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ABSTRACT: A novel one-pot relay glycosylation has been
established. The protocol is characterized by the construction of
two glycosidic bonds with only one equivalent of triflic anhydride.
This method capitalizes on the in situ generated cyclic-
thiosulfonium ion as the relay activator, which directly activates the
newly formed thioglycoside in one-pot. A wide range of substrates
are well-accommodated to furnish both linear and branched
oligosaccharides. The synthetic utility and advantage of this
method have been demonstrated by rapid access to naturally
occurring phenylethanoid glycoside kankanoside F and resin
glycoside merremoside D.

In the odyssey of carbohydrate synthesis, great efforts have been
made to promote the efficiency of the glycosidic bond
construction.! Among the tremendous achievements, activation of
glycosyl sulfoxides? and thioglycosides® presented as the most
popular glycosylation methods. It is well known that conventional
activation of glycosyl sulfoxides with triflic anhydride inevitably
generated active sulfenyl triflates (RSOTY) intermediates which are
powerful activators for sulfinyl/thioglycosides.* To prevent these
side reactions resulted from the unbridled activity of RSOTT, large
excess of scavengers were usually introduced in these reactions
(Scheme 1a, eq 2).5 On the contrary, this chemistry shined a beam
of light on the cascade one-pot glycosylation strategy®’ involving
sequential activation of glycosyl sulfoxides and thioglycosides by
harnessing the intermediate’s reactivity, albeit it was less
investigated.*8

We have recently reported an interrupted Pummerer reaction
mediated (IPRm) glycosylation strategy with S-2-[(propan-2-
yl)sulfinyl]benzyl (SPSB) glycosides as novel glycosyl donors
(Scheme 1b).° It was observed that a cyclic thiosulfonium ion (B)
was generated upon activation of the SPSB glycosides with T£,0.%
Compared with sulfenyl triflates, the cyclic thiosulfonium ion (B)
was inactive under cryogenic conditions but reactive at ambient
temperature as a thioglycoside activator (see the ESI). Galvanized
on this observation, we hypothesized that one equivalent of Tf,O
can be used as an initial activator and the in situ generated
thiosulfonium ion can serve as the relay activator, which would
enables cascade activation of a SPSB glycoside and a thioglycoside
to form two glycosidic bonds in one-pot. This hypothesis would
supply a novel relay one-pot oligosaccharide assembly strategy
(Scheme 1c). Compared to the classical one-pot glycosylation
strategies, in which, each glycosylation step was independent,

consequently, required portion-wisely addition of one and even
more equivalents of activators for each glycosidic bond connection,
this strategy features the advantage that two glycosidic linkages
constructed by a single activator.

Scheme 1. Glycosylation with glycosyl sulfoxides
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Obviously, the thioglycoside (2) played a crucial role in the one-
pot relay glycosylation. It not only acted as the acceptor to couple
with the SPSB donor 6 but also served as part of newly generated
glycosyl donor 7 for the second glycosidic bond formation. Initially,
p-methylbenzyl thioglycoside 2ba was chose as first acceptor. The
reaction was first carried out at — 40 °C with 1.4 equiv of Tf,O as
activator, after 2ba was consumed completely (about 30 min), then
the terminal sugar 8a was added dropwise and the reaction
temperature was warmed up to 30 °C. To our delight, this one-pot
reaction proceeded smoothly. After 14 hours, the desired
trisaccharide 9a was isolated in 72% yield accompanied by 16%
yield of tetrasaccharide by-product 9a’. Occurrence of this by-
product indicated that the thioglycoside 2ba was still partially
activated by the thiosulfonium ion intermediate B even at — 40 °C.
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Further decreased the activation temperature of the first step led to
an inefficient coupling.

Table 1. Tune the activity and stability of the thioglycoside 2b.4
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Table 2. Substrate scope®

Consequently, we considered to tune the activity and stability of
the thioglycoside 2b by modification of the thiophenyl groups. It
was found that steric effect of thiophenyl group had greater impact
on the coupling efficiency compared to electronic effect.
Introducing ortho-methyl group on the phenyl ring (2bd) increased
the yield of 9a to 80% while slightly inhibited the occurrence of the
tetrasaccharide 9a’. Interestingly, warmed up the activation
temperature of the first step to 0 °C further increase the efficiency
of the one-pot reaction in this case. Among the test steric hindered
thiophenyl groups, ortho-ethyl thiophenyl (2be) performed as the
best. More hindered groups or halogen atoms located on ortho
position although sufficiently prevented the side reaction but also
stymied the coupling.

Having approved the concept, we then commenced to investigate
the substrate scope (Table 2).!° Various SPSB donors (6b-i),
thioglycoside (2b-g) and sugar or aglycon termini (8a-h) were then
examined. Among the tested SPSB donors, the peracylated
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performed very well. With respect to the thioglycoside 2, it was
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leaving group for active thioglycosides (2be, 2c and 2d) while i-
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¢ General procedure: Tf,0 (1.0 equiv. to SPSB glycosides) was added to the mixture of 6 and 2 in DCM (0.1 M), 0 °C, 15 min, followed by
the addition of 8, then stirred at 30 °C for an appropriate time. 'DTBMP (1.5 equiv) and CaCO; (1.5 equiv) was added, SPSB donor 6 was
activated at -20 °C. © 3.0 equiv of terminal sugar or aglycon was used. ¢ 2.2 equiv of 6b was used. ¢ 6b (1.05 equiv), 2g (1.0 equiv), 8f (1.0

equiv), SPSB glycoside was activated at 0 °C.

relay glycosylation protocol auspiciously provided various
trisaccharides. It is worth noting that in certain cases, small amount
of tetrasaccharidal side-products composed of two repeated
tethering sugars (glycosyl part of thioglycoside 2) were still
observed. Lowering the activation temperature of the first step and
addition of 1.5 equiv of DTBMP as well as 1.5 equiv of CaCO; was
able to suppress this type of side products and provided 9e-j in good
to excellent yield. The combination of these organic base and
inorganic base is essential to suppress the side reaction as which was
presumed to be resulted from the strong acid conditions.
Considering that the first step of the one-pot protocol was a fast
reaction and the second step is a slow reaction, the organic base was
used to speedily neutralize the acidity of the first step while the
inorganic base was used to buffer the acidity of the second step.
Undoubtedly, these conditions should augur well for acid-labile
substrates. Simply increasing the amount of DTBMP to 3.0 equiv
although was amenable to reduce the side reaction but at the
expense of attenuated overall yield because of the formation of the
orthoester by-products. In addition, 1,6-anhydro by-products were
observed when C6-benzyl substituted thioglycosides employed as
tethering sugars (see the ESI). It could be avoided by rising the
amount of the terminal sugar to 3.0 equiv (9f, 9¢ and 9i). Extended
this protocol to synthesize sugar moieties of natural occurring
glycoconjugates successfully offered asiaticoside!! and i-Gbs!2
trisaccharides (9i, 9j). Most importantly, the latent 2-[ (propan-2-
yl)sulfanyl]benzyl (OPTB) group located at the reducing terminus
would allow the downstream installation of the aglycons by means
of IPRm glycosylation. By employing 2d possessing two free
hydroxy groups as tethering sugar, the assembling of a desired
tetrasaccharide 9k with three newly formed glycosidic bonds was
achieved in 63% yield. This success stimulated us to take chances
to assembly a branched sugar, that is activation of disarmed 6b with
Tf,0 to couple at O-6 position of 8h followed by subsequent
activation of armed 2g to link at O-4 position of newly formed
disaccharide. To our delight, this protocol effectively furnished the
branched trisaccharide 91 in 71% yield.

Scheme 2. Construction of three different glycosidic linkages in one-
pot
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Encouraged by the successes on the construction of two
glycosidic linkages in one-pot by virtue of the relay-glycosylation
strategy, we then embarked on the building of three linkages in one-
pot. We conjectured that 2-[ (propan-2-yl)sulfinyl ]benzyl (OPSB)
glycosides would be orthogonal to the one-pot relay glycosylation
conditions. Consequently, employing OPSB glycoside (such as 11)
as the third sugar in the one-pot relay glycosylation sequence would
successfully create trisaccharide with an OPSB terminal which
could be activated by additional of Tf,O for the formation of the

third glycosidic bond. With this idea in mind, SPSB glycoside 6i,
thioglycoside 2f and OPSB glycoside 1la was then coupled
sequentially under the one-pot relay glycosylation conditions.
Subsequently, additional Tf,O as well as 8a was introduced into the
reaction system. Unfortunately, although the first three sugars
linked smoothly, the desired tetrasaccharide 12 was only isolated in
20% yield, along with 48% yield of 9j, in which, the terminal OPSB
group of 11a was reduced to OPTB group. This unexpected side
product was possibly raised form a competitive reduction reaction
of the sulfoxide group by a disulfide compound (10) released from
the SPSB group (see the ESI), because of the slow cyclization rate
in the OPSB activation step. A lot of efforts have been made to
suppress this side reaction. Finally, it was found that installing an
ethyl group on the ortho position of the OPSB (11b) auspiciously
increased the yield of tetrasaccharide 12 to 62%.

Having established the general applicability of the relay one-pot
glycosylation protocol in the efficient assembly of oligosaccharides,
we turned our attention to the synthesis of natural carbohydrates.
Kankanoside F (15) which showed vasorelaxant activity was
isolated from the Orobanchaceae parasitic plant (Cistanche
tubulosa).'® Kankanoside F bears a branched trisaccharide moiety
and a phenylethanoid aglycon. A regioselective glycosylation and
relay glycosylation approach was incorporated into the synthesis of
this molecular. Initially, two SPSB glycosides 6b and 6j was
regioselectivity coupled with 3,6-diol acceptor 2h successively, then
phenylethanoid aglycon 13 was introduced. This procedure
afforded trisacchridal glycoconjugate 14 in 63% yield in one-pot.
The global deprotection of 14 eventually furnished kankanoside F
efficiently.

Scheme 3. Total synthesis of kankanoside F
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As a final endeavor to demonstrate the utilitarian potential of the
protocol, a structurally more complex resin glycoside merremoside
D!* was chose as synthetic target. Merremoside D displayed
significant activity capable of transporting Na*, K*, and Ca?* ions
across human erythrocyte membranes and antiserotonic activity.!s
It possesses a tetra-rhamnose backbone which were connected by
1,4-a-linkages and a 21-membered macrolactone. O’Doherty and
co-workers have reported an elegant synthetic route toward the first
total synthesis and the structural refinement of Merremoside D by
virtue of the de novo synthetic strategy.! We intended to synthesize
this molecular with two key one-pot relay glycosylations. The first
one-pot comprised the coupling of SPSB glycoside 6h,
thioglycoside 2i and a long-chained alcohol, 11(s)-jalapinolate 16.
This protocol furnished 17 in overall 83% yield albeit in an o to f3
ratio of 2.8:1. Further hydrolyzation of the ester groups of 170
produced acid 18 possessing three continuous free hydroxy groups.
The ensuing site-selective macrolactonization of 18 presented as a
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large obstacle as witnessed by the failures of known
macrolactonization conditions (see the ESI). Draw inspiration
from the cation-n interaction mediated site-selective acylation
reaction reported by Tang et al,'” utilization of 1.5 equiv of (S)-
BTM (benzotetramisole) along with 1.0 equiv of Piv,O as
esterification reagents surprisingly accomplished the site-selective
macrolactonization to afford 19 in 72% yield. The following site-
selective installing levulinoyl (Lev) group on C2’ position was
relied on the (R)-BTM mediated acylation reaction, which
produced 20 readied for the second one-pot reaction. Subsequent
second one-pot glycosylation promisingly produced the desired
tetrasccharide 21 in 72% yield. Global deprotection eventually
furnished the merremoside D (22) in 84% yield.

Scheme 4. Total synthesis of merremoside D
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Merremoside D

In conclusion, we have developed a novel one-pot relay
oligosaccharide and glycoconjugate assembly strategy. This
strategy relied on the hypothesis that an in situ generated cyclic
thiosulfonium ion (B) from the activation of SPSB glycosides was a
mild activator for thioglycosides. Compared to the classical one-pot
sequential glycosylation strategies, this strategy highlighted the
advantage that only one equivalent of exogenous activator was
required for construction of two glycosidic linkages. In a typical
activation process, the exogeneous activator Tf,O activated SPSB
glycosides to construct the first glycosidic linkage accompanied by
the in situ generation of cyclic thiosulfonium ion B. The cyclic
sulfonium ion then acted as a relay activator for the subsequent
activation of thioglycoside at a warmer temperature, consequently
created the second glycosidic linkage. Wide range of SPSB
glycosides, thioglycosides and terminal sugars or aglycones were
well accommodated to the protocol to furnish various liner or
branched oligosaccharides. The comprehensively application of
this protocol and a sites-elective macrolactonization reaction
allowed the expedient synthesis of resin glycoside merremoside D,
which extensively demonstrated the potential of this protocol.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS
Publications website. Experimental procedure, optimization tables
and characterization data for all products.

AUTHOR INFORMATION

Corresponding Author

* wangian@hust.edu.cn

ORCID
Qian Wan: 0000-0001-9243-8939
Jing Zeng: 0000-0001-9116-9861

Notes
The authors declare no competing financial interests.

ACKNOWLEDGMENT

We thank the National Natural Science Foundation of China
(21877043, 21772050, 21672077, 21761132014), the State Key
Laboratory of Bio-organic and Natural Products Chemistry
(SKLBNPC13425), the Fundamental Research Funds for the
Central Universities, HUST (2019kfyXKJC080, 2019]YCXJJ046,
2017KFYX]JJ150) for support. We appreciated the Analytical and
Testing Centers of Huazhong University of Science and
Technology and School of Pharmacy for NMR and HRMS tests.
We thank Professor Hao Xu (Brandeis University) for helpful
discussions.

REFERENCES

(1) a) Boons, G.-J., Strategies in Oligosaccharide Synthesis. Tetrahedron
1996, 52, 1095-1121. b) Smoot, J. T.; Demchenko, A. V. Oligosaccharide
Synthesis: from Conventional Methods to Modern Expeditious Strategies.
Adv. Carbohydr. Chem. Biochem. 2009, 62, 161-250. c) Zhu, X.; Schmidt,
R. R. New Principles for Glycoside-Bond Formation. Angew. Chem., Int. Ed.
2009, 48, 1900—1934. d) Muthana, S.; Cao, H. Chen, X. Recent Progress in
Chemical and Chemoenzymatic Synthesis of Carbohydrates. Curr. Opin.
Chem. Bio. 2009, 13, 573—581. e) Boltje, T. J.; Buskas, T.; Boons, G. -J.
Opportunities and Challenges in Synthetic Oligosaccharide and
Glycoconjugate Research. Nat. Chem. 2009, 1, 611-622. f) Yang, Y.; Zhang,
X.; Yu, B. O-Glycosylation Methods in the Total Synthesis of Complex
Natural Glycosides. Nat. Prod. Rep. 2015, 32, 1331-1355. g) Spell, M. L.;
Deveaux, K.; Bresnahan, C. G., Ragains, J. R. O-Glycosylation Enabled by
Remote Activation. Synlett 2017, 28, 751-761.h) Panza, M; Pistorio, S. G.;
Stine, K. J.; Demchenko, A. V. Automated Chemical Oligosaccharide
Synthesis: Novel Approach to Traditional Challenges. Chem. Rev. 2018, 118,
8105—8150. i) Zhu, D.; Yu, B. Synthesis of the Diverse Glycosides in
Traditional Chinese Medicine. Chin. J. Chem. 2018, 36, 681—691.j) Nielsen,
M. M.,; Pedersen, C. M., Catalytic Glycosylations in Oligosaccharide
Synthesis. Chem. Rev. 2018, 118, 8285-8358. k) Wu, Y.; Ye, X.-S. Recent
Advances in Chemical Synthesis of Polysaccharides. Acta Chim. Sin. 2019,
77, 581-597. 1) Krasnova, L.; Wong, C.-H. Oligosaccharide Synthesis and
Translational Innovation. J. Am. Chem. Soc. 2019, 141, 3735-3754.

(2) a) Kahne, D.; Walker, S.; Cheng, Y.; Van Engen, D. Glycosylation of
Unreactive Substrates. J. Am. Chem. Soc. 1989, 111, 6881—6882. for reviews,
see: b) Aversa, M. C.; Barattucci, A.; Bonaccorsi, P. Glycosulfoxides in
Carbohydrate Chemistry. Tetrahedron, 2008, 64, 7659—7683. c) Crich, D.;
Bowers, A.-A. Sulfoxides, Sulfimides and Sulfones. In Handbook of Chemical
Glycosyaltion; Demchenko, A.-V., Eds.; Wiley-VCH Verlag Gmbh & Co.
KGaA: Weinheim, 2008, pp 303-329. d) Fascione, M. A.; Brabham, R,;
Turnbull, W. B. Mechanistic investigations into the application of sulfoxides
in carbohydrate synthesis. Chem. - Eur. J. 2016, 22, 3916—3928. e) Zeng, J.;
Liu, Y.; Chen, W.; Zhao, X.; Meng, L.; Wan, Q. Glycosyl Sulfoxides in
Glycosylation Reactions. Top. Curr. Chem. 2018, 376, 27.

ACS Paragon Plus Environment

Page 4 of 6


mailto:wanqian@hust.edu.cn

Page 50of 6

oNOYTULT D WN =

Journal of the American Chemical Society

(3) a) Ferrier, R. J.; Hay, R. W.; Vethaviyasar, N. Potentially Versatile
Synthesis of Glycosides. Carbohydr. Res. 1973, 27, 55—61. b) Konradsson,
P.; Udodong, U. E.; Fraser-Reid, B. Iodonium Promoted Reactions of
Disarmed Thioglycosides. Tetrahedron Lett. 1990, 31, 4313-4316. c)
Veeneman, G. H.; van Leeuwen, S. H.; van Boom, J. H. Iodonium Ion
Promoted Reactions at the Anomeric Centre. I An Efficient Thioglycoside
Mediated Approach toward the Formation of 1,2-Trans Linked Glycosides
and Glycosidic Esters. Tetrahedron Lett. 1990, 31, 1331-1334. for reviews,
see: d) Zhong, W.; Boons, G.J. Glycoside Synthesis from 1-
Sulfur/Selenium-Substituted Derivatives. In Handbook of Chemical
Glycosylation; Demchenko, A. V., Ed.; Wiley-VCH: Weinheim, Germany,
2008; pp 261-303. e) Lian, G.; Zhang, X.; Yu, B. Thioglycosides in
Carbohydrate Research. Carbohydr. Res. 2015, 403, 13-22.

(4) a) Dasgupta, F.; Garegg, P. J. Alkyl Sulfenyl Triflate as Activator in the
Thioglycoside-Mediated Formation of B-Glycosidic Linkages During
Oligosaccharide Synthesis. Carbohydr. Res. 1988, 177, C13-Cl17. b)
Dasgupta, F.; Garegg, P.J. Use of the Methyl Sulfenyl Cation as an Activator
for Glycosylation Reactions with Alkyl (Aryl) 1-Thioglycopyranosides:
Synthesis of Methyl O-(2-Acetamido-2-Deoxy-B-D-Glucopyranosyl)-(1—
6)-0-0-D-Glucopyranosyl-(1 — 2)-0-D-Glucopyranoside, A Derivative of
the Core Trisaccharide of E. coli K12. Carbohydr. Res. 1990, 202, 225-238.
c) Martichonok, V.; Whitesides, G. M. A Practical Method for the Synthesis
of Sialyl a-Glycosides. J. Am. Chem. Soc. 1996, 118, 8187-8191. d) Crich,
D.; Sun, S. Direct Formation of f-Mannopyranosides and Other Hindered
Glycosides from Thioglycosides. J. Am. Chem. Soc. 1998, 120, 435-436. e)
Crich, D.; Sun, S. Are Glycosyl Triflates Intermediates in the Sulfoxide
Glycosylation Method? A Chemical and 'H, ¥C, and “F NMR
Spectroscopic Investigation. J. Am. Chem. Soc. 1997, 119, 11217-11233. f)
Cai, F.; Yang, F. Sulfenyl Triflates as Glycosylation Promoters: Applications
in Synthesis and Mechanistic Studies. J. Carbohydr. Chem. 2014, 33, 1-19.
Selected references for the reactions with in situ generated thiophilic
intermediates: g) Crich, D.; Smith, M. 1-Benzenesulfinyl
Piperidine/Trifluoromethanesulfonic Anhydride: A Potent Combination
of Shelf-Stable Reagents for the Low-Temperature Conversion of
Thioglycosides to Glycosyl Triflates and for the Formation of Diverse
Glycosidic Linkages. J. Am. Chem. Soc. 2001, 123, 9015-9020. h) Mong, T.
K.-K.; Lee, H.-K.; Durdn, S. G.; Wong, C.-H., Reactivity-Based One-Pot
Total Synthesis of Fucose GM; Oligosaccharide: A Sialylated Antigenic
Epitope of Small-cell Lung Cancer. Proc. Natl. Acad. Sci. 2003, 100,
797-802.1) Amaya, T.; Takahashi, D.; Tanaka, H.; Takahashi, T. Synthesis
of 2,3,6-Trideoxysugar-Containing Disaccharides by Cyclization and
Glycosidation Through the Sequential Activation of Sulfoxide and
Methylsulfanyl Groups in a One-Pot Procedure. Angew. Chem., Int. Ed. 2003,
42, 1833-1836. j) Codée, J. D. C.; Lithens, R. E. J. N.; den Heeten, R;;
Overkleeft, H. S.; van Boom, J. H.; van der Marel, G. A. Ph,SO/Tf,0: A
Powerful Promotor System in Chemoselective Glycosylations Using
Thioglycosides. Org. Lett. 2003, S, 1519—1522. k) Codée, J. D. C.; van den
Bos, L. J.; Litjens, R. E. J. N.; Overkleeft, H. S.; van Boeckel, C. A. A.; van
Boom, J. H.; van der Marel, G. A. Chemoselective Glycosylations Using
Sulfonium Triflate Activator Systems. Tetrahedron 2004, 60, 1057—1064.1)
Wang, Y.; Huang, X.; Zhang, L.-H.; Ye, X.-S. A Four-Component One-Pot
Synthesis of a-Gal Pentasaccharide. Org. Lett. 2004, 6, 4415—4417.

(5) a) Gildersleeve, J.; Smith, A.; Sakurai, K.; Raghavan, S.; Kahne, D.
Scavenging Byproducts in the Sulfoxide Glycosylation Reaction:
Application to the Synthesis of Ciclamycin 0. J. Am. Chem. Soc. 1999, 121,
6176—6182. Other Scavengers used in the activation of glycosyl sulfoxides:
b) Raghavan, S.; Kahne, D., A one step synthesis of the ciclamycin
trisaccharide. J. Am. Chem. Soc 1993, 115, 1580—1581. c) Sliedregt, L. A. J.
M.; van der Marel, G. A.; van Boom, J. H. Trimethylsilyl Triflate Mediated
Chemoselective Condensation of Aryl Sulfenyl Glycosides. Tetrahedron
Lett. 1994, 35, 4015-4018. d) Alonso, L; Khiar, N.; Martin-Lomas, M. A
New Promoter System for the Sulfoxide Glycosylation Reaction.
Tetrahedron Lett. 1996, 37, 1477—1480. e) Nagai, H.; Matsumura, S.;
Toshima, K., A Novel Promoter, Heteropoly Acid, Mediated Chemo- and
Stereoselective Sulfoxide Glycosidation Reactions. Tetrahedron Lett. 2000,
41,10233-10237.

(6) For reviews on one-pot sequential glycosylation, see: a) Pal, R.;
Anupama, D.; Narayanaswamy, J. One-pot Oligosaccharide Synthesis:
Latent-Active Method of Glycosylations and Radical Halogenation
Activation of Allyl Glycosides. Pure App. Chem. 2019, 91, 1451-1470. b)
Kulkarni, S. S.; Wang, C.-C.; Sabbavarapu, N. M.; Podilapu, A. R.; Liao, P.-

H.; Hung, S.-C. "One-Pot" Protection, Glycosylation, and Protection-
Glycosylation Strategies of Carbohydrates. Chem. Rev. 2018, 118,
8025—8104. c) Huang, X. F.; Yoshida, K.; Yang, B. Strategies for One-Pot
Synthesis of Oligosaccharides, in Glycochemical Synthesis: Strategies and
Applications. Eds: Huang, S.-H.; Zulueta, M. N. L. Wiley-VCH: Weinheim,
2017; pp 155—187. d) Wang, Y.; Ye, X.-S.; Zhang, L.-H. Oligosaccharide
Assembly by One-Pot Multi-step Strategy. Org. Biomol. Chem. 2007, S,
2189-2200. e) Yu, B.; Yang, Z.; Cao, H. One-Pot Glycosylation (OPG) for
the Chemical Synthesis of Oligosaccharides. Curr. Org. Chem. 2005, 9,
179-194. f) Codée, J. D. C.; Lithens, R. E. J. N.; van der Bos, L. J.;
Overkleeft, H. S.; van der Marel, G. A. Thioglycosides in Sequential
Glycosylation Strategies. Chem. Soc. Rev. 2005, 34, 769—782.

(7) Orthogonal one-pot: a) Yamada, H.; Harada, T.; Miyazaki, H.;
Takahashi, T., One-Pot Sequential Glycosylation: A New Method for the
Synthesis of Oligosaccharides. Tetrahedron Lett. 1994, 35, 3979-3982. b)
Yamada, H.; Harada, T.; Takahashi, T. Synthesis of An Elicitor-Active
Hexaglucoside Analog by a One-Pot, Two-Step Glycosidation Procedure. J.
Am. Chem. Soc. 1994, 116, 7919—-7920. c) Codée, J. D. C.; van den Bos, L.
J.; Litjens, R. E. J. N.; Overkleeft, H. S.; van Boom, J. H.; van der Marel, G.
A. Sequential One-Pot Glycosylations Using 1-Hydroxyl and 1-Thiodonors.
Org. Lett. 2003, S, 1947-1950. d) Kaeothip, S.; Demchenko, A. V.,
Expeditious Oligosaccharide Synthesis via Selective, Semi-Orthogonal, and
Orthogonal Activation. Carbohydr. Res. 2011, 346, 1371-1388. e) Zhang,
Y.; Xiang, G.; He, S. Hu, Y.; Liu, Y.; Xu, L.; Xiao, G. Orthogonal One-Pot
Synthesis of Oligosaccharides Based on Glycosyl ortho-Alkynylbenzoates.
Org. Lett. 2019, 21, 2335-2339. f) Dey, S.; Lo, H.-J.; Wong, C.-H. An
Efficient Modular One-Pot Synthesis of Heparin-Based Anticoagulant
Idraparinux. J. Am. Chem. Soc. 2019, 141, 10309—10314. Reactivity-based
one-pot: g) Ley, S. V.; Priepke, H. W. M. A Facile One-Pot Synthesis of a
Trisaccharide Unit from the Common Polysaccharide Antigen of Group B
Streptococci  Using Cyclohexane-1, 2-diacetal (CDA) Protected
Rhamnosides. Angew. Chem. Int. Ed. 1994, 33, 2292—2294. h) Zhang, Z.;
Ollmann, I. R.; Ye, X.-S.; Wischnat, R.; Baasov, T.; Wong, C.-H.
Programmable One-Pot Oligosaccharide Synthesis. J. Am. Chem. Soc. 1999,
121, 734-753. i) Wu, C.-Y.; Wong, C.-H. Programmable One-pot
Glycosylation. Top Curr. Chem. 2011, 301,223-252.j) Cheng, C.-W.; Zhou,
Y.; Pan, W.-H.; Dey, S.; Wu, C.-Y.; Hsu, W.-L.; Wong, C.-H., Hierarchical
and Programmable One-Pot Synthesis of Oligosaccharides. Nature
Commun. 2018, 9, 5202. k) Cheng, C.-W.; Wu, C.-Y.; Hsu, W.-L.; Wong,
C.-H.; Programmable One-Pot Synthesis of Oligosaccharides. Biochem. doi:
10.1021/acs.biochem.9b00613. Preactivation-based one-pot: 1) Huang, X.;
Huang, L.; Wang, H.; Ye, X.-S. Iterative One-Pot Synthesis of
Oligosaccharides. Angew. Chem., Int. Ed. 2004, 43, 5221-5224. m) Yang, W.;
Yang, B.; Ramadan, S.; Huang, X. Preactivation-Based Chemoselective
Glycosylations: A Powerful Strategy for Oligosaccharide Assembly.
Beilstein J. Org. Chem. 2017, 13,2094—2114.n) Wu, Y.; Xiong, D.-C.; Chen,
S.-C.; Wang, Y.-S;; Ye, X.-S. Total Synthesis of Mycobacterial
Arabinogalactan Containing 92 monosaccharide units. Nat. Commun. 2017,
8, 14851.

(8) a) Kuhn, R.; Baschang-Bister, W.; Dafeldecker, W. Uber S-Oxyde der
Zuckermercaptale und Eine Neue Glykosidsynthese. Justus Liebigs Ann.
Chem. 1961, 641, 160-176; b) Kuhn, R.; Neugebauer, F. A. S-Oxyde und S-
Dioxyde cyclischer Mercaptole. Chem. Ber. 1961, 94, 2629-2644. c) Cai, L.;
Zeng, J.; Li, T.; Xiao, Y.; Ma, X.; Xiao, X.; Zhang, Q.; Meng, L.; Wan, Q.
Dehydrative Glycosylation Enabled by a Comproportionation Reaction of
2-Aryl-1,3-dithiane 1-Oxide. Chin. J. Chem. 2020, 38, 43—49.

(9) a) Shu, P.; Xiao, X.; Zhao, Y.; Xu, Y.; Yao, W.; Tao, J.; Wang, H.; Yao,
G.; Lu, Z.; Zeng, J.; Wan, Q. Interrupted Pummerer Reaction in Latent-
Active Glycosylation: Glycosyl Donors with a Recyclable and Regenerative
Leaving Group. Angew. Chem. Int. Ed. 2015, 54, 14432—14436; b) Xiao, X.;
Zhao, Y.; Shu, P.; Liu, Y.; Sun, J.; Zhao, X.; Zhang, Q.; Zeng, J.; Wan, Q.
Remote Activation of Disarmed Thioglycosides
Glycosylation via Interrupted Pummerer Reaction. J. Am. Chem. Soc. 2016,
138, 13402-13407. c) Chen, W.; Zeng, J.; Liao, Z.; Teng, S.; Xiao, X.; Meng,
L.; Wan, Q. Mechanism investigations of the activation process of S-2-
[(propan-2-yl)sulfinylJbenzyl (SPSB) glycosides. J. Carbohydr. Chem. 2018,
37, 498-506. d) Meng, L.; Zeng, J.; Wan, Q. Interrupted Pummerer
Reaction in Latent/Active Glycosylation. Synlett, 2018, 29, 148—156. e)
Zhao, Y.; Zeng, J.; Liu, Y.; Xiao, X.; Sun, G.; Sun, J.; Shu, P.; Du, D.; Meng,
L.; Wan, Q. Collective Synthesis of Phenylethanoid Glycosides by
Interrupted Pummerer Reaction Mediated Glycosylations. J. Carbohydr.
Chem. 2018, 37, 471-497. ) Fang, J.; Zeng, J., Sun, J.; Zhang, S., Xiao, X.;

in Latent-Active

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

Lu, Z.; Meng, L.; Wan, Q. Total Syntheses of Resin Glycosides Murucoidins
IV and V. Org. Lett. 2019, 21, 6213—-6216. g) Zhao, X.; Zeng, J.; Meng, L.;
Wan, Q. Application of Interrupted Pummerer Reaction Mediated (IPRm)
Glycosylation in Natural Product Synthesis. Chem. Rec. 2020, doi:
10.1002/tcr.201900097.

(10) The stereochemistry of the reactions in Table 2 were controlled by
neighboring group participation or remote participation. No stereoisomers
were observed in these reactions. Lower yields in some cases such as in
producing of 9c or 9k were caused by the low reactivity of the terminal
acceptors, which led to side products or incomplete consumption of the new
generated glycosyl donors.

(11) a) Boiteau, P.; Buzas, A.; Lederer, E.; Polonsky, J. Derivatives of
Centella asiatica Used Against Leprosy. Nature 1949, 163, 258-260; b) Shao,
W.; Cao, X,; Shen, L.; Zhang, F.; Yu, B. A Convergent Synthesis of the
Triterpene Saponin Asiaticoside. Asian J. Org. Chem. 2017, 6, 1270—1276.
(12) a) Nicolaou, K. C.; Caulfield, T.; Kataoka, H.; Kumazawa, T., A
Practical and Enantioselective Synthesis of Glycosphingolipids and Related
Compounds. Total Synthesis of Globotriaosylceramide (Gb3). J. Am. Chem.
Soc. 1988, 110, 7910-7912. b) Wang, C.; Li, Q.; Wang, H.; Zhang, L.-H;
Ye, X.-S., A New One-Pot Synthesis of Gb3 and isoGb3 Trisaccharide
Analogues. Tetrahedron 2006, 62, 11657—-11662.

(13) Yoshikawa, M.; Matsuda, H.; Morikawa, T.; Xie, H.; Nakamura, S.;
Muraoka O. Phenylethanoid Oligoglycosides and Acylated Oligosugars

with Vasorelaxant Activity from Cistanche tubulosa. Bioorg. Med. Chem.
2006, 14, 7468—7475.

(14) a) Kitagawa, L; Shibuya, H.; Yokokawa, Y.; Baek, N. L.; Ohashi, K.;
Yoshikawa, M.; Nitta, A.; Wiriadinata, H. Structures of Merremosides B and
D, New Antiserotonic Resin-Glycosides from the Tuber of Merremia
mammosa, An Indonesian Folk Medicine. Chem. Pharm. Bull. 1988, 36,
1618-1621; b) Kitagawa, L.; Baek, N. I.; Kawashima, K.; Yokokawa, Y.;
Yoshikawa, M.; Ohashi, K.; Shibuya, H. Indonesian Mesicinal Plants. XV.
Chemical Structures of Five New Resin-Glycosides, Merremosides a, b, c,
d, e, from the Tuber of Merremia mammosa (Convolvulaceae). Chem.
Pharm. Bull. 1996, 44, 1680-1692.

(15) Kitagawa, I.; Ohashi, K.; Kawanishi, H.; Shibuya, H.; Shinkai, K.;
Akedo, H. Ionophoretic Activities of Oligopeptide Lactones and Resin-
Glycosides in Human Erythrocytes. Chem. Pharm. Bull. 1989, 37,
1679-1681.

(16) Sharif, E. U.; Wang, H.-Y. L.; Akhmedov, N. G.; O'Doherty, G. A.
Merremoside D: De Novo Synthesis of the Purported Structure, NMR
Analysis, and Comparison of Spectral Data. Org. Lett. 2014, 16, 492—495.
(17) Xiao, G.; Cintron-Rosado, G. A.; Glazier, D. A.; Xi, B.-m.; Liu, C.; Liu,
P.; Tang, W. Catalytic Site-Selective Acylation of Carbohydrates Directed
by Cation-n Interaction. J. Am. Chem. Soc. 2017, 139, 4346—4349.

Page 6 of 6

\({ “oTf
S
19 spss S
§/\\/ 1,0
initial activator
+ —_—
step 1

Ho=3_sr

relay activator
+

Ho=
0
" 2, vg\/o\,\/o o=
step

=2 ,o%SR

new glycosyl donor

ACS Paragon Plus Environment



