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Synthesis and biological evaluation of O-methylated glycolipids

related to PGLs via direct stereoselective glycosid
sequential Suzuki-Miyaura coupling using boracyclan

Ko Sato,”? Zakaria Omahdi, ®%®! Kensuke Shibata, ®>®! Koh-hei Sonoda,

Hiroshi Tanaka*"!

Abstract: Synthesis of O-methylated glycolipids related to the
sugars in PGLs via direct stereoselective glycosidation is reported.
Treatment of 2-O-methyl-rhamnosyl imidates with 1, and n-BusNOTf
resulted in their activation under low temperature and provided the
a-rhamnosides with excellent a-selectivity. n-BusNOTf enhanced the
electorophilicity of iodine. This methodology improved the efficiency
of the synthesis of both PGL-1 and PGL-tb1 sugars. The process
involved the formation of 2-O-naphthylmethyl-a-rhamnoside and 2-
O-methyl-a-fucoside. Sequential Suzuki-Miyaura coupling using
synthetic glycosides, boracyclane, and aryl bromides provided
glycolipids related to PGL sugars, and was accomplished with a one-
pot process. Finally, we elucidated the immunosuppresive activities
of all these synthetic compounds and found that a phenyl 3-O-o-
rhamnosyl-2-O-methyl-a-rhamnoside possessing a 6-(2-
naphthyl)hexyl group exhibited the strongest inhibitory effect.

Introduction

Phenolic glycolipids (PGLs) are a family of glycolipids
the cell surface of mycobacteria and are compos;
combination of a partially O-methylated sugar and
lipid"!" — 3,6-di-O-methyl B-glucoside (PGL-1 1)?
O-methyl-a-fucoside (PGL-tb1 2)* are isolated
and M. tuberculosis, respectively (Figure 1).
unique motif for mycobacteria and are targets for the
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Figure 1. Structures of PGL-1 (1) and PGL-tb1 (2)

Preparation of these PGL-1 and PGL-tb1-related compounds
has been reported by several research groups.”®'? A total
synthesis of PGL-tb1 reported by Minnaard involved
Sonogashira coupling of a 4-iodophenyl glycoside and a terminal
alkyne for the synthesis of the 4-alkylphenyl glycoside.®
Formation of 2-O-methyl-a-rhamnosides and fucosides is a key
step in preparation of the sugar part. O-methylation of the C2
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Scheme 1. Strategy for the synthesis of the phenyl glycosides 3 b,

hydroxy group renders neighboring grou
unavailable. Anomeric effect, however, can pr

effect would be moderate and would frequently depend on the
structures of glycosyl donors and acceptors.""! We speculgted

synthesis of 2-O-methyl-a-rha
modification step after const

adaptable to the
possessing an equatoria
On the other hand, we

that this method could
generated and unstable
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thyl-glycosyl imidates and modification of the glycosides by
uential Suzuki-Miyaura palladium-catalyzed cross-coupling
ing a boracyclane."¥ In additon, we also review the
immunosuppressive activity of glycolipids.

Results and Discussion

Scheme 1 shows our strategy for the synthesis of the phenyl
glycosides 3a-fA and 3a-cB, which are related to PGL-1 and
PGL-tb1 trisaccharides. The phenyl glycosides 3a-fA and 3a-cB
possessing an alkyl chain and terminally functionalized with
either a naphthyl group or a fluorescent dye were designed as
targets in this project. The naphthyl group mimics the lipid
portion of PGLs. The fluorescent-labelled glycosides 3a-cB were
used as chemical probes for the identification and detection of
target proteins. The 4-alkylphenyl glycosides 3a-fA and 3a-cB
were prepared from the corresponding 4-bromophenyl
glycosides 4a-f via sequential Suzuki-Miyaura palladium-
catalyzed cross-coupling using boracyclane 5 and the aryl
bromides 6A and 6B.""® Suzuki-Miyaura coupling of glycosides
4a-f with boracyclane 5 provided the acyclic borinic acid 7. The
acyclic borinic acid 7 shows low reactivity toward
transmetallation to palladium species compared with the cyclic
trialkylborane 5 and undergoes Suzuki-Miyaura cross coupling
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at a higher reaction temperature to provide an asymmetrically SPh
functionalized alkyl chain.'"¥ Functional group compatibility of 820258 9
Suzuki-Miyaura cross coupling allows the direct use of MeO  §r7vB /@/Br
protecting group-free carbohydrates 4a-f as building blocks. This Br NIS, TFOH
would allow 4-bromopheny glycoside 4c¢ containing PGL-1 O
HO MS4A, CH,Cl,

glycosides to be prepared from 4-bromophenol (8), 2-O-methyl-
thiorhamnoside 9, 2-O-acyl-rhamnosyl imidate 10, and 3,6-di-O-
methyl-thioglucoside 11. The 2-O-methyl-a-rhamnosyl bond
could be prepared using our previously reported conditions for
the synthesis of 2-deoxyl-a-glycosides. The 4-bromophenyl
glycoside 4f containing the PGL-tb1 glycosides could be
prepared from 4-bromophenol (8), 2-O-methyl-rhamnosyl
imidate 12, rhamnoside 13, and 2,3,4-tri-O-methyl-fucosyl
imidate 14.

Synthesis of the trisaccharide 4c from p-bromophenol (8)
was examined (Scheme 2). Treatment of thioglycoside 9 and p-
bromophenol with NIS and a catalytic amount of TfOH at -78 °C,
followed by removal of the 2-(azidomethyl)benzoate (AZMB)"®!
with PPhs, provided a-rhamnoside 16 in 78% yield with a Br
complete a-selectivity. We next examined a-selective O
glycosidation of the 2,3-di-O-methylglycosyl imidate 10 (Table 1). MeO 0
Exposure of the glycosyl imidate 10 under the previously Wsph RQOw
reported conditions for a-selective glycosidation of 2,6-dideoxy OAc M1 R’Y'Oeo o MeO o
sugar using IBr and n-BusNBr resulted in a poor coupling yield of NIS, TfOH, MS4A Meo&ﬁ\/f)w
17 after 40 h (entry 1). Substitution with an electron-withdrawing CHLCl,, -78 °C OR'MeO  Ome
oxygen at the C2 position could reduce the reactivity of glycogyl
imidate 10 at a greater rate than that of 2,6-dideoxylgly
imidates. On the other hand, treatment of glycosyl imid
and acceptor 16 with |, and n-Bus,NOTf at -50 °C in toluene

KOMe, MeOH 19:R'=Ac, R?=Bz
50°C, 76% in 2 steps 4c:R'=R2=H

thesis of the trisaccharide 4c from 4-bromophenol (8)

The use of CH,Cl,, EtCN and Et,O as solvents red
selectivity of 17 (entries 3-5). The use of neither |

combined with n-BuNI at the same temperat Tab’. a-Selective glycosidation of the 2,3-O-dimethylrhamnosyl imidate 10

I# Activator Solvent  Temp Yield alp®
[’cl (%)

for the glycosyl donor 10 resulted in a reduction in the IBr, n-BuNBr,  CH,Cl;  rt. 43 a only

- - then DIEA

selgctlylty of 1?: These results clear!y indicated that these L, n-BUNOTf  toluene  -50 9 964
activation conditions would be effecfive for the a-sele I, -BuNOTf  CH,Cl,  -50 93 78:22
glycosidation of 2-O-methyl-rhamnosj idati I, n-Bu,NOTf  EtCN -50 50 58:42
the NAP ester with DDQ provide i . :2' n-BuNOTS tEtlzo '28 73 50:50

. . . > oluene - -
Glyco§ylatlon of alcohol 18 with thioglycos 7 L, n-Bu,NI toluone  -50 i
catalytic amount of TfOH, followed by solvoly TMSOTf toluene  -78 88 85:15
provided trisaccharide 4c in 9"l BF;+OFEt, toluene  -78 87 85:15

coupling constants (161, 1
positions of 4c indica
a-glycosides and a -

Synthesis of the tris
was examined (Scheme 3)!
and p-bromophenol (8)
toluene provide

[a] Reaction time is 40 h. [b] AW300 was used instead of MS4A. [c]isolated
yields. [d] The ratio was determined based on 'H NMR spectra

®)  TfOoH provided a-rhamnoside 22 in 75% yield. Removal of the
TBS ether of a-glycoside 22 with HFepyridine provided the

with Neand n-BuNOTF at -50 °C in 5106n0] 23 in 98% yield. Treatment of disaccharide 23 and 2,3,4-
: ollowed by cleavage of the i 5 methyl-fucosyl imidate 14 with I, and n-BusNOTF at -50 °C

fert-butyldimethyls , ith tetrabutzlam'moniu'm in toluene provided an anomeric mixture of trisaccharide 24 in
fluoride (TBAF) to p e 21in 91% yield with g3, vield with an a/p ratio of 54:46. We envisaged that the
completg, a-selectivity. cosylation of the a-rhamnoside 21 at

insufficient a-selectivity might be caused by the low reactivity of
the C3 thiorhamnoside 13 possessing an 6 ©3 hydroxyl group due to the electronwithdrawing acyl-
ester hydroxyl group with NIS and protecting group at the O2 hydroxyl group. We next planned a
stereoselective preparation and glycosylation of a 2-O-alkyl

This article is protected by copyright. All rights reserved.
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protected disaccharide. Treatment of a-rhamnoside 23 and the
2-0-(2-naphthyl)methyl-rhamnosyl imidate 25 with |, and n-
BusNOTTf at -50 °C provided the a-rhamnoside 26 in 86% vyield
with a complete a-selectivity. Subsequent solvolysis of benzoate
with MeOH under basic conditions provided disaccharide 27 in
95% yield. Treatment of disaccharide 27 and 2,3,4-tri-O-methyl
fucosyl imidate 14 under the same reaction conditions as that for
24 provided trisaccharide 28 in 91% vyield with an improved a-
selectivity (a/p = 85:15). The oxidative removal of the NAP ether
of an anomeric mixture of 28 with DDQ provided an anomeric
mixture of trisaccharide 4f in 88% vyield. Further purification of
the mixture of 4f by HPLC provided pure a-glycoside 4f. The
'Jew-coupling constants (166, 168 and 171 Hz) of the anomeric
positions of 4f indicated that all of the glycosyl bonds of 4f are a.
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o)kcm3

NAPO Z58Q
TS0 [0 12
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Scheme 3. Synthesis 0 e 4f from the phenol 8
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We next examined one-pot sequential Suzuki-Miyaura
coupling using the 4-bromophenyjglycosides 4a-g, the cyclic
boron compound 5, and 1-brom ene (6A) (Table 2).
Glycoside 4g was an anomeric isome 4-tri-O-methy-o-
fucoside. Treatment of trisaccharide 4c
boron compound 5 at 60 °
5.0 equiv. of 1-naphthylbro

80 °C for 19 h provided
-naphthyl)hexyl group in
75% yield (entry 3).
4d-g, as the first su
naphthyl)hexyl)phe,
yields (70 to 90%
required for the firs
the substrate,

esponding 4-(6-(2-
3bA and 3d-gA in good
e reaction temperature
ion varied depending on
fluorescent labelling of

escribed conditions, the brominated
added to the reaction mixture. The
at 80 °C. However, the desired
fluorescent-labelled pro was not observed. High solubility of
the brominated TokyoGreen® unit 6B in H.O under basic

nditions mj reduce the concentration of the reagent 6B in
organid@Bolvent. In addition, a strong electron-donating
oxide would coordinate the palladium species and might
its reactivity towards oxidative addition. To overcome
roblems, we used the methoxymethyl ether 6C as the
o bjock. After the reaction of phenyl glycoside 4a-c
boron compound 5 under the above-described
e methoxymethyl ether 6C was added to the

reaction

conditions,

Table 2. Sequential Suzuki-Miuayra coupling using the boracyclane 5
5 mol% then

qj PdCl,(dppf) ArBr 6 (5.0 equiv)
O &

2 1 THF/H,O

RO OR Temp

5 (2.0 equiv.)
4 \

2) 3 M HCI, THF
NO °C for 3a-cB

\? g:R'=0CH;, R2=
Ar
[0}
OMOM HO o
HO
6C OMe R2G ;
MeO OR 3
Entry 4 6 Product Yield [%]
1 4a 6A 3aA 69
2 4b 6A 3bA 73
3 4c 6A 3cA 75
4 4d 6A 3dA 83
5 4e 6A 3eA 92
6 4f 6A 3fA 78
7 4g 6A 3gA 80
8 4a 6C 3aB 50
9 4b 6C 3bB 75
10 4c 6C 3cB 86
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reaction mixture. After heating at 80 °C for 17 h, the desired
coupling product was generated. The crude material was
exposed to acidic conditions for hydrolysis of the methoxymethyl
ether to provide TokyoGreen® labelled PGL-1 trisaccharide 3a-
cB in 50, 75 and 86% yields in 2 steps based on 4a-c,
respectively.

Finally, we tested the immunomodulating functions of
synthetic glycosides 3a-gA and 4a-g on bone-marrow-derived
macrophage (BMM) stimulated with trehalose-6,6-dimycolate
(TDM).'"1 TDM is the most abundant glycolipid in the
mycobacterial cell wall and promotes an innate immunity
response mediated with Mincle, C-type lectin receptors on
macrophage.'® In the first screening, BMMs stimulated with
TDM (25 mg) were incubated with 100 ng of the compounds 3a-
gA and 4a-g for 24 h. The phenyl bromides 4a-g did not inhibit
the secretion of TNF-a (shown in the supporting information). On
the other hand, some naphthyl derivatives showed inhibitory
activity in a dose-dependent manner (Figure 2). Moreover, a
proliferation assay confirmed that these results were not due to
the toxicity of the compounds. Among a series of PGL-1 related
glycosides, the trisaccharide 3cA exhibited the strongest activity.
There results are comparable to those of a previous report using
activated THP-1 cells with TLR2 ligands.®® On the other hand,
we found 3-O-a-rhamnosyl-2-O-methyl-a-rhamnoside 3eA to be
the strongest ligand among a series of PGL-tb1-realted
glycosides. Although the glycolipids containing the disaccharige
unit were found in mycobacteria, there exists only one repo
the biological evaluation of related compounds.'™ In ,
Lowary and co-workers reported that the cytokine inhibition
activity of synthetic disaccharide 30 on activated T
with TLR2 ligands was weaker than that of PGL-1 trj

250
30ug
B 100pg
300
a0 | Hg
-l
E |
& 150 I ‘ {
: .
; *
Z 100 .
50 I I . I
0 ' -
™M -
— ]l el el e
Compound - - 3aA 3bA 3cA 3dA  3eA  3fA

Figure 2. Cytokiney
manner. (*:p <0.0

lycosides 3a-fA in dose dependent
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the synthesis of O-methylated glycolipids
by direct stereoselective glycosidation.
yl glycoside 4a-c containing PGL-1
glycosides ol (8), 2-O-acyl-thiorhamnoside 9,
2-O-methyl-rhamnosyl imidate 10, and 3,6-di-O-methyl-
thioglucoside 41. Treatment of 2-O-methyl-rhamnosyl imidate
th I, an§£u4NOTf efficiently provided a-rhamnoside with
ellent lectivity, and enhanced the electorophilicity of

e. On the other hand, 4-bromophenyl glycoside 4d-f
ing PGL-tb1 glycosides were prepared from 4-
enol (8), 2-O-methyl-rhamnosyl imidate 12, 2-O-(2-
-rhamnosyl imidate 13b, and 2,3,4-tri-O-methyl-
14. Use of the (2-naphthyl)methyl ether as an O-
2-protecting’group of rhamnoside 13b improved the total yield of
desired a-linked trisaccharide 4f. Sequential Suzuki-Miyaura
coupling using the synthetic glycosides 4a-g, boracyclane 5 and

immunosuppresive activity of the synthetic compounds and
nd that phenyl 3-O-a-rhamnosyl-2-O-methyl-a-rhamnoside
ossessing a 6-(2-naphthyl)hexyl group exhibited the strongest
inhibitory effect from among a series of PGL-tb1-realted
glycosides. Attachment of tri-O-methyl-a-fucoside at the C3
hydroxyl group of the terminal rhamnoside reduced the inhibitory
activity. Elucidation of the role of non-O-methyl-rhamnoside and
a mode of action for phenyl glycoside that involves identification
of the target protein is now in progress.
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