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The synthesis of new chain-extended sulfonium and selenonium salts of 1,4-anhydro-4-thio-(or 4-seleno)-
p-arabinitol, analogues of the naturally occurring glycosidase inhibitor salacinol, is described. Nucleophilic
attack at the least hindered carbon atom of @;6enzylidene-2,5-d-p-methoxybenzybk-mannitol-
1,3-cyclic sulfate by 2,3,5-tt®-p-methoxybenzyl-1,4-anhydro-4-thio-(or 4-selemegrabinitol gave the
sulfonium and selenonium sulfates, respectively. Subsequent deprotection with trifluoroacetic acid yielded
the target compounds. In these analogues, an extended polyhydroxylated aliphatic side chain has been
incorporated while maintaining the stereochemistry of'G&d C-3 of salacinol or blintol. These
compounds were designed to probe the premise that they would bind with higher affinity to glucosidases
than salacinol because the extra hydroxyl groups in the acyclic chain would make favorable polar contacts
within the active site. Both target compounds inhibited recombinant human maltase glucoamylase, one
of the key intestinal enzymes involved in the breakdown of glucose oligosaccharides in the small intestine,
with K; values in the low micromolar range. Comparison of these values to those of related compounds
synthesized in previous studies has provided a better understanding of stractiivey relationships

and the optimal stereochemistry at the different stereogenic centers required of an inhibitor of this enzyme.
With respect to chain extension, the configurations at @8 C-4 are critical for activity, the configuration

at C-3, bearing the sulfate moiety, being unimportant. The desired configuration ‘as@iSo specified.
However, comparison of the activities of the chain-extended analogues with those of salacinol and blintol
indicates that there is no particular advantage of the chain-extension relative to salacinol or blintol. These
results are similar to those reported earlier for kotalanol, a 7-carbon-extended derivative, versus salacinol
against rat intestinal maltase, sucrase, and isomaltase.

Introduction recognition processédnhibition of these glycosidases can have
profound effects on quality control, maturation, transport, and
secretion of glycoproteins and can alter egléll or cell-virus
recognition processes. This principle is the basis for the potential
use of glycosidase inhibitors in the treatment of viral infections,

Glycosidases are responsible for the processing of complex
carbohydrates, which are essential in numerous biological
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natural and synthetic glycosidase inhibitors mimic the charge
and position in the active site of the enzyfenabling inter-
action with these carboxylate moieties. The naturally occurring
glycosidase inhibitor acarbosé)( which contains a nitrogen

atom in one of the linkages between sugar and pseudosugar

units, has the highest known affinity for a carbohydrate-binding
protein (Chart 1f. Acarbose is currently used for the oral

treatment of diabetes, its mechanism of action being attributed

to its ability to mimic the structure of the oxacarbenium ion

formed during the enzyme-catalyzed hydrolysis process, and

also to provide a basic site that forms favorable electrostatic
contact with an active-site carboxylate residde.

Several efforts have focused on a novel class of glycosidase

inhibitor containing sulfonium ions with a permanent positive
charge as putative mimics of the oxacarbenium ion transition
states in hydrolysis reactiofigsolation of the naturally occur-
ring glycosidase inhibitors containing a zwitterionic sulfonium-
sulfate structure, salacind){? and kotalanol3)!! from Salacia
reticulata, lent credence to this hypothesis (Chart 2). These
compounds comprised a 1,4-anhydro-4-thiarabinitol moiety

(2) (@) Mehta, A.; Zitzmann, N.; Rudd, D. M.; Block, T. M.; Dwek,
R. A. FEBS Lett1998 430, 17. (b) Depracter, C. M.; Gerwig, G. J.; Bause,
E.; Nuytinck, L. K.; Vliegenthart, J. F. G.; Breuer, W.; Kamarling, J. P.;
Espeel, M. F.; Martin, J. J. R.; De Paepe, A. M.; Chan, N. W. C.; Dacremont,
G. A.; Van Costerm, R. NAm. J. Hum. GeneR00Q 66, 1744. (c) Greimel,

P.; Spreitz, A. E.; Wrodnigg, T. MCurr. Top. Med Chem 2003 3, 513—
523.

(3) (a) Fernandes, B.; Sagman, U.; Augur, M.; Demetrio, M.; Dennism,
J. W.Cancer Res1991], 51, 718. (b) Goss, P. E.; Reid, C. L.; Bailey, D;
Dennis, J. W.Clin. Cancer Res1997 3, 1077-1086. (c) Fiaux, H.;
Popowycz, F.; Favre, S.; Schutz, C.; Vogel, P.; Gerber-Lemaire, S.; Juillerat-
Jeanneret, LJ. Med. Chem2005 48, 4237-4246.

(4) (a) Koshland, D. EBiol. Rev. 1953 28, 416-436. (b) McCarter,

J. D.; Withers, S. GCurr. Opin. Struct Biol. 1994 4, 885-892.

(5) (a) Lillelund, V. H.; Jensen, H. H.; Liang, X.; Bols, MChem. Re.
2002 102 515. (b) Stutz, A. E., EdIminosugars as Glycosidase
Inhibitors: Nojirimycin and BeyondwWiley—VCH: Weinheim/New York,
1999.

(6) Bock, K.; Sigurskjold, BStud. Nat. Prod. Chenl99Q 7, 29—-86.

(7) Holman, R. R.; Cull, C. A.; Turner, R. Miabetes Carel999 22,
960-964.

(8) Jacob, G. SCurr. Opin. Struct. Biol.1995 5, 605-611.

(9) (@) Svansson, L.; Johnston, B. D.; Gu, J.-H.; Patrick, B.; Pinto,
B. M. J. Am. Chem. So@00Q 122, 10769-10775. (b) Johnson, M. A,;
Jensen, M. J.; Svensson, B.; Pinto, B. M1.Am. Chem. So2003 125
5663-5670. (c) Siriwardena, A. H.; Chiaroni, A.; Riche, C.; El-Daher, S.;
Winchester, B.; Grierson, D. 8. Chem. Soc., Chem. Commu@92 1531—
1533. (d) Gonzalez-Outeirino, J.; Glushka, J.; Siriwardena, A.; Woods,
R. J.J. Am. Chem. So2004 126 6866-6867. (e) Siriwardena, A.;
Strachan, H.; El-Daher, S.; Way, G.; Winchester, B.; Glushka, J.; Moremen,
K.; Boons, G.-JChemBioChen2005 6, 845-848.

(10) (a) Yoshikawa, M.; Murakami, T.; Shimada, H.; Matsuda, H.;
Yamabhara, J.; Tanabe, G.; Muraoka,T@trahedron Lett1997, 38, 8367
8370. (b) Matsuda, H.; Morikawa, T.; Yoshikawa, Mure Appl. Chem.
2002 74, 1301-1308.

(11) Yoshikawa, M.; Murakami, T.; Yashiro, K.; Matsuda, Bhem.
Pharm. Bull.1998 46, 1339-1340.
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and I-deoxy+-erythrosyl-3-sulfate or 1-deoxyheptosyl-3-
sulfate units, respectively. Interesting biological activities and
the need for synthetic routes prompted?uand other¥ to
synthesize salacinol and its stereoisomers. We have also reported
the synthesis of the corresponding nitrogen and selenium
congeners, ghavamidland blintol!® respectively. Seleno sugars
have been reviewed in the literatufe.

Blintol (4) has been shown to be very effective in controlling
blood glucose levels in rats after a carbohydrate meal, thus
providing a lead candidate for the treatment of type-2 dialbétes.

Kotalanol @), which has an extended polar side chain as
compared to salacinol, was found to be a competitive inhibitor
of sucrase and isomaltak¥eAs part of our program aimed at
the synthesis of novel glycosidase inhibitors related to salacinol
and kotalanol, we have synthesized chain-extended analogues
of salacinol with different configurations at the stereogenic
centers on the heterocyclic ring as well as on the poly
hydroxylated, sulfate-containing aliphatic side chain to better
understand structureactivity relationships® The 6-carbon,
chain-extended analoguésand 8 have shown competitive
inhibitory activities against human maltase glucoamylase (MGA)
in the same range as salaciddlThe analogue9, with the
opposite stereochemistry at C-2om salacinol 2) and the
opposite stereochemistry at Cfsom 7 and 8, is not active;

(12) Ghavami, A.; Johnston, B. D.; Pinto, B. M. Org. Chem2001,
66, 2312-2317.

(13) Yuasa, H.; Takada, J.; Hashimoto, Fetrahedron Lett200Q 41,
6615.

(14) Ghavami, A.; Johnston, B. D.; Jensen, M. T.; Svensson, B.; Pinto,
B. M. J. Am. Chem. So@001, 123 6268-6271.

(15) Johnston, B. D.; Ghavami, A.; Jensen, M. T.; Svensson, B.; Pinto,
B. M. J. Am. Chem. So@002 124, 8245-8250.

(16) Witczak, Z. J.; Czernecki, 3dv. Carbohydr. Chem. Biocherh998
53, 143-199.

(17) Pinto, B. M.; Johnston, B. D.; Ghavami, A.; Szczepina, M. G.; Liu,
H.; Sadalapure, K. U.S. Patent filed, Application No. 10/877490, 2004.

(18) (a) Liu, H.; Sim, L.; Rose, D. R.; Pinto, B. M. Org. Chem2006
71, 3007-3013. (b) Johnston, B. D.; Jensen, H. H.; Pinto, B.MOrg.
Chem.2006 71, 1111-1118.
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the selenium congendi0 is a weaker inhibitor tha or 8.18a

Comparison of data for the 5-carbon, chain-extended analogues Ph 16 17
5 and6 shows that the configuration at Ci4 important because \ ¢
5is not active. To better understand these data and to further

map the enzyme active site of MGA, we now report the )Pi )"i
synthesis of new chain-extended analoglitand12, with the PMB<'> o 0 PMBO 0~ O
same stereochemistry at Céhd C-3 as salacinolZ) and with - d L
opposite stereochemistry at C4om 7 and 8 (Chart 3). In 0.0 OPMB o /6 OPMB
particular, we intended to probe whether increased polar § s
interactions within the active site of MGA would lead to more 13 o 18

effective inhibition relative to salacind and blintol4.
3 (a) Reference 20; (b) PTSA, MeOH (73%); (c) SQE&N, CHyCl,

9%): . : : 9
Results and Discussion (76%); (d) NalQ, RuCk-3H,0, CH:CN:CCl, (1:1) (86%).

p-mannitol in five steps, as depicted in Scheme 2. Because of
the difficulties experienced before in hydrogenolysis of the
benzyl ethers in sulfonium and selenonium salts, we chose the
acid labile protecting groupg;methoxybenzyl and benzylidene
groups, instead of benzyl ethers. 1,3:4,6Dbenzylidene-2,5-
di-O-p-methoxybenzyb-mannitol (L6)2* was subjected to mild
acetolysis using catalytip-toluenesulfonic acid (PTSA) in
methanol to effect selective removal of one benzylidene group.
The reaction proceeded smoothly to give the corresponding diol,
17,in 73% yield. The target cyclic sulfat8 was then obtained
by treatment of the dial 7 with thionyl chloride in the presence
of triethylamine to give a mixture of diastereomeric sufit@s
followed by their oxidation with Nal@RuClk.

The coupling reaction of 2,3,5-t@-p-methoxybenzyl-1,4-
anhydro-4-thio- {4) and 4-selen@-arabinitol (L5) with the

Retrosynthetic analysis revealed that the target zwitterionic
molecules could be synthesized by alkylation at the sulfur or
selenium atom of suitably protected anhydro-alditols. The
alkylating agent could be a cyclic sulfate whereby selective
attack of the heteroatom at the least hindered primary center
would afford the desired compounds.

Indeed, opening of 4,8-benzylidene-2,5-dp-methoxyben-
zyl-b-mannitol-1,3-cyclic sulfate 13) by 2,3,5-tri-O-p-meth-
oxybenzyl-1,4-anhydro-4-thio14) or 4-seleno<(5)-p-arabinitol
proceeded smoothly to give the corresponding coupled products
(Scheme 1). The reaction of the selenium compoulf,
afforded R/S isomers at the stereogenic selenium center that
were separated and characterized independently.

The thioarabinitol,14, and selenoarabinitoll5, were syn-
thesized fromL-xylose according to the reported procedure
(Chart 4)2° The desired cyclic sulfaté3 was synthesized from

(20) (a) Ghavami, A.; Sadalapure, K. S.; Johnston, B. D.; Lobera, M.;
Snider, B. B.; Pinto, B. MSynlett2003 9, 1259-1262. (b) Liu, H.; Pinto,
(19) Rossi, E. J.; Sim, L.; Kuntz, D. A.; Hahn, D.; Johnston, B. D.; B. M. J. Org. Chem2005 70, 753-755.
Ghavami, A.; Szczepina, M. D.; Kumar, N. S.; Strerchi, E. E.; Nichols, (21) Baggert, N.; Stribblehill, PJ. Chem. Soc., Perkin Trans.1B77,
B. L.; Pinto, B. M.; Rose, D. RFEBS J.2006 273 2673-2683. 1, 1123-1126.
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SCHEME 32

? + i - 5 : + i -
a S_ 0SO;0PMB b S 0SO;0H
13 + 14 PMBO/\(_Z . HO/}(—ZI
PMBO  OPMB HO  OH
19 11
a(a) K,COs, HFIP, 65-70 °C (77%); (b) aq TFA.
SCHEME 42
Ph Ph
PMB? 0”0 PMBO o*o

=+ I - + = =
a A Se. 0SO;0PMB . Se_ 0SO;OPMB
13 + 15 PMBO PMBO

PMBO  OPMB PMBO  OPMB

20 21 trans:cis 5:2

12 22

a(a) K.COs, HFIP, 65-70 °C; (b) aq TFA.

cyclic sulfate13 was then investigated. Thus, the mixture of ized by NMR spectroscopy. Deprotection of the coupled
the thioether 14) and the cyclic sulfate in 1,1,1,3,3,3-hexaflu- products20 and 21 using aqueous trifluoroacetic acid (TFA)
oroisopropanol (HFIP) was heated at68 °C in the presence  gave the desired zwitterionic compouridsand22, respectively,
of anhydrous potassium carbonate for 36 h to give the sulfonium in quantitative yields. The major isom&R was assigned to be
salt, 19, as the sole product in 77% vyield. Deprotection of the that with an anti relationship between C-5 and '3 means
coupled product using aqueous trifluoroacetic acid (TFA) gave of a 1D-transient NOE experiment.
the desired compoundl in 82% vyield (Scheme 3). The It is of interest to comment on the inhibitory activities and
zwitterionic compound was assigned to be the isomer with an structure-activity relationships of the compounds synthesized
anti relationship between C-5 and Chy analysis of transient  in this study and previous studies against recombinant human
one-dimensional nuclear Overhauser enhancement (NOE) ex-maltase glucoamylase (MGA), a critical intestinal glucosidase
periments, which showed a correlation between’tafid H-4. involved in the processing of oligosaccharides of glucose into
The selenium congenet2 was synthesized in a manner glucose itself. Comparison of the data in Table 1 indicates that
analogous to that described for the sulfonium analoglie compoundsll and 12, with the same configuration at the
(Scheme 4). The coupling reaction of the selenoetti&rwith stereogenic heteroatom center (and the same configuration at
the cyclic sulfatel3 in HFIP at 70°C afforded a mixture of C-2 and C-3 as salacinol or blintol), havi§; values of 0.65+
diastereomeric selenonium sa® and 21 in a 5:2 ratio, as 0.10 and 0.14t 0.03uM, respectively. The latter selenonium
judged by the ratio of the benzylidene proton resonances in theion is the most active compound to date within this class of
1H NMR spectrum of the crude product, and NOE experiments compounds. Interestingly, however, compounaith opposite
(as above). This mixture results from the electrophilic attack configurations at C-2and C-3 from 9 (and opposite configu-
on both theo. and thes faces of the selenoarabinitol moiety to  ration at only C-3in 11 and12), is also active, with & value
afford 20 and 21, respectively. This result is attributed to the of 0.254+ 0.02u«M. The S-configuration at C-5also appears to
longer C-Se bond as compared to the-6 bond, which leads  be important becauseand11 (with opposite configurations at
to less steric hindrance in the formation of the 8 bond. The only C-5) show significantly different inhibitory activities. Our
two isomers20and21, were isolated successfully in pure form previous data with the 5-carbon-extended analoduesd 6
after two rounds of column chromatography and were character-also permit us to specify the required configuration at' @st
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TABLE 1. Experimentally Determined K; Values® 3.5 mM) with a reaction time of 15 min. The program GraFit 4.0.14
inhibitor Ki (uM) was used to fit the data to the Michaetidlenten equation and
1 . . .
o estimate the kinetic parametel§;, and Vinay, Of the enzymeK;
g NOAZIG:N: 0.0F values for each inhibitor were determined by measuring the rate of
7 0254 002 maltose hydrolysis by MGA at varying inhibitor concentrations.
8 0.17+ 0.0F Data were plotted in Llneweavesurk plots (1/rate vs 1/[sub-
9 NADd strate]), andK; values were determined by the equatlin= K-
10 41.0+ 7.00' [I/(Vmaym — Ky, where ‘M is the slope of the line. Thi; reported
11 0.65+ 0.10 for each inhibitor was estimated by averaging khgalues obtained
12 0.14+ 0.03 from each of the different inhibitor concentrations.
22 10.1+£0.2 Enzyme Kinetics for Compounds 12 and 22Kinetic param-
salacinol ) 0.19+ 0.0 eters of MGA with compound&2 and 22 were determined using
blintol (4) 0.49+ 0.05

the pNP-glucose assay to follow the productionpafitrophenol
aAnalysis of MGA inhibition was performed using maltose as the upon addition of enzyme (500 nM). Th& obtained for salacinol
substrate, and measuring the release of glucose. Absorbance measuremengsin this assay was identical to that obtained using the glucose
were averaged to give a final resUltNA: not active.c Reference 19. oxidase assay above. The assays were carried out in 96-well
?Reference 18z Analysis of MGA inhibition was performed using  mjcrotiter plates containing 100 mM MES buffer pH 6.5, inhibitor
p-nitrophenyla-p-glucopyranoside as the substrate. (at three different concentrations), apehitrophenylo-glucopyra-
noside (pNP-glucose, Sigma) as substrate (2.5, 3.5, 5, 7.5, 15, and

, . . . 30 mM) with a final volume of 5Q:L. Reactions were incubated
4'R because is active andb is not. It would appear then that at 37°C for 35 min and terminated by addition of 5@ of 0.5 M

the common motif for activity IS the-configuration at C-2 sodium carbonate. The absorbance of the reaction product was
and an R-configuration at C-4 the configuration of the  measured at 405 nm in a microtiter plate reader. All reactions were
stereogenic center C-Bearing the sulfate group being unim-  performed in triplicate, and absorbance measurements were aver-
portant. The fact that compourid, with the R-configuration aged to give a final result. Reactions were linear within this time
at C-2, binds more weakly to MGAK; value of 41+ 7 uM), frame. The program GraFit 4.0.14 was used to fit the data to the
while the sulfur analogu@ lacks inhibitory activity, corroborates ~ Michaelis-Menten equation and estimate the kinetic parameters,
this conclusion, although these two compounds also possess thém: Kmabs(Km in the presence of inhibitor), andha, of the enzyme.
unwanted stereochemistry at C-Bhe selenonium o2, the Ki values for each inhibitor were determined by the equakipn

enantiomer ofL2 at the stereogenic selenium ion, is less active LI/((KmoodKm) — 1). The K; reported for each inhibitor was
(Table 1) determined by averaging tli& values obtained from three different

. . . inhibitor concentrations.

. F'r.]‘?"y’ We_comment on the gffect of chain extenS|o_n for 4,6-O-Benzylidene-2,5-diO-p-methoxybenzylb-mannitol (17).
|nh|k_:>|t|on of this enzyme. Com_panson Kf values for the gctlve To a solution of 1,3:4,6-dB-benzylidene-2,5-dB-p-methoxyben-
chain-extended analogues with those of salacZehd blintol zyl-o-mannitol (L6)22 (5.8 g, 9.6 mmol) in MeOH (150 mL) was

4 (Table 1) indicates that increased polar interactions with the addedp-toluenesulfonic acid (160 mg), and the reaction mixture
extra hydroxyl groups do not confer any large advantage (e.g., was stirred fo4 h at rt. Thereaction was then quenched by addition
order of magnitude) for inhibition of this particular intestinal of E&N, and the solvents were removed under vacuum to give a
enzyme. The differences in inhibitory activities between the pale yellow syrup that was purified by flash column chromatography
chain-extended analogug@s8, and11 seem to suggest that, in 10 give15as a white solid (3.62 g, 73%). mp 712 °C; [0]?% =

the case ol 1, steric clashes of the hydroxyl groups with active —53.1 (¢ = 1.5, CHCl). *H NMR (CDCly): 6 7.27-6.80 (13H,

. . . . . Ar—H), 5.31 (1H, s, PRCH-), 4.60 (2H, dd, MeG-Ph—CH,—),
site groups because of chain-extension might even be detrl-4 50 7 _

o .50 (2H, dd, MeG-Ph—CH,—), 4.25 (1H, ddJsa 6= 10.6, a5
mental. These results are similar to those reported for kotalanol,— 4 ¢'}, H-6a), 4.01 (1H, ddis » = 9.6, =10.2 Hz, H-3)

. . . . . . ’ y . s 2 -0,J33-0OH . ’ )
with a 7-carbon-extende_d c_h_am, in that_ no major (_:Ilfferences 3.93-3.78 (4H, m, H-1, H-4, H-5), 3.80, 3.72 (2-OMe), 3.58
were observed from the inhibitory activities of salacitolFor (2H, m, H-2, H-6b), 2.17 (1H, dd, OH-1), 2.09 (1H, d, OH-BC
comparison, the I§ values of kotalanol were 0.58g/mL NMR (CDCl): 0 159.7-114.1 (18C, Ar), 100.6 (PhCH-), 78.5
against sucrase, 2,8g/mL against maltase, and 1:8/mL (C-4), 76.6 (C-2), 72.8, 71.8 (2-MeO—Ph—CH,—), 69.8 (C-6),
against isomaltase. The corresponding values for salacinol were68.9 (C-3), 67.6 (C-5), 61.8 (C-1), 55.5, 55.4DMe). MALDI:
0.84, 3.2, and 0.5g/mL, respectively. m/e 532.48 (M" + Na). Anal. Calcd for GoH340s: C, 68.22; H,
6.71. Found: C, 68.02; H, 6.82.

4,6-0O-Benzylidene-2,5-diO-p-methoxybenzylp-mannitol 1,3-
Cyclic Sulfite (18). A mixture of 17 (3.31 g, 6.5 mmol) and BN

Enzyme Activity Assay. Analysis of MGA inhibition was (3.64 mL, 26.0 mmol) in CkCl, (100 mL) was stirred in an ice
performed using maltose as the substrate, and measuring the releadgath. Thionyl chloride (0.7 mL, 9.7 mmol) in G8l, (10 mL) was
of glucose. Reactions were carried out in 200 mM MES buffer pH then added dropwise over 20 min, and the mixture was stirred for
6.5 at 37°C for 15 min. The reaction was stopped by boiling for an additional 30 min. The mixture was poured into ice-cold water
3 min, and 20uL aliquots were taken and added to 100 of and extracted with CHCl, (2 x 100 mL). The combined organic
glucose oxidase assay reagent (Sigma) in a 96-well plate. Reactiondayers were washed with brine solution, dried over$®,, and
were allowed to proceed for 1 h, and the absorbance was measureg¢oncentrated. Column chromatography (8:1, 5:1, 3:1 hexanes:
at 450 nm to determine the amount of glucose produced by MGA EtOAc) gave the diastereomeric mixture of cyclic sulfite8(2.74
activity in the reaction mixture. One unit of activity is defined as g, 76%). Data for major isometd NMR (CDCly): ¢ 7.48-6.84
the hydrolysis of 1 mol of maltose per minute. All reactions were (Ar—H), 6.02 (1H, Pr-CH—), 4.83 (1H, d, H-1a), 4.80 (1H, br t,
performed in triplicate, and absorbance measurements were averH-3), 4.72-4.56 (4H, 2<-MeO—Ph—CH,—), 4.22 (1H, ddJsa6n
aged to give a final result. = 12.8, Jsa5 = 3.7 Hz, H-6a), 4.16 (1H, m, H-5), 4.03 (1H, d,

Enzyme Kinetics.Kinetic parameters of recombinant MGA for ~ H-6b), 4.02 (1H, m, H-2), 3.96 (1H, br t, H-4), 3.81, 3.79 (6H,
compoundll were determined as beféf@2! using the glucose
oxidase assay to follow the production of glucose upon addition of  (22) Kaluza, B.; Furman, B.; Krajewski, P.; Chmielewski, Wetrahe-
enzyme (15 nM) at increasing maltose concentrations (from 1 to dron 200Q 56, 5553-5562.

Experimental Section
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2x-OMe), 3.61 (1H, ddJiq1p= 12.9,J1> = 3.2 Hz, H-1b).13C
NMR (CDCl): ¢ 159.6-114.0 (18C, Ar), 103.9 (PhCH—), 80.1
(C-5), 79.3 (C-3), 77.3 (C-4), 76.7 (C-2), 73.1, 72.60{Ph—CH,—),
61.4 (C-6), 58.2 (C-1), 55.5 (2C,x20Me). MALDI: m/e 579.6
(MT + Na). Anal. Calcd for GoH30OsS: C, 62.58; H, 5.79.
Found: C, 62.80; H, 6.08.
4,6-0-Benzylidene-2,5-diO-p-methoxybenzylo-mannitol 1,3-
Cyclic Sulfate (13).To a solution of compound8 (2.58 g, 4.63
mmol) in a mixture of CHCN:CCl, (100 mL) were added sodium
periodate (1.48 g, 6.95 mmol) and Rg@100 mg), followed by
H>O (20 mL). The mixture was then stirredrf@ h at rt. The
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(C-3), 76.8 (C-2), 70.1 (C‘4C-4), 68.8 (C-H, 66.1 (C-2), 62.9
(C-6), 59.2 (C-5), 50.8 (C-}, 47.9 (C-1). MALDI: m/e 395.36
(M* + H), 417.58 (M~ + Na). HRMS calcd for GH»,01:S, (M
— H): 393.05119. Found: 393.05215.
2,3,5-Tri-O-p-methoxybenzyl-1,4-dideoxy-1,4-[[(3,3S,4R,5R)-
4,6-0O-benzylidene-2,5-diO-p-methoxybenzyl-3-(sulfooxy)hexyl]-
(R/S)-epi-seleniumylidene]p-arabinitol Inner Salt (20 and 21).
To HFIP (3 mL) were added 1,4-dideoxy-2,3,5®ip-methoxy-
benzyl-1,4-anhydro-4-selermmarabinitol15 (254 mg, 0.45 mmol),
4,6-O-benzylidene-2,%-di-p-methoxybenzyb-mannitol-1,3-cy-
clic sulfate @3) (318 mg, 0.55 mmol), and anhydrous®0Os; (40

reaction mixture was filtered through a silica bed and washed mg). The mixture was stirred in a sealed tube at86 °C for 36
repeatedly with EtOAc. The volatile solvents were removed, and h. The solvent was removed under reduced pressure, and the residue

the aqueous solution was extracted with EtOAcx2100 mL).

was purified by flash column chromatography (3:1 hexanes:EtOAc

The combined organic layer was washed with saturated NaCl, dried and then 15:1 EtOAc:MeOH) to give0 (286 mg, 56%) an@1
over NaS0,, and evaporated under diminished pressure. The (122 mg, 23%) in a 5:2 ratio as white amorphous solids. Data for

residue was purified by flash column chromatography to di8e
as a white solid (2.30 g, 86%). mp 98; [a]%%; = —44.6 (c =
0.1, CHCI). 'H NMR (CDCl): ¢ 7.39-6.77 (13H, Ar-H), 5.32
(1H, s, PR-CH-), 5.08 (1H, d,Js> = 9.8 Hz, H-3), 4.50 (4H,
2x-MeO—Ph—CH,—), 4.46 (1H, dd,J1,2= 4.8 Hz, H-1a), 4.32
(1H, dd,J1p1a= 10.1,J1p2 = 9.6 Hz, H-1b), 4.29 (1H, ddleas=
5.6 Hz, H-6a), 4.21 (1H, ddd, H-2), 3.98 (1H, &,5 = 9.6 Hz,
H-4), 3.81, 3.72 (¥-OMe), 3.80 (1H, m, H-5), 3.60 (1H, ddsaeb
= 10.4, Jsp5 = 10.2 Hz, H-6b).3C NMR (CDCk): o6 160.0-
114.0 (18C, Ar), 101.5 (PhCH-), 82.2 (C-3), 76.3 (C-4), 73.3,
72.8 (2<-MeO—Ph—CH,—), 71.9 (C-1), 69.6 (C-6), 66.0 (C-5),
64.8 (C-2), 55.5, 55.4 (2-OMe). MALDI: m/e595.6 (M" + Na).

Anal. Calcd for GgH3,010S: C, 60.83; H, 5.63. Found: C, 60.81;

H, 5.66.
2,3,5-Tri-O-p-methoxybenzyl-1,4-dideoxy-1,4-[[(3,3S,4R,5R)-
4,6-O-benzylidene 2,5-DiO-p-methoxybenzyl-3-(sulfooxy)hexyl]-
(R)-epi-sulfoniumylidene]-b-arabinitol Inner Salt (19). The thio-
arabinitol 14 (212 mg, 0.42 mmol) and the cyclic sulfai8 (296

trans isomerZ0): [a]%p = —19.5 (c = 0.4, CHCl,). 'H NMR
(ds-acetone):d 7.45-6.79 (25H, Ar-H), 5.21 (1H, s, PRCH-),
4.83 (1H, br dJz > = 8.9 Hz, H-3), 4.81-4.39 (10H, 5-MeO—
Ph—CH,—), 4.73 (1H, br dd, H-2), 4.55 (1H, br dd, H-3), 4:30
4.19 (4H, m, H-1', H-2', H-64d), 4.13 (1H, m, H-5, 4.09 (1H, br
d, Jia1p= 13.1, H-1a), 4.04 (1H, m, H-4), 3.848.63 (15H, 5-
OMe), 3.81 (1H, m, H-3, 3.79 (1H, m, H-5a), 3.72 (1H, m, H-1b),
3.71 (1H, dd, H-5b), 3.46 (1H, dd, H-§b'3C NMR (ds-acetone):

0 159.6-113.2 (36C, Ar), 100.2 (PhCH-), 84.4 (C-3), 82.4 (C-
2),77.9(C-4),73.0 (C-3),72.4 (C-2),72.8,72.6,71.5,71.4,71.3
(5x-MeO—Ph—CH,—), 69.8 (C-6), 67.4 (C-5), 67.3 (C-5), 64.8
(C-4). 54.7 (5<-OMe), 50.0 (C-1), 45.8 (C-1). MALDI: m/e
1131.51 (M + H), 1051.74 (M + H — S(s). Anal. Calcd for
CsgHesO16S5Se: C, 61.64; H, 5.89. Found: C, 61.31; H, 5.66. Data
for cis isomer 21): [a]%%, = —15.7 (c = 0.1, CHCL,). 'H NMR
(ds-acetone):6 7.31-6.81 (25H, Ar-H), 5.30 (1H, s, PRCH-),
4.86 (1H, br dJz > = 9.0 Hz, H-3), 4.82-4.45 (10H, 5-MeO—
Ph—CH,—), 4.74 (1H, br s, H-2), 4.68 (1H, br s, H-3), 4.41 (1H,

mg, 0.52 mmol) were added to 1,1,1,3,3,3-hexafluoroisopropanol m, H-4), 4.29 (2H, m, H-2 H-6d), 4.21 (1H, ddJsa 5= 9.9,Jsa4

(HFIP) (3 mL) containing anhydrous,;KOs; (40 mg). The mixture
was stirred in a sealed tube at-6%0 °C for 42 h. The solvent was

= 5.4 Hz, H-5a), 4.18 (1H, m, H§ 4.06 (2H, m, H-1), 4.00
(1H, dd,Jsp 4= 9.4 Hz, H-5b), 3.83 (1H, m, H4 3.80-3.65 (15H,

removed under reduced pressure, and the residue was purified byox-OMe), 3.63 (1H, m, H-1a), 3.56 (1H, br gy 1.= 12.9, H-1b),
flash column chromatography (3:1 hexanes/EtOAc and then 20:1, 3.48 (1H, dd,Jey6a = 10.4,Jsy5 = 10.2 Hz, H-6b). 13C NMR

15:1 EtOAc/MeOH). The coupled produdt9, was obtained as a
white amorphous solid (350 mg, 77%¥]f% = —53.6 (c= 0.1,
CH,Cl,). ™H NMR (ds-acetone):d 5.37 (1H, s, PRCH-), 4.92
(1H, d, J3» = 9.1 Hz, H-3), 4.83-4.54 (10H, 5-MeO—Ph—
CH,—), 4.50 (1H, m, H-3), 4.32 (3H, m, H-1aH-2, H-64),
4.23 (1H, ddJiy,14 = 13.6,J15,2 = 4.5 Hz, H-11), 4.16 (1H, m,
H-5), 4.06 (1H, m, H-1a), 3.973.81 (3H, m, H-4, H-4 H-1b),
3.80-3.66 (15H, 5-OMe), 3.70 (2H, m, K&#5), 3.51 (1H, m,
H-6b). 13C NMR (ds-acetone)d 159.9-113.5 (36C, Ar), 100.6
(Ph—CH-), 83.6 (C-3), 81.9 (C-2), 77.9 (C¥ 72.9 (C-2), 72.4
(C-3), 72.7, 72.6, 71.7, 71.4, 71.3 ¥5MeO—Ph—CH,—), 69.9
(C-6), 67.2 (C-9), 66.7 (C-5), 65.2 (C-4), 54.8, 55.7 X50Me),
50.9 (C-1), 48.0 (C-1). MALDI: m/e 1083.64 (M + H), 1003.29
(MT + H — SG;). Anal. Calcd for GgHesO16S,: C, 64.31; H, 6.14.
Found: C, 64.61; H, 5.82.
1,4-Dideoxy-1,4-[[(5,3S,4R,5R)-2,4,5,6-tetrahydroxy-3-(sul-
fooxy)hexyl]-(R)-epi-sulfoniumylidene]-b-arabinitol Inner Salt
(11). To a solution of compound9 (240 mg, 0.22 mmol) in CH

Cl; (1 mL) were added trifluoroacetic acid (10 mL), followed by

(ds-acetone): 6 159.8-114.0 (36C, Ar), 100.6 (PRCH-), 83.2
(C-2), 82.6 (C-3), 77.8 (C% 73.1 (C-3), 72.8 (C-2), 72.7, 72.1,
71.6, 71.2, 71.2 (8-MeO—Ph—CH,—), 69.8 (C-6), 67.2 (C-5),
65.6 (C-5), 58.4 (C-4), 54.8, 54.7%X50Me), 42.3 (C-1), 41.0 (C-
1). MALDI: m/e1131.31 (M + H), 1051.62 (M + H — SG;).
Anal. Calcd for GgHseO16SSe: C, 61.64; H, 5.89. Found: C, 61.30;
H, 5.97.
1,4-Dideoxy-1,4-[[(%5,3S,4R,5R)-2,4,5,6-tetrahydroxy-3-(sul-
fooxy)hexyl]-(R/S)-epi-seleniumylidene]p-arabinitol Inner Salts
(12 and 22).The selenonium salt80 (240 mg, 0.212 mmol) and
21(102 mg, 0.09 mmol) were deprotected separately using aq TFA
following the same procedure that was used for compdiiydo
give compoundsl2 (80 mg, 85%) and22 (32 mg, 81%),
respectively. Data for the trans isomég: [o]?% = +16.1° (c =
0.1, MeOH).*H NMR (D20): 6 4.82 (1H, dtJ,1=3.8,J,3=3.7
Hz, H-2), 4.63 (1H, dJz > = 7.7 Hz, H-3), 4.52 (1H, ddJ;4 =
3.2 Hz, H-3), 4.44 (1H, ddd}y 14 = 4.0, Jy 1y = 7.2 Hz, H-2),
4.19 (1H, dde4,5a= 51 HZ,J4y5b= 89, H-4), 4.13 (1H, deld,lU
=12.3 Hz H-18), 4.10 (1H, ddJs4 5p= 12.6 Hz, H-5a), 3.98 (1H,

H,0 (4 mL). The mixture was stirred at room temperature for 2 h. dd, H-5b), 3.95 (1H, dd, H-1j 3.86 (3H, m, H-4 H-5, H-64),
The solvents were then evaporated under diminished pressure, an®.82 (2H, d, H-1), 3.69 (1H, dd Jsy6a = 12.3,Jey5 = 5.7 Hz,
the residue was purified by flash column chromatography to give H-6b). 13C NMR (D,O): 6 78.6 (C-3), 77.6 (C-3), 77.6 (C-2),

11 as a white amorphous solid (72 mg, 82%a)}%p = —3.6° (c =
0.1, MeOH).'H NMR (D20): 6 4.77 (1H, dddJ, 1 = 4.0,J,5=
3.7 Hz, H-2), 4.67 (1H, dJz » = 8.1 Hz, H-3), 4.48 (1H, dd Js; 4
= 3.2 Hz, H-3), 4.44 (1H, dddl 14 = 3.3, 1y = 7.7 Hz, H-2),
4.14 (1H, dd Jsas = 5.0 Hz, Jsasp= 10.8, H-5a), 4.10 (2H, m,
H-1d, H-4), 3.98 (1H, ddJsy4 = 7.1 Hz, H-5b), 3.93 (1H, dd,
Jip1a = 13.6 Hz, H-1§, 3.91-3.87 (5H, m, H-1, H-4, H-5,
H-6d), 3.54 (1H, m, H-6b. 13C NMR (D,0): ¢ 78.3 (C-3), 77.8

70.1 (C-B), 70.0 (C-4), 68.9 (C-4, 66.1 (C-2), 62.9 (C-6), 59.4
(C-5), 49.1 (C-1), 44.9 (C-1). MALDI: nVe 465.37 (M" + Na),
363.29 (M + H — SG;). HRMS calcd for GiH2,0::SSe (M—
H): 440.9964. Found: 440.9963. Data for the cis isor@2r,[a]%%
= +41.6 (c = 0.1, MeOH).’H NMR (D,0): 6 4.75 (1H, ddd,
J2,lb: J2,1b: 3.4,\]2'3: 3.8 Hz, H-2), 4.64 (1H, CU3',2' = 8.0 Hz,
H-3'), 4.56 (1H, t,J; 4= 3.8 Hz, H-3), 4.41 (1H, ddd]» 14 = 3.8,
J2’,1U = 7.8 Hz, H-2), 4.26 (1H, dde45a= 5.5 HZ,J4ysb = 9.0,
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H-4), 4.21 (1H, ddJsaso = 12.2 Hz H-5a), 4.10 (2H, m, H-5b,
H-1d), 3.91 (1H, ddJuy 14 = 12.5 Hz, H-b), 3.84 (4H, m, H-1a,
H-4', H-5, H-6d), 3.67 (1H, ddJeyex = 12.3, Jows = 4.9 Hz,
H-6b), 3.62 (1H, dd 1 1a= 12.7 Hz, H-1b)13C NMR (D,0): 6
79.0 (C-3), 78.6 (C-2), 78.2 (C-3), 70.1 (C¥ 69.0 (C-4), 66.0
(C-2), 64.1 (C-4), 62.9 (C-§, 58.2 (C-5), 42.6 (C-1), 41.5 (CL
MALDI: m/e465.29 (M + Na), 363.23 (M + H — SO;). HRMS

calcd for GiH»,0,:SSe (M— H): 440.9964. Found: 440.9961.
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