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To provide a-polyfluoroarylalcohols, a novel protocol for the selective defluoroalkylation of polyfluoroarenes
with easily accessible alcohols was reported via the cooperation of photoredox and hydrogen atom transfer
(HAT) strategies with the assistance of Lewis acids under visible light irradiation. The protocol featured broad
scope, excellent regioselectivity for both C—H and C—F bond cleavages, and mild conditions. Mechanistic

studies suggested that the reaction occurred through Lewis acid-promoted HAT to provide an alkyl radical
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with the Fukui function. The feasibility and application of this protocol on fluoroarene synthesis were well
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Introduction

Fluoroarenes are important motifs exhibiting wide applications
in pharmaceuticals,'® agrochemicals,”® and materials.” Among
the newly released top 200 pharmaceuticals in 2021, over 10%
of them contain aryl C-F bonds including eight with poly-
fluoroarenes. However, the synthetic methods for poly-
fluoroarenes were still limited to traditional methods, such as
direct fluorination with highly reactive fluorine sources, leading
to poor selectivity."' " Selective C-F bond activation of readily
available poly- or perfluoroarenes to construct novel C-C bonds
provided an alternative method for fluoroarene synthesis.'*>*
However, due to the inertness of C-F bonds, the majority of the
reports on the transformation of C-F bonds of polyfluoroarenes
into C-C bonds occurred with strong nucleophiles such as
Grignard, zinc, and copper reagents via directed transition
metal catalysis to ensure the regioselectivity for C-F bond acti-
vations. The preinstalled proximal directing or activating
groups and highly reactive reaction partners largely under-
mined the feasibility of these strategies.
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bioactive compounds, and further transformations of the fluoroarylalcohols.

With the significant development of visible-light-induced
organic transformations in recent years,”** photocatalytic
chemo- and regioselective conversion of C-F bonds in poly-
fluoroarenes to C-C bonds via defluoroalkylation has drawn
significant attention.**** Weaver reported a series of C-F func-
tionalizations of polyfluoroarenes via photoreduction of poly-
fluoroarenes and sequential radical addition to unsaturated C-C
bonds present in alkenes,* alkynes,*® and arenes.*” On the other
hand, the Hashmi group developed a visible-light-induced
defluoroalkylation reaction to achieve the o-fluoroarylation of
N-dialkylanilines through a radical-radical coupling pathway.*®
Recently, the Ritter group reported a defluoroalkylation of poly-
fluoroarenes using aliphatic carboxylic acids as the alkylation
reagent via photocatalytic decarboxylation for alkyl radical
formations.** However, the facile and efficient defluor-
oalkylations of polyfluoroarenes via direct coupling of C(sp®)-H
and C-F bonds are still underdeveloped.

a-Polyfluoroarylalcohols are important skeletons in drugs and
bioactive compounds (Fig. 1a).* However, the synthetic methods
were still limited to the nucleophilic addition of polyfluoroaryl
precursors such as Grignard**** and silane reagents* to aldehydes
or ketones with or without transition metal catalysis (Fig. 1b).
Recently, Luo, Radius and Marder reported a transition metal-free,
base-promoted additions of polyfluoroarylboronates to aldehydes
and ketones,” based on their achievements in nickel-catalyzed
defluoroborylation of polyfluoroarenes**** and palladium-
catalyzed dechloroborylation of chlorine-substituted poly-
fluoroarenes.*® The usage of highly reactive or not easily accessible
fluoroaryl reagents dramatically restricted the application of these
methodologies and the variety of the products. Meanwhile, alco-
hols were one of the most abundant and accessible starting
materials for organic transformations.” Using alcohols as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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alkylation reagents via photocatalytic hydrogen atom transfer
(HAT) of their «-C-H bonds has witnessed significant progress in
recent years. Elegant studies from Macmillan's group using
alcohol as the alkyl radical precursor provided an efficient meth-
odology to construct C-C bonds via radical addition to Michael
acceptors® or cross-coupling with aryl halides with the cooperation
of nickel catalysis.” Nevertheless, the defluoroalkylations of poly-
fluoroarenes using alcohols as the alkyl source via HAT were rarely
reported and challenging, maybe because of the nucleophilicity of
alcohols. Nucleophilic aromatic substitution (SxAr) readily
occurred with polyfluoroarenes to provide defluoroetherification
products under basic conditions.*® In 1991, Pahor et al. reported
a seminal study on the defluoroalkylation of polyfluoroarenes with
alcohols using benzophenone as the stoichiometric HAT reagent
under neutral conditions and UV irradiation,” albeit with poor
selectivity, low efficiency, and limited scope for both substrates
(Fig. 1c). Since then, no significant progress has been made on this
transformation. Considering the development of photocatalytic
selective C-F activation of polyfluoroarenes and HAT reactions of
alcohols and our continuous interest in fluoroarene synthesis,*
herein we hypothesized that with the assistance of Lewis acids, the
activations of a-C-H of alcohols could be facilitated via the coop-
eration of photoredox and HAT catalysis to produce an alkyl
radical, which would react with polyfluoroarenes to deliver valu-
able a-polyfluoroaryl alcohols (Fig. 1d).

Results and discussion

The optimization of the reaction conditions was initiated using
methyl 2,3,4,5,6-pentafluorobenzoate (1a) and hexan-1-ol (2a) as
the reaction partners, and a catalytic system containing pho-
toredox catalysts (PCs), HAT catalysts, Lewis acids, and bases
(Table 1). After substantial exploration, we achieved the optimal
conditions for defluoroalkylation with a combination of 4-

a) Representative polyfluoroarylalcohols as bioactive compounds

Voriconazole Fluconazole Fenfluthrin

Isavuconazole

b) Transition metal or base-promoted stragegies for polyfluoroarylalcohols
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Fig. 1 Applications and synthetic strategies of polyfluoroarylalcohols.
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Table 1 Condition optimization for photocatalytic defluoroalkylation
of polyfluoroarenes

4-CzIPN (3 mol%) CO,Me

c R quinuclidine (3_0 mol%) » F
‘ B . ”B“\/\OH ZnCl, (1.5 equiv), K3PO4 (1 equiv)
F £ DMSO (2 mL), r.t., 24 h F F
¢ Blue LEDs -m» anu\/\OH
1a (0.2 mmol) 2a (1.5 equiv)

ﬂ

e ot
23T T

\r\N \r
FoC” \/\E

4-CzIPN (PC) I(pPY)s Ir(ppy),(dtbopy)PFg (PC1)  IHdF(CFs)ppyl,(dtbbpy)PFs (PC2)
Entry Deviation Yield” (%)
14 No 87¢

2 Ir(ppy)s (2 mol%) instead of 4-CzIPN 0

3 PC1 (1 mol%) instead of 4-CzIPN 6

4 PC2 (1 mol%) instead of 4-CzIPN 70

5 MeCN, EtOAc, DMF, or DMA as solvent <15

6 No light, 4-CzIPN, or quinuclidine 0

7 Without ZnCl, 28

8 Without K;PO, 86

9 ZnCl, (50 mol%) and without K3PO, 70

“ Reaction conditions: methyl 2,3,4,5,6-pentafluorobenzoate (1a, 0.20
mmol), hexan-1-ol (2a, 0.30 mmol), 4-CzIPN (3 mol%), quinuclidine
(30 mol%), ZnCl, (0.30 mmol), DMSO (4 mL), 18 W blue LED
irradiation, room temperature, 24 h. ? Yields of 3aa were determined
by analy51s of the crude 'H NMR spectra using 1,3,5-
trimethoxybenzene as an internal standard. ¢ Isolated yields.

CzIPN (3 mol%), quinuclidine (30 mol%), ZnCl, (1.5 equiv.) and
K3PO, (1.0 equiv.) in DMSO under blue LED irradiation to afford
polyfluoroarylalcohol products (3aa) in 87% isolated yields
(Table 1, entry 1). Using precious transition metal complexes
such as Ir(ppy)s, Ir(ppy).(dtbbpy)PFs, and Ir[dF(CF;)ppyla(-
dtbbpy)PF, instead of 4-CzIPN as photoredox catalysts, the
yields for 3aa were dramatically decreased (entry 2-4). Other
solvents including MeCN, EtOAc, DMF, or DMA led to sluggish
reaction mixtures, providing 3aa only in less than 15% yields
(entry 5). Control experiments exhibited the necessity for the
presence of light, 4-CzIPN, and quinuclidine (entry 6).
Excluding ZnCl, sharply lowered the yields to 28% (entry 7). The
absence of bases led to comparable yields of 3aa (entry 8).
Notably, without bases, the usage of ZnCl, could be decreased
to less than the stoichiometric amount (entry 9).

After the establishment of the optimized conditions, we
continued to evaluate the scope of polyfluoroarenes (1) for
defluoroalkylations with hexan-1-ol (2a) (Scheme 1). Per-
fluoroarenes including  hexafluorobenzene and  penta-
fluoropyridine worked well to produce the monoalkylation
products (3ba-3ca) in good to excellent yields with specific regio-
selectivities. Mono and di-alkylation of perfluoro-1,1-biphenyl
(3da-3ea) could be selectively achieved by adjusting the equiva-
lents of alcohols. Defluoroalkylation of pentafluorobenzene
occurred smoothly to give the product (3fa) in 57% yields. Penta-
fluoroarenes bearing electron-withdrawing groups ie., CF; were
exceptional candidates for this transformation (3ga). Quite a few
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functional groups such as acetyl, ester, alkynyl, chloro, bromo,
amide, pyrrolidinone, and piperidinone were well tolerated and
produced the corresponding alkyltetrafluorobenzene derivatives
(3ha-3qa) in good to excellent yields. 1,2,3,4-Tetrafluorobenzene
was defluoroalkylated exclusively at the 2-position (3ra), albeit in
a lower yield. Nevertheless, adding a trifluoromethyl group or an
ester group led to much higher yields for the defluoroalkylated
products (3sa-3ta) of tetrafluoroarenes, albeit with lower regiose-
lectivity for 3sa. Trifluoroarenes bearing ester groups with different
substitution patterns both underwent defluoroalkylation selec-
tively to produce the desired products (3ua-3va) in 95% and 44%
yields, respectively. Interestingly, the selectivity for C-F cleavage in
1f and 1r was different but complementary with transition-metal
catalysis.>*** In addition, no directing effect of the proximal
groups such as ester and amide groups, was exhibited for the C-F
bond activations. This protocol was also amendable to natural
products such as p-menthol and (+)}-fenchol derived penta-
fluoroarenes and gave the tetrafluoroarene products (3wa-3xa) in
appreciable yields.

The applications of this strategy on C-H fluoroarylation of
various alcohols (2) with methyl 2,3,4,5,6-pentafluorobenzoate (1a)
were also explored (Scheme 2). Simple linear alkyl alcohols such as
methanol, ethanol, and 1-decanol were fluoroarylated at the o-
position of alcohols (3ab-3ad) in 49-92% yields. Sterically
hindered B-alkyl substituted alcohols were also applicable for

4-CzIPN (3 mol%)

quinuclidine (30 mol%) S
ﬁ/R . ZnCl, (15 equiv), KsPO, (1 equiv) me;/\/\
S IR N
~ DMSO (2 mL), rt., 24 h
Blue LEDs =B n-Bu oH
1 2a (3 equiv) 3
OH
F nBu” Y
F OC Y
F_N_F O F. F
F. F =
. c F F F. F F F F F
nBu A, |O n-Bu
(TN - OH : . . @ . OH
n8u oH (TN,
3ba, 91%" 3ca, 77%" 3da, 57%° 3ea, 73% 3fa, 57%

R 0x_OBu 0y OPh ° O‘MQ// OO
Fﬁlr P A F F F. F N~ ‘ F
F F F F F F F . F F

-Bt
mBUSon n-Bu on MBS Non B Ay (TN
3ia, 93% 3ja, 84% 3ka, 68% 3la, 84% (X = Cl)

3ga, 78%" (R = CFs)

3ha, 65%” (R = Ac) 3ma, 74% (X = Br)

CONH, Oy -NHBn b . CF
F. F E. F ° N n F.C
F. F . c B
F F F E F7R F
n-Bu
~"on n-Bu on F F OH

nBu
~"oH n-Bu
n-Bu

3pa, 93% (n=1)
3qa, 98% (n=2)

3na, 72% 3o0a, 95% 3ra, 22% 3sa, 91% (A:B:C = 78:21:1)
CO,Me

F F 050 0y 0
F F F . F
OH F F F F

-Bu nBu
" OH ~"oH

3wa, 50% 3xa, 89%
derived from D-Menthol derived from (+)-Fenchol

CO,Et CO,Me

F F F F
n-Bu n-Bu
~"on ~"oH

3ta, 93% 3ua, 95% 3va, 44%

Scheme 1 Photocatalytic selective defluoroalkylation of poly-
fluoroarenes. “All cited yields are isolated yields. The product was
produced as a single isomer unless otherwise noted. °2a (5.0 equiv.)
was used. “2a (1.5 equiv.) was used.
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ltf e -
FOg F T - ~
F F F F FOF
E OH
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Ph R
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3ai, (R = CF3) 70%° 3am, 41% (R = OMe)
3aj, (R = OTBS) 75%
Me

coMe coMe co. o
F F F F F F :
F F
F F F F F F
F F
oH on OH
( F OH
A

£
3as, 90%°

COMe

F. F
F F
ok

3a0, 49% (d.r. = 1:1) 3ap, 99% (n = 3)° 3au, 73%°

3aq, 99% (n = 2)°
3ar, 78% (n = 1)

3at, 78%°

. . Cco,Me coMe COMe COMe
F. F F. F
o F. F
F F F F F F
o HO. F F F F
\p\OH o oH HOL A on \M:O\OH
3av, 55%° 3aw, 87% 3ax, 65% 3ay, 53%° 3az, 99%

from lauryl alcohol

Scheme 2 Photocatalytic selective fluoroarylations of alcohols. 2All
cited yields are isolated yields. The product was produced as a single
isomer unless otherwise noted. 2 (5.0 equiv.) was used. <2 (3.0 equiv.)
was used.

fluoroarylation (3ae-3af). Functional groups such as fluoro, chloro,
CF;, and OTBS were well incorporated to provide the tetra-
fluoroarylalcohols (3ag-3aj) in 44-75% yields. Gratefully, aryl
substituted alcohols performed the alkylation exclusively at the o-
position of alcohols instead of benzylic positions to give the fluo-
roarylated products (3ak-3am) in moderate yields. Notably, the
alcohols with sterically hindered a-substituents were workable for
fluoroarylation to afford the products (3an-3a0) in 41-87% yields.
a-Cycloalkyl methanols including cyclohexyl, cyclopentyl, and
cyclobutyl were successful candidates for fluoroarylation to afford
products (3ap-3as) in good to excellent yields. To our delight, the
fluoroarylation of acyclic and cyclic secondary alcohols such as
isopropanol, cyclohexanol, and even 2-adamantanol occurred
smoothly to deliver the desired products (3at-3av) in 55-78%
yields. Diols including 3-methylbutane-1,3-diol, ethane-1,2-diol
and propane-1,3-diol worked well for selective
fluoroarylation to give fluoroarylated diols (3aw-3ay) in good
yields. The bioactive lauryl alcohol was also a suitable candidate to
provide the fluoroarylation products (3az) quantitively.
Impressively, the protocol was further applicable for direct
fluoroarylations of complex natural products and pharmaceutical
derivatives with alcohol functionalities (Scheme 3). Epiandroster-
one, an anabolic steroid, which is the source of testosterone and
other sex hormones, could be directly polyfluoroarylated to
afford the products (4) in excellent yields. The fluoroarylation of

mono-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Photo-mediated selective fluoroarylation of bioactive
alcohols. “All cited yields are isolated yields. The product was
produced as a single isomer unless otherwise noted. 1a (3.0 equiv.)
was used.

B-cholestanol was also successful to give the derivative (5) in
moderate yields. Lithocholic acid known as one of the bile acids
was efficiently decorated with a fluoroaryl group after esterification
(6). Alcohols linked with pharmaceutical moieties, such as
ibuprofen, probenecid, and oxaprozin, could be fluoroarylated
successfully to deliver the complex a-polyfluoroarylalcohols (7-9)
in good yields with amounts of
polyfluoroarenes.

To test the feasibility of this transformation, the gram-scale
synthesis of a-fluoroaryl alcohols was performed which afforded
the products (3aa) in 76% yields under standard conditions for 3
days (Scheme 4). This product 3aa was further reduced by LiAlH, to
deliver fluoroaryl-diols (10) in 99% yields, which were important
precursors for the synthesis of insecticides.* The hydroxyl groups
in the products could be transformed into bromine (11) using PBr;
in 77% yields.”® The oxidation of the alcohols to ketone products
(12) occurred smoothly with PDC in 88% yields.” The combination
of Tf,O and NEt; could dehydroxylate the fluoroarylalcohols to
afford the E-fluoroarylalkenes exclusively in 62% yields (13),%®
which could not be achieved by previous reported photocatalytic
defluoroalkenylation strategies.*® To our delight, the continuous-
flow conditions were applicable for a modified protocol utilizing
4CzIPN (1 mol%), quinuclidine (20 mol%) and ZnCl, (50 mol%)
under base-free conditions, to produce 3aa with higher efficiency
compared with that for batch conditions.

To elucidate the mechanism for defluoroalkylation, we per-
formed a series of experiments (Scheme 5). No desired product was
obtained with the addition of TEMPO suggesting a radical mech-
anism (Scheme 5a). In the presence of benzyl acrylate, the yield of
3aa was decreased to 9% accompanied by the formation of 5-
pentyldihydrofuran-2(3H)-one, which indicated the presence of an
alcohol a-carbon radical (Scheme 5b).** Meanwhile, when adding
radical trappers for polyfluoroaryl radicals, such as alkynes®*® and
trimethoxybenzene,*” no radical addition products were observed
with no significant influence on the yields of 3aa. Stern-Volmer
quenching studies indicate that the quenching effect of quinucli-
dine was much stronger than that of polyfluoroarenes and alco-
hols (see the ESIt). In addition, the stronger C-F bonds of
pentafluorochlorobenzene (1y) instead of the C-Cl bond were
selectively activated to produce the defluoroalkylation products
(3ya) under standard conditions with moderate regioselectivity

excess inexpensive

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a) Gram scale pi under batch

and further product transformations

CO,Me

F F F F
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B ANgy
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3 3 days n-Bu -
1a (5 mmol) 2a (1.5 equiv) 3aa(1.179,76%)

Tf,0 (1.6 equiv)
Et3N (2.4 equiv)
DCM (0.5 M), r.t. 4 h

LiAlH, (1.5 equiv) PBr; (0.7 equiv)

\THF (4mL), 0°C, 30 min \ DCM, 0°Ctort, | oneCOONa (3 equiv)

PDC (3 equiv)
DCM (4 mL),rt, 2h

Co,Me
OH co,Me co,Me 2
F. F
E £ F. F F. F
F F
r r F F F F
nBu n-Bu =
n-Bu on Br o

10,99% M, 77%

12, 88%

b) Gram scale pi under flow

co,Me
F F

n-Bu F. F
+ ~"oH
F F : .
F nBu
1a 2a(1.5equiv) :)H
4-CzIPN (1 mol%), quinuclidine (20 mol%) | 4mL 8-363;3/52?:1

‘ ZnCl, (50% equiv)in DMSO (0.1 M)

Scheme 4 Gram scale productions and further product transformations.

(Scheme 5c), indicating that the reaction might not involve the
single electron reduction of the polyfluoroarenes.” CV testing
on the substrates showed that the reductive potential of the
polyfluoroarenes (Eeq = —2.67 V vs. Ag/AgCl in DMSO) was much
lower than Epc’jpc” ' (~1.21 V vs. SCE in CH;CN), while the
oxidative potential of quinuclidine (E,x = 1.14 V vs. Ag/AgCl in
DMSO) was slightly lower than Epc™ pc” ' (1.35 V vs. SCE in
CH;CN).® Above all, the photoredox cycle could be initiated via

a) Radical inhibition experiments using 2,2,6,6-tetramethyl-1-piperidyloxy (TEMPO)

4-CzIPN (3 mol%)
quinuclidine (30 mol%)

CO,Me
COMe ZnCl, (1.5 equiv), K3POy (1 equiv) . ? .
F, F TEMPO (2 equiv)
+mBU oy
E E DMSO (2 mL), rt., 24 h F F
Blue LEDs -gm n-Bu
N OH
1a 2a 3aa (0%)
b) Defluoroalkylation of 1a in the presence of benzyl acrylate
COMe o CO,Me
F F
F F nBu o standard conditions o
+ nBu_~ + _ +
OH
F F \)kOEn F F
n-Bu n-Bu
. OH
1a 2a 2 equiv 1% 3aa, 9%
c) Defluoroalkylation of pentafluorochlorobenzene
cl Cl
E F - F. -F
standard conditions =
+mBU oy -
F F F F
£ n-Bu on
1y 2a 3ya, 45% (p:m:o = 67:20:13)
d) Defluoroalkylation with deuterated methanol, 2b-D
COo,Me CO,Me
F. F standard conditions F F
+  CD;0D
F F o F
F oy —> 100%
1a 2b-D 3ab-D, 47%
e) Kinetic isotope effect (KIE) experiments
4-CzIPN (3 mol%) CO,Me
COzMe quinuclidine (30 mol%) ? .
F. F ZnCl; (1.5 equiv), K3POy (1 equiv)
+ CH40H/CD;0D
E E DMSO (2 mL), rt, 1h F F
Blue LEDs -® HD
F
Kulkp = 5.8 D™ "OH
1a 2b/2b-D (1:1) (5 equiv) 3ab/3ab-D, 20%

Scheme 5 Experiments to elucidate the reaction mechanism.
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reductive quenching of the excited photocatalyst with quinucli-
dine. D4-methanol (2b-D) led to tetrafluoroarylated methanol (3ab-
D) in moderate yields with no H-D exchanges at the «-position,
while the deuterium atom on the hydroxyl group was exclusively
exchanged to hydrogen (Scheme 5d), indicating the formation of
an alkoxide intermediate. The intermolecular competition reac-
tion of 2b and 2b-D with 1a was conducted to figure out a KIE value
of 5.8, suggesting that the C-H activation via HAT could be the
rate-controlling step.® Finally, quantum yields (0.31) were deter-
mined to exclude the radical chain mechanism.®

Plausible catalytic cycles were proposed based on all the above
observations (Scheme 6). As illustrated in Scheme 6, the PC (4-
CzIPN) was first photo-excited to PC* under blue LED irradiation.
Reductive quenching occurred for PC* with quinuclidine to deliver
a quinuclidine radical cation and PC" '. This radical cation
abstracted the hydrogen atom from the alkoxide zinc intermediate
I, which is the product of the reaction between alcohol and ZnCl,,*
to give the alkyl radical II. Radical addition of II then occurred with
polyfluoroarenes to deliver the aryl-lradical III. Followed by the
reduction of II with PC", the polyfluoroaryl anion IV was
produced along with the recovery of the PC. The resulting inter-
mediate IV would extrude the fluoride to afford the final product
3, followed by the sequential zinc-proton exchange. To illustrate
the regioselectivity for C-F bond cleavage in polyfluoroarenes, the
orbital-weighted Fukui index (OW_f') was computed for repre-
sentative polyfluoroarene substrates,** including 1a, 1f-1g, 1r,
and 1t-1v (Fig. 2). The orbital weighted Fukui function could
analyze the contribution of inner orbitals to the reactivity and
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Scheme 6 Proposed mechanism for
polyfluoroarenes.
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Fig.2 The orbital-weighted Fukui index (OW_f") of the representative
substrates.
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predict accurate regioselectivity for C-F cleavage of poly-
fluoroarenes.®® The isosurface images of OW_f' are shown in
Fig. 2. Interestingly, the defluoroalkylation occurred specifically on
the carbon atoms (C1) exhibiting the highest OW_f" values in these
substrates, which was in good accord with the nucleophilic carbon
radical addition mechanism and provided a straightforward
strategy to predict the regioselectivity for these types of radical
addition reactions to polyfluoroarenes.

Conclusions

In summary, we have established a feasible protocol for the
selective defluoroalkylation of polyfluoroarenes with alcohols
utilizing a cooperative catalytic system combining photocatalysts,
HAT catalysts, and Lewis acids. Varieties of polyfluoroaryl alcohols
were successfully constructed via selective C-F activation of poly-
fluoroarenes and C-H activation of alcohols. Notably, the strategy
was applicable to direct late-stage decoration of natural products
and bioactive alcohols and could also be conducted under
continuous flow conditions efficiently to facilitate promising large-
scale productions. With the preservation of the hydroxy group, the
further transformation led to broad functionalities and will see
broad applications in the synthesis of value-added fluoroaryl
compounds.
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