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3-Aryl Propenals and Propenones by Heck Reaction of Aryl 

Bromides and Acrolein or Enones – Application to Consecutive 

Three-component and Pseudo Four-component Pyrazole 

Syntheses 

Marvin Stephan,[a] Jesco Panther,[a] Fabio Wilbert,[a] Pauline Ozog,[a] and Thomas J. J. Müller[a]* 

Abstract: 3-(Hetero)aryl propenals and propenones are efficiently 

prepared by Heck reaction of (hetero)aryl bromides and acrolein or 

vinyl ketones using Beller's CataCXium
®
 Ptb ligand under Jeffery's 

and Fu's conditions. The formation of these three-carbon building 

blocks is embedded into consecutive three- and pseudo four-

component syntheses of 3-(hetero)aryl and 3,5-diarylpyrazoles with 

a broad substitution pattern in moderate to excellent yield. 

Introduction 

,-Unsaturated ketones and aldehydes constitute a highly 

important class of functional groups in organic chemistry.[1] Their 

structural motif is often found in natural products,[2] in 

fragrances,[3] as well as in pharmaceuticals.[4] In particular, 

cinnamic aldehyde derivatives find widespread application in 

food,[3a] cosmetic[5] and perfume, agrochemical[6] and 

pharmaceutical industry. As Michael systems ,-unsaturated 

ketones and aldehydes are valuable three carbon building 

blocks in syntheses of five-, six- and seven-membered nitrogen 

heterocycles, such as pyrazoles,[7] quinolines,[8] or pyridines.[9] In 

addition they have recently received considerable attention as 

substrates in organocatalysis.[10] 

Although often synthesized by aldol condensation of aryl 

aldehydes with acetaldehyde cinnamic aldehydes are obtained 

only in modest yields, after long reaction times and with a limited 

substrate scope.[11] While the Wittig and Horner-Wadsworth-

Emmons reactions offer a synthetically efficient alternative, the 

preceding preparation of phosphorus ylids or dialkyl 

phosphonates renders syntheses of ,-unsaturated carbonyl 

less efficacious. An efficient and selective method for the 

preparation of ,-unsaturated compounds could be achieved by 

direct synthesis from a C3 building block. Acrolein, one of the 

most used C3 building blocks, is a component that has become 

increasingly important in recent years and can be derived from 

renewable raw materials.[12] For this, the Heck reaction, as a 

standard instrument in the chemist’s toolbox, with acrolein would 

fit perfectly. Unfortunately, Heck reactions with acrolein as 

starting material with palladacycles or Pd(OAc)2/PPh3 as 

catalysts either turned out to be quite inactive for electron rich 

arylbromides or bromobenzene often leading to unselective side 

reactions and polymerization due to the inherently high 

electrophilicity and reactivity of acrolein.[13] To avoid these 

disadvantages, in the literature either the dialkyl acetal derivative 

is used to deactivate the Michael system and ensure synthetic 

handling,[14] or the more reactive, but atom-inefficient, aryl 

iodides are used instead (Scheme 1).[15] 

 

Scheme 1. Heck synthesis of cinnamic aldehydes with acrolein and 

derivatives as substrates.
 

Cinnamic aldehydes are important C3 building blocks in 

heterocycle syntheses. Particularly interesting are pyrazoles, 

which as aromatic 1,2-diazoles cover a broad spectrum of 

biological[16] and pharmacological[17] activity, such analgesics,[18] 

antiglaucoma agents, antihypercholestrolemics, anti-Alzheimer’s 

agents, as well as anticancer,[19] antihyperglycemic, anti-

inflammatory,[20] antimalarial, antimicrobial,[21] antiparkinsonian, 

antipsychotic, antiviral, and neuroprotective activity (Figure 1). 

Due to broad applicability of pyrazoles, the demand for modular 

syntheses for pyrazoles has never ceased. 

 

Figure 1. Selected pharmaceutically relevant pyrazole based drugs.
 

Based upon our previous studies,[22] we herein report, to the best 

of our knowledge, the first use of palladium CataCXium® Ptb 

complexes in Heck reactions providing selective formation of 3-
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(hetero)aryl propenals in high yields and with a broad 

substitution pattern in an efficient protocol under mild reaction 

conditions. In addition, the Heck synthesis of 3-(hetero)aryl 

propenals provides an excellent entry to consecutive three-

component syntheses of pyrazoles. 

Results and Discussion 

In the course of our program to provide catalytic entries to three-

carbon building blocks for consecutive multicomponent 

syntheses of heterocycles[23] and functional chromophores,[24] we 

identified a combination of Jeffery's and Fu's conditions as most 

favorable for performing catalytic coupling of allyl alcohols for 

furnishing 3-(hetero)aryl propanals.[22] Jeffery et al carried out 

the reaction in the presence of a phase transfer catalyst, and  

under Fu’s conditions the ligands are changed to sterically 

demanding phosphane ligands. In an initial study 1-naphthyl 

bromide (1a) and acrolein (2a) were reacted in DMF at 80 °C for 

16 h in the presence of catalytic amounts of Pd2dba3, 

CataCXium® Ptb, NaHCO3 as a base, nBu4NCl as a phase 

transfer catalyst to give enal 3a in 70% yield (Scheme 2). 

Scheme 2. Initial conditions adapted from the coupling of allyl alcohols with 1-
naphthyl bromide (1a).

 

Encouraged by this result, we set out to optimize the synthesis 

of cinnamic aldehyde (3b) with bromobenzene (1b) and acrolein 

(2a) as substrates (Table 1). 

 

Table 1. Optimization of the Heck-reaction of bromobenzene (1b) and acrolein 
(2a) to give cinnamaldehyde (3b). 

 

Entry 
Acrolein 

(2a) 
Base  T 

 
t 

Yield of cinnamic 
aldehyde (3b)

[a]
 

 [equivs] [equivs] [°C] [h] [%] 

1 1.5 NaHCO3 (2.5) 100 1 67 

2 1.5 NaHCO3 (2.5) 70 1 traces 

3 1.5 Cy2NMe (1.1) 100 1 11 

4 1.5 NaHCO3 (2.5) 100 2 73 

5
[b]

 1.5 NaHCO3 (2.5) 100 1 58 

6
[b]

 1.5 NaHCO3 (2.5) 100 2 53 

7 1.5 NaHCO3 (2.5) 100 4.5 80 

8 1.5 NaHCO3 (2.5) 100 3 71 

9
[c]

 1.5 NaHCO3 (2.5) 100 3 24 

10 1.1 NaHCO3 (2.5) 100 3 50 

11 3.0 NaHCO3 (2.5) 100 3 60 

12 1.5 NaHCO3 (2.5) 100 (MW) 3 87 

13
[d]

 1.5 NaHCO3 (2.5) 100 (MW) 3 37 

14 1.5 NaHCO3 (1.1) 100 (MW) 3 83 

15 1.5 NaHCO3 (1.1) 100 (MW) 4 92 (89)
[d]

 

16 1.5 NaHCO3 (1.1) 110 (MW) 3 73 

17 1.1 NaHCO3 (1.1) 100 (MW) 4 70 

18
[f]
 1.5 NaHCO3 (1.1) 100 (MW) 4 20 

[a] All yields determined by gas chromatography (detector: FID; internal 

standard: n-dodecane). [b] DMF (1 mL) was applied as a solvent. [c] NMP was 

applied as a solvent. [d] 
n
Bu4NCl was omitted. [e] Yield after chromatography 

on silica gel. [f]  CataCXium
®
 PtB was omitted. 

Lower reaction temperatures caused a decreased yield (Table 1, 

entry 2), as well as increasing the temperature above 110 °C 

(Table 1, entry 16). As a base NaHCO3 proved to be far superior 

to Cy2NMe (Table 1, entry 3), which only gave trace amounts of 

cinnamic aldehyde 3b. Likewise, DMF turned out to be the 

solvent of choice while NMP, also an aprotic polar solvent, only 

furnished a decreased yield (Table 1, entry 9). Prolongation of 

the reaction time to 4 h turned out to be favorable, often leading 

to full conversion (Table 1, entries 4-8 and 15). Interestingly, at 

higher concentration double arylation of acrolein was observed 

as a byproduct. Reduction and increase of the equivalents of 

acrolein led to somehow lower yields (Table 1, entries 10 and 

11). Dielectric heating turned out to give higher yields in 

comparison to conductive heating at the same reaction 

temperature (Table 1, entries 8 and 12). To some extent this 

might also occur because of the smaller gas volume in a 

microwave vial compared to a regular Schlenk tube. 

Tetrabutylammonium chloride turned out to be crucial for the 

success of reaction (Table 1, entry 13). Also, the amount of base 

cannot be reduced without causing a decrease in yield (Table 1, 

entry 14). In summary, the Heck reaction is most successfully 

conducted in a microwave oven at 100 °C for 4 h with NaHCO3 

as a base and under Jeffery's conditions (Table 1, entry 15). 

With the optimal reaction conditions in hand the substrate scope 

was screened with respect to the (hetero)aryl halide 1 (Table 2). 

The structures of the 3-(hetero)aryl substituted ,-unsaturated 

compounds 3 were unambiguously assigned by 1H and 13C NMR 

spectroscopy and mass spectrometry, as well as the molecular 

composition was corroborated by combustion analyses or high-

resolution mass spectrometry. 

All 3-(hetero)aryl substituted ,-unsaturated compounds 3 were 

obtained as trans-isomers. The double bond configuration was 

assigned by the occurrence of a single set of signals in 1H NMR 

spectra with typical vicinal coupling constants of 16-17 Hz for the 

double bond protons. 

To our delight, a broad variety of substrates 1 and 2 was 

successfully transformed and the pure products 3 were isolated 

after flash chromatography on silica gel in moderate to excellent 

yields. The efficiency of the process was demonstrated by aryl 

bromides with electronically different nature (Table 2, entries 1-

6). Expectedly, electron-deficient aryl bromides undergo faster 

coupling than electron-rich derivatives. A sterically demanding 

bromide such as substrate 1l reluctantly couples and gives a 

lower yield (Table 2, entry 12) than sterically unbiased 

substrates. In addition, electron-poor and electron-rich 

heterocycles were coupled uneventfully and successful ligation 

of acrolein was demonstrated with thiophene, quinoline, 

phenothiazine and benzothiophene (Table 2, entries 7-9, 11). 

Next, the influence of the acrolein substrates was tested. 

Various other ,-unsaturated aldehydes or ketones were 

employed and coupled in high yields (Table 2, entries 13-15, 17). 

The sequentially palladium-catalyzed[25] twofold coupling of 

acrolein with two equivalents of bromobenzene (1b) gave the 

3,3-diphenyl acrolein (1n) in 95% yield (Table 2, entry 16) and 

also ortho-nitro bromobenzene (1m) can be transformed 

efficiently (Table 2, entry 18). 

With this fast and efficient access to ,-unsaturated carbonyl 

derivatives Michael addition-cyclocondensation steps can be 

readily concatenated in a one-pot fashion to obtain 1H-pyrazoles 

in an elegant and modular fashion. For optimization of the 

condensation step the reaction between (E)-4-phenylbut-3-en-2-
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one (3m) and p-tolylsulfonyl hydrazide was selected as a model 

reaction and a reaction temperature of 80 °C for 1.5 h was 

identified as optimal conditions. 

 

Table 2. Heck coupling of (hetero)aryl bromides 1 and ,-unsaturated 

carbonyl compounds 2 to give 3-(Hetero)aryl substituted ,-unsaturated 
ketones and aldehydes 3 

 

Entr
y 

(Hetero)aryl 
bromide 1 

,-
Unsaturated 

carbonyl 
compound 2  

t 
[h] 

Yield of enone/enal 
3 ([%])

[a]
 

1 

1a 

2a 4 

3a 

(80) 

2 

1b 

2a 4 
3b (89) 

3 

1c 

2a 2 

3c (97) 

4 

1d 

2a 4 

3d (70) 

5 

1e 

2a 3 

3e (74) 

6 

1f 

2a 3 

3f (92) 

7 
1g 

2a 2 3g 

(82) 

8 

1h 

2a 2 
3h 

(66) 

9 

1i 

2a 4 

3i (83) 

10 

1j 

2a 4 

3j 
(78) 

11 

1k 

2a 2 
3k 

(69) 

12 

1l 

2a 6 

3l 
(35) 

13 1b 
2b 

4 

3m 
(96) 

14 1b 
2c 

3 

3n (94) 

15 1b 
2d 

4 

3o 
(78)

[b]
 

16
[c]

 1b 2a 8 3n (95) 

17 1f 

2e 

10 

3p (42)
[d]

 

18 

1m 

2a 1 

3q (88) 

[a] All yields determined after isolation by flash chromatography. [b] E/Z-3p = 

2.2:1. [c] A twofold excess of bromobenzene (1b) was employed. [d] E/Z-3q = 

1.1:1. 

For further optimization of the Heck-cyclocondensation 

sequence, the conditions for the cyclization were scrutinized by 

following the formation of the fluoro derivative 4g from p-fluoro 

bromobenzene (1n), methyl vinylketone (2b), and tosylhydrazine 

(Table 3) by 19F NMR spectroscopy applying an increased 

relaxation time of 10 s to get reliable integration. Indeed, for the 

cyclization step literature conditions have proven to be most 

successful.[26] Concentrated sulfuric acid (Table 3, entry 6) led 

most selectively to full conversion and the highest yield of 89% 

of pyrazole 4g for the one-pot procedure was obtained after 

flash chromatography. 

Table 3. Optimization of the cyclocondensation step of the Heck-

cyclocondensation synthesis of pyrazole 4g. 

 

Entry Acid (equivs) Yield of pyrazole 4g [%]
[a]

 

1 - 20 

2 HCl (37%) (0.1) 41 

3 HCl (37%) (1.0) 77 

4 AcOH (1.0) 53 

5 H3PO4 (85%) (1.0) 62 

6 H2SO4 (95%) (1.0) 92 (89)
[b]

 

7 p-toluene sulfonic acid · H2O (1.0) 75 

8 T3P
®
 (0.3) 30 

[a] All yields determined by 
19

F NMR spectroscopy. [b] Yield (in parenthesis) 

determined after chromatography. 

Based on the optimized conditions the scope of this one-pot 

sequence was scouted with different (hetero)aryl bromides 1 

and a series of ,-unsaturated carbonyl compounds 2 to furnish 

3(,5)-substituted pyrazoles 4 (Scheme 3, Table 4). The pyrazole 

derivatives 4 were unequivocally characterized by 1H and 13C 

NMR spectroscopy and mass spectrometry, as well as the 

molecular composition was corroborated by combustion 

analyses or high-resolution mass spectrometry. Interestingly, in 

the 1H and 13C NMR spectra of pyrazoles 4 only a single set of 

signals could be observed, which can either be rationalized by 

rapid NH-tautomerism in solution or a single dominant tautomer. 

In accordance with the literature[27] the predominance of 3-aryl-

1H-pyrazoles versus 5-aryl-1H-pyrazoles was assumed. 
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Scheme 3. Consecutive three-component Heck-cyclocondensation synthesis 

of 3(,5)-substituted pyrazoles 4. 

Table 4. Consecutive three-component synthesis of 3(,5)-substituted 
pyrazoles 4 

Entr
y 

(Hetero)aryl 
bromide 1 

,-
Unsaturated 

carbonyl 
compound 2  

Yield of 3-(hetero)aryl-1H-
pyrazole 4 ([%]) 

1 

1n 

2a 

4a (76) 

2 

1o 

2a 

4b (41) 

3 1d 2a 

4c (45) 

4 

1p 

2a 

4d (74) 

5 1e 2a 

4e (56) 

6 1b 2b 

4f (88) 

7 1n 2b 

4g (89) 

8 

1q 

2b 

4h (98) 

9 1o 2b 

4i (82) 

10 

1r 

2b 

4j (58) 

11 1p 2b 

4k (96) 

12 1e 2b 

4l (67) 

13 

1s 

2b 

4m (12) 

14 1g 2b 

4n (38) 

15 

1t 

2b 

4o 
(56) 

16
[c]

 

1u 

2b 

4p (54) 

17 1n 
2f 

4q (57) 

18 1e 2f 

4r (34) 

19 1p 2f 

4s (69) 

20 1n 

2g 4t 

(46) 

21 1n 

2h 
4u (38) 

22 1p 2h 

4v (53) 

23 1n 
2i 

4w (53) 

24 1o 2i 

4x (74) 

 

A broad variety of functionalized (hetero)aryl bromides 1 with 

different substitution patterns are tolerated. Bromides with 

electron-withdrawing groups are smoothly transformed into the 

corresponding pyrazoles (Table 4, entries 1, 2, 4, 7, 8, 9, 11, 17, 

19, 24), while electron-rich substrates give lower yields in 

comparison (Table 4, entries 3, 5, 10, 12, 14, 15). Even cyano 

derivatives (Table 4, entries 2, 9, 24) and boronic esters (Table 

4, entry 16) are uneventfully carried through the one-pot 

sequence. The influence of steric hindrance was probed and 

found to give low yields (Table 4, entry 13). Nitrogen containing 

heterocycles are employed with moderate yield (Table 4, entry 

10). Acrolein (2a) derived pyrazoles give lower yields than 

methyl vinyl ketone (2b) derived congeners. This finding can be 

readily rationalized by the higher effective concentration of 
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methyl vinyl ketone (2c) due to its higher boiling point. ,-

Unsaturated carbonyl compounds with higher substitution 

patterns than methyl show significant polymerization behavior, 

nonetheless it is still possible to transform them in the 

corresponding pyrazoles 4 (Table 4, entries 17-24). 

The ready access to 3,3-diaryl substituted enals 3n and 3p 

(Table 2, entries 14, 16, and 17) inspired us to probe their 

conversion into pyrazoles by a pseudo-four-component one-pot 

reaction. Interestingly, instead of forming non-aromatic 3H-

pyrazoles (Scheme 4) the sequence furnishes 3,4-aryl-1H-

pyrazoles 5 (Scheme 4, Table 5). As reported in the literature[28] 

3,3-aryl 3H-pyrazoles undergo a series of 1,5-rearrangements 

upon treatment with acid and at elevated temperatures in favor 

of forming the heteroaromatic 3,4-aryl-1H-pyrazoles 5. 

 
Scheme 4. Consecutive pseudo four-component Heck-cyclocondensation 

synthesis of 3,4-diaryl-1H-pyrazoles 5. 

Table 5. Pseudo four-component synthesis of 3,4-diaryl-1H-pyrazoles 5 

Entry (Hetero)aryl bromide 1 Yield of 3,4-diaryl-1H-pyrazoles 5 ([%]) 

1 1n 

5a (60) 

2 1b 

5b (50) 

3 

1v 

5c (60) 

4 1e 

5d (47) 

5 1o 

5e (14) 

 

After an optimization of the cyclization, the model product 5a 

(Table 5, entry 1) is obtained in 60% yield. Likewise, several 3,4-

aryl disubstituted pyrazoles 5 are obtained in 14 to 60% yield. All 

3,4-aryl-1H-pyrazoles 5 were structurally distinctively assigned 

by 1H, 13C and NOESY NMR spectroscopy and mass 

spectrometry, and the molecular composition was confirmed by 

combustion analysis or high-resolution mass spectrometry. 

Electron-rich to electro-neutral aryl halides are well transformed 

in contrast to electron-deficient derivatives. This finding is in 

agreement with the literature,[ 28c] where 3,3-aryl 3H-pyrazoles 

with electron-rich arenes undergo faster carbocation 

rearrangements than electron-deficient aryl or alkyl derivatives. 

Conclusion 

In summary 3-(hetero)aryl propenals and propenones are 

efficiently synthesized by Heck reaction of (hetero)aryl bromides 

and acrolein or vinyl ketones under a combination of Jeffery's 

and Fu's conditions with Beller's CataCXium® Ptb ligand. With 

this straightforward access to 3-substituted ,-unsaturated 

carbonyl derivatives as three-carbon building blocks 3-

(hetero)aryl and 3,5-diarylpyrazoles with a broad substitution 

pattern were synthesized by consecutive three- and pseudo 

four-component syntheses in modest to excellent yield. This 

concise and modular approach is perfectly suited to prepare 

substance libraries of decorated pyrazoles. Further studies 

addressing one-pot syntheses of more complex functional 

chromophores based upon the Heck entry to substituted enals 

are currently underway. 

 

Supporting information for this article is available on the WWW 

under http://dx.doi.org/10.1002/chem.2020xxxxx. 

Experimental details on syntheses of enones 2, optimization 

studies, experimental details on the preparation and full 

characterization of enones/enals 3, pyrazoles 4, and 5, 1H and 
13C NMR spectra of compounds 3, 4, and 5.  

Experimental Section 

Heck coupling of bromobenzene (1b) and methyl vinyl ketone (2b) 

to give (E)-4-Phenylbut-3-en-2-one (3m). A typical procedure. In a 

thick-walled 10 mL microwave tube with a magnetic stir bar were placed 

Pd2(dba)3 (5 mg, 0.5 mol%) CataCXium® Ptb (6 mg, 2 mol%), nBu4NCl 

(278 mg, 1.00 mmol), bromobenzene (1b) (157 mg, 1.00 mmol),  methyl 

vinyl ketone (2b) (105 mg, 1.50 mmol), NaHCO3 (92 mg, 1.10 mmol), and 

DMF (3 mL). The resulting suspension was reacted in a microwave 

reactor at 100 °C for 4 h. After cooling to room temp, ethyl acetate (10 

mL) was added and the organic layer was extracted with brine (3  10 

mL). The aqueous extract was then extracted with ethyl acetate (3  

10 mL). The combined organic phases were dried (anhydrous 

magnesium sulfate) and the solvents were removed under reduced 

pressure. The residue was adsorbed on Celite® and purified by column 

chromatography on silica gel (n-hexane/ethyl acetate) to give compound 

3m (140 mg, 96%) as a pale yellow solid, Mp 151 °C. 1H NMR (300 MHz, 

CDCl3)  7.54 (m, 3 H), 7.36-7.43 (m, 3 H), 6.71 (d, JH-H = 16.3 Hz, 1 H), 

2.38 (s, 3 H); 13C NMR (75 MHz, CDCl3)  98.5 (Cquat), 143.5 (CH), 134.5 

(Cquat), 130.6 (CH), 129.1 (CH), 128.4 (CH), 127.3 (CH), 27.6 (CH3); EI-

MS (70 eV, m/z (%)): 146 (M+, 80), 131 (M+ - CH3, 100), 103 (M+ - C2H3O, 

20), 77 (C6H5, 28), 51 (19); IR: ̃ = 3082, 3059, 3026, 2997, 2988, 2972, 

2911, 2901, 1670, 1667, 1624, 1609, 1576, 1495, 1451, 1422, 1358, 

1327, 1294, 1281, 1254, 1204, 1175, 1101, 1074, 1020, 974, 907, 841, 

820, 746, 689, 631 cm-1; Anal calcd for C10H10O (146.2): C 82.16, H 6.89; 

Found: C 82.07, H 6.84. 
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Consecutive three-component synthesis of 3,5-disubstituted 

pyrazole 4h. A typical procedure. In a thick-walled 10 mL microwave 

tube with a magnetic stir bar were placed Pd2(dba)3 (5 mg, 0.5 mol%), 

CataCXium® Ptb (6 mg, 2 mol%), nBu4NCl (278 mg, 1.00 mmol), aryl 

bromide 1q (205 mg, 1.00 mmol), methyl vinyl ketone (2b) (105 mg, 

1.50 mmol), NaHCO3 (92 mg, 1.1 mmol), and DMF (3 mL). The reaction 

mixture was overlaid with a nitrogen atmosphere and reacted in a 

microwave reactor at 100 °C for 4 h. Then, tosylhydrazide (372 mg, 2.00 

mmol) and 95% H2SO4 (103 mg, 1.00 mmol) were added and reacted in 

the microwave reactor at 80 °C for 1.5 h. Then, NaOH (132 mg, 3.30 

mmol) was added to the reaction mixture and heated in the microwave 

reactor at 100 °C for 4 h. After cooling to room temp, ethyl acetate (10 

mL) was added and extracted with brine (3  10 mL). The aqueous layer 

was then extracted with ethyl acetate (3  10 mL). The combined organic 

phases were dried (anhydrous magnesium sulfate) and the solvents were 

removed under reduced pressure. The residue was adsorbed on Celite® 

and purified by column chromatography on silica gel (n-hexane/ethyl 

acetate) to give compound 4h (202 mg, 98%) as a beige solid, Mp 111-

112 °C, Rf (n-hexane/ethyl acetate 1:1) = 0.27. 1H NMR (600 MHz, 

CDCl3)  8.48 (s, 1H), 7.48 – 7.38 (m, 2H), 6.93 (t, JH-H = 8.5 Hz, 1H), 

6.24 (s, 1H), 3.89 (s, 3H), 2.29 (s, 3H); 13C NMR (150 MHz, CDCl3)  

162.8 (Cquat), 152.5 (d, JC-F = 245.1 Hz, Cquat), 147.4 (d, JC-F = 10.8 Hz, 

Cquat), 142.8 (Cquat), 126.2 (d, JC-F = 7.1 Hz, Cquat), 121.6 (d, JC-F = 3.5 Hz, 

CH), 113.7 (d, JC-F = 19.5 Hz, CH), 113.6 (d, JC-F = 2.2 Hz, CH), 101.9 

(CH), 56.4 (CH3), 11.6 (CH3); 
19F NMR  (565 MHz, CDCl3):  -135.7; EI-

MS (70 eV, m/z (%)): 207 (13), 206 ([M]+, 100), 192 ([M - CH2]
+, 12), 191 

([M - CH3]
+, 99), 163 (([M - CH3N2]

+, 41), 133 ([M - C2H5N2O]+, 13); IR: ̃ 

= 3186, 3134, 3100, 2984, 2941, 2843, 1628, 1591, 1578, 1533, 1474, 

1460, 1445, 1285, 1269, 1256, 1130, 1061, 1026, 986, 876, 810, 772, 

758, 716 cm-1; Anal calcd for C11H11FN2O (206.2): C 64.07, H 5.38, N 

13.58; Found: C 64.03, H 5.43, N 13.69. 

Consecutive pseudo four-component synthesis of 3,4-diaryl-1H-

pyrazole 5c. A typical procedure. In a thick-walled 10 mL microwave 

tube with a magnetic stir bar were placed Pd2(dba)3 (5 mg, 0.5 mol%), 

CataCXium® Ptb (6 mg, 2 mol%), nBu4NCl (278 mg, 1.00 mmol), aryl 

bromide 1v (505 mg, 2.50 mmol), methyl vinyl ketone (2b) (70 mg, 1.0 

mmol), NaHCO3 (185 mg, 2.2 mmol), and DMF (3 mL). The reaction 

mixture was overlaid with a nitrogen atmosphere and reacted in a 

microwave reactor at 100 °C for 8 h. Then, tosylhydrazide (372 mg, 2.00 

mmol) and 95% H2SO4 (103 mg, 1.00 mmol) were added and reacted in 

the microwave reactor at 80 °C for 1.5 h. Then, NaOH (132 mg, 3.30 

mmol) was added to the reaction mixture and heated in the microwave 

reactor at 100 °C for 6 h. After cooling to room temp, ethyl acetate (10 

mL) was added and extracted with brine (3  10 mL). The aqueous layer 

was then extracted with ethyl acetate (3  10 mL). The combined organic 

phases were dried (anhydrous magnesium sulfate) and the solvents were 

removed under reduced pressure. The residue was adsorbed on Celite® 

and purified by column chromatography on silica gel (n-hexane/ethyl 

acetate) to give compound 5c (162 mg, 60%) as a colorless solid, Mp 

171-172 °C, Rf (n-hexane/ethyl acetate 3:1) = 0.13. 1H NMR (600 MHz, 

CDCl3)  7.32 (d, JH-H = 8.4 Hz, 1H), 7.29 (d, JH-H = 8.6 Hz, 1H), 7.23 (d, 

JH-H = 8.6 Hz, 1H), 7.11 (d, JH-H = 8.4 Hz, 1H), 2.23 (s, 2H); 13C NMR 

(150 MHz, CDCl3)  141.1 (Cquat), 133.9 (Cquat), 132.8 (Cquat), 131.7 

(Cquat), 131.2 (CH), 130.6 (Cquat), 129.1 (CH), 128.8 (CH), 128.7 (CH), 

116.9 (Cquat), 10.8 (CH3); EI-MS (70 eV, m/z (%)): 306 (11), 305 (15), 304 

([37Cl-M]+, 64), 302 ([35Cl-M]+, 100), 301 ([35Cl-M - H]+, 39), 268 (14), 267 

(28), 263 (33), 115 (15); IR: ̃ = 3274, 3041, 3026, 2922, 2852, 2827, 

2804, 278, 1502, 1483, 1437, 1419, 1396, 1278, 1261, 1172, 1113, 1092, 

1013, 993, 972, 829, 790, 762, 741, 692 cm-1; Anal calcd for C16H12Cl2N2 

(303.2): C 63.39, H 3.99, N 9.24; Found: C 63.12, H 3.78, N 8.94. 
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