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2-amino-2-deoxy-dithioglycosides di-thiolated O-antigen of E. coli serogroup 64

ABSTRACT: Herein, we describe a novel methodology for the regio- and stereoselective convergent synthesis of 2-amino-2-deoxy-
dithioglycosides via one-pot relay glycosylation of 3-O-acetyl-2-nitroglucal donors. This unique organo-catalysis relay glycosylation
features excellent site- and stereoselectivity, good to excellent yields, mild reaction conditions, and broad substrate scope. 2-Amino-
2-deoxy-glucosides/mannosides bearing 1,3-dithio-linkages were efficiently obtained from 3-O-acetyl-2-nitroglucal donors in both
stepwise and one-pot glycosylation protocols. The dithiolated O-antigen of E. coli serogroup 64 was successfully synthesized using
this newly developed method.

Replacing the anomeric oxygen atom in sugars for a sulfur Our exploratory studies started in a stepwise manner and
atom leads to thioglycosides, which have demonstrated began with C3-thio-glycosylation using 3-O-acetyl-2-nitro-
enhanced stability under chemical and enzymatic hydrolysis glucal as a donor and per-O-acetyl-f-D-glucosyl thiol 2a as
conditions, while maintaining similar conformational behavior an acceptor. Through serial optimization, we found that using
as their natural O-glycoside counterparts.’ Naturally occurring 3-O-acetyl-2-nitroglucal la bearing a bulky tri-isopropylsilyl
and synthetic S-glycosides, such as S-KRN7000, lincomycin, (TIPS) protecting group on the C4-OH as a donor, the
clindamycin and iboxamycin, and ridaura, have shown desired glycosylation product 3a was obtained in 95% yield
attractive biological activities, ranging from antibacterial to with excellent stereoselectivity (3,4-trans:3,4-cis = 16:1)
antitumoral action (Figure 1).” Synthetic studies of S- catalyzed by 0.1 equiv organobase 4-pyrrolidinopyridine
glycosides have become a topical point in carbohydrate (PPY) (see Table SI-1). With the optimal conditions in
chemistry, leading to the establishment of various protocols, hand, the substrate scope was then tested (Figure 2). We were
including base-mediated substitution reactions using glycosyl pleased to find that per-O-acetyl-f-p-galactosyl thiol 2b, 2-

halides or glycosyl thiols,” acid-mediated thioglycosylation acetamido-3,4,6-tri-O-acetyl-f-p-glucosyl thiol 2¢, and disac-
using glycosyl donors, such as glycosyl imidates,” reductive charide glycosyl thiol 2d were coupled smoothly with
lithiation—thioglycosylation using 2-deoxyglycosyl phenylsul- electrophilg la to provide the .products 3b, 3¢, and 3(.1 Ain
fides,” photocatalytic thioglycosylation using allyl glycosyl excellent ylelds. (86%—95%) with .excellient steref)selectmty
sulfones or glycal donors,® and metal catalyzed cross (%,4—trans_:3,4-czs > 20:1).'Under identical conditions, the
couplings.” disaccharide 3-O-acetyl-2-nitroglucal 1b reacted uneventfully

2-Nitroglycals have been recognized as important synthons with monos.accharid.e glycosyl thiol acceptors 2a, 21.)’ and 2c to
in carbohydrate chemistry and used to synthesize various generate trisaccharide products 3e—g (>82% yields). The

biologically relevant 2-amino-2-deoxy-glycosides.® Herein, we tetrasaccharide 3h was obtained in almost quantitative yield
describe a novel convergent method for the regio- )an d when the disaccharide donor 1b and disaccharide thiol

stereoselective synthesis of 2-amino-2-deoxy-dithioglycosides
from 3-O-acetyl-2-nitroglucal electrophiles via a mild organo- Received: March 19, 2023 o
catalysis relay glycosylation using both stepwise and one-pot Published: May 16, 2023 Ly ==
methods. Based on this protocol, a series of 2-amino-
dithioglycoside containing oligosaccharides were obtained.
Mechanistic studies have shed light on the reaction pathways
followed, to account for the striking stereoselectivity observed.

© 2023 American Chemical Society https://doi.org/10.1021/acs.orglett.3c00859
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A) Representative thioglycoside drugs/bioactive molecules
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Figure 1. (A) Representative thioglycoside drugs/bioactive molecules; (B) previous methods for monothioglycosidic bond formation; (C)
representative natural oligo/polysaccharides containing 2-amino-2-deoxy-glycosides with 1,3-di-O-linkages; (D) this work.

acceptor 2d were condensed (Figure 1). The site-selectivity
can be explained with the HSAB principle, since C-1 1s hard
and C-3 is soft, while the thiols are soft nucleophiles.*” It is
worth noting that the conformation of the 2-nitroglucal residue
was inverted when bulky groups on the C3 and C4 positions
were present,'” while the structures of the products were
clarified by NMR data and further transformations (see
Supporting Information).

With 3-thio-glycosyl-2-nitroglucals 3 in hand, we set out to
optimize the conditions for the second thio-glycosylation with
the coupling between disaccharide 2-nitroglucal 3a and
butanethiol 4a as a model reaction (see Table SI-2). Under
the optimized conditions, the reaction generated a mixture of
the glucose- and mannose-configured products Sa and Sa’ in
61% yield (Sa:5a’ 2.1:1, Table 1, entry 1). Also,
cyclopentanethiol 4b provided a mixture of glucose- and
manno-type products, Sb and Sb’ (64% yield, Sb:5b’ = 3.4:1,
entry 2). When glucose thiols 4c and 4d were used as
acceptors, products Sc/5c¢’ and 5d/5d’ were obtained (5c:5¢’
= 1.6:1, 56%, entry 3; 5d:5d’ = 2.7:1, 41%, entry 4), while the
bulky secondary glucose-C4-thiol 4e furnished the glucose-
configured product Se predominantly (Se/Se’ = 11:1, 37%,
entry 5). When secondary thiol 4e was coupled with 3b, the
glucose configured product 5f was predominantly formed
(entry 6). Surprisingly, single mannose-type products Sg’ and

3612

Sh’ were obtained by using thiolated amino acids 4f and 4g as
acceptors to couple with donor 3a, respectively (74% and 76%
yields, entries 7—8). Even when the more elaborate thiolated
dipeptide 4h was chosen as an acceptor to react with donor 3a,
the reaction also furnished the manno-type product Si’
exclusively (56%, entry 9). Disaccharide 2-nitroglucal donor
3b and trisaccharide 2-nitroglucal donors 3e—f were coupled
with thiolated amino acid acceptors including 4f—h under the
standard condition, to generate manno-type products 5j'—5n’
exclusively in moderate to good yields (above 54% vyields,
entries 10—14).

Considering the same PPY catalyst was used for C3- and C1-
thio-glycosylations with 3-O-acetyl-2-nitroglycals, we won-
dered whether the stepwise procedure could be developed
into a streamlined one-pot protocol without isolation of the
C3-thio-glycoside intermediate. To this end, the coupling
reaction between 2-nitroglucal 1a, glucose thiol 2a, and glucose
thiols 4e was attempted via a consecutive one-pot relay
glycosylation. Gratifyingly, after the glycosylation of 1a and 2a,
catalyzed by PPY (0.1 equiv) in dichloromethane, the second
glycosylation step with 3a could be affected, after a solvent
change to toluene and using an extra portion of PPY (0.1
equiv) and adding di-CF;PhCOOH, TBAL and 4e to furnish
Se in 36% yield with good stereoselectivity. Following an
identical procedure, 2-nitroglucal 1a, glucose thiol 2a, and

https://doi.org/10.1021/acs.orglett.3c00859
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Figure 2. First step C3-thio-Glycosylation of 3-O-acetyl-2-nitroglycal
via organo-catalysis C3-Ferrier rearrangement. The ratio is 3,4-
trans:3,4-cis (2-nitroglycal residue), and the ratio was determined by
'"H NMR analysis.

amino acid thiol 4f were smoothly transformed into desired
mannose-type product Sg’ in 71% yield with excellent regio-
and stereoselectivity, while this reaction worked well on gram
scale. It was worth noting that when the more elaborate

thiolated dipeptide 4h and disaccharide 2-nitroglucal donor 1b
were used in relay glycosylation, the desired products 5i’—5n’
were obtained uneventfully (Figure 3).

N st
\ OAc OAC
(OP), 0 (s
2a,2b.2d |ppy  HSR 4e 4f4h  N~\S o t:q/
* —_— - (OP), %Lﬁ/ (OP)
AcHO DCM 0.6 eq di-CF3-PhCOOH, . NO
R'O 0.2eqPPY, 0.4eqTBAI RO 2 RO SR
AcO toluene
NO glucose-type mannose-type
1a,1b "2 5e 5¢', 5, 5j', 5I'-5n"
AcO OA AcO
ACO Q ( ¢ AcO O rz Ohe
AcO S BnO AcO S_ON02
n
Tipso N0z BnOome TIPSO S NHFmoc

5el5e’, 36% (>7:1)

AcO
ACO o (OAC
AcO S oNO2

5g'I5g, 71% (>20:1);
53% (2.1 g, gram scale)

AcO _OAc
OAc o Ore
AcO S oNo,
TIPSO 0 Sj\ OACM COO'Bu
FmocHN
moe \)Lu COOMe TIPSO s NHFmoc
5i'/5i, 56% (>20:1) 5]'I5), 79% (>20:1)
AcO ogc (OAc R2_OAc
AcO S _NO,
OAc © AcO
%I\ﬁ COOBu
TIPSO 0O 5)\ AcO NHF
moc
FmocHN\)J\N COOMe ACEAOCO AcO
H 5m'/5m, R' = OAc, R? = H, 52% (>20:1)
51'/51, 54% (>20:1) 5n'/5n, R' = H, R? = OAc, 47% (>20:1)

Figure 3. Synthesis of 1,3-di-thio-2-nitro-2-deoxy-glycosides via
consecutive relay glycosylation. * The overall yield for stepwise
synthesis.

Table 1. Substrate Scope for Stereoselective C1-Thioglycosylation with 3-thio-Glycosyl-2-deoxy-2-nitroglucals

OAc

OAc le) (S
W—&ﬁs.o HSR: 4-h Y(O/?QSIH SR, t(gmz
(OP), 7 0.6 eq 2,6-di-CF5-PhCOOH, RGO NO, /b hSR
OR' NO, 0.2eqPPY, 0.4 eqTBAl, toluene glucose-type mannose-type
3a, 3b, 3e, 3f 5a-n 5a'-5n'
Mercaptan thiol acceptors HS HS
HS™ >N HS@ ngo&% A}i&&%
. ” 4CB"0 OMe ) ngA;: OMe
g%o 0 Hs COOBu COOMe HS N
BnO Ome NHFmoc NHBz \g/\NHFmoc
4e 4f 4g 4h
Entry Donor Acceptor Product Yield Ratio”
1 3a 4a Sa/5a’ 61% 2.1:1
2 3a 4b Sb/sb’ 64% 3.4:1
3 3a 4c Sc/S¢’ 56% 1.6:1
4 3a 4d s5d/sd’ 41% 2.7:1
S 3a 4e Se/5e’ 37% 11:1
6 3b 4e Sf/sf 40% 8:1
7 3a 4 sg/s5g’ 74% <1:20
8 3a 4g Sh/sh’ 76% <1:20
9 3a 4h Si/si’ 42% <1:20
10 3b 4 sj/sj’ 76% <1:20
11 3b 4g Sk/Sk’ 72% <1:20
12 3b 4h sl/sl’ 54% <1:20
13 3e 4f Sm/5m’ 63% <1:20
14 3f 4f Sn/S5n’ 92% <1:20
asglu/srmann'

3613

https://doi.org/10.1021/acs.orglett.3c00859
Org. Lett. 2023, 25, 3611-3617


https://pubs.acs.org/doi/10.1021/acs.orglett.3c00859?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.3c00859?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.3c00859?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.3c00859?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.3c00859?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.3c00859?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.3c00859?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.3c00859?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.3c00859?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.3c00859?fig=fig3&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.3c00859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters

pubs.acs.org/OrglLett

A) The HRMS of proposed intermediates
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To better understand the stereochemical course of the
reaction, we focused our attention on understanding the
mechanism of the new relay glycosylations. In the first step of
the reaction, 3-O-acetyl-2-nitroglycal donors 1 react with
glycosyl thiol 2a—d to generate 3-thio-glycosyl-2-nitroglycals 3
with excellent site-selectivity and stereoselectivity. The site-
selectivity can be explained by the HSAB principle,**” and the
stereoselectivity can be explained by the steric hindrance effect
of the groups on C4 of 3-O-acetyl-2-nitroglucal donors. Several
experiments were carried out to probe the reaction mechanism
of the second glycosylation step (see Figure 4A—C). To
identify potential reactive intermediates, the reaction was
followed using HRMS, which showed that products were
formed having a mass that correspond to the PPY-
intermediates (3a-II, and/or 3a-III) as well those having a
mass corresponding to the glycosyl iodides (3a-IV and/or 3a-
V, Figure 4A). Next, we used a set of thiols of gradually
changing nucleophilicity to probe how the stereoselectivity in
the addition to glucal 3a depends on the nucleophilicity of the
thiol (Figure 4B) to reveal that the more acidic, less
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nucleophilic thiols provided more of the manno-configured
products. Interestingly, deuterium labeling experiments
showed that the proton at the C2 position in the products
(the position @ to the NO, group) originated from the thiol
acceptor, indicating that the addition of the thiol at C1 and
protonation of the C2 position occurs on the same face of the
molecule and thus likely happens in coordinated processes
(Figure 4C). This can explain the formation of the 1,2-trans-
glycosides in all cases as well. A putative mechanism for the
reactions of 3-O-acetyl-2-nitroglucal 1 is shown in Figure 4D.
Attack of PPY to 2-nitroglucal 1 generates intermediate 1-I,
which then reacts with the soft thiol nucleophile at the soft and
sterically most accessible C-3 to stereo- and regioselectively
generate 3-thio-glycosyl-2-nitroglucal 3. Then, the regenerated
PPY attacks the C1 position of the newly formed 3-thio-
glycosyl-2-nitroglucal donor 3 to form intermediate 3-I which
can be protonated by 2,6-di-CF;-PhCOOH to generate
intermediate 3-II or 3-III. Without the acid or when using a
too weak acid, intermediate 3-I undergoes an elimination to
regenerate the glycosyl thiol and intermediate 1-I which then
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Scheme 1. Application of the Relay Glycosylation Method: Synthesis of the Di-thiolated O-Antigen of E. coli Serogroup 64
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reacts with the thiol acceptor to yield C3-thiolated byproduct.
Intermediate 3-II is attacked by the second thiol nucleophile
from the a side to stereoselectively afford mannose-type
product §’. The TBAI additive can speed up this glycosylation,
probably by forming the iodide-intermediate 3-IV/3-V, which
is a softer nucleophile that is readily attacked by the thiol
nucleophile. The intermediate 3-V is more reactive because it
experiences a strong 1,3-diaxial interaction between the iodine
and sulfur atoms. In addition, the substitution of the axial
iodide in 3-V is favored because this places the o*c_; orbital
parallel to the 7%, orbital.'" The more nucleophilic sulfur
nucleophiles can displace the more stable a-iodides, while the
less nucleophilic thiols need a stronger electrophile, i.e. the
-iodide, to engage in an effective reaction.'”

Finally, to illustrate the utility of the established method, the
applications of the synthetic protocol were evaluated with the
synthesis of the dithiolated O-antigen of E. coli serogroup 64.
E. coli belongs to Enterobacteriaceae, one of “critical priority”
antibiotic resistance pathogens listed by the World Health
Organization (WHO)."? Owing to their antibiotic resistance,
the developing of anti-E. coli vaccines is receiving significant
attention. The O-antigen is an important component of the
lipopolysaccharide, and an attractive antigen for vaccine
development.'* The O-antigen of E. coli serotype 64 is built
up from a —3)-p-GlcA-(f1 — 3)-[p-Galp-(f1 — 6)-p-Galp-
(1 - 3)]-0-GlepNAc-(f1 — 3)-pD-ManpNAc-(al— penta-
saccharide repeating unit."> We designed a synthetic route to
yield a dithiolated O-antigen of E. coli serogroup 64, using our
newly developed one-pot relay glycosylation method as shown
in Scheme 1. The synthesis required three key building blocks,
including trisaccharide glycosyl thiol 6, 3,6-di-O-acetyl-2-
nitroglucal 1a, and mannosyl acceptor 7 (synthesis of 6 and
7, see the Supporting Information for details). To our delight,
trisaccharide thiol 6 was reacted smoothly with 3-O-acetyl-2-
nitroglucal la to generate the tetrasaccharide intermediate
which was further coupled with the second thiol acceptor 7 to
furnish the desired pentasaccharide 8 in 49% yield with
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excellent stereoselectivity. The stereochemistry of the newly
formed chiral centers in 8 was substantiated by transformation
of this compound into 9 by conversion of the nitro group into
the corresponding acetamide and removal of the bulky TIPS
groups. Pentasaccharide 9 adopts a regular *C; conformation,
and the value of the one-bond coupling constant of C1-H1
(*C HMBC Joim= 158 Hz) and the three bond H-H
coupling constant of the triplet corresponding to H3 (J,3 = ]34
= 12.4 Hz) proved the formation of the f-glucose configured
product. Finally, all benzoyl groups and the methyl ester in 9
were removed under base conditions to provide the target
compound 10, the dithiolated O-antigen of E. coli serogroup
64.

In summary, we have developed a highly efficient method for
the regio- and stereoselective synthesis of 2-amino-2-deoxy-
dithioglycosides via the 4-pyrrolidinopyridine-mediated relay
glycosylation of 2-nitroglycals. 3-Thio-glycosyl-2-amino-2-
deoxy-1-thio- manno/glucosides were successfully obtained
from 3-O-acetyl-2-nitroglucals. The installation of the C-3 and
C-1 thio-linkages could be afforded in a one-pot manner. The
organocatalyzed relay glycosylation protocol proceeds under
very mild reaction conditions and proceeds with excellent
regio- and stereoselectivity in good to excellent yields. It has a
broad substrate scope as well. Initial mechanistic experiments
revealed that the 1,2-trans-products were formed by the
simultaneous addition of the C-1 thiol and the C-2 proton to
the same face of the electrophile. The method was successfully
applied in the synthesis of a dithiolated O-antigen of E. coli
serogroup 64, which can be used as a stabilized antigen.
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