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Reaction paths leading from 2-nitrotoluerig {o 2-nitrosobenzyl alcoholj were investigated by using ab
initio and density functional theory. Overall, 25 minima and 12 transition states were located for molecules
of composition GH;NO,. Nine conformational minima were found fdy all being slightly lower in energy
thanl. The lowest-energy path frothto 4 was predicted to have an overall activation energy of 51.7 kcal
mol~* at the B3LYP/6-313+G(2d,p)//B3LYP/6-31G(d,p) level of theory. The rate-determining step is a 1,3-
hydrogen shift between two oxygen atoms in dogéform 2. The activation barrier of 20.3 kcal mdlpredicted

for this shift is substantially higher than that of 9.7 kcal mdbr the retautomerizatio® — 1. To account

for reaction paths involving ionization of the moderately strong &cild aqueous solution, anions obtained
by deprotonation ofi—4 were studied. A common ania&r was found by CH-deprotonation dfand by
OH-deprotonation of twaci-isomers2. An anion3~ was obtained by deprotonation of benzisoxazoBne
and nitroneb. A single conformed~ was located by deprotonation 4f At the B3LYP/6-31%G(2d,p) level

the activation barrier of 39.2 kcal mdlfor the reactior2~ — 3~ is much higher than that of 18.4 kcal mél

for the cyclization of the neutralci-form, trans-2 — 3a. The barrier height for the latter reaction was reproduced
within 1.0 kcal mot? by calculating QCISD(T)/6-31G(d,p) energies at the B3LYP and MP2/6-31G(d)
geometries. On the other hand, the reacBon—~ 4~ is expected to be very facile in contrast to ring opening
in the neutral specie® — 4. These results indicate that the cyclizatidr— 3 is acid-catalyzed around
neutral pH and that the subsequent ring operding 4 is base-catalyzed.

Introduction SCHEME 1: Photoinduced Reaction of 2-Nitrotoluene
The 2-nitrobenzyl group is widely used as a photosensitive CH, CH,

protector in organic synthesispolymer chemistry, micro-

electronics’, and biochemistry7 2-Nitrobenzyl compounds are —_— o)

currently major photolabile precursors used to obtain temporal NO \NI

and spatial control over the release of biologically active 2

compounds$.Nevertheless, the mechanism of the photoinduced OH

reaction and the ensuing substituent and environmental effects 1 2

are poorly understood (see Discussion). In this work, density
functional theory (DFT) was applied to explore the potential
energy surface connecting 2-nitrotolued to theaci-form 2,
benzisoxazoline3), and 2-nitrosobenzyl alcoho#), Scheme

1. The parent compountl was selected as a tractable model CH0H
for nitrobenzyl derivatives of practical importance, although its /O —
aci-form 2, also referred to as a quinonoid intermediate, N

; : ; NO
predominantly retautomerizestavhen generated by photolysis \O
of 1in aqueous solutiohComputational results for substituent 3 H 4

effects on the cyclization of theci-form 2 — 3 will be reported

in a forthcoming paper. To account for acid dissociation in optimized at the SCF level of theory with the standard 6-31G-
aqueous solution, reactions of the deprotonated species werdd) basis set. To include electron correlation, more sophisticated
also considered. Essential conclusions regarding the thermal andib initio methods and techniques based on DFT were employed.
photoinduced reactions of nitrobenzyl compounds may be drawn Geometry optimization for all stationary points was done at the

from the results presented. B3LYP level of theory. To test the performance of different
. exchange-correlation functionals, the geometrylafias also
Methods of Calculation fully optimized with two other methods (BHLYP and B3PW91).

All calculations were performed with the GAUSSIAN 94 B3LYP and B3PW91 are combinations of Becke's three-
and 98! packages of programs. Geometries were initially parameter exchange functioFakith the slightly modified Lee-
3 4 i
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SCHEME 2: Atom Numbering Scheme for 2-Nitrotoluene (1), theaci-Forms (2), the Bicyclic Intermediate (3), and the
Most Stable Conformer of 2-Nitrosobenzyl Alcohol (4a)
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: : : .. TABLE 1: Bond Lengths and Selected Nonbonded Distances
in the form implemented in GAUSSIAN 98. The 6-31G(d) basis of 1 Computed at Different Levels of Theory with the

set was employed in combination with all three functionals. Four 6.31G(d) (A), 6-31G(d.p) (B), and 6-314G(2d,p) (C)
other basis sets, 6-31G(d,p), 6-8G(d), 6-31G+(d,p), and Basis Sets

6-311+(2d,p), were used in B3LYP calculations. Full geometry MP2(fc)? A B3LYP
optimization forl—3 was also performed at the MP2/6-31G(d) '

level, where MP2 refers to second-order Mgh&lesset exptr A BHLYP B3PWS1 A B c
perturbation theory with the frozen core electrons of the heavy €i—C2 1405 1.403  1.398  1.407 1.410 1.410 1.403

- Ci—Cs 1.399 1.4083 1.393 1.402 1.404 1.404 1.399
atoms. The potential energy surface bfand some other CiG. 1508 1.506 1503 1504 1.510 1.509 1.506

molecules was found to be extremely flat near the minimum so Cz—C:: 1394 1.387 1395 1.398 1.398 1.392
that the standard optimization procedure using the approximatec,—N;; 1.490  1.466 1.459  1.469 1.475 1.475 1.475
Hessian matrix was terminated prior to full convergence. In such Cs—Cs 1392 1379 1.387 1.389 1.389 1.384
cases the final geometry optimization was done by calculation C3—Hia 1.097 1.085 ~ 1.074  1.084 1.083 1.082 1.080
of the force constants at every point. g“_HS 1'896 1386 1.394 1396 1.395 1.391
. : . : . 4—His .087 1.077 1.086 1.086 1.085 1.082
Finally, single-point energies for the B3LYP geometries were c__ 1395 1.383 1.391 1.393 1.393 1.388
computed at the BHLYP and B3LYP levels of theory with the c.—H 1.087 1.078 1.087 1.086 1.086 1.083
6-311+G(2d,p) and 6-311+G(3df,2p) basis sets. For several Cs—Hiz 1.088 1.078 1.087 1.087 1.086 1.084

structures optimized at both the MP2 and B3LYP levels, the C—Hs 1103 1.092  1.085  1.094 1.093 1.092 1.090

guadratic configuration interaction method including corrections Cr—H, 1.093 1085  1.094  1.094 1.093 1.090
) 2 ; . Cr—Ho 1.092 1.085 1.094 1.094 1.093 1.091

for triple substitution® (QCISD(T)) with the 6-31G(d,p) basis Nu-Op 1231 1.244 1211 1226 1.232 1.232 1.226
set was also employed to obtain single-point energies. N;;—Op 1.231  1.244 1211 1.226 1.232 1.232 1.226
Transition structures (TS) on the potential energy surface were C;—0i, 2775 2692 2711 2715 2712 2752

located by using the facility of GAUSSIAN for the synchronous Hs—O:2 2.56 2556 2471 2482 2486 2481 2525
transit-guided quasi-Newton meth&tThe reaction pathways  Ho~Ow 2596 2510 2528 2.525 2.519 2.572
were computed for each TS to verify its connection to the local 2 Gas-phase electron diffraction dafaP From ref 19 and this work.
minima. Reaction paths were calculated by using the “intrinsic °An average for all bonds of this type.

reaction coordinate” (IRC) approaétas it is implemented in

GAUSSIAN 94. For all stationary points the wave function in Tables 1 and 2. Shishkov et ‘8lhave recently determined
stability was tested and harmonic vibrational frequencies were the molecular structure df from electron diffraction data and

calculated by using analytical second derivatives. ab initio calculations. Differences in the<C bond lengths
computed with the MP2(fc)/6-31G(d) method were used as
Results constraints in this structure analysis. The reported bond lengths

Structure and Properties of o-Nitrotoluene (1). Scheme 2 are distance averages including effects of all vibrations at the
shows the atom numbering used fbrand its isomers. The  experimental temperature (415 K). These quantities should,
geometry ofl, optimized at different levels of theory, is given therefore, be larger than the computed equilibrium bond



7858 J. Phys. Chem. A, Vol. 104, No. 33, 2000 Il'ichev and Wirz

TABLE 2: Bond Angles, Selected Nonbonded Angles and Dihedrals (in Degrees) for 1 Computed at Different Levels of Theory
with 6-31G(d) (A), 6-31G(d,p) (B), and 6-31+G(2d,p) (C) Basis Sets

B3LYP
exptp MP2(fc)> A BHLYP, A B3PW91, A AP B C

Co—C1—Cs 114.8 115.6 115.8 115.7 115.8 115.8 115.8
C—Ci—C; 127.3 124.5 125.6 125.5 125.6 125.6 125.3
Co—C1—Cy 119.9 118.6 118.7 118.6 118.6 118.9
C,—Co—Cs 124.2 123.5 122.6 122.5 122.5 122.5 122.7
C1—Co—Nys 120.5 121.5 121.6 121.7 121.7 121.4
Cs—Co—Nyy 113.8 116.0 115.9 115.8 115.8 115.8 116.0
Co—Cs—C4 118.6 119.0 119.8 119.9 119.9 119.9 119.8
Co—Cs—His 119.2 118.7 118.5 118.5 118.4 118.7
Cs—Cs—His 121.8 121.5 121.6 121.6 121.7 121.5
Cs—C4—Cs 119.8 119.6 119.2 119.2 119.2 119.2 119.2
Cs—Cs—His 119.8 120.0 120.0 120.0 120.0 120.0
Cs—Cy—His 120.6 120.8 120.8 120.8 120.8 120.8
C4—Cs—Cs 119.6 120.0 120.2 120.1 120.1 120.1 120.2
Cs4—Cs—Hie 120.2 120.2 120.3 120.3 120.2 120.2
Ce—Cs—Hys 119.8 119.6 119.6 119.7 119.7 119.6
C1—Cs—Cs 123.1 122.3 122.4 122.5 122.5 122.5 122.4
C1—Ce—Hy7 118.3 118.2 118.1 118.1 118.1 118.2
Cs—Co—Hiz 119.4 119.4 119.4 119.4 119.4 119.4
C1—Cr—Hs 112.0 111.9 112.1 112.0 111.9 112.1
C1—Cr—He 109.3 109.4 109.6 109.5 109.6 109.5
C1—Cr—Hio 111.2 111.4 111.4 111.5 111.4 111.2
Hg—C7—Ho 108.5 108.8 108.7 108.8 108.9 108.7
Hg—Cr—H1o 107.0 106.5 106.2 106.2 106.1 106.4
Ho—Cr—Ho 108.8 108.8 108.7 108.8 108.9 108.7
Co—Ny—Op 117.8 118.4 118.3 118.4 118.4 118.1
C2—Ni—Or3 117.5 117.7 117.6 117.7 117.7 117.6
O1—-N1;—O13 124.9 124.7 123.9 124.1 123.8 123.8 124.3
C,—Cr—Op, 77.0 775 77.8 77.9 78.0 77.2
Cr—Hg—Oy, 89.7 89.6 89.9 89.9 90.1 90.1
Cr—Hi—Or2 87.7 87.6 87.6 87.9 88.1 87.6
Cr—01—Ny; 87.9 94.5 94.0 94.3 94.4 91.5
Ce—C1—Cr—Cs -0.4 0.0 0.0 0.0 0.0 0.0
Ce—C1—Co—Nuy 180.0 180.0 180.0 180.0 180.0  —180.0
Cr—Ci—Cr—Cs 179.0 179.1 179.1 179.2 179.3 178.5
Cr—Ci—Co—Nyy -0.9 -0.9 -1.0 -0.8 -0.7 ~1.4
C,—Ci—Cr—Hg -44.3 -51.3 -50.5 -51.8 -52.1 ~46.9
Co—C1—Cr—Hs ~164.5 -171.9 -171.3 -172.6 -173.0 ~167.6
Co—C1—Cr—Hyo 75.4 67.8 68.3 66.9 66.5 72.1
C1—Co—N1y1—Oy, 38 -34.7 -15.2 -16.1 -13.7 -13.0 -24.8
C1—Co—Ny1—Oy3 146.3 165.3 164.5 166.8 167.4 155.9
Co—Ny;—Oy—Hg 55.4 38.0 38.9 36.3 35.7 46.9

aSee Table 1° See Table 1¢ Negative sign was added for purpose of comparison.

lengths!®20 but the magnitudes of vibrational corrections are in the bond lengths predicted with the 6-31G(d), 6-31G(d,p),

usually less than 0.02 2. and 6-3%#G(d,p) (not shown) basis sets. In contrast to the
Generally, all hybrid DFT methods used with the 6-31G(d) 6-31G(d) distances, all bond lengths computed with the
basis set yielded much better results for the geometrd ad 6-311+G(2d,p) basis set are shorter than the experimental ones,

compared to SCF and MP2 calculations. Among the DFT all deviations being in the range expected for vibrational
techniques, the B3PW91 bond lengths are in the best agreementorrections. It is worth noting that the 6-3tG(2d,p) bond
with the experimental ones. The B3LYP technique provided a lengths and angles are in excellent agreement with the corre-
similar value of the root-mean-square error (rms), its main sponding parameters in 2,4,6-trinitrotoluene, which were ob-
weakness being a noticeable overestimation of th€ONoond tained from X-ray datd! Adding diffuse functions on the heavy
lengths. The bond lengths computed with the BHLYP method atoms improved significantly the computed value of the,NO
are substantially shorter than the experimental ones, but thetorsion angle (13.0and 20.8 at 6-31G(d,p) and 6-3tG(d,p)).
differences are too large to be accounted for by vibrational The best value of 24%8for this angle was obtained with the
effects. For the bond angles, the performance of all techniques6-311+G(2d,p) basis set.
was found to be similar (rms 1.3—1.4°). All DFT methods The performance of the selected computational techniques
used predicted a minimum-energy structurel afith the NG, was assessed also by comparing calculated harmonic vibrational
group twisted relative to the benzene ring plane. However, frequencies of with the 39 observed fundamentétsThe SCF,
absolute values of the torsion angle were found to be substan-MP2, BHLYP, B3PW91, and B3LYP frequencies yielded rms
tially smaller than the experimental one and that predicted with values of 174, 98, 124, 72, and 66 chrespectively. By using
the MP2 method (see Table 2). From the B3LYP/6-31G(d) a single scaling factor for all frequencies we obtained the rms
vibrational analysis we found that a structure with the nitro values of 29 (HF), 44 (MP2), 21 (B3PW91), and 19 @m
group lying in the ring plane is a transition structure (TS) with (B3LYP). The optimized scaling factors for the selected
an imaginary frequency of 19.95 cicorresponding to the NO methods, except BHLYP, have been published previously
torsion. This TS is only 0.02 kcal mol above the minimum. (0.8953, 0.9434, 0.9573, and 0.9614 for HF, MP2(fc), B3PW91,
Effects of the basis set on the calculated geometry/wére and B3LYP methods¥ These results clearly demonstrate better
tested for the B3LYP method. There is hardly any difference performance of the DFT methods. Not all fundamentals in the



Rearrangements of 2-Nitrobenzyl Compounds J. Phys. Chem. A, Vol. 104, No. 33, 2001859

observed spectra df have been identified or assigned. The
agreement between calculated and observed frequencies in a
simple one-to-one comparison might therefore be accidental.
However, linear regression analysis for the whole set of data
yielded correlation coefficients > 0.998, the smallest value

of 0.9987 being obtained for SCF data. The probability of getting
such values by accident, i.e., by using a set of ordered random
numbers, is extremely smalk(06).24 B3LYP: 0.0 364

The dipole momenty) of 1 was also taken as a benchmark BHLYP: 0.0 411
for the performance of different ab initio and DFT procedures.
The experimental values are in the range of-3t® D25 All
methods used with the 6-31G(d) basis set overestimatéue
largest error being produced by the MP2 method (4.96 D). The
best estimates were obtained by using the B3PW91 (4.29 D)
and B3LYP techniques (4.33 D). Extension of the basis set did
not improve the performance of the B3LYP methad< 4.30,
4.37, and 4.49 D for the 6-31G(d,p), 6-8G(d,p), and
6-311+G(2d,p) basis set, respectively).

Quinonoid Intermediates (2). We located three stationary
points corresponding to theci-form 2. For the cis-isomer we
found an anti and a syn-conformers-2a andcis-2b. Geometry
optimizations fortrans-2 started from different points yielded
the same minimum corresponding to a syn-conformer. Here,
cis and trans indicate the position of tinehydroxyl group

relative to the methylene group, anti and syn refer to the OH- TS[1—cis-2a] TS[cis-2a—cis-2b]
group orientation relative to the second oxygen atom. The 412 36.6
optimized structures of the quinonoid intermediates are depicted 48.5

in Figure 1 (Cartesian coordinates for all stationary points are
available as Supporting Information), the atom numbering in
being shown in Scheme 2.

Compared td, the G—C;, C,—N, C3—C4, and G—Cg bonds
become shorter and the four other-C bonds substantially

longer in theaci-forms, as implied by the quinonoid valence TS[cis-2b—trans-2]
structure. Computed geometries compare well with available B3LYP: 51.7
X-ray data for benzoyl and silyl nitronatésThe N—O bond BHLYP: 56.2

lengths (1.250 and 1.418 A itrans-2, here and below the . o .
B3LYP/6-31G(d,p) geometries are presented unless otherwiseFlgure 1. B3LYP/6-31G(d,p) optimized geometries bfand 2 and

. . transition structures connecting them. The B3LYP/6-8G12d,p)-
stated) are in the range of experimental values (123271 (+sZPE) and BHLYP/6-31+G(2d,p)t-sZPE) single-point energies

and 1.406-1.453 A). The computed €N bond lengths (1.333  computed at these geometries are given in kilocalories per mole relative
A for trans-2) are slightly larger than the experimental ones of to the energy ofl. SZPE refers to the B3LYP/6-31G(d) zero-point
1.302-1.318 A. The bond angles predicted foans-2 are also vibrational energy scaled by 0.9806. The white circles represent the H
in reasonable agreement with the experimental values for atoms, the gray circles the C atoms, the black circles the O atoms, and
nitronates (G—C,—N, 120.F and 121.3-125.2; Cs—C,—N, the circles with horisontal lines the N atoms.

119.4 and 115.5118.0; C,—N—Oi2 129.5 and 129.7 trans-2 amounts to 27.4 kcal mot. Here and below all relative
130.3; C;~N—0Oys 115.7 and 114.6-114.7, 0O-N-0, 114.8 energies were calculated by using the B3LYP/6-8G(2d,p)
and 115.3-116.2 for trans2 and nitronates, respectively). — o iy yp/6-31H-G(2d,p) single-point energies, which were
There is no significant difference in the B3LYP structural . rrected by the B3LYP/6-31G(d) zero-point vibrational ener-
parameters offans-2 computed with the 6-31G(d) and 6-31G- a5 scaled by 0.9806P The BHLYP energy otrans2 (30.3
(d,p) basis sets. Similar t@, extension of the basis set 10 a1 mol2) is close to the energies computed with QCISD(T)/
6-3114G(2d,p) resulted in slight shortening ©.006 A) of all 6-31G(d,p) at the B3LYP/6-31G(d) and MP2/6-31G(d) geom-

bonds. The MP2/6-31G(d) geometry ofans2 generally  gyes (32.6 and 33.5 kcal md). The difference in the Gibbs
compares well to the DFT results, except that the second-ordery oo energies ofl and trans2 was used to calculate an

perturbation theory strongly overestimates theNCbond length equilibrium constant<y for the reactionl — trans2. The

(1.354 A). B3LYP free energies gavekp of 20.4, which is in reasonable
Two isomerscis-2b and trans2 are predicted to be com-  agreement with that of 21.4 calculated as a differenceingd

pletely planar. In contrast, the structure of-2a strongly nitrotoluene (25 and itsaci-form in water (3.6 The BHLYP

deviates from planarity. The formally doubles® bond (1.232 energies yielded alr value of 22.6.

A) in this conformer is noticeably shorter than thatcis-2b The TS for a [1,5]H-shift inl (seeTS[1—cis-2d] in Figure

(1.252 A), while the N-OH bond has practically the same length 1) was found to be “late”, resembling the prodeet-2a with

in both conformers (1.400 and 1.403 A). Two double bonds alternating single and double~ bonds. The €&H bond is

outside of the benzene ring are slightly elongatedig2a in broken and the ©H bond is formed to a large extent in this

comparison tais-2b. TS (G—Hg, 1.516 A; Q,—Hg, 1.128 A). A decrease of 0.71 D
All isomers of 2 are substantially destabilized relative Xo in u was predicted foll S[1—cis-2a] compared tdl. The anti-

(see Figure 1). The B3LYP energy of the most stable isomer conformercis-2aisomerizes by OH-group rotation into the syn-
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TS[3a—3b] TS[3b-3a] TS[trans-2-3a] TS[trans-2-3b] TS[3a-5]
18.8 337 45.8 48.2 43.0
13.1 28.1 52.7 54.7 77.4

6 TS[3a—6]
26.4 63.1
29.4 62.9

trans-8 cis-8
50.6 52.8
49.2 51.3

Figure 2. B3LYP/6-31G(d,p) optimized geometries of the bicyclic intermedi@emd 6 and the transition structures connecting them. The
B3LYP/6-31G(d) structures @, 7, 8, TS[3b—3a], TS[3a—5], andTS[trans-2—3b] are also presented. Explanations for the energies are given in

Figure 1.

conformercis-2b that is 5.0 kcal mol* (B3LYP) lower in

compared to the hydrogen migration barrier of 27.1 and 26.8

energy. The reaction encounters an activation barrier of 0.2 kcalkcal mol? predicted at QCISD(T) and G2(PU) levels for the

mol~1, which is substantially smaller than that of 4.7 kcal mol
for the backward H-transfer. An interesting finding is the
diradical character of the TS for the OH rotatiorcis-2 (TS[cis-
2a—cis-2h]). Its geometry fully optimized at the UB3LYP/6-
31G(d,p) level is depicted in Figure 1. Wave function instability
was detected for this TS initially optimized at the RB3LYP/6-

almost thermoneutral 1,3-hydrogen shift in HNN(OH¥Oror
the degenerate [1,3]H-shift in HONO Juritas obtained an
activation barrier of 28.9 and 28.3 kcal méht the CBSQ and
B3LYP/6-311G(3df,3pd) levels, respectively. The lower value
of the barrier height focis-2b may be attributed to the higher
exothermicity of the reactionis-2b — trans-2 that amounts to

31G(d) level. A sizable bond lengthening for all atoms connected 4.0 kcal mot? (B3LYP). An exothermicity of 3.8 kcal mot

to the nitrogen was predicted foS[cis-2a—cis-2b] as compared

to cis-2b. This result is in accord with the MP2/6-31G(d)
prediction for geometrical parameters of the anti-conformer of
aci-nitromethane, which was found to be a TS for rotation
around the N-OH bond?8 The barrier for this rotation amounts
to 6.8 kcal mot? at the G1 level. It is worth mentioning that
the anti-conformer is a SCF minimum destabilized by 7.7 kcal
mol~1 (MP2(full)/6-31G(d)//6-31G(d)) relative to the syn-
conformer??

The isomerization o€is-2b to trans-2 may proceed by two
mechanisms: a [1,3]H-shift and rotation around tkeNCbond.
We located a planar transition structufiéS[cis-2b—trans-2],
corresponding to a concerted H-transfer in #wform. The
C—N bond length (1.317 A) and the-eN—0 angle (102.9
are substantially reduced in this TS in comparison to the
quinonoid intermediates. Both-NO bonds were predicted to
be of about the same length (1.331 and 1.333 Ay 8icis-
2b—trans-2] as in the deprotonatedci-form 2~ (see below).
This, together with an increase inby ca. 1 D (relative to
cis-2b) and a large positive charge on the movingatiom in
TS|[cis-2b—trans-2], indicates that the isomerization is best

and an activation energy of 22.1 kcal mbivere obtained for
this reaction with the BHLYP functional.

Bicyclic Intermediates (3).We found two minima with stable
restricted wave functions3a and 3b (see Figure 2), that
correspond to the anti and syn conformerd\sfiydroxy-2,1-
benzisoxazolined). Practically no difference was found in the
B3LYP/6-31G(d) and B3LYP/6-31G(d,p) geometries. Shorten-
ing by 0.003-006 A for all bonds except NO;3, flattening of
the five-membered ring, and OH group rotation by cawere
obtained upon extension of the basis set to 643&{2d,p). The
MP2/6-31G(d) geometry d3a is in close agreement with the
B3LYP/6-31G(d) result, the largest deviation being a shortening
of the C—N bond by 0.008 A. Second-order perturbation theory
also predicted a slightly different configuration of the NOOH
group.

In the absence of experimental data on the molecular structure
of 2,1-benzisoxazolines, we compare the B3LYP/6-31G(d,p)
structure of3a with gas-phase data for NBH32 and X-ray
data for N-methoxy isoxazolidine$*3* Excellent agreement
between the experimental parameters for hydroxylamine and
the calculated ones f@&a (N—O—H, 101.£2 and 101.8; N—-O,

described as an intramolecular proton transfer, in contrast 1.453 and 1.451 A; ©H, 0.962 and 0.969 A, in NpOH and

H-atom shift mechanism predicted for the reactlor cis-2a
A large activation barrier of 20.3 kcal mdl (B3LYP) was
obtained for the reactionis-2b — trans2. This value can be

3a, respectively) was found. The geometry 84 is also in
reasonably good agreement with experimental data for isox-
azolidines (G—C7, 1.502 and 1.561.53 A; N—05, 1.434 and
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1.41-1.43 A; N—0O13, 1.451 and 1.431.47 A; G—012, 1.446
and 1.45-1.46 A for 3a and isoxazolidines, respectively).
However, the G—N bond (1.441 A) in3ais noticeably shorter
than that in these compounds (1-4B50 A). This shortening

J. Phys. Chem. A, Vol. 104, No. 33, 2001861

yielded reaction and activation energies of 21.8 and 55.3 kcal
mol~1, respectively. The latter value is close to the activation
energy of 54.4 kcal mot for the [1,2]H-shift in formaldoxime
as computed at B3LYP/6-311G(dY. Two other bicyclic

may be attributed to stronger coupling between the nitrogen isomers;7 and8, were found to be substantially higher in energy

and the carbon located within the benzene ring3m An
envelope-like conformation &a with the oxygen atom out of

than 3 and 6 (see Figure 2). They do not appear to play a
significant role in the transformations considered here.

the molecular plane resembles the conformation of fused g explored several possible ways for the formatior8of
isoxazolidines determined by NMR spectroscopy and X-ray fom theaci-forms. Although direct cyclization afis-2b seems

analysis®3b

The structure of the syn-conform@b differs noticeably from
that of3a. The five-membered ring i8b adopts a conformation
with a pseudoequatorial position of the OH group. An-©B

to be unfavorable, at the RB3LYP/6-31G(d) level we were able
to locate a TS (se@S[cis-2b—3a] in the Supporting Informa-
tion) that, according to IRC calculations, conneais2b with

3a. However, wave function instability was detected for this

hydrogen bond may be responsible for the stabilization of this TS, Our attempts to locate another singlet diradical TS failed.

conformation. The k—0;, distance was found to be smaller
in 3b (2.390 A) than in3a (2.674 A). Substantial lengthening
of the endo N-Oy, bond (1.475 A) and shortening of the-XD; 3
(1.398 A) and G—0;, (1.437 A) bonds were predicted f8b.
The anti-conformeBais destabilized by 13.4 kcal nidirelative
to 1 at the B3LYP level. This energy difference reduces to 7.6
kcal mol! at the BHLYP level of theory.

The interconversion of the two conformers 8fcan be
considered in terms of two different mechanisms: rotation
around the exo NO bond or nitrogen inversion. In both cases

These results suggest that a more favorable pathway for the
cis-2b cyclization may exist in the triplet manifold.

Two transition structures, (s@6[trans-2—3a] andTS[trans
2—3Db] in Figure 2), were found for the cyclization tfins-2.
Both TS are structurally similar, except for the orientation of
the OH group. All double bonds and both—® bonds are
elongated and the single-C bonds are shortened in these
transition structures as comparedrens-2. Pronounced changes
in the configuration of the ClHHand NOOH groups correspond-
ing to an sp-to-sp hybridization change were predicted for both

the primary process should be accompanied by conformationalygg  There is no significant difference<0.006 A in bond
change of the isoxazoline ring, i.e., rotation around the endo lengths, < 0.2 in angles) in the B3LYP geometries a%5-

N—O bond. We found transition structures for both mechanisms

(Figure 2). At the B3LYP level the isomerization 8 to 3ais
thermodynamically favorable by 3.5 kcal méland has an
activation barrier of 1.9 and 16.8 kcal méfor the OH rotation

and nitrogen inversion, respectively. These parameters change

only slightly (<0.4 kcal mot?) when the BHLYP energies were
used. The N-OH bond rotation barrier in3b compares
reasonably well to that in NMDH, which amounts to 2.72 kcal
mol~! at the G2 leveéP2and 2.1 kcal mol! at the CCSD(T)/
6-31H-+G(d,p) and B3LYP/6-31++G(d,p) levels*®

At the UB3LYP/6-31G(d) level we were able to locate a
minimum-energy structures(in Figure 2) corresponding to a
radical pair formed upon the NOH bond fission in3a. The
UB3LYP/6-31G(d) geometry of a diradical TS connectiey
to 5 (TS[3a—5]) is very close to that of the product except for
the position and orientation of the OH group. The reac8an
— 5 was predicted to be endothermic by 29.4 kcal Mand
to have an activation barrier of 29.6 kcal m&it the UB3LYP/
6-311+G(2d,p) level. The former value compares well to the
G2(PU/B3LYP) energy of 31.5 kcal mdi for the OH elimina-
tion from HN(O)OHS¢ By using the UBHLYP method we
obtained a reaction endothermicity of 23.4 kcal mahnd a
barrier height of 69.8 kcal mot.

Three other bicyclic isomers (se&-8 in Figure 2) of
2-nitrotoluene were found in our DFT study. The most important
features distinguishing the geometry of the nitr@feom that
of 3aare the N-X bond lengths (&N, 1.472 A:N-Oqp, 1.732
A; N—0y3, 1.250 A). The molecular structure of the T
[3a—6]) corresponding to a [1,2]H-shift iBais shown in Figure
2. A shorter G-N bond (1.434 A) and elongated-ND bonds
(N—01,, 1.448 A; N-Oy3, 1.460 A) were predicted foFS-
[3a—6] as compared t@a The N—H distance (1.112 A) in
TS[3a—6] was found to be smaller than the-®l one (1.313
A). This result is in accord with the computed geometry of a

[trans2—3a] optimized with the 6-31G(d), 6-31G(d,p), and
6-311+G(2d,p) basis sets. The MP2/6-31G(d) geometry &f
[trans2—3a] is generally close to the B3LYP/6-31G(d) result.
he largest differences were found in the-©;, (2.158 and
116 A at B3LYP and MP2 level) and-ND;, distances (1.278
and 1.264 A). For the angles, the largest deviations of MP2
results were increases in thedHC;—01,, C,—C;—C7—Hyq,
and G—C,—N—0Oj3angles by 3.9 7.7, and 7.2, respectively.
Exothermicity of 14.0 kcal moft and an activation barrier
of 18.4 kcal mot! were predicted for the cyclizatiomans-2
— 3aat the B3LYP/6-31+G(2d,p)//B3LYP/6-31G(d,p) level.
These parameters increase only by 0.04 and 0.05 kcai'mol
respectively, for the B3LYP/6-3HG(2d,p) geometries. By
computing the B3LYP/6-31t+G(3df,2p) single-point energies
at the latter geometries we obtained additional small increases
of 0.10 and 0.24 kcal mot in the exothermicity and activation
energy. The QCISD(T)/6-31G(d,p) energies computed at the
B3LYP and MP2/6-31G(d) geometries yielded slightly smaller
values of 17.4 and 17.5 kcal mdlfor the activation energy of
this reaction. A higher activation barrier (20.8 kcal moat
B3LYP level) for the cyclizationtrans2 — 3b correlates with
lower exothermicity (10.5 kcal/mol) of this reaction in com-
parison tatrans2 — 3a. A slight increase in the dipole moment
is expected when one goes along the reaction coordinate from
trans2to 3a(u = 1.35, 1.57, and 1.51 D fdrans-2, TS[trans
2—3a], and3a, respectively, at the B3LYP/6-31G(d) level). On
the other hand, rather strong polarization in the course of the
cyclization leading tdBb was predictedy = 3.53 and 3.77 D
for TS[trans-2—3b] and 3b).
Nitrosobenzyl Alcohol (4). The conformational surface of
4 was initially explored at the HF/6-31G(d) level. Nine
conformersd4a—i (Figure 3) were found. In all structures the
nitroso group is only slightly twisted out of the benzene ring

TS corresponding to a 1,2-hydrogen shift in structurally related plane. Eight conformers can be divided into structurally related

formaldoxime3” An endothermicity of 13.0 kcal mot and an
activation barrier of 49.7 kcal mot were predicted for the
reaction3a — 6 at the B3LYP level. The BHLYP technique

couples that have similar configurations of the hydroxymethyl
group and differ in the NO-group orientation. We could not
locate a stationary point for a conformer that is structurally
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HF: 0.00 (-13.6)
B3LYP: 0.00 (-2.87)
BHLYP: 0.00 (-7.78)

HEF: 0.48
B3LYP: 0.96 -
BHLYP: 0.55 -

HF: 0.79 1.55
B3LYP: 049 0.61
BHLYP: -0.02 0.27

TS[3b-4b] TS|cis-2b—4a}
B3LYP: 50.3 70.5
BHLYP: 53.8 86.5

Figure 3. 2-Nitrosobenzyl alcohol conformera—i optimized at
the HF/6-31G(d) level. The B3LYP/6-31G(d,p) optimized geometries
of the transition structures connectiog-2b to 4a and 3b to 4b are
also shown. The 6-31G(d)//6-31G(d) energies and the B3LYP/6-
311+G(2d,p)t+sZPE) and BHLYP/6-311G(2d,p){+sZPE) single-

Il'ichev and Wirz

TABLE 3: Gas-Phase Deprotonation Enthalpies (kcal mot?)
at 298.15 K and Acidity Constants in Water

B3LYP/6-311G(2d,p)// BHLYP/6-311:+G(2d,p)//

reaction  B3LYP/6-311G(2d,p) B3LYP/6-31H-G(2d,p) [Ka
1—2- 351.4 357.3 25
cis2b—2- 319.8 322.00
trans2 — 2~ 323.9 326.7 3%
3a—3" 347.0 358.1
6—3" 333.9 335.%
4b—4 357.00 364.2

aFrom ref 27.° Geometry of the protonated species optimized at
the B3LYP/6-31G(d,p) leveF From ref 9.

B3LYP/6-31G(d,p) structural parameters4i (C,—N, 1.434

A; N—0Oy3, 1.225 A; G—C,—N, 115.7; C;—N—0y3, 115.5)
compare well with available experimental data for nitroso
compounds in the gas phase—{N: 1.44-1.48 A; N=O:
1.21-1.22 A; C-C—N: 117; C—-N=0: 113-116").38-40

As expected, all conformers with closely spaced nitroso and
hydroxymethyl groups are destabilized in comparison to their
analogues with two groups oriented into opposite directions.
The formation of4afrom 1 was predicted to be exothermic by
2.9 and 7.8 kcal mol at the B3LYP and BHLYP level,
respectively4b is destabilized by 070.8 kcal mot? relative
to 4a (see also energies in Figures 3 and 6).

In exploring reaction pathways for the formationdodiirectly
from the aci-form we located a TS with a stable RB3LYP/6-
31G(d) wave function that corresponds to an intramolecular
transfer of the OH group in cig8{seeTS[cis-2b—4a] in Figure
3). This TS is characterized by weak bonding of the OH
group (G—0s2, 2.075 A; N-0y,, 1.876 A) and by a large
negative charge on the migrating group. A high activation barrier
of 39.1 kcal mot! (B3LYP) was predicted for the reaction
cis-2b — 4a

More favorable pathways thwere located starting from the
bicyclic intermediate$ and 6. Figure 3 shows the B3LYP/6-
31G(d,p) geometry of a TS for the isomerizati®in— 4b via
a 1,3-hydrogen shift. The moving hydrogenTi®[3b—4b] is
1.212 and 1.254 A apart from the©and Qs atoms,
respectively. The exocyclic NOy3 bond (1.336 A) is substan-
tially shortened and the endo-ND;, bond (1.852 A) is
practically broken in this TS. The reacti@h — 4b was found
to be exothermic by 19.1 and 17.8 kcal mbht the B3LYP
and BHLYP level, respectively. An activation barrier of 33.4
and 43.0 kcal moi* was predicted for this reaction by using
the B3LYP and BHLYP functionals. At the RB3LYP/6-31G-
(d) level we also located a TS (s&8[6—4a] in the Supporting
Information) connectingd and 4a. However, wave function
instability was detected for this TS, whose energy is only 3.2
kcal mol® higher than that 0. Our attempts to locate another
singlet TS with a stable unrestricted wave function failed.

Other Isomers of 2-Nitrotoluene. Formation of 2-amino-
benzoic (anthranilic) acid and 2,1-benzisoxazole (anthranil) in
thermal reactions df and its derivatives has been reportéd?

To obtain energies comparable to those of the other molecules
studied, hydrogen-bonded complexes of anthranil with a single

point energies computed at the B3LYP/6-31G(d) geometries are given water molecule were explored. The B3LYP/6-31G(d) structures

in kilocalories per mole relative to the energy4d. The energies of
the transition structures anga (values in brackets) are also given
relative to that ofl.

related to4c and has the nitroso group oriented toward the
CH,OH group.

The five conformers of lowest energy were selected for the
B3LYP/6-31G(d) geometry optimization. Finall¢a, 4b, and
4h were reoptimized at the B3LYP/6-31G(d,p) level. The

of two such complexeQa and 9b, are depicted in Figure 4.
Both of them are strongly stabilized relative o and 4
(see Table 4 and Figure 4). Higher stabilityatfin comparison
to 9a may be attributed to stronger hydrogen bonding, which
is manifested in the shorter H-bond «¢hNH, 2.032 A in9b;
O-++H, 2.212 Ain9a).

To our knowledge 2-(hydroxylamino)benzaldehyd6)(has
never been obtained or trapped in reactions of 2-nitrobenzyl
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9b
B3LYP: -22.2 -23.8
BHLYP: -24.8 -26.5
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10 11 12
-23.8 -81.3 33.0
-29.6 -90.0 34.1

Figure 4. B3LYP/6-31G(d) optimized geometries 6f-12. Explanations for the energies are given in Figure 1.

B3LYP: 0.0
BHLYP: 0.0

TS[2-37]

4h™
(3.0)
(0.9)

Figure 5. B3LYP/6-31H-G(2d,p) optimized geometries of anionic
species2 —4~ and the transition stat&€ S[2-—37]. The B3LYP/6-
311+G(2d,p)t+sZPE) and BHLYP/6-311G(2d,p)(+-sZPE) energies
are given in kilocalories per mole relative to the energy2of sZPE
refers to the B3LYP/6-31G(d) zero-point vibrational energy scaled
by 0.9806.

activation barriers characteristic for [1,3]H-shifts involving
carbon atoms’

Anionic SpeciesWe performed full geometry optimization
at the B3LYP/6-3%+G(d) and B3LYP/6-311+G(2d,p) levels for
anionic species produced by deprotonation of the molecules
1-4. The geometry of the neutral species without protan H
was used as an initial guess for the anion structure. The
multitude of local minima found for neutral isomerslofeduces
substantially for the anionic species. In the ground state we were
able to localize only three minima with stable restricted wave
functions. The same minimun;” (Figure 5), was reached in
geometry optimizations for anions produced frbngis-2, trans
2, and7. Deprotonation of these molecules was accompanied
by substantial changes in geometry, those 2obeing the
smallest. The €N bond, two almost equal NO bonds, and
the O-N—O angle predicted foR~ are quite different from
those fortrans2 (C,—N, 1.398 and 1.327 A; NOy,, 1.257
and 1.246 A; N-Oy3, 1.267 and 1.419 A; ©N-0, 120.5
and 114.9 in 2~ andtrans2, respectively; here and below
the B3LYP/6-31%#G(2d,p) geometries are presented, unless
otherwise stated).

B3LYP geometry optimizations starting from deprotonated
3a, 3b, and6 yielded the same anidr (Figure 5), which shows
surprisingly little similarity with the parent compounds. Rather,
it might be considered as a particular conformer of the
nitrosobenzyl alcohol anion. We were not able to obtain this
structure starting from any stable conformer4pfbut it was
reached in an optimization run started from a hypothetical
deprotonated conformer dfwith properly aligned CHO~ and
NO groups. The endocyclic NO;, bond was found to be
practically broken in3~ (N—Oy, 2.104 and 1.431 A i8~
and 3a). In contrast, the NO;3 and G—0;, bonds became
much shorter in the anion in comparison to the protonated form
(N—043, 1.243 and 1.450 A; £-0y,, 1.365 and 1.448 A i~
and 3a, respectively). To test the reliability of the B3LYP

derivatives. Nevertheless, this compounds seems to be a feasibl@rediction for this structure we also performed full geometry
intermediate in the isomerization of nitroso compounds such optimization at the MP2/6-3tG(d) level starting from the

as4. The B3LYP/6-31G(d) structure of a particular conformer
of 10is illustrated in Figure 4. At the B3LYP/6-3#1G(2d,p)
level this molecule is stabilized by 20.9 kcal mbtrelative to

43, the best estimate with the BHLYP method being 21.8 kcal
mol~2. Failure to detecflO experimentally may be due to its
high reactivity. Our computational study showed that additional
strong stabilization can be reached upon conversiohOato
anthranilic acid {1). At the B3LYP level the reactiod0— 11

is exothermic by 57.5 kcal mol, a value of 60.4 kcal mof
being found at the BHLYP level.

Figure 4 also shows the B3LYP/6-31G(d) structure of the
nonaromatic nitro compoundi2 that might be formed via a
[1,3]H-shift in 1 or 2. Although the energy af2 was predicted
to be close to that of thaci-form, its formation can hardly

MP2/6-31G(d) geometry dda without Hs. Although the MP2
value of the N-Oy2 bond length (1.942 A) is noticeably smaller
than the B3LYP/6-3%G(d) one (2.099 A), the rupture of the
endocyclic N-O bond in3~ is confirmed.

In exploring the conformational surface of the deprotonated
form of 4 at the HF/6-31G(d) level we were able to locate
only three minima. A common anioA~ was found for the
conformers4b, 4g, and4i. The optimization started from the
deprotonatedie resulted in an aniode™ that is structurally
similar to the parent molecule. Five other conforméas 4c,
4d, 4f, and4h gave aniordh~, which is structurally close to
4h. The geometry of these three anions was reoptimized at the
RB3LYP/6-31G(d) level of theory. Surprisingly enough, all
minima located at this level were shown to have unstable wave

compete with other rearrangements because of very highfunctions. However, stable minima fe¥~ (Figure 5) were
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2.4 (1.8)

4h o*

Figure 6. Overall profile of the potential energy surface for the isomerization of 2-nitrotoluene to 2-nitrosobenzyl alcohol calculated at the
B3LYP/6-311G(2d,p){+sZPE)//B3LYP/6-31G(d,p) level of theory. The geometrie§,afS[3b—3a], TS[3a—5], andTS[trans-2—3b] were optimized

at the B3LYP/6-31G(d) level. Values in parentheses were obtained from the BHISZPE)/6-31%G(2d,p) single-point energies computed at

the same geometries. sZPE refers to the B3LYP/6-31G(d) zero-point vibrational energies scaled by 0.9806.

located in RB3LYP optimization runs using larger basis sets 6-311+G(2d,p) basis sets. Its best geometi5[2~—37]) is
with diffuse functions (6-31+G(d) or 6-3141-G(2d,p)). For two depicted in Figure 5. Substantial lengthening the®{, bond
other anions in the singlet state we could not locate stable in this TS (1.368 A) in comparison t@ (1.257 A) was
minima at both the R and UB3LYP levels with various basis predicted. The length of this bond was found to increase from
sets. By performing UB3LYP/6-31G(d) geometry optimization 1.246 A intrans2 to 1.278 A in the neutral S[trans-2—3a].
we demonstrated that the lowest triplet stated®f and4h~ From the B3LYP and BHLYP energies computed at the
are only 3-5 kcal mol! above the singlet states. In such a B3LYP/6-31H-G(2d,p) geometries we obtained similar values
case the single-determinant technique used in this study mayof 7.9 and 7.6 kcal mot for the endothermicity of the reaction
be not adequate. 2~ — 37. However, the activation barrier for this reaction was
A transition structure connectin@~ and 3= was fully found to be significantly higher at the BHLYP level (43.7 kcal
optimized at the B3LYP level using the 6-8G(d) and mol~1) than at the B3LYP one (39.2 kcal miéd). The latter
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TABLE 4: Total Energies (atomic units) of 1—12 and Transition Structures Computed with Different Methods Using the
6-31G(d) (A), 6-31G(d,p) (B), and 6-311G(2d,p) (C) Basis Sets

B3LYP/A/I B3LYP/C// BHLYP/CII B3LYP/C// BHLYP/C/I
molecule B3LYP/A B3LYP/A B3LYP/A B3LYP/B B3LYP/B ZPE?
1 —476.064 987 —476.211 758 —475.915 094 —476.211 766 —475.915 145 82.57
cis-2a —475.996 951 —476.152 231 —475.847 935 —476.152 296 —475.848 185 81.64
cis-2b —476.005 728 —476.161 210 —475.859 118 —476.160 354 —475.859 386 81.69
trans-2 —476.010 535 —476.166 316 —475.865 032 —476.166 606 —475.865 284 81.60
3a —476.038 147 —476.190 464 —475.902 829 —476.190 520 —475.903 030 82.61
3b —476.032 855 —476.184 719 —475.897 532 —476.184 765 —475.897 741 82.48
4a —476.062 980 —476.215 928 —475.926 944 —476.215 919 —475.927 119 82.30
4b —476.061 989 —476.215 003 —475.925 740 —476.214 980 —475.925 919 82.38
4f —476.060 656 —476.213 788 —475.925 460 8191
4h —476.059 443 —476.214 176 —475.926 006 —476.214 224 —475.926 199 81.68
4i —476.059 742 —476.214 208 —475.925772 81.82
5p —475.987 405 —476.138 987 —475.767 743 79.69
6 —476.016 327 —476.169 838 —475.869 096 —476.170 322 —475.868 948 83.00
7 —475.981 128 —476.138 096 —475.841 631 81.58
trans-8 —475.975 146 —476.127 908 —475.833 582 80.55
cis-8 —475.972 067 —476.124 440 —475.830 189 80.52
9a —476.083 124 —476.244 479 —475.952 099 80.92
9b —476.087 712 —476.248 011 —475.955 516 81.47
10 —476.093 055 —476.249 683 —475.962 262 82.54
11 —476.182 514 —476.342 372 —476.059 578 83.29
12 —476.006 901 —476.157 821 —475.859 392 81.69
TS[1—cis-2a] —475.988 386 —476.141 003 —475.832 433 —476.140 957 —475.832 684 79.23
TS[cis-2a—cis-2b]° —475.994 554 —476.149 706 —475.845 207 —476.149 690 —475.855 609 80.20
TS[cis-2b—trans-2] —475.968 639 —476.123 647 —475.819 399 —476.123 695 —475.819 828 78.90
TS[cis-2b—4a] —475.938 533 —476.095 025 —475.772 895 79.76
TS[trans-2—3a] —475.980 696 —476.136 032 —475.828 158 —476.136 084 —475.828 431 80.81
TS[trans-2—3b] —475.976 692 —476.131 490 —475.824 442 80.35
TS[3a—3b] —476.028 010 —476.180 633 —475.892 804 —476.180 630 —475.893 013 81.77
TS[3b—3a] —476.005 010 —476.157 380 —475.869 630 82.12
TS[3a—5]° —475.984 036 —476.137 703 —475.786 105 79.00
TS[3a—6] —475.949 898 —476.106 651 —475.810 079 —476.106 772 —475.810 346 79.68
TS[3b—4b] —475.973 551 —476.125 205 —475.822 300 —476.125 250 —475.823 044 78.50

2 Unscaled B3LYP/6-31G(d) zero-point vibrational energgaeometry optimized at the UB3LYP level.

TABLE 5: Total Energies (atomic units) of Anions 2-—4-, Neutral Species 1trans-2, and 3a and Transition Structures
Connecting Them, Which Were Computed with Different Methods Using the 6-31G(d) (A), 6-31G(d,p) (B), 6-3#1G(2d,p) (C),
6-31+G(d) (D), and 6-31H-+G(3df,2p) (E) Basis Sets

B3LYP/D// B3LYP/C// BHLYP/C// B3LYP/C// B3LYP/E// BHLYP/C//
B3LYP/D B3LYP/D B3LYP/D B3LYP/C B3LYP/C B3LYP/C ZPE®
2 —475.511145 —475.637880 —475.331501 —475.638223 —475.658118 —475.333615  73.21
3 —475.490 424  —475.624 059 —475.318207 —A475.624 408 b —475.320214  72.39
4 —475.505502 —475.630158 —475.327699 —475.630 491 b —475.329840  71.72
TS[2-3] —475.448036 —475.573171 —475.260078 —475.573624 —475.593022 —475.261847  71.85
QCISD(T)/BI  QCISD(T)/B// B3LYP/C// B3LYP/E// BHLYP/C//
B3LYP/A MP2/A B3LYP/C B3LYP/C B3LYP/C
1 —474.792668 —A474.793 335 —476.212126 —476.232272 —A475.916 864
trans2 —474.739168  —474.738 445 —476.166 837  —476.187142  —A475.866 689
3a —476.190 748  —476.211201 —475.904 250
TS[trans2—3a]  —474.710270  —474.709 316 —476.136 247  —476.156 164  —475.829 806

aUnscaled B3LYP/6-31G(d) zero-point vibrational energy . Convergence failed.

value was reproduced within 0.3 kcal mbby computing the isoxazoline3ais expected to be a much weaker acid thans
B3LYP/6-31H+G(3df,2p) energies at the same geometries. 2, the B3LYP estimate for the gas-phadpK, being 17.0.
Stabilization by 4.5 (B3LYP) and 6.7 kcal mal(BHLYP) was Taking into account the comparable dipole moment2 ahd
predicted for the conversion & to 4. 3, their relative acidities should not drastically change in aqueous
Table 3 shows calculated gas-phase acidities of severalsolution. The isomerization of the ani@1 at neutral pH may
molecules studied in this work. The acidities were calculated therefore be accompanied by the protonation of the pragfuct
as a difference between thermal enthalpies of the anion andThe weakest acid in the gas phase was found to be 2-nitrobenzyl
the conjugated acid plus the translational enthalpy of a free alcohol.
proton (RT/2 = 0.889 kcal mot?). The BSLYP and BHLYP Reaction Profile. The total energies of all stationary points
methods provided qualitatively consistent pictures for the found in this study are presented in Tables 4 and 5. By using
energetics of the deprotonation reactions. Both sterecisomersthe best estimates for the energies we constructed potential
of the aci-form were predicted to be much stronger acids than energy profiles for the isomerization of the neutral (Figure 6)
the parent compound. The trans-isomer was found to be a and anionic forms ol (Figure 7). An important finding of this
weaker acid than the cis-isomeis-2b (ApKy = 3.0 and 3.4 study is the fact that these profiles differ substantially (see
at the B3LYP and BHLYP levels, respectively). The benz- Discussion).
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Figure 7. Overall profile of the potential energy surface for the
isomerization of 2-nitrotoluene anion to 2-nitrosobenzyl alcohol anion
calculated at the B3LYP/6-3#1G(2d,p){+sZPE)// B3LYP/6-311G-

(2d,p) level of theory. Values in parentheses were obtained from the

BHLYP(+sZPE)/6-31%#G(2d,p) single-point energies computed at the
same geometries. SZPE refers to the B3LYP/6-G1d) zero-point
vibrational energies scaled by 0.9806.

Discussion

Photochemical and Thermal Reactions of Nitrobenzyl
Compounds. The primary photoreaction of 2-nitro-
toluene (),>#51 polynitrotoluened?>6 and 2-nitrobenzyl
derivatived+49.51.5661 j5 an intramolecular 1,5-hydrogen shift,

I'ichev and Wirz

SCHEME 3: Mechanism of the Photoinduced
Isomerization of 2-Nitrobenzyl Phosphate Esters
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case$?83put it remains unclear whether several stereoisomers
of the aci-form are involved in the reaction.

Specific acid catalysis in thaci-form decay was observed
for several 2-nitrobenzyl phosphate esf8iGn tenuous grounds,
the catalysis has been attributed to the protonation of a phosphate
group. However, acid catalysis appears to be a general phe-
nomenon. Hess and co-worketseported even more complex
pH—rate profiles (curves with a minimum at p¥ 7—9 or with
a slope smaller than unity) for several 2-nitrobenzyl derivatives
of amino acids and amides. Recently we found that a pH-profile
with a minimum at pH~x 7.5 is also observed for 2-nitrobenzyl
alcohol32

It has been reported already in 1900 thatvhen heated in
aqueous or alcoholic base, rearranges to anthranilic*#&Tdhe
reaction was assumed to proceed via anthranil as an intermedi-
ate?! Thermal reactions affording anthranil have been reported
for 1 in solution under highly acidic conditiort$-4°> Simple
homolysis of the &N bond is the favored decomposition
channel ofl in the gas phase only when the temperature is high
(>1000°C).#6:47 Anthranil formation dominates at lower tem-
peratures. The H/D kinetic isotope effect of 1.54 obsetved
for the gas-phase decompositionlbindicates that H-transfer

which occurs on the subnanosecond time scale and affords thes involved in the rate-determining step. There is no direct proof
aci-form of the nitro compounds. These quinonoid intermediates that anthranil is formed through the same intermediates as the
are easily detected by nanosecond flash photolysis due to theimitroso compounds in the photoreaction, but similarity of the
strong absorption around 400 nm. Thei-forms are much mechanisms seems to be likely.
stronger acids than the parent nitro tauton@f3.Protolytic Thermal reactions ad-nitrobenzyl compounds afford a broad
equilibria involving quinonoid intermediates may therefore play range of products resulting mainly from intramolecular rear-
an essential role in the mechanism and kinetics of the photo- rangements and condensatidf$! Although nitroso compounds
induced reaction of nitrobenzyl derivatives. were usually not detected in these reactions, their formation
Trentham and co-workei®®! studied the photoinduced reac- under mild conditions has been reporf&dt is also worth
tion of 2-nitrobenzyl phosphate esters in aqueous solutions atmentioning that formation of anthranil derivatives in photo-
pH close to 7. Theci-nitro anion was found to be formed upon chemical reactions of 2 2linitrodiphenylmethanes has been
fast deprotonation of the quinonoid intermediate, which is observed®
produced in the photoreaction of a nitrobenzyl precursor. The Benchmarks for the Performance of DFT Calculations.
rate of the anion decay was shown to be equal to that of the 2-Nitrotoluene has been the subject of several theoretical studies
o-nitroso compound formation and of phosphate release. Thein the gas phase. Earhb initio studies at the SCF level were
reaction was assumed to proceed through a benzisoxazolineconcerned mainly with the structure and energyt ahd a few
intermediate being in fast equilibrium with tlaei-nitro anion, of its isomers. Surprisingly, Murray et &.were not able to
Scheme 39 Our work indicates that this equilibrium cannot be find any minimum for2 at the HF/3-21G level of theory.
established, and that, depending on pH,abieform cyclization However, they found a minimum for a conformer3xtabilized
may or may not be rate-limiting for the release of anions from by 20.6 kcal mot! relative tol. At the HF/6-31G(d) level Chen
nitrobenzyl cages (vide infra). Moreover, nonexponential decay and Wi$8 located two stationary points corresponding to a
of the 400-nm transient absorption has been noted in severalstereoisomer o2 and a conformer off. Formation of these
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species froml involves energy changes &f43.1 and—20.0 activation barriers predicted with Becke's three-parameter
kcal mol1, respectively. Recently, electron correlated methods functional were generally lower than those calculated with
were used in combination with gas-phase electron diffraction Becke’s half-and-half method. However, the B3LYP activation
data to determine the molecular geometryléf None of the energy for theaci-form cyclization was reproduced within 1.0
previous studies provided geometries and energies of 2-nitro- kcal mol?! by calculating QCISD(T)/6-31G(d,p) energies at the
toluene isomers computed with electron-correlated methods orB3LYP and MP2 geometries. The largest discrepancies between
examined isomerization mechanisms by locating transition the two DFT techniques were obtained for the homolytic
structures. cleavage of the NOH bond in3a The energies o8a and the
In this study we used techniques based on the density radical pair5 computed with the B3LYP and BHLYP methods
functional theory (DFT) that have been shown to yield good differ by 5.8 and 11.8 kcal mot, respectively, the latter value
results for geometries, vibrational spectra, proton and elec- being the largest discrepancy for all minimum-energy structures
tron affinities, bond energies, and other parameters of poly- studied. Results of the two techniques for the energf f
atomic moleculed3p.19.23,28,31,35b,36,37b:628 Saveral theoretical [3a—5] differ even more. In fact the BHLYP method failed to
studied®”® of CHsNO, demonstrated good performance of give a reasonably accurate estimate for this energy as may be
DFT methods in predicting the geometry, vibrational frequen- concluded from an unexpectedly high barrier of the reacion
cies, ionization, tautomerization and bond dissociation ener- — 3a(radical recombination). This method also failed to provide
gies, and even excited-state properties of this molecule that hageliable results for another diradical T$S[cis-2a—cis-2b] (see
been considered to be “difficult” to treat with the molecular Table 4).
orbital theory. Numerous recent studie®¥808%f large organic We were able to locate several reaction paths for the
nitro compounds confirmed that DFT techniques using hybrid conversion ofl to 4 that is initiated by a 1,5-hydrogen shift.
exchange functionals yield geometries and vibrational spectraAccording to the B3LYP results, the lowest-energy path is
in close agreement with experimental data and high-level characterized by an overall activation energy of 51.7 kcal ol
ab initio calculations. DFT studies of transition struc- the rate-determining step being the [1,3]H-shift in #uiform
tureg8:31.350.37b,74,8081n826 did not provide such a consistent 2, The BHLYP method predicted the same rate-determining step
pattern of performance as those for equilibrium structures. Someput a higher overall barrier of 56.2 kcal mél The activation
results demonstrate a tendency of DFT techniques to underesharrier for the reactionis-2b — trans-2 should decrease in polar
timate the activation barrier heights,® especially in reactions  solvents due to stabilization of the more polar TS. Hydrogen
of radical species. On the other hand, there is a growing body exchange between heteroatoms can be strongly facilitated by
of evidencé?31.35037b.74.808%6 for their accurate performance  protic solvents. Our preliminary restfita obtained at the
in predicting TS energies. B3LYP/6-31G(d) level showed a drastic reduction of the barrier
The hybrid DFT methods used in this work have been shown heights for the 1,3-hydrogen shift in complexes2tf and 3a
to provide reliable information on transition structures and with a single water molecule. On the basis of these data, the
activation barriers of pericyclic reactions and intramolecular rate-determining step for the formation 4ffrom 2 in protic
rearrangement;31,35b.74,80,9294.96b A5 gn additional test we  solvents is expected to be the cyclizatiortrains-2. However,
demonstrated that these techniques could predict the structurein all cases and independent of the method used, the most
vibrational spectrum, and dipole momentlboWith reasonable  favorable reaction of thaci-form 2 is the retautomerization to
accuracy. The B3LYP estimates obtained in this work for the 1. These results are consistent with experimental observations
equilibrium constant of the reactioh— trans-2 and for the of the “photochromic”, i.e., reversible, reaction bif-5! Since
activation barrier of theaci-form cyclization are in close  the N~OH bond energy in thaci-form 2 is expected to be in
agreement with the QCISD(T) results. Further comparisons with the range 3846 kcal mot 1,28 the homolytic cleavage of this
available experimental and high-level ab initio data are given bond can hardly compete with the other reactions discussed
under Results. above. We could not locate a singlet-state TS with a stable wave
Potential Energy Surface for the Reaction 1— 4. Based function that corresponds to the eigans isomerization of the
on the promising results discussed above, geometry optimizationaci-form by rotation around the €N bond. This mechanism
at the B3LYP level using the 6-31G(d) or 6-31G(d,p) basis set is probably of no importance for the molecules studied, since
was selected for a comprehensive study of the potential energythe presence of thé-hydroxy group is known to reduce
surface ofl. This method is also expected to provide sufficient drastically the rate of the<€N bond isomerization in the ground
accuracy for zero-point vibrational energies. Final energies were state?’ Activation barriers of about 50 kcal mdl and rate
computed with the BHLYP or B3LYP techniques using a larger constants below 163 s~ were reported for oxime ethe?s.
basis set, such as 6-3t6G(2d,p). The necessity to use two However, this isomerization mechanism may operate in the
methods stems from the fact that the B3LYP method has beentriplet excited state. According to our res@f&the CG-N bond
shown to underestimate the activation barriers for several is strongly elongated in this state in comparison to the singlet
reactions in comparison to experimental and high-level ab initio ground state. The lowest triplet state bis 53.7 kcal mot?
results®3-88 In contrast, the BHLYP method appears to yield above its ground state and 10.2 kcal niaibove the first triplet
less accurate structures but energies consistent with the besstate of2 (the most favorable cis-conformer was taken). These
estimateg?¢.80.85,88,89,96 data were obtained at the UB3LYP/6-31G(2d,p)//UB3LYP/
Both hybrid methods used yielded qualitatively consistent 6-31G(d) level of theory and corrected to the scaled zero-point
pictures for the landscape of the potential energy surface. vibrational energies.
However, some quantitative differences worth mentioning were  The bicyclic intermediate8 are thought to be rather labile
found. The B3LYP method provided lower energies (here and and have never been identified in an experimental study. Related
below relative to the energy dj for the quinonoid intermediates  N-alkyl benzisoxazolines were found to be thermally labile but
compared to the BHLYP technique. In contrast, the B3LYP isolable?® The involvement of benzisoxazolines in the neutral
energies of the conformers 8and4 were found to be markedly  or anionic form has been postulated because direct transfer of
higher in comparison to the BHLYP ones. As expected, an oxygen atom or hydroxy group seems to be unlikely.
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According to our DFT computationd-hydroxy-2,1-benzisox-  them involve theaci-form 2 and the bicyclic intermediat8.
azolines are, in fact, rather stable intermediates. In the gas phaseThe rate-determining step is predicted to be a 1,3-hydrogen shift
large activation barriers separate these species Zatnand6 in 2. A significant decrease in the activation energy of this
(see Figure 6). This presumably holds for apolar media and reaction is expected in aqueous solution, so that the barrier for
indicates that isolation of such intermediates might be possible aci-form cyclization should become the highest one. In the gas
after irradiation of nitrobenzyl compounds. The B3LYP results phase, none of the reaction pathways leading ¢an compete
indicate that OH radical fission fro@may efficiently compete  with anthranil formation initiated by NO bond fission in3.
with the highly activated formation of and the backward  For anionic species only one isomerization pathway was located.
reaction to2. The N—=OH bond homolysis ir8 is presumably The rate-determining step was predicted to be the “cyclization”
a reaction path leading to anthranil, because the radicabpair of 27, which is the common anion fdrand2. A much higher
should easily form an anthranilvater complex such aSa. activation barrier for cyclization of the anion in comparison to
According to our B3LYP calculations the effective barrier for that of the neutrahci-form suggests that specific acid catalysis
the reactiorl — 5 amounts to 51.7 kcal mo}. This value is in should generally be observed for the decay of the aniacic
good agreement with the observed activation energies of 49.5form of 2-nitrobenzyl derivatives at near-neutral pH. The
and 51.5 kcal mot* for anthranil formation in the gas pha&e* formation of nitroso compounds may be slower than the decay

The aci-form cyclization appeared to play a key role in the of the aci-form for some 2-nitrobenzyl derivatives and at low
mechanism and kinetics of the photoinduced isomerization of pH. In such a case specific base catalysis should be observed
nitrobenzyl derivatives in aqueous solutions. A high activation for product formation from the benzisoxazoline intermediates.
barrier of 18.4 kcal mol' was predicted at the B3LYP/6-
311+G(2d,p) level for the cyclization ofrans2 in the gas
phase. Based on relatively small dipole moments of both
reactants and the TS, one may expect a similar barrier heigh
for the reaction in solution.
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