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onor–acceptor cyclopropane with
fluorine as the donor: (3 + 2)-cycloadditions with
carbonyls†
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and Chao Feng *a

gem-Difluorocyclopropane diester is disclosed as a new type of donor–acceptor cyclopropane, which

smoothly participates in (3 + 2)-cycloadditions with various aldehydes and ketones. This work represents

the first application of gem-difluorine substituents as an unconventional donor group for activating

cyclopropane substrates in catalytic cycloaddition reactions. With this method, a wide variety of densely

functionalized gem-difluorotetrahydrofuran skeletons, which are otherwise difficult to prepare, could be

readily assembled in high yields under mild reaction conditions. Computational studies show that the

cleavage of the C–C bond between the difluorine and diester moieties occurs upon a SN2-type attack of

the carbonyl oxygen.
Introduction

Donor–acceptor cyclopropanes (DACs) constitute an important
class of building blocks in modern organic synthesis, which
participate in diverse chemical transformations such as ring-
opening functionalization, cycloaddition and skeleton rear-
rangement reactions.1 The vicinal substituents with opposing
electronic properties endow DACs with fascinating reactivities,
which could be further activated via Lewis acid,2 transition-
metal3 and small-molecule catalysis.4 The continuingly
enriched reaction patterns as well as their predictable behav-
iour enable DAC-involved reactions to nd broad application in
asymmetric transformation,5 natural product synthesis and
drug development as well.6

While studying the correlation between the reactivity and
structure, Werz and coworkers revealed that the properties of
the donor group could exert more signicant inuence on the
reaction efficiency, spanning more than four orders of magni-
tude.7 Generally, the donor group oen involves carbon-,2,3b–g,4,8

nitrogen-2d,8f,g,9 and oxygen-based entities.8f–h,10 However, other
heteroatom-based donor groups remain essentially unexplored.
In this environment, the exploration of structurally novel DACs,
especially those with unconventional heteroatom-based donor
groups, is highly desirable for enriching DAC chemistry.
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As the most electronegative element, uorine has tradition-
ally been treated as a type of potent s-electron-withdrawing
substituent. Because of its strong negative induction effect,
the uorine substituent always exhibits a strong destabilization
effect on b-carbocations. Nevertheless, it is also revealed to
display a decent resonance stabilization effect on a-carbocation,
which is rationalized by p–p orbital interaction, thus resulting
in positive charge delocalization by releasing an unshared
electron pair of the uorine substituent to the adjacent vacant p
orbital of the cationic carbon center (termed the a-cation
stabilizing effect of uorine) (Scheme 1b).11 In this regard, the
uorine atom could thus be regarded as a special type of
electron-donating group due to the fact that p-electron dona-
tion outcompetes its intrinsic negative inductive effect.
Although this special electronic effect was uncovered as early as
1974, its application in synthetic organic chemistry remains
underdeveloped since then. By leveraging this unique electronic
effect, a set of elegant protocols were successfully developed by
Ichikawa and coworkers,12 such as arylation of tri-
uoromethylated alkenes12a and Friedel–Cras type cyclization
of diuoroalkenes.12b Recently, our group has also developed
a novel protocol for 1,3-uoroallylation of aryl-substituted gem-
diuorocyclopropane under photoredox catalysis.13 The delity
of site-selective uorine incorporation was rationalized by the
cation stabilization capacity of the gem-diuorine substituent.
Enlightened by these discoveries, we envisioned the possibility
of extrapolating the a-cation stabilizing effect of uorine by
developing a new type of gem-diuorine-based DAC. If possible,
a straightforward synthesis of CF2-embedded hetero/
carbocycles could be readily realized through cycloaddition
reactions with unsaturated p-systems. With our continuous
interest in uorine chemistry13,14 and enlightened by the well-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Ring-opening functionalization of donor–acceptor
cyclopropanes.

Table 1 Reaction condition optimizationa

Entry Lewis acid
Conversion of
1a (%) Yield (%)

1 AlCl3 97 65
2 Zn(OTf)2 12 11
3 Yb(OTf)3 47 34
4 MgI2 65 0
5 In(OTf)3 100 62
6 Sn(OTf)2 100 0
7b AlCl3 98 77
8c AlCl3 99 82
9c,d,e AlCl3 100 95(92)
10c,d — 0 0

a Reaction preformed with 1a (0.1 mmol, 1.0 equiv.), 2a (0.15 mmol, 1.5
equiv.), Lewis acid (20 mol%), DCM (0.1 M), and 12 h. Yield was
determined by 19F NMR analysis using 1-iodo-4-(triuoromethyl)
benzene as the internal standard. b Reaction preformed at 0 �C.
c Reaction preformed at �20 �C. d Reaction preformed with DCE as
solvent. e Isolated yield was given in parentheses.
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developed cycloaddition of D–A cyclopropanes with carbonyls
(Scheme 1c),15 we herein report our recent progress in the AlCl3-
catalyzed (3 + 2)-cycloaddition of gem-diuorocyclopropane
diester with aldehydes/ketones (Scheme 1d). By making use of
this method, a large variety structurally diverse multi-
substituted gem-diuorotetrahydrofurans, which could not be
readily prepared by traditional methods, are efficiently con-
structed in high yields with good diastereoselectivities.
Results and discussion

At the outset, the starting DAC gem-diuorocyclopropane
diester 1a was readily prepared following Chen's method using
FSO2CF2CO2TMS as the diuorocarbene precursor with diben-
zyl 2-methylenemalonate in 74% yield.16 Subsequently, the
reaction of 1a with different unsaturated systems was exam-
ined.17 We found that the cycloadduct was only observed when
an aldehyde or ketone was used as the dipolarophile for (3 + 2)-
cycloadditions, while using 20mol% AlCl3 as the Lewis acid and
DCM as the solvent at room temperature. The desired product
3aa was detected in 65% yield (Table 1, entry 1). Other Lewis
acids such as Zn(OTf)2 and Yb(OTf)3 all gave inferior results,
whereas In(OTf)3 led to the formation of 3aa in comparable
yield (entry 2–6). In view of the poor mass balance of substrate
1a, we surmised that product 3aa might degrade, to some
extent, under the current reaction conditions. Consistent with
our hypothesis, lowering the reaction temperature led to
© 2022 The Author(s). Published by the Royal Society of Chemistry
a signicant enhancement in reaction yields (entry 7–8). Further
promotion in reaction efficiency was observed when DCE was
used as the solvent, resulting in the isolation of 3aa in 92% yield
(entry 9). Finally, control experiments showed that the Lewis
acid is of critical importance for product formation (entry 10).

With the optimized conditions in hand, the generality of this
(3 + 2)-cycloaddition was investigated with respect to different
aldehydes by reacting with 1a (Table 2). Various substituted
aromatic aldehydes were evaluated rstly. A range of functional
groups with diverse electronic properties, either electron-rich
(3aa–3ad) or decient (3ae–3aj), were well tolerated under the
standard reaction conditions to afford the corresponding
products in moderate to good yields. The steric hindrance
seemed to have no obvious effect on the reaction efficiency, and
in the case of mesitylaldehyde 2b, product 3ab was obtained in
75% yield. The relatively low yield of cyano-substituted alde-
hydes might be caused by its Lewis basic nature, which may, to
some extent, result in the attenuation of the reactivity of the
catalyst (3ai). To our delight, heteroaromatic aldehydes per-
formed equally well, which gave rise to biheterocyclic products
in good yields (3ak–3al). In addition to aromatic aldehydes,
aliphatic aldehydes, either as primary (3am–3an) or secondary
(3ao–3ap) ones, were also viable substrates, which delivered the
desired products in 53–65% yields. Pleasingly, the substrate
scope could be further extended to acrolein and phenyl-
propargyl aldehydes to obtain gem-diuorotetrahydrofuran with
extra alkene (3aq) or alkyne (3ar) structural motifs, which
provided versatile handles for further synthetic elaboration.
Finally, the reaction of p-phthalaldehyde with 2.5 equiv. of 1a
also proceeded smoothly to give 3as in 83% yield as a mixture of
two diasteroisomers.

Encouraged by these outcomes, we turned to evaluate the
scope of ketones as cycloaddition partners (Table 3). The
Chem. Sci., 2022, 13, 2686–2691 | 2687
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Table 4 Substrate scope of DACsa

a Reaction conditions: 1 (0.2 mmol, 1.0 equiv.), 2 (0.3 mmol, 1.5 equiv.),
AlCl3 (20 mol%), DCE (0.1 M), �20 �C, and 12 h. Diastereomeric ratios
were determined by 1H NMR analysis of the crude reaction mixture.
Isolated yield.

Table 2 Substrate scope of aldehydesa

a Reaction conditions: 1 (0.2 mmol, 1.0 equiv.), 2 (0.3 mmol, 1.5 equiv.),
AlCl3 (20 mol%), DCE (0.1 M), �20 �C, and 12 h. Diastereomeric ratios
were determined by 1H NMR analysis of the crude reaction mixture.
Isolated yield. b 1a (0.5 mmol, 2.5 equiv.) and terephthalaldehyde
(0.2 mmol, 1.0 equiv.).
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reaction worked well with symmetrical aliphatic ketones (4aa–
4aj), even those steric congested ones (4ab and 4ah). In some
cases (4ab, 4ag, and 4ai), when AlCl3 was used as the Lewis acid
Table 3 Substrate scope of ketonesa

a Reaction conditions: 1 (0.2 mmol, 1.0 equiv.), 2 (0.3 mmol, 1.5 equiv.),
AlCl3 (20 mol%), DCE (0.1 M), �20 �C, and 12 h. Diastereomeric ratios
were determined by 1H NMR analysis of the crude reaction mixture.
Isolated yield. b In(OTf)3 (20 mol%) instead of AlCl3 (20 mol%).

2688 | Chem. Sci., 2022, 13, 2686–2691
catalyst, byproduct dibenzyl 2-(2-chloro-2,2-diuoroethyl)
malonate could be detected, the formation of which was inter-
preted by a competitive nucleophilic attack of chloride ions
originating from AlCl3. This issue, however, could be circum-
vented by replacing AlCl3 with In(OTf)3 to guarantee satisfactory
yields. Simple unsymmetrical aliphatic and aromatic ketones
also performed well to yield the corresponding products (4ak–
4ar). A series of functional groups, including halogen (4ak),
terminal and internal alkenes (4ap, 4aq, and 4ao) and internal
alkynes (4aq and 4ar), proved to be compatible with the reaction
conditions, showing the good compatibility of this reaction.

The substrate scope of DACs was then explored (Table 4). The
switching of the benzylic ester to methyl ester did not affect the
Table 5 Late-stage functionalizationa

a Reaction conditions: 1 (0.2 mmol, 1.0 equiv.), 2 (0.3 mmol, 1.5 equiv.),
AlCl3 (20 mol%), DCE (0.1 M), �20 �C, and 12 h. Diastereomeric ratios
were determined by 1H NMR analysis of the crude reaction mixture.
Isolated yield. b In(OTf)3 (20 mol%) instead of AlCl3 (20 mol%).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Control experiments and gram-scale reaction.
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reaction efficiency and 5ba was obtained in a similar yield,
higher than that of the ethyl ester analogue (5ca). A set of gem-
diuorocyclopropane diesters with an additional alkyl substit-
uent at C3 were synthesized and found to react well with 2a to
afford the desired products in fair to good yields and high to
excellent diastereoselectivities (5da–5ga). Increasing the steric
hindrance of the alkyl substituent was benecial to the stereo-
selectivity, albeit at the expense of yield (5ga). The trans-
conguration of 5da was determined by NOESY of the major
isomer and others were assigned in analogy. Note that in these
cases, the bond between the gem-diuorine and diester group
was cleaved selectively, indicating a more favored nucleophilic
attack at the gem-diuorocarbon atom.

To further show the synthetic applicability, this method was
applied to the late-stage functionalization of some natural
products and pharmaceutically relevant molecules (Table 5).
Fig. 1 DFT calculation for the (3 + 2)-cycloaddition of gem-difluorocyc
atomic units.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Cyclamen aldehydes and aldehydes derived from vitamin E and
indometacin all proceeded well with 1a, providing 6aa, 6ab and
6ad in good to high yields. Furthermore, ketone reaction part-
ners originating from fenobrate, stanolone and isoxepac also
underwent the (3 + 2)-cycloaddition uneventfully, affording hex-
substituted tetrahydrofurans in moderate yields (6bc, 6ae and
6af). Taken together, the method developed herein could enable
modular construction for the rapid installation of gem-diuor-
oheterocycle into molecular structures of interest.

To better investigate the role of uorine atoms in this reaction,
a series of control experiments were then executed. The reaction of
simple cyclopropane diester 1hwith 2a under standard conditions
resulted in the full recovery of 1h (Scheme 2a). Furthermore, gem-
dichloro and gem-dibromocyclopropane diesters 1i and 1j were
also prepared and subjected to the standard reaction conditions,
which, however, delivered the desired products 8 and 9 in 55%
and 15% yields, respectively (Scheme 2a). These two experiments
revealed that the order of reactivity of cyclopropane entities in
cycloadditions follows F > Cl > Br > H. The higher reactivity of F-
based cyclopropane could be rationalized by the fact that the 2p-
orbitals of uorine are roughly the same size as that of the carbon
atom, which leads to more effective resonance stabilization of
positive charge developing at the a-carbon atom. When mono-
uorocyclopropane 1k was employed, the desired product 10 was
detected in less than 10% yield, indicating the relatively weak p-
electron donating ability of the mono-uorine atom in activating
the substrate for ring-opening functionalization. However, when
gem-diuorocyclopropane diesters with an aryl group at C3 were
subjected to the standard conditions, the oxygen of carbonyl
exclusively attacked the C3 position and 3,3-diuoro substituted
tetrahydrofuran 11 was obtained as the sole product, indicating
that as compared with the gem-diuorine substituent, the aryl
group is more apt to stabilize the adjacent positive charge
(Scheme 2b). A gram-scale reaction using the model substrate was
also performed, which produced the desired product 3aa without
an obvious reduction in yield (Scheme 2c).

To gain more insight into the mechanism, density functional
theory (DFT) calculation of this (3 + 2)-cycloaddition reaction was
lopropane and aldehyde. LUMO of 1b and 1b-I with an isovalue of 0.1

Chem. Sci., 2022, 13, 2686–2691 | 2689
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conducted with the Gaussian 09 program at the B3-LYP level of
theory with the 6-31G(d, p) basis set in MeCN implicitly.18 The
Gibbs free energy prole for the cycloaddition process is shown
in Fig. 1. In the presence of AlCl3, the intermediate 1b-I was
produced rst upon coordination, with a Gibbs free energy
downhill of 31.14 kcal mol�1. Then, a SN2 nucleophilic attack of
aldehyde 2a to C1 of 1b-I occurred to generate the intermediate
1b-II. The activation barrier of this procedure was
15.1 kcal mol�1. Followed by a barrierless C1–C3 bond rotation,
ensuing intramolecular cyclization afforded the nal product,
upon disassociation of AlCl3. According to the Gibbs free energy
proles, the SN2 ring-opening C–C bond cleavage was found to be
the rate-determining step. Overall, the calculated reaction
pathway is in good accordance with the model proposed by
Johnson et al. of the Lewis acid catalyzed (3 + 2)-cycloaddition of
D–A cyclopropanes with aldehydes.2b Furthermore, the electron
distributions of 1b, 1b-I and 1b-TS1, in terms of Mulliken charge,
were obtained respectively.17 Compared to 1b, the positive
charges on the C1 of 1b-I increased from 0.610 to 0.649 aer
AlCl3 coordination. As expected, more positive charge on C1 was
observed for the transition state TS1. In contrast, the C2 and C3
of 1b and 1b-I always showed negative charge. The length of the
C–C bond between C1 and C2 was also found to be elongated
from 1.5070 Å to 1.5639 Å aer Lewis acid coordination. In
addition, according to the theory of frontier molecular orbitals,
the atom with a higher contribution to the LUMO is more
susceptible to nucleophilic attack. The LUMOs of 1b and 1b-I
were therefore calculated, which indicated the largest coeffi-
cients at C1 for both entities.17 Taken together, these results
indicate that the attack of nucleophile 2a at the C1 of 1b is
controlled by both the electrostatic effect and orbital interaction.
Conclusions

In summary, by taking advantage of the p-electron donation
properties of uorine, a new class of DCAs is developed, which
could participate in Lewis-acid catalyzed (3 + 2)-cycloadditions
with aldehydes/ketones, thus enabling a straightforward
construction of densely substituted gem-diuorotetrahydrofur-
ans. This work represents the rst example of using gem-
diuorine as the donor group in DAC involved reactions, which
also opens up a new reactionmode of gem-diuorocyclopropanes.
The critical role of uorine is probed by control experiments as
well as DFT calculations. Further applications of the a-cation
stabilizing effect of uorine are underway in our laboratory.
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