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Abstract
Functionalized polyfluorinated aromatics have become an important group of molecules for
pharmaceutical and industrial applications. However, facile access to such valuable molecules
remains an unmet challenge. In this review, we present and discuss photocatalytic C-F
functionalization, which is emerging as a straightforward and operationally simple path to access
partially fluorinated aromatics.
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1. Introduction

Fluorinated organic compounds have become an extremely important and valued class of
molecules with amplified use as pharmaceuticals® and agrochemicals,? and with a number of
industrial applications such as organic photovoltaics (i.e., OLEDs)3 and liquid crystal
molecules.# Following the invention in the 1950s of the first fluorine-containing
pharmaceutical, fludrocortisone,12 the field has grown rapidly. In the last few decades, the
frequency of fluorine incorporation within drugs has risen sharply. Starting from 2% of
drugs that contained fluorine in 1970, this proportion has grown to about 25% of the total
number of drugs available today.1? Furthermore, among the small-molecule drugs that have
been approved by the U.S. Food and Drug Administration (FDA) in 2013, 33% contained a
C—F bond and several of them (i.e., Adempas®, Gilotrif®, Tafinlar®, Tivicay®) contain a
fluoroarene moiety in their structure. Within the crop sciences, the percentage of molecules
containing organofluorine is at least 30%.°

Upon close inspection of the structures of medicinally and industrially important
fluoroaromatics, some common features can be identified (Figure 1). Almost all of them are
(i) considerably functionalized in order to perform a desired role, (ii) partially fluorinated
not perfluorinated, and (iii) the fluoroaromatic moiety in each serves as a terminating unit
except in very few cases. This latter observation is perhaps due to the unavailability of
complex polyfluorinated arenes that can serve to elaborate the molecules further. Recently,
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more efforts have been devoted to the development of selective fluorination strategies that
can be employed to access polyfluorinated arenes. These strategies include C-H
fluorination® (Scheme 1, Part (a)) and cross-coupling reactions using both nucleophilic’ and
electrophilic® fluorine sources (Scheme 1, Part (b)). While these methods have significantly
expanded the number of accessible fluorinated arenes, the need for arenes that contain either
strategically prefunctionalized or specific directing groups in the starting arene limits the use
of such methods. This limitation is most clear when polyfluorinated arenes are desired,
which would require highly elaborated starting materials, or simply may not be accessible
with directed fluorination.8:° An alternate approach would be to start with a simple
perfluoroarene in which C—F bonds already exist in all of the desired locations, and develop
selective C—F functionalization reactions that utilize the undesired C—F bonds to construct
the molecule. If successful, the perfluoroarene would serve as a synthetic lynchpin of
polyfluorinated arenes. For instance, current syntheses of fluorinated azole fungicides share
a common synthetic intermediate, 2a,12 which is accessible in six steps from 1,3-
dichlorobenzene (2j), a nonfluorinated commercially available starting material (Scheme 2).
10 Conceivably, direct C—F functionalization of the corresponding perfluoroarene, 2Kk,
followed by C-F reduction could significantly shorten the synthetic sequence. In this review,
we present and discuss recent advances in the field of photocatalytic C—F reduction and
functionalization of polyfluoroarenes, whereby new reactions are developed that can provide
facile and rapid synthesis of functionalized polyfluorinated aromatics.

2. Hydrodefluorination

As an alternative to selective fluorination, hydrodefluorination (HDF) (Scheme 1, Part
(c))>1! has emerged as one way to access polyfluorinated arenes. While the potential
advantages of the HDF approach as compared to existing selective fluorinations make it
attractive, a number of challenges make its future less clear. Although the reduction of aryl
iodides, bromides, and even chlorides is feasible,1! cleavage of short and strong Cary-F
bonds (Figure 2) has been a challenge. The extreme properties associated with C—F bonds
make the design of efficient HDF catalysts quite challenging.

Existing catalysts for HDF reactions often suffer from low turnover numbers (TONSs) due to
the formation of strong metal—fluorine bonds during the catalytic cycle. In their attempts to
develop more robust HDF systems, chemists have utilized a number of strategies to deal
with this dilemma. One solution is to use “fluorophilic” silyl'2 or aluminum13 hydrides, in
which the hydride-bearing atom itself can form a strong fluorine bond, liberating the catalyst
from the thermodynamic well and increasing the overall exergonicity of the reaction.
Nonetheless, most HDF systems still suffer from low TONs.14

2.1. Photocatalytic Hydrodefluorination

In recent years, photoredox catalysis'® has become popular as a way to introduce a single
electron into a molecule. The beauty of photocatalyzed single-electron chemistry is the
ability to make reactive species catalytically and in a controlled manner in situ. Given this
and indirect evidence from Stephenson’s photocatalytic Cay~1 reduction,1® investigations
have been undertaken to selectively reduce C—F bonds using visible light photocatalysis. The
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prediction was that fac-tris[2-phenylpyridinato-C2, Miridium(111) [fac-r(ppy)s], which is a
coordinatively saturated 18-electron complex and a potent reductant [Ir(I11)/(11), =2.19 V vs
SCE]%a17a\would be capable of transferring an electron to the perfluoroarene. This was
expected to lead to fragmentation of the C—F bond to give a fluoride, perfluoroaryl radical,
and ultimately the desired C—F reduced products after a hydrogen-atom transfer.170.c
Furthermore, the outer sphere nature of the electron transfer might avoid the problematic
catalyst—fluoride intermediates and lead to higher TONS.

Pentafluoropyridine (3b) was chosen as the model substrate, because electron transfer was
expected to be slightly exothermic between the reduced photocatalyst [Ir(111)/(11)] and 3b
(3b, V = -2.12 vs SCE) (Figure 3).18 When the photocatalyst, 4a, absorbs a photon in the
visible region (Scheme 3), it is promoted to an excited state (4b).122 From this excited state,
the photocatalyst can act as either a reductant or an oxidant.1>2 It was proposed that a single-
electron transfer from the tertiary aliphatic amine (4c) to the excited state of the catalyst (i.e.,
reductive quenching) results in an amine radical cation (4d) and the reduced photocatalyst
(4e). Intermediate 4e engages in an outer-sphere electron transfer to the fluoroarene
substrate, 3b, to generate a perfluoroaryl radical anion, 4f. Subsequent fluoride extrusion
forms a perfluoroaryl radical (4g) which then abstracts a hydrogen atom from either the
amine, 4c, or amine radical cation, 4d, leading to the desired reduced product, 4k. The other
results discussed in this review arise from the interception of the versatile key radical
intermediate 4g with = bonds of alkenes, arenes, and alkynes. The interception with alkynes
has been employed to understand the underlying controlling factors of energy vs electron
transfer, by which £- or Z-alkene products can be obtained by the judicious choice of
photocatalyst. The use of the inexpensive and easy-to-handle N, A-diisopropylethylamine (-
ProNEt) as the reductant alleviates the need for fluorophilic metal hydrides, and makes this
methodology operationally simple.

2.2. Mono(hydrodefluorination)

Under the optimized conditions, both electron-deficient perfluoroheteroarenes and electron-
rich fluorinated heterocycles underwent smooth mono-HDF to form 5a, 5f, and 5h,
respectively (eq 1).19 The reaction demonstrated remarkable functional group tolerance, and
had a broad substrate scope. It is worth noting that the chlorine atom in 3-
chlorotetrafluoropyridine was preferentially fragmented leading to 5f, while the distant
bromines in the precursor to 5i survived the HDF with only a trace amount of bromine loss.
Tertiary aliphatic amines (5h) and even phosphines (5e) also survived the
hydrodefluorination reaction. During the optimization trials, it was found that the two other,
significantly less reducing photocatalysts—Ru(bpy)3Cl, (V = -1.33 vs SCE) and
Ru(bpm)sCl, (V = -0.91 vs SCE)2 (bpy = 2,2"-bipyridine, bpm = 2,2"-bipyrimidine)—also
facilitated HDF (leading to 5a), albeit at a much slower rate. This phenomenon suggests that
there are other unexplored factors governing these electron transfers apart from the reduction
potentials alone.
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eql
(Ref 19)

2.3. Di- and Tri(hydrodefluorination)

Often, the rates between the first and second reductions were substantially different such that
one could obtain either mono-, or di-HDF products by simply varying the amount of the
amine reductant and reaction time (eq 2).1° The regiochemistry of HDF is primarily dictated
by the electronics of the aromatic system in the starting material, though it is worth noting
that there can be a steric contribution, as seen by comparing the rate difference between the
di-HDF of the methyl (6d) and fer-butyl (6e) esters of perfluorobenzoic acid.

Our group also investigated the robustness of the catalytic system. Repeated additions of
pentafluoropyridine and diisopropylethylamine to the photocatalytic system achieved an
unprecedented TON of 22,550— the highest among the TONs for all of the HDF systems
reported to date. In addition, by utilizing pentafluoropyridine and octafluoronaphthalene, we
have demonstrated that the kinetics of the reaction could be further enhanced by utilizing a
flow system.19 Collectively, the ability to perform the photocatalytic reaction in flow and at
very low loading of a commercially available catalyst might allow the process to be scaled.

3. Alkylation of Fluoroarenes

Having demonstrated that photoredox catalysis can be employed to break the robust C—F
bond and access the relatively unexplored perfluoroaryl radical, we attempted to exploit this
understanding to develop more elaborate C—F functionalization reactions. To this end, the
first photocatalytic C—F alkylation was published in 2015.21 Carbon-centered radicals
possess a remarkable bond-forming capability?2 with unactivated r bonds that are sterically
congested and are generally considered inert under most reaction conditions. Key to utilizing
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radicals in this manner is their controlled generation. In general, the idea was to intercept
with alkenes the perfluoroaryl radical as it is formed. This would result in a more stable,
longer-lived alkyl radical, which would then undergo the subsequent H-atom abstraction to
afford a net hydroperfluoroarylation of the alkene. Given the vast number of alkenes
available, this approach was expected to lead to a large variety of alkylated polyfluoroarenes.

R R
Vs fac-ir(ppy)s (0.5 mol %) A
Fn—:\) n-2or 3—: —H
Z  iPrNEt (3.5-6.6 equiv) A
MeGN, 45 °C

blue LEDs, 24 h

CF3 CF3 FE FFR F
F H F H i i
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CO:Me

CO.t-Bu
i F
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H H

6d, 73%2 6e, <5%

A19F NMR yield. © 42 h.

eq 2
(Ref 19)

In the last few years, several groups have successfully alkylated highly fluorinated arenes.
Love and co-workers have demonstrated the directing-group-assisted ortho alkylation of
polyfluoroarenes with Pt23 and later with Ni24 based catalysts in the presence of a benzyl
imine directing group (Scheme 4, Parts (a) and (b)). In 2014, Li’s group showed that the
direct addition of alkyl Grignard reagents to perfluoroarenes was also possible (Scheme 4,
Part (c)).2> More recently, Wu’s team developed a regioselective alkyl transfer from
phosphonium ylides to perfluoroarenes (Scheme 4, Part (d)).26 While these approaches are
making inroads toward selective C—F alkylation, there is still an urgent need to develop new
synthetic methods that provide access to complex alkylated fluoroarenes.

3.1. Photocatalytic C—F Alkylation of Fluoroarenes

With the goal of developing selective C—F alkylations, our group found that a variety of
perfluoroarenes engaged unactivated alkenes to give alkylated products.?! In general, since
the perfluoroaryl radical was anticipated to be extremely unstable and consequently highly
reactive,2’ one might have expected that the reaction would be poorly regioselective with
respect to the alkene. The addition, however, takes place with excellent selectivity when
there are differences in the substitution patterns of the alkene, with addition occurring at the
less substituted carbon (9d-f) of the alkene (eq 3). The complementary reactivity of SNyAr
chemistry and photocatalysis was demonstrated by subjecting 3-chlorotetrafluoropyridine to
the photocatalytic reductive alkylation reaction, which results in the functionalization of the
3-chloro position while keeping the 4-fluoro intact (9¢). In contrast, SyAr substitution on
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this same precursor would be expected to occur at the C-4 position.28 Survival of the remote
alkyl chloride of 9f is also noteworthy, and speaks to the functional group compatibility of
the photocatalytic reaction.

A common disadvantage of previous C—F alkylation reactions was the incremental increase
in complexity of the final products, which arises as a result of alkylating reagents that are of
low complexity. In this regard, the use of unmodified alkenes presents enormous opportunity
to access coupled products that are stereochemically dense in a single step, since
sophisticated alkenes are ubiquitous. This feature makes the photocatalytic reductive
alkylation reaction extraordinarily versatile. For instance, a [4 + 2] adduct derived from
furan has been satisfactorily coupled with pentafluoropyridine, yielding the product, 9h,
which contains five stereocenters—two of them base-labile—three cycles, and a bridging
oxygen.

The SyAr reaction takes advantage of the highly fluorinated nature of perfluoroarenes to
simultaneously elaborate the molecules and reduce their fluorine content to access
sophisticated fluoroarenes with just 2—-3 fluorines. It was initially suspected that the fluorines
on the arene ring activate the substrate towards reduction and that the removal of fluorine
would deactivate the substrate towards reduction, and thus it was not clear that subsequent
photochemical C—F functionalizations would take place with sufficient rates to be useful on
substrates with fewer fluorine atoms. A series of substrates containing rings with three
fluorine atoms were synthesized and subjected to the reaction. After substitution of the most
electronically activated 4 position, photocatalytic functionalization moved to the C—F bond
adjacent to the electron-withdrawing group or atom (eq 4).2! The ability to perform
photocatalytic C—F functionalizations on previously elaborated substrates would thus allow
rapid access to structurally complex, polyfluorinated arenes with diverse functionality.
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eq3
(Ref. 21)

The photochemical functionalization and SyAr reactions of perfluoroarenes exhibit
complementary selectivities (Scheme 5).2128.29 This phenomenon was demonstrated by
subjecting substituted fluoroarenes 11a and 11b, which are themselves products of SyAr
chemistry,28 to the photochemical alkylation conditions (Scheme 6).21

Densely functionalized arenes with a reduced number of fluorines are a challenging target in
drug discovery.1¢ Subsequent photocatalytic HDF of the products could provide access to
additional valuable partially fluorinated arenes. Thus, commercially available
perfluoroarenes (13a—d) were subjected to the SyAr reaction, giving rise to elaborated
perfluoroarenes (Scheme 7).21:28 Next, the elaborated substrates were photocatalytically
functionalized to obtain alkylated arenes. Finally, they were subjected to photocatalytic HDF
to further reduce the fluorine content, supplying structurally complex difluorinated arenes
(13e—j). The sequence took place with acceptable yields and with excellent regio- and
diastereoselectivities, and demonstrated how structurally complex difluoro aromatics can be
obtained in a straightforward manner from commercially available perfluoroarenes.
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(Ref 21

4. Arylation of Fluoroarenes

Having demonstrated the ability to perform the reductive alkylation of a C—F bond, our
group investigated next the possibility of performing an oxidation of the incipient alkyl
radical rather than the hydrogen-atom transfer that takes place in the alkylation reaction. It
was expected that accomplishing an oxidation might be difficult, since the conditions used to
accomplish the C—F fragmentation must produce a strong reductant, at least transiently. As a
starting point, hydrogen arenes were chosen, and were anticipated to re-aromatize after
temporary loss of aromaticity, which was expected to serve as a driving force for the
oxidation. Careful consideration of electronic factors suggested that oxidation of
intermediate 14 could happen either before (Path A) or after (Path B) the deprotonation step
(Scheme 8).29 The actual path taken would depend on the nature of the two arene partners.
Starting with the HDF conditions, the reaction was optimized to produce appreciable
amounts of the C—F arylation product, demonstrating the first catalytic dual C-F, C-H
functionalization to obtain polyfluorinated biaryls,2? though other less direct methods exist
(eq 5).30

4.1. Photocatalytic Arylation

Unlike reductive alkylation, the desired arylation of fluoroarenes is expected to end with
oxidative re-aromatization. Since there is no hydrogen-atom abstraction during the
generation of the desired product, it was speculated that the amine might simply serve as a
transient electron donor and a base. Consequently, substoichiometric amounts of amine base
would be sufficient for the reduction of the catalyst, fac-1r(ppy)s, if it were liberated from
the HF salt. Given that the free amine, /~Pr,NEt, can act as a hydrogen atom source as well,
the amount of the HDF product could be controlled by keeping the amine content low and
lowering the temperature. An inorganic base, KHCO3, was found to be optimal for
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scavenging the HF byproduct. Good-to-modest yields were obtained for a variety of
fluoroarenes and electron-rich and electron-poor H-arenes that were coupled together (eq 6).
29 The ability of the perfluoroaryl radical to form highly sterically congested C-C bonds
(16d) is particularly noteworthy and is rivaled by few methods. Consistent with that
observed in the photocatalytic HDF (5f) and photochemical C—F alkylation chemistry (9e),
C-ClI fragmentation (16h) takes place selectively over C—F fragmentation. Interestingly,
some basic heterocycles showed anti-Minisci selectivity (16f,g) demonstrating a divergence
from typical radical addition to basic heterocycles (Figure 4).2° This difference may be due
to the differences in pH between the photocatalytic C—F, C—H arylation and typical Minisci
conditions, which are strongly acidic. The acidic matrix protonates the basic heterocycles
and causes a polarity reversal.

Given the mildness of the reaction and the ability to construct sterically congested biaryls, it
was envisioned that the reaction would be ideal for late-stage functionalization. This could
ease the difficult fluoroarene installation and offer an alternative route to some of the lengthy
procedures to access fluorinated biaryls. In the case of heavily functionalized H-arenes,
which would likely be the more valuable component of the reaction mixture, it is logical to
use the perfluoroarene as the excess reagent (eq 7).2°

Recall that the further photocatalytic alkylations and reductions were possible on the
substrates with a reduced number of fluorines (see Scheme 7). Similarly, we wanted to
demonstrate the ability to access dr-fluorinated biaryls. The commercially available
fluoroarenes were subjected to sequential substitution, arylation, and HDF. Electronically
determined regioselectivity was observed during the HDF reaction, while some other
competing phenomena gave rise to minor regioisomers (Scheme 9).2

5. Photocatalytic Alkenylation and Energy Transfer

The work described so far in this review is a consequence of photocatalyst-induced electron
transfer that results in either C—F reductions or C-F functionalizations, leading to new C-C
bonds. However, it has been shown that the excited state of the Ir-based photocatalysts can
also be quenched via an energy-transfer process rather than electron transfer in cases where
a styrenyl-like system is present.31 However, the reactions employing both electron transfer
and energy transfer are rather rare, presumably due to a diminutive understanding of the
factors that govern these two fundamentally different processes. Among the very few
examples of sequential electron and energy transfers,32 chemists have utilized strategies
such as a solvent change to favor electron transfer or a switch to photocatalysts of
insufficient energy to prevent energy transfer.32:33 In order to gain a better insight into how
to switch between these two mechanistically distinct photoquenching processes, a novel
hydrofluoroarylation reaction of alkynes was conceived. Toward that end, the work on
selective energy transfer was integrated with the ability to perform C—F functionalization via
photocatalytic electron transfer.32:34 The proposed reaction was ideal, because the available
photocatalysts that were sufficiently reducing to induce C—F fragmentation were also
sufficiently energetic to facilitate the isomerization event, effectively removing the known
strategies for separating these two mechanistic processes.
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(Ref 30)

Additionally, we were interested in investigating an underexplored facet of photocatalytic
energy transfer, specifically, the rate of energy transfer as a function of intermolecular
distance between the substrate and photocatalyst.3® Given that both Férster’s36 and
Dexter’s37 energy-transfer processes are known to be highly dependent on internuclear

Approaches for Synthesizing Fluorinated Biaryls

g0 —— 0

Approach A: Both Aromatic Components Derivatized

X=1,Br,Cl Y = B(OH)z, BR2, SnRs, CuR, etc.

X =B(0OH)z, BR, etc. ¥ =1, Br, Cl

X=1Br,Cl Y=H
X=H Y= Cl, Br, SO:H, etc.
X=¥=H
Approach C
X=F Y = B{OH)s, SiRg, organometallic

Approach D: Neither Aromatic Component Derivatized
(Dual C—F, C-H Functionalization)

X=F Y=H

Page 10

eq5

distance, we anticipated that the steric volume of the photocatalyst could potentially serve as
a handle that would allow us to turn energy transfer on or off. The key radical intermediate,

49, generated via electron transfer would add to the alkyne to give a vinyl radical, 20a,
followed by H-atom abstraction to give the alkenylated product, 20b (Scheme 10).3% An

energy-transfer process could then lead to a selective double-bond isomerization to obtain
the Zisomer, 4p, preferentially.
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First, we carried out optimizations that focused on achieving high yields of the alkenylated
product, regardless of £or Zgeometry. Incremental addition of amine and reduced
temperature suppressed the formation of the undesired (HDF) product.

Next, to probe the mechanistic details, a bulky alkyne, fert-butylacetylene (21, Scheme 11)
was used because of its strong kinetic preference for the £isomer (22a) and large preference
for the Zisomer (22b) at the photostationary state.

The observation of sensitized isomerization of stilbenes with planar sensitizers, such as
benzophenone and xanthone, had revealed a strong correlation between the emissive energy
of the sensitizer and the 2 £ ratio.38 In contrast to such planar sensitizers, Ir-based
photocatalysts with three bidentate ligands are approximately spherical, and a plot of
log(Z E) vs the photocatalyst’s emissive energy revealed no correlation.38 The plot of
log(Z: E) as a function of the radius of the catalyst approximated as a sphere shows a linear
correlation, suggesting that the propensity to undergo energy transfer diminishes as the
volume of the catalyst increases. This valuable observation should lead chemists to consider
the size of photocatalysts as a sensitive parameter that can be employed to switch between
photocatalyzed processes regardless of emissive energy.

6. Conclusions and Outlook

In summary, photocatalysis is becoming a powerful tool to help solve the central problem of
C-F functionalization as it pertains to accessing polyfluorinated arenes. It has been shown
that photocatalysis provides access to the reactive perfluoroaryl radical, and we have
demonstrated several strategies for intercepting the radical with a variety of coupling
partners. The use of a commercially available photocatalyst and a tertiary aliphatic amine
furnished the highest reported TON for an HDF reaction without any need for metal
hydrides. The photocatalytic reactions discussed in this review take place under mild
conditions and display excellent functional group compatibility and broad substrate scope.
The reactions open a new avenue to synthesize complex polyfluorinated arenes. While some
yields of the C—F functionalization products are modest, they are offset by the fact that the
reagents need no prefunctionalization and come directly from commercial sources, allowing
an unprecedented level of complexity to be achieved in just a few synthetic steps, and
creating many opportunities for chemists who are involved in lead discovery programs.
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Figure 1.
Pharmaceutically and Industrially Important Fluorinated Aromatics.
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bond energy (kcal/mol): 67 84 97 127 113

bond length (A): 2.14 1.91 1.76 1.35 1.1

Figure 2.
Comparison of Aryl-X Bond Lengths and Strengths.

Aldrichimica Acta. Author manuscript; available in PMC 2018 February 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Senaweera and Weaver

F
FaANF
|/
F7ONTF
3b

E Ar%1=_—212V

Ve

Ir(11) (3a)
E,, Ir(/(Il)] = —2.19 V

Figure 3.
Comparison of Catalyst and Substrate Reduction Potentials. (Ref; 18)
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Accessing Complementary Regioisomers by Using Differential Reactivities of C—X Bonds.
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Sequential SyAr and Photocatalysis as a Succinct and Versatile Way to Access Complex,

Partially Fluorinated Arenes. (Ref. 21.28)
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Proposed Mechanism for C—F Arylation. (Ref. 29)
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Elaboration via Synergistic SyAr and Photocatalysis. (Ref: 29)
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Photocatalytic Alkenylation and Isomerization via Subsequent Electron- and Energy-

Transfer Processes. (Ref: 3%)
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