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Scheme 1. Transition-Metal Catalyzed Reactions To Access
ABSTRACT: We report the first iron-catalyzed difluor- Difluoromethyl Arenes

omethylation of arylzincs with difluoromethyl 2-pyridyl
sulfone via selective C—S bond cleavage. This method
employs the readily available, bench-stable fluoroalkyl X

. CF;H
X cat. Pd, Ni, Cu X 2
sulfone reagent and inexpensive iron catalyst, allowing R-- + MCFH —————— R_:(j
facile access to structurally diverse difluoromethylated 7

Previous work:

arenes at low temperatures. The experiment employing a X=1,Br

radical clock indicates the involvement of radical species in (b) B CE.H

this iron-catalyzed difluoromethylation process. R X v [:CFy cat. Pd R @l 2
L~ ' L~

This work: Iron-catalyzed difluoromethylation
here has been an increasing awareness of the use of y y

fluorine atom(s) to alter the biological properties of © O\\S/,O y Fe
organic molecules. The fluorinated molecules often possess AroM -+ X ;fé)( — Ar=CFH
superior lipophilicity, bioavailability, and metabolic stability M = Mg, Zn _N F F

(compared to their nonfluorinated counterparts) and therefore
have great potentials in the areas of pharmaceuticals, agro-
chemicals, and life sciences." As a result of the extensive

selective C-S bond cleavage

presence of hydrogen bonding in biological systems and their uncertainty to the desired reaction pathway.'’®'* Herein, we
indispensable role in achieving various physiological functions, report a new strategy for the aromatic difluoromethylation
the use of the difluoromethyl group (CF,H) as a structural through the cross-coupling between difluoromethyl 2-pyridyl
mimic to the hydroxyl group in bioactive molecules attracts sulfone (2-PySO,CF,H) and arylzinc reagents via C—S bond
considerable attentions.”” cleavage (Scheme 1c).

However, conventional methods for direct introduction of a The cross-couplings via the activation of C—S bond are
difluoromethyl group onto arenes are limited* and often suffer challenging as a result of the inertness of the C—S bond to
from harsh reaction conditions, and poor functional group engage in the oxidation addition by transition metals.” In
compatibility.” Several radical strategies have been developed to addition, the regioselectivitive cleavage of C—S bonds of
incorporate CF,H group, such as radical difluoromethylation of unsymmetrical sulfones is challenging. Recently, progresses
heteroarenes,® difluorination of benzylic C—H bonds’” and have been made in the field of transition-metal (palladium,
decarboxylative fluorination of a-fluoroarylacetic acids.” Re- nickel, cobalt, or iron)-catalyzed C—C bond formation via C—S
cently, transition-metal-mediated difluoromethylation reactions bond cleavage.'* We have developed a bench-stable, readily
have been demonstrated as a viable approach for direct available and cost-effective reagent, difluoromethyl 2-pyridyl
difluoromethylation.””'® Most of the reported reaction modes sulfone (2-PySO,CF,H, 1), and established that 1 can
feature a cross-coupling between aryl halides with difluor- accomplish gem-difluoroolefination'® and formal nucleophilic
omethyl trimethylsilane (Me;SiCF,H),”>“™¢ tributyl- halodifluoromethylation of carbonyl compounds,'®*" as well as
(difluoromethyl)stannane” or various difluoromethyl metal can serve as difluoroalkanesulfinate precursor.'** Inspired by
reagents (L,MCF,H, M = Zn and Ag) (Scheme 13)_1°“'d_f recent success by using difluoromethyl heterocyclic sulfones as a
Furthermore, the palladium-catalyzed reaction between arylbor- precursor ;o generate difluoromethyl radical through C—S bond
ons and difluorocarbene sources has proved to be a useful cleavage, * we attempted the cross-coupling between 2-
complementary approach (Scheme 1b)."%"“% In contrast, the PySO,CF,H and arylmetal reagents catalyzed b¥8 the inex-
reaction of arylmetal reagents (ArM) and XCF,H (X = pensive and environmentally benign iron catalyst.” Although

iron-catalyzed C(sp?)—C(sp®) cross coupling using aryl

heteroatom) via direct CF,H transfer has been scarcely
Grignard reagents or arylzinc reagents with alkyl electrophiles

explored,'™™ probably as a result of the low boiling point and
limited accessibility of XCF,H (X = I, Br, Cl)."" Furthermore,
XCF,H (X =1, Br, Cl) are known to be readily deprotonated Received: November 11, 2017
and produce difluorocarbene species, which add additional Published: December 26, 2017
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Table 1. Optimization of the Reaction Conditions”

Q\ //O catglyst (20 mol%)
PhMgBr + X H Ligand, CPME CFH
| N FF —40°Ctort, 8h
1 2a
entry catalyst ligand (equiv) 2a, yield (%)”
1¢ Fe(acac), TMEDA (8.0) trace
2 - TMEDA (8.0) 0
3 Fe(acac), TMEDA (2.0) 25
47 Fe(acac), TMEDA (2.0) 16
5¢ Fe(acac), TMEDA (2.0) trace
6 FeBr; TMEDA (2.0) 0
7 FeCl, TMEDA (2.0) 0
8 FeBr, TMEDA (2.0) 21
9 Fe(acac), TMBDA (2.0) 19
10" Fe(acac), TMBDA (0.4) 44

“Reaction conditions: 1 (0.3 mmol), PhMgBr (0.45 mmol), catalyst
(20 mol %), CPME (cyclopentyl methyl ether) (2.0 mL), —40 °C to
rt, 8 h. "Yields were determined by 'F NMR with PhCF; as an
internal standard. ‘rt. “—40 °C. °0 °C to rt. "Anisole (2.0 mL) was
used as solvent.

has been known,'" to the best of our knowledge, the iron-

catalyzed aromatic difluoromethylation has never been
previously reported.

Our study began with the iron-catalyzed difluoromethylation
using phenylmagnesium bromide as a model substrate, and the
results are shown in Table 1. It was quickly identified that the
use of Fe(acac); as the catalyst and N,N,N’,N’-tetramethyl-
ethane-1,2-diamine (TMEDA) as the ligand allowed the
difluoromethylation of phenylmagnesium bromide (Table 1,
entry 1). The control experiment established that the iron
catalyst is required to achieve the desired difluoromethylarene
2a (entry 2). Higher yields were obtained by slow addition of
phenylmagenesium bromide to a solution of 2-PySO,CF,H and
Fe(acac); at —40 °C (entry 3). The effect of the reaction
temperature was also briefly investigated (entries 3—5). Other
iron salts and diamine-based ligands are less efficient for the
current transformation (entries 6—9). Although the use of
anisole as the solvent and the addition of substoichiometric
amounts of N,N,N’,N’-tetramethylbutane-1,4-diamine
(TMBDA) improved the yield to 44% (entry 10), attempts to
further increase the yield were unsuccessful (for details, see
Supporting Information (SI)). As a result of the highly reactive
nature of Grignard reagents, a consumption of 2-PySO,CF,H
was observed even in absence of iron catalyst with the attack of
Grignard reagents to 2-PySO,CF,H, which explains the low
efficiency of the overall process. We then turned our attention to
the milder arylzinc reagents to diminish the undesired reaction
pathways.

It turned out that the use of diphenyl zinc (Ph,Zn) in the
current Fe(acac);-catalyzed difluoromethylation gave much
better results (Table 2). Varying the amounts of TMEDA
proved to have a remarkable influence on the reaction efficiency,
as indicated in entries 1—6. TMEDA has proved to be an
effective ligand in the iron-catalyzed cross-coupling reactions,
and the requirement of excess amount of TMEDA (2.0 equiv) is
likely owing to the coordination of TMEDA to iron species and
Zn reagents.'”*” The reaction time can be shortened to 2 h
(entry 6), without substantially decreasing product formation. It
is noteworthy that other difluoromethyl heterocyclic sulfone
reagents that we examined provided inferior yields under the
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Table 2. Screening of the Reaction Conditions”

S W catalyst (20 mol%)
Phozn + X B A alLalN CF,H
| ligand, THF, 8 h
NPT 40°Ct

1 - ort 2a

entry catalyst ligand (equiv) 2a, yield (%)”
1 Fe(acac), TMEDA (1.5) 61
2 Fe(acac), TMEDA (0) 0
3 Fe(acac), TMEDA (0.4) 21
4 Fe(acac); TMEDA (1.0) 48
S Fe(acac), TMEDA (2.0) 94
6° Fe(acac); TMEDA (2.0) 95

“Reaction conditions: 1 (0.3 mmol), Ph,Zn (0.45 mmol), catalyst (20
mol %), THF (2.0 mL), —40 °C to rt, 8 h. “Yields were determined by
F NMR with PhCF; as an internal standard. 2 h.

same reaction conditions (see SI). Under our optimized
conditions, the desired difluormethylated product 2a was
obtained in 95% yield with 20 mol % Fe(acac), and 2.0 equiv
TMEDA.

To demonstrate the substrate scope of this iron-catalyzed
difluoromethyaltion protocol, a range of arylzincs were coupled
with 2-PySO,CF,H under the optimal conditions (Table 3).
Arylzincs with ortho-substituent gave inferior yields (2d and
2e), whereas reactions with meta- and para-substituted arylzincs
gave excellent yields (2b and 2c, 2f—2i). We found that
electron-neutral (2e—2h), -rich (2j-2n), and -poor (2n—2s)
arylzinc reagents were all viable in the current iron-catalyzed
difluoromethylation. 1,3-Propanediol acetal-bearing substrate
was also successfully difluoromethylated to give product 2t in
moderate yield. Furthermore, aryzinc reagent bearing C=C
double bond (2u) are also amenable to this reaction. The cross-
coupling reaction proceeds smoothly with substrates bearing a
range of heterocyclic motifs, such as pyridine (2v—2x),
morpholine (2x), benzofuran (2y), thiophene (2z), carbazole
(2aa), and indole (2ab). This method can also be used for
difluoromethylation of L-menthol derivative (2ac). It is notable
that this iron-catalyzed difluoromethylation reaction performs
efficiently in gram-scale experiments. We have conducted the
iron-catalyzed difluoromethylation on an 8.0 mmol scale
without obvious decrease of product yield, affording the
corresponding difluoromethylated product in good yields (2m,
2n, 2v). This additional advantage makes the present method
more attractive for large-scale preparation of difluoromethylated
arenes.

To gain more mechanistic insights into the current iron-
catalyzed difluoromethylation reaction, the radical inhibiting
experiments were performed. It was found that the reaction is
completely suppressed by the addition of 2,2,6,6-tetramethylpi-
peridin-1-oxyl (TEMPO) and 1,4-benzoquinone (BQ), and the
addition of 1,4-dinitrobenzene, a single electron transfer (SET)
inhibitor, led to the substantial inhibition (Scheme 2a), which
suggests that the involvement of a SET process and radical
intermediates is likely during the reaction. The radical clock
experiment employing 1b as a substrate produced cyclized
product 3b in 47% yield (Scheme 2b). The reaction of Ph,Zn
with 2-PySO,CF,D generated the deuterated (difluoromethyl)-
benzene 2a’, without deuterium scrambling (Scheme 2c). This
result suggests that an alternative mechanism involves
deprotonation and elimination of sulfinate (a difluorocarbene
pathway) is unlikely. Taken together, these results suggest that
carbon-centered radicals are generated by a SET pathway.
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Table 3. Scope of Iron- Catalyzed Cross-Coupling of Arylzinc
Reagents with 2-PySO,CF,H"

O\\ //0 Fe(acac)z (20 mol%)
azn o ONOGH IMEDAGOew) | op
\ THF, —40°Ctort, 2 h
_N F F
1 2
CF,H p-Me, 2b, 94%" e CF,H
Me*Ej m-Me, 2¢, 95%"
o-Me, 2d, 36%°
2e, 55% 2f, 81%
CF,H
Ph@—CFzH -BuCFzH
Ph
2g, 90% 2h, 93% 2i, 87%
CF,H CF,H
i) 7wl e
MeO (i-Pr)3SiO
2j, 88%" 2k, 65% 21, 90%
MeO
CF,H CF,H
(e 1T
MeO F
F
2m, 89% (1.44g, 86%") 2n, 70% (1.46g, 72%% 20, 96%”°
3COCFZH NCOCFZH FCFZH
2p, 68%"° 2q, 53%° 2r, 85%
F3C R CF,H
) A/@
CF,H
O )er CH Vi BN
2s, 93% 2t, 42%" 2u, 90%

X
N F o CF,H

2v, 75% (1.22g, 74%% 2w, 56% 2x,91%

N\ O O CFH
Ty Qo
o N
2y, 86% 2z, 70% 2aa, 52%°
Me
t
N g
0
F CF,H N CF2H
2ab, 92% 2ac, 80%

“Reaction condition: 1 (0.8 mmol), Ar,Zn (1.2 mmol, 1.5 equlv),
Fe(acac); (20 mol %), THF, —40 °C to rt, 2 h, isolated yield. “Yields
were determined by ’F NMR wuh PhCF; as an internal standard.
“Ar,Zn (1.6 mmol, 2.0 equiv). 98,0 mmol scale; isolated yields are
shown in parentheses.

Although the exact mechanism of the reaction remains
elusive, on the basis of previous investigation'” 19021 and the
above observations, an outline of a possible mechanism for iron-
catalyzed difluoromethylation of arylzinc reagents with 2-
PySO,CF,H is illustrated in Scheme 3. The catalytic cycle
commences with the formation of a reduced iron species A,
which is generated from the reduction of the Fe(acac),
precatalyst with an arylzinc reagent in the presence of
TMEDA. Electron transfer between the catalytically active
iron species A and 2-PySO,CF,H affords the radical anion B, the
fragmentation of which produces a difluoromethyl radical that
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Scheme 2. Mechanistic Investigations

(a) Control experiments with additives

Q.0 Fe(acac) (20 mol%) .
TMEDA (2.0 i 2
Phazn + [[ _ TMEDA (2.0 equiv) _
_N F F additive (1.0 equiv)
1 -40°Ctort,2h 2a
additive (1.0 equiv) 2a, yield
TEMPO 0%
BQ 0%
1,4-dinitrobenzene 0%
(b) Radical cyclization
\// F F
Ph Fe(acac)3 (20 mol%)
_N F F TMEDA (2.0 equiv)
-40°Ctort,8h Ph
3b, 47%
(c) Difluoromethylation of 2-PySO,CF,D
P F 20 mol%
Prazn + NS0 Felacack Gomath) @—cm
A TMEDA (2.0 equiv)
& -40°Ctort,2h 28" 99% vield
9 , 99% yie
5, 92.6% deuterated 92.6% deuterated
Scheme 3. Proposed Mechanism
Fe(lll) + TMEDA (L)
AraZn \\ //
Ar=Ar
) N F F
transmetalation L- Fe(n
AryZn -
SET
0\\ ,,07
L—Fe L— Fe‘“*“
‘ B
X Ar
F c /
“CFH + o
Ar=CF,H _N
. radical
E rgdtllct/\{e ?FZH recombination |“
elimination L—Fe(M2)-x
|
Ar
D

undergoes recombination with iron complex C to produce the
intermediate D. The subsequent reductive elimination delivers
the desired product E and rendered the low-valent iron species
F. The catalytically active iron species A is then regenerated
through the transmetalation between F and Ar,Zn to close the
catalytic cycle.

In summary, we have developed the first iron-catalyzed
difluoromethylation of arylzincs with 2-PySO,CF,H. This new
approach employs bench-stable and readily available fluoroalky-
lation reagent that allows the difluoromethylation to proceed
under mild reaction conditions with the cost-effective iron
catalyst. The current method is complementary to the well-
established difluoromethylation of aryl halides and represents a
valuable addition to the synthetic toolbox for organofluorine
chemistry. Our study not only provides a new aromatic
difluoromethylation protocol but also gives new insights into
the new reactivity of fluoroalkyl sulfones under transition metal
catalysis. Further study in this direction is underway in our
laboratory.
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