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ABSTRACT: Polyfluorinated aromatics are essential to
materials science as well as the pharmaceutical and
agrochemical industries and yet are often difficult to
access. This Communication describes a photocatalytic
hydrodefluorination approach which begins with easily
accessible perfluoroarenes and selectively reduces the C—F
bonds. The method allows facile access to a number of
partially fluorinated arenes and takes place with
unprecedented catalytic activity using a safe and

inexpensive amine as the reductant.

P artially fluorinated arenes are highly prized molecules in

pharmaceutical and agricultural chemistry, and in materials
science. A recent report found that 20—25% of all compounds
in the drug pipeline contained fluorine," including top selling
drugs such as Diflunisal (I, Figure 1), Januvia (II), and antiviral
Emtricitabine (IV). Fluorinated arenes are commonly found in
agrochemicals (Teflubenzuron III), and fluorination is
frequently used to modulate the properties of liquid crystals

(V).
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Figure 1. Some important partially fluorinated pharamaceuticals,
agrochemicals and a liquid crystal.

Despite the value of these compounds their syntheses are
often lengthy and rely on harsh methods such as the Balz—
Schiemann reaction or the Halex process. In recognition of the
need for more facile access to partially fluorinated arenes,
catalytic fluorination of prefunctionalized arenes” and directed
C—H fluorinations® have received considerable attention.
Arguably, these methods are not well suited for the synthesis
of polyfluorinated arenes because the starting materials would
require multiple prefunctionalizations (i, Scheme 1) or uniquely
arranged directing groups (ii). Herein we present photoredox
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Scheme 1. Comparison of Current and Proposed Strategy to
Partially Fluorinated Arenes
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catalysis of readily available perfluoroarenes (jii) as a new
strategy to access partially fluorinated arenes.

Realization of a simple and robust hydrodefluorination
(HDF) methodology has been a struggle.* HDF chemistry is
inherently difficult for a number of reasons, including the
relative inertness of the C—F bond to many insertion processes
which, if successful, face problematic strong catalyst—F bonds,
which often hamper catalyst turnover acting as a thermo-
dynamic sink in the catalytic cycle. In attempts to develop a
robust HDF catalytic system, a number of different types of
catalysts have been investisgated, including catalysts based on
metal—hydrido complexes, Rh,6 Ni Pd,® and Au’® Further-
more, most methods use extremely fluorophilic reductants,
such as pyrophoric Al-hydrides'® or expensive Si-hydrides'" to
help alleviate this problem. We speculated that if we used a
catalyst incapable of formation of M—F bonds, we might be
able to circumvent these issues altogether and facilitate HDF
with high catalytic turnover number (TON).

Perfluoroarenes have a lowered LUMO compared to their
hydrocarbon analogs'> and offer a convenient mode of
activation. It is established that addition of an electron into
the LUMO" generates a radical anion'* which undergoes
fluoride extrusion'® to generate a radical which abstracts an H-
atom.'® We posited that photoredox catalysis—which has not
been explored for HDF of fluorinated arenes'’—might have a
distinct advantage over traditional methods in generating both
the requisite radical anion as well as the H-atom source (eq 1,
Scheme 2).'%*%!'8 Specifically, we speculated that tris[2-
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Scheme 2. Potential Mechanism
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phenylpyridinato-C* Nliridium(TII), [Ir(ppy);] could be used
to facilitate outersphere electron transfer to generate a
perfluororadical anion (B, Scheme 2) which results in
fragmentation to give radical C'” and a fluoride. Finally, C
abstracts an H-atom from the amme radical cation® generated
in situ giving D and an iminium.”" Because the catalyst is a
robust 18-electron complex and coordinatively saturated with
3-bidentate ligands, it avoids the problematic M—F bond which
prevents decomposition and allows facile turnover. Addition-
ally, we speculated this might alleviate the need for a
fluorophilic reductant such as Al- or Si-hydride and allow us
to use a simple and safer aliphatic amine as a reductant.

Thus, we began our investigation with using Ir(ppy); (Ir(II) /
(I1), V = —2.20)** and pentafluoro pyridine (V = —2.12)*
which provides a slight overpotential. We were pleased to find
full conversion to 2,3,5,6-tetrafluoropyridine (2a) after 24 h
(entry 1, Table 1). Remarkably, Ru(bpy),Cl, and Ru(bpm),Cl,

Table 1. Optimization of Reaction Conditions

H
ff} o D
| _
F” 'N” °F
2a

)\ CH4CN, 1 ml (0.1 M)

F N 45°C, Ar, blue light
13,01 M (2.0 equiv)

entry modification of conditions conversion time, h
1 none 100%“ 24
2 Ru(bpy); instead of Ir(ppy);  37%“ 24
3 Ru(bpm); instead of Ir(ppy); 2—3%" 24
4 without degassing 0%“ 24
S no catalyst or in dark 0% 24
6 1.2 equiv of amine 32/100%* 0.5/22.5
7 2.0 equiv of amine 35/100% 0.5/22.5
8  0.05 mol% catalyst 5/129%° 0.5/1
9 0.125 mol% catalyst 25/43%" 0.5/1
10 0.25 mol% catalyst 47/82%" 0.5/1
11 0.075 M substrate conc 0.015/0.050 mmol 22 0.5/6
12 0.10 M substrate conc 0.018/0.063 mmol 2a®  0.5/6
13 0.15 M substrate conc 0.017/0.044 mmol 2a®  0.5/6
14 0.20 M substrate conc 0.022/0.058 mmol 2a” 0.5/6
15 0.35 M substrate conc 0.032/0.070 mmol 2a®  0.5/6

“Determined by GC. “Determined by '’F NMR.

[bpm = 2,2'-bipyrimidine] catalysts sluggishly afforded product
(entries 2 and 3), despite a significant underpotential (V =
—1.33, —0.91).>* Control studies demonstrated the necessity of
both catalyst and light (entry S). The rate of the reaction did
not appear to depend greatly on the equivalents of amine
(entries 6 and 7) and reached completion using just 1.2 equiv
of amine. There appears to be a rate dependency on catalyst
concentration (entries 8—10).%° Peculiarly, the reaction seems
to have a pseudo-zero-order rate dependency on the substrate
(entries 11—15).° Ultimately, using 0.1 M substrate, 1.1-3.3
equiv of Hiinig’s base, and 0.5 mol% photocatalyst, we began to
evaluate the substrate scope.

Under these conditions a number of perfluoroarenes
underwent smooth HDF (Table 2). Importantly, the reaction
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Table 2. Scope of the Photocatalytic HDF

SR Ir(ppy)3 (.5 Mol%) r\
[ A Fa EtNiPr,, MeCN, 45 °C J Fnt
1a-z Blue LED's, 24 h " 22z

F
FLF o o OO
FN_F F F F H F F F F
® )
Fj/\f\[FF F F F F F F F
H H F F H H

2a,93%2  2b, >95% 2c, 55%1 2d, 85%l?! 2e 75%!2
2g 5o%lbﬂ 2h, 8s%lal o%lal 21 83%

2f, 90%[31
Br

Aﬁuﬁﬁ

NH,
2k, 61%[9] 21, 7s%la cl 2m, 82% 2n, 90%!e!
o) o)
S N A
s” o HN PPh2
F. FoRoALH F H F
P
F F F N F F F F
H NH, NHAc
20, 72%@9  2p, 97% 2q, 99% 2r,80%  2s, 7e%lal
2t 45%!1 2u, 76%[®¢! 2v 65%

algF NMR yield. %65 °C, 72 h. “From 3-Cl tetrafluoropyridine.
9Contains 10% di-HDF product. “Contains 9% regioisomer.
fIncomplete conversion: 2c, 57% conv.; 2g, 70% conv,; 2t, 60%
conv. €36 h.

tolerates a number of functional groups including CF; (2b, 2n,
and 2r), ketones (2d), esters (2e, 2i, and 2q), nitriles (2h, 2m),
oxazoles (2j), and aliphatic amines’® (2v). The inherent
selectivity can be overcome by starting with a chloride (21 vs
2a). Perfluoroarenes substituted with electron releasing amino,
alcohol, or thiol groups proved to be sluggish or unselective
substrates. However, in conjunction with appropriate functional
groups the sluggish substrates underwent facile reaction. For
instance, symmetrical ether (2g) provides the mono-HDF
product. Alternatively, electronic modulation of substrates can
activate them toward HDF. Thiols become active after
formation of the thiocarbonate (20) and similarly amines are
activated by acylation (2k). Other ring functionality can also
serve to activate substrates with electron releasing groups (2m,
2n, 2p, 2q, and 2r). Dibromide 2g demonstrates the };ropensity
to undergo HDF rather than C—Br reduction.”” Highly
fluorinated phosphines, which are an important class of ligand
for several catalytic processes,” also undergo HDF allowing
facile fine-tuning of the electronics. Fused arenes, which are
important in materials science apphcatlons, undergo smooth
HDF (2t, 2u, and 2v).

Under these conditions several substrates can undergo di- or
even tri-HDF events to afford products that would be difficult
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Table 3. Di- and Tri-HDF

| >& Ir(PPY)s (.5 Mol%) | >R
A Fn 7 EtNiPry, MeCN A Fogory
1b,w,r,e, 45°C, Blue LED's,24h 3b,w,re,
i, and x i, and x
F CF3
F H
O O "
H F
F NHAc
3b, 86%[31 3w, 85% 3r, 74%°]
0O 0s_0O
~ “tBu
F H F H p
F F F F
H H
3e, 73%2P)  3i, <59 3x, 78%

“F NMR yield. 42 h.

to access by other means. Conveniently, in most cases™ the
difference in rate constants for mono- and di-reduction is
substantial and selectivity can be controlled by the equivalents
of amine used as well as close monitoring of the reaction.
Octafluorotoluene undergoes ortho,para di-reduction, leaving
the benzylic fluorines intact (3b, Table 3). While decafluoro-
biphenyl gives symmetric 4,4’ reduction in excellent yield (3w).
Interestingly, removal of the first fluorine of 1r occurs ortho to
the CF; group, the second HDF event occurs meta to give a
2,5-di-H arene (3r). While the regioselectivity of the HDF
event is prlmarlly dictated by the electronics of the
perfluorarene,'®*! the rate difference in the di-HDF of the
methyl (3e) and tert-butyl esters (3i) is substantial and suggests
that there is a steric contribution."*> Finally, perfluorotri-
phenyl phosphine undergoes smooth conversion to the tri-
HDF product (3x) which allows direct synthesis from
commercially available phosphine.

We next investigated the robustness of the photocatalyst by
evaluating the TON using pentafluoropyridine (1a, eq 2).

F ]N\ F Ir(ppy)3(.00001 mmol)  F } N @
e,
FI%EF EtNiPr;, (0.475 mmol) FI%[F
I d3-MeCN (0.5 mL)
45°C, Blue LED's, 96 h

82%
22,550 TON

1a
0.275 mmol

Aliquots (7 total) of la and Humgs base were repeatedly
added over the 4 day period> To our delight, the catalyst
proved remarkably resilient and never ceased to produce
product. Eventually the rate of a byproduct formation began to
increase at which time an internal standard was added and a
yield of 82% was obtained to give an unprecedented TON of
22,550, 41032

HDF products are important building blocks for a number of
different applications. As such, obtaining larger quantities of
these products will be necessary. Consequently, we wanted to
investigate the feasibility of our method to be converted to a
flow method. Thus, utilizing a homemade flow reactor,
essentially like the one previously described by Gagné (Figure

2).®> The reaction mixture was pumped by an HPLC pump
into perﬂuoroalkoxy tubing which was wrapped around a
condenser.”® Within the condenser were outward facing blue
LED strips. The temperature was controlled by passing a
mixture of water and ethylene glycol via a recirculating heater/
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Blue LED strip‘s)

Reaction 45°C
mixture heated
H,Olethylene glycol Collection
flask
H F F
F. N F F H
P
F” 'N F F F
F F
Flow, ir=9h Flow, i =20 h Batch

0.27 mmol/h produced
45 °C, 0.22 mol% Ir(ppy)s
2a, 82%, (100% conv.)
(w/ 13.6 mL reactor)

0.0051 mmol/h produced 0.0014 mmol/h produced
65 °C, 0.5 mol% Ir(ppy)s 65 °C, 0.5 mol% Ir(ppy)s
2¢, 51% (53% conv.) 2c, 34% (37% conv.)
(w/ 28 mL reactor) (12x75 tube, 48 h)

Figure 2. HDF in a flow reactor.

chiller through the condenser. Pentafluoropyridine (1a, Figure
2) underwent smooth conversion, producing 2a at a rate of
0.27 mmol/h (978 mg/24 h). Octafluoronapthalene (1c),
which is a sluggish substrate that never reaches full conversion
under standard conditions was also subjected to the flow
reactor. While full conversion was never reached even in under
flow conditions, we did see a 3.75X rate enhancement in
product formation (2c, flow vs batch), which is llkelgf due, in
part, to the diminished path length of the light.>*** These
results suggest the method is convertible to flow and larger
quantities of HDF product could be obtained when desired.

In summary, we have introduced photocatalytic HDF as a
viable method to access polyfluorinated arenes and an
alternative to current HDF strategies in which we demonstrated
the importance of avoiding the metal-F bond for catalytic
turnover. One desirable outcome is the use of safer and less
expensive amine reductant than the traditional Al- and Si-H’s.
Importantly, we have demonstrated that with a single catalyst
we can perform mono-HDF, di-HDF, and even tri-HDF on a
number of different types of arenes to give facile access to
polyfluorinated aromatic rings, a task for which selective
fluorination is poorly suited. Finally, we have demonstrated that
the chemistry is amenable to flow methods, suggesting that it
could be used to make sizable quantities of polyfluorinated
arenes in a convenient, safe, and cost-effective manner. Given
the ease with which the requisite perfluoroarenes can be
prepared via SyAr chemistry, we believe this method has great
potential to help in a number of research areas.
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