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ARTICLE INFO ABSTRACT

Pyrimidine N-oxide moiety for the first time was used as a heterocyclic core for the construction of s-conjugated
molecules with fluorescent properties. For the synthesis of the title compounds a simple two-step protocol
starting from readily available 4-fluoro-2-methylpyrimidine N-oxides was elaborated. A series of 17 novel
pyrimidine N-oxide derivatives containing various functional substituents and m-conjugated systems of different
length were obtained. The title compounds revealed fluorescent properties in visible region, possessing emission
maximum up to 575 nm. Deoxygenation of the N-oxide group led to the loss of visible fluorescence. The che-
mosensor properties towards TFA and a number of metal cations were demonstrated for 3a, the first re-
presentative of the title series. Cytotoxic activity against breast adenocarcinoma cell line was found for three
pyrimidine N-oxide derivatives 3b,i,n. Pyrimidine N-oxide 3a was shown to possess excellent biocompatibility
and capability to enter cells, that makes it a promising structure for development of bioimaging fluorescent
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1. Introduction

Pyrimidine is an ubiquitous heterocyclic scaffold, particularly im-
portant in living organisms as a core of pyrimidine bases in nucleic
acids, and also present in a number of drugs, including those with an-
ticancer, antiviral, antibacterial and antihypertensive activities [1,2].
Another important application of aromatic strongly electron-with-
drawing pyrimidine moiety is the construction of push-pull molecules
and the synthesis of functionalized m-conjugated materials such as li-
quid crystals, light-emitting, and nonlinear optical materials [3]. The
pyrimidine-based structures, containing simultaneously pharmaco-
phore and fluorophore, are justifiably appealing for the development of
bioimaging probes [4].

On contrary, pyrimidine N-oxides have been less investigated and
found very few applications in pharmaceuticals or material sciences.
The only clinical drug containing this scaffold is Minoxidil, an anti-
hypertensive vasodilator medication used to treat hair loss [5].
Nevertheless, heterocyclic N-oxides possess their specific modes of ac-
tion and represent highly challenging structures for drug-development

[6]. The use of pyrimidine N-oxides for construction of extended -
conjugated systems is not described either, despite having large elec-
tron-withdrawing effect and dipole moment, which is significantly
higher than that of pyrimidines’ [7]. The most evident cause of such
oversight is the lack of straightforward and selective synthetic ap-
proaches to pyrimidine N-oxides and their functional derivatives.

Previously, we have discovered a three-component heterocycliza-
tion of 1,1-dihalogenocyclopropanes upon the treatment with nitrating
or nitrosating reagents in the presence of an organic nitrile affording 4-
halogenopyrimidine oxides (Scheme 1). Additionally, we elaborated
approaches to a number of pyrimidine derivatives based on this reac-
tion [8].

Here we present the synthetic approach to novel m-conjugated
molecules based on pyrimidine N-oxide moiety and the investigation of
their photophysical properties and anticancer activity.
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Scheme 1. Synthesis of 4-halogenopyrimidine N-oxides.

2. Materials and methods

2.1. Experimental

General. Heterocycles 1a,b,%*¢ 2a-¢,®d 584 were obtained via de-
scribed methods, synthesis and characterisation of novel intermediate
compounds 1lec, 2d-f are available in SI. All starting materials were
commercially available. All reagents except commercial products of
satisfactory quality were purified according to literature procedures
prior to use. Analytical thin layer chromatography was carried out with
silica gel plates (supported on aluminum); the detection was done by
UV lamp (254 and 365 nm). Column chromatography was performed
on silica gel (Merck, 230-400 mesh). 'H, 3C and '°F NMR spectra were
recorded on a 400 MHz spectrometer (400.0, 100.6 and 376.3 MHz for
'H, 3C and '°F, respectively) at room temperature; chemical shifts
were measured with reference to the solvent for [1]JH (CDCls,
8 = 7.24 ppm) and *3C (CDCls, § = 77.13 ppm) and to CFCl; as external
standard for '°F. When necessary, assignments of signals in NMR
spectra were made using 2D techniques. Accurate mass measurements
(HRMS) were obtained with electrospray ionization (ESI) and a time-of-
flight (TOF) detector. Ultraviolet/Visible spectra were obtained on
Agilent Cary 60 spectrophotometer. Fluorescence spectra in solutions
were recorded on Hitachi F2700 fluorescence spectrophotometer.
Fluorescence spectrum of 3a in thin film was recorded on Fluoromax4
fluorescence spectrophotometer. Fluorescence quantum yield ( + 10%)
determined relative to quinine sulfate in 0.05M H,SO,4 (y = 53%) and
rodamine-G in ethanol for 3o (w = 94%) as standards [9]. Fluorescence
intensity decays were obtained by time-correlated single photon-
counting measurements in CH,Cl, at 25°C at ¢ = 10 ~°>M. Excitation
wavelength — 370 nm. Typical fluorescence intensity decay data were
analyzed by the Marquardt-Levenberg method of nonlinear fitting of
one-, two- or three-exponential function (as a sum of discrete ex-
ponential terms); in the cases of 3a,0,q not monoexponential intensity
decay was observed.

2.2. Synthesis

Condensation of 4-aminopyrimidine oxides with aldehydes in
basic conditions (general method). A mixture of 4-aminopyrimidine
N-oxide 2 (0.5 mmol), corresponding aldehyde (1.0 mmol), 50% aqu-
eous NaOH (2 g, 0.05 mol) and TEBAC (5 mg, 0.02 mmol) was stirred
for 1-6 h under argon at 90-100 °C. After this time, the reaction mixture
was allowed to cool down, diluted with water (5 mL) and extracted with
CH,Cl, (4 X 5mL). The combined organic extracts were washed with
water (3 X 5mL) and dried over MgSO,. The solvent was evaporated in
vacuo and the product was isolated via the column chromatography
(S8i0y).

Compound 3a was synthesized according to the general procedure
(reaction time 1h) from 2a and benzaldehyde in 20% isolated yield.
Yellow crystals, mp 185-188°C (from CH,Cl,), Rf 0.3 (petroleum
ether:EtOAc:MeOH 1:1:0.2). 'H NMR (400.0 MHz, CDCl;) &
1.65-1.75 (2H, m, C°Hy), 1.85-1.95 (2H, m, C"H,), 2.59 (2H, m, C°H,),
2.97 (m, 2H, C®H,), 3.31-3.38 (4H, m, 2 CH,N), 3.81-3.90 (4H, m,
2CH,0), 7.29-7.39 (3H, m, 3CH, Ph), 7.62-7.68 (2H, m, 2CH, Ph), 7.90
(1H, br.d, J = 16.2Hz, CH =), 7.99 (1H, d, J = 16.2Hz, CH = ); '3C
NMR (100.6 MHz, CDCl3) 8c: 21.4 (C"Hy), 21.7 (C®H,), 25.5 (CH,),
26.3 (CH,), 49.0 (2CH,N), 66.7 (2CH,0), 117.9 (CH = ), 119.8 (C*3),
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127.9 (2CH, Ph), 128.7 (2CH, Ph), 129.3 (CH, Ph), 136.2 (C, Ph), 139.2
(CH =), 151.2 (C?», 154.5 (C*, 155.9 (C®¥). Found: [M+H]"*
338.1860; molecular formula CpoH23N30, requires [M +H] © 338.1863.

Compound 3b was synthesized according to the general procedure
(reaction time 3h) from 2a and 2,6-dimethylbenzaldehyde in 32%
isolated yield. Yellow crystals, mp 162-164 °C (from CH,Cl,), Rf 0.3
(petroleum ether:EtOAc:MeOH 1:1:0.2). 'H NMR (400.0 MHz, CDCl3)
Sy 1.66-1.74 (2H, m, CH,), 1.86-1.95 (2H, m, CH,), 2.42 (6H, s,
2CH3), 2.58 (2H, m, CH,), 2.95 (2H, m, CH,), 3.30-3.38 (4H, m,
2CH,N), 3.80-3.88 (4H, m, 2CH,0), 7.03-7.12 (3H, m, 3CH, Ar), 7.59
(1H, d, J = 16.5Hz, CH =), 8.08 (1H, d, J = 16.5Hz, CH =); '3C
NMR (100.6 MHz, CDCl3) éc: 21.3 (2CH3), 21.4 (CH,), 21.7 (CH,), 25.4
(CH,), 26.3 (CH,), 49.0 (2CH,N), 66.7 (2CH,0), 119.8 (C4a), 123.0
(CH =), 127.7 (CH, Ar), 128.2 (2CH, Ar), 135.3 (C, Ar), 136.8 (2C, Ar),
137.6 (CH =), 151.2 (C?), 154.4 (C*, 155.9 (C®). Found: [M+H]*
366.2170; molecular formula Cy,H,;N50, requires [M +H]* 366.2176.

Compound 3c was synthesized according to the general procedure
(reaction time 5h) from 2a and 4-methylbenzaldehyde in 25% isolated
yield. Yellow crystals, mp 203-206 °C (from CH,Cl,), Rf 0.3 (petroleum
ether:EtOAc:MeOH 1:1:0.2). 'H NMR (400.0 MHz, CDCls) &
1.65-1.75 (2H, m, C®H,), 1.86-1.96 (2H, m, C’H,), 2.58 (2H, m, C°H,),
2.95 (2H, m, C®H,), 3.02 (6H, s, 2CH3, NMe,), 3.30-3.36 (4H, m,
2CH,N), 3.83-3.89 (4H, m, 2CH,0), 6.66-6.72 (2H, m, 2CH, Ar),
7.53-7.60 (2H, m, 2CH, Ar), 7.79 (1H, d, J = 16.1 Hz, CH = ), 7.87 (d,
1H, J = 16.1 Hz, CH = ); '*C NMR (100.6 MHz, CDCl;) 8¢: 21.5 (C’Hs),
21.7 (C°H,), 25.6 (C®H,), 26.1 (C°H.,), 40.2 (2CHy3), 49.0 (2CH,N), 66.8
(2CH,0), 111.9 (2CH), 112.7 (=CH), 118.5 (C4a), 124.3 (C, Ar) 129.5
(2CH), 139.7 (=CH), 151.1 (C, Ar), 152.0 (C?), 154.5 (C*), 155.5 (C®).
Found: [M+H]" 381.2285; molecular formula Cy,H2gN4O5 requires
[M+H]" 381.2285.

Compound 3d was synthesized according to the general procedure
(reaction time 6 h) from 2a and 4-methoxybenzaldehyde in 27% iso-
lated yield. Yellow crystals, mp 171-172°C (from CH,Cl,), Rf 0.3
(petroleum ether:EtOAc:MeOH 1:1:0.2). 'H NMR (400.0 MHz, CDCl3)
8 1.63-1.76 (2H, m, C°H,), 1.84-1.94 (2H, m, C’H,), 2.57 (2H, m,
C°Hy), 2.96 (2H, m, C®H,), 3.31-3.39 (4H, m, 2CH,N), 3.80-3.87 (4H,
m, 2CH,0), 3.83 (3H, s, CH3), 6.87-6.93 (m, 2H, 2CH, Ar), 7.57-7.63
(2H, m, 2CH, Ar), 7.84 (1H, d, J=16.2Hz, CH), 7.87 (1H, d,
J=16.2Hz, CH =); 3C NMR (100.6 MHz, CDCl3) 8c: 21.4 (C’H,),
21.7 (C°Hy), 25.5 (C°Hy), 26.3 (C°Hy), 49.0 (2CH;,N), 55.3 (CHs), 66.7
(2CH,0), 114.2 (2CH), 115.4 (=CH), 119.2 (C*), 128.9 (C, Ar) 129.5
(2CH), 139.2 (=CH), 151.6 (C?), 154.8 (C*), 155.8 (C®%), 160.7 (C, Ar).
Found: [M+H]" 368.1962; molecular formula C,;H,5N303 requires
[M+H]* 368.1969.

Compound 3e was synthesized according to the general procedure
(reaction time 6 h) from 2a and 4-ethoxybenzaldehyde in 25% isolated
yield. Yellow crystals, mp 166-169 °C (from CH,Cl,), Rf 0.2 (petroleum
ether:EtOAc:MeOH 1:1:0.2). 'H NMR (400.0 MHz, CDCl5) 8y: 1.41 (3H,
t,J = 7.0 Hz, CHs), 1.61-1.76 (2H, m, C°H,), 1.83-1.94 (2H, m, C’H,),
2.57 (2H, m, C°H,), 2.95 (2H, m, C®H,), 3.26-3.38 (4H, m, 2CH,N),
3.79-3.88 (4H, m, 2CH,0), 4.05 (2H, q, J = 7.0 Hz, CH,, Et), 6.88 (2H,
d, J=8.6Hz, 2CH), 7.58 (2H, d, J = 8.6 Hz, 2CH), 7.85 (2H, d,
J=16.2Hz, 2CH = ). >C NMR (100.6 MHz, CDCl;) 8c: 14.8 (CHs),
21.4 (C°Hy), 21.7 (C7Hy), 25.5 (C®Hy), 26.2 (C°Hy), 49.0 (2CH,N), 63.5
(CH,, Et), 66.7 (2CH,0), 114.7 (2CH, Ar), 115.4 (CH =), 119.3 (c*,
128.8 (C), 129.5 (2CH, Ar), 139.0 (CH =), 151.5 (Cz), 154.6 (C4),
155.8 (C®%), 160.1 (C, Ar). Found: [M+H] " 382.2116; molecular for-
mula Cy,H,,N303 requires [M+H]* 382.2125.

Compound 3f was synthesized according to the general procedure
(reaction time 6 h) from 2a and 3,4,5-trimethoxybenzaldehyde in 15%
isolated yield. Yellow crystals, mp 162-165 °C (from CH,Cl,), Rf 0.16
(petroleum ether:EtOAc:MeOH 1:1:0.2). 'H NMR (400.0 MHz, CDCl3)
8u: 1.67-1.73 (2H, m, C°H,), 1.85-1.96 (2H, m, C’H,), 2.58 (2H, m,
C°H,), 2.95 (2H, m, C®H,), 3.29-3.38 (4H, m, 2CH,N), 3.82-3.87 (4H,
m, 2CH,0), 3.87 (3H, s, CH3), 3.89 (6H, s, 2CH3), 6.87 (2H, s, 2CH),
7.80 (1H,d,J = 16.0Hz, CH =), 7.91 (1H, d, J = 16.0Hz, CH = ); 3¢
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NMR (100.6 MHz, CDCl3) 8c: 21.4 (C°Hy), 21.7 (C7Hy), 25.5 (C°Hy),
26.3 (C°H,), 49.0 (2CH,N), 56.2 (2CH3), 60.9 (CH3), 66.7 (2CH,0),
105.0 (2CH), 117.2 (CH =), 119.8 (C4a), 131.8 (C, Ar), 139.1 (CH =),
139.3 (C, Ar), 151.1 (C?), 153.4 (2C, Ar), 154.6 (C"), 155.9 (C*.
Found: [M+H]" 428.2169; molecular formula Cy3H2oN305 requires
[M+H]* 428.2180.

Compound 3g was synthesized according to the general procedure
(reaction time 6 h) from 2a and 4-(diethoxymethyl)benzaldehyde. Was
not isolated because of transformation into 3h on silica gel. "H NMR
(400.0 MHz, CDCl3) 8y: 1.25 (6H, t, J = 6.8 Hz, 2CH3), 1.69-1.77 (2H,
m, C°H,), 1.88-1.97 (2H, m, C’H,), 2.60 (2H, m, C°H,), 3.00 (2H, m,
C®H,), 3.33-3.44 (4H, m, 2CH,N), 3.51-3.69 (4H, m, 2CH,, Et),
3.83-3.91 (4H, m, CH,0), 5.52 (1H, s, CH), 7.50 (2H, d, J = 8.2 Hz,
2CH, Ar), 7.66 (2H, d, J = 8.2 Hz, 2CH), 7.92 (1H, d, J = 15.9 Hz, CH),
7.98 (1H, d, J = 15.9 Hz, CH).

Compound 3h was obtained from compound 3g after the column
chromatography in 12% isolated yield (per starting compound 2a).
Orange crystals, mp 186-188°C (from CH,Cl,), Rf 0.5 (petroleum
ether:EtOAc:MeOH 1:1:0.4). 'H NMR (400.0 MHz, CDCl;) &
1.66-1.74 (2H, m, C°H,), 1.88-1.95 (2H, m, C’H,), 2.59 (2H, m, C°H.,),
2.95 (2H, m, C°H,), 3.29-3.38 (4H, m, 2CH,N), 3.79-3.89 (4H, m,
2CH,0), 7.78 (2H, d, J = 8.1 Hz, 2CH), 7.88 (2H, d, J = 8.1 Hz, 2CH),
7.92 (1H, d, J = 16.1Hz, CH =), 8.10 (1H, d, J = 16.1Hz, CH =),
10.0 (1H, s, CHO); 3C NMR (100.6 MHz, CDCly) 8: 21.3 (C’Hy), 21.6
(C6H2), 25.5 (C8H2), 26.3 (C°Hy), 49.0 (2CH,N), 66.7 (2CH,0), 120.7
(C*), 121.2 (=CH), 128.3 (2CH, Ar), 130.1 (2CH, Ar), 136.3 (C, Ar),
137.3 (=CH), 142.0 (C, Ar), 150.5 (C?), 154.5 (C*), 156.1 (C*), 191.6
(CHO). Found: [M+H]" 366.1811; molecular formula Cy;Hy3N305
requires [M+H]" 366.1812.

Compound 3i was synthesized according to the general procedure
(reaction time 2 h) from 2a and trans-4-stilbenecarboxaldehyde in 25%
isolated yield. Yellow crystals, mp 188-191 °C (from CH,Cl,), Rf 0.2
(petroleum ether:EtOAc:MeOH 1:1:0.2). 'H NMR (400.0 MHz, CDCl;)
8y 1.65-1.74 (2H, m, C°H,), 1.85-1.95 (2H, m, C'Hy), 2.59 (2H, m,
C°Hy), 2.98 (2H, m, C®H,), 3.32-3.40 (4H, m, 2CH,N), 3.81-3.89 (4H,
m, 2CH,0), 7.09 (1H, d, J = 16.3 Hz, =CH), 7.16 (1H, d, J = 16.3 Hz,
CH), 7.23-7.28 (1H, m, CH), 7.32-7.38 (2H, m, 2CH), 7.48-7.55 (4H,
m, 4CH), 7.65 (2H, d, J = 8.3Hz, 2CH), 7.90 (1H, d, J = 16.1 Hz,
=CH), 8.01 (1H, d, J = 16.1 Hz, =CH); *C NMR (100.6 MHz, CDCl5)
8c: 21.4 (C"Hy), 21.7 (C°Hy), 25.6 (C®Hy), 26.4 (C°Hy), 49.0 (2CH,N),
66.7 (2CH,0), 117.5 (CH =), 119.6 (C*), 126.6 (2CH), 126.9 (2CH),
127.8 (CH, Ph), 128.0 (CH =), 128.4 (2CH), 128.7 (2CH), 129.5
(CH =), 135.4 (C), 137.1 (C), 138.4 (C), 138.9 (CH =), 151.4 (C?),
154.9 (C*), 156.0 (C®*). Found: [M +H]* 440.2324; molecular formula
CogH2oN30, requires [M+H] ™ 440.2333.

Compound 3j was synthesized according to the general procedure
(reaction time 2h) from 2b and benzaldehyde in 17% isolated yield.
Yellow oil, Ry 0.24 (petroleum ether: CH,Cl,:MeOH 3:1:0.1). '"H NMR
(400.0 MHz, CDCl3) éy: 1.01 (3H, t, J = 7.3 Hz, CH3), 1.46 (2H, m,
CH,, Bu), 1.67 (2H, m, CH,, Bu), 1.73-1.86 (4H, m, C°H,, C"H,), 2.35
(2H, m, C°Hy), 2.95 (2H, m, C®H,), 3.58 (2H, td, J = 7.0 Hz, J = 5.7 Hz,
CH,NH), 4.54 (1H, br.s, NH), 7.30-7.34 (1H, m, CH, Ph), 7.36-7.40
(2H, m, 2CH, Ph), 7.67 (2H, m, 2CH, Ph), 7.92 (1H, d, J = 16.1 Hz,
CH =), 8.04(d, 1H, J = 16.1 Hz, CH = ); "*C NMR (100.6 MHz, CDCls)
8c: 13.9 (CHy), 20.2 (CH,, Bu), 20.9 (CH,), 21.1 (C°H,), 22.4 (C°H,),
24.6 (CSHZ), 31.6 (CH,, Bu), 41.0 (CH3N), 112.8 (C4a), 118.3 (CH =),
127.9 (2CH, Ph), 128.3 (CH, Ph), 128.7 (2CH, Ph), 136.4 (C, Ph), 138.8
(CH =), 151.3 (C%, 151.4 (C®, 153.4 (C®*). Found: [M+H]"
324.2068; molecular formula C,oH25N30 requires [M+H]* 324.2070.

Compound 3k was synthesized according to the general procedure
(reaction time 3h) from 2c and benzaldehyde in 21% isolated yield.
Brown oil, Rf 0.2 (petroleum ether:EtOAc:MeOH 1:1:0.2). 'H NMR
(400.0 MHz, CDCl3) 8y: 1.85-1.90 (4H, m, C®H,, C’H,), 2.56 (2H, m,
C°H,), 3.00 (2H, m, C®H,), 7.12-7.18 (2H, m, 2CH), 7.21-7.27 (1H, m,
1CH), 7.32-7.42 (4H, m, 4CH), 7.59-7.66 (3H, m, 3CH), 7.88 (1H, d,
J=16.0Hz, CH=), 794 (1H, d, J=16.0, CH=); 3¢ NMR
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(100.6 MHz, CDCls) 8c: 20.8 (C°H,, C7Hy), 22.8 (C°Hy), 24.9 (C°Hy),
114.1 (C*), 117.4 (CH =), 120.9 (2CH), 124.0 (CH), 128.1 (2CH),
128.8 (2CH), 128.9 (2CH), 129.6 (CH), 135.9 (C, Ph), 138.4 (CH),
140.6 (C, Ph), 151.9 (C), 152.1 (C), 154.9 (C®). Found: [M+H]*
344.1751; molecular formula Cy5H51 N30 requires [M+H] © 344.1757.

Compound 31 was synthesized according to the general procedure
(reaction time 3h) from 2d and benzaldehyde in 21% isolated yield.
Brown crystals, mp 108-109 °C (from CH,Cl,), R 0.2 (petroleum ether:
EtOAc:MeOH 1:1:0.3). 'H NMR (400.0 MHz, CDCl5) 8 1.75-1.89 (4H,
m, C°H,, C"Hy), 2.50 (2H, m, C°Hy), 2.93 (2H, m, C®H,), 3.81 (3H, s,
CHj3), 6.53 (1H, s, NH), 6.88-6.93 (2H, m, 2CH, Ar), 7.26-7.37 (3H, m,
3CH, Ph), 7.47-7.52 (2H, m, 2CH, Ar), 7.55-7.59 (2H, m, 2CH, Ph),
7.81 (1H, d, J = 16.0Hz, =CH), 7.97 (1H, d, J = 16.0 Hz, =CH); '*C
NMR (100.6 MHz, CDCl;) 8¢: 20.9 (C°H,), 21.0 (C’H,), 22.7 (C°Hy),
24.9 (C®H,), 55.5 (CH3), 113.7 (C*¥), 114.0 (2CH, Ar), 117.9 (CH =),
122.8 (2CH, Ar), 127.9 (2CH, Ph), 128.7 (2CH, Ph), 129.2 (CH, Ph),
131.8 (G, Ar), 136.2 (C, Ph), 139.4 (CH =), 148.4 (C*, 151.3 (C?),
154.5 (C®), 156.1 (C, Ar). Found: [M+H] " 374.1852; molecular for-
mula Cy3H,3N30, requires [M+H]* 374.1863.

Compound 3m was synthesized according to the general procedure
(reaction time 3h) from 2a and cinnamic aldehyde in 17% isolated
yield. Yellow oil, Rf 0.4 (petroleum ether:EtOAc:MeOH 1:1:0.1). 'H
NMR (400.0 MHz, CDCl3) 8;: 1.62-1.76 (2H, m, C°H,), 1.80-1.93 (2H,
m, C’H,), 2.58 (2H, m, C°Hy), 2.95 (2H, m, C®H,), 3.29-3.37 (4H, m,
2CH,N), 3.80-3.89 (4H, m, 2CH,0), 7.31-7.40 (4H, m, 3CH, Ph,
CH =), 7.44-7.50 (1H, m, CH =), 7.62-7.67 (2H, m, 2CH, Ph), 7.89
(1H, ps.d, J = 16.3Hz, CH = ), 7.98 (1H, ps.d, J = 16.0Hz, CH = ); '°C
NMR (100.6 MHz, CDCl3) 8c: 21.4 (CH,), 21.6 (CH.,), 25.5 (CH.), 26.3
(CHy), 49.0 (2CH,N), 66.7 (2CH,0), 117.8 (CH = ), 119.7 (C*), 127.0
(CH =), 128.0 (2CH, Ph), 128.5 (CH = ), 128.7 (2CH, Ph), 129.3 (CH,
Ph), 136.1 (C, Ph), 139.3 (=CH), 151.2 (C?), 154.7 (C*), 156.0 (C%®).
Found: [M+H]* 364.2017; molecular formula C,,H,sN30, requires
[M+H]* 364.2020.

Compound 3n was synthesized according to the general procedure
(reaction time 2h) from 2a and 2-naphthaldehyde in 15% isolated
yield. Orange crystals, mp 155-156 °C (from CH,Cl,), Rf 0.4 (petroleum
ether:EtOAc:MeOH 1:1:0.2). 'H NMR (400.0 MHz, CDCl;) &
1.63-1.75 (2H, m, C®H,), 1.83-1.94 (2H, m, C’H,), 2.58 (2H, m, C°H,),
2.97 (2H, m, C°H,), 3.30-3.42 (4H, m, 2CH,N), 3.80-3.90 (4H, m,
2CH,0), 7.46-7.51 (2H, m, 2CH, Ar), 7.53-7.57 (1H, m, 1CH, Ar),
7.82-7.86 (2H, m, 2CH, Ar), 7.96 (1H, d, J = 7.1 Hz, CH, Ar), 8.05 (1H,
d, J = 15.8Hz, CH =), 8.23 (1H, d, J = 8.4 Hz, CH, Ar), 8.78 (1H, d,
J =15.8Hz, CH =); 3C NMR (100.6 MHz, CDCl3) 8c: 21.4 (C’H,),
21.7 (C°Hy), 25.5 (C®H,), 26.3 (C°H,), 49.0 (2CH,N), 66.7 (2CH,0),
120.0 (C**), 120.2 (CH = ), 123.4 (CH, Ar), 124.9 (CH, Ar), 125.7 (CH,
Ar), 125.9 (CH, Ar), 126.5 (CH, Ar), 128.7 (CH, Ar), 129.6 (CH, Ar),
131.5 (C, Ar), 133.3 (G, Ar), 133.7 (C, Ar), 135.8 (CH =), 151.2 (C?),
154.6 (C%), 156.0 (C®). Found: [M +H]* 388.2010; molecular formula
C24H25N50, requires [M+H] ™ 388.2020.

Compound 3o was synthesized according to the general procedure
(reaction time 5 h; 0.7 eq. of aldehyde were taken instead of 2 eq.) from
2a and perylene-3-carboxaldehyde in 10% isolated yield. Dark-red
crystals, mp 155-156°C (from CH,Cl,), Rf 0.4 (petroleum
ether:EtOAc:MeOH 1:1:0.4). 'H NMR (400.0 MHz, CDCl;) &
1.68-1.78 (2H, m, C°H,), 1.88-1.97 (2H, m, C’H,), 2.61 (2H, m, C°H.,),
2.99 (2H, m, C®H,), 3.36-3.43 (4H, m, 2CH,N), 3.85-3.92 (4H, m,
2CH,0), 7.45-7.49 (2H, m, 2CH), 7.56 (1H, dd, J = 7.8, 8.4 Hz, CH),
7.65-7.69 (2H, m, 2CH), 7.98 (1H, d, J = 8.1 Hz, CH), 8.08 (1H, d,
J=15.7Hz, =CH), 8.09 (1H, d, J=8.4Hz, CH), 8.22 (1H, d,
J =7.8Hz, CH) 8.17-8.21 (3H, m, 3CH), 8.73 (1H, d, J = 15.7 Hz,
=CH); "C NMR (100.6 MHz, CDCls) 8¢: 21.4 (C"Hy), 21.7 (C°Hy), 25.5
(C®Ha), 26.3 (C°H,), 49.1 (2CH,N), 66.8 (2CH,0), 119.7 (=CH), 119.9
(C*), 120.3 (CH), 120.4 (CH), 120.6 (CH), 120.8 (CH), 123.1 (CH),
125.7 (CH), 126.6 (CH), 126.7 (CH), 126.9 (CH), 128.0 (CH), 128.2
(CH), 128.4 (C), 129.0 (C), 130.9 (C), 131.2 (C), 131.7 (O), 132.5 (Q),
132.7 (C), 132.9 (C), 134.6 (C), 135.4 (=CH), 151.3 (C?), 154.6 (C*),
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156.0 (C®). Found: [M+H]"' 512.2326;
C34H20N30, requires [M+H] " 512.2333.

Compound 3p was synthesized according to the general procedure
(reaction time 6h) from 2a and thiophene-2-carboxaldehyde in 12%
isolated yield. Yellow crystals, mp 130-131 °C (from CH,Cl,), Rf 0.2
(petroleum ether:EtOAc:MeOH 1:1:0.2). 'H NMR (400.0 MHz, CDCl3)
8u: 1.64-1.75 (2H, m, C°H,), 1.86-1.94 (2H, m, C’H,), 2.57 (2H, m,
C®H,), 2.94 (2H, m, C8H2), 3.29-3.36 (4H, m, 2CH,N), 3.81-3.86 (4H,
m, 2CH,0), 7.03 (1H, dd, J = 3.7 Hz, J = 5.1 Hz, CH, Thio), 7.27 (1H,
d, J = 3.7 Hz, CH, Thio), 7.32 (1H, d, J = 5.1 Hz, CH, Thio), 7.76 (1H,
d, J=15.8Hz, CH=), 8.03 (1H, d, J=15.8, CH=); *C NMR
(100.6 MHz, CDCl3) 8c: 21.4 (C’H,), 21.7 (C°H,), 25.5 (C®H,), 26.2
(C°H,), 49.0 (2CH,N), 66.7 (2CH,0), 117.1 (CH = ), 119.6 (C4a), 127.4
(CH, Thio), 127.9 (CH, Thio), 129.2 (CH, Thio), 131.7 (CH =), 141.9
(C, Thio), 150.9 (C?), 154.5 (C%, 155.8 (C®*). Found: [M+H]"*
344.1426; molecular formula C;gH,N30,S requires [M+H]*
344.1427.

Compound 3q was synthesized according to the general procedure
(reaction time 1h; 10% aqueous NaOH (0.7 g, 17.5 mmol) was taken
instead of 50%) from 2e and benzaldehyde in 19% isolated yield.
Yellow crystals, mp 195-198 °C (from CH,Cl,), R 0.6 (petroleum ether:
EtOAc:MeOH 1:1:0.3). 'H NMR (400.0 MHz, CDCl5) 8y: 3.66-3.73 (4H,
m, 2CH,N), 3.79-3.89 (4H, m, 2CH,0), 6.50 (1H, s, C°H), 7.31-7.41
(38H, m, 3CH, Ph), 7.42-7.49 (3H, m, 3CH, Ph), 7.63-7.68 (2H, m, 2CH,
Ph), 7.74-7.78 (2H, m, 2CH, Ph), 7.93 (1H, d, J = 16.1 Hz, CH =),
8.03 (1H, d, J = 16.1 Hz, CH = ); *C NMR (100.6 MHz, CDCl;) 8¢:
44.6 (2CH,N), 66.4 (2CH,0), 102.1 (C°H), 117.68 (CH =), 128.1
(2CH, Ph), 128.2 (2CH, Ph), 128.8 (2CH, Ph), 129.3 (2CH, Ph), 129.7
(CH, Ph), 130.2 (CH, Ph), 132.1 (C, Ph), 135.8 (C, Ph), 141.3 (CH =),
153.5 (€%, 155.3 (C?), 156.0 (C°). Found: [M+H]" 360.1697; mole-
cular formula Cy,H2;N30, requires [M+H] " 360.1707.

Compound 3r was synthesized according to the general procedure
(reaction time 1h; 10% aqueous NaOH (0.7 g, 17.5 mmol) was taken
instead of 50%) from 2e and benzaldehyde in 18% isolated yield.
Yellow crystals, mp 210-212 °C (from CH,Cl,), R 0.7 (petroleum ether:
EtOAc:MeOH 1:1:0.2). 'H NMR (400.0 MHz, CDCl5) 8y: 3.64-3.69 (4H,
m, 2CH,N), 3.81-3.87 (4H, m, 2CH,0), 6.49 (1H, s, C°H), 7.33-7.41
(3H, m, 3CH, Ph), 7.56-7.60 (2H, m, 2CH, C¢H,Br), 7.63-7.67 (2H, m,
2CH, Ph), 7.69-7.73 (2H, m, 2CH, CgH4Br), 7.92 (1H, d, J = 16.1 Hz,
CH =), 8.04 (1H, d, J = 16.1 Hz, CH = ); ">*C NMR (100.6 MHz, CDCl3)
Sc: 44.6 (2CH,N), 66.4 (2CH,0), 101.9 (C°H), 117.7 (CH =), 124.7
(CBr), 128.1 (2CH, Ph), 128.8 (2CH, Ph), 129.6 (CH, Ph), 130.9 (2CH,
CeH4Br), 131.1 (C, C¢H4Br), 131.4 (2CH, C¢H,Br), 135.8 (C, Ph), 140.8
(CH =), 152.5 (C*, 154.2 (C®), 154.9 (C?). Found: [M+H]™* 438.0821
and 440.0795; molecular formula Cy,Hy0BrN3O, requires [M+H]*
438.0812 and 440.0792.

Compound 4 was obtained from N-oxide 3a via described method
[8b] in 95% isolated yield and required no purification. Yellowish
crystals, mp 113-114°C (from CH,Cl,). 'H NMR (400.0 MHz, CDCl3)
8u: 1.66-1.75 (2H, m, C®H,), 1.80-1.89 (2H, m, C’H,), 2.51 (2H, m,
C®H,), 2.83 (2H, m, C®H,), 3.35-3.47 (4H, m, 2CH,N), 3.74-3.85 (4H,
m, 2CH,0), 7.09 (1H, d, J = 16.0 Hz, =CH), 7.23-7.28 (1H, m, 1CH),
7.29-7.35 (2H, m, 2CH), 7.53-7.57 (2H, m, 2CH), 7.80 (1H, d,
J = 16.0 Hz, CH); 13C NMR (100.6 MHz, CDCls) 8¢ 22.3 (C’Hy), 22.8
(C°H,), 26.7 (C°H,), 31.7 (C®H,), 48.6 (2CH,N), 66.8 (2CH,0), 116.4
(C4a), 127.4 (2CH), 127.6 (CH =), 128.61 (CH), 128.64 (2CH), 136.3
(C, Ph), 136.5 (CH =), 160.1 (C?), 164.2 (C®), 164.9 (C*). Found: [M
+H]* 322.1905; molecular formula CyoH3N30 requires [M+H]™"
322.1914.

molecular formula

2.3. X-ray analysis

For X-ray diffraction analysis was chosen single crystal of compound
3b. Cell parameters for compound 3b were determined from a set of
13467 reflections. Structure was solved by direct methods (SHELXS97)
[10a], and refined with using anisotropic approximation for all
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nonhydrogen atoms. All hydrogen atoms were found from the different
Fourier maps and refined with using riding model. Refinement proce-
dure was made with using SHELXL-13 program [10b]. The description
and results of the single crystal experiment are given in Table SI.
Graphical representations (Fig. S1) of solved molecular structure was
made with using ORTEP-3 program [10c]. The CIF-file was checked
(on-line procedure) by PLATON [10d] program and deposited in
Cambridge Structural Data Base (deposit number 1545819). In the
crystal structure classical hydrogen bonds are not found (Fig. S2). By
our opinion, crystal structure is stabilized by non-classical hydrogen
bonds (Table S3) and intermolecular contacts (less than 4.00 A) (Table
54).

2.4. Computational details

Molecular modelling, with Gaussian 09 and GaussView 5.0.8, was
used to determine the HOMO and LUMO energies at the B3LYP/6-
31G(d) was performed. The theoretical calculations for excitation and
emission spectra were carried out using the Gaussian 09 implementa-
tions of B3LYP DFT. Using the optimized geometries in CH,Cl, (PCM
model), vertical transitions in the UV-vis region were computed with
time-dependent DFT (TDDFT) to generate the simulated absorption
spectra. For TDDFT single points, the first 6 (for 30 NState = 20) singlet
excitations were solved iteratively [TD(ROOT = X, NSTATES = 6)
where X is the root number, X = 1]. For TDDFT geometry optimiza-
tions, the first singlet excited states were optimized using analytical
gradients, and the first 6 singlet excitations were solved iteratively [TD
(ROOT = 1, NSTATES = 6)]. All Gaussian 09 computations used the 6-
31G(d) basis sets for all atoms. Spherical harmonic d functions were
used throughout, i.e., there are five angular basis functions per d
function. All B3LYP/6-31G(d) structures were fully optimized, and
analytical frequency calculations were performed on all ground-state
structures to ensure a local minimum was achieved.

2.5. Bioevaluation

2.5.1. MTT test

The MTT test of compounds 3a-f,h,i,m-o was performed according
to the described procedure [11] with small modifications. MCF7,
HCT116 human cancer cell lines were cultured in DMEM (PanEco,
Russia) with Glutamin (PanEco, Russia) and antibiotics (PanEco,
Russia) in CO2 (5%) at 37°C. The compounds were predissolved
(20 mM) in DMSO and then added to the cell-culture medium at the
required concentration with a maximum DMSO content of 0.5 v/v-%.
At these concentrations, DMSO has no effect on cell viability, as it was
shown in control experiments. Cells were cultured in 96-well plates
(7000 cells/well) and treated with various concentrations of the title
compounds (from 0.01 to 50 uM) as well as doxorubicin at 37 °C for
72h. Cell viability was determined by using the MTT assay, which
quantifies the mitochondrial activity. Then, the cells were incubated at
37 °C for 50 min with a solution of MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (10uL, 5mg X mL™ 1) (Sigma-Al-
drich, St. Louis, USA). The supernatant was discarded, and cells were
dissolved in DMSO (100 pL). The optical density of the solution was
measured at 570 nm with use of a multiwall-plate reader (Anthos Ze-
nyth 2000rt, Biochrom, Great Britain), and the percentage of surviving
cells was calculated from the absorbance of untreated cells. Each ex-
periment was repeated at least three times, and each concentration was
tested in at least three replicates. Data were presented as (relative cell
growth inhibition) a graph of the percentage of surviving cells versus
the concentration of the test substances (Fig. S4). The meanings of 50%
inhibition concentration (ICso) were performed with standard devia-
tion.

2.5.2. Cell toxicity assay
The citotoxicity of compounds 3a,c,e,f,i,j,l,n,q,r was evaluated
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according to the described procedure [12a]. The porcine embryo
kidney (PEK) cell line were seeded and incubated at 37 °C for 72h in
96-well plates. Stock solutions of the studied compounds with a con-
centration of 5mM were prepared in 100% DMSO and two-fold dilu-
tions were prepared in medium 199 in Earle solution to obtain final
concentrations starting from 50 uM. Equal volumes of compound dilu-
tions were added in four replicates to the cells. Control cells were
treated with the same sequential concentrations of DMSO, as in com-
pound dilutions in four replicates in the same medium. After incubation
at 37 °C on days 1 or 7, the morphology of the cells was visualized with
the microscope and CCso values were calculated according to the
Kerber method [12b].

2.5.3. Cell uptake behavior

The cell uptake behavior of compounds 3a and 3n was examined by
a microscope Axioplan 2 imaging MOT (Carl Zeiss, Germany) with a
digital camera AxioCam Hrc (Carl Zeiss); photos were processed with
AxioVision 4.5 soft (Carl Zeiss). HCT116 and MCF7 cells cultures
(5 x 10* cells per mL) were used. The fluorescence was excited by a
mercury lamp with FRET CFP filters (Filter set 48 FRET CFP/YFP shift
free; EX BP 436/20, BS FT 455, EM BP 535/30). The cells were culti-
vated in flasks 72, unhitched and suspended in DMEM. Compounds 3a
or 3n in concentrations 25 or 250 uM were incubated with cells for
1hat 25°C. Afterward, the cells were washed two times with DMEM
and the photos were obtained (Fig. 6, S6,7).

Synthetic details, characterisation of novel starting and inter-
mediate compounds 1lc, 2d-f, details of X-ray data collection and
structure refinement, details of bioevaluation, copies of absorption and
emission spectra, computational details, copies of NMR spectra are
available in SI.

3. Results and discussions

Two main synthetic transformations were used for the approach to
previously unknown s-conjugated systems: i) SyAr reactions in elec-
tron-deficient pyrimidine oxide system and ii) the Knoevenagel-type
condensation, employing methyl group in the position 2 of heteroaro-
matic ring [13]. It should be noted that in contrast with pyrimidines,
the reactivity of the oxidized heterocycles had not been studied sys-
tematically. There is only one described example with the use of 2-
methylpyrimidine oxides’ condensation with an aldehyde [14a]; along
with several examples of the synthesis of 2-ethenyl derivatives of pyr-
imidine oxide via heterocyclization'*>? or oxidation [14e]. Further-
more, a limited number of examples of SyAr reactions involving these
compounds exists as well [8d,15]. Nevertheless, they definitely present
promising substrates for such processes due to significant electron-
withdrawing effect of the N-oxide moiety [7a,16].

The series of pyrimidine N-oxides 2a-f bearing alkyl- or arylamino
group in position 4 were obtained from pyrimidine N-oxides 1a-c under
the treatment with corresponding nucleophiles (Scheme 2). The reac-
tions proceeded smoothly in mild conditions.

Amino substituted pyrimidine N-oxide 2a was studied in con-
densation with benzaldehyde (Scheme 2). The optimization of con-
densation conditions, including varying of basic or acidic catalyst,
solvent and temperature (Table S1), was carried out and in all cases the
condensation proceeded selectively at the methyl group. The best result
was achieved when 50% aqueous NaOH was used as a base in the
presence of TEBAC without organic solvent.

Under the optimized conditions, the series of novel pyrimidine N-
oxides derivatives 3a-r were obtained (Scheme 2). The aromatic alde-
hydes, containing electron donating substituents, were readily involved
in the reaction with 2a to give 2-arylidenepyrimidine N-oxides 3a-f,i-1.
Aldehydes containing the nitro-group or halogen atoms in the aryl
moiety did not react with 2-methylpyrimidine N-oxides, and neither did
acetophenone. The only condensation product containing an acceptor
substituent in the styryl moiety that we obtained was compound 3h. For
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this purpose, N-oxide 3g was prepared as the precursor. As a bonus no
additional synthetic procedure was necessary because the acetal pro-
tective group was removed in the course of column chromatography.

The cinnamic aldehyde and aldehydes, containing naphtyl, per-
ylenyl or thiophenyl moieties, reacted with N-oxide 2a affording com-
pounds 3m-p (Scheme 2). Pyrimidine N-oxides 2e,f were also involved
into the reaction with benzaldehyde to give the heterocycles 3q,r with
an additional aryl moiety in the pyrimidine ring (Scheme 2). Diluted
solution of NaOH was used because the starting compounds were both
more reactive and more labile than tetrahydroquinazoline derivatives
2a-d.

The product of N-oxide reduction in compound 2a, pyrimidine 5,
was also studied in condensation with benzaldehyde, but proved to be
inert under the reaction conditions (Scheme 3). Therefore, a better
pathway to compound 4 is the reduction of condensation product 3a.
Such a difference in reactivity of pyrimidines and more electron-with-
drawing pyrimidine N-oxides have been previously observed [14a] and
showed the significance of N-oxide electronic effects for the chemical
behavior of pyrimidine derivatives. Here, the comparison of 2a and 5 in
the condensation conditions demonstrates that the introduction of an N-
oxide moiety into the molecule is sufficient to compensate for the de-
activating effect of alkylamino group.

The photophysical properties of the obtained compounds were
studied by UV-vis and fluorescence spectroscopy in CH,Cl, at RT.
Spectra of electronic absorption and emission were recorded; the ab-
sorption coefficients and fluorescence quantum yields were measured
for all the obtained compounds (Fig. 1, Table 1).

For most of the obtained compounds, the longest-wavelength ab-
sorption maxima are in the visible region, at 380-450 nm (Fig. 1,
Table 1). The most significant red-shift of maxima relative to compound
3a (\ais = 400 nm) was achieved when the six-membered ring anne-
lated to the pyrimidine moiety was substituted for aryl (3q,r,

ats. = 445 nm), or when the perylenyl moiety was introduced into the
molecule (3o, abe. = 470nm). Strong absorption (¢ over
1010%M~Y:ecm™1!) in the long-wave region was demonstrated by com-
pounds 3i,n,0, containing the extended systems of conjugated bonds.
The largest hyperchromic effect was observed when dimethylamino
group was introduced in the structure (3¢, ¢ = 33 10°M lem ™).

An interesting effect of structure on the absorption was observed for
compound 3b. Due to steric hindrance introduced by the ortho-methyl
groups, the aryl ring is rotated out of the plane containing the pyr-
imidine moiety and double bond; whereas in 3a, two aromatic rings lay
in the same plane, and more effective conjugation is achieved. As a
result, Ay« of dimethyl substituted compound 3b is blueshifted com-
paring to 3a. The molecular structure and geometry of 3b were proved
with DFT-calculations (for 3a,b, Fig. S3) and X-ray analysis (for 3b, Fig.
S3).

ni-Conjugated compounds 3a-r, containing N-oxide moiety, were
found to possess fluorescence properties in visible region. For com-
pounds 3a-f, either unsubstituted or bearing electron-donating groups
in the aromatic ring, the emission maxima lay in the range of
515-536 nm (Fig. 1, Table 1). However, introduction of an aldehyde
function in p-position of the phenyl fragment (3h) redshifts the longest-
wavelength emission maximum up to Aem: = 565 nm. For 4-alkyl and
4-arylamino N-oxides 3j-1 the emission maxima are blueshifted, and the
Stokes shift is smaller. Unlike with 3a, this is caused by less electron-
donative properties of the substituents (i.e as compared with the dia-
lkylamino group). Extension of the m-system (compounds 3i,m,n,q,r)
redshifts the emission maxima considerably, and this effect is the
strongest for perylenyl substituted compound 3o, giving
Aem: = 575nm. Replacement of phenyl with thiophenyl in 3p slightly
increases emission maximum, but the quantum yield becomes appre-
ciably lower, possibly because of a more efficient intersystem crossing
into the triplet state due to the heavy atom effect. For the compound 3a
it was shown that in solid state there was no shift of the emission
maximum. Fluorescence lifetimes were measured for the compounds
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2 , NRE 2a, R'-R? = -(CHy);-, R%-R* = -(CH,),0(CHy),-, 85% (A)
RSN NHR3RY RS-~y 2b, R'-R? = -(CH,)4-, R® = H, R* = Bu, 36% (A)
L AorB PN 2¢, R1-R? = (CH,),-, R® = H,R* = Ph, 48% (B)
R N" "Me R""N""Me 2d, R'-R? = -(CH,),-, R® = H, R* =(4-OMe-CgH,), 65% (B
o o 2e, R'=Ph, R? = H, R3-R* = -(CH,),0(CHy),-, 62% (A)
1a-c 2a-f 2f, R'=4-Br-CgH,, R? = H, R3-R?* = -(CH,),0(CH,),-, 56% (A)

1a, R"-R? = -(CH,),-; 1b, R'=Ph, R? = H; 1¢, R'=4-Br-CgH,, R? = H
Conditions. A: morpholine or NH,Bu as solvent, 24 h; B: NH,Ph or NH,(4-OMe-CgH,), DIPEA, EtOH, 1-7 days

NR3R*
pat RCHO RE Ay
a1 50% or 10% NaOH,y, - ‘NMR
TEBAC, 100°C,1-6 h v
O 3a-r
0 3a, R%=R®=R7=R8=R°=H, 20% o]
[ ] 3b, R°=R%=Me, R®=R’=R®=H, 32% [ ]
N 3¢, R%=R%=R8=R%=H, R’=NMe,, 25% N

3f, R%=R%=H, R=R"=R8=0OMe, 15%

SN RS 3d, R%=R®=R8=R%=H, R’=OMe, 27% SN
‘ (P RO 3e, RO=R6=R8=R%=H, R7=OFt, 25% |,
o o

R R? 3g, R%=R®=R®=R%H, R"=CH(OEt),°
R8 3h, R%=R%=R8=R%=H, R’=CHO, 12%" 3i, 17%
NR3R? 0] o

Sk o +
SACEENG N CI)
o) P P

3j, R%=H, R*=Bu, 17% QW\© CN)

33k, R34=H, R*=Ph, 21% 3m, 17% 3n,17%
31, R3=H, R*=4-(OMe)CgH4, 21%

() ) ()

N
N

o S/

30, 10% 3p, 12% 3q, R'=H, 19%, 3r, R'°=Br, 18%

Scheme 2. Synthesis of i-conjugated heterocycles based on pyrimidine N-oxides. (*isolated yields; Pacetal protective group of 3g was removed on SiO, affording 3h).

o
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Scheme 3. Synthesis of compound 4.
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Fig. 1. Electronic absorption (a) and fluorescence (b) spectra of 3a-r in CH,Cl, at RT.
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Table 1
Photophysical properties of compounds 3a-r, 4°.
AT nmP ADSX hm AN, em ™! e, 105M~em ™! W, % T, ns u, D¢
3a 400 535¢ 6308 4.4 21 9.2 4.00
3b 384 536 7385 5.2 29 9.1 4.53
3c 420 523 4689 33.0 1.0 - 1.95
3d 391 533 6814 6.3 12 8.3 2.02
3e 384 515 6624 7.5 21 8.2 1.73
3f 390 521 6447 6.4 23 8.5 6.14
3h 418 565 6224 3.5 2.5 - 8.62
3i 406 531 5798 10.0 4 - 3.67
3j 415 520 4866 2.6 20 8.9 6.70
3k 416 508 4353 1.2 16 1.7 (6%) 5.53
10.3 (94%)
31 420 520 4579 4.3 13 8.2 7.39
3m 400 546 6685 2.7 6 - 3.51
3n 400 546 6685 10.0 5 - 3.79
30 470 575 3885 29.0 4 3.2 (69%) 3.92
5.4 (31%)
3p 400 534 6273 4.0 0.6 - 3.30
3q 445 548 4224 4.2 20 0.7 (25%) 4.26
2.5 (42%)
10.7 (33%)
3r 445 548 4224 3.7 15 3.7 4.93
4 284 333 5181 1.9 2.3 - 2.52

2 All spectra were recorded in CH,Cl, solutions at RT at ¢ = (1.0-6.0) X 10> M.

The longest-wavelength absorption maxima.
Calculated dipole moments.
4 In solid state A2 = 537 nm.

IS

with the highest quantum yields, being in most cases 8-9 ns. A mono-
exponential decrease in fluorescence was usually observed, but in some
cases (especially if the molecule contained several aromatic rings) the
dependence had a more complex form. Significant differences in
fluorescence decay for 3q and 3r are apparently due to the presence of a
bromine atom in the molecule.

Both the absorption and emission maxima of compound 4 were
observed in UV region, being significantly blueshifted in comparison
with its oxidized analogue 3a. So, it can be concluded that the presence
of N-oxide group is essential for the absorption and fluorescence in the
visible part of the spectrum.

To gain a deeper understanding of the electronic and photophysical
properties of the synthesized compounds, we performed quantum-
chemical simulations for 3a-r and 4. The FMO plots show that the
HOMOs of the N-oxide molecules are mainly localized in the amino-
pyrimidine moiety, while LUMOs are localized through the whole
conjugated system (Fig. 2). Much less active charge-transfer is observed
for deoxygenated analogue 4, possessing strongly blueshifted

(@)
FY b
J% ) 4‘ 4
) a2 [ e
‘l
,ga‘g 2 af‘
2. oW 2y ‘
J 9 =
PRy T Vaey
3a-LUMO 9 3a*-LUMO 2
He, pe,
9 4 ’ ’*,
e e
9 J'
Jg JJ:J )
J 9 J " 9
] r‘J > o
gk ot ; "J
4 9
3a-HOMO 3a*-HOMO

absorption and emission maxima. The dipole moments of the molecules
were also predicted, giving 1.6-8.7 D (Table 1), yet no correlation was
found between them and photophysical properties of pyrimidine N-
oxides. Computational details, FMO plots and energies, and comparison
of experimental and calculated absorption and emission maxima wa-
velengths are given in SIL

The investigated compounds possess solvatochromic effect, and for
most of them, change in the emission color can be seen by the naked
eye. Thus, for compound 3h, changing the solvent from CH,Cl, to
methanol led to the change of fluorescence from yellow to green; that is
presumably related to the formation of hydrogen bonds between car-
bonyl group and solvent molecules in methanol (Fig. 3).

Basing on their structure, the investigated compounds may be ex-
pected to exhibit aggregation-induced emission (AIE) feature [17]. In
the search for the AIE effect, the emission spectra in CH;CN-water with
different volumetric ratios of water were recorded for the compound
3a. It was shown (Fig. 4a and b) that the increase of solvent polarity
leads to the hypsochromic shift of absorption and emission maxima; yet

® b,

L)

4-LUMO 5 a*Lumo

s
o 8 8”
*ga"' = %, .

/B

4-HOMO 4*-HOMO

Fig. 2. FMO plots (B3LYP/6-31G(d)) of (a) 3a and (b) 4 in ground and excited states. FMO plots of 3b-r are shown in Figs. S10-S27 in the SI.
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(a) methanol
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(b)
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Absorption spectra of 3h in
MeOH
k) 0.8+ pentane
g —— CCl,
T 0,6 —— DMSO
e Et,0
] EtOAc
L 044 —— CH,Cl,
w
0,2 & \
0,0 T T |\P 1
300 350 400 450 500 550
A, NM

Dyes and Pigments 164 (2019) 72-81
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> EtOAc
D ——— CH,CI
»
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Fig. 3. Fluorescence of 3a (a) and 3h (b); absorption (c) and emission (d) spectra of 3h in different solvents at RT, Aex = 365 nm.

neither AIE nor ACQ effects were observed.

For compound 3a, the effect of the presence of acid in the medium
on the absorption and fluorescence spectra was also studied. Upon
addition of TFA, the absorption band at 400 nm disappeared and the
solution of heterocycle became colorless. Fluorescent properties of 3a
were found to be sensitive to the medium pH: the protonation of the
molecule led to fluorescence quenching (Fig. 4c and d).

To probe the chemosensor properties of compound 3a, its absorp-
tion and emission spectra were investigated in the presence of the metal
cations in various concentrations (Fig. 5). Analogous to the addition of
acids, the addition of salts led to discoloration of the solution and sig-
nificant quenching of fluorescence. There was no shift of wavelength
maxima observed. The strongest changes were observed for Pb%™,
Cu®*, Zn?" ions, while Hg>*, Ag™, K* ions showed almost no effect on
absorption and emission (Fig. 5, S9).

It should be mentioned that such behavior is not common for

(a) -
1,0 % of water in mixture
water - acetonitrile
—0
-’?: 0.8 10
N — 50
= 0,61 —70
8 —90
€
=
O 0,41
£
@w
0,24
0,0 T T T 1
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(©)
1,0 Number of
) TFA eq.
= —0
© 089 —05
g 1
0,6 2
= 5
%)
c 10
]
o
£
—
[T

650

450 500 550 600

A, NM

700

diazine fluorophores [3a-c]; the more common occurrence is the shift of
emission bands upon protonation or complexation. Together with the
lack of fluorescence in deoxygenated compound 4 it probably indicates
that the proton or metal ion binding involves the N-oxide, not the
heterocyclic moiety. To prove this suggestion DFT calculations were
performed for different protonated forms of 3a, where a proton was
either binded with a heteroatom or underwent an electrophilic addition
to the C-C double bond. According to the calculations, the cationic form
where the proton is binded with the oxygen atom lays 3.11 kcaL/mol
lower than the next alternative form. During such a protonation the
FMOs of 3a have changed to those revealing no charge-transfer and
strongly resembling the corresponding FMOs in non-fluorescent com-
pound 4 (Fig. 2, S28). Speaking in terms of the electrons redistribution,
the electron lone pair on oxygen of protonated 3a is binded with a
proton and cannot participate in charge-transfer on contrast to the free
3a. The same effect can be assumed in the case of metals ions

b
(b Yy
o % of water in mixture
ﬁ water - acetonitrile
= 0,8 —0
1= 10
5 —50
o) 4
c 0.6 —70
-
> 90
> 0,4
c
Qo
£ 024
|
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0,0 T T T T T 1
450 500 550 600 650 700
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1.0 Number of
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0,8+ —0
—0.5
™ 1
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= 044
w
0,21
0,0 T T T T
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Fig. 4. Electronic absorption and fluorescence spectral change of 3a (2 x 10™>mol L") at RT (a,b) in CHsCN-water mixtures with varying volumetric fractions of

water; (c,d) in CH,Cl, upon addition of TFA; Aex = 400 nm.
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Fig. 5. (a) Fluorescence spectra of 3a (2 x 10~ >mol L™ ') upon addition of Hg®*, Cd*>*, Fe**, Na™*, Zn?>* and Cu®* (5 equiv.); (b,c) electronic absorption and
fluorescence spectral change of 3a (2 X 10~ °>mol L) upon addition of Cr(ClO4); in acetonitrile at RT; Aex = 400 nm.

complexation that is to some extent confirmed by the pyrimidine N-
oxides capability to bind with metals involving just oxygen, shown by
X-ray analysis for the complex of 1a with Cu®** [8a].

To evaluate potential applications of the obtained pyrimidine N-
oxides as leading compounds for drug development and fluorescent
dyes for biological imaging [18] we investigated their antiproliferative
activity towards human cancer cells, toxicity and the cell uptake be-
havior.

The primary screening of biological activity of the series of mor-
pholine-substituted  m-conjugated molecules was completed.
Compounds 3a-f,h,i,m-o were evaluated for their antitumor potency
against 2 types of human cancer cell lines: colon carcinoma HCT-116
and breast adenocarcinoma MCF7 (Table 2).

Three of these compounds showed moderate cytotoxic activity
against the MCF7 cancer cell line (ICso values for 3b,i,n are below
50 uM), and the most active of them, compound 3n, also demonstrated
cytotoxicity towards the line HCT116 in micromolar concentration.
Thus, in the studied series, the compound with the naphthalene moiety
3n shows higher activity against both cell lines, which makes it the
most promising candidate. This evaluation, though preliminary, reveals
that introduction of hydrophobic sterically hindered substituents in
position 2 is favorable for cytotoxicity.

The toxicity of a series of the pyrimidine oxides 3 was also in-
vestigated using the porcine embryo kidney (PEK) cell line. It was
shown that 3a, displaying no antiproliferative activity, also showed no
acute (24h) or chronic (7 d) toxicity in the concentrations up to of
50 pM. Compound 3n, on contrary, was found to be quite toxic, pos-
sessing CCsp < 6.25uM. In the terms of selectivity it was shown 3i to
be more promising, as it revealed no acute (24 h) toxicity up to of
50 pM, nevertheless it possessed CCsp = 9.2 * 3.1 uM.

For compounds 3a, which have shown no citotoxic activity, and 3n,
found to be the most active species, the cell uptake behavior on MCF7
and HCT116 cell lines was investigated and visualized. After incubation
with 25uM or 250 pM of a pyrimidine N-oxide for 1h the cells were
excited and the pictures were obtained (Fig. 6). Both compounds 3a and
3n were shown to be readily accumulated in cells. No difference was
observed for active and inactive compounds that testifies that the lack
of cytotoxicity of 3a is not connected with its ability to enter the cell.
Two investigated cancer cell lines showed no notable difference in the
cell uptake either. The growth of the 3a or 3n concentration in the

Table 2
ICs values for cell viability found for compounds 3b,i,n and doxorubicin (Dox)
against cancer cell lines.

Compounds 1Cso, UM

HCT-116 MCF7
3b > 50 28.7 + 8.4
3i > 50 11.7 £ 43
3n 86 + 1.9 2.9 * 05
Dox 0.65 + 0.1 0.28 + 0.06

80

(a)

Fig. 6. Fluorescence of compound 3n in MCF7 cells after incubation for 1h.
Concentration of 3n was 25 uM (a) or 250 uM (b).

medium led to the fluorescence enhancement, probably, due to further
accumulation of the substances inside the sells. Intensive fluorescence
of the cells contour may point to the predominant accumulation of the
pyrimidine oxides 3a,n in cell membrane due to their hydrophobic
properties.

Thus, depending on the substituents in the position 2 of the pyr-
imidine moiety the compounds 3 may possess significantly varying
biological activity. Pyrimidine N-oxide 3a possesses excellent bio-
compatibility and is capable to enter cells, that makes it a promising
structure for development of bioimaging fluorescent probes, while an-
tiproliferative activity found for 3b,i,n and selectivity, shown by 3i,
allow to expect that further structural modification will lead to the
structures, combining fluorescent properties, anticancer activity and
high therapeutic index.

4. Conclusions

In summary, we have investigated a series of 2-methyl substituted
pyrimidine N-oxides, bearing the substituents of various electronic
nature, in the reaction with aromatic aldehydes. Basing on the studied
reaction, the preparative approach to novel m-conjugated systems,
containing pyrimidine N-oxide core, was elaborated and a series of
previously unknown push-pull molecules were synthesized. Their
photophysical properties were examined and it was found that all
compounds possess the emission maxima more than 500 nm (up to
575 nm for compound 3o, containing a perylenyl moiety). This redshift
together with the either biocompatibility or antitumor activity, found
for some of the obtained conjugated molecules, makes them promising
compounds for various bioapplications.
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