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Abstract Pyrazolines and their pyrazole congeners are important
heterocyclic building blocks with numerous applications in the fine
chemical industries. However, traditional routes towards these entities
are based on multistep syntheses generating substantial amounts of
chemical waste. Here we report an alternative approach using UV-light
to convert tetrazoles into pyrazolines via a reagent-free photo-click
strategy. This route generates nitrile imine dipoles in situ that are
trapped with different dipolarophiles rendering a selection of these het-
erocyclic targets in high chemical yields. A continuous flow method is
ultimately realized that generates multigram quantities of product in a
safe and readily scalable manner thus demonstrating the value of this
photochemical approach for future exploitations in industry.

Key words flow chemistry, photochemistry, pyrazoline, tetrazole,
click reaction, drug-like heterocycles

Pyrazolines are a class of pharmaceutically relevant
five-membered heterocycles related to aromatic pyrazoles
that possess myriad beneficial biological properties.! To-
gether with their aromatic pyrazole counterparts, these
scaffolds feature in numerous drugs, agrochemical agents,
and their precursors.? Synthetically, pyrazolines are pre-
dominantly accessed through condensation reactions be-
tween hydrazines and enones or their derivatives.? A differ-
ent approach uses the dipolar cycloaddition between
alkenes and in situ generated nitrile imines.* Typically, ni-
trile imines are generated from o-halohydrazones in the
presence of base,” however, an alternative albeit underuti-
lized entry to this dipole is available via the photolysis of
tetrazoles.® This option is potentially attractive as nitrogen
gas is formed as the only by-product via a reagent-free re-
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action that can be performed in the presence of the dipolar-
ophile. As pyrazolines are continuing to be exploited in
modern drug discovery programs improved protocols for
their efficient and safe generation are in high demand. The
adoption of continuous flow reactor technology has
streamlined the synthesis of many fine chemical building
blocks over the last few decades and provided for superior
reactions through improved heat and mass transfer.’-10
More recently, this trend has witnessed the routine integra-
tion of photochemical reactions'! to provide potentially
more sustainable chemical syntheses.!? Reactor miniatur-
ization and high spatiotemporal control make continuous
photochemical reactions a valuable tool to access a vast va-
riety of chemical structures either facilitated by UV or visi-
ble light. Moreover, the uniform irradiation combined with
short path lengths typical for flow photoreactors provides
for good scalability of continuous photochemical process-
es.’? Due to these salient features, we wished to study the
continuous photochemical generation of pyrazolines from
tetrazole precursors to establish a safe and robust means
for the generation of this important heterocyclic scaffold
(Scheme 1).
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Scheme 1 Photochemical synthesis of pyrazolines from tetrazoles
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To commence we prepared a small set of aryl-tetrazoles
following literature-known protocols.'* The union of in situ
generated arenediazonium salts 2 and benzamidine hydro-
chloride (1) thereby rendered the expected adducts 3a-c in
high yields which smoothly underwent oxidative cycliza-
tion to the desired tetrazole species 4. The crystalline na-
ture of tetrazole 4b was exploited to perform single crystal
diffraction studies'® and verify the anticipated connectivity

of this heterocycle (Scheme 2).
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Scheme 2 Synthesis of aryl-tetrazole substrates and X-ray crystallo-
graphic studies

Next, we embarked on developing a continuous flow ap-
proach for the photolysis of the tetrazole unit and the con-
comitant dipolar cycloaddition of the resulting nitrile imine
with different dipolarophiles. We opted to use a standard-
ized Vapourtec E-series flow reactor in combination with
different light sources. Previous studies from our lab had
identified both a medium-pressure Hg-lamp'® and a high-
power UV-A LED (emitting at 365 nm)'” as valuable light
sources in a number of related applications. Methyl methac-
rylate was chosen as model dipolarophile along with aceto-
nitrile as reaction solvent. An adjustable back-pressure reg-
ulator (BPR) was set to 2 bar to control the release of stoi-
chiometric amounts of nitrogen gas. The chosen set-up is
depicted in Scheme 3 and allowed for quickly screening
several variables such as reaction stoichiometry, concentra-
tion, and residence time.

\(/\

N=N g

UV-photo 6
flow reactor

X = CO,Me, CN, CO(NH)

Scheme 3 Flow photolysis set-up towards pyrazolines 6

Initial experiments compared the UV-A LED (75 W input
power) with the medium-pressure Hg-lamp (85 W input
power) that was used in combination with a low-pass filter
to exclude wavelengths above 400 nm. A stream of com-

pressed air was directed into the flow module to regulate
the temperature to ca. 28 °C. Inside the reactor unit a tubu-
lar flow coil (10 mL, PFA) was fitted around the light source.
The release of nitrogen gas bubbles after the BPR indicated
photolytic cleavage of the tetrazole and formation of the
anticipated pyrazoline 6 in case of the medium-pressure
Hg-lamp. Interestingly, the UV-A LED did not generate the
pyrazoline product (Table 1, entry 1) and the tetrazole sub-
strate was recovered in almost quantitative yield indicating
that light with wavelengths of 280-320 nm is critical for
the photolysis step.'® Going forward, the medium-pressure
Hg-lamp was further exploited in combination with the fil-
ter. As outlined in Table 1, substrate concentrations up to
100 mM were tolerated and only a small excess of the dipo-
larophile of 1.2 equiv. was needed. Degassing of the solvent
did not provide any advantages indicating that residual ox-
ygen is not detrimental under photochemical conditions.
Furthermore, it was found that the residence time could be
reduced from 20 min to 10 min, whereas shorter residence
times of 5 min did not lead to full consumption of the tetra-
zole (entries 3-5). As expected, no product formed in the
absence of UV-light (entry 6). Notably, the high concentra-
tion together with a short residence time of 10 minutes
would provide for good reaction throughput in view of re-
action scale-up.

Table 1 Optimization Study for Model Pyrazoline Formation

N=p
4a, 1 equiv. COMe
+
COMe UV-photo
5, X equiv. flow reactor
Entry Lamp Conc.4a  Equiv.5 tres (Min)  Yield (%)
(mM)
1 365 nm 50 2.0 20 0
LED
2 Hg-lamp? 50 2.0 20 65
3 Hg-lamp? 100 1.2 20 73
4 Hg-lamp? 100 1.2 10 79
5 Hg-lamp? 100 1.2 5 50°
6 none 100 1.2 10 0

3 Filter used to exclude >400 nm light.
b Ca. 45% of remaining substrate 4a.

The optimized reaction conditions (Table 1, entry 4)
were then applied to the preparation of pyrazolines 6a-c
and confirmed that all three tetrazoles underwent this tan-
dem dipolar cycloaddition process smoothly (Figure 1). The
desired pyrazolines were formed as single regioisomers in
accordance with previous reports.* Replacing methyl meth-
acrylate with maleimide and N-cyclopentylmaleimide af-
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Figure 1 Summary of substrate scope and reactivity of products
(scale: 1-2 mmol)

forded the desired bicyclic pyrazolines 6d-f in excellent
yields. Next, acrylonitrile and fumaronitrile were trialed as
alternative dipolarophiles. It was established that acryloni-
trile forms the expected pyrazoline product 6g in good
yield (ca. 80% crude product by '"H NMR), however, aerobic
oxidation was found to be rapid yielding the nitrile-con-
taining pyrazole product 7 after chromatographic purifica-
tion. Similarly, fumaronitrile generated the anticipated di-
cyanopyrazoline 6h, but after purification by silica gel chro-
matography the isomeric cyanopyrazole 8 was obtained as
single regioisomer indicating elimination of HCN on contact
with silica. Interestingly, these findings highlight a simple
approach to access either of the regioisomeric forms 7 and

8 of these nitrile-substituted pyrazoles. Lastly, cyclohexen-
one was successfully used as dipolarophile together with
tetrazole 4a rendering the desired adduct 6i in high yield
after chromatographic purification. However, this com-
pound underwent slow oxidation to the corresponding bi-
cyclic pyrazole 9 in CDCl;, which could be suppressed by us-
ing DMSO-dg during NMR analysis.

A final part of this study concerned the scalability of the
flow process in view of generating gram quantities of prod-
uct. The reaction between tetrazole 4a and maleimide un-
der optimized conditions (Table 1, entry 4) was chosen for
this test. A stock solution containing both reactants was
prepared and processed through the photo-reactor under
steady state conditions for a period of 2 h. Throughout this
process formation of nitrogen gas was observed after the
backpressure regulator indicating steady release of this gas-
eous by-product. The resulting product solution was con-
centrated under reduced pressure and subsequently cooled
to 5 °C to initiate precipitation of the target product. After
filtration and drying pyrazoline 6d was obtained as a beige
solid in 80% yield equating to a productivity of 1.6 g/h.
Moreover, this material allowed for the generation of single
crystals and verification of the anticipated connectivity of
this product by means of single crystal X-ray diffraction.!®
As depicted in Figure 2, the imide moiety thereby facilitates
H-bonding between two molecules in the solid state.

Figure 2 Crystal structure of 6d displaying strong intermolecular H-
bonding (CCDC-2221468)

In conclusion, we report a continuous photochemical
click reaction converting arylated tetrazoles into various
pyrazolines and pyrazoles. Using a medium-pressure Hg-
lamp as light source combined with a low-pass filter to ex-
clude wavelengths above 400 nm, these targets are generat-
ed in high yields (68-81%) in only 10 minutes residence
time. The flow process is robust and tolerates concentra-
tions of 100 mM which lends itself to generating gram
quantities of products (throughput 6 mmol/h). The release
of nitrogen gas that is formed along with the highly reactive
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nitrile imine dipole is achieved safely and steadily using a
backpressure regulator. Overall, this reagent-free flow pro-
cess is attractive as it provides a sustainable entry to medic-
inally relevant pyrazoline building blocks and their pyrazole
congeners in a highly efficient and scalable manner.

Solvents were purchased from Sigma-Aldrich and Fisher Scientific
and used without further purification. Substrates and reagents were
purchased from Alfa Aesar, Fisher Scientific, Fluorochem. or Sigma-
Aldrich and used as received. '"H NMR spectra were recorded with 400
and 500 MHz instruments and are reported relative to residual sol-
vent: CHCl; (8 = 7.26) and DMSO-d; (8 = 2.50). '3C NMR spectra were
recorded with the same instruments (100 and 125 MHz) and again
are reported relative to CHCl; (8 = 77.16) and DMSO-dg (8 = 39.52).
COSY, HSQC, and HMBC, experiments were used in the structural as-
signment. IR spectra were recorded with a Bruker Platinum spectro-
photometer (neat, ATR sampling) with the intensities of the charac-
teristic signals being reported as weak (w, <20% of the tallest signal),
medium (m, 21-70% of the tallest signal), or strong (s, >71% of the
tallest signal). HRMS was performed using the indicated techniques
with a micromass LCT orthogonal time-of-flight mass spectrometer
with leucine-enkephalin (Tyr-Gly-Phe-Leu) as an internal lock mass.
For UV/Vis measurements, a Shimadzu UV-1800 UV spectrophotom-
eter was used. Continuous-flow experiments were performed with a
Vapourtec E-Series system equipped with a UV150 photoreactor in
combination with a high-power LED emitting light at 365 nm wave-
length and a medium-pressure Hg-lamp (combined with a low-pass
filter).

2,5-Diaryl-2H-tetrazoles 4a-c; General Procedure'*

To a solution of concd HCI (3 mL, 12 M) at 0 °C was added the aniline
(12 mmol) under stirring. After 5 min, a solution of NaNO, (12 mmol
in 4 mL water) was added slowly and the suspension was stirred for a
further 10 min before a solution of NaBF, (20 mmol in 4 mL water)
was added. The mixture was stirred for 10 min and then the solid dia-
zonium product 2 was isolated by filtration, washed with dilute NaBF,
solution (ca. 5% w/w), and dried under suction.

To a suspension of benzamidine hydrochloride (1; 1 equiv., 0.4 M) and
K,CO; (3 equiv.) in MeCN/water (50:50) was added the diazonium
tetrafluoroborate salt 2 (1 equiv.) at 0 °C. The mixture was stirred for
5 h at rt and then the aryl imino-triazine adduct 3 was isolated as a
yellow solid by filtration, washed with water, and dried under suc-
tion.

A suspension of molecular I, (1.2 equiv.) and KI (1.5 equiv.) was pre-
pared in DMSO (0.2 M) and stirred for 10 min at rt. Solid K,CO; (3
equiv.) and the aryl imino-triazine adduct 3 (1 equiv.) were added and
then the resulting mixture was heated to 100 °C for 1 h. After cooling
to rt, the reaction mixture was quenched by addition of aq Na,S,0;,
followed by extractive workup with EtOAc and aqueous brine. Purifi-
cation by chromatography (silica gel, EtOAc/cyclohexane 3:97) gave
the tetrazole product 4 as a yellow oil or an off-white solid.

2-(4-Isopropylphenyl)-5-phenyl-2H-tetrazole (4a)

Yellow oil; yield: 3.4 g (12.8 mmol, 85%).

IR (neat): 2961 (m), 2870 (w), 1529 (m), 1511 (s), 1465 (s), 1449 (s),
1209 (s), 1052 (s), 835 (s), 729 (s), 689 cm™ (s).

'H NMR (CDCl;, 500 MHz): 6 = 8.26 (dd, J= 8.0, 1.8 Hz,2 H),8.10 (d, ] =
8.7 Hz, 2 H), 7.54-7.49 (m, 3 H), 7.42 (d, ] = 8.4 Hz, 2 H), 3.02 (hept, ] =
6.9 Hz, 1 H), 1.31 (d, ] = 6.9 Hz, 6 H).

13C NMR (CDCls, 125 MHz): 8 = 165.0 (C), 150.8 (C), 134.9 (C), 130.4
(CH), 128.9 (2 CH), 127.6 (2 CH), 127.3 (C), 127.0 (2 CH), 119.9 (2 CH),
33.9 (CH), 23.9 (2 CH;).

HRMS (ESI+): m/z [M + HJ" caled for C;gH;;N4: 265.1448; found:
265.1446.

5-Phenyl-2-(4-(trifluoromethoxy)phenyl)-2H-tetrazole (4b)
Off-white solid; yield: 2.5 g (8.0 mmol, 80%).

IR (neat): 3077 (w), 1610 (w), 1531 (m), 1263 (s), 1208 (s), 1179 (s),
1015 (m), 856 (m), 726 (s), 683 cm™" (s).

TH NMR (CDCl, 400 MHz): § = 8.26-8.19 (m, 4 H), 7.52-7.46 (m, 3 H),
7.41(d, ] = 8.0 Hz, 2 H).

13C NMR (CDCls, 100 MHz): & = 165.4 (C), 149.6 (C), 135.1 (C), 130.7
(CH), 129.0 (2 CH), 127.0 (2 CH), 126.8 (C), 122.1, 121.3 (2 CH), 120.3
(q,J =257 Hz, CF;).

19F NMR (CDCls, 376 MHz): 8 = -58.0 (s).

HRMS (ESI+): m/z [M + H]* calcd for C,4H;(N,OF;: 307.0801; found:
307.0802.

Crystal data (CCDC 2221466): P21/n; a 7.97598(18) A, b 11.5500(2) A,
28.7873(7) A, a = 90°, B = 93.383(2)°, y = 90°.

2-(2,6-Dimethylphenyl)-5-phenyl-2H-tetrazole (4c)

Yellow oil; yield: 900 mg (3.6 mmol, 71%).

IR (neat): 3035 (w), 2926 (w), 1528 (m), 1465 (s), 1449 (s), 1362 (m),
1014 (s), 995 (m), 776 (s), 732 (s), 694 cm™ (s).

'H NMR (DMSO-dg, 500 MHz): & = 8.17-8.13 (m, 2 H), 7.61-7.56 (m, 3
H),7.49 (t,J=7.7Hz, 1 H), 7.36 (d,] = 7.7 Hz, 2 H), 1.97 (s, 6 H).

13C NMR (DMSO-d,, 125 MHz): § = 165.0 (C), 136.1 (C), 135.4 (2 C),
131.6 (CH), 131.4 (CH), 129.8 (2 CH), 129.2 (2 CH), 127.1 (2 CH), 127.0
(C), 17.2 (2 CH).

HRMS (ESI+): m/z [M + HJ" caled for C;sHysN,: 251.1291; found:
251.1292.

Pyrazolines 6a-f,i and Pyrazoles 7-9; General Procedure

A homogeneous solution containing tetrazole 4a-c (1 equiv.) and di-
polarophile 5 (1.2 equiv.) was prepared in MeCN (100 mM) and
passed through the UV150 photoreactor of a Vapourtec E series sys-
tem equipped with a medium-pressure Hg-lamp (85% input power,
low-pass filter) and a flow coil (10 mL, PFA, residence time 10 min).
Temperature control was provided via a stream of compressed air (ca.
28 °C internal reactor temperature). The exiting reaction mixture
passed a BPR set to 2 bar before being collected in a flask. Evaporation
of the solvent was followed by chromatography (silica gel, EtOAc/cy-
clohexane (10:90 to 20:80) to give the pyrazoline 6a-f,i and pyrazole
7-9 after final evaporation of all volatiles.

Methyl 1-(4-Isopropylphenyl)-5-methyl-3-phenyl-4,5-dihydro-
1H-pyrazole-5-carboxylate (6a)
Yellow oil; yield: 2.5 g (7.5 mmol, 79%).

IR (neat): 2956 (m), 2869 (w), 1735 (s), 1666 (w), 1610 (m), 1497 (s),
1447 (m), 1384 (s), 1257 (s), 1203 (s), 1121 (s), 1089 (s), 826 (s), 756
(s), 690 (s), 530 cm™' (m).

'H NMR (CDCl;, 500 MHz): 6 = 7.73-7.69 (m, 2 H), 7.40 (dd, J = 8.1, 6.6
Hz,2 H), 7.36-7.32 (m, 1 H), 7.14 (d, ] = 8.7 Hz, 2 H), 7.06 (d, ] = 8.7 Hz,
2 H), 3.78 (s, 3H), 3.70 (d, ] = 16.6 Hz, 1 H), 3.29 (d, J = 16.6 Hz, 1 H),
2.87 (hept,J=6.9 Hz, 1 H), 1.64 (s, 3 H), 1.25 (d,J = 6.9 Hz, 6 H).

SynOpen 2023, 7, 69-75
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13C NMR (CDCls, 125 MHz): 8 = 174.4 (C), 144.6 (C), 141.3 (C), 140.8
(C), 132.5(C), 128.6 (2 CH + CH), 126.9 (2 CH), 125.6 (2 CH), 114.9 (2
CH), 69.2 (C), 52.9 (CHs), 48.0 (CH,), 33.3 (CH), 24.1 (2 CH;), 21.0
(CHs3).

HRMS (ESI+): m/z [M + H]* calcd for C,;H,5N,0,: 337.1911; found:
337.1909.

Methyl 5-Methyl-3-phenyl-1-(4-(trifluoromethoxy)phenyl)-4,5-
dihydro-1H-pyrazole-5-carboxylate (6b)
Yellow oil; yield: 1.4 g (3.7 mmol, 74%).

IR (neat): 2954 (w), 1739 (s), 1609 (w), 1509 (s), 1391 (w), 1253 (s),
1206 (s), 1162 (s), 1124 (m), 806 (w), 692 cm~! (w).

H NMR (CDCls, 400 MHz): § = 7.71-7.66 (m, 2 H), 7.42-7.33 (m, 3 H),
7.05-7.14 (m, 4 H), 3.76 (s, 3 H), 3.71 (d, ] = 16.8 Hz, 1 H), 3.30 (d, ] =
16.8 Hz, 1 H), 1.64 (s, 3 H).

13C NMR (CDCl;, 100 MHz): 8 = 173.9 (C), 145.9 (C), 142.4 (C), 142.0
(C), 131.9 (C), 129.0 (CH), 128.6 (2 CH), 125.8 (2 CH), 122.0 (2 CH),
120.6 (CF5, q,J = 254 Hz), 115.1 (2 CH), 69.0 (C), 53.1 (CH,), 48.3 (CH,),
21.1 (CHs).

19 NMR (CDCl5, 376 MHz): § = -58.3 (s).

HRMS (ESI+): m/z [M + H]* calcd for C,qH;gN,05F;: 379.1264; found:
379.1263.

Methyl 1-(2,6-Dimethylphenyl)-5-methyl-3-phenyl-4,5-dihydro-
1H-pyrazole-5-carboxylate (6c)
Yellow oil; yield: 1.1 g (3.4 mmol, 68%).

IR (neat): 2950 (m), 1732 (s), 1586 (m), 1445 (s), 1365 (m
1201 (m), 1065 (m), 759 (s), 693 cm~! (s).

1H NMR (CDCls, 400 MHz): § = 7.67-7.63 (m, 2 H), 7.36 (dd, ] = 8.3, 6.6
Hz, 2 H), 7.32-7.26 (m, 1 H), 7.03 (m, 3 H), 3.92 (d, J = 16.8 Hz, 1 H),
3.68 (s, 3 H), 3.19 (d, ] = 16.8 Hz, 1 H), 2.19 (broad, 6 H)*, 1.42 (s, 3 H).

13C NMR (CDCls, 100 MHz): 8 = 173.3 (C), 145.5 (C), 140.2 (C), 138.2 (2
C, broad)*, 132.9 (C), 129.1 (2 CH, broad)*, 128.5 (2 CH), 128.2 (CH),
127.1 (CH), 125.4 (2 CH), 70.9 (C), 52.4 (CH3), 46.1 (CH,), 22.1 (CH3),
20.2 (CH5)*, 18.7 (CH;)*. The signals denoted with * appear broadened
due to restricted rotation around the sterically congested C-N bond.

HRMS (ESI+): m/z [M + HJ* calcd for C,yH,;3N,0,: 323.1754; found:
323.1755.

), 1260 (m),

1-(4-Isopropylphenyl)-3-phenyl-3a,6a-dihydropyrrolo[ 3,4-c]pyra-
zole-4,6(1H,5H)-dione (6d)
Yellow solid; yield: 3.2 g (9.6 mmol, 81%).

IR (neat): 3255 (broad), 2959 (m), 2869 (w), 1784 (s), 1610 (w), 1514
(s), 1381 (m), 1342 (m), 1207 (m), 1192 (m), 827 (m), 736 cm~! (m).

H NMR (CDCl,, 400 MHz): & = 8.43 (s, 1 H), 7.99 (d, J = 7.1 Hz, 2 H),
7.46 (d, ] = 8.7 Hz, 1 H), 7.44-7.36 (m, 3 H), 7.20 (d, J = 8.6 Hz, 2 H),
5.11(d, ] = 10.9 Hz, 1 H), 4.85 (d, ] = 10.9 Hz, 1 H), 2.87 (hept, J = 6.9
Hz, 1 H),1.23 (d, ] = 7.0 Hz, 6 H).

13C NMR (CDCls, 100 MHz): & = 172.6 (C), 171.5 (C), 142.5 (C), 142.3
(C), 142.1 (C), 130.3 (C), 129.4 (CH), 128.6 (2 CH), 127.1 (2 CH), 127.0
(2 CH), 114.4 (2 CH), 66.9 (CH), 54.6 (CH), 33.4 (CH), 24.1 (CH;), 24.1
(CH3).

HRMS (ESI+): m/z [M + H]* calcd for Cy,H,,N;0,: 334.1550; found:
334.1551.

Crystal data (CCDC-2221468): P21/c; a 17.3845(5) A, b 6.2983(2) A, ¢
15.8490(3) A, a = 90°, p = 100.537(2)°, ¥ = 90°.

3-Phenyl-1-(4-(trifluoromethoxy)phenyl)-3a,6a-dihydropyrro-
lo[3,4-c]pyrazole-4,6(1H,5H)-dione (6e)
Beige solid; yield: 1.1 g (3.1 mmol, 77%).

IR (neat): 3203 (m), 3086 (w), 1774 (w), 1706 (s), 1508 (s), 1256 (s),
1200 (s), 1169 (s), 1090 (m), 1016 (m), 843 (m), 805 (m), 767 (m), 687
(m), 622 cm™! (m).

TH NMR (DMSO-d,, 400 MHz): & = 11.87 (br s, 1 H), 8.04-7.90 (m
H), 7.52-7.46 (m, 2 H), 7.45-7.39 (m, 3 H), 7.31 (d, ] = 8.7 Hz, 2
533(d,J=10.7 Hz, 1 H), 5.13 (d, J = 10.7 Hz, 1 H).

13C NMR (DMSO-dg, 100 MHz): & = 175.4 (C), 174.2 (C), 145.5 (C),
144.0 (C), 142.3 (C, q,J = 2 Hz), 130.8 (C), 129.9 (CH), 128.9 (2 CH),
127.5 (2 CH), 122.5 (2 CH), 120.7 (CF;, q, ] = 254 Hz), 115.2 (2 CH),
67.0 (CH), 55.6 (CH).

19F NMR (DMSO-dg, 376 MHz): 8 = -57.2 (s).

HRMS (ESI+): m/z [M + HJ* calcd for C,gH;3N3;05F;: 376.0904; found:
376.0903.

,2
)

5-Cyclopentyl-1-(4-isopropylphenyl)-3-phenyl-3a,6a-dihydropyr-
rolo[3,4-c]pyrazole-4,6(1H,5H)-dione (6f)
Beige solid; yield: 1.2 g (2.9 mmol, 74%).

IR (neat): 2957 (m), 2870 (w), 1703 (s), 1610 (m), 1513 (s), 1446 (w),
1369 (s), 1220 (m), 1158 (m), 891 (m), 735 (s), 690 cm™" (s).

H NMR (CDCls, 400 MHz): § = 8.05 (d, J = 7.0 Hz, 2 H), 7.52 (d, ] = 8.8
Hz, 2 H), 7.47-7.33 (m, 3 H), 7.21 (d, ] = 8.8 Hz, 2 H), 5.08 (d, J = 11.0
Hz, 1 H), 4.80 (d, J = 11.0 Hz, 1 H), 4.48 (p, J = 8.3 Hz, 1 H), 2.88 (hept,
J=6.9Hz,1H),2.01-1.78 (m, 6 H), 1.59-1.54 (m, 2 H), 1.23 (d, J = 7.0
Hz, 6 H).

13C NMR (CDCl;, 100 MHz): 8 = 172.8 (C), 171.9 (C), 142.7 (C), 142.4
(C), 142.0 (C), 130.6 (C), 129.3 (CH), 128.5 (2 CH), 127.1 (2 CH), 127.0
(2 CH), 114.4 (2 CH), 65.5 (CH), 53.2 (CH), 52.5 (CH), 33.4 (CH), 28.8
(CH,), 28.7 (CH,), 25.3 (CH,), 25.3 (CH,), 24.1 (CH,), 24.1 (CHs).

HRMS (ESI+): m/z [M + HJ* calcd for C,5H,gN;0,: 402.2176; found:
402.2176.

1-(4-Isopropylphenyl)-3-phenyl-1,3a,4,5,6,7a-hexahydro-7H-in-
dazol-7-one (6i)
Yellow waxy solid; yield: 700 mg (2.1 mmol, 80%).

IR (neat): 2956 (m), 2866 (w), 1716 (s), 1610 (m), 1514 (s), 1378 (m),
1123 (m), 828 (m), 766 (m), 693 cm™! (m).
TH NMR (DMSO-dg, 400 MHz): § = 7.74-7.70 (m, 2 H), 7.45-7.33 (m, 3
H), 7.09 (d, ] = 8.6 Hz, 2 H), 6.99 (d, ] = 8.7 Hz, 2 H), 4.50 (d, J = 11.3 Hz,
1H),4.38 (dt,J = 11.4, 6.0 Hz, 1 H), 2.77 (h,] = 6.9 Hz, 1 H), 2.44-2.33
(m, 2 H), 1.94-1.78 (m, 3 H), 1.57-1.47 (m, 1 H), 1.14 (d, ] = 6.9 Hz, 6
H).
13C NMR (DMSO-dg, 100 MHz): & = 209.9 (C), 1523 (C), 144.6 (C),
140.6 (C), 131.2 (C), 129.4 (CH), 129.2 (2 CH), 127.1 (2 CH), 126.6 (2
CH), 114.5 (2 CH), 70.2 (CH), 49.3 (CH), 37.8 (CH,), 33.1 (CH), 24.9
(CH,), 24.5 (2 CH,), 21.0 (CH,).

HRMS (ESI+): m/z [M + H]* calcd for C,,HysN,0: 333.1961; found:
333.1961.

1-(4-Isopropylphenyl)-3-phenyl-1H-pyrazole-5-carbonitrile (7)
Yellow oil; yield: 500 mg (1.8 mmol, 70%).

IR (neat): 3048 (s), 2961 (m), 2927 (w), 2235 (m), 1515 (s), 1459 (m),
1434 (m), 1357 (m), 837 (s), 767 (s), 693 cm™ (s).
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H NMR (CDCl,, 400 MHz): & = 7.86-7.83 (m, 2 H), 7.67 (d, J = 8.5 Hz, 2
H), 7.44 (dd, ] = 8.2, 6.4 Hz, 2 H), 7.41-7.36 (m, 3 H), 7.27 (s, 1 H), 2.99
(hept,J = 7.3 Hz, 1 H), 1.29 (d, ] = 7.0 Hz, 6 H).

13C NMR (CDCl;, 100 MHz): 8 = 152.5 (C), 150.0 (C), 136.4 (C), 131.2
(C), 128.9 (CH), 128.9 (2 CH), 127.5 (2 CH), 125.9 (2 CH), 122.9 (2 CH),
114.9 (C), 112.7 (CH), 111.2 (C), 33.9 (CH), 23.9 (2 CH,).

HRMS (ESI+): m/z [M + HJ* caled for C;qH;gN;: 288.1495; found:
288.1496.

1-(4-Isopropylphenyl)-3-phenyl-1H-pyrazole-4-carbonitrile (8)
Pale yellow solid; yield: 905 mg (3.2 mmol, 79%).

IR (neat): 3130 (w), 2960 (s), 2928 (w), 2226 (m), 1534 (s), 1515 (m),
1450 (m), 1360 (m), 1229 (m), 1054 (m), 960 (m), 831 (m), 774 (m),
695 cm! (m).

14 NMR (CDCls, 400 MHz): & = 8.30 (s, 1 H), 8.06 (dd, ] = 8.4, 1.4 Hz, 2
H), 7.63 (d, ] = 8.5 Hz, 2 H), 7.51-7.41 (m, 3 H), 7.35 (d, ] = 8.5 Hz, 2 H),
2.97 (hept, J= 6.9 Hz, 1 H), 1.28 (d, ] = 7.0 Hz, 6 H).

13C NMR (CDCl;, 100 MHz): 8 = 153.7 (C), 149.3 (C), 136.7 (C), 133.4
(CH), 130.5 (C), 129.5 (CH), 128.9 (2 CH), 127.7 (2 CH), 126.8 (2 CH),
119.8 (2 CH), 114.3 (C), 91.4 (C), 33.8 (CH), 23.9 (2 CH;).

HRMS (ESI+): m/z [M + HJ* caled for C;qH;gN;: 288.1495; found:
288.1494.

Crystal data (CCDC-2221467): P1; a 9.0051(2) A, b 11.4268(2) A, ¢
15.6532(3) A, 0. = 94.185(2)°, B = 98.826(2)°, y = 106.996(2)".

1-(4-Isopropylphenyl)-3-phenyl-1,4,5,6-tetrahydro-7H-indazol-7-
one (9)
Yellow solid; yield: 725 mg (2.2 mmol, 89%).

IR (neat): 2957 (m), 2869 (w), 1685 (s), 1515 (m), 1435 (m), 1015 (m
919 (m), 836 (m), 696 (m), 550 cm~! (m).

'H NMR (CDCl;, 500 MHz): 6 = 7.79 (dd, J = 7.6, 1.6 Hz, 2 H), 7.50-7.44
(m,4H),7.41-7.36 (m, 1 H), 7.32(d,J = 8.5 Hz, 2 H), 3.06 (t, /] = 6.1 Hz,
2 H),2.99 (hept, J = 6.9 Hz, 1 H), 2.64 (dd, J = 7.3, 5.5 Hz, 2 H), 2.22 (p,
J=6.2Hz,2H),1.30(d,J=6.9 Hz, 6 H).

13C NMR (CDCl;, 125 MHz): 8 = 188.3 (C), 149.0 (C), 148.6 (C), 137.9
(C), 135.7 (C), 132.6 (C), 128.7 (2 CH), 128.6 (C), 128.1 (CH), 127.2 (2
CH), 126.5 (2 CH), 125.3 (2 CH), 39.7 (CH,), 33.9 (CH), 24.7 (CH,), 23.9
(2 CH,), 22.8 (CH,).

HRMS (ESI+): m/z [M + H]* calcd for C,Hy3N,0: 331.1805; found:
331.1812.

),
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