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Abstract: We are reporting the preparation and use in cross-coupling reactions of a newly developed, bench-
stable (1-fluorocyclopropyl)metalloid reagent. The Stille cross-coupling reaction described for this o-
fluorinated stannane reagent is amenable to a wide range of aryl and alkenyl (pseudo)halides bearing a variety
of functional groups. An enantioenriched cross-coupled product was also obtained from the corresponding 1-
fluorocyclopropyltin reagent bearing an ester handle. Finally, the chemical stability of the 1-fluorocyclopropyl
moiety was also demonstrated by performing several post-functionalizations.

Keywords: Cross-coupling; Cyclopropanation; Emerging Fluorinated Group; Fluorine; Palladium

The introduction of fluorine atoms in active ingredients
can influence their potency as well as their selectivity
by modulating crucial physico-chemical properties
such as the conformation, pKa and lipophilicity.
Tuning these key properties also leads to the modifica-
tion of the pharmacokinetic profile of the drug."! As a
result, on the one hand, a vast proportion of drugs and
agrochemicals contains at least one fluorinated group,
with a majority of trifluoromethyl (—CF;) and mono-
fluoro (—F) groups. Moreover, trifluoromethylated
(hetero)aromatics are also over-represented within the
family of trifluoromethylated scaffolds with a share of
83% in agrochemicals and 90% in pharmaceuticals.””
This overall lack of diversity is mainly due to the
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scarcity of efficient synthetic methods to access a more
diverse set of fluorinated groups."”! On the other hand,
there has been a rising concern about per- and
polyfluoroalkyl substances (PFAS) and trifluoroacetic
acid (TFA) in the last few years, the latter arising
mainly from the atmospheric breakdown of HCFCs
and HFCs.*”) Besides, TFA residues may also be
generated from the degradation of fluoropolymers and
trifluoromethylated pharmaceuticals and
agrochemicals,’”  although it is known that
trifluoromethyl-substituted compounds do not necessa-
rily decompose into TFA as defluorination pathways
have also been witnessed.* Nonetheless, in 2023, the
European Chemicals Agency (ECHA) proposed a

© 2024 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH
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universal class-based regulation of the manufacture,
supply, and use of PFAS,” based on the Organization
for Economic Co-operation and Development (OECD)
definition of PFAS.'” The latter is very broad,
containing more than 12 000 molecules,!"" including
the ones bearing trifluoromethyl (—CF;) and
difluoromethylene groups (—CF,—) with only a few
exceptions. A recent study showed that 30% of
fluorinated pharmaceuticals would fall within this
PFAS definition.!"”!

In this context, efficient synthesis methods to
access new, non-PFAS emerging fluorinated groups are
needed to offer more alternatives to the already
existing ones. We turned our attention toward small
fluoroalkyl building blocks that could mimic the
trifluoromethyl group.

The 1-fluorocyclopropyl moiety appeared as a very
interesting target because of its appealing physico-
chemical properties; yet, its access remains compli-
cated (vide infra). First, fluorinated cycloalkyl groups
have emerged as key fragments in drug molecules."”!
Second, the cyclopropyl ring system itself brings
considerable interest in medicinal chemistry.!"* In fact,
the unique properties of cyclopropanes linked to their
small size, significant ring strain and unusual bonding
can contribute to improve various key properties such
as potency, selectivity, aqueous solubility, oral bio-
availability, metabolic stability and lipophilicity, for
example, thus highlighting the importance of this
structural motif in many medicinal chemistry
projects."*'") Besides, the 1-fluorocyclopropyl (1-FCp)
group exhibits a slightly lowered lipophilicity (—0.36
in cLogD,,) and a similar volume (+11.9 A*) when
compared to a trifluoromethyl group. In contrast, the
acyclic 1-fluoroisopropyl analog shows a more signifi-
cantly increased volume of +24.0 A* in comparison to
the trifluoromethyl one (Figure 1).

There are three main strategies known to date for
the synthesis of a 1-FCp group attached to an aromatic
ring. The first one relies on the cyclopropanation
reaction of (1-fluorovinyl)arenes (Scheme 1, a). How-
ever, reported yields are generally low and most of
these examples arise from patents, so that there is no
comprehensive study on the scope of such
reactions.!"”**) Moreover, these cyclopropanation reac-
tions often require diazomethane, thus necessitating

An underexplored emerging fluorinated group

\, cLogDy,:-0.36 : & slightly lower lipophilicity than -CF4
e / Vol +11.9 A3 i similar volume to -CF5

N J— s . -
.>\F . - .yp | @ The cyclopropane ring: key fragment
Bioisosteric replacement '

in Medicinal Chemistry

Figure 1. Predicted effect of the replacement of a trifluorometh-
yl group by a 1-fluorocyclopropyl one, calculated on Marvin-
Sketch (ChemAxon).
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Introduction of the 1-fluorocyclopropyl group on aromatics

Known strategies:
E

F
\V4
(@)

® Low yielding ® Prefunctionalization of the aryl substrate required

Cyclopropanation

- Simmons-Smith reaction
- diazomethane
- dichlorocarbene then reduction
- Molander's iodomethylsilicate

® Safety issues associated with diazomethane

OR F
EDG Deoxyfluorination EDG
o
b DAST
R=HorTMS

® Limited to some electron-rich substrates

® Prefunctionalization of the aryl substrate required

Sulfurane-mediated F

cross-coupling
(i
i (»)
NaOQS/jv

® Prefunctionalization of the aryl substrate required

@ Direct cross-coupling method

This work: cro: of a (1-fluorocyclopropyl lloid reagent

T@.ﬁv@

Development of a

dedicated reagent
= H’ F : 7 :
S50 ; Bu;;Sn)v :

@ |
X =Br, Cl, 22 examples @ Bench-stable
OTf, OFs 22-98% :

@ Easily accessible

@ Direct cross-coupling method @ No prefunctionalization of the aryl substrate required

@ Suitable for late-stage diversification @ Formation of a fluorinated tetrasubstituted carbon

Scheme 1. Introduction of the 1-fluorocyclopropyl group on
aromatics.

specific equipment and safety precautions that hinder
their broad application in a standard research labora-
tory. A second strategy is based on the deoxyfluorina-
tion reaction of the corresponding cyclopropanol
(Scheme 1, b). This reaction suffers from a very
narrow scope due to the well-known ring-opening
side-reaction, leading to the corresponding allylic
fluoride.”**! Therefore, it is limited to derivatives
substituted by an electron-donating group since, even
with an unsubstituted phenyl, the reaction yields
exclusively the allylic fluoride side-product.”” Finally,
Qin, Gutierrez and co-workers reported very recently
the sulfurane-mediated installation of the 1-FCp group
via the reaction of (hetero)aryl Grignard reagents with
sodium 1-fluorocyclopropylsulfinate (Scheme 1, c).””
Seven examples were reported with yields in the 54—
92% range. In the first two methods, the aryl substrate
needs to be prefunctionalized in order to access the
starting 1-fluorovinyl,!">*'** or cyclopropanol,”¥ thus
requiring one to three additional synthesis steps while
the latter one wuses Grignard reagents, showing
hydrolysis-sensitivity and limited compatibility with
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some ubiquitous functional groups in drug-like mole-
cules.

Herein, we report the unprecedented palladium-
catalyzed cross-coupling reaction of aryl halides with a
new, bench-stable (1-fluorocyclopropyl)tin reagent, for
the milder and direct introduction of the 1-fluorocyclo-
propyl group as a potential non-PFAS substituent. To
the best of our knowledge, this work represents the
first report of the synthesis and use in a palladium-
catalyzed  cross-coupling  reactions of  (1-
fluorocyclopropyl)metalloid reagents, leading to the
formation of a monofluorinated tetrasubstituted carbon
(Scheme 1, d).

Our investigation started by evaluating the different
access routes and the reactivity of potential silicon-,
tin- and boron-based (1-fluorocyclopropyl)metalloid
reagents. We could prepare a (1-fluorocyclopropyl)-
silane but it turned out to be unreactive under Hiyama
cross-coupling conditions. On the contrary, we were
unable to obtain any (1-fluorocyclopropyl)boronate
despite our efforts (see SI for details). In order to
access the key tributyl(1-fluorocyclopropyl)stannane
reagent 1b, we investigated multiple cyclopropanation
reactions on tributyl(1-fluorovinyl)stannane 1a, easily
obtained via a Si—Sn transmetalation reaction on
commercially available (1-fluorovinyl)meth-
yldiphenylsilane.”* Our attempts to carry out the
subsequent cyclopropanation under the Simmons-
Smith conditions were unsuccessful and led to yields
below 10%. This result is somewhat not surprising as
vinylstannanes are known to be poor substrates in
zinc-assisted carbenoid cyclopropanation strategies,?”!
and tend to rearrange in presence of the zinc(II) iodide
that forms during the reaction.”® We then turned our
attention to a recently reported Fe-catalyzed cyclo-
propanation method using a-acyloxy halides as carbene
equivalents.”** In particular, iodomethyl benzoate
(BzOCH,l) proved to be a safer, thermally stable,
alternative to diazomethane. Using this strategy with
slightly adapted reaction conditions, we could obtain
the key building block 1b in an isolated yield of 58%
on a 200 mg scale. The reaction was efficiently scaled-
up as demonstrated by the good yield of 62% obtained
on a 2g scale and then on a 28 g scale (Table 1,
entries 2 & 3). Decreasing the amount of iodomethyl
benzoate and zinc by a factor of 2 led to a slightly
decreased yield of 43% (Table 1, entry 4). When the
reaction was carried out in DCM instead of THF, full
degradation of the starting tributyl(1-
fluorovinyl)stannane was observed (Table 1, entry 5).
Finally, the desired product was not formed at all using
FeCl, or CoCl, (Table 1, entry 6) as catalyst while only
traces of product were detected using CuCl or
Rh,(OAc), (Table 1, entry 7). This new reagent proved
to be bench-stable, and could even be stored for several
months without noticeable degradation.””)

[34]
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Table 1. Optimization of the Fe-catalyzed cyclopropanation
reaction conditions.
BZO/\| (6.2 equiv.)

o
F FeTPPCI (5 mol%) Bu

Bu. & Zn (6.0 equiv.) Bu-Sn=%
Bu’sénu THF, 60 °C, 48 h BV
1a 1b
Entry Deviation from optimal cond. Yield (%)™
1 - 58
2 Reaction run on a 2.0 g scale 62
3 Reaction run on a 27.7 g scale 62
4 BzOCH,I (3.1 equiv.) 43
Zn (3.0 equiv.)
5t DCM as solvent 0
6" FeCl, or CoCl, as catalyst 0
7] CuCl or Rh,(OAc), as catalyst Traces

Test reactions were performed on a 0.60 mmol (200 mg) scale.

[ Isolated yields are given.

") Test reactions performed on a 0.15 mmol (50 mg) scale with
3.0 equiv. of BZOCH,I and 3.0 equiv. of Zn with a reaction
time of 8 h.

To extend further the scope of this study we
wondered if cyclopropanations using diazoacetate-type
reagents could be performed on tributyl(1-
fluorovinyl)stannane 1a, yielding fluorocyclopropyl
groups with an ester handle which could be further
diversified. After a small optimization, the desired
ethyl ester-substituted fluorocyclopropyl stannane
building block was obtained in yields up to 77% as a
40:60 mixture of two diastereoisomers 1¢ and 1d
(Table 2, entry 1). Replacing Rh,(OAc), by a chiral

Table 2. Cyclopropanation with ethyl diazoacetate.
N

F EtOZC)J\H Bu F Bu F
u u F
BU:Sn& catalyst B';/Sn . ___,CO,Et . B;’,S“"v“\coza
Bu”L. DCE, 30 °C u u
1a +1c +1d
Entry Catalyst 1c:1d ratio'™ Yield (%)
1] Rh,(OAc), 40:60 77
20 Ru-(S)-Pheox 82:18 33

[l Ratios were determined by GC-MS analysis of the reaction
mixture.

] Reaction conditions (200 mg scale): EDA (10 equiv. added
dropwise over 1 h), Rh,(OAc), (5§ mol%), DCE, 30°C, 2 h.
The yield of the isolated mixture of diastereoisomers is
given.

[l Reaction conditions (100 mg scale): EDA (20 equiv. added
dropwise over 3 h), Ru-(S)-Pheox (2 mol%), DCE, 30°C,
3 h. The yield for the isolated syn-1c diastereoisomer alone
is given.

© 2024 The Authors. Advanced Synthesis & Catalysis
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cyclopropanation catalyst — Ru-(S)-Pheox!*"! — afforded
the desired products with the opposite diastereoselec-
tivity (82:18). Only the major diastereoisomer 1 ¢ could
be isolated in a 33% yield (Table2, entry 2). The
enantiomeric ratio (e.7.) could not be determined at this
stage but was measured after the Stille cross-coupling
(vide infra).

Having a dedicated fluorocyclopropyl-transfer re-
agent 1b in hand, we then explored reaction conditions
that would allow its use in Stille cross-couplings. Two
challenges were identified in this transformation
considering (1) the slow alkyl transfer from tin
compared to the more classical aryl or vinyl ones and
(2) the potential competitive migration of the three
butyl chains over the 1-fluorocyclopropyl one."*!
Moreover, we could not find any closely related
example of Stille coupling with a-fluoroalkylstannanes
in the literature. Therefore, we started our investigation
using Pd(PPh;), as catalyst in THF, in analogy to the
work of McCarthy for the Stille coupling of tributyl(1-
fluorovinyl)stannane 1a."? A copper salt (CuCl) and a
fluoride source (KF) were also added. Indeed, it was
previously proposed that in ethereal solvents like THF,
the copper(I) species acts as a scavenger of the free
ligands in solution, which are known to inhibit the
rate-limiting transmetalation step.**! The fluoride
source is used to activate tin, generating a pentavalent
species while a synergistic effect of copper(l) salts and
fluoride ions was also documented.” Under these
initial coupling conditions, the desired product was
only observed in a 2% yield (Table 3, entry 1). Then,
other types of ligands were investigated, starting with
the bidentate XantPhos ligand affording the product in
18% yield (Table3, entry2). The electron-rich
dialkyl(biaryl)phosphine ligands Xphos and BrettPhos
were also assessed but only led to trace amounts of the
desired product (Table 3, entries3 & 4). We then
turned our attention to the JackiePhos ligand, initially
developed by the group of Buchwald for the N-
arylation of secondary acyclic amides."” Indeed, the
use of a more electron-deficient ligand was found to
facilitate the transmetalation of such bulky and weakly
nucleophilic species, creating a more electrophilic and
thus highly reactive Pd(II) intermediate.”” Similarly,
organotin reagents including cyclopropylstannanes are
also known to react sluggishly in the transmetalation
step of palladium-catalyzed cross-couplings.”>**! One
can also assume that having a fluorine atom in a-
position relative to tin might decrease even more the
nucleophilicity of the adjacent reactive center but also
increase its steric congestion. Accordingly, we evalu-
tated JackiePhos as ligand, and we were pleased to
obtain the desired product in a greatly improved yield
of 58% (Table 3, entry 5). This result is consistent with
previous reports from the group of Biscoe on the Stille
cross-coupling of secondary alkyl
tricyclohexylstannanes, ! but also from the group of
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Table 3. Optimization of the cross-coupling reaction condi-
tions.
F

Bu3Sn)v (1.0 equiv.)

Pd source (x mol%)
Ligand (y mol%)
CuCl (2.0 equiv.), KF (2.0 equiv.)

EtO,C Et0,C

THF (0.05 M), 60 °C, 16 h

2a, (1.0 equiv.) 3a
Entry  Pd source (x) Ligand (y) Yield (%)™
1 Pd(PPhy), (10) - 2
2 Pd,(dba), (5) XantPhos (10) 18
3 Pd,(dba); (5) Xphos (20) 3
4 Pd,(dba); (5) BrettPhos (20) 2
5 Pd,(dba); (5) JackiePhos (20) 58

6 PA(OAc), (10)  JackiePhos (20) 48
70 Pd,(dba); (5) JackiePhos (20) 0

8l Pd,(dba), (5) JackiePhos (20) 26
gl Pd,(dba), (5) JackiePhos (20) 15
109 Pdy(dba), (5)  JackiePhos (20) 82

110 Pd,(dba), (5)
12t Pd,(dba), (5)

JackiePhos (20) 87
JackiePhos (20) 90

1 'TH NMR yields using bromochloromethane as internal

standard are reported. Isolated yields in parentheses. Test

reactions performed on a 0.1 mmol scale.

) Using Cul instead of CuCl.

[ Using CsF instead of KF.

@ Without CuCl and KF.

[l Reaction performed at 80 °C instead of 60 °C.

1 Using 1.2 equiv. of tributyl(1-fluorocyclopropyl)stannane
reagent and 2.4 equiv. of KF.

el Reaction performed at a 0.1 M concentration.

Fiirstner, who successfully applied JackiePhos to the
Stille cross-coupling of aryl iodides with cyclopropyl-
stannanes substituted by an ethyl ester in a-position
relative to the tin atom.’***! Using Pd(OAc), instead of
Pd,(dba); as palladium source led to a slightly
decreased yield (Table3, entry 6) and the other
palladium sources tested led to either similar or lower
yields compared to Pd,(dba); (see SI, Table S2).
Interestingly, replacing CuCl by Cul as copper salt
completely inhibited the reaction and no desired
product was obtained (Table 3, entry 7). The nature of
the cation of the fluoride source was also decisive, as
the yield dropped to 26% using CsF instead of KF
(Table 3, entry 8). Similarly, the yield dramatically
decreased to 15% in the absence of copper salt and
fluoride source (Table 3, entry9). Increasing the
temperature to 80°C led to a significant improvement
of the yield to 82%, but in this case the migration of
the butyl chain was detected in 5% yield (Table 3,
entry 10). Therefore, to ensure the selectivity of the
reaction toward the migration of the 1-FCp moiety, the
temperature of 60°C was retained. When performing
the reaction with a slight excess of stannane reagent

© 2024 The Authors. Advanced Synthesis & Catalysis
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1b (1.2 equiv.), the desired product was obtained in an
excellent yield of 87% (Table 3, entry 11). Finally,
employing a slight excess (1.2 equiv.) of tin reagent
and a further excess of KF (2.4 equiv.) together with
an increased concentration of 0.1 M led to a similar
yield of 90% (Table 3, entry 12). These latter reaction
conditions were thus selected for the rest of the study.

We started investigating the scope of this trans-
formation with regard to aryl halides, focusing mainly
on aryl bromides (Scheme 2). First, aryl bromides
substituted by an ester (2a), a nitro (2b) or an acetyl
(2¢) group in para-position were cross-coupled in
excellent to nearly isolated quantitative yields of 91—
98%. In opposition to the previous reports on similar
fluorinated cyclopropanes,”* the X-Ray structure of
2b showed a 1-fluorocyclopropyl group where the
fluorine atom stands in the plane of the benzene
ring.”” Switching the aryl bromide 2a to the corre-
sponding chloride 2a-Cl or triflate 2a-OTf gave the
desired product in lower 43 and 46% yields respec-
tively. Interestingly, using an aryl fluorosulfonate (2 b-
OFs) gave the desired product 3b with 94% vyield,
comparable to the one obtained from aryl bromide 2 b.
As a result, using various aryl (pseudo)halides, the
desired products could be afforded in synthetically
useful yields, proving the broad applicability of the
method for the late-stage diversification of advanced
building blocks. Substrates bearing a substituent in
ortho-position showed good yields, highlighting the
tolerance of the reaction toward steric hindrance. As a
result, 2-bromobenzaldehyde 2d was efficiently
coupled in a 70% '"H NMR yield, although the isolated
yield was lower due to the volatility of the desired
product 3d. A naphthyl derivative bearing a methyl
group in position ortho relatively to the reactive center
was also obtained in a 62% 'H NMR yield (3e) but
only a small fraction of pure product 3e could be
isolated. Then aryl bromides bearing an electron-
donating group in para-position were also tested. First,
para-bromoanisole 2f led to the formation of the
desired 1-fluorocyclopropane-substituted product 3f in
a good 68% '"H NMR yield and a 30% isolated yield.
Similarly, 1-(benzyloxy)-4-bromobenzene 2 g led to an
excellent 87% 'H NMR yield of the desired product
3g, and a 56% isolated yield. Compounds bearing a
strong electron-donating group in para position to the
fluorocyclopropyl substituent are presumed to be
slightly more sensitive and are partially degraded
during flash column chromatography on silica gel.
Gratifyingly, 3-(1-fluorocyclopropyl)-N,N-dimeth-
ylaniline 3 h was obtained in an excellent 81% isolated
yield. A 1-fluorocyclopropyl-substituted tetralone 3i
was also efficiently synthesized in 86% isolated yield
as well as 1-fluorocyclopropane 3j bearing an unpro-
tected benzylic alcohol group (87%). On the contrary,
a benzoic acid derivative 2k was not tolerated in this
reaction.  Finally, 3-(1-fluorocyclopropyl)-4-meth-
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F
Buasn)v (1.2 equiv.)

Pda(dba)s (5 mol%)
JackiePhos (20 mol%)
T CuCl (2.0 equiv.), KF (2.4 equiv.)
Lo
[0

‘
e THF (0.1 M), 60 °C, 16 h oy

2a-s 3a-s
(1.0 equiv.)

Aryl (pseudo)halides

L5 o g o

CCDC 2309348

X =Br, 91% (100%)
X =Cl, 43% (40%)
X = OTf, 46% (56%)

s s el satise

56% (37%

X =Br, 91% (100%)
X = OFs, 94% (97%)

98% (100%)

43% (70% (62% 81% (85%

é@xﬁxﬁﬁg\x

3i
86% (94%) 87% (88%) 0% 84% (96%)

Heteroaryl bromides ]/o Alkenyl (pseudo)halides
N N
F F
SN QX OX
Me”
o}

2204 18] X= |34% (56%) X = OFs, 61%(67%)

B COLEt Ester-substituted 1-fluorocyclopropanes
o

CO,Et CO,Et
a0 " Qr " @“‘YF @“‘YF
EtO,C O,N O,N O,N

(#) 3q () 3r
89% (100%)M! 91% (92%)!
93% (1mmol scale)

30% (68%)

24%(@

WCOEt WCO,Et

(1) 3s
79% (87%)

(+)or(-) 3s
75% (80%)!
93:7 e.r.

Reactions performed on a 0.2 mmol scale on aryl bromides unless
otherwise noted. Isolated yields are given and 'H NMR yields, using
bromochloromethane as an internal standard, are given in
parentheses. @Synthesized starting from 2.0 equiv. of heteroaryl
bromide, 1.0 equiv. of tributyl(1-fluorocyclopropyl)stannane and
2.0 equiv. of KF. PIReaction performed on a 0.1 mmol scale.
[IReaction performed on a 0.079 mmol scale.

Scheme 2. Scope of the fluorocyclopropanation via a cross-
coupling reaction.

oxybenzonitrile 31 was obtained in an excellent 84%
yield emphasizing the tolerance of the reaction for
both electron-withdrawing- and electron-donating-sub-
stituted arenes, as well as the good tolerance to steric
hindrance, with a methoxy group in ortho position
with regard to the reactive center in this case.
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Two heteroaryl bromides were also tested. 2-
Bromoquinoline and 6-bromo-N-methylnicotinamide
afforded the corresponding desired products 3m and
3n in modest yields, respectively 22% and 24%, using
slightly modified reaction conditions.

In an effort to extend the method beyond
(hetero)aryl substrates, we wondered if alkenyl
(pseudo)halides, for which the preparation was recently
described in our laboratory,” were suitable substrates
for this Stille reaction. Alkenyl iodide 20 and alkenyl
fluorosulfonate 2 p both yielded the desired 1-fluorocy-
clopropane-substituted alkenyl compounds in 56 and
67% '"H NMR yields, respectively for 30 and 3 p. The
isolated yield was slightly decreased (34%) for 3o
while it was good (61%) for 3 p.

Besides, the ester-substituted stannane reagent 1d,
was effectively cross-coupled with aryl bromides 2a
and 2b yielding the desired products in excellent
yields of 89 and 91%, respectively for 3q and 3r. The
latter could also be synthesized on a 1 mmol scale with
an unaffected yield (93%). The other diastereoisomer
of this stannane reagent, 1¢, was also used in the
cross-coupling reaction with 2b and led to a similar
79% vyield for 3s. In comparison, Haufe and co-
workers reported a much lower 40% yield for the
cyclopropanation of the corresponding fluorovinyl
moiety, 1-(1-fluorovinyl)-4-nitrobenzene, using Cu-
(acac), and ethyl diazoacetate, thus demonstrating the
added value of the present method.”” Finally, the same
enantioenriched stannane 1¢, obtained from the asym-
metric cyclopropanation with Ru-(S)-Pheox as catalyst,
afforded the desired enantioenriched product 3s in
75% yield, with an enantiomeric ratio (e.r.) determined
as 93:7.

Finally, to illustrate the chemical stability of the 1-
FCp group and the versatility of the ester-substituted
analogs, a few transformations were performed on 3r
(Scheme 3). First, using DIBAL—H as reducing agent,
the ester was converted to the corresponding alcohol 4
in a good 67% yield. This same ester could also be

Post-functionalizations

CO,Et
Y’ DIBAL-H (2.5 equiv.) {\OH
) 8 B — WS
DCM, -78 °C 10 0 °C, 3 h
O,N ON

(£) 3r (+) 4,67%

LiOH

(10 equiv.) H HN/ \
THF/H,0 (1:1) CLHN, ~ NBoc
1, 2h

(1.2 equiv.) 9
COH  HATU (1.2 equiv) N/\
Y DIPEA (3.0 equiv.) \ NB:
O T oy °°
- DMF, rt, 12 h O,N

(+) 5, 73% (+) 6, 96%

Scheme 3. Post-functionalizations.
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saponified using lithium hydroxide in a THF/H,O
mixture affording 5 in 73% yield. This carboxylic acid
was then engaged in an amide bond-forming reaction
with reaction conditions that are commonly used in
medicinal chemistry projects, using HATU as coupling
reagent. The desired amide 6 was obtained in almost
quantitative yield (96%), using tert-butyl piperazine-1-
carboxylate hydrochloride as amine coupling partner.
These few post-functionalization examples demon-
strate that the 1-FCp group exhibits a good chemical
stability as it remained unaltered in strongly reducing
conditions (DIBAL—H), oxidative conditions (DMP
treatment of a crude reaction mixture for the ease of
purification, see purification protocol of 3g in the SI)
but also basic aqueous conditions and amide bond
forming reactions. Therefore, this group can not only
be introduced in a late-stage fashion but it could also
be incorporated on an earlier stage if required in the
synthesis route.

In conclusion, a bench-stable (1-
fluorocyclopropyl)metalloid reagent was prepared as
well as ester-substituted analogs. This tin-based re-
agent was employed for the introduction of the 1-FCp
group onto (hetero)aryl and vinyl scaffolds by Stille
cross-coupling. The electron-poor biarylphosphine
JackiePhos ligand proved to be optimal for this trans-
formation. This result could be rationalized recogniz-
ing the sluggish reaction of our fluorine-substituted
organotin reagent during the transmetalation step of
palladium-catalyzed cross-couplings, because of a
combination of electronic and steric factors. The
transformation proved to be widely applicable to
variously substituted aryl and alkenyl (pseudo)halides.
However, it is low yielding with heteroaromatics and a
whole new catalytic system would be required to
extend the scope in this direction. It is noticeable that
an enantioenriched (1-fluorocyclopropyl)metalloid
analog could be cross-coupled yielding the desired
product with a enantiomeric ratio higher than 90:10.
Finally, the chemical stability of the 1-fluorocycloprop-
yl moiety allowed to take advantage of the ester
function chemistry in few post-functionalization reac-
tions. Overall, this work opens the way for both early-
and late-stage introduction of the 1-fluorocyclopropyl
group as a promising replacement for the ubiquitous
but problematic trifluoromethyl moiety, in a context of
impending constraining regulation on PFAS.

Experimental Section

Caution: organotin compounds are toxic and must be handled
by a trained chemist in a well-ventilated fumehood. Associated
wastes should be disposed according to local waste management
regulations.
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Procedure for the Synthesis of 1b

Zinc dust was activated with 2% HCI aq. solution then washed
with water, EtOH, Et,0 and dried under high vacuum for
several hours. A 3-necked round bottom flask fitted with a
reflux condenser (Findenser-type) containing Zn dust
(6.0 equiv., 2.34 g, 35.8 mmol) was dried by heating with a heat
gun (maximum power) under high vacuum for 2-3 min. After
cooling to room temperature and three argon/vacuum cycles,
the flask was placed under argon and cooled with an ice/water
bath (ca 0°C). A solution of iodomethyl benzoate (6.2 equiv.,
9.70 g, 37.0 mmol) in anhydrous and degassed THF (30 mL)
was then added and the flask was warmed up to room
temperature. After ca 5 min at room temperature, the heteroge-
neous mixture became homogeneous again (but slightly turbid),
indicating the carbenoid formation. Then, a solution of
tributyl(1-fluorovinyl)stannane (1.0 equiv., 2.00 g, 5.97 mmol)
in anhydrous and degassed THF (30 mL) was added, and last,
FeTPPCl (0.05 equiv., 210 mg, 0.300 mmol) was added. The
reaction mixture was stirred at 60 °C for 48 hours. After cooling
to room temperature, the reaction mixture was then diluted with
Et,O and filtered through a short pad of silica, washed again
with Et,0. The solvent was removed in vacuo and the crude
mixture was purified by flash column chromatography on silica
gel using cyclohexane as eluent to afford the product (1.29 g,
62%) as a colorless liquid.

General Procedure for the Stille Cross-Coupling
Reaction

An oven-dried heavy wall, crimp cap tube was charged with
Pd,dba; (0.05 equiv., 9.2mg, 0.010 mmol), JackiePhos
(0.20 equiv., 32 mg, 0.040 mmol), CuCl (2.0 equiv., 40 mg,
0.40 mmol), KF (2.4 equiv., 28 mg, 0.48 mmol). It was then
evacuated and backfilled with argon in three cycles before a
solution of tributyl(1-fluorocyclopropyl)stannane or any stan-
nane analog (1.2 equiv., 0.24 mmol) in anhydrous and degassed
THF (2.0mL) was added followed by the (hetero)aryl
(pseudo)halide or vinyl (pseudo)halide (1.0 equiv., 0.20 mmol).
The vial was tightly sealed and the resulting solution was heated
up to 60°C and stirred for 16 hours. The mixture was cooled to
room temperature, filtered through a PTFE filter, rinsed with
DCM and concentrated under reduced pressure. The residue
was purified by flash column chromatography on silica gel,
using the appropriate eluent system, affording the desired
product.
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X =Br, Cl, 22 examples
OTf, OFs 22-98%

@ Direct cross-coupling method
@ No prefunctionalization of the aryl substrate required
@ Suitable for late-stage diversification

@ Formation of a monofluorinated tetrasubstituted carbon
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