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ABSTRACT

The synthesis of a new series of 2-aryl-5-aming3it@azole derivatives is reported. The
photochemical properties of these new fluorophosese studied both experimentally and using
theoretical models. The compounds were found tlumeescent, with Stokes shifts ranging from 40
nm (2494cm™) to 140 nm (9461 ci) and quantum vyield values between 0.004 and 0.986.
fluorescence of the 1,2,3-triazoles was highlyctre dependent and could be tuned by variation of
the substituents at the C-4 and C-5 atoms of teadng and by the electronic and spatial effect of
substituents within the aromatic cycle. Photophajisistudies showed moderate changes in the
fluorescence quantum yields depending on the solpefarity. The UV-Vis spectra calculations
employing the time-dependent density functionabthieg(TD-DFT) are in good agreement with the
experimental data. The favourable photophysicap@ries of the studied compounds and their facile
and high-yielding synthesis make them excellenticlates for commercial application as fluorescent

tags.
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1. Introduction



The design of new fluorescence molecular systenmildhincorporate synthetic simplicity,
structural variability and excellent photophysicatoperties. Widespread availability, synthetic
flexibility and the capacity to easily adjust thengugation system or molecular electronic structure
could facilitate the rapid expansion and straigtwtrd tuning of these fluorophores to promote uaiqu
optical and physical properties and develop thempfactical applications [1,2]. 1,2,3-triazoles are
attractive small molecular weight fluorophores heeatheir heterocyclic core is a popular building-
block in medicine, biochemistry and materials chstrgi applications [3-7]. Notably, 1,2,3-triazoles
have been disclosed as suitable linkers or spasepsological systems because they are stable to
metabolic degradation and are capable of hydrogemibhg or covalent attachment to biomolecule
targets [8]. It has been established that the 4t33ole ring not only functions as a linker beéme
two or more molecular fragments, but it also cdnités to the overall physical and chemical
properties of the entire molecule.

It is well known that 1-aryl-1,2,3-triazoles are sty accessible via copper(l)-catalyzed
cycloaddition between acetylene and azide (CuAAd]) However, the synthesis of isomeric 2-aryl-
1,2,3-triazoles is not as simple and often requiasorious synthetic method development or
separation from the 1l-aryl-1,2,3-triazole isomer@][ While bothN(1)-aryl-1,2,3-triazoles ani(2)-
aryl-1,2,3-triazoles absorb under excitation at 388, only the N(2)-analogues exhibit strong
fluorescence emission in the UV/blue range withtefficiency in various solvents [11-18]. Although
many fluorophores have been developed in recentsyedfective UV/blue light-emitting small
molecules are rare due to the relatively large ggngap between the interacting orbitals. Meanwhile,
the thriving research areas of OLED display andsteorresonance energy transfer studies have
increased the demand for effective UV/blue lightténg molecules [16].

Previously, we reported a one-pot synthesis of y2BP,3-triazolesl by a sequence of
nucleophilic additions of amines to easily avakaldrylhydrazones bearing nitrile functionality,

followed by oxidative cyclization of the formed #rydrazonoacetamidines [19]. The wide availability

3



of starting compounds, safe synthetic procedueggelyield and simple purification give this method
distinct advantages over other systems [19,20].ithufchlly, the method is very versatile, as various
functional groups (e.g., cyano, benzoyl, alkoxyoagd and primary, secondary or tertiary amino) and
substituents can be introduced in the triazole armmatic rings, in contrast to other reported
procedures [10].

Herein, we report the design and synthesis of nanyR5-amino-1,2,3-triazoles and the study of
their photophysical properties by experimental #mebretical methods. The study also revealed the

structural factors and solvent effects that contelio the observed fluorescent properties.

2. Experimental

2.1. General information and materials

All reactants were obtained from Acros Organics asdd without further purificatiotH NMR
and**C NMR spectra were recorded with a Bruker Avand#rlsruhe, Germany) (400 MHz foH,
100 MHz for **C) spectrometer. Chemical shifts are reported mspger million (ppm) relative to
TMS in*H NMR and to the residual solvent signal$3@ NMR spectra. Coupling constang yalues
are given in Hertz (Hz). Signal splitting patteare described as a singlet (s), doublet (d), trift)e
quartet (g), sextet (sext), quintet (quin), mu#iplm), broad (br), doublet of doublets (dd), detlf
triplets (dt) or AA'XX' - spin system gdara-substituted benzene with two different substitaete
3C NMR signal patterns for several compounds wesdyaed by APT (attached proton test) and are
described as follows: + for secondary or quaterrcanpon atom (positive signal), - for primary or
tertiary carbon atom (negative signal). Mass speatre recorded with a Shimadzu GCMS-QP 2010
“Ultra” (Kyoto, Japan) mass spectrometer usingdleetron impact (El) ionization technique (40-200
°C, 70 eV). The abbreviation [M}efers to the molecular ion. The Fourier-transfanfrared (FTIR)
spectra were obtained using a Bruker Alpha (NPV@S&) spectrometer (Ettlingen, Germany)
Elemental analyses were carried out using a CHN®®&yzer Perkin-Elmer 2400 Series Il instrument
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(Shelton, CT USA)Melting points were determined on a Stuart SMR%aagtus (Staffordshire, ST15
OSA, UK). The reactions were monitored by analytidain-layer chromatography (TLC) on
aluminium-backed silica-gel plates (Sorbfil UV-25¥)sualization of components was accomplished
by short wavelength UV-light (254 nm). Solvents geiried and distilled according to the common
procedures. All solvents were of spectroscopic grad

The title products were purified by column chrongaephy on silica gel (0.035-0.070, 60 A) and

recrystallized from ethanol.

2.2.Synthesis

2-Aryl-1,2,3-triazoles} were prepared by the one-port procedure repont@deivious article [19].

General procedure for the synthesis of triazoles 4a-v. A solution of arylhydrazonoyl cyanid&a-o
(2.0 mmol) and amin@a-i (1.5 mmol) in MeCN (10 mL) was heated under reflax 10 min. Then
Cu(AcO)'H,0 (100 mg, 0.5 mmol) was added and the reactiorium@xwas refluxed for 2-17 h at
open air atmosphere, until TLC indicated total eonption of starting hydrazone. The solution was
cooled to room temperature and poured into a nextoir water and crushed ice. The resulting
precipitate was filtered off and crystallized fratthanol.

2.2.1. 2-(3,4-Dimethoxyphenyl)-5-(pyrrolidin-1-@iH-1,2,3-triazole-4-carbonitrile 4a). Colorless
powder, yield: 260 mg (87%), mp 157-158. FTIR vmax (cM*) 2984, 2960, 2910, 2840 (CH), 2220
(CN). *H NMR (CDCk, 400 MHz):8 1.93-2.15 (m, 4HCH,), 3.51-3.70 (m, 4, CH,), 3.94 (s, 3H,
CHz0), 3.98 (s, 3HCH30), 6.91 and 7.54 (AA'XX') = 8.4 Hz, 4H, CH,). **C NMR (CDC}, 100
MHz): & 25.5 (2CH), 48.5 (2CH), 56.2 (LHz0), 96.1, 102.8, 105.5, 111.0, 111.1, 114.2 (CR3.Q,
149.0, 149.4, 156.1. Found: C, 60.4; H, 5.6; N 23.8,5H17/NsO, requires C, 60.2; H 5.7; N 23.4%.
MS-El m/z: 299 [M].

2.2.2. 2-(4-Methoxyphenyl)-5-(pyrrolidin-1-yl)-2H213-triazole-4-carbonitrile  4b).  Colorless
powder, vield: 247 mg (92%), mp 126-127. FTIR, vmax CM: 2980, 2940, 2883, 2840 (C-H), 2221

(CN).*H NMR (DMSO-d, 400 MHz):5 1.94-1.99 (m, 4HCH,), 3.47-3.52 (m, H, CHy), 3.81 (s, 3H,
5



OCHs), 7.11 and 7.85 (AA'XX'J = 9.3 Hz, 4H, CH,). 3C NMR APT (DMSO-¢, 100 MHz):5 25.5
(+) (2CHb), 48.7 (+) (2CH), 56.0 (-) CHz0), 105.3 (+), 114.4 (+) (CN), 115.2 (-) (2&N 120.1 (-)
(2CHar), 132.5 (+), 158.2 (+), 159.7 (+). Found: C, 62R;5.5; N 26.2%; ¢&H1sNsO requires C,
62.4; H 5.6; N 26.0%. MS-El m/z: 269 [M]

2.2.3. 2-Phenyl-5-(pyrrolidin-1-yl)-2H-1,2,3-trialea4-carbonitrile @c). Colorless powder, yield: 191
mg (80%), mp 102-103C. FTIR, vmax CM: 2980, 2940, 2875 (C-H), 2230 (CNH NMR (DMSO-
ds, 400 MHz):8 1.83-2.02 (m, 4HCH,), 3.37-3.53 (M, 4HCH)), 7.44 (t,J = 7.8 Hz, H, CHy,), 7.55
(t, J = 7.8 Hz, 21, CHy), 7.90 (d,J = 7.8 Hz, 21, CHy). *C NMR APT (DMSO-d, 100 MHz):5
25.4 (+) (2CH), 48.6 (+) (2CH), 106.1 (+), 114.2 (+) (CN), 118.8 (-) (2G 128.8 (-) (CH.), 130.1
(-) (2CHar), 138.7 (+), 156.0 (+). Found: C, 65.1; H, 5.6284%; GsH13Ns requires C, 65.3; H 5.5;
N 29.3%. MS-EIl m/z: 239 [M]

2.2.4. 2-(4-Fluorophenyl)-5-(pyrrolidin-1-yl)-2H-4,3-triazole-4-carbonitrile 4d). Colorless powder,
yield: 216 mg (84%), mp 90-9X° FTIR, vmax CM Y 2984, 2967, 2871, 2840 (C-H), 2220 (CRy.
NMR (CDCl, 400 MHz):8 1.95-2.15 (m, 4HCH,), 3.61 (t,J = 6.6 Hz, 4, CH,), 7.16 (t,J = 8.6 Hz,
2H, CHa,), 7.98 (dd,J = 4.7, 8.6 Hz, B, CHa,). °C NMR (CDCk, 100 MHz):6 25.5 (2CH), 48.7
(2CH,), 106.3, 113.9 (CN), 116.1 (8] = 23.1 Hz, 2CH,), 120.5 (dJ = 8.5 Hz, 2CH,), 135.4 (d*J
= 2.9 Hz, G,), 156.1, 162.0 (d%J = 246.7 Hz, G). Found: C, 60.6; H, 4.7; N 27.3%348:,FNs
requires C, 60.7; H 4.7; N 27.2%. MS-El m/z: 257M

2.2.5. 2-(4-Chlorophenyl)-5-(pyrrolidin-1-yl)-2H-2,3-triazole-4-carbonitrile 4e). Colorless powder,
yield: 229 mg (84%), mp 81-82° FTIR, Vmax CM~: 2992, 2964, 2870 (C-H), 2221 (CNH NMR
(CDCls, 400 MHz):8 2.06 (4H, tJ = 6.6 Hz, CH), 3.61 (4H, tJ = 6.6 Hz, CH), 7.44 and 7.94 (4H,
AA'XX', J = 8.8 Hz, CH,). **C NMR APT (CDC}, 100 MHz):8 25.5 (+) (2CH), 48.5 (+) (2CH),
106.6 (+), 113.8 (+) (CN), 119.9 (-) (2GH 129.4 (-) (2CH), 133.6 (+), 137.6 (+), 156.0 (+). Found:

C, 56.8; H, 4.6; N 25.5%); 1gH15CINs requires C, 57.0; H 4.4; N 25.6%. MS-EI m/z: 2FgT.



2.2.6. 2-(3,5-Difluorophenyl)-5-(pyrrolidin-1-yl)F2-1,2,3-triazole-4-carbonitrile  4f). Colorless
powder, yield: 248 mg (90%), mp 124-125. FTIR, Vinas CM: 2984, 2980, 2876, 2840 (C-H), 2221
(CN). *H NMR (DMSO-d;, 400 MHz):5 1.88-2.06 (m, 4HCHS), 3.37-3.56 (M, 4HCH,), 7.34 (t,J =
9.2 Hz, H, CHy), 7.50 (d,J = 6.8 Hz, 21, CHa/). 3C NMR APT (DMSO-g, 100 MHz):5 25.4 (+)
(2CHy), 48.6 (+) (2CH), 102.6 (-) (d2J = 30.1 Hz, 2CH,), 104.0 (-) (2] = 25.8 Hz, CH,), 107.8
(+), 113.5 (+) (CN), 140.4 (+) )= 13.1 Hz, G,), 156.0 (+), 163.2 (+) (ddy = 231.4,%3 = 14.5 Hz,
2Car). Found: C, 57.0; H, 4.2; N 25.2%348:,F:Ns requires C, 56.7; H 4.0; N 25.4%. MS-EI m/z:
275 [M]".

2.2.7. 5-(Pyrrolidin-1-yl)-2-(3-(trifluoromethyl)gnyl)-2H-1,2,3-triazole-4-carbonitrile  4().
Colorless powder, yield: 240 mg (78%), mp 115-1C6FTIR, vinas, CM*: 2980, 2964, 2888, 2870 (C-
H), 2228 (CN).!H NMR (DMSO-a;, 400 MHz):5 1.86-2.15 (m, 4HCH,), 3.40-3.74 (m, 4HCH)),
7.69-7.95 (m, 2H, CK), 8.00-8.14 (m, 1H, CH), 8.14-8.37 (m, 1H, CK). **C NMR (DMSO-g,
100 MHz):5 24.8 (+) (2CH), 48.0 (+) (2CH), 106.7 (+), 113.1 (+), 114.5 (-) (41 = 4.1 Hz, CH,),
122.0 (-) (CH,), 124.5 (-) (q2J = 3.6 Hz, CH,), 130.3 (+) (2J = 32.3 Hz), 131.1 (-) (CH), 138.4
(+), 155.5 (+). Found: C, 54.9; H, 3.8; N 22.9%H:,F3Ns requires C, 54.7; H 3.9; N 22.8%. MS-EI
m/z: 307 [M].

2.2.8. 2-(4-Cyanophenyl)-5-(pyrrolidin-1-yl)-2H-132triazole-4-carbonitrile 4h). Colorless powder,
yield: 193 mg (73%), mp 167-168°FTIR, vimax CM Y 2980, 2956, 2934, 2864 (C-H), 2226 (CA.
NMR (CDCl, 400 MHz):8 2.00-2.15 (m, 4H, C}, 3.56-3.71 (m, 4H, C§), 7.77 and 811 (AKX,
J=7.1Hz, 4H, CH,). **C NMR (CDC}, 100 MHz):8 25.5 (2CH), 48.5 (2CH), 108.4, 111.2, 113.3
(CN), 118.1, 119.0 (2CK), 133.5 (2CH,), 141.5, 155.9. Found: C, 63.8; H, 4.7; N 31.6%Hz:Ne
requires C, 63.6; H 4.6; N 31.8%. MS-El m/z: 2641M

2.2.9. 2-(2-Methoxyphenyl)-5-(pyrrolidin-1-yl)-2H213-triazole-4-carbonitrile  4i).  Colorless
powder, vyield: 210 mg (78%), mp 107-108. FTIR, vimayx CMi: 2970, 2860, 2855 (C-H), 2224 (CN).

'H NMR (CDCk, 400 MHz):8 1.97-2.08 (m, 4HCH,), 3.61 (dd,J = 7.8, 5.5 Hz, #, CH,), 3.89 (s,
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3H, OCHs), 7.03-7.12 (m, 2H, CH), 7.40-7.47 (m, 1H, CK), 7.51 (ddJ = 7.8, 1.6 Hz, 1H, CK).
%C NMR (CDCE, 100 MHz):$ 25.5 (2CH), 48.5 (2CH), 56.3 CH30), 106.3, 112.9, 114.1, 120.7,
126.9, 129.2, 130.9, 153.6, 155.9. Found: C, 63,2.7; N 26.1%; ¢H1sNsO requires C, 62.4; H
5.6; N 26.0%. MS-EI m/z: 269 [N]

2.2.10. 2-(2-Chlorophenyl)-5-(pyrrolidin-1-yl)-2H2,3-triazole-4-carbonitrile 4j). Colorless powder,
yield: 210 mg (77%), mp 78-7L° FTIR, vmax CMY 2982, 2946, 2880, 2840 (C-H), 2220 (CRH.
NMR (CDCl, 400 MHz):5 1.97-2.16 (m, 4HCH,), 3.62 (t,J = 6.7 Hz, 41, CHy), 7.38-7.49 (m, 2H,
CHa,), 7.51-7.67 (m, 2H, CH). **C NMR (CDCE, 100 MHz):8 25.5 (2CH), 48.5 (2CH), 107.0,
113.7, 127.4 (CH}), 127.5 (CH,), 129.3, 130.5 (CH), 131.2 (CH,), 137.4, 155.9. Found: C, 57.2;
H, 4.5; N 25.8%; GH;,CINs requires C, 57.0; H 4.4; N 25.6%. MS-EI m/z: 2Fg3T.

2.2.11. 2-(2,6-Dichlorophenyl)-5-(pyrrolidin-1-yPH-1,2,3-triazole-4-carbonitrile 4k). Colorless
powder, yield: 240 mg (78%), mp 103-104. FTIR, vima, CM: 2982, 2960, 2890 (C-H), 2221 (CN).
'H NMR (CDCk, 400 MHz)$ 1.99-2.16 (m, 4HCH,), 3.62 (t,J = 6.7 Hz, 41, CHy), 7.40-7.54 (m,
4H, CHa). *C NMR (CDC}, 100 MHz):6 25.5 (2CH), 48.5 (2CH), 106.3, 112.9, 114.1, 120.7,
126.9, 129.2, 130.9, 153.6, 155.9. Found: C, 38,43.8; N 22.9%; &3H11CI>Ns requires C, 50.7; H
3.6; N 22.7%. MS-EI m/z: 307 [M]

2.2.12. 5-(Pyrrolidin-1-yl)-2-(2-(trifluoromethyljpenyl)-2H-1,2,3-triazole-4-carbonitrile  4{).
Colorless powder, yield: 246 mg (80%), mp 93-84 ETIR, vma CM: 2980, 2946, 2882, 2840 (C-
H), 2222 (CN)*H NMR (CDCk, 400 MHz):8 1.98-2.17 (m, 4HCH,), 3.61 (t,J = 6.7 Hz, 41, CH,),
7.58-7.68 (m, 1H, CK), 7.68-7.75 (m, 2H, CK), 7.85 (d,J = 7.8 Hz, 1H, CH,). **C NMR (CDCE,
100 MHz):8 25.5 (2CH), 48.4 (2CH), 107.5, 113.5, 122.6 (4] = 271.2 Hz), 125.4 (¢4J = 33.6 Hz),
127.4, 127.8 (£ = 5.2 Hz), 129.7, 132.8, 137.4, 156.0. Found: C9;54, 4.0; N 22.6%; GH1.FsN;s
requires C, 54.7; H 3.9; N 22.8%. MS-EIl m/z: 307M

2.2.13. (2-(4-Methoxyphenyl)-5-(pyrrolidin-1-yl)-2H2,3-triazol-4-yl)(pyrrolidin-1-yl)methanone

(4m). Colorless powder, yield: 297 mg (87%), mp 57-58 ETIR, vmas, CMi*: 2970, 2865, 2836 (C-
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H), 1613 (C=0)!H NMR (DMSO-d;, 400 MHz):8 1.87-2.05 (m, 8H, Ch), 3.30-3.44 (m, 4H, C),
3.48-3.60 (m, 2H, Cb), 3.62-3.72 (m, 2H, Ch), 3.83 (s, 3H, CkD), 6.98 and 7.81 (AA'XX?) = 8.8
Hz, 4H, CHy). *C NMR (DMSO-d,100 MHz):5 24.3 (CH), 25.4 (2CH), 26.3 (CH), 46.4 (CH),
48.4 (CH), 50.6 (2CH), 55.6 (CHO), 114.2 (2CH,), 119.5 (2CH,), 130.8, 133.6, 156.0, 158.5,
161.7 (C=0). Found: C, 63.5; H, 6.9; N 20.7%3H33NsO, requires C, 63.3; H 6.8; N 20.5%. MS-EI
m/z: 307. MS-EI m/z: 341 [M]

2.2.14. Ethyl 2-(4-methoxyphenyl)-5-(pyrrolidin{)-§H-1,2,3-triazole-4-carboxylate4(). Colorless
powder, yield: 243 mg (77%), mp 85-86 °C. FTiRax cm': 2959, 2902, 2855 (C-H), 1703 (C=0).
'H NMR (CDCk, 400 MHz):8 1.45 (t,J = 7.1 Hz, 31, CH3CH,0), 1.94-1.99 (m, 4HCH,), 3.47-3.52
(m, 4H, CHy), 3.81 (s, 3HCH30), 4.44 (qJ = 7.1 Hz, M, CH;CH,0) 7.11 and 7.85 (AA'XXYJ = 9.3
Hz, 4H, CHy). *C NMR (CDCE, 100 MHz):8 14.4 CHsCH,0), 25.6 (2CH), 50.4 (2CH), 55.6
(CH30), 61.0 (CHCH,0), 114.2 (2CH,), 120.3 (2CH,), 128.2, 133.3, 155.6, 159.0, 161.7. Found: C,
61.0; H, 6.5; N 17.6%; £gH20N4O3 requires C, 60.8; H 6.4; N 17.7%. MS-El m/z: 303 1.

2.2.15. (4-Chlorophenyl)(2-(4-methoxyphenyl)-5-(pldin-1-yl)-2H-1,2,3-triazol-4-yl)methanone
(40). Yellow powder, yield: 172 mg (45%), mp 89-90 °CLIR, vmax CMi: 2948, 2873, 2833 (C-H),
1650 (C=0)*H NMR (DMSO-d;, 400 MHz):5 1.91-2.08 (m, 4H, C}), 3.37-3.53 (m, 4H, CH), 3.85

(s, 3H, CHO), 7.02 and 7.88 (AA'XXJ = 9.0 Hz, 4H, CH,), 7.55 and 8.08 (AA'XX'J = 8.5 Hz, 4H,
CHa). °C NMR (DMSO-@, 100 MHz):8 25.1 (2CH), 49.8 (2CH), 55.5 (CHO), 114.7 (2CH)),
119.9 (2CH,), 128.4 (2CH,), 131.8, 131.8 (2CK), 132.3, 136.4, 137.7, 155.2, 158.8, 184.0 (C=0).
Found: C, 62.6; H, 5.1; N 14.5%:3¢El1sCIN4O, requires C, 62.8; H 5.0; N 14.6%. MS-EIl m/z: 382
[M]™.

2.2.16. 2-(4-Methoxyphenyl)-5-(piperidin-1-yl)-2E2B-triazole-4-carbonitrile  4p). Colorless
powder, yield: 243 mg (86%), mp 96-9Z.°FTIR, vmayx CMi: 2990, 2978, 2940 (C-H), 2220 (CNMH
NMR (CDCl;, 400 MHz):8 1.62-1.89 (m, 6HCH,), 3.46-3.66 (m, H, CH,), 3.88 (s, 3H, QH3), 6.98

and 7.91 (AA'XX',J = 9.1 Hz, 4H, CH,). **C NMR (DMSO-d¢, 100 MHz): & 24.0 (CH), 25.0
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(2CHy), 48.7 (2CH), 55.6 CH30), 107.0, 114.4 (2CK), 120.3 (2CH,), 132.9, 158.4, 159.5. Found:
C, 63.8; H, 6.0; N 24.5%); gH1/NsO requires C, 63.6; H 6.1; N 24.7%. MS-El m/z: 283",

2.2.17. 2-(4-Methoxyphenyl)-5-morpholino-2H-1,2ja#ole-4-carbonitrile 4q). Colorless powder,
yield: 234 mg (82%), mp 128-12€°FTIR, vmax CM Y 2980, 2968, 2890, 2846 (C-H), 2221 (CAY.
NMR (CDCk, 400 MHz):5 3.48-3.61 (m, 4HCH,), 3.80-3.93 (m, 7H, OH; + CH,), 6.99 and 7.91
(AA'XX', J = 9.1 Hz, 4H, CH,). **C NMR (CDCE, 100 MHz):5 47.7 (2CH), 55.6 CH30), 66.1
(2CHy), 107.1, 113.5 (CN), 114.4 (2GH, 120.3 (2CH,), 132.7, 158.2, 159.7. Found: C, 59.1; H, 5.4;
N 24.8%; G4H1sNsO; requires C, 58.9; H 5.3; N 24.6%. MS-EIl m/z: 2B8T.

2.2.18. 5-(Azepan-1-yl)-2-(4-methoxyphenyl)-2H3tiBiazole-4-carbonitrile 4r). Colorless powder,
yield: 255 mg (86%), mp 96-97C° FTIR, Vmax CMY 2976, 2952, 2890 (C-H), 2218 (CNH NMR
(CDCls, 400 MHz):8 1.55-1.68 (m, 4HCH,), 1.80-1.96 (m, 4HCH,), 3.62-3.72 (m, 4HCH,), 3.87
(s, 3H, CHO), 6.98 and 7.91 (AA'XXY = 9.1 Hz, 4H, CH,). 3C NMR (CDCE, 100 MHz):$ 27.3
(2CHy), 28.2 (2CH), 49.5 (2CH), 55.6 CH30), 104.7, 114.3 (2CK)), 114.5 (CN), 120.2 (2CK),
132.9, 157.0, 159.3. Found: C, 64.9; H, 6.3; N 28.T;sH19NsO requires C, 64.6; H 6.4; N 23.6%.
MS-El m/z: 297 [M].

2.2.19. 2-(4-Methoxyphenyl)-5-(4-(pyridin-2-yl)pipein-1-yl)-2H-1,2,3-triazole-4-carbonitrile 4¢).
Colorless powder, yield: 202 mg (56%), mp 193-1Q4FTIR, vinas, CM: 2982, 2946, 2880, 2840 (C-
H), 2220 (CN)H NMR (CDChk, 400 MHz):5 3.62-3.78 (m, 8HCH,), 3.88 (s, 3H, CkED), 6.68-6.78
(m, 2H, CHpyy), 6.99 and 7.92 (AA'XX'J = 9.1 Hz, 4H, CH,), 7.51-7.62 (m, 1HCHp,;), 8.16-8.34
(m, 1H,CHpyy). *C NMR (CDCE, 100 MHz):5 44.6 (2CH), 47.3 (2CH), 55.6 (CH30), 107.3, 107.4,
113.6, 114.0, 114.4 (2GH), 120.3 (2CH,), 132.7, 137.7, 148.0, 158.1, 159.2, 159.7. Foahd2.8;
H, 5.2; N 27.3%; @H;9N;O requires C, 63.1; H 5.3; N 27.1%. MS-El m/z: 3%l ".

2.2.20. 5-([1,4'-Bipiperidin]-1'-yl)-2-(4-methoxyphyl)-2H-1,2,3-triazole-4-carbonitrile  4f).
Colorless powder, yield: 260 mg (71%), mp 249-260FTIR, Vinas, CM: 2967, 2945, 2938, 2880 (C-

H), 2220 (CN)*H NMR (CDCk, 400 MHz):8 1.27-1.52 (m, 1HCH,), 1.81-2.03 (m, 5HCH,), 2.31-
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2.59 (m, 4HCHy), 2.68-2.94 (m, 2HCH,), 3.06 (d,J = 12.4 Hz, 2HCH,), 3.15-3.68 (m, 3HCH,),
3.86 (s, 3H, CkD), 4.29 (dJ = 13.1 Hz, 2HCH,), 6.97 and 7.87 (AA'XX'J = 9.1 Hz, 4H, CH,).
%C NMR (CDCE, 100 MHz):§ 22.5, 22.7 (2Ch), 25.2 (CH), 46.8 (2CH), 49.8 (2CH), 55.6
(CH30), 63.6, 107.3, 113.3, 114.5 (2&H 120.3 (2CH,), 132.5, 157.2, 159.8. Found: C, 65.4; H,
7.1; N 22.7%; GoH26N6O requires C, 65.6; H 7.2; N 22.9%. MS-EIl m/z: 366",

2.2.21. 5-(n-Butylamino)-2-(4-methoxyphenyl)-2H;3-;Riazole-4-carbonitrile  4u). Colorless
powder, yield: 163 mg (60%), mp 121-122. FTIR, vinaxs CM: 2992, 2938, 2880, 2858 (C-H), 2221
(CN). *H NMR (CDCk, 400 MHz):8 1.00 (t,J = 7.4 Hz, 3HCHa), 1.46 (sext,) = 7.4 Hz, 2H,CH,),
1.66 (quin,J = 7.4 Hz, 2HCH,), 3.42 (q,J = 7.4 Hz, 2HCH,), 3.87 (s, 3H, CED), 4.17-4.29 (m,1H,
NH), 6.98 and 7.90 (AA'XX') = 8.8 Hz, 4H, CH;). *°C NMR (CDC}, 100 MHz):5 13.8 CHs), 20.0
(CH,), 31.7 (CH), 44.0 (CH), 55.6 CH30), 106.4, 112.7, 114.4 (2GH, 120.2 (2CH,), 132.9,
157.1, 159.4. Found: C, 62.3; H, 6.2; N 25.9%Hz;NsO requires C, 62.0; H 6.3; N 25.8%. MS-EI
m/z: 271 [MT .

2.2.22. 5-(Cyclohexylamino)-2-(4-methoxyphenyl)22Ri3-triazole-4-carbonitrile 4v). Colorless
powder, yield: 180 mg (61%), mp 153-15@. FTIR, vmax CMi: 2930, 2850 (C-H), 2226 (CNjH
NMR (CDCl, 400 MHz):5 1.20-1.34 (m, 3HCH,), 1.38-1.52 (m, 2HCH,), 1.61-1.75 (m, 1HCH,),
1.76-1.88 (m, 2HCH,), 2.08-2.18 (m, 2HCH,), 3.53-3.67 (m, 1HCH), 4.10 (d,J = 7.7 Hz, 1H,
NH), 6.99 and 7.90 (AA'XX'J = 9.1 Hz, 4H, CH,). *C NMR (CDCE, 100 MHz):8 24.7 (2CH),
25.6 (CH), 33.3 (2CH), 52.9 (CH), 55.6CH50), 106.9, 112.7, 114.4 (2GH, 120.2 (2CH,), 132.9,
156.2, 159.4. Found: C, 64.9; H, 6.5; N 23.4%HzoNsO requires C, 64.6; H 6.4; N 23.6%. MS-EI

m/z: 297 [M] .
2.3. Electronic absorption and emission spectrogcop

UV-Vis absorption spectra were recorded on a Pdgkmer Lambda 35 UV-Vis

spectrophotometer (Shelton, CT USA). Fluorescericthe sample solutions was measured using a
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Hitachi F-7000 spectrophotometer (Tokyo, Japang dlsorption and emission spectra were recorded
in MeCN, THF, CHC4, DMF, MeOH, EtOH andn-hexane using 10.00 mm quartz cells. The
excitation wavelength was at the absorption maxiximmospheric oxygen contained in solutions was
not removed. Concentration of the compounds instiietion was 1.& 10° M and 1.0x 10° M for
absorption and fluorescence measurements, respigctivhe relative fluorescence quantum yields
(dp) were determined using quinine sulfatex(10° M) in 0.1 M H,SO;, as a standardbe = 0.546)

[21].
2.4. X-ray crystallography

XRD data were obtained on an “Xcalibur S” diffratteter using a standard procedure (MoK-
irradiation, graphite monochromataes;scanning with step®l T= 295(2) K). The structure was solved
with the ShelXS structure solution program usingebi Methods and refined with the ShelXL
refinement package using Least Squares minimizgfa24]. All non-hydrogen atoms were refined
in anisotropic approximation, H-atoms were refimedotropic approximation in the “riding” model.

Suitable single crystals of 1,2,3-triazols and4i for X-ray structural analysis were obtained by
slow evaporation of a solution of the compoundshioroform at room temperature.

For 4d, on the angles 3.00 @ < 28.30 6542 reflections were measured, including 3233jumi
(Rint = 0.0300) which were used in all calculations. sTay data: G4H14FNs, M = 271.30, monoclinic,
a=19.5131(15) Ab = 16.2073(13) Ac = 8.7864(8) Ap = 99.370(7), V = 2741.7(4) Aspace group
C2/c, Z = 8,u(MoKa) = 0.093 mrit. The final R = 0.0991, wR= 0.0742 (all data) and’R= 0.0360,
wR? = 0.0684 (I>3(1)), GooF= 1.007. Largest diff. peak and hole 8.28d -0.10&A >.

For 4i, on the angles 2.79 @ < 26.37 5990 reflections were measured, including 274%jwmi
(Rint = 0.0453) which were used in all calculations. sTaydata: ¢4H15NsO, M = 269.31, monoclinic,

a = 11.680(3) Ab = 8.7080(14) Ac = 13.742(3) Ap = 101.45(2), V = 1370.0(5) Aspace group

P21/c, Z = 4,u(MoKo) = 0.088 mrit. The final R = 0.1304, wR = 0.1242 (all data) and'R=
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0.04940.0360, wR= 0.1146 (1>3(1)), GooF= 1.002. Largest diff. peak and hole @.28d -0.18&A"
3.

A summary of the crystallographic data and striect@finement details are given in Supporting
Information. The crystal structures4d and4i are shown in Fig. 1. and Fig. 2.

CCDC 1472551 for compournttl and CCDC 147255%r compound4i can be obtained free of
charge from the Cambridge Crystallographic Data  teen via link

www.ccdc.cam.ac.uk/data request/cif.

2.5. Quantum Mechanical Calculations

The ground state molecular geometry of the compsunder investigation was fully optimized at
Density Functional Theory (DFT) level, both vacuoand in solvents (CCl, and MeCN). The
harmonic vibrational frequencies and the thermogcbais were computed. We have compared the
results obtained employing different functionalsl aifferent basis sets. In particular, we have ehos
hybrid (viz. B3LYP [25], and M06-2X [26]) and long-range comext {iz. CAM—-B3LYP [27] and
®B97X [28]), coupled with the 6-31+G*, 6-311+G**, gticc—pVDZ and aug—cc—pVTZ [27-33]
basis sets. Solvent effects were taken into accbynnheans of the implicit Polarizable Continuum
Model in its Integral Equation Formalism (IEF-PC§84]. The PCM molecular cavity was built
according to the Universal Force Field (UFF) [3%dir, within the value used in the last
implementation of the PCM (based on a continuurfasercharge formalism). The standard values for
the dielectric constants and refractive indexesevassumed. Botim vacuoand in solvents, the UV-
Vis spectra were also simulated, accountingSor S, (n = 1 to 5) transitions. The fir§{=,n*) state
geometry was subsequently optimized, using analygcadients, and the first transitiofs— & of
the emission transition. The Mulliken’s charge pagtion analysis and the electric dipole moment
were also computed for the both ground &excited (vertical and relaxed) states. The catmra

were performed using GAUSSIAN 09 [36].
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3. Results and discussion
3.1. Synthesis and characterization of 2-aryl-1-f2i&oles

The most important structural factors that influefficiorophore absorption and emission are the
system conjugation, the direction and modulus efdlectronic effects of the substituents and spatia
effects, which may vary the conjugation on oppogdgs of the molecule. To explore the relationship
between these factors and the observed photophywioperties of 2-aryl-5-amino-1,2,3-triazoles,
compoundgta-v, bearing various substituents within the aromatig and at positions 4 and 5 of the
heterocycle (Scheme 1, Table 1) were synthesizetchpBunds4a-v were produced using a recently
reported one-pot reaction with the tandem additbamines2a-i to arylhydrazononitrileda-o and
subsequent oxidative cyclization of intermedis®as the presence of copper(ll) acetate (Scheme 1)
[19]. This transformation typically proceeds in -F.51 with moderate to good yields (60-92%). The
longest conversion times were observed for thetsatlesln andlo, where one of the CN-groups in
the structure of hydrazonk was replaced with either an ethoxycarbonyl or agyup (Table 1,
entries 14-15) andi-l which bear one or two substituents in tmgho-position of the aryl moiety

(Table 1, entries 9-12).
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H )\ One-Pot
N. = +  HNRZ?R3 Procedure

/N—j\ R2
/N\ ~ <
Ar N N

4a-v

MeCN R Air
Cu(OAc),,
2R3
N+ )\(NR R

NH,

3

1R'=CN, Ar = 3,4-(MeO),CgHj (a), 4-MeOCgH,4 (b), Ph (c), 4-FCgHy4 (d),
3,4-F,CgH3 (e), 4-CICgH, (f), 3-CF3CgH, (9), 4-CN (h), 2-MeOCgH; (i),
2-CICgH3 (j), 2,4-Cl,CgH3 (k), 2-CF3CgH4 (1)
R'=COOEt Ar=4-MeOCgH, (m)
R'=COCgH,-Cl-4  Ar=4-MeOCgH,4 (n)
R' = CONHPyrrolidin-1-yl Ar = 4-MeOCgH4 (0)

2NR%R3 = Nij (@, N b, N ) (@), N 0@ NQ (e),

i > S\ N= _
N/\:>*N #, N N N\ / (9), NH-nC4Hg (h), NH-CgH1-cyclo(i)

Scheme 1. One-pot synthesis of 2-aryl-1,2,3-triazoflesv.
Tablel

The time of conversion and yields for the one-puitisesis of 2-aryl-1,2,3-triazolds-v

Triazole

Entry Ar NR?R? Time (h)  Yield (%)
4 R

1 4a CN 3,4-(MeO)}C¢Hsz  Pyrrolidin-1-yl 6 87

2 4 CN 4-MeOGH pyrrolidin-1-yl 2 92

3 4 CN CeHa Pyrrolidin-1-yl 7 80

4 4d  CN 4-FGH, Pyrrolidin-1-yl 2 84

5 4e CN 4-CIGsHq pyrolidin-1-yl 3 84

6 4f  CN 3,5-RCeHs pyrrolidin-1-yl 7 90

7 49 CN 3-CRCeHa Pyrrolidin-1-yl 3 8

15



9 4 cN 2-MeOGH, Pyrrolidin-1-yl 11 8
10 4 CN 2-ClCeHa Pyrrolidin-1-yl 40 77
11 4k cN 2,6-ChCeHs Pyrrolidin-1-yl 28 88
124 cN 2-CRCeH, Pyrrolidin-1-yl 50 80
13 4m - c(=0)Pyrrolidin-  4-MeOGeH, Pyrrolidin-1-yl 4 87
14 4n  COEt 4-MeOGH, pyrrolidin-1-yl 20 77
15 40 C(=O)GH(Cl-4  4-MeOGH, Pyrrolidin-1-yl 24 45
16 4 N 4-MeOGH, Pyperidin-1-yl 3 86
17 49 cN 4-MeOGH, Morpholin-4-yl 3 82
18 4  CN 4-MeOGH, Azepane-1-yl 4 86
19 4s CN 4-MeOGH, 1-(2-Pyridyl) 5 56
piperazine
20 4 cN 4-MeOGH,4 1,4'-Bipiperidine 4 71
21 4 N 4-MeOGH. NH-n-CaHg 5 60
22 A N 4-MeOGH, NHCgH11-cyclo 6 61

4 solated yield (after the separation and purifimai
The newly obtainedi2-1,2,3-triazolesla-v were colorless solids. Their structure was cordalrby

'H and®®C spectroscopy, mass spectrometry and X-ray dfftraciata fordd,i (Figs. 1 and 2).
3.2. X-ray crystallography analysis

The spatial structures of compoundis and 4i were determined by X-ray diffraction analysis
(Figs. 1 and 2). According to the XRD data forzake 4d, atoms of CN- and Ph-groups are placed in
the plane of the triazole ring (in limits of 0.085. The piperidine group adopts a chair confornmatio

with the heterocycle in the equatorial positionefiéghare two hydrogen bonds between the C(10) and
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C(14) hydrogen atoms in tleetho-positions of the aromatic ring and the N(3) and)N(fiazole atoms,
respectively. In contrast, the aryl substituentriazole4i is turned to the plane of triazole cycle at an

angle of 53.7.

a b
Fig. 1. ORTEP view of 1,2,3-triazoléd in thermal ellipsoids at 50% probability leved) front view

and (b) side view. (fRow = 2.7A).

a b
Fig. 2. ORTEP view of 1,2,3-triazoléi in thermal ellipsoids at 50% probability leved) front view

and @) side view.

Table 2.

Selected bond lengths for compoudds according to XRD and the literature [37] data.

Entry Literature data [37] Compoudd Compoundh
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Bond length, A Bond Bond length, A Bond Bond lengkh

1 1.366 N(1)-N(2) 1.3143(14) N(2)-N(1) 1.311(2)
2 1.366 N(2)-N(3) 1.3517(12) N(2)-N(3) 1.338(2)
3 1.329 N(1)=C(5) 1.3399(16) C(2)=N(1) 1.337(3)
4 1.329 N(3)=C(4) 1.3405(15) N(3)=C(1) 1.329(3)
5 1.431 N(2)-C(9) 1.4237(16) N(2)-C(8) 1.423(3)
6 1.416 C(4)-N(5) 1.3638(15) N(4)-C(1) 1.336(3)
7 1.136 N(4¥C(8) 1.1400(18) C(BN(5) 1.131(3)

8 1.444 C(5)-C(8) 1.422(2) C(2)-C(7) 1.408(4)

Analysis of the bond lengths for the compouddsand4i (Table 2) reveals the shortening of the

single bond lengths and elongation of the doubkk taple bonds caused by conjugation within the

molecule core.

3.3. Optical properties of 2-aryl-1,2,3-triazoles

2-Aryl-5-amino-1,2,3-triazoleda-v dissolve in most common organic solvents includifeCN,

THF, CHCE, DMF and DMSO. The photophysical properties of poomds4a-v were examined by

UV-Vis and fluorescence spectroscopy in acetonsitdt room temperature and the results are

summarized in Table 3. All of the investigated cawnnpds exhibited similar absorption and emission

contours (Figs 4, 6, 8-10). The absorption spefdracompounds4 showed two strong maxima at

approximately 229-259 nm and 317-381 nm. The eomnsspectra of solutions of 2-aryl-1,2,3-

triazoles 4a-v were measured at an excitation wavelength correBpg to the long-wavelength

maximum in the absorption spectra. Typical emisswaxima obtained upon irradiation of the
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solutions were in the blue region. Interestinglyany of the compounds exhibited a significant Stokes
shift up to 140 nm (9461 ch), although the extent of the shift varied sigrifidy between structures.
Spectral characteristics such as absorptigrg) ( emission Xem), molar absorption coefficient)(and
guantum yield ©¢) for the compoundda-v were measured in acetonitrile and are presentdalahe
3.

As follows from the spectral characteristics (Swkhift and quantum yield), most of compounds
4a-v have exhibited a strong fluorescence.

Table3

Photophysical data for 2-aryl-1,2,3-triazofesolution in acetonitrile).

Triazole UV-Vis Fluorescence
Stokes
Entry Aabs shift,
4 Structure lgemax Aem(nM) ¢ 4
(nm) (nm/cm”)
MeQ N
1 4, ONN\ 240 422
e NI’D 344 4.08 417 0.996 73/6115
) 'NjCN 247  4.43
MeO N .
2 ab N D 340 413 418 0.936 78/5488
T 243 450
N .
3 4c N NQ 340 4.05 423 0.886  83/5771
N__CN
F N 243 4.28
4 4d - NINQ 340 3.85 422 0.683  82/5715
N._-CN
al N 251 4.37
5 de O NID 346 3.86 429 0.829 83/5592
R
N -ON 245 4.27
N .
6 4 Q \N/ID a5 a1 435 0.837  85/5583
F
FsC
O N O 247 427
N :
7 49 NII\D 347 4.04 430 0.801 83/5563
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259

441

8 4h S o> a1s Mo 0579  84/5202
OMe N
. S 240 3.89
N
9 4i NID S8 Ser 418 0456  100/7523
Cl oN
. Ne 220 411
N
10 4 ONI’D 20w 0.607  102/7309
Cl N
Ne 238 3.08
11 4k Q”‘NIN St aee 8 0113  101/7622
Cl \\/>
CFj N
N 227 417
N
12 4 QNINQ PSRl QR 0.710  107/7580
(o]
Ny 250 3.8
13 4m MeoON\NfDQ 308 399 412 0.555  84/6216
N COOE!
MeO N 256 4.26
14 4n st o o0 aoo 423 0731 87/6121
(o]
,Nm 266 4.33
15 4o wo{ )s e o a0 4z 0.004  40/2494
N CN
16 4 "° W, ”‘NIU gjg j:(l)g 415 0.029  84/6115
N CN
17 aq "N “‘N/IN/ﬁ Sy CORPEL: 0.856  86/6474
b
18 4 MO I Q gzg j‘ig 413 0980  69/4857
CN
- 250  4.48
19  4s D e 461 0064  140/9461
ol 321 4.14
Meo/©/ T
CN
N= 247  3.97
20 4t @N\}N NQ on aae 403 0156  78/5955
240 411
21 4u O I/nBu e a1 401 0918  73/5550
N= 241  4.16
22 4 - @’*,}LN 330 400 402 0.956  72/5427
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3UV-Vis absorption wavelengths at room temperatue oncentration TOM.
"Fluorescence wavelengths at room temperature arzkntgation 16 M.

‘Fluorescence quantum vyields measured using a OH,80, solution of quinine sulfated = 0.55) as a

reference.
3.3.1 Structure and optical properties

The spectral properties of compourdsv depend on their electronic structure. These ptigser
are influenced by the conjugation of the aromatid &iazole rings, the nature of substituents withi
aromatic cycle, the type of amino group at C(5)itpms of triazole and the type of electron-
withdrawing group (R= CN, CONRR?® or C(=0)GH4CI-4) at C(4) of triazole ring. To rationalize the
relationship between the structure of investigatechpounds and their photophysical properties, we
have divided them into several groups in accordavittethe above-mentioned structural features.

The XRD (Fig. 1) and computational data (Table dpgrting Information, Table S2) for
triazoles4a-h shows the planar molecular construction of thesmpounds, which provides good
conjugation between opposite fragments of the nuddecThus, triazoledla-h were considered a
suitable model to establish the relationship behwbe electronic effects of substitutions on thd ar
moiety and the emission and absorption properties.

Analysis of absorption and emission spectral datarfazoles4a-h revealed that the presence of
strong electron-withdrawing groups within aromatigy (compoundth) leads to a red-shift (up to 22
nm/1787 crit) in its absorption spectrum and a 29 nm/1559" ¢ad-shift in the emission spectrum
(Table 3, Fig. 4). Thus, the most effective configgais observed when a CN group in the aryl and
triazole C(5)-amino group are both present (asi@ale4h). In contrast, the quantum yield is highly
dependent on the degree of conjugation, and itedses from 0.996 for compoudd (Ar = 3,4-

(MeO),CgHs) to 0.579 for compoundh (R* = CN) (Table 3). Therefore, the strong fluoreseeoba
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and4b is likely caused by better internal charge tran@feT) from the electron-donating OMe to the

electron-withdrawing C(4}z0eCN upon light excitation.

4a 4b 4c 4d 4e 4f 49 4h

a b
Fig. 3 (a) Photographs of the solutions d4&-h under irradiation with hand-held UV lamp at

emission wavelength of 380 nni) Photographs of the same solutions taken unddigtiay

a 2 -
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Fig. 4. Absorption &) and emissionh) spectra of 2-aryl-1,2,3-triazoleta-h in MeCN at room

temperature.

Triazolesdi-l contain either one or two substituents atdhido-position of aromatic ring and can
be used to establish the influence of steric himckeaon the photophysical properties of the compsund
(Table 3, entries 9-12, Figs. 5, 6). The XRD resaltd the data calculated for the ground stategs (Fi
2, Table 6 and Supporting Information, Table S2)tfeese molecules indicates that the conjugation
between the aromatic and heterocyclic ring systesnslisrupted. The strongest intramolecular
repulsion occurs -l and leads to a significantly twisted molecular foomation. Triazolesi-|
showed blue shifts up to 33 nm/2974 tin the absorption spectra coupled with a decréasbe
molar adsorption coefficient (Table 3, entries 9; 1t the emission parameters were nearly iddntica

to the compounds witpara-located substituents. These spectral feature®mpoundsi-I afforded
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an increase in the Stokes shifts (up to 107 nm/zB8bfor 41) and a decrease in the quantum yields
(0.113-0.71). These results suggest a twisted nmdlecular charge transfer (TICT) is realized for

triazolesdi-l as opposed to planar compouddsh.

a b
Fig. 5. (a) Photographs of the solutions in MeCN4ofl under irradiation with hand-held UV lamp

at emission wavelength of 380 nrh) Photographs of the same solutions taken unddigtay
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Fig. 6. Absorption & and emissionh) spectra of 2-aryl-1,2,3-triazole$i-l in MeCN at room

temperature.

The experimental data for triazoldls and4p-v confirm that the type of alkylamino group at C(5)
of the heterocycle has a dramatic effect on both Skokes shift and the quantum vyield (Table 3,
entries 2, 16-22, Figs. 7, 8). For example, théampment of the azepane moiety (compodndby 4-
(pyridin-2-yl)piperazine fragment (compourt$) caused an apparent blue-shift of the absorption
maximum from 344 to 321 nm, an increase in the &a$hift from 69 nm (4857 cthto 140 nm
(9461 cm') and a substantial decrease in the quantum yiel@.064). The relatively low quantum
yields observed for compounds and4t imply a strong non-radiative deactivation pathvi@aytheir

excited states.
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4b 4p 4q 4r 4s ‘4t| 4u 4v

a b
Fig. 7. (@) Photographs of the MeCN solutions 4if, p-v under irradiation with hand-held UV
lamp at emission wavelength of 380 nim). Photographs of the same solutions taken unddigtiayat

room temperature.
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Fig. 8. Absorption &) and emissionh) spectra of 2-aryl-1,2,3-triazoleth,p-v in MeCN at room

temperature.

The last group of investigated compoundts,and4m-o, differ in substitution only at the triazole
C(4) position. Absorption spectra of these triagaghibited increasing red-shifts in the ordier < 4n
<4b < 4o (Table 3, Figs. 9, 10). Further, replacement ef@N-moiety in the molecule of triazodé
by any other function led to unfavourable emissmarameters. While compourdb exhibited
extremely high fluorescent emission with a quantgield >0.90, compoundo showed very weak
blue emission with a fluorescence quantum yiel@.004 and a maximum emission wavelength of 421

nm when excited at 381 nm (Table 3, entry 15).
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Fig. 9. (@) Photographs of the solutions in MeCN4if,m,n,0 under irradiation with hand-held UV

lamp at emission wavelength of 380 nin). Photographs of the same solutions under daylight.
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Fig. 10. Absorption &) and emissionhk) spectra of 2-aryl-1,2,3-triazole$®,m,n,0 in MeCN at room

temperature.

The observed photophysical phenomena reveal tleatofical properties of the investigated
triazoles 4a-v are very sensitive to structural factors, whictiowas one to readily tune the
photophysical properties of the fluorophores byrappate design of the molecule. Among all of the
products studied, compoudd showed the highest quantum vyield (0.996) and aenadel Stokes shift
(73 nm/6115 cil), whereas triazolels exhibited the largest Stokes shift and one of ltweest
guantum yield (0.064) (Table. 3, entry 19). It isrth nothing that quantum yields of most of the
triazoles investigated were better than for presipunvestigated H-triazoles and even for known

examples of B-triazole derivatives [11-18].

3.3.2 Solvatochromism
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Among the major environmental factors influencingc&onic spectra, solvent effects are of
particular importance. Solvatochromism involvesharge in the absorption and emission spectra
and/or quantum vyields when the fluorophore is dissb in solvents of different polarity. The
solvatochromic effect of compoundswas investigated to estimate the difference betwbke dipole
moment for the ground states and excited statethesfe molecules. The absorption and emission
spectra of compoundéh, 4m and4v were recorded at a standard concentration inrdiffesolvents

with varying polarity, including acetonitrile, chiflaform, DMF, ethanol, methanol amehexane (Table

4, Figs. 12-14).
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Fig. 11. (a) Photographs of the solutions d4b under irradiation with hand-held UV lamp at

EtOH DM

emission wavelength of 380 nni) Photographs of the same solutions under daylight.
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Fig. 12. Absorption &) and emissionk) spectra of 1,2,3-triazole in different solvents at 25 °C.
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Fig. 13. Absorption &) and emissionh) spectra of 1,2,3-triazolm in different solvents at 25 °C.
a 12 b
6000 1
> 1 2 5000 —chloroform
Z 2 —EtOH
§ 0,8 ~—chloroform g 4000 - —hexane
E . EtOH E DMF
,‘:_2‘- ’ —nhexane < 3000 H —MeCN
S 04 —DMF ﬁ
2" —MeCN 5 2000 1
< ]
0,2 = 1000 A
0 T T T T y 0 T T T T T
280 330 380 350 400 450 500 550
Wavelength (nm) Wavelength (nm)
Fig. 14. Absorption &) and emissionh) spectra of 2-aryl-1,2,3-triazolds in different solvents at 25
°C
Table4

Fluorescence characteristics of 2-aryl-1,2,3-tliegdb,m,v in organic solvents

Entry Compound Solvent | Aabs lge  em Sr:ci)flt(es @

y Y (8’n2)[a] (nm) g (hm) (nm/le) F
1 4b n-Hexane -0.001 335 421 389(  54/4143 .
2 CHCl; 0.149 342 417 406 64/4609 ™.
3 N_CN DMF 0.275 343 4.14 418 75/5520 [Pl
4 Meo@NiN:IN EtOH 0290 339 418 415  76/5402 U.
5 ) MeOH 0.309 340 417 416 76/5373  0.98
6 MeCN 0.305 340 413 418 75/5488  0.94
7 4m n-Hexane -0.001 332 413 405 73/5429  0.64
8 CHCl, 0.275 331 417 411 80/5880  0.77
9 DMF 0.290 334 418 396 62/4687  0.90
10 EtOH 0.305 328 3.99 410 82/6097  0.55
11 MeCN 0.149 332 413 405 73/5429  0.11
12 4v n-Hexane -0.001 325 423 391 66/5193 I -

NeCN ) ) [b] _

13 wo{ )l CHCl; 0.149 330 421 402 72/5427
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14 DMFE 0.275 336 4.17 408 72/5252 .
15 EtOH 0.290 333 420 408 75/5520 ! -
16 MeCN 0.305 330 420 402 72/5427  0.95

[a] The polarity scale chosen is the orientatiolappability employed in the Lippert-Mataga equatio
f (e,n9)= [(e-1)/(2e-1)]-[(n*-1)(2n*+1)], taking into account both the solvent dielieconstant and
refractive index [1].

[b] Not detected.

The UV spectra ofib, 4m and4v were essentially unchanged in all of the solvexamined,
implying a weak positive solvent-dependence (TableFigs. 12-14). In contrast, the maximum
emission wavelength for these compounds showeijlat flathochromic shift in more polar solvents,
as illustrated in Figs. 12-14. As shown in Tablecdmpound4m is most affected by the solvent
polarity, exhibiting a bathochromically shifted ession maximum in polar solvents (ethanol, methanol
and DMF) compared to non-polathexane. The Stokes shift for compoud@isand4m vary widely
in different solvent (1193 and 1259 ¢nwhile the Stokes shift for compourdg shows very little
solvent influence (327 c). These effects are explained by a slight incréaskee dipole moment of
the excited states (see Table 5), leading to isexkaensitivity toward the surrounding environment.
The intensity of absorption and emission for trlaztm is also highly dependent on solvent polarity.
In particular, the quantum vyield of triazolen decreases drastically with decreasing polarityhef
solvents (EtOH [0.90] > DMF [0.77] r-hexane [0.64] > MeCN [0.55] > CH£J0.11]). The highest
fluorescence quantum yield was observed in ethanlolar, protic solvent. It is possible that the
triazoledm with the carboxamide group at C(4) atom of hetgebe ring is more readily able to form
hydrogen bonds with the alcoholic solvent than dliger proton-donor compounds. This is a very
important interaction (along with the dipole-dipatgeractions) that significantly affects the quant

yield. It should be mentioned that the quantumdy@ all of the investigated compounds increased
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substantially in alcoholic solvents. Even triazale, which had an excellent quantum vyield in
acetonitrile (0.93), was further improved in metblai®.98).

It is known that specific solvent—fluorophore irgetions could occur either in the ground or in the
excited states [1,2]. As for the investigated wlag4, the influence of the solvents appears to have a
larger effect on the emission spectrum than onatheorption spectrum, which suggests that dipolar
moment of the excited states is higher than thajrgund state. This statement is supported by the

results from theoretical calculations (Table 5).

3.3. Quantum Mechanical Calculations

The absorptionig,9 and emissionif,) wavelength and oscillator strength, (f10), Stokes shifts
(Av), the modulus of the electric dipole moments & ¢nound stateuf), of the vertical FC excited
(u1v) and of the relaxed excited statgg)(and the angles formed by the dipole moment veqtin,
and o 1;) were computed at the DFT CAM-B3LYP/cc-pVTZ lew#ltheory, in the implicit solvated
phase (MeCN). The data provided in Table 5 are xoekent agreement with the experimental
spectroscopic measurements (Table 3), and the latdduoscillator strength for the absorption

transition changes is in accordance with experialeatisorption and emission characteristics.

Table5

Computed absorption wavelength,)(and oscillator strengthfof), emission wavelengthid) and
oscillator strengthf(y), Stokes shift Av), the modulus of the electric dipole moment of greund
state (i), of the vertical FC excited:{,) and of the relaxed excited statgs)(and the angles formed

by the dipole moment vector&(, andép 1,) for triazolesda-v.

Compound Aqps for Aem f10 Avike o)  pw(D) pr (D) Gow(?) o (°)
(nm) (nm)

4a 345 0.4084 416 0.7881 4.952 6.79 10.79  6.56 23
4b 339 0.3778 417 0.7431 5.523 8.54 1241 8.23 25
4c 340 0.2705 421 0.5817 5.664 6.43 12.04 6.10 39
4d 341 0.2680 420 0.5692 5521 6.19 13.02 6.20 26
4e 347 0.3095 427 0.6484 5.404 6.21 1351 6.28 27
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4f 349 0.2621 433 0.5417 5.564 6.23 14.18 6.39 26 9

49 348 0.2712 431 0.5631 5.539 9.38 16.53 9.31 25 5
4h 363 0.3771 444 0.7530 5.030 8.03 19.27 8.79 15 6
4 318 0.1649 416 0.6690 7.415 6.91 11.31 5.39 42 28
4 325 0.1649 424 0.5541 7.191 7.95 13.28 8.04 39 12
4k 317 0.1306 417 0.3850 7.572 7.39 12.36 6.56 34 15
4 327 0.1883 434 0.5833 7.547 9.26 1492 9.63 46 14
4m 327 0.4561 410 0.7211 6.197 5.20 7.17 4.26 49 3
4n 335 0.3714 421 0.6552 6.103 3.28 7.95 3.20 41 19
40 383 0.2871 422 0.0498 2.415 6.08 16.34 5.54 15 54
4p 332 0.4406 416 0.7093 6.088 8.47 11.80 8.29 16 9
4q 325 0.5204 408 0.7604 6.265 7.90 11.14  7.67 6 6
4r 347 0.3738 411 0.7261 4.492 8.51 1211  8.20 24 4
4s 320 0.5417 460 0.7620 9.520 10.31 13.74 10.17 3 5

4t 326 0.4719 401 0.7279 5.743  8.59 11.86 8.29 12 9
4u 329 0.3597 400 0.8070 5.400 8.09 10.81 7.84 27 10
4v 331 0.5186 402 0.7899 5.341 8.48 11.88 8.06 3 4

Ground state and excited state dipole moments ks ranging from 3.28 to 10.31D and from
7.17 to 19.27D, respectively (Table 5). The changeke dipole moment of the triazoles (particuarl
4h and4o) and the angles formed by the dipole moment vedtrs) indicated that the polarity of
these compounds changes significantly during taesttion to the excited state. The increase in the
excited state electric dipole moment.J, compared with the dipole moment of the grouradesj:o),
is caused by solvent-solute interactions that ktabthe excited electronic state in polar solvents
(positive solvatochromic effect). The computatiomi#ta confirmed the solvent effects discussed
previously (see section 3.3.2). The higher excitate dipole moment also indicates a redistribubion
charge densities between the ground and excitadsst&urthermore, the charge transfer process
occurs in the excited state rather than in grouatesThe emission process and the transient ilaxe
excited state effectively reduce the polarity pagters of the molecules back to their ground state
values because the modulus of the electric dipadenemt of the ground statgof and the relaxed
excited stateu,) are very close, as are the angles formed byigf@aedmoment vectorg) 1,).

The molecular structures predicted at the DFT lexazke in good agreement with the experimental
results (part 3.2). The calculations revealed gt substituents located at the 2-position of the
triazole ring for compound4a-h and4i-e are coplanar, as seen in the X-ray data (Tabfeg2,2). The

major geometric changes upon excitation, presantédble 6, are associated with the length of the C
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N bond and the torsions between the two rings.®&eted, the conjugation between the triazole and
the aromatic ring increases sharply in the exctede. The length of the C-N bond linking these two
cycles and the torsion angle between them indigadeamatic increase in planarity of the molecular
structure of4a-h and4i-e upon excitation. Compoundd, 4j and 4l showed the most substantial
changes in torsion angles in the relaxed excitate stnd, coincidentally, provided better emission
parameters than would be expected based on thettwtes (Figs. 1 and 2, Tables 2 and 6). Even for
triazole4k, which bears two chlorine atoms at tivého-positions of the aromatic ring, the calculations
predict a large change in the torsional angle betvtbe two cycles (from 90.7° in ground state t& 45
in the excited state) and a decrease in the C-N lorgth of 0.048 A (Table 6, entry 11).

Table6

Bond length If) and dihedral angles) between the aromatic and triazole rings for tfeugd(S) and

the excited statgs,) relaxed geometries of triazoléa-v in MeCN.

Entry  Triazole b(S) (A) 3(S) () b(S) (A) 3(S) O)
1 4a 1.425 1.6 1.351 0.1
2 4b 1.425 11 1.352 0.0
3 4c 1.425 0.6 1.359 0.1
4 4d 1.424 11 1.359 0.1
5 4e 1.422 0.6 1.358 0.1
6 4f 1.418 0.6 1.360 0.1
7 49 1.421 0.2 1.361 0.2
8 4h 1.416 0.4 1.359 0.1
9 4 1.431 66.4 1.359 19.9
10 4 1.427 60.8 1.366 22.3
11 4k 1.425 90.7 1.377 45.0
12 4 1.429 55.3 1.367 14.5
13 4m 1.421 3.7 1.354 0.7
14 4n 1.424 4.0 1.358 0.2
15 40 1.424 2.4 1.412 1.9
16 4p 1.426 4.4 1.353 0.1
17 4q 1.426 3.8 1.350 0.1
18 4r 1.425 2.4 1.352 0.2
19 4s 1.426 4.4 1.350 0.1
20 4t 1.426 3.5 1.352 0.1
21 4u 1.426 2.1 1.347 0.2
22 4v 1.425 0.3 1.347 0.1

To visualize the charge delocalization, we havetgtbthe frontier molecular orbitals of the

representative compoundb, 4h, 4i, 4m, 4n, 40 and4s (Fig. 15). For compound4b, 4h and4i, the
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electronic distribution of the HOMO is spread thghaut the whole molecule, whereas the LUMO
electronic distribution excludes thert-alkylamino group. This difference provides beteerlap of
the HOMO and LUMO and promotes a large transitimmmant of the §— S transitions for triazoles
4b, 4h, 4i, 4m and4n. In contrast, compound® and4s have electronic distributions in the ground
state and excited states that are quite different.

The HOMO and LUMO of the triazole derivatives bagrcyano 4b, 4h, 4i), carboxamide4m)
and ethoxycarbonyl) substituents at the C(5) triazole atom are simnbat the strong influence of

the electron deficient aryl substituent in compodaeffectively modifies the LUMO distribution.

Compound HOMO LUMO
4b : B ,
od)? . u"‘-’a‘,)‘
R AV i 5
4h 2 f +
v Jgy D _
> ot 3‘J
4i 5’
. D ;
4m *;‘;?JJ *J"?J:u
& : @ ’JJ 0
4 “Jjﬁ B ?’J‘J (3
o & Ao
4n *:; -
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0% faie
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Fig. 15. HOMO and LUMO of4b,h,i,m-o,s, calculated at CAM-B3LYP/aug-cc-pVTZ/IEF-PCM(UFIEVel of

theory (isovalue 0.02).

The electron distribution pattern is quite diffdremthe case of compounts. Electron density in
the HOMO of triazolels is mostly localized on the highly electron riclpg@iazinopyrimidine group at
the C(5) position of the heterocycle. However, tHi¢MO is primarily localized on the central
heterocyclic nucleus, the CN-group and the aronmstiustituents, and there is little electronic dignsi
present on the piperazine group. Therefore, aranmitecular charge transfer process could be
expected during an electron transition from the HDNb the LUMO, resulting in fluorescence
guenching. The theoretical predictions provide lausd interpretation of the experimental findings of
the adsorption and emission maxima and are consistgh the trends in the experimentally
determined quantum yields and emission shifts.

Quantitative evaluation of the charge distributiggon absorption and emission in triazolesas
determined by calculating the Mulliken’s chargestied main moieties (triazole ring, aryl! Rnd
amino groupfor moleculesib, 4h, 4i, 4j, 4m, 4n and4s (Supporting Information, Table S3).

Charge distribution data for the triazole fragmeiotscompoundstb, 4h, 4i, 4m, 4n, 40 and4s
provided an additional evidence for differenceghieir conjugation in the Frank-Condon statg \8n
one side and in the groundgSr relaxed excited states;{Son the other side. Substituents on the
triazole ring and the aromatic cycle have a rentdekanfluence on the charge delocalization because

their variation changes the spectral charactesisiignificantly. The most remarkable result isltrge
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increase in the sum of Mulliken’s charges on thenangroup at the C(5) atom of the triazole ring,
especially for compounddh and4o. Shifting of the pair of electrons on the amin&agen atom
toward the triazole ring and subsequent increasinthe C-N bond order causes the C(5) atom to

develop significant positive charge.

6. Conclusions

We have successfully designed and synthesizedies s#frsmall-molecule blue-light fluorophores
based on the 2-aryl-5-amino-1,2,3-triazole scaffoMdl investigated compounds showed strong
absorption in UV, and the majority showed signific&tokes shifts upon emission. It is noteworthy
that 2-aryltriazoles containing methoxy groupshatN(2) position of the triazole ring are the brightest
fluorophores investigated, regardless of solvetitofAthe triazoles exhibit solvent effects, aneith
emission increases dramatically in polar protioveots such as ethanol. Many of these new 1,2,3-
triazole derivatives had better fluorescence efficy and larger Stokes shifts than those reported i
the literature, making them attractive as potenfialorophores for technical and biological
applications. Moreover, their structure can be lgasiodified to tune the maximum emission
wavelength and quantum yield within the blue regmmeet the application requirements.

These results suggest that the readily availabdeyRi,2,3-triazole chromophores could prove
useful in electronic devices and as fluorescenb@so Finally, the biological stability of the tr@e
skeleton, the facile synthetic strategy, the ecanaompetitiveness and the tuneable photophysical
properties make 2-aryl-1,2,3-triazoles promisingpfbphores for bioimaging and fluorescent labelling

of biomolecules and cells.
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One-pot synthesis of a series of new 2-aryl-5-amino-1,2,3-triazole derivatives,
Experimental and computational approaches to optical properties correlate well;
High photoluminescence quantum yield (99.6%) was achieved,;

Fluorescent properties can be tuned varying the substituentsin 1,2,3-triazoles.



