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Abstract

The trifluoromethoxy (OCF3) and difluoromethoxy (OCF,H) groups are fluorinated structural
motifs that exhibit unique physicochemical characteristics. Incorporation of these substituents into
organic molecules is a highly desirable approach used in medicinal chemistry and drug discovery
processes to alter the properties of a parent compound. Recently, tri- and difluoromethyl ethers
have received increasing attention and several innovative strategies to access these valuable
functional groups have been developed. In this mini-review, we focus on visible-light photoredox
catalysis for the synthesis of tri- and difluoromethyl ethers which also includes recent
photocatalytic strategies for the formation of O-CF3, C-OCF3 O-CF,H, and C-OCF,H bonds as
well as other transformations leading to the construction of ORfg groups.

Graphical Abstract

Shine Light on the OCF,H and OCF3 Groups: Tri- and difluoromethyl ethers are privileged
moieties in the realm of medicinal chemistry and are found in marketed pharmaceuticals and
agrichemicals. Recent advances in the visible light photocatalytic synthesis of these moieties
would likely render them to be routinely considered during the drug design and discovery
processes.
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Introduction

Fine-tuning of physicochemical properties of a drug candidate is a pivotal aspect of any drug
development process. A common approach to modify the physicochemical properties of a
drug candidate involves incorporation of fluorinated functional groups, such as the
trifluoromethoxy (OCF3) and difluoromethoxy (OCF,H) groups, into the parent compound.
[1] Since addition of these groups into organic molecules may result in an enhancement of
the efficacy of drug candidates by impacting the biological activities such as increasing their
metabolic stability, enhancing their cellular membrane permeability, and improving their
pharmacokinetic properties, they are often viewed as privileged functional groups in the
realm of medicinal chemistry and are routinely considered during design and development
processes of successful drugs.[2]

The OCF3 and OCF,H groups have a combination of several unique properties that are
distinct from other functional groups.[3! For example, the OCF3 group has high
electronegativity (x = 3.7 according to the Pauling’s electronegativity scale)[4] and excellent
lipophilicity (rt, = +1.04).3] In addition, the OCF3 moiety lies in the plane orthogonal to the
aromatic ring in aryl trifluoromethyl ethers (Figure 1a).[6] This peculiar conformation is due
to the steric interaction between the CF3 group and the ortho-hydrogen atoms of the
aromatic ring and the negative hyperconjugation (n, — o*c_g). These interactions
significantly weaken the tendency of the oxygen lone pair electrons to delocalize into the
aromatic ring and, as a consequence, the OCF3 group is allowed to rotate freely to adopt a
more stable conformation where the dihedral angle (€) of the C=C-O-CF3 bond is close to
90°. Due to this conformation, compounds containing an aryl trifluoromethyl ether may have

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 3

additional binding affinity in an active site of a target. [2 €] On the other hand, molecules
containing the OCF,H group exhibit dynamic lipophilicity (i, = +0.2-0.6) where they can
alter their lipophilicity according to their surrounding chemical environment by a simple
bond rotation around the O—CF,H bond (AG* = 0.45 kcal mol™1).[7] In addition, the OCF,H
group could serve as a hydrogen bond donor to enrich molecular interactions with residues
in binding pockets. As a result, the OCF3 and OCF,H groups are installed into
pharmaceuticals and agrochemicals to fine-tune their /n vivo adsorption, distribution,
metabolism, excretion, and toxicity (ADMET) properties.[3: 8]

Although a number of currently prescribed pharmaceutical agents bear either the OCF3 or
OCF,H motif in their aromatic systems, for example Sonidegib® (anti-cancer drug),[°]
Riluzole® (anticonvulsant drug)[1%] Pantoprazole® (anti-inflammatory drug),[*1] and
Roflumilast® (anti-inflammatory drug)[12] (Figure 1b), access to these analogs often requires
installation of the OCF3[13] and OCF,HI[!] groups at an early stage of a multi-step synthetic
sequence.[23] The lack of late-stage tri- and difluoromethoxylation strategies results in
laborious synthetic efforts for the preparation of a handful of structurally-related analogs and
limits the number of derivatives for structure-activity-relationship studies.[X6] Thus, synthetic
methods that enable an easy introduction of the OCF3 and OCF,H groups at a late stage of
synthesis are highly desired.

Over the past few decades, visible light photoredox catalysis has emerged as an important
synthetic tool.[17] A great number of novel C-C and C-X bond forming reactions have been
developed and employed in the preparation of molecules which would be otherwise difficult
or impossible to access. These photoredox-catalyzed transformations proceed via radical
intermediates that are generated under mild reaction conditions. In contrast to traditional
chemical methods involving single electron transfer processes, photocatalytic strategies do
not require radical initiators and stoichiometric amounts of strong oxidizing or reducing
agents.[18] More recently, several innovative and promising photoredox-based approaches to
form tri- and difluoromethoxylated compounds have been reported. The purpose of this
review is to provide an overview of the recent developments of photoredox-catalyzed
reactions for the synthesis of tri- and difluoromethoxylated compounds. The O-Rg and the
C-ORg bond-forming reactions as well as other transformations leading to the construction
of OCF3- and OCF,H-molecules are discussed herein. Non-photoredox strategies for the
introduction of the tri- and difluoromethoxy groups are out of the scope of this review but
have been summarized in other excellent reviews.[13]. [14]

2. Synthesis of Trifluoromethoxylated Compounds

The incorporation of the OCF3 group into (hetero)aromatic substrates has long been known
as a daunting task in synthesis, and until recently there has been a scarcity of synthetic
methods for the introduction of this functional group into organic molecules.[*3%: 191 The
most common approach towards trifluoromethyl ethers is based on nucleophilic
trifluoromethoxylation strategies, which employ reagents capable of releasing the OCF3
anion (TOCF3). Over the years, however, the development of these reactions has been
hindered due to the instability of the “OCF3 anion which is the result of its facile
decomposition to the more stable fluorophosgene and fluoride anion.[2%] On the other side of
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the spectrum, strategies that utilize the trifluoromethoxy radical (*OCF3), an underexplored
species, have been extremely rare.[1%] Nevertheless, over the past few years, several
innovative approaches utilizing "OCF3 and «OCFj3 for the synthesis of trifluoromethyl ethers
have been reported in the literature.[13d]

2.1. Anionic Trifluoromethoxylation

In 2017, Ngai and colleagues reported the first synthesis of trifluoromethyl aryl ethers
utilizing A-(hetero)aryl-A-hydroxylamides and commercially available and inexpensive
CF3l as starting materials (Scheme 1).[21] Based on their previous reports,[22] the authors
envisioned that selective O—CF3 bond formation was feasible if A-hydroxyl and
trifluoromethyl radicals were generated simultaneously. Instead of using expensive Togni’s
Reagents (e.g., Togni’s reagent I costs $55,980 mol~1),[23] Ngai and coworkers used
trifluoromethy! iodide, which costs $83 mol1,[23] and Ru(bpy)3(PFe)- [tris(2,2’-
bipyridine)ruthenium(ll) hexafluorophosphate] to form the CF3 radical upon irradiation with
blue LED light. Under the optimized reaction conditions, alkyl or halide substituted as well
as more structurally elaborate (hetero)aryl-A-hydroxylamides were successfully O-
trifluoromethylated and underwent OCF3-migration to afford the desired products. A major
advantage of this strategy is its applicability to the synthesis of other polyfluoroalkoxylated
arenes and heteroarenes using readily available polyfluoroalkyl iodides such as
perfluoroisopropyl iodide, perfluoro-sec-butyl iodide, and 7+perfluorohexyl iodide as
coupling partners.

Stern—Volmer quenching experiments indicated that the deprotonated A-phenyl-/N-
hydroxylamide (2.1, £,"®9 = +0.62 V vs SCE)[?4] quenched *Ru(bpy)s?* efficiently (k=
7.84 x 109 M~1 s71), while there was no observable quenching with A-phenyl-A-
hydroxylamide 2.2 and perfluoroisopropyl iodide (2.3) (Scheme 2a). Furthermore, Ngai and
co-workers observed that the ORg migration was slower when electron deficient aromatic
substrates were used, which was consistent with their previous observations and proposal of
an ionic ORg-migration pathway.[22¢] Based on these data, a reductive quenching
photocatalytic cycle for selective O—Rfg bond formation and the subsequent ORg-migration
were proposed as outlined in Scheme 2b. Excitation of Ru(bpy)3%* with visible light
produces a long-lived photoexcited *Ru(bpy)s2* (t1/2 = 1.10 ps)[24], which is reductively
quenched by 2.1 to give A-hydroxyl radical 2.4 and Ru(bpy)s*. Subsequently, Rgl engages
in a SET with Ru(bpy)s* to form the polyfluoroalkyl radical (*Rg) and regenerate the ground
state Ru(bpy)s%*. Next, radical-radical coupling between 2.4 and *Rg affords the O-
polyfluoroalkylated A-phenyl-A-hydroxylamide 2.5. It is noteworthy that Ngai ef a/. did not
detect any aryl C-H polyfluoroalkylated side products even though such a reaction has been
developed under similar conditions.[2%] Presumably, this is due to the persistent radical
effect,[26] where the coupling of the persistent A-hydroxyl radical and transient *Rg is more
favorable than the addition of the *Rf to a (hetero)arene. Once the O-polyfluoroalkylated A-
phenyl-A-hydroxylamide is formed, it undergoes: (i) heterolytic N-ORf bond cleavage, (ii)
recombination of the resulting short-lived ion pair 2.6 to give 2.7, and (iii) tautomerization
of 2.7 to produce the desired polyfluoroalkoxylated (hetero)arene product 2.8.
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In 2018, Tang and coworkers accomplished the first azidotrifluoromethoxylation of styrenes
by combining visible-light mediated photoredox catalysis and silver catalysis (Scheme 3).
[27] |n this transformation, Ru(bpy)3(PFg), was used as a photoredox catalyst, Zhdankin
reagent was employed as an azide radical (*N3) precursor and trifluoromethyl arylsulfonate
as the trifluoromethoxide source. The reactive AgOCF3 species was formed /n situ from aryl
trifluoromethyl sulfonate and silver(l) fluoride salt. Tang’s azidotrifluoromethoxylation
procedure was applicable to a wide range of electron-rich and deficient styrenes with yields
ranging from 28% to 72%. Also heteroaromatics such as benzothiophene and quinolone
derivatives could react and afford the corresponding products in moderate to high yields.

Tang et al. performed a series of Stern-Volmer luminescence quenching experiments and
observed that only the Zhdankin reagent (4.1) quenched *Ru(bpy)s2*. Furthermore, the
quantum yield of the reaction was determined to be 0.55, which indicates a closed catalytic
cycle (Scheme 4a). Moreover, radical trapping experiments with TEMPO (2,2,6,6-
Tetramethyl-1-piperidinyloxy) resulted in the formation of the TEMPO/N3 adduct 4.2
isolated in 6% yield, which corroborated the formation of the putative eN3 (Scheme 4b). In
addition, under standard conditions, both (£) and (2)-styrene derivatives gave the same
diastereoselectivities (3:2) and analogous yields, which suggests the intermediacy of a
benzyl radical species resulting from the addition of N3 to styrenes. Based on these
observations, a possible mechanism for the azidotrifluoromethoxylation of styrenes is
displayed in Scheme 4c. Photo-generated *Ru(bpy)32* is oxidatively quenched by 4.1
generating the highly oxidizing Ru(bpy)33* and the azide radical, -N3 (4.3). Subsequently,
addition of -N3 to styrene (4.4) affords benzylic radical 4.5, which is then oxidized to
benzylic carbocation 4.6 by Ru(bpy)33*. Concurrently, the in situ generated silver(l)
trifluoromethoxide (4.7) from trifluoromethyl 4-methyl benzenesulfonate and AgF is
trapped by the benzylic carbocation 4.6, affording the desired product 4.8. The
azidotrifluoromethoxylation of styrenes is the first example of synergistic
trifluoromethoxylation reaction using sliver and photoredox catalysis.

Radical Trifluoromethoxylation

In early 2010s, Arguello and Navarrini reported the use of F3CO-OCF3 and F-OCF3 (based
on the pioneering work of Barton and Hesse in 1968),[28] respectively, as precursors for the
generation of the «OCF3 radical, which adds onto simple thiophenes and arenes to form
trifluoromethoxylated (hetero)arenes (Figure 2a).[29] Although these strategies provided an
access to the *OCF3 radical, the use of difficult-to-handle, highly reactive, and toxic gaseous
reagents and the requirement of specialized reaction apparatus have limited their application
in preparation of (heteroaryl)aryl trifluoromethyl ethers. It was not until 2018 when Ngai’s
and Togni’s groups independently reported three distinct photo- or redox-active
trifluoromethoxylating reagents, which are easy-to-handle and bench stable species capable
of generating the «OCF3 radical at room temperature (Figure 2b).

In early 2018, Ngai and co-workers reported the first photoactive radical
trifluoromethoxylating reagent | that liberates the OCF3 radical under irradiation with violet
LED light at room temperature (Scheme 5).[19 30] This benzimidazole reagent (1), readily
prepared in two steps from commercially available building blocks, enabled the first
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catalytic intermolecular aryl C(sp?)-H trifluoromethoxylation of (hetero)arenes. Exposure of
reagent | to 10 equivalents of (hetero)arenes in the presence of a redox-active catalyst such
as Ru(bpy)s(PFg)2 (0.03 mol%) in MeCN under irradiation with violet LED light (Amax =
402 nm) at room temperature afforded (hetero)aryl trifluoromethyl ethers in good yields. An
excess amount of (hetero)arene (10 equiv) was needed to prevent bis-trifluoromethoxylation
of the substrate. This procedure was amenable to simple arenes containing common
functional groups including halides, carboxylic acids, ketones, esters, ethers, nitriles,
carbonates, and phosphine oxides. Furthermore, substrates with benzylic moieties as well as
heteroarenes such as pyridine, pyrimidine, and thiophene were all well tolerated. Moreover,
structurally complex compounds, including derivatives of fructose and #rans-androsterone
were successfully trifluoromethoxylated using only 1 equivalent of substrate. Due to its
radical reactivity, the «<OCF3 adds to different reaction sites of aryl substrates to form a
mixture of regioisomers. This is beneficial from a drug discovery perspective because it
allows rapid access to different regioisomers without labor-intensive, parallel multi-step
analogue synthesis.[31] It also increases the efficiency of structure-activity relationship
(SAR) studies of OCF3 analogues and can conveniently produce promising new candidates
that might have never been evaluated otherwise.

Ngai et al. conducted a series of mechanistic studies to delineate the reaction mechanism.
Interestingly, DFT calculations showed that a direct electron transfer from excited
*Ru(bpy)32* to reagent | to form a radical anion is energetically unfavorable. Even if the
radical anion of reagent | was formed, it would preferentially undergo mesolytic cleavage of
the N-O bond to generate the Aicentered benzimidazole radical (*NRR?) and the OCF5
anion, rather than the desired *OCF5 radical.[3%] An experiment in which the reaction was
performed using a bandpass filter (A max = 488 = 2 nm) suggested that reagent | is
photoexcited to 1* under irradiation with violet LED light and then fragments to form the
*OCF3 (6.1) and *NRIR2 6.2 (Scheme 6a). Additional studies and computations indicated
that the «OCF3 reacts with arenes faster than the benzimidazole radical (6.2) to form the
cyclohexadienyl radical (6.3) (Scheme 6b). Redoxactive catalysts such as Ru(bpy)32*
facilitate a SET between 6.2 and 6.3 to afford benzimidazole anion 6.4 and carbocation 6.5,
respectively. Deprotonation of 6.5 liberates the desired aryl trifluoromethyl ether 6.6.

Despite the success of Ngai’s first-generation reagent, the reaction is complicated by the
formation of 3-10% yield of N-arylated side product and the requirement of a high energy
violet light. Also, the formation of the «OCF3 from imidazole reagent I is not catalytic and
selective. In order to overcome these limitations, Liu and Ngai reported a second-generation,
redox-active, cationic trifluoromethoxylating reagent Il that can liberate «OCF3 in a
controllable, catalytic and selective manner under visible light-mediated photocatalytic
conditions at room temperature (Scheme 7).132] Reagent 11 showed a broader substrate scope
than their first generation trifluoromethoxylating reagent. Although 10 equivalents of simple
arenes and heteroarenes were still needed to prevent formation of bis-trifluoromethoxylated
side products, 7.9-9.2 equivalents of aromatic substrates could be recovered at the end of the
reaction, which is important for valuable substrates. More importantly, a number of
biorelevant compounds could be used as limiting reagents, for example, Metronidazole®,
Chlorpropamide®, Baclofen® derivatives were successfully converted into their
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trifluoromethoxylated analogs. Notably, the reaction can proceed under air atmosphere
and/or in the presence of water without diminished yields.

DFT calculations indicate that a SET from *Ru(bpy)s2* to Il is thermodynamically
favorable (AG = —20.9 kcal mol™1) and the resulting neutral radical 8.1 readily undergoes 3
scission (AG = —43.3 kcal mol™1) to generate the *OCF5 8.3 (Scheme 8a). In addition, a
cyclic voltammetry (CV) measurement of reagent I (£, = +0.140 V, vs SCE in MeCN)
shows that a single electron reduction by *Ru(bpy)s?* (E»,"®d = -0.81 V vs SCE in MeCN)
is thermodynamically favorable (Scheme 8a). Once the *OCF3 is formed, the following
reactions such as trapping of the OCF5 radical by an arene (AG = -52.5 kcal mol™1) and
oxidation of the resulting cyclohexadienyl radical 8.3 by Ru(bpy)3®* to afford
cyclohexadienyl cation 8.4 (AG = -64.5 kcal mol™1) are both exergonic processes (Scheme
8b). Deprotonation of 8.4 gives the desired trifluoromethoxylation product 8.5. It is
noteworthy that neutral radical 8.1 forms the OCF3 radical more favorably than the
benzotriazole N-radical (AAG =-8.8 kcal mol™1). As a result, such energetic preference
prevents formation of A-arylated side products.

In the same year, Togni and co-workers independently developed and disclosed an elegant
work on photocatalytic radical trifluoromethoxylation of (hetero)arenes using pyridinium-
based trifluoromethoxylating reagent 111 (Scheme 9).1331. [341 |11 can be synthesized in one-
step in 63% vyield via trifluoromethylation of 4-cyanopyridine N-oxide using Togni’s
Reagent | and TMSNTT;, (A-trimethylsilyl-bis(trifluoromethanesulfonyl)imide). Under the
optimal conditions: arene (5 equiv), Ru(bpy)3(PFg)2 (5.0 mol%), and upon irradiation with
350 W blue LEDs, trifluoromethoxylation of a wide range of arenes and heteroarenes was
achieved in 21-66% yields. Again, due to the reactivity of the OCF3 radical, the addition of
an excess amount of (hetero)aromatic substrate was necessary to prevent the formation of
over trifluoromethoxylated side products. The reaction tolerated a broad array of common
functional groups such as halides, aldehydes, ketones, esters, benzylic moieties, and imides.
Also, it was applicable to a late-stage functionalization of biorelevant molecules including
Femara® (a breast cancer drug), Metalaxyl (an acylalanine fungicide), Phenytoin (an anti-
seizure medication), and Procymidone (a fruit fungicide).

Extensive spin-trapping experiments using advanced-pulse EPR measurements at cryogenic
temperature (—80 °C) in the presence of a 0.1 W blue laser with the radical trap a-(4-pyridyl
N-oxide)- N-tert-butylnitrone (POBN) successfully provided the first preliminary evidence of
the involvement of the OCF3 radical (Scheme 10a). Other common nitrone spin traps such as
5,5-dimethyl-1-pyrroline A-oxide (DMPO) and A-tert-butyl-a-phenylnitrone (PBN) failed
in trapping the reactive «OCF3. DFT calculations and cyclic voltammetry measurements
showed that single electron reduction of 111 by the excited *Ru(bpy)s2* to form the neutral
radical is favorable. They also revealed that the subsequent g-scission of 10.1 to produce the
desired trifluoromethoxy radical 10.2 and the neutral pyridine is slightly more favorable than
the generation of a trifluoromethoxide and a pyridinium radical cation (AAG = -3.1 kcal mol
1), This small energy difference accounts for the formation of <15% of aryl-pyridinium side
products. On the basis of this mechanistic evidence, it was proposed that the reaction begins
with the photoexcitation of Ru(bpy)s%* to *Ru(bpy)s?* (Scheme 10b). Subsequently,
*Ru(bpy)s2™ is oxidatively quenched by the pyridinium cationic reagent 111 (Ep=-0.14vs
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SCE in MeCN) to afford Ru(bpy)3®* and 4-cyanopyridinium radical 10.1. B-Scission of 10.1
produces the neutral pyridine and the trifluoromethoxy radical that adds to an arene, forming
the cyclohexadienyl radical 10.3. Oxidation of 10.3 by Ru(bpy)s3* followed by
deprotonation affords the desired trifluoromethoxylated product 10.4.

Overall, the radical approach towards direct trifluoromethoxylation of (hetero)arenes
developed by Ngai and Togni has enabled photocatalytic C—H trifluoromethoxylation of
(hetero)aromatic substrates and the late-stage functionalization of complex molecules at
room temperature (Figure 2). Although these novel reagents still have their limitations such
as the requirement of an excess amount of substrates, the formation of multiple
regioisomeric products, and HPLC aided separation of the regioisomers, the ability to access
the reactive OCF3 radical and catalytically convert arenes to their OCF3 analogues without
prefunctionalization and under unprecedentedly mild conditions renders this radical
approach highly valuable in the field of discovery chemistry.

3. Synthesis of Difluoromethoxylated Compounds

3.1.

The most common approach towards preparation of difluoromethyl ethers is based on the
reaction of oxygen nucleophiles and difluorocarbene (Figure 3a).[24 351 A range of
procedures and reagents for generation of difluorocarbene such as sodium
chlorodifluoroacetate (Hazeldine),[3¢] diethyl bromodifluoromethylphosphonate (Zafrani
and Segall),[35¢! trifluoromethyl silane (Hu, Olah, and Prakash),[37! difluoromethyl triflate
(Hartwig),[359] and fluoroform (Dolbier)[35"] have been developed over the past few decades
(Figure 3b). O-Difluoromethylation reactions using these reagents provide access to a wide
array of simple OCF,H-containing compounds. Nevertheless, some of the reagents used for
the synthesis of difluoromethyl ethers are commercially unavailable chemicals, gaseous
compounds, or ozone-depleting molecules such as HCF,CI (Freon 22). Also, reactions using
some of the difluorocarbene sources require special reaction apparatus, elevated
temperatures, or strong bases. To alleviate some of these limitations and establish milder
reaction conditions, visible light photoredox catalysis has been used for the generation of the
difluorocarbene intermediate.[35™ More recently, Ngai et a/. reported a distinct and
complementary photocatalytic radical aryl C-H difluoromethoxylation strategy using a
redox-active cationic difluoromethoxylating reagent (1V) (Figure 3b).[38] This reagent can
be synthesized in gram scale from commercially available starting materials with 41%
overall yield and exhibits favorable physical and chemical properties (Figure 3c). More
importantly, it enables the first catalytic and selective liberation and utilization of the
OCF,H radical at room temperature (vide infra).

Photocatalytic Difluorocarbene Protocol

In 2017, Fu and co-workers reported a strategy that enabled preparation of aromatic
difluoromethyl ethers under visible-light photocatalytic conditions (Scheme 11).135M] The
difluorocarbene species, :CF,, was generated /n situ from commercially available and easy-
to-handle difluorobromoacetic acid (BrCF,CO,H) in the presence of fac-lr(ppy)s at room
temperature upon irradiation with visible light. Under the optimized reaction conditions,
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phenols and heteroaryl alcohols bearing halides, cyano, nitro, acetyl, alkyl, ester, ether
groups underwent O-difluoromethylation reaction in 48-95% yield.

To investigate the reaction mechanism, Fu et al. subjected compound 12.1 to standard
reaction conditions, but they could not detect any desired product (Scheme 12a) Thus, oxy-
difluoroacetic acids such as 12.1 are unlikely reaction intermediates under the reported
conditions. Furthermore, Stern—Volmer quenching of photoexcited fac-Ir(ppy)s revealed that
only BrCF,COOCs quenches the excited Ir(ppy)s. On the basis of these results, Fu and
coworkers postulated that the reaction begins with photoexcitation of fac-1r(ppy)s (Scheme
12b). Cesium carboxylate 12.2 (E,= -1.29 V vs SCE)[5™ iis then reduced by the
photoexcited * fac-Ir(ppy)3 (E1/2'V/"1 = -1.73 V vs SCE)[39 to afford a-carbonyl radical
12.3. Subsequently, a SET oxidation of 12.3 by fac-Ir(ppy)s* regenerates the ground state
fac-1r(ppy)s and liberates difluorocarbene intermediate 12.4, which is trapped by phenoxide
12.5 and then protonated to afford the desired aryl difluoromethyl ether 12.6.

Radical Difluoromethoxylation

In 2019, Ngai et al. reported a distinct radical approach for catalytic C-H
difluoromethoxylation of (hetero)arenes using an unprecedented difluoromethoxylating
reagent 1V (Scheme 13).[38] In analogy to their trifluoromethoxylating reagent I1, 1V
enables the first catalytic and selective formation of the OCF,H radical (*OCF,H) at room
temperature. Under the optimized reaction conditions, the OCF,H radical can add to a wide
range of arenes and heteroarenes affording difluoromethoxylated (hetero)aromatic
compounds. The reaction tolerates common functional groups such as halides, aldehydes,
ketones (with or without enolizable protons), carboxylic acids, esters, amides, and
carbonates. Substrates bearing weak benzylic C—H bond (BDE ~ 88 kcal/mol), benzylic
halides, unprotected alcohols, or phenols are proved compatible and afford the desired
products in good yields. Notably, the reaction is amenable to late-stage functionalization of
bio-relevant molecules such as Febuxostat® (anti-hyperuricemic), Mexiletine® (anti-
arrhythmic), Efavirenz® (an anti-retroviral drug for treating HIV).

With regard to the reaction mechanism, Ngai et a/. showed that the quantum yield of the
reaction was 0.52, which suggested a closed catalytic cycle (Scheme 14a). A radical probe
experiment using 1,4-cyclohexadiene as the substrate afforded difluoromethoxylated
benzene (14.2), indicating the formation of the OCF,H radical (Scheme 14b). On the basis
of these and additional results from other mechanistic studies including DFT calculations,
CV measurements, Stern-Volmer luminescence quenching studies, radical trap as well as
competition experiments, Ngai and coworkers proposed a catalytic cycle that begins with
photoexcitation of Ru(bpy)s2* followed by single electron transfer from the resulting excited
*Ru(bpy)s2™ to reagent IV (AG = -17.0 kcal mol™1), forming a neutral radical 14.3 (Scheme
14c). This radical readily undergoes S-scission to release benzotriazole 14.4 and the desired
«OCF,H radical (AG = —42.4 kcal mol™2), which adds favorably to an arene to form
cyclohexadienyl radical 14.5 (AG = —44.9 kcal mol™1) rather than undergoes decomposition
to fluorophosgene and hydrogen atom (AG = —36.5 kcal mol™1). Subsequently, oxidation of
14.5 by Ru(bpy)33* (£1/2™9 = +1.28 V, versus SCE in MeCN) and deprotonation of the
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resulting cyclohexadienyl cation 14.6 (AG = —61.6 kcal mol™1) give the desired product
14.2.

3. Conclusion

In summary, recent advances in visible light photoredox catalysis have enabled development
of novel synthetic strategies towards preparation of tri- and difluoromethoxylated
compounds. Several new O—-Rg and the C-ORg bond-forming reactions as well as other
radical transformations leading to the construction of OCF3 and OCF,H groups have
provided access to numerous valuable OCF3 and OCF,H-bearing molecules. The use of
photocatalytic SET processes allows the synthesis of tri- and difluoromethoxylated
molecules in moderate to good yields under mild conditions. New photo- and redox-active
reagents for the direct tri- and difluoromethoxylation of unactivated arenes and heteroarenes
through a radical-mediated mechanism were developed and successfully applied in late-
stage functionalization of biologically-relevant molecules. The radical (hetero)aryl tri- and
difluoromethoxylation has offered a possibility of generating multiple OCF3- and OCF,H-
analogues in a single operation, thus greatly accelerating synthesis of compounds needed for
thorough SAR studies. Due to the growing interest in OCF3- and OCF,H- substituted
compounds as well as the rapid progress in the area of visible light photoredox catalysis, one
might anticipate further breakthroughs in the field. In addition, improved access to tri- and
difluoromethyl ethers is likely to facilitate the discovery and development of novel
functional molecules for medicinal and material applications.
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o Properties of OCF3- and OCF,H-Containing Compounds
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Figure 1.

(a) Properties of OCF3- and OCF,H-containing compounds (b) OCF3- and OCF,H-
containing marketed drugs.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 August 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leeetal.

Page 15

o Recent Radical Trifluoromethoxylating Reagents
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Figure 2.
(a) Recent developments in direct trifluoromethoxylation reagents. (b) Comparison of

reaction conditions and physical properties of bench stable trifluoromethoxylating reagents
I, 11, and 1.
4Decomposition to pyridone was observed Zon-set of melting curve.
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o Most Common Method: Reaction of Oxygen Nucleophiles and Difluorocarbene
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Figure 3.
(a) Synthesis of difluoromethyl ethers based on the reaction of oxygen nucleophiles with

difluorocarbene. (b) Selected examples of reagents used as difluorocarbene sources and
difluoromethoxylating reagents. (c) Properties of reagent IV.
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Selective C-O bond formation via a photocatalytic radical coupling strategy: access to
perfluoroalkoxylated (ORg) (hetero)arenes. -40 °C. PAfter 12 h the reaction mixture was
heated to 40 °C. “After 12 h the reaction mixture was concentrated, and the residue was
dissolved in MeCN and heated to 40 °C. After 12 h the reaction mixture was filtered,
concentrated, and the residue was dissolved in MeCN and heated to 80 °C.
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e Stern-Volmer Quenching Experiments
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Scheme 2.

(a) Stern—\Volmer quenching experiments. (b) Proposed catalytic cycle and the subsequent
ionic rearrangement. Adapted with permission from reference.[218] © 2017 Royal Society of
Chemistry.
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\‘ P ‘Bustpy (30 mol%) "
» !
14 W Blue LEDs, 4h

(1.0 equiv) (1.0 equiv) (5.0 equiv) 28-72% Yields
OCF;
OCF3 OCF3
0 Me
40% (d.r. = 8:1) 36% (d.r. = 10:1)
OCF, OCF;
N e
3 Me
/O/J\/ 0 O, O
0] 0-0
'Me
H H
Me
38% (d.r. = 4:1) 28% (d.r. = 1.9:1)

Scheme 3.
Azidotrifluoromethoxylation of styrenes via photoredox and silver catalysis.
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o Quantum Yield Determination
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Scheme 4.
(a) Quantum yield of the reaction. (b) Radical trapping with TEMPO under standard

conditions. (c) Proposed mechanism for the azidotrifluoromethoxylation of styrenes via
photoredox and silver catalysis.
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3

NO, CF
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Scheme 5.

Catalytic C-H trifluoromethoxylation of (hetero)arenes with reagent I. Yields and
regioselectivity were determined by 1°F NMR using PhCF3 as an internal standard.
bReaction was performed at 40 °C. € Yield of isolated product based on the recovered
starting material, yield in parenthesis is the yield of isolated product.
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o Reaction with Bandpass Filter (488 + 2 nm), Photoexcitation of Reagent | is Needed
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Scheme 6.
(a) Reaction with a 488 + 2 nm bandpass filter. (b) Proposed mechanism for the

trifluoromethoxylation of (hetero)arenes.
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Scheme 7.
Photoredox-catalyzed intermolecular C—H trifluoromethoxylation of (hetero)arenes with

reagent 1. @Yields and regioselectivity were determined by 1°F NMR using PhCF3 as an
internal standard. “MeCN was used as the solvent. Reactions were performed using 1
equivalent of substrates and 2 equivalents of reagent I1. The isolated yield based on the
recovered starting material. ?Yield in parenthesis is of isolated yield.
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e CV of Reagent Il and Energies of SET and the Formation of the OCF; Radical

I ! !
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Il OCF, 8.1 COCF, 8.2
(E, = +0.14 V vs SCE) - -
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*Ru(bpy);®* Ru(bpy)s>* |- OCF,]
(E,,® = -0.81 V vs SCE) 8.3
AG = 0.0 kcal/mol ~20.9 ~43.3
@ Proposed Reaction Mechanism
n *Ru(bpy)s2*
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8.1 v
/ Oxidative Quenching
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® o
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8.4 8.5 8.2-H"
525 645

Scheme 8.
(a) CV and Energies of SET and the formation of «OCF3 radical from Reagent 11. (b)

Proposed mechanism for the photoredox-catalyzed C-H trifluoromethoxylation of arenes
with reagent I1.
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& H i NCO o NTf, Ru(bpy)s(PFg). (5.0 rnol%)h < OCF3
MeCN, 23 °C, 16 h
“OCF,
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0 .
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CO,Me
@)
63%? 66%2 48% (35%)? 51% (42%)?
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Scheme 9.

Visible light photoredox-catalyzed intermolecular C—H trifluoromethoxylation of arenes
with I11. @Yields and regioselectivity were determined by 19F NMR using PhCF3 as an
internal standard. Yield in parenthesis is of isolated product.
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e CW-EPR Measurements: Trapping of the Trifluoromethoxyl Radical
o OCF,

®
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o Proposed Reaction Mechanism
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-OCF; S - OL
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Scheme 10.
(a) CW-EPR studies. (b) Proposed catalytic cycle for trifluoromethoxylation of arenes with

reagent |11 under visible light photoredox conditions.[34]
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Page 27

OCF,H
L)

48-95% Yields

OOCFzH
PhO

54%
~OCFH

L 2

N

53%

Difluoromethylation of phenols with difluorobromoacetic acid under visible-light

photoredox catalysis.
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o Treatment of Oxy-Difluoroacetic Acid Under Standard Conditions (No Decarboxylation)
O
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o Proposed Reaction Mechanism
(Ey®9 = -1.73 V vs SCE)

o) 4
X 23 W CFL
Br fac~|r(ppy):\
F F @
E)

fac-Ir(ppy)s
(;‘:_p = -1.29Vvs SC

12.2 Oxidative Quenching
Cycle
(o]
(o) /[ — ?81\0@
%o@ SET FF @
fac-Ir(ppy)s” __—7
FF O 12.3
12.3
©
OH _H+ (0] ‘Q +H+ OCFzH
F
12.5 12.4 12.6
Scheme 12.

(a) Treatment of oxy-difluoroacetic acid under standard conditions. (b) Proposed catalytic
cycle for difluoromethylation of phenols under photocatalytic conditions.
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MeCN, 23 °C, 12 h

30 W Blue LEDs
Iv OCF,H Y 41-76% Yields
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Scheme 13.

Catalytic Radical Difluoromethoxylation of Arenes and Heteroarenes. aReactions were
performed using 1 equivalent of substrates and 2 equivalents of reagent 1V. Yields were
determined based on the recovered starting material. The yield in parentheses is the isolated
yield. The asterisk (*) denotes functionalization of a minor regioisomeric product. 6Reaction
performed with 1.0 equivalent of TfOH. ¢1.0 equivalent of K,COs.
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e Quantum Yield Determination

Standard Conditions

Page 30
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Scheme 14.

(a) Quantum yield determination. (b) Trapping experiments with 1,4-cyclohexadiene as a
radical probe. (c) Proposed catalytic cycle for difluoromethoxylation of (hetero)arenes under

photocatalytic conditions.
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