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Photoinduced tautomerization of 2-nitrobenzyl derivatii@gives rise to quinonoid intermediate® (which

may undergo further reactions competing with the retautomerizatibnRearrangements @fwith different

o 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 thet6{2tlp) 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 forEisomers of substituted was identified as

the exothermic cyclization leading to 2,1-benzoxazoline derivati8gsThe cyclization was predicted to be
highly stereoselective, two distinct modes of the reaction were found for two stereoisomers differing in the
position of thea 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-type,* constants. The effective barrier height for the tautomeriza2ien 1 showed an
opposite trend. The isomerizati@— 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 sp&cied/ery high activation energies for the
reaction2- — 3~ were linked to profound structural changes predicted for deprotonati@nlbie computational

results were discussed in respect to mechanism(s) of the photoinduced isomerizataonddd development

of more efficient photolabile protecting groups.

Introduction SCHEME 1. Mechanism of Photoinduced Isomerization
The 2-nitrobenzyl group has gained wide acceptance as aof 2-Nitrobenzyl Derivatives

photolabile protector in organic synthesis, polymer chemis- R X

try,® microelectronicg, and biomedical applicatiorfs1® Pho- u by CRX CRX

toinduced decomposition of 2-nitrobenzyl derivatives i = S <:/[ .—_><I +H*

Scheme 1) is initiated by fast tautomerization that affords NO- \N’O \N’O

quinonoid intermediate®(also known as nitronic acids aci- i SH o

forms). The mechanism shown in Scheme 1 has recently been 1 2 2

proposed on the basis of computatidigdnd experimental /

studied®18.19of model compounds. According to this mecha-

with the easily measured rate of thei-form decay. In our DFT
study!” of the ground-state potential energy surface of 2-nitro-
toluene (a, X = H), we have been able to identify three
pathways for concerted rearrangements of the neutral specie
in the gas phase, all of them involvezh and a bicyclic
intermediate a). The two slowest steps in the lowest-energy
pathway have been found to be 1,3-hydrogen shift®amnd

3a. The activation barrier for this reaction i2a has been
predicted to be substantially higher than that for retautomer-
ization2a— la. This result is in agreement with experimental
observation of the reversible (photochromic) reactiohafi.e.,
very low quantum yields of formation d@fa.1°-2°Deprotonation

nism, release of a protected substrate (X) is brought about by a R X RWK R
sequence of essentially irreversible reactions of the protonated OH 0
species?—4) and the release rate does not necessarily coincide P - +XH
N, NO NO
OH
3 4 5

of moderately strong acid® readily occurs in polar sol-
vents1012.21 Reactivity of anionic species obtained by depro-
tonation ofla—4ahas also been explored in our computational
study?’ A single isomerization pathway located for the common
anion Qa") of laand2ain 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
*Tel: 316-978-5702. Fax: 316-978-3431. E-mail: Yuriliitchev@ Intermediates of 2-nitrobenzyl derivatives proceeds almost
wichita.edu. exclusively through the protonated form @f10.1819.21The
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SCHEME 2. Cyclization Reactions and the Atom by using DFT-based methods. The isomerization reaction was
Numbering Scheme for the Two Stereoisomers of 2 also explored for the deprotonated specigs).( The results
Hy  Xo obtained strongly supported the reaction mechan@sm showq in
" éb a_ Hig Xy Scheme_l. The data also prowded_a _ratlt_)nale for interpretation
10:cZ e Hio of experimental results and for optimization of the photolabile
' e : E:fi" tecting groups based on 2-nitrobenzyl chemistry.
HH,CN%/CLTI,IO]z N/Q pro g group y y
Hia  Oi3Hs ot Computational Methods
EE-2 Z-3
All calculations were performed with the Gaussian 98 package
Hy  Hy X of pro_gramsz.7 Geometries of the neutral molecules were fully
" éb éﬁ ? \Hyo optimized at the B3LYP/6-31G(d) level of theory which has
”“f? ‘?,// Xo been shown to provide good-quality parametersifat’ The
Cio Cos ,Op - L 6-31+G(d) basis set was used for anions. It is known that basis
A Mo e sets augmented with diffuse functions on the heavy atoms
His  OnHy provide better results for anionic spect@sComplexes of
EZ-2 E-3 2-nitrotoluene isomers with a water molecule were optimized
at the B3LYP/6-31G(d,p) level. Single-point energies for the
X =H (a), CH; (b), CN (c), F (d), Cl (e), geometries were computed by using the B3LYP, B3PW91,
NH, (), NHCHO (g), NH;" (h), B1LYP, and BHLYP hybrid functional with the 6-3#1G(2d,p)
OH (i), OCH; (j), OCHO (k) basis set. B3LYP and B3PW91 are combinations of Becke's

three-parameter exchange functighailith the slightly modified

0 1 cor-
mechanism shown in Scheme 1 is contrasted with that proposeol‘ee_.Yang—P.arr (LYP} anq PerdewWang (PW91j cc3r
relation functionals, respectively. BLLYP denotes Becke’s one-

earlier from studies of 2-nitrobenzyl phosphate esters in aqueous . - - . ;
solutionst213 The latter mechanigmphaspsuggested the gepro- parameter hybrid functional with the LYP correlation functional

tonated form of2 as a key intermediate undergoing the fast as implemented by Adamo and BarG#e&HLYP is the half-

cyclization in aqueous solution. However, this mechanism failed an.i'Ea.lf fg%ctlon?Ifln thttahforfm |r;1.plen|1(.en.;§cfl n Gau33|znb98,
to explain the acid catalysis observed for various derivatives‘év ICk 3'33 iiterent from the functional initially proposed by
without extra groups that could be protonated. Further support ecke-

for the mechanism of Scheme 1 has recently been obtained in Self-consistenlt reaction field (SCRF) (.:alc.ulations. were
a study ofg-substituted 2-nitrophenylethyl derivativés performed to estimate solvent effects on activation barriers and

For practical applications, high quantum yields of the reaction energies. The polarized continuum model (PCM) of

photoinduced isomerization of 2-nitrobenzy! derivatives and high Tomasi gn_ltho-wol_rke?fg Wt'th fwate: € T 78.4) "?‘t‘:‘l a soflvent d
release rates are greatly advantageous. Both parameters wer as used. 1he scaling factor for solvent-accessible surfaces an

found to vary considerably with substitution pattern and reaction the initial number of tesserae on the surface pf each sphere were
medium10.12.14.16.21.2326 An illustrative example is provided by set to default values of 1.2 and 60, respectively.

the photoreaction of 4,5-dimethoxy-2-nitrobenzylamine in aque- Transition structures (T.S.) on the pote_ntial energy surface were
ous solution. The photoisomerization quantum yield was reducedltocat_etd b}(’j ujmg theNfaV<\:,|tI|ty of ﬁ]%%:szsmnt_for thfhsynchronous
by about 2 orders of magnitude in acidic solutions with a pH ransit-guided guasi-Newton methdt=eaction pathways were
below the [Ka of the amino group? A similar effect on the computed for the rearrangements of several derivatRa{,

quantum yield was observed when three methoxy groups werezl) and their anions to verify the connection of TS to the local

introduced into the benzene ring of highly reactive 2-nitrobenzyl Minima. The intrinsic reaction coordinate (IRC) metFfoaias
alcohol (X = OH, 2i).2% The photodecomposition yields for used to trace the steepest descent paths toward the reactants

derivatives of2i and 2-nitrobenzylamine (X NH,, 2f) were and t.he pr_oduc.ts. A normal vibratiorlal mode correspondilng. to
found to strongly decrease upon acetylation ofdteibstituent. the single imaginary frequency was inspected to provide similar

In the literature, the rate of the end product formation (protected verification for other compounds. For all stationary points, the

group release) is often taken to be equal to the decay rag for ¥vave fur]ctlon Stab'll'tyl v;/ads te§ted ar|1dt. ha}rmonlc dv(jllbrgtltntnal
The latter was found to vary by several orders of magnitude requencies were caiculated using analytical Second derivatives.

depending on the nitro compound and experimental condi-

tions10.12.13.1821 Moreover, recent data indicate that the rate of Results
the aci-form decay may strongly differ from that for the Potential Energy Profile for 2-Nitrotoluene in the Gas
formation of the final products. Phase and in Water.In our previous computational study,

Substituent effects on the photoisomerization efficiency and we have identified 1,3-hydrogen shifts 2a and 3a as kinetic
kinetics of the decay of quinonoid intermediates remain poorly “bottlenecks” for the photoinduced isomerization Bd into
understood. To gain better understanding of structural and 2-nitrosobenzyl alcohol 4g) in the gas phase. However,
electronic factors governing the isomerization reactiong,0f  substantial reduction of the activation energy is expected for
we have undertaken a computational study of several modelreactions of this type in protic solvents. Figure 1 shows
compounds with different. substituents (see Scheme 2). When schematic potential energy profiles for the reacan— 4ain
we decided on the substituents for this study, preference wasthe gas phase and in water. This profile for the gas phase was
given to compounds modeling the nitrobenzyl derivatives of constructed by using the B3LYP/6-3t&(2d,p)//B3LYP/6-
practical importance, such as esters and amides. The key reactioB81G(d,p) energies corrected to the scaled zero-point vibrational
steps were identified by exploring the potential energy surface energies. Geometries of hydrogen-bonded complexes with a
for the parent compour2h and several derivatives both in water  single water molecule were optimized at the B3LYP/6-31G-
and in the gas phase. Reaction energies and activation barriergd,p) level in the gas phase and henceforth were used to estimate
for the cyclization and tautomerization 8fwere determined  total free energies in water with the SCRF-PCM method at the
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Figure 1. Schematic potential energy profiles for the isomerization of 2-nitrotolugnhen (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/-@G(Ad,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 6-33H-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 mot. 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.

B3LYP/6-311+G(2d,2p) level of theory. The activation IRC Profiles for the Cyclization of the aci Form of
barriers were found to decrease by 10.2 and 10.6 kcat'mol 2-Nitrotoluene. The intrinsic reaction coordinate for the cy-
for solvent-assisted proton-transfer reactions2a and 3a, clization of E-2a and the analogous isomerization reaction of

respectively. In contrast, practically the same barrier height was 2a~ was traced at the B3LYP level of theory with the 6-31G(d)
predicted for the cyclization oE-2a in the gas phase and in  and 6-33%G(d) basis sets, respectively. Figures 2 and 3 present
water. ldentical values of the activation free energy were the energy profiles together with variations in the selected

obtained when the PCM method was appliedEt@a and its internal coordinates along the IRC paths. The parameters of the
complex with BO. The highest-energy transition structure on minimum-energy structures are presented as horizontal bars
the pathway fronRato 4ain water was that for thaci-form placed at the ends of the IRC paths because the exact positions

cyclization. In aqueous solution, additional stabilization by63 of the minima on the reaction coordinates are unknown. The
kcal mol* was predicted for the quinonoid intermediat@a)( minimum-energy structures were not reached in these calcula-
and the bicyclic intermediat&§). The rearrangemea— 4a tions because of convergence problems. However, the remainder
in water was found to be less favorable by 7.9 kcal Thethan of the IRC paths accounted fer10% of the total energy change,
that in the gas phase. It has to be emphasized that the overallnd the bond lengths and angles at the final points of the IRC
reaction2a — 4a was found to be exothermic in both the gas paths were almost identical to those of the equilibrium structures.
phase {2.1 kcal mof?) and water 5.5 kcal mot?). No The IRC paths were analyzed starting from élogform. Both
siginificant acceleration by protic solvents was expected for the E-2a and its anior2a were predicted to be completely planar.
tautomerization oRa to 1a because this reaction involves a The isomerization reaction was initiated by an out-of-plane
carbon atom and proceeds as an H-atom tran$fgpecific distortion of the quinonoid intermediates that corresponded to
effects of hydrogen bonding were not studied for this reaction, sp?—sp3 hybridization changes in£nd N. This distortion was
only bulk solvent effects were estimated by applying SCRF accompanied by gradual changes in the bond angles within the
calculations to the TS and reactants (see Table 3). The eﬁeCtiVEQroups involving these two atoms. The disrotatory movement
barrier for the reactiot-2a— lawas predicted to increase by  of the CH, and NOOH groups and the disruption of the
~5 kcal mol! in water as compared to the gas phase. framework with the alternating single and double C bonds

An activation barrier of 39.2 kcal mot (B3LYP/6-31H-G- took place simultaneously so that the corresponding dihedrals
(2d,p)//1B3LYP/6-31#G(d)) has been predicted for the isomer- and bond lengths reached intermediate values in the TS. In
ization of2a~.17 Again, hydrogen-bonded complexes with water contrast, the bonds formed by the nitrogen atom were predicted
were not explored for the anionic species and only bulk solvent to change nonsynchronously along the IRC. The bond lengths
effects on the isomerization were estimated by using the B3LYP/ showed little change at initial steps of the reactions. Thehb
6-31+G(d) geometries optimized in the gas phase (see Tablebond in2aremained practically constant when the IRC value
2). The reaction2a- — 3a~ in water was predicted to be changed from—6 to —2 amd’2 bohr and then lengthened by
exothermic by 13 kcal mol. A solvent-induced decrease by 7 ~2% in the TS. When the coordinate passed the transition point,
kcal mol~! was found for the activation energy of this process. this bond quickly elongated to reach a value increased by 14.8%
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Figure 2. IRC profiles calculated at the B3LYP/6-31G(d) level for
the isomerization oE-2a. The reaction scheme and atom numbering
are also given.

in 3a. Variation of the N-O;3 bond along the IRC showed a
peculiar profile with a maximum. The maximum length of this
bond exceeded that &-2a and3a by 3.5 and 1.3%, respec-
tively. Structural perturbations a2a~ were predicted to be
generally similar to those i&-2a, but some important differ-
ences were found. The,EN bond in the protonated form

showed monotonic stretching along the reaction coordinate. In
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Figure 3. IRC profiles calculated at the B3LYP/6-35(d) level for
the isomerization oRa . The reaction scheme and atom numbering
are also given.

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 amu’2 bohr. In the anionic
form, the GNO;3 angle increased slowly and reached a
maximum shortly after passing the TS. This angle was predicted
to be smaller by 4.4% i8a” than in2a".

Cyclization and Tautomerization of the Quinonoid Inter-

contrast, this bond in the anionic species first shortened by 3.4%mediates.In the presence of am substituent, four stereocisomers
in the TS and then elongated by approximately the same amountof the quinonoid intermediat2 may be formed and each of

in the product3a”. The N=0O;, bond inTS [2a —3a ] was

these isomers may exist in several conformations. Our résults

elongated by 8.2%. This stretch eventually led to the breaking for the parent compound suggested significantly lower barriers

of the ¢ bond between the N and;@atoms in3a . Quite
different behavior of the @NO,3 bond angle in the protonated

for the cyclization of thée isomers of2. Here,E andZ indicate
the relative position of th&l-hydroxyl group. Moreover, the
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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 tautomerizatiod,dhey 7N

would be rapidly formed in solution through proton transfer

reactions. Therefore, the cyclization of only two isomeE& ( o

andEZin Scheme 2) was explored in detail. It should be noted s
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 foras3
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 isomerizatidgr8 — E-3
via nitrogen inversion is expected to be high because of the
presence of two oxygen atorfisFrom the B3LYP/6-31+G-
(2d,p) energies computed at the B3LYP/6-31G(d) geometries,
we obtained estimates of 16.8, 16.7, and 18.0 kcal infalr
this barrier inZ-3 derived from2a,1” 2i,'° and 2-nitrobenzyl
methyl ether 2j),!8 respectively. To locate the TS connecting
2 and 3, all possible combinations of the isomers2and 3
taken in their lowest-energy conformations were used. The
cyclization of EE-2 resulted exclusively in th& isomer of3.

The EZ isomer of2 afforded E-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 Oz and G atom in thezZ andZE isomers o2 were located.
The B3LYP/6-31G(d) optimized geometries of the TSs and the
corresponding conformers of nitro compouritsand 1j are
depicted in Figure 5. Numerous attempts to locate a TS for the
1,5-hydrogen shift in different conformers dh (X = NH3*)
failed.

Full geometry optimization at the B3LYP/6-31(d) level ;

was also performed for anionic species produced by deproto- Z-2j" TS[Z-2j -E-3j7] E-3j
natio.n Ofl._4' The B3LYP/6-31G(d) geometry of a protonated Figure 4. (a) The B3LYP/6-31G(d) optimized geometries of the two
§p§CIes without the pr(.)tongl-(.see Scheme 2) was used "’.‘5 an stgreoisonge)rs oRj and 3j, aloﬁlg) V\Fl)ith the tgransition structures
initial guess for an anion. Nitro compounds) @nd nitronic connecting them. (b) The B3LYP/6-31(d) optimized geometries of
acids @) were demonstrated to share common ani@ns. (For the two stereoisomers @~ and two conformers o8j~ along with
all a substituents studied, geometry optimization of the depro- the transition structures connecting them.
tonated bicyclic intermediates)(yielded anions ~) which
showed surprisingly little similarity with the parent compounds. Activation energies were calculated as differences between the
Rather, these anions may be classified as particular conformersZPE-corrected total energies or free energies of the TSs and
of 2-nitroso compounds4] in the deprotonated form. The the quinonoid intermediated Rather than using the energies
commonness of the anionic species 3and4 was confirmed of ZZ-2 and ZE-2, apparent activation energies for the overall
for the isomers oflj. The same minimum was reached in the reaction2 — 1 were obtained from the energies of the two more
geometry optimization for anions produced from the following stable isomersHE-2 andEZ-2), which were shown to undergo
couples of the acidsanti-1j andEE-2j (E-2j7); syn1j andEZ- the cyclization reaction. The results f@ and 2= with the
2j (Z-2)7); E-3j andsynd4j (E-3j7); Z-3j andanti-4j (Z-3j7). differenta substituents are summarized in Tables31ForEZ-
The molecular structures of several anions are shown in Figure 2i, a particular conformer with an intramolecular hydrogen bond
4b. For clarity’s sake and by analogy, the two anions obtained was selected for presentation. The cyclization of another
from E-3 andZ-3 were labeled as stereocisomers. However, they conformer (not shown) without hydrogen-bonding interactions
should be more properly referred toasti andsynconformers. between the OH and NOOH group was also explored. At the
Stereoselectivity of the anion isomerization appeared to be B3LYP/6-31HG(2d,p) level, its reaction was predicted to be
similar to that for the protonated form: anionic TSs could be exothermic by 20.1 kcal mot and has an activation energy of
located only for the reactiors-2~ — Z-3~ andZ-2~ — E-3". 13.8 kcal mot?. These parameters were close to those obtained
Total and zero-point energies for all the stationary points for the cyclization of the methyl etheEZ-2j. Table 3 also
found in this study are presented in Tables 1S and 2S in presents estimates for the relative yield 6f formation of 3.
Supporting Information. The total energies were computed by These quantities were calculated from the ratio of the expo-
using four different hybrid functionals in combination with the nential factors with the activation energies for the cyclization
6-311+G(2d,p) basis set. Solvation effects were estimated from and retautomerization a2. Under the assumption that both
the single-point free energies computed within the PCM model reactions are characterized by a single rate constant with the
at the B3LYP/6-31G(d) geometries optimized in the gas-phase. same preexponential factor and the formatioB firreversible,

EE-2j TS[EE-2j-Z-3j]  Z-3

i

[EZ-2j—E-3j] E-3j
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TABLE 1: Energies of the Bicyclic Intermediates (3) and
the Transition Structures for the Reaction 2— 3 Calculated
in kcal mol~! Relative to the Energy of EE-2 or EZ-2

gas phase water
substituent molecule a b c d e
TS[ZE-2¢c—-anti-1c] EE2— 7.3
H 3a —14.2 —22.7 —15.3 —16.1 —22
H TS [E-2a—34a] 182 224 190 182 20
CHs Z-3b —16.2 —25.4 —17.6 —17.8 —22
CHs TS[EE-2b—Z-3b] 149 184 154 14.8 14
CN Z-3c —-47 —149 -6.4 —-6.2 —15
CN TS[EE-2c-Z-3c] 19.1 233 19.7 189 17
F Z-3d —19.5 —28.6 —21.1 —21.3 —27
TS[ZZ-2c-syn-1c] F TS[EE-2d—Zz-3d] 142 176 146 140 11
Cl Z-3e —17.2 —25.7 —18.7 —18.5 —27
Cl TS[EE-2e-Z-3e] 149 187 153 147 14
NH, Z-3f —11.4 —20.6 —13.0 —13.0 —15
NH, TS [EE-2f—2Z-31] 9.7 118 100 98 7
@ NHCHO Z-3¢g —11.8 —21.4 —13.4 —13.5 —20
NHCHO TS|[EE2g-Z-3g] 121 148 125 121 11
NH3z*™ Z-3h —21.7 —30.8 —23.1 —22.8 —26
. . L. NHz* TS[EE-2h—Zz-3h] 166 205 172 16.3 16
anti-1j TS(ZE-2j-anti-1j] OH Z-3i[ ] ~13.9 —23.0 —15.4 —15.6 —22
OH TS [EE-2i—Z-3i] 13.0 159 134 128 9
OCH; Z-3j —13.4 —22.7 —-149 —15.1 —24
OCH; TS[EE-2j—Z-3]] 123 152 127 124 8
OCHO  Z-3k —15.0 —25.4 -24.1 —-16.5 —17
OCHO TS[EE-2k—Zz-3k] 145 122 177 150 14
EZ-2—E-3
CHs E-3b —20.7 —29.9 —21.9 —21.9 —26
CHs TS[EZ2b—E-3b] 147 18.0 152 14.8 13
syn-1j TS[ZZ-2j-syn-1j] CN E-3c —11.5 —22.7 —13.4 —12.9 —-19
CN TS[EZ2c—-E-3c] 16.1 19.7 16.6 16.1 14
Figure 5. B3LYP/6-31G(d) optimized geometries of the two conform-  F E-3d —26.5 —36.4 —28.1 —26.5 —35
ers of 1c and 1j along with the transition structures for their F TS[EZ2d—E-3d] 146 177 151 146 11
tautomerization. Cl E-3e —23.4 —32.5 —249 —24.4 —-33
Cl TS[EZ2e-E-3e] 156 19.6 16.2 15.7 13
n gives a good idea of the efficiency of the overall ground- HEZ E-Ss[EZ . Eg-g *1271-93 *1&40*12-52*1%6
state isomerization reaction. 2 el TE : : : :
Structure —Reactivity Relationships.Plots of the computed NHs  ESh ~12.7—19.2 ~13.9 ~135 26
U ACtivVIty NIPS.FIotS P NHs*  TS[EZ2h—E-3h] 208 255 214 206 19
activation energiesH) vs reaction energiesAg) for the OH E-3i —-79 —16.4 —-95 —9.0 —20
cyclization of2 and for the corresponding reaction2f in the OH TS [EZ-2i—E-3i] 21.7 246 215 220 18
gas phase are presented in Figure 6a. Analogous data obtainedOCHs E-3j —20.3 -30.1 -21.4 -21.3 31

from the total free energies in water are shown in Figure 6b. A _OCHs  TS[EZ2-E3j] 118 147 126 125 10

Ilnear fit to the entire set of the c_ycll.zatllon dgta (Figure 6a) 2 B3LYP/6-311+G(2d, py-sZPE//B3LYP/6-31G(d)? BHLYP/6-
ylelq?d a §Iope of 0.866 and an intrinsic Iqarner of 30.6.kcal 311+G(2d,p)-sZPE //B3LYP/6-31G(d): BILYP/6-311HG(2d,p)-sZPE
mol™ (activation energy for the zero reaction energy) with a B3| vP/6-31G(d) B3PW91/6-313-G(2d,p)-SZPE //B3LYP/6-31G(d).
correlation coefficienR = 0.849. When only the data for the eSCRF-PCM, B3LYP/6-311#G(2d,p)//B3LYP/6-31G(d), total free
protonated form were fitted, a slope of 0.236 and a much smaller energies were used.
intrinsic barrier of 18.9 kcal moft (R = 0.382) were obtained.
One could hardly recognize any relationship betwégrand NHCOMe, NMeg*, and OCOMe, respectively. The best fits
AE for the “cyclization” in water. The best linear fit for the  shown in Figure 7 had correlation coefficients of 0.903 and
entire set of data had a correlation coefficient of 0.433. Effective 0.844 for the cyclization data in the gas phase and water,
activation energiesZe™) plotted againsAE for the tautomer- respectively. The effective activation energies of the tautomer-
ization 2 — 1 are shown in Figure 6, parts ¢ and d. Linear ization in the gas phase and water were fitted with correlation
regression analysis gave slopes of 0.684-(0.823) and 0.508  coefficients of—0.881 and—0.859. The fitting parameters are
(R=0.792) for the data in the gas phase and water, respectively.shown in Figure 7. The data f&@Z-2f, EZ-2h, and a particular
Intrinsic barriers of 31.6 and 33.4 kcal mélwere obtained conformer ofEZ-2i were not included in this analysis. Strong
for this process in the gas phase and aqueous solution. intramolecular hydrogen bonds formed by theubstituent and
Figure 7 presents the calculated activation barriers for the the O, atom were responsible for surprisingly high activation
cyclization and tautomerization @fthat are plotted against the  barriers in these molecules. The points correspondingBo
Hammett-type substituent constants,”. These parameters, 2f, EE-2i, and a conformer oEZ-2i without the intramolecular
rather than the Hammett constantg)( have been adopted as H bond definitely fall within the scatter range (see Figure 7).
descriptors for the para substituents conjugated with the reaction Molecular Geometries of -3 and Transition Structures
center’® When compared to three alternative parametegs (  Connecting Them. Cartesian coordinates for all stationary
op, andop "), theo,™ constants also appeared to be slightly better points are available as Supporting Information, the atom
descriptors for the reactions & The o,* values for the numbering shown in Scheme 2 and Figures 2 and 3.
substituents ir2g, 2h, and2k could not be found in the literature The B3LYP calculations predicted that the &d N; atoms
and were approximated by using the reported véRider hardly deviate from the plane of the benzene ring in both
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TABLE 2: Energies of the Anions 3~ and the Transition
Structures for the Reaction 2= — 3~ Calculated in kcal
mol~! Relative to the Energy ofE-2~ or Z-2~
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TABLE 3: Energies of 2-Nitrobenzyl Derivatives (1) and the
Transition Structures for the Reaction 2 — 1 Calculated in
kcal mol~! Relative to the Energy of EE-2 or EZ-2

gas phase water gas phase/ gas phas& watert
substituent molecule a b c d e substituent molecule energy® energy ¢ energy n¢
E-2-—Z-3 EE-2——anti-1
H 3a- 7.9 7.5 7.6 9.0—13 H la —27.6 —30.5 —27
H TS [2a—3a] 39.3 435 400 39.0 32 H TS [Z-2a—1a] 137 01 181 0.2 19 0.4
CHs Z-3b~ 3.3 2.3 29 49-16 CHs anti-1b —23.7 —27.1 —24
CHs TS[E-2b-—Z-3b"] 349 38.8 35.6 348 27 CHs TS [ZE-2b—anti—1b] 15.0 0.5 19.5 0.6 20 0.9
CN Z-3c 182 151 173 203 1 CN anti-1c —19.4 —24.3 —20
CN TS[E-2c—Z-3c] 469 50.9 475 472 28 CN TS [ZE-2c—anti-1¢]  13.7 0.1 165 01 19 0.7
F Z-3d" —-145 —-16.3 —15.2-12.0 —35 F anti-1d —24.2 —28.0 —24
F TS[E-2d-—Z-3d] 29.1 345 30.0 287 24 F TS [ZE-2d—anti-1d] 175 0.8 22.6 0.9 23 1.0
NH. Z-3f~ —-33 -53 —40 -16 —14 Cl anti-le —23.2 —27.0 —23
NH, TS[E-2f-Zz-3f] 265 295 271 263 21 Cl TS [ZE-2e—anti-le] 156 0.6 19.9 0.6 22 1.0
OH Z-3i- -93 —-11.9 —-10.1 —-7.5 —20 NH: anti-1f —12.6 —16.1 —10
OH TS[E-2i—Z-3i] 291 331 298 288 23 NH TS [ZE-2f—anti-1f] 241 1.0 304 1.0 29 10
OCH; Z-3j- -68 —-93 —-75 —-50 —-26 NHCHO anti-1g —=17.0 —20.7 —20
OCH:; TSI[E-2j-—Z-3j7] 298 33.6 305 294 21 NHCHO TS_[ZE—2g—anti—1g] 20.3 1.0 259 1.0 23 1.0
22 -ea S SER
anti-1i —lo. —Z21. -
¢No EBEsC 030 58 81 111 -5 OH  TS[zE2i-antil] 204 1.0 261 1.0 24 1.0
CN  TS[z2c-E3c] 377 434 385 381 29  Oopy  angd) 188 227 O 19
NH, B3~ 08 003 05 19-12 OCH;  TS[zE2j—anti-l] 204 10 260 1.0 25 1.0
NH,  TS[z-2f—E-3f] 325 350 329 323 28  (OCHO antiik 208 —244 03
o Es 008 —41 -11 27-15 OCHO TS[ZE2k—antilk] 188 09 231 09 24 1.0
OH TS[Z-2i—E-3i"] 379 402 382 37.7 28
OCH; E-3j- -139 -16.4 —-14.6 —12.0 —32 EZ2——synl
OCH; TS[Z-2j-—E-3j7] 257 29.6 265 254 22 CHs synlb —28.4 —32.1 —27
CHs TS[ZZ-2b—synlb] 142 0.4 187 0.6 19 0.9
aB3LYP/6-31HG(2d,p}+sZPE//B3LYP/6-33%G(d).? BHLYP/6- CN synlc —24.5 —30.2 —26
311+G(2d,p)-sZPE/B3LYP/6-33-G(d). ° B1LYP/6-31H-G(2d,p)-sZPE// CN TS [2Z-2c—synlc] 108 0.1 127 01 16 07
B3LYP/6-31+G(d). ¢ BSPW91/6-31%G(2d,pH-sZPE //B3LYP/6- F synld —28.6 —33.0 —31
31+G(d). e SCRF-PCM, B3LYP/6-31#G(2d,p)//B3LYP/6-31G(d), F TS[ZZ-2d-synld] 172 0.8 221 09 23 1.0
total free energies were used. Cl synle —30.4 —34.9 —31
Cl TS [ZZ-2e—-synle] 131 0.3 16.9 0.3 18 0.9
conformers ofL. According to experimentland computational ~ NHz  synlf -112  -146 —12
datal”-39the NG group inlais twisted relative to this plane. “E; l’ySn[th-Zf Syrf] _gg'g 1.0 _235658 1.0 _233 1.0
The twisting angle in the substituted compounds was found to onH synli —126 —151 —16
vary substantially. The largest angle of°3&as obtained for OH TS [2Z-2i—syn1i] 328 1.0 405 1.0 36 1.0
synlj. In contrast, the N@group in theanti conformers of OCH;  synl] —24.1 —28.3 —26

1d, 1h, 1i, and 1j was situated practically in the ring plane.
The O and H atoms insynlb, 1c, 1f, and1li were shifted
from the benzene ring plane in the opposite directions (similar
configurations were predicted for the majorityaniti conform-
ers). A single minimum-energy structure that could be located
for the synconformers of all other derivatives has these atoms
placed on the same side of the ring. Except for the C; bond,

the lengths of all comparable bonds were predicted to be
practically identical in substitutednti-1 andsynl. The G—

C7 bond was only slightly stretched in the substituted nitro
compounds, the largest deviation of 1.8% (here and below,
relative to the corresponding parameterlaj was found for

the amine anti-1f. The nonbonded distance gHO:>, was
predicted to be 210% shorter in the substituted compounds.

OCH; TS [ZZ-2j—synl]] 18.9 1.0 247 1.0 24 1.0

a B3LYP/6-31HG(2d,p}sZPE//B3LYP/6-31G(d)? BHLYP/6-
311+G(2d,p)}tsZPE //B3LYP/6-31G(d): SCRFPCM, B3LYP/6-
311+G(2d,p)// B3LYP/6-31G(d), total free energies were used.
d Relative efficiency of the formation o3 calculated as) = (1 +
exp[—(Ed — E/RT]) L, whereE, andE. are the effective activation
energies for the tautomerization and cyclization.

showed deviations of-56° for the descriptive dihedrals. The
largest differences in the bond lengtkh2%, here and below
relative to the corresponding parametertsRa) were found

for the G—C; bond and both NO bonds. The nonbonded
distance between Cand Q, was generally shorter in the
substituted nitronic acids. The largest deviation of 4.2% was

The shortest distances of 2.228 and 2.337 A were obtained forfound for2h. The interplay between bond length variations{C

synle and anti-1h. This shortening iranti-1 resulted almost
exclusively from narrowing the £,C7 angle.

The TSs for the 1,5 hydrogen shift fra—1k were found to
be the “late” ones, resembling the producZ- and ZE-2)
with alternating single and double<C bonds. The @—Hg
bond was formed to a large extent, and the-8g bond was
practically broken in these TSs. The©OHsg distances were
significantly larger in the two TSs correspondingltb(1.155
and 1.178 A) than those in the TSs ftr (1.090 and 1.110 A).
Values in the range 134148 were predicted for the £1g012
angle in the tautomerization TSs.

The quinonoid moiety oEE-2 derivatives was found to be
essentially planar for all compounds exc@gtand 2k, which

C7and Ni3—0) and slight narrowing of theLC,C; angle caused
this shortening.

Molecular structures dEZ-2a—EZ-2k strongly deviated from
planarity. Repulsive interactions between ¢thsubstituent 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 GC1C,C3, CsC1C2N1;, and GC;1C,C3 torsion
angles varied in the range +28°. EZ-2b showed the largest
distortions. Substituent effects on the bond lengths irBBE&
derivatives were comparable to those in BEfeisomers. Extra
lengthening of the N O, bond due to hydrogen bonding was
demonstrated by comparing structural parameters of two
conformers oEZ-2i. The N;;—0;, bond was stretched by 3.8%



10166 J. Phys. Chem. A, Vol. 107, No. 47, 2003 II'ichev

AE [kcal/mol] AE [kcal/mol]
30 200 -10 0 10 20 -30 -20 -10
Cyclization Tautomerization
__ 40} Gas phase | Gas phase d40
£ g
= v =
8 sof 1t v {308
SN E
[
20+ E 20
v
a
10+ , ( ) ] 10
Water (b)
30+ g 30
e v o5 —
= =
o
é v 0 °e o ..\%
= 20} . 1 20 8
£ Y voe =
T ® v E
) e 0o, S
v %
S
10Y v L 110
.. 1
. 1 . 3
=30 20 -10 0 10 20 -30 -20 -10
AE [kcal/mol] AE [kcal/mol]

Figure 6. Computed activation energies plotted against reaction energies for the cyclization (a, b) and tautomerizatioree2sofid circles)

and EZ-2 (solid triangles) in the gas phase (a, ¢) and in water (b, d). Analogous data for the isomerization of the deprotonated species (open
symbols) are also shown. The B3LYP/6-31G&(2d,p) single-point energies corrected for sSZPE 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(ehG(al IBa3is

set for the nitronic acids and their anions, respectively; solvation effects were estimated with the SCRF-PCM method.

in a conformer with an intramolecular hydrogen bond compounds were within the range provided Bf and 3h.
(OgH--+012) and only by 1.0% in that without such a bond. The Generally, the N-O;, bond was stretched and the-®,3 bond
C7—0s, distance increased significantly in t@eisomers. The was shorten in the substitut&] The five-membered ring in
largest value of 3.009 A (8.1% increase) was predicted for this the E isomers with the pseudoequatorial position of the OH
distance inEZ-2b. group was highly asymmetric with the;©atom shifted toward
Substituent effects on the molecular structur8 ofere more the G atom. The largest distortions by7.7% and-5.2% were
pronounced than those fdrand 2. All bicyclic compounds predicted for the N-O;2 and N-0O;3 bond lengths irE-3h.
studied adopted an envelope-like conformation with the O The bond angles affected by the substituent X were centered
atom out of the plane of the rest of the molecule. Zhisomers at the G and N;; atoms. Generally, the protonated amiBte
were found to exist in &ans-envelope conformation with the  provided the largest deviations for the bond angles. T§& G »
O13Hsg group in a pseudoaxial position {C:N1,0:3 ~ 100~ angle in Z-3h and E-3h was reduced by 5.1 and 8.2%,
130°). The conformational choice of the five-membered ring respectively. The two other angles formed by thea@d N,
in the E isomers appeared to be very sensitive to the  atoms, GN1;012 and ON;O, were also considerably smaller
substituent. Numerous optimization runs with different starting in the 3h isomers. Contrary, the C;Hio, C:C;O1,, and
geometries yielded a single conformational minimum for all H;¢C;012 angles were widened by-%% in theE- and Z-3h.
compound<E-3 exceptE-3i. The latter molecule showed two  Structural distortions ir8h could not be assigned exclusively
conformations depending on the orientation of the OH on the to hydrogen-bonding interactions or electronic effects because
C; atom. A pseudoaxial conformation was found for the similar distortions were found in halogen-substituted compounds
isomers of3b, 3c, and 3f. The hydroxy group in the pseu- (3d and3e) but not in the nitrile 8¢).
doequatorial position was predicted f&d, 3e 3h, and3j. The TSs for the cyclization oEE-2 andEZ-2 were predicted to
configuration of the l atom in3 was also affected by the be nonplanar. The configuration of the)GH1o and NOOH
substituent. The largest variations in the dihedrals including the groups could be characterized as intermediate between those
N, atom were found for the amir@f and its protonated form  predicted for the reactant and product. The largest variation
3h. (£6%) in the bond lengths was found for the-€D;, distance,
Despite pronounced differences in the minimum-energy which was generally smaller in substituted compounds. The
conformations oE- andZ-3, variations in the bond lengths and C—C bond lengths for the six-membered ring of the TS reached
angles with then substituent appeared to be rather similar for values that were close to mean values for the corresponding
both isomers. These variations were localized on the five- distances ir2 and 3. In contrast, the NO;, bond in the TSs
membered ring. The £01, bond appeared to be the most was only slightly elongated so that its length remained much
susceptible to the presence of the substituent. It was shorten bysmaller than that ir3.
4.0 and 6.0% irZ-3h andE-3h, respectively, and elongated by Molecular Geometries of the Deprotonated Form of +3
~2.0% in both isomers o8f (here and below, relative to the  and Transition Structures Connecting Them.Deprotonation
corresponding parameter 88). The bond lengths in the other  of all the moleculesl—3 was accompanied by substantial
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Figure 7. Plots of activation energies vs the Hammett-typé constants
(solid symbols) and tautomerizati@— 1 (open symbols) were computed

Circles represent the reactions BE-2; triangles,EZ-2.

changes in the geometry, those &r being the largest ones.
The quinonoid moiety oE-2~ was predicted to be planar for
all compounds exce@f and 2j, which showed deviations in
the dihedrals in the range—%°. Nonplanar structures and
substantial variations in the torsion angles were found for the
Z isomers of2~. The bond lengths in substitutéd andZ-2~
were predicted to be similar to thoseda™, the largest deviation
being 1.9% stretch of the,€C7 bond in2¢™. Generally, the
C7—0s, distance was slightly shorter{14%) in the substituted
anionskE-2". This distance was reduced by 10.1%H2c¢™ and
increased by 6.5% id-2f ~. The Ni;—0O12 bond was elongated
and G—Nj; shortened inZ-2f~ and Z-2i~ due to strong
H-bonding interaction between the substituents and the O
atom.

Although pronounced variations in the geometry of the anions
obtained upon deprotonation 8fvere found, several common
features could be revealed. TheiNO;, distance of 2.£2.5
Aindicated 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
compounds4). The Nj;—0O;, distance was generally longer and
the G—01, bond was shorter in the substituted anions than that
in 3a. The G—0;, bond length inZ-3d~ was reduced by 7.0%.

Very similar bond lengths were obtained for all the anionic
TSs except those for the reactioB2c™ — Z-3¢c~ andZ-2c~
— E-3c™. The G—C; and G—Nj; bonds in the latter TSs were
lengthened by 37%. 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;\D;, bond. Surprisingly large
variations were found for the bond angles formed by the C
atom. These variations were largely responsible for different
C;—0s distances in the anionic TSs.

Discussion

Interest in the reactivity of nitronic acid2)( is largely
provoked by a role that these intermediates play in the
photoisomerization of 2-nitrobenzyl compound} Fast forma-
tion of 2 is the primary step in the photoinduced reactiori.of
It is believed to occur in both the singlet and triplet excited

(o}
p

of ther substituents. The activation barriers for the cyclizatton- 3

in the gas phase (a) and water (b). Explanations for the energy calculations
are given in Figure 6. The," constants are taken from ref 38b. The linear equations correspond to the best fits to the data (shown as solid lines).

state. Both excited states of the parent compouta) and
several derivatives appeared to have sub-nanosecond life-
times10.13.14.18.21.4owever, 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 & is of primary importance for
the overall isomerization process. Thermal reactions involving
different stereoisomers & 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 Id in
aqueous solution was publish&dunfortunately, kinetic aspects

of interconversions of the two stereoisomers 2z and of
cyclization could not be unraveled. A very low quantum yield
of 2aindicated that tautomerization @& could hardly account

for very short lifetimes of the excited states. The major features
of the ground-state potential energy surface & 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 bé was characterized by an overall
activation energy of 51.7 kcal mol.1” An activation barrier of
20.3 kcal mot? predicted for the reactiod-2a — E-2a (see
Scheme 1 and Figure 1) was substantially higher than an
effective barrier of 9.7 kcal mot for the retautomerizatiod-2a
—— la 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 leadidg to
can compete with anthranil formation initiated by the-Q;3
bond fission in3a. It is noteworthy that the rate-determining
step for the lowest-energy path leadingd®was identified as

a 1,3-hydrogen shift ir8a (see Figure 1).

In this work, computational methods were used to evaluate
o-substituent effects on the rearrangements of nitronic acids and
effects of protic solvents on these processes. The potential
energy surface d?ain 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
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model of Tomasi and co-workéfswas employed to estimate  biexponential decay kinetics that has been observed faathe
bulk solvent effects. As expected, the activation barriers for form of several derivative¥:16.181The B3LYP/6-31#G(2d,p)
solvent-assisted proton-transfer reactions decreased dramaticallybarrier height varied from 9.7 kcal mdlin EE-2f to 21.7 kcal

A reduction by more than 10 kcal/mol was predicted for the mol™tin EZ-2i with the intramolecular H bond. Generally, the
activation barrier of the 1,3-hydrogen shift2a and3a. These barriers calculated with the B3LYP functional were underesti-
results are in reasonable agreement with previous findings for mated by 3.3+ 0.7 kcal mof! and the reaction energies were
reactions of this typé! In contrast, the barrier height for the predicted to be less negative by 920.9 kcal mot? when
cyclization ofE-2awas found to be practically the same in the compared to the BHLYP results for the entire set of compounds.
gas phase and in water. Moreover, essentially the same barrieiThe results obtained with the BILYP and B3PW91 functionals
was predicted with SCRF-PCM calculations performed on the differed from those provided by the B3LYP method by less
bare moleculeE-2a and its complex with water. No drastic  than 1.5 kcal moi'. Thus, they can be considered to be identical
change in the barrier height for the retautomerizatiofaihto within the accuracy expected for these techniques. On the
lawas expected. This was confirmed by an SCRF calculation average, an increase by 8 3 kcal mol?! in the reaction

for molecular species optimized in the gas phase (see Table 3).exothermicity was predicted with the SCRF-PCM method for
In water, a TS for the cyclization &-2awas predicted to have  the cyclization o2 in water. These data contrasted with a small
the highest energy on the entire pathway leading&o average decrease 2 1 kcal mol?) of the barrier height for

It is conceivable that the major computational results obtained this reaction in aqueous solution.
for 2aare applicable to substituted analogues. The data presented It is of interest to compare the cyclization ®fwith the 1,3-
here and elsewheéfprovided strong support for this view. One  dipolar cycloaddition of nitrones. The latter process is one of
can therefore envision the following scenario for the photoin- the most extensively studied cycloaddition reactitiié* Ad-
duced isomerization of 2-nitrobenzyl derivatives in protic dition of the simplest nitrone to ethylene was a subject of
solvents. The photoexcitation likely results in a mixture of four numerous computational studi®s'é Generally, preference of
stereoisomers d. However, equilibrium that is strongly shifted a concerted single-step pathway was demonstrated and regi-
toward the more stablg isomers should rapidly (presumably oselectivity was correlated with the electron-donating ability
on the nanosecond time scale) be established. The equilibratiorof the dipolarphiles. The reaction of nitrones with monosub-
time may be even shorter in acidic solutions because of faststituted olefins predominantly affords 5-substituted isoxazo-
protolytic reactions. Temporal behavior of the protonated form lidines, which are analogous to the five-membered rin@.in
of 2 is governed by the two competing processes: cyclization However, formation of 4-substituted derivatives was also
to 3 and retautomerization th The effective activation barriers ~ observed in reactions of alkenes bearing strongly electron
for these two processes should basically determine the rate ofwithdrawing substituents. This variation of the regioselectivity
the quinonoid intermediate decay that is usually reported in with the substituent compares well with the variation of the
experimental studies. A difference between the effective activa- barrier height for the cyclization &. In both cases, the process
tion energies for the two competing reactionaehay be used  was strongly hindered by electron-withdrawing substituents.
to estimate a contribution of the ground-state reactions to the The tautomerizatior2 — 1 proceeds as a sigmatropic 1,5
overall quantum yield of the photoinduced isomerizatiori.of hydrogen shift in a particular conformer @E- or ZZ-2 with
Therefore, characterization of the transition structures for the the OH group pointed toward the;@tom. These conformers
two rearrangements o2 was of immediate interest. The are strongly destabilized by steric interactions and easily convert
rearrangement of the bicyclic intermediaBsnight also affect into more stable conformers suchzgain Figure 1. The IRC
the quantum efficiency of the entire reaction. However, our calculations forla and anti-1i confirmed the connectivity of
results”-1° obtained for2a, 2i, and2j suggest that, generally, the TSs to the corresponding conformers of the nitro compounds
this is not the case because formation 3fis practically and theiraci forms171° Because proton transfer equilibria are
irreversible. Nevertheless, the isomerization dfplays an rapidly established in aqueous solutions, it is appropriate to use
important role in the photoinduced decompositiori dfecause the total energies of more stalfésomers to estimate effective
it often determines the rate of the end product formation. activation barriersg.°™) for the reactior2 — 1. At the B3LYP

The cyclization of2 leads to the formation of a newbond level, theE isomers oRa—2k were destabilized by 1330 kcal
(C—01) and to profound changes in the configuration of the mol~? relative to the nitro compound$, E.° for retautomer-
Ni; and G atoms. The reaction is accompanied by changes in ization of EE- and EZ-2 was predicted to vary in a slightly
the length of every bond in the reactant except theHvbonds. ~ smaller range of 1324 kcal mot* (see Table 3). The BILYP
The results of the IRC calculations fda underlined the and B3PWOL1 results were practically identical to those of the
complexity of the reactio® — 3. Changes in the bond lengths  B3LYP technique. The BHLYP method generally overestimated

did not deve|0p Synchronous|y when the molecule moved a|0ng the destabilization of and the activation barriers. Averaged
the reaction coordinate. This was confirmed by analogous discrepancy between the BHLYP and B3LYP results was 3.8

calculations for2i and?2j.1819Virtually no correlation between ~ + 0.8 and 5.0+ 1.5 kcal mot? for AE andEx*", respectively.

the barrier height and the,€0;- distance in the quinonoid = The SCRF-PCM calculations predicted only moderate solvation
intermediates was found. The DFT computations predicted €ffects for the tautomerization process. On the average, practi-
exclusively a disrotatory closure f&E-2 and a conrotatory ~ cally no change in the reaction exothermicity and an increase
one forEZ-2. Out-of-plane distortion o2 appeared to correlate by 5=+ 1 kcal mol for the effective barrier height were found.
with the cyclization stereoselectivity but not with the reaction One might expect that hydrogen bonding which was not
energetics. The reactiod — 3 was predicted to be highly accounted for in the PCM calculations would contribute to this
favorable for all compounds studied. Except when an H bond increase o2 so that the retautomerization &fin aqueous
between the substituent andQvas formed, differences<@ solutions would be even more retarded.

kcal mol1) betweerE, for the cyclization ofEE andEZ isomers The data presented in Figures 6 and 7 demonstrate that
were practically within the accuracy of the methods used. structural and environmental effects on the two isomerization
However, these differences are large enough to account forreactions oR are quite different. When one considers the entire
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set of data for the cyclization & and the isomerization &~ 1). The protected group release from the nitroso hydrates may
in the gas phase, one can see a tendency for a decrease in thige slower than that from.

barrier height with the reaction exothermicity. However, there  Deprotonation of2 prevents its retautomerization o and
exists no obvious interrelation between these two parametershence, it might contribute to the increased isomerization
for the reaction of the protonated speci2sin both water and efficiency. However, our computational data clearly demon-
gas phase. In contragi,# for the tautomerization appeared to  strated that aci anion&7) were practically nonreactive species
be well correlated with the reaction energy. This finding is in in relation to isomerization reactions. In this study, the SCRF-
accord with the results for the molecular geometries of the PCM method was used to estimate solvation effects on the
transition structures. The TSs for the tautomerization can be isomerization oR~. Activation barriers predicted for the reaction
characterized as “early” ones in relationZdt is therefore not 2~ — 37 in aqueous solution (see Table 2) were higher than 20
unexpected that the energy of these TSs is correlated with thekcal mol* for all derivatives studied and exceeded those for
energy gap betweerd and 2. Contrary, the TSs for the the cyclization of2 at least by 10 kcal mot. Thus, the decay
cyclization possess rather peculiar geometries and can beof quinonoid intermediates in water should be completely

considered as intermediate in several internal coordinatescontrolled by reactions of the protonated forfh except
between2 and 3. extremely basic solutions where very slow reactiom— 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-
. s . ives18-20 Acidity of 2 is expected to decrease in the presence
correlations, .SUCh as th? Hamm(_att equa_tlon and its extendedtof an electron-donating substituent in the benzylic position.
_forms, are W|0_Iely used In organic chemistry to analyze qnd Thus, reactivity of such substituted compounds in aqueous
interpret reaction mechanls_ms_. Reasonf_slbly good correlatlonsSOIution at pH close to neutral should be enhanced not only
betvvee+n the computed activation energies and the Hammett-y o 1 generally lower activation barriers for reactions of
typegp" constants for the substituent X were obtained in this o o1onated species but also due to a larger contribution of
study for both the cycl!zatlon and t{iutomerlzgnon. It is specific acid catalysis for compounds with highét.p
noteworthy that the energies of the frontier KS orbitals are also
reasonably good descriptors of the reactivity of the neutral ~g,-usions
quinonoid intermediates toward cyclization (see Figure 1S in
Supporting Information). These data suggest an approximately Rearrangements of quinonoid intermedia@®spfoduced by
linear dependence of the KS eigenvalues for the occupied andthe photoinduced isomerization of 2-nitrobenzyl derivatives were
unoccupied orbitals vs ionization potentials and electron affini- Studied with DFT-based methods. An isomerization reaction of
ties of 2 because the latter parameters are expected to betheaci-anions 27) was predicted to encounter a much higher
correlated with theo,* constants of the substituent. These activation barrier than the cyclization of protonated spegies
findings are in agreement with recent observations that the This suggests that specific acid catalysis should generally be

orbitals in the original KS and hybrid schemes have more observed for the decay of thaci-form of 2-nitrobenzyl
physical significance than originally anticipatéd. derivatives. Pronounced effects of tle 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
B3PWO9L1 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

The results presented in Figure 6 suggest that computed
energies oR and3 can hardly be used to predict reactivity of
the quinonoid intermediates toward the cyclization. Empirical

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
intermediates3) would be formed fron® 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 madecomparison to the B3LYP results. However, both methods

when the BHLYP energies (see Tables 1 and 3) were used 0o, ideqd qualitatively consistent pictures for the reactivit@of
estimate the yield. The fact that the overall photoisomerization 5,42-

yield varies substantially with substitution df should be
interpreted as evidence for strong variations in the quantum yield ;o ars of the bicyclic intermediated)(were found for the

of the excited-state tautomerization. It is feasible that the barrier cyclization of the two stereoisomers & differing in the

for the excited-state reaction is correlated with the relative ogition of thea substituent. Exclusively disrotatory closure
stability of the productZ), which is predicted to increase with  \y45 found folEE-2 and only conrotatory mode of reaction was
electron-donating ability of the. substituent. Thus, the results predicted forEZ-2. An important outcome from this study is

of this computational study suggest that both efficiency of the tne finding that both the relative stability 8fand the activation
photodecomposition ofl and the decay rate fo? can be  parrier for the reactio2 — 3 correlate with the electron-
increased by introducing an electron-donating substituent in the donating ability of thex substituent. The computational results

a position. For bifunctional compounds, such as amino acids, suggested that performance of 2-nitrobenzyl compounds carrying
an attachment to the nitrobenzyl moiety through the amino group a leaving group can be significantly improved by introducing
should therefore be preferred. However, caution must be an additional electron-donating substituent in the benzylic
exercised if fast release of the protected group is of primary position.

concern. Amino derivatives and other compounds with labile

hydrogen(s) on the. substituent may afford a hydrated nitroso Acknowledgment. The support of Kansas NSF Cooperative
compound via an intramolecular proton transfet? This Agreement EPS-9874732 and the Wichita State University High
mechanism should be the only one operating in the protonatedPerformance Computing Center is acknowledged. The author
amino derivatives, which are expected to have very high is greatly indebted to Prof. Jakob Wirz for generous support
activation barriers for the cyclization (see data 2brin Table and stimulating discussions.
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