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Abstract
Rapid syntheses of chitotetrose derivatives were achieved in good yields using the newly developed
reactivity independent iterative one-pot strategy. The protective groups on donors and acceptors were
independently evaluated allowing matching of the two partners in glycosylation. No anomeric
reactivity adjustments or intermediate purification were necessary thus significantly improving the
overall synthetic efficiency. Only near stoichiometric amounts of building blocks were required for
the assembly of target molecules further highlighting the potential of the iterative one-pot method in
complex oligosaccharide synthesis.
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1. Introduction
With the recognition of multifaceted biological properties of oligosaccharides and glyco-
conjugates, the development of novel methods to expedite oligosaccharide synthesis has been
a major focus of modern synthetic carbohydrate chemistry.1,2 A popular synthetic strategy is
the reactivity based chemoselective glycosylation method, where a more reactive armed
glycosyl donor is preferentially activated in the presence of a less reactive disarmed acceptor.
2,3 Many innovative methods have been developed for tuning anomeric reactivities.3–5
However, the very need to achieve precise anomeric reactivity values necessitates extensive
and tedious protecting group and/or aglycon adjustments, which in turn detracts from its broad
application and restricts the possibility of matching6 the glycosyl donor with the acceptor.

Recently, we have developed a new iterative one-pot glycosylation method, by which multiple
sequential glycosylations of a thioglycosyl donor by a thioglycosyl acceptor can be carried out
independent of the anomeric reactivities of donors and acceptors.7 Medium sized
oligosaccharides have been assembled in a few hours using this methodology without the need
of intermediate purification and aglycon adjustments. Our reactivity independent one-pot
approach represents a significant advancement in chemoselective glycosylation as the time-
consuming anomeric reactivity adjustment is unnecessary. To explore the scope of this method,
we have embarked on application of this strategy in assembly of complex oligosaccharides.
Herein, we report our syntheses of chitotetroses, that is, tetrasaccharides containing β-(1→4)-
linked glucosamines.
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2. Results and discussion
Chitotetroses and their derivatives have diverse biological functions such as
immunostimulatory,8 antitumor,9 anticoagulant,10 and anti-HIV activities.11 Chemical
synthesis of this class of compounds presents a significant challenge due to the well known
low nucleophilicity of 4-hydroxyl group of glucosamine building blocks. To date, there have
been a few reports of step-wise assembly of these molecules, which are often characterized by
multiple protecting group manipulations and aglycon leaving group adjustments on
oligosaccharide intermediates. 12,13 A single one-pot synthesis was accomplished by our
group using the reactivity based chemoselective glycosylation approach.4 Even though
building blocks with multiple levels of anomeric reactivities were conveniently generated
through post-synthetic modification of the aglycon of a common intermediate, the need for
reactivity adjustment of our previous one-pot synthesis prompted us to explore the utility of
our reactivity independent iterative one-pot method.7

It is known that the low nucleophilicity of 4-hydroxyl group of protected N-acetyl glucosamine
is mainly due to the steric hinderance around this secondary hydroxyl group and the
intermolecular hydrogen bonding with the 2-acetamido moiety.14 The N-protecting group on
a glycosyl acceptor can significantly affect its nucleophilicity, with the following order of
activities: N3, NH-Troc > N-Phth > NH-Ac.14,15 Recently, Crich and Vinod have
demonstrated that the usage of oxazolidinone protected N-acetyl glucosamine O-glycoside
acceptor 1 considerably enhanced the glycosylation yield compared with the corresponding O-
glycoside without the oxazolidinone moiety.16,17 We anticipated that oxazolidinone protected
thioglycosyl acceptor 2 may lead to higher glycosylation yield and the resulting disaccharide
can function as a glycosyl donor.18 To investigate the influence of N-protecting groups on our
glycosylation methodology, glycosyl acceptors 2, 3, and 4 were prepared. The azido moiety is
unsuitable as an N-protecting group for one-pot synthesis of β-linked oligoglucosamines
because it is a well known non-participatory group favoring the formation of α-anomer when
used in a donor.19

The synthesis of oxazolidinone protected acceptor 2 started from the benzylidene protected
glucosamine derivative 5 (Scheme 1).20 Removal of the phthalimido group followed by
oxazolidinone formation and acetylation provided the fully protected glucosamine 6.
Interestingly, regioselective reductive opening of the benzylidene ring by treatment of
NaCNBH3 and HCl4 yielded a mixture of α-and β-thioglycoside 2, with 2α as the major product
(40%). This is in line with the observation by the Crich group where the oxazolidinone bearing
O-glycoside 7 was epimerized at the anomeric position under similar reaction conditions.16
Thioglycosyl acceptors 321 and 422 were synthesized in a straightforward manner from
building block 5 (Scheme 1b and c).
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Glycosylations of thioglycosyl donor 820 with acceptors 2 to 4 were carried out following our
previously established pre-activation condition.7 The disarmed glycosyl donor 8 was cleanly
activated in the absence of any acceptors at −70 °C by the powerful thiophilic promoter p-
TolSOTf, formed in situ by reaction of p-TolSCl23 with AgOTf.7,24 Subsequent addition of
the glycosyl acceptor (0.9 equiv) to the reaction mixture led to the formation of thioglycosyl
disaccharide. The reaction of N-Phth protected acceptor 3 with donor 8 produced the desired
disaccharide 9 in 56% yield with trace amount (<5%) of donor elimination product glycal 10
(Table 1, entry 1). It is noteworthy that acceptor 3 has a higher anomeric reactivity than donor
8. This reversal of anomeric reactivity, that is, chemoselective glycosylation of an armed
acceptor with a disarmed donor is not possible with the traditional reactivity based
glycosylation methods.

The glycosylation of N-Troc protected acceptor 4 by donor 8 gave a yield of 50% of the
disaccharide 11, along with 20% of regenerated donor 8 even after complete consumption of
the donor during pre-activation (Table 1, entry 2). This is the first time that a substantial amount
of the regenerated donor was observed among all reactions we carried out so far using the pre-
activation scheme. The donor regeneration is presumably due to the intermolecular aglycon
transfer25 from the acceptor to the activated donor via S-alkylation instead of the desired O-
alkylation of the hydroxyl group. This further re-affirms the low nucleophilicity of 4-hydroxyl
group of glucosamine acceptors. The usage of p-nitro phenyl thioglycosyl acceptor 124
suppressed the aglycon transfer side reaction, but the disaccharide product 13 was obtained in
only 50% yield (Table 1, entry 3). We examined next the glycosylation of oxazolidinone
thioglycosyl acceptor 2α by donor 8. Disappointingly, the disaccharide product 14 was
produced in only 39% yield with 50% of acceptor 2α recovered after reaction (Table 1, entry
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4). The oxazolidinone moiety did not seem to improve the glycosylation and N-Phth was used
as the N-protecting group in further studies.

The four-component one-pot assembly of fully protected tetraglucosamine derivative 16 was
performed as outlined in Scheme 2. Pre-activation of donor 8 by p-TolSOTf was followed by
addition of acceptor 3. The reaction temperature was raised to −10 °C in 20 min. After acceptor
3 was completely consumed as judged by TLC analysis, the reaction mixture was cooled back
down to −70 °C, followed by sequential addition of AgOTf, p-TolSCl, acceptor 3, and warming
up to −10 °C. Subsequently, the reaction temperature was lowered to −70 °C again, which was
followed by addition of acceptor 154 and AgOTf/p-TolSCl. Slight excess of glycosyl donors
was employed for the first two glycosylations to ensure complete consumption of the acceptor.
The excess activated donor decomposed upon warming up thus not affecting the following
reactions. The desired protected chitotetrose 16 was isolated from the one-pot reaction by flash
column chromatography in 32% overall yield. It is noteworthy that the same acceptor 3 was
used for the formation of the first and the second glycosidic linkages without resorting to
anomeric reactivity adjustment.

To enhance the glycosylation yield, we next explored the protecting groups on the glycosyl
donor. From the readily available alcohol 5,20 benzylation and silylation gave donor 1721 and
18 in 90% and 85% yields, respectively (Scheme 3a and b). Regioselective opening of the
benzylidene group with TMSOTf and borane THF26 followed by benzylation produced the
benzyl protected donor 19 in 80% yield for the two steps (Scheme 3c).

With various donors in hand, we began to evaluate their effects on glycosylation. The benzyl
and benzylidene containing donor 17 reacted with acceptor 3 giving 61% of disaccharide 20
(Table 2, entry 1) together with 20% of recovered acceptor 3. Exchange of the benzyl group
in 17 with TBS moiety (donor 18) led to a much cleaner reaction with complete consumption
of the acceptor, producing disaccharide 21 in 74% yield (Table 2, entry 2). Both the TBS and
benzylidene groups are important for high yield, because donor 19, which is devoid of the
benzylidene group, glycosylated acceptor 3 in a lower 50% yield (Table 2, entry 3). 1,1′-Linked
disaccharide 23 and glycal 24 were isolated as the major side products (~10%) for this reaction.
The enhancement effect of TBS group is currently under investigation.

One-pot sequential reactions of 18, 3, 25,27 and 2613 promoted by p-TolSOTf led to the
formation of tetrasaccharide 27 in 45% yield in less than 6 h (Scheme 4). This corresponds to
an average of 85% yield for each step of the five synthetic steps carried out in one pot. The
reactivity independent nature of our method allowed us to utilize the PMB containing building
block 25 instead of acceptor 3 for the second glycosylation. To prevent the loss of acid labile
PMB group, a sterically hindered base TTBP28 was added with each acceptor. In addition to
the desired product 27 and final acceptor 26 (50%), we have isolated from the final reaction
mixture, glucals 28 (18%), 29 (15%), and hemiacetal 30 (24%) as the major side products,
which were formed through elimination or hydrolysis of activated glycosyl donors due to
insufficient nucleophilicity of the acceptors. The glucals do not react with the promoter p-Tol-
SOTf at low temperature, which do not affect further donor activation. In addition, these side
products have sufficiently different polarities from the desired oligosaccharide 27, thus not
interfering with product purification by flash chromatography. The PMB and TBS groups in
tetrasaccharide 27 can be selectively removed to allow for alkylations of alternating 3-hydroxyl
groups in the tetraglucosamine, which are useful intermediates for peptidoglycan synthesis.29
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In conclusion, facile syntheses of chitotetrose derivatives were achieved in good yields using
our newly developed reactivity independent iterative one-pot method. Unlike solid phase
synthesis,30 only near stoichiometric amounts of building blocks were required. No anomeric
reactivity differentiations between donors and acceptors were necessary, thus allowing
independent evaluation of protecting groups. As the N-protecting group, the phthalimido
moiety gave the most consistent results, while the new oxazolidinone group did not improve
the glycosylation. The introduction of benzylidene and TBS groups onto thioglycosyl donor
significantly enhanced the yield. Further improvements on this challenging glycosylation
reaction will depend upon the augmentation of the nucleophilicity of 4-hydroxyl group of
glucosamine acceptors.

3. Experimental
3.1. General procedures

All reactions were carried out under nitrogen with anhydrous solvents in flame-dried glassware,
unless otherwise noted. All glycosylation reactions were performed in the presence of
molecular sieves, which were flame-dried right before the reaction under high vacuum.
Glycosylation solvents were dried using an MBraun solvent purification system. Chemicals
used were reagent grade as supplied except where noted. Analytical thin-layer chromatography
was performed using silica gel 60 F254 glass plates (EM Science); compound spots were
visualized by UV light (254 nm) and by staining with a yellow solution containing Ce
(NH4)2(NO3)6 (0.5 g) and (NH4)6Mo7O244H2O (24.0 g) in 6% H2SO4 (500 mL). Flash column
chromatography was performed on silica gel 60 (230–400 Mesh, EM Science). 1H NMR, 13C
NMR, 1H–1H COSY, and 1H–13C HMQC spectra were recorded on a Varian VXRS-400 or
Inova-600 instrument and were referenced using Me4Si (0 ppm), residual CHCl3 (δ 1H NMR
7.26 ppm, 13C NMR 77.0 ppm). Optical rotations were measured at 25 °C. ESI mass spectra
were recorded on ESQUIRE LC–MS operated in positive ion mode. High-resolution mass
spectra were recorded on a Micromass electrospray Tof™ II (Micromass, Wythenshawe, UK)
mass spectrometer equipped with an orthogonal electrospray source (Z-spray) operated in
positive ion mode, which is located at the Mass Spectrometry and Proteomics Facility, the
Ohio State University.

3.2. p-Tolyl 2-acetamido-4,6-O-benzylidene-2-N-3-O-carbonyl-2-deoxy-1-thio-β-D-
glucopyranoside (6)

p-Tolyl 4,6-O-benzylidene-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside 5 (1.5 g, 2.98
mmol, 1 equiv) and ethylenediamine (9 g, 150 mmol, 50 equiv) were dissolved in dry ethanol
(15 mL). The mixture was heated at reflux for 16 h. The reaction mixture was cooled and
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neutralized with 2 N HCl until slightly basic. After concentration, the crude product was
dissolved in EtOAc (10 mL) and washed with H2O, brine, then dried, and concentrated. Column
chromatography (15:1, CH2Cl2–MeOH) on silica gel afforded the free amine as a yellow solid
(0.98 g, 88%). The obtained amine (0.98 g, 2.62 mmol, 1 equiv) and NaHCO3 (1.1 g, 13.09
mmol, 5 equiv) were dissolved in H2O/CH3CN mixture (15 mL/15 mL) and cooled to 0 °C.
p-Nitrophenyl chloroformate (1.59 g, 7.89 mmol, 3 equiv) in CH3CN (5 mL) was added slowly
and the mixture was stirred at 0 °C for 3 h. The resulting aqueous mixture was extracted with
EtOAc and the combined extracts were washed with water, brine, then dried, and concentrated.
Silica gel column chromatography (2.5:1, hexanes–EtOAc) afforded the oxazolidinone
protected glucosamine as a white solid (0.88 g, 84%). The oxazolidinone protected
glucosamine (0.42 g, 1.05 mmol, 1 equiv) and Hünig’s base (0.92 mL, 5.29 mmol, 5 equiv)
were dissolved in CH2Cl2 (6 mL). Acetyl chloride (0.38 mL, 5.34 mmol, 5.1 equiv) was added
under N2. The mixture was stirred for 6 h and then poured into saturated aqueous NaHCO3.
The mixture was diluted with CH2Cl2 (5 mL) and the organic layer was separated. The aqueous
layer was extracted twice with CH2Cl2 and the combined extracts were washed with H2O,
brine, then dried, and concentrated. Column chromatography (1:1, hexanes–EtOAc) on silica
gel afforded the product 11 as a white solid (0.39 g, 84%). 1H NMR (600 MHz, CDCl3): δ 2.33
(s, 3H), 2.58 (s, 3H), 3.50–3.54 (m, 1H), 3.92 (t, J = 10.2 Hz, 1H), 4.07 (t, J = 9.3 Hz, 1H),
4.13 (dd, J = 9.0, 10.8 Hz, 1H), 4.27 (dd, J = 4.8, 10.5 Hz, 1H), 4.33 (t, J = 0.5 Hz, 1H), 4.91
(d, J = 9.0 Hz, 1H), 5.59 (s, 1H), 7.11–7.12 (m, 2H), 7.38–7.35 (m, 5H), 7.43–7.44 (m,
2H); 13C NMR (150 MHz, CDCl3): δ 21.42, 25.17, 61.01, 68.46, 73.31, 78.60, 78.97, 88.95,
101.77, 126.35, 128.60, 129.65, 129.87, 130.02, 133.20, 136.45, 138.79, 153.81, 173.54;
HRMS: [M+Na]+ C23H23NNaO6S calcd 464.1144, obsd 464.1181.

3.3. p-Tolyl 2-acetamido-6-O-benzyl-2-N,3-O-carbonyl-2-deoxy-1-thio-α-D-glucopyranoside
(2α)

The mixture of compound 6 (0.11 g, 0.25 mmol, 1 equiv), NaCNBH3 (0.19 g, 3.0 mmol, 12
equiv) in THF (5 mL) was cooled to 0 °C. One molar of HCl in Et2O (~3 mL) was added under
N2 until the solution was slightly acidic. The reaction mixture was stirred at 0 °C for 1.5 h and
diluted with 10 mL of CH2Cl2 and then poured into aqueous NaHCO3. The organic layer was
separated and washed with H2O, brine, then dried, and concentrated. Column chromatography
(1:1, hexanes–EtOAc) on silica gel afforded the product 2α as a white solid (44 mg, 40%).
[α]D +176.4 (c, 0.0056 g/mL, CH2Cl2); 1H NMR (600 MHz, CDCl3): δ 2.31 (s, 3H), 2.53 (s,
3H), 3.11 (br, 1H), 3.72–3.74 (m, 1H), 3.83–3.86 (m, 1H), 4.01–4.04 (m, 1H), 4.08–4.11 (m,
1H), 4.16–4.19 (m, 1H), 4.37 (dd, J = 12, 9.6 Hz, 1H), 4.53 (d, J = 12.0 Hz, 1H), 4.61 (d, J =
12 Hz, 1H), 6.07 (d, J = 4.2 Hz, 1H), 7.08–7.09 (m, 2H), 7.29–7.36 (m, 7H); 13C NMR (150
MHz, CDCl3): δ 21.37, 24.06, 59.91, 69.72, 70.70, 72.51, 74.07, 78.41, 86.88, 128.06, 128.31,
128.82, 128.92, 130.21, 133.27, 137.55, 138.70, 153.32, 171.45; HRMS: [M+Na]+

C23H25NNaO6S calcd 466.1300, obsd 466.1271.

3.4. p-Tolyl 3,6-di-O-benzyl-2-deoxy-2-N-phthalimido-1-thio-β-D-glucopyranoside (3)
The mixture of compound 17 (1 g, 1.68 mmol), NaCNBH3 (1.06 g, 17 mmol), and molecular
sieves MS AW300 in THF (20 mL) was cooled to 0 °C. Two molar of HCl in Et2O (~9 mL)
was added under N2 until no more gas evolved from the reaction. The reaction mixture was
stirred at 0 °C for 30 min. The reaction was quenched with Et3N and filtered. The filtrate was
diluted with CH2Cl2 (30 mL) and extracted with saturated solutions of aqueous NH4Cl (20
mL) and NaHCO3 (20 mL). The organic layer was separated and dried with Na2SO4. Column
chromatography (2:1, hexanes–EtOAc) on silica gel afforded the product 3 as a white solid in
90% yield (80% yield for the two steps from compound 5). Comparison of the NMR data with
those reported in the literature21 confirmed the identity of 3.
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3.5. p-Tolyl 3,6-di-O-benzyl-2-deoxy-1-thio-2-N-trichloroethoxycarbonyl-β-D-
glucopyranoside (4)

Compound 17 (1.9 g, mmol) and ethylenediamine (11.8 mL, 175 mmol, 55 equiv) were
dissolved in dry ethanol (30 mL). The mixture was heated at reflux for 16 h. The reaction
mixture was evaporated and dissolved in EtOAc (30 mL), which was neutralized with 1 N
H2SO4 until slightly basic. The resulting suspension was kept in ice-water for 1 h, and then
filtered to afford the glucosamine sulfate salt (1.53 g, 85%) as a white solid. The solid (1.05
g, 1.86 mmol) was dissolved in a mixture of THF and saturated aqueous NaHCO3 solution (30
mL) followed by addition of TrocCl (340 μL, 2.51 mmol). The mixture was stirred for 1 h, and
then extracted with EtOAc (60 mL) and saturated aqueous NaHCO3 (20 mL). The organic
layer was dried over Na2SO4 and purified by silica gel column to give 2-deoxy-2-N-Troc
glucopyranoside (1.19 g, 100%). The desired compound 4 (660 mg, 90%) was then obtained
as a white solid from the 2-deoxy-2-N-Troc glucopyranoside (730 mg, 1.14 mmol) following
the same procedure as in the synthesis of compound 3. The overall yield for synthesis of
compound 4 was 70% for the four steps starting from compound 5. Comparison of the NMR
data with those reported in the literature22 confirmed the identity of 4.

3.6. General procedure for single step glycosylation
A solution of donor (0.067 mmol) and freshly activated molecular sieve MS—4 Å (300 mg)
in a mixture of CH2Cl2 and Et2O (1:1, 4 mL) (100% Et2O was used for donors 18 and 19) was
stirred for 30 min, and cooled to −70 °C, which was followed by sequential additions of AgOTf
(52 mg, 0.201 mmol) dissolved in Et2O (1 mL) and p-TolSCl (10.5 μL, 0.067 mmol) through
syringes. After the donor was completely consumed according to TLC analysis (about 15 min
at −70 °C), a solution of acceptor (0.060 mmol) in CH2Cl2 (0.5 mL) was injected via a syringe.
The reaction mixture was warmed to −10 °C under stirring in 2 h. Then the mixture was diluted
with CH2Cl2 (20 mL) and filtered. The filtrate was washed twice with saturated aqueous
NaHCO3 solution (20 mL) and once with brine (10 mL). The organic layer was collected and
dried over MgSO4. After removal of the solvent, the residue was applied to silica gel flash
chromatography column using a mixture of hexanes and EtOAc to afford the desired
disaccharide.

3.7. p-Tolyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(1→4)-3,6-di-O-
benzyl-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside (9)

Compound 9 was synthesized from donor 8 and acceptor 3 in 56% yield following the general
procedure of single step glycosylation together with trace amount of glycal 10. Compound 9
[α]D +3.5 (c, 0.058 g/mL, CH2Cl2); 1H NMR (600 MHz, CDCl3): δ 1.82 (s, 3H), 1.93 (s, 3H),
1.98 (s, 3H), 2.20 (s, 3H), 3.35 (dd, J = 3.0, 9.6Hz, 1H), 3.44–3.48 (m, 2H), 3.58 (d, J = 10.8
Hz, 1H), 3.89 (dd, J = 2.4, 12.0 Hz, 1H), 4.08–4.22 (m, 4H), 4.30 (dd, J = 8.4, 10.2 Hz, 1H),
4.44 (d, J = 12.6 Hz, 1H), 4.48 (d, J = 11.4 Hz, 1H), 4.54 (d, J = 11.4 Hz, 1H), 4.79 (d, J =
12.6 Hz, 1H), 5.11 (t, J = 9.6 Hz, 1H), 5.26 (d, J = 9.6 Hz, 1H), 5.49 (d, J = 8.4 Hz, 1H), 5.78
(dd, J = 9.0, 10.2 Hz, 1H), 6.79–7.88 (m, 22 H); 13C NMR (150 MHz, CDCl3): δ 20.68, 20.86,
20.86, 21.31, 54.93, 55.46, 60.64, 68.38, 68.96, 70.82, 71.70, 72.94, 74.63, 76.15, 77.89, 78.81,
83.50, 97.03, 127.27–138.64 (aromatic carbons), 169.75, 170.36, 170.93 (CH3CO); HRMS:
[M+Na]+ C55H52N2NaO15S calcd 1035.2986, obsd 1035.2985. Compound 10: [α]D −22.5
(c, 0.0067 g/mL, CH2Cl2); 1H NMR (600 MHz, CDCl3): δ 1.92 (s, 3H), 2.12 (s, 3H), 2.14 (s,
3H), 4.36 (dd, J = 4.2, 12.0 Hz, 1H), 4.47–4.58 (m, 2H), 5.31 (t, J = 4.2 Hz, 1H), 5.59 (d, J =
4.2 Hz, 1H), 6.76 (s, 1H), 7.72–7.76 (m, 2H), 7.83–7.88 (m, 2H); HRMS [M+Na]+

C20H19NNaO9 calcd 440.0958, obsd 440.0961.
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3.8. p-Tolyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(1→4)-3,6-di-O-
benzyl-2-deoxy-1-thio-2-N-trichloroethoxycarbonyl-β-D-glucopyranoside (11)

Compound 11 was synthesized from donor 8 and acceptor 4 in 50% yield following the general
procedure of single step glycosylation together with recovered acceptor 4 (20%). [α]D −10.7
(c, 0.012 g/mL, CH2Cl2); 1H NMR (600 MHz, CDCl3): δ 1.82 (s, 3H), 1.94 (s, 3H), 1.98 (s,
3H), 2.25 (s, 3H), 3.26 (m, 2H), 3.40 (d, J = 10.2 Hz, 1H), 3.45 (dd, J = 3.6, 10.8Hz, 1H), 3.56
(d, J = 10.2 Hz, 1H), 3.75–3.83 (m, 2H), 4.08 (t, J = 9.0 Hz, 1H), 4.11 (dd, J = 4.2, 12.6 Hz,
1H), 4.27 (dd, J = 9.0, 10.8 Hz, 1H), 4.42 (d, J = 12 Hz, 1H), 4.48 (d, J = 12 Hz, 1H), 4.62–
4.65 (m, 2H), 4.70 (d, J = 12 Hz, 1H), 4.76 (d, J = 4.2 Hz, 1H), 4.91 (d, J = 11.4 Hz, 1H), 5.03
(d, J = 7.8 Hz, 1H), 5.10 (t, J = 9.6 Hz, 1H), 5.50 (d, J = 8.4 Hz, 1H), 5.74 (t, J = 10.2 Hz, 1H),
6.95–7.84 (18, 2H); 13C NMR (150 MHz, CDCl3): δ 20.66, 20.84, 20.89, 21.33, 55.43, 56.30,
61.66, 68.44, 68.86, 70.79, 71.88, 73.00, 74.40, 74.59, 75.33, 78.80, 79.76, 85.62, 97.10,
127.63–138.42 (aromatic carbons), 153.71(carbonyl of Troc), 169.70, 170.35, 170.88
(CH3CO); HRMS: [M+Na]+ C50H51Cl3N2NaO15S calcd 1079.1973, obsd 1079.2067.

3.9. p-Nitrophenyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(1→4)-3,6-
di-O-benzyl-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside (13)

Compound 13 was synthesized from donor 8 and acceptor 12 in 50% yield following the general
procedure of single step glycosylation. [α]D +21.8 (c, 0.010 g/mL, CH2Cl2); 1H NMR (600
MHz, CDCl3): δ 1.84 (s, 3H), 1.94 (s, 3H), 1.99 (s, 3H), 3.49–3.55 (m, 3H), 3.61 (d, J = 9.6
Hz, 1H), 3.96 (dd, J = 2.4, 12.0 Hz, 1H), 4.19–4.23 (m, 3H), 4.25 (dd, J = 3.6, 12.0 Hz, 1H),
4.33 (dd, J = 8.4, 10.8 Hz, 1H), 4.44 (d, J = 12 Hz, 1H), 4.45 (d, J = 12.6 Hz, 1H), 4.53 (d, J
= 11.4 Hz, 1H), 4.82 (d, J = 12.6 Hz, 1H), 5.13 (t, J = 10.2 Hz, 1H), 5.47 (d, 1H, J = 10.2 Hz,
1H), 5.50 (d, J = 8.4 Hz, 1H), 5.79 (dd, J = 9.0, 10.8 Hz, 1H), 6.79–7.94 (m, 22H); 13C NMR
(150 MHz, CDCl3): δ 20.68, 20.86, 20.87, 54.52, 55.45, 61.69, 68.43, 68.90, 70.77, 71.81,
73.06, 74.89, 76.42, 77.70, 78.79, 82.03, 97.25, 123.94–146.65 (aromatic carbons), 169.74,
170.36, 170.88 (CH3CO); HRMS: [M+Na]+ C54H49N3NaO17S calcd 1066.2680, obsd
1066.2742.

3.10. p-Tolyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(1→4)-2-
acetamido-6-O-benzyl-2-N-3-O-carbonyl-2-deoxy-1-thio-α-D-glucopyranoside (14)

Compound 14 was synthesized from donor 8 and acceptor 2α in 39% yield following the
general procedure of single step glycosylation together with recovered acceptor 2α (50%).
[α]D +98.8 (c, 0.0093 g/mL, CH2Cl2); 1H NMR (600 MHz, CDCl3): δ 1.86 (s, 3H), 2.04 (s,
3H), 2.14 (s, 3H), 2.29 (s, 3H), 2.52 (s, 3H), 3.39 (m, 1H), 3.49 (dd, J = 4.8 Hz, 13.8 Hz, 1H),
3.88–4.25 (m, 8H), 4.33–4.37 (m, 2H), 4.48 (dd, J = 14.4 Hz, 18.6 Hz, 1H) 5.21 (t, J = 15.0
Hz, 1H), 5.56 (d, J = 13.2 Hz, 1H), 5.78 (dd, J = 13.2 Hz, 15.6 Hz, 1H), 6.05 (d, J = 6.6 Hz,
1H), 6.98–7.88 (m, 13H); 13C NMR (150 MHz, CDCl3): δ 20.69, 20.89, 21.04, 21.35, 24.12,
54.94, 60.05, 61.93, 67.82, 68.80, 71.03, 72.26, 72.46, 73.20, 75.40, 77.45, 86.45, 97.75,
123.86–138.61 (aromatic carbons), 152.98, 169.75, 170.41, 171.12, 171.41; HRMS: [M
+Na]+ C43H44N2NaO15S calcd 883.2360, obsd 883.2333.

3.11. Benzyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(1→4)-3,6-di-O-
benzyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(1→4)-3,6-di-O-benzyl-2-deoxy-2-
phthalimido-β-D-glucopyranosyl-(1→4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-
glucopyranoside (16)

After the donor 8 (60 mg, 0.11 mmol) and activated molecular sieve MS—4 Å (500 mg) were
stirred for 30 min at room temperature in the mixed solvents of CH2Cl2 and Et2O (1:1) (6 mL),
the solution was cooled to −70 °C followed by sequential additions of AgOTf (86 mg, 0.335
mmol) in Et2O (1.5 mL) and p-TolSCl (17.3 μL, 0.11 mmol). The mixture was vigorously
stirred for 15 min and a solution of acceptor 3 (59 mg, 0.099 mmol) in CH2Cl2 (0.5 mL) was
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added. The mixture was stirred for 5 min, then the flask was warmed to −10 °C in 15 min. Then
the mixture was cooled down to −70 °C again followed by sequential additions of AgOTf (76
mg, 0.297 mmol) in Et2O (1.5 mL) and p-TolSCl (15.5 μL, 0.099 mmol). After 15 min, a
solution of acceptor 3 (53 mg, 0.089 mmol) in CH2Cl2 (0.5 mL) was injected though a syringe.
The mixture was stirred for 5 min and warmed to −10 °C in 15 min by switching the cold bath.
A solution of acceptor 15 (64 mg, 0.11 mmol) in CH2Cl2 (0.5 mL) was added to the reaction
mixture, and the resulting mixture was cooled down to −70 °C followed by sequential additions
of AgOTf (68 mg, 0.089 mmol) in Et2O (1.5 mL) and p-TolSCl (14 μL, 0.089 mmol). The
reaction mixture was stirred for 1.5 h from −70 to 10 °C and then was diluted with CH2Cl2 (30
mL) followed by filtration and extraction. The collected organic phase was dried over
Na2SO4, and the residue was applied to flash column chromatography with a mixed solvent
system of CH2Cl2, hexanes, and EtOAc to give the desired tetrasaccharide 16 (55 mg) in 32%
yield as colorless foam. Its structure was confirmed by 1H NMR, 13C NMR, 1H–1H COSY
experiments, and HRMS. [α]D −20.0 (c, 0.038 g/mL, CH2Cl2); 1H NMR (600 MHz, CDCl3):
(a, b, c, and d denote the four monosaccharide units in the sequence of its anomeric proton
appearance in the 1H NMR spectrum from the most downfield to the most upfield shifted.
Monosaccharide unit a is the one at the non-reducing end) δ 1.82 (s, 3H, CH3CO), 1.88 (s, 3H,
CH3CO), 1.96 (s, 3H, CH3CO), 2.76 (broad d, J = 10.2 Hz, 1H, c/d-H5), 2.89 (broad d, J =
10.2 Hz, 1H, b-H5), 3.02 (dd, J = 3.0, 10.2 Hz, 1H, c/d-H6), 3.15 (dd, J = 2.4, 10.2 Hz, 1H, b-
H6), 3.18 (dd, J = 3.0, 10.2 Hz, 1H, c/d-H5), 3.27 (dd, J = 3.6, 10.2 Hz, 1H, c/d-H6), 3.29 (d,
J = 10.2 Hz, 1H, c/d-H6), 3.37–3.42 (m, 2H, a-H5, b-H6), 3.44 (broad d, J = 10.2 Hz, 1H, c/d-
H6), 3.88 (dd, J = 1.8, 12.0 Hz, 1H, a-H6), 3.97–4.10 (m, 7H, b-H2, c-H2, c-H3, c-H4, d-H2, d-
H3, d-H4), 4.14 (dd, J = 9.0, 10.8 Hz, 1H, a-H3), 4.16 (dd, J = 8.4, 12.0 Hz, 1H, a-H6), 4.24
(d, J = 9.0 Hz, 1H, a-H4), 4.27–4.44 (m, 10H, 9PhCH2, a-H2), 4.52 (d, J = 11.4 Hz, 1H,
PhCH2), 4.62(d, J = 12.6 Hz, 1H, PhCH2), 4.67 (d, J = 12.6 Hz, 1H, PhCH2), 4.81 (d, J = 12.6
Hz, 1H, PhCH2), 4.84 (d, 1H, J = 12.6 Hz, PhCH2), 4.85 (d, J = 8.4 Hz, 1H, d-H1), 5.01 (m,
1H, c-H1), 5.07 (d, 1H, J = 9.0 Hz, 1H, b-H1), 5.10 (t, J = 9.0 Hz, a-H4), 5.46 (d, J = 8.4 Hz,
1H, a-H1), 5.75 (dd, J = 9.0, 10.8 Hz, 1H, a-H3), 6.63–7.91 (m, 51 H); 13C NMR (150 MHz,
CDCl3): δ 20.68, 20.82, 20.85, 55.49, 55.86, 56.79, 56.82, 61.57, 67.19, 67.27, 68.28, 68.87,
70.64, 70.91, 71.53, 72.35, 72.50, 72.72, 74.18, 74.36, 74.42, 74.60, 74.63, 74.73, 75.47, 75.57,
76.08, 76.54, 96.81, 96.81, 96.91, 97.21, 123.26–139.00 (aromatic carbons), 167.78–168.41
(phthalimido carbonyl carbons), 169.74, 170.36, 170.91 (CH3CO); HRMS: [M+Na]+

C111H102N4NaO28 calcd 1961.6578, obsd 1961.6393.

3.12. p-Tolyl 3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-1-thio-β-D-
glucopyranoside (17)

To a mixture of compound 5 (1 g, 2 mmol), tetrabutylammonium iodide (0.15 g, 0.4 mmol),
and freshly activated molecular sieve MS—4 Å (300 mg) in anhydrous DMF (10 mL) was
added 95% NaH (80 mg, 3.2 mmol) at 0 °C. The mixture was stirred for 30 min and benzyl
bromide (290 μL, 0.42 g, 2.4 mmol) was added via a syringe. After 90 min, the reaction was
quenched with acetic acid and filtered. Et2O (40 mL) was added to the filtrate, which was
extracted with saturated aqueous solutions of NH4Cl (20 mL) and NaHCO3 (20 mL). The
organic layer was separated and dried over Na2SO4. Column chromatography on silica gel
(3:1, hexanes–EtOAc) afforded the product 17 as white foam (1.07 g, 90%). Comparison of
the NMR data with those reported in the literature21 confirmed the identity of 17.

3.13. p-Tolyl 4,6-O-benzylidene-3-O-tert-butyldimethylsilyl-2-deoxy-2-phthalimido-1-thio-β-
D-glucopyranoside (18)

To a mixture of compound 5 (1 g, 2 mmol) and molecular sieve MS—4 Å (300 mg) in
anhydrous CH2Cl2 (10 mL) were added 2,6-lutidine (460 μL, 4 mmol) and tert-
butyldimethylsilyl triflate (550 μL, 2.4 mmol) at 0 °C. The mixture was stirred for 4 h. The
reaction mixture was filtered and the filtrate was extracted with a satd aqueous solution of

Huang et al. Page 9

Carbohydr Res. Author manuscript; available in PMC 2007 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NH4Cl (20 mL). The organic layer was separated and dried over Na2SO4. Column
chromatography on silica gel (15% EtOAc in hexanes) afforded the product 18 as white foam
(1.04 g, 85%). 1H NMR (600 MHz, CDCl3): δ −0.32 (s, 3H), −0.16 (s, 3H), 0.56 (s, 9H), 2.28
(s, 3H), 3.55 (t, J = 9.6 Hz, 1H), 3.67 (dt, J = 4.8, 9.6 Hz, 1H), 3.80 (t, J = 10.2 Hz, 1H), 4.29
(t, J = 10.2 Hz, 1H), 4.37 (dd, J = 4.8, 10.2 Hz, 1H), 4.61 (t, J = 9.6 Hz, 1H), 5.51 (s, 1H), 5.57
(d, J = 10.2 Hz, 1H), 7.01–7.04 (m, 2H), 7.20–7.35 (m, 7H), 7.75–7.95 (m, 4H); 13C NMR
(150 MHz, CDCl3): δ −5.11, −3.93, 17.96, 21.39, 25.63, 57.02, 68.92, 70.79, 82.70, 84.86,
102.24, 123.47–138.47 (aromatic carbons), 167.64, 168.61 (carbonyl groups of phthalimido);
ESI-MS [M+Na]+ C34H39NNaO6SSi calcd 640.8, obsd 640.3.

3.14. p-Tolyl 4,6-di-O-benzyl-3-O-tert-butyldimethylsilyl-2-deoxy-2-phthalimido-1-thio-β-D-
glucopyranoside (19)

To a solution of compound 18 (0.43 g, 0.7 mmol) and 1 M borane THF (7.2 mL) in anhydrous
CH2Cl2 (10 mL) was added trimethylsilyl triflate (100 μL, 0.5 mmol) at −20 °C. After 2 h,
trimethylsilyl triflate (200 μL, 1 mmol) was added again. The mixture was stirred for 2 h more.
The reaction was quenched by the addition of Et3N, and MeOH was added until no gas was
formed. All solvents were evaporated and the desired primary alcohol (0.39 g) was purified
through column chromatography on silica gel (25% EtOAc in hexanes). To a mixture of the
primary alcohol (0.3 g, 0.5 mmol), tetrabutyl-ammonium iodide (40 mg, 0.1 mmol) and freshly
activated molecular sieve MS—4 Å (100 mg) in anhydrous DMF (5 mL) was added 95% NaH
(20 mg, 0.8 mmol) at 0 °C. The mixture was stirred for 30 min and benzyl bromide (180 μL,
0.26 g, 1.5 mmol) was added via a syringe. After 90 min, the reaction was quenched by the
addition of acetic acid and filtered. Et2O (10 mL) was added to the filtrate, which was extracted
with saturated aqueous solutions of NH4Cl (10 mL) and NaHCO3 (10 mL). The organic layer
was separated and dried over Na2SO4. Column chromatography on silica gel (4:1, hexanes–
EtOAc) afforded the product 19 (0.32 g) as white foam in overall 80% yield for the two
steps. 1H NMR (600 MHz, CDCl3): δ −0.44 (s, 3H), −0.08 (s, 3H), 0.72 (s, 9H), 2.27 (s, 3H),
3.58 (t, J = 9.6 Hz, 1H), 3.64–3.69 (m, 1H), 3.72–3.80 (m, 2H), 4.27 (t, J = 10.2 Hz, 1H), 4.47
(t, J = 9.0 Hz, 1H), 4.53 (d, J = 12.0 Hz, 1H), 4.59 (d, J = 12.0 Hz, 1H), 4.65 (d, J = 12.0 Hz,
1H), 4.78 (d, J = 12.0 Hz, 1H), 5.52 (d, J = 10.2 Hz, 1H), 7.01–7.04 (m, 2H), 7.20–7.35 (m,
12H), 7.75–7.95 (m, 4H); 13C NMR (150 MHz, CDCl3): δ −4.46, −3.94, 17.84, 21.35, 25.87,
56.99, 69.18, 73.64, 73.71, 74.70, 79.67, 80.01, 83.69, 123.39, 123.78, 127.25, 127.59, 127.74,
127.87, 127.90, 128.45–128.53, 129.75, 133.34, 134.38, 138.51, 138.52; ESI-MS [M+Na]+,
C41H47NNaO6SSi calcd 732.9, obsd 732.5.

3.15. p-Tolyl 3-O-benzyl-4,6-benzylidene-2-deoxy-2-phthalimido-β-D-glucopyranosyl-
(1→4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside (20)

Compound 20 was synthesized from donor 17 and acceptor 3 in 61% yield following the general
procedure of single step glycosylation. [α]D +17.0 (c, 0.024 g/mL, CH2Cl2); 1H NMR (600
MHz, CDCl3): δ 2.21 (s, 3H), 3.33–3.42 (m, 3H), 3.48–3.52 (m, 2H), 3.70 (t, J = 9.0 Hz, 1H),
4.10–4.22 (m, 5H), 4.37 (d, J = 20 Hz, 1H), 4.42 (dd, 1H, J = 9.0, 10.2 Hz, 1H), 4.43–4.48 (m,
3H), 4.77 (dd, J = 4.8, 12.6 Hz, 2H), 5.27 (d, J = 10.2 Hz, 1H), 5.35 (d, J = 8.4 Hz, 1H), 5.50
(s, 1H), 6.86–7.88 (m, 32 H); 13C NMR (150 M Hz, CDCl3): δ 21.32, 54.91, 56.72, 65.95,
68,35, 68.96, 72.92, 74.32, 74.67, 74.80, 76.32, 78.00, 78.93, 83.35, 83.39, 97.95, 101.41,
126.29–138.58 (aromatic carbons); HRMS: [M+Na]+ C63H56N2NaO12S calcd 1087.3452,
obsd 1087.3494.
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3.16. p-Tolyl 4,6-O-benzylidene-3-O-tert-butyldimethylsilyl-2-deoxy-2-phthalimido-β-D-
glucopyranosyl-(1→4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside
(21)

Compound 21 was synthesized from donor 18 and acceptor 3 in 74% yield following the general
procedure of single step glycosylation. [α]D −4.4 (c, 0.011 g/mL, CH2Cl2); 1H NMR (600
MHz, CDCl3): δ −0.28 (s, 3H), −0.14 (s, 3H), 0.56 (s, 9H), 2.21 (s, 3H), 3.32–3.38 (m, 2H),
3.42 (dd, J = 7.2, 10.8 Hz, 1H), 3.46 (t, J = 9.0 Hz, 1H), 3.52 (t, J = 10.2 Hz, 1H), 3.54 (t, J =
10.2 Hz, 1H), 4.08–4.24 (m, 5H), 4.46 (d, J = 12.0 Hz, 1H), 4.49 (d, J = 12.0 Hz, 1H), 4.53 (d,
J = 12.0 Hz, 1H), 4.61 (t, J = 9.6 Hz, 1H), 4.77 (d, J = 12.0 Hz, 1H), 5.27 (d, J = 10.2 Hz, 1H),
5.34 (d, J = 8.4 Hz, 1H), 5.41 (s, 1H), 6.84–6.92 (m, 5H), 7.00–7.03 (m, 2H), 7.16–7.20 (m,
2H), 7.28–7.39 (m, 8H), 7.42–7.46 (m, 2H), 7.54–7.58 (m, 1H), 7.62–7.69 (m, 2H), 7.71–7.79
(m, 3H), 7.84–7.88 (m, 1H), 7.92–7.94 (m, 1H); 13C NMR (100 MHz, CDCl3): −5.46, −4.12,
17.67, 21.07, 25.36, 54.67, 58.29, 65.92, 68.17, 68.75, 69.30, 72.71, 74.56, 76.03, 77.55, 78.74,
82.78, 83.10, 97.60, 101.85, 123.07, 123.19, 123.41, 123.78, 126.34, 127.06, 127.33, 127.50,
127.74, 127.91, 128.05, 128.11, 128.26, 129.03, 129.41, 131.59, 131.65, 131.66, 133.48,
133.61, 133.78, 134.28, 134.33, 137.15, 138.04, 138.33, 138.37, 167.21, 167.63, 167.86,
168.64; HRMS: [M+Na]+ C62H64N2NaO12SSi calcd 1111.3925, obsd 1111.3877.

3.17. p-Tolyl 4,6-di-O-benzyl-3-O-tert-butyldimethylsilyl-2-deoxy-2-phthalimido-β-D-
glucopyranosyl-(1→4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside
(22)

Compound 22 was synthesized from donor 19 and acceptor 3 in 50% yield following the general
procedure of single step glycosylation together with disaccharide 23 and glycal 24 (10%).
[α]D +20.1 (c, 0.035 g/mL, CH2Cl2); 1H NMR (600 MHz, CDCl3): δ −0.40 (s, 3H), −0.07 (s,
3H), 0.70 (s, 9H), 2.20 (s, 3H), 3.32–3.36 (m, 2H), 3.48 (dd, J = 3.6 Hz, 10.8 Hz, 1H), 3.58–
3.70 (m, 4H), 4.10–4.24 (m, 5H), 4.47–4.56 (m, 6H), 4.69 (d, J = 12.0 Hz, 1H), 4.75 (d, J =
11.4Hz, 1H), 4.88 (d, J = 12.6 Hz, 1H), 5.26 (d, J = 10.3 Hz, 1H), 4.30 (d, J = 10.2 Hz, 1H),
6.71–7.89 (m, 32 H); 13C NMR (150 MHz, CDCl3): δ −4.82, −3.88, 17.89, 21.32, 25.87, 55.05,
58.59, 68.10, 68.62, 72.21, 72.92, 73.33, 74.37, 74.86, 75.31, 75.46, 77.78, 79.09, 80.11, 83.58,
96.77, 123.24–138.79 (aromatic carbons), 167.51, 167.92, 168.01, 169.25 (carbonyl groups of
phthalimido); HRMS: [M+Na]+ C69H72N2NaO12SSi calcd 1203.4473, obsd 1203.4505.

3.18. 4,6-di-O-benzyl-3-O-tert-butyldimethylsilyl-2-deoxy-2-phthalimido-β-D-
glucopyranosyl-(1→1)-4,6-di-O-benzyl-3-O-tert-butyldimethylsilyl-2-deoxy-2-phthalimido-D-
glucopyranoside (23)

[α]D = 0 (c, 0.013 g/mL, CH2Cl2); 1H NMR (600 MHz, CDCl3): δ −0.48 (s, 6H), −0.13 (s,
6H), 0.66 (s, 18H), 3.37 (m, 2H), 3.47 (m, 4H), 3.65 (m, 2H), 4.05 (d, J = 18 Hz, 2H), 4.07
(dd, J = 13.2 Hz, 15.6 Hz, 4H), 4.20 (d, J = 18 Hz, 2H), 4.43 (m, 2H), 4.54 (d, J = 17.4 Hz,
2H), 4.65 (d, J = 7.4 Hz, 2H), 5.41 (d, J = 13.2 Hz, 2H), 7.13–7.55 (m, 28H); 13C NMR (150
MHz, CDCl3): δ −4.55, −4.04, 17.78, 25.82, 57.48, 69.12, 72.20, 73.72, 74.41, 75.47, 79.62,
96.88, 127.17–138.69 (aromatic carbons); HRMS: [M+Na]+ C68H80N2NaO13Si2 calcd
1211.5096, obsd 1211.5143. Compound 24 was isolated as a mixture with compound 23, which
was characterized by ESI-MS. ESI-MS: [M+Na]+ C34H39NNaO6Si calcd 608.2, obsd 608.3.

3.19. Methyl 4,6-O-benzylidene-3-O-tert-butyldimethylsilyl-2-deoxy-2-phthalimido-β-D-
glucopyranosyl-(1→4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(1→4)-6-
O-benzyl-2-deoxy-3-O-p-methoxybenzyl-2-phthalimido-β-D-glucopyranosyl-(1→4)-3,6-di-O-
benzyl-2-deoxy-2-phthalimido-β-D-glucopyranoside (27)

Compound 27 was synthesized in 45% overall yield using building blocks 18, 3, 25, and 26 in
a similar manner as in the assembly of tetrasaccharide 16 with the exception that pure Et2O
was used to dissolve donor 18, and TTBP (1 equiv) was added together with each acceptor.
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For reaction time, see Scheme 4. The desired product was purified by silica gel flash
chromatography using the solvent systems of hexanes–EtOAc (1:1) and hexanes–CH2Cl2–
EtOAc (5:5:3). Its structure was confirmed by 1H NMR, 13C NMR, 1H–1H COSY, 1H–13C
HMQC experiments, and HRMS. [α]D −31.4 (c, 0.013 g/mL, CH2Cl2); 1H NMR (600 MHz,
CDCl3): (a, b, c, and d denote the four monosaccharide units in the sequence of its anomeric
proton appearance in the 1H NMR spectrum from the most downfield to the most upfield
shifted) δ −0.31 (s, 3H, SiCH3), −0.17 (s, 3H, SiCH3), 0.54 (s, 9H, SiC(CH3)3), 2.76 (broad d,
J = 9.0 Hz, 1H, c-H5), 2.90 (broad d, J = 9.0 Hz, 1H, b-H5), 3.01 (dd, J = 3.0, 10.8 Hz, 1H, c-
H6), 3.12 (dd, J = 2.4, 10.8 Hz, 1H, b-H6), 3.18–3.24 (m, 1H, d-H4), 3.21 (s, 3H, OCH3), 3.24–
3.32 (m, 3H, c-H6, d-H5, d-H6), 3.37–3.47 (m, 4H, a-H4, a-H6, b-H6, d-H6), 3.54 (s, 3H,
ArOCH3), 3.96–4.03 (m, 4H, c-H2, c-H3, d-H2, d-H3), 4.04–4.12 (m, 3H, a-H6, b-H2, c-H4),
4.13–4.21 (m, 3H, a-H2, a-H5, b-H3), 4.23 (t, J = 8.4 Hz, 1H, b-H4), 4.29 (d, J = 12.0 Hz, 1H,
ArCH2), 4.32–4.42 (m, 6H, 6ArCH2), 4.47 (d, J = 12.0 Hz, 1H, ArCH2), 4.50 (d, J = 12.0 Hz,
1H, ArCH2), 4.59 (t, J = 9.0 Hz, 1H, a-H3), 4.70 (d, J = 12.6 Hz, 1H, ArCH2), 4.71 (d, J = 12.6
Hz, 1H, ArCH2), 4.77 (d, J = 7.8 Hz, 1H, d-H1), 4.82 (d, J = 12.0 Hz, 1H, ArCH2), 5.01–5.04
(m, 1H, c-H1), 5.07 (d, J = 7.8 Hz, 1H, b-H1), 5.33 (d, J = 8.4 Hz, 1H, a-H1), 5.38 (s, 1H,
PhCHbenzylidene), 6.18–6.21 (m, 2H), 6.62–7.96 (m, 48H); 13C NMR (100 MHz, CDCl3): −5.18
(SiCH3), −3.85 (SiCH3), 17.94 (SiC(CH3)3), 25.65 (SiC(CH3)3), 54.88 (ArOCH3), 55.76,
56.60 (OCH3), 56.85 (b-C2), 56.90, 58.58 (a-C2), 66.05, 67.33, 68.30, 68.97, 69.61, 72.45,
72.61, 72.74, 74.36, 74.46, 74.52, 74.72, 75.51, 75.80, 76.26, 76.58, 83.04 (a-C4), 96.75 (b-
C1), 96.95 (c-C1), 97.76 (a-C1), 99.18 (d-C1), 102.09 (PhCHbenzylidene), 113.25, 123.05,
123.35, 123.52, 123.79, 123.95, 126.59, 126.88, 127.16, 127.23, 127.48, 127.53, 127.56,
127.59, 127.87, 127.99, 128.11, 128.14, 128.22, 128.27, 128.33, 128.52, 129.25, 129.88,
131.33, 131.77, 131.99, 133.71, 133.73, 133.82, 134.02, 134.19, 134.53, 137.42, 138.53,
138.60, 138.63, 138.88, 138.97, 158.50, 167.82, 167.84, 168.27, 168.38, 168.75 (carbonyl
groups of phthalimido); ESI-MS C113H112N4NaO26Si [M+Na]+ calcd 1991.7, found 1991.6;
HRMS: [M+Na]+ C113H112N4NaO26Si calcd 1991.7231, obsd 1991.7139. Compounds 28,
29, and 30 were characterized by ESI-MS. Compound 28, C55H56N2NaO12Si [M+Na]+calcd
987.4, obsd 987.6. Compound 29, C84H83N3NaO19Si [M+Na]+calcd 1488.5, obsd 1488.7.
Compound 30, C84H85N3NaO20Si [M+Na]+calcd 1506.5, obsd 1506.7.
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Scheme 1.
Preparation of acceptors 2–4. Reagents and conditions: (i) ethylene diamine, EtOH, reflux,
overnight; (ii) 4-O2NC6H4OCOCl, NaHCO3, CH3CN/H2O, rt, overnight; (iii) AcCl, DIPEA,
DCM, rt, overnight; (iv) NaCNBH3, 1 M HCl in Et2O, 0 °C, 1.5 h; (v) NaH, TBAI, DMF, MS;
BnBr, 2 h, rt; (vi) Troc-Cl, NaHCO3, H2O, THF.
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Scheme 2.
One-pot synthesis of chitotetrose 16.
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Scheme 3.
Preparation of donors 17–19. Reagents and conditions: (i) NaH, TBAI, DMF, MS; BnBr, 2 h,
rt; (ii) TBSOTf, 2,6-lutidine, DCM, 4 h, 0 °C; (iii) TMSOTf, BH3·THF, 4 h, −20 to 0 °C.
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Scheme 4.
One-pot synthesis of chitotetrose 27.
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Table 1
Evaluation of N-protective group on glycosylation of various thioglycosyl acceptors by donor 8

Donor 8 (1 eq) + AgOTf →
2) acceptor (0.9 eq)

1) p−ToISCI,−70°C
Product

Entry # Acceptor Pdt. Yield (%)

1 3 9 56
2 4 11 50
3 12 13 50
4 2α 14 39
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Table 2
Evaluation of donors on glycosylation of acceptor 3

Donor (1 eq) + AgOTf →
2) acceptor 3 (0.9 eq)

1) p−ToISCI,−70°C
Product

Entry # Donor Pdt. Yield (%)

1 17 20 61
2 18 21 74
3 19 22 50
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