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Ag(I)-catalyzed diastereoselective oxidative
cyclopropanation of prochiral alkyne-tethered
1,3-dicarbonitriles†

N. Navaneetha,ab Anandarao Munakalaa and Rambabu Chegondi *ab

Herein, we developed a highly diastereoselective silver-catalyzed

intramolecular cyclopropanation of prochiral alkyne-tethered 1,3-

dicarbonitriles using perchloric acid as an effective oxidizing agent.

This method facilitates the construction of densely functionalized

complex [6.6.5.3] frameworks having three all-carbon quaternary

stereocenters in high yields. The significance of the reaction was

demonstrated by a gram-scale reaction and post-synthetic mod-

ifications of the product.

Cyclopropanes are highly strained rings and fascinating struc-
tural motifs, abundant in numerous biologically active com-
pounds and natural products.1 In addition, they serve as
versatile synthetic intermediates in the preparation of functio-
nalized cycloalkanes and acyclic compounds.2 Thus, cyclopro-
panes are highly desired, owing to their utility and inherent
structural properties, for which various methods have been
established for efficient and rapid construction of these rings.
In the realm of cyclopropanation, transition metal-catalyzed
decomposition of a-diazo carbonyl compounds stands out as a
distinguished approach.3 In spite of several advancements,
certain limitations still persist, including the undesirable side
reactions and their precursors being potentially explosive and
hazardous in nature.4 Over the past few years, alkynes were
employed as safer and practical alternative substrates to diazo
carbonyls to construct cyclopropanes. This is achieved through
the use of either tethered-mediated intramolecular oxidants or
external oxidants.5

While there have been several successful strategies in recent
years for the synthesis of cyclopropanes from enynes, the
majority of these approaches involve the use of gold,5d,6

rhodium,7 iridium,8 and platinum catalysts.9 Sanford and co-
workers demonstrated the Pd-catalyzed oxidative cyclopropana-
tion of 1,6-enynes employing PhI(OAc)2 as an external oxidant
(Scheme 1a).10 In 2020, our research group disclosed the first
silver(I)-catalyzed intramolecular cyclopropanation of 1,6-enyne
containing cyclohexadienones using HClO4 as an external
oxidizing agent (Scheme 1b).11 Later, Chen et al. described
silver-catalyzed oxidative intramolecular cyclopropanation of
nitrogen-tethered 1,6-enynes under air conditions.12 Silver is
a highly abundant and cost-effective precious metal, and cationic
silver complexes are excellent p-activators of alkynes. Although silver-
catalyzed cyclopropanation has been extensively explored in diazo
chemistry,13 its application on 1,n-enynes remains relatively
underexplored.14 Therefore, new stereoselective intramolecular oxi-
dative cyclopropanation approaches for various types of enynes are
important to access an array of diverse scaffolds in medicinal
chemistry.

Scheme 1 Previous and present approaches of metal catalyzed a-oxo
cyclopropanation.
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Stereoselective desymmetrization of prochiral molecules is one
of the most effective strategies to construct complex molecular
architectures with multiple stereocenters.15 Based on our long-
standing interest in stereoselective desymmetrization,16 and
inspired by our previous report on unconventional catalytic
cyclopropanation,11 we envisaged that the silver-catalyzed oxidative
intramolecular cyclopropanation of 2,2-disubstituted cylopenta-3,5-
diene-1,3-dicarbonitriles 1 could provide highly strained [6.6.5.3]
tetracyclic frameworks 2 containing three all-carbon quaternary
centers (Scheme 1c). Nevertheless, regioselective oxidation and
formation of strained tetracyclic fused cyclopropane is highly
challenging in this designed strategy. Herein, we successfully
developed the aforestated method with high yield and exclusive
diastereoselectivity.

We initiated the optimization of oxidative cyclopropanation
reaction on 1,3-dicarbonitrile 1a as a model substrate in the
presence of AgNO3 (10 mol%) and HClO4 (1 equiv.) in CH2Cl2 at
50 1C. To our delight, the desired product 2a was obtained in
72% yield with exclusive diastereoselectivity along with a trace
quantity of uncyclized 1,2-diketone 3a (Table 1, entry 1). The
structure of 2a and its relative stereochemistry were established
by single crystal X-ray diffraction analysis (Fig. 1). Notably,
other silver catalysts showed no catalytic efficiency and most
of the starting material was recovered (entries 2–8). Moreover,
the use of gold and copper catalysts either did not yield product
2a or led to decreased yields (entries 9–12). Then, a set of
external oxidants such as m-CPBA, O2, oxone, BAIB, H2O2,
quinoline N-oxide and CAN were explored and no desired
product was observed (see the ESI†). Further optimization
revealed that the increase of HClO4 loading led to obvious
erosion in the reaction yield and a significant quantity of
undesired side product 3a was observed (entry 13). The control

experiment in the absence of AgNO3 failed to give the desired
product 2a and afforded only 1,2-diketone 3a, which indicates
the catalyst is essential for the annulation (entry 14). Either
increasing or decreasing the temperature proved to be detri-
mental to the reaction yield. Overall, the reaction proceeded
efficiently in the presence of AgNO3 (10 mol%) and HClO4

(1 equiv.) at 50 1C (entry 1).
Having the optimized reaction conditions in hand, we

investigated the scope of oxidative cyclopropanation with a
variety of alkyne-tethered 1,3-dicarbonitriles 1 (Table 2). Var-
ious substituents on arylacetylene were well tolerated to give
the desired product 2 with exclusive diastereoselectivity. Sub-
stituents at the para-position, such as methyl, t-butyl, methoxy,
benzyloxy, allyloxy, halo, biphenyl, and aryloxy groups, uni-
formly reacted to afford the corresponding products 2b–2l in
64–84% yields. Notably, the phenoxy-substituted arylacetylene
provided the highest reaction yield (2l, 84%). Strong electron-
withdrawing groups like CF3, CO2Me, and CN substituents were
also well tolerated with this annulation reaction, yielding cyclopro-
pane products 2m–2o in moderate to good yields. Overall, it was
observed that aryl rings with electron-withdrawing groups provided
slightly lower yields compared to those with electron-donating
groups. Furthermore, meta-substituted arylacetylenes and disubsti-
tuted arylacetylenes proved to be suitable substrates to afford the
desired products 2p–2s in good yields. Notably, the reaction did not
proceed with alkane and alkyne substituted phenyl acetylenes
under standard conditions (see the ESI†). Additionally, electron-
rich and electron-poor substituents on tethered-aryl rings also
worked well, affording the desired products 2t and 2u in moderate
yields. For all examples, a trace amount (o10%) of benzil side
product 3 was observed.

A control experiment was conducted on substrate 1a under
standard reaction conditions in the presence of a radical
scavenger, TEMPO, resulting in the formation of fused cyclo-
propane 2a in respectable yield (Scheme 2a). This reaction
implies that the radical pathway is presumably not involved
in the intramolecular cyclopropanation. To demonstrate the
potential of this cyclopropanation protocol, gram-scale reaction
and further transformations were conducted as shown in
Scheme 2b. Under standard reaction conditions, one gram of
substrate 1j afforded the desired product 2j in 74% yield along
with an 8% yield of uncyclized side product 3j. Further diversi-
fication was demonstrated via Sonogashira cross-coupling of
aryl bromide 2j with phenylacetylene which provided the
corresponding product 4 in 74% yield. When 2j was subjected
to catalytic hydrogenation, double bond reduction was not

Table 1 Optimization of reaction conditions ab

Entry Catalyst Time 2a yieldc [%] 3a yieldc [%]

1 AgNO3 15 min 72 7
2 AgOTf 24 h NR —
3 AgSbF6 24 h NR —
4 AgPF6 24 h 4 5 —
5 AgBF4 24 h 4 5 —
6 AgNO2 24 h NR —
7 AgNTf2 24 h NR —
8 AgClO4 24 h NR —
9 NaAuCl4�2H2O 24 h NR —
10 Au(PPh3)Cl 1 h 9 23
11 CuBr 24 h NR —
12 Cu(MeCN)4PF6 24 h NR —
13 AgNO3 15 min 59d 30
14 — 24 h — 64

a Reaction conditions: 1a (0.2 mmol, 1 equiv.) in CH2Cl2 (2 mL, 0.1 M)
at 50 1C. b Used B70% aqueous HClO4 solution. c Isolated yields.
d 1.5 equiv. of HClO4 was used in the reaction. In the case of no
reaction (NR), most of 1a was recovered.

Fig. 1 ORTEP diagram of compound 2a.
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observed probably due to steric hindrance and debromination
occurred to afford compound 2a in 72% yield based on the
recovered starting material. Additionally, the a,b-unsaturated
nitrile 2j was treated with H2O2 and potassium carbonate which
selectively oxidized one of the nitrile functionalities to furnish
amide 5 and the corresponding epoxy amide 6 in approximately
similar yields. Increasing the temperature, H2O2 loading and
reaction time did not improve the selective product formation.

Based on our previous report11 and experimental outcomes, we
proposed a plausible reaction mechanism as depicted in
Scheme 3. The reaction commences with the coordination of an
alkynophilic Ag-catalyst to the C–C triple bond, forming a silver

complex I (Z2-alkyne), which undergoes nucleophilic addition
with a perchlorate anion to form vinyl-silver int-II. Intermediate
II can follow two possible pathways (A and B) to afford the
desired product 2a. In pathway A, vinyl-silver intermediate II
undergoes an intramolecular 1,6-conjugate addition, generat-
ing a bicyclic keten-imine species III, followed by an intra-
molecular nucleophilic attack on the electron-deficient vinyl
perchlorate, leading to the formation of fused-cyclopropane 2a

Table 2 Substrate scopeabc

a Reaction conditions: 1a (0.2 mmol, 1 equiv.), AgNO3 (3.4 mg,
10 mol%) in CH2Cl2 (2 mL, 0.1 M), HClO4 (18 mL, B70% aq. solution)
at 50 1C. b Isolated yields. c The exclusive diastereoselectivity was iden-
tified by 1H NMR analysis.

Scheme 2 Gram-scale reaction and synthetic utility.

Scheme 3 Plausible reaction mechanism.
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