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Spin-unrestricted calculations and time-dependent DFT were used to characterize structure and
reactivity of 1-methyl-8-nitronaphthalene (1) in the triplet state. Four hybrid models (B3LYP, PBEO,
MPWI1K, BHLYP) with significantly different amount of the exact exchange were employed. The
triplet potential energy surface of 1 was mapped by using the UBSLYP and UMPW 1K techniques.
Both hybrid models provided qualitatively consistent pictures for the potential energy landscape.
Thirty-one stationary points, of which 15 were minima, were found at the UB3LYP level of theory.
Three minima corresponding to the nitro form of 1 were located on the triplet surface; just one was
found for the singlet ground state. Two reaction paths leading from 1 either to a nitrite-type
intermediate (2) or to the aci-form (3) were characterized. For both paths, reaction products were
of diradical nature. The lower activation energy was obtained for the triplet-state tautomerization
affording 3. The ground state of triplet multiplicity was predicted for two isomers of the aci-form.
The triplet diradical 3 is expected to react through the thermal population of a close-lying singlet
excited state. The results are discussed in relation to mechanisms of photoinduced rearrangements
of peri-substituted nitronaphthalenes that can be used to develop novel photolabile protecting groups.

Introduction

Photochemistry of nitro compounds has been attracting
considerable attention over many years.’? Among aro-
matic compounds, 2-nitrobenzyl (2NB) derivatives have
enjoyed the widest application. The 2NB functionality is
widely used as a photolabile protecting group in organic
synthesis,> 7 polymer chemistry,® microelectronics,’ and
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affords a quinonoid intermediate (also known as nitronic
acid or aci-form). The subsequent dark reactions that lead
to nitroso compounds appeared to be rather complex.
Recently, a comprehensive mechanism involving several
catalytic steps has been proposed.!® In addition, a unique
competing pathway has been identified for 2NB deriva-
tives with a labile hydrogen in the o-position. Our
computational® and experimental data?® provided evi-
dence for the formation of a nitroso hydrate via double
hydrogen transfer in 2NB amines and alcohols.

The numerous data available for the 2NB derivatives
show that anionic species, which are easily formed from
moderately strong nitronic acids in protic solvents, are
much less reactive than the protonated form. It is a
relatively simple matter to accelerate the aci-form decay
by using general and specific acid catalysis. Unfortu-
nately, it does not necessarily mean that the protected
group release will be accelerated to the same extent. In
other words, the release rate is typically much slower
than the aci-form decay due to a cyclization reac-
tion.121819 Considering numerous advantages of 2-ni-
trobenzyl photochemistry,®12 it would be of great
interest to develop an analogous photolabile system that
is characterized by a higher rate and quantum efficiency
of the protected group release. Several years ago, we
proposed to use peri-substituted nitronaphthalenes as
superior phototriggers.?! The diradical character of the
aci-form is of primary importance for defining the pho-
toreactivity of peri-substituted nitronaphthalenes. These
compounds are expected to undergo a similar reaction
as 2NB derivatives, but to form diradical nitronic acids
with much more reactive anions. Our preliminary data?!
showed that derivatives of 1-methyl-8-nitronaphthalene
with a releasing group in the a-position are characterized
by higher quantum yields and higher rates of the product
formation than the 2NB analogues. This was confirmed
by a recent study of photodecomposition of thymidine 5'-
protected carbonates.?? Although only photolysis times
for standardized conditions were reported, the results
clearly demonstrated enhanced photoreactivity of peri-
substituted naphthalenes in comparison to their ana-
logues substituted in the ortho-position and 2NB deriva-
tives.
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SCHEME 1. Two Reaction Pathways for
Photoisomerization of
1-Methyl-8-nitronaphthalene (1)

Interest in the photochemistry of nitronaphthalenes
was rekindled in the past decade because of related en-
vironmental problems. These chemicals are among the
most abundant aromatic compounds found in atmo-
sphere.?? Gas-phase photolysis resulting in the formation
of oxygenated compounds, such as quinones, is considered
to be the major degradation pathway for these com-
pounds.?*=26 Analogous products were detected upon
photodecomposition of 2-substituted-1-nitronaphthalenes
in solution.?2728 These results are in clear contrast with
early observations indicating that 1-nitronaphthalene
(INN) shows no detectable phototransformation in alco-
hol solution.?® It has to be pointed out that 1NN deriva-
tives with a methyl group in the peri- or ortho-position
were found to degrade upon photoirradiation much faster
than 1NN and other isomeric methylnitronaphthalenes.

Isomerization of substituted nitronaphthalenes may
proceed by several different mechanisms. For photoin-
duced reactions of compounds bearing a functionalized
alkyl group in the peri-position, the most likely primary
processes are the nitro-nitrite rearrangement and in-
tramolecular hydrogen abstraction. Scheme 1 shows the
parent compound, 1-methyl-8-nitronaphthalene (1), and
its isomers that are formed through these two reactions.
Considering that nitro compounds typically show high
quantum yields of the triplet formation, it is of great
interest to explore the landscape of the triplet-state
potential energy surface in relation to photoisomerization
mechanisms and potential applications.

Methods

All calculations were performed with the GAUSSIAN 03
package of programs.?° Geometries were fully optimized at the
B3LYP level of theory with the standard 6-31G(d) basis set.
Unrestricted formalism was used for the triplet-state struc-
tures and the singlet-state aci-form isomers. Selected struc-
tures were also optimized by using the 6-31+G(d,p) basis set
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in combination with one of the three hybrid functionals:
B3LYP, PBEO, and MPW1K. Single-point energies were com-
puted for these geometries by using the same functionals with
the 6-311++G(3df,2p) basis set. In addition, the BHLYP/
6-311++G(3df,2p) single-point energies were calculated at the
B3LYP geometries. BSLYP and BHLYP are combinations of
Becke’s three-parameter exchange functional®! (B3) and the
half-and-half functional (BH) with the slightly modified Lee—
Yang—Parr (LYP)?? correlation functional. It has to be noted
that the BH functional implemented in GAUSSIAN and
denoted as BHandH is somewhat different from the original
Becke’s functional.?® PBEO model (also referred to as PBE1PBE)
is a combination of the exact exchange (25%) with the Perdew-
Burke-Ernzerhof exchange (PBE1) and correlation functionals
(PBE).3435 MPW1K refers to a method that is based on the
modified Perdew-Wang 1991 exchange functional (MPW) and
the Perdew—Wang 1991 gradient-corrected correlation func-
tional (PW91).36 The MPW1K method was specifically opti-
mized for kinetics and contains 42.8% of the Hartree—Fock
exchange.?7

Transition structures (TS) were located by using the GAUSS-
TAN facility for the synchronous transit-guided quasi-Newton
method.?® Reaction pathways were computed to verify the
connection of the TS to the local minima. The intrinsic reaction
coordinate (IRC) method3® was used to trace the steepest-
descent paths toward the reactants and the products. A normal
vibrational mode corresponding to the single imaginary fre-
quency was inspected to provide additional verification. For
all stationary points found in this study, the wave function
stability was tested and harmonic vibrational frequencies were
calculated using the analytical second derivatives. Cartesian
coordinates for the stationary points are available as Support-
ing Information. Relative energies of different isomers were
calculated from their single-point energies corrected to the
scaled zero-point vibrational energies (sZPE). For the BSLYP
and PBEO methods, a scaling factor of 0.98064° was used for
both basis sets employed in this study, ZPE’s obtained with
the MPW1K technique were scaled with a factor of 0.9515.41
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Results

Molecular Geometry of 1 in the Singlet and
Triplet State. The BSLYP-optimized geometry of 1-meth-
yl-8-nitronaphthalene in the singlet ground state (1) is
depicted in Figure 1. The atom numbering is also shown
in this figure. The same minimum-energy structure was
obtained when various initial geometries differing in the
configuration of the NO, and Me groups were used.

There is hardly any difference in the B3SLYP bond
lengths and angles predicted with 6-31G(d) and
6-31+G(d,p) basis sets (see the Supporting Informa-
tion). However, adding diffuse functions on the heavy
atoms resulted in a larger torsion angle for the C—N
bond (CyCsN21Oge: 52.2° and 55.6° for 6-31G(d) and
6-31+G(d,p)). Although all hybrid methods with the
6-31+G(d,p) basis set yielded very similar results for the
molecular geometry, the overall better agreement with
available X-ray data*?>4? was obtained with the MPW1K
model. The BSLYP and PBEO methods generally over-
estimated the bond lengths by 1—2% in comparison to
the MPW1K technique. However, the N—O bond lengths
predicted with these two functionals appeared to be in
better agreement with the X-ray data for nitronaphtha-
lenes*?43 than the MPW1K values.

The naphthalene rings in 1 were predicted to be close
to planarity (the dihedral angle deviations within 7°). The
C11 and N atoms were somewhat displaced from the
naphthalene plane and the Cs atom was only slightly off
a plane formed by the NOs group. The exocyclic C—C and
C—N bonds were bent outward (away from each other).
The C—C bonds in the ring system of 1 (see Figure 1 and
the Supporting Information) showed alteration that is
typical for naphthalene derivatives. The C¢—C; and
C;—Cg bond glistances in the range 1.391—-1.409 and
1.353—1.362 A have been reported for crystal structures
of peri-substituted 8-nitronaphthalenes.*> The experi-
mental values compare well with corresponding distances
of 1.401 A and 1.365 A provided by the MPW1K compu-
tations. The DFT methods predicted the symmetrical NO,
group rotated by more than 50° out of the naphthalene
plane. The torsion angles in the range 45—47° have been
reported for 1,8-dinitronaphthalene and 1,4,5,8-tetrani-
tronaphthalene.*? A dipole moment of 4.3 D predicted for
1 at the B3LYP/6-31+G(d,p) level of theory is close to an
experimental value of 4.1 D* reported for 1-nitronaph-
thalene (1NN).

Unrestricted formalism was used for triplet geometry
optimization. Three minima (31a—31¢) corresponding to
the nitro form were located on the triplet potential energy
surface by using the UB3LYP and UPBEO techniques.
All minima were characterized by stable wave functions.
The geometry optimization using the UMPW1K method
in combination with the 6-31+G(d,p) basis set failed to
converge for 31b. The UMPW1K/6-31G(d) geometry op-
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FIGURE 1. B3LYP/6-31+G(d,p)-optimized geometries of 1-methyl-8-nitronaphthalene in the singlet ground state (1) and the
triplet excited state (31a, 31b). Spin-unrestricted calculations were used for triplet species. The atom numbering, selected struc-
tural parameters, and dipole moments (1) are shown. Energies in kcal mol™! relative to that of 1 are also given. These energies
were calculated from the single-point energies computed with four different DFT techniques in combination with the 6-311++G-
(3df,2p) basis set and were corrected to the scaled zero-point vibrational energies (sZPE) obtained at the same level of theory as
the energy, but with the 6-31+G(d,p) basis set. The white circles represent H atoms; the gray circles, C atoms; the red circles, O
atoms; and the circles with blue horizontal lines, N atoms. Green wire mesh at the triplet species shows the SCF electron spin

density.

timization yielded a structure similar to that obtained
at the UB3LYP/6-31G(d) level and denoted as 21b, but
wave function instability was detected. Figure 1 shows
the UB3LYP/6-31+G(d,p) optimized geometries, relative
energies, and SCF electron spin densities for 31a and
31c. The expectation values of the spin angular momen-
tum squared (S?) for these two species were 2.0169 and
2.0207; i.e., their wave functions were not contaminated
by higher spin states.

The naphthalene moiety in 3la was found to be
practically identical to that in 1. In contrast, the C—N
bond length in 31a was predicted to be reduced by 2—3%
(depending on the method used) relative to that in 1. The
NO; group with the N—O bonds stretched by 6—8% was
strongly bent (see Figure 1). At the UB3LYP level, the
H;4,—0g nonbonded distance in ®1a was found to decrease
by ~5% relative to that in 1. An H;4,—Og; distance of 2.172
A was predicted for 31a with the UMPW1K/6-31+G(d,p)
method. This value is by ca. 6% shorter than that in the
ground-state species. 31b differs from 21a only in that
the Og; atom is displaced from the naphthalene ring
plane and both N—O bonds are directed toward the CH;
group. All differences in the bond lengths were within
1%.

The molecular geometry of 31¢ strongly deviates from
that of 1 and 31a. All DFT methods in combination with
the 6-31+G(d,p) basis set predicted a substantial dis-

placement of the atoms located outside the naphthalene
ring and a distortion of the ring system (Figure 1). At
the BSLYP level, the Cl_Cg, Cz_C3, CG_C7, and Cg_N
bond lengths in 31¢ were reduced by 2—4% relative to
those in 1. In contrast, the C;—C,, C3—C4, C5—Csg, and
C;—Csg bonds were elongated by 3—6%. The N—O bonds
in 31¢ were found to be only slightly stretched (<2%) in
comparison to those in 1. Similar results for the molec-
ular geometry of 31¢ were obtained with two UPBEO and
UMPWI1K techniques. The SCF spin density was found
to be almost equally distributed between the Cq, Cy4, Cs,
and Cg atoms of 31e. Significant density was predicted
also for Csy, C7, and both O atoms. Contrary, only a small
fraction of the unpaired spin was localized at the N atom.
A large dipole moment of 6.7 D implies that charge-
transfer configuration(s) make a significant contribution
to the triplet species ®1c.

At the UB3LYP level, 31¢ with relative energy of 50.8
keal mol~! was found to be the most stable triplet species.
31a and ®1b were destabilized by 2.3 and 5.6 kcal mol 1,
respectively. The UPBEO results for the relative energies
were similar to those of the UB3LYP technique. The
UMPW1K method yielded practically identical energies
for #1a and ®1c¢ (see Figures 1 and 4). When the UBHLYP
single-point energies computed at the UB3LYP geom-
etries were used, the energy of 1¢ amounted to 52.8 kecal
mol~! and this triplet was by 5.2 kcal mol™! less stable
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Rel energy/ keal mol™! Z-3b E-3b
B3LYP 39.7 40.4
PBEO (40.6) (41.2)
MPWIK  37.0 377
BHLYP 336 34.6

38.8
(39.2)
35.0
321
7Z-33¢ Z-33d E-33a
22 443 238
38.6 40.7 389
355 376 36.2

FIGURE 2. B3LYP/6-31+G(d,p)-optimized geometries of the
aci-form stereoisomers (3) in the singlet and triplet state.
Explanations for the symbols and energy calculations are given
in Figure 1. For the three isomers that lack the PBEO data,
the B3LYP/6-31G(d) geometries are presented and single-point
energies calculated at these geometries are used in energy
calculations.

than 31a. It has to be pointed out that the 31a dipole
moment predicted by the BHLYP technique (3.3 D) was
substantially smaller than those obtained with other
methods.

Aci-Form of 8-Nitro-1-Methylnaphthalene. An
[1,7]H-shift in 1 affords an intermediate (3) that is
formally analogous to the aci-form of 2-nitrobenzyl
derivatives. However, no quinonoid structural formula
can be assigned to 3 and this species has to be described
as a diradical (see Scheme 1). Initial computations for
the triplet aci-form (33) were performed at the UB3LYP/
6-31G(d) level of theory. We located six minima corre-
sponding to stereoisomers and conformers of 33 with
different configurations of the nitronic moiety. The mo-
lecular geometries obtained are depicted in Figure 2.
Here, E- and Z- indicate the position of the OH group
relative to the methylene group. Geometries of the three
isomers with the lowest energy were also optimized using
the 6-31+G(d,p) basis set and two other functionals,
UPBEO and UMPW1K. The energies calculated relative
to that of 1 are presented in Figure 2.

The diradical intermediates *3 were predicted to have
%symmetric N—O bonds (N—0s3: 1.257 A, N—0y: 1.433
A for Z-33b, here and below the UB3LYP/6-31+G(d,p)
geometries are presented unless otherwise stated). The
N-O bond lengths were in the range of the experi-
mental values reported for benzoyl and silyl nitronates
(1.232—1.271 and 1.400—1.453 A).%

6078 J. Org. Chem., Vol. 70, No. 15, 2005

Kombarova and II'ichev

Rel.energy / keal mol™! 2 4
B3LYP 45 5.3
PBEO - -
MPWIK -1.6

FIGURE 3. B3LYP/6-31G(d)-optimized geometries of isomers
of 8-nitro-1-methylnaphthalene (2—7) in the singlet and triplet
state. The transition structure for nitro-nitrite rearrange-
ment in the ground state, TS[1—-2], is also presented. The
relative energies (kcal mol~!) were calculated from the single-
point energies computed with four different DFT techniques
in combination with the 6-311++G(3df,2p) basis set and were
corrected to sZPE estimated at the B3LYP/6-31G(d) level.
For 32a and 32b, the energies were obtained as described in
Figure 1.

It is noteworthy that the C—N bond remained practi-
cally unaltered upon [1,7]H-shift in the triplet state. The
overall configuration of the nitronic moiety in 33 re-
sembled that of the bent nitro group in ®1a. In Z-33a and
Z-33b, the C9CgNOs, dihedral angle was close to 60° (the
Ogs atom linked to Hy4 is shown above the ring plane in
Figure 2). The configuration of Z-33¢ and Z-33d with both
CsNO planes being almost perpendicular to the C;CgCy
plane was reminiscent of that in 31b. Aside from the
NOOH group, E- and Z-33b showed quite similar geom-
etries with the largest discrepancy being reduction of the
C—N bond length by 1.5% in the E-isomer. Although the
electron spin density in Z-33b was mainly localized on
the NO moiety and the exocyclic C1; atom, a large fraction
of unpaired spin was found on the Cy; and C4 atoms of
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FIGURE 4. Schematic profile of the triplet potential energy surface for the isomerization of 1 calculated at the UB3LYP/6-
311++G(3df,2p)(+sZPE)/UB3LYP/6-31G(d) level of theory. Values given in bold were obtained from the UMPW1K/6-311++G-
(3df,2p) single-point energies computed at the same geometries. All energies are given in kcal mol 1.

the naphthalene ring (data not shown). The strong
coupling between the methylene group and the naphtha-
lene moiety in all isomers of 33 was evident from a
shortened C—C bond outside of the aromatic ring
(C1—Ci1: 1.394 A and 1.507 A for Z-33b and 31a) and
essentially planar structure of the C;C11H12H13 moiety.

We located a transition structure for the rotation of
the CH; group in E-33b (TS1[E-33b-E-33b] in Table 1S,
Supporting Information). At the UMPWI1K level, the
activation energy of 13.4 kcal mol~! was predicted for this
rotation. The C—C bond alteration was less pronounced
in the ring system of the aci-form than of the nitro
compound. The naphthalene moiety in the isomers of 33
only slightly deviates from planarity, the deformation is
mainly realized through displacement of the C; and Cg
atoms into the opposite directions. Clearly, the pyramidal
configuration of the nitrogen in the NOOH group allows
avoiding the close proximity of the O(H) and CH; groups
and minimizing the ring distortion.

All isomers of 33 were substantially destabilized in
comparison to the ground state of the nitro form 1 (Figure
2). The UB3LYP energy of the most favorable isomer,
Z-33b, amounts to 38.8 kecal mol~'. However, this value

is significantly smaller than the energy of the triplet nitro
compound 3le. Interestingly, the E-33b was slightly
destabilized in comparison to the Z-isomer. For 2NB
derivatives, the E-isomers were typically found to be
more stable.'®%6 The cyclic form of E-33b with a three-
membered ring resembling that in 32a (see below) was
destabilized by additional 28.1 kcal mol™! as predicted
at UB3LYP/6-31G(d) level. Isomers of 3 that did not form
an intramolecular H-bond between the OH group and the
second O atom were disfavored by 1—3 kcal mol™.
Degenerate rearrangement of E-33b through flipping of
the exocyclic groups was found to encounter a barrier of
5.5 kcal mol™! as predicted at the UB3LYP level (for the
TS geometry see TS2[E-33b-E-33b] in Table 1S, Sup-
porting Information).

We also attempted to predict geometry and energy of
the aci-form in the singlet state. The RB3LYP computa-

(45) (a) Powell, D. R.; Hanson, P. E.; Gellman, S. H. Acta Crystallogr.
1996, C52, 2945—2946. (b) Colvin, E. W.; Beck, A. K.; Bastani, B.;
Seebach, D.; Kai, Y.; Dunitz, J. D. Helv. Chim. Acta 1980, 63, 697—
710.

(46) Il'ichev, Yu. V.; Wirz, J. J. Phys. Chem. A 2000, 104, 7856—
7870.

J. Org. Chem, Vol. 70, No. 15, 2005 6079



JOC Article

tions (both closed- and open-shell) for the singlet-state
isomers 3 yielded either geometries with unstable wave
functions or structures identical to other isomers. Two
minimume-energy structures with stable wave functions,
Z-3b and E-3b (Figure 2), could be located by using
unrestricted methods. However, these species were ap-
proximately 50% triplets as can be judged from the S?
values of 1.0390 and 1.0134 for the UB3LYP/6-31+G(d,p)
wave functions of Z-3b and E-3b. The unrestricted wave
functions obtained with the UPBEO and UMPW1K
methods were even stronger contaminated by higher spin
states. For all isomers of the triplet diradical 33, the S?
values for the UB3LYP wave functions were in the range
2.0478—2.0749. Therefore, the triplet wave functions
were practically free of contamination. The S? values
obtained at the UPBEO and UMPW 1K level were slightly
higher, but still did not exceed the theoretical value by
more than 11%.

The UB3LYP geometries of Z- and E-3b were found to
only slightly vary when the state multiplicity changed.
However, the high spin contamination of the unrestricted
singlet wave functions casts some doubts upon the
accuracy of the DFT results for the singlet diradicals 3.
The accurate determination of the singlet—triplet energy
gap (AEsy = Es — Er7) also appears to be difficult. Relative
energies shown in Figure 2 give AEgr values of ap-
proximately +1 kcal mol~!. Correction for the effects of
the spin contamination should only increase these values.
If we use a formula proposed by Yamaguchi et al.*” to
correct the UB3LYP singlet-state energies, we obtain
AEgst = 1.9 and 2.3 keal mol™! for Z- and E-3b, respec-
tively.

Various Isomers of 8-Nitro-1-methylnaphthalene.
This study was focused on the two isomerization path-
ways leading either to the nitrite 2 or to the nitroso
alcohol 4. The B3LYP/6-31G(d)-optimized geometries for
the selected conformers of these two compounds are
depicted in Figure 3. For both compounds, the naphtha-
lene moiety with alternating C—C bonds was predicted
to be planar. The two exocyclic atoms connected to the
rings were located in the same plane. The formally double
N=0 bqnd (1.170 A) and the formally single Cg—QOqs bond
(1.385 A) in 2 were noticeably shorter than the compa-
rable bonds in 4 (N—0gy3: 1.227 A, C1;— 09 1.425 A).
Sizable lengthening of the second N—O bond in 2
(N—OQg: 1.485 A) was also found. The angles formed by
the two bonds centered at the N atom differed substan-
tially in 2 and 4 (ONO, 109.8°; CNO, 115.8°).

Three DFT techniques used in this study predicted for
the isomers 2 and 4 to be energetically more favorable
than the parent compound 1. The formation of 2 was
found to be exothermic by 4.5 and 1.6 kcal mol™! at the
B3LYP and MPW1K/6-311++G(3df,2p) level, respec-
tively. At the same level of theory, exothermicity of 5.3
and 6.7 kcal mol~! was found for the reaction 1 — 4. For
the nitro-nitrite rearrangement in the ground state, we
located a transition structure, TS[1—2], whose geometry
is depicted in Figure 3. This TS is characterized by weak
bonding of the NO; group (Cs—N, 1.645 A; Cs—0s2, 1.762
A) and by a relative small elongation of the N—O bond
(N—0gs, 1.325 A) involved in the rearrangement. A huge

(47) Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K. N. Chem. Phys.
Lett. 1988, 149, 537—542.
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activation barrier of 60.7 kcal mol~! was predicted for
the reaction 1 — 2 at the MPWI1K level. In exploring
reaction pathways for the formation of 4, we obtained
optimized geometries for two tricyclic compounds, 6 and
7 (Figure 3), that may arise as intermediates after the
[1,7]H-shift in 1. The N-hydroxynaphthoxazine 6 was
predicted to be a rather stable compound with the energy
comparable to that of 1. The benzindole derivative 7 was
destabilized by 12—15 kecal mol™! relative to 6.

To elucidate the role of photoexcitation in the two isom-
erization reaction described above, we optimized geom-
etries and estimated energies of the isomers of 1 in the
triplet state. The overall geometry of 4 did not show dra-
matic changes upon excitation, but substantial changes
occurred around the NO group. At the UB3LYP/
6-31G(d) level, the C—N bond length is expected to
decrease from 1.434 A in 4 to 1.367 A in 34. The CNO
bond angle increases from 115.8° in the ground state to
128.8° in the T, state of 4. The localized changes are
consistent with the n-7* character of the lowest triplet
excited state of the nitroso compound. Both tricyclic
intermediates, 6 and 7, showed considerable geometrical
changes in the triplet state. The C—C bonds in the
naphthalene ring became more uniform, mainly due to
stretching of the shorter bonds (C;—Cs, C;—Cs, ete). The
configuration of the NOOH moiety was also altered. At
the B3LYP level, the CNO plane is almost perpendicular
to the naphthalene plane in the singlet 6 and forms an
angle of 69° in 36. The N—O(H) bond that was notably
elongated in 7 (N—Og;, 1.568 A) became practically
broken in 37 (N—Og3, 1.611 A). In contrast, the Cs—N
bond in the triplet species shrunk by 2.1% in comparison
to that in 7. The energies of 36 and %7 relative to the
corresponding ground-state species amounted to 54.5 and
56.1 kcal mol™! as predicted at the UB3LYP level.

The UB3LYP geometry optimization that was started
at the geometry of 2, but performed for the triplet state
yielded a radical pair 35 comprised of the NO and
1-methylnaphthoxy radicals. The geometry of 35 was
characterizﬁed by N—0Oy and N—Oy3 distances of 2.736
and 1.160 A, respectively. The triplet radical pair 35 was
predicted to be exceptionally stable and have energy
comparable with that of 1 in the ground state (see Figure
3). Beginning with the TS geometry for the nitro-nitrite
rearrangement in the ground-state we were able to locate
an analogous transition structure for the triplet-state
reaction (see Figure 4 and the Supporting Information
for TS[?1a—32a]). Thereafter we performed an IRC
calculation to establish the connectivity of this T'S. We
found that it was linked to ®1a and a diradical intermedi-
ate 32a that was quite different from the nitrite 2. The
geometry of 32a optimized at the UB3LYP/6-31+G(d)
level is shown in Figure 3. The electron spin density in
this diradical was mainly localized on the C;, C;, and
exocyclic Oy3 atoms. When the geometry of 32a was
reoptimized for the singlet state, we obtained a molecule
identical to 2. The oxaziridine ring in 32a was perpen-
dicular to the plane of the naphthalene moiety. The
UB3LYP/6-314+G(d,p) method yielded lengths of 1.459
and 1.484 A for the Cs—N and Cg—0O2; bonds, respectively.
The endocyclic N—Oy; bond in 32a was stretched by
14.0%, while the exocyclic N—QOy3 bond contracted by
5.3% relative to the corresponding distances in the
reactant, 31a. The CgNOy3 and CgNOy; bond angles were
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128.5° and 61.3°, respectively. The C;—Cg and Cg—Cy
bonds were elongated by 4.4% and 6.4% in comparison
to those in 31a. Generally, the naphthalene ring of
32a resembled that of the nitro triplet 31c¢c that was
compacted along the short pseudoaxis. At the UB3LYP/
6-311++G(3df,2p) level, the diradical 32a corresponding
to the triplet-state “nitrite” is destabilized by 61.1 kcal
mol ! relative to 1. Slightly smaller values were obtained
with other three functionals. A stereoisomer with the
inverted nitrogen (32b) was destabilized by 0.5—1.4 kcal
mol ™! relative to 32a.

Potential Energy Profile for Isomerization Reac-
tions. A potential energy profile for the triplet-state
isomerization of 1-methyl-8-nitronaphthalene (Figure 4)
was constructed by using the UB3LYP and UMPW1K/
6-311++G(3df,2p) single-point energies that were com-
puted at the UB3LYP/6-31G(d) geometries and corrected
to the sZPE’s. Total energies for all stationary points
found are presented in Table 1S of the Supporting
Information. IRC calculations performed for all transition
structures except those connecting the nitro triplets
31a—31¢ confirmed the connectivity shown in Figure 4.
The activation energies that are not labeled in this figure
could not be estimated with reasonable accuracy. Gener-
ally, the DFT techniques used failed to predict the
activation barriers for the OH group rotation in the aci-
form isomers.

Negative activation energies were obtained for the
downhill reactions after correction for sZPE. A similar
problem was found for the reaction Z-33¢ — Z-33b that
proceeds through the nitrogen inversion. “Negative”
barriers were also obtained when the UMPWI1K opti-
mized geometries were used. However, activation barri-
ers for all these transformations are expected to be rather
small and therefore major conclusions made in this study
should not be affected by the lack of accurate estimates
of the activation barriers.

The UB3LYP/6-31+G(d)-optimized geometries of the
TS for the triplet-state tautomerization, TS[?1a—Z-33a],
and for the nitro-nitrite rearrangements, TS[?1a—32a],
are depicted in Figure 5. The reaction and activation
energies that were obtained with four different DFT
methods for these two competing reactions are also
presented in this figure. For all techniques except
BHLYP, the single-point energies were computed at the
geometries fully optimized with the same functional, but
with a smaller basis set. The UBHLYP single-point
energies were obtained at the UB3LYP/6-31+G(d,p)
geometries.

Discussion

Triplet Excited States of 1-Methyl-8-nitronaph-
thalene (1). The distinctive feature of many aromatic
nitro compounds is that triplet states are populated with
very high quantum efficiencies and rates. A quantum
yield of ~0.6 was reported for the formation of the first
triplet excited state of 1INN.?° The S; — T; intersystem
crossing in 1NN was characterized by a rate constant of
~101! §71.48 In the absence of the T—T annihilation (low
excitation energies), the T; state of 1NN decayed expo-

(48) Anderson, R. W., Jr.; Hochstrasser, R. M.; Lutz, H.; Scott, G.
W. Chem. Phys. Lett. 1974, 28, 153—157.
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FIGURE 5. Triplet-state tautomerization and nitro-nitrite
rearrangement of 8-nitro-1-methylnaphthalene studied with
different DFT techniques. The 6-31+G(d,p) basis set was used
to optimize geometries of the minimum- and transition struc-
tures. Energies in kcal mol™! (AE, E,) relative to that of 31a
were calculated using the BSLYP (regular font), PBEO (values
in parentheses), MPW1K (bold), and BHLYP method (italic)
in combination with the 6-311++G(3df,2p) basis set. The
B3LYP/6-31G(d) geometries were used in the BHLYP compu-
tations.

nentially with a lifetime that was dependent on solvent.
The lifetime ranged from 1 us to ~10 us at room
temperature*®~>2 and approached 50 ms at 77 K.4953756
Similar parameters were obtained for the triplet state
of 1,8-dinitronaphthalene.?57

The triplet-state lifetime, zero-field splitting param-
eters, and poor reactivity in hydrogen abstraction reac-
tions indicate that the T; state of INN is mainly 7—x*
in nature. We used the UB3LYP\6-31G(d) method to
find geometry of the 1NN triplet. A single geometry with
the nitro group positioned in the plane of the naphthalene
moiety could be found (see Figure 1S of the Supporting
Information).?® At this level of theory, we obtained a

(49) Kanamaru, N.; Okajima, S.; Kimura, K. Bull. Chem. Soc. Jpn.
1972, 45, 1273.

(50) Capellos, C.; Porter, G. J. Chem. Soc., Faraday Trans. 2 1974,
70, 1159—1164.

(51) Tinkler, J. H.; Tavender, S. M.; Parker, A. W.; McGarvey, D.
J.; Mulroy, L.; Truscott, T. G. J. Am. Chem. Soc. 1996, 118, 1756—
1761.

(52) Gorner, H. J. Chem. Soc., Perkin Trans. 2 2002, 1778—1783.

(53) Khalil, O. S.; Bach, H. G.; McGlynn, S. P. J. Mol. Spectrosc.
1970, 35, 455—460.

(54) Rusakowicz, R.; Testa, A. C. Spectrochim. Acta A 1971, 27, 787—
792.

(55) Mikula, J. J.; Anderson, R. W.; Harris, L. E.; Stuebing, E. W.
J. Mol. Spectrosc. 1972, 42, 350—369.

(56) (a) Shioya, Y.; Yagi, M.; Higuchi, J. Chem. Phys. Lett. 1989,
154, 25—28. (b) Yagi, M.; Shioya, Y.; Higuchi, J. J. Photochem.
Photobiol. A 1991, 62, 65—73.

(57) Gorner, H. JJ. Phys. Chem. A 2002, 106, 5989—5998.

(58) II'ichev, Yu. V. Unpublished results.
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dipole moment of 4.7 and 6.7 D for the ground and first
triplet excited state, respectively. According to CIS
computations,? the T; state is characterized by an
increased dipole moment and a reduced twisting angle
for the NO; group as compared to the ground state. The
geometry in the second triplet excited state, which is
located in close proximity to T, is characterized by a
strongly bent NO, group.? This geometrical perturbation
in the T, state appears to be quite similar to that
predicted by CAS—SCF computations for nitrobenzene
in the two lowest excited states both of singlet and triplet
multiplicity.®® The N-atom pyramidalization for the nitro
group of 2NB derivatives was proposed to be a key factor
that determines the extraordinary short lifetime of the
T, state and affects the photoreactivity of these com-
pounds.®! The NO, group that is not coplanar with the
carbon atom was also predicted for the triplet state of
nitromethane.®? It is noteworthy that similar results for
the nitromethane triplet were obtained by using the
CAS—SCF and B3LYP method.

Optimized geometries of two triplet species (*1a, 31¢)
corresponding to the nitro form of 1 were obtained from
unrestricted calculations utilizing three hybrid function-
als (B3LYP, PBEO, MPW1K) in combination with either
6-31G(d) or 6-31+G(d,p) basis set. Three methods pro-
vided similar geometrical parameters for each molecule
and predicted profound structural differences between
31a and %1e. The geometry of the localized triplet %1a
resembled that of INN in the Ty state and nitrobenzene
in the T; state. We also obtained a similar geometry with
the bent NO;, group and largely stretched N—O bonds
for the triplet state of 2-nitrotoluene (see Figure 1S,
Supporting Information). Pronounced structural changes
in the NO; group are in accord with excitation being
mainly localized on this group. The localized radical-like
character of 31a is demonstrated by the electron spin
density almost exclusively distributed over the N and O
atoms (Figure 1). The polar triplet 31¢c with the spin
density delocalized over the aromatic system matches up
with the first triplet excited state of INN. The substantial
compression along the short pseudoaxis and a reduced
torsion angle of the NOs group in 31¢ are indicative of a
stronger coupling between the ring system and the nitro
group. These data suggest that 31a and 31c¢ correspond
to the two lowest triplet excited states of 1. It has to be
emphasized that only a single triplet minimum could be
located at the UB3LYP/6-31G(d) level both for INN and
2-nitrotoluene in the nitro form (Figure 1S, Supporting
Information).

To elucidate the nature of triplet species found for the
nitro form of 1 we also searched for transition structures
that may connect them. A TS shown in Figure 4 was
assigned to the reaction 31a — %1c¢ based solely on the
inspection of a single imaginary frequency. IRC calcula-
tions in both directions failed to converge. Both UB3LYP

(59) (a) Fournier, Thierry; Tavender, Susan M.; Parker, Anthony
W.; Scholes, Gregory D.; Phillips, David. J. Phys. Chem. A 1997, 101,
5320—5326. (b) Fournier, T.; Scholes, G. D.; Gould, I. R.; Tavender, S.
M.; Phillips, D.; Parker, A. W. Laser Chem. 1999, 19, 397—401.

(60) Takezaki, M.; Hirota, N.; Terazima, M.; Sato, H.; Nakajima,
T.; Kato, S. J. Phys. Chem. A 1997, 101, 5190—5195.

(61) (a) Takezaki, M.; Hirota, N.; Terazima, M. J. Phys. Chem. A
1997, 101, 3443—3448. (b) Takezaki, M.; Hirota, N.; Terazima, M. J.
Chem. Phys. 1998, 108, 4685—4686.

(62) Manaa, M. R.; Fried, L. E. J. Phys. Chem. A 1999, 103, 9349—
9354.
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and PBEO techniques predicted a barrier less than 1 kcal
mol~! for the downhill reaction 31a — 31c. When the
UMPWIK single-point energies computed on the UB3LYP
geometries were used, 31a — 31¢ had practically identical
energies, but the activation barrier exceeded 7 keal mol ™.
The UMPW1K geometry optimization failed to produce
a transition structure connecting 31a — 31c. These results
may suggest that interconversion of 31a — 31¢ cannot
be described as an adiabatic reaction. Analysis of the
triplet surface crossing using multiconfigurational meth-
ods may be required to gain a better understanding of
the triplet excited-state dynamics of 1.

In addition to 31a — 31¢, the optimize geometry of the
third triplet species 31b could be obtained at the UBSLYP
and UPBEO levels. 31a and ®1b may be classified as
conformers. They differ only in the configuration of the
NOs; group, but bear similarity in the naphthalene ring
geometry, spin density distribution, and reactivity. The
interconversion of 31a and 31b can be considered in terms
of two different mechanisms: rotation around the
C—N bond and nitrogen inversion. Using the UB3LYP
technique we could locate a transition structure,
TS[31a—31b], for the latter mechanism, which seems to
be more feasible for sterically hindered naphthalenes.
However, the UB3LYP method yielded a negative value
for the activation energy. When the UMPW1K single-
point energies computed at the UB3LYP geometries were
used, the reaction 31b — 31a was found to be thermody-
namically favorable by 2.7 kcal mol™! and has an activa-
tion barrier of 4.9 kcal mol~!. Geometry optimization for
TS[*1a—31b] could not reach convergence when the
UPBEO or UMPWI1K model in combination with the
6-31+G(d,p) basis set was used.

Vertical excitation energies for the triplet states of 1
were estimated by using TD-DFT calculations at the
B3LYP/6-311+G(2d,p) level (see Table 2S, Supporting
Information). For the T; state of 1 and 1NN, we
obtained almost identical energies of 55.3 and 54.8 kcal
mol 1. These values are in excellent agreement with the
triplet energy of ~55 kcal mol™! obtained from experi-
mental data for 1INN.295355 The vertical excitation energy
for the T, state of INN was practically identical to the
relative energy based on the B3LYP optimized geometries
of the singlet ground state and the first triplet excited
state.?® The TD-DFT excitation energies for the T, state
of 1 and 1NN were also close to each other (67.9 kcal
mol™! and 66.5 kcal mol™! for 1 and 1NN), but quite
different from the energy of 31a. Both the T; and T,
unrelaxed states of 1 were found to be of mixed nature
(see Table 2S and Figure 2S, Supporting Information).
However, the Ty state was characterized by dominating
contributions from the excitations localized on the nitro
group. The data presented in Table 2S (Supporting
Information) indicate that a single excitation, HOMO —
LUMO, dominates the lowest excited-state both of triplet
and singlet multiplicity.

Triplet Potential Energy Landscape. Unrestricted
calculations with two different hybrid HF-DFT tech-
niques (UB3LYP and UMPW1K) were used to map the
potential energy surface of 1-methyl-8-nitronaphthalene
in the triplet state. The two methods differ, apart from
the functional design, in the amount of the Hartree—Fock
exchange that is substantially larger for the MPW1K
method. Both hybrid functionals yielded qualitatively
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consistent pictures of the potential energy landscape.
However, some quantitative differences worth mention-
ing were found. The B3LYP method provided higher
energies (here and below relative to the energy of 1) for
all the minimum-energy structures except ®lc. The
largest difference between the relative UB3LYP and
UMPWI1K energies was found for the tricyclic intermedi-
ate 36 (5.5 kcal mol™). A similar inconsistency value of
6.4 kcal mol™! was obtained for 6 in the singlet ground
state. As expected, the activation barriers predicted with
the use of the UB3LYP functional were generally under-
estimated in comparison to those calculated with the
UMPWI1K method. The largest discrepancies (~5 kcal
mol ') between activation barriers predicted with the two
techniques were obtained for the reactions E-33b — 36
and %2a — 35. The latter reaction corresponds to the NO
release from the triplet diradical 32a. It is noteworthy
that the B3LYP activation energy for the nitro-nitrite
rearrangement in the singlet ground state was underes-
timated by 6.4 kcal mol™! in comparison to the MPW1K
method. Both methods failed to predict the activation
barriers for the OH rotation in the aci-form isomers 33.

This study was focused on the two reaction paths that
lead from 1 either to the nitrite or to the nitroso
compound. The overall reaction for both pathways was
predicted to be thermodynamically favorable in the
singlet ground state. Nevertheless the ground-state
isomerization of 1 should not occur at ambient conditions
because both processes are kinetically prohibited. Ac-
cording to the MPW1K results, the nitro-nitrite rear-
rangement was characterized by activation energy of 60.7
kcal mol!. Based on our prediction for the aci-form to
be destabilized by approximately 40 kcal mol™! (see
Figure 2), the rate of the [1,7]H-shift should also be
negligible in the ground state.

Photoexcitation of 1 is expected to result in a drastic
decrease of the activation barriers of the isomerization
reactions. For the triplet excited state, unrestricted DFT
calculations predicted dramatic changes in the isomer-
ization mechanisms. The nitrite 2 in the triplet state was
found to be unstable with respect to dissociation into NO
and a methylnaphthoxy radical. The triplet radical pair
35 comprised of these two radicals has energy comparable
to that of 1. The primary product on a triplet-state
reaction pathway corresponding to the nitro-nitrite rear-
rangement appeared to be a diradical 32, which was
strongly destabilized relative to the nitro form. Analogous
diradicals have been proposed as intermediates in the
isomerization of nitroalkenes.? We obtained optimized
geometries for two stereoisomers, 32a and 32b, and two
transition structures connecting them to 31a and 31b,
respectively. 32a was found to be only slightly more
favorable than 32b, but the activation barrier for its
formation was smaller by ~3 kcal mol~!. At the B3LYP
level, the reaction 3la — 32a was characterized by
endothermicity of 7.9 kcal mol™! and activation energy
of 8.6 kcal mol . Practically the same activation barrier
was predicted both at the UBLYP and UMPWI1K level
when a larger basis set was used for geometry optimiza-
tion (see Figure 5). On the triplet potential energy
surface, the diradical intermediate 32a and the radical
pair 35, which is much more favorable, are separated by
a large barrier. We found a triplet TS (TS[32a—35])
corresponding to synchronous C—N and N—O bond
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cleavage in 32a. At UMPWI1K level, the energy of this
TS was by 12.0 kcal mol~! higher than that of 32a.

In contrast to the ground state, tautomerization of 1
in the triplet excited state was predicted to be highly
exothermic. The [1,7]H-shift product, Z-33a, was stabi-
lized by more than 10 kcal mol™! relative to the re-
actant 31a. We located a transition state for the tau-
tomerization of the radical-like triplet #1a. The UB3LYP/
6-311+G(3df,2p) energy of TS[31a—Z-33a] optimized at
the UB3LYP/6-31G(d) level differed only by 1.2 kcal mol~!
from that of 31a. To obtain more reliable estimates for
the activation energy we optimized the TS geometry
using the 6-31+G(d,p) basis set and three different hybrid
functionals. The results are presented in Figure 5. The
best estimates are expected to be those produced by the
UMPWI1K technique. At this level of theory, the exother-
micity of 16.4 kcal mol~! and activation energy of 4.0 keal
mol~! were predicted for the reaction 31a — Z-33a.

The data shown in Figures 4 and 5 indicate that
tautomerization of 1 in the triplet excited state is very
efficient and that other isomerization reactions can
hardly compete with the hydrogen shift. Although the
absolute values differ substantially, all DFT techniques
used predicted a notably smaller barrier for the [1,7]H-
shift than for the reactions leading to the diradical
intermediates 32. When we used the UMPW1K activation
barrier and partition functions to calculate the tautomer-
ization rate constant (high-temperature limit of the
transition state theory), we obtained a value close to 10°
s™1. The intramolecular hydrogen shift should therefore
take place even if the 31a lifetime would be as short as
that for the structurally related T; state of nitroben-
zene (~500 ps®). It is noteworthy that experimental data
for 2NB derivatives provided evidence for the photoin-
duced isomerization exclusively via the singlet excited
state.’®20 In contrast, both the singlet and triplet excited
state have been proposed to participate in the analogous
rearrangement of 1-nitro-2-naphthaldehyde to the nitroso
acid.5?

Here, it will be recalled that 31a is not the lowest
energy triplet of the nitro compound studied. For the
more favorable and more polar triplet 31¢, we could not
locate any transition structure connecting it to other
isomers of 1. Moreover, different DFT techniques yielded
conflicting data for the interconversion of 31a and 3lc.
At this point, we can only speculate about dynamics and
mechanism(s) of the population of the triplet excited
states of 1. According to our TD-DFT calculations, the
T3 state of a strongly mixed character is intervening
between the S; and T, states and is only 0.11 eV apart
from the singlet state (see Table 2S, Supporting Informa-
tion). The energy of the unrelaxed Ty state is predicted
to be 0.55 eV higher than that of the T, state. However,
structural relaxation may result in substantial lowering
the energy and therefore may bring the T state very close
to T;. It means that the Ty state may be responsible for
isomerization of 1-nitronaphthalenes. Our preliminary
data for 1-hydroxymethyl-8-nitronaphthalene and several
analogues show that the photoreaction quantum yields
decreases with solvent polarity.’® This may be attributed
to an increase in the T1—Ty gap due to stabilization of

(63) Dvornikov, A. S.; Taylor, C. M.; Liang, Y. C.; Rentzepis, P. M.
JJ. Photochem. Photobiol. A 1998, 112, 39—46.
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the polar T, state that is essentially nonreactive. Con-
sidering small energy differences, the single-determinant
techniques used in this study may be inadequate for
analysis of peri-substituted nitronaphthalenes. Further
studies utilizing multireference techniques are clearly
needed to clarify these points.

Taken together our computational data suggest that
1 cannot afford oxycompounds that are typically associ-
ated with the nitro-nitrite rearrangement through an
adiabatic reaction in the low-lying triplet state. Enhanced
photoreactivity of INN with a methyl group in the peri-
or ortho-position has therefore to be attributed to the
tautomerization reaction. Although there is no reason to
believe that the nitro-nitrite rearrangement will be much
more efficient in the Tj or higher triplet states, we could
not exclude this possibility. There are some experimental
data suggesting that higher triplet states are involved
in the nitro-nitrite rearrangement of 9-nitroanthracenes.®
We are currently engaged in experimental and compu-
tational studies addressing these issues as well as
reactivity of the singlet excited states.

The cyclization of the aci-form plays the major role in
the mechanism and kinetics of the photoinduced isomer-
ization of 2NB derivatives in aqueous solutions.!%18-20
Much higher activation barriers for the isomerization of
anions in comparison to protonated aci-forms are respon-
sible for relatively low rates of the overall reaction at pH
~5—"T and for specific acid catalysis generally observed
for nitrobenzyl compounds.'?!® The diradical aci-form of
peri-substituted nitronaphthalenes is expected to be
much more reactive both as the protonated species and
as anion. For the parent compound 1, we obtained
optimized geometries for six stereoisomers of the aci-form
in the triplet state. The triplet species 33 are predicted
to be conjugated diradicals with the electron spin density
largely localized on the two oxygen atoms and endocyclic
carbon atoms, C5 and C. A large activation barrier found
for the rotation around the C;—C;; bond in E-33 confirms
strong coupling between the CHy group and the naph-
thalene ring. In contrast, rotation around the Cs—N bond
encounters only a small barrier. At the UMPWI1K level,
activation energy of 2.8 kcal mol~! was predicted for the
exothermic reaction E-38b — Z-33b. We also optimized
geometries of the two isomers, Z-3b and E-3b, in the
singlet state. Unfortunately, the singlet wave functions
were heavily contaminated by higher spin states. This
prevented accurate estimation of the singlet—triplet
energy gap. Nevertheless, there is little doubt that these
two isomers of the aci-form 3 will have the ground state
of triplet multiplicity.

According to our DFT calculations, the aci-form of 1 is
a rather stable intermediate placed well below the first
singlet and triplet excited states of the nitro form (see
Figure 4 and Table 2S, Supporting Information). On the
triplet potential energy surface, large activation barriers
separate 33 from the tricyclic intermediate 36, which
should lead to the nitroso compound 34.18721:46 Although
our data apply to the gas-phase reactions, we do not
expect any dramatic change in the activation barrier for

(64) (a) Hamanoue, K.; Amano, M.; Kimoto, M.; Kajiwara, Y.;
Nakayama, T.; Teranishi, H. J. Am. Chem. Soc. 1984, 106, 5993—5997.
(b) Hamanoue, K.; Hirayama, S.; Nakayama, T.; Teranishi, H. JJ. Phys.
Chem. 1980, 84, 2074—2078.
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the reaction E-33 — 36 in solution. We could not locate a
triplet TS for the cyclization affording 37, but this reaction
seems to be very unlikely considering that the energy of
37 is by 31.2 kcal mol™! higher than that of Z-33d, the
least stable isomer of the aci-form. Our computational
results suggest that triplet aci-nitro compounds 33 react
via thermal population of the singlet excited state, which
is expected to rapidly cyclize.?® If the S—T energy gap is
not much different from what we obtained after correc-
tion for the spin contamination (~2 kcal mol~1), than the
T—S intersystem crossing in 3 can hardly affect facile
singlet-state isomerization into the nitroso compound.
Taken together, the DFT data support the idea that the
triplet excited-state plays an important role in the
photoinduced decomposition of substituted nitronaph-
thalenes.

Conclusions

Rearrangements of 1-methyl-8-nitronaphthalene (1) in
the triplet state were studied with the DFT-based
methods. Similar results for the landscape of the triplet
potential energy surface were obtained by using the
popular UB3LYP technique and the UMPW1K model
specifically optimized for reaction kinetics studies. The
UBS3LYP activation barriers were generally underesti-
mated in comparison to those provided by the UMPW1K
model. Two distinct minima corresponding to the nitro
isomer of 1 were located on the triplet surface. These two
species were characterized by comparable energies that
were close to the vertical excitation energy of the T, state
as predicted by TD-DFT. Two distinct pathways for the
isomerization of the triplet nitronaphthalene were ana-
lyzed in detail. The activation barriers for the reactions
affording nitrite-type diradical intermediates were found
to be significantly larger than that for the intramolecular
hydrogen shift resulting in the aci-form of 1. The latter
reaction was predicted to occur on the nanosecond time
scale. The DFT results showed that the diradical aci-form
of 1 has the ground state of triplet multiplicity. A very
large activation energy predicted for the aci-form cycliza-
tion in the triplet state suggests that this diradical
isomerizes mainly via the thermal population of a close-
lying singlet excited state, which is expected to be highly
reactive. The results obtained pointed out the importance
of surface crossing in photoinduced rearrangements of
peri-substituted nitronaphthalenes. Computational stud-
ies currently under way should clarify these issues.
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