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Abstract: A new strategy for tuning the electron transfer
between radicals and enolates has been developed. This
method elicits the innate reactivity of AIBN with a copper
catalyst and enables a cascade reaction with cinnamic acids.
Electron paramagnetic resonance studies and control experi-
ments indicate that the redox-active copper species not only
activates the radical by coordination, but also serves as a bridge
to bring the radical and nucleophile within close proximity to
facilitate electron transfer. By exploiting possible combinations
of redox-active metals and radical entities with suitable
coordinating functional groups, this strategy should contribute
to the development of a broad range of radical-based reactions.

Electron transfer between molecules is a fundamental
process of many important transformations in biology and
chemistry that plays a vital role in controlling the reactivity
and selectivity of a reaction.[1] As a result, the design of
efficient catalysts and the discovery of effective activation
modes to direct and accelerate the electron transfer between
molecules are two important issues in catalysis. In this
context, a successful and intensively studied approach to
promote electron transfer is based on the use of transition
metals to bridge reactants through coordination.[2] Upon
coordination, the LUMO of an electrophile is reduced in
energy, and the resulting assembly provides a suitable envi-
ronment for facilitating electron transfer (Scheme 1a).
Whereas such a strategy is commonly employed for polar
reactions, its use for harnessing the reactivity of free radicals
remains, to the best of our knowledge, largely unexplored,
despite the significant advances in radical chemistry over the
last few decades.[3]

Free radicals have long been recognized as highly reactive
species in many transformations; however, challenges related
to selectively controlling their reactivity are often encoun-
tered.[4] More and more radical reactions that involve
transition metals have been developed. Generally, the role
of the transition metal is limited to the generation of free

radicals or the transformation of radicals into their ionic
counterparts, rather than activating them for directing the
bond formation.[5] However, once a suitable coordinating
functional group has been introduced in a free radical, it
should be possible to activate the radical for directing bond
formation by coordination to a metal. AIBN [azobis(isobu-
tyronitrile)] is one of the most widely used radical initiators in
polymer chemistry and radical-mediated organic synthesis. It
usually does not get involved as a reactant in either radical or
polar reactions, although AIBN might be used as a cyanide
source in organic synthesis. This is in part due to the
inherently low nucleophilicity and electrophilicity of the
isobutyronitrile radical derived from AIBN.[6] Inspired by the
fact that the nitrile group is a known ligand for various metals,
we envisioned that the isobutyronitrile radical would be
activated by coordination to a metal, and that the electron
transfer between the radical and a nucleophile would
consequently be accelerated (Scheme 1b).[7a]

The successful implementation of this strategy calls for the
identification of a redox-active metal catalyst that not only
coordinates to the isobutyronitrile radical, but is also prone to
accepting one electron from a nucleophile. It is also essential
to carefully select a suitable nucleophile that could bind to the
metal center to ensure that a single electron transfer (SET)
process occurs. Copper salts, which have not only been shown
to be robust redox-active catalysts for both two-electron and
single-electron processes, but also good Lewis acids for nitrile
coordination, were selected as possible catalysts.[8] Zwitter-
ionic enolates generated in a Morita–Baylis–Hillman (MBH)
reaction[9] were chosen as the nucleophiles for testing our
hypothesis for the following reasons: 1) Enolates can act as
electron donors to participate in metal-mediated SET reac-
tions,[10] and 2) functional groups contained in the zwitterionic
enolates could provide useful binding sites to coordinate

Scheme 1. New strategy for the activation of free radicals.
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a metal. We thus selected cinnamic acids (1) as suitable
substrates because of their electron-deficient nature and the
possibility of the carboxylate moiety acting as a ligand for
copper (Scheme 1c). It was expected that exposure of 1 to
a suitable tertiary amine in the presence of a copper salt
would furnish a zwitterionic enolate A, which might capture
the isobutyronitrile radical to form complex B. The coordi-
nation of the radical, which results in a lower-energy SOMO,
together with the well-organized aggregation would facilitate
the SET between radical and enolate. Herein, we report a new
strategy to direct and accelerate the electron transfer between
free radicals and enolates, which enabled the development of
a new cascade reaction between AIBN and a,b-unsaturated
acids. This method provides a rapid approach for the synthesis
of functionalized pyrrolidine-2,5-diones, which are important
moieties in a wide range of biologically active molecules.[11]

To put our design into practice, the reaction of cinnamic
acid (1 a) and AIBN (2a) was first studied in the presence of
a catalytic amount of CuBr2 and a stoichiometric amount of
Et3N and Ag2CO3 (Table 1, entry 1). To our delight, hetero-

cycle 3 aa, with a pyrrolidine-2,5-dione moiety, was obtained
in 37 % yield when the reaction was conducted at 120 88C in
xylene. The structure of 3aa was determined by single-crystal
X-ray diffraction analysis.[12] The product 3aa could be viewed
as the addition of two isobutyronitrile radicals to the cinnamic
acid skeleton. Afterwards, we started to optimize the reaction
conditions by screening different copper catalysts. As shown
in Table 1, both CuI and CuII salts can catalyze this trans-
formation, and CuBr was found to be the most efficient,
affording product 3aa in 44 % yield (entries 1–6). With CuBr

as the catalyst, other reaction parameters were screened to
maximize the efficiency of this cascade reaction. The use of
1,4-diazabicyclo[2.2.2]octane (DABCO) as the amine and
Ag2CO3 as the oxidant gave the desired heterocycle in 59%
yield after heating at 100 88C for twelve hours (see the
Supporting Information). As alcohols and H2O have been
shown to be beneficial for stabilizing the zwitterionic
intermediates in MBH reactions,[13] we screened several
alcohols as additives and found that 2-amino-3-phenylpro-
pan-1-ol (PPA) with H2O was optimal. Under these con-
ditions, compound 3aa was isolated in 74 % yield with the
thermodynamically more stable Z isomer as the major
product (E/Z = 30:70; entry 14). Further control experiments
confirmed that the substrates were unreactive in the absence
of either copper salts or tertiary amines, indicating the
importance of the tertiary amine for generating the zwitter-
ionic enolate and of the copper catalysts for accelerating the
electron transfer (entries 15 and 16). Moreover, when some
typical MBH substrates, such as methyl cinnamate, chalcone,
and phenylbut-3-en-2-one,[9] were subjected to the optimized
reaction conditions, these a,b-unsaturated carbonyl com-
pounds were completely recovered (see the Supporting
Information). These observations strongly suggest that the
COOH moiety of 1a is a prerequisite for this reaction.

With the optimized conditions established, the generality
of this transformation was investigated. A series of cinnamic
acids with electron-donating or -withdrawing groups gave the
desired products 3aa–3ka in good yields (Table 2). The steric

Table 1: Optimization of the reaction conditions.[a]

Entry [Cu] Base Additive T [88C] Yield [%]

1 CuBr2 Et3N – 120 37
2 CuBr Et3N – 120 44
3 CuCl2 Et3N – 120 42
4 CuI Et3N – 120 11
5 Cu(OTf)2 Et3N – 120 24
6 [Cu(acac)2] Et3N – 120 21
7 CuBr DABCO – 120 59
8 CuBr DABCO – 100 59
9 CuBr DABCO – 80 51
10[b] CuBr DABCO – 100 60
11[b] CuBr DABCO PPh3 100 59
12[b,c] CuBr DABCO EG 100 63
13[b,d] CuBr DABCO EG/H2O 100 70[f ]

14[b,e] CuBr DABCO PPA/H2O 100 74[f ]

15[b] – DABCO – 100 0
16[b] CuBr – – 100 0

[a] Reaction conditions: 1 (0.5 mmol), 2 (1.0 mmol), [Cu] (0.05 mmol,
10 mol%), base (1.0 mmol), Ag2CO3 (1.0 mmol), and xylene (2 mL) at
120 88C for 12 h. Yields were determined by GC analysis. E/Z ratios in the
range of 46:54 to 30:70. [b] 6 h. [c] EG (0.06 mmol). [d] EG (0.06 mmol),
H2O (0.3 mmol). [e] PPA (0.06 mmol), H2O (0.3 mmol). [f ] Yield of
isolated product.

Table 2: Substrate scope.[a]

[a] Reaction conditions: 1 (0.5 mmol), 2 (1.0 mmol), CuBr (0.05 mmol,
10 mol%), Ag2CO3 (1.0 mmol), DABCO (1.0 mmol), PPA (0.06 mmol,
12 mol%), H2O (0.3 mmol), and xylene (2 mL) at 100 88C for 6 h. Yields of
isolated products are given; the E/Z ratios were determined by GC
analysis before isolation. [b] EG (0.06 mmol, 12 mol%) was used instead
of PPA. [c] 10 h.
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hindrance of the substituents on the aryl ring of the cinnamic
acids did not exert a strong influence on the reactivity (3 ja vs.
3ka). Aside from the cinnamic acids, naphthyl-substituted
acrylic acid 1 l was also effectively transformed into the
corresponding adduct 3 la in 58% yield. Furthermore, the
method was proven to be equally effective for heteroaryl-
substituted acrylic acids (3ma, 3na, 3oa, and 3pa). Notably,
when the E-configured substrates 1 m and 1n were used, only
the E isomers of the corresponding products were obtained
(3ma and 3na).[12] The high stereoselectivity for the E isomer
can be attributed to the heteroatoms in the ortho position of
the aromatic ring, which coordinate to the copper center
during the catalytic process. Finally, other nitrile-containing
radicals, derived from 2,2’-azobis(2-methylbutyronitrile)
(AMBN) and 1,1’-azobis(cyclohexane-1-carbonitrile)
(ACCN), also reacted with cinnamic acid (1a) to afford the
corresponding products 3ab and 3ac in 51 % and 36% yield,
respectively. The product 3 aa could be converted into
pyrrolidine-2,5-dione 6 by cleavage of the C¢N bond upon
exposure to KOH. Furthermore, 3 aa could also be used as the
starting material for construction of the N-fused bicyclic
compound 7 in a one-step functional group transforma-
tion.

To get insights into the mechanism of this transformation,
several control experiments were conducted (Scheme 2).
Initially, when 15N-labeled AIBN (the azo nitrogen atoms
were labelled with 15N) was treated with 1a under the
standard conditions, the resulting product was analyzed by
high-resolution mass spectrometry, which showed that the 15N
atoms of the azo moiety had not been incorporated into the
product. This result confirmed that the N atoms of the
product originated from the nitrile groups of AIBN. More-
over, the addition of two equivalents of H2

18O showed that the
amide was not formed by hydrolysis with H2O and that the

O atom of the product originated from cinnamic acid, as no
18O-containing product was detected. Furthermore, when
a radical scavenger, such as 2,6-di-tert-butyl-4-methylphenol
(BHT) or 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO),
was added, the reaction was almost completely suppressed
(see the Supporting Information). These results demonstrated
that a radical process was involved in this reaction.

After confirming the origin of the N and O atoms in the
product, we further explored the roles of the copper and silver
salts. As cinnamic acid could react with CuBr and Ag2CO3 to
form the corresponding salts, the silver and copper cinnamate
salts were prepared separately and subjected to this reaction.
When cinnamic acid was replaced by cinnamoyloxysilver, the
reaction did not take place in the absence of a catalytic
amount of CuBr, revealing that the copper catalyst was
essential for this reaction (Scheme 2c, d). Meanwhile, when
bis(cinnamoyloxy)copper was used as the substrate instead of
cinnamic acid, product 3 aa was obtained regardless of the
presence of a stoichiometric amount of Ag2CO3 (Scheme
2e, f). These observations indicate the essential role of copper
as a catalyst and that Ag2CO3 probably acts as an oxidant to
re-oxidize the CuI to a CuII species to close the catalytic cycle.

To get further insights into how the copper bridging
directs and accelerates the electron transfer in this reaction,
we investigated the interaction of the CuII species with the
reactants by electron paramagnetic resonance (EPR) spec-
troscopy.[14] As shown in Figure 1, initially, when a catalytic
amount of CuBr2 was treated with 1a (10 equiv) in DMSO at
100 88C for two hours, the resulting solution exhibited a typical
axial CuII EPR signal (line 2), identical to that of a DMSO
solution of CuBr2 (line 1). Moreover, the strong EPR signal of
CuII with a lower g value was further observed when a catalytic
amount of CuBr2 was treated with 1a (10 equiv) and DABCO
(20 equiv) in DMSO at 100 88C for two hours. These data
excluded the possibility that cinnamic acid 1a was trans-
formed into an electrophilic radical species by oxidation with
CuBr2 as no electron transfer occurred between the CuII

species and cinnamic acid. Furthermore, a typical axial CuII

EPR signal was also detected when CuBr2 was treated with
AIBN (20 equiv) in DMSO at 100 88C for two hours. This
result indicated that SET did not take place between CuBr2

and the isobutyronitrile radical, ruling out the involvement of
an isobutyronitrile ion in the present reaction. Furthermore,
essentially the same CuII EPR signal was observed when
CuBr2 was exposed to AIBN (20 equiv) and cinnamic acid 1a
(10 equiv) in DMSO (100 88C, 2 h), indicating that SET could
not occur in the absence of DABCO. We expected that once
DABCO had been introduced to the above system, the
zwitterionic enolate would form, and the SET process should
proceed rapidly. Indeed, when a catalytic amount of CuBr2

was treated with 1a (10 equiv), AIBN (20 equiv), and
DABCO (20 equiv) in DMSO at 100 88C, the CuII EPR
signal quickly disappeared within ten minutes (Figure 1 b),
and the desired cyclization product 3aa was detected by GC-
MS. Analysis of the copper residue by X-ray photoelectron
spectroscopy (XPS) indicated that a CuI species had been
formed (see the Supporting Information). These data
excluded the participation of isobutyronitrile ion and enolate
radical intermediates in this reaction and corroborated ourScheme 2. Control experiments.
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hypothesis that SET took place between the isobutyronitrile
radical and the zwitterionic enolate derived from cinnamic
acid. Therefore, activation mode B (Scheme 1c) most likely
constitutes the approach of the isobutyronitrile radical to the
zwitterionic enolate in this cascade reaction.

On the basis of the control experiments and EPR studies,
a reaction mechanism was proposed (Figure 2). Initially,
exposure of 1a to the copper salt in the presence of DABCO
and the silver salt leads to the generation of zwitterionic
enolate A, which captures the free isobutyronitrile radical
(generated from AIBN) to form intermediate B. The coordi-
nation of the nitrile group to the CuII species renders the
radical species more electrophilic, and the resulting Cu bridge
brings the radical and the enolate closer together, facilitating
the SET between radical and enolate through intermediate C
with the construction of a new C¢C bond.[7] Subsequently,
a retro-aza-Michael addition takes place to eliminate the

DABCO cation and generate
intermediate D. For (E)-3-(thio-
phen-2-yl)acrylic acid and (E)-3-
(pyridin-2-yl)acrylic acid, which
feature heteroatoms at neighbor-
ing positions, the chelated inter-
mediate C’ might be involved,
leading to the exclusive formation
of the E isomer. Oxidation of the
CuI to the CuII species by AgI

increases its Lewis acidity and
enables the coordinated nitrile
to be attacked by an oxygen
anion to afford Cu¢N species E.
The active CuII species E captures
another isobutyronitrile radical
by coordination via its nitrile
group to form intermediate F.
Subsequent SET breaks the Cu¢

N bond and forms a C¢N bond, releasing a CuI species and
intermediate G. Finally, rearrangement[15] of G leads to
product 3aa.

Several additional experiments and analyses provided
further evidence for this mechanism. A cross-over experiment
with 1a, AIBN (2a), and AMBN (2b) as the reactants was
carried out under the standard conditions, and the products
3aa and 3 ab were obtained together with the cross-over
products in a ratio of approximately 1:1:1. This result
confirmed that the delivery of the second radical to inter-
mediate F occurred in an intermolecular fashion (see the
Supporting Information).[16] Trace amounts of 2,2-dimethyl-4-
phenylbut-3-enenitrile and 4-benzylidene-3,3-dimethylpyrro-
lidine-2,5-dione were detected in the standard reaction,
suggesting the plausible intermediacy of D in the catalytic
cycle. Moreover, when 4-benzylidene-3,3-dimethylpyrroli-
dine-2,5-dione was treated with AIBN under the standard
conditions, the desired product 3aa was not detected,
indicating the necessity of the intermediacy of E or F in the
catalytic cycle. Computational studies revealed that the
SOMO energy of the isobutyronitrile radical was indeed
reduced by 1.59 eV when the radical was coordinated to
a copper species (see the Supporting Information), which is
consistent with our initial hypothesis.

Finally, to explore this method in more complex settings,
substrates with two carbonyl groups were synthesized and
investigated under the reaction conditions. As such, (E)-4-
oxo-4-phenylbut-2-enoic acid (4a) was identified as a desir-
able substrate for testing the practicability of our strategy.
Using the procedure in Table 3, the cascade reaction with
AIBN afforded cyclization product 5aa in 66 % yield. As
expected, the keto carbonyl group remained intact, and the
reaction took place exclusively at the carboxyl group, afford-
ing the E isomer as the sole product.[12] Similar results were
obtained with aryl- and alkyl-substituted unsaturated keto-
acids. The desired reactions proceeded smoothly to give the
corresponding products in moderate to good yields with
completely E selectivity under the current reaction condi-
tions.

Figure 1. a) EPR spectra of CuBr2 treated with different reactants; measured at 200 K. b) Evolution of
the EPR spectra of the standard reaction mixture with time; measured at 200 K.

Figure 2. Plausible reaction mechanism.
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In summary, we have developed a conceptually new
strategy for directing and accelerating the single electron
transfer between free radicals and enolates by bridging the
two reactants with a metal species. A redox-active copper
species was used for the activation of the free radical and for
bringing the radical and enolate closer together to facilitate
electron transfer. We demonstrated the remarkable ability of
this strategy for harnessing the reactivity of the isobutyroni-
trile radical, which is generally not considered as a structural
contributor. This approach enabled the development of
a cascade reaction for the synthesis of highly functionalized
pyrrolidine-2,5-diones from readily available cinnamic acids
and AIBN. We believe that these results may inspire future
research efforts towards the development of transition-metal-
catalyzed radical reactions, especially those featuring radical
species as electrophilic intermediates.

Keywords: AIBN · cinnamic acids · copper · enolates ·
single-electron transfer
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