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ABSTRACT

A simple and efficient photochemical reaction can be performed to construct functionalized [1,4]oxazinium derivatives via a direct dehydrogenative
coupling between sp3- and sp2-hybridized C-atoms, starting from easily accessible stable semiquinone radicals.

Heterocyclic compounds containing both N and O atoms are
attractive structures for pharmaceutical and materials sci-
ences. They constitute not only important structural units in
many natural products and biologically active compounds
but also highly versatile building blocks in synthetic organic
chemistry.1-3 Their synthesis has attracted the interest of
organic chemists for decades, and several strategies based
on transition-metal-catalyzed cross-coupling reactions have

been reported. In practice, this approach requires that one
or both molecular fragments are prefunctionalized.1 Recently,
some elegant methodologies involving the direct coupling
between two C-H bonds through an overall cross-dehydro-
genative coupling (CDC) in the presence of an oxidizing
reagent have been reported, in order to eliminate this
prerequisite in synthetic design.4 From a further perspective,
it is important to bear in mind that most reactions were still
classified as being metal-catalyzed,5 as well as oxygen- and
water-sensitive; above all, sometimes expensive and toxic
metals were used. In addition and more specifically, C-C
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bond-forming reactions involving a direct dehydrogenative
coupling between sp3- and sp2-hybridized C-atoms are still
quite rare.3

Herein, we report a simple and efficient photochemical
reaction to construct functionalized [1,4]oxazinium deriva-
tives (Figure 1) via an unprecedented intramolecular dehy-
drogenative coupling of a C(sp3) center adjacent to an oxygen
atom with a C(sp2) center in positively charged heterocycles.
This direct, powerful, and metal-free method for C-C bond
formation is highly atom-economical and corresponds to the
next generation of green chemical synthesis.6 Moreover, such
heterocyclic compounds are related to recently discovered
antiinfective agents.7

Very recently, we have developed a facile and efficient
protocol for the synthesis of stable semiquinone radicals of
type 1 (Scheme 1).8 This reaction is based on the concept
of proton-coupled-electron-transfer (PCET) and involves the
reaction of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)
with an excess of pyridine in an alcohol ROH as solvent.

It is noteworthy that these radicals show a substitution
pattern which presents a hydrogen atom at the γ-position to
the carbonyl group, an interesting aspect in view of the
exploration of their photochemical reactivity. In this context,
it is important to note that carbonyl compounds in the
electronically excited state serve as versatile intermediates
in countless reactions. Among them, one of the fundamental
phototransformation of ketones that contain a hydrogen atom
at the γ-position is the Norrish-type-II reaction.9 In that
reaction, a 1,5-H transfer is initiated by the photoexcited
triplet state of the ketones via a six-membered cyclic
transition state which normally leads to the formation of
triplet 1,4-diradicals as intermediates. The present study seeks
to test the analogous photochemical reaction based on a
semiquinone radical platform which therefore potentially
gives rise to the appearance of an excited radical intermedi-
ate.

Specifically, the stable zwitterionic semiquinone radicals
1a-d were exposed to daylight, giving straightaway rise to

2,3-dicyano-6-alkyl-1,4-dihydroxy-6H-pyrido[2,1-
c][1,4]benzoxazinium inner salts10 2a-d in 61-72% yields
(Scheme 1).

A plausible mechanism to rationalize the formation of 2
is depicted in Scheme 2. Irradiation of 1 affords the excited
phenoxyl radical A that exhibits a remarkably selective
intramolecular 1,5-hydrogen-atom transfer analogous to a
Norrish-type-II reaction. This gives rise to the 1-aryloxyalkyl
radical B, which affords the heterocyclic products 2 via an
homolytic aromatic substitution process involving cyclization
to radical C followed by a rearomatization process.11 Inter-
and intramolecular radical addition to pyridinium salts are
well documented.12 The mechanism of the rearomatization
step most probably involves oxygen from air as oxidizing
agent.

Next, the reaction sequence starting from DDQ was
extended to imidazole derivatives (Scheme 3). Treatment of
DDQ with an excess of 1-methylimidazole in alcohol gave
the air- and moisture-stable zwitterionic imidazolio-semi-
quinone π-radicals 3 as deep-red powders. Exposure of 3 to
daylight led to the completely regioselective formation of
4, consistent with the above-mentioned reaction mechanism.
The molecular structures of the products 2a-d and 4a,b were
unambiguously established by NMR and ESI-MS as well as
confirmed by X-ray diffraction analysis in the cases of 2c
and 4a.

The starting semiquinone radicals are soluble in DMF and
DMSO, slightly soluble in CH3CN and acetone, and not
soluble in water. Indeed, all reactions were carried out with
the corresponding semiquinone radicals in saturated CH3CN
solution. To test solvent effects, some of the reactions have
been performed in DMF under higher concentration. How-
ever, it turned out that the yields of the corresponding
photochemical products significantly decrease; for example,
compound 2b can only obtained in DMF with a yield of
29% (see the Supporting Information). Moreover, preliminary
attempts to use other commercially available chlorinated
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Figure 1. Representative core of [1,4]oxazinium derivatives.

Scheme 1. Synthetic Route to 1 and 2
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quinones such as tetrachlorobenzoquinone and dichloronaph-
thoquinone were not successful. Particularly promising
noncommercially available chlorinated quinones bearing
radical stabilizing groups such as esters, aryls, and amides
have not yet been tested.

Compound 2c crystallizes in the form of red plates in a
1:1 enantiomeric mixture in the monoclinic space group C2/c
and 4a as yellow blocks as a methanol solvate in the triclinic
space group Pj1. The ORTEP views of both compounds are
given in Figure 2. There are no exceptional geometrical
features, and all bond lengths and angles are within the
expected ranges; they compare well with reported structures
of 1,4-benzoxazine skeletons.13 The oxazine moieties adopt
slightly twisted conformations.14

The electrochemical properties of compounds 2a-d and
4a,b in CH3CN were investigated by cyclic voltammetry
(Figure 3 and Table S1, Supporting Information). All of them
show almost the same redox behavior. As shown in Figure
3, 2a exhibits a reversible two-electron redox wave at 0.77
V vs Ag/AgCl for the oxidation of the hydroquinone

moiety.15 This observation can be interpreted with an electron
transfer-chemical reaction-electron transfer ECE mecha-
nism15 wherein the radical cation that is formed by the first
electron transfer is deprotonated by the solvent itself. The
chemical reversibility is indicative of the formation of a stable
quinone cation. Moreover, compounds 2a-d undergo two
irreversible reduction processes, for example, 2a at -0.92
and -1.19 V.

The electronic absorption spectra of compounds 1a, 2a,
and 4a are shown in Figure 4. Notably, the diagnostic
absorption bands of the pyridiniosemiquinone π-radical 1a
at 340, 420, 445, 550, and 590 nm disappear upon its
photoirradiation. Naturally, the colors of the photoproducts
2a and 4a are reflected in their absorption spectra. The
intense absorption bands are characteristic for π-π* transi-
tions, and specifically in the case of 2a, the broad absorption
band centered at 507 nm reflects a pronounced charge-
transfer character (hydroquinone f pyridinium).
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Scheme 2. Proposed Reaction Mechanism for the Photoinduced
Cross-Dehydrogenative Coupling Reaction

Scheme 3. Synthetic Route to 4

Figure 2. X-ray crystal structure of (a) 2c (the (R)-enantiomer is
shown). Selected bond lengths (Å): C1-O1 1.340(5), C1-C2
1.410(6), C2-O2 1.360(5), O2-C3 1.394(6), C3-C4 1.547(7),
C4-N1 1.375(6), N1-C5 1.451(5), C2-C5 1.383(6), C5-C6
1.442(6), C6-O3 1.279(5), C6-C7 1.416(6), C7-C9 1.410(6).
X-ray crystal structure of (b) 4a. Selected bond lengths (Å): C2-O2
1.354(2), C1-C2 1.399(3), C1-O1 1.379(2), O1-C10 1.434(3),
C10-C9 1.476(3), C9-N1 1.342(2), N1-C6 1.428(3), C1-C6
1.378(3), C6-C5 1.425(3), C5-O3 1.294(2), C5-C4 1.414(3),
C4-C3 1.414(3), C3-C2 1.383(3). ORTEP: thermal ellipsoids set
at the 50% probability level. Hydrogen atoms (partially) and
solvents (in the case of 4a) are omitted for clarity.
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In conclusion, we have discovered a unique and very
simple protocol for the direct dehydrogenative cross-coupling
of a C(sp3) adjacent to an oxygen atom with a C(sp2)
belonging to a positively charged heterocycle. This cross-
coupling reaction starts from stable semiquinone radicals that
are very easily prepared in one step by a three-component
coupling process involving DDQ, a basic aromatic compound
such as pyridine or N-methylimidazole, and an alcohol. We
have demonstrated that two of these components, the alcohol
and the basic aromatic compound, can be varied. So far, the
third component, DDQ, cannot be changed, but we believe
that the presence of the two versatile cyanide groups offers
many possibilities for post modification of the DDQ building
block. The coupling process is run under air atmosphere and
is triggered by daylight. It requires neither a metal catalyst
nor an additional oxidant. This approach compares very
favorably with the multistep procedures reported in the
literature for the syntheses of biologically active 1,4-
benzoxazine derivatives.14,16 Beside the synthetic aspect of
our results, we believe that the demonstration that an excited
phenoxyl radical becomes reactive enough to perform C-H

bond functionalization may have important consequences for
the design of new processes involving excitation of stable
radicals by irradiation. Further investigations toward the
understanding of the detailed reaction mechanism as well
as a more extensive determination of the synthetic scope are
underway.
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Figure 3. Cyclic voltammogram of 2a (2 × 10-4 M) in CH3CN,
supporting electrolyte 0.1 M (Bu4N)PF6, scan rate 100 mV s-1.

Figure 4. UV-vis absorption spectra of compounds 2a (red curve),
4a (blue curve), and the semiquinone radical 1a (black curve) in
CH3CN.
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