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Abstract:



The enol phosphate 2,2-dichloro-1-(trichloromethyl)ethenyl diethyl phosphate (1), easily available by a Perkow reaction between hexachloroacetone and triethyl phosphite, reacts with sodium trifluoroethoxide/trifluoroethanol in the presence of cyclic 5-membered 1,3-dienes to furnish α,α,α',α'-tetrachloro-substituted[3.2.1]bicyclic ketones 2. A [4+3] cycloaddition of a tetrachloro-oxyallyl intermediate is postulated.
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Introduction


A tetrachloro-substituted oxyallyl intermediate has been generated from pentachloroacetone (PCA) and utilized for many [4+3] cycloaddition reactions with 1,3-dienes and furans [1,2,3,4,5]. On preparation of PCA by chlorination of acetone, hexachloroacetone (HCA) is formed as a by-product in varying amounts [6]. Instead of disposing of the perchlorinated ketone, it seemed desirable to us to also utilize HCA for the generation of the tetrachloro-oxyallyl species. Moreover, HCA, a useful reagent, is also commercially available at present or may be prepared easily [7,8].



Standard metal reductions, e.g. with Zn/Cu couple, do not promise good selectivity in [4+3] cycloadditions because the tetrachloro-substituted cycloadducts formed are expected to be dehalogenated further.




Results and Discussion


Checking the literature, we became aware of the reaction between HCA and trialkyl phosphites, resulting in enol phosphates, e.g. 2,2-dichloro-1-(trichloromethyl)ethenyl diethyl phosphate (1) [9], which has been investigated because of its biological activity as a repellent against insects [10]. This dehalogenation, an example of the Perkow reaction [11], represents a selective reduction of HCA as well.
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The enol phosphate 1 has an allylic structure with an oxygen atom at the central carbon atom (C-2), and chloride leaving groups at one terminus. Therefore, we expected that ionization of this allyl chloride should be possible, leading eventually to a tetrachloro-oxyallyl intermediate. The ionization should be promoted by use of appropriate solvent systems, such as polyfluorinated alcohols [1,3].



Indeed, on treatment of 1 with sodium 2,2,2-trifluoroethoxide/2,2,2-trifluoroethanol (NaTFE/TFE) in the presence of furan, sodium chloride was formed, and the oxabicycle 2a that is known to be formed by [4+3] cycloaddition of the oxyallyl intermediate generated from PCA could be isolated in over 50% yield [1,3].
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In order to examine the by-products, we ran the reaction in the absence of furan: diethyl (2,2,2-trifluoroethyl) phosphate (3), 2,2,2-trifluoroethyl 2,3,3-trichloroprop-2-enoate (6), and 2,2,2-trifluoroethyl dichloroacetate (9) could be detected. The latter two products are known to arise from a Favorskii rearrangement and haloform cleavage, respectively, of PCA (5) [5]. The presence of phosphate ester 3 is in accordance with the mechanism shown in Scheme 1, initiated by a nucleophilic attack of trifluoroethoxide anion on the phosphorus atom of 1. The perchlorinated enolate ion 4 can be protonated to form PCA (5). Obviously the main reaction channel is ionization, forming the tetrachloro-oxyallyl intermediate 8 that then combines with furan in a [4+3] cycloaddition.



The peak of the trifluoroethyl phosphate 3 was also found in the gas chromatograms of the reaction mixtures with furan (i.e. as by-product of 2a) and all the 1,3-dienes described below. Due to the polarity and volatility of the ester 3 [12] the cycloadducts 2 could be separated and isolated without any difficulties by ether extraction from the water/TFE phase, and work-up by distillation, crystallization or chromatography, if necessary.
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Scheme 1. Base-induced alcoholysis of 2,2-dichloro-1-(trichloromethyl)ethenyl diethyl phosphate (1), for R = CF3CH2. 






Scheme 1. Base-induced alcoholysis of 2,2-dichloro-1-(trichloromethyl)ethenyl diethyl phosphate (1), for R = CF3CH2.
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From the Scheme it is evident that one equivalent of sodium trifluoroethoxide is needed for generating the oxyallyl intermediate. However, the consecutive side reactions would consume more base. Therefore we monitored the progress of the reaction by checking the pH with indicator paper. A slightly alkaline state of the reaction mixture (pH 7–8) was observed after 18 hours at ambient temperature.



This cyclocondensation protocol was also applied to cyclopentadiene and spiro[2.4]hepta-4,6-diene, which furnished the carbobicycles 2b and 2c, respectively. The latter as yet unreported tricyclic spirocompound had been previously prepared by us in 45% yield from PCA using sodium 2,2,3,3-tetrafluoropropoxide in 2,2,3,3-tetrafluoropropanol [3]. With triethylamine and lithium perchlorate/diethylether [2], the cyclocondensation between PCA and the spirodiene resulted in a very dark product mixture (see also the reaction with furan [3]). It was difficult to separate the tricycle 2c from the black, resinous side products that were formed in substantial amounts.



Whereas the cheap dienes cyclopentadiene and furan were made to react in excess, as co-solvents, the other ‘dienes’ were used in equimolar amounts or in a slight excess. 2-Methylfuran, 2,5-dimethylfuran, 2-(but-3-enyl)-3-methylfuran, and 3-methyl-2-(3-methylbut-3-enyl)furan gave the well-known oxabicycles 2d-g [4] in yields ranging between 40 and 50% (Table 1). In all cases, the yields of the [4+3] cycloadducts were lower than with the PCA procedure, but the preparations were not optimized.



Table 1. Tetrachloro-substituted [3.2.1]bicycles (2) from 1, and PCA, respectively







	
Educt

	
Product

	
Yield [%] from 1

	
Yield [%] from PCA

	
Ref.




	
Furan

	
2a

	
54

	
57

	
[1,3]




	
Cyclopentadiene

	
2b

	
39

	
57

	
[4]




	
Spiro[2.4]hepta-4,6-diene

	
2c

	
45

	
49

	
[a]




	
2-Methylfuran

	
2d

	
44

	
66

	
[4]




	
2,5-Dimethylfuran

	
2e

	
47

	
68

	
[4]




	
2-(But-3-enyl)-3-methylfuran

	
2f

	
51

	
88

	
[4]




	
3-Methyl-2-(3-methylbut-3-enyl)furan

	
2g

	
45

	
87

	
[4]








[a] This work










Since TFE is an expensive solvent, we tried to replace it by ethanol, using sodium ethoxide as the base. However, not a trace of cycloadduct 2a was found upon reaction of 1 in the presence of furan. This further supports the unique properties of TFE.



A further approach towards ionization of 1 was made: a Lewis acid might assist in pulling off an ‘allylic’ chloro atom, possibly resulting in an O-phosphorylated oxyallyl intermediate. However, when 1 was allowed to react with boron trifluoride diethyl etherate and an excess of furan, no cycloadduct 2a could be detected. Other, more ‘chlorophilic’ Lewis acids were not investigated.




Conclusions


Our intention in these studies, utilization of hexachloroacetone as precursor for the generation and cycloaddition of oxyallyl intermediates, was verified in principle. It is true that the yields of the [4+3] cycloadducts are mediocre; but the preparations were not optimized. Possibly a more thorough investigation would result in better yields. The authors will not continue these investigations and would therefore welcome further research by other groups. Moreover, analogous derivatives of pentachloropropen-2-ol should be examined, e.g. pentachloro-2-(trimethylsiloxy)propene that can be prepared by the similar reaction of HCA with tris(dimethylamino)phosphane and chlorotrimethylsilane [13].




Experimental


General


IR spectra were recorded on a Perkin-Elmer 457 instrument. NMR instruments: Bruker AC 250, for 62.9 MHz 13C-NMR, and 101.26 MHz for 31P-NMR spectra, respectively, Varian T 60, for 60 MHz 1H-NMR spectra and a Bruker ARX 500 spectrometer was used for the 500 MHz 1H-NMR and 125.8 MHz 13C-NMR of compound 2c. For 1H-NMR and 13C-NMR, CDCl3 was used as solvent and TMS as internal standard. 85% H3PO4 was used as an external standard for 31P-NMR. Analytical TLC: precoated sheets, Polygram Sil G / UV254 (silica), or Polygram N / UV254 (alumina), distributed by Macherey–Nagel & Co, Düren, Germany; detection by UV extinction. Preparative column chromatography: silica gel 60 (63–200 μm or 40–63 µm), distributed by Macherey–Nagel & Co. MPLC on LiChroprep Si 60 (Merck), particle size 15–25 µm, elution with petroleum ether (PE) / ethyl acetate (EA) mixtures. Dry PE was distilled (b.p. 40–65 °C). EA was dried over calcium chloride, distilled, and kept dry over 4Å molecular sieves. Dichloromethane was dried by refluxing over powdered calcium hydride and distilled. Melting points were determined with a Büchi 510 apparatus (Büchi Laboratoriumstechnik AG, Flawil / Switzerland) and are uncorrected. Elemental analyses were performed by the service of the Institut für Organische Chemie, University of Stuttgart. Hexachloroacetone (HCA) was prepared after Bugrova [6,7d]. Pentachloroacetone (PCA) was commercially available at that time (Aldrich); for a preparation, see ref.[6]. For sodium trifluoroethoxide/trifluoroethanol (NaTFE/TFE) reagent, see ref.[4]. Furan, 2-methylfuran and triethyl phosphite were commercially available products (Fluka, Merck). The furans were shaken with dilute KOH, dried over KOH pellets, and distilled from KOH pellets before use. The other dienes were prepared according to given literature procedures.




2,2-Dichloro-1-(trichloromethyl)ethenyl diethyl phosphate (1)


This educt was prepared after ref.[9] and showed b.p. 115–120°C/0.002 Torr (lit.: 131–132°C/0.8 Torr. [9]) Caution: Many enol phosphates are strongly toxic on contact and inhalation ("Viele Enolphosphate sind starke Berührungs- und Atmungsgifte") [14]. – The following spectral data were determined: 1H-NMR (60 MHz): δ = 1.40 (dt, 3JH,H = 7–8 Hz, 4JH,P = 1 Hz, 6 H, CH3), 4.30 (quintet, 3JH,H ≅ 3JH,P = 7–8 Hz, 4 H, CH2); 13C {1H} NMR (62.9 MHz): δ = 16.1 (d, 3JC,P = 7.0 Hz, CH3), 65.6 (d, 2JC,P = 6.25 Hz, CH2), 91.6 (s, CCl3), 122.4 (d, 3JC,P = 8.7 Hz, P-O-C=C), 143.1 (d, 2JC,P = 11.2 Hz, P-O-C=C); 1H-coupled 13C-NMR (62.9 MHz): δ = 16.1 (qd, 1JC,H = 127.5 Hz, 2JC,P = 6.9 Hz, P-O-CH2-CH3), 65.6 (td, 1JC,H = 149.3 Hz, 2JC,P = 4.4 Hz, P-O-CH2-CH3), 91.6 (s, CCl3), 122.4 (d, 3JC,P = 8.5 Hz, P-O-C=C), 143.2 (d, 1JC,P = 11.3 Hz, P-O-C=C-); 31P-NMR (101.26 MHz, CDCl3, 85% H3PO4 as external standard): δ = –7.12 (quintet, 3JH,P = 8 Hz, P-O-CH2).




Reaction of 1 with Sodium 2,2,2-trifluoroethoxide in 2,2,2-Trifluoroethanol — Diethyl (2,2,2-trifluoro-ethyl) phosphate (3), 2,2,2-Trifluoroethyl 2,3,3-trichloroprop-2-enoate (6) and 2,2,2-Trifluoroethyl dichloroacetate (9)


A solution of sodium 2,2,2-trichloroethoxide (NaTFE) in 2,2,2-trifluoroethanol (TFE) (10 mL, c = 1 mol/L) was prepared and cooled in an ice bath. With magnetic stirring, 1 (3.66 g, 10 mmol) was added dropwise over 30 minutes. The ice bath was removed, and the mixture stirred for 1 day at room temperature. Then water (15 mL) was added, and the layers separated. The aqueous layer was extracted with diethyl ether (4×10 mL), and the combined organic solutions dried with sodium sulfate. A gas chromatogram (OV 101 column, 80→220 °C, 8 K/min) showed peaks of 6 and 9 that were assigned by coinjection with authentic substances [5]. The solution was concentrated in a rotary evaporator; the liquid residue was dissolved in CDCl3 and examined by 31P-NMR spectroscopy. A signal at δ = −1.55 (septet, J = 8 Hz, singlet with a decoupled spectrum) was consistent with the chemical shift reported for 3 [12]. A further signal at δ = −7.26 (quintet, J = 8.0 Hz) corresponded to educt 1, thus indicating that the reaction time was too short.




2,2,4,4-Tetrachloro-8-oxabicyclo[3.2.1]oct-6-en-3-one (2a).


Method a) 2,2-Dichloro-1-(trichloromethyl)ethenyl diethyl phosphate (1) (3.66 g, 10 mmol) was mixed with furan (10 mL, 156.3 mmol) and cooled in an ice-bath. A solution of sodium 2,2,2-trichloroethoxide (NaTFE) in 2,2,2-trifluoroethanol (TFE) (10 mL, c = 1 mol/L) was added dropwise with magnetic stirring, over 5 minutes. The ice bath was removed, and the mixture stirred for 18 hrs at room temperature; a test with pH indicator paper indicated that over this time the pH had dropped from 13–14 to a weakly basic reaction (pH 8–9). Then, water (20 mL) was added, and the layers separated. The aqueous layer was extracted with diethyl ether (4×10 mL), and the combined organic solutions dried with sodium sulfate. After filtration, the solution was concentrated in a rotary evaporator, and the remaining liquid was put for 1 d into a refrigerator (6 °C) whereupon crystallization occured. The supernatant liquid was separated by means of a pipette, and the crystalline mass washed with petroleum ether (4×1 mL). The colourless, crystalline solid was dried in vacuo; yield 1.29 g, 49%. The mother liquor and the washings were combined, concentrated, and distilled in a Kugelrohr at 100 °C/0.002 Torr. The distillate was subjected to gravity column (length 50 cm, diameter 2.7 cm) chromatography on silica. Elution with PE/dichloromethane (9:1) gave more colourless crystals (0.13 g, 5%). Total yield of the product (2a) amounted to 1.42 g (54%), with m.p. 85–87 °C (ref.[1]: m.p. 88–89 °C). The IR and 1H NMR (60 MHz) spectrum were in agreement with those obtained from earlier preparations [1,2,3,4].



Method b) Prepared from furan (10 mL, 156.3 mmol) and 1 (3.66 g, 10 mmol). The product was purified by crystallization from the minimal amount of PE. Yield 1.35 g (52%) as colourless crystals with m.p. 85–87°C (ref.[1]: m.p. 88–89 °C). The IR and 1H NMR (60 MHz) spectrum were in agreement with those from earlier preparations [1,2,3,4].




2,2,4,4-Tetrachlorobicyclo[3.2.1]oct-6-en-3-one (2b).


To a mixture of 1 (3.66 g, 10 mmol) and freshly prepared cyclopentadiene (6.60 g, 100 mmol), a solution of sodium 2,2,2-trichloroethoxide (NaTFE) in 2,2,2-trifluoroethanol (TFE) (10 mL, c = 1 mol/L) was added with magnetic stirring at room temperature. After ca. 5 min the mixture became turbid, and a white precipitate (NaCl) was formed. The progress of the reaction was monitored by GLC. After 4 h the peak of the educt 1 had disappeared. Water (50 mL) was added to the mixture, and the layers separated. The aqueous layer was extracted with tert-butylmethyl ether (3×10 mL). The organic solutions were combined and dried with magnesium sulfate. After filtration, the solvent was removed in a rotary evaporator, and the residual reddish liquid (4.22 g) subjected to adsorptive filtration over silica (80 g). Elution was made with PE/EA (20:1). The solvent was removed in a rotary evaporator; a gas chromatogram of the remaining yellow liquid (1.64 g) indicated the presence of 2b and dicyclopentadiene (coinjection with authentic substances). The oil was distilled in a Kugelrohr at 110 °C/0.001 Torr to give a white solid (1.37 g) with m.p. 43–45 °C (2b, ref.[4]: 47–48 °C). Both GLC and thin layer chromatogram (PE/EA 20:1) showed that the substance was still contaminated. Therefore it was recrystallized from the minimal amount of n-pentane. The mother liquor of the crystals (0.77 g) was subjected to MPLC on Merck LiChroprep Si 60, eluting with PE/EA (190:1) to give a further 0.24 g of 2b. Total yield 1.01 g (39%). The IR and 1H NMR (60 MHz) spectrum were in agreement with those from an earlier preparation [4].




2,2,4,4-Tetrachloro-spiro(bicyclo[3.2.1]oct-6-ene-8,1'-cyclopropane)-3-one (2c)


Method a) Prepared from spiro[2.4]hepta-4,6-diene [15d] (0.92 g, 10 mmol) and 1 (3.66 g, 10 mmol) according to the procedure described above. Adsorptive filtration over silica with PE/EA (20:1) followed by crystallization from n-pentane (40 mL) gave 2c (1.28 g, 45%) as colourless crystals with m.p. 103–104 °C.



Method b) From PCA with sodium 2,2,3,3-tetrafluoropropanolate/2,2,3,3-tetrafluoropropanol [16]: Spiro[2.4]hepta-4,6-diene[15c], (1.84 g, 20 mmol) and PCA (4.61 g, 20 mmol) were mixed and cooled in an ice-bath. A solution of sodium 2,2,3,3-tetrafluoropropanolate/2,2,3,3-tetrafluoropropanol (20 mL, c=1 mol/L) was added dropwise, with magnetic stirring. After 3 h, diethyl ether (150 mL) was added, and the precipitated sodium chloride removed by filtration and washed with ether. The liquid was concentrated in a rotary evaporator. The remaining solid was dissolved in PE/EA (19:1) (10 mL) and filtrated over silica (80 g) in a 40×2 cm column, eluting with 500 mL of PE/EA. The fractions that contained the cycloadduct (2c), were concentrated and the residue crystallized from diethyl ether. One obtained 2.81 g (49%) of 2c as colourless needles with m.p. 104.0–104.5 °C.



Method c) With lithium perchlorate/diethylether/ triethylamine: Dry lithium perchlorate (32 g, 0.3 mol) was dissolved in dry diethylether (250 mL) and mixed with triethylamine (42 mL, 0.3 mol). Spiro[2.4]hepta-4,6-diene [15c] (13.8 g, 0.15 mol) and PCA (34.5 g, 0.15 mol) were added dropwise with rapid magnetic stirring. After 12 h water (100 mL) was added, and the layers separated. The aqueous layer was extracted with diethyl ether (3×50 mL). The combined organic solutions were dried with magnesium sulfate, filtrated and concentrated in vacuo. The residue crystallized as a dark mass that was purified by flash-chromatography on silica (180 g, column 80×4 cm) with PE/EA (19:1) yielding 6.93 g (16%) of needles with a faint brownish colour and m.p. 104–104.5 °C; IR (KBr): 3080, 3000, 2955 (CH), 1790, 1755 (s), 1735 (C=O), 1425, 1325, 1255, 1190, 1100 cm-1; 1H-NMR (500 MHz): δ = 0.57 („t“, line distance 8 Hz [17], 2H, CH2); 1.62 („t“, line distance 8 Hz [17], 2H, CH2); 2.87 (s, 2H, 1-H, 5-H); 6.52 (s, 2H, 6-H, 7-H); 13C-NMR (125.8 MHz): δ = 10.1 (CH2), 13.2 (CH2), 31.9 (C-8), 61.1 (C-1, C-5), 86.2 (C-2, C-4), 138.4 (C-6, C-7), 187.3 (C-3); Anal. For C10H8Cl4O (286.0): calcd. C 42.00, H 2.82, Cl 49.59; found C 42.13, H 2.87, Cl 49.47.




1-Methyl-2,2,4,4-tetrachloro-8-oxabicyclo[3.2.1]oct-6-en-3-one (2d)


Prepared from 2-methylfuran (1.00 g, 12.2 mmol) and 1 (3.66 g, 10 mmol). The crude product was purified by adsorptive filtration over silica with PE/dichloromethane (9:1). Colourless crystals with m.p. 54.0–54.5°C (lit.[4]: 53–54°C); yield 1.20 g (44%). The IR and 1H-NMR (60 MHz) spectrum were in agreement with those from an earlier preparation [4].




1,5-Dimethyl-2,2,4,4-tetrachloro-8-oxabicyclo[3.2.1]oct-6-en-3-one (2e)


Prepared from 2,5-dimethylfuran [18] (1.20 g, 12.5 mmol) and 1 (3.66 g, 10 mmol). The crude product was purified by adsorptive filtration over silica with PE/dichloromethane (9:1). Colourless crystals with m.p. 112–113 °C (lit.[4] m.p. 111–112 °C); yield 1.35 g (47%). The IR and 1H-NMR (60 MHz) spectrum were in agreement with those from an earlier preparation [4].




1-(But-3-enyl)-2,2,4,4-tetrachloro-7-methyl-8-oxabicyclo[3.2.1]oct-6-en-3-one (2f)


Prepared from 2-(but-3-enyl)-3-methylfuran [19] (1.36 g, 10 mmol) and 1 (3.66 g, 10 mmol). The crude product was purified by adsorptive filtration over silica with PE/EA (20:1) and crystallization from n-hexane (10 mL). Colourless crystals with m.p. 62 °C (ref.[4]: m.p. 67°C); yield 1.68 g (51%). The IR and 1H-NMR (60 MHz) spectrum were in agreement with those from an earlier preparation [4].




2,2,4,4-Tetrachloro-7-methyl-1-(3-methylbut-3-enyl)-8-oxabicyclo[3.2.1]oct-6-en-3-one (2g)


Prepared from 3-methyl-2-(3-methylbut-3-enyl)furan [20] (1.50 g, 10 mmol) and 1 (3.66 g, 10 mmol). The crude product was crystallized from PE/EA (20:1) (10 mL) to give 1.55 g (45%) of colourless crystals with m.p. 102 °C (lit.[4]: m.p. 101–102 °C). The IR and 1H-NMR (60 MHz) spectrum were in agreement with those from an earlier preparation [4].
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