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ABSTRACT

This study synthesized newly designed 1,2,3-triazoles substituted with aryl groups via Sharpless' copper(I)-catalyzed azide-alkyne cycloaddition. The resulting
compounds were extensively characterized using NMR and UV-Vis spectroscopy. Furthermore, theoretical DFT and time-dependent DFT calculations were
performed to analyze the structural and electronic properties of these molecules. Computational analysis revealed insights into the electron distribution within these
molecules, with the electron-withdrawing or electron-donating nature of the substituents affecting the HOMO-LUMO gap. These findings provide valuable
information for tailoring the electronic properties of triazole-containing compounds, making them suitable for various chemical applications and potential coordination

with metalloporphyrins.
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INTRODUCTION

The synthesis of triazoles from alkynes has emerged as a pivotal and valuable
methodology for crafting diverse molecules with multifunctional attributes. By
modifying alkynes and nitrogen sources such as azides, various analogs of 1,4-
disubstituted triazoles have been successfully obtained for various
applications."> The enhancement of triazole synthesis has been achieved by
employing copper catalysts to selectively generate one of the two isomers
produced under thermal conditions, enabling the creation of specific compound
families.® Moreover, significant contributions to this field have arisen from the
development of synthetic methods employing various transition metals including
gold, iridium, iron, nickel, ruthenium, samarium, silver, and zinc, facilitating the
cyclization of alkynes and nitrogen sources.*

Additionally, there has been a growing interest in recent years in devising
straightforward, environmentally friendly, cost-effective, and non-toxic
protocols. In this regard, the reaction of alkynes with nitrogen sources, conducted
entirely without the involvement of transition metals, satisfies many of these
criteria, offering an excellent alternative for triazole synthesis.

Among N-heterocycles, triazoles and their substituted derivatives have
gamered significant attention for various purposes due to their intriguing
properties and potential applications in therapeutic biology. These include
antiproliferative 1,2,4-triazole analogs akin to combretastatin, anticonvulsant
phenacyl triazole hydrazones,>® antimicrobial thioethereal 1,4-disubstituted
1,2,3-triazole esters,” antineoplastic 1,2,3-triazole-4,5-bis(isopropyl carbamate)
glucopyranosides,®  antiviral [ -arylalkyl-1H-1,2,4-triazoles,”  analgesic
thiazolo[3,2-b]-1,2,4-triazoles derived from naproxen,'® anti-inflammatory
oxazolo[4,5-b]pyridine-2-one 1,2,3-triazoles,'' anticancer quinazolin-4(3H)-one
1,2,3-triazole analogues,'? antimalarial 1,2,4-triazole analogues.'* Additionally,
many heterocycles incorporating a triazole scaffold within their structures exhibit
distinctive structural and electronic properties '* and are utilized in organic
synthesis for pioneering reactions.'>!®

The copper(I)-catalyzed azide-alkyne cycloaddition, widely explored in
previous studies, has been employed to synthesize 1,2,3-triazoles, ''® which
have found applications in the development of metal complexes and potential
biological uses.® Typically, methodologies involving the use of copper(I) ligands
are introduced to form an in-situ copper(I) complex species within the reaction
medium, ensuring the stabilization of Cu(I). Alternatively, Cu(Il) can also be
utilized by adding a reductive agent, such as sodium ascorbate. *

*Corresponding author email: karina.muiioz@ubo.cl, gabriel.abarca@ubo.cl, cesar.morales@ubo.cl

Our research delves into the synthesis of diaryl-substituted triazoles featuring
methylthio groups, enabling their attachment to metal surfaces for various
chemical and technological applications. Inspired by the work of Pizarro et al.,"
which  demonstrated that non-condensed polycyclic heteroaromatic
hydrocarbons with sulfur groups in an axial position can be linked to gold
surfaces for use in oxygen reduction reactions. These systems, referred to as
molecular wires, can be coordinated with metalloporphyrins, characterized by an
iron(II) core, for the electrocatalytic reduction of molecular oxygen.

To explore the capacity of different heteroaromatic hydrocarbons, we
concentrated our efforts on synthesizing 1,2,3-triazoles that are 1,4-disubstituted,
bearing the necessary methylthio and pyridine groups. The former facilitates
attachment to the gold surface, while the latter allows for coordination with the
iron core in metalloporphyrins, as previously reported by Zagal.'” In this article,
we present the results of synthesizing non-condensed polycyclic heteroaromatic
hydrocarbons featuring the 1,2,3-triazole moiety.

2. MATERIALS AND METHODS
2.1. General information

The starting materials 4-Bromothioanisole, trimethylsilylacetylene, 4-
Aminophenol, 4-iodoaniline, and 4-Aminopyridine were purchased from Merck-
Sigma Aldrich. The synthesis of 4-(pyridin-4-yl)aniline and (4-ethynyl
phenyl)(methyl)sulfane has been reported previously.?*?' The solvents were
purchased from Merck-Millipore. The NMR characterization was achieved by
Bruker AVANCE 400 spectrometer. The infrared spectra were collected in a
JASCO 4100 Fourier transform infrared spectrometer. The UV-Vis spectroscopy
was performed in a JASCO V-630 spectrophotometer, and samples were
contained on 1 cm path-length quartz cuvettes.

2.2. General procedure for the organic azides

In the first step, the amine derivative precursors such as 4-aminophenol, 4-
iodoaniline, 4-aminopyridine, and 4-(pyridin-4-yl)aniline (3.6 mmol) were
dissolved in HCI 1.5 M solution. Then, NaNO, (3.6 mmol) was added at 0 °C,
and the reaction was kept under stirring for 1 h. In a second step, NaN; (3.8
mmol) was added, and the reaction was kept under stirring for 1 additional hour.
Finally, the reaction mixture was poured into ice water, and the product was
extracted with dichloromethane. The compounds were not purified and were
immediately used to synthesize the respective triazoles.
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2.3. General procedure for the triazoles
2.3.1 4-(4-(4-(methylthio)phenyl)-1H-1,2,3-triazol-1-yl)phenol (1)

OH

Be

N/

s
HaC”

(4-ethynyl phenyl)(methyl)sulfane (1.65 g, 11.10 mmol, 1.0 eq.), 4-
aminophenol derivative azide (1.50 g, 11.10 mmol, 1.0 eq.), CuSO45H,O (177.4
mg, 0.71 mmol, 0.064 eq.), and sodium ascorbate (879.7 mg, 4.44 mmol, 0.4 eq)
were loaded into a 50 mL round-bottom tube flask and dissolved in a mixed
solvent DMF/H,O (4:1). The reaction was stirred for 48 h at room temperature.
After its completion, the water-insoluble triazole 1 was recovered by filtration as
a brownish powder and washed with water to give a brown solid with an 87%
yield.

UV-vis (DMSO), Amax, 286 nm

'H NMR (400 MHz, DMSO-dq) & 8.73 (s, 1H), 7.83 (d, J = 8.1 Hz, 2H), 7.64
(d, J=8.5 Hz, 2H), 7.38 (t, J = 5.5 Hz, 2H), 6.96 (d, J = 8.5 Hz, 2H), 2.90 (s,
OH), 2.48 (s, 3H).

13C NMR (101 MHz, DMSO) & 157.28, 137.47, 128.54, 127.10, 126.67,
125.43, 121.40, 118.56, 115.61, 39.52, 14.80.

DEPT NMR (101 MHz, DMSO) § 126.68, 125.43, 121.40, 118.57, 115.62,
14.80.

FT-IR (em™, KBr) 3387 (s), 3067 (W), 2919 (w), 2591 (w), 1652 (s), 1605 (s),
1536 (s), 1519 (s), 1480 (s), 1434 (s), 1407 (m), 1382 (m), 1353 (m), 1229 (s),
1168 (m), 1087 (s), 1058 (s), 967 (s), 892 (W), 836 (s), 809 (s), 720 (W), 628 (m),
518 (s).

2.3.2 1-(4-iodophenyl)-4-(4-(methylthio)phenyl)-1H-1,2,3-triazole (2)

S
H3C”

(4-ethynyl phenyl)(methyl)sulfane (5.0 mmol, 1.0 eq.), 4-iodoaniline
derivative azide (1.0 eq.), CuSO45H,0 (0.1 eq.), and sodium ascorbate (0.4 eq)
were loaded into a 25 mL round-bottom flask and dissolved in a mixed solvent
DME/H,0 (4:1). The reaction was stirred for 48 h at room temperature. After its
completion, the water-insoluble triazole 2 was recovered by filtration as a grey
powder with a 93% yield.

UV-vis (DMSO), A, 287 nm

'H NMR (400 MHz, DMSO-ds) § 8.68 (d,J = 0.8 Hz, 1H), 7.68 (d, /= 8.7 Hz,
2H), 7.58 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.8 Hz, 2H), 7.13 (d, J = 8.4 Hz, 2H),
2.25 (s, 3H).

13C NMR (101 MHz, DMSO) & 146.58, 137.90, 137.77, 126.62, 125.43,
121.53, 121.50, 118.41, 118.38, 92.52, 39.52, 14.71.

DEPT NMR (101 MHz, DMSO) § 137.93, 126.62, 125.44, 121.54, 118.43,
14.71.

FT-IR (cm, KBr) 3442 (w), 3355 (W), 3209 (w), 3118 (s), 3091 (s), 2973 (w),
2912 (w), 1911 (w), 1652 (w), 1606 (w) 1586 (w), 1549 (w), 1481 (s), 1480 (s),
1432 (s), 1398 (s), 1338 (W), 1308 (w), 1280 (w), 1239 (s), 1227 (s), 1179 (W),
1105 (s), 1082 (s), 1039 (s), 1011 (m), 989 (s), 826 (s), 818 (s), 813 (s) 725 (m),
697 (w), 519 (), 515 (s), 469 (s).
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2.3.3 4-(4-(4-(methylthio)phenyl)-1H-1,2,3-triazol-1-yl)pyridine (3)

S
HaC™

(4-ethynyl phenyl)(methyl)sulfane (1.65 g, 11.10 mmol, 1.0 eq.), 4-
Aminopyridine derivative azide (1.33 g, 11.10 mmol, 1.0 eq.), CuSO45H,0
(177.4 mg, 710.4 mmol, 0.06 eq.), and sodium ascorbate (8§79.6 mg, 4.44 mmol,
0.4 eq.) were loaded into a 25 mL round-bottom tube flask and dissolved in a
mixed solvent DMF/H,O (4:1). The reaction was stirred for 48 h at room
temperature. After its completion, the water-insoluble triazole 3 was recovered
by filtration as a brownish powder (77%).

UV-vis (DMSO), Amax, 290 nm

1H NMR (400 MHz, DMSO-d6) & 8.95 (s, 1H), 7.94 (d, J= 7.7 Hz, 2H), 7.82
(d, J=9.2 Hz, 2H), 7.69 (d, J = 6.1 Hz, 2H), 7.37 (d, J = 7.6 Hz, 2H), 2.73 (s,
3H).

13C NMR (101 MHz, DMSO) § 153.65, 146.53, 137.86, 137.73, 131.89,
131.73, 130.97, 130.83, 126.59, 125.38, 121.47, 119.62, 118.37, 39.52, 14.69.

DEPT NMR (101 MHz, DMSO) § 137.86, 131.89, 130.97, 126.60, 125.88,
125.39, 121.47, 119.62, 118.37, 14.69.

FT-IR (cm, KBr) 3136 (W), 2912, (w) 1585(w), 1497 (w), 1481 (w), 1431
(W), 1396 (w), 1227 (w), 1093 (w), 1082 (w), 989 (w), 812 (s).

2.3.4 4-(4-(4-(4-(methylthio)phenyl)-1H-1,2,3-triazol-1-yl)phenyl)pyridine (4)

7N\

S\

(4-ethynyl phenyl)(methyl)sulfane (377.7 mg, 2.55 mmol, 1.0 eq.), respective
azide pyridyl phenyl azide (500 mg, 2.55 mmol, 1.0 eq.), CuSO45H,0 (40.75
mg, 163.2 mmol, 0.06 eq.), and sodium ascorbate (202.1 mg, 1.02 mmol, 0.4 eq)
were loaded into a 25 mL round-bottom tube flask and dissolved in a mixed
solvent DMF/H,O (4:1). The reaction was stirred for 48 h at room temperature.
After its completion, the water-insoluble triazole 4 was recovered by filtration as
a yellowish powder (90%).

UV—vis (DMSO), A, 291 nm

'H NMR (400 MHz, DMSO-d) & 8.95 (s, 1H), 7.93 (d, J = 8.9, 4H), 7.84 (d,
J=8.2,4H),7.70 (d, J = 8.9 Hz, 4H), 7.40 (d, J = 8.4 Hz, 2H), 2.44 (s, 3H).

13C NMR (101 MHz, DMSO) 8 133.7, 127.5, 126.6, 125.4, 120.1, 118.5, 39.5,
14.7.

13C NMR-DEPT (101 MHz, DMSO) § 135.1, 128.7, 127.9, 126.7, 121.4,
119.7.

FT-IR (cm”, KBr) 3121 (m), 3047 (w), 2915 (w), 1606 (s), 1548 (m), 1528
(m), 1482 (s), 1433 (s), 1401 (s), 1340 (w), 1226 (s), 1154 (w), 1120 (w), 1104
(s), 1083 (m), 1041 (s), 1014 (m), 991 (s), 811 (s), 744 (W), 720 (W), 694 (s), 524
(m), 510 (s).

2.4 Computational details.

The optimization of the molecular structures of compounds 1 — 4 at their
energy minimum was performed at the density functional theory (DFT) in the
Gaussian 16 software.”> The B3LYP/6-311+g(d,p) % level of theory was
applied in the gas phase and included DMSO as a solvent, using the solvation
model based on the molecular electron density (SMD).? Iodine in compound 2
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was described with the LANL2DZ pseudopotential.”® The solvent was also
included in the study of the UV-Vis properties using the time-dependent DFT
method under the same theoretical framework. The UV-vis absorption spectra
were calculated using the 50 lowest singlet-singlet excitation states. The theory
level was chosen considering previous works on electronic and photophysical
properties of 1,2,3-triazole.?**® In all calculations, the DFT-GD3BJ dispersion
correction was considered to include dispersion force effects on the energy.’” The
analytical frequency calculations confirmed the energy minimum of the
optimized structures. The wavefunction analyses as the topological analyses
were performed in the Multiwfn program.*®

3. RESULTS AND DISCUSSION
3.1. SYNTHESIS AND CHARACTERIZATION

3.1.1 Synthesis of the 4-(4-(4-(4-(methylthio)phenyl)-1H-1,2,3-triazol-1-
yl)phenyl)pyridine analogues

The synthesis 4-(4-(4-(4-(methylthio)phenyl)-1H-1,2,3-triazol-1-yl)phenyl)pyridine
analogs start by preparing the azide derivative from the precursors 4-
aminophenol, 4-iodoaniline, 4-aminopyridine, and 4-(pyridin-4-yl)aniline in an
acid solution and NaNO, at low temperature (0 °C), followed by the addition of
NaN3, obtaining the respective azide derivative with a yield of over 75%.

(Scheme 1)
Ho—<;>—w2 Ho—@—m
(a) >
N/ \ NH, N/ \ Ns
N/ \ NH, N/ \ N

Scheme 1: General procedure for the organic azide precursors. (a) (i) HCI
(1.5M), NaNO, (ii) NaN3, 0 °C, 1 h.

Compounds 1-4 were synthesized under click reaction conditions by reacting
one equivalent of azide precursors with one equivalent of (4-
ethynylphenyl)(methyl)sulfane as described in Scheme 2, obtaining a yield over
77%. All compounds obtained have low solubility in commonly used organic

solvents.
N=N C
. N 1
Ng 2,93%
(a)
N=N n=N —
@ _ _ @ \
B e e e IO
~s 1,87% \S 3,77%
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Scheme 2. Reagents and conditions: (a) respective Aryl azide, CuSO4-5H,0,
sodium ascorbate, DMF/H,0, 48 h.

3.1.2 NMR and FT-IR characterization of the ligands

All compounds were characterized by 'H, *C NMR, and FT-IR. For the NMR
analysis, the samples were prepared in DMSO-dg, and the spectra were collected
at 140° C due to the poor solubility of the triazoles. No signals were identifiable
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when the spectra were measured at room temperature because the triazoles were
insoluble. On the other hand, when the spectra were collected at 140° C,
consistent signals were appreciated, and, in all cases, the number of signals was
coherent with the molecular structures.

According to the data, all compounds 1 to 4 exhibit distinctive signals patrons
compose for three zones in the 'H NMR spectra. The first zone corresponds to
the hydrogen in the triazole core, which exhibits shifts in the range of 8.95 to
8.68 ppm (Fig.1, Fig.S1, Fig.S3, and Fig.S6). Compounds 1 and 2 show a discrete
difference in the chemical shifts: 8.74 and 8.68 ppm. In contrast to the same
proton signal in 3 and 4, the hydrogen in these triazole cores is less shielded than
in 1 and 2, with a chemical shift of 8.95 ppm.
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Figure 1. "H-NMR spectrum of 4-(4-(4-(methylthio)phenyl)-1H-1,2,3-triazol-
1-yl)pyridine (3) in DMSO-de.

The second zone corresponds to aromatic signals of the benzyl and pyridine
groups, which exhibit shifts in the 7.94 to 6.95 ppm range. These four patterns
are present in all proton NMR reported.

The third zone corresponds to the methyl group signal, which exhibits shifts in
the 2.73 to 2.25 ppm range. In the same way as the triazole proton, an effect on
the pair of compounds 1 and 2 versus compounds 3 and 4 was observed,
obtaining less shielded hydrogens for 3 — 4 compared to 1 — 2.

Regarding compound 1, the signal of OH appears at 2.90 ppm, which means
that the local magnetic field experienced by the proton is weaker, leading to a
higher resonance frequency or a high-field shift. It is known that, in the case of
the OH (hydroxyl) group, the chemical environment around the proton can have
different effects depending on the specific molecule. In some cases, the OH
group can exhibit a high-field signal; in others, it can display a low-field signal.
The specific chemical shift of the OH group will depend on factors such as the
electronic environment, neighboring atoms, and molecular structure. In our case,
it is suggested that the chemical environment adjacent to the OH group with the
triazole group leads to a relatively high-field signal.

The most notable signal in the '3C NMR spectra in the 14.68 to 14.80 ppm
range corresponds to the carbons of the methyl group for each species reported
here. On the other hand, compound 2 showed a signal at 92.52 ppm attributed to
the quaternary carbon attached to the iodine atom (Fig. 4).

Concerning FT-IR studies, all the compounds here reported present absorption
bands in the regions 3080-3100, 1549- 1606, and 1319-1340 cm™' indicate a five-
membered triazole ring for the stretching of C-H, C-N, and N=N respectively
(Fig. 2 and Fig. S8 - S10).%* Table 1 summarizes the reported main stretching
frequencies for compounds 1 — 4. Compound 1 shows a clear stretching band
corresponding to the O-H group of its chemical structure at 3387 cm™! (Fig. 2).

For all compounds, the peak at 2916 cm™ is assigned to C-H stretching

vibrations of the methylthio group. The peak at 1483 cm’ is assigned to C=C
stretching vibrations of the aromatic fragment.
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Table 1. Main Stretching Frequencies of FT-IR spectra.

Compound Wavenumber Vibration Assignment
(cm™) type
1 722 Stretching C-S
1483 Stretching C=C (aromatic)
2916 Stretching C-H
1318 Stretching C-N
1549 Stretching N=N
3149-3493 Stretching O-H
2 724 Stretching C-S
1480 Stretching C=C (aromatic)
2912 Stretching C-H
1318 Stretching C-N
1548 Stretching N=N
3 724 Stretching C-S
1481 Stretching C=C (aromatic)
2912 Stretching C-H
1319 Stretching C-N
1549 Stretching N=N
4 720 Stretching C-S
1482 Stretching C=C (aromatic)
2915 Stretching C-H
1340 Stretching C-N
1606 Stretching N=N
100
80
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Figure 2. FT-IR spectrum of 4-(4-(4-(methylthio)phenyl)-1H-1,2,3-triazol-1-
yl)phenol (1).

3.1.3 UV-visible spectroscopy and computational analysis.

The 1,2,3-triazoles 1,4-disubstituted were experimentally designed to include
a methylthio-phenyl able to link the molecules over conductive surfaces as gold.
On the other hand, the R-substituents modulate the charge transfer properties of
the molecules and explore the diversity of the designed molecules as possible
axial ligands for coordination compounds such as metalloporphyrins.'® In this
way, the synthesized molecules 1 — 4 have a common structural pattern
consisting of a methylthio-phenyl unit connected to a C(4)-substituted 1,2,3-
triazole moiety. Phenol, iodophenyl, pyridine, and phenyl pyridine are N(1)
substituents in molecules 1, 2, 3, and 4, respectively, as depicted in Figure 3.
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Figure 3. Structures of compounds 1 — 4, showing the common structural
pattern of methylthio-phenyl and 1,2,3-triazole, and the corresponding R-
substituents.
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Figure 4 shows the UV-Vis spectra obtained for compounds 1 — 4 in DMSO.
An intense 4, band for 1, 2, 3, and 4 appears at 286.4 nm (Abs. 0.855), 287 nm
(Abs. 0.743), 290.6 nm (Abs. 0.367) and 290.2 nm (Abs. 0.812), respectively. In
addition, for compounds 3 and 4, a shoulder is observed at a higher wavelength
than the A,.,» band (a redshifted shoulder at 323 and 331 nm, respectively), also
observed in previously reported triazole derivatives compounds.’*3¢4# To
explain the electronic properties of these compounds as the observed Ay
tendency (Fig. 4), we studied their electronic structure by geometry optimization
through DFT in DMSO solvent. The theoretical UV-Vis spectra were obtained
using the TD-DFT method (see Computational Details).

1.0

0.9 4 —

—3

0.8 4
0.7 4

Absorbance (a.u.)

T T
300 350 400 450 500 550 600

Wavelength (nm)

Figure 4. The UV-Vis absorption spectrum of compounds 1 — 4.

The effect of the R-substituent in the electronic behavior of the molecules is
related to their ability to withdraw or donate electrons from the structure,
influencing their UV-Vis in terms of wavelength and adsorption intensity.*!
Figure 5 shows the energy and electron density distribution of the highest-
occupied molecular orbital (HOMO) and the lowest-unoccupied molecular
orbital (LUMO) for 1 — 4. Each structure’s n-bonding type HOMO is mainly
localized over the common methylthio-phenyl-C(4)-1,2,3-triazole unit, while the
LUMO, with a n-bonding type, is mainly confined over the corresponding R-
substituent and N(1)-1,2,3-triazole moiety, with almost no contribution over the
methylthio group (except for 1 that shows a little contribution over the S atom).
Figure 5 shows that the electron-donating character of -OH in 1 destabilized the
LUMO (relative to the rest of the series), shifting its electron distribution
involving the S atom of the methyl-thio group. Conversely, the electron-
withdrawing character of the iodophenyl, pyridine, and phenyl-pyridine units in
2, 3, and 4 stabilized the LUMO among the series. The LUMO energy trend
follows 1 > 2 > 3 = 4, reflecting the moderately electron-withdrawing nature of
iodophenyl in 2. Due to its ability to share m-electron pairs in aromatic rings,
iodine's electron-withdrawing character, which is related to its considerable
electronegativity, is surpassed. This is related to its high ionic radius and soft-
base character and explains the poor contribution of I to the LUMO as its lower
relative stability compared to 3 and 4 (Fig. 5). For the above, pyridine and
phenyl-pyridine N(1)-substituents induce a high LUMO stability due to their
electron-withdrawing character. The lower contribution of the methylthio-phenyl
unit in the LUMO of 4 results from the phenyl-pyridine moiety. This has an
additional aromatic ring than the pyridine substituent in 3, which is expected to
increase the pyridine’s electron-withdrawing character. The calculated HOMO-
LUMO gap (Fig. 5, Fig. S13) follows the tendency 1 > 2 > 3 > 4, thus being
related to the electronic nature of the R-substituent as the electron-withdrawing
character of the R-substituent increases the H-L gap decreases.
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Table 2. Experimental and theoretical parameters for the UV-Vis excitations
for the synthesized compounds. The computed excitations with the highest

oscillator strength in each case were included in the analysis.

J. Chil. Chem. Soc., 69, N°3 (2024)

character. Since the HOMO has a contribution of p orbitals of S atom (Fig. 5), n
- mand n > 7* transitions are also involved in these electron transfers. In the
case of 3 and 4, the observed shoulders are related to the redshift of the HOMO-
LUMO transitions as a product of the influence of corresponding pyridine and
phenyl-pyridine substituents. In contrast, these shoulders have higher energies
for 1 and 2, thus being contained within the experimental A, transition. The
redshift of the adsorption bands due to electron-withdrawing substituents over
triazole-derivatives has been observed in previous studies. 44!

It is well known that the m-conjugation degree is a critical factor in CT
processes. The planarity lost in a molecular structure can be detrimental for CT
since it limits the n-r electronic conjugation among sp’ units.*** Figure 6¢ shows
the dihedral N2-N3-C-C angle measured between the triazole and phenyl ring
planes (Fig. S14). It is observed that higher dihedral angles for 1 and 2 correlate
with lower A,., while more planar molecule 3 correlates with higher A,.
Nevertheless, the linearity of this trend is lost when considering the dihedral
angle of 4. Molecule 4 contains an extra phenyl ring compared to molecule 3,
which contributes to electronic conjugation through the molecule. This is
consistent with previous research on the optical properties of derivatives
containing 1,2,3-triazole.*'*3
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Figure 5. Representation of the HOMO (Enowmo), LUMO (ELumo), and H-L gap
energies (eV) for the synthesized compounds 1 — 4, showing the corresponding
HOMO and LUMO density surfaces (isovalue = 0.004 a.u).

Figure 6a shows the linear tendency obtained between the calculated H-L gap
for 1 — 4 as a function of their experimental 4, (Fig. 4, Table 2). This trend
indicates that the A, redshift observed for 3 and 4 results from the electronic
effect of the pyridine and phenyl-pyridine moieties, respectively. In addition,
they should be responsible for the observed shoulder in 3 and 4 (323 nm and 331
nm, respectively; Fig. 4). Figure 6b depicts the correlation between the
experimental and theoretical A,,,, values for 1 —4. The TD-DFT calculations were
carried out with three theory levels (Fig. S11 and S12), with the B3LYP/6-
311+g(d,p) being the most accurate in terms of the studied UV-Vis experimental-
theoretical correlations. The theoretical 4,4 values correspond to the computed
electronic transition having the highest oscillator strength (f). The electronic
transitions in 1 — 4 mainly involve electron transfer from HOMO to LUMO and
LUMO+1 (Fig. S13, Table 2), in concordance with previous studies for triazole
derivative species.?? 3133343640 These H>L and H>L+1 electron transfers are
related to ® = 7w and m > 7* transitions, respectively, with charge transfer (CT)

Figure 6. Experimental-theoretical correlations for compounds 1 — 4.

The topological analysis based on the localized-orbital locator function (LOL-
m) was performed to explore the above. The LOL-7n function identifies electron
n-delocalization in molecules by capturing the overlapping of localized orbitals
due to an orbital gradient (see Supporting Information).***’ Figure 7 depicts the
LOL-x surfaces for the out-of-plane z-conjugation (xy-plane) obtained for 1 — 4
and captures the conjugation between the N2-N3 sites of the triazole ring and the
atoms of the R-group (note that the preferential electron delocalization path is
more intense in the green to red zones). The higher z-bonding in 4 involving the
extra phenyl ring in the phenyl-pyridine substituent is evidenced, causing a lower
n-contribution of N2-N3 unit to the conjugation. Figure S15 represents the hole-
electron surfaces for the electronic transition computed for 1 — 4 (that involves
the HOMO, LUMO, and LUMO+1). This analysis allows us to corroborate the
intramolecular CT (ICT) nature of the electronic transitions. It is observed that
the transitions occur mainly from the methylthio-phenyl-C(4)-1,2,3-triazole
moiety to the corresponding R-substituent. The ICT is favored for 2, 3, and 4 and
less for 1 due to the electron-donating character of -OH. This explains the redshift
of the A, and could be related to the absence of the shoulder in 1, compared
with 3 and 4, and therefore, being contained in the 4, adsorption band. This is
also true for 2, to which a low contribution of the iodine atom in the transitions
is evidenced.

d o e b

o eS8 ,34° ‘x.; e O

pe 7 ,3154} s ‘;oaf ‘,i, 2
s 7Y %

Figure 7. LOL-7 surfaces plotted for the n-bonding orbitals of molecules 1 —
4 (1.2 Bohr distance on the xy plane).
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CONCLUSIONS

In conclusion, the synthesis and characterization of the 1,2,3-triazoles
substituted with aryl moieties were successfully performed. The synthesis
involved the preparation of azide derivatives from the respective precursors,
followed by a click reaction to obtain the target compounds. The overall yields
were high, with over 75% yield for the azide derivatives and over 77% yield for
the final compounds.

The characterization of the synthesized compounds was carried out using 'H
and '3C NMR spectroscopy, as well as FT-IR spectroscopy. The NMR analysis
provided insights into the chemical shifts of the different proton environments
within the compounds. Distinctive signal patterns were observed in the 'H NMR
spectra, representing the triazole core, aromatic, and methyl groups. Compound
1 exhibited an additional signal corresponding to the OH group, which displayed
a high-field shift. FT-IR spectroscopy confirmed the presence of the five-
membered triazole ring, as evidenced by characteristic stretching frequencies.
Compound 1 showed an additional stretching band corresponding to the O-H

group.

The TD-DFT theoretical calculations explained the experimental UV-Vis
properties of compounds 1 — 4, revealing the occurrence of intramolecular charge
transfer processes from the methylthio-phenyl-C(4)-1,2,3-triazole moiety to the
corresponding R-substituent. The ICT is less favored for compound 1 due to the
electron-donating -OH group, while it is more favored for compounds 2, 3, and
4. The observed redshift of the 4,,, band for 3 and 4 (as the appearance of the
shoulders) is explained by the electron-withdrawing nature of the pyridine and
phenyl-pyridine moieties, respectively. The additional phenyl ring in the R-
substituent in 4 increases the electronic n-conjugation, thereby favoring the ICT
process and leading to a higher redshift in its 4,,, band compared with the other
structures.

Overall, the synthesis and characterization results provide valuable
information about the molecular structures and properties of the 1,2,3-triazoles
substituted with aryl moieties analogs. These findings contribute to
understanding their potential applications and pave the way for further
investigations and utilization of these compounds in various fields, such as
coordination chemistry and materials science.
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