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Abstract

The electrophotocatalytic SyAr reaction of unactivated aryl fluorides at ambient temperature
without strong base is demonstrated.
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Unactivated aryl fluorides engage in SyAr reactions at room temperature and without the strong
base using DDQ as an electrophotocatalyst.
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Nucleophilic aromatic substitution (SyAr) reactions have long been an important strategic
tool for organic synthesis, enabling the direct arylation of nucleophilic substrates.[! 2]
Classically, SNAr reactions operate on activated arenes 3 bearing strongly electron-
withdrawing functionality (EWG, Figure 1A).13-81 While such reactions have great utility,
such substituents are often not synthetically desirable and thus represent a significant
limitation for this reaction class. On the other hand, several reports have described SNAr
reactions with unactivated substrates 4 through the use of strong bases and high reaction
temperatures.[9-13] Unfortunately, many complex substrates are not compatible with such
conditions, which thus precludes the broad adoption of these methods. As such, the
development of SNAr reactions that occur on unactivated substrates at ambient temperature
without the need for strongly basic reagents has presented a significant challenge.

In this regard, a new entry in the SyAr arena was recently reported by Nicewicz, who found
that alkoxy arenes could undergo nucleophilic substitution via photoredox catalysis (Figure
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1B).[24] Mechanistically, these reactions were thought to be initiated by single-electron
photooxidation of the alkoxyarene 5 to generate a radical cation 6. Subsequent nucleophilic
attack, reduction of the resulting radical intermediate 7 (nominally by the reduced
acridinium photocatalyst, Acre), and rearomatization with expulsion of the alkoxy
substituent then furnished the substitution products 2. This method represented a notable
new strategy for SNAr reactions and expanded the scope of nucleofugal groups to include
alkoxy substituents. On the other hand, this substrate expansion also represented a
limitation, in that the electron-donating alkoxy substituents were necessary to achieve the
initial oxidation event. It therefore remains a challenge to develop SyAr methods of the
Nicewicz type that accommodate unactivated aromatics and a broader range of nucleofugal
groups. However, overcoming this challenge requires the identification of a catalyst
oxidizing enough to achieve the initial single-electron oxidation of less electron-rich
substrates while retaining the ability to reduce the intermediate radical complex (c¢f. 7).
[15-17] |n this Communication, we report that an electrophotocatalyticl18] strategy solves this
problem and enables SyAr reactions of unactivated aryl fluorides at room temperature and
without strong base.

We recently described the oxidative coupling reactions of strongly deactivated arenes, such
as 1,4-dichlorobenzene (8), using a trisaminocyclopropenium (TAC) ion electrophotocatalyst
(Figure 1C).[2%] Unexpectedly, when we attempted the reaction of 1-chloro-4-fluorobenzene
11 under the same conditions, the major product observed was not that of C—-H/N-H
coupling, but rather ipso substitution of the fluoride (Figure 1D). For the reasons discussed
above, this transformation was notable in that it occurred at room temperature under mildly
acidic conditions (AcOH) and on a (classically) unactivated substrate. Here, we report on the
further development of this electrophotocatalytic SyAr method.

In terms of optimization (Table 1), the original reaction was performed in the presence of 8
mol% TAC 13 in an undivided cell (Ecgj = 1.5 V) under irradiation by white light with
LiClO4 and AcOH in acetonitrile (Table 1, entry 1). Despite extensive screening, we were
unable to achieve higher yields with catalyst 13. Alternatively, 2,3-dichloro-5,6-
dicyanoquinone (DDQ, 14), which has a similar excited state reduction potential [20-26] has
also been used for arene photooxidations.[?2] Using 10 mol% DDQ and blue light-emitting
diodes (LEDs) but otherwise identical conditions, the product 12 was generated in 60%
yield. The use of less LiClO4 was detrimental (entry 3), but other electrolytes were more
effective (entries 4 and 5), with one equivalent of tetrabutylammonium tetrafluoroborate
(TBABF,) showing the highest efficiency (entry 5). Blue LEDs were optimal, with a
compact fluorescent light (CFL) resulting in a greatly diminished yield (entry 6). No
conversion was observed in the dark (entry 7). Interestingly, without current (but with
irradiation), there was no catalyst turnover (entry 8), and the same reaction without acid and
electrolyte produced similar results (entry 9). As expected, without catalyst no reaction
occurred (entry 10). Meanwhile, 1.0 and 2.0 V both led to catalytic turnover (entries 11 and
12), but the yield using 1.5 V was superior. Finally, we found that the use of 20 mol%
catalyst furnished a higher yield (entry 13), and 15 mol% DDQ added in two portions was
equally effective (entry 14).
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We next examined the scope of this reaction (Table 2). Using 4-fluorochlorobenzene (11),
pyrazoles bearing carbonyl functionality furnished products 12-16 in good yield (entries
1-3), while halogenated pyrazoles also participated efficiently (entries 4-6). 1,2,3-triazoles
were productive as well, leading to adducts 20 and 21 (entries 7 and 8). The reaction of 6-
bromobenzotriazole led to 22 in good yield and with a 1:1 regioselectivity for arylation of
the two nitrogens. Both 1,3,5-triazoles (entries 10 and 11) and tetrazole (entry 12) could be
arylated as well, although yields were modest in these cases.

In terms of the fluoroarene component, we found 1,4-difluorobenzene to be particularly
effective as an arylating reactant, giving rise to adduct 26 in 90% yield (entry 13).
Interestingly, it also proved possible to utilize 1,4-difluoro-2-methylbenzene to generate the
product 27 (entry 14), in which the 1-fluoro group was substituted selectively. We speculate
that the adjacent methyl group might support greater cationic character at the 1-position of
the intermediate radical cation, leading to this surprising selectivity. The use of 1-bromo-4-
fluorobenzene led to product 28 (entry 15), while, 4-tert-butyl-1-fluorobenzene was also
productive to form 29 (entry 16). Additionally, the use of 1,2-difluorobenzenes led to
products 30 and 31 (entries 17 and 18) in modest yields. On the other hand, 1,3-
difluorobenzene was not an effective participant in this method (entry 19). Remarkably,
however, fluorobenzene gave rise to the phenylated adduct 33 in 45% yield (entry 14), albeit
with the production of a significant amount of C-H / N-H coupled product as well.
Fluoroarenes bearing strongly electron-withdrawing groups did not lead to arylated products
(e.g. entry 21).

To illustrate the applicability of this method to the synthesis of more complex molecules, we
also synthesized the products shown in entries 22-28. Thus, a variety of halogenated purines
(entries 22-25), a steroidal ester-fused pyrazole (entry 26), and -aminoester-fused pyrazoles
(entries 27 and 28) could be N-arylated. Notably, the ester moieties of adducts 40-42 are
representative of functional groups that could be labile under the strongly basic conditions of
classic SNAr reactions, but which are compatible with the current method.

Other nucleophiles can also participate (Table 3). For example, simple alcohols reacted with
1,4-difluorobenzene to furnish aryl ethers 43 and 44 in good yields (entries 1 and 2).
Cyclopropyl- and cyclopentylmethanol were also viable nucleophiles (entries 3 and 4), as
was menthol (entry 5). The more functionalized 4-pentyn-1-ol led to 48 in serviceable yield
ethanol to furnish ether 50 (entry 8), while 4-tert-butyl-1-fluorobenzene and methanol led to
51 in 50% yield (entry 9). Interestingly, we found that water was also capable of serving as a
nucleophile (entry 10), although the yield of 4-fluorophenol (52) was low. In terms of
nitrogen nucleophiles, O-fert-butylcarbamate led to the formation of A-Boc-4-fluoroaniline
(53) (entry 6), and a protected sugar could be engaged despite concerns of oxidative
destruction of the acetal moiety (entry 7). Meanwhile, reaction of some alternative aryl
fluorides was also productive. For example, 1-chloro-4-fluorobenzene reacted with in 35%
yield (entry 11). We found that an unprotected amine like /~propylamine was not viable,
however (entry 12).

A mechanistic rationale for this chemistry is shown in Figure 2. Photoexcitation of DDQ
(14) produces an excited state species 55 which is potent enough (Eyeq = 3.18 V vs SCE)[21]
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to oxidize fluoroarene 11. Nucleophilic attack by pyrazole 9 to the resulting radical cation
57 then produces radical 58. We presume that 58 must undergo a one-electron reduction to
furnish anion 59 in order to expel the fluoride leaving group to form product 21. However,
because DDQ radical anion 56 is a poor reductant,[15-21. 271 the catalytic cycle likely cannot
be closed by transfer of an electron from 56 to 58, but rather the reduction of 58 and the
reoxidation of 56 must be accomplished by the electrotrodes. Additional support for this
mechanistic rationale is provided in the supporting information.

For the reactions shown in Table 3, the products have lower oxidation potentials than the
starting materials, and so it is perhaps remarkable that the products remain intact. Indeed, we
have found that alkoxybenzenes do not undergo any reaction (Scheme S1 in Sl), either with
pyrazoles or alcohols as might be expected from the mechanistic proposal and the precedent
of Nicewicz. We propose that, although the single-electron oxidation event is facile, the
back-electron transfer is very rapid and thus outcompetes nucleophilic attack to the transient
radical cation intermediate. Indeed, a similar rationale has been advanced in the DDQ
photoxidation of benzene to phenol.[21]

The ability to achieve SyAr reactions on unactivated substrates under mild conditions offers
unique possibilities for chemoselective reactions (Scheme 1). For example, we subjected
pyrazole 9 and a 1:1 mixture 1-chloro-4-fluorobenzene (11) and 1-fluoro-2,4-dinitrobenzene
(60) to our standard reaction conditions, under which adduct 12 was formed in 65% yield as
the only observable product. Aryl fluoride 60 was left untouched by these conditions.
Meanwhile, 1-chloro-4-fluorobenzene (11) was also selectively converted to 12 in the
presence of 4-fluoroanisole (43), with the latter left intact.

In conclusion, we have developed an electrophotocatalytic method for SyAr reactions of
unactivated fluorides that occurs at room temperature and without the use of strong base.
This method offers an arylation technology complementary to existing SyAr methods.
Furthermore, this work advances the nascent area of electrophotocatalysis by demonstrating
how the combination of light and electrical energy can be used to promote redox neutral
reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. SyAr with aryl halides
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Figurel.
SNAT reactions, including classic, photoredox-catalyzed, and electrophotocatalytic variants.
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Figure2.
Proposed mechanism for electrophotocatalytic SyAr reaction.
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Scheme 1.
Demonstration of chemoselectivity.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 January 07.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Huang and Lambert Page 9

Table 1.
T . [a]
Catalyst optimization studies.
£ electrophotocatalyst £HO
/Cr " NJ]/CHO constant voltage s &
cl = ‘N AcCOH, electrolyte |/\W N
" C(#)|PL-) e
L 9 blue LED 12
CHACN
entry catalyst (mol%) Ecai (V)  electrolyte (equiv.) other yield (%)b

1€ 13(8) 15 LiClO, (6) CFL 25
2 14(10) 15 LiClo, (6) - 60
3 14 (10) 15 LiClO, (1) - 23
4 14 (10) 15 TBAPFg (1) - 45
5 14 (10) 15 TBABF, (1) - 60
6 14 (10) 15 TBABF, (1) CFL 18

7 14 (10) 15 TBABF, (1) no light 0

8 14 (10) - TBABF, (1) no current 12

9 14 (10) - - no current, no acid 11
10 - 1.5 TBABF, (1) no catalyst 0
11 14 (10) 1.0 TBABF, (1) - 32
12 14 (10) 2.0 TBABF, (1) - 50
13 14 (20) 15 TBABF, (1) - 75
14 14(15)7 15 TBABF, (1) 75 (73)°

C|04_
o)
Me’ N Me NC Cl
Me /A\ Me
N N NC Cl
o]
MeMe'
13 DDQ (14)
Ered(radical dication) = 3.33 V vs SCE Ered (excited) = 3.18 V vs SCE

[a]Reaction conditions: 11 (2.0 mmol, 5.0 equiv), 9 (0.4 mmol, 1.0 equiv), electrophotocatalyst (0.04 mmol, 0.1 equiv), MeCN (6.0 mL), AcOH
(4.0 mmol, 10 equiv), TBABF4 (0.4 mmol, 1.0 equiv), N2, carbon felt anode, Pt cathode. Reactions performed under constant voltage conditions

with irradiation for 24 h at rt.

11,
e,

2.0 ml 11 was used.

ields determined by IH NMR.

I,

5% catalyst added in two portions, 36 h reaction time.

[,

ield of isolated product.
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Table 3.

Electrophotocatalytic SyAr reactions with various nucleophiles. fa

F 20 mol% DDQ Nu
/©/ + Nu-H
e AcOH, TBABF, &

C(#)|Pt(-)
Em" =15V
blue LED
CH4CN
(1) (2) (3)
- F F
43 44 45
63% yield® 65% yield® 43% yield
(4) (5) +Pr (6)
0\/0 /@/0 : OO\/\///
46 47 Me 48
66% yield 41% vyield 53% yield
(7) Me (8 9)

) (
: o) O. O.
0N\ /O’ Et Me
(o) cl
ISR
F 51

49 50
46% yield 52% yield® 50% yield®
(10) (11) (12)
iog RS '
52 53 54
28% yield® 35% yield no reaction
[a]Reactions performed with 5 equiv. aryl fluoride and 1 equiv. nucleophile under constant voltage and irradiation at rt for 24-36 h.
[0],

Yield determined by UPLC.
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Yield determined by IH NMR.
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