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NUCLEOPHILIC SUBSTITUTION VERSUS ELECTRON TRANSFER: 

1. ON THE MECHANISM OF ELECTROPHILIC FLUORINATIONS 

Edmond Differding*# and Gabriela M. Riiegg 

Central Research Laboratories, Ciba-Geigy Ltd., CH-4002-Basel, Switzerland 

Summary: The reaction of a citronellic ester enolate with electrophilic fluorinating agents gives open chain 
fluorinated products only. The absence of rearranged fluorinated products in this system - a potential precursor to 
a 5-hexenyl-type radical clock - indicates that free radicals are not intermediates on the path to fluorinated 
products. 

Electrophilic fluorinating agents have received increasing attention during the last few years, especially since 

stable and selective reagents have been made available. 1-4 There has been a considerable dispute about the 

possible mechanism of such an electrophilic fluorine transferJv6 stimulated in part by the high enthalpy of 

formation of F@ in the gas phase (420 kcal/mol) and by the identification of radical products or intermediates, 

which have in general been taken as arguments for a two-step pathway where an electron transfer (ET) precedes a 

fluorine radical transfer. Based on the identification of the radical cation NFsC* in the reaction of NFs with F2 in 

the presence of a strong Lewis acid, Chrtste6 argues that nucleophilic attack at fluorine with heterolyttc fission is 

unlikely in general. An SN2 pathway in the reaction of CF,OF with nucleophiles is questioned by DesMarteau7 

and Levy et al.* based on regioselecttvities or reaction rates of the fluorination of alkenes. Umemoto suggests an 

electron transfer as the first step in fluorinations with N-fluoro-pyndtnmm salts. 9 Radxals have also been detected 

in the reactions of XeFz, lo CH@GF,” N-fluoro-perfluoro-piperidine12 and others.4 

Scheme 1: Possible pathways in the reaction NuQ + X-F: 
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All of these analyses suffer, however, from one major disadvantage: none allows one to ascertain whether the 

observed radical intermediates he on the reaction path which leads to the fluorinated products or whether they are 

formed in a reaction competing with the fluorine transfer. Therefore a distincnon between a direct nucleophihc 

attack at fluorine in a classical SNz-type transition state (route A) and a two-step pathway where ET first gives a 

free radical Nu” which then, in a second step, leads to Nu-F (route B-C) has so far not been possible. The 

possibility that ET might lead exclusively to non-fluorinated, radical derived products (route 5-D) has in general 

not been consulered.13 A better knowledge of the mechanism of such electrophilic fluorinations would however 

greatly facilitate the design of new reagents and the chotce of optimal reaction conditions. One way to investigate 

this question would be to use a radical clock,14 in this case for instance a carbanion containing a 5-hexenyl carbon 

chain which gives, after electron transfer to the fluorinating agent, a radical that cyclizes to a cyclopentylmethyl 
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radical (scheme 2). If a free radical NuO 1s formed as an intermediate on the way to Nu-F, then rearranged 

fluorinated products should be obtained. If, however, a radical Nu o is formed, but does not lead to the fluonnated 

Nu-F, then rsomerized but non-fluorinated products should be found, In this paper we wish to report our results 011 

the fluormation of a nucleophile which is a potential precursor to a radical-clock-type Shexenyl structure wrth 

four readily available fluorinating agents. 

Scheme 2: 
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Since we have shown that reagents 6 and 1 react with enolates to give the corresponding a-fluom-cat-bony1 

compound in good yields, *a* the benzyl esterl’; 1 of cttronellic acid is chosen both for its availability and tts low 

volatility. In a standard procedure ester 1 is deprotonated by potassium hexamethyl disilazide (1.2 equiv, 1 h) at 

-7PC in THF and treated with the corresponding fluol-rnating agent (1.3 equiv), After stirring at low temperature 

for 1 h, the reaction mixture is warmed up to room temperature, quenched with 0.1 N HCl and analyzed by “F- 

and ‘H-NMR. The 19F-NMR reveals that the o-fluorinated 2 and 3 are the only fluorinated products detectable in 

the reaction mixture.16 By comparison with our recently described drfluorinations,3 we assutne that J is formed 

after deprotonation m situ of 2 by excess base or unreacted enolate, thus leading to varying amounts of the starting 

ester .I, which IS found in the reaction mixture. No fluorine signal can be detected between -130 and -150 ppm 

(upfield from CFCl,), the region where the signal for 4 would be expected. t7 With reagents -5, no other product 

can be detected. With xenon difluoride, however, in addition to 2 and L&10% of 5 are found, but again no 3 can be 

detected. The results are summarized in the table. 

The following conclusions can be drawn: 1.) the absence of cyclic fluorinated 4 with all four reagents is a proof 

that free radicals with a half-life greater than the probes half-hfe are not mtermediates on the pathway to the 

fluormated products, If a radical were formed by oxidation of the enolate, it should cycliae, as ihown 

independently by reduction of the a-bromo-citronellate with tributyl tin hydride.‘* 2.) The fact that 0.7-1.1 

equivalents of fluorine are incorporated with reagents 5-8 wtthout detectable amounts of isomeric products 1s an 

indication that no free radicals are formed at all in these reactions. 3.) Xenon difluoride is able to oxidize the 

enolate to the corresponding radical. The formation of 2 and 3, together with the formation of isomenzed, but not 

fluorinated 5 and the complete absence of 4 can be taken as an indication that the fluorinated and the 

non-fluorinated products are formed via different pathways: the latter with the occurrence of free radicals, the 

former not. 

Although these resuIts excIude &ee radicaI intermedrates, it is tmportant to point out that they can nor exclude ET 

followed by fast in cage recombination: they merely fix a lower limit to the r&e constant with which a 

radical/radical-anion pair - if ever tt is formed - would have to react inside the solvent cage by a fluorine radical 

transfer in order to escape diffusion (i.e.=lO1’s-‘) and subsequent isomerization. 14,ZZ Rut the exact ttnling of such 

a process (bond breaking vs. bond formation) is a more general problem which is currently under debate for SN2 

reactions in general.23-25 In this context, ET theory has been shown particularly efficient in establishing 



3817 

unambiguous quantitative relationships between SN2 and ET rate constants. 25 A detailed analysis of electrophilic 

fluorinations using ET theory, which confirms our interpretation, is described in the accompanying paperez 

Table: Reaction of a citronellic ester enolate with electrophilic fluorinating agents: 

1 KHMDS, THF 

Fluorinaling Agent 

X-F 

Yieldsa 

2 I 3 I 4 I s 1 

59 (43) 28 (18) 0 0 <lC (4) 

1’ 21 (21) 31 (31) 0 0 20 (20) 

8 

82’ 64 (45) 23 (18) 0 0 13 (6) 

XeF2 9’0 11 (10) 3 (3) 0 10 (6) 10 (10) 

a. NMR yields as determined on the crude reaction mixture usin benzotrrfluoride as the internal standard Non 
fluonnated compounds are calculated by comparing “F and s H-NMR spectra (Isolated yields in parentheses) 

In summary, the reaction of a citronellic ester enolate with electrophllic fluonnating agents leads exclusively to 

the corresponding a-fluorinated ester derivatives. The complete absence of cyclic fluorinated products is a proof 

that the fluorination does not occur via free radical intennediates. The isolation of cyclic, but not fluorinated 5 in 

the reaction with xenon difluoride is an indication that ET is a competitive process which does not lead to 

fluorinated products. This should not be limited to the reagents shown in the table, but might as well be the case 

for other electrophilic fluorinating agents. As a consequence, a number of interpretations in the literature will have 

to be revised. 
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