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ABSTRACT: The electrochemical synthesis of aryl azoles was
performed for the first time in a microflow reactor. The reaction
relies on the anodic oxidation of the arene partners making these
substrates susceptible for C−H functionalization with azoles, thus
requiring no homogeneous transition-metal-based catalysts. The
synthetic protocol benefits from the implementation of a
microflow setup, leading to shorter residence times (10 min),
compared to previously reported batch systems. Various azolated
compounds (22 examples) are obtained in good to excellent yields.

N-Aryl azoles represent an important recurring motif in various
biologically active molecules, relevant for medicinal chem-
istry,1−4 and crop-protection science.5 Consequently, the C−N
cross-coupling between arenes and azoles has been widely
studied. Traditionally, its synthesis relied on the use of
transition metal catalysts, thus requiring prefunctionalized
substrates, meticulous ligand design as well as the addition of
oxidants and other additives (Scheme 1A).6−19 Other
possibilities20−22 to prepare N-aryl azoles include SNAr-type
reactions for electron-deficient arenes23−25 and the use of
iodine26,27 or hypervalent iodine species.28,29

In 2015, an important photocatalytic C−H functionalization
methodology using an acridinium salt as photocatalyst was
reported by Nicewicz.30 The strategy allowed for the
regioselective azolation after the initial oxidation of electron-
rich arenes. After this work, the development of various
photocatalytic azolation strategies of arenes was intensified,
using a diverse set of homogeneous and heterogeneous
photocatalysts (Scheme 1B).31−36

As an alternative to photocatalytic oxidation strategies,
electrochemical methods37 have been developed to enable the
amination of C(sp)−H,38 C(sp2)−H,39−43 and benzylic
C(sp3)−H bonds.44,45 In fact, synthetic electrochemistry offers
several advantages compared to traditional synthetic methods:
(i) electrons can be considered as traceless reagents, (ii) no
external oxidants or homogeneous metal catalysts are needed,
and (iii) the selectivity can be tuned via the applied
potential.46−49 Moreover, many technical issues previously
related to electrochemical systems are now considered
overcome, spurring renewed interest in electrochemical
synthetic chemistry.50 Concerning electrochemical azolation
reactions (Scheme 1C), several notable strategies have been
developed in the past years by the groups of Yoshida,51

Devillers,52 Li,53 Lei,54,55 Wu,56 and Liu.57 Also, electro-

photochemical approaches to couple arenes and azoles have
been realized by Lambert et al.58 and Hu et al.59 (Scheme 1D).
In these batch-based electrochemical transformations, two

recurring drawbacks can be distinguished: (i) the need for
extended reaction times and/or higher temperatures, which
can lead to reduced reaction selectivity; (ii) the transformation
is often tailored to a specific class of substrates.55,57

Considering these insights, we anticipated that flow technology
could possibly alleviate those issues (Scheme 1E). Due to the
narrow interelectrode gap, the amount of supporting electro-
lytes can substantially be reduced in electrochemical micro-
reactors.60,61 Furthermore, the high electrode surface-to-
volume ratio allows for accelerating the reaction rate
significantly, leading to reduced reaction times and less side-
product formation.62,63 Here, we describe the first electro-
chemical dehydrogenative cross-coupling of arenes with azoles
in a microflow reactor.64

Our initial investigations commenced by subjecting 1,3,5-
trimethylbenzene and pyrazole as model substrates to the
electrochemical transformation in a microflow reactor (see
Supporting Information). The electrochemical microflow
reactor was equipped with a carbon anode and a stainless-
steel cathode separated by a Teflon gasket, resulting in an
interelectrode gap of 250 μm and a volume of 700 μL (see
Supporting Information).65 After optimizing various reaction
and process parameters (see Supporting Information for full
details), 67% of the desired cross-coupled product 1 could be
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isolated after exposing a solution of pyrazole and 1,3,5-
trimethylbenzene (6 equiv) in hexafluoro-2-propanol (HFIP)/
CH2Cl2 (7:3) for only 10 min to the galvanostatic conditions
(20 mA, corresponding to 0.71 mA cm−2 and 2.6 F mol−1,
Table 1, entry 1). Other solvent systems can be used for the
electrochemical azolation of arenes without significant
reduction in conversion and yield (Table 1, entries 2 and 3).
However, we found that, during the scope exploration, the
combination of HFIP/CH2Cl2 (7:3) provided optimal results
in terms of conversion, stability, and solubility of the starting
materials and the corresponding products. It should be further
noted that HFIP is a common solvent in electrochemistry,
owing to its acidity, the ability to form hydrogen bonds, and
redox stability.66−68 Shortening the residence time was
detrimental to the reaction outcome, even at higher current
densities (Table 1, entries 4 and 5). This might be due to the
formation of larger amounts of byproducts. Further, control
experiments revealed that electricity is crucial to induce the

observed cross-coupling between 1,3,5-trimethylbenzene and
pyrazole (Table 1, entry 6). Finally, the reaction was also
carried out in batch using a commercially available Electrasyn,
resulting in 65% conversion, with 50% yield for target
compound 1 after 1 h (Table 1, entry 7), despite the higher
current density.61

With the optimal conditions in hand, we sought to evaluate
the generality of this flow-based electrochemical azolation
protocol (Scheme 2). Various electron-neutral arenes could be
coupled with pyrazole in good to excellent yields (1−4, 45−
90% yields). Product 1 was obtained in 76% yield (219 mg),
and also 34% of the mesitylene starting material could be
recovered after column chromatography. The reaction is not
particularly sensitive to steric hindrance as showcased by
compounds 1 and 4. Arenes bearing a free hydroxyl moiety can
be readily coupled with pyrazole yielding the targeted cross
coupled product in an excellent yield (5, 98% yield). When
1,3,5-methoxybenzene was used as starting material, only
homocoupling product was observed by GC−MS, but no
product 6 was detected. Anisole and meta-xylene were both
efficiently oxidized and coupled with pyrazole, although the
corresponding products were isolated as a mixture of
inseparable regioisomers (7 and 8, respectively), with a higher
selectivity for the ortho-coupled regioisomer in the case of 7
and the 1,4-substituted compound for 8.56,59 The lower yields
can be ascribed to the formation of byproducts derived from
homocoupling or oxidation of benzylic positions. Various
substituted anisole-derivatives bearing formyl, ester, acetyl, and
amide functionalities served as competent coupling partners as
well (9−12, 50−80% yields). Arenes bearing only electron-
withdrawing moieties, e.g., acetophenone (13), did not lead to
any product formation, which can be attributed to the high
oxidation potential of the arene.
Similarly, we investigated the scope of the azole coupling

partner (Scheme 2, azole scope). Alkyl-bearing pyrazoles

Scheme 1. Recent Developments in the Azolation of
Arenesa

a(A) classical coupling reactions enabled by transition metals; (B)
photocatalytic approaches; (C) electrochemical strategies; (D)
photoelectrochemical approach; and (E) our work on the develop-
ment of an electrochemical azolation of electron-rich and -neutral
arenes in flow.

Table 1. Optimization of the Reaction Conditions and
Control Experiments

entry variations yieldb (%)

1 nonea 70 (67)c

2 LiClO4 (0.1 M),AcOH (10 equiv), CH3CN 60
3 LiClO4 (0.1 M), TFE/CH3OH 4:1 71 (67)c

4 tR = 5 min, 20 mA 37
5 tR = 5 min, 40 mA 25
6 no electricity
7 batchd 50

aOptimized reaction conditions: pyrazole (0.67 mmol), mesitylene
(6.0 equiv), LiClO4 (0.1 M) or Bu4NPF6 (0.05 M), solvent mixture
(10 mL), graphite anode/Fe cathode, 20 mA (0.71 mA cm−2, 2.6 F
mol−1). bYield determined by GC-FID with diglyme as an internal
standard. cYield after column chromatography. dBatch reaction
conditions: Electrasyn, 7.2 mA cm−2, 2.0 F mol−1, C anode/Fe
cathode, pyrazole (0.33 mmol), HFIP/DCM 7:3 (5.0 mL), Bu4NPF6
(0.05 M), 1 h reaction time.
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Scheme 2. Substrate Scope for the Electrochemical Dehydrogenative C−N Coupling between Arenes and Azoles in a
Microflow Reactora

aReaction conditions: The feed contains an azole (0.67 mmol), an arene (6.0 equiv), Bu4NPF6 (0.05 M) in 10 mL of HFIP/CH2Cl2 7:3. The
residence time was set at 10 min, and the system was kept at room temperature with I = 20−30 mA (0.71−1.1 mA cm−2). Reported yields are those
obtained after column chromatography. bOn a 1.54 mmol scale (219 mg of product collected). cThe product was prepared in TFE/MeOH 4:1
(0.067 M) using LiClO4 (0.1 M) as a supporting electrolyte. dRegioisomeric ratio measured by 1H NMR of the pure product.
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provided the targeted cross-coupled products in good yields
(14−15, 68−77% yields), showing again no particular
sensitivity to steric hindrance (e.g., 15). Pyrazoles decorated
with halogens were also suitable nucleophiles (16−17, 65−
78% yields), providing functional handles in the target
molecule to enable further diversification using classical
cross-coupling strategies.69 The electrochemical coupling
reaction with triazoles afforded products 18 and 19 in
comparable yields to those obtained with pyrazoles (67−72%
yields). When benzimidazole was employed, product 20 was
isolated in 20% yield, whereas the C−N coupled product 21
derived from mesitylene and benzotriazole was obtained in
65% yield. Finally, various azole nucleophiles were combined
with the sterically hindered 1,4-di-tert-butylbenzene affording
the targeted products in synthetically useful yields (22−24,
47−73% yields).
On the basis of our observations and literature data,56,59 we

propose the following mechanism to be operative in the
electrochemical flow reactor (Scheme 3): the arene is oxidized

at the graphite anode (+2.07 vs saturated calomel electrode
(SCE) for mesitylene),70 affording the aryl radical cation I.
This species can be subsequently attacked by the nucleophilic
azole, leading to the formation of the new C−N bond.
Through a deprotonation step, II will generate the radical
species III, which will finally afford the azolated product 1,
after losing a second proton and an electron. Concerning the
cathodic reaction, protons are reduced to form molecular
hydrogen as a synthetically useful byproduct.71 This mecha-
nism is also supported by experimental observations, such as
the formation of homocoupled products of the arene observed
by GC−MS. However, at this stage, we cannot completely rule
out the oxidation of both the arene and the azole, which would
lead to the product through a radical−radical coupling as
suggested by others.57 However, due to the high oxidation
potential of pyrazole (+2.21 vs saturated calomel electrode
(SCE)),70 we believe this latter scenario is rather unlikely
under our reaction conditions for at least the majority of the
presented substrates.

In conclusion, we reported the first electrochemical
azolation of arenes in flow. The C−H functionalization
protocol displays a broad scope, reaches high yields in only
10 min, and does not require the addition of any homogeneous
catalysts to forge the targeted carbon−nitrogen bond. Given its
operational simplicity and reduced reaction times, we
anticipate that this electrochemical azolation strategy will
find use in modern medicinal chemistry settings.

■ EXPERIMENTAL SECTION
All reagents and solvents were used as received without further
purification. Reagents and solvents were bought from Sigma-Aldrich,
TCI, and Fluorochem. Technical solvents were bought from VWR
International and Biosolve and were used as received. All capillary
tubing and microfluidic fittings were purchased from IDEX Health &
Science. Disposable syringes were from BD Discardit II or
NORMJECT, purchased from VWR Scientific. Syringe pumps were
purchased from Chemix Inc. model Fusion 200 Touch. Product
isolation was performed manually, using silica (60, F254, Merck).
TLC analysis was performed using silica on aluminum foils TLC
plates (F254, Supelco Sigma-Aldrich) with visualization under
ultraviolet light (254 and 365 nm). 1H (400 MHz) and 13C (100
MHz) spectra were recorded at an ambient temperature using a
BrukerAvance 400. 1H NMR spectra are reported in parts per million
(ppm) downfield relative to CDCl3 (7.26 ppm), and all 13C NMR
spectra are reported in ppm relative to CDCl3 (77.16 ppm), unless
stated otherwise. NMR spectra use the following abbreviations to
describe the multiplicity: s = singlet, d = doublet, t = triplet, q =
quartet, p = pentet, h = hextet, hept = heptet, m = multiplet, dd =
double doublet, td = triple doublet. NMR data were processed using
the MestReNova 9.0.1 software package. Known products were
characterized by comparing to the corresponding 1H NMR and 13C
NMR from literature. GC analyses were performed on a GC−MS
combination (Shimadzu GC-2010 Plus coupled to a Mass
Spectrometer; Shimadzu GCMS-QP 2010 Ultra) with an autosampler
unit (AOC-20i, Shimadzu). Melting points were determined with a
Buchi B-560 capillary melting point apparatus in open capillaries and
are uncorrected. The names of all products were generated using the
PerkinElmer ChemBioDraw Ultra v.18.0. software package. For all
electrochemical continuous flow reactions, a homemade flow cell was
used, together with a Velleman LABPS3005D power supply. The cell
consists of a working electrode and a counter electrode, with a PTFE
(Polytetrafluoroethylene) gasket (0.25 mm thickness) containing
microchannels in between. The material used for the electrodes were
the stainless steel electrode (316L) and the Graphite AC-K800
premium grade (purchased by AgieCharmilles). The active reactor
volume is 700 μL. This results in an undivided electrochemical cell. In
the cell, direct contact between the electrode surface and the reaction
mixture is established. The reaction mixture is pumped through the
system via a syringe pump and is collected in a glass vial. All the
technical data of the electrochemical microreactor are reported
elsewhere.65

General Procedure A: Electrochemical C−N Coupling in
Flow. The heteroarene (0.665 mmol), tetrabutylammonium hexa-
fluorophosphate (Bu4NPF6, 0.05 M, 194 mg), and the arene, if solid,
(3−6 equiv) were dissolved in 10 mL of stock solution (7:3 v/v
HFIP/DCM). In the case that the arene was liquid, the heteroarene
and the electrolyte were first dissolved in 5 mL of stock solution, and
then the arene was added. Finally, the solution was brought up to 10
mL. The mixture was sonicated until homogeneous and taken up in a
10 mL disposable syringe. The solution was pumped through the
electrochemical reactor with a fixed flow rate of 0.07 mL/min to give
a residence time of 10 min in the active part of the reactor, which was
equipped with a graphite anode and steel cathode. After applying the
appropriate current, based on the results of a previous voltammogram,
the first fraction corresponding to the first 20 min was discarded. The
reaction mixture was then collected in a vial, and after an additional
45−70 min, the reaction was stopped. The power supply was turned
off, and the reactor was washed with CH3CN (10 at 0.5 mL/min).

Scheme 3. Plausible Mechanism for the Electrochemical
Dehydrogenative Azolation of Arenes
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The crude mixture was evaporated and purified using silica gel
column chromatography.
General Procedure B: Electrochemical C−N Coupling in

Flow. The heteroarene (0.665 mmol), lithium perchlorate (LiClO4,
0.1 M, 107 mg), and the arene, if solid, (3−6 equiv) were dissolved in
10 mL of stock solution (4:1 v/v TFE/MeOH). In case that the arene
was liquid, the heteroarene and the electrolyte were first dissolved in 5
mL of stock solution, the arene was added, and finally, the solution
was brought up to 10 mL. The mixture was sonicated until
homogeneous and taken in a 10 mL disposable syringe. The solution
was pumped through the electrochemical setup with a fixed flow rate
of 0.07 mL/min to give a residence time of 10 min in the active part
of the reactor, which was equipped with a graphite anode and steel
cathode. After applying the appropriate current, based on the results
of a previous voltammogram, the first fraction corresponding to the
first 20 min was discarded. The reaction mixture was then collected in
a vial, and after an appropriate time (45−70 min), the reaction was
stopped. The power supply was turned off, and the reactor was
washed with CH3CN (10 at 0.5 mL/min, see Supplementary
Information for cleaning procedures). The crude mixture was
evaporated and purified using silica gel column chromatography.
1-Mesityl-(1H-pyrazole) (1). Following continuous-flow general

procedure B (20 mA), 4.0 mL of the mixture was collected
(theoretical yield = 49 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 97:3) to give a white solid (33 mg, 67% yield). The analytical
data correspond to the reported ones in literature.58 1H NMR (400
MHz, CDCl3): δ 7.72 (d, J = 1.8 Hz, 1H), 7.43 (d, J = 2.3 Hz, 1H),
6.94 (s, 2H), 6.43 (t, J = 2.1 Hz, 1H), 2.33 (s, 3H), 1.96 (s, 6H).
13C{1H} NMR (101 MHz, CDCl3): δ 140.0, 138.8, 137.0, 136.0,
131.0, 128.9, 105.8, 21.2, 17.3.
1-(Naphthalen-1-yl)-(1H-pyrazole) (2). Following the general

procedure A (20 mA), 3.0 mL of the mixture was collected
(theoretical yield = 38.7 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 9:1) to give a colorless oil (28 mg, 72% yield). The analytical
data correspond to the reported ones in literature.56 1H NMR (400
MHz, CDCl3): δ 7.94−7.92 (m, 2H), 7.86 (d, J = 1.9 Hz, 1H), 7.82−
7.79 (m, 2H), 7.57−7.49 (m, 4H), 6.55 (t, J = 2.1 Hz, 1H). 13C{1H}
NMR (101 MHz, CDCl3): δ 140.8, 137.4, 134.4, 131.8, 129.3, 129.1,
128.2, 127.4, 126.8, 125.2, 123.4, 123.3, 106.7.
1-([1,1′-Biphenyl]-4-yl)-(1H-pyrazole) (3). Following the general

procedure A (15 mA), 3.8 mL of the mixture was collected
(theoretical yield = 55.6 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 4:1) to give a yellowish oil (25 mg, 45% yield). The analytical
data correspond to the reported ones in literature.59 1H NMR (400
MHz, CDCl3): δ 7.97 (d, J = 2.5 Hz, 1H), 7.81−7.73 (m, 3H), 7.71−
7.65 (m, 2H), 7.65−7.58 (m, 2H), 7.46 (dd, J = 8.4, 6.8 Hz, 2H),
7.42−7.33 (m, 1H), 6.50 (t, J = 2.1 Hz, 1H). 13C{1H} NMR (101
MHz, CDCl3): δ 141.3, 140.2, 139.5, 139.4, 129.0, 128.2, 127.6,
127.1, 126.8, 119.6, 107.8.
1-(2,5-Di-tert-butylphenyl)-(1H-pyrazole) (4). Following the gen-

eral procedure A (25 mA), 4.0 mL of the mixture was collected
(theoretical yield = 68.1 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 9:1) to give a white solid (60 mg, 88% yield). Mp: 47.5−48
°C. 1H NMR (400 MHz, CDCl3): δ 7.58 (d, J = 1.8 Hz, 1H), 7.45 (d,
J = 2.3 Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H), 7.33 (dd, J = 8.5, 2.3 Hz,
1H), 6.98 (d, J = 2.3 Hz, 1H), 6.31 (t, J = 2.1 Hz, 1H), 1.21 (s, 9H),
1.06 (s, 9H). 13C{1H} NMR (101 MHz, CDCl3): δ 149.5, 144.0,
139.2, 139.1, 132.5, 127.7, 127.2, 126.4, 105.8, 35.4, 34.3, 31.4, 31.2.
HRMS (ESI) m/z [M + H]+ calcd for C17H25N2, 257.2018; found,
257.2005.
4-Methoxy-2-(1H-pyrazol-1-yl)phenol (5). Following the general

procedure A (30 mA), 3.6 mL of the mixture was collected
(theoretical yield = 45.5 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane/ethyl acetate 9:1 to 1:1)
to give a white solid (45 mg, 98% yield). The analytical data
correspond to the reported ones in literature.57 1H NMR (400 MHz,

CDCl3): δ 7.96 (d, J = 2.6 Hz, 1H), 7.72 (d, J = 1.9 Hz, 1H), 7.03 (d,
J = 8.9 Hz, 1H), 6.92 (d, J = 2.9 Hz, 1H), 6.76 (dd, J = 8.9, 2.8 Hz,
1H), 6.49 (t, J = 2.3 Hz, 1H), 3.80 (s, 3H). 13C{1H} NMR (101
MHz, CDCl3): δ 152.7, 143.3, 139.2, 126.9, 124.9, 119.4, 112.8,
107.0, 104.5, 56.1.

1-(2-Methoxyphenyl)-(1H-pyrazole (7A) and 1-(4-Methoxyphen-
yl)-(1H-pyrazole) (7B). Following the general procedure B (20 mA),
2.4 mL of the mixture was collected (theoretical yield = 27.8 mg).
The reaction mixture was purified by flash chromatography on silica
(cyclohexane to cyclohexane/ethyl acetate 97:3) to give a yellowish
oil (12 mg, 44%, A/B 4:1). The analytical data correspond to the
reported ones in literature.72 Compound 7A 1H NMR (400 MHz,
CDCl3): δ 8.03 (d, J = 2.4 Hz, 1H), 7.72 (m, 2H), 7.30 (td, J = 7.9,
1.7 Hz, 1H), 7.06−7.03 (m, 2H), 6.43 (t, J = 2.1 Hz, 1H), 3.88 (s,
3H). 13C{1H} NMR (101 MHz, CDCl3, mixture of A and B): δ
158.3, 151.4, 140.7, 140.2, 131.7, 129.9, 128.1, 126.9, 125.4, 121.3,
121.0, 114.6, 112.4, 107.3, 106.3, 56.1, 55.7. Compound 7B 1H NMR
(400 MHz, CDCl3): δ 7.82 (d, J = 2.4 Hz, 1H), 7.69 (d, J = 1.8 Hz,
1H), 7.61−7.54 (m, 2H), 6.98−6.93 (m, 2H), 6.44 (m, 1H), 3.84 (s,
3H). 13C{1H} NMR (101 MHz, CDCl3, mixture of A and B) 158.3,
151.4, 140.7, 140.2, 131.7, 129.9, 128.1, 126.9, 125.4, 121.3, 121.0,
114.6, 112.4, 107.3, 106.3, 56.1, 55.7.

1-(2,4-Dimethylphenyl)-(1H-pyrazole (8A) and 1-(2,6-Dimethyl-
phenyl)-(1H-pyrazole) (8B). Following the general procedure A (15
mA), 4.5 mL of the mixture was collected (theoretical yield = 51.5
mg). The reaction mixture was purified by flash chromatography on
silica (cyclohexane to cyclohexane/ethyl acetate 9:1) to give a
yellowish oil (24 mg, 47%, A/B 4:1). The analytical data correspond
to the reported ones in literature.58 Compound 8A 1H NMR (400
MHz, CDCl3): δ 7.73 (s, 1H), 7.59−7.58 (m, 1H), 7.22 (d, J = 7.9
Hz, 1H), 7.14 (s, 1H), 7.09 (d, J = 8.1 Hz, 1H), 6.44 (s, 1H), 2.39 (s,
3H), 2.21 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3, mixture of A
and B): δ 140.1, 138.5, 137.7, 136.4, 133.6, 132.0, 130.8, 129.1, 128.3,
127.2, 126.1, 106.1, 21.2, 18.0, 17.4. Compound 8B 1H NMR (399
MHz, CDCl3): δ 7.76 (s, 1H), 7.48 (s, 1H), 7.28 (s, 2H), 7.16 (s,
1H), 6.47 (s, 1H), 2.02 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3,
mixture of A and B): δ 140.1, 138.5, 137.7, 136.4, 133.6, 132.0, 130.8,
129.1, 128.3, 127.2, 126.1, 106.1, 21.2, 18.0, 17.4.

4-Methoxy-3-(1H-pyrazol-1-yl)benzaldehyde (9). Following the
general procedure A (20 mA), 4.0 mL of the mixture was collected
(theoretical yield = 53.7 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane/ethyl acetate 9:1 to 4:1)
to give a yellow oil (28 mg, 52% yield). 1H NMR (400 MHz, CDCl3):
δ 9.95 (s, 1H), 8.29 (d, J = 2.1 Hz, 1H), 8.07 (d, J = 2.5 Hz, 1H), 7.87
(dd, J = 8.5, 2.1 Hz, 1H), 7.74 (d, J = 1.9 Hz, 1H), 7.18 (d, J = 8.6 Hz,
1H), 6.46 (t, J = 2.1 Hz, 1H), 4.00 (s, 3H). 13C{1H} NMR (100
MHz, CDCl3): δ 190.4, 155.9, 140.7, 131.6, 130.3, 130.2, 129.3,
127.4, 112.5, 106.9, 56.6. HRMS (ESI) m/z [M + H]+ calcd for
C11H11N2O2, 203.0821; found, 203.0816.

Methyl 4-Methoxy-3-(1H-pyrazol-1-yl)-benzoate (10). Following
the general procedure A (20 mA), 4.3 mL of the mixture was
collected (theoretical yield = 66 mg). The reaction mixture was
purified by flash chromatography on silica (cyclohexane to cyclo-
hexane/ethyl acetate 9:1) to give a white solid (47 mg, 71% yield).
Mp: 95−96 °C. 1H NMR (399 MHz, CDCl3): δ 8.40 (s, 1H), 8.03−
8.01 (m, 2H), 7.73 (s, 1H), 7.08 (d, J = 8.7 Hz, 1H), 6.44 (s, 1H),
3.95 (s, 3H), 3.90 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ
166.3, 154.9, 140.5, 131.6, 130.0, 129.5, 126.9, 123.4, 111.8, 106.6,
56.3, 52.2. HRMS (ESI) m/z [M + H]+ calcd for C12H13N2O3,
233.0926; found, 233.0924.

1-(4-Methoxy-3-(1H-pyrazol-1-yl)phenyl)ethan-1-one (11). Fol-
lowing the general procedure A (30 mA), 4.2 mL of the mixture was
collected (theoretical yield = 60.3 mg). The reaction mixture was
purified by flash chromatography on silica (cyclohexane to cyclo-
hexane/ethyl acetate 9:1) to give a white solid (48 mg, 80% yield).
Mp 71.5−72.3 °C. 1H NMR (400 MHz, CDCl3): δ 8.31 (d, J = 2.2
Hz, 1H), 8.03 (d, J = 2.5 Hz, 1H), 7.94 (dd, J = 8.7, 2.3 Hz, 1H), 7.72
(d, J = 1.8 Hz, 1H), 7.08 (d, J = 8.7 Hz, 1H), 6.44 (t, J = 2.2 Hz, 1H),
3.95 (s, 3H), 2.58 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3): δ
196.4, 154.9, 140.5, 131.6, 130.7, 129.5, 128.5, 126.0, 111.9, 106.7,
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56.3, 26.6. HRMS (ESI) m/z [M + H]+ calcd for C12H13N2O2,
217.0977; found, 217.0965.
N-(4-Methoxy-2-(1H-pyrazol-1-yl)phenyl)acetamide (12). Fol-

lowing the general procedure A (30 mA), 4.6 mL of the mixture
was collected (theoretical yield = 70 mg). The reaction mixture was
purified by flash chromatography on silica (cyclohexane/ethyl acetate
1:1) to give a yellow oil (34 mg, 50% yield). The analytical data
correspond to the reported ones in literature.57 1H NMR (400 MHz,
CDCl3): δ 9.91 (s, 1H), 8.28 (d, J = 9.0 Hz, 1H), 7.78 (d, J = 2.2 Hz,
2H), 6.89 (dd, J = 9.0, 2.8 Hz, 1H), 6.84 (d, J = 2.8 Hz, 1H), 6.49 (t, J
= 2.2 Hz, 1H), 3.82 (s, 3H), 2.10 (s, 3H). 13C{1H} NMR (101 MHz,
CDCl3): δ 168.4, 156.1, 141.2, 130.3, 130.2, 124.9, 124.7, 112.7,
109.0, 107.3, 55.8, 24.9.
1-Mesityl-4-methyl-(1H-pyrazole) (14). Following the general

procedure A (20 mA), 3.5 mL of the mixture was collected
(theoretical yield = 46.5 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 9:1) to give a colorless oil (36 mg, 77% yield). 1H NMR (399
MHz, CDCl3): δ 7.50 (s, 1H), 7.15 (s, 1H), 6.86 (s, 2H), 2.25 (s,
3H), 2.11 (s, 3H), 1.91 (s, 6H). 13C{1H} NMR (100 MHz, CDCl3):
δ 140.5, 138.6, 137.2, 136.0, 129.6, 128.8, 116.2, 21.2, 17.3, 9.0
HRMS (ESI) m/z [M + H]+ calcd for C13H17N2, 201.1392; found,
201.1383.
1-Mesityl-3,5-dimethyl-(1H-pyrazole) (15). Following the general

procedure A (10 mA), 3.0 mL of the mixture was collected
(theoretical yield = 42.7 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 95:5) to give a colorless oil (29 mg, 68% yield). 1H NMR
(400 MHz, CDCl3): δ 6.92 (s, 2H), 5.95 (s, 1H), 2.31 (s, 3H), 2.28
(s, 3H), 1.96 (s, 3H), 1.92 (s, 6H). 13C{1H} NMR (101 MHz,
CDCl3): δ 148.6, 140.1, 138.6, 136.5, 135.4, 128.8, 104.5, 21.2, 17.3,
13.8, 11.0. HRMS (ESI) m/z [M + H]+ calcd for C14H19N2,
215.1548; found, 215.1538
4-Chloro-1-mesityl-(1H-pyrazole) (16). Following the general

procedure A (20 mA), 3.8 mL of the mixture was collected
(theoretical yield = 55.7 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 9:1) to give a dark yellow oil (44 mg, 79% yield). The
analytical data correspond to the reported ones in literature.58 1H
NMR (400 MHz, CDCl3): δ 7.65 (s, 1H), 7.43 (s, 1H), 6.94 (s, 2H),
2.33 (s, 3H), 1.99 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3): δ
139.4, 138.6, 136.6, 135.8, 129.0, 128.9, 110.5, 21.2, 17.3.
1-Mesityl-4-bromo-(1H-pyrazole) (17). Following the general

procedure A (10 mA), 4.2 mL of the mixture was collected
(theoretical yield = 74 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 98:2) to give a yellow oil (37 mg, 50% yield).58 1H NMR (399
MHz, CDCl3): δ 7.68 (s, 1H), 7.46 (s, 1H), 6.94 (s, 2H), 2.33 (s,
3H), 1.98 (s, 6H). 13C{1H} NMR (100 MHz, CDCl3): δ 140.8,
139.4, 136.6, 135.8, 131.1, 129.0, 93.7, 21.2, 17.4.
1-Mesityl-(1H-1,2,4-triazole) (18). Following the general proce-

dure A (20 mA), 4.6 mL of the mixture was collected (theoretical
yield = 56.3 mg). The reaction mixture was purified by flash
chromatography on silica (cyclohexane/ethyl acetate 4:1 to 1:1) to
give a white solid (38 mg, 67% yield).73 1H NMR (400 MHz,
CDCl3): δ 8.21 (s, 1H), 8.19 (s, 1H), 6.98 (s, 2H), 2.35 (s, 3H), 1.97
(s, 6H). 13C{1H} NMR (101 MHz, CDCl3): δ 151.9, 144.4, 140.2,
135.6, 133.0, 129.3, 21.2, 17.4.
1-Mesityl-(1H-1,2,3-triazole) (19). Following the general proce-

dure A (20 mA), 5.0 mL of the mixture was collected (theoretical
yield = 62.2 mg). The reaction mixture was purified by flash
chromatography on silica (cyclohexane/ethyl acetate 9:1 to 4:1) to
give a white solid (45 mg, 72% yield). Mp: 188−189 °C. 1H NMR
(400 MHz, CDCl3): δ 7.87 (s, 1H), 7.62 (s, 1H), 6.98 (s, 2H), 2.34
(s, 3H), 1.93 (s, 6H). 13C{1H} NMR (101 MHz, CDCl3): δ 140.1,
135.2, 133.7, 133.5, 129.2, 125.5, 21.2, 17.3. HRMS (ESI) m/z [M +
H]+ calcd for C11H14N3, 188.1188; found, 188.1187.
1-Mesityl-(1H-benzo[d]imidazole) (20). Following the general

procedure A (20 mA), 3.8 mL of the mixture was collected
(theoretical yield = 59.6 mg). The reaction mixture was purified by

flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 9:1) to give a yellow oil (12 mg, 20% yield). The analytical
data correspond to the reported ones in literature.74 1H NMR (400
MHz, CDCl3): δ 7.89 (d, J = 8.0 Hz, 1H), 7.87 (s, 1H), 7.35−7.24
(m, 2H), 7.05 (s, 2H), 7.03 (d, J = 7.7 Hz, 1H), 2.39 (s, 3H), 1.92 (s,
6H). 13C{1H} NMR (101 MHz, CDCl3): δ 143.4, 143.2, 139.4, 136.4,
134.3, 131.2, 129.5, 123.6, 122.5, 120.5, 110.3, 21.3, 17.6.

1-Mesityl-(1H-benzo[d][1,2,3]triazole) (21). Following the general
procedure A (25 mA), 3.4 mL of the mixture was collected
(theoretical yield = 53.6 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 9:1) to give a yellowish oil (34 mg, 63% yield). The analytical
data correspond to the reported ones in literature.74 1H NMR (400
MHz, CDCl3): δ 8.16 (d, J = 8.2, 1H), 7.44 (dddd, J = 24.5, 8.0, 6.9,
1.1 Hz, 2H), 7.20 (d, J = 8.2, 1H), 7.06 (s, 2H), 2.40 (s, 3H), 1.87 (s,
6H). 13C{1H} NMR (101 MHz, CDCl3): δ 145.5, 140.3, 136.3, 134.0,
131.7, 129.4, 128.1, 124.1, 120.2, 109.9, 21.3, 17.5.

1-(2,5-Di-tert-butylphenyl)-4-methyl-(1H-pyrazole) (22). Follow-
ing the general procedure A (20 mA), 4.7 mL of the mixture was
collected (theoretical yield = 84.5 mg). The reaction mixture was
purified by flash chromatography on silica (cyclohexane to cyclo-
hexane/ethyl acetate 98:2) to give a white solid (62 mg, 73% yield).
Mp: 94−94.5 °C. 1H NMR (400 MHz, CDCl3): δ 7.50−7.44 (m,
2H), 7.40 (dd, J = 8.5, 2.3 Hz, 1H), 7.31 (s, 1H), 7.06 (d, J = 2.3 Hz,
1H), 2.17 (s, 3H), 1.29 (s, 9H), 1.17 (s, 9H). 13C{1H} NMR (100
MHz, CDCl3): δ 149.4, 144.1, 139.7, 139.4, 131.4, 127.6, 127.3,
126.3, 116.3, 35.5, 34.3, 31.5, 31.3, 9.0. HRMS (ESI) m/z [M + H]+

calcd for C18H27N2, 271.2174; found, 271.2165.
1-(2,5-Di-tert-butylphenyl)-(1H-1,2,3-triazole) (23). Following the

general procedure A (20 mA), 3.0 mL of the mixture was collected
(theoretical yield = 51.3 mg). The reaction mixture was purified by
flash chromatography on silica (cyclohexane to cyclohexane/ethyl
acetate 9:1) to give a white solid (28 mg, 54% yield). Mp: 115−115.5
°C. 1H NMR (400 MHz, CDCl3): δ 7.84 (s, 1H), 7.74 (s, 1H), 7.55
(d, J = 8.5 Hz, 1H), 7.49 (dd, J = 8.5, 2.2 Hz, 1H), 7.01 (d, J = 2.2 Hz,
1H), 1.30 (s, 9H), 1.12 (s, 9H). 13C{1H} NMR (101 MHz, CDCl3):
δ 150.0, 143.8, 135.4, 133.3, 128.1, 127.6, 127.4, 126.6, 35.6, 34.4,
31.5, 31.2. HRMS (ESI) m/z [M + H]+ calcd for C16H24N3,
258.1970; found, 258.1975.

1-(2,5-Di-tert-butylphenyl)-(1H-benzo[d][1,2,3]triazole) (24). Fol-
lowing the general procedure A (20 mA), 4.3 mL of the mixture was
collected (theoretical yield = 87.9 mg). The reaction mixture was
purified by flash chromatography on silica (cyclohexane to cyclo-
hexane/ethyl acetate 9:1) to give a white solid (42 mg, 47% yield).
Mp: = 122−123 °C. 1H NMR (400 MHz, CDCl3): δ 8.06 (d, J = 8.3
Hz, 1H), 7.57 (d, J = 8.6 Hz, 1H), 7.47 (dd, J = 8.5, 2.3 Hz, 1H), 7.40
(ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 7.33 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H),
7.23−7.15 (m, 1H), 6.96 (d, J = 2.3 Hz, 1H), 1.21 (s, 9H), 1.00 (s,
9H). 13C{1H} NMR (101 MHz, CDCl3): δ 150.3, 145.4, 145.3, 136.0,
133.9, 128.5, 128.0, 127.6, 127.1, 124.1, 119.9, 110.7, 35.5, 34.4, 31.6,
31.2. HRMS (ESI) m/z [M + H]+ calcd for C20H26N3, 308.2127;
found, 308.2114.
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