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Photoinduced tautomerization of 2-nitrobenzyl derivatives (1) gives rise to quinonoid intermediates (2), which
may undergo further reactions competing with the retautomerization to1. Rearrangements of2 with different
R substituents were studied with methods based on the density functional theory. The B3LYP functional with
three different basis sets was used to optimize geometries of the minimum-energy and transition structures.
The single-point energies were computed at these geometries by using the 6-311+G(2d,p) basis set in
combination with four different hybrid functionals. Bulk solvent effects were estimated from the B3LYP/6-
311+G(2d,p) free energies computed at the gas-phase geometries with the self-consistent reaction field polarized
continuum model method. A common reaction pathway for theE isomers of substituted2 was identified as
the exothermic cyclization leading to 2,1-benzoxazoline derivatives (3). The cyclization was predicted to be
highly stereoselective, two distinct modes of the reaction were found for two stereoisomers differing in the
position of theR substituent relative to the nitronic moiety. The activation barrier for the cyclization appeared
to be reasonably well correlated with the electron-donating ability of the substituent that was characterized
by the Hammett-typeσp

+ constants. The effective barrier height for the tautomerization2 f 1 showed an
opposite trend. The isomerization2 f 3 was predicted to compete efficiently with retautomerization for all
compounds except for the parent compound and those with strong electron-withdrawing susbstituents. The
cyclization of2 in the gas phase and water was predicted to encounter a much smaller activation barrier than
the analogous isomerization reaction of the deprotonated species (2-). Very high activation energies for the
reaction2- f 3- were linked to profound structural changes predicted for deprotonation of3. The computational
results were discussed in respect to mechanism(s) of the photoinduced isomerization of1 and to development
of more efficient photolabile protecting groups.

Introduction

The 2-nitrobenzyl group has gained wide acceptance as a
photolabile protector in organic synthesis,1-5 polymer chemis-
try,6 microelectronics,7 and biomedical applications.8-16 Pho-
toinduced decomposition of 2-nitrobenzyl derivatives (1 in
Scheme 1) is initiated by fast tautomerization that affords
quinonoid intermediates (2, also known as nitronic acids oraci-
forms). The mechanism shown in Scheme 1 has recently been
proposed on the basis of computational17 and experimental
studies10,18,19of model compounds. According to this mecha-
nism, release of a protected substrate (X) is brought about by a
sequence of essentially irreversible reactions of the protonated
species (2-4) and the release rate does not necessarily coincide
with the easily measured rate of theaci-form decay. In our DFT
study17 of the ground-state potential energy surface of 2-nitro-
toluene (1a, X ) H), we have been able to identify three
pathways for concerted rearrangements of the neutral species
in the gas phase, all of them involved2a and a bicyclic
intermediate (3a). The two slowest steps in the lowest-energy
pathway have been found to be 1,3-hydrogen shifts in2a and
3a. The activation barrier for this reaction in2a has been
predicted to be substantially higher than that for retautomer-
ization2a f 1a. This result is in agreement with experimental
observation of the reversible (photochromic) reaction of1a, i.e.,
very low quantum yields of formation of4a.10,20Deprotonation

of moderately strong acids2 readily occurs in polar sol-
vents.10,12,21Reactivity of anionic species obtained by depro-
tonation of1a-4ahas also been explored in our computational
study.17 A single isomerization pathway located for the common
anion (2a-) of 1aand2a in the gas phase has been characterized
as an endothermic reaction with an activation barrier more than
twice as large as that for the energetically favorable cyclization
of the protonated form. There also exists a growing body of
experimental evidence showing that the cyclization of quinonoid
intermediates of 2-nitrobenzyl derivatives proceeds almost
exclusively through the protonated form of2.10,18,19,21 The
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SCHEME 1. Mechanism of Photoinduced Isomerization
of 2-Nitrobenzyl Derivatives
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mechanism shown in Scheme 1 is contrasted with that proposed
earlier from studies of 2-nitrobenzyl phosphate esters in aqueous
solutions.12,13 The latter mechanism has suggested the depro-
tonated form of2 as a key intermediate undergoing the fast
cyclization in aqueous solution. However, this mechanism failed
to explain the acid catalysis observed for various derivatives
without extra groups that could be protonated. Further support
for the mechanism of Scheme 1 has recently been obtained in
a study ofâ-substituted 2-nitrophenylethyl derivatives.22

For practical applications, high quantum yields of the
photoinduced isomerization of 2-nitrobenzyl derivatives and high
release rates are greatly advantageous. Both parameters were
found to vary considerably with substitution pattern and reaction
medium.10,12,14,16,21,23-26 An illustrative example is provided by
the photoreaction of 4,5-dimethoxy-2-nitrobenzylamine in aque-
ous solution. The photoisomerization quantum yield was reduced
by about 2 orders of magnitude in acidic solutions with a pH
below the pKa of the amino group.24 A similar effect on the
quantum yield was observed when three methoxy groups were
introduced into the benzene ring of highly reactive 2-nitrobenzyl
alcohol (X ) OH, 2i).23a The photodecomposition yields for
derivatives of2i and 2-nitrobenzylamine (X) NH2, 2f) were
found to strongly decrease upon acetylation of theR substituent.
In the literature, the rate of the end product formation (protected
group release) is often taken to be equal to the decay rate for2.
The latter was found to vary by several orders of magnitude
depending on the nitro compound and experimental condi-
tions.10,12,13,18-21 Moreover, recent data indicate that the rate of
the aci-form decay may strongly differ from that for the
formation of the final products.

Substituent effects on the photoisomerization efficiency and
kinetics of the decay of quinonoid intermediates remain poorly
understood. To gain better understanding of structural and
electronic factors governing the isomerization reactions of2,
we have undertaken a computational study of several model
compounds with differentR substituents (see Scheme 2). When
we decided on the substituents for this study, preference was
given to compounds modeling the nitrobenzyl derivatives of
practical importance, such as esters and amides. The key reaction
steps were identified by exploring the potential energy surface
for the parent compound2aand several derivatives both in water
and in the gas phase. Reaction energies and activation barriers
for the cyclization and tautomerization of2 were determined

by using DFT-based methods. The isomerization reaction was
also explored for the deprotonated species (2-). The results
obtained strongly supported the reaction mechanism shown in
Scheme 1. The data also provided a rationale for interpretation
of experimental results and for optimization of the photolabile
protecting groups based on 2-nitrobenzyl chemistry.

Computational Methods

All calculations were performed with the Gaussian 98 package
of programs.27 Geometries of the neutral molecules were fully
optimized at the B3LYP/6-31G(d) level of theory which has
been shown to provide good-quality parameters for1a.17 The
6-31+G(d) basis set was used for anions. It is known that basis
sets augmented with diffuse functions on the heavy atoms
provide better results for anionic species.28 Complexes of
2-nitrotoluene isomers with a water molecule were optimized
at the B3LYP/6-31G(d,p) level. Single-point energies for the
geometries were computed by using the B3LYP, B3PW91,
B1LYP, and BHLYP hybrid functional with the 6-311+G(2d,p)
basis set. B3LYP and B3PW91 are combinations of Becke’s
three-parameter exchange functional29 with the slightly modified
Lee-Yang-Parr (LYP)30 and Perdew-Wang (PW91)31 cor-
relation functionals, respectively. B1LYP denotes Becke’s one-
parameter hybrid functional with the LYP correlation functional
as implemented by Adamo and Barone.32 BHLYP is the half-
and-half functional in the form implemented in Gaussian 98,
which is different from the functional initially proposed by
Becke.33

Self-consistent reaction field (SCRF) calculations were
performed to estimate solvent effects on activation barriers and
reaction energies. The polarized continuum model (PCM) of
Tomasi and co-workers34 with water (ε ) 78.4) as a solvent
was used. The scaling factor for solvent-accessible surfaces and
the initial number of tesserae on the surface of each sphere were
set to default values of 1.2 and 60, respectively.

Transition structures (TS) on the potential energy surface were
located by using the facility of Gaussian for the synchronous
transit-guided quasi-Newton method.35 Reaction pathways were
computed for the rearrangements of several derivatives (2a, 2i,
2j) and their anions to verify the connection of TS to the local
minima. The intrinsic reaction coordinate (IRC) method36 was
used to trace the steepest descent paths toward the reactants
and the products. A normal vibrational mode corresponding to
the single imaginary frequency was inspected to provide similar
verification for other compounds. For all stationary points, the
wave function stability was tested and harmonic vibrational
frequencies were calculated using analytical second derivatives.

Results

Potential Energy Profile for 2-Nitrotoluene in the Gas
Phase and in Water.In our previous computational study,17

we have identified 1,3-hydrogen shifts in2a and3a as kinetic
“bottlenecks” for the photoinduced isomerization of1a into
2-nitrosobenzyl alcohol (4a) in the gas phase. However,
substantial reduction of the activation energy is expected for
reactions of this type in protic solvents. Figure 1 shows
schematic potential energy profiles for the reaction2a f 4a in
the gas phase and in water. This profile for the gas phase was
constructed by using the B3LYP/6-311+G(2d,p)//B3LYP/6-
31G(d,p) energies corrected to the scaled zero-point vibrational
energies. Geometries of hydrogen-bonded complexes with a
single water molecule were optimized at the B3LYP/6-31G-
(d,p) level in the gas phase and henceforth were used to estimate
total free energies in water with the SCRF-PCM method at the

SCHEME 2. Cyclization Reactions and the Atom
Numbering Scheme for the Two Stereoisomers of 2
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B3LYP/6-311++G(2d,2p) level of theory. The activation
barriers were found to decrease by 10.2 and 10.6 kcal mol-1

for solvent-assisted proton-transfer reactions in2a and 3a,
respectively. In contrast, practically the same barrier height was
predicted for the cyclization ofE-2a in the gas phase and in
water. Identical values of the activation free energy were
obtained when the PCM method was applied toE-2a and its
complex with H2O. The highest-energy transition structure on
the pathway from2a to 4a in water was that for theaci-form
cyclization. In aqueous solution, additional stabilization by 3-6
kcal mol-1 was predicted for the quinonoid intermediates (2a)
and the bicyclic intermediate (3a). The rearrangement3a f 4a
in water was found to be less favorable by 7.9 kcal mol-1 than
that in the gas phase. It has to be emphasized that the overall
reaction2a f 4a was found to be exothermic in both the gas
phase (-2.1 kcal mol-1) and water (-5.5 kcal mol-1). No
siginificant acceleration by protic solvents was expected for the
tautomerization of2a to 1a because this reaction involves a
carbon atom and proceeds as an H-atom transfer.17 Specific
effects of hydrogen bonding were not studied for this reaction,
only bulk solvent effects were estimated by applying SCRF
calculations to the TS and reactants (see Table 3). The effective
barrier for the reactionE-2a f 1a was predicted to increase by
∼5 kcal mol-1 in water as compared to the gas phase.

An activation barrier of 39.2 kcal mol-1 (B3LYP/6-311+G-
(2d,p)//B3LYP/6-31+G(d)) has been predicted for the isomer-
ization of2a-.17 Again, hydrogen-bonded complexes with water
were not explored for the anionic species and only bulk solvent
effects on the isomerization were estimated by using the B3LYP/
6-31+G(d) geometries optimized in the gas phase (see Table
2). The reaction2a- f 3a- in water was predicted to be
exothermic by 13 kcal mol-1. A solvent-induced decrease by 7
kcal mol-1 was found for the activation energy of this process.

IRC Profiles for the Cyclization of the aci Form of
2-Nitrotoluene. The intrinsic reaction coordinate for the cy-
clization of E-2a and the analogous isomerization reaction of
2a- was traced at the B3LYP level of theory with the 6-31G(d)
and 6-31+G(d) basis sets, respectively. Figures 2 and 3 present
the energy profiles together with variations in the selected
internal coordinates along the IRC paths. The parameters of the
minimum-energy structures are presented as horizontal bars
placed at the ends of the IRC paths because the exact positions
of the minima on the reaction coordinates are unknown. The
minimum-energy structures were not reached in these calcula-
tions because of convergence problems. However, the remainder
of the IRC paths accounted for<10% of the total energy change,
and the bond lengths and angles at the final points of the IRC
paths were almost identical to those of the equilibrium structures.

The IRC paths were analyzed starting from theaci form. Both
E-2a and its anion2a- were predicted to be completely planar.
The isomerization reaction was initiated by an out-of-plane
distortion of the quinonoid intermediates that corresponded to
sp2-sp3 hybridization changes in C7 and N. This distortion was
accompanied by gradual changes in the bond angles within the
groups involving these two atoms. The disrotatory movement
of the CH2 and NOOH groups and the disruption of theπ
framework with the alternating single and double C-C bonds
took place simultaneously so that the corresponding dihedrals
and bond lengths reached intermediate values in the TS. In
contrast, the bonds formed by the nitrogen atom were predicted
to change nonsynchronously along the IRC. The bond lengths
showed little change at initial steps of the reactions. The N-O12

bond in2a remained practically constant when the IRC value
changed from-6 to -2 amu1/2 bohr and then lengthened by
∼2% in the TS. When the coordinate passed the transition point,
this bond quickly elongated to reach a value increased by 14.8%

Figure 1. Schematic potential energy profiles for the isomerization of 2-nitrotoluene (1) in the gas-phase (a) and in water (b). Geometries were
optimized in the gas phase at the B3LYP/6-31G(d,p) level of theory. The B3LYP/6-311+G(2d,p) single-point energies that were computed at these
geometries and corrected to the zero-point vibrational energies (sZPE) scaled by 0.9806 were used to calculate the relative energies. The B3LYP
method in combination with the 6-311++G(2d,2p) basis set and the SCRF-PCM model was utilized to estimate the relative free energies in water.
All values are given in kcal mol-1. The white circles represent H atoms; the gray circles, C atoms; the black circles, O atoms; and the circles with
black horizontal lines, N atoms.
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in 3a. Variation of the N-O13 bond along the IRC showed a
peculiar profile with a maximum. The maximum length of this
bond exceeded that ofE-2a and3a by 3.5 and 1.3%, respec-
tively. Structural perturbations of2a- were predicted to be
generally similar to those inE-2a, but some important differ-
ences were found. The C2-N bond in the protonated form
showed monotonic stretching along the reaction coordinate. In
contrast, this bond in the anionic species first shortened by 3.4%
in the TS and then elongated by approximately the same amount
in the product3a-. The N-O12 bond in TS [2a--3a-] was
elongated by 8.2%. This stretch eventually led to the breaking
of the σ bond between the N and O12 atoms in3a-. Quite
different behavior of the C2NO13 bond angle in the protonated

form and the anion was also predicted. This angle in the nitronic
acid first remained constant and then showed a monotonic
decrease once the IRC passed-4 amu1/2 bohr. In the anionic
form, the C2NO13 angle increased slowly and reached a
maximum shortly after passing the TS. This angle was predicted
to be smaller by 4.4% in3a- than in2a-.

Cyclization and Tautomerization of the Quinonoid Inter-
mediates.In the presence of anR substituent, four stereoisomers
of the quinonoid intermediate2 may be formed and each of
these isomers may exist in several conformations. Our results17

for the parent compound suggested significantly lower barriers
for the cyclization of theE isomers of2. Here,E andZ indicate
the relative position of theN-hydroxyl group. Moreover, theE

Figure 2. IRC profiles calculated at the B3LYP/6-31G(d) level for
the isomerization ofE-2a. The reaction scheme and atom numbering
are also given.

Figure 3. IRC profiles calculated at the B3LYP/6-31+G(d) level for
the isomerization of2a-. The reaction scheme and atom numbering
are also given.
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isomers are expected to be more stable and therefore dominate
in a reaction mixture. Even if these isomers would not be
populated directly via the triplet-state tautomerization of1, they
would be rapidly formed in solution through proton transfer
reactions. Therefore, the cyclization of only two isomers (EE
andEZ in Scheme 2) was explored in detail. It should be noted
that the stereoisomers are labeled in such a way as to facilitate
comparison among different compounds. These designations
may differ from abbreviations that may be constructed from
the chemical names corresponding to the IUPAC recommenda-
tions.

2,1-Benzisoxazolines may exist in two isomeric forms,E-3
andZ-3, which differ in the relative position of the X and OH
group. These two isomers may also adopt different conforma-
tions. The activation barrier for the isomerizationZ-3 f E-3
via nitrogen inversion is expected to be high because of the
presence of two oxygen atoms.37 From the B3LYP/6-311+G-
(2d,p) energies computed at the B3LYP/6-31G(d) geometries,
we obtained estimates of 16.8, 16.7, and 18.0 kcal mol-1 for
this barrier inZ-3 derived from2a,17 2i,19 and 2-nitrobenzyl
methyl ether (2j),18 respectively. To locate the TS connecting
2 and 3, all possible combinations of the isomers of2 and 3
taken in their lowest-energy conformations were used. The
cyclization ofEE-2 resulted exclusively in theZ isomer of3.
The EZ isomer of2 affordedE-3 for all derivatives studied.
Our extensive efforts to locate other TSs failed. Typical
molecular structures are depicted in Figure 4a.

In addition, TSs corresponding to an H-atom shift between
the O12 and C7 atom in theZZandZE isomers of2 were located.
The B3LYP/6-31G(d) optimized geometries of the TSs and the
corresponding conformers of nitro compounds1c and 1j are
depicted in Figure 5. Numerous attempts to locate a TS for the
1,5-hydrogen shift in different conformers of1h (X ) NH3

+)
failed.

Full geometry optimization at the B3LYP/6-31+G(d) level
was also performed for anionic species produced by deproto-
nation of1-4. The B3LYP/6-31G(d) geometry of a protonated
species without the proton H8 (see Scheme 2) was used as an
initial guess for an anion. Nitro compounds (1) and nitronic
acids (2) were demonstrated to share common anions (2-). For
all R substituents studied, geometry optimization of the depro-
tonated bicyclic intermediates (3) yielded anions (3-) which
showed surprisingly little similarity with the parent compounds.
Rather, these anions may be classified as particular conformers
of 2-nitroso compounds (4) in the deprotonated form. The
commonness of the anionic species for3 and4 was confirmed
for the isomers of1j. The same minimum was reached in the
geometry optimization for anions produced from the following
couples of the acids:anti-1j andEE-2j (E-2j-); syn-1j andEZ-
2j (Z-2j-); E-3j andsyn-4j (E-3j-); Z-3j andanti-4j (Z-3j-).
The molecular structures of several anions are shown in Figure
4b. For clarity’s sake and by analogy, the two anions obtained
from E-3 andZ-3 were labeled as stereoisomers. However, they
should be more properly referred to asanti andsynconformers.
Stereoselectivity of the anion isomerization appeared to be
similar to that for the protonated form: anionic TSs could be
located only for the reactionsE-2- f Z-3- andZ-2- f E-3-.

Total and zero-point energies for all the stationary points
found in this study are presented in Tables 1S and 2S in
Supporting Information. The total energies were computed by
using four different hybrid functionals in combination with the
6-311+G(2d,p) basis set. Solvation effects were estimated from
the single-point free energies computed within the PCM model
at the B3LYP/6-31G(d) geometries optimized in the gas-phase.

Activation energies were calculated as differences between the
sZPE-corrected total energies or free energies of the TSs and
the quinonoid intermediates2. Rather than using the energies
of ZZ-2 andZE-2, apparent activation energies for the overall
reaction2 f 1 were obtained from the energies of the two more
stable isomers (EE-2 andEZ-2), which were shown to undergo
the cyclization reaction. The results for2 and 2- with the
differentR substituents are summarized in Tables 1-3. ForEZ-
2i, a particular conformer with an intramolecular hydrogen bond
was selected for presentation. The cyclization of another
conformer (not shown) without hydrogen-bonding interactions
between the OH and NOOH group was also explored. At the
B3LYP/6-311+G(2d,p) level, its reaction was predicted to be
exothermic by 20.1 kcal mol-1 and has an activation energy of
13.8 kcal mol-1. These parameters were close to those obtained
for the cyclization of the methyl ether,EZ-2j. Table 3 also
presents estimates for the relative yield (η) of formation of3.
These quantities were calculated from the ratio of the expo-
nential factors with the activation energies for the cyclization
and retautomerization of2. Under the assumption that both
reactions are characterized by a single rate constant with the
same preexponential factor and the formation of3 is irreversible,

Figure 4. (a) The B3LYP/6-31G(d) optimized geometries of the two
stereoisomers of2j and 3j, along with the transition structures
connecting them. (b) The B3LYP/6-31+G(d) optimized geometries of
the two stereoisomers of2j- and two conformers of3j- along with
the transition structures connecting them.
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η gives a good idea of the efficiency of the overall ground-
state isomerization reaction.

Structure-Reactivity Relationships.Plots of the computed
activation energies (Ea) vs reaction energies (∆E) for the
cyclization of2 and for the corresponding reaction of2- in the
gas phase are presented in Figure 6a. Analogous data obtained
from the total free energies in water are shown in Figure 6b. A
linear fit to the entire set of the “cyclization” data (Figure 6a)
yielded a slope of 0.866 and an intrinsic barrier of 30.6 kcal
mol-1 (activation energy for the zero reaction energy) with a
correlation coefficientR ) 0.849. When only the data for the
protonated form were fitted, a slope of 0.236 and a much smaller
intrinsic barrier of 18.9 kcal mol-1 (R ) 0.382) were obtained.
One could hardly recognize any relationship betweenEa and
∆E for the “cyclization” in water. The best linear fit for the
entire set of data had a correlation coefficient of 0.433. Effective
activation energies (Ea

eff) plotted against∆E for the tautomer-
ization 2 f 1 are shown in Figure 6, parts c and d. Linear
regression analysis gave slopes of 0.664 (R ) 0.823) and 0.508
(R) 0.792) for the data in the gas phase and water, respectively.
Intrinsic barriers of 31.6 and 33.4 kcal mol-1 were obtained
for this process in the gas phase and aqueous solution.

Figure 7 presents the calculated activation barriers for the
cyclization and tautomerization of2 that are plotted against the
Hammett-type substituent constants,σp

+. These parameters,
rather than the Hammett constants (σp), have been adopted as
descriptors for the para substituents conjugated with the reaction
center.38 When compared to three alternative parameters (σm,
σp, andσp

-), theσp
+ constants also appeared to be slightly better

descriptors for the reactions of2. The σp
+ values for the

substituents in2g, 2h, and2k could not be found in the literature
and were approximated by using the reported values38b for

NHCOMe, NMe3+, and OCOMe, respectively. The best fits
shown in Figure 7 had correlation coefficients of 0.903 and
0.844 for the cyclization data in the gas phase and water,
respectively. The effective activation energies of the tautomer-
ization in the gas phase and water were fitted with correlation
coefficients of-0.881 and-0.859. The fitting parameters are
shown in Figure 7. The data forEZ-2f, EZ-2h, and a particular
conformer ofEZ-2i were not included in this analysis. Strong
intramolecular hydrogen bonds formed by theR substituent and
the O12 atom were responsible for surprisingly high activation
barriers in these molecules. The points corresponding toEE-
2f, EE-2i, and a conformer ofEZ-2i without the intramolecular
H bond definitely fall within the scatter range (see Figure 7).

Molecular Geometries of 1-3 and Transition Structures
Connecting Them. Cartesian coordinates for all stationary
points are available as Supporting Information, the atom
numbering shown in Scheme 2 and Figures 2 and 3.

The B3LYP calculations predicted that the C7 and N11 atoms
hardly deviate from the plane of the benzene ring in both

Figure 5. B3LYP/6-31G(d) optimized geometries of the two conform-
ers of 1c and 1j along with the transition structures for their
tautomerization.

TABLE 1: Energies of the Bicyclic Intermediates (3) and
the Transition Structures for the Reaction 2 f 3 Calculated
in kcal mol-1 Relative to the Energy ofEE-2 or EZ-2

gas phase water

substituent molecule a b c d e

EE-2 f Z-3
H 3a -14.2 -22.7 -15.3 -16.1 -22
H TS [E-2a-3a] 18.2 22.4 19.0 18.2 20
CH3 Z-3b -16.2 -25.4 -17.6 -17.8 -22
CH3 TS [EE-2b-Z-3b] 14.9 18.4 15.4 14.8 14
CN Z-3c -4.7 -14.9 -6.4 -6.2 -15
CN TS [EE-2c-Z-3c] 19.1 23.3 19.7 18.9 17
F Z-3d -19.5 -28.6 -21.1 -21.3 -27
F TS [EE-2d-Z-3d] 14.2 17.6 14.6 14.0 11
Cl Z-3e -17.2 -25.7 -18.7 -18.5 -27
Cl TS [EE-2e-Z-3e] 14.9 18.7 15.3 14.7 14
NH2 Z-3f -11.4 -20.6 -13.0 -13.0 -15
NH2 TS [EE-2f-Z-3f] 9.7 11.8 10.0 9.8 7
NHCHO Z-3g -11.8 -21.4 -13.4 -13.5 -20
NHCHO TS [EE-2g-Z-3g] 12.1 14.8 12.5 12.1 11
NH3

+ Z-3h -21.7 -30.8 -23.1 -22.8 -26
NH3

+ TS [EE-2h-Z-3h] 16.6 20.5 17.2 16.3 16
OH Z-3i -13.9 -23.0 -15.4 -15.6 -22
OH TS [EE-2i-Z-3i] 13.0 15.9 13.4 12.8 9
OCH3 Z-3j -13.4 -22.7 -14.9 -15.1 -24
OCH3 TS [EE-2j-Z-3j] 12.3 15.2 12.7 12.4 8
OCHO Z-3k -15.0 -25.4 -24.1 -16.5 -17
OCHO TS [EE-2k-Z-3k] 14.5 12.2 17.7 15.0 14

EZ-2 f E-3
CH3 E-3b -20.7 -29.9 -21.9 -21.9 -26
CH3 TS [EZ-2b-E-3b] 14.7 18.0 15.2 14.8 13
CN E-3c -11.5 -22.7 -13.4 -12.9 -19
CN TS [EZ-2c-E-3c] 16.1 19.7 16.6 16.1 14
F E-3d -26.5 -36.4 -28.1 -26.5 -35
F TS [EZ-2d-E-3d] 14.6 17.7 15.1 14.6 11
Cl E-3e -23.4 -32.5 -24.9 -24.4 -33
Cl TS [EZ-2e-E-3e] 15.6 19.6 16.2 15.7 13
NH2 E-3f -8.8 -17.9 -10.4 -10.0 -19
NH2 TS [EZ-2f-E-3f] 18.7 21.3 19.0 19.2 16
NH3

+ E-3h -12.7 -19.2 -13.9 -13.5 -26
NH3

+ TS [EZ-2h-E-3h] 20.8 25.5 21.4 20.6 19
OH E-3i -7.9 -16.4 -9.5 -9.0 -20
OH TS [EZ-2i-E-3i] 21.7 24.6 21.5 22.0 18
OCH3 E-3j -20.3 -30.1 -21.4 -21.3 -31
OCH3 TS [EZ-2j-E-3j] 11.8 14.7 12.6 12.5 10

a B3LYP/6-311+G(2d,p)+sZPE//B3LYP/6-31G(d).b BHLYP/6-
311+G(2d,p)+sZPE //B3LYP/6-31G(d).c B1LYP/6-311+G(2d,p)+sZPE
//B3LYP/6-31G(d).d B3PW91/6-311+G(2d,p)+sZPE //B3LYP/6-31G(d).
e SCRF-PCM, B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d), total free
energies were used.

10164 J. Phys. Chem. A, Vol. 107, No. 47, 2003 Il’ichev



conformers of1. According to experimental39 and computational
data,17,39 the NO2 group in1a is twisted relative to this plane.
The twisting angle in the substituted compounds was found to
vary substantially. The largest angle of 32° was obtained for
syn-1j. In contrast, the NO2 group in theanti conformers of
1d, 1h, 1i, and 1j was situated practically in the ring plane.
The O12 and H8 atoms insyn-1b, 1c, 1f, and1i were shifted
from the benzene ring plane in the opposite directions (similar
configurations were predicted for the majority ofanti conform-
ers). A single minimum-energy structure that could be located
for thesynconformers of all other derivatives has these atoms
placed on the same side of the ring. Except for the C1-C7 bond,
the lengths of all comparable bonds were predicted to be
practically identical in substitutedanti-1 andsyn-1. The C1-
C7 bond was only slightly stretched in the substituted nitro
compounds, the largest deviation of 1.8% (here and below,
relative to the corresponding parameter of1a) was found for
the amine anti-1f. The nonbonded distance H8-O12 was
predicted to be 2-10% shorter in the substituted compounds.
The shortest distances of 2.228 and 2.337 Å were obtained for
syn-1e and anti-1h. This shortening inanti-1 resulted almost
exclusively from narrowing the C2C1C7 angle.

The TSs for the 1,5 hydrogen shift in1a-1k were found to
be the “late” ones, resembling the products (ZZ-2 and ZE-2)
with alternating single and double C-C bonds. The O12-H8

bond was formed to a large extent, and the C7-H8 bond was
practically broken in these TSs. The O12-H8 distances were
significantly larger in the two TSs corresponding to1f (1.155
and 1.178 Å) than those in the TSs for1c (1.090 and 1.110 Å).
Values in the range 134-148° were predicted for the C7H8O12

angle in the tautomerization TSs.
The quinonoid moiety ofEE-2 derivatives was found to be

essentially planar for all compounds except2g and2k, which

showed deviations of 5-6° for the descriptive dihedrals. The
largest differences in the bond length (∼2%, here and below
relative to the corresponding parameter ofE-2a) were found
for the C1-C7 bond and both N-O bonds. The nonbonded
distance between C7 and O12 was generally shorter in the
substituted nitronic acids. The largest deviation of 4.2% was
found for2h. The interplay between bond length variations (C1-
C7 and N11-O) and slight narrowing of the C2C1C7 angle caused
this shortening.

Molecular structures ofEZ-2a-EZ-2k strongly deviated from
planarity. Repulsive interactions between theR substituent and
the nitronic moiety led not only to displacement of the atoms
located outside the six-membered ring but also to a distortion
of the ring. The C6C1C2C3, C6C1C2N11, and C7C1C2C3 torsion
angles varied in the range 12-28°. EZ-2b showed the largest
distortions. Substituent effects on the bond lengths in theEZ-2
derivatives were comparable to those in theEE-isomers. Extra
lengthening of the N-O12 bond due to hydrogen bonding was
demonstrated by comparing structural parameters of two
conformers ofEZ-2i. The N11-O12 bond was stretched by 3.8%

TABLE 2: Energies of the Anions 3- and the Transition
Structures for the Reaction 2- f 3- Calculated in kcal
mol-1 Relative to the Energy ofE-2- or Z-2-

gas phase water

substituent molecule a b c d e

E-2- f Z-3-

H 3a- 7.9 7.5 7.6 9.0-13
H TS [2a--3a-] 39.3 43.5 40.0 39.0 32
CH3 Z-3b- 3.3 2.3 2.9 4.9-16
CH3 TS [E-2b--Z-3b-] 34.9 38.8 35.6 34.8 27
CN Z-3c- 18.2 15.1 17.3 20.3 1
CN TS [E-2c--Z-3c-] 46.9 50.9 47.5 47.2 28
F Z-3d- -14.5 -16.3 -15.2 -12.0 -35
F TS [E-2d--Z-3d-] 29.1 34.5 30.0 28.7 24
NH2 Z-3f- -3.3 -5.3 -4.0 -1.6 -14
NH2 TS [E-2f--Z-3f-] 26.5 29.5 27.1 26.3 21
OH Z-3i- -9.3 -11.9 -10.1 -7.5 -20
OH TS [E-2i--Z-3i-] 29.1 33.1 29.8 28.8 23
OCH3 Z-3j- -6.8 -9.3 -7.5 -5.0 -26
OCH3 TS [E-2j--Z-3j-] 29.8 33.6 30.5 29.4 21

Z-2- f E-3-

CN E-3c- 9.0 5.8 8.1 11.1 -5
CN TS [Z-2c--E-3c-] 37.7 43.4 38.5 38.1 29
NH2 E-3f- 0.8 -0.03 0.5 1.9 -12
NH2 TS [Z-2f--E-3f-] 32.5 35.0 32.9 32.3 28
OH E-3i- 0.08 -4.1 -1.1 2.7 -15
OH TS [Z-2i--E-3i-] 37.9 40.2 38.2 37.7 28
OCH3 E-3j- -13.9 -16.4 -14.6 -12.0 -32
OCH3 TS [Z-2j--E-3j-] 25.7 29.6 26.5 25.4 22

a B3LYP/6-311+G(2d,p)+sZPE//B3LYP/6-31+G(d). b BHLYP/6-
311+G(2d,p)+sZPE//B3LYP/6-31+G(d). c B1LYP/6-311+G(2d,p)+sZPE//
B3LYP/6-31+G(d). d B3PW91/6-311+G(2d,p)+sZPE //B3LYP/6-
31+G(d). e SCRF-PCM, B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d),
total free energies were used.

TABLE 3: Energies of 2-Nitrobenzyl Derivatives (1) and the
Transition Structures for the Reaction 2 f 1 Calculated in
kcal mol-1 Relative to the Energy ofEE-2 or EZ-2

gas phase/a gas phase/b water/c

substituent molecule energyηd energy ηd energy ηd

EE-2 f f anti-1
H 1a -27.6 -30.5 -27
H TS [Z-2a-1a] 13.7 0.1 18.1 0.2 19 0.4
CH3 anti-1b -23.7 -27.1 -24
CH3 TS [ZE-2b-anti-1b] 15.0 0.5 19.5 0.6 20 0.9
CN anti-1c -19.4 -24.3 -20
CN TS [ZE-2c-anti-1c] 13.7 0.1 16.5 0.1 19 0.7
F anti-1d -24.2 -28.0 -24
F TS [ZE-2d-anti-1d] 17.5 0.8 22.6 0.9 23 1.0
Cl anti-1e -23.2 -27.0 -23
Cl TS [ZE-2e-anti-1e] 15.6 0.6 19.9 0.6 22 1.0
NH2 anti-1f -12.6 -16.1 -10
NH2 TS [ZE-2f-anti-1f] 24.1 1.0 30.4 1.0 29 1.0
NHCHO anti-1g -17.0 -20.7 -20
NHCHO TS [ZE-2g-anti-1g] 20.3 1.0 25.9 1.0 23 1.0
NH3

+ anti-1h -19.1 -22.9 -29
OH anti-1i -18.3 -21.9 -18
OH TS [ZE-2i-anti-1i] 20.4 1.0 26.1 1.0 24 1.0
OCH3 anti-1j -18.8 -22.7 -19
OCH3 TS [ZE-2j-anti-1j] 20.4 1.0 26.0 1.0 25 1.0
OCHO anti-1k -20.8 -24.4 -23
OCHO TS [ZE-2k-anti-1k] 18.8 0.9 23.1 0.9 24 1.0

EZ-2 f f syn-1
CH3 syn-1b -28.4 -32.1 -27
CH3 TS [ZZ-2b-syn-1b] 14.2 0.4 18.7 0.6 19 0.9
CN syn-1c -24.5 -30.2 -26
CN TS [ZZ-2c-syn-1c] 10.8 0.1 12.7 0.1 16 0.7
F syn-1d -28.6 -33.0 -31
F TS [ZZ-2d-syn-1d] 17.2 0.8 22.1 0.9 23 1.0
Cl syn-1e -30.4 -34.9 -31
Cl TS [ZZ-2e-syn-1e] 13.1 0.3 16.9 0.3 18 0.9
NH2 syn-1f -11.2 -14.6 -12
NH2 TS [ZZ-2f-syn-1f] 29.5 1.0 36.8 1.0 33 1.0
NH3

+ syn-1h -22.8 -25.5 -29
OH syn-1i -12.6 -15.1 -16
OH TS [ZZ-2i-syn-1i] 32.8 1.0 40.5 1.0 36 1.0
OCH3 syn-1j -24.1 -28.3 -26
OCH3 TS [ZZ-2j-syn-1j] 18.9 1.0 24.7 1.0 24 1.0

a B3LYP/6-311+G(2d,p)+sZPE//B3LYP/6-31G(d).b BHLYP/6-
311+G(2d,p)+sZPE //B3LYP/6-31G(d).c SCRF-PCM, B3LYP/6-
311+G(2d,p)// B3LYP/6-31G(d), total free energies were used.
d Relative efficiency of the formation of3 calculated asη ) (1 +
exp[-(Ea

t - Ea
c)/RT])-1, whereEa

t andEa
c are the effective activation

energies for the tautomerization and cyclization.
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in a conformer with an intramolecular hydrogen bond
(O9H‚‚‚O12) and only by 1.0% in that without such a bond. The
C7-O12 distance increased significantly in theZ isomers. The
largest value of 3.009 Å (8.1% increase) was predicted for this
distance inEZ-2b.

Substituent effects on the molecular structure of3 were more
pronounced than those for1 and 2. All bicyclic compounds
studied adopted an envelope-like conformation with the O12

atom out of the plane of the rest of the molecule. TheZ isomers
were found to exist in atrans-envelope conformation with the
O13H8 group in a pseudoaxial position (C1C2N11O13 ∼ 100-
130°). The conformational choice of the five-membered ring
in the E isomers appeared to be very sensitive to theR
substituent. Numerous optimization runs with different starting
geometries yielded a single conformational minimum for all
compoundsE-3 exceptE-3i. The latter molecule showed two
conformations depending on the orientation of the OH on the
C7 atom. A pseudoaxial conformation was found for theE
isomers of3b, 3c, and 3f. The hydroxy group in the pseu-
doequatorial position was predicted for3d, 3e, 3h, and3j. The
configuration of the N11 atom in3 was also affected by theR
substituent. The largest variations in the dihedrals including the
N11 atom were found for the amine3f and its protonated form
3h.

Despite pronounced differences in the minimum-energy
conformations ofE- andZ-3, variations in the bond lengths and
angles with theR substituent appeared to be rather similar for
both isomers. These variations were localized on the five-
membered ring. The C7-O12 bond appeared to be the most
susceptible to the presence of the substituent. It was shorten by
4.0 and 6.0% inZ-3h andE-3h, respectively, and elongated by
∼2.0% in both isomers of3f (here and below, relative to the
corresponding parameter of3a). The bond lengths in the other

compounds were within the range provided by3f and 3h.
Generally, the N-O12 bond was stretched and the N-O13 bond
was shorten in the substituted3. The five-membered ring in
the E isomers with the pseudoequatorial position of the OH
group was highly asymmetric with the O12 atom shifted toward
the C7 atom. The largest distortions by+7.7% and-5.2% were
predicted for the N-O12 and N-O13 bond lengths inE-3h.

The bond angles affected by the substituent X were centered
at the C7 and N11 atoms. Generally, the protonated amine3h
provided the largest deviations for the bond angles. The N9C7O12

angle in Z-3h and E-3h was reduced by 5.1 and 8.2%,
respectively. The two other angles formed by the C7 and N9

atoms, C2N11O12 and ON11O, were also considerably smaller
in the 3h isomers. Contrary, the C1C7H10, C1C7O12, and
H10C7O12 angles were widened by 3-5% in theE- andZ-3h.
Structural distortions in3h could not be assigned exclusively
to hydrogen-bonding interactions or electronic effects because
similar distortions were found in halogen-substituted compounds
(3d and3e) but not in the nitrile (3c).

TSs for the cyclization ofEE-2 andEZ-2 were predicted to
be nonplanar. The configuration of the C7X9H10 and NOOH
groups could be characterized as intermediate between those
predicted for the reactant and product. The largest variation
((6%) in the bond lengths was found for the C7-O12 distance,
which was generally smaller in substituted compounds. The
C-C bond lengths for the six-membered ring of the TS reached
values that were close to mean values for the corresponding
distances in2 and3. In contrast, the N-O12 bond in the TSs
was only slightly elongated so that its length remained much
smaller than that in3.

Molecular Geometries of the Deprotonated Form of 1-3
and Transition Structures Connecting Them.Deprotonation
of all the molecules1-3 was accompanied by substantial

Figure 6. Computed activation energies plotted against reaction energies for the cyclization (a, b) and tautomerization (c, d) ofEE-2 (solid circles)
and EZ-2 (solid triangles) in the gas phase (a, c) and in water (b, d). Analogous data for the isomerization of the deprotonated species (open
symbols) are also shown. The B3LYP/6-311+G(2d,p) single-point energies corrected for sZPE and total free energies were used for the gas phase
and water, respectively; the energies were computed at the B3LYP geometries optimized in the gas phase with the 6-31G(d) and 6-31+G(d) basis
set for the nitronic acids and their anions, respectively; solvation effects were estimated with the SCRF-PCM method.
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changes in the geometry, those for3- being the largest ones.
The quinonoid moiety ofE-2- was predicted to be planar for
all compounds except2f and 2j, which showed deviations in
the dihedrals in the range 2-6°. Nonplanar structures and
substantial variations in the torsion angles were found for the
Z isomers of2-. The bond lengths in substitutedE- andZ-2-

were predicted to be similar to those in2a-, the largest deviation
being 1.9% stretch of the C1-C7 bond in2c-. Generally, the
C7-O12 distance was slightly shorter (1-4%) in the substituted
anionsE-2-. This distance was reduced by 10.1% inZ-2c- and
increased by 6.5% inZ-2f -. The N11-O12 bond was elongated
and C2-N11 shortened inZ-2f- and Z-2i- due to strong
H-bonding interaction between the substituents and the O12

atom.
Although pronounced variations in the geometry of the anions

obtained upon deprotonation of3 were found, several common
features could be revealed. The N11-O12 distance of 2.1-2.5
Å indicated that this bond was practically broken in both isomers
of 3- for all substituents studied. Many structural parameters
of 3- resembled those of the deprotonated form of nitroso
compounds (4). The N11-O12 distance was generally longer and
the C7-O12 bond was shorter in the substituted anions than that
in 3a. The C7-O12 bond length inZ-3d- was reduced by 7.0%.

Very similar bond lengths were obtained for all the anionic
TSs except those for the reactionsE-2c- f Z-3c- andZ-2c-

f E-3c-. The C1-C7 and C2-N11 bonds in the latter TSs were
lengthened by 3-7%. In terms of the bond lengths, TSs for the
2- isomerization can be characterized as “early” ones with the
alternating C-C bond lengths in the six-membered ring and
the elongated, but not broken, N-O12 bond. Surprisingly large
variations were found for the bond angles formed by the C7

atom. These variations were largely responsible for different
C7-O12 distances in the anionic TSs.

Discussion

Interest in the reactivity of nitronic acids (2) is largely
provoked by a role that these intermediates play in the
photoisomerization of 2-nitrobenzyl compounds (1). Fast forma-
tion of 2 is the primary step in the photoinduced reaction of1.
It is believed to occur in both the singlet and triplet excited

state. Both excited states of the parent compound (1a) and
several derivatives appeared to have sub-nanosecond life-
times.10,13,14,18,21,40However, detailed information about excited-
state dynamics is still not available. It is anticipated that
quinonoid intermediates either result from a diabatic reaction
of 1 or undergo very rapid nonradiative deactivation. Therefore,
the ground-state reactivity of2 is of primary importance for
the overall isomerization process. Thermal reactions involving
different stereoisomers of2 may influence the efficiency and
the rate of the release of the protected group, X. Dynamics and
mechanism(s) of these reactions are still largely unknown.
Recently, a detailed study of protolytic reactions of1a in
aqueous solution was published.20 Unfortunately, kinetic aspects
of interconversions of the two stereoisomers of2a and of
cyclization could not be unraveled. A very low quantum yield
of 2a indicated that tautomerization of1a could hardly account
for very short lifetimes of the excited states. The major features
of the ground-state potential energy surface of1a were
determined in our computational studies. At the B3LYP/6-
311+G(2d,p) level of theory, the lowest-energy path for the
gas-phase isomerization of1a was characterized by an overall
activation energy of 51.7 kcal mol-1.17 An activation barrier of
20.3 kcal mol-1 predicted for the reactionZ-2a f E-2a (see
Scheme 1 and Figure 1) was substantially higher than an
effective barrier of 9.7 kcal mol-1 for the retautomerizationZ-2a
ff 1a. A conformer of Z-2a directly involved in the 1,5
hydrogen shift was shown to undergo a practically barrierless
rearrangement to a more stable conformer shown in Figure 1.
In the gas phase, none of the reaction pathways leading to4a
can compete with anthranil formation initiated by the N-O13

bond fission in3a. It is noteworthy that the rate-determining
step for the lowest-energy path leading to4a was identified as
a 1,3-hydrogen shift in3a (see Figure 1).

In this work, computational methods were used to evaluate
R-substituent effects on the rearrangements of nitronic acids and
effects of protic solvents on these processes. The potential
energy surface of2a in water was explored in detail. To account,
at least partly, for specific interactions in the first solvation shell,
hydrogen-bonded complexes with a single water molecule were
optimized in the gas phase. Thereafter the polarizable continuum

Figure 7. Plots of activation energies vs the Hammett-typeσp
+ constants of theR substituents. The activation barriers for the cyclization2 f 3

(solid symbols) and tautomerization2 f 1 (open symbols) were computed in the gas phase (a) and water (b). Explanations for the energy calculations
are given in Figure 6. Theσp

+ constants are taken from ref 38b. The linear equations correspond to the best fits to the data (shown as solid lines).
Circles represent the reactions ofEE-2; triangles,EZ-2.
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model of Tomasi and co-workers34 was employed to estimate
bulk solvent effects. As expected, the activation barriers for
solvent-assisted proton-transfer reactions decreased dramatically.
A reduction by more than 10 kcal/mol was predicted for the
activation barrier of the 1,3-hydrogen shift in2a and3a. These
results are in reasonable agreement with previous findings for
reactions of this type.41 In contrast, the barrier height for the
cyclization ofE-2a was found to be practically the same in the
gas phase and in water. Moreover, essentially the same barrier
was predicted with SCRF-PCM calculations performed on the
bare moleculeE-2a and its complex with water. No drastic
change in the barrier height for the retautomerization of2a into
1a was expected. This was confirmed by an SCRF calculation
for molecular species optimized in the gas phase (see Table 3).
In water, a TS for the cyclization ofE-2awas predicted to have
the highest energy on the entire pathway leading to4a.

It is conceivable that the major computational results obtained
for 2aare applicable to substituted analogues. The data presented
here and elsewhere10 provided strong support for this view. One
can therefore envision the following scenario for the photoin-
duced isomerization of 2-nitrobenzyl derivatives in protic
solvents. The photoexcitation likely results in a mixture of four
stereoisomers of2. However, equilibrium that is strongly shifted
toward the more stableE isomers should rapidly (presumably
on the nanosecond time scale) be established. The equilibration
time may be even shorter in acidic solutions because of fast
protolytic reactions. Temporal behavior of the protonated form
of 2 is governed by the two competing processes: cyclization
to 3 and retautomerization to1. The effective activation barriers
for these two processes should basically determine the rate of
the quinonoid intermediate decay that is usually reported in
experimental studies. A difference between the effective activa-
tion energies for the two competing reactions of2 may be used
to estimate a contribution of the ground-state reactions to the
overall quantum yield of the photoinduced isomerization of1.
Therefore, characterization of the transition structures for the
two rearrangements of2 was of immediate interest. The
rearrangement of the bicyclic intermediates3 might also affect
the quantum efficiency of the entire reaction. However, our
results17-19 obtained for2a, 2i, and2j suggest that, generally,
this is not the case because formation of3 is practically
irreversible. Nevertheless, the isomerization of3 plays an
important role in the photoinduced decomposition of1 because
it often determines the rate of the end product formation.

The cyclization of2 leads to the formation of a newσ bond
(C7-O12) and to profound changes in the configuration of the
N11 and C7 atoms. The reaction is accompanied by changes in
the length of every bond in the reactant except the Y-H bonds.
The results of the IRC calculations for2a underlined the
complexity of the reaction2 f 3. Changes in the bond lengths
did not develop synchronously when the molecule moved along
the reaction coordinate. This was confirmed by analogous
calculations for2i and2j.18,19Virtually no correlation between
the barrier height and the C7-O12 distance in the quinonoid
intermediates was found. The DFT computations predicted
exclusively a disrotatory closure forEE-2 and a conrotatory
one forEZ-2. Out-of-plane distortion of2 appeared to correlate
with the cyclization stereoselectivity but not with the reaction
energetics. The reaction2 f 3 was predicted to be highly
favorable for all compounds studied. Except when an H bond
between the substituent and O12 was formed, differences (<3
kcal mol-1) betweenEa for the cyclization ofEEandEZ isomers
were practically within the accuracy of the methods used.
However, these differences are large enough to account for

biexponential decay kinetics that has been observed for theaci
form of several derivatives.10,16,18,19The B3LYP/6-311+G(2d,p)
barrier height varied from 9.7 kcal mol-1 in EE-2f to 21.7 kcal
mol-1 in EZ-2i with the intramolecular H bond. Generally, the
barriers calculated with the B3LYP functional were underesti-
mated by 3.3( 0.7 kcal mol-1 and the reaction energies were
predicted to be less negative by 9.2( 0.9 kcal mol-1 when
compared to the BHLYP results for the entire set of compounds.
The results obtained with the B1LYP and B3PW91 functionals
differed from those provided by the B3LYP method by less
than 1.5 kcal mol-1. Thus, they can be considered to be identical
within the accuracy expected for these techniques. On the
average, an increase by 8( 3 kcal mol-1 in the reaction
exothermicity was predicted with the SCRF-PCM method for
the cyclization of2 in water. These data contrasted with a small
average decrease (2( 1 kcal mol-1) of the barrier height for
this reaction in aqueous solution.

It is of interest to compare the cyclization of2 with the 1,3-
dipolar cycloaddition of nitrones. The latter process is one of
the most extensively studied cycloaddition reactions.42-44 Ad-
dition of the simplest nitrone to ethylene was a subject of
numerous computational studies.45,46 Generally, preference of
a concerted single-step pathway was demonstrated and regi-
oselectivity was correlated with the electron-donating ability
of the dipolarphiles. The reaction of nitrones with monosub-
stituted olefins predominantly affords 5-substituted isoxazo-
lidines, which are analogous to the five-membered ring in3.
However, formation of 4-substituted derivatives was also
observed in reactions of alkenes bearing strongly electron
withdrawing substituents. This variation of the regioselectivity
with the substituent compares well with the variation of the
barrier height for the cyclization of2. In both cases, the process
was strongly hindered by electron-withdrawing substituents.

The tautomerization2 f 1 proceeds as a sigmatropic 1,5
hydrogen shift in a particular conformer ofZE- or ZZ-2 with
the OH group pointed toward the C7 atom. These conformers
are strongly destabilized by steric interactions and easily convert
into more stable conformers such asZ-2a in Figure 1. The IRC
calculations for1a and anti-1i confirmed the connectivity of
the TSs to the corresponding conformers of the nitro compounds
and theiraci forms.17,19 Because proton transfer equilibria are
rapidly established in aqueous solutions, it is appropriate to use
the total energies of more stableE isomers to estimate effective
activation barriers (Ea

eff) for the reaction2 f 1. At the B3LYP
level, theE isomers of2a-2k were destabilized by 13-30 kcal
mol-1 relative to the nitro compounds,1. Ea

eff for retautomer-
ization of EE- and EZ-2 was predicted to vary in a slightly
smaller range of 13-24 kcal mol-1 (see Table 3). The B1LYP
and B3PW91 results were practically identical to those of the
B3LYP technique. The BHLYP method generally overestimated
the destabilization of2 and the activation barriers. Averaged
discrepancy between the BHLYP and B3LYP results was 3.8
( 0.8 and 5.0( 1.5 kcal mol-1 for ∆E andEa

eff, respectively.
The SCRF-PCM calculations predicted only moderate solvation
effects for the tautomerization process. On the average, practi-
cally no change in the reaction exothermicity and an increase
by 5 ( 1 kcal mol-1 for the effective barrier height were found.
One might expect that hydrogen bonding which was not
accounted for in the PCM calculations would contribute to this
increase ofEa

eff so that the retautomerization of2 in aqueous
solutions would be even more retarded.

The data presented in Figures 6 and 7 demonstrate that
structural and environmental effects on the two isomerization
reactions of2 are quite different. When one considers the entire
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set of data for the cyclization of2 and the isomerization of2-

in the gas phase, one can see a tendency for a decrease in the
barrier height with the reaction exothermicity. However, there
exists no obvious interrelation between these two parameters
for the reaction of the protonated species,2, in both water and
gas phase. In contrast,Ea

eff for the tautomerization appeared to
be well correlated with the reaction energy. This finding is in
accord with the results for the molecular geometries of the
transition structures. The TSs for the tautomerization can be
characterized as “early” ones in relation to2. It is therefore not
unexpected that the energy of these TSs is correlated with the
energy gap between1 and 2. Contrary, the TSs for the
cyclization possess rather peculiar geometries and can be
considered as intermediate in several internal coordinates
between2 and3.

The results presented in Figure 6 suggest that computed
energies of2 and3 can hardly be used to predict reactivity of
the quinonoid intermediates toward the cyclization. Empirical
correlations, such as the Hammett equation and its extended
forms, are widely used in organic chemistry to analyze and
interpret reaction mechanisms. Reasonably good correlations
between the computed activation energies and the Hammett-
type σp

+ constants for the substituent X were obtained in this
study for both the cyclization and tautomerization. It is
noteworthy that the energies of the frontier KS orbitals are also
reasonably good descriptors of the reactivity of the neutral
quinonoid intermediates toward cyclization (see Figure 1S in
Supporting Information). These data suggest an approximately
linear dependence of the KS eigenvalues for the occupied and
unoccupied orbitals vs ionization potentials and electron affini-
ties of 2 because the latter parameters are expected to be
correlated with theσp

+ constants of the substituent. These
findings are in agreement with recent observations that the
orbitals in the original KS and hybrid schemes have more
physical significance than originally anticipated.47

The activation barriers for the cyclization and tautomerization
of 2 showed opposite trends with electron-donating ability of
the substituent. The B3LYP data suggested that bicyclic
intermediates (3) would be formed from2 with a relative yield
close to unity for all nitro derivatives except the parent
compound and those with strong electron-withdrawing substit-
uent(s) in nonpolar media. The same conclusion could be made
when the BHLYP energies (see Tables 1 and 3) were used to
estimate the yield. The fact that the overall photoisomerization
yield varies substantially with substitution of1 should be
interpreted as evidence for strong variations in the quantum yield
of the excited-state tautomerization. It is feasible that the barrier
for the excited-state reaction is correlated with the relative
stability of the product (2), which is predicted to increase with
electron-donating ability of theR substituent. Thus, the results
of this computational study suggest that both efficiency of the
photodecomposition of1 and the decay rate for2 can be
increased by introducing an electron-donating substituent in the
R position. For bifunctional compounds, such as amino acids,
an attachment to the nitrobenzyl moiety through the amino group
should therefore be preferred. However, caution must be
exercised if fast release of the protected group is of primary
concern. Amino derivatives and other compounds with labile
hydrogen(s) on theR substituent may afford a hydrated nitroso
compound via an intramolecular proton transfer.10,19 This
mechanism should be the only one operating in the protonated
amino derivatives, which are expected to have very high
activation barriers for the cyclization (see data for2h in Table

1). The protected group release from the nitroso hydrates may
be slower than that from4.

Deprotonation of2 prevents its retautomerization to1, and
hence, it might contribute to the increased isomerization
efficiency. However, our computational data clearly demon-
strated that aci anions (2-) were practically nonreactive species
in relation to isomerization reactions. In this study, the SCRF-
PCM method was used to estimate solvation effects on the
isomerization of2-. Activation barriers predicted for the reaction
2- f 3- in aqueous solution (see Table 2) were higher than 20
kcal mol-1 for all derivatives studied and exceeded those for
the cyclization of2 at least by 10 kcal mol-1. Thus, the decay
of quinonoid intermediates in water should be completely
controlled by reactions of the protonated form2, except
extremely basic solutions where very slow reaction2- f 3-

might compete with the direct carbon protonation for some
compounds. This finding is in excellent agreement with the
experimental data for 2-nitrotoluene and some other deriva-
tives.18-20 Acidity of 2 is expected to decrease in the presence
of an electron-donating substituent in the benzylic position.
Thus, reactivity of such substituted compounds in aqueous
solution at pH close to neutral should be enhanced not only
due to generally lower activation barriers for reactions of
protonated species but also due to a larger contribution of
specific acid catalysis for compounds with higher pKa.

Conclusions

Rearrangements of quinonoid intermediates (2) produced by
the photoinduced isomerization of 2-nitrobenzyl derivatives were
studied with DFT-based methods. An isomerization reaction of
the aci-anions (2-) was predicted to encounter a much higher
activation barrier than the cyclization of protonated species2.
This suggests that specific acid catalysis should generally be
observed for the decay of theaci-form of 2-nitrobenzyl
derivatives. Pronounced effects of theR substituent on the
activation barrier height for the cyclization and retautomerization
of 2 were found. In contrast, only moderate solvation effects
were predicted with the SCRF-PCM method for these processes
in water. The results obtained with the B3LYP, B1LYP, and
B3PW91 functionals may be considered as identical within the
accuracy of the techniques used. Generally, the barriers calcu-
lated with the BHLYP functional were overestimated in
comparison to the B3LYP results. However, both methods
provided qualitatively consistent pictures for the reactivity of2
and2-.

Two distinct reaction modes leading to two different stereo-
isomers of the bicyclic intermediate (3) were found for the
cyclization of the two stereoisomers of2, differing in the
position of theR substituent. Exclusively disrotatory closure
was found forEE-2 and only conrotatory mode of reaction was
predicted forEZ-2. An important outcome from this study is
the finding that both the relative stability of2 and the activation
barrier for the reaction2 f 3 correlate with the electron-
donating ability of theR substituent. The computational results
suggested that performance of 2-nitrobenzyl compounds carrying
a leaving group can be significantly improved by introducing
an additional electron-donating substituent in the benzylic
position.
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