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A systematic study o€-glycosylations of acetals related to mannose and other pyranoses was conducted.
The C-5 alkoxyalkyl group provides only a modest influence on stereoselectivity. On the other hand,
studies of pentopyranoses bearing alkoxy groups at C-2, C-3, and C-4 showed that the alkoxy groups
exerted powerful influences on selectivity. In the case of mannose, thexdsglectivity observed with
C-mannosylation was reversed to highselectivity if the C-5 alkoxyalkyl group were removed. An
analysis of the conformational preferences of the intermediate oxocarbenium ions, including the mannosyl
cation, as well as consideration of steric effects that develop in the transition states for nucleophilic

attack provide explanations for these phenomena.

Introduction

Mannosylation reactions have attracted significant interest in
biological and medicinal chemistry because of their roles in
numerous physiological processes. For example, irregularities
in the enzymatic mannosylation of proteins are implicated in a

number of medical condition's;® and compounds interacting

with mannosidases have emerged as viable therapeutic agents

for the treatment of diseases such as caféeBtructures
resembling the mannosyl catidna likely intermediate in many
mannosylation processésiave been shown to be particularly
powerful mannosidase inhibitofg-15 Designing structural
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analogues of the mannosyl cati@nhowever, is challenging,
because the three-dimensional structure of this cation is not
known2:16-18
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In this paper, we analyze the three-dimensional structure of
the mannosyl catiofh on the basis o€-glycosylation reactions
of several carbohydrate analogues. We demonstrate that the
selectivity for theC-glycosylation of mannose does not neces-
sarily reflect the ground-state preference of the mannosyl cation
1. Instead, this reaction involves a Curtilammett scenarid
in which one conformer of the cation is relatively unreactive,
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so nucleophilic attack occurs onto the other conformer. In
addition, the selectivities observed provide insight into how
several alkoxy groups interact within an oxocarbenium ion and
control its structure and reactivity, providing an important
framework to understand carbohydrate reacti%ty.

Background

Although the mannosyl catiohremains the primary inspira-
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transformation depicted in ecf2are highlya. selective, and
this selectivity is observed with various carbon nucleophiles,
protecting groups, and solverffs3238-44 Because thes€-
mannosylation reactions likely involve oxocarbenium ién&,
understanding the origin of selectivity of manndsglycosy-
lations should lead to a deeper understanding of the structure
of the mannosyl catiof. This knowledge will be broadly useful
not only for the development of potent pharmaceutical agents,
but also for understanding biological and chemical processes

tion for many mannosidase inhibitors, a consensus on the threeNVolving carbohydrate-derived oxocarbenium i6fis:

dimensional structure of this cation has yet to be reached. The

mannosyl cationl likely exists in one of two half-chair
conformations, and it is often represented as*Heconformer

2, with the maximum number of substituents placed equatorially
(eq 1)? Computational studies of the conformational preference,
however, are conflicting. One calculation indicates that the
intuitively expected conforme? is slightly preferred (by 0.5
kcal/mol) over the3H, conformer 3;18 another calculation
indicates that the counterintuitivi, conformer3 is favored

by 4.0 kcal/moPB! Analysis of biological data also suggests that
the 3H, conformer3 is favored'®17.22The preference for the
8H, conformer3 is consistent with computational studies of
monosubstituted oxocarbenium ions, which indicate that alkoxy
groups at C-2 favor equatorial positions, and they strongly prefer
axial orientations at C-3 and C44.2% The view that oxocar-
benium ions with alkoxy groups at C-3 and C-4 adopt axial
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We became interested in mannosylation reactions because
our studies with oxocarbenium ions bearing single substituents
are inconsistent with the selectivities observed with the mannosyl
cation (eq 2. Allylation reactions involving monosubstituted
tetrahydropyran cations (Chart 1) indicate that for substrates
bearing alkoxy groups at C-2, C-3, and C-4, the major product
is the8 isomer3253which is opposite to what was observed in

(27) Similar selectivities were observed with acetate-protected mannose
derivatives in which the protecting group could be considered to participate

conformers is also supported by studies on the rates of glycosidein the selectivity: Marron, T. G.; Woltering, T. J.; Weitz-Schmidt, G.; Wong,

hydrolysis2°
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Insight into the conformational preference of the mannosyl
cation 1 can be gained by considering chemical reactions
involving this species. The synthesis@mannosides has been
aggressively pursued; 32 becauseC-glycosides are structural
analogues 0D-glycoside$®36 but are not degraded enzymati-
cally. In general, C-mannosylation reactions such as the
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25) between the axial alkyl group at C-5 and the alkoxy group at C-3 in
the 3H, conformer3 should diminish the preference f8rto be only 6.8
kcal/mol. Consequently, conform8ishould be overwhelmingly preferred,
as indicated in ref 21.
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CHART 1. Allylations of Monosubstituted The 1,5-trans selectivity exhibited by the C-5 benzyloxy-
Tetrahydropyran Oxocarbenium lons methyl acetat® can be understood by considering the confor-
o _ o = o P mational preference of this substituent as well as considering
LJN q\/ LI\/ steric interactions that develop upon nucleophilic attack. When
BnO'4 3 2 0Bn the two possible conformers of the oxocarbenium ibh &nd
6 OB"7 8 12, eq 4) are considered, low selectivity might be anticipated
99 : 1 p-selectivity 89: 11 p-selectivity 83 : 17 p-selectivity based upon the modest preference (0.7 kcal/mol) for a methyl
group to reside equatorially at this positi&hGround state
the mannose series (eq 2). These studies established that, foeffects, however, are not the only factor to be considered. The
C-3 and C-4, the substituent adopted an axial orientation, stereoelectronically preferrétfaces of each oxocarbenium ion
consistent with theoretical predictioffs®* A preference for axial conformer are sterically dramatically different, and steric effects
conformers was also determined for 4-alkoxy-substituted di- that emerge in the transition state for nucleophilic attack on
oxocarbenium ions, using spectroscopic and crystallographic oxocarbenium ions can exert powerful influences on selectivi-
data®® Similar conformational preferences were observed with ties32 Nucleophilic attack along an axial trajectory on the axial
five- and eight-membered ring oxocarbenium i6#1$8 All of conformerl2would require forming aynpentane interacti¢é
these data for alkoxy-substituted oxocarbenium ions related toin the transition state, thus slowing nucleophilic attack to this
the mannosyl catidfi are difficult to reconcile with the highly  cation.
a-selectiveC-mannosylation reactions, such as that shown in

eq 2% N
W%?OB" — | 3L
Experimental Approach ﬂ o QQQ 5
Nu

The strategy employed to ascertain the origin of the selectivity
of the reactions of the mannosyl catidmnvolved determining

the selectivity ofC-glycosylation of truncated mannose struc- . . . .
tures. The gubstrgt)és v?//ere all anomeric acetates. and the Other studies have examined additions to C-5-substituted

syntheses of these substrates are provided as Supportingg)etrahydropyran oxocarbenium ions. In general, additions to

Information. Allylations were chosen because these reactions xocarbeniulm lons bearing subst.ituesnts such-abkyl groups
are high-yielding and irreversitiz® and because we have &t C-5 are highly 1,5-trans selecti#°although examples of

it p6—68 _ci wif9.70 _
gained evidence that these reactions involve oxocarbenium ionIOW selectivity __and .1’.5 cis selectivify"® have been re
intermediates in related substrate36064n addition, develop- ported. Nucleophilic additions to C-5 alkoxymethyl-substituted

ing steric interactions should be minimized upon nucleophilic oxocarbemum ions generally resglt in low selectivty; as
attack because the nucleophile is relatively small. Consequently,°°S€rved in €q 3, so other strategies such as oxygen-to-carbon
the inherent conformational preference of the cation should be "€afangements have been develoffedhe difference in
revealed. All diastereoselectivities were determined by combina-

; ; ; (56) Larsen, C. H.; Ridgway, B. H.; Shaw, J. T.; Woerpel, KJAAmM.
tions of GC and NMR spectroscopy. The relative stereochemical Chem. Soc1999 121, 12208-12209.

configurations gf the products were determined using coupling (57) Chamberland, S.; Woerpel, K. @®rg. Lett. 2004 6, 4739-4741.
constants obtained frofH NMR spectra as well as by NOE (58) Larsen, C. H.; Ridgway, B. H.; Shaw, J. T.; Smith, D. M.; Woerpel,
measurements; details are provided as Supporting Information.K. A. J. Am. Chem. So@005 127, 10879-10884.
(59) Hagen, G.; Mayr, HJ. Am. Chem. Sod991 113 4954-4961.

(60) Smith, D. M.; Tran, M. B.; Woerpel, K. Al. Am. Chem. So2003
125 14149-14152.

(61) Smith, D. M.; Woerpel, K. AOrg. Lett.2004 6, 2063-2066.
. (62) Additions of nucleophiles to six-membered ring oxocarbenium and

C-5 Alkoxymethyl Substituted Pyran Acetate.Because the iminium ions occur through chairlike transition structures, not twistlike
most evident difference between our studies shown in Chart 1 transition structures. Consequently, each conformer is expected to react with

and the mannosvlations tvpified by e&” 2s the presence of nucleophiles to provide a different diastereomer of the product: (a) Stevens,
Y yp y a P R.V.; Lee, A. W. M.J. Am. Chem. So&979 101, 7032-7035. (b) Stevens,

the benzyloxymethyl group at C-5, the reaction of acefate ' \/ ‘Acc. Chem. Resi984 17, 289-296. (c) Deslongchamps, P.
bearing only a C-5 benzyloxymethyl group was examined. Upon Stereoelectronic Effects in Organic Chemis®grgamon: New York, 1983;
allylation, the 1,5-trans produdo (the o isomer) was formed,  pp. 209-221. _

which is consistent with th€-mannosylation shown in eq%. §683) Wiberg, K. B.; Murcko, M. AJ. Am. Chem. So¢988 110, 8029-
The low selectivity, however, indicates that the alkoxymethyl ~ (64) Masuyama, Y.; Kobayashi, Y.; Kurusu, ¥. Chem. Soc., Chem.

substituent at C-5 is not solely responsible for the behavior of Co(rgn;un51994 1123. " ) - h
At 5) Zhang, Y.; Reynolds, N. T.; Manju, K.; Rovis, J. Am. em.
mannose derivatives. S0c.2002 124 9720-9721.
(66) Brown, D. S.; Bruno, M.; Davenport, R. J.; Ley, S.Metrahedron

11 12

Results and Discussion

BnO 5 0 OAc _~~_ SiMes BnO 5 01~ ~” 1989 45, 4293-4308.
/\L/\r Er——— /\Rj ()] (67) Hayashi, M.; Sugiyama, M.; Toba, T.; Oguni, 8l. Chem. Soc.,
BF3 Ot Chem. Commuri99Q 767-768.
9 CHxCly 10 (68) Rychnovsky, S. D.; Takaoka, L. Rngew. Chem., Int. ER003
80% avisomer 42, 818-820.
70: 30 diastereoselectivity (69) Murata, S.; Noyori, RTetrahedron Lett1982 23, 2601-2602.
(70) Murata, S.; Suzuki, M.; Noyori, Rletrahedron1988 44, 4259-
4275.
(54) Woods, R. J.; Andrews, C. W.; Bowen, J. 2.Am. Chem. Soc. (71) Brown, D. S.; Ley, S. V.; Bruno, Mdeterocycles1989 28, 773—
1992 114, 850—-858. 777.
(55) Chamberland, S.; Ziller, J. W.; Woerpel, K. A.Am. Chem. Soc. (72) Dixon, D. J.; Ley, S. V.; Tate, E. W.. Chem. Soc., Perkin Trans.
2005 127, 5322-5323. 11998 3125-3126 and references therein.

J. Org. ChemVol. 71, No. 7, 2006 2643



]OCAT’tiCle Lucero and Woerpel

behavior exhibited by alkyl and alkoxyalkyl substituents stereoisomer of the product, whereas the C-5 alkoxyalkyl
parallels the powerful influence that the electronic nature of the substituent alone should provide modeselectivity. Therefore,
C-5 substituent (such as the manner in which the oxygen atomthe higha selectivity must be the result of some interaction
of an alkoxyalkyl group was protected) has on selectivities for between all of these substituents, either in the ground state or
O-glycosylationg® and C-glycosylations’* The torsional ar- in the transition state for nucleophilic attack.
rangement of the alkoxy group on a C-5 alkoxyalkyl group also  Analysis of the conformational bias of the mannosyl cation
exerts strong influences, such as on the rates of glycosidel provides important insight into understanding the selectivity
hydrolysis’® the relative energies of different conformers of of C-mannosylation reactions. One computational study suggests
oxocarbenium ion& and the stereoselectivities of glycosylation that the*Hs conformerl7 should be favored by 0.5 kcal/m#l,
reactions’® but another indicates a significant preference (4.0 kcal/mol) for
Allylation of Lyxose Acetate. Because the C-5 alkoxyalkyl — the 3H, conformer 1821 When the contributions of each
substituent alone could not control the selectivity observed for individual substituent obtained from theoretical as well as
the C-glycosylation of mannose (e¢?, it was suspected that  experimental studies are consideféét,26:525¢he 3H, conformer
some interaction between the different substituents must be18should be greatly preferréd.The preference for conformer
responsible for the selectivity. Consequently, a substrate was18 is further supported by the observation that lyxose acetate
prepared without a substituent at C-5 to determine the effect of 13 reacted through the analogous catith (eq 6). Although
the three benzyloxy groups on the selectivityOa§lycosylation. the diaxial interaction between the C-3 alkoxy group and the
Allylation of the lyxose acetatd3 occurred with highg C-5 alkyl group destabilizes conformésg, this synbutanol
selectivity (eq 5). This selectivity was largely independent of interaction only results in 1.8 kcal/mol of steric destabilizafion.
solvent (95:5 selectivity was observed using toluene) and Lewis

acid (the use of SnBited to a 96:4 selectivity). Thg selectivity W©

exhibited in eq 5 matches the selectivities shown in the case of RO )HSO/H\ RO)E\hX OR
tetrahydropyrans with a single substituent at C-2, C-3, and C-4 v_o oR| — [RO 3& ® @)
(Chart 1), indicating a cooperative (or at least not antagonistic) RO ﬁ ® —0 H5
relationship between the alkoxy groufisThe selectivity, o 4
however, is precisely opposite to theselectivity observed with Nu OR
mannose (compare eq 5 with e#f)2 17=%H, 18 =°H,
0._.OAc ) NN To understand the selectivity of tfi@mannosylation, how-
A SiMes 4 2 ) ever, requires more than the determination of the conformational
BnO" OBn BF,OE,  BnO" Y “oBn preference of the reactive intermediate. In accordance with the
OBn CHxCl, OBn Curtin—Hammett principlé? the stereoselectivity of the reaction
13 64% e will depend on the relative energies of the transition states for
92;3diasﬁtereose/ecﬁvity nucleophilic attack. The approach of a nucleophile onto oxo-

carbenium ionl8 from the stereoelectronically favored f&¢e
The major product observed in eq 5 must arise from would resultin the development ofsynpentane interactiéd

nucleophilic attack to the oxocarbenium ion in which the alkoxy between the nucleophile and the substituent at C-5 as well as a
group at C-2 is equatorial and the alkoxy groups at C-3 and smaller synbutanot® interaction with the substituent at C-3.
C-4 are axial, as in conformds (eq 6). These conformational ~ These interactions should destabilize the transition state for a
preferences are consistent with preferences experienced byeaction vial8 as compared to that of the transition state via
oxocarbenium ions bearing a single substité®&t#’8and are conformer 17. Therefore, regardless of the position of the
based upon our selectivity d&%&3 and crystallographic evi-  €quilibrium of eq 7, the two conformers of the oxocarbenium
dence®® In addition, the methyl ether analogue of conformer ion do not react with nucleophiles at the same rate. The
16 has been calculated to be about 3 kcal/mol lower in energy o-selective mannosylation thus appears to be a result of an

than the cation resemblintp.'® interconverting mixture of conformers, arguably favoring the
3H, conformerl8, reacting through the lowest-energy transition
S} staté® (namely, via conformet7), in accord with the Curtin
H u S X
BnO )SOBH BnO)(Nﬂ Hammett kinetic scenari.
o — . |BnO 32_\ ® Other 2,3,4-Tribenzyloxy-Substituted Pyran AcetatesThe

BnO ﬁ @ 5 :%Z_' © high 1,5-trans selectivity observed@mannosylations (e?)
Nu 4 is general for othe€-glycosylation reactions. For example, the
syntheses ofC-glycosides of glucose 10),31:38:39,41,44,7984
15 16 galactoseZ0),3-8%and fucoseZ1)8>8involve 1,5-trans-selective
C-glycosylation reactions (Chart 2). In each of these cases, the
Origin of Selectivity for C-Mannosylation. With the results 1 5-trans selectivity might arise for the same reason as for the
obtained with mannose analogu@snd13 (eqs 3 and 5), the
selectivity for theC-glycosylation reaction of mannose (e¥)2 (75) Jensen, H. H.; Nordstrgm, L. U.; Bols, M.Am. Chem. So2004
can be analyzed. The array of three alkoxy groups at C-2, C-3, 126 9205-9213.

_ ; ; ; (76) Crich, D.; Sun, SJ. Am. Chem. S0d.997, 119, 11217-11223.
and C-4 should result in the selective formation of ifie (77) Allylation of a substrate with benzoates as protecting groups, which

might participate by anchimeric assistance, also leads tgstheoduct,

© OBn

(73) Roush, W. R.; Sebesta, D. P.; Bennett, CTEtrahedron1997, although with modest selectivity: Kozikowski, A. P.; Sorgi, K. L.; Wang,
53, 8825-8836. B. C.; Xu, Z.-b.Tetrahedron Lett1983 24, 1563-1566.

(74) Larrosa, |.; Romea, P.; Urpk.; Balsells, D.; Vilarrasa, J.; Font- (78) When the values and analysis presented in ref 26 are applied in
Bardia, M.; Solans, XOrg. Lett.2002 4, 4651-4654. this case, conformet6 should be favored by 9.6 kcal/mol.
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mannose system: nucleophilic addition occurs preferentially to ion intermediate (eq 9). Conform@d orients the C-2 and C-3
a conformer in which the C-5 substituent is equatorial to avoid alkoxy groups in their preferred positions but requires the C-4
powerfully destabilizing interactions in the transition state when alkoxy group to reside equatorially, which is its disfavored

this substituent is axial. orientation?32452.53 Because the C-4 alkoxy group has the
strongest conformational bias of the three alkoxy grétfikus

CHART 2. Major Products of Pyranose C-Glycosylations leading to the selectivity trend shown in Chart 1), it might be
o SO NEO0l s Me SOl anticipated that the aIFernaFive conforn2&rwould be_favored.

} ) ( \_[I\BYT/ On the other hand, this cation would not only require t_hat both

BnO' ‘OBn BnO ‘OBn  BnO" Y~ “OBn the C-2 and C-3 alkoxy groups take disfavored positions, but

2Bn 2‘35" 023” this conformer includes a 1,3-diaxial interaction between the

290:101selectivity 291 : 9 selectivity one majo:product by a!koxy _grOUp ajt C-2 and _t_he aIkoxy_group at C-4. This 1,3-

1H NMR spectroscopy diaxial interaction destabilizes 1,3-dimethoxycyclohexane by

about 3 kcal/mof’ and this arrangement is also strongly

As demonstrated by the substitution reactions of the lyxose disfavored in dimethoxyproparié® For these reasons, con-
acetatel 3 (eq 5), the presence of the alkoxy groups alone leads former24is likely to be favored, and the major produpt would
to different stereochemical outcomes. For the lyxose system, P& formed from this conformer. Although the nucleophile should
all three alkoxy groups were allowed to adopt their preferred develop a destabilizing interaction in the transition state with
orientations (equatorial at C-2 and axial at C-3 and &#)52.53 the alkoxy group at C-3, this interaction is not large, as shown
without engendering destabilizing interactions between the Py the selectivity of the substrate bearing only an alkoxy group

substituents. To determine the cooperative or competitive at C-3 (@, Chart 1)2253
interactions between the alkoxy substituents, we performed a o
study on other oxocarbenium ion precursors possessing three 4 Nu
alkoxy groups at C-2, C-3, and C-4 with the remaining three AN BnO
possible stereochemical configurations. BnO 3$ @ — —Q®7 ®)
When all three alkoxy groups were cis, as in ribopyranose BnO ) \y©@ BnO X Ig
acetate22, C-glycosylation was highly stereoselective (eq 8). 0 - "
This system differs in relative stereochemistry from the lyxose
series {3and14, eq 5) only at C-4 (becauseribose was used The disfavored 1,3-diaxial interaction between alkoxy groups
as the starting material for the synthesis of aceethe is also likely the cause for the unselective allylation of acetate

absolute configurations of products differ at C-2 and C-3). For 26 (eq 10), the C-2 epimer of the lyxose system (eq 5). Shuto
the allylated ribopyranos®3, the nucleophile approached cis et al. reported similarly low selectivities for a related trans-
to the alkoxy groups at C-2 and C-3, just as it had for the C-4 formation When this allylation was performed using aceto-
epimer14 (eq 5); evidently, the alkoxy group at C-4 does not nijtrile as the solvent, which dramatically improves selectivities
control selectivity. In five-membered ring oxocarbenium ions, of someO-glycosylations* no improvement in selectivity was
substitutions cis to two alkoxy groups at C-2 and C-3 were also gbserved. The lack of selectivity can be understood by consider-
observed®>8The contrasteric substitution reaction depicted in jng the structures of oxocarbenium io@8 and29 (R = H, eq

eq 8 dramatically illustrates a key feature of addition reactions 11). In conforme28 (R = H), the C-3 and C-4 alkoxy groups
to oxocarbenium ions that emerged from our studies of five- are disposed in their disfavored equatorial orientatfdi#é5253
membered ring oxocarbenium ioffs*®a consideration of steric  |n the alternative conformez9 (R = H), only the C-2 alkoxy
effects alone does not permit the prediction of stereochemical

ituti i 0. .OA 1
outcomes of substitution reactions. C _~_SiMeg Ot~ 7”
2
. - 43 )2 (10)
0., OAc N Bno OB BFgOEp  BnO o8n
/\/siMeg ° OBn CHJCl, OBn
- . NP ®) 26 66% 27
BrO H OBn BF3-OEt, BnO H OBn 50 : 50 diastereoselectivity
OBn CH.Cl, OBn
22 63% 23 o
a-isomer X\lu
4 BnO
91: 9 diastereoselectivity 2 4 N 3 ﬂ R
BnO 5 - D5 [(11)
N . . . . BH/OVT] On 2 Q?kH
The counterintuitive all-cis selectivity depicted in eq 8 can s N© BnO X 4
be explained by examining the structure of the oxocarbenium OBn
28 29

(79) de Cracia Garcia Martin, M.; Horton, Rarbohydr. Res1989 group is placed in a disfavored orientat®%253The unfavor-

191, 223-229.
(80) Hung, S.-C.; Lin, C.-C.; Wong, C.-H.etrahedron Lett1997, 38,
5419-5422. (85) Sutherlin, D. P.; Armstrong, R. W. Org. Chem1997, 62, 5267
(81) Yang, W.-B.; Wu, C.-Y.; Chang, C.-C.; Wang, S.-H.; Teo, C.-F.; 5283.
Lin, C.-H. Tetrahedron Lett2001, 42, 6907-6910. (86) Haneda, T.; Goekjian, P. G.; Kim, S. H.; Kishi, ¥.Org. Chem.
(82) Palmacci, E. R.; Seeberger, P.®tg. Lett.2001, 3, 1547-1550. 1992 57, 490-498.
(83) Brenna, E.; Fuganti, C.; Grasselli, P.; Serra, S.; Zambot@h8m— (87) de Oliveira, P. R.; Rittner, RSpectrochim. Acta, Part 2005 61,
Eur. J.2002 8, 1872-1878. 1737-1745.
(84) Additions of MgSIiCN are unselective in man@-glycosylations. (88) Smith, G. D.; Jaffe, R. L.; Yoon, D. Yd. Phys. Chem1996 100,
See, for example: (a) Utimoto, K.; Wakabayashi, Y.; Horiie, T.; Inoue, 13439-13446.
M.; Shishiyama, Y.; Obayashi, M.; Nozaki, Fletrahedronl983 39, 967— (89) Bultinck, P.; Van Alsenoy, C.; Goeminne, A.Phys. Chem. 2001,
973. (b) Lai, W.; Martin, O. RCarbohydr. Res1993 250, 185-193. 105 9203-9210.
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able 1,3-diaxial interaction between the alkoxy groups, however, stereoselectivity oC-mannosylation (eq 2) and the conforma-
is present in this conformer, and a destabilizgygrbutanol tional preferences of the mannosyl cation intermedia&hen
interactio?® develops in the transition state for nucleophilic the pentopyranose analogid was examined (eq 5), nucleo-
attack on this cation. The low selectivity indicates that all of philic substitution was highlys selective, demonstrating the
these various influences are balanced. powerful influence of the three alkoxy groups at C-2, C-3, and
The highlya-selectiveC-glycosylation of glucosel®, Chart C-4. Analysis of the divergent diastereoselectivities of eqs 2
2) can also be understood by considering cati®8sand 29, and 5 leads to two arguments to explain the behavior of the
which would possess an alkoxyalkyl group at C-5 (eq 15 R mannosyl cation. The first explanation would require that the
CH,0BnN). The oxocarbenium io29 (R = CH,OBn) would be mannosyl cation adopts the counterintuitité, conformer3
additionally destabilized by positioning the C-5 alkyl group in (eq 1), which is supported by considering the influence of each
an axial orientation, which would engender sgnbutanol substituent individually3-2426:5253Additional support for this
interaction (disfavored by 1.8 kcal/m&iwith the alkoxy group conformational bias is provided by biological d&t&22and
at C-3. In addition, aynpentane interactiéd would raise the computational studie®, although one computational study
transition-state energy for attack onto conforr2ér just at it shows a small preference for thids conformer2 (eq 1)1 An
did with the mannose system (eq 7, vide supra). alternative explanation relies on considering that both conform-
The selectivity observed for the formation of the galactose ers are in rapid equilibrium but that nucleophilic attack on the
and fucose allylation product2@ and 21, Chart 2) can be 3H, conformer 3 develops interactions that destabilize the
understood by considering allylation of the C-5 unsubstituted transition state leading from this intermediate. Consequently,
analogue30 (eq 12). Allylation of acetate0 favored thef according to the CurtinHammett principlé? the product ratio
isomer, although the magnitude of the stereoselectivity was low. would depend on the relative energies of competing transition
The 1,2-cis selectivity is consistent with the selectivities shown states, not ground-state energies. The latter explanation is not
in egs 5 and 8. An analysis of the two oxocarbenium i@2s, inconsistent with the notion that the mannosyl cation resides in
and33 (R = H, eq 13), provides an explanation for the 1,2-cis the 3H, conformer3 (eq 1) but instead serves as a reminder
selectivity. In conformeB3, only the C-3 alkoxy group resides that both ground-state and transition-state energies need to be
in a disfavored orientatioff>253so0 it is the reaction of this  considered in any analysis of reactivity.
cation that leads to the favored product. The approach of a
nucleophile to this conformer would not be impeded by Experimental Section

subs'ultuents, n contrasf[ 'to an attack. on conforidgr The Typical Allylation Procedure: Allyltrimethylsilane (4.0 equiv)
magnitude of the selectivity is more difficult to analyze. Our |, <" 2 1ded to a solution of acetate (0.15 M) in,CH, and the

studies of five-membered ring oxocarbenium ions showed that nixture was cooled to-78 °C and treated with the Lewis acid
when the C-2 and C-3 alkoxy groups oppose each other, (1.2 equiv). The mixture was allowed to warm to 28 and
selectivity is lower than would be expected on the basis of a quenched with saturated aqueousi¥RO, (1 mL/mmol of acetate).
consideration of the influence of individual substituéStsimilar The layers were separated, and the aqueous layer was extracted
to the results with acetate®6 and 30. When this system  three times with CECl, (1 mL/mmol of acetate), dried over
possesses an alkyl group at C-5, as found in fucoseSthe NaSQi, and concentrated in vacuo. The unpurified product ratios
product is formed with high selectivif}® In this case, were determined using GC and confirmed using GCMS. The

conformer 32 (R = Me) is additionally destabilized, and "€POrted yields are of purified material. . .
nucleophilic attack on this conformer also becomes more , Selectivities were determined by GC analysis and confirmed by

o H NMR spectroscopy. The relative configurations of the products
difficult for the same reasons as for the glucose and mannose, qre determined using a combinatiortsfNMR coupling constant

systems (vide supra). A comparable analysis would explain the gata and nuclear Overhauser effect (NOE) enhancements. The peaks
selectivity with galactose2(, Chart 2). in the I1H NMR spectra were assigned usirigl/'H COSY
experimentsH NMR chemical shifts, andH NMR coupling

0._.OAc Sive NN constants.
_ I 4&)\2/\/ (12) 1-Allyl-5-benzyloxymethyltetrahydropyran (10): Under stan-
BnO" Y~ “OBn BF4-OEt, BnO" 3 OBn dard allylation conditions using BFOE®, as a Lewis acid, acetate
OBn CH,Clp OBn 9 (0.113 g, 0.429 mmol) afforded0 (0.077 g, 73%) as a 70:30
30 99% 3 1,5-trans/cis mixture of isomers. The oil was purified by flash
o852 dz:z::rsele ctiviy chromatography (hexanes to 1:9,@thexanes) to afford the 1,5-
' trans product!H NMR (500 MHz, CDC}) 6 7.34-7.26 (m, 5H),
N© 5.85-5.77 (m, 1H), 5.06 (m, 2H), 4.56 (m, 2H), 3.93 (m, 1H),
BnO, 4~0Bn 1 3.80 (m, 1H), 3.58 (ddJ = 9.9, 6.3 Hz, 1H), 3.46 (dd] = 9.9,
_35 . Bn%no @5 | (19 5.3 Hz, 1H), 2.48-2.43 (m, 1H), 2.26-:2.20 (m, 1H), 1.6%1.55
3Y {1 \R =07 R (m, 4H), 1.46-1.37 (m, 2H);*H NMR (500 MHz, GDs) 6 7.32—
B"OXNu@X OBn 7.08 (m, 5H), 5.89-5.82 (m, 1H), 5.0#5.02 (m, 2H), 4.42-4.37
32 a3 (m, 2H), 4.06-3.91 (ddd,J = 10.3, 5.6, 5.8 Hz, 1H), 3.723.67
(qd,J = 6.4, 3.8 Hz, 1H), 3.563.53 (dd,J = 9.7, 5.8 Hz, 1H),
Conclusion 3.41-3.38 (dd,J = 9.7, 6.0 Hz, 1H), 2.442.39 (m, 1H), 2.09-

2.04 (m, 1H), 1.53 (m, 1H), 1.36 (m, 4H), 1.17 (m, 1MC NMR
(125 MHz, CDC}) 6 138.7, 135.5, 128.6, 127.9, 127.7, 116.8, 73.5,
71.9, 71.8, 70.3, 37.9, 29.1, 27.3, 18.6; HRMS (EI/GC\%¥2
calcd for GegHoNaO, (M + Na)t, 269.1518; found, 269.1525.
1-Allyl-2,3,4-tri- O-benzyllyxopyranose (14):Under standard

An examination of C-glycosylation reactions of acetals
resembling mannose provides insight into the origin of dhe

(90) Tamura, S.; Abe, H.; Matsuda, A.; Shuto,Agew. Chem., Int.
Ed. 2003 42, 1021-1023.

(91) Nicolaou, K. C.; Seitz, S. P.; Papahatjis, D.JPAm. Chem. Soc.
1983 105 2430-2434.
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allylation conditions using BFOEL, as a Lewis acid, acetate3
(0.263 g, 0.569 mmol) affordeti4 (0.377 g, 64%) as a 92:8 1,4-
trans/cis mixture of isomers. The oil was purified by flash
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chromatography (hexanes to 1:9,@thexanes) to afford the 1,4- 1-Allyl-2,3,4-tri- O-benzylarabinopyranose (31):Under stan-
trans product*H NMR (500 MHz, CDC}) 6 7.41-7.20 (m, 15H), dard allylation conditions using BFOE® as a Lewis acid, acetate
5.69-5.65 (m, 1H), 5.03-4.99 (m, 3H), 4.844.77 (m, 3H), 465 30 (0.479 g, 1.04 mmol) afforde@1 (0.454 g, 99%) as a 68:32
(d,J=11.5Hz, 1H and dJ) = 11.6 Hz, 1H), 4.08-4.03 (m, 2H), 1,4-trans/cis mixture of isomers. The isomers were resolved by
3.77-3.75 (d,J = 2.6 Hz, 1H), 3.5#3.51 (dd,J = 8.8, 2.8 Hz, careful flash chromatography (hexanes to 1:90#texanes) to
1H), 3.26-3.24 (t,J = 7.0 Hz, 1H), 3.17-3.12 (t,J = 12.6 Hz, allow for individual characterization.

1H), 2.44-2.40 (m, 1H), 2.22-2.18 (m, 1H)13C NMR (125 MHz, 1.4-trans Isomer @ Isomer): IH NMR (500 MHz, CDCH) 6
CDCl;) 6 139.2, 139.05, 139.03, 135.1, 128.92, 128.89, 128.8, 7.35’—7.18 (m, 15H), 5.735.65 (m, 1H), 5.01 (m, 2;_0, 4.74 (m,

128.3,128.2, 128.13, 128.09, 128.0, 117.8, 84.7, 79.5, 75.9, 75.7,
75.1, 74.0, 73.3, 69.2, 36.3; IR (thin film) 3030, 2860, 1496, 1454, 1H), 4.52 (m, 3H), 4.40 (m, 2H), 3.86 (m, 3H), 3.71 (m, 2H), 3.33

! , 1H), 2.41-2.36 (m, 1H), 2.26-2.14 (m, 1H);'H NMR (500
1362, 1129, 1093 cnd: HRMS (EI/GCMS)miz calcd for GaHay (!
NaO; (M + Na)*, 467.2198; found, 467.2191. Anal. Calcd for MHZ. CeDe) 0 7.34-7.07 (m, 15H), 5.84 (m, 1H), 5.06 (m, 2H),

CoH3,04: C, 78.35: H, 7.26. Found: C, 78.29; H, 7.05. 4.80 (d,J = 12.1 Hz, 1H), 4.55 (dJ = 12.1 Hz, 1H), 4.36:4.18
1-Allyl-2,3,4-tri- O-benzylribopyranose (23):Under standard (M, 4H), 4.01-3.93 (m, 5H), 3.46:3.39 (ddJ = 3.9, 1.6 Hz, 1H),

allylation conditions using BFOE® as a Lewis acid, aceta@? 2.69-2.64 (m, 1H), 2.4+2.37 (m, 1H);*C NMR (125 MHz,

(0.371 g, 0.802 mmol) affordeBll (0.237 g, 63%) as a 91:9 1,4- CDClg) 6 138.9, 138.7, 138.2, 135.2, 128.7, 128.6, 128.5, 128.2,

cis/trans mixture of isomers. The oil was purified by flash 128.1,128.0, 127.93, 127.90, 117.2, 76.5, 74.3, 73.3, 73.2, 73.0,

chromatography (hexanes to 1:9,@thexanes) to afford the 1,4-  72.7,71.7, 64.8, 35.4; IR (thin film) 3030, 2868, 1454, 1096 Em

cis product:tH NMR (500 MHz, CDC}) ¢ 7.47—7.31 (m, 15H), HRMS (EI/GCMS) m/z calcd for GeHszNaO,; (M + Najt,

5.88-5.82 (m, 1H), 5.165.09 (m, 2H), 5.00 (dJ = 11.8 Hz,  467.2198; found, 467.2213.

1H), 4.86 (d,J = 12.5 Hz, 1H), 4.80-4.67 (m, 4H), 4.19-4.15 1,4-cis Isomer € Isomer): 1H NMR (500 MHz, CDC}) 6 7.41—

(dd,J=12.1,4.5 Hz, 1H), 3.793.74 (m, 3H), 3.55 (m, 1H), 3.52 7.18 (m, 15H), 5.945.89 (m, 1H), 5.09 (m, 2H), 4.89 (d, =

3.49 (dd,J = 12.1, 2.6 Hz, 1H), 2.852.79 (m, 1H), 2.5%-2.45 10.8 Hz, 1H), 4.80 (dJ = 12.7 Hz, 1H), 4.73-4.62 (m, 3H), 4.55

(m, 1H);*H NMR (500 MHz, GDe) 6 7.40-7.08 (m, 15H), 6.06 (d, J = 12.0 Hz, 1H), 4.09 (ddJ = 12.8, 2.1 Hz, 1H), 3.75 (m,

5.92 (m, 1H), 5.16:5.06 (m, 2H), 4.74 (m, 1H), 4.70 (d,= 12.1 1H), 3.72 (t,J = 9.2 Hz, 1H), 3.56-3.54 (dd,J = 9.2, 3.2 Hz,

Hz, 1H), 4.55 (dJ = 12.2 Hz, 1H), 4.444.35 (m, 3H), 4.07 1H), 3.26-3.23 (m, 2H), 2.63 (m, 1H), 2.35 (m, 1HH NMR

4.03 (dd,J = 11.6, 6.2 Hz, 1H), 3.60 (m, 2H), 3.43 (t= 3.3 Hz, (500 MHz, GiDg) & 7.37-7.07 (m, 15H), 6.15 (m, 1H). 5.14 (m,

1H), 3.34-3.32 (dt.J = 6.1, 3.1 Hz, 1H), 3.30 (M, 1H), 3.00 (M, "= 05 (49— 11.3 Hz, 1H), 4.55 (m, 2H). 4.404.20 (m. 3H)

1H), 2.61 (m, 1H)#3C NMR (125 MHz, CDCJ) 6 1394, 1392, 5'g0 % o 20 "ol 0 50s 03 (ddda — 9.1, 7.8, 3. Hz

139.9, 136.0, 128.8, 128.7, 128.6, 1285, 128.3, 127.92, 12787, 5 03" ((1'7 " 153 iz, 1)) 2.742.60 (m, 1H). 2.47.2.44

127.81,127.78, 117.3, 79.1, 786, 75.6, 73.6, 735, 72.2, 72.0,34.9; WP ©8% 20 1 2T 8 0 Sl S O e 6. 13e

IR (thin film) 3029, 2866, 1453, 1358, 1108, 1066 nHRMS (™ 1H); ( z, CDCY) 8, 1386, 135.4,

128.63, 128.61, 128.6, 128.4, 128.2, 128.04, 127.92, 127.89, 127.86
EI/GCMS)m/z calcd for GgHz NaQ, (M + Na)*, 467.2198; found, : ’ ! ' : ' ’ X :
267_2187.) ‘ GoHalalh ( ) ! 117.1,83.2,79.9, 78.6, 75.6, 72.7, 71.7, 71.3, 67.1, 3&BNMR

1-Allyl-2,3,4-tri- O-benzylxylopyranose (27):Under standard (125 MHz, GD¢) 6 139.3, 139.1, 138.7, 135.7, 128.5, 128.44,
allylation conditions using BFOE% as a Lewis acid, aceta@6 128.39, 127.7,127.62, 127.60, 12.7.53 116.6, 77.6, 74.6, 74.2, 73.4,
(0.158 g, 0.342 mmol) afforded7 (0.100 g, 66%) as a 1:1 1,4- 73.3,72.7,71.3, 64.4, 35.6; IR (thin film) 2907, 2862, 1453, 1093
trans/cis mixture of isomefS. Careful flash chromatography ¢m™* HRMS (E/GCMS)mz calcd for GoHs04 (M + Na)t,
(hexanes to 1:9 ED/hexanes) provided a clean sample of the 1,4- 467.2198; found, 467.2199.
trans product!H NMR (500 MHz, CDC}) 6 7.35-7.25 (m, 15H),

5.80 (m, 1H), 5.10 (m, 2H), 4.97 (d,= 11.0 Hz, 1H), 4.90 (d) Acknowledgment. This research was supported by the
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1H), 4.63-4.61 (dJ=11.7 Hz, IHand d) = 10.8 Hz, 1H), .99 \eqical Science (GM-61066). C.G.L. thanks the National

(dd, J = 11.0, 5.0 Hz, 1H), 3.653.57 (m, 2H), 3.36-3.23 (m, : .
2H), 3.16 (t.J = 10.8 Hz, 1H), 2.61 (m, 1H), 2.20 (m, 1HIH Institutes of Health for a predoctoral fellowship. K.A.W. thanks

NMR (500 MHz, GD¢) & 7.36-7.01 (m, 15H), 6.086.00 (m, Amgen, Johnson &Jphnson, Eli Lilly and Company, and Merck
1H), 5.12 (m, 2H), 5.00 (dJ = 11.4 Hz, 1H), 4.93 (dJ = 11.3 Research Laboratories for generous support for r_esearc_h. We
Hz, 1H), 4.82 (dJ = 11.3 Hz, 1H), 4.54 (d) = 11.4 Hz, 1H), thank Professor A. R. Chamberlin (UCI) for helpful discussions,
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3.51 (ddd,J = 10.3, 9.1, 5.2 Hz, 1H), 3.25 (m, 2H), 3.08.03 (t,

J =11.0 Hz, 1H), 2.652.61 (m, 1H), 2.332.30 (m, 1H);**C Supporting Information Available: Complete experimental

NMR (125 MHz, CDC}) ¢ 139.2, 138.73, 138.69, 135.1, 129.0, procedures, product characterization, stereochemical proofs, and GC
128.93, 128.90, 128.40, 128.37, 128.32, 128'?6' 128.'1' 117.7, 86.99nd spectral data for selected compounds. This material is available
81.7,79.7,79.3, 76.0, 75.7, 73.7, 68.5, 36.7; IR (thin film) 3064, free of charge via the Internet at http://pubs.acs.org.

3030, 2909, 2863, 1496, 1454, 1102 ¢rHRMS (EI/GCMS)m/z
calcd for GgHzoNaQ, (M + Na)*, 467.2198; found, 467.2186. JO0522963
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