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ABSTRACT: Halogen lamp irradiation of benzo[e][1,2,4]triazines
2[X] in CH2Cl2 solutions leads to planar ring-fused 1,4-dihydro-
[1,2,4]triazin-4-yl radicals 1 through a novel, potentially general,
cyclization mechanism. The scope and efficiency of the method were
established for unsubstituted and ortho-substituted (X = NH2, Br,
NO2) phenoxy, naphthyloxy, and quinolinoxy derivatives 2[X]. The
regioselectivity of 2[X] photocyclization was rationalized with DFT
computational methods. Radicals 1 were characterized by spectro-
scopic (UV−vis, EPR), electrochemical, and XRD methods.

Benzo[e][1,2,4]triazin-4-yl radicals, such as the prototyp-
ical Blatter radical1 (Figure 1) and its derivatives,2 are

becoming increasingly important structural elements for
functional materials.3 They have been explored in the context
of controlled polymerization,4 organic batteries,5 molecular
electronics,6 near-IR sensing,7 and magnetic8,9 and spintronic
applications10,11 and have been studied as photoconductive
liquid crystals.12−15 Further progress in new functional
materials and their applications depends, however, on advances
in methods for construction of the 1,4-dihydro[1,2,4]triazin-4-
yl ring and functional group transformations in its derivatives.

Two edges of the 1,4-dihydro[1,2,4]triazin-4-yl are available
for ring fusion, and early synthetic efforts focused on the e edge
(area I in A; Figure 1). A number of methods, including 6π
electrocyclization,1,16−22 reductive cyclocondensation,22−24

azaphilic ArLi addition,25 and postcyclization annulation26−28

have been developed to construct polycyclic radicals. The
resulting structures, such as the Blatter radical1 as well as
pyreno[a,e][1,2,4]triazin-4-yl8,10,29 and thiazolo[5′,4′:4,5]-
benzo[1,2-e][1,2,4]triazin-4-yl27 derivatives, possess N(1)−

aryl substituents with high torsion angles.30 These substituents
affect the molecular packing, intermolecular spin−spin
interactions,30 and stability of liquid crystalline phases.12−15

Further expansion of the π system and greater control of the
electronic properties of [1,2,4]triazinyl-based radicals is
possible through simultaneous ring fusion at the e and f
edges of the heterocyclic ring (areas I and II in A) and
planarization of the entire structure, as shown in 1a (Figure 1).
The concept of planar Blatter radicals was demonstrated

recently31 with e.g. 1a (Figure 1). This exceptionally stable,
19π electron derivative was initially obtained in low (∼25%)
yield by intramolecular azaphilic cyclization of an organo-
lithium derivative generated in situ from bromide 2a[Br].31

Recently, we developed a more efficient access to 1a using a
Pschorr-type radical cyclization starting with amine 2a-
[NH2].

32 These methods are much less useful for the synthesis
of larger planar systems. Therefore, we focused on photo-
chemical cyclization methods, such as the Mallory reac-
tion,33,34 which are widely used in preparation of closed-shell
polycyclic aromatic systems,35,36 including helicenes,37 nano-
graphenes,38−40 photoswitches,41 photochromic materials,42,43

and π-extended corannulenes.44−46

Herein we report on a discovery of an unprecedented and
potentially general method of photocyclization of 8-aryloxy
benzo[e][1,2,4]triazines leading to planar Blatter radicals with
extended π systems.
Exposure of solutions of nitro derivative 2a[NO2] to

sunlight resulted in formation of small amounts of radical 1a.
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Figure 1. Structures of the Blatter radical, planar Blatter radical (1a),
and a general structure for an extended polycyclic radical A formed by
annulation of the 1,4-dihydro[1,2,4]triazin-4-yl unit (dark outline) at
the e and f edges.
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Brief experimentations demonstrated that low concentration
(∼1 mM) degassed solutions in CH2Cl2 exposed to a 300 W
halogen lamp work well, and after 12 h of irradiation radical 1a
was isolated in 31% or 98% yield, considering recovered,
unconsumed starting 2a[NO2] (Figure 2).47 Similar experi-
ments with 2a[Br] gave 1a in higher yields (64%), while the
unsubstituted 2a[H] gave 1a in 40% yield after 72 h of
irradiation. Photocyclization reactions of 1-substituted 2-
naphthyloxy derivatives 2b[X] were more efficient. For
instance, radical 1b was isolated in 35% yield from 2b[Br]
after 3 h and in 55% from 2b[NO2] after 6 h (Figure 2). It was
observed that 2b[NO2] was so photoreactive that it was
difficult to work with it under ambient light conditions.

Similar efficiency of cyclization was observed for 6-
quinolinoxy derivatives 2c[H] and 2c[NH2], for which 1c
was isolated in 14% and 47% yield, respectively, after 12 h of
exposure to halogen lamp light. The yield was essentially the
same in the presence of air. Irradiation of 1-naphthyloxy
derivative 2d[H] gave complete consumption of the staring
material in 48 h, and radical 1d was isolated in 85% yield.
Extending the irradiation time did not significantly affect the
yields presumably due to increased optical density of the
solutions and possible photodegradation of the radicals.
Similarly, high yields of 1e were obtained by irradiation of 3-
nitro-4-quinolinoxy derivative 2e[NO2] (Figure 2). In
contrast, no expected radical 2f was formed by irradiation of
3-bromo or 3-amino-2-naphthyloxy derivatives, 2f[Br] and
2f[NH2]. Instead, the former gave a mixture of 1b[Br] and 1b
in about 1:10 ratio, based on MS data, while the product of the
latter precursor was isolated in a low yield and identified as
1b[NH2]. This selectivity for photocyclization at the
naphthalene C(1) position suggests a possible route to
functionalized derivatives. The desired radical 1f was obtained
in 14% yield by treatment of 2f[Br] with t-BuLi and in 76%
yield by thermolysis of N-nitrosoacetamide 2f[N(NO)Ac]
according to previous methods.25,32 The aza-Pschorr method32

did not yield radicals 1b and 1c using 2b[NHAc] and
2c[NHAc], respectively.
Comparative analysis of photocyclization products revealed

complete selectivity in cyclization of 2a[X] for the C(2)

position, 2b[X] and 2f[X] for the C(1) position, and 2c[X] for
the analogous C(5) position. This is in full agreement with
DFT computational results. Also in each reaction, only a single
product, starting material, and intractable highly colored
byproducts were observed. In the case of 2f[Br], radical
1b[Br] was accompanied by its debromination product 1b.
The requisite precursors 2[H], 2[Br], and 2[NH2] were

obtained from 8-fluoro-3-phenylbenzo[e][1,2,4]triazine31 (3)
by nucleophilic aromatic substitution reactions with appro-
priate ortho-substituted phenols 4[X] in the presence of NaH
(Scheme 1). Reactions of 3 with 2-nitro-1-naphthol
(4d[NO2]) did not yield the substitution product even at
higher temperatures, presumably due to steric effects. There-
fore, 2e[NO2] was obtained in a similar manner using 8-
hydroxy-3-phenylbenzo[e][1,2,4]triazine (5) and nitro deriva-
tive 6e[NO2].

For a better understanding of experimental results, photo-
cyclization of model derivatives 2[X], in which the C(3)−Ph
group is replaced with a hydrogen atom, was modeled at the
(TD)CAM-B3LYP/6-31G(d,p) level of theory using a relaxed
scan of the PES along the N(1)···C trajectory (e.g., Figure
3).48

Analysis of results indicates that the heights of the energy
barrier to cyclization of 2[X] in the S1 state is lower for X =
NH2 and H than for X = NO2. Results also demonstrate a
strong preference for regioselective cyclization at the C(1)
position of naphthalene in 2b[X] and 2f[X] (Figure 3) and for
the C(5) position in 6-quinolinoxy derivatives 2c[X].
Inspection of the lowest energy excitations of 2[X] shows
that the observed regiochemistry of cyclization corresponds to
the distribution of the excited state, and that the density of the
π orbital localized on the aryloxy fragment could be used as a
predictor of the cyclization mode (Figure 4).48

Figure 2. Photocyclization of 2[X] to radicals 1: Method: 2[X] (300
mL CH2Cl2, c ≈ 1 mM) is irradiated with a 300 W halogen lamp at
30−35 °C for 3−72 h in a Pyrex flask. Time, yields of isolated 1 and
yields based on consumed 2[X] are given.

Scheme 1. Synthesis of Derivatives 2[X]a

aReagents and conditions: (i) ortho-substituted phenol 4[X], 60%
NaH, DMSO, 80 °C, 1−12 h; (ii) ortho-halo nitroarene 6[NO2], 60%
NaH, DMSO, 80 °C, 1 h; (iii) [Bu4N]

+OH−, THF, 80 °C, 48 h.

Figure 3. Relative energy of a PES relaxed scan along the N(1)···C(1)
vector (blue), leading to 1b, and N(1)···C(3) vector (red), leading to
1f, in the S1 state of model 2b[H]*.
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Computational data revealed that the GS-to-GS trans-
formation of 2[X] to 1+X· is endothermic and the formation
of 1 most likely occurs during the S1 → S0 internal conversion
and vibrational relaxation processes. TD-DFT calculations
indicate that the initial vertical excitation is worth about 62−67
kcal mol−1 and the subsequent vibrational relaxation sets the
relaxed excited 2[X]* at about 49−59 kcal mol−1 above the
GS. This excess energy is sufficient to support homolysis of the
weak C−X bond in the cyclized product and to yield 1+X·, as
shown for 2[X] in Figure 5. Thus, transformation of 2[X]* to
1+X· in the GS is moderately, for X = H, to highly exothermic,
for X = NO2, augmented by an increase of entropy. Fragment
X· is presumably trapped by the solvent or oxidized by residual
oxygen. Such a stabilization of the photocyclization reactive
intermediate by formation of a stable radical has not been
reported before.

Photocyclization of aromatic compounds typically leads to
dihydro derivatives, which may be stable valence isomers (e.g.,
photochromic fulgides and chromones)41−43 and may require
oxidation33,34 or elimination of a small molecule (e.g., HX and
H2O)

35,49 to restore aromaticity or reduction.35 To the best of
our knowledge, the presently discovered process represents a
new pathway of photocyclization of aromatic derivatives, in
which stabilization of the photogenerated intermediate takes
place through the formation of a stable radical.
The structure of 1f was confirmed with the single crystal

XRD analysis, which revealed two planar molecules in the
asymmetric unit cell oriented at 85.7° angle to each other
(Figure 6). The molecules form two independent evenly
spaced slipped stacks with interplanar distances of 3.312 and
3.328 Å.
To assess the effect of π system extension in 1a on electronic

properties, radicals 1 were analyzed by spectroscopic (UV−vis
and EPR) and electrochemical methods.
Comparison of 1a with derivatives 1b−1f demonstrate that

extension of the π system has only a small effect on the
absorption spectra. All radicals 1 exhibit low intensity broad
absorption bands in the entire visible range (Figure 7).48 The
three main maxima located at about 550, 650, and 700 nm can

be ascribed mainly to the α-HOMO→ α-LUMO+1, α-
HOMO→ α-LUMO, and β-HOMO→ β-LUMO transitions,
respectively, on the basis of TD-DFT calculations.48 The
position of the lowest energy absorption band varies in a
narrow range of ∼675 nm in 1a and 1e to 721 nm in 1d, which
corresponds to an optical band gap of 1.64−1.73 eV (Table 1).

Similarly, extension of the π system by annulation of
benzene ring to 1a has a small effect on the redox potentials:
annulation at the ab position of 1a (Figure 8) shifts
cathodically the E1/2

0/+1 potential (−0.06 V in 1b), annulation
in the bc position affects mainly the E1/2

−1/0 potential (+0.09 V
in 1f), and annulation in the cd position shifts both potentials
by ±0.06 V narrowing the electrochemical window by 0.11 to
1.05 V in 1d (Table 1). Redox potentials of quinoline
derivatives 1c and 1e exhibit moderate anodic shifts relative to
those of the naphthalene analogues.
Electron paramagnetic resonance spectroscopy (EPR)

demonstrated that aN hfcc values are similar for all radicals 1

Figure 4. TD-DFT derived contours for FMOs of 2b[H] involved in
excitation calculated at 336 nm ( f = 0.0154). Note the larger HOMO
amplitude on naphthalene C(1) position than on the C(3).

Figure 5. Proposed mechanism for the photochemical formation of 1
from 2[X].

Figure 6. Left: Structural diagram for two unique molecules of 1f in
the asymmetric unit cell. Right: partial packing diagram. Selected
intramolecular dimensions for molecule A: N(1)−N(14) = 1.42(2) Å,
N(14)−C(13a) = 1.37(3) Å. For details see the Supporting
Information (SI).

Figure 7. UV−vis spectra for radical 1a (black) and 1d (red) in
CH2Cl2.

Table 1. Cyclic Voltammetry Data,a Estimated Energy of
the HOMO, and Optical Band Gap Eg for Radicals 1

a

Radical E1/2
−1/0 (V) E1/2

0/+1 (V) Ecell
b (V) EHOMO

c (eV) Eg
d (eV)

1ae −0.86 0.31 1.16 −4.85 1.66
1b −0.89 0.25 1.14 −4.80 1.67
1c −0.83 0.31 1.14 −4.87 1.68
1d −0.80 0.25 1.05 −4.80 1.64
1e −0.78 0.36 1.14 −4.91 1.73
1f −0.77 0.35 1.12 −4.90 1.69

aPotentials reported vs SCE. bEcell = E1/2
0/+1 − E1/2

−1/0. cCalculated
from the onset of the oxidation wave: EHOMO/LUMO =
−(E(onset ox/red vs Fc+/Fc) + 5.1); ref 50. dOptical band gap. eFrom ref
32. For details, see the SI.
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(typically aN ≈ 7.2, 4.2, and 4.0 G) indicating again little effect
of the π system extension.48 Surprisingly, the Radical
Delocalization Value,51 RDV−1, calculated with the DFT
methods, suggests that the spin in π-expanded derivatives 1b−
1f (RDV−1 = 3.592−3.841) is no more delocalized than in the
parent planar Blatter radical 1a (RDV−1 = 3.858). The lower
RDV−1 value for radicals 1b (3.611) and 1c (3.592) is
consistent with lower spin delocalization, presumably due to
their predicted nonplanar structures.
In summary, we have describe a new photochemical process,

which through intramolecular cyclization of readily available
precursors cleanly gives stable, π-delocalized polycyclic
[1,2,4]triazinyl radicals. At the same time, this process
constitutes a new method for construction of the benzo[b]-
[1,4]oxazine ring.52 The new method has been illustrated with
five examples, which include radicals with 5 fused six-
membered rings (21 sp2 hybridized atoms) and 23π
delocalized electrons. The reported photocyclization reaction
occurs with high regioselectivity, which can be predicted with
DFT methods. The method opens up new opportunities in
synthesis of unprecedented paramagnetic functional materials
and enables synthesis of well-defined extended π systems of
type A.
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