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Transition metal-catalyzed C(sp?/sp®)-H
a-fluoroalkenylation from gem-(bromo/di)
fluoroalkenes to monofluoroalkenes: scope,
mechanisms, and synthetic applications

Essam M. Eliwa, 2 ®° Ahmed H. Bedair® and Jean-Pierre Djukic () *@

Organofluorines have a broad range of industrial applications, such as pharmaceuticals, liquid crystal dis-
plays (LCDs), solar cells, textiles, and construction coatings, and are used in peptidomimetics, surfactants,
refrigerants, anesthetics, and agrochemicals. Among them are versatile monofluoroalkenes that play a
crucial role in medicinal and synthetic chemistry. The synthetic strategies for this class of molecules are
limited, and prior efforts frequently suffered from poor atom- and step-economies. As a surrogate
pathway for traditional cross-coupling transformations, transition metal (TM)-catalyzed C-H direct
a-fluoroalkenylation overcomes these obstacles and provides straightforward techniques to access
monofluoroalkenes. Nevertheless, substrate scope is still a challenge for catalysis, where gem-bro-
mofluoroalkene synthons are applicable with electronically biased substrates such as azoles, while gem-
difluoroalkene-based strategies are limited to substrates containing N-based directing groups. Herein, we
review the cutting-edge fluoroalkenylation research for direct synthesis of monofluoroalkenes achieved
during the last decade (2013-2023). This review is divided into two main parts: the first part discusses
TM-catalyzed direct a-fluoroalkenylation via the merging of C—H activation and C(spz)—Br cleavage strat-
egies using gem-bromofluoroalkenes, and the second part describes the same reaction, albeit with
C(sp?)—F cleavage of highly explored gem-difluoroolefins. Our review surveys all previously reported
monofluoroalkenes in this research area, including their preparation techniques, stereoselectivity, and
yield percentages. Furthermore, optimal conditions, reactant scope, mechanistic investigations, synthetic
applications, benefits, and drawbacks of each presented methodology are critically discussed.

Among organohalogens, organofluorine chemicals are rele-
vant to several aspects of daily life and technology. They are

The realm of transition metal (TM)-based catalysts is of exten-
sive interest in academic and industrial research laboratories
as an ultimate solution to the synthesis of high-value organic
compounds. TM-based catalysts are applied as supported or
not on a solid. These might be a wide range of coordination
complexes with significant catalytic activity, organometallic
complexes, metal oxides, simple metal salts, or even pure
metals."™

In the organic synthesis community, C-H bond activation
and functionalization chemistry has acquired considerable
momentum as a powerful tool to access diverse organic frame-
works through extraordinary bond cleavage methodologies.” **
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essential reagents for the materials science, pharmaceutical,"?
and agrochemical industries,"* among other fields.
Organofluorines are thought to make up about 53% of agro-
chemicals and 20% of medicines, including some of the most
popular drugs. As ligands, they have also been studied in
coordination and organometallic chemistry."> Fluorine atoms
(or C-F bond formation) can be introduced to the organic
molecule skeleton through C-H fluorination, fluoroalkylation,
or fluoroalkenylation reactions.®*

Monofluoroalkenes are a versatile class of organic mole-
cules; they can be used as fluorinated synthons in synthetic
organofluorine chemistry.'”**>* They also play a crucial role in
chemical biology as precursors of bioactive molecules and
impact the medicinal chemistry domain as a bioisostere for
peptide linkage because they can impart desirable electronic
and steric characteristics as well as enhance lipophilicity,
improve recognition, and increase metabolic and confor-
mational stability.”® As a result, several strategies have been
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deployed to obtain various monofluoroalkene classes. In the
last decade (2013-2023), TM-catalyzed C-H fluoroalkenylation
has proven to be a successful and promising strategy.'”>*** It
is endowed with the general advantages of being atom- and
step-economical®® as well as being specifically oxidant-free
(redox-neutral), stereoselective and regioselective, with good
functional group tolerance, no alkynylated side-product, and a
scalable reaction.

Despite the fact that C-H a-fluoroalkenylation has attracted
widespread attention in the last decade as a major method-
ology to access monofluoroalkenes, it is still facing significant
challenges such as substrate scope (general applicability) and
harsh conditions. Regarding the limitations of substrates, they
are either electronically biased or pre-directed substrates. We
find that the reported protocols that utilized gem-bromofluor-
oalkene synthons are applicable with “electronically biased”
substrates such as azoles,”®® and their gem-difluoroalkene
counterparts are limited to substrates containing N-based
directing groups (DG),”°*® whereas other substrates are still
unsuitable, such as ketones, esters, acids, etc.

Furthermore, as we will see below, all the reported compe-
tition experiments confirmed the superiority of substrates and
fluorinated reagents that contain electron-donating groups
(EDGs) over the analogues carrying electron-withdrawing
groups (EWGs). Though some mild and cost-effective
a-fluoroalkenylation procedures (room temperature and abun-
dant TM catalysis) are reported,”®*°™*® harsh conditions are
still a significant obstacle that needs to be addressed.
According to several experimental and theoretical
studies,***>*"*? the a-fluoroalkenylation mechanistic pathway
employing gem-difluoroalkene synthons proceeds via four
main steps, including C-H activation, olefin n-coordination,
regioselective migratory olefin insertion, and p-fluoride elimin-

Essam M. Eliwa is a post-doc-
toral researcher in the Djukic’s
group at the University of
Strasbhourg, France (Nov 2023-
Apr 2024). He received his B.Sc.
degree in 2006 in Special
Chemistry with a grade of excel-
lent and an honors degree. He
obtained his M.Sc. and Ph.D.
degrees in organic chemistry
from Al-Azhar University in 2013
and 2017, respectively. During
his Ph.D., he spent one year in
Sewald’s group at the University
of Bielefeld, Germany (2015-2016). His current research interests
include C-H fluoroalkenylation reactions of heterocyclic com-
pounds using earth-abundant TM catalysts with the intention of
applying green chemistry principles for the design and synthesis of
valuable bioactive molecules. Dr Essam M. Eliwa: E-mail: essame-
liwa85@azhar.edu.eg; https://orcid.org/0000-0001-5570-1427.

Essam M. Eliwa

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

ation. In contrast with TM-mediated oxidative addition to clea-
vage C-F bonds, the B-F elimination route proceeds under
milder conditions via p-fluoroorganometallic intermediates to
install C-C coupling products (monofluoroalkenes).”***
Additionally, kinetic isotope effect (KIE) tests indicated that
either C-H dissociation or alkene migratory insertion is a rate-
determining step.>*7%°

Given the importance of monofluoroalkenes and the syn-
thetic obstacles of C-H fluoroalkenylation reactions, there was
an imperious need to survey recent achievements in this field.
Thus, this review summarizes with mechanistic and synthetic
details the newly discovered C-H o-fluoroalkenylation
approaches for accessing distinct monofluoroalkenes categor-
ized according to their synthetic protocols, which are based on
the types of gem-halofluoroalkene building blocks and T™M
catalysts.

This review is divided into two parts: the first one focuses
on relatively less explored direct a-fluoroalkenylation via the
merging of C-H activation and C(sp’)-Br cleavage strategies
using gem-bromofluoroalkenes, and the second part describes
the same reaction, albeit with C(sp®)-F cleavage of easily acces-
sible and commercially available gem-difluoroolefins. Each
part is subdivided into subsections according to the type of
TM-based catalysis. This review covers all the reported mono-
fluoroalkenes in this research area from 2013 up to 2024 with
the specific procedures, stereoselectivity, and yields. Moreover,
this review reports on the optimal conditions, reactant scope,
mechanistic studies, synthetic applications, advantages, and
shortcomings of each reported protocol. Furthermore, some
related out-of-scope examples are also considered for compari-
son. Finally, this review critically outlines the achievements in
the field of C-H direct o-fluoroalkenylation and draws some
perspectives for future advances.
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d(PPh3),Cl, (5 mol%)
CuBr (10 mol%)
CsF (0.820 mmol, 2 equiv)
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(E)-2

anhydrous Toluene (0.27 M), (2)-3a-
110 °C, 2-6 h 12 examples
(0.410 mmol, 1 equiv) (0.533 mmol, 1.2 equiv) Under Ar 77-96% yields

, R =0Me, 84%
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Scheme 1 Direct C(sp?)-H a-fluoroalkenylation of 1,3,4-oxadiazoles 1 by Pd(0)/Cul()) catalytic system.
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2. Direct a-fluoroalkenylation with
gem-bromofluoroalkenes

2.1. C-H a-fluoroalkenylation using Pd(0)/Cu(r) bimetallic
catalytic system

As mixed 1,1-dihalo-1-alkenes, gem-bromofluoroolefins are sig-
nificant fluorinated substructures and useful building
blocks.'®?° They can be prepared as a mixture of stereoisomers
by several methods, such as the Wittig reaction, but some sep-
aration protocol-dependent chemoselectivity is reported.*”*®
They were successfully employed as synthons in organic syn-
thesis to access monofluoroalkenes.*® The paper by Hoarau
et al. (2013) documented the first use of trisubstituted (E)-gem-
bromofluoroalkenes (2) as electrophilic coupling partners in
the direct C(sp*)-H a-fluoroalkenylation of various electroni-
cally biased azoles (1 and 4) to access the corresponding (2)-
monofluoroalkenes (3a-1 and 5a-o0) in fair to excellent yields
(Schemes 1 and 2).%°

This step-economical reaction proceeds via a base-assisted
Pd(0)/Cu(1) bimetallic catalytic system at 110 °C under com-
plete control of stereochemistry with functional group toler-
ance and without alkynylated (dehydrofluorinated) side-pro-
ducts. This protocol can also be scaled up from 0.41 to
2.05 mmol without losing efficiency.  C(sp®)-H
a-fluoroalkenylation of oxadiazoles 1 was conducted using CsF
as a mild base, while the less acidic 1,3-diazoles 4 needed
more basic conditions offered by Cs,CO; or LiOtBu. The
PdCl,(PPh;), pre-catalyst was more effective in this trans-
formation than Pd(OAc),, and the CuBr co-catalyst dramati-
cally influenced the success of the reaction. Although the

This journal is © The Royal Society of Chemistry 2024
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5 PAPPN3)CL (5 mol%) 1T
U
R1_,:/N\% AT CuBr (10 mol%) SN =
”\ H + R ! F . \ /
X Z base (1.5-2 equiv) (2)-5a—0 >R2
4,X=0,8 (E)-2 solvent (0.27 M), 110 °C, 15 examples
(0.414 mmol, 1 equiv) (0.493 mmol, 1.2 equiv) 12 h, under Ar 58-91% yields
2) 5a, R=H, R = OMe, 75%[a1 (2)-5d, 85%" (2)-5e, 91%!@!

(2)-5b, R=H, R" = CN, 85%
(2)-5¢, R=OMe, R" =CN, 73%l?]

Q/[ H\\\Q H\Q (2 s-g;@
f, 59%!2

(2)-59, R = OMe, 78%

(2)-5 (Z)-5h, R = CN, 84%

T el

(2)-51, R=H, R" = CN, 58%"!
(Z) -5m, R= R'=OMe, 82%!"!

N S Oy Uou
(2)-50, 61%!°]

(2)-5n, 74%!°]

(2)-5j, 67% (2)-5k, 74%!"]

Scheme 2 Direct C(sp?)-H a-fluoroalkenylation of various 1,3-diazoles 4 by Pd(0)/Cu() catalytic system. [a] LiOtBu (1.5-2 equiv.), 1,4-dioxane. [b]
Cs,COs (2 equiv.), 1,4-dioxane. [c] Cs,CO3 (2 equiv.), dimethylformamide (DMF).
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Scheme 3 Proposed catalytic cycle of Pd(0)/Cu()-catalyzed direct C(sp?)—H a-fluoroalkenylation of various azoles 1/4 with 2.

This journal is © The Royal Society of Chemistry 2024 Org. Biomol. Chem., 2024, 22, 6860-6904 | 6863


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ob01044b

Open Access Article. Published on 01 August 2024. Downloaded on 3/5/2026 6:50:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

authors did not perform any mechanistic studies, according
to the reported Pd(0)/Cu(i) catalytic cycle,>*® the oxidative
addition afforded organopalladium intermediate A, while
the base and Cu(r) mediated the deprotonative metalation of
azoles to a 2-azolylcopper intermediate B that was combined
with A via transmetalation, yielding C followed by reductive
elimination to furnish the desired monofluoroalkenes
(Scheme 3).

View Article Online
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In 2014, the same group reported the synthesis of mono-
fluoroalkenes 3/5 via decarboxylative/direct  C(sp®)-H
a-fluoroalkenylation of various azoles 1/4 using the same cata-
Iytic system (Pd/Cu), albeit with o-fluoroacrylic acid coupling
partner 6 that is out of scope of our review. Importantly, this
transformation proceeds with complete retention of stereo-
chemistry at the double bond, where the E reactant of 6 gives
the (E)-monofluoroalkenes (Scheme 4).>”

Pd(acac), (10 mol%)
dppe (20 mol%)

CuCOs (3.5 equiv) v-NOF

-N HO,C
Y 2
Rz —H —
X F R
114 6

(0.4 mmol, 2 equiv)

(0.2 mmol, 1 equiv)
Out of scope

DMA/DMSO (8/3, 1.8 mL)

L
Ty \R

(E) or (2)-3I5
24 examples
18-99% yields

4 AMS (75-100 mg)

140 °C,12h
Under N,

Scheme 4 Direct C(sp?)—H a-fluoroalkenylation of various azoles 1/4 by Pd(0)/Cu()) catalytic system using 6 as a coupling partner.
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4,X=0,S,NMe (E)-2 110 °C 1(2 h ) \ ’\/Rz 26 examples
(0.20 mmol, 1 equiv) (0.22 mmol, 1.1 equiv) Under’Ar ' 41-99% yields

oo

(2)-5p, R = H, 89%
(2)-5b, R = CN, 45% (
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= OMe, 72%[bﬂ
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N_F
S

OMe
(2)-5t, 68%
OMe
(2)-5v, R = R' = OMe, 74%
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(2)-59, R = H, R'=4-OMe, X = O, 82% (78%!)
(2)-5a5, R =H, R' =4-Cl, X = O, 74%9

(2)-5a6, R = ClI, R1 = 4- OMe, X = O, 70%I%d
(2)-5i, R= H, R"=4-OMe, X = S, 91%["! (67%)
(2)-5a7, R =H, R' = 4-CF3, X = S, 41%[€l
(2)-5a8, R= H,R'=2-OMe, X = S, 54%®!

Scheme 5 Direct C(sp?)—H a-fluoroalkenylation of various 1,3-diazoles 4 by Cul. [a] Yield produced by bimetallic Pd(0)/CuBr catalysis>® for product
numbers colored in red. [b] 1,10-Phenanthroline (phen) (20 mol%) was used as a ligand instead of dppe. [c] Reaction was performed at 130 °C. [d]
Reaction was performed on a 1 mmol scale. [e] Reaction was performed at 90 °C. [f] Cul (20 mol%) and Phen (40 mol%) were used. [g] Ligand =

trans-N,N’-dimethylcyclohexane-1,2-diamine.
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Synthetic Utility: the synthesis of relevant bioactive molecules Bioisostere groups

B Cul (10 mol%) @/: @
Br dppe (20 mol%)

1 4-dioxane (0.25 M), )- 5a13, 53% Antiasthmatic agent
4,R =H, OMe (E)-2 110 °C, 12 h,
(0.20 mmol) (0.22 mmol) Under Ar
(1 equiv) (1.1 equiv) Potential bioactive agent

for the treatment of
Duchenne muscular dystrophy
(2)- 5a14, 99%

Scheme 6 Direct C(sp?)—H a-fluoroalkenylation of benzoxazoles by Cul to access relevant bioactive molecules 5a13 and 5a14.
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Scheme 7 Metal-free KsPO4-mediated direct N—H «a-fluoroalkenylation of various NH-containing azoles 7.

S K3POy4 (2 mmol)
N /
DMF (2 mL),

25°C 12h
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0,
(1 mmol, 1 equiv) (1.2 mmol 1.2 equiv) 11a, 95%

F

. KsPO4 (2 mmol) l

Q DMF (2 mL), Q'
10b 25 °C 12 h

(1 mmol, 1 equiv) (1.2 mmol, 1.2 equiv) 11b, 93%

Scheme 8 Metal-free K3PO,4-mediated direct N—H a-fluoroalkenylation of NH-containing azoles 7 with 10a,b.
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2.2. C-H a-Fluoroalkenylation using Cu(i)

Two years later (2016), the prior research group published an
article defining a low-cost protocol for the direct C(sp*)-H
a-fluoroalkenylation of various 1,3-diazoles.”**” This pioneer-
ing study describes for the first time the use of Cu(1) alone (Pd-

\\/N.H
7
(2.4 mmol), K3PO4 (4.8 mmol)

WN
N
MeO

View Article Online
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free) to catalyze this type of reaction.?® 5-Phenyloxazole (4) was
used as a model substrate with (E)-1-(2-bromo-2-fluorovinyl)-4-
methoxybenzene (2) to obtain the optimum conditions. The
above conditions without Pd were tested,*® but the best per-
formance was generated by Cul, 1,2-bis(diphenylphosphino)
ethane (dppe) ligand, and sublimated LiOfBu in refluxing

DMF (4 mL), 80 °C, 20 h (_/7
N
12a, 95%
F N/ﬁ E’\i\N-
NN, ~
ZF H N
7 7 (0.93 mmol) Y
X F X N
(1.0 mmol), K3POy4 (2.0 mmol) /©/\r K3PO4 (1.8 mmol) /@/\r
N N
DMF (2 mL), 25 °C, 12 h MeO «J DMF 2 mL), MeO \J
80°C,12h N J
OMe (E)-9a, 91% N ’ (E)-12b, 92%
8 /N\N N/:\ e
1.2 mmol L/ H SN _N
( ) S
N F 7 (0.92 mmol) N N\)
(1.0 mmol), K3POy4 (2.0 mmol) K3POy4 (1.8 mmol)
N
DMF (2 mL), 25 °C, 12 h N 7 DMF (2 mL), MeO N\ y
9 80 °C,12h
(E) -9b, 93% (2)-12¢, 91%
Scheme 9 Synthesis of N,N'-a,a'-dihetaryl-substituted olefins 12a—c at 80 °C.
R! R?
N-N ¢
I S—h KHMDS (4 mmol, 4 equiv)
+
2 DMSO (5 mL),
25°C,12h F
' ' 13a-g | />/®
1 10a Under Ar 7 examples N-N

(4 mmol, 4 equiv) (1 mmol, 1 equiv)

13a, 75% 13b, 78%

OO N N
o o, OO
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Scheme 10 Metal-free KHMDS-mediated direct C(sp?)—H a-fluoroalkenylation of 1 with 10a.
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anhydrous 1,4-dioxane under argon at 110 °C for 12 hours.
Under these conditions, a variety of 1,3-diazoles 4 were
coupled with 2 to afford the corresponding (Z)-monofluoroalk-
enes 5a-o in moderate to excellent yields (Scheme 5).”%
Importantly, in the absence of Cu, the reaction’s outcome was
negative and faintly sensitive to the Cu precursor types [Cu(1)
or Cu(u)]. This procedure had the same advantages as the prior
one as well as being less expensive. Unfortunately, in compari-
son with the above protocol,®® the alkylated or tetrasubstituted
gem-bromofluoroalkenes were unreactive, and the ortho-substi-
tuted counterparts with an EWG were unstable. A drawback
was that the substrate scope in these protocols was limited to
azoles, and there was no suggested interpretation for why the
activation occurred on the C-H bond that is flanked by two
heteroatoms rather than the C-H bond of the phenyl ring (4/
5-phenyl azoles) via some metallocyclic intermediates. This
protocol was employed to synthesize bioactive compounds, as
shown in Scheme 6.>® One of them, 5a13, is an analogue of a
known amide-based antiasthmatic reagent, and the second,
5a14, is a potential bioactive agent for the treatment of
Duchenne muscular dystrophy.>®

3. Direct a-fluoroalkenylation with
gem-difluoroalkenes

3.1. Metal-free, base-mediated direct C(N)-H
a-fluoroalkenylation at room temperature

gem-Difluoroalkenes are readily accessible and valuable syn-
thetic building blocks that may be functionalized to produce a
diverse range of fluorinated products.'”>* In addition, they are

KHMDS (2 mmol, 2 equiv)

View Article Online
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significant alkenyl bidentate electrophiles for organometallic
reagents; their oxidative insertion in cross-coupling reactions
is rather easy.”®** Biologically, they have been employed as
irreversible electrophilic inhibitors of numerous enzymes.’" As
examples for comparison, Cao et al.’s study (2014) effectively
detailed a high stereoselective, metal-free, and straightforward
C-N coupling approach giving access to a variety of (E)-N-
(a-fluorovinyl)azoles 9a-i in good to excellent yields through a
direct N-H o-fluoroalkenylation reaction between NH-contain-
ing azoles 7 and trisubstituted gem-difluoroalkenes 8.°>

The reaction proceeds via a K;PO,-mediated vinylic nucleo-
philic substitution (SyV) mechanism® under rather mild con-
ditions without the formation of alkynylated side-products.
Optimal conditions were reported as follows: azole (1 mmol),
gem-difluoroalkene (1.2 equiv.), KsPO, (2 equiv.), and dried di-
methylformamide (DMF, 2 mL), stirring for 12 h at 25 °C
(Scheme 7).°> Under these conditions, the authors succeeded
in achieving the same reaction with tetrasubstituted symmetri-
cal gem-difluoroalkenes 10a,b to obtain the corresponding
N-vinylation products 11a,b in excellent yields (Scheme 8).> In
a tunable stereoselective pathway, the produced monofluor-
oalkenes (e.g., 9a,b) can be converted to N,N'-a,o’-dihetaryl-sub-
stituted olefins 12a-c in excellent yields via two-fold C-F clea-
vages by treatment with another equivalent of 7 at 80 °C, estab-
lishing the difficult cleavage of the second C-F bond. Worthy
of note, 1,1-(2-(4-methoxyphenyl)ethene-1,1-diyl)bis(1H-imid-
azole) (12a) was obtained via this one-step method in a nearly
quantitative yield (95%) (Scheme 9).>” In contrast with the
aforementioned studies,”®® the azoles considered here
contain a more acidic proton (N-H group) that a suitable base
can abstract. Worthy of note, the optimal base K;PO, did not

4 10a

(2 mmol, 2 equiv) (1 mmol, 1 equiv)

M O

oy
8 F
14d, 10%

s
\ Y F \S
14a,88% N 14b, 89% N 14¢, 90% N@

DMSO (5 mL),
25°C, 2 h,
Under Ar 14a-f ,\}\@
6 examples
10-92%

)
N N
14f, 92%

Scheme 11 Metal-free KHMDS-mediated direct C(sp?)—H a-fluoroalkenylation of benzothiazole (4) with 10a.

14e, 70%
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affect the gem-difluoroalkenes through the formation of the
alkynylated products.

In a similar synthetic vein, Cao’s lab (2015) also reported a
metal-free, base-mediated direct C(sp*)-H a-fluoroalkenylation
of non-containing NH-azoles (1 and 4) with tetrasubstituted
symmetrical and unsymmetrical gem-difluoroalkenes 10a to

NaH (4 mmol, 4 equiv)

View Article Online
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generate the corresponding fluoroalkenylated azoles 13-15.>*
As in the prior study,>® the reaction was achieved via the SyV
mechanism,* which included base-assisted formation of
nucleophilic sp® carbanion of azoles (transition state) and
subsequent addition-elimination steps with electrophilic 10a
to furnish the desired products. After several investigations,

4 10a

(4 mmol, 4 equiv) (1 mmol, 1 equiv)

DMSO (5 mL), F
25°C, 2 h, 15a-d ,\}
Under Ar 4 examples
54-70%

AT AT

15a, 57% 15b, 58%

15c, 54% 15d, 70%

Scheme 12 Metal-free NaH-mediated direct C(sp?)—H a-fluoroalkenylation of benzoxazole (4) with 10a.

Cs,CO3 (0.2 mmol, 1.0 equiv)

o..R'" F _ .
A
y H F R DMSO(0mL),rt, 24h

16 8
(0.2 mmol) (0.3 mmol)
(1.0 equiv) (1.5 equiv)

0
. NHR1

R
17

Out of scope

1
o
R

Scheme 13 Metal-free Cs,CO3-mediated direct synthesis of 2-aminobenzofurans 17 via N-H «a-fluoroalkenylation of N-phenoxy secondary amides

16 with 8.

O“N’R1 E 032003 R @ O \R
— 3,3]-0 rearrangement
@ Lo F>_\R @ [3,3] g X %F
H H R
16 8 a ketone-imidic fluoride
an enamide L
0 aromatization
aromatization NR' esterification
/ AN OH
O, . HF NR'
) —NHR a carboximidate (imino ether)
F

17 R

F O_NHR'
aromatization F
HF
R

/

nucleophilic addition 5 phenol-imidic fluoride

an amino ether

Scheme 14 Proposed mechanism of Cs,CO3z-mediated direct synthesis of 2-aminobenzofurans 17 via N-H a-fluoroalkenylation of N-phenoxy sec-

ondary amides 16 with 8.
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the optimum conditions were established as follows: dry
dimethyl sulfoxide (DMSO) as a solvent and non-nucleophilic
bases such as potassium bis(trimethylsilyl)Jamide (KHMDS)
or NaH were the best choices at ambient temperature
(Schemes 10-12).>*

In comparison with the above metal-based studies,”*® the
substrate scope in this study is limited as a drawback owing to

View Article Online

Review

the absence of a metal catalyst that assisted the cleavage of
C-H bonds in heteroarenes. For instance, trisubstituted gem-
difluoroalkenes 8 were unsuitable (though the reason was not
mentioned, but they might form alkynylated side products),
and tetrasubstituted counterparts 10a bearing strong EWG
such as CF; or EDG such as CH; were unfavorable, resulting in
a low conversion. Regarding azole partners, the presence of

DG
X DG R Rh(lll) I
R + = ———— Ri¢
2" F R 7R
. F
(Hetero)arenes ~ gem-Difluoroalkenes Monofluoroalkenes
A
' C—H activation | B-defluoration
" :
5
X N
RiL G Regioselective R N Rh
_ J10SE .
RH ... nserion - AN R2
E FF
~—\, H
F R L

DG = directing group

Scheme 15 Chelation-assisted direct C(sp?)—H a-fluoroalkenylation of (hetero)arenes using Rh(i)-based catalysis.

o
N

R
) [RhCp*(CH3CN)3](SbFs), (0.004 mmol, 4 mol%) W
N F

R MeOH (0.5 ml), 80 °C, 16 h
N)/\’:l ( Und)er air >/\N (2)-192-u
\§) 8 & % 21 examples
46-99%

(0.1 mmol, 1 equiv) (0.15 mmol, 1.5 equiv)

(2)-19a, R = H, 69%

O N/ R (2)-19b, R = OMe, 89%
(2-19¢, R = Me, 73%
N F (2-19d, R = N(Me),, 46%
N (2)-19e, R = CF3, 91%
N \\) O (2)-19f, R = CO,Me, 96%
= \] (2)>-19g, R = COMe, 88%
N/ O O (2-19h, R =NO,, 77%
O (2)-19i, R = CN, 81%
N F (2-19j, R=F, 81%
)\ (Z)19k,R Br, 99%
(2191, R = 1, 97%
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/W S
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N (2)-19t, 71% N

Scheme 16 Scope of 8 in Rh(in)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 18.

This journal is © The Royal Society of Chemistry 2024

Org. Biomol. Chem., 2024, 22, 6860-6904 | 6869


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ob01044b

Open Access Article. Published on 01 August 2024. Downloaded on 3/5/2026 6:50:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Organic & Biomolecular Chemistry
A
| A\
R%H F[RNCP'(CHICN)SISEFs), 1 ST/ oMe
N + N ) R
\ /©/\I/ (0.004 mmol, 4 mol%) AT
F

s N\/\B MeO 8 MeOH (0.5 ml), 80 °C, 16 h )/\N (219v-a10

— Under air N\\) 15 examples
(0.1 mmol, 1 equiv) (0.15 mmol, 1 equiv) == 28-99%

R
\ / O OMe OMe \_/ O OMe
N F (2-192 R = Me, 85%

(21
0,
719w, R = Me, 88% )/\N (2)- 19a1 R= OMeOQQA)
( w, e, 88% (2)- 19a2 R=F, 92%
(2)-1
(21

N \\) N \\) 2)19x, R = Cl, 57% N\Q) 9a3. R = Br, 90%
1-19v, 85% (2-19y R = COZMe 64%

9a4, R =CN, 28%
R N F N
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OMe
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Scheme 17 Scope of 18 in Rh(ii)-catalyzed direct C(sp?)—H a-fluoroalkenylation by 8.

£ [RhCp*(CH3CN)3](SbFe), (\

/©/\|/ (0.004 mmol, 4 mol%) _ X<zN OMe
20 R— F MeOH (0.5ml), 80°C, 16 h (2)-21a-n
Under air R— 14 examples

(0.1 mmol, 1 equiv) (0.15 mmol, 1.5 equiv) 41-84%

OMe

(2)-21f, R = OMe, 44%
(2)-21g, R = CO,Me, 70%!®
(2)-21h, R = COMe, 58%!
(2)-21i, R = CF3, 52%®

(2)-21a, R = H, 68%
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F
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Scheme 18 Scope of 2-arylpyridines 20 in Rh(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation by 8. [a] Use trifluoroethanol (TFE) as reaction
solvent instead of MeOH.
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the benzene ring as a substituent such as 2-phenyl-1,3,4-oxa-
diazole (1) or fused as in benzothiazole and benzoxazole (4)
was essential for driving the reaction smoothly, limiting the
azole scope in this reaction.

According to the Yi et al. study (2021), when N-phenoxy sec-
ondary amides 16 are employed instead of azoles under metal-
free conditions, Cs,CO3-assisted domino N-H fluoroalkenyla-
tion-[3,3]-sigmatropic rearrangement ensures, which is used to
directly access a variety of 2-aminobenzofurans (17, out of
scope). The amide-NH fluoroalkenylation was suggested to
occur transiently, and the trial with t-amide resulted in no

View Article Online

Review

reaction, proving the importance of the N-H bond in this
annulation. After that, several cleavages of multiple bonds
were performed to deliver the final products (Scheme 13).%°
The assumed mechanism is illustrated in Scheme 14. Cs,CO;
promoted the nucleophilic substitution reaction of N-phenoxy
secondary amides 16 with 8 to yield the corresponding
enamide intermediate. After that, the [3,3]-c rearrangement
afforded a ketone-imidic fluoride that converted to the pheno-
lic analog through aromatization. The latter may be trans-
formed either to the imino ether (carboximidate) or the amino
ether via the esterification process or nucleophilic addition.

0
O [RhCp*Cly], (0.0025 mmol, 2.5 mol%),
o, 1R2
I AN NR'R? + XN F  AgOAc (0.02 mmol, 20 mol%) _: N NR'R
RT E t-AmylOH (0.5 ml), 80 °C, 16 h NS
H MeO Under air F
22 8 (2)-23a-1 OMe
(0.1 mmol, 1 equiv) (0.15 mmol, 1.5 equiv) 1238)(;;?/"'93
e 0
o)
-23a, R = Me, 68% st
-23b, R = OMe, 68% NHTs
-23¢c, R=F, 52% " 25
-23d, R = CF3, 60% © L
-23e, R = CO,Me, 65%
2 ° (2)-23f, 66% OMe  (z)-23g, 50% Ohls

(2)-23h, 52%

(2)-23i, R = H, 36%!
(2)-23], R = Me, 34%
(2)-23k, R = OMe, 34%!@

(2)-231, 30%!2!

Scheme 19 Scope of benzamides 22 in Rh(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation by 8. [a] Use [RhCp*(MeCN)sl(SbFe), (0.004 mmol) as

catalyst, 1,2-dichloroethane (DCE) as reaction solvent.

Synthetic Utility: KOtBu-assisted dehydrofluoration for the synthesis of the corresponding alkynes
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Scheme 20 KOtBu-assisted dehydrofluoration of 19b, w, a2, and 21e for the synthesis of the corresponding alkynes 24a—d, respectively.
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Finally, the aromatization delivered the 2-aminobenzofuran
product 17. It is worth noting that the use of Cs,CO; did not
deliver the alkynylated side products.

3.2. C-H a-Fluoroalkenylation using Rh(u)Cp*

In 2015, Loh and his co-workers pioneering study described a
base- and oxidant-free (redox neutral), highly efficient, and
chelation-assisted direct C(sp?)-H o-fluoroalkenylation of
(hetero)arenes using Rh(m)Cp*-based catalysis for the first
time. As a hypothesis postulated by the authors, chelation-
assisted C(sp”)-H activation of (hetero)arenes via five-mem-

View Article Online
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bered rhodacycle formation was followed by C-F activation of
gem-difluoroalkenes through H-bond interaction with the
in situ generated HF, and hence f-F elimination delivered the
final products (Scheme 15). Starting with highly polarized
and easily accessible 8 and readily available (hetero)arenes-
containing N-based DG (18, 20, and 22), the transformation
proceeds smoothly with a regio- and stereoselective manner,
wide-scope, and broad functionality tolerance, affording the
corresponding (2)-(hetero)arylated monofluoroalkenes
(19a-a7, 21a-n, and 23a-1) in fair to quantitative yields
(Schemes 16-19).>°
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g' % Scheme 21 Rh(in)-catalyzed direct C(sp?)—H alkylation of 18 with 25.
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Scheme 22 Proposed catalytic cycle of Rh(in)-catalyzed C(sp?)—H alkylation of 18.
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The preliminary investigation was commenced with 1-(2,2-
difluorovinyl)-4-methoxybenzene (8) and 1-(pyrimidin-2-yl)-1H-
indole (18) starting materials, and the best isolated yield (89%)
of the expected monofluoroalkene 19a was achieved under
these optimal conditions: cationic [RhCp*(CH;CN);](SbFg), as
the catalyst and methanol (MeOH) as solvent, and at 80 °C for
16 h under air. The substrate scope with EWG or EDG substitu-
ents was extended, including 1-pyrimidin-2-yl indoles 18,
2-arylpyridines 20, and benzamides 22, as well as a variety of 8.
Regarding benzamides 22, Ts-amide derivatives were tested
with slight modification [[RhCp*Cl,], (2.5 mol%), AgOAc
(20 mol%) as catalytic system, solvent was tert-amyl alcohol
(-AmylOH)] and proved to be more effective (23a-h, moderate
yields) than N,N-diisopropylbenzamides (23i-1, low yields),
which was attributed to their low conversion in this transform-
ation (Scheme 19).>° As a limitation of this simple protocol,
chelation-directing groups such as imine, anilide, and ketone
proved unsuitable as coupling partners. Preparation of the
corresponding alkynes 24a-d as a synthetic utility for this
approach was accomplished via the KOtBu-assisted dehydro-
fluoration process in THF at 100 °C for 23 h (Scheme 20),>
even though the counterpart base, LiO¢Bu, did not promote
this type of process in the (E)-gem-bromofluoroalkene 2 Cu(1)-
based protocol as mentioned above.®
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Surprisingly, when Loh and co-workers used trisubstituted
gem-difluorovinyl tosylate 25 instead of 8 as a coupling partner
with 18 under approximately the same conditions, C(sp*)-H
alkylation products 26 (out of scope) were generated rather
than monofluoroalkenes (Scheme 21).>® The other heteroar-
enes (20 and 22) in the prior study were unsuccessful sub-
strates.>® In this transformation, the tosyl difluorinated enol
ether functioned as an valuable substitute for an acetate build-
ing block."”**

The authors conducted some control experiments to postu-
late a mechanism (Scheme 22) that was not further theoreti-
cally and experimentally consolidated so far. Firstly, pyrimi-
dinyl DG-promoted C(sp?)-H activation of 18 by Rh(m)Cp*
catalyst to produce the five-membered rhodacycle complex
D. Next, the addition of C(sp®)-Rh to the double bond of 25
produced the seven-membered rhodacycle intermediate E.
Subsequently, E underwent a tosylate a-elimination to install
the Rh(v)-carbenoid intermediate F.>” Then, an intra-
molecular migration of the indolyl core delivered a strained
difluorocyclopropane transition state G, which produced a
six-membered rhodacycle intermediate H by the nucleophilic
attack of MeOH. Later, the alcoholysis of H produced the
final product 26 and regenerated the catalyst (Path a). In
another possible pathway (which still cannot be ruled out at
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F e sy 2OME AgBF, (10.0 mol %) "~~~ ~\-OMe 30mL _OMe
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Scheme 23 Rh(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 27 with 25.
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this stage), a nucleophilic attack of MeOH on G might gene-
rate an indolyl gem-difluoroalkene intermediate I that might
further convert to 26 (Path b).

Two years later (2017), Honggen Wang, Xingwei Li et al
described pioneering experimental and supporting theoretical
investigations for the direct C(sp®)-H a-fluoroalkenylation of
N-OMe secondary amides 27 via the doubly bridged dimer
[RhCp*Cl,], catalyst, using 25 synthon as a versatile coupling
partner. After extensive trials of the reaction parameters under
inert atmosphere, optimum conditions to produce the
expected (Z)-monofluoroalkenes 28 were obtained as follows:
[RhCp*Cl,], (2.5 mol%), AgBF, (10.0 mol%), CsOPiv (1.0
equiv.), and Ca(OH), (0.2 M 1.0 equiv., as HF scavenger) in

Synthetic Utility: Synthesis of Tumor necrosis factor

View Article Online
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hexafluoroisopropanol (HFIP) at 40 °C for 4-8 h. After that,
these conditions showed wide N-OMe amide substrate scope
and compatibility of functional groups. As a good leaving
group, the tosylate unit proved to be a good handle for an
intramolecular cyclization upon treatment with concentrated
aqueous H,SO, at ambient temperature to generate the corres-
ponding 4-fluoroisoquinolin-1(2H)-ones 29 that were also
obtained via a one-pot reaction, skipping the isolation of
acyclic monofluoroalkenes (Scheme 23).>° As a synthetic appli-
cation for this strategy, a tumor necrosis factor 31 was
obtained in 77% yield via multi-step chemical synthesis,
including the N-OMe bond cleavage of fluorinated isoquinoli-
none 29a by NaH/DMF, followed by the alkylation of the NH

0 = [RhCp*Cloly (5 mol%) [ 2 on
MeO \-OMe AgBF, (20.0 mol %) = N’ €| conc. H,SO,
+ > #
oo y H F OTs CsOPiv (1.0 equiv) MeO 2 0Ts rt,5h
e ) Ca(OH), (1.0 equiv) F
. 5 HRIP(02M) 60°C,10h
(0.50 mmol) (0.75 mmol) Under Ar
(1.0 equiv) (1.5 equiv) okt
o) Br I
NaH (60%, 3 equiv), Meo
MeQ N-OMe DMF (1.0 mL) © NH (0.3 mmol, 1.5 equiv)
Me = 120°C,50 min  MeO 7 K,COj4 (0.4 mmol, 2.0 equiv),
£ DMF, 70 °C, 3 h
29a F 30
(0.2 mmol) (0.2 mmol, 1.0 equiv)
0
E
MeO N/\/\[(O t
0
MeO =
Foo31,77%

Synthesis of 5-Fluoro-8H-isoquinolino-[3,2-ajJisoquinolin-8-ones

0
Z NE T . [CP*RNCl,], (2.5 mol%)
R | P __ AgBF, (10.0 mol %) 2N, NaOH
—+ —_—
Ar F OTs CsOPiv (1.0 equiv) 70°C, 8 h
R? o 525 | Ca(OH), (1.0 equiv)
o ggar:r’non ((1' 5 emqm)) MeOH (0.2 M), 70 °C,12 h
' ' Under A
(1.0 equiv) naer Ar

34a-c 34a, 66%

Me 34c, 49%

34b, 42%

Scheme 24 Synthesis of the tumor necrosis factor 31 and 5-fluoro-8H-isoquinolino[3,2-alisoquinolin-8-ones (34a—c).
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product (30, 1.0 equiv.) with 4-bromobutyrate (1.5 equiv.) in
the presence of K,CO; (2.0 equiv.). As an analogy, this
approach was also extended to include isoquinolone substrates
32a-c¢, and the monofluoroalkenes 33a-c were isolated in

-53% yields and afforded the -corresponding cyclized
5-fluoro-8H-isoquinolino[3,2-alisoquinolin-8-ones (34a-c)
upon treatment with 2N NaOH solution (Scheme 24).*°

From the mechanistic viewpoint, the authors conducted
some experimental work combined with computational
studies. KIE studies showed that C-H dissociation is not likely
the turnover-limiting step. Attempts to isolate the rhodacycle
intermediate from the reaction between the Rh(m) catalyst and

View Article Online

Review

N-OMe benzamide failed, but were successful with the isoqui-
nolinone derivative via Wang’s protocol.>® The stoichiometric
transformation of Rh complex 35 with 25 delivered the alkeny-
lation product 33a in 12% quantitative '"H NMR yield, while
the catalytic pathway furnished the same product with 50%
quantitative "H NMR yield (Scheme 25). Regarding the theore-
tical calculations executed at the density functional theory
(DFT) level (B3LYP and M11L),*® the formation of a seven-
membered rhodacycle intermediate J] was achieved after three
steps, including N-H deprotonation, C-H activation, and
olefin insertion (Scheme 26). Both N-H deprotonation and
C-H activation proceeded through a concerted metalation-

. 0
.OMe
_ .oMe R Standard conditions o~ 17 N
7 + )= 4/D4
H5/D5 | F OTs 12 min N 7 "OTs
27 25 F 28

(0.2 mmol, 1.0 equiv) (0.3 mmol, 1.5 equiv)

Parallel experiments: K,/Kp = 1.23

CsOPiv (1.0 equiv)
Ca(OH), (1.0 equiv)

1.5h

(0.075 mmol)
(1.5 equiv)

Rh Complex 35
(0.05 mmol, 1.0 equiv)
0}

NH H

MeOH (0.2 M), 70 °C,

33a, 12%

34a, 30%

Rh Complex 35 (2.5 mol%)
CsOPiv (1.0 equiv)

SO
Ph O (0.15 mmol)

32a (1.5 equiv)
(0.1 mmol, 1.0 equiv)

33a, 50% + 34a, 37%

Ca(OH), (1.0 equiv)
MeOH (0.2 M), 70 °C, 1.5 h

Scheme 25 Control experiments in Rh(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 27 with 25.

(0]
,OMe

CMD
OMe C—H activation

N—H deprotonatlon

t
. Agostip syn-coplanar
interaction _B-F elimination

Rhlll
Z ~0Ts

F
0 F OTs
25 (
N—-OMe
Rh Olefin insertion

F .”F OTs

J

0] (0]
.OM
N/OMe N e
H —_—
Pz
Z “OTs
28 F 29 F

Scheme 26 Summary of mechanistic proposal of Rh(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 27 with 25.
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deprotonation (CMD) pathway.®® Next, the olefin insertion
occurred via a transition state that has the highest activation
barrier. Natural Bond Orbital (NBO) analysis®' supported the
regioselectivity in the migratory insertion of 25 via the
B-carbon, which is highly positively charged owing to the

strong inductive effect(r) of F atoms.

Hence, the computational work points to the establishment
of an “agostic” interaction between the C-F bond and Rh

View Article Online
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center, followed by a syn-coplanar B-F elimination via a tran-
sition state with an activation Gibbs energy of AG* ~7 kcal
mol ™" and subsequently the formation of (Z)-monofluoroalk-
enes 28 as observed experimentally. While the anti-coplanar
H-bonding-assisted p-F elimination that was suggested by the
prior study®® of Loh was accomplished via a transition state
with an activation barrier of AG* = 19 kcal mol™, by 12 kcal
mol ™', a higher energy barrier than that of the cis-coplanar

Loh et al. 2017 Wang et al. 2017 -
F o5 OTs
(0.3 mmol, 1.5 equiv) (0]
R [RhCp*(CH3CN)3](SbFg), (5 mol %) NS
= H
F 38 COR CsOPiv (1.0 equiv) Z “0OTs
(0.24 mmol, 1.2 equiv) TFE (1.0 mL) F  36,86%
[RhCp*Cly], (2 mol %) 0 ; 4956, A AgSbFg (20 mol %)
. ~IS
Na,CO; (2.0 equiv) i A H CsOPiv (1.0 equiv)
|
=
DCE (1 ml), rt, 24 h H s
2 [RhCp*(CH3CN)3](SbFs), (5 mol %) N
0 (0.2 mmol) AgSbFg or AgOTf (20 mol %)  R%p N—Ts
x N/Ts (1.0 equiv) Z
RiT N CsOPiv (1.0 equiv) \) 374
ZNAcoR \ o TFE (1.0 mL) TsO
F N 60°C, 16 h Out of scope
R N—Ts
36 =
37b \
RO,C

Out of scope

Scheme 27 Rh(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 22 with 25 and 38.

0O
N—Ts
F

T=H

0 TsO Agl

P
N—Ts
\
TsO |
37a Ag o

base

Scheme 28 Proposed mechanism of a bimetallic Rh(i)/Ag(i) relay catalytic system on 22 with 25.
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Loh et al. 2017 Loh et al. 2019
F, R
F CO,R F R/OTs
1 0 38 ,eEmsssmssssasns . 8/25 (0]
R (0.12mmol, 1.2 equiv) : 0 : (02mmol, 20equiv) R NHTs
- | NTs  [RhCp*Clyl, (2 mol %) " R NHTs: [RRCp*CLL 25mol%) |l ¢
“RZ Y Na,COs 20 equ) i+ | | NaOAc(10equv) R
: "R H :
RO,C DCE (1ml), rt,24h 39 * MeOH (0.5 ml), 60 °C, 24 h R/OTs
37¢ E (0_1 mmol) E (Z)-40a-a11
Out of scope s (1.0 equiv) = 37 examples
TN Ko e, ANE 32.98%
0 0o o}
Ph Ph
7 NHTs NS Me 7 ONHTS NHTs NHTs
F F F
| I |
R X COR
(2)-40a,R=CN, 91%  (2)-40c, X = Cl, 80% (2)-40e, R = CFs, 84% (Z)-40g,R =Me, 85%  (2)-40i, 89%

5 ¥

(2)-40b, R-COgMe 81% (2)- 40d X=Br, 72% (2)-40f, R =Ms, 82% (£)-40h, R = N(Et),, 65%

7)-40j, R = CN, 75%
(z) 40K, R =COMe, 83%  (2) 40| 85%  (2)-40m, 67% 20N S5l 2400, 78%

F

NHTs ( )-40r, R = Me, 94% o)
NHTS (2)-40s, R =(Bu, 90%
NHTs (Z) -40t, R = Ph, 81% | NHTs
2)-40u, R =F, 97% F
(Z) 40v, R = Cl, 86% |
40w R =Br, 88% OTs

(2)-40p, 400/ (2)-40q, 93% 2ra0 R=CFa 75% 2,40y, 94%

o 0
X | NHTs NHTs 5 NHTs | BT
Y | F | F

Ts
OTs 2)-40a7, 92% 2)-40a8, 93% (Z)-4039, 95% “OTs
(2)-40z, X = OPh, Y = H, 47%

(Z)-40a1, X = CH,Ph, Y = H, 88%
(Z)-40a2, X = Me, Y = H, 90% NHTs NHTs
(2)-40a3, X = Me, Y = Me, 98% | £
(Z)-40a4, X = OPh, Y = Me, 63% F
(2)-40a5, X = Me, Y = OPh, 37% | |
(2)-40a10, 93% OTs (2)-40a11, 80%

(2)-40a6, X = OMe, Y = Me, 32% OTs

Scheme 29 Scope investigation in Rh(i)-catalyzed direct C(sp?)~H a-fluoroalkenylation of acrylamides 39 with 8 to create 2-fluoro-1,3-dienes
40a-all.
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one, thus giving support to the proposal of a dominant syn-
coplanar route for this type of transformation. Overall, the
migratory olefin insertion carries the highest activation barrier
(AG* = 26 kcal mol™") and is the rate-determining step in
agreement with experimental results. The authors summarized
the mechanistic proposal as displayed in Scheme 26.

After that, in May 2017, Wang and co-researchers used the
same starting materials, but N-tosylbenzamide (22) instead of
the prior one N-methoxybenzamide (27), to install the corres-
ponding (Z)-monofluoroalkene 36 via a redox-neutral Rh(im)-
based catalysis approach. Their study aimed to obtain the well-
known bioactive 3-alkylidene isoindolinone 37a (out of scope),
and this was achieved by applying a bimetallic Rh(ur)/Ag(1)
relay catalytic system. The Rh(m) catalyst catalyzed direct

Synthetic Utility:

0 DMAP (0.24 mmol, 0.3 equiv)
Ph idi i
| NHTs pyridine (8 mmol, 10.0 eq.uw)
F Boc,0 (4 mmol, 5.0 equiv)
| THF (8 mL), 60 °C, 3 h
OTs
(2)-40q

(0.8 mmol, 1.0 equiv)

Scheme 30 Synthesis of thioether 42.

Scheme 31 Proposed catalytic cycle of Rh(in)-catalyzed direct C(sp?)—H
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C(sp”)-H a-fluoroalkenylation, whereas the Ag(i) salt (AgSbF,
or AgOTf) activated the subsequent cyclization process
(Scheme 27).*! In addition, Loh’s group in the same year con-
ducted a similar reaction under very mild conditions: [4 + 1]
annulation of 22 and gem-difluoroacrylate 38 at room tempera-
ture using the [RhCp*Cl,],/Na,COj; catalytic system without Ag
salts to obtain 37b, which contains CO,R instead of the OTs
group. The reaction proceeds via a monofluoroalkene inter-
mediate, followed by a cyclization step to afford the annulation
product (Scheme 27).*?

Wang’s group proposed a reaction mechanism according to
the previous studies®® and the transformation outcomes. In
the Rh cycle, the amide DG-assisted Rh(m) species catalyzes
the C(sp®)-H activation to afford the five-membered rhodacycle

0 0
Ph NiTS PhSNa Ph N’TS
| £ Boc (1.2 mmol, 2.5 equiv) | F\BOC
| MeCN (5 mL), rt, 2 h |
OTs SPh
41, 60% 42, 45%

/RIOTs
F 8/25

a-fluoroalkenylation of 39 with 8/25.
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complex K. The n-coordination of alkene 25 generates L, fol-
lowed by a regioselective migratory alkene insertion to create
the seven-membered rhodacycle intermediate M. According to
the abovementioned study,®® a syn-coplanar B-F elimination
provides the expected (Z)-monofluoroalkene 36 with good
stereoselectivity. Hence, while the N-H group is deprotonated
by a base, the Ag(i) salt acts as a = acid, which activates the
olefin to produce the N intermediate. Next, the anti-addition to
the activated double bond results in a 5-exo cyclization to yield
O and then P. Finally, an anti-coplanar p-F elimination affords
the cyclized (Z)-stereospecific 3-alkylidene isoindolidone
product 37a (Scheme 28).

Still with Ts-secondary amide substrates, Loh’s research
group also introduced acrylamides 39 for C(sp®)-H
a-fluoroalkenylation with different gem-difluoroalkenes (8, 25,
and 38). Under the aforementioned conditions in
Scheme 23, such as Ts-benzamides, 39 with 38 form [4 + 1]
cyclization product 37c via Rh(m)-catalyzed alkenyl C(sp®)-H
activation and a two-fold C(sp’)-F cleavage strategy. With 8

View Article Online
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and 25, slight modifications in the mild conditions lead to the
formation of (1Z,3Z)-2-fluoro-1,3-dienes as (Z)-monofluoroalk-
enes 40a-all in poor to excellent yields (32-98%) with com-
plete stereoselectivity (Scheme 29).*®

As a synthetic extension of this protocol, the OTs group was
replaced by the SPh unit to form the corresponding thioether
42 in 45% isolated yield. Initially, base-promoted NH group
protection of 40q by di-t-butyl dicarbonate (Boc,O) generated
41 in 60% yield. Thereafter, treatment of 41 with sodium ben-
zenethiolate at room temperature furnished 42 (Scheme 30).*?
Mechanistically, the authors experimentally confirmed that
gem-difluoroalkenes are essential for this transformation,
where the analogues containing heavier halides (gem-dibromo-,
gem-dichloro-, and gem-bromofluoroalkenes 2) were unsuit-
able, though the specific reason was not mentioned. The
plausible mechanism matched those proposed in previous
reports.’®?’  Namely (Scheme 28), N-tosylamide-assisted
C(sp®)-H activation by Rh(m) to form rhodacycle intermediate
Q, which was followed by =n-coordination to afford R.

H R
" E [RhCp*Clo], (5 mpl%), AgNTf, (20 mol%), |
il SN . - Ca(OH), (3.0 equiv), Zn(OAc), (50 mol%) F  (2)-44a-a10
N F R TFE(2mL), 45°C, 24 h,4 AM.S. (100 mg) XNy, 36 examples
43 g Under N, R'y 80-967%
(0.2 mmol, 1 equiv) (0.3 mmol, 1.5 equiv)
CO,Me CO,Me

(2)-44a,R=H, 81%

(Z2)-44b, R = Me, 72%
(2)-44c, R = F, 68%

(2)-44d, R = Br, 60%

(2)-44e, R = Ph, 71%

(2)-44f, R = 4-FPh, 62%
(2)-44g, R = 2-Naphthyl, 63%
(Z2)-44h, R = Styryl, 53% R

(2)-44i, R = Me, 79%

F (2)-44j.R=F, 67%
(2)-44k, R = Br, 63% R

N

COzMe

(2)-441, R = Me, 30%
(2)-44m, R = F, 90%
(2)-44n, R = Cl, 92%
(2)-440, R = Br, 94%
(2)-44p, R = CF3, 74%

% (2)-44w, R = 4-OMe, 74%
« U R (2)-44x, R = 4-Me, 98%
| (2)-44y, R = 4-tBu, 97%

CO,Me

= |

|
(2)-44r, R = 4-OMe, 63%

(2)-44s, R = 4-Br, 67%

(2)-44t, R = 3-OMe, 79%
O (2)-44u, R = 3-CF3, 58%
= (2)-44v, R = 2-Me, 34%

2)-44q, 42%

Br

(2)44a6, 97%

Z)-44a7, 35% (60 oC

a’&;g

(2)-44a8, 32%

(2)-44z, R = 4-F, 75%

F (Z)-44a1, R = 4-Cl, 97%
Br- N (Z2)-44a2, R = 4-Br, 96%
= (2)-44a3, R = 3-OMe,86%
= (Z)-44a4, R = 3-Me, 90%
(Z)-44a5, R = 3-Cl, 91%

C7F1s

)-44a10, 94%

(2)-44a9, 61%
(80 °C)

(100 °C, DCE)

Scheme 32 Scope investigation in Rh(i)-catalyzed direct C(sp®)—H a-fluoroalkenylation of 43 with 8.
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Subsequent olefin insertion forms the S species, which under- Thereafter, Xingwei Li, Fen Wang, and their co-workers
goes a syn-coplanar (-F elimination to deliver 40 as a reported the first benzylic a-fluoroalkenylation also by Rh(ur)
(2)-isomer (Scheme 31). Cp*-based catalysis. This seldom direct C(sp*)-H activation

Synthetic Utility:

Scaling-up
H . [RhCp*Cly]» (3 mol%), AgNTf, (12 mol%),
Ca(OH), (3.0 equiv), Zn(OAc), (50 mol%
Br Ny . W (OH)2 ( quiv), Zn(OAc); ( 0) (2)-440, 60%
_— MeO,C F TFE (20 mL), 45°C,24h, 4 AM.S. (1.0 g)
43 2 8 Under N,
(2.0 mmol, 1 equiv) (3.0 mmol, 1.5 equiv) COsMe
Hydrogenation O

(2)-44a NaBH, (3 mmol), NiCl,.6H,0 (10 mol%) H
N

(0.2mmol)  MeOH (2 mL), DCM (1 mL), 16 h, rt O

Suzuki coupling reaction 45, 55%

PhB(OH), (0.15 mmol), Pd(PPh3)4 (5 mol%)
(2)-440
(0.1 mmol)  K,CO3 (0.2 mmol), 1,4-dioxane (0.8 mL), H,O (0.2 mL)

90 °C, 12 h, Under N,

46, 98%

Scheme 33 Synthetic applications of Rh(i)-catalyzed direct C(sp*)—H a-fluoroalkenylation of 43 to access 45 and 46.

HX HF

X = OAc or NTf,
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was conducted between 8-methylquinolines 43 and 8 via regio-
and stereoselective route to produce the corresponding (2)-
monofluoroalkenes 44a-al0 in poor to excellent yields
(30-98%) under mild and redox-neutral circumstances
(Scheme 32).** To achieve this transformation type, the best
effective conditions were [RhCp*Cl], (5 mol%), AgNTf,
(20 mol%), Ca(OH), (3.0 equiv.), and Zn(OAc), (50 mol%) in TFE
(2 mL) at 45 °C for 24 h using 100 mg of 4 A molecular sieves.
Regarding the reaction scope, coupling between 43 and 25 or per-
fluoroalkyl alkene partners was successful and exhibited the
desired products in 61% (44a9, 100 °C, DCE) and 94% (44a10,
80 °C) isolated yields, respectively (Scheme 32). As a scope limit-
ation, 2-methylquinoline and 8-ethylquinoline were found to be
unsuitable substrates for this transformation. Furthermore, the
authors demonstrated some synthetic applications, such as a
scaling up (2.0 mmol) of the 440 (60%) derivative and catalytic
hydrogenation (NaBH,/NiCl,-6H,0) of 44a to produce the corres-
ponding  1,2,3,4-tetrahydroquinoline  derivative 45 (55%).
Moreover, the Pd-catalyzed Suzuki-Miyaura coupling reaction of
organohalide 440 as a late-stage functionalization (LSF) to install
the biphenyl product 46 in excellent yield (98%) (Scheme 33).>*
Scheme 34 shows the catalytic cycle that was proposed according
to the previous studies.>*>*

Furthermore, the research work of the Xingwei Li group
(2018) described the first catalytic synthesis of (Z)-monofluoro-

Ca(OH),

View Article Online
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alkenes 48a-a6 from the nitrogenous-directed N-nitrosoaniline
substrates 47 and 8/25. This transformation is accomplished
under mild and redox-neutral conditions via the aforemen-
tioned steps, including chelation-assisted rhodacycle for-
mation, alkene regioselective insertion, and syn-coplanar p-F
elimination (Scheme 35). Optimal conditions were identified
as follows: [RhCp*Cl,], (4.0 mol%), AgBF, (16.0 mol%),
CsOPiv (1.0 equiv.), Ca(OH), (1.0 equiv.), HFIP (2 mL) at 60 °C
for 6 h under argon. The scope of both reactants was screened
(Scheme 36).*

The synthetic usefulness of the final product (48) was inves-
tigated. As a removal directing group (*DG) type,** the
N-nitroso unit was reductively removed using either pathways,
that is, Zn (2 equiv.)/NH,Cl (2 equiv.) in a mixed solvent of
MeOH : H,0 (3:1) at 45 °C or NiCl,-6 H,O (2 equiv.)/NaBH, (6
equiv.) at room temperature in THF, producing the corres-
ponding N-methylaniline derivative 49 in 68 and 75%, respect-
ively. Next, treatment of 49 with 2N NaOH (6 equiv.) in MeOH
at 70 °C provided N-methylisatin (50) in a 70% isolated yield.
Further, the versatile pseudohalide tosylate group (OTs) of 49
could be coupled with phenylboronic acid via the Suzuki-
Miyaura reaction to produce the cross-coupled product 51 in
78% isolated yield (Scheme 37).%

In 2020, five years after Loh’s study,”® Peng’s lab used the
same cationic Rh catalyst [RhCp*(MeCN);](SbFs), to catalyze

Can

RhCp*X,

Scheme 35 Proposed catalytic cycle of Rh(in)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 47.
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Scheme 36 Scope investigation in Rh(i)-catalyzed direct C(sp?)—H o-fluoroalkenylation of 47 with 8/25. [a] CsOAc (1.0 equiv.) was used instead of
CsOPiv.

Synthetic Utility: Intramolecular oxidative
Zn (0.2 mmol, 2 equiv) cyclization
NH,CI (0.2 mmol, 2 equiv) 2N NaOH (0.6 mmol, 6 equiv) @8:
e MeOH:H,0=31 N\  Me MeOH (2 mL), 70 °C
N-\© °C. 689 ' 70%
N 45 °C, 68% NH
Z>0Ts Removing of DG Suzuki coupling reaction

Z 0T
F NiCly .6H,0 (0.2 mmol, 2 equiv) OTS PhB(OH), (0.3 mmol, 3 equiv)

a8 NaBH, (0.6 mmol, 6 equiv) F Pd,(dba)s (5 mol%)
49
(0.1 mmol, 1 equiv) THF (2 mL), 1t PCys (10 mol%),
’ (0.1 mmol)  K,PO, (0.17 mmol, 1.7 equiv)

75% :
° (1 equiv) t-BuOH (2 mL), 110 °C
78%

Scheme 37 Synthetic applications of Rh(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 47 to synthesize 49—51.

the direct C(sp”)-H a-fluoroalkenylation of 2-arylquinazoli- which confirmed the syn-coplanar f-F elimination pathway
nones 52 using 25 synthon. 2-Arylquinazolinone contains an other than anti-coplanar H-bonding-assisted f-F elimination
amide-imine unit that served as a permanent DG (*DG) to (Loh’s study®’) and the impact of the oxygenated bases,
assist C(sp®)-H activation via rhodacycle key intermediate Peng and co-workers used CsOPiv, and optimal conditions
formation. Following Honggen Wang’s study findings,® were obtained after the initial investigation as follows:
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[RhCp*(MeCN);](SbFs), (5.0 mol%), CsOPiv (1.0 equiv.),
HFIP (1.5 mL), at 60 °C for 6 h under atmospheric
oxygen.>®

Scheme 38 displays the synthesis of (Z)-53a-al, the general-
ity, and substrate scope of this protocol. When the R" group at
the para or ortho positions of the 2-aryl group is EDG, the (2)-

View Article Online

Review

monofluoroalkenes are generated in good to excellent yields
(83-92%). When the R' group is an EWG at the same posi-
tions, no reaction occurs, but the reverse is correct with the
meta position (53m-p). Surprisingly, whatever the electronic
feature of the R? group of the quinazolinone ring, that is either
EDG or EWG, the desired monofluoroalkenes (53q-a1) are iso-

(0]
OT:
R0 N NH H F [RhCp*(MeCN)3](SbFg), (5.0 mol %) Fo s
LN Z * = CsOPiv (1.0 equiv) NH (2)-53a-a1
N X RZ_'
|  +R! F OTs R L 25 examples
52 = 25 HFIP (1.5 mL), 60 C,6h N | \—R1 30-92%
Under air =

(0.2 mmol, 1 equiv) (0.22 mmol, 1.1 equiv)

o OTs  (7)-53a, R=H, 83%
K (2)-53b, R = Me, 92%

. (2)-53c, R = Et, 88%
N (2)-53d, R ='Pr, 87%
R (2)-53e R=OEt 84%

(2)-53f, R = OMe, 83%
(2)-53g, R = N(Me),, 83%

(2)-53j, R = Me 35%
(2)-53k, R = OMe, 87%

(2)-53I, R = OEt, 86%  (£)-53m, R = 'V'e 30%

(

(2)-53n, R = OMe, trace

(2)-530, R =ClI, 65%

(2)-53p, R=F, 65%
OTs

Br NG

(2)-53w, R = H, 80%
(2)-53x, R = Me, 80%

(2)-53q, R = H, 88%
(2)-53r, R = Me, 84%
(2)-53s, R = OMe, 86%

O OTs (0] OTs
F F
/ —
N N
X X

(2)-53h, 0%
X=F, Cl, Br, CN, NO,
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0
0 oTs 0 oTs
MeO R cl NG
2 d NH Y NH
N — /
N N
R R

(2)-53t, R=H, 87%
(2)-53u, R = Me, 86%
(Z2)-53v, R = OMe, 83%

(0] OTs
F
NH Y

=

Me N

(2)-53y, R =H, 85%
(2)-53z, R = Me, 85%
(2)-53a1, R = OMe, 83%

Scheme 38 Scope investigation in Rh(in)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 52 with 25.

Synthetic Utility: scaling-up

Q . 0 oTs
NH H . E [RhCp*(MeCN)3](SbFg), (5.0 mol %) Fo
P —\ CsOPiv (1.0 equiv) NH
N F OTs =
HFIP (1.5 mL), 60 °C, 6 h N
52 Me 25
1189 1299 e e
1.88 g, 84%

(5 mmol, 1 equiv) (5.5 mmol, 1.1 equiv)

Scheme 39 Gram-scale synthesis of (2)-53b.
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Scheme 40 Proposed catalytic cycle of Rh(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 52.
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= . + ) . X
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(2)-
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0
F. 0
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R
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Scheme 41 Scope investigation in Rh(in)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 52 with 8.
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lated in high yields (80-88%). Of note, no cyclization products
are obtained owing to the absence of either Ag salts (removal
of AgF)*" or acidic (H")/basic (OH") conditions (removal of
TsOH),*° as indicated above. Moreover, the authors succeeded
in achieving the gram-scale synthesis of (Z)-53b (Scheme 39).

(a) H/ID exchange experiment

View Article Online

Review

As shown in Scheme 40, according to the findings of the pre-
vious studies,>* ™ the catalytic cycle of this transformation
was established.

Recently (2023), Ji and co-workers employed the same prior
substrate 52 for the direct C(sp?)-H a-fluoroalkenylation with 8

c) KIE experlments

Standard conditions

O O
NH Standard conditions tNH - BiD
— — 1
N HFIP:CD40D = 10:1 N 27% D, "H NMR
52 (2.(1:2.5 mL) D/H
(0.2 mmol, 1 equiv) [D2]-52
(b) competition experiments
F
52 + 3 Standard conditions
8 (2)-53a3 + (2)-53a6
(0.4 mmol)
(1 equiv) Me/F 1.6:1.0
(0.4 mmol)/(0.4 mmol)
(2 equiv)

g 183}

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2216205 (0.8 mmol)
(0.2 mmol)/(0.2 mmol) (2 equiv)
(1 equiv)
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C(sp?)-H activation

[RhCp*Xy]
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\&\ Ca(OH),

RhCp*FX

(0] R
COT
7
N
54

(2)-53a2

05h

(2)-53a2/53a2-D,

kulkp = 3.3, TH NMR

Scheme 42 Control mechanistic experiments of Rh(in)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 52 with 8.

Ag(l)

AgI

R base

Scheme 43 Proposed catalytic cycle of Rh(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 52 with 8.
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by [RhCp*Cl,], catalyst.’” Like in the previous occurrences,
this stereoselective transformation was also aided by DG
(amide-imine) and afforded the desired (Z)-monofluoroalkenes
(53a2—ax) in fair to very good, isolated yields (46-83%),
especially with EDGs of para- and meta-trisubstituted gem-
difluoroalkenes (8), as well as featuring good functional group
compatibility. After several optimization trials, the optimum
conditions were settled as follows: [RhCp*Cl,], (2 mol%), Ca
(OH), (1.0 equiv.), CsOAc (20 mol%), and AgNTf, (4 mol%) in
HFIP (2.0 mL) at 100 °C for 8 h (Scheme 41). Doubling the
amount of Ca(OH), (2.0 equiv.) and AgNTf, (8 mol%) led to
domino (tandem) C(sp*)-H and N-H activation (two-fold C-F
cleavage/[4 + 1] cyclization®") that furnished the corresponding
isoindolo[1,2-b]quinazolin-10(12H)-ones 54, which is beyond
the scope of this review. It is worthy of note that this catalytic

View Article Online
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procedure (C(sp®)-H activation) is similar to the prior one
(C(sp®)-H activation),>* with the replacement of Zn(OAc), by
CsOAc.

The authors conducted some control mechanistic experi-
ments. An H/D exchange by CD;OD was observed at the two
ortho-positions ([D2]-52, 27% D) of 52, demonstrating that
the C(sp®)-H activation was reversible. Like the previous
studies, the competition experiments proved that 8 with
EDGs were more efficient than their EWG counterparts
(1.6:1.0). The KIE (ku/kp, 'H NMR) value equals 3.3, indicat-
ing that the C(sp®)-H cleavage might participate in the rate-
determining step (Scheme 42).°” Besides these observations
and the literature findings,*® a catalytic cycle similar to the
above-mentioned one in Wang’s study®' was proposed and is
depicted in Scheme 43.

N
R1©f\>_H R [Ru(p-cymene)Cl,], (5 mol%) N R
“ N)\ + F>—\R Ca(OH), (2 eugiv) R ’\T /
F
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. ) = 31 examples
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N
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N F
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Scheme 44 Scope investigation in Ru(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 18 with 8.
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(a) Synthetic Uitlity: C(sp?)—H amidation
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Br

N AgNTf, (10.0 mol %)

)\ F +  TsNj TsHN /Nk [ .
N7 N 10k DCE (2.0 ml), 60 °C, 12 h N
‘\) (0.50 mmol) Under Ar v 55, 70%

(0.25 mmol, 1.0 equiv) (2.0 equiv)
(b) competition experiments

mH ~ I Q)
N /©/\||:/ Standard conditions N F
+ F3C/Me

)\N 19c : 19e
N™ //Llil Me : CF;

8
1 = Ne D s
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(1.0 equiv) (2.0 equiv)

OMe/CO,Me OMe/CO,Me

F O
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B F N
’

F
)\ 19a13 : 19a14

72 .
7N N OMe : CO,Me
18 N 8 g 53 : 1
(0.4 mmol)
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Scheme 45 Synthetic application and competition experiments of Ru(i)-catalyzed direct C(sp?—H a-fluoroalkenylation of 18 with 8.
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Scheme 46 Proposed catalytic cycle of Ru(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 18 with 8.
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3.3. C-H a-Fluoroalkenylation using Ru(i)

After Loh’s study in 2015 on o-fluoroalkenylation of
N-pyrimidinylindoles 18 by Rh(m)Cp* catalyst,> Li’s group
conducted the same work with a “Ru(u) catalysis” for the first
time ever.’® With the [Ru(p-cymene)Cl,], (5 mol%)/AgSbF;
(10 mol%)/Ca(OH), (2 equiv.) catalytic system, the desired
product was not obtained, and after several trials, the
optimum Ag-free conditions were demonstrated as follows:
[Ru(p-cymene)Cl,], (5 mol%), Ca(OH), (2 equiv.), TFE (1 mL),
stirring under argon at 100 °C for 12 h. To examine the
applicability of this Ru(u) protocol, the scopes of 18 and ole-
finic reagent 8 were investigated, and the expected products

View Article Online
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(19a11-a32 and 21o-q) were isolated with good to excellent
regio- and stereoselectivity (Scheme 44). Overall, the yield
and the stereoselectivity (Z/E ratio) are lower than those in
Loh’s procedure,” demonstrating the high efficiency of Rh
(m)Cp* catalysis. As a synthetic application, compound 19k
was subjected to LSF by treatment with sulfonyl azide (TsNj)
in the presence of the [IrCp*Cl], (2.5 mol%)/AgNTf,
(10.0 mol%) catalytic system to furnish the corresponding
C(sp®)-H amidation product 55 (70% isolated yield,
Scheme 45a). As in previous studies, competition experi-
ments indicated that electron-rich substrates (18 and 8) are
preferred and most effective (Scheme 45b). Moreover, the
mechanistic pathway was proposed based on the aforemen-

r PN
' x O, E [Ru(p-cymene)Cls], (15 mol%) r
R A N"R . _ CsOAc (0.3 mmol) i N SO g2 (2)-57a-a12
2" F R Ca(OH), (0.2 mmol) L 38 examples
~ R 43-88%
56 8  HFIP(20mL),60°C, 12h I o

(0.2 mmol, 1 equiv) (0.4 mmol, 2 equiv)

(2)-57b, R = Me, 88%
(2)-57¢, R = OMe, 76%
(2)-57d, R = OH, 81%
(2)-57e, R = Ph, 81%
(2)-57f, R=F, 83%
(2)-57g, R = Cl, 75%
(2)-57h, R = Br, 62%
(2)-57i, R = CF3, 76%

)}-57u, R=Et,R" =
(2) 57v,R=n-Pr,R' =
(Z) 57w, R =Me, R" = Et, 79%

Me, 82%

/

(z )-57t, 88%

NS
O N/O\
a9
R

7)-57a5, R = Me, 82%
(z) 57a6, R = OEt, 73%
(2)-57a7, R = Cl, 80%
(2)-57a8, R = Br, 76%

(2)-57a9, R = Me, 43%, 20 h
(2)-57a10, R = Cl, 48%, 20 h

Under air

(2)-57r, 59%, 20 h

Me, 83%

(2)-57m, R = Me, 78%
(2)-57n, R = OMe, 56%
(2)-570, R = F, 84%
(2)-57p, R = Cl, 73%

(2)-57j, R = Me, 85%
(2)-57k, R = OMe, 67%
(2)-571,R = Cl, 71%

(2)-57s, 53%, 20 h

Me
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O N Me
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(2)-57y, R = Me, 83%
(2)-572, R = tBu, 62%
(2)-57a1, R = OMe, 75%
(2)-57a2, R = Ph, 78%
(2)-57a3, R = Cl, 83%
(2)-57a4, R =1, 84%

OMe
(2)-57a12, 47%, 20 h

(2)-57a11, 65%, 20 h

Scheme 47 Scope investigation in Ru(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 56 with 8.
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tioned outcomes,’® and the Ru(i) mode is similar to the Rh
() one (Scheme 46).

In 2020, an article also from Ji’s lab illustrates the usage of
the same prior Ru(n) catalyst for direct C(sp®)-H
a-fluoroalkenylation of arene-containing oxime ethers 56 (as a
removal ortho-directing group, “"DG) with 8 to exhibit the

Synthetic Uitlity

View Article Online

Review

expected monofluoroalkenes 57 and subsequent
a-fluoroalkenylated acetophenones 58 after removing the
oximyl ether DG.*° Additionally, this approach proceeds via
C(sp®)-H functionalization and alkenyl C(sp*)-F cleavage in a
(2)-stereoselective manner with good functional group toler-
ance. The authors attempted to use [RhCp*Cl,], and Pd(OAc),

(a) synthesis of a-fluoroalkenylated acetophenone

Me
HCI (1 mL, 12 M)
DCM (2 mL) O 0
100 °C, 24 h = O
F
2ia y 58, 67°% o
(0.2 mmol) ' °

(b) scaling-up

[Ru(p-cymene)Cl,], (15 mol%)
CsOAc (12 mmol, 1.5 equiv)

Me
F
NPLON
N"""Me |, /@/\r
F
Br
H 56 8

(8 mmol, 1 equiv) (16 mmol, 2 equiv)

Ca(OH), (8 mmol, 1.0 equiv)
HFIP (50 mL), 60 °C, 12 h

57a F
81% (2.25 g)

Under air

Scheme 48 Chemical synthesis of acetophenone derivative 58 and gram-scale formation of 57a.

Me

NN F  Standard conditions
N~ "Me =
+ F F3C/Me
Br

F3;C/Me H
56 8 57b : 57i Br
(0.25 mmol)/(0.25 mmol) (1.0 mmol) Me : CF3
(1 equiv) (2 equiv) 61% : 23%
Me Me 27 : 1
NUPON F
N""Me , m Standard conditions
F
H Cl/iMe
56 8
(0.5 mmol) (0.5 mmol)/(0.5 mmol) 57y : 57a3
(1 equiv) (2 equiv) Me : Cl
46% : 29%
16 : 1

Me
~ _O. X" Standard conditions
DyHs—t | N Mes
ST U = Br F 0.5h
56/56-D5 8
(0.2 mmol)/(0.2 mmol) (0.8 mn_10|)
(1 equiv) (2 equiv)

57al57a-Ds

18% isolated yield
kH/kD =2.33

Scheme 49 Competition experiments of Ru(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 56 with 8.
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as catalysts, respectively, but the expected product did not
form. Next, they used the diamagnetic dimer [Ru(p-cymene)
Cl;],, and after several tests, they reached the optimal con-
ditions as follows: catalyst (15 mol%), Ca(OH), (0.2 mmol),
and CsOAc (0.3 mmol) in HFIP (2.0 mL) at 60 °C for 12 h.
Under these conditions, the substrate scopes of 56 and 8 were
investigated (Scheme 47). Like the previous protocols, para-
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and meta-substituted substrates are more favorable than their
ortho counterparts, proving the importance of the substituent
steric effect. Changes in the alkyl group of the oximyl ether are
also tolerated in this transformation, and their products were
isolated in good yields (57t-w, 79-88%).

Synthetic applications of this protocol were demonstrated
by the authors, where acetophenone derivative 58 was obtained

Me Me
NPLON
N~ Me NaOAc (0.24 mmol) \N—O
+ [Ru(p-cymene)Cl,], RG \M
H 56 MeOH (4.0 mL),100 °C, 16 h e
(0.2 mmol) (0.2 mmol) é
(1 equiv) (1 equiv)
F CsOAc (0.075 mmol) 59, 53%
59 . = Ca(OH), (0.05 mmol)
F 57a, 88%
Br 8 HFIP (1.0 mL), 60 °C,
12 h
(0.05 mmol) (0.1 mmol)
(1 equiv) (2 equiv) Ru complex 59
CsOAc (15 mol%)
Ca(OH), (0.1 mmol)
%6 ¥ 8 HFIP (1.0 mL), 60 °C °re
LU mL), : 59 (15 mol%) 80%
(0.1 mmol) (0-2 mmol) 12h 59 (5 molty 43%
(1 equiv) (2 equiv)

Scheme 50 Synthesis and a-fluoroalkenylation of intermediate Ru complex 59.

HF

HCI

[RuCl,L]

OMe
_1 Regioselective N
RU~C| migratory ,
37 D) R ‘wn/ RIU‘L )
Fg H R cl
F R

Scheme 51 Proposed catalytic cycle of Ru(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 56.
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in 67% isolated yield via the removal of the DG by acidic hydro-
lysis with HCI (12 M) in DCM at 100 °C. In addition, gram-scale
synthesis of 57a was achieved, as illustrated in Scheme 48. Most
importantly, several control experiments were performed to
support the proposed mechanism (Scheme 49). Firstly, the inter-
molecular kinetic competition experiments of electronically
biased 56 and 8 indicated that the EDG on both reactants facili-
tated the transformation. Secondly, KIE experiments of 56 and
56-D; with two equivalents of 8 afforded 57a/57a-Ds with a ku/kp
value of 2.33 ("H NMR), suggesting that the activation of the
C(sp®)-H bond could be rate-determining. Finally, the isolation of
cyclometallated Ru complex 59 (Scheme 50) and its successful
usage in stoichiometric and catalytic reactions confirm its active
role in the catalytic cycle (Scheme 51), which is similar to the pre-

[CoCp*(CH3CN)3](SbFe), (5 mol%)

View Article Online

Review

3.4. C-H a-Fluoroalkenylation using Co(u)Cp*

Before their work on the direct C(sp*?)-H a-fluoroalkenylation
of heteroarenes by Rh(m)Cp* and Ru(u) catalysts in 2017 and
2018,%93%3538 in 2016 the Li research group?® tried to use Co
(m)Cp*-based catalysis for conducting the same reaction as a
low-cost alternative to Loh’s procedure with Rh(ur) in 2015.>°
In their preliminary investigation, they used 10 mol% of
[CoCp*(CO)L,]**** and 20 mol% of AgNTf in TFE solvent
(1.5 mL) at 80 °C in the presence of an additive, mostly Ca
salts. The desired monofluoroalkenes were obtained in
61-95% isolated yield, but with poor stereoselectivity (Z/E ratio
= 1.6-3.7/1, "°F NMR). Among the employed HF scavenger Ca
salts, Ca(OH), was the best choice and was mostly used after
that in similar studies as shown above. Moreover, they

vious one.>®
X
R1©\/\>—H F:
7 N . —
F R

{ Ca(OH), (2.0 equiv) T
. N F (Z2)-19a33-a42
N
.8 N\/\) 8 TFE (3mL), 45 °C, 24 h |- (2)21r-v
— Under N, N\\) 37 examples
= 30-99%

(0.2 mmol, 1 equiv) (0.24 mmol, 1.2 equiv)

Unreported examples (15) in the previous protocols

oY

N

A\

(2)-19a33,
(2)-19a34,

OBn, 94%
Br, 90%

R
R

72
N \\)
(2)-19a36, R = CO,Me, 83%
(2)-19a37, R = Cl, 97%

o0 )
N F R

(2)-19a40, R = OMe, 99%
(2)-19a41, R = CF3, 71%

Br
R O o O o O \_// O
O y r O \__/ MeO,C N F
- N F )\N
SN

)

(2)-19a35, R = Cl, 91%

/ O Br Br
F

(Z)-19a42, 89%,
PivOH (2.0 equiv)
was added

(2)-21t, 77%

(2)-21u, 47%

(2)-21s, 95%, 25 °C

(2)-21r, 71%, 25 °C

(2)-21v, 65%

Scheme 52 Scope investigation in Co(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 18/21 by 8.
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switched to the cobalt analogue of [RhCp*(CH;CN);](SbFe),, Ca(OH), (2.0 equiv.) in TFE (3 mL) at 45 °C for 24 h, improving
which was utilized in Loh’s study.”® The optimal conditions the isolated yields and enhancing the stereoselectivity (Z/E >
were settled as follows: [CoCp*(CH;3CN);](SbFg), (5 mol%) and  20/1). As in Loh’s protocol,>® 18 was chosen as a model sub-

NH
F [CoCp*(CH3CN)3](SbFg), (10 mol%)
CN
@OH N F>‘—\— . Ca(OH), (2.0 equiv)
H TFE (3mL), 70 °C, 24 h Z "R e1a-f
60 8 Underid F 6 examples
(0.2 mmol, 1 equiv) (0.24 mmol, 1.2 equiv) 2 70-78%

¢ CC 3
“C a0 OO
F
g Br F Cl

OMe
(2)-61a, 75% 61b, 78%, (Z/E = 15:1, 1°F NMR) 61c, 75%, (Z/E = 10:1)
O W‘%O\ 2006
F
F OMe 3

61d, 72%, (ZE =12:1) (Z)-61e, 70% (Z)-61f, 7%

Scheme 53 Scope of 60 in Coli)-catalyzed direct C(sp?)—H a-fluoroalkenylation with 8.
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AN H F [CoCp*(CH3CN)3](SbFg), (3 mol%) O Br
S . N—/
N Ca(OH), (2.0 equiv)
N F N F @9
NN B TFE, 50 °C, 24 h SN
18 \ 8 , %
— amount of TFE was not mentioned. N\\) 1.879, 96%
(5 mmol, 1 equiv) (6 mmol, 1.2 equiv) =
(b) KIE measurements of the reaction
E Side-by-side experiment
= ' | o
| :
N AN Ny T [CoCp*(CHyCN)sI(SbFe), (5 mol%) /D
H: D D F Ca(OH), (2.0 equiv)
' Br
| 8 TFE (1.5 mL), 25 °C, 40 min H/D
' D D (0.12 mmol, 1.2 equiv) H/D
20 D 20-Dg for each tube kylkp = 1.7 21p/21p-D;

(0.1 mmol, 1 equiv)
(c) Competitive Experiment

N L)
©f,\>_ . T [CoCP*(CHICN)3](SbFg), (5 mol%) O i

m Ca(OH), (2.0 equiv) N F
N)\’;‘ MeO,C/MeO -
\Q) TFE (3 mL), 45°C,8 h N7\
18 8 —_ ) 19b/19f
(0.2 mmol)  (0.24 mmol)/(0.24 mmol) OMe/CO,Me = 2.9:1
(1 equiv) (1.2 equiv)

Scheme 54 Gram-scale synthesis of 19k, KIE, and competitive experiments of Co(in)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 18/20 with
8.
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CoCp*FX CoCp*Xy

Scheme 55 Proposed catalytic cycle of Co(in)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 18.

R
R1:_\ Ny R [CoCp*(COI] (2.5 mol%) s W
Z N " F>—\R K2CO3 (1.0 equiv) Z>N F

20 7N\ 8 TFE (0.5 mL), 25 °C, 20 h /N (2 2tw-at2
= Under N, — 16 examples
(0.5 mmol, 1 equiv) (0.75 mmol, 1.5 equiv) 84-99%

R
N F N F N F R
N N

21w, R = H, 98%, (Z/E > 99:1)l8] 21z, R = OMe, 98%, (Z/E = 96:4)
21x, R = OMe, 87%, (Z/E = 99:1) g:a; R = Me, 94;@ (ZE = 98:2)
21V R = 5 . a2, R = Ph, 87%, (Z/E = 96:4)
V. R=F, 92%, (ZE>991) 5123 R=F 93%, (ZE = 99:1)
21a4, R = Cl, 89%, (Z/E = 97:3)

R
® s
Y oS o
N F

21a8, R = OMe, 85%, (Z/E = 91:9) 21a12, 99%, (Z/E = 90:10)
21a9, R = OEt, 87%, (ZE=937)  21al11,96%, (Z/E = 96:4)
21a10, R = F, 95%, (Z/E > 99:1)

21a5, R = OMe, 97%, (Z/E = 96:4)
21a6, R = Me, 84%, (Z/E = 96:4)
21a7, R = Br, 94%, (Z/E = 92:8)

meoN

Scheme 56 Scope investigation in Co(in)-catalyzed direct C(sp?)—H a-fluoroalkenylation of N-pyridinylindoles (20) with 8.
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strate, and the study was also extended to other nitrogenous-
directed substrates. The scope of 18 and 8 to access the corres-
ponding (Z)-monofluoroalkenes (19a33-a42) was investigated
(Scheme 52). The scope of the other heteroarenes (20 afforded
21r-v) that are assisted by pyridine, pyrimidine, or pyrazole is
also demonstrated. Under the conditions of this procedure,
substrate-based ethyl benzimidates 60 % afforded the corres-
ponding benzonitrile monofluoroalkenes 61a-f in good yields
(Scheme 53), demonstrating the carboximidate unit as a trans-
formable transient directing group ("DG).®*®® As shown in
Scheme 54, the authors achieved the gram-scale synthesis of
19k and the KIE experiment (ky/kp = 1.7 'H NMR, 20/20-D;
gave 21p/21p-Ds), which indicated the C-H activation step is
not the rate-determining step in agreement with their afore-
mentioned experimental and theoretical studies on gem-
difluorovinyl tosylate (25) and N-OMe benzamides 27.>° The
Co(ur)Cp* catalytic cycle is also similar to the previous Rh(u)
Cp* and Ru(n) ones (Scheme 55).

One year later, Ackermann et al reported the first
sustainable room-temperature direct C(sp®)-H a-fluoro-
alkenylation of N-pyridinylindoles 20 (as 2-heteroaryl pyri-
dines) by 8, employing a low catalyst loading of [CoCp*(CO)
I,] and mild base (K,CO;). Optimization studies of this
silver-free transformation generated the optimum conditions
as follows: [Co(ui)] (2.5 mol%), K,CO; (1.0 equiv.), and TFE
solvent (0.5 mL) at 25 °C for 20 h under nitrogen atmo-
sphere to afford the expected monofluoroalkenes 21w-a12 in

View Article Online
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high to excellent yields (Scheme 56) with a Z/E ratio
between 90:10 and 99:1. The stereoselectivity findings were
confirmed by computational studies that indicated the (Z)-

R’l
N
TV —
[ColXoLn E
R X =For SbFg L >_
F R
8

Scheme 58 Proposed catalytic cycle of Co(in)-catalyzed direct C(sp?)—
H a-fluoroalkenylation of 62.

R1
[CoCp*(CH3CN)3](SbFg), (5 mol%) N/>
HFIP (2 mL), 80 °C, 12 h
Under Ar +—R? e
12 examples
39-92%
/Bn
N N>
V,
Ph N
COzMe

(2)-63h, 39%

(2)-63a, R = H, 85%
(2)-63b, R = Me, 92%

(2)-63e, R = H, 89%
(2)-63f, R = tBu, 88%

(2)-63c, R = OMe, 87% (2)-63g, R = CO,Me, 46% /P
(2)-63d, R = COMe, 47% JPr N N
N »
N

/

N> (2)-63i, R = OMe, 49%
(2)-63j, R = CO,Me, 87%
(2)-63k, R = Br, 59%

(2)-631, 86%

Scheme 57 Scope investigation in Co(i)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 62 with 8.
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[MnBr(CO)s] (10 mol%) R
NaOAc (20 mol% R1W
K2CO3 (1.0 equiv) Z~N E

8 1,4-dioxane (0.5 mL), 100 °C, 20 h /N

Under N, —

21a13-a16
9 examples
(0.5 mmol, 1.00 equiv) (1.5 mmol, 3.00 equiv) 58-92%

Unreported examples (4) in the previous protocols

21a14, 92%, (Z/E = 92:8)

21a13, 90%, (Z/E = 96:4) 21a15, 61%, (ZE = 82:18) 21a16, 58%, (Z/E = 78:22)

Scheme 59 Scope investigation in Mn()-catalyzed direct C(sp?)-H a-fluoroalkenylation of 20 with 8.
R
A \ Mn5(CO)10 (10 mol%)
Pk SR
R
Z>N  F

K»COj3 (50 mol%)
KPFg (50 mol%

19a43-a61
\\) s Hexane (1.5 mL), 140 °C, 15 h N)\N 21a17-a23
Under Ar \\) 36 examples
(0.15 mmol) (0.3 mmol) = 23-92%
(1.00 equiv) (2.00 equiv)

Unreported examples (26) in the previous protocols

R Ar
oY
N\ ‘ F 2 S
2-pyrim pyrim 19a47, R = OMe, 80%, (E/Z = 69:31)

19a43, R = Me, 75%, (E/Z=72:28)  19a45 R = Me, 82%, (E/Z=74:26) 19a48, R = F, 65%, (E/Z = 69:31)
19a44, R = OMe, 92%, (E/Z=70:30) 19246, R = OMe, 61%, (E/Z =73:27) 19a49, R = Br, 71%, (E/Z = 69:31)

Ar Ar Ar
R
N F N F N F
2-pyrim 2-pyrim Me 2-Pyrim
19a50, R = CI, 60%, (E/Z = 70:30) 19a52, R = F, 60%, (E/Z = 72:28)

19a51, R = CO,Me, 55%, (E/Z = 68:32) 19a53, R = Br, 62%, (E/Z =70:30)
19a54, R = CO,Me, 60%, (E/Z = 67:33)

Ar = 4-CO,MePh

Ar
Ar y
T jond
N . R N F

2-}oyrim

19a55, 70%, (E/Z = 72:28)
Ph,oN

MeQ  OMe 0
Me Ar @
e}
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2N‘ m ©E\>—/} N @EQ
-pyrim N F

N F N F
\ \ 2-pyr|m

19a56, 59%, (E/Z = 66:34) 2-pyrim 2-pyrim

19a57, 84%, (E/Z = 27:73)

19a58, 75%, (E/Z = 35:65) 19a59, 82%, (E/Z = 53:47)

MeO C@ Other 2-heteroaryl
pyridine/pyrimidines

// X /
N\ \_7 MeOT \ 21a17, R = 4-OMe, 60%
N N F 21a18, R = 5-OMe, 63%
2-pyrlm 2-pyrim )N 21a19, R=6-OMe, 69%
19260, 579 =20: 0 - 70- \ all (E/Z = 68:32)
260, 57%, (E/Z=29:71)  19a61, 56%, (E/Z = 70:30) —
B Ar Ar Ar A Ar
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21a20, 39/31%, (E/Z = 75:25)

21a21, 34%, (E/Z = 71:29) 21a22, 23%, (E/Z = 65:35) 21a23, 38%, (E/Z = 40:60)

Scheme 60 Scope investigation in Mn(0)-catalyzed direct C(sp?)-H a-fluoroalkenylation of 18/20 with 8.
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selective route is energetically favored owing to steric repul-
sion in the E counterpart.*’

In 2018, fluoroalkenylation this time came from Hokkaido
University, Japan, where the Matsunaga research group*” used
the same Co(m) catalyst as the Xingwei Li study,*® but via Loh’s
methodology, base- and additive-free. They performed direct
C(sp®)-H a-fluoroalkenylation of bioactive®” and versatile sub-
strate-containing *DG®* 6-arylpurines 62 using 8 in a high (2)-

F
o
N + F

N

(a)

18N

L

8 CO,Me

(0.5 mmol, 1.00 equiv) (1.5 mmol, 3.00 equiv)

(b) 18 + 8

(0.5 mmol, 1.00 equiv) (1.5 mmol, 3.00 equiv)

Ackermann’s reaction condition
ACS Catal. 2017, 7, 4209.

() 18 + 8

(0.5 mmol, 1.00 equiv) (1.5 mmol, 3.00 equiv)

(d) 18 + 8

(0.5 mmol, 1.00 equiv) (1.5 mmol, 3.00 equiv)

(e) 18 + 8

(0.15 mmol, 1.00 equiv) (0.3 mmol, 2.00 equiv)

() 18 + 8

(0.15 mmol, 1.00 equiv) (0.3 mmol, 2.00 equiv)
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stereoselective manner. The optimization stage was conducted
on the model N-isopropyl-6-phenylpurine 62 with 8, and the
result showed that the single-component [CoCp*(CH;CN);]
(SbFe), (5 mol%, 95%) was better than the CoCp*(CO)I,
(5 mol%)/AgSbFs (10 mol%, 81%) catalytic system in the
optimal alcoholic solvent HFIP (0.5 mL) at 80 °C. Scheme 57
shows the obtained products 63a-1 in moderate to good yields,
and Scheme 58 displays the catalytic cycle.

MeO,C
[Mn»(CO)1¢] (5 mol%) @
NaOAc (20 mol%
K>CO3 (1.0 equiv)

1,4-dioxane (0.5 mL), 100 °C, 20 h
Under N,

20% (E/Z 8/92)

[MNnBr(CO)s] (10 mol%)
NaOAc (20 mol%
K>COj3 (1.0 equiv)

19f

1,4-dioxane (0.5 mL), 100 °C, 20 h 28% (E/Z 8/92)

Under N,

[Mn3(CO)1] (5 mol%)
NaOAc (20 mol%
KoCO3 (1.0 equiv)

19f

Hexane (0.5 mL), 100 °C, 20 h

Under N, 19% (E/Z 36/64)

[MnBr(CO)s] (10 mol%)
NaOAc (20 mol%
K>CO3 (1.0 equiv)

19f
Hexane (0.5mL), 100°C,20h 500, 7 3g/60)

Under N,

[Mny(CO)10] (10 mol%)
NaOAc (20 mol%
K>CO3 (50 mol%)

19f

Hexane (1.5 mL), 140 °C, 15 h 43% (EIZ 75/25)

Under N»

[Mny(CO)10] (10 mol%)
NaOAc (20 mol%
K>CO3 (50 mol%)

no reaction
1,4-dioxane (1.5 mL), 140 °C, 15 h

Under N,

Scheme 61 Study of the E/Z selectivity of 19f in Mn(0)-catalyzed direct C(sp?)—H a-fluoroalkenylation of 18 with 8.
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NCI F X 64 PhSiH; (6.0 equiv) el NI
o
F
X=C,N,0, S EtOH (2.0 mL), 60T ,18 h 7 (2)-65a-a7
(0.4 mmol, 1.0 equiv) (1.2 mmol, 3.0 equiv) Under air 33 examples, 20-88%
Me. H  (2)-65a, R = OAc, 62% Me. Me (2)-65f, R = OTMS, 48%
g (2)85b, R=0Ph, 86% R (2)-65g, R = nBu, 60%
(2)-65¢, R = SPh, 43% (2)-65h, R = Et, 72%
NC F (2)-65d, R = Bn, 35% NG F (2)-65i, R = CH,0H, 60%
(2)-65e, R = NHCbz, 60% (2)-65j, R = (CH,),0H, 57%
TMSO Me ’ o/ﬁ
NC N N N ©
F F
NC F NC
(2)-651, 51% (2)-65m, 68%
Cbz,
Me
X
F
F NC (2)-65r, R = CI, 44%
(2)-65p, 62% (2)-65q, 47% (2)-65s, R = Br, 55%
2)-85t R = CN, 88% (2)-65a2, R = CN, 75%
Z)-65u, R = CO,Me, 67% H (2)-65a3, R = CF3, 67%
7)-65v, R = CF3, 77% R X 0  (2)-65a4, R = Cl, 59%
7)-65w, R = Ph, 34% E (Z2)-65a5, R = CO,Me, 61%
. - i o (Z2)-65a6, R = Br, 51%
z; 65x, R = CONH'Pr, 69% (7)65a7 R~ F 46%
)_
)_

Z)-65a1, R = SMe, 30%

Scheme 62 Scope investigation in Fe(i)-catalyzed direct alkenyl C(sp?®)—H «-hydrofluoroalkenylation of olefins (64) with 8.

Labeling studies

>99% D incorporation —
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PhSiD3 (6.0 equiv)
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(a) /@/\( + ||\/>
NC F °©
8 64
(0.4 mmol, 1.0 equiv) (1.2 mmol, 3.0 equiv)
(b)

EtOH (2.0 mL), 60C ,18 h

Under air
65t-D, 72%
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Fe(dibm)s (10 mol %)
PhSiH; (6.0 equiv)
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(0.4 mmol, 1.0 equiv) (1.2 mmol, 3.0 equiv)

Radical inhibition experiments

N

(©)

EtOD/CD;CD,0D (2.0 mL),
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65t

EtOD/CD5CD,0D: 70/68
Fe(dibm); (10 mol %)
PhSiH; (6.0 equiv)

)
64
(0.6 mmol, 3.0 equiv)
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(0.2 mmol, 1.0 equiv)

Radical clock experiment

EtOH (1.0 mL),60C ,18 h
Under air
TEMPO (0.6 mmol, 3.0 equiv)

65t, 0%
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Fe(dibm); (10 mol %)
PhSiH3 (6.0 equiv)
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(0.4 mmol, 1.0 equiv) (1.2 mmol, 3.0 equiv)
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NC F
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Scheme 63 Mechanistic studies of Fe(i)-catalyzed direct alkenyl C(sp?)—H o-hydrofluoroalkenylation of 64.
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3.5. C-H a-Fluoroalkenylation using Mn(0/1)

In May 2017, Ackermann et al. published a study that mimicked
the previous one,”* but with a manganese(i)-based catalyst.*> Mn
(1)-Catalyzed direct C(sp*)-H a-fluoroalkenylation of 20 by 8 to
afford the corresponding monofluoroalkenes 21a13-a16 under
these optimum conditions: [MnBr(CO)s] (10 mol%), NaOAc
(20 mol%, an additive), K,CO; (1.0 equiv.) and 1,4-dioxane
solvent (0.5 mL) at 100 °C for 20 h. The desired products were
installed in moderate to high yields (Scheme 59) with a Z/E ratio
between 78:22 and 96:4, proving the robustness of the Co(m)
protocol*! in contrast with this one.

In contrast to the previous documented approaches that
always showed the monofluoroalkenes in thermodynamically
stable (Z)-stereoselectivity, in July 2017, a paper from Loh’s lab
described a redox-neutral direct C(sp®)-H a-fluoroalkenylation
protocol to access mostly the E counterpart as the major pro-
ducts using an Mn(0)-based catalyst.** The scope of 18/20 and
8 (Scheme 60) was investigated under the following optimal
conditions: Mn,(CO);, (10 mol%), K,CO; base (50 mol%), and
KPF, additive (50 mol%) in hexane (1.5 mL) at 140 °C for 15 h.

Fe(lll)/PhSiH;
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When this transformation was performed by the prior
Ackermann’s method*® with either [MnBr(CO);] (10 mol%) or
[Mn,(CO)y0] (5 mol%), the (Z)-isomer was always the major
product (92%) (Scheme 61a and b). Under the same con-
ditions, albeit with hexane instead of 1,4-dioxane, the (E)-
isomer percentage increased to 36-38% (Scheme 61c and d).
Additionally, applying Ackermann’s protocol,*® albeit with a
Mn(0) catalyst and a catalytic amount of K,CO; (50 mol%) at
140 °C for 15 h (mix between Mn protocols) in hexane pro-
vided the desired product with 43% isolated yield and an E/Z
ratio of 75/25, while the reaction carried out in 1,4-dioxane
gave no product (Scheme 61e and f), proving the key role of
the solvent for the unusual E/Z selectivity in Loh’s protocol.**

3.6. C-H a-Fluoroalkenylation using Fe(i)

In 2018, Wang et al.’s paper documented the synthesis of alkyl-
ated monofluoroalkenes via a hydrofluoroalkenylation reac-
tion, which was enabled by the Fe(u)/PhSiH; -catalytic
system.*> This approach was a combination of the Fe(um)/
PhSiH;-catalyzed hydrogen atom transfer (HAT) with the

% .
X 64 ' R;\Fr

X=C,N, 0,8
Fe''H-L,
Fe'-L, R F

X
F

H 8 F ° 7
- . R%'
°7) ) FF oy
X

Fe'-L,

-
Rﬂ/lx
F

65
B-F elimination

Fe'lH-L,

e Xy
—>R ,/

—_— >
FF oy

Scheme 64 Proposed mechanistic pathway of Fe(in)-catalyzed direct alkenyl C(sp?)—H a-hydrofluoroalkenylation of 64.
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NC

65a (0.34 mmol, 1 equiv)

TMSN; (0.08 mL, 30 C.6h

N3 0.6 mmol, 1.2 equiv)

AcCl (2.72 mmol, 8 equiv)

EtOH (2.0 mL)

X “Me CU(OTH) (20 MOl %) - <= - --mmmm e memmemen [Cu(QTf); (20 mol %) NN
NGO F DCM, 30 °C,6h ! OH | DCM(1.0mL), NC 3
69, 50% 3 N Ml 0TC1eh 71,61%
O MnO,(272mmol, NC 2 {PPh; (20.6 mg, 1.5 equiv) Br
N 10.0 equiv) ! 68, 62% ' CBr4 (26 mg, 1.5 equiv) SN Me
Me ! (0.1 mmol/0.05 mmol) ! L
NG F DCMO(O.S mL), ¢ (1 equiv) ; DCM°(1 ombL), e
70, 80% 30°C,6h W ‘ro-memmtomeomtmemee 25°C,2h 72, 58%

Scheme 65 Synthetic applications of a-hydrofluoroalkenylation product 65a to synthesize 68-72.
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defluorinative cross-coupling strategy of various alkenes with
8. The authors hypothesized that the reaction proceeds
through a free radical-based process with excellent (Z)-selecti-
vity under air- and water-tolerant reaction conditions. Vinyl
acetate and 4-cyano-gem-difluoroalkene 8 were employed for
the model reaction, and the optimal conditions were obtained
as follows: Fe(dibm); (10 mol%, dibm = diisobutyrylmethane)
as a catalyst, and PhSiH; (6.0 equiv.) as a hydrogen source in
EtOH (2.0 mL) at 60 °C for 18 h under atmospheric conditions.
Under the optimized conditions, a variety of alkenes, including
vinyl ester, aryl vinyl ether, silyl enol ethers, endocyclic enol
ethers, enecarbamates, vinyl thioether, and 1,1-disubstituted
olefins, were efficiently tolerated and furnished the corres-
ponding products (Z)-65a-a7 in 20-88% isolated yields
(Scheme 62).*°

In addition, the authors performed some control experi-
ments to gain more mechanistic insights into this transform-
ation type, where they used PhSiDj; instead of PhSiH;, a deute-
rated adduct 65t-D was obtained (Scheme 63a),*” and when
EtOH was changed to the deuterated analogues (EtOD or
CD;CD,O0D), the deuterium was not detected (Scheme 63b),*

View Article Online
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suggesting that PhSiH; is the sole source of hydrogen.
Regarding the free radical as a hypothetical pathway, the reac-
tion was completely inhibited when (2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl (TEMPO) was utilized as a radical scavenger
(Scheme 63c).”> Moreover, when N,N-diallyl-4-methyl-
benzenesulfonamide 66 was employed as a coupling partner,
the corresponding cyclized monofluoroalkene 67 was formed
(Scheme 63d).*> All these observations supported the depicted
mechanism in Scheme 64,** which illustrates two main stages,
including HAT and B-F elimination rather than protonation by
solvent, as reported in the literature.®®*”" As a synthetic utility
of this protocol, compound 65a was converted to the corres-
ponding 2-fluoroallylic alcohol 68 via the acidic hydrolysis of
the acetyl group. Next, LSF of the OH group afforded some
useful, structurally diverse fluorine-containing molecules
(69-72) (Scheme 65).*

3.7. C-H a-Fluoroalkenylation using Cr(m)

Recently (2023), Zeng et al. reported the first synthesis of
diarylmethylated monofluoroalkenes 75a-ax in good yields
using CrCl; as catalyst at room temperature.*® This catalytic

D CrCl3 (10 mol%) R A\ Ph
>—\ . PhMgBr _—
THF (1 mL), 1t, 12 h F  Ph
75a-z
1.2 L
(0.4 mmol) (0.48 mmol) 10M ::THF 26 examples
(1 0 equiv) (1.2 equiv) (1.2 mmol) 51-95%
N 75a, R = H, 86% (E/Z = 54:46) ~ major: (E)-isomer OMe MeO
R 75b, R = 4-Me, 76% (E/Z = 72:28)
Ph  75c, R = 4-OMe, 91% (E/Z = 84:16)
“~ 75d, R = 3-OMe, 85% (E/Z = 77:23) MeO Ph MeO Ph
Ph 75e, R = 2-OMe, 91% (E/Z = 65:35) “ NAph
F 75f, R = 4-iPr, 71% (E/Z = 79:21) Ph
759, R = 4-tBu, 88% (E/Z = 72:28) F F

75h, R = 4-NMe,, 89% (E/Z = 90:10)

75i, R = 4-morpholinyl, 74% (E/Z = 97:3)

75], 89% (E/Z = 89:11) 75K, 82% (E/Z = 84:16)

Cl Ph

major: (Z)-isomer

et

s

751, 77% (E/Z = 56:44)

WW

75u, 87% (E/Z = 4:96)

75y, 84% (E/Z = 14:86)

75v, 82% (E/Z = 8:92)
Ph

75m, R = 4-Cl, 92% (E/Z = 26:74)

75n, R = 3-Cl, 89% (E/Z = 17:83) Ny~ “Ph
750, R = 4-Br, 72% (E/Z = 19:81) F

75p, R = 4-OCF,, 82% (E/Z = 23:77) Cl

750, R = 4-CF3, 85% (E/Z = 6:94)
75r, R = 4-SMe, 93% (E/Z = 18:82)
75s, R = 4-Ph, 95% (E/Z = 25:75)

75t, 82% (E/Z = 4:96)

75w, 91% (E/Z = 22:78)

@Mﬁ

75z, 51% (E/Z = 2:98)

75x, 81% (E/Z = 19:81)

Scheme 66 Substrate scope of 8 in Cr(i)-catalyzed direct C(sp®)~H/C-O a-fluoroalkenylation reaction.
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transformation was conducted via a step-economy three-com-
ponent defluorinative cross-coupling of 8 with benzyl 2-pyridi-
nyl ethers 73 and aryl Grignard reagents 74 in good to excel-
lent chemo- and stereoselectivities. The reaction proceeded via
the merging of C-F and C(sp®)-H/C-O activation. The authors
tested several alternative metal salts (CrCl,, Cr(acac)s, CoCl,,
NiCl,, and FeCl,), but CrCl; proved the most effective, and
optimal conditions were settled as follows: 8 (0.48 mmol), 73
(0.4 mmol), 74 (1.2 mmol), CrCl; (0.04 mmol, 10 mol%), and
THF (1 mL) at room temperature for 12 h. Schemes 66-68
show the substrate scope of the three-component reactants.
The ratio of E/Z stereoselectivity was determined by GC ana-
lysis. Obviously, the stereoselectivity of 75a-a26 depends pre-
dominantly on the electronic profile of the substituents on the
aromatic ring of the fluorinated synthons 8, where the EDGs
afforded thermodynamically unfavorable (E)-isomer as a major

View Article Online
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one, and vice versa. Though the reason for (E)-isomer selecti-
vity is not mentioned and, at present, is not clear yet.

The gram-scale synthesis of 75¢ and 75t is depicted in
Scheme 69.*® The authors also exhibited a plausible mecha-
nism, which needed further experimental and theoretical
studies. Initially, Grignard reagent 74 reduced the pre-catalyst
CrCl; to produce an active low-valent Cr (L,Cr), probably by
reductive elimination. Benzylic C-O activation produced the
intermediate T. Next, deprotonation by 74 afforded the bimeta-
lated complex U, which was followed by transmetallation with
74 to yield V. Removing MgBr, by breaking the four-membered
ring afforded the C-C coupling intermediate W.
n-Coordination of olefin 8 with W yielded X, followed by
migratory insertion to install Y. Finally, p-F elimination of Y
exhibited the desired three-component coupling product 75
(Scheme 70).*¢

H = R Ph F
s F>_\* ge * PhMger _ CiCls (10 moi%) >_<\W
Ar” 707 °N 74 THF (1 mL), it, 12h  Ar R'/R?
8 75a1-a14
73 12mL 1 al-a
(0.4 mmol) (0.48 mmol) 1.0 M in THF, R"=4-MeOPh 14 examples
(1.0 equiv) (1.2 equiv) (1.2 mmol) R? = 2,4-diCIPh 61-94%
R major: (E)-isomer

75a1, R = Me, 83% (E/Z = 89:11)
Rl 75a2, R = OMe, 83% (E/Z = 76:24)
75a3, R = F, 85% (E/Z = 90:10)
N"“pp 75a4, R =Cl, 80% (E/Z = 95:5)
75a5, R = Br, 61% (E/Z = 95:5)

R major: (Z)-isomer

() L
. () \
R
\ 2
RZ ™ Ph
F F Ph F

Ry “Ph

75a8, R = Me, 81% (E/Z = 5:95)
75a9, R = OMe, 70% (E/Z = 8:92)
75a10, R = OCF3, 63% (E/Z = 5:95)

75a6, 94% (E/Z=90:10)

S
R \\
N ph
F

75a7, 82% (E/Z = 83:17)

X

75a13,X =S, 76% (E/Z=3:97)
75a14, X =0, 71%(E/Z 5:95)

75a11, 75% (E/Z = 6:94)

75a12, 68% (E/Z = 3:97)

Scheme 67 Substrate scope of 73 in Cr(i)-catalyzed direct C(sp®)—H/C-O a-fluoroalkenylation reaction.
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75a16, R = OMe, 81% (E/Z = 89:11)
75a17, R = SMe, 88% (E/Z = 98:2)
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R 75a19, R =F, 82% (E/Z=92:8)
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F R 75a24, R = (Bu, 54% (E/Z = 2:98)
75a25, R = Cl, 62% (E/Z = 3:97)
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Ph

RZX

Scheme 68 Substrate scope of 74 in Cr(in)-catalyzed direct C(sp®)—H/C—-O a-fluoroalkenylation reaction.
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Synthetic Utility: scaling-up

OMe
CrCl3 (10 mol%)
OPy + + PhMgBr
THF (1 mL), rt, 12 h Ph
(18 mL) N Ph
(1.11 g) 122g) 1OM|nTHF F

(6 mmol, 1 equiv) (7.2 mmol, 1.2 equiv) (18 mmol)
75c, (E/Z = 84:16)

(1.41 g, 74%)

Cl Ph
F CrCl3 (10 mol%)
OPy + + PhMgBr AN Ph
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(18 mL) Cl o
(1.11 g) 1 22 g) 1, o M in THF 75¢, (E/Z = 4:96)
(6 mmol, 1 equiv) (7.2 mmoI 1.2 equiv) (18 mmol) (1.54 g, 72%)
Scheme 69 Gram-scale synthesis of 75c and 75t.
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Scheme 70 Proposed catalytic cycle of Cr(in)-catalyzed direct C(sp*)—H/C—O a-fluoroalkenylation of three-component system (73, 74, and 8).
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4. Conclusions and outlook

In the current review, we highlighted the progress of TM-cata-
lyzed direct C-H a-fluoroolefination using easily accessible
and commercially available gem-(bromo/di)fluoroolefins as
fluorinated synthons. As seen throughout the reported pro-
cedures, several monofluoroalkenes are directly obtained in
atom- and step-economically scalable pathways with high
stereoselectivity and functional group tolerance. Importantly,
some of the generated monofluoroalkenes are subjected to LSF
to access distinct polyfunctionalized compounds. As a result,
these approaches are suitable and applicable for the stereo-
selective  synthesis of highly functionalized alkenes.
Consequently, they can serve as a promising alternative to tra-
ditional cross-coupling transformations, the Wittig reaction or
olefin metathesis. Nonetheless, numerous obstacles persist.
Despite the achieved mild conditions and the use of earth-
abundant TM-based protocols, such as those reported by
Ackermann, Loh, and Li, the development of milder, some-
what “greener”, and low catalyst loading approaches remains
imperious. As shown above, expensive Rh-based catalysts are
widely used, so expanding the applicability of cost-effective
first-row TM (3d) catalysts as a surrogate pathway is highly
desirable. Until now, heterogenous catalysis has not been
examined in the a-fluoroalkenylation reaction. The limitation
of the substrate scope is another challenge that needs to be
addressed by innovative procedures to expand their applica-
bility for the synthesis of highly complex molecules. Further
experimental and theoretical mechanistic investigations, such
as the isolation of stable metallocyclic intermediates and the
probing of the proposed individual mechanistically relevant
alkene-insertion step and following eliminations, are rec-
ommended to gain more insights and achieve a better under-
standing of kinetics. Furthermore, only one study by Wang
and Li*® reported the synthesis of cyclic monofluoroalkenes 29
and 34; thus, accessing these compounds is also desirable and
needs more attention. In comparison with 8 or 25, gem-difluor-
oacrylate 38 as a fluorinated synthon was employed once in
Loh’s study.>* Therefore, it and 2 (gem-bromofluoroalkenes)
need more examination in the direct a-fluoroalkenylation reac-
tion. Worthy of note, all the reported a-fluoroalkenylation pro-
tocols are C(sp’)-H functionalization, except for the two
examples of C(sp’)-H activation documented by Li** and
Zeng,*® proving the extension of this research area, is a topic
of great interest. Microwave-assisted o-fluoroalkenylation is
considered in none of the surveyed reports, and it is suggested
that more investigation on the use of this technique might
prove valuable.

Last but not least, the possible intervention of incidental
soluble metal nanoparticles’> stemming from the decompo-
sition of the metal complexes’>”® in any of the reported cata-
Iytic procedures, which are all characterized by their use of
complex mixtures of reagents, was not investigated or at least
mentioned, if not ruled out, to the best of our knowledge.
Similarly, most of the studies lack an assessment of the role of
the additives and “basic promotors””” of the catalysis, which
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might be a must for further improvements away from the “trial
and error” approach. This is an issue that clearly takes on a
rather central relevance if one envisages the scaling to indus-
trial levels of any of the reactions described here. The chemical
speciation of the metal-containing species after the catalysis
and the clear establishment of the fate of the catalyst after the
catalytic event’® are particularly desirable if one seeks the
responsible development of promising industrial processes
that include rational waste management. The development of
new catalysts under the banner of sustainability and environ-
mental acceptability’® requires further efforts to establish the
fate of the TM-catalysts after their task has been completed.

Finally, while great progress has been made, the develop-
ment of the direct C-H o-fluoroolefination method seems
within reach, and explorations of its chemistry might open
new avenues for the synthesis of high-value organic
compounds.
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