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ABSTRACT: Arylazopyrazoles stand out among the azoheteroarene photoswitches due to their excellent properties in terms of
stability of the least stable isomer and conversion between isomers, leading to their use in several interesting applications. We report
herein the synthesis of arylazo-trifluoromethyl-substituted pyrazoles and their switching behavior under light irradiation. UV−vis and
NMR experiments showed that arylazo-1H-3,5-bis(trifluoromethyl)pyrazoles displayed very long half-lives in DMSO (days), along
with reasonable values of other parameters that characterize a photoswitch. Inclusion of naphthyl moieties as aryl counterparts of the
arylazopyrazoles is beneficial only in combination with trifluoromethyl groups, while extending the conjugation by grafting the
pyrazole moiety with electron-donating or -withdrawing substituents positively affects the photoswitching behavior, in terms of
isomerization yield and half-lives of the least stable isomer. The experimental values were correlated with theoretical calculations
indicating the valuable influence of the trifluoromethyl groups onto the photoswitching behavior.

■ INTRODUCTION
Photoswitches are defined as molecules that can reversibly
convert between two states under the action of light.1−7 The
field had gained considerable attention in many scientific areas,
from materials sciences to biological chemistry,1−7 due to the
tremendous advantage of light as a noninvasive stimulus, the
simplicity of the molecular structures able to switch or the
wide window of applications reported so far, from smart
windows,3 protective materials against sunlight, solar thermal
fuels,8 covalent organic frameworks (COFs),9,10 data stor-
age,11−13 and controlled drug release or photopharmacol-
ogy.14,15 Besides the cyclization/ring-opening reaction (i.e.,
diarylethenes, spiropyrans/spirooxazines), the most common
mechanism of photoswitching implies E−Z isomerization of
double bonds. Thus, upon exposure to light, behavior of
compounds containing C�C, C�N, and N�N (i.e.,
stilbenes, azobenzenes, imines, acylhydrazones, hemithioindi-
go) has been intensively studied, with each class showing their
benefits and limitations.1−7

Azoheteroarenes represent a class of compounds developed
as an alternative to azobenzenes in order to suppress major
disadvantages, such as incomplete conversion between the
isomers, caused by partial overlap of their absorption bands, or

rather a short half-life of the least stable isomer. Nevertheless,
development of azobenzene photoswitches chemistry has
recently revealed interesting structures (i.e., 2,2′,6,6′-tetra-
fluoroazobenzene) that hold reasonable half-lives, almost
quantitative switching conversion, and very well separated
absorption bands.16 The field of azoheteroarenes has also
grown during the past decade, and since their first report,17

numerous heterocycles18,19 such as pyrole,17,20 pyrazole,17

imidazole,21 indole,22 and benzazole23 were scanned for
compatibility with photoswitching experiments indicating
that each particular heterocycle brings novel features, prone
to applications on a very wide scale.
Arylazopyrazoles are distinguished among the azoheteroar-

enes by displaying excellent properties associated with
photoswitching behavior. Different unsubstituted or methyl-/
dimethyl-substituted 3-, 4-, and 5-arylazopyrazoles,17,24,25
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either N-protected compounds17,24,26 or NH derivatives,27

were synthesized, and the effect of structural particularities
over the photoswitching parameters has been reported. Thus,
molecules containing NH-pyrazoles were found to be less
effective as switches because of competing tautomerization
processes, but they are strongly influenced by electronic effects
provided by electron-donating or -withdrawing substituents on
the aryl moiety.27 At the same time, the presence of methyl
groups on the heterocyclic moiety (structure I vs structure II,
Figure 1) was found to accelerate the isomerization process.17

Furthermore, dimethyl-substituted pyrazole-based azoheter-
oarenes of type I (Figure 1) were recognized for their
suitability in biological applications, and slight structural
modifications aiming to improve water solubility yielded
photoswitches with appropriate properties, stability against
glutathione28 or utility for reversible control of DNA
hybridization,29 or as efficient enzyme inhibitors.30,31 In
addition, they were found to be useful in the construction of
solar thermal fuels32 or generation of hydrogels.33,34

Looking closer, arylazopyrazoles have not yet demonstrated
their full capabilities in photoswitching experiments, and the
search for novel compounds is still a topic of interest. The
knowledge acquired so far regarding structural requirements
was efficiently used in design, synthesis, and investigation of
structures aimed to achieve better photoswitching parameters
(structure III, Figure 1).
In this context, we report herein novel arylazopyrazoles of

type 1 (Figure 1) and their behavior under light irradiation. In
the design of these compounds, we targeted the investigation
of the effects on the photoswitching parameters of (i)
trifluoromethyl substituents grafted onto the pyrazole core,
considering the remarkable properties that the fluorine atom
has been proved to induce on the switching properties of
azobenzene derivatives;16,26 (ii) extended conjugated struc-
tures, brought by use of the naphthyl group, considering its
rich electron nature and less studied properties in relation with
photoswitches; and (iii) electronic effects of N-aromatic
substituent of the pyrazole, with the use of both electron-
donating and -withdrawing groups, taking into account the lack
of systematic studies on this feature. Determination of the
absorption properties, photostationary states, fatigue resist-
ance, and thermal stability of the metastable isomer under
irradiation indicated interesting behavior with respect to
previously reported structures, with improvements in band
separation for some of the synthesized compounds or thermal
stability for others.

■ RESULTS AND DISCUSSION
Organic Synthesis. The synthetic approach we used for

the preparation of target compounds 1 followed slightly

modified previously described procedures (Scheme
1).17,27,35,36

Thus, diazotization of primary aromatic amines 2a−c at low
temperature was followed by condensation with acetylacetone
(Hacac) or hexafluoroacetylacetone (Hfac) to yield hydra-
zones 3. These were subjected to reactions with hydrazine
hydrate to yield compounds 1a−d or with substituted aromatic
hydrazines (or their salts) to yield compounds 1i−o. Further,
N-alkylation of the resulted pyrazoles 1a−d with methyl iodide
in a basic medium furnished target products 1e−h. The overall
yields after two or three steps indicated good accessibility to
these compounds (Scheme 1).
Structural Analysis. Each synthetic step was accompanied

by thorough characterization of the resulting product. Thus, a
notable feature of hydrazones 3bH and 3cH was the magnetic

Figure 1. Examples of representative arylazopyrazoles (I, II, III) and the general structure of the compounds 1 prepared and investigated in this
work.

Scheme 1. Synthesis of Compounds 1

*Isolated **after two steps ***after three steps
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nonequivalence of the methyl groups observed in 1H NMR
spectra (see Supporting Information). This behavior and quite
a few studies to elucidate it have been previously described.
For example, earlier,37 the cause was attributed to the existing
N−H···O�C intramolecular hydrogen bond, as inferred by IR
spectra,37 which was also sustained by large chemical shift of
the NH in 1H NMR spectra.37 Later,38,39 studies involving X-
ray diffraction or computational analysis confirmed this
assumption. Although we observed in the solid state formation
of the intramolecular hydrogen bond (see Supporting
Information for single-crystal X-ray diffraction of 3bH and
3cF), we have also performed NMR experiments. We ran 1H
NMR spectra in various solvents, showing distinct signals
corresponding to the methyl groups at δ = 2.69, 2.57 (CDCl3),
2.55, 2.45 (DMSO-d6), and 2.58, 2.48 (MeCN-d3) ppm,

respectively and a strongly deshielded signal for NH at δ =
15.74 (CDCl3), 15.31 (DMSO-d6), and 15.48 (MeCN-d3)
ppm (see Supporting Information). VT-NMR experiments
performed in DMSO-d6 and MeCN-d3 indicated deshielding of
the signals corresponding to the methyl protons; however, up
to 330 K, no coalescence could be observed. Addition of D2O
led to deuterium exchange and the disappearance from the
spectrum of the signal corresponding to NH; however, the
signals corresponding to the methyl groups only suffered
shielding. An increase of temperature also led to deshielding of
the signals, with the two methyl groups preserving the
nonequivalent character. All of these suggested a restricted
rotation around N−N and N−C bonds that avoids interchange
of different conformation and the highest stability of the
conformation that is able to form an intramolecular hydrogen

Figure 2. Molecular structures of compounds 1i (a), 1l (b), 1n (c), and 1o (d) revealed by single-crystal X-ray diffraction.

Figure 3. View along the crystallographic a axis of the packing diagram of crystal 1i (a) and details of the π−π interactions established between
neighboring molecules within a supramolecular column (b).
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bond. For fluorine derivatives, the signal corresponding to NH
was also very deshielded (i.e., at δ = 14.75 ppm for 3cF, see
Supporting Information). 19F NMR spectra indicated negative
values of the chemical shifts, different for the two
trifluoromethyl groups (around δ = −68 ppm/ δ = −83
ppm, see Supporting Information).
Moving forward to the target arylazopyrazoles, suitable

crystals of compounds 1i, 1l, 1n, and 1o for single-crystal X-ray
diffraction were obtained by slow evaporation from diisopro-
pylether or toluene. Cooling supersaturated DMSO solutions
was also efficiently used as a crystallization technique. The
molecular structures of the compounds 1i, 1l, 1n, and 1o are
presented in Figure 2.
Compounds 1i (Figure 2a), 1l (Figure 2b), and 1o (Figure

2d) crystallize in monoclinic space groups: P21/n (1i) and
P21/c (1l and 1o). Compound 1n (Figure 2c) crystallizes in
the P1̅ triclinic space group, and the asymmetric unit contains
two molecules.
The analysis of molecular structures revealed similar

conformations for the fragments containing the naphthyl and

pyrazole moieties linked by the azo group. These fragments are
almost coplanar for compounds 1i, 1l, and 1o, with dihedral
angles defined by the mean planes of naphthyl and pyrazole
rings of 7.9° (1i), 4.8° (1l), and 9.3° (1o). The two
crystallographic independent molecules of compound 1n
present larger dihedral angles between the mean planes of
naphthyl and pyrazole rings, both with values around 22°.
In all cases, there is a significant deviation from coplanarity

for the aromatic fragments bonded to the N3 atom of the
pyrazole ring, most probably because the methyl groups on the
pyrazole ring create a steric effect. The values of the dihedral
angles between the mean planes of the aromatic fragments
connected to the N3 (or N7 in 1n) atom and of the pyrazole
rings are 50.4° (1i), 47.6° (1l), 36.2°, and 33.4° (1n), and,
respectively, 45.7° (1o).
The analysis of the packing diagram for 1i shows the

organization of the molecules in piles running along the
crystallographic a axis (Figure 3). These supramolecular
columns are formed through π−π interactions established
mostly between the naphthyl fragments of neighboring

Figure 4. View of the packing diagram in 1l along the crystallographic a axis. The insets show details of the π−π interactions established between
the molecules along the crystallographic a axis.

Figure 5. View of the packing diagram in crystal 1o along the crystallographic a axis (a) and details of the CH−π interactions in the
crystallographic ac plane (b).
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molecules, with separation between them in the range 3.51−
3.55 Å, but also between neighboring phenyl fragments, with a
separation between 3.61 and 3.70 Å. The overlapping patterns
are presented in the insets of Figure 3b. In the crystallographic
bc plane, the molecules are ordered in centrosymmetric pairs
with two different orientations of the long axis of the molecule.
Compound 1l is also organized in supramolecular columns

following the crystallographic a axis through π−π interactions
(Figure 4). The distances between the naphthyl fragments
range between 3.52 and 3.63 Å, while for phenyl fragments the
separation is approximately 3.64 Å. All molecules lie with the
long axis of the molecule on the crystallographic c axis.
In the case of compound 1o (Figure 5a), packing is ruled by

CH−π interactions, which generate a 2D supramolecular
architecture in the crystallographic ac plane (Figure 5b). Each
molecule interacts with six other neighboring molecules as a
donor (red dotted lines) or acceptor (green dotted lines). The
distances for the CH−π interactions are 2.9−3.25 Å.
The analysis of the packing motif in 1n (Figure 6) shows the

formation of supramolecular columns through CH−π inter-
actions established between the naphthyl moieties and tolyl
fragments, respectively (Figure 6). The CH−π contacts within
the supramolecular columns are 2.85−3.26 Å. In each column,

the two crystallographic types of molecules alternate (the two
types were labeled with orange and green, respectively). The
naphthyl fragments of the molecules containing the nitrogen
atoms N5−N8 (labeled with green) are also involved in CH−π
interactions with naphthyl fragments of the molecules from
neighboring columns (2.80 Å).
Photoswitching Experiments. Once the compounds

were synthesized and characterized, we focused on photo-
switching experiments that were monitored by NMR or UV−
vis spectroscopy. Solutions of compounds 1 in DMSO (varying
from 5 μM to 70 μM) were first investigated by UV−vis
spectroscopy to determine absorption maxima and molecular
extinction coefficients of E isomers, and the results are
summarized in Table 1 (full UV−vis spectra and detailed
calculation for molecular extinction coefficients are found in
Supporting Information). The extinction coefficients vary
between 1.64 × 104 M−1 cm−1 and 3.15 × 104 M−1 cm−1 at
the absorption maximum corresponding to the π−π* transition
and lower for the absorption maximum corresponding to the
n−π* transition (Table 1 and Supporting Information). Before
irradiations, all compounds were thermally adapted (heating at
90 °C) to ensure the equilibrium was shifted toward the E
isomer.

Figure 6. View of the packing diagram in crystal 1n along the crystallographic a axis and details of the CH−π interactions established within a
supramolecular column.

Table 1. UV−vis Absorption Maxima of E and Z Isomers (DMSO)

λmax (nm) (ε × 104 M−1 cm−1)

π−π* n−π*

entry compd Ar R1 R2 E Z Δλ E Z Δλ
1 -17 phenyl CH3 H 330 293 −37 421 436 15
2 -27 phenyl CH3 CH3 335 296 −39 425 441 16
3 1a phenyl CF3 H 344 (1.27) 274 −70 424 (0.967) 440 16
4 1b 1-naphthyl CH3 H 372 (1.95) 297 −75 390 (1.57) 448 55
5 1c 2-naphthyl CH3 H 345 (2.57) 296 −49 380 (1.36) 443 63
6 1d 2-naphthyl CF3 H 347 (1.85) 313 −34 384 (1.18) 430 46
7 1e phenyl CF3 CH3 320 (1.71) 284 −36 428 (0.695) 423 −5
8 1f 1-naphthyl CH3 CH3 373 (1.87) 323 −50 398 (1.76) 450 52
9 1g 2-naphthyl CH3 CH3 348 (2.22) 300 −48 378 (1.32) 447 69
10 1h 2-naphthyl CF3 CH3 332 (1.72) 316 −16 400 (0.468) 434 34
11 1i 1-naphthyl CH3 Ph 377 (1.64) 317 −60 400 (1.26) 451 51
12 1j 1-naphthyl CH3 2,4-dinitrophenyl 380 (2.12) 321 −59 410 (1.45) 452 42
13 1k 1-naphthyl CH3 4-tolyl 376 (1.98) 322 −54 404 (1.39) 455 51
14 1l 2-naphthyl CH3 Ph 350 (2.35) 307 −43 380 (1.50) 450 70
15 1m 2-naphthyl CH3 2,4-dinitrophenyl 344 (3.02) 312 −32 379 (2.28) 436 57
16 1n 2-naphthyl CH3 4-tolyl 353 (2.75) 315 −40 380 (1.97) 450 70
17 1o 2-naphthyl CH3 2-naphthyl 357 (3.15) 316 −41 381 (2.35) 446 65
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Trifluoromethyl-Substituted Pyrazoles. Compounds 1a
and 1e, bearing trifluoromethyl groups, displayed in the
UV−vis spectra, recorded before irradiation, similar profiles
with the corresponding dimethyl-substituted com-
pounds17,24,27 (Table 1, entries 1 and 2), with slightly shifted
maxima at λmax = 344 nm for 1a (red-shift) and λmax = 320 nm
for 1e (blue-shift) for π−π* transition. The n−π* band is
clearly visible in both cases at λmax = 424 nm and λmax = 428
nm. Irradiation of DMSO solutions led to changes both in
UV−vis (50 μM) and NMR (1.5 mM) spectra (Figure 7).
Thus, we noticed a blue-shift of the π−π* absorption band
corresponding to the Z isomer (λmax = 274 nm for 1a and λmax
= 284 nm for 1e), while the n−π* band suffered a red-shift to
λmax = 440 nm for 1a and a blue-shift to λmax = 423 nm for 1e;

thus, there was very good π−π* band separation for both
compounds and lower n−π* band separation for the N-
methyl-substituted pyrazole 1e. Notably, we could follow both
photochemical isomerization processes (i.e., irradiation at λmax
= 365 nm and λmax = 450 nm) by NMR, and the obtained
values of the photostationary states (PSS) were higher than
70% (see Table 2 and Figure 7). More interestingly, we
determined very long half-lives of the metastable isomers, in
the range of days (∼22 days for 1a and 146 days for 1e, see
Table 2), values considerably higher than for the correspond-
ing, previously reported, methyl-substituted derivatives (ap-
proximately 8 h for the NH-pyrazole and 10 days for the N-
methyl pyrazole in MeCN).17,24,27

Figure 7. (Top left) UV−vis spectrum of 1a. (Top right) UV−vis spectrum of 1e. (Bottom left) NMR spectra (fragments) for compound 1a
before irradiation, after irradiation at 365 nm, and after irradiation at 450 nm. (Bottom right) NMR spectra (fragments) for compound 1e before
irradiation, after irradiation at 365 nm, and after irradiation at 450 nm.

Table 2. Photostationary States (Z%) and Determined Half-Lives of the Least Stable Isomer

entry compd Ar R1 R2 PSS (Z%) t1/2
1 1a phenyl CF3 H 88.6 ∼22 days
2 1b 1-naphthyl CH3 H - a
3 1c 2-naphthyl CH3 H 90.9 1.5 h
4 1d 2-naphthyl CF3 H 82.0 ∼10 days
5 1e phenyl CF3 CH3 79.6 ∼146 days
6 1f 1-naphthyl CH3 CH3 89.3 13.1 h
7 1g 2-naphthyl CH3 CH3 94.3 52.5 h
8 1h 2-naphthyl CF3 CH3 76.3 ∼78 days
9 1i 1-naphthyl CH3 Ph 84.9 9.5 h
10 1j 1-naphthyl CH3 2,4-dinitrophenyl 34.2 9.4 h
11 1k 1-naphthyl CH3 4-tolyl 53.3 9.5 h
12 1l 2-naphthyl CH3 Ph 92.2 59.8 h
13 1m 2-naphthyl CH3 2,4-dinitrophenyl 32.9 70.7 h
14 1n 2-naphthyl CH3 4-tolyl 91.5 44.4 h
15 1o 2-naphthyl CH3 2-naphthyl 49.0 46.8 h

aCould not be determined due to very fast thermal back-isomerization.
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Fluorine has been reported as a very important substituent
in the design of efficient and functional photoswitches, both for
azobenzenes16 and heteroarenes on the aryl side (Figure 1,
compound III),26 with breakthroughs both on the separation
of the absorption bands of the two isomers (very long red-shift
of the n−π* of the Z isomer) and half-lives of the metastable
isomer. The influence of fluorine has been rationalized, mostly
using computational analysis, by a sum of effects, especially the
stabilization of the n orbital of the Z isomer.16 On the other
hand, long half-lives in the heteroarene series were shown to be
the consequence of a T-like shaped structure of the Z isomer,
resulting from a C−H···π interaction for nonsubstituted

heterocycles like pyrrole or pyrazole.24 However, for alkyl-
substituted azoheteroarenes like compound I (Figure 1), such
a conformation is disfavored, and a twisted conformation was
calculated to be more reasonable. Thus, in this case,
stabilization of the Z isomer was proposed to be due to
dispersive effects, which prevail in any eventual bulky clashes.24

The trifluoromethyl group in our compounds appears to act as
a stabilizing element, especially for the NH derivatives, for
which the switching parameters were obviously improved. This
was also supported by compounds 1d and 1h, which resulted
from replacement of the phenyl group with 2-naphthyl moiety
(Figure 8, Table 2). For comparison purposes, we prepared the

Figure 8. (Top left) UV−vis spectra of 1d before and after irradiation at 365 nm. (Top right) UV−vis spectra of 1h before and after irradiation at
365 nm. (Bottom left) NMR spectra for compound 1d before irradiation, after irradiation at 365 nm, and after irradiation at 450 nm. (Bottom
right) NMR spectra for compound 1h before irradiation, after irradiation at 365 nm, and after irradiation at 450 nm.

Figure 9. (a) Thermal back-isomerization of 1d, monitored using 1H NMR in DMSO-d6. (b) Half-life determination of 1d in DMSO-d6. (c)
Fatigue study of 1d in DMSO through irradiation cycles at 365 and 450 nm.
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corresponding dimethyl-substituted pyrazoles 1c and 1g. We
could observe a poor separation of the absorption bands, as
previously observed for naphthyl derivatives27 with no
significant shifts in the absorption maxima for NH-compounds
1d and 1c and better responses of the N-methyl 1h and 1g
(Table 1). Interestingly, compound 1h displayed a lower
absorption maximum (λmax = 332 nm), almost similar to the
parent arylazopyrazole I (λmax = 335 nm), bearing a phenyl
group.24

However, a very large enhancement of the half-lives, of
about 10 days for compound 1d (compared to 1.5 h for 1c)
and ∼134 days for compound 1h (compared to ∼2.35 days for
compound 1g), was determined from data obtained by
irradiation and NMR monitoring of the back-isomerization
process at room temperature (Figure 9), which are the highest
values reported so far for NH-azopyrazoles.25,27 While for the
N-methyl-substituted compounds the isomerization process is
clear and the influence of the trifluoromethyl groups resulted
in stabilization of the least stable isomer, in the case of the NH-
substituted pyrazoles, tautomerization could be a competitive
process for the N�N isomerization bond.25,27 However, it is
very unlikely that the tautomerization may occur in this case,
and this was also suggested by theoretical calculations (vide
inf ra).
The trifluoromethylated compounds displayed lower, but

reasonable, PSS values as compared to those of the
corresponding methyl-substituted pyrazoles when E−Z and
Z−E isomerizations were performed photochemically (1d
73.5% for E, and 82.0% for Z; 1h 74.6% for E, and 76.3% for
Z).
We have also obtained 19F NMR spectra for the

trifluoromethyl-substituted pyrazoles, before and after irradi-
ation, and we noticed, for each E and Z isomer, two 19F NMR
peaks (negative values around δ = −60 ppm, see Supporting
Information for full spectra), with peak separations of Δ = 0.25
ppm or greater that could afford accurate integration for
determination of E/Z ratios.

Extended-Conjugated Pyrazoles. The absorption spectra
corresponding to the E isomers of compounds containing
naphthyl moiety revealed a clear π−π* absorption band with
maxima between λmax = 372 nm and λmax = 376 nm for
compounds bearing 1-naphthyl substituent and are slightly
blue-shifted, with maxima between λmax = 345 nm and λmax =

357 nm, for compounds bearing 2-naphthyl moiety (Table 1
and Supporting Information).
Irradiation of the compounds at λmax = 365 nm led to a

change in the absorption profile, corresponding to formation of
the Z isomer: the band assigned to the π−π* transition was
blue-shifted with maxima between λmax = 317 nm and λmax =
323 nm for compounds bearing 1-naphthyl moiety and maxima
between λmax = 300 nm and λmax = 316 nm for compounds
bearing 2-naphthyl moiety; on the other hand, a clear
intensification of the red-shifted band assigned to the n−π*
transition was observed with maxima between λmax = 448 nm
and λmax = 455 nm for compounds bearing 1-naphthyl
substituent and maxima between λmax = 430 nm and λmax =
450 nm for compounds bearing 2-naphthyl moiety.
Thus, one can note a very good addressability of the

synthesized compounds, with differences in the absorption
maxima between the two isomers, corresponding to an n−π*
transition ranging between Δλmax = 42 and Δλmax = 70 nm. A
notably different result was provided by behavior of
compounds 1a and 1d compared to 1b and 1-naphthyl
derivative 1c.17 The arylazo-1H-3,5-dimethylpyrazoles were
systematically investigated to show the influence of electronic
and steric effects of aryl substituents as well as the influence of
hydrogen bonding, concentration, and solvent on Z isomer
stability, indicating a complex interplay between all of these
factors. In our case, the presence of the fluorine atoms
probably prevails over the cumulated factors previously
reported. In the case of the N-methylated derivatives, the
fluorine compound 1h showed a lower separation of the
absorption bands and PSS values compared to the methyl-
substituted 1g, but with a much longer half-life.
Finally, extending the conjugation of the pyrazole, by N-

substitution with various aryl groups, yielded particular features
for each photoswitching parameter. The profile of the
absorption bands before and after irradiation did not
significantly change compared to the N-methyl derivatives 1g
and 1f, and the absorption maxima varied around λmax = 373
nm and λmax = 398 nm for the E isomer and λmax = 323 nm and
λmax = 450 nm for the Z isomer, except for compounds bearing
the 2-naphthyl moiety and N-phenyl or N-tolyl groups 1l and
1n, for which n−π* band separation could be observed
between the two isomers. In addition, the 2-naphthyl
derivatives generally yielded enhanced PSS values for the Z
isomer (>90%), especially in the case of the phenyl and p-tolyl

Figure 10. Calculated NCI surfaces for isomer (Z) and transition states (TSs) of azopyrazoles 1e (a, b) and 1i (c, d). Attractive dispersive
intramolecular effects are marked by green surface, whereas repulsive ones are marked by a red surface.
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derivatives 1l and 1n, similar to the N-methyl-substituted 1g,
while the derivatives containing electron-withdrawing sub-
stituents or a bulkier naphthyl showed lower isomerization
yields, most likely due to steric effects. The corresponding 1-
naphthyl derivatives were most likely affected by steric effects
in completing the isomerization. However, better results could
be observed in terms of half-lives. The derivatives containing
the 2-naphthyl moieties led to values in the range of days
(Table 2), while the stability of the 1-naphthyl compounds was
shown to be in the range of hours. Interestingly, compound 1m
showed the longest half-life among the 2-naphthyl derivatives,
suggesting that electron-withdrawing substituents had a
significant influence on the stabilization of the less stable
isomer. In corroboration with the results obtained for the
trifluoromethyl derivatives, one could establish that the
electronic effects play indeed a major role in the behavior of
such compounds, under light irradiation.
Experiments of repeated isomerization and back-isomer-

ization, both photochemically and thermally, were performed
and monitored by NMR or UV−vis spectroscopy in order to
verify the fatigue resistance of the novel synthesized
compounds, and these indicated that they are stable to
repeated exposure of light (at least 5 cycles, see Supporting
Information).
Theoretical Calculations. In order to get a closer insight

into the intriguing high stability of some arylazopyrazole
derivatives, we performed theoretical calculations for com-
pounds 1e and 1i, using ωB97XD/6-31+G**40,41 (see
Supporting Information for details), as the most representative
among all our compounds. We initially optimized the lowest-
energy conformers for E, Z, and transition state (TS) forms
(Table S7 and Figures S65−S66 in Supporting Information
show their energies and geometries), in the gas phase,
considering previous findings for similar compounds regarding
the negligible effect of the solvent on the computed relative
energy barriers.24 Z isomers display a twisted conformation,17,24

due to the bulky nature of methyl and trifluoromethyl groups.
The noncovalent interaction (NCI) surfaces (Figure 10)
indicated a sum of stabilizing dispersive effects between the
aryl fragments and methyl and trifluoromethyl groups,
respectively.
According to previous reports, there were two possible

isomerization pathways for azobenzenes,42 i.e., rotation by
changing the CNNC dihedral angle, or inversion by varying
the C−N�N angle, and therefore we performed surface scan
calculations to identify which mechanism was most likely to
occur in our case (Figure 11). The results showed that Z−E
isomerization followed an inversion mechanism allowing two
transition states, TS type I or TS type II (Figure 11 and
Supporting Information); further calculations of the transition
state consider only the inversion mechanism.
In case of the lowest-energy identified transition states, an

interesting aspect was that compound 1e presented a TS type
II, which showed a linear arrangement of the azo group and
neighboring pyrazole carbon atom, whereas compound 1i had
a TS type I (similar linear geometry involving neighboring aryl
carbon), which is what is usually found for this kind of
azopyrazole derivatives. The NCI surfaces (Figure 10) clearly
showed fewer stabilizing effects in TS-1e than in TS-1i, and
this was most probably the cause for the high values of the half-
lives in the bis(trifluoromethyl)azopyrazoles, also considering
the higher energy of the transition state for 1e.

To rationalize the preference of compound 1e for TS type II,
the molecular electrostatic potential (MEP) surface analysis
was performed for the Z isomers (Figure 12a,b). The highest
electron density for compound 1e was on the nitrogen atom
neighboring the pyrazole ring (qN‑pyrazole = −0.125, qN‑aryl =
−0.084), while for 1i the highest electron density was on the
nitrogen atom neighboring the aryl ring (qN‑pyrazole = −0.131,
qN‑aryl = −0.160). This difference was most likely caused by the
presence of the electron-withdrawing trifluoromethyl groups
which allowed better accommodation of the excess electron
density in the preferred TS type II. This was further sustained
by natural bonding orbital (NBO) analysis of compound 1e
(Figure 12). A comparison of TS type I and TS type II clearly
showed a higher n−π* stabilizing effect in the case of the latter
(Figure 12c,d).
For Z−E back-isomerization kinetics and the determination

of the theoretical half-life values, we considered all Z isomers
and their corresponding transition states, and the results are
described in Table 3 (see Supporting Information for details
regarding the method of calculation of half-lives). The
calculated N�N Wiberg index and the azo bond length in
the Z form correlate well, as previously proposed by Fuchter et
al.:24 the shorter the azo bond is, the larger the Wiberg index is,
generating a higher activation energy and hence a longer half-
life. We could observe a very good correlation of the calculated
half-lives with the experimental values, in terms of range and
differences between compounds.

■ CONCLUSIONS
In conclusion, we described herein the synthesis of novel
arylazopyrazoles, designed to study the influence of the
trifluoromethyl group as well as of other electron-donating
and -withdrawing substituted aryl groups grafted on the
heterocycle moiety, on the photoswitching behavior of these
compounds. The synthesis occurred with reasonable overall
yields after two or three reaction steps and involved initial
formation of hydrazones. Further, we performed UV−vis and
NMR experiments to determine the photoswitching parame-
ters: addressability, fatigue resistance, thermal stability, and
efficiency. We found that the novel compounds displayed an
excellent fatigue resistance and, more importantly, our arylazo-

Figure 11. Energy diagram for surface scan of compound 1e, using
scanned variables: the dihedral angle ϕCNNC corresponding to a
rotation mechanism, and angles τ1 and τ2 corresponding to two
possible inversion mechanisms.
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1H-3,5-ditrifluoromethylpyrazoles displayed very long half-
lives in DMSO, in the days range. The presence of the fluorine
atoms did not significantly enhance the separation bands
compared to previously reported dimethyl-substituted deriva-
tives, but it is reasonable enough to ensure PSS values over
70%. Inclusion into the structure of the compounds of moieties
such as 1-naphthyl or 2-naphthyl was beneficial only in
combination with the trifluoromethyl-derived compounds,
while extending the conjugation onto the pyrazole moiety
with electron-donating or -withdrawing substituents positively
affected the photoswitching behavior, in terms of isomerization
yield and half-lives of the least stable isomer. The experimental
trends in stability and half-life were sustained by DFT
calculations. One can note that systematic investigation of
such compounds is further required in order to fine-tune the
structural particularities required to balance the values of the
photoswitching parameters. This is strongly related to the
desired application and the need to focus on the decisive
parameter, and the herein reported compounds cover a wide
window in terms of variability of the photoswitching
parameters.

■ EXPERIMENTAL SECTION
General Experimental Information. All reagents and

solvents were purchased from commercial suppliers and used
without further purification. Thin-layer chromatography
(TLC) was performed on silica gel coated aluminum F254
plates. All plates were visualized by UV irradiation at 254 nm.
High-resolution mass spectra were recorded on a Thermo
Scientific (LTQ XL Orbitrap) spectrometer using the APCI
technique in positive ion mode. Melting points were
determined in open capillary tubes using a STUART SMP3

electric melting point apparatus and are uncorrected. The
irradiation experiments were realized using a 254/365 UV
lamp for thin-layer chromatography and an Asahi Spectra’s
MAX-303 xenon light source with the corresponding band-
pass filters, 365 and 450 nm, respectively. Absorption spectra
were recorded on a Jasco V-630 spectrophotometer using a 10
mm quartz cell.
Crystallography. X-ray diffraction measurements for

crystals 3bH, 3cF, 1i, 1l, 1o, and 1n were performed on a
Rigaku XtaLAB Synergy-S diffractometer operating with a Mo
Kα (λ = 0.71073 Å) microfocus sealed X-ray tube. The
structures were solved by direct methods and refined by full-
matrix least-squares techniques based on F2. The non-H atoms
were refined with anisotropic displacement parameters.
Calculations were performed using SHELX-2014 or SHELX-
2018 crystallographic software package. A summary of the
crystallographic data and the structure refinement details for
crystals 3bH, 3cF, 1i, 1l, 1o, and 1n are given in Tables S5 and
S6. For the refinement of the disordered CF3 group in the
crystal 3cF were used geometrical restraints. CCDC reference
numbers: 2189252−2189257.

General Experimental Procedure for Synthesis of De-
rivatives 1a,c,d. A mixture of each corresponding derivative 3
(2 mmol, 1 equiv) and EtOH (10 mL) was stirred at rt until a
clear solution was obtained. Aqueous solution of 80% N2H4·
H2O (0.3 mL, 7.7 mmol, 3.9 equiv) was added dropwise, and
the mixture was refluxed until complete consumption of the
starting material, as monitored by TLC. The reaction crude
was cooled to rt, precipitated with distilled water (100 mL),
and filtered. The product was purified by recrystallization from
EtOH/H2O, filtered, washed with water, and dried.

(E)-3,5-Bis(trifluoromethyl)-4-(phenyldiazenyl)-1H-pyra-
zole (1a). Recrystallized from toluene/heptane. Yellow solid.
Yield 73% (0.58 g). Mp 186−188 °C. Rf = 0.15
(AcOEt:heptane = 3:7). 1H NMR (500 MHz, DMSO-d6) δ
7.81 (m, 2H, HAr), 7.62 (overlapped peaks, 3H, HAr), 3.37 (bs,
1H, NH). 13C NMR (125 MHz, DMSO-d6) δ 151.8, 134.4,
132.7, 129.72, 129.7, 122.4, 119.9 (q, 1JC−F = 267.9 Hz).

(E)-3,5-Dimethyl-4-(naphthalen-2-yldiazenyl)-1H-pyra-
zole (1c). Brick-red solid. Yield 65% (0.32 g). Mp 186−187

Figure 12. Molecular electrostatic potential (MEP) surfaces generated for compounds 1e (a) and 1i (b). High electron density regions are marked
with red, whereas low electron density ones are in blue. Natural bonding orbital (NBO) analysis for TS type I (d) and TS type II (c) of compound
1e (for compound 1i see Supporting Information).

Table 3. Structural Parameters Associated with Z−E Back-
isomerization Kinetics

compd
TS
type qN‑pyrazole qN‑aryl

N�N
Wiberg
index

N�N
bond
(Å)

calcd
t1/2 (h)

exptl
t1/2
(h)

1e II −0.125 −0.084 1.9376 1.240 1046.5 3504
1i I −0.131 −0.160 1.8713 1.247 38.8 12.9
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°C. Rf = 0.11 (AcOEt:petroleum ether = 1:3). 1H NMR (500
MHz, DMSO-d6) δ 12.88 (s, 1H, NH), 8.31 (d, J = 1.89 Hz,
1H, HAr), 8.10 (m, 1H, HAr), 8.00−7.92 (overlapped peaks,
3H, HAr), 7.57 (overlapped peaks, 2H, HAr), 2.56 (s, 3H,
CH3), 2.46 (s, 3H, CH3) ppm. 13C NMR (125 MHz, DMSO-
d6) δ 150.6, 142.6, 138.6, 134.3, 133.5, 133.3, 129.0, 128.9,
127.8, 127.0, 126.8, 125.0, 116.5, 13.8, 10.1 ppm. HRMS
(APCI+) m/z: calcd for C15H15N4, 251.1297 ([M + H]+,
100%); found 251.1292.

(E)-3,5-Bis(trifluoromethyl)-4-(naphthalen-2-yldiazenyl)-
1H-pyrazole (1d). In this case, the synthesis was performed
using 0.55 mmol of hydrazone, and N2H4·H2O solution (3.9
equiv) was added dropwise at 0 °C. Then, the mixture stirred
at rt. The workup was also changed: After precipitation, the
reaction mixture was extracted with AcOEt (3 × 10 mL), and
the accumulated organic fractions were further washed with
brine and dried over Na2SO4; the solvent was evaporated at
reduced pressure providing a red residue. The residue was
purified by recrystallization in EtOH/H2O, filtered, washed
with water, washed with heptane, and then dried. Yellow solid.
Yield 41% (80 mg). Mp 233−235 °C. Rf = 0.53
(AcOEt:petroleum ether = 1:3). 1H NMR (500 MHz,
DMSO) δ 8.53 (d, J = 1.96 Hz, 1H, HAr), 8.25 (m, 1H,
HAr), 8.09 (d, J = 8.92 Hz, 1H, HAr), 8.04 (dd, J = 7.59, 1.69
Hz, 1H, HAr), 7.88 (dd, J = 8.90, 1.99 Hz, 1H, HAr), 7.67 (m,
2H, HAr) ppm. 13C NMR (125 MHz, DMSO-d6) δ 149.5,
134.9, 134.5, 132.9, 129.8, 129.7, 129.6, 129.57, 128.7, 127.9,
127.4, 120.0 (q, 1JC−F = 272.6 Hz), 114.6 ppm. HRMS (APCI
+) m/z: calcd for C15H9F6N4, 359.0726 ([M + H]+, 100%);
found 359.0718.

General Experimental Procedure for Synthesis of De-
rivatives 1 Using Arylhydrazine Derivatives. A mixture of
each corresponding compound 3 (2 mmol, 1 equiv),
arylhydrazine (10.2 mmol, 5.1 equiv), and AcOH (4 mL)
and EtOH (10 mL) was stirred at rt until a clear solution was
obtained. The mixture was refluxed until complete con-
sumption of the starting material, as monitored by TLC. The
crude was then left to cool at rt and concentrated under
reduced pressure. The residue was purified by recrystallization
in EtOH/H2O, filtered, washed with water, and dried.

General Experimental Procedure for the Synthesis of
Arylazopyrazole Derivatives 1d,e.35 A mixture of each
corresponding derivative 3 (0.39 mmol, 1 equiv), 2,4-
dinitrophenylhydrazine (2 mmol, 5.1 equiv), concentrated
H2SO4 (0.3 mL), AcOH (1 mL), and EtOH (8 mL) was
stirred at room temperature until a clear solution was obtained.
The mixture was then brought to reflux and left to stir until
consumption of the starting material, as monitored by TLC.
The mixture was left to cool to room temperature and
concentrated under reduced pressure. The residue was purified
by recrystallization in DMSO/H2O, filtered, washed with
water, and dried.

General Experimental Procedure for the Synthesis of
Arylhydrazine Hydrochloride Derivatives.36 A mixture of
aromatic amine (20.0 mmol, 1 equiv) and AcOH (10 mL) was
stirred at room temperature until a clear solution was obtained.
The mixture was cooled at 0 °C, and concentrated HCl (50
mL) was added dropwise to form a suspension. An aqueous
solution of NaNO2 (1.38 g, 20 mmol, 1.0 equiv) in the
minimum amount of water (4 mL) was then added dropwise
facilitating in situ formation of the corresponding diazonium
salt. The reaction mixture was left stirring for 1 h at 0 °C. Then
a solution of SnCl2·2H2O (10 g, 44.3 mmol) in concentrated

HCl (10 mL) was added dropwise with vigorous stirring. The
resulting suspension was left stirring for 1 h at rt, and the
product was filtered and washed with brine, cold water, and
cold Et2O. The resulting product was used without further
purification.

General Experimental Procedure for Synthesis of De-
rivatives 1i−o Using Arylhydrazine Hydrochloride Deriva-
tives. A mixture of each corresponding derivative 3 (0.79
mmol, 1 equiv), arylhydrazine hydrochloride derivative
previously prepared (7.9 mmol, 10 equiv), and EtOH (10
mL) was brought to reflux and left to stir until consumption of
the starting material, as monitored by TLC. Water (100 mL)
was added resulting in a precipitate. The reaction mixture was
extracted with AcOEt (3 × 10 mL), and the combined organic
fractions were further washed with brine and dried over
Na2SO4; the solvent was further removed under reduced
pressure. The residue was purified by recrystallization in
EtOH/H2O, filtered, washed with water, and dried.

(E)-3,5-Dimethyl-1-phenyl-4-(naphthalen-1-yldiazenyl)-
1H-pyrazole (1i). Orange solid. Yield 72% (0.46 g). Mp 131−
132 °C. Rf = 0.69 (AcOEt:petroleum ether = 1:3). 1H NMR
(500 MHz, DMSO-d6) δ 8.74 (d, J = 8.40 Hz, 1H, HAr), 8.05
(d, J = 8.17 Hz, 1H, HAr), 8.05 (d, J = 8.29 Hz, 1H, HAr), 7.79
(d, J = 7.48 Hz, 1H, HAr), 7.71 (m, 1H, HAr), 7.65 (overlapped
peaks, 4H, HAr), 7.59 (overlapped peaks, 2H, HAr), 7.50 (t, J =
7.37 Hz, 1H, HAr), 2.73 (s, 3H, CH3), 2.62 (s, 3H, CH3) ppm.
13C NMR (125 MHz, DMSO-d6) δ 147.8, 142.0, 140.6, 138.6,
136.7, 134.0, 130.2, 130.0, 129.4, 128.2, 128.1, 127.0, 126.5,
125.9, 124.6, 122.8, 110.7, 14.5, 11.1 ppm. HRMS (APCI+)
m/z calcd for C21H19N4, 327.1604 ([M + H]+, 100%); found
327.1613.

(E)-3,5-Dimethyl-1-(2,4-dinitrophenyl)-4-(naphthalen-1-
yldiazenyl)-1H-pyrazole (1j). Red solid. Yield 49% (80 mg).
Mp 228−229 °C. Rf = 0.47 (AcOEt:petroleum ether = 1:3).
1H NMR (500 MHz, DMSO-d6) δ 8.97 (d, J = 2.56 Hz, 1H,
HAr), 8.74 (overlapped peaks, 2H, HAr), 8.28 (d, J = 8.73 Hz,
1H, HAr), 8.10 (d, J = 8.11 Hz, 1H, HAr), 8.07 (m, 1H, HAr),
7.82 (dd, J = 7.54, 1.12 Hz, 1H, HAr), 7.72 (ddd, J = 8.35, 6.78,
1.37 Hz, 1H, HAr), 7.66 (overlapped peaks, 2H, HAr), 2.74 (s,
3H, CH3), 2.57 (s, 3H, CH3) ppm. 13C NMR (125 MHz,
DMSO-d6) δ 147.7, 147.0, 145.4, 144.4, 142.1, 136.8, 135.4,
134.0, 130.6, 130.2, 129.8, 129.7, 128.4, 128.1, 127.2, 126.6,
125.9, 121.4, 111.0, 14.4, 10.4 ppm. HRMS (APCI+) m/z:
calcd for C21H17N6O4, 417.1306 ([M + H]+, 100%); found
417.1296.

(E)-3,5-Dimethyl-1-(p-tolyl)-4-(naphthalen-1-yldiazenyl)-
1H-pyrazole (1k). Yellow solid. Yield 52% (0.14 g). Mp 123−
124 °C. Rf = 0.77 (AcOEt:petroleum ether = 1:3). 1H NMR
(500 MHz, DMSO-d6) δ 8.74 (m, 1H, HAr), 8.05 (overlapped
peaks, 2H, HAr), 7.78 (dd, J = 7.55, 1.11 Hz, 1H, HAr), 7.70
(ddd, J = 8.31, 6.78, 1.33 Hz, 1H, HAr), 7.64 (overlapped
peaks, 2H, HAr), 7.52 (m, 2H, HAr), 7.39 (m, 2H, HAr), 2.70 (s,
3H, pyrazole-CH3), 2.61 (s, 3H, pyrazole-CH3), 2.40 (s, 3H,
tolyl-CH3) ppm. 13C NMR (125 MHz, DMSO-d6) δ 147.8,
141.9, 140.3, 137.7, 136.5, 136.2, 133.9, 130.1, 129.8, 129.7,
128.0, 126.9, 126.5, 125.9, 124.5, 122.8, 110.7, 20.6, 14.4, 11.0
ppm. HRMS (APCI+) m/z: calcd for C22H21N4, 341.1766
([M + H]+, 100%); found 341.1765.

(E)-3,5-Dimethyl-1-phenyl-4-(naphthalen-2-yldiazenyl)-
1H-pyrazole (1l). Orange solid. Yield 79% (0.51 g). Mp 123−
124 °C. Rf = 0.65 (AcOEt:petroleum ether = 1:3). 1H NMR
(500 MHz, DMSO-d6) δ 8.40 (s, 1H, HAr), 8.13 (m, 1H, HAr),
8.04−7.97 (overlapped peaks, 3H, HAr), 7.64 (overlapped
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peaks, 2H, HAr), 7.60 (overlapped peaks, 4H, HAr), 7.49 (t, J =
7.30 Hz, 1H, HAr), 2.70 (s, 3H, CH3), 2.55 (s, 3H, CH3) ppm.
13C NMR (125 MHz, DMSO-d6) δ 150.5, 142.2, 140.0, 138.7,
135.6, 133.7, 133.3, 129.3, 129.2, 128.9, 128.1, 127.8, 127.2,
126.9, 125.6, 124.6, 116.4, 14.1, 11.0 ppm. HRMS (APCI+)
m/z: calcd for C21H19N4, 327.1604 ([M + H]+, 100%); found
327.1615.

(E)-3,5-Dimethyl-1-(2,4-dinitrophenyl)-4-(naphthalen-2-
yldiazenyl)-1H-pyrazole (1m). Red solid. Yield 51% (83 mg).
Mp 176−178 °C. Rf = 0.50 (AcOEt:petroleum ether = 1:3).
1H NMR (500 MHz, DMSO-d6) δ 8.96 (d, J = 2.55 Hz, 1H,
HAr), 8.73 (dd, J = 8.74, 2.58 Hz, 1H, HAr), 8.45 (d, J = 1.94
Hz, 1H, HAr), 8.26 (d, J = 8.72 Hz, 1H, HAr), 8.15 (m, 1H,
HAr), 8.05 (d, J = 8.93 Hz, 1H, HAr), 8.01 (overlapped peaks,
2H, HAr), 7.62 (overlapped peaks, 2H, HAr), 2.71 (s, 3H,
CH3), 2.50 (overlap with solvent peak, CH3) ppm. 13C NMR
(125 MHz, DMSO-d6) δ 150.3, 147.0, 145.4, 144.7, 141.4,
135.8, 135.5, 134.0, 133.2, 129.7, 129.2, 128.4, 127.9, 127.5,
127.0, 126.3, 126.0, 121.3, 116.1, 14.0, 10.4 ppm. HRMS
(APCI+) m/z: calcd for C21H17N6O4, 417.1306 ([M + H]+,
100%); found 417.1295.

(E)-3,5-Dimethyl-1-(p-tolyl)-4-(naphthalen-2-yldiazenyl)-
1H-pyrazole (1n). Yellow solid. Yield 63% (0.17 g). Mp 153−
154 °C. Rf = 0.77 (AcOEt:petroleum ether = 1:3). 1H NMR
(500 MHz, DMSO-d6) δ 8.38 (m, 1H, HAr), 8.12 (m, 1H,
HAr), 8.00 (overlapped peaks, 3H, HAr), 7.59 (overlapped
peaks, 2H, HAr), 7.50 (m, 2H, HAr), 7.38 (d, J = 8.27 Hz, 2H,
HAr), 2.67 (s, 3H, pyrazole-CH3), 2.54 (s, 3H, pyrazole-CH3),
2.40 (s, 3H, tolyl-CH3). 13C NMR (125 MHz, DMSO-d6) δ
150.5, 142.0, 139.7, 137.7, 136.2, 135.5, 133.7, 133.3, 129.7,
129.1, 129.0, 127.8, 127.1, 126.8, 125.4, 125.0, 124.4, 116.4,
20.6, 14.0, 11.0 ppm. HRMS (APCI+) m/z: calcd for
C22H21N4, 341.1766 ([M + H]+, 100%); found 341.1762.

(E)-3,5-Dimethyl-1-(naphthalen-2-yl)-4-(naphthalen-2-yl-
diazenyl)-1H-pyrazole (1o). Yellow solid. Yield 71% (0.21 g).
Mp 190−192 °C. Rf = 0.77 (AcOEt:petroleum ether = 1:3).
1H NMR (500 MHz, DMSO-d6) δ 8.42 (dd, J = 1.71, 0.87 Hz,
1H), 8.22 (d, J = 2.15 Hz, 1H), 8.13 (dd, J = 9.17, 4.94 Hz,
2H), 8.04 (m, 5H), 7.81 (dd, J = 8.73, 2.19 Hz, 1H), 7.62 (m,
4H), 2.79 (s, 3H, CH3), 2.59 (s, 3H, CH3). 13C NMR (125
MHz, DMSO-d6) δ 150.5, 142.4, 140.3, 136.1, 135.7, 133.7,
133.3, 132.8, 132.0, 129.7, 129.2, 128.2, 127.8, 127.2, 127.1,
126.9, 126.85, 125.6, 125.2, 122.8, 122.5, 122.4, 116.4, 14.2,
11.1 ppm. HRMS (APCI+) m/z: calcd for C25H21N4,
377.1766 ([M + H]+, 100%); found 377.1763.

General Experimental Procedure for Synthesis of De-
rivatives 1e.27 A mixture of 3aF (0.22 mmol, 1 equiv) and
DMSO (1 mL) was stirred at room temperature until a clear
solution was obtained. Powdered NaOH (26.4 mg, 0.66 mmol,
3 equiv) was added, and the mixture was stirred at 80 °C for 1
h. The reaction was left to cool to rt, and a solution of MeI
(39.4 μL, 0.26 mmol, 1.2 equiv) in DMSO (1 mL) was added
dropwise. The mixture was left to stir until consumption of the
starting material, as monitored by TLC. Water (10 mL) was
added, resulting in the formation of a yellow precipitate. The
reaction mixture was extracted with AcOEt (3 × 10 mL), and
the accumulated organic fractions were further washed with
brine and dried over Na2SO4; the solvent was further removed
under reduced pressure providing a yellow residue. The
residue was purified by recrystallization in EtOH/H2O,
filtered, washed with water, and dried.

General Experimental Procedure for Synthesis of De-
rivatives 1f−h. A suspension of each corresponding derivative
1a−d (0.4 mmol, 1 equiv) and TBAB (0.02 g, 0.06 mmol, 0.15
equiv) in H2O (10 mL) was cooled to 0 °C. Powdered KOH
(0.15 g, 2.1 mmol, 5.25 equiv) was added and placed in an
ultrasound bath for 5 min. MeI (0.2 mL, 3.21 mmol, 8 equiv)
was added, and the mixture was stirred at room temperature
until consumption of the starting materials, as monitored by
TLC. The reaction crude was diluted with H2O (100 mL) and
filtered, and the precipitate was washed with water. The
product was purified by recrystallization in EtOH/H2O,
filtered, washed with water, and dried.

(E)-1-Methyl-3,5-bis(trifluoromethyl)-4-(phenyldiazenyl)-
1H-pyrazole (1e). Recrystallized from DMSO/H2O. Orange
solid. Yield 48% (0.11 g). Mp 112−114 °C. Rf = 0.78
(AcOEt:heptane = 3:7). 1H NMR (500 MHz, DMSO-d6) δ
7.81 (m, 2H, HAr), 7.63 (overlapped peaks, 3H, HAr), 4.17 (d, J
= 1.5 Hz, 3H, CH3). 13C NMR (125 MHz, DMSO-d6) δ 151.7,
135.9, 132.8, 130.0 (q, J = 39.2 Hz), 129.7, 129.2 (q, J = 39.2
Hz), 122.4, 120.3 (q, 1JC−F = 268.5 Hz), 119.0 (q, 1JC−F =
271.4 Hz), 40.8 (q, J = 2.6 Hz) ppm.

(E)-1,3,5-Trimethyl-4-(naphthalen-1-yldiazenyl)-1H-pyra-
zole (1f). Orange solid. Yield 45% (47 mg). Mp 119−120 °C.
Rf = 0.24 (AcOEt:petroleum ether = 1:3). 1H NMR (500
MHz, DMSO-d6) δ 8.70 (d, J = 8.37 Hz, 1H, HAr), 8.02
(overlapped peaks, 2H, HAr), 7.73 (d, J = 7.46 Hz, 1H, HAr),
7.68 (t, J = 7.55 Hz, 1H, HAr), 7.61 (overlapped peaks, 2H,
HAr), 3.78 (s, 3H, NCH3), 2.63 (s, 3H, CH3), 2.49 (s, 3H,
CH3) ppm. 13C NMR (125 MHz, DMSO-d6) δ 147.9, 140.3,
140.2, 135.6, 134.0, 130.1, 129.5, 128.0, 126.8, 126.4, 125.9,
122.8, 110.6, 36.0, 14.3, 9.6 ppm. HRMS (APCI+) m/z: calcd
for C16H17N4, 265.14477 ([M + H]+, 100%); found
265.14365.

(E)-1,3,5-Trimethyl-4-(naphthalen-2-yldiazenyl)-1H-pyra-
zole (1g). Orange solid. Yield 55% (58 mg). Mp 117−118 °C.
Rf = 0.23 (AcOEt:petroleum ether = 1:3). 1H NMR (500
MHz, DMSO-d6) δ 8.31 (s, 1H, HAr), 8.1−7.92 (overlapped
peaks, 4H, HAr), 7.57 (overlapped peaks, 2H, HAr), 3.76 (s,
3H, NCH3), 2.60 (s, 3H, CH3), 2.43 (s, 3H, CH3) ppm. 13C
NMR (125 MHz, DMSO-d6) δ 150.5, 140.4, 139.6, 134.5,
133.5, 133.3, 129.0, 128.9, 127.8, 127.0, 126.8, 125.0, 116.5,
36.0, 13.9, 9.5 ppm. HRMS (APCI+) m/z: calcd for C16H17N4,
265.14477 ([M + H]+, 100%); found 265.14353.

(E)-1-Methyl-3,5-bis(trifluoromethyl)-4-(naphthalen-2-yl-
diazenyl)-1H-pyrazole (1h). Recrystallized from DMSO/H2O.
Yellow solid. Yield 66% (65 mg). Mp 118−120 °C. Rf = 0.83
(AcOEt:petroleum ether = 1:3). 1H NMR (500 MHz, DMSO-
d6) δ 8.53 (d, J = 2.01 Hz, 1H, HAr), 8.24 (dd, J = 7.79, 1.68
Hz, 1H, HAr), 8.07 (d, J = 8.94 Hz, 1H, HAr), 8.03 (dd, J =
7.82, 1.61 Hz, 1H, HAr), 7.86 (dd, J = 8.90, 2.00 Hz, 1H, HAr),
7.67 (overlapped peaks, 2H, HAr), 4.18 (d, J = 1.55 Hz, 3H,
CH3) ppm. 13C NMR (125 MHz, DMSO-d6) δ 149.4, 136.0,
134.9, 132.9, 130.1, 129.8, 129.3, 129.0, 128.7, 127.9, 127.4,
121.4, 120.37 (d, J = 268.97 Hz), 119.07 (d, J = 271.08 Hz),
114.6, 40.8 ppm. HRMS (APCI+) m/z: calcd for C16H11F6N4,
373.0888 ([M + H]+, 100%); found 373.0887.
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