Marian Dryzhakov 
  
Joseph Moran 
  
Autocatalytic Friedel-Crafts Reactions of Tertiary Aliphatic Fluorides Initiated by B(C6F5)3 H2O

Keywords: Friedel-Crafts, aliphatic fluoride, carbocations, Brønsted acid, autocatalysis

ABSTRACT:

The C-F bond is the strongest single bond to carbon, constituting an intrinsic challenge for selective catalytic activation in the presence of other functional groups. Existing methods for the activation of tertiary aliphatic fluorides in volve stoichiometric abstraction with fluorophilic Lewis acids or by Lewis acid catalysed trapping with Si reagents. Herein, we describe a B(C6F5)3•H2O catalyzed Friedel-Crafts reaction of tertiary alkyl fluorides that proceeds rapidly at room temperature without trapping reagents. The method is completely selective for F -over traditionally better leaving groups and displays an autocatalytic kinetic profile.

The use of organofluorine compounds in medicinal chemistry, polymer chemistry and material science is widespread owing to the unique nature of the C-F bond. 1 Possessing the highest electronegativity value (χ = 4 by the Pauling scale), 2 a fluorine atom forms the strongest single bond to carbon. 3 This bond is characterized by a short interatomic length (rW = 1.47 Å) as well as a high polarity. [START_REF] O'hagan | [END_REF] The electrostatic character and thermodynamic stability of the C-F bond makes it relatively inert and renders its selective cleavage in the presence of less robust functional groups challenging. Moreover, its low nucleofugality makes fluoride a poor leaving group. 5 The growing interest in densely functionalized organofluorine compounds as well as concerns associated with the environmental accumulation of persistent organofluorine compounds has generated interest in the selective cleavage of C-F bonds. Consequently, a variety of methods for the transformation of polyfluorinated molecules, mono-and polyfluorinated aromatics, as well as benzylic and allylic fluorides have recently been reported. [START_REF] Ahrens | transition metal catalyzed functionalization of polyfluorinated molecules[END_REF] Despite these advances, selective functionalization of C(sp 3 )-F bonds in simple unactivated aliphatic substrates is much less explored. [START_REF] Terao | For metal catalyzed coupling of primary alkyl fluorides with Grignard reagents[END_REF][START_REF] Matsubara | For low-yielding coupling with Grignard reagents in the absence of a metal catalyst[END_REF] A typical approach for the activation of fluoride as a leaving group relies on the stoichiometric use of fluorophilic B, Al or Ga Lewis acids or stoichiometric Si trapping reagents, a constraint apparently grounded in the thermodynamic need to form strong covalent bonds to fluorine. [START_REF] Stahl | For a review on main-group Lewis acid mediated activation of organofluorides[END_REF][START_REF] Ooi | For activation of organofluorides with stoichiometric Al Lewis acids[END_REF][START_REF] Namavari | For activation with stoichiometric B Lewis acid[END_REF][START_REF] Hirano | For activation with substoichiometric B Lewis acid in the presence of stoichiometric Si[END_REF][13] In a representative example from Olah and co-workers, stoichiometric amounts of boron trihalides or pseudohalides were used to abstract fluoride and to generate carbocations under cryogenic conditions en route to Friedel-Crafts reactions. 14 The harsh conditions did not discriminate between primary, secondary and tertiary aliphatic fluoride substitution patterns. The development of alternative and catalytic activation modes for aliphatic fluorides could open new possibilities for their chemoselective functionalization (Figure 1).

We recently disclosed that the presence of electron-rich nitro compounds as co-catalyst or as solvent leads to increased catalytic activity of strong Brønsted acids such as B(C6F5)3•H2O by inducing aggregation of the latter. 15 Although the existence of H-bonds to fluorine continues to be debated, 16 a growing number of reports on the use of H-bond donors to activate C-F bonds have recently appeared. 17 Inspired by the work of Paquin and co-workers on the activation of benzylic fluorides by high concentrations of H-bond donors, 17c we hypothesized that our more strongly H-bond donating system could enable the selective activation of the C(sp 3 )-F bond in tertiary aliphatic fluorides at low concentrations and with catalytic turnover. Gratifyingly, just 1 mol% of B(C6F5)3•H2O in nitromethane promotes the efficient Friedel-Crafts reaction of tertiary aliphatic fluoride 1a with 1,3-dimethoxybenzene in 10 min at ambient temperature (eq 1). 18 Reducing the catalyst loading to 0.2 mol% also led to complete conversion after 1 h under otherwise identical conditions.

Chemoselectivity is of vital importance when it is desirable to activate one strong covalent bond in the presence of others that are weaker. With suitable reaction conditions in hand, we speculated that the H-bond accepting nature of tertiary alkyl fluorides could make their selective activation possible over traditionally better leaving groups. Thus, a library of tertiary aliphatic halides, ethers and esters was prepared and tested. Indeed, the B(C6F5)3•H2O catalyst showed complete selectivity for the activation of the fluoride over other leaving groups even after prolonged reaction time, emphasizing the importance of the acid-fluorine interactions (Table 1, entries 1-7). We next set out to evaluate the influence of substitution pattern on reactivity. To the best of our knowledge, studies on the relative reactivity of mono-and difluorides have only been carried out for benzylic fluorides, 17c and there are no such studies for unactivated aliphatic systems. Furthermore, prior studies by Olah on the use of stoichiometric fluoride abstracting agents did not discriminate between primary, secondary and tertiary aliphatic fluorides. 14 To attack this problem, a library of mono-and disubstituted alkyl fluorides was synthesized and tested under our standard reaction conditions (Table 1, entries 8-11). Primary and secondary fluorides, as well as difluorinated analogues, were unreactive under the catalytic conditions, suggesting the intermediacy of a carbocation. a Determined by 1 H NMR using an internal standard. b Isolated yield.

The scope of suitable nucleophiles was next examined (Table 2). As a rule, common electron rich Friedel-Crafts nucleophiles were well tolerated, furnishing substitution products in good to high yields. Phenol and naphthol derivatives furnished products 2b-d. Halogen bearing arenes could be used as nucleophiles to deliver compounds 2l and 2m. Addition of hexafluoroisopropanol (HFIP) as a co-solvent was in some cases beneficial to the reaction outcome, as in the case of 2i and 2j. Indole nucleophiles furnished products 2e and 2h, albeit under elevated temperatures. Interestingly, in the case of 2h, C-and N-alkylated products could be isolated separately in an 11:1 ratio. Thiophene and furan could also be employed in this transformation to deliver 2f and 2g, though a diminished yield of the latter was obtained as a result of the fast competitive polymerization of furan under the acidic reaction conditions. Only trace quantities of bisalkylation were observed in the described reactions.

Table 2. Arene scope.

a Isolated yield after Kugelrohr distillation. b Isolated yield after silica gel chromatography. c MeNO2/HFIP (1:1) was used as a solvent d 5 equiv of nucleophile was used. e Reaction carried out at 90 °C. f Combined yield of C-and N-alkylation products, isolated separately in an 11:1 ratio. HFIP = 1,1,1,3,3,3-Hexafluoro-2propanol. (eq 1)

1a 2a, >95% GC yield 90% isolated yield (1 h) X R 2 R 1 B(C 6 F 5 ) 3 •H 2 O (1 mol%) 1,3-Dimethoxybenzene (5 equiv) MeNO 2 (1 M) 23 °C, 1 h R 2 R 1
OMe OMe Next, efforts were undertaken to test the range of tertiary aliphatic fluorides compatible with the productive Friedel-Crafts reaction. After accomplishing the synthesis of the novel fluorinated starting materials by deoxygenative fluorination of the corresponding alcohols, 19 we subjected them to standard catalytic conditions with 1,3-dimethoxybenzene as nucleophile. Halogen-bearing products 3b and 3c could be obtained in good yields as well as the more sterically demanding 3h. Alkyl fluoride 1d, prone to elimination, furnished the desired product 3d in 76% yield. Adamantyl fluoride 1i reacted well to give product 3i, just as substrates with elongated aliphatic chains were successfully coupled to furnish compounds 3e-g. Cyclohexyl-derived product 3j could also be obtained from the corresponding fluoride (Table 3).

Table 3. Tertiary aliphatic fluoride scope. a a Isolated yields after Kugelrohr distillation. Time-dependent NMR studies were carried out in order to gain insight into the nature of the catalytically active species in the Friedel-Crafts reaction. Reactions were carried out at 4 °C to ensure that their rates were sufficiently slow to effectively compare different conditions. In all cases, the reactions display an induction period and a sigmoid kinetic profile characteristic of autocatalytic systems. [START_REF] Bissette | For a review of mechanisms of autocatalysis[END_REF] Increasing the catalyst loading from 1 to 10 mol% decreased the induction period from about 220 to 60 minutes, but resulted in a comparable kinetic profile once the induction period had expired (Figure 2, green vs. maroon points). For comparison with B(C6F5)3•H2O (pKa = 8.6 in MeCN 21 ), initiating the reaction with 1 mol% TfOH (pKa = 0.7 in MeCN 22 ) and HF (calculated pKa = 25.2 in MeCN 23 ) resulted in induction periods of about 25 minutes and 200 minutes, respectively (Figure 1, blue and red points). Thus, despite the fact that the reaction is autocatalytic in HF, the initiating Brønsted acid catalyst plays an essential role. Autocatalytic reaction kinetics were previously observed by Paquin and co-workers for Friedel-Crafts reactions of benzylic fluorides using HFIP solvent as an H-bond donor to initiate the reaction after several hours. 17c Though the comparable kinetic profiles of B(C6F5)3•H2O and HF might initially be viewed as surprising since the former is a stronger acid by more than 14 orders of magnitude, HF is well known to undergo concentration-dependent homoassociation in organic solvents to form higher order aggregates that are much stronger Brønsted acids than the monomeric species. 24 A plausible set of catalytic cycles that accounts for all observations is shown in Figure 3. Alk methodology allows for the selective reaction of fluorides over other halides or oxygen-based leaving groups. The synthetic utility of this method is highlighted by that fact that, despite the nearly 140-year history of the Friedel-Crafts reaction, more than 90% of the simple products synthesized herein are new compounds. The observed autocatalytic kinetics are likely due to aggregation of in situ generated HF to generate a highly active Brønsted acid catalyst.
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 1 Figure 1. Stoichiometric versus catalytic methods for Friedel-Crafts reactions of aliphatic fluorides.
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 2 Figure 2. Time-dependent NMR study at 4 °C revealing an autocatalytic kinetic profile.
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 3 Figure 3. Proposed autocatalytic mechanism.In conclusion, the Friedel-Crafts reaction of tertiary aliphatic fluorides has been rendered catalytic for the first time by using a Brønsted acid to initiate an autocatalytic reaction. A range of tertiary aliphatic fluorides was successfully coupled with a variety of electron rich arenes and heterocyclic compounds. Tertiary aliphatic fluorides react rapidly at room temperature in contrast to other aliphatic substitution patterns, pointing to an SN1-type mechanism. The user-friendly

Table 1 . Selectivity with respect to leaving group and substitution pattern.
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	Entry	X	R 1	R 2	Yield [%] a
	1	F	Me	Me	90 b
	2	Cl	Me	Me	<1
	3	Br	Me	Me	<1
	4	OH	Me	Me	<1
	5	OMe	Me	Me	<1
	6	OBn	Me	Me	<1
	7	OAc	Me	Me	<1
	8	F	Me	H	<1
	9	F	H	H	<1
	10	F	F	H	<1
	11	F	F	Me	<1
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