Electrophilic fluorination at saturated sites
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Transformation of carbon-hydrogen bonds to carbon-
fluorine bonds at saturated secondary and tertiary carbon
sites by electrophilic aliphatic substitution processes is
possible using either elemental fluorine or fluorinating
reagents of the N-F class.

The development of effective methodology for the selective
introduction of fluorine atoms into organic molecules has
received much attention recently because of the significant
effects on the physical, chemical and biological properties that
incorporation of one or severa fluorine atoms into a substrate
can impart.l These sometimes unique effects are especialy
important in the life-science industries and there are now many
pharmaceuticals and plant-protection agents that are commer-
cialy available which owe their biological activity to the
presence of fluorine in their structures.

Synthetic procedures for the selective transformation of
carbon-hydrogen bonds to carbon—fluorine bonds offer, in
principle, efficient, direct processes for introducing fluorine
atoms into organic molecules. In this context, during the last
few years we, and others,2 have been able to demonstrate that
elemental fluorine is aviable reagent for selective introduction
of fluorine into organic compounds, including aromatic sys-
tems3 and awide range of carbon sitesthat are nucleophilic, e.g.
dicarbonyl compounds,4 diesters,> etc. Fluorination of un-
activated sp3 hybridised carbon-hydrogen sites offers sig-
nificant opportunities for the incorporation of fluorine into an
even wider range of hydrocarbon derivatives. However,
selective direct fluorination at saturated carbon sites is largely
limited to the work of Rozen and co-workers who demon-
strated that tertiary C-H sites could be fluorinated using
elemental fluorine in a reaction medium of CHCI,/CFCl; at
—78 °C. These reaction conditions are clearly limiting,
especialy for scale-up, and therefore we have explored other
systems.

We have now established that acetonitrile as a solvent is
highly beneficial over a variety of other media that we have
investigated. Reactions are conveniently carried out by passing
fluorine gas, diluted to a 10% solution (v/v) in nitrogen, through
amixture consisting of the substrate and acetonitrile, cooled to
0 °C, and efficient, selective fluorination of avariety of systems
has now been achieved this way (see Table 1). Both secondary
CH (1a to 2a) and tertiary C-H sites (e.g. 1b to 2b) were
transformed to C—F bonds using these convenient reaction
conditions. Fluorination of cyclohexane 1a, trans-decalin 1b
and norbornane 1c gave a single mono-fluorinated isomer in
each case whereas fluorination of decane 1d led to a mixture of
four mono-fluorinated positional isomers 2f in similar amounts,
indicating that fluorine substitution had occurred at all possible
secondary sites of the alkyl chain. In contrast, fluorination of
ester 1e gave a mixture consisting of four mono-fluorinated
isomers in aratio of 5.8:3.9:3.2:1 which were identified by
NMR studies to be the 6-, 5-, 4- and 3-fluoroheptanoate
derivatives respectively. Therefore, fluorination occurs prefer-
entially at secondary sites that are furthest removed from the
electron withdrawing ester group. In all cases the yields quoted
are based upon analysis of the crude product obtained after
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Table 1 Selective fluorination of saturated systems

iorii

R—H ——=R—F
Reagents and conditions: i, F5 (10% (v/v) mixture in N,), MeCN, 0 °C;

ii, Selectfluor™, MeCN, reflux, 3.5-16 h.
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Substrate Product(s) Yield (Conv.%)

63 (53)

i 2a 22 (100)

54 (68)
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41 (60)
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2e
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and 3-, 4- and 5-fluorodecane
2(26:12:11:1.0)

63 (61)

=
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26(24:13:1.1:1.0)

\/\/\)J\O/

and methyl 4-, 5- and 6-fluoroheptanoate
29(59:3.9:32:1.0)

58 (84)

49 (42)

1e i 29(3.7:1.3:13:1.0) 48 (57)

separation from the acetonitrile reaction medium (i.e. after
washing with water and extraction into dichloromethane). All
reactions were clean, in that no tar formation was observed.
Additional products contained in the crude product were present
in very low concentration and too minor to be identified.
Inevitably handling losses on the scale used (ca. 5 g of starting
material) are relatively high, especialy in the cases of very
volatile substrates, but would obviously be reduced by an
increase in scale.

The question of the mechanism of direct fluorination
processes arises and the obvious difficulty of distinguishing
between electrophilic and radical substitution presents a
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problem. Consequently, we have explored corresponding
reactions between these hydrocarbon systems and Sel ectfluor™
(available from Air Products), an easily handled, commercially
available fluorinating reagent of the N—F class.”-8 Selectfluor™
and structurally related N-F reagents have themselves been
characterised as el ectrophilic reagents in mechanistic studies by
Wong® and Differdingl®11l because no evidence of radical
intermediates or products arising from one-electron transfer
processes were obtained in radical-clock experiments.

Fluorinations of 1 were achieved by heating a mixture
consisting of the substrate, Selectfluor™ and acetonitrile at
reflux temperature and, for most of the systems that we have
investigated, nearly parallel results to those observed using
fluorine were obtained. For example, fluorination of decane 1d
using Selectfluor™ led to a similar product distribution to that
obtained when fluorine was used. In the case of decalin,
however, fluorine gave products arising from substitution at the
tertiary site whereas, in contrast, Selectfluor™ gave fluorine
substitution exclusively at the CH, sites. We attribute this
difference simply to the greater steric requirements of the
Selectfluor™ reagent. Therefore, the general similarity in
product distribution obtained upon fluorination of saturated
systems with both fluorine or Selectfluor™, suggests that these
transformations of C—H bonds to C— bonds may be considered
to proceed via relatively uncommon aiphatic electrophilic
substitution reactions at saturated sites (Sg2) involving 3
centre-2 electron bond transition states!? (see Scheme 1).
Addition of nitrobenzene, afree-radical scavenger, to the direct
fluorination reaction medium does not affect product distribu-
tion or yield, further supporting an electrophilic process.

In the light of the intense interest in electrophilic N—F
reagents’-13 it issurprising that substitution at saturated sites has
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been so little devel oped because the examples shown in Table 1
demonstrate that it isaquite general process. However, Zupani4
and co-workers have reported unusual fluorinations of methyl
groups in tertiary alcohol systems but a mechanism is not
advanced for the process.

In summary, we are confident in describing the reactions of
elementa fluorine, shown here, as electrophilic rather than
fluorine atom processes. Indeed, the electrophilic fluorination
of saturated sites shown here, using either fluorine or N-F
fluorinating reagents, are surprisingly efficient, convenient
processes.
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