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Abstract 
Trypanosoma cruzi, the agent of Chagas disease, expresses a unique enzyme, the trans-sialidase 
(TcTS) involved in the transfer of sialic acid from host glycoconjugates to mucins of the parasite. 
Crystallographic studies showed two sites in the catalytic region of TcTS, one binding the sialic 
acid donor and the other involved in binding terminal β-D-galactopyranosyl-containing 
compounds. We have previously described that lactose derivatives effectively inhibited the 
transfer of sialic acid to N-acetyllactosamine. On the other hand, oseltamivir is a sialic acid 
mimetic effective against some types of influenza virus. In this paper we report covalent 
conjugation of oseltamivir with lactose and lactobionolactone with the aim to obtain a bi-
substrate potential inhibitor. The behavior of the new compounds in the TcTS reaction was 
studied.  
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Introduction 
 
Trypanosoma cruzi, the agent of American trypanosomiasis,1 expresses a unique enzyme, the 
trans-sialidase (TcTS),2 involved in the transfer of α(2,3)-linked sialyl residues present in host 
sialoglycoconjugates to terminal D-galactopyranosyl units of mucins that are widely distributed 
on the parasite surface.3 This is the only way trypanosomes may incorporate sialic acid, instead of 
using the corresponding nucleotide sugar as donor. Sialylated mucins are in turn involved in the 
invasion of mammalian host cells and in the protection against lysis by serum factors.3 
Oligosaccharides of the mucins have been synthesized and their acceptor and inhibitory 
properties were studied.4,2d The TcTS is anchored to the membrane by 

 Page 260 ©ARKAT-USA, Inc. 

mailto:lederk@qo.fcen.uba.ar


Regional Issue "Organic Chemistry in Argentina"  ARKIVOC 2011 (vii) 260-271 

glycosylphosphatidylinositol5 and is shed to the medium, then, it can be detected in the blood 
during the acute phase of the infection6 and may produce several abnormalities in the immune 
system.7 Also, in Trypanosoma brucei, the agent of sleeping sickness, incorporation of sialic acid 
through a trans-sialidase into the glycosylphosphatidylinositol anchor of the procyclin surface 
protein cover is essential for parasite survival in the tsetse fly.8 Trans-sialidase, being a virulence 
factor in the mammal and/or insect stages of trypanosomes and being specific for the parasite, 
with no equivalent in the human host, is an interesting target for drug design. The 3D structure of 
TcTS shows two catalytic sites in the active center: the sialic acid-binding site and the galactose-
binding site.9 The TcTS works by a bisubstrate ping pong mechanism with formation of a 
covalent TcTS-sialosyl intermediate with Tyr 342, and acid-base catalysis.10 The active site of 
TcTS shows some conserved features of microbial sialidases including the presence of an 
arginine triad which interacts with the negatively charged carboxylate group of sialic acid. In the 
absence of a suitable carbohydrate acceptor, TcTS functions as a sialidase, catalyzing sialoside 
hydrolysis.11

Potential inhibitors for TcTS are usually classified depending on the active site region they 
target. In the last years several laboratories have been active in seeking inhibitors for TcTS, 
mainly directed to the sialic acid binding site.12 In particular, some natural products or 
synthetically modified natural products proved to be good inhibitors in vitro of the TcTS but the 
authors do not report studies on toxicity in animals.13 Inhibitors of TcTS directed to the 
β-galactosyl acceptor site should be more specific, as other sialidases lack this interaction. 
Lactose derivatives effectively inhibited the transfer of sialic acid to N-acetyllactosamine, lactitol 
being the best.14 The lactose analogs are only moderate inhibitors. However, they are non-toxic to 
animals.15 In fact, Mucci et al., proved that intravenous administration of 10 mg of lactitol 
inhibited TcTS in mice blood by 95-98%. Fast clearance from blood was solved using lactitol 
releasing pellets which prevented apoptosis of spleen cells. With the aim to improve the 
bioavailability lactose analogs have been conjugated with polyethylene glycol.16 Synthesis of a 
library of triazole substituted galactose derivatives and their evaluation against TcTs has been 
described. However, weak inhibition for TcTS–catalyzed hydrolysis of 2’-(4-
methylumbelliferyl)-α-D-N-acetylneuraminic acid was observed.17 

A good strategy to inhibit TcTS would involve compounds able to interact with both, the 
sialic acid and the β-galactopyranosyl binding sites. Following this direction Streicher and 
coworkers18 synthesized conjugates of carbocyclic sialyl mimetics with galactose. 

2-Deoxy-2,3-didehydro-D-N-acetylneuraminic acid (DANA) a potent inhibitor of the 
homologous influenza neuraminidase is a very weak inhibitor of TcTS (Ki 12.3 mM).19 Also, 
other transition-state analogue inhibitors such as zanamivir and BCX 1812 fail to inhibit TcTS at 
1mM concentrations.12a However, DANA was the first compound which cocrystallized with 
TcTS and the acceptor lactose.20 Moreover, the Trypanosoma rangeli sialidase (TrSA) with 70% 
sequence identity with TcTS is efficiently inhibited by DANA (Ki 1.5 µM).18 The sialyl transfer 
reaction of TcTS and the hydrolysis reaction of TrSA share the same mechanism up to the 
covalent intermediate with the sialyl substrate.21 Therefore, the different behavior of both 
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enzymes towards inhibitors directed to the sialic acid binding site is not fully understood. 
Molecular dynamics simulations in the presence of ligands showed conformational changes in the 
catalytic cleft mainly due to the motion of residues W312 and Y119, in the lactose binding region 
of TcTS.22 Herein we describe another bi-substrate approach to target the donor and acceptor 
binding sites. Oseltamivir (1), an ester prodrug marketed as TamifluTM and a potent inhibitor of 
influenza virus neuraminidases23 was covalently conjugated to lactose analogs. The behavior of 
the compounds in the TcTS reaction was studied. Although sialyl mimetics such as zanamivir 
were no good inhibitors for TcTS,12a we hoped that the concomitant presence of a ligand to the 
acceptor site would provoke conformational changes favorable for TcTS inhibition.  
 
Results and Discussion 
 
Two different chemical approaches were used for conjugation of oseltamivir with disaccharide 
derivatives containing β-D-Galp as the reducing unit: 1. Reductive amination of lactose with 
oseltamivir in the presence of NaBH3CN (Scheme 1). 2. Amide formation between the carboxyl 
group of lactobionic acid and the amino group of oseltamivir (Scheme 2). 
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Scheme 1. Synthesis of compounds 2 and 3 from lactose. 
 

In the first approach, the reaction monitored by TLC showed the appearance of a new 
compound with mobility in between lactose, which was revealed with the sulfuric acid reagent, 
and oseltamivir, which was only shown by exposing to UV light. After 6 h reaction the new 
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compound 2, which was detected by both UV and the sulfuric acid reagent, was purified from the 
mixture by chromatography through a RP-18 cartridge and eluted with 50% methanol. Ethyl 4-
acetamido-N-(1’-deoxylactitol-1’-yl)-5-amino-3-(pentan-3-yloxy)-cyclohex-1-enecarboxylate 2 
was obtained as a colorless amorphous solid in a moderate yield (36%). 

The NMR spectra showed the characteristic signals for the oseltamivir and sugar moieties. In 
the 1H NMR spectrum the doublet for the only anomeric proton of the sugar at  δ 4.49, J = 8 Hz, 
and the H-2 at δ 6.8 for the oseltamivir showed the same integration values. The 3-pentyl side 
chain gave two triplets for the methyl protons at δ 0.84 and δ 0.89 with J = 7.5 Hz. Accordingly, 
the methylene protons appeared at different δ. The new methylene amino protons appeared as 
two signals, a double doublet at δ 2.98 with a geminal coupling constant of 12 Hz and J1’,2’ = 2.5 
Hz and a triplet at δ 2.53, J = 12 Hz. As expected these methylene protons appeared upfield with 
respect to the oxymethylene protons of the sugar. 

In the 13C NMR spectrum the 3-pentyl side chain carbons of oseltamivir resonate at δ 8.7, 8.9 
(CH3), 25.3, 25.7 (CH2) and 84.2 (CH-O), the cyclohexene C-1 and C-2 appeared at δ 129.3 and 
138.3 and the carbons linked to nitrogen at δ 54.9 and 55.7. In the sugar, the only anomeric 
carbon resonates at δ 103.1 (β-Galp) and the new formed CH2-NH signal of C-1’ appeared at 
δ 49.4. The HRMS gave [M+H]+ and [M+Na]+ values which confirmed the structure. 
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Scheme 2. Synthesis of compounds 4, 5 and 6 from lactobionolactone. 
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Oseltamivir is marketed as the prodrug Tamiflu that after absorption is hydrolyzed by lipases 
to the corresponding carboxylic acid, which is the active form. In order to study its behavior as 
inhibitor in the trans-sialidase reaction we chemically hydrolyzed the ester to the carboxylate 3. 
After saponification of 2 for 1 h at 30 ºC, TLC indicated formation of 3 with a lower mobility. 
The structure was confirmed by NMR analysis which showed complete disappearance of the 
CH3CH2- signals corresponding to the ethyl ester. 

For amidation, oseltamivir was heated with an excess of lactobionolactone till the drug was 
no longer detected by UV and the new compound 4 was shown by TLC with the sulfuric acid 
reagent (Scheme 2). The product was purified by passing through a RP-18 cartridge. Excess 
lactobionolactone was eluted with water whereas compound 4 was eluted with methanol and was 
obtained as an amorphous solid in 56% yield. The structure was confirmed by NMR spectra. The 
signal for H-5 of the oseltamivir moiety appeared at lower field in the amido conjugate 4 with 
respect to the amino conjugate 2. In compound 4, H-5 could not be distinguished from the sugar 
protons in a complex region at  δ 3.67-3.96 whereas in 2 H-5 appeared at δ 2.94. In the 13C NMR 
spectrum the new amide carbonyl appeared at δ 175.4. By saponification of 4 the lactobionamide-
oseltamivir carboxylate 5 was obtained together with a minor compound which was tentatively 
assigned, on the basis of the 1H NMR spectrum, to the C-2’ epimeric compound 6 formed by the 
alkaline conditions and the presence of the carbonyl amide in the α-position. The NMR spectra 
showed disappearance of the signals due to the ethyl ester and in the 13C NMR spectrum the 
carbon of the carboxylic acid appeared at δ 169.6. In the 1H NMR spectrum the anomeric proton 
(H-1”), H-2’ and H-3’, among others, appeared as double signals in a 4:1 ratio corresponding to 
both C-2’ epimers. Also, H-2’ and H-3’ in 5 and 6 have different coupling constants confirming 
they were epimers. The presence of both compounds was confirmed by high performance anion 
exchange chromathography with pulse amperometric detection (HPAEC-PAD). 

Studies on the behavior of the new oseltamivir conjugates as substrates and competitive 
inhibitors, in the trans-sialidase reaction, were performed using 3’-sialyllactose (3’SL) as donor 
and a recombinant TcTS (Scheme 3). 

 

 
 
Scheme 3. Sialylation by TcTS of compound 2. 
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The reactions were followed by HPAEC-PAD which showed that compound 6 incorporated 
sialic acid in the same extent as 5. For that reason, the kinetic determinations were performed 
using the mixture of 5 and 6. The retention times of the acceptor substrates and their sialylated 
products are shown in Table 1. The ethyl esters were not included in the table because they 
hydrolyzed during the alkaline conditions of the HPAEC and gave broad peaks. 
 
Table 1. Retention times in HPAEC-PAD of compounds 3, 5, 6 and their sialylated products 

Retention time (min) 
Compound 

Condition 1 Condition 2 
3’-SL 16.00 - 

3 10.18 - 
S-3 25.4 - 

3’-SL - 11.33 
Lactobionic acid - 9.12 

S-Lactobionic 
acid 

- 25.72 

5 - 17.68 
S-5 - 35.67 
6 - 15.15 

S-6 - 33.70 
The conditions are specified in the Experimental section. 

 
The ability of the conjugates to act as acceptor substrates in the TS reaction is expressed by 

the calculated Km values which are compared with the values for lactitol and lactobionic acid 
(Table 2).  

 
Table 2. Kinetic parameters for compounds 2-6 in the TcTS reaction 

Compound Km (mM) IC50 (mM) 

Lactitol 0.26 0.21 

2 0.89 2.21 

3 0.36 4.21 

Lactobionic acid 0.19 0.33 

4 0.30 4.26 

5 and 6 (4:1) 0.34 2.16 

Oseltamivir  n.i.a

ano inhibition was observed at 2 mM concentration. 
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All the compounds were acceptors for sialic acid with Km values in the range of lactitol. 
Inhibition of sialylation of the substrate N-acetyllactosamine by the synthetic compounds was 
also studied. The IC50 values were one order higher than for the non-conjugated products. The 
results indicate that conjugation with oseltamivir does not affect interaction of the acceptor with 
the sugar binding site although, as shown for the free drug, is not effective for displacement of 
the sialic acid donor. The new oseltamivir sugar derivatives could be used to test them as 
inhibitors of the influenza virus neuraminidases. In this respect galactose-conjugates of 
oseltamivir have been prepared as tools for the characterization of influenza neuraminidases.24

 
 
Experimental Section 
 
General. Lactobionic acid, lactose and N-acetyllactosamine were purchased from Sigma 
Chemical Co. 3’-sialyllactose was obtained form bovine colostrum by an adaptation of a reported 
method.25 Optical rotations were measured with a Perkin-Elmer 343 polarimeter. NMR spectra 
were recorded with a Bruker AM 500 spectrometer at 500 MHz (1H) and 125 MHz (13C) at 30 ºC. 
Assignments were supported by 2D HSQC and 2D COSY experiments. High resolution 
electrospray ionization mass spectra (ESI-TOF) were recorded on BRUKER microTOF-Q II ESI-
Qq-TOF spectrometer. Analytical TLC was performed on 0.2 mm Silica Gel 60 F254 (Merck) 
aluminium supported plates. Detection was effected by exposure to UV light or by spraying with 
10% (v/v) sulfuric acid in ethanol containing 0.5% p-anisaldehyde and charring. Reverse phase 
column chromatography was performed on RP-18 cartridges (Strata, Phenomenex). For the 
sialylation experiments a recombinant TcTS expressed in Escherichia coli was kindly provided 
by A. C. C. Frasch (UNSAM, General San Martín, Buenos Aires, Argentina) 
Analysis by HPAEC-PAD was performed using a Dionex ICS 3000 HPLC system equipped with 
a pulse amperometric detector. A CarboPac PA-100 ion exchange analytical column (4 × 250 
mm) equipped with a guard column PA-100 (4 × 50 mm) was used under the following 
conditions: 
Condition 1: Linear gradient over 60 min from 30 to 300 mM NaOAc in 100 mM NaOH at a 
flow rate of 0.9 ml/min at 25 ºC. 
Condition 2: Linear gradient over 15 min from 30 to 100 mM NaOAc in 100 mM NaOH 
followed by a linear gradient over 30 min from 100 to 350 mM NaOAc in 100 mM NaOH at a 
flow rate of 0.9 ml/min at 25 ºC. 
 
Enzyme kinetics 
Reaction mixtures of 20 µl containing 20 mM Tris–HCl, pH 7 buffer, 30 mM NaCl, 1 mM 3’-
sialyllactose as donor, and compounds 2-5 as acceptor substrates were incubated with 300 ng 
purified TcTS for 15 min at room temperature. Samples were then diluted 12 times with 
deionized water and analyzed by HPAEC-PAD. For Km calculations a set of 6 points ranging 
from 0 to 1 mM of each compound was used. Each incubation was performed at least in 
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duplicate. D-Galacturonic acid was used as internal standard for compounds 2 and 3 and D-
Glycolylneuraminic acid for compounds 4 and 5. The extent of sialylation was calculated by 
integration of the corresponding sialylated products. The Km values were determined using the 
Lineweaver–Burk method. 
 
Inhibition of sialylation of N-acetyllactosamine 
Reaction mixtures of 20 µl containing 20 mM Tris–HCl, pH 7 buffer, 30 mM NaCl, 1 mM 3’-
sialyllactose as donor, 1 mM N-acetyl-lactosamine, and different concentrations of compounds 2-
5 were incubated with 300 ng purified TcTS for 15 min at room temperature. Samples were then 
diluted 12 times with deionized water and analyzed by HPAEC-PAD. Inhibition was calculated 
from the amount of 3’-sialyl-N-acetyl-lactosamine with respect to the total amount of sialylated 
compounds obtained with or without inhibitor. The IC50 values indicate the concentration of 
inhibitor required to give 50% inhibition under the assay conditions.  
 
(3R, 4R, 5S) Ethyl 4-acetamido-N-(1’-deoxylactitol-1’-yl)-5-amino-3-(pentan-3-yloxy)-
cyclohex-1-enecarboxylate (2). Lactose (170 mg, 0.5 mmol) and oseltamivir phosphate (1, 100 
mg, 0.25 mmol) were dissolved in phosphate buffer (pH 7.4). After 1 h of stirring at room 
temperature, NaBH3CN (50 mg, 0.8 mmol) was added and the reaction was kept at 80 °C for 6 h. 
TLC (EtOH/H2O/28% NH3, 18:3:1.5) showed the appearance of a new compound, Rf 0.5, 
between lactose (Rf 0.2) and oseltamivir (Rf 0.72). The latter compound was only detected by 
exposing to UV light whereas the conjugate was detected with both, UV and the sulfuric acid 
reagent. The reaction mixture was evaporated in vacuum, boric acid was removed by successive 
coevaporations with methanol and the product was purified by passage through a RP-18 column 
(5 g). Excess of lactose was eluted with water and then a gradient from 10 to 60% methanol was 
passed through the column. Compound 2 was eluted with 50% methanol and after evaporation a 
colorless solid was obtained (116 mg, 36%). [α]D -23 (c 0.6, H2O). 1H NMR (D2O) δ 6.80 (br s, 
1H, H-2), 4.49 (d, 1H, J1”,2” = 8 Hz, H-1”), 4.24 (m, 3H, H-3 and CH3CH2OCO), 4.00 (m, 1H, H-
2’), 3.96-3.67 (m, 10H, sugar protons and H-4 of the oseltamivir moiety), 3.65 (dd, 1H, J2”,3” = 10 
Hz, J3”,4” = 3.5 Hz, H-3”), 3.53 (dd, 1H, J = 10 Hz, 8 Hz, H-2”), 3.53-3.48 (m, 1H, CH3CH2CH of 
the 3-pentyl moiety), 2.98 (dd, 1H, J1’a,1’b = 12 Hz, J1’a,2’ = 2.5 Hz, H-1’a), 2.94 (m, 1H, H-5), 
2.85 (dd, 1H, J6a,6b = 17 Hz, J5, 6a = 5 Hz, H-6a), 2.53 (dd,1H, J = 12 Hz, J1’b,2’ = 11 Hz, H-1’b), 
2.15 (m, 1H, H-6b), 2.07 (s, 3H, CH3CONH), 1.55 (m, 3H, (CH3CH2CH)x and (CH3CH2aCH)y of 
the 3-pentyl moiety), 1.45 (m, 1H, (CH3CH2bCH)y of the 3-pentyl moiety), 1.29 (t, 3H, J = 7.5 
Hz, CH3CH2OCO), 0.89 (t, 3H, J = 7.5 Hz, (CH3CH2CH)x of the 3-pentyl moiety), 0.84 (t, 3H, J 
= 7.5 Hz, (CH3CH2CH)y of the 3-pentyl moiety). 13C NMR (D2O) δ 174.9 (CH3CONH), 167.3 
(CH3CH2OCO), 138.3 (C-2), 129.3 (C-1), 103.1 (C-1”), 84.4 (CH3CH2CH of the 3-pentyl 
moiety), 76.4 (C-3), 72.8 (C-3”), 71.4 (C-2”), 71.2 (C-3’), 70.9 (C-2’), 62.5 (CH3CH2OCO), 62.4 
and 61.3 (C-6’ and C-6”), 55.8 (C-5), 55 (C-4), 49.4 (C-1’), 29.3 (C-6), 25.7 ((CH3CH2CH)x of 
the 3-pentyl moiety), 25.3 ((CH3CH2CH)y of the 3-pentyl moiety), 22.6 (CH3CONH), 13.9 
(CH3CH2OCO), 8.9 ((CH3CH2CH)x of the 3-pentyl moiety), 8.7 ((CH3CH2CH)y of the 3-pentyl 
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moiety), 79.2, 75.7, 71.4 and 69 (C-4’, C-5’, C-4” and C-5”). ESI-TOF MS m/z: calcd for 
[M+H]+: 639. 3340, found: 639.3350. Calcd for [M+Na]+: 661.3160, found 661.3170. 
(3R, 4R, 5S) 4-acetamido-N -(1’-deoxylactitol-1’-yl)-5-amino-3-(pentan-3-yloxy)-cyclohex-1-
enecarboxylic acid (3). Compound 2 (28 mg) was dissolved in 1M NaOH (1 mL) and stirred for 
1 h at 30 °C. The reaction was monitored by TLC which showed hydrolysis of compound 2 with 
the formation of the carboxylic acid 3, Rf 0.32 (EtOH:H2O:28% NH3, 18:3:1.5). The product was 
purified by passage through the cationic resin AG50W-X12 (Bio-Rad). After washing with water, 
the product was eluted with 0.1 M HCl. Lyophilization afforded 20 mg (75%) of compound 3 as 
a colorless amorphous solid. [α]D -20 (c 0.6, H2O). 1H NMR (D2O) δ 6.87 (br s, 1H, H-2), 4.54 
(d, 1H, J1”,2” = 8 Hz, H-1”), 4.35 (dd, 1H, J3,4 = 9 Hz, J3,2<1 Hz, H-3), 4.2 (m, 1H, H-2’), 4.16 
(dd, 1H, J = 9 Hz, J4,5 = 12 Hz, H-4), 3.95-3.68 (m, 10H, sugar protons and H-5 of the 
oseltamivir moiety), 3.66 (dd, 1H, J2”,3” = 10 Hz, J3”,4” = 3.5 Hz, H-3”), 3.55 (dd, 1H, J = 8 Hz, 10 
Hz, H-2”), 3.55 (m, 1H, CH3CH2CH of the 3-pentyl moiety), 3.49 (dd, 1H, J1’a,1’b = 13 Hz, J1’a,2 = 
3.5 Hz, H-1’a), 3.21 (dd,1H, J = 13 Hz, J1’b,2’ = 8.5 Hz, H-1’b), 3.01 (dd, 1H, J6a,6b = 17 Hz, J5,6a 
= 5.5 Hz, H-6a), 2.6 (m, 1H, H-6b), 2.1 (s, 3H, CH3CONH), 1.57 (m, 3H, (CH3CH2CH)x and 
(CH3CH2aCH)y of the 3-pentyl moiety), 1.47 (m, 1H, (CH3CH2bCH)y of the 3-pentyl moiety), 
0.88 (t, 3H, J = 7.5 Hz, (CH3CH2CH)x of the 3-pentyl moiety), 0.84 (t, 3H, J = 7.5 Hz, 
(CH3CH2CH)y of the 3-pentyl moiety). 13C NMR (D2O) δ 175.3 (CH3CONH), 169.3 (CO2H), 
137.6 (C-2), 127.8 (C-1), 102.9 (C-1”), 84.3 (CH3CH2CH of the 3-pentyl moiety), 75.1 (C-3), 
72.4 (C-3”), 70.9 (C-2”), 70.8 (C-3’), 79.0 (C-4’), 75.4 (C-5”), 70.9 and 68.6 (C-4” and C-5’), 
67.7 (C-2’), 61.8 and 61.2 (C-6’ and C-6”), 55.6 (C-5), 51.6 (C-4), 48.0 (C-1’), 26.1 (C-6), 25.4 
((CH3CH2CH)x of the 3-pentyl moiety), 25.0 ((CH3CH2CH)y of the 3-pentyl moiety), 22.4 
(CH3CONH), 8.5 ((CH3CH2CH)x and (CH3CH2CH)y of the 3-pentyl moiety).  
(3R, 4R, 5S) Ethyl 4-acetamido-5-lactobionamido-3-(pentan-3-yloxy)-cyclohex-1-ene-
carboxylate (4). Lactobionolactone was prepared from lactobionic acid as previously 
described.26 Analysis by TLC showed disappearance of lactobionic acid, Rf 0.78 
(EtOH/H2O/AcOH, 12:5:3) IR (C = O) 1741 cm-1. 
Lactobionolactone (200 mg, 0.59 mmol) and oseltamivir phosphate (123 mg, 0.3 mmol) were 
dissolved in anhydrous dimethylformamide (1.5 mL) under argon and anhydrous pyridine was 
added to pH 7. The reaction mixture was heated at 120 °C and monitored by TLC 
(nBuOH/H2O/AcOH, 12:5:3). After 6 h, oseltamivir was not longer detected by UV and 
compound 4 was shown with the sulfuric acid reagent (Rf 0.5). 
After evaporation the product was purified by passing through an RP-18 cartridge. Excess 
lactobionolactone was eluted with methanol. Evaporation of the solvent yielded compound 4 as a 
colorless amorphous solid (110 mg, 56%). [α]D -35 (c1, H2O). 1H NMR (D2O) δ 6.8 (br s, 1H, H-
2), 4.55 (d, 1H, J1”,2” = 7.5 Hz, H-1”), 4.4 (d, 1H, J2’,3’ = 2.5 Hz, H-2’), 4.33 (dd, 1H, J3,4 = 9 Hz, 
J3,2<1 Hz, H-3), 4.23 (dq, 2H, J = 7 Hz, 1.6 Hz, CH3CH2OCO), 4.16 (dd, 1H, J = 2.5 Hz, J3’,4’ = 
4 Hz, H-3’), 4.15 (m, 1H, H-5), 3.99-3.89 (m, 4H, H-4,H-4’, H-4” and H-5’), 3.86 (dd, 1H, J6’a,6’b 
= 12 Hz, J6’a,5 = 3.5 Hz, H-6’a), 3.81-3.7 (m, 4H, H-6”a, H-6”b, H-5” and H-6’b), 3.66 (dd, 1H, 
J2”,3” = 10 Hz, J3”,4” = 3.5 Hz, H-3”), 3.55 (dd, 1H, J = 7.5 Hz, 10 Hz, H-2”), 3.51 (m, 1H, 
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CH3CH2CH of the 3-pentyl moiety), 2.75 (dd, 1H, J6a,6b = 17 Hz, J5,6a = 5.5 Hz, H-6a), 2.42 (m, 
1H, H-6b), 1.99 (s, 3H, CH3CONH), 1.55 (m, 3H, (CH3CH2CH)x and (CH3CH2aCH)y of the 3-
pentyl moiety), 1.45 (m, 1H, (CH3CH2bCH)y of the 3-pentyl moiety), 1.28 (t, 3H, J = 7 Hz, 
CH3CH2OCO), 0.89 (t, 3H, J = 7.5 Hz, (CH3CH2CH)x of the 3-pentyl moiety), 0.83 (t, 3H, J = 
7.5 Hz, (CH3CH2CH)y of the 3-pentyl moiety).13C NMR (D2O) δ 175.4 (C-1’), 174.9 
(CH3CONH), 168.7 (CH3CH2OCO), 138.6 (C-2), 129.9 (C-1), 104.2 (C-1”), 84.0 (CH3CH2CH of 
the 3-pentyl moiety), 81.7 (C-4’), 76.7 (C-3), 76.0 (C-5”), 73.1 (C-3”), 73.0 (C-2’), 71.7 (C-2”), 
70.8 (C-3’), 72.0 and 69.3 (C-4” and C-5’), 62.8 (CH3CH2OCO), 62.6 and 61.7 (C-6’ and C-6”), 
54.6 (C-4), 48.2 (C-5), 30.7 (C-6), 26.2 ((CH3CH2CH)x of the 3-pentyl moiety), 25.8 
((CH3CH2CH)y of the 3-pentyl moiety), 22.9 (CH3CONH), 13.9 (CH3CH2OCO), 9.2 
(CH3CH2CH of the 3-pentyl moiety). ESI-TOF MS m/z: calcd for [M+H]+: 653.3133, found: 
653.3149.  
(3R, 4R, 5S) 4-acetamido-5-lactobionamido-3-(pentan-3-yloxy)-cyclohex-1-ene-carboxylic 
acid (5) and C-2’epimeric compound (6). Compound 4 (30 mg) was dissolved in 0.5M NaOH 
(1 mL) and stirred for 2 h at 30 °C. TLC showed complete hydrolysis to afford compounds 5 and 
6, Rf 0.4 (nBuOH/H2O/AcOH, 12:5:3). The product was purified by passage through a cationic 
resin and eluted with water to yield 21 mg (70%) of 5 and 6 as a 8:2 epimeric mixture. [α]D -39 (c 
0.5, H2O). 1H NMR (D2O) δ 6.81 (br s, 1H, H-2), 4.54 (d, 0.2H, J1”,2” = 7.8 Hz, H-1” for 6), 4.53 
(d, 0.8H, J1”,2” = 7.8 Hz, H-1” for 5), 4.41 (dd, 0.2H, J3,4  = 9 Hz, J3,2<1 Hz, H-3 for 6), 4.38 (d, 
0.8H, J2’,3’ = 2.6 Hz, H-2’ for 5), 4.36 (d, 0.2H, J2’,3’ = 1.9 Hz, H-2’ for 6), 4.31 (dd, 0.8H, J3,4 = 9 
Hz, J3,2<1 Hz, H-3 for 5), 4.20 (dd, 0.2H, J = 1.9 Hz, J3’,4’ = 4 Hz, H-3’ for 6), 4.15 (dd, 0.8H, J = 
2.6 Hz, J3’,4’ = 4 Hz, H-3’ for 5), 4.14 (m, 1H, H-5), 3.99-3.92 (m, 2H, H-4 and H-4’), 3.92-3.87 
(m, 2H, H-4” and H-5’), 3.84 (dd, 1H, J6’a,6’b = 12 Hz, J6’a,5’ = 3.5 Hz, H-6’a), 3.80-3.68 ( m, 4H, 
H-6”a, H-6”b, H-5” and H-6’b), 3.64 (dd, 1H, J2”,3” = 10 Hz, J3”,4” = 3.5 Hz, H-3”), 3.54 (dd, 1H, 
J = 7.8 Hz, 10 Hz, H-2”), 3.51 (m, 1H, CH3CH2CH of the 3-pentyl moiety), 2.7 (dd, 1H, J6a,6b = 
17.5 Hz, J5, 6a = 5.5 Hz, H-6a), 2.39 (m, 0.8H, H-6b for 5), 2.31 (m, 0.2H, H-6b for 6), 1.97 (s, 
2.4H, CH3CONH for 5), 1.94 (s, 0.6H, CH3CONH for 6),1.58-1.48 (m, 3H, (CH3CH2CH)x and 
(CH3CH2aCH)y of the 3-pentyl moiety), 1.43 (m, 1H, (CH3CH2bCH)y of the 3-pentyl moiety), 
0.87 (t, 3H, J = 7.5 Hz, (CH3CH2CH)x of the 3-pentyl moiety), 0.81 (t, 3H, J = 7.5 Hz, 
(CH3CH2CH)y of the 3-pentyl moiety).13C NMR (D2O) for compound 5, δ 174.7 (C-1’), 174.2 
(CH3CONH), 169.6 (CO2H), 138.4 (C-2), 129.2 (C-1), 103.5 (C-1”), 84.3 (CH3CH2CH of the 3-
pentyl moiety), 81.0 (C-4’), 76.1 (C-3), 75.3 (C-5”), 72.4 (C-3”, C-2’), 71.0 (C-2”), 70.1 (C-3’), 
71.3 and 68.5 (C-4” and C-5’), 61.9 and 61.0 (C-6’ and C-6”), 54.9 (C-4), 47.5 (C-5), 30.0 (C-6), 
25.5 ((CH3CH2CH)x of the 3-pentyl moiety), 25.1 ((CH3CH2CH)y of the 3-pentyl moiety), 22.2 
(CH3CONH), 8.5 (CH3CH2CH of the 3-pentyl moiety). 
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