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1. Introduction

Incorporation of cyclopropane rings into organic molecules has
been widely exploited to alter their chemical properties and/or to
reduce conformational flexibilty."? Cyclopropane derivatives are

* Corresponding authors. Tel.: +38 044 239 33 15; fax: +38 044 502 48 32;
e-mail addresses: gregor@univ.kiev.ua (0.0. Grygorenko), pavel.mykhailiuk@
gmail.com (P.K. Mykhailiuk).

0040-4020/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2010.11.068

widespread both among natural compounds and synthetic
drugs;>~8 this is partially due to the fact that a three-membered
ring is the minimal structural motif providing conformational ri-
gidity, which is believed to be an important feature characteristic of
most biologically active compounds.>~"' Introduction of a tri-
fluoromethyl group into organic molecules represents another
structural modification of importance to medicinal chemistry
owing to the unique properties of fluorine.’>™ As the steric
requirements exhibited by the fluorine atom are close to that of
hydrogen, trifluoromethyl-substituted compounds can be expected
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to follow interactions with potential biological targets similarly to
the parent methyl analogues. At the same time, fluorinated ana-
logues can often avoid undesired metabolic transformations ob-
served for the parent compounds. On the other hand, due to the
high electronegativity of the fluorine, the presence of a tri-
fluoromethyl group in a molecule can diminish nucleophilicity or
increase electrophilicity of the neighboring functional groups. In
many cases, introducing trifluoromethyl groups results in enhanced
lipophilicity.”> Another important feature of fluorine-containing
compounds is related to the intrinsic magnetic properties of the °F
nucleus beneficial for NMR studies.!>!6

Trifluoromethyl-substituted cyclopropanes, which constitute
the subject of this review have attracted much attention of scien-
tists in recent years. In medicinal chemistry, they were used as
building blocks in the design of cannabinoid CB; receptor antago-
nists,"” hNay1.7 channel blockers,'® VLA-4 integrin antagonists,19
HCV NS5B polymerase inhibitors,?® agents for viral hepatitis,!
non-opioid analgesics,”> kinase modulators,”> and potassium
channel activators,?4 to name just a few applications. In this review,
synthetic methods for trifluoromethyl-substituted cyclopropanes
are surveyed, focusing mainly on the reports of the last two de-
cades. To the best of our knowledge, this subject has been only
partially covered by previous reviews;>>3° in particular, a com-
prehensive survey on fluorinated carbenes, which refers to 1996
should be mentioned.?® As far as possible, the literature data are
categorized according to the synthetic approaches used for the
construction of the title cores. In particular, cyclopropanations
involving both trifluoromethyl-substituted alkenes and trifluoro-
methyl-substituted reagents, cyclizations of trifluoromethyl-
substituted 1,3-bifunctional substrates and fluorinations of cyclo-
propanecarboxylic acids are discussed (Scheme 1). Specific
transformations, which hardly can be considered as general syn-
thetic methods for the preparation of a wide range of tri-
fluoromethyl-substituted cyclopropanes (e.g., photochemical
transformations of trifluoromethyl-substituted aromatic com-
pounds>!—33) are beyond the scope of this review. It should also be
noted that transformations of organic compounds that already
contain a trifluoromethyl-substituted cyclopropane ring are not
surveyed comprehensively.

cyclizations

R2
x HOOC_ R3

R1 R2

COOH fluorination

Scheme 1. Retrosynthetic transformations of trifluoromethyl-substituted cyclopropanes.

2. Cyclopropanation reactions

2.1. Cyclopropanation by trifluoromethyl-substituted carbene
reagents

One of the most straightforward retrosynthetic disconnection of
a trifluoromethyl-substituted cyclopropane ring leads to the cor-
responding alkene and trifluoromethyl-substituted carbene or

carbene equivalent as the starting materials. Despite the first
reports on [2+1] cycloadditions involving trifluoromethyl-
substituted carbenes referring to 1960,>* this approach became
avaluable synthetic method only in the last decades when efficient
synthetic procedures were elaborated.

A number of trifluoromethyl-substituted carbenes have been
reported to date (Fig. 1).2>3>36 They can be subdivided into three
groups according to their structure and electronic properties:
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Fig. 1. Trifluoromethyl-substituted carbenes (Cy—cyclohexyl).

— (relatively) Unstabilized trifluoromethyl-substituted carbenes
(1 and 2);

— Push—pull trifluoromethyl-substituted carbenes (3—7);

— Trifluoromethyl-substituted carbenes possessing an additional
electron-withdrawing group (8—13).

The presence of the trifluoromethyl group adjacent to a carbene
center in the molecules 1-13 increases their kinetic stability due to
the strength and electron-deficient nature of the C—F bond, which
prevents a fluorine 1,2-shift to form the corresponding alkene.?
This stabilization is not strong enough, and hence the ground
state of the carbenes 1 and 2 is a triplet. This is also the case when
carbenes 8—13 are considered, although an additional electron-
withdrawing group increases the reactivity of their molecules.
Push—pull carbenes 3—7, which have both a w-donating substituent
and an electron-withdrawing trifluoromethyl group adjacent to
a carbene center are stabilized thermodynamically by conjugation;
their ground state is postulated to be a singlet.?®> This effect is
particularly strong in the case of carbene 7; it has been shown to be
stable for weeks in solution at temperatures up to —30 °C.>®

The increased stability imparted by the trifluoromethyl group
has been exploited to investigate carbenes for which information
on the hydrocarbon counterparts was difficult to obtain. The liter-
ature on the generation and chemical properties of trifluoromethyl-
substituted carbenes has been surveyed thoroughly up to 1996.2°
Herein we will focus on some newer findings on their cycloaddi-
tion reactions with alkenes.

2.1.1. Unstabilized trifluoromethyl-substituted carbenes. The parent
trifluoromethyl-substituted carbene 1 was reported first in 1960;>4
in the early preparations, it was generated by photolysis of
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2,2,2-trifluoroethyldiazomethane 14.3437740 The latter is a relatively
stable compound, which has been prepared by diazotisation of
2,2,2-trifluoroethylamine hydrochloride 15 (Scheme 2).3® Photo-
chemical generation of 1 in the presence of alkene (e.g., E-2-butene)
resulted in both carbene CH-insertion and cyclopropanation giving
the products 16, 17, and 18a,b; nevertheless, the cyclopropane frac-
tion of the products was shown to be mainly (98%) one compound
(18a), which corresponded to the singlet state of the carbene 1 in
the reaction (Scheme 3).3% In the case of ethylene, trifluoro-
methylcyclopropane was obtained in 52% yield, whereas the reaction
of propene gave an almost equimolar mixture of cis- and trans-
1-methyl-2-trifluoromethylcyclopropanes in 68% total yield.>°

F?/\ NaNO, F . h F
NH, —2> ZAN\\ - ——>| F :
F ! e F [ N j_

15 14
Scheme 2.
CF i \)ﬁ
14 16 (36%) 17 (7%)
/\/
h
rel !
CF‘ CF“‘ N\
18a (56%) 18b (1%)
Scheme 3.

Until the end of the 20th century, the photochemical method
remained the only one used for generating carbene 1. In particular,
a slightly modified procedure was applied for the preparation
of 2-(trifluoromethyl)-1-vinylcyclopropane 19 by Dolbier and
McClinton in 1995.41 Compound 19 was obtained in 67% yield as
a 1:1.2 mixture of cis- and trans-isomers 19a and 19b, which were
separated by gas chromatography (Scheme 4).

rel rel
14 A"
N T> c F(ﬁ + c F3 ",y

19a 19b

Scheme 4.

The first report on metal-catalyzed cyclopropanation of alkenes
with 14 refers to 2006.4? In this work, asymmetric addition of the
carbene to styrene and its p-substituted derivatives was carried out
using metalloporphyrin catalysts 20 and 21, as well as their poly-
mer-supported modifications (Scheme 5). The reaction was per-
formed in dichloromethane at ambient temperature at a catalyst:
2,2,2-trifluoroethyldiazomethane:styrene ratio of 0.005:1:5. In the
case of the homogeneous catalysts, the corresponding cyclopro-
panes 22—24 were obtained in 24—50% yields, the ruthenium
porphyrin 21 giving a somewhat lower outcome of the product. An
excellent diastereoselectivity was observed (de 96—98%), while the
enantioselectivity was moderate (ee 30—79% for the trans-isomer),
again lower values being obtained in the case of 21 as the catalyst.
The use of polymer-supported modifications of 20 and 21 did not
greatly affect the yields of the products 22—24 (31-52%); however,
both the diastereoselectivity and enantioselectivity decreased

(de 88—94%, ee 17—61%). The authors postulated metallocarbenes
as the key intermediates in the cyclopropanation by 14 in the
presence of the catalysts 20 and 21.

CF, CF,,

14 b l>
—_— = + =
catalyst ! !
X
X X

22a, X =H 22b, X =H
23a, X = OMe 23b, X = OMe
24a, X = Br 24b, X =Br

catalyst: 20, M =Fe, L =Cl
21,M=Ru,L=CO

Scheme 5.

Cyclopropanation of vinylboronic acid dibutyl ester 25 with
diazoalkane 14 was reported; in this case, palladium(II) acetate was
used as a catalyst.*>*4 The reaction was performed in diethyl ether
at ambient temperature; a 1.7 fold excess of 14 (solution in ether)
and 3 mol %. of the catalyst were used. The corresponding product
26 was obtained as a 2:3 mixture of cis- and trans-isomers, which
were used in the next step (Suzuki-type coupling giving 27)
without purification (Scheme 6).

MeOOC

H;/ 'Pd(0AQ), H;/ “Pd(OAG),, PCy,
K,PO,

MeOOC

Scheme 6.

A study on the scope and limitations of metal-catalysed cyclo-
propanation with 14 was performed.*” In particular, several alkenes
28—31 were chosen as standard substrates in this study (Scheme 7).
In order to avoid isolation of 2,2,2-trifluoroethyldiazomethane 14,
which is potentially explosive and toxic, the modified procedure
described previously for methylene generation*® was used. Com-
pound 14 obtained from concentrated aqueous solutions of
2,2,2-trifluoroethylamine hydrochloride 15 and sodium nitrite was
gradually blown off the generator flask by an argon stream into
a reaction vessel containing a neat alkene and a catalyst (10 mol %).
This procedure allowed the maintaining of a constant concentra-
tion of 14 in the reaction mixture, thus avoiding the decomposition
of 14 and preventing most of the undesired side reactions.
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It has been found that the electron-rich olefins 28—30 smoothly
underwent cyclopropanation under the conditions described above
in the presence of dirhodium(Il) tetraacetate as a catalyst. The
corresponding cyclopropanes 32a,b—34a,b were obtained in
63—91% yields. In the case of the less reactive cyclohexene 31, the
corresponding cyclopropanes 35ab were obtained only when
copper(l) triflate was used to promote the reaction. It should be
noted that moderate diastereoselectivity was observed in all the
cases studied (trans:cis=2:1).

The method described above was used in the synthesis
of fluorinated amino acids. Namely, thifluoromethyl-substituted
proline analogues 36a,b and 37a—c were obtained by cyclo-
propanation of the corresponding dehydroproline derivatives 38
and 39 (Schemes 8 and 9). It is appropriate to note that the reg-
ularities in the reactivity of diazoalkane 14 described above were
reaffirmed in the case of compounds 38 and 39. In particular,
extensive experimentation was needed to find the optimal con-
ditions for the cyclopropanation of 38, because an electrophilic
attack of the carbene at the carbamate moiety was the main
transformation giving 41. In fact, this reaction prevailed over the
cyclopropanation if CuCl was used as a catalyst; a mixture of 40a
and 40b was obtained in modest total yield (15%) if CuOTf was
applied (Scheme 8).47
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Cyclopropanation of 39 possessing a more electron-rich
double bond turned out to be more fruitful. In this case, cyclo-
propanes 42a—c were obtained in 66% overall yield (42a:
42b:42¢=1:0.9:0.7), even if CuCl was used as the catalyst. In
contrast to the corresponding reaction of 38, formation of the side
product 43 was observed only with prolonged reaction times
(Scheme 9).

Amino acid 37a was used as a fluorine label for studies of a
proline-rich cell-penetrating peptide SAP (VRLPPPVRLPPPVRLPPP).
Neither degradation/racemisation nor low reactivity of the corre-
sponding N-Fmoc derivative was observed during the standard
solid-phase synthesis of the SAP analogue containing a Pro—11/37a
substitution. It was shown that this replacement resulted in sta-
bilization of the PPII conformation of the peptide, which persisted
even up to 50 o7

Another a-amino acid, trifluoronorcoronamic acid 44, was pre-
pared by cyclopropanation of the dehydroalanine derivative 45.4°
Again, electrophilic attack at the amide moiety interfered with
the cyclopropanation; the side product 46 was isolated in 15% yield
when CuCl was used to promote the reaction. Nevertheless,
cyclopropanes 47a and 47b were obtained (although in a modest
total yield of 23%) when CuCl was replaced by Rhy(OAc)4. Hydro-
lysis of 47a and 47b afforded trans- and cis-trifluoronorcoronamic
acid 44a and 44b quantitatively (Scheme 10).
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Scheme 10.



0.0. Grygorenko et al. / Tetrahedron 67 (2011) 803—823 807

The approach to 44 described above suffered from low yield of
the reaction sequence as well as from low effectiveness of the
separation of diastereomers. Therefore, the procedure was modi-
fied to avoid these drawbacks, i.e., the Boc derivative 48 was used
instead of acetamide 45, and the cyclopropanation was carried out
in two steps via pyrazoline 49 (Scheme 11).*8 Separation of di-
astereomers 50 was easily achieved by flash chromatography on
a ca. 45-g scale due to a large difference in their retention factors.
The reaction sequence used in this preparation of 44 (ie., in-
termediate formation of pyrazolines followed by their thermal
decomposition) can be a valuable method for the synthesis of tri-
fluoromethyl-substituted cyclopropanes starting from other al-
kenes containing electron-withdrawing groups.

N CF. CF,
N CFs 700c ¢ el rel
COOMe > \
W BocHN" “COOMe
BocHN BocHN COOMe
49 50a 50b
1. NaOH 1. NaOH
14 2. HCI/H,0 2. HCIH,0
E CFy,
c SV rel s rel
BocHN COOMe o w
H,N" YCOooH  H,N" "COOH
48 44a 44b

Scheme 11.

Recently, an interesting method for highly diastereoselective
cyclopropanation of styrene derivatives was reported, which in-
cluded direct iron(Ill)-catalyzed generation of carbenoid from 15.
The iron—porphyrin complex [Fe(TPP)Cl] 51 used as the catalyst is
commercially available. Importantly, as little as 1.5 equiv of 15
was needed for full consumption of the olefin, which bodes well
for the use of valuable substrates (Scheme 12). Some other iron-,
ruthenium-, cobalt-, and copper-containing catalysts were also
tested in this reaction; they appeared to be less effective, com-
pared to 51. Unfortunately, the method failed in the case of non-
conjugated alkenes, such as 3-phenylpropene.*®

CF
15 (1.5 eq), 51 (3 mol. %),

3
R \\\““l
DMAP (0.1 eq), NaNO, (1.8 eq), R
NaOAc (0.2 eq), H,SO, (0.1 eq),
H,0, rt X

Scheme 12.

Introducing an aryl substituent adjacent to the carbene center
significantly improved the stability of the carbenes 2, although this
stabilization is not strong enough to alter the ground state of 2 from
triplet to singlet. Nevertheless, a few reports on cyclopropanation
involving 2 can be found in the literature. In the early preparations,
carbenes 2 were generated by photochemical decomposition of

diazoalkanes 52 or diazirine 53 (Scheme 13).2
ll\t N=N
N h A h F?)(
| — ﬁ/\Ar - Ph
F%Ar F (Ar=Ph) F
F F F
F 52 2 53

Scheme 13.

Rhodium-catalyzed enantioselective cyclopropanation of sty-
rene derivatives by 52 was developed recently. In this approach,
cyclopropanation was performed via a two-step procedure. Diazo-
alkanes 52 were generated first from the corresponding hydrazones
54 by MnO, oxidation. In the second step, cycloaddition of the
corresponding carbenoid occurred; an excess (5 equiv) of the
styrenes and 2 mol % of catalyst (Rhy(R-PTAD),4 55) were used. The
overall reaction sequence resulted in good yields of the products 56
(61-80%), and high diastereoselectivities (de>94%) and enantio-
selectivities (ee 88—98%) (Scheme 14).°°

e CF,

- | 1. MnO,, MgSO, |>[

E 2. Alkene (5 eq), 55 (2 mol. %) A~ ©\
F N X

54, X = H, Br, F, OMe 56

H O-Rh
0 ]
N O—+Rh
(6]

Scheme 14.

2.1.2. Push—pull trifluoromethyl-substituted carbenes. In the mole-
cules of the carbenes 3—7, both a m-donating substituent and the
electron-withdrawing trifluoromethyl group are adjacent to the
carbene center, and thus they can be named ‘push—pull’ carbenes.
The major effect of the -donating substituents is stabilization of the
singlet state of carbenes by conjugation (Fig. 2). Despite the stabi-
lization of push-pull carbenes being predicted by Pauling as early as
in 1980,°! only a limited number of papers reporting on the cyclo-
addition reactions of 3—7 with alkenes was published to date, few of
them aiming at the development of practical synthetic methods.

. C .
EDG/* - EDGN
F F
F F

Fig. 2. Stabilization of the push—pull trifluoromethyl-substituted carbenes.

The early reports on the [2+1] cycloaddition of 3 and 4 with
alkenes included generation of the carbene either by photochem-
ical decomposition of diazirines 57°? and 58> or thermolysis of
organomercury derivatives 594> and 60°%°7 (Scheme 15). Despite
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the rather drastic reaction conditions (i.e., 135—155 °C), the latter
method resulted in good yields (70—98%) of the cyclopropanation
in the case of 59 as the carbene source and simple alkenes, such as
cyclooctene, cycloxehene, heptene and 3-(trimethylsilyl)propene,
whereas in the case of (trimethylsilyl)ethylene, the outcome of the
product was lower (16%). The reaction also showed moderate dia-
stereoselectivity for the less hindered cyclopropane (1.8—5.8:1 ratio
of isomers). Carbene 4 generated from 60 appeared to be less
chemoselective; moreover, concurrent formation of 5 was also
observed in this case.

Carbene 4 was also generated from 2-bromo-1,1,1-trifluoro-
ethane 61 under phase-transfer reaction conditions. This approach
was used for cyclopropanation of allyltin and allylsilicon com-
pounds, in particular, alkenes 62 and 63 (Scheme 16). The reactions
resulted in 50—75% yields of the corresponding tin- or silicon-

containing cyclopropanes, e.g., 64 and 65.°5°°
Br CF,
C,)\’<F s~ SnBu, NaOH, NaHCO, C|~§_\
[ C,gHs3P*Bu, Br SnBu,
61 62 64, 59%
F.C_ Cl
Br |
- KOH CF,
cl F i 18-crown-6 Cl
F /\/Si\ Si\
61 63 65, 75%
Scheme 16.

Cyclopropanation of alkenes with carbene 6 was studied. In this
case, compound 6 was generated by photochemical decomposition
of diazirine 66 (Scheme 17). It was shown that carbene 6 is highly
unstable and unselective in the cyclopropanation of both electron-
poor and -rich alkenes. Steric interactions were shown to be im-

portant in these transformations.5°
N=N
h .
F%O/ o F?/\O/
F F
F F
66 6

Scheme 17.

Carbenes 3—6 appeared to be not stable enough, which was at-
tributed to the negative (‘pull’) inductive effect (—I) of the halogeno
or methoxy substituent. The situation changed dramatically when
these m-donating substituents were replaced by a phosphanyl
group, which features both (+M) and (+1) electronic effects. Carbene
7, obtained by photolysis of the corresponding diazoalkane 67 in
ether, THF or toluene (Scheme 18), was stable in solution at —30 °C
for weeks. Compound 7 did not react with electron-rich alkenes, but
cleanly underwent cyclopropanation reactions with methyl acrylate
and dimethyl fumarate at —40 °C, demonstrating its nucleophilic
character. The reactions proceeded with high chemo- and stereo-
selectivity: the cyclopropanes 68 and 69 were obtained in 80 and
60% yields, respectively, as single diastereomers (Scheme 19).3
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Scheme 18.
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2.1.3. Trifluoromethyl-substituted carbenes possessing an additional
electron-withdrawing group. Carbenes possessing at least one
electron-withdrawing group (in particular, carbalkoxyl) histori-
cally have a central prominence among other carbenoids.®!
Therefore, it is not surprising that a number of transition metal-
catalyzed cyclopropanations of alkenes involving carbene 10 or its
carbenoid analogues has been described in the literature. To the
best of our knowledge, the first report on reactions of this type
refers to 1990. In this work, cyclopropanation of silyl enolates with
the carbenoid generated from ethyl 3,3,3-trifluorodiazopropionate
70 was performed using Rhy(OAc)s (0.25 mol %) as a catalyst.
Cyclopropanes 71 were not isolated, but subjected to ring opening
induced by TBAF, thus giving 2-(trifluoromethyl)-4-oxocarboxy-
lates 72 in 73—97% yields (Scheme 20). Diazoester 70 used in the
synthesis was prepared from the corresponding ketoester 73
(Scheme 21).52

O, R
Me,SiO R
OSiMe. 3 TBAF
M 70(2eq) :@ — . Et0OC
Rh,(OAc)
R 2 4 EtOOC
(0.25 mol. %) CFs CF,
71 72 (73-97%)
Scheme 20.
N"
(0] l|\|l+
. oFt 1+ TSNHNH, I
F 2. POCI,, py FwOEt
F O F
F (0]
73 70, 77%
Scheme 21.

Cyclopropanation with 70 was used in the synthesis of
a GABA analogue 74 starting from N-silylated allylamine 75.
Reaction of 70 and 75 in the presence of Rhy(OAc)4 (1 mol %) in
refluxing ether afforded a mixture of diastereomers 76a and
76b (76a:76b=32:68) in 34% overall yield. Two-step hydrolysis
of 76 (via 77) led to the amino acid 74 as a mixture of dia-
stereomers (47%, 74a:74b=66:34) and bicyclic lactam 78 (42%)
(Scheme 22).53
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\(ivazo
~COOH CF3,, COOH CF CF,, .COOEt
°  NaOH “HCl
-
o
NH,
74a, 31% 74b, 16% 78, 42% 77, 96%
Scheme 22.

Some studies were performed to develop stereoselective
methods for the cyclopropanation of unsaturated hydrocarbons
with 70. A set of catalysts of general formula Rh;L4 (see Fig. 3 for the
structures of ligands L) was tested in these studies. Low enantio-
selectivities were observed in the case of 1,1-diphenylethylene and
hex-1-yne as the substrates. The products 79 and 80 were obtained
in 17—76% yields, and the highest ee values (40 and 24%, re-
spectively) were observed when Rh;[(S)-nttl]4 was used as a cata-
lyst (Scheme 23).54

N2 i
Y R@S—N
N [l 0]
H o 0
COOMe HOOC HOOC
(S)-mepy, X=CH,  (S)-dosp, R =n-C,,H,5 (S)-campha
(S)-meox, X =0 (S)-tbsp, R = t-Bu
(0}
e} e}
R N
N—< N H O
COOH COOH 0
o) o) .
Ph
(S)-ptpa, R = CH,Ph (S)-bpttl (S)-bnaz

(S)-pttl, R = +-Bu

% o
COOH o
(6] OH

nttI (S)-mpmt

0
oéZ\N_)""Ph
H

(S)-phox

Fig. 3. Ligands for the rhodium-catalyzed enantioselective cyclopropanation.

Ph 70, RhyL, (5 mol. %) Ph COOEt
e )v(
Ph CH.Cl, Ph CF,
(10 eq) 79, 36-72%,
up to 40% ee
70, Rh,L, (5 mol. %) Bu COOEt
Bu——
CH,Cl, CF,
(10eq) 80, 17-76%,

up to 24% ee

Scheme 23.

A similar situation was observed when cyclopropanation of
other olefins was studied. Carboxylate catalysts afforded generally
higher yields, and the enantioselectivities of the products
81a,b—85a,b were comparable to those provided by the carbox-
amidate complexes. In particular, Rhy[(S)-dosp]s resulted in the
highest ee values when styrenes were used as the substrates, the
maximum ee value (75%) being achieved in the case of p-methoxy-
styrene. In addition, almost no diastereoselectivity was observed in
the reactions (Scheme 24, Table 1). Finally, no cyclopropanation
occurred with trans-oct-4-ene, trans-pf-methylstyrene or trans-

stilbene as the substrates.5466
rel
rR Rh,{(S)-dospl, (5 mol. %)Ry |~ JCOOEt R " (COOEt
“, +
| 70, CH,C, or DME :; CF, \/ "CF,
(10 eq) 81a, R =Ph 81b, R = Ph
82a, R = p-Cl-CjH, 82b, R = p-C-CiH,
83a, R = p-MeO-C¢H, 83b, R = p-MeO-C,H,
84a, R = n-Pr 84b, R = n-Pr
85a, R = AcO 85b, R = AcO
Scheme 24.
Table 1

Reaction of 70 with monosubstituted alkenes (Conditions: 70 (1 equiv), alkene
(10 equiv), Rhy[(S)-dospls (5 mol %), CH,Cly, rt)

Product Yield, % 8Xa:8Xb* 8Xaee, % 8Xb ee, %
81 58 44:56 18 50
82 52 51:49 12 43
83 80 23:77 12 75
84 68 42:58 16 12
85 33 69:31 22 44

2 8X refers to the compound number of the corresponding product (81—85).

The low stereoselectivity observed in the rhodium-catalyzed
reactions of 70 with olefins (compared to other diazoesters) was
ascribed to the strong electon-withdrawing effect of the tri-
fluoromethyl group, which increased the electrophilicity of the
carbene and hence enhanced its reactivity.5*

Cyclopropanation of several electron-rich sterically un-
demanding alkenes (e.g., styrene, isobutene, and vinyl acetate) with
2,2,2-trifluoro-1-nitrodiazoethane 86 (as a source of carbenoid 12)
in the presence of Rhy(0Ac)4 was reported. The reaction resulted in
low yields of the products 87—89 and no diastereoselectivity
(Scheme 25). Compound 86 used in these studies was obtained in
25% yield by the nitration of 14 with dinitrogen pentoxide
(Scheme 26). Diazoalkane 86 appeared to be rather unstable (half
life of about 2 h at rt).5”68

=Z

I

N Rh,(OAc),, 3% mol. NO
ﬁ)\ - 17<i\c':

87,R1=Ph, R2=H, 30%
88, R1=R2=CH,, 6%

89, R1=0Ac, R2=H, 15%

(excess)

Scheme 25.

==

I+

|l
N N,O,(0.5eq)

. N
> e
NO
F F 2
F

F
14 86, 25%

Scheme 26.
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Recently, the cyclopropanation of alkenes with carbenoid 13
generated from diazophosphonate 90 has been reported. Screening
of several rhodium and copper salts revealed that Cul (10 mol %) is
as an optimal catalyst for these transformations. It was found that
monosubstituted and 1,1-disubstituted alkenes (styrene, a-meth-
ylstyrene, and octene-1) are excellent substrates for the cyclo-
propanation with 90; the corresponding cyclopropanes 91-93
were obtained in good-to-excellent yields (Scheme 27). In the case
of cyclohexene (cis-1,2-disubstituted alkene), the yield of the
cyclopropanation product diminished drastically (20%), whereas
trans-1,2-disubstituted alkenes as well as electron-poor methyl
acrylate did not react with 90, even at elevated temperatures. Low
diastereoselectivities were observed in all of the above reactions,
the ratio of isomers varying from 1:1 to 1:2.3 It could be concluded
that carbenoid 13 is apparently more stable than its analogues 10
and 12, probably due to lower electron-withdrawing properties of
the phosphonate group.

N EtO
|l e
R2 N Cul, 10 mol. %  EtO—P
/& + JoBt '~ o,
R1 F ll,/OEt toluene, reflux CF,
F I
B o R1
(1.5 eq) 90 91, R1=Ph, R2 = H, 85%

92, R1 = Ph, R2 = Me, 98%
93, R1 = n-CjH,;, R2 = H, 60%

Scheme 27.

2.2. Cyclopropanation of trifluoromethyl-substituted alkenes

In the previous section, the methods for the construction of
trifluoromethyl-substituted cyclopropanes starting from the cor-
responding alkenes and trifluoromethyl-substituted carbenes or
carbene equivalents were discussed. An alternative retrosynthetic
disconnection leads to trifluoromethyl-substituted alkenes and
carbene equivalents as the starting materials (Scheme 1). In this
part of the review, the synthetic methods that correspond to this
retron are surveyed, including reactions with diazoalkanes or
related carbene sources and ylides. In turn, the trifluoromethyl-
substituted alkenes 94, which act as the substrates in these
transformations can be prepared by elimination reactions,
Wittig-type olefinations or by other means (Scheme 28; see
also below).

XO_ Rf £
Fh)ﬂ/m Fu A _R3 .
F

F R2 F e R2.__PR
X =H, Ts, PhCO etc. 94

Scheme 28.

2.2.1. Reactions of trifluoromethyl-substituted alkenes with diazo-
methane. The first report on the cyclopropanation of trifluoro-
methyl-substituted alkenes refers to 1956, namely, photoinduced
reactions of alkenes 95—97 and diazomethane were described
resulting in the formation of pyrazolines 98—100, which were sub-
jected to pyrolysis (150—260 °C) to yield cyclopropanes 101-103
(Scheme 29).5%7% In the case of perfluoropropene 104, no promotion
by UV light was required for the reaction; the cyclopropane 105 was
isolated in 30% yield (Scheme 30).%° It should be noted that, to the

best of our knowledge, the transformations shown in Schemes 29
and 30 were the very first report on the synthesis of tri-
fluoromethyl-substituted cyclopropanes.

H R2 R2 R2
CH;N, KOH, Pt
F —_— //N
F R1 h CF3 N CF;
F R1 R1
95, R1=R2=H 98, 89% 101, 51%
96, R1=Me, R2=H 99, 60-88% 102, 64-92%
97, R1=H,R2 =CF, 100, good yield 103, low yield
Scheme 29.
F F F
CH,N, F
F E—
F CF;
F
F F
104 105, 30%
Scheme 30.

Reaction of 2-trifluoromethylacrylates 106—111 with diazo-
methane resulted in the quantitative formation of pyrazolines
112-117 (except 115, which was isolated in 56% yield)
(Scheme 31). Both thermal and photochemical decomposition of
112—117 were investigated; it was found that cyclopropane for-
mation competed with methylene insertion, the latter being
prevalent in the case of thermal conditions (toluene or xylene
reflux). Thus, cyclopropanes 118—123 were obtained in 41-77%
yields by irradiation of benzene solutions of pyrazolines 112—117
(Scheme 32).7!

R1 R2 N

N
N O
rel
ol

F © CH2N2 R <
F ——— RI CFO
F O
OPh
OPh

106,R1=R2=H
107, R1=Me, R2=H

108, R1=H, R2 = Me

109, R1=R2 = Me

110, R1 = p-CICH,CH,, R2=H
111, R1 = H, R2 = p-CIC(H,CH,

112,R1=R2=H
113, R1 = Me, R2 = H
114,R1=H, R2 = Me

115, R1=R2 = CH,

116, R1 = p-CICH,CH,, R2 = H
117, R1 = H, R2 = p-CIC4H,CH,

Scheme 31.
N R2
o e ., Ra  COOR COOR R1.  COOR
R2.. wCOOR —= »— + + >V< rel
R1 CF3 Cl:3 R1 CF3 R2 CF,
12-117 R1 118-123

Scheme 32. (R=m-PhOCgH4CH,, see Scheme 31 for R1 and R2).

An analogous transformation sequence was reported for
(2)- and (E)-6,6,6-trifluoro-4-trifluoromethyl-4-hexen-3-ones 124
and 125. Cyclopropanes 126 and 127 were obtained via pyrazo-
lines 128 and 129 in good yields with high stereoselectivity;
some minor products of side reactions were also isolated
(Scheme 33).72



0.0. Grygorenko et al. / Tetrahedron 67 (2011) 803—823 811

N /O
EtCHO .A “
2 2 R2 ;( i L»RZ CF
R1 3

124, R1= CFsv R2=H 128, 100% 126, 94%
125, R1=H, R2 = CF, 129, 98% 127, 80%
Scheme 33.

Cyclopropanation of 3-(2,2,2-trifluoroethylidene)lactam 130 has
been documented in the literature. Compound 130 (90% de) was
obtained in two steps from trifluoroacetyl-substituted lactam 131
via alcohol 132. Treatment of 130 with 20-fold excess of diazo-
methane solution in ether afforded pyrazoline 133 in modest yield
(46%; 65% conversion of 130) as a single regio- and diastereomer.
Heating of 133 under argon (160—170 °C) gave the spiro cyclopro-
pane 134 in 72% yield (Scheme 34).73

NaBH
72%

131 132 81% 130, 72%
CH,N,
CF
3 CF; N
U
N
-
(0}
N~ O ’i‘
134, 72% 133, 46%
Scheme 34.

The retrosynthetic approach to trifluoromethyl-substituted
cyclopropanes discussed in this section was also used in the syn-
thesis of trifluoronorcoronamic acid (44) derivatives. Synthesis of
the corresponding «,B-dehydro amino ester 135 commenced from
the trifluorothreonine derivative 136, which was prepared in three
steps from ethyl chloroacetate via the amino ester 137. Compound
136 was debenzylated; the free amino ester 138 obtained was then
benzoylated to give 139. Treatment of 139 with DBU led to the
formation of 135. Reaction of 135 with diazomethane resulted in
the formation of the rather unstable pyrazoline 140, which was
subjected to photochemical decomposition at —18 °C to yield the
cyclopropane 141 (Scheme 35).74

2.2.2. Reactions of trifluoromethyl-substituted alkenes with other
carbene sources. A limited number of diazoalkanes other than
diazomethane was used for the cyclopropanation of trifluoromethyl-
substituted alkenes including compounds 142—146 (Fig. 4). Apart
from this, reagents generating difluoro- and dichlorocarbenes were
also used in [2+1] cycloaddition to trifluoromethyl-substituted
olefins.

Reaction of fluorine-containing acrylates 147—154 (readily
available as E/Z mixtures by the reaction of the appropriate
ketones with ethoxycarbonylmethylenetriphenylphosphorane)
with 2-diazopropane 142 proceeded smoothly to yield the pyr-
azolines 155—162 quantitatively, so that the reaction could be
performed as a titration. Pyrolysis of 155—162 at 140 °C led to the
cyclopropanes 163—170 as well as the rearrangement products
171-177; the yield of the latter varied according to the total elec-
tronegativity of the groups at the C-3 position of the starting

HO.__CF,
Ph
c (PhCHZ)ZNHk o~ 1. NaH, CF,COOEt k I rel
2 L N7 CO0Et——— 2 N ookt
COOE 2. KBH,
Ph oh
137, 60% 136, 63%
H2
O Ph Pd-C
CF,
F, HO.__CF,
| rel _Pncoct
rel
HN —18 °Cp J\
COOEt H,N” “COOEt
07 >Ph
135, 87% 139, 90% 138, 90%
CH,N,
CF; . COOEt
Ph h
)\ N| . CF H
4
07 NN -18°C o:<
H COOEt -
140 141, 48%
Scheme 35.
'ff_
N~ N~ N~ * N~
i, Il Il N Il
N N N N
A2 e (0 J
Ph Ph” “Ph O O EtOOC
142 143 144 145 146

Fig. 4. Diazoalkanes used for the cyclopropanation of trifluoromethyl-substituted
alkenes.

acrylates (Scheme 36). It was shown that the cyclopropanes
163—170 do not rearrange to 171—177 under pyrolysis conditions;
hence, participation of an intermediate with ionic character in the

transformation was suggested.”>
: COOEt
RIR2 R1163-170
| = +
COOEt

R1 COOEt
COOEt
171 -177

147, R1=CF;, R2 = Me 155 - 162 163 only

148, R1 = CF;, R2 =Ph 164:171=94:6
149, R1=R2=CF,H 165:172=75:25
150, R1 = CF;, R2 = CF,H 166 : 173 =55: 45
151, R1=R2=CF, 167 : 174 =44 : 56
152, R1 = CF,Cl, R2 = CF,H 168 : 175 =38:62
153, R1=R2 =CF,CI 169 :176 = 36 : 64
154, R1 = CF,Cl, R2 = CF, 170 :177 =31:39

Scheme 36.

Cyclopropanation of trifluoromethyl-substituted acroleins
178—182 with 142 was described; cyclopropanes 183—187 were
obtained in 70—85% yields with moderate-to-good stereoselectivity
(Scheme 37) It is interesting to note that no pyrazoline in-
termediate resulting from the 1,3-dipolar cycloaddition has been
detected.”
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HO

CHO
X = 142 c H
—_— F.u,
Ph 3, Ph
CF, X rel
178, X = PhS 183, 80%, 40% de
179, X = n-PrS 184, 70%, 60% de
180, X = EtS 185, 78%, 36% de
181, X =Cl 186, 85%, 0% de
182, X = | 187, 85%, 60% de

Scheme 37.

Reaction of phenyldiazomethane 143 and 3,3,3-trifluoro-
propene derivatives 95, 188, and 189 afforded crude pyrazolines,
which were not purified, but were subjected to pyrolysis directly in
a VPCinjection port (200 °C). The procedure allowed cyclopropanes
190a,b—192a,b to be obtained as both pure cis- and trans-isomers
(Scheme 38).77

e

rel rel
CF. X 1. PhCHN
? T, R + CF;—:A,,,,
2 A Ph 5 Ph

X
95, X=H 190a - 192a 190b - 192b
188, X = Br
189, X =CN
Scheme 38.

Cycloaddition of 2-phenylthio-3,3,3-trifluoropropene 193, its
sulfoxide 194 or sulfone 195 (Scheme 39) with various diazoalkanes
(i.e., diazomethane, phenyldiazomethane 143, diphenyldiazo-
methane 144, and ethyl diazoacetate 146) was explored. Upon
reaction of diazoalkanes 143 and 144 with alkene 193, the cyclo-
addition occurred with nitrogen elimination, resulting in the for-
mation of cyclopropanes 196 (100%, Z/E=56:44) and 197 (76%)
(Scheme 40). Compound 198 (49%) and 199 (52%) were the major
products in the reactions of 144 with 194 and 195, although the
process was complicated by the formation of side products 200
(24%) and 201 (26%), respectively (Scheme 41). In all other cases
studied, analogous side reactions were dominating, rendering iso-
lation of the expected cyclopropanes impossible.”8

MCPBA (1 eq) CFa\H/S(O)Ph
3
CFy_ 1.phscl CFs~_-SPh
m—> \”/ 194, 78%
2. KOH/MeOH —
95 193, 82% MCPBA (2 eq) CFSTSOQPh
—_—
195, 88%
Scheme 39.

N
CF, SPh 11, CF, Ph
T + N —_—

PhS R
Ph R
193 143, R=H 196, 100%, R=H
144, R = Ph 197, 76%, R = Ph
Scheme 40.

Reaction of 3,3,3-trifluoropropene 95 and diazofluorene 145
was mentioned in the literature. It resulted in the formation of
a dibenzospiro[2.4]heptane derivative 202 (Scheme 42).7°

CF, Ph
CF,__-S(OPh 144 CF, Ph n
B — + N \
~ Ph
B0 pnso)  ph N
194 198, 49% 200, 24%
Ph
CF,.__SOPh 144 CF3>A<Ph Ph4<_<c|:3
\H/ oy + o
Et,0
2 PhSO,  Ph s0,Ph
195 199, 52% 201, 26%
Scheme 41.
N"
I,
N
| 95
»
145 202
Scheme 42.

It is appropriate to note that most of the cyclopropanations dis-
cussed in this section have included intermediate pyrazoline for-
mation, which were then decomposed either photochemically or
by pyrolysis. As already mentioned, this reaction sequence is
rather efficient for electron-poor alkenes. On the contrary, met-
al-catalyzed carbene transfer is an appropriate method in the case
of electron-rich substrates; hence, this approach is hardly appli-
cable to trifluoromethyl-substituted alkenes. Nevertheless, a suc-
cessful example of a metal-catalyzed reaction between ethyl
diazoacetate 146 and o-trifluoromethylstyrene 202 has been
reported. The reaction was performed in refluxing benzene
using a five-fold excess of 202; an iron-containing complex [Fe
(3,3',5,5'-'BusSalen)[,0 (203, 5 mol %) was used as a catalyst.
Cyclopropane 204 was obtained in 84% yield as a mixture of di-
astereomers 204a and 204b (204a:204b=1:1.7) (Scheme 43). The
use of the catalyst significantly improved the outcome of the re-
action, as, without 203, compound 204 was obtained in only 28%
yield with no diastereoselectivity.3°

CFa\”/

Ph [Fell,0 (203, 5 mol. %)CF,

rel CF, rel
VAN

146, benzene, reflux Ph\ COOEt Ph\ “COOEt
202 (5 eq) 204a, 31% 204b, 53%
=N =
OH HO
H,L
Scheme 43.
Several sources of difluorocarbene were used for the

cyclopropanation of trifluoromethyl-substituted olefins, including
difluorotris(trifluoromethyl)phosphorane (CF3)3PF,,3! 2,2,3-trifluoro-
3~(trifluoromethyl)oxirane (perfluoropropene oxide),®?> sodium
difluorochloroacetate CF,CICOONa and Dolbier’s reagent (2-(fluoro-
sulfonyl)-2,2-difluoroacetate; TFDA) 205 (see Scheme 45 for the
structure of 205). In particular, sodium difluorochloroacetate was used
in the synthesis of a fluorinated pyrethroid 206. As the key step of
the synthetic scheme, alkyne 207 (obtained from aldehyde 208 via
209) was heated with a 10-fold excess of CF,CICOONa in diglyme at
160 °C to yield the cyclopropene derivative 210, which was subjected
to reductive allylic rearrangement followed by tert-butyl group
removal to afford 206 (Scheme 44).33
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Scheme 45.

Cyclopropanation with the Dolbier reagent 205 was used in the
synthesis of a parasiticidal agent 211, which is an analogue of
a broad-spectrum insecticide, fipronil. The synthetic scheme com-
menced from aminopyrazole 212, which was subjected to pro-
tection of the amino group to afford compound 213. Suzuki coupling
of 213 and 1-(trifluoromethyl)vinylboronic acid led to the formation
of trifluoromethyl-substituted alkene 214. Reaction of 214 with
a nine-fold excess of 205 in methyl benzoate in the presence of
potassium fluoride (30 mol %) at 105 °C gave cyclopropane 215 in

modest (23%) yield. Deprotection of the amino group in 215 allowed
the final product 211 to be obtained (Scheme 45).84

Only a few reports on the cyclopropanation of trifluoromethyl-
substituted alkenes with dichlorocarbene were found in the liter-
ature, all of them using trifluoro(trichloromethyl)silane CCl3SiF;
as the dichlorocarbene source. The reaction was carried out by
heating CCl3SiF3 and an olefin (i, 3,3,3-trifluoropropene,
1,1,1,4,4,4-hexafluoro-2-butene and hexa-2-butyne) at 140—180 °C.
The corresponding trifluoromethyl-substituted cyclopropanes
were obtained in 40—85% yields.31:8>86

2.2.3. Reactions of trifluoromethyl-substituted alkenes with yli-
des. The major drawback of the diazoalkanes discussed previously
as the most frequently used carbene sources is their potential
explosive nature, which comprises a serious limitation to the scale
up of the synthetic procedures. Ylides (in particular, sulfur ylides)
represent another type of common reagent widely used for the
cyclopropanation of electron-poor alkenes. In our opinion, cyclo-
propanation of trifluoromethyl-substituted alkenes possessing an
additional electron-withdrawing group with sulfur ylides has great
synthetic potential, which has been scarcely exploited to date.
The trimethylsulfoxonium iodide—sodium hydride system is
a common reagent for generation of ylide 216, which is widely used
for the transfer of a methylene fragment to an alkene molecule. This
reagent was used for the cyclopropanation of ethyl 4,4,4-tri-
fluorocrotonate 217. The crude ester 218 obtained was subjected to
alkaline hydrolysis to give trans-2-trifluoro-1-carboxylic acid 219
(50% over two steps)—a promising low-molecular-weight building
block for chemical synthesis and drug discovery (Scheme 46).87

Me,SOI (1.1 eq) rel
CF3\/\ e A
COOB! “NaH (1.1eq) | cry™ cooEt
217 218
LiOH
i
—yon, rel
216 cF NCOOoH
219, 50%
Scheme 46.

The method failed in the case of «,f-dehydro amino ester 135
due to interference from the amide function present in the starting
molecule. Compound 135 was transformed into oxazoline de-
rivative 220 in 31% yield upon treatment with trimethylsulfoxo-
nium iodide—sodium hydride (Scheme 47).74

CF,
| Me,SOl °
OEt __ "7, Ph—<\
HN NaH N CF,
)\ ) COOEt
(0] Ph
135 220, 31%
Scheme 47.

(Ethoxycarbonylmethylene)dimethylsulfurane 221 is another
example of a sulfur ylide widely used for cyclopropanation of
electron-poor alkenes. Compound 221 was involved in several
preparations related to pyrethroid chemistry. In particular, hexa-
fluorocypermethrin 222 was prepared in nine steps starting from
ethyl hexafluorosenecioate 151. It was found that reaction of 221 and
223 resulted in the formation of a mixture containing the targeted
diester 224 (37%), alkene 225 (27%), and cyclopropropane 226 (2%)
(Scheme 48). To avoid these side reactions, compound 223 was
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CF, _S_COEt
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COOEt COOEt EtOOC COOEt
CFB\A \/C SXOOEt
"G OOE COOEt
CF, Fy CF,
224 (37%) 225 (27%) 226 (2%)
Scheme 48.

converted into alcohol 227, which was benzoylated to give 228.
Cyclopropanation of alkene 228 resulted in the formation of trans-
cyclopropane 229 in 44% vyield as the only isolated product.
Compound 229 was subjected to alkaline hydrolysis followed
by esterification with diazomethane to yield hydroxy ester 230.
Swern oxidation of 230 led to the formation of aldehyde 231, which
was transformed into dichloride 232. Hydrolysis followed by al-
kylation with 233 allowed hexafluorocypermethrin 222 to be
obtained (Scheme 49).58

CF

CF, CF, :
— DIBAL — PhCOCI —
_ — > CF] O
CFJ o)

Ph
223 227, 70-80% 228
221
OH OH O\n/Ph
rel CH,N, rel KOH rel 5
CF; . - CF; . =~ CF; .
“COOMe “COOH “COOEt
CF, CF, CF,
230 229 (44%)
DMSO
(cocly,
TEA
_O
rel CBrCl, rel
—>
CF; P(NMe,), CF3
“"COOMe
3
231
X
OPh
CN
233, X = Br
240, X = OH

Scheme 49.

For the synthesis of the cis-isomer of 222, several attempts were
made to achieve intramolecular cyclopropanation leading to con-
struction of the 3-oxabicyclo[3.1.0]Jhexane core. In particular,
S-methylation of ester 234 with methyl triflate followed by cycli-
zation (KF, 18-crown-6) resulted in dithiane ring opening leading to
the formation of cyclopropane 235 in 43% yield (Scheme 50);
however, further transformations of 235 into cis-substituted ana-

logues of 222 appeared to be unfruitful.8®

= y
CF o CF3

1. CF,S0,0Me

O —————————> S
842: 2. KF, 18-crown-6 CFy
CF
S

234 235, 43% /

Scheme 50.

An alternative approach to the synthesis of 222 was reported. The
synthesis commenced from 3,3-dichloroacrolein 236, which was
subjected to Wittig-type olefination to afford bis(trifluoromethyl)-
substituted alkene 237. It is appropriate to note that 3,3-dimethyl-
acrolein failed to form the corresponding diene in the first step of
these transformations. Reaction of 237 and ylide 221 afforded cy-
clopropane 238 with high diastereoselectivity. Pyrethroid 222
was obtained from 238 by a standard transformation sequence
including hydrolysis giving carboxylic acid 239, chloroanhydride
formation and esterification using alcohol 240 (Scheme 51).8990

Clw__Cl
| R ’i'f\
CF, “"COOEt
238

236 237

CIWO (CF,),CCl,
—_—
¢ PPh,
CF

OH/H,0

Scheme 51.

Analogously, pyrethroids 241-244 (including hexafluoro-
decamethrin 242) were prepared by esterification of carboxylic acids
245—-248. Compound 245 was prepared starting from 2-chloro-
isovaleraldehyde, which was olefinated to give the alkene 249.
Cyclopropanation of 249 afforded cyclopropane derivative 250.
Alkaline hydrolysis of the ester moiety in the molecule of 250 was
accompanied by elimination, resulting in the direct formation of 245
(Scheme 52). Carboxylic acids 246—248 were prepared viaa common
alhedyde intermediate 251. Synthesis of 251 included olefination of
1,1-diethoxy 252 followed by cyclopropanation with 221 and sub-
sequent carbonyl-group deprotection. Aldehyde 251 reacted with
the corresponding phosphorus ylides to give the olefination products
253—-255 (in 42—84% yields), which were converted into the
carboxylic acids 246—248 upon acidic hydrolysis (Scheme 53).8%90

Synthesis of pyrethroid esters possessing a cis-configuration at
the cyclopropane fragment has also been reported. The key in-
termediates in their preparations were lactones 256 and 257. In the
synthesis of 256, aldehyde 258 was transformed into cyclopropane
259 in two steps by the method described above. After hydrolysis of
the compound 259, the corresponding ester 260 underwent epi-
merization followed by lactonization to yield 256. Further trans-
formations of 256 included lactone ring opening and elimination

leading to the formation of ester 261 (Scheme 54).9%°1
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Lactone 257 was prepared starting from aldehyde 262 using an
analogous scheme. Compound 257 was transformed into aldehyde
263 (Scheme 55), which was used as a convenient precursor to
several pyrethroid esters possessing the cis-configuration.”!

A related methodology was used for the preparation of mono-
trifluoromethyl-substituted pyrethroid precursors possessing both
cis- and trans-configuration at the cyclopropane ring. For the
synthesis of the trans-isomer 264a, phosphorane 265 and 1,1,1-
trifluroacetone reacted to give the alkene 266, which was then
cyclopropanated with 267 (Scheme 56). In the synthesis of cis-
isomer 264b, compounds 268 and 221 were used at the corre-
sponding steps. Cyclopropanation of 269 was the key step in this
case (Scheme 57). It should be noted that good stereoselectivities at
the cyclopropanation steps were observed (88% and 75% of the
major isomer for 264a and 264b, respectively). Compound 264b
was transformed into aldehyde 270, which was applied to the
synthesis of pyrethroids.®

Ac
W/l&O (CF,),CCl,
PPh, 8%
258 85% “"COOEt

3

259
EtONa
62%
rel
COOEt
3%
256
MeONa
66%
rel F,C_ CF, rel F,C CF,
CBQ/PPh
9%
Me
Scheme 54.
AcOK OMe  pcooH
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rel MeOH
o =~ o
OH OMe OAc Et
NEt,
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F,C. CF, F,C CF, F,C CF,
KOHIMeOH rel pcc  rel
— O
82% 81% |
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400/0
CFs 1. FeCl, CFs
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2. Me,CHCI
OHC COOEt 3, (n-Hex),SiCl NC COOEt
270 4.H,0 264b
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Scheme 57.
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Cyclopropanation of trifluoromethyl-substituted alkenes using
arsenic ylides has also been reported. In particular, reaction of
phosphonate 271, benzyltriphenylarsenium salt and n-butyllithium
led to the formation of diastereomers 272a,b (de 56%) in 52% total
yield (Scheme 58).%3

CF, PhAs‘CH,Ph P, wOF; Ph WCF,
il > +
\m PP B, THE Yre’ rel
PQ 0,
do © %% pro-P~opr Pro~f~oir
°r o 0
271 272a 272b

Scheme 58.
3. Intramolecular cyclizations

The idea of using the intramolecular cyclizations of appropriate
1,3-bifunctional substrates for the construction of trifluoromethyl-
substituted cyclopropanes is rather old. One of the early reports
described the attempted Freund reaction of dibromide 273
(Scheme 59). However, the product 101 was obtained in such a poor
yield that purification was impossible.®®

Br Zn
Jo B2 A
CF; Br 145-155°C | CF

273 101
Scheme 59.

Nevertheless, nucleophilic intramolecular cyclizations appeared
to be very efficient with stabilized y-substituted carbon nucleo-
philes, such as enolates. These intermediates were generated either
by deprotonation of the corresponding 1,3-bifunctional substrates
or by Michael addition of the carbon nucleophiles to trifluoro-
methyl-substituted alkenes. Apart from these two types of nucleo-
philic cyclizations, other methods were also developed including
intramolecular SET-induced reactions of non-activated olefins with
CH-acids or addition of alkenes to tricarbonyl(vinylketene)iron(0)
complexes. All of these transformations are discussed in the
following sections. It should be noted that cyclopropanation of tri-
fluoromethyl-substituted alkenes with ylides described in the
previous section can also be considered as tandem Michael addi-
tion—nucleophilic cyclization.

3.1. Nucleophilic cyclizations of 1,3-bifunctional substrates

With few exceptions, all of the reactions discussed in this sec-
tion can be represented as shown in Scheme 60, e.g., the first
synthesis of 2-trifluoromethylcyclopropane-1-carboxylic acid 219
included base-induced cyclization of tosylate 274 (Scheme 61). The
initial scheme for the synthesis of 274 included isolation of the free
5,5,5-trifluorolevulinic acid 275, which was then subjected to es-
terification to give an ester 276 in 38% overall yield.** A modified
procedure for the decarboxylation of the intermediate diester gave
the monoester 277 in one step (62% yield).?> Both esters were
transformed to the corresponding tosylates 274, which smoothly
underwent cyclization into 219 upon treatment with potassium
tert-butoxide in dimethylsulfoxide.

ﬁ/\ base A
R ——
CF EWG CF EWG

3 3
EWG = CN, COOR

Scheme 60.

o 0
COOEt CF,COOEt
n COOEt HZSO‘;
Na CFy CF;
COOEt 80%

EtOOC 275 COOH
H,BO, CH,N,
(R=E) (R=Me)
620/0 380/0
(3 steps)
tBuOK TsCl H, F’tO
219 =— -
bmso CFs CF; os% CF:
65%
COOR COOR COOR
276, R =Me
277, R=Et
Scheme 61.

Compound 219 was the key intermediate in the synthesis of
some other important trifluoromethyl-substituted building blocks
of low-molecular-weight, e.g., alcohol 278, aldehyde 279 and other
compounds (Scheme 62).949°

el LiAK,
CFy COOH 75% 5%

219 278 279

Scheme 62.

Cyclization of 4-cyano-4-phenyl-1,1,1-trifluoro-2-butanol 280
has been studied thoroughly. Under the optimized conditions (tosyl
chloride (1.2 equiv), sodium hydride (4 equiv), THF, —20 °C),
cyclopropane 281 was obtained in good yield (83%) and with
excellent diastereoselectivity (de 92%). The method was efficient
also for other alcohols of general formula 282.%6 The corresponding
cyclopropanes were obtained in good yields and with moderate-to-
good diastereoselectivities. It was found that there was a linear
correlation between the logarithms of the ratio of the two dia-
stereomeric products and an estimated effective charge on the two
ortho carbons of the aryl substituent. Therefore, the diaster-
eoselectivity was controlled by intramolecular electrostatic re-
pulsions between the local negative charge on the trifluoromethyl
group and that on the aryl moiety. It is interesting to note that the
opposite diastereoselectivity was observed when Ar=CgFs; cyclo-
propane 283 was found to be the major product in this case
(Scheme 63).%7

OH CF,, OH CF,,
TsCl K K
CFy —_— CF3
NaH o
83% NC Ph (y F.CS CN
Ph CN de 92% Ar CN "5
280 281 282 283

Scheme 63.

The utility of the method was demonstrated by elegant syn-
theses of optically pure trans- and cis-trifluoronorcoronamic acids
44a and 44b. Both compounds were obtained starting from the
chiral epoxide 284 (75% ee). In the synthesis of 44a, 284 reacted
with nitrile 285 to give hydroxynitrile 286 with ca. 30% de, which
was subjected to cyclization as described above to afford the
cyclopropane 287 with 75% ee. After recrystallization, compound
287 was obtained in optically pure form (>99% de, >99% ee). Oxi-
dation of the pyrrole ring in 287 followed by hydrolysis afforded
the trans-isomer 44a (Scheme 64). To obtain 44b, 284 was
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subjected to the reaction with nitrile 288. Cyclization of the product
289 followed by recrystallization afforded the optically pure
cyclopropane 290. Further transformations of 290 included partial
hydrolysis, modified Hoffmann rearrangement and oxidation of the

aromatic ring (Scheme 65).%8

CF

CF{]
AN mor_
) " NaHMDS NaH NC N
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NalO,
71%
CFs, Hal
K HCI aq
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Scheme 64.
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OMe
MeO MeO
Scheme 65.

An unusual reaction resulting in the transformation of a tri-
fluoromethyl group to nitrile occurred upon treatment of iodides
291-293 with sodium amide. In all three cases, no expected
bis(trifluoromethyl)-substituted cyclopropanes were formed.
Mixtures of cyclopropanes 294/295 and 296/297 were obtained
from 291 to 292, respectively (Schemes 66 and 67), whereas an
analogous reaction of 293 afforded a mixture of cyclopropane
298 and alkenes 299 and 300 (Scheme 68). The mechanism
proposed by the authors included intermediate formation
of trifluoromethyl-substituted nitriles of general formula 301
(Scheme 69).%°

CFsW NaNH,
—_— CF3 +
CF, | I

3

291 294 (12%) 295 (48%)

Scheme 66.

o X
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Scheme 67.

CF, |
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Scheme 68.
CF, CF, F,
CF; NaNHe_ cF; M ne
-HF -2HF
| R1 | R1 | R1
R2 R2
R2 301
Scheme 69.

3.2. Tandem Michael additions—nucleophilic cyclizations

In the reactions discussed in the previous section, the stabi-
lized carbanions nessessary for the formation of trifluoromethyl-
substituted cyclopropanes were generated by deprotonation
of appropriate 1,3-bifunctional substrates. Another common
method for generation of carbanions includes Michael addition
of carbon nucleophiles to electron-poor alkenes. Due to the
electron-withdrawing properties of the trifluoromethyl group,
trifluoromethyl-substituted alkenes are good Michael acceptors,
especially if additional electron-withdrawing groups are present
in their molecules. As mentioned above, cyclopropanation
of trifluoromethyl-substituted alkenes with ylides described in
the previous section represents an example of this trans-
formation; some other tandem reactions of this type are now
discussed.

In particular, the reaction of anions generated from methylene-
active compounds with 2-bromo-3,3,3-trifluoropropene 302
resulted in the formation of cyclopropanes 303—308. These prod-
ucts were obtained in good yields (80—90%); the reaction was
somewhat sluggish only in the case of benzoylacetonitrile as the
starting compound (Schemes 70 and 71). The method was used for
the synthesis of (+)-trans-trifluoronorcoronamic acid 44a. To ach-
ieve this, diester 303 was subjected to selective hydrolysis followed
by Curtius rearrangement and deprotection (Scheme 72).10°

CF

3 NaH R1

>= s+ RA_RT

Br CF3 R2

302 303, R1 = R2 = COOEt, 82%
304, R1=R2=CN, 83%
305, R1 = CN, R2 = COOEt, 80%
306, R1 = COOMe, R2 = SO,Ph, 91%
307, R1=CN, R2 = SO,Ph, 90%
308, R1 = CN, R2 = COPh, 60%

Scheme 70.
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Analogously, the reaction of anions generated from methylene-
active compounds with methyl (Z)-2-bromo-3,3,3-trifluoro-2-
butenoate 309 afforded cyclopropanes. It is interesting to note that
the generation of all stereocenters in the molecules of 310—318
proceeded in a stereospecific manner (Schemes 73 and 74).1°!

CF, Br NaH R1
. R _RI

COOMe 3 R2

309 310, R1 = SO,Ph, R2 = CN, 83%
311, R1 = R2 = COMe, 80%
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314, R1 = COOEt, R2 = CN, 75%
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318, R1 = Ph, R2 = COOEt, 78%

Scheme 73.
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Reaction of ethyl 4,4,4-trifluorocrotonate 217 and oxazolidinones
319—320 resulted in the formation of a mixture of diastereomers
321a,b. After separation and removal of the oxazolidinone moieties,
the corresponding optically pure diols were isolated as the benzoyl
derivatives, (+)- and (—)-322 (Scheme 75). In this case, moderate
asymmetric induction was observed at the cyclopropane formation
step (de 34—36%); cyclopropanes 322 were obtained with high
diastereo- but low enantioselectivity.'?>

j\ L o OLi
\_$/ — &NS/ i}
319, X=Cl
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o N/KCFB . C'%
\—§' v\cooa £00c”

321a 321b

l/u

1. LiAH,
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2. PhcoCl

83%
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PhCOO/Y\\ OC(0)Ph PhCOO” OC(O)Ph
CF,
322 (+)-322
Scheme 75.
3.3. Electrophilic and SET-induced cyclizations
Electrophilic and radical cyclizations that lead to tri-

fluoromethyl-substituted cyclopropanes are relatively rare. In
particular, cyclization of malonic acid derivatives 323—325
upon treatment with iodine, potassium carbonate, and a phase-
transfer catalyst is believed to be induced by single-electron
transfer (SET). The reactions resulted in the formation of lactones
332a,b—334ab in 69-93% yields. The starting compounds
323—-325 were obtained from 1,1,1-trifluoroacetone in three steps
via the intermediates 326—328 and 329—331, respectively. Mod-
erate stereoselectivities were observed in the cyclization reactions
(Scheme 76).193
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Scheme 76. (TCMC—tricaprylmethylammonium chloride).
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Analogous reactions of the compounds 335—337 also resulted in
the formation of the corresponding lactones 338—340. Whereas
compound 338 was obtained as an almost equimolar mixture of
diastereomers, formation of 339 and 340 proceeded in a stereo-
selective manner (Scheme 77).1941%> steric factors were supposed
to determine the stereochemistry of the reaction in the case of the
compounds 332—334 and 338—340.19%104

335,R=H 338a, R=H, 24% 338b, R =H, 29%
336, R=Me 339, R = Me, 52%
337,R=Ph 340, R = Ph, 40%

Scheme 77.

Reaction of a tricarbonyl(ketene)iron(0) complex 341 with ethyl
4,4 4-trifluorocrotonate yielded the air-stable adduct 342 in 57%
yield. Oxidation of the complex 342 with an excess of cerium am-
monium nitrate (CAN) resulted in the formation of a mixture of
cyclopropanes 343ab and by-product 344 (Scheme 78).16197 The
mechanism of the cyclopropane formation is unclear; either elec-
trophilic or radical nature of the cyclization can be assumed.
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Scheme 78.

4. Fluorination of cyclopropanecarboxylic acids

All the methods for the synthesis of trifluoromethyl-substituted
cyclopropanes described so far have relied on using starting com-
pounds already containing a trifluoromethyl group. A completely
different approach includes transformations of the functionalized
compounds that already contain a cyclopropane ring in their
molecules. The carboxylic group is a common equivalent of a tri-
fluoromethyl moiety; trifluoromethylation of the carboxylic acids
can be achieved by a number of reagents, sulfur tetrafluoride
being one of the most often used.!%® Obviously, the reaction of
cyclopropanecarboxylic acids with SF4 would yield trifluoromethyl-
substituted cyclopropanes. Nevertheless, the parent cyclopropane-
carboxylic acid showed low reactivity in the reaction with SF4;
trifluoromethylcyclopropane 101 was obtained only in the presence
of excess HE!®® Trifluoromethylation with SF; was much more
effective in the case of cyclopropanecarboxylic acids containing ad-
ditional electron-withdrawing groups in their molecules. In partic-
ular, cyclopropanedicarboxylic acids 345—347 reacted with
4.5—-8 equiv of sulfur tetrafluoride at 120—125 °C for 4.5—6 h to give
the corresponding bis(trifluoromethyl)-substituted cyclopropanes
348—350 in 44—53% yield (Scheme 79). It is interesting to note that

compound 350 reacted at the exocyclic double bond without opening
the cyclopropane ring; in these transformations, bis(tri-
fluoromethyl)-substituted cyclopropanes 349, 351, and 352 were
obtained (Scheme 80).11°
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Scheme 79.
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Scheme 80.

Analogous reactions of SF4 with cyclopropanetricarboxylic acids
353 and 354 were complicated by the formation of the oxabicyclo
[3.1.0]hexane derivarives 355 and 356. The corresponding tris(tri-
fluoromethyl)cyclopropanes 357 and 358 were obtained in low

yields (26 and 15%, respectively, Scheme 81).11°

COOH
SF, (9 3eq)
“430°C, 7h
HOOC "“"COOH e
353 357 26%) 355 26%)
HOOC. COOH C
SF, (9.3 eq)
130°C, 7 h
HOOC F C
354 358 (15%) 356 (60%)
Scheme 81.

Under similar conditions (SF4 (6 equiv), 120 °C, 24 h or 135 °C,
4 h), cyclopropane-1,1-dicarboxylic acid 359 was transformed
into  1,1-bis(trifluoromethyl)cyclopropane 360 in 53—-59%
yield. """ However, reaction of 359 and SF4 (6 equiv) at 30 °C for
3 h led to the formation of the acyl fluoride 361, which was
isolated in 41% yield by distillation. If the crude reaction mixture
obtained under these conditions was quenched with aqueous
NaHCO3 upon heating, 1-(trifluoromethyl)-1-cyclopropane-
carboxylic acid 362 was obtained in 36% yield after the work-up
(Scheme 82).1M

o 1. SF, (6 eq),
30°C, 3h

oF SF, (6ed) Hooc._COOH , F.C
F 3 -——— —_—
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F,C< TCFS
360
Scheme 82.
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Fluorination of 363 (SF4 (65 equiv), 60 °C, 4 h) allowed nitrile
364 to be obtained in less than 40% yield. Monoester 365 appeared
to be less reactive: even after prolonged reaction time (21 h),
a mixture of the targeted trifluoromethyl-substituted cyclopropane
366 and the intermediate acyl fluoride 367 was obtained (ca. 1.2:1
ratio) (Scheme 83).12

HOOC.__CN SF, (65 eq) F,C.__CN
K moe K
60°C, 6 h
363 <40% 364
0
HOOC.__COOEt SF, (65 eq) F,C.__COOE COOEt
KN mmam KN+
60°C, 21 h
365 366 367
Scheme 83.

Trifluoromethylation of gem-dichloro-substituted cyclopropane-
carboxylic acids 368—370 was found to be ineffective for the
synthesis of trifluoromethyl-substituted cyclopropanes. The major
products 371—374 of the reaction were formed by three-membered
ring opening; the targeted cyclopropanes 375 and 376 were obtained
from 368 to 369 only in 5—6% yields (Scheme 84).13

O O s SF, (55 eq) Ci_Cl
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Cl Cl 6eq
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370 374 (11%) 373 70%

Scheme 84.

5. Conclusions and outlook

A number of methods are available for the synthesis of
trifluoromethyl-substituted cyclopropanes. More classical ap-
proaches include the transformations of substrates that already
contain a trifluoromethyl group (cyclopropanation of trifluoro-
methyl-substituted alkenes, intramolecular cyclizations); a lim-
ited availability of the starting materials can be considered to be
a major drawback of these methods. Another methodology,
which has gained momentum in the last two decades relies on
using trifluoromethylating reagents, such as 2,2,2-tri-
fluorodiazoethane or sulfur tetrafluoride. These methods (i.e.,
cyclopropanation with trifluoromethyl-substituted carbene re-
agents as well as fluorination of cyclopropanecarboxylic acids)
can in principle be extended to a large range of the substrates.
Some very recent publications can be considered as a proof of
this. In particular, rhodium-catalyzed cyclopropenation of alkynes
in aqueous media was reported, using a method analogous to that
described for the cyclopropanation of alkenes (see Scheme 12).
Trifluoromethyl-substituted cyclopropenes 377—383 (Scheme 85)

obtained in these reactions are versatile intermediates, which can
be transformed into various trifluoromethyl-substituted cyclo-
propanes. In particular, hydrogenation of 378 afforded cis-di-
substituted cyclopropane 385 in 90% yield (86% de). Therefore,
the alkyne cylopropanation—hydrogenation sequence can be
considered as complementary to the cyclopropanation of mono-
substituted alkenes, which results in the formation of trans-iso-
mers. Another interesting transformation of 378 is the
Diels—Alder reaction with 2,3-dimethylbutadiene, which led to
the formation of the bicyclic adduct 386 in 97% yield
R1 CF

(Scheme 86).114
3
14 (2 eq), [Rhy(esp),] (2.5 mol. %),
R2
| | NaNO, (2.4 eq), NaOAc (0.2 eq),
R2 H,S0O, (0.1 eq), H,0, rt, 14h R1

377, R1=H, R2 = CH,CH,Ph, 78%

378, R1=H, R2 = n-CgH,q, 71%

379, R1 = H, R2 = CH,CH,0CH,Ph, 71%
380, R1 = Me, R2 = CH,CH,Ph, 70%

381, R1=Me, R2 = Ph, 67%

382, R1 = H, R2 = CH,CH(Me)OTBS, 69%
383, R1 = H, R2 = CH2CH(/Pr)OTBS, 73%

Scheme 85. (esp—a.,a,0/,0/-tetramethyl-1,3-benzenedipropanoate).

E Pd/CaCO j 7%
90%
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Scheme 86.

In another recent publication, a method for the direct tri-
fluoromethylation of functionalized cyclopropanes, which is com-
pletely different from the previous approach was disclosed. In this
method, iodotrifluoromethane was used as a source of the tri-
fluoromethyl group. Reaction of CFsl with the dianion generated
from compound 386 resulted in the formation of trifluoromethyl-
substituted cyclopropane 387 in 47% yield; after deprotection,
sulfamide 388 was obtained (Scheme 87).1

NHBoc CFs TEA CF,
_ 1. n-BuLi (2.5 eq), -80 °C
0=s=0 (25 eq) 0 — > el
2. CF,l (1.5 eq), -30 °C o’/S\ 96% O,/s\
A7% NHBoc NH,
386 387 388
Scheme 87.

The variety of methods available for their synthesis resulted in
the development of many low-molecular-weight trifluoromethyl-
substituted cyclopropane building blocks. In conclusion of this re-
view, we would like to outline some of these building blocks, which
in our opinion, can be especially interesting for the needs
of medicinal and agricultural chemistry. The following classes
of building blocks are represented in Fig. 5: carboxylic acids
(219,874 362,111 389,116 and 390'13), alcohols (278°*°° and 391,
and 392'"6), aldehydes (279°4°°), amines (393%4'® and 394'8),
nitriles (365! and 395°>), boronates (26*>44), alkyl halogenides
(396°4), alkenes (19a,b*!), and amino acids (44a,p*>487498100 5
74a,b%).
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CFy CF,. CF, CF, _COOH
CFy A rel >_< >_\ rel
COOH NCOooH COOH ““COOH
362 219 389 390
CF CF
CFy ERR RN E
OH OH A
HO CHO
391 278 392 279
F, CF, CF,
CFy CF, S rel
CN
NH NH, CN k B(OBu),
393 394 364 395 26
\\COOH \\COOH
AW rel
CF3
19a,b 74a,b 44a,b
Fig. 5. Low-molecular-weight trifluoromethyl-substituted cyclopropane building
blocks.
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