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Synthesis of a-D-Glcp-(1/3)-a-D-Galf-(1/2)-a-L-
Rhap constituent of the CPS of Streptococcus
pneumoniae 22F. Effect of 3-O-substitution in
1,2-cis a-D-galactofuranosylation†

Gabriel Gola and Carola Gallo-Rodriguez*

The synthesis of the trisaccharide a-D-Glcp-(1/3)-a-D-Galf-(1/2)-L-Rhap (3) constituent of

Streptococcus pneumonia 22F was achieved with complete diastereoselectivity. This is the first example

of a synthesis of an internal a-D-Galf containing oligosaccharide of a pathogen microorganism. Allyl a-D-

galactofuranoside, used as novel precursor of the internal Galf, allowed the introduction of an

orthogonal group at O-3. The trichloroacetimidate method was used for the construction of 1,2-cis-a-

D-galactofuranosyl linkage. The influence of the 3-O-substituent (PMB, Bz, PFBz, PMBz, TIPS) was

evaluated in benzylated galactofuranosyl trichloroacetimidate donors in terms of yield and selectivity of

a-D-Galf-(1/2)-a-L-Rhap product as well as donor rearrangement by-product. Complete

stereoselectivity was observed with all protecting groups used in the Galf donor, but the 3-O-benzoyl

substitution gave the best yield. Protective groups were also evaluated in the rhamnoside acceptor,

benzyl substitution was a requirement for complete stereoselectivity.
Introduction

Carbohydrates play important roles in biology1 and the need for
well-dened oligosaccharides for understanding those roles
turned the synthesis of oligosaccharides into a major issue.2,3

The glycosylation reaction is pivotal in this matter.4–7 Among the
difficulties in the construction of glycopyranosyl linkages, 1,2-
cis-b-mannopyranosides as well as b-rhamnopyranosides and a-
2-deoxyglycopyranosides are the most difficult to prepare ster-
eoselectively.8 A b-mannopyranosyl equivalent in furanoses is
the b-Araf8 which has been studied over the last years8–12 mainly
due to its presence in a motif of the Mycobacterium tuberculosis
arabinogalactan and lipoarabinomannan.13–15 However, studies
in stereoselective furanosylation are more limited compared to
pyranosides.4 L-Arabinose shows the same stereochemistry at
C-2, C-3 and C-4 as D-galactose; however, the synthesis of 1,2-cis
a-D-Galf linkage has been less studied. This xenobiotic unit has
been found in several pathogenic bacteria such as Streptococcus
pneumonia 22F,16 Escherichia coli O16717,18 and O85,19 Salmonella
enterica O5320 and O17,19 Pragia fontium,21 and pathogenic fungi
such us Paracoccidioides brasiliensis,22 and other ones.23–26 For
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that reason, the stereoselective methods for the synthesis of this
unit would provide tools for learning about its glycobiology
which has not been studied yet. However, there is no general
method for a-D-galactofuranosylation as a single diaste-
reomer.23,24 Complete stereoselectivity was rst achieved by the
use of the tetrabenzylated carboxylbenzyl galactofuranoside
system when activated at low temperature with triic anhydride
in the synthesis of agelagalastatin for the construction of the
terminal a-D-Galf-(1/2)-D-Galf linkage.27 The tetrabenzyl
protection of this donor was essential for complete a-stereo-
selectivity over a 2-OH mannosyl acceptor.28 The 2,3-anhy-
drosugar methodology was also proposed for a-D-
galactofuranosylation29 and the remarkable synthesis of pen-
tasaccharide repeating unit of varianose containing internal a-
D-Galf was achieved.30 However, while the glycosylation reaction
was completely stereoselective, the subsequent epoxide opening
was not. The intramolecular aglycon delivery (IAD) strategy was
also developed for the synthesis of a 1,2-cis-a-D-fucofuranoside,
a 6-deoxy analogue of a-D-galactofuranoside.31

Due to the success of conformationally restricted arabino-
furanosyl donors for 1,2-cis-glycosylation, conformationally
restricted 3,5-O-di-tert-butylsilylene-D-galactofuranosyl tri-
chloroacetimidate donors have been evaluated for a-gal-
actofuranosylation. In contrast to the arabinose counterpart,
stereoselectivities have not been improved compared to the
exible 2,3,5,6-tetra-O-benzylated imidate analog when used
CH2Cl2 as solvent, and surprisingly, highest a/b ratios were
obtained in ethereal participating solvents.32
This journal is © The Royal Society of Chemistry 2014
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Recently, in connection with the use of tetrabenzylated
donors for a-D-galactofuranosylation, high diastereomeric ratio
(a/b ratio >9) with moderate yields was described by Lemieux-
type halide ion-catalyzed glycosylation in the preparation of a a-
D-Galf glycolipid analog.33 By the use ofO-(2,3,5,6-tetra-O-benzyl-
b-D-galactofuranosyl) trichloroacetimidate (1)34,35 as donor,
disaccharide and trisaccharide alditols isolated from glycopro-
teins of Clostridium thermocellum and Bacteroides cellulosolvens
were synthesized.35 In addition, the terminal a-D-Galf-(1/2)-L-
Rha linkage in the hexasaccharide repeating unit of a rhizo-
bacteria was also synthesized using donor 1 in 7 : 1 a/b ratio.36

The inuence of the solvent has been evaluated in glycosyl-
ation reactions of trichloroacetimidate 1 with several acceptors.
Interestingly, high stereoselectivity (a/b 10 : 1) has been
observed in the construction of the a-D-Galf-(1/2)-L-Rha
linkage using allyl 3,4-di-O-benzyl-a-L-rhamnopyranoside (2) as
acceptor at �78 �C in CH2Cl2 with TMSOTf as catalyst, whereas
same conditions in acetonitrile gave the b conguration as a
single diasteromer.37

By taking advantage of the above result we envisioned the
synthesis of the trisaccharide constituent of Streptococcus
pneumoniae 22F capsular polysaccharide (CPS)16 (Fig. 1), a-D-
Glcp-(1/3)-a-D-Galf-(1/2)-L-Rhap (3).

S. pneumoniae is the causative agent of a variety of diseases,
including bacterial sepsis, pneumonia, meningitis and otitis
media, particularly affecting the elderly and young children.38,39

To date, 93 capsular serotypes have been identied, each
differing in chemical structure of the capsular polysaccharide
and immunogenicity.40 The polysaccharide vaccine Pneumovax
(PPV-23) is not effective in children, and this was overcome by
the conjugated vaccine Prevnar (PCV-7) of limited serotype
coverage introduced in 2000. A dramatic decrease on invasive
pneumococcal disease in children was observed,41 together with
the emerge of serotypes not included in the latter one (19A, 6C,
and 22F and serogroup 15).42 Up today, the development of
decavalent conjugate vaccine (Synorix) and tridecavalent
conjugate vaccine (Prevnar-13) covers against more S. pneumo-
niae serotypes;43 however 22F serotype is not included. A recent
study shows that the introduction of PCV7 resulted in an
increase in non-PCV7 serotypes meningitis in England and
Wales, including some not covered by the 13-valent vaccine,
such as serotypes 22F and 33F.44 Pre-clinical evaluation of a 15-
valent pneumococcal conjugate vaccine, which includes the 22F
serotype has been performed.45

The isolation and purication of CPS could also contain
bacterial contaminants.46 Synthetic well-dened oligosaccha-
ride structures constitute valuable tools to study the immune
response aer conjugation.47 Many oligosaccharides constitu-
ents of various serotypes of S. pneumoniae have been previously
Fig. 1 Capsular polysaccharide of Streptococcus pneumoniae 22F.
The target trisaccharide 3 is presented in blue.
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synthesized, and some synthetic oligosaccharides-conjugated
protein have been explored as potential vaccines.48 In this sense,
the trisaccharide 3 constituent of S. pneumoniae 22F is an
interesting target that includes also the immunogenic a-D-Galf.
Kamerling et al. have reported the only example of the synthesis
of an oligosaccharide belonging to this serotype, b-L-Rhap-
(1/4)-a-D-Glcp-(1/3)-a-D-Galf as 3-aminopropylglycoside.49 In
this case, the b-L-Rhap-(1/4)-D-Glcp disaccharide moiety was
condensed to a galactofuranosyl derivative which was prepared
from ethyl 1-thio-a-D-galactofuranoside,50 and the aminopropyl
glycoside was obtained in moderate yield and selectivity by
in situ formation of the galactofuranoside bromide.

Our target, trisaccharide 3 has the additional challenge of
synthesizing an internal a-D-Galf present in its chemical
structure. Moreover, these synthetic efforts would allow us to
investigate the inuence of the 3-O-substituent in the a-D-gal-
actofuranosyl donor.
Results and discussion

Based in the high diastereoselectivities obtained in the
construction of the a-D-Galf-(1/2)-L-Rha linkage by the use of
tetra-O-benzylated galactofuranosyl imidate 1 as donor,37 the
construction of trisaccharide 3 was envisioned from the
reducing end to the non-reducing end (Scheme 1). Retro-
synthetic analysis indicated the stereoselective introduction of a
1,2-cis a-D-Glcp unit on the galactofuranosyl 3-OH of disaccha-
ride 4, and this could be performed by the use of 2,3,4,6-tetra-O-
benzyl-D-glucopyranosyl trichloroacetimidate (5)51,52 as donor.
To the best of our knowledge, the only report on the construc-
tion of this linkage a-D-Glcp-(1/3)-a-D-Galf was described by
Kamerling et al.49 Disaccharide 4 could be synthesized by
glycosylation of known allyl 3,4-di-O-benzyl-a-L-rhamnopyrano-
side53 (2) with the galactofuranosyl trichloroacetimidate donor 6
carrying an orthogonal group at O-3. The p-methoxybenzyl
(PMB) group was selected rst as a closely related analogue of
the benzyl group. Moreover, the inuence of this substitution in
the glycosylation reaction could be also a matter of study. On
the other hand, the allyl moiety of rhamnoside acceptor 2 would
allow functionalization of the trisaccharide for further conju-
gation to an immunogenic carrier protein.

The synthesis of internal Galf-containing oligosaccharides
implies a rst choice of the galactofuranosyl precursors.23–25,54,55

In this case, the trichloroacetimidate method of glycosylation
was the option for stereoselective galactofuranosylation over the
rhamnosyl acceptor 2. For that reason, and based in our
previous experience in anomeric O-alkylation,32,37,54 allyl a-D-
galactofuranoside56 (7) was chosen as a convenient starting
material. Selective deprotection of the allyl group would allow
further activation of the anomeric center.
Synthesis of the galactofuranosyl donor 6

Starting from 7, the 5- and 6-O positions were protected by
reaction with dimethoxypropane in acetone catalyzed by p-tol-
uensulfonic acid to give the 5,6-O-isopropylidene derivative 8 in
96% yield (Scheme 2). The next step was the selective protection
RSC Adv., 2014, 4, 3368–3382 | 3369



Scheme 1 Retrosynthesis of trisaccharide 3.
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on OH-2 of 8 by a silylether, and triisopropylsilyl group (TIPS)
was selected in order to avoid silyl migration or deprotection in
the following benzylation step.57 Treatment of 8 with 1.3 equiv.
of triisopropylsilylchloride in DMF and imidazol gave the 2-O-
TIPS derivative 9 in 85% yield as the only product. The regio-
selectivity was conrmed by the correlation of OH-3 (d 2.02) with
H-3 (d 4.13) in the 1H NMR and COSY spectra, and could be
attributed to the nucleophilicity of OH-2 increased by intra-
molecular hydrogen bond with the a-anomeric oxygen.31,54 Same
regioselectivity was observed in the a-benzyl analog of 8 by
treatment with tert-butyldiphenylsilyl chloride (1.25 equiv.) to
yield the 2-O-derivative as the only product.54 However, silyla-
tion with TBDPCl of the 1-b-thiotolyl analog of 8 gave a sepa-
rable mixture of 2-O- and 3-O-derivatives in 5 : 1 ratio,58 whereas
silylation with TBDMCl of the b 20-(benzyloxycarbonyl)benzyl
(BCB) analog of 8 gave the corresponding 2-O- and 3-O-deriva-
tives in 10 : 1 ratio.27 In this sense, allyl or benzyl a-galactofur-
anoside are important D-Galf precursors because complete
regioselectivity protection could be achieved.

The p-methoxybenzylation was performed by addition of
NaH over a solution of 9 in DMF and followed by a rapid
addition of p-methoxybenzyl bromide to give 10 in 92% yield, as
conrmed by downeld shi (6.8 ppm) of the C-3 in the 13C
NMR spectrum compared to the same signal in 9. With the
aim of benzylate the O-2, O-5, and O-6 positions of the
Scheme 2 Synthesis of donor 6.
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galactofuranosyl precursor, deprotection of silyl group followed
by isopropylidene hydrolysis was performed based on their
straightforward purication of the intermediate. Treatment of
2-O-TIPS derivative 10 with TBAF in THF gave 11 (86%).
Hydrolysis of isopropylidene group of 11 was performed by
treatment with 66% v/v AcOH in H2O at 60 �C and carefully
quenching with pyridine until pH 6 to afford 12 in 88% yield.
The 13C NMR spectrum showed that the signal of C-3 appeared
downeld shied at 82.8 ppm and correlated (HSQC) with the
H-3 at d 4.06 conrming the position of the PMB group. Stan-
dard benzylation of 12 with benzyl bromide and NaH in DMF
gave 13 in 97% yield as a single product. In order to activate the
anomeric center via the trichloroacetimidate method, the allyl
group was removed by treatment with PdCl2 in a mixture of
CH2Cl2–MeOH protected from light to give 14. The H-1b
appeared as a broad singlet (d 5.41) whereas the H-1a appeared
as a doublet of doublet (d 5.26) with the typical J1,2 of 4.5 Hz and
a second coupling constant due to H-1 and OH-1 coupling.
The a/b ratio of the anomeric mixture was established as 5 : 3
as indicated by integration of the anomeric protons. In the
13C NMR spectrum, the C-1a and C-1b appeared at 96.2
and 100.9 ppm, respectively. Treatment of 14 with tri-
chloroacetonitrile in dichloromethane with DBU as a base gave
the b-trichloroacetimidate 6 as the only isomer in 97% yield, as
indicated by the broad singlet of the only anomeric H-1 signal at d
6.37 in 1H NMR spectrum. The 1H and 13C NMR spectra of 6 were
almost similar to those from the fully benzylated analogue 1.35

Once donor 6was at hand, the next step was the evaluation of
rhamnosyl acceptor 2 using the glycosylation conditions that
favored the a product in a/b 10 : 1 ratio. A direct procedure was
employed, to a mixture of acceptor 2 and trichloroacetimidate 6
in CH2Cl2 at �78 �C, TMSOTf (0.3 equiv.) as catalyst was added
(Method A).37 Surprisingly, the target a-disaccharide was not
detected even as a minor product. Instead, the b-product of
glycosylation lacking the PMB group, allyl 2,5,6-tri-O-benzyl-b-D-
galactofuranosyl-(1/2)-3,4-di-O-benzyl-a-L-rhamnopyranoside
(15) was isolated (24%, Scheme 3). The b conguration of 15was
conrmed by the small J1,2 (1.4 Hz) that appeared in the cor-
responding 1H NMR spectrum as well as the resonance for C-10

at d 107.8 in the 13C NMR spectrum. The Chapman-like rear-
rangement by-product without the PMB group, 2,5,6-tri-O-
benzyl-N-trichloroacetyl-a-D-galactofuranosylamine (16) was
also obtained in 36% yield. A third compound was detected
in 18% yield and was identied as 2,5,6-tri-O-benzyl-b-D-
galactofuranosyl-(1/3)-2,5,6-tri-O-benzyl-N-trichloroacetyl-a-D-
galactofuranosylamine (17, Scheme 3). Compound 17 is a
This journal is © The Royal Society of Chemistry 2014



Scheme 3 Glycosylation of 2 with 6 using Method A.
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glycosylation product of transposition by-product 16 as
acceptor with imidate 6 with or without PMB as donor.

In summary, PMB group did not resist TMSOTf as Lewis acid.
For that reason, the catalyst employed was reduced to 0.05 equiv.
(Method B, Table 1, entry 1) and, in this case, the desire a-
disaccharide allyl 2,5,6-tri-O-benzyl-3-O-(4-methoxybenzyl)-a-D-
galactofuranosyl-(1/2)-3,4-di-O-benzyl-a-L-rhamnopyranoside
(18) was obtained as the only glycosylation product in 41% yield,
as indicated by the H-1 signal in the 1H NMR spectrum which
appeared as a doublet with J1,2 4.2 Hz characteristic of the 1,2-cis
conguration. Neither b-disaccharide nor other glycosylation
productswithout the PMBgroupwere detected at all. In contrast,
the use of higher amount of TMSOTf (Method A) afforded only b-
disaccharides but without PMBgroup. A question arises whether
the absence of a PMB group or the presence of the OH in the
donor could inuence on the stereoselectivity of glycosylation.
The transposition by-product 2,5,6-tri-O-benzyl-3-O-(4-methoxy-
benzyl)-N-trichloroacetyl-a-D-galactofuranosylamine (19) was
also isolated from the reaction mixture in 42% yield with
Table 1 Glycosylation of acceptors 2 and 20 with imidates 6, 24–27. (B
TMSOTf)

Entry Donor R1 Acceptor R2 Product

1 6 PMB 2 Bn 18
2 6 PMB 2 Bn 18
3 6 PMB 20 Bz 21
4 24 Bz 2 Bn 36
5 25 PFBz 2 Bn 38
6 26 PMBz 2 Bn 39
7 27 TIPS 2 Bn 41

a Determined aer isolation. b a/b ratio determined by weights of isolated
D-galactofuranosylamine calculated from the imidate donor. d 16% of 2,5,
O-benzyl-3-O-triisopropylsilyl-a-D-galactofuranoside (42) was also isolated

This journal is © The Royal Society of Chemistry 2014
a-conguration conrmed by NOESY experiment (Table 1,
entry 1). The 1HNMR spectrumof 19was similar to that from the
fully benzylated analogue.35,37 Lowering the amount of the
TMSOTf avoided the removal of the PMB group; however, the
yield of the glycosylation was moderate with high amount of
transposition by-product (Table 1, entry 1). Highly armed donors
and poor nucleophilic acceptors usually favor the rearrange-
ments of the imidate, which are avoided employing the inverse
procedure of glycosylation, i.e. addition of the donor to an
acceptor/catalyst solution.59,60 Thus, slow addition of the donor 6
to a mixture containing acceptor 2, TMSOTf (0.05 equiv.) and
molecular sieves at�78 �C (MethodC), afforded 18 in better yield
(51%) reducing the amount of the by-product 19 to 18% (Table 1,
entry 2). Once again, no b-glycosylation product was detected.
Inuence of the protecting groups in rhamnoside acceptor

Previous results indicated that best selectivities on a-D-gal-
actofuranosylation employing tetrabenzylated imidate 1 were
obtained with benzoylated mannopyranosides over benzylated
analogues.37 Moreover, acyl-protective groups on glycosyl
acceptors were essential for the 1,2-cis b-stereoselectivity using
tri-O-benzyl carboxylbenzyl D-arabinofuranoside as donor.61 Our
next step was the evaluation of the protecting group pattern in
rhamnoside acceptor, by replacing the benzyl groups of 2 by
benzoyl groups. Therefore, with the use of the inverse procedure
(Method C), donor 6 reacted with allyl 3,4-di-O-benzoyl-a-L-
rhamnopyranoside62 (20) and, in this case, the a-product 21a
was obtained instead in 36% yield (Table 1, entry 3). The b-
glycosylation product 21b was also isolated in 11% yield. The
by-product 19 was also obtained in 21% yield. The a/b ratio of
glycosylation products was 3.3 : 1 in contrast to the complete
selectivity toward the a anomer obtained with benzylated
rhamnoside 2.
) Direct method (0.05 equiv. TMSOTf). (C) Inverse method (0.05 equiv.

Method Yield (%)a a/b ratiob Acetamide yieldc (%)

B 42% Only a 19 (42%)
C 51% Only a 19 (18%)
C 47% 3,3 : 1 19 (21%)
C 92% Only a 37 (3%)
C 75% Only a —
C 67% Only a 40 (28%)
C 57%d Only a 43 (3%)

pure compounds. c Yield of 2,5,6-tri-O-benzyl-3-O-R1-N-trichloroacetyl-a-
6-tri-O-benzyl-3-O-triisopropylsilyl-a-D-galactofuranosyl-(1 / 1)-2,5,6-tri-
(Fig. 3).

RSC Adv., 2014, 4, 3368–3382 | 3371
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Construction of the a-D-Glcp-(1/3)-a-D-Galf linkage

Having determined the benzylated rhamnosyl acceptor 2 for
complete a-selectivity, our attention was focused on the
construction of the a-D-Glcp-(1/3)-a-D-Galf linkage. Kamerling
et al. built this linkage by glycosylation of a-D-Galf acceptor with
disaccharide imidate of L-Rhap-(1/4)-D-Glcp by a direct
method of glycosylation employing ethyl ether as solvent at
�30 �C, with 45% yield.49 Considering the a-conguration of D-
Galf in the trisaccharide 3, we used allyl 2,5,6-tri-O-benzyl-a-D-
galactofuranoside (22) as simple model, which was obtained
quantitatively by treatment of 13 with TFA in CH2Cl2 at 0 �C
(Scheme 5). Ethyl ether was employed as the solvent required for
a-glucopyranosylation60 with TMSOTf (0.3 equiv.) as catalyst, at
�78 �C using the inverse procedure by slow addition of gluco-
pyranosyl donor 5 to the reaction mixture containing 22
(Scheme 4). Under these conditions, the desired a-disaccharide
allyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl-(1/3)-2,5,6-tri-
O-benzyl-a-D-galactofuranoside (23) was obtained as a single
diastereomer in very good yield (91%). In the 1H NMR spectrum,
the H-10 appeared as a doublet (d 5.17) with J1,2 3.5 Hz indicating
the a-conguration of the new glycosidic linkage. In the 13C
NMR spectrum, the anomeric region showed two signals at 98.3
and 95.8 ppm corresponding to a-D-Galf C-10 and a-D-Glcp C-1,
respectively.
Inuence of theO-3 substitution of the donor in a-D-Galf-(1/2)-
L-Rhap linkage construction

At this point, the synthesis of a-D-Galf-(1/2)-L-Rhap was
completely stereoselective but still the yield was moderate
(51%). For that reason, we decided to study the inuence of the
substituent at O-3 of the galactofuranosyl imidate donor to
improve the yield maintaining the high stereoselectivity. The 3-
OH position should be protected by an orthogonal group to the
benzyl and allyl groups present in the galactofuranosyl and
rhamnosyl derivatives, as discussed in the retrosynthetic
Scheme 4 Glycosylation of acceptor 22 with imidate 5.

Scheme 5 Synthesis of donors 24–27. Conditions: (a) (i) BzCl, C5H5N fo
imidazol, DMF for 31.
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analysis (Scheme 1). The rst protecting group of choice was the
electron withdrawing benzoyl group, which would disarm
the donor 24 (Scheme 5) comparing to the PMB analogue 6. On
the other hand, electronic effects or long distance assistance or
remote participation63–65 could provide control on the stereo-
selectivity of the reaction favoring the a-anomer (Fig. 2). Pen-
tauorobenzoyl group (PFBz) was also elected as more electron
withdrawing group than benzoyl, which would limit the remote
participation because of the lesser electronic density of the
carbonyl, but would exert a marked electronic effect by
disarming the donor 25 during the glycosylation reaction.66,67 A
lesser withdrawing group than benzoyl as 4-methoxybenzoyl
group (PMBz) was also chosen in 26 and, in this case, it would
favor the remote participation due to higher electronic density
at the carbonyl oxygen.68 In order to complete the scope of
protecting groups, we decide to evaluate an electron donor
group such a silyl group, and in contrast to the benzyl and PMB
group, the bulky TIPS in 27 would also exert a steric hindrance
over the b-face.

Donors 24–27 were synthesized from 22 as indicated in
Scheme 5 (see ESI†). In all cases, only the b anomer was
obtained. Glycosylation reactions were evaluated using benzy-
lated rhamnosyl acceptor 2. The inverse procedure of glycosyl-
ation using 0.05 equiv. of TMSOTf was employed (Method C)
since the best yield with complete diastereoselectivity was
obtained with 3-O-PMB donor 6. The results are indicated in
Table 1 (entries 4–7). The best result was obtained with ben-
zoylated 24. In this case, the corresponding disaccharide 36 was
obtained with excellent yield (92%) with complete diaster-
eoselectivity. Interestingly, the transposition by-product tri-
chloroacetamide 37 was detected in very low yield (3%). PFBz
derivative 25 gave the a-disaccharide 38 as the only glycosyla-
tion product, but the yield lowered to 75%with no transposition
by-product detected. On the other hand, the PMBz derivative 26
gave the corresponding disaccharide 39 in good yield (67%)
but, unfortunately, the trichloroacetamide by-product 40 was
r 28; (ii) PFBzCl, C5H5N for 29; (iii) PMBzCl, C5H5N for 30; (iv) TIPSCl,

Fig. 2 Dioxocarbenium ion as possible intermediate in remote
participation.

This journal is © The Royal Society of Chemistry 2014



Scheme 6 Synthesis of trisaccharide 3.
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obtained in 28% yield from imidate 26. The use of TIPS
donor 27 afforded the disaccharide 41 with complete diaster-
eoselectivity as well, and a yield (57%) comparable to that
obtained with the PMB donor 6. Unexpectedly, the 2,5,6-tri-O-
benzyl-3-O-triisopropylsilyl-a-D-galactofuranosyl-(1/1)-2,5,6-
tri-O-benzyl-3-O-triisopropylsilyl-a-D-galactofuranoside (42,
Fig. 3) was obtained with 16% yield together with a small
amount of the trichloroacetamide 43 (3%). Interestingly, 42
exhibited both linkages as 1,2-cis a. Neither a,b nor b,b
analogues were detected. A question arises about the stereo-
chemistry of this by-product. If any hydrolysis of the imidate 27
were occurred rst, a mixture of a,b anomeric acceptors 35
would have been expected, with the b anomer as a major isomer
to give some b-glycosylation product, which is absent. However,
the a-anomer could be produced kinetically, or could be more
nucleophilic to give only the a,a product. These aspects remain
unclear.

Focusing on the inuence of the protecting groups, only the
a-anomer has been detected in all cases, all glycosylation were
complete stereoselective. However, the better yields were
obtained with acyl groups protection, being the benzoyl group
the most effective (92%). Long distance participation cannot be
discarded nor conrmed as the more electron-rich carbonyl
oxygen of the PMBz group did not increase the yield of glyco-
sylation compared to that of the Bz analogue. However, the acyl
protection is related to the yield of the transposition by-product.
Whereas no transposition by-product was detected with the less
armed PFBz donor 25, this by-product was increased to 28%
using PMBz donor 26.
Synthesis of trisaccharide 3

A complete diastereoselective a-galactofuranosylation was ach-
ieved with excellent yield, removal of benzoyl group of 36 with
sodium methoxide afforded disaccharide 4 in 74% yield
(Scheme 6). Glycosylation of 4 with glucopyranosyl donor 5,
using the inverse procedure of glycosylation (Method D), proved
for the simple model 23, gave trisaccharide 44 with complete
diastereoselectivity and quantitative yields. The signals of 1H
NMR spectrum were fully assigned by the use of COSY and
HSQC experiments. In the 13C NMR spectrum, the C-10 of the a-
D-Galf moiety appeared at 98.5 ppm. The C-10 0 of the a-D-Glcp
moiety appeared at 95.4 ppm similar to that observed for simple
model 23, indicating the a-conguration for the new glycosidic
linkage. On the other hand, the C-1 and C-6 of the Rha moiety
appeared at 96.8 and 17.9 ppm, respectively. In the 1H NMR
spectrum, the H-100 of the new glycosidic linkage appeared
Fig. 3 Structure of by-product 42.
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superimposed to the quartet of the allyl moiety, however a
doublet with J1,2 of 3.5 Hz could be distinguished conrming
the a-conguration.

Trisaccharide 44 was further deprotected. Treatment with
PdCl2 in CH2Cl2–methanol gave the anomeric free trisaccharide
45 in 10 : 7 a/b anomeric mixture as indicated by the integration
of the H-10 of the D-Galf moiety of the a and b anomers at d 5.25
and 5.27, respectively in the 1H NMR spectrum. Hydrogenolysis
of 45 with H2 and Pd(C) gave the target fully unprotected
trisaccharide 3. The anomeric hydrogens appeared well
resolved as shown in the 1H NMR spectrum which could be
assigned through COSY and HSQC experiments.

Conclusions

The synthesis of the novel trisaccharide a-D-Glcp-(1/3)-a-D-
Galf-(1/2)-L-Rhap (3) constituent of the capsular poly-
saccharide of Streptococcus pneumonia 22F was performed with
complete diastereoselectivity. The robust trichloroacetimidate
method was employed for the glycosylation steps. Allyl a-D-gal-
actofuranoside, synthesized in one step from galactose, was
used as novel precursor of the internal Galf for the rst time,
allowing the introduction of an orthogonal group at O-3. From
the analysis on the inuence of the 3-O-substituent (PMB, Bz,
PFBz, PMBz, TIPS) in benzylated galactofuranosyl donors in
order to built the a-D-Galf-(1/2)-a-L-Rhap linkage, we can
conclude that all galactofuranosyl donors gave complete ster-
eoselectivity with acceptor 2; however, the substitution pattern
had a strong effect on glycosylation yields. Excellent yield was
obtained employing 3-O-benzoyl galactofuranosyl donor.
Although remote participation effect is not conclusive, 3-O-acyl
galactofuranosyl donors gave better yields of glycosylation
products with lesser amount of trichloroacetamide by-products.
A stabilization of the oxonium ion by the 3-O-benzoyl group
could be involved. On the other hand, benzyl protection on
rhamnoside acceptor was a requirement for complete
RSC Adv., 2014, 4, 3368–3382 | 3373
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stereoselectivity. Moreover, a high yield and complete stereo-
selective construction of a-D-Glcp-(1/3)-a-D-Galf linkage was
achieved by the use of the inverse procedure of glycosylation at
low temperature (�78 �C) in ethyl ether as solvent.

In summary, the present work has brought new insight to the
1,2-cis-galactofuranosylation eld as well as allowed the
synthesis of 3, which is the rst example of a synthesis of an
internal 1,2-cis a-D-Galf-containing oligosaccharide of a path-
ogen microorganism. Moreover, allyl glycoside 44 or anomeric
free 45 could be useful precursors of oligosaccharides conju-
gates for immunogenic studies and vaccine developments.

Experimental
General

TLC was performed on 0.2 mm silica gel 60 F254
aluminium supported plates and developed in the solvent
system indicated. When TEA was added to the solvent
system, TLC plate required a pretreatment with the elution
solvent to reduce its acidic nature thereof. Detection was
effected by exposure to UV light or by spraying with 10%
(v/v) sulfuric acid in EtOH and charring. Column chroma-
tography was performed on silica gel 60 (230–400 mesh).
Melting points are uncorrected. NMR spectra were recorded
with a Bruker AVANCE II 500 spectrometer at 500 MHz (1H)
and 125.8 MHz (13C) or with a Bruker AC 200 at 200 MHz
(1H) and 50.3 MHz (13C). Chemical shis are given relative
to the signal of internal acetone standard at 2.22 and 30.89
ppm for 1H NMR and 13C NMR spectra, respectively when
recorded in D2O.

1H and 13C assignments were supported by
2D COSY, and HSQC experiments. NOESY experiment was
performed when indicated. High resolution mass spectra
(HRMS) were recorded on a BRUKER micrOTOF-Q II spec-
trometer. Optical rotations were measured with a Perkin-
Elmer 343 polarimeter with a path length of 1 dm at 25 �C.
Sugars were dried under vacuum (2 � 10�3 mbar) for 6 hs
at room temperature.

Allyl 5,6-O-isopropylidene-a-D-galactofuranoside (8). To a
solution of dried allyl a-D-galactofuranoside56 (7, 1.77 g, 8.19
mmol) in 5 : 1 acetone-2,2 dimethoxypropane (20.4 mL) cooled
to 0 �C, was added p-toluensulfonic acid (5 mg). Aer stirring for
30 min at room temperature, the mixture was neutralized with
concentrated ammonia, and concentrated under reduced
pressure. Purication of the residue by silica gel column chro-
matography (3 : 2 hexane–EtOAc) gave 8 (2.01 g, 96%) as a
colorless syrup which crystallized from 10 : 1 hexane–EtOAc:
mp 58–59 �C; Rf 0.51 (1 : 1 hexane–EtOAc); [a]D +85.8 (c 1.1,
CHCl3);

1H NMR (CDCl3, 500 MHz) d 5.90 (dddd, 1H, J ¼ 17.0,
10.5, 6.0, 5.7 Hz, CH]CH2), 5.29 (dd, 1H, J¼ 17.0, 1.4 Hz, HC]
CHaH), 5.21 (d, 1H, J¼ 10.5 Hz, HC]CHbH), 5.00 (d, 1H, J¼ 4.4
Hz, H-1), 4.33 (dd, 1H, J ¼ 12.8, 5.7 Hz, OCHaH-CH]), 4.21
(apparent q, 1H, J ¼ 6.6 Hz, H-5), 4.10–4.04 (m, 3H, OCHbH–

CH], H-2, H-3), 4.03 (dd, 1H, J ¼ 8.4, 6.7 Hz, H-6a), 3.93 (dd,
1H, J ¼ 8.4, 7.0 Hz, H-6b), 3.85 (t, 1H, J ¼ 6.7 Hz, H-4), 2.57 (d,
1H, J ¼ 9.8 Hz, OH-3), 2.50 (d, 1H, J ¼ 3.00 Hz, OH-2); 1.45, 1.38
(2s, 6H, (CH3)2C));

13C NMR (CDCl3, 125 MHz) d 133.6 (CH]

CH2), 117.8 (CH]CH2), 109.7 ((CH3)2C), 99.9 (C-1), 81.4 (C-4),
3374 | RSC Adv., 2014, 4, 3368–3382
78.1 (C-2), 77.3 (C-3), 76.6 (C-5), 68.8 (OCH2–CH]), 64.9 (C-6);
26.5, 25.3 ((CH3)2C); HRMS (ESI) calcd for (M + Na) C12H20O6Na:
283.1152. Found: 283.1153.

Allyl 5,6-O-isopropylidene-2-O-triisopropylsilyl-a-D-galactofur-
anoside (9). To a stirred solution of dry 8 (1.01 g, 3.88 mmol)
and imidazol (669 mg, 9.83 mmol) in anh DMF (10 mL),
cooled to 0 �C, triisopropylsilyl chloride (1.07 mL, 5.04
mmol) was slowly added. Aer stirring for 18 h at room
temperature, the mixture was diluted with CH2Cl2 (50 mL),
washed with water (5 � 60 mL), dried (Na2SO4), ltered and
concentrated under reduced pressure. Purication of the
residue on silica gel column chromatography (15 : 1 hexane–
EtOAc) gave 9 (1.38 g, 85%) as needles (mp 41–42 �C); Rf 0.61
(2 : 1 hexane–EtOAc); [a]D +69.7 (c 0.9, CHCl3);

1H NMR
(CDCl3, 500 MHz) d 5.91 (dddd, 1H, J ¼ 17.2, 10.4, 6.1, 5.4
Hz, CH]CH2), 5.30 (dq, 1H, J ¼ 17.2, 1.6 Hz, HC]CHaH),
5.16 (apparent dq, 1H, J ¼ 10.4, 1.4 Hz, HC]CHbH), 4.85 (d,
1H, J ¼ 4.0 Hz, H-1), 4.28 (ddt, 1H, J ¼ 12.7, 5.4, 1.4 Hz,
OCHaH-CH]),4.21 (apparent q, 1H, J ¼ 7.0 Hz, H-5), 4.18
(dd, 1H, J ¼ 7.8, 4.2 Hz, H-2), 4.15 (dt, 1H, J ¼ 7.4, 4.0 Hz, H-
3), 4.01 (dd, 1H, J ¼ 8.5, 6.6 Hz, H-6a), 3.99 (dt, 1H, J ¼ 12.7,
6.1, 1.4 Hz, OCHbH-CH]), 3.92 (dd, 1H, J ¼ 8.5, 7.0 Hz, H-
6b), 3.82 (t, 1H, J ¼ 7.2 Hz, H-4), 2.02 (d, 1H, J ¼ 4.0 Hz, OH-
3), 1.45, 1.37 (2s, 6H, (CH3)2C), 1.16–1.04 (m, 21H,
(CH3)2CH)3Si);

13C NMR (CDCl3, 125 MHz) d 134.1 (CH]

CH2), 117.3 (CH]CH2), 109.6 ((CH3)2C), 100.8 (C-1), 81.3 (C-
4), 78.6 (C-2), 78.1 (C-5), 76.4 (C-3), 68.5 (OCH2–CH]), 64.9
(C-6); 26.5, 25.2 ((CH3)2C), 17.8 ((CH3)2CH)3Si, 12.2
((CH3)2CH)3Si; HRMS (ESI) calcd for (M + Na) C21H40O6SiNa:
439.2486. Found: 439.2488.

Allyl 5,6-O-isopropylidene-3-O-(4-methoxybenzyl)-2-O-triiso-
propylsilyl-a-D-galactofuranoside (10). To a solution of dry 9
(1.30 g, 3.13 mmol) in anh DMF (15 mL) cooled to 0 �C, was
added NaH (dispersion in oil 60%, 175 mg, 4.38 mmol) under
argon atmosphere. p-Methoxybenzyl bromide (0.63 mL, 4.38
mmol) was added immediately aer to avoid silyl migration.
Aer stirring for 1.5 h at 0 �C, the mixture was diluted with
CH2Cl2 (120 mL), sequentially washed with brine (4 � 120 mL),
H2O (1� 120 mL), dried (Na2SO4), ltered and concentrated.
Silica gel column chromatography (toluene; then 40 : 1 toluene–
EtOAc) of the residue afforded 10 (1.57 g, 92%) as a colorless
syrup: Rf 0.45 (10 : 1 toluene–EtOAc); [a]D +38.4 (c 1.3, CHCl3);
1H NMR (CDCl3, 500 MHz) d 7.24 (d, 2H, J¼ 8.7 Hz, PMBn), 6.88
(d, 2H, J¼ 8.7 Hz, PMBn), 5.94 (dddd, 1H, J¼ 17.2, 10.4, 6.1, 5.6
Hz, CH]CH2), 5.30 (dq, 1H, J ¼ 17.2, 1.6 Hz, HC]CHaH), 5.17
(dq, 1H, J¼ 10.4, 1.3 Hz, HC]CHbH), 4.86 (d, 1H, J¼ 4.3 Hz, H-
1); 4.77, 4.51 (2d, 2H, J ¼ 11.0 Hz, pMPhCH2), 4.40 (dd, 1H, J ¼
4.3, 7.1 Hz, H-2), 4.31 (ddt, 1H, J ¼ 12.5, 5.6, 1.4 Hz, OCHaH-
CH]), 4.13 (dt, 1H, J ¼ 6.4, 7.7 Hz, H-5), 3.99 (t, 1H, J ¼ 6.8 Hz,
H-3), 3.97 (ddt, 1H, J¼ 12.5, 6.1, 1.4 Hz, OCHbH-CH]), 3.85 (dd,
1H, J¼ 7.9, 6.6 Hz, H-4), 3.80 (s, 3H, OCH3), 3.78 (dd, 1H, J¼ 8.2,
6.4 Hz, H-6a), 3.70 (dd, 1H, J ¼ 8.2, 7.8 Hz, H-6b), 1.41, 1.34 (2s,
6H, (CH3)2C), 1.12–1.10 (m, 21H, (CH3)2CH)3Si);

13C NMR
(CDCl3, 125 MHz) d 159.3 (PMBn), 134.1 (CH]CH2); 129.9,
129.7 (PMBn); 117.4 (CH]CH2), 113.8 (PMBn), 109.4 ((CH3)2C),
101.3 (C-1), 83.2, 81.0, 79.1, 78.4, 72.6 (PMBn), 68.5 (OCH2–

CH]), 65.2 (C-6), 55.3 (OCH3); 26.7, 25.5 ((CH3)2C); 18.0, 17.9
This journal is © The Royal Society of Chemistry 2014
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((CH3)2CH)3Si); 12.4 ((CH3)2CH)3Si); HRMS (ESI) calcd for (M +
Na) C29H48O7SiNa: 559.3062. Found: 559.3076.

Allyl 5,6-O-isopropylidene-3-O-(4-methoxybenzyl)-a-D-galactofur-
anoside (11). A freshly prepared solution of TBAF (1.93 g, 7.38
mmol) in anhyd THF (38 mL) cooled to 0 �C was added to 10
(1.99 g, 3.71 mmol) with stirring. Aer 1 h, TLC examination
showed disappearance of the starting material and the solution
was diluted with CH2Cl2 (150 mL), washed with H2O (4 � 100
mL), dried (Na2SO4), ltered and concentrated. The residue was
puried by silica gel column chromatography (20 : 1 and then
6 : 1 hexane–EtOAc) to afford syrupy 11 (1.21 g, 86%). Rf 0.34
(2 : 1 hexane–EtOAc); [a]D +24.0 (c 1.0, CHCl3);

1H NMR (CDCl3,
500 MHz) d 7.28 (d, 2H, J ¼ 8.8 Hz, PMBn), 6.88 (d, 2H, J ¼ 8.8
Hz, PMBn), 5.91 (dddd, 1H, J ¼ 17.2, 10.4, 6.2, 5.4 Hz, CH]
CH2), 5.29 (dq, 1H, J ¼ 17.2, 1.6 Hz, HC]CHaH), 5.21 (dq, 1H,
J ¼ 10.4, 1.3 Hz, HC]CHbH), 5.03 (d, 1H, J ¼ 4.8 Hz, H-1), 4.79,
4.56 (2d, 2H, J¼ 11.4 Hz, pMPhCH2), 4.35 (ddt, 1H, J¼ 12.8, 5.4,
1.4 Hz, OCHaH–CH]), 4.27 (dd, 1H, J ¼ 6.2, 4.8 Hz, H-2), 4.09
(dt, 1H, J ¼ 7.5, 6.4 Hz, H-5), 4.08 (ddt, 1H, J ¼ 12.8, 6.2, 1.4 Hz,
OCHbH–CH]), 3.87 (dd, 1H, J ¼ 7.3, 6.4 Hz, H-4), 3.84 (dd, 1H,
J ¼ 8.3, 6.4 Hz, H-6a), 3.81 (s, 3H, OCH3), 3.77 (t, 1H, J ¼ 6.3 Hz,
H-3), 3.75 (dd, 1H, J¼ 8.3, 7.5 Hz, H-6b), 2.64 (bs, 1H, OH); 1.42,
1.36 (2s, 6H, (CH3)2C);

13C NMR (CDCl3, 125 MHz) d 159.3
(PMBn), 133.6 (CH]CH2); 129.7, 129.6 (PMBn); 117.8 (CH]

CH2), 113.8 (PMBn), 100.8 (C-1), 83.0 (C-3), 81.9 (C-4), 78.12 (C-
5), 78.07 (C-2), 71.3 (PMBn), 68.9 (OCH2–CH]), 65.1 (C-6), 55.2
(OCH3); 26.6, 25.5 ((CH3)2C); HRMS (ESI) calcd for (M + Na)
C20H28O7Na: 403.1727. Found: 403.1739.

Allyl 3-O-(4-methoxybenzyl)-a-D-galactofuranoside (12). A
solution of 11 (1.21 g, 3.18 mmol) in 66% v/v AcOH in H2O (23
mL) was warmed to 60 �C with stirring. Aer 30 min, TLC
examination revealed disappearance of starting material, and
the solution was cooled to 0 �C. Pyridine (21 mL) was slowly
added until pH ¼ 6 to avoid p-methoxybenzyl removal. The
mixture was concentrated and the residue was co-evaporated
with toluene (5 � 5 mL). Column chromatography of the
residue (6 : 4 hexane–EtOAc) afforded 12 (940 mg, 88%) as a
colorless syrup which crystallized from 1 : 1 hexane–EtOAc: mp
74–75 �C; Rf 0.52 (EtOAc); [a]D +35.4 (c 0.9, CHCl3);

1H NMR
(CDCl3, 500 MHz) d 7.28 (d, 2H, J¼ 8.7 Hz, PMBn), 6.88 (d, 2H, J
¼ 8.7 Hz, PMBn), 5.92 (dddd, 1H, J ¼ 17.2, 10.4, 6.1, 5.7 Hz,
CH]CH2), 5.32 (dq, 1H, J ¼ 17.2, 1.5 Hz, HC]CHaH), 5.26 (dq,
1H, J ¼ 10.4, 1.3 Hz, HC]CHbH), 5.03 (d, 1H, J ¼ 4.9 Hz, H-1);
4.78, 4.56 (2d, 2H, J ¼ 11.3 Hz, PMPhCH2), 4.29 (ddt, 1H, J ¼
12.8, 5.7, 1.4 Hz, OCHaH–CH]), 4.27 (dd, 1H, J¼ 6.4, 4.9 Hz, H-
2), 4.13 (ddt, 1H, J ¼ 12.8, 6.1, 1.4 Hz, OCHbH–CH]), 4.06 (t,
1H, J ¼ 6.2 Hz, H-3), 4.00 (dd, 1H, J ¼ 6.2, 3.9 Hz, H-4), 3.80 (s,
3H, OCH3), 3.66–3.60 (m, 3H, H-5, H-6a, H-6b), 2.47 (bs, 3H,
OH); 13C NMR (CDCl3, 125 MHz) d 159.4 (PMBn), 133.2 (CH]

CH2); 129.61, 129.57 (PMBn); 118.6 (CH]CH2), 113.9 (PMBn),
101.2 (C-1), 82.8 (C-3), 82.7 (C-4), 77.8 (C-2), 72.1 (C-5), 71.7
(PMBn), 69.9 (OCH2–CH]), 64.2 (C-6), 55.2 (OCH3). HRMS (ESI)
calcd for (M + Na) C17H24O7Na: 363.1414. Found: 363.1423.

Allyl 2,5,6-tri-O-benzyl-3-O-(4-methoxybenzyl)-a-D-galactofur-
anoside (13). To a solution of 12 (940 mg, 2.76 mmol) in anhyd
DMF (11.8 mL), cooled to 0 �C, was added NaH (dispersion in
oil 60%, 441 mg, 11.0 mmol) followed by BnBr (1.32 mL, 11.0
This journal is © The Royal Society of Chemistry 2014
mmol) with stirring, under an argon atmosphere. The mixture
was stirred for 1 h at 0 �C and for 1.5 h at room temperature.
Aer cooling the mixture to 0 �C, MeOH (1.5 mL) was slowly
added and the stirring continued for 10 min. The mixture was
diluted with CH2Cl2 (100 mL), washed with brine (4 � 100 mL)
until pH 7 and H2O (1 � 100 mL), dried (Na2SO4), ltered and
concentrated. Column chromatography of the residue (hexane,
then 9 : 1 hexane–EtOAc) afforded 13 (1.65 g, 97%) as a
colorless syrup: Rf 0.44 (3 : 1 hexane–EtOAc); [a]D +28.5 (c 0.9,
CHCl3);

1H NMR (CDCl3, 500 MHz) d 7.40–7.21 (m, 15H, Bn),
7.15 (d, 2H, J ¼ 8.7 Hz, PMBn), 6.81 (d, 2H, J ¼ 8.7 Hz, PMBn),
5.86 (dddd, 1H, J ¼ 17.1, 10.3, 6.6, 5.0 Hz, CH]CH2), 5.25 (dq,
1H, J ¼ 17.1, 1.6 Hz, HC]CHaH), 5.16 (dq, 1H, J ¼ 10.4, 1.4
Hz, HC]CHbH), 4.91 (d, 1H, J ¼ 4.3 Hz, H-1), 4.72, 4.58 (2d,
2H, J ¼ 11.7 Hz, PhCH2), 4.66, 4.57 (2d, 2H, J ¼ 11.6 Hz,
PhCH2), 4.65, 4.44 (2d, 2H, J ¼ 11.2 Hz, PMBn), 4.49, 4.44 (2d,
2H, J ¼ 12.1 Hz, PhCH2), 4.28 (t, 1H, J ¼ 7.3 Hz, H-3), 4.15 (ddt,
1H, J ¼ 13.0, 5.0, 1.5 Hz, OCHaH–CH]), 4.05 (dd, 1H, J ¼ 4.3,
7.6 Hz, H-2), 3.94 (dd, 1H, J ¼ 7.0, 6.2 Hz, H-4), 3.91 (ddt, 1H,
J ¼ 13.0, 6.6, 1.3 Hz, OCHbH–CH]), 3.76 (s, 3H, OCH3), 3.68
(dt, 1H, J ¼ 6.3, 4.0 Hz, H-5), 3.61 (dd, 1H, J ¼ 10.4, 4.0 Hz, H-
6a), 3.55 (dd, 1H, J ¼ 10.4, 6.4 Hz, H-6b); 13C NMR (CDCl3, 125
MHz) d 159.2 (PMBn); 138.8, 138.3, 137.7 (Bn); 134.2 (CH]

CH2); 130.2, 129.6 (PMBn); 128.4, 128.3, 128.2, 128.1, 127.9,
127.7, 127.49, 127.47, 127.3 (Bn); 117.5 (CH]CH2), 113.7
(PMBn), 98.6 (C-1), 84.2 (C-2), 80.4 (C-3), 80.3 (C-4), 79.5 (C-5);
73.3, 73.0, 72.4, 71.8 (PhCH2, PMPhCH2); 70.4 (C-6), 68.0
(OCH2–CH]), 55.2 (OCH3). HRMS (ESI) calcd for (M + Na)
C38H42O7Na: 633.2823. Found: 633.2840.

2,5,6-Tri-O-benzyl-3-O-(4-methoxybenzyl)-D-galactofuranose
(14). To a solution of 13 (165 mg, 0.27 mmol) in CH2Cl2
(2.5 mL), was added a suspension of PdCl2 (8.7 mg, 0.049
mmol) in MeOH (3.8 mL), and the mixture was stirred at room
temperature covered from light exposure. Aer 2 h, the
mixture was concentrated to dryness at room temperature to
give a residue which was puried immediately aer by silica
gel column chromatography (12 : 1 toluene–EtOAc) to afford 14
(143 mg, 93%) as a colorless syrup; Rf 0.34 (5 : 1 toluene–
EtOAc); [a]D �14.4 (c 1.4, CHCl3);

1H NMR (CDCl3, 500 MHz) d
7.38–7.23 (m, 15H, ArH), 7.16 (d, 1.26H, J ¼ 8.7 Hz, PMBn a

anomer), 7.13 (d, 0.74H, J ¼ 8.7 Hz, PMBn b anomer), 6.84 (d,
1.26H, J ¼ 8.7 Hz, PMBn a anomer), 6.81 (d, 0.74H, J ¼ 8.7 Hz,
PMBn b anomer), 5.41 (bs, 0.37H, H-1b), 5.26 (dd, 0.63H, J ¼
4.5, 9.7 Hz, H-1a), 4.78–4.36 (m, 7H, PhCH2), 4.34 (t, 0.37H, J ¼
4.9 Hz, H-4b), 4.31, 4.30 (2d, 1H, J ¼ 11.5 Hz, PhCH2), 4.09 (t,
0.63H, J ¼ 5.0 Hz, H-3a), 4.06 (dd, 0.63H, J ¼ 4.7, 2.4 Hz, H-
4a), 4.03 (ddd, 0.37H, J ¼ 4.9, 2.2 Hz, H-3b), 3.99 (t, 0.63H, J ¼
4.9 Hz, H-2a), 3.93 (dd, 0.37H, J ¼ 2.2, 1.1 Hz, H-2b), 3.79–3.70
(m, 4H, H-5b, H-6aa, OCH3), 3.67 (dd, 0.63H, J ¼ 10.0, 5.2 Hz,
H-6ba), 3.65–3.57 (m, 1.37H, H-6ab, H-6bb, H-5a); 13C NMR
(CDCl3, 125 MHz) d 159.3 (PMBn); 138.5, 138.2, 138.0, 137.7,
137.5, 137.3 (Bn); 129.80, 128.79, 129.6, 129.5 (Ar); 128.5, 128.4
(�5), 128.3, 128.2, 128.1, 128.0, 127.9, 127.8 (�4), 127.7, 127.6
(�3), 127.5 (�2) (Bn); 113.8 (�2) (PMBn), 100.9 (C-1b), 96.2 (C-
1a), 87.1 (C-2b), 84.6 (C-2a), 83.1 (C-4b), 81.7 (C-3b), 81.6 (C-
3a), 81.5 (C-4a), 77.3 (C-5b), 77.1 (C-5a), 73.62, 73.58, 73.5,
73.3, 73.2, 71.9, 71.60, 71.59, 71.5 (PhCH2); 70.9 (C-6b), 70.6
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(C-6a), 55.23, 5.21 (OCH3); HRMS (ESI) calcd for (M + Na)
C35H38O7Na: 593.2510. Found: 593.2529.

2,5,6-Tri-O-benzyl-3-O-(4-methoxybenzyl)-b-D-galactofur-
anosyl trichloroacetimidate (6). To a solution of dry 14 (107 mg,
0.19 mmol) and Cl3CCN (93.7 ml, 0.94 mmol) in anh CH2Cl2
(5 mL), cooled to 0 �C was added DBU (11.2 ml, 0.075 mmol) with
stirring in an argon atmosphere. Aer 25 min, TLC monitoring
showed disappearance of the starting material. Toluene
(0.7 mL) was added and the mixture was concentrated under
reduced pressure to a nal volumen of aprox. 0.7 mL. The
concentrated was puried by column chromatography
(6 : 1 : 0.07 hexane–EtOAc–TEA) to yield 6 (130 mg, 97%) as a
colorless syrup: Rf 0.44 (3 : 1 : 0.04 hexane–EtOAc–TEA); 1H
NMR (CDCl3, 200 MHz) d 8.51 (s, 1H, NH), 7.45–7.24 (m, 15H,
ArH), 7.11, 6.79 (2d, 4H, J ¼ 8.7 Hz, PMBn), 6.37 (s, 1H, H-1),
4.73, 4.55 (2d, 2H, J ¼ 11.5 Hz, PhCH2), 4.70, 4.53 (2d, 2H, J ¼
12.2 Hz, PhCH2), 4.49 (s, 2H, PhCH2), 4.38 (dd, 1H, J ¼ 6.4, 3.8
Hz, H-4), 4.34, 4.24 (2d, 2H, J¼ 11.6 Hz, PhCH2), 4.20 (d, 1H, J¼
2.2 Hz, H-2), 4.10 (dd, 1H, J¼ 6.4, 2.2 Hz, H-3), 3.87–3.64 (m, 3H,
H-5, H-6a, H-6b), 3.75 (s, 3H, OCH3);

13C NMR (CDCl3, 50 MHz)
d 129.5, 128.4, 128.3, 128.1, 127.9, 127.6, 127.5, 113.7 (Ar); 104.2
(C-1), 86.8, 84.2, 82.4, 77.3; 73.4, 73.2, 72.0, 71.6 (PhCH2), 70.6
(C-6), 55.2 (OCH3).

Allyl 2,5,6-tri-O-benzyl-a-D-galactofuranoside (22). To a
solution of 13 (510 mg, 0.84 mmol) in CH2Cl2 (13.5 mL) cooled
to 0 �C was added TFA (1.4 mL, 1.82 mmol), and themixture was
stirred at room temperature. Aer 8 min, TLC showed disap-
pearance of starting material and the solution was poured into
NaHCO3 ss (150 mL). The mixture was extracted with CH2Cl2
(120 mL), and the organic phase was washed with water, dried
(Na2SO4), ltered and concentrated. Purication of the residue
by silica gel column chromatography (8 : 1 hexane–EtOAc)
yielded 22 (413 mg, 99%) that crystallized from 4 : 1 hexane–
EtOAc: mp 72–73 �C; Rf 0.38 (hexane–EtOAc 7 : 3); [a]D +51.7 (c
0.9, CHCl3);

1H NMR (CDCl3, 500 MHz) d 7.39–7.25 (m, 15H,
Bn), 5.86 (dddd, 1H, J ¼ 17.1, 10.4, 6.3, 5.1, Hz, CH]CH2), 5.26
(dq, 1H, J ¼ 17.1, 1.6 Hz, HC]CHaH), 5.17 (dq, 1H, J ¼ 10.4, 1.4
Hz, HC]CHbH), 4.87 (d, 1H, J¼ 4.4 Hz, H-1), 4.72, 4.69 (2d, 2H,
J ¼ 11.8 Hz, PhCH2); 4.69, 4.65 (2d, 2H, J ¼ 11.9 Hz, PhCH2),
4.54, 4.52 (2d, 2H, J ¼ 12.0 Hz, PhCH2), 4.39 (ddd, 1H, J ¼ 8.2,
7.5, 2.8 Hz, H-3), 4.12 (ddt, 1H, J ¼ 13.0, 5.1, 1.5 Hz, OCHaH-
CH]), 3.94–3.88 (m, 3H, H-2, OCHbH–CH], H-4), 3.70–3.64
(m, 3H, H-5, H-6a, H-6b), 2.90 (d, 1H, J ¼ 2.8 Hz, OH-2); 13C
NMR (CDCl3, 125 MHz) d 138.4, 137.7, 137.3 (Bn); 134.1 (CH]

CH2), 128.6, 128.4, 128.3, 128.1, 128.0, 127.9, 127.8, 127.6 (Bn);
117.4 (CH]CH2), 98.8 (C-1), 83.14, 83.08 (C-2, C-4), 80.1 (C-5);
74.6 (C-3); 73.8, 73.1, 72.5 (PhCH2); 70.0 (C-6), 68.2 (OCH2–

CH]); HRMS (ESI) calcd for (M + Na) C30H34O6Na: 513.2248.
Found: 513.2251.

3-O-Benzoyl-2,5,6-tri-O-benzyl-b-D-galactofuranosyl trichloro-
acetimidate (24). The same procedure as described for 6 was
followed starting from 32 (346 mg, 0.62 mmol); Cl3CCN (313 ml,
3.12 mmol) and DBU (37.0 ml, 0.25 mmol) to yield 24 (398 mg,
92%) as a colorless syrup: Rf 0.44 (3 : 1 : 0.04 hexane–EtOAc–
TEA); 1H NMR (CDCl3, 200 MHz) d 8.54 (s, 1H, NH), 8.03 (d, 2H,
J ¼ 7.0 Hz), 7.61–7.17 (m, 18H, ArH), 6.49 (s, 1H, H-1), 5.64 (d,
1H, J ¼ 3.8 Hz, H-3), 4.86–4.65 (m, 5H, PhCH2, H-4), 4.47 (s, 2H,
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PhCH2), 4.28 (s, 1H, H-2), 4.02 (apparent q, 1H, J ¼ 5.3 Hz, H-5),
3.76 (dd, 1H, J ¼ 10.1, 5.1 Hz, H-6a), 3.69 (dd, 1H, J ¼ 10.1, 6.0
Hz, H-6b); 13C NMR (CDCl3, 50 MHz) d 160.6 (CONHCCl3),
138.4, 138.1, 137.3, 133.4, 129.9, 129.7, 128.5 (�2), 128.4 (�2),
128.2, 128.0, 127.9 (�2), 127.8, 127.7, 127.6, 127.5 (Ar); 104.2
(C-1), 96.2, 86.1, 85.7, 82.7, 77.2; 74.5, 73.50, 73.45, 72.1, 71.8
(PhCH2), 70.1 (C-6).
General procedures for glycosylation reactions

Method A. To a solution of dry acceptor (1 equiv.) and tri-
chloroacetimidate donor (1.1 equiv.) in freshly anhyd CH2Cl2
(3 mL/0.070 mmol of donor) was added activated powdered 4 Å
molecular sieves (50 mg mL�1) and the mixture was vigorously
stirred at room temperature under argon. Aer 15 min, the
mixture was cooled to �78 �C, TMSOTf (0.3 equiv.) was added,
and the stirring continued for 2 h. The reaction was monitored
by TLC, and quenched by addition of TEA (0.3 equiv). The
mixture was diluted with CH2Cl2 (6 mL) and ltered by celite.
The ltrate was concentrated under vacuum and the residue
was puried by silica gel column chromatography as indicated
in each case.

Method B. Same procedure described for Method A was
followed using 0.05 equiv. of TMSOTf, and 0.05 equiv. of TEA.

Method C (inverse procedure). A suspension of dry acceptor
(1 equiv.) in freshly anhyd CH2Cl2 (1.5 mL/0.07 mmol of donor)
and activated powdered 4 Å molecular sieves (100mgmL�1) was
vigorously stirred for 15 min at room temperature under argon.
The mixture was cooled to �78 �C and TMSOTf was added (0.05
equiv.). Aer 5 min, a solution of donor (1.1 equiv.) in anhyd
CH2Cl2 (1.5 mL/0.07 mmol donor) was slowly added (aprox. 30–
60 min). The reaction was monitored by TLC, and quenched by
addition of TEA (0.05 equiv.), and treated as described in
Method A.

Method D. The same inverse procedure described for
Method C was followed using 0.3 equiv of TMSOTf in anhyd
ethyl ether as solvent.

Allyl 2,5,6-tri-O-benzyl-b-D-galactofuranosyl-(1/2)-3,4-di-O-
benzyl-a-L-rhamnopyranoside (15), 2,5,6-tri-O-benzyl-1-N-trichloro-
acetyl-a-D-galactofuranosylamine (16), and 2,5,6-tri-O-benzyl-b-
D-galactofuranosyl-(1/3)-2,5,6-tri-O-benzyl-1-N-trichloroacetyl-
a-D-galactofuranosylamine (17). Glycosylation of 6 (68.9 mg,
0.098 mmol) and 253 (31 mg, 0.081 mmol) following Method A
gave a crude mixture which was puried by column chroma-
tography (100 : 1; 60 : 1; 20 : 1 toluene–EtOAc) to give 15 (17.9
mg, 24%) as a colorless syrup; Rf 0.41 (8 : 1 toluene–EtOAc).
[a]20D �29.4 (c 0.2, CHCl3);

1H NMR (CDCl3, 500 MHz) d 7.34–7.16
(m, 25H, ArH), 5.81 (dddd, 1H, J ¼ 17.3, 10.5, 6.1, 5.1 Hz, CH]
CH2), 5.37 (d, 1H, J¼ 1.4 Hz, H-10), 5.22 (dq, 1H, J¼ 17.3, 1.6 Hz,
HC]CHaH), 5.12 (dq, 1H, J ¼ 10.5, 1.3 Hz, HC]CHbH), 4.85,
4.60 (2d, 2H, J ¼ 10.9 Hz, PhCH2), 4.71 (d, 1H, J ¼ 1.7 Hz, H-1),
4.71, 4.67 (2d, 2H, J ¼ 11.7 Hz, PhCH2), 4.69, 4.58 (2d, 2H, J ¼
11.8 Hz, PhCH2), 4.52, 4.46 (2d, 2H, J¼ 11.7 Hz, PhCH2), 4.51 (s,
2H, PhCH2), 4.13–4.07 (m, 4H, OCHaH–CH], H-30, H-3, H-40),
4.04 (dd, 1H, J ¼ 3.5, 1.4 Hz, H-20), 3.91 (ddt, 1H, J ¼ 13.0, 6.1,
1.3 Hz, OCHbH–CH]), 3.88 (dd, 1H, J ¼ 3.3, 1.7 Hz, H-2), 3.75–
3.69 (m, 2H, H-50, H-5), 3.67 (dd, 1H, J ¼ 10.6, 4.7 Hz, H-6a0),
This journal is © The Royal Society of Chemistry 2014
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3.65 (dd, 1H, J¼ 10.6, 6.2 Hz, H-6b0), 3.55 (t, 1H, J¼ 9.5 Hz, H-4),
2.94 (bs, 1H, OH-30), 1.30 (d, 3H, J ¼ 6.2 Hz, H-6); 13C NMR
(CDCl3, 125 MHz) d 138.6, 138.5, 138.4, 137.7, 137.5 (Ar); 133.9
(CH]CH2); 128.5, 128.4, 128.3 (�3), 128.0, 127.9, 127.8 (�2),
127.7 (�3), 127.6 (�3), 127.4, (Ar); 117.1 (CH]CH2), 107.8 (C-
10), 96.8 (C-1), 89.6 (C-20), 84.6 (C-40), 80.2 (C-4), 78.94 (C-2),
78.87 (C-30), 77.8 (C-50), 76.9 (C-3); 75.2, 73.6, 73.3, 73.0, 71.7
(PhCH2); 70.2 (C-60), 68.0 (C-5), 67.8 (OCH2–CH]), 18.0 (C-6);
HRMS (ESI) calcd for (M + Na) C50H56O10Na: 839.3766. Found:
839.3778.

Next fraction from the column gave 17 (10.4 mg, 18%) as
colorless syrup; Rf 0.30 (8 : 1 toluene–EtOAc); [a]20D �7.5 (c 0.2,
CHCl3);

1H NMR (CDCl3, 500 MHz) d 8.00 (d, 1H, J ¼ 8.7 Hz,
NH), 7.38–7.17 (m, 30H, ArH), 5.83 (dd, 1H, J¼ 8.7, 5.8 Hz, H-1),
4.93 (d, 1H, J¼ 1.4 Hz, H-10), 4.71–4.43 (m, 12H, PhCH2), 4.33 (t,
1H, J ¼ 5.9 Hz), 4.16 (t, 1H, J ¼ 6.0 Hz), 4.10 (dd, 1H, J ¼ 5.4, 1.9
Hz), 4.07 (m, 1H), 4.00 (t, 1H, J ¼ 6.8 Hz), 3.95 (m, 1H), 3.92 (dd,
1H, J ¼ 4.2, 1.4 Hz, H-20), 3.71–3.58 (m, 5H), 2.72 (d, 1H, J ¼ 3.7
Hz, OH-30); 13C NMR (CDCl3, 125 MHz) d 161.3 (NHCO), 138.8,
138.1, 137.31, 137.26, 129.0, 128.53, 128.46, 128.4, 128.3, 128.0,
127.9, 127.8, 127.73, 127.70, 127.6, 127.5 (Ar); 106.6 (C-10b); 89.5,
83.8, 83.3, 82.3, 81.0, 80.7, 77.4, 76.8, 76.5; 74.5, 73.6, 73.4, 73.1,
72.9, 72.0 (PhCH2), 70.6, 70.1 (C-6, C-60); HRMS (ESI) calcd for
(M + Na) C56H58O11NaCl3N: 1048.2968. Found: 1048.2980.

Last fraction gave 16 (20.9 mg, 36%) as a colorless syrup; Rf
0.23 (8 : 1 toluene–EtOAc); [a]20D 21.4 (c 0.6, CHCl3);

1H NMR
(CDCl3, 500 MHz) d 7.84 (d, 1H, J ¼ 8.2 Hz, NH), 7.38–7.27 (m,
15H, ArH), 5.80 (dd, 1H, J ¼ 8.2, 5.7 Hz, H-1), 4.78–4.51 (m, 6H,
PhCH2), 4.32 (t, 1H, J¼ 6.2 Hz), 4.11 (t, 1H, J¼ 6.0 Hz), 4.00 (dd,
1H, J ¼ 6.3, 2.8 Hz), 3.79–3.72 (m, 2H), 3.65 (dd, 1H, J ¼ 9.0, 5.0
Hz); 13C NMR (CDCl3, 125 MHz) d 161.3 (NHCO), 138.1, 137.7,
137.33, 137.26, 129.0, 128.64, 128.58, 128.52, 128.49, 128.45,
128.42, 128.36, 128.3, 128.1, 128.01, 127.95, 127.9, 127.84,
127.81, 127.73, 127.71 (Ar); 84.1, 82.6, 80.7, 76.5, 74.9; 73.72,
73.66, 73.1 (PhCH2), 70.0 (C-6); HRMS (ESI) calcd for (M + Na)
C29H30O6NaCl3N: 616.1031. Found: 616.1010.

Allyl 2,5,6-tri-O-benzyl-3-O-(4-methoxybenzyl)-a-D-galacto-
furanosyl-(1/2)-3,4-di-O-benzyl-a-L-rhamnopyranoside (18).
Compound 18 was obtained according to general procedures
(Method B) from donor 6 (46.3 mg, 0.065 mmol) and acceptor 2
(22.6 mg, 0.059 mmol). The crude was puried by column
chromatography (100 : 0.75 toluene–EtOAc) to afford a rst
fraction of 2,5,6-tri-O-benzyl-3-O-(4-methoxybenzyl)-1-N-tri-
chloroacetyl-a-D-galactofuranosylamine (19, 19.5 mg, 42%
from 6) as a syrup; Rf 0.60 (9 : 1 toluene–EtOAc ); [a]D�5.4 (c 1.2,
CHCl3);

1H NMR (CDCl3, 500 MHz) d 8.02 (d, 1H, J ¼ 8.8 Hz,
NH), 7.38–7.22 (m, 15H, ArH), 7.14, 6.84 (2 d, 4H, J ¼ 8.7 Hz,
PMBn), 5.88 (dd, 1H, J ¼ 8.8, 5.7 Hz, H-1); 4.70, 4.61, 4.47, 4.46,
4.41, 4.24 (6d, 6H, J ¼ 11.4 Hz, PhCH2); 4.54, 4.50 (2d, 2H, J ¼
12.0 Hz, PhCH2), 4.22 (t, 1H, J ¼ 5.6 Hz, H-2), 4.12 (t, 1H, J ¼ 5.4
Hz, H-3), 4.09 (dd, 1H, J ¼ 5.2, 2.1 Hz, H-4), 3.76 (s, 3H, OCH3),
3.71 (dd, 1H, J ¼ 9.7, 6.4 Hz, H-6a), 3.65 (dd, 1H, J ¼ 9.7, 5.4 Hz,
H-6b), 3.61 (dt, 1H, J ¼ 5.8, 2.1 Hz, H-5); 13C NMR (CDCl3, 125
MHz) d 161.3 (NHCO), 159.4, 137.9, 137.3, 137.1, 130.0, 129.6
(�2), 129.0, 128.5, 128.4 (�3), 128.3, 128.0, 127.9, 127.7, 127.6,
113.9 (Ar); 83.9 (C-2), 82.1 (C-4), 81.4 (C-1), 81.0 (C-3), 76.7 (C-5),
73.9, 73.6, 72.9, 71.7 (PhCH2), 70.4 (C-6), 55.3 (OCH3). HRMS
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(ESI) calcd for (M + Na) C37H38O7NaCl3N: 736.1606. Found:
736.1614.

Next fraction from the column gave syrupy 18 (22.6 mg,
41%); Rf 0.47 (9 : 1 toluene–EtOAc); [a]D +8.7 (c 1.1, CHCl3);

1H
NMR (CDCl3, 500 MHz) d 7.33–7.18 (m, 25H, Bn), 7.14, 6.76 (2d,
4H, J¼ 8.7 Hz, PMBn); 5.78 (dddd, 1H, J¼ 17.1, 10.4, 6.1, 5.1 Hz,
CH]CH2), 5.29 (d, 1H, J ¼ 4.2 Hz, H-10), 5.19 (dq, 1H, J ¼ 17.1,
1.6 Hz, HC]CHaH), 5.09 (dq, 1H, J ¼ 10.4, 1.4 Hz, HC]CHbH);
4.96, 4.53 (2d, 2H, J ¼ 11.2 Hz, PhCH2), 4.83 (d, 1H, J ¼ 2.2 Hz,
H-1); 4.71 (d, 1H, J ¼ 11.6 Hz, PhCH2), 4.69, 4.43 (2d, 2H, J ¼
10.9 Hz, PhCH2), 4.65–4.60 (m, 4H, PhCH2), 4.45 (d, 1H, J¼ 11.2
Hz, PhCH2), 4.34, 4.31 (2d, 2H, J ¼ 12.1 Hz, PhCH2), 4.26 (dd,
1H, J ¼ 8.7, 3.2 Hz, H-3), 4.22 (t, 1H, J ¼ 7.1 Hz, H-30), 4.11–4.06
(m, 1H, OCHaH–CH]), 4.08 (dd, 1H, J ¼ 4.2, 7.1 Hz, H-20), 3.99
(t, 1H, J ¼ 6.9 Hz, H-40), 3.98 (t, 1H, J ¼ 2.7 Hz, H-2), 3.90 (ddt,
1H, J¼ 13.0, 6.1, 1.3 Hz, OCHbH–CH]), 3.76 (m, 1H, H-50), 3.71
(s, 3H, OCH3), 3.70 (m, 1H, H-5), 3.58 (t, 1H, J ¼ 9.0 Hz, H-4),
3.46 (dd, 1H, J ¼ 10.5, 3.9 Hz, H-6a0), 3.36 (dd, 1H, J ¼ 10.5, 5.9
Hz, H-6b0), 1.26 (d, 3H, J ¼ 6.3 Hz, H-6); 13C NMR (CDCl3, 125
MHz) d 159.2 (PMBn); 139.0, 138.8, 138.4, 138.2, 138.0 (Bn);
134.0 (CH]CH2); 130.1, 129.7 (PMBn); 128.3 (�2), 128.2, 128.1,
128.0, 127.9 (�2), 127.8, 127.6 (�2), 127.5, 127.4 (�2), 127.2
(Bn); 117.1 (CH]CH2), 113.7 (PMBn), 98.2 (C-10), 96.7 (C-1), 84.6
(C-20), 80.9 (C-40), 80.3 (C-30), 80.0 (C-50, C-4); 75.5 (C-3), 75.3 (C-
2), 73.2, 73.1, 72.6, 72.0, 71.5 (PhCH2); 70.0 (C-60), 68.0 (C-5),
67.9 (OCH2–CH]), 55.2 (OCH3), 18.0 (C-6). HRMS (ESI) calcd
for (M + Na) C58H64O11Na: 959.4341. Found: 959.4346.

Method C. Compound 6 (50.7 mg, 0.071 mmol) and 2
(24.8 mg, 0.064 mmol) gave 30.5 mg of 18 (51%) and 9.1 mg of
19 (18%).

Allyl 2,5,6-tri-O-benzyl-3-O-(4-methoxybenzyl)-a-D-galacto-
furanosyl-(1/2)-3,4-di-O-benzoyl-a-L-rhamnopyranoside (21a)
and allyl 2,5,6-tri-O-benzyl-3-O-(4-methoxybenzyl)-a-D-galacto-
furanosyl-(1/2)-3,4-di-O-benzoyl-a-L-rhamnopyranoside (21b).
Compound 21a was obtained according to Method C from
donor 6 (85.6 mg, 0.12 mmol) and allyl 3,4-di-O-benzoyl-a-L-
rhamnopyranoside62 (20) (44.9 mg, 0.11 mmol). The crude was
puried by column chromatography (100 : 1 toluene–EtOAc) to
afford a rst fraction of trichloroacetamide 19 (18 mg, 21%).
Second fraction afforded 21b (13 mg, 11%) as a syrup, Rf 0.48
(9 : 1 toluene–EtOAc); [a]D +6.9 (c 0.1, CHCl3);

1H NMR (CDCl3,
500 MHz) d 7.98, 7.89 (2d, 4H, J¼ 7.1 Hz, Ar), 7.50–7.18 (m, 21H,
Ar), 7.11, 6.80 (2d, 4H, J ¼ 8.6 Hz, Ar), 5.87 (dddd, 1H, J ¼ 17.0,
10.5, 6.0, 5.2 Hz, CH]CH2), 5.65 (t, 1H, J ¼ 9.6 Hz, H-4), 5.62
(dd, 1H, J ¼ 10.1, 3.0 Hz, H-3), 5.29 (dq, 1H, J ¼ 17.0, 1.6 Hz,
HC]CHaH), 5.16 (dq, 1H, J¼ 10.5, 1.3 Hz, HC]CHbH), 5.15 (d,
1H, J¼ 1.4 Hz, H-10), 4.91 (d, 1H, J¼ 1.7 Hz, H-1); 4.64, 4.46 (2d,
2H, J ¼ 11.8 Hz, PhCH2), 4.50 (s, 2H, PhCH2), 4.45 (d, 1H, J ¼
11.8 Hz, PhCH2), 4.41 (d, 1H, J ¼ 11.1 Hz, PhCH2), 4.37–4.34 (m,
2H, PhCH2, H-2), 4.20 (d, 1H, J ¼ 11.1 Hz, PhCH2), 4.18 (dd, 1H,
J ¼ 4.3, 1.8 Hz, H-20), 4.16 (dd, 1H, J ¼ 8.5, 3.0 Hz, H-40), 4.13
(ddt, 1H, J ¼ 13.0, 5.2 Hz, OCHaH–CH]), 4.07 (dq, 1H, J ¼ 8.5,
6.2, H-5), 3.99 (dd, 1H, J ¼ 8.6, 6.0 Hz, H-30), 3.90 (ddt, 1H, J ¼
13.0, 6.0 Hz, OCHbH–CH]), 3.75 (s, 3H, OCH3), 3.72 (m, 1H, H-
50), 3.66 (dd, 1H, J ¼ 10.0, 6.4 Hz, H-6a0), 3.61 (dd, 1H, J ¼ 10.0,
5.2 Hz, H-6b0), 1.30 (d, 3H, J¼ 6.2 Hz, H-6); HRMS (ESI) calcd for
(M + Na) C58H60O13Na: 987.3926. Found: 987.3940.
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Last fraction from the column gave 21a (33 mg, 36%) as a
colorless syrup; Rf 0.42 (9 : 1 toluene–EtOAc). [a]D +58.2 (c 1.1,
CHCl3);

1H NMR (CDCl3, 500 MHz) d 7.93 (m, 4H, ArH), 7.50–
7.15 (m, 21H, Ar), 7.14, 6.82 (2d, 4H, J ¼ 8.6 Hz, ArH), 5.92
(dddd, 1H, J ¼ 17.0, 10.4, 6.2, 5.3 Hz, CH]CH2), 5.73 (dd, 1H,
J ¼ 9.8, 3.0 Hz, H-3), 5.69 (t, 1H, J ¼ 9.5 Hz, H-4), 5.35 (dq, 1H,
J ¼ 17.0, 1.5 Hz, HC]CHaH), 5.23 (dq, 1H, J ¼ 10.4, 1.3 Hz,
HC]CHbH), 5.18 (d, 1H, J ¼ 4.2 Hz, H-10), 5.05 (d, 1H, J ¼ 1.5
Hz, H-1); 4.76, 4.57 (2d, 2H, J ¼ 11.4 Hz, PhCH2), 4.61, 4.43 (2d,
2H, J¼ 11.1 Hz, PhCH2), 4.47, 4.41 (2d, 2H, J¼ 11.8 Hz, PhCH2),
4.36–4.32 (m, 3H, PhCH2, H-2), 4.27 (t, 1H, J¼ 7.2 Hz, H-30), 4.22
(dd, 1H, J¼ 12.9, 5.3 Hz, OCHaH–CH]), 4.09–4.05 (m, 2H, H-20,
H-5), 3.98 (dd, 1H, J ¼ 12.9, 6.2 Hz, OCHbH–CH]), 3.93 (t, 1H,
J ¼ 7.2 Hz, H-40), 3.77 (s, 3H, OCH3), 3.49 (ddd, 1H, J ¼ 7.2, 5.6,
4.0 Hz, H-50), 3.38 (dd, 1H, J ¼ 10.5, 4.0 Hz, H-6a0), 3.34 (dd, 1H,
J ¼ 10.5, 5.6 Hz, H-6b0), 1.22 (d, 3H, J ¼ 6.3 Hz, H-6); 13C NMR
(CDCl3, 125 MHz) d 165.9, 165.5 (CO), 159.2, 139.0, 138.5, 137.9
(Ar); 133.7 (CH]CH2); 132.00, 132.96, 129.9, 129.8, 129.74,
129.70, 129.68, 129.66, 129.6, 128.44, 128.42, 128.4, 128.3,
128.21, 128.19, 128.1, 127.9, 127.8, 127.7, 127.5, 127.3, 127.2
(Ar); 117.6 (CH]CH2), 113.7 (Ar), 98.6 (C-10), 96.0 (C-1), 84.3 (C-
20), 81.0 (C-40), 80.2 (C-50, C-30), 73.1 (C-2), 72.1 (C-4); 71.3 (C-3);
73.2, 72.8, 72.6, 72.1, 71.7 (PhCH2); 69.6 (C-60), 68.5 (OCH2–

CH]), 67.0 (C-5), 55.2 (OCH3), 17.7 (C-6); HRMS (ESI) calcd for
(M + Na) C58H60O13Na: 987.3926. Found: 987.3944.

Allyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl-(1/3)-2,5,6-
tri-O-benzyl-a-D-galactofuranoside (23). Compound 23 was
obtained according to Method D from 2,3,4,6-tetra-O-benzyl-D-
glucopyranosyl trichloroacetimidate51,52 (5) (77.0 mg, 0.11
mmol) and 22 (43.0 mg, 0.087 mmol). The crude was puried by
column chromatography (50 : 1 toluene–EtOAc) to afford syrupy
23 (80.5 mg, 91%); Rf 0.47 (10 : 1 toluene–EtOAc); [a]D +59.8 (c
0.8, CHCl3);

1H NMR (CDCl3, 500 MHz) d 7.34–7.13 (m, 35H,
Bn), 5.83 (dddd, 1H, J ¼ 17.1, 10.4, 6.7, 5.1 Hz, CH]CH2), 5.23
(dd, 1H, J¼ 17.1, 1.6 Hz, HC]CHaH), 5.17 (d, 1H, J¼ 3.5 Hz, H-
10), 5.19 (ddt, 1H, J ¼ 10.4, 1.4 Hz, HC]CHbH), 4.89, 4.75 (2d,
2H, J ¼ 11.8 Hz, PhCH2), 4.84 (d, 1H, J ¼ 4.5 Hz, H-1), 4.82, 4.49
(2d, 2H, J ¼ 11.4 Hz, PhCH2), 4.74, 4.64 (2d, 2H, J ¼ 11.8 Hz,
PhCH2), 4.56, 4.34 (2d, 2H, J ¼ 12.1 Hz, PhCH2), 4.54–4.50 (m,
5H, PhCH2, H-3), 4.48, 4.42 (d, 2H, J¼ 11.9 Hz, PhCH2), 4.14 (dd,
1H, J ¼ 6.7, 5.1 Hz, H-4), 4.12 (ddt, 1H, J ¼ 13.0, 5.1, 1.6 Hz,
OCHaH–CH]), 4.08 (dd, 1H, J ¼ 7.7, 4.4 Hz, H-2), 4.05 (dt,1H,
J¼ 10.1, 2.7 Hz, H-50), 3.94 (t, 1H, J¼ 9.3 Hz, H-30), 3.89 (ddt, 1H,
J ¼ 13.0, 6.7, 1.2 Hz, OCHbH–CH]), 3.78 (dd, 1H, J ¼ 10.0, 3.3
Hz, H-6a), 3.72 (m, 1H, H-5), 3.68 (t, 1H, J ¼ 10.1 Hz, H-40), 3.67
(dd, 1H, J¼ 10.0, 6.4 Hz, H-6b), 3.62 (dd, 1H, J¼ 10.8, 3.2 Hz, H-
6a0), 3.53–3.50 (m, 2H, H-20, H-6b0); 13C NMR (CDCl3, 125MHz) d
138.8, 139.6 (�2), 138.0, 137.6 (Ar); 134.1 (CH]CH2), 128.5,
128.4, 128.3 (�3), 128.0 (�2), 127.9, 127.8, 127.7 (�2), 127.6,
127.5 (�2), 127.4, 127.3 (Ar); 117.6 (CH]CH2), 98.3 (C-1), 95.8
(C-10), 83.2 (C-2) 81.9 (C-30), 80.7 (C-4), 79.8 (C-20), 79.0 (C-5); 78.4
(C-3), 77.6 (C-40); 75.6, 74.9, 73.4, 73.2, 72.9, 72.8 (�2) (PhCH2);
70.4 (C-50), 70.1 (C-6), 68.3 (C-60), 68.1 (OCH2–CH]); HRMS
(ESI) calcd for (M + NH4) C64H72O11N: 1030.5100. Found:
1030.5098.

Allyl 3-O-benzoyl-2,5,6-tri-O-benzyl-a-D-galactofuranosyl-(1/2)-
3,4-di-O-benzyl-a-L-rhamnopyranoside (36). Compound 36 was
3378 | RSC Adv., 2014, 4, 3368–3382
obtained according to Method C from donor 24 (398 mg, 0.57
mmol) and acceptor 2 (182 mg, 0.47 mmol). The crude was
puried by column chromatography (20 : 1 hexane–EtOAc) to
afford 36 (401.6 mg, 92%) as a syrup; Rf 0.56 (9 : 1 toluene–
EtOAc); [a]D +19.5 (c 1.3, CHCl3);

1H NMR (CDCl3, 500 MHz) d
7.99 (d, 2H, J ¼ 8.5 Hz, ArH), 7.57–7.03 (m, 28H, ArH), 5.97 (t,
1H, J ¼ 6.7 Hz, H-30), 5.80 (dddd, 1H, J ¼ 17.2, 10.5, 6.1, 5.1
Hz, CH]CH2), 5.30 (d, 1H, J ¼ 4.2 Hz, H-10), 5.20 (dq, 1H, J ¼
17.2, 1.6 Hz, HC]CHaH), 5.11 (dq, 1H, J ¼ 10.5, 1.4 Hz, HC]
CHbH), 5.02, 4.58 (2d, 2H, J ¼ 10.9 Hz, PhCH2), 4.82 (d, 1H,
J ¼ 2.2 Hz, H-1), 4.75, 4.70 (2d, 2H, J ¼ 12.1 Hz, PhCH2), 4.69,
4.54 (2d, 2H, J ¼ 11.6 Hz, PhCH2), 4.65, 4.53 (2d, 2H, J ¼ 12.1
Hz, PhCH2), 4.28 (dd, 1H, J ¼ 7.0, 6.4 Hz, H-40), 4.24 (dd, 1H, J
¼ 8.9, 3.1 Hz, H-3), 4.18 (dd, 1H, J ¼ 7.0, 4.2 Hz, H-20), 4.17 (s,
2H, PhCH2), 4.11 (ddt, 1H, J ¼ 13.0, 5.1, 1.5 Hz, OCHaH–

CH]), 3.97 (t, 1H, J ¼ 2.7 Hz, H-2), 3.92 (ddt, 1H, J ¼ 13.0,
6.1, 1.4 Hz, OCHbH–CH]), 3.82 (dt, 1H, J ¼ 7.6, 3.8 Hz, H-50),
3.71 (dq, 1H, J ¼ 9.3, 6.1 Hz, H-5), 3.63 (t, 1H, J ¼ 9.1 Hz, H-4),
3.38 (d AB, 2H, J ¼ 4.0 Hz, H-6a0, H-6b0), 1.30 (d, 3H, J ¼ 6.2
Hz, H-6); 13C NMR (CDCl3, 125 MHz) d 165.5 (CO); 138.9,
138.6, 138.3, 138.1, 137.6 (Ar); 134.0 (CH]CH2); 133.2, 129.8,
128.4, 128.3, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6 (�2),
127.5, 127.2 (�2) (Ar); 117.1 (CH]CH2), 99.0 (C-10), 97.1 (C-1),
82.3 (C-20), 80.8 (C-40), 80.2 (C-4), 79.7 (C-50), 76.1 (C-3), 75.9
(C-30), 75.2 (C-2), 74.9, 73.1, 72.9, 72.8, 72.0 (PhCH2); 68.7 (C-
60), 68.2 (C-5), 67.8 (OCH2–CH]), 17.9 (C-6); HRMS (ESI) calcd
for (M + Na) C57H60O11Na: 94.34028. Found: 943.4015.

3-O-Benzoyl-2,5,6-tri-O-benzyl-1-N-trichloroacetyl-a-D-gal-
actofuranosylamine (37, 10.5 mg, 3%) was also recovered from
the column as a syrup; Rf 0.64 (9 : 1 toluene–EtOAc); [a]D +19.9
(c 1.0, CHCl3);

1H NMR (CDCl3, 500 MHz) d 8.17 (d, 1H, J ¼ 9.1
Hz, NH), 8.01 (d, 2H, J ¼ 8.4 Hz, ArH), 7.63–7.21 (m, 18H, ArH),
6.00 (dd, 1H, J ¼ 9.1, 6.0 Hz, H-1), 5.68 (t, 1H, J ¼ 4.5 Hz, H-3),
4.85 (s, 2H, PhCH2), 4.65, 4.60 (2d, 2H, J ¼ 11.9 Hz, PhCH2),
4.55, 4.48 (2d, 2H, J ¼ 12.0 Hz, PhCH2), 4.47 (dd, 1H, J ¼ 6.1, 4.9
Hz, H-2), 4.26 (dd, 1H, J ¼ 4.0, 2.6 Hz, H-4), 4.13 (dt, 1H, J ¼ 6.3,
2.6 Hz, H-5), 3.69 (dd, 1H, J¼ 9.7, 6.2 Hz, H-6a), 3.66 (dd, 1H, J¼
9.7, 6.4 Hz, H-6b); 13C NMR (CDCl3, 125 MHz) d 166.3 (PhCO),
161.6 (NHCO), 137.9, 137.3, 137.0, 133.6, 129.8, 129.3, 129.2,
128.9, 128.5, 128.4 (�2), 128.3 (�2), 128.2, 128.0 (�2), 127.9,
127.8, 127.7 (�2), 127.6 (Ar); 82.8, 81.8, 81.2, 78.4, 78.0; 75.0,
73.6, 72.8 (PhCH2), 69.8 (C-6); HRMS (ESI) calcd for (M + Na)
C36H34O7NaCl3N: 720.1293. Found: 720.1297.

Allyl 2,5,6-tri-O-benzyl-3-O-pentauorobenzoyl-a-D-galacto-
furanosyl-(1/2)-3,4-di-O-benzyl-a-L-rhamnopyranoside (38).
Compound 38 was obtained according to Method C from donor
25 (45 mg, 0.057 mmol) and acceptor 2 (18.3 mg, 0.048 mmol).
The crude was puried by column chromatography (200 : 1
toluene–EtOAc) to afford 38 (36.8 mg, 75%) as a syrup; Rf 0.66
(10 : 1 toluene–EtOAc); [a]D +12.6 (c 1.0, CHCl3);

1H NMR
(CDCl3, 500 MHz) d 7.36–7.10 (m, 25H, ArH), 5.96 (t, 1H, J ¼ 6.8
Hz, H-30), 5.80 (dddd, 1H, J ¼ 17.2, 10.4, 6.1, 5.2 Hz, CH]CH2),
5.30 (d, 1H, J¼ 4.2 Hz, H-10), 5.20 (dq, 1H, J¼ 17.2, 1.6 Hz, HC]
CHaH), 5.11 (dq, 1H, J ¼ 10.4, 1.4 Hz, HC]CHbH), 4.97 (d, 1H,
J ¼ 10.9 Hz, PhCH2), 4.83 (d, 1H, J ¼ 2.1 Hz, H-1), 4.75–4.48 (m,
7H, PhCH2), 4.29, 4.23 (2d, 2H, J ¼ 12.2 Hz, PhCH2), 4.28 (dd,
1H, J ¼ 7.4, 6.3 Hz, H-40), 4.24 (dd, 1H, J¼ 9.0, 3.2 Hz, H-3), 4.19
This journal is © The Royal Society of Chemistry 2014
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(dd, 1H, J¼ 7.2, 4.2 Hz, H-20), 4.10 (ddt, 1H, J¼ 13.0, 5.1, 1.5 Hz,
OCHaH–CH]), 3.98 (t, 1H, J ¼ 2.6 Hz, H-2), 3.92 (ddt, 1H, J ¼
13.0, 6.1, 1.3 Hz, OCHbH–CH]), 3.81 (dt, 1H, J ¼ 7.4, 3.8 Hz, H-
50), 3.71 (dq, 1H, J ¼ 9.7, 6.1 Hz, H-5), 3.62 (t, 1H, J ¼ 9.2 Hz, H-
4), 3.39 (d AB, 2H, J ¼ 3.8 Hz, H-6a0, H-6b0), 1.31 (d, 1H, J ¼ 6.1
Hz, H-6); 13C NMR (CDCl3, 125 MHz) d 163.4 (CO); 138.7, 138.5,
138.2, 137.4 (Ar); 133.9 (CH]CH2), 128.3 (�2), 128.1, 128.0
(�2), 127.9, 127.8, 127.7 (�2), 127.6, 127.3, 127.2, 127.1 (Ar);
117.2 (CH]CH2), 98.5 (C-10), 96.9 (C-1), 82.5, 80.4, 80.2, 79.7,
77.4, 75.8, 75.1, 74.9, 73.0, 72.9, 72.7, 72.3, 68.7, 68.2, 67.9; 17.9
(C-6). HRMS (ESI) calcd for (M + Na) C57H55O11F5Na: 1033.3557.
Found: 1033.3544.

Allyl 2,5,6-tri-O-benzyl-3-O-(4-methoxybenzoyl)-a-D-galacto-
furanosyl-(1/2)-3,4-di-O-benzyl-a-L-rhamnopyranoside (39).
Compound 39 was obtained according to Method C from donor
26 (71,0 mg, 0.097 mmol) and acceptor 2 (29.6 mg, 0.077 mmol).
The crude was puried by column chromatography (12 : 1
hexane–EtOAc) to afford a rst fraction of 2,5,6-tri-O-benzyl-3-
O-(4-methoxybenzoyl)-1-N-trichloroacetyl-a-D-galactofuranosyl-
amine (40, 20 mg, 28%) as a syrup; Rf 0.63 (8 : 1 toluene–EtOAc);
[a]D +35.1 (c 0.2, CHCl3);

1H NMR (CDCl3, 500 MHz) d 8.16 (d,
1H, J ¼ 9.1 Hz, NH), 7.96, 6.95 (2d, 4H, J ¼ 9.0 Hz, ArH); 7.40–
7.21 (m, 15H, ArH), 5.99 (dd, 1H, J ¼ 9.1, 6.0 Hz, H-1), 5.66 (t,
1H, J ¼ 4.5 Hz, H-3), 4.85 (s, 2H, PhCH2), 4.65, 4.60 (2d, 2H, J ¼
11.9 Hz, PhCH2), 4.54, 4.48 (2d, 2H, J ¼ 12.0 Hz, PhCH2), 4.46
(dd, 1H, J ¼ 6.0, 4.9 Hz, H-2), 4.24 (dd, 1H, J ¼ 4.0, 2.7 Hz, H-4),
4.14 (dt, 1H, J ¼ 6.3, 2.7 Hz, H-5), 3.89 (s, 3H, OCH3), 3.68 (dd,
1H, J¼ 9.8, 6.2 Hz, H-6a), 3.66 (dd, 1H, J¼ 9.8, 6.4 Hz, H-6b); 13C
NMR (CDCl3, 125 MHz 3) d 166.0, 163.9, 161.6 (Ar, CO), 137.1,
131.9, 128.9, 128.5, 128.4, 128.2, 127.9, 127.8, 127.7, 127.6, 113.8
(Ar); 82.9, 81.8, 81.2, 78.1, 78.0; 75.0, 73.5, 72.7 (PhCH2), 69.9 (C-
6), 55.5 (OCH3); HRMS (ESI) calcd for (M + Na) C37H36O8NaCl3N:
750.1399. Found: 750.1399.

Next fraction from the column gave 39 (49.1 mg, 67%) as a
colorless syrup; Rf 0.56 (8 : 1 toluene–EtOAc); [a]D +15.2 (c 1.2,
CHCl3);

1H NMR (CDCl3, 500 MHz) d 7.95, 6.89 (2d, 4H, J ¼ 9.0
Hz, ArH), 7.34–7.06 (m, 25H, ArH), 5.94 (t, 1H, J ¼ 6.6 Hz, H-30),
5.80 (dddd, 1H, J ¼ 17.2, 10.4, 6.1, 5.1 Hz, CH]CH2), 5.30 (d,
1H, J¼ 4.2 Hz, H-10), 5.20 (dq, 1H, J¼ 17.2, 1.6 Hz, HC]CHaH),
5.10 (dq, 1H, J ¼ 10.4, 1.4 Hz, HC]CHbH), 5.03, 4.57 (2d, 2H,
J ¼ 10.9 Hz, PhCH2), 4.81 (d, 1H, J ¼ 2.1 Hz, H-1), 4.75, 4.71 (2d,
2H, J¼ 12.1 Hz, PhCH2), 4.70, 4.55 (2d, 2H, J¼ 11.5 Hz, PhCH2),
4.65, 4.54 (2d, 2H, J ¼ 12.2 Hz, PhCH2), 4.27 (dd, 1H, J ¼ 7.0, 6.4
Hz, H-40), 4.24 (dd, 1H, J¼ 9.0, 3.1 Hz, H-3), 4.17 (dd, 1H, J¼ 6.9,
4.2 Hz, H-20), 4.17 (s, 2H, PhCH2), 4.10 (ddt, 1H, J¼ 13.1, 5.1, 1.5
Hz, OCHaH–CH]), 3.97 (t, 1H, J ¼ 2.6 Hz, H-2), 3.91 (ddt, 1H,
J¼ 13.1, 6.1, 1.4 Hz, OCHbH–CH]), 3.87 (s, 3H, OCH3), 3.82 (dt,
1H, J ¼ 7.0, 4.1 Hz, H-50), 3.71 (dq, 1H, J ¼ 9.2, 6.2 Hz, H-5), 3.63
(t, 1H, J ¼ 9.1 Hz, H-4), 3.39 (d AB, 2H, J ¼ 4.2 Hz, H-6a0, H-6b0),
1.30 (d, 1H, J¼ 6.2 Hz, H-6); 13C NMR (CDCl3, 125 MHz) d 165.2,
163.5 (CO, Ar); 139.0, 138.6, 138.4, 138.1, 137.7 (Ar); 134.0 (CH]

CH2); 131.8, 128.3 (�2), 128.1, 128.0, 127.9, 127.7 (�2), 127.6,
127.5, 127.4, 127.2, 127.1, 122.2 (Ar); 117.1 (CH]CH2), 113.6
(Ar), 99.1 (C-10), 97.1 (C-1), 82.3 (C-20), 80.9 (C-40), 80.2 (C-4), 79.8
(C-50), 76.2 (C-3), 75.6 (C-30), 75.2 (C-2); 74.9, 73.1, 72.9, 72.8,
71.9 (PhCH2); 68.8 (C-60), 68.2 (C-5), 67.8 (OCH2–CH]), 55.4
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(OCH3), 17.9 (C-6); HRMS (ESI) calcd for (M + Na) C58H62O12Na:
973.4134. Found: 973.4160.

Allyl 2,5,6-tri-O-benzyl-3-O-triisopropylsilyl-a-D-galactofuranosyl-
(1/2)-3,4-di-O-benzyl-a-L-rhamnopyranoside (41). Compound 41
was obtained according to Method C from donor 27 (49 mg, 0.065
mmol) and acceptor 2 (20.7 mg, 0.054 mmol). The crude was
puried by column chromatography (160 : 1 toluene–EtOAc) to
afford a rst fraction of 2,5,6-tri-O-benzyl-3-O-triisopropylsilyl-a-D-
galactofuranosyl-(1/1)-2,5,6-tri-O-benzyl-3-O-triisopropylsilyl-a-D-
galactofuranoside (42, 10.2 mg, 16%); Rf 0.56 (20 : 1 toluene–
EtOAc); Rf 0.69 (8 : 2 hexane–EtOAc); [a]20D +45.3 (c 0.2; CHCl3);

1H
NMR (CDCl3, 500 MHz) d 7.33–7.07 (m, 15H, ArH), 5.61 (d, 1H, J¼
4.0 Hz, H-1), 4.70 (d, 1H, J ¼ 11.5 Hz, PhCH2), 4.58–4.52 (m, 3H,
PhCH2, H-3), 4.48, 4.45 (2d, 2H, J ¼ 12.0 Hz, PhCH2), 3.93 (dd, 1H,
J¼ 5.7, 4.3 Hz, H-4), 3.85 (d, 1H, J¼ 10.5 Hz, PhCH2), 3.80 (dt, 1H,
J¼ 6.3, 4.4 Hz, H-5), 3.76–3.72 (m, 2H, H-2, H-6a), 3.71 (dd, 1H, J¼
10.2, 6.4 Hz, H-6b), 0.97–0.89 (m, 21H, (CH3)2CH)3Si);

13C NMR
(CDCl3, 125 MHz) d 138.8, 138.32, 138.28, 128.5, 128.3, 128.2,
127.9, 127.8, 127.5, 127.4, 127.3, 127.0 (Ar); 95.8 (C-1), 84.2 (C-2),
83.6 (C-4), 77.4 (C-5), 75.0 (C-3); 73.2, 73.0, 71.9 (PhCH2), 71.4 (C-6),
18.05, 18.03 (CH3)2CH)3Si), 12.4 (CH3)2CH)3Si). HRMS (ESI) calcd
for (M + Na) C72H98O11NaSi2: 1217.6540. Found: 1217.6504.

Next fraction from the column gave 2,5,6-tri-O-benzyl-3-O-
triisopropylsilyl-1-N-trichloroacetyl-a-D-galactofuranosylamine
(43, 1.5 mg, 3%); Rf 0.63 (8 : 2 hexane–EtOAc); [a]20D +18.1 (c 0.1,
CHCl3);

1H NMR (CDCl3, 500 MHz) d 8.12 (d, 1H, J ¼ 9.2 Hz,
NH), 7.42–7.19 (m, 15H, ArH), 5.98 (dd, 1H, J¼ 9.2, 5.7 Hz, H-1),
4.80, 4.64 (2d, 2H, J ¼ 11.5 Hz, PhCH2), 4.58–4.52 (m, 4H,
PhCH2, H-3), 4.64 (d, 1H, J ¼ 11.0 Hz, PhCH2), 4.15 (dd, 1H, J ¼
5.4, 4.7 Hz), 4.08 (t, 1H, J ¼ 3.0 Hz), 3.81–3.74 (m, 2H), 3.70 (dd,
1H, J ¼ 9.4, 5.1 Hz), 1.02–0.89 (m, 21H, (CH3)2CH)3Si); HRMS
(ESI) calcd for (M + Na) C38H50O6SiNaCl3N: 772.2365. Found:
772.2353.

Last fraction gave 41 (30.0 mg, 57%) as a colorless syrup; Rf
0.47 (20 : 1 toluene–EtOAc); [a]D +13.5 (c 1.0, CHCl3);

1H NMR
(CDCl3, 500 MHz) d 7.35–7.17 (m, 25H, ArH), 5.78 (dddd, 1H, J¼
17.2, 10.5, 6.1, 5.2 Hz, CH]CH2), 5.32 (d, 1H, J ¼ 4.0 Hz, H-10),
5.18 (dq, 1H, J ¼ 17.2, 1.6 Hz, HC]CHaH), 5.08 (dq, 1H, J ¼
10.4, 1.4 Hz, HC]CHbH), 5.00, 4.47 (2d, 2H, J ¼ 11.3 Hz,
PhCH2), 4.80 (d, 1H, J ¼ 2.4 Hz, H-1), 4.71 (s, 2H, PhCH2), 4.69,
4.60 (2d, 2H, J¼ 11.8 Hz, PhCH2), 4.67, 4.37 (2d, 2H, J¼ 11.2 Hz,
PhCH2), 4.59 (t, 1H, J ¼ 6.1 Hz, H-30), 4.39 (m, 2H, PhCH2), 4.27
(dd, 1H, J ¼ 8.6, 3.2 Hz, H-3), 4.08 (ddt, 1H, J ¼ 13.0, 5.1, 1.5 Hz,
OCHaH–CH]),3.93 (t, 1H, J ¼ 2.7 Hz, H-2), 3.90 (t, 1H, J ¼ 6.4
Hz, H-40), 3.89–3.84 (m, 3H, OCHbH–CH], H-50, H-20), 3.68 (dq,
1H, J ¼ 8.8, 6.3 Hz, H-5), 3.66 (dd, 1H, J ¼ 10.5, 4.3 Hz, H-6a0),
3.56 (dd, 1H, J¼ 10.5, 6.6 Hz, H-6b0), 3.55 (t, 1H, J¼ 8.8 Hz, H-4),
1.22 (d, 1H, J ¼ 6.3 Hz, H-6), 0.97 (m, 21H, (CH3)2CH)3Si);

13C
NMR (CDCl3, 125 MHz) d 139.1, 139.0, 138.4, 138.3, 137.9 (Ar);
134.0 (CH]CH2); 128.3, 128.2, 128.1 (�2), 127.9, 127.8 (�2),
127.6, 127.4 (�2), 127.2, 127.1 (Ar); 117.1 (CH]CH2), 98.7 (C-10),
96.8 (C-1), 85.0 (C-20), 83.6 (C-40), 79.9 (C-4), 78.9 (C-50), 76.2 (C-
3), 75.5 (C-2), 75.2 (C-30), 74.4, 73.2, 72.7, 72.2 (PhCH2); 70.9 (C-
60), 68.1 (C-5), 67.9 (OCH2–CH]); 18.11, 18.08 (CH3)2CH)3Si);
17.9 (C-6), 12.5 (CH3)2CH)3Si); HRMS (ESI) calcd for (M + Na)
C59H76O10NaSi: 995.5100. Found: 995.5130.
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Allyl 2,5,6-tri-O-benzyl-a-D-galactofuranosyl-(1/2)-3,4-di-O-
benzyl-a-L-rhamnopyranoside (4). To a solution of 36 (388 mg,
0.42 mmol) in CH2Cl2 (4.0 mL) cooled to 0 �C, was added 0.55 M
NaOMe in methanol (1.5 mL, 0.84 mmol) and the mixture was
stirred at rt. Aer 1.5 h, TLC examination showed disappear-
ance of 36. The mixture was diluted with CH2Cl2 (100 mL),
successively extracted with water (100 mL), 7% HCl (100 mL),
water (100 mL), dried (Na2SO4), ltered and concentrated
in vacuo. Purication of the residue by silica gel column chro-
matography (7 : 1 hexane–EtOAc) gave 4 (250 mg, 74%) as a
colorless syrup. Rf 0.33 (7 : 3 hexane–EtOAc); [a]D +5.2 (c 0.8,
CHCl3);

1H NMR (CDCl3, 500 MHz) d 7.34–7.19 (m, 25H, ArH),
5.79 (dddd, 1H, J ¼ 17.2, 10.4, 6.1, 5.1 Hz, CH]CH2), 5.22 (d,
1H, J¼ 4.3 Hz, H-10), 5.19 (dq, 1H, J¼ 17.2, 1.6 Hz, HC]CHaH),
5.08 (dq, 1H, J ¼ 10.4, 1.4 Hz, HC]CHbH), 4.98, 4.62 (2d, 2H,
J ¼ 11.4 Hz, PhCH2), 4.83 (d, 1H, J ¼ 2.0 Hz, H-1), 4.74–4.68 (m,
4H, PhCH2), 4.63 (d, 1H, J ¼ 11.9 Hz, PhCH2), 4.53 (d, 1H, J ¼
11.5 Hz, PhCH2), 4.31 (s, 2H, PhCH2), 4.34 (t, 1H, J ¼ 7.8 Hz, H-
30), 4.29 (dd, 1H, J¼ 9.4, 3.1 Hz, H-3), 4.10 (ddt, 1H, J¼ 13.0, 5.1,
1.5 Hz, OCHaH–CH]), 4.01 (dd, 1H, J ¼ 8.3, 4.3 Hz, H-20), 3.97
(dd, 1H, J ¼ 3.0, 2.0 Hz, H-2), 3.93 (dd, 1H, J ¼ 8.5, 7.4 Hz, H-40),
3.91 (ddt, 1H, J¼ 13.0, 6.1, 1.3 Hz, OCHbH-CH]), 3.74–3.68 (m,
2H, H-50, H-5), 3.63 (t, 1H, J¼ 9.4 Hz, H-4), 3.37 (dd, 1H, J¼ 10.8,
5.3 Hz, H-6a0), 3.29 (dd, 1H, J ¼ 10.8, 4.2 Hz, H-6b0), 1.31 (d, 3H,
J ¼ 6.2 Hz, H-6); 13C NMR (CDCl3, 125 MHz) d 138.7 (�2), 138.2,
138.0, 137.0 (Ar); 133.9 (CH]CH2); 128.5, 128.3, 128.2, 128.0,
127.9 (�2), 127.8 (�2), 127.6 (�3), 127.5, 127.4, (Ar); 117.1
(CH]CH2), 97.1 (C-10), 96.9 (C-1), 84.5 (C-40), 83.1 (C-20), 80.6 (C-
50), 79.9 (C-4), 74.9 (C-30), 74.8 (C-3), 74.4 (C-2); 74.9, 73.8, 73.3,
72.7, 71.9 (PhCH2); 69.9 (C-60), 68.2 (C-5), 67.8 (OCH2–CH]),
17.9 (C-6); HRMS (ESI) calcd for (M + Na) C50H56O10Na:
839.3766. Found: 839.3799.

Allyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl-(1/3)-2,5,6-
tri-O-benzyl-a-D-galactofuranosyl-(1/2)-3,4-di-O-benzyl-a-L-rhamno-
pyranoside (44). Compound 44 was obtained according to
Method D from donor 5 (278 mg, 0.41 mmol) and acceptor 4
(278 mg, 0.41 mmol). The crude was puried by column chro-
matography (10 : 1 hexane–EtOAc) to afford 44 (408.1 mg, 99%),
as a colorless syrup; Rf 0.51 (7 : 3 hexane–EtOAc); [a]D +36.9 (c
1.3, CHCl3);

1H NMR (CDCl3, 500 MHz) d 7.33–7.08 (m, 45H,
ArH), 5.81 (dddd, 1H, J ¼ 17.1, 10.4, 6.1, 5.1 Hz, CH]CH2), 5.24
(d, 1H, J ¼ 4.2 Hz, H-10), 5.20 (dq, 1H, J ¼ 17.1, 1.6 Hz, HC]
CHaH), 5.19 (d, 1H, J ¼ 3.5 Hz, H-10 0), 5.11 (dq, 1H, J ¼ 10.4, 1.4
Hz, HC]CHbH), 4.94, 4.47 (2d, 2H, J ¼ 10.9 Hz, PhCH2), 4.90,
4.76 (2d, 2H, J¼ 10.8 Hz, PhCH2), 4.82, 4.44 (2d, 2H, J¼ 11.0 Hz,
PhCH2), 4.78 (d, 1H, J ¼ 2.2 Hz, H-1), 4.66, 4.59 (2d, 2H, J ¼ 11.0
Hz, PhCH2), 4.65 (s, 2H, PhCH2), 4.59, 4.49 (2d, 2H, J ¼ 11.7 Hz,
PhCH2), 4.52 (t, 1H, J ¼ 6.9 Hz, H-30), 4.45, 4.18 (2d, 2H, J ¼ 12.1
Hz, PhCH2), 4.40, 4.39 (2d, 2H, J ¼ 10.7 Hz, PhCH2), 4.32, 4.29
(2d, 2H, J ¼ 12.0 Hz, PhCH2), 4.19–4.16 (m, 2H, H-3, H-40), 4.10
(m, 3H, OCHaH–CH], H-500, H-20), 3.96 (t, 1H, J¼ 9.4 Hz, H-30 0),
3.95 (t, 1H, J ¼ 2.7 Hz, H-2), 3.91 (ddt, 1H, J ¼ 13.0, 6.1, 1.3 Hz,
OCHbH–CH]), 3.81 (dt, 1H, J ¼ 5.5, 3.3 Hz, H-50), 3.76 (dd, 1H,
J ¼ 10.4, 3.3 Hz, H-6a0), 3.70–3.65 (m, 2H, H-400, H-5), 3.57 (dd,
1H, J ¼ 10.4, 5.8 Hz, H-6b0), 3.54 (m, 2H, H-6a00, H-4), 3.51 (dd,
1H, J ¼ 9.7, 3.5 Hz, H-20 0), 3.36 (dd, 1H, J ¼ 10.7, 1.8 Hz, H-6a0 0),
3380 | RSC Adv., 2014, 4, 3368–3382
1.26 (d, 3H, J¼ 6.3 Hz, H-6); 13C NMR (CDCl3, 125 MHz) d 138.9,
138.7, 138.6, 138.5, 138.1, 138.0, 137.9, 137.8 (Ar); 133.9 (CH]

CH2); 128.3 (�2), 128.2 (�5), 128.0, 127.9 (�2), 127.7 (�3), 127.6
(�2), 127.5, 127.4, 127.3 (Ar); 117.1 (CH]CH2), 98.5 (C-10), 96.8
(C-1), 95.4 (C-10 0), 83.6 (C-20), 81.9 (C-30 0), 81.1 (C-40), 80.2 (C-4),
79.7 (C-20 0), 78.8 (C-50), 77.5 (C-40 0, C-30), 76.3 (C-3), 75.6 (C-2,
PhCH2); 74.9, 73.3, 73.1, 72.8, 72.7, 72.6, 72.5 (PhCH2); 70.2 (C-
50 0), 70.1 (C-60), 68.2 (C-60 0), 68.0 (C-5), 67.8 (OCH2–CH]), 17.9
(C-6); HRMS (ESI) calcd for (M + Na) C84H90O15Na: 1361.6172.
Found: 1361.6142.

2,3,4,6-Tetra-O-benzyl-a-D-glucopyranosyl-(1/3)-2,5,6-tri-O-
benzyl-a-D-galactofuranosyl-(1/2)-3,4-di-O-benzyl-L-rhamno-
pyranoside (45). The same procedure as described for 14 was
followed starting from 44 (140 mg, 0.11 mmol) and PdCl2 (6 mg,
0.034 mmol). Column chromatography (7 : 1 hexane–EtOAc) of
the residue gave 45 (87.7 mg, 65%) as a colorless syrup (a : b
10 : 7); Rf 0.23 (7 : 3 hexane–EtOAc); [a]D +59.4 (c 0.8, CHCl3);

1H
NMR (CDCl3, 500MHz) d 7.32–7.09 (m, 45H, ArH), 5.27 (d, 0.41H,
J¼ 4.2Hz, H-10b), 5.25 (d, 0.59H, J¼ 4.3Hz, H-10a), 5.16–5.15 (m,
1.18H, H-10 0a, H-1a), 5.12 (d, 0.41H, J¼ 3.3 Hz, H-100b), 4.95–4.56
(m, 10.41H, PhCH2, H-1b), 4.54 (t, 0.41H, J¼ 7.4 Hz, H-30b), 4.53
(t, 0.59H, J¼ 7.1 Hz, H-30a), 4.51–4.31 (m, 8H, PhCH2), 4.22 (dd,
0.59H, J¼8.4, 3.2Hz,H-3a), 4.20–4.13 (m, 2.41H,H-40a,H-40b,H-
20b, PhCH2), 4.11 (dd, 0.59H, J¼ 7.5, 4.2Hz, H-20a), 4.10–4.05 (m,
1H, H-50 0a, H-50 0b), 3.96 (t, 0.41H, J ¼ 9.5 Hz, H-30 0b), 3.95 (t,
0.59H, J¼ 9.4 Hz, H-300a), 3.93 (t, 0.59H, J¼ 2.8 Hz, H-2a), 3.89–
3.83 (m, 0.59H, H-5a), 3.85 (dd, 0.41H, J ¼ 3.2, 2.1 Hz, H-2b),
3.81–3.74 (m, 2H, H-50a, H-50b, H-6a0a, H-6a0b), 3.69 (m, 1.41H,
H-40 0a, H-400b, H-3b), 3.63–3.45 (m, 4H, H-4a, H-4b, H-6b0a, H-
6b0b, H-6a0 0a, H-6a0 0b, H-20 0a, H-20 0b), 3.35 (m, 1H, H-6b0 0a, H-
6b0 0b), 3.27 (dq, 0.41H, J ¼ 7.3, 5.1 Hz, H-5b), 1.26 (d, 1.23H, J ¼
6.4 Hz, H-6b), 1.24 (d, 1.77H, J¼ 6.3 Hz, H-6a); 13C NMR (CDCl3,
125 MHz) d 138.9, 138.7, 138.6, 138.4, 138.1, 138.0, 137.9, 137.8
(�2), 128.6, 128.5, 128.4, 128.3 (�2), 128.2 (�4), 128.1, 128.0,
127.9 (�2), 127.8 (�2), 127.7 (�2), 127.6 (�2), 127.5, 127.4 (�2)
(Ar); 100.7 (C-10b), 98.6 (C-10a), 95.7 (C-10 0b), 95.5 (C-10 0a), 93.2 (C-
1b), 92.5 (C-1a); 83.7, 83.4 (C-20b, C-20a); 81.91, 81.96 (C-30 0a, C-
30 0b); 81.0, 80.8 (C-40a, C-40b), 80.1 (C-4a), 79.8 (C-3b); 79.8, 79.7
(C-20 0a, C-20 0b, C-4b); 78.6, 78.3 (C-50a, C-50b); 77.5 (C-400a, C-40 0b);
77.4, 76.9 (C-30a, C-30b), 76.4 (C-2b), 75.9 (C-2a), 75.6 (C-3a), 74.9,
74.5, 74.3, 73.5, 73.3, 73.2, 73.1, 72.9, 72.8, 72.7, 72.4 (PhCH2);
71.2 (C-5b), 70.2 (C-50 0a, C-500b), 70.0 (C-60a, C-60b), 68.5 (C-5a),
68.2 (C-60 0a, C-60 0b), 18.3 (C-6b), 18.0 (C-6a); HRMS (ESI) calcd for
(M + Na) C81H86O15Na: 1321.5859. Found: 1321.5866.

a-D-Glucopyranosyl-(1/3)-a-D-galactofuranosyl-(1/2)-L-
rhamnopyranoside (3). A suspension of 45 (33 mg, 0.029 mmol)
dissolved in CH3OH (6 mL) and 10% Pd(C) (40 mg) was
hydrogenated for 5 h at 40 psi (3 atm) and rt. The catalyst was
ltered over Celite and the ltrate was concentrated at 25 �C.
Purication of the residue by C-8 cartridge (H2O) gave 3 (25.9
mg, 93%) as a glassy hygroscopic solid, as 2 : 1 a/b anomeric
mixture; Rf 0.44 (7 : 1 : 1 n-propanol–MeOH–H2O); [a]D +140.1
(c 1.1, H2O);

1H NMR (D2O, 500 MHz) d 5.17 (d, 0.35H, J ¼ 4.2
Hz, H-10b), 5.15 (d, 0.65H, J ¼ 4.3 Hz, H-10a), 5.13 (d, 0.65H, J ¼
1.9 Hz, H-1a), 5.01 (d, 1H, J ¼ 3.8 Hz, H-10 0), 4.86 (d, 0.35H, J ¼
1.0 Hz, H-1b), 4.37 (t, 1H, J ¼ 7.4 Hz, H-30), 4.35 (dd, 1H, J ¼ 8.0,
4.5 Hz, H-20), 4.14–4.11 (m, 1H, H-40a, H-40b), 4.07 (d, 0.35H,
This journal is © The Royal Society of Chemistry 2014
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J ¼ 3.1 Hz, H-2b), 4.05 (dd, 0.65H, J ¼ 2.9, 1.9 Hz, H-2a), 3.92
(dq, 0.65H, J ¼ 9.5, 6.2 Hz, H-5a), 3.89–3.85 (m, 2H, H-50 0, H-
6a0 0), 3.84 (dd, 0.65H, J¼ 6.4, 2.9 Hz, H-3a), 3.82–3.77 (m, 2H, H-
50, H-6b00), 3.72 (t, 1H, J ¼ 9.5 Hz, H-300), 3.69–3.59 (m, 2.35H, H-
3b, H-6a0, H-6b0), 3.57 (dd, 1H, J ¼ 9.9, 3.8 Hz, H-200), 3.55 (t,
0.65H, J¼ 9.7 Hz, H-4a), 3.50–3.42 (m, 1.65H, H-4b, H-400, H-5b),
1.31 (d, 1.05H, J ¼ 5.8 Hz, H-6b), 1.30 (d, 1.95H, J ¼ 6.3 Hz, H-
6a); 13C NMR (D2O, 125 MHz) d 100.4 (C-10a), 100.0 (C-10b), 99.6
(C-10 0), 94.2 (C-1a), 94.1 (C-1b); 81.5, 81.3 (C-30a, C-30b); 80.8,
80.7 (C-40a, C-40b); 80.3 (C-3b), 78.2 (C-3a); 75.54, 75.51 (C-20a, C-
20b); 73.5 (C-30 0), 72.71, 72.68 (C-50 0b, C-50 0a), 72.4 (C-5b), 71.9 (C-
20 0); 71.54, 71.52 (C-50b, C-50a), 71.2 (C-4a), 70.9 (C-4b); 70.1, 70.0
(C-40 0b, C-40 0a); 69.3 (C-2b), 69.0 (C-2a), 68.8 (C-5a), 63.3 (C-60);
61.0, 60.9 (C-60 0b, C-60 0a); 17.58, 17.56 (C-6); HRMS (ESI) calcd
for (M + Na) C18H32O15Na: 511.1633. Found: 511.1635.
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