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Abstract: Glycosidation of a mannosyl
donor in the presence of the Mukaiya-
ma catalyst was found to give excep-
tionally high o/} selectivity. A system-
atic study was conducted to reveal that

anomer selectivity for the anomeriza-
tion. On the basis of the combined
anomeric and A2 effects, a mechanistic
rationale was proposed, thereby sug-
gesting the minimum structural moiety

essential for the anomerization in ques-
tion. With this analysis, fB-talo-, -
altro-, and P-idopyranosides are pre-
dicted to exhibit a reactivity profile
similar to -mannopyranosides, but all

selective f-to-a anomerization ac-
counts for the observed high a/f} ste-
reoselectivity. Furthermore, the Mu-
kaiyama catalyst was shown to exhibit
an unusual level of substrate and

anomerization

Introduction

Fatty acid (FA) biosynthesis in Mycobacterium smegmatis is
known to show a bimodal product distribution, with palmitic
and tetracosanoic acids being the two dominant products.!
Bloch and co-workers discovered that two endogenous M.
smegmatis polysaccharides, 3-O-methyl-D-mannose-contain-
ing polysaccharides (nMMPs) and 6-O-methyl-D-glucose-
containing lipopolysaccharides (nMGLPs)/6-O-methyl-D-
glucose-containing polysaccharides (#MGPs) (Scheme 1),
have profound effects on FA biosynthesis catalyzed by M.
smegmatis fatty acid synthase I (FAS I), most noticeably on
product distribution and stimulation. We are interested in
gaining mechanistic insight into the intriguing biological
role(s) of tMMP and nMG(L)P. However, we felt that natu-
rally occurring nMMPs and nMG(L)Ps are not necessarily
ideal substrates for our study, as they were isolated as com-
plex mixtures of closely related polysaccharides. Thus, we
designed and used synthetic polysaccharides structurally re-
lated to natural MMPs and MG(L)Ps for two reasons:
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other pyranosides should not. This pre-
diction was verified by using - and a-
talopyranosides as an example.

effect

1) synthetic polysaccharides can be available as structurally
well-defined and chemically homogeneous materials, and
2) synthetic polysaccharides can be structurally tunable for
the needs of our systematic investigation. Clearly, the most
unique structural feature of nMMPs and nMG(L)Ps is the
polymeric form of 3-O-methylmannose and 6-O-methylglu-
cose, respectively. Therefore, we incorporated this structural
feature in the synthetic polysaccharides, that is, synthetic 3-
O-methyl-D-mannose-containing polysaccharides (sMMPs)
and synthetic 6-O-methyl-p-glucose-containing polysaccha-
rides (sMGPs) (Scheme 1).°!

We recently reported an iterative synthesis of sMMPs
(Scheme 2).5*1 The key step of this synthesis was the highly
stereoselective o glycosidation in the presence of the Mu-
kaiyama catalyst (SnCl;ClO,);™ for example, the glycosida-
tion of 1 and 2 gave the a-disaccharide 3-o with excellent
stereoselectivity. A time-course study revealed that the o/f§
selectivity was only 3:1 after 1 h, but improved to 5:1, 9:1,
and 20:1 after 8, 22, and 30 h, respectively, thereby suggest-
ing that the p-disaccharide 3-f anomerized into the a-disac-
charide 3-o under the glycosidation conditions. Indeed, in
the presence of 10 mol% Mukaiyama catalyst, the (3-disac-
charide 3-f was found to anomerize and furnish a-glycoside
3-a (78%), along with two monosaccharides. Interestingly,
the corresponding o-disaccharide 3-a was found not to
anomerize to the f-disaccharide 3-f under the same condi-
tions. Thus, the observed high o/f stereoselectivity was at-
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Scheme 1. Structure of nMMPs, ntMG(L)Ps, sMMPs, and sMGPs.

tributed to the selective anomerization from the  anomer
to the o anomer.

Since the pioneering work by Lemieux,” the anomeriza-
tion of glycosidic bonds has been a subject of extensive re-

Iterative synthesis of SMMPs
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search.’” It is now widely recognized that glycosidic linkages
anomerize in the presence of various acids, typically Lewis
acids such as BF;-Et,0 and TiCl,, to yield equilibrium mix-
tures of a- and B-pyranosides. However, it is worth noting
that the Mukaiyama -catalyst
exhibits an unusual level of
substrate and anomer selectivi-
ty; this catalyst was found

OBn 7
E = monomethyl 1) to promote the p-to-a, but
2 steps o] phthalate h ) ;
B20'| 0dE not the a-to-f, anomerization
08N KA. OBn o in the mannopyranoside se?rles,
= m
o (1 anomeric o o and 2) not to promote either
mixture SnCl -to- -to-
B0 olay ixture) [cTojl BzO- ~0alyl—> Hol- olnpr the [3.t00.t or the a-to-f
M oBn ] anomerization in the glucopyr-
OMe OBn OMe OBn OMe OH . . .
m o 2m 2m anoside series. In this respect
- sMMP 2m-mer i i
| 0T alone, the Mukaiyama glycosi-
2steps . TUSO OTaiv (2m =8, 12, 16) datd ’ | yama gly
OMe oBn | ation catalyst 1s unique.

Key glycosidation

OBn
O CO,Me

¢]
BzO" O BzO" “10-allyl

OMe BnO OMe OBn

OMe OBn
1 (donor: o/B ~ 2:1)
a

0OBn

Q
~1O-allyl BzO'

OMe OBn
2 (acceptor)

TMSO'

Herein, we report a systematic
study to gain insight into the
observed  selective  f-to-a
anomerization in the presence
of the Mukaiyama catalyst.

Results and Discussion

To establish whether the ob-

OBn served phenomena are specific

g&_z “0-allyl

OMe BnO OMe OBn

to the mannosyl donor and/or
acceptor, we  synthesized
donors and acceptors belong-
ing to the mannose and glu-
cose series and conducted the

Scheme 2. Iterative synthesis of sSMMPs and key glycosidation. Reagents and conditions: a) 1 (1.0 equiv), 2

(1.2 equiv), 10mol% SnCLClO, (prepared insitu from SnCl, and AgClO,), Et,0, 0°C; b)3-f or 3-a,
10 mol % SnCl;ClO,, Et,0, 0°C. Bn=benzyl, Bz=benzoyl, TMS = trimethylsilyl.
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time-course study on glycosi-
dation of the four possible
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combinations in the presence of the Mukaiyama catalyst.
For these studies, we purposely chose the second-generation
Mukaiyama leaving group,* instead of monomethyl phtha-
late,” with the consideration that the results of our current
work could be compared with those in the literature. Fur-
thermore, in connection with our interest in sMGPs,**# we
decided to place a methyl ether group at C6.

As summarized in Table 1, the a/f} selectivity for the gly-
cosidation between the mannosyl donor 4 and the acceptor
5 or 7 improved with the reaction time, whereas that be-

Table 1. Ratio of a to [ anomers formed as a function of reaction
time.[*?!
a- and B-Disaccharides
manno-f-manno (8) and manno-a-manno (10)

Donor (4 or 8) [b] manno-B-gluco (9) and manno-a-gluco (11)
Acceptor (5 or 7) gluco-B-manno (12) and gluco-a-manno (14)
gluco-B-gluco (13) and gluco-a-gluco (15)
OMe OMe
0 i 0
BnO' O)J\/O\/\OMe T™MSO' ~10-allyl
BnO 0OBn BnO OBn
4: Manno donor 5: Manno acceptor
(/B =~ 4:1)
OMe OMe
o) i 0
BnO" O)]\/O\/\OMe ™SO “0~allyl
BnO  OBn Bn0  OBn
6: Gluco donor 7: Gluco acceptor
(/B =~2:1)
Donor Acceptor 1/3h 1h 2h 3h 7h 20h
4 5 13.2 - 17.0 - 18.5 20.5
4 7 13.5 17.8 - 18.0 18.7 23.7
6 5 6.7 - 6.8 - 6.7 6.4
6 7 - 6.4 - 6.8 6.4 6.9

[a] For the structures of the disaccharides, see Scheme 3. [b] Glycosida-
tion was carried out under the Mukaiyama conditions (donor (1.0 equiv),
acceptor (1.2 equiv), 10 mol% SnCL;ClO,, prepared insitu from SnCl,
and AgClO,, Et,0, 0°C) and the o/f ratio was estimated from the
"H NMR spectra of the crude products obtained from an aliquot taken
from the glycosidation at a given time. The combined material recovery,
that is, the a- and B-disaccharides and the monosaccharides, was virtually
quantitative for all the cases studied.

tween the glucosyl donor 6 and the acceptor 5 or 7 remained
virtually constant throughout the reaction. This time-course
study showed that the unique profile in the glycosidation re-
lates to the structural moiety of the mannosyl donor, but
not of the glucosyl donor or the mannosyl and glucosyl ac-
ceptors.

To verify the conclusion derived from the time-course
study of glycosidation, eight disaccharides 8-15 were synthe-
sized and subjected to anomerization under the Mukaiyama
glycosidation conditions (Scheme 3). As anticipated, all the
a- and B-disaccharides, except for B-disaccharides 8 and 9
derived from the mannosyl donor, were stable under the
glycosidation conditions. However, under the same condi-
tions, 8 and 9 were found to yield a mixture of three prod-

Chem. Asian J. 2008, 3, 319-326

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL
OMe OMe

OMe OMe
(0] (0] o] o]
BnO'" o “'O—allyl BnO' (o4 »'Oallyl
'y 'y

OBn OBnBnO X OBn 0BnBnO X

8: Manno-g-manno : X=0Bn; Y=H 12: Gluco-B-manno : X=0Bn; Y=H
9: Manno-B-gluco : X=H; Y=0Bn 13: Gluco-B-gluco : X=H; Y=0Bn

OMe OMe OMe OMe

0
BnO" o

~10-allyl BnO" 10—allyl

.

OBn X" Y

OBn OBn  OBn X

14: Gluco-a-manno : X=0Bn; Y=H
15: Gluco-a-gluco : X=H; Y=0Bn

OBn OBn

10: Manno-a-manno : X=0Bn; Y=H
11: Manno-a-gluco : X=H; Y=0Bn

8: Manno-$3-manno : X=0Bn; Y=H
9: Manno-$-gluco : X=H; Y=0Bn

OMe OMe OMe
o] 0 o]
BnO'- ‘0! “'O—allyl BnO"- "OH  HO'- “0—allyl
“/Y I,Y
OBn OBn  OBn X OBn OBn OBn X

10: Manno-a-manno : 16 (20%) 17: X=0Bn; Y=H (26%)
X=0Bn; Y=H (69%)
11: Manno-a-gluco :
X=H; Y=0Bn (44%)

16 (14%) 18: X=H; Y=0OBn (29%)

Scheme 3. Disaccharides derived from glucose and mannose and their re-
activity toward the Mukaiyama glycosidation catalyst. Reagents and con-
ditions: Disaccharide, 10 mol % SnCl;ClO,, Et,O, 0°C; the analysis was
conducted with the reaction time 46 and 38 h for 8 and 9, respectively.

ucts, anomerized a-disaccharide 10 (69 %) or 11 (44 %), and
two monosaccharides 16 (20 and 14 %) and 17 (26%) or 18
(29 %), besides the starting disaccharides (8: 5%; 9:14%).
Figure 1 shows the time course for the anomerization of
8. This experiment showed that: 1) the o/f ratio changed
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Figure 1. A) Anomerization product distribution and B) product ratio as
a function of time under the Mukaiyama conditions (8, 10 mol %
SnClL;Cl0,, Et,0, 0°C). The amounts of 8, 10, and 17 were estimated
from the MeO peak intensities (8: 6=3.23 and 3.22 ppm; 10: 6=3.39
and 3.38 ppm; 17: 0=3.41 ppm) in the "H NMR spectrum (CDCl;) of the
crude product obtained from an aliquot taken from the reaction mixture
at a given time. This NMR spectroscopic method was not suitable for es-
timating the amount of 16. However, formation of 16 was confirmed
through its isolation and characterization from the same anomerization
experiment.
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with the reaction time (10/8 line, Figure 1B), but 2) the ratio
of anomerized a-disaccharide 10 and cleaved monosacchar-
ide 17 was almost constant throughout the anomerization
(10/17 line, Figure 1B), thereby indicating that 17 is derived
from p-disaccharide 8.

These experiments establish that the exceptionally high o/
P selectivity of glycosidation is due to the selective B-to-a
anomerization in the mannosyl-donor series.” As men-
tioned above, the Mukaiyama catalyst promotes only the [3-
to-o. anomerization in the mannopyranoside series, whereas
TiCl, and BF;-Et,0 promote both p-to-a and a-to-f§ anome-
rization, not only for the mannopyranosides, but also in the
glucopyranoside series.***! To the best of our knowledge,
anomerization with the observed level of substrate and
anomer selectivity is exceptional.!"!

Mechanistically, the anomerization can take place through
the acyclic oxonium ion A or the cyclic oxonium ion B
(Scheme 4).25) The fact that the B-disaccharides 8 and 9

+
Q
BzO' - O" "O—allyl BzO"- “O—allyl

OBn MeO x OBn MeO x

Scheme 4. Structure of oxonium ions A and B.

gave the a-disaccharides 10 and 11, along with a smaller
amount of the monosaccharides 16 and 17 or 18, suggests
that the anomerization is more likely to proceed through
the acyclic oxonium ion A. Two questions then remain:
1) why is A, or B, formed from a B-mannopyranoside, but
not from a B-glucopyranoside, and 2) why is A, or B, formed
from a f-mannopyranoside, but not from an a-mannopyra-
noside ?

Owing to the so-called anomeric effect," a-pyranosides
are known to be more stable than the corresponding [3-pyra-
nosides. Thus, the activation energy required for formation
of the oxonium ion from a B-pyranoside is smaller than that
from an a-pyranoside. Owing to the so-called A2 effect,!>1
the relative stability of an o-mannopyranoside over a -
mannopyranoside is expected to be more pronounced than
that of an oa-glucopyranoside over a f-glucopyranoside.
Taking both anomeric and A2 effects into account, we can
predict that 1) the activation energy for the formation of
oxonium ion from a [-mannopyranoside is significantly
smaller than that from a (-glucopyranoside, and 2) the acti-
vation energy for the formation of oxonium ion from a f3-
mannopyranoside is significantly smaller than that from
both (- and a-glucopyranosides. Therefore, on the balance
of the reactivity of the substrates and the glycosidation cata-
lyst, we envision the case whereby only a [}-mannopyrano-
side anomerizes to the corresponding a-mannopyranoside.

Inspection of the three-dimensional structures of - and
o-mannopyranosides may shed further light on the unique
anomerization. A [-mannopyranoside appears to present a

322 www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Y. Kishi et al.

good coordination site to the Mukaiyama glycosidation cata-
lyst (I, Scheme 5). The complexation on this site would
result in 1) weakening of the Cl/ring-oxygen bond and,
therefore, facilitating of the formation of oxonium ion A,

SnC\30IO4 SnCKCIO; |
R\,"
g Q . 0+
— m/ S N e N
A
{
S“C'3C'°4 SnClLCIO,
R/
6
vL S 0
10 — \r ~ wﬁ\
OO‘\R +O\R
o A B

Scheme 5. Possible steps involved in the anomerization of 8 to 10. The
pair of orbitals in solid black indicates an n—o* interaction from one of
the exocyclic oxygen lone-pair electrons to the antibonding o orbital of
the polarized Cl/ring-oxygen bond.

and 2) an increase in the polarization of the Cl/ring-oxygen
bond and, consequently, an increase in the double-bond
character of the Cl/exocyclic oxygen atom, owing to a great-
er degree of stereoelectronic stabilization, that is, a greater
n—o* interaction from one of the lone-pair electrons of the
exocyclic oxygen atom to the more polarized Cl/ring—
oxygen bond.'""! These considerations present the case for
favoring the acyclic oxonium ion A over the cyclic oxonium
ion B.

An a-mannopyranoside contains the same spatial arrange-
ment of the lone-pair orbitals of the ring and C2 oxygen
atoms, which should present a good coordination site for the
Mukaiyama catalysis (II; Scheme 5). This complexation
should also result in the two effects mentioned above. How-
ever, due to the combined anomeric and A2 effects, an o-
mannopyranoside is significantly more stable than the corre-
sponding B-mannopyranoside; therefore, the activation
energy from the a-mannopyranoside to the oxonium ion is
too large for the II-A process to take place. Overall, the
anomerization is likely to proceed through the steps depict-
ed in Scheme 5.

Along with the C6 oxygen atom, the B-glucopyranoside
can provide the Mukaiyama catalyst with a similar coordina-
tion site (III; Scheme 6), but the B-glucopyranoside did not
anomerize. The difference in reactivity between the [3-
manno- and f-glucopyranoside series may be attributed to
one or both of two probable factors. First, due to the lack of
the A2 effect, the activation energy to the oxonium ion in
the B-glucopyranoside series is simply too large for the
anomerization to take place. Second, due to the conforma-
tional flexibility, the coordination site involving the C6
oxygen atom is not potent enough. In this connection, we
studied the chemical behavior of the B-disaccharide 19, be-
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Scheme 6. Possible sites of complexation and attempted anomerization of
19 and 20 in the presence of the Mukaiyama catalyst (SnCL;ClO,).

cause it should provide a coordination site closer to the one
proposed for the f-mannopyranoside (IV vs. I). Under the
Mukaiyama glycosidation conditions, 19 remained un-
changed, thereby suggesting that the presence or absence of
the A2 effect is the primary determining factor (Scheme 6).

Overall, the experimental results discussed above demon-
strate that the unique properties observed in the mannosyl
donor series are due to the structural moiety present in the
C1-C2 portion of -mannopyranoside, that is, the structural
portion in gray in the boxed structure in Scheme 7. On the
basis of this analysis, we predicted similar reactivity profiles
for the donors derived from altrose, idose, and talose, for
which both anomeric and A2 effects are present (Scheme 7).
However, because of the lack of the A2 effect, we did not
anticipate the unique reactivity profile for the donors de-
rived from galactose, allose, and gulose.

B-Pyranoside series «a-Pyranoside series

RO R?0

m/ L
OR!

OR'
*B-mannoside *a-mannoside
*B-taloside ————> | +a-faloside
*B-altroside -ﬂ% a-altroside
*B-idoside *a-idoside
[0} 0,
OR’
R0 R?O |
OR
*B-glucoside *a-glucoside
*B-galactoside %’ *a-galactoside
-p-alloside % «a-alloside
*B-guloside *a-guloside

Scheme 7. Four subgroups of pyranosides. The minimum structural
moiety required for the selective anomerization is in gray in the boxed
structure. It is predicted that, among the four subgroups, only f-pyrano-
sides in the box exhibit the unique profile of reactivity. The chemical be-
havior of the pyranosides highlighted in gray were experimentally con-
firmed.
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To verify the prediction, we studied the chemical behavior
of a- and p-talopyranosides 21 and 22. To our delight, their
chemical behavior was found to be identical with, or at least
very close to, the unique properties observed for a- and f3-
mannopyranosides; namely, the o/f stereoselectivity im-
proved with glycosidation time, and only p-disaccharide 21
anomerized to o-disaccharide 22 in the presence of the Mu-
kaiyama glycosidation catalyst (Scheme 8).I'”

OMe OMe

Bno—*&z—- > o-alyl —_z Bno—%:< %:\ 10-allyl

OBn OBn  OBn OBn OBn OBn OBn OBn

Scheme 8. a- and p-Talopyranosides 21 and 22 exhibited chemical behav-
ior similar to a- and f-mannopyranosides 8 and 10, respectively, in the
presence of 10 mol% SnCl;ClO, in Et,O for 3h at 0°C. In the f—a
anomerization, the § anomer 21 smoothly anomerized to give the o ano-
mer 22 in 60% yield (a/fp=20:1), along with the cleaved monosacchar-
ides. In the attempted o.—[ anomerization, the o anomer 22 was recov-
ered intact.

Conclusions

Glycosidation of a mannosyl donor in the presence of the
Mukaiyama catalyst (SnCl;ClO,) was found to give excep-
tionally high a/f selectivity. A systematic study was conduct-
ed to reveal that the selective f-to-a anomerization accounts
for the observed high a/f} stereoselectivity. Furthermore, the
Mukaiyama catalyst was shown to exhibit an unusual level
of substrate and anomer selectivity for the anomerization.
Taking both anomeric and A2 effects into account, we pro-
posed a mechanistic rationale, thereby suggesting the mini-
mum structural moiety essential for the anomerization. With
this analysis, B-talo-, pB-altro-, and p-idopyranosides were
predicted to exhibit a reactivity profile similar to that of -
mannopyranosides, but all other pyranosides should not.
This prediction was verified by using (- and a-talopyrano-
sides as an example.

Experimental Section

The general experimental procedure is given in the Supporting Informa-
tion of reference [3a,b].

General procedure for time-course study of glycosidation: Tin tetrachlo-
ride (0.1 equiv) in toluene (0.3m) was added to a solution of silver per-
chlorate (0.1 equiv) in diethyl ether (0.005M) at room temperature. The
mixture was stirred in the dark for 1h, and then a solution of donor
(1.0 equiv) and acceptor (1.2 equiv) in diethyl ether (0.075M) was added
at 0°C. An aliquot was taken from the reaction mixture, and the reaction
was quenched with aqueous NaHCO;. After standard workup, the crude
products were subject to "H NMR spectroscopic analysis.

General procedure for anomerization of disaccharides: The procedure is
the same as that for the time-course study of glycosidation, except that a
solution of the disaccharide (1equiv) in diethyl ether (0.075M) was
added to a solution of the catalyst at 0°C. The anomerization was fol-
lowed by 'H NMR spectroscopy; the minor anomer was clearly detected
with as low as 5% content (1:20) until its signal became ambiguous
owing to the baseline of the spectrum.
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Manno donor 4 and acceptor 5 were synthesized as summarized in
Scheme 9. The experimental procedures reported in reference [3a,b]
were adopted to carry out this synthesis, except for step b2, which was
done with the protocol in the literature.!'®!

OH OH
O\
0 MeoPh{ 0 = b 0 =
HO" OH 2> 0 }""Of—> MPMO' o/
HO OH HO OH BnO OBn
D-mannose
OMe OMe
o] — o) —
d
e ho{ Yo/ 4 quson o~
BnO OBn BnO OBn
l 5: Manno acceptor
e
OMe OMe
0] o} i
BnO' /—2MOH —  BnO" O)L\/O\/\OMe
BnO OBn BnO OBn

4: Manno donor

Scheme 9. Synthesis of manno donor 4 and manno acceptor 5. Reagents,
conditions, and yield: a) 1) Allyl alcohol, Sc(OTf),, reflux, 74%; 2) p-
MeOPhCH(OMe),, HBF,, DMF, room temperature, 42% (o anomer);
b) 1) BnBr, NaH, THF/DMF (4:1), room temperature, 92%; 2) LAH,
AICL;, Et,0/CH,CI, (3:1), —78°C—room temperature, 92%; c) 1) NaH,
Mel, THF/DMF (4:1), room temperature, 91 %; 2) DDQ, CH,ClL,/H,0O
(19:1), room temperature, 91 %; d) TMSOTf, Et;N, CH,Cl,, room tem-
perature, 94%; ¢) 1) BnBr, NaH, THF/DMF (4:1), room temperature,
97%; 2) (Ph;P);RhCl, DABCO, EtOH/toluene/H,0 (6:3:1), 90°C, fol-
lowed by treatment with 1N HCl/acetone (9:1), 90°C, 93 %; f) 2-(2-meth-
oxyethoxy)acetic acid, EDCI, DMAP, CH,Cl,, room temperature, 93 %
(a/p=4:1). DABCO =1 4-diazabicyclo[2.2.2]octane, DDQ =2,3-dichloro-
5,6-dicyano-p-benzoquinone, DMAP =4-dimethylaminopyridine, DMF =
N,N-dimethylformamide, EDCI=1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide hydrochloride, LAH =lithium aluminum hydride, MPM =4-
methoxyphenylmethyl, Tf = trifluoromethanesulfonyl.

4: "H NMR (CDCl;): Characteristic resonances for o anomer: 0 =3.36 (s,
3H, methoxy), 3.38 (s, 3H, methoxy), 6.28 ppm (d, /=2 Hz, 1H, anome-
ric); characteristic resonances for (3 anomer: 0=3.35 (s, 3H, methoxy),
3.38 (s, 3H, methoxy), 5.65 ppm (s, 1 H, anomeric).

5: 'HNMR (CDCl;): 6=0.11 (s, 9H), 3.39 (s, 3H), 3.54-3.62 (m, 2H),
3.66-3.69 (m, 2H), 3.74 (m, 1H), 3.90-3.94 (m, 1H), 4.08 (t, /=9 Hz,
1H), 4.13-4.17 (m, 1H), 4.57 (s, 2H), 4.66 (dd, J=12.5, 21 Hz, 2H), 4.87
(d, /=15 Hz, 1H), 5.13-5.24 (m, 2H), 5.80-5.89 (m, 1H), 7.24-7.34 ppm
(m, 10H).
Gluco donor 6 and acceptor 7 were synthesized as summarized in
Scheme 10. The experimental procedures reported in reference [3a,b]
were adopted to carry out this synthesis, except for step b2, which was
done with the protocol in the literature.!'®!

6: '"HNMR (CDCl;; a/f=2:1): Characteristic resonances for o anomer:
0=3.33 (s, 3H, methoxy), 3.38 (s, 3H, methoxy), 6.42 ppm (d, J=3.5 Hz,
1H, anomeric); characteristic resonances for § anomer: 6=3.34 (s, 3H,
methoxy), 3.36 (s, 3H, methoxy), 5.65 ppm (d, J=8.5 Hz, 1 H, anomeric).
7: 'HNMR (CDCly): 6=0.01 (s, 9H), 3.37 (s, 3H), 3.45-3.53 (m, 2H),
3.58-3.60 (m, 1H), 3.69-3.78 (m, 3H), 3.97-4.01 (m, 1H), 4.13-4.17 (m,
1H), 456 (d, J=12Hz, 1H), 4.68 (d, J=11.5Hz, 1H), 474 (d, J=
11.5Hz, 1H), 4.78 (d, J=4 Hz, 1H), 5.01 (d, /J=11.5 Hz, 1H), 5.20-5.34
(m, 2H), 5.88-5.97 (m, 1H), 7.25-7.36 ppm (m, 10H).

Galacto donor 23, which was used for the preparation of 19 (Scheme 6),
was synthesized as summarized in Scheme 11. The experimental proce-
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Scheme 10. Synthesis of gluco donor 6 and gluco acceptor 7. Reagents,
conditions, and yield: a) 1) Allyl alcohol, Sc(OTf);, reflux, 71%; 2) p-
MeOPhCH(OMe),, HBF,, DMF, room temperature, 58 % (o anomer);
b) 1) TBSCI, imidazole, DMF, room temperature, 100%; 2) LAH, AICl,,
Et,0/CH,Cl, (3:1), —78°C—room temperature, 86%; c) 1) NaH, Mel,
THF/DMF (4:1), room temperature, 88 %; 2) TBAF, THF, room temper-
ature, 82%; d) 1) BnBr, NaH, THF/DMF (4:1), 65°C, 100%; 2) DDQ,
CH,Cl,/H,0 (18:1), room temperature, 99 %; ¢) TMSOTY, Et;N, CH,Cl,,
room temperature, 95%; f) 1) BnBr, NaH, THF/DMF (4:1), room tem-
perature, 100 %; 2) [(Ph;P);RhCl], DABCO, EtOH/toluene/H,O (6:3:1),
80°C, followed by treatment with 1N HCl/acetone (9:1), 80°C, 73 %;
2) 2-(2-methoxyethoxy)acetic acid, EDCI, DMAP, CH,Cl,, room temper-
ature, 98% (a/p=2:1). TBAF =tetra-n-butylammonium fluoride, TBS=
tert-butyldimethylsilyl.
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Scheme 11. Synthesis of galacto donor 23. Reagents, conditions, and
yield: a) 1) Allyl alcohol, Sc(OTf);, reflux, 61 %; 2) p-PhCH(OMe),, am-
berlyst-15, CHCI, reflux, 86 % (a anomer); b) 1) BnBr, NaH, THF/DMF
(4:1), room temperature, 86%; 2) LAH, AIClL, Et,0/CH,Cl, (3:1),
—78°C—reflux, 81% (along with 11% of the 6-O-benzyl isomer);
c)NaH, Mel, THF/DMF (4:1), room temperature, 90%;
d) [(PhsP);RhCI], DABCO, EtOH/toluene/H,0 (6:3:1), 90°C, followed
by treatment with 1N HCl/acetone (9:1), 90°C, 93%; e) 2-(2-methoxy-
ethoxy)acetic acid, EDCI, DMAP, CH,Cl,, room temperature, 89 % (o/
p=1.1:1).

dures reported in reference [3a,b] were adopted to carry out this synthe-
sis, except for step b2, which was done with the protocol in the litera-
ture. 8!

23: '"HNMR (CDCl,): Characteristic resonances for o anomer: ¢ =3.27
(s, 3H, methoxy), 3.34 (s, 3H, methoxy), 6.48 ppm (d, /J=3.7Hz, 1H,
anomeric); characteristic resonances for 3 anomer: 6 =3.26 (s, 3H, meth-
oxy), 3.35 (s, 3H, methoxy), 5.63 ppm (d, J=8.1 Hz, 1H, anomeric).

Talo donor 24 was synthesized as summarized in Scheme 12. The experi-
mental procedures reported in reference [3a,b] were adopted to carry out
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24: Talo donor

Scheme 12. Synthesis of talo donor 24. Reagents, conditions, and yield:
a) 1) Allyl alcohol, Sc(OTf);, reflux, 74 %; b) 1) Bu,SnO, MeOH, reflux.
2. BnBr, TBAI, toluene, room temperature, 62% over 2steps; c) p-
PhCH(OMe),, amberlyst-15, CHCl;, reflux, 72% (o anomer);
d) 1) (COCl),, DMSO, Et;N, CH,Cl,, —78°C; 2) LAH, Et,0, 0°C, 50 %
over 2steps; ¢)1) BnBr, NaH, THF/DMF (4:1), room temperature,
83%; 2) LAH, AICl;, Et,O/CH,Cl, (3:1), —78°C—reflux, 74% (along
with 18% of the 6-O-benzyl isomer); f) NaH, Mel, THF/DMF (4:1),
room temperature, 77 %; g) [(PhsP);RhCl], DABCO, EtOH/toluene/H,0
(6:3:1), 90°C, followed by treatment with 1N HCl/acetone (9:1), 90°C,
93 %; h) 2-(2-methoxyethoxy)acetic acid, EDCI, DMAP, CH,Cl,, room
temperature, 89 % (a/p=4:1). DMSO =dimethyl sulfoxide, TBAI=tetra-
n-butylammonium iodide.

this synthesis, except for steps b and e2, which were done with the proto-
cols in the literature.!"s**!

24: '"HNMR (CDCl;): o anomer: 6=3.34 (s, 3H, methoxy), 3.35 (s, 3H,
methoxy), 6.14 ppm (d, /=2 Hz, 1H, anomeric); § anomer: 3.35 (s, 3H,
methoxy), 3.35 (s, 3H, methoxy), 5.80 ppm (s, 1 H, anomeric).
p-Disaccharides 8, 9, 12, 13, 19, and 21 and o-disaccharides 10, 11, 14, 15,
20, and 22 were synthesized by glycosidation according to the procedure
reported by Mukaiyama and co-workers,* that is, 20mol% SiCl,/
2AgClO,, CH;CN, —10°C for f$ anomer, 10 mol% SnCl,/AgClO,, Et,0,
0°C for a anomer.

8: 'HNMR (CDCly): =3.18-3.22 (m, 1H), 3.22 (s, 3H), 3.23 (s, 3H),
3.39-3.42 (m, 1H), 3.45-3.47 (m, 4H), 3.67-3.72 (m, 2H), 3.78 (d, J=
3 Hz, 1H), 3.82-3.92 (m, 3H), 4.08-4.13 (m, 2H), 4.76 (s, 1 H), 4.51-4.56
(m, 4H), 4.62 (m, 2H), 4.82-4.86 (m, 5H), 5.12-5.22 (m, 2H), 5.78-5.86
(m, 1H), 7.18-7.29 (m, 24H), 7.38 ppm (d, J=7.5, 1H).

10: '"HNMR (CDCl;): 6=3.39 (s, 3H), 3.40 (s, 3H), 3.61-3.68 (m, SH),
3.73 (m, 1H), 3.76-3.82 (m, 3H), 3.83-3.86 (m, 1H), 3.93-3.99 (m, 2H),
4.06 (t, J=9 Hz, 1H), 4.18-4.35 (m, 4H), 4.51-4.68(m, 6H), 4.91 (d, /=
11 Hz, 1H), 4.94 (s, 1H), 5.19-5.29 (m, 2H), 5.31 (d, /J=1.5Hz, 1H),
5.84-5.92 (m, 1H), 7.18-7.33 ppm (m, 25H).

9: 'HNMR (CDCL): §=3.21 (s, 3H), 3.25 (s, 3H), 3.25-3.29 (m, 1H),
3.32-3.36 (m, 1H), 3.40-3.44 (m, 2H), 3.48-3.53 (m, 3H), 3.67-3.73 (m,
1H), 3.77 (d, J=3Hz, 1H), 3.83 (t, /=10 Hz, 1H), 3.92-3.96 (m, 2H),
3.97-4.03 (m, 1H), 4.15 (dd, J=4.5, 12.5 Hz, 1H), 4.44 (s, 1 H), 4.58-4.62
(m, 4H), 4.73-4.79 (m, 3H), 5.15 (d, /=11 Hz, 1H), 5.24 (d, /=10, 1H),
5.33 (d, J=17.5 Hz, 1H), 5.90-5.99 (m, 1H), 7.24-7.32 (m, 23H), 7.38 (d,
J=17.5Hz, 1H), 7.43 ppm (d, J=7.5 Hz, 1H).

11: '"HNMR (CDCLy): 6=3.37 (s, 3H), 3.37 (s, 3H), 3.54-3.79 (m, 9H),
3.84-3.89 (m, 2H), 3.93-4.03 (m, 2H), 4.16-4.29 (m, 3H), 4.52-4.65 (m,
6H), 4.81 (d, J=3.5Hz, 1H), 4.90 (d, /=11 Hz, 1H), 5.11 (d, /=11.5 Hz,
1H), 5.24-5.36 (m, 3H), 5.90-5.99 (m, 1H), 7.14-7.33 ppm (m, 25H).

12: 'HNMR (CDCl;): 6=3.26 (s, 3H), 3.28 (s, 3H), 3.31-3.35 (m, 1H),
3.42 (t, J=9 Hz, 1H), 3.49 (dd, J=4.5, 11.5 Hz, 1H), 3.55-3.73 (m, 6H),
3.76-3.80 (m, 1H), 3.90 (dd, /=8, 3.5 Hz, 1H), 3.95-3.99 (m, 1H), 4.16—
4.20 (m, 1H), 5.17-5.28 (m, 2H), 5.84-5.92 (m, 1H), 7.25-7.34 (m, 24H),
7.40 ppm (d, J=7.5 Hz, 1 H).
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14: 'HNMR (CDCL): 6=3.35 (s, 3H), 3.35 (s, 3H), 3.48 (dd, J=3.5 Hz,
J=9.5Hz, 1H), 3.53-3.59 (m, 1H), 3.60-3.67 (m, 4H), 3.75 (dd, J=4.0,
7.5Hz, 1H), 3.84-3.91 (m, 3H), 3.95-3.99 (m, 1H), 4.06 (dd, J=3,
8.5 Hz, 1H), 4.16-4.19 (m, 1H), 4.37-4.69 (m, 8H), 4.77-4.85 (m, 2H),
4.92-4.96 (m, 2H), 5.17-5.29 (m, 2H), 5.81 (d, J=3.5 Hz, 1H), 5.84-5.92
(m, 1H), 7.03-7.31 ppm (m, 25H).

13: '"HNMR (CDCly): 6=3.23 (s, 3H), 3.26 (s, 3H), 3.33-3.43 (m, 3H),
3.49-3.52 (m, 3H), 3.58-3.68 (m, 4H), 3.72-3.76 (m, 1H), 3.84-3.88 (m,
3H), 3.98-4.02 (m, 1H), 4.13-4.16 (m, 1H), 4.40 (d, /=8 Hz, 1H), 4.52—-
4.67 (m, 1H), 4.73-4.85 (m, 7H), 4.92 (d, /J=11Hz, 1H), 510 (d, J=
11 Hz, 1H), 5.22 (d, J=10 Hz, 1H), 5.33 (d, J=17.5 Hz, 1H), 5.90-5.98
(m, 1H), 7.23-7.33 (m, 24H), 7.44 ppm (d, J=7.5 Hz, 1 H).

15: '"HNMR (CDCl;): 6=3.30 (s, 3H), 3.33 (s, 3H), 3.31-3.37 (m, 1H),
3.50 (dd, /=4, 10 Hz, 1H), 3.55-3.67 (m, 5H), 3.73-3.78 (m, 1H), 3.85-
3.89 (m, 1H), 3.93 (t, J=9.5Hz, 1H), 3.86-4.17 (m, 4H), 4.52-4.67 (m,
5H), 4.77-4.91 (m, 5H), 5.09 (d, /=12 Hz, 1H), 524 (d, /=11 Hz, 1H),
5.33 (d, /=17 Hz, 1H), 5.78 (d, J=4 Hz, 1H), 5.90-5.98 (m, 1H), 7.61-
7.31 ppm (m, 25H).

19: 'H NMR (CDCly): 6=3.17 (s, 3H), 3.24 (s, 3H), 3.22-3.28 (m, 1H),
3.38-3.45 (m, 2H), 3.54 (dd, /=29, 9. 7Hz, 1H), 3.58-3.62 (m, 1H),
3.73-3.78 (m, 1H), 3.80-3.83 (m, 2H), 3.89-3.92 (m, 2H), 3.95-4.00 (m,
1H), 4.15-4.22 (m, 2H), 4.50 (d, J=7.8 Hz, 1H), 4.61 (d, J=11.7 Hz,
1H), 471 (d, /=122 Hz, 2H), 4.74 (d, /=122 Hz, 2H), 4.82-4.92 (m,
4H), 497 (d, J=11.7Hz, 1H), 5.19 (d, /=103 Hz, 1H), 5.27 (dd, J=
1.5Hz, J=17.1 Hz, 1H), 5.85-5.94 (m, 1H), 7.22-7.38 ppm (m, 25H).

20: 'H NMR (CDCly): =329 (s, 3H), 3.41 (s, 3H), 3.44-3.48 (m, 1H),
3.52 (t, J=83Hz, 1H), 3.58-3.62 (m, 1H), 3.73 (dd, J=4.9, 10. 7 Hz,
1H), 3.82 (brs, 1H), 3.86-3.95 (m, 3H), 3.96-4.02 (m, 2H), 4.02-4.06 (m,
2H), 4.20 (dd, /=4.9, 11.7 Hz, 1H), 4.35 (t, J=93 Hz, 1H) 448 (d, /=
9.3Hz, 1H), 4.53 (brs, 2H), 4.55 (d, /J=11.7Hz, 1H), 4.61 (d, J=
11.7 Hz, 1H), 4.63 (d, J=11.7 Hz, 1H), 4.66 (d, J=11.7 Hz, 1H), 4.74 (d,
J=11.6 Hz, 1H), 4.80 (d, J=11.6 Hz, 1H), 4.82 (d, J=11.7 Hz, 1 H), 4.96
(d, J=1Hz, 1H), 522 (d, J=10.2 Hz, 1H), 5.28 (dd, /=1.0, 7.1 Hz, 1 H),
5.81 (d, J=3.4 Hz, 1 H), 5.81-5.94 (m, 1H), 7.18-7.38 ppm (m, 25 H).

21: '"HNMR (CDCly): §=3.19 (s, 3H), 3.30 (s, 3H), 3.30-3.44 (m, 3H),
3.55-3.60 (m, 2H), 3.60-3.70 (m, 1H), 3.77-3.82 (m, 3H), 3.84-3.88 (m,
1H), 3.82 (dd, /=34, 9.3 Hz, 1H), 3.95-4.40 (m, 2H), 4.12 (t, J=8.5 Hz,
1H), 4.19 (dd, J=5.0, 13 Hz, 1H), 4.51-4.60 (m, 5H), 4.69 (s, 2H), 4.70
(d, /=18 Hz, 1H), 4.86 (d, J=4.5 Hz, 1H), 4.88 (d, /=4.5 Hz, 1H), 4.90
(d, J=3.5Hz1H), 4.96 (t, J=13.5Hz, 2H), 5.19 (d, /=103 Hz, 1H),
5.27 (dd, J=1.5Hz, 17.1 Hz, 1H), 5.85-5.94 (m, 1H), 7.20-7.45 ppm (m,
25H)

22: '"HNMR (CDCly): 6=3.35 (s, 3H), 3.42 (s, 3H), 3.62 (dd, /=63,
9.8 Hz, 1H), 3.65-3.72 (m, 4H), 3.72-3.74 (m, 1H), 3. 77 (brs, 1H), 3.79-
3.81 (m, 1H), 3.92 (brs, 1H), 3.96-4.03 (m, 2H), 4.12 (t, J=8.7 Hz, 1H),
4.19-4.24 (m, 1H), 439 (d, J=12.7 Hz, 1H), 4.45-4.52 (m, 3H). 4.53-4.58
(m, 2H), 4.65 (d, J=12.7 Hz, 1H), 4.68 (d, J=12.7 Hz, 1H), 4.76 (d, /=
11.7 Hz, 1H), 4.95 (d, J=1.5Hz, 1H), 497 (d, J=11.7 Hz, 1H), 5.21 (dd,
J=1.5, 10.7Hz, 1H), 528 (dd, J=1.5,17 Hz, 1H), 5.47 (s, 1H), 5.86-
5.95 ppm (m, 1H), 7.25-7.36 (m, 25 H).
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