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Closing report

Aims of this research project

The project, as formulated in the proposal, had the following general goals:

- asystematic study of the synthetic possibilities to get mono- or multiply C-glycopyranosylated six membered
N-heterocycles;

- syntheses of C-glycosyl 1,2,4,5-tetrazines suitably functionalized with fluorescent conjugates for further
utilization in biomolecular labeling;

- formation of platinum metal half-sandwich complexes incorporating C-glycosyl heterocycles as mono- or
bidentate ligands for cytotoxic assays.

This report is constructed to follow the above objectives by describing i) syntheses of new 5-membered
glycopyranosyl heterocycles (e.g. as ligands of platinum-group metal complexes), ii) syntheses of 6-membered C-
glycopyranosyl heterocycles, iii) syntheses of platinum-group metal complexes, and iv) biological studies of the
prepared compounds. 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 more details. In the reference
list the publications resulted from this project are marked in bold.



Results of this research project

1. Syntheses

1.1. Synthesis of five-membered C-glycopyranosyl heterocycles

The half-sandwich type complexes of platinum-group metals belong to the widely investigated classes of transition
metal complexes. Their members have emerged, among others, as promising drug candidates in cancer therapy.t
Although some half-sandwich type complexes containing sugar moieties were described earlier,”*? there was no
precedent in the literature for the incorporation of real glycosyl heterocycles as ligands into the coordination sphere of
such complexes. For the formation of the first representatives of these complexes, the syntheses of different
glycopyranosyl heterocycles with the potential to be used as N,N-chelators were envisaged.

Several 2-pyridyl substituted C-glycopyranosyl oxadiazoles with various sugar configurations were prepared by the
adaptation of earlier elaborated methods'**® (Scheme 1). 2-(B-D-Glycopyranosyl)-1,3,4-oxadiazoles 1-4 in O-
peracylated form were prepared by ring-transformations of the corresponding C-glycopyranosyl tetrazoles 1-1 with
activated picolinic acid, while an isomeric 3-(-D-glucopyranosyl)-5-(2-pyridyl)-1,2,4-oxadiazole 1-5 was obtained by
the ring-closure of C-glycopyranosyl formamidoxime 1-2 with picolinoyl chloride.’® In addition, 1-(B-D-
glucopyranosyl)-4-hetaryl-1,2,3-triazoles 1-6 (hetaryl = 2-pyridyl, 2-quinolinyl) were synthesized by Cu(l) catalyzed
azide-alkyne cycloaddition®® of O-peracetylated glucosyl azide 1-3 with 2-ethynylated heterocycles.’®” In order to
increase the structural diversity of these ligands the synthesis of their O-deprotected and various O-peracylated
derivatives were also carried out by performing standard O-deacylation and O-peracylation reactions.6171°
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Scheme 1. Synthesis of hetaryl substituted C- and N-glycopyranosyl azoles

Glucosaminyl N-heterocycles were also considered to be useful N,N-bidentate ligands for the formation of the planned
metal complexes. To this end, the preparation of a set of new glucosaminyl azoles were performed (Scheme 2). First,
C-(2-deoxy-2-phthalimido-3,4,6-tri-O-acetyl-B-D-glucopyranosyl)thioformamide (2-4) and bromomethyl-(2-deoxy-2-
phthalimido-3,4,6-tri-O-acetyl-p-D-glucopyranosyl)-ketone (2-5) as precursors were synthesized starting from the
corresponding cyanide® 2-1. Thioamide 2-4 was prepared by the treatment of cyanide 2-1 with P,Ss in EtOH in high
yields, while the bromomethyl ketone 2-5 was obtained by the transformation of acid 2-2 (prepared from cyanide 2-1 in
two steps?!) into diazomethyl ketone 2-3, followed by bromination with HBr in good overall yield. Subsequent
cyclisations of these precursors with thiobenzamide as well as with phenacyl bromide, followed by deacylations of the
resulting 2-6 and 2-7 with hydrazine hydrate afforded the corresponding phenyl substituted 2- and 4-C-(2’-amino-2’-
deoxy-B-D-glucopyranosyl)thiazoles 2-9 and 2-10, respectively, in high vyields. The ring-closure of 2-5 with
benzamidine gave, after complete deacylation of intermediate 2-8, the 4(5)-C-(2’-amino-2’-deoxy-B-D-glucopyranosyl)-
2-phenyl-imidazole (2-11) in low yield. The synthesis of 2-(2’amino-2’-deoxy-p-D-glucopyranosyl)-5-phenyl-1,3,4-
oxadiazole 2-14 was also accomplished starting from the appropriate 5-glycosyl-tetrazole?® 2-12. In addition, thiazole
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2-9 was converted into the O-perbenzoylated analog 2-15 in a three-step procedure including the protection of the NH,
group as a carbamate, O-perbenzoylation with benzoyl chloride and subsequent acid-mediated liberation of the NH,
group. In the same route, O-perbenzoylated 1-(2’-amino-2’-deoxy-B-D-glucopyranosyl)-4-phenyl-1,2,3-triazole 2-16
was also achieved starting from the earlier prepared O-unprotected derivative? 2-13.
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Motivated by the promising computational studies for predicting new potential inhibitors of the glycogen phosphorylase
enzyme made by the Joseph M. Hayes’s group, the preparation of 2-aryl-4-(B-D-glucopyranosyl)imidazoles and
thiazoles was accomplished (Scheme 3). First, bromomethyl-(2,3,4,6-tetra-O-benzoyl-p-D-glucopyranosyl)-ketone?* 3-
2 was synthesized starting from the corresponding anhydro-aldonic acid® 3-1 in a similar way to that described for
compound 2-5. Its cyclocondensation with the corresponding aromatic thioamide and carboxamidines, followed by
cleavage of the O-benzoyl protecting groups furnished the test compounds 3-3 and 3-4, respectively, in good to excellent
yields.?® In addition, the ring-closure of 3-2 with several 2-aminoheterocyles was also performed (Scheme 3) to get a
set of annulated C-(B-D-glucopyranosyl)imidazoles (3-5-3-11) for the inhibition of the same enzyme.?*
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Scheme 3. Synthesis of new C-(B-D-glucopyranosyl)imidazoles and thiazoles

1.2. Synthesis of six-membered C-glycopyranosyl heterocycles

An extensive synthetic work was carried out on the synthesis of 2-C-glycopyranosyl pyrimidines which were practically
completely unknown (only one representative obtained as a minor component of a regioisomeric mixture could be found
in the chemical literature®’) before. A large set of diversely substituted 2-(B-D-glucopyranosyl)pyrimidines (Scheme 4,
4-3-4-8) was obtained by Pinner type cyclocondensations of the O-perbenzylated glucosyl formamidine?® 4-1 with
different 1,3-dielectrophiles (trimetylsilylated alkynyl ketones, vinamidinium salts, a,B-unsaturated B-chloroketones
obtained from B-diketones, B-ketoesters, dimethyl malonate and methylenemalonic acid derivatives), followed by
removal of the O-benzyl protecting groups.?®3! Since the O-debenzylation of the sugar part of the heterocycles proved
to be problematic in several cases, the ring-closing reactions were also performed by using the O-deprotected glucosyl
formamidine?® 4-2 obtained easily from 4-1 providing a more efficient route to get the O-unprotected 4-3—4-8, among
others, in terms of the yields.?%3°
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Scheme 4. Synthesis of variously substituted 2-C-(B-D-glucopyranosyl)pyrimidines

For the preparation of 2-C-glycopyranosyl pyrimidines a continuous three-step procedure starting from easily accessible
O-peracylated D-glycopyranosyl cyanides was also worked out (Scheme 5).2° Treatment of the corresponding glycosyl
cyanide 5-1 with NaOMe, followed by the reaction of the resulting iminoester 5-2 with NH4Cl and subsequent
cyclisation of the in situ obtained amidine 5-3 with the 1,3-dielectrophilic reagent gave the desired pyrimidines 5-4 or
5-5 with different sugar configurations in moderate to high overall yields (25-94 %).2°
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Scheme 5. One-pot three-step preparation of 2-C-glycopyranosyl pyrimidines from O-peracylated glycopyranosyl
cyanides

The preparation of 5-C-(B-D-glycopyranosyl)pyrimidines was also investigated (Scheme 6). By applying literature
methods, %234 2-C-glycopyranosylated malonic acid derivatives 6-2, 6-3 and 6-6 were synthesized first from O-
peracetylated a-D-glucopyranosyl bromide 6-1 and O-perbenzylated 2-nitroglucal 6-5, respectively. The
cyclocondensations of these precursors were then examined with carboxamidines, thiourea and guanidine under
different basic conditions (e.g. NaOMe/MeOH, K,COs/THF-H.O, NaH/DMF, Et:N/1,4-dioxane), however, the
expected heterocyles 6-4 and 6-7 could be obtained in neither cases.
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Scheme 6. Attempts for the synthesis of 5-C-(B-D-glycopyranosyl)pyrimidines

Simple synthetic methods were elaborated for the preparation of hitherto unknown 3-C-(B-D-glycopyranosyl)-1,2,4-
triazines and -1,2,4-triazin-5(4H)-ones (Scheme 7).3® The ring-closing reactions of O-peracylated C-glycosyl
formamidrazones®% 7-1 with pre-formed (route i) or in situ generated 1,2-dicarbonyl derivatives (obtained from methyl
ketones or alkynes under oxidative conditions in routes ii and iii, respectively) gave a series of variously substituted 3-
glycosyl-1,2,4-triazines 7-2 (substituent: H, 5-alkyl, 5-aryl, 5,6-diaryl) in good to excellent yields. Among the direct (i)
and the one-pot reactions (ii and iii) the former one proved to be more efficient in terms of the yields. In case of the
glucose derivatives the O-benzoyl protecting groups of the new compounds were cleaved by the Zemplén method to get
test compounds for further biological studies.®® In addition, cyclisation of the same amidrazones 7-1 with a-
oxocarboxylic esters via N'-alkoxycarbonylalkylidene amidrazones 7-3 were also effected resulting in 1,2,4-triazin-
5(4H)-ones 7-4 in moderate to good yields.®



To get further constitutional isomers of C-glucopyranosyl 1,2,4-triazines, inverse electron demand Diels-Alder
(IEDDA) reactions of phenyl- and (2-pyridyl)-substituted 1,2,4,5-tetrazines with O-protected C-glucosyl formimidate®’
7-5 and formamidines?®*® 7-6 were investigated in different solvents (DCM, EtOH, toluene, m-xylene) under heating,
however, the formation of none of the expected 5-(B-D-glucopyranosyl)-1,2,4-triazines 7-7 or 7-8 was observed (Scheme
7).
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Scheme 7. Experiments towards C-(B-D-glycopyranosyl)-1,2,4-triazines and -1,2,4-triazin-5(4H)-ones

1,2,4,5-Tetrazine having an azadiene functionality within the ring is a versatile heterocycle with broad synthetic
potential to access further N-heterocycles (e.g. pyridazine, 1,2,4-triazines, pyrazoles)®“! and to develop very fast
chemical transformations for bioorthogonal applications.*>#¢ Since C-glycosyl 1,2,4,5-tetrazines were completely
unknown in the chemical literature, an extensive study was carried out to find feasible methods for the syntheses of
representatives of this compound class. One of the general synthetic strategies to get a 1,2,4,5-tetrazine is based on the
formation of a 1,4-dihydrotetrazine intermediate constructed by ring forming reactions of suitable electrophilic carbon
precursors with hydrazine, followed by an oxidative aromatization.*’*® For the formation of C-glucopyranosyl 1,2,4,5-
tetrazines a great number of experiments based on ring-closure reactions of anhydro-aldonic acid derivatives were
performed, among them, the most important ones were compiled in Scheme 8 (routes A and B).*° Several unsymmetrical
3-(B-D-glucopyranosyl)-6-susbtituted 1,2,4,5-tetrazines 8-7 (R! = alkyl, aryl, hetaryl) were obtained by Lewis acid
catalyzed Pinner type cyclocondensations of O-perbenzylated glucopyranosyl cyanide?® 8-1 with liquid or low melting
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nitriles and hydrazine hydrate, followed by the oxidation of the resulting 1,4-dihydrotetrazine intermediates 8-4.4° 3-
Mono- and 3,6-bis-glucopyranosylated 1,2,4,5-tetrazines 8-7 (R! = H and Glc, respectively) were synthesized by Pinner
type cyclisation and subsequent oxidation steps starting from the same cyanide? 8-1 or O-unprotected C-glucopyranosyl
formamidine?® 8-2.° A series of N-(2,3,4,6-tetra-O-benzoyl-B-D-glucopyranosylcarbonyl)-~N’-acyl hydrazines 8-6, as an
additional set of precursors, was prepared from the corresponding anhydro aldonic acid® 8-5 with carboxylic acid
hydrazides or with hydrazine hydrate. Compounds 8-6 were transformed into 1,2-bis-chloroalkylidene-hydrazines 8-3
by chlorination, which were then treated with hydrazine monohydrate and subjected in the final step to oxidation. This
chlorination-cyclisation-oxidation sequence was succesfully applied for a high-yielding preparation of O-
perbenzoylated 3-(B-D-glucopyranosyl)-6-phenyl-1,2,4,5-tetrazine 8-7 (R = Ph, 72 % combined yield for three steps).
Unfortunately, the same three-step procedures carried out with other members of 8-6 failed by leading to undesirable
1,3,4-oxadiazole type by-products or inseparable product mixtures.*® The basic protecting group compatibility of the
prepared C-glucopyranosyl tetrazines was also investigated, and verified by a set of O-debenzylation, O-debenzoylation
and O-benzoylation reactions (Scheme 8, C).*°
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Scheme 8. Syntheses of 3-(B-D-glucopyranosyl)-6-substituted-1,2,4,5-tetrazines by ring-formation reactions

For the formation of unsymmetrical 3,6-disubstituted 1,2,4,5-tetrazines cross-couplings of pre-formed 1,2,4,5-tetrazines
substituted with an exchangeable group (e.g. halide, alkylsulfanyl) provides an another synthetic possibility.*”#8 In order
to study such reactions, the preparation of O-perbenzoylated 3-(B-D-glucopyranosyl)-6-(methylthio)-1,2,4,5-tetrazine 9-
6 was investigated first (Scheme 9). The adaptation of a literature procedure® shown as route A in Scheme 9 was
attempted first. Thus, 9-1 was converted to an activated (3-methyloxetan-3-yl)methyl carboxylic ester 9-2 in high yield.
However, its treatment with BFsEt,O, followed by condensation of the resulting oxabicyclo[2.2.2]octyl orthoester 9-3
with S-methyisothiocarbonohydrazidium iodide and subsequent oxidation by nitrosation or by PIDA led to a complex
reaction mixture. Therefore, another possible route®® (B) was tried, wherein the O-perbenzoylated ethyl C-(B-D-
glucopyranosyl)formimidate3’” 9-5 was cyclised with the above hydrazidinium salt, followed by the aromatization of the
resulting dihydrotetrazine intermediate 9-4 by PIDA. In this way, the target 9-6 could be obtained in acceptable overall
yield. The cross-coupling reactions of 9-6 were then studied with boronic acids in the presence of Pd(dppf)Cl, and Ag.0.
Its reactions with arylboronic acids were smoothly accomplished affording the expected 6-aryl-1,2,4,5-tetrazines 9-7 in
high yields. By applying this method, a fluorescent 6-BODIPY -substituted tetrazine could also be prepared in moderate
yield. However, our attempts to couple 9-7 with methylboronic and pyridine-2-boronic acid failed, multicomponent
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mixtures were obtained. The transformation of 9-7 into the corresponding unsubstituted 3-glycosyl-1,2,4,5-tetrazine 9-
7 (R = H) was also performed by reductive cleavage of the methylthio group with Et;SiH followed by an oxidative re-
aromatization. To extend the scope of the C-glycosyl 1,2,4,5-tetrazines, the synthesis of further derivatives with sugar
configuration other than glucopyranose (e.g. galactopyranose, ribofuranose) according to route B has begun, and the
results of Scheme 9 will be published in the near future.
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Scheme 9. Synthesis of 3-(2°,3”,4°,6’-tetra-O-benzoyl-B-D-glucopyranosyl)-6-(methylthio)-1,2,4,5-tetrazine and its
cross-coupling reactions

To assess the synthetic applicability of the prepared C-glucosyl 1,2,4,5-tetrazines towards further C-glucosyl azines,
their inverse electron demand Diels-Alder (IEDDA) reactions with various dienophiles were studied (Schemes 10 and
11 and Table 1). In parallel reactions, similar transformations of the C-glucosyl 1,2,4-triazines were also investigated.
Thermal reactions of the tetrazines 10-1 with terminal alkynes, norbornadiene, and 1-pyrrolidino-1-cycloalkenes were
smoothly effected providing an easy access to 3-(B-D-glucopyranosyl)-5- and 6-substituted and -4,5-alkylene
pyridazines 10-2, 10-3 and 10-4, respectively (Scheme 10).* It is to be noted that prior to our work, 3-glycopyranosyl
pyridazines were essentially unknown, only a sole glucopyranosyl derivative obtained from gluconolactone in a
multistep reaction sequence was described in the literature.®? For the preparation of 2-glucopyranosyl pyridines the
IEDDA reactions of a 3-glucopyranosyl-1,2,4-triazine 10-5 with the same dienophiles were also attempted, however,
these ring-transformations into 10-6 and 10-7 could not be triggered even at elevated temperature (e.g. in boiling m-
xylene): no or negligible conversion and slow decomposition of 10-5 was observed.*
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Scheme 10. Experiments towards 3-(B-D-glucopyranosyl)pyridazines and 2-(3-D-glucopyranosyl)pyridines
by IEDDA reactions

For future bioorthoganal applications, the reactivity of the C-glucosyl 1,2,4,5-tetrazines and 1,2,4-triazines was tested
in strain-promoted IEDDA reactions (Scheme 11 and Table 1). First, a bicyclononyne ((1R,8S,9R)-bicyclo[6.1.0]non-
4-yn-9-yl)methanol,>® BCN, 11-3) known as a reactive dienophile was prepared, which was transformed in three steps
into a dithiomaleimide containing fluorescent derivative 11-4 (Scheme 11). The IEDDA reactions of 11-3 and 11-4 with
the 1,2,4,5-tetrazines 11-1 were easily accomplished at room temperature in most of the cases resulting in the expected
annulated pyridazines 11-2 as mixtures of two diastereoismers in high yields. Among the tetrazines tested, the sterically
least crowded (R = H or CH3) and the most electron deficient (R = 2-pyridyl) derivatives proved to be the most reactive.
Unfortunately, the BODIPY -containing fluorescent tetrazine 11-7 was the least reactive compound of the series, gentle
heating had to be applied for its conversion into pyridazine 11-8. Analogous cycloadditions of the same BCN reagents
with 1,2,4-triazines 11-5 also proceeded at room temperature, however, due to the decreased reactivity of the 1,2,4-
triazines compared to that of tetrazines the formation of the desired annulated pyridines 11-6 required prolonged reaction
time.®
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Scheme 11. Strain-promoted IEDDA reactions of C-glucosyl 1,2,4,5-tetrazines and 1,2,4-triazines

Based on a literature method, axial trans-4-cycloocten-1-ol®* (TCO, T-1 in Table 1) was prepared in order to study its
applicability in the direct synthesis of fluorescent 1,4-dihydropyridazine-based sugar conjugates. Test reactions of TCO
with the O-perbenzylated 3-glucosyl-, 3,6-bis-glucosyl- and the O-perbenzoylated 3-glucosyl-6-phenyl-1,2,4,5-
tetrazines (entries 1-3) as well as with the control 3-mono- and 3,6-dipyridyl-1,2,4,5-tetrazines (entries 4 and 5) took
place at very high rates. The visualization of the TLC plates under UV lamp indicated that at least one (hetero)aromatic
substituent attached to the T-2 tetrazine ring was required to induce fluorescent property in the resulting cycloadducts
T-3 (entries 1 and 2 cf. entries 3-5).
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Table 1. Test reactions of TCO with 1,2,4,5-tetrazine derivatives

H
N—NH
R’ 7 2
NN DCM, rt., mi <
+ R1—</ \>—R2 , .., min(s)
: N=N
OH
T1 T2 1.3 OH
Entry R? R? Observation
OBn
1 ngm -H Formation of isomeric mixtures of non-fluorescent cycloadducts
OBn
OBn OBn
BnO O BnO O - ;
2 Bno/éﬁ}{ Bnm Formation of a non-fluorescent cycloadduct
OBn OBn
OBz
3 BZB(;O/&}{ @—} Formation of isomeric mixtures of fluorescent cycloadducts
OBz
4 @—? -H Formation of a fluorescent cycloadducts
N
5 @—? @—? Formation of isomeric mixtures of fluorescent cycloadducts
N N

In order to obtain further C-glucosaminyl type ligands with 6-membered heterocycles for complex formation reactions,
the synthesis of a set of C-glucosaminyl azines was carried out based on nitro-Michael addition of lithiated heterocycles
to O-perbenzylated 2-nitroglucal® 12-1 (Scheme 12). Coupling of the in situ formed 2-lithiated pyridine with 12-1
resulted in the O-perbenzylated 2-C-(2’-deoxy-2’-nitro-p-D-glucopyranosyl)pyridine 12-2 in good yield. The exchange
of the O-benzyl protecting groups to benzoyl groups by a Lewis acid mediated reaction®® of 12-2 with benzoyl chloride
furnished the O-perbenzoylated analog 12-3 in excellent yield. Reduction of the nitro group of 12-2 and 12-3 by Zn-
HCI gave the O-perbenzylated and -perbenzoylated glucosamine derivatives 12-4 and 12-5, respectively, in moderate
to high yields. O-Debenzylation of 12-4 was also effected to give the O-unprotected pyridine 12-6 in excellent yield.
The addition reactions were also performed with lithiated quinoline, pyridazine, pyrimidine and pyrazine to get further
representatives of C-(2’-deoxy-2’-nitro-p-D-glucopyranosyl)azines (Scheme 12). Surprisingly, similar transformations
of 12-7-12-10 as described for the pyridine derivatives (the direct Bn—Bz exchange and the reduction of the nitro group
of the O-protected glycosyl heterocycles) proved to be problematic in several cases. Therefore another route to obtain
the desired O-unprotected and O-perbenzoylated C-glucosaminyl azines had to be worked out. Since simultaneous
cleavage of the O-benzyl protecting groups and reduction of the nitro group of 12-7-12-10 could not be achieved by
applying catalytic hydrogenation conditions, a two-step procedure was performed to get the O-unprotected glucosamine
derivatives 12-11-12-14. A Lewis acid mediated O-debenzylation of 12-7-12-10, followed by the NO,—NH:
transformation upon catalytic hydrogenation furnished 12-11-12-14 in acceptable overall yields. After that, the same
protecting group manipulation was applied as described earlier for compounds 2-9—2-15 and 2-13—2-16 in Scheme 2,
resulting in the O-perbenzoylated derivatives 12-15-12-18 in good overal yields.
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Scheme 12. Synthesis of C-glucosaminyl azines from 2-nitroglucal

1.3. Synthesis of half-sandwich type platinum-group metal complexes with glycopyranosyl heterocyclic N,N-
bidentate ligands

C- and N-Glycopyranosyl heterocyles shown in Schemes 1, 2 and 12 were used as N,N-bidentate ligands in the formation
of platinum-group metal half-sandwich complexes. Treatment of the corresponding hetaryl-substituted C-
glycopyranosyl oxadiazoles and N-glucopyranosyl-1,2,3-triazoles (13-1 in Scheme 13) with dichloro(n®-p-
cymene)ruthenium(Il) and osmium(ll) dimers in the presence of the halide abstractor TIPF¢ resulted in the desired
cationic complexes 13-2 with five-membered chelate rings.®17157 The synthesis of analogous complexes 13-3
constructed from 13-1 with dichloro(pentamethylcyclopentadienyl)iridium(lll) and rhodium(lll) dimers were also
carried out.r”1%57 Each complex was obtained as a mixture of two diastereoisomers. For comparative biological studies,
two further complexes with non-sugar based azole ligands 13-4 and 13-5 were also synthesized.®
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Scheme 13. Synthesis of half-sandwich complexes with glycopyranosyl azole ligands

Another large set of half-sandwich complexes (Scheme 14, 14-2 and 14-3), with six-membered chelate rings, was
produced by the reaction of the glucosaminyl heterocycles 14-1 with the aforementioned dimeric chloro-bridged

platinum-group metal complexes.
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Scheme 14. Synthesis of half-sandwich complexes with glucosaminyl heterocyclic ligands
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It is to be noted that the use of glucopyranosyl cyanide®® and pre-formed O-perbenzoylated and O-deprotected 2-(B-D-
glucopyranosyl)-5-phenyl-1,3,4-oxadiazoles*® as monodentate ligands were also investigated, however their attempted
complexations with dichloro(n®-p-cymene)ruthenium(ll) dimer did not result in the formation of the expected half-
sandwich complexes. Therefore, further experiments in this direction with similar C-glucopyranosyl azoles, e.g. with
the newly prepared imidazoles and thiazoles shown in Scheme 3, were discontinued.

The distribution coefficient of each complex shown in Schemes 13 and 14 was determined in an n-octanol-aqueous PBS
(phosphate buffered saline, pH = 7.4) system. Based on these data, it can be seen that the cationic complexes having
sugar-based ligands O-protected with large hydrophobic acyl (e.g. Bz, COCnH2n+1 with n>3) or benzyl groups have
lipophilic character (logD = +1.5 — +3.3), while the complexes constructed with O-unprotected or O-peracetylated
derivatives remain hydrophilic (logD = -0.75 —-2.1).1617°

During preliminary solution equilibrium studies performed by Péter Buglyd’s group the proton dissociation processes
and metal ion binding capabilities of selected C-glycopyranosyl heterocyclic N,N-chelators have also been explored.
Routine titrations revealed slow decomposition processes in the basic pH range. Interestingly, narrowing the used pH
range, low basicity of the N donor atoms of the coordinating part of the ligands was found. It could also be seen that the
presence of the ligands prevent the studied organoruthenium cation from hydrolysis thus suggesting strong metal ion —
ligand interaction.

2. Biological results

The new 2-aryl-4-(B-D-glucopyranosyl)thiazoles and imidazoles (e.g. I and 11 in Fig. 1), designed and synthesized based
on promising in silico screening experiments,?® were tested for the inhibition of the isoforms of glycogen phosphorylase
to get new low micromolar inhibitors of the biologically relevant hIGPa enzyme.*® These compounds were also tested
in ex vivo studies and the best inhibitor of the series Il displayed significant GP inhibitory activity (60 %) in human
hepatocarcinoma HepG2 cells.>® X-Ray crystallographic studies of the enzyme-inhibitor complexes showed the binding
peculiarities of these molecules and revealed a new sulfur c-hole phenomenon for the thiazole derivatives.®® The
inhibitory effect of the annulated C-glycopyranosyl imidazoles was also determined against rmGPb, however these
compounds exhibited no or very week inhibition (e.g. 111 and 1V).2*

| 1

K; =26.2 uM against rmGPb K; = 4.58 uM against rmGPb
K; =43.6 uM against hIGPa K; = 3.2 uM against hIGPa

_ S
OH N y OH N/ﬁ
HO N HO N
OH OH
1] \%

28% inh. at 625 uM against rmGPb 15% inh. at 625 uM against rmGPb

rmGPb: rabbit muscle glycogen phosphorylase b
hiGPa: human liver glycogen phosphoryase a

Figure 1. Inhibitory effect of the newly prepared C-glucopyranosyl azoles against glycogen phosphorlyase

The human O-(N-acetyl-f-D-glucosaminyl)-L-serine/threonine N-acetylglucosaminyl hydrolase enzyme (OGA) is in the

forefront of glycomimetic design due to its multiple effects on various proteins thereby modulating a large number of

physiological and pathological events.®’ Since C-glucosaminyl heterocycles have not yet been tried as inhibitors of

OGA, some compounds available by modifications of the syntheses of 5-membered C-glucosaminyl heterocycles

(Scheme 2) such as V and VI were tested against this enzyme, as well. Unfortunately, these compounds showed no
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significant inhibitory effect (Fig. 2), therefore, these investigations were halted. On the other hand, lactone hydrazone
type compounds VII and VIII proved low nanomolar inhibitors of OGA and, as a completion of previously started
investigations, their structure-activity relationship has been studied and published in two papers.!2

Ph
OH s\ OH O/\<
HO N HO N
NHAc NHAc
v VI
K; = 365 uM (hOGA) K; = 257 uM (hOGA)
OH OH
HO O H H HO O
Ho&&\ NN Hoé&\ H
AcHN N7 AcHN "N g-
o) oo
VI VIl
K; = 0.036 uM (hOGA) K; = 0.030 uM (hOGA)

hOGA: human O-(N-acetyl-B-D-glucosaminyl)-L-serine/threonine
N-acetylglucosaminyl hydrolase

Figure 2. Inhibition of hOGA by C-glucosaminyl azoles and other glucosamine derivatives

The inhibitory potential of the 2-C-glycopyranosyl pyrimidines was tested against some glycoenzymes. None of the
compounds displayed inhibitory activity against glycogen phosphorylase, however, some members of the series (I1X-XI
in Fig. 3) proved to be submillimolar inhibitors of a-glucosidase and B-galactosidase enzymes.?%

Ph Ph Ph
OH N OH N7 COOE OH N

HO N~ ~O HO N~ ~O HO N~ “CFj
OH H OH H OH

IX X XI
|C50 =0.7 mM |C50 =0.29 mM IC5O =0.34 mM
yeast a-glucosidase bovine liver B-galactosidase

Figure 3. Inhibitory activity of the prepared 2-C-glycopyranosyl pyrimidines against glycosidase enzymes

4-Arylmethyl-2-(B-D-glucopyranosyl)-pyrimidines were evaluated as inhibitors of sodium dependent glucose
contransporters SGLT1 and SGLT2 to reveal compounds, e.g. X1l in Fig. 4, exhibiting low micromolar inhibition
against the SGLT2 protein.®! Despite the structural resemblance of XI11 to dapagliflozin X111 (an active ingredient as
SGLT2 inhibitor of an oral antidiabetic drug), this compound proved to be three order of magnitude weaker inhibitor
than the reference compound, remained, however, still selective for SGLT2 over SGLT1. The (C-B-D-
glucopyranosyl(het)aryl)arene type XII and XIII were tested against glycogen phosphorylase, but none of them
displayed inhibitory potential 3! To identify new SGLT inhibitors, this study was also extended to the investigation of
(C-B-D-glucopyranosylhetaryl)arene type GP inhibitors prepared earlier by us. Among these compounds, the 1,2,4-
triazole X1V and the imidazole XV, known as the best nanomolar glucose analog inhibitors of GP,%3%¢ also showed
significant SGLT inhibition. Thus, the first SGLT-GP dual acting inhibitors were developed providing a novel concept
and the potential of application for future antidiabetic therapy.®
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Figure 4. Inhibitory activity of C-glucopyranosyl heterocycles against sodium dependent glucose
co-transporters

The prepared half-sandwich type platinum-group metal complexes containing glycopyranosyl azole ligands were
studied for inhibiting proliferation of different cancer cells (Fig. 5, XVI), and several of them showed low micromolar
(e.g. XVI11) or in certain cases submicromolar (e.g. XVIII) cytostatic activities.'®1"1%57 The inhibitory effects of most
of the complexes proved to be selective for cancer cell lines, their toxic and cytostatic properties were absent or stongly
reduced when probed on untransformed (noncancerous) human primary fibroblasts. In most of the cases the Hill
coefficient of the complexes was in the range of 2-3, suggesting cooperative binding properties during their at present
not fully understood way of action. Based on preliminary biological investigations, the antiproliferative effect of these
complexes was associated with reactive oxygen species production,6171957 nevertheless, further studies are needed to
reveal the mechanism of the strong antineoplastic effects of the compounds.

By means of the large number of test compounds XVI displaying structural diversity and their biological results
structure-activity relationships were also extensively examined, and the main general findings were highlighted in Fig.
5 and explained in details in our published papers.16171°

One of the most important structural requirements for biological efficiency is that of the presence of the sugar moiety
O-protected with large hydrophobic acyl, preferably with benzoyl groups. These results are in accordance with the
favorably increased lipophilic character (logD) of these complexes. Another crucial point is the metal ion with the
coordinating arene or arenyl type ligand, revealing preference of the Ru(ll) and Os(Il) complexes with p-cymene (p-
cym) ligand.*®"19 While the organoruthenium and -osmium cations have a formal +2 oxidation state and bear a neutral
hexahapto bound arene ligand (p-cym), in organorhodium and -iridium cations with the +3 oxidation state of the metal
ions pentahapto coordinated negatively charged arenyl (pentamethylcyclopentadienyl = Cp*) ligand can be found. This
difference provides different electron density along the metal ions, different hydrolytic behaviour of the aqua species
together with different steric hindrance of the aromatic units. The different kinetic behaviour of these metal ions may
also significantly influence their likely biological effects providing optimal lifetime in various biological media. In this
context the following inertness order can be given: Rh < Ru << Os ~ Ir.

In addition, the complexes displaying antineoplastic activities proved to be effective against Gram positive
multirestistant bacteria. The best compound of the series was compound XV 111 exhibiting low micromolar antimicrobial
effects on Staphylococcus aureus and Enterococcus species (Fig. 5).57¢7
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Structure-activity relationships showing increasing biological activities:
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Figure 5. Antineoplastic and antimicrobial activities of the prepared half-sandwich complexes of the
glycopyranosyl azoles

Similar biological studies are in progress for complexes derived from the glucosaminyl heterocycles. The preliminary
antiproliferative studies in different cancer cell models show that the complexes with five-membered heterocyclic
glucosamine derivatives are inactive or only slightly effective (e.g. XIX in Fig. 6). Some members of the six-membered
heterocyclic complex series have low micromolar antineoplastic activity (e.g. XX), but show significant inhibition on
non-transformed human dermal fibroblasts, are thus not selective. A manuscript containing the syntheses of the latter
type of complexes is in preparation and will be published soon when completed with the biological results.%

0Bz 5\ SF@ OBn & —ISF@
Bzow Ph ''6 BnO O o | 6
BzO N BnO N
H2N"lq,.;é
Os

XIX XX
30% inhibition at 100 uM ICs0 = 1.86 uM

A2780 ovarian cancer cell line

Figure 6. Antineoplastic activity of selected half-sandwich complexes of the glucosaminyl heterocycles
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Collaborations

The aforementioned biological and computational studies were performed in the frame of domestic and international
collaborations. The principal scientists of these research teams with their contributions are listed below:

Joseph M. Hayes (School of Pharmacy & Biomedical Sciences, University of Central Lancashire, United Kingdom):
Computational studies related to the inhibitors of GP and hOGA.

Demetres D. Leonidas (Department of Biochemistry and Biotechnology, University of Thessaly, Greece):
Enzyme Kinetic, ex vivo and protein crystallography studies related to the inhibitors of GP.

Tibor Docsa (Department of Medical Chemistry, Faculty of Medicine, University of Debrecen, Hungary):
Kinetic studies carried out in vitro or in cell modells for the determination of GP and SGLT inhibitory effects
of the compounds.

Gyongyi Gyémant (Department of Inorganic & Analytical Chemistry, University of Debrecen, Hungary):
Enzyme Kinetic studies of the compounds for glycosidase inhibition.

Péter Bay (Department of Medical Chemistry, Faculty of Medicine, University of Debrecen, Hungary):
Studies of the antineoplastic effects of the compounds.

Gabor Kardos (Department of Metagenomics, University of Debrecen, Hungary):
Studies of the antimicrobial effects of the compounds.

Significance of the results

Synthesized and fully characterized were close to 400 compounds from which ~170 new chemical entities were used
as test compounds in various biological studies.

Synthetic methods were elaborated for completely unknown or barely reported 6-membered C-glycopyranosyl
heterocycles (such as pyridines, quinolines, pyridazines, pyrimidines, pyrazines, 1,2,4-triazines and 1,2,4,5-tetrazines)
which are now available for various applications.

Among the otherwise unknown C-glucopyranosyl 1,2,4,5-tetrazines the first fluorescent derivatives were synthesized
that may pave the way to a new type of bioorthogonal labeling of biomolecules.

Novel types of platinum group metal half sandwich complexes were designed and synthesized several of which
proved to be superior to the clinically used platinum complexes as antineoplastic agents, and are also potential
antibiotics against multiresistant Gram-positive bacteria.

As a new direction of antidiabetic therapy, a novel concept of dual-target SGLT2-GP inhibitors was laid down and
demonstrated experimentally.

Publications and other scientific reports

Related to the scientific results of this work 16 publications (marked in bold in the reference list) have been reported
altogether. Among them, there are 13 full papers (refs. 16, 17, 24, 26, 29, 30, 31, 35, 49, 59, 61, 62, 67) and a review
article (ref. 66), published in international journals, and an additional overview published as a book chapter (ref. 65). In
addition, a patent application has also been filed (ref. 57). One of the papers received the publication prize of the Lajos
Kisfaludy Foundation (ref. 29). An additional paper, including our synthetic results and biological studies of our
domestic collaborators has been submitted (ref. 19, underlined) and another manuscript is in preparation (ref. 68, dashed
lined). Based on further results of this project presented in this report at least three further publications are foreseen. In
the course of this research project 22 oral lectures and posters were presented in domestic and international conferences.
Two PhD dissertations and 11 diploma theses have been completed and an additional PhD dissertation is in preparation.
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