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Stereoselective Synthesis of C- and N-Ketosides by Lewis Acid-Catalyzed
C- and N-Glycosidation of Alkynyl, Phenyl, and Methyl Ketoses

Ana M. Gomez,*'?l Clara Uriel,!# Slawomir Jarosz,!™ Serafin Valverde,!?! and
J. Cristobal Lopez*?l
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C-Ketosides can be prepared conveniently, in a stereoselec-
tive manner, from alkynyl, phenyl and methyl glucopyranose
hemiketals by reaction with carbon nucleophiles in the pres-
ence of Lewis acids. The reaction of the hemiketals with tri-

methylsilyl azide provides an efficient route to the corres-
ponding N-ketopyranosides.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Carbohydrate analogs in which the glycosidic oxygen
atom is replaced by a carbon atom are termed C-glycosides
(1, Scheme 1).1"! Recently, C-glycosides have become at-
tractive compounds from biological and synthetic stand-
points. They are stable analogs of the glycans involved in
important intra- and intercellular processes and have poten-
tial activity as inhibitors of sugar-processing enzymes,?!
and they have been recognized as important building blocks
in the synthesis of biologically important molecules.*l Ad-
ditionally, several C-glycosides are potent antitumor, antivi-
ral, or antibiotic agents.] On the other hand, C-ketosides™!
or bis-C,C-glycosides!® (2) have not found similar favor,!!
although methods for the preparation of spirocyclic bis-
C,C-glycosides!®® and C-glycosides of ulosonic acidst!%-!!]
have been reported by several groups.
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Scheme 1. C-Glycosides and C-ketosides

One of the more extended methods for the stereoselective
synthesis of C-glycosides is based in the pioneering work of
Kishi and collaborators,’! and is outlined in Scheme 2. It
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involves the addition of an organometallic reagent (C'M)
to a sugar lactone (3), which usually gives a mixture of
hemiketals (4), followed subsequently by reduction upon
treatment with a Lewis acid in the presence of a silicon
hydride. Since the hydride is generally delivered to the axial
position, because of the anomeric effect, these reactions
constitute a very reliable and stereoselective method to pro-
duce B-C-glycosides (at least with gluco and galacto py-
ranosides; the manno isomers, however, are formed with
poor diastereoselectivity after reduction, presumably be-
cause of a product-like steric destabilization of the tran-
sition state that leads to the 1,2-cis stereochemistry®™) and
have found widespread use over the years.['>!3]
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Scheme 2. Synthesis of C-glycosides from sugar lactones

As a continuation of our interest on the synthesis of C-
glycosides,!'¥ we turned our attention to the synthesis of C-
ketosides as a class of C-glycoside analogs having potential
for biological activity. We hypothesized that a Lewis acid-
catalyzed C-glycosidation of hemiketals 4 would lead ef-
ficiently to C-ketopyranosides 2 or, by extension, to the
preparation of N-ketopyranosides 5 (Scheme 3).

In fact, although Lewis acid-catalyzed C-glycosidations
of glycosyl halides, glycosyl acetates, glycosides, and aldoses
have been thoroughly exploited for the synthesis of C-glyco-
sides, at the outset of this study we were unaware of any
reports describing the transformation of sugar pyranolac-
tones (3) into bis-C,C-glycopyranosides (2) via the corre-
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Scheme 3. Synthesis of C- and N-ketosides from sugar lactones

sponding hemiketals 4 (Scheme 3).[110-12:13.15.16] Tg the best
of our knowledge, only one example of Lewis acid-cata-
lyzed C-glycosidation of pyranosydic lactols 4 has been re-
ported,!3 in which methylation of hemiketal 6 gave C-keto-
side 7, albeit in low yield (4 %), whereas methylation of
the corresponding methyl acetal 8 under the same reaction
conditions furnished 7 in good yield (Scheme 4).
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Scheme 4. Synthesis of complex C-ketoside 7

Ketose-hemiketals (4) have been used by Schmidt’s group
in the preparation of C-ketosides, via the reaction of open-
chain intermediates.’®!”1 More recently, after our present
study was almost complete, two manuscripts were published
that report the synthesis of C-ketosides. Hindsgaul and co-
workers described the C-glycosidation of 2-deoxy-3-ulopyr-
anosonates (i.e., 4 having C' = CH,CO,R) with trimethyl-
silyl cyanide catalyzed by trimethylsilyl trifluoromethanes-
ulfonate (TMS-OTY),['81 and Yamamoi and Oda reported!!*]
the C-allylation of alkyl hemiketals (i.e., 4 having C’' =
alkyl) by reaction with allyltrimethylsilane in the presence
of TMS-OTf. Hindsgaul and co-workers have also de-
scribed the intramolecular Ritter reaction of ketoses for the
preparation of N-ketosides.””! In this paper, we report our
results on the reaction of alkynyl, phenyl, and methyl hemi-
ketals (4, C' = alkyne, C" = phenyl, C' = alkyl) with allyl-
silanes, propargylsilanes, silyl enol ethers, silyl cyanides, silyl
azides, and electron-rich aromatic compounds in the pres-
ence of boron trifluoride—diethyl ether (BF5-Et,0).2!
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Results and Discussion

As starting materials in our study we used the glucose-
derived lactols 11, 12,[1>41 13, and 14,*?! which are readily
available from the aldonolactones 926231 and 10[?32.24]
(Scheme 5). For the nucleophilic partners we tested allyltri-
methylsilane (15), 1-phenyl-1-(trimethylsilyloxy)ethylene
(16), trimethylsilyl cyanide (17), trimethylsilyl azide (18),
1,3,5-trimethoxybenzene (19), 1,4-dimethoxybenzene (20),
and (trimethylsilyl)acetylene (21).

Scheme 5. Sugar lactones and hemiketals

Table 1 presents our results of the reactions of 11 with
nucleophiles in the presence of BF;-Et,O. Reaction with al-
lyltrimethylsilane (15) led to the bis-C,C-glucoside 22 in 70
% yield (Table 1, Entry 1). We expect that the stereochem-
istry at the C-1 position is that shown in Table | (arising
from axial approach of the nucleophile to the anomeric car-
benium ion) in keeping with literature precedents.’! Fur-
thermore, we proved this stereochemistry by the existence
of an NOE between the allylic protons and the axially dis-
posed H-3 atom, as shown in Table 1. The reaction of 11
with 1-phenyl-1-(trimethylsilyloxy)ethylene (16) afforded
the C-ketoside 23 (Entry 2). Trimethylsilyl cyanide (17) and
trimethylsilyl azide (18) reacted smoothly with 11 to yield
C- and N-ketosides 24 and 25, respectively, in good yields
(Entries 3, 4). 1,3,5-Trimethoxybenzene (19) reacted with 11
to furnish the open-chain bis-arylated compound 26 as the
major reaction product. 1,4-Dimethoxybenzene and tri-
methylsilylacetylene, however, failed to yield any C-ketoside
upon their reactions with 11 (Entries 6, 7). In the latter
reactions, methyl ketoside 27125 was isolated as the major
reaction product. The use of other acid catalysts, such as
tin(1v) chloride (SnCly) or tetrafluoroboric acid (HBF,), did
not lead to significant variations in the observed yields.

Next, we studied the hemiketal 12, which differs from
11 by the presence of the more synthetically useful benzyl
protecting groups. Table 2 summarizes the results of the re-
actions of 12 with carbon nucleophiles. According to these
results, we deduce that 11 and 12 display similar behavior.
Reaction of 12 with allylsilane (15) and 1-phenyl-1-(tri-
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Table 1. Preparation of bis-C,C-glucopyranosides from hemiketal
11, catalyzed by BF;-Et,O [Ar = 2,4,6-(MeO);CcH,]

e (el
Entry  Reagent!® Tcn?p ) (’ Product Yield (%)
(reaction time)
MeO
1 A SiMe 30 (1 h) 70
15
Ph
2 —15(1 h) 47 (61b]
0OSiMes
16
3 NC-SiMes -40 (2 h) 64

17

MCO ()Mc

MeO
4 NySiMes ~40(3 h) 70
MeQ
18 N;

()Mc

MeO

MeO. OMe
5 \Q/ ~30(3h 49

OMe

19
OMe

MeO Ph

MeOr 4 8
7 OMe

OMe OMe

20 27

SiMe, ~30 38
21 27

MeO

[al 1,5 equiv. of nucleophile was used. [?'Based on 23 % recovered

starting material.

methylsilyloxy)ethylene (16) yielded the corresponding C-
ketosides 28 and 29 in moderate yields (Table 2, Entries 1,
2). Reaction of 12, with 1,3,5-trimethoxybenzene (19) af-
forded the bis-arylated open-chain compound 30 as the
major product (Table 2, Entry 3). Once again, treatment of
12 with 1,4-dimethoxybenzene (20) did not yield any C-ke-
tosylated product (Table 2, Entry 4), and only the benzyl
glucoside 31 was isolated from the reaction mixture.

Hemiketal 13 (Table 3) yielded the bis-C,C-glucopyranos-
ides 32 and 33 upon treatment with allylsilane (15) and silyl
enol ether 16 (Entries 1, 2). Unlike the hemiketals 11 and
12, however, reaction of 13 with 1,3,5-trimethoxybenzene
(19) did not afford any bis-arylated product, but resulted
instead in the formation of methyl glucoside 34 (Entry 3).
Methyl glucoside 34 was also formed upon reaction of 13
with 20 and 21 (Entries 4, 5).

Finally, the methyl ketose 14 was tested in C- and N-
glycosidation reactions (Table 4). Reaction of 14 with allyl-
trimethylsilane (15) led to the bis-C,C-glucoside 35 in 86 %
yield (Table 4, Entry 1). The reaction of 14 with 1-phenyl-
1-(trimethylsilyloxy)ethylene (16) afforded the C-ketoside 36
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Table 2. Reaction of hemiketal 12 with C-nucleophiles, catalyzed
by BF5-Et,0 [Ar = 2,4,6-(MeO);C4H,]

Entry Reagent!® Temp. °C Product

Yield (%
(reaction time) %)

1 15 30 67
40 to 0 0]
42 (52
2 16 @h) (52
3 1 -0 51
(Bequivy @Ch
30
BnO Ph
o #
4 20 —30  BOm( A 26
~ OBn
BnO OBn
31

[al Unless otherwise noted, 1.5 equiv. of nucleophile was used. [®]
Based on 23 % recovered starting material.

(80 %, Entry 2). Trimethylsilyl cyanide (17) and trimethyl-
silyl azide (18) reacted smoothly with 14 to yield the C- and
N-ketosides 37 (96 %) and 38 (92 %), respectively, in excel-
lent yields (Entries 3, 4). 1,3,5-Trimethoxybenzene (19)
failed to react with 14 and onlythe benzyl glycoside 391>
was isolated from a complex reaction mixture (Entry 5).
Lewis acid-catalyzed C-glycosidation of hemiketals
11—14 takes place via a stabilized anomeric oxonium ion
(e.g., A, Scheme 6) that reacts efficiently with allyltrimeth-
ylsilane, 1-phenyl-1-(trimethylsilyloxy)ethylene, silyl cyan-
ide, and silyl azide. Electron-rich aromatic compounds (e.g.,
19) behave as C-nucleophiles only when faced with alkynyl
ketoses (11, 12), although the main reaction course ob-
served was the formation of bis-arylated open-chain deriva-
tives (26 and 30). The formation of bis-arylated compounds
(Type D, Scheme 6) can be rationalized simply by consider-
ing that the intermediate C-ketoside (B) would be prone to
undergo C1—0 bond cleavage to form a propargyl-benzyl
cation (e.g., C) that could react further with 12 to generate
structures of type D. It is noteworthy, however, that the
ketoses 13 and 14 fail to undergo similar reactions with 19,
and we ascribe this behavior to steric and stereoelectronic
factors, respectively. It is also interesting to note the differ-
ence in behavior between 1,3,5-trimethoxybenzene (19),
which reacts in certain instances with the oxonium ion (A),
and 1,4-dimethoxybenzene (20), which does not yield any
coupled product (cf. Entries 6 and 5 in Table 1, and Entries
3 and 4 in Table 2). We observed the formation of methyl
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Table 3. Preparation of bis-C,C-glucopyranosides from hemiketal
13, catalyzed by BF5Et,O

Table 4. Preparation of bis-C,C-glucopyranosides from hemiketal
14, catalyzed by BF5*Et,O

~ T o
Entry Reagent/® Temp. °C Product Yield (%) Entry  Reagent Ien"np. L Product Yield (%)
(reaction time) (reaction time)
MeO . BnO
- 1 ASIMes _20(05h) 86
I 15 ~30(1h)  MeOw 7 s BnO .
5 o
(2 equiv.) BnO' i OBnf1
.O.e.
Ph BnO—\—O
2 ~20t0-10 _  /: Mepy 80
2 16 ~15(1h) 84 08iMe; (2hy  BnO A
16 3 7 <u 0
BnOp (
(4 cquiv.) : H\O Bo
BnO 36 h.0.e.
3 NC-SiMe, ~20(0.5h) O Me 9%
BnO" >/
3 19 30(b] 33 o 17,” / eN
equav. BnO f)Bn
37
34 BnO
4 Nj3-SiMe; ~20 (0.5 h) Me 9
BnO G
4 20 =30 34 75 18
(2 equiv.) BnG
MeO.
5 21 — 301! 34 55 OMe BnO
5 20tor.t Me 27
. , , . : (18h)  Bro” -
[l 1.5 equiv of nucleophile was used. [l Several other reaction tem- OMe OBn
peratures and acids (SnCly, HBF,) were used. 19 BnO
3
(4 equiv.)
and benzyl glycosides when methyl- or benzyl-protected
ketoses were unable to react with their C-nucleophile part-
ners (Entr.1es 6 and 7 in Table .1; Entry 4 in Table 2; Ent.rles McO OMe Lewis
4, and 5 in Table 3; Entry 5 in Table 4). These glycosides OR acid
are likely to arise from degradation of the starting material, )
. .0 . L. . OR O o
in which intra- or intermolecular glycosidation of the inter- Lew P OMe oK " OMe
. . . . . . LWI1S
mediate oxocarbenium ions might be involved. Neither of _d: g e 19 MeO
. ac
the hemiketals gave any coupled product when allowed to (L;\) RO
react with trimethylsilylacetylene. OMe
A B

The configurational assignments at the C-1 positions of
the C- and N-ketosides prepared in this study were inferred
from the fact that only one isomeric C-ketoglucopyranoside
was obtained in each case; literature precedents are consist-
ent with an axial attack of the nucleophile onto oxocarben-
ium ions having gluco configurations. The stereochemistry
at the C-1 atom in compound 22 (vide supra) also supports
this assumption. Furthermore, NOEs were observed in
compounds 23, 28, 35, and 36 between the H-5 and H-
3 atoms and the corresponding axially disposed anomeric
methylene groups.

Conclusion

We have reported herein a concise strategy for the stereo-
controlled preparation of C-ketosides by Lewis acid-cata-
lyzed C-glycosidation of alkynyl, phenyl, and methyl gluco-
pyranose hemiketals. As successful nucleophilic partners,

Eur. J. Org. Chem. 2003, 4830—4837 WWw.eurjoc.org

Scheme 6. Reaction of hemiketals (4) with 19

we have identified allyltrimethylsilane, trimethylsilyl cyan-
ide, trimethylsilylazide, and one silyl enol ether. 1,3,5-Trime-
thoxybenzene behaves as a nucleophile and yielded an
open-chain bis-arylated compound upon reaction with al-
kynyl ketoses (11, 12), whereas the phenyl and methyl
ketoses (13, 14) failed to yield any coupled product. The
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reaction of ketoses with trimethylsilyl azide permits an ef-
ficient entry into the corresponding N-ketopyranosides.
This approach, which represents an extension of the
method developed by Kishi and co-workers[®! for the stereo-
controlled synthesis of B-C-glycosides, permits a rapid cor-
relation between lactones and C-ketosides. When working
with D-glucose derivatives, this strategy allows a stereodef-
ined route to C-ketosides with the incoming nucleophile fi-
nally occupying the anomeric axial position.

Experimental Section

General Remarks: All reactions were performed in dry flasks fitted
with glass stoppers or rubber septa under a positive pressure of
Ar, unless otherwise noted. Air- and moisture-sensitive liquids and
solutions were transferred by syringe or stainless steel cannula.
Flash column chromatography was performed using 230—400-
mesh silica gel. Thin-layer chromatography was conducted on Kie-
selgel 60 F,s4 (Merck). Spots were observed first under UV ir-
radiation (254 nm) then by charring with a solution of 20 % aque-
ous H,SO,4 (200 mL) in AcOH (800 mL). Anhydrous MgSO, or
NaSO, was used to dry organic solutions during workup, and evap-
oration of the solvents was performed under vacuum using a rotary
evaporator. Solvents were dried and purified using standard meth-
ods. 'H and '*C NMR spectra were recorded in CDCl; at 300, 400,
or 500 MHz and 75 or 50 MHz, respectively. Chemical shifts are
expressed in parts per million (8 scale) downfield from tetrameth-
ylsilane and are referenced to residual protium in the NMR solvent
(CHCl;: 6 = 7.25 ppm).

Ketoside 11: BuLi (51.0 mmol, 32 mL of 1.6 M solution in n-hexane)
was added to a solution of phenylacetylene (5.6 mL, 51 mmol) in
dry THF (30 mL) under Ar at —78 °C and then the mixture was
stirred for 10 min. A solution of 101?34 (4.0 g, 17 mmol) in dry THF
(20 mL) was added dropwise at —78 °C and then the reaction mix-
ture was stirred for 1 h. The reaction mixture was diluted with Et,O
and washed successively with aqueous NH4Cl, H,O and brine. The
organic layer was dried and concentrated and the residue was puri-
fied by flash chromatography (hexane/ EtOAc, 7:3) to give 11
(4.2 g, 73 %). '"H NMR (300 MHz, CDCls): § = 3.13—3.94 (m, 6
H), 3.39 (s, 3H), 3.53 (s, 3 H), 3.63 (s, 3 H), 3.73 (s, 3 H), 7.25—7.48
(m, 5 H) ppm. '3C NMR (75 MHz, CDCls): § = 59.2, 60.5, 61.0,
61.6, 71.3, 71.3, 79.5, 84.2, 86.3, 91.9, 121.8, 128.3, 128.4,
131.9 ppm. API-ES (positive): m/z = 359.2 [M + Na]*, 375.1 [M
+ K], 695.4 2M + Na]”.

Ketoside 13: PhLi (12.2 mmol, 6.8 mL of 1.8 m solution in n-hex-
ane) was added to a solution of 10 (2.5 g, 11.0 mmol) in dry THF
(30 mL) under Ar at —78 °C and then the mixture was stirred for
90 min. The reaction mixture was diluted with Et,O and washed
successively with aqueous NH4Cl, H,O, and brine. The organic
layer was dried and concentrated and the residue was purified by
flash chromatography (hexane/EtOAc, 6:4) to give 13 (2.1 g, 60 %).
'H NMR (300 MHz, CDCls): & = 3.03 (s, 3 H), 3.39 (s, 3 H), 3.56
(s, 3 H), 3.63 (s, 3 H), 3.00—-4.02 (m, 6 H), 7.26—7.38 (m, 3 H),
7.55—7.62 (m, 2 H) ppm. 13C NMR (50 MHz, CDCl;): § = 59.3,
60.2, 60.8, 60.9, 71.6, 79.9, 85.2, 87.2), 97.5, 126.0, 128.0, 128.2,
142.4 ppm. API-ES (positive): m/z = 335.2 [M + Na]*, 647.5 [2M
+ Na]*.

General Procedure for the Lewis Acid-Catalyzed C-Glycosidation of
Ketosides: BF5-OEt, (0.5 equiv., unless otherwise noted) and the
corresponding nucleophile (1.5 equiv., unless otherwise noted) were

4834 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

added to a solution of the hemiketal in anhydrous CH,Cl, (20 mL/
mmol), which was cooled to the appropriate temperature (see
Table) under Ar. The resulting solution was stirred until consump-
tion of the starting material (TLC; usually between 30 min and
3 h). The reaction was then quenched with a saturated aqueous
solution of NaHCO; and extracted with CH,Cl,. The organic
phase was dried with anhydrous MgSQ,, filtered, and concentrated.
Flash chromatography of the residue gave the corresponding bis-
C,C-glycosides.

2,3,4,6-Tetra-O-methyl-1-C-allyl-1- C-(2-phenylethynyl)-p-D-
glucopyranose (22): This compound was prepared by the general
procedure from ketal 11 (100 mg, 0.3 mmol) followed by flash chro-
matography (hexane/EtOAc, 7:3) to give 22 (75 mg, 70 %). [o]p =
—22.5 (¢ = 0.6, CHCl3). '"H NMR (300 MHz, CDCls): 3 = 2.67
(m, 2 H), 3.21-3.70 (m, 6 H), 3.39 (s, 3 H), 3.56 (s, 3 H), 3.66 (s,
3 H), 3.70 (s, 3 H), 5.18 (m, 2 H), 6.04 (m, 1 H), 7.30 (m, 3 H),
7.43 (m, 2 H) ppm. *C NMR (50 MHz, CDCls): § = 34.6, 59.2,
60.5, 60.9, 61.5, 71.2, 71.9, 79.7, 84.9, 86.5, 84.8,90.2, 118.2, 122.6,
128.1, 128.3, 131.7, 132.4 ppm. API-ES (positive): m/z = 383.1 [M
+ Na]*, 361.3 [M + H]". C5;H»0s (360.4): caled. C 69.98, H
7.83; found C 69.77, H 7.98.

2,3,4,6-Tetra-O-methyl-1-C-(2-oxo-2-phenylethyl)-p-1- C-(2-phenyl-
ethynyl)-D-glucopyranose (23): This compound was prepared from
ketal 11 (100 mg, 0.3 mmol) by a modification of the general pro-
cedure using 3 equiv. of BF3-Et,O and 4 equiv. of 1-phenyl-1-(tri-
methylsilyloxy)ethylene 16. Flash chromatography (hexane/EtOAc,
9:1) gave 23 (48 mg, 42 %). [o]p = —35.1 (¢ = 2.0, CHCl;, ). 'H
NMR (300 MHz, CDCly): 8 = 3.26 (d, J = 13.5Hz, 1 H),
3.78—4.06 (m, 7 H), 4.53 (d, J = 12.0Hz, 1 H), 459 (d, J =
10.8 Hz, 1 H), 4.74 (d, J = 12.0Hz, 1 H), 4.83 (d, J = 10.8 Hz, 1
H),4.87 (d, J = 11.0 Hz, 1 H), 4.93 (d, J/ = 10.6 Hz, 1 H), 4.94 (d,
J =11.0Hz, 1 H), 5.08 (d, J = 10.6 Hz, 1 H), 6.96—8.06 (m, 30
H) ppm. 13C NMR (50 MHz, CDCl5): § = 37.0, 68.5, 73.0, 73.5,
74.6, 75.0, 75.5, 76.1, 78.0, 82.8, 84.9, 86.6, 89.7, 121.9, 127.5,
127.6, 127.6, 127.7, 127.8, 127.9, 127.9, 128.1, 128.1, 128.2, 128.3,
128.4, 128.5, 129.0, 131.6, 132.8, 138.1, 138.2, 138.5, 197.0 ppm.
API-ES (positive): m/z = 439.2 [M + H]*. C,sH300¢ (438.5): caled.
C 71.21, H 6.90; found C 70.98, H 6.83.

1-C-Cyano-$-2,3,4,6-tetra- O-methyl-1-C-(2-phenylethynyl)-D-
glucopyranose (24): This compound was prepared from ketal 11
(100 mg, 0.3 mmol). Flash chromatography (hexane/EtOAc, 8:2)
gave 24 (66 mg, 64 %). [a]p = +45.9 (¢ = 0.65, CHCI3). 'H NMR
(300 MHz, CDCl;): 6 = 3.22—3.65 (m, 6 H), 3.39 (s, 3 H), 3.54 (s,
3 H), 3.66 (s, 3 H), 3.74 (s, 3 H), 7.31-7.49 (m, 5 H) ppm. 3C
NMR (50 MHz, CDCl): 6 = 70.7, 71.0, 76.8, 78.3, 85.5, 85.7, 82.6,
87.3, 114.6, 121.0, 128.8 (X 2), 130.1, 132.4 (X 2) ppm. API-ES
(positive): m/z = 346.5 [M + H]*. C;9H»3NOs (345.4): caled. C
66.07, H 6.71, N 4.06; found C 65.94, H 6.92, N 3.95.

1-Azido-p-2,3,4,6-tetra-O-methyl-1-C-(2-phenylethynyl)-D-gluco-
pyranose (25): This compound was prepared from ketal 11 (100 mg,
0.3 mmol). Flash chromatography (hexane/EtOAc, 8:2) gave 25
(76 mg, 70 %). [alp = +61.9 (¢ = 1.08, CHCIl;). 'H NMR
(300 MHz, CDCl;): & = 3.19—-3.26 (m, 1 H), 3.37 (m, 1 H), 3.39
(s, 3 H), 3.52 (s, 3 H), 3.53—3.64 (m, 3 H), 3.63 (s, 3 H), 3.70 (s, 3
H), 3.74=3.79 (m, 1 H), 7.27-7.52 (m, 5 H) ppm. 3*C NMR
(50 MHz, CDCl3): 6 = 59.5, 60.8, 61.3, 62.0 (4 X OMe), 70.9, 73.4,
78.9, 84.2, 86.2, 82.9, 88.0, 89.4, 121.2, 128.6 (X 2), 129.6, 132.4
(X 2) ppm. API-ES (positive): m/z = 384.5 [M + Na]".
C13H»3N305 (361.4): caled. C 59.82, H 6.41, N 11.63; found C
59.57, H 6.28, N 11.51.

Open-Chain Bis-Arylated Compound 26: Application of the general
procedure to hemiketal 11 (100 mg, 0.3 mmol), followed by flash
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chromatography (hexane/EtOAc, 7:3 to 1:1 to 3:7), gave the open-
chain bis-arylated compound 26 (95 mg, 49 %). [a]p= —96.1 (¢ =
0.6, CHCl;). '"H NMR (300 MHz, CDCl5): § = 3.05 (s, 3 H), 3.22
(s, 3 H), 3.26 (s, 3 H), 3.57 (s, 3 H), 3.73 (s, 3 H), 3.77 (s, 3 H),
3.45 (s, 3 H), 3.58 (s, 3 H), 3.10—3.78 (m, 6 H), 4.36 (d, / = 5.5 Hz,
1 H), 6.07 (s, 2 H), 6.09 (s, 2 H), 7.02—7.38 (m, 7 H) ppm. *C
NMR (50 MHz, CDCl;): § = 55.0, 55.1, 55.4 (X 2), 55.5 (X 2),
57.3, 57.8, 58.7, 59.9, 70.6, 73.9, 78.6, 80.3, 81.8, 90.9, 98.6, 101.2,
105.2, 125.6, 126.5 (X 2), 127.4 (X 2), 137.0, 158.7 (X 2), 159.0 (X
2), 160.2, 160.5 ppm. MS (EI): m/z = 677.6 [M + Na]*. CsoHg,01
(959.1): caled. C 75.14, H 6.52; found C 75.01, H 6.84.

Methyl 2,3,4,6-Tetra-O-methyl-1-C-(2-phenylethynyl)-a-D-glucopyr-
anoside (27): This compound was obtained following the general
procedure from hemiketal 11 (50 mg, 0.15 mmol) with 0.5 equiv. of
BF;Et,0 and 10 equiv. of MeOH. Flash chromatography (hexane/
EtOAc, 6:4) gave 27 (33 mg, 63 %). [a]p = +20.8°(c = 0.3, CHCly).
'H NMR (200 MHz, CDCl5): § = 3.20—3.66 (m, 6 H), 3.44 (s, 3
H), 3.51 (s, 3 H), 3.58 (s, 3 H), 3.67 (s, 3 H), 3.75 (s, 3 H), 7.31—-7.38
(m, 3 H), 7.47—7.53 (m, 2 H) ppm. 13C NMR (50 MHz, CDCl;):
5 = 50.9, 59.3, 60.4, 60.9, 61.7, 71.1, 71.5, 79.5, 84.2, 86.4, 96.6,
121.9, 128.3, 128.9, 131.9 ppm. MS (EI): m/z = 373.1 [M + Na]*,
723.3 [2M + Na]*.

1-C-Allyl-2,3,4,6-tetra-O-benzyl-1-C-(2-phenylethynyl)-p-D-gluco-
pyranose (28): This compound was prepared by the general pro-
cedure from hemiketal 12 (80 mg, 0.13 mmol), followed by flash
chromatography (hexane/EtOAc, 9:1), to give 28 (55 mg, 67 %).
[a]lp = —16.8 (¢ = 0.4, CHCl3). '"H NMR (300 MHz, CDCls): § =
2.70 (d, J = 6.9 Hz, 2 H), 3.65—4.00 (m, 6 H), 4.42 (d, J = 12.0 Hz,
1 H),443 (d, J = 10.5Hz, 1 H), 4.56 (d, J = 12.0 Hz, 1 H), 4.71
(d, J = 10.5Hz, 1 H), 472 (d, J = 11.5Hz, 1 H), 475, J =
99Hz, 1 H), 480 (d, J = 10.8 Hz, 1 H), 4.99 (d, J = 11.5Hz, |
H), 5.08 (dd, J = 1.2, 13.5Hz, 2 H), 6.04 (ddt, J = 10.2, 10.5,
13.5Hz, 1 H), 7.16 (m, 25 H) ppm. '3C NMR (75 MHz, CDCl,):
5 = 35.0, 68.8, 72.3, 73.4, 75.2, 75.5, 75.6, 75.9, 78.2, 83.1, 84.8,
85.1, 90.4, 118.3, 122.5, 127.6, 127.7, 127.8, 127.9, 128.0, 128.1,
128.2, 128.3, 128.4, 128.5, 128.6, 131.7, 132.50, 138.0, 138.2, 138.3,
138.6 ppm. MS (EI): m/z = 665.4 [M + Na]*. C4;sH440s: caled. C
81.30, H 6.67; found C 80.98, H 6.44.

2,3,4,6-Tetra-O-benzyl-1-C-(2-0xo0-2-phenylethyl)-1-C-(2-phenyl-
ethynyl)-B-D-glucopyranose (29): This compound was prepared
from hemiketal 12 (100 mg, 0.156 mmol), using the general pro-
cedure. Flash chromatography (hexane/EtOAc, 9:1) gave 29 (48 mg,
42 %). [alp = —35.1 (¢ = 2.0, CHCl3). 'TH NMR (300 MHz,
CDCl;): 6 = 3.26 (d, J = 13.5Hz, 1 H), 3.78—4.06 (m, 7 H), 4.53
(d, J = 12.0Hz, 1 H), 459 (d, J = 10.7Hz, 1 H), 474 (d, J =
12.0 Hz, 1 H), 4.83 (d, / = 109 Hz, 1 H), 4.87 (d, / = 11.0 Hz, 1
H),4.93 (d, J = 10.6 Hz, 1 H), 4.94 (d, J = 11.0 Hz, 1 H), 5.08 (d,
J = 10.6 Hz, 1 H), 6.96-8.06 (m, 30 H, Ar) ppm. 3C NMR
(50 MHz, CDCly): 6 = 37.0, 68.5, 73.0, 73.5, 74.6, 75.0, 75.5, 76.1,
78.0, 82.8, 84.9, 86.6, 89.7, 121.9, 127.4, 127.5, 127.6, 127.7, 127.8,
127.9, 128.0, 128.1, 128.1, 128.2, 128.3, 128.4, 128.5, 129.0, 131.6,
132.8, 138.1, 138.2, 138.5, 197.0 ppm. MS (EI): m/z = 743.2 [M +
H]*, 765.3 [M + Na]*. Cs5oHys0¢ (742.9): caled. C 80.84, H 6.24;
found C 80.67, H 6.41.

Open-Chain Bis-Arylated Compound 30: Application of the general
procedure to hemiketal 12 (100 mg, 0.16 mmol) with 3 equiv. of
1,3,5-trimethoxybenzene, followed by flash chromatography (hex-
ane/EtOAc, 7:3 to 1:1 to 2:8), gave the open-chain bis-arylated
compound 30 (72 mg, 51 %). [o]p = +57.2 (¢ = 1.0, CHCl;). 'H
NMR (300 MHz, CDCls): § = 3.36 (s, 6 H), 3.49 (s, 6 H) 3.80 (s,
3 H), 3.85 (s, 3 H), 3.40—3.88 (m, 4 H), 3.94 (d, J/ = 114 Hz, 1
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H), 407 (dd, J = 2.6, 6.0 Hz, 1 H), 424 (d, J = 11.4 Hz, 1 H),
443(d,J=122Hz 1 H),450(d,J=114Hz 1H),4.72(, J =
120 Hz, 1 H), 480 (d, J = 11.4 Hz, 1 H), 4.86 (d, J = 6.0 Hz, 1
H), 497 (d, J = 11.4Hz, 1 H), 6.07 (s, 2 H), 6.12 (s, 2 H),
6.97—7.47 (m, 25 H) ppm. 13C NMR (75 MHz, CDCl5): § = 55.2,
55.3, 554, 55.5, 71.0, 71.4, 71.7, 72.5, 73.2, 74.1, 78.0, 79.0, 80.8,
91.0, 91.1, 99.6, 102.0, 107.1, 125.8, 126.7, 126.8, 127.0, 127.2.
127.3, 127.4, 127.6, 127.7, 127.8, 127.9, 128.1, 128.2, 128.4, 137.1,
138.6, 139.0, 139.6, 158.8, 159.1, 160.4, 160.7 ppm. MS (CI):
mlz = 982.4[M + Na]*. C4oHg 011 (959.1): caled. C 75.14, H 6.52;
found C 74.86, H 6.74.

Benzyl 2,3,4,6-Tetra-O-benzyl-1-C-(2-phenylethynyl)-a-D-glucopyr-
anoside (31): [a]p = —19.9 (¢ = 0.4, CHCl;). '"H NMR (300 MHz,
CDCl;): 8 = 3.64—4.11 (m, 6 H), 4.54 (d, J = 10.6 Hz, 1 H), 4.56
(d, J = 12.1Hz, 1 H), 4.66 (d, J = 123 Hz, 1 H), 478 (d, J =
12.3Hz, 1 H), 482 (d, J = 109 Hz, 1 H), 4.85 (d, / = 10.6 Hz, 1
H), 4.94 (d,J = 11.1 Hz, 1 H), 4.95 (d, J = 10.9 Hz, 1 H), 5.06 (d,
J =12.1Hz, 1 H), 5.12 (d, J = 11.1 Hz, 1 H), 7.12—7.48 (m, 25
H) ppm. 3C NMR (75 MHz, CDCl5): § = 66.1, 68.4, 73.4, 75.1,
75.7, 77.8, 77.9, 82.4, 84.6, 96.8, 121.5, 127.3, 127.4, 127.5, 127.6,
127.7, 127.8, 127.9, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 128.9,
131.9, 132.1, 137.9, 138.1, 138.2, 138.4, 138.7 ppm. MS (EIl): m/z =
731.7 [M + H]". CyoHy60¢ (730.9): caled. C 80.52, H 6.34; found
C 80.08, H 6.05.

1-C-Allyl-2,3,4,6-tetra-O-methyl-1-C-phenyl-B-D-glucopyranose
(32): This compound was prepared by the general procedure from
hemiketal 13 (100 mg, 0.32 mmol), followed by flash chromatogra-
phy (hexane/EtOAc, 7:3), to give 32 (76 mg, 71 %). [a]p = +34.1
(¢ = 2.3, CHCI3). '"H NMR (300 MHz, CDCl5): § = 2.78 (dd, J =
7.6, 159 Hz, 1 H), 291 (d, J = 94Hz, 1 H) 3.02 (dd, J = 5.9,
159 Hz, 1 H), 3.16 (s, 3 H), 3.46 (s, 3 H), 3.58 (s, 3 H), 3.65 (s, 3
H), 3.21-3.71 (m, 4 H), 4.93-5.07 (m, 2 H), 5.38—5.51 (m, 1 H),
7.24—7.60 (m, 5 H) ppm. 3C NMR (75 MHz, CDCl;): § = 32.5,
59.8, 60.7, 61.0, 61.7, 72.2, 79.6, 80.3, 80.7, 86.5, 88.6, 117.9, 126.3,
127.0, 128.1, 132.8, 143.6 ppm. MS (EI): m/z = 354.2 [M + NH,]",
359.2 [M + Na]*. C9H305 (336.4): calcd. C 67.83, H 8.39; found
C 67.53, H 8.11.

2,3,4,6-Tetra- O-methyl-1-C-(2-oxo-2-phenylethyl)-1-C-phenyl-p-D-
glucopyranose (33): This compound was prepared from hemiketal
13 (100 mg, 0.32 mmol) by using the general procedure. Flash chro-
matography (hexane/EtOAc, 8:2) gave 33 (111 mg, 84 %). [o]p =
—54.8 (¢ = 1.1, CHCl3). 'H NMR (200 MHz, CDCls): § = 3.01
(d, J = 10.5Hz, 1 H), 3.28 (s, 3 H), 3.48 (s, 3 H), 3.60 (s, 3 H),
3.71 (s, 3 H), 3.31-3.76 (m, 6 H), 4.08 (d, J = 16.0 Hz, 1 H),
7.13—7.81 (m, 10 H) ppm. '*C NMR (50 MHz, CDCl;): § = 36.5,
594, 61.2, 71.6, 72.8, 79.1, 80.1, 86.4, 88.3, 124.1, 124.9, 125.5,
126.7, 127.7, 127.9, 128.1, 132.2, 138.5, 143.6, 196.8 ppm. MS (EI):
mlz = 4152 [M + H]*, 437.3 [M + Na]*, 851.2 2M + Na]*.
C,4H300¢: caled. C 69.54, H 7.30; found C 69.19, H 6.98.

Methyl 2,3,4,6-Tetra-O-methyl-1-C-phenyl-a-D-glucopyranoside
(34): [0]p = +43.7 (¢ = 1.7, CHCl3). '"H NMR (200 MHz, CDCl;):
6 =3.08 (s, 3 H), 3.10 (s, 3 H), 3.48 (s, 3 H), 3.59 (s, 3 H), 3.65 (s,
3 H), 3.28—3.77 (m, 6 H), 7.28—7.41 (m, 3 H), 7.52—7.60 (m, 2 H)
ppm. 13C NMR (50 MHz, CDCl;): § = 49.3, 59.7, 60.6, 61.0, 61.6,
71.7, 71.8, 79.9, 85.3, 87.8, 100.9, 127.4, 128.0, 128.1, 128.2 ppm.
MS (EI): m/z = 349.1 [M + Na]". C;;H»Oq: caled. C 62.56, H
8.03; found C 62.53, H 7.91.

1-C-Allyl-2,3,4,6-tetra- O-benzyl-1- C-methyl-B-D-glucopyranose
(35): This compound was prepared by the general procedure from
hemiketal 14 (83 mg, 0.15 mmol), followed by flash chromatogra-
phy (hexane/EtOAc, 9:1), to give 35 (83 mg, 86 %). [a]p= +37.5
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(c = 1.6, CHCL;). '"H NMR (200 MHz, CDCly): § = 1.28 (s, 3 H.,),
2.34 (dd, J = 7.6, 15.1 Hz, 1 H), 2.67 (dd, J = 6.3, 15.1 Hz, 1 H),
3.37(d, J = 9.5 Hz, 1 H), 3.63—6.73 (m, 4 H), 3.88 (m, 1 H), 4.54
(d, J = 123Hz, 1 H), 455 (d, J = 9.5Hz, 1 H), 4.66 (d, J =
12.2Hz, 1 H), 4.69 (d, J = 11.2 Hz, 1 H), 4.82 (d, J = 10.7 Hz, 1
H), 4.88 (m, 2 H), 4.92 (d, J = 11.2 Hz, 1 H), 5.10 (m, 2 H), 5.84
(m, 1 H), 7.14—7.35 (m, 20 H) ppm. '*C NMR (50 MHz, CDClL):
§ = 249, 34.0, 69.2, 72.2, 73.3, 75.0, 75.4, 75.7, 79.1, 84.0, 86.1,
117.8, 1274, 127.5, 127.6, 127.7, 127.9, 128.2, 128.3, 128.4, 132.6,
138.1, 138.3, 138.5, 138.6 (X 4) ppm. APL-ES (positive): m/z =
579.2 [M + HJ*. C3gH,0s (578.7): caled. C 78.86, H 7.31; found
C 78.93, H 7.43.

2,3,4,6-Tetra-O-benzyl-1-C-methyl-1-C-(2-0x0-2-phenylethyl)-p-D-
glucopyranose (36): This compound was prepared from hemiketal
14 (83 mg, 0.15 mmol) by using the general procedure. Flash chro-
matography (hexane/EtOAc, 9:1) gave 36 (78 mg, 80 %). [o]p =
+24.1 (¢ = 0.8, CHCl3). 'H NMR (200 MHz, CDCls): § = 1.40
(s,3H),3.18(d, J = 142 Hz, 1 H), 3.41 (d, J = 9.5 Hz, 1 H), 3.54
(d, J = 142Hz, 1 H), 3.64 (m, 1 H), 3.73-3.80 (m, 2 H),
3.84-3.90 (m, 2 H), 451 (d, J = 122Hz, 1 H), 458 (d, J =
10.5Hz, 1 H), 4.68 (d, J = 12.1 Hz, 1 H), 4.70 (d, J/ = 11.1 Hz, 1
H), 4.82 (d,J = 10.5Hz, 1 H), 4.86 (d, J = 10.5 Hz, 1 H), 4.92 (d,
J=12.1Hz, 1 H), 493 (d, J = 11.1 Hz, 1 H), 7.16—7.54 (m, 23
H), 7.88—7.91 (m, 2 H) ppm. 3C NMR (50 MHz, CDCls): § =
26.1, 37.0, 68.8, 72.7, 73.3, 74.9, 75.3, 75.8, 77.8, 78.7, 83.6, 86.2,
127.4, 127.6, 127.6, 127.7, 127.7, 127.8, 127.9, 128.2, 128.2, 128.3,
128.4, 128.4, 132.7, 138.0, 138.2, 138.3, 138.4, 138.7, 198.6 ppm.
API-ES (positive): m/z = 657.3 [M + H]". C43H440¢ (656.8): calcd.
C 78.63, H 6.75; found C 78.57, H 6.64.

2,3,4,6-Tetra-O-benzyl-1-C-cyano-1-C-methyl-p-D-glucopyranose
(37): This compound was prepared by the general procedure from
hemiketal 14 (83 mg, 0.15 mmol) using 2 equiv. of 17, followed by
flash chromatography (hexane/EtOAc, 9:1), to give 37 (81 mg, 96
%): [alp = +5.1 (¢ = 0.7, CHCl3). '"H NMR (200 MHz, CDCl5):
& =1.62 (s, 3 H), 3.34 (d, J = 9.3Hz, 1 H), 3.73 (m, | H), 3.75
(dt, J = 9.0, 10.0 Hz, 1 H), 3.82 (dd, J = 11.2, 3.4 Hz, 1 H), 3.91
(m, 1 H, H-5), 3.96 (t, J = 9.3Hz, | H), 453 (d, J = 12.1 Hz, 1
H), 4.61 (d,J = 11.5Hz, 1 H), 4.64 (d, J = 12.1 Hz, 1 H), 4.76 (d,
J=11.5Hz, 1 H),4.87(d,J=11.2Hz, 1 H),4.90 (d, J = 11.5 Hz,
1 H), 495 (d, J = 11.2Hz, 1 H), 499 (d, J = 11.5Hz, 1 H),
7.22—7.38 (m, 20 H) ppm. '*C NMR (50 MHz, CDCl5): § = 24.2,
68.0, 73.4,75.0, 75.5, 75.8 (x, 4), 76.6, 77.0, 82.3, 84.5, 117.9, 127.7,
127.7, 127.8, 127.8, 127.9, 128.4, 128.4, 128.4, 137.3, 137.7, 137.9,
138.1 ppm. API-ES (positive): m/z = 581.1 [M + NH,]".
C36H37NO5 (563.7): caled. C 76.61, H 6.62, N 2.48; found C 78.57,
H 6.64, N 2.36.

1-Azido-2,3,4,6-tetra-O-benzyl-1-C-methyl-p-D-glucopyranose (38):
This compound was prepared by the general procedure from hemi-
ketal 14 (83 mg, 0.15 mmol) using 2 equiv. of 18, followed by flash
chromatography (hexane/EtOAc, 9:1), to give 38 (80 mg, 92 %):
[a]lp = +62.9 (¢ = 0.8, CHCl;). '"H NMR (200 MHz, CDCl5): § =
1.55 (s, 3 H), 3.38 (d, J = 9.3 Hz, 1 H), 3.69 (m, 1 H), 3.68 (t, J =
9.3 Hz, 10.0 Hz,1 H), 3.75 (dd, J = 3.4, 11.0 Hz, 1 H), 3.88 (ddd,
J=1.95,34,10.0Hz 1 H, H-5), 3.94 (t, J = 9.3Hz, 1 H, H-3),
451 (d, J = 12.45Hz, 1 H), 4.58 (d, J = 11.0 Hz, 1 H), 4.62 (d,
J=11.0Hz, 1H),4.69 (d,J=11.2Hz, 1 H),4.83 (d, J = 10.5 Hz,
1H),4.86(d,J = 11.2Hz, 1 H),4.89 (d,J = 10.5Hz, 1 H), 4.93 (d,
J =11.2Hz, 1 H), 7.14—7.36 (m, 20 H) ppm. '*C NMR (50 MHz,
CDCl3): 6 = 22.5 (Me), 68.3, 73.4 (X 2), 74.9, 75.6, 75.7, 71.7,
83.2, 83.3, 93.0, 127.6, 127.6, 127.7, 127.8, 127.9, 128.1, 128.2,
128.3, 128.4, 137.6, 137.9, 138.0, 138.3 ppm. API-ES (positive):
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m/z = 602.0 [M + Na]". C35H3;N305 (579.7): caled. C 72.52, H
6.43, N 7.25; found C 72.27, H 6.34, N 7.17.
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