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Carbohydrate structures are often complex. Unfortunately, synthesis of the range of sugar combinations pre-
cludes the use of a single coupling protocol or set of reagents. Adapting known, reliable bench-chemistry 
reactions to work via automation will help forward the goal of synthesizing a broad range of glycans. Herein, 
the preparation of di- and tri-saccharides of alpha 1→2 rhamnan fragments is demonstrated using thioglyco-
side donors with the development for a solution-phase-based automation platform of commonly used activa-
tion conditions using N-iodosuccinimide (NIS) with trimethylsilyl triflate. Byproducts of the glycosylation 
reaction are shown to be compatible with hydrazine-based deprotection conditions, lending broader func-
tionality to this method as only one fluorous-solid-phase extraction step per coupling/deprotection cycle is 
required.
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Introduction
Machine-assisted syntheses of peptides and nucleic acids are well known and have been commercialized, but 
reliable automated methods to synthesize the range of possible carbohydrates remain elusive [1]. Automated 
oligosaccharide syntheses modeled after solid-phase peptide synthesis (SPPS) methods require large excesses 
of building blocks to drive reactions to completion [1–5]. These automated biopolymer syntheses rely on attach-
ment of a growing chain to a solid polymeric or gold-based support [1–3, 6]. Once the desired structure has 
been achieved, it is cleaved from the support and purified from other solid-linked by-products. Alternatively, 
solution-phase-based automated methods, including the use of electrochemical glycosylation methods and the 
use of fluorous tags to facilitate intermediate purification, have been developed as well for oligosaccharide 
synthesis [7–14]. Most recently, oligosaccharide synthesis using enzymes has also been demonstrated using 
automation, although access to needed glycosyltransferases still limits these processes to a handful of mam-
malian target glycosides [15–17]. For example, no enzymes are yet available to make the alpha-mannoside or 
6-deoxymannoside (also known as rhamnoside) linkages. These types of linkages are not only common in
human and plant N-glycan structures, but are also found in aquatic-based organisms and bacterial pathogen-
associated oligosaccharides such as the linear 1,2- and 1,3-linked rhamnans (Figure 1) [18–26]. These 1,2-linked
[27] and 1,3-linked [28] rhamnans have been made through solid-phase automated chemical synthesis using
9–10 equivalents of very reactive, and therefore difficult to store, mono- or disaccharide imidate donors, respec-
tively. Thioglycosides are more stable donors, but to date only electrochemical [10–14], pentavalent bismuth
[29] and hypervalent iodine species [9] have been adapted for use in automated solution-phase glycosylation
protocols of thioglycosides. In contrast, the most common method for activation of thioglycosides in manual
protocols relies on N-iodosuccinimide and a triflate derived co-promoter (NIS/TfOH or NIS/TMSOTf). Unfortu-
nately, the most recent work with hypervalent iodine showed that direct use of manual procedures is not always
possible for effective use in automated liquid handling platforms that form the basis of both solid- and solution-
phase-based automated oligosaccharide synthesis [9]. In addition, the glycosylation reaction byproducts may
interfere with subsequent deprotection steps and thereby require additional purification steps between reac-
tion steps that lengthen automation protocols. Presented here is the first automated solution-phase method for
glycosylation of thioglycosides using a NIS/TMSOTf activation protocol and the demonstration that byproducts 
formed from this glycosylation procedure can be carried directly into a buffered hydrazine-based deprotection
protocol without purification of the intermediate. This automated glycosylation/deprotection method was then 
demonstrated in the successful synthesis of an alpha-1,2-rhamnopyranoside trimer.

Experimental
The chemicals used were purchased from Carbosynth, Sigma-Aldrich, Oakwood Chemical, TCI-America, 
Fluorous Technologies, Inc, or Alfa Aesar and were used as received from their commercial sources unless 
otherwise stated. All moisture and air sensitive reactions were performed in oven-dried glassware under an 
argon environment. Analytical thin layer chromatography (TLC) was performed with Sorbent Technologies, Inc. 
silica hard layer (HL) TLC plates with unmodified silica 60 (250 μm) with 254 μm fluorescent indicator. Flash 
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Figure 1: Linear l-rhamnan structures with 1,2 and 1,3-linked constituents.
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chromatography was carried out with ZEOprep 60 ECO flash silica gel (40–63 Å) purchased from ZEOCHEM or 
with a Teledyne ISCO Combiflash Rf 200 column chromatography unit. Fluorous solid-phase extractions (FSPE) 
were performed with FluoroFlash cartridges (2 g of silica gel bonded with perfluorooctylethylsilyl chains) 
obtained from Fluorous Technologies, Inc. The automated solution-phase synthesis was performed on a Chem-
speed ASW2000 (Chemspeed Technologies AG, Augst, Switzerland) synthesis platform with a hood, 16 reactor 
vials (13 mL capacity for each vial), vacuum pump, and a heating/cooling unit (200 °C to −20 °C). 1H spectra were 
recorded on a Varian Inova at 500 or 600 MHz and 13C spectra were recorded at 125 MHz. Chemical shifts (δ) 
were reported in parts per million (ppm) relative to deuterated chloroform as an internal reference. ESI-HRMS 
mass spectra were obtained on a Thermo Scientific LTQ-Orbitrap XL. Analytical HPLC chromatographs were 
obtained from an Agilent 1200 Analytical HPLC instrument and separations of automation compounds were 
performed using an Agilent 1200 Preparative HPLC instrument. Ambient temperature was considered between 
21 and 23 °C. Additional experimental information can be found in the Supplementary material.

Propyl 2,3,4-tri-O-acetyl-1-thio-β-l-rhamnopyranoside (2)

l-rhamnose monohydrate 1 (10 g, 55 mmol) was dissolved in pyridine (200 mL) and acetic anhydride (100 mL).
The reaction solution was stirred at ambient temperature overnight before being diluted with dichloromethane
and quenched by pouring the solution into a beaker of ice-water (200 mL). After stirring for 30 min, the organic
layer was extracted and further washed with the following: 1 N HCl (3 × 200 mL), satd. aq. NaHCO3 solution
(3 × 200 mL), and brine (200 mL). The organic layer was dried with Na2SO4, filtered, and concentrated. The iso-
lated intermediate was a colorless, transparent oil that was dissolved in acetic anhydride (8.50 mL, 90 mmol)
and HBr (33 wt % in acetic acid, 62 mL, 270 mmol) at ambient temperature. The reaction was stirred for 4 h
before being diluted with dichloromethane (200 mL) and quenched with satd. aq. NaHCO3 solution. The organic
layer was extracted and further washed with satd. aq. NaHCO3 solution (2 × 200 mL) and brine (150 mL). The
organic layer was dried with Na2SO4, filtered, and concentrated. The resulting oil was dissolved in anhydrous
acetonitrile (75 mL) and then had thiourea (3.69 g, 48 mmol) added. The suspension was refluxed for 30 min and
during this time, suspension became a transparent solution. After 30 min, the reaction solution was cooled to
ambient temperature before triethylamine (16 mL, 114 mmol) and 1-bromopropane (6 mL, 66 mmol) were added. 
The resulting solution was stirred at ambient temperature overnight. The solution was diluted with ethyl acetate 
(200 mL) and deionized (DI) water (150 mL) after stirring overnight. The organic layer was further washed with
DI water (2 × 150 mL) then was dried with Na2SO4, filtered, and concentrated. The crude oil was purified using
column chromatography (~300 g silica, 1:4 ethyl acetate:hexane starting elute). The isolated compound 2 was
a transparent, colorless oil (8.88 g, 25 mmol, 57 %). 1H NMR (500 MHz, CDCl3) δ 5.34 (dd, J = 3.2, 1.4 Hz, 1H), 5.24
(dd, J = 10.0, 3.4 Hz, 1H), 5.16 (s, 1H), 5.09 (t, J = 9.9 Hz, 1H), 4.28–4.20 (m, 1H), 2.68–2.50 (m, 2H), 2.15 (s, J = 1.8 Hz,
3H), 2.05 (s, J = 1.7 Hz, 3H), 1.98 (s, J = 1.8 Hz, 3H), 1.65 (ddt, J = 14.4, 9.5, 6.8 Hz, 2H), 1.23 (d, J = 6.3 Hz, 3H), 0.99
(t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 170.24, 170.16, 170.02, 82.58, 71.78, 71.50, 69.64, 67.12, 33.69, 23.07,
21.12, 20.96, 20.84, 17.52, 13.48. HRMS (ESI) m/z calculated for C15H24O7SNa 371.41; HRMS found 371.1138[M + Na] +.

Propyl 2,3-O-isopropyldiene-1-thio-β-l-rhamnopyranoside (3)

Compound 2 (8.88 g, 25 mmol) was dissolved in reagent grade methanol (85 mL, 0.3 M) and treated with solid 
sodium metal until the relative pH was greater than 10. The reaction was stirred at ambient temperature until 
TLC showed completion of the reaction (3 h). Once complete, the reaction was quenched with washed Dowex 
H +  resin and stirred for 10 min. with the resin. The reaction mixture was filtered and the filtrate concentrated. 
The crude oil was dissolved in reagent grade acetone (73 mL, 0.35 M) and then had 2,2-dimethoxypropane 
(4.08 mL, 33 mmol) and p-toluenesulfonic acid monohydrate (1.96 g, 10 mmol) added. The reaction was stirred 
at ambient temperature for 5 h and was quenched with triethylamine. The reaction solution was concentrated 
and the resulting residue was subjected to column chromatography. The isolated compound 3 was a color-
less, transparent oil (5.05 g, 19 mmol, 75 %). 1H NMR (600 MHz, CDCl3) δ 5.48 (s, 1H), 4.18 (d, J = 5.5 Hz, 1H), 
4.04 (dd, J = 7.5, 5.6 Hz, 1H), 3.98 (dq, J = 9.8, 6.2 Hz, 1H), 3.45 (ddd, J = 9.7, 7.7, 4.1 Hz, 1H), 2.696–2.617 (m, 1H), 
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2.52–2.46 (m, 1H), 2.08 (s, 1H), 1.66 (ddt, J = 24.5, 14.0, 7.1 Hz, 2H), 1.53 (s, 3H), 1.35 (s, 3H), 1.29 (d, 6.2HZ, 3H), 1.00 
(t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 109.72, 80.06, 78.48, 77.02, 75.60, 66.15, 32.62, 28.35, 26.53, 22.84, 
17.37, 13.57. HRMS (ESI) m/z: C12H22O4SNa calculated for: 285.1131; HRMS Found: 285.1132 [M + Na]+.

Propyl 4-O-benzyl-1-thio-β-l-rhamnopyranoside (4)

Compound 3 (5.05 g, 19 mmol) was dissolved in anhydrous N,N-dimethylformamide (77 mL) and then was 
cooled to 0 °C. To the cooled solution, sodium hydride (60 % in mineral oil, 1.55 g, 39 mmol) was quickly 
poured in and the solution was stirred at 0 °C for 30 min. After 30 min, benzyl bromide (4.6 mL, 39 mmol) 
was added and the solution was slowly warmed to ambient temperature overnight. The reaction solution 
was diluted with dichloromethane (60  mL) and quenched with DI water (60  mL). The extracted organic 
layer was further washed with DI water (2 × 60 mL) then dried with Na2SO4, filtered, and concentrated down. 
The crude oil was dissolved in acetic acid:DI water (4:1, 0.3 M) and heated to 80–85 °C for 3 h. After 3 h, the 
reaction was cooled to ambient temperature. The solution was then diluted with dichloromethane (60 mL) 
and quenched with satd. aq. NaHCO3. The extracted organic layer was further washed with satd. aq. NaHCO3 
solution (2 × 60  mL) and brine (60  mL) before being dried with Na2SO4, filtered, and concentrated down. 
Column chromatography provided compound 4 as an amorphous white solid (3.80 g, 12 mmol, 63 %). 1H NMR 
(500 MHz, CDCl3) δ 7.39–7.29 (m, 5H), 5.207 (s, 1H), 4.77 (d, J = 11.4 Hz, 1H), 4.72 (d, J = 11.4 Hz, 1H), 4.10 (dq, 
J = 9.3, 6.3 Hz, 1H), 4.03 (dd, J = 3.3, 1.4 Hz, 1H), 3.88 (dd, J = 9.1, 3.4 Hz, 1H), 3.38 (t, J = 9.3 Hz, 1H), 2.68–2.48 
(m, 2H), 1.65 (ddd, J = 14.5, 12.7, 7.3 Hz, 2H), 1.554 (bs, 2H), 1.357 (d, J = 6.3 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 
138.35, 128.82, 128.21, 128.10, 84.19, 82.17, 75.13, 72.84, 72.03, 67.89, 33.34, 23.13, 18.12, 13.53. HRMS (ESI) m/z: 
C16H24O4SNa calculated for: 335.1288; HRMS Found: 335.1291 [M + Na]+.

Propyl 3,4-di-O-benzyl-1-thio-β-l-rhamnopyranoside (5)

Intermediate 4 (1.70 g, 5.44 mmol) was co-evaporated with toluene (25 mL × 2) and then was diluted in anhy-
drous toluene (54.5 mL, 0.1 M). Dibutyltin oxide (1.64 g, 6.58 mmol) was poured into the reaction solution and 
the resulting suspension was heated at 110 °C overnight. After overnight heating, the suspension had become 
a solution that was cooled to ambient temperature and concentrated down to a crude brown oil. The crude 
brown oil was dissolved in anhydrous N,N-dimethylformamide (54.4 mL) then had cesium fluoride (1.84 g, 
12 mmol) and benzyl bromide (0.84 mL, 7 mmol) added. The resulting suspension was heated at 85 °C for 6 h. 
After 6 h, the reaction solution was cooled to ambient temperature and diluted with ethyl acetate (40 mL) 
and DI water (40 mL). The extracted aqueous layer was further washed with ethyl acetate (2 × 20 mL) while 
the combined organic layers were washed with DI water (2 × 60 mL) and brine (60 mL). The organic layer was 
dried with Na2SO4, filtered, and concentrated down. Column chromatography was performed and gave com-
pound 5 as a colorless, transparent oil (1.17 g, 2.9 mmol, 53 %).1H NMR (500 MHz, CDCl3) δ 7.38–7.29 (m, 10H), 
5.25 (s, 1H), 4.88 (d, J = 10.9 Hz, 1H), 4.68 (s, 2H), 4.64 (d, J = 10.9 Hz, 1H), 4.10 (s, 1H), 3.81 (dd, J = 9.1, 3.3 Hz, 
1H), 3.48 (t, J = 9.3 Hz, 1H), 2.65–2.58 (m, 2H), 2.51 (dt, J = 13.0, 7.4 Hz, 1H), 1.68–158 (m, 2H), 1.31 (d, J = 6.2 Hz, 
3H), 0.98 (t, J = 7.3 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 138.51, 137.83, 128.73, 128.54, 128.19, 128.09, 127.88, 
127.13, 83.70, 80.45, 80.41, 75.53, 72.26, 70.33, 68.03, 33.25, 23.10, 17.98, 13.53. HRMS (ESI) m/z: C23H30O4SNa 
calculated for: 425.1757; HRMS Found: 425.1759 [M + Na]+.

Propyl 3,4-di-O-benzyl-2-O-levolinoyl-1-thio-β-l-rhamnopyranoside (6)

Compound 5 (0.48 g, 1.18 mmol) was placed under argon and dissolved in anhydrous dichloromethane (12 mL). 
The solution then had the following reagents added in the listed order: levulinic acid (0.18 mL, 1.77 mmol), 
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (0.496 g, 2.58  mmol), and 4-dimethylami-
nopyridine (0.09 g, 0.74 mmol). The reaction solution was stirred at ambient temperature for 3 h. After 2 h, 
the reaction solution was washed with DI water (3 × 25 mL), 1 N HCl (3 × 25 mL), satd. aq. NaHCO3 solution 
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(3 × 25  mL), and brine (25  mL). The organic layer was extracted, dried with Na2SO4, filtered, and concen-
trated down. The crude material was purified by column chromatography (slow gradient of 0 % acetone in 
toluene to 10 % acetone in toluene). Compound 6 was isolated as a clear, colorless oil (0.45 g, 76 %). 1H NMR 
(500 MHz, CDCl3) δ 7.39–7.27 (m, 10H), 5.44 (dd, J = 3.2, 1.5 Hz, 1H), 5.18–5.11 (m, 1H), 4.91 (d, J = 10.9 Hz, 1H), 
4.64 (dd, J = 22.6, 11.0 Hz, 2H), 4.50 (d, J = 11.2 Hz, 1H), 4.08 (dq, J = 9.7, 6.2 Hz, 1H), 3.87 (dd, J = 9.3, 3.3 Hz, 
1H), 3.43 (t, J = 9.4 Hz, 1H), 2.80–2.66 (m, 5H), 2.65–2.49 (m, 2H), 2.17 (s, 3H), 1.62 (dtd, J = 14.3, 7.2, 2.2 Hz, 2H), 
1.32 (d, J = 6.2 Hz, 3H), 0.97 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 206.35, 172.12, 138.55, 137.96, 128.48, 
128.25, 128.10, 127.86, 127.81, 82.75, 80.38, 78.47, 75.51, 71.76, 71.19, 68.40, 66.61, 38.17, 33.79, 29.95, 28.31, 23.15, 
18.04, 13.47. HRMS (ESI) m/z: C28H36O6SNa calculated for: 523.2125; HRMS Found: 523.2124 [M + Na]+.

Propyl-2-O-acetyl-3,4-di-O-benzyl-1-thio-α/β-l-rhamnopyranoside (8)

3,4-Di-O-benzyl-1,2-O-{1-(exo-methoxy)ethylidene)-β-l-rhamnopyranoside 7 (10.23 g, 26 mmol) was dissolved 
in dichloromethane (30  mL) and then was cooled to 0 °C. The cooled solution had propanethiol (2.5  mL, 
28 mmol) added to it followed by boron trifluoride diethyl etherate (6.4 mL, 52 mmol). The cooled solution 
was warmed to ambient temperature and after 6 h was quenched with satd. aq. NaHCO3 solution. The reac-
tion solution was further washed with satd. aq. NaHCO3 solution (2 × 100 mL), dried with Na2SO4, filtered, 
and concentrated down. Column chromatography (elute gradient 5 % EtOAc in hexanes to 15 % EtOAc in 
hexanes) was performed to provide 8 as a yellow oil (4.12 g, 9.3 mmol, 36 %). 1H NMR (500 MHz, CDCl3) δ 
1H NMR (500 MHz, Chloroform-d) δ 7.37–7.27 (m, 12H), 5.65 (d, J = 3.1 Hz, 0H), 5.45 (dd, J = 3.1, 1.4 Hz, 1H), 5.16 
(s, 1H), 4.92 (d, J = 10.9 Hz, 1H), 4.78 (d, J = 11.1 Hz, 0.12H), 4.68 (d, J = 11.2 Hz, 1H), 4.64–4.60 (m, 2H), 4.52 (d, 
J = 11.3 Hz, 1H), 4.49 (s, 0.14H), 4.15–4.04 (m, 1H), 3.88 (dd, J = 9.3, 3.3 Hz, 1H), 3.64 (dd, J = 8.8, 3.5 Hz, 0.32H), 
3.50–3.36 (m, 2H), 2.68 (td, J = 7.2, 4.4 Hz, 1H), 2.65–2.49 (m, 2H), 2.21 (s, 1H), 2.16 (s, 3H), 1.70–1.56 (m, 3H), 1.38 
(d, J = 5.8 Hz, 1H), 1.34 (d, J = 6.2 Hz, 3H), 0.99 (q, J = 7.8, 7.4 Hz, 4H). 13C NMR (126 MHz, CDCl3) δ 170.61, 170.47, 
138.57, 137.90, 137.78, 128.53, 128.49, 128.34, 128.26, 128.18, 128.05, 127.92, 127.81, 82.88, 82.38, 81.39, 80.43, 79.59, 
78.51, 76.35, 75.63, 75.53, 71.92, 71.80, 71.03, 70.16, 68.47, 33.80, 33.68, 23.27, 23.15, 21.28, 21.06, 18.33, 18.03, 13.60, 
13.47. HRMS (ESI) m/z: calculated for C25H32NaO5S: 467.1868. Mass found: 467.1889 [M + Na]+.

2-(4-((4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl)oxy)phenoxy)
ethyl 3,4-di-O-benzyl-α-l-rhamnopyranoside (9)

Compound 8 (0.21 g, 0.47  mmol) and 2-(4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecoxy)
phenoxy)ethanol [9] (0.22 g, 0.36 mmol) were combined and coevaporated (×3) with toluene. After coevapo-
ration and several hours under reduced pressure, the combined reaction mixture was placed under argon, 
dissolved in anhydrous CH2Cl2: trifluorotoluene (1:1, 11 mL), and cooled to 0 °C. N-Iodosuccinimide (0.11 g, 
0.5 mmol) and trimethylsilyl trifluoromethanesulfonate stock solution (0.3 mL of a 50 μL TMSOTf/5 mL anhy-
drous CH2Cl2, 0.017  mmol TMSOTf) were both quickly added to the solution. The reaction was stirred for 
30 min at 0 °C before being quenched by the addition of aqueous sodium thiosulfate. The organic layer was 
extracted and further washed with DI water (2 × 15  mL). The extracted organic layer was then dried with 
Na2SO4, filtered, and concentrated. The crude product was placed in methanol (3 mL) and had sodium meth-
oxide (25 wt % in methanol, 0.24 mL, 1.03 mmol) added. The solution was stirred for 3.5 h at ambient tem-
perature before being filtered through Dowex H+ resin and concentrated. The crude material was purified by 
column chromatography (gradient elution from 25 % EtOAc in hexanes to 100 % EtOAc. Compound 9 was 
isolated as a viscous, colorless oil. (0.19 g, 0.2 mmol, 58 %). 1H NMR (500 MHz, CDCl3) δ 7.367–7.278 (m, 10H), 
6.868–6.787 (m, 4H), 4.906 (s, 1H), 4.877 (d, J = 11.0 Hz, 1H), 4.677 (s, 2H), 4.638 (d, J = 10.8 Hz, 1H), 4.080 (d, 
J = 2.6 Hz, 1H), 4.063 (d, J = 4.8 Hz, 1H), 3.976 (t, J = 6.0 Hz, 2H), 3.938 (t, J = 4.6 Hz, 1H), 3.855 (dd, J = 9.1, 3.4 Hz, 
1H), 3.800 (dt, J = 10.0, 5.3 Hz, 2H), 3.457 (t, J = 9.4 Hz, 1H), 2.465 (d, J = 1.7 Hz, 1H), 2.299 (s, 2H), 2.171 (s, 1H), 
2.106–2.022 (m, 2H), 1.306 (d, J = 6.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 153.11, 138.55, 138.09, 128.69, 128.55, 



1248  V. R. Kohout et al.: Acid-mediated N-iodosuccinimide-based thioglycoside

128.11, 128.08, 127.94, 127.88, 115.90, 115.62, 99.32, 80.22, 80.07, 75.53, 72.22, 68.63, 67.82, 67.59, 67.15, 66.12, 28.14, 
20.80, 18.05. HRMS (ESI) m/z: calculated for C39H37O7F17Na: 963.2160; HRMS Found: 963.2162 [M + Na]+

2-(4-((4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl)oxy)phenoxy)
ethyl 3,4-di-O-benzyl-α-l-rhamnopyranosyl-(1→2)-3,4-di-O-benzyl- 
α-l-rhamnopyranoside (10)

This compound was formed using the automation platform protocol. Purification was achieved utilizing a Phe-
nomenex Luna 5 μm C18(2), 100 Å, LC Column 250 × 21.2 mm on the Agilent 1200 Preparatory HPLC. Elute gra-
dient: 0–30 min 93:7 ACN:H2O (with 0.1 % TFA), 30–50 min 93–100:7–0 ACN:H2O, 50–62 min 100 % ACN. The 
collected fraction was placed in CH2Cl2 and DI water. The isolated organic layer underwent a quick work-up with 
satd. aq. NaHCO3 solution (5 mL) and DI water (5 mL). The organic layer was concentrated and compound 10 
was isolates as a clear, colorless oil (0.026 g, 0.02 mmol, 66 % overall yield). 1H NMR (600 MHz, CDCl3) δ 7.42–7.25 
(m, 20H), 6.87–6.78 (m, 4H), 5.084 (s, 1H), 4.88 (dd, J = 15.2, 10.9 Hz, 2H), 4.83–4.81 (m, 1H), 4.72 (s, 2H), 4.63 
(ddd, J = 25.7, 15.1, 11.2 Hz, 4H), 4.13 (s, 1H), 4.06 (dt, J = 10.7, 3.0 Hz, 3H), 3.96 (t, J = 5.9 Hz, 2H), 3.94–3.80 (m, 4H), 
3.79–3.70 (m, 2H), 3.47 (t, J = 9.3 Hz, 1H), 3.39 (t, J = 9.4 Hz, 1H), 2.42 (d, J = 1.5 Hz, 1H), 2.30 (tt, J = 18.4, 8.1 Hz, 
2H), 2.06 (dq, J = 11.8, 5.9 Hz, 2H), 1.29 (dd, J = 6.2, 3.2 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 153.35, 153.10, 138.67, 
138.54, 138.45, 138.14, 128.68, 128.57, 128.56, 128.51, 128.12, 128.09, 127.89, 127.83, 127.80, 115.92, 115.59, 100.85, 
99.30, 80.44, 80.21, 80.00, 79.71, 75.55, 75.41, 74.60, 72.42, 72.33, 68.88, 68.15, 68.05, 67.93, 67.12, 66.00, 28.14, 20.82, 
18.19, 18.07. HRMS (ESI) m/z: calculated for C59H59O11F17Na: 1289.3678; HRMS Found: 1289.3680 [M + Na]+.

2-(4-((4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl)oxy)phenoxy)
ethyl 3,4-di-O-benzyl-α-l-rhamnopyranosyl-3,4-di-O-benzyl-α-l-rhamnopyranosyl 
(1→2)-3,4-di-O-benzyl-α-l-rhamnopyranoside (11)

This compound was formed using the automation platform protocol. Purification was achieved utilizing a 
Phenomenex Luna 5 μm C18(2), 100 Å, LC Column 250 × 21.2 mm on the Agilent 1200 Preparatory HPLC. Elute 
gradient: 0–30 min 95:5 ACN:H2O (with 0.1 % TFA), 30–50 min 95–100:5–0 ACN:H2O, 50–70 min 100 % ACN. 
The collected fraction was placed in CH2Cl2 and DI water then the organic layer underwent a quick work-up 
with satd. aq. NaHCO3 (5 mL) and DI water (5 mL). The organic layer was concentrated and compound 11 was 
isolated as a clear, colorless oil (0.018 g, 0.01 mmol, 36 % overall yield). 1H NMR (600 MHz, CDCl3) δ 7.39–7.26 
(m, J = 21.7, 13.0, 6.9 Hz, 26H), 7.24 (t, J = 7.7 Hz, 3H), 7.18 (t, J = 7.3 Hz, 1H), 6.86–6.78 (m, 4H), 5.10 (s, 1H), 5.09 
(s, 1H), 4.89–4.83 (m, 3H), 4.78 (s, 1H), 4.71 (s, 2H), 4.68 (s, 2H), 4.67–4.54 (m, 5H), 4.15–4.10 (m, 2H), 4.05–3.99 
(m, 2H), 4.0 (m, 1H), 3.95 (t, J = 5.9 Hz, 2H), 3.89 (dt, J = 11.1, 3.8 Hz, 3H), 3.82 (ddd, J = 15.9, 9.4, 4.5 Hz, 2H), 
3.78–3.66 (m, 3H), 3.45 (t, J = 9.3 Hz, 1H), 3.41 (t, J = 9.4 Hz, 1H), 3.38–3.30 (m, 1H), 2.43 (s, 1H), 2.28 (dq, J = 19.0, 
9.6, 8.2 Hz, 2H), 2.05 (dq, J = 13.0, 5.9 Hz, 2H), 1.31–1.26 (m, 6H), 1.12 (d, J = 6.2 Hz, 3H).13C NMR (126 MHz, CDCl3) 
δ 153.35, 153.09, 138.64, 138.46, 128.67, 128.58, 128.54, 128.52, 128.50, 128.17, 128.14, 128.07, 127.99, 127.90, 127.85,
127.73, 115.93, 115.59, 100.64, 99.27, 80.27, 79.82, 75.56, 75.42, 72.51, 72.33, 72.21, 68.92, 68.08, 67.93, 67.12, 29.86,
18.25, 18.17, 18.01. HRMS (ESI) m/z: C79H81O15F17Na calculated for: 1615.5196; HRMS Found: 1615.5190 [M + Na]+.

Materials

Automation platform and solution preparation

Sample preparation

All solutions were placed in either an oven-dried 8 mL E–Z extraction (conically-bottomed) or flat-bottom 
vial and capped with a septum cap. All anhydrous solutions were prepared under argon and capped with a 
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septum cap. Each solution vial or bottle was placed in the positions noted in Figure 2. Acceptor 9 (0.036–0.038 
g, 0.038–0.040 mmol) was dissolved in 2 mL anhydrous DCE. The donor 6 (0.038–0.055 g, 0.08–0.11 mmol) 
was dissolved in 2  mL anhydrous DCE. The NIS promoter (0.045 g, 0.2  mmol) was dissolved in 2  mL 10:1 
anhydrous DCE:anhydrous THF solution while the co-promoter TMSOTf (50 μL, 0.18 μmol) was diluted in 
5 mL anhydrous DCE. An AcOH (acetic acid) solution was created by diluting 280 μL (4.89 mmol) AcOH in 
anhydrous DCE (3 mL). The hydrazine hydrate (NH2NH2 · H2O, 150 μL, 3.09 mmol) was diluted in anhydrous 
methanol (3 mL). The other reagents prepared neat were NEt3 (8 mL), DMF (8 mL), and anhydrous DCE (8 mL). 
The FSPE fluorophobic solution (100 mL) was a 4:1 MeOH:DI H2O solution.

Glycosylation method
The needle transferred the acceptor and donor solutions (1.67  mL, 32 μmol acceptor and 1.68–1.74  mL, 
64–97 μmol donor) to a reactor vessel in the reaction block (Table 1). Once transferred, the solutions were 
concentrated down using a standard programmed evaporation cycle and then co-evaporated with toluene. 
The reaction vessel was cooled to the desired glycosylation temperature. To the cooled solution, the promoter 
(0.62–0.93 mL NIS solution, 64–97 μmol) and co-promoter (57–58 μL TMSOTf solution, 3–4 μmol) were added. 
The glycosylation was vortexed (600 rpm) for 1.5 h at the desired glycosylation temperature before the reac-
tion was quenched with triethylamine (50–75 μL). After the quench, a TLC sample (10 μL) was collected for 
reaction monitoring. Finally, the reaction solution was concentrated down using the standard programmed 
evaporation cycle.

Reaction
block 1

Reagent
rack

Inert reagent
rack

(F)SPE
block

Bottle
adapter

MTP
(TLC rack)

13
11

9

7

65

3

1

12

10

8

4

2

R01

R03

R05

R07

R09

R11

R13

R15

R02

R04

R06

R08

R10

R12

R14

R16

Reagent
rack

15 16

1 L Reservoir 1 L Rinsing
reservoir

14

Figure 2: General vial organization for automated solution-phase rhamnan synthesis on ASW2000: (1) Acceptor 9; (2) NIS; 
(3) TMSOTF; (4) TMSOTF; (5) NIS; (6) DMF; (7) Donor 6 (Glycosylation 1); (8) NEt3; (9) Donor 6; (10) NH2NH2 · H2O; (11) Acetic acid; 
(12) DCE; (13) FSPE column; (14) Fluorophobic wash (MeOH:DI H2O 4:1); (15) Acetone reservoir; and (16) Toluene reservoir.
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Levulinic ester deprotection
The concentrated glycosylation material was dissolved in the AcOH solution (0.160–0.162 mL, 239–242 μmol) 
and was heated to 25 °C (Table 1). The solution was vortexed (1200 rpm) for 1 min, vortexed (600 rpm) for 
2 min and then had NH2NH2 · H2O solution (0.162–0.164 mL, 159–162 μmol) injected. The reaction solution was 
vortexed (600 rpm) at 25 °C. After 1.5 h, the reaction solution was quenched with acetone (100 μL). After the 
quench, a TLC sample (10 μL) was collected for reaction monitoring and the solution was concentrated down 
using the standard programmed evaporation cycle.

FSPE
The concentrated reaction material was dissolved in DMF (0.3 mL) and vortexed (600 rpm) for 5 min before 
being transferred to the FSPE column cartridge (Table 1). Another identical loading cycle with DMF was per-
formed to ensure that all the reaction material was removed from the reaction vessel. The fluorophobic solu-
tion (4:1 MeOH:DI H2O, 7 mL) was delivered to the FSPE column for elution and a programmed amount of air 
aided in eluting material off the column. Once the fluorophobic elution was complete and the fluorophobic 
material eluted to the waste, the fluorophilic wash (100 % acetone, 7 mL) was delivered to the FSPE column 
for elution while a programmed amount of air and a 3 min wait time aided in eluting material off the column. 
The eluted material either was left in the collection vial beneath the FSPE column to be collected as the final 
product or the collected material would be transferred back into the reaction vessel for further reactions. The 
collect material returning to the reaction vessel would have half of the eluted material transferred to the reac-
tion vessel and be concentrated down using the standard programmed evaporation cycle. After the evapora-
tion cycle, the remaining eluted material and an acetone wash of the collection vial were transferred to the 
reaction vessel and concentrated down using the standard programmed evaporation cycle.

Results and discussion

Building block syntheses

To develop a solution-phase-based automation protocol for thioglycoside donor activation using NIS, the 
requisite monosaccharide building blocks was needed. To this end, thioglycoside donor 6 monosaccharide 

OHO
HO OH

OH

OBnO
HO OH

SPr

1) Na, MeOH, rtOAcO
AcO

OAc

SPr
2) 2,2-DMP
pTsOH•H2O, rt
acetone
88 % over two steps

OHO
O O

SPr

3) Thiourea, nPrBr
MeCN, reflux → rt
57 % over three 
steps

1) NaH (60 %), BnBr
CH2Cl2,0 °C→rt

2) AcOH/H2O
80 °C
73 % over two steps

21

3 4

OBnO
BnO

OH

SPr OBnO
BnO

OLev

SPr

Bu2SnO,
toluene
reflux

then Et3N, 
BnBr, CsF 
DMF, rt
69 %

LevOH

4-DMAP

CH2Cl2
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76 %5 6

1) Ac2O
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2) HBr (33 wt%)
in acetic acid
Ac2O

HClEDC

Scheme 1: Donor building block synthesis.
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was synthesized by analogy to established methods. A key transformation is the use of dibutyltin oxide for 
selective benzyl protection [30] to allow the final donor to be formed in only nine steps from commercially 
available l-rhamnose (Scheme 1). This pathway can also be used to create a 3-OH-linked option with a com-
plementary protecting group (e.g. Nap or PMB) from intermediate 4 for syntheses of other rhamnan link-
ages. The levulinic ester (Lev) protecting group was chosen to protect the 2-position of the donor to aid in 
anchimeric assistance and for its ability to be easily, selectively removed on the automated platform [9]. Ini-
tially, fluorenylmethoxy carbonyl (Fmoc) was chosen instead of Lev for this position. However, an Fmoc side 

OBnO
BnO O

O

OMe

OBnO
BnO

OAc

OBnO
BnO

OH

SPr
ONIS/TMSOTf

CH2Cl2, 0 °C

2) NaOMe (25 wt%)
MeOH, rt
62 % over two steps7 8

HSPr
BF3 OEt2

0 °C → rt
47 %

9

O O

OH
C8F171)

O

OC8F17

Scheme 2: Acceptor synthesis.
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Figure 3: Analytical HPLC chromatograph for disaccharide 10 run on automated solution-phase platform: (a) Acceptor 9 
chromatograph; (b) Donor 6 chromatograph; (c) Glycosylation chromatograph; and (d) Deprotection chromatograph. HPLC 
analytical method utilized an Agilent, Poroshell 120, EC-C18 4 μm, LC Column 4.6 × 100 mm on the Agilent 1200 Analytical HPLC. 
Eluent gradient (1.5 mL/min flow rate): 0–1 min. 80:20 ACN:H2O, 1–8 min. 80→100 % ACN, 8–15 min 100 % ACN.



V. R. Kohout et al.: Acid-mediated N-iodosuccinimide-based thioglycoside  1253

product was found to be inseparable from the final donor, thereby leading to the choice of Lev. Synthesis of 
acceptor 9 started with opening of the known orthoester l-rhamnose [31] with trifluoroboron diethyletherate 
and propane thiol (Scheme 2). Intermediate 8 was transformed to the desired acceptor 9 in 62 % yield over 
two steps. The known fluorous tag [9, 32] was chosen to leave open the possibility of incorporation of the 
rhamnan compound into a microarray for further biological study [33–35].

Once donor 6 and acceptor 9 were synthesized, the automation platform was programmed to carry out 
the desired glycosylation/deprotection cycles. Our goal was to directly utilize a commonly used promoter 
system, NIS/TMSOTf, with minimal alteration from manual protocols. For success, as with solid-phase auto-
mation protocols, all reagents needed to be liquid or remain soluble in a solvent to allow its transfer to differ-
ent zones using the liquid handling system. Also, ideally, all of the reagents needed to be stable at ambient 
temperature until each is utilized in the programmed run to prevent the need for timed interventions. Finally, 
the reactions need to occur between the temperature limitations of the platform (−45 to 250 °C). Thioglycoside 
donors have been shown to work well with these modifications and prior studies have shown their success-
ful utilization under different promoter systems [9, 29]. Fortunately, nearly all of the needed reagents for the 
NIS/TMSOTf protocol were either liquid or soluble in solvents that could be used for the desired reactions. 
Only NIS proved problematic in being not fully soluble in the preferred chlorinated solvent (1,2-dichloroeth-
ane, DCE) for glycosylation. This problem was quickly resolved when it was discovered that the addition of a 
small amount of tetrahydrofuran (10:1 DCE:THF) would allow the promoter to become fully soluble. With NIS 
now soluble, the NIS/TMSOTf promoter system was tested in a programmed automation run. The procedure 
proved effective in synthesizing the fully protected disaccharide at 0 °C as evidenced by analytical HPLC 
traces and mass spectroscopy.

This success prompted an investigation on the possibility of deprotection and further chain extension of 
the fully protected alpha 1→2 linked disaccharide rhamnan. To this end, deprotection of the Lev group and 
FSPE purification was added into the program. It was hoped that the NIS/TMSOTf reaction byproducts would 
not impede the following deprotection step and the next FSPE step. Otherwise, an extra FSPE purification 

1) Coupling 4) FSPE2) Deprotect

Automated synthesis sequence

Robotic needle rail

Solution of glycosyl donor is added to the
reaction vessel at each coupling cycle 

Reactor vessel 
is vortexed

5) Solution handling
C8F17          -tagged, deprotected
product returned to reactor
and solvent removed 

Non-
tagged
fraction
to waste

Promoter

3) Solution
handling 

OBnO
BnO

O

OH

BnO
BnO

O

OFtag

Glycosyl
acceptor

OBnO
BnO OH

OFtag

OBnO
BnO OLev

SPr

Glycosyl
donor

n

9

6

10 n = 1
11 n = 2

Scheme 3: Solution-phase automation.
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right after the glycosylation would have to be added to the program. Fortunately, the programmed automation 
run formed the desired disaccharide 10 and analytical HPLC showed a very clean Lev deprotection even in 
the presence of glycosylation side products (Figure 3). Purification yielded disaccharide 10 in a 66 % overall 
yield with an average yield of 80 % per step (Scheme 3). The program was then extended with additional 
cycles for the formation of trisaccharide 11 with the same initial glycosylation conditions as the disaccharide 
using 3 equiv. of donor 6 for the second glycosylation with the formed acceptor on the platform. Analytical 
HPLC revealed that trisaccharide 11 was formed and it was isolated in 36 % overall yield with an average step 
yield of 77 % without further optimization.

Conclusion
With appropriate solvent choice to maintain solubility of NIS and thereby facilitate its transfer using auto-
mated liquid handling, we have demonstrated the feasibility of incorporating NIS/TMSOTf activation of 
thioglycosides as a glycosylation protocol into automated oligosaccharide synthesis. We have also dem-
onstrated that byproducts formed in this glycosylation protocol do not interfere in the removal of levuli-
nate groups with buffered hydrazine and used this automated glycosylation/deprotection cycle to prepare 
di- and tri- of alpha 1→2 rhamnan fragments. The desired saccharides were made in moderate yields
(36–66 %) utilizing fluorous tags for intermediate purification without extensive optimization that would
have eliminated the advantages of automation. This process expands the toolbox of automated glycosyla-
tion/deprotection strategies available for the reliable and reproducible production of synthetic oligosac-
charide libraries.
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