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	Abstract: The regioselectivity of the [3+2] cyclocondensation of trifluoromethyl-α,β-ynones with hydrazines can be readily tuned to preferentially afford either 3- or 5-trifluoromethylpyrazoles through variation of the reaction conditions. Under catalysis with copper(II) acetate (2.0 mol%),  cyclocondensation proceeded smoothly to yield 3-trifluoromethylpyrazoles with high regioselectivity.
	In contrast, when the reaction was conducted in dimethyl sulfoxide under catalyst-free conditions, the formation of 5-trifluoromethylpyrazoles was predominantly observed. 
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The pyrazole ring is a ubiquitous core structure in many pharmaceuticals, agrochemicals and natural compounds.[1] Over the past few years, the synthesis of pyrazole derivatives bearing a trifluoromethyl group at the 3- or 5-position of the pyrazole ring has attracted considerable attention because the compounds containing this structural motif exhibit significant biological activities. As shown in figure 1, well-known examples of these compounds include the COX-2 inhibitor celecoxib (anti-inflammatory),[2] measles virus RdRp inhibitor AS-136A (antiviral),[3] COX-1 inhibitor SC-560 (anticancer),[4] RyRs calcium release channel modulator DP-23 (insecticidal),[5] factor Xa inhibitor razaxaban (anticoagulant)[6] and protox inhibitor fluazolate (herbicidal).[7] Such attractive biological properties motivate chemists to develop synthetic methods to synthesise 3- and 5-trifluoromethylpyrazole compounds. The most general methods for the preparation of these compounds include condensation[8] of hydrazines with 1,1,1-trifluoromethyl-1,3-diketones or their synthetic equivalents, such as α,β-unsaturated carbonyl and related compounds.[9] However, achieving appreciable regiochemical control in these reactions remains a challenge because the formation of regioisomers is frequently encountered, which results in unsatisfactory yields of the desired products. [10] 
To date, only a few methods of preparing 3- and 5-trifluoromethylpyrazole compounds via regioselective transformation have been reported, and most of these approaches involve microwave



























Figure 1 Selected biologically active compounds containing either 3- or 5-trifluoromethylpyrazole skeletons.


irradiation and a fluorinated alcohol or an ionic liquid as the solvent.[11,12] Recently, Ma et al. reported the regiocontrolled cycloaddition of terminal alkynes with CF3CHN2, which yielded the exclusive formation of 3-trifluoromethylpyrazoles.[13] However, excess Ag2O (2 equivalents) was required to affect the reaction. Harrity et al. reported that 5-trifluoromethylpyrazoles could be regioselectively synthesised from 4-trifluoromethylsydnones via an intricate four-step sequence to prepare the sydnone precursors.[14] Recently, Togni reagent-mediated trifluoromethylation of α,β-alkynic hydrazones was reported by Wang et al.; however, only moderate yields of the desired 3-trifluoromethylpyrazoles were obtained.[15] Because limited synthetic protocols exist, the development of more general and efficient methods for the preparation of 3- and 5-trifluoromethylpyrazoles is needed.	Comment by Senior Editor: Please ensure that the intended meaning has been maintained in this edit.  

As shown in Scheme 1, the reaction of trifluoromethyl butynones 1 with 4-hydrazinobenzenesulfonamide hydrochloride 2 yields celecoxib with good regioselectivity (9:1 dr).[16] The reaction was conducted in alcoholic solvents at elevated temperature without the addition of a promoter or catalyst. In addition, excess 2 (up to 1.3 equivalents) was required to drive the reaction to completion. However, the synthetic utility of this process appears limited in terms of the scope of the available substrates. The use of this protocol to selectively yield 3-trifluoromethylpyrazoles, especially with alkyl and heteroaryl functional groups at the 1- or 5-position of the pyrazole ring, and analogous 5-trifluoromethylpyrazoles remains unexplored. 


Scheme 1. Synthesis of celecoxib.

Recently, the solvent-controlled switch of stereoselectivity has emerged as an important strategy in organic synthesis.[17] To the best of our knowledge, no effort has been made to provide detailed insight into the solvent-controlled regioselectivity of the title system. In metal-catalysed electrophilic cyclisation, transition metal complexes, such as Au(I), Ag(II), Cu(I), Zn(II), Pd(II) and Fe(III) complexes, activate the alkyne moiety toward nucleophilic addition of a heteroatom.[18] Application of this metal-catalysed process for the synthesis of pyrazole compounds has been recently realised by Zora et al. via CuI-mediated cyclisation of α,β-alkynic hydrazone.[19] Therefore, the nature of some transition metal complexes might similarly influence the regioselectivity of the title system. Herein, we report a general and highly regioselective [3+2] cyclocondensation of trifluoromethyl-α,β-ynones and hydrazines for the preparation of 3- and 5-trifluoromethylpyrazoles, where the regioselectivity is tuned via the selection of appropriate solvents and metal catalysts. 
The trifluoromethyl-α,β-ynones employed in the current study were prepared by the nucleophilic substitution of lithium acetylides to ethyl trifluoroacetate 3.[20] As shown in Scheme 2, the substitution reactions were performed in THF with BF3.OEt2 as a catalyst for 1 h to afford the desired 4a-c and 1 in 77-91% yields.

Scheme 2. Preparation of trifluoromethyl-α,β-ynones.

[bookmark: _GoBack]Table 1 presents the screening conditions under which 4a and phenylhydrazine 5a were used as model substrates to afford the cyclocondensation products. Accordingly, the solvent, temperature, time and metal catalyst (i.e., AuCl, AgNO3, Ag2O, AgOTf, CuI, CuCl2·2H2O, CuSO4, Cu(OAc)2, Pd(OAc)2, ZnI2 and FeCl3) were systematically examined. When 4a was reacted with 5a in EtOH, which is a solvent that is typically employed in [3+2] cyclocondensation for the synthesis of celecoxib, a ca. 3:1 mixture of trifluoromethylpyrazole isomers 6a and 7a was obtained in 81% yield (entry 1). However, when EtOH was replaced with a low-polarity aprotic solvent such as CH2Cl2, THF, 1,4-dioxane or toluene (entries 2-5) under reflux conditions, a decreased reaction rate, poor to moderate regioselectivity (6a:7a = 5:4 to 5:1) and the formation of a significant amount of hydroxypyrazoline 8a were observed. Compound 8a was identified as a synthetic intermediate and was further transformed to 7a via a dehydration process when heated in DMSO (110 °C, 4 h, 93% yield). To our surprise, the regioselectivity was dramatically switched toward 7a when the reactions were carried out in highly polar aprotic solvents such as DMSO and DMF (entries 6 and 7) at elevated temperatures. Among these solvents, DMSO appeared to be the solvent of choice on the basis of the regioselectivity results. Further optimisation of the reaction conditions revealed that a stepwise heating approach (entry 8) provided greater regioselectivity and yield compared to direct heating to 110 °C. In addition, the replacement of phenylhydrazine with its hydrochloride salt was detrimental to the regioselectivity (entry 9). The decrease in the regioselectivity appears to be due to the hydrazine hydrochloride salt being less nucleophilic, which results in the retardation of the cyclocondensation of 7a and the formation of regioisomer 6a. Therefore, entry 8 was tentatively considered to be the optimal conditions for 5-trifluoromethylpyrazoles. In sharp contrast, we observed that, when the aforementioned metal complexes were added in catalytic quantities, both the reaction rate and regioselectivity were significantly improved, which favoured isomer 6a. Among the metal complexes studied, the use of 10 mol% of Cu(OAc)2 furnished 6a in the highest yield and with the greatest regioselectivity (entry 17), whereas AgOTf, AgNO3, Ag2O, CuCl2·2H2O, CuSO4, Pd(OAc)2 and FeCl3 provided lower yields and inferior regioselectivity (entries 11, 12, 13, 15, 16, 22 and 24, respectively). However, the metal complexes commonly employed for the electrophilic cyclisation of acetylenic hydrazones, such as AuCl and CuI,[18f,19] exhibited fair to poor catalytic activity in terms of reaction yields and regioselectivity (entries 10 and 14, respectively). Disappointingly, the use of ZnI2 afforded 6a in moderate yield, along with a significant amount of an unidentified compound. Therefore, Cu(OAc)2 was considered to be the catalyst of choice. Additional experiments to decrease the Cu(OAc)2 loading from 10 mol% to 5 and 2 mol% were successful and did not result in loss of yield or stereoselectivity (entries 18 and 19). However, a further reduction in the Cu(OAc)2  loading to 1 mol% led to an extended reaction time and slightly diminished yield but with excellent regioselective control (entry 20).

Table 1. Optimisation of reaction conditions.
	


	Entry
	Conditions
	HPLC Yield (%)[b]

	
	Solvent
	Temp/Time
	Catalyst
	4a
	6a
	7a
	8a

	1
	EtOH
	Reflux, 12 h
	
	0
	69 (60)
	26 (21)
	0

	2
	DCM
	Reflux, 36 h
	
	0
	75
	16
	6

	3
	THF
	Reflux, 40 h
	
	0
	24
	45
	28

	4
	Dioxane
	Reflux, 36 h
	
	0
	40
	34
	22

	5
	Toluene
	Reflux, 14 h
	
	0
	40
	31
	21

	6
	DMF
	110 °C, 26 h
	
	1
	3
	79 (74)
	7

	7
	DMSO
	110 °C, 14 h
	
	0
	6
	86 (83)
	0

	8
	DMSO
	20 °C, 1 h 
then 110 °C, 14 h
	
	0
	4
	92 (90)
	0

	9[c]
	DMSO
	20 °C, 1 h 
then 110 °C, 14 h
	
	0
	17 (12)
	80 (74)
	0

	10
	DCM
	Reflux, 1 h
	AuCl (10 mol%)
	11
	70
	12
	3

	11
	DCM
	Reflux, 1 h
	AgOTf (10 mol%)
	0
	96 (92)
	1
	3

	12
	DCM
	Reflux, 2 h
	AgNO3 (10 mol%)
	4
	90
	1
	0

	13
	DCM
	Reflux, 4 h
	Ag2O (10 mol%)
	1
	83
	0
	1

	14
	DCM
	Reflux, 1.5 h
	CuI (10 mol%)
	2
	85
	6
	5

	15
	DCM
	Reflux, 1 h
	CuCl2·2H2O (10 mol%)
	1
	93 (90)
	0
	0

	16
	DCM
	Reflux, 1 h
	CuSO4 (10 mol%)
	0
	95 (92)
	0
	1

	17
	DCM
	Reflux, 25 min
	Cu(OAc)2 (10 mol%)
	0
	99 (96)
	0
	0

	18
	DCM
	Reflux, 30 min
	Cu(OAc)2 (5 mol%)
	0
	98 (96)
	0
	0

	19
	DCM
	Reflux, 1 h
	Cu(OAc)2 (2 mol%)
	0
	98 (96)
	0
	0

	20
	DCM
	Reflux, 2.5 h
	Cu(OAc)2 (1 mol%)
	2
	97 (94)
	0
	0

	21[c,d]
	DCM
	Reflux, 2.5 h
	Cu(OAc)2 (2 mol%)
	0
	95 (90)
	0
	0

	22
	THF
	Reflux, 2 h
	Pd(OAc)2 (10 mol%)
	1
	91 (86)
	2
	2

	23[e]
24
	DCM
DCM
	Reflux, 3 h
Reflux, 3.5 h
	ZnI2 (10 mol%)
FeCl3 (10 mol%)
	1
1
	64 (57)
81 (73)
	0
2
	0
2


[a] All of the reactions (except entries 9 and 21) were performed under standard reaction conditions: substrate 4a (200 mg, 1.00 mmol), phenylhydrazine 5a (109 mg, 1.00 mmol) and solvent (3 mL).
[b] HPLC assay yield; isolated yields after purification by flash chromatography are provided in parentheses.
[c] Phenylhydrazine hydrochloride was used instead of phenylhydrazine.
[d] Two drops of EtOH were added to the reaction media to dissolve the phenylhydrazine hydrochloride salt.
[e] An unidentified product was detected by HPLC with 28% HPLC purity.

In addition, performing the reaction under similar conditions with phenylhydrazine hydrochloride salt instead of phenylhydrazine afforded inferior results (entry 21), implying that HCl was not beneficial to the catalytic system. Therefore, the reaction system (2.0 mol% Cu(OAc)2, CH2Cl2, reflux) shown in entry 18 was considered to be optimal and was used as the general procedure. Notably, these synthetic methods were easy to perform and all of the aforementioned screening reactions were conducted under air without exclusion of oxygen or moisture. 
With the optimised reaction conditions having been established, the substrate scope and generality of the newly developed synthetic method were examined. First, the scope of the hydrazines[21] was 
evaluated with regard to 4a. As listed in table 2, under conditions A (entries 1-9), all of the hydrazines, including several different phenyl hydrazines 5b-5g, t-butyl hydrazine 5h, 2-hydrazinobenzothiazole 5i and 2-hydrazinopyridine 5j, efficiently reacted with 4a, irrespective of the steric or electronic nature of the substituents, to provide the corresponding 3-trifluoromethylpyrazoles 6b-6j in good to excellent yields (83-95%) and with excellent regioselectivity. Other structurally diverse ynones, such as 1,1,1-trifluorooct-3-yn-2-one 4b, 1,1,1-trifluoro-4-(trimethylsilyl)but-3-yn-2-one 4c and substrate 1, were subjected to the Cu(OAc)2-catalysed cyclocondensation reaction (conditions A) to afford the corresponding pyrazoles 6k-6q in 82-91%

Table 2. Substrate scope for the [3+2] cyclocondensation of trifluoromethyl-α,β-ynones with hydrazines.








	Entry
	Substrate
	Conditions A[a]
	Conditions B[b]

	
	 4[c]
	5
	Time
	Product (yield%)[d]
	Time
	Product (yield%)[d]

	1
	4a
	5b
	45 min
	6b (95%)
	19 h
	7b (93%)

	2
	4a
	5c
	1 h
	6c (91%)
	18 h
	7c (90%)

	3
	4a
	5d
	1 h
	6d (94%)[e]
	13 h
	7d (93%)

	4
	4a
	5e
	1.5 h
	6e (83%)
	28 h
	7e (78%) + 6e (6%)

	5
	4a
	5f
	1 h
	6f (87%)
	26 h
	7f (86%) 

	6
	4a
	5g
	2.5 h
	6g (93%)
	
	

	7
	4a
	5h
	1 h
	6h (90%)
	13 h
	7h (84%) + 6h (4%)

	8
	4a
	5i
	1 h
	6i (92%)
	33 h
	7i (86%)

	9
	4a
	5j
	1 h
	6j (92%)
	30 h
	9 (90%)

	10
	4b
	5a
	40 min
	6k (91%)[f]
	11 h
	7k (82%) + 6k (6%)

	11
	4b
	5b
	40 min
	6l (89%)
	19 h
	7l (95%)

	12
	4b
	5d
	40 min
	6m (90%)
	11 h
	7m (86%) + 6m (3%)

	13
	4b
	5e
	1 h
	6n (87%)
	15 h
	7n (83%) + 6n (5%)

	14
	4b
	5f
	1 h
	6o (86%)
	21 h
	7o (92%)

	15
	4c
	5a
	50 min
	6p (82%)
	
	

	16
	4c
	5d
	50 min
	6q (86%)
	19 h
	10 (86%) 

	17
	4c
	5f
	2 h
	11 (87%)
	
	

	18
	1
	5g
	2.5 h
	celecoxib (94%)
	19 h
	7r (88%)



[a] Substrate 4 (1.51 mmol), substrate 5 (1.51 mmol), DMSO (3 mL).
[b] Substrate 4 (1.51 mmol), substrate 5 (1.51 mmol), 2 mol% Cu(OAc)2, DCM (3 mL).
[c] Substrate 4a, 4b, 4c and 1 are defined in terms of the R1, as they are given in the Scheme 2.
[d] Isolated yields.
[e] In the absence of Cu(OAc)2, the cyclocondensation of 4a with 5d only provided a 2:1 mixture of 6d and 7d in 83% yield. 
[f] In the absence of Cu(OAc)2, the cyclocondensation of 4b with 5a only provided a 1.5:1 mixture of 6k and 7k in 73% yield. 


yield and celecoxib in 94% yield, except that the desilylated pyrazole compound 11[22] was formed (entry 17; conditions A). Notably, the yield and regioselectivity of the celecoxib produced from our protocol is comparable or slightly superior to that obtained using other synthetic methods.[15,23] However, in most cases under condition B, the [3+2] cyclocondensation reactions predominantly afforded the desired 5-trifluoromethylpyrazoles (5-/3-regioisomer selectivity≧13:1). The exceptions were entry 9, where hydroxypyrazolone intermediate 9 (90%) was produced,[24] and entry 16, where desilylated pyrazole compound 11 (87%) was formed instead.[22] In addition, the presence of electron-withdrawing functionalities on the aromatic ring of the hydrazine substrates (5b, 5c, 5e, 5f, 5g and 5i) adversely affected the reaction rate. All of the synthetic 3- and 5-trifluoromethylpyrazoles were carefully characterised on the basis of their 1H NMR, 13C NMR, 19F NMR, IR and HRMS spectra. The 19F NMR spectra are important for distinguishing the 3- and 5-trifluoromethylpyrazoles, where the trifluoromethyl signal of the 3-trifluoromethylpyazoles was farther upfield compared to that of the 5-trifluoromethylpyazoles. Compound 9 was subjected to standard acid-mediated dehydration conditions (HCl, EtOH, reflux);[25] however, the substrate was recovered intact, even when the reaction time was extended to 30 h. These results may be due to the formation of a hydrogen chloride salt via protonation of the nitrogen atom in the pyridine ring, rendering the hydroxyl group resistant to dehydration. In addition, the strong electron-withdrawing trifluoromethyl group may also play an important role in stabilising the hydroxypyrazolone intermediate and retarding the dehydration process.[26] 	Comment by J Editor: Please ensure that the intended meaning has been maintained in this edit.  
To further broaden the synthetic scope of the Cu(OAc)2-catalysed [3+2] cyclocondensation reaction, we examined the reaction with bromodifluoromethyl-α,β-ynone 12 and phenyldifluoromethyl-α,β-ynone 13. The related synthetic procedures are described in the SI. As shown in Scheme 3, the optimal reaction conditions (table 1, entry 19) were successfully applied to these two substrates to afford the corresponding pyrazole products 14 (94%) and 15 (92%) with excellent regioselectivity. Compound 14 was regarded as a useful intermediate that could be functionalised into the corresponding 3-difluoromethyl pyrazole compounds by further manipulation of the bromo group. Currently, the investigation of suitable reaction conditions for the structural transformation is underway in our laboratory.  


Scheme 3. Synthesis of 3-difluoromethylpyrazole derivatives.

A reasonable mechanism for the selective synthesis of 3- and 5-trifluoromethylpyrazole is shown in scheme 4 using substrate 6a and 7a as a specific example. In CH2Cl2 (pathway A), Cu(II) first coordinates to the alkyne moiety of the in situ generated α,β-alkynic hydrazone 16, which is followed by activation toward 5-endo-dig cyclisation via nucleophilic attack of the hydrazone nitrogen atom. Finally, protonation of the resulting Cu(II)-C bond yields 3-trifluoromethylpyrazole 6a and restarts the catalytic cycle. In DMSO (pathway B), the more nucleophilic nitrogen atom at the phenyl hydrazine is prone to attacking the β-carbon of 5 in a 1,4-addition manner to afford β-keto hydrazone intermediate 17, which can quickly cyclise to form hydroxypyrazolone 8a followed by dehydration to yield the final product (i.e., 5-trifluoromethylpyrazole 7a). Our proposed mechanism is supported by the isolation of hydroxypyrazolone intermediates27 as well as by experimental evidence, including the influence of the solvent polarity on the reaction rate and regioselectivity.  	Comment by Senior Editor: Please note that Scheme 4 does not include 6a or 7a.
In summary, we have developed a highly efficient approach for the regioselective synthesis of 3- and 5-trifluoromethylpyrazoles via the [3+2] cyclocondensation of trifluoromethyl-α,β-ynones with hydrazine derivatives. The salient features of this newly developed method include very high reaction yields, easy operations, low catalyst loading (2 mol%) and excellent control of regioselectivity, which makes this approach practical for preparing a highly structurally diverse library for new drug screening. 




Scheme 4. Proposed reaction mechanism.
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Experimental Section
General Procedure for the synthesis of 3-trifluoromethylpyrazoles 
The general procedure is described below, with compound 6a used as a specific example. 
To a stirred solution of compounds 4a (0.200 g, 1.00 mmol) and 5a (0.109 g, 1.00 mmol) in CH2Cl2 (3 mL), Cu(OAc)2 (3.6 mg, 0.02 mmol) was added. The resulting mixture was stirred under reflux for 1 h. Then, a saturated NH4Cl solution (1 mL) was added to quench the reaction. The aqueous layer was separated and extracted with CH2Cl2 (2 × 3 mL). The combined organic extracts were washed with brine, dried over MgSO4, filtered and concentrated to yield the crude residue, which was purified by flash chromatography on silica gel with EtOAc/n-hexane (1:9) to afford compound 6a (0.280 g, 96% yield).

General Procedure for the synthesis of 5-trifluoromethylpyrazoles 
The general procedure is described below, with compound 7a used as a specific example. 
A mixture of compounds 4a (0.200 g, 1.00 mmol) and 5a (0.109 g, 1.00 mmol) in DMSO (3 mL) was stirred at room temperature (20 °C) for 1 h. The resulting mixture was heated to 110 °C and stirred for an additional 14 h. Water (6 mL) was added to quench the reaction. The aqueous layer was separated and extracted with EA (3 × 3 mL). The combined organic extracts were washed with brine, dried over MgSO4, filtered and concentrated to yield the crude residue, which was purified by flash chromatography on silica gel with EtOAc/n-hexane (1:9) to afford compound 7a (0.262 g, 90% yield).
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