Dr Frédéric Justaud 
  
Dr René Grée 
email: rene.gree@univ-rennes.fr
  
  
  
  
  
Development of the Meyer Schuster Rearrangement on Propargylic Alcohols with Fluorinated Chains
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The Meyer-Schuster Rearrangement (MSR) is a challenging process for propargylic alcohols bearing fluorine atom(s) on their chains. Most classical reagents/catalysts failed to perform the MSR but, after extensive screening, we demonstrated that phosphomolybdic acid was the first efficient catalyst for the MSR with such derivatives. The scope and limitations have been studied, affording fluorine-containing enones as useful intermediates for the synthesis of targets with fluorine(s) on their side chains. It was exemplified by the preparation of a 2-piperidino-pyrimidine and a pyrazole.

Scheme 1. Designed studies

Introduction

The Meyer-Schuster Rearrangement (MSR) is the transformation of propargylic alcohols into ,-unsaturated carbonyl derivatives. [1] It was first performed with Brønsted acids and later by Lewis acids and many types of metal-or transition metals. [2] The obtained enones are highly versatile intermediates used, for instance, in the synthesis of complex natural products. [2c ] A recent extension called "Intercepted Meyer-Schuster Rearrangement", affords ,-unsaturated carbonyls substituted, or functionalized, on position 2. [3] Introduction of fluorine in organic molecules allows a fine tuning of their physical, chemical and biological properties, especially in bioorganic and medicinal chemistry. [4] However, the MSR has been very rarely employed with fluorinated propargylic alcohols. Three examples described the MSR on trifluoro/perfluoro propargylic alcohols, [5a-5c] while another reported the synthesis of trifluoromethylated benzothiophenes trough MSR, followed by radical cyclization. [5d] We report herein the discovery of a catalytic system able to perform efficiently the MSR starting from propargylic alcohols having one, two or three, fluorine atom(s) on the alkyne chain (type-A molecules, Scheme 1). The reaction affords type-B enones which should be versatile intermediates for various compounds with fluorinated side chains. Further, the study is complementary to our previous studies which afforded regioisomeric molecules C through base-mediated redox isomerizations. From type-C scaffolds, many fluorinated carbo-or heterocyclic structures have been prepared. [6] The selected propargylic alcohols were prepared by optimization of previous procedures for the mono-and gem-difluorinated derivatives 3-6, and by a literature methodology for the trifluoro models 8-10 (Scheme 2 and SI). [7] Scheme 2. Synthesis of selected propargylic alcohols i) nBuLi (1.05 equiv.)/TMEDA (1.2 equiv.), -20°C, 5 min; ArCHO (1.1 equiv.), THF, -20°C, 5-30 min; CH3CO2H (2-3 equiv.). See references 6. ii) LDA (1.0 equiv.), 10 min, ArCHO (1.0 equiv.), from -20 °C to r.t., [C] = 2 M, -20°C. See reference 7.

The first step of our studies was to screen the efficiency of various reagents and/or catalysts used previously for the MSR, [2] with the gem-difluoro alcohol 3a selected as a model (Table 1). The experiments were performed using the reaction conditions described in literature and, to monitor the progress of these reactions, we employed 19 F NMR { 1 H} analyses of the crude reaction mixtures with signals at  = -83.0 ppm for 3a, at  = -82.6 (td) and  = -82.9 (td) ppm for 12a (two diastereoisomers) and  = -107.3 ppm for 11a. The results are given in Table 1.

At the outset, two examples of Brønsted acids were considered (entries 1 and 2) but both failed to give 11a, affording only the recovery of 3a. Then, the use of methyl triflate was explored and without any solvent it led to degradation products with traces of 11a (entry 3). On the other hand, in 2,2,2-trifluoroethanol no reaction occurred with recovery of starting material (SM) (entry 4).

Next, a series of metal triflates was considered at 10 mol %. First, the copper derivative afforded only 12a (entry 5 and SI). With silver acetate as co-catalyst, no reaction occurred with recovery of SM (entry 6). The indium triflate gave dimer 12a with traces of 11a (entry 7). The iron/silver/ and bismuth triflates gave no reaction with recovery of SM (entries 8, 9 and 10) and with a small amount of 12a in the case of silver triflate. The calcium triflate gave degradation with only traces of 11a (entry 11). Iron chloride, at 20 mol %, gave a somewhat more positive result with a 80:20 ratio of and target 11a (entry 12), while InCl3 gave no reaction with recovery of SM (entry 13).

Recently, gold-derived catalysts performed very successful MSR. [2] Several catalysts were tried, however without any success with only the recovery of 3a (entries 14-15), even in the presence of silver salts as co-catalysts (with recovery of SM, entries 16 to 18). Same result was obtained again with the Akai's catalytic system (Au, Ag and Mo, entry 17). [8,9] This is a remarkable indication of the strong negative effect of the fluorine atoms in 3a since such catalysts gave excellent results with many complex and sensitive molecules. [2,10] VO(OSiPh3) afforded only a small quantity of 11a along with degradation of 3a (entry 19). Two rhenium catalysts were also screened without success (with recovery of SM, entries 20 and 21). Then, we tried phosphomolybdic acid, reported several years back in one publication from S. Akai. [11] Under the standard conditions a clean, but slow, reaction was observed (Entry 22). Further studies demonstrated that the concentration of the reaction medium played a key role in the process. After extensive optimization, excellent results were obtained with 3 mol% of the catalyst at 1 molar concentration in anhydrous ethyl acetate at 50°C. A quantitative conversion was observed ( 19 F NMR control of the crude reaction mixture) with only traces (<5%) of 12a and a high yield (91%) in 11a as a single (E) isomer. No reaction was observed with the corresponding silver phosphomolybdic derivative (with recovery of SM, entry 24).

Alltogether, these results highlight the key role of the fluorine atoms, which clearly inhibit the MSR process. It is anticipated that the electronic effects of fluorine(s) should disfavor the formation of the carbenium ions which are the classical intermediates in MSR but they can, as well, modify their reactivity. Thus, more experimental and computational studies are required to fully understand their precise roles. On the other hand, our data demonstrate that the phosphomolybdic acid-mediated reactions afford the most promising results. However, very few data are available on the structure and reactivity of phosphomolybdic acid in organic solvents, therefore more studies are required in order to determine the exact role of this heteropolyacid.

This catalyst was used in the next phase of the study. In a first step, the extension of the MSR to various gem-difluoro-or monofluorinated 3 to 6, and trifluoro-analogs 8-10, was considered and the results are reported in Scheme 4.

First, the effect of the X substituents in alcohols 3 was studied.

The methoxy group and the chlorine in position 4 gave excellent yields in enone 11b (E:Z ratio:12/1) and 11e (E:Z ratio: 50/1). On the contrary, electron withdrawing substituents such as CN gave no reaction with recovery of SM (11c), or a moderate yield for CF3 (11d). The meta-chloro gave only 39% yield in enone 11f, while no reaction occurred with alcohol 3g (recovery of SM). Next, similar reactions were developed starting from the compounds 4.

Good yields (62-78%) were obtained from 4a (13a: 78%), the para-methoxy 4b (13b: 72%) and the para-chloro compound 4e

(13e: 62% with a 30/1 E/Z ratio). The 4-CF3 molecule 4d gave a fair yield (50%) in 13d while the 4-cyano 4c gave no reaction (recovery of SM). The 3-Cl derivative 4f gave 13f in 42% yield while the ortho analogue gave no reaction with recovery of starting material.

Scheme 4. MSR mono-, gem-difluoro-and trifluoropropargylic alcohols

Then, we established MSR reactions starting from the alcohols 14 and 15 (with R 3 =Me, Ph). With the gem-difluoro compounds, a low yield was obtained for 14h, while an excellent yield (87%) was obtained with 14i. For the mono-fluorinated derivatives, fair yields were obtained with both substituents (compounds 15h and 15i).

As anticipated, for the molecules with the trifluoromethyl substituent, the MSR was more difficult and only 8b (with a 4methoxy group) gave a good yield (73%) in 16b. No reaction was observed with 8a and 10a (recovery of SM), while in the case of 9a, a very slow conversion was obtained, together with appearance of decomposition products. Compound 17a could not be isolated in pure form, but it was identified by comparison of its NMR data with literature. [12] A few conclusions can be drawn about the role of the fluorine atom(s) in the MSR. Using the optimized reaction conditions developed for 3a, MSR goes well, and even slightly better, for the mono-fluoro analogue 4a. On the contrary, when the sequence is performed with the analogous trifluoro derivative 8a, no reaction occurred. Thus, the more fluorines there are in the propargylic position, the more difficult the rearrangement becomes. However, this effect can be, at least partially, counterbalanced by the nature of the substituents on the other side of the acetylene bond. By using an aromatic group with an electron releasing substituent (series b with X=4-OMe), the MSR proceeded again efficiently for the three molecules 11b, 13b and 16b. In the same manner, by addition of a phenyl group in R 3 position, the MSR occurred with good yields to give enones in 14i, 15i and 18a. Interestingly very few methods have been developed to date for the preparation of type-B mono-and gem-difluoroenones, [13] although the corresponding trifluoroenones have been more extensively studied.

Finally, by using 3a as a model, this MSR was scaled up (5.0 mmol), affording 11a with a similar yield (87 %). To further validate this transformation, we enone 11a for the preparation of two heterocycles with a fluorinated side chain, of potential use in bioorganic and medicinal chemistry. [4] We prepared first a 2piperidino-pyrimidine 21a by reaction of 11a with 1-piperidine carboximidamide hydroiodide 19, under reaction conditions slightly adapted from a literature procedure. [14] This two-step sequence (cyclocondensation followed by aromatization) afforded the target molecule in 64% yield. Monitoring of the reaction by 19 F NMR of the crude mixture indicated the formation of an intermediate (d,  = -102.1 ppm and -103.5 ppm with J = 239Hz), with data consistent with dihydropyrimidine 20a. However, this compound was too unstable for isolation. Then, under appropriate conditions (see SI), we prepared the pyrazole 23a by condensation of 11a with phenylhydrazine, followed by an aromatization step to afford the target in an overall 52 % yield. Monitoring of the reaction by 19 F NMR of the crude mixture indicated again the formation of an intermediate (d, at  = -112.7 ppm and -115.9 ppm with J = 245Hz), with data consistent with pyrazoline 22a, but this compound was too unstable for isolation. iii) Piperidine (10 eq), 1,2-dichlorobenzene, 60°C, 12h

Conclusions

In conclusion, these studies demonstrate that the MSR is a challenging process for propargylic alcohols with fluorinated chains. However, after extensive screening, we established that phosphomolybdic acid was an efficient catalyst for such reactions. Scope and limitations of this MSR were studied and it was possible to obtain type-B enones with mono-, gem-difluoro-and tri-fluoro chains.

Corresponding molecules appear as excellent scaffolds for the preparation of many derivatives with fluorine-containing chains, as exemplified by two representative heterocycles with a gemdifluoroalkyl side chain.

Experimental Section

Representative procedure. Large scale preparation of 11a: In a 5.0 ml vial capped tube (Ø 10 mm) with a magnet stirrer remaining vertically to ensure efficient stirring are added 3a (1,54 g, 5.0 mmol), anhydrous AcOEt (250 µL) and then H3PMo12O40.H2O (273 mg, 3 mol%). The reaction mixture was stirred at 50°C for 2 hours with a rapid change of color of the heterogenous mixture from green to deep blue. Then, the crude mixture was evaporated in vacuo and the residue plugged on the top of a silica 60M column chromatography followed by elution with cyclohexane/diethyl ether 95:5 to afford 11a (1.34g, 87 %). Rf: 0.60 (eluent: cyclohexane/diethyl ether 90:10). 1 H NMR (300 MHz, CDCl3) δ 7.90 (d, J = 15.9 Hz, 1H), 7.65 (dd, J = 7.4, 2.3 Hz, 2H), 7.45 (d, J = 6.3 Hz, 3H), 7.17 (d, J = 15.9 Hz, 1H), 2.27 -1.97 (m, 2H), 1.64 -1.44 (m, 2H), 1.44 -1.14 (m, 12H), 0.90 (t, J = 6.6 Hz, 3H). 13 C NMR (75 MHz, CDCl3) δ 189.5 (t, JCF = 31 Hz, C=O), 147.4 (Ceth), 134.0 (CIV-Ar), 131.5 (CH-Ph), 129.0 (CH-Ph), 128.9 (CH-Ph), 119.0 (t,JCF = 248.6 Hz,CF2),118 (Ceth),33.3 (t,JCF = 23.8 Hz,31.8,29.4,29.3,29.3,29.2,22.7,21.4 (t,JCF = 4.3 Hz,14.1. 19 F NMR (282 MHz,J = 17.3 Hz). IR (film, ν cm -1 ) 2924, 2855, 1754, 1706, 1683, 1609, 1577, 1450, 1071, 994, 766, 684 

  ]•nH2O [AcOEt] = 0.3 M, 50°C / (5 mol%) + Clean reaction but low conv. (<20%) 23 H3[PMo12O40]•nH2O [AcOEt] = 1 M, 50°C / (3 mol%) + Conv. 100%, 11a (91%) 12a (traces) 24 Ag3[PMo12O40]•nH2O [AcOEt] = 1 M, 50°C / (3 mol%) --

Scheme 65 .

 65 Scheme 65. Application to the preparation of 21a and 23a.

  . HRMS (ESI): m/z [M+Na] + Calculated for [C19 H26 O F2 Na] + : 331.1843 found 331.1848 (1 ppm).

  

  

  

Table 1 . Screening of reagents/catalysts to perform the MSR with alcohol 3a

 1 

	Entry	Acid.	Condition/ (Nb Equiv.)	MSR	Observation
	1	HCl	Aqueous / (30 mol%), r.t.	-	-
	2	PTSA	DCE, 60°C, 12h / (1.0 equiv.)	-	-
	3	MeOTf	neat	-	Degradation, trace amount of 11a
	4	MeOTf	2,2,2-trifluoroethanol / (20 mol%)	-	-
	5	Cu(OTf)2	AcOEt / (10 mol%)	-	12a
	6	Cu(OTf)2/AgOAc	AcOEt / (10/10 mol%)	-	-
	7	In(OTf)3	AcOEt / (10 mol%)	-	12a + trace amount of 11a
	8	Fe(OTf)3	AcOEt / (10 mol%)	-	-
	9	Ag(OTf)	AcOEt / (10 mol%)	-	SM + 12a as by-product
	10	Bi(OTf)3	AcOEt / (10 mol%)	-	-
	11	Ca(OTf)2+nBu4NPF6	AcOEt / 10 mol%	-	Degradation, trace amount of 11a
	12	FeCl3	AcOEt / (20 mol%)	+	SM / 11a : 8:2
	13	InCl3	AcOEt / (5 mol%)	-	-
	14	NaAuCl4	1,2-DCE, r.t. / (5 mol%)	-	-
	15	Ph3PAuNTf2	DCM, r.t. / (2 mol%)	-	-
	16	Au(Johnphos)Cl/AgSBF6	toluene, r.t./ (5/5 mol%)	-	-
	17	PPh3AuCl+AgOTf+MoO2(acac)2	toluene, r.t. 14 h / (2/2/2 mol%)	-	-
	18	(NHC)AuCl/AgSbF6	MeOH-H2O / (5/5 mol%)	-	-
	19				

VO(OSiPh3) 

Toluene / (5 mol%) + 70% conv., mixture and trace 11a. 20

Acknowledgements

Support was provided by CNRS and University of Rennes. We thank Mrs D. Grée for exploratory studies, CRMPO (Rennes) for analytical studies, Mrs C. Deponge and E. Caytan for NMR experiments and Mrs A. Macé for MPLC experiments.

Data Availability Statement

The data that support the findings of this study are available in the supplementary material of this article.

Supporting Information

The Supporting Information gives all details for the synthesis of compounds 3 to 23. It provides also copies of the 1 H, 13 C, 19 F for all new molecules as well as 2D spectra, when relevant (PDF).

Additional references are cited within the Supporting Information. [15][16][17][18][19][20][21] 

Conflict of Interests

The authors declare no competing financial interest.

Entry for the Table of Contents

Insert text for Table of Contents here.

New enones with mono-, gem-difluoro-or trifluoro chains are easily obtained via the Meyer-Schuster Rearrangement (MSR) and using phosphomolybdic acid as the catalyst selected after extensive screening.