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ABSTRACT: Photocyclization of 8-aryloxy-3-phenylbenzo[e]-
[1,2,4]triazines leads to helicene radicals. Structural analysis of
radicals leuco forms by two-dimensional correlation nuclear
magnetic resonance methods demonstrated that the photo-
cyclization involves a Smiles rearrangement and exclusive
formation of a single rearranged product for all substrates. Density
functional theory investigations indicate that the mechanism
requires the T1 state with (n, π*) character localized on the
benzo[e][1,2,4]triazine (BT) fragment and at least one occupied π molecular orbital (MO) localized on the aryloxy fragment with
an energy that is higher than that of the n MO. This electronic structure is favorable for aryl-to-BT single-electron transfer and
formation of a zwitterion, which undergoes an intramolecular polar cyclization followed by ring opening of the resulting
spirooxazole. The proposed mechanism represents a new variation of photo-Smiles rearrangement and appears to be general for the
photochemical formation of planar Blatter radicals.

■ INTRODUCTION
Smiles rearrangement1−3 and its variations4−8 are among the
most common transformations in the chemistry of aromatic
compounds and highly useful in organic synthesis.9,10 The
general mechanism involves intramolecular attack on the ipso
carbon atom of the arene, formation of a spiro species (either
an intermediate or a transition state)11,12 followed by ring
opening and formation of the rearranged product (Figure 1).
The classical rearrangement typically is a polar, thermally
activated process (mechanism A in Figure 1)3 but can also
proceed via a photoinduced radical mechanism.13−15

A mechanism involving transient radicals was postulated
early on for Smiles rearrangement in compounds with a general
structure of RNH(CH2)nOC6H4NO2-4 (mechanism B in
Figure 1). Spectroscopic and kinetic investigation demon-
strated16,17 that the rearrangement consists of the initial
photoinduced intramolecular charge transfer (CT) and
formation of an open-shell zwitterion (a radical anion, radical
cation pair), followed by deprotonation of the amminium
nitrogen and intramolecular radical−radical anion recombina-
tion. The resulting spirooxazole opens, leading to the
rearranged product.18−20 More recently, a new Smiles
rearrangement protocol was developed (mechanism C in
Figure 1), in which the electrophilic aryloxy radical cation is
generated by a photoinduced intermolecular single-electron
transfer (SET)21 to an electron acceptor [photooxidant (POx),
e.g., acridinium, pyrylium, or 9,10-dicyanoanthracene].22 The
subsequent intramolecular nucleophilic addition leads to the
spirooxazole, which opens to yield the rearrangement product.
Another photoinduced radical Smiles rearrangement in-

volves a Ru photocatalyst. In this case, the catalyst effects one-

electron reduction of an alkyl bromide, leading to the
formation of the corresponding alkyl radical, which attacks
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Figure 1. Four general mechanisms of Smiles rearrangement. POx is a
photooxidant. For details and references, see the text.
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the ipso atom and displaces the sulfonyloxy group (mechanism
D in Figure 1).13

Several years ago, we demonstrated that the prototypical
planar Blatter radical, triazino[5,6,1-kl]phenoxazinyl 1[3]
(Figure 2), and its derivatives can be obtained by irradiation

of dilute solutions of the appropriate 8-aryloxybenzo[e][1,2,4]-
triazines 2[n] in yields that depend on the structure of the
aryloxy fragment and solvent.23,24 Although the initial analysis
suggested a simple cyclization mechanism, most recent
crystallographic studies in series 1[n] indicate, however, that
the obtained radicals result from a Smiles-type rearrangement
and formal migration of the oxygen atom to the adjacent
position in the aryl fragment (Figure 2).25 Unlike those of
other photoinduced Smiles rearrangements, the reaction
medium does not contain a base (as in mechanism B in
Figure 1) or a photoactive redox additive, as in mechanisms C
and D. This suggests a different mechanism for the observed
rearrangements.
Herein, we report a complete mechanistic analysis of the

photocyclization of 8-aryloxybenzo[e][1,2,4]triazines 2[n] and
the formation of 1[n] (Figure 2) in a surprising photo-Smiles
rearrangement process. The regioselectivity of this process is
determined by two-dimensional (2D) nuclear magnetic
resonance (NMR) methods. Our results provide the basis for
understanding the photocyclization of other benzo[e][1,2,4]-
triazine derivatives, leading to a broad family of planar
polycyclic stable radicals. The mechanistic and experimental
NMR analyses are supported with density functional theory
(DFT) computational results.

■ RESULTS
We initially aimed to establish the structure of all radicals in
series 1[n] and to determine the structural uniformity of the
bulk samples using 1H−1H NMR correlation analysis of leuco
derivatives 1[n]-H. The former analysis complements the X-
ray diffraction structures of 1[5] and 1[7],25 while the latter
issue is important for determining the degree of regioselectivity
of the photocyclization process. The requisite leuco 1[n]-H
forms were obtained by reduction of radicals 1[n] with
ascorbic acid in DMSO-d6 containing a drop of CD2Cl2 and
D2O (Scheme 1).
NMR Structural Analysis of 1[n]-H. 1H NMR spectra of

freshly prepared samples of 1[n]-H revealed single species with
generally well-resolved multiplets in the aromatic region. In
each compound, there are four distinct spin systems, which
were identified by H−H correlation spectroscopy (COSY and
TOCSY26) on the basis of their characteristic number of
interacting hydrogen nuclei and coupling patterns (Figure 3

and the Supporting Information). The subsequent analysis
using the ROSEY27 method in combination with DFT
molecular modeling identified key through-space interactions.

The results demonstrate communication of the four-spin
system of terminal benzene ring T (HAHGHMHX) with the
high-field three-spin system of ring B (H4H5H6) in all
derivatives, which is consistent with structure 1[n]-H. In the
two lower homologues, ROESY detected weak through-space
interactions only between HA and H6 hydrogen atoms of rings
T and B, respectively [DFT H···H distances of 3.85 Å in 1[4]-
H and 2.87 Å in 1[5]-H (see the Supporting Information)],
while in 1[6]-H, H6 interacts with HA and HG (3.68 and 3.77
Å, respectively). In 1[7]-H, H6 interacts with the entire spin
system of ring T. In addition, HX interacts with HD of ring D
(4.83 Å). The observed interactions in higher homologues
result from progressive overlap of terminal rings T and B.
Further support for this assignment is provided by through-

space interactions of the two-spin system of ring D with the
five-spin system of the phenyl ring [Ph (Figure 3)] observed in
homologues 1[4]-H and 1[7]-H (DFT Ho···H4 distances 3.17
and 3.14 Å, respectively). The interactions described above are
absent in isomeric leuco derivatives 3[n]-H, in which only spin
systems of terminal ring T and phenyl ring Ph could interact
through space.
The structural assignment to 1[n]-H is consistent with the

observed trends in chemical shifts δ caused by gradually
increasing the proximity and overlap of terminal rings B and T.
Thus, while the δ of H6 and H5 is in the expected range of ∼6.7
ppm in 1[4]-H and 1[5]-H, in higher homologues the protons
are increasingly shielded by the anisotropic current of ring T.
The most complete overlap and most effective shielding are
observed for H6 in 1[7]-H with δ = 4.51 (Table 1). It also
needs to be mentioned that HA in nearly planar 1[5]-H is
strongly deshielded (δ = 9.42 ppm) by close contacts (H-
bonding) with the O(7) atom (DFT H···O distance of 2.04 Å).

Figure 2. Structures of prototypical planar Blatter radical 1[3] with a
partial numbering system and photocyclization of 2[n] to radicals
1[n].25

Scheme 1. Preparation of leuco Derivatives 1[n]-H

Figure 3. Four distinct spin systems in leuco derivatives 1[n]-H and
3[n]-H. The red arrows indicate significant through-space H···H
interactions.
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The observed trends in chemical shifts are well reproduced
by DFT calculations at the B3LYP/6-311G(2d,p)//B3LYP/6-
31G(2d,p) level of theory in DMSO dielectric medium with an
overall correlation parameter r2 of 0.96.28 In particular, the
characteristically outstanding shifts for HA in 1[5]-H (δexp =
9.42 ppm, and δDFT = 9.48 ppm) and H6 in 1[6]-H (δexp = 5.88
ppm, and δDFT = 5.55 ppm) and 1[7]-H (δexp = 4.51 ppm, and
δDFT = 4.60 ppm) are reasonably well predicted.28

The NMR analyses described above demonstrate that the
photocyclization process is fully regioselective for the
formation of rearranged product 1[n], while other, non-
rearranged products (such as 3[n]) are completely absent.
These results indicate that the structural assignments of some
of the previously reported photocyclization products need to
be revisited.23,24

Mechanistic Analysis. Photocyclization of 2[n] and
formation of 1[n] were investigated with DFT methods
using 2[4] as an example. Calculations at the TD-CAM-
B3LYP/6-311G(d,p) level of theory in the EtOAc dielectric
medium indicate that the lowest-energy excitation, S0 → S1, in
2[4] at the GS conformational minimum takes place at 441 nm
with an oscillator strength f of ≈0.004 and has 1(n, π*)
character. It involves mainly (∼86%) the transition from
HOMO−3, encompassing all three nonbonding electron pairs,
to the LUMO, both localized on the benzo[e][1,2,4]triazine
(Figure 4). Relaxation of the Franck−Condon geometry to the
equilibrium geometry of the S1 state is exothermic by a ΔESCF
of 6.3 kcal mol−1 (0.26 eV). The relaxed S1 state still has 1(n,
π*) character in which the n molecular orbital (MO) density
partially extends from the benzo[e][1,2,4]triazine to the
aryloxy substituent.

The 1(n, π*) state may undergo ISC to a triplet state in a
process allowed by the El-Sayed rules29 first to the 3(π, π*)
state, which through internal conversion (IC) relaxes to the T1
3(n, π*) state (Figure 5). For reference, in cinnoline, a close

analogue of benzo[e][1,2,4]triazine, the S1 state decays via ISC
with time constants of <232 ps.30 The energy of the resulting
T1 state of 2[4] is lower by a ΔESCF of 14.6 kcal mol−1 (0.54
eV) than that of the S1 state (Figure 5). TD-DFT calculations
of the forbidden S0 → T1 excitation at the triplet geometry
demonstrate that the T1 state also has (n, π*) character and is
localized on the benzo[e][1,2,4]triazine fragment. Thus, in
both states, 1(n, π*) and 3(n, π*), there is a formal hole on the
n orbital and a negative charge is delocalized in the heterocycle
(Figure 5).
Analysis of MO energies of the S0 state indicates that there

are two π orbitals localized on the naphthalene ring, HOMO
and HOMO−1, with energies higher than that of the n orbital
(Figure 6). In the geometry of the relaxed S1 and T1 states, the
n MO becomes HOMO−1, still significantly below the π
HOMO (Figure 6), which provides the thermodynamic

Table 1. Chemical Shifts of Characteristic Protons of leuco 1[n]-Ha

leuco H4 (d) H5 (t) H6 (d) HA (d) HG (t) HM (t) HX (d) HD (d)

1[4]-H 6.39 6.76 6.53 7.89 7.46 7.35 7.77 7.59
1[5]-H 6.37 6.71 6.75 9.42 7.61 7.61 7.88 7.64
1[6]-H 6.36 6.67 5.88 8.18 7.49 7.59 8.01 7.67
1[7]-H 6.11 6.22 4.51 8.10 7.27 7.36 7.99 8.07

aRecorded in DMSO-d6. Multiplicities of the signal are given in parentheses.

Figure 4. Selected CAM-B3LYP/6-311G(d,p)-derived MO contours
and energies relevant to low-energy excitations of 2[4] at the GS
equilibrium geometry (MO isovalue of 0.03). For the sake of clarity,
two orientations of 2[4] are used.

Figure 5. Photoexcitation of 2[4] to the 1(n, π*) state (2[4]) and
intramolecular electron transfer leading to a charge-separated
zwitterionic species (2[4]Z) (left). Partial Jablonski diagram for the
generation of the 3(n, π*) state (2[4]3) (right).

Figure 6. Energy of MOs shown in Figure 4 for three geometries of
2[4]: in the ground state (S0) and relaxed S1 and T1 states. Colors
indicate localization of the MO: blue for the heterocycle (BT) and
heterocycle with C(3)-Ph (BT-Ph) and green for naphthalene
(Naphth). The red arrow indicates the lowest-energy excitation
from the closed-shell ground state.
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driving force for SET and the formation of zwitterion 2[4]Z.
Thus, in the first approximation, in the S1 or T1 state, an
electron tunnels from the naphthyloxy fragment to fill the
formally half-occupied n orbital giving rise to charge-separated
zwitterionic species 2[4]Z with a radical anion delocalized in
the heterocycle and a radical cation in the aryloxy fragment.
This opens up the possibility for subsequent nucleophilic
attack of the N(1) atom on the naphthyloxy fragment.
To assess the regioselectivity of the intramolecular

nucleophilic attack, the charge distribution in two radical
ions of 2[4] in its GS equilibrium geometry was analyzed with
NBO population analysis. The results show that in radical
cation 2[4]+• nearly 90% of the hole is localized on the
naphthalene ring with the highest density at the ipso carbon
(Figure 7). The resonance structure shown in Figure 7 is

consistent with the calculated distribution of the charge and
spin densities in the naphthalene ring. In the analogous radical
anion, the entire additional electron is localized on the
heterocycle with the highest natural negative charge on the
N(4) (nq = −0.414) and N(1) (nq = −0.370) atoms. In this
case, analysis shows that the spin is delocalized in the π system,
while the negative charge is in the σ electron manifold. Thus,
on the basis of the charge distribution, the preferred attack
takes place on the ipso position with the formation of diradical
spirooxazole intermediate 4[4] (Figure 8).
Geometry optimizations located triplet spirooxazole dir-

adical 4[4]3 on the potential energy surface, with the stability
being greater by a ΔH of 1.58 kcal mol−1 than that of 2[4]3.
Attempts to find the analogous spiro structure as a closed- or

open-shell singlet led to the oxazole ring opening by rupture of
the C(2′)−O bond and formation of zwitterion 5[4] (Figure
8). A close analogue of 5[4] was just isolated and characterized
by XRD as a side product in photocyclization of 2[9], which
provide an additional support for the proposed mechanism.
DFT calculations demonstrate that the process is exothermic
by a ΔH of 28.9 kcal mol−1, which is largely due to the
recovery of one Clar’s sextet.
NBO analysis of zwitterion 5[4] revealed an increased

negative natural charge on the oxygen atom (nq = −0.67) and
depleted negative charge at position N(1) (nq = −0.05), which
is consistent with the Lewis resonance structure shown in
Figure 8. Further analysis shows a slightly higher electro-
philicity of position C(1′) (a total CH nq = 0.06) than C(3′)
with a total CH nq of 0.03.
The oxygen atom in zwitterion 5[4] can move to position

C(1′) (path a in Figure 8) or C(3′) (path b), giving rise to
dipolar intermediate 6[4] or 7[4], respectively. Analysis of the
Lewis structures indicates that the latter product has one fewer
Clar’s sextet, which renders it significantly less stable than its
C(1′) isomer 6[4] (via DFT, ΔH = 21.24 kcal mol−1).
Intermediate 6[4] is moderately more thermodynamically
stable than zwitterion 5[4] (ΔH = −2.27 kcal mol−1), and
considering a relatively low activation free energy (ΔG⧧

298 =
17.33 kcal mol−1), both compounds 5[4] and 6[4] can be in
thermal equilibrium at ambient temperature (Figure 9). In
contrast, the calculated activation free energy for the formation
of isomeric 7[4] is 29.04 kcal mol−1, which renders it
inaccessible under the reaction conditions. Further stabilization
of intermediate 6[4] and its removal from the equilibrium with
5[4] occur through tautomerization by formal H+ migration
from C(1′) either to N(1) (1[4]-1H) and then to N(3) (1[4]-
H) or directly to N(3) in the most thermodynamically stable
tautomer, 1[4]-H. The tautomerization to 1[4]-H with
simultaneous recovery of the second Clar’s sextet renders
this process exothermic by 19.24 kcal mol−1, while the entire
phototransformation of 2[4] to 1[4]-H is moderately
exothermic by 9.46 kcal mol−1 (Figure 9).
Subsequent oxidation of 1[4]-H, presumedly with molecular

oxygen present in the solution, leads to experimentally
observed radical 1[4]. Alternatively, oxidative removal of the
C(1′) hydrogen atom in 6[4] and formation of 1[4] may take
place without prior tautomerization. The calculated homolytic
bond dissociation enthalpy (HBDE) for the three tautomeric
forms 6[4], 1[4]-1H, and 1[4]-H using the experimental value
for phenoxazine31 as the reference shows a low HBDE for the
first tautomer (48.5 kcal mol−1), related to the recovery of the
second Clar’s sextet, and 59.3 and 67.7 kcal mol−1 for last two
NH tautomers. The last value for 1[4]-H is in the range
expected for Blatter radical derivatives.32 A summary of the
proposed mechanism for the photocyclization of 2[4] is shown
in Figure 9.

■ DISCUSSION
The mechanism proposed for the photocyclization of 2[4] has
four key elements: (i) the (n, π*) character of the lowest
excited state localized on the BT fragment, which, according to
the Kasha rule, is responsible for the subsequent trans-
formations (it is believed that the T1 state is key to the
observed photochemistry); (ii) the presence of at least one
higher-energy occupied MO localized on the aryloxy
substituent; (iii) the proximity of the BT and aryloxy fragments
for an efficient intramolecular electron transfer; and (iv) the

Figure 7. Natural charge (nq) density (NBO population analysis) on
selected atoms and fragments in radical ions at the S0 equilibrium
geometry of 2[4]. UCAM-B3LYP/6-311+G(d,p)//CAM-B3LYP/6-
311G(d,p) method in EtOAc dielectric medium. For C(1′), C(3′),
and C(4′), the sum of C and H charges is shown.

Figure 8. Two paths for the rearrangement of 4[4]3 leading to two
isomeric intermediates, 6[4] and 7[4].
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high positive charge density (high electrophilicity) localized on
the aryl carbon atom connected to the oxygen atom.
In the first approximation, these requirements can be

assessed using standard DFT calculations for the substrate
undergoing photocyclization: determination of the nature of
the T1 state, order and localization of the occupied high MOs,
and charge distribution of radical ions at the substrate’s GS
geometry. Such an analysis for other members of series 2[n]
demonstrates that all exhibit electronic structural features
required for photocyclization with Smiles rearrangement
(Figure 10). Thus, in all compounds, the T1 state is the 3(n,

π*) state localized on the BT fragment, and all, except for
2[3], have at least one π aryl MO above the n MO (Figure 10).
In the case of 2[3], the T1 state involves the HOMO and
HOMO−1, which encompass both the nitrogen atom lone
pairs of the BT and the π system of the PhO group, while in
higher members of the series, the two electronic systems
constitute separate MOs. This electronic structure of 2[3]
permits a direct photoinduced charge polarization necessary
for the formation of the spirooxazole and Smiles rearranged

products, while in higher homologues with the two electronic
systems disconnected, an intramolecular CT is needed. This
charge polarization or formation of zwitterions is supported by
the observed higher efficiency and higher isolated yields of the
photocyclized products in polar media, such as in EtOAc and
EtOH versus CH2Cl2.

24,25

Further calculations indicate that photocyclization of other
8-aryloxybenzo[e][1,2,4]triazinyl precursors conforms to the
proposed mechanism, which requires revisiting the structural
assignments of those products and will be reported elsewhere.
Detailed DFT analysis of perylenoxy derivative 8, which is
inert24 in the photocyclization process, demonstrates that its
T1 state completely lacks the (n, π*) character localized on the
BT unit necessary for zwitterion formation (Figure 11).
Instead, T1 and T2 are the 3(π, π*) states solely localized on
the perylene fragment.

The proposed mechanism is significantly different from
those previously considered for the photo-Smiles rearrange-
ments shown in Figure 1. Thus, none of those mechanisms
involve both intramolecular radical ion pair photogeneration
and oxazole formation in a polar addition process, which is
postulated for cyclization of 2[n]. Also, none of the previously
reported processes lead to cyclic products. Therefore, photo-
cyclization of 2[n] appears to be unique among a broad and
rich spectrum of Smiles rearrangements2 and related aryl
transfer reactions.21

Figure 9. Energies of intermediates and transition states relative to that of 2[4] in the ground state [ΔH = 0 kcal mol−1 (blue line)] for the
proposed mechanism of photocyclization of 2[4] obtained at the CAM-B3LYP/6-311G(d,p) level of theory in the EtOAc dielectric medium.
Homolytic bond dissociation energies (HBDEs) calculated for selected species are shown on the right (green). For details, see the text.

Figure 10. Energy and assignment of MOs for precursors 2[n] in the
T1 state geometry in an EtOAc dielectric medium [CAM-B3LYP/
6311(d,p)]. Colors indicate the type and localization of the MO: blue
for the π MO on the heterocycle (BT, π) and the heterocycle with
C(3)-Ph (BT-Ph, π), red for the n MO on the heterocycle (BT, n),
green for π aryl (Ar), and black for mixed n BT and π Ar.

Figure 11. Partial Jablonski diagram for perylene derivative 8 based
on TD-DFT analysis.
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A process that may be mechanistically closest to the
currently reported photocyclization is a photorearrangement
of aryloxyantraquinones 9 (Scheme 2).33 Although the authors

did not discuss the mechanism, it can be postulated that an
open-shell zwitterion, analogous to 2[4]Z, is formed by SET
between the aryloxy group and the excited quinone fragment,
which subsequently undergoes intramolecular nucleophilic
addition of either [C�O]−• or NH, formation of the
spirooxazole, and finally ring opening. This proposal is
consistent with the reported33 formation of two competing
products, 10 and 11 (Scheme 2), both presumably arising from
intramolecular addition of a nucleophile (C�O radical anion
and NHAr, respectively) to the electrophilic center of the
aryloxy radical cation.

■ SUMMARY AND CONCLUSIONS
Mechanistic investigation revealed that photocyclization of 8-
aryloxybenzo[e][1,2,4]triazines 2[n] and formation of 1[n]-H
proceed through a novel photo-Smiles rearrangement process,
which involves the formation of a radical zwitterion through an
(n, π*) state localized on the BT fragment, followed by an
intramolecular SET process. The subsequent polar cyclization
of the resulting radical zwitterion yields a spirooxazole
intermediate, which selectively transforms into leuco 1[n]-H
(or its tautomers) as a direct precursor to radical 1[n]. The
migration of the oxygen atom in the rearrangement process is
fully regioselective, as confirmed with correlation 1H−1H
NMR analysis, and governed by the preservation of the Clar’s
sextets in the products.
The key step in this novel cyclization mechanism, the

photogeneration of the radical zwitterion capable of polar
cyclization, is believed to be general for photocyclization of 8-
substituted benzo[e][1,2,4]triazines. This includes other
aryloxy derivatives that undergo Smiles rearrangement and
also 8-carbazole and 8-aryl derivatives that photocyclize
without Smiles rearrangement. These reactions and analyses
will be described in due course. The proposed mechanism is
consistent with the observed solvent effects on photo-
cyclization efficiency and the complete photochemical inert-
ness of the 8-perylenoxy derivative.
Overall, the described results provide the first mechanistic

understanding of photogeneration of π-extended planar Blatter
radicals and offer a predictive tool for the design of other
substrates, leading to novel stable radicals.

■ COMPUTATIONAL DETAILS
Quantum-mechanical calculations were carried out using the Gaussian
16 suite of programs.34 Geometry optimizations were undertaken at
the (U)CAM-B3LYP/6-311G(d,p) and B3LYP/6-31G(2d,p) levels of
theory in a solvent dielectric medium using tight convergence criteria.
Solvent effects were implemented with the PCM model35 and the
SCRF keyword.

Mechanistic analysis of the photocyclization of 2[4] was performed
at the (U)CAM-B3LYP/6-311G(d,p) level of theory in EtOAc
dielectric medium requested with the SCRF (solvent = ethyl-
ethanoate) keyword. Electronic excitation energies in EtOAc
dielectric medium were obtained for 2[4] and other 8-aryloxybenzo-
[e][1,2,4]triazines at the CAM-B3LYP/6-311G(d,p)//CAM-B3LYP/
6-311G(d,p) level of theory using the time-dependent36 DFT method
supplied in Gaussian 16 and TD = (singlets, root = 1, NStates = 12)
or TD=(triplets, root = 1, NStates = 12) keyword.

NMR isotropic shielding constants for the leuco derivatives were
calculated using the B3LYP/6-311G(2d,p)//B3LYP/6-31G(2d,p)
method in DMSO dielectric medium requested with the SCRF
(solvent = DiMethylSulfoxide) keyword.
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