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Abstract: N-Thioacyh~ion of neuraminic acid methyl a-glycoside (5) with O-ethyl thiofotmate (1). methyl 
dithioacetate (2), and methyl dithi~ropioaate (3) afforded N-thiofotmyl, N-thioacetyl, and N-thiopropionyl 
neoraminic acid derivatives 6a-c in high yield. Cleavage of the glycosidcs was accomplished either by acid 
hydrolysis or by sialidase tmabnent. Altematively, 5-N-thioacylneomminic acids were produced l&m the 
comqonding N-thioacyl-D-mannosamitw 7a-c and pyrovate employiag N-acetylneumbmte pyruvate lyase. The 
sialhkwesistant m&y1 &thioglycoside of N-tbioacetylneumminic acid (10) was also prepared. N-AcclyL9dcoxy- 
94hioacetamido neorammt ’ ‘c acid (19) was obtained either directly by traction of N-acctyl-9-amino-9- 

uaminic acid (17) with methyl ditbioacetetc (2) or via its methyl c+glycoside 18. Campound 17 was 
siz from the methyl a-glycosidc of 9-O-tosylated methyl ester 12 via the tide. l3. - For the 5-N-thioacyl 
sialic acids 6a-c and &-c as well as for the 9deoxy-9-thioacetamido derivatives 18 and 19 some biological 
propertiesarerepolted. 

Sialic’acids occur as the terminal units of the carbohydrate moiety of many glycoproteins and glyco- 

lipids and take part in a large variety of biological functions including recognition phenomena. An important 

number of pathogens, for example, recognize sialic acids as receptor determinant. Particularly well studied 

are the influenza viruses. Here, a prerequisite for infection is the attachment of the virus to the surface sialic 

acid of the host cell mediated by the viral hemagglutinin2 

Obviously, synthetic analogs of naturally occurring sialic acids which may act as hemagglutinm 

inhibitors are of special interest. Moreover, such analogs are potential probes for the. study of sialic acid 

recognixmg proteins and of substrate specifities of the enzymes involved in sialic acid metabolism Despite 

the fact that many different N-acylated sialic acids have been synthesized and tested in biological systems, N- 

thioacylated derivatives are still unknown. 

In a preceding communication3, we described the synthesis of unprotected 2-N-thioacylated 

hexosamines. These hitherto unknown compounds were obtained by the reaction of 2-amino-2deoxy 

hexoses with O-ethyl thioformate (1). methyl dithioacetate (2). and ethyl dithiopropionate (3). and are of 
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interest as analogs of the mutually occurring N-acetyl ammo sugars. We here report on the extension of this 

work to sialic acids. 

Our first aim was to prepare N-tbioacetylne~ ’ ‘c acid (Neu5ThAc) as the direct analog of the most 

abundant sialic acid, N-acetylne~ . ‘c acid (Neu5Ac). The latter is known to be the receptor determinant 
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of influenza A and B viruses.4 In addition, the corresponding N-thioformyl and N-thiopropionyl compounds 

might be of interest. Suitable starting materials for the synthesis of N-thioacylne~ ’ ‘c acids are: (a) 

ne~~c acid glycosides possessing a free amino group that can be buys and (b) N-thioa~yl-D- 

mannosamines, which might be condensed e&yt&ticaIly with pynivate. I .- 

Further, we intended to obtain an a-tbioglycoside of NeuSThAc. Thioglycosides cannot be cleaved by 

sialidases but are known to act as competitive inhibitors5 These compounds might also be useful for studies 

with influenza viruses. 

Finally, we wished to prepare a sialic acid bearing a misdo substi~nt at the C-9 position. 

InfIuenxa C virus requires N-ace@-9-0-acety~euraminic acid (9-OAc-NeuSAc) as the attachment point on 

the host cell.6 In a recent investigation, it was shown that 9-acetamido-N-acetyl-9deoxyneuraminic acid (9- 

NAc-NeuSAc) is also able to function as receptor determinant but is resistant to the viral receptordestroying 

enzyme.7 This prompted us to prepare the 9-thioacetamido analog (9NThAc-Net&k) which may contribute 

to get more insight into the role of this enxyme in the infection cycle. 

For the preparation of the 5-N-thioacyhteuraminic acids, we first investigated the chemical route 

St&g from N-acetylneuraminic acid, which was converted into the known derivative 48 (see Scheme 1, 

next page). Treatment of 4 with saturated aqueous barium hydroxide at refly afforded the N-unsubstituted 

methyl a-giycoside 59 in 89% yield. Thioacylation of 5 with reagents 1,2, and 3 readily gave methyl a- 

glycosides of N-~ofo~ylne uraminic acid ~eu5~o-Z~e, 6n), N-~~~c acid 

(NeuSThAc-2aMe, db), and N-tbioptopionylneuraminic acid (NeuSIWr-2uMe, 6e), respactively. The 

reactions were performed at room temperature in aqueous methanol in the presence of triethylamine and an 

excess of thioacylation reagent. As indicated by TLC, complete conversion of 5 to the strongly UV positive 

products 6a-c required 2 to 14 hours, depending upon the tbioacylation magent employed. After this time. the 

mixture was concentrated in vacuum, and 6b as well as SC, were obtained without laborious work-up as 

crystalline triethylammonium salts in analytically pure form (yield 82% and 84%, respectively). In the 

reaction of 5 with O-ethyl thioformate (1). TLC showed two well-separated spots due to the existence of Z,E 

rotamers about the NH-CHS bond 3, lo of N-thioformyl derivative 6a. In contrast to 6b and 6c, compound 6a 

could not be crystallized but was obtained in pure form by silica gel chromatography (yield 85%).tl 

As expected, 1H NMR .spectra of 6b and 6c showed the characteristic downfield shift for proton H5 

that is attached to the carbon atom bearing the thioacylamino group (-460 ppm for H-5 of 6b and 6c vs. 

-3.80 ppm for H-S of the corresponding acylamino compoundsl*~ ‘3). A related downfield shift was 

observed for the N-thioacetyl methyl group (2.58 ppm) and the N-thiopropionyl methylene group (2.74 ppm). 

The values for the corresponding N-acyl groups are -2.03 ppm12 and 2.32 ppm13, respectively. In the 1* 

NMR spectra, the thiocarbonyl carbon signal appeared at 205.4 ppm (for 6b; c$ -176 ppm for amide carbon 

of NeuSAc-2cMet4) and at 211.6 ppm (for 6c), respectively. The signal for carbon C-5 of these compounds 

was shifted downfield by -6 ppm relative to that of NeuSAc-2cMe (-59 ppm for 6b, 6c vs. -S3 ppm for 

Neu5Ac-2uMe14). 

The IH NMR spectrum of NeuWWo-2aMe 6a showed Z and E mtamers in the ratio 3:2. The rotamers 

can be ~s~n~shed on the basis of the coupling constants between NH and CHS protons in DMSO_d6 

(Jm,- -7.5 Hz for Z-6a vs. 14.3 Hz for E-6@ and by means of the chemical shifts of thioformyl proton 

(9.51 ppm for Z6a vs. 9.24 ppm for E-6@ and proton H-5 (4.72 ppm for Z-6a vs. 
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DEAE-Sephadex afforded N-thioacetylneurannn ic acid (NeuSThAc, 8b) and N-thiopropionylnic acid 

(NeuSThRr, &) as ammonium salts in 83% and 74% yield, respectively. 

The sialidase reactions of 6a-c showed a similar dependence of the enzymatic cleavage rate upon the 

number of carbon atoms of the N-substituent as observed with parent N-acyl compounds. Wheteas NeuSFo- 

2aBn is poorly cleavedIg, NeuSPr-2aRn is split somewhat slower than Neu5Ac-2uHnm. Compared to 

NeuSAc-2aMe, the thio analog NeuSThAc-2aMe 6b was hydrolyzed by Arthrobacter ureafaciens sialidase 

- 30% slower. 

In the second approach for the synthesis of 5-N-thioacylneuraminic acids, we studied the enzyme 

catalyzed aldol reaction between mannosamine derivatives and pyru~ate~~ (see Scheme 1). Thus, the 

incubation of N-thioacetyl-umannosamine (7b) with sodium pyruvate in the presence of N-acetyl- 

neuraminate pyruvate lyase (NeuSAc aldolase, E.C. 1.4.3.3), gave NeuSThAc 8b in 55% yield after 

purification by anion exchange chromatography. Compared to the synthesis of parent NeuSAc, the reaction 

proceeded about one-third slower. Additional enzyme did not improve the yield. In order to suppress S/O 

exchange, the reaction was performed at pH 6.8 instead of pH 7.5 which is the optimum for aldolase 

reactions. Nevertheless, on prolonged incubation time (>24 h), N-acetyhnannosamine and N-acetyl- 

neuraminate were obtained as side products, thereby limiting the yield and complicating the purification. The 

enzymatic reactions of mannoses 7a and 7c with pyruvate were carried out on a milligram scale and 

monitored by TLC. The results were similar to that obtained for 7h under the same conditions. The desired 

products 8a-c proved to be identical according to TLC and tH NMR spectroscopy (for 8b) with those 

synthesized from zwitterion 5 via 6a-c. 

For the synthesis of a sialidase-resistant N-thioacetylneuraminic acid derivative, methyl a-thio- 

glycoside 922 was used (see Scheme 3). Reaction of 9 with methyl dithioacetate (2) was carried out in the 

same way as the reaction of the corresponding 0-glycoside 5 and afforded the triethylammonium salt of 

NeuSThAc-2aSMe 10 as pale yellow crystals in 85% yield. As expected, 10 turned out to be resistant against 

sialidases of Vibrio cholerae, Clostridium perfringens, Arthrobacter ureafaciens, and fowl plague virus. 

OH OH 

HO OH 

Scheme 3. 9 10 

As starting material for the synthesis of N-acetyl-9-dwxy-9-thioacetamido neuraminic acid derivatives, 

we employed methyl a-glycoside of N-acetyhreuraminic acid methyl ester ll*b* k 23 obtained from 4 by 

Zemplen deacetylation (see Scheme 4, next page). Treatment of 11 with p-toluenesulfonyl chloride in 

pyridine provided the 9-0-tosyl derivative 12, which was converted into azide 13 by reaction with sodium 

azide in aqueous acetone. Saponitication of methyl ester of 13 under mild conditions yielded the free acid 14 

as a crystalline solid (yield 56%. based on 4). Subsequent careful hydrolysis of 14 with Dowex 5OW-X8 @I+) 
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afforded 9-deoxy-9-thioacetamido neuraminic acid derivative 18 in 76% yield after silica gel 

chromatography and transformation into the ammonium salt (see Scheme 5). ‘H NMR spectroscopy 

indicated the conversion of the protonated amino group of 16 into the thioamide function of 

16 2 

t 
sialidase 

COO-NH; 

HO OH HO OH 

Scheme 5. 16 19 

9-NThAc-NeuSAc-2aMe 18 by the downfield shift of protons H-9 and H-9’ (4.02 ppm and 3.78 ppm, 

respectively, for 18 vs. 3.48 ppm and 3.09 ppm, respectively, for 16). Attempts to obtain N-acetyl-9-deoxy-P 

thioacetamido neuraminic acid (19) by acid hydrolysis of glycoside 18 resulted in extensive decomposition, 

as observed for NeuSThAc-2aMe 6b. However, the cleavage of 18 was readily accomplished by 

Arthrobucter ureufaciem sialidase and furnished the ammonium salt of 19 in 76% yield after purification on 

DEAE-Sephadex. 

Compound 19 could also be obtained directly by N-thioacetylation of the unsubstituted zwitterion 17. 

Chromatography as described above afforded 19 in 71% yield. 

The new sialic acids with the amide oxygen replaced by sulfur were studied in a number of biological 

tests. In addition to the results obtained with sialidases and NeuSAc aldolase (vide supru), derivatives 

NeuSThFo 8a and NeuSThAc 8b as well as 9NThAc-NeuSAc 19 could be readily activated by the CMP- 

sialate synthase from bovine brain. This and the subsequent enzymatic transfer onto glycoconjugates will be 

subject of a separate report. 

Studies with the hemagglutinin of influenza A virus X-31 strain showed NeuSTbAc-2rrMe 6b to bind 

about 8-fold stronger compared to the natural receptor and to have higher affinity than any other sialic acid 

methyl ol-glycoside so far tested.29 This change in the biological activity may be due to the higher 

polarizability of the thioacetamido group, resulting in an increased ability to form the hydrogen bond with 

glycine 135 of the hemagglutinin.sO In addition, the thioamide sulfur will modify the hydrophobic interaction 

with leucine 194.30 

Influenza C virus recognized 9-NThAc-NeuSAc 19 as receptor determinant after enzymatic transfer 

onto the host cell. Most notably, in contrast to 9-NAc-NeuSAc the thio analog 19 did not allow the cell to be 

infecWL31 

In another investigation with a sialic acid recognizing protein, the lectin from Cepueu hortensis was 

shown to be inhibited only by NeuSAc-2czMe whereas the 5-thioacetyl analog 6b was inactive.32 

The potential of N-thioacylated sialic acids to affect additional biological systems is evident. At present 

we are extending our investigations to the introduction of thioacyl groups into glycolipids and to the 

preparation of N-thioacylated sialic acid polymers. 
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EXPERIMENTAL 

General methods 

Melting points were determined with a Tottoli-Btlchi apparatus and are uncorrected. Optical rotations 

were measured with a Perkin-Elmer 241 polarimeter after 24 hours keeping at ambient temperature (C 0.5, 

HzO, unless otherwise stated). W spectra were recorded in aqueous solution with a Hitachi U-2009 

spectrophotometer. TLC was performed on aluminium sheets coated with Silica Gel 60 F,,, (Merck) using 

the following solvent combinations (v/v) and others specifically mentioned: 1: 1 ethyl acetate - methanol (A), 

51 n-propanol - water (B), 8:l n-propanol - water (C), 5:2:3 n-butanol - acetic acid - water (D), 5: 1 

chloroform - methanol (E). Compounds were detected by UV light, if possible, and by spraying TLC plates 

with 2 M H,SO, and charring at 200°C for a few minutes. Column chromatography was performed on Silica 

Gel Merck 60 (70-230 mesh). Unless otherwise stated, 1H NMR spectra were recorded in D20 at 25°C with a 

Bruker AC 300, AM 360, or AM 500 spectrometer, and 13C NMR spectra in D,O at 25°C with a Bruker AC 

300 spectrometer at 75 MHz. Chemical shifts are reported in ppm relative to the solvent; HOD in D20 at 

4.76 ppm, D,HCSOCD3 in DMSO-% at 2.50 ppm, CD30H in methanol-d, at 4.82 ppm, and CHCl, in 

CDC13 at 7.25 ppm for the proton spectra. For carbon spectra, the reference is CD,OD = 49.0 ppm in D,O. 

FAB MS (matrix: glycerol; ion energy 15 kV) were recorded on a MAT 95 mass spectrometer (Finmgan 

MAT, Bremen, Germany). Arthrobacter ureafaciens sialidase (E.C. 3.2.1.18) was purchased from 

Boehringer Mannheim (Germany), NeuSAc aldolase of Escherichia coli (E.C. 1.4.3.3) from Serva 

(Heidelberg, Germany). 

Methyl ~-amino-3,~-dideoxy-D-glycero-a-D-g~~to-2-nonu~opyr~osi~nic acid (Neu-ZcrMe, 5). The 

peracetylated methyl glycoside 4 (1 .O g, 1.98 mmol) was refluxed in a saturated aqueous solution of barium 

hydroxide (40 ml) for 16 hours, cooled to room temperature, filtered, and the filtrate was brought to pH -7 

by addition of small pieces of dry ice. After removal of the precipitate by filtration, the solution was cooled 

to 0°C and Amberlite IR 120 (H+) cation exchange resin was added until Ba2+ could no longer be detected. 

(No precipitation of BaSO4 occurred when aqueous H2SO4 was added to a diluted sample of the filtrate.) 

The resin was removed by filtration, washed exhaustively with water, and the collected solutions were 

lyophilized to give a first fraction of 5 (320 mg, 58%). Since a considerable amount of 5 adhered to the resin, 

it was finally rinsed with 0.5 M aqueous ammonia (40 ml) to afford, after freeze-drying, a second fraction of 

5 (170 mg, 31%). An analytical sample of 5 was obtained by crystallization from ethanol - water, m.p. 

195’C, RF 0.21 (B); [alD20 -12.4”; tH NMR (300 MHz): 6 3.91 (dd, J6,7 2.0, J5,6 10.3 Hz, 1 H, H-6), 3.85 

(ddd, Js,s 2.4, J,, 8.9, J,,Y 5.6 Hz, 1 H, H-8), 3.79 (dd, J9,9 12.0 Hz, 1 H, H-9), 3.67 (dd. 1 H, H-7), -3.66 

(m, 1 H, H-4), 3.60 (dd, 1 H. H-9’), 3.23 (s, 3 H, OCH$, 3.10 (app. t, J4,5 -10.2 Hz, 1 H, H-5), 2.63 (dd, 

J3q4 4.7, J3q3ax 12.6 Hz, 1 H, H3eq). 1.55 (app. t, J33ax,4 -12.2 Hz, 1 H. H-3ax). Anal. Calc. for 

C#t,NOs (281.26): C 42.70, H 6.81, N 4.98. Found: C 42.57, H 7.02, N 4.65. 

Methyl 3,5-dideoxy-5-thioformamido-D-glycero-a-D-g~~to-2-~nu~opyr~os~nic acid (NeuZThFo- 

2aMe. 6a). To a suspension of 5 (100 mg. 0.36 mmol) in aqueous methanol (2.7 ml, 16: 1 methanol - water), 

triethylamine (0.1 ml, 0.72 mmol) was added at 0°C followed by 1 (0.05 ml, 0.55 mmol). The cold bath was 

removed after 1 hour, and stirring was continued at ambient temperature. After seven hours, TLC showed 

complete disappearance of 5 and the formation of two W positive compounds (RF 0.67 [Eda] and 0.58 [Z 
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6a1, [A]; 5: RF 0.08 [A]) in a ratio of -1:l. The reaction mixture was evaporated in v(1c1~) and purified by 

COhmn chromatography on silica gel (8:5 ethyl acetate - methanol).tt Fractions containing 6a were 

combined and freed from the solvent. The residue was taken up in water and passed at 4°C through a column 

of Amberlite IR 120 (H+) resin. The solution was lyophilixed to give 6a as a colourless powder. Yield 104 

mg (85%, for 6~0.75 Hz@; RF 0.42 (E-rotamer) and 0.29 (Z-rotamer), (C); [c&20 +14.5” (NH4+ salt, 

measured after 48 h, steadiness of optical rotation indicated that the equilibrium between the rotamers has 

been reached); &.,, 266.0 nm (&r,,t 13180); ‘H NMR (500 MHZ, NH4+ salt, recorded after 48 h in D,O 

solution; prolonged keeping in aqueous solution did not alter the rotameric ratio): 6 9.51 (s, 0.6 H, Z-HC(S)), 

9.24 (s, 0.4 H, E-HC(S)), 4.72 (app. t, J5,e - J4,5 -10.2 Hz, 0.6 H, Z-H-5), 3.98-3.87 (m, -3.4 H, presumably 

ZH-6, 8, 9 and E-H-4, 6, 8, 9), 3.81 (ddd, J3q,, 4.7, J3ax,4 11.7 Hz, 0.6 H. ZH-4), 3.70-3.63 (m, -1.8 H, 

presumably ZH-9’ and E-H-5, 7, 9’), 3.56 (dd, J6,7 1.2, J,,, 8.9 Hz, 0.6 H, ZH-7), 3.38 (s, 1.8 H, ZOCH3), 

3.37 (s, 1.2 H, E-OCH,), 2.76 (broadened dd, J3+ -4.6, J3ax3cq -12.4 Hz, 1 H, E,Z-H-3eq). 1.72 (app. t, 

0.6 H, Z-H-3ax), 1.65 (app. t, Jsax,4 -12.2 Hz, 0.4 H, E-H3ax); selected data in DMSO-de (300 MHz, NH4+ 

salt): 6 10.84 (app. t, J~,--.Js - J,,,, -7.5 Hz, 0.7 H, ZNH), 10.05 (dd, JNJ.J~S 14.3, Jm,s 8.2 Hz. 0.3 H, 

E-NH), 9.32 (d, 0.7 H, ZHC(S)), 8.92 (d, 0.3 H, E-HC(S)), 2.68 (dd, J,,,, -4.8, J3ax,3eq -11.8 Hz, lH, E,Z 

H3eq), 1.31 (app. t, 0.7 H, ZH3ax), 1.23 (app. t, 0.3 H, E-H3ax). t3C NMR (NH4+ salt): 6 194.5 (E-C=S), 

192.6 (Z-C=S), 174.2 (.&XX-l), 101.7 (@X-2), 72.7, 72.3, 69.0, 68.3 (E-C-4, 6, 7, 8), 72.6, 72.4, 69.3, 

69.0 @X-4,6,7, 8), 63.9 (E-C-5), 63.5 @C-9), 63.4 (E-C-9), 55.8 @C-5), 52.5 (E,ZOCH3), 40.8 (&C-3), 

40.7 (E-C-3). Negative FAR MS: m/z 671 [3.3%, (2M-2H+Na)-1, 649 [1.6%, (2M-H)-1, 416 [8.9%, (M- 

H+glycerol)-1, 346 [11.8%, (M+Na-2H)-1, 324 [lOO%, (M-H)-]. Anal. Calc. for CllH1~Ot$0.75 H20 

(325.34+13.51): C 38.99, H 6.10, N 4.13, S 9.46. Found: C 39.11, H 6.15, N 4.28, S 9.71. -For storage, the 

free acid was transformed into the ammonium salt by addition of a slight excess of diluted aqueous ammonia 

to its aqueous solution and subsequent lyophilization. 

Triethylammonium (methyl 3,5-dideoxy-5-thioacetMtido-o-glycero-CL-ono- 

sid)onate (NeuSThAc-ZuMe, 6b). A suspension of 5 (109 mg, 0.36 mmol) in water (0.2 ml) was diluted with 

methanol (2.5 ml). After cooling to O”C, triethylamine (0.40 ml, 2.9 mmol) and reagent 2 (0.31 ml, 2.9 

mmol) were added. The reaction mixture was allowed to warm up to room temperature and was stir-ted over- 

night. TLC (solvent A) then indicated complete conversion into 6b. Volatile material was removed under 

reduced pressure and the residue was taken up in solvent A (-3 ml). After filtration, addition of ethyl acetate 

followed by diethyl ether caused crystallization. Recrystallization from methanol - ethyl acetate - diethyl 

ether afforded 6b as colourless crystals, m.p. 169°C. Yield 136 mg (86%); RF 0.41 (A), 0.54 (B); [r&m 

+51.5”; &,, 265.0 nm (EM 11070); lH NMR (500 MHz): 6 4.61 (app. t, J4,5 - J5,6 -10.1 Hz, 1 H. H-5), 

3.95-3.86 (m, 4 H, H-4, 6,8,9), 3.65 (dd, Js,g 6.2, Jss 11.9 Hz, 1 H, H-9’), 3.54 (dd, J6,7 1.6, J7,s 8.9 Hz, 1 

H, H-7), 3.38 (s, 3 H, 0CH3), 3.22 (q, J 7.3 Hz, 6 H, 3 NCH2CH3), 2.76 (dd, J3W,4 4.7, J3eq,3ax 12.5 Hz, H- 

3eq). 2.58 (s, 3 H, C(S)CH$, 1.71 (app. t, J3=,4 -12.2 Hz, 1 H, H-3ax), 1.30 (t, 9 H, 3 NCHZCH3); selected 

data in DMSO-& (300 MHz): 6 10.39 (d. JNH,s 8.1 Hz, 1 H, NH), 2.63 (dd, J3eq,4 4.7, J3eq,3ax 11.7 Hz, 1 H, 

H9eq), 2.44 (s, 3 H, C(S)CH3), 1.29 (app. t, 1 H, H9ax); 13C NMR (NH4+ salt): g 205.4 (C=S), 174.1 (C- 

L), 101.6 (C-2), 72.8, 72.4,69.28,69.26 (C-4,6,7, 8). 63.6 (C-9). 59.1 (C-5), 52.5 (OCHs). 40.9 (C-3), 33.7 

~WXH3). Anal. Cak. for CtsH&$DsS (440.56): C 49.07, H 8.24, N 6.36, S 7.28. Found: C 49.28, 

H 8.52, N 6.15, S 7.02. 
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Triethylammonium (methyl 3,5-dideoxy-5-thiopropioMmido-D-glycero-a-- 

sid)onate (Neu5ThPr-2ah4e, 6~). Reaction of 5 to 6c was carried out as described for the preparation of 6b, 

using reagent 3 (0.35 ml, 2.9 mmol) instead of 2. Compound 6c had m.p. 158’C. Yield 151 rng (92%); R, 

0.44 (A), 0.58 (s); [c+,~~ +54.2”; k,,,= 264.5 nm (q,,, 11210); lH NMR (300 MHz): 6 4.62 (app. t, J4,5 - J5,e 

-10.1 Hz, 1 H, H-5), 3.99-3.81 (m, 4 H, H-4,6, 8, 9). 3.65 (dd, Jt19’ 6.3, J9,y 12.0 Hz, 1 H, H-9’), 3.52 (dd, 

J6,7 1.3, J7,8 9.0 Hz, 1 H, H-7), 3.38 (s, 3 H, OCH$, 3.22 (q. J 7.3 Hz, 6 H. 3 NCH2CH3), 2.77 (dd. Jsc9,4 

4.6, J3e,+x 12.4 Hz, 1 H, H3eq), 2.74 (app. q, J 7.6 I-Ix, 2 H, C(S)CH2). 1.72 (app. t, Jsax,4 -12.2 Hz, 1 H, 

H-Jax). 1.31 (t, 9 H, 3 NCH2C&), 1.28 (t, 3 H, C(S)CH2C&); 13C NMR (NI-14+ salt): 6 211.6 (GS), 174.1 

(C-l), 101.6 (C-2), 72.9,72.5,69.3,69.2 (C-4,6,7, 8), 63.7 (C-9), 58.9 (C-5), 52.5 (OCH3), 41.1,40.4 (C-3, 

C(S)cH2). 14.6 (CH2cH3). Anal. Calc. for C19H3sN20sS (454.58): C 50.20, H 8.43, N 6.16, S 7.05. Found 

C 50.25, H 8.50, N 6.17, S 7.33. 

Ammonium 3,5-dideoxy-5-thioformMlido-o-glycero-D-g~~to-2-nonulopyr~so~ (NeuXhFo, 8a). 

A solution of 6a (50 mg, 148 mmol) in aqueous 0.033 M HCl(2.5 ml) was heated at 7o’C under nitrogen for 

3 hours. The solution was evaporated under reduced pressure to a small volume and then coevaporated with 

water. The remaining residue was taken up in water and passed through a column (10 x 1 cm) filled with 

DEAE-Sephadex A-25 (HCO3-). After rinsing with water, 8a was eluted with 0.006 M NH4HC03 solution. 

Fractions containing the product were collected and lyophilized three times to remove NH4HC03. 8a 

remained as a white powder. Yield 36 mg (70%); RF 0.45 (E-8a) and 0.37 @a), (B); RF 0.39 (E-8a) and 

0.32 (ZSa), (D), cf: RF 0.23 for NeuSFo (no separation of the rotamers could be observed) and 0.24 for 

NeuSAc (D)19; [(111D20 -31.2” (measured after 48 hours, c$ 6a); A,,,, 266.5 mn (Q 13860); IH NMR (500 

MI-Ix, measured after 48 h, cf: 6a): p-anomer (-92%) 6 9.514 (s, 0.6 H, ZHC(S)), 9.230 (s, 0.4 H, E-HC(S)), 

4.806 @pp. t, 54,s - J5,6 -10.2 I-Ix, 0.6 H, Z-H-5), 4.210 (ddd, J3eq,4 5.1. J3ax4 11.7 I-Ix, 0.6 H, Z-H-4), 4.188 

(dd. J5,6 10.4, J6,7 1.1 Hz, 0.4 H, E-H-6), 4.149 (ddd, J4,5 10.0, J3eq,4 5.0, J3ax,4 11.6 I-Ix, 0.4 H, E-H-4), 

4.125 (d, 0.6 H, ZH-6), 3.854 (dd, J,,9 2.8, J9,9 11.7 I-Ix, 0.4 H. E-H-9), 3.832 (dd, J8,9 2.7, J9,y 11.7 Hz, 0.6 

H, &H-9), 3.81-3.75 (m, 1 H, Z&H-8), 3.725 (app. t, 0.4 H, E-H-5), 3.623 (dd, Js,y 6.5 I-Ix, 0.4 H, E-H-9’), 

3.603 (dd, J,,y 6.3 Hz, 0.6 H, Z-H-9’), 3.553 (dd, J7,s 9.4 I-Ix, 0.4 H, E-H-7). 3.467 (d, J7,s 8.9 Hz, 0.6 H, Z 

H-7), 2.263 (dd, J3ax,3eq 13.0 Hz, 0.4 H, E-H3eq), 2.249 (dd, J3=,seq 12.8 Hz, 0.6 H, Z-HJeq), 1.895 (dd, 

0.6 H, ZH9ax), 1.823 (dd, 0.4 H, E-H3ax); o-anomer (-8%) 6 9.49 (s, 0.65 H, Z-HC(S)), 9.21 (s, 0.35 H, 

E-HC(S)), 2.751 (dd, J3eq,4 4.8, J3ax,3eq 12.6 Hz, 1 H, Z,E-H3eq), 1.691 (app. t, J3ax,4 - J3ax3eq -12.2 Hz, 

0.65 H, ZH3ax), 1.621 (app. t, J3ax,4 - J3ax,3eq -12.2 Hz, 0.35 H, E-H-3ax). 13C NMR: p-anomers 8 194.3 

(E-C=S), 192.5 (Z-C=S), 177.1 (Z,&C-I), 97.2 (Z&C-2), 71.3,70.2, 69.5, 67.3 (E-C-4, 6, 7, 8), 71.2, 70.4, 

69.5,68.3 (Z-C-4,6, 7,8), 64.6 (E-C-5), 64.2 (Z&-C-9), 56.3 (ZC-5), 40.2 (ZC-3). 40.1 (E-C-3). Negative 

FAB MS: m/z 621 [3.6%, (2M-H)-1, 402 [6.2%, (M-H+glycerol)-1, 310 [lOO%, (M-I-I)-]. Anal. Calc. for 

C,uI-12uN20@~H20 (328.34+18.02): C 34.68, H 6.40, N 8.09, S 9.26. Found C 34.72, H 6.38, N 7.85, 

S 8.85. 

Ammonium 3,5-di~oxy-S-thioacetMlido-o-glycero-D-g~~to-2-nonu~pyr~so~te (NeuR’hAc, 8b). 

- From 6b. Compound 6b (50 mg, 0.11 mmol) was dissolved in water (0.5 ml, containing 0.01% sodium 

tide.), which has been brought to pH 5.0 by addition of dry ice. (Results obtained in this way did not differ 

from those obtained when sodium acetate buffer was used, which is the conventional medium for sialidase 

reactions.) After addition of Arthrobacter ureafaciens sialidase (0.2 U) and incubation of the solution for 10 
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hours at 37-C, a further amount of siahdase (0.1 U) was added and the incubation was continued for 14 

hours. TLC indicated complete conversion of 6b into 8b. The mixture was transferred onto a column of 

DEAE-Sephadex A-25 (HCOg), washed with water, and eluted with 0.006 M NH4HC03 solution. The 

fractions containing 8b were collected and freed from NH4HC03 by three times repeated lyophihzation. 8b 

remained as a white powder. Yield 34 mg (83%. for 8b*H20); RF 0.41 (B); [aID +4.6”; & 265.0 nm (Q 

11100); tH NMR(300 MHz): @namer (-92%) 6 4.62 (app. t, J4.5 - J,,6 -10.4 Hz, 1 H, H-5), 4.12 (ddd, 

J3=/, 11.8, J3eq,4 5.0 Hz, lH, H-4), 4.02 (d, 1 H, H-6), 3.75 (dd, Jag 2.6, J9,y 11.7 Hz, 1 H, H-9), 3.70 (ddd, 

J7,s 9.0, Jg,y 6.2 Hz, 1 H, H-8), 3.51 (dd, 1 H, H-9’), 3.36 (d, 1 H, H-7), 2.49 (s, 3 H, C(S)CH$, 2.19 (dd, 

J3ax,3eq 12.8 Hz, 1 H, H-3eq), 1.80 (dd, 1 H, H-3ax); a-anomer (-8%) 6 4.52 (app. t, J4,5 - J5,6 -10.2 Hz, 1 

H, H-5). 2.68 (dd, J3ax,3q 13.5, J3q,4 5.4 Hz, 1 H, H-3eq), 2.47 (s, 3 H, C(S)CH3), 1.60 (dd, J3ax,4 12.0 Hz, 

1 H, H3ax). 13C NMR: p-anomer 6 205.2 (C=S), 176.9 (C-l), 97.2 (C-2), 71.1, 70.5, 69.5, 68.3 (C-4, 6, 7, 

8). 64.2 (C-9), 59.5 (C-5), 40.2 (C-3). 33.7 (C(S)cH3). Negative FAB MS: m/z 649 [12.5%, (2M-H)-1, 324 

[lOO%, (M-H)-]. Anal. Calc. for CIIH22N208S~H20 (342.37+18.02): C 36.66, H 6.71, N 7.77, S 8.90. 

Found: C 36.87, H 6.63, N 7.36, S 8.90. 

- From 7b. A solution of N-thioacetyl-D-mannosamine3 (7b; 40 mg, 0.17 mmol), sodium pyruvate (187 mg, 

1.7 mmol) and N-acetylneuraminate pyruvate lyase (NeuSAc aldolase, E.C. 1.4.3.3; 1.4 U) in 0.05 M 

phosphate buffer (pH 6.7; 2.0 ml, containing 0.01% sodium azide) was incubated at 37°C. The progress of 

the reaction was monitored by TLC (9:2:1 acetone - methanol - water, RF,~ 0.87, RF,*,, 0.50; RF,,,, 0.83, 

RF,u, 0.41 @3]). After 9 hours, another 1.4 U of the enzyme were added and the incubation was continued for 

15 hours. (Ratio 8b/7b -2: 1, by *H NMR, further incubation caused appearance of two additional spots [RF 

0.59 and RF 0.13, solvent B] due to ManNAc and NeuSAc.) For purification, the whole solution was loaded 

onto a column filled with DEAE-Sephadex A-25 (HCO3-), rinsed thoroughly with water followed by elution 

of the product with 0.006 M NH4HC03 solution. Repeated freeze-drying of the combined fractions 

containing the product gave amorphous 8b (34 mg, 56%), which was identical according to TLC and lH 

NMR spectroscopy with the substance obtained from 6b. 

Ammonium 3,5-dideoxy-S-thiopropionamido-D-glycero-D-g~~to-2-nonulopyr~oso~te (NeuSThPr, 

8~). Compound 6c (50 mg, 0.11 mmol) was converted into 8c as described for the synthesis of 8b from 6b. 

Yield 30 mg (74%, for 8~~0.5 HzO); RF 0.44 (B); [aID 2o +7.4”; &,,, 264.5 nm (Em 11435); *H NMR (300 

MHz): @namer (-93%) 6 4.64 (app. t, J4g - J5,6 -10.5 Hz, 1 H, H-5). 4.14 (ddd, J3eq,4 4.9, J3ax,4 12.3 Hz, 

1 H, H-4), 4.04 (d, 1 H, H-6), 3.76 (dd. Js,, 2.2, Jg,g 11.5 Hz, 1 H, H-9), 3.73 (ddd, J8,91 6.0. J7,* 9.0 Hz, 1 H, 

H-8). 3.53 (dd, 1 H, H-9’), 3.35 (d, 1 H, H-7), 2.66 (app. q, J 7.5 Hz, 2 H, C(S)CH2), 2.20 (dd, J3ax,3eq 12.9 

Hz, 1 H, H3eq), 1.80 (dd, 1 H, H-3ax), 1.20 (t, 3 H. CH2CH3); a-anomer (-7%) 6 4.55 (app. t, J4,5 - Jg,6 

-10.4 Hz, 1 H, H-5), 1.63 (app. t, J3ax,4 - J3ax,3eq -12.3 Hz, H-3ax). characterization of proton H9eq was 

not possible due to coincidence with the signal for C&C(S). 13C NMR: p-anomer 6 211.5 (C=S), 176.8 (C- 

l), 97.1 (C-2), 71.1, 70.5, 69.4, 68.1 (C-4, 6,7, 8), 64.2 (C-9), 59.1 (C-5), 40.5 (C(S)cH2), 40.2 (C-3), 14.6 

(CHfiH3). Negative FAB MS: m/z: 677 [14.1%, (2M-H)-1, 338 [lOO%, (M-H)-]. Anal. Calc. for 

Ct2HuN2OaSO.5 Hz0 (356.39+9.01): C 39.44, H 6.90, N 7.67, S 8.78. Found: C 39.15, H 6.87, N 7.51, 

S 8.72. 

Triethylammonium (methyl 3,5-dideoxy-2-thio-5-thioacctMlido-D-glyce- 

pyrunosid)onate (NeuSThAc-Z-Me, 10). Compound 9= (100 mg, 0.34 mmol) was converted into 10 as 
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described for the synthesis of 6b from 5. For 10, m.p. 184°C. Yield 132 mg (85%); RF 0.45 (A), 0.59 (B); 

IczID~~ +89.2”; krmx 265.0 nm (&M 11450); lH NMR (300 MHz): 6 4.61 (app. t, J4,5 - J5,e -10.2 Hz, 1 H, H- 

5), 3.92-3.84 (m, 3 H, H-4,8,9), 3.76 (dd, Je.7 1.4 Hz, 1 H, H-6), 3.63 (dd, Jsg 6.4, J9,q 12.1 Hz, 1 H, H-9’), 

3.53 (dd, J7,8 9.0 Hz, 1 H, H-7), 3.21 (q, J 7.3 Hz, 6 H, 3 NClra,CH$, 2.83 (dd, J3cq,4 4.8, J3ax,3eq 12.7 I&, 1 

H, H-3@, 2.56 (s, 3 H, C(S)CH3), 2.16 (s, 3 I-I, SCQ), 1.82 (app. t, Jsax,4 -12.1 Hz, 1 H, H3ax), 1.29 (t, 9 

H, 3 NCH&&). Anal. Chk. for C1$'&&07S2 (456.62): C 47.35, H 7.95, N 6.14, S 14.04. Found: 

C 47.70, H 8.20, N 6.29, S 14.23. 

Methyl (methyl 5-ucet~ido-3,~-dideoxy-9-o-p-toluenes~fony~-~g~yc~~~-D-g~~to-2-non~o- 

pyr~s~~o~te (12). To remove traces of water, compound ll(2.0 g, 5.93 mmol) was coevaporated twice 

with dry pale, and then dissolved in the same solvent (50 ml). The solution was cookd to 0°C and p- 

tol~nesu~onyl chloride (1.13 g, 5.93 mmol) was added in small portions. The reaction mixture was allowed 

to warm up to room temperature and kept overnight at 20°C. After evaporation of the solvent in vacua, ice- 

water (4 ml) and ethyl acetate (40 ml) were added, and the organic phase was separated. The aqueous 

solution was extracted once again with ethyl acetate (40 ml), and the combined organic phases were 

concentrated. Addition of diethyl ether followed by n-hexane caused crystallization of 12, m.p. 150°C (dec.). 

Yield 2.28 g (78%); RF 0.23 (c$ Rp,ll 0.05,20: 1 ethyl acetate - methanol); [c$,~~ +1 .O (c 0.5, methanol); 1H 

NMR (300 MHz, CD30D): 6 7.80-7.43 (m, 4 H, ar), 4.31 (dd, J9,V 9.9, Jgg 1.8 Hz, 1 H. H-9). 4.07 (dd, & 

6.0 Hz, 1 H, H-9’). 3.98 (ddd, J7,a 8.5 Hz, 1 H, H-8), 3.81 (s, 3 H, COOCH3), 3.70 (app. t, J44,5 _ Jg,6 -10.0 

Hz, 1 H, H-5), 3.61 (ddd, Jseq,,+ 4.7, J3ax,4 11.7 Hz, 1 H, H-4), 3.53 (dd, Js,7 1.2 Hz, 1 H, H-6), 3.44 (dd, I H, 

H-7), 3.27 (s, 3 H, OCH,), 2.61 (dd, J3%,% 12.9 Hz, 1 H, H3eq), 2.45 (s, 3 H, ar-CIj3), 1.99 (s, 3 H, 

NC(0)CH3), 1.66 (dd, 1 H, H-3ax). Anal. Calc. for C2&eNOllS (491.51): C 48.87, H 5.95, N 2.85, S 6.52. 

Found: C 48.83, H 6.18, N 2.67, S 6.48. 

Methyl (methyl ~-acetamido-9-azido-3,~,9-trideoxy-o-gly~ro-~-D-g~~to-2-nonulo~ranos~~o~te 

(13). A mixture of 12 (1.84 g, 3.74 mmol), sodium azide (1.09 g, 16.8 mmol), water (8 ml), and acetone (24 

ml) was refluxed for 40 hours. TIC showed complete conversion of 12 into 13 (RF,~s 0.48, RF,~z 0.58 [El). 

The solvents were removed completely under reduced pressure, and the residue was taken up in solvent E 

(-12 ml), filtered, and concentrated. After column chromatography on silica gel (1O:l chIoroform - 

methanol), 13 was crystallized from methanol - diethyl ether, m.p. 168-17o’C. Yield 1.11 g (82%); RF 0.22 

(12~1 ethyl acetate - methanol); [o&j20 +4.2’ (c 0.5, methanol); v_ (KBr) 2120 cm-1 (ax&); 1H NMR (300 

MHz, CQOD): 6 3.99 (ddd, J,,e 2.7, J7,a 8.8, Ja,q 6.4 Hz, 1 H, H-8), 3.84 (s, 3 H, COOCH3), 3.75 (app. t, 

J4.5 - J5,6 -10.0 Hz, 1 H, H-5). 3.64 (ddd, Jw,4 4.4, J3ax,4 11.9 Hz. 1 H, H-4), 3.60 (dcl, Je,7 1.4 Hz, 1 H, H- 

6), 3.54 (dd, Jo,y 12.6 Hz, 1 H, H-9), 3.47 (dd, 1 H, H-7), 3.37 (dd, 1 H, H-9‘), 3.34 (s, 3 H, 0CH3), 2.64 (dd, 

J3ax,3eq 12.8 Hz, 1 H, H3eq), 2.00 (s, 3 H, NC(0)CH3), 1.70 (dd, 1 H, H9ax). Anal. Calc. for C&&&j 

(362.34): C 43.09, H 6.12, N 15.46. Found: C 43.12, H 6.41, N 15.09. 

Methyl 5-UCet~ido-9-~ido-3,5,9-trideO~-D-~y~m-U-D-g~~tO-2-~nu~opyr~s~nic acid (14). 

Compound 13 (1.11 g, 3.06 mmol) was dissolved in methanol (90 ml), and 0.1 N NaOH (90 ml) was added, 

After keeping at room temperature for 1 hour, the solution was passed through a column of Dowex 5OW-X8 

(H+) resin at 4”C, and then lyophilixed. The residue crystallized fmm methanol - diethyi ether - n-hexane, 

m.p. 159-161°C (da.). Yield 0.94 g (88%); RF 0.44 (D); [tx]~zo +14.5”; v,, (KBr) 2120 cm-1 (ankle); 1H 
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NMR (300 MHz): 6 4.06 (ddd, Jg,g -2.5, J7,g 9.0, Jg.9 6.2 Hz, 1 H, H-8). 3.86 (app. t. Js,e - J4,5 -10.0 Hz, 1 

H, H-5), -3.78 (dd, 56.7 -1.2 Hz, 1 H, H-6), 3.76-3.67 (m, 2 H, H-4, 9), 3.64 (dd, 1 H, H-7), 3.53 (dd. Jg,g 

13.2 Hz, 1 H, H-9). 3.38 6, 3 H, 0CH3), 2.75 (dd, J3eq,4 4.6, J3eq,3ax 12.4 Hz, 1 H. H-3eq), 2.08 (S, 3 H, 

NC(O)CH3), 1.67 (app. t, J3=,4 -12.1 Hz, 1 H, H-3ax). Anal. Calc. for CI,H&J408 (348.31): C 41.38, 

H 5.79, N 16.09. Found: C 41.52, H 6.10, N 15.58. 

S-Acetamido-9-azido-3,5,9-trideoxy-D-glycero-D-galacto-2-nonulopyr~sonic acid (15). To a solution 

of 14 (0.40 g, 1.15 mmol) in water (120 ml), Dowex 5OW-X8 (H+) resin was added, and the mixture was 

heated at 80°C with stirring for 1 hour. TLC ( 2:3: 1 methanol - ethyl acetate - 20% acetic acid) showed RF,r5 

0.56 (@ RF,14 0.73). After removal of the resin by filtration, the solution was lyophilized and subsequently 

puritkd on a column of DEAE-Sephadex A-25 (HCO3) (eluent 0.08 M NH4HCO3). The fractions containing 

the product were combined, treated with Amberlite IR 120 (H+) resin, and lyopbilized after removal of the 

resin. Yield 0.37 g (91% for 1SHzO); RF 0.38 (6:1:2 n-propanol - 25% ammonia - water); [ol]$o -16.3”; 

v,, (KBr) 2120 cm-l (azide); lH NMR (300 MHz): p-anomer (-92%) 6 4-15 (ddd. J4,5 10.0, J3eq,4 4.9, 

J3ax4 11.3 Hz, 1 H, H-4), 4.12 (dd, J5,e 10.0, J,j7 1.1 Hz, 1 H, H-6), 3.99 (app. t, 1 H. H-5), 3.97 (ddd, J8,g 

2.7, J7,8 8.9, J8,y 5.9 Hz, 1 H, H-8), 3.69 (dd, Jg,g 12.7 Hz, 1 H, H-9), 3.64 (dd, 1 H, H-7), 3.55 (dd, 1 H, H- 

9’). 2.38 (dd, J3ax,3q 13.0 Hz, 1 H. H3eq), 2.13 (s, 3 H, NC(O)CH$, 1.95 (dd, 1 H, H3ax); cx-anomer 

(-8%) 6 2.78 (dd, J3eq,4 -4.5, J3ax,3eq -12.5 Hz, 1 H, HJeq), 2.12 (s, 3 H, NC(O)CH$, 1.77 (dd, J3ax,4 

-11.0 Hz, 1 H, HJax). Anal. Calc. for C, 1H1gN4Dg.HZD (334.29+18.02): C 37.50. H 5.72, N 15.90. Found: 

C 37.35, H 5.49, N 15.67. 

Methyl S-acetamido-9-amino-3,5,9-trideoxy-D-glycero-a-D-galacto-2-nonulopyra~si~nic acid (16). 

A solution of 14 (0.40 g, 1.15 mmol) in water (20 ml) was hydrogenated in the presence of PdO (50 mg) at 

room temperature for 2 hours, then filtered, and lyophilized. Yield 0.41 g (-quant., for 16.2H20); RF 0.31 

(D); [c&20 +2.8”; lH NMR (360 MHz): 6 4.12 (app. dt, J,,, - J8,9’ -8.9, J8,g 2.9 Hz, 1 H, H-8), 3.87-3.72 

(m, 3 H, H-4, 5, 6), 3.61 (broadened d, 1 H, H-7), 3.48 (dd, Jg,g 13.2 Hz, 1 H. H-9). 3.39 (s, 3 H, 0CH3), 

3.09 (dd, 1 H, H-9’), 2.78 (dd, J3,p 4.5, J3eq,3ax 12.5 Hz, 1 H, HSeq), 2.10 (s, 3 H, NC(0)CH3), 1.71 (app. 

t, J3ax4 -11.8 Hz, 1 H, H-3ax). Anal. Calc. for C12H22N208S2H20 (322.31+36.03): C 40.22, H 7.31, N 7.82. 

Found: C 40.32, H 7.67, N 8.02. 

~-Acetamido-9-amino-3,~,9-trideoxy-D-g~ycero-D-g~~to-2-nonu~opyr~osonic acid (17). A solution 

of 15*H20 (0.37 g, 1.05 mmol) in water (30 ml) was brought to pH -2 by addition of acetic acid and shaken 

with PdO (50 mg) under a hydrogen atmosphere for 1 hour at ambient temperature. After removal of the 

catalyst by filtration, the solution was lyophilized. Crystallization from water - acetone afforded 33 mg (91%. 

for 17.2H20), m.p. -190°C (dec.). RP 0.24 (5:3 n-propanol - water); [a]#) -24.1”; JH NMR (300 MHz): p- 

anomer (-92%) 6 4.10-3.90 (m, 4 H, H-4, 5,6, 8), 3.54 (broadened d, J7,g 8.9 Hz, 1 H, H-7). 3.41 (dd, Jgg 

3.1. Jg,y 13.2 Hz, 1 H, H-9). 2.98 (dd, J8,y 9.7 Hz, 1 H, H-9’), 2.25 (dd, J3,p 4.8, J3ax3cs 12.8 Hz, 1 H, H- 

3eq). 2.08 (s, 3 H, NC(O)CH$, 1.86 (dd, J3=,4 11.2 Hz, 1 H, H-3ax); a-anomer (-8%) d 2.77 (dd, Jw,4 

-4.4, J3ax,3eq -12.5 Hz, 1 H. H3eq). 2.06 (s, 3 H. NC(0)CH3). 1.66 (dd, J,,,% -11.5 Hz, 1 H. H3ax). 

Anal. Calc. for CllH2$J208~2H20 (308.29+36.03): C 38.37, H 7.03, N 8.14. Found: C 38.32, H 6.72, 

N 7.99. 
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Ammonium (methyl 5-acetamido-3,5,9-trideoxy-9-thioacetam~-D-~y~~-a-D-g~~~o-2-nonulo- 

pyranosid)onate (PNTUc-NeuMc-ZaMe, 18). Compound 16 (100 mg, 0.31 mmol) was suspended in 

aqueous methanol (2.0 ml, 14:l methanol - water). At OX, triethylamine (0.25 ml, 1.8 mmol) was added 

followed by 2 (0.25 ml, 2.3 mmol). The mixture was allowed to warm up to room temperatur and after 14 

hours, TIC showed complete conversion into product 18. Removal of volatile material in vacua and 

subsequent column chromatography on silica gel (6:5 ethyl acetate - methanol) gave the desired compound, 

which then was dissolved in water and passed through a column of Amber&e IR 120 (H+) resin. During the 

last procedure the temperature was maintained below 4’C. The ammonium salt of 18 was obtained by 

neutralization to pH -7 with dilute aqueous ammonia and subsequent lyophilization. Yield 103 mg (76%, for 

18.2H20); RF 0.37 (A), RF 0.37 (C); [a] D20 -11.9” ; A,,_ 259.5 mn (Q 10640); ‘H NMR (500 MHz): 6 

4.14 (ddd, Jg,g 3.0. Js,g 8.0, J7,a 8.8 Hz, 1 H, H-8), 4.02 (dd, J9,y 14.1 Hz, 1 H. H-9), 3.84 (app. t, J5,6 - J4,5 

-10.1 Hz, 1 H, H-5), 3.78 (dd, 1 H, H-9’), 3.76 (dd, Ja,7 1.8 Hz, 1 H, H-6), 3.70 (ddd. Jsc9,4 4.7, J3=,4 11.8 

Hz, 1 H, H-4), 3.58 (dd, 1 H, H-7), 3.36 (s, 3 H, OCH,), 2.73 (dd, J3ax,3eq 12.5 Hz, 1 H, H-3eq), 2.57 (s, 3 H, 

C(S)CH$, 2.06 (s, 3 H, NC(O)CH$, 1.66 (app. t, 1 H, H3ax); 13C NMR: 6 202.9 (C=S), 176.0 

(Nc(0)CH3), 174.3 (C-l), 101.6 (C-2), 73.4, 70.8, 70.2, 69.1, (C-4, 6, 7, 8), 52.9 (C-5), 52.5 (OCH3), 50.3 

(C-9), 41.0 (C-3), 33.3 (C(S)cH$, 23.0 (NC(O)cH$. Anal. Calc. for C14H27N308S2H20 (397.45+36.03): 

C 38.79, H 7.21, N 9.69, S 7.40. Found: C 38.47, H 7.22, N 10.04, S 7.40. 

Ammonium 5-acetamido-3,5,9-trideoxy-9-thioacetamido-D-g~ycero-D-g~~to-2-nonu~opyr~so~te 

(9-NTh4c-NeuSAc, 19). - From 18. The enzymatic cleavage of glycoside 18 (50 mg, 0.115 mmol) to 19 was 

performed with Arthrobacter ureafaciens sialidase (0.3 U in all) as described for the synthesis of 8b from 6b. 

After purification by anion exchange chromatography (see 8b) and removal of NH4HC03 by repeated 

lyophilization, 19 remained as a white powder. Yield 36 mg (76%, for 19.1.5 H20); R, 0.29 (C); [a@0 

-23.3”; &,,, 260.5 nm (EM 11540); ‘H NMR (360 MHz): p-anomer (-93%) 6 4.08-3.96 (m, 4 H, H-4, 6, 8, 

9), 3.93 (app. t, J4,5 - J5,6 -10.1 Hz, 1 H, H-5), 3.73 (dd, Js,, 7.7, J9,y 13.8 Hz, 1 H, H-9’), 3.52 (dd, Je.7 1.0, 

J7.s 8.9 Hz, 1 H, H-7), 2.545 (s, 3 H, C(S)CH& 2.24 (dd, J3eq,4 5.0, J3=,jcq 13.0 Hz, 1 H, H-3eq), 2.064 (s, 3 

H, NC(O)CH$, 1.86 (dd, J3=,4 11.5 Hz, 1 H, H-3ax); a-anomer (-7%) 6 2.74 (dd, J3eq,4 4.9, J3ax,3eq 12.6 

Hz, 1 H, H-3eq), 2.554 (s, 3 H, C(S)CH3), 2.045 (s, 3 H, NC(O)CH$, 1.73 (app. t, J3ax,4 -12.2 Hz, 1 H, H- 

3ax); 13C NMR (free acid): p-anomer 6 203.0 (C=S), 175.8 (NG(0)CH3), 174.3 (C-l), 96.3 (C-2), 71.3,70.7, 

69.0, 67.6 (C-4, 6, 7, 8), 53.1 (C-5), 50.6 (C-9), 39.8 (C-3), 33.4 (C(S)cH$, 23.0 (NC(0)cH3). Negative 

FAR MS: m/z 731 [7.6%, (2M-H)-1, 365 [lOO%, (M-H)-]. Anal. Calc. for Ct3HZN30sS1.5 Hz0 

(383.42+27.02): C 38.04, H 6.88, N 10.24, S 7.81. Found: C 38.40, H 6.66, N 9.73, S 7.54. 

- From 17. The reaction of 17 (80 mg, 0.26 mmol) to 19 was carried out in the same way as described for the 

synthesis of 18 from 16. For purification, the reaction mixture was concentrated in vucw and then dissolved 

in a small volume of methanol (-1 ml). Addition of ethyl acetate (-3 ml) caused precipitation of crude 19 

which was separated by filtration. Further purification was accomplished by anion exchange chromatography 

on DEAE-Sephadex A-25 (HCO3-). After rinsing with water, 19 was eluted with 0.006 M NH4HC03 

solution. The fractions containing the product were pooled and lyophilized three times. The analytical data of 

the remaining compound 19 (76 mg, 7 1%) were identical with those of 19 obtained from 17. 



5-N- and 9-N-thioacylated sialic acids 7459 

Acknowledgements: We are specially indebted to Ursula Rose-Hagedom for excellent technical assistance in 

the synthesis of N-acetyl-9-azido- and N-acetyl-9-amino-9-deoxynemaminic acid, and also thank Birgit 

Hobl. Petra Ihrig, Ruth Kunze and Jutta Mtiller for expert technical help. We greatfully acknowledge the 

support of Prof. W. D. Lehmann (FAB MS spectra), Deutsches Krebsforschungszentm, Heidelberg, and of 

H. GroSkurth (500 MHz tH NMR spectra) and G. Riethmtlller (elemental analyses), both from the Max- 

Planck-Institut ftir Medizinische Forschung, Heidelberg, and of Renata Wiesing for indefatigable secretarial 

help. This work was supported by the Fonds der Chemischen Industrie. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

REFERENCES AND NOTES 

Part of this work was presented at the Philippe Laudat Conference, Bischoffsheim, France, October 

1991. 

Paulson, J.C. in The Receptors, Vol. 2; Conn, M. Ed.; Academic Press, New York, 1985. pp. 131-219. 

Isecke, R.; Brossmer, R. Tetrahedron 1993.49, 10009-10016. 

Wiley, D.C.; Skehel, J.J. Annu. Rev. Biochem. 1987.56,365-394. 

Khorlin, A.Y.; Privalova, I.M.; Zakstelskaya, L.Y.; Molibog, E.V.; Evstigneeva. N.A. FEBS L&t. 1970, 

8, 17-19. Rothermel, J.; Faillard, H. Biol. Chem Hoppe-Seyler 1989.370.1077-1084. 

Rogers, G.N.; Herrler, G.; Paulson, J.C.; Klenk, H.-D. J. BioLChem. 1986,261,5947-5951. 

Herrler, G.; Gross, H.-J.; Imhof, A.; Brossmer, R.; Milks, G.; Paulson, J.C. J. Biol. Chem. 1992, 267, 

12501-12505. 

a. Meindl, P.; Tuppy, H. hfonutsh. Chem. 196596, 802-815. b. Kuhn, R.; Lutz, P.; MacDonald, D.L. 

Chem. Ber. 1966, 99, 611-617. c. Van der Vleugel, D.J.M.; Heeswijk, W.A.R.; Vliegenthart. J.F.G. 

Carbohydr. Res. 1982, 102.121-130. 

Compound 5 was obtained from 4 by reaction with phosphorus pentachloride followed by treatment 

with methanol and barium hydroxide in 12% yield: Ogura, H.; Furuhata, K. Tetrahedron Lett. 1981,22, 

42654268. Recently, the synthesis of 5 was achieved by heating the methyl ester of NeuSAc-2crMe 

with tetramethylammonium hydroxide: S&mid, W.; Avila, L.Z.; Wiiiams, K.W.; Whitesides, G.M. 

Bioorg. Med. Chem. Lett. 1993,3,747-752. 

Avalos, M.; Babiano, R.; Duran, C.J.; Jimenez, J.L.; Palacios, J.C. J. Chem. Sot., Perkin Truns.2,1992, 

2205-2215. 

In the later fractions, pure Z6a crystallized on standing, presumably as the potassium salt, according to 

analytical results. 

Beau, J.-M.; Schauer, R.; Haverkamp, I.; Dorland, L.; Vliegenthart, J.F.G.; Sinaji, P. Curbohydr. Res. 

1980,82, 125-129. 

Methyl cr-glycoside of N-propionylneuraminic acid was obtained by reaction of 5 with propionic 

anhydride in the presence of triethylamine, [aID *O + 7.6’ (HNEt3+ salt; c 0.5, H20). tH NMR (HNEt3+ 

salt; 360 MHz, D,O): 8 3.91 (ddd, J,,o 2.5, J,,y 6.4, J,,a 9.1 Hz, 1 H. H-8). 3.89 (dd, Jg,y 12.2 Hz, 1 H, 

H-9). 3.83 @pp. t, J5,6 - J4,5 -10.0 Hz, 1 H. H-5), 3.73 (dd, J6,7 1.7 Hz, 1 H, H-6), 3.70 (ddd, J3eq,4 4.5, 

J3ax,4 11.6 Hz, 1 H, H-4), 3.65 (dd, 1 H. H-9’), 3.58 (dd, 1 H, H-7). 3.36 (s. 3 H, GCH3), 3.22 (q, J 7.3 

Hz, 6 H, 3 NCH2CH3), 2.74 (dd, J3ar,3cq 12.4 Hz, 1 H, H-Jeq), 2.32 (q, J 7.6 Hz, 2 H, C(0)CH2). 1.65 

(app. t, 1 H. H-3ax), 1.30 (t. 9 H, 3 NCH#&), 1.14 (t. 3 H, C(O)CH$H3). 



7460 R. ISECKE and R. BROSSMER 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

Eschenfelder, V.; Brossmer, R.; Friebolin, H. Tetrahedron Len. 1975,3069-3072. 

Czamiecki, M.F.; Thornton, E.R. J. Am. Chem. Sot. 1977.998273-8279. 

Christian, R.; Schulz, G.; Brandstetter, H.H.; Zbiral, E. Curbohydr Res. 1987,162, l-l 1. 

Flippen, J.L. Acta Crystullogr., Sect. B 1973, 29, 1881-1886. Luger, P.; Zaki, C.; Hagedom, H.-W.; 

Brossmer, R. Curbohydr. Res. 1987, 164, 49-58. Kooijman,H.; Kroon-Batenburg, L.M.J.; Kroon, J.; 

Breg, J:N.; de Boer, J.L. Acta Cryst. 1990, C46,407-410. 

Detailed kinetics of the reactions catalyzed by this enzyme and by sialidases from other origin will be 

reported elsewhere. 

Brossmer, R.; Nebelin, E. FEBS Len. 1969,4,335-336. 

Meindl, P.; Tuppy, H. Monatsh. Chem. 1966,97,1628-1647. 

For the preparation of sialic acids employing NeuSAc aldolase, see for example: Comb, D.G.; 

Roseman, S. J. Biol. Chem. 1960,235,2529-2537. Auge, C.; David, S.; Gautheron, C. Adv. Carbohydr. 

Chem. Biochem. 1991,49, 175-237. Kragl, U.; Gygax, D.; Ghisalba, 0.; Wandrey, C. Angew. Ckm. 

1991, 103, 854-855; Angew. Chem. Znt. Ed. Eng. 1991, 30, 827-828. Lin-Chun Liu, J.; Shen. G.-J.; 

Ichikawa, Y.; Rutan, J.F.; Zapata, G.; Vann, W.F.; Wong, C.-H, J. Am. Chem. Sot. 1992, 114, 3901- 

3910. Koppert, K.; Brossmer, R. Tetrahedron ktt. 1992, 33, 8031-8034. Sparks, M.A.; Williams, 

K.W.; Lukacs, C.; Schrell, A.; Priebe, G.; Spaltenstein, A.; Whitesides, G.M. Tetrahedron 1993,49, l- 

12. 

22. 

23. 

24. 

25. 

26. 

27. 

Fujita, S.; Numata, M.; Sugimoto, M.; Tomita, K.; Ogawa, T. Carbohydr. Res. 1992,228.347-370. 

Meindl, P.; Tuppy, H. Monatsh Chem. 1966,97,990-999. 

a. Brossmer, R.; Rose, U.; Unger, F.M.; Grasmuk, H. in Glycoconjugutes. Proceedings of the Fz$th 

Znternational Symposium; Schauer, R.; Boer, P.; Buddecke, E.; Kramer, M.F.; Vliegenthart, J.F.G.; 

Wiegandt, H. Eds.; Georg Thieme Publishers, Stuttgart, Fed. Rep. Germany 1979. pp. 242-243. b. For 

enzymatic synthesis of 15, see: Brossmer, R.; Rose, U.; Kasper, D.; Smith, T.L.; Grasmuk. H.; Unger, 

F.M. Biochem. Biophys. Res. Commun. 1980,96, 1282-1289. 

Gross, H.-J.; Btinsch, A.; Brossmer, R. in Abstracts of the XZZth International Carbohydrate 

Symposium; Vliegenthart, J.F.G.; Kamerling, J.P.; Veldink, G.A. Eds.; Vonk Publishers, Zeist, The 

Netherlands 1984, p. 223. 

Gross, H.-J.; Brossmer, R. Glycoconjugate J. 1988,5,411-417. 

Ferwerda, W.; Blok, C.M.; Gross, H.-J.; Pels Rijcken, W.R.; Rose, U.; Brossmer, R. Biochem. Sot. 

Trans. 1989, 17,744-745. 

28. Gross, H.-J.; Bttnsch, A.; Paulson, J.C.; Brossmer, R. Eur. J. Biochem. 1987, 168,595-602. Gross, H.- 

J.; Rose, U.; Krause, J.M.; Paulson, J.C.; S&mid, K.; Feeney, R.E.; Brossmer, R. Biochemistry 1989, 

28,7386-7392. 

29. Machytka, D.; Kharitonenkov, I.; Isecke, R.; Hetterich, P.; Brossmer, R.; Klein, R.A.; Klenk, H.-D.; 

Egge. H. FEBS Lett. 1993.334,117-120. 

30. Weis, W.; Brown, J.H.; Cusack, S.; Paulson, J.C.; Skehel. J.J.; Wiley, D.C. Nature 1988.333.426-431. 

31. Brossmer, R.; Isecke, R.; Herder, G. FEBS L+% 1993,323,96-98. 

32. Brossmer, R.; Wagner, M.; Fischer, E. J. Biol. Chem. 1992,267,8752-8756. 

(Received in Germany 4 February 1994; accepted 26 April 1994) 




