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A general method for the synthesis of bench-stable
bis(difluoromethyl) pentacoordinate phosphoranes
has been developed. The reaction is rapid, operation-
ally simple, and easily scalable. The pentacoordinate
phosphoranes can generate both difluoromethyl radi-
cal (-:CF,H) and difluorocarbene (:CF,) intermediates.
Thus, a variety of fluoroalkylation transformations
have been achieved by -CF,H, such as oxidative difluor-
omethylation of electron-deficient heterocycles,
nickel/photoredox dual-catalyzed difluoromethyla-
tion of aryl bromides, and photoredox difluoro-
methylation of alkenes, or by :CF,, such as gem
-difluorocyclopropanation of alkenes, base-promoted
difluoromethylation of heteroatom nucleophiles,
Pd-catalyzed difluoromethylation of arylboronic acids,

Introduction

Fluorinated moieties, ubiquitous in emerging pharmaceu-
ticals and agrochemicals, play an important role in block-
ing metabolically labile sites and confer these molecules
with enhanced lipophilicity, membrane permeability, and
binding affinity to the target enzymes compared to their
mother compounds (Figure 1a)."® Exquisite installation of
fluorine-containing functional groups into molecular scaf-
folds is a foundation of synthetic organofluorine re-
search.?® Thus, development of new reagents and
reactions are highly demanded to tackle the synthetic
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and Cu-mediated trifluoromethylation of aryl iodides
(via :CF, and recombined CF3"). These fluoroalkylation
methods have been successfully applied to late-stage
fluoroalkylation of drugs and drug-like molecules.
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challenge for organofluorine compounds. To this end,
reagents with versatile fluoroalkyl group transfer capacity
that are efficient, inexpensive, and operationally simple
are extremely popular.”'™® Because of the advantage of the
flexible carbon-heteroatom bond, heteroatom (i.e., Si,”®
S, P, 1214 | 915 ate.) tailored motifs are frequently exploited
to fabricate fluoroalkylation reagents. This is rationalized
due to the following: (i) large electronegativity discrimi-
nation between carbon and heteroatoms results in polar
carbon-heteroatom bonds; (ii) changes in oxidation state
or substituents on heteroatoms may impart the bonds
with substantive polarity alteration, which favors the
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cleavage of carbon-heteroatom bonds;®" (iii) the
high electron-maintaining capability and stability of
heteroatom-containing motifs as leaving group facilitates
the transfer of fluoroalkyl groups.®™™ Given the ease of
manipulation, a plethora of useful fluoroalkylating agents
have been developed by merging fluorinated moieties
and heteroatoms with multiple oxidation states.”™ In this
vein, reaction intermediates are pivotal for exploring
applications; for example, the facile generation of difluor-
ocarbene (CF,) from trifluoromethyltrimethylsilane
(TMSCF%)'®” and (bromodifluoromethyltrimethylsilane
(TMSCF,Br)®2 renders their insertion into carbon/hetero-
atom-hydrogen (X—H) bonds and gem-difluorocyclopropa
(e)nation of unsaturated C-C bonds; (difluoromethyDtri-
methylsilane (TMSCF,H)** and sodium difluoromethane-
sulfinate (HCF,SO,Na)*% have been frequently applied
to radical difluoromethylation of alkenes and arenes. How-
ever, bench-stable, operationally simple, and highly effi-
cient fluoroalkylation reagents are still in high demand for
addressing current synthetic challenges.

Due to the facile cleavage of carbon-phosphorus
bonds, fluorinated organophosphorus compounds have
found extensive applications in organofluorine com-
pounds’ syntheses. In fact, the most common fluorinat-
ed phosphonium salts and phosphorus ylides have been
engaged in fluoroalkylation and fluoroolefination reac-
tions.2*3%3 However, these reagents suffer from limited
tunability and reaction capacity, and thus exploring
new structures would further expand the synthetic utili-
ty of organophosphorus compounds. Recently, McNally

(a) Selective examples of fluoroalkyl group-containing bioactive molecules
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Figure 1| Fluoroalky! group-containing compounds and
synthetic methods involving pentacoordinate phosphor-
anes. sub, substrate.
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and coworkers®? developed a method of phosphorus-
mediated 4-fluoroalkylation of pyridines; the reaction was
supposed to proceed via intramolecular fluoroalkyl-
group migration upon pentacoordinate phosphorane
intermediates. In this case, pre-installation of fluoroalkyl
group(s) into uncommon tertiary phosphine precursors
was required, and the pentacoordinate phosphorane
intermediates were not stable enough for isolation and
characterization (Figure 1b).%? Capture of difluorocarbene
(:CF>,) with tertiary phosphines facilely generates difluor-
omethylene ylide, which is in equilibrium with difluoro-
methyl phosphonium salt in the presence of water.”? Here,
we report a serendipitous discovery that in the presence
of water, nucleophilic addition of difluoromethylene
ylide (generated in situ via capture of :CF, with tertiary
phosphine) to difluoromethyl phosphonium followed
by reduction furnishes a bench-stable pentacoordinate
phosphorane, which was applied as both :CF, and difluor-
omethyl radical (-CF,;H) reagents in difluoromethylation,
difluoromethylenation, and trifluoromethylation reac-
tions (Figure 1c¢).

Experimental Methods

General procedure for synthesis of
pentacoordinate phosphoranes

To an oven-dried 10 mL Schlenk tube were added
tertiary phosphine (0.1 mmol, 1.0 equiv), KHCOz (50 mg,
0.5 mmol, 5.0 equiv), and NaBH,4 (11.3 mg, 0.3 mmol,
3.0 equiv), then dichloromethane (DCM, T mL, 0.1 M)
was added under nitrogen atmosphere; subsequently
TMSCF,Br (45 pL, 0.3 mmol, 3.0 equiv) and H,O (7.2 pL,
0.4 mmol, 4.0 equiv) were added, and the resulting
mixture was stirred at room temperature for 1 h. After
the reaction was completed, the solid was filtered off
and the solvent was removed under vacuum; the result-
ing mixture was purified by flash chromatography on
silica gel (eluent, petroleum ether:DCM) to afford the
corresponding products (2).

General procedure for difluoromethylation
of heterocycles

To a 15 mL Schlenk tube were added heterocycle (0.1
mmol, 1.0 equiv), PPh3z(CF,H)> (73 mg, 0.2 mmol, 2.0
equiv), K55,0g (54 mg, 0.2 mmol, 2.0 equiv), dimethyl
sulfoxide (DMSO, TmL), H,O (300 pL), and trifluoroacetic
acid (TFA, 1.0 mmol, 10.0 equiv); the resulting mixture
was stirred at 50 °C for 24 h. After the reaction was
completed, H,O (20 mL) and then saturated NaHCOz
(50 mL) were added, and the mixture was extracted with
ethyl acetate (4 x 50 mL). The organic layer was washed
with brine (100 mL), dried over anhydrous Na,SO,4, and
the solvent was removed under vacuum. The residue was
purified by flash chromatography on silica gel (eluent,


https://doi.org/10.31635/ccschem.023.202302980
https://doi.org/10.31635/ccschem.023.202302980

@CCS

RESEARCH ARTICLE

Chemistry

petroleum ether:ethyl acetate) to afford the correspond-
ing products (4).

General procedure for nickel-photoredox-
catalyzed difluoromethylation of aryl
bromides

Under N, atmosphere, to a 15 mL Schlenk tube were
added aryl bromide (0.1 mmol, 1.0 equiv), PPhz(CFyH)>
(73 mg, 0.2 mmol, 2.0 equiv), NiBry-glyme (3 mg, 0.01
mmol, 10 mol %), bathophenanthroline (L1, 5 mg, 0.015
mmol, 15 mol %), and Ir[dF(CF3)ppyl-(bpy)PFg (1 mg,
0.001 mol, 1T mol %) in a glovebox. The tube was brought
to bench top, tetrahydrofuran (THF, 1 mL, 0.1 M) was
added, and the reaction mixture was stirred for 24 h
under irradiation of blue light-emitting diode (LED)
(10 W, 465 nm). After the reaction was completed, the
resulting mixture was concentrated under vacuum. The
residue was purified by flash chromatography on silica
gel (eluent, petroleum ether:ethyl acetate) to afford the
corresponding products (6).

General procedure for difluoromethylation of
alkenes

To a 15 mL Schlenk tube were added alkene (0.3 mmol,
3.0 equiv), PPh3z(CF,H), (36.4 mg, 0.1 mmol, 1.0 equiv),
and Ir[dF(CF3z)ppyl(bpy)PFs (1 mg, 0.001 mol, 1 mol %).
The tube was evacuated and backfilled with N5, then
MeOH (1 mL) was added, and the resulting mixture was
stirred for 24 h under irradiation of blue LED (10 W,
465 nm). After the reaction was completed, the reaction
mixture was concentrated under reduced pressure. The
residue was purified by flash chromatography on silica
gel (eluent, petroleum ether:ethyl acetate) to afford the
corresponding products (8).

General procedure for gem-
difluorocyclopropanation of alkenes

Under N, atmosphere, to a 15 mL Schlenk tube were
added alkene (0.1mmol, 1.0 equiv), PPhz(CF5;H), (36.4 mg,
0.2 mmol, 2.0 equiv), and N,N-dimethylformamide (DMF,
1 mL). The resulting mixture was stirred at 110 °C for 12 h,
and then 20 mL of ethyl acetate was added. The organic
phase was separated and washed with water (3 x 10 mL),
dried over Na,SO,, and concentrated under vacuum. The
residue was purified by flash chromatography on silica gel
(eluent, petroleum ether:ethyl acetate) to afford the cor-
responding products (9).

General procedure for difluoromethylation of
heteroatom nucleophiles

Under N, atmosphere, to a 15 mL Schlenk tube were
added heteroatom nucleophile (0.1 mmol, 1.0 equiv),
PPhz(CFoH), (73 mg, 0.2 mmol, 2.0 equiv), potassium
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ethoxide (EtOK, 17 mg, 0.2 mmol, 2.0 equiv), and DMF
(1.0 mL). The resulting mixture was stirred at room tem-
perature for 12 h, and then 20 mL of EtOAc was added.
The organic phase was separated and washed with water
(3 x 10 mL), dried over Na,SO,, and concentrated under
vacuum. The residue was purified by flash chromatogra-
phy on silica gel (eluent, petroleum ether:ethyl acetate)
to afford the corresponding products (11).

General procedure for difluoromethylation of
arylboronic acids

In a glovebox, to a 15 mL sealed tube were added aryl-
boronic acid (0.1 mmol, 1.0 equiv), PPhz(CF,H), (93 mg,
0.25 mmol, 2.5 equiv), Pd(PPhz)4 (5.8 mg, 0.005 mmol,
5 mol %), Xantphos (8.7 mg, 0.015 mmol, 15 mol %),
KzPO,4 (10.6 mg, 0.05 mmol, 50 mol %), and toluene
(1 mL). The resulting mixture was stirred at 110 °C for
12 h. Then 20 mL of ethyl acetate was added, the organic
phase was separated and washed with water (3 x 10 mL),
dried over Na,SO,, and concentrated under vacuum. The
residue was purified by flash chromatography on silica
gel (eluent, petroleum ether:ethyl acetate) to afford the
corresponding products (6).

General procedure for trifluoromethylation of
aryl iodides

In a glovebox, to a 15 mL sealed tube were added aryl
iodide (22 mg, 0.1 mmol, 1.0 equiv), PPh3z(CF5H)> (73 mg,
0.2 mmol, 2.0 equiv), KF (17 mg, 0.3 mmol, 3.0 equiv),
CuBr (43 mg, 0.3 mmol, 3.0 equiv), and THF (1 mL). The
resulting mixture was stirred at 100 °C for 12 h. Then
10 mL of ethyl acetate was added, the organic phase was
separated and washed with water (3 mL) and brine
(3 mL), dried over Na,SO,4 and concentrated under
vacuum. The residue was purified by flash chromatogra-
phy on silica gel (eluent, petroleum ether/ethyl acetate)
to afford the corresponding products (14).

Results and Discussion

In 1949, Wittig and Rieber synthesized the first stable
all-carbon pentacoordinate phosphorane, pentaphenyl-
phosphorane (PPhs), via the reaction of phenyllithium
with tetraphenylphosphonium bromide.**** However, this
method could not be extended to alkyl group (with «-
hydrogen)-containing all-carbon pentacoordinate phos-
phorane synthesis, due to the strong basicity of carbanion
nucleophiles (e.g., PhLi) that deprotonate rather than add
to the phosphoniums.®**> Thus, only sporadic all-carbon
arylphosphorane analogues have been reported, yet no
substantive synthetic utility has been achieved, largely
because of poor synthetic accessibility and structural
variation.®® Apparently, lowering the basicity of nucleo-
philes is crucial for the successful addition to alkyl
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group-containing phosphoniums, otherwise deprotona-
tion takes place.

Due to the strong electron-withdrawing nature of fluo-
rine, fluorinated carbanions possess lower basicity com-
pared to their nonfluorine analogues.*®**” We envisioned
the utilization of fluorine-containing carbanion would cir-
cumvent the o-deprotonation of phosphonium. In this
regard, Dilman and coworkers® reported a cyclopenta-
coordinate phosphorane; however, no substantive syn-
thetic application has been reported, probably due to the
structural limitation. Difluoromethylene phosphorus
ylides can be easily prepared in situ from tertiary phos-
phines and :CF, reagents or generated from the depro-
tonation of difluoromethyl phosphonium salts; in the
presence of water, ylides are in equilibrium with phospho-
nium salt. The addition of ylides to phosphonium salts
forms a pentacoordinate phosphorane intermediate; the
tailored phosphorus motif can be removed by a reductant.
After screening the reaction parameters, TMSCF,Br was
found to be the best choice of :CF, reagent. With KHCOz
as initiator and NaBH,4 as reductant, the reaction pro-
ceeded rapidly to completion in DCM within 1 h
(Figure 2, for more details, see Supporting Information
Tables S1-S9). When the reaction was performed on
0.1 mol scale, 29.4 g of 2a was obtained in 79% vyield,
which guaranteed its further application investigations.
Under the optimized conditions, a variety of tertiary phos-
phines were successfully converted to all-carbon penta-
coordinate phosphoranes (Figure 2 and Supporting
Information Table S10). When triaryl phosphines bearing
electron-donating and electron-withdrawing groups on
the aromatic rings and alkylaryl phosphines were used,
the reaction proceeded smoothly to afford bis(difluoro-
methyl) pentacoodinate phosphoranes in moderate to
good vields (2a-2f). To elucidate the role of H,O and
NaBH,4, we conducted deuterium labeling experiments,
which confirmed our hypothesis that one hydrogen
source of difluoromethyl group was H,O and the other
was NaBH, (see Supporting Information Figure S5).

R?, 5 \S CEB KHCOj (5.0 equiv), NaBH, (3.0 equiv) R, |

[P—R3 + —Si~CF,Br ;
-
R? /

H,0 (4.0 equiv), DCM, 1t , 1 h R27

1 2
Q. Meo@ s FQCQ i
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2a, 94% (79%)7
@ (‘;FZH '{
LP—Me = e {
O ey 5
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CFH CFoH
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Figure 2 | Synthesis of bis(difluoromethyl) pentacoordi-
nate phosphoranes. DCM, dichloromethane. ®Yield obtai-
ned using 0.1 mol of PPhz as substrate.
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The structure of compounds 2a and 2d were unambig-
uously confirmed by X-ray crystallography (Figure 2 and
Supporting Information Figures S3 and S4 and Tables ST
and S12). Both structures have a trigonal bipyramidal
configuration, with two difluoromethyl groups located
at the axial position and three nonfluorine groups located
at the equatorial position. In the case of 2a, the axial P-C
(CF,H) bond lengths are 1.987(17) A and 1.978(17) A,
respectively, and the average length 1.982 A is shorter
than the axial P-C(CgHs) bond length (1.987 A) of previ-
ously reported pentaphenyl phosphorane.®® The equato-
rial P—C(CgHs) bonds have a mean length of 1.835 A,
which is shorter than the equatorial P—C bond length in
pentaphenyl phosphorane (1.850 A), and is of similar
length as in triphenyl phosphine (1.828 A). The average
P—C(CF,H) bond length in 2a is obviously longer than P
—C(CF3H) in PhzP*CF,HBr (1.862 A), and likewise, the
average P-C(CgHs) bond length in 2ais longer than P-C
(CgHs) in PhzP*CF,HBr (1.785 A).*° The axial P—C(CF,H)
bonds are apparently longer than the equatorial P-C
(CgHs) bonds (ca. 1.987 to 1.835 A), indicating that the
axial P—C(CF5,H) bond cleavage is easier than equatorial
P—-C(CgHs) bond cleavage, rendering 2a better “CF,H”
transfer capability.

To study the reactivity of all-carbon pentacoordinate
phosphoranes, cyclic voltammetry measurements of
compound 2a was initially conducted, and the redox
potential was determined to be 1.82 V (vs Ag/AgCl in
CH3CN) (see Supporting Information Figure S2). Simulta-
neous thermal analysis (differential scanning calorimetry
and thermogravimetry) revealed that the decomposition
of 2a occurred from 152 to 183 °C (see Supporting
Information Figure S1). When 2a was heated in DCM at
MO °Cfor 7 hin a sealed tube, PPhs, difluorotriphenylpho-
sphorane (PhzPF,), and difluoromethane (CHsF,) were
detected as the major products by °F and *P NMR; in
methanol, besides PPhz and CH,F,, MeOCF,H was
detected as the major product; in toluene, besides PPhz
and CH,F,, triphenylphosphine oxide (PhzPO) and
trace amount of difluoromethyltriphenylphosphonium
salt (PhzPCF,H") were observed (see Supporting Infor-
mation Figures S7-S10). In conjunction with the X-ray
data, under heating conditions, the P-C bond dissocia-
tion occurred predominantly at the P-CF,H bond rather
than the P-CgHs bond to generate CF,H™ and then
protonation gave CF,H,. Residual PhzPCF,H" motif pro-
duced :CF, via deprotonation of difluoromethyl group to
afford PhzP=CF,, which then released :CF, under high
temperatures.” However, neither difluoromethybenzene
(PhCF5H) nor biphenyl were observed, indicating that
the intramolecular migration reaction upon P(V) was
less likely occuring.®?

Considering triphenylphosphine is a readily available
and cost efficient starting material, we next explored the
reactivity of pentacoordinate phosphoranes by using 2a
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as a model fluorinating agent. At the outset, we attempted
to perform difluoromethyl transfer reactions. Difluoro-
methylated heterocycles are ubiquitous in bioactive mole-
cules; however, the conventional synthetic methods often
employ toxic fluorinating agents, harsh reaction condi-
tions, and suffer from limited substrate scope.*™® Al-
though in recent years radical-based approaches have
proven effective for difluoromethylation of heterocycles,
nevertheless, either costly/toxic metal catalysts or strictly
inert conditions are required.”>**° Hence, we investigated
the difluoromethylation of heterocycles by using 1-methyl
quinoxolin-2-one (3a) as a model substrate and 2a as the
difluoromethylation reagent. After carefully screening the
reaction parameters, we found K,S,0g was the most
efficient oxidant compared to tert-butyl peroxybenzoate
(TBPB), tert-butyl hydroperoxide (TBHP), and Na,S,0g
(Table 1, entries 1-4). The addition of water improved the
yield, probably by increasing the solubility of K;S,0g
(Table 1, entries 5-7). When catalytic AQNOz was used as
an additive, the yield significantly improved, while added
TFA afforded the best result (Table 1, entries 1 and 8,
for more details, see Supporting Information Tables S13
and S14).

Subsequently, we examined the reaction with structur-
ally different pentacoordinate phosphoranes as difluor-
omethylation reagents to compare the “CF,H” transfer
capability. When an electron-donating group bearing
2b was used, the yield increased to 91%, whereas the

electron-withdrawing group bearing 2c¢ afforded lower
yield of 74% (Table 1, entries 9 and 10). When a phenyl
group replaced a methyl (2d) or benzyl group (2e),
75% and 44% yields were obtained, respectively, and
dimethylphenyl phosphorus-based phosphorane (2f)
afforded 77% yield (Table 1, entries 11-13). Notably, phe-
nylation, methylation or benzylation of quinoxalinone
was not observed in these cases. Although the difluor-
omethylation efficiency of electron-rich phosphorane 2b
was higher than others, given the easy availability and
low cost of PPhz, we chose 2a as a general reagent for the
following studies.

With the optimized conditions in hand, a variety
of heterocycles, including quinoxolin-2-one (3a-3f),
1-benzothiophene (3g), and indole (3h), were subjected
to the oxidative difluoromethylation conditions, and
moderate to good yields were obtained (Figure 3a). To
our delight, the difluoromethylation occurred selectively
on the electron-deficient heterocycles rather than phenyl
ring, and the reaction site was generally activated by an
adjacent electron-withdrawing group, typically a carbon-
yl group (C=0). The substituents on phenyl rings, such as
chloro, fluoro, and methyl groups, had no remarkable
effect on the yield (4b, 4¢, and 4e). To further illustrate
the utility of this transformation, commercial drugs and
natural products, such as 4-methylumbelliferon (4-MU),
Uvadex, caffeine, and pentoxifylline, were successfully
difluoromethylated (4i-4l).

Table 1| Optimization of Oxidative Difluoromethylation Conditions

\ CF,H
N._O o
SO
Ly |
N CF,H
3a 2a

\
K2S,05 (2.0 equiv), TFA (10.0 equiv) Nfo
0
DMSO/H,0 (10/3), 50 °C, 24 h [ I N/ CFH
4a

Entry Variation from Standard Conditions Yield of (4a %)?
1 Standard conditions 82% (79%)°
2 TBPB instead of K;,S,0g 0]

3 TBHP instead of K,5,0¢ 0

4 Na25208 instead of K25208 37%

5 Without H,0 40%

6 Ratio of DMSO/H,0 = 10/1 47%

7 Ratio of DMSO/H,0 =10/4 55%

8 20 mol % of AgNO3z was used 71%

9 2b was used instead of 2a 91%

10 2c was used instead of 2a 74%

n 2d was used instead of 2a 75%

12 2e was used instead of 2a 44%

13 2f was used instead of 2a 77%

TFA, trifluoroacetic acid; DMSO, dimethyl sulfoxide; TBPB, tert-butyl peroxybenzoate; TBHP, tert-butyl hydroperoxide.
@ Standard conditions: 3a (0.1 mmol, 1.0 equiv), 2a (0.2 mmol, 2.0 equiv), K;5,05 (0.2 mmol, 2.0 equiv), DMSO (1 mL),
air, 24 h, 50 °C, TFA (10.0 equiv); for entries 2-4, the reactions were performed at rt; for entries 2-8, TFA was not used.

2Yield of isolated product.
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(a) Oxidative difluoromethylation of heterocycles

H+

K2S20g (2.0 equiv), TFA (10.0 equiv)
DMSO/H,0 (10:3), 50 °C, 24 h

‘/l CFH

3 4
\ \ \ \
N._O N._O N._O N._O
L JOP X X
N™ "CF,H Cl N™ "CF,H F N” "CF,H N~ "CF,H
4a, 79% 4b, 73% 4c, 69% 4d, 50%
Ph H
‘ D s N-_CFoH
N.__O
N._O / 0 I
/ L
N” "CF,H N7 > CF,H CF,H 3
4e, 72% 4f, 67% 49, 71% 4h, 57%
(e} o
/ - CFH / o /
o CFaH N N 7/\/\,\‘ N
o oo Y | )—CFH Y | )—CF.H
O™~ 'N N 07N N
HO [OXe} OMe | |
from 4-MU from Uvadex from Caffeine from Pentoxifylline
4i, 73% 4j, 67% 4k, 62% 41, 68%

(b) Nickel photoredox dual-catalyzed difluoromethylation of aryl bromides
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(c) Photoredox-catalyzed difluoromethylation (left) and thermal-promoted gem-difluorocyclopropanation of alkenes (right)
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Figure 3 | Radlical difluoromethylation and difluorocarbene (:CF.,) gem-difluorocyclopropanation with pentacoordi-
nate phosphorane 2a. ®Yields were determined by °F NMR with benzotrifluoride as an internal standard. 4-MU,

4-methylumbelliferon; THF, tetrahydrofuran.

Copper-mediated difluoromethylation of aryl halides
suffers from low efficiency and limited substrate scope,
that is, a stoichiometric amount of Cu(l) salt is generally
required to achieve high conversion, and only aryl iodides
or activated aryl bromides are suitable substrates.**>* The
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merger of transition metal and photocatalysis has proven
to be effective in facilitating reactions of non-traditional
nucleophilic partners via distinct activation modes.>*¢
In this regard, MacMillan and coworkers succeeded in
difluoromethylation of unactivated aryl bromides via
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Ni/photoredox dual catalysis by using HCF,Br as a
difluoromethyl source. However, due to the ozone de-
pleting nature of HCF,Br and stoichiometric amount of
tris(trimethylsilyl)silane, the synthetic utility was largely
limited.>>*¢ Because of the powerful photoredox/nickel
dual catalysis, we investigated the difluoromethylation of
aryl bromides with 2a as the difluoromethylation reagent.
After briefly screening the Ni-catalyst, ligand, and other
parameters (see Supporting Information Tables S15-517),
we found that using 10 mol % of NiBr,-glyme and 1 mol %
of Ir[dF(CF3)ppylo(bpy)PFg as co-catalyst, and 15 mol %
of L1 as ligand, under 465 nm blue LED light irradiation,
the reaction proceeded smoothly to furnish the difluor-
omethylated product in 54-79% vyields (Figure 3b). In
general, the aryl groups bearing electron-donating sub-
stituents (6d and 6f) afforded slightly lower yields than
those with electron-withdrawing substituents (6b, 6c,
and 6e), probably because the electron-deficient aryl
bromides were of higher reactivity. No nucleophilic
difluoromethylation occurred when a ketone group was
present, indicating that a difluoromethyl anion (CF;H?)
was less likely involved (6b) The observation of 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO)-trapped difluoro-
methyl product indicated that a -CF5;H process was more
likely (see Supporting Information Figure S12).

To further illustrate the radical reactivity of pentacoor-
dinate phosphoranes, we conducted the reaction of 2a
with alkenes (see Supporting Information Tables S18 and
S19). Gratifyingly, by using the same photocatalyst Ir[dF
(CF2)ppylo(bpy)PFg, with methanol as a hydride donor
and solvent, the hydrodifluoromethylation of alkenes
proceeded uneventfully to give moderate to excellent
product vyields, which corroborated the radical addition
mechanism (Figure 3c, left, for detailed see Supporting
Information Figure S13). Notably, the electron-deficient
alkenes (8a and 8b) gave better yields than styrenes (8c
and 8d), which accords with the previous report that the
-CF,H is an electron-rich radical.?®

Interestingly, when the reaction of alkenes and
2a was carried out under heating conditions, gem-
difluorocyclopropane product was obtained as the main
product (see Supporting Information Tables S20 and
S21). gem-Difluorocyclopropanes are promising building
blocks in medicinal chemistry and provide discrepant but
complementary possibilities for fundamental functional
group interconversions.’” These compounds are generally
synthesized by [2+1] reaction of :CF, with alkenes,
thus, gem-difluorocyclopropanation of C=C double
bonds is recognized as a typical reaction mode of :
CF,.'0™85860  Delightfully, the difluorocyclopropanation
with substituted styrenes proceeded smoothly by simply
heating to 110 °C in CHzCN, and both electron-rich and
electron-deficient styrenes afforded good to excellent
yields of gem-difluorocyclopropanes (Figure 3c, right).
Furthermore, gem-difluorocyclopropanation of estrone
and estradiol derived styrenes worked smoothly in good
DOI: 10.31635/ccschem.023.202302980
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yields (9¢ and 9f), demonstrating the synthetic prowess of
this protocol, yet carbonyl and hydroxy groups remained
intact under these conditions, which enabled further ma-
nipulation for complicated drug molecules. Compared to
gem-difluorocyclopropanation with TMSCF,Br, this meth-
od is more effective for electron-deficient and hydroxyl
group-containing styrenes (9b and 9f)."®

Heteroatom difluoromethyl compounds often act as
lipophilic hydrogen bond donors, which therefore have
found broad applications in drug design and functional
materials, such as Desflurane (an anesthetic), Riodipine
(Ca?" antagonists), and Roflumilast (phosphodiesterase-4
inhibitor).>®' Conventional methods to access such struc-
tures generally trap the :CF, with heteroatom nucleo-
philes. The efficiency of such transformations vastly
depends on the reactivity of :CF, sources, thus operation-
ally simple and environmentally benign :CF, reagents
with broad substrate scope are highly desirable.'8*85961

To expand the reactivity patterns of all-carbon penta-
coordinate phosphoranes, we investigated the :CF, reac-
tion mode of 2a with heteroatom nucleophiles. At the
outset, the reaction of 2a with thiophenol (10a) was
carried out with EtOK as a base to boost the reaction,
and difluoromethylation of O-, S-, Se-, N-nucleophiles
took place readily (Figure 4a, for detailed see Supp-
orting Information Tables S22 and S23). Subsequently, a
variety of heteroatom nucleophiles, including arylthiol,
phenol, benzeneselenol, and imidazole, were difluoro-
methylated in moderate to good yields (Figure 4a). The
reaction conditions were so mild that a wide range of
functional groups were tolerated, such as heterocycles,
halides, and amides. In addition, the reaction was only
slightly sensitive to steric hindrance (11f and 11j); both
electron-rich and -deficient substrates were efficiently
difluoromethylated. Notably, the product of 11la and
Mp were previously successfully applied in difluoro
(phenylchalcogen)methylation reactions,®®> while 11b
and 11g could be easily oxidized and applied as gem-
difluoroolefination and radical difluoromethylation
reactions, respectively.®*®* The successful synthesis of
Pantoprazole (in 25% vyield, 71% yield based on recov-
ered starting material) and Roflumilast (in 31% yield, 77%
yield based on recovered starting material), and difluor-
omethylation of Triclosan and Theophylline on oxygen
and nitrogen atom, respectively, in 79% vyield further
elaborated the practical utility of this method (11l-11q).
Notably, the difluoromethylation of N-nucleophile The-
ophylline was achieved under simple heating (11q).

Recently, Zhang and coworkers developed a difluor-
omethylation method of arylboronic acids with :CF,
reagent as the difluoromethyl source; the reaction
was proven to proceed via palladium-difluorocarbene
(Pd=CF,) intermediate.®*”" The excellent functional
group compatibility, mild reaction conditions, and high
efficiency endowed the protocol with promising appli-
cations in aryl difluoromethylation. However, elaborate
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(a) Base-promoted difluoromethylation of heteroatom nucleophiles
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(b) Palladium-catalyzed difluoromethylation of boronic acids
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(C) Copper-mediated trifluoromethylation of aryl iodides
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Figure 4 | Difluorocarbene-involved difluoromethylation and trifluoromethylation with pentacoordinate phosphorane
2a. DMF, N,N-dimethylformamide. ®Yield using diphenyl! disulfide as starting material. *Yields were determined by °F
NMR with benzotrifluoride as an internal standard. Yield based on recovered starting material (brsm).“The reaction
was performed at 7110 °C in CH3CN for 12 h, without EtOK and 18-Crown-6. °The reaction time was 48 h.

manipulation of additives was requisite for the product
selectivity, thus making the reaction conditions compli-
cated. Considering that pentacoordinate phosphorane 2a
can generate :CF, simply by heating, we envisioned that
the use of 2a as :CF, precursor would simplify the reaction
conditions and thus improve the practicality. After a brief
screening of the reaction parameters, we found that the
reaction proceeded efficiently by using Pd(PPhsz), as
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catalyst, Xantphos as ligand, and K3zPO, as base to pro-
mote transmetalation of arylboronic acids to palladium
(see Supporting Information Tables S24-S29). Of note,
the generation of :CF, was simply initiated by heating,
where heating was also pivotal for reductive elimination.
To demonstrate the reaction efficacy, different substitut-
ed arylboronic acids were subjected to the established
conditions, resulting in aryl difluoromethylation products
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in moderate to excellent yields (Figure 4b). The reaction
was amenable to ketone, ester, diaryl ethers, and
thioethers functional groups, indicating that a CF,H™ or
radical intermediate may not be involved in this reaction
(6d, 6h, 6i, 6k, 61, and 6m). This protocol provided a
complementary approach for the synthesis of difluoro-
methyl arenes (for comparison, see Figures 3a and 4b). In
this reaction, 2a is superior to other :CF, reagents in
practicality, particularly to silicon-based :CF, reagents
that are not compatible with stoichiometric base (used
to facilitate transmetalation of boronic acids).

The trifluoromethyl group (CFs3) is one of the most
privileged fluorinated moieties in many prescribed drugs
or drug candidates. Thus, there are a plethora of trifluor-
omethylation reagents developed for incorporating CFz
into target molecules.”®”?2 The in situ generation of tri-
fluoromethyl anion (CF37) via recombination of :CF, and
fluoride has been judiciously applied to ®F-labelled CFx
introduction.”*”®¢ As compound 2a tends to generate :CF,
under heating, we examined the application in trifluoro-
methylation. At the outset, 4-phenylbenzyl iodide (13a)
was chosen as a model substrate, and the reaction was
carried out in the presence of Cu(l) salts and fluoride
sources. After carefully screening the reaction parameters,
we found that using CuBr as a CF3™ trap, KF as a fluoride
anion donor, and a reaction temperature of 100 °C in THF
afforded the best results (see Supporting Information
Tables S30-S33). When the reaction was conducted with
catalytic Cu-catalyst, the reaction could hardly be driven
to completion, resulting in low vyield (see Supporting
Information Table S32). Because of the easy availability
and low cost of CuBr, therefore, a stoichiometric amount
of CuBr was used to improve the reaction efficiency. Brief
substrate scope study revealed that the reaction pro-
ceeded smoothly for the trifluoromethylation of aryl
jodides, yet it was slightly sensitive towards steric hin-
drance (Figure 4c, 14a-14c¢). Encouragingly, Canagliflozin
and Empagliflozin derived iodides were successfully tri-
fluoromethylated by this method in 75% and 81% yields,
respectively (14d and 14e). It is interesting that when the
reaction was performed at 120 °C for 1 h, 32% trifluoro-
methylated product was detected by 'F NMR, which
demonstrated the promising application of this method-
ology in ®F-labelled aryl trifluoromethylation (see Supp-
orting Information Table S33).

Conclusion

In summary, we developed a general method for the
synthesis of bench-stable bis(difluoromethyl) pentacoor-
dinate phosphoranes. The method is operationally simple
and can be easily scaled up. Control experiments revealed
that hydrogen atoms on two difluoromethyl groups were
from H,O (a proton source) and NaBH, (a reductant). By
employing bis(difluoromethyDtriphenyl phosphorane
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(2a) as a fluorinating agent, a variety of reactions involv-
ing -CFyH, :CF, and CFz intermediates have been
achieved, including oxidative difluoromethylation of
electron-deficient heterocycles (via -CF,H), nickel/photo-
redox dual-catalyzed difluoromethylation of aryl bro-
mides (via -CF,H), photoredox difluoromethylation of
alkenes (via -CFy;H), gem-difluorocyclopropanation of
alkenes (via :CF,), base-promoted difluoromethylation
of heteroatom nucleophiles (via :CF,), Pd-catalyzed
difluoromethylation of arylboronic acids (via :CF,), and
Cu-mediated trifluoromethylation of aryl iodides (via :CF,
and CF37). Subsequently, these methods have been ap-
plied to late-stage fluoroalkylation of drugs and drug-like
molecules. Moreover, the reactions depicted here may
provide mechanistic evidence and insights for pentacoor-
dinate phosphorane chemistry. The reagent and methods
described herein may have great potential in both drug
discovery and manufacture.
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data.

Conflict of Interest

The authors declare no competing interests.

Funding Information

This work was supported by National Natural Science
Foundation of China (grant no. 21901196), the Natural
Science Basic Research Plan in Shaanxi Province of China
(grant nos. 2020JQ-016 and 2021GXLH-Z-096), the Fun-
damental Research Funds for the Central Universities
(grant no. xhj032021007-01), and Xi’an Jiaotong Univer-
sity (grant no. 71211920000001).

Acknowledgments

Dedicated to Prof. F. Dean Toste on the occasion of the
20th anniversary of the Toste group. We thank profes-
sors Jing Li, Le Liu, and Tian Han (XJTU) for helpful
discussions. We thank Lu Bai and Chao Feng at the
Instrument Analysis Center (XJTU) for technical assis-
tance. We thank Junjie Zhang (XJTU) for NMR analysis.

References

1. Mdaller, K.; Faeh, C.; Diederich, F. Fluorine in Pharma-
ceuticals: Looking Beyond Intuition. Science 2007, 377,
1881-1886.


https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.023.202302980
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.023.202302980
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.023.202302980
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.023.202302980
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.023.202302980
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.023.202302980
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.023.202302980
https://doi.org/10.31635/ccschem.023.202302980
https://doi.org/10.31635/ccschem.023.202302980

@CCS

RESEARCH ARTICLE

Chemistry

2. Purser, S.; Moore, P. R,;; Swallow, S.; Gouverneur, V.
Fluorine in Medicinal Chemistry. Chem. Soc. Rev. 2008, 37,
320-330.

3. Wang, J.; Sdnchez-Rosellé, M.; Acefa, J. L.; del Pozo, C,;
Sorochinsky, A. E.; Fustero, S.; Soloshonok, V. A.; Liu, H.
Fluorine in Pharmaceutical Industry: Fluorine-Containing
Drugs Introduced to the Market in the Last Decade (2001-
2011). Chem. Rev. 2014, 114, 2432-2506.

4. Zhou,Y.;Wang, J.; Gu, Z.; Wang, S.; Zhu, W.; Acefia, J. L,;
Soloshonok, V. A, lzawa, K.; Liu, H. Next Generation of
Fluorine-Containing Pharmaceuticals, Compounds Current-
ly in Phase llI-lll Clinical Trials of Major Pharmaceutical Com-
panies: New Structural Trends and Therapeutic Areas. Chem.
Rev. 2016, 716, 422-518.

5.  Inoue, M.; Sumii, Y.; Shibata, N. Contribution of Organo-
fluorine Compounds to Pharmaceuticals. ACS Omega 2020,
5,10633-10640.

6. Wang, Q. Song, H,; Wang, Q. Fluorine-Containing
Agrochemicals in the Last Decade and Approaches for Fluo-
rine Incorporation. Chin. Chem. Lett. 2022, 33, 626-642.

7. Prakash, G. K. S;; Yudin, A. K. Perfluoroalkylation with
Organosilicon Reagents. Chem. Rev. 1997, 97, 757-786.

8. Liu, X;; Xu, C; Wang, M,; Liu, Q. Trifluoromethyltri-
methylsilane: Nucleophilic Trifluoromethylation and Be-
yond. Chem. Rev. 2015, 715, 683-730.

9. Umemoto, T. Electrophilic Perfluoroalkylating Agents.
Chem. Rev. 1996, 96, 1757-1778.

10. Prakash, G. K. S.; Hu, J. Selective Fluoroalkylations with
Fluorinated Sulfones, Sulfoxides, and Sulfides. Acc. Chem.
Res. 2007, 40, 921-930.

1. Ni, C; Hu, M,; Hu, J. Good Partnership Between Sulfur
and Fluorine: Sulfur-Based Fluorination and Fluoroalkylation
Reagents for Organic Synthesis. Chem. Rev. 2015, 715,
765-825.

12. Burton, D. J,; Yang, Z.-Y.; Qiu, W. Fluorinated Ylides and
Related Compounds. Chem. Rev. 1996, 96, 1641-1716.

13. Romanenko, V. D.; Kukhar, V. P. Fluorinated Phospho-
nates: Synthesis and Biomedical Application. Chem. Rev.
2006, /06, 3868-3935.

14. Lin, J. H.; Xiao, J. C. Fluorinated Ylides/Carbenes and
Related Intermediates from Phosphonium/Sulfonium Salts.
Acc. Chem. Res. 2020, 53, 1498-1510.

15. Charpentier, J.; Frth, N.; Togni, A. Electrophilic Trifluor-
omethylation by Use of Hypervalent lodine Reagents. Chem.
Rev. 2015, 7715, 650-682.

16. Wang, F.; Luo, T.; Hu, J.; Wang, Y,; Krishnan, H. S.; Jog,
P. V. Ganesh, S. K,; Prakash, G. K. S.; Olah, G. A. Synthesis of
gem-Difluorinated Cyclopropanes and Cyclopropenes:
Trifluoromethyl-Trimthylsilane as a Difluorocarbene Source.
Angew. Chem. Int. Ed. 2011, 50, 7153-7157.

17. Hu, M.; He, Z.; Gao, B.; Li, L; Ni, C; Hu, J. Copper-
Catalyzed gem-Difluoroolefination of Diazo Compounds
with TMSCFz via C-F Bond Cleavage. J. Am. Chem. Soc.
2013, 735, 17302-17305.

18. Li, L; Wang, F.; Ni, C.; Hu, J. Synthesis of gem-Difluor-
ocyclopropa(e)nes and O-, S-, N-, and P-Difluoromethylated
Compounds with TMSCF,Br. Angew. Chem. Int. Ed. 2013, 52,
12390-12394.

DOI: 10.31635/ccschem.023.202302980
Citation: CCS Chem. 2024, 6, 165-176
Link to VoR: https://doi.org/10.31635/ccschem.023.202302980

19. Levin, V. V., Zemtsov, A. A,; Struchkova, M. |; Dilman, A.
D. Reactions of Difluorocarbene with Organozinc Reagents.
Org. Lett. 2013, 15, 917-919.

20. Xie, Q.; Ni, C; Zhang, R, Li, L; Rong, J.; Hu, J.
Efficient Difluoromethylation of Alcohols Using TMSCF,Br as
a Unique and Practical Difluorocarbene Reagent Under Mild
Conditions. Angew. Chem. Int. Ed. 2017, 56, 3206-3210.

21. Liu, A;; Ni, C,; Xie, Q.; Hu, J. TMSCF,Br-Enabled Fluori-
nation—Aminocarbonylation of Aldehydes: Modular Access
to o-Fluoroamides. Angew. Chem. Int. Ed. 2022, 6],
e202115467.

22. Liu, A.; Ni, C.; Xie, Q.; Hu, J. Transition-Metal-Free Con-
trollable Single and Double Difluoromethylene Formal Inser-
tions into C-H Bonds of Aldehydes with TMSCF,Br. Angew.
Chem. Int. Ed. 2023, 62, e202217088.

23. Zhang, R.; Ni, C,; Xie, Q.; Hu, J. Difluoromethylation of
Alcohols with TMSCF,Br in Water: A New Insight into the
Generation and Reactions of Difluorocarbene in a Two Phase
System. Tetrahedron 2020, 76, 131676.

24. Yang, J. Zhu, S; Wang, F.; Qing, F.-L.; Chu, L.
Silver-Enabled General Radical Difluoromethylation Reac-
tion with TMSCF,H. Angew. Chem. Int. Ed. 2021, 60, 4300-
4306.

25. Fujiwara, Y.; Dixon, J. A.; Rodriguez, R. A.; Baxter, R. D,
Dixon, D. D.; Collins, M. R.; Blackmond, D. G.; Baran, P. S. A
New Reagent for Direct Difluoromethylation. J. Am. Chem.
Soc. 2012, 134, 1494-1497.

26. Fujiwara, Y.; Dixon, J. A,; O’Hara, F.; Funder, E. D.; Dixon,
D. D.; Rodriguez, R. A.; Baxter, R. D.; Herlé, B.; Sach, N,
Collins, M. R.; Ishihara, Y.; Baran, P. S. Practical and Innate
Carbon-Hydrogen Functionalization of Heterocycles. Na-
ture 2012, 492, 95-99.

27. He, Z.; Tan, P.; Ni, C.; Hu, J. Fluoroalkylative Aryl Migra-
tion of Conjugated N-Arylsulfonylated Amides Using Easily
Accessible Sodium Di- and Monofluoroalkanesulfinates. Org.
Lett. 2015, 77, 1838-1841.

28. Chu, X.-Q.; Ge, D.; Cui, Y.-Y.; Shen, Z.-L,; Li, C.-J. Desul-
fonylation via Radical Process: Recent Developments in
Organic Synthesis. Chem. Rev. 2021, 121, 12548-12680.

29. Reddy, R. J.; Kumari, A. H. Synthesis and Applications of
Sodium Sulfinates (RSO,Na): A Powerful Building Block for
the Synthesis of Organosulfur Compounds. RSC Adv. 2021,
71, 9130-9221.

30. Lin, Q.-Y.; Xu, X.-H.; Zhang, K.; Qing, F.-L. Visible-
Light-Induced Hydrodifluoromethylation of Alkenes with a
Bromodifluoromethylphosphonium Bromide. Angew. Chem.
Int. Ed. 2016, 55, 1479-1483.

31. Ran, Y. Lin, Q.-Y.; Xu, X.-H.; Qing, F.-L. Visible Light
Induced Oxydifluoromethylation of Styrenes with Difluoro-
methyltriphenylphosphonium Bromide. J. Org. Chem. 2016,
871, 7001-7007.

32. Zhang, X,; Nottingham, K. G.; Patel, C.; Alegre-Requena,
J. V,; Levy, J. N;; Paton, R. S.; McNally, A. Phosphorus-
Mediated sp?-sp® Couplings for C-H Fluoroalkylation of
Azines. Nature 2021, 594, 217-223.

33. Wittig, G.; Rieber, M. D. Presentation and Properties of
the Pentaphenylphosphorus. Liebigs Ann. Chem. 1949, 562,
187-192.


https://doi.org/10.31635/ccschem.023.202302980
https://doi.org/10.31635/ccschem.023.202302980

@CCS

RESEARCH ARTICLE

Chemistry

34. Engel, R.; Cohen, J. |. Synthesis of Carbon-Phosphorus
Bonds; CRC Press: Boca Raton, FL, 2003.

35. Wittig, G.; Geissler, G. The Reaction of Pentaphenylpho-
sphorus and Some Derivatives. Liebigs Ann. Chem. 1953,
580, 44-57.

36. Bickelhaupt, F. M.; Hermann, H. L., Boche, G. a-
Stabilization of Carbanions: Fluorine Is More Effective than
the Heavier Halogens. Angew. Chem. Int. Ed. 2006, 45,
823-826.

37. Ni, C.; Hu, J. The Unique Fluorine Effects in Organic
Reactions: Recent Facts and Insights into Fluoroalkylations.
Chem. Soc. Rev. 2016, 45, 5441-5454.

38. Smirnov,V. O.; Volodin, A. D.; Korlyukov, A. A.; Dilman,
A. D. All-Carbon Phosphoranes via Difluorocarbene Trap-
ping. Chem. Commun. 2021, 57, 4823-4826.

39. Wheatley, P. J. The Crystal and Molecular Structure of
Pentaphenylphosphorus. J. Chem. Soc. 1964, 2206-2222.
40. Li, Q;Lin, J.-H.; Deng, Z.-Y.; Zheng, J.; Cai, J.; Xiao, J.-C.
Wittig gem-Difluoroolefination of Aldehydes with
Difluoromethyl-triphenylphosphonium Bromide. J. Fluor.
Chem. 2014, 163, 38-41.

41. Yerien, D. E.; Barata-Vallejo, S.; Postigo, A. Difluoro-
methylation Reactions of Organic Compounds. Chem. Eur.
J. 2017, 23, 14676-14701.

42. Rong, J.; Ni, C,; Hu, J. Metal-Catalyzed Direct Difluor-
omethylation Reactions. Asian J. Org. Chem. 2017, 6,
139-152.

43. Sap, J.B.l;Meyer, C. F,; Straathof, N. J. W.; Iwumene, N,;
am Ende, C. W,; Trabanco, A. A.; Gouverneur, V. Late-Stage
Difluoromethylation: Concepts, Developments and Perspec-
tive. Chem. Soc. Rev. 2021, 50, 8214-8247.

44. Feng, J.; Jia, X.; Zhang, S.; Lu, K,; Cahard, D. State of
Knowledge in Photoredox-Catalysed Direct Difluoromethy-
lation. Org. Chem. Front. 2022, 9, 3598-3623.

45. Saranya, P. V., Aneeja, T.; Anilkumar, G. Palladium-
Catalyzed Difluoromethylation and Difluoroalkylation Reac-
tions: An Overview. Appl. Organomet. Chem. 2022, 36,
e6503.

46. Levi, N.; Amir, D.; Gershonov, E. Recent Progress on the
Synthesis of CF,H-Containing Derivatives. Synthesis 2019,
51, 4549-4567.

47. Zhu, S.-Q.; Liu, Y.-L,; Li, H.; Xu, X.-H.; Qing, F.-L. Direct
and Regioselective C-H Oxidative Difluoromethylation of
Heteroarenes. J. Am. Chem. Soc. 2018, 140, 11613-11617.

48. Zhang, W.; Xiang, X.-X.; Chen, J.; Yang, C.; Pan, Y.-L,;
Cheng, J.-P.; Meng, Q.; Li, X. Direct C-H Difluoromethylation
of Heterocycles via Organic Photoredox Catalysis. Nat.
Commun. 2020, 71, 638.

49. Zhang, D.;Fang, Z.; Cai, J.; Liu, C.; He, W.; Duan, J.; Qin, N.;
Yang, Z.; Guo, K. The Copper(ll)-Catalyzed and Oxidant-
Promoted Regioselective C-2 Difluoromethylation of Indoles
and Pyrroles. Chem. Commun. 2020, 56, 8119-8122.

50. Fier, P. S.; Hartwig, J. F. Copper-Mediated Difluoro-
methylation of Aryl and Vinyl lodides. J. Am. Chem. Soc.
2012, 734, 5524-5527.

51. Jiang, X.-L.; Chen, Z.-H, Xu, X.-H; F.-L. Qing.
Copper-Mediated Difluoromethylation of Electron-Poor Aryl

DOI: 10.31635/ccschem.023.202302980
Citation: CCS Chem. 2024, 6, 165-176
Link to VoR: https://doi.org/10.31635/ccschem.023.202302980

lodides at Room Temperature. Org. Chem. Front. 2014, 1,
774-776.

52. Prakash, G. K. S.; Ganesh, S. K,; Jones, J.-P.; Kulkarni, A.;
Masood, K.; Swabeck, J. K,; Olah, G. A. Copper-Mediated
Difluoromethylation of (Hetero)Aryl lodides and Beta-
Styryl Halides with Tributyl(Difluoromethyl)Stannane.
Angew. Chem. Int. Ed. 2012, 57, 12090-12094.

53. Zhao, H.; Leng, X.; Zhang, W.; Shen, Q. [Ph4P][Cu
(CF,H),]17: A Powerful Difluoromethylating Reagent Inspired
by Mechanistic Investigation. Angew. Chem. Int. Ed. 2022, 6],
€202210151.

54. Twilton, J.;; Le, C. C,; Zhang, P.; Shaw, M. H.; Evans, R. W.;
MacMillan, D. W. C. The Merger of Transition Metal and
Photocatalysis. Nat. Rev. Chem. 2017, 1, 0052.

55. Bacauanu, V.; Cardinal, S.; Yamauchi, M.; Kondo, M.;
Fernandez, D. F.; Remy, R.; MacMillan, D. W. C. Metallapho-
toredox Difluoromethylation of Aryl Bromides. Angew.
Chem. Int. Ed. 2018, 57, 12543-12548.

56. Xu, J.; Yang, Y. Zhao, X,; Liu, C.; Zhang, D. DFT Mecha-
nistic Study of Ir'"/Ni"-Metallaphotoredox-Catalyzed Difluor-
omethylation of Aryl Bromides. /norg. Chem. 2021, 60,
8682-8691.

57. Lv, L.; Qian, H.; Li, Z. Catalytic Diversification of gem-
Difluorocyclopropanes: Recent Advances and Challenges.
ChemCatChem 2022, 14, e202200890.

58. Ni, C.; Hu, J. Recent Advances in the Synthetic Applica-
tion of Difluorocarbene. Synthesis 2014, 46, 842-863.

59. Brahms, D. L. S.; Dailey, W. P. Fluorinated Carbenes.
Chem. Rev. 1996, 96, 1585-1632.

60. Wang, F.; Zhang, W.; Zhu, J.; Li, H.; Huang, K.-W.; Hu, J.
Chloride lon-Catalyzed Generation of Difluorocarbene for
Efficient Preparation of gem-Difluorinated Cyclopropenes
and Cyclopropanes. Chem. Commun. 2011, 47, 2411.

61. Jeschke, P.; Baston, E.; Leroux, F. R. a-Fluorinated
Ethers as “Exotic” Entity in Medicinal Chemistry. Mini-Rev.
Med. Chem. 2007, 7, 1027-1034.

62. Hu, M., Wang, F.; Zhao, Y., He, Z.; Zhang, W,
Hu, J. Difluoro(phenylchalcogen)methylation of Aldehydes,
Ketones, and Imines with S-, Se-, and Te-Containing
Reagents PhXCF,H (X = S, Se, Te). J. Fluor. Chem. 2012, 135,
45-58.

63. Zhao, Y., Huang, W.; Zhu, L.; Hu, J. Difluoromethyl 2-
Pyridyl Sulfone: A New gem-Difluoroolefination Reagent for
Aldehydes and Ketones. Org. Lett. 2010, 12, 1444-1447.
64. Rong, J.; Deng, L,; Tan, P.; Ni, C.; Gu, Y.; Hu, J. Radical
Fluoroalkylation of Isocyanides with Fluorinated Sulfones by
Visible-Light Photoredox Catalysis. Angew. Chem. Int. Ed.
2016, 55, 2743-2747.

65. Feng, Z.; Min, Q.-Q.; Zhang, X. Access to Difluoromethy-
lated Arenes by Pd-Catalyzed Reaction of Arylboronic Acids
with Bromodifluoroacetate. Org. Lett. 2016, 18, 44-47.

66. Deng, X.-Y.; Lin, J.-H.; Xiao, J.-C. Pd-Catalyzed Transfer
of Difluorocarbene. Org. Lett. 2016, 18, 4384-4387.

67. Feng, Z.; Min, Q.-Q.; Fu, X.-P.; An, L. Zhang, X.
Chlorodifluoromethane-Triggered Formation of Difluoro-
methylated Arenes Catalysed by Palladium. Nat. Chem.
2017, 9, 918-923.


https://doi.org/10.31635/ccschem.023.202302980
https://doi.org/10.31635/ccschem.023.202302980

@CCS

RESEARCH ARTICLE

Chemistry

68. Fu, X.-P.; Xue, X.-S.; Zhang, X.-Y.; Xiao, Y.-L.; Zhang, S;
Guo, Y.-L.; Leng, X.; Houk, K. N.; Zhang, X. Controllable
Catalytic Difluorocarbene Transfer Enables Access to Di-
versified Fluoroalkylated Arenes. Nat. Chem. 2019, 7],
948-956.

69. Hori, K., Motohashi, H.; Saito, D.; Mikami, K.
Precatalyst Effects of Pd-Catalyzed Cross-Coupling
Difluoromethylation of Aryl Boronic Acids. ACS Catal.
2019, 9, 417-421.

70. Xu, Z.-W.; Zhang, W.; Lin, J.-H.; Jin, C.-M.; Xiao,
J.-C. Pd-Catalyzed Transfer of Difluorocarbene for Three
Component Cross-Coupling. Chin. J. Chem. 2020, 38,
1647-1650.

71. Sap, J. B. |; Meyer, C. F,; Ford, J.; Straathof, N. J. W;
Darr, A. B,; Lelos, M. J.; Paisey, S. J.; Mollner, T. A.; Hell, S. M,;
Trabanco, A. A.; Genicot, C.; Ende, C. W.,; Paton, R. S,;
Tredwell, M.; Gouverneur, V. [®F] Difluorocarbene for Posi-
tron Emission Tomography. Nature, 2022, 606, 102-108.

DOI: 10.31635/ccschem.023.202302980
Citation: CCS Chem. 2024, 6, 165-176
Link to VoR: https://doi.org/10.31635/ccschem.023.202302980

72. Tomashenko, O. A.; Grushin, V. V. Aromatic Trifluoro-
methylation with Metal Complexes. Chem. Rev. 2011, 177,
4475-4521.

73. Preshlock, S.; Tredwell, M.; Gouverneur, V. ®F-Labeling
of Arenes and Heteroarenes for Applications in Positron
Emission Tomography. Chem. Rev. 2016, 716, 719-766.

74. Campbell, M. G.; Mercier, J.; Genicot, C.; Gouverneur, V.;
Hooker, J. M.; Ritter, T. Bridging the Gaps in '®F PET Tracer
Development. Nat. Chem. 2017, 9, 1-3.

75. Huiban, M.; Tredwell, M., Mizuta, S.; Wan, Z,;
Zhang, X.; Collier, T. L.; Gouverneur, V.; Passchier, J. A
Broadly Applicable ['®F] Trifluoromethylation of Aryl and
Heteroaryl lodides for PET Imaging. Nat. Chem. 2013, 5,
941-944.

76. Levin, M. D.; Chen, T. Q. Neubig, M. E. Hong,
C. M.; Theulier, C. A.; Kobylianskii, I. J.; Janabi, M.; O’Neil,
J. P; Toste, F. D. A Catalytic Fluoride-Rebound Mechanism
for C(sp*)-CF3 Bond Formation. Science 2017, 356, 1272-1276.


https://doi.org/10.31635/ccschem.023.202302980
https://doi.org/10.31635/ccschem.023.202302980

	Pentacoordinate Phosphoranes as Versatile Reagents in Fluoroalkylation Reactions
	Introduction
	Experimental Methods
	General procedure for synthesis of pentacoordinate phosphoranes
	General procedure for difluoromethylation of heterocycles
	General procedure for nickel-photoredox-catalyzed difluoromethylation of aryl bromides
	General procedure for difluoromethylation of alkenes
	General procedure for gem-difluorocyclopropanation of alkenes
	General procedure for difluoromethylation of heteroatom nucleophiles
	General procedure for difluoromethylation of arylboronic acids
	General procedure for trifluoromethylation of aryl iodides

	Results and Discussion
	Conclusion
	Supporting Information
	Conflict of Interest
	Funding Information
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


