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Introduction

Oligosaccharides are a class of diverse molecules synthe-
sized through a series of glycosyl-transfer reactions in the
Golgi apparatus. Thus, the majority of proteins are post-
translationally modified with oligosaccharides. Together
with glycolipids, another important family, the surfaces of all
mammalian cells are decorated with a variety of glycoconju-
gates. Furthermore, there is rapidly expanding information
regarding important functions of oligosaccharides,[1] some of
which relates to cancer metastasis,[2] immune responses,[3]

and infectious diseases.[4,5] The importance of synthetic oli-
gosaccharides in functional investigations and in the genera-
tion of anti-oligosaccharide antibodies in connection with
vaccine development can be readily understood.[6] There-
fore, synthetic methods to access oligosaccharide structures
are extremely important.[7] Furthermore, a combinatorial
oligosaccharide library is potentially important in terms of
diagnoses and providing potential seeds for new pharma-
ceuticals.[8]

Solid-phase synthesis of oligosaccharides is a focus area
because it relates to rapid access to such molecules, and im-
portant achievements have been reported.[9,10] One of the
goals of this area of research is the establishment of a solid-
phase-based synthetic method, which is considered to be of
fundamental importance in providing the chemical and tech-
nological basis for an automated oligosaccharide synthesi-
zer.[9c] Such technology is important for further biological in-
vestigations as it allows a rapid supply of required mole-
cules.

On the other hand, important issues that need to be ad-
dressed in the development of solid-phase oligosaccharide
synthesis are high-yielding stereoselective glycosylation re-
actions and the overall efficiency of the chemical process-
es.[11–13] Regarding the overall efficiency throughout the syn-
thesis, chemoselective activation of anomeric leaving groups
has been intensively investigated.[14] The majority of these
methods allows iterative glycosylation reactions without the
tedious protecting-group manipulations usually required in
carbohydrate chemistry, thus minimizing the number of re-
action steps. Among them, an extremely efficient method,
orthogonal glycosylation, was reported.[15] This methodology
relies on a set of distinct chemical reactivities of anomeric
leaving groups, which has also proven useful in polymer
(MPEG: monomethyl polyethyleneglycol)-bound oligosac-
charide synthesis[15d,e] and in solid-phase synthesis to some
extent.[16] The usefulness of the system has been demonstrat-
ed not only in oligosaccharide synthesis, but also in the
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synthesis of polymers, dendrimers, and oligomeric cate-
chins.[17]

Despite advances in synthetic chemistry, the synthesis of
combinatorial oligosaccharide libraries is a difficult subject.
The carbohydrate-related combinatorial libraries reported
thus far can be divided into six categories, namely, 1) a
simple oligosaccharide library,[8,18] 2) a natural-product-like
library,[19] 3) an oligosaccharide library with modifications of
functional groups,[20] 4) a combinatorial glycopeptide li-
brary,[21] 5) a glycolipid library,[22] and 6) a chiral scaffold of
a library.[23] We have been interested in the stand-alone oli-
gosaccharide library (category 1) and attempted to synthe-
size oligosaccharides in the solid phase, leading to an auto-
mated synthesizer and combinatorial library.

It is readily anticipated that an active oligosaccharide that
has been identified to play an important biological role is
susceptible to existing hydrolases that degrade the molecule,
leading to rapid loss of activity. For this reason, one might
conclude that synthetic oligosaccharides may serve as impor-
tant tools for biological investigations but not as therapeutic
agents. Although this is true on the one hand, a potential
piece of research was reported in which the investigation of
synthetic inhibitors of N-acetylglucosaminyl transferase V
was exploited. All monosaccharide units of a synthetic sub-
strate of the enzyme b-d-GlcNAc-(1!2)-a-d-Man-(1!6)-b-
d-Man-octyl were successfully replaced to give an inhibitor
with other monosaccharide residues, namely, b-d-Glc, a-d-
Rha, and b-d-Glc, respectively.[24] Although activities against
degrading enzymes have not been investigated, the transfer-
ase inhibitor should be resistant to the b-N-acetylglucosami-
nidase. A combinatorial library may be considered as a
source of such compounds for both a better understanding
of the basis of carbohydrate–protein interactions and as po-
tential therapeutic agents.

Another potential role of a combinatorial oligosaccharide
library is the source of physical information contained in the
structures of individual molecules. With such a library in
hand, data related to chemical bond energies may be ex-
tracted by using energy-resolved mass spectrometry.[25] This
type of information will be extremely important in elucidat-
ing the structure of an unknown oligosaccharide isolated
from natural sources. A method of estimating such a struc-

ture may also be established after finding structural charac-
teristics.

We report herein an extremely efficient method for oligo-
saccharide synthesis applicable to combinatorial synthesis.
Our method is based on the combined use of a stationary
solid-phase reaction (SSPR), in which no mechanical mixing
is applied, an orthogonal glycosylation strategy, and solid-
phase extraction (SPE). The synthesis of a series of trisac-
charides, namely, a/b-l-Fuc-(1!6)-a/b-d-Gal-(1!2/3/4/6)-a/
b-d-Glc-octyl, is reported to show the potential usefulness
of the method in the synthesis of a combinatorial oligosac-
charide library.

Results and Discussion

Successful oligosaccharide synthesis requires careful selec-
tion of a strategy, suitable coupling methods, and protecting
groups.[9] At first, a decision regarding the direction of syn-
thesis, that is, whether to start from the reducing or nonre-
ducing terminus, has to be made. For the current investiga-
tion, we selected the latter, which is suited to an orthogonal-
glycosylation strategy.[15a] We also decided to synthesize the
possible stereoisomers regarding anomeric configura-
tions.[8,26]

The current trend in the chemical synthesis of oligosac-
charides, including solid-phase synthesis, aims primarily to
synthesize a “desired” product, which is isolated, structurally
defined, and/or found to play an important biological role,
and thus becomes a target for the synthesis.[9] Stereoselec-
tive synthesis is required for the synthesis of a target mole-
cule. Alternatively, it may be possible to identify useful
structures in nonnatural oligosaccharides from a combinato-
rial library.

Rationale for Not Performing Stereoselective
Glycosylations

Our intension was to synthesize all anomers as a member of
a library (Scheme 1; focus on protecting group).[8,26] It is pos-
sible to accomplish such a goal by using nonneighboring and
neighboring participating groups at the position next to the
anomeric center to obtain a and b glycosides, respectively.[7]

However, tremendous effort has to be made to achieve ste-
reospecific synthesis, not only for stereocontrolled synthetic
methods but also for the preparation of a series of synthetic
units, especially with glycosyl donors equipped with a partic-
ipating or nonparticipating protecting group. In combinato-
rial synthesis, the addition of a second set of reactions indi-
cates that all the reactions have to be carried out twice.
Here, one of the important considerations in carbohydrate
chemistry is that the glycosylation proceeds basically by an
SN1 reaction mechanism, especially when nonneighboring
groups are used as protecting groups at O2. In this case, a
mixture of anomers is formed, and thus isolation of both
anomers is necessary. This was the method for obtaining a

glycosides. Therefore, we decided to perform the synthesis
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of oligosaccharide in a nonstereospecific manner and to iso-
late the obtained mixture by chromatographic techniques.
Regardless of this consideration, however, one can perform
stereoselective glycosylation reactions by using neighboring
participating groups as they are also used in solution
chemistry.

Considerations for Efficient Oligosaccharide Synthesis

How would one access oligosaccharides in a minimum
number of chemical steps? One may choose either of the
following techniques: 1) chemoselective activation of
anomeric leaving groups[14] and 2) solid-phase chemistry. De-
spite successful expansion of one-pot syntheses based on
chemoselective glycosylations in solution,[11] however, com-
bined use of this technique with solid-phase reaction usually
does not give satisfactory results because the less-reactive
species has to be exposed to the activating agent before ad-
dition to the solid carrying the other more-reactive species.
As chemoselective reactions rely on subtle differences in re-
activities of chemical species, less-reactive species would
react slowly in the absence of more-reactive species. Thus,
chemoselective reaction would give rise to a mixture of
products consisting of deletion sequences. Therefore, com-
plicated purification is inevitable when such reactions are
used. To address the problem, we decided to use the orthog-
onal-glycosylation strategy.[15a] In this system, the chemical
species involved is chemically independent. This is thus con-
sidered best-suited for solid-phase reaction, especially for
oligosaccharide synthesis. Of course, one of the advantages
of solid-phase organic reactions is rapid operation due to ex-

clusion of column chromatography. We also planned to in-
corporate a hydrophobic tag at the end of the synthesis. This
facilitates rapid isolation of the desired products by SPE
after cleavage of the accumulated products from resin beads
and deprotection (Scheme 1; focus on solid-phase orthogo-
nal glycosylation and SPE).[27]

Objectives

To determine the eligibility of our synthetic method based
on orthogonal glycosylation and the proposed SSPR, a
series of linear trisaccharides consisting of l-fucose, d-galac-
tose, and d-glucose was chosen as targets. l-Fucose-contain-
ing oligosaccharides were found to be part of glycoproteins
and glycolipids and are known to play important biological
roles, including involvement of Leb antigen as a ligand of
Helicobacter pylori.[28] Furthermore, the selected trisacchar-
ides contain the a-l-Fuc-(1!6)-b-d-Gal structure, which
was identified to be a weak substrate of a-fucosidase.[8] One
of our goals is to find a potential therapeutic agent that con-
sists basically of carbohydrates only. Such a molecule has to
be recognized by a targeted binding protein and has to be
slowly decomposed by endogenous hydrolases. Therefore,
the series of trisaccharides was selected for future screening
purposes as well. A conceptual summary of our library syn-
thesis is depicted in Figure 1. A nonreducing end unit,
fucose unit in this case (see also Scheme 1), was selected as
a first monosaccharide. The second unit, for example, galac-
tose unit with a 6-hydroxy group, was then coupled to afford
anomer mixtures. The individual mixtures were coupled
with the third unit, and so on. At each coupling cycle, new

Scheme 1. Overall synthetic plan. Four individual synthetic equivalents prepared before the synthesis were sequentially coupled by means of the orthogo-
nal-glycosylation strategy. The last component introduced acts as a hydrophobic tag that facilitates rapid isolation of the products carrying it after cleav-
age of the substances accumulated on the support and the deprotection reactions. The trisaccharides obtained were finally isolated by using reverse-
phase HPLC. Bn=benzyl.
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anomers were formed; thus, a series of compounds with a
sequence consisting of 23 anomeric combinations were
formed in each sequence.

Synthesis of Fucose Derivatives

To perform solid-phase orthogonal-glycosylation reactions, a
nonreducing-end monosaccharide unit has to be attached to
a resin prior to the synthesis. To begin with, the phenylthio-
glycoside of l-fucose derivative 4,[29] of which the 2- and 3-
OH groups were protected as benzyl ethers, was synthesized
from compound 1 by benzylidenation (benzaldehyde di-
ACHTUNGTRENNUNGmethylacetal, pTsOH), benzylation (BnBr, NaH), acid hy-
drolysis (80% AcOH), and selective benzylation (Bu2SnO,
BnBr) (Scheme 2). Compound 4 was converted into the suc-
cinyl esters 8 and 9 as follows. Compound 5 obtained by

protection of the 4-OH group with a chloroacetyl group
(90%) was converted into glycosyl fluoride 6 in 91% yield
by using DAST. The formation of a- and b-glycosyl fluorides
was evident from the typical anomeric 1H NMR signals at
5.57 ppm (J1-H,2-H=2.7, J1-H,F=53.2 Hz) for the a anomer and
5.18 ppm (J1-H,2-H=6.8, J1-H,F=52.4 Hz) for the b anomer.
The reaction did not require any of the additives usually
used, such as N-bromosuccinimide (NBS). It is believed that
an electrophilic sulfiminium cation species is the active
agent in the reaction.[8b] Although a higher reaction temper-
ature (40 8C in this case) was required, the reaction was very
much cleaner than the one with NBS, which usually produ-
ces glycosyl bromide as a by-product. Compound 6 was then
treated with DABCO to remove the chloroacetyl group and
give 7 (92%). Position 4 of compounds 4 and 7 was function-
alized as succinyl esters 8 (97%) and 9 (60%), respectively.

Figure 1. Concept of trisaccharide combinatorial library. *=a anomer, *=b anomer. Isolated or interconnected objects indicate either individual
ACHTUNGTRENNUNGmonosaccharides or trisaccharides. Glycan structures are represented as suggested by the Nomenclature Committee, the Consortium for Functional
ACHTUNGTRENNUNGGlycomics (http://www.functionalglycomics.org). ~=l-Fucose, *=d-galactose, *=d-glucose.
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Synthesis of Resin-Bound Fucosyl Donor under Stationary
Conditions (SSPR)

In solid-phase synthesis, chemical reactions take place inside
the pores of resins. We often mix such beads mechanically
in a reaction slurry with the intention of aiding diffusion of
heat and the chemical entities involved so as to accelerate
the reaction. The governing factors of chemical reactions
that occur inside resins, however, are 1) temperature, 2) con-
centration, and 3) the diffusion constants of the reactants;
mixing is therefore not needed for factors 2 and 3. Thus, me-
chanical mixing may be avoided, especially in a relatively
small-scale synthesis such as in the case of combinatorial
chemistry. If possible, the mixing mechanism, which often
makes the machine bulky, costly, brittle, and wasteful of sol-
vents, can be eliminated from the organic synthesizer.

For the SSPR to be effective, the following conditions
have to be fulfilled whenever possible: 1) the reactants re-
quired should be dissolved in the minimum volume of se-
lected solvent necessary to swell the resin used; 2) resin
beads should be predried to allow not only successful anhy-
drous reaction conditions but also efficient introduction of a
solution into the resin pores based on solvation effect;[30b]

and 3) soluble reagents should be used to avoid clogging of
the pores. The amount of solvent required to swell a certain
quantity of resin beads can be obtained by slowly adding the
solvent(s) to the beads. Polystyrene-based resins swell
within 10 min for nonpolar organic solvents, thus addition is
performed during this period. The “liquefaction” phenom-

enon of the beads is used to judge the amount (�5 mL di-
chloroethane (DCE) or DMF per g TentaGel).[30] Thus, the
resin beads (Amino TentaGel; 1.00 g, 0.29 mmol) were swol-
len with a solution containing 8 (2 equiv), DIC (3 equiv),
and HOBt (2.5 equiv) in DMF (5.0 mL). The vessel contain-
ing the resulting calluslike resin beads was left to stand at
room temperature for 24 h. The resins were thoroughly
washed and subjected to acetylation conditions to cap the
existing amine. According to the Kaiser test and weight gain
of the resin, the yield of 10 from this amide-bond formation
was 67% (Scheme 2). In a similar manner, resin-bound fu-
cosyl fluoride donor 11 was synthesized in 60% yield by
using 9. The rate of introduction of these first monosacchar-
ide units was controlled at 60–70% based on the prelimina-
ry examination, which indicated that this loading level re-
sulted in the best overall yield. One of the reasons for this
result is fewer donor-to-donor cross-reactions. When higher
loading (quasiquantitative yield) was achieved, formation of
fucosyl dimer was observed. Also, regarding the reaction ef-
ficiency relative to that with vortex mixing, similar yields
were obtained with identical quantities of individual materi-
als (data not shown, but details of SSPR are given below for
glycosylation reactions).

With a successful example of amide-bond formation
under SSPR conditions, we turned our attention to the gly-
cosylation reaction. We first carried out experiments to com-
pare conditions with and without mixing. Experiments were
terminated after 15 min, before completion of the reaction,
to compare quasi-initial rates. In both cases, compound 10
was used as a glycosyl donor. For the SSPR, a minimum
amount of solvent containing n-octanol and dimethyl-
ACHTUNGTRENNUNGmethylthiosulfonium trifluoromethanesulfonate (DMTST)[31]

was used and the resins were left at �30 8C. Excess solvent
has to be used to stir the reaction mixture in a traditional re-
action. For this, twofold dilution of the reagents was used to
allow the standard reaction. It was shown that the reaction
rate in the SSPR was 1.4 times greater than that of a stan-
dard reaction. This result is believed to reflect the effect of
the higher concentration in the former conditions, which is
similar to a phenomenon observed for acceleration of chem-
ical reaction in frozen solution.[32] A homogenous, high con-
centration of the reaction solution to be sucked into the
resin in our experiment was achieved because the glycosyl
acceptor and the promoter can be mixed in the orthogonal
system. Furthermore, this is advantageous over other glyco-
sylation strategies because time is not required for the diffu-
sive mixing of solutions of acceptor and promoter. Regard-
less of the mechanism that accelerates the solid-phase reac-
tion, it is clear that mechanical mixing is not needed for this
reaction. Also, the result indicates that the method can elim-
inate the need for unnecessary amounts of reagents and sol-
vents. The SSPR is thus considered best-suited to the auto-
mated synthesizer because of minimum solvent consumption
and space occupancy, except for large-scale synthesis.

Scheme 2. Synthesis of resin-bound fucosyl donors. a) Benzaldehyde di-
methylacetal, pTsOH, DMF, 87%; b) BnBr, NaH, DMF, 58%; c) i) 80%
AcOH; ii) Bu2SnO, toluene; iii) BnBr, CsF, DMF, 89% over 3 steps;
d) chloroacetyl chloride, DCM, Pyr, 90%; e) DAST, DCM, 40 8C, 91%;
f) DABCO, EtOH, Pyr, 70 8C, 92%; g) succinic anhydride, DMAP, DCM,
Pyr; h) Amino TentaGel, DIC, HOBt, DMF; i) Ac2O, Pyr, DCM. ClAc=
chloroacetyl, DABCO=1,4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane, DAST=N,N-di-
ACHTUNGTRENNUNGethylaminosulfur trifluoride, DCM=dichloromethane, DIC=diisopropyl-
carbodiimide, DMF=N,N-dimethylformamide, HOBt=1-hydroxybenzo-
ACHTUNGTRENNUNGtriazole, pTs= tosyl, Pyr=pyridine.
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Examination of Solid-Phase Glycosylation Conditions

Before initiating solid-phase oligosaccharide synthesis, we
first examined the reaction conditions with thioglycoside
and glycosyl fluoride as glycosyl donors in the orthogonal
coupling.[15a,b,d] To determine each reaction condition, resin-
bound fucosyl donors carrying phenylthio (10) and fluoro
groups (11) at anomeric centers were prepared and used in
the glycosylation reactions to obtain 12 ; other conditions
were varied (Tables 1 and 2). DMTST and hafnocene bistri-
fluoromethanesulfonate [Cp2Hf ACHTUNGTRENNUNG(OTf)2]

[33] were used as the
activating agents for the respective functional groups. One
of the objectives of these experiments was to identify the
condition that yields a mixture of glycosides in which the de-
sired a/b ratio is 1, which is important as we want all possi-
ble anomers.

Activation of Phenylthioglycoside

Table 1 shows the results of using phenylthiofucoside 10 as
the glycosyl donor; the quantities of acceptor and DMTST
were fixed at 2 and 3 equivalents, respectively, based on our

preliminary experiments. The
results clearly show that the
yields of octyl glycosides 12
were very high (�97%), as
confirmed by 1H NMR analy-
ses. It seems that application of
a temperature gradient from
lower to higher temperature, to
facilitate reactions for which
the optimal temperature is not
known, was effective (Table 1,
entries 1–8), especially in terms
of reaction time. This is clear

when the results of entries 1 and 9 in Table 1 are compared.
The reaction was successfully completed in the former but
not the latter case. We do not have an explanation for the
results obtained for the reactions carried out at higher tem-
peratures that did not go to completion (Table 1, entries 10–
12). Also, the formation of the b glycoside tended to in-
crease at lower temperatures. Regarding the a/b ratio, the
higher the temperature, the higher the rate of formation of
the a glycoside (Table 1, entries 7, 8, 10–12). Despite the use
of nonneighboring participating protecting groups (benzyl in
this case) at O2, the result indicates that b glycoside forma-
tion is preferred under kinetic control. On the other hand,
the proportion of the thermodynamically stable a glycoside
increased at higher temperatures as expected. In the pres-
ence of CH3CN, the a/b ratio did not change dramatically,
whereas the preferred a/b ratio (closest to one) was ob-
tained in the absence of CH3CN. Notably, glycosyl fluoride
13 was found to gradually decompose at reaction tempera-
tures over 0 8C (data not shown). Also, a longer reaction
time was necessary to complete the reaction (Table 1, en-
tries 13 and 14). As the difference in the a/b ratio was not
affected significantly (Table 1, entry 7 vs. 8 and entry 13 vs.

14), we decided to use the reac-
tion conditions (activation of
phenylthioglycosides) shown in
Table 1, entry 15 for further ex-
periments.

Activation of Glycosyl Fluoride

Next, we examined the glycosy-
lation reaction with resin-bound
fucosyl fluoride as a glycosyl
donor (Table 2). We found that
DCM was the superior solvent
because of its potent solvating
ability. Our initial choice of
DCE was based on the consid-
eration that solvents with rela-
tively high boiling points and/or
viscosity were preferred in
terms of liquid handling when
using a synthesizer. The ratio of

Table 1. Glycosylation reactions of resin-bound phenylthiofucoside 10.[a]

Entry Acceptor[b] Solvent[c] T [8C]
initial/final

t [h] 12 formed 4 [%][d]

Yield [%][d] a/b[d]

1 n-octanol S1 �30/0 1 �97 1:2.5 N.D.[e]

2 n-octanol S1 �30/0 2 �97 1:2.6 N.D.[e]

3 n-octanol S1 �30/0 3 �97 1:2.5 N.D.[e]

4 n-octanol S2 �30/0 1 �97 1:2.5 N.D.[e]

5 n-octanol S3 �30/0 1 �97 1:2.3 N.D.[e]

6 n-octanol S4 �30/0 1 �97 1:1.8 N.D.[e]

7 n-octanol S1 �20/0 1 �97 1:2.1 N.D.[e]

8 n-octanol S1 �10/0 1 �97 1:1.7 N.D.[e]

9 n-octanol S1 �30 1 �66 1:2.9 �31
10 n-octanol S1 0 1 �70 1:1.4 �27
11 n-octanol S1 10 1 �70 1:1.6 �27
12 n-octanol S1 20 1 �70 1:1.3 �27
13 13 S1 �30/0 1 �85 1:3.9 �12
14 13 S1 �15/0 1 �93 1:3.2 �4
15 13 S1 �30/0 12 �97 1:2.3 N.D.[e]

[a] Reaction conditions: 1) DMTST (3 equiv), DCE/CH3CN; 2) NaOMe, MeOH/DCE (1:4). [b] 2 equiv
ACHTUNGTRENNUNGacceptor was used. [c] Solvents: DCE/CH3CN=1:1 (S1), 2:1 (S2), 3:1 (S3); S4: DCE. [d] Yields and ratio were
ACHTUNGTRENNUNGdetermined by 1H NMR spectroscopy. [e] Not detected.

Table 2. Glycosylation reactions of resin-bound fucosyl fluoride 11.[a]

Entry ACHTUNGTRENNUNG[Cp2HfCl2]
ACHTUNGTRENNUNG[equiv]

AgOTf
ACHTUNGTRENNUNG[equiv]

Solvent[b] T [8C]
initial/
final

t
[h]

12 formed Remaining
11 [%][c]Yield [%][c] a/b[c]

1 3 3 S1 �30/0 2 �30 1:2.4 67
2 3 6 S1 �30/0 2 67 1:2.4 �30
3 3 6 S2 �30/0 12 �97 1:3.3 <1.0
4 3 6 S2 �30/0 1 �97 1:2.3 <1.0
5 3 3 S2 �30 0.25 <1.0 N.D.[d] 98
6 3 6 S2 �30 0.25 �36 1:2.4 61

[a] Reaction conditions: 1) Acceptor=n-octanol (2 equiv), [Cp2HfCl2], DCE/CH3CN; 2) NaOMe, MeOH/
DCE (1:4). [b] Solvents: DCE/CH3CN=1:1 (S1), DCM (S2). [c] Yields and ratios were determined by
1H NMR spectroscopy. [d] Not determined.
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[Cp2HfCl2] to AgOTf was determined to be 1:2 (Table 2,
entry 1 vs. 2).[33a] Again, the efficiency of the application of a
temperature gradient was confirmed (Table 2, entries 1–4 vs.
5 and 6). A steeper increment rate resulted in an excellent
yield (Table 2, entry 4). The result indicated no clear effect
on the ratio of the glycosides formed under these conditions.

Orthogonal Glycosylation in the Solid Phase

With the results of the activation conditions of phenylthio-
glycoside and glycosyl fluoride, we examined the synthesis
of trisaccharides by using an orthogonal-glycosylation reac-
tion based on the newly introduced SSPR (Schemes 3–5).
The orthogonal-glycosylation reaction relies on the chemical
distinctiveness of two independent functional groups at
anomeric positions. In this system, 1) phenylthioglycoside is
selectively activated by DMTST in the presence of glycosyl
fluoride carrying a hydroxy group and 2) glycosyl fluoride is
selectively activated by [Cp2Hf ACHTUNGTRENNUNG(OTf)2] in the presence of
thioglycoside. In this method, the reaction starts from the
nonreducing terminus, where formation of the deletion se-
quence can be suppressed without capping reactions as de-
scribed for glycal chemistry, because the by-products cannot
serve as glycosylating agents in the next cycle.[9a]

The resin-bound fucose derivative 10 was used as a glyco-
syl donor (Scheme 3). To achieve a “mixing-free” SSPR, a

selected galactosyl fluoride 13, in which the 2-, 3-, and 4-hy-
droxy groups were protected with benzyl groups, was pre-
pared as an acceptor[8b] and mixed with a solution of
DMTST. The mixture was added to a resin at �15 8C. The
swelled resin was left while the reaction temperature was
raised to 0 8C over 12 h (temperature increment rate:
1.25 8Ch�1) to give resin-bound disaccharide 14. Hereafter
we use “TF” to describe the temperature factor of the reac-
tion conditions, for example, (TF �15, 0, 1.25) in this case.
The resin was thoroughly washed, and aliquots were taken
to obtain the coupling yield after ZemplNn deacetylation.

Analysis by quadrupole ion-trap mass spectrometry
(QITMS) revealed that disaccharide 12 (where R in Table 1
is A2) (m/z=801.3) was formed with excellent efficiency
(Figure 2a). Furthermore, glycosylation of 10 with com-

pound 15 (2-OH form)[34] was also carried out to yield resin-
bound 16. An extremely high yield was shown again by
QITMS analysis (Figure 2b).

The compounds that accumulated on the solid support
consisted of anomers; however, we proceeded with the syn-
thesis because our intention was to synthesize all possible
anomers. Thus, resin-bound disaccharide fluorides 14 were
activated by [Cp2Hf ACHTUNGTRENNUNG(OTf)2] and coupled with phenylthioglu-
coside carrying a 6-OH functionality (18)[35] (Scheme 4). The
reaction was carried out under SSPR conditions (TF �30, 0,
2.5). The conditions of Table 2, entry 3 were used based on
the consideration that glycosylation of a monosaccharide
unit may require a longer reaction time according to the gly-
cosylation of phenylthioglycoside as shown above. QITMS
analysis after cleavage of 19 from the resin again indicated
a successful reaction. The resin-bound trisaccharide thiogly-
coside 20 was then coupled with n-octanol in the presence
of DMTST (TF �30, 0, 2.5) without mixing to give com-
pound 21. The trisaccharides were cleaved from the resin
under ZemplNn conditions, and the mixture consisting of 23

anomers (22, Figure 3a) was hydrogenated over Pd(OH)2 on
charcoal to yield 23 (Figure 3b) as an anomeric mixture. In
this mixture, only the desired products have a hydrophobic
tag (octyl in this case), as potential by-products such as hy-
drolysis and elimination products were not involved in fur-
ther glycosylation reactions. The final compounds were thus
easily separated from the by-products by means of a re-
verse-phase short column (SPE) (33%, 5 steps).

Scheme 3. Synthesis of disaccharides. a) DMTST, DCE/CH3CN (1:1);
b) NaOMe, MeOH/DCE (1:4). *For a detailed examination of the
ACHTUNGTRENNUNGreaction conditions, see Table 1.

Figure 2. Mass spectra of compounds 12 (R=A2) and 17.
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Trisaccharides obtained in this manner consist of a series
of anomers. Each anomer was isolated by using liquid chro-
matography (LC) MS with a reverse-phase monolithic
column. As a demonstration, the separation of a/b-Fuc-(1!
6)-a/b-Gal-(1!6)-a/b-Glc-octyl 23 was carried out, the
chromatograph of which is shown in Figure 4a. Anomeric
configurations were then characterized by 1H NMR spec-
troscopy and, when necessary, 1H–1H COSY and heteronu-
clear single-quantum correlation (HSQC) experiments. The
assigned chemical shifts and coupling constants of these
anomers are listed in Table 3.

Having shown a solid-phase orthogonal system in which a
glycosylation reaction of disaccharide glycosyl fluoride with
a primary hydroxy group was achieved, we then examined a
glycosylation reaction with a secondary hydroxy group by
using the 3-hydroxy free-glucose derivative 24[36]

(Scheme 5). Thus, the coupling of 24 and resin-bound 14
was carried out to give trisaccharide 25, which was then cou-
pled with n-octanol to give 26. Compound 27 (Figure 3c)
obtained after cleavage from the resin was finally subjected
to hydrogenolysis to yield 28 (Figure 3d) (5.2 mg, 17.8%,
5 steps). Individual compounds were isolated by using

Scheme 4. Synthesis of trisaccharides. a) [Cp2Hf ACHTUNGTRENNUNG(OTf)2], DCE/CH3CN (1:1); b) NaOMe, MeOH/DCE (1:4); c) n-octanol, DMTST, DCE/CH3CN (2:1);
d) H2, Pd(OH)2/C, MeOH/EtOAc (1:1).

Figure 3. Mass spectra of compounds 22, 23, 27, and 28.
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HPLC (Figure 4b), and the anomeric configurations were
characterized by NMR spectroscopy. The assigned chemical
shifts and coupling constants of the anomers are shown in
Table 4.

In the same manner, a/b-Fuc-(1!6)-a/b-Gal-(1!2/4)-a/
b-Glc-octyl 30 and 32 were synthesized from disaccharide 14
and corresponding glucose derivatives (Scheme 5).[37] Forma-
tion of trisaccharides were confirmed by mass spectral anal-
ysis as shown in Figure 5a (30) and b (32).

Conclusions

We have demonstrated successful oligosaccharide synthesis
by using an orthogonal glycosylation strategy based on
SSPR. An overall improvement of the synthetic protocol
was achieved, which will be effectively used in the upcoming
combinatorial synthesis of oligosaccharides. The usefulness
of our method was shown through the synthesis of a small
combinatorial library of linear trisaccharides with the gener-

al sequence l-Fuc-(1!6)-d-
Gal-(1!2/3/4/6)-d-Glc as an
octyl glycoside. Furthermore,
we have shown that all anomers
with the sequence can be isolat-
ed by simple reverse-phase
HPLC. The anomeric configu-
rations of compounds thus iso-
lated were successfully assigned
by using 1H–1H COSY and
HSQC. The SSPR may also
affect the future design of syn-
thesizers. Investigations direct-
ed toward 1) finding potential

Figure 4. HPLC profile of a) 23 and b) 28. Positive m/z in both cases=
623. For anomeric configurations, retention times, and the ratio of
ACHTUNGTRENNUNGindividual compounds, see Tables 3 and 4.

Table 3. Assignments of 1H NMR spectra of the trisaccharides 23, their retention times, and anomer ratio.

Compounds Anomeric
configurations[a]

d [ppm] (J [Hz]) tR
ACHTUNGTRENNUNG[min]

Ratio
[%][c]Fuc Gal Glc

23–1 aaa 4.91[b]

(3.8)
4.88[b]

(2.7)
4.98[b]

(4.0)
41.0 1.4

23–2 aab 4.94 (3.6) 5.02 (2.7) 4.48 (8.0) 32.9 6.5
23–3 aba 4.94 (3.9) 4.43 (7.8) 4.90 (3.6) 26.6 6.4
23–4 abb 4.97 (3.8) 4.50 (7.9) 4.48 (8.2) 23.4 17.7
23–5 baa 4.43 (7.8) 4.99 (3.2) 4.94 (3.8) 68.3 2.8
23–6 bab 4.45 (7.9) 5.01 (3.4) 4.50 (8.0) 46.3 14.9
23–7 bba 4.43 (7.9) 4.45 (8.1) 4.92 (3.6) 44.2 14.2
23–8 bbb 4.43 (7.8) 4.49 (7.8) 4.48 (8.0) 35.1 36.1

[a] Anomeric configurations are shown as starting from the nonreducing and proceeding to the reducing
ACHTUNGTRENNUNGterminus. [b] Assignments are tentative. [c] Ratio of anomers was estimated from the LCMS spectrum based
on the assumption that these structural isomers were ionized similarly.

Scheme 5. Synthesis of trisaccharides 28, 30, and 32. a) DMTST, DCE/CH3CN; b) [Cp2Hf ACHTUNGTRENNUNG(OTf)2], DCE/CH3CN; c) n-octanol, DMTST, DCE/CH3CN;
d) NaOMe, MeOH/DCE; e) H2, Pd(OH)2/C, MeOH/EtOAc.
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agents for some therapeutic treatments[8] and 2) establishing
a new method for structural elucidation by extracting physi-
cal data based on energy-resolved mass spectrometry[25] are
underway using an oligosaccharide library.[38]

Experimental Section

General Methods

NovaSyn TG amino resin was purchased from Merck. Bohdan Mini-
blockQ was equipped with a heat-transfer layer. Dried solvents were
used for all reactions. Solutions were evaporated under reduced pressure
at a bath temperature not exceeding 50 8C. Analytical TLC was per-
formed on a Merck Art 5715 chromatograph with Kieselgel 60 F254 0.25-
mm thick plates. Visualization was performed with UV light and phos-
phomolybdic acid and/or sulfuric acid followed by heating. Column chro-

matography was performed with a
Merck Art 7734 chromatograph with
silica gel 60 (70–230 mesh). Optical ro-
tations were measured in a 1.0-dm
tube with a Horiba SEPA-200 polarim-
eter. 1H NMR (500 MHz) and
13C NMR (125 MHz) spectra were re-
corded with an AVANCE 500 spec-
trometer (Bruker Biospin Inc.) in deu-
terated solvents with tetramethylsilane
as an internal standard. ESI QIT mass
spectra were recorded on an Es-
ACHTUNGTRENNUNGquire 3000 plus mass spectrometer
(Bruker Daltonics Inc.). High-resolu-
tion mass spectra were obtained on a
Q-star pulsar-i with ESI interface (Tri-
ple Q TOF mass spectrometer with re-
flectron; mass accuracy: 5 ppm for

150–900; Applied Biosystems Inc.) and internal standards Fuca ACHTUNGTRENNUNG(1!
2)Galb ACHTUNGTRENNUNG(1!4)Glc (theoretical monoisotopic mass as [C18H32O15Na]+ :
511.1633) and lacto-N-neotetraose (theoretical monoisotopic mass as
[C26H45NO21Na]+ : 730.2376), which were purchased from Dextra Labora-
tories (Reading, UK).

Compounds 1,[29] 13,[8b] and 15[34] were prepared according the procedure
reported. Compounds 18[35] and 24[36] were prepared according to proce-
dures described previously[37] .

In the assignment of 1H NMR spectra for the mixture of a and b anom-
ers, individual protons were counted separately regardless of the ratio.

Syntheses

2 : Benzaldehyde dimethylacetal (1.33 mL, 8.9 mmol) and pTsOH
(112 mg, 0.59 mmol) were added to a solution of 1[29] (2.0 g, 5.9 mmol)
dissolved in DMF (7.0 mL), and the resulting mixture was stirred at 45 8C
for 1 h. After completion of the reaction, Et3N was added to the mixture,
which was then concentrated. The residue was purified by a column of
silica gel (hexane/EtOAc=3:1) to yield 2 (1.84 g, 87%). 2a : Rf=0.52
(toluene/EtOAc=4:1); 1H NMR (CDCl3): d=7.54–7.26 (m, 10H, aro-
matic H), 6.19 (s, 1H, PhCH), 5.17 (dd, J=6.8, 10.4 Hz, 1H, 2-H), 4.67
(d, J=10.0 Hz, 1H, 1-H), 4.48 (t, J=5.7 Hz, 1H, 4-H), 4.11 (dd, J=2.9,
5.3 Hz, 1H, 3-H), 3.87 (q, 1H, 5-H), 1.38 ppm (d, J=6.5 Hz, 3H, 6-H).
2b : Rf=0.49 (toluene/EtOAc=4:1); 1H NMR (CDCl3): d=7.89–7.27 (m,
10H, aromatic H), 5.89 (s, 1H, PhCH), 5.06 (dd, J=6.7, 10.0 Hz, 1H, 2-
H), 4.69 (d, J=10.1 Hz, 1H, 1-H), 4.36 (t, J=6.3 Hz, 1H, 4-H), 4.15 (dd,
J=2.1, 5.8 Hz, 1H, 3-H), 3.98 (q, 1H, 5-H), 1.38 ppm (d, J=6.3 Hz, 3H,
6-H).

3 : NaH (8.8 mg, 0.61 mmol) was added to a solution of 2 (1.1 g,
3.0 mmol) in DMF (20 mL) containing BnBr (760 mL, 6.1 mmol) at about
0 8C. The reaction mixture was stirred at room temperature for 1.5 h and
diluted with EtOAc. The mixture was washed with water, dried over
MgSO4, and concentrated. The resulting residue was purified on a silica-
gel column chromatograph (hexane/EtOAc=4:1) to give 3 (783 mg,
58%). 3a : 1H NMR (CDCl3): d=7.59–7.22 (m, 15H, aromatic H), 5.99
(s, 1H, PhCH), 4.88, 4.78 (d, J=11.4 Hz, 2H, PhCH2), 4.67 (d, J=9.5 Hz,
1H, 1-H), 4.55 (t, J=6.0 Hz, 1H, 4-H), 4.07 (dd, J=9.5, 1.8 Hz, 1H, 3-
H), 3.77 (q, 1H, 5-H), 3.64 (dd, J=5.6, 9.8 Hz, 1H, 2-H), 1.41 ppm (d,
J=6.7 Hz, 3H, 6-H). 3b : 1H NMR (CDCl3): d=7.58–7.22 (m, 15H, aro-
matic H), 5.89 (s, 1H, PhCH), 4.73, 4.56 (d, J=11.4 Hz, 2H, PhCH2),
4.65 (d, J=10.1 Hz, 1H, 1-H), 4.37 (t, J=5.8 Hz, 1H, 4-H), 4.11 (dd, J=
6.5, 2.5 Hz, 1H, 3-H), 3.91 (q, 1H, 5-H), 3.52 (dd, J=5.6, 9.8 Hz, 1H, 2-
H), 1.46 ppm (d, J=6.5 Hz, 3H, 6-H).

4 :[29] Compound 3 (2.7 g, 6.1 mmol) was treated with AcOH (80 mL) and
water (20 mL) at 45 8C. After 5 h, the solution was concentrated to leave
a residue, which was purified by silica-gel column chromatography
(CH2Cl2/MeOH=100:1) to give a 3,4-diol (1.9 g, 5.6 mmol, 91%; Rf=

0.22 (toluene/EtOAc=4:1)). The diol was dissolved in toluene (30 mL),
and Bu2SnO (1.66 g, 6.6 mmol) was added to the solution. The mixture
was stirred for 3 h under reflux conditions and concentrated to dryness.
The residue was dissolved in DMF (30 mL), CsF (1.1 g, 6.6 mmol) and

Table 4. Assignments of 1H NMR spectra of the trisaccharides 28, their retention times, and anomer ratio.

Compounds Anomeric
configurations[a]

d [ppm] (J [Hz]) tR
ACHTUNGTRENNUNG[min]

Ratio
[%][c]Fuc Gal Glc

28–1 aaa 4.92[b] 5.32[b] (3.5) 4.92[b] 45.2 4.8
28–2 aab 4.90 (3.69) 5.34 (3.8) 4.47 (8.1) 40.4 6.5
28–3 aba 4.93 (3.8) 4.54 (7.3) 4.93 (3.8) 43.2 2.0
28–4 abb 4.92 (3.8) 4.59[b] (7.5) 4.48[b] (8.2) 51.5 4.4
28–5 baa 4.38 (7.9) 5.33 (3.9) 4.91 (3.7) 53.1 14.1
28–6 bab 4.41 (8.0) 5.37 (3.6) 4.48 (8.1) 46.6 35.9
28–7 bba 4.39 (7.9) 4.58 (7.8) 4.92 (3.7) 49.3 8.2
28–8 bbb 4.40 (8.5) 4.62[b] (7.9) 4.49[b] (7.8) 55.3 24.0

[a] Anomeric configurations are shown as starting from the nonreducing and proceeding to the reducing
ACHTUNGTRENNUNGterminus. [b] Assignments are tentative due to signal overlap. [c] Ratio of anomers was estimated from the
LCMS spectrum based on the assumption that these structural isomers were ionized similarly.

Figure 5. Mass spectra of a) 29 and b) 30.
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BnBr (820 mL, 6.6 mmol) were added, and the resulting mixture was stir-
red for 3 h, diluted with EtOAc, washed with NaHCO3, dried over
MgSO4, and concentrated. The residue was purified by column chroma-
tography (toluene/EtOAc=10:1) to yield 4 (1.9 g, 89%). Rf=0.51 (tolu-
ene/EtOAc=4:1); 1H NMR (CDCl3): d=7.58–7.23 (m, 15H, aromatic
protons), 4.84–4.68 (m, 4H, 2SPhCH2), 4.60 (d, J=9.8 Hz, 1H, 1-H),
3.82 (dd, J=3.2, 2.8 Hz, 1H, 4-H), 3.69 (t, J=9.5 Hz, 1H, 2-H), 3.59–3.55
(m, J=3.2 Hz, 2H, 3-H, 5-H), 1.37 ppm (d, J=6.5 Hz, 3H, 6-H);
13C NMR (CDCl3): d=131.9–127.3 (aromatic C), 87.5 (C1), 82.8 (C3),
76.8 (C2), 75.7 (PhCH2), 74.2 (C5), 72.1 (PhCH2), 69.4 (C4), 16.7 ppm
(C6); HRMS: m/z calcd for [C26H28O4SNa]+ : 459.1600; found: 459.1604.

5 : Chloroacetyl chloride (300 mL, 3.73 mmol) was added dropwise to a
solution of 4 (811 mg, 1.86 mmol) in DCM/pyridine (18:1, 19 mL) in an
ice-cooled bath with mixing. The resulting solution was stirred at room
temperature for 1 h and diluted with EtOAc. The mixture was washed
with saturated NaHCO3 and saturated NaCl. The organic layer was dried
over MgSO4, filtered, and concentrated. The resulting residue was puri-
fied on a column of silica gel (hexane/EtOAc=5:1) to give 5 (858 mg,
90.0%) as a syrup. Rf=0.16 (hexane/EtOAc=6:1); [a]26D =�14.28 (c=
0.38, CHCl3);

1H NMR (CDCl3): d=7.60–7.26 (m, 15H, aromatic H),
5.43 (d, J=3.0 Hz, 1H, 4-H), 4.76 (d, J=10.2 Hz, 1H, PhCH2), 4.73 (d,
J=9.9 Hz, 1H, PhCH2), 4.71 (d, J=9.8 Hz, 1H, PhCH2), 4.64 (d, J1-H,2-H=

9.5 Hz, 1H, 1-H), 4.51 (d, J=11.1 Hz, 1H, PhCH2), 4.20 (d, J=15.0 Hz,
1H, ClCH2CO), 4.10 (d, J=15.1 Hz, 1H, ClCH2CO), 3.73 (q, J5-H,6-H=

6.4 Hz, 1H, 5-H), 3.68 (dd, J3-H,4-H=3.2 Hz, 1H, 3-H), 3.62 (t, J2-H,3-H=

9.2 Hz, 1H, 2-H), 1.28 ppm (d, J=6.4 Hz, 3H, 6-H); 13C NMR (CDCl3):
d =167.4 (ClCH2CO), 138.1–127.6 (aromatic C), 87.4 (C1), 81.0 (C3),
76.3 (C2), 75.7 (PhCH2), 72.7 (C5), 72.2 (PhCH2), 71.9 (C4), 40.8
(ClCH2CO), 16.8 ppm (C6); HRMS: m/z calcd for [C28H29ClO5SNa]+ :
535.1316; found: 535.1316.

6 : DAST (360 mL, 2.91 mmol) was added dropwise to a solution of 5
(737 mg, 1.44 mmol) in DCM (14 mL) at 0 8C under N2 atmosphere. The
reaction mixture was stirred at 40 8C for 13 h and then diluted with
EtOAc. The solution was washed with saturated NaHCO3 and saturated
NaCl. The organic layer was dried over MgSO4, filtered, and concentrat-
ed. The resulting residue was purified on a column of silica gel (hexane/
EtOAc=5:1–4:1) to give 6 (555 mg, 91.4%, a/b =17:1) as a pale-yellow
syrup. Rf=0.22 (a), 0.14 (b) (hexane/EtOAc=5:1); [a]26D =�42.18 (a/b
=17:1, c=0.20, CHCl3);

1H NMR (CDCl3): d=7.51–7.05 (m, 20H, aro-
matic H), 5.57 (dd, J1-H,2-H=2.7 Hz, 2J1-H,F=53.2 Hz, 1H, 1-Ha), 5.48
(brd, J=2.6 Hz, 1H, 4-Ha), 5.38 (br s, 1H, 4-Hb), 5.18 (dd, J1-H,2-H=

6.8 Hz, 2J1-H,F=52.4 Hz, 1H, 1-Hb), 4.85 (d, J=11.8 Hz, 1H, PhCH2-a),
4.83 (d, J=9.2 Hz, 1H, PhCH2-b), 4.77–4.68 (m, 4H, PhCH2-a,b), 4.59 (d,
J=11.2 Hz, 1H, PhCH2-a), 4.55 (d, J=11.4 Hz, 1H, PhCH2-b), 4.25 (q,
J=6.5, 13.1 Hz, 1H, 5-Ha), 4.20 (dd, J=15.3 Hz, 2H, ClCH2CO-b), 4.15
(t, J=15.2 Hz, 2H, ClCH2CO-a), 4.00 (dd, J3-H,4-H=3.3 Hz, 1H, 3-Ha),
3.81 (q, 1H, 5-Hb), 3.74 (ddd, J2-H,3-H=10.0 Hz, 3J2-H,F=12.7 Hz, 1H, 2-
Ha), 3.67 (ddd, J2-H,3-H=9.7 Hz, 3J2-H,F=12.9 Hz, 1H, 2-Hb), 3.62 (dd,
J3-H,4-H=3.2 Hz, 1H, 3-Hb), 1.30 (d, J=6.4 Hz, 3H, 6-Hb), 1.20 ppm (d,
J=6.5 Hz, 3H, 6-Ha); 13C NMR (CDCl3): d=167.1 (ClCH2CO-a),
137.8–127.9 (aromatic C), 106.1 (d, JC1,F=226.3 Hz, C1a), 75.4 (C3a),
74.4 (d, 2JC2,F=23.8 Hz, C2a), 73.8 (PhCH2-a), 72.2 (C4a, PhCH2-a), 67.0
(d, 3JC5,F=3.6 Hz, C5a), 40.7 (ClCH2CO-a), 16.0 ppm (C6a); HRMS:
m/z calcd for [C22H24ClFO5Na]+ : 445.1188; found: 445.1181.

7: DABCO (447 mg, 3.90 mmol) was added to a solution of 6 (550 mg,
1.30 mmol) in EtOH/pyridine (5:1, 13 mL). The resulting mixture was
stirred at 70 8C for 15 h and concentrated. The resulting residue was dis-
solved in EtOAc, and the mixture was washed with saturated NaHCO3

and saturated NaCl. The organic layer was dried over MgSO4, filtered,
and concentrated. The resulting residue was purified on a column of
silica gel (hexane/EtOAc=3:1) to give 7 (415 mg, 92.1%, a/b =25:1) as
a pale-yellow syrup. Rf=0.22 (a/b mixture) (hexane/EtOAc=3:1);
[a]26D =�26.48 (a/b =25:1, c=0.45, CHCl3);

1H NMR (CDCl3): d=7.53–
7.28 (m, 20H, aromatic H), 5.55 (dd, J1-H,2-H=2.7 Hz, 2J1-H,F=53.7 Hz, 1H,
1-Ha), 5.15 (dd, J1-H,2-H=7.3 Hz, 2J1-H,F=52.8 Hz, 1H, 1-Hb), 4.87–4.65
(m, 8H, PhCH2-a,b), 4.09 (q, J5-H,6-H=6.6 Hz, 1H, 5-Ha), 3.89 (dd,
J3-H,4-H=3.1 Hz, 1H, 3-Ha), 3.88 (d, J=2.3 Hz, 1H, 4-Ha), 3.82 (ddd,
J2-H,3-H=9.4 Hz, 3J2-H,F=25.3 Hz, 1H, 2-Ha), 3.77–3.71 (m, 2H, 2-Hb, 4-

Hb), 3.64 (q, J5-H,6-H=6.5 Hz, 1H, 5-Hb), 3.53 (dd, J2-H,3-H=9.2 Hz,
J3-H,4-H=3.2 Hz, 1H, 3-Hb), 2.63 (br s, 1H, 4-OHb), 2.43 (br s, 1H, 4-
OHa), 1.40 (d, J=6.5 Hz, 3H, 6-Hb), 1.31 ppm (d, J=6.6 Hz, 3H, 6-
Ha); 13C NMR (CDCl3): d=137.8–127.8 (aromatic C), 106.0 (d, JC1,F=
225.0 Hz, C1a), 77.3 (C3a), 74.8 (d, 2JC2,F=24.5 Hz, C2a), 73.6 (PhCH2-
a), 72.7 (PhCH2-a), 69.6 (C4a), 68.0 (d, 3JC5,F=3.6 Hz, C5a), 16.0 ppm
(C6a); HRMS: m/z calcd for [C20H23FO4Na]+ : 369.1473; found:
369.1485.

8 : DMAP (2.98 g, 24.1 mmol) and succinic anhydride (2.44 g, 24.1 mmol)
were added to a solution of 4 (3.10 g, 7.10 mmol) in DCM/pyridine (1:1,
69 mL). The mixture was stirred at 50 8C for 12 h and diluted with
EtOAc. The mixture was washed with saturated NaHCO3 and saturated
NaCl. The organic layer was dried over MgSO4, filtered, and concentrat-
ed. The resulting residue was purified on a column of silica gel (hexane/
EtOAc=1:1) to give 8 (3.71 g, 97.4%) as a syrup. Rf=0.33 (hexane/
EtOAc=2:3); [a]26D =�21.38 (c=1.03, CHCl3);

1H NMR (CDCl3): d=

7.59–7.24 (m, 15H, aromatic H), 5.39 (d, J=2.1 Hz, 1H, 4-H), 4.77–4.68
(m, 3H, PhCH2), 4.63 (d, J1-H,2-H=9.0 Hz, 1H, 1-H), 4.49 (d, 1H, PhCH2),
3.71–3.60 (m, 3H, 5-H, 3-H, 2-H), 2.79–2.62 (m, 4H,
OCOCH2CH2COOH), 1.24 ppm (d, J=6.4 Hz, 3H, 6-H); 13C NMR
(CDCl3): d=177.5, 171.9 (2SC=O), 138.2–127.5 (aromatic C), 87.4 (C1),
81.1 (C3), 76.5 (C2), 75.7 (PhCH2), 73.0 (C5), 71.8 (PhCH2), 70.2 (C4),
28.9, 28.8 (OCOCH2CH2COOH), 16.7 ppm (C6); HRMS: m/z calcd for
[C30H32O7SNa]+ : 559.1761; found: 559.1751.

9 : Compound 9 was synthesized according to the procedure described for
the synthesis of 8 by using 7 (384 mg, 1.11 mmol), DCM/pyridine (1:1,
11 mL), DMAP (412 mg, 3.34 mmol), and succinic anhydride (341 mg,
3.34 mmol). The reaction was carried out at 50 8C for 18 h. Column chro-
matography (hexane/EtOAc=2:3) yielded 9 (297 mg, 60.0%, a/b =50:1
based on 1H NMR) as a pale-yellow syrup. Rf=0.25 (hexane/EtOAc=
2:3); [a]26D =�21.38 (a/b =50:1, c=1.03, CHCl3);

1H NMR (CDCl3): d=
7.49–7.26 (m, 10H, aromatic H), 5.56 (dd, J1-H,2-H=2.7 Hz, 2J1-H,F=

53.3 Hz, 1H, 1-Ha), 5.46 (d, J=2.5 Hz, 1H, 4-Ha), 5.17 (dd, J1-H,2-H=

7.1 Hz, 2J1-H,F=52.7 Hz, 1H, 1-Hb), 4.85 (d, J=11.8 Hz, 1H, PhCH2-a),
4.72 (d, J=11.3 Hz, 1H, PhCH2-a), 4.70 (d, J=11.7 Hz, 1H, PhCH2-a),
4.56 (d, J=11.3 Hz, 1H, PhCH2-a), 4.21 (q, J5-H,6-H=6.5 Hz, 1H, 5-Ha),
3.97 (dd, J3-H,4-H=3.3 Hz, 1H, 3-Ha), 3.76 (ddd, J2-H,3-H=10.0 Hz, 3J2-H,F=

25.4 Hz, 1H, 2-Ha), 3.69 (ddd, J2-H,3-H=9.4 Hz, 3J2-H,F=23.4 Hz, 1H, 2-
Hb), 3.59 (dd, J3-H,4-H=3.2 Hz, 1H, 3-Hb), 2.77–2.58 (m, 4H,
OCOCH2CH2COOH), 1.16 ppm (d, J=6.5 Hz, 3H, 6-Ha); 13C NMR
(CDCl3): d=176.9, 171.7 (2SC=Oa), 137.9–127.8 (aromatic C), 106.2 (d,
JC1,F=226.0 Hz, C1a), 75.4 (C3a), 74.6 (d, 2JC2,F=23.8 Hz, C2a), 73.8,
71.8 (2SPhCH2-a), 70.5 (C4a), 67.3 (d, 3JC5,F=3.5 Hz, C5a), 28.9, 28.9
(OCOCH2CH2COOH-a), 16.0 ppm (C6a); HRMS: m/z calcd for
[C24H27FO7Na]+ : 469.1633; found: 469.1637.

10 : A solution of 8 (314 mg, 0.585 mmol), HOBt (100 mg, 0.725 mmol),
and DIC (140 mL, 0.867 mmol) in DMF (5.0 mL) was soaked into Nova-
Syn TG amino resin (1.00 g, 0.29 mmol, 0.29 mmolg�1 loading) under N2

atmosphere, and the swelled resin was allowed to stand at room tempera-
ture for 24 h without mixing. The reaction progress was monitored by the
Kaiser and TNBS tests. After completion of the reaction, the resin was
washed with DMF, DCM, MeOH, and DCM, and dried under vacuum to
afford 10. The reaction yield was estimated by weight gain (1.10 g,
67.4%). Finally, any remaining amine functionality was capped by using
Ac2O/pyridine/DCM (1:1.5:1 v/v/v, 5.0 mL) in the same manner to afford
resin-bound 10 (0.177 mmolg�1 loading).

11: Compound 11 was prepared according to the procedure described for
the synthesis of 10 by using 9 (288 mg, 645 mmol), HOBt (260 mg,
1.89 mmol), DIC (295 mL, 1.83 mmol), and NovaSyn TG amino resin
(2.09 g, 627 mmol, 0.3 mmolg�1 loading). Yield: 2.25 g (60.2%,
0.166 mmolg�1 loading).

Comparison of Solid-Phase Reaction With and Without Mixing (SSPR)
using 10

12 : To confirm the effect of mixing, 10 was selected as a glycosyl donor
and coupled with n-octanol in the presence of DMTST as a promoter. In
the following experiments, identical reaction conditions, except for the
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concentrations, were used to determine any differences in the solid-phase
reactions with or without mixing.

Preparation of reagent stock solution containing an acceptor and
DMTST: MeOTf (11.6 mL, 101 mmol) was added to MeSSMe (9.2 mL,
101 mmol) and stirred at room temperature for 5 min, and then the mix-
ture was diluted with DCE (300 mL) and CH3CN (300 mL) to give a stock
solution of DMTST (0.168m). n-Octanol (10.4 mL, 65.4 mmol) was added
to this solution to afford a stock solution of n-octanol (0.109m)/DMTST
(0.168m).

Procedure for SSPR: A stock solution of acceptor (0.109m)/DMTST
(0.168m) (200 mL, acceptor: 21.8 mmol, DMTST: 33.6 mmol) was soaked
into resin-bound 10 (40.5 mg, 11.2 mmol) at �30 8C under N2 atmosphere.
The reaction was stopped after 15 min, and the resin was washed succes-
sively with DCM, DMF, and DCM. The resulting resin was swollen with
NaOMe/MeOH (4 drops) in DCE (0.5 mL) and allowed to stand for 1 h.
The resin was washed with DCM, the eluent was concentrated, and the
residue containing 12 was analyzed directly by 1H NMR spectroscopy.

Solid-phase reaction procedure with mixing: A stock solution of acceptor
(0.109m)/DMTST (0.168m) was diluted with DCE/CH3CN (1:1) to form
a solution of acceptor (0.055m)/DMTST (0.084m). The solution (400 mL,
acceptor: 22 mmol, DMTST: 34 mmol) was added to 10 (40.4 mg,
11.2 mmol) at �30 8C under N2 atmosphere. The reaction slurry was stir-
red at that temperature for 15 min. The resin was treated as described in
the diffusive-reaction procedure.

Analysis of the results: Reaction yields were estimated by 1H NMR anal-
ysis. Some of the signals are summarized as follows. Doublets observed
at 4.31 and 1.34 ppm were assigned to be anomeric proton and 6-H of 12
(b). Doublets observed at 4.28 and 1.18 ppm belong to a hydrolysis prod-
uct, which was formed during a quenching reaction after a given reaction
time. The starting material, phenylthiofucoside, disappeared after
quenching. Under these conditions, formation of an a glycoside could be
negligible. Based on these analyses, we concluded that the reaction rates
could be estimated as the ratio of the integrals of the two major products,
octyl b-fucopyranoside and the hydrolysis product, which revealed that
the SSPR is 1.43 times faster.

Some of the chemical shifts of the assigned protons for the glycosides
and the hydrolysis product are given below.

12a (R=A1): 1H NMR (CDCl3): d=4.75 (d, J1-H,2-H=3.6 Hz, 1H, 1-H),
3.93 (m, 1H, 5-H), 3.88 (dd, J3-H,4-H=3.3 Hz, 1H, 3-H), 3.83 (brd, J=
3.3 Hz, 1H, 4-H), 3.80 (dd, J2-H,3-H=9.8 Hz, 1H, 2-H), 3.64 (m, 1H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.43 (dt, J=6.7, 9.8 Hz, 1H, OCH2CH2

ACHTUNGTRENNUNG(CH2)6CH3), 1.27 ppm (6-H); 13C NMR (CDCl3): d=97.1 (C1), 78.1 (C3),
75.7 (C2), 70.2 (C4), 68.2 (OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 65.1 (C5), 16.2 ppm
(C6).

12b (R=A1): 1H NMR (CDCl3): d=4.31 (d, J1-H,2-H=7.7 Hz, 1H, 1-H),
3.94 (dt, J=6.4, 9.4 Hz, 1H, OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3), 3.74 (brd, J=4.2 Hz,
1H, 4-H), 3.59 (dd, J2-H,3-H=9.2 Hz, 1H, 2-H), 3.53–3.46 (m, 3H, 3-H, 5-
H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 1.34 ppm (d, J=6.5 Hz, 3H, 6-H); 13C NMR
(CDCl3): d=103.6 (C1), 81.0 (C3), 79.0 (C2), 70.0 (OCH2CH2

ACHTUNGTRENNUNG(CH2)6CH3), 69.9 (C5), 69.5 (C4), 16.6 ppm (C6).

2,3-Di-O-benzyl-a-l-fucopyranose: 1H NMR (CDCl3): d=5.51 (d, J=
2.2 Hz, 1H, 1-H), 4.28 (br s, 1H, 4-H), 3.84–3.78 (m, 3H, 2-H, 3-H, 5-H),
1.18 ppm (d, J=6.2 Hz, 3H, 6-H); 13C NMR (CDCl3): d=99.3 (C1), 87.3,
84.2 (C4), 72.9, 70.6, 20.2 ppm (C6).

Glycosylation using Fucosyl Fluoride and [Cp2Hf ACHTUNGTRENNUNG(OTf)2] Based on SSPR

Preparation of reagent stock solution containing acceptor and [Cp2Hf-
ACHTUNGTRENNUNG(OTf)2]: DCE (0.9 mL) was added to [Cp2HfCl2] (57.7 mg, 149 mmol) and
AgOTf (77.4 mg, 304 mmol) under N2 atmosphere in the dark, and the
mixture was stirred for 2 h then centrifuged at about 2000 rpm for
10 min. The supernatant solution was used as a stock solution of [Cp2Hf-
ACHTUNGTRENNUNG(OTf)2] (0.166m). A stock solution of [Cp2Hf ACHTUNGTRENNUNG(OTf)2] (181 mL, 30.0 mmol)
was added to a solution of n-octanol (3.2 mL, 20.1 mmol) dissolved in
CH3CN (181 mL) under N2 atmosphere to afford a solution of acceptor
(0.055m)/ ACHTUNGTRENNUNG[Cp2Hf ACHTUNGTRENNUNG(OTf)2] (0.083m).

Procedure for SSPR: Resin-bound 11 (20.0 mg, 3.32 mmol) was swollen
with this stock solution (120 mL, acceptor: 6.64 mmol, [Cp2Hf ACHTUNGTRENNUNG(OTf)2]:

9.96 mmol) at �30 8C under N2 atmosphere. After completion of the reac-
tion, the resin was washed successively with DCM, DMF, and DCM. The
resulting resin was swollen with NaOMe/MeOH (4 drops) in DCE
(0.5 mL) and allowed to stand for 1 h. The resin was washed with DCM,
and the eluent was concentrated. The residue containing 12 was analyzed
directly by 1H NMR spectroscopy.

Resin-bound 14 : A stock solution of DMTST (0.168m) prepared as de-
scribed above (530 mL, 89.0 mmol) was mixed with 13[32] (26.6 mg,
58.8 mmol, a/b=21:1) at �15 8C to give a solution of acceptor (0.111m)/
DMTST (0.168m). Compound 10 (100.4 mg, 27.9 mmol) was swollen by
addition of the DMTST/acceptor solution (500 mL, acceptor: 55.5 mmol,
DMTST: 84.0 mmol) at �15 8C, and the reaction was set (TF �15, 0, 1.25)
under SSPR conditions. Formation of 12 (R=A2; see Table 1) was moni-
tored to follow the progress of the reaction by QITMS after aliquots of
resin were treated with NaOMe/MeOH (4 drops) in DCE (0.5 mL) at
room temperature for 1 h. After completion of the reaction, the resin
was washed successively with DCM, DMF, and DCM to afford 14. 12
(R=A2; see Table 1): MS (ESI-QIT): m/z calcd for [C47H51FO9Na]+ :
801.3; found: 801.3.

Resin-bound 16 : A stock solution of DMTST (0.168m, 278 mL,
46.7 mmol) was mixed with 15[34] (14.0 mg, 30.9 mmol, a/b=17:1) at
�15 8C to give a solution of acceptor (0.111m)/DMTST (0.168m). Com-
pound 10 (55.6 mg, 15.5 mmol) was swollen by addition of the acceptor/
DMTST solution (278 mL, acceptor: 30.9 mmol, DMTST: 46.7 mmol) at
�30 8C, and the reaction was set (TF �30, 0, 2.5) under SSPR conditions.
Formation of 17 was monitored to follow the progress of the reaction by
QITMS after aliquots of resin were treated with NaOMe/MeOH
(4 drops) in DCE (0.5 mL) at room temperature for 1 h. After comple-
tion of the reaction, the resin was washed successively with DCM, DMF,
and DCM to afford 16. 17: MS (ESI-QIT): m/z calcd for [C47H51FO9Na]+

: 801.3; found: 801.3.

Resin-bound 19 : A stock solution of [Cp2Hf ACHTUNGTRENNUNG(OTf)2] was prepared prior
to the reaction. DCE (0.9 mL) was added to [Cp2HfCl2] (79.1 mg,
206 mmol) and AgOTf (107.1 mg, 412.7 mmol) under N2 atmosphere in
the dark, and the mixture was stirred for 2 h then centrifuged at about
2000 rpm for 10 min. The supernatant solution was used as a stock solu-
tion of [Cp2Hf ACHTUNGTRENNUNG(OTf)2] (0.229m).

A stock solution of [Cp2Hf ACHTUNGTRENNUNG(OTf)2] (362 mL, 82.9 mmol) was added to a so-
lution of 18 (32.7 mg, 60.3 mmol) dissolved in CH3CN (181 mL) under N2

atmosphere to afford a solution of acceptor (0.111m)/ ACHTUNGTRENNUNG[Cp2Hf ACHTUNGTRENNUNG(OTf)2]
(0.153m). Resin-bound 14 (90.4 mg, 25.1 mmol) was swollen with this
stock solution (450 mL, acceptor: 50.0 mmol, [Cp2Hf ACHTUNGTRENNUNG(OTf)2]: 68.9 mmol) at
�30 8C under N2 atmosphere, and the reaction mixture was maintained
under SSPR conditions (TF�30, 0, 2.5). Formation of 20 was monitored
to follow the progress of the reaction by QITMS after aliquots of resin
were treated with NaOMe/MeOH (4 drops) in DCE (0.5 mL) at room
temperature for 1 h. After completion of the reaction, the resin was
washed successively with DCM, DMF, and DCM to afford 19. 20 : MS
(ESI-QIT): m/z calcd for [C80H84O14SNa]+ : 1323.5; found: 1323.5.

Resin-bound 21: A was prepared prior to the reaction. MeSSMe
(22.8 mL, 251 mmol) was added to MeOTf (28.7 mL, 251 mmol) under N2

atmosphere, and the mixture was stirred for 5 min. The mixture was di-
luted with DCE (1.0 mL) and CH3CN (0.5 mL) to afford a stock solution
of DMTST (0.167m).

n-Octanol (26.5 mL, 167 mmol) was added to DMTST to give a solution
of acceptor (0.111m)/DMTST (0.167m). Resin-bound 19 (25.1 mmol) was
swollen by addition of the acceptor/DMTST solution (450 mL, acceptor:
50.0 mmol, DMTST: 75.2 mmol) at �30 8C, and the reaction was set (TF
�30, 0, 2.5) under SSPR conditions. Formation of 22 was monitored to
follow the progress of the reaction by QITMS after aliquots of resin were
treated with NaOMe/MeOH (4 drops) in DCE (0.5 mL) at room temper-
ature for 1 h. After completion of the reaction, the resin was washed suc-
cessively with DCM, DMF, and DCM to afford 21. 22 : MS (ESI-QIT):
m/z calcd for [C82H96O15Na]+ : 1343.7; found: 1343.7.

23 : Resin-bound 21 (25.1 mmol) was treated with NaOMe/MeOH
(100 mL) in DCE (1.0 mL) at room temperature for 1 h. After completion
of the reaction, the resin was filtered and washed with DCM. The eluent
was neutralized with Dowex 50W H+ form, filtered, and concentrated.
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The residue was hydrogenolized with 20% Pd(OH)2 on charcoal in
MeOH/EtOAc (1:1 v/v, 6.0 mL) under H2 atmosphere at room tempera-
ture for 2.5 days. The mixture was filtered thorough celite and the eluent
was concentrated. The obtained residue was then dissolved in water and
purified by using a reverse-phase short column (Sep-Pak C18). The
MeOH fraction was concentrated to afford 23 as an anomeric mixture
(5.0 mg, 33.1% over 5 steps). MS (ESI-QIT): m/z calcd for
[C26H48O15Na]+ : 623.3; found: 623.2.

Separation of all anomers of 23 with LCMS: Separation of eight sets of
anomers was achieved by sequential HPLC steps (Table 3). First HPLC
was carried out by using a reverse-phase monolithic column (condi-
tion 1), which resulted in the isolation of compounds 23–4, 23–3, 23–2,
23–8, 23–1, and 23–5 (Figure 5a). Unresolved peaks that appeared at 44.2
and 46.3 min (23–7 and 23–6) were further separated on another reverse-
phase column (condition 2). The purity and anomeric assignment of each
peak was achieved based on NMR analysis. The HPLC conditions were
as follows: Condition 1: column: Chromolith Performance RP-18
(100 mmS4.6 mm); flow rate: 1.0 mLmin�1; mobile phase: CH3CN/H2O
(15:85); column temperature: 30 8C. Condition 2: column: Xterra C18
(250 mmS4.6 mm); flow rate: 1.0 mLmin�1; mobile phase: CH3CN/H2O
(20:80); column temperature: 30 8C. Details of the monitoring conditions
for mass spectrometry are as follows: Capillary: 3.0 kV; cone: 45 V;
source temperature: 110 8C; desolvation temperature: 310 8C; monitor-
ing: single-ion; gas flow (desolvation): 400 Lh�1; gas flow (cone):
50 Lh�1.

Determination of anomeric configurations of 23 : Determination of the
anomeric configuration of each glycosidic linkage was based on 1H NMR,
COSY, and HSQC (in D2O) experiments. Chemical shifts for 13C were
obtained by HSQC experiments. Chemical shifts of the anomeric protons
are listed in Table 3.

23–1: HPLC (condition 1): tR: 41.0 min; yield estimated from the overall
yield and HPLC profile: see Table 3; 1H NMR (D2O): d=4.98 (d,
J1-H,2-H=4.0 Hz, 1H, 1-H), 4.91 (d, J1’’-H,2’’-H=3.8 Hz, 1H, 1’’-H), 4.88 ppm
(d, J1’-H,2’-H=2.7 Hz, 1H, 1’-H); HRMS: m/z calcd for [C26H48O15Na]+ :
623.2885; found: 623.2886.

23–2 : HPLC (condition 1): tR: 32.9 min; 1H NMR (D2O): d=5.02 (d,
J1’-H,2’-H=2.7 Hz, 1H, 1’-H), 4.94 (d, J1’’-H,2’’-H=3.6 Hz, 1H, 1’’-H), 4.48 (d,
J1-H,2-H=8.0 Hz, 1H, 1-H), 4.21 (dd, J4’-H,5’-H=4.4 Hz, J5’-H,6’-H=8.3 Hz, 1H,
5’-H), 4.11 (q, J=7.0 Hz, 1H, 5’’-H), 4.01 (brd, 1H, 4’-H), 3.95 (dd,
J5-H,6a-H=5.6 Hz, J6a-H,6b-H=10.2 Hz, 1H, 6a-H), 3.91–3.84 (m, 5H, 2’-H, 3’-
H, 3’’-H, 6a’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.82–3.77 (m, 3H, 2’’-H, 4’’-H, 6b-
H), 3.73–3.66 (m, 3H, 5-H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.50 (t, J3-H,4-H=

9.1 Hz, 1H, 3-H), 3.45 (t, J4-H,5-H=9.5 Hz, 1H, 4-H), 3.25 (t, J2-H,3-H=

8.7 Hz, 1H, 2-H), 1.64 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.35–1.26 (m,
10H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.24 (d, J=6.5 Hz, 3H, 6’’-H), 0.88 ppm (t,
3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3); HRMS: m/z calcd for [C26H48O15Na]+ :
623.2885; found: 623.2886.

23–3 : HPLC (condition 1): tR: 26.6 min; 1H NMR (D2O): d=4.94 (d,
J1’’-H,2’’-H=3.9 Hz, 1H, 1’’-H), 4.90 (d, J1-H,2-H=3.6 Hz, 1H, 1-H), 4.43 (d,
J1’-H,2’-H=7.8 Hz, 1H, 1’-H), 4.14 (brd, J=11.1 Hz, 1H, 6a-H), 4.09 (q, J=
6.8, 13.7 Hz, 1H, 5’’-H), 3.94 (brd, J=3.2 Hz, 1H, 4’-H), 3.92–3.76 (m,
8H, 2’’-H, 3’’-H, 4’’-H, 5-H, 5’-H, 6a’-H, 6b-H, 6b’-H), 3.74–3.62 (m, 3H,
3-H, 3’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.58–3.43 (m, J4-H,5-H=8.4 Hz, 4H, 2-H,
2’-H, 4-H, OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3), 1.62 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3),
1.32–1.27 (m, 10H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.23 (d, J=6.6 Hz, 3H, 6’’-H),
0.86 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);

13C NMR (D2O): d=103.1 (C1’),
99.2 (C1’’), 97.8 (C1), 73.4 (C5’’), 72.6 (C3’), 71.8 (C3), 71.6 (C4’’), 71.0
(C2), 70.7 (C2’), 70.5 (C5), 69.4 (C3’’), 69.2 (C4), 68.6 (C4’), 68.2
(OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 68.1 (C6), 67.9 (C2’’), 67.2 (C6’), 66.7 (C5’’),
15.5 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885; found:
623.2885.

23–4 : HPLC (condition 1); tR: 23.4 min; 1H NMR (D2O): d=4.97 (d,
J1’’-H,2’’-H=3.8 Hz, 1H, 1’’-H), 4.50 (d, J1’-H,2’-H=7.9 Hz, 1H, 1’-H), 4.48 (d,
J1-H,2-H=8.2 Hz, 1H, 1-H), 4.22 (brd, J=1.5 Hz, 1H, 6a-H), 4.12 (q, J=
6.7, 13.4 Hz, 1H, 5’’-H), 3.96 (brd, J=3.2 Hz, 1H, 4’-H), 3.95–3.86 (m,
5H, 3’’-H, 5’-H, 6a-H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.83–3.79 (m,
J2’’-H,3’’-H=10.3 Hz, 3H, 2’’-H, 4’’-H), 3.75–3.63 (m, 3H, 3’-H, 5-H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.59 (dd, J2’-H,3’-H=10.0 Hz, 1H, 2’-H), 3.49 (m,

J3-H,4-H=9.0 Hz, J4-H,5-H=9.1 Hz, 2H, 3-H, 4-H), 3.28 (t, J2-H,3-H=8.5 Hz,
1H, 2-H), 1.64 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.39–1.30 (m, 10H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.28 (d, J=6.6 Hz, 3H, 6’’-H), 0.89 ppm (t, 3H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);

13C NMR (D2O): d=103.4 (C1’), 102.2 (C1), 99.2
(C1’’), 75.6 (C3), 74.9 (C5), 73.5 (C5’), 73.0 (C2), 72.4 (C3’), 71.6 (C4’’),
70.7 (OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 70.5 (C2’), 69.4 (C3’’), 69.3 (C4), 68.6 (C4’’),
68.3 (C6), 68.0 (C2’’), 67.3 (C6’), 66.7 (C5’’), 15.1 ppm (C6’’); HRMS: m/z
calcd for [C26H48O15Na]+ : 623.2885; found: 623.2885.

23–5 : HPLC (condition 1): tR: 68.3 min; 1H NMR (D2O): d=4.99 (d,
J1’-H,2’-H=3.2 Hz, 1H, 1’-H), 4.94 (d, J1-H,2-H=3.8 Hz, 1H, 1-H), 4.43 (d,
J1’’-H,2’’-H=7.8 Hz, 1H, 1’’-H), 4.18 (dd, 1H, 5’-H), 4.06–4.02 (m, 3H, 4’-H,
6a-H, 6a’-H), 3.90–3.64 (m, 10H, 2’-H, 3-H, 3’-H, 3’’-H, 4’’-H, 5-H, 5’’-H,
6b-H,6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.59–3.49 (m, 4H, 2-H, 2’’-H, 4-H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 1.65 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.35–1.27 (m,
13H, 6’’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 0.89 ppm (t, 3H, OCH2CH2

ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O): d=102.6 (C1’’), 98.3 (C1), 98.2 (C1’), 73.4

(C3), 72.8 (C3’’), 71.4 (C4’’), 71.2 (C2), 70.8 (C5’’), 70.4 (C2’’), 70.2 (C2’),
69.5 (C4), 69.4 (C3’), 69.3 (C5), 69.1 (C4’), 68.9 (C5’), 68.6 (OCH2CH2

ACHTUNGTRENNUNG(CH2)6CH3), 68.3 (C6 or C6’), 65.7 (C6 or C6’), 15.4 ppm (C6’’); HRMS:
m/z calcd for [C26H48O15Na]+ : 623.2885; found: 623.2885.

23–6 : HPLC (condition 2); tR: 38.6 min; 1H NMR (D2O): d=5.01 (d,
J1’-H,2’-H=3.4 Hz, 1H, 1’-H), 4.50 (d, J1-H,2-H=8.0 Hz, 1H, 1-H), 4.45 (d,
J1’’-H,2’’-H=7.9 Hz, 1H, 1’’-H), 4.20 (dd, J4’-H,5’-H=4.9 Hz, J5’-H,6’-H=7.2 Hz,
1H, 5’-H), 4.07–4.00 (m, 3H, 4’-H, 6a-H, 6a’-H), 3.95–3.65 (m, 10H, 2’-H,
3’-H, 3’’-H, 4’’-H, 5-H, 5’’-H, 6b-H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.56–
3.49 (m, 3H, 2’-H, 3-H, 4-H), 3.28 (t, J2-H,3-H=8.2 Hz, 1H, 2-H), 1.62 (m,
2H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.35–1.28 (m, 13H, 6’’-H, OCH2CH2

ACHTUNGTRENNUNG(CH2)5CH3), 0.89 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O):

d=102.3 (C1), 102.2 (C1’’), 98.0 (C1’), 76.1 (C3), 74.2 (C5), 73.2 (C2),
72.8 (C3’’), 71.3 (C4’’), 70.9 (C5’’), 70.9 (OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3), 70.5
(C2’), 69.5 (C3’, C4), 69.3 (C4’), 68.6 (C5’), 68.4 (C2’), 68.1 (C6’), 65.6
(C6), 15.4 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885;
found: 623.2885.

23–7: HPLC (condition 2); tR: 36.6 min; 1H NMR (D2O): d=4.92 (d,
J1-H,2-H=3.6 Hz, 1H, 1-H), 4.45 (d, J1’-H,2’-H=8.1 Hz, 1H, 1’-H), 4.43 (d,
J1’’-H,2’’-H=7.9 Hz, 1H, 1’’-H), 4.17 (brd, J=10.3 Hz, 1H, 6a-H), 4.06 (dd,
J5’-H,6a’-H=8.7 Hz, J6a’-H,6b’-H=12.0 Hz, 1H, 6a’-H), 4.00 (brd, J=3.2 Hz,
1H, 4’-H), 3.95–3.65 (m, 10H, 3-H, 3’-H, 3’’-H, 4’’-H, 5-H, 5’-H, 5’’-H, 6b-
H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.58–3.49 (m, 5H, 2-H, 2’-H, 2’’-H, 4-H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 1.64 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.35–1.26 (m,
13H, 6’’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 0.88 ppm (t, 3H, OCH2CH2

ACHTUNGTRENNUNG(CH2)5CH3); HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885; found:
623.2887.

23–8 : HPLC (condition 1); tR: 35.1 min; 1H NMR (D2O): d=4.49 (d,
J1’-H,2’-H 7.8 Hz, 1H, 1’-H), 4.48 (d, J1-H,2-H=8.0 Hz, 1H, 1-H), 4.43 (d,
>J1’’-H,2’’-H=7.8 Hz, 1H, 1’’-H), 4.22 (brd, J=11.3 Hz, 1H, 6a-H), 4.06 (q,
J5’-H,6’-H=8.8 Hz, J6a’-H,6b’-H=12.1 Hz, 1H, 6a’-H), 3.99 (brd, J=3.1 Hz, 1H,
4’-H), 3.95–3.86 (m, 4H, 5’-H, 6b-H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.81
(q, J=6.2, 12.8 Hz, 1H, 5’’-H), 3.76 (brd, J=3.3 Hz, 1H, 4’’-H), 3.73–3.63
(m, 4H, 3’-H, 3’’-H, 5-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.58 (dd, J2’-H,3’-H=

9.6 Hz, 1H, 2’-H), 3.53–3.46 (m, 3H, 2’’-H, 3-H, 4-H), 3.28 (t, J2-H,3-H=

8.4 Hz, 1H, 2-H), 1.64 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.37–1.27 (m,
13H, 6’’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 0.88 ppm (t, 3H, OCH2CH2

ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O): d=103.2 (C1’), 102.8 (C1’’), 102.1 (C1),

75.8 (C3), 74.8 (C5), 73.0 (C2, C5’), 72.7 (C3’, C3’’), 71.2 (C4’’), 71.0
(C5’’), 70.8 (OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 70.7 (C2’), 70.4 (C2’’), 69.5 (C4), 68.5
(C4, C6, C6’), 15.4 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ :
623.2885; found: 623.2889.

28 : Compound 28 was synthesized according to the procedure described
for the synthesis of 23. A solution containing 24 (82.6 mmol) and [Cp2Hf-
ACHTUNGTRENNUNG(OTf)2] (145 mmol) in DCM (1.1 mL) was added to resin-bound 14
(250 mg, 48.5 mmol) under N2 atmosphere at �30 8C, and the resulting
mixture was kept (TF �30, 0, 10) under SSPR conditions. After comple-
tion of the reaction, the resin was washed with DCM, DMF, and DCM
and dried under vacuum to give 25. The resin-bound 25 (48.5 mmol) was
added to a solution containing n-octanol (96.0 mmol) and DMTST
(144 mmol) in DCE/MeCN (1:1, 1.1 mL) under N2 atmosphere at �30 8C,
and the resulting mixture was kept (TF �30, 0, 5) under SSPR conditions.
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After completion of the reaction, the resin was washed with DCM, DMF,
and DCM and dried under vacuum to give 26. The eluent was neutralized
with Dowex 50W H+ form, filtered, and concentrated to give 27. Hydro-
genolysis (20% Pd(OH)2/C) afforded a mixture, which was purified with
Sep-Pak C-18 (MeOH) to afford 28. Yield: 5.2 mg, 17.8% over 5 steps
(including synthesis of 14).

Determination of the anomeric configuration of each glycosidic linkage
was based on 1H NMR, COSY, and HSQC (in D2O) experiments. Chemi-
cal shifts for 13C were obtained by HSQC experiments. Chemical shifts of
the anomeric protons are listed in Table 4.

Separation of all anomers of 28 with LCMS: Separation of eight sets of
anomers was achieved by sequential HPLC steps. First HPLC was carried
out by using a reverse-phase monolithic column, which resulted in the
isolation of compounds 28–2, 28–3, 28–1, 28–6, 28–7, 28–5, 28–4, and 28–
8. The purity and anomeric assignment of each peak was achieved based
on NMR analysis. The HPLC conditions were as follows: column: Imtakt
Cadenza CD-C18 (240 mmS4.6 mm) and two columns of Chromolith
Performance RP-18 (100 mmS4.6 mm) were connected and used; flow
rate: 1.0 mLmin�1; mobile phase: CH3CN/H2O (23:77); column tempera-
ture: 40 8C. Details of the monitoring conditions for mass spectrometry
are as follows: capillary: 3.0 kV; cone: 45 V; source temperature: 110 8C;
desolvation temperature: 310 8C; monitoring: Single-ion; gas flow (desol-
vation): 400 Lh�1; gas flow (cone): 50 Lh�1.

28–1: HPLC: tR: 45.2 min; 1H NMR (D2O): d=5.32 (d, J=3.5 Hz, 1H),
4.92 (m, 2H), 4.41 (m, 1H), 4.03 (br s, 1H), 3.92–3.81 (m, 7H), 3.81–3.73
(m, 4H), 3.72–3.67 (m, 2H), 3.66–3.60 (m, 3H), 3.55 (m, 1H), 1.63 (m,
2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.39–1.23 (m, 10H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3),
1.22 (d, J=6.6 Hz, 3H, 6’’-H), 0.86 ppm (t, 3H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3);
HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885; found: 623.2877.

28–2 : HPLC: tR: 40.4 min; 1H NMR (D2O): d=5.34 (d, J1’-H,2’-H=3.8 Hz,
1H, 1’-H), 4.90 (d, J1’-H,2’-H=3.9 Hz, 1H, 1’’-H), 4.47 (m, 1H, 5’-H), 4.47
(d, J1-H,2-H=8.1 Hz, 1H, 1-H), 4.09 (q, J=6.8 Hz, 1H, 5’-H), 4.01 (brd, J=
1.7 Hz, 1H, 4’-H), 3.94–3.81 (m, 6H, 2’-H, 3’-H, 3’’-H, 6a-H, 6a’-H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.80–3.74 (m, J2’’-H,3’’-H=10.4 Hz, 2H, 2-H, 4’’-H),
3.73–3.56 (m, 5H, 3-H, 4-H, 6b-H, 6b’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.44 (m,
1H, 5-H), 3.33 (t, J2-H,3-H=8.4 Hz, 1H, 2-H), 1.61 (m, 2H, OCH2CH2

ACHTUNGTRENNUNG(CH2)5CH3), 1.37–1.22 (m, 10H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.21 (d, J=
6.6 Hz, 3H, 6’’-H), 0.85 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);

13C NMR
(D2O): d=102.5 (C1), 99.4 (C1’), 98.3 (C1’’), 82.2 (C3), 75.6 (C5), 71.9
(C2), 71.8 (C4’’), 70.8 (OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 69.9 (C4), 69.5 (C3’’), 69.3
(C3’), 69.1 (C4’), 69.0 (C5’), 68.3 (C2’), 68.1 (C2’’), 66.7 (C5’’), 66.1 (C6’),
60.6 (C6), 15.3 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ :
623.2885; found: 623.2890.

28–3 : HPLC: tR: 43.2 min; 1H NMR (D2O): d=4.93 (d, J=3.8 Hz, 2H, 1-
H, 1’’-H), 4.54 ppm (d, J1’-H,2’-H=7.3 Hz, 1H, 1’-H); HRMS: m/z calcd for
[C26H48O15Na]+ : 623.2885; found: 623.2880.

28–4 : HPLC: tR: 51.5 min; 1H NMR (D2O): d=4.92 (d, J1’’-H,2’’-H=3.8 Hz,
1H, 1’’-H), 4.59 (d, J=7.5 Hz, 1H), 4.48 (d, J=8.2 Hz, 1H), 3.96–3.84
(m, 6H), 3.81–3.65 (m, 8H), 3.62 (dd, J=7.9, 9.5 Hz, 1H), 3.52 (t, J=
9.1 Hz, 1H), 3.48–3.43 (m, 2H), 1.62 (m, 2H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3),
1.39–1.17 (m, 10H, OCH2CH2ACHTUNGTRENNUNG(CH2)5CH3), 1.22 (d, J=6.3 Hz, 3H, 6’’-H),
0.86 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3); HRMS: m/z calcd for
[C26H48O15Na]+ : 623.2885; found: 623.2891.

28–5 : HPLC: tR: 53.1 min; 1H NMR (D2O): d=5.33 (d, J1’-H,2’-H=3.9 Hz,
1H, 1’-H), 4.91 (d, J1-H,2-H=3.7 Hz, 1H, 1-H), 4.39 (m, 1H, 5’-H), 4.38 (d,
J1’’-H,2’’-H=7.9 Hz, 1H, 1’’-H), 4.04 (brd, 1H, 4’-H), 4.00 (dd, J5’-H,6a’-H=

6.9 Hz, J6a’-H,6b’-H=10.3 Hz, 1H, 6a’-H), 3.90 (dd, J2’-H,3’-H=10.4 Hz,
J3’-H,4’-H=3.2 Hz, 1H, 3’-H), 3.85–3.66 (m, 9H, 2’-H, 3-H, 4’’-H, 5-H, 5’’-H,
6a-H, 6b-H, 6b’-H, OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3), 3.65–3.60 (m, 3H, 2-H, 3’’-H,
4-H), 3.53 (m, 1H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.48 (dd, J2’’-H,3’’-H=9.7 Hz, 1H,
2’’-H), 1.63 (m, 2H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.40–1.23 (m, 10H, OCH2CH2

ACHTUNGTRENNUNG(CH2)5CH3), 1.25 (d, J=6.5 Hz, 3H, 6’’-H), 0.85 ppm (t, 3H, OCH2CH2

ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O): d=103.0 (C1’’), 99.4 (C1’), 98.3 (C1), 80.5

(C3), 72.9 (C3’’), 71.2 (C4’’, C5), 71.0 (C5’’), 70.4 (C2’’), 70.0 (C2, C4),
69.2 (C3’, C5’), 69.1 (C4’), 68.6 (C2’, C6’), 68.4 (OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3),
60.2 (C6), 15.5 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ :
623.2885; found: 623.2889.

28–6 : HPLC: tR: 46.6 min; 1H NMR (D2O): d=5.37 (d, J1’-H,2’-H=3.6 Hz,
1H, 1’-H), 4.48 (d, J1-H,2-H=8.1 Hz, 1H, 1-H), 4.42 (m, 1H, 5’-H), 4.41 (d,
J1’’-H,2’’-H=8.0 Hz, 1H, 1’’-H), 4.05 (br s, 1H, 4’-H), 4.00–3.87 (m, 4H, 3’-H,
6a-H, 6a’-H, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 3.85–3.75 (m, 3H, 2’-H, 5’’-H, 6b’-H),
3.75–3.58 (m, 6H, 3-H, 3’’-H, 4-H, 4’’-H, 6b-H, OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3),
3.51–3.43 (m, 2H, 2’’-H, 5-H), 3.34 (t, J2-H,3-H=9.0 Hz, 1H, 2-H), 1.62 (m,
2H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.39–1.23 (m, 13H, 6’’-H, OCH2CH2

ACHTUNGTRENNUNG(CH2)5CH3), 0.86 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O):

d=102.8 (C1’’), 102.2 (C1), 99.1 (C1’), 82.1 (C3), 75.6 (C5), 72.9 (C3’’),
72.0 (C2), 71.4 (C4’’), 71.0 (C5’’, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 70.6 (C2’’), 70.1
(C4), 69.1 (C3’), 69.0 (C4’), 68.6 (C2’, C5’), 68.1 (C6’), 60.6 (C6),
15.6 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885; found:
623.2881.

28–7: HPLC: tR: 49.3 min; 1H NMR (D2O): d=4.92 (d, J1-H,2-H=3.7 Hz,
1H, 1-H), 4.58 (d, J1’-H,2’-H=7.8 Hz, 1H, 1’-H), 4.39 (d, J1’’-H,2’’-H=7.9 Hz,
1H, 1’’-H), 4.05 (dd, J5’-H,6a’-H=7.9 Hz, J6a’-H,6b’-H=10.7 Hz, 1H, 6a’-H),
3.96 (brd, J=3.0 Hz, 1H, 4’-H), 3.92 (m, 1H, 5’-H), 3.86–3.81 (m, 3H, 3-
H, 6a-H, 6b’-H), 3.80–3.75 (m, 2H, 5’’-H, 6b-H), 3.75–3.67 (m, 5H, 2-H,
3’-H, 4’’-H, 5-H, OCH2CH2ACHTUNGTRENNUNG(CH2)6CH3), 3.63 (dd, J3’’-H,4’’-H=3.5 Hz, 1H,
3’’-H), 3.60 (dd, J2’-H,3’-H=9.9 Hz, 1H, 2’-H), 3.53 (m, 2H, 4-H, OCH2CH2

ACHTUNGTRENNUNG(CH2)6CH3), 3.48 (dd, J2’’-H,3’’-H=9.8 Hz, 1H, 2’’-H), 1.62 (m, 2H,
OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.38–1.23 (m, 10H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.25
(d, J=6.5 Hz, 3H, 6’’-H), 0.85 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3);
13C NMR (D2O): d=104.0 (C1’), 102.6 (C1’’), 98.0 (C1), 84.0 (C3), 73.2
(C5’), 72.7 (C3’’), 72.3 (C3’), 71.3 (C4’’, C5), 71.1 (C2’), 71.0 (C5’’), 70.4
(C2, C2’’), 68.5 (C4’), 68.4 (C6’, OCH2CH2 ACHTUNGTRENNUNG(CH2)6CH3), 68.1 (C4), 60.5
(C6), 15.5 ppm (C6’’); HRMS: m/z calcd for [C26H48O15Na]+ : 623.2885;
found: 623.2880.

28–8 : HPLC: tR: 55.3 min; 1H NMR (D2O): d=4.62 (d, J=7.9 Hz, 1H),
4.49 (d, J=7.8 Hz, 1H), 4.40 (d, J=8.5 Hz, 1H), 4.06 (t, J=9.9 Hz, 1H),
3.96 (br s, 1H), 3.94–3.89 (m, 3H), 3.84 (dd, J=3.1 Hz, 1H), 3.81–3.58
(m, 8H), 3.54–3.42 (m, 4H), 1.62 (m, 2H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.38–
1.23 (m, 10H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3), 1.25 (d, J=6.8 Hz, 3H, 6’’-H),
0.85 ppm (t, 3H, OCH2CH2 ACHTUNGTRENNUNG(CH2)5CH3); HRMS: m/z calcd for
[C26H48O15Na]+ : 623.2885; found: 623.2889.

30 : A solution of [Cp2HfACHTUNGTRENNUNG(OTf)2] (145 mmol), 29[37] (84.7 mmol), and resin-
bound 14 (253 mg, 49.1 mmol) were mixed in DCM (1.10 mL) and swol-
len to allow the reaction under N2 atmosphere, and the reaction mixture
was maintained (TF �30, 0, 10) under SSPR conditions. After completion
of the reaction, the resin was washed successively with DCM, DMF, and
DCM to afford resin-bound phenyl 2,3-di-O-benzyl-a,b-l-fucopyranosyl-
(1!6)-2,3,4-tri-O-benzyl-a,b-d-galactopyranosyl-(1!2)-3,4,6-tri-O-
benzyl-1-thio-b-d-glucopyranoside. MS (ESI-QIT) (after cleavage from
the resin): m/z calcd for [C80H84O14SNa]+ : 1323.5; found: 1323.5. n-Octa-
nol (145 mmol), DMTST solution (145 mmol), and resin-bound phenyl-
thioglycoside (49.1 mmol) were then mixed and swollen in DCE/CH3CN
(1:1, 1.10 mL) at �30 8C, and the reaction was set (TF �30, 0, 5) under
SSPR conditions. After completion of the reaction, the resin was washed
successively with DCM, DMF, and DCM to afford resin-bound octyl 2,3-
di-O-benzyl-a,b-l-fucopyranosyl-(1!6)-2,3,4-tri-O-benzyl-a,b-d-galacto-
pyranosyl-(1!2)-3,4,6-tri-O-benzyl-a,b-d-glucopyranoside. MS (ESI-
QIT) (after cleavage from the resin): m/z calcd for [C82H96O15Na]+ :
1343.7; found: 1343.8. Resin-bound octyl trisaccharide (49.1 mmol) was
then treated with NaOMe/MeOH (200 mL) in CH3CN (0.8 mL) at room
temperature for 1 h. After completion of the reaction, the resin was fil-
tered and washed with DCM. The eluent was neutralized with Dowex
50W H+ form, filtered, and concentrated. The residue was hydrogenol-
ized with 20% Pd(OH)2 on charcoal in MeOH/EtOAc (1:1 v/v, 7.0 mL)
under H2 atmosphere at room temperature for 20 h. The mixture was fil-
tered thorough celite, and the eluent was concentrated. The obtained res-
idue was then dissolved in water and purified by using a reverse-phase
short column (Sep-Pak C18). The MeOH fraction was concentrated to
afford 30 as an anomeric mixture (3.2 mg, 10.8% over 5 steps). MS (ESI-
QIT): m/z calcd for [C26H48O15Na]+ : 623.3; found: 623.3.

32 : A solution of [Cp2HfACHTUNGTRENNUNG(OTf)2] (91.8 mmol), 31[37] (33.1 mg, 61.0 mmol),
and resin-bound 14 (110 mg, 30.5 mmol) were mixed in DCE and CH3CN
and swollen to allow the reaction under N2 atmosphere, and the reaction
mixture was maintained without mixing (SSPR) (TF �30, 0, 2.5). After
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completion of the reaction, the resin was washed successively with DCM,
DMF, and DCM to afford resin-bound phenyl 2,3-di-O-benzyl-a,b-l-fu-
copyranosyl-(1!6)-2,3,4-tri-O-benzyl-a,b-d-galactopyranosyl-(1!4)-
2,3,6-tri-O-benzyl-1-thio-b-d-glucopyranoside. MS (ESI-QIT) (after
cleavage from the resin): m/z calcd for [C80H84O14SNa]+ : 1323.5; found:
1323.6. n-Octanol (61.1 mmol), DMTST solution (91.9 mmol), and resin-
bound phenylthioglycoside (30.5 mmol) were then mixed and swollen in
DCE/CH3CN (1:2, 0.5 mL) at �30 8C, and the reaction was set (TF �30,
0, 2.5) under SSPR conditions. After completion of the reaction, the
resin was washed successively with DCM, DMF, and DCM to afford
resin-bound octyl 2,3-di-O-benzyl-a,b-l-fucopyranosyl-(1!6)-2,3,4-tri-O-
benzyl-a,b-d-galactopyranosyl-(1!2)-3,4,6-tri-O-benzyl-a,b-d-glucopyra-
noside. MS (ESI-QIT) (after cleavage from the resin): m/z calcd for
[C82H96O15Na]+ : 1343.7; found: 1343.7. Resin-bound octyl trisaccharide
(30.5 mmol) was then treated with NaOMe/MeOH (100 mL) in DCE
(1.0 mL) at room temperature for 1 h. After completion of the reaction,
the resin was filtered and washed with DCM. The eluent was neutralized
with Dowex 50W H+ form, filtered, and concentrated. The residue was
hydrogenolized with 20% Pd(OH)2 on charcoal in MeOH/EtOAc (1:1
v/v, 7.0 mL) under H2 atmosphere at room temperature for 2.5 days. The
mixture was filtered thorough celite, and the eluent was concentrated.
The obtained residue was then dissolved in water and purified by using a
reverse-phase short column (Sep-Pak C18). The MeOH fraction was con-
centrated to afford 32 as an anomeric mixture (3.2 mg, 17.5% over
5 steps). MS (ESI-QIT): m/z calcd for [C26H48O15Na]+ : 623.3; found:
623.2.
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