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ABSTRACT: A practical electrochemical method for the rapid, safer, and mild synthesis of tertiary hindered alkyl fluorides from
carboxylic acids has been developed without the need for hydrofluoric acid salts or non-glass reactors. In this anodic fluorination,
collidinium tetrafluoroborate acts as both the supporting electrolyte and fluoride donor. A wide range of functional groups has been

shown to be compatible, and the possibility of scale-up using flow electrochemistry has also been demonstrated.

Fluorine is an element of significant interest in drug develop-
ment due to its similar size when compared to hydrogen (1.47
vs 1.20 A), high electron-withdrawing capacity, and greater lip-
ophilicity. Moreover, C-F bonds are typically more stable than
C-H bonds, and efforts to manufacture fluoropharmaceuticals
have increased in recent years.! It is estimated that 20% of small
molecule drugs on the market contain one or more fluorine at-
oms or fluorinated functional groups.?* Such compounds have
shown promise as anaesthetics, antidepressants, anti-inflamma-
tory drugs, and anti-cancer agents.**

Incorporation of fluorine into potential drug candidates has
been shown to improve metabolic stability, positively impact
physicochemical properties, and increase the binding affinity to
target proteins.? It is therefore unsurprising that significant ef-
forts have been undertaken to develop methods for the selective
fluorination of organic molecules. These methods fall into one
of three categories: nucleophilic (A), electrophilic (B), and rad-
ical (C) fluorination (Figure 1). The use of inorganic reagents
[e.g9. AgF, HgF,, TI(O,CCF3)s], while easily accessible, is of-
ten disfavored due to their high toxicity and poor solubility in
organic solvents, resulting in lower reactivity which necessi-
tates harsh reaction conditions.®> While XeF, has been shown to
be a possible alternative to these reagents, its general use has
been precluded by its relatively high cost, toxicity, and instabil-
ity in the presence of moisture.®® Similarly, the use of alkali
metal salts has shown promise, however, reported substrate
scopes are limited.>** Organic fluorination agents such as Se-
lectfluor, NFSI, DAST, and hypervalent iodine reagents are bet-
ter suited to drug discovery processes, however, their high costs
and limited stability often preclude large-scale reactions.'?-16
Moreover, the synthesis of tertiary alkyl fluorides remains a sig-
nificant challenge."
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Figure 1. Approaches to fluorination. Nucleophilic (A), electro-
philic (B), and radical (C)

Electrosynthesis can provide safer, fast, and economical
routes toward various small molecules of interest, including
MOM:-type ethers,’®? hindered dialkyl ethers,? orthoesters,?
and sulfonyl fluorides.?® Furthermore, electrochemistry has
long been associated with fluorine chemistry.?* Indeed, fluorine
gas was initially synthesized through the electrolysis of HF con-
taining traces of KF in 1886, and this remains the favored
method for industrial F, production. Consequently, considera-
ble time has been invested in developing electrochemical fluor-
ination processes. Perhaps one of the most encountered reac-
tions is the anodic fluorination of organic compounds in the
presence of either a fluoride anion or a liquid electrolyte (e.g.
Et,NF-xHF, Et;N-3HF, HF-pyridine).?*?> Unfortunately, these
reagents are toxic, and usually require the use of non-glass re-
actors, which makes them impractical .2

Organic electrosynthesis often uses a supporting electrolyte
in vast excess compared to the reagents of interest to render the
solution conductive.?2?® Commonly encountered supporting
electrolytes include perchlorates, triflates, hexafluorophos-
phates, and tetrafluoroborates.?® We reasoned that aside from



facilitating necessary conductivity, in a similar fashion to the
Balz-Schiemann reaction,®®! the use of a fluorinated support-
ing electrolyte could act as a cheap and safer-to-handle source
of fluoride ions.3! Additionally, using a weakly coordinating
solvent (e.g. dichloromethane) should favor a tight ion pairing
between an anodically generated carbocation and the support-
ing electrolyte’s anion, thus limiting unwanted side reactions.

Decarboxylative fluorination, the substitution of a -COOH
group with fluorine, has been achieved through the use of Se-
lectfluor and either chemical- or photocatalytic oxidation.*="
However, these methods either require significant quantities of
the expensive fluorinating agent,3%" costly photocatalysts, or
are limited to very specific substrates.®?**%” Moreover, exam-
ples of electrochemical decarboxylative fluorination remain
rare; necessitate toxic, corrosive, expensive, or potentially ex-
plosive reagents; and are limited in terms of substrate scope
(Figure 2).2% Herein we report a complimentary electrochem-
ical methodology for the synthesis of hindered fluorinated cen-
tres which aims to reduce the cost and increase the accessibility
of this transformation. This is achieved through anodic decar-
boxylation of tertiary carboxylic acids in the presence of a
cheap, bench-stable, and easily accessible fluorinated support-
ing electrolyte, 2,4,6-collidinium tetrafluoroborate without the
need for PTFE reactors.

Electrochemical Decarboxylative Fluorination
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Figure 2. Electrochemical methods for decarboxylative fluorina-
tion

Recently, Baran and co-workers demonstrated the use of
electrochemistry to generate carbocations from non-activated
aliphatic carboxylic acids using Kolbe/Hofer-Moest chemis-
try.23%40 These carbocations were captured by different alco-
hols to afford a range of hindered ethers, which are challenging
to synthesize by conventional means. It was also reported that,
in the presence of an excess of KF and 18-crown-6, the carbo-
cations could be trapped to form the corresponding alkyl fluo-
rides. However, only four examples were reported. Moreover,
the reaction requires the use of expensive and potentially explo-
sive AgClO, as a sacrificial oxidant, and no further investiga-
tions or optimisations were reported. Therefore, we hypothe-
sized that a fluorinated salt such as PFs or BF4 could advanta-
geously replace the need for a supporting electrolyte, an addi-
tional fluoride source, crown ethers and sacrificial oxidant all at
once.

Initial analytical and preparative studies focused on the use
of collidinium tetrafluoroborate as a supporting electrolyte,

owing to its ease of synthesis and low hygroscopicity compared
to traditional supporting electrolytes. Furthermore, the reduc-
tion of collidinium serves two purposes: it leads to the genera-
tion of hydrogen at the cathode, avoiding any deleterious side
reductions and releases collidine, a base that can deprotonate
the carboxylic acid, lowering its oxidation potential and favour-
ing its adsorption on the anode. Moreover, collidine itself is
known to be stable towards oxidation and therefore is unlikely
to result in unwanted side reactions.

Cyclic voltammetry studies of 1-adamantane carboxylic acid
(1), with "BusNPF¢ supporting electrolyte in the presence of col-
lidinium tetrafluoroborate, or with collidinium tetrafluorobo-
rate, as the sole supporting electrolyte, were largely unremark-
able. This is likely due to the oxidation potential of the carbox-
ylate being higher than the potential associated with solvent
breakdown, a well-known phenomenon associated with the
Kolbe reaction. The adsorption of the carboxylates onto the an-
ode is a crucial step during their anodic oxidation.*

Undeterred by this, we continued our investigations using
graphite electrodes since they are known to lead to the strong
adsorption of organic compounds and favour multielectron
transfers. When 3 mL of a 0.07 M solution of 1 was electrolysed
with an applied current of 15 mA (J = 15.5 mA.cm™) in the
presence of 2,4,6-collidine and collidinium tetrafluoroborate,
the corresponding alkyl fluoride, 2a, could be observed by GC-
MS. Optimization studies for this reaction on a larger scale
(0.33 mmol in 5 mL vs 0.2 mmol in 3 mL; Scheme 1) revealed
that the greatest yield could be obtained using five equivalents
of collidinium tetrafluoroborate and electrolysing until a charge
of 4 F had been passed (see supporting information).
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Scheme 1: Reaction optimization for the synthesis of 2a

Alternative supporting electrolytes were examined, however,
yields of 1-fluoroadamantane (2a) were significantly lower.
The use of tetraalkylammonium salts led to a high amount of
trialkylamine via their cathodic Hofmann degradation. Interest-
ingly, the use of 3 A molecular sieves to remove water from the
cell had little impact on the yield of 2a, although this could be
linked to the choice of substrate. No reaction was observed
when the reaction mixture was left to stir without electricity.

With the best conditions in hand, we sought to explore the scope
and limitations of our novel electrochemical fluorination ap-
proach. A range of tertiary carboxylic acids bearing different
functionalities were prepared and subjected to our electrolysis
conditions (Figure 3). While, as mentioned before, the fluorina-
tion of adamantyl derivatives tolerated the use of non-rigor-
ously dried solvent, the presence of adventitious water was del-
eterious for the fluorination of non-adamantyl acids. The pres-
ence of trace water could preclude formation of the desired al-
kyl fluoride, as observed by GC-MS studies of the crude mix-
tures. Consequently, all further electrolyses were conducted in
the presence of 3 A molecular sieves to avoid this eventuality.
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Figure 3. Substrate scope for the synthesis of tertiary alkyl fluorides (0.4 mmol scale). Yields reported for pure isolated products. NI = not

isolated (observed by GC-MS). NO = not observed.

A range of carboxylic acids were electrolysed using our con-
ditions, affording the desired fluorinated analogues with mod-
erate to good yields (39-61%), with the corresponding alcohol
being the only identifiable by-product by GC-MS. As expected,
due to its volatility, 2a was obtained in a slightly lower yield
than that determined by GC-MS. Unprotected ketones (2b), es-
ters (2d, 2e), acetals (2h) and free alcohols (2c) were tolerated,
as were halides (2f), triazoles (2i) and amides (2g). The method
was then pushed further by electrolysing benzylic derivatives,
which are often problematic.*>*® Pleasingly only traces of the
corresponding benzaldehydes, arising from electrochemical
ether cleavage after benzylic oxidation,* were observed in the
crude electrolysis mixtures of 2j and 2k.

The incorporation of aromatic halides (2k,m,n,o,t) had little
effect on the fluorination. This is especially surprising in the
case of 20, since similar substrates are known to be able to gen-
erate an iodonium cation under anodic conditions. It should be
noted that while 2m was observed in the crude reaction mixture
by TLC and GC-MS, it was too volatile to isolate using standard
methods, which precluded its complete characterisation. Excit-
ingly, boronates remained intact after electrolysis (2q), opening
the possibility of further chemistry (e.g. cross couplings) after
fluorination.

Electron-donating groups such as methoxy or thiomethyl fa-
voured benzylic oxidation, thus precluding the formation of the
desired alkyl fluorides (2u, 2v), instead giving rise to the

corresponding benzaldehydes, as observed by GC-MS. No re-
action was observed with carboxylic acids bearing a propargyl
group, with only starting material recovered after extended
electrolysis (6 F.mol™"). However, both N-Boc and N-CBz
groups were tolerated (2x, 2y), with no a-oxidation observed by
GC-MS, although the volatility of 2x resulted in a diminished
isolated yield. In all cases, complete consumption of the starting
material was observed either by TLC or GC-MS analysis; how-
ever, isolation and identification of the by-products was unsuc-
cessful.

A possible mechanism for the electrochemical synthesis of
alkyl fluorides from carboxylic acids is outlined in the support-
ing information. First, the acid is deprotonated by 2,4,6-col-
lidine to give the corresponding anion. Oxidation, followed by
decarboxylation, gives rise to the corresponding tertiary radical
which, in turn, is oxidised further to give a tertiary carbocation,
which rapidly forms a close ion-pair with BF4~, which is in high
concentration in the double layer around the anode. Finally, ab-
straction of a fluoride from BF,~ by the carbocation give rise to
the desired alkyl fluoride and BFs. An attempt to use BFsOEt;
in place of collidinium tetrafluoroborate was unsuccessful.

Evidence for carbocation formation was obtained during the
electrolysis of 3-hydroxyadamantane-1-carboxylic acid using
our standard conditions. For this compound, electrolysis re-
sulted in no observable formation of fluorinated products. In-
stead, Grob fragmentation occurs to form enone 2z, as observed



by GC-MS (Scheme 2). This product formation was not ob-
served for other adamantane derivatives, owing to the structural
requirements for fragmentation.

This method is limited to the synthesis of hindered tertiary
fluorinated centres. Even though Hofer-Moest oxidations can
be used to generate stabilized secondary or primary carbo-
cations like oxocarbenium or benzylic cations, such acid pre-
cursors did not undergo fluorination in our case and complete
degradation of the substrates was observed. Finally, non-stabi-
lized primary and secondary carbocations are known to be ex-
tremely challenging to generate via anodic oxidation of carbox-
ylic acids.

Scheme 2. Proposed fragmentation of 3-hydroxyadamantane-1-
carboxylic acid
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The plausibility of close ion-pairing between the carbocation
and BF4 was supported by the electrolysis of 1 in the presence
of 5eq. of collidinium tetrafluoroborate and 5eq. of cyclohexa-
nol. Given the latter's greater nucleophilicity, exclusive for-
mation of the corresponding ether was expected. However,
analysis of the reaction mixture after electrolysis by GC-MS
showed the formation of 2a as the major product and ether 4 as
a minor product in a 4:1 ratio (Scheme 3).

Scheme 3. Oxidation of 1 in the presence of cyclohexanol
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Finally, we further sought to demonstrate the practicality of
our method at a larger scale, both in batch and flow. The syn-
thesis of 2a was conducted on a 1 mmol scale in batch in 10 mL
of DCM and resulted in an excellent yield of 79% after workup.
In flow, the current density was the same as in the batch exper-
iments (15.5 mA.cm2), and the flow rate was adjusted to ensure
the transfer of 4 F.mol™' (cell volume: 225 pL).

The electrolysis of 1 g of 1 by attachment of a reservoir of the
acid in DCM (0.1 M) in the presence of 1 eq. of collidine and 2
eq. of Collidinium tetrafluoroborate was attempted. Decreasing
the number of equivalents of Collidinium tetrafluoroborate was
necessary to ensure complete dissolution and prevent blockages
in the flow system. The application of an 8-bar backpressure
helped reduce hydrogen bubble formation, as observed in batch
electrolyses, arising from the reduction of collidinium. The de-
sired alkyl fluoride 2a was isolated in good yield (59%) after
workup, therefore further demonstrating the plausibility of re-
action scale-up.

In summary, a new electrochemical method to rapidly fluor-
inate hindered carbon centres has been developed, which is built
upon the anodic decarboxylation of substituted carboxylates in
the presence of collidinium tetrafluoroborate. This method re-
lies on common chemicals found in most laboratories, lessens
the need for expensive, unstable, and toxic fluorinating agents,
and can be undertaken in standards glass cells. Good functional
group tolerance was observed, and a broad scope of substrates
was synthesized. The scalability of this new method has been
demonstrated in flow, thus broadening its appeal and utility to
the synthetic community.
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