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NUCLEOPHILIC SUBSTITUTION VERSUS ELECTRON TRANSFER: 

2. SN2 AT FLUORINE AND ELECTRON TRANSFER ARE COMPETING AND DIFFERENT 

PATHWAYS IN ELECTROPHILIC FLUORINATIONS 

Eclmond Differding*’ and Markus Wehrli 

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

Summary: A comparison between the observed rate constants of electrophilic fluorinations and the calculated 
rates for electron transfer gives for the first time kinetic proof that nucleophilic attack at fluorine has to occur rn 
or&r to explain the high reaction rates. The low yields of fluorinated products under conditions where ET 
becomes important are an indication that SN2 and ET are competing and different pathways. 

Electron transfer (ET) theory is gaining increasing importance as a tool to rationalize or predict chemical 

reactivity. ‘,* The mechanism of nucleophilic substitution reactions, in particular, in connection to ET and the 

question whether SN2 and ET are competing processes or the two extremes of a common mechamsm is currently 

under extensive investigation. 3 Electrophilic fluorination reactions have so far escaped a quantitative and 

unambiguous analysis and little has been known about the mechanism of the fluorine transfer.4 We have shown 

recently that the enolate of a cnronellic ester - a potential precursor to a 5hexenyl-type radical clock - reacts 

with electrophilic fluonnatmg agents to give exclustvely open-cham a-fluorinated products.4 This led us to 

exclude free radicals as intermediates on the way to the fluorinated products. The characterization of an 

isomerized, but not fluorinated ester indicated that ET could be the source of secondary products, but we were 

unable to exclude a two-step ET route as a pathway to Nu-F with a fast in cage recombination of the radicals 

prior to diffusion. In this paper we wish to report evidence that direct nucleophilic attack atfluonne is the only 

pathway which can account for the observed rate constants and that under certain conditions ET is a 

competitive and difSerent pathway in the reaction of a variety of nucleophiles with N-fluoro-sultam 1. 

Scheme 1: 

R’R*N-F + Nu’ 

If one considers the reaction of a nucleophile with an electrophilrc fluorinating agent containing a 

nitrogen-fluorine bond, two different pathways to Nu-F are concetvable (scheme 1): a.) nucleophilic attack at 

fluorine leading to Nu-F via a an SNz-type transition state (route A), and b.) ET from the nucleophile to R1R2NF 

to give Nu” and a reduced derivative of the fluorinating agent. If a radical/radical-anion pan is formed, it wrll 

have to react via a very fast fluorine radical transfer mstde the solvent cage to give Nu-F (route B-C) since the 

highly unstable radical-anion is likely to dissociate - possibly durmg ET (dtssociattve ET)’ - with loss of the 

fluoride anion to give radical derived products which do not contain fluorine (route B-D). A way to distinguish 

between nucleophilic attack at fluorine (route A) and an electron transfer pathway (route B-C) as posstble 
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pathways to the fluorinated products is to compare the measured rate constant of a fluorination reaction kobs to 

the rate constant for electron transfer km, which can be calculated according to equation ( 1):6 

-AGf 

kE~(M-‘e-‘) = 2 x e T equation (1) 

AG’ is the activation energy for the ET step between a donor (D) and an acceptor (A) and can be calculated 

using the quadratic activation energy-driving force relationships7 developed by Marcus* for outer-sphere ET or 

Saveant’ for dissociatrve ET. AGf is a function of the redox potentials (E”) of the two reaction partners and the 

so-called reorganization energy h of the ET step, which is half the sum of the reorganization energies of the two 

reaction partners. ls7 One problem associated with this formalism is the determination of the redox potentials 

which have to be used in the calculation of AC’ : since, electmchemically, the N-fluom-sultam 1 is reduced 

irreversibly (Et,= -1.21 V versus SCE (CHsCN, nBu4NC104, glassy carbon electrode),9 it must be assumed that 

the measured half-wave potential reflects a considerable overpotentral which is associated with the reductive 

cleavage of the N-F bond in analogy to the reduction of alkyl halides. s The E” value used in this work is based 

on the kinetics of the reaction of 1 with tetramethyl p-phenylene diamine (TMPDA),’ which does not lead to a 

fluonnatron but gives instead the dark-blue radical cation at a rate constant &b,=1.3x10-3 M lsl (CHsCN, 22’C) 

Since rigorous experimental parameters for N-F compounds are still lacking, we made the assumption that LNF 

would be high and comparable to the only mtrogen-halogen derivative studied in detail so far, i.e. 

N-bromo-succinirnide” (X=72 kcal/mol). With a hNP of 70 kcal/mol, equalling kET to kobs for this reaction, 

equation (1) with Z=3xlO” M-ls-l allows one to calculate an E“m of -0.67 V vs. SCE. These two parameters 

have been used to calculate the rate constants km- in the table. The choice of a significantly lower resp. higher 

value for XNNF (e.g. 50 resp. 90 kcal/mol) does only lead to minor changes in EoNF (-0.77 resp. -0.52 V) and the 

two extreme sets of parameters give only very small differences on the calculated rate constants knT. The 

required parameters for the nucleophiles are taken from literature or are estimations based on comparable 

compounds. 

The experimental rate constants (kobs) of representative reactions are determined by following the reaction of the 

corresponding nucleophiles with the fluorinating agent (both at equal concentration, between 0.05 and 0.3 M 

solutions) and by quenching the reaction mixture after various time periods with 0.1 N HCl or saturated aqueous 

ammomum chlonde.1° Plotting l/[Nu] or l/[lJ versus time gives straight lines with a slope equal to the rate 

constant.” The yields of isolated fluorinated products after warming up the reaction mixture to room 

temperature and quenching as above are reported in the table. In some cases products derived from radical 

intermediates are obtained; their yields are indicated m parentheses (see table). 

The following conclusions can be drawn from the table: 

1. The ratio kobsflrET reveals that the observed rate constants for the fluorinations of enolates 2 and 3 arc 

~3.3~10” resp. >3.8x107 times faster than ET is predicted to occur under these conditions. We take these high 

ratios as the fist evidence that SN, at fluorine has to occur. Electron transfer alone would be too slow by several 

orders of magnitude to explain the observed reaction rates. 

2. The ratio k,+JkET becomes smaller for organometalhc nucleophiles 5 and 6. This does not mean that the 

fluorination is shifting towards an ET mechanism: the fact that the yield of fluorinated product decreases as the 

posslbrhty of ET increases is in our view an indication that ET is becoming a competing reaction which does not 

lead to fluorinated products. This confirms our observations with a radical clock and can be rationalized by a 

dissociative ET from the nucleophile to the fluorinating agent, a process in which fluonne is lost as fluoride 

amon. Preliminary experiments confirm such a dissociative pathway in the electrochemical reduction of 1.‘” 
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This means that lL~p is essentially determined by the bond dissociation energy as shown by SavBant.5**3 

3. The oxidation potential of the nucleophile allows one to estimate roughly whether a reaction is likely to occur: 

nucleophiles with high E” do not react with &, even at higher temperature. This is not only the case for silyl enol 

ether 2 (E”= +1.6 V), but also for aromatic nucleophiles such as anisole (EO= 1.3 V) or benzene (E”= 2.79 V).’ 

Table: Rate constants of the reactions of 1 with nucleophiles 

Nu: + 
kobs 

- Nu-F + 

1 

I NLI. I EoN" 

Q COOEt 

Me-_( $5 +a.34 

K@ 
COOEt 

CH3 
K@ 

q’s -0 4 

LI 

$7 -0.34 

a. Reaction too slow to be measL ?d 
b. No other reaction products COL i be Isolated 
c 62% naphthalene and 12% 2-( naphth I)-letrahydrofl 
d. The dark-blue radical-cation T! >DAO QI was obtained 

70 
THF/Et20 

00 

+ 

10 
CH,CN 

220 

k,bs M-‘s-’ 

<< 1 o-s (a) 

kET M“ S-’ 

6.3x10-24 

kobs/kET 

cl .6x1 0” 

Nu-F(%) 

No 
reaction 

23.2x10-’ I &3xlO+J I r3.8~10’ 
I 

80b 

I I I 

1 9x10-2 1 1.2x10-’ 1 16~10~ 1 72b 

6 8x10” 14x10-7 4.8x1 03 17 

(ET.74%)c 

1 3x10-3 1 3x10-3 1 0 

(ET=1 OO%)d 

‘an were Isolated 
No fluorinated TMPDA derivahves could be characterized 

To summarize, these results show for the first time that SNz at fluorine occurs. There are no reasons why such an 

SN2 pathway should be hmited to N-fluoro-sultam 1 and we propose that SN;? at fluorine is a general pathway 

through which fluorine can be transferred to a nucleophile in elecmphilic fluorinations. Therefore the radicals 

which are observed in a number of fluorination reactions do probably not lie on the reaction path which leads to 

the fluorinated products, but are formed in a competing ET reaction. To what extend such an ET route will 

compete with the SNz reaction will certainly depend in part on the redox potentials and the reorganization 

energies of the reaction partners, but a more detailed analysis will have to be undertaken. The extension of these 

results to other electrophilic fluorinations should allow to adjust nucleophiles and fluormating agents according 

to their redox potentials and thus permit, for the first time, the choice of optimal reaction conditions. In a more 

general context, we think that electrophilic fluorinating agents represent an almost ideal tool for the investigation 

of the SN2 reaction m general and its relation to ET in particular, since a clear distinction exists between SN2, 
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which leads to fluorinated products, and ET, which does not.19 
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