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ABSTRACT: The direct conversion of aliphatic carbox-
ylic acids to the corresponding alkyl fluorides has been
achieved via visible light-promoted photoredox catalysis.
This operationally simple, redox-neutral fluorination
method is amenable to a wide variety of carboxylic acids.
Photon-induced oxidation of carboxylates leads to the
formation of carboxyl radicals, which upon rapid CO,-
extrusion and F* transfer from a fluorinating reagent yield
the desired fluoroalkanes with high efficiency. Experimen-
tal evidence indicates that an oxidative quenching pathway
is operable in this broadly applicable fluorination protocol.

he capacity of fluorine atoms to engender a variety of useful

properties in pharmaceuticals, agrochemicals, and perform-
ance materials has driven significant research efforts toward the
invention of novel fluorination reactions.' > Over the past two
decades, significant progress has been made toward the
production of sp* C—F bonds;* however, catalytic methods for
sp> C—F formation have only recently become available.™® In
particular, metal-mediated radical C—H abstraction/fluorination
protocols have been developed to form tertiary aliphatic,®
benzylic,” as well as allylic® C—F centers, a strategy that is
founded upon the selective functionalization of weak C—H
bonds. Despite these important advances, the development of a
general sp’ C—F bond-forming platform that is (i) highly
regiospecific, (ii) bond strength independent, (iii) operationally
simple, and (iv) able to employ readily available, inexpensive
starting materials, remains a challenging goal.

Harnessing visible light as a safe, renewable, and inexpensive
source of chemical energy to facilitate the construction of
complex organic molecules has emerged recently as a powerful
theme in organic chemistry.” In this context, our group has
recently introduced a visible light-mediated alkylation of a,f-
unsaturated carbonyl compounds with alkyl radicals, generated
via a CO,-extrusion mechanism involving carboxylic acids (eq
1)."° Based on these findings, we wondered if a similar photon-
induced decarboxylation strategy might be employed as a general
platform for the construction of C—F bonds. Precedent for this
transformation has been demonstrated via the silver-mediated
Hunsdiecker reaction'' and the work of Sammis to achieve a
light-promoted decarboxylative fluorination of 2-aryloxyacetic
acids to generate a-oxyfluoro motifs.'> Despite these seminal
studies, a general light-mediated strategy for the fluorination of a
wide range of aliphatic carboxylic acids has not yet been reported.
In this communication, we further advance the visible light
activation concept to describe the first broadly applicable
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protocol for the photon-mediated decarboxylative fluorination
of sp*-carbon-bearing carboxylic acids, using a blue LED light
source and a commercial photocatalyst (eq 2).

Design Plan. Drawing from the mechanistic insights gained
in the course of our decarboxylative alkylation'® and arylation'?
methods, we envisioned that a broad range of aliphatic carboxylic
acids could be employed as viable precursors to fluoroalkanes.
The specific mechanistic details of our proposed visible light-
mediated photoredox decarboxylative fluorination are outlined
in Scheme 1. Irradiation of heteroleptic iridium(II) photo-
catalyst Ir[dF(CF;)ppy],(dtbbpy)PF, (1) with visible light leads
to the formation of a long-lived (7 = 2.3 us)'* excited state,
*Ir[dF(CF;)ppy],(dtbbpy)* (2), which can undergo oxidative
quenching (ET5 = —0.89 V vs SCE in CH;CN)'* in the presence
of an appropriate electron acceptor. We hypothesized that an
initial reduction of a sacrificial quantity of Selectfluor reagent (3;
Selectfluor is a trademark of Air Products and Chemicals) (Eﬁe/% =
+0.33 V vs SCE in CH,CN)"® by *Ir(III) 2 via a single electron
transfer (SET) process should generate the strongly oxidizing
Ir[dF(CF,)ppyl,(dtbbpy)** (5). Indeed, the earlier work of
Sammis clearly delineated that such a possibility was viable with
an electrophilic source of fluorine.'”” We further assumed that
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Scheme 1. Mechanism for Decarboxylative Fluorination
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base-mediated formation of an alkyl carboxylate followed by an
SET oxidation (ES = +1.16 V for hexanoate)'¢ using the
transiently formed Ir(IV) species 5 (EL = +1.69 V vs SCE in
CH,CN)"* would be thermodynamically feasible. This process is
envisioned to generate a carboxyl radical, which upon 1mmed1ate
extrusion of CO, should provide the SOMO species 7.'
Concurrently, reduction of Ir(IV) 5 would regenerate the
ground-state photocatalyst 1, thus completing the photoredox
cycle. At this stage, direct F-transfer from Selectfluor to the alkyl
radical 7 is proposed to forge the desired fluoroalkane bond (8)
with concomitant formation of the corresponding Selectfluor
radical cation 4. We assume that radical cation 4 would replace
Selectfluor in subsequent photoredox cycles as a suitable electron
acceptor in the conversion of excited-state *Ir(IIl) (2) to the
requisite Ir[dF(CF;)ppy],(dtbbpy)** (5) species.

Results. We first explored the proposed decarboxylative
fluorination reaction in the context of N-benzoyl-4-piperidine-
carboxylic acid and Selectfluor (Table 1). Examination of a range
of photocatalysts and bases revealed that a combination of
Ir[dF(CF;)ppyl,(dtbbpy)PF, (1) and disodium hydrogen
phosphate (1 equiv) was superior with respect to reaction
efficiency. The use of more oxidizing photocatalysts, such as
Ru(phen),** or Ru(bpz),** (9), resulted in slower or no reaction
(entries 1, 3, and 4). Moreover, the use of the Sammis protocol
(Ru(bpy);** (10) + NaOH, developed for the decarboxylative
fluorination of a-oxy acids)'** gave no observable product.
Further improvement was achieved via the use of 2 equiv of
Na,HPO, as a base, presumably due to the larger extent of acid
deprotonation (entries S and 6; 80% vs 90% yield). The critical
role of acetonitrile and water as solvent mixture was
demonstrated by the absence of any fluorinated product when
either of these two solvents was used independently (entries 7
and 8). This observation is likely due to the low solubility of (i)
Selectfluor in acetonitrile and (ii) alkyl carboxylic acids in water,
whereas the miscible mixture of acetonitrile and water allowed
for both substrates to be employed in a homogeneous solution.
Lastly, control experiments confirmed the requirement of a
photocatalyst, base, and a light source in this new fluorination
protocol (entries 9—11).

Reaction Scope. Having identified optimal conditions for
what we hoped would be a general photocatalytic CO,-
extrusion/fluorination protocol, we aimed to define the scope
of the carboxylic acid precursor. As shown in Table 2, a wide
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Table 1. Initial Studies and Reaction Optimization
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carboxylic acid fluoroalkane | Selectfluor®
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entry photocatalyst base solvent” (%)
1 Ru(bpz),(PFy), Na,HPO, CH,CN/ 64
(1 equiv) H,0
2 Ir[dF(CF;)ppyl, CsF (1 equiv) CH,CN/ 68
(dtbbpy)PFq H,0
3 Ru(bpy);(PF), NaOH (1 equiv)  CH;CN/ 0
1,0
4 Ru(phen);(PFy), Na,HPO, CH,CN/ 0
(1 equiv) H,O
5 1[dF(CE,)pp Na,HPO, CH,CN/ 80
(dtbbpyfl’F(, (1 equiv) H,0
6 1[dF(CF,)pp Na,HPO, CH,CN/ 90
(dtbbpy PF6 (2 equiv) H,0
7 dF(CF3) Na,HPO, CH,CN 0
(dtbbpy PF6 (2 equiv)
8 1t[dF(CF,)pp Na,HPO, H,0 0
(dtbbpy PF6 (2 equiv)
9 none Na,HPO, CH,CN/ 0
(2 equiv) H,0
10 dF(CF3) none CH,CN/ 0
(dtbbpy PF5 H,0
11° Ir[ dF(CF3) Na,HPO, CH;CN/ 0
(dtbbpy PF5 (2 equiv) H,0

“Acetonitrile/water 1:1 (v/v) was used as solvent. bYields determined
by 'H NMR using 3,5-bis(trifluoromethyl)bromobenzene as an
internal standard. “Reaction performed in the absence of light.

range of differentially substituted alkyl carboxylates were readily
converted to the corresponding alkyl fluorides. It is of note that
primary, secondary, and tertiary alkyl carboxylic acids are all well-
tolerated, with no observed decrease in efficiency with less-
substituted acids. Substrates with a heteroatom in the vicinity of
the carboxyl group (a or f§) underwent faster CO,-extrusion/
fluorination (precursors to 18 and 28—30, 99%, 92%, 90%, and
90% yields, respectively), with reaction times in the 1—3 h range.
In addition, 2 equiv of Selectfluor could be used without any
decrease in reaction efficiency with these substrates. The same
observation was made for benzylic and homobenzylic carboxylic
acids (precursors to 14, 17, and 22 (87%, 82%, and 92% yields,
respectively), presumably due to stabilization of the transiently
formed radical intermediate. It is important to note that
unactivated acids were also found to be competent substrates
for this fluorination protocol (products 20, 27, and 34 70%, 83%,
and 79% yields, respectively). However, when 1,4-phenyl-
dipropionic acid was employed as a substrate, no formation of
difluoride 12 was observed, due to the very low solubility of the
dicarboxylic acid in the acetonitrile/water mixture. To our
delight, when the corresponding preformed disodium salt was
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Table 2. Decarboxylative Fluorination: Scope of Carboxylic Acids®
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“Isolated yields, see Supporting Information for experimental details. bReaction time 1 h. “Reaction time 3 h. “Reaction time 12 h. “Reaction time 15
h. Reaction run with Ru(bpz);(PF), instead of Ir[dF(C_F3)ppy]z(dtbbpy)PFs.18 SReaction run using 2 equiv of Selectfluor. hReaction run in
acetonitrile/water 3:1. ‘Obtained as a single diastereomer. JObtained as 2.5:1 trans/cis mixture of diastereomers (major diastereomer shown).

employed, the desired difluoride was isolated in 71% yield.
Similarly, 4-tert-butylcyclohexanecarboxylic acid provided higher
yield of the corresponding fluorocyclohexane 20 when the ratio
of the acetonitrile/water medium was adjusted to 3:1. It is
interesting to note that while the fluoride 28, derived from ribosic
acid, was formed in high yield, the corresponding glucopyr-
anouronic acid derivative did not react under these reaction
conditions. We believe that this result can be rationalized by the
change in bond strength and oxidation potential of the C—CO,
moiety as it exists in either the axial anomer position (with ribosic
acid) or the anomeric equatorial topography (as expected with
glucopyranouronic acid). We assume that the axial C—CO, bond
is weaker, and the rate of decarboxylation is faster (in
competition with back electron transfer) due to the hyper-
conjugative stabilization by the ring oxygen lone pair in the case
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of the ribosic carboxylic acid system. In contrast, we presume that
back electron transfer is competitive with decarboxylation in the
case of glucopyranouronic acid, thereby preventing the
formation of an a@-oxy radical intermediate. Interestingly, no
elimination of the fluoride group was observed when this
decarboxylative fluorination protocol was used to generate a f-
fluoro carbonyl under basic conditions. More specifically, when a
1,4-keto acid substrate was employed, the desired f-fluoroketone
25 was isolated in 96% yield, without observation of the
corresponding a,f-unsaturated product. Finally, less reactive
substrates, such as unactivated primary (precursors to products
12 and 15) or tertiary carboxylic acids (precursors to 32 and 34)
proved to be viable substrates; however, longer reaction times
(12—15 h) were required for full conversion of the starting
material. This observation is in agreement with the rate of
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oxidation of the carboxylate (in the case of primary acids) or the
rate of formation of the carboxylate (in the case of cyclic tertiary
acids), critical steps ahead of the formation of the radical
intermediate. Finally, we have performed a series of Stern—
Volmer fluorescence quenching studies in an effort to gather
evidence with regard to the mechanistic proposal outlined in
Scheme 1. As revealed in Figure 1, we observed that the
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Figure 1. Ir[dF(CF;)ppy],(dtbbpy)PF¢ emission quenching with
Selectfluor and sodium 4-tert-butylcyclohexanecarboxylate.

emission intensity of the excited state of the heteroleptic catalyst
Ir[dF(CF;)ppy],(dtbbpy)PFy is diminished in the presence of
Selectfluor (Figure 1). In contrast, fluorescence quenching was
not observed when a solution of sodium 4-tert-butylcyclohex-
anecarboxylate was exposed to the photoexcited *Ir(III) species.
These experiments strongly indicate that the reduction of
Selectfluor is likely the initiation point of the photoredox catalytic
cycle, as proposed in Scheme 1. Moreover, we presume that the
requisite oxidation of the aliphatic carboxylate is performed by
the resulting Ir[dF(CF;)ppyl,(dtbbpy)** species (also de-
lineated in Scheme 1).

In summary, we have developed a photoredox-assisted
decarboxylative fluorination protocol and demonstrated its
utility over a wide range of carboxylic acid substrates. In contrast
to previously described methods, this redox-neutral reaction
does not require activated substrates. In addition, its operational
simplicity and mild reaction conditions allow for the synthesis of
a diverse collection of valuable fluorinated products. Notably,
under these reaction conditions more activated substrates
require lower amounts of the electrophilic fluorinating reagent
and shorter reaction times. Mechanistic studies have provided
evidence supporting an oxidative quenching pathway, in which
reduction of the N—F bond of Selectfluor initiates the
photoredox cycle prior to the carboxylic acid oxidation/
decarboxylation sequence.
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