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Abstract

Although a multitude of epidemics has already been eradicated with the use of modern
antibiotics, in the 20th century, a new and increasingly serious phenomenon has arisen
- the resistance against antibiotic therapies, necessitatingthe need for the development
of novel antibiotic compounds. Transglycosylases are key enzymes in the biosynthesis
of the bacterial cell wall, and currently, there is no approved drug in human use against
them, so they are an excellent target for further antibiotic development. During our
research, the main goal was to synthesize compounds that are structurally similar to
lipid Il, the substrate of bacterial transglycosylases, however, with significant
modifications, such as the incorporation of an a-thioglycosidic unit instead of the a-O-
glycosidic bond and an alkylphosphonate unit instead of the pyrophosphate part,
making the molecules suitable to act as enzyme inhibitors. The key step of our work is
the stereoselective construction of the 1,2-cis-a-thioglycosidic bond by photoinitiated
thiol ene coupling reaction. In this paper, the novel synthesis route is described which
can be applied to furnish different lipid Il analogues, for example synthesis of a D-

glucose derivative.

1. Introduction

By 2050, the estimated deaths associated with antimicrobial resistance are up to 8.2
million worldwide.! Since the profitability of antibiotic drug development is continually
dropping in the pharmaceutical industry, the rising resistances are becoming more and
more difficult to overcome, therefore the need for novel antibiotics is ever increasing.
One promising target in the therapy can be the bacterial cell wall, as it is essential for
the survival of the microorganism, however, human cells do not have this organelle,
therefore the side effect profile of the cell wall targeting drugs can be significantly more
favorable in comparison to the ones of other antibiotic groups.? Starting with the
discovery and use of penicillin in 1928 as the groundbreaker in antibiotic therapy?,
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inhibition of the bacterial transpeptidase enzyme (which is responsible for the formation
of the short peptide chains between the polysaccharide subunits) has always been a
widely targeted goal.# During the process of the cell wall formation, the building block
lipid Il (Figure 1.) is synthesized in the inner leaflet of the cytoplasmic membrane®, then
is transported to the cell wall synthesis site, where it is coupled to the growing
peptidoglycan chain by the transglycosylase enzymes.® Inhibition of these
transglycosylase enzymes is yet to be broadly utilized, and although it is an extremely
promosinigtarget, currently no transglycosylase enzyme inhibitor antibiotics are used
in human therapy. In this research, a reaction route for the synthesis of novel potential
drug candidates are described on the example of a simple monosaccharide.

By the time of writing, the only naturally occurring antibiotics that target the
transglycosidase enzymes are the moenomycins, phosphoglycolipide molecules
isolated from Streptomyces ghanaensis bacteria, however, due to their side effect
profile they are only in veterinary use.” While the exact process of inhibition is still not
completely determined, so far it has been established that moenomycins inhibit the
transglycosylase (also known as peptidoglycan glycosyl transferase) enzymes via
binding to the binding domains, them being structural analogues of the natural
substrates, rendering the enzymes unable to perform the catalyzing processes.® There
are several subclasses of synthetic transglycosylase inhibitors as well, the chief ones
being the lipid Il analogues. These compounds are designed to be structurally similar
to the natural substrate, lipid Il (Figure 1.).
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Figure 1.: The structure of lipid Il
Development of novel lipid Il analogues has a decades-long history, among others

mono-and disaccharide derivatives resembling both the moenomycins and lipid Il have
been synthesized,® as well as N-acetyl-glucosamine-thiazoline lipid Il hybrids. In more
recent research, iminosugar C-glycosides,® iminocyclitol type derivatives,'* lipid Il C-
glycosides,'? modified lipid Il analogues such as N-deacetylated lipid Il and a lipid Il 4-
hydroxy epimer,'® and a novel anhydromuropeptide!* were also described as potential
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drug candidate compounds. In our research group, a B-1-thioglycoside type derivative
has already successfully been synthesized and described,’® in this paper, a
continuation and broadening of that work is discussed.

2. Materials and methods

2,2-Dimethoxy-2-phenylacetophenone (DPAP), 4-methoxyacetophenone (MAP), and
thioacetic acid (97%) were purchased from Sigma Aldrich Chemical Co. 2-acetoxy-D-
glucal (1)'® and vinylidene bisphosphonate (4)!’ were synthesized according to
literature methods. The photoinitiated reactions were carried out in a borosilicate
vessel by irradiation with a UV lamp (125 W) giving maximum emission at 365 nm.
TLC was performed on Kieselgel 60 F2s4 (Merck) with detection by UV-light (254 nm)
and immersing into sulfuric acidic ammonium-molibdenate solution, sulfuric acid and,4-
anisaldehyde solution in 5% ethanol, or 5% ethanolic sulfuric acid followed by heating.
Flash column chromatography was performed on Silica gel 60 (Merck 0.040-0.063
mm). 'H and J-modulated *C NMR spectra were recorded with Bruker DRX-400 (1H:
400 MHz; *3C: 100 MHz) and Bruker DRX-500 (1H: 500 MHz; 3C: 125 MHz)
spectrometers at 25 °C. Chemical shifts are referenced to Me4Si (0.00 ppm for *H) and
to the residual solvent signals (CDCls: 77.16 for *3C). MALDI-ToF MS analyses of the
compounds were carried out in the positive reflectron mode using a BIFLEX Il mass
spectrometer (Bruker, Germany) equipped with delayed-ion extraction. 2,5-
Dihydroxybenzoic acid (DHB) was used as a matrix and FsCCOONa as a cationising
agent in DMF.

2. Chemical Synthesis

2,3,4,6-Tetra-O-acetyl-1-S-acetyl-1-thio-a-D-glucopyranose (2)*2

Compound 1 (330 mg, 1.0 mmol), thioacetic acid (6.0 equiv, 6.0 mmol, 0.42 mL), DPAP
(0.1 equiv, 0.1 mmol, 25 mg) and MAP (0.3 equiv, 0.3 mmol, 45 mg), were dissolved
in 96% acetic acid (1.5 mL). The reaction mixture was cooled to -80 °C and was
irradiated with UV light for 60 minutes. After irradiation, another 6.0 equiv. of thioacetic
acid and 0.1 equiv. of DPAP were added and the irradiation was continued for 60 min.
The addition of 6.0 equiv. of thioacetic acid and 0.1 equiv. of DPAP, and the 60 min
irradiation was repeated one more time. The solvent was evaporated in vacuo and the
crude product was purified by flash column chromatography (n-hexane:acetone 85:15)

to give compound 2 (328 mg, 81%) as white crystals.
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Rt= 0.20 (n-hexane:acetone = 8:2) [a]p?°= +132.8 (c = 0.28 in CHClIs, lit.'® [a]p?°= +135;
m. p.: 128-129 °C, lit.'¥ m. p.: 125 °C; *H NMR (400 MHz, CDClz) 6 6.22 (d, J = 5.2 Hz,
1H, H-1), 5.24 (dd, J = 10.1, 5.1 Hz, 1H, H-2), 5.18 (t, J = 9.5 Hz, 1H, H-3*), 5.10 (t, J
= 9.5 Hz, 1H, H-4%), 4.28 (dd, J = 12.5, 4.1 Hz, 1H, H-6a), 4.05 (dd, J = 12.5, 2.2 Hz,
1H, H-6b), 3.96 (ddd, J = 9.9, 4.0, 2.3 Hz, 1H, H-5), 2.43 (s, 3H, AcCH?3s), 2.08 (s, 3H,
AcCHzs), 2.03 (s, 3H, AcCHgs), 2.02 (s, 3H, AcCHs), 2.02 (s, 3H, AcCHs) ppm.
*interchangeable signals *3C NMR (100 MHz, CDCIls) 6 170.7, 170.1, 169.5, 169.4 (4C,
4xAcCO), 80.5 (1C, C-1), 71.6, 71.3, 69.2, 68.0 (4C, skeletal carbons), 61.7 (1C, C-6),
31.6 (1C, SAcCHpg), 20.8, 20.7, 20.7 (4C, 4xOAcCH3s) ppm.; MALDI-ToF-HRMS: m/z
calcd for Ci6H22NaO10S [M+Na]* 429.0831, found 429.0826.

2,3,4,6-Tetra-O-acetyl-1-thio-a-D-glucopyranose (3)

Compound 2 (406 mg, 1.0 mmol) was dissolved in dry methanol (10 mL), then the
solution was deoxygenated via argon bubbling. The reaction mixture was cooled to
0 °C, and then 0.95 equiv (0.95 mmol, 51 mg) of NaOMe was added in the form of
freshly prepared stock solution in methanol. The reaction mixture was stirred at 0 °C
until no starting material was observed on TLC (45 minutes). The solution was
neutralized using Amberlite IR 120 H* ion exchange resin, the resin was filtered off,
and the solution was concentrated under reduced pressure. The crude product was
purified by flash column chromatography (n-hexane:acetone 8:2) to give compound 3
(335 mg, 92%) as colourless foam. The compound was stored under an argon
atmosphere until use. Rf = 0.26 (n-hexane:acetone 8:2) *H NMR (400 MHz, CDCIs3) &
5.94 (t, J = 5.6 Hz, 1H, H-1), 5.38 (t, J = 9.8 Hz, 1H, H-3), 5.12 - 5.04 (m, 2H, H-2, H-
4), 4.44 (ddd, J = 10.3, 4.4, 2.3 Hz, 1H, H-5), 4.30 (dd, J = 12.4, 4.2 Hz, 1H, H-6a),
4.11 (dd, J = 12.4, 2.3 Hz, 1H, H-6b), 2.09 (s, 6H, 2xAcCHs), 2.04 (s, 6H, 2xAcCH?3),
1.92 (d, J = 5.6 Hz, 1H, SH) ppm. 3C NMR (100 MHz, CDCIz) 6 170.6, 169.9, 169.7,
169.6 (4C, 4xAcCO), 77.1 (1C, C-1), 70.3 (1C, C-2), 69.9 (1C, C-3), 68.3 (2C, C-4, C-
5), 61.7 (1C, C-6), 20.7, 20.7, 20.7, 20.6 (4C, 4xAcCH3s) ppm. MALDI-ToF-HRMS: m/z
calcd for C14H20NaOg¢S [M+Na]* 387.0726, found 387.0710.

a-1-Thioglucopyranosyl bisphosphonate conjugate (5)

Compound 3 (2.0 mmol, 728 mg) and compound 4 (1.0 equiv, 2.0 mmol, 600 mg) were
dissolved in dry dichloromethane (20 mL) under an inert argon atmosphere. The
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reaction mixture was stirred at rt for 16 hours. After completion, the reaction mixture
was concentrated under reduced pressure. The crude product was purified by flash
column chromatography (n-hexane:acetone 7:3) to give compound 5 (510 mg, 38%)

as yellow syrup. The product was used in the following step without characterization.

Hexyl chain bearing a-1-thioglucopyranosyl phosphonate derivatives (6a and 6b)

Compound 5 (0.25 mmol, 167 mg) was dissolved in dry 1,4-dioxane (10 mL). NaH (1.2
equiv, 0.30 mmol, 7.24 mg in 12.4 mg 60% suspension) and n-hexanal (1.0 equiv, 0.25
mmol, 30 yL) were added, and the reaction mixture was stirred at rt for 120 minutes.
After completion, 800 pL of 50% AcOH solution was added. The reaction mixture was
concentrated under reduced pressure, dissolved in dichloromethane, and washed with
water, the combined organic phase was dried over anhydrous Na2SOa, then filtered
and concentrated under reduced pressure. The crude product was purified by flash
column chromatography (n-hexane:acetone 75:25) to give compounds 6a and 6b (51.5
mg, 34% combined yield, 3:1 ratio), both as colourless syrup.

Data for the major Z component 6a: Rs = 0.28 (n-hexane-acetone 7:3); *H NMR (500
MHz, CDCls) 8 6.30 (dt, J = 47.2, 7.7 Hz, 1H, PC=CH), 5.55 (d, J = 5.8 Hz, 1H, H-1),
5.39 (t, J = 9.8 Hz, 1H), 5.11 — 5.02 (m, 2H), 4.44 (ddd, J = 10.3, 4.7, 2.3 Hz, 1H), 4.31
(dd, J = 12.4, 4.7 Hz, 1H), 4.18 — 3.98 (m, 5H), 3.46 — 3.20 (m, 2H, SCHy), 2.47 (m,
2H), 2.09 (s, 3H, AcCHs), 2.04 (s, 3H, AcCHs), 2.03 (s, 3H, AcCHs), 2.01 (s, 3H,
AcCHz), 1.36 — 1.29 (m, 12H), 0.90 (t, J = 6.8 Hz, 3H, hexyl CHz) ppm. 13C NMR (125
MHz, CDCls) & 169.7, 169.1, 168.7 (4C, 4xAcCO), 150.5 (1C, PC=CH), 123.8, 122.4
(d, 1C, PC=CH), 79.2 (1C, C-1), 69.8, 69.6, 67.7, 66.8 (4C, skeletal carbons), 61.0
(1C, C-6),60.8 (d, J =5.3 Hz, 1C, OCH2CH3s), 60.5 (d, J =5.4 Hz, 1C, OCH2CH3), 32.3,
30.6, 29.5, 28.8, 28.5, 27.9, 21.6, 19.8, 19.7, 15.5, 13.1 (1C, hexyl CHz). MALDI-ToF-
HRMS: m/z calcd. C26H43NaO12PS [M+Na]* 633.2105, measured 633.2099.

Data for the minor E component 6b: R = 0.26 (n-hexane-acetone 7:3); MALDI-ToF-
HRMS: m/z calcd. C2sH43NaO12PS [M+Na]* 633.2105, measured 633.2129.

3. Results and discussion

The goal of the research was to facilitate a general route (Scheme 1) from 2-
substituted glycals to furnish lipid Il analogue compounds bearing an a-thioglycosidic
bond attached to alkylphosphonate units of various lenghth. In this paper, the route is
demonstrated on the D-gluco example.
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Scheme 1.: Planned synthesis route to a-thioglycoside anlogues of lipid I

The first step in this pathway is the synthesis of the 1,2-cis-a-1-thiosugars from 2-
substituted glycals (mono- or disaccharides) using photoinitiated thiol-ene addition,
followed by selective S-deacetylation. The radical-mediatedthiol-ene reaction can be
performed on a wide variety of enoses, including 2-acetamido derivatives and
disaccharides, which is noteworthy because those moieties are present in the naturally
occurring lipid Il. The thiosugars can then be converted to the planned
alklylphosphonate derivatives in four steps including conjugated addition to ethylidene
bisphosphonate, Wadsworth-Horner-Emmons reaction of the the thioglycosyl
bisphophonates with long-chain aldehydes and two-step deprotection.*®
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Scheme 2.: Synthesis of lipid Il analogue model compounds 6a and 6b from D-glucal and n-hexanal
Photoinitiated thiol-ene addition reaction has already been applied in carbohydrate
chemistry to furnish stable thioconjugates.® 2122 Recently, it has been shown that
using 2-substituted glycals as alkene reactants, the method is suitable for
stereoselective synthesis of 1,2-cis-a-thioglycosides and 1,2-cis-a-1-glycosyl thiols
with good to exceptionally high yields in two steps from glycals.?% 24 25 The model
reaction on 2-acetoxy-D-glucal (1) and thioacetic acid was carried out in 96% acetic
acid with DPAP (2,2-dimethoxy-2-phenylacetophenone) as photoinitiator and MAP (4-
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methoxyacetophenone) as photosensitizer, in which compound 2 was obtained with
81% isolated yield.

The 1,2-cis-a-D-glucosyl thiol was then obtained using selective S-deacetylation, and
was immediately used in the following reaction. On the activated double bond of the
ethylidene bisphosphonate derivative, a conjugated thioladdition reaction was
performed in dichloromethane. The reaction was completed in 16 hours at room
temperature under an inert argon atmosphere with a 38% isolated yield. The low yield
can be attributed to disulfide formation from the thiol as a by-product. As the last step
of the reaction route, the Wadsworth-Horner-Emmonds reaction 26 was performed on
the bisphosphonate derivative 5. In dioxane, NaH was used as a base to furnish the
carbanion intermediate, then n-hexanal was used in the same-pot condensation-
elimination reaction to obtain the Z and the E alkyl monophosphonate derivatives in
34% total yield. The two isomers formed and have been isolated in approximately 3:1
ratio. It is noteworthy to mention that the major Z isomer (6a) can be identified by the
characteristically high coupling constant of the anti-positionedproton to the
phosphorous atom (highlighted in red in Scheme 2). The coupling constant Jep 1 Of 6a
was measured to be 47.2 Hz, which corresponds to the value found in the case of the
preceding B-D-glcNAc derivative (47.0 Hz).1®

4. Conclusion

A reaction route for the synthesis of lipid Il thioglycosidic mimetics has successfully
been developed, using a simple a-D-glucose unit as a model compound in place of the
glucosaminyl-B(1-4)-muramic acid disaccharide. A key step in this reaction route was
the formation of the 1,2-cis-a-thioglycosidic bond, which was formed using a
photoinitiated thiol-ene addition reaction, with full regio- and stereoselectivity.
Following selective S-deprotection, the thiosugar was used in a conjugated addition
step to furnish the desired bisphosphonate conjugate. This conjugate was then
coupled to n-hexanal using Wadsworth-Horner-Emmons reaction, where the Z
stereoisomer was found as the major product. Our method can be used in the future
by varying the carbohydrate part and the alkyl chain to furnish a broad variety of
different lipid Il analogue compounds. Notably, in the future, 2-acetamido-p-gluco and
-galacto type derivatives are planned to be synthesized, them being structurally most
similar to the naturally occurring lipid Il. Various disaccharides are also planned to be
introduced to better mimic the disaccharide characteristic of the original lipid Il
molecule, and the effects of different alkyl side chains will be investigated as well.
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