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ABSTRACT
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10-87% yield
» Highly diastereoselective dr ratio up to 100:0
* Mild conditions

+ Easy to handle

The synthesis of highly functionalized monofluorinated cyclopropanes based on a Michael Initiated Ring Closure (MIRC) reaction has been
developed. The addition of quaternary ammonium salts derived from ethyl bromofluoroacetate on a panel of electron deficient alkenes followed by
cyclization gave rise to an efficient access to monofluorinated cyclopropanes with good yields and remarkable diastereoselectivity.

Fluorinated cyclopropanes are key building blocks in
biological molecules as well as pharmaceuticals. Therefore,
they have tremendous importance in both industry and
academic research. Fluorine-containing cyclopropanes ap-
pear to be pivotal scaffolds due to their incomparable
properties. Indeed, on one hand, the cyclopropane core
enables one to bring constraint to molecules.' On the other
hand, the presence of a fluorine atom” often modifies
chemical, physical, and biological properties of molecules
such as an increase of metabolic stability and lipophilicity.

More particularly, cyclopropanes containing a quatern-
ary fluorinated center bearing a functional group in the
gem position (e.g., a carboxy moiety) and at least one
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substituent in the a position are relevant scaffolds in
several biologically active compounds® and their synthesis
is still of high interest (Figure 1). Because of their significant
importance, the design of innovative synthetic pathways
to construct straightforward, highly valuable fluorinated
cyclopropanes has attracted growing interest.*
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Figure 1. Structure of biologically active molecules containing a
functionalized fluorinated cyclopropane.

However, a limited number of methods gave rise to
highly functionalized monofluorinated cyclopropanes.’
Among them, one strategy based on a Michael Initiated
Ring Closure (MIRC) reaction has emerged as a powerful
and streamlined method.® As proof of concept of this
approach on nonfluorinated cyclopropanes, the group of
Gaunt nicely reported the tertiary amine-catalyzed func-
tionalized cyclopropanes synthesis via the nucleophilic
addition of ammonium ylides to electron poor alkenes
with remarkable stereoselectivity.” This example show-
cases the potential of such a strategy in cyclopropanes
synthesis. In 2012, Hu et al. described the fluoromethyle-
nation of a,B-unsaturated Weinreb amides.® This method
turned out to be a highly enantio- and diastereoselective
reaction, leading to fluorinated cyclopropanes bearing
essentially (het)aryl and alkyl substituents. In this context,
our group has previously developed the Zn/LiCl catalyzed
synthesis of monofluorinated cyclopropanes using ethyl
dibromofluoroacetate as fluorine source.>*° This ap-
proach turned out to be efficient with moderate to good
diastereoselectivity toward the trans isomer and was then
extended to the asymmetric synthesis of enantiomerically
pure cyclopropanes via a two-step procedure. Nevertheless,
the construction of highly functionalized monofluorinated
cyclopropanes still remains a great challenge. Herein we
report the diastereoselective synthesis of functionalized
monofluorinated cyclopropanes from quaternary ammo-
nium salts via a MIRC reaction.

Indeed, to pursue our investigations in this field, we
thought that the quaternary ammonium salts 2, obtained
after nucleophilic substitution of a tertiary amine on
bromofluoroamide derivatives 1,'° may act as a good
leaving group in a MIRC reaction on electron poor
alkenes 3 (Scheme 1), the bromofluoroamide derivatives
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Scheme 1. Retrosynthetic Pathway
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1 being easily prepared from the commercially available
ethyl bromofluoroacetate.

Our study began with the evaluation of ammonium salt
2a'! in the cyclopropane synthesis. The treatment of 2a
with Cs>COs in the presence of benzyl acrylate 3a as a
coupling partner led to the corresponding cyclopropane
4aa containing the expected quaternary fluorinated center
(Table 1).'°

Table 1. Optimization of Reaction Conditions”

N © o
KZ/)(\'a:r)kN/\ " 7 cosmn - BnO C/A, e
£ K/O solvent, t °C, time 2 O//_N\—/O
2a 3a 4aa
time  yield dr¢
entry solvent base (h) (%) (cis:trans)
1 DMF Cs,CO3 14 37 82:18
2 CICH,CH,Cl  Cs,COs 14 27 71:29
4 THF Cs2CO3 14 35 83:17
5 CH3CN CsyCO3 14 65 73:27
6 1,4-dioxane Cs5CO03 14 40? 82:18
7° 1,4-dioxane Cs,CO3 14 66 86:14
8 1,4-dioxane Cs5C03 24 69 81:19
9 1,4-dioxane  Cs;COj3 24 83 86:14
10% 1,4-dioxane CsOAc 24 0 0
118 1,4-dioxane Ky;COs3 24 0 0
12¢ 1,4-dioxane DBU 24 0 0

18" 1,4-dioxane Cs5CO3 24 65 82:18

¢ Ammonium salt 2a (0.15 mmol), benzyl acrylate 3a (1.2 equiv), base
(2 equiv), [2a] = 0.05 mol-L~"in solvent, 50 °C (oil bath temperature),
time.  Determined by '’F NMR of the crude reaction mixture using
1-fluoro-2,4-dinitrobenzene as the internal standard. ¢ Ratio based on
'F NMR of the crude mixture. ¢42% of remaining 2a in the crude. “ The
reaction was carried out at 80 °C.”/27% of remaining 2a in the crude.
¢ With 5 equiv of base. " With 3 equiv of 3a. DBU = 1,8-Diazabicyclo-
[5.4.0Jundec-7-ene.

When the reaction was performed in DMF, the MIRC
reaction proceeded smoothly and 4aa was obtained in 37%
yield with a promising diastereoisomeric ratio (cis:trans)
of 82:18. To optimize the efficiency of the process, several
solvents were tested (Table 1, entries 1—6). Although aceto-
nitrile gave us very encouraging results (65%, cis:trans =
73:27, entry 5), we decided to pursue the optimization with

(11) The ammonium salts 2 were readily prepared in a one step
procedure from their corresponding brominated amide precursors 1;
see Supporting Information. Note that when 1a (precursor of 2a) was
directly engaged in the reaction conditions, only degradation was
observed. This control experiment clearly indicated that the ammonium
group was crucial for this transformation.
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1,4-dioxane (40%, cis:trans = 82:18, entry 6), since 42% of
residual starting material was observed in '°F NMR of the
crude reaction and the expected product was obtained with
higher diastereoselectivity. The increased reaction tempera-
ture did not have a beneficial impact on the transformation.
Indeed, even though the yield was slightly improved (66%),
more degradation was observed (entry 7). This observation
suggested that the right balance between reactivity toward
cyclopropane synthesis and side reaction pathways was
already obtained at 50 °C. More importantly we found that
the reaction time (entry 8) and the relative amount of base
(entry 9) were crucial for the efficiency and the diastereo-
selectivity of the reaction. Our best result (83%, cis:trans
ratio of 86:14, entry 9) was obtained after 24 h of reaction in
the presence of 5 equiv of base. Surprisingly, the replace-
ment of Cs,CO;3 by other bases (entries 10—12) led to
complete failure of the reaction, and the use of an excess
of 3a (entry 13) did not bring any improvement.

Encouraged by these results, we investigated the effect of
the EWG group on the quaternary ammonium salt 2 on
reactivity and selectivity. Good diastereoselectivity was
observed for different amide salts (Table 2, entries 1—3),
although yields remained rather poor; 2a was the most
efficient substrate concerning both reactivity and selectivity
(entry 1, 80% isolated yield, dr = 86:14). In contrast, the
salt 2d derived from the commercially available ethyl bro-
mofluoroacetate turned out to be poorly efficient (entry 4,
31%, dr = 49:51). The low yield was probably due to a
competing hydrolysis reaction that had to be circumvented
to provide a chemoselective outcome of the reaction.

Table 2. Screening of Ammonium Salts 2¢

entry ammonium product yield dr*
salt 2 4 (%)’ (cis:trans)
1 N Ao 80
QN%/L T S 86:14
K/ 433
2 N/\ o AV 44
Kw/g%'b woe” Gl 82:18
Br F 4bo
2 a
3 N o A,F 30
@g‘%,o BnoC Q 83:17
Br ;C 4ca
4¢ N o] /A/F 31
NN Bn0,C7 y-OFt 49:51
?j)koa c/)f

24 4da

¢ Ammonium salt 2 (0.6 mmol), benzyl acrylate 3a (1.2 equiv),
Cs,CO5 (5 equiv), [2] = 0.05 mol-L~" in 1,4-dioxane, 50 °C, 24 h.
®Isolated yields of both diastereoisomers. ¢ Ratio based on '°F NMR of
the crude mixture. “dca and its isomer were isolated as a mixture with
an inseparable impurity (13%). “4da and its isomer were isolated with
traces of an inseparable impurity (4%).

(12) It should be noted that vinylsulfone, 1-dimethoxyphosphory-
lethene, or 1,2-disubstituted electron-poor olefins such as cinnamalde-
hyde and chalcone gave only trace amounts of product under standard
conditions (see Supporting Information) probably because they mainly
underwent side reactions.
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The scope of the reaction was then examined, and the
desired products were generally isolated with moderate to
good yields and high diastereoselectivities. Moreover, the
transformation demonstrated large functional group tol-
erance (Scheme 2).'? The reaction worked well with a range
of terminal alkenes, and fluorinated cyclopropanes bear-
ing a panel of functional groups such as esters (4aa, 4ab),
nitrile (4ac), and even amide (4ad) could be obtained with
high selectivity for the cis isomer. When using either the
dibenzyl fumarate or the dibenzyl maleate, an identical
stereochemical outcome was obtained for both isomers. In
addition, different 1,1’-disubstituted alkenes turned out to
be efficient coupling partners, leading to the major trans
isomer cyclopropanes (4ag, 4ah, and 4ai). This inversion of
diastereoselectivity has been already observed in our pre-
vious studies.”*>?

Scheme 2. Scope of the Cyclopropanation Reaction”
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cis:trans = 12:88

¢ Ammonium salt 2a (0.59 mmol), 3 (1.2 equiv), Cs,COs3 (5 equiv),
1,4-dioxane (11.8 mL), 50 °C, 24 h. Isolated yields of both diastereoi-
somers. cis:trans ratio determined on '"F NMR of the crude mixture.
The major isomer is depicted. © 5 equiv of Michael acceptor 3. ¢ 4 days;
4ad and its isomer were isolated as a mixture with an inseparable
impurity (10%). ¢ 3 equiv of Michael acceptor 3g. © 48 h.” 30 h.

To confirm the stereoselectivity observed in this case, the
major isomer frans-4ag was crystallized and its structure
was confirmed by a single-crystal X-ray analysis (Figure 2).
Importantly, trisubstituted olefin (3f) could also be em-
ployed, showing that the cyclopropanation reaction was
not limited to terminal or 1,1-disubstituted alkenes, and the
desired product 4af was isolated in good yield (66%).
Noteworthy, the use of electron deficient alkenes is required
for this transformation. When styrene derivatives (styrene
and trans-3-nitrostyrene) were engaged, no cyclopropana-
tion occurred probably due to the lower activity of the

(13) In previous studies (cf. ref 9a, 9b), trans-cyclopropanes were
mostly obtained with terminal olefins, and an inversion of diastereo-
selectivity was also observed in the case of 1,1’-disubstituted alkenes
leading to the major cis isomer.
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coupling partners and their instability under the reaction
conditions. To highlight the synthetic value of this strategy,
the standard reaction was run on 6 mmol scale, and the
product 4aa was obtained in 57% yield (dr = 83:17).

Figure 2. X-ray structure of trans-4ag.

Furthermore, the practicality of this method was de-
monstrated by the development of a “one-pot” procedure.
When 1a, DABCO, and 3g were reacted consecutively, the
desired product 4ag was obtained with a slightly lower
yield and similar diastereoselectivity (cis:trans ratio of
12:88, Scheme 3).'

Scheme 3. Stoichiometric “One-Pot” Procedure
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; K/O 2) N(Boc), (Boc)oN i
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1,4-dioxane, 50 °C, 24 h

To illustrate the potential of this method further, we
succeeded in modifying the functional groups of 4aa and
4ag selectively while retaining a high diastereoisomeric
ratio (Scheme 4). Indeed, in the case of 4aa, the ester group
can be converted into its corresponding carboxylic acid in
high yield (85%). In addition, monodeprotection’ of 4ag
tertiary amine with Yb(OTf); was possible with total
selectivity for all these transformations.

Concerning the mechanism of this transformation, the
synthesis of 4ae might support a stepwise pathway. There-
fore, following the mechanistic scenario proposed for
nonfluorinated coupling partners,’ a two-step mechanism
of this transformation may be suggested as outlined in
Scheme 5: (1) nucleophilic addition of the anionic species
(enolate or ylide) generated from 2a on a Michael acceptor
under basic conditions, followed by (2) a nucleophilic
cyclization of the enolate 6 affording the corresponding
cyclopropane 4. Theoretical studies are currently ongoing
to gain insight into the mechanism of this transformation.

(14) It is important to notice that no complete conversion of the
starting material occurred, and a mixture of la/cis-4ag/trans-4ag was
obtained in a 1/0.9/6.7 ratio.
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Scheme 4. Selective Deprotection of Products 4aa and 4ag
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Scheme 5. Proposed Mechanism
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In conclusion, an efficient and mild method for the
synthesis of monofluorinated cyclopropanes bearing func-
tional groups on the gem and a-positions to the fluorine
atom has been developed. For that purpose, the use of
straightforward, accessible, and easy to handle ammonium
salts 2 derived from ethyl bromofluoroacetate, in a MIRC
reaction, was really efficient. A panel of cyclopropanes
containing a fluorinated quaternary center was synthesized
with high diastereoselectivity. The scope of this transfor-
mation was quite broad, and various functional groups
were tolerated. Thanks to the practicality of this method
and the rather inexpensive reagents, this strategy paved the
way for the synthesis of polyfunctionalized cyclopropanes
suitable for further transformations and applications.
Consequently, it might become a modern and important
key synthetic tool for the preparation of fluorinated cyclo-
propanes and relatively more complex molecules.
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