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Introduction

Photoactive molecules that contain a heterocyclic moiety have
proven to be important materials for advanced optoelectronic
applications including optical information processing, photo-
voltaic cells, photodynamic therapy, and others.[1] The 1,2,4-tri-
azole moiety is an important system that is present in a large
number of compounds with a wide variety of uses in many
fields, such as medicinal chemistry,[2] materials science,[3] and
organocatalysis.[4] Compounds based on this heterocyclic motif
are appealing owing to their high electron affinity and thermal
stability, as well as their diverse coordination modes. As
a result, there are numerous examples in the literature of ma-
terials bearing 1,2,4-triazole moieties, such as transition-metal
complexes,[5] metal–organic frameworks,[6] and polymers,[7] all

of which exhibit interesting luminescence properties among
other features. More interestingly, 1,2,4-triazole rings tend to
decrease the effective p conjugation of aromatic systems,[7b, 8]

thus facilitating the design of blue emitters. Nonetheless, de-
tailed reports concerning the luminescence properties of small
molecules that incorporate this heterocyclic unit are rare.[9]

The majority of the routes for the synthesis of 1,2,4-triazoles
rely on intramolecular condensation reactions.[10] Additionally,
halogenated 1,2,4-triazoles can be modified by nucleophilic
substitution reactions,[11] and also through coupling protocols
such as Suzuki–Miyaura-type,[12] Stille-type,[13] Heck-type,[14] or
Ullmann-type[15] reactions.

Regardless of the selected synthetic route, special attention
should be paid to the sustainability of the overall process.
Within the paradigm of “green chemistry”,[16] the development
of sustainable and environmentally friendly synthetic ap-
proaches of tailored materials is favored. The strategies for the
achievement of such processes are mainly focused on the use
of alternative solvents, as well as improved energy efficiencies
and yields.[17] The establishment of the relationship between
structure and properties is also of fundamental importance to
avoid unnecessary synthetic steps. In this sense, the use of
computational studies has become essential as these can be
considered as the “greenest” experiments, which allow the se-
lection of potentially interesting molecules.[18]

For the computation of luminescence properties, the possi-
bility of simulating emission spectra has been reported.[19] The
main difficulty in performing such studies concerns the deter-
mination of the excited-state geometry because of the limited
range of theories with available analytic derivatives.[20] The sim-
plest approach is the ab initio configuration interaction with all
singly excited determinants (configuration interaction singles,
CIS)[21] method, which provides a cost-effective, semiquantita-

A sustainable synthesis of alkenyl-1H-1,2,4-triazoles through
the Hiyama reaction is reported, which employs water as sol-
vent and sodium hydroxide to activate the silyl group under
microwave irradiation, thereby leading to high product yields
(51–93 %) in very short reaction times. Two substitution pat-
terns were attained owing to the different reactivity of the
third and fifth positions of the 1H-1,2,4-triazole unit, as evi-
denced by calculated condensed Fukui functions. Moreover, all
compounds are good blue emitters (FF up to 0.69) in THF so-

lution, although they exhibit an optical behavior dependent
on the substitution. Excited-state theoretical investigations by
the configuration interaction singles method and time-depen-
dent density functional theory were performed not only to
support and elucidate the studied photophysical properties,
but also to create a predictive model to reduce the cost and
optimize the search for new blue emitters based on this class
of alkenyl-1H-1,2,4-triazoles.
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tive way to study excited states. The main drawback of this
method is the accuracy, which is comparable to that of the
Hartree–Fock (HF) method for the ground state, owing to the
limited treatment of correlation effects. Therefore, even
though the excited-state potential energy surfaces can be
fairly good, the excitation energies are largely overestimated.
In an effort to improve these computed energies beyond HF
quality, time-dependent density functional theory (TD-DFT)[22]

can be used. This approach includes the electron correlation
and provides satisfactory results for both organic and organo-
metallic compounds.[19, 23]

Our group has been interested in the investigation of envi-
ronmentally friendly processes that involve microwave irradia-
tion as the energy source.[24] We have also implemented theo-
retical studies to rationalize the effects of conventional heating
and microwave irradiation on the reaction mechanisms.[25] Re-
cently, we described a new method to prepare alkenyl-1H-
1,2,4-triazole derivatives by a Heck reaction.[14] However, this
synthetic procedure leads to product mixtures with tedious
purification processes and moderate yields. In the current con-
text of sustainable synthesis, palladium-catalyzed cross-cou-
pling reactions of organosilicon compounds with organic hal-
ides (Hiyama reaction)[26] have become fairly popular from an
environmental point of view in comparison with other more
polluting processes. Silicon-derived compounds are very attrac-
tive owing to their stability, low cost, and accessibility, which
also make them suitable for industrial purposes.[27] Herein, we
report on the preparation of p-conjugated alkenyl-1H-1,2,4-tri-
azoles by means of the Hiyama reaction in conjunction with
microwave radiation as the energy source. The photophysical
properties of the final compounds were investigated extensive-
ly. Furthermore, we assessed the use of computational calcula-
tions to validate this approach for the design of new triazole-
based photoactive materials.

Results and Discussion

Synthesis of the dialkenyl-1H-1,2,4-triazoles

In the last decade, several microwave-assisted Hiyama cross-
coupling reactions have been reported.[28] In this context, we
employed a protocol that avoids fluoride anions to activate
the organosilicon derivative and employs hydroxide anions in
water and microwave irradiation as energy source.[28c] To study
the scope of this reaction on a 1H-1,2,4-triazole moiety, we per-
formed the coupling between the dihalo-substituted com-
pound 1 and several arylvinyltriethoxysilanes (2) with slightly
modified reaction conditions (Scheme 1). In most cases, only
monosubstituted 1H-1,2,4-triazoles 3 were obtained in accepta-
ble to good yields (58–85 %; Table 1). The reaction appears to
work similarly with siloxanes containing either electron-with-
drawing or electron-donating groups. More energetic reaction
conditions (time or temperature) or an increase in the silox-
ane/triazole ratio to obtain higher yields or disubstituted prod-
ucts led to intractable reaction mixtures for which isolation of
pure products in acceptable yields was very difficult. The low
reactivity of the 1H-1,2,4-triazole on its 3-position (see below),

together with possible side reactions of the siloxane deriva-
tive[27] on increasing its concentration in the reaction mixture,
might account for the unsuccessful efforts to obtain the disub-
stituted compounds in a single step.

To achieve the synthesis of the target disubstituted com-
pounds 4, a second cross-coupling reaction was performed on
monosubstituted compounds 3 (Scheme 2). Interestingly, in
this case 1H-1,2,4-triazoles 4 were obtained in good yields (51–
93 %; Table 1) without changing the reaction conditions. We
tentatively explained this finding as being the result of
a change in the reactivity of the C-3 position of the triazole
ring. This hypothesis was subsequently confirmed by theoreti-
cal calculations (see below).

The trans configuration (3JH�H ca. 16 Hz) of the double bonds
in all of the compounds described herein was confirmed by

Scheme 1. C�C cross-coupling reactions of 3,5-dibromo-1-methyl-1H-1,2,4-
triazole (1) with arylvinyltriethoxysilanes 2. TBAB = tetrabutylammonium bro-
mide, MW = microwave.

Table 1. Preparation of 5-substituted alkenyl-1H-1,2,4-triazoles 3 and 3,5-
disubstituted alkenyl-1H-1,2,4-triazoles 4 by Hiyama coupling under mi-
crowave irradiation.

Entry Silane (Ar1) Silane (Ar2) 3 [%][a] 4 [%][a]

1 2 a
Ar1 = C6H5

– 3 a (85) –

2 2 b
Ar1 = p-CH3O-C6H4

– 3 b (60) –

3 2 c
Ar1 = p-Ph-C6H4

– 3 c (58) –

4 2 d
Ar1 = naphth-1-yl

– 3 d (77) –

5 2 e
Ar1 = p-F3C-C6H4

– 3 e (80) –

6 2 a
Ar1 = C6H5

2 a
Ar2 = C6H5

– 4 a (71)

7 2 b
Ar1 = p-CH3O-C6H4

2 b
Ar2 = p-CH3O-C6H4

– 4 b (93)

8 2 c
Ar1 = p-Ph-C6H4

2 c
Ar2 = p-Ph-C6H4

– 4 c (51)

9 2 d
Ar1 = naphth-1-yl

2 d
Ar2 = naphth-1-yl

– 4 d (67)

10 2 e
Ar1 = p-F3C-C6H4

2 b
Ar2 = p-CH3O-C6H4

– 4 e (75)

[a] Product isolated by column chromatography on silica gel.

Scheme 2. C�C cross-coupling reactions of 5-alkenyl-3-bromo-1H-1,2,4-tria-
zoles 3 with arylvinyltriethoxysilanes 2.
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1H NMR spectroscopy. Therefore, this effective synthetic proce-
dure provides simple access to a wide range of alkenyl-1H-
1,2,4-triazole derivatives with different substitution patterns in
a few minutes and with good yields.

Photophysical characterization

As a result of their potential interest as new chromophores, di-
alkenyl-1H-1,2,4-triazoles 4 a–e were selected and their photo-
physical properties were studied.

The UV/Vis absorption and emission spectra in solution are
depicted in Figure 1 and Figures S1 and S2 in the Supporting
Information, and the most meaningful photophysical data are
summarized in Tables 2 and S1.

At room temperature in tetrahydrofuran (THF) solution, all
compounds showed strong absorption bands (e= 2.0–3.1 �
104

m
�1 cm�1) at high energies ascribed to p–p* transitions.

Upon excitation at 300 nm in air-equilibrated THF solution, all
the compounds showed a featureless emission in the blue
region of the spectrum. The effect of the different substitution
patterns on the maximum emission wavelength (lem,max) was as
follows: 4 a<4 b<4 c<4 d<4 e. The increase in the p system
on going from phenyl to naphthyl to biphenyl substituents led
to a bathochromic shift in the emission wavelength. For the
phenyl-based derivatives (4 a–c,e), the replacement of the p-H
of the phenyl moiety by other groups also led to bathochro-
mic shifts. This effect is particularly evident for compound 4 e,
which contains two different groups (one electron donor, �
CH3O�C6H4, and one electron acceptor,�CF3�C6H4).

The emission quantum yields (FF) were in the range 0.25–
0.56, except for compound 4 b, which had a value of only 0.04.
These values are comparable to those of commercial blue dyes
such as disodium 4,4’-bis(2-sulfostyryl)biphenyl (FF = 0.23 in
H2O)[29a] and quinine sulfate dihydrate (FF = 0.54 in 0.1 m H2SO4

aqueous solution).[29b]

As far as the time-resolved measurements are concerned,
the compounds showed biexponential decays in THF solution
at room temperature, with characteristic fluorescence lifetimes
of a few nanoseconds. In the case of compound 4 b, a monoex-
ponential decay corresponding to a lifetime of 0.6 ns was ob-
tained. The biexponential nature of the decays usually sug-
gests the coexistence of several emissive species (owing to
acid–base or conformational equilibria, aggregation processes,
etc.) that affect the kinetics of the de-excitation process. Inter-
actions with the solvent can also lead to complex decays.

Careful analysis of the emission spectra recorded at 77 K in
2-methyltetrahydrofuran (2-MeTHF) glassy matrices revealed
the different character of the emission in both series of com-
pounds. Compounds bearing the same substituent in both C-3
and C-5 positions of the triazole ring, namely 4 a–d, displayed

Figure 1. Room-temperature absorption (left) and emission spectra (right)
for compounds 4 a (black) and 4 e (grey) in air-equilibrated THF solution
(solid lines) and 77 K emission spectra (dashed lines) in 2-methyltetrahydro-
furan (2-MeTHF) glassy matrices. lexc = 300 nm.

Table 2. Selected photophysical data for compounds 4 a–d.

Compound Medium (T [K]) labs,max [nm]
(e [104

m
�1 cm�1])

lem,max

[nm][a]

FF
[b] tobs [ns][c]

(A %)[d]

kr
[e]

[107 s�1]
knr

[f]

[107 s�1]

4 a THF (298) 293 (2.2), 318 (2.4) 397 0.56 1.84 (13), 2.94 (87) 22 17
Tol (298) 318 (2.3) 394, 412 (sh) 0.28 1.79 (79), 2.77 (21) 14 35
DMSO (298) 285 (2.4), 319 (2.1) 410 0.69 0.49 (23), 2.96 (74) 24 11
2-MeTHF (77) – 368, 388, 409, 432 (sh) – 1.62 (62), 3.66 (36) – –
PMMA 5 wt % (298) – 399 0.24 0.66 (53), 2.35 (44) – –

4 b THF (298) 286 (3.1), 326 (2.6) 379 (sh), 405 0.04 0.60 (93) – –
2-MeTHF (77) – 377, 399, 421, 450 (sh) – 1.94 (94) – –

4 c THF (298) 316 (2.2), 333 (2.2) 352 (sh), 390 (sh), 411 0.46 0.38 (20), 1.74 (80) – –
2-MeTHF (77) – 352, 372, 389, 412, 438, 468 (sh) – 1.43 (96) – –

4 d THF (298) 328 (2.6) 365 (sh), 426 0.25 0.33 (20), 2.33 (70) – –
2-MeTHF (77) – 364, 402, 425, 450 – 2.35 (100) – –

4 e THF (298) 296 (2.4), 315 (2.0) 469 0.38 2.85 (13), 5.09 (87) 8 13
Tol (298) 294 (3.4), 318 (2.7) 439 0.27 2.20 (15), 3.91 (85) 7 20
DMSO (298) 288 (3.2), 318 (2.7) 525 0.23 3.22 (44), 4.62 (46) 6 19
2-MeTHF (77) – 397(sh), 420, 442(sh) – 3.49 (97) – –
PMMA 5 wt % (298) – 435 0.51 0.91 (26), 3.90 (62), 7.48 (13) – –

[a] The abbreviation “sh” denotes shoulder. [b] Quantum yields were measured in an integrating sphere. lexc = 300 nm. [c] All the compounds were excited
at l= 375 nm. [d] Only lifetimes with A>10 % are shown. [e] The radiative rate constants were calculated by means of the equation: kr =FF/tobs. [f] The
nonradiative rate constants were calculated by means of the equation: knr = (1�FF)/tobs.
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structured emissions with clear vibronic progressions and
slight blueshifts of the emission maxima. Conversely, com-
pound 4 e showed a smooth structured emission together with
a remarkable hypsochromic shift (2488 cm�1). Although 4 a–d
emit from a rather apolar excited state that remains insensitive
to the environment, 4 e possesses a lowest excited state with
polar character and it is therefore fairly destabilized when sol-
vent reorganization is prevented in such frozen matrices. In
general, the decays became monoexponential and longer in
comparison to those obtained at 77 K. Nevertheless, compoun-
d 4 a still exhibited a biexponential decay.

Complementary information about the character of the
emitting excited state can be provided by performing solvent
polarity-dependent (solvatochromism) emission studies. Com-
pounds 4 a and 4 e were selected for these experiments as ex-
amples of the two observed behaviors for this class of chromo-
phore. Hence, solvents of varying polarity—ranging from
apolar toluene (Tol) to highly polar dimethyl sulfoxide
(DMSO)—were chosen for the solvatochromism study. The sol-
vatochromic fluorescence of both compounds is depicted in
Figure S3, and the corresponding photophysical data are listed
in Table S1. Compound 4 a showed slightly blueshifted emis-
sion maxima (900 cm�1) upon decreasing the polarity of the
solvent, which is consistent with the slight shift observed in
frozen matrices. Nevertheless, the quantum yields did increase,
reaching values up to 0.69 when DMSO was employed as sol-
vent. The fluorescence decays were found to be biexponential
for the three solvents. It is interesting to note the variation of
the radiative and nonradiative constants, kr and knr, on increas-
ing the polarity of the surrounding media. A plausible explana-
tion for this observation is that a higher-lying quenching state
might be close in energy to the emitting one. For certain con-
formations and low polarities, this quenching state is close in
energy and serves as a thermally accessible deactivation chan-
nel of the emissive state, a situation that explains both the
higher contribution of the shorter component to the average
lifetime and the lower quantum yield. As the polarity increases,
the slight stabilization of the luminescent lowest excited state
and a possible destabilization of the other state is enough to
suppress this quenching effect. The larger energy gap also cor-
relates with a larger radiative rate constant as the mixing of
the emissive state with the dark state is diminished.

The structured emission at 77 K and the almost negligible
solvatochromism suggest that the emitting state for equally
substituted compounds 4 a–d is of the type p–p*. The transi-
tions take place in the same region of the molecule and, con-
sequently, they are apolar in character. The quenching state
could be of the type n–p*, which is characteristic of heterocy-
cles and is known to be much less efficient than the former
ones. Moreover, this state would be of particular importance
for 4 b, which has a quantum yield of 0.04, owing to the pres-
ence of two methoxy groups.

The behavior of compound 4 e differed markedly from that
of 4 a. The emission of 4 e was clearly shifted to the red
(3700 cm�1) on increasing the polarity of the solvent. The
quantum yields remained quite comparable (0.23–0.38), where-
as the lifetimes were biexponential and the nonradiative rate

constants one order of magnitude higher than the correspond-
ing radiative ones in all solvents. In this case, and in contrast
to 4 a–d, the less structured emission profile and the solvato-
chromism of compound 4 e indicate that its emission arises
from an intramolecular charge-transfer state. The high polarity
of this excited state makes it sensitive to the dielectric con-
stant of the solvent and it constitutes a polarity sensor of the
microenvironment.

Solid state

The good emission properties of the materials in fluid solutions
prompted us to evaluate the emission of 4 a and 4 e in the
solid state as thin films and as dispersions in a poly(methyl
methacrylate) (PMMA) matrix. The emission spectra are shown
in Figure S4 and the photophysical data are collected in
Table S1. As shown in Figure S4, the solid-state emission of 4 a
was in the blue region of the spectrum, as in solution, and the
higher concentration in the thin films did not shift the emis-
sion maxima. The measured quantum yields were good (ca.
0.22) and were also independent of the doping concentration.
With regard to 4 e, the emission maximum was bathochromi-
cally shifted towards the blue–green region with decreasing
quantum yields (0.51–0.21 for 5 and 100 wt %, respectively)
upon increasing the concentration of the chromophore, pre-
sumably because a higher doping rate also enhances the die-
lectric constant of the microenvironment within the polymer
matrix.

Computational investigations

Chemical reactivity

Since Miethchen and co-workers[12a] reported the first cross-
coupled compounds from halogenated 1H-1,2,4-triazole nu-
cleosides, the different reactivity of the halogens located at po-
sitions C-3 and C-5 of the triazole ring has been demonstrated
experimentally. The same preference has been found in the
case of nucleophilic substitution reactions.[30] Houk and co-
workers[31] studied the selectivity of palladium-catalyzed cross-
coupling reactions of heterocycles substituted with identical
halogen atoms. They concluded that the selectivity could be
explained in terms of both bond dissociation energies and
frontier molecular orbital interactions. Nonetheless, the Fukui
theory is one of the most successful, simple, and best-known
methods to assess the reactivity of the regions of a mole-
cule.[32]

Therefore, in an attempt to rationalize the reactivity of the
1H-1,2,4-triazole, the condensed Fukui function for the nucleo-
philic attack (fþk )[33] was calculated at carbon atoms 3 and 5 of
the triazole ring for compounds 1 and 3 a within the frame-
work of DFT, by employing the functional PBE0 and 6-31 +

G(d,p) as basis set (Figure 2). The values are collected in
Table S2. The different tendency towards the insertion of a nu-
cleophilic fragment is clearly revealed and C-5 of the triazole 1
is the preferential site of attack (higher fþk ). The negative value
found for C-3 could explain the extremely low reactivity of this
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position for triazole 1 and the difficulty in obtaining dicoupled
derivatives in a single reaction. The introduction of a styryl
fragment at C-5 leads to complete inversion of the chemical
reactivity between positions C-3 and C-5 of the triazole. It can
be observed in compound 3 a that the electrophilicity of C-3 is
enhanced after the coupling of styrene at C-5, whereas that of
C-5 is markedly reduced. These results are consistent with the
reactivity of this family of 1H-1,2,4-triazoles, and constitute
a straightforward method to interpret the regioselectivity of
the Hiyama reaction in this work.

Photophysical properties

A simulation of the experimental results was performed to pre-
dict the fluorescence emission of this class of materials. Geo-
metrical parameters and electronic features of the molecules in
their ground state (S0) were studied by DFT, and computation
of electronic transitions and singlet lowest-lying excited states

(S1) was performed by CIS and TD-DFT methods (see the Com-
putational Details). At a first stage, the S0 geometries of com-
pounds 4 a–e were optimized at the PBE0/6-31G* level of
theory (Figure 3). In molecules 4 a–b and 4 e, the triazole ring
and the phenylvinyl units are almost within the same plane.
However, the outer phenyl rings in 4 c deviate from planarity
by about 378. Compound 4 d has an even more distorted struc-
ture, with only the triazole and the vinylic units coplanar. To
provide a pictorial representation of the ground-state electron-
ic structure, the most relevant highest occupied molecular or-
bitals (HOMOs) and lowest unoccupied molecular orbitals
(LUMOs) were calculated (Figure S5). A schematic representa-
tion of their energy levels is shown in Figure S6 and Table S3.
The MOs are arranged in a similar manner for all compounds
and they lie alternately on one half of the molecule. The exten-
sion of the p-conjugated system from 4 a to 4 c to 4 d leads to
destabilization of both HOMO and LUMO. The introduction of
groups with different electronic natures had the expected
effect on the frontier orbitals: that is, electron donation on the
HOMO raises the orbital energy, whereas electron withdrawal
on the LUMO lowers it, and vice versa.

In an effort to shed light on the electronic transitions ob-
served in the absorption spectra, the compounds were investi-
gated at the TD-PBE0/6-311 + G(2d,p) level. The computed ver-
tical transitions were calculated at the equilibrium geometry of
the corresponding S0 state and are described in terms of the
linear combination of one-electron excitations of molecular or-
bitals at that geometry (Table S4). The calculated vertical
lowest energies mainly involved the HOMOs and LUMOs and
represented the 0–0 transitions. The other vertical transitions

Figure 2. Electrostatic potential projected onto the electron density plots of
1 (left) and 3 a (right) at the PBE0/6-31 + G(d,p) level of theory. The indicated
values correspond to the respective condensed Fukui function for nucleo-
philic attack (fþk ).

Figure 3. Front and edge-on views of optimized geometries of compounds 4 a–e in both the ground state (S0) and the first singlet excited state (S1).
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agreed well with the absorption bands of the experimental
spectra. Inspection of the MOs involved in the transitions
showed that they are located in the same part of the molecule
and comprise mainly HOMO�1, HOMO, LUMO, and LUMO + 1.
The orbitals can be described as p–p* in nature, which is in ac-
cordance with the high extinction coefficients calculated for
these absorption bands.

Prior to the estimation of the fluorescence wavelengths, the
geometry of the lowest singlet-manifold excited state must be
optimized. This target was accomplished by employing the CIS
method with the 6-31G* basis set. As it can be observed in
Figure 3, all compounds undergo planarization upon excita-
tion. This fact is particularly remarkable in 4 d, in which the
naphthyl group on the C-5 substituent turns by 328 until it is
aligned with the molecular plane. Further information was pro-
vided by the highest and lowest singly occupied molecular or-
bital (HSOMO and LSOMO, respectively) plots (Figure 4). In
contrast to the ground-state frontier orbitals, SOMOs reflect
the electronic situation after the geometrical reorganization of
the molecule. Two distinct types of behavior can be observed
for the compounds studied in this work. The SOMOs are dis-
played primarily on the substituent at C-5 of the triazole in the
case of 4 a–d, that is, those with equivalent substituents. In
contrast, each SOMO remains on a different half of the mole-
cule for 4 e, which bears different substituents. Thus, it is possi-
ble to envisage the charge-transfer character of the emission
of 4 e, in clear contrast to the localized charge reorganization
of 4 a–d. This situation fully supports the conclusions of the ex-
perimental work (see above).

Additionally, analysis of the electronic density in the S0 and
S1 states supports the previously described behavior (Fig-
ure S7). The dipole moment in compounds 4 a–d does not
change significantly (Dm�0.65 D) upon excitation since only
the substituent at C-5 is ultimately involved in the emissive
process. In contrast, the excitation in 4 e is followed by a reor-
ganization of the electronic charge and this causes a notable
increase in the dipole moment of the molecule (Dm= 3.27 D).

Despite succeeding in the structure optimization of mole-
cules in their excited states, the CIS method usually overesti-
mates the transition energies as it neglects electron correlation
effects. The computed vertical emission transitions were deter-

mined using TD-PBE0/6-311 + G(2d,p) in vacuum and THF, and
the results are collected in Table S5 and Figure S8. To introduce
a correction to the computational results, a statistical analysis
(linear regression) was performed to improve the concordance
between theory and experiment. An excellent linear correlation
(R2 = 0.919) was found between experimental (Eem,exp) and cal-
culated (Eem,calc) emission energies in vacuum according to
Equation (1):

Eem,exp ¼ �0:624þ 1:227 Eem,calc ð1Þ

The good fit of the data evidenced the validity of our ap-
proach and suggested that not only are the gas-phase calcula-
tions fully valid for estimating emission energies, but also that
highly accurate predictions can be envisaged for structurally
related derivatives.

In addition to CIS, we tried to extend our approach by also
optimizing the excited-state structures with the TD-DFT ap-
proach as the analytical gradients for this method are also
known. As an example, compounds 4 a and 4 e were optimized
at the lowest singlet excited state at the TD-PBE0/6-31G* level
of theory. Subsequent estimation of the emission energies was
obtained as described previously with TD-PBE0/6-311 + G(2d,p).
The calculated energies were 2.85 and 2.41 eV for 4 a and
4 e,[34] respectively. These values led to errors that were one
order of magnitude higher than the corresponding ones ob-
tained by the CIS method. Therefore, this work clearly illus-
trates that more expensive calculations, such as optimization
at the TD-DFT level, are not always the most appropriate
choice.

Conclusion

We have reported the easy preparation of differently substitut-
ed alkenyl-1H-1,2,4-triazoles by the Hiyama reaction. These
compounds have appealing photophysical properties and
these have been thoroughly studied both experimentally and
computationally. The methodology described herein involves
the use of readily available, low-toxicity alkenylsiloxanes, water
as the reaction solvent, and microwave irradiation as the
energy source. The good yields obtained for this class of com-

Figure 4. Isodensity singly occupied molecular orbitals (SOMOs) for 4 a–e in vacuum at the optimized S1 geometry. Isodensity value: 0.04 e Bohr�3.
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pounds, as well as the short times required for completion of
the reactions, make this approach particularly appealing as
a sustainable synthetic protocol. The photophysical study re-
vealed that alkenyl-1H-1,2,4-triazoles are promising blue-light-
emitting dyes with high quantum yields up to 0.69. Moreover,
it has been shown how the character of the emissive state de-
pends on the substitution pattern of the 1H-1,2,4-triazole
moiety. In this regard, the appropriate design of these deriva-
tives can result in different levels of sensitivity to the environ-
ment, a characteristic that could find applications in many di-
verse areas. Compounds 4 a–d, which bear the same fragment
on both the C-3 and C-5 positions, did not change their emis-
sion significantly regardless of the medium, whereas the emis-
sion from 4 e shifted as a function of the surrounding polarity.
Finally, computational calculations satisfactorily supported the
experimental results. The calculated condensed Fukui functions
evidenced the markedly different electrophilicity of the carbon
atoms of the 1H-1,2,4-triazole moiety, thereby explaining the
difficulty in obtaining the dicoupled compounds in one syn-
thetic step. Moreover, a very good estimation of the experi-
mental fluorescence emission energies was obtained. More im-
portantly, the computational protocol reported herein provides
a cost-effective method for the prediction of fluorescence
emissions in this class of compounds and it outperforms other
more sophisticated, though more computationally expensive,
calculations. As a result, a priori structure–emission relation-
ships could be established for future fluorophores, thus mini-
mizing the number of molecules to be synthesized and contri-
buting to the overall sustainability of the process.

Experimental Section

Materials and solvents

Starting triazole 1 was prepared according to a published synthetic
procedure.[30] Reagents were used as purchased except for phenyl-
ethyne and sodium iodide. Phenylethyne was distilled under re-
duced pressure prior to use. Sodium iodide was dried at 100 8C for
16 h under reduced pressure (0.5 Torr) and stored under argon at-
mosphere. All air-sensitive reactions were performed under argon
atmosphere.

Synthesis and characterization

Microwave irradiations were performed in a Discover (CEM) fo-
cused microwave reactor. All the reactions were performed in the
appropriate volume vessel with temperature monitoring using an
IR pyrometer. Yields refer to isolated and purified products. Reac-
tions were monitored by thin-layer chromatography performed on
silica gel plates (60F-254) visualized under UV light. Column chro-
matography was performed on silica gel 60 (230–400 mesh). Melt-
ing points were determined on an SPM apparatus and are uncor-
rected. 1H and 13C NMR spectra were recorded on a Varian
Unity 500 spectrometer. Chemical shifts (d) are reported in parts
per million (ppm) using Me4Si as the internal reference and cou-
pling constants (J) are given in Hertz. Multiplicities are denoted as
follows: s = singlet, d = doublet, t = triplet, m = multiplet. MALDI-
TOF mass spectra were measured on a Bruker Autoflex II TOF/TOF
spectrometer (Bremen, Germany) using dithranol as the matrix.
Samples co-crystallized with the matrix on the probe were ionized

with a nitrogen laser pulse (337 nm) and accelerated under 20 kV
with time-delayed extraction before entering the time-of-flight
mass spectrometer. Matrix (10 mg mL�1) and sample (1 mg mL�1)
were dissolved separately in methanol and mixed in a matrix/
sample ratio ranging from 100:1 to 50:1. Typically, a mixture (5 mL)
of matrix and sample was applied to a MALDI-TOF mass spectrom-
eter probe and air-dried. MALDI-TOF mass spectrometry in positive
reflector mode was used for all samples. External calibration was
performed by using Peptide Calibration Standard II (covered mass
range: 700–3200 Da), Protein Calibration Standard I (covered mass
range: 5000–17 500 Da), and Protein Calibration Standard II (cov-
ered mass range: 20 000–70 000 Da) from Care (Bruker). The ap-
plied peak (m/z determination) detection method was the thresh-
old centroid at 50 % height of the peak maximum.

General procedure for C�C cross-coupling reactions

A mixture of tetrabutylammonium bromide (TBAB; 1 equiv),
Pd(OAc)2 (0.06 equiv), the appropriate aryltrimethoxysilane (2 ;
2 equiv), 3,5-dibromo-1-methyl-1H-1,2,4-triazole (1) or 5-arylalkenyl-
3-bromo-1-methyl-1H-1,2,4-triazole (3) (1 equiv), and water (1 mL)
was charged into a microwave vessel equipped with a magnetic
stir bar. An aqueous solution of NaOH (50 %) was added slowly and
the resulting mixture was stirred vigorously. The vessel was closed
and irradiated at 130 8C for 60 min. The crude reaction mixture was
extracted with diethyl ether (5 � 10 mL) and the combined extracts
were washed with 2 m NaOH (2 � 25 mL), 2 m HCl (30 mL), and
brine (2 � 20 mL). The organic layer was dried (MgSO4) and the sol-
vent removed under reduced pressure. The residue was purified by
chromatography, eluting with hexanes/ethyl acetate mixtures, to
give analytically pure products 3 or 4.

Compounds 3 a–c, 4 a, and 4 b were prepared according to this
procedure and showed identical properties to those previously re-
ported.[14]

(E)-3-Bromo-1-methyl-5-[2-(naphth-1-yl)vinyl]-1H-1,2,4-triazole (3 d):
Compound 1 (200 mg, 0.83 mmol) and (E)-triethoxy[2-(naphth-1-yl)-
vinyl]silane (2 d ; 525 mg, 1.66 mmol), and employing hexanes/ethyl
acetate (4:1) as the eluent, gave compound 3 d (201 mg, 77 %) as
a pale yellow solid. M.p. 116–117 8C; 1H NMR (CDCl3): d= 8.55 (d,
J = 15.4 Hz, 1 H), 8.22 (d, J = 8.1 Hz, 1 H), 7.89–7.86 (m, 2 H), 7.75 (d,
J = 8.1 Hz, 1 H), 7.56–7.48 (m, 3 H), 6.86 (d, J = 15.4 Hz, 1 H),
3.91 ppm (s, 3 H); 13C NMR (CDCl3): d= 154.5, 139.2, 136.0, 133.6,
132.6, 131.3, 130.0, 128.6, 126.8, 126.3, 125.4, 124.1, 123.5, 112.1,
35.4 ppm; MS (MALDI-TOF): m/z calcd for C15H12BrN3 : 313.022;
found: 314.030 [M+H]+ .

3,5-Bis[(E)-4-methoxystyryl]-1-methyl-1H-1,2,4-triazole (4 b): Com-
pound 3 b (150 mg, 0.51 mmol) and (E)-triethoxy(4-methoxystyryl)-
silane (2 b ; 302 mg, 1.02 mmol), and employing hexanes/ethyl ace-
tate (2:1) as the eluent, gave compound 4 b (171 mg, 93 %) as
a pale yellow solid. M.p. 152–153 8C; 1H NMR (CDCl3): d= 7.74 (d,
J = 15.7 Hz, 1 H), 7.59 (d, J = 16.1 Hz, 1 H), 7.54–7.49 (m, 4 H), 6.95–
6.90 (m, 5 H), 6.76 (d, J = 16.1 Hz, 1 H), 3.93 (s, 3 H), 3.85 (s, 3 H),
3.83 ppm (s, 3 H); 13C NMR (CDCl3): d= 160.7, 160.6, 159.8, 153.4,
137.2, 133.2, 129.3, 128.8, 128.8, 128.2, 115.3, 114.3, 114.1, 108.2,
55.3, 55.3, 35.1 ppm; MS (MALDI-TOF): m/z calcd for C21H21N3O2 :
347.163; found: 348.139 [M+H]+ .

3,5-Bis{(E)-2-[(1,1’-biphenyl)-4-yl]vinyl}-1-methyl-1H-1,2,4-triazole
(4 c): Compound 3 c (174 mg, 0.51 mmol) and (E)-{2-[(1,1’-biphenyl)-
4-yl]vinyl}triethoxysilane (2 c ; 349 mg, 1.02 mmol), and employing
hexanes/ethyl acetate (4:1) as the eluent, gave compound 4 c
(150 mg, 67 %) as a pale yellow solid. M.p. 206–207 8C; 1H NMR
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(CDCl3): d= 7.85 (d, J = 15.7 Hz, 1 H), 7.71–7.58 (m, 12 H), 7.54–7.44
(m, 5 H), 7.40–7.26 (m, 2 H), 7.12 (d, J = 16.1 Hz, 1 H), 6.96 (d, J =
16.1 Hz, 1 H), 4.00 ppm (s, 3 H); 13C NMR (CDCl3): d= 160.9, 153.5,
142.4, 141.3, 140.9, 140.5, 137.5, 135.8, 134.7, 133.5, 129.2, 129.1,
129.0, 128.1, 128.0, 127.8, 127.7, 127.6, 127.3, 127.2, 117.8, 110.7,
35.5 ppm; MS (MALDI-TOF): m/z calcd for C31H25N3 : 439.550; found:
440.213 [M+H]+ .

1-Methyl-3,5-bis[(E)-2-(naphth-1-yl)vinyl]-1H-1,2,4-triazole (4 d):
Compound 3 d (160 mg, 0.51 mmol) and (E)-triethoxy[2-(naphth-1-
yl)vinyl]silane (2 d ; 323 mg, 1.02 mmol), and employing hexanes/
ethyl acetate (4:1) as the eluent, gave compound 4 d (144 mg,
73 %) as a pale yellow solid. M.p. 161–162 8C; 1H NMR (CDCl3): d=
7.79 (d, J = 16.1 Hz, 1 H), 7.64 (d, J = 16.1 Hz, 1 H), 7.55–7.61 (m, 4 H),
7.35–7.43 (m, 4 H), 7.28–7.30 (m, 2 H), 7.07 (d, J = 16.1 Hz, 1 H), 6.90
(d, J = 16.1 Hz, 1 H), 3.96 ppm (s, 3 H); 13C NMR (CDCl3): d= 160.8,
153.3, 134.9, 134.1, 133.8, 133.7, 133.3, 131.4, 131.3, 130.8, 129.7,
128.7, 128.6, 126.7, 126.2, 126.1, 125.9, 125.7, 125.5, 124.1, 124.0,
123.9, 123.8, 120.5, 113.6, 35.3 ppm; MS (MALDI-TOF): m/z calcd for
C27H21N3 : 387.174; found: 388.181 [M+H]+ .

Photophysical characterization

Absorption spectra were measured on a Varian Cary 5000 double-
beam UV/Vis–near-IR spectrometer and were baseline corrected.
Steady-state emission spectra of samples in solution in THF and
77 K glassy matrixes of 2-MeTHF were recorded on an Edinburgh
FS920 spectrometer equipped with a 450 W xenon-arc lamp, exci-
tation and emission monochromators (1.8 nm mm�1 dispersion;
1800 grooves mm�1 blazed at 500 nm), and a Hamamatsu R928
photomultiplier tube. Emission and excitation spectra were correct-
ed for source intensity (lamp and grating) by standard correction
curves. Steady-state emission spectra of solid samples were record-
ed on a HORIBA Jobin–Yvon IBHFL-322 Fluorolog 3 spectrometer
equipped with a 450 W xenon-arc lamp, double-grating excitation
and emission monochromators (2.1 nm mm�1 dispersion;
1200 grooves mm�1), and a Hamamatsu R928 photomultiplier tube
or a TBX-4-X single-photon-counting detector. Emission and excita-
tion spectra were corrected for source intensity (lamp and grating)
by standard correction curves. All time-resolved measurements
were performed on an Edinburgh LifeSpec II instrument using the
time-correlated single-photon-counting option. A 375 nm diode
laser was used to excite the samples. The quality of the fit was as-
sessed by minimizing the reduced c2 function and by visual inspec-
tion of the weighted residuals. Luminescence quantum yields were
measured with a Hamamatsu Photonics absolute photolumines-
cence quantum yield (PLQY) measurement system (C9920–02)
equipped with an L9799–01 continuous-wave xenon light source
(150 W), monochromator, C7473 photonic multichannel analyzer,
and integrating sphere, and employing U6039–05 PLQY measure-
ment software (Hamamatsu Photonics, Ltd. , Shizuoka, Japan). All
solvents were spectrometric grade.

Computational details

All calculations were performed using the Gaussian 09[35] series of
programs. Symmetry constraints were not considered in any calcu-
lation. Ground-state geometries were optimized with DFT[36] com-
putations by using the parameter-free Perdew–Burke–Ernzerhof
hybrid functional[37] and the standard Pople-style double-z basis
set 6-31G*.[38] To simulate the absorption electronic spectrum
down to 250 nm, for each compound the lowest 20–30 singlet
(S0!Sn) excitation energies were computed on the optimized ge-

ometry at S0 by means of time-dependent density functional
theory (TD-DFT)[22] calculations along with the 6-311 + (2d,p) basis
set. Oscillator strengths were deduced from the dipole transition-
matrix elements. Excited-state geometries at S1 were optimized
using configuration interaction with all singly excited determinants
(CIS)[21] with the 6-31G* basis set. To establish comparisons be-
tween the CIS-optimized excited-state geometries and the corre-
sponding ground-state equilibrium geometries, the latter were re-
calculated with the HF method using 6-31G*. Geometries of com-
pounds 4 a and 4 e at the S1 level were additionally optimized at
the TD-PBE0/6-31G* level of theory. Estimation of the fluorescence
wavelengths was performed by considering the lowest vertical
transition from TD-PBE0/6-311 + G(2d,p) calculations at the S1 opti-
mized geometry. Solvent effects were introduced by using the po-
larizable continuum model (IEF-PCM)[39] with parameters for THF as
implemented in Gaussian 09. The nature of all the stationary points
was checked by computing vibrational frequencies, and all the spe-
cies were found to be true potential energy minima, as no imagi-
nary frequency was obtained (NImag = 0).
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