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Abstract: CF;- or HCF,-substituted cyclopropanes are of great
interest in pharmaceutical chemistry and agrochemistry, and
thus significant efforts have been directed towards the
development of efficient methods for the installation of these
motifs. This Minireview summarizes recent efforts for the
construction of CF;- or HCF,-substituted cyclopropanes. CF;-
cyclopropanes are usually synthesized by a transition-metal-
catalyzed cyclopropanation of alkenes with a trifluorometh-
ylcarbene generated in situ from a diazocompound, CF;CHN,

or CF;C(ArN,. The synthesis of HCF,-cyclopropanes remains
largely unexplored. Some difluoromethylcarbene reagents
have been developed, such as HCF,CHN,, Ph,S™CH,CF,H
TfO™, and difluoroacetaldehyde N-triftosylhydrazone (DFHZ-
Tfs), and cyclopropanation of alkenes with these reagents
could also occur by transition metal catalysis. These protocols
may find great utility in the synthesis of biologically active
molecules.

J

1. Introduction

The top right position of fluorine in the periodic table of
chemical elements implies that fluorine atom possesses many
special properties, such as highest electronegativity, small
atomic radius and low polarizability. The incorporation of
fluorine atoms into organic molecules usually would lead to
changes of their physical, chemical, and biological properties.
Therefore, fluorine-containing compounds have found wide-
spread applications in many areas, such as pharmaceutical/
agrochemical developments and material sciences." It has been
estimated that about 40% of agrochemicals contain at least a
fluorine atom, and over 200 fluorinated drugs, occupying 30%
of all pharmaceuticals, have been developed for therapeutic
uses.”

HCF,- or CF;-substituted cyclopropanes have served as
important structural motifs in many biologically active mole-
cules, such as Voxilaprevir,® Glecaprevir,"” Petesicatib®™ and VX-
659 (Figure 1). Voxilaprevir is a hepatitis C virus (HCV)
nonstructural protein 3/4 A protease inhibitor that is used in
combination with sofosbuvir and velpatasvir, and the combina-
tion has the trade name Vosevi, which is one of the most
recently approved combination therapies for the treatment of
HCV."! Glecaprevir is an important component of Mavyret,
which is a trade name of a medicine used for the treatment of
chronic HCV.® Petesicatib is a cathepsin S inhibitor, which is
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currently under investigation in clinical trial.”’ The combination
of VX-659 and tezacaftor/ivacaftor was developed to restore the
function of Phe508del CFTR protein in patients with cystic
fibrosis.®

HCF,- or CF;-substituted cyclopropane derivatives have
found widespread applications in drug/agrochemical develop-
ments. Therefore, determined efforts have been directed
towards the development of efficient methods for their syn-
thesis. Effective synthetic approaches have been developed,
and previous efforts have been reviewed by the groups of
Grygorenko/Mykhailiuk™ and Charette/Jubault,"" respectively.
Cyclization of alkenes with CF;CHN, and HCF,CHN, is one of the
most commonly used strategy for the synthesis of CF;-cyclo-
propanes and HCF,-cyclopropanes, respectively. The synthetic
utility of CF;CHN,"? and HCF,CHN,™ has recently been
reviewed by Mykhailiuk and/or Koenigs."¥ Many new methods
have continued to be developed, especially for the synthesis of
HCF,-substituted cyclopropanes. The current MiniReview de-
scribes the literature on the topic since 2011. The synthetic
methods appearing in the previous review may be introduced
as background when necessary. During the preparation of this
manuscript, Charette, Jubault and co-workers reported a review
on the synthesis of fluoro-, monofluoromethyl-, difluoromethyl-,
and trifluoromethyl-substituted three-membered rings."™
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Figure 1. HCF,- or CF;-substituted-cyclopropane-containing biologically ac-
tive molecules.
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2. CF;-Cyclopropanes
2.1. Cyclopropanation of alkenes with trifluoromethylcarbene
2.1.1. CF;CHN, as a trifluoromethylcarbene source

Trifluoromethylcarbene (CF;CH:) was first reported by Fields and
Haszeldine in 1960."% It was found that this carbene can be
in situ generated from a diazo compound, CF;CHN,, developed
by Gilman and Jones in 1943,"” under photochemical con-
ditions. Photochemical reactions then became a commonly
used method for the generation of trifluoromethylcarbene."”
CF;CHN,, which is usually generated in situ from CF;CH,NH,CI,
is an explosive gas, and thus safety cautions must be taken
when handling it.

In 2006, Simonneaux and co-workers described the first
report on transition-metal catalyzed generation of
trifluoromethylcarbene from CF,CHN, for cyclopropanation of
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alkenes."® The products were obtained with high diastereose-
lectivity and moderate enantioselectivity. Both Fe- and Ru-
catalysts catalysts were found to be active, but only three
substrates were examined. Since then, transition metal-cata-
lyzed cyclopropanation of alkenes with trifluoromethylcarbene
has become a widely used approach. The ground state of
trifluoromethylcarbene is a triplet state,"” but high diastereose-
lectivity would be observed for transition metal catalyzed
cyclopropanation with trifluoromethylcarbene. Reasonably, the
formation of a M=CHCF; double bond (M =transition metal)
leads to the loss of the triplet character of trifluorometh-
ylcarbene.

Mykhailiuk, Komarov and co-workers described that cyclo-
propanation with CF;CHN, could be catalyzed by a Rh or Cu
catalyst (Scheme 1a)."" Low diastereoselectivity was observed
in this case. They applied this approach to the synthesis of CF;-
Substituted proline analogue 1 as '°F NMR labels for peptides in
the polyproline Il conformation (Scheme 1b).2” The group of
Mykhailiuk further discovered the synthetic utility of CF;CHN, "
and synthesized various CF;-substituted bridged-rings 2
(Scheme 1¢)." The group of Carreira also focused on the
transition-metal-catalyzed reactions with CF;CHN,.*? When
investigating the cyclopropanation of aryl alkenes, they found
that Fe(TPP)CI (TPP=5,10,15,20-tetraphenyl-21H,23H-porphine),
which had been demonstrated to be a robust catalyst in
carbene-transfer processes,”® was able to efficiently catalyse
the reactions with CF;CHN, to give the desired products with
high diastereoselectivity (Scheme 1d).*¥ On the basis of this
work, they further developed a cyclopropanation of conjugated
alkenes with CF;CHN, (Scheme 1€).?” In order to demonstrate
the utility of this approach, they converted a CF;-cyclopropyl
alkene into a CF;-cyclopropyl carboxylic acid, which had been
used in the preparation of insecticides® (Scheme 1).

Shortly afterwards, Carreira and co-workers disclosed an
asymmetric cyclopropanation of aryl alkenes (Scheme 2).?”
Instead of a Fe catalyst, a Co complex was found to be highly
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Scheme 1. Transition-metal-catalyzed cyclopropanation.
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Scheme 2. Co-catalyzed asymmetric cyclopropanation.

effective. Although Co"-salen catalysts were described in the
literature  for enantioselective  cyclopropanation  with
diazoacetates,”™ no reaction with CF;CHN, was observed by
using these Cobalt-sources. Co"-complexes were able to cata-
lyse this process and the substituents in the ligands plays an
important role for the enantioselectivity. The O'Bu substituent is
an electron-donating group with strong steric effects, and the
combination of this group with four electron-withdrawing Cl
substituents could smoothly transfer the chirality from catalyst
3 to products. High yields and excellent stereoselectivity were
obtained for the conversions of monosubstituted alkenes. In
the case of disubstituted alkenes, dramatically lower diaster-
eoselectivity was observed.

The group of Ma also discovered some new synthetic utility
of CF;CHN,.” They disclosed facile access to spirocyclic f-
lactams 4 via a Fe-catalyzed cyclopropanation of a-methylene-
B-lactams (Scheme 3).2% A brief survey of catalysts revealed that
Fe(TPP)Cl was a suitable choice. In this case, CF;CHN, was not
generated in situ, but prepared in advance. It was stored as a
DMF solution and the solution was added to the reaction
system slowly via a syringe pump. Compared with Carreira’s
Fe(TPP)Cl-catalyzed reactions, lower diastereoselectivity was
obtained. Interestingly, if no catalyst is used, [3+2] cyclo-
addition occurs, and the cyclopropanation compound is the
minor product.

The oxygen-binding metalloprotein myoglobin, containing
a heme (iron-protoporphyrin IX) cofactor coordinated at the
proximal side through a histidine residue, was found by Fasan
and co-workers to be able to catalyse the transfer non-
fluorinated carbene for asymmetric cyclopropanation. They
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Scheme 3. The synthesis of CF;-substituted spirocyclic f-Lactams.
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screened various sperm whale myoglobin (Mb) and disclosed
that Mb(H64V,V68A) exhibits high activity for excellent diaster-
eoselectivity and enantioselectivity."” Recently, they further
described the Mb(H64V,V68A)-catalyzed stereoselective cyclo-
propanation of aryl alkenes with trifluoromethylcarbene
(Scheme 4).2? The conditions for the insitu generation of
CF;CHN, are too hash for protein-based catalysts, and thus
CF,CHN, was ex situ generated and then imported to the
reaction system by an inert gas. The Fe center in Mb-
(H64V,V68A) was the real catalyst for this process. The
biocatalytic reactions proceeded smoothly and high enantiose-
lectivity was obtained.

Catalytic asymmetric cyclopropanation with trifluorometh-
ylcarbene continues to be challenging. Besides the above Co-
and Fe-complexes, a Ru-source was also found to be able to
catalyse the asymmetric reactions, which was reported by lwasa
and co-workers (Scheme 5).%¥ CF,CHN, was first generated and
added to the reaction system. Although the process can only
be extended to monosubstituted alkenes, various alkenes show
high reactivity under these conditions, including aryl alkenes,
vinyl ferrocene, vinyl ethers, vinyl amines, vinyl carbamates and
dienes. Interestingly, the presence of a N—H moiety in a vinyl
carbamate did not lead to the decrease in enantioselectivity,
although a lower diastereoselectivity was obtained.

A two-step procedure involving the synthesis of CF;-cyclo-
propylboronates and then a subsequent coupling reaction
offers another route to CF;-cyclopropane derivatives
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Scheme 4. Mb-catalyzed asymmetric cyclopropanation.
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(Scheme 6).2% The first step involves the catalytic cyclopropana-
tion of vinylborates with CF;CN,, and the cyclopropanation
products can then be used as building blocks for the
subsequent coupling. The low diastereoselectivity obtained in
the case of vinylborates (CH,=CHB(OR),) by the group of
Duncton® prompted them to use another vinylborate contain-
ing a tertiary amino group, which could smoothly undergo
cyclization to exclusively give the trans isomer 5
(Scheme 6a).**' The severe steric effect induced by the boronic
ester moiety may be the reason for the high diastereoselectivity.
The coupling of the borate building block with other partners
gave various CF;-cyclopropanes. Recently, Grygorenko and co-
workers found the cyclopropanation of a vinyltrifluoroborate
with CF;CHN, catalyzed by Pd(OAc), could proceed smoothly to
provide 6 on a large scale (Scheme 6b).**! Although only one
CF;-substituted coupling product was shown in the paper, this
work still deserves attention because of the successful large-
scale cyclopropanation.

Thermal cyclopropanation of alkenes with CF;CHN, remains
largely unexplored, probably because thermal conditions may
easily lead to explosion of CF;CHN,. Interestingly, Ma and co-
workers disclosed that saturated brine could stabilize CF;CHN,,
and thus thermal cyclopropanation of alkenes with CF;CHN,
was achieved to deliver products 7 (Scheme 7).%% In contrast to
other methods, this process could be extended to trisubstituted
alkenes. Moderate to high yields were obtained, and high
diastereoselectivity was observed. The cyclization products
could be used for efficient access to functionalized CF;-
substituted a-cyclopropane amino acids 8 and relative dipep-
tide derivatives 9.

2.1.2. CF;C(N,)Ar as a carbene source

Compared with CF;CHN,, CF;C(N,)Ar exhibits enhanced thermal
stability due to the presence of an Ar group. Ghanem and co-
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Scheme 6. A two-step procedure for the synthesis of CF;-cyclopropanes.
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Scheme 7. Thermal cyclopropanation.
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workers described a Rh-catalyzed asymmetric cyclopropanation
of styrene with the CF;-diazo compound, CF;C(N,)Ph
(Scheme 8a).59 In this work, the authors aimed to design and
synthesize rhodium catalysts, and thus the substrate scope was
not investigated. They found that many Rh-catalysts could well
catalyse the reaction to afford the expected product in a high
yield and a good ee value. The group of Che synthesized
various Fe- and Ru-mono(dialkylcarbene) complexes and used
the Fe-complexes to catalyze cyclopropanation of alkenes with
carbene generated from diazo compounds.?” The also reported
one example for cyclization with CF;C(N,)Ph (Scheme 8b). In
this case, low diastereoselectivity was observed. Koenigs
disclosed a cyclopropanation reactions of acyl-protected D-
glucal with CF;C(N,)Ph (Scheme 8c).*® Three examples were
demonstrated, and up to 90% yield was obtained. Surprisingly,
CF;CHN, is inert under these conditions.

Dearomatization occurred for the reaction of indoles with
CF,;C(N,)Ph in the presence of a Pd catalyst, and cyclopropana-
tion proceeded smoothly to give the desired products in
moderate yields, which was recently described by the group of
Koenigs (Scheme 9).5? It was found that aryl C— bond remained
intact under these conditions (the second example in the table),
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Scheme 8. Catalytic cyclopropanation with CF;C(N,)Ar.
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Scheme 9. Cyclopropanation of indoles.
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and thus Pd(0) was proposed to be not involved. They
proposed that the diazo compound first reacts with the Pd
catalyst to form a Pd-carbene complex. The carbene complex
attacks indole and the subsequent cyclization affords the final
product and releases the catalyst.

Besides diazo compounds, diazirines have also served as
useful precursors of carbenes. Yamada, Hasegawa, and co-
workers disclosed a cyclization of [60]fullerene (C60) with CF,-
diazirine under photolysis conditions, allowing access to the
functionalised methanofullerenes in reasonable yields
(Scheme 10).#% The reaction is believed to take place via the
photolytic generation of CF;-carbene and the addition of the
carbene intermediate to a [6,6] double bond of C60.

2.1.3. [Ph,S*CH,CF;] TfO as a trifluoromethylcarbene source

Due to the explosive nature of CF;CHN,, it is desirable to
develop a safe and convenient trifluoromethylcarbene reagent.
We have been interested in the development of fluorinated
phosphonium/sulfonium  salts as fluorinated carbene
reagents.””’ Based on our previous observation that
phosphonium ylide PhsP*—CF,™ could directly undergo a P—C
bond cleavage to release difluorocarbene,”® we originally
thought that sulfonium ylide Ph,S*—CH CF; may also be able
to generate trifluoromethylcarbene via a S—C bond cleavage.
However, deep investigations revealed that the bond cleavage
cannot directly occur. We found that a Fe-complex, (TPP)FeCl
(TPP=5,10,15,20-tetraphenyl-21H,23H-porphine), could turn the
sulfonium ylide into a Fe-carbene (Fe=CHCF;), and thus Fe-

Scheme 10. Cyclopropanation of C60.
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Scheme 11. Fe-catalyzed cyclopropanation with [Ph,S™CH,CF;] X™.
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catalyzed cyclopropanation of alkenes with the sulfonium ylide,
in situ generated from [Ph,STCH,CF,] TfO~, was achieved
(Scheme 11).3 A wide substrate scope was observed, and high
diastereoselectivity was obtained. [Ph,S*CH,CF;] TfO™ is shelf-
stable and easily prepared, which makes this cyclopropanation
protocol attractive. Notably, atom efficiency is an issue with the
use of the sulfonium salt since Ph,S generated from this salt
turns out to be a waste.

2.1.4. Step-wise cyclization involving a sulfonium ylide

The group of Lu developed two B-trifluoromethyl-substituted
vinylsulfonium salts (CF;CH=CHS*R, X7), and found that these
two salts could react with active methylene compounds
containing electron-withdrawing groups via a Michael addition
to give trifluoromethyl-substituted cyclopropanes
(Scheme 12).%4 Interestingly, different cyclopropanes would be
obtained with different substituents (R group) on the sulfur
atom and the use of different bases. The first step is a Michael
addition to give sulfonium ylides (Int1 or Int2). When DBU as
the base, DBU may act as a proton transfer reagent via the
formation of DBU-H™, and thus protonation/deprotonation of
Int1 would readily occur, giving compounds 10 as final
products. When NaH is used as the base, protonation/deproto-
nation does not occur. Instead, the carbanion in ylide Int2
prefers to attack the carbonyl group to form a four-member
ring, and the subsequent ring-opening and ring-closing gives
the final product 11. The carbanion in Int1 would not attack the
carbonyl group, probably because of strong steric effects
induced by the two Ph groups. Although various functionalized
CF;-cyclopropanes could be synthesized, this protocol may
suffer from the tedious synthesis of CF;-vinylsulfonium salts.
Almost at the same time, the group of Hanamoto reported a
similar process for the synthesis of CF;-cyclopropanes.*”! They
used K,CO; as the base and products 10 were obtained as
major products.

Although sulfonium salt [Ph,S*CH,CF;] TfO~ was reported in
the 1990s,“? it had never been developed as a sulfonium ylide
reagent. This may be because the corresponding ylide (Ph,S*
CH™CF;) is highly unstable due to -defluorination. As described
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Scheme 12. Cyclization of CF;-vinylsulfonium salts with active methylene
compounds.
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in Scheme 11, [Ph,STCH,CF;] TfO~ can act as a trifluorometh-
ylcarbene source because this sulfonium salt could be easily
transformed into sulfonium ylide (Ph,S*CHCF;) via deprotona-
tion. Our examination revealed that the use of fluoride as the
base is favourable for the suppression of [3-defluorination of the
sulfonium ylide. We thus investigated the cyclization of
aldehydes, a,p-unsaturated alkenes and imines with the
sulfonium ylide.*” All cyclization reactions proceeded smoothly
to give the expected products in high yields and excellent
diastereoselectivity. The cyclization of a,p-unsaturated alkenes
almost exclusively gave trans-products (Scheme 13).” Terminal
alkenes shows high reactivity, but intermal alkenes are inert
under these conditions. Compared with aryl-containing sub-
strates (ArCOCH=CH,), the alkyl couterparts (RCOCH=CH,, R=
alkyl group) exhibit much lower reactivity (12f).

2.1.5. Miscellaneous methods

Transition-metal-catalyzed  cyclization ~with  trifluorometh-
ylcarbene can be applied not only to alkenes, but also to
alkynes. Carreira disclosed that the cyclization of alkynes
catalyzed by a Rh complex occurred smoothly to give CF;-
cyclopropenes in moderate yields (Scheme 14a).”* Both termi-
nal alkynes and internal alkynes were found to be reactive
under these conditions. The cyclopropene could be reduced by
Pd/H, to give CF;-cyclopropane 13 in a high yield with high

Ph,S*CH,CF3 TfO"

| A
CHCF3 RG CF3
F'\ | 12 (trans/cis > 99/1)
H F
1=
Ph,S F
i i i
/©) LCF; /©) LCF3 Q) V/CFa
Ph MeO O,N
12a, 90% 12b, 87% 12¢, 97%
Q) O) v
V/ V/CFa v/ 3
12d, quantitative 12e, 88% 12f (18%)?

Scheme 13. Cyclopropanation of alkenes with a CF;-sulfonium ylide. “The
yield was determined by '°F NMR spectroscopy.

CF;
[Rha(esp).]
(@ R'™"=—R? + CFsCHNH;*ClI —— —
NaNOz,H R1 R2
H

CEe X L. [

PH 13 (90%, dr = 93/7)
14 (97% yield)

Scheme 14. Cyclopropenation and the subsequent transformation.
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diastereoselectivity. The double bond could also smoothly
undergo a Diels-Alder reaction with a diene to afford fused-ring
product 14 (Scheme 14b).

CF;CHN, could generate trifluoromethylcarbene by releas-
ing a nitrogen molecule, and it can also act as a 1,3-dipole
without releasing the nitrogen molecule. Lu, Xiao and co-
workers found that a [3+ 2] cyclization of trisubsituted alkenes
with CF,CHN, generated insitu gave highly functionalized
spirooxindoles 15, and the subsequent ring contraction
afforded CF;-containing 3,3'-cyclopropyl spirooxindoles 16
(Scheme 15).*8 High overall yields were obtained, and high
diastereoselectivity was observed in both cyclization and ring
contraction. The trisubstituted alkenes with N-protected or
without being protected could all participate in this reaction
very well.

The group of Severin described a two-step procedure for
the synthesis of CF;-cyclopropanes (Scheme 16).*? CF,CHCIBr
could be easily reduced by a Ru complex to generate a
CF,CHCI® radical. The first step is the radical addition of
CF,CHCI® to a terminal alkene to give 17. Since a catalytic
amount of Ru complex was used, another reducing agent, Mg,
was necessary to be used in a stoichiometric amount. As no
solvent was used in the first step, the addition products 17
were stable in the presence of Mg. After the unreacted
CF;CHCIBr was removed, the cyclization occurred by using THF
as a solvent at a low temperature. High diastereoselectivity was
obtained for the reactions of aryl alkenes. But in the case of
alkyl alkenes, almost no stereoselectivity was observed (18b-
18¢).

In 1960, Engelhardt found that SF, was able to conver a
CO,H moiety into a CF; group at 150°C in liquid hydrogen

1CF,
X
o
/ F
EtO,C, EtO,C, PhOC,

*CF_», ON “ICFg “ICFy ICFg
/=0 /:0 /:O

88% yleld, dr > 95/5 99% yxeld, dr > 95/5

N
1
N ring
(j\i: NH3 cr _NaNO, _,\ | Ocontracuon
- () F3 0~250c " NF 110 °C

83% vyield, dr > 95/5 82% yleld, dr > 95/5

Scheme 15. [3 + 2] cyclization and the subsequent ring contraction.

1) Mg (excess)
Cl [Ru] (cat.), neat, rt

A,

N +
R CFy  “Br 2)THF, -78°Cto0°C R i CFs3
[Ru], Mg, neat CF3Y\(R THF
Cl  Br
17
©/A,,,CF3 ©\/A A
“'CFs "CgHy;  CFs
18a 18b

18¢c
(55%, trans/cis = 27/1)  (48%, trans/cis = 1.2/1) (46%, trans/cis =1/1.1)

Scheme 16. Sequential Kharasch-addition/dehalogenative-cyclization.
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fluoride.”® The use of liquid hydrogen fluoride at high temper-
atures may limit a wide application of this approach. In 2019,
Mykhailiuk described a mild approach for the deoxofluorination
of carboxylic acids with SF,.°" The reaction occurred smoothly
at 55°C by using H,0 as a key additive. They examined three
cyclopropyl acids and found that the desired products could be
obtained on gram scales (Scheme 17).

3. HCF,-Cyclopropanes
3.1. Cyclopropanation of alkenes with a carbene

Although CF;CHN, was developed as a trifluoromethylcarbene
source in the 1960s,"® it took over 50 years for the develop-
ment of HCF,CHN, as a difluoromethylcarbene source. Since
CF,CHN, could be generated in situ from CF;CH,NH,/NaNO,/H",
a similar reagent system, HCF,CH,NH,/NaNO,/H*, appeared an
appropriate approach to generate HCF,CHN,. However, the first
reported attempt in 1971%% and the following attempts®® all
failed. It is quite surprising that HCF,CHN, remained unknown
until recently. Mykhailiuk alone developed a convenient
synthetic route.® It was found that a catalytic amount of HOAc
can promote the reaction of HCF,CH,NH, with ‘BUONO to in situ
generate HCF,CHN,. HCF,CHN, was then used as a 1,3-dipole to
achieve [342] cyclization with alkynes to give HCF,-
pyrazoles.®¥

HCF,CHN, exhibits very different reactivity with CF;CHN,.
Koenigs and co-workers found that the addition of a solution of
HCF,CHN, generated in situ into a styrene solution could not
give any cyclopropanation product at all in the presence of a
transition metal catalyst which can catalyze cyclopropanation of
alkenes with CF,CHN,.”® They then used a continuous-flow
procedure. Solutions of HCF,CH,NH, and HOAc/tBuOH were
combined by syringe pumps into a microreactor at a constant
flow rate. The microreactor was heated to 75°C and the outlet
of the microreactor was connected to a back pressure regulator.
The reaction solution in the microreactor was added to a
standard reaction flask under Ar atmosphere containing an
alkene and a Rh catalyst. The desired products were obtained in
moderate yields by using this continuous-flow procedure
(Scheme 18).** Terminal alkenes and internal alkenes could all
be converted, but almost no diastereoselectivity was observed.

N-Tosylhydrazones have proved to be efficient precursors of
various diazo compounds.”® The group of Bi recently described
that a bench-stable difluoroacetaldehyde N-triftosylhydrazone
(DFHZ-Tfs) could act as an operationally convenient HCF,CHN,

R CO,H
< SF4, HyO RAC'%
55°C, 24 h
EtO,C_CF
& 4 CFs CF;
Br
54%
° 68% 60%

Scheme 17. Deoxofluorination of carboxylic acids with SF,.
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50 pl/min
HCF,CH,NH, N AT
2
Rhy(esp)z
| Lo
9 F gpr HF2C t ArACFzH

’Bu\ ,N + HOAc " Microreactor (75 °C)

50 plL/min
e oy
32% yield, dr = 1/1.2

52% yield, dr = 1/1.2
: CFH
CFyH ©:7
50% yield, dr = 1/1.4

63% yield, dr = 1/1.2

63% yield, dr = 1/1.7

S CF,H
N~

< 10% yield

Scheme 18. Rh-catalyzed Cyclopropanation with HCF,CHN,.

surrogate to achieve Fe-catalyze cyclopropanation of alkenes
(Scheme 19).°” They found that alkaline aqueous conditions
would convert DFHZ-Tfs into diazoacetaldehyde (CHOCHN,),
and non-aqueous basic conditions is favorable for the gener-
ation of HCF,CHN, from DFHZ-Tfs. High yields and excellent
diastereoselectivity were observed in most cases.

On the basis of our previous studies that sulfonium salt
[Ph,STCH,CF;] TfO™ can act as a trifluoromethylcarbene
source,”? we then speculated that difluoromethyl counterpart,
[Ph,STCH,CF,H] TfO~, may act as a difluoromethylcarbene
precursor.”® A series of studies revealed that these two
sulfonium salts exhibits quite different reactivities. The cycliza-
tion of aldehydes, a,f3-unsaturated alkenes or imines with ylide
Ph,STCH CF;  generated insitu from  [Ph,S*CH,CF;]
TfO proceeded smoothly to give the desired products in high
diastereoselectivity.”” In the case of [Ph,ST™CH,CF,H] TfO,
cyclization under similar conditions did occur, but low diaster-
eoselectivity was observed. Furthermore, under the same
conditions  for  Fe-catalyzed  cyclopropanation  with
trifluoromethylcarbene generated from [Ph,S*CH,CF;] TfO™, no
expected product was observed by using [Ph,S*CH,CF,H] TfO~
instead of [Ph,STCH,CF;] TfO™. A detailed survey of reaction
conditions revealed that a reducing agent was necessary. The
use of Zn as a reductant gave the cyclopropanation product in
high yields and with excellent diastereoselectivity (dr>20/1)
(Scheme 20).°® A moderate yield was obtained on a gram scale

R
= //\\

R? O cr,
HFZC c

89% yield, dr > 20/1

/ “CFH
Ph

97% vyield, dr > 20/1

_Fe(TPP)CI (cat) _ RJ/_A
T KoCOg 40°C _e ‘CFzH

DFHZ-Tfs

/@(A.//CFQH /\/A
O,N Ph X “/CFH

97% vyield, dr > 20/1

79% yield, dr > 20/1

\1CFH
s 5 e
\ S Br

70% yield, dr = 6/1 88% vyield, dr = 10/1

Scheme 19. Fe-catalyzed cyclopropanation with DFHZ-Tfs.
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R Zn (20 mol%)
Y=+ PhyS*CH,CF,H OTf ~2dPPICl (b mol%) RA
Y 2 e CsF (4.0 equiv) CFoH

19
R! A RL R
. CFZH CFz
L *Fe”
(TPP)Fe”'C\—’ Li —Fe”
CF?H Rs: smaH group
Ry: large group

PhyS*-CH" CFQH
CsF Ln—Fe“
PhZS*CHZCFZH O

MO
ey S

@‘" @"
MeO 19a Me

(96 mg. 97%: 19b (93%) 19¢ (92%) 19d (94%)
1.35 g, 68%)
~CF2H \(©/HF c”
CFZH </ 2
19e (89%) 19f (90%) 199 (65%, dr = 12.7:1)

Scheme 20. Fe-catalyzed cyclopropanation with [Ph,S"CH,CF,H] TfO™.

(19a, 1359, 68%), and a lower diastereoselectivity was
observed in the case of alkyl alkenes (19g). The atom efficiency
is also an issue by using this reagent since Ph,S is produced as
a waste.

In the above methods, HCF,-cyclopropanes are synthesized
by cyclization of alkenes with difluoromethylcarbene. Instead,
cyclization of HCF,-alkenes with a carbene could also provide
HCF,-cyclopropanes. Jubault and co-workers reported a Rh-
catalyzed asymmetric cyclopropanation of HCF,-alkenes with
diazo compounds, which is the first protocol for the asymmetric
synthesis of HCF,-cyclopropanes (Scheme 21).*% Excellent dia-
stereoselectivity and enantioselectivity were observed by using
Rh,(S-BTPCP), as a catalyst. Various carbonyl-substituted diazo
compounds were found to be reactive, and many functional
groups could be tolerated under these conditions. This protocol
could provide highly functionalized HCF,-cyclopropanes with
excellent stereoselectivity, demonstrating its synthetic utility.

Ph,,,
Phi

CF,H o /\K//o Rh

JL__Rre _RnyBTPCP), ROCACFQH
A/& ¥ R e O—Rh
N Br

Rh,(BTPCP),

Et0,C,,,

i i
l, A CFaH CFH
PMP) PANG PMP) 2
ON MeO,C
B B

95%, dr > 10/1, 99% ee 62%, dr > 20/1, 99% ee

EtO,C,, /\ CF2H Et0,C,, /\ CF2H EtO,C,, /\ CF2H
_ O S
S O NO, 4

77%, dr > 20/1, 97% ee 28%, dr > 20/1, 98% ee 86%, dr > 20/1, 67% ee

u
91%, dr > 20/1, 91% ee

Scheme 21. Rh-catalyzed cyclopropanation of HCF,-alkenes.
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3.2. Miscellaneous methods

HCF,CHN, can also be used as a 1,3-dipole for [3 + 2] cyclization.
Han, Chen and co-workers found that the addition of alkenes
into the solution of HCF,CHN, generated in situ could give [3+
2] cyclization products 20. After the reactions were completed,
elevating the reaction temperature afforded HCF,-substituted
spirocyclopropyloxindoles 21 (Scheme 22).*” High yields were
obtained and high diastereoselectivity was observed. This
method was applied to the synthesis of an analogue of an HIV-
1 non-nucleoside reverse transcriptase inhibitor. The cytotoxic
activities of several CF,H-containing spirocyclopropyloxindoles
on normal human prostate cancer cells and human lung cancer
cells were investigated by MTT-based assays, in which the
commercially available cancer therapy drug, cis-platin, was used
as a positive control. Compared with cis-platin, CF,H-containing
spirocyclopropyloxindoles, showing a low toxicity, may provide
a clue for scaffold-inspired synthesis and the development of
new candidates for future cancer therapy.

In a HCF,-cyclopropyl ring synthesized by using HCF,CHN,,
one of the three carbons contains a HCF, group and a H atom.
It would be quite challenging to functionalize this C—H bond.
Instead, if using a HCF,C(R)N, reagent, two functional groups,
HCF, and R, would be attached to the same carbon in the
cyclopropyl ring. The group of Wu recently reported that
HCF,C(CH;)N,, insitu generated from HCF,CH(CH;)NH, under
similar conditions as described by Mykhailiuk® for the in situ
preparation of HCF,CHN,, could also be used as a 1,3-diple for
[3 4 2lcyclization (Scheme 23)."" For the subsequent ring con-
traction from 22 to 23, both thermal and photochemical
conditions could work, but a higher yield was obtained under
photochemical conditions. As shown in the table of substrate
scope, only moderate diastereoselectivity was observed.

Although difluoromethylation is an attractive and straight-
forward strategy for HCF, installation,’® difluoromethylation for
the incorporation of a HCF, group into a cyclopropyl ring
remained challenging until recently. Liu and co-workers
developed a copper-catalyzed decarboxylative difluorometh-
ylation, a method which was successfully applied to the

HCF,CHyNH,/'/BUONO
HOAC Hcm

R?0,C,
R20,C
N? 2 _PhMe _ N “CFoH
wash Teflux, 2 R+ =0
HFzC =0 e
N R® R3

EtO,C,

/@% 1CFH

83% vyield, dr = 92/8

COZEL
EtO,C,
\Cf 1CFH

85% vyield, dr = 97/3

PrO,C 1BuO,C,

(:8> 'CFoH ©9> ICFH

8% V'e'd drz991 99% yield, dr = 87/13

Boc
99% vyield, dr = 87/13

Scheme 22. [3 + 2] cyclization with HCF,CHN, and the subsequent ring
contraction.
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o] [¢] o
22 23
o
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HoP HFZC <

i /< HF2C
¥,

78% yield, dr 77123

Hy

79% yield, dr = 80/20 81% yield, dr = 81/19 OMe
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4 <1® 4 A
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Scheme 23. [3 + 2] cyclization with HCF,C(CH;)N, and the subsequent ring
contraction.

synthesis of HCF,-cyclopropanes (Scheme 24).® This decarbox-
ylative method involves a difluoromethylation of carbon-
centered radical, which is also a challenging process. The
carbon radical is in situ generated via a redox reaction of Cu'
with a redox-active ester, 24, which is prepared from a
corresponding carboxylic acid. The combination of the radical
with Cu" produces a RCu"CF,H species, which undergoes a
reductive elimination to afford the final product and releases
the catalyst. Only two examples of HCF,-cyclopropanes were
shown in the article, and both of them were obtained in high
yields.

4. Conclusions

CF;- and HCF,-substituted cyclopropyl rings are emerging of
great interest in pharmaceutical chemistry and agrochemistry,
and therefore the installation of these structural motifs is
receiving increasing attention. The commonly used strategy is

i DMPU CFZH CuCl (20 mol %) RKCFZH
DMPU " CFH
ZnCFH  ZnX
o 0
L-Cu-X L—CUI-CFZH RK ‘ON;\j@
R_ CFH 4
A 2
X R + CO,
X J 3
L-Cu-CF,H L-Cu'-CFoH
? X =Clor N
R o
/@XC&H FXODXCFZH
MeO F 0
92% 94%

Scheme 24. Cu-catalyzed decarboxylative difluoromethylation.
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transition-metal-catalyzed cyclization of alkenes with carbene
generated in situ from diazo compounds, including CF;CHN,
and HCF,CHN,. Both CF;CHN, and HCF,CHN, are potentially
explosive and toxic chemicals, and thus safety precautions must
be taken during handling them. A diversity of methods have
been developed for the synthesis of CF;-cyclopropanes, and
excellent diastereoselectivity could usually be obtained. In
sharp contrast, the synthesis of HCF,-cyclopropanes has been
much less explored, probably because no efficient
difluoromethyl carbene reagent was developed until recently.
Like CF;CHN,, HCF,CHN, could serve as a difluoromethylcarbene
reagent, but almost no diastereoselectivity was observed in the
cyclopropanation. DFHZ-Tfs and [Ph,S*CH,CF;] TfO~ were
found to be effective difluoromethylcarbene source for diaster-
eoselective cyclopropanation. Although significant accomplish-
ments have been made in the past few years, further develop-
ments are still necessary. It is highly desirable to develop
general protocols for the asymmetric catalytic installation of
CF;- or HCF,-cyclopropanes, especially HCF,-cyclopropanes. Be-
sides, the development of safe difluoromethylcarbene and
trifluoromethylcarbene reagents should also receive more
attention.
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