JIAICIS

ARTICLES

Published on Web 06/04/2002

C2-Hydroxyglycosylation with Glycal Donors. Probing the
Mechanism of Sulfonium-Mediated Oxygen Transfer to Glycal
Enol Ethers

Eiji Honda and David Y. Gin*

Contribution from the Department of Chemistry, uaisity of lllinois at Urbana-Champaign,
Urbana, lllinois 61801

Received January 18, 2002

Abstract: The C2-hydroxyglycosylation reaction employing the reagent combination of a diaryl sulfoxide
and triflic anhydride offers a novel method for glycal assembly whereby a hydroxyl functionality is
stereoselectively installed at the C2-position of a glycal donor with concomitant glycosylation of a nucleophilic
acceptor. Mechanistic investigations into this reaction revealed a novel process for sulfonium-mediated
oxidation of glycal enol ethers in which the sulfoxide oxygen atom is stereoselectively transferred to the
C2-position of the glycal. 180-labeling studies revealed that the S-to-C2 oxygen-transfer process involves
initial formation of a C1—0 linkage followed by O-migration to C2, leading to the generation of an intermediate
glycosyl 1,2-anhydropyranoside that serves as an in situ glycosylating agent. These findings are consistent
with the initial formation of a C2-sulfonium—CZ21-oxosulfonium pyranosyl species upon activation of the glycal
donor with Aryl,SO-Tf,0.

Introduction conjugates of varied structure and function. In particular,
oxidative glycosylation methods in which an oxygen substituent

The development of new methods for the preparation Of jg girectly introduced at the C2-position of a glycal donor have
complex oligosaccharides and glycoconjugates is a challenginggeen extensive utility in carbohydrate synthesis. This “glycal

endeavor in organic synthesis and glycobiology. Glycosylation assembly” approach, which typically involves direct glycal
is a critical function that modulates important cellular procésses epoxidatiof followed by oxirane ring opening of the resulting

and has prompted the d_evelopment_o_f numerous Chemical1,2-anhydropyranosid%by a nucleophilic glycosyl acceptor,
methods for the construction of glycosidic boridhe use of 55 seen recent remarkable advances in the context of the

glycal substrates in oligosaccharide synthesis is an attractiveenaration of complex natural products, immunostimulants, and
strategy for carbohydrate synthesis, as selective functionalizationq||_srface oligosaccharidés.

at the C2-position of the glycal enol ether and anomeric bond
formation can be achieved in the glycosylation process. Elegant (5) %a) Lemiiux,FR‘.. u; Le\éinek_s:aﬁ, J. ’\CAheLrJnl%S 43, é19t§}thd98. R(b)
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sulfur, seleniun®, carbon! and hydrogeh substituents can 696-698. (d) Burkart, M. D.; Zhang, Z.; Hung, S.-C.; Wong, C.HAm.
be introduced at the C2-position to provide synthetic glyco-

Chem. Soc1997, 119, 11743-11746.
For C2-sulfur/selenium substituents, see: (a) Jaurand, G.; Beau, J.-M;
Sinay, P.J. Chem. Soc., Chem. Commur®8], 572-573. (b) Ito, Y.;
Ogawa, T.Tetrahedron Lettl987, 28, 2723-2726. (c) Preuss, R.; Schmidt,
R. R. Synthesisl988 694-697. (d) Perez, M.; Beau, J.-M.etrahedron
Lett. 1989 30, 75-78. (e) Grewal, G.; Kaila, N.; Franck, R. W. Org.
Chem.1992 57, 2084-2092. (f) Roush, W. R.; Sebesta, D. P.; James, R.
A. Tetrahedron1997 53, 8837-8852.
(7) (a) Linker, T.; Sommermann, T.; Kahlenberg JFAm. Chem. S0d.997,
119 9377-9384. (b) Beyer, J.; Madsen, B. Am. Chem. S0d.998 120,
1213712138.
(8) (a) Toshima, K.; Tatsuta, K.; Kinoshita, NBull. Chem. Soc. JpriL988
61, 2369-2381. (b) Bolitt, V.; Mioskowski, C.; Lee, S.-G.; Falck, J. R.
Org. Chem.199Q 55, 5812-5813. (c) Kaila, N.; Blumenstein, M.;
Bielawska, H.; Franck, R. WJ. Org. Chem1992 57, 4576-4578. (d)
Sabesan, S.; Neira, $. Org. Chem1991, 56, 5468-5472. (e) France, C.

©)

*To whom correspondence should be addressed. E-mail: gin@
scs.uiuc.edu.

(1) (a) Dwek, R. A.Chem. Re. 1996 96, 683-720. (b) Bertozzi, C. R;
Kiessling, L. L. Science2001, 291, 2357-2364. (c) Helenius, A.; Aebi,
M. Science2001, 291, 2364-2369.

(2) (a) Toshima, K.; Tatsuta, KChem. Re. 1993 93, 1503-1531. (b) Schmidt,
R. R.; Kinzy, W.Adv. Carbohydr. Chem. Biocheri994 50, 21—123. (c)
Davis, B. G.J. Chem. Soc., Perkin Trans.1D99 3215-3237. (d) Davis,
B. G.J. Chem. Soc., Perkin Trans.2D0Q 2137-2160.

(3) Danishefsky, S. J.; Bilodeau, M. Angew. Chem., Int. Ed. Engl996
35, 1380-1419 and references therein.

(4) (a) Lemieux, R. U.; Ratcliffe, R. MCan. J. Chem1979 57, 1244-1251.

(b) Leblanc, Y.; Fitzsimmons, B. J.; Springer, J. P.; Rokach, Am. Chem.
Soc.1989 111, 2995-3000. (c) Griffith, D. A.; Danishefsky, S. J. Am.
Chem. Soc199Q 112 5811-5819. (d) Czernecki, S.; Ayadi, Ean. J.
Chem 1995 73, 343-350. (e) Rubinstenn, G.; Esnault, J.; Mallet, J.-M.;
Sinay, P. Tetrahedron: Asymmetr}997 8, 1327-1336. (f) Du Bois, J.;
Tomooka, C. S.; Hong, J.; Carreira, E. M. Am. Chem. S0d.997, 119,
3179-3180. (g) Das, J.; Schmidt, R. Rur. J. Org. Chem1998 1609-
1613. (h) Di Bussolo, V.; Liu, J.; Huffman, L. G., Jr.; Gin, D. Xngew.
Chem., Int. Ed200Q 39, 204—207. (i) Nicolaou, K. C.; Baran, P. S.; Zhong,
Y.-L.; Vega, J. A.Angew. Chem., Int. EQ00Q 39, 2525-2529 (j) Kan,
C.; Long, C. M.; Paul, M.; Ring, C. M,; Tully, S. E.; Rojas, C. I@rg.
Lett. 2001, 3, 381—384.

10.1021/ja025639¢c CCC: $22.00 © 2002 American Chemical Society

J.; McFarlane, I. M.; Newton, C. G.; Pitchen, P.; WebsterTtrahedron
Lett. 1993 34, 1635-1638. (f) McDonald, F. E.; Reddy, K. $Angew.
Chem., Int. Ed2001, 40, 3653-3655.

(9) (a) Halcomb, R. L.; Danishefsky, S.J.Am. Chem. So&989 111, 6661~

6666. (b) Barili, P. L.; Berti, G.; D’'Andrea, F.; Di Bussolo, V.; Granucci,
I. Tetrahedron1992 48, 6273-6284. (c) Bellucci, G.; Catelani, G.;
Chiappe, C.; D'Andrea, FTetrahedron Lett1994 35, 8433-8436. (d)
Cavicchioli, M.; Mele, A.; Montanari, V.; Resnati, @. Chem. Soc., Chem.
Commun1995 901-902. (e) Yang, D.; Wong, M.-K.; Yip, Y.-CJ. Org.
Chem.1995 60, 3887-3889. (f) Boehlow, T. R.; Buxton, P. C.; Grocock,
E. L.; Marples, B. A.; Waddington, V. LTetrahedron Lett1998 39, 1839-
1842.

J. AM. CHEM. SOC. 2002, 124, 7343—7352 = 7343



ARTICLES

Honda and Gin

Scheme 1
Aryl,SO, Tf,0;
MeOH, R'3N;

-

Nu-H, Lewis Acid

RO
RO o}
RO =

1

Existing methods for glycal epoxidation involve the use of
well-known alkene oxidants such as peroxyacids and dioxirane
reagent$.Recently, we have developed a new method for C2-
hydroxyglycosylation (Scheme 1) with glycal donor),{?
wherein a mixture of excess diaryl sulfoxide and,Ofis
employed as the glycal oxidant. Following initial glycal activa-
tion with this reagent combination, subsequent sequential
addition of methyl alcohol and a tertiary aminé4{R), followed
by the glycosyl acceptor (Nu-H) and a Lewis acid such as ZnCl
yields C2-hydroxypyranoside® in a one-pot procedure. The
process offers a new method for sulfonium-mediated oxygen
transfer to glycals and thus presents a novel means for
glycoconjugate construction. We report herein our investigations
into the identification and characterization of reactive glycosyl
intermediates in the process, thereby providing key insights into
the pathway of oxygen transfer.

Results and Discussion

The C2-hydroxyglycosylation reaction depicted in Scheme
1 involves a one-pot procedure, in which an oxygen-transfer
reagent is generated in situ from the addition of triflic anhydride
(1.5 equiv) to a solution of glucal (1 equiv), diphenyl sulfoxide
(3 equiv), and 2,6-diert-butyl-4-methylpyridine (DTBMP, 34
equiv) in dichloromethane at78 °C. After 1 h at—40 °C,
anhydrous methyl alcohol (1 equiv) and triethylamine (3 equiv)
are introduced. The reaction is allowed to proceed ét@8r
1 h, at which time the glycosyl acceptor (Nu-H;-2 equiv)
and a Lewis acid (ZnG) 1-2 equiv) are added to afford the
C2-hydroxy$-p-glucopyranoside produétin good yields and

high diastereoselectivity. The method was found to be amenable

to the preparation of a variety of O- and N-glycoconjugates
(Chart 1)12.13

Proposed Reaction PathwaysThe transformation in Scheme
1 provides a useful method for oxygen transfer to glycal donors
with concomitant anomeric bond construction. The reaction

pathway appears to involve a novel process for oxygen transfer

to glycals, especially in light of the paucity of existing methods
for sulfoxide-mediated oxidation of electron-rich alkefta
number of reaction pathways can be envisioned for the oxidative

(10) For pioneering work in the synthesis and utility of 1,2-anhydropyranosides,
see: (a) Brigl, PZ. Physiol. Chem1922 245-256. (b) Hardegger, E.; de
Pascual, JHelv. Chim. Acta 1948 31, 281-286. (c) Lemieux, R. U;
Huber, G.J. Am. Chem. Socl953 75, 4118. (d) Sondheimer, S. J.;
Yamaguchi, H.; Schuerch, @arbohydr. Res1979 74, 327-332. (e)
Klein, L. L.; McWhorter, W. W., Jr.; Ko, S. S.; Pfaff, K.-P.; Kishi, Y
Uemura, D.; Hirata, Y.J. Am. Chem. Socl982 104, 7362-7364. (f)
Trumbo, D. L.; Schuerch, GCarbohydr. Res1985 135 195-202. (g)
Bellosta, V.; Czernecki, SJ. Chem. Soc., Chem. Commu®89 199
200.

(11) (a) Park, T. K.; Kim, I. J.; Hu, S.; Bilodeau, M. T.; Randolph, J. T,;
Kwon, O.; Danishefsky, S. J. Am. Chem. S04996 118 11488-11500.

(b) Seeberger, P. H.; Eckhardt, M.; Gutteridge, C. E.; Danishefsky, S. J.
J. Am. Chem. Socl1997 119 10064-10072. (c) Deshpande, P. P;
Danishefsky, S. Nature1997, 387, 164-166. (d) Kuduk, S. D.; Schwarz,

J. B.; Chen, X.-T.; Glunz, P. W.; Sames, D.; Ragupathi, G.; Livingston,
P. O.; Danishefsky, S. J. Am. Chem. S0d.998 120, 12474-12485.

(12) Di Bussolo, V.; Kim, Y.-J.; Gin, D. Y.J. Am. Chem. Socl998 120,
13515-13516.
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Balenkova, E. STetrahedron1997, 53, 8173-8180.
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glycosylation, although it is likely that the mechanism of the
transformation proceeds via initial electrophilic activation of
the glycal donor by the BBO-Tf,0O complex.

Our initial observations revealed several key aspects of the
C2-hydroxyglucosylation. First, nearly stoichiometric quantities
of Ph,S are generated in these glycosylation reactions, which
is indicative of the sulfoxide reagent serving as the oxidant.
This hypothesis was tested by af0O-labeling experiment
(Scheme 2) in which P8B!0 (96% 80 incorporation) was
employed as the sulfoxide reagent in an oxidative glycosylation
with tri-O-benzylp-glucal 3) as the donor and sodium azide
as a non-oxygen nucleophilic acceptor. The C2-hydroxy glycosyl
azide 4 (79%) is formed with 93%!®0 incorporation (as
measured by FAB mass spectrometry) along with 0.7 equiv
of PhS. This result clearly indicates that the oxidation process
proceeds through a stereoselective oxygen transfer from the
sulfoxide reagent to the C2-position of the glycal donor. Second,
monitoring of the oxidative glycosylation reaction with @
benzylp-glucal @) by 'H NMR revealed that the 1,2-anhydro-
pyranosides was formed as the principal carbohydrate species
in solution following the addition of MeOH, prior to the
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introduction of the nucleophilic accept8rThus, the formation ~ B-approach of the sulfonium reageionto the glycal3 (i.e.,
of the C2hydroxyglycoside products illustrated lyis likely syn to the C3-alkoxy substituent) to provid&8. This is
the result of nucleophilic ring opening of 1,2-anhydropyranoside plausible, given that the sulfonium electrophile would assume
intermediates such &s It is also significant that the formation ~ a favorables-axial approach onto the C2-position of the gldal
of the a-glucal epoxides occurs only after the addition of the  in a chairlike transition structure, resulting in a net 1,2-trans-
nucleophile (i.e., MeOH) to the activated glycal intermediate. diaxial functionalization of the endocyclie-system in3 to
Finally, the formation of the C2-hydroxyglycoside products form 8.
proceed efficiently only in the presence of excess sulfoxide An alternate reaction pathway (Scheme 4) invokes a different
reagent. These initial observations provide a useful mechanisticsulfonium reagent in the glycal activation process. In situ
framework from which plausible reaction pathways for the generation of diphenylsulfide bis(triflateg)(in the presence of
oxygen-transfer process can be investigated. excess P80 leads to the formation of the oxygen-bridged bis-
Two possible reaction pathways for f40O-mediated C2- (sulfonium) salt11 prior to glycal activation. If electrophilic
hydroxyglycosylation consistent with the above observations are activation of glycal3 were to occur by addition of the C2-
illustrated in Schemes 3 and 4. In the first (Scheme 3), the nucleophile onto asulfoniumcenter within1l, the reaction
reagent combination of BEO-Tf,O is considered to generate pathway depicted in Scheme 3 would ensue. Alternatively,
diphenylsulfide bis(triflate) &) in situ, which can engage in  addition of the C2z-nucleophile of3 to the bridgingoxygen
electrophilic activation of the glycal donor at C2. The resulting functionality in 11 results in expulsion of Bf$ and formation

C2-functionalization of3 generates a C2-sulfoniuaC1-o0xo- of the C2-oxosulfonium C1-pyranosyl triflate intermediate2.
carbenium (or glycosyl) triflate intermediaf® which incor- Upon introduction of 1 equiv of MeOH as a sacrificial
porates electrophilic sites at C1 and C2. In the presence ofnucleophile, its addition to the C2-oxosulfonium functionality
excess sulfoxide reagent, O-substitution of excess$S@hat in 12 initiates the scission of the -8 bond, leading to

the anomeric position leads to the C2-sulfoniu@i-oxo- intramolecular expulsion of the anomeric triflate functionality
sulfonium pyranosyl intermediat8. Addition of an initial at C1 to generate the observed 1,2-anhydropyranoside interme-

hydroxyl nucleophile such as MeOH then leads to addition of diate (i.e.,12— 13 — 5). In this proposed reaction pathway
the alcohol at the anomeric oxosulfonium group, generating a (Scheme 4), the stereochemical course of the activation process
transient anomeriw-sulfurane specie®. Fragmentation of  is distinct from that of Scheme 3. In this caseapproach of

9 with concomitant intramolecular displacement of the C2- 11, consistent with reagent approach under steric control, leads
sulfonium substituent results in formation of the observed 1,2- to initial transfer of the oxygen atom to tleeface of the glycal
anhydropyranosid&, accompanied by expulsion of Fhand at C217 Nevertheless, this reaction pathway is also consistent
PhSOMe"-TfO~, which is hydrolyzed to P4SO upon aqueous  with the above observations in the C2-hydroxyglycosylation
workup. Finally, introduction and glycosylation of the nucleo- reaction, which include (1) the transfer of an oxygen atom from
philic acceptor (Nu-H) by5 generates the C2-hydrox3~ the sulfoxide reagent to the C2-position of the glycal donor;
glucopyranosidd 0. It is worth noting that the stereochemical (2) the requirement for excess sulfoxide reagent for the reaction
course of the reaction involves a glueal -glucopyranoside to proceed; (3) the generation of f2has a principal byproduct;
transformation by way of then-1,2-anhydropyranosidé.

According to Scheme 3, this requires a sterically demanding () Zeoach ofseereptile esgens orte e 02 posionof paected e

(17) For examples afi-approach of electrophilic reagents onto the C2-position
(15) This assignment was verified by independent synthesis. See ref 9c. of protected glucal substrates, see ref-6c
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Scheme 5 Scheme 6 2
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and (4) the formation of the 1,2-anhydropyranosides a key
intermediate in the O-transfer process.

Detection of Reactive Glycosyl IntermediatesA key feature
which distinguishes between the reaction pathways outlined in
Schemes 3 and 4 is the stage at which the-O2ond is formed
during the C2-hydroxyglycosylation reaction. In Scheme 3,
glycal oxidation proceeds by formation of theC1—-O bond
prior to oxirane formation; in Scheme 4, theC2—0 linkage
is established prior to oxirane formation. Thus, detection and
characterization of the putative reactive intermedi&tesd9
(Scheme 3) 042 and 13 (Scheme 4) would reveal the course
of oxygen delivery from sulfoxide to glycal.

To determine whether the initial glycosyl intermediate formed
in the oxidative glycosylation incorporates a6 or a C2-O
linkage, low-temperature NMR monitoring of the glycal activa-
tion process was performed, employing heavy-atéilabeled
sulfoxide reagents. It is known thdfC NMR resonances
experience a small but significant upfield chemical shift
perturbation (i.e./~0.01-0.05 ppm) when directly bound to
180 relative to that of &3C—1%0 linkagei® consequently, this
technique should be amenable to establishing the nature-6f C
connectivity in the reactive glycosyl intermediates generated
in the C2-hydroxyglycosylation process. Activation of a glycal
donor 3 (Scheme 5) with the reagent combination oL, $&
Tf,0 would, according to the proposed pathways in Schemes 3
and 4, generate two different intermediates, eiher 12. If
the C1-oxosulfonium intermediagwere formed as the initial
species with P§80 as the sulfoxide reagent, an upfiéfC1
chemical shift perturbation would be observed relative to
reaction with unlabeled BB'%0.1° Conversely, if the C2-
oxosulfonium intermediat&2 were generated in the activation
process, a3C2 upfield chemical shift perturbation in the range
of 0.01-0.05 ppm would be observed with 80 as the

(18) See, inter alia: (a) Jameson, CJJChem. Physl977, 66, 4983-4988.
(b) Risley, J. M.; Van Etten, R. LJ. Am. Chem. Sod. 979 101, 252—
253. (c) Darensbourg, D. J. Organomet. Chenl979 174, C70-C76.
(d) Vederas, J. CJ. Am. Chem. S0d.98Q 102 374-376. (e) Vederas, J.
C. Can. J. Chem1982 60, 1637-1642. (f) Risley, J. M.; Van Etten, R. L.
In NMR—Basic Principles and ProgressGunther, H., Ed.; Springer-
Verlag: Berlin, 1990; Vol. 22, pp 81168.

Any chemical shift perturbation &C2 in 8 would likely be too small to
be observed at low temperatufO chemical shift perturbations gfv
andy-13C signals can be detected, although magnitudesoadre typically
<0.01 ppm. See, for example: (a) Moore, R. N.; Diakur, J.; Nakashima,
T.T.; McLaren, S. L.; Vederas, J. . Chem. Soc., Chem. Comm@@81,
501-502. (b) Mega, T. L.; Van Etten, R. lJ. Am. Chem. Sod993 115
12056-12059.

(19)
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-78 °C—>—40°C

5oy = 143.889

Ph,s'%0
5cqs (X = 1%0) = 104.108
|:,hzsumao
8cs (X = 1°0) = 104.108
8cq (X = 1%0) = 104.064
Abcr = 0.044 ppm

o7

MeOH (1 equiv),
Et:N (3 equiv),
-78°C

BnO o
BnO
BnO/&SJ/H
X

5a°
Ph,s'®0 Ph,s'%0
8cq (X = 1°0) = 77.559 3¢ (X = 1°0) = 89.405
Ph23161180 ths1sl130

5¢cs (X = 1°0) = 89.361
5cs (X = 180) = 89.348
Abcy = 0.015 ppm

8cq (X = 1°0) = 77.559
Scs (X =180) = 77.522
Adcy = 0.037 ppm

a ¢y values measured at40 °C. P5c; values measured at20 °C.

sulfoxide reagent To this end, both thé&*C1- and'*C2-labeled
3,4,6-tri-O-benzylo-glucal substrate8a and 3b (Scheme 6)
were prepared from3C1- and3C2-labeled glucoseléa/b),
respectively?! and employed in this study to ensure adequate
detection and unambiguous assignment of both'#d and
13C2 resonances of the putative reactive intermediates.

The first series of low-temperatutéC NMR investigations
employed thé3C1-labeled glucaBa (Scheme 7¢c; = 143.889
in CD,Cly) with a focus on the reaction pathway in Scheme 3.
Upon treatment of this donor with the reagent combination of
PhS0 (3 equiv) and TfO (1.5 equiv) at—78 °C, followed

(20) It is worth noting that in the proposed formation of either diphenylsulfide
bis(triflate) ) or bis(sulfonium) speciesl), 50% of the triflate anions
could conceivably incorporatéO if rapid exchange of the triflate anions
were to occur at the sulfonium center(s). A mechanism involving oxygen
transfer from sulfoxide to triflate to glycal is unlikely, as this would erode
the amount o8O incorporation on the C2-hydroxyglycoside product. The
possibility of incorporation of%0 into 50% of the triflate anions in the
activation process might also lead to &1 upfield chemical shift
perturbation in the intermediat&s(Scheme 3) 012/13 (Scheme 4) if a
covalent C1-O-triflate bond were to exist in these species; however, if
this were the case, the relative intensity of the upfield-shitf&l—180
resonance would be significantly diminished compared with the amount
of 180 incorporation in the sulfoxide reagent.

(21) Shull, B. K.; Wu, Z.; Koreeda, MJ. Carbohydr. Chem1996 15, 955—

964.
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MeOH (1 equiv),
8a 9a 5a Et3N (3 equiv),

501(80% Ph,S™B0)  804(60% Ph,S'80)  6.,(60% Ph,S'80)

Figure 1.

by warming to —40 °C, a principal glycosyl intermediate,
assigned a8a (Scheme 7, Figure 1i), bearind¥C1 resonance
at 104.108 was observed. Recooling of the reaction-%8
°C and subsequent addition of the initial sacrificial nucleophile
(MeOH, 1 equiv) and BN (3 equiv) led to the immediate
formation of a second glycosyl intermediate, assigne®aas
Upon warming of the reaction te 20 °C, steady conversion to
the 1,2-anhydropyranosid& (dc; = 77.559}° was observed.
With the detection of two principal intermediates in the
oxidative glycosylation reaction prior to oxirane formation, the
analogous3C1 NMR tracking experiment was performed
employing 60%!0-labeled diphenyl sulfoxide to probe the
structure of the reactive specisTreatment of3a with 60%
PhS'80 and T$O (3.0 and 1.5 equiv, respectively) led to the
formation of an intermediate8a with two distinct 13C1
resonances, one at104.108 and a second of slightly larger
intensity ato 104.064 (Scheme 7, Figure 1ii). This chemical
shift perturbation £dc1 = 0.044 ppm upfield) upon incorpora-
tion of PS80 as the oxidant is indicative of'8C1—180 bond,
consistent with the initial intermediate of glycal activation being
the glycosyl oxosulfonium speci€a. Subsequent addition of
MeOH (1 equiv) and BN (3 equiv) at—78 °C and warming
to —20 °C afforded the intermediat®a with two °C1
resonances, one at89.361 and the other 8t89.346. It should
be noted that these twi'1€0 isotopomer3C1 resonances in
9acould not be resolved at temperatures betef0 °C due to
peak broadening; however, upon warming—+&0 °C during
the conversion to the 1,2-anhydropyranosidethe Ao value
of 0.015 ppm could be clearly discernedam(Figure 1ii). Given
the marked upfield3C1 chemical shift of this second inter-
mediate §a) compared to that of the firs8@), it is reasonable
to propose that the introduction of MeOH generates the glycosyl
sulfurane intermediat®a, which leads to the 1,2-anhydro-
pyranosidesa. Finally, examination of thé3C1 resonances in
the 1,2-anhydropyranosidea revealed, not surprisingly, two
signals, one ab 77.559 {3C1—-1%0) and the other ai 77.522
(*3C1-180). These initial experiments therefore are consistent
with the formation of the intermediaté&sand9 of Scheme 3,

(22) The chemical shift perturbation valueg) to be measured are small (0-01
0.05 ppm), and minor chemical shift fluctuations of this magnitude may
occur between NMR experiments, especially at variable temperatures. Thus,
use of 60%!%0-labeled P50, as opposed te 90% 80 incorporation,
ensures the detection of isotope-induckd values in the form of two
distinct resonances of nearly equal intensity.

-78°C—=-40°C

Ph
BnO BnO O X\é:Ph
Bno&oe y — i ./ ~OMe

Bno—=5% BnO" SPh,
b OBn @ Tfo@
5b "
9b
Ph,s'®0
16
8¢z (X = °0) = 52.445 Ph,s'¢0
Ph,s'%%0 5cs (X = 1%0) = 62.408
16/18
8co (X = 1°0) = 52.445 Ph,S'¥30
Sco (X = 180) = 52.415 Bc2 (X = "0 or %0) = 62.415
Adcy = 0.030 ppm Adc2 =0 ppm

a ¢, values measured at40 °C. PS¢, values measured at20 °C.

both bearing a C1 linkage to the sulfoxide oxygen atom prior
to formation of the 1,2-anhydropyranosi@ié?

To evaluate the alternative pathway of Scheme 4 for oxygen
transfer in the C2-hydroxyglucosylation reaction, the analogous
complementary3C2 NMR tracking experiments were performed
with 13C2-labeled triO-benzylp-glucal @b, dc, 99.185).
Activation of 3b (Scheme 8, Figure 2) with either F81%0 or
PhS6180 (60%180 incorporation) and BO in CD,Cl, at low
temperature generates the first glycosyl intermedgtevith
only a single discernibl&C2 resonance &t 58.152, even when
60% PhS'80 was employed (Scheme 8, Figure?2rollowing
the addition of MeOH and Bl to 8b, the second intermediate
9b is generated, incorporating a singléC2 resonance &(
62.415), even when 60% P$%1%0 was employed. Finally,
conversion of the second intermedi&e to the 1,2-anhydro-
pyranosidesb at —20 °C produced twd3C2 resonances when

(23) In all of the low-temperature NMR experiments reported herein, initial
activation of the glucal is accompanied by the formation-@0% of the
C2-sulfonium glucal (below) as a byproduct, presumably a result of
elimination of H2 from the putative reactive glycosyl specfe§Scheme
3). This minor competitive pathway could not be avoided, as small
temperature fluctuations (i.e., elevations) are inevitably associated with the
transfer of the NMR reaction tube to the precooled NMR probe following
introduction of TO. The formation of the C2-sulfonium glucal is also
consistent with the pathway depicted in Scheme 3, if it is indeed formed
in a manifold diverted from the productive pathway.

BBBO 0]
n
Bno‘%'/w

Sc1=161.245

/s@—Ph
PH

i
8o = 97.567

(24) Two-bond80—C1-13C2 chemical shift perturbations (typicaty0.01 ppm;

see ref 19) were not detected, presumably due to some degree of peak
broadening at low temperature.
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8b 9b 5b Scheme 9 @
8c2(PhyS™°0) 8ca(PhyS1%0) 8calPhyS™°0) g o
d»BnO thsQ TfO H® “H
| n d--Bno 0 (3 equiv), PhyS= <+ 0Bn-d;
i | | d-BnON ) ——— drBn0")| o
A “ ‘w‘ | Tf,0 (1.5 equiv) SPh, o
0 | —0°c | 20°C | -20°C 43 78°C—=-20°C 3 2 110
I ;| d21-8 ("H NMR)?
e R MeOH (1 equiv),
! ; H‘ Et3N (3 equiv),
! ) “ | —78°C—= —20°C
1l Il
M 1 -0°C I —20°C y ~20°C 7102

!
e e e dr-Bnofh SPhy
58.4 58.2 580 ppm 626 62.4 62.2 ppm 526 52.4 522 ppm d7_Bno%/ H
8b 9b 5b d7-BnO¥7

W Ho  /°
5c2(60% PhyS'80)  50,(60% Ph,S'180)  50,(60% Ph,S'80) Ph\‘@\ OMe
Figure 2. Ph
dz1-9 ("H NMR)
60% PhS!80 was employed, one at52.445 {3C2—160) and aWarmed to—20 °C for a short time {6 min) to allow for acquisition
the other atd 52.415 £3C2-1%0), revealing ant®O-isotope-  ©f *H NMR data with resolvedJy values.
inducedAdc; value of 0.030 ppm upfield. These results indicate  scpeme 10
that both of the glycosyl intermediat8b and9b are devoid of RO DBTO (5 equiv), TH,0; RO— OH
a C2-0 linkage, which imot consistent with the expectations RO Q RO 2
ion vi : RO NuH@Gequv), iProNEt RO
for reaction via Scheme 4. Only whé&b is converted to the gnCI’ 2NEL 15 Nu
1 2

1,2-anhydropyranosidgb through the formation of a C20
linkage is the'®0-heavy-atom*C2 chemical shift perturbation 3 00

detected® DBTO = (%
These heavy-atom labeling investigations confirm the C1-

to-C2 pathway (consistent with Scheme 3) for oxygen transfer

from the sulfoxide reagent to the glycal donor and thus reveal ) .

key details concerning the structures of the initial activated intermediated-9. Low-temperaturéH NMR analysis ¢-20°C)
glycal intermediates. Further structural characterization of the Of dz1-9 reveals @Juy coupling pattern distinct from that of
activated glycosyl intermediates Bt NMR analysis allows ~ d2r-8. The relatively large values OBhiatia (9.1 Hz; axial-axial)
insight into the stereochemical and conformational properties @Nd *Jans (9.1 Hz; axial-axial), the relatively small values
of 8 and 9. These studies employed @-d,-benzylp-glucal of ®Juinz (<1 Hz; equatorial-equatorial) antdns (4.1 Hz;
(d21-3, Scheme 9F as the glucal donor in the C2-hydroxygly- €duatorial-axial), and the large value &lci (171 Hz;
cosylation in order to facilitate identification and assignment C1—H1 equatorial) are indicative af:-9 being ana-manno-

of the pyranosidéH resonances within the intermediatbs-8 pyranosyl-like substrate in&; chair conformation. These data,
andds;-9 observed at low temperature. Théis, NMR analysis in conjunction with the previou¥O-labeling experiments, are
of dy1-8 at —20 °C?’ reveals that it does not exist in a traditional consistent with the intermediacy of glycosyl species sucé as
4C, chair conformation. Rather, the relatively la&gans (9.1 and9 in the glycal epoxidation pathway outlined in Scheme 3.
Hz) value and the relatively sma&lyiy (5.5 Hz)28 334143 (3.2 C2-Hydroxymannosylation. The use of P8O as the

Hz), and®Juana (2.3 Hz) values are consistent with a twist-boat Sulfoxide reagent for the C2-hydroxyglucosylation leads to the
conformation @,1-8), in which the C2-sulfonium group adopts ~ Stereoselective formation of C2-hydrogyglucopyranosides

a pseudoequatorial orientati8hin the subsequent stage of When glucal donors are employed. We have recently reported
the oxidation reaction, addition of MeOH (1 equiv) angNEt  thata complementary manifold for C2-hydroxyglycosylation to

(3 equiv) to d»-8 generates the putative glycosyl sulfurane generate C2-hydroxg-mannopyranosidekb (Scheme 10) from

glucal donordl can be accessed when dibenzothiophene 5-oxide
(25) ;g(h)e relative intensitigs of thC1 and?3C2 resonances which exhibit ~ (DBTO) is employed as the sulfoxide reagéhthis remarkable
isotope-inducted\dc values (Figures 1lii and 2ii) all reflect the ratio ; i ; ;
of 180 in‘gorporaﬂon in the su,f(oxi%e reagent (eot)%)). Therefore, it _reversal _of diastereoselectivity with a seemmgly subtle (_:hange
IlS3C qu(lgteTl¥lﬁhl?t the o_bjservfed ist?]toraciggcziltégmc vatlues are dude t? in sulfoxide reagent thus allows for the direct conversion of
— InKages arising from the ~ counterion byproaduct, . .
as this would generate a significantly diminishé€—180 résonance glucal donors to mannopyranosides, a transformation that

intensity compared to that observed. , heretofore has required at least a four-step synthetic seqt#nce.
(26) Koto, S.; Asami, K.; Hirooka, M.; Nagura, K.; Takizawa, M.; Yamamoto,
S.; Okamoto, N.; Sato, M.; Tajima, H.; Yoshida, T.; Nonaka, N.; Sato, T.;

Zen, S.; Yago, K.; Tomonaga, Bull. Chem. Soc. Jpril999 72, 765~ (29) A 11w value of 189 Hz was observed f8a. For p-pyranosides in a
. 4C, conformation,!Jci; values= 170 Hz are indicative of an equatorial

(27) Although the conversion afy:-3 to dy;-8 proceeds rapidly at-78 °C, C1-H1 linkage @-glycoside), where the magnitude &fcin; increases

the solution ofd,-8 was warmed to-20 °C for a short interval£6 min) with the electron-withdrawing capacity of the anomeric substituent.

to aquire’H NMR data before recooling of the reaction 678 °C for However, it is worth noting that the twist-boat conformation implied by

the next step. Warming af;-8 to —20 °C allowed for the acquisition of the 'H NMR data might preclude direct correlation ®&14; magnitudes

1H NMR data with adequately resolvéd values. with anomeric configuration, especially with cationic substituents on the
(28) The observedy, value of 6.12 ppm is also consistent with thabeprotons pyranose ring. See: Duus, J. @.; Gotfredsen, C. H.; BoclClitem. Re.

in alkyldiphenylsulfonium salts. See, for example: Trost, B. M.; Bogdanow- 200Q 100, 4589-4614.

icz, M. J.J. Am. Chem. S0d.973 95, 5298-5307. (30) Kim, J.-Y.; Di Bussolo, V.; Gin, D. YOrg. Lett.2001, 3, 303—306.
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Scheme 11 Scheme 12 @
BhO DBT'™0 (95% '%0),  Rno—'%0H DBT"®0 or
Bno% TfO; BnO& Q DBT'®'%0 (81% '°0)
B0 MeOH, Pr,NE; BnO ! BnO (3 equiv),
3 NaNg, LIC|O4 16 (73%)) 3 BnBOnO /O - -
(90% 80 incorp) THO (1.5 equiv)
3a B 78 °C
BEB(%(; 0.0 5oy = 143.889 / 0BT*0
EH 5cs (X ="%0) = 97.852
H DBT'®%0
17 BBBO o 5cs (X ="%0) = 97.845
n 18
Initial mechanistic investigations into this transformation BnOA = d¢r X =_ 0)=97.815
revealed that (1) excess DBTO is required for the transformation Ti0° % O Adcs =0.030 ppm
to proceed; (2) dibenzothiophene is formed as a principal O MeOH (1 equiv)
byproduct of the reaction; (3) the sulfoxide oxygen atom is EtsN (3 equiv), \
transferred to the C2 position of the glycal donor, as evidenced 19 -78°C—=-20°C
by 180-labeling of the sulfoxide reagent (Scheme 11) in the C2- BnoO
hydroxyglycosylation of Naklto form 16; and (4) thes-1,2- Bn0/§§O X
anhydropyranosidé7 is formed as the key intermediate in the BnO 1A
oxygen-transfer process prior to the glycosidic coupling e¥ent. 17a° \
It is reasonable that the oxidative glycosylation with glucals S DET'®0
employing DBTO proceeds via an oxygen-transfer pathway /§\ = 1B
- : . -0 Scr (X = 1%0) = 78.863
similar to that employing Pi$O. However, given the marked DBTE1g

difference in stereochemical outcome of the two reactions (i.e.,

Scheme 1 vs Scheme 10), we sought to determine whether the

reactions involving DBTO also involved a C1-to-C2 oxygen-

transfer pathway similar to that depicted in Scheme 3.
13C1-labeled tri©-benzylop-glucal Ba) was treated with the

reagent combination of excess DBTO (3 equiv) angOr{1.5 18a 17a

equiv) in CD,Cl, at —78 °C (Scheme 123! Monitoring of the 3¢/(DBT%0) 3¢4(DBT'80)

reaction of 3a with DBTO-Tf,O at —78 °C by 3C NMR

revealed the presence of a principal intermediate, assigned as ‘ﬁ

18a(Scheme 12). This initial intermediate is stable-at8 °C /\

5cs (X = %0) = 78.863
5cs (X ="80) =78.826
Adcq = 0.037 ppm

a9c1 values measured at20 °C in separate experiments.

but undergoes decomposition to the C2-vinylsulfonium $alt ® | k -20°C -20°C
upon temperature elevation abovd0 °C. With the increased / \ )L
propensity for the DBTO-derived glycosyl intermedia®ato im—w;—sz—m T s e wem
form the glycal sulfonium salt9, the detection of an isotope-

inducedAdc; value when DBT180 was used was particularly J \
challenging in that resolution adfdc; in 18awas not possible (i / 207G d —20°C
at temperatures below40 °C due to broadening of th€C1 I \
resonances. Consequently, the reaction mixture of gRecahd e U N
DBT61%0 was activated with 5O at—78°C and then warmed wo  ws ot wm o s s wm
to —20 °C. At this elevated temperature, the unwanted conver- 18a 17a

sion of the reactive glycosyl intermediat8a to the C2- 8¢1(61% DBT'°0) 8¢1(61% DBT'®0)

sulfonium glycal sali9was rapid; however, th8C1 resonance  Figure 3.

of 18acould be monitored transiently at20 °C as it diminished

during the decomposition process. Under thé¥& NMR be detected at-20 °C, indicative of the presence of a €D
detection conditions, one can observe the putative glycosyl linkage within18a (Scheme 12, Figure 3ii).

intermediate18a, which incorporates 43C1 resonance ab The next step in the C2-hydroxymannosylation reaction, the
97.852 (Scheme 12) when unlabeled DBTO was employed in introduction of a sacrificial nucleophile (MeOH) to initiate
the activation (Figure 3i). When 61960-labeled DBT6/1€0 epoxide ring closure, was investigated by treatment of a solution

was employed, an isotope-inducédc; of 0.030 ppm could  Of the glucal donoBa, DBTO, and T£O in CD,Cl; at —78°C
with methyl alcohol (1 equiv) and B (3 equiv) with3C NMR

(31) Itis worth noting that the previously reported optimized reaction conditions Monitoring. Unlike the previous series of experiments with
for the conversion of glucals to C2-hydroxymannopyranosides employed i i i
5 equiv of DBTO (Scheme 10), as these reaction conditions provide PRS0, in which the putative glycqsyl oxogulfuraaeould be.
a-mannog-gluco diastereoselectivities of at least 5:1. However, since the detected as a second glycosyl intermediate prior to oxirane
reactions in the current NMR studies were performed in 5-mm sample tubes formation. a similar intermediate could not be detected in the
at low temperature where mixing of the reagents is less efficient, only 3 - X . .
equiv of DBTO was employed to ensure complete dissolution of the corresponding oxidation employing DB’D (Scheme 12).
sulfoxide reagent at low temperatures. The use of only 3 equiv of DBTO ; ; ;
in the NMR reactions led to erosion of the diastereoselectivity of oxygen Unfortunately’ qnly a complex_m|xture of 'ntermedlates was
transfer to the glycal (3:137:5). generated at this stage, as evidenced by mulfiffd NMR
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Scheme 13 2 18b 17b
DBT'®0 or e 5c2(DBT'®0) 502(DBT'®0)
16/18 18, TfO
DBT 0 (60% ~0) ® ‘
_ 0. X<
BnO (3 equiv), BnO S\;)/(D ’(\ H
B?g?o QO — BnO™ i = (i w‘\ —20°C ;\ -20°C
TF,0 (1.5 equiv) BnO @ / . i
3b -78°C 1807 O o
8c2=99.185 Tws s w4 oo Tads a2 bem
DBT'®0 ‘ ‘
Bco (X = 1°0) = 66.584 I Ny
i
DBT'*"*0 @ 1 -20°C 1l —20°c
Scz2 (X = 80 or ®0) = 66.584 h N
Abc1 =0 ppm O T S S
MeOH (1 equiv), J 18b 17b
EtsN (3 equiv), 8c2(61% DBT'®0 8c2(61% DBT'®0
78— 20 °C c2(61% ) c2(61% )
Figure 4.
BnO
S S BnO O X L.
o = BnO the a-facel” followed by the addition of excess DBTO onto
17b';'H C1 from thep-face to providel8. Addition of the sacrificial
i nucleophile (MeOH) then serves to close the epoxide function-
D:"'GT 0 ality with concomitant expulsion of dibenzothiophene. The C2-
Bc2 (X = 521: 54.415 hydroxymannosylation process therefore appears to be analogous
DBT™0 to that of C2-hydroxyglucosylation involving P8O, with the
3¢z (X = "°0) = 54.423 obvious key difference being the reversal of stereoselectivity
8c2 (X = '°0) = 54.379 in the oxygen transfer. While the remarkable stereochemical
Adcz = 0.044 ppm contrast of the two reactions (Scheme 1 versus Scheme 10) is
a§c, values measured at20 °C in separate experiments. likely the result of opposing facial selectivities in the initial

sulfonium-mediated glycal activation processes, it is worth
signals at low temperature upon addition of MeOH angNEt  noting that the origin of the stereochemical reversal in the C2-
to 18a However, upon warming of the reaction mixture-t@0 hydroxyglycosylation reaction employing $80 versus DBTO
°C, the3C1 signals indicated formation of tife1,2-anhydro- is as yet unclear and is currently under investigation.
pyranosidel7a (6c; 78.863, Scheme 12, Figure 3i) as the

principal carbohydrate intermediate. When the same experimentC°c!USion

was conducted with 61960-labeled DBT®190, the expected The C2-hydroxyglycosylation reaction employing the reagent
Adc1(0.037 ppm upfield) was detected-a20 °C for thes-1,2- combination of a diaryl sulfoxide and triflic anhydride provides
anhydropyranosidé7a (Figure 3ii). These observations establish a novel process for oxygen transfer to the enol ether functionality
that a glycosyl intermediate such 283, incorporating a C+0O of glycal donors. Initial*®0-labeling studies have established
linkage, is formed prior to thg-1,2-anhydropyranoside. that the C2-hydroxyglucosylation process employingSeh

The complementary experiments employing #@&2-labeled Tf,O proceeds by the net transfer of the sulfoxide oxygen atom
glucal3b were also performed to further characterize the initial to the C2-position of the glucal, a process that also involves
activated glycosyl intermediate in this transformation (Scheme the in situ generation of a glucosyl-1,2-anhydropyranoside
13). Treatment of glucaBb with the reagent combination of intermediate. Tracking of the C2-hydroxyglucosylation reaction
61% '80-labeled DBT®1¥0 and THO as above led to the by low-temperature NMR spectroscopy employig-labeled
formation of the glycosyl intermediate with only a singf€2 glycal donors anéfO-labeled diphenyl sulfoxide clearly showed
resonance ab 66.584 at—20 °C, indicating the absence of a that formation of the intermediate-1,2-anhydropyranosidé
13C2-18180 linkage (8b, Scheme 13, Figure 4). Following the  proceeds by initial formation of a glycosyl species incorporating
addition of MeOH and BN, two 13C2 resonances were observed a C1—0 linkage followed by oxygen transfer to C2 by way of
(0 54.423 and) 54.379;Adc2, = 0.044 ppm), consistent with  oxirane ring closure. Further spectroscopic characterization of
the13C2-16180 linkage present in thé-1,2-anhydropyranoside  the activated glycosyl species in this transformation is consistent
17b. with the intermediacy of a C2-sulfoniurCl-oxosulfonium

These results for the DBTO-mediated C2-hydroxymannosyl- glycosyl specie$ and a C2-sulfonium C1-o-sulfurane species
ation are consistent with a reaction pathway involving initial 9 as precursors to the glucosyl-1,2-anhydropyrandsidaalo-
transfer of the sulfoxide oxygen to the C1-position of the glucal gous investigations into the C2-hydroxymannosylation reaction
donor, followed by oxygen migration from C1 to C2 via epoxide

closure. A hypothesis consistent with the findings in Schemes (32) Detailed NMR structural characterization of the putative anomeric oxo-
’ sulfonium intermediaté8was, unfortunately, not possible given the lability

12 and 13 invokes the intermediacy ofeaglycosyl oxosulfo- of the intermediate at temperatures abevi °C. At lower temperatures,

i i i i i i proton—proton coupling constants could not be resolved; onBd@n:
,nlum |ntermed|atd8a/bas the aCtIV,ateg glycosyl ,mtermeqlate’ coupling constant of 184 Hz could be extracted from the NMR data at
incorporating am-C2-sulfonium moiety?? Such an intermediate —78 °C. Although this magnitude ofJcin; may be indicative of an

; inati equatorial C+-H1 linkage in18a the absence of additional information
could e_mse from the reagent Combmat_"_)n Of_DB_TO angOrf makes it difficult to secure the structural and conformational properties of
assuming a sterically favored electrophilic activation of C2 from 18 beyond its C+O connectivity.
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employing DBTQOTf,0 revealed a similar C1-to-C2 oxygen-

hexane) to affor@>-methyl [methyl 40-acetyl-3O-(tert-butyldimeth-

transfer process to afford a mannosyl-1,2-anhydropyranosideylsilyl)-f-p-glucuronyl-(1-6)]-2,3,4-tri-O-benzyla-p-glucopyrano-

intermediate 17. These findings offer critical mechanistic
insights into a new method for enol ether oxidation in the context
of C2-hydroxyglycosylation.

Experimental Section

General Procedures All reactions were performed in flame-dried
modified Schlenk (Kjeldahl shape) flasks fitted with a glass stopper or
rubber septa under a positive pressure of argon, unless otherwise note
Low-temperature NMR experiments were performed in 5-mm NMR
tubes (dried under a stream of Byas) topped with rubber septa under
a positive pressure of argon. Air- and moisture-sensitive liquids and
solutions were transferred via syringe or stainless steel cannula. Organi
solutions were concentrated by rotary evaporation belokC3at ca.

25 Torr. Flash column chromatography was performed employing-230
400-mesh silica gel. Thin-layer chromatography (analytical and pre-
parative) was performed using glass plates precoated to a depth of 0.2
mm with 230-400-mesh silica gel impregnated with a fluorescent
indicator (254 nm).

Materials. Dichloromethane, diisopropylethylamine, triethylamine,
and acetonitrile were distilled from calcium hydride at 760 Torr,CD
Cl, was stored over Catand vacuum transferred immediately prior
to use. Methyl alcohol was distilled from Mg/I*®0-labeled diphenyl
sulfoxide (PhS*0) and'®0-labeled dibenzothiophene oxide (DBD)
were prepared following literature procedufésTrifluoromethane-
sulfonic anhydride (TH) was triply distilled from phosphorous
pentoxide.

Instrumentation. Infrared (IR) spectra were obtained using a Perkin-
Elmer Spectrum BX spectrophotometer referenced to polystyrene
standard. Data are presented as frequency of absorption)(dPnoton
and carbon-13 nuclear magnetic resonarite NMR or *C NMR)
spectra were recorded on Varian 500 and Varian Inova 500 NMR
spectrometers; chemical shifts are expressed in parts per midion (
scale) downfield from tetramethylsilane and are referenced to residual
protium in the NMR solvent (CHG) on 7.26; CHDC}, on 5.32; CDCH,

Oc 77.0; CDCl,, dc 53.8). Data are presented as follows: chemical
shift, multiplicity (s = singlet, d= doublet, t= triplet, m = multiplet

side (63 mg, 78%): colorless oiR = 0.64 (50% ethyl acetate in
hexane);H NMR (500 MHz, CDC}) 6 7.37=7.27 (m, 15H, ArH),
4.99 (d, 1H,J = 10.9 Hz, benzylic-H), 4.94 (dd, 1H,= 9.2, 9.7 Hz),
4.90 (d, 1H,J = 10.9 Hz, benzylic-H), 4.81 (d, 1H] = 10.5 Hz,
benzylic-H), 4.79 (d, 1HJ) = 12.2 Hz, benzylic-H), 4.66 (d, 1H, =
12.4 Hz, benzylic-H), 4.59 (d, 1H, = 10.7 Hz, benzylic-H), 4.58 (d,
1H,J = 3.4 Hz, H-1), 4.19 (d, 1H) = 7.9 Hz, H-1), 4.11 (dd, 1H,J
=2.4,11.4 Hz), 3.99 (t, 1H] = 9.2 Hz), 3.82-3.78 (m, 1H), 3.78 (d,

GLH. J=10.1Hz), 3.70 (s, 3H, C@e), 3.67-3.63 (m, 2H), 3.51 (dd,

1H, J = 3.4, 9.6 Hz), 3.483.44 (m, 2H), 3.37 (s, 3H, Ke), 2.38 (d,
1H, J = 2.6 Hz, CH), 2.05 (s, 3H, OC®le), 0.84 (s, 9HBu), 0.09
(s, 3H, SMe), 0.053 (s, 3H, 9ile); °C NMR (126 MHz, CDCH) 6
169.69, 167.95, 138.63, 138.21, 138.03, 128.50, 128.46, 128.42, 128.16,

C

128.01, 127.98, 127.81, 127.80, 127.67, 103.26, 98.04, 81.95, 79.69,
77.99, 75.78, 74.99, 74.47, 73.90, 73.37, 72.96, 71.98, 69.71, 68.94,
55.29, 52.66, 25.61, 20.85, 18.044.35,—4.90; FTIR (neat film) 3486,

52930, 2362, 1750, 1454, 1372, 1297, 1232, 1030, 839 780, 737, 698

cm™; HRMS (FAB) mvz calced for GaHsgO15SiNa (M + Na) 833.3547,
found 833.3544.

3,4,6-Tri-O-benzylf#-p-glucopyranosyl azide (4)** To the solution
of 3,4,6-tri-O-benzylp-glucal @) (50 mg, 0.12 mmol, 1 equiv), diphenyl
sulfoxide (73 mg, 0.36 mmol, 3 equiv), and 2,4,6t&it-butylpyridine
(104 mg, 0.42 mmol, 3.5 equiv) in dichloromethane (3.3 mL) was added
trifluoromethanesulfonic anhydride (30, 0.18 mmol, 1.5 equiv) at
—78°C. The resulting solution was stirred-a¥8 °C for 30 min, and
then at—40 °C for 1 h. Methyl alcohol (4.9.L, 0.12 mmol, 1 equiv)
and triethylamine (5@L, 0.36 mmol, 3 equiv) were added sequentially
at —40 °C. The solution was stirred at this temperature for 0.5 h, at 0
°C for 0.5 h, and finally at 23C for 1 h. The solvent was removed
under reduced pressure at©, and the residue was then dissolved in
dry CHsCN (5 mL). NaN; (23 mg, 0.35 mmol, 3 equiv) and LiClO
(63 mg, 0.60 mmol, 5 equiv) were added sequentially to the reaction
mixture at 0°C, and the resulting suspension was stirred &€dor

| 30 min and then at 23C for 12 h. The reaction mixture was patrtitioned

between dichloromethane (20 mL) ang®(20 mL), and the agueous
layer was further extracted with dichloromethanex(3.0 mL). The
combined organic layers were dried @8$&,) and concentrated, and

and/or multiple resonances), integration, coupling constant in hertz andthe residue was purified by flash column chromatography (17% ethyl

assignment. Melting points were recorded with a Fisher melting point
apparatus and are uncorrected.

Typical Procedure for C2-Hydroxyglycosylation: O-Methyl
[Methyl 4-O-acetyl-3-O-(tert-butyldimethylsilyl)- #-p-glucuronyl-
(1—6)]-2,3,4-tri-O-benzyl-a-p-glucopyranoside. Trifluoromethane-
sulfonic anhydride (2%L, 0.15 mmol, 1.5 equiv) was added to a
solution of methyl 40-acetyl-30-(tert-butyldimethylsilyl)-glucuronate-
p-glycal (33 mg, 0.1 mmol, 1 equiv), diphenyl sulfoxide (61 mg, 0.3
mmol, 3 equiv), and 2,4,6-ttert-butylpyridine (86 mg, 0.35 mmol,
3.5 equiv) in dichloromethane (3 mL) af78 °C. The resulting solution
was stirred at-78 °C for 30 min and then at-40 °C for 1 h. Methyl
alcohol (4.2uL, 0.1 mmol, 1 equiv) and triethylamine (42, 0.3 mmol,

3 equiv) were added sequentially-a#0 °C. The solution was stirred

at this temperature for 30 min and then &@for 1 h and at 23C for

1 h. A solution of methyl 2,3,4-tr®-benzyla-b-glucopyranoside (139
mg, 0.3 mmol, 3 equiv) in dichloromethane (3 mL) was then added,
and the solution was cooled t678 °C. Zinc chloride (1.0 M in ether,
200uL, 0.2 mmol, 2 equiv) was added, and the mixture was stirred at
—78°C for 30 min, at—40 °C for 1 h, at 0°C for 1 h, and finally at

23 °C for 2 h. The reaction mixture was partitioned between
dichloromethane (20 mL) and @ (20 mL), and the aqueous layer
was further extracted with dichloromethanex(2.0 mL). The combined
organic layers were dried (M8Q;) and concentrated, and the residue
was purified by flash column chromatography (20% ethyl acetate in

acetate in hexane) to afford 3,4,6-®tbenzylS-p-glucopyranosyl azide
(4) (44 mg, 77%) as a white solid (from ethyl acetateexane): mp
63—64 °C; Ry = 0.60 (50% ethyl acetate in hexanéy NMR (500
MHz, CDCL) 6 7.37-7.28 (m, 13H, ArH), 7.187.17 (m, 2H, ArH),
4.89 (d, 1H,J = 11.4 Hz, benzylic-H), 4.84 (d, 1H] = 11.2 Hz,
benzylic-H), 4.82 (d, 1HJ = 10.7 Hz, benzylic-H), 4.63 (d, 1H} =
12.2 Hz, benzylic-H), 4.56 (d, 1H,= 10.7 Hz, benzylic-H), 4.55 (d,
1H, J = 12.2 Hz, benzylic-H), 4.53 (d, 1H] = 8.6 Hz, H-1), 3.75
(dd, 1H,J = 2.6, 11.4 Hz, H-6), 3.73 (dd, 1H,= 3.8, 11.2 Hz, H-6),
3.67 (dd, 1H,J = 9.0, 9.6 Hz, H-4), 3.55 (t, 1H] = 9.0 Hz, H-3),
3.54 (ddd, 1HJ = 2.4, 3.9, 9.9 Hz, H-5), 3.45 (dt, 1H, 2.6, 8.8 Hz,
H-2), 2.24 (d, 1HJ = 2.6 Hz, CH); MS (FAB) m/z (relative intensity,
%) 498.2 (M+ Na, 27), 472.3 (16), 177.1 (100); HRMS (FARYz
calcd for G7H29N3OsNa (M + Na) 498.2007, found 498.2005.

13C NMR Detection and Characterization of 8, 9, and 5.To a
solution of PRS'®1%) (15 mg, 0.072 mmol, 3 equiv), 2,4,6-tart-
butylpyridine (3 mg, 0.013 mmol, 0.5 equiv), and 3,4,6@rbenzyl-
p-glucal 3a or 3b) (10 mg, 0.024 mmol, 1 equiv) in GBI, (0.66
mL) in a 5-mm NMR tube was added trifluoromethanesulfonic
anhydride (6L, 0.036 mmol, 3 equiv) at- 78 °C. The reaction mixture
was briefly agitated (3« 5 s; Fisher Vortex Genie 2) and placed in the
NMR probe at—78 °C and then warmed te-40 °C for the3C NMR
characterization o8a/b. The NMR sample was ejected from the NMR
probe and immediately cooled t678 °C. To the reaction mixture was

(33) Sato, Y.; Kunieda, N.; Kinoshita, MChem. Lett1972 1023-1025.

(34) Gordon, D. M.; Danishefsky, S. Carbohydr. Res199Q 206, 361—366.
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added methyl alcohol (&L, 0.012 mmol, 1 equiv) at-78 °C, and the
resulting mixture in the NMR tube was briefly agitated 35 s).
Triethylamine (10uL, 0.072 mmol, 3 equiv) was then added-af8
°C, and the resulting mixture in the NMR tube was again briefly agitated
(3 x 5's). The NMR reaction mixture was placed in the NMR probe
which had been recooled to78 °C, and the reaction mixture was then
warmed to—20 °C for the’*C NMR characterization da/b and5a/b.

'H NMR Characterization of d;-8 and d»-9. To a solution
of PhSO (15 mg, 0.072 mmol, 3 equiv), 2,4,6-tert-butylpyridine
(3 mg, 0.013 mmol, 0.5 equiv), and 3,4,6-@+d;-benzylo-glucal
(d21-3) (10.5 mg, 0.024 mmol, 1 equiv) in GBI, (0.66 mL) in a
5-mm NMR tube was added trifluoromethanesulfonic anhydride (6
0.036 mmol, 3 equiv) at-78 °C. The reaction mixture in the NMR
tube was briefly agitated (% 5 s; Fisher Vortex Genie 2) and placed
in the NMR probe at-40 °C and then warmed te-20 °C for the'H
NMR characterization ofl;;-8. The NMR sample was ejected from
the NMR probe and immediately cooled t678 °C. To the reaction
mixture was added methyl alcohol (i, 0.012 mmol, 1 equiv) at
—78°C, and the resulting mixture was briefly agitatedX3® s). Tri-
ethylamine (1QuL, 0.072 mmol, 3 equiv) was then added-ai8 °C,
and the resulting mixture in the NMR tube was again briefly agitated
(3 x 5's). The NMR reaction mixture was placed in the NMR probe
which had been recooled te40 °C, and the reaction mixture was then
warmed to—20 °C for the'H NMR characterization oél,;-9. d,:-8:
H NMR (500 MHz, CQCl,, —20 °C) ¢ 6.96 (d, 1H,J = 5.5 Hz,
H-1), 6.12 (dd, 1HJ = 3.2, 5.9 Hz, H-2), 3.97 (dd, 1H = 2.3, 9.1
Hz, H-4), 3.81 (br d, 1HJ = 8.8 Hz, H-5), 3.68 (br s, 1H, H-3), 3.22
(dd, 1H,J = 3.4, 11.3 Hz, H-6), 2.46 (br d, 1H, = 10.7 Hz, H-6).
d21-9: 'H NMR (500 MHz, CQCl,, —20°C) 6 5.55-5.54 (br m, 1H,
H-2), 4.96 (br s, 1H, H-1), 4.61 (dd, 1H,= 4.1, 8.8 Hz, H-3), 4.33
(t, 1H,J = 9.1 Hz, H-4), 4.08 (br dt, 1H]) = 9.7, 2.3 Hz, H-5), 3.81
(dd, 1H,J = 3.3, 10.5 Hz, H-6), 3.61 (br dd, 1H,= 2.0, 10.8 Hz,
H-6).

13C NMR Detection and Characterization of 18a/b.To a solution
of DBT®0 (14 mg, 0.072 mmol, 3 equiv), 2,4,6-taft-butylpyridine
(3 mg, 0.013 mmol, 0.5 equiv), and 3,4,6-®+benzylp-glucal Ba,
3b) (10 mg, 0.024 mmol, 1 equiv) in GBI, (0.66 mL) in a 5-mm
NMR tube was added trifluoromethanesulfonic anhydridel(60.036
mmol, 3 equiv) at-78 °C. The reaction mixture in the NMR tube was
briefly agitated (3x 5 s; Fisher Vortex Genie 2) and placed in the
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NMR probe at—78 °C and then warmed te-20 °C for the3C NMR
characterization oi8a/h.

13C NMR Characterization of 17a/b. To a solution of DBT10
(14 mg, 0.072 mmol, 3 equiv), 2,4,6-tet-butylpyridine (3 mg, 0.013
mmol, 0.5 equiv), and 3,4,6-t-benzylp-glucal Ba, 3b) (10 mg,
0.024 mmol, 1 equiv) in CECl, (0.66 mL) in a 5-mm NMR tube was
added trifluoromethanesulfonic anhydride6 0.036 mmol, 3 equiv)
at—78°C. The reaction mixture in the NMR tube was briefly agitated
(3 x 5 s; Fisher Vortex Genie 2) and placed in the NMR probe &8
°C. After confirmation of the generation df8a/b at —78 °C by 13C
NMR, the NMR sample was ejected from the NMR probe and
immediately cooled at-78 °C. To the reaction mixture was added
methyl alcohol (JuL, 0.012 mmol, 1 equiv) at- 78 °C, and the resulting
mixture was briefly agitated (X 5 s). Triethylamine (1QiL, 0.072
mmol, 3 equiv) was then added a8 °C, and the resulting mixture
in the NMR tube was again briefly agitated (3 5 s). The NMR
reaction mixture was placed in the NMR probe-&af8 °C, and the
reaction mixture was then warmed t620 °C for the *C NMR
characterization ol7a/b.

Acknowledgment. This research was supported by the
National Institutes of Health (GM-58833) and Johnson &
Johnson. D.Y.G. is a Cottrell Scholar of Research Corporation.
NMR spectra were obtained in the Varian Oxford Instrument
Center for Excellence in NMR Laboratory, funded in part by
the W.M. Keck Foundation, the National Institutes of Health
(PHS 1 S10 RR10444), and the National Science Foundation
(NSF CHE 96-10502). The invaluable assistance of Dr. Vera
Mainz of the VOICE NMR Spectroscopy Lab at the University
of lllinois is gratefully recognized. We thank Professor Anthony
Serianni and Omicron Biochemicals, Inc., for generous gifts of
13C1- and!3C2-labeledb-glucose (4a/b).

Supporting Information Available: Analytical spectral data
for the C(2)-hydroxyglycoconjugates and preparative procedures
for the 1°C- and d-labeled glucal donors (PDF). This material
is available free of charge via the Internet at http://pubs.acs.org.

JA025639C



