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A copper-catalyzed four-component reaction of
arylcyclopropanes, nitriles, carboxylic acids and N-
fluorobenzenesulfonimide: facile synthesis of imide

*a

An unprecedented copper-catalyzed four-component reaction of arylcyclopropanes, nitriles, carboxylic

acids and N-fluorobenzenesulfonimide (NFSI) has been successfully developed, which represents the
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Introduction

Cyclopropanes, as the smallest carbocyclic compounds, have
been emerging as very useful synthetic building blocks in
modern organic synthesis due to their high -character,
inherent angle strain and intrinsic torsional strain, which
confer versatile possibilities for ring-opening and elaboration.*
On the other hand, multicomponent reactions (MCRs) have
been recognized as a very powerful tool for the facile and effi-
cient construction of complex and valuable compounds,® in
particular the incorporation of substantial portions of more
than three reactants in the same product through a one-pot
procedure, owing to its high step-economy. Therefore, multi-
component reactions involving cyclopropanes have attracted
much attention of synthetic chemists. So far, some impressive
approaches for the three-component reaction of cyclopropane,
especially ring-opening 1,3-difunctionalization have been
investigated intensively. Various three-component reactions of
cyclopropane with either one nucleophile and one electrophile,?
or one nucleophile and one radical trapping agent or one
radical species,* or even with two nucleophiles,® have been well
established in the past few years. In sharp contrast, the corre-
sponding four-component reactions which have many more
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first example of a four-component reaction of non-donor—acceptor cyclopropanes. A wide range of
imide derivatives were efficiently synthesized in excellent yields under mild conditions.

difficulties in delicately controlling the subtle balance between
reactivity and selectivity of each component, are still very
scarce.® In this context, Studer and coworkers® pioneered
a Lewis acid-mediated four-component 1,3-bifunctionalization
of donor-acceptor (D-A) cyclopropanes with arenes, nitro-
soarenes and AlBr; to provide v,y-disubstituted N-arylated o-
amino ester derivatives in 2016 (Scheme 1A). Subsequently, the
same group® has also achieved an analogous four-component
reaction involving D-A cyclopropanes, alkyl halides, 2-lith-
ioindoles and boronic ester, and thereby provided a convenient
route to synthetically valuable 2,3-disubstituted-2-boronated
indoline derivatives. In spite of these impressive advances, to
the best of our knowledge, the four-component reaction of non-
D-A cyclopropanes has never been reported to date.

Imides are commonly occurring in natural products and
pharmacologically active compounds’ and have been widely
applied in polymer chemistry® as well as in organic synthesis.’
Therefore, their synthesis has evolved into one of the important
topics in modern synthesis, resulting in numerous methods,
including condensation of amides and carboxylic acid deriva-
tives (such as carboxylic acids, carboxylic acid salts, acyl chlo-
rides, esters, etc.),' the oxidation of N,N-dialkyl amides or N-
alkyl amides," the Ritter-type reaction of nitriles with anhy-
drides or carboxylic acids," oxidative ring-opening of oxazole or

A. previous work: starting from D-A cyclopropanes (a few examples)
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Scheme 1 Four-component 1,3-difunctionalization of

cyclopropanes.
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imidazole derivatives,*®* and hydroamidocarbonylation of 1,3-
dienes.™ Recently, an electrochemical four-component 1,2-
alkyloxylimidation of alkenes has been successfully established
for the synthesis of imides.”® Herein, we describe a novel
copper-catalyzed four-component 1,3-diimidization of aryley-
clopropanes, N-fluorobenzenesulfonimide (NFSI), nitriles and
carboxylic acids, efficiently synthesizing a wide range of imide
derivatives in good to excellent yields under mild conditions
(Scheme 1B).

Results and discussion

At the beginning, we chose the reaction of phenylcyclopropane
(1a), NFSI (2), 4-chlorobenzoic acid (3a) and acetonitrile as the
model reaction to optimize the reaction conditions (for details,
see ESI Tables S1-S37). After the reaction was conducted in the
presence of 10 mol% Cu(CH;CN),PF, and 12 mol% 6,6-dime-
thylbipyridine (L1) in anhydrous acetonitrile at 40 °C under
a nitrogen atmosphere for 24 hours, we are delighted to find
that the desired imide 4a was obtained in an almost quantita-
tive yield (Table 1, entry 1). The ligand could significantly affect
the efficiency of this reaction and L1 was proved to be the most
efficient ligand (entries 2-5). The absence of LiO‘Bu reduced the
yield of 4a to 75% (entry 6). Anhydrous acetonitrile and the
nitrogen atmosphere are favourable for the reaction (entries 7
and 8). The lower reaction temperature only slightly decreased
the yield of 4a, while the higher temperature led to a dramatic
reduction in 4a yield (entries 9 and 10).

With the optimized conditions in hand, we turned to
investigate the scope of arylcyclopropanes in the novel four-

Table 1 Optimization of the reaction conditions®

[e]

 coon CU(CH;CN)PFs (10 mol%) { j

Fh/A + NFSI  + C\U + CH,CN % )ULNLO
Entry Variation from the standard conditions Yield’b (%)
1 None 99
2 Without the ligand Trace
3 L2 instead of L1 n.r.
4 L3 instead of L1 n.r.
5 L4 instead of L1 73
6 Without LiO‘Bu 75
7 Air instead of N, 20
8 Commercial CH;CN instead of anhydrous CH;CN 73
9 25 °C instead of 40 °C 96
10 60 °C instead of 40 °C 40

=9 = 4 \ / \
L1 L2 L3 L4

“ Reaction was performed with 1a (0.4 mmol, 2 equiv.), NFSI (2,
0.5 mmol, 2.5 equiv.), 3a (0.2 mmol), Cu(CH3CN)4PF6 (0.02 mmol,
10 mol%), ligand (0.024 mmol, 12 mol%) and LiO‘Bu (0.2 mmol 1
equiv.) in anhydrous CH;CN (2 mL) under a N, atmosphere. ? Yield
was determined by 'H NMR with o-methylstyrene as an internal
standard. n.r. = no reaction.
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Table 2 Scope of arylcyclopropanes
a
PN
. cucromgr,oma o &)
o ot
<
1 2 3 ReJ o
¢l i‘ [ o
A N 1
( - AN
QO . i[J NG O
Ao Ay Ao )kNlO
@MN o /@)\/\N (S0P Y@)\/\h S0:P) /@’)\/\N o
cr
3 mmol o«‘a':gfagdg:z (75%)° 4b86%, 24h © 4c37% 240 44 80%, 36 h
cl ol cl
¢ {)\] f @
0y oY o f o
KK Ao A NS
N(SOzPh): N(SO;Ph), \©/k/\mn,mn \©/vmso Ph),
MeO’
4e32%,36 h 4ftrace, 24 h 49 72%, 24 h 4h 81%,24h
o [e] (j\ [}
N ~ AN
~ 3 C Q
\\/‘ 2 2 3
A )LN o ).LN o )LN) 0

N S0
N(SO,Ph), N(SOPh), N(SO,Ph),
N(SO,Ph),
R
cl

4k 95%, 24 h, R = Me

4178%, 24 h,R = Ph 4m 47%, 48 h

4i82%,24h 4 83%, 24 h

¢ Reaction was performed with 1 (0.4 mmol, 2 equiv.), NFSI (2,
0.5 mmol, 2.5 equiv.), 3a (0.2 mmol), Cu(CH3CN)4PF6 (0.02 mmol,
10 mol%), L1 (0.024 mmol, 12 mol%) and LiO‘Bu (0.2 mmol, 1 equiv.)
in anhydrous CH3CN (2 mL) under a N, atmosphere at 40 °C. Isolated
yields are given. * 5 mol% Cu(CH;CN),PFs and 6 mol% L1 were used.

component reaction (Table 2). The arylcyclopropanes with an
electron-withdrawing group at the para-position of the benzene
ring, such as chloride and carboxylic ester, could smoothly react
with 2, 3a and acetonitrile, furnishing desired imides 4b and 4c.
The arylcyclopropanes bearing an electron-donating group were
also tested. para-Tetrabutyl substituted arylcyclopropanes 1d
afforded imide 4d in 80% yield. para-Methyl substituted 1e
produced the desired 4e in 32% yield; meanwhile a three-
component aminoesterfication reaction of 1g with 2 and 3a
took place and produced 4€ in 24% yield. para-Methoxyl
substituted arylcyclopropane 1f only underwent three-
component aminooxygenation to give the aminoesterfication
product 4f, and no desired imide 4f was observed. When aryl-
cyclopropanes with either an electron-withdrawing or electron-
donating group were at the meta- or ortho-position of the
benzene ring, the desired four-component reaction worked well
and formed imide derivatives 4g-4m in 47-95% yields.
Furthermore, a gram-scale reaction (3 mmol of 1a) readily
produced 4a in 75% yield.

Subsequently, the scope of carboxylic acids 3 was investi-
gated (Table 3). A wide range of benzoic acid derivatives with
different substituents at the para-position of the benzene ring,
including electron-withdrawing groups such as bromine,
iodine, formyl, acetyl, nitro group, and cyano were satisfactorily
compatible with the four-component reaction, furnishing
imides 5a-5f in excellent yields (91-99%). Benzoic acid was also
a suitable substrate to afford 5g in 81% yield. para-Electron-
donating group substituted benzoic acids such as methoxyl
and ethyl can smoothly participate in the reaction to deliver the
corresponding imides 5h and 5i in 46% and 74% yields. The
reactions of meta-substituted benzoic acids could efficiently
proceed and afforded the desired products 5j and 5k in 81% and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Scope of carboxylic acids”

o R
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5i74%, 24 h 5]81%, 36 h 5K 53%, 48 h 5145%, 24 h
]
@ 5065%, 24h R = +
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o Cl 9 R
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Ph)\/\N‘SO;P h) Ph/K/\

5n57%, 48 h

O%

s

Ph N(SO,Ph), N(SOzPh),

5m 72%, 24 h 5022%, 24 h, R =3

% Reaction was performed with 1a (0.4 mmol, 2 equiv.), NFSI (2,
0.5 mmol, 2.5 equiv.), 3 (0.2 mmol), Cu(CH;CN),PFs (0.02 mmol,
10 mol%), L1 (0.024 mmol, 12 mol%) and LiO‘Bu (0.2 mmol, 1 equiv.)
in anhydrous CH3;CN (2 mL) under a N, atmosphere at 40 °C. Isolated
yields are given.

53% yields, respectively. ortho-Chlorobenzoic acid and meta-
,ortho-dichlorobenzoic acid could be converted to the desired 51
and 5m in 45% and 72% yields. While using ortho-methyl
substituted benzoic acid or meta-, ortho-dimethylbenzoic acid as
the substrates, the expected imides were detected in very low
yields (<10%). In addition, o,B-unsaturated carboxyl acid (E-
crotonic acid) was also viable and provided 5n in 57% yield.

Table 4 Scope of nitriles®

COOH CU(CHyCN){PFs (10 mol%)
(12 mol%

A
VAP I +  RON
C\/L\‘/ LiO%Bu (1 equiv) o~ SO0.Ph)
7

DCM, N;, 40°C. 48 h

1a 2 3 6
cr c cr 7]
/*D ? A ¢
0 Y oYy o N o0 NS
& oo Ao MN 0
Ph)\/\mso P Pn)\/\N!SC,Pm, Ph)\/\wso Ph), Fh)\/\N(SU,JWV
7a82% 7b90% 7¢52% 7d32%
ome I al cl al
P £ X A
Y9 W A%
o \Nflo oo o \NfLo o” \N'lu
oo, oo, o~ isouen oo,
7e 99% 7183% 7983% hest
a a B c c
2 O ) Q e
N N N Y
N0 P "o P "o oj\N/L\n
Ph)\/\m,@ P Pn)\/\mso;m» Pn)\/\msrhwn Ph)\/\N\SO Ph):

775%

Tk 74%

7192%

“ Reaction was performed with 1a (0.4 mmol, 2 equiv.), NFSI (2,
0.5 mmol, 2.5 equiv.), 3a (0.2 mmol), 6 (3 mmol, 15 equiv.)
Cu(CH3CN),PF; (0.02 mmol, 10 mol%), L1 (0.024 mmol, 12 mol%)
and LiO‘Bu (0.2 mmol, 1 equiv.) in anhydrous DCM (2 mL) under a N,
atmosphere at 40 °C for 48 h. Isolated yields are given.
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Interestingly, during this reaction, the C-C double bond is
retained intact. Aliphatic carboxylic acids, such as 4-clor-
ophenylacetic acid, and especially, drug molecule isoxepac acid,
could smoothly participate in this reaction to form products 50
and 5p in moderate yields. This result demonstrated the four-
component reaction's potential to perform late-stage function-
alization and provided facile access to amine-containing drug
analogues. Decanoic acid could undergo the four-component
reaction to afford desired imide 5q, albeit with a low yield.

Additionally, the scope of nitriles was also examined. After
slightly adjusting the reaction conditions, we were pleased to
find that using dichloromethane (DCM) as the reaction solvent,
the four-component reaction of 1a, 2, 3a and propionitrile (6a,
15 equiv.) worked well, producing the desired imide 7a in good
yield. As seen in Table 4, the reaction of isobutyronitrile formed
the corresponding product 7b in 90% yield. Other alkyl-
substituted nitriles, such as benzyl cyanide and cyclo-
propylacetonitrile were suitable substrates to form imides 7¢
and 7d, albeit in diminished yields. Aryl nitriles with either
electron-donating or electron-withdrawing groups at the para-,
meta- or ortho-position of the benzene ring were tolerated,
affording products 7e-7k in 65-99% yields. When cinnamoni-
trile was subjected to the reaction, the desired product 71 was
obtained in 92% yield.

To gain insight into the reaction mechanism, several control
experiments were performed (Scheme 2). The addition of
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) sharply
decreased the yield of 4a to 10% (Scheme 2a) and the use of 2,6-
ditert-butyl-4-methylphenol (BHT) completely suppressed the
formation of 4a (Scheme 2b). These results suggested that the
reaction might involve radical intermediates. In previous
reports, arylcyclopropane 1 can react with NFSI and acetonitrile
to form diaminative product 8.'° Thus, the pre-prepared
compound 8 was treated with carboxylic acid 3a under the
standard conditions, but no desired 4a was observed (Scheme
2¢). Additionally, the possible intermediate imide 9,"” was also
prepared and subjected to the reaction of 1a with NFSI under
standard conditions, but no desired 5g was detected (Scheme
2d).

Based on the above experimental results and previously re-
ported researche studies,***'>'®* a plausible mechanism is
depicted in Scheme 3. A single electron oxidation between
arylcyclopropane 1 and the Cu(u)-N species A or the radical

COOH standard conditions 45 @
VAN +CHCN  + TEMPO ———— 0%
Ph cl 8

(2 equiv)

1a 2 3a
COOH standard conditions
on AN NFSI +CHCN  + BHT ———— 4a (b)
a (2 equiv) not observed
1a 2 3a
o
Jﬁ/\ COOH standard conditions 4a ©
Ph N(SO,Ph), * . not observed
8 3a
o] i
standard conditions 5
N 9 (d)
Ph/A + NFSI 4 @H not observed
1a 2 9

Scheme 2 Control experiments.
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species C occurred to form the radical cation E and the nitrogen
anion D, followed by nucleophilic ring-opening and oxidization
to generate the benzylic carbocation intermediate G.** Subse-
quently, this intermediate was intermolecularly trapped by
acetonitrile to produce nitrilium ion H. Then, a cascade
nucleophilic attack of H by carboxyl acid 3a and a 1,3-acyl
transfer'® occurred to furnish the desired product 4. When the
para-position of the benzene ring contained a strong electron-
donating group, such as the methoxyl group (1f) as the start-
ing material, the corresponding carbocation intermediate G
could be trapped by the para-chlorobenzoate anion rather than
nitrile to afford aminooxylation product 4f.2°

Conclusions

In summary, we have developed a copper-catalyzed four-
component 1,3-diimidization of arylcyclopropanes with
commercially available NFSI, carboxyl acids and nitriles, which
represents the first example of a four-component reaction of
non-D-A cyclopropanes. This strategy provides a new and
effective way for synthesizing a series of imides in good to
excellent yields under mild conditions. This strategy opens
a new way for the multiple-component reaction of

cyclopropanes.
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