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Described is the first synthesis of guanosine diphosphate mannuronic acid (GDP-ManA), the sugar donor
used by algae and bacteria for the production of alginate, an anionic polysaccharide composed of -p-
mannuronic acid (ManA) and a-L-guluronic acid (GulA). Understanding the biosynthesis of these poly-
anionic polysaccharides on the molecular level, opens up avenues to use and modulate the biosynthesis
machinery for biotechnological and therapeutic applications. The synthesis reported here delivers multi-
milligram amounts of the GDP-ManA donor that can be used to study the polymerase (Alg8 in Pseu-
domonas aeruginosa) that generates the poly-ManA chain. Also reported is the assembly of two close
analogues of GDP-ManA: the first bears a C-4-O-methyl group, while the second has been deoxygenated
at this position. Both molecules may be used as “chain stoppers” in future enzymatic ManA polymeri-
sation reactions. The crucial pyrophosphate linkage of the GDP-mannuronic acids has been constructed

by the phosphorylation of the appropriate ManA-1-phosphates with a guanosine phosphoramidite.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Alginates are linear anionic polysaccharides, produced by brown
algae and bacteria such as Pseudomonas aeruginosa [1-3]. Algal
derived alginates have been widely used in food, cosmetic and
medical industries because of their gelling properties [4—6]. In
algae, they can be found in the cell wall [1-3], while P. aeruginosa
employs alginate to create a biofilm to protect the bacterium from
its environment [7]. Alginates are composed of (1—4)-linked B-p-
mannuronic acid (ManA, M) and a-L-guluronic acid (GulA, G) resi-
dues (See Fig. 1), which occur in poly-M, poly-G or alternating MG
blocks. Algae produce all three types of alginate, whereas bacteria
only produce poly-M and MG polymers [8]. The ManA-residues in
these alginates can carry acetyl esters at the C-2 or C-3 positions [8].
The P. aeruginosa biomachinery used to construct alginate poly-
saccharides is schematically depicted in Fig. 1. It comprises an
ensemble of 10 proteins that together span the periplasmic space
[9—12]. First, guanosine diphosphate mannuronic acid (GDP-ManA)
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is polymerized by the action of Alg8 to create a poly-ManA chain
[13]. While this polysaccharide is transported through the peri-
plasm, ManA residues can either be acetylated by the concerted
action of Alg 1, ], F and X [14—16], or epimerized at C-5 by AlgG to
create GulA residues [17—21]. Acetylation of GulA residues is not
found, indicating that these modifications are mutually exclusive.
Cleavage of the alginate chains is accomplished by AlgL [22—25].
The length and composition of the alginate chains dictate its
properties and understanding and harnessing the biosynthesis
enzymes may pave the way for therapeutic intervention [26,27] as
well as the generation of designer alginates with tailor made
properties for medical applications [28,29].

To be able to study the polymerase enzyme, Alg8, sufficient
amounts of the GDP-ManA donor are required and therefore we set
out to develop an efficient route of synthesis for this mannuronic
acid synthon. Taking into account that ManA-polymerases may be
used for the in vitro construction of alginate polysaccharides, we
reasoned that the availability of GDP-ManA donors that cannot be
elongated at the C-4 OH, could potentially be used as “chain stop-
pers” to control the length of the growing alginate chain and
thereby the properties of the polymer [30]. As potential capping
GDP-ManA donors we therefore decided to target the C-4-OMe
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Fig. 1. Biosynthesis of the alginate exopolysaccharide by P. aeruginosa.

GDPManA 2 and C-4-deoxy GDP-ManA 3 alongside the natural
donor GDP-ManA 1 (Scheme 1).

The crucial synthetic step in the assembly of nucleotide
diphosphate sugars is the union of the carbohydrate and the
nucleoside through the construction of the pyrophosphate moiety.
There are many different procedures reported to achieve the
introduction of pyrophosphates [31,32] and the most commonly
employed methods have in common the condensation of a phos-
phate monoester with an activated phosphate monoester [31—-39].
We have recently shown that the powerful phosphorylation ca-
pacity of phosphoramidites can be combined with phosphate
monoesters for the effective construction of various types of py-
rophosphate linkages [40—44]. Towards a nucleotide diphosphate
sugar, a suitably protected sugar-1-phosphate is coupled to a
nucleoside phosphoramidite using an appropriate activator, such as
dicyanoimidazole (DCI), to provide a phosphate-phosphite inter-
mediate. This PY)-PU) species can be oxidized to give the partially
protected pyrophosphate [40—44]. Here we describe the use of this
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Scheme 1. Retrosynthetic analysis towards target GDP-ManA compounds 1, 2 and 3.

method in the construction of GDP-ManA donors 1, 2 and 3
(Scheme 1).

2. Results and discussion
2.1. Synthesis of mannuronic acid-1-phosphates

As retrosynthetically depicted in Scheme 1, three protected
ManA-1-phosphates (4—6) and a protected guanosine cyanoethyl
phosphoramidite (7) were required. The latter building block was
assembled according to well-established procedures [45] and the
synthesis of the protected ManA-phosphate donors is presented in
Scheme 2. The anomeric phosphate group in these building blocks
was stereoselectively introduced by coupling of the mannuronic
acid thioglycosides with dibenzyl phosphate and subsequent
removal of the benzyl groups. The assembly of the required man-
nuronic acid building blocks started from 2,3-di-acetyl-S-tolyl
mannoside 8 [46] by a regio- and chemoselective oxidation step to
furnish the S-tolyl mannuronic acid [47—51]. The crude acid was
immediately esterified to give ManA methyl ester 9 in 68% over the
two steps. Acetylation of the remaining alcohol led to fully pro-
tected ManA 10, while treatment of the alcohol with trimethylsi-
lyldiazomethane and borontrifluoride-diethyl etherate provided
the C-4-methyl ether 11 in 26% yield. Attempts to remove the
alcohol group from 9 using a Barton-McCombie procedure failed, as
the intermediate C-4-xanthate ester proved to be prone to elimi-
nation of the C-4-ester leading to the o,B-unsaturated ManA ester
[52,53]. We therefore decided to install the C-5-carboxylate after
deoxygenation of C-4. To this end, the C-6-alcohol in 2,3-di-acetyl-
S-tolyl mannoside 8 was masked as a silyl ether, after which the
xanthate ester was installed at C-4 and subsequent radical reduc-
tion led to C-4-deoxy mannose 13. Silyl removal then liberated the
primary alcohol, which was oxidized to the corresponding acid.
Treatment of the crude acid with trimethylsilyldiazomethane then
furnished C-4 deoxy ManA 15 in excellent yield (95% over two
steps). The three S-tolyl mannuronic acids were coupled with
dibenzyl phosphoric acid under the agency of N-iodosuccinimide
(NIS) to stereoselectively provide the a-ManA-phosphates 16, 17
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Scheme 2. Synthesis of ManA-1-phosphates 4, 5 and 6.

Reagents and conditions: a) i. TEMPO/BAIB, DCM/tBuOH/H,0, ii. Mel, K»CO3, DMF, two steps yield 68%; b) for 10: Ac,0, pyridine, 88%, c) for 11: trimethylsilyldiazomethane, BF30eEt;,
DCM, 26%; d) thiocarbonyldiimidazole, toluene, 90 °C. e) i. TBDPSCI, imidazole, DMF, 93%; ii. thiocarbonyldiimidazole, toluene, 90 °C, quantitative yield; f) AIBN, BusSnH, toluene,
90 °C, 2 h, 84%; g) HF/Py, pyridine, THF, 99%; h) i. TEMPO/BAIB, DCM/tBuOH/H,0, ii. Trimethylsilyldiazomethane, DCM, MeOH, two steps yield 95%; i) dibenzylphosphate, NIS, DCM,
16: 77%, 17: 69%, 18: 79%. j) i. Hy, Pd/C, ii. tetrabutylammonium hydroxide, 4: quantitative yield, 5: 64%, 6: 99%.

and 18 in good yields [54]. Cleavage of the benzyl esters through
hydrogenation and treatment of the intermediate phosphate
monoesters with tetrabutyl ammonium (TBA) hydroxide then gave
the TBA-phosphates 4, 5 and 6, to be used in the crucial pyro-
phosphate forming step.

2.2. Synthesis of GDP-mannuronic acids

The assembly of the GDP-ManA pyrophospates is depicted in
Scheme 3. Tri-acetyl ManA phosphate 4 was coupled with pro-
tected guanosine phosphoramidite 7 under the agency of DCI to
generate phosphate-phosphite adduct 19. This species was
oxidized in the same reaction flask with tert-butyl hydroperoxide
(tBuOOH) to generate the pyrophosphate, of which the cyanoethyl
group was removed using dry 1,5-diazabicyclo[4.3.0]non-5-ene
(DBU) to give the pyrophosphate dianion. Initially we tried to
saponify the methyl ester, three acetyl groups, two iso-butyl esters
and phenoxyacetyl group using lithium hydroxide in a mixture of
THF and water, but this led to cleavage of the anomeric phosphate
ester to give guanosine diphosphate. We therefore switched to a
milder saponification protocol using triethyl amine/water/meth-
anol to remove all labile protecting groups. Gratifyingly, this pro-
cedure did not jeopardize the anomeric phosphate linkage and the
GDP-ManA trisodium salt could be obtained after ion exchange
purification and Dowex-Na™' treatment in 40% yield (from phos-
phoramidite 7). Application of the same sequence of reactions to
ManA-phosphates 5 and 6 furnished C-4-Methyl GDP ManA 2 in
similar yield (45%) and C-4-deoxy GDP-ManA 3 in excellent yield
(80%). All three syntheses could be accomplished on multi-
milligram scale yielding 27, 42 and 53 mg of the target GDP-
ManA donors 1, 2 and 3 respectively.

3. Conclusion

In conclusion, we have described the assembly of a triad of
guanosine diphosphate mannuronic acids using a phosphoramidite
coupling strategy. Key features in our syntheses are the chemo- and
regioselective oxidation of a partially protected mannose thio-
glycoside to generate the corresponding mannuronic acids, the
stereoselective introduction of the anomeric phosphates and the
construction of the pyrophosphate moieties. The latter function-
ality was created by coupling the tetra-butyl ammonium ManA
phosphates with a protected cyanoethyl guanosine phosphor-
amidite. Oxidation and global deprotection of the intermediates
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Scheme 3. Synthesis of GDP-ManA 1, 2 and 3 using a phosphoramidite coupling
approach.

Reagents and conditions: a) dicyanoimidazole, 4, 5 or 6, MeCN, rt, 30 min; b) tBuOOH, rt,
30 min; c) i. DBU, 30 min, ii. EtsN/MeOH/H,O0, rt, overnight, iii. ion-exchange purifi-
cation, Dowex-Na™, lyophilization; 1: 40%, 2: 45%, 3: 80% (from 7).

then effectively provided the target compounds that were each
generated in multi-milligram quantities. The GDP-ManA donors
will be employed to fuel the mannuronic polymerase for the
enzymatic assembly of polymannuronic acids. The generated C-4-
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capped and C-4-deoxygenated GDP-ManA donors will be explored
as “chain stoppers” to gain control over the length of the growing
polymannuronic acid chains.

4. Experimental section
4.1. General methods and materials

Commercially available reagents were used as received, except
where noted. DCM and THF were dried over 4 A molecular sieves.
Acetonitrile (DNA reagent grade) was stored over 4 A molecular
sieves prior to use. Analytical TLC was performed on aluminium
sheets, pre-coated with silica gel (Merck silica gel 60 F,s54) and
visualized with UV or spraying with either 20% H,SO4 in ethanol or
Ammonium molybdate/Cerium sulphate solution
[(NH4)sM07024-4H20 (25 g/L), (NH4)4Ce(SO4)s-2H20 (10 g/L), 10%
sulphuric acid in ethanol], followed by charring. 'H, 3C and 3'p
NMR spectra were recorded on a 400 MHz spectrometer at 400.2,
100.6 and 162.0 MHz respectively. Chemical shifts are reported as
d values (ppm) and directly referenced to TMS (0.00 ppm) in CDCl3
or indirectly referenced to H3PO4 (0.00 ppm) in D,0 via the solvent
residual signal. As a result of chair interconversion between the 4C1
and 'C4 conformers, the NMR spectra of the mannuronic acid esters
show significant line broadening for some signals in the '>C spectra,
as well as 3] coupling constants in the 'H spectra that are an average
of the 3] coupling constants from both chair conformers [55—58].
The high resolution mass spectrometer was calibrated prior to
measurements with a calibration mixture.

4.2. General experimental procedure for synthesis of p-
mannopyranosyl uronate dibenzylphosphate 16, 17 and 18

After coevaporation with toluene three times, the thioglycoside
donor 10,11 or 15 (2 mmol) and dibenzylphosphate (4 mmol) were
dissolved in dry DCM (9 ml). NIS (3 mmol) and TfOH (0.28 mmol)
were added to the reaction solution at 0 °C, the mixture was stirred
for 1 h and monitored by TLC analysis. The reaction mixture was
quenched by the addition of 5% aq.Na;S,03-solution (30 ml). The
aqueous layer was separated and extracted with DCM. The com-
bined organic layers were dried over Na,SO4 and the solvent was
removed in vacuo. Purification by column chromatograpy (silica gel,
pentane/DCM/EtOAc, 3/1/1, v/v/v) yielded 16, 17 or 18.

4.3. General experimental procedure for synthesis of p-
mannopyranosyl uronate phosphate, mono-tetra-butylammonium
salt 4, 5 and 6

Dibenzylphostriester 16, 17 or 18 (1 mmol) was dissolved in
MeOH (10 ml) and purged with argon. Palladium on charcoal (Pd/C,
10%) (106 mg) was added and the reaction was purged with
hydrogen gas and then stirred under a hydrogen atmosphere for
4 h at room temperature. The mixture was then filtered over
Whatmann paper and the filter was rinsed with MeOH. Concen-
tration of the organic solvent under reduced pressure followed by
addition of 40% aq. solution of tetrabutylammonium hydroxide
(0.67 ml, 1 mmol) and concentration afforded compound 4, 5 or 6.

4.4. General experimental procedure for synthesis of sugar
nucleotides 1, 2 and 3

Phosphoramidite 7 (0.1 mmol, 1 eq) (coevaporated once in 5 ml
anhydrous MeCN) was dissolved in 1.5 mL anhydrous MeCN under
an atmosphere of argon. Sugar phosphate 4, 5, or 6 (0.12 mmol, 1.2
eq) and DCI (0.2 mmol, 2 eq) (coevaporated in 5 mL dry MeCN)
were dissolved in 2 mL anhydrous MeCN and added to the

phosphoramidite 7 at ambient temperature. The reaction mixture
was stirred for 30 min at ambient temperature, after which t-
BuOOH (80 pl, 0.4 mmol, 4 eq) was added. After 30 min of reaction
time DBU (75 pl, 0.5 mmol, 5 eq) was added and the reaction was
stirred for an additional 30 min. EtsN/MeOH/H,0 (3 mL/3 ml/
1.5 ml) was added and the reaction was stirred for overnight. The
mixture was concentrated in vacuo at no more than 30 °C. The
crude product was applied to a strong anion exchange column and
eluted with a gradient of ammonium acetate [0.05 M (pH 7.0) -
0.5 M (pH 7.1)] at 4 mL per minute. The fractions containing the
product were collected and concentrated under reduced pressure.
Repeated lyophilization (to remove residual ammonium acetate),
followed by filtration over dowex-Na*t form, produced the desired
sugar nucleotides in good yields.

4.5. Methyl (tolyl 2,3-di-O-acetyl -1-thio-a-p-mannopyranosyl
uronate) (9)

The starting material 8 (2.93 g, 791 mmol) was dissolved in
DCM/t-BuOH/H,0 (54 ml, 4/4/1,v/v/v) and the mixture was cooled
to 0 °C and treated with TEMPO (247 mg, 1.58 mmol) and BAIB
(6.37 g, 19.77 mmol). After stirring overnight at 4 °C, sat. aq.
NayS,03 was added and the mixture was stirred for 30 min, diluted
with EtOAc, washed with sat. aq. NaCl and the organic phase was
dried over Na;SO4 and concentrated in vacuo. The crude residue
was dissolved in DMF (20 ml), followed by the addition of KyCO3
(1.09 g, 7.9 mmol) and Mel (0.98 ml, 15.82 mmol) at O °C. The
mixture was allowed to stir overnight at 4 °C, and then diluted with
EtOAc, washed with sat. aq. NaCl and the organic phase was dried
over Na;SO4 and concentrated in vacuo. Purification by column
chromatograpy (silica gel, pentane/EtOAc, 2/1, v/v) yielded methyl
ester 9 (2.13 g, yield: 68%). TLC: Ry = 0.39 (pentane/EtOAc, 1/1, v/v);
[¢]?°p = +86° (c = 0.84, CHCl3). 'H NMR (400 MHz, Chloroform-d)
8739 (d,J = 8.2 Hz, 2H), 712 (d, ] = 7.9 Hz, 2H), 5.46 (dd, J = 3.2,
2.3 Hz,1H, H-2),5.44(d,] = 2.3 Hz,1H, H-1), 5.21 (dd, ] = 9.5, 3.3 Hz,
1H, H-3), 4.80 (d, ] = 9.1 Hz, 1H, H-5), 4.27 (td, ] = 9.4, 4.0 Hz, 1H, H-
4),3.83 (s, 3H), 3.54 (d, ] = 4.1 Hz, 1H, C4-0H), 2.32 (s, 3H), 2.10 (s,
3H), 2.08 (s, 3H); >C NMR (101 MHz, CDCl3) & 170.20, 169.93,
138.38, 132.56, 129.92, 128.75, 86.37 (C-1), 72.20 (C-5), 70.67 (C-3),
70.32 (C-2), 66.87 (C-4), 52.84, 21.08, 20.76, 20.74. HRMS: [M + H']
calculated for C1gH2,08S: 399.11081; found: 399.11072.

4.6. Methyl (tolyl 2,3,4-tri-O-acetyl -1-thio-a-p-mannopyranosyl
uronate) (10)

Compound 9 (1.95 g, 4.9 mmol) was dissolved in pyridine (5 ml)
and Ac;0 (1 ml) and DMAP (60 mg, 0.49 mmol) were added to the
solution at 0 °C. Then the mixture was allowed to stir overnight at
room temperature after which it was concentrated under reduced
pressure. Purification by column chromatograpy (silica gel,
pentane/EtOAc, 3/1, v/v) yielded 10 as a colourless foam (1.91 g,
yield: 88%). TLC: Ry = 0.47 (pentane/EtOAc, 2/1, v/v); [¢]*p = +78°
(c = 1, CHCl3). 'TH NMR (400 MHz, Chloroform-d) & 7.40 (d,
J=8.2Hz, 2H), 7.20—7.06 (m, 2H), 5.52 (d, ] = 3.7 Hz, 1H, H-1), 5.45
(m, J] = 8.6 Hz, 1H, H-4), 5.42 (m, ] = 3.5 Hz, 1H, H-2), 5.33 (dd,
J = 8.7, 3.3 Hz, 1H, H-3), 4.81 (d, J = 8.1 Hz, 1H, H-5), 3.77 (s, 3H),
233 (s, 3H), 212 (s, 3H), 2.09 (s, 3H), 2.03 (s, 3H); 3C NMR
(101 MHz, CDCl3) & 169.66, 167.99, 138.42, 132.41, 129.99, 128.55,
84.96 (C-1), 70.98 (C-5), 69.40 (C-2), 68.40 (C-3), 67.47 (C-4), 52.81,
21.16, 20.87, 20.73, 20.65. HRMS: [M + HT] calculated for
C0H2409S: 441.12138; found: 441.12148.
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4.7. Methyl (tolyl 2,3-di-O-acetyl-4-0-methyl-1-thio-a-p-
mannopyranosyl uronate) (11)

Compound 9 (698 mg, 1.75 mmol) was dissolved in DCM (7.5 ml)
and trimethylsilyldiazomethane (2.63 ml, 5.26 mmol, 2 M in hex-
ane) and BF3e0Et; (0.63 ml, 5.25 mmol) were added to the solution
in —40 °C. Then the mixture was allowed to stir for 2 h, after which
additional trimethylsilyldiazomethane (2.63 ml, 5.26 mmol, 2 M in
hexane) was added and stirred was continued for another 3 h and
quenched with AcOH (1 mL). The mixture was poured into 100 mL
EtOAc and washed with sat. aq. NaHCOs3 and brine. The water layers
were extracted with 100 mL EtOAc and the combined organic layers
were dried (NapSO4) and concentrated in vacuo. Purification by
column chromatography (10—20% EtOAc in petroleum ether) pro-
duced the title compound (187 mg, 0.45 mmol, yield: 26%). TLC:
R¢= 0.61 (pentane/EtOAc, 2/1, v/v); [¢]*°p = +70° (c = 0.96, CHCl3).
TH NMR (400 MHz, Chloroform-d) 8 7.42 (d, J = 8.3 Hz, 2H), 7.12 (d,
J=79Hz, 3H),5.44 (d,] = 4.2 Hz, 1H, H-1), 5.38 (dd, ] = 4.2, 3.2 Hz,
1H, H-2), 5.26 (dd, J = 8.1, 3.2 Hz, 1H, H-3), 4.70 (d, ] = 7.4 Hz, 1H, H-
5),3.91 (t,] = 7.8 Hz, 1H, H-4), 3.82 (s, 3H), 3.48 (s, 3H), 2.33 (s, 3H),
2.11 (s, 3H), 2.07 (s, 3H); '*C NMR (101 MHz, CDCl3) 5 169.84, 169.58,
169.37,138.30, 132.63,129.94, 128.97, 85.04 (C-1), 76.08 (C-4), 72.18
(C-5), 70.44 (C-3), 69.58 (C-2), 59.84, 52.67, 21.23, 20.93. HRMS:
[M + H™] calculated for C19H2405S: 413.12646; found: 413.12648.

4.8. Tolyl 2,3-di-0O-acetyl-4-0-imidazole-thiocarbonyl-6-O-TBDPS-
1-thio-a-p-mannopyranoside (12)

Compound 8 (1.384 g, 3.74 mmol) and imidazole (0.51 g,
7.5 mmol) were dissolved in DMF (10 ml), then TBDPSCI (1.22 ml,
4.86 mmol) was added to the reaction mixture at 0 °C. The mixture
was allowed to stir overnight at room temperature. The reaction
was quenched with MeOH, then diluted with EtOAc and washed
with sat. ag. NaHCO3 and brine. The water layers were extracted
with EtOAc and the combined organic layers were dried (Na;SOg4)
and concentrated in vacuo. Purification by column chromatography
(10—20% EtOAc in petroleum ether) produced tolyl 2,3-di-O-acetyl-
6-0-TBDPS-1-thio-a-p-mannopyranoside (2.124 g, 3.49 mmol,
yield: 93%). TLC: R = 0.70 (pentane/EtOAc, 2/1, v/v). [a]*’p = +57°
(c = 1, CHCl3). 'TH NMR (400 MHz, Chloroform-d)  7.70—7.67 (m,
4H), 7.53—7.32 (m, 6H), 7.30 (d, ] = 8.1 Hz, 2H), 7.04 (d, ] = 7.9 Hz,
2H), 5.48 (dd, ] = 3.4, 1.6 Hz, 1H, H-2), 5.35 (d, ] = 1.5 Hz, 1H, H-1),
519 (dd, J = 9.6, 3.3 Hz, 1H, H-3), 4.30—4.15 (m, 2H, H-5, H-4),
4.04—3.86 (m, 2H, H-6), 2.30 (s, 3H), 2.10 (s, 3H), 2.09 (s, 3H), 1.07 (s,
9H); 3C NMR (101 MHz, CDCls) & 170.74, 170.09, 135.86, 135.66,
133.21, 132.80, 132.66, 129.97, 129.72, 127.94, 86.39 (C-1), 72.90 (C-
5), 72.23 (C-3), 71.31 (C-2), 67.44 (C-4), 64.28 (C-6), 26.93, 21.26,
21.07, 20.97, 19.41. HRMS: [M + H'] calculated for C33H4007SSi:
609.23368; found: 609.23351. Then tolyl 2,3-di-O-acetyl-6-O-
TBDPS-1-thio-a-p-mannopyranoside (1.82 g, 3 mmol) and thio-
carbonyldiimidazole (0.896 g, 5.04 mmol) were dissolved in
anhydrous toluene (30 ml) and the reaction mixture was allowed to
stir for 7 h at 90 °C. After cooling to room temperature, the reaction
mixture was washed with sat. ag. NaHCOs and brine. The organic
layers were dried over NaSOy, filtered and the solvent was
removed in vacuo. Purification by column chromatography (silica
gel, pentane/DCM/EtOAc, 4/1/1, v/v/v) yielded 12 (2.19 g, quanti-
tative yield). TLC: Ry = 0.36 (pentane/DCM/EtOAc, 3/1/1, v/v);
[a]?°p = +63° (c = 1, CHCl3). 'TH NMR (400 MHz, Chloroform-d)
3 8.29 (t, J = 1.1 Hz, 1H), 7.68—7.54 (m, 5H), 7.43—7.33 (m, 4H),
7.33—7.23 (m, 5H), 7.11-7.03 (m, 3H), 6.34 (t, ] = 9.5 Hz, 1H, H-4),
5.66—5.51 (m, 2H, H-3, H-2), 5.46 (d, J = 1.3 Hz, 1H, H-1), 4.55 (dt,
J=9.8, 3.2 Hz, 1H, H-5), 3.81 (d, J = 3.2 Hz, 2H, H-6), 2.33 (s, 3H),
2.16 (s, 3H), 1.96 (s, 3H), 1.03 (s, 9H); 3C NMR (101 MHz, CDCl5)
o 182.95, 169.93, 169.79, 138.29, 135.79, 135.47, 133.07, 132.53,

132.35, 131.03, 130.01, 129.77, 129.20, 127.68, 127.57, 117.91, 86.06
(C-1),75.27 (C-4), 71.89 (C-5), 71.43 (C-2), 69.46 (C-3), 62.37 (C-6),
26.70, 21.20, 20.89, 20.74, 19.22. HRMS: [M + H'] calculated for
C37H42N207S5Si: 719.22755; found: 719.22754.

4.9. Tolyl 2,3-di-O-acetyl-4-deoxy-6-O-TBDPS-1-thio-a-p-
mannopyranoside (13)

Barton-MaCombie precursor 12 (2.07 g, 2.88 mmol) was
coevaporated with anhydrous toluene two times and was dissolved
in anhydrous toluene (35 ml). BusSnH (1.91 ml, 7.29 mmol) and
AIBN (71 mg, 0.43 mmol) were added at 90 °C. The reaction was
stirred at this temperature for 2 h and was then cooled down before
being washed with sat. ag. NaHCO3 and brine. The organic layers
were dried over Na;SOy, filtrated and the solvent was removed in
vacuo. Purification by column chromatograpy (silica gel, pentane/
DCM/EtOAc, 6/1/1, v/v/v) yielded 13 (1.44 g, 2.43 mmol, yield: 84%).
TLC: Rf = 0.86 (pentane/DCM/EtOAc, 3/1/1, v/v); [a]*®p = +72°
(c = 0.66, CHCl3). '"H NMR (400 MHz, Chloroform-d) 3 7.68 (dq,
J =170, 13 Hz, 4H), 7.50—7.31 (m, 8H), 7.12—6.96 (m, 2H), 5.43 (d,
J = 1.6 Hz, 1H, H-1), 5.35 (brs, H-2), 5.25 (m, 1H, H-3), 4.46 (m, 1H,
H-5), 3.84—3.64 (m, 2H, H-6), 2.29 (s, 3H), 2.10 (s, 3H), 2.04 (s, 3H),
2.03—1.85 (m, 2H, H-4), 1.07 (s, 9H); 13C NMR (101 MHz, CDCls)
0 170.14, 169.95, 137.75, 135.75, 135.60, 133.54, 133.21, 132.40,
130.17,129.80, 129.71, 127.71,127.68, 86.94 (C-1), 69.87 (C-2), 69.62
(C-5),67.24(C-3),66.20 (C-6), 28.40 (C-4), 26.82, 21.14, 21.03, 20.97,
19.32. HRMS: [M + H™] calculated for C33H4006SSi: 593.23876;
found: 593.23840.

4.10. Tolyl 2,3-di-O-acetyl-4-deoxy-1-thio-a-p-mannopyranoside
(14)

Compound 14 (1.38 g, 2.32 mmol) was dissolved in THF (6 ml)
and pyridine (6 ml), and then HF/Py (70% HF in pyridine, 598 pl,
23 mmol) was added to reaction mixture at 0 °C. The reaction
mixture was allowed to stir at room temperature and monitored by
TLC analysis. The reaction mixture was poured into a mixture of
EtOAc and sat. aq. NaHCOs. The organic layer was washed with bine,
dried over Na,SQy, filtrated and the solvent was removed in vacuo.
Purification by column chromatograpy (silica gel, pentane/EtOAc, 2/
1, v/v) yielded 14 (0.815 g, 2.3 mmol, yield: 99%). TLC: Rf = 0.21
(pentane/EtOAc, 2/1, v/v); []*°p = +103° (c = 0.88, CHCl3). '"H NMR
(400 MHz, Chloroform-d) § 7.45—7.35 (m, 2H), 7.14 (d, ] = 7.9 Hz,
2H), 5.44 (d,] = 1.7 Hz, 1H, H-1), 5.38 (brs, 1H, H-2), 5.30 (m, 1H, H-
3),4.49 (m, 1H, H-5), 3.68 (m, 2H, H-6), 2.34 (s, 3H), 2.14 (s, 3H), 2.05
(s, 3H), 1.99 (q, J = 12.2 Hz, 1H, H-4), 1.82 (m, 1H, H-4); 3C NMR
(101 MHz, CDCl3) 3 170.06, 169.92, 138.31, 132.99, 129.95, 129.30,
86.79 (C-1), 69.77 (C-2), 69.32 (C-5), 66.96 (C-3), 65.08 (C-6), 27.79
(C-4), 2114, 20.94. HRMS: [M + HT] calculated for Cq7H3,06S:
355.12099; found: 355.12100.

4.11. Methyl (tolyl 2,3-di-O-acetyl-4-deoxy-1-thio-«-p-
mannopyranosyl uronate) (15)

As described the synthesis of 9, compound 15 was obtained
(0.74 g, 1.94 mmol, yield: 95%).

TLC: R = 0.26 (pentane/EtOAc, 4/1, v/v); [a]*’p = +97° (c = 0.2,
CHCl3). "TH NMR (400 MHz, Chloroform-d) § 7.42—7.32 (m, 2H), 7.11
(d,J=79Hz2H),5.55(d,] =2.5Hz,1H,H-1),5.26 (q,] = 4.6 Hz, 2H,
H-2, H-3), 4.94 (dd, ] = 10.5, 3.6 Hz, 1H, H-5), 3.79 (s, 3H), 2.32 (s,
3H), 2.30—2.14 (m, 2H, H-4), 2.11 (s, 3H), 2.04 (s, 3H); 13C NMR
(101 MHz, CDCl3) & 170.28, 169.99, 169.72, 138.17, 132.32, 129.95,
129.16, 86.15 (C-1), 69.03 (C-2 or C-3), 68.35 (C-5), 66.59 (C-2 or C-
3), 52.49, 29.14 (C-4), 21.14, 20.92, 20.88. HRMS: [M + H™] calcu-
lated for C1gH2207S: 383.11590; found: 383.11596.
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4.12. (Methyl 2,3,4-tri-O-acetyl-a-p-mannopyranosy! uronate)
dibenzylphosphate (16)

Compound 16 was obtained as described by the general exper-
imental procedure for the synthesis of p-mannopyranosyl uronate
dibenzylphosphate (1.29 g, 2.17 mmol, yield: 77%).

TLC: R¢ = 0.31 (pentane/DCM/EtOAc, 2/1/1, v/v/v); [¢]*°p = +33°
(c = 0.6, CHCl3). '"H NMR (400 MHz, Chloroform-d) & 7.41—7.30 (m,
10H), 5.71 (dd, J = 6.6, 2.5 Hz, 1H, H-1), 5.44—5.28 (m, 2H, H-4, H-3),
5.24 (t, ] = 2.8 Hz, 1H, H-2), 5.09 (dd, J = 8.6, 3.5 Hz, 4H), 4.39 (d,
J = 8.9 Hz, 1H, H-5), 3.68 (s, 3H), 2.12 (s, 3H), 2.04 (s, 3H), 2.01 (s,
3H); 3C NMR (101 MHz, CDCl3) 5 169.46, 169.41, 169.37, 167.08,
135.18, 135.11, 135.07, 135.00, 128.70, 128.60, 128.55, 128.08, 127.94,
94.65 and 94.59 (C-1), 70.60 (C-5), 69.97, 69.92, 69.84, 69.79, 68.16
and 68.05 (C-2),67.43 (C-3), 66.21 (C-4), 52.75, 20.59, 20.49. HRMS:
[M + H*] calculated for Cy7H31013P: 595.15750; found: 595.15766.

4.13. (Methyl 2,3-di-O-acetyl-4-0O-methyl-a-p-mannopyranosyl
uronate) dibenzylphosphate (17)

Compound 17 was obtained as described by the general exper-
imental procedure for synthesis of p-mannopyranosyl uronate
dibenzylphosphate (0.41 g, 0.724 mmol, yield: 69%).

TLC: R¢ = 0.17 (pentaneEtOAc, 2/1, v/v); []*%p = +29° (c = 0.58,
CHCl3). 'H NMR (400 MHz, Chloroform-d) 8 7.37 (p, ] = 2.0 Hz, 10H),
5.71(dd,J = 6.8, 2.4 Hz, 1H, H-1), 5.34—5.20 (m, 2H, H-2, H-3), 5.11
(dd, ] = 8.3, 6.1 Hz, 4H), 4.37 (d, ] = 9.0 Hz, 1H, H-5), 3.87 (t,
J = 8.8 Hz, 1H, H-4), 3.75 (s, 3H), 3.46 (s, 3H), 2.74 (s, 1H), 2.14 (s,
3H), 2.08 (s, 3H); >C NMR (101 MHz, CDCl3) 5 169.63, 169.61,
168.63,135.48, 135.41,135.31, 135.24, 128.77,128.72, 128.65, 128.16,
128.03, 95.12 and 95.07 (C-1), 75.22 (C-4), 72.43 (C-5), 70.00 (C-3),
69.94, 69.83, 69.78, 68.78 and 68.67 (C-2), 60.35, 52.79, 20.91,
20.81. HRMS: [M + HT] calculated for CpgH31012P: 567.16259;
found: 567.16270.

4.14. (Methyl 2,3-di-0-acetyl-4-deoxy-a-p-mannopyranosyl
uronate) dibenzylphosphate (18)

Compound 18 was obtained as described by the general exper-
imental procedure for synthesis of p-mannopyranosyl uronate
dibenzylphosphate, (0.714 g, 1.332 mmol, yield: 79%).

TLC: R; = 0.18 (pentane/EtOAc, 2/1, v/v); [a]*°p = +41° (c = 1,
CHCl3). TH NMR (400 MHz, Chloroform-d) 3 7.35 (dd, J = 9.0, 4.8 Hz,
10H), 5.76 (dd, J = 6.4, 2.2 Hz, 1H, H-1), 5.24 (m, 1H, H-3), 5.16—5.00
(m, 5H, H-2), 4.51 (dd, ] = 12.0, 3.0 Hz, 1H, H-5), 3.71 (s, 3H),
2.21-2.13 (m, 1H, H-4), 2.11 (s, 3H), 2.06 (d, ] = 12.2 Hz, 1H, H-4),
2.02 (s, 3H); 13C NMR (101 MHz, CDCl3) 3 169.69, 169.39, 135.47,
135.40, 135.36, 135.30, 128.75, 128.70, 128.65, 128.20, 128.00, 95.91
and 95.86 (C-1), 69.97, 69.92, 69.81, 69.76, 68.74 (C-5), 66.74 and
66.63 (C-2), 65.31 (C-3), 52.55, 28.20 (C-4), 20.88, 20.83; 3'P NMR
(162 MHz, CDCl3) & —2.79. HRMS: [M + H'] calculated for
Cy5H29011P: 537.15202; found: 537.15217.

4.15. (Methyl 2,3,4-tri-O-acetyl-a-p-mannopyranosyl uronate)
phosphate mono-tetrabutylammonium salt (4)

Compound 4 was obtained as by the described general experi-
mental procedure for synthesis of p-mannopyranosyl uronate
phosphate, mono-tetrabutylammonium salt (1 mmol, quantitative
yield). 'TH NMR (400 MHz, Chloroform-d) 3 5.63 (dd, J = 7.8, 1.9 Hz,
1H, H-1), 5.47 (dd, ] = 10.1, 3.5 Hz, 1H, H-3), 5.40—5.20 (m, 2H, H-2,
H-4),4.72 (d, ] = 10.2 Hz, 1H, H-5), 3.67 (s, 3H), 3.34 (m, CH,-TBA),
2.12 (s, 3H), 2.02 (s, 3H), 1.94 (s, 3H), 1.68 (m, CH,-TBA), 1.45 (m,
CH,-TBA), 1.00 (t, m, CH3-TBA); '3C NMR (101 MHz, CDCl5) § 169.81,
169.69,169.37,168.68, 93.29 and 93.25 (C-1), 69.54 and 69.45 (C-2),

68.92 and 68.71 (C-3, C-5), 67 (C-4).05, 58.50, 52.03, 23.78, 20.68,
20.52, 20.46, 19.46, 13.51; 3'P NMR (162 MHz, CDCl3) 3 —1.78.
HRMS: [M + HT] calculated for Ci3H19013P: 415.06360; found:
415.06328.

4.16. (Methyl 2,3-di-0O-acetyl-4-0-methyl-a-p-mannopyranosyl
uronate) phosphate, mono-tetrabutylammonium salt (5)

Compound 5 was obtained as described by the general experi-
mental procedure for synthesis of p-mannopyranosyl uronate
phosphate, mono-tetrabutylammonium salt (99 mg, 0.158 mmol,
yield: 64%). "TH NMR (400 MHz, Chloroform-d) 8 5.63—5.51 (m, 1H,
H-1), 5.38—5.20 (m, 2H, H-2, H-3), 4.51 (d, ] = 9.9 Hz, 1H, H-5), 3.77
(s, 3H), 3.72 (d, ] = 9.5 Hz, 1H, H-4), 3.38 (s, 3H), 3.33 (m, CH,-TBA),
2.12 (s, 3H),2.00 (s, 3H), 1.75—1.57 (m, CH»-TBA), 1.44 (m, CH,-TBA),
0.99 (t, CH3-TBA); 13C NMR (101 MHz, CDCl3) 5 169.90, 169.76,
169.42, 93.72 and 93.70(C-1), 75.86 (C-4), 71.09 and 70.82 (C-3, C-
5), 70.11 and 70.02 (C-2), 59.95, 58.51, 52.06, 23.80, 20.79, 20.76,
19.49, 13.54; 3'P NMR (162 MHz, CDCl3) 8 —1.56. HRMS: [M + H*]
calculated for C13H19012P: 387.06869; found: 387.06848.

4.17. (Methyl 2,3-di-O-acetyl-4-deoxy-«-p-mannopyranosyl
uronate) phosphate, mono-tetrabutylammonium salt (6)

Compound 6 was obtained as described by the general experi-
mental procedure for synthesis of p-mannopyranosyl urinate
phosphate, mono-tetrabutylammonium salt (177 mg, yield: 99%).
TH NMR (400 MHz, Chloroform-d) 3 5.64 (dd, | = 7.6, 2.0 Hz, 1H, H-
1), 5.40 (m, 1H, H-3), 5.18 (brs, 1H, H-2), 4.83 (dd, J = 12.4, 2.7 Hz,
1H, H-5), 3.72 (s, 3H), 3.33 (m, CH»-TBA), 2.16—1.90 (m, 8H,
2XCH3CO, H-4), 1.68 (m, CH,-TBA), 1.44 (m, CH,-TBA), 0.99 (t, CHs-
TBA); B¢ NMR (101 MHz, CDCl3) § 170.45,169.23,169.00, 93.55 and
93.50 (C-1), 67.47 and 67.38 (C-2), 66.63 (C-5), 66.01 (C-3), 58.05,
51.34, 28.22 (C-4), 23.38, 20.35, 19.08, 13.14; 31p NMR (162 MHz,
CDCl3) & —2.02. HRMS: [M + Na'] calculated for Cy;Hy7011P:
379.04007; found: 379.04006.

4.18. Guanosine diphosphate mannuronic acid (1)

Compound 1 was obtained as described by the general experi-
mental procedure for synthesis of sugar nucleotides (27 mg, 39.8
umol, 40%). TH NMR (400 MHz, Deuterium oxide) 3 8.09 (s, 1H), 5.91
(d,J = 6.0 Hz, 1H, H-1gip), 5.55 (dd, ] = 8.1, 2.0 Hz, 1H, H-1pann), 4.74
(t,J = 5.6 Hz, 1H, H-2gjp), 4.50 (dd, ] = 5.2, 3.4 Hz, 1H, H-3 gjp), 4.35
(brs, 1H, H-4 gip), 4.20 (m, 1H, H-5 gip), 4.11 (d, J = 9.9 Hz, 1H, H-5
Mann), 4.08—4.02 (m, 1H, H-2 wpann), 3.94 (dd, ] = 9.7, 3.4 Hz, 1H, H-3
Mann), 3.79 (t, ] = 9.8 Hz, 1H, H-4 Mann); °C NMR (101 MHz, D,0)
0 176.02, 158.57, 153.83, 151.46, 137.27, 115.68, 96.33 and 96.27 (C-
TMann), 86.94 (C-1gjp), 83.68 and 83.59 (C-4gjp), 73.78 (C-2Rip),
73.51(C-5Mann), 70.24 (C-3Rib), 70.03 and 69.94 (C-2pmann), 69.50 (C-
3Mann), 6841 (C-4pann), 6521 and 6515 (C-5gp); 2P NMR
(162 MHz, D,0)  —10.84, —13.15. HRMS: [M + H™] calculated for
C16H23N5017P;: 620.06369; found: 620.06338.

4.19. Guanosine diphosphate 4-0-methyl-mannuronic acid (2)

Compound 2 was obtained as described by the general experi-
mental procedure for synthesis of sugar nucleotides (42 mg, 60
umol, 45%). TH NMR (400 MHz, Deuterium oxide) § 8.10 (s, 1H), 5.90
(d,J = 5.8 Hz, 1H, H-1gip), 5.52 (dd, J = 8.1, 2.1 Hz, 1H, H-1pann), 4.71
(t,J = 5.5 Hz, 1H, H-2gjp), 4.49 (dd, J = 5.1, 3.6 Hz, 1H, H-3Rip), 4.34
(m, 1H, H-4gip), 4.20 (m, 1H, H-5g:p), 4.09 (d, J = 10.0 Hz, 1H, H-
S5Mann), 4.04 (dd, J = 3.4, 2.1 Hz, 1H, H-2pann), 3.95 (dd, J = 9.8,
3.4 Hz, 1H, H-3pann), 3.55 (t, ] = 9.8 Hz, 1H, H-4pann), 3.46 (s, 3H);
13C NMR (101 MHz, D,0) & 176.21, 158.69, 153.84, 151.54, 137.37,
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115.91, 96.36 and 96.30 (C-1pann), 86.97 (C-1gip), 83.77 and 83.68
(C-4gip), 78.96 (C-4mann), 73.90 (C-2gip), 73.64 (C-5pmann), 70.33 (C-
3Rib) 70.26 (C-2pMann), 69.23 (C-3Mann), 65.29 and 65.23 (C-5gip),
59.91; 3'P NMR (162 MHz, D;0) 8 —10.80, —13.31. HRMS: [M + H*]
calculated for C17H,5N5017P;: 634.07934; found: 634.08193.

4.20. Guanosine diphosphate 4-deoxy-mannuronic acid (3)

Compound 3 was obtained as described by the general experi-
mental procedure for synthesis of sugar nucleotides (53 mg, 80
pmol, 80%). 'H NMR (400 MHz, Deuterium Oxide) 3 8.11 (s, 1H), 5.95
(d,] = 5.7 Hz, 1H, H-1g;p), 5.65 (dd, ] = 7.9, 2.0 Hz, 1H, H-1pann), 4.75
(t,] = 5.5 Hz, TH, H-2gip), 4.53 (dd, J = 5.2, 3.8 Hz, 1H, H-3g;p), 4.44
(dd, J = 12.6, 2.7 Hz, 1H, H-5pann), 4.39—4.37 (m, 1H, H-4g;p), 4.22
(m, 2H, H-5gip, H-3mann), 3.93 (t, ] = 2.6 Hz, TH, H-2pann), 2.21-2.05
(m, 1H), 1.81 (q,J = 12.4 Hz, 1H); 3C NMR (101 MHz, D,0) 3 178.24,
158.86, 153.85, 151.59, 137.41, 116.17, 96.98 and 96.93 (C-1mann),
86.98 (C-1gip), 83.67 and 83.58 (C-4gip), 73.92 (C-2gip), 70.31 (C-
3Rib)» 70.26(C-5Mann), 68.10 and 68.02 (C-2pann), 65.30 and 65.24
(C-5gib), 64.59 (C-3mann), 30.61; 3'P NMR (162 MHz, D,0)
d —11.21, —13.52. HRMS: [M + H™] calculated for CigH»3N5016P5:
604.06878; found: 604.06864.

Acknowledgment

This work was financially supported by The European Research
Council (ERC AdG “CHEMBIOSPHING”, to HSO) (ERC-2011-AdG-
290836) and the Canadian Institutes of Health Research (MT13337
to PLH). P.L.H. is the recipient of a Canada Research Chair.

References

[1] B.H.A. Rehm, Alginates: Biology and Applications, Springer, 2009.
[2] LR. Evans, A. Linker, ]. Bacteriol. 116 (1973) 915—924.
[3] B.H.A. Rehm, S. Valla, Appl. Microbiol. Biotechnol. 48 (1997) 281—-288.
[4] AM. Stephen, G.O. Phillips, P.A. Williams, Food Polysaccharides and Their
Applications, second ed., 1995. New York.
[5] K.Y. Lee, D.J. Mooney, Prog. Polym. Sci. 37 (2012) 106—126.
[6] J. Sun, H. Tan, Materials 6 (2013) 1285.
[7] G.B.Pier, F. Coleman, M. Grout, M. Franklin, D.E. Ohman, Inf. Inmun. 69 (2001)
1895—-1901.
[8] G. Sjak-Braek, H. Grasdalen, B. Larsen, Carbohydr. Res. 154 (1986) 239—250.
[9] MJ. Franklin, D.E. Nivens, ].T. Weadge, P.L. Howell, Front. Microbiol. 2 (2011)
167.
[10] H. Ertesvdg, Front. Microbiol. 6 (2015) 523.
[11] Z.U. Rehman, Y. Wang, M. Fata Moradali, 1.D. Hay, B.H.A. Rehm, Appl. Environ.
Microbiol. 79 (2013) 3264—3272.
[12] L.L. Oglesby, S. Jain, D.E. Ohman, Microbiol 154 (2008) 1605—1615.
[13] U. Remminghorst, B.H.A. Rehm, Appl. Environ. Microbiol. 72 (2006) 298—305.
[14] LM. Riley, J.T. Weadge, P. Baker, H. Robinson, ].D.C. Codée, P.A. Tipton,
D.E. Ohman, P.L. Howell, ]. Biol. Chem. 288 (2013) 22299—22314.
[15] P. Baker, T. Ricer, P.J. Moynihan, E.N. Kitova, M.T.C. Walvoort, D.J. Little,
J.C. Whitney, K. Dawson, J.T. Weadge, H. Robinson, D.E. Ohman, J.D.C. Codée,
J.S. Klassen, AJ. Clarke, P.L. Howell, PLoS Pathog. 10 (2014) e1004334.
[16] M. Franklin, S.A. Douthit, M.A. McClure, ]. Bacteriol. 186 (2004) 4759—-4773.
[17] MJ. Franklin, C.E. Chitnis, P. Gacesa, A. Sonesson, D.C. White, D.E. Ohman,
J. Bacteriol. 176 (1994) 1821—1830.

[18] S. Jain, M.]. Franklin, H. Ertesvag, S. Valla, D.E. Ohman, Mol. Microbiol. 47
(2003) 1123—-1133.

[19] F. Wolfram, E.N. Kitova, H. Robinson, M.T.C. Walvoort, ].D.C. Codée,
J.S. Klassen, P.L. Howell, ]. Biol. Chem. 289 (2014) 6006—6019.

[20] A. Jerga, A. Raychaudhuri, P.A. Tipton, Biochem. 45 (2006) 552—560.

[21] A. Jerga, M.D. Stanley, P.A. Tipton, Biochem. 45 (2006) 9138—9144.

[22] E.K. Farrell, P.A. Tipton, Biochem. 51 (2012) 10259—-10266.

[23] K. Bakkevig, H. Sletta, M. Gimmestad, R. Aune, H. Erstesvag, K. Degnes,
B.E. Christensen, T.E. Ellingsen, S. Valla, J. Bact. 187 (2005) 8375.

[24] S. Jain, D.E. Ohman, Infect. Immun. 73 (2005) 6429.

[25] M.T. Albrecht, N.L. Schiller, J. Bact. 187 (2005) 3869—3872.

[26] ].S. Gunn, L.O. Bakaletz, D.J. Wozniak, J. Biol. Chem. 291 (2016) 12538—12546.

[27] P.Baker, PJ. Hill, B.D. Snarr, N. Alnabelseya, M.J. Pestrak, M.J. Lee, LK. Jennings,
J. Tam, R.A. Melnyk, M.R. Parsek, D.C. Sheppard, D.]. Wozniak, P.L. Howell, Sci.
Adv 2 (2016) e1501632.

[28] N. Gjorevski, N. Sachs, A. Manfrin, S. Giger, M. Bragina, P. Ordénez-Moran,
H. Clevers, M.P. Lutolf, Nature 539 (2016) 560—564.

[29] G.D. D’ayala, M. Malinconico, P. Laurienzo, Molecules 13 (2008) 2069—2106.

[30] R. Danac, L. Ball, S.J. Gurr, AJ. Fairbanks, Carb. Res. 343 (2008) 1012—1022.

[31] Z. Xu, Bioorg. Med. Chem. Lett. 25 (2015), 37773783.

[32] G.K. Wagner, T. Pesnot, RA. Field, Nat. Prod. Rep. 26 (2009) 1172—1194.

[33] J.G. Moffatt, H.G. Khorana, ]. Am. Chem. Soc. 80 (1958) 3756—3761.

[34] AL Marlow, L.L. Kiessling, Org. Lett. 3 (2001) 2517—2519.

[35] R. Chang, P. Moquist, N.S. Finney, Carb. Res. 339 (2004) 1531—1536.

[36] H. Tanaka, Y. Yoshimura, M.R. Jargensen, J.A. C Seijo, O. Hindsgaul, Angew.
Chem. Int. Ed. 51 (2012) 11531—-11534.

[37] S. Wendicke, S. Warnecke, C. Meier, Angew. Chem. Int. Ed. 47 (2008)
1500—-1502.

[38] S. Wolf, R.M. Berrio, C. Meier, Eur. ]J. Org. Chem. (2011) 6304—6313.

[39] L.Li, Y. Lui, Y. Wan, Y. Li, W. Zhao, P.G. Wang, Org. Lett. 15 (2013) 5528—5530.
[40] H. Gold, P. van Delft, N. Meeuwenoord, ]J.D.C. Codée, D.V. Filippov, G. Eggink,
H.S. Overkleeft, G.A. van der Marel, J. Org. Chem. 73 (2008) 9458—-9460.

[41] H. Gold, K. Descroix, J.D.C. Codeé, G.A. van der Marel, Carbohydr. Chem.
Proven. Synth. Methods 1 (2011) 107.

[42] H.A.V. Kistemaker, L.N. Lameijer, N.J. Meeuwenoord, H.S. Overkleeft, G.A. van
der Marel, D.V. Filippov, Angew. Chem. Int. Ed. 54 (2015) 4915—4918.

[43] H.A.\V. Kistemaker, N.J. Meeuwenoord, H.S. Overkleeft, G.A. van der Marel,
D.V. Filippov, Eur. J. Org. Chem. 27 (2015) 6084—6091.

[44] H.A.V. Kistemaker, A.P. Nardozza, H.S. Overkleeft, A.G. Ladurner, G.A. van der
Marel, D.V. Filippov, Angew. Chem. Int. Ed. 55 (2016) 10634—10638.

[45] GJ. van der Heden van Noort, H.S. Overkleeft, G.A. van der Marel,
D.V. Filippov, J. Org. Chem. 75 (2010) 5733—-5736.

[46] P.S. Patil, C.-C. Lee, Y.-W. Huang, M.M.L. Zulueta, S.-C. Hung, Compound 8 was
obtained from Tolyl 2,3-di-O-acetyl-4,6-O-benzylidene-1-thio-o-d-man-
nopyranoside, Org. Biomol. Chem. 11 (2013) 2605—2612.

[47] ].B. Epp, T.S. Widlanski, J. Org. Chem. 64 (1999) 293—295.

[48] A. De Mico, R. Margarita, L. Parianti, A. Vescovi, G. Piancatelli, J. Org. Chem. 62
(1997) 6974—6977.

[49] LJ. van den Bos, ].D.C. Codée, J.C. van der Toorn, T.J. Boltje, ].H. van Boom,
H.S. Overkleeft, G.A. van der Marel, Org. Lett. 6 (2004) 2165—2168.

[50] M.T.C. Walvoort, D. Sail, ].D.C. Codée, G.A. van der Marel, Carbohydr. Chem.
Proven. Synth. Methods 1 (2011) 99.

[51] Q.Zhang, E.R. van Rijssel, M.T.C. Walvoort, H.S. Overkleeft, G.A. van der Marel,
J.D.C. Codée, Angew. Chem. Int. Ed. 54 (2015) 7670—7673.

[52] C.H. Depuy, RW. King, Chem. Rev. 60 (1960) 431—-457.

[53] H.R. Nace, Org. React. 12 (1962) 57.

[54] B.A. Garcia, D.Y. Gin, Org. Lett. 2 (2000) 2135—2138.

[55] M.T.C. Walvoort, G. Lodder, J. Mazurek, H.S. Overkleeft, ].D.C. Codée, G.A. van
der Marel, J. Am. Chem. Soc. 131 (2009) 12080—12081.

[56] M.T.C. Walvoort, G. Lodder, H.S. Overkleeft, ].D.C. Codée, G.A. van der Marel,
J. Org. Chem. 75 (2010) 7990—8002.

[57] J. Ronnols, M.T.C. Walvoort, G.A. van der Marel, ].D.C. Codee, G. Widmalm, Org.
Biomol. Chem. 11 (2013) 8127—8134.

[58] E.R. van Rijssel, A.P.A. Janssen, A. Males, G.J. Davies, G.A. Van der Marel,
H.S. Overkleeft, ].D.C. Codée, ChemBioChem 18 (2017) 1297—1304.


http://refhub.elsevier.com/S0008-6215(17)30510-4/sref1
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref2
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref2
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref3
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref3
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref4
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref4
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref5
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref5
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref6
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref7
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref7
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref7
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref8
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref8
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref9
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref9
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref10
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref11
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref11
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref11
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref12
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref12
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref13
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref13
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref14
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref14
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref14
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref14
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref15
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref15
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref15
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref15
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref16
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref16
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref17
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref17
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref17
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref18
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref18
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref18
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref19
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref19
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref19
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref19
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref20
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref20
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref21
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref21
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref22
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref22
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref23
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref23
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref24
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref25
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref25
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref26
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref26
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref27
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref27
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref27
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref28
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref28
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref28
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref28
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref28
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref29
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref29
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref30
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref30
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref31
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref32
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref32
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref33
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref33
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref34
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref34
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref35
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref35
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref36
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref36
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref36
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref36
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref37
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref37
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref37
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref38
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref38
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref39
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref39
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref40
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref40
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref40
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref40
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref41
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref41
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref41
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref42
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref42
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref42
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref43
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref43
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref43
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref44
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref44
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref44
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref45
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref45
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref45
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref46
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref46
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref46
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref46
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref47
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref47
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref48
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref48
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref48
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref49
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref49
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref49
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref49
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref50
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref50
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref50
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref51
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref51
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref51
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref51
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref52
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref52
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref53
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref54
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref54
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref55
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref55
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref55
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref55
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref56
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref56
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref56
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref56
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref57
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref57
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref57
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref58
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref58
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref58
http://refhub.elsevier.com/S0008-6215(17)30510-4/sref58

	Chemical synthesis of guanosine diphosphate mannuronic acid (GDP-ManA) and its C-4-O-methyl and C-4-deoxy congeners
	1. Introduction
	2. Results and discussion
	2.1. Synthesis of mannuronic acid-1-phosphates
	2.2. Synthesis of GDP-mannuronic acids

	3. Conclusion
	4. Experimental section
	4.1. General methods and materials
	4.2. General experimental procedure for synthesis of d-mannopyranosyl uronate dibenzylphosphate 16, 17 and 18
	4.3. General experimental procedure for synthesis of d-mannopyranosyl uronate phosphate, mono-tetra-butylammonium salt 4, 5 and 6
	4.4. General experimental procedure for synthesis of sugar nucleotides 1, 2 and 3
	4.5. Methyl (tolyl 2,3-di-O-acetyl -1-thio-α-d-mannopyranosyl uronate) (9)
	4.6. Methyl (tolyl 2,3,4-tri-O-acetyl -1-thio-α-d-mannopyranosyl uronate) (10)
	4.7. Methyl (tolyl 2,3-di-O-acetyl-4-O-methyl-1-thio-α-d-mannopyranosyl uronate) (11)
	4.8. Tolyl 2,3-di-O-acetyl-4-O-imidazole-thiocarbonyl-6-O-TBDPS-1-thio-α-d-mannopyranoside (12)
	4.9. Tolyl 2,3-di-O-acetyl-4-deoxy-6-O-TBDPS-1-thio-α-d-mannopyranoside (13)
	4.10. Tolyl 2,3-di-O-acetyl-4-deoxy-1-thio-α-d-mannopyranoside (14)
	4.11. Methyl (tolyl 2,3-di-O-acetyl-4-deoxy-1-thio-α-d-mannopyranosyl uronate) (15)
	4.12. (Methyl 2,3,4-tri-O-acetyl-α-d-mannopyranosyl uronate) dibenzylphosphate (16)
	4.13. (Methyl 2,3-di-O-acetyl-4-O-methyl-α-d-mannopyranosyl uronate) dibenzylphosphate (17)
	4.14. (Methyl 2,3-di-O-acetyl-4-deoxy-α-d-mannopyranosyl uronate) dibenzylphosphate (18)
	4.15. (Methyl 2,3,4-tri-O-acetyl-α-d-mannopyranosyl uronate) phosphate mono-tetrabutylammonium salt (4)
	4.16. (Methyl 2,3-di-O-acetyl-4-O-methyl-α-d-mannopyranosyl uronate) phosphate, mono-tetrabutylammonium salt (5)
	4.17. (Methyl 2,3-di-O-acetyl-4-deoxy-α-d-mannopyranosyl uronate) phosphate, mono-tetrabutylammonium salt (6)
	4.18. Guanosine diphosphate mannuronic acid (1)
	4.19. Guanosine diphosphate 4-O-methyl-mannuronic acid (2)
	4.20. Guanosine diphosphate 4-deoxy-mannuronic acid (3)

	Acknowledgment
	References


