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In this Communication, we report the electron-facilitated Cope
cyclization of 2,5-dicyano-1,5-hexadiene,1 (eq 1). Although charge-
promoted reactions such as the cationic Diels-Alder reaction1 and
the oxy-accelerated Cope rearrangement2 are well known, few ex-
amples of electron-induced pericyclic reactions have been reported,
and those that have been are typically electrocyclic3-14 and cyclo-
addition15-18 reactions. Previous examples of sigmatropic rearrange-
ments of radical anions have been proposed,19 but it has been sug-
gested that they may arise from dianionic states, and not the radical
anions.20

The Cope rearrangement is an example of a reaction that can be
promoted by oxidation.21-24 Simple ionization energy estimates
predict that the radical cation Cope rearrangement should have an
“inverted” potential energy surface,21 wherein the cyclic geometry
that corresponds to the transition state for reaction of the neutral
diene is an intermediate (Figure 1). Thus, matrix isolated 1,5-
hexadiene radical cation generated by pulse radiolysis spontaneously
cyclizes to the cyclohexane-1,4-diyl radical cation.25,26 Conse-
quently, Ikeda et al.27 have used photoinduced electron transfer to
afford the cyclization of a phenyl-substituted hexadiene deriva-
tive.

Recently reported electronic structure calculations predict that,
in select cases, single electron reduction can also catalyze the
Cope rearrangement because the electron affinity of the open-
shell transition state is much greater than that of the closed-
shell hexadiene (Figure 1).28 For example, cyclization of the radi-
cal anion of 2,5-dicyano-1,5-hexadiene (2a, eq 1) to form the
corresponding cyclohexane-1,4-diyl radical anion2b is calculated
to be exothermic by 16.2 kcal/mol (B3LYP/6-31+G*).28 In this
work, we provide experimental evidence that1 does indeed cyclize
upon reduction in the gas phase, confirming the theoretical
predictions.

Addition of neutral 2,5-dicyano-1,5-hexadiene 10 cm downstream
of the electron emission filament in a flowing afterglow-triple
quadrupole apparatus29,30 (operating at room temperature with 0.4
Torr of helium buffer gas flowing at a rate of 200 STP cm3/s) results
in the formation of molecular anion2 (m/z132) by thermal electron
capture.

The structure of2 was established by using chemical reactivity.
Ion 2 is found to undergo reactions common to organic anions,

such as condensation with CO2 and CS2.31-35 However, unlike what
is found with carboxylates formed from closed-shell ions, such as
deprotonated cyclohexanecarbonitrile3, the CO2 adduct of2 reacts
with open-shell reagents NO and NO2 by addition. Sequential

addition of CO2 and NO or NO2 has been observed previously for
distonic ions such aso-, m-, p-benzyne,36,37andm-xylylene ions.36,37

Radical anions of closed-shell molecules such as fumaronitrile4
and more highly substituted cyanoethylenes are not found to form
adducts with CO2 or CS2, suggesting that2 is not the acrylonitrile-
like radical anion2a. Attempts to generate the radical anions of
acrylonitrile5 and 2,6-dicyano-1,6-heptadiene,6, were unsuccessful,
providing additional evidence against2a as a stable structure.
Moreover, the fact that6 does not form a stable negative ion is
evidence that the formation of2 is not accompanied by rearrange-
ment involving hydrogen or cyano-group shifts, which should be
equally likely to occur for six- or seven-carbon systems. The lack
of rearrangement is not surprising because the calculated energy

Figure 1. Potential energy surfaces of a neutral, cationic (X) H), and
anionic (X ) CN) Cope rearrangement of 1,5-hexadienes.
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release, even for the formation of2b (28.8 kcal/mol),28 is much
lower than the expected barriers for proton shifts in carbanions.38,39

The reaction of2 with NO leads to formation of a characteristic
product atm/z 135, resulting from addition and loss of HCN. Sur-
prisingly, the ion atm/z 135 is unreactive at thermal energies with
common reagents such as CO2 or CS2. Moreover, the main frag-
mentation process upon CID is loss of hydroxyl radical, indicating
the presence of a labile oxygen atom. Of the probable addition and
loss of HCN products, shown in Figure 2, the most likely to exhibit
the properties observed for the ion atm/z 135 is the deprotonated
oxime7, which originates from the cyclic ion. Indeed, the ion with
m/z 135 has the same CID spectrum as that for authentic7 (Figure
3) prepared by the deprotonation of the corresponding oxime,
4-hydroxyimino-1-cyclohexenecarbonitrile. Thus, the formation of
the oximate by addition of NO and loss of HCN supports the assign-
ment of the cyclic structure. The formation of7 from 2b is envi-
sioned as proceeding via equatorial attack of NO to one of the cy-
ano-substituted carbons, followed by stepwise or possibly even con-
certed elimination of HCN from the axial positions (eq 2). Cal-
culations at the AM1 level of theory predict a distance of 2.7 Å
between the cyano-group and axial protons in the adduct ion.

The cyclization of the radical anion of 2,5-dicyano-1,5-hexadiene
is the first example of Cope-like reactivity of a radical anion and
suggests that reducing agents may be able to catalyze the Cope
rearrangement in solution. Experiments designed to explore the
scope and applicability of this procedure are in progress.
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Figure 2. Likely products withm/z 135 resulting from the reaction of 2,5-
dicyano-1,5-hexadiene radical anion with NO. Products from both the cyclic
2b and the acyclic2a structures are considered. A complete list of possible
products resulting from NO addition and direct HCN loss from2a and2b
is provided in the Supporting Information.

Figure 3. CID spectra form/z 135 ion derived from (a) reaction of2 with
NO, and (b) deprotonation of 4-hydroxyimino-1-cyclohexenecarbonitrile.
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