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Abstract — The 1,2,4-triazolo[1,5-a][1,3,5]triazine system has been recognized as
a promising scaffold for drug development purposes. The isosteric relationship
between this skeleton and purines plays an important role in the research towards
the development of bioactive 1,2,4-triazolo[1,5-a][1,3,5]triazine derivatives. This
review discusses recently developed strategies for the synthesis of
1,2,4-triazolo[1,5-a][1,3,5]triazines and advances achieved in studies on biological

activity of compounds constructed using this skeleton.
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1. INTRODUCTION

Purine isosters have been attracting attention of researchers in the medicinal chemistry field as promising
scaffolds for the construction of bioactive compounds.! Their structural similarity to the most ubiquitous
in nature N-heterocycle, purine, opens an opportunity to target purinome consisting of purine-binding
proteins. Approximately 13% of the human genome is involved in coding these proteins, many of which
are druggable.? Therefore, potential therapeutic applications of molecules targeting purinome are very
diverse.

Various azolotriazines have been explored as purine isosters in many drug discovery programs.®* Among
azolo-1,3,5-triazines, the 1,2,4-triazolo[1,5-a][1,3,5]triazine system has been one of the most extensively
studied scaffolds recognized as promising for the discovery of new drugs? The
1,2,4-triazolo[1,5-a][1,3,5]triazine structure possesses all nitrogen atoms of purine in their original
positions but has one more nitrogen atom replacing the carbon atom in position 5 of purine ring system and

therefore is referred to as 5-azapurine (Figure 1).
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purine 1,2,4-triazolo[1,5-a][1,3,5]triazine (5-azapurine)
Figure 1

Since the latest review> on 1,2,4-triazolo[1,5-a][1,3,5]triazines, the information published on the synthesis
and biological activity of these compounds has nearly doubled. New interesting methods for the synthesis
of these compounds have been developed and a substantial progress has been made in investigations of
their biological activities. Herein we systematize new findings in this continuously developing area

covering advances in the field since the previous comprehensive review published in 2006.2

2. SYNTHESIS OF 1,2,4-TRIAZOLO|[1,5-4][1,3,5]TRIAZINES

Two principal approaches are used to construct the 1,2,4-triazolo[1,5-a][1,3,5]triazine system: the fusion
of the 1,3,5-triazine ring to the 1,2,4-triazole moiety and the annelation of the 1,2,4-triazole ring to the
1,3,5-triazine one. In this review, we discuss synthetic approaches to 1,2,4-triazolo[1,5-a][1,3,5]triazines
in this order followed by a separate section dedicated to polyfused systems incorporating

1,2,4-triazolo[1,5-a][1,3,5]triazine skeleton in their structure.

2.1. 1,3,5-Triazine ring formation in the synthesis of 1,2,4-triazolo[1,5-a][1,3,5]triazines
The most convenient building blocks used this strategy were 5(3)-amino-1,2,4-triazoles or intermediates

derived from them. In the 1,3,5-triazine ring annulation, 5(3)-amino-1,2,4-triazoles played a role of



HETEROCYCLES, Vol. 98, No. 2, 2019 177

binucleophilic reagent. Usually, these reactions of 5(3)-amino-1,2,4-triazoles were rather regioselective
and resulted in the triazine ring closure at the N1 atom of triazoles affording
1,2,4-triazolo[1,5-a][1,3,5]triazines.
Inspired by the close resemblance of the reaction product to biogenic adenine, a one-pot, three-component
synthesis of 5-azaadenine (2a) was developed using the reaction of 5-amino-1,2,4-triazole (1a) with
cyanamide and triethyl orthoformate (Scheme 1).° The reaction gave satisfactory outcome only under high
temperature generated by the microwave heating. When this reaction was performed under reflux in the
same solvent, it produced a complex mixture of products with only traces of 2a. It was found that
sequential introductions of the reagents to the reaction were not beneficial regardless order of their
addition. The scope of the reaction was further explored and this method was applied for the synthesis of

libraries of substituted 5-azaadenines (Scheme 1).%7

N

N NH;
N—NH NH; MeOH, microwave (mW), 150 °C, 20 min 4<N\N N
> %
AN, -
Z [ ~
RTSNT "NH2 ook, NT>N
2

R = H, 65% (2a); Ph, 68% (2b); 3-FCgH,, 72% (2c); 4-FCgHy, 88% (2d); 2-CICgH,4, 65% (2e);
3-CICgH,, 56% (2f); 4-CICgHy4, 73% (2g); 3-NO,CgH,, 59% (2h); 4-MeCgH,, 85% (2i);
3-MeOCgH,, 64% (2j); 4-CF3CgHg, 56% (2K); 2-furyl, 71% (21); 2-thienyl, 76% (2m);
3-Py, 70% (2n); 4-Py, 58% (20); PhNH, 75% (2p); 4-FCgH4NH, 73% (2q); 4-CICgH,4NH, 74% (2r);
3-MeCgH4NH, 70% (2s); 4-MeCgH4NH, 72% (2t); 3-MeOCgH4NH, 73% (2u); 4-MeOCgH4NH, 70% (2v);
3-CF3CgH4NH, 75% (2w); NHBN, 52% (2x); NHCH,CH,Ph, 55% (2y); morpholino, 75% (2z); SMe, 74% (2aa).

Scheme 1

Several C-N-C synthons were used in reactions with 5(3)-amino-1,2,4-triazoles (1) for the formation of
the fused 1,3,5-triazine ring.

The earlier explored by Caulkett et al.® reaction of 5(3)-amino-1,2,4-triazoles (1) with S,S-dimethyl
N-cyanodithiocarbonimidate (3) was performed under modified conditions (reflux in ethanol in the
presence of catalytic quantities of piperidine).? Two products were isolated from the reaction mixture and
the 1,2,4-triazolo[1,5-a][1,3,5]triazine structure 4 was suggested for one of them, while the second one
was proposed to be triazole 5 (Scheme 2). It should be noted that 4 was isolated in the rather low yield
and no sufficient experimental data were provided to support structure assignments. The lack of
comprehensive structural analysis and data of earlier reports'® indicate that formation of regioisomeric

products, i.e. 6 (instead of 4) cannot be excluded.
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The synthesis of 5,7-diamino-1,2,4-triazolo[1,5-a][1,3,5]triazines 8 was effectively performed by the
heating of 5(3)-amino-1,2,4-triazoles 1 with cyanoguanidine (7) in aqueous media (Scheme 3).2112 The
reaction was facilitated by hydrochloric acid, but can be also carried out without acid by heating the
reagents in DMF (e.g. 8, R = 4-Py, 50% - 4 h).!! The nitration of 8e by nitric acid was reported'?to occur at
the amino groups in positions 2 and 5 affording an explosive derivative, which structure was established by

X-ray crystallography.

NH,
N—NH HNYNHZ water, HCI, reflux, 7-24 h _<N\N NN
L, g
7 NH = _
RT>NN TNH, N/// NJ\NJ\NH2
1 7 8

R = H, 70% (8a); Ph, 64% (8b); 4-CICgH,, 75% (8¢); Bn, 52% (8d); NH,, (8e);
NHPh, 55% (8f); NHBn, 68% (8g); NHCH,CH,Ph, 65% (8h); SMe, 57% (8i).

Scheme 3

The reaction of guanazole (1lab) with N-(1,2,4-triazol-1-ylcarbonyl)imidates 9 afforded
2-amino-1,2,4-triazolo[1,5-a][1,3,5]triazin-7-ones 10 (Scheme 4).13 The 1,3,5-triazine ring closure
proceeded selectively and structures of the products were confirmed spectroscopically and by the X-ray
crystallography study of 10f.12

It was reported that heating 5-amino-1,2,4-triazole (1a) with
6-bromo-2-methyl-4-oxobenz[ 1,3-e]Joxazinium perchlorate (11) in DMF resulted in the opening of the
oxazine ring followed by the selective recyclization of the triazine ring thus affording

1,2,4-triazolo[1,5-a][1,3,5]triazine 12 (Scheme 5).14
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It was demonstrated that N-trichlorovinyl-substituted imidoyl chlorides 13 reacted with the N1 endocyclic
atom of 5(3)-amino-1,2,4-triazoles (1) in the presence of base (Scheme 6).12 The isolated intermediates 14
underwent intramolecular ring closure upon their treatment with sodium methoxide. The yields of
5-dichloromethyl-substituted 15 over the two steps were in the range of 35-53%. The structures of products

15 were confirmed spectroscopically and by X-ray crystallographic data for 15b.12
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)\ >¢N o
CI N , %
N—NH ol NEt; (2.2 equiv), THF, reflux, 84 h N—N cl Cl
R A, ToO i /)\NHQ
N 2 Cl 41-60% N
1 13 14
15 R! R? Yields, % MeONa (1.1 equiv), MeOH, 20 °C, 36 h \ 68-90%
a SMe Ph 43 R2
b SMe 4—MeC6H4 53
c CF; Ph 40 N\N)%N
d CF3 4-MeCeH, 3 R~ BN
3 AMeGefla S5 N >N >cHel,
e Ph Ph 45
f  Ph 4-MeCgH, 48 15

Scheme 6
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The reaction of aminotriazole 1g with 4-chlorobenzoyl isothiocyanate (16) (preformed from
4-chlorobenzoyl chloride and ammonium thiocyanate) was reported to result in the formation of
1-(4-chlorobenzoyl)-3-(3-(4-chlorophenyl)-1,2,4-triazol-5-yl)thiourea (17), which upon heating in DMF
underwent intramolecular cyclization to afford 1,2,4-triazolo[1,5-a][1,3,5]triazine-5-thione 18 (Scheme

7.2
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Cl - . 17
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Scheme 7

In the search for new inhibitors of thymidine phosphorylase, a series of 5-azaxanthine derivatives 22 and
their thiocarbonyl analogues 23 and 24 were prepared (Scheme 8).1 The synthesis of 5-azaxanthines 22
was achieve by the base-catalyzed intramolecular cyclization of urea 19 and alternatively via the
oxidation-hydrolysis of the methylsulfanyl group of 2517 Two types of regioisomeric
thiocarbonyl-substituted 1,2,4-triazolo[1,5-a][1,3,5]triazinones 23 and 24 were prepared by the triazine
ring closure of the corresponding intermediates 20 and 21, which were synthesized using the reactions of
5(3)-amino-1,2,4-triazoles 1 with ethoxycarbonyl isotiocyanate under the kinetic or thermodynamic control,
respectively. The substantial biological activity (vide infra Section 3.2) was found only for
5-thioxo-5,6-dihydro-1,2,4-triazolo[1,5-a][ 1,3,5]triazin-7(4H)-ones 24 and an extensive library of these
compounds bearing diverse substituents on the triazole ring was prepared using this method.!&1?

The synthesis of 5-trichloromethyl-substituted 1,2,4-triazolo[1,5-a][1,3,5]triazines 27 was achieved in the
two-step process (Scheme 9).2° The initial addition of aminotriazoles 1 to the triple-bond of
trichloroacetonitrile resulted in the formation of trichloroacetamidines 26, which underwent cyclization

upon heating in triethyl orthoformate.
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R = Ph, 72% (27a); 3-MeOCgHy, 76% (27b); 4-CICgHy, 56% (27c).

Scheme 9

An efficient two-step synthesis of 5-azaadenines 2 from 5(3)-amino-1,2,4-triazoles 1 was developed
(Scheme 10).2L It the first step, 5(3)-amino-1,2,4-triazoles 1 were converted to the corresponding
formamidines 28 (71-96% yields) by the treatment with N,N-dimethylformamide dimethyl acetal
(DMF-DMA). Then, intermediates 28 reacted with cyanamide in the presence of sodium methoxide to

afford 5-azaadenines 2. In another method for the synthesis of 8-phenyl-5-azaadenine (2b), triethyl
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orthoformate ~was used as a one-carbon inserting reagent in the reaction with

5-amino-1-guanyl-3-phenyl-1,2,4-triazole (29) under microwave heating in methanol.®

o DMF-DMA, toluene, H,NCN, MeONa, NH
- reflux, 10-180 min —NH MeOH, reflux, 24 h N~y XN
| ’ 1 sy N

7 ~ NMe R
R/QN)\NHZ /< )\N 2 _<N/J\ /)

1 28 2
R = H, 32% (2a); Ph, 72% (2b); NHPh (2p), 70%.

2N 70%

N HC(OEt),

N
/
Ph/kN/)\NHZ MeOH, uW, 150 °C, 20 min

29

Scheme 10

It was found that heating 5-guanidino-1,2,4-triazoles 30 in acetone in the presence of base i.e. piperidine
resulted in the formation of 5-amino-7,7-dimethyl-6,7-dihydro-1,2,4-triazolo[1,5-a][1,3,5]triazines 31
(Scheme 11).222 The triazine ring closure proceeded selectively to the N1 atom of the triazole and the
6,7-dihydro-form was found to be the principal tautomeric form of the products in solution (confirmed by
NMR spectroscopy) and solid (X-ray crystallography) states.2¥% The product 32 with regioisometic
substitution  pattern on the triazine ring was prepared similarly starting from

5-amino-1-guanyl-3-phenyl-1,2,4-triazole (29).22

The detail analysis of the structure of 32 was carried out
using X-ray crystallography.

H,N
NH; >:NH

—NH
oy -

30

NH,

N
29
acetone, piperidine (40 mol%), reflux, 7-18 h l 65%

Me_ Me NH2
_<N‘N><NH h{/ N)%
R~ P M
NJ\N/)\NHZ /be )
31 32

R = Ph, 98% (31a); 3-Py, 82% (31b); 4-Py, 86% (31c).

Scheme 11
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These methodologies were extended to the synthesis of two series of regioisomeric 5-amino-6,7-dihydro-
and 7-amino-4,5-dihydro-1,2,4-triazolo[1,5-a][ 1,3,5]triazines 33 and 34 using base-catalyzed reactions of

30 and 29 with aldehydes or ketones (Scheme 12).22

H,N
N-NH N2 N_N>:NH
oL A SNH ) 33 Yields, % R' RZ 34 Yields, %
N"H R R2 Ph™ SN~ "NH;
30
T 29 b 92 H Ph b 78
O c 91 H 4-MeOCgH, ¢ 87
3-24 h EtOH, piperidine (40 mol%), reflux 2-15h d 90 H 4-MeCgH, d 72
e 73 H 4CICgH, e 70
R R? NH, f 76 H 4-FCgH, f 78
N XX N )§ g 72 H  2-Furyl g 70
y N NH pr— N ) h 7 H 4P h
AL A A AR : A
N >N NH, N N" ke i 96 (CHa), i 62
33 34 J 72 (CH2)s J 73
Scheme 12

Further research on the synthesis of 1,2,4-triazolo[1,5-a][1,3,5]triazines from triazolylguanidines 30
established that the reactions of 30 with trichloroacetonitrile was solvent-dependent.2’ It was found that the
reaction performed in toluene resulted in the exclusive formation of 5-amino-7-trichloromethyl-
2-phenyl-1,2,4-triazolo[1,5-a][1,3,5]triazine (35), which was found to be an excellent substrate for
ammination by the nucleophilic substitution of the trichloromethyl group (Scheme 13). The structure of the
resulting 36 was confirmed spectroscopically and studied in details by X-ray crystallography of a
representative compound 36a (R! = R*> = Me).2® However, the same reaction of 30 with trichloroacetonitrile

in ethanol produced 5,7-diamino-2-phenyl-1,2,4-triazolo[1,5-a][ 1,3,5]triazine (8b) only.

CCly NR'R2
_<N\N N HNR'R? N\N)%N
Ph— - ph—
toluene, reflux, 7 h = Pz —
NJ\NJ\NH2 DMF, 70-80 °C, 2-5 h NJ\N/)\NHZ
N—-NH NH2 / 35 (94%) 36
Ph /QN/ N SNH - N=—ccly 20 examples (86-98%)
H NH
% \ 2
_</N\N \N
EtOH, refux, 8h Ph
, , L
NP
8b (85%)

Scheme 13
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The Cu(I)/I>-catalyzed triazine ring closure of amidine 37 with benzaldehyde was reported to involve a
metallated intermediate and in situ oxidation by DDQ thus resulting in the formation of

5,7-diphenyl-1,2,4-triazolo[1,5-a][1,3,5]triazine (38) (Scheme 14).2

1) Cul (10 mol%), Me,NCH,CO,H (20 mol%),

I, (0.5 equiv.), toluene, reflux, 6 h; Ph
NERVTRAL 2) DDQ, reflux, 1 h Ny
U /)\N)Lph + PhCHO ¢ L
N H 50% N™>N" “ph
37 38
Scheme 14

An interesting reaction of 5-(N-benzylideneamino)-1,2,4-triazoles 39 with 1,4,2-dioxazol-5-one 40 was
reported by Ellman’s research group (Scheme 15).2° Proceeding via an initial Rh(Ill)-catalyzed C-H
amidation of 39 by 40, this reaction furnished the triazine ring closure by the cyclodehydration affording
1,2,4-triazolo[1,5-a][1,3,5]triazines 41.

Ph
[Cp*Rh(MeCN)3](SbFg), (10 mol%),

Ph NaOAc (1 equiv.), PivOH (2 equiv.),

N—NH ; o DCE, 100°C, 16 h /N\N N
/ //\ > R

R/(N/)\N Ph O)Qo _<N/J\N Y

39 40 4

Ph

R = Me, 57% (41a); Ph, 56% (41b).

Scheme 15

2.2. 1,2,4-Triazole ring formation in the synthesis of 1,2,4-triazolo[1,5-a][1,3,S]triazines

The syntheses of 1,2,4-triazolo[1,5-a][1,3,5]triazines by the triazole ring annulation typically utilize as
starting materials hydrazino-substituted 1,3,5-triazines and involve the Dimroth rearrangement of the
isomeric 1,2,4-triazolo[4,3-a][1,3,5]triazines formed as intermediates. It was reported that the hydazino
group of 1,3,5-triazin-2-ones 42 reacted with triethyl orthoformate and upon the triazine ring closure
afforded  5-azaguanines 44 in good yields (Scheme 16).3! The initially formed
1,2,4-triazolo[4,3-a][1,3,5]triazines 43 were suggested to undergo the transformation to their
[1,5-a]-fused analogues 44 via an instant Dimroth rearrangement facilitated by ethanol released at the
cyclocondensation step. The structures of the products formed were also confirmed by X-ray
crystallography data for compounds 44a and 44g>3l A selective alkylation at position 3 of

5-amino-1,2,4-triazolo[1,5-a][1,3,5]triazin-7-ones 44 was also performed.?2
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Scheme 16

When 1,3,5-triazin-2-ones 42 were heated in formic acid, the reaction outcome was found to depend on
the presence of water in the reaction mixture2®>  Together = with  expected
5-amino-1,2,4-triazolo[ 1,5-a][1,3,5]triazin-7-ones 44, N-triazolylguanidines 45 were isolated from the
reaction mixture (Scheme 17). These observations were explained by the proposed mechanism, which
suggested that water competed with formate in the nucleophilic attack of the carbonyl group in
intermediates 43 during the Dimroth rearrangement step. Experimentally, the proposed mechanism was
supported by reactions using aqueous formic acid as a medium: an increase of water content dramatically
shifted the ratio of products towards guanidines 45 until they became sole products. Additional
confirmation of the suggested pathway came from an attempt to perform hydrolysis of
1,2,4-triazolo[1,5-a][1,3,5]triazin-7-ones 44a in 80% aqueous formic acid (reflux for 48 h). No signs of
guanidine 45a were detected in the reaction mixture and only starting material 44a was isolated, thus
indicating that water played its role in directing reaction outcome at the rearrangement step. The structure
of 45a was studied using X-ray crystallography.3

The synthesis of 2-substituted analogues of 44, compounds 48, was performed using an oxidative ring
closure of hydrazones 46, which were prepared from 42.2* The treatment of 46 with lead(IV) tetracetate
resulted in the selective triazole ring closure to the nitrogen atom adjacent to the carbonyl group, while
acetic acid, used as a solvent, facilitated the Dimroth rearrangement of intermediate 47 to the targeted
products 48 (Scheme 18). The structures of 48 were confirmed spectroscopically and by X-ray
crystallography for 48d.3*
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Scheme 18
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The synthesis of 2-(furan-2-yl)-5,7-diphenoxy-1,2,4-triazolo[ 1,5-a][1,3,5]triazine (52) was achieved via a
phosphorus pentoxide promoted thermal dehydrative 1,3,5-triazine ring closure of 50 prepared from
2-hydrazino-4,6-diphenoxy-1,3,5-triazine (49) (Scheme 19).2> The formation of 52 involved the Dimroth
rearrangement of the [4,3-a]-fused isomer 51.2 It was reported that 52 could be used as a useful building

block for the synthesis of adenosine receptor antagonists.>

OPh o © / OPh
PY l_o L
NN NEts, DCM, 1t, 15h O NTSN
| - |
HN., AL~
H2NHN)\N/)\OPh 50% ﬂ)\'\‘)\oph
49 50

P,0s, xylene, reflux, 14 h

Scheme 19

2.3. Synthesis of 1,2,4-triazolo[1,5-a][1,3,5]triazines fused with other heterocyclic rings
Tartakosvky et al.2® reported the synthesis of tris[1,2,4]triazolo[1,5-a:1°,5’-c:1”,57-¢][1,3,5]triazines 54
by thermal cyclization of 5(3)-chloro-1,2,4-triazoles 53 (Scheme 20).

,<R
N
I N 54 R Conditions Yield, %
N—NH N~ ‘
s ) . R NN
RN Cl N/J\N*\N a Cl sulfolane, 250-270°C,2h 20
\ o
53 N= b Ph 230-270°C,1h 46
54 R
Scheme 20

The regioisomeric 3,7,11-triphenyltris[1,2,4]triazolo[4,3-a:4’,3’-c:4”,3”-¢][1,3,5]triazine (57a) was
prepared by the Huisgen’s method?? from cyanuric chloride (55) and 5-phenyltetrazole (56) (Scheme 21).
The thermolysis of 57a at 330-360 °C led to the Dimroth rearrangement at two triazole rings to afford
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3,6,10-triphenyltris[1,2,4]triazolo[ 1,5-a:1°,5’-c:4”,3”-¢][ 1,3,5]triazine (58) in the good yield. The
analogue 60 with one triazole ring in the [1,5-a] junction was obtained by the intramolecular thermal
cyclization of 59, which was prepared via the triazine ring opening upon the treatment of 57a with
hydrochloric acid in the presence of antimony pentachloride. At higher temperature, 60 almost

quantitatively rearranged to 58.

- Z

toluene, Ph 330-360 °C, N—
)§N H!\j—[:j)\ reflux, 3 h NA >\Ph 30 miin _</ /QN Ph
' + 3 Ng — N _ —— > Ph
Cl)\N/)\CI N Ph 70% NJ\ * 80% *\

55 56 )\N N{

Ph
57a 58
HCI, SbCl5 (26 mol%), dioxane, reflux, 5 h l 83% 330 °C, 40 min T 98%
N—N
—N
| N, 230-240°C, N—N
Cl/kN P 20 min N\N/QN Ph
T A T A A
>_N SN 71% NTSNR
HN-~ )\ / ° N N
N ):N
Ph
59 60
Scheme 21

The rearrangement at all three triazole rings even at lower temperature was reported for a series of
3.,7,11-triaryltris[1,2,4]triazolo[4,3-a:4°,3’-c:4”,37-¢][ 1,3,5]triazines 57 with some alkoxy substituents on
the phenyl rings, but the reaction required several days of heating in an inert solvent under exclusion of
oxygen (Scheme 22).2® The time-dependent NMR spectroscopy revealed that the rearrangement of all
three triazole rings proceeded in a step-wise manner with relatively fast rearrangement of the first triazole
ring. The structure of the products was confirmed spectoscopically, including >N NMR spectroscopy,
and by X-ray crystallography of 54¢.2® It was also found that 54 with peripheral alkoxy chains were able
to form discotic liquid crystals with interesting properties.

An interesting synthesis of tricyclic system 62, consisting of two 1,2.4-triazole rings fused to the
1,3,5-triazine ring, was performed using the reaction of guanazine (61) with cyanogen bromide (Scheme
23).22 It was proposed that the reaction started with the selective cyanation at the N1 endocyclic nitrogen
of one guanazine molecule. Then, the process involved another guanazine molecule, presumably as an

imine tautomer, initiating the 1,3,5-triazine ring closure followed by the elimination of ammonia to afford
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62. The analysis of spectroscopic and X-ray crystallographic data indicated that positive charge in the
3H,9H-bis[ 1,2 4]triazolo[1,5-a:5°1°-d][1,3,5]triazinium system was not symmetrically delocalized

between both triazole rings.*

R2 R1
R1 R2 R3
R3
N-N R® R® N
I\ octadecane, 275 °C, 4-6 days N N
N NN R R ; JN\ N
N"SN R? R2 N
*N/ N
RZ
57 54 R2
1
R R3 R3 R1
54 R R? R3 Yield, %
¢ OCzH; H H 65
o] OC16H33 OC16H33 H 21
j O(CH,)3CH(Et)Bu  O(CH,)sCH(Et)Bu  O(CH,);CH(Et)Bu 32
Scheme 22
N—N Br—=N N—N /_/ NH Not N
H,N NH 2 ! 2
HNT N7 N2 e gooc, 2.5h 2 N 2 ,NJ\N/FN\
NH, NH, Br H,N H NHZNH2
61
-NH3‘68%
NH NH
+
S BT
!\l \N \ Br ,N N/ Br
HoN NH, H,N 62 NH2

Scheme 23
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3. BIOLOGICAL ACTIVITY OF 1,2,4-TRIAZOLO[1,5-4][1,3,5] TRIAZINE DERIVATIVES

143 put recent

The spectrum of biological activities of 1,2,4-triazolo[1,5-a][1,3,5]triazines is very wide,
advancements were made mainly in the development of new adenosine receptor antagonists. The
achievements in this area and other data on biological activities of 1,2,4-triazolo[1,5-a][1,3,5]triazines are

discussed below.

3.1. Adenosine receptor antagonists

The 1,2,4-triazolo[1,5-a][1,3,5]triazine scaffold has been extensively applied for the construction of
ligands for adenosine receptors, particularly Az, adenosine receptors, which have been identified as a
valid therapeutic target, especially for the Parkinson disease treatment. %4

For the last decade, a selective Az, adenosine receptor antagonist ZM 241385 (65) has become an
invaluable tool for the research on adenosine receptors, purinergic signaling and related fields. It is the
most commonly used in pharmacological experiments standard A», adenosine receptor antagonist. For the
detailed structural studies,*? ZM 241385 (65) was synthesized according to the earlier described general
methodology®® by the nucleophilic displacement of the methylsulfonyl group of 64, which was prepared
via the oxidation of 63 by m-chloroperoxybenzoic acid (m-CPBA), with tyramine (Scheme 24). The
spectroscopic properties of 63, 64 and 65, particularly their concentration and temperature dependent
NMR spectra, were discussed together with the X-ray crystallographic data for 65.22 The X-ray
crystallographic studies on ZM 241385 (65) crystallized in complex with A2, adenosine receptor were

also performed using various technics.*+>*

m-CPBA, L H,oN

DCM, rt, 22 h 0 N™ “N" “so,Me

MeCN, rt, 22 h
/ 64 \
NH, 82% 33% )N\Hz
OH
A R tS W9}
— — —
(@) N “ (o) N N ”
63 65, ZM 241385
Scheme 24

In the search of new, potent and selective A». adenosine receptor antagonists, a series of
5,7-diamino-2-(furan-2-yl)-1,2,4-triazolo[ 1,5-a][1,3,5]triazines, e.g. compound 67, were prepared by
consecutive amminations in positions 5 and 7 via nucleophilic substitutions of the phenoxy groups at 52

(Scheme 25).>° The resulting products possessing a primary amino group at position 7 were further
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derivatized at this group to generate substituted amides or ureas (e.g. 68). The benzylamino substituted 67
was found to be a rather potent and selective ligand for Az. adenosine receptors. Even higher selectivity
was achieved upon the treatment of 67 with phenyl isocyanate leading to the conversion of the primary
amino group into the corresponding phenylurea 68, which was the most promising in this series. It should
be noted that the 5-phenoxy substituted intermediate 66 and its amide and urea derivatives also
demonstrated relatively good affinity and selectivity towards A, adenosine receptors.>> The similar
compounds with  methylsulfanyl or dimethylamino group at position 5 of the
1,2,4-triazolo[1,5-a][1,3,5]triazine skeleton were significantly less active.

The modifications of the general scaffold of ZM 241385 (65) are commonly performed at the amino
group in position 5 of the 1,2,4-triazolo[1,5-a][1,3,5]triazine system. These structural changes aimed to
tune affinity and selectivity of ligands, increase their aqueous solubility,®® as well as modify kinetics of

their binding to the receptors and type of the binding.>’

OPh NH; Ki (rA;) = 2720 nM
i 1)~
@_«N\N)%N NH3, MeOH, reflux, 4 h E\>_< )§ Ki (rA5,) = 18.3 nM
d  NEN A ) | 5 _ /)\ ICs0 (hAgp) = 3420 M
N~ NoPh 92% K; (hA3) = 489 nM
52 66

BnNH,, EtOH, 100 °C, 72 h j 27%

Ki (hAq) = 94.6 nM

2
A /N\N SN Ki (hAyg) = 1.11 nM
| o ICs0 (hAgp) = 2214 NM

o N N7 "NHBn K (hAs) = 30.8 nM

Ph-N=C=0, 1,4-dioxane, reflux, 24 h j 23%

0
e
K; (hA;) = 311 nM

H
\ /N\N N N Ki (hAza) = 1 44 nM
| BN ICs0 (hAyp) = 4360 NM

o N "N” °NHBn K (hAg) = 29.7 nM

Scheme 25

The nucleophilic substitution of the phenoxy group at the position 5 of 66 was used for the preparation of
compounds possessing better aqueous solubility.?® Two most promising compounds identified in this

work>¢ were trifluoroacetates 69 and 70, which demonstrated an excellent affinity and selectivity towards
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Az, adenosine receptors and were readily soluble in water at concentrations up to 10 mM.

Another library of 24 analogues of ZM 241385 (65) with basic amino groups in the side-chain replacing
the tyramine moiety was prepared using an approach similar to the one illustrated in Scheme 24.2” These
compounds were very selective towards Az, adenosine receptors and their kinetics of binding to these
receptors was explored. It was found that N-phenylpiperazine moiety connected to the triazine ring via an
ethyleneamino linkage was particularly beneficial for the residence time (RT) of the ligand at the binding
site. The structure modifications of the prototype molecule 71 on the phenyl ring identified that RT can be
further increased by 2,4-difluoro substituents on the phenyl. The RT for the resulting compound 75 (323
min) was 4.5 times longer than the RT for ZM 241385 (65) (71 min). The X-ray crystallographic data
obtained for the complexes of A», adenosine receptor with ZM 241385 (65) and its four analogues 72-75
suggested that the difference in RTs could be attributed to their influence on the stability of the
Glul69-His264 salt bridge in the receptor.2? Both ZM 241385 (65) and 75 stabilized this interaction in the
receptor, while 72, 73, and 74 weakened it.

The similar synthetic approach was utilized for the preparation of the covalent antagonists for Asa
adenosine receptors.”®22 On the basis of molecular modeling and experimental data from the site-directed
mutagenesis experiments, the reactive fluorosulfonyl group of the designed ligand LUF7445 (76) was
proposed to bind covalently to lysine amino acid K153 of the receptor.®® In continuation of this work,
compounds with an extended polymethylene linkage between the 1,2,4-triazolo[1,5-a][1,3,5]triazine core
and the electrophilic centre were prepared.>® The most active derivative was further modified to introduce
a propargyl handle, thus making the obtained product LUF7487 (77) the first clickable affinity-based
probe for Az, adenosine receptors. It was demonstrated that Az adenosine receptors covalently linked to
LUF7487 (77) could be efficiently visualized by the copper-catalyzed azide-alkyne ligation with a
fluorophore. The results of experiments, utilizing LUF7487 (77) for labeling A2, adenosine receptors in
cell membrane, suggested that this probe could be a useful tool for pharmacological studies of Aza

adenosine receptors.
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Figure 2

A number of experiments were carried out to identify the position and type of linkers, which can be
attached to ZM 241385 (65) without substantial loss of activity and could be potentially used to link
another bioactive molecule. It was demonstrated that substitution at the phenol group of ZM 241385 (65)
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were well tolerated due to its orientation in the binding site towards extracellular environment. The
promising results were obtained with compound 78 possessing a butyrate moiety at the phenolic oxygen
(Figure 3).£2 In the Az, adenosine receptor functional assay, 78 demonstrated activity comparable to that
of ZM 241385 (65) (ICso = 42 nM). This strategy was used to link a molecule of ZM 241385 with a D»
dopamine receptor agonist ropinirole in compound 79, possessing excellent activity towards both Asa
adenosine receptors (cf. ZM 241385’s ICso (hA2a) = 33 nM) and D> dopamine receptors (cf. ropinirole’s
ECso (hD2) = 304 nM).2L The incorporation of an Az, adenosine receptor antagonist and a D, dopamine
receptor agonist into one molecule was performed to increase therapeutic potential of the compounds for
the treatment of Parkinson’s disease. Another interesting heterobivalent ligand combining ZM 241385
and ropinirole via a morpholino-1,3,5-triazine linker was 80, which possessed a lower activity towards the
targeted receptors but demonstrated an excellent in vitro brain : blood partition ratio of 3.64. When the
ZM 241385 pharmacophore was nor completely incorporated into the structure of compounds, the
resulting integrated dual acting ligands were substantially less active against A, adenosine receptors but
their agonistic properties towards D> dopamine receptor were improved in some cases, e.g. for 81. The
brain : blood partition ratio for 81 was greater than that of ZM 241385 (65): 1.29 vs. 0.76, respectively.
The therapeutically beneficial properties of 81 also included low protein binding.

In the attempt to create a useful for the Parkinson’s disease treatment prodrug of an Az, adenosine
receptor antagonist 70 and dopamine, these molecules were linked via a succinamide bridge in compound
82 (Figure 3).2 It was found that 82 retained good affinity and selectivity to A, adenosine receptors,
including those in rat striatum. A rather beneficial hydrolysis profile was observed for 82. In whole blood,
the hydrolysis occurred preferentially at the linker amide group connected to the Az. adenosine receptor
antagonist side and thus preventing peripheral side effects of dopamine. Contrary, in rat brain
homogenates, the hydrolysis took place exclusively at the dopamine side of the succinamide linker and

allowed controlled release of dopamine in the CNS.

3.2. Enzyme inhibitors

In the search for new antibiotics, 1,2,4-triazolo[1,5-a][1,3,5]triazine 85 was prepared by the treatment of
aminotriazole 83 with ethyl N-cyanoacetimidate (84) in the mixture of dimethoxyethane (DME) and
N-methylpyrrolidone (NMP) (Scheme 26).%* It was reported the 85 inhibited phosphopantetheine
adenylyltransferase (PPAT) from Gram-negative bacteria. This compound (85) inhibited PPAT from
Escherichia coli and Pseudomonas aeruginosa with 1Cso values 5.9 and 4.6 uM, respectively. However,
the activity was significantly improved by removing one nitrogen atom from the triazine ring (changing

the scaffold to 1,2,4-triazolo[ 1,5-a]|pyrimidine system).
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In the Merck’s program on the development of novel reversible methionine aminopeptidase-2 (MetAP-2)
inhibitors, 1,2,4-triazolo[1,5-a][1,3,5]triazine 88 was synthesized by the amination of
1,2,4-triazolo[1,5-a][1,3,5]triazin-7(6H)-one (86) with pyrrolidine 87 (Scheme 27).22 Even though 88 was
found to be active against MetAP-2 (ICso = 1.8 uM), it was less effective in the inhibition of this enzyme

than its purine and 1,2,4-triazolo[ 1,5-a]pyrinidine analogues.

Z S:, /O
O L 3.0 O POCls, [BnN(n-Bu)s]Br, i-PrOAC, N

</N\NJ\NH . ” MeCN, 65 °C, 1.5 h _ </N\N)§N '
gy » gy
86 87 88

Scheme 27

Thymidine phosphorylase is known as one of proangiogenic factors overexpressed in many solid tumors
and therefore inhibitors of this enzyme might find an application as anticancer agents.®® In the search for
potential thymidine phosphorylase inhibitors, one series of 1,2,4-triazolo[1,5-a][1,3,5]triazines viz. 24
was identified to be active.lY The substitution pattern on the triazine ring viz. a carbonyl group in the
position 7 and a thiocarbonyl group in the position 5 were critical for the activity. The attempts to swap
positions of these groups or replace the thiocarbonyl with another carbonyl group resulted in the activity
loss..Z The S-alkylation also produced significantly less active compounds.!? Some improvements in the
activity were achieved when a phenyl ring was introduced to the position 2 (cf 24a and 24b) and the
activity tolerated various substituents in this position.l” The extensive screening of 2-aryl-substituted
library of 24 identified 24c¢ as one of the most potent compounds.1® The enzyme kinetic data suggested a
competitive mixed type (with respect to thymidine) mechanism of inhibition. The experiments using
human breast adenocarcinoma MDA-MB-231 cells established that 24c¢ inhibited expression of
angiogenesis markers: vascular endothelial growth factor (VEGF) and matrix metallopeptidase 9
(MMP-9).1¢ The thymidine phosphorylase inhibitory properties were further improved in compound 24d
when a methylene linkage was introduced between the 1,2,4-triazolo[1,5-a][1,3,5]triazine ring and the
dichlorophenyl group. Similarly to 24¢, the more flexible analogue 24d was a competitive mixed type
inhibitor of thymidine phosphorylase. However, significantly suppressing VEGF expression, 24d only at
very high concentrations affected the MMP-9 production.
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3.3. Compounds targeting other regulatory mechanisms
The screening for compounds disrupting the proteasome system in Mycobacterium tuberculosis using the
STructural INTeractions by in-cell NMR (STINT-NMR) was developed and applied to a library of 1597
diverse drug-like compounds.®® One of the three identified in the STINT-NMR screening compounds
selectively targeting the proteasome degradation pathway was
6-methyl-1,2,4-triazolo[ 1,5-a][1,3,5]triazine-7(6H)-thione (89). Effectively disrupting interactions
between mycobacterial ATPase (Mpa) and prokaryotic ubiquitin like protein (Pup) in cells, 89 was found
to bind specifically to Mpa in sub-micromolar concentrations (Kq = 0.4 uM).
Compound 90, prepared by the alkylation of 24, was listed together with numerous triazolopyrimidine
analogues in the patent on inhibitors of fatty acid binding protein (FABP).8Z However, its affinity
(expressed as Kq) to FABP4 reported in the patent was above 0.5 pM.

S O
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N N~N"">NH cl

{ Ph—

A A A i c
89 90

Figure 5

3.4. Anticancer agents

In the search for new anticancer agents, a series of fluorinated 1,2,4-triazolo[1,5-a][1,3,5]triazines 91 was
prepared from 5-guanidino-1,2,4-triazoles 30 (Scheme 28).%8 The higher activity was found against
MDA-MB-231 breast cancer cell and the most active compound in the series was 91f. Further attempts to
prepare structurally similar compounds with more metabolically stable fully aromatic
1,2,4-triazolo[1,5-a][1,3,5]triazine system but still retaining substitution pattern suitable for similar
hydrogen bonding led to the design of compounds 36 (Scheme 29). These compounds were synthesized
from 1,2,4-triazolo[1,5-a][1,3,5]triazine 35 via nucleophilic displacement of the trichloromethyl group at

the electron-deficient triazine ring of 35 by fluorinated benzylamines. The structures of the prepared
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compounds 36 were confirmed using NMR spectroscopy and also by X-ray crystallography for the
representative product 36¢.”’ Similarly to the series 91, the most active in the series 35 against
MDA-MB-231 breast cancer cells was the analogue 35f with 4-trifluoromethyl substituent on the phenyl
ring.%? This compound (35f) was equally active against A549 lung cancer cells. Interestingly, being less
potent in antiproliferative assay compound 35g demonstrated good anti-angiogenic properties with an

ECso value of 9.4 uM in the anti-angiogenesis tube formation assay.
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4. CONCLUSION

In the development of new methods for the synthesis of 1,2,4-triazolo[1,5-a][1,3,5]triazines, several
efficient approaches, including multicomponent reactions, were designed. New effective reagents for the
selective 1,3,5-triazine ring closure were introduced and successfully applied for the synthesis of

1,2,4-triazolo[1,5-a][1,3,5]triazines. =~ Advancements in the area of biological activities of
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1,2,4-triazolo[1,5-a][1,3,5]triazines have continued to focus primarily on the development of new

adenosine receptor antagonists. Some interesting results were also obtained in the search of enzyme

inhibitors and potential anticancer agents.
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