 1H), 3.25 (dd, J = 17.6, 7.8 Hz, 457 

1H) 1.46 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 169.3, 156.2, 137.9, 81.4, 80. 8, 56.0, 53.0, 43.6, 458 

28.2 (3C). 459 

4.1.19. Methyl (R)-2-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-((tert-butoxycar-460 

bonyl)amino)acetate (9c) 461 
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Compound 9c was prepared according to general procedure C from intermediate 8c 462 

(200 mg, 0.62 mmol). Purification by silica gel column chromatography (cyclohex-463 

ane/EtOAc 8:2) gave compound 9c as a yellow oil (131 mg, 0.39 mmol, 63% yield). [α]D20 = 464 

+113.9 (c = 0.5, CHCl3). NMR data were consistent with those obtained for the correspond-465 

ing enantiomer 9b. 466 

4.1.20. Methyl (R)-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-((tert-butoxycar-467 

bonyl)amino)acetate (9d) 468 

Compound 9d was prepared according to general procedure C from intermediate 8d 469 

(200 mg, 0.62 mmol). Purification by silica gel column chromatography (cyclohex-470 

ane/EtOAc 8:2) gave compound 9d as a yellow oil (125 mg, 0.37 mmol, 60% yield). [α]D20 471 

= -156.4 (c = 0.5, CHCl3). 1H NMR (300 MHz, CDCl3) δ 5.50 (d, J = 8.0, 1H), 4.92 (ddd, J = 472 

10.5, 7.2, 3.3Hz, 1H), 4.42 (dd, J = 8.0, 3.3 Hz, 1H), 3.78 (s, 3H), 3.35−3.50 (m, 2H), 1.42 (s, 473 

9H). 13C NMR (75 MHz, CDCl3) δ 169.3, 155.3, 138.2, 82.2, 80.9, 56.6, 53.2, 44.5, 28.4 (3C). 474 

NMR data were consistent with those reported in literature for the corresponding enanti-475 

omer 9a [14]. 476 

4.1.21. Benzyl (S)-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-((tert-butoxycar-477 

bonyl)amino)acetate (10b)  478 

Compound 10b was prepared according to general procedure D from intermediate 479 

8b (200 mg, 0.62 mmol). Purification by silica gel column chromatography (cyclohex-480 

ane/EtOAc 9:1) gave compound 10b as a colourless oil (156 mg, 0.38 mmol, 61% yield). 481 

[α]D20 = -99,8 (c = 0.5, CHCl3). 1H NMR (300 MHz, CDCl3) δ 7.44 – 7.30 (m, 5H), 5.36 – 5.12 482 

(m, 4H), 4.56 (dd, J = 9.5, 2.1 Hz, 1H), 3.34 (dd, J = 17.6, 10.7, 1H), 3.26 (dd, H = 17.6, 8.0, 483 

1H), 1.45 (s, 9H). 13C NMR (75 MHz, Chloroform-d) δ 169.3, 155.6, 138.0, 135.5, 128.9 (2C), 484 

128.7 (2C), 128.6, 82.4, 80.8, 68.1, 57.4, 44.8, 28.6 (3C). 485 

4.1.22. Benzyl (R)-2-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-((tert-butoxycar-486 

bonyl)amino)acetate (10c) 487 

Compound 10c was prepared according to general procedure D from intermediate 488 

8c (200 mg, 0.62 mmol). Purification by silica gel column chromatography (cyclohex-489 

ane/EtOAc 9:1) gave compound 10c as a colourless oil (156 mg, 0.38 mmol, 61% yield). 490 

[α]D20 = +94.6 (c = 0.5, CHCl3). NMR data were consistent with those obtained for the cor-491 

responding enantiomer 10b. 492 

4.1.23. Benzyl (R)-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-((tert-butoxycar-493 

bonyl)amino)acetate (10d) 494 

Compound 10d was prepared according to general procedure D from intermediate 495 

8d (200 mg, 0.62 mmol). Purification by silica gel column chromatography (cyclohex-496 

ane/EtOAc 9:1) gave compound 10d as a yellow oil (200 mg, 0.48 mol, 78% yield). [α]D20 = 497 

-136.2 (c = 0.5, CHCl3). 1H NMR (300 MHz, CDCl3) δ 7.30−7.40 (m, 5H), 5.55 (d, J = 6.0 Hz, 498 

1H), 5.22 (d, J = 12.0 Hz, 1H), 5.14 (d, J = 12.0 Hz, 1H), 4.83 (ddd, J = 11.3, 6.9, 3.6 Hz, 1H), 499 

4.50 (m, 1H), 3.42 (dd, J = 17.6, 6.9 Hz, 1H), 3.30 (dd, J = 17.6, 11.3 Hz, 1H), 1.42 (s, 9H). 13C 500 

NMR (75 MHz, CDCl3) δ 168.7, 155.3, 138.1, 134.9, 128.9 (2C), 128.9 (2C), 128.8, 82.3, 80.9, 501 

68.3, 56.6, 44.4, 28.5 (3C). NMR data were consistent with those reported in literature for 502 

the corresponding enantiomer 10a [14]. 503 

4.1.24. tert-butyl ((S)-2-(benzylamino)-1-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-ox-504 

oethyl)carbamate (11b) 505 

Compound 11b was prepared according to general procedure E from intermediate 506 

8b (200 mg, 0.62 mmol). Purification by silica gel column chromatography (cyclohex-507 

ane/EtOAc 7:3) gave compound 11b as a colourless oil (176 mg, 0.43 mmol, 69% yield). 508 

[α]D20 = -97.7 (c = 1.0, CHCl3). 1H NMR (300 MHz, CDCl3) δ 7.42 – 7.20 (m, 5H), 6.60 (brs, 509 

1H), 5.43 – 5.19 (m, 2H), 4.57 – 4.27 (m, 3H), 3.37 (dd, J = 17.8, 11.1 Hz, 1H), 3.12 (dd, J = 510 
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17.8, 8.0 Hz, 1H), 1.44 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 168.1, 155.8, 138.3, 137.4, 128.7 511 

(2C), 127.7 (2C), 127.6, 80.8, 77.3, 56.2, 43.8, 43.6, 28.2 (3C). 512 

4.1.25. tert-butyl ((R)-2-(benzylamino)-1-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-ox-513 

oethyl)carbamate (11c) 514 

Compound 11c was prepared according to general procedure E from intermediate 8c 515 

(200 mg, 0.62 mmol). Purification by silica gel column chromatography (cyclohex-516 

ane/EtOAc 7:3) gave compound 11c as a colourless oil (219 mg, 0.53 mmol, 86% yield). 517 

[α]D20 = +100.1 (c = 1.0, CHCl3). NMR spectral data were in agreement with those of com-518 

pound 11b. 519 

4.1.26. tert-butyl ((R)-2-(benzylamino)-1-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)-2-ox-520 

oethyl)carbamate (11d) 521 

Compound 11d was prepared according to general procedure E from intermediate 522 

8d (200 mg, 0.62 mmol). Purification by silica gel column chromatography (cyclohex-523 

ane/EtOAc 7:3) gave compound 11d as a colourless oil (240 mg, 0.58 mmol, 94% yield). 524 

[α]D20 = -138.7 (c = 1.0, CHCl3). 1H NMR (300 MHz, CDCl3) δ 7.38-7.22 (m, 5H), 6.54 (t, J = 525 

5.7 Hz, 1H), 5.48 (d, J = 7.8 Hz, 1H), 4.74 (ddd, J = 10.5, 8.3, 6.6 Hz, 1H), 4.48 (d, J = 5.7 Hz, 526 

2H), 4.26 (dd, J = 8.3, 7.8 Hz, 1H), 3.52 (dd, J = 17.7, 6.6 Hz, 1H), 3.32 (dd, J = 17.7, 10.5 Hz, 527 

1H), 1.44 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 168.4, 155.9, 138.8, 137.4, 128.7 (2C), 127.6 528 

(2C), 127.6, 81.8, 77.2, 55.7, 44.3, 43.8, 28.2 (3C). NMR data were consistent with those re-529 

ported in literature for the corresponding enantiomer 11a [16]. 530 

4.1.27. Methyl (S)-2-amino-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)acetate (2b) 531 

Compound 2b was prepared according to general procedure F from intermediate 9b 532 

(100 mg, 0.30 mmol, 1.0 eq). Purification by silica gel column chromatography (100% 533 

EtOAc) gave compound 2b as a pale-yellow oil (49 mg, 0.20 mmol, 69% yield). [α]D20 = -534 

187.0 (c = 0.5, CHCl3). 1H NMR (300 MHz, CDCl3) δ 5.07 (ddd, J = 10.7, 7.9, 3.4 Hz, 1H), 3.76 535 

(s, 3H), 3.47 (d, J = 3.4 Hz, 1H), 3.40 (dd, J = 17.2, 7.9 Hz, 1H), 3.29 (dd, J = 17.2, 10.7 Hz, 536 

1H), 1.70 (brs, 2H). 13C NMR (75 MHz, CDCl3) δ 172.8, 137.9, 82.2, 57.2, 52.6, 44.0. 537 

4.1.28. Methyl (R)-2-amino-2-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)acetate (2c) 538 

Compound 2c was prepared according to general procedure F from intermediate 9c 539 

(100 mg, 0.30 mmol, 1.0 eq). Purification by silica gel column chromatography (100% 540 

EtOAc) gave compound 2c as a pale-yellow oil (38 mg, 0.16 mmol, 54% yield). [α]D20 = 541 

+184.3 (c = 0.5, CHCl3). NMR spectral data were in agreement with those of compound 9b. 542 

4.1.29. Methyl (R)-2-amino-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)acetate (2d) 543 

Compound 2d was prepared according to general procedure F from intermediate 9d 544 

(100 mg, 0.30 mmol, 1.0 eq). Purification by silica gel column chromatography (100% 545 

EtOAc) gave compound 2d as a colourless oil (42 mg, 0.18 mmol, 60% yield). [α]D20 = -97.1 546 

(c = 0.5, CHCl3). 1H NMR (300 MHz, CDCl3) δ 5.00 (ddd, J = 10.7, 8.0. 3.5 Hz, 1H), 3.92 (d, 547 

J = 3.5 Hz, 1H), 3.75 (s, 3H), 3.33 (dd, J = 17.3, 8.0 Hz, 1H), 3.20 (dd, J = 17.3, 10.7 Hz, 1H), 548 

1.80 (brs, 2H). 13C NMR (75 MHz, CDCl3) δ 172.0, 138.2, 82.7, 56.2, 52.8, 42.5. 549 

NMR data were consistent with those reported in literature for the corresponding 550 

enantiomer 2a [14]. 551 

4.1.30. Benzyl (S)-2-amino-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)acetate (3b) 552 

Compound 3b was prepared according to general procedure F from intermediate 10b 553 

(100 mg, 0.24 mmol, 1.0 eq). Purification by silica gel column chromatography (100% 554 

EtOAc) gave compound 3b as an orange oil (45 mg, 0.14 mmol, 59% yield). [α]D20 = -121.0 555 

(c = 0.5, CHCl3). 1H NMR (300 MHz, CDCl3) δ 7.49 – 7.30 (m, 5H), 5.22 (s, 2H), 5.13 (ddd, J 556 

= 10.9, 7.9, 3.4 Hz, 1H), 3.55 (d, J = 3.4 Hz, 1H), 3.43 (dd, J = 17.2, 7.9 Hz, 1H), 3.28 (dd, J = 557 
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17.2, 10.9 Hz, 1H), 1.90 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 172.1, 137.9, 135.2, 128.7 (2C), 558 

128.6 (2C), 128.4, 82.1, 67.5, 57.3, 44.0. 559 

4.1.31. Benzyl (R)-2-amino-2-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)acetate (3c) 560 

Compound 3c was prepared according to general procedure F from intermediate 10c 561 

(100 mg, 0.24 mmol, 1.0 eq). Purification by silica gel column chromatography (100% 562 

EtOAc) gave compound 3c as an orange oil (42 mg, 0.13 mmol, 55% yield). [α]D20 = +122.9 563 

(c = 0.5, CHCl3). NMR spectral data were in agreement with those of compound 3b. 564 

4.1.32. Benzyl (R)-2-amino-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)acetate (3d) 565 

Compound 3d was prepared according to general procedure F from intermediate 10d 566 

(100 mg, 0.24 mmol, 1.0 eq). Purification by silica gel column chromatography (100% 567 

EtOAc) gave compound 3d as an orange oil (39 mg, 0.12 mmol, 51% yield). [α]D20 = -62.0 568 

(c = 0.5, CHCl3). 1H NMR (300 MHz, CDCl3) δ 7.40−7.30 (m, 5H), 5.21 (d, J = 12.0 Hz, 1H), 569 

5.16 (d, J = 12.0 Hz, 1H), 4.98 (ddd, J = 10.7, 8.0, 3.9 Hz, 1H), 3.94 (d, J = 3.9 Hz, 1H), 3.33 570 

(dd, J = 17.3, 8.0 Hz, 1H), 3.10 (dd, J = 17.3, 10.7 Hz, 1H), 1.60 (brs, 2H). 13C NMR (75 MHz, 571 

CDCl3) δ 171.4, 138.1, 135.3, 129.0 (2C), 128.9 (2C), 128.7, 82.8, 67.6, 56.3, 42.4. NMR data 572 

were consistent with those reported in literature for the corresponding enantiomer 3a [14]. 573 

4.1.33. (S)-2-amino-N-benzyl-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)acetamide (4b) 574 

Compound 4b was prepared according to general procedure F from intermediate 11b 575 

(150 mg, 0.36 mmol, 1 eq). Purification by silica gel column chromatography (100% EtOAc) 576 

gave compound 4b as a white solid (66 mg, 0.21 mmol, 58% yield). m.p. = 122-123°C. [α]D20 577 

= -112.7 (c = 1.0, CHCl3). 1H NMR (300 MHz, CDCl3) δ 7.71 (brs, 1H), 7.52 – 7.13 (m, 5H), 578 

5.11 – 4.78 (m, 1H), 4.57 – 4.31 (m, 2H), 3.51 (d, J = 5.8 Hz, 1H), 3.50-3.40 (m, 2H), 1.86 (brs, 579 

2H). 13C NMR (75 MHz, CDCl3) δ 171.1, 138.4, 138.0, 128.7 (2C), 127.6 (2C), 127.5, 82.5, 57.6, 580 

44.2, 43.3. 581 

4.1.34. (R)-2-amino-N-benzyl-2-((S)-3-bromo-4,5-dihydroisoxazol-5-yl)acetamide (4c) 582 

Compound 4c was prepared according to general procedure F from intermediate 11c 583 

(150 mg, 0.36 mmol, 1 eq). Purification by silica gel column chromatography (100% EtOAc) 584 

gave compound 4c as a white solid (61 mg, 0.20 mmol, 54% yield). [α]D20 = +110.2 (c = 1.0, 585 

CHCl3). NMR spectral data were in agreement with those of compound 4b. 586 

4.1.35. (R)-2-amino-N-benzyl-2-((R)-3-bromo-4,5-dihydroisoxazol-5-yl)acetamide (4d) 587 

Compound 4d was prepared according to general procedure F from intermediate 11d 588 

(150 mg, 0.36 mmol, 1 eq). Purification by silica gel column chromatography (100% EtOAc) 589 

and recrystallization from iPrOH/n-hexane gave compound 4c as colourless needles (69 590 

mg, 0.22 mmol, 61% yield). [α]D20 = -79.0 (c = 1.0, CHCl3). 1H NMR (300 MHz, CDCl3) δ 591 

7.41-7.23 (m, 6H), 5.09 (dt, J = 9.6, 4.8 Hz, 1H), 4.44 (d, J = 6.3 Hz, 2H), 3.80 (d, J = 4.8 Hz, 592 

1H), 3.22 (d, J = 9.6 Hz, 2H), 1.60 (brs, 2H). 13C NMR (75 MHz, CDCl3) δ 170.6, 138.1, 137.8, 593 

128.8 (2C), 127.7 (2C), 127.7, 82.8, 56.4, 43.3, 41.8. NMR data were consistent with those 594 

reported in literature for the corresponding enantiomer 4a [16]. 595 

4.2. Molecular modeling 596 

Molecular modeling calculations were performed on CPU/GPU hybrid High Perfor-597 

mance Computing Cluster (10 Twin servers, for a total of 560 Intel® Xeon® Gold proces-598 

sors (128 GB RAM), 64 AMD® EPYC® processors and 2 GPU NVIDIA® Tesla® V100) and 599 

on High Performance Computing Cluster (6 Twin servers s for a total of 12 nodes each 600 

equipped with Intel® Xeon® QuadCore E5520 CPU, 36 GB RAM). The molecular model-601 

ing graphics were carried out on personal computer equipped with Intel(R) Core (TM) i7-602 

8700 processor and SGI Octane 2 workstations.  603 
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The apparent pKa and clogD values (pH 7.4) of compounds 1a-1d, 2a-2d, 3a-3d and 604 

4a-4d were calculated by using ACD/pKa GALAS algorithm of ACD/Percepta software 605 

(ACD/Percepta, Advanced Chemistry Development, Inc., Toronto, ON, Canada, 2017, 606 

http://www.acdlabs.com.). Then, the percentage of neutral/ionized forms was computed 607 

at pH 7.2 (cytoplasm pH value) using the Handerson−Hasselbalch equation. 608 

4.2.1. Conformational analysis 609 

The molecular models of new compounds of 1a-1d, 2b-2d, 3b-3d and 4b-4d were 610 

built (Small Molecule tool of Discovery Studio 2017; Dassault Systèmes BIOVIA, San Di-611 

ego, 2017), atomic potentials and charges were assigned using the CFF forcefield [28]. Re-612 

sulting structures were subjected to molecular mechanic (MM) energy minimization (ε = 613 

80*r) until the maximum RMS derivative was less than 0.001 kcal/Å, using Conjugate Gra-614 

dient as minimization algorithm [29]. The obtained conformers were used as starting 615 

structures for the subsequent systematic conformational analysis (Search Small Molecule 616 

Conformations; Discovery Studio 2017). The conformational space was sampled by sys-617 

tematically varying the rotatable bonds sp3-sp3 and sp3-sp2 with an increment of 60°. The 618 

RMSD cutoff for structure selection was set to 0.01 (Å). Finally, to ensure a wide variance 619 

of the input structures to be successively fully minimized, an energy threshold value of 620 

106kcal/mol was used as selection criteria. The generated structures were then subjected 621 

to MM energy minimization (CFF forcefield; ε = 80*r) until the maximum RMS derivative 622 

was less than 0.001 kcal/Å, using Conjugate Gradient as minimization algorithm. Finally, 623 

the resulting conformers were ranked by their potential energy values (i.e., ΔE from the 624 

global energy minimum). The conformers within 5 kcal/mol from the global minimum 625 

were classified on the basis of dihedral angle values. 626 

4.2.2. Docking studies 627 

Docking calculations were performed by using as protein structure the previously 628 

developed atomic model of PfGAPDH [16]. Although in the docking simulation all the 629 

systems is perturbed by a Monte Carlo/minimization procedure, nevertheless the docking 630 

procedure formally requires a reasonable starting structure. In order to define the starting 631 

conformation of the new compounds, all the conformers within 5 kcal/mol from the global 632 

minimum were placed in GAPDH catalytic site considering the two binding modes of the 633 

glyceraldehyde 3-phosphate analogue 2-(2-phosphono-ethyl)-acrylic acid 4-nitro-phenyl 634 

ester (PDB ID: 1ML3). The conformations with the lowest potential energy that did not 635 

show significant steric overlap with catalytic-site amino acids were selected as starting 636 

conformations for the docking calculations. 637 

A docking procedure, which considers all the systems as flexible (i.e., ligand and pro-638 

tein), was applied. Flexible docking was achieved using the Affinity module in the Insight 639 

2005 suite, setting the SA_Docking procedure [30] and using the Cell Multipole method 640 

for non-bonded interactions [31]. The docking procedure included a Monte Carlo (MC) 641 

based conformational search of the ligand within the active site of PfGAPDH. During the 642 

first step, starting from the previously obtained roughly docked structures, the ligand was 643 

moved by a random combination of translation, rotation, and torsional changes to sample 644 

both the conformational space of the ligand and its orientation with respect to the protein 645 

(MxRChange = 3 Å; MxAngChange = 180°). During this step, van der Waals (vdW) and 646 

Coulombic terms were scaled to a factor of 0.1 to avoid very severe divergences in the 647 

vdW and Coulombic energies. If the energy of a complex structure resulting from random 648 

moves of the ligand was higher by the energy tolerance parameter than the energy of the 649 

last accepted structure, it was not accepted for minimization. To ensure a wide variance 650 

of the input structures to be successively minimized, an energy tolerance value of 106 651 

kcal/mol from the previous structure was used. After the energy minimization step (con-652 

jugate gradient; 2500 iterations; ε = 1), the energy test, with an energy range of 50 kcal/mol, 653 

and a structure similarity check (rms tolerance = 0.3 kcal/Å) was applied to select the 20 654 
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acceptable structures. Each subsequent structure was generated from the last accepted 655 

structure.  656 

All PfGAPDH atoms were left free to move during the entire course of docking cal-657 

culations, whereas, in order to avoid unrealistic results, a tethering restraint was applied 658 

on Structurally Conserved Regions (SCRs) of the protein. To identify SCRs, the PfGAPDH 659 

sequence was analyzed using the Structure Prediction and Sequence Analysis server Pre-660 

dictProtein (http://www.predictprotein. org/). In PfGAPDH, 8 α-helix and 16 β-sheet sec-661 

ondary structures were predicted to be highly conserved (α1, aa13−23; α2, aa40−48; α3, 662 

aa105−113; α4, aa155−167; α5, aa198−207; α6, aa214−227; α7, aa258-270; α8, aa323-335 β1, 663 

aa4-8; β2, aa29-34; β3, aa58−62; β4, aa66−70; β5, aa73−79; β6, aa93-98; β7, aa118-123; β8, 664 

aa131-136; β9, aa146-149; β10, aa171-182; β11, aa234-238; β12, aa244-252; β13, aa275-278; 665 

β14, aa296-299; β15, aa303-306; β16, aa310-317). Within the identified SCRs, the distance 666 

between backbone hydrogen bond donors and acceptors in the α-helices was restrained 667 

within 2.5 Å. On the other hand, the φ and ψ torsional angles of the β-sheets were re-668 

strained within -119° and +113°, or -139° and +135°, respectively, according to the parallel 669 

or anti-parallel structure. According to the reliability index values obtained from the sec-670 

ondary structure prediction analysis, we applied restraints with a quadratic form and the 671 

following set of force constants: i) 1 kcal/mol/Å2 (maximum force: 10 kcal/mol/Å2) for re-672 

liability index values from 0 to 3, ii) 10 kcal/mol/Å2 (maximum force: 100 kcal/mol/Å2) for 673 

reliability index values from 4 to 6, and iii) 100 kcal/mol/Å2 (maximum force: 1000 674 

kcal/mol/Å2) for reliability index values from 7 to 9. Moreover, in order to investigate the 675 

first approach of our compounds to the catalytic site before the nucleophilic attack, a teth-676 

ering restraint was applied on: i) the hydrogen bond between the catalytic residues C153 677 

and H180 (constrained within 2.5 Å using a force constant of 100 (kcal/mol)/Å) and ii) the 678 

distance between the electrophilic carbon of the 3-bromo-4,5-dihydroisoxazole ring and 679 

the sulfur atom of C153 (constrained within 3.4 Å using a force constant of 100 680 

(kcal/mol)/Å according to the data present in the literature) [32,33]. 681 

For each compound, the resulting complexes were superimposed on the starting 682 

structure by fitting all the Cα atoms, and the Cα RMSD of each residue and its average 683 

value were calculated. Then, the complexes were again superimposed on the starting 684 

structure by fitting the Cα atoms of the residues characterized by an average value of 685 

RMSD ≤ 0.2 Å. Considering this latter superimposition, the Cα RMSD of the catalytic res-686 

idues and the RMSD of NAD+ were calculated. The χ1 torsion angle of C153 and the geo-687 

metric criteria of the hydrogen bond between C153 and H180 were also evaluated for each 688 

generated complex. In particular, the angle D-H-A and X-D-A of this hydrogen bond was 689 

calculated assuming as D the sulfur atom of C153, as A the Nτ hydrogen atom of H180 690 

and as X the Cβ of C153.  691 

Finally, for each generated complex, the non-bonded interaction energy (vdW and 692 

electrostatic energy contribution; Group Based method [34]; CUT_OFF = 100; ε = 2*r; Dis-693 

cover_3 Module of Insight2005) was calculated. In our previous publication, the docked 694 

complexes of 2a, 3a and 4a were not analyzed using these criteria [16]. Accordingly, to 695 

properly compare the results obtained for new diastereoisomers with those obtained with 696 

2a, 3a and 4a, these latter were also included in this analysis.  697 

For each docking calculation, the complex with the most favorable interaction energy  698 

and characterized by i) Cα RMSD of C152 and H179 with respect to the starting structure 699 

≤ 3 Å; ii) the gauche(-) conformation ( from -30° to -90°) of the torsion angle χ1 of C153 700 

(i.e., the conformation needed to establish the hydrogen bond with H180) iii) the angles 701 

of the hydrogen bond between C153 and H180 > 90° [35] was selected. 702 

The selected docked complexes were then subjected to MM energy minimization ap-703 

plying only the restraint on the hydrogen bond between the catalytic residues C153 and 704 

H180 (RMS derivative < 0.5 kcal/Å; Steepest Descent algorithm; ε = 80*r; Module Discover; 705 

Insight 2005). The optimized complexes were again filtered by the using in addition to the 706 

above reported criteria the distance between the electrophilic carbon C3 of the 3-bromo-707 

4,5-dihydroisoxazole ring and the sulfur atom of C153 ≤ 4 Å.  708 
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The complex with the most favorable interaction energy meeting the filtering criteria 709 

was chosen as the structure representing the most probable calculated approach of the 710 

compounds to the catalytic cysteine of PfGAPDH. The quality of the selected docked com-711 

plexes was checked using Procheck structure evaluator software [36]. 712 

4.3. Biological assays 713 

4.3.1. Expression and purification of PfGAPDH 714 

Recombinant His-tagged PfGAPDH was produced in Escherichia coli, as already de-715 

scribed [14]. 716 

4.3.2. Enzyme assays 717 

GAPDH activity was evaluated using a modified version of the Ferdinand assay5 in 718 

a buffered solution containing 10 mM TEA, 10 mM sodium arsenate, 5 mM EDTA, 1.5 mM 719 

NAD+ and 2.2 mM DL-glyceraldehyde 3-phosphate, as already described [14]. GAPDH 720 

was added at a final concentration of 33 nM and NADH formation was monitored at 340 721 

nm using a Cary4000 spectrophotometer (Agilent Technologies) with the cell holder main-722 

tained at 25 °C. 723 

4.3.3. Parasite growth and drug susceptibility assay 724 

The CQ sensitive (D10) and CQ resistant (W2) strains of P. falciparum were sustained 725 

in vitro as described by Trager and Jensen [37,38]. All strains were cultured at 5% hema-726 

tocrit (human type A-positive red blood cells) in RPMI 1640 (EuroClone, Celbio) medium 727 

with the addition of 1% AlbuMax (Invitrogen, Milan, Italy), 0.01% hypoxanthine, 20 mM 728 

Hepes Buffer, and 2 mM glutamine. Parasites were maintained at 37 °C in a standard gas 729 

mixture consisting of 1% O2, 5% CO2, and 94% N2. For the drug sensitivity assay, com-730 

pounds were dissolved in DMSO and then diluted with medium to achieve the required 731 

concentrations (final DMSO concentration <1%, which is nontoxic to the parasite). Drugs 732 

were placed in 96 well flat-bottom microplates (COSTAR) and serial dilutions made. 733 

Asynchronous cultures with parasitemia of 1–1.5% and 1% final hematocrit were added 734 

into the plates and incubated for 72 h at 37 °C. Parasite growth was determined spectro-735 

photometrically (OD650) by measuring the activity of the parasite lactate dehydrogenase 736 

(pLDH), according to a modified version of Makler’s method in control and drug-treated 737 

cultures [39]. Antiplasmodial activity is expressed as the 50% inhibitory concentrations 738 

(IC50). Each IC50 value is the mean ± standard deviation of at least three separate experi-739 

ments performed in duplicate. 740 

Supplementary Materials: molecular modelling data (Table S1-S38; Figure S1-S10) are available 741 

online. 742 
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