New transformations of monosaccharide derivatives at and around the anomeric centre
Closing report

Project N° 109450 (2013-2018)

The project, as formulated in the proposal, had a dual general goal:

i) systematic study of new, with the investigated sugar derivatives mostly unprecedented reac-
tions to get novel multifunctionalized derivatives of monosaccharides or to simplify synthetic availabil-
ity of known structures, and

ii) based also on the results of the previous point, design and synthesis of new inhibitors for
glycoenzymes which may be relevant for disease.

The targeted glycoenzymes were

a) glycogen phosphorylase (GP), relevant especially in antidiabetic research but also for cerebral
and myocardial ischemias, cardiovascular disorders, and tumors;

b) O-GIcNAcase (OGA) and hexosaminidases, whose disregulation is among others linked to
cardiovascular disorders, type 2 diabetes, erectile disfunction, retinopathy and Alzheimer's disease.

In the research plan three aims were formulated, and this report is constructed to follow those
objectives. Among the results those that have already been published will be described in a concise
manner with reference to the publication, while those awaiting for publication will be presented in de-
tails.

Aim 1. Synthetic uses of and glycoenzyme inhibition by hydrazones of monosaccharides

Cross couplings of O-peracylated 2,6-anhydro-aldose tosylhydrazones with alcohols, phenols,
and carboxylic acids were studied under thermic or photolytic conditions in the presence of K3;PO, or
LiOtBu. The reactions failed with EtOH, BnOH or tBuOH, however, (CF3);CHOH, electron poor phe-
nols and carboxylic acids including monosaccharide derived ones gave the corresponding C-f-D-glyco-
pyranosylmethyl ethers and esters, respectively.!

Cross couplings of O-peracylated 2,6-anhydro-aldose tosylhydrazones with aliphatic, (het-
ero)aromatic and sugar derived thiols were studied under thermic conditions in the presence of KsPOa.
The reactions with aliphatic thiols gave the corresponding C-B-D-glycopyranosylmethyl sulfides in 20-
50 % yields, while 50-80 % yields were achieved with thiophenols.2

In the above transformations a relationship between the acidity of the coupling reagent and the
yields of the products could be recognized that was explained by mechanistic considerations in the pa-
pers.

Palladium-catalyzed cross-couplings of O-peracylated and O-permethylated 2,6-anhydro-al-
dose tosylhydrazones with aryl bromides were studied under thermic conditions in the presence of Li-
OtBu and phosphine ligands. The reactions gave the corresponding aryl substituted exo-glycals as mix-
tures of diastereomers in 11-75% yields. The double bond of some of these exo-glycals was saturated to
give good yields of benzylic C-glycosyl derivatives.?

Palladium-catalyzed cross-couplings of O-peracylated 2,6-anhydro-aldose tosylhydrazones
with benzyl bromides were studied under thermic conditions in the presence of LiOtBu. The reactions
gave the corresponding C-glycopyranosyl styrenes in up to 59 % yields. A detailed analysis of the reac-
tion mixtures to identify all by-products allowed to suggest a mechanistic scheme which explains the
moderate-medium yields of the target compounds.*

In the following areas several experiments have been carried out, however, these have not yet
reached a conclusive and publishable level, therefore, their study will be continued in a forthcoming
approved project (FK 128766).



Cross-coupling reactions of anhydro-aldose tosylhydrazones or their Li-salts with phenyl-
boronic acids were also studied. In these experiments generally multicomponent product mixtures were
formed whose separation did not allow the isolation of each component in pure form. Structural eluci-
dation of the obtained products by 2D NMR and MS revealed the formation of the expected coupled C-
glycosyl derivative together with its ring-opened tautomer.

O-Peracetylated and O-perbenzylated D-gluconolactone tosylhydrazones were obtained from
the free sugar in four or five steps, respectively, and the latter was transformed into its Na-salt by NaOEt
in EtOH. Experiments to couple these derivatives with phenylboronic acid neither with in situ deproto-
nation nor by using the pre-formed salt gave the expected products under thermic conditions.

Experiments to couple anhydro-aldose-tosylhydrazones with benzoxazole in the presence of a
Cu(l)butyrate type catalyst, and metal-free couplings with aliphatic and aromatic primary and secondary
amines resulted in decomposition products only. A search for other catalysts and reaction conditions is
in progress. Metal-free coupling of B-D-gluco configured anhydro-aldose-tosylhydrazone with phenyl
tetrazole resulted in the corresponding 5-phenyl 2-(B-D-glucopyranosyl)methyl-2H-tetrazole in good
yield.

2-Acetamido-2-deoxy-D-glucono-1,5-lactone (thio)semicarbazone and tosylhydrazone deriva-
tives were synthesized in order to create potential inhibitors against clinically important glycosidases,
namely N-acetyl-B-glucosaminidase (B-Hexosaminidase, EC 3.2.1.52) and protein O-linked p-N-acetyl-
glucosaminidase (O-GIcNAcase, OGA, EC 3.2.1.169). These enzymes are able to release N-acetyl-glu-
cosamine from glycosaminoglycans, and also from intracellular proteins covalently modified by a single
N-acetyl-glucosaminyl group, respectively. Our synthetic procedure is outlined in Scheme 1.
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Scheme 1. Synthesis of lactone-hydrazone type inhibitors

Thus, 2-acetamido-tri-O-acetyl-2-deoxy-D-glucose (1) was converted to mixtures of glycosyl
hydrazine 2 and its open-chain tautomer 3 derivatives which were oxidized to the protected lactone
hydrazones 4. Standard protective group removal furnished the target compounds 5 which were sub-
jected to enzyme Kinetic evaluations.

Due to the significance and emerging activity in the field of OGA inhibition, we have decided
to acquire knowledge in expressing and handling of this enzyme. The gene, which encoded the full
length human OGA enzyme was carried by a pET28 vector construct kindly provided by Professor D.
Vocadlo (Simon Fraser University, Burnaby, Canada). With this plasmid construct we were able to
develop a heterologous expression and isolation strategy to obtain soluble, stable and active wild type
enzyme for inhibition studies. This study also revealed important environmental factors that greatly
affected hOGA stability.

N-Acetylhexosaminidase (EC 3.2.1.52) is a lysosomal enzyme and expressed in several tissues,
mostly in a mixture of two isoenzymes: N-acetylhexosaminidase A (HexA) and N-acetylhexosaminidase
B (HexB). Both isoforms appear in plasma and in synovial fluid and become elevated in inflammatory
processes. In our inhibitory studies, we have applied the commercially available bovine kidney lysoso-
mal N-acetylhexosaminidase, which contains a mixture of HexA and HexB. The substitution of human



N-acetylhexosaminidase isomforms into the bovine kidney enzymes in these investigations is based on
the fact that the bovine HexA and HexB share very high sequence similarity with the corresponding
human enzymes (93% and 70%, respectively).

With the above enzymes, by using Michaelis-Menten kinetics, the inhibition for the synthesized
compounds was characterized in the presence of a chromophore substrate (4-nitrophenyl-N-acetyl-3-D-
glucosaminide: pNP-GIcNAC) for the less potent, and a fluorescent substrate (4-methylumbelliferyl-N-
acetyl-p-D-glucosaminide: 4-Mu-GIcNAc) for the tight binding inhibitors. Each compound bound to
hOGA and to N-acetylhexosaminidase in a competitive manner. Binding constants (K;) of the inhibitors
were established by the Dixon method. For the increasingly tight binding inhibitors, K; was also defined
by using Morrison’s quadratic equation. The obtained inhibition constants of 70-270 nM and 170-400
nM for hOGA and Hex, respectively, are shown in Chart 1.
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Chart 1. Inhibition of hOGA and Hex enzymes
(R refers to the side chain of compounds 5 in Scheme 1)

The tightest binding was observed in case of the tosylhydrazone derivative to hOGA. Surpris-
ingly, the 4-phenylthiosemicarbazone derivative exhibited two magnitude lower binding affinity (Ki=
30 uM) to both enzymes. Among the synthetized inhibitors, the tosylhydrazone and the 1-chloro-4-
phenylsemicarbazone derivatives have a two-fold preference for NOGA. These derivatives represent a
new class of inhibitors of hOGA which are simpler to synthesize than other known inhibitors. A paper
is in preparation to disclose these results.

Aim 2. Synthesis of glycosylidene-spiro-heterocycles for glycogen phosphorylase inhibition.

Within the framework of this research glycopyranosylidene-spiro-heterocycles were synthe-
sized with ten different heterocycles for biological studies.

Glucopyranosylidene- and xylopyranosylidene-spiro-isoxazolines and xylopyranosylidene-
spiro-oxathiazoles were prepared according to previously developed methods. Xylose derivatives were
not effective GP inhibitors.> In vitro, ex vivo and in vivo studies of glucose derived spiro-isoxazolines
showed promising antihyperglycaemic effect by diminishing hepatic glucose output in diabetic rats by
~30% that may be relevant for therapeutic use.®

An in vivo investigation of the already known glucopyranosylidene-spiro-thiochydantoin (TH) in
diabetic rats demonstrated the blood glucose lowering effect of TH and the whole body insulin sensitiv-
ity was also restored for the treated animals.’

Reaction of ketones with (ulopyranosyl bromide)onamide and ulopyranosonamide derivatives
yielded glucopyranosylidene-spiro-iminodioxolanes and oxazolidinones, respectively. The deprotected
spiro-oxazolidinones had no GP inhibitory effect.?

Spiro-iminothiazolidinone was synthesized from (ulopyranosyl bromide)onamide or onic acid
methyl ester and thiourea, then a library was prepared by further acylation, sulfonylation and alkylation
of the heterocycle. Binding mode of some low micromolar GP inhibitors from this series was established
by X-ray crystallography.®

New spirocycles (namely thiazolinones, and imidazolinones) were designed to unify structural
properties of spiro-hydantoins and isoxazoles in the hope to get more efficient GP inhibitors. O-Benzoyl
and O-acetyl protected glucopyranosylidene-spiro-thiazolinones were prepared from the corresponding
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(gluculopyranosyl bromide)onamides and thiobenzamides. During unsuccessful attempts on the re-
moval of the protecting groups alcohol addition products were observed and addition of water could
also be verified. CD spectroscopy, supported by TDDFT-ECD calculations was utilized to identify the
structure of these byproducts. The water addition prevented these molecules from being studied as GP
inhibitors.®

For the synthesis of glucopyranosylidene-spiro-imidazolinones several cyclocondensations
were attempted from (ulopyranosyl bromide)onic acid derivatives (amides, esters, imidates), without
success. Finally, from 2-deoxy-2-azido-ulopyranosonamide 10, the target compounds could be made
with both spiro epimeric configurations (Scheme 2). Thus, 10 was reduced to 6 which on reaction with
aldehydes gave Schiff bases 7. The epimeric compounds 13 were obtained from 10 under Staudinger
conditions: the anomalous adduct 11 reacted with aldehydes to give intermediates 12 which furnished
the expected imines 13 at low temperature. Ring closure of neither 7 nor 13 was successful under basic
or acidic conditions, therefore, a new, oxidative cyclization was developed by using NBS in the presence
of pyridine to give the spirocycles 8 and 14, respectively. Standard deprotection gave the test compounds
9 and 15 which were assayed against rabbit muscle GPb. The measured inhibition constants are shown
in Scheme 2 for the most efficient derivatives. It can be concluded that these compounds have not proven
better inhibitors over other known spirocyclic compounds, especially spiro-isoxazolines with submi-
cromolar inhibition constants. The reasons for this are not yet clear, nevertheless, the ongoing X-ray
crystallographic investigation of the corresponding enzyme-inhibitor complexes will hopefully give an
explanation for this finding. The work will be published together with the structural biology studies.

N =P(nBu
0Bz o (nBu);
0} BzO ; BzO
BZB?MNHZ H, 870 N3 1.1 equiv. nBusP BzO
BzO, Pd/C abs. DCM, r.t.
2 NH,
6 10 (6 steps from b-glucose) 11 -
ArCHO | Pyrrolidine ArCHO CH2C|2
(1.5 eq.) (0.1 equiv.) (1.1 eq.)
CH,Cly, r.t.
:/
OBz o) Ar N’N
BzO BzO =/ I
BzO BzO N 3 0-5°C Bﬁgo N
N,
NH, NH,
Ar = -
7 (58-86 %) 13 (31-60 %)
NBS (1.1 eq.)| CH,Cls, NBS (1.1 eq.)\ CH,Cly, Ar = Ph, 1-naphthyl,
Py (1.1 eq.)| r.t. Py (1.1 eq.) \ rt. 2-naphthyl, 4-CF3-CgHy4
OR
0O
R(R)’O 2 Ar Ki [uM] N A Ki [uM]
i K RO r ilp
RO NH [— " RO S—ar [— T
N=
Ph 135 o~ N Ph 9
Ar o,
2-naphthyl 25% 2-naphthyl 2.1
8 (R =Bz, 60-70 %) (at 625 uM) 14 (R = Bz, 55-77 %)
| NaOMe, MeOH | NaOMe, MeOH
9 (R=H, 51-91 %) 15 (R =H, 56-84 %)

Scheme 2. Syntheses of glucopyranosylidene-spiro-imidazolinones



Spiro-oxa- and -thiazinones were synthesized as outlined in Scheme 3. 2-Nitrophenyl glycosides
18 were prepared from (gluculopyranosyl bromide)onic acid methyl ester 16 by silver salt promoted
transformations or from methyl ulopyranosonate 17 by Mitsunobu reaction. Complete reduction of the
nitro group resulted in spontaneous lactamization to give spiro benzo[b][1,4]oxazinones 19, while par-
tial reduction gave the corresponding cyclic hydroxamic acid derivative 20 which is a structural ana-
logue of a natural benzoxazinoid, called DIBOA-GIlc. The analogous benzo[b][1,4]thiazinones (24)
were also obtained by a similar reactions sequence via (2-aminophenylthio)glycosides 23. Standard
deprotections gave the test compounds 21, 22, and 25. GP inhibition of the lactams 21, 25 and the allel-
ophatic effect of the hydroxamic acid 22 was tested but none of the compounds showed any significant
activity. A paper to report these results is in preparation.
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Scheme 3. Syntheses of glucopyranosylidene-spiro-oxa- and thiazinones

Aim 3. Study of reactions of 1-C-substituted glycal derivatives

1-C-Substituted glycals 28 were synthesized (Scheme 4) from anhydro-aldonic acid derivatives
26 either by direct elimination of an acid from the 1,2-positions or, more advantegously, in a two-step
sequence of bromination of 26 to 27 followed by a reductive elimination to give the expected product
in higher yield and excellent purity.'? Base induced elimination of HBr from 27 furnished the 1-C-sub-
stituted-2-hydroxy glycals 29 in their O-peracylated form.?
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Scheme 4. Syntheses of 1-C-substituted pyranoid glycals

Azidonitration of cyano- and methoxycarbonyl substituted glycals 28 (R = CN, CO.Me) gave
inseparable mixtures of the diastereomeric products 30 in low to moderate yields (Scheme 5). The reac-
tion of the amide substituted galactal (28, D-lyxo configuration, R = CONHy) provided one major isomer
of the corresponding azidonitrated derivative 31 in 66% yield. Structural elucidation of 31 was possible

by high level NMR methods and CD measurements supported by TDDFT calculations.
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Scheme 5. Transformations of 1-C-substituted pyranoid glycals

Chloroamidation was investigated with each compound 28 to show that the reaction took place,
however, the crude products obtained in 40-80 % yields contained diastereomeric mixtures of 32 whose
separation was not successful. Thus, the synthetic utility of these transformations seemed not promising,
therefore, these studies were discontinued.



The iodoacetoxylation of glycals 28 was also studied and the reaction conditions were selected
by the reactions of the D-lyxo configured 28. With the classical NIS/AcOH reagent no reaction could be
observed in 4 days. CAN/Nal/AcOH gave the expected 33 in one day in 33 % vyield, while
MesSI/PIDA/ACOH proved to be the best furnishing 33 (ax, R = CONHy) in 61 % yield (for 33 (eq, R
= CONHy>) 60 % was isolated). Under these conditions from the reamining glycals 28 the CN-substituted
derivatives remained intact, while the COOMe-substituted ones gave the expexted 33 in 68-71 % yields.
The structure of these molecules was identified by sophisticated NMR measurements and X-ray crys-
tallography in the case of 34.

Publications to report the azidonitration and iodiacetoxylation reactions are in preparation.

Free-radical hydrothiolation of glycals 28 of D-arabino and D-lyxo configurations with a range
of mostly sugar derived thiols was also studied. In all cases, the thiol-ene coupling reactions took place
with full regio- and stereoselectivities whereby the thiol attacked axially on the C-2 centre of the sub-
strates and the closing hydrogen abstraction took place from the a-side to give the unique thiodisaccha-
rides 35. The yield of the addition product strongly depended on the electron-withdrawing effect of the
1-C substituent (range of yields: 1-CN < 1-COOMe < 1-CONHy), and this reflected the same reactivity
tendency as observed above. Furthermore, neither the orientation of 4-O-substituent nor the nature of
the O-acyl protecting group (acetyl vs. benzoyl) affected the stereochemical outcome of the hydrothio-
lation. LCMS studies of the reaction mixtures revealed the structure of most of the by-products, thus
making it possible to suggest a detailed mechanism of the transformation.®® Under similar conditions
the 1-C-substituted-2-hydroxy glycals 29 proved unreactive.

The thiol-ene couplings were extended to O-peracylated exo-glycals of D-gluco, b-galacto and
D-xylo configurations as well. These reactions gave the corresponding -D-glycosylmethylthio deriva-
tives in high yields with exclusive regio- and very high stereoselectivity, including disaccharide mimicks
with Gly-CH,-S-Gly scaffolds.* 15

This method was utilized for the synthesis of otherwise not easily available mimetics of 2-de-
oxy-B-D-glycopyranosides. To this end 2-deoxy-exo-glycals 40 with D-arabino, D-lyxo, D-erythro, and
D-threo configuration were synthesized by applying our previous method. The necessary 2-deoxy-gly-
copyranosyl cyanides 38 were obtained from the respective glycals 36 via 2-deoxy-glycopyranosyl ac-
etates 37. Cyanides 38 were formed as anomeric mixtures which were separated in most cases, and the
compounds were fully characterized since all but one were unknown in the literature. These mixtures of
38 were transformed into tosylhydrazones 39 which were used without purification, and gave the ex-
pected exo-glycals 40 under Bamford-Stevens conditions. The photoinitiated thiol-ene additions of these
derivatives with a range of mostly sugar-derived thiols resulted in the corresponding 2-deoxy-glycosyl-
methyl sulfides 41 having the CH»-S-R moiety in equatorial position. The paper reporting this series of
transformations is in preparation.

a-S-Linked maltooligomers were prepared by consecutive photoinitiated thiol-ene coupling re-
actions of 2-acetoxy-glucals and 4-thioglucose derivatives. The necessary glucals and thiols were ob-
tained from the same starting material, thereby eliminating the need for complex protecting group strat-
egies. Here also, the thiol-ene addition reactions proved to be completely regio- and stereoselective
providing the expected 4-thiomaltooligosaccharides up to the pentasaccharide level.*® The method rep-
resents a simple alternative to the known syntheses of similar products. The obtained o-S-linked
maltooligomers serve as precursors for the synthesis of cyclodextrin mimetics containing S-interglyco-
sidic bonds.
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Scheme 6. Syntheses of 2-deoxy-D-glycosylmethyl sulfide type glycomimetics

Other results

Computationally motivated synthesis of N-(B-D-glucopyranosyl)-1,2,4-triazolecarboxamides
was carried out to reveal new low micromolar inhibitors of GP. The compounds showed promising
ADME properties without any toxicity. The paper came on the cover of MedChemComm.

Some precursors obtained in trials towards anomeric spirocycles were also suitable for cycliza-
tions to get C-glycopyranosyl heterocycles, and along this we have elaborated a highly variable general
method to get trisubstituted C-glycosyl 1,2,4-triazoles.’® These compounds were also tested for GP in-
hibition, but had no activity.

A method was worked out to get carotenoid-monosaccharide conjugates by using CUAAC be-
tween carotenoid pentynoates and protected or unprotected glycopyranosyl azides.®

It was proven that GP inhibitors activated the pathway of insulin secretion, indicated by en-
hanced glycolysis, mitochondrial oxidation and calcium signalling, and increased the size of islets of
Langerhans in the pancreas and improved glucose-induced insulin release in mice. These findings
have revealed a new target tissue for GP inhibitors and suggest that these drugs should be repurposed
to preserve or even ameliorate B-cell function.

A highly cited review article was published on the synthesis and antidiabetic utility of C-glyco-
pyranosyl arenes and hetarenes.?

Most of the results of this project were included in a popular educational survey of research on
glycomimetics at the Department of Organic Chemistry of the University of Debrecen.??

Besides the publications in the reference list 6 other papers are in preparation as indicated in the rele-
vant parts of this report. The realization of the project resulted in 3 PhD dissertations, 4 MSc and 6 BSc
theses. The published papers have already received 61 independent citations.
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