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8 L-hexose diastereomers

A novel versatile method for the synthesis of all eight diastereomericallyiphexoses was developed.
L-Ascorbic acid was converted to two diastereom&rsThesea-hydroxy esters were transformed into
four y-alkoxy-o.,8-unsaturated este@via the intermediateB and subsequent Wittig olefination reactions.
Each one of compoundS was subjected to dihydroxylation to provide a set of two dBIsAnti/syn
differentiation in diol formation was manipulated by using (DHQEHAL and (DHQ)}PHAL as chiral
ligands. Further two-step reaction sequence affords all eight diasteracper@ses.

Introduction saponin from a marine octocoral has been repditetiexoses
have also demonstrated potential as noncaloric sweeténers,
laxatives!® and selectively toxic insecticidés.

Although replacing an-amino acid with itsp-isomer in a
bioactive peptide is quite relevant in order to alter its physi-
ological consequences, this sort of enantiomer-exchange has
hardly been practiced in the domain of glycoconjugates.

Given the importance af-hexoses in the field of glycobi-
ology and limited natural sources, the need to develop efficient

ethodologies for their synthesis continues to exist. Among the
methods known in the literature ranging from classical modi-
fication of readily available-sugars to the recent organocata-
lytic aldol synthesis and iterative dihydroxylation of dieAés,
there are only two versatile strategies that can provide all eight

D Sack — hexoses. These are the MasamuBbarpless synthesis employ-

S e o L cacags M0 aSymmetic epoxidaton a5 a key Sfbgnd the Ogasawara
6267. procedure starting from furfural via levoglucosenone by oxida-

(3) van Boeckel, C. A. A.; Beetz, T.; Vos, A. J. M.; de Jong, A. J. M.; tive ring expansioR?
van Aelst, S. F.; van den Bosch, R. H.; Mertens, J. M. R.; van der Vlugt,
F. A. J. Carbohydr. Chem1985 4, 293-321. (7) Kubelka, W.Phytochemistryi974 13, 1805-1808.

(4) Prabhu, A.; Venot, A.; Boons, G.-Org. Lett.2003 26, 4975-4978. (8) Guttigrez, M.; Capson, T.; GuzfimaH. M.; Quifoa E.; Riguera, R.

(5) Lee, J.-C,; Chang, S.-W,; Liao, C.-C.; Chi, F.-C.; Chen, C.-S.; Wen, Tetrahedron Lett2004 45, 7833-7836.

Y.-S.; Wang, C.-C.; Kulkarni, S. S.; Puranik, R.; Liu, Y.-H.; Hung, S.-C. (9) (a) Shallenberger, R. S.; Acree, T. E.; Lee, CNature 1961, 221,

The rareL-hexoses are key components of numerous biologi-
cally important oligosaccharides, glycopeptides, steroid glyco-
sides, antibiotics, and other biologically active natural products.
L-Altrose, for instance, is a constituent of extracellular polysac-
charide fromButurivibrio fibrisolventsstrain CF3t L-Gulose
constitutes the disaccharide subunit of bleomycintAe major
component of a family of glycopeptide antibiotits-Idose is
a constituent of heparin and heparane sulfates that are foun
on the cell surfaces and the extracellular matrix of all eukaryotes
where they play pivotal role in a large number of biological
events’=¢ | -Mannose has been found in the sugars units of
steroid glycoside$Recently, isolation of the firsi-L-galactosyl

Chem. Eur. J2004 10, 399-415. 555-556. (b) Levin, G. V. U.S. Patent 4262032, 1981.

(6) Kovensky, J.; Duchaussoy, P.; Bono, F.; Salmivirta, M.; Sizun, P.; (10) Tarka Jr., S. M.; Shively, C. A.; Apgar, J. L.; Koch, K. L. U.S.
Herbert, J.-M.; Petitou, M.; Sinay, Biorg. Med. Chem1999 7, 1567 Patent 5219573, 1989.
1580. (11) Levin, G. V.; Zehner, L. R. U.S. Patent 5166193, 1992.
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SCHEME 1. General Strategy for the Synthesis of
L-Hexoses
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Results and Discussion

In our preliminary communication, we have reported a novel

stereodivergent approach tehexoses using-ascorbic acid as

a single starting material by exploiting the inherent chirality at

the C-5 stereocenter of final produétds illulstrated in Scheme
1, our strategy to synthesize all eight diastereopunexoses

comprises the following major steps: (i) preparation of two

chiral aldehyde8, one of which involving Mitsunobu inversion,
from a-hydroxy esterA that is in turn readily available from
L-ascorbic acid; (i) transformation of aldehyd@nto four o, 5-
unsaturated estes with the specified ) or (Z) configuration

via the Wittig olefination reactions; (iii) stereoselective dihy-

droxylation of each one of.,3-unsaturated estefs followed
by partial reduction of resulting eight polyol estdds (iv)
cyclization of thus obtained aldehydEsto provideL-hexopy-
ranoses-.

Ermolenko and Sasaki

The key compound of the series, ethylR(29-3,4-O-
isopropylidene-2,3,4-trihydroxybutanodtewas prepared from
L-ascorbic acid in two steps by the known proced@itaversion
of configuration at C-2 inl by the convenient chloroacetate
modification of the Mitsunobu reactiéhprovided ethyl (539)-
3,4-O-isopropylidene-2,3,4-trihydroxybutano& 65% yield
after the selective chloroacetate alcoholysis in mild basic
conditions (Scheme 2). For pursuing the synthesis, the free
hydroxyl group inl1 and2 must be protected. To this end, we
chose benzyl group that facilitated easy removal under neutral
conditions. Benzylation of a substrate possessing both base-
sensitive ester and acid-labile acetal functionalities is rather
challenging task. Benzylation of a hydroxy group by treatment
of 1 and2 with benzyl trichloroacetimidate in the presence of
catalytic amount of triflic acitf was attempted only to recover
starting material after 24 h under standard conditions. Under
more acidic conditions, the isopropylidene group was partially
removed. Eventually, benzylation @fwith benzyl bromide in
the presence of silver oxidfein dichloromethane was proved
to be efficient for affording th&-benzyl ethei3 in 85% yield
after 3 h. As for the hydroxyest&, the sameD-benzylation
conditions gavet only in 70% vyield after 72 h. Better result
was obtained when the reaction was performed in boiling
acetonitrile in the presence of catalytic amount of8i”° The
O-benzyl ested was isolated in 80% yield after 12 h. Since a
direct reduction of these esters to the corresponding aldehydes
gave mixtures, the two-step procedure was appli€te
reduction of3 and4 with LiBH 4 in ethe?! furnished the alcohols
5 and 6 in 95% yield. Subsequent Swern oxidation of these
alcohols afforded the pure aldehydeand8 that can be directly
used in the following olefination step.

Olefination of a-alkoxy-substituted aldehydes and ketones
has been shown to be sensitive to the reagent, solvent, occasional
additives, and reaction temperature. The reaction of semistabi-
lized phosphoranes EP=CHCOOR (R= Me or Et) with
o-alkoxy aldehydes have been reported to give thg-

As aresult of our efforts in developing this methodology into unsaturated esters EZ ratios varied from 10:1 (CCl, rt)**
a truly practical method, we describe herein the synthesis of all to 1:10 (MeOH, 0°C).% In accordance with these results, the

eight diastereoisomers afhexoses by employing Sharpless

asymmetric dihydroxylation as a key step.

(12) (a) Humoller, F. L.; Frush, H. L.; Isbell, H. S.; Sowden, J. C;

Whistler, R. L.; BeMiller, J. N.; Shafizaden, F. Methods in Carbohydrate
Chemistry Academic Press: New York, 1962; Vol. 1, pp 10545. (b)

Evans, M. E.; Parrish, F. W.; Blanc-Muesser, M.; DeFaye, J.; Horton, D.;

Tsai, J.-H. InMethods in Carbohydrate Chemistrxcademic Press: New
York, 1980; Vol. VIII, pp 173-185. (c) Hudlicky, T.; Entwistle, D. A,;
Pitzer, K. K.; Thorpe, A. JChem. Re. 1996 96, 1195-1220 and references

therein. (d) Hung, S.-C.; Wang, C.-C.; Chang, S.-W.; Chen, C.-S.

Tetrahedron Lett2001, 42, 1321-1324. (e) Hung, S.-C.; Wang, C.-C;
Thopate, S. RTetrahedron Lett200Q 41, 3119-3122. (f) Harris, J. M,;
Keranen, M. D.; Nguyen, H.; Yong, V. G.; O'Doherty, G. &Zarbohydr.
Res.200Q 328 17—-36. (g) Adinolfi, M.; Barone, G.; De Lorenzo, F.;
ladonisi, A.Synlett1999 3, 336-338. (h) Hajko J.; Liptk, A.; Pozsgay,
V. Carbohydr. Res1999 321, 116-120. (i) Tietze, L. F.; Montenbruck,
A.; Schneider, CSynlett1994 509-510. (j) Bazin, H. G.; Wolff, M. W.;
Linhardt, R. JJ. Org. Chem1999 64, 144-152. (k) Harris, J. M.; Kenaen,
M. D.; O’'Doherty, G. A.J. Org. Chem1999 64, 2982-2983. (I) Takahashi,
H.; Hitomi, Y.; Iwai, Y.; Ikegami, SJ. Am. Chem. So200Q 122 2995~
2998. (m) Northrup, A. B.; MacMillan, D. W. CScience2004 1752—

1755. (n) Ahmed, Md. M.; Berry, B. P.; Hunter, T. J.; Tomcik, D. J.;

O’Doherty, G. A.Org. Lett.2005 7, 745-748.

(13) Ko, S. Y.; Lee, A. W. M.; Masamune, S.; Reed, L. A., Ill; Sharpless,

K. B.; Walker, F. J.Tetrahedron199Q 46, 245-264.

(14) (a) Takeuchi, M.; Taniguchi, T.; Ogasawara,3¢nthesid999 2,
341-354. (b) Takeuchi, M.; Taniguchi, T.; Ogasawara,CGhirality 200Q
338-341.

(15) Ermolenko, L.; Sasaki, N. A.; Potier Relv. Chim. Acta2003 86,
3578-3582.
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reaction of aldehyd& with PhsP=CO,Et in CH,ClI, provided

the a,f-unsaturated estér with an E/Z ratio of 10:1 in 80%
yield (Scheme 2). However, under the same conditions, aldehyde
8 gave the corresponding enodt® in E/Z ratio of 2:1. In
benzene, the reaction became nonselectwZ & 1:1). To
resolve this problem, we turned our attention to the stabilized
phosphonates that, in general, exhibit a stroBgsglectivity

with a-alkoxy aldehyde$? Indeed, the coupling of triethyl
phosphonoacetate with aldehydéand8 in benzene at room
temperature resulted in the unsaturated e€tensd 10 in high

(16) Abushanab, E.; Vemishetti, P.; Leiby, R. W.; Singh, H. K
Mikkilineni, A. B.; Wu, D. C.-J.; Saibaba, R.; Panzica, RJPOrg. Chem.
1988 53, 2598-2602.

(17) Saah, M.; Bessodes, M.; Antonakis, R.etrahedron Lett1992
33, 4317-4320.

(18) Nakajima, N.; Horita, K.; Abe, R.; Yonemitsu, Oetrahedron Lett.
1988 29, 4139-4142.

(19) Bouzide, A.; SauveG. Tetrahedron Lett1997 38, 5945-5948.

(20) Andre C.; Bolte, J.; Demuynck Cletrahedron: Asymmetrd 998
9, 1359-1367.

(21) Soai, K.; Ookawa, AJ. Org. Chem1986 51, 4000-4005.

(22) (a) Mulzer, J.; Kappert, MAngew. Chem., Int. Ed. Endl983 22,
63—64. (b) Mulzer, J.; Kappert, MAngew. Chem. Suppl982 22, 23—
33. (¢) Hu, T.-S.; Yu, Q.; Wu, Y.-L.; Wu, YJ. Org. Chem 2001, 66,
853-861.

(23) (a) Sachez-Sancho, F.; Valverde, S.; Herrad®. Tetrahedron:
Asymmetry1996 7, 3209-3246. (b) Valverde, S.; Martin-Lomas, M.;
Herradm, B.; Garcia-Ochoa, STetrahedron1987, 43, 1895-1901.
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SCHEME 2. Synthesis ofo.,f-Unsaturated Esters 9-122
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aKey: (a) CICHCOOH, PhP, DIAD, THF, 12 h, then EN—EtOH, 65% in two steps; (b) BnBr, A®, CHCIy, rt, 3 h, 85%; (c) BnBr, AgO, CH:CN,
reflux, 12 h, 80%; (d) LiBH, EtO, 0°C, 2 h, 95%; (e) (COCH DMSO, CHCl,, —70 °C, 20 min, EtN, —78°C, 1 h, 95%; (f) (GHs0).,POCHCO,Et,
NaH, benzene, rt, 2h; (g) (GEH20),POCHCO;Me, 18-crown-6, KN(TMS), THF, —78 °C.

yield and selectivity £/Z = 98:2). For the preparation oZ)
unsaturated esters, the Still modificaftorof the Horner
Emmons procedure was applied to the aldehydesnd 8

dihydroxylation ofy-alkoxy-a,5-unsaturated esters. However,
improvements in selectivity have remained moderate, even under
stoichiometric conditiond7"29 It is assumed that the use of a
resulting in esterd1 and 12, respectively, with excellentZ] more efficient second-generation chiral ligands can override the
selectivity >99:1). It should be noted that all th&)¢ and inherent facial selectivity oft)-y-alkoxy-o,5-unsaturated ester
(2)-isomers obtained in this series are easily separable by columnby its own induction efficacy. This makes the otherwise minor
chromatography on silica gel. With all four,3-unsaturated diastereomer available in acceptable yield. The catalytic asym-
esters 9—12) in hand, the dihydroxylation of these substrates metric dihydroxylation using the latest techniques has been
was addressed to set the remaining two stereogenic centers osuccessfully applied to a number @&){y-alkoxy-a,5-unsatur-
the hexose precursors. ated esters and,S-unsaturated lactones. However, to the best

The stereochemical outcome of the osmium-catalyzed dihy- of our knowledge, no data is available for the corresponding
droxylation of y-alkoxy-a,S-unsaturated esters follows the (2)-enoates, and no systematic application of asymmetric
Kishi—Stork empirical rule that predicts 1ghti relationship dihydroxylation to the synthesis of sugars, particularly to
between the resident and newly formed stereogenic centers inhexoses, has been reported. We expected the Sharpless asym-
case of E)-y-alkoxy enoates, and 12 product for the metric dihydroxylation would provide a powerful tool to
(2)-y-alkoxy conjugate este?8.The (E)-y-alkoxy-o,5-unsatur- overcome the inherent facial selectivity of our substrates and
ated esters typically show strong facial preference, though to gain access, from the samegf-unsaturated ester, to both
(2)-enoates often exhibit irregular magnitude of diastereofacial stereoisomers of diol in acceptable yields regardless the con-
selectivity that can vary from very low (1:1) to very high figuration of double bond ang-stereogenic center. Previously
(25:1)27 with regard to dihydroxylation of our,S-unsaturated reported results on the double diastereoselection in asymmetric
esters, a low selectivity for some diol products and inacces- dihydroxylation of the a,-unsaturated estefs prompted
sibility of others could be the issi#é.

Ever since the introduction of asymmetric dihydroxylation,
the double-asymmetric induction principle has been applied to

(27) (a) Saito, S.; Morikawa, Y.; Moriwake, T. Org. Chem199Q 55,
5424-5426. (b) Brimacombe, J. S.; Hanna, R.; Kabir, A. K. M. S.; Bennet,
F.; Taylor, I. D.J. Chem. Soc., Perkin Trans. 1986 815-821. (c)
Izquierdo, I.; Plaza, M. T.; Robles, R.; Rodriguez, Tetrahedron:
Asymmetry1996 7, 3593-3604. (d) DeNinno, M. P.; Danishefsky, S. J.;

(24) (a) Katsuki, T.; Lee, A. W. M.; Ma, P.; Martin, V., S.; Masamune,

S.; Sharpless, K., B.; Tuddenham, D.; Walker, F3.JOrg. Chem1982

47, 1373-1378. (b) Minami, N.; Ko, S., S.; Kishi, YJ. Am. Chem. Soc
1982 104, 1109-1111. (c) Trost, B. M.; Lynch, J.; Renaut, P.; Steinman,
D. H. J. Am. Chem. S0d 986 108 284-291. (d) Larsen, R. O.; Aksnes,

G. Phosphorus Sulfut983 16, 339-344.

(25) still, W. C.; Gennari, CTetrahedron Lett1983 24, 4405-4408.

(26) (a) Christ, W. C.; Cha, J. K.; Kishi, Y.etrahedron Lett1983 24,
3947-3950. (b) Stork, G.; Kahn, MTetrahedron Lett1983 24, 3951-
3954. (c) Cha, J. K.; Christ, W. C.; Kishi, Yetrahedronl984 40, 2247
2255.

Schulte, GJ. Am. Chem. S0d.988 110 3925-3929. (e) Evans, D. A,;
Kaldor, S. W.J. Org. Chem.199Q 55, 1698-1670. (f) Annunziata, R.;
Cinquini, M.; Cozzi, F.; Raimondi, LTetrahedronl988 44, 6897-6902.
(e) Jorgensen, M.; lversen, E. H.; Madsen,JROrg. Chem.2001, 68,
4625-4629.

(28) In our preliminary studies on Og®IMO dihydroxylation of
TBDPS-protected analogues @f10, 11, and12, the diols were produced
in ratios 90:10, 85:15, 30:70, and 40:60, respectively.

(29) Brimacombe, J. S.; McDonald, G.; Abdur Rahman Qérbohydr.
Res.199Q 205, 422-427.
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SCHEME 3.
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Synthesis of |-Galactose19,-Idose 21,L-Glucose 29, and_-Altrose 312

efgf  AcO OAc
— T Zon
ROOAc
17 19 R =Bn
20 R =Ac
ef,g,f AcO OAc OAc
4
RO OAc
18 21 R=Bn
22R =Ac
e fg.f AcO OAc
— F@\?QZBAC
c
OBn O
27 29 R =Bn
30R=Ac

28 31

aKey: (a) 0sQ, (DHQD),PHAL, KsFe(CN), MeSQNHy, t-BUOH/H,0, 90%; (b) OsQ@, (DHQ):PHAL, KsFe(CN), MeSGNH,, t-BUOH/H;O, 90%;
(c) DMP, acetone; (d) DIBAL, toluene; (e) 80% acetic acid; (f.8¢ E&N, DMAP, CH,Cly; (g) Hz, Pd/C, EtOAC.

us to opt for the phthalazine ligands, (DHQBHAL and
(DHQ),PHAL, as the ligands of choice. In view of wide variety appropriate protection of the free hydroxyls I8 was needed
of steric and electronic factors involved in the reaction, each for the next reduction step. From our earlier experience in the
major diol product obtained during our studies was converted synthesis of 2-amino sugdfsand L-sugars;® the selective
into corresponding sugar pentaacetate to confirm unequivocally monoprotection of one of the two newly formed hydroxy groups
its stereochemistry by comparing % NMR spectrum with

the known data of the-series’! Selectivities of dihydroxylation
were determined by HPLC using pure diols as references.
L-Galactose L-ldose, L-Glucose, andL-Altrose. Syntheses

90% vyield (Scheme 3). As in the case of estérand 2, an

of diol esters was expected to be difficult in some cases.

To keep results consistent along with all the series, we chose
the isopropylidene protecting group which is stable to DIBAL
reduction conditions. Accordingly, the did3 was converted

of these four hexoses were achieved by asymmetric dihydroxyl- into its acetonidel5 (2,2-dimethoxypropane, 3% @-TsOH)

ation of E)-unsaturated este@and 10 using the “reinforced
AD-mix” reagent formulations (6% OsD10% of the corre-

sponding ligand, 3 equiv of ¥&e(CN), 3 equiv of KCO3, 1
equiv of MeSQNH,). When E)-unsaturated este® was
dihydroxylated in the presence of thedirecting (DHQD)PHAL

ligand, the easily separable didI8 (5-face attack product) and

in 95% yield after 6 h. The totally protected hydroxy estér
was reduced with DIBAL in toluene at78 °C to give the
aldehydel7 in excellent yield (95%§° Although no over-
reduction to the alcohol was observed, quenching of the reaction
with methanol resulted in 30% of the corresponding dimethyl-
acetal. Since both of these compounds were useful for our

14 (o-face attack product) were obtained in 99:1 ratio and in synthetic purpose, thus obtained crude product was subjected

(30) (a) Wang, L.; Sharpless, K. B. Am. Chem. So4992 114, 7568~
7570. (b) Xu, D.; Crispino, G. A.; Sharpless, K..B.Am. Chem. S0o¢992
114, 7570-7571. (c) Morikawa, K.; Sharpless K., Betrahedron Lett.
1993 34, 5575-5578. (d) Ziegler, F. E.; Wang, Yd. Org. Chem1998
63, 7920-7930. (e) Kim, N.-S.; Choi, J.-R.; Cha, J. K.Org. Chem1993

58, 7096-7099. (f) Abdur Rahman, M.; Adams, J. P.; Boyes, A. L.; Kelly
M. J.; Mansfield, D. J.; Procopiou, .
Sidebottom, P. J.; Sik, V.; Watson, N. $.Chem. Soc., Chem. Commun.

1993 1841-1843.

P. A.; Roberts, S. M.; Slee, D. H

(31) Bock, K.; Thogersen, HAnnu. Rep. NMR Spectrost982 13,

1-57.
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to cyclization without further purification. Hydrolysis of the
product with Amberlite IR 120 in 1/1 dioxarevater followed
by acetylation afforded the fully protecteejalactosel9in 60%
yield (three steps) as a mixture af and-anomers in 22:78
ratio. Hydrogenolysis of the benzyl group 9 followed by
acetylation gave pentaacetateLefjalactose?0 in 95% yield
(two steps). Thé3C NMR spectrum oR0was proved identical

(32) Ermolenko, L.; Sasaki, N. A.; Potier, .Chem. Soc., Perkin Trans.
12000 2465-2473.
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SCHEME 4. Synthesis of -Gulose 38,-Talose 40,L-Allose 48, andL-Mannose 5@
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45R +R' = CMe,

aKey: (a) OsQ, (DHQD)XPHAL, KsFe(CN}, MeSQNH,, t-BuOH/H,0, 90%; (b) Os@, (DHQ)PHAL, KsFe(CN), MeSONH,, t-BuOH/H,O, 90%;
(c) DMP, acetone; (d) DIBAL, toluene; (e) 80% acetic acid; (f8¢ EsN, DMAP, CH,Cly; (g) Hp, Pd/C, EtOAC.

to those published for the corresponding pentaacetates ofThus, dihydroxylation of E)-ester 10 in the presence of

p-galactosé!

The example of thgalactoisomerl3was rather trivial since
both the diastereofacial selectivity of the substr@tand the
directing effect of the chiral ligand were matching. On the
contrary, thado-isomerl4 was not expected to be available in
reasonable yield by ligand-free dihydroxylation ®f(see the
note abee). However, to our delight, under the influence of
thea-directing (DHQYPHAL ligand the direction of dihydroxyl-
ation was changed drastically to give didl4 (a-face attack)
and13 (p-face attack) in 95:5 ratio and in 90% yield (Scheme
3). Conversion of the diol estet4 into its acetonidel6
proceeded sluggishly (48 h, comparedéth required forl3),
but in 96% vyield. The aldehyd®8 was obtained in 95% yield
by reducing with DIBAL. Deprotection of both of the acetonide
groups of aldehyd&8in 1/1 dioxane-water in the presence of
Amberlite IR 120 followed by acetylation led to the 1,2,3,6-
O-teraacetyl-40-benzyl+-idose21 in 60% yield as a mixture
of o- and s-anomers in ca. 4:6 ratio. Pentaacetate -idose
22 was obtained by hydrogenolysis of the benzyl estér
followed by acetylation in 95% yield (2 steps). THE NMR
spectrum o2 was identical to that published for the pentaac-
etates ob-idose?!

L-Glucose and-altrose are the epimers at C-4i16§alactose

(DHQD),PHAL ligand afforded diols in 55:1 ratio in favor of
the -diol 23 with gluco-configuration in 72% yield. Reward-
ingly, the use ofo-directing (DHQYPHAL ligand gave pre-
dominantly theo-diol 24 with altro-configuration that was
obtained virtually as a single isomer in 88% yield. Thus, the
catalytic asymmetric dihydroxylation of oUg)-a.,5-unsaturated
esters9 and 10 proceeded under the control of a chiral ligand
and provided all four correspondinghexoses in high selectivity
and in good overall yield.

It was noted that 2,8-isopropylidene protection of the diol
23 proceeded rapidly and in 90% yield as in case of the diol
13. On the other hand, the di@4 reacted sluggishly (exactly
the same as for the di@H). The reduction of the fully protected
hydroxy este25and26 was carried out at- 78 °C with DIBAL
in toluene to give the aldehyd@3 and28, respectively, in 95%
yield in both cases. Acetonide deprotection of the aldetgitle
in the presence of Amberlite IR 120 followed by acetylation
afforded fully protected-glucose29in 70% yield (two steps)
as a mixture ofx- andp-anomers in approximately 42:58 ratio.
Pentaacetate af-glucose30 was obtained by hydrogenolysis
of the benzyl group 029 followed by acetylation in 95% yield
(two steps). The same reaction sequence was applied to the
aldehyde28to furnish pentaacetate ofaltrose31 as a mixture

andL-idose, respectively. The preparation of these hexoses was(71:29) of a- and 8-anomers. Thé*C NMR spectra of thus

attained with high diastereoselectivity from th®-{unsaturated

obtained pentaacetates match to the corresponding data known

ester10 in the same synthetic sequence as described abovein the literature on the fingerprint levél.
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L-Gulose,L-Talose,L-Allose, andL-Mannose.The structure
of these four hexoses can be easily relatezigalihydroxylation
of the ©)-enoatesll and 12 (see Scheme 4). Unfortunately,
little is known with certitude about the diastereofacial selectivity

Ermolenko and Sasaki

and chiral ligand in subsequent dihydroxylation step is the key
feature for the versatility of our new method.

Experimental Section

of this transformation, and its magnitude could not be predicted _General Procedure for Preparation of Diols 13, 14, 23, 24,

a priori as was mentioned above. Among a limited number of

reports on osmylation of)-conjugated carbonyl substrates, the
1,2-syn stereochemistry of dihydroxylation was found in ac-
cordance with the KishiStork rule in most cases. Nevertheless,

32, 33, 42, and 43To a well-stirred mixture of (DHQDQPHAL
or (DHQ)LPHAL (156 mg, 0.2 mmol), KFe(CN) (1.974 g, 6
mmol), K;CO; (828 mg, 6 mmol), and C}¥$O,NH; (190 mg, 2
mmol) in 1:1t-BuOH—H,0 (24 mL) at 0°C was added Os{{1.2
mL of 0.1 M t-BuOH solution, 0.12 mmol). After 15 miny,-

several authors have reported the 1,2-anti addition that presumnsaturated ester (640 mg, 2 mmol}iBuOH (1 mL) was added

ably involves other factors. Taking into account that the
Sharpless AD ofZ) olefins is less selective than that d)(
olefins, the catalytic asymmetric dihydroxylation of ou){
enoatesl1 and12 has been expected to be the most intriguing

over 15 min, and the mixture was stirred for another 36 h &€ 4

Solid sodium sulfite (6 g) was added, and the mixture was stirred
for 30 min at 4°C and allowed to warm to room temperature.
EtOAc was added, and the layers were separated. The aqueous layer

of the series. In the event, the dihydroxylation of unsaturated Was further extracted with EtOAc. The combined organic phases

(2)-esterllin the presence of (DHQBRPHAL ligand afforded
the mixture of the diol ester32 and33in 91:9 ratio, while the
dihydroxylation with o-directing ligand (DHQQPHAL pro-
ceeded less selective to give the d3d with a 84:16 diaste-
reoselectivity.

Dihydroxylation of ¢)-unsaturated esté® followed the same

were washed successively tvi2 M NaOH, HO, and brine and
then dried, concentrated, and chromatographed with heptane-EtOAc
(2:1) to afford a diol.

Ethyl (2S,3S,4S,59)-4-O-benzyl-5,60-isopropylidene-2,3,4,5,6-
pentahydroxyhexanoate (-galacto-diol) 13was prepared from
9 in the presence of (DHQBRPHAL in 90% vyield by the general
procedurel3 (colorless oil): o —15.9 € 1.0); IR (CHCE) cm?

direction regardless of the C-4 stereocenter. Thus, in the 3446, 2983, 2935, 1731, 1497, 1454, 1369, 1269, 1240, 1212, 1113,

presence of (DHQDBPHAL ligand, the dihydroxylation oi2
furnished in a 87:13 ratio the dio¥2 and 43. Similarly, the
use of (DHQ)PHAL provided the mixture of products in ratio
94:6 in favor of the dio#3. These results clearly demonstrated
that the asymmetric dihydroxylation of our,3-unsaturated
ester9—12 proceeded under the total control of the chiral ligand

1058, 1028, 857*H NMR 7.35 (m, 5H), 4.78, 4.68 (2d,= 11.0

Hz, 2H), 4.48 (ddJ = 6.0, 1.5 Hz, 1H), 4.42 (m, 1H), 4.26 (m,
2H), 4.04 (m, 2H), 3.89 (dd] = 8.5, 7.6 Hz, 1H), 3.67 (dd] =

8.9, 5.1 Hz, 1H), 3.29 (dJ = 6.0 Hz, 1H), 2.87 (dJ = 7.3 Hz,

1H), 1.45 (s, 3H), 1.38 (s, 3H); 1.29 (t= 7.2 Hz, 3H);13C NMR
173.6, 138.0, 127.9, 128.5, 128.1, 109.2, 77.8, 76.8, 74.6, 72.2,
70.5, 65.9, 62.1, 26.3, 25.3, 14.2; MS (E8i)z 377 [M + NaJ*;

used, regardless of the chirality of C-4 stereogenic center andrpms caled for GeHcO-Na [M + NaJt 377.1576, found
double-bond configuration. As in the previous cases, the 377.1572.

stereochemistry of these products was unequivocally proved by  Ethyl (2R,3R 4S,59)-4-O-benzyl-5,60-isopropylidene-2,3,4,5,6-
13C NMR spectroscopy of the corresponding pentaacetates ofpentahydroxyhexanoate (-ido-diol) 14 was prepared fror® in
pyranoses that were obtained by the same reaction sequenctéhe presence of (DHQPHAL in 90% yield by the general

described above. The acetonide protection of the @283,
42, and43 proceeded in good yields but in different rates as
for the diols13, 14, 23, and24. The reduction of these fully

protected esters provided corresponding aldehydes without over-

reduction in high yield. Cyclization ofjulo-aldehyde36 with
80% acetic acid (24 h, rt) followed by acetylation afforded
1,2,3,60-tetraacetyl-40-benzyl{-L-gulose 38 in 95% vyield.
Under the same conditions, the cyclizationtalb-aldehyde37
provided 1,2,3,89-tetraacetyl-49-benzyli-talose40 in 75%
yield as a mixture ofx- and-anomers in 5:1 ratio.
Deprotection of acetonide groups fallo-aldehyde46 was
accomplished in the presence of Amberlite IR 120. After
subsequent acetylation, 1,2, Xetetraacetyl-40-benzyli-allose
48 was obtained as a mixture af and-anomers in 1:2 ratio.
The anomeric sugar derivative8a and 48b were easily

procedurel4 (colorless oil): fjp —18.4 €1.3); IR (CHCE) cm?!
3547, 3024, 2988, 2938, 2907, 1735, 1686, 1654, 1560, 1456, 1383,
1373, 1227, 1205, 1156, 1118, 1071, 1028, 883, 8BUNMR
7.36 (m, 5H), 4.85, 4.62 (2d] = 11.0 Hz, 2H), 4.42 (dd) =
12.8, 6.4 Hz, 1H), 4.30 (ddl = 5.0, 3.0 Hz, 1H), 4.224.02 (m,
3H), 3.85 (dd,J = 7.9, 7.6 Hz, 1H), 3.70 (dd) = 5.6, 4.4 Hz,
1H), 3.50 (d,J = 5.1 Hz, 1H), 2.95 (dJ = 8.4 Hz, 1H), 1.46 (s,
3H), 1.39 (s, 3H), 1.23 (] = 7.4 Hz, 3H);13C NMR 172.9, 137.9,
128.5,128.3, 128.0, 109.6, 78.5, 76.3, 74.2, 71.6, 71.2, 65.9, 62.0,
26.5, 25.5, 14.1; MS (ESkvz 377 [M + Na]*; HRMS calcd for
CigH2607Na [M + Na]* 377.1576, found 377.1569.

Ethyl (2S,3S,4R,55)-4-O-benzyl-5,6 O-isopropylidene-2,3,4,5,6-
pentahydroxyhexanoate (-gluco-diol) 23was prepared froriO
in the presence of (DHQBPHAL in 70% yield by the general
procedure23 (colorless ail): ft]p —15.0 € 2.30); IR (CHC}) cmt
3531, 3027, 3015, 2990, 2938, 2892, 1733, 1603, 1497, 1455, 1383,
1373, 1248, 1228, 1205, 1158, 1122, 1074, 1028, 915, 834;

separated by column chromatography and each of them was\r 7.34 (m, 5H), 4.80, 4.68 (2d] = 11.0 Hz, 2H), 4.35 (m
subjected to hydrogenolysis followed by acetylation to provide 2p), 4.22-3.92 (m, 5H), 3.82 (ddJ = 5.6, 4.3 Hz, 1H), 3.40 (d,

the pentaacetates ofallose49aand49b, respectively, in good
yield. Under the same conditions, 1,2,®&etraacetyl-40-
benzyl+-mannose50 was obtained as a mixture ef- and
B-anomers in 3:1 ratio. The fully protected suga@sand50b

J = 5.9 Hz, 1H), 3.20 (dJ = 8.8 Hz, 1H), 1.44 (s, 3H), 1.37 (s,
3H), 1.24 (tJ = 7.0 Hz, 3H);13C NMR 173.2, 137.8, 128.5, 128.1,
128.0, 109.0, 78.3, 76.9, 74.3, 72.3, 71.0, 66.3, 62.0, 26.6, 25.2,
14.1; MS (ESI)mWz 377 [M + Na]"; HRMS calcd for GgHo¢07Na

were easily separated by column chromatography and convertedM + NaJ* 377.1576, found 377.1568.

into the corresponding pentaacetates-aiannosélaand51b.

Conclusion

We have developed a novel methodology for the highly
selective synthesis of the diastereometrically puitgexoses.
According to our strategy, any one of eightexoses can be
prepared in good overall yield fromascorbic acid. Appropriate
selection of reagents in the HorraNittig—Emmons olefination
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Ethyl (2R,3R,4R,5S)-4-O-benzyl-5,6O-isopropylidene-2,3,4,5,6-
pentahydroxyhexanoate (-altro-diol) 24 was prepared from0
in the presence of (DH@PHAL in 88% yield by the general
procedure24 (colorless oil): fp —7.5 (€ 1.20); IR (CHC}) cm!
3458, 2990, 2986, 2936, 1736, 1498, 1455, 1382, 1372, 1238, 1217,
1140, 1118, 1066, 962, 859, 754, 699;NMR 7.40 (m, 5H), 4.79,
4.72 (2d,J = 11.1 Hz, 2H), 4.42 (d) = 6.3 Hz, 1H), 4.28 (qJ =
7.2 Hz, 2H), 4.11 (ddJ = 8.2, 6.5 Hz, 1H), 3.95 (m, 2H), 3.75
(dd,J = 8.6, 6.3 Hz, 1H), 3.52 (dJ = 6.6 Hz, 1H), 3.35 (dJ =
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6.4 Hz, 1H), 1.45 (s, 3H), 1.37 (s, 3H), 1.28 {t= 7.2 Hz, 3H);
13C NMR 173.5, 138.0, 128.6, 128.1, 128.0, 109.4, 77.8, 77.6, 74.7,
74.0, 70.5, 66.3, 62.1, 26.5, 25.3, 14.2; MS (E®Ix 377 [M +
Na]*; HRMS calcd for GgHo¢0O/Na [M + Na]* 377.1576, found
377.1608.

Methyl (2S,3R,4S,55)-4-O-benzyl-5,60-isopropylidene-2,3,4,5,6-
pentahydroxyhexanoate (-gulo-diol) 32 was prepared fromil
in the presence of (DHQBPHAL in 70% yield by the general
procedure32 (colorless oil): f]p —9.0 (€ 1.3); IR (CHCE) cm?
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completion h 6 h toafford the acetonide in 95% yield5 (colorless

oil): [a]p +15.0 €2.5); IR (CHCE) cm~* 2986, 2936, 1744, 1454,
1383, 1370, 1350, 1254, 1211, 1161, 1083, 1054, 904, 862;
NMR 7.33 (m, 5H), 4.83 (s, 2H), 4.62 (d,= 6.8 Hz, 1H), 4.37
(dd,J = 6.8, 4.0 Hz, 1H), 4.254.10 (m, 3H), 4.02 (dd) = 8.5,

6.4 Hz, 1H), 3.78 (dd) = 8.3, 7.4 Hz, 1H), 3.68 (dd]l = 6.4, 4.0

Hz, 1H), 1.46 (s, 3H), 1.41 (s, 3H), 1.34 (s, 3H), 1.26)(& 7.4

Hz, 3H);3C NMR 171.0, 138.3, 128.3, 127.9, 127.6, 111.0, 109.3,
79.9,79.0,77.3,75.9, 74.7, 66.0, 61.4, 26.8, 26.3, 25.7, 25.6, 14.1;

3547, 3023, 2990, 2955, 2937, 1734, 1497, 1455, 1440, 1382, 1372/m/z 417 [M + Na]"; HRMS calcd for GiHsz007Na [M + Na]*

1230, 1156, 1109, 1076, 1028, 986, 84; NMR 7.37 (m, 5H),
4.85,4.62 (2d) = 11.2 Hz, 2H), 4.42 (dd] = 13.1, 6.4 Hz, 1H),
4.22 (dd,J = 8.5, 6.5 Hz, 1H), 4.05 (dd] = 8.3, 6.5 Hz, 1H),
3.65 (dd,J = 6.3, 2.4 Hz, 1H), 3.73 (s, 3H), 3.38 (d= 8.5 Hz,
1H), 3.05 (d,J = 9.0 Hz, 1H), 1.44 (s, 3H), 1.38 (s, 3HFC NMR

173.4, 137.9, 128.6, 128.4, 128.1, 109.8, 78.7, 76.8, 74.2, 72.4,

72.1, 66.0,52.6, 26.6, 25.7; MS (E®Jz 363 [M + Na]"; HRMS
calcd for G7/H40;Na [M + NaJ* 363.1420, found 363.1408.
Methyl (2R,3S,4S,55)-4-O-benzyl-5,60-isopropylidene-2,3,4,5,6-
pentahydroxyhexanoate (-talo-diol) 33 was prepared fronil
in the presence of (DH@PHAL in 76% vyield by the general
procedure33 (colorless oil): i]p —26.9 € 1.1); IR (CHCE) cm?

417.1889, found 417.1873.

Ethyl (2R,3S,4R,55)-2,3;5,6-di(O-isopropylidene)-40O-benzyl-
2,3,4,5,6-pentahydroxyhexanoateL (ido-acetonide) 16was ob-
tained from14for 48 h in 96% yield 16 (colorless oil): ft]p —48.3
(c 1.10); IR (CHC}h) cm™t 3020, 3011, 2991, 2939, 1750, 1602,
1497, 1455, 1383, 1373, 1350, 1301, 1249, 1213, 1205, 1159, 1103,
1028, 980, 901, 8572H NMR 7.37 (m, 5H), 4.95, 4.75 (2d} =
11.8 Hz, 2H), 4.54 (d) = 7.4 Hz, 1H), 4.42 (ddJ = 14.0, 7.0
Hz, 1H), 4.20 (m, 3H), 4.08 (dd] = 8.1, 6.6 Hz, 1H), 3.78 (1)
= 8.1 Hz, 1H), 3.65 (ddJ = 7.4, 3.0 Hz, 1H), 1.48 (s, 3H), 1.46
(s, 3H), 1.42 (s, 3H), 1.39 (s, 3H), 1.26 {t= 7.4 Hz, 3H);1C
NMR 170.7, 138.3, 128.4, 128.2, 127.8, 111.6, 109.5, 78.8, 77.6,

3522, 3031, 3015, 2991, 2955, 2935, 1734, 1496, 1455, 1442, 1382,76.9, 75.3, 74.0, 66.3, 61.5, 26.7 (two carbons), 26.0, 25.7, 14.2;

1372, 1228, 1203, 1157, 1071, 983, 917, 898, S5BNMR 7.32
(m, 5H), 4.75, 4.55 (2d) = 10.7 Hz, 2H), 4.424.30 (m, 2H),
4.11-4.05 (m, 2H), 3.85 (dd] = 8.6, 7.6 Hz, 1H), 3.75 (dd] =
8.6, 5.9 Hz, 1H), 3.58 (d] = 4.8 Hz, 1H), 3.55 (s, 3H), 3.35 (d,
J=6.1Hz, 1H), 1.45 (s, 3H), 1.37 (s, 3HFC NMR 172.7, 138.0,

MS (ESI)m/z 417 [M + NaJ*; HRMS calcd for G;H300O;Na [M
+ Na]t 417.1889, found 417.1906.

Ethyl (2S,3R,4S,55)-2,3;5,6-di(O-isopropylidene)-4O-benzyl-
2,3,4,5,6-pentahydroxyhexanoate L{gluco-acetonide) 25was
obtained from23 for 6 h in 95%yield. 25 (colorless oil): p]p

128.5,128.4,127.9,109.1, 77.6, 77.5, 74.0, 73.4, 72.1, 66.3, 52.4,+9.2 (c 1.44); IR (CHCE) cm* 3032, 2991, 2939, 2905, 1752,

26.4, 25.3; MS (ESI)m/z 363 [M + NaJ*; HRMS calcd for
Ci17/H240/Na [M + NaJ* 363.1420, found 363.1413.

Methyl (2S,3R4R,55)-4-O-benzyl-5,60-isopropylidene-2,3,4,5,6-
pentahydroxyhexanoate (-allo-diol) 42 was prepared froni2
in the presence of (DHQDRPHAL in 90% vyield by the general
procedure4? (colorless oil): p]p —6.1 € 1.2); IR (CHCE) cm %

3523, 3025, 3015, 2989, 2937, 1729, 1454, 1440, 1383, 1374,

1349, 1226, 1200, 1137, 1098, 1067, 1028, 909, 856, TFOSIMR
7.32 (m, 5H), 4.75, 4.55 (2d,= 11.0 Hz, 2H), 4.45 (m, 2H), 4.10
(m, 1H), 3.95 (m, 2H), 3.80 (m, 1H), 3.55 (s, 3H), 3.40ds 5.5
Hz, 1H), 3.05 (dJ = 6.4 Hz, 1H), 1.43 (s, 3H), 1.37 (s, 3HfC
NMR 172.7, 137.9, 128.4, 128.2, 127.9, 109.5, 77.3, 76.5, 74.0,
73.7,71.9, 65.9, 52.5, 26.5, 25.1; MS (E8&l)z 363 [M + Na];
HRMS calcd for G;H»4O/Na [M + NaJt 363.1420, found
363.1432.

Methyl (2R,354R,55)-4-O-benzyl-5,60-isopropylidene-2,3,4,5,6-
pentahydroxyhexanoate (-manno-diol) 43 was prepared from
12 in the presence of (DHQ@PHAL in 65% yield by the general
procedure43 (colorless oil): f]p —15.3 € 1.6); IR (CHCE) cm ™t

1586, 1497, 1455,1383, 1373, 1352, 1244, 1226, 1203, 1159, 1075,
1053, 1028, 988, 908, 857, 8244 NMR 7.35 (m, 5H), 4.88, 4.72
(2d,J = 11.8 Hz, 2H), 4.50 (dJ = 7.4 Hz, 1H), 4.30 (m, 2H),
4.21 (q,d = 7.4 Hz, 2H), 4.02 (m, 2H), 3.80 (dd,= 4.4, 3.7 Hz,

1H), 1.45 (s, 3H), 1.43 (s, 3H), 1.35 (s, 3H), 1.28)(t 7.0 Hz,

3H); 3C NMR 170.5, 138.1, 128.4, 127.9, 127.8, 111.2, 108.7,
79.8, 77.5, 77.0, 75.2, 75.0, 66.0, 61.4, 26.6 (two carbons), 26.1,
25.3, 14.2; MS (ESI)m/z 417 [M + NaJ*; HRMS calcd for
Co1H300/Na 417.1889, found 417.1859.

Ethyl (2R,3S,4S,55)-2,3;5,6-di(O-isopropylidene)-4O-benzyl-
2,3,4,5,6-pentahydroxyhexanoate L{altro-acetonide) 26 was
obtained from24 for 24 h in 78% yield.26 (colorless oil): pp
—41.9 € 1.70); IR (CHCE) cm™t 2988, 2937, 1756, 1497, 1455,
1381, 1259, 1211, 1164, 1140, 1078, 925, 856, 809, 738,699;
NMR 7.34 (m, 5H), 4.85, 4.70 (2d,= 11.7 Hz, 2H), 4.64 (d) =
6.8 Hz, 1H), 4.48 (ddJ = 7.4, 2.9 Hz, 1H), 4.20 (m, 3H), 4.05
(dd,J=8.8, 5.9 Hz, 1H), 3.85 (m, 2H), 1.50 (s, 3H), 1.44 (s, 3H),
1.41(s, 3H), 1.32 (s, 3H), 1.25 = 7.2 Hz, 3H);2*C NMR 171.2,
137.9,128.3,127.8,127.7,111.1, 109.1 79.8, 78.5, 74.9, 74.7, 74.5,

3546, 3024, 3015, 2991, 2957, 2934, 2892, 1737, 1497, 1455, 144066.7, 61.3, 26.7, 26.5, 25.2, 25.1, 14.0; MS (E®Iy 417 [M +

1383, 1373, 1224, 1158, 1074, 1028, 977, 909, 878, B3OYMR
7.34 (m, 5H), 4.80, 4.65 (2d,= 11.0 Hz, 2H), 4.27 (m, 2H), 4.10
(dd,J = 8.4, 6.4 Hz, 1H), 3.983.82 (m, 3H), 3.74 (s, 3H), 3.02
(d,J = 7.6 Hz, 1H), 2.82 (dJ 8.9 Hz, 1H), 1.42 (s, 3H), 1.25 (s,
3H); 13%C NMR 173.6, 137.7, 128.5, 128.2, 128.1, 108.7, 78.0, 76.9,
74.7,72.4,72.2, 66.0, 52.5, 26.6, 25.1; MS (E®I} 379 [M +
K]*, 363 [M + Na]*; HRMS calcd for G/H240;Na [M + NaJ*
363.1420, found 363.1424.

General Procedure for the Preparation of Acetonides 15, 16,
25, 26, 34, 35, 44, and 49.0 a solution of the diol in acetone (1
mmol/mL) were added 2,2-dimethoxypropane (2 mmol) piitBA
(6 mg, 3% mol). The reaction mixture was stirred at room

Na]t; HRMS calcd for GiH300/Na [M + Na]* 417.1889, found
417.1862.

Methyl (2S,3S,4R,55)-2,3;5,6-di(O-isopropylidene)-4-0O-ben-
zyl-2,3,4,5,6-pentahydroxyhexanoatea ¢gulo-acetonide) 34vas
obtained from32 for 48 h in 94% yield.34 (colorless oil): pp
—30.4 € 1.20); IR (CHC}) cm™* 3030, 3018, 2990, 2937, 1727,
1497, 1454, 1439, 1382, 1373, 1245, 1229, 1083, 1072, 983, 887,
851;'H NMR 7.34 (m, 5H), 4.95 (d) = 12.1 Hz, 1H), 4.70 (dJ
= 7.4 Hz, 1H), 4.524.34 (m, 3H), 4.05 (ddJ = 8.1, 6.4 Hz,
1H), 3.82 (t,J = 8.1 Hz, 1H), 3.73 (dd) = 6.4, 3.7 Hz, 1H), 3.46
(s, 3H), 1.63 (s, 3H), 1.44 (s, 3H), 1.39 (s, 3H), 1.35 (s, 30,
NMR 170.4, 138.7, 128.1, 127.1, 126.8, 110.9, 109.5, 78.1, 77.1

temperature for the time indicated in each case. Upon completion (two carbons), 75.3, 72.6, 66.1, 51.9, 26.6, 26.5, 25.7, 25.5; MS
of the reaction, triethylamine was added to neutralize the reaction (ESI) m'z 403 [M + Na]"; HRMS calcd for GoH2s0/Na [M +
mixture, acetone was evaporated, and the residue was purified byNa]" 403.1733, found 403.1719.

flash chromatography in heptanBtOAc (4:1) to afford the
corresponding acetonide.

Ethyl (2S,3R,4R,55)-2,3;5,6-di(O-isopropylidene)-4-O-benzyl-
2,3,4,5,6-pentahydroxyhexanoateL fgalacto-acetonide) 15vas
prepared froml3 by the general procedure. The reaction came to

Methyl (2R,3R,4R,55)-2,3;5,6-di(O-isopropylidene)-40-ben-
zyl-2,3,4,5,6-pentahydroxyhexanoateL ftalo-acetonide) 35was
obtained from33 for 14 h in 90% yield.35 (colorless oil): fr]p
—29.4 € 1.60); IR (CHCk) cm™t 3027, 3017, 2990, 2953, 2938,
2858, 1750, 1497, 1455, 1438, 1382, 1372, 1228, 1203, 1183, 1159,
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1131, 1092, 1072, 1030, 966, 911, 868 NMR 7.35 (m, 5H), 3H), 1.44 (s, 3H), 1.38 (s, 3H), 1.37 (s, 3H5C NMR 200.6, 138.0,
5.00 (d,J = 11.0 Hz, 1H), 4.69 (dJ = 5.9 Hz, 1H), 4.44 (dJ = 128.4,128.1,127.8,111.6,109.4, 81.1, 77.5, 76.8, 76.4, 74.0, 66.2,
11.0 Hz, 1H), 4.28 (m, 2H), 4.05 (dd,= 8.8, 5.9 Hz, 1H), 3.82 26.6, 26.5, 26.2, 25.6; MS (ES#Yz 373 [M + Na]*; HRMS calcd
(dd,J = 8.8, 7.8 Hz, 1H), 3.65 (dd] = 7.8, 6.8 Hz, 1H), 3.49 (s, = for CigH260¢Na [M + Na]* 373.1627, found 373.1599.
3H), 1.59 (s, 3H), 1.43 (s, 3H), 1.38 (s, 3H), 1.35 (s, 3HE (2S,3R,45,59)-2,3;5,6-Di(O-isopropylidene)-40-benzyl-2,3,4,5,6-
NMR 170.1, 138.5, 128.3, 127.6, 127.5, 111.0, 108.9, 79.0, 78.1, pentahydroxyhexanal (-gluco-aldehyde) 27Avas prepared from
76.1, 73.6, 66.8, 51.9, 27.0, 26.6, 25.8, 25.6; MS (ESY 403 25 by the general procedure and purified by flash chromatography
[M + NaJ]*; HRMS calcd for GoH2g07Na [M + Na]* 403.1733, (heptane-EtOAc 1:1), yield 90%27 (colorless oil): ft]p —4.7
found 403.1718. 1.1); IR (CHCE) cm~1 3028, 3012, 2989, 2937, 2899, 1732, 1455,
Methyl (2S,3S,4S,55)-2,3;5,6-di(O-isopropylidene)-40-ben- 1383, 1373, 1243, 1229, 1159, 1072, 908, 85¥NMR 9.76 (d,
zyl-2,3,4,5,6-pentahydroxyhexanoateL fallo-acetonide) 44was J=1.4Hz, 1H), 7.39 (m, 5H), 4.84, 4.72 (2d= 11.7 Hz, 2H),
obtained from42 for 6 h in 95%yield. 44 (colorless oil): p]p 4.32 (dd,J = 7.4, 1.4 Hz, 1H), 4.264.15 (m, 2H), 4.08 (dd) =
—13.6 € 2.0); IR (CHCE) cm™* 3067, 3029, 3012, 2989, 2939, 8.5, 6.3 Hz, 1H), 3.95 (dd] = 8.5, 6.8 Hz, 1H), 3.65 (dd] = 5.3,
2891, 1750, 1497, 1455, 1382, 1374, 1348, 1226, 1205, 1160, 11384.2 Hz, 1H), 1.46 (s, 3H), 1.40 (s, 3H), 1.39 (s, 3H), 1.34 (s, 3H);
1089, 1030, 969, 918, 8584 NMR 7.33 (m, 5H), 4.75, 4.65 (2d,  3C NMR 200.7, 137.5, 128.1, 128.0, 127.5, 110.9, 108.6, 80.4,
J=11.1Hz, 2H), 4.68 (dJ = 6.8 Hz, 1H), 4.47 (dd) = 6.6, 4.7 77.8, 76.3, 74.6, 65.8, 26.2, 26.1, 26.0, 24.9; MS (BB 373
Hz, 1H), 4.35 (ddJ = 12.6, 6.2 Hz, 1H), 4.04 (dd] = 8.3, 6.4 [M + Na]*; HRMS calcd for GgH,60sNa [M + Na]* 373.1627,
Hz, 1H), 3.92 (m, 2H), 3.45 (s, 3H), 1.69 (s, 3H), 1.41 (s, 3H), found 373.1604.
1.39 (s, 3H), 1.36 (s, 3H):3C NMR 170.8, 138.1, 128.3, 128.1, (2R,35/45,55)-2,3;5,6-Di(O-isopropylidene)-4O-benzyl-2,3,4,5,6-
127.7, 110.6, 109.5, 79.2, 77.1, 75.6, 75.0, 74.9, 66.4, 52.0, 27.0,pentahydroxyhexanal (-altro-aldehyde) 28was prepared from
26.8, 25.6, 25.3; MS (ESKHVz 403 [M + Na]t; HRMS calcd for 26 in 78% yield by the general procedure and purified by flash
CyoH2607Na [M + Na]* 403.1733, found 403.1724. chromatography (heptan&tOAc 2:1). 28 (colorless oil): fr]p
Methyl (2R,3R,4S,55)-2,3;5,6-di(O-isopropylidene)-4-O-ben- —22.9 € 0.9); IR (CHCE) cm™1 2990, 2938, 1735, 1497, 1455,
zyl-2,3,4,5,6-pentahydroxyhexanoate Lfmanno-acetonide) 45 1383, 1374, 1247, 1220, 1210, 1161, 1076, 912, 86BONMR
was obtained fromd3 for 24 h in 77% yield.45 (colorless oil): 9.73 (d,J = 2.0 Hz, 1H), 7.34 (m, 5H); 4.85, 4.72 (2d= 11.0
[o]p +8.5 € 1.3); IR (CHCE) cm™* 3030, 2991, 2938, 2905, 1731, Hz, 2H), 4.47 (ddJ = 7.3, 2.0 Hz, 1H), 4.33 (dd} = 7.3, 3.5 Hz,
1455, 1440,1383, 1373, 1223, 1208, 1159, 1069, 851INMR 1H), 4.15 (dd,J = 12.7, 6.3 Hz, 1H), 4.05 (dd] = 8.1, 6.3 Hz,
7.32 (m, 5H), 4.90, 4.45 (2d, = 11.7 Hz, 2H), 4.72 (d) = 7.4 1H), 3.85 (m, 2H), 1.52 (s, 3H), 1.42 (s, 3H), 1.40 (s, 3H), 1.34 (s,
Hz, 1H), 4.52 (ddJ = 7.4, 3.3 Hz, 1H), 4.27 (m, 1H), 4.18.96 3H); 3C NMR 200.6, 137.8, 128.5, 128.1, 128.0, 111.3, 109.5,
(m, 3H), 3.47 (s, 3H), 1.57 (s, 3H), 1.37 (s, 3H), 1.34 (s, 3AG; 81.0, 78.3, 77.7, 75.0, 74.8, 66.7, 26.8, 26.7, 25.8, 25.2; MS (ESI)
NMR 170.1, 138.5, 128.2, 127.2, 126.8, 110.6, 108.4, 79.1, 77.4, vz 373 [M + Na]*; HRMS calcd for GgH260sNa [M + NaJ*
76.4, 75.3, 73.2, 66.1, 51.9, 26.4 (two carbons), 25.5, 25.1; MS 373.1627, found 373.1616.

(ESI) m/z 403 [M + NaJ*; HRMS calcd for GoHpg0/Na [M + (25,35,4R,59)-2,3;5,6-Di(O-isopropylidene)-40-benzyl-2,3,4,5,6-
Na]* 403.1733, found 403.1723. pentahydroxyhexanal {-gulo-aldehyde) 36was prepared from

General Procedure for the Reduction of Esters in Aldehydes. 34 by general procedure in 94% yield and purified by flash
To a solution of ester in toluene (1 mmol/ 7 mL)-a78 °C was chromatography (heptan&tOAc 1:1). 36 (colorless oil): pp

added DIBAL (1.5 mmol, 1 mL of 1.5 M solution in toluene). The —60.3 € 1.3); IR (CHCE) cm~t 3029, 2990, 2937, 2875, 1724,
reaction mixture was stirred fd h at—78 °C and quenched with 1498, 1455, 1383, 1373, 1247, 1221, 1205, 1160, 1132, 1087, 988,
1 mL of methanol, and the solution was slowly warmed to room 896, 845H NMR 9.52 (d,J = 2 Hz, 1H), 7.34 (m, 5H), 4.95 (d,
temperature. A sodium potassium tartrate saturated solution (0.2J = 11.5 Hz, 1H), 4.45 (m, 2H), 4.34 (dd,= 8.0, 2.0 Hz, 1H),
mL), 0.4 mL of brine, and EtOAc (20 mL) were added with MgSO  4.25 (d,J = 11.5 Hz, 1H), 4.09 (dd] = 8.1, 6.2 Hz, 1H), 3.77(t,

(1 g), and the mixture was stirred for 1 h. The solids were removed J= 8.1 Hz, 1H), 3.44 (dd) = 7.2, 2.3 Hz, 1H), 1.59 (s, 3H), 1.43

by filtration, filtrate and washings were concentrated, and the residue (s, 3H), 1.36 (s, 6H)'3C NMR 201.7, 138.3, 128.2, 127.3, 127.2,
was purified by flash chromatography (heptafi#OAc 2:1) to 111.4, 109.6, 80.7, 80.3, 77.3, 76.9, 72.2, 66.2, 26.7, 26.6, 25.8,

afford the corresponding aldehyde. 25.1; MS (ESI)m/z 373 [M + Na]*; HRMS calcd for GoHo0sNa
(2S,3R4R,55)-2,3;5,6-Di(O-isopropylidene)-40-benzyl-2,3,4,5,6- [M + Na]* 373.1627, found 373.1604.
pentahydroxyhexanal (-galacto-aldehyde) 1%vas prepared from (2R,3R,4R,55)-2,3;5,6-Di(O-isopropylidene)-40-benzyl-2,3,4,5,6-

15 by the general procedure in 95% yield and subjected to pentahydroxyhexanal (-talo-aldehyde) 37was prepared fror85
cyclization without further purification. The analytical simple was by the general procedure in 90% vyield and purified by flash
obtained by flash chromatography (heptaiOAc 2:1). 17 chromatography (heptan&tOAc 2:1). 37 (colorless oil): plp
(colorless ail): ft]p —14.1 € 2.0); IR (CHCE) cm™* 2986, 2935, —54.0 € 1.50); IR (CHC}) cm* 3026, 2990, 2938, 2891, 1730,
1735, 1497, 1454, 1383, 1370, 1252, 1210, 1157, 1064, 905, 860;1455, 1382, 1374, 1243, 1228, 1158, 1088, 1070, 1028, 911, 866;
1H NMR 9.70 (d,J = 1.2 Hz, 1H), 7.36 (m, 5H), 4.86, 4.81 (2d, 'H NMR 9.68 (s, 1H), 7.33 (m, 5H), 4.704.60 (m, 3H), 4.52 (dd,
J=11.4 Hz, 2H), 4.55 (ddJ = 6.8, 1.2 Hz, 1H), 4.264.15 (m, J=17.0, 4.3 Hz, 1H), 4.20 (ddd} = 12.0, 7.8, 4.3 Hz, 1H), 4.00
2H), 4.05 (dd,J = 8.3, 6.4 Hz, 1H), 3.78 (dd] = 6.0, 4.5, Hz, (dd,J = 7.8, 6.6 Hz, 1H), 3.853.75 (m, 2H), 1.64 (s, 3H), 1.42
1H), 1.47 (s, 3H), 1.42 (s, 3H), 1.36 (s, 3H), 1.34 (s, 3HE (s, 3H), 1.40 (s, 3H), 1.39 (s, 3H¥C NMR 197.5, 137.5, 128.5,
NMR 200.1, 138.0, 128.4, 128.15, 127.8, 111.0, 109.4, 81.6, 79.0, 128.0, 110.0, 109.7, 81.6, 81.2, 77.4, 76.2, 74.0, 66.0, 27.2, 26.3,
77.9, 77.6, 74.7, 66.1, 26.6, 26.4, 25.8, 25.7; MS (B8 373 25.8, 25.4; MS (ESI)m/z 373 [M + Na]*; HRMS calcd for
[M + Na]*; HRMS calcd for GeH2606Na [M + Na]* 373.1627, CigH2606Na [M + Na]t 373.1627, found 373.1624.
found 373.1611. (25,35,45,59)-2,3;5,6-Di(O-isopropylidene)-4O-benzyl-2,3,4,5,6-
(2R,35,4R,559)-2,3;5,6-Di(O-isopropylidene)-40-benzyl-2,3,4,5,6- pentahydroxyhexanal (-allo-aldehyde) 46was prepared from4
pentahydroxyhexanal { -ido-aldehyde) 18was prepared fror6 by general procedure in 70% yield and purified by flash chroma-
by general procedure in 95% vyield and subjected to cyclization tography (heptaneEtOAc 2:1).46 (colorless oil): p]p —4.8 (c
without further purification18 (colorless oil): p]p —18.7 € 2.0); 1.3); IR (CHCE) cm~t 3025, 3020, 2990, 2937, 2890, 1728, 1602,
IR (CHCl;) cm1 3410, 2986, 2935, 1731, 1454, 1371, 1247, 1216, 1497, 1454, 1383, 1374, 1348, 1264, 1245, 1161, 1137, 1074, 1027,
1128, 1067, 1027, 858H NMR 9.70 (d,J = 1.5 Hz, 1H), 7.36 985, 909, 8561H NMR 9.61 (d,J = 2.3 Hz, 1H), 7.31 (m, 5H),
(m, 5H), 4.89, 4.72 (2d) = 11.7 Hz, 2H), 4.424.32 (m, 2H), 4.73 (s, 2H), 4.60 (dd] = 7.2, 3.7 Hz, 1H), 4.52 (dd} = 7.2, 2.3
4.15 (dd,J = 7.4, 3.7 Hz, 2H), 4.04 (dd] = 8.2, 6.4 Hz, 1H), Hz, 1H), 4.20 (ddJ = 12.5, 6.6 Hz, 1H), 4.00 (dd] = 8.1, 6.6
3.78 (t,J = 8.0, Hz, 1H), 3.58 (ddJ = 6.4, 3.7 Hz, 1H), 1.48 (s, Hz, 1H), 3.85 (ddJ = 6.9, 3.7 Hz, 1H), 3.78 (dd} = 8.1, 5.9 Hz,
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1H), 1.65 (s, 3H), 1.43 (s, 3H), 1.42 (s, 3H), 1.35 (s, 3HC

JOC Article

3.4 Hz, 1H (-anomer), 4.35 (m, 1Ho(-anomer), 4.224.10 [m,

NMR 198.5, 137.5, 128.5, 128.1, 128.0, 110.3, 109.7, 80.9 (two 2H (a-anomer) and 3HA-anomer)], 2.17, 2.13, 2.05, 2.05, 2.03,
carbons), 77.7, 75.2, 74.7, 66.7, 27.3, 26.7, 25.1, 24.9; MS (ESI) 2.01, 2.00 [7s, 15Ho-anomer) and 15HA-anomer)];13C NMR

m/z 373 [M + NaJ*; HRMS calcd for GgH¢OsNa [M + NaJ*
373.1627, found 373.1616.
(2R,3R,4S,59)-2,3;5,6-DiO-isopropylidene)-40-benzyl-2,3,4,5,6-
pentahydroxyhexanal ( -manno-aldehyde) 44vas prepared from
45 by general procedure in 70% vyield and purified by flash
chromatography (heptan€&tOAc 2:1). 47 (colorless oil): p]p
+23.5 € 1.2); IR (CHCE) cm™% 3019, 2990, 2937, 1724, 1497,

(B-anomer) 92.1, 71.7, 70.8, 67.9, 66.9, 61.1%0181.8, 71.5, 70.6,
67.8, 66.8, 61.0);o-anomer) 89.7, 68.8, 67.4, 67.4, 66.4, 61.3%lit.
89.5, 68.5, 67.2, 67.2, 66.2, 61.0); MS (E8ir 413 [M + Na]*;
HRMS calcd for GgH»01:Na [M + NaJt 413.1060, found
413.1063.

1,2,3,60-Tetraacetyl-4-O-benzyl+ -idopyranose 21was pre-
pared from18 by general procedure B in 60% yield-{3-anomers

1455, 1383, 1374, 1224, 1208, 1158, 1146, 1079, 1059, 905, 847;40:60).21 (colorless oil): IR (CHG) cm™12937, 1737, 1497, 1454,

1H NMR 9.52 (d,J = 1.9 Hz, 1H), 7.31 (m, 5H), 4.93 (d,= 11.3
Hz, 1H), 4.57 (ddJ = 8.1, 5.8 Hz, 1H), 4.38 (dd] = 8.1, 6.2 Hz,
1H), 4.31 (ddd,) = 10.0, 7.2, 3.0 Hz, 1H), 4.25 (d,= 11.3 Hz,
1H), 3.83 (dd,J = 2.8 Hz, 1H), 1.54 (s, 3H), 1.40 (s, 3H), 1.35 (s,

6H); 1°C NMR 201.8, 138.1, 128.4, 128.3, 127.5, 127.2, 111.1,

1433, 1369, 1212, 1169, 1134, 1044, 1013, 960, 9BBNMR
7.35 (m, 5H), 6.05 (dJ = 2.1 Hz, 1H), 5.37 (ddJ = 9.4, 3.4 Hz,
1H), 5.25 (ddJ = 3.4, 2.1 Hz, 1H), 4.70, 4.60 (2d,= 11.1 Hz,
2H), 4.32 (d,J = 3.8 Hz, 2H), 3.97(ddd} = 10.0, 3.6, 3.2 Hz,
1H), 3.88 (tJ = 9.6 Hz, 1H), 2.17, 2.14, 2.08, 2.01 (4s, 12M%

108.2, 81.9, 80.2, 77.4, 75.2, 72.8, 65.7, 26.5, 26.4, 25.2, 24.9;NMR 170.6, 169.8, 169.7, 168.3, 137.3, 128.6, 128.1, 127.8, 90.7,

MS (ESI)m/z 373 [M + Na]*; HRMS calcd for GoH,606Na [M
+ NaJ* 373.1627, found 373. 1603.

General Procedure for the Cyclization of Aldehydes to Fully
Protected Sugars.(A) Aldehyde (1 mmol) was dissolved in 80%

75.1,72.5,71.7,71.5, 68.8, 62.8, 20.9, 20.8, 20.8, 20.8; MS (ESI)
m/'z 461 [M + Na]™; HRMS calcd for GiH2¢010Na [M + NaJ*
461.1424, found 461.1418.

L-ldopyranose pentaacetate 22was obtained from21 by

acetic acid (15 mL). The reaction mixture was stirred at the hydrogenolysis followed by acetylation in 95% yieltH{3-anomers
temperature and for the time indicated in each case. Upon 40:60).22 (colorless oil): IR (CHG) cm™12977, 1738, 1433, 1369,
completion of the reaction, the mixture was evaporated with toluene. 1208, 1166, 1124, 1093, 1044, 961, 898, 7%5NMR 6.09 (d,J

To a solution of the residue in GBI, (5 mL) were successively
added triethylamine (10 mmol), A© (8 mmol), and DMAP (100

= 2.3 Hz, 1H,a-anomer), 6.06 (dJ = 1.7 Hz, 1H,3-anomer),
5.25 (t,J = 4.9 Hz, 1H,a-anomer), 5.07 (dd] = 3.7, 3.0 Hz, 1H,

mg), and the reaction mixture was stirred until the reaction was (-anomer), 5.02 (dd] = 4.9, 2.6 Hz, 1Hp-anomer), 4.93 [m, 1H
complete. The solvent was evaporated, and the residue was(a-anomer and 1H3-anomer)], 4.88 (m, 1Hj3-anomer), 4.48 (ddd,

dissolved in EtOAc, washed successively with watetM HCI,
saturated aq NaHCQand brine, dried over N&0O,, and concen-

J=8.7, 6.4, 2.3 Hz, 1H3-anomer), 4.39 (m, 1Hy-anomer), 4.26
(dd,J = 6.9, 6.1 Hz, 2H,a-anomer), 4.20 (dd) = 6.4, 1.0 Hz,

trated. The residue was purified by flash chromatography (heptane 2H, s-anomer), 2.14, 2.13, 2.12, 2.12, 2.11, 2.07, 2.07 [7 s, 15H

EtOAc 1:1) to afford the corresponding fully protected sugar.
(B) A solution of aldehyde (1 mmol) in the mixture of dioxane

(o-anomer and 15H3anomer)];33C NMR (o-anomer) 90.7, 66.2,
66.2, 66.3, 66.3, 61.8 (12 90.4, 65.9, 65.9, 66.2, 66.2, 61.88-(

water 1:1 (25 mL) was stirred in the presence of Amberlite IR 120 anomer) 89.9, 72.0, 67.2, 66.7, 66.2, 62.2; MS (E8) 413 [M

(H") for 12 h. After removal of the resin, the solvents were

+ NaJ*; HRMS calcd for GgH»,01:Na [M + Na]t 413.1060, found

evaporated with toluene and the residue was acetylated as above13.1075.

giving the fully protected sugar.
General Procedure for the Hydrogenolysis of Fully Protected
4-0O-Benzyl1 -hexosesA stirred solution of 40-benzyl+-hexose

1,2,3,60-Tetraacetyl-4-O-benzyl4 -glucopyranose 29wvas pre-
pared from27 by general procedure B in 70% yield{5-anomers
42:58).29(colorless oil): IR (CHG) cm13029, 3013, 1753, 1431,

(2 mmol) in EtOAc (25 mL) was hydrogenated in the presence of 1371, 1227, 1207, 1156, 1064, 1015, 994 NMR 7.33, 7.28 (2m,
10% Pd/C at atmospheric pressure for 12 h. After removal of the 5H, o- and3-anomers), 6.25 (d] = 3.6 Hz, 1H,o-anomer), 5.70
catalyst by filtration through Celite, the solvent was evaporated. (d, J = 8.3 Hz, 1H,$-anomer), 5.56 (dd) = 10.4, 9.2 Hz, 1H,
The residue was acetylated as above and purified by column a-anomer), 5.30 (m, 1H3-anomer), 5.05 (m, 2Hg- and -ano-
chromatography to give the pentaacetate of the corresponding sugarmers), 4.58 (m, 4Hq- and/3-anomers), 4.384.20 (m, 4H,a- and

1,2,3,60-Tetraacetyl-4-O-benzylL -galactopyranose 19was
prepared froml7 by general procedure A in 60% yieldu{}-
anomers 22:78)19 (colorless oil): IR (CHG)) cm™1 2938, 1744,
1431, 1368, 1214, 1123, 1062, 1043, 983;NMR 7.34 [m, 5H
(a-anomer) and 5H A-anomer)], 6.36 (d,J = 3.8 Hz, 1H,
o-anomer), 5.67 (d) = 8.1 Hz, 1H,5-anomer), 5.52 (dd] = 7.2,
3.8 Hz, 1H,a-anomer), 5.49 (dd] = 10.3, 8.3 Hz, 1Hp-anomer),
5.29 (dd,J=10.9, 2.9 Hz, 1Hp-anomer), 5.01 (dd] = 10.3, 3.0
Hz, 1H, f-anomer), 4.76, 4.56 (2d,= 11.5 Hz, 2H,5-anomer),
4.73, 4.53 (2dJ = 11.2 Hz, 2H,a-anomer), 4.264.15 [m, 2H
(o-anomer) and 1HA-anomer)], 4.144.04 [m, 2H (-anomer)
and 1H f-anomer)], 3.97 (m, 1Hgp-anomer), 3.86 (m, 1H,
p-anomer), 2.13, 2.09, 2.06, 2.04, 2.04, 2.01, 2.00 [7s, 1bH (
anomer) and 15H%anomer)];*3C NMR 170.5, 170.4, 170.3, 170.3,

p-anomers), 4.02 (m, 1HpB-anomer), 3.74 (m, 3Ho- and
p-anomers), 2.15, 2.10, 2.07, 2.06, 2.03, 2.01, 2.01, 1.98 (8s, 24
H); ¥*C NMR 170.5, 170.0, 169.9, 169.7, 169.0, 168.9, 137.0, 128.6,
128.6, 128.2,128.2,128.1, 128.0, 91.6, 89.2, 75.3, 75.1, 75.0, 74.9,
74.8,73.8,71.9,71.0,70.8, 69.6, 62.3, 62.2, 20.9, 20.9, 20.8, 20.8,
20.8, 20.8, 20.6, 20.5; MS (ES#yz 461 [M + Na]*; HRMS calcd
for CyiHz6010Na [M + Na]™ 461.1424, found 461.1431.
L-Glucopyranose pentaacetate 3@vas prepared fron29 by
hydrogenolysis followed by acetylation in 95% yietdH{3-anomers
49:51).30(colorless oil): IR (CHG) cm~13032, 2962, 1756, 1430,
1368, 1241, 1207, 1153, 1079, 1040, 1012, 939, 909; NMR
6.32 (d,J = 3.6 Hz, 1H,a-anomer), 5.71 (dJ = 8.3 Hz, 1H,
p-anomer), 5.48 (tJ = 10.0 Hz, 1H), 5.25 (tJ = 9.4 Hz, 1H),
5.18-5.05 (m, 4H), 4.354.25 (m, 2H), 4.154.05 (m, 3H), 3.85

169.7,169.4, 169.2, 169.0, 92.2, 90.1, 75.3, 75.1, 74.3, 73.7, 73.2,(ddd,J = 10.0, 4.5, 2.3 Hz, 1H), 2.19, 2.12, 2.10, 2.09, 2.05, 2.04,
73.1,70.4,70.3, 68.6, 67.0, 62.2, 62.1, 20.9, 20.9, 20.9, 20.8, 20.8,2.03, 2.02, 2.02 (9s, 30H)*C NMR (5-anomer) 91.7, 72.8, 72.7,

20.7, 20.6; MS (ESI)m/z 461 [M + Na]*; HRMS calcd for
CaH26010Na [M + NaJt 461.1424, found 461.1445.
L-Galactopyranose pentaacetate 2@/as obtained fromi9 by
hydrogenolysis followed by acetylation in 95% yietd-{3-anomers
22:78).20(colorless oil): IR (CHG) cm12982, 1742, 1433, 1368,
1207, 1170, 1125, 1062, 1042, 953, 929, 899, 2BUNMR 6.38
(d,J=1.9 Hz, 1H,a-anomer), 5.72 (d] = 8.3 Hz, 1H,5-anomer),
5.51 (m, 1Ha-anomer), 5.43 (d] = 3.4 Hz, 1H,5-anomer), 5.37%
5.28 [m, 2H @-anomer) and 1HA-anomer)], 5.10 (ddJ = 10.0,

70.2,67.9,61.4 (1i#°91.8, 72.8, 72.8, 70.5, 68.1, 61.7:-&nomer)
89.1, 69.8, 69.8, 69.2, 67.7, 61.41i89.2, 70.0, 70.0, 69.4, 68.1,
61.1); MS (ESI)ym'z413 [M + Na]"; HRMS calcd for GgH2,0:1Na
[M + Na]* 413.1060, found 413.1044.

L-Altropyranose pentaacetate 31was obtained from28 by
general procedure B and subsequent hydrogenolysis followed by
acetylation in 60% yield (4 steps)o4{/f-anomers 71:29)31
(colorless oil): IR (CHGJ) cm™ 3029, 3013, 1753, 1431, 1371,
1227, 1207, 1156, 1064, 1015, 974 NMR 6.16 (d,J = 2.0 Hz,
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1H, a-anomer), 6.0 (br s, 1H3-anomer), 5.44 (dd) = 5.6, 3.2
Hz, 1H, a-anomer), 5.32 (tJ = 3.4 Hz, 1H,-anomer), 5.24
5.18 [m, 2H (-anomer) and 1HA-anomer)], 4.98 (ddJ = 3.7,
1.4 Hz, 1H (-anomer), 4.424.25 [m, 1H (r-anomer) and 2HJ3-
anomer)], 4.224.10 [m, 2H ¢-anomer) and 1HA-anomer)], 2.17,
2.15, 2.14, 2.14, 2.11, 2.10, 2.05, 2.03 [8s, 1bHaiomer) and
15H (B-anomer)];*3C NMR (a-anomer) 90.5, 68.4, 66.6, 66.6, 64.6,
62.3 (1it3°90.2, 68.2, 66.4, 66.4, 64.6, 62.13-4nomer) 90.1, 72.2,
67.3, 65.5, 62.7; MS (ESiVz 413 [M + Na]*; HRMS calcd for
Ci6H2201:Na [M + NaJ* 413.1060, found 413.1044.
1,2,3,60-Tetraacetyl-4-O-benzyl-L-gulopyranose 38 was
obtained from36 by general procedure A (for 24 h at room
temperature) in 85% yiel®8 (colorless oil): fp + 58.5 € 2.2);
IR (CHCl;) cm™1 3029, 3012, 2976, 1744, 1455, 1430, 1369, 1213,
1151, 1065, 1052, 922, 745, 700H NMR 7.28 (m, 5H), 6.00 (d,
J=7.0 Hz, 1H), 5.65 (dd) = 3.7, 3.0 Hz, 1H), 5.25 (dd] = 6.8,
3.0 Hz, 1H), 4.82, 4.55 (2d,= 11.7 Hz, 2H), 4.254.10 (m, 3H),
3.52 (d,J = 3.7 Hz, 1H), 2.14, 2.12, 2.05, 1.99 (4s, 12F)C

Ermolenko and Sasaki

21.1,21.0, 20.9, 20.6; MS (ES#yz 461 [M + Na]*; HRMS calcd
for CpiH260:0Na [M + NaJt 461.1424, found 461.1442.
48b (3-anomer): §]p —40.5 € 1.0); IR (CHCE) cm™t 3031,
2925, 1746, 1454, 1372, 1226, 1207, 1074, 1019, 951, 907; NMR
1H 7.32 (m, 5H), 6.01 (dJ = 8.7 Hz, 1H), 5.91 (tJ = 2.8 Hz,
1H), 4.87 (ddJ = 8.7, 2.8 Hz, 1H), 4.61, 4.34 (2d,= 11.3 Hz,
2H), 4.32-4.20 (m, 2H), 4.10 (m, 1H), 3.62 (dd,= 9.8, 2.8 Hz,
1H), 2.16, 2.10, 2.04, 1.96 (4s, 12H3C NMR 171.4, 170.9, 170.3,
170.0, 137.4,129.4,129.2,129.1, 90.8, 72.9, 72.2, 72.0, 69.6, 67.3,
63.5,21.8, 21.6, 21.6, 21.4; MS (E$Wz 461 [M + Na]"; HRMS
calcd for GiH6010Na [M + Na]t 461.1424, found 461.1434.
o-L-Allopyranose pentaacetate 49avas obtained frord8aby
hydrogenolysis followed by acetylation in 90% yied®a(colorless
oil): [a]p —69.7 € 1.1); IR (CHCk) cm~1 3020, 3014, 1748, 1431,
1371, 1218, 1206, 1127, 1047, 1014, 969, 950, 988YMR 6.23
(d,J = 4.2 Hz, 1H), 5.66 (tJ = 3.0 Hz, 1H), 5.12 (ddJ = 4.1,
3.6 Hz, 1H), 5.04 (ddJ = 10.2, 3.0 Hz, 1H), 4.35 (m, 1H), 4.30
(dd,J=12.2, 4.1 Hz, 1H), 4.14 (dd, = 12.2, 1.9 Hz, 1H), 2.17,

NMR 170.5, 169.6, 169.5, 169.3, 136.7, 128.6, 128.5, 128.4, 89.9, 2.16, 2.09, 2.02 (4s, 15H}*C NMR 170.7, 170.1, 169.3, 169.1,
72.8,72.3,72.3,67.6, 67.0, 62.6, 21.0, 20.9, 20.8, 20.7; MS (ESI) 169.0, 88.5, 67.0, 65.9, 65.9, 65.2, 61.7, 20.9, 20.8, 20.7, 20.5, 20.4;

m/z 461 [M + NaJ"; HRMS calcd for GoH¢OgNa [M + NaJ*
461.1424, found 461.1443.

p-L-Gulopyranose pentaacetate 3%vas prepared fron38 by
hydrogenolysis followed by acetylation in 95% yie8 (colorless
oil): [aJp +2.9 €1.9); IR (CHCE) cm™: 3030, 3010, 2970, 1755,
1430, 1371, 1229, 1205, 1151, 1131, 1072, 941, 918,89BIMR
6.00 (d,J = 8.6 Hz, 1H), 5.42 (ddJ = 3.7, 3.5 Hz, 1H), 5.12 (dd,
J = 8.6, 3.5 Hz, 1H), 5.01 (dd] = 4.0, 1.5 Hz, 1H), 4.264.10
(m, 2H), 2.16, 2.15, 2.13, 2.10, 2.00 (5s, 15M¢C NMR 89.9,
71.4,67.6,67.4,67.3,61.5 (f89.7,71.1,67.3,67.1,67.1, 61.3);
MS (ESI)m/z 413 [M + Na]*; HRMS calcd for GgH»,011Na [M
+ NaJ* 413.1060, found 413.1075.

1,2,3,60-Tetraacetyl-4-O-benzyl- -talopyranose 40was ob-
tained from37 by general procedure A (f@l h atroom temperature)
in 75% vyield @-/3-anomers 5:1)40 (colorless oil): IR (CHCJ)

MS (ESI)mVz 413 [M + Na]t; HRMS calcd for GgH»,011Na [M
+ NaJ* 413.1060, found 413.1073.

p-L-Allopyranose pentaacetate 49lwas prepared from8b by
the same procedure and in the same yiéah (colorless oil): f]p
+12.1 € 1.2); IR (CHCE) cm%: 3029, 2960, 1753, 1431, 1370,
1218, 1205, 1170, 1046, 1020, 951, 934;NMR 6.02 (d,J = 8.7
Hz, 1H), 5.70 (t,J = 3.0 Hz, 1H), 5.00 (m, 2H), 4.364.10 (m,
3H), 2.17, 2.13, 2.08, 2.02, 2.01 (5s, 15MC NMR 90.1, 71.1,
68.2, 68.1, 65.7, 61.9 (1 90.1, 71.2, 68.2, 68.2, 65.8, 61.9); MS
(ESI) m'z 413 [M + Na]*; HRMS calcd for GgH22011Na [M +
Na]t 413.1060, found 413.1053

1,2,3,60-Tetraacetyl-4-O-benzyl+ -mannopyranose 50was
obtained from47 by procedure B as a mixture of andf-anomers
(3:1) easily separated by flash chromatography (hept&t®Ac
3:1).a-anomers0a(colorless oil): fr]p —57.5 € 1.5); IR (CHCE)

cm 13031, 3020, 3010, 2928, 1747, 1497, 1455, 1371, 1228, 1206,cm 1. 3030, 3013, 1751, 1455, 1371, 1226, 1205, 1153, 1083,

1147, 1105, 1051, 1027, 975; 953; 914; 86[;NMR 7.34 (m,
5H, a- andB-anomers), [6.15 (d] = 2.0 Hz,a-anomer), 5.85 (d,
J = 2.2 Hz, f-anomer), 1H], [5.35 (ma-anomer), 5.30 (m,
p-anomer), 1H], [5.18 (me- anomer), 5.13 (mB-anomer), 1H],
[4.75 (d,J = 11.4 Hz,a-anomer), 4.72 (d] = 11.4 Hz,5-anomer),
1H], [4.60 (d,J = 11.4 Hz,a-anomer), 4.57 (dJ = 11.4 Hz,
p-anomer), 1H], 4.564.15 (m,a- andp-anomers, 3H), 3.953.80

(m, o- andp-anomers, 1H), 2.13, 2.12, 2.10, 2.08, 2.07, 2.06, 2.03,

2.0 (8s, 12H)*C NMR 170.6, 170.2, 169.8, 168.7, 168.3, 137.8,

1026, 973, 908'H NMR 7.35 (m, 5H), 6.05 (dJ = 2.1 Hz, 1H),
5.37 (dd,J = 9.4, 3.4 Hz, 1H), 5.25 (dd) = 3.4, 2.1 Hz, 1H),
4.70, 4.60 (2dJ = 11.1 Hz, 2H), 4.32 (dJ = 3.8 Hz, 2H), 3.97
(ddd,J = 10.0, 3.6, 3.2 Hz, 1H), 3.88 (§ = 9.6 Hz, 1H), 2.17,
2.14, 2.08, 2.01 (4s, 12H}3C NMR 170.6, 169.8, 169.7, 168.3,
137.3,128.6, 128.1, 127.8,90.7, 75.1, 72.5, 71.7, 71.5, 68.8, 62.8,
20.9, 20.8, 20.8, 20.8; MS (ES#¥z 461 [M + NaJ"; HRMS calcd
for C21H26010Na [M + Na]* 461.1424, found 461.1438.

p-Anomer 50b (colorless ail): f]p +25.8 € 0.5); IR (CHCE)

128.6, 128.1, 91.6, 90.3, 74.5, 74.1, 73.8, 72.4, 71.8, 71.2, 69.7,cm™! 3031, 1751, 1368, 1228, 1205, 1087, 1036, 911; NMR

68.3, 66.9, 62.8, 62.4, 20.9; MS (E®jz 461 [M + Na]"; HRMS
calcd for GiH26010Na [M + Na]t 461.1424, found 461.1429.
o-L-Talopyranose pentaacetate 4lvas prepared frord0 by
hydrogenolysis followed by acetylation in 85% yieftL. (colorless
oil): [a]p —40.0 € 1.0); IR (CHCE) cmt 3030, 2994, 2928, 2855,

7.33 (m, 5H), 5.85 (dJ = 1.1 Hz, 1H), 5.48 (ddJ = 3.2, 1.1 Hz,
1H), 5.13 (ddJ = 9.4, 3.2 Hz, 1H), 4.67, 4.57 (2d,= 11.1 Hz,
2H), 4.37 (dd,J = 12.0, 2.3 Hz, 1H), 4.30 (dd] = 12.3, 4.9 Hz,
1H), 3.83 (tJ = 9.4 Hz, 1H), 3.74 (ddd) = 9.4, 4.9, 2.3 Hz, 1H),
2.21, 2.09, 2.08, 1.99 (4s, 12H¥C NMR 170.7, 170.2, 169.7,

1755, 1648, 1454, 1430, 1372, 1234, 1203, 1145, 1099, 1049, 1019,168.4, 137.4, 128.6, 128.2,127.8,90.4, 75.1, 74.3, 73.4,72.5, 68.7,

1001, 962, 909, 869; NMRH 6.17 (d,J = 1.7 Hz, 1H), 5.46-
5.25 (m, 2H), 5.05 (m, 1H), 4.25 (m, 1H), 4.15 (m, 2H), 2.16 (s,
6H), 2.15, 2.05, 2.01 (3 s, 9H}*C NMR 91.5, 68.9, 66.4, 65.4,
65.2, 61.5 (lit3° 91.4, 68.8, 66.3, 65.3, 65.2, 61.5); MS (E8ik
413 [M + Na]"; HRMS calcd for GgHo01:Na [M + Na]*
413.1060, found 413.1048.

1,2,3,60-Tetraacetyl-4-O-benzyl4 -allopyranose 48was ob-
tained from46 by general procedure B in 85% yield as a mixture
of a- and-anomers in 1:2 ratio, which were separated by flash
chromatography (heptan&tOAc 3:1).

48a (-anomer): f]p —95.2 € 1.1); IR (CHCE) cm1 3030,

62.9, 20.9, 20.8, 20.8, 20.7; MS (E3Hz 461 [M + Na]"; HRMS
calcd for G;H260:0Na [M + Na]t 461.1424, found 461.1431.
o-L-Mannopyranose pentaacetate 5lwas prepared frorB0a
by hydrogenolysis followed by acetylation in 95% yielfila
(colorless oil): p]p —54.9 € 1.1); IR (CHCE) cm* 3031, 2959,
1758, 1431, 1371, 1226, 1207, 1152, 1088, 1054, 1025, 975, 909;
IH NMR 6.09 (d,J = 1.9 Hz, 1H), 5.35 (m, 2H), 5.25 (dd,=
2.5, 1.9 Hz, 1H), 4.35 (dd] = 12.4, 4.9 Hz, 1H), 4.05 (m, 2H),
2.18,2.18, 2.10, 2.06, 2.01 (5s, 15MC NMR 170.6, 169.9, 169.7,
169.5, 168.0, 90.5, 70.6, 68.7, 68.3, 65.5, 62.1, 20.8, 20.7, 20.7,
20.6, 20.6 (lit° 90.4, 70.5, 68.6, 68.2, 65.4, 62.0); MS (E8&ir

3008, 2957, 1744, 1454, 1372, 1226, 1207, 1132, 1061, 1016, 966,413 [M + Na]*; HRMS calcd for GeH2O1:Na [M + NaJ"

910; NMRH 7.33 (m, 5H), 6.20 (dJ = 4.1 Hz, 1H), 5.87 (t] =
3.0 Hz, 1H), 5.03 (ddJ = 4.0, 3.6 Hz, 1H), 4.63, 4.37 (2d,=
11.3 Hz, 2H), 4.22 (m, 3H), 3.65 (dd,= 9.8, 3.0 Hz, 1H), 2.17,
2.14, 2.03, 1.97 (4s, 12H}3C NMR 170.7, 170.5, 169.7, 169.3,

413.1060, found 413.1049.

p-L-Mannopyranose pentaacetate 51kvas obtained frons0b
by the same procedure and in the same yigl (colorless oil):
[odo +23.3 € 1.1); IR (CHCE) cm™: 3031, 1754, 1602, 1460,

136.7,128.7, 128.5, 128.4, 88.6, 71.0, 70.7, 67.1, 66.6, 65.4, 62.6,1430, 1369, 1226, 1207, 1169, 1090, 1057, 970, 909, BEAMR
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5.85 (d,J = 1.0 Hz, 1H), 5.49 (ddJ = 3.2, 1.0 Hz, 1H), 5.29 (t, him for stimulating discussions and encouragement for pursuing
J = 10.0 Hz, 1H), 5.16 (dd} = 10.0, 3.2 Hz, 1H), 4.32 (dd = this work. L.E. acknowledges a postdoctoral fellowship from
12.3, 5.1 Hz, 1H), 4.14 (dd, = 12.3, 2.5 Hz, 1H), 3.83 (ddd,= ICSN.

10.0, 5.2, 2.5 Hz, 1H), 2.22, 2.11, 2.10, 2.06, 2.01 (5s, 15#D);
NMR 170.6, 170.2, 169.8, 169.6, 168.4, 90.4, 73.2, 70.6, 68.2, 65.4,
62.1, 20.8, 20.8, 20.8, 20.7, 20.5; MS (E8&iz 413 [M + Na]*;
HRMS calcd for GeH2,0::Na [M + NaJt 413.1060, found
413.1057.

Supporting Information Available: General conditions,
experimental procedures, and spectroscopic data for compounds
2—12 and copies oftH and 13C spectra for compoundd—51.

This material is available free of charge via the Internet at
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