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General introduction

Activation of organic molecules is a key issue in organic synthesis. We often use strong oxidants or
reductants to activate substrates with low reactivities. Constant current electrolysis is a powerful alternative
that demands electricity instead of oxidant or reductant. Electrochemical reactions can be started and
stopped by switching on and off the power supply. Reaction rate can be controlled under the constant current
conditions and constant potential electrolysis enables selective activation of organic compounds. Therefore,
electrochemical method makes organic reactions controllable, repeatable, and reproducible. For example,
‘Cation Pool Method’ is a revolutionary method which enables generation and accumulation of
carbocations by electrochemical oxidation at very low temperature (Figure 1).! Moreover, the method
enables reaction with nucleophiles which have lower oxidation potentials than those of precursors of
carbocations.
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Figure 1. Examples of cations generated by the cation pool method.

Glycosyl cations have been proposed as a reactive intermediate for glycosylation; however, no one has
been successful in detecting glycosyl cations by spectroscopy.> We expected that application of ‘Cation
Pool Method’ to glycosylation would enable glycosyl cations to be spectroscopically observed. Although
we tried to generate and accumulate a glycosyl cation by electrochemical oxidation of a thioglycoside using
various electrolytes including tetrabutylammonium tetrakis(pentafluorophenyl) borate (BusNB(CeFs)4), we
could not detect glycosyl cations by NMR even at low temperature.
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Figure 2. Structures of electrochemically generated glycosyl triflates.

Glycosyl triflates have been known as one of the most reactive intermediates for chemical glycosylation
and observable by NMR under the low temperature conditions.®> Thus, we expected that electrochemical
activation of a thioglycoside in the presence of tetrabutylammonium triflate (BusNOTT) might be useful
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method to generate and accumulate of glycosyl triflates.* A variety of glycosyl triflates have been
electrochemically generated and utilized in glycosylation with alcohols including hydroxyl groups of
carbohydrates (Figure 2). Based on this result, we have developed ‘automated electrochemical assembly’
(AEA), which is an electrochemical glycosylation method controlled by a computer (Figure 3). In AEA
experiments, glycosyl triflate intermediates, generated by electrochemical oxidation, are accumulated, and
following addition of alcohols afford glycoside products.’ In principle, reactive intermediates other than
glycosyl triflate can be generated and accumulated.

Figure 3. Equipments for AEA.

Cyclic oligosaccharides such as cyclodextrins (CDs) have hydrophilic outer region and hydrophobic
inner region. Therefore, they can be used as host molecules that include hydrophobic guest molecules. To
date, 5-CD (nonasaccharide) is the largest CD that has been chemically synthesized.® Thus, sizes and
linkage types of synthesized cyclic oligosaccharides are still limited.

We then focused on a natural oligosaccharide shown in Figure 4. This compound is a cyclic (1,3;1,6)-
B-glucan, which has a cyclic dodecasacharide structure consisting of glucosidic B-(1,3)- and B-(1,6)-
linkages,” produced by root-nodulating bacteria Bradyrhizobium japonicum MTCC 120. The glucan is
related to osmotic regulation, nodulation, and suppression of plant defense response.® Due to its large-sized
ring, the compound is expected to be applied to separation of chiral molecules, drug delivery system (DDS)
and catalysts. We intended to efficiently synthesize the cyclic B-glucan with our originally developed AEA
method.
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Figure 4. Cyclic (1,3;1,6)-B-glucan isolated from Bradyrhizobium japonicum MTCC 120.
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Chapter 1.

Glycosyl Dioxalenium lons as Reactive Intermediates of Automated
Electrochemical Assembly

Introduction

Stereoselectivity in chemical glycosylation is a crucial issue for total synthesis of complex
oligosaccharides.! One of the most reliable methods is using glycosyl donor with a stereo-controlling group
as a protecting group of the hydroxyl group at C-2 position (2-OH). For example, acetyl (R = Me), benzoyl
(R = Ph), pivaloyl (R = 'Bu), and other acyl groups at 2-OH can work as neighboring groups which can
form glycosyl dioxalenium ions (Figure 1-1).2 Thus-generated glycosyl dioxalenium ions have been known
as reactive glycosylation intermediates and important chemical species for stereoselective synthesis of 1,2-
trans glycosidic linkages including B-glucosides and a-mannosides.
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Figure 1-1. Possible glycosylation intermediates for f-selective glycosylation of glucoside.

We have been interested in synthesis of cyclic B-(1,3)-B-(1,6)-glucan® as a target oligosaccharide of
automated electrochemical assembly (Figure 1-2).* Cyclic B-glucans including the cyclic B-(1,3)-B-(1,6)-
glucan have potential applications for separation of chiral molecules, drug delivery, and catalyst.** Although
synthesis of hexasaccharide, which is a half structure of the cyclic oligosaccharide, has already been
achieved, the yield was not high enough to complete the total synthesis.® Therefore, we decided to revise
the synthetic route for the half structure and re-optimized the reaction conditions. Here, we report
optimization of the synthesis of B-1,6-glucan trisaccharide and NMR study of electrochemically generated
glycosylation intermediates.®
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Figure 1-2. B-1,6-Glucan trisaccharlde as a partial structure of the cyclic oligosaccharide.

Results and Discussion

We initiated the synthesis by using 3,4,6-tri-O-benzyl-2-O-pivaloyl-thioglycoside 1a (P? = Piv, P® = Bn)
as a model compound and the desired trisaccharide 3a was obtained in 61% yield (78% yield per cycle)
(Table 1-1, entry 1). To prepare the trisaccharide unit for the total synthesis of the cyclic oligosaccharide,
the reaction of thioglycoside 1b (P? = Piv, P® = 9-fluorenylmethyloxycarbonyl (Fmoc)) with the Fmoc group
as a temporary protecting group of the hydroxyl group at C-6 position (6-OH) was tested; however, the
yield of trisaccharide 3b (P® = H) was only 6% after one-pot deprotection of the Fmoc group (entry 2).
Other thioglycoside 1¢ (P*> = Piv, P® = Piv), 1d (P? = Piv, P® = Ac), and 1e (P? = Piv, P®* = TBDPS) also
gave the desired trisaccharide 3c-e; however, the yields of trisaccharide 3c-e were moderate (entries 3-5).

Table 1-1. -1,6-Glucan trisaccharide as a partial structure of the cyclic oligosaccharide.

PO Bn&/o
Q PivOBnhO (o]
Bgﬁ’o%&sm i ) > Bno&g. o)
PivO automated PivO Bnoﬂ
. BnO SAr

1a-e electrochemical 3a-e PivO
Ar = 4-FCgH, assembly
entrylal thioglycoside 1 product 3 (yield) selectivity (a:B)
1 1a (P¢ = Bn) 3a (61%, P® = Bn) B only
2 1b (P8 = Fmoc) 3b (6%, P = H)®! B only
3 1c (P¢ = Ac) 3c (24%, P = Ac) B only
4 1d (P® = Piv) 3d (36%, P® = Piv) B only
5 1e (P8 = TBDPS) 3e (29%, P8 = TBDPS) B only

[a] Anodic oxidation was performed using a divided cell at -80 °C (T) under constant current (12 mA, 1.2 F/mol) in
CH,Cl, with 0.1 M BusNOTT as electrolyte. The subsequent one-pot glycosylation was carried out at -50 °C (T») for
1 h. [b] Deprotection of Fmoc group was carried out in one pot.



Optimization of reaction temperature was performed using thioglycoside 1e (P?> = Piv, P® = TBDPS)
because of its better yield among the thioglycosides with a temporary protecting group (Table 1-2). We
tested reactions at different temperatures from -60 to 0 °C and performed reactions at same temperature for
both anodic oxidation and glycosylation. Although the yield of disaccharide 4e did not change at -80 and -
60 °C (entries 1 and 2), the best yield was observed at -40 °C (entry 3). To our surprise, the desired
disaccharide 4e was obtained even at elevated temperature -20 and 0 °C (entries 4 and 5).

Table 1-2. Temperature effect on glycosylation.

HO
BE?&SAr
pivo TBDPSO
BESO/%/SAF oxidation coupling - PivO B”Oﬁsm

>

PivO T T, BnO

T 4e PivO
Ar = 4-FCgHy
entry T4 (°C) T2 (°C) yield selectivity
(a:B)
1 -80 -50 67% B only
2 -60 -60 67% B only
3 -40 -40 2% B only
4 -20 -20 53% B only
5 0 0 45% B only

Inspired by successful glycosylation at elevated temperature, further optimization of protecting group
at 2-OH (P?) was carried out (Table 1-3). Although both Ac group (entries 3 and 4) and benzoyl (Bz) group
(entries 5 and 6) gave the product, their yields were lower than those of Piv group (entries 1 and 2).
Therefore, thioglycoside 1e (P> = Piv, P° = TBDPS) may provide the most stable intermediate which does
not decompose during accumulation at elevated temperature. These results encouraged us to observe
glycosylation intermediates by NMR, because reactive glycosyl triflates, which have been generated by
anodic oxidation, seemed to be unstable at elevated temperatures.



Table 1-3. Effect of protecting group at 2-OH.

HO
O
BE?O/%/ SAr

p20 TBDPSO
TN o e i, RS0
Bn(%-z?/sm - - P O‘EEC%%/SA'
Ar = 4-FCgHy
entry thioglycoside 1 thioglycoside 2 T4, T2 product (yield) selectivity (a:f3)
1 1e (P2 = Piv) 2a (P2 = Piv) -40 °C 4e (72%) B only
2 1e (P2 = Piv) 2a (P2 = Piv) 0°C 4e (45%) B only
3 1f (P2=Bz) 2b (P2 =Bz) -40 °C 4f (65%) B only
4 1f (P2=Bz) 2b (P2 =Bz) 0°C 4f (25%)? B only
5 1g (P2 = Ac) 2¢ (P2 = Ac) -40 °C 49 (56%) B only
6 1g (P2 = Ac) 2¢ (P2 = Ac) 0°C 49 (36%) B only

21,6-anhydrosugar 9 was obtained as a by-product in 7% yield.

Prior to the NMR analysis, we again investigated effect of protecting group at 6-OH (P°) at elevated
temperature (Table 1-4). Thioglycoside 1a (P?> = Piv, P® = Bn) gave the desired disaccharide 4a in lower
yield than that with TBDPS group (entries 1 and 2). Decrease of the yields of disaccharide 4a and 4e was
significant at 0 °C and 1,6-anhydrosugar 5 was obtained in 33% yield together with disaccharide 4a (entries
3 and 4). Therefore, TBDPS group at 6-OH must contribute to prevent intramolecular glycosylation at

elevated temperature.

Table 1-4. Effect of protecting group at 6-OH under elevated temperature conditions.

HO
ng 2 SAr 6
. PéO
. PivO BnO o) o
PO o anodic 2a ) gnO 0 OBn
BnO oxidation glycosylation PivO 0 (0]
BnO - SAr > > BQSO&/S/M +
PivO T Ty PivO OBn OPiv
1a (P = Bn), 1e (P® = TBDPS) 4a (P® = Bn), 4e (P® = TBDPS) 5
Ar = 4-FC6H4
entry thioglycoside 1 T1, T2 product (yield) selectivity (a:B)
1 1a (P =Bn) -40 °C 4a (61%) B only
2 1e (P = TBDPS) -40 °C de (72%) B only
3 1a (P =Bn) 0°C 4a (12%), 5 (33%) B only
4 1e (P = TBDPS) 0°C de (45%) B only

Low temperature 'H NMR, *C NMR, and VT-NMR measurements were performed using three
thioglycosides 1a, 1e, and 1f equipped with different protecting groups at 2-OH and 6-OH (Figures 1-3, 1-
4 and 1-5).” At first, thioglycoside 1a (P? = Piv, P® = Bn) was activated, and low temperature NMR spectra
were measured at -80 °C. Downfield shift of the anomeric proton (8 7.3) and the carbonyl carbon of Piv
group (6 197.1) suggested that the major accumulated species was glycosyl dioxalenium ion, not glycosyl



triflate. Then, temperature was gradually raised from -80 °C to 24 °C with 15 min interval. The peaks
derived from glycosyl dioxalenium ion was detected up to -20 °C; however, the corresponding peaks of
glycosyl dioxalenium ion 6 was disappeared and the new sets of peaks, which were derived from 1,6-
anhydrosugar 5, appeared at 0 °C. These VT-NMR experiments revealed that 1,6-anhydrosugar S derived
from 1a and 6-OH of 6 with benzyl protecting group was reactive enough at elevated temperature. This

result was consistent with the lower yield of glycosylation using thioglycoside 1a at 0 °C (Table 1-4, entry
3).
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Figure 1-3. VT-NMR of glycosyl dioxalenium ion 6 (P> = Piv, P® = Bn)

By changing protecting group P at 6-OH of thioglycoside 1 from Bn group to TBDPS group, glycosyl
dioxalenium ion 7 (P? = Piv, P® = TBDPS) was again observed (Figure 1-4). Although the spectra became
complex by raising temperature, the corresponding peaks of glycosyl dioxalenium ion 7 were still observed
at 0 °C without peaks derived from 1,6-anhydrosugar 5. This result clearly indicates that glycosyl
dioxalenium ion was accumulated reactive intermediate at 0 °C (Table 1-2, entry 5) and the TBDPS group
at 6-OH contributed higher stability of glycosyl dioxalenium ion 7. We presume that the steric effect of
TBDPS group may prevent the nucleophilic attack of 6-OH to the anomeric carbon because similar
chemical shifts of the cationic carbons of glycosyl dioxalenium ions (197.1 ppm for 6 and 196.9 ppm for
7) suggest the small electronic effect of protecting groups at 6-OH.
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Figure 1-4. VT-NMR of glycoyl dioxalenium ion 7 (P? = Piv, P* = TBDPS)

Other thioglycoside 1f with Bz group at 2-OH also afforded the corresponding glycosyl dioxalenium
ion 8 (P? = Bz, P® = TBDPS); however, stability of glycosyl dioxalenium ion 8 was lower than that of 7
(Figure 1-5). Formation of 1,6-anhydrosuger 9 was observed at -20 °C and glycosyl dioxalenium ion 8 was
completely disappeared at 0 °C. These results suggest that not only TBDPS group at 6-OH but Piv group
at 2-OH also contribute to higher stability of glycosyl dioxalenium ion intermediate. Based on the formation
of 1,6-anhydrosugar as a decomposition product of glycosyl dioxalenium ions, the order of stability of
glycosyl dioxalenium ions 6-8 was as follows; 7 (P> = Piv, P = TBDPS) > 6 (P> = Piv, P° = Bn) > 8 (P* =
Bz, P® = TBDPS). We assume that bulky protecting groups such as Piv group at 2-OH and TBDPS group
at 6-OH may kinetically stabilize the dioxalenium ion 7 by preventing the formation of 1,6-anhydrosugar
5 via intramolecular glycosylation. Although further NMR analysis is required to identify other chemical
species than glycosyl dioxalenium ion observed at low temperature, a- and/or B-isomer of glycosyl triflate
is the most plausible intermediate.®
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Figure 1-5. VT-NMR of glycosyl dioxalenium ion 8 (P? = Bz, P® = TBDPS)

Finally, we reinvestigated the trisaccharide synthesis at elevated temperature (Table 1-5). Based on
optimization of disaccharide synthesis and VT-NMR study, both anodic oxidation and glycosylation were
performed at -40 °C (entry 2). The desired trisaccharide 3e was obtained in 46% yield, which is 1.5 times
higher than the yield under conventional reaction conditions (entry 1). Although further optimization of
reaction conditions and the temporary protecting group at 6-OH must be necessary, higher thermal stability
of glycosyl dioxalenium ions enables both anodic oxidation and glycosylation at elevated temperature.

Table 1-5. Synthesis of trisaccharide 3e at elevated temperature.

HO HO

BnO O BnO O
Bn(&»&SAr Bn(&&SAF TBDPSO

PivO PivO
TBDPSO

: : B”O%&/o
anodic 2a anodic 2a BnO-X—
Bgoﬁ/sm oxidation  glycosylation oxidation  glycosylation PivO Bgnoo O
0 . - . -
PivO PivO O
1e T T2 T T2 3e Bgno(&\/ SAr

Ar = 4-FCgH, PIVO

entry T1(°C) T2(°C) vyield average yield selectivity (a:B)

per cycle
1 -80 -50 29% 54% B only
2 -40 -40 46% 68% B only

Conclusion

In conclusion, we improved the yield of synthesis B-1,6-glucan trisaccharide based on temperature
optimization and VT-NMR experiment of glycosylation intermediate. Electrochemically generated
glycosyl dioxalenium ions were more stable than glycosyl triflates which decompose at elevated
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temperature such as 0 °C.° VT-NMR study clearly indicated that not only protecting groups at 2-OH but
also protecting group at 6-OH influenced thermal stability of glycosyl dioxalenium ions. Based on these
findings, further optimization of synthesis of B-1,3-glucan trisaccharide and synthesis of the linear precursor
of cyclic dodecasaccharide are in progress in our laboratory.
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Experimental

1. General

'H and '*C NMR spectra were recorded on Bruker AVANCE II 600 (‘H 600 MHz, '*C 150 MHz) and JEOL
JNM-ECZ500R (H 500 MHz, '*C 125 MHz). Electro-spray ionization mass spectra (ESI-MS) were
recorded on Thermo Scientific Exactive spectrometer. Preparative recycling gel permeation
chromatography (PR-GPC) was performed on Japan Analytical Industry LC-5060. Kanto silica gel 60 N
(spherical, neutral, 63-210 um) was used for silica gel column chromatography. The automated synthesizer
is consisting of the commercially available instruments such as the chiller with a cooling bath (UCR-150,
Techno Sigma), the power supply for constant current electrolysis (PMC 350-0.2 A, KIKUSUI), the syringe
pump (PHD 2000 infusion, Harvard apparatus), and the system controller (LabVIEW, National
Instruments). Optical rotation was recorded on JASCO DIP-1000 digital polarimeter in chloroform. Merck
TLC (silica gel 60 F254) was used for TLC analysis. Starting materials S1,> 1a,> and 2a®> were prepared
according to the reported procedures. Unless otherwise noted, all materials were obtained from commercial
suppliers and used without further purification.

2. Preparation of building blocks

Preparation of 4-fluorophenyl 3,4-di-O-benzyl-6-O-(9-fluorenylmethyloxycarbonyl)-2-O-pivaloyl-1-thio-
B-D-glucopyranoside (1b)

HO FmocCI FmocO
BnO o] pyridine BnO O
BnO)§S/S —  » Bno%S/s
PivO CH,Cl, PivO \©\
2a F o 55% 1b F

To the solution of 2a (1.00 mmol, 555 mg) in CH>Cl, (6.4 mL), pyridine (13.0 mmol, 1.0 mL) and
FmocCl (2.00 mmol, 523 mg) were added at room temperature and the reaction mixture was stirred for
another 2 days. After the completion of the reaction determined by TLC (hexane/EtOAc 4:1). The reaction
was quenched with 1 N HCI. The reaction mixture was washed with H,O for three times and dried over
Na,SOq. After filtration and removal of solvent under reduced pressure the crude product was purified with
silica gel chromatography to obtain 1b in 55% yield (0.553 mmol, 430 mg) as a pale-yellow solid. 4-
Fluorophenyl 3,4-di-O-benzyl-6-0-(9-fluorenylmethyloxycarbonyl)-2-O-pivaloyl-1-thio-f-D-
glucopyranoside (1b); TLC (Hexane/EtOAc 4:1): R¢0.52; [o]p = -6.4 (¢ = 1.0, CHCl3); '"H NMR (CDCl;,
600 MHz) 6 7.76 (d, /= 7.2 Hz, 2 H), 7.61 (t, J= 7.2 Hz, 2 H), 7.51-7.48 (m, 2 H), 7.40 (t, /= 7.2 Hz, 2
H), 7.32-7.22 (m, 12 H), 6.95 (pseudo-t, J = 8.4 Hz, 2 H), 5.04 (pseudo-t,J=9.6 Hz, 1 H, H-2),4.79 (d, J
=11.4 Hz, 1 H, benzylic-H), 4.75 (d, /= 10.8 Hz, 2 H, benzylic-H), 4.70 (d, /= 10.8 Hz, 1 H, benzylic-H),
4.56-4.52 (m, 2 H, H-1 and benzylic-H), 4.47—4.40 (m, 3 H, H-6" and Fmoc-2H), 4.28-4.23 (m, 2 H, H-6
and Fmoc-1H), 3.73 (pseudo-t, J=9.0 Hz, 1 H, H-3), 3.60-3.58 (m, 2 H, H-4 and H-5), 1.25 (s, 9 H, Piv);
3C NMR (CDCls, 150 MHz) & 176.7, 163.0 (d, J = 246.0 Hz, ArS), 155.0, 143.4, 143.3, 141.4, 137.8,
137.5, 135.7 (d, J = 7.5 Hz, ArS), 128.6, 128.5, 128.1, 128.0, 127.8, 127.4, 127.3, 125.2, 125.1, 120.2,
116.0 (d, /= 21.0 Hz, ArS), 86.3 (C-1), 84.7 (C-3), 77.2 (C-4 or C-5), 77.0 (C-4 or C-5), 75.4 (benzylic-
C), 75.2 (benzylic-C), 71.4 (C-2), 70.0 (Fmoc-CH>), 66.6 (C-6), 46.8 (Fmoc-CH), 38.9 (Piv-1C), 27.2 (Piv-
3C); HRMS (ESI) m/z calculated for C4sHasFKOsS [M+K]" 815.2456; found 815.2463.
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Preparation of 4-fluorophenyl 6-O-acetyl-3,4-di-O-benzyl-2-O-pivaloyl-1-thio-B-D-glucopyranoside (1c)

AC2O

HO DMAP AcO
BSS(&&/S pyridine Bg?&%&/s
PivO \©\ CH,Cl, PivO \©\
2a F quant 1c F

To the solution of 2a (0.533 mmol, 296 mg) in CH,Cl, (3.00 mL), DMAP (0.066 mmol, 8.1 mg),
pyridine (0.30 mL), and Ac,O (1.8 mmol, 0.17 mL) were added at 0 °C and the reaction mixture was stirred
at room temperature overnight. After the completion of the reaction determined by TLC (hexane/EtOAc
4:1). The reaction was quenched with 1 N HCI. The reaction mixture was washed with H,O for three times
and dried over Na,SOs. After filtration and removal of solvent under reduced pressure the crude product
was purified with silica gel chromatography to obtain 1c¢ in quantitative yield (0.544 mmol, 324 mg) as a
white solid. 4-Fluorophenyl 6-0-acetyl-3,4-di-O-benzyl-2-O-pivaloyl-1-thio-p-D-glucopyranoside (1c);
TLC (Hexane/EtOAc 4:1): R 0.50; [a]p=-8.1 (¢ = 1.1, CHCl3); '"H NMR (CDCls, 600 MHz) & 7.50-7.48
(m, 2 H), 7.33-7.22 (m, 10 H), 6.99 (pseudo-t, J=9.0 Hz, 2 H), 5.01 (pseudo-t,J=9.6 Hz, 1 H, H-2), 4.78
(d,J=11.4Hz, 1 H, benzylic-H), 4.77 (d,J=11.4 Hz, 1 H, benzylic-H), 4.70 (d,/=11.4 Hz, 1 H, benzylic-
H), 4.55-4.51 (m, 2 H, H-1 and benzylic-H), 4.43 (d, /= 12.0 Hz, 1 H, H-6"), 4.17 (dd, /= 12.0, 1.2 Hz, 1
H, H-6), 3.75-3.71 (m, 1 H, H-3), 3.58-3.54 (m, 2 H, H-4 and H-5), 2.04 (s, 3 H, Ac), 1.25 (s, 9 H, Piv);
BC NMR (CDCls, 150 MHz) 8 176.7, 170.6, 163.1 (d, J = 245.7 Hz, ArS), 137.8, 137.5, 1359 (d, J=7.5
Hz, ArS), 128.6, 128.5, 128.1, 127.8, 127.4, 127.02, 127.0, 115.9 (d, J = 19.5 Hz, ArS), 86.0 (C-1), 84.7
(C-3), 75.4 (benzylic-C), 75.1 (benzylic-C), 71.4 (C-2), 77.1 (C-4 or C-5), 77.0 (C-4 or C-5), 62.9 (C-6),
38.8 (Piv-1C), 27.2 (Piv-3C), 20.9 (Ac); HRMS (ESI) m/z calculated for C33H37FKO7S [M+K]" 635.1881;
found 635.1879.

Preparation of 4-fluorophenyl 3,4-di-O-benzyl-2,6-di-O-pivaloyl-1-thio-B-D-glucopyranoside (1d)

PivCl

HO pyridine PivO
Bno%g\/S DMAP Bnoﬁ/s
BnO —_— BnO
PivO \©\ CH,Cl, PivO \©\
2a F95% 1d F

To the solution of 2a (0.542 mmol, 301 mg) were added pyridine (0.30 mL) and DMAP (0.61 mmol,
74 mg) in CH»Cl; (2.0 mL), and pivaloyl chloride (0.82 mmol, 0.10 mL) was added at room temperature.
The reaction mixture was stirred at room temperature overnight. After the completion of the reaction
determined by TLC (hexane/EtOAc 4:1), the reaction was quenched with aqueous hydrochloric acid
solution. The reaction mixture was extracted with CH>Cl, for three times and dried over Na,SOs. After
filtration and removal of solvent under reduced pressure the crude product was purified with silica gel
chromatography to obtain 1d in 95% yield (0.516 mmol, 329 mg) as a white solid. 4-Fluorophenyl 3,4-di-
O-benzyl-2,6-di-O-pivaloyl-1-thio--D-glucopyranoside (1d) TLC (hexane/EtOAc 4:1): R¢0.72; [a]p= -
15.1 (¢ = 1.3, CHCI3); '"H NMR (CDCls, 600 MHz) & 7.49 (dd, J = 5.4, 4.4 Hz, 2 H), 7.34-7.27 (m, 6 H),
7.25-7.22 (m, 4 H), 6.98 (pseudo-t, J=9.0 Hz, 2 H), 4.99 (d, /J=9.4 Hz, 1 H, H-2),4.78 (d, /= 10.7 Hz, 1
H, benzylic-H), 4.75 (d, J=10.9 Hz, 1 H, benzylic-H), 4.68 (d, /= 10.9 Hz, 1 H, benzylic-H), 4.54 (d, J =
10.0 Hz, 1 H, H-1), 4.53 (d, J=10.7 Hz, 1 H, benzylic-H), 4.47 (dd, /= 12.0, 1.7 Hz, 1 H, H-6"), 4.18 (dd,
J=12.0,4.8 Hz, 1 H, H-6), 3.73 (pseudo-t, J= 8.8 Hz, 1 H, H-3), 3.58 (ddd, /=9.8, 4.8, 1.8 Hz, 1 H, H-
5),3.55(dd, J=9.7, 8.5 Hz, 1H, H-4), 1.25 (s, 9 H, Piv), 1,21 (s, 9 H, Piv); 3*C NMR (CDCl;, 150 MHz) &
178.1 (Piv-CO), 176.6 (Piv-CO), 163.0 (d, J = 246.9 Hz, ArS), 137.7, 137.5 (d, J = 8.5 Hz, ArS), 128.6,
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128.5,128.1, 128.0, 127.8, 127.5, 126.88, 126.86, 115.9 (d, J=21.5 Hz, ArS), 86.0 (C-1), 84.7 (C-3), 77.49
(C-4 or C-5), 77.47 (C-4 or C-5), 75.5 (benzylic-C), 75.3 (benzylic-C), 71.4 (C-2), 62.9 (C-6), 38.9 (Piv-
1C), 38.8 (Piv-1C), 27.24 (Piv-3C), 27.22 (Piv-3C); HRMS (ESI) m/z calculated for C33H3,FKO-S, [M+K]*
677.2345; found 677.2318.

Preparation of 4-Fluorophenyl 3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-2-O-pivaloyl-1-thio-B-D-
glucopyranoside (1e)

HO TBDPSCI TBDPSO
BnO 0} imidazole BnO 0}
BnC;§S/S _— Bn6§S/S
PivO DMF PivO \©\
2a F 88% 1e E

To the solution of 2a (1.22 mmol, 700 mg) in DMF (4.0 mL), imidazole (2.44 mmol, 166 mg), and fert-
butylchlorodiphenylsilane (1.83 mmol, 0.469 mL) were added at 0 °C and the reaction mixture was stirred
at room temperature overnight. After the completion of the reaction determined by TLC (Hexane/EtOAc
4:1), the reaction was quenched with sat. aqueous NaHCO3. The reaction mixture was washed with H,O
for three times and dried over Na,SQs. After filtration and removal of solvent under reduced pressure the
crude product was purified with silica gel chromatography to obtain 1e in 88% yield (1.10 mmol, 876 mg)
as colorless oil. 4-Fluorophenyl 3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-2-O-pivaloyl-1-thio-p-D-
glucopyranoside (1e); TLC (hexane/EtOAc 4:1): R¢0.69; [a]p=-18.9 (¢ = 1.1, CHCl3); 'H NMR (CDCls,
600 MHz) 6 7.77 (dd, J= 8.4, 1.2 Hz, 2 H), 7.70 (dd, /= 7.8, 1.2 Hz, 2 H), 7.52 (dd, /= 7.2, 5.4 Hz, 2 H),
7.43-7.24 (m, 14 H), 7.10 (dd, /= 7.8, 4.2 Hz, 2 H), 6.89 (pseudo-t, J = 9.0 Hz, 2 H), 5.09 (pseudo-t, J =
9.6 Hz, 1 H, H-2),4.79 (d, J=10.7 Hz, 1 H, benzylic-H), 4.78 (d, /= 10.9 Hz, 1 H, benzylic-H), 4.70 (d,
J=10.9 Hz, 1 H, benzylic-H), 4.62 (d, /= 10.7 Hz, 1 H, benzylic-H), 4.58 (d, /= 10.1 Hz, 1 H, H-1), 3.99
(dd,J=11.4,1.8 Hz, 1 H, H-6"), 3.93 (dd, /= 11.4,4.2 Hz, 1 H, H-6), 3.81 (pseudo-t,J= 9.6 Hz, 1 H, H-
4), 3.74 (pseudo-t,J=9.0 Hz, 1 H, H-3), 3.44 (ddd, /= 15.6, 3.6, 1.2 Hz, 1 H, H-5), 1.26 (s, 9 H, pivaloyl-
H), 1.08 (s, 9 H, ‘Bu); *C NMR (CDCls, 150 MHz) & 176.8, 174.1, 162.9 (d, J = 246.5 Hz, ArS), 138.1,
138.0, 135.9, 135.7, 135.1 (d, J = 8.0 Hz, ArS), 133.4, 133.0, 129.8, 128.5, 128.03, 128.01, 127.9, 127.8,
127.5, 115.9 (d, J=21.8 Hz, ArS), 86.6 (C-1), 84.9 (C-3), 80.3 (C-5), 77.3 (C-4), 75.5 (benzylic-C), 75.2
(benzylic-C), 71.6 (C-2), 62.7 (C-6), 38.9 (pivaloyl-1C), 27.3 (pivaloyl-3C), , 26.6 (‘Bu-3C), 19.4 (‘Bu-1C);
HRMS (ESI) m/z calculated for C47Hs3FNaOsSSi [M+Na]* 815.3208; found 815.3206.

Preparation of 4-Fluorophenyl 2-O-benzoyl-3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-1-thio-B-D-
glucopyranoside (1f)
Ph BH3*THF HO
Ph/woo 0O BzCl /VOO—&O TMSOTf Bno%oz
BnO S —_— BnO S ———— > BnO S
HO pyridine BzO \©\ CH,Cl, BzO \©\
S1 F S2 F 2b F

81%(2 steps)

TBDPSCI TBDPSO
imidazole BnO Q

DMF BzO \©\
43% 1f F

To the solution of S1 (4.27 mmol, 2.00 g) in pyridine (15.0 mL), benzoyl chloride (4.27 mmol, 2.00 g)
was added, and the reaction mixture was stirred at 50 °C overnight. After the completion of the reaction
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determined by TLC (Hexane/EtOAc 9:1), the reaction was quenched with 1 N HCI. The reaction mixture
was washed with H,O for three times and dried over Na,SOs. Solid was removed by filtration and the
reaction mixture was evaporated to obtain crude product of S2. To the solution of S2 in CH>Cl, (22.0 mL),
tetrahydrofuran borane (23.5 mmol, 25.0 mL) was added at 0 °C and the reaction mixture was stirred at 0
°C for 10 min. And trimethylsilyl triflate (0.676 mmol, 0.125 mL) was added at 0 °C and the reaction
mixture was stirred at room temperature for 6 h. After the completion of the reaction determined by TLC
(eluent: Hexane/EtOAc 4:1). The reaction was quenched with sat. aqueous NaHCOs. The reaction mixture
was washed with H,O for three times and dried over Na,SOs. After filtration and removal of solvent under
reduced pressure the crude product was purified with silica gel chromatography to obtain 2b in 81% yield
(3.44 mmol, 1.98 g) as a white solid. 4-Fluorophenyl 2-0-benzoyl-3,4-di-O-benzyl-1-thio-§-D-
glucopyranoside (2b); TLC (hexane/EtOAc 4:1): R¢0.14; [o]p = 37.6 (¢ = 1.1, CHCI3); '"H NMR (CDCls,
600 MHz) & 8.05 (d, J= 7.2 Hz, 2 H), 7.59-7.55 (m, 1 H), 7.47-7.42 (m, 4 H), 7.33-7.27 (m, 5 H), 7.11
(bs, 5 H), 6.95 (pseudo-t, J= 8.4 Hz, 2 H), 5.22 (pseudo-t,J=9.6 Hz, 1 H, H-2),4.84 (d,/=11.0Hz, 1 H,
benzylic-H), 4.74 (d, J = 11.4 Hz, 1 H, benzylic-H), 4.73 (d, /= 10.8 Hz, 1 H, benzylic-H), 4.64 (d, J =
11.0 Hz, 2 H, H-1 and benzylic-H), 3.92 (dd, /=11.9, 2.2 Hz, 1 H, H-6"), 3.86 (pseudo-t, J=9.1 Hz, 1 H,
H-3),3.74 (dd, J=12.1,4.7 Hz, 1 H, H-6), 3.67 (pseudo-t, J=9.4 Hz, 1 H, H-4), 3.52-3.48 (m, 1 H, H-5);
BC NMR (CDCls, 150 MHz) & 165.2, 162.6 (d, J = 247.2 Hz, ArS), 137.7, 137.6, 135.7 (d, J = 8.1 Hz,
ArS), 133.4, 130.2, 129.9, 128.6, 128.58, 128.54, 128.37, 128.30, 128.19, 128.13, 127.8, 127.0, 126.9,
116.1 (d, J = 21.8 Hz, ArS), 86.1 (C-1), 84.0 (C-3), 79.7 (C-5), 77.4 (C-4), 75.4 (benzylic-C), 75.2
(benzylic-C), 72.4 (C-2), 62.0 (C-6); HRMS (ESI) m/z calculated for C33sH3FKOsS [M+K]" 597.1718;
found 597.1714.

To the solution of 2b (1.39 mmol, 800 mg) in DMF (4.3 mL), imidazole (2.78 mmol, 190 mg), and fert-
butylchlorodiphenylsilane (2.09 mmol, 0.536 mL) were added at 0 °C and the reaction mixture was stirred
at room temperature overnight. After the completion of the reaction determined by TLC (Hexane/EtOAc
4:1), the reaction was quenched with sat. aqueous NaHCO3. The reaction mixture was washed with H,O
for three times and dried over Na;SOs. After filtration and removal of solvent under reduced pressure the
crude product was purified with silica gel chromatography to obtain 1f in 43% yield (0.602 mmol, 490 mg)
as a white solid. 4-Fluorophenyl 2-0O-benzoyl-3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-1-thio-f-D-
glucopyranoside (1f); TLC (Hexane/EtOAc 4:1): R¢0.59; [a]p = 13.1 (¢ = 5.2, CHCI3); '"H NMR (CDCl;,
600 MHz) 6 8.06 (d,/J=7.2Hz,2 H), 7.79 (d,J=7.2Hz,2 H), 7.71 (d, J=7.2 Hz, 2 H), 7.58 (t, J=7.2
Hz, 1 H), 7.51-7.48 (m, 3 H), 7.47-7.41 (m, 4 H), 7.38 (t, J = 7.8 Hz, 2 H), 7.35 (pseudo-t, J = 7.8 Hz, 2
H), 7.26 (dd, J= 6.6, 3.6 Hz, 3 H), 7.15-7.13 (m, 2 H), 6.86 (pseudo-t, J = 8.4 Hz, 2 H), 5.27 (pseudo-t, J
=9.0Hz, 1 H, H-2),4.86 (d, /J=10.7 Hz, 1 H, benzylic-H), 4.75 (d, /= 11.0 Hz, 1 H, benzylic-H), 4.71 (d,
J=10.0Hz, 1 H, H-1),4.67 (d, /J=10.7 Hz, 1 H, benzylic-H), 4.64 (d, J=11.0 Hz, 1 H, benzylic-H), 4.02
(dd,J=4.0,1.6 Hz, 1 H, H-6"), 3.97 (dd, J=11.4, 4.2 Hz, 1 H, H-6), 3.87 (dt, /= 14.4, 9.0 Hz, 2 H, H-4),
3.48 (ddd, J=9.3, 3.6, 1.6 Hz, 1 H, H-5), 1.09 (s, 9 H, ‘Bu); '*C NMR (CDCls, 150 MHz) § 165.2, 162.9
(d,J=264.4 Hz, ArS), 137.9, 137.6, 135.9, 135.7, 135.5 (d, J= 8.0 Hz, ArS), 133.38, 133.27, 132.9, 130.0,
129.9,129.8, 128.5, 128.3, 128.2, 128.0, 127.9, 128.8, 127.78, 127.76, 127.4 (d, /= 3.1 Hz, ArS), 115.9 (d,
J=21.7 Hz, ArS), 86.2 (C-1), 84.4 (C-3), 80.3 (C-5), 77.4 (C-4), 75.5 (benzylic-C), 75.2 (benzylic-C), 72.4
(C-2), 62.6 (C-6), 26.7 (‘Bu), 19.3 (‘Bu); HRMS (ESI) m/z calculated for CsH4FNaO¢SSi [M+Na]*
835.2895; found 835.2889.

Preparation of 4-Fluorophenyl 2-O-acetyl-3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-1-thio-B-D-
glucopyranoside (1g)
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BH3THF  HO

o) O DMAP o) 0 Bu,BOTf BnO 0
BnO S —>» BnO S ———» BnO S
HO
F

pyridine AcO THF AcO
S1 F 78% S3 F 73% 2c

TBDPSCI TBDPSO
imidazole BnO (0]
— BnO S
DMF AcO
75% 19 F

To the solution of S1 (2.77 mmol, 1.31 g) in pyridine (12.0 mL), DMAP (0.83 mmol, 100 mg) and
acetic anhydride (3.6 mmol, 0.34 mL) were added, and the reaction mixture was stirred at 25 °C overnight.
After the completion of the reaction determined by TLC (Hexane/EtOAc 4:1), the reaction was quenched
with 1 N HCI. The reaction mixture was washed with H,O for three times and dried over Na>SOs. Solid
was removed by filtration and the reaction mixture was evaporated to obtain crude product of S3. Thus-
obtained crude product was purified with silica gel chromatography to obtain S3 in 78% yield (2.15 mmol,
1.10 g) as a white solid. 4-Fluorophenyl 2-0-acetyl-3-O-benzyl-4,6-O-benzylidene-1-thio-p-D-
glucopyranoside (S3); TLC (Hexane/EtOAc 4:1): R¢0.30; [o]p = -5.6 (¢ = 1.0, CHCl3); "H NMR (CDCls,
600 MHz) 6 7.49-7.46 (m, 4 H), 7.41-7.37 (m, 3 H), 7.32-7.25 (m, 4 H), 7.01 (pseudo-t, J= 8.4 Hz, 2 H),
5.56 (s, 1 H, benzylidene-H), 4.95 (dd, /= 10.2, 8.4 Hz, 1 H, H-2),4.85 (d, /= 11.4 Hz, 1 H, benzylic-H),
4.65 (d, J=12.0 Hz, 1 H, benzylic-H), 4.58 (d, /= 11.4 Hz, 1 H, H-1), 4.38 (dd, /= 10.8, 4.8 Hz, 1 H, H-
6’), 3.78 (pseudo-t, J = 10.8 Hz, 1 H, H-6), 3.74 (pseudo-t, J = 9.0 Hz, 1 H, H-3), 3.69 (pseudo-t, J = 9.0
Hz, 1 H, H-4),3.48 (td, J=10.2, 5.4 Hz, 1 H, H-5), 2.04 (s, 3 H, Ac); *C NMR (CDCls, 150 MHz) § 169.3
(Ac-CO), 163.1 (J=1247.5 Hz, ArS), 138.0, 137.1, 136.1 (d, J=9.0 Hz, ArS), 129.1, 128.6, 128.34, 128.29,
128.1, 127.93, 127.85, 127.7, 126.3 (d, J = 3.0 Hz, ArS), 126.0, 116.0 (d, J = 21.0 Hz, ArS), 101.2
(benzylidene-C), 86.4 (C-1), 81.3 (C-4), 79.7 (C-3), 74.4 (benzylic-C), 71.2 (C-2), 70.5 (C-5), 68.5 (C-6),
21.0 (Ac); HRMS (ESI) m/z calculated for C2sH27FKO6S [M+K]" 549.1144; found 549.1122.

To the solution of S3 (2.15 mmol, 1.10 g) in THF (16.0 mL), BH;-THF (14.0 mmol, 16.0 mL) was
added at 0 °C and the reaction mixture was stirred at 0 °C for 15 min. And 1.0 M dibutyl boron triflate
dichloromethane solution (3.0 mmol, 3.0 mL) was added dropwise at 0 °C and the reaction mixture was
stirred at room temperature for 3 h. After the completion of the reaction determined by TLC (eluent:
Hexane/EtOAc 7:3). The reaction was quenched with sat. aqueous NaHCOs. The reaction mixture was
washed with H>O for three times and dried over Na,SOs. After filtration and removal of solvent under
reduced pressure the crude product was purified with silica gel chromatography to obtain 2¢ in 73% yield
(1.56 mmol, 0.80 g) as a white solid. 4-Fluorophenyl 2-O-acetyl-3,4-di-O-benzyl-1-thio-f-D-
glucopyranoside (2¢); TLC (Hexane/EtOAc 7:3): R 0.15; [a]p = 2.7 (¢ = 1.1, CHCl3); '"H NMR (CDCls,
600 MHz) 6 7.46 (dd, J=9.0, 5.4 Hz, 2 H), 7.35-7.25 (m, 9 H), 7.01 (pseudo-t, J= 8.4 Hz, 2 H), 4.93 (dd,
J=9.6,9.0 Hz, 1 H, H-2), 4.811 (d, J=10.8 Hz, 1 H, benzylic-H), 4.807 (d, /= 11.4 Hz, 1 H, benzylic-
H), 4.67 (d,J=11.4 Hz, 1 H, benzylic-H), 4.63 (d, /= 10.8 Hz, 1 H, benzylic-H), 4.54 (d, /= 10.2 Hz, 1
H, H-1), 3.87 (ddd, J=12.0, 5.4, 2.4 Hz, 1 H, H-6"), 3.71-3.67 (m, 2 H, H-3 and H-6), 3.59 (pseudo-t, J =
9.0Hz, 1 H, H-4),3.40 (ddd, J=9.6,4.2,2.4 Hz, 1 H, H-5),2.01 (s, 1 H, Ac), 1.78 (t, /= 6.6 Hz, 1 H, OH);
BC NMR (CDCls, 150 MHz) 8 169.5 (Ac-CO), 163.0 (d, J = 247.5 Hz, ArS), 138.0, 137.7, 135.5 (d, J =
7.5 Hz, ArS), 128.6, 128.5, 128.43, 128.35, 128.12, 128.09, 128.0, 127.88, 126.9, 116.1 (d, J = 21.0 Hz,
ArS), 85.9 (C-1), 84.1 (C-3), 79.6 (C-5), 77.4 (C-4), 75.3 (benzylic-C), 75.2 (benzylic-C), 71.8 (C-2), 61.9
(C-6), 21.0 (Ac); HRMS (ESI) m/z calculated for C2sH20FKO6S [M+K]* 551.1300; found 551.1282.
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To the solution of 2¢ (0.977 mmol, 501 mg) in DMF (3.0 mL), imidazole (1.95 mmol, 134 mg), and
tert-butylchlorodiphenylsilane (1.5 mmol, 0.40 mL) were added at 0 °C and the reaction mixture was stirred
at room temperature overnight. After the completion of the reaction determined by TLC (Hexane/EtOAc
9:1), the reaction was quenched with sat. aqueous NaHCOs. The reaction mixture was diluted with EtOAc
and washed with H»O for three times and dried over Na,SO4. After filtration and removal of solvent under
reduced pressure the crude product was purified with silica gel chromatography to obtain 1g in 75% yield
(0.732 mmol, 550 mg) as colorless oil. 4-Fluorophenyl 2-0O-acetyl-3,4-di-O-benzyl-6-O-tert-
butyldiphenylsilyl-1-thio-pB-D-glucopyranoside (1g) TLC (Hexane/EtOAc 4:1): R¢0.72; [a]p="-15.1 (¢ =
1.3, CHCl5); "H NMR (CDCls, 600 MHz) & 7.75 (dd, J= 7.4, 1.3 Hz, 1 H), 7.69 (dd, J= 7.4, 1.1 Hz, 2 H),
7.52-7.49 (m, 2 H), 7.42 (td, J=7.4, 1.5 Hz, 2 H), 7.37-7.31 (m, 6 H), 7.30-7.25 (m, 6 H), 7.13-7.11 (m,
2 H), 6.89 (pseudo-t, J = 8.7 Hz, 2 H), 4.98 (pseudo-t, J = 9.6 Hz, 1 H, H-2), 4.83 (d, J=11.3 Hz, 1 H,
benzylic-H), 4.82 (d, J = 10.6 Hz, 1 H, benzylic-H), 4.67 (d, J = 11.5 Hz, 1 H, benzylic-H), 4.65 (d, J =
10.7 Hz, 1 H, benzylic-H) 4.53 (d, J=10.1 Hz, 1 H, H-1), 3.98 (dd, /J=11.4, 1.4 Hz, 1 H, H-6"), 3.92 (dd,
J=114,3.8 Hz, 1 H, H-6), 3.81 (pseudo-t, J= 9.4 Hz, 1 H, H-4), 3.68 (pseudo-t, J=9.2 Hz, 1 H, H-3),
3.40 (ddd, J = 9.8, 3.5, 1.3 Hz, 1 H, H-5), *C NMR (CDCls, 150 MHz) § 169.6 (Ac-CO), 162.8 (d, J =
246.9 Hz, ArS), 135.9, 135.7, 135.3 (d, J = 8.5 Hz, ArS), 133.3, 132.9, 129.8, 128.54, 128.49, 127.98,
127.89, 127.82, 127.7, 127.5, 127.48, 115.9 (d, /= 21.5 Hz, ArS), 86.1 (C-1), 84.5 (C-3), 80.2 (C-5), 77.3
(C-4), 75.5 (benzylic-C), 75.2 (benzylic-C), 71.7 (C-2), 62.5 (C-6), 26.8 (‘Bu-3C), 21.1 (Ac), 17.3 (‘Bu-1C);
HRMS (ESI) m/z calculated for C44H47FKO6SSi, [M+K]" 789.2448; found 789.2477.

3. Synthesis of trisaccharides

HO
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The automated synthesis of trisaccharide 3a was carried out in an H-type divided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbon JF-20-P7) and a platinum plate cathode (10 mmx20
mm). In the anodic chamber were placed terminal building block 1a (0.300 mmol, 196 mg), BusNOTf (1.55
mmol, 613 mg) and CH2Cl2 (15.0 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid
(0.63 mmol, 55 pL), BuNOTf (1.55 mmol, 611 mg) and CH2Cl> (15.0 mL). The constant current
electrolysis (8.0 mA) was carried out at -80 °C with magnetic stirring until 1.0 F/mol of electricity was
consumed. After the electrolysis, building block 2a (0.210 mmol, 353 mg) dissolved in CH2Cl2 (2.0 mL)
was subsequently added by the syringe pump (1.0 mL (0.105 mmol) for one cycle) under an argon
atmosphere at -50 °C and kept for 60 min. Then the second cycle started automatically. After the 2nd cycle,
EtsN (0.5 mL) was added, and the mixture was filtered through a short column (4x3 cm) of silica gel to
remove BusNOT{. Removal of the solvent under reduced pressure and the crude product was purified with
silica gel chromatography and the mixture was purified by PR-GPC with CHCls as an eluent and
trisaccharide 3a was obtained in 61% isolated yield (0.184 mmol, 276 mg) as a white solid. 4-Fluorophenyl
3,4,6-tri-O-benzyl-2-0O-pivaloyl-B-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-p-D-
glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-1-thio-p-D-glucopyranoside (3a); TLC
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(Hexane/EtOAc 4:1): Ry= 0.66; [a]p=-0.6 (¢ = 1.1, CHCIl;); '"H NMR (CDCl;, 600 MHz) § 7.50-7.47 (m,
2 H), 7.32-7.21 (m, 3 H), 7.18 (d, /= 7.3 Hz, 2 H), 7.13-7.11 (m, 2 H), 7.03 (pseudo-t, J=11.2 Hz, 2 H),
5.10-5.06 (m, 2 H), 4.99 (pseudo-t, J=9.6 Hz, 1 H), 4.76 (d, /= 11.0 Hz, 1 H), 4.74-4.54 (m, 13 H), 4.51
(d,J=9.8Hz,2H),3.97 (dd,J=11.4,1.8 Hz, 1 H), 3.91 (dd, J=11.4, 1.2 Hz, 1 H), 3.73-3.55 (m, 12 H),
3.48-3.45 (m, 1 H), 3.40 (pseudo-t, J= 9.4 Hz, 1 H), 1.23 (s, 9 H), 1.15, (s, 9 H), 1.13 (s, 9 H); 3*C NMR
(CDClIs, 150 MHZ) 6 176.8, 176.73, 176.61, 162.8 (d, J=246.5 Hz), 138.3, 138.28, 138.21, 138.13, 138.07,
137.9, 135.3 (d, J = 8.3 Hz), 128.6, 128.5, 128.45, 128.41, 128.39, 128.3, 128.1, 128.0, 127.9, 127.78,
127.75, 127.6, 127.4, 127.3, 116.1 (d, J=21.7 Hz), 101.8, 101.1, 86.5, 84.7, 83.3, 83.27, 79.0, 78.1, 78.0,
75.3, 75.2, 75.09, 74.05, 74.9, 74.89, 74.85, 73.5, 73.2, 72.9, 72.0, 71.5, 69.0, 68.9, 68.3, 38.85, 38.83,
38.80, 27.27, 27.24, 27.22; HRMS (ESI) m/z calculated for CgsHi0:FKO:sS, [M+K]" 1535.6324; found
1535.6309.
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Automated electrochemical glycosylation of building blocks 1b (0.308 mmol, 239 mg) and 2a (0.629
mmol, 349 mg) afforded 3b (0.0178 mmol, 25.0 mg) in 6% yield as a white solid, following the same
procedure as that of compound 3a except deprotection of Fmoc group by adding excess amount of Et;N
(3.0 mL). 4-Fluorophenyl 3,4-di-O-benzyl-2-O-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-
2-0-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-0O-pivaloyl-1-thio-B-D-glucopyranoside
(3b); TLC (Hexane/EtOAc 4;1): R¢0.3; [a]p =-6.7 (¢ = 1.0, CHCl3) '"H NMR (CDCls, 600 MHz) §7.48 (dd,
J=8.4,6.0 Hz, 2 H), 7.34-7.21 (m, 30 H), 7.01 (pseudo-t, J= 8.4 Hz, 2 H), 5.04—4.99 (m, 3 H), 4.80—4.68
(m, 8 H), 4.65 (d, J=11.5 Hz, 1 H), 4.62-4.56 (m, 3 H), 4.41 (d,/J=7.7 Hz, 1 H), 439 (d, /=79 Hz, 1
H), 3.86 (d,/=10.8 Hz, 1 H), 3.82-3.79 (m, 1 H), 3.80 (d, /= 10.8 Hz, 1 H), 3.75 (pseudo-t,J=9.0 Hz, 1
H), 3.70-3.60 (m, 7 H), 3.59 (pseudo-t, J=9.0 Hz, 2 H), 3.49 (dd, J=9.0 Hz, 1 H), 3.44 (pseudo-t,J=9.0
Hz, 1 H), 3.36 (bs, 1 H), 2.50 (bs, 1 H), 1.23 (s, 9 H), 1.13 (s, 9 H), 1.13 (s, 9 H); *C NMR (CDCl3, 150
MHz) 6 176.8, 176.6, 176.5, 161.9, 138.2, 138.04, 137.97 137.93, 137.7, 135.0 (d, J = 8.25 Hz), 128.48,
128.46,128.43, 128.31, 128.30, 128.2, 128.1, 127.98, 127.96, 127.9, 127.64, 127.59, 127.55, 127.4, 127.32,
127.30,116.0 (d,J=21.6 Hz), 102.1, 101.4, 86.5, 84.6, 83.2, 83.0, 78.7,77.8, 77.6, 75.8, 75.1, 74.93, 74.89,
74.86, 74.7, 73.2, 73.0, 71.4, 69.6, 68.9, 61.9, 38.79, 38.76 ,38.7, 27.2, 27.1; HRMS (ESI) m/z calculated
for CsiHosFKO,5S; [M+K]" 1445.5860; found 1445.5852.
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Automated electrochemical glycosylation of building blocks 1c¢ (0.100 mmol, 59.7 mg) and 2a (0.204
mmol, 113 mg) afforded 3¢ (0.0239 mmol, 34.7 mg) in 24% yield as a white solid, following the same
procedure as that of compound 3a. 4-Fluorophenyl 6-O-acetyl-3,4-di-O-benzyl-2-O-pivaloyl-p-D-
glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-
O-pivaloyl-1-thio-pB-D-glucopyranoside (3c); TLC (Hexane/EtOAc 4:1): R 0.27; [a]p = -9.2 (¢ = 2.8,
CHCl3); 'TH NMR (CDCls, 600 MHz) & 7.49 (dd, J = 8.4, 5.4 Hz, 2 H), 7.32-7.23 (m, 26 H), 7.21 (d, J =
7.2 Hz, 2 H), 7.18 (d, J = 7.2 Hz, 2 H), 7.04 (pseudo-t, J = 8.4 Hz, 2 H), 5.07 (dd, /= 9.0, 7.8 Hz, 1 H),
5.04 (dd, J=9.6, 7.8 Hz, 1 H), 4.98 (pseudo-t, J=10.2 Hz, 1 H), 4.78 (d,J=11.4 Hz, 1 H), 4.75-4.65 (m,
8 H), 4.58 (dd, /= 10.8, 5.4 Hz, 2 H), 4.53 (d, J=10.2 Hz, 1 H), 4.44-4.42 (m, 3 H), 4.28 (dd, J=11.8,
1.8 Hz, 1 H), 4.19 (dd, J=12.0, 5.4 Hz, 1 H), 3.96 (d, /= 10.2 Hz, 1 H), 3.89 (d, /= 9.6 Hz, 1 H), 3.73
(pseudo-t, J = 8.4 Hz, 1 H), 3.67-3.60 (m, 5 H), 3.55 (pseudo-t, J= 9.6 Hz, 2 H), 3.52-3.47 (m, 2 H), 3.40
(pseudo-t, J=9.6 Hz, 1 H), 1.96 (s, 3 H), 1.23 (s, 9 H), 1.15 (s, 9 H), 1.13 (s, 9 H); *C NMR (CDCls, 150
MHz) 6 176.71, 176.67, 176.5, 170.7, 162.8 (d, J = 246.0 Hz), 138.04, 138.02, 137.95, 137.9, 137.8, 137.6,
135.3(d,/=9.0Hz), 128.5, 128.4, 128.3, 128.2, 128.1, 128.05, 128.01, 127.68, 127.66, 127.6, 127.4, 127 .4,
127.2, 116.0 (d, J=22.5 Hz), 101.3, 101.0, 86.4, 84.7, 83.2, 83.2, 79.0, 78.1, 77.9, 77.5, 75.3, 74.9, 74.9,
74.8,73.2, 72.9, 71.4, 68.6, 68.2, 63.2, 38.79, 38.78, 38.75, 27.18, 27.17, 27.15, 20.9; HRMS (ESI) m/z
calculated for Cs3Ho;FKO19S; [M+K]" 1487.5966; found 1487.5952.
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Automated electrochemical glycosylation of building blocks 1d (0.106 mmol, 67.5 mg) and 2a (0.211
mmol, 117 mg) afforded 3b (0.0383 mmol, 57.1 mg) in 36% yield as a white solid, following the same
procedure as that of compound 3a. 4-Fluorophenyl 3,4-di-O-benzyl-2,6-di-O-pivaloyl-B-D-
glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-
O-pivaloyl-1-thio--D-glucopyranoside (3d) TLC (Hexane/EtOAc 4:1): Rf 0.42; [a]p = -11.0 (¢ = 1.2,
CHCI3); '"H NMR (CDCls, 600 MHz) 8 7.48 (dd, J=9.0, 5.4 Hz, 2 H), 7.33-7.16 (m, 30 H), 7.04 (pseudo-
t,J = 8.4 Hz, 2 H), 5.07-5.02 (m, 4 H), 4.98 (pseudo-t, J=9.6 Hz, 1 H), 4.79-4.63 (m, 9 H), 4.57 (d, J =
12.0 Hz, 1 H), 4.47-4.43 (m, 3 H), 4.38 (dd, /= 12.0, 1.8 Hz, 1 H), 4.16 (dd, /= 12.4, 4.8 Hz, 1 H), 3.97
(d,J=10.7 Hz, 1 H), 3.90 (dd, J=11.3, 1.4 Hz, 1 H), 3.74 (pseudo-t, J=9.0 Hz, 1H), 3.67-3.61 (m, 5 H),
3.57-3.54 (m, 2 H), 3.46-3.44 (m, 1 H), 3.41 (pseudo-t, J=9.1 Hz, 1 H), 1.23 (s, 9 H), 1.17 (s, 9 H), 1.15
(s, 9 H), 1.12 (s, 9 H); *C NMR (CDCls, 150 MHz) § 178.1, 176.71, 176.66, 176.6, 162.8 (d, J = 246.3
Hz), 138.04, 137.93, 137.79, 137.69, 135.2 (d, J = 7.6 Hz), 128.6, 128.5, 128.48, 128.39. 128.35, 128.2,
127.98,127.94,127.91,127.7,127.64, 127.58, 127.45,127.4,127.21, 116.1 (d,J=21.7 Hz), 101.27, 101.0,
86.4, 84.7, 83.2, 83.1, 79.0, 78.2, 77.9, 77.8, 77.3, 77.1, 76.9, 75.3, 75.1, 74.99, 74.96, 74.8, 73.5, 72.8,
38.79, 38.76, 27.3, 27.2, 27.18, 27.15; HRMS (ESI) m/z calculated for CssHi0sFNaO1oS; [M+Na]*
1513.6691; found 1513.6671.
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Automated electrochemical glycosylation of building blocks 1e (0.300 mmol, 238 mg) and 2a (0.633
mmol, 351 mg) afforded 3e (0.0875 mmol, 144 mg) in 29% yield as a white solid, following the same
procedure as that of compound 3e. 4-Fluorophenyl 3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-2-O-
pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-pB-D-glucopyranosyl-(1—6)-3,4-di-
O-benzyl-2-0-pivaloyl-1-thio-p-D-glucopyranoside (3¢); TLC (Hexane/EtOAc 4:1); R¢0.56; [a]p=-13.3
(c = 1.0, CHCI3) '"H NMR (CDCls, 600 MHz) 8 7.71 (dd, J= 7.2, 3.6 Hz, 2 H), 7.67 (dd, J = 7.8, 1.2 Hz, 2
H), 7.49 (dd, /= 9.0, 5.4 Hz, 2 H), 7.38 (tt, /= 7.2, 1.8 Hz, 1 H), 7.36-7.15 (m, 33 H), 7.08 (dd, J = 7.2,
4.2 Hz, 2 H), 7.03 (pseudo-t, J=9.0 Hz, 2 H), 5.11-5.05 (m, 2 H), 4.97 (pseudo-t, J=9.6 Hz, 1 H), 4.77—
4.46 (m, 16 H), 4.02 (pseudo-t, J=9.0 Hz, 2 H), 3.89-3.83 (m, 2 H), 3.75-3.60 (m, 7 H), 3.45 (pseudo-t, J
=9.0 Hz, 1 H), 3.41 (pseudo-t, J=9.0 Hz, 1 H), 3.31-3.28 (m, 1 H), 1.22 (s, 9 H), 1.17 (s, 9 H), 1.13 (s, 9
H), 1.03 (s, 9 H); *C NMR (CDCls, 150 MHz) 8 176.70, 176.68, 162.9 (d, J = 246.5 Hz), 138.2, 138.1,
137.9,137.8,135.8, 135.6, 135.3 (d, J=8.25 Hz), 129.8, 129.7, 128.49, 128.45, 128.4, 128.3, 128.2, 128.1,
127.9, 127.84, 127.79, 127.76, 127.7, 127.65, 127.59, 127.5, 127.4, 127.2, 116.1 (d, J = 21.6 Hz), 101.3,
101.0, 86.4, 84.7, 83.30, 83.27, 79.1, 78.5,77.9, 77.7,77.3,77.1, 76.9, 76.3, 75.33, 75.25, 75.0, 75.0, 74.9,
74.8,73.1,72.9,71.4, 68.1, 67.9, 38.85, 38.82, 38.79, 27.3, 27.2, 26.9, 19.3; HRMS (ESI) m/z calculated
for Co7H113FNaO15SSi; [M+Na]" 1667.7293; found 1667.7330.

4. Synthesis of disaccharides

Preparation of 4-Fluorophenyl 3.4,6-tri-O-benzyl-2-O-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-
benzyl-2-O-pivaloyl-1-thio-B-D-glucopyranoside (4a)

HO

BnO O

gn&/SAr BnO

BnO o anodic 2a BnO > 0 o OBno
o . iv

ngg&/SAr OX|dat|0n= glycosylation . Bgnoo sAr 0

PivO T T, PivO OBn OPiv

1a 4a 5
Ar = 4-FCgH,

The automated synthesis of trisaccharide 4a was carried out in an H-type divided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbon JF-20-P7) and a platinum plate cathode (10 mmx20
mm). In the anodic chamber were placed terminal building block 1a (0.300 mmol, 193 mg), BusNOTf (1.48
mmol, 578 mg) and CH2Cl2 (15.0 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid
(0.296 mmol, 26 pL), BuuNOTT (1.51 mmol, 590 mg) and CH2Cl2 (15.0 mL). The constant current
electrolysis (12.0 mA) was carried out at -40 °C with magnetic stirring until 1.2 F/mol of electricity was
consumed. After the electrolysis, building block 2a (0.315 mmol, 176 mg) dissolved in CH2Cl2 (2.0 mL)
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was subsequently added by the syringe pump under an argon atmosphere at -40 °C, and kept for 60 min.
After the cycle, EtsN (0.5 mL) was added, and the mixture was filtered through a short column (4x3 cm)
of silica gel to remove BusNOTT. Removal of the solvent under reduced pressure and the crude product was
purified with silica gel chromatography to obtain 4a in 61% isolated yield (0.183 mmol, 196 mg) as a white
solid. 4-Fluoropheny 3.,4,6-tri-O-benzyl-2-O-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-
O-pivaloyl-1-thio-p-D-glucopyranoside (4a) TLC (hexane/EtOAc 4:1): Rs; [a]p=-12.6 (¢ = 1.5, CHCl3);
"H NMR (CDCls, 600 MHz) & 7.48 (dd, J = 8.8, 5.3 Hz, 2 H), 7.40-7.24 (m, 22 H), 7.23-7.21 (m, 4 H),
7.15(dd, J=17.3,2.4 Hz, 2 H), 7.04 (pseudo-t, J = 8.8 Hz, 2 H), 5.10 (dd, J=9.2, 8.0 Hz, 1 H), 5.01 (dd, J
=9.8,9.4Hz, 1 H), 477-4.71 (m, 4 H), 4.69 (d, /= 11.1 Hz, 1 H), 4.66 (d, J=11.0 Hz, 1 H), 4.58-4.52
(m, 3 H), 4.49-4.47 (m, 2 H), 4.46 (d, /J=7.9 Hz, 1 H), 4.00 (dd, /= 11.2, 1.5 Hz, 1 H), 3.75-3.70 (m, 2
H), 3.70-3.65 (m, 4 H), 3.61-3.57 (m, 1 H), 3.48 (ddd, /=9.7, 4.4, 1.9 Hz, 1 H), 3.44 (pseudo-t, J = 9.3
Hz, 1 H), 1.23 (s, 9 H), 1.13 (s, 9 H); *C NMR (CDCl;, 150 MHz) & 176.7, 162,8 (d, J = 246.7 Hz), 138.13,
138.09, 138.0, 137.8, 135.0 (d, /= 8.4 Hz), 128.45, 128.43, 128.40, 128.05, 128.01, 127.9, 127.83, 127.81,
127.67,127.64,127.5,127.3,116.2 (d, J = 21.7 Hz), 101.2, 86.7, 84.6, 83.4, 78.3, 77.8, 77.5, 75.23, 75.21,
75.0, 74.95, 73.5, 72.9, 71.4, 68.8, 68.1, 38.8, 38.77, 27.20, 27.15; HRMS (ESI) m/z calculated for
Ces3H71FKO12S, [M+K]" 1109.4283; found 1109.4279.

1,6-Anhydrosugar S was obtained as a major product (33% yield) when the reaction was performed at
elevated temperature (T; = T, = 0 °C). '"H NMR and HRMS of 5 were compared with those reported in a
literature to confirm its formation.'® 1,6-Anhydro-3,4-di-O-benzyl-2-O-pivaloyl-B-D-glucopyranose (5)
"H NMR (CDCl;, 600 MHz) § 7.33-7.25 (m, 10 H), 5.42 (s, 1 H), 4.78 (d, J=12.0 Hz, 1 H), 4.71 (s, 1 H),
4.62 (d,J=5.4Hz 1H),4.57(d,J=12.0 Hz, 1 H),4.50 (d,/J=12.6 Hz, 1 H),4.37 (d,J=12.0 Hz, 1 H),
4.04 (d, J=7.2 Hz, 1 H), 3.72 (pseudo-t, J = 6.0 Hz, 1 H), 3.50 (brs, 1 H), 3.33 (brs, 1 H), 1.22 (s, 9 H);
HRMS (ESI) m/z calculated for C>sH30NaOs, [M+Na]* 465.1674; found 465.1669.
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Automated electrochemical glycosylation of building blocks 1e (0.299 mmol, 237 mg) and 2a (0.315
mmol, 176 mg) afforded 3e (0.216 mmol, 263 mg) in 72% yield as a white solid, following the same
procedure as that of compound 4a. 4-Fluorophenyl 3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-2-O-
pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-1-thio-B-D-glucopyranoside (4e);
TLC (Hexane/EtOAc 4:1); Rr 0.64; [a]p = -11.7 (¢ = 1.3, CHCI3); '"H NMR (CDCls, 600 MHz) § 7.72 (dd,
J=6.6,3.6 Hz, 2 H), 7.67 (dd, /= 7.8, 1.2 Hz, 2 H), 7.49 (dd, /= 8.4, 4.8 Hz, 2 H), 7.39 (t, /= 7.8 Hz, 2
H), 7.33-7.23 (m, 18 H), 7.21 (d,J="7.2 Hz, 2 H), 7.18 (dd, /= 6.0, 2.4 Hz, 2 H), 7.15 (dd, /= 6.0, 2.4 Hz,
2 H), 7.03 (pseudo-t, J=9.0 Hz, 2 H), 5.09 (dd, J=9.6, 8.4 Hz, 1 H), 4.97 (pseudo-t, J=9.6 Hz, 1 H), 4.82
(d,/J=20.4Hz, 1 H), 4.80 (d, J=20.4 Hz, 1 H), 4.75-4.65 (m, 5 H), 4.53-4.48 (m, 3 H), 4.01 (d, J=10.2
Hz, 1 H), 3.95-3.90 (m, 2 H), 3.87 (pseudo-t, J=9.6 Hz, 1 H), 3.72-3.61 (m, 4 H), 3.36 (ddd, J = 9.6, 3.0,
1.8 Hz, 1 H), 3.32 (pseudo-t, J=9.0 Hz, 1 H), 1.23 (s, 9 H), 1.16 (s, 9 H), 1.04 (s, 9 H); *C NMR (CDCl;,
150 MHz) & 176.8, 176.6, 162.1, 138.2, 138.1, 137.9, 137.7, 135.9, 135.6, 135.4 (d, J = 8.1 Hz), 133.6,
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133.0, 129.69, 129.67, 128.43, 128.41, 128.39, 127.93, 127.88, 127.8, 127.7, 127.6, 127.5, 127.3, 116.2 (d,
J=21.8 Hz), 101.1, 86.3, 84.7, 83.4, 79.7, 78.0, 77.6, 76.2, 75.2, 75.2, 75.1, 74.9, 73.1, 71.4, 67.8, 62.7,
38.8,29.7,27.2,26.9, 19.3; HRMS (ESI) m/z calculated for C72Hs3sFNaO1,SSi; [M+Na]" 1241.5251; found
1241.5277.
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Automated electrochemical glycosylation of building blocks 1f (0299 mmol, 243 mg) and 2b (0.315
mmol, 182 mg) afforded 4f (0.194 mmol, 245 mg) in 65% yield as a white solid, following the same
procedure as that of compound 4a. 4-Fluoropheny 2-0O-benzoyl-3,4-di-O-benzyl-6-O-tert-
butyldiphenylsilyl-B-D-glucopyranosyl-(1— 6)-2-O-benzoyl-3,4-di-O-benzyl-1-thio-f-D-
glucopyranoside (4f). TLC (Hexane/EtOAc 4:1): R¢ = 0.39 ; [a]p= 10.4 (¢ = 12.1, CHCl3); '"H NMR
(CDCl;, 600 MHz) 6 8.00 (d, J = 8.4 Hz, 2 H), 7.96 (d, /= 8.3 Hz, 2 H), 7.77 (dd, /= 7.8, 1.2 Hz, 2 H),
7.71 (dd, J=7.9, 1.2 Hz, 2 H), 7.58 (pseudo-t,J = 7.4 Hz, 1 H), 7.46—7.34 (m, 11 H), 7.30-7.28 (m, 5 H),
7.25-7.21 (m, 5 H), 7.15-7.13 (m, 5 H), 7.10-7.06 (m, 5 H), 6.95 (pseudo-t, J = 8.7 Hz, 1 H), 5.37 (dd, J
=8.4,8.1 Hz, 1 H), 5.06 (pseudo-t, J=9.3 Hz, 1 H), 4.91 (d,/=10.8 Hz, 1 H), 4.78 (d, /= 11.0 Hz, 1 H),
4.75(d,J=109 Hz, 1 H), 4.69 (d,J=11.5Hz, 1 H),4.63 (d,/=7.8 Hz, 1 H),4.57 (d,/J=11.0 Hz, 1 H),
456 (d,J=9.8 Hz, 1 H),4.49 (d,/J=11.0Hz, 1 H), 4.47 (d,J=11.1 Hz, 1 H),4.38 (d, /J=11.4 Hz, 1 H),
4.00-3.97 (m, 3 H), 3.84 (pseudo-t, J=9.2 Hz, 1 H), 3.70 (pseudo-t, J = 8.9 Hz, 1 H), 3.65 (dd, J=11.6
Hz, 6.0 Hz, 1 H), 3.58-3.56 (m, 1 H), 3.44 (d, J=9.7 Hz, 1 H), 3.40 (pseudo-t, J=9.2 Hz, 1 H), 1.06 (s, 9
H); *C NMR (CDCls, 150 MHz) & 165.2, 165.0, 163.0 (d, J = 246.9 Hz), 138.1, 137.84, 137.83, 137.6,
136.0,135.9 (d,J= 7.4 Hz), 135.6, 133.6, 123.7, 133.2, 132.99, 132.96, 130.0, 129.9, 129.7, 128.5, 128.48,
128.39, 128.36, 128.2, 128.16, 128.1, 127.99, 127.88, 127.83, 127.8, 127.74, 127.65, 126.65, 126.63, 116.0
(d, J=21.7 Hz), 101.2, 85.6, 84.13, 83.0, 79.1, 77.8, 77.5, 77.3, 77.1, 76.9, 76.2, 75.3, 75.2, 75.1, 74.8,
73.9, 72.0, 67.7, 62.6, 26.9, 19.4; HRMS (ESI) m/z calculated for C7sH7sFKO2SSi, [M+K]" 1297.4364;
found 1297.4343.

1,6-Anhydrosugar 9 was obtained as a minor product (7%) when the reaction was performed at
elevated temperature (T; = T, = 0 °C). 'H NMR and HRMS of 9 were compared with those reported in a
literature to confirm its formation.!! 1,6-Anhydro-2-0O-benzoyl-3,4-di-O-benzyl-B-D-glucopyranose (9)
'HNMR (CDCls, 600 MHz) 6 8.10-8.06 (m, 2 H), 7.60-7.55 (m, 1 H), 7.45-7.40 (m, 2 H), 7.35-7.23 (m,
10 H), 5.59 (s, 1 H), 5.01 (s, 1 H), 4.83 (d, J=12.0 Hz, 1 H), 4.69 (d, /= 5.4 Hz, 1 H), 4.61 (d,J=12.0
Hz, 1 H), 4.50 (d,J=12.0 Hz, 1 H), 4.46 (d,/J=12.0Hz, 1 H), 4.13 (d, /= 7.2 Hz, 1 H), 3.78 (pseudo-t, J
=6.6 Hz, 1 H), 3.70 (pseudo-t, J=1.8 Hz, 1 H), 3.42 (s, 1 H); HRMS (ESI) m/z calculated for C>7H26NaOg,
[M+Na]" 469.1622; found 469.1606.
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Automated electrochemical glycosylation of building blocks 1g (0.305 mmol, 229 mg) and 2¢ (0.315
mmol, 161 mg) afforded 4g (0.172 mmol, 195 mg) in 56% yield as a white solid, following the same
procedure as that of compound 4a. 4-Fluoropheny 2-0-acetyl-3,4-di-O-benzyl-6-O-tert-
butyldiphenylsilyl-B-D-glucopyranosyl-(1—6)-2-0-acetyl-3,4-di-O-benzyl-1-thio-f-D-
glucopyranoside (4g). TLC (Hexane/EtOAc 4:1): R¢; [a]p= 0.3 (¢ = 4.1, CHCI3); 'H NMR (CDCls, 600
MHz) & 7.74 (d, J=7.3 Hz, 2 H), 7.68 (d, /= 7.7 Hz, 2 H), 7.47 (dd, J= 7.9, 5.4 Hz, 2 H), 7.41-7.25 (m,
22 H), 7.24-7.19 (m, 6 H), 5.28 (s, 1 H), 5.06 (pseudo-t, J = 8.6 Hz, 1 H), 4.89-4.87 (m, 2 H), 4.84 (d, /=
11.3Hz, 1 H),4.76 (d,/=11.0 Hz, 1 H),4.75 (d,J=11.3 Hz, 1 H),4.73 (d,/J=11.3 Hz, 1 H), 4.69 (d, J
=113 Hz 1 H),4.64(d,J=11.3 Hz, 1 H),4.55(d,/J=11.1 Hz, 1 H), 4.50 (d, /= 10.0 Hz, 1 H), 4.42 (d,
J=28.0Hz, 1 H), 4.13 (d, J=9.8 Hz, 1 H), 3.95-3.90 (m, 3 H), 3.68-3.64 (m, 2 H), 3.60-3.55 (m, 2 H),
3.39 (pseudo-t, J=9.0 Hz, 1 H), 3.34 (d, J= 9.6 Hz, 1 H), 1.99 (s, 3 H), 1.96 (s, 3 H); *C NMR (CDCls,
150 MHz) & 169.45. 169.42, 162.9 (d, J = 247.1 Hz), 137.9, 137.7, 135.9, 135.6, 135.3 (d, J = 8.5 Hz),
133.6, 132.9, 129.71, 129.70, 128.52, 128.49, 128.0, 127.97, 127.94, 127.87, 127.84, 127.8, 127.7, 127.1,
116.1 (d,J=21.8 Hz), 85.8, 84.3, 83.1, 79.0, 77.8, 77.7, 76.0, 75.4,75.3, 75.2, 75.0, 73.1, 71.5, 67.8, 62.4,
53.5, 26.8, 21.0, 19.3; HRMS (ESI) m/z calculated for CecH71FNaO,SSi, [M+Na]" 1157.4312; found
1157.4324.

5. NMR analysis of glycosyl dioxalenium ions

BnO anodic BnO
BnO 0 oxidation BnO o
BnO SAr— > Bno

PivO BuyNOTf +0
1a CD,Cl, 6 o;/< -OTf
Ar = 4-FCgH, -78°C ‘Bu

The anodic oxidation of thioglycoside 1a was carried out in an H-type divided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbon JF-20-P7) and a platinum plate cathode (10 mmx20
mm). In the anodic chamber were placed terminal building block 1a (0.100 mmol, 64.7 mg), BuuNOTf
(0.49 mmol, 191 mg) and CD2Cl2 (5.0 mL). In the cathodic chamber were placed trifluoromethanesulfonic
acid (0.091 mmol, 8 pL), BusNOTS (0.50 mmol, 195 mg) and CD2Cl2 (5.0 mL). The constant current
electrolysis (4.0 mA) was carried out at -80 °C with magnetic stirring until 1.05 F/mol of electricity was
consumed. After the electrolysis, the reaction mixture of anodic chamber was transferred to 5 mm ¢ NMR
tubes with a septum cap under argon atmosphere at -78 °C. The NMR measurement was carried out at low
temperature. Chemical shifts were reported using signals of CH,Cl, at 5.32 ppm for 'H NMR and CD,Cl,
at 53.8 ppm for *C NMR as standard. Selected data for 3,4,6-tri-O-benzyl-D-glucopyranosyl
pivaloxonium triflate (6). '"H NMR (CD,Cl,, 500 MHz, at -40 °C) § 5.77 (d, J= 7.5 Hz, 1 H, H-2), 4.54
(d,J=12.0 Hz, 1 H, benzylic-H), 4.47 (d,J=11.5 Hz, 1 H, benzylic-H), 4.46 (d, /J=12.0 Hz, 1 H, benzylic-
H), 4.43 (d, J=11.5 Hz, 1 H, benzylic-H), 4.39 (d, /= 11.5 Hz, 1 H, benzylic-H), 4.32 (d, /= 11.5 Hz, 1
H, benzylic-H), 3.99 (brs, 1 H, H-3), 3.86 (dd, /= 10.0, 5.5 Hz, 1 H, H-5), 3.74 (brs, 1 H, H-4), 3.58 (dd, J
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=10.5,5.5 Hz, 1 H, H-6), 3.49 (dd, J=10.0, 5.0 Hz, 1 H, H-6); 3*C NMR (CD-Cl,, 125 MHz, at -80 °C) &
197.1 (cationic-C), 111.5 (C-1), 77.5 (C-2), 74.1 (C-5), 72.6 (benzylic-C), 71.6 (benzylic-C), 71.5
(benzylic-C), 69.1 (C-4), 67.8 (C-3 and C-6).

TBDPSO anodic TBDPSO
BnO 0 oxidation BnO 0
BnO SAr———— "Bno

PivO BuyNOTf +,0
1e CD,Cl 7 O o
Ar = 4-FC6H4 -78 °C tBu

3,4-Di-O-benzyl-6-O-tert-butyldiphenylsilyl-D-glucopyranosyl pivaloxonium triflate (7). Anodic
oxidation of thioglycoside 1e (0.102 mmol, 81.0 mg) afforded 7. Selected data for 7. 'H NMR (CD:Cl,,
500 MHz, at -40 °C) 6 5.79 (d, /= 7.0 Hz, 1 H, H-2), 4.60 (d, /= 12.0 Hz, 1 H, benzylic-H), 4.51 (d, J =
12.0 Hz, 1 H, benzylic-H), 4.46 (d, /= 11.0 Hz, 1 H, benzylic-H), 4.28 (d, /= 11.5 Hz, 1 H, benzylic-H),
4.00 (brs, 1 H, H-3), 3.87 (brs, 1 H, H-4), 3.76-3.71 (m, 1 H, H-6), 3.67-3.62 (m, 2 H, H-5 and H-6); °C
NMR (CDCly, 125 MHz, at -80 °C) ¢ 196.9 (cationic-C), 112.2 (C-1), 78.4 (C-2), 75.1 (C-5), 72.0
(benzylic-C), 71.6 (benzylic-C), 69.7 (C-4), 69.3 (C-3), 61.3 (C-6).

TBDPSO anodic TBDPSO
BnO O oxidation BnO o
BnO SAr— = "Bno

BzO BuyNOTf +0
1f CD,Cl, 8 o</< -OT
Ar = 4-FCgH, -78°C Ph

3,4-Di-O-benzyl-6-O-tert-butyldiphenylsilyl-D-glucopyranosyl benzoxonium triflate (8). Anodic
oxidation of thioglycoside 1f (0.101 mmol, 82.2 mg) afforded 8. Selected data for 8. '"H NMR (CD,Cl», 500
MHz, at -80 °C) 6 5.89 (d, J=7.0 Hz, 1 H, H-2),4.70 (d, /= 11.5 Hz, 1 H, benzylic-H), 4.59 (d, J=12.0
Hz, 1 H, benzylic-H), 4.36 (d, /= 10.5 Hz, 1 H, benzylic-H), 4.27 (d, /= 10.5 Hz, 1 H, benzylic-H), 4.26
(brs, 1 H, H-3), 4.07 (brs, 2 H, H-4 and H-5), 3.88-3.80 (m, 1 H, H-6), 3.76-3.68 (m, 1 H, H-6); *C NMR
(CD:Cly, 125 MHz, at -80 °C) 6 180.2 (cationic-C), 110.7 (C-1), 77.4 (C-2), 75.2 (C-5), 72.2 (benzylic-C),
71.8 (benzylic-C), 70.6 (C-4), 69.5 (C-3), 61.6 (C-6).
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'H and 3C NMR spectra of synthetic intermediate S3 and building blocks
'"H NMR
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"H NMR
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"H NMR
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"H NMR
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'H, 3C NMR, H-H COSY and HMQC spectra of trisaccharides
'"H NMR

o o M- 6 B-GBE -
OOV ENOCYMMOYNNOT AN ATAMEMUONANNNMAOM A EYoc oo B *‘”EE(’PLE
COMOOPOOOFFF YNNI N—AOMN— —AO0O0AMNOW MO oe Mmoo BIFHG 1
MONNNNNNNNNNNNANNNANNNNNNAOE YV e W 90N o -~ - PROCHO 1
e m e W Tl e n wma e mC o AL ey omr. Ay ke w6 e W m. e gyt oD ey G 0Dt i mEL I oyt o ge em g mr . i) TISEe, 20170128
e e el ol e o o S S S S e e e e e e e N e el I Il e I I T R B 12.30

= HMHWM%/ INSTRUM spect
i BROBHD 5 mm PABBO BB-
FULPROG zg30
D 65536
SOLVENT coel3
ns &
bs 2
BnO : SWH 12335,526
FIDRES 0.188225
BnO (0] B0 2.6564426
(0] a6 4
BnO - e 10.533
PivOBnO O, DE 0
O 8 292.9
BnO D1 1.00000000
PivOgnho (0] i !
, BnO SAr CHANNEL £l =
. . 1H
3a PivO 13.00 usec
- -2.00 dB
Ar = 4'FCBH4 18.91009140 ®
600.1337060 MHz
32768
600.1300240 MHz
EM
[]
0.30 Hz
! 0
1.00
| 1
|
[
j U\j ! |
T T T T T T T T s T
8.0 7.5 7.0 6.5 6,0 5 2.0 2.5 1.0 0.5 ppm
n [ [ || (0 [t
= |=r = |0 |O - | O =
| [o|o o oo
Ll (ae1{aV] ol fa] {ec]vo] fan]
BC NMR
NRME 5H-66-GPC-
VI N AN MONO~NOAYRE®OMGE NSO
NOTNTMON@NOOEDNMONEW T AMOE OO O EOM N0~ M0
NN HON AN TMMAORDOE~NMMAAOOAN HNOE A~ 0MOW N O NG 0w setas
e e AN DO NAOO®DE MO 20170128
omoouUuunoooeomoer~r~~RRRERREREREROINAHS - - s s s s s s e e s s e e s 8 s s s s me 12.58
MMM NN NNNNNNNNNNN®N -0 CM™MOOFSUUIWW S s s <t 00 oM INSTRUM spect
= o = e e e e e e e e e e e 80 00 [ [ P e e T T e P e e T T M) O PROBHD 5 mmn
= PULEROG

BnO
BnO O,
BnO o
PivOBnO 0]
BnO o
PivO (0]
B3 SAr
3a PivO
Ar = 4-FCGH4

0
SOLVENT
nus

Ds 2
SHH 36057.601
FIDRES 0.550197
AQ 0.%08B15%
RG 203

125.22 (3

150.5178988
CHANNEL £2
walt

32768
150.9028090 M
M

0
1.00 Hz
0

1.40

T T g
160 140 120 40

35

20 Ppm



H-H cosy
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HAME SM-66-GPC-2
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H-H cosy
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NAME KTM-129 GPC-2 data
EXPNO 12
PROCNO 1
Date 20180609
Ti: 11.48
INSTRUM spect
PROBHD 5 mm PABBO BB-
FULPROG cosygpqf

2048
SOLVENT €DCl3
NS 1
DS 8
SWH 5263.158 Hz
FIDRES 2.569901 Hz
AQ 0.1946100 sec
RG 64
oW 95.000 usec
DE 6.50 usec
TE 300.0 K
Do 0.00000300 sec
D1 1.42012703 sec
D13 0.00000400 sec
D16 0.00010000 sec
INO 0.00019000 sec
====osoo CHANNEL fl s=======
KUC1
PO 13.00 usec
Pl 13.00 usec
PLL -2.00 dB
PL1W 16.91009140 W
SFO1 600.1322776 MHz

GRADIENT CHANNEL =====
SINE.100
10.00 &
1000.00 usec
1

600.1323 MHz
41.118420 Hz
8.770 ppm
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65536
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RO 2.,6564426 sec
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bl 1.00000000 sec
T00 1
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HUCE 1H
Bl 13.00 use
PL1 =-2.00 dB
PL1W 18.31009140 W
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SF 600.1300234 Mz
oW EM
558 0
1B 0.30 Hz
GB o
BC 1.00
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H-H cosy
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H NMR
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SFOL £00.1337060 MH=
sI 32768
SF 600.1300354 MH=
WD EM
S5B 0
. 1B 0.30 Hz
GH o
BC 1.00
‘lni AL 1Y AT Y . \
T T T T T T T T
6 5 4 3 2 1 0 ppm
e b=t E%%ﬂ?%%-%%ﬁfa%’ﬁ.n T &)
Al ~ S RN NSO S Aad | eS b |
-=
13
C NMR
AN OYA A DSURNENAMIE-NOEN T O AMNMOO
BTN SN T O T AT ORI TN ON A A AN TR AN ODHRN YN o
WO H NN =AY MNMAATON AR T FM RN T OO ONMNOY SO MM
N OO NAN NS TMMA AN VA TN ANANE NN O A D OON A M@0 w00 nm DN
. . T WNOR I NUNORNCRA RO TAR RN~
B e e o e T e B i R e e R e e e R e e e B e e D NN
MMM NN TI00Y T MMSOE Y ON ST T T 0NN ®EE0M e NAME KTH-233 fz.94-60
B R R R I B e R e e e e e e i B i B e B B e N N N N T S e e N MV ki 20
= / i (ﬁ#‘ BROCHO 1
Date 20210112
Time 15.31°
INSTRUM speat
PROBHD 5 nm PABBO BB-
FULFROG zgpg30
TD 65536
SOLVENT CLe13
NS 500
DS 2
SHH 36057. 691
FIDRES 4.550187
RO 0.9088159
O RG 203
” Dt 13.867 uses
DE 6.50 usec
PIVOBI’\O O TE 295.5 K
BnO (0] T D 2.000G0000 sec
bL1 - ©.03060000 s=c
PivOgno (0] 100 1
3d BnO SAr . mosommem CHANNEL £l suscscos
i NUeL 13¢
PIVO Pl 10.00 uses
=4 PL1 -1.00 dB
Ar = 4-FCgH,4 PL1N 125.22619629 W
E 150.9178988 MH=
cmnemoso CHANNEL £2 scoscuu=
CPDPRG2 waltzlé
14
PCFD2
PL2 4B
PL12 .78 dB
PL13 14.00 dB
PL2W 1B.51002140 W
PL12W 0.43968192 W
PLL3W 0.47499999 W
SFOZ €00.1324005 MHz
sI 32768
SF 150.9029090
won EM
SSB 0
LB 1.00 Hz
GB i
PC 1.40

T T T T T T T T T T T T
17¢ 1&0 150 140 130 120 110 100 90 8o 70 60 50 40 30 20 .10 ppm
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H-H cosy

Co><)

NAME KTM-233 fr.54-60
EXPNO 1}
PROCNO
- ppm Date_ : 2u2121ug
K Time 16.4
PivO INSTRUM spect
& Eo PROBHD 5 mm PABBO BB-
BnO (0] s PULPROG cosygpqf
O ™ 2048
BnO . SOLVENT €Del3
PivOBhO O us :
Bn O L q SWH 5208.333 Hz
PivO & FIDRES 2,543132 Hz
vOBnO aQ o.wsaggg sec
RG .
3d BnO SAr & oW 96.000 usec
PivO DE 6.50 usec
L2 TE 294.6 K
Ar = 4-FCgH, Do 0.00000300 sec
bl 1.41807902 sec
D13 0.00000400 sec
Dlé 0.00010000 sec
INO 0.00019200 sec
3 smseosss CHANNEL fl ==ssss==
1H
13.00 usec
., " 4 13.00 usec
.. -2.00 dB
o & 18.91009140 W
. 600.1322427 MHz
’ GRADIENT CHANNEL =ee=s
SINE. 100
10.00
L 1000.00 uvsec
1
600.1322 MHz
40,690105 Hz
B8.679 ppm
QF
1024
600.1300154 MHz
SINE
0
u.ug Hz
- -
1.40
.‘ 1024
¥ . aF
600.1300154 MHz
SINE
0
T T T T T T T
0.00 Hz
8 7 6 5 4 3 2 1 [

HMQC
BRORER
LS

NAME KTH-233 £r.58-60
22

Exeno
PROCNO 1
Date_ 20210112
AJ Tise 15.34
INSTRUM spect
P S == PABEO BB-
'y PR Y U TV PULPROG opqf
™ 1024
SOLVENT cl3
s .
DS 16
SWH 4901.561 Hz
FIDRES 4.787071 Bz
—_— ﬁ U.lU“!:g 28c
o lﬂZAﬂgﬂ usec
DE 6.50 c
T 294.9 :'"
HST2 145. 0000000
0 0-00000300 sec
bL 1.47952857 sec
D2 0034428 sec
D1z 0.00002000 sec
i3 000000400 Sec
60 ™ 3:00082000 2oc
L ! et
® @ b CHANNEL f1 ""'"“"'1.
q Pl L 13.00 usec
T = 80 e
FLIW 18.51009140 W
= ~ 80 s £00.1325185 M=
- ceorRez ey
c2 . 13C
3 10.00 usec
scroz 60100 usec
- L 100 @2, e @
PL2W 125.22619625% W
PLLIW 2.86876655 W
SFO2 150.5181255 M=
— - e GRADIENT CHANHEL ssees
PiVO 120 S amm
GPRAM3 SINE.100
— BnO A o o it
] BnO 8 L
- 8
PivOBno %o 140 T, il
BnO Fiones 195381
PivOBnO o} fovooe =
SA SF 600.1300272 Mz
3d BnO r L 160 = astug
- PivO g o080
- < 1.40
Ar = 4-FC6H4 st 1024
b~ lstfz 1%0. ’02902; L.
T T T T T T T T T T T T T T by oexme
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm 2 e

42



PROBHD
PULPROG
™
SOLVENT
s

MNODOS<rT~AM~EAOMOO g M
OO MMMOAN-HO@MS W0 s MM NN
WOWOMMMMOANNN NN NMNC
S N
“m‘,\%\\{l A, ‘
|
l|
i | 1
TBDPSO
BnO O
BnO 0 !
PiVOBnO Q
BnO 0
PivOgno (0]
3e BnO SAr
PivO
Ar = 4-FC6H4
I
1
F |
u* h :{ﬁhﬂ'w o Iﬁﬂ fhy . L
Ll R 1

5 mm

6.0 5.5 5.0 4.5 1.0 0.5 ppm
| J
—ea[mwle]  [m]ao|[—]o IR I
ol-n|eel  on|callola |ufen |
Gl L [ (=] (Ve (=10 [Tal | (=] (o)} oo
Nr—f‘v—lwkﬂ SHEXE e = oo o o
13
C NMR
HAME KIM=142 GPC-2 data
EXPNO 10
FOOTANPODOMDOUEC-ONANC AN A RSO
OCERNONOPLNAUOTNO SO VOTCAOMO =M OOO DN M NLE e AG0 A SWD PROCND 1
OOV IO AR SUN TN A0 OO A0ORAINME N AN AN Date_ Z0IB0B23
e e e ar e e e e s e s s A ANNAN ADNOR R DB NS M Time 13.50
WOWMI WA RO ™ F =W + + 1 1 4 & b s b4 a1 a4 a1 INSTRUM spect
MMM NNNNNNNNNNNNNNNNNAASFOMAS 0N ST S TOom|e 0o PROBHD 5 mm PRBBC BR-
Hd A A A A A A A A A A el A A A A~ 00000 - - e M) O
L PULPROG zgpa30
*, \KW“’%%/ 65536
SOLVENT cpCl3
n3 500
! DS 2
SWH 36057.601 Hz
FIDRES 0.550197 Hz
hQ 0.308BL59 sec
RG 203
oW 13,867 usec
DE 6.50 usec
TE 298.6 K
Dl 2.00000000 sec
DLl £.03200000 sec
TDO 1
CHENMMEL £1
el 3¢
Ar = 4-FCgHy PL 10,00 uses
EL1 -1.00 dB
! . ELIW 125.22619629 W
SFO1 150.91780988 MHz
= —= CHANNEL £2 =
CPDPRG2 waltz1§
NUC2Z 18
FCPD2 8C.00 usec
PL2 -2,00 dB
PL12 13.78 dB
PL13 14.00 dB
PLZW 1B.91009140 W
] PL1ZW 0.49968192 W
BL13W 0.4749959% W
8702 600.1324005 MHz
ST 32768
SF 150.9028090 MHZ
WOW EM
| 1 SSB [
i | | | L8 1.00 Bz
| GB o
i i BC 1.40
. ] 1 ity 1
1
1 h l | J
T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 ppm
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H-H cosy

NAME KTM-142 GPC-2 data
EXPNO 1z
PROCHO 1
- - l ppm e 20180623
Time 13,52
INSTRUM spect
— . Lo PROBHD 5 mm PABBO BB-
1 . PULPROG cosygpqf
T 2048
SOLVENT coel3
NS 1
DS &
: P SHH 5376.344 Hz
1
j FIDRES 2.625168 Hz
: a0 .0.1305140 sec
RG 14,2
Pl oW 93.000 usec
DE 6.50 usec
L2 TE 296.5 K
Do 0.00000300 sec
b1 1.42422295 sec
D13 0.00000400 sec
D16 0.00010000 sec
™o 0.00018600 sec
F3 ==ccmc== CHANNEL £l sewewsss
R nucl o
PO . usec
% 0 P1 13.00
- gaqf PLL ~z.00
6 o L4 PLIW 18.91009140
sFO1 600.1323391
Gy = GRADIENT CHANNEL
g A1 SINE. 100
10.00 %
&° % L -5 1000.00 usec
128
600.1323 MHz
TBDPSO FIDRES 42.002689 Hz
SW B.959 ppm
BnO (0] o L6 FRMODE QF
SI 1024
nO } SF 600.1300446 Mz
PivOBnO (o] o WDH SINE
. BnO 5 0.00 Hz
i - GB [
a PIVOBnO (0] SA 7 o 1.40
= BnO r sI 1024
e e 3e PivO w2 QF
@ 0 . SF 600.1300446 MHz
= 4- WD SINE
} | ‘ ‘ Ar 4| FCgHy. . . ; 8 S8 8
8 7 6 5 4 3 2 1 0 ppm cs 0
BL)Q)
HAME KTH-142 GPC-2 data
B i
Date_ 20180623
i
5 mm PAIBOP:I—
s M A M _a_ hnqcgpqf
1024
m:x::
— sat6.348
$.250336
0.0552820 sac
—_— 220
#3280 ac
266.2 &
- 145. 0000000
0.00000300 sec
1.39814558 soc
i
0.00000400 s0c
0.00010000 sec
0.00002000 sec
E < cocauee GHANEL €1 mmmmemn
] o © g e
. i 100 usse
é % D & PLL 200 dB
Re=2 - 80 o Sirisaiet e
3 . & e CHANNEL £2 =
CPOPRGZ :;g
e 10100 usec
BCPD2 60.00 usac
- <« [-100 2, i o
128 125.22619620 W
PLL2W 2.86876855 W
$FO2 150.5141255 MH=
. ‘@' wewssa GRADIENT g}gﬂ;‘gb P
120 & Sihe: 100
GPNAM3 S]HE.I:: '
—— TBDPSO Ghiz 55004
3 £-6 0 ae wabizig &
- BESO (0] 140 © o
. . 0.9141 MHz
PivOBnO (o] FioRes 195,201381 i
B0 0 B i
" PivO (o] o 600, 1300148 sot
se X :
vOBno SAr 160 = QSINE
3e BnO . 8 0.00 He
PivO B "
5 1024
Ar = 4-FCgH, sz
- SF 150. 9028090 MH=
T T T T T T T T T T T T T T s Gstng
.00
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm 2 o0 e
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9.'H, BC NMR, H-H COSY and HMQC spectra of disaccharides
'"H NMR

NEME KTM-212 H
EMPHO 10
PROCNG 1
MO EHMUMOTNMOTMONYWYWUMAHONEWN MDY oM oo M08 na Date_ 20210118
AT OV ANDNNNONNCEOTITNM AT TOACDMWNNRONNON AN O Time . 18.37
QOO OOV ONTNA TN NOONVWO TR OON GO0 NmM INSTRUM spact
AP MANNNNNANNNNNNNN OO~ @ OUIN N T T TO0 0w 0N~ BROBHD 5 mm PABHD BB~
N i i e i o o o e i e e R e N e Ry R R TouERes 52‘5’22
SOLVENT COC13
s 16
- DS 2
SHH 12335.526 Hc
FIDRES 0.188225 Hz
AQ 2.6564426 szec
RG 114
BnO D 40.533 usec
DE 8.50 Usec
TE 294.5 K
BnO 10 o1 1.06000000 sec
BnO 0 1
PivO BnO O = CHANNEL £1
BnO SAr
. 13.00
PivO PL1 -2,00 @B
PLIW 18.91009140 W
4a sFol £00.1337060 Mz
SI 2768
=4- SF 600.1300259 MH:
Ar 4FC6H4 o E
58B 0
LB 0.30 Hz
GB 0
FC 1.00
b Mi i A JJL
T T T T T T T T T
7 6 5 4 3 2 1 ppm
SEfEoE §5cEReYERREE A5
| ] d| | ] i S| S|ed|v= v [oh] 03| S | oF | =] = o= aife3
13
C NMR
oy HEHOWOESON-OYN 0N DN @M@ e
W HODTAY SNV NN NIMELYNOTNAORY AN EQO MU 00 00 - «© o @ iy
o NN RO TPNMEAIO Ml NI HIODMATNAFREO T O®RE O WM =@ 0
~ CEHO O ORI OO MDDV IMAHANHON ST VNN - O TNO OO P &0 .
. P e e e s e e 4 d e 1y e e e s AN NSONNS OO T M A ~ -
C g R Ik b L L L i vt vl n v i R = I L N R .. Ik
[ng DO MmO MmN NNNMNNNNNA DU 0n 0 ST N Do 0 W Ll it
— A el A A A A A AA AR AT A A OB A EERECD0 Mo o o KTW=-212
EXENG 10
| [ V PRt ;
) Date_ 20210118
Time 11.28
INSTRUM apect
PROBID 5 mm PABBD 5
FULPROG zgpg30
TD 65536
SOLVENT coeld
NS 300
s 2
B 36057, 691 Hz
BnO FIDRES 0.350197 H=
O AQ 0.9GE3159 seo
RG 3
BnO [e) . o i3.667 usac
BnO . OE E.50 usec
i TE 299.3 K
PivO gno O D1 2.00000000 sec
BnO SAr D11 0.03000000 sec
. TDO 1
PivO
4a
=4- PL1 -1.00 dB
Ar = 4-FCgHy FLLN 125,22619625 W
SFO1 150.9178988 MHS
1
CPOPRG2 waltzlé
wic2 1H
PCFDZ 80.00 usac
pL2 -2.00 dB
FL1Z 13.78 dB
PL13 11.00 dB
FLZW 18. 91009140 W
PLLIW 0.49968182 W
PL13W 0.47499959 W
sFOZ 600.1324005 Mz
51 327
I sF 150. 5028090 MH=
[l WDW EM
558 [
LB 1.00 Hz
GB o
FC 1.40
T T T T T T T T T T T T T T T 1
170 160 150 140 130 120 110 100 20 BO 70 &0 50 40 30 ppm
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H-H cosy

JLJ NAME KTH-212
ZXPNO
m  ERooNC 1
A Y Ao ppm g 20210118
Time 18.37
INSTRUM spect
BnO PROBHD 5 mm PREBG BE-
o # -1 PULEROG cnsygg?g
= :
ng)o fe) . SoLvent apels
i o8 B
PIVO-BI’IO O SHi 5319,149 B
BnO SAr Lo TIDRES 2.557241
. aQ 0. 1925620
PivO RG 5.2
oA 54.050 uses
4a . CE .80 usac
TE 234.5 K
=4- - oo 0.00000200 s=c
Ar = 4-FCgHy 3 o: 1.42217505 sec
2:3 0.00D0040% =sec
3 oie 0.9ODLT0T sec
p . IHD 0.40019800 sec
O &
- ee a 4 = CHANNEL fl mem===cn
- 1k
< v w -4 £3.00 asec
12.00 usec
-2.00 dB
) 18.9100%140 W
—g ¢ Eaﬁ’ 500.1322631 Mz
B
- ---—= GRADIENT CHANNEL =
- @ 3 » F5 GENAML SINE. 150
A azEl 10.60
P16 160000 usec
HED 1
10 . 128 -
SF01 &00.1323 M=
L6 FIDRES 41.553351 A=
FrMODE s.sg'i\ een
il £
&1 1324
5F H00.1300259 MHZ
WDW SINE
ss8 9
— 1B 0.0 N
a @ 7
GE a
I : P 1.4
- s1 1024
® o2 aF
aF 600.1300259 MH=
WO SINE
¢ T T T T T T T T T BARaawasssnasns nany 8 gsaia D.UEH:
80.75 7.0 65 60 55 50 45-40 3.5 3.0 25 20 1.5 1.0 ppm B 0
NEHE RTH-212
ZHIND 12
FRECHO 1
Data_ 20210118
Rls"'muu e
- k' A . Aot o — PP s o e 5
Boverr s
=
| @G LS 1E
e, 180 1
TIDRES 5.138802 M=
;;5 3‘3973333 e
A - 40 o 95. 000 nasc
CE .50 usec
TE 2948 ¥
CHET2 145, 0000000
=) U.000003ED Fac
g pEmE
| g0 ot 0100002000 =ac
ok 0.00000400 zac
D16 0.000100B0 sat
M0 0. 00002000 zac
o
F =” .
= 3 = BL 13,00 useg
— G u EY - 2 2600
h ° - 80 &, ) oo
3 o FLIW 1E_£100% 140 W
4 L= SRAY GO0 AIZZETE HH-
mnesms=sn CHARNEL 3 Saanomas
CROPRGZ
mcz
,100 B3 [
E © PoEDz uges
[ B
PLIZ i3
BLW H
PLI2W W
B o R T02 M=
120 - Gm“"‘;ﬁ‘,ﬁ‘,”,‘&'s —
SIKB. 10D
i & Bio— g
] e BB(n)O 0 140 1080:85 brac
- 2
PivO O roL 150,510t m
Bno SA TiDRes 158zl B
r
BnO PO FrHODE aoft
1300, =
v ~160 ‘Z;I: Fre- e
4a 18 2,00 #=
Gl 1
- P 1-40
Ar = 4-FCGH4 = Lozg
b - 8F 150. 3028050 Hiz
T T T T T T T T T T T T T T T fecd asINg
85 80 75 TO0 65 60 55 50 45 40 35 30 25 20 1.5 1.0 ppm £
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PivO 0
BEE’ SAr
PivO
4e
Ar = 4-FCGH4

T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3

T T

T T T T T
.5 3.0 2.5 2.0 1.5 1.0 0.5

[ EIE éov\ﬁr— o[ |o]w]—|o o|m|oo]
~|o|o oS b || |oujn||ojolo o= [~
oloo | =1t =] oo ||| (v |o||m]ajo 0|
o O N o~ o N o] ol |Hw|lo|lo oo |~ |
13
C NMR
NMANHSIEFENHANNONVYVRAONATO N A
CMNOHVNEFONMOFEMHAEANIVNTNTTONCOTIINNONHONTO- MOV WY
FOHHOCONTMOVYTTMORRYNMANOOCOUHYVERTYVNANOFOANO
B R e e s s aMOMEONHNHO AT~V AHOM
P OO MOARN@OOMN=~OWH + « s & & & & & 4 4 & 0 a s &+ = = -
FEMMMMMOMOPNANNNNNNNNNNAAOYWTNACC YNV TM AN~ Y R
(-|Hl"|—|r—|HHHHF(HHHMHHHHF‘P‘HHHHHG’D@I‘I"!“l"'l"‘l"‘l'“l"‘l"—l"—‘ﬁ\bl""NNH
TBDPSO !
BnO O, o
BnO
ivO
BnO O
BnO SAr
PivO
4e
Ar=4-FC6H4
i
|
I
1
| I
[ | I'I ¥ ! "
1
I e
— | L '
N L. . "
L, o v J - ’
T T T T T T T T
160 140 120 100 80 60 40 20 ppm
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KTM-142 £r.27-35 data
11

1
20180623
14.40
spect
5 mm PABBO BB-
zg30
65538
cocl3
16
2
12335.52€ Hz
0.188225 Hz
2.656442€ sec
57
40.533 usec
6.50 usec
296.9 K
DL 1.00000000 sec
DO 1
ms=semsas CHANNEL £l sssses=e
NUC1 1H
Pl 13.00 usec
PL1 =2.00 dB
PL1W 18.51009140 W
SFO1 600.1337060 MH=z
s1 32768
SF 600.1300255 MHz
WOW E¥
SSB Q
LB 0.30 Hz
GB 0
PC 1.00
NAME KTM-142 £r.27-35 data
EXPNO 10
PROCNO 1
Date_ 20180623
Time 14.38
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zgpg30
TD 65536
SOLVENT copcl3
NS 500
DS .2
SWH 36057.691 Hz
FIDRES 0.5501897 Hz
AQ 0.5088159 sec
RG 203
D 13,867 usec
DE 6.50 usec
TE 298.7 K
D1 2.00000000 ssc
D1l 0.03000000 sec
DO 1
CHANNEL £1
NUC1
P1 10.00 usec
PL1 -1.00 dB
PL1W 125.22619629 W
SFO1 150,9178988 MHz
CHANNEL £2
CPDPRGZ waltzl6
NuC2 1H
PCPD2 B0.00 usec
PL2 -2.00 dB
PL12 13.78 dB
PL13 14.00 dB
PL2W 18.91009140 W
PLL2W 0.49968152 W
PLL3W 0.47499999 W
SFO2 600.1324005 MHz
SI 32768
SF 150.9028090 MHz
WiDwW EM
8SB o
LB 1.00 Hz
GB 0
eC 1.40



H-H cosy

Co><)
(o<

BRUKER
NRME

A_m KTM-142 £r.27-35 data
EXPNO 11
PROCNO 1
ppm e 20180623
e -0 Time 14.40
® TINSTRUM spect
PROBHD 5 PABBO BB-
TBDPSO PULPROG 2930
0 . ™ 65536
BnO ] SOLVENT coci3
L s 1
BnOA==—0 LI :
PivO 0 siH 12335.526 Hz
Bno o FIDRES 0.188225 Hz
BnO SAr RQ 2.6564426 sec
. RG 57
PivO F2 ] 40.533 usec
4e DE 6.50 usec
™ 296.9 K
Ar = 4_FCGH4 21150 1.000001 0 sae
B -3
.= 3] 13.00 usec
’ PLL =
o °a 8 PLIW 18.91009140 W
A L4 SFOL 600.1337060 Mz
e sI 32768
sF 600.1300255 Mz
WO B
ssB 0
1B 0.30 Hz
a -5 GB 0
o BC 1.00
L]
’ -6
F7
8
T T T I T T T T T
8 7 6 5 4 3 2 1 0 ppm

NAME KTM-142 fr.27-35 data
EXPNO 11
PROCNO 1
Date 20180623
i 14.40
spect
PROBHD 5 mm PABBO BB-
F 0 PULPROG Ggggo
6
f TBDPSO SOLVENT cocl3
d NS 16
; no (0] P 12335.528
; L SHH . Hz
Bno . 2 FIDRES 0.188225 Hz
PIVOB 0 0 aQ 2.6564426 sec
n \_SAr RG 57
BnO DH 40.533 usec
PIVO DE 6.50 usec
- TE 296.9
4e 40 p1 1.00000000 sec
TDO 1
Ar = 4-FC6H4
CHANNEL f1
NUC1
@ - 60 Pl 13.00 usec
L1 -2.00 d8
o @ PL1W 18.91009140 W
@ 501 §00.1337060 Mz
% ege 5 s1 32768
@ o - 80 SF 600.1300255 MHz
& WDH EM
° 5B 0
8 0.30 uz
GB 0
100 C 1.00
° L
&
-120
i 140
| T T T T T T
8 7 6 5 4 3 1 0 ppm
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as]
Z
<
=

NOOMNOOOANA~NAHOPRNYEFY O A9 N AN AR ANMEAONCSEMIO N0
COOVUYY DOV LCEMOAF =R~V NONON MO = OMMr0HOO~00W0NO oLy
OO SOOI MONNNNNNN A A0 0ROV NN SO
L T T V. ]
TBDPSO
BnO 0 o
BnO
BzO 0
BnO
BnO SAr
BzO
4f
Ar—4-FC6H4
i HMMLM B0 N T
T T T T T T T T T
8 7 6 5 4 3 2 1 ppm
R z.q
LR LS BB P BN P 21D Do L @
13
C NMR
™o o wur-mo
i~ o own 2 W® W, 0
n o -ma O ] [nd
09 ©e e 33 5
Wy oy wy ' M Ll . .
0D LuEu Xyl [ R R L)
-~ - - -
TBDPSO
BnO O,
BnO
BzO
BnO
BnO SAr
BzO
af
Ar:4-FCGH4
“ | H ‘ . |
' o R - v
T T T T T T T T T T T T T T T T 1
160 150 140 130 120 110 190 a0 80 70 60 50 40 30 20 10 ppm
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NAME KIM-207
EXPHNO 10
FROCHO 1
Daze 20210120
Time™ 9.28
TMSTRUM spect
PROBHD £ mm PABEO BE-
FULPROG =330
65536
SOLVENT COC13
NS 16
D3 z
SWH 12335.524 Ho
FIPRES 0.189225 Ho
2.56564426 s8C
RE - 203
jus 40.533 usgsc
DE 6.50 usec
TE 283.6 K
Dl 1.06000000 sac
DD 1

FL1 -2.0C dB
FL1W 18.31009140 W
SFO1 600.1337060 MH=
8T 32768
sr 00, 1300860 MH
WOV £
88B o
1B a.30 Hz
e3 0
Pl 1.00
NAME KTM-207 GPC-1
EX NG 10
FROCNO 1
Date_ 20210212
Tima 14.00
IS TRUM spast
FROEEHD S mm FABSD BB-
FPULPROG =gpg30
™ 65536
SOLVENT cbcls
NS 500
bs 2
SWH 36057.631
FIDRES 0.550137
AQ C.9CES159
RG 20,
oW 13.6867 usec
DE €.%0 usec
TE 297.2 K
Dl 2,00000000 sec
D11 0.03000009- sac
DO 1
mmomsscs CHRNNEL f1 ===
NJC1 13C
Pl 10.00 usac
PL1 -1.00 dB
PLiW 125.22619629 W
8FC1 1502178986 MHT
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'H, 3C NMR, H-H COSY and HMQC spectra of glycosyl dioxalenium ions
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Chapter 2.

Electrochemical Synthesis of the Protected Cyclic (1,3;1,6)-B-Glucan
Dodecasaccharide

Introduction

Electrochemical transformations of small molecules have been used as a powerful set of tools in organic
synthesis for many decades.' Recent progress in this area has enabled the synthesis of complex molecules
such as natural products,? peptides,’ and oligosaccharides.* We have been interested in the automated
synthesis of oligosaccharides using electrochemical methods and have developed a method named
‘automated electrochemical assembly’ (AEA), which is based on electrochemical generation of a
glycosylation intermediate and its subsequent coupling with alcohols, including oligosaccharides.’

Cyclic oligosaccharides such as cyclodextrins (CDs), which contain 1,4-0-linked D-glucopyranose,
have attracted the interest of researchers for more than a century because of their unique structures and
properties.® To our knowledge, 5-CD (nonasaccharide) is the largest CD that has been chemically
synthesized to date.” With regard to cyclic oligosaccharides containing other glycosidic linkages and
monosaccharides, cyclic oligo-1,6-B-D-glucosamines up to the heptasaccharide were synthesized by the
Nifantiev group® and our group.” More recently, our group reported the synthesis of cyclic oligo-1,4-a-N-
acetylglucosamine ‘cyclokasaodorin’ through an electrochemical polyglycosylation-isomerization-
cyclization process.!” In this case, however, only hexasaccharide and heptasaccharide were obtained.
Therefore, the chemical synthesis of large cyclic oligosaccharides remains challenging.

We then focused on a natural oligosaccharide isolated from Bradyrhizobium japonicum MTCC120.!!
The oligosaccharide has a cyclic dodecasaccharide structure that consists of two types of glucose
trisaccharides with -(1,3)- and B-(1,6)-glycosidic linkages. Here, we report the electrochemical synthesis
of the protected cyclic (1,3;1,6)-B-glucan dodecasaccharide as a potential precursor of the natural cyclic
dodecasaccharide.

Results and Discussion

Protected cyclic dodecasaccharide 1 has a symmetric structure that consists of B-(1,3)- and B-(1,6)-
glycosidic linkages (Figure 2-1). Thus, we envisioned that an ideal approach to synthesize protected cyclic
dodecasaccharide 1 would be through dimerization of the semi-circular hexasaccharide building block 2
followed by cyclization in the same pot. These semi-circular hexasaccharides 2a and 2b were considered
suitable building blocks because they both have a protecting-group-free hydroxy group (2a: 3-OH, 2b: 6-
OH) and thioaryl (SAr, 2a: Ar = 4-FCeHa, 2b: Ar = 4-CIC¢H4) leaving group at the anomeric position (C-
1). To examine the hypothesis, we synthesized the semi-circular hexasaccharide building block 2a, bearing
two B-(1,3)-glycosidic linkages and three B-(1,6)-glycosidic linkages.'? Although 2a was prepared under
the electrochemical conditions, its total yield was very low. Moreover, 2a had a protecting-group-free 3-
OH which must be less reactive than the 6-OH group. Therefore, we designed semi-circular hexasaccharide
2b as a building block equipped with a protecting-group-free 6-OH. Semi-circular hexasaccharide 2b could
be disconnected to disaccharide building block 3 and tetrasaccharide building block 4b with B-(1,6)-
glycosidic and B-(1,3)-glycosidic linkages, respectively (Figure 2-2). Tetrasaccharide 4a, as the precursor
of 4b derived from disaccharide building block 5, with a B-(1,3)-glycosidic linkage, and two equivalents of
monosaccharide building block 6, equipped with the protecting-group-free 3-OH.
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Figure 2-1. Semi-circular hexasaccharide building blocks for the protected cyclic (1,3; 1,6)-p-glucan.
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Figure 2-3. Devises for automated electrochemical assembly. a) Divided electrolysis cell equipped with

platinum plate cathode and carbon fiber anode. b) The 1st generation automated electrochemical synthesizer.
¢) Schedule of synthesizer for a single cycle.

Automated electrochemical assembly was performed using a middle-size divided electrolysis cell (15
mL for anode and cathode) equipped with carbon fiber anode and platinum plate cathode under argon
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atmosphere (Figure 2-3a). The electrolysis was placed in the cooling bath of the 1st generation automated
electrochemical synthesizer (Figure 2-3b). The synthesizer was composed of chiller with a cooling bath,
stable direct current (DC) power supply, syringe pump, magnetic stirrer, and personal computer (PC), and
these devices were controlled by LabVIEW installed in the notebook PC. The schedule of a single cycle
was shown in Figure 2-3c. The DC power supply applied a constant current (13 mA, 1.05 F/mol) during
the anodic oxidation and the electrolysis time (4677 sec = ca 78 min) depended on both reaction scale (0.60
mmol) and current value (13 mA). The chiller kept two temperatures -50 °C and -30 °C during anodic
oxidation and glycosylation, respectively. In some cases, we switched off the chiller before quenching of
the reaction and raised the temperature up to 0 °C to complete the glycosylation. Two gastight syringes
were filled with solution of a building block and solvent for anodic chamber and cathodic chamber,
respectively. They were set to the syringe pump and solutions were added at rate 1.0 mL/min after
electrolysis.

Monosaccharide building blocks 6, 7a and 7b were prepared from D-glucose pentaacetate according to
the reported procedures (Figure 2-4). Disaccharide building block 3, with a B-(1,6)-glycosidic linkage, was
prepared using AEA between 7a and 7b in the presence of tetrabutylammonium triflate (BusNOTTY) as an
electrolyte. Glycosyl dioxalenium ion intermediate 8 was generated by anodic oxidation of 7a under
constant current conditions at -50 °C. Subsequent coupling of 8 and building block 7b (1.2 equiv.) afforded
disaccharide 3 in 81% yield. This is a standard AEA protocol, and the details of reaction conditions and
structures of possible intermediates have been omitted from the following figures (see the ESI for details
of reaction conditions). Although disaccharide building block S, with a B-(1,3)-glycosidic linkage, was also
prepared using AEA of 7a and 6 (1.2 equiv.) in 85% yield, the one-pot synthesis of tetrasaccharide 4a from
monosaccharide building block 7a using AEA with three cycles was sluggish.

anodic

TBDPSO oxidation TBDPSO
BIOTNESQ_sar (13 mA, 1.05 Fimol) Bno- 0
—_— n
PivO 0.1 M BugNOTF, CH,Cl, .0
-50°C 8 0</< -OTf
BhO o TBDPSO Bu
BnO SAr  BnO O
PivO BnO 0
i PivO ,EE ;o
7b (1.2 equiv.) BE?r?O : SAr

-30°C, 1h 3 g19, VO
Ar = 4-CICgH,
anodic
TBDPSO oxidation TBDPSO
BIOTNSSQ_sar (13 mA, 1.05 Fimol) Bno- 0
—_—_— n

PivO 0.1 M BuyNOTF, CH,Cl, L0
Ta -50°C 8 O ot

BnO Bu

Br’ﬁ)o Q SAr

BZO TBDPSO BnO o
_6(-2equiv) Bnowo SAr
-30°C, 1h BnO VO BzO
5 85% Ar = 4-CICgH,

Figure 2-4. Synthesis of disaccharide building blocks 3 and 5.

The electrolyte for AEA was optimized using the electrochemical formation of B-(1,3)-glycosidic
linkages using monosaccharides 9 and 6 (1.2 equiv.) as model building blocks (Table 2-1). Whereas the use
of tetracthylammonium triflate (EtsNOTT) afforded disaccharide 10 in moderate yield (entry 1), BuuNOTT,
which has been used as a standard electrolyte for AEA, gave the product 10 in good yield (entry 2). We
also examined the use of ionic liquids (entries 3—6). The initial voltage of anodic oxidation was significantly
influenced by the electrolyte; however, there was no clear relationship between the initial voltage and the
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product yield. Amongst these ionic liquids, 1-butyl-1-methylpyrrolidinium triflate ([P14]OTf) afforded the
desired disaccharide 10 in the highest yield (entry 6). Therefore, we used ionic liquid [P14]OTf as an
electrolyte in the following glycosylation reactions. It has not been clarified why [P14]OTf gave the best
yield; however, oxidation potential (Eox) of monosaccharide building block 9 measured with [P14]OTf (Eox
= 1.67 V vs. SCE) was slightly lower than that measured with BusNOTf (Eox = 1.70 V vs. SCE). We
assume that electrolytes may influence the structure of electrical double layer and the process of single
electron transfer.

Table 2-1. Optimization of electrolyte of AEA

BnO
0
, B
anodic rh%’%/
BnO o oxidation BzO B"O OBBI]OO’%S/
n

BQQ&S,SM(S mA, 1.2 Fimol) 6 (1.2 equiv.) Bno*%/ ~

BzO 0.1 M R,;NOTF -40°C, 1h “

9 CH,Cly, 50 °C 10 Ar = 4-CICgH,

Bus - Me () Tior { ) TfO { ) TO
N

R4NOTf = TfO N
4 \—/ SNOMe e \/o\/\ Mg Bu

[Bmin]OTF [P1MOM]OTf PiwmemlOTE OMe [P 10T
entry electrolyte initial yieldP
1 EtsNOTf 26V 61%
22 BusNOTf 14V 79%
32 [Bmim]OTf 59V 70%
4 [P1mom]OTF 93V 81%
5 [P1mMem]OTF 26V 89%
6 [P14]OTE 51V 97%

*Inter-electrode voltage. ®Determined by NMR.

The synthesis of tetrasaccharide 4a, with three B-(1,3)-glycosidic linkages, from disaccharide 5 was
carried out using AEA with two consecutive glycosylation cycles with monosaccharide building block 6
(1.0 equiv). The process was still challenging; however, performing the reaction sequence in the presence
of [P14]OTf gave a slightly better yield than with BuuNOTf (Figure 2-5). Deprotection of the tert-
butyldiphenylsilyl (TBDPS) group of 4a was achieved successfully in the presence of hydrogen fluoride
pyridine complex (HFe+pyridine) to obtain tetrasaccharide building block 4b, equipped with a protecting-
group-free 6-OH, in 83% yield.

BnO
BnQ SA
(o} r
TBDPSO BnO BzO TBDPSO BnO BnO o BB%O
0O n
Brod Q Bno&/sm 6 (1.0 equiv.) %&E‘/"O &O:B”O&\/ SAr_HF-pyridine
PivO Bz0 AEA (2 cycles) pyrldlne
5 4a 17% (Bu,NOTf)
23% ([P+14]0Tf)
BnO BnO BnO
PivO
4b 83% Ar = 4-CICgH,

Figure 2-5. Synthesis of tetrasaccharide building block 4b.
Semi-circular hexasaccharide building block 2b was prepared using AEA and subsequent TBDPS

deprotection (Figure 2-6). Disaccharide 3 and tetrasaccharide 4b (1.2 equiv.) were assembled to prepare
TBDPS-protected semi-circular hexasaccharide 2¢ in the presence of [Pi4]JOTf as an electrolyte.
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Deprotection of the TBDPS group at 6-OH was carried out under the standard reaction conditions with
HFepyridine, and the desired semi-circular hexasaccharide 2b was obtained in 86% yield. Thus-obtained
2b, equipped with a protecting-group-free 6-OH, was used as a building block in the one-pot
dimerization—cyclization process to synthesize protected cyclic dodecasaccharide 1b (Scheme 2-1).
Although the yield of 1b was very low (3%), protected cyclic (1,3;1,6)-pB-glucan dodecasaccharide was
obtained, together with by-products such as cyclic hexasaccharide and larger cyclic oligosaccharides, which
were detected by MALDI-TOF-MS (see the experimental section for details).

BnO BnO BnO TBDPSO
TBDPSO BnO OBnO§°:B”O§&B,”O§S/SAr BrO=
BnO BnO
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BnO
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BnO O
BnO 0
PIVOBnO&\/ BnO BnO BnO
HFpyridine P.vanowog:‘o Bno&o BnO&S/
—_—
pyridine
2b 86% Ar = 4-CICgH,

Figure 2-6. Synthesis of semi-circular hexasaccharide 2b.
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Scheme 2-1. One-pot dimerlzatlon-cycllzatlon process for the preparation of protected cyclic
dodecasaccharide 1b.

The results of the one-pot dimerization—cyclization process encouraged us to synthesize protected
cyclic dodecasaccharide 1b using AEA (Scheme 2-2). Two semi-circular hexasaccharide building blocks,
2b and 2c¢ (1.2 equiv.), were assembled using AEA to prepare linear dodecasaccharide 11a in 51% yield.
The major by-product of the reaction was hydroxy sugar of 2¢, which was detected by MALDI-TOF-MS.
The TBDPS group on the 6-OH of 11a was then deprotected to obtain 11b as a precursor of protected cyclic
dodecasaccharide 1b. Finally, the intramolecular electrochemical glycosylation of 11b was performed at a
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low concentration (5 mM) to synthesize 1b in 23% yield. The three-step yield of 1b was ca. 10%, which
was three times higher than that of the one-pot process shown in Scheme 2-1.
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Scheme 2-2. Synthesis of protected cyclic dodecasaccharide 1b.

Conclusion
We have synthesized the protected precursor of cyclic (1,3;1,6)-pB-glucan dodecasaccharide, which is

the core structure of the natural oligosaccharide isolated from Bradyrhizobium japonicum MTCC120. We
designed a semi-circular hexasaccharide and its reactivity was confirmed by the electrochemical one-pot
dimerization—cyclization process. Finally, the linear precursor of cyclic dodecasaccharide was prepared
using AEA of linear hexasaccharides and subsequent electrochemical intramolecular glycosylation afforded
the protected cyclic dodecasaccharide in a higher yield. Further optimization of the electrochemical
intramolecular glycosylation and global deprotection to obtain cyclic dodecasaccharide are in progress in

our laboratory.
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Experimental

1. General

"H and '3C NMR spectra were recorded on Bruker AVANCE 11 600 ("H 600 MHz, 1*C 150 MHz). ESI-MS
and MALDI-TOF-MS were recorded on Thermo Scientific Exactive spectrometer and Bruker
ultrafleXtreme, respectively. Measurements of oxidation potentials of monosaccharides (conc. 4.0 mM)
were carried out in 0.1 M of electrolyte in CH>Cl, using a glassy carbon disk working electrode, a platinum
wire counter electrode, and a saturated calomel electrode (SCE) as a reference electrode with sweep rate of
10 mV/s at 2000 rpm. Preparative recycling gel permeation chromatography (PR-GPC) was performed on
Japan Analytical Industry LC-5060. Kanto silica gel 60 N (spherical, neutral, 63-210 um) was used for
silica gel column chromatography. The automated synthesizer is consisting of the commercially available
instruments such as the chiller with a cooling bath (UCR-150, Techno Sigma), the power supply for
constant current electrolysis (PMC 350-0.2 A, KIKUSUI), the syringe pump (PHD 2000 infusion, Harvard
apparatus), and the system controller (LabVIEW, National Instruments). Merck TLC (silica gel 60 F254)
was used for TLC analysis. Starting material S1 was prepared by the conventional method and characterized
according to the reported method.!* Unless otherwise noted, all materials were obtained from commercial
suppliers and used without further purification.

2. Preparation of building blocks
2-1. Preparation of 4-Chlorophenyl 2-O-benzoyl-4,6-di-O-benzyl-1-thio-p-D-glucopyranoside (6)

2-1-1. 4-Chlorophenyl 2-0O-benzoyl-4,6-0O-benzylidene-3-O-tert-butyldimethylsilyl-1-thio-p-D-
glucopyranoside (S3)
s - S e
ﬁ)&,sm _midazole TBQ&S/SN — = - TBS&&S/SN
OH CH,Cl, OH Pyridine OBz
s1 97°% s2 77% S3
Ar=4-C|CeH4

To the solution of S1 (25.05 mmol, 9.89 g) in CH>Cl: (48 mL), fert-butyldimethylsilyl chloride (30.1
mmol, 4.53 g) and imidazole (35.1 mmol, 2.39 g) were sequentially added at 0 °C and the reaction mixture
was stirred at room temperature overnight. After the completion of the reaction determined by TLC
(Hexane/EtOAc 1:1), the reaction mixture was quenched with MeOH. The mixture was washed with sat.
aqueous NaHCO; for three times and H>O and extracted with EtOAc. The organic layer was dried over
Na,S0Os, and the solvent was removed under reduced pressure. The crude product was purified with silica
gel chromatography to obtain S2 in 97% yield (24.3 mmol, 12.4 g). To the solution of S2 (8.02 mmol, 3.89
g) and DMAP (0.802 mmol, 99.2 mg) in pyridine (64 mL), benzoyl chloride (16.04 mmol, 1.85 mL) was
added, and the reaction mixture was stirred at 55 °C overnight. The reaction was quenched by 1 N aqueous
solution of hydrochloric acid and washed with deionized water three times. The organic layer was dried
over Na,SO4 and concentrated under the reduced pressure. Thus-obtained crude product was purified by
silica gel chromatography (eluent: Hexane/EtOAc 7:3) to afford S3 (6.15 mmol, 3.62 g) in 77% yield. TLC
(Hexane/EtOAc 5:1) Ry= 0.70; '"H NMR (CDCls, 600 MHz) & 8.06 (dd, /= 8.4, 1.2 Hz, 2 H), 7.58 (td, J =
7.2,1.2 Hz, 1 H), 7.46 (td, J= 7.8, 1.8 Hz, 4 H), 7.39-7.34 (m, 5 H), 7.25 (td, /= 8.4, 2.4 Hz, 2 H), 5.53
(s, 1 H), 5.21 (pseudo-t, J=9.6 Hz, 1 H), 4.80 (d, /= 10.2 Hz, 1 H), 4.39 (dd, /= 10.8, 4.8 Hz, 1 H), 4.03
(pseudo-t, J=9.0 Hz, 1 H), 3.79 (pseudo-t, J=9.0 Hz, 1 H), 3.61-3.55 (m, 2 H), 0.67 (s, 9 H), -0.07 (s, 3
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H), -0.15 (s, 3 H); *C NMR (CDCls, 150 MHz) § 165.1, 136.9, 134.5, 133.2, 130.5, 129.9, 129.8, 129.1,
129.0, 128.4, 128.1, 126.3, 101.9, 86.7, 81.1, 74.3, 73.4, 70.8, 68.5, 25.5, 17.9, -4.2, -4.9; HRMS (ESI) m/z
calculated for C3;,H37CIKO6SSi; [M+K]" 651.1400; found 651.1402.

2-1-2. 4-Chlorophenyl 2-O-benzoyl-4-O-benzyl-3-O-tert-butyldimethylsilyl-1-thio-B-D-glucopyranoside

(S4)
Ph—Y0 o TMSOTf HO o
o) . BnQ
NS s BHTHE _ BIONAQ
OBz \©\ CH,Cl, OBz \©\
s3 cl 79% S4 Cl

To the mixture of S3 (2.60 mmol, 1.60 g) and MS4A (855 mg) in CH,Cl, (13 mL), BH;-THF (1 M) (13
mmol, 13 mL) was added, and the reaction mixture was stirred at 0 °C for 10 min. Then TMSOTT (0.39
mmol, 0.07 mL) was added, and the reaction mixture was stirred at room temperature overnight. After the
completion of the reaction determined by TLC (Hexane/EtOAc 5:1), the reaction mixture was diluted with
CH,Cl, and quenched with sat. aqueous NaHCOj. The mixture was washed with H>O for three times and
dried over Na,SOs. After filtration and removal of solvent under reduced pressure, the crude product was
purified with silica gel chromatography to obtain S4 in 79% yield (2.06 mmol, 1.27 g). TLC
(Hexane/EtOAc 5:1) Ry = 0.34; 'H NMR (CDCls, 600 MHz) & 8.06—8.03 (m, 2 H), 7.59 (pseudo-t, J = 6.0
Hz, 1 H), 7.47 (pseudo-t, J= 6.0 Hz, 2 H), 7.36—7.29 (m, 7 H), 7.24-7.23 (m, 2 H), 5.16 (pseudo-t, J=9.6
Hz, 1 H),4.85(d,J=11.4Hz, 1 H),4.74(d,/J=10.2 Hz, 1 H), 4.63 (d, /= 12.0 Hz, 1 H), 3.95 (pseudo-t,
J=9.0Hz, 1 H), 3.86 (ddd, J = 12.0, 6.0, 2.4 Hz, 1 H), 3.69-3.64 (m, 1 H), 3.55 (pseudo-t, J=9.0 Hz, 1
H), 3.47 (ddd, J=9.6,4.8,2.4 Hz, 1 H), 1.80 (dd, J=7.8, 6.0 Hz, 1 H), 0.77 (s, 9 H), 0.004 (s, 3 H), -0.17
(s, 3 H); *C NMR (CDCls, 150 MHz) & 165.4, 137.8, 134.3, 133.9, 133.3, 133.1, 130.04, 129.93, 129.1,
128.5, 127.8, 127.6, 86.3, 79.7, 78.1, 76.5, 75.1, 73.1, 62.0, 25.6, 17.8, -4.0, -4.3; HRMS (ESI) m/z
calculated for C3;H39CIKO6SSi; [M+K]*,653.1557; found 653.1556.

2-1-3. 4-Chlorophenyl 2-0-benzoyl-4,6-di-O-benzyl-3-O-tert-butyldimethylsilyl-1-thio-B-D-
glucopyranoside (S5)

HO gag BnO
nBr
o} BnO Q
P@g&/s EEEey—— TBSO%S
DMF OB
s4 0Bz rt, overnight S5 z
Cl Cl

98%

To the mixture of S4 (2.06 mmol, 1.27 g) and DMF (10 mL), benzyl bromide (7.4 mmol, 0.18 g) was
added at 0 °C. NaH 60% in mineral oil (7.42 mmol, 298 mg) was dissolved in DMF (10 mL) and added to
the reaction mixture in five portions (2.0 mL). After the completion of the reaction confirmed by TLC
(Hexane/EtOAc 5:1), the reaction mixture was quenched with MeOH. The mixture was washed with H,O
for three times and dried over Na,SQs. After filtration and removal of solvent under reduced pressure, the
crude product was purified with silica gel chromatography to obtain S5 in 98% yield (2.01 mmol, 1.42 g).
TLC (Hexane/EtOAc 5:1) R¢=0.67; '"H NMR (CDCl;, 600 MHz) § 8.04 (d, J= 7.2 Hz, 2 H), 7.58 (pseudo-
t,J=7.2Hz, 1 H), 7.46 (pseudo-t,J=7.8 Hz,2 H), 7.40 (d, /= 8.4 Hz, 2 H), 7.41-7.34 (m, 8 H), 7.33-7.27
(m, 2 H), 7.14 (td, J=9.0, 2.4 Hz, 2 H), 5.16 (pseudo-t, J=9.0 Hz, 1 H), 4.81 (d, /= 11.4 Hz, 1 H), 4.69
(d,J=10.2 Hz, 1 H),4.59 (d, /J=11.4 Hz, 1 H), 4.55 (d, J=12.0 Hz, 1 H), 4.52 (d, /= 12.0 Hz, 1 H),
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3.95-3.91 (m, 1 H), 3.75 (d, /= 10.2 Hz, 1 H), 3.68 (dd, J=10.8, 3.6 Hz, 1 H), 3.58 (d, /= 6.0 Hz, 2 H),
0.76 (s, 9 H), -0.02 (s, 3 H), -0.18 (s, 3 H); *C NMR (CDCls, 150 MHz) § 165.3, 138.1, 138.0, 134.0, 133.2,
131.3, 130.1, 129.9, 128.9, 128.8, 128.41, 128.35, 127.7, 127.6, 127.5, 86.0, 79.4, 78.6, 76.8, 75.0, 73 .4,
73.0, 69.0, 25.6, 17.7, -4.0, -4.3; HRMS (ESI) m/z calculated for C3oH4sCINaOsSSi; [M+Na]*,727.2287,
found 727.2271.

2-1-4. 4-Chlorophenyl 2-O-benzoyl-4,6-di-O-benzyl- 1 -thio-B-D-glucopyranoside (6)

BnO BnO
BnO o} BF3*EL,O  Bpno 0
TBSO s " o Ho s
0Bz CH,CN 0Bz \©\
S5 Cl 95% 6 cl

To the solution of S5 (3.88 mmol, 2.74 g) in CH3CN (50 mL), BF3-Et,O (5.82 mmol, 0.736 mL) was
added, and the reaction mixture was stirred at 0 °C for 30 min. After the completion of the reaction
determined by TLC (hexane/EtOAc 9:1), the reaction mixture was quenched with 1 N HCI. The mixture
was washed with H,O for three times and dried over Na,SOs. After filtration and removal of solvent under
reduced pressure, the crude product was purified with silica gel chromatography to obtain 6 in 96% yield
(3.71 mmol, 2.19 g). TLC (Hexane/EtOAc 9:1) Ry 0.086; '"H NMR (CDCls;, 600 MHz) § 8.06 (d, J = 7.2
Hz, 2 H), 7.56 (pseudo-t, J="7.8 Hz, 1 H), 7.45—7.23 (m, 14 H), 7.13 (d, J = 8.4 Hz, 2 H), 5.01 (pseudo-t,
J=78Hz 1 H),478(d,/J=11.4Hz, 1 H),4.72(d,J=9.6 Hz, 1 H),4.62 (d,/J=11.4Hz, 1 H),4.59 (d,J
=11.4Hz, 1 H), 444 (d,/=12.0 Hz, 1 H), 3.91-3.88 (m, 1 H), 3.80 (d, /= 10.8 Hz, 1 H), 3.72 (dd, J =
10.8,4.2 Hz, 1 H), 3.59-3.56 (m, 2 H), 2.73 (s, 1 H); *C NMR (CDCl;, 150 MHz) & 166.2, 138.14, 138.05,
134.4, 133.6, 130.7, 130.1, 129.5, 129.1, 128.62, 128.56, 128.51, 128.12, 128.06, 127.82, 127.79, 85.3,
79.2,77.9,77.2,75.0, 73.5, 73.2, 69.0; HRMS (ESI) m/z calculated for C33H3;CIKOsS; [M+K]",629.1161;
found 629.1168.

2-2. Preparation of 4-Chlorophenyl 3,4-di-O-benzyl-6-O-fert-butyldiphenylsilyl-2-O-pivaloyl-1-thio-B-D-
glucopyranoside (7a)

2-2-1. 4-Chlorophenyl 3-O-benzyl-4,6-O-benzylidene-1-thio-B-D-glucopyranoside (S6)

Ph/%o o 1) Bu,SnO, MeOH Ph/%o o
50 s 2) CsF, BnBr, DMF BrO s
s Garadihn -2 o
S1 cl S6 cl

To the solution of S1 (8.17 mmol, 3.23 g) in MeOH (33 mL), and dibutyltin oxide (10.2 mmol, 2.54 g)
was added at room temperature and the reaction mixture was stirred at 80 °C for 6 h. After removal of
solvent under reduced pressure, DMF (63 mL), CsF (10.22 mmol, 1.55 g) and BnBr (10.2 mmol, 1.22 mL)
were added, and the reaction mixture was stirred at room temperature for 16 h. After the completion of the
reaction determined by TLC (Hexane/EtOAc 1:1). The reaction mixture was washed with H>O for three
times and dried over Na,SOs. After filtration and removal of solvent under reduced pressure, the crude
product was purified with silica gel chromatography to obtain S6 in 51% yield (4.15 mmol, 2.01 mg). TLC
(Hexane/EtOAc 1:1) Ry = 0.89; 'H NMR (CDCls, 600 MHz)  7.48-7.46 (m, 4 H), 7.39-7.28 (m, 10 H),
5.56 (s, 1 H),4.95(d, J=12.0 Hz, 1 H), 4.77 (d, J=12.0 Hz, 1 H), 4.59 (d, /= 9.6 Hz, 1 H), 4.36 (dd, J =
10.2, 4.8 Hz, 1 H), 3.78 (pseudo-t, J = 10.8 Hz, 1 H), 3.68 (pseudo-t, J=9.0 Hz, 1 H), 3.64 (pseudo-t, J =
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9.0 Hz, 1 H), 3.51 (dd, J = 9.6, 4.8 Hz, 1 H), 3.47 (pseudo-t, J = 9.0 Hz, 1 H), 2.56 (s, 1 H); *C NMR
(CDCl;, 150 MHz) 6 138.1, 137.2, 134.8, 134.7, 129.2, 129.1, 128.5, 128.3, 128.1, 128.0, 126.0, 101.3,
88.1, 81.6, 81.1, 74.8, 72.1, 70.8, 68.6, 29.7.

2-2-2. 4-Chlorophenyl 3-O-benzyl-4,6-O-benzylidene-2-O-pivaloyl-1-thio-p-D-glucopyranoside (S7)

Ph—Y\0 PivCl, DMAP ph/vo
9 O pyridine &
BnO S —_— BnO S
S6 cl S7 cl

79%

To the solution of S6 (2.13 mmol, 1.00 g) in CH>Cl, (6.81 mL), DMAP (3.20 mmol, 391 mg), pyridine
(10.7 mmol, 0.860 mL) and pivaloyl chloride (3.20 mmol, 0.395 mL) were added and the reaction mixture
was stirred at 50 °C overnight. After the completion of the reaction determined by TLC (Hexane/EtOAc
4:1), the reaction mixture was quenched with 1 N HCI. The mixture was washed with H,O for three times
and dried over Na>SOs. After filtration and removal of solvent under reduced pressure, the crude product
was purified with silica gel chromatography to obtain S7 in 79% yield (1.68 mmol, 928 mg). TLC
(Hexane/EtOAc 4:1) Rf = 0.68; 'H NMR (CDCls, 600 MHz) & 7.47-7.46 (m, 2 H), 7.41 (dt, J=9.0, 2.4
Hz, 2 H), 7.39-7.36 (m, 3 H), 7.29-7.24 (m, 7 H), 5.56 (s, 1 H), 5.08-5.00 (m, 1 H), 4.86 (dd, J=11.4,3.0
Hz, 1 H),4.68 (d,J=11.4Hz, 1 H),4.64 (d,J=11.4 Hz, 1 H), 4.38 (dd, /= 10.8, 4.8 Hz, 1 H), 3.82-3.77
(m, 2 H), 3.73 (pseudo-t, J= 9.6 Hz, 1 H), 3.52 (td, J = 9.6, 5.4 Hz, 1 H), 1.23 (s, 9 H); *C NMR (CDCl;,
150 MHz) 3 176.5, 138.0, 137.1, 134.7, 134.5, 130.4, 129.13, 129.07, 128.3, 127.6, 127.5, 126.0, 101.3,
86.7, 81.2, 80.4, 74.6, 70.9, 70.6, 68.5, 38.8, 27.2; HRMS (ESI) m/z calculated for C3;H33CIKOesS [M+K]"
607.1318; found 607.1328.

2-2-3. 4-Chlorophenyl 3,4-di-O-benzyl-2-O-pivaloyl-1-thio-B-D-glucopyranoside (7b)

o) 0 TMSOTf BnO
BnO S
OPiv (:H2c|2 OP|v \©\
S7 cl 87% Cl

To the solution of S7 in CH>Cl; (8.12 mL), BH3-THF (8.16 mmol, 9.06 mL) was added at 0 °C and the
reaction mixture was stirred at 0 °C for 10 min. Then trimethylsilyl triflate (0.245 mmol, 0.0451 mL) was
added at 0 °C and the reaction mixture was stirred at room temperature for 2.5 h. After the completion of
the reaction determined by TLC (eluent: Hexane/EtOAc 4:1), the reaction mixture was quenched with sat.
aqueous NaHCO:s. The mixture was washed with H>O for three times and dried over Na>SOa. After filtration
and removal of solvent under reduced pressure, the crude product was purified with silica gel
chromatography to obtain 7b in 87% yield (1.43 mmol, 815 mg). TLC (Hexane/EtOAc 4:1) R¢= 0.36; 'H
NMR (CDCls, 600 MHz) & 7.39 (dt, J = 8.4, 1.8 Hz, 2 H), 7.33—7.24 (m, 12 H), 5.04 (pseudo-t, J=9.6 Hz,
1H),4.79(d,/=11.4Hz 1 H),4.78 (d,/=10.8 Hz, 1 H),4.70 (d, /J=11.4 Hz, 1 H), 4.62 (dd, J=13.2,
10.8 Hz, 2 H), 3.88 (ddd, /= 12.0, 6.0, 2.4 Hz, 1 H), 3.74 (pseudo-t, J=9.0 Hz, 1 H), 3.73-3.68 (m, 1 H),
3.63 (pseudo-t,J=9.6 Hz, 1 H), 3.44 (ddd, J=9.6, 4.8, 3.0 Hz, 1 H), 2.47 (s, 1 H), 1.23 (s, 9 H); *C NMR
(CDCls, 150 MHz) 6 176.8, 138.11, 138.07, 138.05, 137.94, 137.89, 134.3, 133.7, 131.5, 129.3, 128.6,
128.5, 128.1, 128.0, 127.8, 127.4, 86.4, 84.5, 79.90, 79.85, 75.3, 75.2, 71.6, 61.9, 38.9, 27.3; HRMS (ESI)
m/z calculated for C31H3sCIKOgS [M+K]* 609.1474; found 609.1480.
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2-2-4. 4-Chlorophenyl 3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-2-O-pivaloyl-1-thio-p-D-
glucopyranoside (7a)

Ho~ TBDPSCI TEOPSO~

BnO imi BnO

BOINQ s miaoe  oionO
OPiv

DMF OPiv \©\
7b Cl  87% 7a cl

To the solution of 7b (2.71 mmol, 1.55 g) in DMF (8.41 mL), imidazole (5.43 mmol, 370 mg) and tert-
butylchlorodiphenylsilane (4.07 mmol, 1.05 mL) were added at 0 °C and the reaction mixture was stirred
at room temperature overnight. After the completion of the reaction determined by TLC (Hexane/EtOAc
4:1), the reaction mixture was quenched with sat. aqueous NaHCOs. The mixture was washed with H>O for
three times and dried over Na,SO4. After filtration and removal of solvent under reduced pressure, the crude
product was purified with silica gel chromatography to obtain 7a in 67% yield (1.83 mmol, 1.48 g). TLC
(Hexane/EtOAc 4:1) R¢= 0.67; "H NMR (CDCls, 600 MHz) & 7.75 (dd, J= 7.8, 1.2 Hz, 2 H), 7.69 (dd, J
=7.8,1.2Hz 2 H),7.45(d,J=9.0Hz, 2 H), 7.42 (td, J= 7.2, 1.2 Hz, 2 H), 7.36—7.24 (m, 12 H), 7.15 (dt,
J=9.0,2.4 Hz, 2 H), 7.09 (dd, J= 7.8, 3.6 Hz, 2 H), 5.09 (pseudo-t,J=9.6 Hz, 1 H), 4.79 (d, J=10.8 Hz,
1 H), 4.78 (d,J=10.8 Hz, 1 H), 4.69 (d, /= 10.8 Hz, 1 H), 4.61 (dd, /= 7.8 Hz, 2 H), 3.98 (dd, /=114,
1.2 Hz, 1 H), 3.92 (dd, J=11.4, 4.2 Hz, 1 H), 3.80 (pseudo-t, J=9.6 Hz, 1 H), 3.73 (pseudo-t, J= 9.0 Hz,
1 H), 3.44 (ddd, J=9.6, 3.6, 1.2 Hz, 1 H), 1.24 (s, 9 H), 1.07 (s, 9 H); *C NMR (CDCls, 150 MHz) 8 176.7,
138.1, 138.0, 136.0, 135.7, 134.1, 133.8, 133.4, 133.0, 131.8, 129.9, 129.1, 128.5, 128.0, 127.9, 127.8,
127.5, 86.4, 84.9, 80.4, 75.5, 75.2, 71.7, 62.8, 38.9, 27.3, 27.0, 19.4; HRMS (ESI) m/z calculated for
C47Hs3CIKO6SSi [M+K]" 847.2652; found 847.2664.

2-3. Preparation of 4-Chlorophenyl 2-O-benzoyl-3,4,6-O-tribenzyl-1-thio-B-D-glucopyranoside (9)
2-3-1. 4-Chlorophenyl 2-O-benzoyl-3-O-benzyl-4,6-O-benzylidene-1-thio-f-D-glucopyranoside (S8)

Ph—X 0 BzCl Ph—X\0
o) 0 DMAP o) Q
BnO S o BnO S
OH

pyridine OBz \©\
S6 Cl 55°C, overnight S8 Cl

77%

To the mixture of S6 (8.02 mmol, 3.89 g) and DMAP (0.802 mmol, 97.98 mg) in pyridine (64 mL),
benzoyl chloride (16.0 mmol, 1.86 mL) was added, and the reaction mixture was stirred at 55 °C overnight.
After the completion of the reaction determined by TLC (Hexane/EtOAc 7:3), the reaction mixture was
quenched with 1 N HCI. The mixture was diluted with CH,Cl,, washed with H,O for three times and dried
over Na,SQa. After filtration and removal of solvent under reduced pressure, the crude product was purified
with silica gel chromatography to obtain S8 in 77% yield (6.15 mmol, 3.62 g). TLC (Hexane/EtOAc 4:1)
R¢=0.67; '"H NMR (600 MHz, CDCls) 8 8.02-8.00 (m, 2 H), 7.62 (pseudo-t, J = 7.2 Hz, 1 H), 7.51-7.46
(m, 4 H), 7.42—7.38 (m, 5 H), 7.25 (s, 2 H), 7.14-7.04 (m, 5 H), 5.61 (s, 1 H), 5.24 (dd, J=10.2, 9.0 Hz, 1
H),4.80 (d,/=12.0 Hz, 1 H), 4.78 (d,/=9.6 Hz, 1 H), 4.66 (d, /J=12.0 Hz, 1 H), 4.42 (dd, J=10.2,5.4
Hz, 1 H), 3.88 (pseudo-t, J=9.6 Hz, 1 H), 3.83 (pseudo-t, J=10.2 Hz, 1 H), 3.79 (pseudo-t, J= 9.6 Hz, 1
H), 3.56 (td, J=9.6, 4.8 Hz, 1 H); *C NMR (150 MHz, CDCls) 8 164.9, 137.5, 137.0, 134.7, 133.3, 130.0,
129.0, 128.4, 128.2, 128.1, 128.0, 127.5, 125.9, 101.2, 86.4, 81.3,79.1, 74.2, 71.8, 70.5, 68.4; HRMS (ESI)
m/z calculated for Cs33H2CIKOgS [M+K]* 627.1005; found 627.1010.
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2-3-2. 4-Chlorophenyl 2-O-benzoyl-3,4-di-O-benzyl-1-thio-B-D-glucopyranoside (S9)

. HO
o) 0 TMSOTf BnO Q
BnO S _— BnO S
OBz CH,Cl, OBz \©\
S8 Ccl  rt, overnight S9 cl

94%

To the mixture of S8 (4.70 mmol, 2.77 g) and MS4A (1.5 g) in CH>Cl, (24 mL), BH3;-THF (1.0 M, 24
mmol, 24 mL) and TMSOTTf (0.703 mmol, 127 puL) were added at 0 °C and the reaction mixture was stirred
at room temperature overnight. After the completion of the reaction determined by TLC (Hexane/EtOAc
7:3), the reaction mixture was diluted with CH,Cl, and quenched with sat. aqueous NaHCO3. The mixture
was washed with H,O for three times and dried over Na,SOs. After filtration and removal of solvent under
reduced pressure, the crude product was purified with silica gel chromatography to obtain S9 in 81% yield
(3.81 mmol, 2.25 g). TLC (Hexane/EtOAc 5:1) R¢= 0.20; '"H NMR (CDCls, 600 MHz) & 8.04-8.01 (m, 2
H), 7.62—7.59 (m, 1 H), 7.46 (pseudo-t, J=7.8 Hz, 2 H), 7.38—=7.29 (m, 8 H), 7.24 (s, 1 H), 7.14-7.09 (m,
5 H), 5.22 (pseudo-t, J = 9.0 Hz, 1 H), 4.84 (d, /= 10.8 Hz, 1 H), 4.76 (d, /J=9.6 Hz, 1 H), 4.74 (d, J =
11.4 Hz, 1 H), 4.66 (d, J=10.8 Hz, 1 H), 4.65 (d, /= 10.8 Hz, 1 H), 4.62 (d, /= 10.8 Hz, 1 H), 3.91 (ddd,
J=12.0,6.0,3.0 Hz, 1 H), 3.86 (pseudo-t, J=9.0 Hz, 1 H), 3.75-3.71 (m, 1 H), 3.68 (pseudo-t, J=9.0 Hz,
1 H), 3.44 (ddd, J=9.6, 4.8, 3.0 Hz, 1 H), 1.82 (dd, J = 7.8, 6.0 Hz, 1 H); *C NMR (CDCls, 150 MHz) &
165.20, 137.83, 137.72, 137.57, 134.48, 134.14, 133.98, 133.40, 133.25, 130.74, 129.89, 129.69, 129.24,
129.15, 128.59, 128.54, 128.33, 128.21, 128.14, 128.10, 128.07, 127.78, 86.53, 85.95, 83.97, 79.77, 79.47,
77.42, 75.86, 75.61, 75.40, 75.22, 72.43, 62.00; HRMS (ESI) m/z calculated for C33H3CIKOsS [M+K]*
629.1161; found 629.1163.

2-3-3. 4-Chlorophenyl 2-O-benzoyl-3,4,6-tri-O-benzyl-1-thio-B-D-glucopyranoside (9)

HO NaH BnO
BnO O BnBr BnO O
BnO S — » BnO S
OBz DMF OBz \©\
S9 cl  rt, overnight 9 cl

66%

To the mixture of S9 (3.81 mmol, 2.25 g) and DMF (30 mL), BnBr (13.7 mmol, 1.63 mL) was added
at 0 °C. NaH 60% in mineral oil (13.7 mmol, 548 mg) was dissolved in DMF (10 mL) and added to the
reaction mixture in five portions (2.0 mLx5). After the completion of the reaction determined by TLC
(Hexane/EtOAc 4:1), the reaction mixture was quenched with MeOH, diluted with EtOAc. The mixture
was washed with H»O for three times and dried over Na,SO4. After filtration and removal of solvent under
reduced pressure, the crude product was purified with silica gel chromatography to obtain 9 in 60% yield
(2.30 mmol, 1.57 g). TLC (Hexane/EtOAc 5:1) Ry = 0.25; '"H NMR (CDCls, 600 MHz) & 8.03 (d, J = 7.8
Hz, 2 H), 7.58 (pseudo-t, J = 7.8 Hz, 1 H), 7.45 (pseudo-t, J = 7.8 Hz, 2 H), 7.42 (d, J = 8.4 Hz, 2 H),
7.38—7.28 (m, 8 H), 7.21 (d, J=7.2 Hz, 2 H), 7.15-7.07 (m, 7 H), 5.23 (pseudo-t, J = 9.6 Hz, 1 H), 4.80
(d,/=10.8 Hz, 1 H),4.72 (d, /= 10.2 Hz, 2 H), 4.63 (d, /= 10.8 Hz, 1 H), 4.60—4.53 (m, 3 H), 3.84 (d, J
=9.0 Hz, 1 H), 3.83-3.79 (m, 1 H), 3.75-3.69 (m, 2 H), 3.62-3.58 (m, 1 H); '*C NMR (CDCl;, 150 MHz)
0 165.18, 138.15, 137.89, 137.64, 134.33, 134.26, 133.34, 130.85, 129.90, 129.81, 128.97, 128.62, 128.52,
128.48, 128.33, 128.07, 127.97, 127.77, 127.72, 85.67, 84.25, 79.45, 77.75, 75.43, 75.19, 73.52, 72.36,
68.95; HRMS (ESI) m/z calculated for C4H37CIKOsS [M+K]" 719.1631; found 719.1630.
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3. Synthesis of disaccharide building blocks

3-1. Preparation of 4-Chlorophenyl 3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-2-O-pivaloyl-B-D-
glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-1-thio-B-D-glucopyranoside (3)

HO
BnO O
anodic Bn&/SArTBDPSO_‘J é o) o

TBDPSO o oxidation PVO BQ,?O
BnOS SAr__(13mA, 105 F/mol) _ 7b (1:2 equiv) PiVano§0: SA
PivO BuyNOTf, CH,CI, -30°C, 1 h BnO o r
7a -50°C 3 v
Ar = 4-CICgH, 81% (NMR yield)

The automated synthesis of 3 was carried out in an H-type divided cell (4G glass filter) equipped with
a carbon felt anode (Nippon Carbon JF-20-P7) and a platinum plate cathode (10 mm>20 mm). In the anodic
chamber were placed terminal building block 7a (0.601 mmol, 486 mg), BusNOT{ (1.50 mmol, 588 mg)
and CH>Cl, (15 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid (0.65 mmol, 57
pL), BuuNOT( (1.50 mmol, 588 mg) and CH,Cl, (15 mL). The constant current electrolysis (13.0 mA) was
carried out at -50 °C with magnetic stirring until 1.05 F/mol of electricity was consumed. After the
electrolysis, building block 7b (0.72 mmol, 418 mg) dissolved in CH,Cl, (2.0 mL) was subsequently added
by the syringe pump under an argon atmosphere at -30 °C, and kept for 60 min. After the cycle, EtsN (0.50
mL) was added, and the mixture was filtered through a short column (4x3 cm) of silica gel to remove
BusNOTT. After removal of the solvent under reduced pressure, the crude product was purified with silica
gel chromatography to obtain 3 (241 mg). NMR yield was determined using tetrachloroethane as internal
standard (0.487 mmol, 81% yield). TLC (Hexane/EtOAc 4:1) Rf 0.66; '"H NMR (CDCl;, 600 MHz) &
7.74=7.70 (m, 2 H), 7.67 (dd, /= 7.8, 1.2 Hz, 2 H), 7.42 (d, J = 8.4 Hz, 2 H), 7.38 (d, J= 7.2 Hz, 1 H),
7.34-7.22 (m, 21 H), 7.21 (d, J=6.6 Hz, 2 H), 7.18 (ddd, /= 5.4,2.4, 1.2 Hz, 2 H), 7.15 (dd, J = 6.0, 2.4
Hz, 2 H), 5.09 (dd, J = 9.6, 8.4 Hz, 1 H), 4.99 (pseudo-t, J = 10.2 Hz, 1 H), 4.84-4.66 (m, 7 H), 4.54
(pseudo-t, J=9.6 Hz, 2 H), 4.48 (d, /= 7.8 Hz, 1 H), 4.01 (d, J=9.6 Hz, 1 H), 3.86 (pseudo-t, J = 9.0 Hz,
1 H), 3.71 (pseudo-t, J = 9.0 Hz, 1 H), 3.67-3.61 (m, 3 H), 3.36—3.32 (m, 2 H), 1.22 (s, 9 H), 1.15 (s, 9 H),
1.04 (s, 9 H); 1*C NMR (CDCls, 150 MHz) § 176.8, 176.7, 138.23, 138.16, 137.95, 137.69, 135.9, 135.6,
134.3, 134.1, 133.6, 133.1, 131.4, 129.8, 129.3, 128.5, 128.1, 128.0, 127.84, 127.77, 127.73, 127.6, 127 .4,
101.1, 86.3, 84.7, 83,4, 79.8, 78.0, 77.7, 76.2, 75.34, 75.27, 75.1, 75.0, 73.2, 71.5, 67.8, 62.7, 38.9, 38.8,
27.3,19.4; HRMS (ESI) m/z calculated for C7,Hs3CIKO1,SSi [M+K]" 1273.4695; found 1273.4636.

3-2. Preparation of 4-Chlorophenyl 3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-2-O-pivaloyl-B-D-
glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-benzyl-1-thio-B-D-glucopyranoside (5)

BnO
BnO O
di HO SAr
TBDPSO ot B20  TBDPSO Bro—_ o
BnO 0 (13 mA, 1.05 F/mol) 6 (1.2 equiv.) Bnowo SAr
BnO SAr > > BnO BzO
PivO BuyNOTF, CH,Cl, -30°C, 1h PivO
7a -50°C 5

Ar = 4-CICgH, 85% (NMR yield)

The automated synthesis of 5 was carried out in an H-type divided cell (4G glass filter) equipped with
a carbon felt anode (Nippon Carbon JF-20-P7) and a platinum plate cathode (10 mm*20 mm). In the anodic
chamber were placed terminal building block 7a (0.603 mmol, 489 mg), BusNOTf (1.50 mmol, 595 mg)
and CH2Cl, (15 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid (0.67 mmol, 59

72



pL), BuuNOTT (1.50 mmol, 595 mg) and CH,Cl, (15 mL). The constant current electrolysis (13.0 mA) was
carried out at -50 °C with magnetic stirring until 1.05 F/mol of electricity was consumed. After the
electrolysis, building block 6 (0.741 mmol, 438 mg) dissolved in CH,Cl, (2.0 mL) was subsequently added
by the syringe pump under an argon atmosphere at -30 °C, and kept for 60 min. After the cycle, EtsN (0.50
mL) was added, and the mixture was filtered through a short column (4%3 cm) of silica gel to remove
BwNOTT. After removal of the solvent under reduced pressure, the crude product was purified with silica
gel chromatography to obtain 5 (276 mg). NMR yield was determined using tetrachloroethane as internal
standard (0.513 mmol, 85% yield). TLC (Hexane/EtOAc 4:1) R¢0.63; 'H NMR (CDCls, 600 MHz) & 8.02
(dd, J=8.4,1.2Hz, 2 H), 7.74 (dd, /= 5.4, 2.4 Hz, 2 H), 7.68 (dd, /= 7.8, 1.2 Hz, 2 H), 7.60 (pseudo-t, J
=7.2 Hz, 1 H), 7.45-7.20 (m, 28 H), 7.10 (dt, /=9.0, 2.4 Hz, 2 H), 7.05 (dd, J=7.2, 1.2 Hz, 2 H), 5.21
(pseudo-t, J=9.0 Hz, 1 H), 5.05 (dd, /=9.6, 7.8 Hz, 1 H),4.96 (d, /=12.0 Hz, 1 H), 4.72 (d, /= 10.8 Hz,
1 H), 4.68—4.56 (m, 6 H), 4.52 (d, /= 10.8 Hz, 1 H), 4.50 (d,/=10.8 Hz, 1 H), 4.48 (d,/=12.0 Hz, 1 H),
3.92(dd,J=10.8,1.2 Hz, 1 H), 3.77 (dt,J=11.4, 1.8 Hz, 2 H), 3.69 (pseudo-t,J= 9.0 Hz, 1 H), 3.60 (ddd,
J=9.6,6.6, 1.8 Hz, 1 H), 3.52-3.48 (m, 2 H), 3.44 (pseudo-t, J=9.0 Hz, 1 H), 3.19 (dd, /=9.6, 3.6 Hz, 1
H), 1.21 (s, 9 H), 1.02 (s, 9 H); *C NMR (CDCls, 150 MHz) & 177.3, 164.9, 138.3, 138.1, 137.8, 136.0,
135.7, 134.1, 133.8, 133.2, 133.1, 131.8, 129.8, 129.6, 129.0, 128.9, 128.8, 128.6, 128.5, 128.3, 128.2,
127.99, 127.95, 127.8, 127.63, 127.56, 98.8, 86.3, 83.2, 79.4, 78.2, 77.8, 76.7, 75.31, 75.25, 74.8, 74.0,
73.5, 69.6, 62.6, 39.0, 273, 26.9, 19.3; HRMS (ESI) m/z calculated for C;4H79CIKO;,SSi
[M+K]"1293.4382; found 1293.4398.

4. Optimization of electrolyte

BnO
0
BnQO SAr
BzO
BnO anodic 6 BnO BnO
nod - o
Bé‘&&&sm oxidation coupling Bé'oow&/sm
BzO -50 °C -40 °C T 820 BzO
9 R,NOTY 10
Ar = 4-CICgH, 79% (NMR yield)

The automated synthesis of disaccharide 10 was carried out in an H-type divided cell (4G glass filter)
equipped with a carbon felt anode (Nippon Carbon JF-20-P7) and a platinum plate cathode (10 mmx20
mm). In the anodic chamber were placed terminal building block 9 (0.101 mmol, 68.9 mg), BuuNOTT (0.5
mmol, 196 mg) and CH,Cl, (5.0 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid
(0.09 mmol, 8.0 uL), BuuNOTT (0.5 mmol, 196 mg) and CH»Cl, (5.0 mL). The constant current electrolysis
(3.0 mA) was carried out at -50 °C with magnetic stirring until 1.2 F/mol of electricity was consumed. After
the electrolysis, building block 6 (0.120 mmol, 71.2 mg) dissolved in CH>Cl, (0.60 mL) was subsequently
added by the syringe pump under an argon atmosphere at -40 °C, and kept for 60 min. After the cycle, Et;N
(0.20 mL) was added, and the mixture was filtered through a short column (4x3 c¢m) of silica gel to remove
BwNOT{. After removal of the solvent under reduced pressure, NMR yield was determined using
tetrachloroethane as internal standard (0.079 mmol, 79% yield). 4-Chlorophenyl 2-O-benzoyl-3,4,6-tri-
O-benzyl-g-D-glucopyranosyl-(1—3)-2-0O-benzoyl-4,6-di-O-benzyl-1-thio-B-D-glucopyranoside (10).
TLC (Hexane/EtOAc 7:3) R¢=0.53; 'H NMR (600 MHz, CDCl3) 4 7.99 (dd, J=7.2, 1.2 Hz, 2 H), 7.80 (d,
J=17.2Hz, 2 H), 7.66 (pseudo-t, J="7.2 Hz, 1 H), 7.59 (pseudo-t, J="7.2 Hz, 1 H), 7.52 (pseudo-t, J = 7.8
Hz, 2 H), 7.43-7.41 (m, 2 H), 7.35-7.33 (m, 2 H), 7.30—7.27 (m, 13 H), 7.22-7.21 (m, 4 H), 7.14-7.08 (m,
8 H), 7.00 (d, J= 6.6 Hz, 2 H), 5.24 (dd, /= 9.6, 7.8 Hz, 1 H), 5.16 (pseudo-t,J=9.6 Hz, 1 H), 5.06 (d, J
=11.4Hz, 1 H),4.80(d,/J=7.8Hz, 1 H),4.73 (d,/=10.8 Hz, 1 H), 4.65(d,/J=5.4Hz, 1 H),4.55(d,J=
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12.0 Hz, 2 H), 4.53—4.48 (m, 4 H), 4.44 (pseudo-t, J=11.4 Hz, 2 H), 4.28 (pseudo-t, J=9.0 Hz, 1 H), 3.82
(dd, /=114, 1.8 Hz, 1 H), 3.75 (dd, /= 10.8, 1.8 Hz, 1 H), 3.62-3.57 (m, 5 H), 3.52 (ddd, /= 10.2, 6.0,
3.6 Hz, 1 H), 3.44 (ddd, J = 10.8, 5.4, 1.8 Hz, 1 H); *C NMR (150 MHz, CDCl;) § 165.45, 164.60, 138.45,
138.42, 138.20, 137.71, 137.58, 133.73, 133.61, 133.18, 133.07, 132.16, 129.96, 129.90, 129.77, 129.56,
129.36, 128.93, 128.71, 128.60, 128.53, 128.45, 128.42, 128.41, 128.40, 128.27, 128.24, 128.16, 128.01,
128.00, 127.91, 127.84, 127.76, 127.69, 127.59, 127.54, 127.48, 127.31, 100.27, 86.23, 83.00, 80.41, 79.22,
78.14, 75.81, 75.69, 75.25, 75.15, 75.04, 74.00, 73.57, 73.50, 73.44, 73.01, 69.32, 69.12, 29.76; HRMS
(ESI) m/z calculated for Cs7Hs3CIKO12S [M+K]" 1165.3360; found 1165.3311.

5. Synthesis of tetrasaccharide building block

BnO
Bn O
TBDPSO Bno RS TBDPSO BnO BnO BnO
Bﬁowo%&/sm 6 (1.0 equiv) _ 08ng QBng OBnO&
’ FvO 5 520 AEA (2 cycles) PivO
A= oiGeT 17% (BugNOT)

23% ([P14]0Tf)

The automated synthesis of tetrasaccharide 4a was carried out in an H-type divided cell equipped with
a carbon felt anode and a platinum plate cathode (10 mmx10 mm). In the anodic chamber were placed
disaccharide building block 5 (0.10 mmol, 126 mg), [P14]JOTf (0.50 mmol, 0.12 mL) and CH>Cl, (5 mL).
In the cathodic chamber were placed trifluoromethanesulfonic acid (0.1 mmol, 9 pL), [P14]JOTf (0.50 mmol,
0.12 mL) and CH,Cl, (5 mL). The constant current electrolysis (3.0 mA) was carried out at -50 °C with
stirring until 1.2 F/mol of electricity was consumed. After the electrolysis, building block 6 (0.10 mmol, 59
mg) dissolved in CH2Cl; (0.6 mL) was subsequently added by the syringe pump under an argon atmosphere
at -50 °C and then -30°C kept for 60 min. This process was repeated two cycles. After the second cycle,
Et;N (0.2 mL) was added, and the reaction mixture was filtered through a short column (4x3 cm) of silica
gel to remove electrolyte. Removal of the solvent under reduced pressure and the crude product was purified
with silica gel chromatography (eluent: Hexane/EtOAc 4:1) and preparative recycling GPC (eluent: CHCls).
Target tetrasaccharide 4a was obtained in 23% isolated yield (0.023 mmol, 49 mg). Thus-obtained 4a was
used as a starting material for the next step without detailed structural characterization.

BnO BnO
BnO BnO
BnO o) BnO
TBDPSO anow%w%&/sm HF+pyridine anowowo%“/
Bg(r?o 0 B20 BzO _ = nO
PivO BzO 4a pyridine PivO

Ar = 4-CICgH, 83%

Tetrasaccharide 4a (0.46 mmol, 0.98 g) was dissolved in pyridine (3.5 mL) and the solution was cooled
to 0 °C. 70% HFepyridine (0.35 mL) was added to the solution and the reaction mixture was stirred at 0 °C
to room temperature for overnight. Conversion of 4a was confirmed by TLC (Hexane/EtOAc 3:1) and
aqueous sodium bicarbonate solution was added to quench the reaction. The aqueous solution was extracted
with chloroform and the combined organic layer was washed with aqueous sodium bicarbonate solution
and 1 N aqueous hydrochloric acid. The reaction mixture was dried over Na,SO4 and concentrated under
reduced pressure to obtain crude product (1.45 g). Thus-obtained crude product was purified by silica gel
chromatography (eluent: Hexane/EtOAc 4:1) and tetrasaccharide 4b (0.38 mmol, 723 mg) in 83% yield. 4-
Chlorophenyl 3,4-di-O-benzyl-2-0-pivaloyl-B-D-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-
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benzyl-p-D-glucopyranosyl-(1—3)-2-0-benzoyl-4,6-di-O-benzyl-$-D-glucopyranosyl-(1—3)-2-O-
benzoyl-4,6-di-O-benzyl-1-thio-B-D-glucopyranoside (4b). TLC (Hexane/EtOAc 3:1) Ry=0.19; 'H NMR
(600 MHz, CDCl3) 6 7.87 (dd, J = 8.4, 1.8 Hz, 2 H), 7.73 (dd, J = 8.4, 1.2 Hz, 2 H), 7.67-7.62 (m, 3 H),
7.61-7.57(m, 1 H), 7.55-7.51 (m, 1 H), 7.46—7.43 (m, 2 H), 7.38—7.35 (m, 4 H), 7.34-7.18 (m, 40 H),
7.16—7.14 (m, 2 H), 7.07-7.04 (m, 2 H), 5.05 (dd, /=9.0, 7.8 Hz, 1 H), 4.98—4.90 (m, 4 H), 4.89 (dd, J =
9.6,7.8 Hz, 1 H), 4.81 (d,/=10.8 Hz, 1 H), 4.71 (d, /J="7.8 Hz, 1 H), 4.67 (d, /= 10.8 Hz, 1 H), 4.59 (d,
J=10.8 Hz, 1 H),4.57 (d,/J=7.8 Hz, 1 H), 4.55(d, J=9.6 Hz, 1 H), 4.51 (d,/J=10.2 Hz, 1 H), 4.47-4.38
(m, 10 H), 4.33 (d, /= 12.0 Hz, 1 H), 4.11 (pseudo-t, J = 9.0 Hz, 1 H), 3.90 (pseudo-t, J= 7.8 Hz, 1 H),
3.88 (pseudo-t, J=9.0 Hz, 1 H), 3.73-3.62 (m, 4 H), 3.55-3.36 (m, 10 H), 3.30 (ddd, /=9.6, 4.8, 1.8 Hz,
1 H), 3.27 (pseudo-t, J=9.0 Hz, 1 H), 3.00 (ddd, J = 9.6, 4.8, 1.8 Hz, 1 H), 1.03 (s, 9 H); 1*C NMR (150
MHz, CDCls) ¢ 177.1, 164.5, 164.4, 164.3, 138.49, 138.46, 138.31, 138.14, 137.8, 137.6, 133.6, 133.4,
133.2, 133.1, 132.1, 129.88, 123.83, 129.79, 129.76, 129.53, 129.37, 129.35, 128.79, 128.46, 128.38,
128.31, 128.25, 128.13, 128.05, 127.81, 127.65, 127.62, 127.45, 127.16, 100.3, 100.2, 99.5, 86.1, 82.7,
80.7,79.6,79.1,78.1,77.6,76.1,76.0,75.8,75.4,75.3,75.2,75.0,74.9, 74.8, 74.6, 74.2, 74.0, 73.39, 73.38,
73.31, 73.0, 72.9, 69.6, 69.2, 68.9, 61.4, 38.7, 27.0; HRMS (ESI) m/z calculated for C;2H;13CIKO24S
[M+K]" 1947.6663; found 1947.6721.

6. Synthesis of semi-circular hexasaccharide

HO BnO BnO BnO o
0BnO OBnO g&;oano&/SAr
TBDPSO 8% 0%0 o=
BnO (0] PivO BzO BzO z
BnOgS/o anodic oxidation 4b (1.2 equiv.)

PivO o
Bgr?o SAr (12 mA, 1.05 F/mol) > .
3 PivO [P14]OTf, CH,CI, -20°C, 1 h
-40°C
Ar = 4-CICgH,

TBDPSO
BnO O
Bnoa/o
P'VOBQOO%&/O BnO BnO BnO
n
. (o)
P'VOBnowg 9 Bn8§& B/ng&/sm
BnO B0 BzO BzO

PivO
2c 57%

The automated synthesis of semi-circular hexasaccharide 2¢ was carried out in an H-type divided cell
equipped with a carbon felt anode and a platinum plate cathode (20 mmx20 mm). In the anodic chamber
were placed disaccharide building block 3 (0.75 mmol, 930 mg), [P14]OTf (1.6 mmol, 0.63 g) and CH,Cl,
(15 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid (0.79 mmol, 70 pL), [P14]OTf
(0.50 mmol, 0.12 mL) and CH»Cl (15 mL). The constant current electrolysis (12 mA) was carried out at -
40 °C with stirring until 1.05 F/mol of electricity was consumed. After the electrolysis, tetrasaccharide
building block 4b (0.90 mmol, 1.71 g) dissolved in CH,Cl, (3.5 mL) was subsequently added by the syringe
pump under an argon atmosphere at -40 °C and then -20 °C kept for 60 min. Then Et;N (0.75 mL) was
added, and solvent was removed under reduced pressure. The crude product was purified with silica gel
chromatography (eluent: Hexane/EtOAc 5:1). Target semi-circular hexasaccharide 2¢c was obtained in 57%
isolated yield (0.423 mmol, 1.27 g). 4-Chlorophenyl 3,4-di-O-benzyl-6-O-fert-butyldiphenylsilyl-2-O-
pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-pB-D-glucopyranosyl-(1—6)-3,4-di-
O-benzyl-2-0-pivaloyl--D-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-benzyl-f-D-
glucopyranosyl-(1—3)-2-0-benzoyl-4,6-di-O-benzyl-B-D-glucopyranosyl-(1—3)-2-0O-benzoyl-4,6-di-
O-benzyl-1-thio-B-D-glucopyranoside (2¢); (Hexane/EtOAc 3:1) Ry = 0.50; '"H NMR (600 MHz, CDCl5)
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$7.82(d,J=7.2Hz,2 H), 7.78 (d,J= 7.2 Hz, 2 H), 7.70~7.69 (m, 2 H), 7.63 (d, J= 7.2 Hz, 2 H), 7.55-7.48
(m, 4 H), 7.37-7.08 (m, 75 H), 7.06 (d, J = 8.4 Hz, 2 H), 5.09-5.04 (m, 3 H), 4.94-4.85 (m, 5 H), 4.83 (d,
J=10.8 Hz, 1 H), 4.76-4.66 (m, 8 H), 4.64-4.51 (m, 10 H), 4.49-4.44 (m, 4 H), 4.41 (d, J = 12.6 Hz, 1
H), 438 (d,J = 11.4 Hz, 1 H), 4.34-4.29 (m, 3 H), 4.26 (d, J = 12.0 Hz, 1 H), 4.20 (d, /= 12.4 Hz, 1 H),
4.10 (pseudo-t, J=9.0 Hz, 1 H), 4.07 (pseudo-t, J= 8.4 Hz, 1 H), 3.99 (d,J= 10.8 Hz, 1 H), 3.95-3.90 (m,
3 H), 3.85-3.79 (m, 2 H), 3.75 (pseudo-t, J = 9.0 Hz, 1 H), 3.71 (dd, J = 12.0, 5.4 Hz, 1 H), 3.67-3.64 (m,
4H),3.59 (d,J=10.8 Hz, 1 H), 3.35-3.26 (m, 13 H), 3.21 (pseudo-t, J = 9.0 Hz, 1 H), 3.13 (ddd, J = 9.6,
3.6, 1.8 Hz, 1 H), 1.14 (s, 9 H), 1.13 (s, 9 H), 1.06 (s, 9 H), 1.00 (s, 9 H); '*C NMR (150 MHz, CDCL) §
177.1, 176.64, 176.59, 164.51, 164.47, 164.45, 138.5, 138.4, 138.3, 138.2, 138.1, 138.0, 137.98, 137.91,
137.66, 135.8, 135.7, 135.5, 135.4, 133.54, 133.45, 133.26, 133.0, 132.9, 132.1, 129.77, 129.72, 129.64,
129.60, 129.45, 129.24, 129.16, 128.75, 128.42, 128.35, 128.27, 128.20, 128.13, 128.01, 127.91, 127.84,
127.62, 127.57, 127.51, 127.46, 127.41, 127.35, 127.30, 127.26, 126.9, 100.9, 100.3, 99.80, 99.77, 99.5,
86.0,83.13, 83.11, 82.5, 80.3, 79.04, 78.98, 78.6, 78.2, 77.8, 77.4, 76.2, 76.1, 76.0, 75.8, 75.7, 75.14, 75.05,
74.89, 74.85, 74.79, 74.76, 74.73, 74.65, T4.55, 74.52, 74.46, 74.35, 74.03, 73.8, 73.3, 73.2, 73.1, 72.7,
72.6, 69.8, 69.2, 69.1, 67.5, 66.4, 62.5, 38.7, 38.6, 27.23, 27.18, 27.0, 26.7, 19.2; HRMS (ESI) m/z
calculated for Cy7sH101CIKO36SSi [M+K]* 3038.1925; found 3038.2100.
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Semi-circular hexasaccharide 2¢ (0.26 mmol, 790 mg) was dissolved in pyridine (2.0 mL) and the
solution was cooled to 0 °C. 70% HF+pyridine (0.35 mL) was added to the solution and the reaction mixture
was stirred at 0 °C to room temperature for 4 h. Conversion of 2¢ was confirmed by TLC (Hexane/EtOAc
7:3) and aqueous sodium bicarbonate solution was added to quench the reaction. The aqueous solution was
extracted with chloroform and the combined organic layer was washed with aqueous sodium bicarbonate
solution and 1 N aqueous hydrochloric acid. The reaction mixture was dried over Na,SO4 and concentrated
under reduced pressure to obtain crude product. Thus-obtained crude product was purified by silica gel
chromatography (eluent: Hexane/EtOAc 3:1) and semi-circular hexasaccharide 2b (0.227 mmol, 628 mg)
in 86% yield. 4-Chlorophenyl 3,4-di-O-benzyl-2-O-pivaloyl--D-glucopyranosyl-(1—6)-3,4-di-O-
benzyl-2-0-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-p-D-glucopyranosyl-
(1—3)-2-0-benzoyl-4,6-di-O-benzyl-p-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-benzyl-f-D-
glucopyranosyl-(1—3)-2-0-benzoyl-4,6-di-O-benzyl-1-thio-B-D-glucopyranoside (2b); TLC
(Hexane/EtOAc 7:3) Re= 0.50; 'H NMR (600 MHz, CDCls) & 7.83 (dd, J = 7.2, 4.2 Hz, 4 H), 7.55 (pseudo-
t,J=17.2 Hz, 1 H), 7.49 (pseudo-t, J = 7.2 Hz, 1 H), 7.45 (d, J = 7.8 Hz, 2 H), 7.38-7.14 (m, 63 H),
7.12=7.07 (m, 8 H), 5.12 (pseudo-t, J = 8.4 Hz, 1 H), 5.01-4.89 (m, 3 H), 4.88—4.70 (m, 7 H), 4.69—-4.58
(m, 6 H), 4.58—4.44 (m, 11 H), 4.42 (d,J=12.0 Hz, 1 H), 4.37 (d, /J=12.0 Hz, 1 H), 4.32 (d, /J=12.0 Hz,
1 H), 4.29-4.27 (m, 2 H), 4.24 (d, /= 12.0 Hz, 1 H), 4.21 (d, J=12.0 Hz, 1 H), 4.12 (pseudo-t,J="7.8 Hz,
1 H), 4.09 (pseudo-t,J=9.0 Hz, 1 H), 3.93 (pseudo-t,J="7.2 Hz, 1 H),3.88 (d,/=10.2 Hz, 1 H), 3.74-3.42
(m, 20 H), 3.37-331 (m, 5 H), 3.26 (ddd, /= 10.2, 4.8, 2.4 Hz, 1 H), 3.11 (pseudo-t, J=9.0 Hz, 1 H), 2.15
(pseudo-t, 1 H), 1.18 (s, 9 H), 1.11 (s, 9 H), 1.09 (m, 9 H); 3*C NMR (150 MHz, CDCl;) § 177.2, 176.6,
176.5, 164.53, 164.49, 138.52, 138.47, 138.26, 138.23, 138.20, 138.15, 138.09, 138.07, 138.02, 137.9,
137.8, 133.7, 133.6, 133.56, 133.32, 133.25, 133.0, 132.9, 132.1, 129.8, 129.7, 129.6, 129.5, 129.2, 129.1,
128.77, 128.65, 128.49, 128.36, 128.29, 128.24, 128.21, 128.19, 128.13, 128.08, 128.01, 127.95, 127.92,
127.78, 127.74, 127.64, 127.57, 127.47, 127.41, 127.38, 127.33, 127.28, 127.25, 127.22, 127.14, 127.04,
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126.99, 101.4, 100.6, 99.71, 99.68, 99.63, 86.0, 83.0, 82.8, 82.4, 80.3, 79.1, 78.8, 78.7, 77.8, 77.7, 77.4,
76.2,76.0,75.7,75.5,75.1,74.90, 74.78, 74.76, 74.62, 74.58, 74.55, 74.49, 74.37,74.29, 73.8, 73.7, 73.3,
73.2,73.1,72.84, 72.79, 72.57, 70.0, 69.2, 68.5, 67.3, 61.8, 38.73, 38.69, 38.66, 27.25, 27.08, 27.00. 26.9;
HRMS (ESI) m/z calculated for Ci6H;173C1IKO36S [M+K]" 2800.0753; found 2800.0688.

7. Synthesis of protected cyclic dodecasaccharide

7-1. One-pot dimerization-cyclization process

BnO OBn
PlvOO
BnO5/O
HO BnOo
BnO! O PivO
BnOA——-0 o
PVOBNON-O, BnO o g rotected &©
BnO BnO
BnO O 0BNO 0BnO fe) anodic oxidation BnO 00Bn
PivO, 0BnQ n SAr (2 mA, 1.1 F/mol) i -
BnO e} : -
PR RIS e T TF  cyclic (1,31,6) (o,
PiVO B0 820 [P14]OTf, CH,Cly P Ve | 2
2b  Ar=4-CICeH, -50°C then -30°C~0°C B, B-glucan Lo

O0Bn
1b 3%

0Bz /QO%B“
%{OOPIV
|vO

The dimerization and cyclization of linear dodecasaccharide 2b was carried out in an H-type divided
cell equipped with a carbon felt anode and a platinum plate cathode (10 mmx10 mm). In the anodic chamber
were placed protected linear dodecasaccharide 2b (0.135 mmol, 374 mg), [P14]OTf (0.63 mmol, 0.15 mL)
and CH,Cl, (5.0 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid (0.15 mmol, 13
pL), [P14]OTT (0.50 mmol, 0.12 mL) and CH>Cl; (4.2 mL). The constant current electrolysis (2.0 mA) was
carried out at -50 °C with stirring until 1.1 F/mol of electricity was consumed and then -30 °C kept for 60
min. After elevation of the reaction temperature to 0 °C, EtsN (0.2 mL) was added to both chambers, and
the reaction mixture was dissolved in CHCIs and washed with water to remove electrolyte [P14]OTf. Thus-
obtained organic layer was dried over Na,SO4 and concentrated under reduced pressure to obtain the crude
product (479 mg). Silica gel chromatography (eluent: Hexane/EtOAc 4:1) and preparative recycling GPC
(eluent: CHCI3) afforded target protected cyclic dodecasaccharide 1b in 3% yield (2.3 umol, 12 mg).
Cyclobis-(1—6)-(3,4-di-O-benzyl-2-0-pivaloyl--D-glucopyranosyl)-(1—6)-(3,4-di-O-benzyl-2-O-
pivaloyl-pB-D-glucopyranosyl)-(1—6)-(3,4-di-O-benzyl-2-O-pivaloyl-B-D-glucopyranosyl)-(1—3)-(2-
O-benzoyl-4,6-di-O-benzyl-B-D-glucopyranosyl)-(1—3)-(2-O-benzoyl-4,6-di-O-benzyl-p-D-
glucopyranosyl)-(1—3)-(2-0O-benzoyl-4,6-di-O-benzyl-p-D-glucopyranosyl) (1b); TLC (Hexane/EtOAc
3:1) Rf = 0.30; 'H NMR (600 MHz, CDCls) & 7.79 (pseudo-t, J = 6.6 Hz, 4 H), 7.67—7.62 (m, 4 H), 7.59
(d,/J=7.2Hz,4 H), 7.46—7.43 (m, 6 H), 7.36—7.14 (m, 126 H), 7.05 (d, J= 6.0 Hz, 2 H), 5.09—5.00 (m,
12 H), 4.96—4.88 (m, 6 H), 4.74 (d, J= 7.8 Hz, 2 H), 4.70 (dd, J = 10.8, 3.0 Hz, 2 H), 4.66—4.61 (m, 6
H), 4.56-4.42 (m, 26 H), 4.38-4.25 (m, 12 H), 4.15 (d, J= 7.8 Hz, 2 H), 4.09 (pseudo-t, J= 9.0 Hz, 2
H), 4.02 (pseudo-t, J = 9.0 Hz, 2 H), 4.00-3.96 (m, 4 H), 3.79-3.74 (m, 4 H), 3.67-3.27 (m, 48 H),
3.21-3.15 (m, 4 H), 1.11 (s, 36 H), 1.08 (s, 18 H); *C NMR (150 MHz, CDCl3) § 177.0, 176.5, 176.4,
164.7, 164.4, 163.8, 138.7, 138.6, 138.43, 138.38, 138.2, 138.1, 138.04, 137.95, 137.91, 133.30, 133.24,
133.20, 129.82, 129.75,129.5, 129.4, 129.3, 128.8, 128.61, 128.56, 128.43, 128.35, 128.25, 128.20, 128.15,
128.10, 128.05, 128.01, 127.96, 127.7, 127.6, 127.45, 127.39, 127.35, 127.31, 127.26, 127.21, 127.13,
127.0, 126.9, 126.8, 100.7, 100.5, 100.43, 100.35, 100.14, 99.3, 83.0, 82.9, 82.8, 82.7, 79.75, 79.66, 78.3,
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78.2,78.1, 77.6, 71.5, 76.3, 76.1, 75.6, 75.3, 75.2, 75.1, 74.85, 74.80, 74.72, 74.59, 74.54, 74.48, 74.33,
74.21,73.84, 73.76, 73.3, 73.2, 73.1, 72.9, 72.2, 69.7, 69.15, 69.07, 67.7, 66.9, 38.65, 38.63, 38.59, 27.3,
27.1,26.9; MS (MALDI) m/z calculated for C312H336KO72 [M+K]" 5273.22; found 5273.04.

7-2. Stepwise process via AEA
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The automated synthesis of linear dodecasaccharide 11a was carried out in an H-type divided cell
equipped with a carbon felt anode and a platinum plate cathode (20 mmx20 mm). In the anodic chamber
were placed hexasaccharide building block 2¢ (0.135 mmol, 405 mg), [P14]OTf (0.76 mmol, 0.175 mL) and
CHCl; (3.9 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid (0.20 mmol, 18 pL),
[P14]OTS (0.50 mmol, 0.12 mL) and CH»Cl; (4.9 mL). The constant current electrolysis (2.0 mA) was
carried out at -50 °C with stirring until 1.1 F/mol of electricity was consumed. After the electrolysis,
hexasaccharide building block 2b (0.162 mmol, 450 mg) dissolved in CH»Cl, (0.9 mL) was subsequently
added by the syringe pump under an argon atmosphere at -50 °C and then -30 °C kept for 60 min. After
elevation of the reaction temperature to 0 °C, EtsN (0.4 mL) was added, and the reaction mixture was
filtered through a short column (4x3 cm) of silica gel to remove electrolyte BusNOTf. Removal of the
solvent under reduced pressure and the crude product was purified with silica gel chromatography (eluent:
Hexane/EtOAc 3:1) and preparative recycling GPC (eluent: CHCI3). Target linear dodecasaccharide 11a
was obtained in 51% isolated yield (0.069 mmol, 389 mg). Thus-obtained 11a was used as a starting
material for the next step without detailed structural characterization.

Linear dodecasaccharide 11a (0.069 mmol, 389 mg) was dissolved in pyridine (0.53 mL) and the
solution was cooled to 0 °C. 70% HF+pyridine (0.10 mL) was added to the solution and the reaction mixture
was stirred at 0 °C to room temperature for 2 h. Conversion of 11a was confirmed by TLC (Hexane/EtOAc
7:3) and aqueous sodium bicarbonate solution was added to quench the reaction. The aqueous solution was
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extracted with chloroform and the combined organic layer was washed with aqueous sodium bicarbonate
solution and 1 N aqueous hydrochloric acid. The reaction mixture was dried over Na>SOs4 and concentrated
under reduced pressure to obtain crude product (430 mg). Thus-obtained crude product was purified by
silica gel chromatography (eluent: Hexane/EtOAc 7:3) and 11b (0.053 mmol, 284 mg) in 76% yield (87%
conversion).  4-Chlorophenyl 3,4-di-O-benzyl-2-0O-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-
benzyl-2-0-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-p-D-glucopyranosyl-
(1—3)-2-0-benzoyl-4,6-di-O-benzyl-B-D-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-benzyl-p-D-
glucopyranosyl-(1—3)-2-0-benzoyl-4,6-di-O-benzyl-$-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-
O-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-0-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-
di-O-benzyl-2-0-pivaloyl-B-D-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-benzyl-f-D-
glucopyranosyl-(1—3)-2-0-benzoyl-4,6-di-O-benzyl-$-D-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-
O-benzyl-1-thio-B-D-glucopyranoside (11b); TLC (Hexane/EtOAc 7:3) Rf = 0.20; '"H NMR (600 MHz,
CDCLs) 6 7.80 (d, J = 7.2 Hz, 2 H), 7.76—7.73 (m, 5 H), 7.52-7.48 (m, 2 H), 7.45 (d, ] = 7.2 Hz, 1 H),
7.41-7.39 (m, 2 H), 7.36—6.99 (m, 141 H), 6.89—6.86 (m, 1 H), 5.08—5.05 (m, 2 H), 4.99—4.80 (m, 16
H), 4.74—4.14 (m, 55 H), 4.10—4.00 (m, 6 H), 3.90—3.82 (m, 5 H), 3.71-3.62 (m, 6 H), 3.60—3.16 (m,
41 H), 3.04-3.00 (m, 1 H), 2.17 (pseudo-t, J= 6.0 Hz, 1 H), 1.10 (s, 18 H), 1.08 (s, 9 H), 1.06 (s, 9 H),
1.05 (s, 9 H), 1.04 (s, 9 H); *C NMR (150 MHz, CDCl3) 6 177.3,177.2,177.1,176.7, 176.6, 176.5, 176 4,
164.52, 164.47, 163.9, 138.58, 138.54, 138.51, 138.45, 138.35, 138.31, 138.28, 138.21, 138.18, 138.15,
138.11,138.07, 138.01, 137.96, 137.87,137.8,137.7,133.6, 133.28, 133.25, 133.22, 133.14, 133.0, 132.93,
132.90, 132.1, 129.78, 129.72, 129.65, 129.55, 129.48, 129.45, 129.38, 129.32, 129.25, 129.18, 129.15,
128.8, 128.7, 128.6, 128.53, 128.46, 128.35, 128.29, 128.24, 128.21, 128.18, 128.14, 128.03, 127.97,
127.94, 127.92, 127.91, 127.76, 127.73, 127.69, 127.63, 127.60, 127.56, 127.43, 127.41, 127.37, 127.35,
127.31, 127.26, 127.22, 127.21, 127.1, 127.0, 126.9, 101.5, 100.8, 100.7, 100.6, 100.5, 100.2, 99.8, 99.6,
99.5, 86.0, 83.1, 82.99, 82.95, 82.93, 82.85, 82.5, 82.4, 80.4, 79.1, 79.0, 78.78, 78.60, 77.73, 77.65, 77.63,
77.43,76.4,76.3,75.98, 75.93,75.89, 75.87, 75.72, 75.59, 75.56, 75.44, 75.15, 75.11, 75.03, 74.85, 74.77,
74.65, 74.61, 74.51, 74.37, 74.34, 74.27, 74.15, 74.12, 74.02, 73.96, 73.87, 73.79, 73.30, 73.25, 73.17,
73.11, 73.09, 72.82, 72.80, 72.52, 72.44, 72.22, 69.9, 69.21, 69.17, 69.10, 67.6, 61.8, 38.68, 38.62, 38.58,
27.24,27.19, 27.13, 27.09, 26.99, 26.80, 26.76; MS (MALDI) m/z calculated for C313H341CIKO7,S [M+K]"
5417.21; found 5417.67.

The intramolecular glycosylation of linear dodecasaccharide 11b was carried out in an H-type divided
cell equipped with a carbon felt anode and a platinum plate cathode (10 mm>10 mm). In the anodic chamber
were placed protected linear dodecasaccharide 11b (0.028 mmol, 151 mg), [P14]OTf (0.74 mmol, 0.17 mL)
and CH,Cl, (5.0 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid (0.14 mmol, 12
uL), [P14]OTf (0.50 mmol, 0.12 mL) and CH>Cl: (5.1 mL). The constant current electrolysis (2.0 mA) was
carried out at -50 °C with stirring until 1.5 F/mol of electricity was consumed and then -30 °C kept for 60
min. After elevation of the reaction temperature to 0 °C, EtsN (0.1 mL) was added to both chambers, and
the reaction mixture was dissolved in CHCIs and washed with water to remove electrolyte [P14]OTf. Thus-
obtained organic layer was dried over Na,SO4 and concentrated under reduced pressure to obtain the crude
product (160 mg). Silica gel chromatography (eluent: Hexane/EtOAc 3:1) and preparative recycling GPC
(eluent: CHCIl3) afforded target protected cyclic dodecasaccharide 1b in 23% yield (6.9 pmol, 36 mg).

79



References

[1] (a)J. Yoshida, K. Kataoka, R. Horcajada and A. Nagaki, Chem. Rev., 2008, 108, 2265; (b) J. Yoshida,
Y. Ashikari, K. Matsumoto and T. Nokami, J. Synth. Org. Chem. Jpn., 2013, 71, 1136; (c) J. Yoshida, A.
Shimizu, Y. Ashikari, T. Morofuji, R. Hayashi, T. Nokami and A. Nagaki, Bull. Chem. Soc. Jpn., 2015, 88,
763; (d) M. Yan, Y. Kawamata and P. S. Baran, Chem. Rev., 2017, 117, 13230; (e) J. Yoshida, A. Shimizu
and R. Hayashi, Chem. Rev., 2018, 118, 4702; (f) K. D. Moeller, Chem. Rev., 2018, 118, 4817; (g) C. Zhu,
N. W.J. Ang, T. H. Meyer, Y. Qiu and L. Ackermann, ACS Cent. Sci., 2021, 7, 415.

[2] (a) P. Hu, B. K. Peters, C. A. Malapit, J. C. Vantourout, P. Wang, J. Li, L. Mele, P.-G. Echeverria, S.
D. Minteer and P. S. Baran, J. Am. Chem. Soc., 2020, 142, 20979; (b) Y. Gao, D. E. Hill, W. Hao, B. J.
McNicholas, J. C. Vantourout, R. G. Hadt, S. E. Reisman, D. G. Blackmond and P. S. Baran, J. Am. Chem.
Soc., 2021, 143, 9478; (d) K. Hayashi, J. Griffin, K. C. Harper, Y. Kawamata and P. S. Baran, J. Am. Chem.
Soc., 2022, 144, 5762; (e) S. J. Harwood, M. D. Palkowitz, C. N. Gannett, P. Perez, Z. Yao, L. Sun, H. D.
Abruiia, S. L. Anderson and P. S. Baran, Science, 2022, 375, 745.

[3] S. Nagahara, Y. Okada, Y. Kitano and K. Chiba, Chem. Sci., 2021, 12, 12911.

[4] (a) S. Manmode, K. Matsumoto, T. Itoh and T. Nokami, Asian J. Org. Chem., 2018, 7, 1719; (b) A.
Shibuya and T. Nokami, Chem. Rec., 2021, 21, 2389; (c) K. Yano, N. Sasaki, T. Itoh and T. Nokami, J.
Synth. Org. Chem. Jpn, 2021, 79, 839.

[5] (a) T. Nokami, R. Hayashi, Y. Saigusa, A. Shimizu, C.-Y. Liu, K.-K. Mong and J. Yoshida, Org. Lett.,
2013, 75,4520; (b) T. Nokami, Y. Isoda, N. Sasaki, A. Takaiso, S. Hayase, T. Itoh, R. Hayashi, A. Shimizu
and J. Yoshida, Org. Lett., 2015, 17, 1525.

[6] (a) M. Davis and M. Brewster, Nat. Rev. Drug Discov., 2004, 3, 1023; (b) G. Crini, Chem. Rev., 2014,
114,10940.

[7] M. Wakao, K. Fukase and S. Kusumoto, J. Org. Chem., 2002, 67, 8182.

[8] (a) M. L. Gening, D. V. Titov, A. A. Grachev, A. G. Gerbst, O. N. Yudina, A. S. Shashkov, A. O.
Chizhov, Y. E. Tsvetkov and N. E. Nifantiev, Eur. J. Org. Chem., 2010, 2465; (b) D. V. Titov, M. L.
Gening, A. G. Gerbst, A. O. Chizhov, Y. E. Tsvetkov and N. E. Nifantiev, Carbohydr. Res., 2013, 381,
161; (c) M. L. Gening, Y. E. Tsvetkov, D. V. Titov, A. G. Gerbst, O. N. Yudina, A. A. Grachev, A. S.
Shashkov, S. Vidal, A. Imberty, T. Saha, D. Kand, P. Talukdar, G. B. Pier and N. E. Nifantiev, Pure Appl.
Chem., 2013, 85, 1879.

[9] S. Manmode, S. Tanabe, T. Yamamoto, N. Sasaki, T. Nokami and T. Itoh, ChemistryOpen, 2019, &,
869.

[10] H. Endo, M. Ochi, M. A. Rahman, T. Hamada, T. Kawano and T. Nokami, Chem. Commun., 2022, 58,
7948.

[11] (a) M. W. Breedveld and K. J. Miller, Microbiol. Rev., 1994, 58, 145; (b) A. V. Nair, S. N. Gummadi
and M. Doble, Biotechnol. Lett., 2016, 38, 1519; (¢) E. Cho, D. Jeong, Y. Choi and S. Jung, J. Incl. Phenom.
Macrocycl. Chem., 2016, 85, 175.

[12] (a) S. Manmode, M. Kato, T. Ichiyanagi, T. Nokami and T. Itoh, 4sian J. Org. Chem., 2018, 7, 1802;
(b) A. Shibuya, M. Kato, A. Saito, S. Manmode, N. Nishikori, T. Itoh, A. Nagaki and T. Nokami, FEur. J.
Org. Chem., 2022, 19, ¢202200135.

[13] N. Basu, S. K. Maity, S. Roy, S. Singha and R. Ghosh, Carbohydr. Res., 2011, 346, 534.

80



'H and *C NMR spectra of synthetic intermediates and monosaccharide building blocks
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"HNMR

BnO
BnO Q
TBSO S
OBz
S5 cl

8 7 6 5 4 3 2 1 0 pPpm
88= 3 SRS 3 38
NI A o rlrlelriNolrrrio o mim
BC NMR
BnO
BnO O
TBSO S
OBz
S5 cl
T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

84



A

€T M- 35>

J )
T T T sl T CERCE X I v W iR it L e
80 75 70 €6 680 55 650 45 40 35 30 25 20 15 10 ppm
)\ L JJIGA |
ol (aleinle (@ I‘-{r ) ‘w e @
a q‘-eqo |aa|=z'=.q‘ 8535 a|
- |Flole~ cn]u—n oo~ a|
3C NMR
BRUKER
=1 = f
BnO
BnO 9]
HO S
|
" T N | ¥ T " i T . T T T o T ¥
200 180 160 140 120 100 80 60 40 20 ppm

85



'"H NMR
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Current Data Parameters
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'H, 3C NMR, H-H COSY and HMQC spectra of disaccharides.
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"HNMR
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H-H cosy
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"H NMR
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'H, 3C NMR, H-H COSY and HMQC spectra of tetrasaccharide building block
'"H NMR
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'H, 3C NMR, H-H COSY and HMQC spectra of semi-circular hexasaccharide
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Current Data Parameters
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F2 - Acquisition Parameters
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'H, 3C NMR, H-H COSY and HMQC spectra of linear and cyclic dodecasaccharides
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'"H NMR
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Current Data Parameters
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F2 - Acquisition Parameters
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D
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Ds 2
SWH 12019.230 Hz
FIDRES 0.183399 Hz
a0 2.7262976 sec
RG 8
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DE 6.50 usec
TE 293.8 X
D1 1.00000000 sec
TDO 1

CHANNEL f1
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- Processing parameters
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Chapter 3.

Towards Rational Design of Oligosaccharide Building Blocks of Cyclic B-Glucans

Introduction

As described in chapter 2, protected cyclic dodecasaccharide 1 was successfully synthesized from semi-
circular hexasaccharide 2a (Figure 3-1). To explore the possibility of further improvement of the yield, we
planned to synthesize the cyclic dodecasaccharide 1 from other hexasaccharide precursors 2b and 2c
(Figure 3-2). Among potential precursors, semi-circular hexasaccharide 2¢ was synthesized because it also
has protecting-group free 6-OH as a reaction site and can be synthesized by automated electrochemical
assembly of building blocks in hand.
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Figure 3-1. Dimerization-cyclization of semi-circular hexasaccharlde precursor 2a.
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Figure 3-2. Potential hexasaccharide precursors of cyclic dodecasaccharide 1.

Results and Discussion

First, disaccharide building blocks 4a and 4¢ were synthesized (Scheme 3-1). Disaccharide 4a and
monosaccharides 3a-¢ were prepared according to the reported procedures.! Glycosylation reaction of 3a
and 3c and following deprotection of TBDPS group afforded disaccharide building block 4¢. Then,
hexasaccharide 5 was synthesized by three steps of AEA using disaccharides 4a and 4¢ and two equivalents
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of monosaccharide 3b. Hexasaccharide 5 was converted to hexasaccharide precursor 2¢ by deprotection of
TBDPS group (Scheme 3-2).

TBDPSO o g TBDPSO BnO o
BnO: ref.
050 §&;S/8Ar — B OBnOJ SAr

PivO BzO

PivO
3a 4a
HO
O
BQ,?&F\/SAr
PivO
TBDPSO anodic 3c TBDPSO o HO o
Bé‘r?(;%&/SAr oxidation coupling Bgnoo o m Bgr?o o
i o o PivO, (] idi PivO, 0}
3PlvO .50 °C .30 °C Bgnoo'& \__SAr Pyridine Bélno:& \__SAr
a 1.05 Ffmol PivO PIvO
4b 78% 4c 86%

Scheme 3-1. Synthesis of disaccharide building blocks 4a and 4c.
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Scheme 3-2. Synthesis of semi-circular hexasaccharide precursor 2c.

Contrary to our expectation, electrochemical oxidation of precursor 2¢ afforded neither cyclic
dodecasaccharide nor linear dodecasaccharide. Then we carefully checked by-products of the reaction and
found formation of hydroxysugars of hexasaccharide 6 and pentasaccharide 7 (Figure 3-2). MALDI-TOF-
MS showed two major molecular ion peaks [M+K]" which are derived from hydroxysugars 6 and 7 (Figure
3-3). Although hydroxysugars are typical by-products of glycosylation, the formation of shorter
oligosaccharide 7 is rare. By comparison of the structures of precursors 2a and 2c¢, glycosidic linkage of the
disaccharide unit of the reducing end was supposed to be a key factor for the side reactions. For better
understanding of the relationship between the disaccharide structure and its reactivity, we planned to
investigate using model disaccharides 4d-e (Scheme 3-3). f-1,3-Disaccharide 4d is a model compound of
hexasaccharide 2a and B-1,6-disaccharide 4e is a model compound of hexasaccharide 2¢, respectively.
Disaccharide 4d was synthesized according to the reported procedure.! Disaccharide 4e was synthesized by
glycosylation reaction of monosaccharides 3¢ and 3e.
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Figure 3-2. By-products of electrochemical oxidation of hexasaccharide 2c.
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Figure 3-3. MALDI-TOF MS of crude products of electrochemical oxidation of 2c.
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Scheme 3-3. Synthesis of model disaccharides of the hexasaccharide precursors.
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To explore information which can reveal the relationship, we focused on RRV (Relative Reactivity
Value). RRV, developed by C.-H. Wong and co-workers, is an index of reactivity of glycosyl donors.? RRV
is calculated based on ratio of reaction rate between a target thioglycoside and a standard thioglycoside
(Figure 3-4). Competitive reaction of them with methanol gives relative reactivity of the target
thioglycoside. Reactivities of multiple thioglycosides can be compared by comparing RRVs of them. We
examined RRVs of model disaccharides 4d and 4e. RRV values of 4d and 4e are 108.9 and 57.7,
respectively (Figure 3-5). Although RRV of 4d was larger than that of 4e as we expected, the difference
was not enough to explain the relationship between the structure and the reactivity.
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Figure 3-4. Principle of RRV.
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Figure 3-5. RRV values of model disaccharides 4d and 4e.

We turned our attention to mechanism of formation of pentasaccharide hydroxysugar 7. Because 1,6-
anhydrosugar 10 was often observed as a by-product in glycosylation reaction, we presumed that leaving
of 1,6-anhydrosugar 10 caused the fragmentation. Our plausible mechanism is depicted in Figure 3-6.
Electrochemical oxidation of 2¢ afford the corresponding dioxalenium ion 8. The 6-position oxygen in the
reducing end attacks the anomer carbon of 8. The following attack of 2-pivaloyl oxygen on the anomer
carbon leads to leaving of 1,6-anhydrosugar 10. Thus-obtained pentasaccharide dioxalenium ion 11 was
finally hydrolysed to form pentasaccharide hydroxysugar 7. Although 1,6-anhydrosugar 10 was not isolated
from the reaction mixture, we regarded it as a potential by-product.
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Figure 3-6. Plausible mechanism of the shortening reaction.

Next, B-1,6-disaccharide 4e was electrochemically oxidized, followed by addition of methanol. Not
only 1-methylglycoside disaccharide 4f but also 1-methylglycoside monosaccharide 3f was observed
(Figure 3-7). In other words, the fragmentation also occurred in the reaction using disaccharide 4e. We
presumed that monosaccharide 3f was produced by the mechanism shown in Figure 3-8 via leaving of 1,6-
anhydrosugar 10. Although 1,6-anhydrosugar 10 was not isolated, it was detected by mass analysis of the
reaction mixture.
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Figure 3-7. Model reaction using 3-1,6-disaccharide 4e as a glycosyl donor.
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Figure 3-8. Plausible mechanism of formation of 1-methylglycoside monosaccharide 3f.

We have focused on the reducing end of the hexasaccharide precursors. However, there is still room for
investigation in other moieties. For example, glycosidic linkage of the disaccharide unit of the non-reducing
end could affect the dimerization-cyclization and the side reactions. Deeper understanding of glycosylation
of semi-circular hexasaccharides is expected to lead to rational design of oligosaccharide building blocks
for the cyclic dodecasaccharide.

Conclusion
In the course of synthetic study of protected cyclic dodecasaccharide 1, two hexasaccharide precursors

2a and 2c¢ exhibited different reactivity. Dimerization-cyclization of hexasaccharide 2¢ was failed. In this
reaction, hydroxysugars of hexasaccharide 6 and pentasaccharide 7 were obtained. By comparison of the
structures of the precursors, glycosidic linkage of the disaccharide unit of the reducing end was supposed
to be a key factor for the side reactions. In the reaction using disaccharide 4e, which is a model compound
of hexasaccharide 2¢, fragmentation was also observed. Monosaccharide 3f and 1,6-anhydrosugar 10 were
detected by mass analysis. The result was consistent with our plausible mechanism. More detailed
knowledge regarding structure-reactivity relationship is expected to lead to rational design of
oligosaccharide building blocks in future.
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Experimental

1. General

"H and '3C NMR spectra were recorded on Bruker AVANCE 11 600 ("H 600 MHz, 1*C 150 MHz). ESI-MS
and MALDI-TOF-MS were recorded on Thermo Scientific Exactive spectrometer and Bruker
ultrafleXtreme, respectively. Preparative recycling gel permeation chromatography (PR-GPC) was
performed on Japan Analytical Industry LC-5060. Kanto silica gel 60 N (spherical, neutral, 63-210 pm)
was used for silica gel column chromatography. The automated synthesizer is consisting of the
commercially available instruments such as the chiller with a cooling bath (UCR-150, Techno Sigma), the
power supply for constant current electrolysis (PMC 350-0.2 A, KIKUSUI), the syringe pump (PHD 2000
infusion, Harvard apparatus), and the system controller (LabVIEW, National Instruments). Merck TLC
(silica gel 60 F254) was used for TLC analysis. Monosaccharide S1, monosaccharides 3a-d and
disaccharides 4a, 4b, and 4d were prepared according to the reported procedures.! Unless otherwise noted,
all materials were obtained from commercial suppliers and used without further purification.

2. Preparation of building blocks
2-1.  4-Chlorophenyl 3,4-di-O-benzyl-2-O-pivaloyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-
pivaloyl-1-thio-B-D-glucopyranoside (4¢)

TBDPSO HO
BnO 0 BnO 0
Bnogv\/O HFpyridine BHO%/O

PivOBRO 0 . PivOBno%&/
BnO-— SAr pyridine BnO-— SAr
PivO PivO

4c 86%
Ar = 4-CICgH,

Disaccharide 4b (0.880 mmol, 1.09 g) was dissolved in pyridine (8.8 mL) and the solution was cooled
to 0 °C. 70% HFpyridine (0.70 mL) was added to the solution and the reaction mixture was stirred at 0 °C
to room temperature for 5 h. Conversion of 4b was confirmed by TLC (Hexane/EtOAc 7:3) and aqueous
sodium bicarbonate solution was added to quench the reaction. The aqueous solution was extracted with
chloroform and the combined organic layer was washed with aqueous sodium bicarbonate solution and 1
N aqueous hydrochloric acid. The reaction mixture was dried over Na>SOs4 and concentrated under reduced
pressure to obtain crude product. Thus-obtained crude product was purified by silica gel chromatography
to obtain 4¢ (0.761 mmol, 759 mg) in 86% yield. TLC (Hexane/EtOAc 4:1) Rr 0.21; [a]**p = 28.181 (¢ =
1.1, CHCls); '"H NMR (CDCls, 600 MHz) & 7.41 (d, J = 8.4 Hz, 2 H), 7.34-7.27 (m, 16 H), 7.24 (d, J= 7.2
Hz, 4 H), 5.06 (pseudo-t,J="7.8 Hz, 1 H), 5.02 (pseudo-t, J=9.6 Hz, 1 H), 4.81 (d,J=9.6 Hz, 1 H), 4.77
(d,/=10.4 Hz,2 H),4.74 (d, /J=9.6 Hz, 1 H), 4.70 (d, /= 10.4 Hz, 1 H), 4.68 (d,/J=10.4 Hz, 1 H), 3.91
(dd, J=10.2, 1.6 Hz, 1 H), 3.82 (ddd, /= 16.0, 8.8, 4.0 Hz, 1 H), 3.72-3.64 (m, 5 H), 3.56-3.53 (m, 1 H),
3.47 (Pseudo-t, J = 9.6 Hz, 1 H), 3.40-3.37 (m, 1 H), 1.22 (s, 9 H), 1.12 (s, 9 H); *C NMR (CDCls, 150
MHz) § 176.71, 138.06, 137.89, 137.82, 137.74, 134.19, 133.58, 131.83, 129.31, 128.54, 128.43, 128.13,
128.06, 128.01, 127.74, 127.69, 127.45, 127.36, 101.20, 86.73, 84.58, 83.11, 79.37, 77.58, 77.51, 75.56,
75.30, 75.05, 75.01, 74.99, 72.84, 71.36, 68.30, 62.02.
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2-2. 4-Chlorophenyl 3,4,6-tri-O-benzyl-2-O-pivaloyl-B-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-
pivaloyl-1-thio-B-D-glucopyranoside (4e)
2-2-1. 4-Chlorophenyl 3,4,6-tri-O-benzyl-2-O-pivaloyl-1-thio-B-D-glucopyranoside (3e)

HO BnO
BnO Q BnO (o)
1N g, Mot Eer BIONMO

PivO DMF, rt PivO
S1 3e, 79%
Ar = 4-C|CGH4

4-Chlorophenyl 3,4-di-O-benzyl-2-O-pivaloyl-1-thio-p-D-glucopyranoside S1 (4.90 mmol, 2.80 g) was
dissolved in DMF (35 mL) and the solution was cooled to 0 °C. BnBr (17.6 mmol, 2.10 g) was added to
the solution, followed by addition of a solution of NaH (17.9 mmol, 0.430 g) in DMF (15 mL). The reaction
mixture was stirred at 0 °C to room temperature for 5 h. Conversion of S1 was confirmed by TLC
(Hexane/EtOAc 4:1) and methanol was added to quench the reaction. The solution was diluted with
hexane/EtOAc (4:1), washed with water, dried over Na;SO4 and concentrated under reduced pressure to
obtain crude product. Thus-obtained crude product was purified by silica gel chromatography to obtain 3e
(3.90 mmol, 2.58 g) in 79% yield. TLC (Hexane/EtOAc 4:1) R; 0.56; "H NMR (CDCl;, 600 MHz) & 7.44
(d,/=8.4Hz,2H),7.37-7.28 (m, 11 H), 7.23 (d,J=7.2 Hz, 2 H), 7.17 (d, /= 8.4 Hz, 4 H), 5.05 (pseudo-
t,J=9.0 Hz, 1 H), 4.76 (d, J=4.8 Hz, 1 H), 4.75 (d, /= 4.8 Hz, 1 H), 4.68 (d, J = 10.8 Hz, 1 H), 4.59
(pseudo-t,J=6.6 Hz, 1 H), 4.56 (d,/=7.8 Hz, 1 H),4.53 (d,/=12.0 Hz, 2 H), 3.78 (dd, /=10.8, 1.8 Hz,
1 H), 3.73-3.70 (m, 2 H), 3.66 (pseudo-t, J = 9.0 Hz, 1 H), 1.23 (s, 9 H); *C NMR (CDCls, 150 MHz) &
176.74, 138.21, 138.07, 137.98, 134.23, 134.13, 133.94, 133.77, 133.52, 132.15, 131.49, 131.33, 129.26,
129.23, 128.55, 128.53, 128.51, 128.07, 127.81, 127.79, 127.77, 127.20, 86.05, 84.74, 80.75, 77.07, 75.59,
75.16, 74.89, 73.52, 71.55, 69.01, 38.87, 38.82, 27.29, 27.17; HRMS (ESI) m/z calculated for
Cs7Hg3CIKO4sS; [M+K]* 699.1944; found 699.1951.

2-2-2. 4-Chlorophenyl 3,4,6-tri-O-benzyl-2-O-pivaloyl-B-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-
pivaloyl-1-thio-p-D-glucopyranoside (4e)

HO
(@]
PivO
BnO anodic 3c BnO o
(0] oxidation couplin BnO
Bé‘,%&gzsm el Bnog&/})_o o~ .
i o o iv
3§IVO -50 °C -30 °C Blr31nOO SAr

1.05 F/mol PivO
4e 54%

The automated synthesis of 4e was carried out in an H-type divided cell (4G glass filter) equipped with
a carbon felt anode (Nippon Carbon JF-20-P7) and a platinum plate cathode (10 mmx20 mm). In the anodic
chamber were placed terminal building block 3e (0.60 mmol, 497 mg), BusNOT{ (1.50 mmol, 587 mg) and
CH,Cl, (15 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid (0.63 mmol, 56 pL),
BuwNOTT (1.50 mmol, 587 mL) and CH,Cl, (15 mL). The constant current electrolysis (13.0 mA) was
carried out at -50 °C with magnetic stirring until 1.05 F/mol of electricity was consumed. After the
electrolysis, building block 3¢ (0.72 mmol, 411 mg) dissolved in CH»Cl, (2.0 mL) was subsequently added
by the syringe pump under an argon atmosphere at -30 °C, and kept for 60 min. After the cycle, Et;N (0.50
mL) was added to quench the mixture. After removal of the solvent under reduced pressure, the crude
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product was purified with silica gel chromatography to obtain 4e (0.52 mmol, 570 mg) in 54% yield. TLC
(Hexane/EtOAc 4:1) R¢0.56; 'TH NMR (CDCls, 600 MHz)  7.41 (d, J= 8.4 Hz, 2 H), 7.33-7.27 (m, 20 H),
7.22 (d,J=7.2 Hz, 5 H), 7.15-7.13 (m, 2 H), 5.10 (pseudo-t, J = 8.4 Hz, 1 H), 5.02 (pseudo-t, J=9.0 Hz,
1 H),4.76 (t,J=14.4 Hz, 3 H), 4.70 (pseudo-t, J= 10.8 Hz, 1 H), 4.66 (d, J=10.8 Hz, 1 H), 4.49-4.57 (m,
5 H), 4.46 (pseudo-t, J = 7.8 Hz, 1 H), 4.00 (dd, J = 10.4, 1.8 Hz, 1 H), 3.75-3.66 (m, 6 H), 3.60 (td, J =
7.2, 1.8 Hz, 1 H), 3.50-3.43 (m, 2 H), 1.21 (s, 9 H), 1.12 (s, 9 H); *C NMR (CDCls, 150 MHz) § 176.69,
176.65, 138.15, 138.11, 137.98, 137.98, 137,78, 134.09, 133.64, 131.86, 129.28, 128.48, 128.45, 128.42,
128.09, 128.02, 127.85, 127.83, 127.70, 127.65, 127.46, 127.32, 101.22, 86.55, 84.57, 83.36, 79.28, 77.77,
77.10, 76.89, 75.27, 75.21, 75.02, 74.99, 73.52, 72.86, 71.39, 68.76, 68.08, 38.81, 38.77, 27.20, 27.16;
HRMS (ESI) m/z calculated for Cs;Hs3;CIKO 3S; [M+K]" 1125.3986; found 1125.3959.

3. Synthesis of hexasaccharide precursor 2¢c by AEA

3-1.  4-Chlorophenyl 3,4-di-O-benzyl-2-O-pivaloyl-B-D-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-
benzyl-p-D-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-benzyl-B-D-glucopyranosyl-(1—3)-2-O-
benzoyl-4,6-di-O-benzyl-B-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-B-D-glucopyranosyl-
(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-1-thio-B-D-glucopyranoside (2¢)

3-1-1. 4-Chlorophenyl 3,4-di-O-benzyl-6-O-tert-butyldiphenylsilyl-2-O-pivaloyl-p-D-glucopyranosyl-
(1—3)-2-0O-benzoyl-4,6-di-O-benzyl-p-D-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-benzyl-B-D-
glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-benzyl-p-D-glucopyranosyl-(1 —6)-3,4-di-O-benzyl-2-O-
pivaloyl-B-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-1-thio-B-D-glucopyranoside (5)

HO
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4a 1.1 F/mol 1.0 F/mol 1.0 F/mol
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RO oo °no Pivangg:o
5. 21% B

The automated synthesis of 5 was carried out in an H-type divided cell (4G glass filter) equipped with
a carbon felt anode (Nippon Carbon JF-20-P7) and a platinum plate cathode (10 mmx20 mm). In the anodic
chamber were placed terminal building block 4a (0.30 mmol, 377 mg), [Bmpy][OT{] (1.50 mmol, 0.35
mL) and CH>Cl, (15 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid (0.32 mmol,
28 uL), [Bmpy][OTT] (1.50 mmol, 0.35 mL) and CH»Cl, (15 mL). The constant current electrolysis (12.0
mA) was carried out at -50 °C with magnetic stirring until 1.1 F/mol of electricity was consumed. After the
electrolysis, building block 3b (0.30 mmol, 178 mg) dissolved in CH>Cl, (2.0 mL) was subsequently added
by the syringe pump under an argon atmosphere at -30 °C, and kept for 60 min. After cooling to -50 °C,
The constant current electrolysis (12.0 mA) was carried out at -50 °C with magnetic stirring until 1.1 F/mol
of electricity was consumed. After the electrolysis, building block 3b (0.30 mmol, 178 mg) dissolved in
CH,Cl, (2.0 mL) was subsequently added by the syringe pump under an argon atmosphere at -30 °C, and
kept for 60 min. After cooling to -50 °C, The constant current electrolysis (12.0 mA) was carried out at -
50 °C with magnetic stirring until 1.1 F/mol of electricity was consumed. After the electrolysis, building
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block 4¢ (0.30 mmol, 300 mg) dissolved in CH2Cl, (2.0 mL) was subsequently added by the syringe pump
under an argon atmosphere at -30 °C, and kept for 60 min. After the cycle, EtsN (0.50 mL) was added, and
the mixture was filtered through a short column (4x3 cm) of silica gel to remove [Bmpy][OTf]. After
removal of the solvent under reduced pressure, the crude product was purified with silica gel
chromatography to obtain 486 mg of a mixture containing 5. The mixture was purified by PR-GPC to obtain
5 (0.0822 mmol, 247 mg) in 27% yield.

3-1-2. 4-Chlorophenyl 3,4-di-O-benzyl-2-O-pivaloyl-B-D-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-
benzyl-B-D-glucopyranosyl-(1—3)-2-O-benzoyl-4,6-di-O-benzyl-B-D-glucopyranosyl-(1—3)-2-O-
benzoyl-4,6-di-O-benzyl-p-D-glucopyranosyl-(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-B-D-glucopyranosyl-
(1—6)-3,4-di-O-benzyl-2-O-pivaloyl-1-thio-B-D-glucopyranoside (2¢)

BnO
BnO

BnO
TBDPSO B OBnO
Bno%&‘ﬁo OBn >oego g HF-Pyridine
BzO n —_—
PIvOBNO Pyridine
gno SAr

PivO

B”O%&Eﬁowo BZOBnO‘g ,
2¢, 87% PWOBHO%SN

Hexasaccharide 5 (0.121 mmol, 365 mg) was dissolved in pyridine (1.0 mL) and the solution was cooled
to 0 °C. 70% HF-pyridine (0.10 mL) was added to the solution and the reaction mixture was stirred at 0 °C
to room temperature for 5 h. Conversion of § was confirmed by TLC (Hexane/EtOAc 7:3) and aqueous
sodium bicarbonate solution was added to quench the reaction. The aqueous solution was extracted with
chloroform and the combined organic layer was washed with aqueous sodium bicarbonate solution and 1
N aqueous hydrochloric acid. The reaction mixture was dried over Na>;SO4 and concentrated under reduced
pressure to obtain crude product. Thus-obtained crude product was purified by silica gel chromatography
to obtain 2¢ (0.105 mmol, 289 mg) in 87% yield. TLC (Hexane/EtOAc 7:3) Rf. 0.65; [a]*’p =-16.363 (¢ =
1.1, CHCl3); '"H NMR (CDCls, 600 MHz) & 7.78 (d, J= 7.2 Hz, 2 H), 7.66 (d, J = 7.2 Hz, 2 H), 7.58-7.55
(m, 4 H), 7.31-7.27 (m, 7 H), 7.25-7.13 (m, 46 H), 7.09-6.94 (m, 2 H), 5.00 (dd, J=19.5, 19.5, 9.0 Hz, 4
H), 4.95-4.92 (m, 3 H), 4.87 (dd, J=9.0, 7.8 Hz, 1 H), 4.80 (d, J=10.8 Hz, 1H), 4.68 (ddd, J= 8.7, 8.7,
2.4 Hz, 3 H), 4.61 (dd, J=10.8, 4.8 Hz, 3 H), 4.58 (d, /= 13.8 Hz, 2 H), 4.52 (dd, /= 10.2, 6.0 Hz, 3 H),
4.45-4.35 (m, 12 H), 4.31 (pseudo-t, J = 12.0 Hz, 2 H), 4.26 (d, /= 7.8 Hz, 1 H), 4.21 (dd, J=23.4, 10.8
Hz, 2 H), 4.07 (pseudo-t, 18 Hz, 1 H), 4.00 (d, J=9.6 Hz, 1 H), 3.88 (pseudo-t,J=16.8 Hz, 1 H), 3.81 (dd,
J=18.0,9.0 Hz, 2 H), 3.72 (d, /= 10.2 Hz, 1 H), 3.63-3.57 (m, 4 H), 3.54-3.47 (m, 7 H), 3.45-3.38 (m, 6
H), 3.36 (m, 1 H), 3.32 (pseudo-t, J = 18.0 Hz, 1 H), 3.28-3.23 (m, 4 H), 2.95 (m, 1 H), 1.21 (s, 9 H), 1.06
(s, 9 H), 1.01 (s, 9 H); C NMR (CDCl;, 150 MHz) & 177.18, 176.57, 176.48, 164.52, 138.61, 138.38,
138.35, 138.24, 138.15, 138.00, 137.89, 137.80, 137.72, 137.57, 133.79, 129.83, 129.75, 129.64, 129.18,
128.48, 128.41, 128.39, 128.31, 128.28, 128.26, 128.19, 128.17, 128.13, 128.12, 128.09, 128.03, 127.99,
127.86, 127.80, 127.73, 127.68, 127.63, 127.53, 127.50, 127.47, 127.38, 127.29, 127.19, 127.16, 100.37,
84.41, 82.64, 77.51, 77.49, 75.23, 75.06, 75.01, 74.96, 74.80, 74.78, 74.74, 73.37, 73.34, 73.33, 38.71,
38.64, 38.60, 27.13, 27.05, 26.94.
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4. Electrochemical oxidation of hexasaccharide precursor 2¢

BnO BnO BnO
BZOBnO oxidation coupling
Plvosno O _sar [BmpYIOTI 0°C
2¢ BnO N -50 °C 1h
v 1.5 F/mol

HO BnO Bno Bnno HO BnO Bno Bnno 0
. F"vOBno oH . PivO
PivO
The one-pot synthesis of 2¢ was carried out in an H-type divided cell (4G glass filter) equipped with a
carbon felt anode (Nippon Carbon JF-20-P7) and a platinum plate cathode (10 mmx10 mm). In the anodic
chamber were placed hexasaccharide building block 2¢ (0.10 mmol, 277 mg), [Bmpy][OTf] (0.50 mmol,
117 pL) and CH>Cl; (5.0 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid (0.10
mmol, 8 puL), [Bmpy][OT{] (0.50 mmol, 117 uL) and CH>Cl, (5.0 mL). The constant current electrolysis
(3.0 mA) was carried out at -50 °C with magnetic stirring until 1.5 F/mol of electricity was consumed. After
the electrolysis, the reaction temperature was raised to 0 °C, and kept for 60 min. Then, EtsN (0.20 mL)
was added to quench the reaction. After removal of the solvent under reduced pressure, electrolyte was
removed by silica gel short pad (eluent: hexane/EtOAc 1:1). Crude product (333 mg) was analyzed by

MALDI-TOF- MS and formation of hydroxy sugars 6 and 7 was confirmed.

5. Electrochemical glycosylation of model disaccharide 4e with methanol

BnO BnO
BnO 0 anodic BnO (0]
Bn(&h\/o oxidation MeOH BnO Bn&\/o
PivOBnO (o] > » BnO (0] + PivOBnhO (0]
Sno%ﬁ,sm BuyNOTf I'31n0 . OMe gno - OMe

PivO .50 °C~0 °C PivO PivO
de 1.05 F/mol 3f af

Electrochemical activation of 4e was carried out in an H-type divided cell (4G glass filter) equipped
with a carbon felt anode (Nippon Carbon JF-20-P7) and a platinum plate cathode (10 mmx10 mm). In the
anodic chamber were placed disaccharide building block 4e (0.10 mmol, 109 mg), BusNOTf (0.50 mmol,
210 mg) and CH,Cl; (5.0 mL). In the cathodic chamber were placed trifluoromethanesulfonic acid (0.11
mmol, 10 uL), BusNOT (0.50 mmol, 203 mL) and CH,Cl, (5.0 mL). The constant current electrolysis (4.0
mA) was carried out at -50 °C with magnetic stirring until 1.05 F/mol of electricity was consumed. Then
the reaction temperature was raised to 0 °C and kept for 1 h. Methanol (1.0 mmol, 40uL) was added at 0 °C
and kept for another 1 h. After the cycle, EtsN (0.10 mL) was added to quench the mixture. After removal
of the solvent under reduced pressure, the crude product was purified with silica gel chromatography to
obtain methyl glycoside 3f® and disaccharide 4f have been detected by MALDI-TOF-MS.
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Summary

We have been interested in electrochemical glycosylation, which can computationally control activation
of thioglycosides, and developed ‘automated electrochemical assembly’ (AEA). A variety of
oligosaccharides have been synthesized with AEA method. In this study, we then focused on a cyclic
(1,3;1,6)-B-glucan, which is produced by root-nodulating bacteria Bradyrhizobium japonicum MTCC 120.

In Chapter 1, for efficient glycosylation, we analyzed the reactive intermediates by VT-NMR. As a

result, the glycosyl dioxalenium ion intermediates were identified and their thermal stability was evaluated.
Based on the thus-obtained knowledge, reaction conditions were optimized and a B-(1,6)-glucan
trisaccharide was synthesized in good yield.

In Chapter 2, our target compound had a symmetric dodecasaccharide structure that consists of B-(1,3)-
and B-(1,6)-glycosidic linkages. As a result of our investigation, it was found that one of the semi-circular
hexasaccharide precursors can be dimerized and cyclized in one-pot manner to form the cyclic
dodecasaccharide. Moreover, the yield can be increased by separation of dimerization and cyclization.

In Chapter 3, in the course of synthetic study of the cyclic dodecasaccharide, it was found that side
reactions vary depending on monosaccharide sequences of the hexasaccharide precursors. In particular, the
glycosidic linkage of the disaccharide unit of the reducing end has great effect on reactivity. Therefore, we
prepared model disaccharides of the hexasaccharides. One of the hexasaccharides and its model
disaccharide caused similar fragmentation reaction. More detailed knowledge regarding structure-reactivity
relationship is expected to lead to rational design of oligosaccharide building blocks in future.
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