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gem-Difluoroallene (DFA): an emerging versatile
synthetic precursor to enable diverse fluorinated
molecules

Kota Sathish, €2 Swati Jain, ©@ Naveen Sihag ©© and M. Ramu Yadav (2 *

Organofluorine compounds are increasingly found in diverse fields, such as pharmaceuticals, agro-
chemicals, and materials science. gem-Difluoroallenes, which have gem-difluoro alkenes and allenes-like
properties, offer a distinct and adaptable platform for novel synthetic transformations. Their distinctiveness
is highlighted by various strategies, where the gem-difluoro group'’s presence plays a pivotal role in success-
ful reactions. This review article presents a comprehensive overview of the latest progress in utilizing gem-
difluoroallenes for selective additions, defluorination, as well as cycloaddition and cyclization reactions. We

rsc.li/obc

1. Introduction

Allenes, characterized by two cumulated n-bonds, have sp
hybridized terminal carbons and an sp-hybridized central
carbon, leading to a unique reactivity distinct from alkenes
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also discuss the limitations and future directions in this area, inspiring further exploration and innovation.

and alkynes." These allenes are valuable for various organic
transformations: carbometallation, electrophilic addition,
nucleophilic addition, and radical addition reactions.
Consequently, they have been recognized as valuable inter-
mediates for synthesizing complex molecular targets, revealing
novel applications in natural product synthesis, pharma-
ceutical chemistry, and materials science.” Therefore, the
development of novel functionalized allenes and their poten-
tial synthetic transformations plays a vital role in synthetic
organic and medicinal chemistry.
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In recent years, there has been a substantial increase in
interest in fluorinated organic compounds due to their wide-
spread applications in pharmaceuticals and agrochemicals.?
This increasing fascination comes from the distinct physico-
chemical and biological properties arising from the presence
of fluorine (Fig. 1a). In particular, gem-dilfuoroalkene is con-
sidered as a bio-isostere of carbonyl and amide group* and
undergoes preferential nucleophilic attack at a-position due to
the two o-withdrawing fluorine atoms which enabled wide syn-
thetic transformations such as addition/elimination, coupling
reaction, hydro-defluorination, etc. Consequently, the fusion of
conventional allene and gem-difluoroalkene generates gem-
difluoroallene (DFA), a unique molecular template with dis-
tinct characteristics, that demonstrates potential as a special
fluorinated framework for new synthetic reactions.

gem-Difluoroallenes (DFA) feature orthogonal cumulative
double bonds, similar to normal allenes, but are distinguished
by two vinylic fluorine atoms at the a-position, which confers a
unique reactivity profile® (Fig. 1b). The regioselectivity of DFA
is determined by the heightened positive electrostatic charge
at the a-position, indicative of its electrophilic nature, as well
as the augmented LUMO coefficient at the y-position, due to
the presence of two electron-withdrawing fluorine substitu-
ents.® Consequently, Dolbier Jr., Lentz, and Ichikawa groups
have independently made substantial advancements in both
synthesis and exploring the reactivity of DFA.

Dolbier Jr., in particular, was an early pioneer in recogniz-
ing the potential of DFA, showcasing various cycloaddition
reactions, including regioselective [2 + 4] and [2 + 3] cycloaddi-
tions involving the non-fluorinated double bonds, and [2 + 2]
cycloadditions  featuring fluorinated double  bonds.”
Subsequently, Lentz and colleagues have built upon the hydro-
metalation of DFA, resulting in the generation of (2,2-difluoro-
vinyl)metals and [1-(difluoromethyl)vinyl|metals through reac-
tions with nonfluorinated and fluorinated double bonds,
respectively.® The recent research by the Ichikawa group has
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Fig. 1 (a) CF,-containing drug molecules and (b) background of DFA.

been centred on investigating the mechanisms and appli-
cations of electrophilic cyclization and nucleophilic reactions
of DFA,’ leading to the development of a variety of intriguing
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organic transformation reactions, including cycloadditions,
nucleophilic substitutions, and addition reactions.

1.1. Scope and urgency of the review

Despite recent advancements, the full potential of DFA in
novel synthetic organic transformations remains underex-
plored. To gain insight into the current significance of this
area, it is crucial to highlight the evolution and scope of DFA
reactivity. This article aims to provide a comprehensive over-
view of the significant recent progress in DFA, a topic that has
not been thoroughly reviewed until now. The present review is
primarily focused on the reactivity and selectivity at the a- and
y-sites, fluorination and defluorination, cyclization, and ring
construction strategies utilizing DFA, while excluding early
cycloaddition reactions. We believe that this article will serve
as a valuable reference for further advancements in this field.

2. Synthesis and reactions of gem-
difluoroallenes (DFA)

2.1. Synthetic approaches to DFA

Despite the significance of DFA as versatile synthons in
numerous organic transformations, very few methods have
been reported for their synthesis. Although they were first
identified in 1957, challenges in scaling up DFA preparation
have hindered extensive research in this domain. In 1982,
more than two decades later, Dolbier Jr. devised the first syn-
thetic route for the preparation of DFA in high yields utilizing
3,3,3-trifluoropropene. The reaction of 2-bromo-3,3,3-trifluoro-
propene with alkyl lithium reagent enables unsaturated orga-
nofluorine lithium compound, that, upon heating produces
1,1-difluoroallenes by f-F elimination ie. lithium fluoride
(Scheme 1a).”* Later in 1988, Xu’s group utilized trifluoro-
methylketone and 2,4,6 triisopropylbenzenesulfonylhydra-
zones to synthesize several 1,1-difluoroallenes via Shapiro reac-
tion (Scheme 1b)."® Hammond et al. described the synthesis of
DFA using Cu mediated difluoropropargyl bromides with
Grignard reagent through magnesium organocuprate Sy2’ sub-
stitution (Scheme 1c)."* Afterwards, the Ichikawa group pre-
sented two highly effective methods for synthesizing DFA
(Scheme 1d). In the first approach, 1-bromo-2,2-difluorovinyl-
lithium, obtained from 1,1-dibromo-2,2-difluoroethylene and
n-butyllithium through lithium-bromide exchange, reacted
with carbonyl compounds, followed by acetylation to yield
2-bromo-3,3-difluoroallylic acetates. The resulting bromo acet-
ates, in the presence of BuLi, undergo elimination to produce
DFA."*? In the second-generation synthesis, 1,1-difluoroal-
lenes were synthesized using readily available 1,1,1-trifluoro-
2-iodoethane (CF;CH,I) as a difluorovinylation agent. In this
scenario, 3,3-difluoro-2-iodoallylic acetates were generated
from carbonyl compounds by treating them with 1,1,1-tri-
fluoro-2-iodoethane and lithium diisopropylamide, followed
by acetylation. These acetates then readily undergo elimi-
nation with zinc metal to yield 1,1-difluoroallenes.'?”*
Currently, the second method is more widely utilized for the
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Scheme 1 Synthetic methods for the preparation of DFA.

preparation of various DFA and has spurred further research
in this area.

In the following sections, the DFA reactivity and regio-
selectivity which is governed by higher positive electrostatic
charge at a-position (electrophilic character) and higher LUMO
coefficient at y-position due to the presence of two electron-
withdrawing fluorine substituents, will be discussed.

2.2. 7y-Selective addition reaction of DFA

2.2.1. y-Selective addition of sulfur nucleophiles on DFA.
The incorporation of sulfur-containing groups can signifi-
cantly alter the properties of organic compounds, potentially
leading to bioactive studies that benefit drug discovery."® This
highlights the importance of molecules featuring both sulfur
and gem-difluoro groups in medicinal chemistry. Moreover,
the easily accessible and highly reactive nature of thiols in
nucleophilic addition reactions under basic conditions, result-
ing in the formation of C-S bonds, provides a robust and
reliable research method for drug development.

Inspired by these precedents, in 1995, Huang’s group
demonstrated the feasibility of y-selective thiol addition of
DFA under basic conditions (Scheme 2)."* They successfully
obtained vy,y-difluoroallyl sulphides (3) via nucleophilic
addition reaction of aryl- or alkyl-thiols (2) to DFA (1) in the
presence of a base such as KOH or Et;N. The y-selective
addition product formation is attributed to the lowering of

This journal is © The Royal Society of Chemistry 2024
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y-Selective Nucleophilic Addition to DFA
Huang et al., 1995
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Scheme 2 y-Selective nucleophilic addition of thiols to DFA.

energy of LUMO in the non-substituted double bond of DFA.
When aryl-thiols (2) reacted with DFA (1) in the presence of a
catalytic amount of KOH, they yielded vy,y-difluoroallyl sulfides
(3) in good yields (81-94%). However, o-aminophenylthiol
required a stoichiometric amount of Et;N to produce the
corresponding product. On the other hand, alkyl-thiols like
benzylthiol, in the presence of a stoichiometric amount of
KOH, exhibited a lower yield (31%) of y,y-difluoroallyl sulfide
and a significant amount of defluorinated compound (61%). It
is worth noting that despite this significant finding, the scope
of the reaction is limited to aryl thiols.

After a prolonged period of inactivity, in 2022, Shi and co-
workers advanced on Huang’s methodology and accomplished
a highly regioselective addition of thiols (2) to monosubsti-
tuted DFA (1) at the p or y-position by tuning the reaction con-
dition by utilizing bidentate N and P ligands and rhodium cat-
alysts (Scheme 3)." A range of nitrogen and phosphorus
ligands were tested to optimize both the regioselectivity and
enantioselectivity of the reaction. Application of the powerful
combination of rhodium catalyst and ligand (L1) enabled the
asymmetric y-addition of thiols with DFA in good to excellent
yields. Both aromatic and aliphatic thiols generated the corres-
ponding allylic sulfanes (4) with moderate to good yields
(56-96%) and enantiomeric excess of up to 99%. In addition
to this, preliminary investigations with other nucleophiles,
such as anilines, resulted in y-addition with DFA in 69-88%
yields using ligand (L3), showcasing exceptional regio-
selectivity and enantioselectivity. Concurrently, the combi-
nation of rhodium catalyst with ligand (L2) selectively facili-
tated the B-addition of thiols (2) to DFA (1) with 58-77% yields.
The developed system showed impressive chemoselectivity. It
allowed thiols, even with potentially competitive nucleophilic
sites such as 4-mercaptophenol, 4-aminobenzenethiol, 4-mer-
captobenzoic acid, and 1-cysteine, to exclusively produce - and
y-thiol addition products. The addition of OH, NH,, or COOH
groups was not observed under the reaction conditions. The
resulting products underwent significant synthetic transform-

This journal is © The Royal Society of Chemistry 2024
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B and y-Selective Nucleophilic Addition to DFA
Shi et al., 2022
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Scheme 3 Regio- and enantioselective nucleophilic addition to DFA.

ations, including hydrogenation, oxidation, and stereoselective
hydrodefluorination. The regio- and stereoselectivity of the
reaction has been determined by conducting isotopic labeling
experiments and DFT calculations. Initially, the Rh(i) species
undergoes oxidative addition with thiols (2) to form the Rh(ur)
species A. The Rh(m) intermediate A, with a P-ligand (L1),
tends to bind more to the electron-rich, non-fluorinated
double bond of DFA (1) to give B, which is 1.1 kcal mol™" lower
in energy than binding to fluorinated double bond. The inser-
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tion process through a four-membered rhodacyclic transition
state creates two potential n’-allylrhodium complexes, and the
Rh-Complex C (R-) is more stable by 4.0 kcal mol™" than the
(S-) transition state. Reductive elimination from C produces
the y,y-difluoroallyl sulfane (4) with excellent enantio-
selectivity. However, for N-ligated Rh(u) intermediate A, inter-
action with the electron-poor a,f-difluoroallene double bond
B’ is 8.5 kcal mol™" more stable than the interaction with non-
fluorinated double bond. Subsequently, insertion occurs
through a more stable Z-rhodacyclic transition state C', fol-
lowed by reductive elimination, leading to the desired
B-selective addition product (5).

2.2.2. 7y-Selective protoborylation and protosilylation of
DFA. Organoboranes and their heavier counterparts, organosi-
lanes, have significant applications in organic synthesis,
advanced material development, and pharmaceutical
research.'® Therefore, fluorine-containing organoboron and
organosilicon compounds are attractive building blocks that
often exhibit significant potential for synthesizing various
organofluorine compounds.

In 2021, Xu and colleagues disclosed a copper catalyzed
methodology for the efficient protoborylation and protosilyla-
tion of DFA (1), leading to the formation of gem-difluoroallyl-
boronates/silanes (7) (Scheme 4)."” The unusual selectivity is

Copper Catalyzed Protoborylation and Protosilylation of DFA
Xu et al., 2021
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achieved by reacting Nu-Cu (borylcopper or silylcopper) with
mono- or di-substituted DFA. The methodology has a wide
range of applications and accommodates various functional
groups. The resulting gem-difluoroallyl boronates, though
unstable, can be oxidized to gem-difluoro-allyl alcohols using
H,0,. Moreover, a gram-scale reaction also proceeded with
good to excellent yields, indicating the potential utility of this
protocol.

Mechanistically, the reaction starts with the formation of
intermediate A (Cu-R*), which is driven by the interaction
between Lewis acidic Bpin moiety and alkoxide of Cu-OR in a
o-bond metathesis step. The resulting [Cu]-R® species A then
reacts with the DFA (1) to form intermediate B, which sub-
sequently abstracts a proton from ROH to produce the desired
product (7) and species C. Finally, the [Cu]-R® species A is
regenerated from the [Cu]-OR through c-bond metathesis. The
selective addition of [Cu]-R® to the more distant double bond
from the fluorine atom is due to the LUMO of the DFA being
positioned on the remote double bond.

At the same time, Feng et al. introduced a similar type of
Cu/NHC-catalyzed approach for protoborylation and protosily-
lation of DFA (1), leading to multi-functionalized tertiary and
secondary gem-difluoroallylboronates (7) and gem-difluoroallyl-
silanes (10) (Scheme 5).'® Consequently, these gem-difluoroal-
lylboronates (7) can be converted into carbinol derivatives (8)
via oxidation of H,0,/NaOH.

2.2.3. v-Selective addition of nitrogen nucleophiles on
DFA. gem-Difluoroallylic amine scaffolds featuring a chiral C-
N bond hold potential for isostere-based drug design and
enzyme inhibitors."® An atom-economical method to access
these scaffolds is through metal-catalyzed enantioselective
hydroamination of DFA. In 2022, building on their initial find-
ings regarding the use of anilines for selective y-nucleophilic

Cu/NHC Catalysed Protoborylation and Protosilylation of DFA
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Scheme 4 Copper catalyzed y-addition of DFA.
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Scheme 5 y-Addition protoboration/protosilylation of DFA.
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addition to DFA, Wang and Shi et al. reported Rh/Josiphos
catalyzed asymmetric hydroamination of DFA (1) with primary
and secondary anilines (11), operating under mild reaction
conditions (Scheme 6).>° Anilines bearing electron-neutral, -
donating, and halo substituents demonstrated robust reactivity
with DFA, yielding gem-difluoroallylic amines (12) with remark-
able efficiency and enantioselectivity (yields: 61-87%, ee:
90-93%). Conversely, anilines featuring electron-withdrawing
substituents exhibited moderate yields and good selectivity
(yields: 43-63%, ee: 86-92%). The reaction was amenable to a
wide range of substituted allenes with various functional
groups, as well as complex pharmaceuticals, and biologically
active molecules, achieving good enantioselectivities (up to
96%) and diastereomeric excess. Nonetheless, tetrasubstituted
allenes exhibited significantly diminished reactivity.

The authors proposed a mechanism based on isotopic
labeling experiments and computational studies. The control
experiments using aniline-d,, PPTS (pyridin-1-ium-4-methyl-
benzenesulfonate)-d;, and EtOD, resulted in deuterium incor-
poration at the p-position. This supports the exclusive for-

Rhodium-Catalyzed Asymmetric Hydroamination of DFA with Anilines

Shi et al., 2022
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mation of the m-allyl Rh complex via the hydrometallation
pathway and H/D exchange between aniline, PPTS, and EtOH.
The reaction commences with the iz situ generation of cationic
Rhodium complex A, which then undergoes oxidative addition
with N-H bond to form Rh-H species B. Subsequently,
complex B inserts into fluorinated double bond of DFA (1) to
give intermediate C-Z which is energetically favored due to the
a-cation stabilization by fluorine. Finally, the product (12) is
formed via reductive elimination following an inner-sphere
nucleophilic attack pathway through a gem-difluoro =-allyl
rhodium intermediate (via D-S and D-TS-S).

In 2023, Gao and colleagues utilized sulfoximines (13) to
facilitate the hydroamination of allenes and a limited number
of DFA (1) (Scheme 7).>' The reaction occurred in the presence
of [Rh(cod)Cl], (2 mol%), BF;-Et,O as additive and rac-BINAP
as the ligand, yielding the desired products (14). However, this
method presents notable drawbacks: a restricted substrate
scope with DFA and moderate product yields. Furthermore,
the investigation of an asymmetric variant using the ligand
(L1) resulted in low yield (27%) and poor enantioselectivity
(30% ee). Mechanistic studies suggest that the initial activation
step involves the complexation between BF;-Et,O and the sul-
fonimidoyl imine group. This coordination complex A, facili-
tates the formation of the active Rh(m)-H species, which then
efficiently couples with allene or DFA to yield the respective
products.

2.2.4. vy-Selective hydrophosphination of DFA.
Enantioenriched organophosphorus compounds have broad
applications in asymmetric catalysis, materials science, and
biological studies. In particular, allylic phosphines are valu-
able as chiral ligands and as versatile synthetic intermediates
for downstream conversions. In 2023, Li’s research group suc-
ceeded in developing a straightforward and atom-economical

y-Selective Nucleophilic Addition to DFA
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Scheme 6 y-Selective asymmetric hydroamination of DFA with
anilines.
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Scheme 7 Rodium catalyzed y-selective N-allylation of sulfoximines to
DFA.
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Pd-catalysed asymmetric hydrophosphination of DFA (1) using
secondary phosphines (15) (Scheme 8).>* This approach uti-
lizes the P(ur)-H as the nucleophile, effectively overcoming the
strong inhibitory effect (catalyst poisoning) of the reagent. The
hydrophosphination methodology tolerates a broad scope of
diarylphosphines with DFA, enabling the synthesis of di-
substituted phosphines (16) in good yields with excellent
regio- and enantioselectivity. Nonetheless, the obtained phos-
phine product was unstable in the air, necessitating their oxi-
dation with H,0, to facilitate subsequent isolation and
analysis.

The deuterium labeling experiment using D-PPh, (90% D)
furnished the allylic phosphine product with 40% deuteriation
incorporation at the p-position. Based on the investigation, the
proposed reaction mechanism is depicted in Scheme 8.
Initially, ligand exchange between L¢PdX, and HPPh, forms
the Pd(u)-PPh, species A. This species then reacts with DFA
(1), generating intermediate B, with the R group of allene
pointing away from the chiral ligand and the metal centre for
minimized steric repulsions. Next, the enantiodetermining
and regioselective migratory insertion of PPh, into the
y-carbon of DFA occurs via transition state C to yield inter-
mediate D. Protonolysis of the Pd-vinyl bond or c-bond meta-

Hydrophosphination of DFA
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Scheme 8 Palladium catalyzed y-selective hydrophosphination of DFA.
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thesis then produces the desired product and regenerates the
Pd(u) catalyst.

2.2.5. 7y-Selective addition of carbon nucleophiles on DFA.
Like hetero-nucleophiles, carbon-nucleophiles are also poten-
tial synthons that can add on DFA in a chemoselective, regio-
selective, and stereoselective manner. Moreover, 2,2-di-
substituted gem-difluoroalkenes possess important synthetic
intermediates and are potentially useful in pharmaceuticals
and agrochemicals.>* However, the synthetic routes of these
molecules are currently limited, highlighting the urgent need
for new, more efficient methodologies. One promising meth-
odology involves the y-selective nucleophilic addition on DFA,
resulting in difluorovinyl-metal intermediates. These inter-
mediates are further captured by electrophiles (E-X) to yield
substituted gem-difluoroalkenes.

Based on orbital-control and DFT calculations, in 2012,
Ichikawa originally reported y-selective addition to DFA (1)
using alkylcopper reagents (Scheme 9).°* They explored
various organometallic species to study the reactivity of DFA at
y-position. Use of MeLi and EtMgBr resulted in complex mix-
tures, while Et,Zn led to the formation of monofluoroallene
(MFA) through an undesired o-attack. On the other hand, the
combination of EtMgBr (17) and CuBr-SMe, successfully facili-
tated y-addition via in situ generated ethylcopper as a soft
nucleophile. The resulting difluorovinylcopper intermediates
served as coupling partners and reacted with various electro-
philes to yield functionalized gem-difluoroalkenes (18).
Treatment of the copper intermediate with NIS, NBS, or NCS
yielded the corresponding 2-halogenated 1,1-difluoroalkenes
in 75-84% yield, which are effective partners for Suzuki coup-
ling. Additionally, difluorovinylcopper intermediates can inte-
grate with palladium-catalyzed cross-coupling, leading to a
three-component coupling sequence that produces 2,2-di-
substituted 1,1-difluoroalkenes in moderate to good yields

y-Selective Addition to DFA

Ichikawa et al., 2012
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Scheme 9 Three-component
difluoroalkenes.

synthesis of disubstituted gem-
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(53-90%). However, its broad applicability is limited by the
need for stoichiometric quantities of copper reagents and
highly reactive Grignard reagents.

A decade later, in 2022, Feng et al. disclosed Rh(m) cata-
lyzed hydroarylation of DFA (1) with N-methoxy benzamides
(19) under mild conditions for the synthesis of quaternary
benzylic  center-tethered  gem-difluoro  alkenes  (20)
(Scheme 10).>®> The protocol offers several advantages, includ-
ing atom economy, room-temperature operation, C-H
functionalization, excellent regioselectivity, and the production
of diverse gem-difluoroalkene products. Control experiments
revealed that the Rh(m) catalyst and additive NaOAc (or
CsOPiv) is essential for the success of the reaction.
Interestingly, the replacement of NaOAc with HOAc or K,CO;
and Rh(m) with Ir(m) or Ru(m) catalyst did not produce the

Rh-Catalysed Hydroarylation of DFA
Feng et al., 2022
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Scheme 10 Regioselective hydroarylation of DFA.
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hydroarylation product. The methodology showed good scope
with various N-methoxybenzamides and DFA.

A combination of mechanistic experiments and DFT calcu-
lations has been employed to explain the regioselectivity of the
reaction. Intermolecular kinetic isotope effect experiments
suggested that C-H bond cleavage is involved in the turnover-
limiting step. Additionally, conducting the reaction with 5
equiv. of D,O led to 24% of deuterium incorporation at the
olefinic position of the product, indicating the involvement of
proto-demetallation in releasing the product from the
rhodium center. The mechanistic pathway involves Rh(u) cata-
lyzed C-H activation to form an electron-deficient rhodacyclic
intermediate C, which coordinates preferentially to the elec-
tron-rich dialkyl substituted = bond of DFA (1) to form D.
Subsequent insertion via D-TS generates the quaternary centre
E, which is followed by two successive proto-demetallations to
results in the formation of product (20) and liberation of free
catalyst A.

More recently, Cheng et al. reported copper-catalysed regio-
selective proto-arylation of DFA (1) with aryl and alkenyl
boronic esters (21), leading to a variety of gem-difluoroalkenes
(22) in high yields (Scheme 11).*° In this case, the CuCl
accompanied by bidentate phosphine ligand (L7) and KO‘Bu
as the base exhibited good catalytic efficiency in 'PrOH (proton
source) and 1,4-dioxane at 45 °C. The substrate scope of this
process was quite broad, including benzyl ether, terminal
alkene, thioether, acetal, alcohol, heterocycles, as well as
various electron-donating and electron-withdrawing groups on
arylboronic esters. Noticeably, however, no reaction occurred
for tertiary alkyl difluoroallene substrate, due to steric hin-
drance. The use of chiral bidentate phosphine ligand (L8)
enabled chiral gem-difluoroalkenes bearing y-carbon stereo-
genic centres in good yield with up to 89:11 er. The reaction
commences with the formation of LCu-R” A through the trans-
metalation between LCuCl and aryl boronic ester (21) in the
presence of a base (KO'Bu). Subsequently, L-CuAr A undergoes
y-selective addition of the aryl group to DFA (1), followed by
the protonation of intermediate B with isopropanol (‘PrOH),
yielding the final product (22) and regenerating the catalyst.

2.3. «a-Selective addition on DFA

2.3.1. a-Selective addition of heteroatom-nucleophiles to
DFA. Based on the precedent of the y-selective addition
pattern by LUMO control, the moderate electrophilicity at
a-position of DFA necessitates the use of reactive nucleophiles.
This limitation can be addressed by enhancing electrophilic
activation through tuning the metal catalyst. In 2020, Ichikawa
and co-workers achieved the gold-catalyzed regioselective
nucleophilic addition of heteroatom-based nucleophiles (O-,
N-, and S$-) (23) to DFA (1) (Scheme 12).°” Through screening of
gold-based Lewis acid catalysts with silver salts as additives, it
was found that the most effective catalytic system to produce
the desired a-addition products (24) with high selectivity of
E-isomer in good yields included: (i) AuCl; (Catalyst A) and (ii)
AuCl/PPh;/AgSbF, (Catalyst B) for phenols, carboxylic acids,
sulfonic acids. On the other hand, amides (Catalyst A & B) and
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y-Selective Addition to DFA
Cheng et al., 2024
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Scheme 11 y-Selective copper-catalyzed protoarylation of DFA.

thiols (Catalyst B) induced y-selective addition to the fluorine
substituents, producing 3,3-difluoroallylamine and thiol
derivatives (25). The presence of a Lewis acid Au-catalyst pro-
motes the o-addition of DFA, leading to the formation of
aurated difluoroallylic cations A that are more energetically
stable in the Z-configuration. DFT calculations revealed that
the a-component of the resulting aurated difluoroallylic
cations carries positive charges (+0.75 and +0.71 for catalysts A
and B, respectively) due to the a-cation stabilizing properties
of the fluorine atoms. This facilitates the addition of hard
oxygen nucleophiles to the CF, carbon selectively, generating
intermediate B. Subsequent proton transfer results in the
regioselective formation of gem-difluoroallyl ethers and esters
(24). In contrast, amides and thiols attack the softer electrophi-

8086 | Org. Biomol. Chem., 2024, 22, 8078-8096

View Article Online

Organic & Biomolecular Chemistry

o— or y-Selective Nucleophilic Addition to DFA
Ichikawa et al., 2020
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Scheme 12 «- and y-Selective addition of heteroatom to DFA.

lic y-carbon (+0.52) C,
y-addition products (25).

2.3.2. a-Fluoroarylation of DFA. Trifluoromethylated
alkenes are versatile synthons in synthetic chemistry and show
potential as drug candidates.”” The effectiveness of
a-trifluoromethyl arylenes is influenced by their stereoconfi-
guration, with both Z- and E-configurations showing relevant
bioactivities. Traditional synthetic methods include the
28b¢ and  transition

followed by proton transfer to yield

Horner reaction,”®® Wittig olefination,
metal-catalyzed cross-coupling between functionalized alkenes
and trifluoromethyl reagents.?**¥ However, these methods
have challenges, such as poor E/Z selectivity and the need for
expensive reagents. In parallel, the fluoroarylation of alkenes
offers a straightforward method for the simultaneous con-
struction of C-F and C-aryl bonds. When combined with DFA,
this approach provides a pathway to synthesize trifluoro-
methylated alkenes.

In 2020, Shi et al. revealed a Pd/DPEPhos-catalyzed, stereo-
selective method for synthesizing trifluoromethylated alkenes
(27), utilizing DFA (1) with aryl halides (26) and AgF as the
fluorine source (Scheme 13).>° Alternative phosphine ligands
such as Xantphos, DPPF, or RuPhos, and fluoride sources like
KF or CsF, were ineffective for this transformation or resulted
in low product yields. The transformation exhibited good toler-
ance to various aryl iodides, including electron-donating and
electron-withdrawing groups, as well as aryl/alkyl substituents
on DFA, delivering products in moderate to good yields and
excellent E-selectivity. However, disubstituted DFA afforded a
mixture of desired products in a 68% yield with poor selectivity
(E/Z = 1/1). The radical process in the mechanism was ruled

This journal is © The Royal Society of Chemistry 2024
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Scheme 13 Pd-Catalysed stereoselective fluoroarylation of DFA.

out using radical scavengers (TEMPO, BHT and 1,1-diphenyl
ethylene). Based on '’F-NMR studies, the proposed mecha-
nism begins with the oxidative addition of aryl iodide to form
an aryl-palladium species A. Simultaneously, the DFA (1) reacts
with AgF, yielding predominantly E-configured trifluoromethyl-
ated vinyl silver intermediate B. The coordination of silver or
palladium atom with MeCN solvent increases the E/Z ratio of
the compound due to steric repulsion between coordinated
MeCN and Vinyl-H. Subsequent transmetalation of B with
intermediate A generates palladium complex C, which under-
goes reductive elimination, yielding the trifluoromethylated
alkene (27) and regenerating the palladium catalyst.

Afterward, Lou and colleagues demonstrated the synthesis
of Z-selective o-trifluoromethyl arylenes (28) using DFA (1)
and aryl iodides (26) as starting materials. The use of bulky
monophosphine ligand (XPhos) is the key to the success of
this transformation, which produces a Z-selective product,*®
complementing Shi’s report on E-selectivity (Scheme 14).>° A
wide variety of DFA and aryl iodides participated in this trans-
formation to give the corresponding Z-configured
a-trifluoromethyl arylenes in good yields (64-93%) and excel-
lent stereoselectivity (Z/E > 97/3). Nevertheless, the presence
of a quaternary alkyl group is necessary for DFA to enable
high stereoselectivity.

This journal is © The Royal Society of Chemistry 2024

Pd-Catalysed Fluoroarylation of DFA
Lou et al., 2023
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Scheme 14 Pd-Catalyzed fluoroarylation of DFA.

In the oxidative addition step, the Pd species reacts with
an aryl iodide to form an aryl-palladium(u) iodide species
A. Then, selective nucleophilic insertion of AgF into DFA
(1) produces an E-vinyl silver species B. This species under-
goes transmetallation to yield an E-vinylpalladium(u)
species C through halide abstraction. The formation of
E-selective vinyl metal species B and C, rather than the
Z-isomeric configurations, is caused by steric repulsion
between the ligand and the substrate, which defines the
underlying source of the reaction stereoselectivity. Finally,
reductive elimination results in the formation of the
desired product with Z-selectivity (28) and the regeneration
of the Pd catalyst.

Very recently, Feng’s research group demonstrated an inter-
esting strategy of a visible-light-promoted gold-catalyzed
system for the fluorarylation of DFA (1) with xanthone as a
photocatalyst.>! They used Et;N-3HF as the cost-effective fluor-
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ide source and aryl diazonium salt (29) as the aryl precursor to
provide E-selective trifluoromethylated alkene products (30)
under the optimized conditions. The use of other nucleophilic
fluoride sources like CsF, "Bu,NF, and pyridine-xHF proved to
be ineffective for this transformation. Control experiments
showed that the gold catalyst was crucial for the success of the
reaction.

Several mechanistic studies have been conducted to eluci-
date the mechanism of the reaction. Both Au(r) and Au(m) cata-
lysts can activate the DFA, however, Au(u) proved superior due
to its strong Lewis acidic character. The addition of AgBF, and
PPh; was found to be beneficial, indicating the involvement of
n-acidic cationic Au(m) species is more potent.

The proposed Au-catalyzed mechanism is illustrated in
Scheme 15. Initially, aryldiazonium salt (29) undergoes oxi-
dative addition with the Au() catalyst A, facilitated by photo-
redox catalysis, resulting in the formation of the cationic Ar-
Au(m) species B. Subsequently, DFA (1) coordinates with the
Au(m) center, forming intermediate C. The a-carbon of inter-
mediate C is more electron-deficient due to stabilization by
two fluorine atoms, making it susceptible to nucleophilic
attack by fluoride, leading to the formation of trifluoromethyl
vinyl Au(m) complex D. Finally, reductive elimination of D
yields the final product (30) and regenerates the catalyst A. The
1,3-allylic strain in intermediate D accounts for the
E-stereoselectivity in the transformation.

Au-Catalyzed a-Fluoroarylation of DFA
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2.3.3. a-Defluoro-alkylation and arylation of DFA.
Monofluoroallenes (MFA) are considered important building
blocks for creating C-F analogues. They also show potential
for use in drug development and functional materials.’”
However, there is limited research on monofluoroallenes,
possibly due to concerns about their stability or their
high reactivity, which can result in the breakdown of the pro-
padiene (CH,=C=CF,) structure under certain reaction
conditions.

The first defluoroalkylation process to produce monofluor-
oallenes (33) was reported by the Hammond group
(Scheme 16). This was done during the preparation of DFA
using gem-difluoropropargyl bromides (31) with alkyl Grignard
reagents (32) in the presence of copper salts."'* However, the
use of a substantial excess of copper salts and only two sub-
strates restrict the scope of the reaction, highlight the need for
further investigation.

In 2023, Wu et al. developed a Cu/bipyridine catalytic
system for the defluoroarylation of DFA (1) in the presence of
KO‘Bu base (Scheme 17).** This system employs cost-effective
and readily available aryl boronic esters (34) to prepare ary-
lated monofluoroallenes (35) via a selective B-fluorine elimin-
ation process. The reaction condition demonstrated a broad
scope with respect to the DFA and boronic esters. However,
pyridine-based boronic esters were found to be unsuccessful
in this reaction. It was noted that trisubstituted or aryl-teth-
ered tetrasubstituted DFA was inactive in the transformation
due to the instability of the expected products. The prelimi-
nary experiment of asymmetric reaction showed that the use
of a chiral phosphine-oxazoline ligand (L10) afforded 87%
yield with low enantioselectivity (32% ee). The possible reac-
tion pathway is depicted in Scheme 16. The reaction begins
with the formation of the LCu-Ar species B through the trans-
metalation of a copper catalyst A with an aryl boronic ester
(34) in the presence of a base. This step is followed by a regio-
selective addition to the difluorinated double bond of DFA
(1), leading to the creation of alkenyl copper intermediates C.
These intermediates subsequently undergo facile p-F elimin-
ation, producing the final product (35) and regenerating the
catalyst A.

Defluoroarylation by Magnesium Organocuprate Reagents-

Condition 1: RMgBr (32) (1.7 equiv)
Cu(l)Br-(Me),S (2.0 equiv)

Hammond et al., 2006

1
. B conditions1/2 R F THF,-60°C, 1h
R-&== <F*F Condition 2: RMgBr (32) (2.2 equiv)
R R cucl 4.0 equiv)
31 33

THF, -20 °C, 3-5 min
then-78 °C, 1-1.5 h

e Selected substrates e

Me

Me
i cucl F
4«_;>:-:<\4 - n-HexMgBr
THF
OBn o] Me

P
62% 63%

Scheme 15 Au-Catalyzed fluoroarylation of DFA.
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Scheme 16 Defluoroarylation by magnesium organocuprate reagents.
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Copper Catalyzed Defluoroarylation of DFA

Wu et al., 2023
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Scheme 17 Cu-Catalyzed defluoroarylation of DFA.

Later, same group further explored defluoroalkylation or
defluoroarylation of DFA (1) using commercially available
Grignard reagents (32) under Cu-catalysis (Scheme 18).**
The study found that CuCl worked best, while CuBr, CuTC,
and CuCl, were less efficient and PdCl, or NiCl, completely
stopped the reaction. The amount of Grignard reagent also
plays a critical role in this transformation, an excess can
lead to further conversion of the monofluoroallene to non-
fluorinated allene. The protocol was applied to various
DFAs bearing electron donation and withdrawing groups,
heteroaryls, cycloalkyls and long alkyl chain molecules.
Gratifyingly, even tetrasubstituted DFA successfully yielded
the persubstituted monofluoroallene product in 81% yield.
Alkyl Grignard reagents were well reacted, but aryl Grignard
reagents afforded low to moderate efficiency (36-61%) at low
temperatures (—60 °C) due to the instability of the resulting
aryl allenyl fluorides. Initial efforts to implement an asym-
metric reaction using chiral carbene ligand (L11) resulted in
moderate enantioselectivity (36% ee) with a lower yield
(24%). The amount of Grignard reagent and the substituents
on DFA were found to play crucial roles. The reaction
mechanism was shown to proceed via an organocopper
intermediate followed by rapid p-fluorine elimination to
produce monofluoroallenes (36), similar to the mechanism
in Scheme 17.

This journal is © The Royal Society of Chemistry 2024

Copper-Catalyzed Defluoroalkylation or -arylation of DFA
Wau et al., 2024
CuCl (10 mol%) R F
+ RMgBr
/\ F 9 THF, rt, 5-24 h :‘:<R
R
1 32 36 (36-91%)
————e Selected substrates &

ﬁ\:%a N jf‘=< (jjz'#a

88% Me 50% N 52%

ﬂ Arﬁﬁg:< /_\:.::<
\ Ar = p-'Bu-CgH, Et
66% 58% ey 49%
W H
M l\/l Me
79% 61% 91% M€ Me 67%

84%, dr 1:1.6

Persubstituted MFA W/th other metal spectes

Mé Et Et 43% 'V'e 35% Fh
with Et,Zn with MelLi with PhZnBr

Asymmetric transformation / '

E i
F CuCI (10 mol%) = ! N~ (o}
A B A A
c-He MgBr ! ) '
xvg Ph ; o BF4 1

DCM, 60 °C 24% (36% ee)

Scheme 18 Copper-catalyzed stereoselective defluoroalkylation or
arylation of DFA.

2.4. Cycloaddition reactions of DFA

gem-Difluoroallenes are significantly more reactive in cyclo-
addition reactions similar to allenes and difluoroalkenes. In
the early stages, Dolbier Jr. extensively studied various cyclo-
addition reactions of DFA with nitrile oxides and proceeded in
a P,y-selective fashion under metal-free conditions.”*$3* In
contrast, Ichikawa et al developed an Au-catalyzed
a,p-selective [2 + 3] cycloaddition of DFA (1) with nitrile oxides
and imine oxides (37) to produce ring fluorinated isoxazole
derivatives (Scheme 19).>® The use of an AuCl catalyst as a
Lewis acid results in preferred regioselectivity by generating
localised difluoroallylic cations from DFA, which facilitates
directly a-selective bond-forming reactions. The f,y-selective
cycloadduct can be obtained without any catalyst or with
InBr;, AuCl(PPh;), PdCl,, and PtCl, catalysts. However, AuCl
results in the production of an a,p-selective cycloadduct with
an E-configuration. A wide variety of aromatic-substituted DFA
participated in the reaction, producing the corresponding (E)-
4-alkylidene-5,5-difluoroisoxazolines (38) in good to excellent
yields. Subsequently, the 5,5-difluoroisoxazolines could be
efficiently aromatized to 5-fluoroisoxazole through 1,4-elimin-
ation of HF using Me;SiOEt/n-BuyNF. The proposed mecha-
nism is illustrated in Scheme 19. The reaction initiates with
the generation of the aurated difluoroallylic cations A via acti-
vation of DFA (1) with AuCl. Subsequently, the oxygen atom of
the nitrile oxides (37) attacks the electrophilic a-position of A,
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— Cycloadditions of DFA with Nitrile Oxides and Imine Oxides
Ichikawa et al., 2023
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Scheme 19 Au-catalyzed cycloaddition reaction of nitrile oxides and
imine oxides with DFA.

producing B followed by ring closure to furnish the a,p-[2 + 3]
cycloaddition products (38).

2.5. Ring construction strategy of DFA

Pin-point fluorinated polycyclic aromatic hydrocarbons
(F-PAHs) hold great potential as fundamental building blocks
for the development of advanced materials, including semi-
conductors and pharmaceuticals, because of the unique
options of fluorine substituents.’” The high electronegativity
of fluorine lowers the energy level of their HOMO, thereby
enhancing the resistance of PAHs to aerial oxidation.
Furthermore, these compounds exhibit high solubility in polar
organic solvents, making them suitable for printable organic
electronics. Therefore, the development of efficient methods
for F-PAHs is highly desirable.

Ichikawa et al. was the first research group to achieve the In
(m)-catalyzed domino synthesis of F-PAHs (39) with DFA (1)
containing an aryl group and a cyclopentene moiety
(Scheme 20).°* The methodology involves generating allylic
CF, cation through the n-coordination interaction between the
metal catalyst and the non-fluorinated, electron-rich double
bond of DFA, followed by cyclization. The reaction conditions
were compatible with DFA bearing various substituents and
produced the F-PAHs (39) in good to excellent yields (66-98%).
Treatment of NBS or NIS with (1) aided in the halogenation of
the C-In bond, resulting in ortho-fluoro(halo)phenanthrenes
through sequential addition of DDQ, which were efficiently
participated in the Suzuki-Miyuara coupling reactions. The

8090 | Org. Biomol. Chem., 2024, 22, 8078-8096

Cyclization/Ring Expansion/Bromination/Coupling of DFA
Ichikawa et al., 2013
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Scheme 20 In()-catalyzed synthesis of o-arylated F-phenanthrenes
from DFA.

proposed mechanism is illustrated in Scheme 19. Initially,
InBr; reacts with difluoroallene (1) to form an allylic CF,
cation A, which undergoes Friedel-Crafts-type cyclization at
the positively charged CF, carbon, resulting in the organoin-
dium intermediate B. This intermediate further undergoes
protonolysis of the C-In bond and elimination of fluoride, pro-
ducing the second cationic intermediate C, followed by 1,2-
migration and ring expansion to yield fluorodihydrophenan-
threnes D. Afterwards, one-pot dehydrogenation with DDQ
affords the desired F-PAHs (39) in good yields.

Later, in 2014, the same group developed a method for the
regioselective synthesis of 1-fluoronaphthalenes (40) through
the InBrs-catalyzed cyclization of DFA (1) (Scheme 21).*®* DFT
calculations indicate that a positive charge is localized on the
CF, carbon, which is stabilized by hyperconjugation of the C-
In 6 bond due to the presence of fluorine substituents.
Dialkylated gem-difluoroallenes afforded fluorodimethyl-
naphthalenes via a cyclization/1,2-migration/deprotonation
sequence with 56-85% yields, while monoalkylated gem-
difluoroallenes underwent deprotonation followed by cycliza-
tion to furnish the corresponding fluoro naphthalene products
with 65-83% yields. A plausible mechanism for the transform-
ation is shown in Scheme 21. The mechanistic studies indicate

This journal is © The Royal Society of Chemistry 2024
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InBr3-Catalyzed Synthesis of 1-Fluoronaphthalenes
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Scheme 21 Synthesis of 1-fluoronaphthalenes via InBrs-catalyzed ring
construction of DFA.

that In(m) bromide forms n-coordination A with non-fluori-
nated double bond of DFA (1) to generate allylic CF, cation B,
which undergoes a Friedel-Crafts-type cyclization to give inter-
mediate C. Protonolysis of the C-In bond, followed by In()-
promoted elimination of a fluoride ion generates the second
cationic intermediate D. Successive 1,2-migration and deproto-
nation finally produce 1-fluoronaphthalenes (40).

Next, in 2017, same group also synthesized non-vic-F,-PAHs
(42 and 43) (Fluorinated Polycyclic Aromatic Hydrocarbons)
using the In(m)-catalyzed domino ring construction in a
tandem fashion (Scheme 22).*° The bis(gem-difluoroallenyl)
compound derived from p-xylene (1), was transformed into 6,7-
difluoropicene (42), producing a single isomer with a 75%
yield. The in situ generated dihydrophenanthrene intermediate
(41) undergoes a second cyclization reaction at the a-position
of the newly formed naphthalene substructure, followed by
one-pot dehydrogenation using DDQ. Similarly, bis(gem-
difluoroallene), prepared from m-xylene (1'), underwent
tandem cyclization, resulting in F,-dibenzanthracene (43) as a

This journal is © The Royal Society of Chemistry 2024
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InBr;-Catalyzed Synthesis of Pinpoint-Difluorinated PAHs
Ichikawa et al., 2017
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Scheme 22 In(in)-catalyzed synthesis of F,-PAHs from bis(1,1-difluor-
oallenyl) compounds.

single isomer with a 76% yield. In this case, severe steric repul-
sion likely encourages cyclization at the electronically less reac-
tive p-position of the naphthalene substructure.

Additionally, the Ichikawa group expanded their In(ur)-cata-
lyzed domino reaction for synthesizing higher-order F-PAHs,
sequentially starting from fluoroarenes (44) (Scheme 23).*° To
accomplish this, a range of fluorinated arenes were reacted
with aliphatic nitriles via nucleophilic aromatic substitution
(SnAr) under microwave irradiation, resulting in the formation
of alkyl-substituted naphthalene derivatives (45). The nitrile
group was subsequently converted into a formyl group through
partial reduction with DIBAL-H, yielding the corresponding
aldehydes (46). These aldehydes were readily transformed into
DFA (1) via difluorovinylidenation. Finally, the In(ui)-catalyzed
cyclization of DFA (1) produced benzene ring-extended F-PAHs
(47). Further repeating the cycles on the obtained fluorophe-
nanthrenes (47) produced pinpoint fluorinated chrysenes (48)
and subsequently, pinpoint fluorinated picenes (49). Both

Benzene Ring Extension of 1-Fluoronaphthalene
Ichikawa et al., 2017

44
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Scheme 23 Benzene ring extension of fluoroarenes.
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terminal and internal fluoroarenes underwent benzene
ring extension to furnish higher-order pinpoint fluorinated
PAHs.

Continuing their exploration of the ring construction reac-
tivity of DFA, Ichikawa, in 2019, developed palladium-catalyzed
regioselective insertion of o-bromophenyl-bearing gem-difluor-
oallenes (1), resulting in the formation of (difluoromethyl)
naphthalenes (50) (Scheme 24).°” The difluromethyl group is
regarded as a bioisostere of the hydroxyl group, acting as a
hydrogen bond donor while also exhibiting hydrophobic pro-
perties. This methodology facilitates the C-C bond formation
at the B-position, distinguishing it from previously explored o-
and y-additions. Moderate yields (43-83%) were achieved with
electron-withdrawing and electron-donating groups attached
to the benzene ring of DFA. Disubstituted difluoroallenes, on
the other hand, yielded lower amounts of naphthalene
product (36%). The reaction sequence begins with the for-
mation of aryl palladium(u) bromides A via oxidative addition
of the Pd catalyst with bromoallenes (1). These intermediates
then undergo regioselective insertion, resulting in more stable
n-allylpalladium(u) intermediates B and forming a C-C bond
at the p-position relative to the fluorine substituents. The
removal of p-hydrogen from oc-allylpalladium(u) intermediates
C leads to the formation of cyclic 1,1-difluoro-1,3-dienes D,
which isomerizes to generate the final product (50).

(— pBSelective Pd-Catalysed Intramolecular Insertion of o-Bromophenyl-bearing DFA—

Ichikawa et al., 2019 £ h
F Pd,(dba)s-CHCIs (3 mol%)

P(m-Tol)s (6 mol%)
Br F EtoH (10.0 equiv OO
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Scheme 24 Synthesis of (difluoromethyl)naphthalenes via p-selective
Pd-catalysed intramolecular insertion of o-bromophenyl-bearing 1,1-
difluoroallenes.
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Furthermore, in 2020, Ichikawa and group effectively uti-
lized 1,1-difluoroallenes that contain cyclopentene moiety (1)
and an aryl group for the synthesis of three-ringed ortho-fluoro
(halo)phenanthrenes, four-ringed  ortho-fluoro(halo)tetra-
phenes, ortho-fluoro(halo)chrysenes and fluoro[4]helicenes
(52), which were obtained via NBS or NIS trapped intermediate
of InBr; ring construction methodology as aryne precursors
(Scheme 25).° The metalation process involving either n-BulLi
or Me,(TMP)ZnLi with these precursors (52) results in the sub-
sequent elimination of a fluoride ion, leading to the formation
of the corresponding arynes (53). Diels-Alder reactions of
these arynes with substituted isobenzofurans (54) furnished
the corresponding fully aromatized benzotriphenylenes (56) in
good yields via reductive aromatization in SnCl,/HBr. In
addition, the Scholl reaction, an oxidative aryl/aryl coupling,
has also been demonstrated to synthesize “half HBCs” (hexa-
benzocoronenes) (57) from these benzotriphenylenes (56).

2.6. Miscellaneous

CF,-enriched acyclic, cyclic, bicyclic and heterocyclic systems
facilitate the development of enzyme-activated irreversible
inhibitors and other bioactive compounds. Replacing the
methylene group with CF, can prevent metabolic oxidation
and increase the reactivity of nearby groups because of the

PAH Synthesis Based on Domino Ring Assembly Using DFA
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Scheme 25 Synthesis of half-HBCs via n-extended arynes generated
from o-brominated F-PAH.
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strong  electron-withdrawing  effect of  fluorine.>*”*!
Compounds containing vinyl CF,, such as allenes, dienes, or
dienynes, are well-suited for building carbocycles using annu-
lation and cycloaddition strategies. However, there are few
reported syntheses of these molecules.

In 2001, G. B. Hammond’s group developed an efficient
method for the synthesis of 1,1-difluoro-2-substituted-1,3-
dienes (59) and 1,1-difluoro-2-ethylidene-1,3-enynes (59) from
homoallenyl bromides (1) using a palladium catalyst
(Scheme 26).*> The homoallenyl bromides (1) were prepared
through the protection of the hydroxyl group of homoallenyl
alcohol, followed by nucleophilic substitution with LiBr.
Treatment of homoallenyl bromides with zinc in DMF led to
the formation of organozinc allenes A, which quickly isomer-
ized into organozinc dienes B. Under Pd catalysis, the inter-
mediates cross-coupled with aryl halides to form 1,1-difluoro-
2-aryl-1,3-dienes (59), with good to excellent yields. Homoallyl
bromides produced similar products in good yields through a
palladium-catalyzed Suzuki reaction with aryl boronic acids.
Additionally, conjugated enynes were obtained in nearly quan-
titative yields by cross-coupling of homoallenyl bromides with
terminal alkynes under Sonogashira reaction conditions.

Later, the same group reported the synthesis of substituted
gem-difluoroallenyl amines (60) from difluoroallenyl alcohols
(1) under Mitsunobu condition (Scheme 27).** The initial gem-
difluoroallenyl alcohol was synthesized by reacting TIPS-
difluoropropargyl bromide with indium in a H,O/THF

—— Pd-Catalyzed Cross-Coupling Reactions of TIPS—difluoroallyl bromide ——
Hammond et al., 2001
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Scheme 27 Mitsunobu reaction of TIPS—difluoroallyl alcohols.

mixture, followed by overnight sonication at room temperature
with an excess of aqueous formaldehyde. The standard
Mitsunobu redox system using DEAD (diethyl azodicarboxy-
late)/PPh; resulted in low yields but using DIAD (diisopropyl
azodicarboxylate)/PPh; at low temperature produced gem-
difluoroallenyl amines (60) in good yields. Unsubstituted
N-tosyl propargyl amines yielded the product in high yields,
but alkyl substituents on the triple bond or simple imide sub-
strates resulted in reduced yields (32-44%). The protected sul-
fonamide required higher amounts of reagent quantities [PPh;
(2 equiv.) and DEAD (4 equiv.)], resulting in the desired gem-
difluoroallenyl amine in up to 61% yield.

— [2 + 2] Cycloaddition Reaction of Functionalized DFA

Hammond et al., 2002
TIPS F
TPs Mo(CO)s (10 mol%)
DMSO/Toluene, 100 °C
/\ X = NTs, C(CO,Et),
(72- 92%
—@ Selected substrates ®
TIPS TIPS TIPS
F F F
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F F NofF
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Me H
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Me: 86% CF,H

Scheme 26 Pd-Catalyzed cross-coupling reactions of TIPS—difluoroal-
lyl bromides.
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Scheme 28 Mo-Catalyzed intramolecular [2 + 2] cycloaddition reac-
tion of functionalized gem-difluoroallenes.
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Further, the Hammond group explored cycloaddition reac-
tions using DFA (1). Initially, they planned to carry out
Pauson-Khand type [2 + 2 + 1] cycloadditions of alkyne-teth-
ered DFA derivative with Mo(CO)s. However, they observed that
[2 + 2] cycloaddition occurred instead, leading to the for-
mation of CF,-containing fused cyclobutenes (61), a previously
unattained structure (Scheme 28).** When various functiona-
lized DFAs were subjected to the reaction conditions, bicyclo-
and heterobicyclo-gem-difluorocyclobutenes were obtained
with yields ranging from 72% to 92%. The cleavage of TIPS
from (1) using TBAF resulted in the formation of CF,H-diyne
with an 86% yield. Control experiments indicated that the
reaction proceeded through a [2 + 2] cycloaddition, with the
molybdenum metallocycle undergoing reductive elimination
rather than CO insertion. The rate of reductive elimination was
found to be significantly faster than the rate of carbonylation.

3. Conclusions

This review delves into the synthetic methods and reactivity
profile of DFA. DFAs, with their significant potential, serve as
powerful synthons, opening doors to functionalized intermedi-
ates and a diverse range of fluorine-containing carbocycles
and heterocycles. The electronegative vinylic fluorine substitu-
ents give these DFAs unique physicochemical properties and
diverse reactivity, thanks to their multiple reactive centres (a-,
f-, and y-positions). The regioselectivity of DFA is determined
by the higher positive electrostatic charge at a-position and the
higher LUMO coefficient at y-position. This makes the mode
of activation and the nature of the nucleophile crucial factors
in reaction design. Generally, hard nucleophiles primarily
attack the a-position, while soft nucleophiles prefer y-addition.
Consequently, several research groups contributed to develop-
ing interesting reactions such as regio-selective nucleophilic
additions, defluorination, cycloaddition, and cyclization reac-
tions. Among all these reactions, one notable observation is
the presence of the gem-difluoro group of DFA, which is
crucial for developed reactions. Despite these promising
results, the full potential of DFA chemistry remains underex-
plored and requires further development. For instance, com-
pared to a and y selective addition reactions, the p-addition
reactions are scarce; hence, future studies should be focused
in this direction. Further, the enantioselective defluoroaryla-
tion of DFA for mono-fluoroallenes has been very limited in
success, and the defluoroalkylation strategy should go beyond
the Grignard reagent. Developing more general catalytic
systems with diverse reacting coupling partners should be
investigated, as current strategies mainly use boron reagents.
Further, these DFAs should be integrated with other substrates
through C-H activation strategies and cyclization approaches
to generate functional fluorinated molecules of interest.

In summary, this review comprehensively discusses the
typical transformations, reaction mechanisms, substrate
range, and subsequent applications of DFA chemistry. We
believe that researchers will find this review article to be an
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invaluable resource, helping in addressing challenges and
navigating potential future advancements. These advance-
ments could lead to the creation of value-added substances,
such as new drugs or materials with unique properties, and
the introduction of innovative applications in materials, such
as advanced electronics or high-performance polymers.
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