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ighly efficient synthesis of nitrile-
substituted cyclopropanes via Michael-initiated
ring closure†

Min Ye,* Fan Xu, Yun Bai, Fanglian Zhang, Wenjia Wang, Yiping Qian
and Zhengwang Chen *

A convenient and efficient annulation reaction has been developed for the general synthesis of dinitrile-

substituted cyclopropanes in moderate to excellent yields. A variety of 2-arylacetonitriles and a-

bromoennitriles were compatible under the standard conditions. The reaction was achieved through

tandem Michael-type addition followed by intramolecular cyclization. The preliminary application of this

method was confirmed by the synthesis of the 2,4-dioxo-3-azabicyclo[3.1.0]hexane scaffold.
Substituted cyclopropanes, as attractive structural units, are
commonly found in a variety of natural products and biologi-
cally active compounds.1 The strained structure, interesting
bonding characteristics, and value as an internal mechanistic
probe of the cyclopropane subunit have attracted the attention
of the physical organic community.2 As a consequence,
considerable efforts have been made to develop new and
effective approaches toward cyclopropane derivatives.3 Classical
approaches to cyclopropane synthesis are the Simmons–Smith
cyclopropanation.4 Transition-metal-catalyzed cyclo-
propanation of alkenes with diazo compounds represents
a direct protocol for their preparation.5 Furthermore, the new
types of cyclopropanation reactions based on nucleophilic
addition-ring closure sequence were well documented (Scheme
1a and b).6 Nitrile-substituted cyclopropanes are of great
interest as they are versatile templates for the rapid formation of
biologically active and synthetically useful functionalized
cyclopropane derivatives.7 Recently, nitrile-substituted cyclo-
propanes were synthesized via transition-metal-catalyzed olen
functionalization with diazoacetonitriles.8 Despite the signi-
cant advancement, the development of complementary strategy
toward functionalized cyclopropanes by using readily available
substrates and cheap agents with high efficiency would be
highly desirable.

a-Bromoennitrile is a class of readily available intermediate
in organic synthesis.9 However, this intermediate is rarely used
in organic synthesis compared to its analog a-bromoenal.10
Chemistry of Jiangxi Province, Gannan

yemin@gnnu.edu.cn; chenzwang2021@

97-8793670

(ESI) available: Experimental section,
ies of 1H and 13C NMR spectra for
2142244. For ESI and crystallographic
OI: https://doi.org/10.1039/d2ra05393d

8579
Recently, our group has reported a series of functionalization of
2-arylacetonitriles and their derivatives.11 We hypothesized ve-
membered nitrogen containing heterocycles could be formed
from 2-pyridylacetonitrile and a-bromoennitriles via [3 + 2]
annulation. However, dinitrile-substituted cyclopropanes were
afforded through a novel Michael-initiated ring closure proce-
dure (Scheme 1c). Herein, we present a base-promoted
synthesis of dinitrile-substituted cyclopropanes from 2-aryla-
cetonitriles and a-bromoennitriles under mild conditions via
Michael-initiated ring closure (Scheme 1d).

Initially, (Z)-2-bromo-3-phenylacrylonitrile 1a and 2-pyr-
idylacetonitrile 2a were selected as the model substrates for the
condition optimization. As illustrated in Table 1, a variety of
commonly used organic and inorganic bases were screened.
Among the tested organic bases, only DBU was found to afford
the desired product in 38% yield (Table 1, entries 1–4). Then
Scheme 1 Methods for synthesis of cyclopropane derivatives.
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Scheme 2 Substrate scope of 2-arylacetonitrilesa. aReaction condi-
tions: 1a (0.2 mmol), 2 (0.2 mmol), Cs2CO3 (1.5 equiv.) and CH3CN (1.0
mL) at room temperature for 12 h; isolated yields are given unless
otherwise noted. Cis refers the two nitriles positioned on the same
face of the cyclopropane; trans refers the two nitriles positioned on
the opposite face of the cyclopropane. b2 mmol scale.

Table 1 Optimization of the reaction conditionsa

Entry Base Solvent Temp. Yieldb (%)

1 DABCO MeCN rt Trace
2 DBU MeCN rt 38
3 TEA MeCN rt np
4 DMAP MeCN rt np
5 Cs2CO3 MeCN rt 95
6 K2CO3 MeCN rt 67
7 NaOAc MeCN rt 42
8 K3PO4 MeCN rt 89
9 KOtBu MeCN rt 84
10 — MeCN rt np
11 Cs2CO3 DMF rt 87
12 Cs2CO3 DMSO rt 36
13 Cs2CO3 H2O rt np
14 Cs2CO3 DCE rt 67
15 Cs2CO3 THF rt np
16 Cs2CO3 Dioxane rt 53
17 Cs2CO3 MeCN 0 62
18 Cs2CO3 MeCN 50 np

a Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol) and base (1.5
equiv.) in solvent (1.0 mL) for 12 h. b Yields of isolated cis-3a and
trans-3a are given. Cis refers the two nitriles positioned on the same
face of the cyclopropane; trans refers the two nitriles positioned on
the opposite face of the cyclopropane.
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various inorganic bases were examined. All of the inorganic
bases had some effect on the reaction. We were pleased to nd
Cs2CO3 was the most suitable base and furnished the corre-
sponding product in 95% yield (Table 1, entries 5–9). The
control experiment revealed that the base was indispensable for
the cyclization reaction, no product was produced without the
addition of the base (Table 1, entry 10). Having this promising
result, we subsequently evaluated the effects of several solvents.
Solvent screening indicated that besides MeCN, DMF also
promoted this reaction, whereas the use of DMSO, H2O, DCE,
THF and dioxane resulted in signicantly lower yields (Table 1,
entries 11–16). Finally, the reaction temperatures were investi-
gated, and decreasing or increasing the temperatures led to
diminishing yields (Table 1, entries 17–18). The cis/trans
isomers ratio of the product was the same for 0� and room
temperature. Therefore, base, solvent and reaction temperature
are all essential for this transformation.

Having the developed optimal conditions for the Michael-
initiated ring closure reaction, the substrate scope was investi-
gated. As illustrated in Scheme 2, a wide range of 2-arylaceto-
nitriles were tolerated with (Z)-2-bromo-3-phenylacrylonitrile 1a
to render dinitrile-substituted cyclopropanes in moderate to
excellent yields (3a–3u). Except for 2-pyridylacetonitrile, 3-pyr-
idyl and 4-pyridyl derivatives also reacted smoothly to generate
the products in good yields (3a–3c). The annulation with 2-
pyridylacetonitrils bearing electron-donating groups and
© 2022 The Author(s). Published by the Royal Society of Chemistry
withdrawing groups in the pyridine ring worked well to deliver
the products in satisfactory yields (3d–3h). Thienyl derivatives
were reactive to afford the corresponding products, but
exhibited lower reactivity compared with pyridyl (3i–3j). In
addition to heteroaryl-substituted substrates, various 2-aryla-
cetonitriles were further tested. The reaction conditions were
compatible with an array of substituents, such as alkyl,
methoxy, phenyl, chloro, bromo, triuoromethyl, uoro, and
cyano groups (3k–3u). In particular, the aryl bromide could be
further functionalized in metal-catalyzed cross-coupling reac-
tions and hold the enormous potential application in pharma-
ceutical and materials science (3p–3q). To our delight, nitrile-
containing substrate could provide the product 3u in 86%
yield. Signicantly, the annulation reaction could be carried out
on large-scale synthesis and formed the product 3a in 87%
RSC Adv., 2022, 12, 28576–28579 | 28577
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Scheme 4 Synthetic application.
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yield. The structure of cis-3a was veried by X-ray crystal anal-
ysis (CCDC: 2141258†).

Continuing to examine the generality and scope of the
annulation reaction, we explored various a-bromoennitriles
under the standard conditions (Scheme 3). a-Bromoennitriles
bearing electron-rich or electron-decient groups on the
benzene ring reacted successfully with 2-pyridylacetonitrile to
achieve the desired products in good yields (4a–4h). The
substrates bearing a methyl at the ortho- and meta-positions of
the benzene ring were suitable substrates for the trans-
formation, thus indicating the steric hindrance is negligible
(4a–4b). The bulky tert-butyl group was accommodated in this
transformation (4c and 4j). The disubstituted a-bromoennitrile
proved to be good substrate under the same reaction conditions
(4d). The reaction of the fused ring system also yielded the
products in satisfactory yields (4f). Finally, phenylacetonitriles
also worked well with a-bromoennitriles to obtain the corre-
sponding product in good yields (4i–4m). The structure of trans-
Scheme 3 Synthesis of nitrile-substituted cyclopropanesa. aReaction
conditions: 1 (0.2 mmol), 2 (0.2 mmol), Cs2CO3 (1.5 equiv.) and CH3CN
(1.0 mL) at room temperature for 12 h; isolated yields are given unless
otherwise noted. Cis refers the two nitriles positioned on the same
face of the cyclopropane; trans refers the two nitriles positioned on
the opposite face of the cyclopropane. bThe cis/trans (isomer) ratio
was determined by crude 1H NMR.

28578 | RSC Adv., 2022, 12, 28576–28579
4b was further conrmed by X-ray crystal diffraction measure-
ments (CCDC: 2142244†). It implied that this Michael-initiated
ring closure reaction can be effective for the construction of
dinitrile-substituted cyclopropane library.

To illustrate the applicability of this reaction, further trans-
formation of product cis-3a was carried out as depicted in
Scheme 4. 2,4-Dioxo-3-azabicyclo[3.1.0]hexane scaffold is
known to be an important pharmacology agent and synthons
for synthesis of functionally substituted cyclopropanes and
various spirocompounds.12 The target compound 5a can be
readily accessible in excellent yield via a simple hydrolysis
reaction. It is worth noting that similar result was obtained for
trans-3a.

A tentative mechanism for cyclopropane formation was
proposed and outlined in Scheme 5 on the basis of aforemen-
tioned results as well as our experimental observations.
Initially, carbanion intermediate B was produced via the
sequential extraction of hydrogen proton and Michael-type
addition process. Then the intermediate B was converted into
intermediate C through 1,3-hydride transfer. Finally, the
dinitrile-substituted cyclopropane 3a was formed through
intramolecular nucleophilic substitution. The diastereomer 3a
is the favored product due to steric effects, in which the two aryl
groups are located on the opposite face of the plane of the
cyclopropane moiety.

In summary, we have explored a convenient and highly
efficient annulation reaction of 2-arylacetonitriles and a-bro-
moennitriles. A wide range of dinitrile-substituted cyclopro-
panes were obtained in moderate to excellent yields through
a novel Michael-initiated ring closure procedure. The advan-
tages of this transformation include readily accessible
substrates, transition-metal-free conditions, good functional
group tolerance, simple operation, etc. In addition, nitrile-
Scheme 5 Possible reaction mechanism.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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substituted products have potential applications in synthetic
and pharmaceutical chemistry. Further synthetic utilization
and asymmetric transformations are currently ongoing in our
laboratory.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We are grateful for nancial support from the NSFC (21762003,
21967002), the NSF of Jiangxi Provincial (20212ACB213002,
20212BAB213011) and the NSF of Jiangxi Provincial Education
Department (GJJ201422). We acknowledge the Analytical &
Testing Center of Beijing Normal University for the high-
resolution mass spectrometry analyses.

Notes and references

1 (a) L. A. Wessjohann, W. Brandt and T. Thiemann, Chem.
Rev., 2003, 103, 1625; (b) C. A. Carson and M. A. Kerr,
Chem. Soc. Rev., 2009, 38, 3051; (c) D. Y. K. Chen,
R. H. Pouwer and J.-A. Richard, Chem. Soc. Rev., 2012, 41,
4631; (d) T. T. Talele, J. Med. Chem., 2016, 59, 8712.

2 (a) Z. Goldschmidt and B. Crammer, Chem. Soc. Rev., 1988, 17,
229; (b) H. N. C.Wong, M. Y. Hon, C.W. Tse, Y. C. Yip, J. Tanko
and T. Hudlicky, Chem. Rev., 1989, 89, 165; (c) D. C. Nonhebel,
Chem. Soc. Rev., 1993, 22, 347; (d) M. Rubin, M. Rubina and
V. Gevorgyan, Chem. Rev., 2007, 107, 3117.

3 (a) F. Gnad and O. Reiser, Chem. Rev., 2003, 103, 1603; (b)
H. Lebel, J.-F. Marcoux, C. Molinaro and A. B. Charette,
Chem. Rev., 2003, 103, 977; (c) H. Pellissier, Tetrahedron,
2008, 64, 7041; (d) M. J. Campbell, J. S. Johnson,
A. T. Parsons, P. D. Pohlhaus and S. D. Sanders, J. Org.
Chem., 2010, 75, 6317; (e) G. Bartoli, G. Bencivenni and
R. Dalpozzo, Synthesis, 2014, 46, 979.

4 (a) H. E. Simmons and R. D. Smith, J. Am. Chem. Soc., 1958,
80, 5323; (b) H. E. Simmons and R. D. Smith, J. Am. Chem.
Soc., 1959, 81, 4256.

5 (a) R. P. Wurz and A. B. Charette, Org. Lett., 2002, 4, 4531; (b)
W. Lin and A. B. Charette, Adv. Synth. Catal., 2005, 347, 1547;
(c) B. Morandi and E. M. Carreira, Angew. Chem., Int. Ed.,
2010, 49, 938; (d) B. Morandi, B. Mariampillai and
E. M. Carreira, Angew. Chem., Int. Ed., 2011, 50, 1101.

6 (a) C. D. Papageorgiou, S. V. Ley and M. J. Gaunt, Angew.
Chem., Int. Ed., 2003, 42, 828; (b) N. Bremeyer, S. C. Smith,
S. V. Ley and M. J. Gaunt, Angew. Chem., Int. Ed., 2004, 43,
2681; (c) C. D. Papageorgiou, M. A. Cubillo de Dios,
S. V. Ley and M. J. Gaunt, Angew. Chem., Int. Ed., 2004, 43,
4641; (d) R. K. Kunz and D. W. C. MacMillan, J. Am. Chem.
Soc., 2005, 127, 3240; (e) H. M. Hansen, D. A. Longbottom
and S. V. Ley, Chem. Commun., 2006, 46, 4838; (f)
C. C. C. Johansson, N. Bremeyer, S. V. Ley, D. R. Owen,
S. C. Smith and M. J. Gaunt, Angew. Chem., Int. Ed., 2006,
45, 6024; (g) S. H. McCooey, T. McCabe and S. J. Connon, J.
Org. Chem., 2006, 71, 7494; (h) R. Rios, H. Sundén,
© 2022 The Author(s). Published by the Royal Society of Chemistry
J. Vesely, G.-L. Zhao, P. Dziedzic and A. Córdova, Adv.
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