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Abstract. Regioselective 1,4-disubstituted 1,2,3-triazolehd¢edd pyrimidine-2,4-dione
derivatives $-23) were successfully prepared by the copper(l)-gaga click chemistry.
While known palladium/copper-cocatalyzed methodedasn Sonogashira cross-coupling
followed by the intramolecular &ndodig ring closure generated novel 6-alkylfuro[2,3-
d]pyrimidine-2-one-1,2,3-triazole hybrid24b-37b), a small library of their 5-alkylethynyl
analogs 24a-373a) was synthesized and described for the first tojméandem terminal alkyne
dimerization and subsequentefdotrig cyclization, which was additionally corrobogdt
with computational and X-ray crystal structure gse. The nature of substituents on alkynes
and thereof homocoupled 1,3-diynes predominantuemced the ratio of the formed
products in both pathwayk vitro antiproliferative activity of prepared compoundsleated
on five human cancer cell lines revealed that-1,3-bis-(1,2,3-triazole)-5-bromouracib{7)
and 5,6-disubstituted furo[2@pyrimidine-2-one-1,2,3-triazole84a hybrids exhibited the
most pronounced cytostatic acitivities against begalular carcinoma (HepG2) and cervical
carcinoma (HelLa) cells with higher potencies th&e treference drug 5-fluorouracil.
Cytostatic effect of pyrimidine-2,4-dione-1,2,3azble hybrid7 in HepG2 cells could be
attributed to the Wee-1 kinase inhibition and adfohient of sphingolipid signaling mediated
by acid ceramidase and sphingosine kinase 1. laptyt this compound proved to be a non-
mitochondrial toxicant, which makes it a promisicandidate for further lead optimization
and development of a new and more efficient agenttlie treatment of hepatocellular

carcinoma.

Keywords: furo[2,3-d]pyrimidine-2-one; 5endotrig cyclization; computational chemistry;

X-ray analysis; sphingolipid signaling; Wee-1 kieas



1. Introduction

Cancer is a multifaceted disease that represer@sobnhe leading causes of
mortality in developed countries. One in eight deavorldwide is due to cancer, and it
is the second most common cause of death exceetietyoheart diseasdd]. In spite
of continuous advancements in treatment and prirerdtrategies, the successful
treatment of cancer, in particular metastased, retihains a challenge. Discovery of
new and safer anticancer agents with improved oyicity in cancer cells will
improve the management of cangdr.

Molecular hybridization, which covalently combingsvo or more drug
pharmacophores into a single molecule, proved tarbeffective tool for designing
novel entities as potent antitumor agdgi{s Thus, the pyrimidine moiety, as one of the
most prominent structures found in nucleic acidnaiséry, is a component of a number
of useful drugs and is associated with many bidalgipharmaceutical and therapeutic
activities[4]. Modified pyrimidine nucleosides were among thetfthemotherapeutic
agents introduced into the medical treatment otegjb]. Furthermore, the fusion of
pyrimidine moiety with different heterocycle scdffe gives rise to a new class of
hybrid heterocycles exerting improved biologicativaty [3]. Various five-membered
heteroaromatic ring-fused pyrimidines, furopyrinmiel$ in particular, were studied and
found to possess remarkable pharmacological priepd@]. Moreover, some 4,5,6-
trisubstituted furo[2,3f]pyrimidin-4-amines were discovered as non-receptarsine
kinase ACK1 (activated Cdc42-associated tyrosimade 1) inhibitor$7], while 4,5-
disubstituted furo[2,2pyrimidine was potent receptor tyrosine kinase ethmhibitor
[8]. We found that among bicyclic furo[2dpyrimidine series, 6-butyl- and 16-
bromophenylfuro[2,3]pyrimidines showed the highest cytostatic activggrticularly
in  malignant leukemia (L1210) and T-lymphocyte (M&C8 and CEM) celld9].
Previous studies also demonstrated that some mirafil0] and heteroaromatic ring
fused-pyrimidine[11] derivatives have the ability to inhibit key metaboénzymes
that regulate intracellular levels of tumor-suppredipids ceramide and sphingosine,
which elicit antiproliferative and apoptotic resgges in various cancer cells. The same
compounds were also shown to interfere with theabwmism of pro-survival lipid
sphingosine-1-phosphate (S1P), whose major roletoisregulate proliferation,
inflammation, angiogenesis and resistance to apiopteell death. In addition,

clinically approved drug imatinib, N-(5-amino-2-methylphenyl)-4-(3-pyridyl)-2-
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pyrimidineamine, down-regulates the activity of isgjosine kinase 1 (SK1), an
enzyme that catalyzes the phosphorylation of smisimg to S1P in imatinib-sensitive
chronic myeloid leukemia cells, which precedes thieset of apoptosid12].
Furthermore, the antineoplastic drug carmofurhasépresentative of tid-acyclic 5-
fluorouracil class, was shown to be a potent inbibof acid ceramidase (ASAH), an
enzyme that catalyzes the lysosomal degradati@emmide, which contributes to the
antiproliferative effects of carmofyit3].

Despite the biological importance of furopyrimididerivatives, the synthetic
methodology used for th®-heteroannulation process is limited. Therefore, nieed
persists for more versatile and efficient proced@&ladium-catalyzed annulation of
functionalized aryl halides and alkynes is the ncmshmon method to access a wide
variety of carbo- and hetero-cyclgs4]. Instead of using copper, application of other
catalysts, such as AgNOZn(Cly, or Zn(OCOCR)gO cluster, also enabled the
cyclization of alkynylated nucleosides to furopyuines [15]. Moreover, having in
mind the development of environmentally friendlynetic tools, one-pot protocol to
directly access various furopyrimidines under theemus conditions with low catalyst
loading was applied16]. In the last decade, 1,2,3-triazole and its denestihave
attracted a great deal of interest due to theithatit accessibility by click chemistry
and wide application in drug discovery, particufaint the early discovery phase and
the lead optimization procesgds]. The favorable features of 1,2,3-triazole ring;hsu
as moderate dipole character, hydrogen bondingbdéparigidity and stability under
in vivo conditions, are clearly responsible for their exdeal biological activitie§18].
Moreover, the incorporation of 1,2,3-triazoles betw two pharmacophores to give
bifunctional drugs is increasingly becoming usefuld important in constructing
bioactive molecules[19]. Thus, it was found that some 1,2,3-triazole tettie
pyrimidine nucleosidef2(], 1,2,3-triazole pyrimidine nucleoside conjugatathwhe
1,2,3-triazole as a substituent at either the pgime ring[21], sugar moiety22] or
sugar mimic[23] were endowed with pronounced cytostatic activifgking into
consideration the aforementioned data and in coatian of our recent efforts towards
the synthesis of 1,2,3-triazole-appendileheterocycle pharmacophord24], we
envisaged that pyrimidine, furo[2@pyrimidine and 1,2,3-triazole pharmacophores, if
linked together, would generate novel moleculaitiest which are likely to exhibit

promising biological properties. To the best of knowledge, this is the first report on
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1,2,3-triazole-appended furo[2dBpyrimidines. Although the synthetic method to
provide 6-substituted furo[2,@pyrimidines is well-documented9,14a,b, the
synthesis of their 5-alkylethynyl analogs is stilusive. Herein, we describe for the
first time synthetic methodology that enables areas to the construction of furo[2,3-
dlpyrimidine-2-one 24a-37@ with 5-alkylethynyl-6-alkyl substituents through
palladium/copper-cocatalyzed symmetrical diyne fation and Sendatrig cyclization
sequence. Precise reaction mechanisms leading tto dmis of compounds were
rationalized with the aid of computational chenyistnethods at the DFT level with
implicit solvation. Moreover, the apoptosis indoctiand mitochondrial toxicity were
analyzed for the selected 1,2,3-triazole—pyrimidimgbrids. Additional biological
studies were carried out to investigate their iitbrly effects on cell proliferation,
growth and survival mechanisms governed by sphipgbimetabolic enzymes acid
ceramidase (ASAH) and sphingosine kinase 1 (SKdjyell as those mediated by the
cell cycle regulatory enzyme Wee-1 tyrosine kinaséch controls the G2 checkpoint

in response to DNA damage.

2. Results and discussion
2.1. Chemistry

N-Propargylation of 5-bromo- and 5-iodouracil withopargyl bromide and
sodium hydride gave a mixture NfN-1,3-disubstituted] and3) andN-1-substituted
(2 and4) prop-2-ynyl uracil derivatives (Scheme N,N-1,3-Disubstituted %-8) and
N-1-monosubstituted 9¢12) 1,2,3-triazole derivatives of 5-bromouracil were
subsequently prepared by copper(l)-catalyzed Huisde3-dipolar cycloaddition
reaction of terminal alkyne with corresponding azicheme 1). The synthesis of
N,N-1,3-disubstituted 1,2,3-triazole—5-bromouracil hig G-8) was performed using
copper(ll) sulfate, sodium ascorbate as a reduagent, and various azides, including
p-flourophenyl, o-flourophenyl, p-chlorophenyl and 3,5-dichlorophenyl azide, in the
yield ranging from 30-58%. The 1,3-dipolar cyclogidth of N-1-propargyl 5-
bromouracil derivative?) and aromatic azides was carried out using coppex(lfate
and metallic copper as a reducing agent under theowave irradiation to give\-1-
monosubstituted 1,2,3-triazole—5-bromouracil hybi@-12) in higher yield (75—84%)
relative to their N,N-1,3-disubstituted analogs. Click reaction of 5addN-1,3-
di(prop-2-ynyl)pyrimidine-2,4-dione 3) and aromatic azides affordedl,N-1,3-



disubstituted 1,2,3-triazole—5-iodouracil hybrids3,(15, 17 and19) and N-1-(1,2,3-
triazole)-substituted uracilsl4, 16 and 18) bearing prop-2-ynyl side chain Bt3 of
the uracil ring, as minor products. ReactionNofL-propargyl 5-iodouracil4) with
aromatic azides gave 1,2,3-triazole—5-iodouradirids 0-23) (Scheme 1).
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In connection with our previous findings on biosetibicyclic pyrimidine
nucleosides[9], we further investigated the feasibility of thernnal alkyne
dimerization and subsequent transition copper-nediatramolecular cyclization for
the synthesis of the 5-alkylethynyl-6-alkylfuro[2§jpyrimidine-2-one derivatives
(Scheme 2). Therefore, the coupling of 1,2,3-tdezb-iodouracil hybrids 20-23)
with terminal alkynes including cyclopropylethyrechloropent-1-yne, 1-ethynyl-4-
pentylboenzene and oct-1-yne and the presence ofladpah catalyst
tetrakis(triphenylphosphine)palladium(0) [Pd(REh N,N-diisopropylethylamine
(N,N-DIPEA) and Cu(l) iodide as cocatalyst afforded g&r 5-alkylethynyl-6-
alkylfuro[2,3-d]pyrimidine-2-one derivative2@a-37a) and their 6-substituted analogs
(24b-37Db) (Scheme 2).
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Generally, an excess amount of alkyne (3 equiv)NyNIDIPEA base (6 equiv)
in copper-cocatalyzed conditions under heating iplexy 5,6-disubstituted furo[2,3-
d]pyrimidine-2-ones 24a—373, as the major or sole product. The only excepgtion
were reactions of 4-(2-fluorophenyl)-1,2,3-triazalgpended 5-iodouraci2{) with 5-
chloropen-1-yne and oct-1-yne, which gave only Bssituted furo[2,3d]pyrimidine-
2-ones27b and29b. Possible synthetic pathways A and B for the fdiromaof both
furopyrimidine rings il24a-37aand24b-37b series from pyrimidine-2,4-dione-1,2,3-
triazole hybrides20-23 presumably startedia oxidative addition of 5-iodouracil
derivatives20-23to Pd(0) (nt—1), as depicted in Scheme 3.
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Scheme 3.Proposed mechanism for the formation of 5,6-disulled 24a-37a and 6-
substituted4b-37b furopyrimidine—1,2,3-triazole hybrids.

The presence of Cu(l) salt is generally believethtilitate the transfer of the
alkynyl group to the Pd(ll) catalyst imt—2B by thein situ generation of copper
acetylide species and the subsequent trans-metalaitithis group to Pd(ll) iint—3B.
Finally, reductive elimination ofint—3B gave 5-alkynyluracil derivatives, which

subsequently underwentemdodig cyclization to afford 6-substituted furopyridime



series24b-37b by copper-promoted reaction. Several studies hiready shown that
in the typical Sonogashira protocol employing cabdic Cu(l) salts, copper increased
the reaction rate, but also situ generation of copper acetylides induced Glasee-typ
oxidative homocoupling of the terminal acetylengidd symmetrical 1,3-diynd25].
Therefore, instead of coordination of copper adddylthat occurred in pathway B,
symmetrical head-to-head diynes can be anticipaté@ involved, as an intermediate,
in an alternative pathway A. Thus, coordinationtieé¢ internal diyne to the metal
center of the uracil palladium intermedidte—2A and subsequent insertion into the
uracil-Pd bond to give enyne palladium complek-3A might occur in pathway A.
Next step was reductive elimination and intramol@cG-endotrig cyclization to form
5,6-disubstituted furopyrimidine seri@da-37a and regenerate Pd(0) (Scheme 3). So
far, 5endotrig cyclization has been rarely explored, duetsodisfavored cyclization
pattern according to Baldwin’s rul¢26]. Therefore, our interest was further focused
on the elucidation of the proposed mechanism (Seh®@mvith the aid of computations
at the DFT level.

2.2. Computational analysis

To examine the reaction pathways leading to them&bion of target 6-
substituted furo[2,3pyrimidine-2-ones and their unexpected 5-alkyleyly
derivatives, we performed a computational analysiag the B97D DFT functional in
conjuction with the 6-31+G(d) basis set for carbwoitrogen, oxygen and hydrogen
atoms and the SDD pseudopotentials for iodine apgper atoms, all immersed in the
implicit SMD solvation corresponding to pure toleenThe molecules studied

computationally are presented in Fig. 1.
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Fig. 1. Structure and atom numbering of relevant molecstiedied computationally.
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We initiated our analysis with the systelhl, since the mechanism of its
formation from the corresponding 5-iodidi45 is known and well described in the
literature[14]. M1 is a model system for a class of compoulms4B (Scheme 3),
where the substituent on the N1 atom has beendteddo the methyl group, since the
length of the alkyl chain at this position does smnificantly influence the kind of
reactivity investigated in this work. N3—H tautomierthe most stable form d¥ll
(M1-t1, Fig. S1, Supplementary information). Both O—Httewers are 13.9M1-t2)
and 20.8 kcal mot (M1-t3) less stable thaM1-tl. Interestingly, a system in which
N—H group tautomerizes to the C7 atom of the aeag/lgroupM1-t4, spontaneously
rearranges to the target prodd2. However, our calculations reveal the barrier to
transfer a proton frofM1-t1 to M1-t4 exceeds 160 kcal mdlmaking this process
highly unfavorable. Therefore, a simple tautomermaof M1 could not rationalize
the M2 formation.

The cyclization of neutrall is not feasible as during the approach of the O4
atom towards C8, the energy of the system onlyeaes without any indication for
transition states or stable intermediates. N3—Hatepation givedM1~, which could
undergo the mentioned cyclization to give the aigiovi2™; however the calculated
barrier for this process appears too higlG{ = 23.8 kcal mott), while the reaction
free energy oAGg = 23.0 kcal mof* is too endergonic for this reaction to be feasible
This goes along with the fact that the calculat&d yalue for the necessary N3—H
deprotonation in toluene assumes,(1)ns = 59.7, being too high to occur under
normal conditions. Therefore, we can conclude tih@tformation of the cyclic product
M2 from eitherM1 or deprotonatet¥1™ is very unlikely.

The presence of Cu(l) ions changes the reactivityMd. Cu(l) ion most
preferentially binds between the carbonyl oxygenadd the C7—CS8 triple bon(—
Cu") with the corresponding Cu-04, Cu—C7 and Cu—C&udies of 2.114, 2.037 and
2.172 A, respectively, and the binding free enasfGeinp = —29.9 kcal mot. The
cyclization ofM1—Cu" follows the mechanism depicted in Fig. 2. It regsi13.8 kcal
mol™ to arrive at transition state structure chararéetiwith one imaginary frequency
of viuac = 196 cm™. During that process, Cu(l) ion moves to the otside of the
acetylene bond and is predominantly bonded to G thie distance of 1.895 A. This
twists the angle C8—C7—C5 to 116.0° bringing thea@8n close to O4 at 2.057 A.
Following the O4-C8 bond formation, the system xe$ato monocationié12—Cu*
with the 04—C8 and Cu—C7 bonds assuming 1.490 a8851A, respectively. The
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latter bond is crucial for the stability M2—Cu”, since the removal of the Cu(l) ion or
even placing it to alternative binding positions;luding N1, N3, O2, and O4 atoms,
restores the system back to the acyclic fdfih. Interestingly, the rearrangement of
M2—Cu” involving the N3 proton and the Cu(l) ions givei8—Cu” that is by 18.3
kcal mol™ more stable thaNl2—Cu* (Fig. 2).
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Fig. 2. Free energy profile for the Cu(l)-catalyzed cyatian of 5-alkylethynyl uracils

towards 6-substituted furo[2@pyrimidine-2-ones.

This rearrangement is facilitated by the fact tthet calculated I, value for
M2—Cu" is 19.2. To put this number in the proper contes,estimated the influence
of Cu(l) on Al acetylene deprotonation (Fig. 1), which occurgoluene during the
Sonogashira coupling reactionKpfor isolatedAl is 77.4 clearly indicating the
predominance of the unionized form. Neverthelegowing Cu(l) binding, the K,
value drops to 19.1, which could be taken as theitgaconstant corresponding to a
feasible process in toluene under our reaction itiond. Therefore, the calculated
pKa(M2—Cu®)ns = 19.2 indicates a large amount of deprotona#i—Cu®, which
facilitates the rearrangement M8—Cu”, where the calculated binding free energy of
Cu(l) ions isAGgnp = —32.4 kcal mof. Therefore, it requires 32.4 kcal oo arrive
at the first type of productd2, being the target 6-substituted furo[2l[pyrimidine-2-
ones. Still, the overall change in the reactiore femergy isAGg = —6.8 kcal mot,
which, together with the rate limiting cyclizatistep associated withG* = 13.8 kcall

mol™ makes this the most likely pathway.
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If we consider the formation of the unexpectedIdathynyl derivatives oM2
from any stationary point on the pathway depictedrig. 2, the results would reveal
unfeasible processes. Essentially, we would neexubstitute the hydrogen atom on
C7 in M2 with another acetylide anion, which would introdugvo negative charges
into M2 to give di-anionic molecule, unless the mentior@d hydrogen atom is
abstracted as the hydride anion, which is somethimglid not observe. This limitation
is what renders most of the investigated mechanisigkly improbable as being
associated with either high barriers or unfavorablelergonicities of the overall
reaction. For example, the approach of deprotonafedio the C7 atom itM2 does
not produce stable intermediates. Even positivegrgedVi3—Cu”, with Cu(l) bound
to the N3 site, is not electrophilic enough to bl to the stable C7 intermediate. If
we considerM2—Cu’, it can efficiently bindA1™ to M2—Cu'—A1~ with the binding
free energy as high @Ggnp = —77.7 kcal mal. From there, it takeaG* = 28.2 kcall
mol™ to arrive at the transition state for the C—C bémmhation imac = 343 cm_l),
which appears too high for the feasible procesgoprof the fact that the reaction is
both highly endergonicAGg = 10.6 kcal mot* and reverts the product back to the
acyclic M4. The only potentially chemically feasible pathwiaywhen one considers
the acyclicM1™—Cu" (Fig. S2, Supplementary information), where Ciglpound with
AGgnp = —78.3 kcal mof. The approach of the acetylide anidt is endergonicAG
= 5.8 kcal mol®) from which the nuclephilic attack to C7 is assoed with the barrier
of AG* = 20.2 kcal mof* (viwac = 267 cm™®) andAGg = —4.3 kcal mot'. This gives
anionic intermediate, which increases the Ginding AGgno = —103.5 kcal mof).
Subsequent cyclization requira&* = 21.8 kcal mott (viwac = 325 cm™?) producing
the unexpected 5-alkylethynyl derivative with copjm® bound to N3 wittAGgnp = —
128.2 kcal mott. However, if one removes the Cu(l) ion from thedarct, it leaves a
dianion (Fig. S2, Supplementary information), whismot what we observed in our
experiment or spectroscopic measurements inclutiegrystal structure analysis. In
addition, the overall pathway in Fig. S2 is highlyfavorable, as the rate-limiting first
step has a large total barrienG" = 26.0 kcal mof) and very unfavorable
endergonicity 4Ggr = 51.3 kcal mot) rendering this mechanism very unlikely.
Therefore, we can conclude that the unexpectedyBeshynyl derivativedM9 cannot
be obtained within the same pathway as the exp&d¢fesghown in Fig. 2.
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In order to elucidate the precise mechanistic stemlaat would give bicyclic 5-
alkylethynyl derivatives, we must recall that Pd(@)stead of catalyzing hetero-
coupling among alkyné1l and 5-iodoouraciM5 to give M1, could facilitate the
homo-coupling of twoA1l molecules to yield symmetrical 1,3-diyAe (Fig. 1)[27],
which can, as our results will show, enter the tieaowith M5 to give target products
M9. Still, the reaction of neutral 5-iodourabls with A2 is feasible, but unlikely. The
transition state for the CRR)—C5(M5) bond formation is 42.6 kcal mdlabove the
reactantsyuac = 455 cm?) with C2(A2)-C5M5) and C55)—I bonds of 1.928 and
2.527 A, respectively. This very high barrier igbtly reduced in N3-deprotonated
M5~ to AG* = 38.7 kcal mol (viwac = 334 cnmi}) and the transition state becomes
more compact with C22)-C5M5) and C5M5)—I bonds of 1.742 and 2.344 A,
respectively. However, the calculated barrier il t&to high for the efficient process.
This goes along with the calculated highk.fM5)nz = 56.8. We note in passing that
any attempts to model the reaction starting with @LA2)—0O4 bond formation in
eitherM5 or M5~ did not give any stable intermediates or the gpoading transition
state structures. The presence of Cu(l) ions redtlee K, value ofM5 to 16.4 with
Cu(l) bound to the deprotonated N3 atom at 1.908nAAGgnp = —80.9 kcal mot.
This would suggest that, under reaction conditidms,deprotonation is very feasible
process when Cu(l) ions are present. However, w@eril) is bound to the
deprotonated/57, it deprives the electron density from 5-iodourataking the whole
system less reactive toward2, in addition to the fact that the most stable taaic
complex involves Cu(l) binding the 1,3-diy@€ to the opposite site d¥15™ (as in
M6, Fig. 1). This makes the subsequent reaction hmtwbhe two systems highly
unlikely. For example, frorM6 it requiresAG* = 61.5 kcal moft (viwag = 455 cmid)
to reach the transition state for the 82)—-C5M57) bond formation, which is way too
high. Therefore, one must look into the reactiwfyneutralM5, which allowsM7 as
the most stable reactant complex, where Cu(l) redbd to C1 and C2 atoms AP at
1.945 and 2.317 A, respectively, with Cu(l)-C1-@2ng being practically parallel to
the plane of the six-membered ring Mb. With this, the Cu(l) ion activates C1-C2
triple bond for the nucleophilic attack and two rsmeos are possible: the approach of
the carbonyl O4{15) atom towards the CAQ) atom (Fig. S3, Supplementary
information), and the CM5) atom towards the C2@) atom (Fig. 3). As our results
demonstrate, the first option is less feasible bseeof the following. The OM5)—

C1(A2) bond formation is associated with a barrien@&* = 15.3 kcal mol* (viwag =
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268 cm™) to give the adduct with Cu(l) bound to the &2) atom at 1.902 A, from
which all attempts to model the subsequent ringuwle failed and resulted in the
formation of Cul and separatdds andA2. For the latter reaction to be possible, an
intramolecular rearrangement must occur, involwnghift of Cd from C2 to C4 in
A2, but this gives 4.6 kcal nmidlless stable isomer. The subsequent barrier is, high
AG* = 24.8 kcal mol" (vwac = 313 cm™), and although the reaction is highly
exothermic, the overall barrier for this pl’OCESSJﬂSBESAG¢ = 42.3 kcal mot* (Fig. 3),
rendering this process unlikely. After the formatmf M8, the system needs to lose the
Cul molecule and be deprotonated at the N3-H posito give the finalM9.
Collectively, this requires 26.1 kcal mbland the details of that will be presented in

the next section describing feasible mechanismyevtiee same requirements exist.

AG [keal mol™]

Fig. 3. Free energy profile for the formation of the 5yddithynyl-6-alkyl-furo[2,3-

d]pyrimidine-2-ones initiated by the carbon—carlbamd formation.

The most feasible mechanism produciM® from M5 and A2 is Cu(l)-
catalyzed process depicted in Fig. 3, which igated with the C3(15)—-C2A2) bond
formation. Bringing all three components M7 in favorable (18.5 kcal md), with
the C5M5)—C2(A2) distance of 3.602 A. In the transition state, Ititeer is reduced to
1.999 A, while the C3{5)-I bond elongates from 2.134 to 2.191 A, and thé)3don
is bound to C142) at 1.925 A. The barrier for this is 21.9 kcal Mdyimac = 405
cmY). Interestingly, after the transition state, tlystem relaxes through a series of

events occurring in a concerted manner, involvilg tC5M5)-C2A2) bond
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formation, abstraction of the leaving group by the Cu(l) ion to give Cul, ana th
five-membered ring closure through the ®&)-C1A2) bond formation. This highly
exorgenic sequence\G = —68.5 kcal mof) produces bicyclic compound with Cul
bound to the C7-C8 double bond, which is furthembiized to M8 by the
intramolecular rearrangement of the Cul moleculeorder to evaluate wheth®18 is
first deprotonated or loses Cul to afford the fihd®, one needs to consider the
corresponding I, values and Cul binding free energies. 88, these assume
pKa(M8) = 11.0 andAGgnp = —8.3 kcal matt. On the other hand, if one deprotonates
M8, the binding of Cul changes xGgnp = —11.1 kcal mof, while if one removes
Cul from M8, the [K; is increased to(M8) = 14.1. This analysis indicates thi,p
values undergo larger change in a direction ofeasing the energy requirements for
these processes to occur, thus suggesti@gs first deprotonated and then loses Cul.
Since no measured autoprotolysis constant of teluexists in the literature, we
followed observations by Kocaoba and co-workKe8] who suggested it is close to
zero. Therefore, from the value oK4#§M8) = 11.0 we estimated that it requires 15.0
kcal mofl™ for deprotonatind8 in toluene leading to a system requiring furth&rll
kcal mol™ to remove Cul (Fig. 3) to give the unexpected iBdathynyl-6-substituted
furo[2,3d]pyrimidine-2-onedVi9. On the overall, this mechanism is associated with
barrier of AG* = 21.9 kcal mof* and very favorable exergonicity afGg = —49.5 kcal
mol™, both making it highly probable. Comparing it foetprocess leading to the
expectedM2 derivatives (Fig. 2), we conclude that the formatof unexpecte9 is
related with 8.1 kcal mot higher activation free energy, meaning that &rsund six
orders of magnitude slower process, being a preadmmi factor affecting the
distribution ofM2 and M9 products. Still, with a particular choice of sutsnts on
the reacting alkynefAl and thereof homocoupled 1,3-diyné®2, more favored
exergonicity of the pathway producing systems &f M9-type could compensate or
even overcome differences in the kinetic parametéisoth processes and lead to a

different ratio of final products.

2.3. X-ray crystal structure analysis

The formation of the 5,6-disubstituted furo[2{pyrimidine-2-one was
unambiguously confirmed by the X-ray structure 3a (Fig. 4a), where two
cyclopropane rings are bonded to bicyclic furo[@]@yrimidine-2-one scaffold. One

ring is directly bonded to the C6 atom of the bla@ycing, while the second one is
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bonded to the C5 atonvia the ethynyl linker. The third substituent of the
furopyrimidine, (1-benzyl-1,2,3-triazol-4-yl)methyhoiety, is connected to the N3
atom. Search of Cambridge Structural Databj@8t revealed that this is the first
structure comprising three main structural elememiso[2,3-d]pyrimidine-2-one,
cyclopropane and triazole rings. The cyclopropa®eCl1 ring and five-membered
O2/C5/C6/C7/C8 ring are almost perpendicular toheather. The dihedral angle
between the mean planes of the rings is 84°6R)ro[2,3d]pyrimidine-2-one ring is
planar, with the largest ring atom deviation frohe tmean plane of 0.019(2) A.
Because of bicyclic ring formation, the NA7-C8 bond angle in the six-membered
N1/C2/N3/C4/C7/C8 ring is significantly widened amahounts 128.92(18)

X

A

7
2

Fig. 4. (a) Molecular structure o84a with the atom-numbering scheme. Displacement
ellipsoids for non-hydrogen atoms are drawn at30& probability level. (b) A part of the
crystal structure oB4a showing GH---O and €H---N intermolecular hydrogen bonds.

Only major component of disordered atoms is preskimt both figures.

However, the sum of all endocyclic bond anglemring isca. 720, as expected for
the six-membered aromatic ring. As strong hydrolgending donors are absent in this
compound, the molecules 8#aare linked only by weak interactions, tweld - - O hydrogen
bonds, one €H---N hydrogen bond, one-8B--« and onex--« interaction (Table S1,
Supplementary information). Two of the abovemergwbrinteractions, the C20---N1 and
C20---01 hydrogen bonds form dimers (Fig. 4b), lace further linked by the C9---01
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hydrogen bond and one—8-- &t interaction into two-dimensional sheets (Fig. $4 &5,
Supplementary information). Ome- &t interaction extends two-dimensional sheets integh
dimensional network (Fig. S6; for more detailedadiggion of intermolecular interactions see

Supplementary information).

2.4. In vitro antiproliferative activity screening

The results of antiproliferative evaluationssef37a,bcarried out irhuman tumor cell
lines including lung adenocarcinoma (A549), hepellatar carcinoma (HepG2), ductal
pancreatic adenocarcinoma (CFPAC-1), cervical narna (HelLa) and metastatic colorectal
adenocarcinoma (SW620), as well as in normal humag fibroblasts (WI138) and mouse

embryonic fibroblasts (3T3), are presented in Tdble

Table 1

The growth-inhibition effectsn vitro of 5-37a,b on selected tumor cell lines and normal

fibroblasts.

Compound Cso” (uM)
A549 Hep-G2 CFPAC-1 HelLa SW620 WI38/NIH 3T3 logF*

5 25.45  4.47 6.87 12.58 9.82 0.7 3.67
6 533 7.11 4.53 1.64  7.86 059 3.67
7 7.41 3.62 5.92 6.13  5.63 0737 4.48
8 95.79 42.73 >100 >100 >100 4.30 5.59
9 64.00 68.93 >100 72.90 >100 5079 1.52
10 >100 >100 >100 93.86 >100 59.34 1.52
11 40.93 19.14 39.54 33.28 >100 6570 1.92
12 80.68 7.66 5.51 8.42  9.87 1.16 2.48
13 78.65 53.49 51.19 41.89 94.82 <0.01 4.20
14 3.06 5.11 4.21 450 6.63 <0.01 2.50
15 53.35 36.10 55.94 49.75 >100 2.22 4.20
16 56.16 >100 >100 >100 >100 0.16 2.50
17 71.07 >100 >100 96.49 >100 0.03 5.00
18 4.69 13.12 5.53 4.74 18.29 0.04 2.90
19 41.31 5.77 >100 15.07 >100 <0.01 4.03
20 78.82 >100 83.74 7.20 >100 3.78 2.05
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21 95.12 >100 >100 >100 >100 73.12 2.05

22 50.60 >100 77.15 6.79 34.56 <0.01 2.45
23 >100 >100 >100 >100 >100 55.25 1.96
24a 39.43 36.94 95.79 41.83 69.59 0.07 4.17
24b 68.39 14.58 6.49 6.99 >100 <0.01 2.15
25a >100 >100 >100 >100 >100 >100 6.62
26a 38.28 39.06 54.47 51.20 49.14 45.92 3.02
27b 69.79 79.78 81.75 66.45 >100 76.46 2.87
28a 38.65 72.48 >100 9.00 57.09 7.34 9.96
29b >100 >100 >100 >100 >100 69.20 4.09
30a 39.01 39.17 35.44 16.07 36.93 3.15 3.42
30b 60.95 >100 >100 >100 >100 >100 2.73
3la >100 72.53 >100 >100 >100 >100 4.57
31b 51.98 89.83 >100 60.22 >100 72.54 3.27
32a >100 >100 >100 >100 >100 >100 10.36
33a >100 >100 >100 >100 >100 >100 7.02
34a 4.81 2.67 4.59 6.51 9.72 0.29 2.93
34b 45.00 49.06 48.45 49.98 54.73 29.66 2.24
35a 26.85 25.54 32.83 25.35 33.86 17.60 4.09
35b 27.94 27.62 23.47 9.58 75.52 5.20 2.78
36a >100 >100 >100 73.03 >100 2.65 9.87
37a 21.94 25.84 27.30 23.39 32.60 23.39 6.54
37b 51.04 68.70 67.03 59.36 93.47 62.78 4.01
5-FU 2.80 8.90 0.14 8.81 0.08 0.94 -0.9

450% inhibitory concentration or compound conceidratequired to inhibit tumor cell proliferation
by 50%.°5-12were tested on 3T3 cell lin&/alues of n-octanol/water partition coefficientgffor
synthesized compounds were calculated by two algos with their default settings: ChemAxon
algorithm available within MarvinView Ver. 5.2.6.

5-Fluorouracil was used as the reference drug. Ftested N,N-1,3-bis(1-aryl-
substituted-1,2,3-triazole)-5-bromouracil hybridampounds containing-fluoro- (5), o-
fluoro- (6), p-chlorophenyl-substituted 1,2,3-triazol® exhibited marked cytostatic activities
against all evaluated tumor cell lines. Among théise most potent growth inhibitory activity
was observed witls in HelLa cells (IG = 1.64 uM). Compound$ and 7 proved to be
selective towards HepG2 cells withsialues of 4.47 and 3.62 uM, respectively. Notably,
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introduction of 3,5-dichlorophenyl-substituted B;2Zjiazole in8 led to a decrease in potency.
On the contrary, within theéN-1-(1-aryl-substituted-1,2,3-triazole)-5-bromoutalybrids,
compound bearing 3,5-dichlorophenyl-substituted ,3ttiazole (2) displayed strong
cytostatic effects, particularly in CFPAC-1 cellsttwlCso = 5.51 pM. Furthermore, 1,2,3-
triazole—5-iodouracil hybrid44, 18, 20 and 22 containing p-fluoro- and p-chlorophenyl-
substituted 1,2,3-triazole exhibited strong inlabjtactivities (1Go = 4.50—7.20 pM) against
Hela cell line. Additionally, 3-propargylpyrimidiré,2,3-triazole hybrid44 and18 showed
marked cytostatic effectd4: 1Cso = 3.06 uM;18: IC50 = 4.69 uM) in A549 cells. Amongst
the N,N-1,3-bis(1,2,3-triazole)-substituted 5-iodouracils, onlybdnzyl-substituted 1,2,3-
triazole—pyrimidine-2,4-dione hybridL9) inhibited the growth of Hep-G2 cells @&€= 5.77
uM). Among the furopyrimidine-1,2,3-triazole seri@da with 5-cyclopropylethynyl and 6-
cyclopropyl substituents at bicyclic moiety showedbe the most potent, displaying the
highest cytostatic effect (g = 2.67 uM) against HepG2 cells. Both bicyclic fi,8-
d]pyrimidine congeners34a and 34b had better antiproliferative effects than their 5-
iodouracil-1,2,3-triazole anal@&gthat showed poor antitumor activity in all evaluhtancer
cell lines. Importantly, our data revealed that fleemation of bicyclic furopyrimidine
scaffold in 24, 26-28, 30, 34, 35 37 led to the improvement in activities relative to
corresponding 5-iodouracil analo@8-23. Besides, comparison of cytostatic effects for 5,6
disubstituted and 6-substituted furopyrimidinesesded that symmetrical 5-alkylethynyl-6-
alkyl-substituted compound8@a, 34a, 37phad better antiproliferative activities than thos
with 6-alkyl substituent 30b, 34b, 37h. Thus, the activity of 5,6-disubstituted
furopyrimidine 34awas~ 10-fold higher than that of 6-substituted anabddp. On the other
hand, 6-(3-chloropropyl)-substitutddro[2,3-d]pyrimidines @4b and 35b) were more potent
against CFPAC-1 and HelLa cell lines than correspan®,6-disubstituted24a and 35a
However, compounds showing cytostatic activity agacancer cells were also cytotoxic to
normal human lung (WI138) and mouse embryonic (Fik8pblasts. Calculated octanol/water
partition coefficients, logPs take values betweénahd 4.7 for the most active compounds. It
can be observed that 5,6-disubstitued furopyrin@slihad higher lipophilic properties than

corresponding 6-substituted analogs that may dmrt&ito their enhanced activity.

2.5. The prediction of activity spectra for substs (PASS) analysis
We applied the Prediction of Activity Spectra ubstances (PASS) to explore the
biological potential of selected compounds andriorjtize them for furthein vitro studies.

The PASS is ain silico tool used for predicting biological activity spextior natural and
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synthetic substances, which is based on the stasatttivity relationships knowledgebase for
more than 260 000 compounds with known biologicetivdies including drugs, drug
candidates, pharmaceutical leads and toxic sys{8@}s The PASS predicts the probable
biological potential of the compound based ontitscsure and reveals the predicted activities
as the probability of activity (Pa) and inactivitii). The higher Pa value, the lower is the
predicted probability of obtaining false positiviesbiological testing. The PASS analysis of
compounds with the most potent antiproliferativévities across the panel of tested tumor
cell lines showed high activity score for Wee-logine kinase inhibitory effect &7 with

Pa values of 0.56, 0.53 and 0.52, respectively |[ET&2, Supplementary information). The
obtainedin silico results were further confirmed vitro by Western blot method to validate

the probable protein target of selected compousslgescribed in the following section.

2.6. Western blot validation of potential proteamgets

Results of the PASS prediction prompted us to éxam vitro inhibitory effect of5—

7 on the activity of Wee-1 tyrosine kinase, an enzywmeéonging to the Ser/Thr family of
protein kinases and a negative regulator of theMG2heckpoint that averts mitotic
progression by inhibiting the activity of cycle-dgplent kinase 1 (CDK1B1]. It was found
that small molecule compounds with anticancer dms/ based on pyrimidine and
heteroaromatic ring fused-pyrimidine moiety inhdoit Wee-1 kinase at nanomolar
concentrations,e.g. pyrido[2,3d]pyrimidine (PD0166285)[32] and pyrazolo-pyrimidine
derivative (MK-1775) [33], the latter being investigated in clinical studiegher as
monotherapy or in combination with standard chem@theuticsSince the most potent
cytostatic effects 05—7 were detected in HepG2 and Hela cells, theselined were used
for Western blot analyses of Wee-1 kinase activ@ptained results clearly showed ti7at
significantly (p < 0.05) reduced the expressioneleaf phospho-Wee-1 kinase indicating
strong inhibition of its activity (Fig. 5).

The same trend, although to a lesser extent, Vgasexident with5. Surprisingly,6
elicited quite the opposite effect on Wee-1 kinasgvity as deduced from marked elevation
of its phospho-form. These results could be asdribehe type of halogen substituent and its
position at phenyl-substituted 1,2,3-triazole subim5-7. Thus,p-chlorophenyl substituent
at the N-1 position of 1,2,3-triazole ring is aél for the inhibitory activity ofN,N-1,3-
disubstituted 1,2,3-triazole—5-bromouracil hybrigsvards Wee-1 kinase. Interestingly,
fluoro-substitution in6 was detrimental for inhibitory activity of Wee-grosine kinase. A
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study carried out by Palmeet al [34] describing Wee-1 inhibitors based on 4-
phenylpyrrolo[3,4€]carbazole-1,3-dione template demonstrated that -Wemtency and
selectivity were improved by the incorporation igbbphilic functionality at the 2'-position of
the 4-phenyl ring. Similarly, correlation betwegoophilicity and inhibitory activity towards
Wee-1 kinase could be observed for tesked. Thus, p-chlorophenyl-substituted 1,2,3-
triazole scaffold in7, which led to the improvement of its inhibitorytiaity, also increased
the lipophilicity (logP = 4.48) in comparison pefluoro- ando-fluoro-substituted (logP =
3.67) 1,2,3-triazole counterpaBisind6, respectively.

a)
Hela HepG2
p-Weelkinase = — 95 kDA
alpha tubulin T ~—— - esmm— 55 kDA
p-SK1 e — L w—— 47 kDA
ASAH S [ * —— " 45kDA
Control 6 Control 5 7
b)

HepG2 s Hela
HepG2

s
as =7
C.A I I I

‘ Control p-Weel p-SK1 ASAH

Fig. 5. Western blot analysis of predicted protein targdtS—7. a) Representative Western
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g _
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blots are shown detecting the cellular levels abgpiho-Weel kinase, phospho-Sphingosine
kinase 1 (SK1) and acid ceramidase (ASAH) befork after treatment of HepG2 and HelLa
cells with indicated compounds at their 2 xsd@alues for 48 h. Approximate molecular
weights (kDa) are indicated. b) Relative proteipressions, as determined by densitometric
analysis of protein bands and normalized to thehalpbulin loading control. Two
independent experiments were performed with sinmésults. Data are presented as mean

values + SD.

Based on these observations, it is plausible niethanism other than Wee-1 kinase

inhibition accounts for cytostatic effect dd in HelLa cells. Previous studies have
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demonstrated that enzymes regulating sphingolipisthesis and turnover are important
mediators of G2/M transition and thereby mitoti¢rgrand progression. For example, down-
regulation of sphingosine kinase 1 in MDA-MB-23Ek&st carcinoma cells is associated with
mitotic defects characterized by compromised fumctf spindle checkpoint and cytokinesis
failure [35]. Similarly, antiproliferative effects of ceramidenase inhibitor NVP-231 in
breast and lung cancer cells could be attributemhdaction of M phase arrest, which was
associated with down-regulation of Wee-1 king8®]. In order to ascertain whether
alterations in the Wee-1 kinase activity induced tbgted compounds are linked with
perturbations in sphingolipid metabolism, we exagdirthe activity of sphingosine kinase 1
(SK1) and acid ceramidase (ASAH) in Hela and Hep@&. Interestingly7, which proved

to be potent Wee-1 kinase inhibitor, interfereshvéiphingolipid metabolism in HepG2 cells,
as this compound was able to induce a significaalie in the expression levels of both
phospho-SK1 and ASAH pointing to abrogation of tlaitivities (Fig. 5). On the contrary,
and 6 did not exert notable effects on the expressieelgeof phospho-SK1 and ASAH in
HepG2 and Hela cells, respectively, which suggiststhese two enzymes are not the key
mediators of cellular response $oand 6. Altogether, obtained results suggest that Wee-1
kinase inhibition by7 could be correlated with the impairment in sphiimd metabolism
mirrored by negative regulation of SK1 and ASAHidtt, whereas5 and6 lacking strong
inhibitory activity towards Wee-1 did not have ingpaon critical regulatory points in
sphingolipid pathway. Consistent with the resultdamed for inhibitory activity of Wee-1
tyrosine kinase 0b-7, replacement op-fluoro ando-fluoro substituent irb and6 with p-
chloro substituent at the 1-phenyl-1,2,3-triazalbumit in7 was crucial to achieve abrogation
of SK1 and ASAH activities.

2.7. Apoptosis detection

Recent study demonstrated that Wee-1 kinase tohilpyrido[2,3d]pyrimidine
(PD166285) induced apoptosis in human hepatoceltdecinoma cells in a concentration-
dependent mannef37]. In order to investigate whether antiproliferatiedfects of 7,
identified as the Wee-1 kinase inhibitor, as wslltlze effects ob and6 could be associated
with induction of apoptosis, Annexin V assay wasfqgrened as previously describgti0]. 7
exerted a profound effect in the induction of aps in HepG2 cells in comparison with
untreated cells as evidenced from marked redudticthe viable cell population by 44.2%

with concomitant increase in early apoptotic antbselary necrotic cells by 34.2% and 10%,
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respectively (Table 2, Fig. 66 had weaker pro-apoptotic effect in the same cadls
evidenced by a moderate decline in viable cell2by% accompanied by the increase of
early apoptotic cells by 26% as compared to comnebs (Table 2).

Table 2

Results of Annexin V assays for apoptosis deteaiids-7.
HepG2 cells (%]  Hela cells (%)
Control 5 7  Control 6

Late apoptotic/primary necrotic cells 0 0 0 2.3 1.8
Viable cells 94.2 729 50 75 71.3
Early apoptotic cells 0.6 26.634.8 20.4 23.9
Secondary necrotic cells 5.2 05 15223 3

®The percentages of viable cells (PI-/Ann V-), eaypptotic cells (PI-/Ann V+), late apoptotic/priranecrotic
cells (PI+/Ann V+) and secondary necrotic cellsHjPdfter 48 h treatment with-7 at their 2 x 1G, values.

a) Untreated HepG2 cells b) HepG2 cells treatel Wit

Fig. 6. Detection of apoptosis induced Byin HepG2 cells using Annexin V-FITC assay.
Cells were visualized by fluorescence microscopel@t magnification before and after
treatment with 2 x Igyvalue of7 for 48 h. PI staining was used as a nuclear magtswn
here are bright-field images (upper left microgg)plearly apoptotic cells (PI-/Ann V+, upper
right micrographs), secondary necrotic cells (Plewer left micrographs) and late
apoptotic/primary necrotic cells (PI+/Ann V+, loweght micrographs).

In HeLa cells,6 did not induce dramatic changes in cell deathaesp. Thus, we

observed slight decline in viable cell population 7% related with an increase in early
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apoptotic and secondary necrotic cells by 3.5% @do, respectively. This weak anti-
apoptotic effect o6 is in agreement with Western blot results showamgabsence of its
inhibitory activity towards enzymes involved in thegulation of cell growth and survival.
Obtained results suggest that apoptosis is notjarroall death mechanism with and that

probably some other modes of cell death mediatestatic effects of this system in HelLa

cells.

2.8. Mitochondrial toxicity

Drug-induced mitochondrial impairment is assoaat&ith severe toxicities in
mammals, especially those associated with the,ligskeletal and cardiac muscle and the
central nervous systefd8]. Several drugs withdrawn from the market such exs/astatin
(Baycol), troglitazone (Rezulin) and nefazodonerZBee) have been shown to severely
interfere with mitochondrial function. Thereforalentification of mitochondrial toxicants
early in the drug discovery process is highly dddig as to avoid potential adverse effects
that may not be obvious in the preclinical and ichh studies due to absence of specific
histopathologic changes, and to prevent finanaisls [that may arise from post-market
withdrawal. In the present study, we investigatettptial mitochondrial toxicity 057 using
previously established protocgB9]. This method relies on the inherent feature ohlyig
proliferative cells such as HepG2 cells to use @lysis for ATP production when grown in
the presence of glucose rather than mitochondxialadive phosphorylation despite abundant
oxygen and functional mitochondria. When glucosecéfl culture media is replaced with
galactose, cancer cells are forced to revert backitochondrial oxidative phosphorylation to
survive because oxidation of galactose to pyruvaeglycolysis yields no net ATP. Thus,
cells grown in galactose become more susceptibldrugs that cause mitochondrial insult.
Our results clearly showed that there were no isgiklifferences in the response between
HepG2 cells grown in glucosersusthose grown in galactose for all three tested aamgs,
in particular there was not a significant reductionlCsy values for galactose-grown cells
indicative of mitochondrial toxicity (Table 3). Thimplies that mitochondrial dysfunction is
not a primary mechanism leading to cell death ieduby5-7, i.e. apoptosis and necrosis
induced by these compounds could be triggered byesother cellular events that do not

involve mitochondrial dysfunction directly.
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Table 3
Mitochondrial toxicity testing in HepG2 cells growmthe media containing either glucose or

galactose.

Compound ICsg (M) glucosé ICso (LM) galactose

5 4.78 4.57
6 7.11 4.67
7 3.82 7.10

®Decreased Ig values in galactoserersusglucose-containing media represent a compoundpriperties of
potential mitochondrial toxicant.

3. Conclusions

Both N,N-1,3- 68, 13, 15 17 and 19) and N-1-(1,2,3-triazole) tethered
pyrimidine-2,4-diones%-12, 14, 16, 18 and20-23) containing halogen-substituted and
nonsubtituted aromatic subunits were synthesizedopper(l)-catalyzed Huisgen 1,3-
dipolar cycloaddition, among which microwave-assistlick reactions proved to be
more efficient than conventional ones. Furthermose, have applied palladium-
catalyzed cross-coupling of 5-iodouracil-1,2,3zolke hybrids 20-23) with alkyne in
the presence of the Cul catalyst and heteroanoaolatiethod to generate furo[2,3-
djpyrimidine series24a,b-37a,nh The stereostructure of 5-cyclopropylethynyl-6-
cyclopropyl-substituted furo[2,8hyrimidine derivative 84a was unambiguously
confirmed by X-ray crystal structure analysis. Tasults of the computational analysis
revealed that the 6-substituted bicyclic seri24b-37b) was produced through the
Cu(l)-catalyzed cyclization of the correspondin@lkynyluracils associated with a
barrier of AG* = 13.8 kcal mof* and a reaction energy o&fGg = —13.8 kcal mot,
whereas the 5-alkylethynyl analo@sta-374) were linked with a higher barrier aiG*
= 21.9 kcal mot', yet much favorable change in the reaction enefgdGg = —49.5
kcal mol’. Among the 1,2,3-triazole tethered pyrimidine-gidne derivatives¥-23),
N,N-1,3-bis(1-phenyl-substituted-1,2,3-triazole)-5-bromourauybrids containingp-
fluoro- (5), o-fluoro- (6) and p-chlorophenyl {) moiety exhibited the most
pronounced cytostatic activities against hepatalzlland cervical carcinoma cells
with potencies better than those of the referenceg &-fluorouracil. Strong growth
inhibitory activity of 7 against HepG2 cells could be associated with inoliof early
apoptosis and secondary necrosis in these cellsd€ath induced by was triggered

by cellular events other than mitochondrial dystiorg as this compound was not
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shown to be mitochondrial toxicant. Major cytostatifects of7 could be attributed to
inhibition of Wee-1 kinase as well as sphingosiimeake 1 and acid ceramidase that
regulate the balance between pro-apoptotic andnaval sphingolipids. Taking into
account strong antitumor activity and no mitochaaldiiabilities detected withy, it
represents a good starting point for the developroEnew and more efficient drugs

for treating hepatocellular carcinoma.

4. Experimentals

4.1. Materials and methods

All solvents were dried/purified following recomnaed drying agents and/or
distilled over 3 A molecular sieves. For monitoritigg progress of a reaction and for
comparison purpose, thin layer chromatography (Tin@y performed on pre-coated
Mercksilica gel 60F-254 plates using an appropriateesglgystem and the spots were
detected under UV light (254 nm). For column chrtygeaphy silica gel Kluka,
0.063-0.2 mm) was employed, glass column was slaked under gravity. Melting
points (uncorrected) were determined wikbfler micro hot-stage Reichert Wien).
Microwave-assisted syntheses were performed inlaskbne start S microwave oven
using glass cuvettes at 8€C and 300 W under the pressure of 1 bar. Elemental
analyses were performed in the Central Analyticviser Ruter BosSkowé Institute,
Zagreb. All elemental compositions were within hé% of the calculated value'$d
and °C NMR spectra were acquired on Bruker 300 and 600 MHz NMR
spectrometer. All data were recorded in DM8gat 298 K. Chemical shifts were
referenced to the residual solvent signal of DM3$® a.50 ppm for'H andd 39.50
ppm for®3C. Individual resonances were assigned based arctremical shifts, signal

intensities, multiplicity of resonances anéHhHcoupling constants.

4.2. Procedures for the preparation of compounds

4.2.1. 5-Bromo-N-1,N-3-di(prop-2-yn-1-yl)pyrimidi@e4-dione 1) and 5-bromo-N-1-
(prop-2-yn-1-yl)pyrimidine-2,4-dione&)

To the solution of 5-bromouracil (1 g, 5.2 mmol)dmethylformamide (DMF) (20
mL), NaH (125.6 mg, 5.2 mmol) were added and reacathixture was stirred for 2h.

Then 3-bromopropyne (0.71 mL, 6.3 mmol) was addetithe mixture was stirred for
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24 h at room temperature. After 24 h solvent wagevated and residue was purified
by column chromatography on silica gel using.,CH: CH;OH = 150 : 1, as an
eluent.1 (215 mg, 15%, m.p. = 129-13Q) and2 (453 mg, 38%, m.p. = 199-26Q)
were isolated as white powddr.'"H-NMR (300 MHz, DMSO) §/ppm): 8.4 (1H, s, H-
6), 4.6 (4H, dd, H-1', H-1"] = 2.7 Hz,J = 2.4 Hz), 3.5 (1H, t, H-3J = 2.4 Hz), 3.2
(1H, t, H-3",J = 2.4 Hz) ppm>C-NMR (75 MHz, DMSO) §/ppm): 158.4 (C-4), 149.6
(C-2), 143.8 (C-6), 94.9 (C-5), 78.9 (C-2"), 78&+2"), 77.0 (C-3"), 74.0 (C-3"), 38.9
(C-1", 31.9 (C-1") ppm. Anal. calcd. fordEl7;BrN2O2: C, 44.97; H, 2.64; N, 10.49%.
Found: C, 44.89; H, 2.65; N, 10.51%.'H-NMR (300 MHz, DMSO) &/ppm): 11.9
(1H, s, N-H), 8.3 (1H, s, H-6), 4.5 (2H, d, H-1'= 2.7 Hz), 3.5 (1H, t, H-3] = 2.5
Hz) ppm.’*C-NMR (75 MHz, DMSO) §/ppm): 159.5 (C-4), 149.7 (C-2), 144.1 (C-6),
95.3 (C-5), 78.2 (C-2"), 76.1 (C-3"), 37.1 (C-IPnp Anal. calcd. for @HsBrN,O,: C,
36.71; H, 2.20; N, 12.23%. Found: C, 36.77; H, 212112.26%.

4.2.2. 5-lodo-N-1,N-3-di(prop-2-yn-1-y)pyrimidir®e4-dione 8) and 5-iodo-N-1-
(prop-2-yn-1-yl)pyrimidine-2,4-dionet)

3 and 4 were synthesized following the procedure for tlmeppration ofl and 2.
Reagents: 5-iodouracil (5 g, 21 mmol), NaH (483 &igmmol) 3-bromopropyne (2.8
mL, 25 mmol), DMF (40 mL). After column chromatoghey using CHCI, : CH;OH

= 70 : 1, as an eluent compourl¢3 g, 46%, m.p. = 199-20C) and4 (924 mg,
16%, m.p. = 129-136C) were isolated as white powde:. 'H-NMR (300 MHz,
DMSO) @/ppm): 8.4 (1H, s, H-6), 4.6 (4H, t, H-1', H-T's 1.8 Hz), 3.5 (1H, t, H-3/,
J= 2.4 Hz), 3.2 (1H, t, H-3'] = 2.4 Hz) ppmX>C-NMR (150 MHz, DMSO) &/ppm):
159.0 (C-4), 149.5 (C-2), 147.8 (C-6), 78.6 (C-28,1 (C-2"), 76.3 (C-3), 73.4 (C-3"),
67.5 (C-5), 38.2 (C-1"), 31.4 (C-1") ppm. Anallcca for GoH7/IN,O,: C, 38.24; H,
2.25; N, 8.92%. Found: C, 38.18; H, 2.25; N, 8.98%H-NMR (300 MHz, DMSO)
(8/ppm): 11.7 (1H, s, NH), 8.2 (1H, s, H-6), 4.5 (2HH-1'J= 2.4 Hz), 3.4 (1H, t, H-
3, J = 2.4 Hz) ppm>C-NMR (150 MHz, DMSO) &/ppm): 160.9 (C-4), 150 (C-2),
148.7 (C-6), 78.3 (C-2'), 75.9 (C-3'), 68.9 (C-8K.9 (C-1") ppm. Anal. calcd. for
C/HsINO2: C, 30.46; H, 1.83; N, 10.15%. Found: C, 30.401H2; N, 10.20%.

4.2.3. General procedure for the synthesis of SviweN-1,N-3-di[4-(1-aryl-1,2,3-
triazol-4-yl)methyl]pyrimidine-2,4-dione derivatis¢5-8)
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1 was dissolved in DMF and correspoding aromatideZP.1 eq), water solution (1
mL) of sodium ascorbate (0.3 eq) and water solutiomL) of CuSQ x 5 H,O (0.03
eq) were added. The reaction mixture was stirred2fbh at room temperature. The
progress of the reaction was monitored by TLC. Upompletion, the solvent was
removed under reduced pressure and the residue puasgied by column

chromatography.

4.2.3.1. 5-Bromo-N-1,N-3--/1-(4-fluorophenyl)-1,2,3-triazol-4-
yl/methyfpyrimidine-2,4-dioneXg)

5 was synthesized according to the general proceddumrel (40 mg, 0.15 mmol) using
1-azido-4-fluorobenzene (0.62 mL, 0.31 mmol), sadiascorbate (9.9 mg, 0.05
mmol), CuSQx 5 H,O (1.1 mg, 4.5 x 1® mmol) and DMF (4 mL). Purification by
column chromatography (GBI, : CH;OH = 120 : 1) afforde® (42 mg, 52%, m.p. =
180—181°C) as yellow powderH-NMR (300 MHz, DMSO) &/ppm): 8.8 (1H, s, H-
3), 8.5 (1H, H-3") 8.5 (1H, H-6), 7.9 (4H, m, {85, H-6",8"), 7.5 (4H, m, H-5',9', H-
5",9"), 5.2 (4H, m, H-1', H-1") ppm’C-NMR (150 MHz, DMSO) §/ppm): 162.5 (C-
7', d,J = 245.7 Hz, C-F), 162.4 (C-7", d, 232.5 Hz, C-FH8 (C-4), 150.1 (C-2), 144.2
(C-6), 143.5 (C-2Y), 143.1 (C-2"), 133.1 (C-4'4C-d,J = 2.7 Hz, C-F), 122.4 (C-3),
122.3 (C-3"), 122.2 (C-5',9', C-5",9", 1+ 9.2 Hz, C-F), 116.7 (C-6',8', C-6",8",Jd¢
24.1 Hz, C-F), 945 (C-5), 44.0 (C-1), 31.4 (G-1pm. Anal. calcd. for
CxoH15BrF>NgOs: C, 48.81; H, 2.79; N, 20.70%. Found: C, 48.872H8; N, 20.68%.

4.2.3.2. 5-Bromo-N-1,N-3--/1-(2-fluorophenyl)-1,2,3-triazol-4-
yl/methyfpyrimidine-2,4-dioneq)

6 was synthesized according to the general procagkirg1l (70 mg, 0.26 mmol), 1-
azido-2-fluorobenzene (1.08 mL, 0.54 mmol), sodasoorbate (15.8 mg, 0.08 mmol)
and CuSQ@x 5 H,0 (1.9 mg, 7.8 x T®mmol) in DMF (5 mL). Purification by column
chromatography (C¥Cl,: CHsOH = 70 : 1) afforded(82 mg, 58%, m.p. = 165-166
°C) as yellow powder'H-NMR (300 MHz, DMSO) §/ppm): 8.9 (1H, s, H-3"), 8.7
(1H, s, H-3"), 8.6 (1H, s, H-6), 7.9-7.7 (4H, nh-R), 7.7 (2H, m, Ph-H), 7.4-7.2 (2H,
m, Ph-H), 5.2 (4H, H-1', H-1") ppm°C-NMR (75 MHz, DMSO) §/ppm): 162.9 (C-
5, C-5", d,J = 243.75 Hz, C-F), 159.1 (C-4), 150.6 (C-2), 1443%66), 144.2 (C-2"),
144.0 (C-2"), 138.2 (C-4', C-4", d~ 21 Hz), 132.3 (C-8', C-8", d,= 5.7 Hz, C-F),
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122.5 (C-3"), 122.1 (C-3"), 116.4 (C-9', C-9")510 (C-7', C-7", dJ = 4.6 Hz, C-F),
107.9 (C-6', C-6" dJ = 26.6 Hz, C-F), 95.0 (C-5), 44.7 (C-1"), 37.71G-ppm. Anal.
calcd. for GoH1sBrFoNgOo: C, 48.81; H, 2.79; N, 20.70%. Found: C, 48.89;2t¥,8;
N, 20.75%.

4.2.3.3. 5-Bromo-N-1,N-3--[1-(4-chlorophenyl)-1,2,3-triazol-4-
yllmethyllpyrimidine-2,4-dione®)

7 was synthesized according to the general procagkirg1l (70 mg, 0.26 mmol), 1-
azido-4-chlorobenzene (1.08 mL, 0.54 mmol), sodastorbate (15.8 mg, 0.08 mmol)
and CuSQx 5 H,0O (1.9 mg, 7.8 x 16 mmol) in DMF (5 mL). Purification by column
chromatography (C¥Cl,: CHsOH = 80 : 1) afforded (64 mg, 43%, m.p. = > 20C)
as yellow powdertH-NMR (300 MHz, DMSO) §/ppm): 8.8 (1H, s, H-3"), 8.7 (1H, s,
H-3"), 8.6 (1H, s, H-6), 7.9 (4H, m, H-6'.8', H;®"), 7.7 (4H, m, H-5',9', H-5",9"), 5.2
(4H, d, H-1', H-1"J = 6.0 Hz) ppmXC-NMR (75 MHz, DMSO) §/ppm): 159.1 (C-
4), 150.5 (C-2), 144.6 (C-6), 144.2 (C-2'), 144®7"), 135.8 (C-4"), 135.7 (C-4"),
133.5 (C-7"), 133.4 (C-7"), 130.3 (C-6'8"), 130=26",8"), 122.4 (C-3', C-3"), 122.2
(C-5'9Y), 122.1 (C-5",9"), 95.0 (C-5), 44.7 (§-B7.8 (C-1") ppm. Anal. calcd. for
C22H1sBrCIoNgO2: C, 46.02; H, 2.63; N, 19.51%. Found: C, 46.10262; N, 19.48%.

4.2.3.4. 5-Bromo-N-1,N-3-(4-[1-(3,5-dichlorophenyl)-1,2,3-triazol-4-
yl/methyfpyrimidine-2,4-dione§)

8 was synthesized according to the general procasking1 (100 mg, 0.37 mmol), 1-
azido-3,5-dichlorobenzene (140.8 mg, 0.83 mmoljlisso ascorbate (22.8 mg, 0.11
mmol) and CuS®x 5 H,O (2.5 mg, 0.01 mmol) in DMF (6 mL). Purificatiory b
column chromatography (n-hexane : ethyl-acetat® = 8) affordedd (70 mg, 30%,
m.p. = 109-116C) as yellow powderH-NMR (300 MHz, DMSO) §/ppm): 8.9 (1H,
s, H-3"), 8.5 (2H, s, H-3", H-6), 8.0 (4H, H-5'B-5",9"), 7.8 (2H, t, H-7', H-7J =
3.0 Hz), 5.1 (4H, H-1', H-1") ppmM°C-NMR (75 MHz, DMSO) §/ppm): 158.5 (C-4),
150 (C-2), 144.8 (C-6), 144.3 (C-2"), 144.0 (C:2'38.5 (C-4', C-4"), 135.7 (C-6',8",
C-6",8"), 128.6 (C-7', C-7"), 122.8 (C-3', (;3119.1 (C-5',9', C-5",9"), 94.7 (C-5),
44.6 (C-1", 31.9 (C-1") ppm. Anal. calcd. fos813BrClsNsO,: C, 41.09; H, 2.04; N,
17.42%. Found: C, 40.98; H, 2.04; N, 17.45%.
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4.2.4. General procedure for the synthesis of GdwaN-1-[4-(1-aryl-1,2,3-triazol-4-
yl)methyl]pyrimidine-2,4-dione derivative812)

To a solution o® in tert-butanol : water (1 : 1) and DMF corresponding aatmazide
(1.2 eq), Cu(0) (0.82 eq), 1M Cus@.2 eq) were added. The reaction mixture was
then stirred under microwave irradiation (300 WB@AfC during 45 min. The progress
of the reaction was monitored by TLC. Upon completithe solvent was removed

under reduced pressure and residue was purifiedloynn chromatography.

4.2.4.1. 5-Bromo-N-¥4-[1-(4-flourophenyl)-1,2,3-triazol-4-yllmeth}pyrimidine-
2,4-dione 9)

9 was synthesized according to the general procading2 (50 mg, 0.22 mmol}ert-
butanol : water (1 : 1) (7 mL), 1-azido-4-fluorozene (0.52 mL, 0.26 mmol), Cu(0)
(11.4 mg, 0.18 mmol) and 1M Cu$@0.04 mL, 0.04 mmol) in DMF (2 mL).
Purification by column chromatography (&El,: CH;OH = 70 : 1) afforde® (66 mg,
81%, m.p. = > 206C) as yellow powderH-NMR (300 MHz, DMSO) &/ppm): 11.8
(1H, s, NH), 8.8 (1H, s, H-3", 8.4 (1H, s, H-6)1-87.8 (2H, m, H-5',9"), 7.6—7.2 (2H,
m, H-6'.8", 5.1 (2H, s, H-1) pprMiC-NMR (150 MHz, DMSO) §/ppm): 162.4 (C-7",
d,J = 246.1 Hz, C-F), 160.5 (C-4), 150.9 (C-2), 145.96)C4144.3 (C-2'), 133.8 (C-4',
d,J = 3.0 Hz), 123.2 (C-5,9', d, = 9.1 Hz, C-F), 122.8 (C-3), 117.5 (C-6',8"'Jd+
22.6 Hz, C-F), 95.9 (C-5), 43.7 (C-1") ppm. Anallcd. for G3sHoBrFNsO2: C, 42.64;
H, 2.48; N, 19.13%. Found: C, 42.70; H, 2.47; N]16%.

4.2.4.2. 5-Bromo-N-¥4-[1-(2-fluorophenyl)-1,2,3-triazol-4-yllmeth}pyrimidine-
2,4-dione 10)
10 was synthesized according to the general proceasirgg2 (50 mg, 0.22 mmol),
tert-butanol : water (1 : 1) (8 mL), 1-azido-2-floursizene (0.52 mL, 0.26 mmol),
Cu(0) (11.4 mg, 0.18 mmol) and 1M Cugs®.04 mL, 0.04 mmol) in DMF (2 mL).
Purification by column chromatography (&8, : CH;OH = 60 : 1) afforded.O (63
mg, 78%, m.p. = > 208C) as yellow powderH-NMR (300 MHz, DMSO) §/ppm):
11.8 (1H, s, NH), 8.9 (1H, s, H-3), 8.4 (1H, sBH-7.9 (2H, m, Ph-H), 7.7 (1H, m,
Ph-H), 7.4 (1H, m, Ph-H), 5.1 (2H, s, H-1) ppMC-NMR (150 MHz, DMSO)
(8/ppm): 162.7 (C-5', dJ = 245.3 Hz, C-F), 159.7 (C-4), 150.1 (C-2), 14ECL6),
143.7 (C-2"), 137.7 (C-4', d,= 26.6 Hz, C-F), 131.8 (C-8', d,= 9.2 Hz, C-F), 121.9
(C-3), 115.9 (C-9), 115.4 (C-6', d,= 21.0 Hz, C-F), 107.5 (C-7', d,= 10.6 Hz, C-
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F), 95.1 (C-5), 42.9 (C-1") ppm. Anal. calcd. forldsBrFNsO,: C, 42.64; H, 2.48; N,
19.13%. Found: C, 42.67; H, 2.48; N, 19.12%.

4.2.4.3. 5-Bromo-N-¥4-[1-(4-chlorophenyl)-1,2,3-triazo-4-yllmethAdyrimidine-2,4-
dione (1)

11 was synthesized according to the general procedsireg2 (50 mg, 0.22 mmol),
tert-butanol : water (1 : 1) (8 mL), 1l-azido-4-chlorakene (0.52 mL, 0.26 mmol),
Cu(0) (11.4 mg, 0.18 mmol) and 1M Cugs®.04 mL, 0.04 mmol) in DMF (2 mL).
Purification by column chromatography (&, : CHsOH = 70 : 1) afforded.1 (71
mg, 84%, m.p. = > 200C) as yellow power'H-NMR (600 MHz, DMSO) §/ppm):
11.8 (1H, s, NH), 8.8 (1H, s, H-3'), 8.4 (1H, s6H-7.9 (2H, s, H-5',9"), 7.7 (2H, s, H-
68", 5.1 (2H, s, H-1") ppm3C-NMR (75 MHz, DMSO) §/ppm): 160.2 (C-4), 150.6
(C-2), 145.6 (C-6), 144.2 (C-2"), 135.8 (C-4'), B3BC-7'), 130.3 (C-5',9"), 122.3 (C-
3", 122.2 (C-6',8"), 95.6 (C-5), 43.4 (C-1") ppAmal. calcd. for GHoBrCINsO2: C,
40.81; H, 2.37; N, 18.30%. Found: C, 40.88; H, 218618.33%.

4.2.4.4. 5-Bromo-N-¥4-[1-(3,5-dichlorophenyl)-1,2,3-triazol-4-
yllmethyllpyrimidine-2,4-dione12)

12 was synthesized according to the general proceasiregg2 (50 mg, 0.22 mmol),
tert-butanol : water (1 : 1) (8 mL), 1-azido-3,5-dictdbenzene (82.1 mg, 0.44 mmol),
Cu(0) (11.4 mg, 0.18 mmol) and 1M Cu$S@.04 mL, 0.04 mmol) in DMF (2 mL).
Purification by column chromatography (&, : CHsOH = 70 : 1) afforded.2 (69
mg, 75%, m.p. = > 208C) as white powderH- NMR (300 MHz, DMSO) §/ppm):
11.9 (1H, s, NH), 8.9 (1H, s, H-3'), 8.4 (1H, s6H-8.1 (2H, d, H-5',9", 7.8 (1H, t, H-
7', = 1.8 Hz), 5.1 (2H, s, H-1') ppMC-NMR (150 MHz, DMSO) §/ppm): 159.6 (C-
4), 150.1 (C-2), 145.0 (C-6), 143.9 (C-2"), 1381t4), 135.2 (C-6',8"), 128.1 (C-7",
122.1 (C-3), 118.7 (C-5,9"), 95.2 (C-5), 42.9 X¢-ppm. Anal. calcd. for
C13HsBrCIluNsOz: C, 37.44; H, 1.93; N, 16.79%. Found: C, 37.401193; N, 16.81%.

4.2.5. General procedure for the synthesis of ®ibid1,N-3-d{4-[1-aryl-1,2,3-
triazol-4-yllmethyppyrimidine-2,4-dione derivative4%-19)

To a solution of3 in tert-butanol : water (1 : 1) and DMF corresponding aatmazide
(2.2 eq), Cu(0) (0.82 eq), 1M Cus@.2 eq) were added. The reaction mixture was
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then stirred under microwave irradiation (300 WBa&CC during 45 min. The solvent
was removed under reduced pressure and the resudise purified by column

chromatography. The progress of the reaction wastored by TLC.

4.2.5.1. 5-iodo-N-1,N-3-d#-[1-(4-fluorofenil)-1,2,3-triazol-4-yllmethypyrimidine-
2,4-dione 13) 5-iodo-N-1{4-[1-(4-fluorophenyl)-1,2,3-triazol-4-yl)methyHN-3-
(prop-2-yn-1-yl) pyrimidine-2,4-diond4)

13 and 14 were synthesized according to the general procedsirgy3 (400 mg, 1.27
mmol), tert-butanol : water (1 : 1) (3 mL), DMF (5 mL), 1-amid-fluorobenzene
(5.61 mL, 2.80 mmol), Cu(0) (66 mg, 1.04 mmol) ald CuSQ (0.26 mL, 0.26
mmol). Purification by column chromatography (§Hp: CH;OH = 100 : 1) afforded
13 (146 mg, 24%, m.p. = > 200 °C ) amhd (100 mg, 17%, m.p.= > 20C) as white
powder.13: "H-NMR (300 MHz, DMSO) §/ppm): 8.8 (1H, s, H-3'), 8.6 (1H, s, H-6),
8.5 (1H, s, H-3"), 8.0 (4H, m, H-6',8', H-6",87)\5 (4H, m, H-5',9', H-5",9"), 5.2 (2H,
s, H-1'), 5.2 (2H, s, H-1") pprC-NMR (75 MHz, DMSO) §/ppm): 162.1 (C-7', dJ

= 245.7 Hz, C-F), 160.2 (C-4), 150.9 (C-2), 149C1f), 144.1 (C-2'), 143.9 (C-2"),
133.5 (C-4', C-4"), 122.8 (C-5',9', C-5",9"Jd; 8.8 Hz), 122.4 (C-3', C-3"), 117.1 (C-
6',8', C-6",8", dJ = 23.2 Hz), 68.2 (C-5), 44.5 (C-1"), 37.9 (C-ppm. Anal. calcd. for
CooH1sFoINgOs: C, 44.91; H, 2.57; N, 19.05%. Found: C, 45.00;2t57; N, 19.03%.
14: *H-NMR (300 MHz, DMSO) §/ppm): 8.8 (1H, s, H-3'), 8.5 (1H, s, H-6), 8.0 (2H
m, H-6',8), 7.5 (2H, m, H-5',9,= 8.8 Hz), 5.1 (2H, s, H-1'), 4.6 (2H, d, H-1"5 2.3
Hz), 3.1 (1H, t, H-3"J = 2.3 Hz) ppm*C-NMR (75 MHz, DMSO) §/ppm): 162.1
(C-7', d,J = 245.9 Hz, C-F), 159.7 (C-4), 150.4 (C-2), 14@C26), 143.7 (C-2'), 133.5
(C-4',d,J=29Hz C-F), 122.9 (C-5,9', d~ 8.8 Hz), 122.6 (C-3"), 117.2 (C-6',8"), d,
J=23.3 Hz), 79.1 (C-2"), 73.9 (C-3"), 67.8 (G-8%.4 (C-1", 31.9 (C-1") ppm. Anal.
calcd. for GsHgFINsO,: C, 41.21; H, 2.08; N, 16.02%. Found: C, 41.29;2H07; N,
16.07%.

4.2.5.2. 5-lodo-N-1,N-3-d4-[1-(2-fluorophenyl)-1,2,3-triazol-4-
yllmethyllpyrimidine-2,4-dione5) and 5-iodo-N-1£4-[1-(2-fluorophenyl)-1,2,3-
triazol-4-yllmethy}-N-3-(prop-2-yn-1-yl)pyrimidine-2,4-diond &)

15 and 16 were synthesized according to the general procedsirgy3 (350 mg, 1.11
mmol), tert-butanol : water (1 : 1) (3 mL), DMF (5 mL), 1-aei@-fluorobenzene (4.9
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mL, 2.45 mmol), Cu(0) (58 mg, 0.9 mmol) and 1M CuyS0.23 mL, 0.23 mmol).
Purification by column chromatography (&1, : CHsOH = 100 : 1) afforded5 (227
mg, 35%, m.p. = > 20%C) and16 (188 mg, 29%, m.p.= 177-188) as white powder.
15: 'H-NMR (300 MHz, DMSO) &/ppm): 8.6 (1H, d, H-3J = 2.0 Hz), 8.5 (1H, s, H-
6), 8.4 (1H, d, H-3"J = 2.1 Hz), 7.8 (2H, H-6', H-6"), 7.7—7.3 (6H, H87.9', H-
7".8",9", m, Ph-H), 5.2 (4H, H-1', H-1") ppMC-NMR (75 MHz, DMSO) §/ppm):
161.9 (C-4), 154.2 (C-5', C-5", d,= 250.6 Hz), 151 (C-2), 149.1 (C-6), 143.5 (C-2"),
143.3 (C-2"), 131.9 (C-9', C-9", @~ 8.3 Hz, C-F), 126.3 (C-3", 126.3 (C-8', C-8/,
J=3.7 Hz, C-F), 125.9 (C-7', C-7", d= 5.25 Hz, C-F), 125.5 (C-4', C-4", @~ 11
Hz, C-F), 117.5 (C-6', C-6", d,= 19.5 Hz, C-F), 68.1 (C-5), 44.4 (C-1"), 37.810Q-
ppm. Anal. calcd. for EH1sF2INgO2: C, 44.91; H, 2.57; N, 19.05%. Found: C, 44.99;
H, 2.56; N, 19.09%16. *H-NMR (300 MHz, DMSO) §/ppm): 8.6 (1H, d, H-3") =
2.1 Hz), 8.5 (1H, s, H-6), 7.8 (1H, dd, H-&5 7.9 HzJ = 1.6 Hz), 7.6-7.4 (3H, m, H-
7,89, 5.1 (2H, s, H-1", 4.6 (2H, d, H-I'= 2.4 Hz), 3.1 (1H, t, H-3'J = 2.4 HZz)
ppm.**C-NMR (75 MHz, DMSO) §/ppm): 161.9 (C-4), 156.4 (C-5', d= 250.5 Hz),
152.6 (C-2), 151.5 (C-6), 145.4 (C-2"), 134.1 (CPI = 7.9 Hz), 128.6 (C-3'), 128.3
(C-8',J = 3.8 Hz, C-F), 127.9 (C-7', d,= 4.4 Hz, C-F), 127.1 (C-4', d,= 11 Hz, C-
F), 119.8 (C-6', dJ = 19.5 Hz, C-F), 81.4 (C-2"), 76.1 (C-3"), 69®5), 46.4 (C-1"),
34.1 (C-1") ppm. Anal. calcd. fori§HgFINsO,: C, 41.21; H, 2.08; N, 16.02%. Found:
C, 41.19; H, 2.09; N, 16.04%.

4.2.5.3. 5-lodo-N-1,N-3-¢#-[1-(4-chlorophenyl)-1,2,3-triazol-4-
yllmethyl}pyrimidine-2,4-dione17) and 5-iodo-N-1£4-[1-(4-chlorophenyl)-1,2,3-
triazol-4-yllmethyf-N-(3-prop-2-yn-1-yl)pyrimidine-2,4-diond)

17 and 18 were synthesized according to the general procedsirgy3 (400 mg, 1.27
mmol), tert-butanol : water (1 : 1) (3 mL), DMF (5 mL), l-aaid-chlorobenzene
(5.61 mL, 2.79 mmol), Cu(0) (66.3 mg, 1.04 mmolfaM CuSQ (0.26 mL, 0.26
mmol). Purification by column chromatography (&H): CH;OH = 100 : 1) afforded
17 (140 mg, 22%, m.p. = > 20C) and18 (75 mg, 13%, m.p. = > 20{C), as yellow
powder.17: *H-NMR (300 MHz, DMSO) §/ppm): 8.8 (1H, s, H-3"), 8.7 (1H, s, H-3"),
8.5 (1H, s, H-6), 7.9 (4H, dd, H-5',9", H-5",97)7 (4H, dd, H-6',8', H-6",8"), 5.2 (4H,
s, H-1', H-1") ppm*C-NMR (150 MHz, DMSO) §/ppm): 159.6 (C-4), 150.4 (C-2),
148.5 (C-6), 143.8 (C-2'), 143.5 (C-2"), 135.37%;-135.3 (C-7"), 133.0 (C-4"), 132.9
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(C-4"), 129.8 (C-6',8"), 129.7 (C-6",8"), 121®3"), 121.7 (C-5',9', C-5",9"), 121.6 (C-
3"), 67.6 (C-5), 44 (C-1), 37.4 (C-1") ppm. Anedlcd. for GsH17Cl2INgO,: C, 42.54;
H, 2.43; N, 17.64%. Found: C, 42.56; H, 2.43; N,66%6.18 H-NMR &: 8.8 (1H, s,
H-3", 8.5 (1H, s, H-6), 7/9(2H, m, H-5',9"), 7.7 (2H, m, H-6',8"), 5.1 (2H 1", 4.6
(2H, d, H-1",J = 2.4 Hz), 3.1 (1H, t, H-3") = 2.4 Hz) ppm.2*C-NMR (75 MHz,
DMSO) @/ppm): 159.1 (C-4), 149.8 (C-2), 148.7 (C-6), 14832"), 135.2 (C-7"),
132.9 (C-4Y), 129.8 (C-6',8"), 121.9 (C-3), 121®5',9"), 78.6 (C-2"), 73.3 (C-3"),
67.3 (C-5), 43.8 (C-1"), 31.3 (C-1") ppm. Anallcch for GeH11ClINsO,: C, 41.09; H,
2.37; N, 14.98%. Found: C, 41.07; H, 2.38; N, 12699

4.2.5.4. 5-lodo-N-1,N-3-di[4-(1-benzyl-1,2,3-tri&zbyl)methyl]pyrimidine-2,4-dione
(19)

19 was synthesized according to the general procedking 3 (400 mg, 1.27 mmol),
tert-butanol : water (1 : 1) (3 mL), DMF (5 mL), 4-begthazide (5.61 mL, 2.80 mmol),
Cu(0) (66.3 mg, 1.04 mmol) and 1M CuS®.26 mL, 0.26 mmol). Purification by
column chromatography (GBI, : CH3;OH = 100 : 1) afforded9 (735 mg, 99%, m.p.
= > 200°C) as white powderH-NMR (300 MHz, DMSO) §/ppm): 8.4 (1H, s, H-6),
8.2 (1H, s, H-3"), 8 (1H, s, H-3"), 7.3 (10H, nP2H), 5.6 (2H, s, H-4"), 5.5 (2H, s, H-
4"), 5.1 (2H, s, H-1'), 5 (2H, s, H-1") ppMC-NMR (75 MHz, DMSO) §/ppm): 160.1
(C-4), 150.8 (C-2), 149.1 (C-6), 142.9 (C-2"), T4@C-2"), 136.5 (C-4"), 136.4 (C-4"),
129.2 (C-6',8', C-6",8"), 128.6 (C-7', C-7")812(C-5',8', C-5",8"), 124.4 (C-3"), 124.1
(C-3"), 67.9 (C-5), 44.3 (C-1"), 37.9 (C-1") ppAmnal. calcd. for GsH21INgO,: C,
49.67; H, 3.65; N, 19.31% . Found: C, 49.62; H5318, 19.28%.

4.2.6. General procedure for the synthesis of ®ibd1-[4-(1-aryl-1,2,3-triazol-4-
yl)methyl]pyrimidine-2,4-dione derivative20-23)

To a solution of4 in a mixturetert-butanol : water (1 : 1) and DMF corresponding
aromatic azide (1.2 eq), Cu(0) (0.82 eq), 1M Cuf2 eq) were addetlhe reaction
mixture was then stirred under microwave irradiat800 W) at 80°C during 45 min.
The progress of the reaction was monitored by TUgon completion, the solvent was

removed under reduced pressure and residue wdregury column chromatography.

4.2.6.1. 5-lodo-N-¥4-[1-(4-fluorophenyl)-1,2,3-triazol-4-ylImethjpyrimidine-2,4-
dione @0)
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20 was synthesized according to the general proceadkirgy4 (400 mg, 1.45 mmol),
tert-butanol : water (1 : 1) (3 mL), DMF (5 mL), 1-doi4-fluorobenzene (3.48 mL,
1.74 mmol), Cu(0) (75 mg, 1.18 mmol) and 1M CuS@©.30 mL, 0.30 mmol).
Purification by column chromatography (&, : CHsOH = 100 : 1) afforde@0 (219
mg, 45%, m.p. = > 200C) as a white powdetH-NMR (300 MHz, DMSO) §/ppm):
11.7 (1H, s, NH), 8.8 (1H, s, H-3", 8.4 (1H, spH-7.9 (2H, dd, H-6',8] = 9.1 Hz,J

= 4.7 Hz), 7.5 (2H, t, H-5',91 = 8.8 Hz), 5.1 (2H, s, H-1") ppM°C-NMR (75 MHz,
DMSO) @/ppm): 162.1 (C-7', dJ = 245.9 Hz, C-F), 161.6 (C-4), 150.9 (C-2), 150.2
(C-6), 144 (C-2'), 128.6 (C-4"), 122.9 (C-5',9'Jd&; 8.8 Hz, C-F), 122.5 (C-3'), 117.2
(C-6.,8', d,J = 23.3 Hz, C-F), 69.2 (C-5), 43.1 (C-1) ppm. Anahklcd. for
C13HoFINsO2: C, 37.79; H, 2.20; N, 16.95%. Found: C, 37.762F21; N, 16.97%.

4.2.6.2. 5-lodo-N-¥4-[1-(2-fluorophenyl)-1,2,3-triazol-4-yllmethjpyrimidine-2,4-
dione @1)

21 was synthesized according to the general proceasing4 (200 mg, 0.72 mmol),
tert-butanol : water (1 : 1) (8 mL), DMF (2 mL), 1-ami@-fluorobenzene (1.73 mL,
0.87 mmol), Cu(0) (37.5 mg, 0.60 mmol) and 1M CyS0.14 mL, 0.14 mmol).
Purification by column chromatography (&EH,: CH;OH = 70 : 1) afforde®1 (189
mg, 30%, m.p. = > 208C) as white powderH-NMR (300 MHz, DMSO) §/ppm):
11.7 (1H, s, NH), 8.6 (1H, s, H-3"), 8.4 (1H, spW-7.9 (1H, m, H-6"), 7.6—7.4 (3H, m,
H-7',8',9), 5.1 (2H, s, H-1) ppm*C-NMR (75 MHz, DMSO) §/ppm): 161 (C-4),
157.4 (C-5', dJ = 247.5 Hz, C-F), 150.5 (C-2), 149.7 (C-6), 14229X), 136.3 (C-9",
131.3 (C-8', dJ = 1.5 Hz, C-F), 125.9 (C-3'), 125.5 (C-7',X0 3.8 Hz, C-F), 125.0
(C-4',J = 4.5 Hz, C-F), 117 (C-6', d,= 19.3 Hz, C-F), 68.6 (C-5), 42.9 (C-1") ppm.
Anal. calcd. for GsHgFINsO,: C, 37.79; H, 2.20; N, 16.95%. Found: C, 37.812120;
N, 16.96%.

4.2.6.3. 5-lodo-N-¥4-[1-(4-chlorophenyl)-1,2,3-triazol-4-yllmeth}pyrimidine-2,4-
dione @2)
22 was synthesized according to the general proceadkirgg4 (200 mg, 0.72 mmol),
tert-butanol : water (1 : 1) (8 mL), DMF (2 mL), 1-aaid-chlorobenzene 1.73 mL,
0.87 mmol), Cu(0) (37.5 mg, 0.60 mmol) and 1M CySQ.14 mL, 0.14 mmol).
Purification by column chromatography (&8, : CH;OH = 70 : 1) afforde®2 (391
mg, 63%, m.p. = > 208C) as white powdertH-NMR (300 MHz, DMSO) §/ppm):
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11.7 (1H, s, NH), 8.8 (1H, s, H-3", 8.4 (1H, s6W-7.9 (2H, d, H-5',99 = 8.8 Hz),
7.7 (2H, d, H-6'8'J = 8.8 Hz), 5.1 (2H, s, H-1') ppm°C-NMR (75 MHz, DMSO)
(8/ppm): 161.6 (C-4), 151 (C-2), 150.1 (C-6), 144C37), 135.8 (C-4"), 133.5 (C-7"),
130.3 (C-5',9), 122.2 (C-3), 122.2 (C-6',8),BLC-5), 43.2 (C-1") ppm. Anal. calcd.
for Ci3HoCIlINsO,: C, 36.35; H, 2.11; N, 16.30%. Found: C, 36.39; 212; N,
16.27%.

4.2.6.4. 5-lodo-N-1-[4-(1-benzyl-1,2,3-triazol-4ylethyl]pyrimidine-2,4-dione2@)

23 was synthesized according to the general proceasing4 (200 mg, 0.72 mmol),
tert-butanol : water (1 : 1) (8 mL), DMF (2 mL), benagide (1.73 mL, 0.87 mmol),
Cu(0) (46 mg, 0.60 mmol) and 1M Cus@.15 mL, 0.15 mmol). Purification by
column chromatography (GBI, : CH3OH = 70 : 1) afforde@3 (317 mg, 55%, m.p. =
> 200°C) as white powderH-NMR (300 MHz, DMSO) §/ppm): 11.6 (1H, s, NH),
8.3 (1H, s, H-3", 8.1 (1H, s, H-6), 7.4 (5H, m-Rh 5.5 (2H, s, H-4"), 4.9 (2H, s, H-
1) ppm.*C-NMR (150 MHz, DMSO) §/ppm): 161 (C-4), 150.4 (C-2), 149.7 (C-6),
142.5 (C-2", 135.9 (C-5), 128.7 (C-6',10"), 126C18"), 127.9 (C-7',9"), 123.7 (C-3"),
68.4 (C-5), 53.8 (C-4"), 42.7 (C-1") ppm. Anal.achlfor G4H12INsO,: C, 41.09; H,
2.96; N, 17.12%. Found: C, 41.12; H, 2.97; N, 1%10

4.2.7. General procedure for the synthesis of f2y®{d]pyrimidine-2-one derivatives
(24a,b—-37a,b)

To the solution of dry compounds20-23 in anhydrous toluene,
tetrakis(triphenylphosphine)palladium(@®Ph),Pd (0.1 eq), Cul (0.3 eq) anitl,N-
diisopropylethylamine N,N-DIPEA) (6.0 eq) were added under argon atmosphere.
Corresponding terminal alkyne (3.0 eq) was addegwlise. The reaction mixture was
stirred overnight at 8GC. Amberlyt IRA 400 and active coal were added &mal
stirring was continued for 20 min. The solid wakefied off and the filtrate was

evaporated. The residue was purified by columnmlatography.

4.2.7.1. 5-(5-Chloropent-1-yn-1-yl)-6-(3-chloroprapyl)-N-3+4/[1-(4-fluorophenyl)-
1,2,3-triazol-4-yllmethylfuro[2,3-d]pyrimidine-2-one Z4a) and 6-(3-chloroprop-1-
yl)-N-3-{[1-(4-fluorophenyl)-1,2,3-triazol-4-yllmethjfluro[2,3-d]pyrimidine-2-one
(24b)
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24a and 24b were synthesized following the general procedune Zéa,b-37a,h
Reagents220 (35 mg, 0.08 mmol), anhydrous toluene (5 mL), Cai8(mg, 0.02
mmol), (PPh)sPd (9.2 mg, 0.008 mmolN,N-DIPEA (0.08 mL, 0.48 mmol) and 5-
chloropent-1-yne (0.03 mL, 0.24 mmol). Purificatitmy column chromatography
(CH.CI,: CHsOH = 200 : 1) gavR4a (39 mg, 66%, m.p. > 200C) and24b (15 mg,
30%, m.p. > 206C) as white powdeR4a *H-NMR (300 MHz, DMSO) §/ppm): 8.8
(1H, s, H-3), 8.8 (1H, s, H-4), 7.9 (2H, m, H-§',9.5 (2H, m, H-5',9"), 5.3 (2H, s, H-
1Y, 3.8 (2H, t, H-5"J) = 6.4 Hz), 3.7 (2H, t, H-53 = 6.3 Hz), 2.9 (2H, t, H-3"'1= 7.2
Hz), 2.7 (2H, t, H-3"J = 6.9 Hz), 2.1 (2H, m, H-4™), 2.1 (2H, m, H-45pm. *°C-
NMR (75 MHz, DMSO) §/ppm): 170.6 (C-6), 162.1 (C-7', d,= 245.7 Hz, C-F),
159.9 (C-7a), 154.7 (C-2), 144 (C-2'), 143 (C-H35 (C-4"), 122.8 (C-5.9', d,=
10.9 Hz, C-F), 122.6 (C-3'), 117.2 (C-6',8'J&; 23.2 Hz, C-F), 106.8 (C-4a), 98.4 (C-
5), 96.5 (C-2"), 69.4 (C-1"), 46.4 (C-1"), 44Q-5"), 44.6 (C-5"), 31.3 (C-4™), 29.9
(C-4"), 24.5 (C-3™), 16.9 (C-3") ppm. Anal. @@l for GiH20,C2FNsO,: C, 54.32; H,
4.34; N, 15.08%. Found: C, 54.28; H, 4.35; N, 1%1@4b: *H-NMR (300 MHz,
DMSO) @/ppm): 8.8 (1H, s, H-3"), 8.7 (1H, s, H-4), 8 (2H, H-6'.8"), 7.5 (2H, m, H-
5',9), 6.6 (1H, s, H-5), 5.3 (2H, s, H-1"), 3. H(2, H-5",J = 6.4 Hz), 2.8 (2H, t, H-3",
J = 7.3 Hz), 2.1 (2H, m, H-4") ppmC-NMR (75 MHz, DMSO) §/ppm): 172.1 (C-
6), 162.1 (C-7', dJ = 245.9 Hz, C-F), 157.3 (C-7a), 154.8 (C-2), 14&R"), 142.6
(C-4), 133.5 (C-4"), 122.9 (C-5',9', 8= 8.8 Hz, C-F), 122.8 (C-3"), 117.2 (C-6',8'Jd,
= 23.2 Hz, C-F), 107.2 (C-4a), 100.7 (C-5), 46.11( 44.8 (C-5"), 29.9 (C-4"), 25.3
(C-3") ppm. Anal. calcd. for gH1sCIFNsO.: C, 55.75; H, 3.90; N, 18.06%. Found: C,
55.71; H, 3.89; N, 18.04%.

4.2.7.2.N-3-{[1-(4-Fluorophenyl)-1,2,3-triazol-4-yllmethj46-(hex-1-yl)-5-(oct-1-yn-
1-yhfuro[2,3-d]pyrimidine-2-one4b5a)
25a was synthesized following the general procedure2fta,b-37a,h Reagents20
(35 mg, 0.08 mmol), anhydrous toluene (5 mL), GQiB(mg, 0.02 mmol), (PBhaPd
(9.2 mg, 0.008 mmol)N,N-DIPEA (0.08 mL, 0.48 mmol) and oct-1-yne (0.04 mL,
0.24 mmol). Purification by column chromatograpl@H¢Cl, : CH;OH = 200 : 1)
afforded25a (22 mg, 65%, m.p. > 20fC) as white powde25a *H-NMR (300 MHz,
DMSO) @/ppm): 8.8 (1H, s, H-3"), 8.8 (1H, s, H-4), 8 (14, H-6',8"), 7.4 (2H, t, H-
5.,9',J = 8.8 Hz), 5.3 (2H, s, H-1), 2.7 (2H, t, H-3'= 7.1 Hz), 2.5 (2H, m, H-3"),
1.7-1.4 (6H, m, H-4", H-4", H-5"), 1.3 (10H, M;5", H-6", H-7", H-6", H-7"), 0.9
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(6H, t, H-8", H-8") ppm**C-NMR (75 MHz, DMSO) §/ppm): 170.6 (C-6), 162.1 (C-
7', d,J = 245,7 Hz, C-F), 161.2 (C-7a), 154.7 (C-2), 184(), 142.7 (C-4), 133.5 (C-
4", 122.9 (C-5',9, d) = 8.8 Hz), 122.6 (C-3"), 117.2 (C-6',8'",H= 23.3 Hz), 106.9
(C-4a), 98.1 (C-5), 97.8 (C-2™), 69 (C-1"), 34C-1"), 31.2 (C-6", C-6™), 28.4 (C-5",
C-5"), 28.3 (C-1"), 26.9 (C-4", C-4™), 226-7", C-7"), 19.3 (C-3™), 14.4 (C-8", C-
8") ppm. Anal. calcd. for £H,.FNsO2: C, 63.78; H, 5.61; N, 17.71%. Found: C,
63.79; H, 5.60; N, 17.75%.

4.2.7.3.6-Cyclopropyl-5-(cyclopropylethyn-1-yl)-N{31-(2-fluorophenyl)-1,2,3-
triazol-4-yllmethyffuro[2,3-d]pyrimidine-2-one Z6a)

26a was synthesized following the general procedure2tta,b-37a,b Reagents21
(70 mg, 0.17 mmol), anhydrous toluene (8 mL), GuF (mg, 0.05 mmol), (PBhaPd
(23.1 mg, 0.017 mmol©\,N-DIPEA (0.2 mL, 1.02 mmol) and cyclopropylethyneQ®
mL, 0.51 mmol). Purification by column chromatogng@CH,Cl,: CH;OH = 150 : 1)
afforded26a (25 mg, 40%, m.p. = 105-106) as yellow powder26a *H-NMR (300
MHz, DMSO) @/ppm): 8.8 (1H, s, H-3"), 8.6 (1H, s, H-4), 7.8 (iHPh-H,J = 6.3
Hz), 7.6 (2H, m, Ph-H), 7.4 (1H, t, Ph-Biz 7.8 Hz), 5.3 (2H, s, H-1"), 2.2 (1H, m, H-
3"), 1.6 (1H, m, H-3"), 1.1-0.8 (8H, m, H-81;5", H-4", H-4") ppm*3*C-NMR (150
MHz, DMSO) @/ppm): 169.6 (C-6), 161.1 (C-7a), 154.2 (C-2), 85@C-5', d,J =
250.7 Hz, C-F), 142.9 (C-2", 141.3 (C-4), 131.39Cd,J = 7.6 Hz, C-F), 125.9 (C-
3, 125.5 (C-7', dJ = 4.5 Hz, C-F), 125.2 (C-8'), 124.6 (C-4',3= 10.6 Hz, C-F),
117.1 (C-6', dJ = 19.6 Hz, C-F), 106.9 (C-4a), 100.4 (C-5), 95.72(Q, 63.4 (C-1"),
45.6 (C-1Y, 8.9 (C-3"), 8.6 (C-4™, C-5")57(C-4", C-5"), 0.1 (C-3") ppm. Anal.
calcd. for GsH1gFNsO,: C, 66.50; H, 4.37; N, 16.86%. Found: C, 66.45:4t88; N,
16.82%.

4.2.7.4.6-(3-Chloroprop-1-yl)-N-3£[1-(2-fluorophenyl)-1,2,3-triazol-4-
yllmethyl}furo[2,3-d]pyrimidine-2-one Z7b)

27b was synthesized following the general procedure2éa,b-37a,bh Reagents21
(20 mg, 0.05 mmol), anhydrous toluene (5 mL), Cub(mg, 0.01 mmol), (PBhaPd
(5.8 mg, 0.005 mmol)\,N-DIPEA (0.05 mL, 0.3 mmol) and 5-chloropent-1-yQe0l
mL, 0.15 mmol). Purification by column chromatogngdCH,Cl,: CH;OH = 150 : 1)
afforded27b (10 mg, 54%, m.p. = 170-17C) as yellow powder27b: *H-NMR (300
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MHz, DMSO) ¢/ppm): 8.7 (1H, s, H-3", 8.6 (1H, s, H-4), 7.8—{16, m, Ph-H), 7.6
(2H, m, Ph-H), 7.5 (1H, m, Ph-H), 6.6 (1H, s, H5)3 (2H, s, H-1"), 3.7 (2H, t, H-5",
J=6.3 Hz), 2.8 (2H, t, H-3] = 7.2 Hz), 2.1 (2H, m, H-4") ppmM°C-NMR (75 MHz,
DMSO) @/ppm): 172.1 (C-6), 157.3 (C-7a), 154.7 (C-2), P5C-5', d,J = 249.1 Hz,
C-F), 143.2 (C-2"), 142.7 (C-4), 132.5 (C-9'Jd& 2.6 Hz, C-F), 126.3 (C-8'), 126 (C-
7', d,J = 3.7 Hz, C-F), 125.8 (C-3"), 125.1 (C-4',Jd& 10.7 Hz, C-F), 117.7 (C-6', d,

= 19.4 Hz, C-F), 107.1 (C-4a), 100.7 (C-5), 45.91( 44.8 (C-5"), 29.8 (C-3"), 25.3
(C-4™) ppm. Anal. calcd. for fgH1sCIFNsO.: C, 55.75; H, 3.90; N, 18.06%. Found: C,
55.79; H, 3.91; N, 18.08%.

4.2.7.5.N-3-{[1-(2-Fluorophenyl)-1,2,3-triazol-4-yllmethjd6-(4-pentylphenyl)-5-(4-
pentylphenyl)ethyn-1-yl)furo[2,3-d]pyrimidine-2-o(i28a)

28a was synthesized following the general procedure2tta,b-37a,b Reagents21
(20 mg, 0.05 mmol), anhydrous toluene (8 mL), Cub(mg, 0.01 mmol), (PBhaPd
(5.8 mg, 0.005 mmol),N,N-DIPEA (0.05 mL, 0.3 mmol) and 1-ethynyl-4-
pentylbenzene (0.03 mL, 0.15 mmol). Purificationdeyumn chromatography (GBI,

: CH;OH = 150 : 1) yielde®8a (15 mg, 49%, m.p. = 165-16€) as yellow powder.
28a 'H-NMR (600 MHz, DMSO) §/ppm): 9.1 (1H, s, H-3", 8.6 (1H, s, H-4), 8.1 (2H
Ph-H), 7.8-7.6 (4H, m, H-6'7',8'9"), 7.6-7.3 (8Ph-H), 5.4 (2H, s, H-1'), 2.7-2.6
(4H, m, H-7", H-7"), 1.6-1.5 (4H, m, H-8",)81.3 (8H, m, H-9™, H-9", H-10"™, H-
10"), 0.9 (6H, H-11"™, H-11") ppmM>C-NMR (75 MHz, DMSO) §/ppm): 170.3 (C-6),
161.7 (C-7a), 155.9 (C-2), 155.9 (C-5'Jds 212.3 Hz, C-F), 145.7 (C-2"), 143.2 (C-
4), 133.5 (C-3"), 131.9 (C-9", 131.7 (C-5a",k*5a",b"), 129.7 (C-4a™,b™, C-4a",b"),
129.3 (C-7"), 127.4 (C-3"), 126.4 (C-3"), 126.48125.9 (C-4', d) = 18.9 Hz, C-F),
119.3 (C-3"), 117.6 (C-6', d,= 19.5 Hz, C-F), 107.8 (C-4a), 98.6 (C-5), 95.820;
78.8 (C-1"), 46.6 (C-1"), 35.5 (C-7", C-7"}1.3 (C-9™, C-9"), 29.1 (C-8™, C-8"), 22.4
(C-10", C-10"), 14.4 (C-11", C-11") ppm. Anedlcd. for GoH3sFNsO,: C, 74.62; H,
6.10; N, 11.16; O, 5.10%. Found: C, 74.59; H, 6N111.19; O, 5.09%.

4.2.7.6.N-3-{[1-(2-Fluorophenyl)-1,2,3-triazol-4-yllmethjd(6-hex-1-yl)furo[2,3-

d]pyrimidine-2-one 29b)

29b was synthesized following the general procedure2fta,b-37a,h Reagents21

(20 mg, 0.05 mmol), dry toluene (5 mL), Cul (1.9,8dd1 mmol), (PPHsPd (5.8 mg,

0.005 mmol),N,N-DIPEA (0.05 mL, 0.3 mmol) and oct-1-yne (0.02 n@L15 mmol).
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Purification by column chromatography (&8, : CHsOH = 150 : 1) yielde®9b (15
mg, 78%, m.p. = 145-14%) as yellow powder29b: *H-NMR (300 MHz, DMSO)
(8/ppm): 8.7 (1H, s, H-3"), 8.6 (1H, s, H-4), 7.8 (IH Ph-H), 7.7 (2H, m, Ph-H), 7.5
(1H, m, Ph-H), 6.5 (1H, s, H-5), 5.3 (2H, s, H-P)7 (2H, t, H-3"J = 7.5 Hz), 1.7
(2H, m, H-7"), 1.4-1.2 (6H, m, H-4", H-5", H)f0.9 (3H, t, H-8"J = 6.8 Hz) ppm.
13C-NMR (150 MHz, DMSO) §/ppm): 171.6 (C-6), 164.5 (C-7a), 158.4 (C-2), 853.
(C-5', d,J = 250.3 Hz, C-F), 142.8 (C-2'), 141.8 (C-4), 13(C99", d,J = 2.5 Hz, C-F),
131.4 (C-7', dJ = 9.7 Hz, C-F) 125.9 (C-3"), 125.5 (C-8"), 124.64'Cd,J = 10.7 Hz,
C-F), 117.1 (C-6', d) = 19.5 Hz, C-F), 106.7 (C-4a), 99.5 (C-5), 45.61(%;-30.8 (C-
3", 27.9 (C-6"), 27.3 (C-5"), 26.3 (C-4"), 2XC-7"), 13.8 (C-8") ppm. Anal. calcd.
for Cy1H22FNsO2: C, 63.78; H, 5.61; N, 17.71%. Found: C, 63.815H2; N, 17.68%.

4.2.7.7.N-3-{1-(4-Chlorophenyl)-1,2,3-triazol-4-ylJmeth}d6-(cycloprop-1-yl)-5-
(cyclopropylethyn-1-yl)furo[2,3-d]pyrimidine-2-or{@0a) and N-1{/]1-(4-
chlorophenyl)-1,2,3-triazol-4-yllmethjd6-(cyclopropyl)furo[2,3-d]pyrimidine-2-one
(30b)

30a and 30b were synthesized following the general procedune Zéa,b-37a,h
Reagents22 (100 mg, 0.23 mmol), dry toluene (10 mL), Cul @8g, 0.07 mmol),
(PPh)4Pd (26.6 mg, 0.023 mmol)N,N-DIPEA (0.2 mL, 1.15 mmol) and
cyclopropylethyne (0.06 mL, 0.69 mmol). Purificatiddy column chromatography
(CH.CI,: CH3OH = 150 : 1) gav80a(38 mg, 34%, m.p. = > 20C) and30b (11 mg,
13%, m.p. = > 206C) as yellow powder30a *H-NMR (300 MHz, DMSO) §/ppm):
8.8 (1H, s, H-3"), 8.7 (1H, s, H-4), 8.0 (2H, m6H8"), 7.7 (2H, m, H-5',9"), 5.3 (2H, s,
H-1Y, 2.2 (1H, m, H-3™), 1.7 (1H, m, H-3"), 1(4H, m, H-5", H-5"), 1.0 (2H, m, H-
4™), 0.8 (2H, m, H-4") ppm3C-NMR (75 MHz, DMSO) §/ppm): 170.1 (C-6), 161.6
(C-7a), 154.7 (C-2), 144.2 (C-2), 141.8 (C-4), BEC-7"), 133.4 (C-4"), 130.3 (C-
5,9, 122.3 (C-6',8"), 122.2 (C-3"), 107.5 (C;4800.9 (C-5), 96.3 (C-2"), 63.9 (C-1"),
46.3 (C-1Y, 9.4 (C-3"), 9.1 (C-4", C-5"), §0-4", C-5"), 0.4 (C-3") ppm. Anal.
calcd. for GgH1sCINsO,: C, 63.96; H, 4.20; N, 16.22%. Found: C, 63.914t20; N,
16.25%.30b: 'H-NMR (600 MHz, DMSO) §/ppm): 8.8 (1H, s, H-3", 8.6 (1H, s, H-
4), 7.9 (2H, d, H-6',8"), 7.6 (2H, d, H-5',9"), §¥H, s, H-5), 5.3 (2H, s, H-1"), 2.0 (1H,
m, H-3"), 1.0 (2H, m, H-5"), 0.9 (2H, m, H-4"pm. **C-NMR (75 MHz, DMSO)
(8/ppm): 166.1 (C-6), 161.7 (C-7a), 154.3 (C-2), B4@-2"), 141.7 (C-4), 140.2 (C-
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7", 140.1 (C-4Y, 130.3 (C-5',9", 122.3 (C-32212 (C-6',8"), 104.5 (C-7), 98.2 (C-5),
46.1 (C-1", 9.2 (C-3"), 7.3 (C-4", C-5") ppmaA. calcd. for GgH14CINsO,: C, 58.78;
H, 3.84; N, 19.04%. Found: C, 58.80; H, 3.83; N0P9%b.

4.2.7.8.5-(5-Chloropent-1-yn-1-yl)-N-3{1-(4-chlorophenyl)-1,2,3-triazol-4-
yllmethyl}-6-(3-chloroprop-1-yhfuro[2,3-d]pyrimidine-2-one8{a) and N-3{/[1-(4-
chlorophenyl)-1,2,3-triazol-4-yllmethjd6-(3-chloroprop-1-yl)furo[2,3-d]pyrimidine-
2-one @31b)

31a and 31b were synthesized following the general procedune Zéa,b-37a,h
Reagents22 (70 mg, 0.17 mmol), dry toluene (8 mL), Cul (9.9,n0.05 mmol),
(PPh)4Pd (19.6 mg, 0.017 mmolN,N-DIPEA (0.2 mL, 1.15 mmol) and 5-chloropent-
1-yne (0.05 mL, 0.51 mmol). Purification by colunuromatography (C§Cl, :
CH3OH = 150 : 1) gav8&1a(38 mg, 47%, m.p. = > 20) as white powder angilb
(13 mg, 20%, m.p. = > 20%C) as brown powdeBla *H-NMR (600 MHz, DMSO)
(8/ppm): 8.8 (1H, s, H-3"), 8.8 (1H, s, H-4), 7.9 (2H H-6',8"), 7.7 (2H, d, H-5',9"), 5.3
(2H, s, H-1), 3.8 (2H, t, H-5"3 = 6.0 Hz), 3.7 (2H, t, H-5'] = 6.0 Hz), 2.9 (2H, t, H-
3", J= 7.2 Hz), 2.7 (2H, t, H-3'J = 6.6 Hz), 2.1 (2H, m, H-4™), 2.1 (2H, m, H-4")
ppm. *C-NMR (150 MHz, DMSO) &/ppm): 170.1 (C-6), 159.5 (C-7a), 154.2 (C-2),
143.6 (C-2"), 142.5 (C-4), 135.2 (C-7"), 132.9 (£-429.8 (C-5',9), 121.9 (C-6'.8),
121.7 (C-3"), 106.3 (C-4a), 97.9 (C-5), 96.0 (Q;x8.9 (C-1"), 45.5 (C-1"), 40.0 (C-
5", 39.7 (C-5"), 30.8 (C-4"), 29.5 (C-4"B.2 (C-3"), 16.5 (C-3™) ppm. Anal. calcd.
for CosHooCIsNsOo: C, 54.72; H, 3.99; N, 13.87%. Found: C, 54.70; 400; N,
13.89%.31b: *H-NMR (600 MHz, DMSO) §/ppm): 8.8 (1H, s, H-3"), 8.7 (H, s, H-4),
7.9 (2H, d, H-6',8"), 7.7 (2H, d, H-5',9'= 8.4 Hz), 6.5 (1H, s, H-5), 5.3 (2H, s, H-1",
3.7 (2H, t, H-5"J = 6.0 Hz), 2.8 (2H, t, H-3']= 7.8 Hz), 2.1 (2H, m, H-4") ppr:C-
NMR (75 MHz, DMSO) §/ppm): 172.1 (C-6), 157.3 (C-7a), 154.8 (C-2), 14€-2"),
142.6 (C-4), 135.8 (C-7), 133.5 (C-4"), 130.3 (®p 122.6 (C-3"), 122.2 (C-6'.8"),
107.2 (C-4a), 100.7 (C-5), 46.1 (C-1"), 44.8 (¢-29.9 (C-4"), 25.4 (C-3") ppm. Anal.
calcd. for GgH15CIoNsO,: C, 53.48; H, 3.74; N, 17.32%. Found: C, 53.513H2; N,
17.30%.

4.2.7.9.N-3-{]1-(4-Chlorophenyl)-1,2,3-triazol-1-ylmethjd6-(4-pentylphenyl)-5-(4-
pentylphenyl)ethyn-1-yl)furo[2,3-d]pyrimidine-2-o(&2a)
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32a was synthesized following the general procedure2fta,b-37a,h Reagents22
(70 mg, 0.17 mmol), dry toluene (8 mL), Cul (9.7,n8g05 mmol), (PPH.Pd (19.6
mg, 0.017 mmol)N,N-DIPEA (0.2 mL, 1.15 mmol) and 1-ethynyl-4-pentytizene
(0.1 mL, 0.51 mmol). Purification by column chromagtaphy (CHCI,: CHz;OH = 150

: 1) yielded32a (42 mg, 40%, m.p. = > 2(RRT) as yellow powder32a *H-NMR (600
MHz, DMSO) @§/ppm): 9.1 (1H, s, H-3'), 8.8 (1H, s, H-4), 8.1 (aH Ph-H), 7.9 (2H,
d, H-5',9), 7.7 (2H, d, H-6',8"), 7.6-7.3 (6H, Rh-H'), 5.4 (2H, s, H-1"), 2.7 (4H, m,
H-7", H-7"), 1.6 (4H, m, H-8", H-8"), 1.3 (8, H-9™, H-9", H-10", H-10"), 0.9 (6H,
t, H-11", H-11"J = 7.2 Hz) ppm**C-NMR (150 MHz, DMSO) &/ppm): 169.8 (C-6),
162.2 (C-7a), 154.3 (C-2), 145.2 (C-3™), 144.33(, 143.6 (C-2"), 143.6 (C-4), 135.3
(C-7, 131.4 (C-5a",b™), 129.8 (C-4a™,b1p9.2 (C-5a",b"), 128.8 (C-3") 125.4 (C-
4a",b"), 121.6 (C-3', 118.8 (C-3"), 107.4 (&-408.2 (C-5), 95.3 (C-2"), 78.3 (C-1"),
46.2 (C-1%, 34.9 (C-7", C-7™), 30.8 (C-9"),.BQC-9"), 30.3 (C-8"), 30.2 (C-8"), 21.8
(C-10", C-10™), 13.6 (C-11", C-11") ppm. Anadlcd. for GeHzsCINsO: C, 72.71; H,
5.95; N, 10.87%. Found: C, 72.76; H, 5.94; N, 12088

4.2.7.10N-3-{[1-(4-Chlorophenyl)-1,2,3-triazol-4-yllmethjd6-(hex-1-yl)-5-(oct-1-
yn-1-yl)furo[2,3-d]pyrimidine-2-one33a)

33a was synthesized following the general procedure2éa,b-37a,b Reagents22
(70 mg, 0.17 mmol), dry toluene (8 mL), Cul (9.7 ,m0g05 mmol), (PPH,Pd (19.6
mg, 0.017 mmol)N,N-DIPEA (0.2 mL, 1.15 mmol) and oct-1-yne (0.07 n.51
mmol). Purification by column chromatography (&Hp: CH;OH = 150 : 1) afforded
33a (39 mg, 47%, m.p. = > 20%C), as yellow powder33a *H-NMR (600 MHz,
DMSO) ©@/ppm): 8.8 (1H, s, H-3"), 8.8 (1H, s, H-4), 7.9 (2H H-6',8"), 7.7 (2H, d, H-
5.9, 5.3 (2H, s, H-1"), 2.7 (2H, t, H-3J'= 7.2 Hz), 2.4 (2H, s, H-3"), 1.7 (2H, m, H-
4™), 1.6 (2H, m, H-4"), 1.4 (12H, m, H-5", H;HH-6"™, H-6", H-7™, H-7"), 0.9-0.8
(6H, m, H-8", H-8") ppm**C-NMR (75 MHz, DMSO) &/ppm): 170.6 (C-6), 161.2
(C-7a), 154.7 (C-2), 144.2 (C-2"), 142.6 (C-4), I38C-7"), 133.4 (C-4"), 130.3 (C-5",
122.4 (C-3'), 122.3 (C-6"), 106.9 (C-4a), 98.1 (CH.8 (C-2"), 69.0 (C-1"), 46.3 (C-
1, 31.2 (C-4", C-4™), 28.4 (C-3", C-3"),.2§C-5"), 26.8 (C-5"), 22.5 (C-6"), 22.4
(C-6"), 19.3 (C-7", C-7"), 14.3 (C-8", C-8ppm. Anal. calcd. for g&H34CINsO,: C,
66.97; H, 6.59; N, 13.47%. Found: C, 67.00; H, 68013.49%.
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4.2.7.11N-3-[1-Benzyl-1,2,3-triazol-4-yl)methyl]-6-(cyclagyl)-5-
(cyclopropylethyn-1-yl)furo[2,3-d]pyrimidine-2-or{84a) and N-3-[(1-benzyl-1,2,3-
triazol-4-yl)methyl]-6-(cyclopropyl)furo[2,3-d]pymidine-2-one 4b)

34a and 34b were synthesized following the general procedune Zéa,b-37a,h
Reagents23 (70 mg, 0.17 mmol), dry toluene (8 mL), Cul (9.9,n0.05 mmol),
(PPR),Pd (19.6 mg, 0.017 mmol)N,N-DIPEA (0.2 mL, 1.15 mmol) and
cyclopropylethyne (0.04 mL, 0.51 mmol). Purificatidoy column chromatography
(CHxCly: CHsOH = 150 : 1) afforde®4a (39 mg, 54%, m.p. = > 20) and34b (6
mg, 10%, m.p. = > 206C) as yellow powder34a 'H-NMR (300 MHz, DMSO)
(8/ppm): 8.7 (1H, s, H-3"), 8.1 (1H, s, H-4), 7.4 (5H, Ph-H), 5.6 (2H, s, H-4"), 5.2
(2H, s, H-1", 2.1 (1H, m, H-3"), 1.6 (1H, m, Hj31.0 (8H, m, H-5", H-5", H-4", H-
4"y ppm.’*C-NMR (150 MHz, DMSO) &/ppm): 169.5 (C-6), 161.0 (C-7a), 154.1 (C-
2), 142.4 (C-2", 141.1 (C-4), 135.9 (C-5"), 128C-7'9"), 128.1 (C-3'), 128.0 (C-
6',10", 123.9 (C-8"), 106.8 (C-4a), 100.4 (C-H,/™(C-2"), 63.3 (C-1™), 52.8 (C-4"),
45.8 (C-1", 8.9 (C-3"), 8.6 (C-5", C-4")57(C-5", C-4"), 0.1 (C-3") ppm. Anal.
calcd. for G4H21NsO,: C, 70.06; H, 5.14; N, 17.02%. Found: C, 70.09;5H,3; N,
16.98%.34b: *H-NMR (300 MHz, DMSO) §/ppm): 8.6 (1H, s, H-3"), 8.1 (1H, s, H-4),
7.4 (5H, m, Ph-H), 6.4 (1H, s, H-5), 5.6 (2H, s4W-5.2 (2H, s, H-1"), 2.1-1.9 (1H, m,
H-3"), 1.0 (2H, m, H-4"), 0.9 (2H, m, H-5") ppMC-NMR (150 MHz, DMSO)
(8/ppm): 171.2 (C-6), 159.2 (C-7a), 154.2 (C-2), HAX-2"), 141.2 (C-4), 135.9 (C-
5%, 128.7 (C-7',9", 128.1 (C-6',10"), 127.9 ({5-323.9 (C-8'), 106.8 (C-4a), 97.6 (C-
5), 52.8 (C-4"), 45.7 (C-1'), 8.7 (C-3"), 6.8 (G-4-5") ppm. Anal. calcd. for
Ci19H17Ns02: C, 65.69; H, 4.93; N, 20.16%. Found: C, 65.724192; N, 20.19%.

4.2.7.12N-3-[(1-Benzyl-1,2,3-triazol-4-yl)methyl]-5-(5-chitupent-1-yn-1-yl)-6-(3-
chloroprop-1-yl)furo[2,3-d]pyrimidine-2-one36a) and N-3-[(1-benzyl-1,2,3-triazol-4-
yl)methyl]-6-(3-chloroprop-1-yhfuro[2,3-d]pyrimidie-2-one g5b)

35a and 35b were synthesized following the general procedune Zéa,b-37a,h
Reagents23 (70 mg, 0.17 mmol), dry toluene (8 mL), Cul (9.9,n0.05 mmol),
(PPh)4Pd (19.6 mg, 0.017 mmolN,N-DIPEA (0.2 mL, 1.15 mmol) and 5-chloropent-
1-yne (0.05 mL, 0.51 mmol). Purification by colunmhromatography (C¥Cl; :
CH3OH = 150 : 1) gav&5a (50 mg, 60%), as oil ar@bb (15 mg, 22%, m.p. = > 200
°C), as red-brown powde85a *H-NMR (300 MHz, DMSO) §/ppm): 8.8 (1H, s, H-
3), 8.2 (1H, s, H-4), 7.4 (5H, m, Ph-H), 5.6 (2HH-1"), 5.2 (2H, s, H-4"), 3.8 (2H, t,
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H-5",J= 6.0 Hz), 3.7 (2H, t, H-5'J = 6.0 Hz), 2.9 (2H, t, H-3"J = 6.0 Hz), 2.6 (2H,
t, H-3",J = 6.0 Hz), 2.1 (4H, m, H-4", C-4") pprtC-NMR (150 MHz, DMSO)
(8/ppm): 170.0 (C-6) 159.4 (C-7a), 154.1 (C-2), 14Z4"), 142.3 (C-4), 135.9 (C-5"),
128.7 (C-7',9Y, 128.1 (C-6',10"), 128.0 (C-3)412(C-8"), 106.2 (C-4a), 97.9 (C-5),
95.9 (C-2"), 68.9 (C-1"), 52.8 (C-4"), 44.21Q-44.1 (C-5", C-5"), 30.8 (C-4"), 29.5
(C-4"), 23.9 (C-3"), 16.5 (C-3") ppm. Anal. @&l for G4H23CIo:NsO2: C, 59.51; H,
4.79; N, 14.46%. Found: C, 59.48; H, 4.80; N, 1%485b: 'H-NMR (300 MHz,
DMSO) @/ppm): 8.6 (1H, s, H-3"), 8.2 (1H, s, H-4), 7.4 (5H, Ph-H), 6.5 (1H, s, H-
5), 5.6 (2H, s, H-4'), 5.2 (2H, s, H-1'), 3.7 (2HH-5",J = 6.0 Hz), 2.8 (2H, t, H-3']

= 6.0 Hz), 2.1 (2H, m, H-4") ppm3C-NMR (150 MHz, DMSQ) §/ppm): 171.5 (C-6),
156.7 (C-7a), 154.2 (C-2), 142.4 (C-2"), 142.1 (jc-#35.9 (C-5"), 128.7 (C-7'\9",
128.1 (C-6',10", 127.9 (C-3"), 124.0 (C-8", 108_54a), 100.1 (C-5), 52.8 (C-4"), 45.7
(C-1, 44.3 (C-5"), 29.3 (C-3"), 24.8 (C-4")mppAnal. calcd. for @H1sCINsO,: C,
59.45; H, 4.73; N, 18.25%. Found: C, 59.40; H, 4N418.27%.

4.2.7.13N-3-[(1-Benzyl-1,2,3-triazol-4-yl)methyl]-6-(4-psiphenyl)-5-(4-
pentylphenyl)ethyn-1-yl)furo[2,3-d]pyrimidine-2-o(&6a)

36a was synthesized following the general procedure2fta,b—37a,b Reagents23
(70 mg, 0.17 mmol), dry toluene (8 mL), Cul (9.7,n8g05 mmol), (PPH.Pd (19.6
mg, 0.017 mmol)N,N-DIPEA (0.2 mL, 1.15 mmol) and 1-ethynyl-4-pentylzene
(0.1 mL, 0.51 mmol). Purification by column chromataphy (CHCI,: CHs;OH = 150

: 1) afforded36a (48 mg, 72%, m.p. = > 2C) as yellow powdeB6a *H-NMR (600
MHz, DMSO) @¢/ppm): 9.0 (1H, s, H-3"), 8.2 (1H, s, H-4), 8.1 (2H Ph-H), 7.6-7.3
(6H, m, Ph-H), 7.2 (5H, m, Ph-H), 5.6 (2H, s, H-&)3 (2H, s, H-1), 2.6 (4H, dd, H-
7", H-7",J=7.2 Hz,J = 7.8 Hz), 1.6 (4H, m, H-8"), 1.3 (8H, m, H-91;10", H-9",
H-10"), 0.9 (6H, m, H-11", 11") pprC-NMR (150 MHz, DMSO) §/ppm): 169.7
(C-6), 154.3 (C-7a), 154.1 (C-2), 145.2 (C-6")44(C-2"), 143.4 (C-4), 143.4 (C-6"),
135.9 (C-5), 131.3 (C-5a",b™), 129.2 (C-44"), 128.8 (C-7',9"), 128.7 (C-6',10",
128.1 (C-3Y), 127.9 (C-5a",b"), 125.3 (C-3")512(C-8"), 124.1 (C-4a",b"), 118.8 (C-
3"), 107.3 (C-4a), 98.1 (C-5), 95.2 (C-2"),FBC-1"), 52.8 (C-4"), 46.2 (C-1"), 34.9
(c-7v, Cc-7, 30.8 (C-9", C-9"), 30.3 (C-830.2 (C-8"), 21.9 (C-10", C-10"), 13.9
(C-11"), 13.8 (C-11") ppm. Anal. calcd. fogc84:NsO,: C, 77.02; H, 6.62; N, 11.23;
0O, 5.13%. Found: C, 76.98; H, 6.61; N, 11.25; @02%.
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4.2.7.14N-3-[(1-Benzyl-1,2,3-triazol-4-yl)methyl]-6-(hexyl)}-5-(oct-1-yn-1-
yl)furo[2,3-d]pyrimidine-2-one J7a) and N-3-[(1-benzyl-1,2,3-triazol-4-yl)methyl]-6-
(hex-1-yl)furo[2,3-d]pyrimidine-2-on&37b)

37a and 37b were synthesized following the general procedune Zéa,b-37a,h
Reagents23 (40 mg, 0.09 mmol), dry toluene (8 mL), Cul (5.9,n0.03 mmol),
(PPh)4Pd (10,4 mg, 0.009 mmolN,N-DIPEA (0.1 mL, 0.54 mmol) and oct-1-yne
(0.04 mL; 0,27 mmol). Purification by column chramgraphy (CHCIl;: CHsOH =
150 : 1) yielded37a (27 mg, 54%), as oil, an87b (4 mg, 9%, m.p. = > 208C), as
brown powder37a *H-NMR (600 MHz, DMSO) §/ppm): 8.7 (1H, s, H-3", 8.2 (1H,
s, H-4), 7.4 (5H, m, Ph-H), 5.6 (2H, s, H-4"), &2M, s, H-1"), 2.7 (2H, t, H-3J= 6.6
Hz), 2.5 (2H, t, H-3"J = 6.6 Hz), 1.7 (2H, m, H-4"), 1.6 (2H, m, H-4")5 (2H, m,
CHy), 1.3 (10H, m, Ch), 0.9-0.8 (6H, m, H-8", H-8") ppm3C-NMR (75 MHz,
DMSO) @/ppm): 170.5 (C-6), 161.2 (C-7a), 154.6 (C-2), B4@C-2"), 142.6 (C-4),
136.4 (C-5", 129.2 (C-7', 9"), 128.6 (C-6', 1028.5 (C-3'), 124.5 (C-8"), 106.7 (C-4a),
98.0 (C-5), 97.8 (C-2"), 68.9 (C-1"), 53.3 (§-46.3 (C-1", 31.2 (C-5"), 31.1 (C-5"),
28.4 (C-6"), 28.3 (C-6""), 26.9 (C-4"), 26.8 4C}, 22.5 (C-7"), 22.4 (C-7"), 19.3 (C-
3", C-3"), 14.3 (C-8", C-8") ppm. Anal. calddr CGgoH3/NsO2: C, 72.12; H, 7.46; N,
14.02%. Found: C, 72.10; H, 7.47; N, 14.008%b: H-NMR (600 MHz, DMSO)
(8/ppm): 8.6 (1H, s, H-3"), 8.2 (H, s, H-4), 7.4 (5H, Ph-H), 6.4 (1H, s, H-5), 5.6 (2H,
s, H-4"), 5.2 (2H, s, H-1"), 2.6 (2H, t, H-3'F 7.2 Hz), 1.6 (2H, m, H-4"), 1.3 (6H, m,
CH,), 0.9 (3H, m, H-8") ppm®™C-NMR (75 MHz, DMSO) &/ppm): 169.1 (C-6),
164.4 (C-4), 153.7 (C-2), 142.9 (C-2"), 142.3 (C4486.4 (C-5"), 129.2 (C-7',9"), 128.6
(C-6',10, 128.5 (C-3'), 127.6 (C-8), 107.1 (Q;49.9 (C-5), 53.3 (C-4"), 46.3 (C-1"),
35.4 (C-3"), 31.3 (C-5"), 28.4 (C-6"), 26.8 (Q;4&2.4 (C-7"), 14.4 (C-8") ppm. Anal.
calcd. for GoH2sNsO2: C, 67.50; H, 6.44; N, 17.89%. Found: C, 67.52;6:#3; N,
17.91%.

4.3. Crystal structure determination &a

Single crystal of34a suitable for X-ray single crystal analysis wasantd at
room temperature by partial evaporation from ethaptution. Data were collected at
295 K on Oxford Diffraction Xcalibur Nova R diffremmeter with Ruby detector using
mirror-monochromatized CyKradiation £ = 1.54184 A). TheCrysAlisPro program
[40] was used for the data collection and processihg.ifitensities were corrected for
absorption using the multi-scan absorption coroectnethod40]. The structure was
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solved using direct methods withiIR—-2004[41] and refined by full-matrix least-
squares calculations based Bhusing SHELXL—201442] integrated in thaVinGX
program packag@43]. All hydrogen atoms were included in calculated poss as
riding atoms, with SHELXL—-2014[42] defaults. The atoms of the C14-C16
cyclopropane ring, as well as of the C21-C26 phemg were severely disordered
and were refined with fixed occupancy ratio of T8 and 60/40%, respectively.
Restraints on anisotropic thermal parameters andhg#ic restraints were applied in
their refinement. High electron residual densitYaf2 eA® was observed 0.62 A from
disordered C15 atom. THeLATON[44] and Mercury[45 programs were used for
structure analysis and molecular and crystal streatirawings preparation. The CCDC
1482369 contain the supplementary crystallograghte for this paper. These data can
be obtained free of charge from The Cambridge @hgsgiraphic Data Centrgia
www.ccdc.cam.ac.uk/data_request/cif.

Crystal data. 0.18x0.17x0.14 MNCo4H21Ns05, M, = 411.46, triclinic, space
group P -1 (No. 2);a = 8.9293(3) A,b = 9.6284(4) A,c = 13.8834(4) Ao
76.513(3)° 8 = 76.627(3)° y= 66.249(4)°V = 1049.67(7) A T= 295K, Z=2;p =
1.302 g cm®, x = 0.694 mm', 8690 reflections Gnax = 69.996°) measured (3943
unique reflections and 3595 witkx 25(1), Rint = 0.0209, completeness = 99.3%); Final
R indices[(l > 25(1)]: Ri= 0.0673WR, = 0.2133 Rindices[all datd: R;= 0.0713wWR:
= 0.2201,S = 1.047 for 361 parameters and 59 restraintse#rdiff. peak and hole
0.724/-0.408 A,

4.4. Cell culturing

Human cell lines A549 (lung carcinoma), HelLa (ceaVi carcinoma), SW620
(colorectal adenocarcinoma, metastatic), HepG2 dtoeellular carcinoma), CFPAC-1
(pancreatic cancer, derived from metastatic: liee WI38 (normal fetal lung fibroblasts) as
well as NIH 3T3 (mouse embryo fibroblast) weretardd as monolayers and maintained in
Dulbecco's modified Eagle medium (DMEM) supplemdntgdth 10% fetal bovine serum
(FBS), 2 mML-glutamine, 100 U/ml penicillin and 1Q@/mL streptomycin in a humidified
atmosphere with 5% Gt 37°C.

For mitochondrial toxicity studies, HepG2 cells wesultured in media containing
DMEM deprived of glucose supplemented with 10 mMagsese, 2 mM glutamine, 5 mM
HEPES, 10% FBS, 1 mM sodium pyruvate, 100 U/ml géim and 100ug/mL streptomycin.
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Cells were maintained in the media containing dgaksee for greater than 5 passages before

experiments were conducted.

4.5. Proliferation assays

The panel cell lines were inoculated onto a serfetandard 96-well microtiter plates
on day O, at 5000 cells per well according to tbehding times of specific cell line. Test
agents were then added in five, 10-fold dilutiod®{ to 100 uM) and incubated for further
72 h. Working dilutions were freshly prepared or thay of testing in the growth medium.
The solvent (DMSO) was also tested for eventualibitdry activity by adjusting its
concentration to be the same as in the working eatnations (DMSO concentration never
exceeded 0.1%). After 72 h of incubation, the getiwth rate was evaluated by performing
the MTT assay: experimentally determined absorbatatees were transformed into a cell
percentage growth (PG) using the formulas propaseNIH and described previous]46].
This method directly relies on control cells belnavhormally at the day of assay because it
compares the growth of treated cells with the ghoeftuntreated cells in control wells on the
same plate- the results are therefore a percentile differeinom the calculated expected
value. The IG and LGy values for each compound were calculated from despense
curves using linear regression analysis by fitting mean test concentrations that give PG
values above and below the reference value. If,elvew all of the tested concentrations
produce PGs exceeding the respective referencé déaffect €.9. PG value of 50) for a
given cell line, the highest tested concentratisnassigned as the default value (in the
screening data report that default value is pretdue a ">" sign). Each test point was
performed in quadruplicate in three individual exipents. The results were statistically
analyzed (ANOVA, Tukey post-hoc test pt< 0.05). Finally, the effects of the tested
substances were evaluated by plotting the mearepege growth for each cell type in

comparison to control on dose response graphs.

4.6. Computational details

As a good compromise between accuracy and fe@gilmbmputational analysis was
performed using the B97D functional employing thR@ 5+G(d) basis set for carbon, nitrogen,
oxygen and hydrogen atoms and the Stuttgart-Dre¢8BiD) effective core potentialgl7]
for the inner electrons of iodine and copper atams its associated douhildsasis set for the

outer ones. Thermal corrections were extracted fi@corresponding frequency calculations
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without the application of scaling factors to cddte the total free energies reported here. To
account for the solvation effects, we included $wD polarizable continuum model with all
parameters corresponding to pure toluene=(2.3741), giving rise to (SMD)/B97D/6—
31+G(d)/SDD model employed here. The choice of taisiputational setup was prompted
by its success in reproducing kinetic and thermadyic parameters of various organic and
organometallic reactionglg]. All of the transition state structures were \Jedfto have the
appropriate imaginary frequency from which the esponding reactants and products were
determined using the Intrinsic Reaction Coordin@d®C) procedurg49]. pK, values were
calculated in absolute fashion employing experimntietermined value dkGsov(H") = —
231.45 kcal mot in toluene. All of the calculations were performesing the Gaussian 09

software[50].

4.7. In silico analysis

Values of n-octanol/water partition coefficientgfofor synthesized compounds were
calculated by ChemAxon algorithm available withirmMinView Ver. 5.2.6. Predictions of
plausible biological targets and pharmacologicdiviaies were made by web-service PASS
(http://www.pharmaexpert.ru/passonline/index.phgjicl is based on the identification of

substructure features typical for active molec{B&}.

4.8. Apoptosis detection

Detection and quantification of apoptosis andedéhtiation from necrosis at single
cell level was carried out by Annexin-V-FITC Staigikit (Santa Cruz Biotech) according to
the manufacturer’s instructions. Briefly, cells weseeded into Lab-tek Il Chamber Slide with
8 wells and treated with test compounds at theirl@sy concentrations for 48 h. The cells
were washed with Incubation buffer, and Annexin-N<€E labelling solution was added.
After incubation at room temperature for 15 minamibers and silicon borders of the
chamber slides were removed, the cells were fixéth @0% glycerol and analyzed by

fluorescence microscopy.

4.9. Western blot analysis

Cells were cultured in 6-well plates at seedingsitgnof 200000 cells/well and
subjected to treatment with selected compoundseitt 2 x 1Go concentrations for 48 h. Cells
were lysed in RIPA buffer containing 20 mM Tris-H@H 7.5), 150 mM NacCl, 1 mM Na2
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EDTA, 1 mM EGTA, 1% NP-40 and 1% sodium deoxyclmlastipplemented with protease
inhibitor cocktail (Roche). Total proteins (50g) were resolved on 12% Tris-glycine
polyacrylamide gels and transferred to PVDF memdgsarsubsequently, membranes were
blocked for 1 h at room temperature with 4% BSATIBST [50 mmol/L Tris base, 150
mmol/L NaCl, 0.1% Tween 20 (pH 7.5)] and probedraight at 4 °C with primary antibody
against either p-SK1 (ECM Biosciences), ASAH1 (Amgar p-Weel kinase (Cell Signaling
Technology). Membranes were washed with TBST andhated with either goat anti-mouse
(Santa Cruz Biotechnology) or goat anti-rabbit ¢&afruz Biotechnology) horseradish
peroxidase—conjugated secondary antibody at roonpeeature for 1 h. Individual proteins
were visualized by the BM Chemiluminescence WesRioiting Substrate (POD) (Roche)
using ImageQuant LAS 500 (GE Healthcare). Densitomquantitation was determined
using the Quantity One 1-D Analysis Software (BiaedRUSA).
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Figure captions

Fig. 1. Structure and atom numbering of relevant molecstiedied computationally.

Fig. 2. Free energy profile for the Cu(l)-catalyzed cyatian of 5-alkylethynyl uracils

towards 6-substituted furo[2@pyrimidine-2-ones.

Fig. 3. Free energy profile for the formation of the 5ydé¢khynyl-6-alkyl-furo[2,3-

d]pyrimidine-2-ones initiated by the carbon—caribamd formation.

Fig. 4. (a) Molecular structure o84a with the atom-numbering scheme. Displacement
ellipsoids for non-hydrogen atoms are drawn at30% probability level. (b) A part of the
crystal structure oBB4a showing GH---O and €H---N intermolecular hydrogen bonds.

Only major component of disordered atoms is preskeimt both figures.

Fig. 5. Western blot analysis of predicted protein targdtS—7. a) Representative Western
blots are shown detecting the cellular levels abggino-Weel kinase, phospho-Sphingosine
kinase 1 (SK1) and acid ceramidase (ASAH) befork after treatment of HepG2 and HelLa
cells with indicated compounds at their 2 xsd@alues for 48 h. Approximate molecular
weights (kDa) are indicated. b) Relative proteipressions, as determined by densitometric
analysis of protein bands and normalized to thehalpubulin loading control. Two
independent experiments were performed with sinmésults. Data are presented as mean

values * SD.

Fig. 6. Detection of apoptosis induced Byin HepG2 cells using Annexin V-FITC assay.
Cells were visualized by fluorescence microscopet@t magnification before and after
treatment with 2 x 16 value of7 for 48 h. PI staining was used as a nuclear maS®own

here are bright-field images (upper left microgg)plearly apoptotic cells (PI-/Ann V+, upper
right micrographs), secondary necrotic cells (Plewer left micrographs) and late

apoptotic/primary necrotic cells (PI+/Ann V+, lowgght micrographs).
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Resear ch highlights

. Pd/Cu-catalyzed reactions gave furo[d]Byrimidine-2-one—1,2,3-triazole hybrids
. Tandem terminal alkyne dimerization an@rislo-trig cyclization afforde®®4a—37a
. Precise reaction mechanisms were elucidated bpETecomputational analysis

. Compound? did not show mitochondrial toxicity vitro

. 7 in Hep-G2 cells inhibited Wee-1 kinase and abelisbphingolipid signaling



