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Several isomers of nitrobenzer® @nd nitrobenzene cation-radical’§) were identified as stable structures

and their gas-phase chemistry was investigated by the methods of tandem mass spectrometry and combined
ab initio and density functional theory calculations. The relative energiesgdfl{Bl,O;] neutral molecules
followed the ordeio-nitrosophenol §, most stable)< p-nitrosophenol 7) < o-benzoquinonenitronel() <
p-benzoquinoneoximel@) < o-benzoquinoneoximell) < m-nitrosophenol§) < nitrobenzenel) < phenyl

nitrite (8) < benzofl]-1,3-dioxa-2-azolidine {3) < triplet didehydrocyclohexa-2,4-dien-1-yliden-1-nitronic
acids,para ((3A"") 4) ~ meta((*A”") anti-3) < ortho ((°A") syn2) < singlet didehydrocyclohexa-2,4-dien-
1-yliden-1-nitronic acidsmeta((*A) syn-3) < ortho ((*A) syn2) < para((*A) 4) (least stable). Moleculek

5, 7, and8, were generated in the gas phase by femtosecond collisional electron transfer and their dissociations
were investigated by neutralization-reionization mass spectrometry. The relative energieHgNO,]**

cation radicals followed the ord&r(most stable)< 5™ < 6™ < anti-11t* < 8™ < 10" < 13" < benzo-
[d]-1,2-dioxa-3-azolidine §2t*) < 1t < 4%+ < syn3** < syn2** (least stable).

Introduction SCHEME 1

H H H H
o [ | |

synthesis in 1834and represents one of the classical compounds ©>y° Oy Oy

Nitrobenzene 1) has been known since Mitscherlich’s . |
Ox 0 O+ O
N N
in organic chemistry that has been produced on an industrial o | |
scale since 1847 .Besides being an important solvérgnd e, "
reagent, 1 is an endothermic compound of a positive enthalpy a .
1+' 3+.

of formation, AH 295 = 68.5 kJ mot?,° that has been used as -,
a model compound in studies of reactions of energetic matérials.
Photodissociation of nitrobenzene has been studied in etail <1% <1% 3% 61%
and phenyl nitrite has been suggested as an intermediate for
photoinduced loss of N®.However, with the exception of was achieved by collisional electron transfer from a thermal
p-nitrosophenol, no stable aromatic isomers of neutral nitroben- molecular electron donor to a cation-radical that has been
zene are known. accelerated to~110 000 m st velocity resulting in a<9 x
We have observed recerttijhat the phenyl nitronic radical, 107! s time for the collision event. Since this time is shorter
a hydrogen atom adduct to the nitro grouplinunderwent than the vibrational periods of most molecular vibrations, the
elimination of ring hydrogen atoms upon collisional excitation structure and geometry of the precursor ion is preserved in the
and ionization, indicating the possible formation of ison&rs- nascent molecule.
4% of the nitrobenzene cation radical (Scheme 1). Ylid-ion  The transient molecules are ionized after a few microseconds
isomers of several heterocyclic molecules have been preparecand analyzed by mass spectrometry. This neutralization
previously in the gas phase and found to be stable in the isolatedreionization mass spectrometric (NRM&)nethod has been
statel® However, while the gas-phase chemistry of nitrobenzene used to generate a wide variety of transient and highly reactive
cation-radicals has been studied extensively in the Pas, neutral species as review&tCollisional activation of transient
isomers have been positively identified and characterized. molecules (NCRY was used to induce and probe their unimo-
The objective of this work was to generate ionic and neutral lecular dissociations. We also show by ab initio calculations
nitrobenzene isomers of the {€is,N,O;] formula using the that the thermochemistry of f(Hs,N,O;] cation-radicals and
methods of gas-phase ion chemistry and study their structure,moleculesl-19 spans a wide range of relative energies within
energetics, and reactivity by tandem mass spectrometry andwhich 1 and 1™ belong to the less stable species.
high-level ab initio calculations. The gas-phase cation-radicals
were used as precursors of transient molecules. The conversiorExperimental Part
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described previously and on the University of Mons (UM)
six-sector tandem mass spectrométer.

In the UW measurements, collisionally activated dissociation
(CAD) spectra were obtained on a JEOL HX-110 double
focusing mass spectrometer of forward (electrostatic sector E
precedes magnet B) geometry at 10 keV kinetic energy. Air
was used as a collision gas that was admitted to the first field-

free region at pressures to achieve 70 and 50% precursor ion

beam transmittance. Dissociation products were monitored by
linked scans in which B and E were scanned simultaneously
while maintaining a constant B/E ratio. The mass resolution

Polaek et al.

O, was admitted at pressures to achieve 70% transmittance of
the ion beam. The ions were decelerated te-86 eV, passed
through an energy filter, and separated by a quadrupole mass
analyzer that was operated at unit mass resolution. Spectra were
accumulated over 36850 consecutive scans.

The UM measurements were performed on a large-scale
tandem mass spectrometer (Micromass AutoSpec 6F, Manches-
ter) combining six sectors ofiE B1C,E,C3C4E3B2CsE4 geometry
(Ei stands for electric sector,; Bor magnetic sector and for
collision cell)1%2 Typical conditions were 8 kV accelerating
voltage, 20QuA trap current (in the electron ionization mode,
El), 1 mA (in the chemical ionization mode, methane ClI), 70
eV ionizing electron energy, and 20Q ion source temperature.
Solid samples were introduced with a direct insertion probe;
nitrobenzene was injected into the ion source via a heated (180
°C) septum inlet.

Collisionally activated dissociation (CAD) spectra of mass-
selected ions of 8 keV kinetic energy were obtained witta®
collision gas in g. The CAD spectra were recorded by linked
scanning of the fields of the three last sectorsBE,). The
NR (Xe/Q,) unit is situated in the fourth field-free regiorg ¢
and g being the neutralization and the reionization cells,
respectively. The flight time for neutral intermediates was 0.7
us on the UM instrument. The NR spectra were recorded by
scanning the field of &

The radio frequency-only quadrupole collision cell¢{)
between E and B has been reported previoushp. This
modification allows one to study associative iemolecule
reactions and collisional activation of decelerated i@as20—

30 eV kinetic energy). Briefly, a beam of fast ions (8 keV) is
selected with the three first sectorsBgE,) and decelerated to
approximately 5 eV (to maximize iermolecule reactions) or
20—-30 eV (to maximize collision-induced dissociations). Reac-
tions between the ions and the reagent gas (the pressure of the
gas is estimated to be about®0Torr) are conducted in &

and, after acceleration to 8 keV, the ions generated in the
guadrupole are separated by scanning the field of the second
magnet. The high-energy CAD spectra of mass-selected ions
generated in the & can be recorded by a linked scan of the
fields of the last three sectors.

was >500 in these linked scans. Accurate mass measurements N the MS/MS/MS experiments, fast (8 keV) mass-selected

were also made on the JEOL HX-110 instrument at a resolving
powerM/AM > 10 000 (10% valley definition). Neutralizatien

ions are decelerated to 280 eV and fragmented by collision
with argon in the Q. After acceleration to 8 keV, fragment

reionization mass spectra were obtained on a tandem quadrupold®ns of interest are selected byH, submitted to collision with
acceleratior-deceleration mass spectrometer that was describednitrogen in the last cell ¢, and the CAD spectrum is then

previously!® Cation-radicals were produced by electron ioniza-
tion at 70 eV and 220250 °C. Samples were introduced
directly into the ion source from a glass probe to achieve
pressures in the range of{3) x 107% Torr. Charge exchange
ionization and ioA-molecule reactions were performed in a tight

recorded in the usual way (E scan).

Materials. Nitrobenzeneg-dinitrobenzenem-dinitrobenzene,
p-dinitrobenzene, phenab-nitrobenzoic acidp-nitroacetophe-
none, angp-nitrosophenol (all Aldrich) were used as received.
Methyl nitrite and methyH; nitrite were prepared from methanol

ion source of our design. The pressure of the reagent gas wasind CROD, respectively, according to the literature proceddre.

(1-2) x 10~*Torr as read on the source diffusion pump intake.
The ion source temperature was typically 2820°C. The ions

Attempted syntheses @knitrosophenol §) by copper acetate
catalyzed oxidation of benzene or phenol according to the

were extracted from the ion source, passed through a quadrupolédublished proceduré&were unsuccessful in our hands and did
mass filter and accelerated to 8200 eV kinetic energy. Fast ionsnot result in a well-defined product. An attempted synthesis of

were allowed to collide with dimethyl disulfide that was
admitted to the collision cell at pressures to achieve 70%
transmission of the ion beam. Collisional activation of transient
neutrals was performed in a 60-cm long drift region (conduit)
to which helium was admitted at pressures allowing 70 or 50%
ion beam transmittance. The conduit was floated-250 V to
reject any ions formed there. The flight time for the neutral
intermediates was 5.8s on the UW instrument.. The neutral
intermediates were reionized in a third collision cell to which

phenyl nitrite 8) by esterification of phenol with neatpropy!
nitrite under catalysis of 5% maj-toluenesulfonic acid at 0
°C yielded only tars and traces ofnitrophenol.

Calculations. Standard ab initio calculations were performed
using the Gaussian 98 suite of prograth&eometries were
optimized with density functional calculatiocfi¢hat employed
Becke’s hybrid functional (B3LYP} and the 6-33G(d,p) basis
set. Stationary points were characterized by harmonic frequency
analysis as local minima (all frequencies real) or first-order
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Figure 1. Collisionally activated dissociation (10 keV, air, 70%
transmittance) spectrum of nitrobenzene cation-radic¢al

saddle points (one imaginary frequency). The B3LYP frequen-
cies were scaled by 0.983(for other scaling factors see refs

23—25). Single-point energies were obtained with B3LYP and 93
Mgaller—Plesset perturbational calculations with valence electron- 501

only excitations that were truncated at second order (MP2, M (23\5// .
frozen core), using the larger 6-3tG(2df,p) and 6-311G- (b) e e e A e S e
(3df,2p) basis sets. Spin unrestricted UB3LYP and UMP2 m/z

calculations were used for open-shell species. The UMP2 Figure 2. (a) Low energy (Ar, 30 eV) CAD spectrum of protonated
calculations showed substantial spin contamination as judgedo-dinitrobenzene. (b) High-energy 3 keV) CAD spectrum of mass-
from the [$[expectation values that were 0:77.79. These  Selectedwz 123 ion from Figure 2a.

were partially corrected by Schlegel’s spin annihilation proce- SCHEME 2

dure®d that lowered the total energies by-89 millihartree and

resulted inf¥values of 1.150.75. To further deal with the 'l*

spin contamination problem we used restricted open-shell Oy +_0

Mgller—Plesset calculatiods (ROMP2) that were recently N

suggested for ill-behaving radical systefAsThe projected

(PMP2) and ROMP?2 energies were averaged with the BSLYP _CADIAC 306V

energies in an empirical correction procedure denoted as B3- o NC, .
PMP2 and B3-ROMP2, respectively. We have shown previously 2 w
K
O\ﬁ 0
@N

that averaging the B3LYP and MP2 relative energies resulted NO2 syn-3
in efficient cancellation of small errors pertinent to these CHOH, H
formalisms and provided excellent relative energies, proton |
affinities, acidities, ionization energies, and electron affinities NO, O\K/O
for a number of systen?§ 31

. ) CAD/Ar, 30 eV
Results and Discussion T aor @

Preparation of [Cg,Hs,N,0,]** Cation Radicals. The cation Oz

radical 1t* was generated by electron and charge-exchange anti-3"
ionization of nitrobenzene. The ion has been studied in detalil
previously and its metastable-iBf1kand high-energy CAD

. H
mass spectPd were reported. A reference CAD spectrum is | |
shown in Figure 1. Other ion isomers with theg[8s,N,0,] NO O\Q/o o\q/o
composition were generated as follows. 2

Ylid lons 2t*—4**. ortho-, meta, andpara-Dinitrobenzenes chont
. . . 30M2 CAD/Ar, 30 eV
were protonated selectively in one of the nitro groups that —_— e
represent the most basic centers in the corresponding molecules : :
(Scheme 2). The protonated dinitrobenzenes showed distinct "o No
2 2 +e

CAD spectra (Figures 2ada) that proved that the isomeric 4

structures were preserved upon protonation. Collisional activa-

tion of nitroaromate cations often results in loss of ;N$&®CAD of NO, produced fragment ions at/z 123 which were most

of protonated dinitrobenzenes was therefore expected to yieldabundant when formed from tlegtho-isomer. The dissociation
ions 27*—4**. For 2** and 3™ both syn- andanti-conformers products were mass separated to selectntfrel123 ions that
can be produced (Scheme 2) that were unresolved by experimentvere accelerated to 8 keV and further probed by CAD. These
but were characterized by theory (vide infra). The corresponding CI-CAD-low-eV/CAD-keV spectra are shown in Figures-2b
protonated dinitrobenzene cationsmofz 169 were selected by  4b. The CI-CAD/CAD spectrum o2 (Figure 2b) was very
mass and subjected to collision activation with Ar at low (30 similar to that of1** (Figure 1) and showed fragments formed
eV) kinetic energies (Figures 2da). For all three isomers, loss by loss of O (Wz107), NO (/z93), NG, (m/z77), and ions of
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Figure 3. (a) Low energy (Ar, 30 eV) CAD spectrum of protonated Figure 4. (a) Low energy (Ar, 30 eV) CAD spectrum of protonated

m-dinitrobenzene. (b) High-energy {3 keV) CAD spectrum of mass- p-dinitrobenzene. (b) High-energy £ keV) CAD spectrum of mass-
selectedn/z 123 ion3** from Figure 3a. selectedn/z 123 ion4™ from Figure 4a.
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the aromatic seri€% at m/z 65, 50, and 37. By contrast, the
CI-CAD/CAD spectra of3** and4* differed from that ofl**

and from each other as well (Figure 3b, 4b). In particular, the
spectrum of3™ showed a peak atvVz 76 that was formed by
loss of HONO from the precursor ion. The spectrum4dof
showed amm/z 106 peak (loss of OH), and an/z 76 peak by
loss of HONO. These dissociations were compatible with the
presence of an N£P group in3** and4** and pointed to ylid-

ion structures, gH4;—NO,H™, for the ions. It may be noted
that CAD of protonated chloro, bromo, and iodonitrobenzenes

were also investigated but did not produce significant yields of
m/z 123 ions corresponding & —4+,

Phenyl Nitrite lons 87/9%*. A yet different [G;,Hs,N,O;] ™
ion was generated by iermolecule reactions in a gaseous
phenot-methyl nitrite-methanol mixture under conditions of vz
chemical ionization (CI§* CI with methyl nitrite—-methanol
generates the G4D(H)NO' 35 and CHO(NO),™ ions® that E 1
can be used for gas-phase nitrosaffbrHowever, the ClI *
spectrum of phenol showed the presence gffOH™ (m/z 94),
CH3O(NO)," (m/z 91) that was shifted ton/z 94 when CR-
ONO was used, [&Hs,N,O;] ™ (m/z 123), NO" (mvz 30), and
CH3;O(H)NO™ (m/z 62) ions, whereas the expected product of
NO* addition to phenol rfyz 124) was a minor component
(Figure 5a). The energetics of this unusual phenol nitrosation
in the gas phase is discussed later in the paper. The elemental
composition and homogeneity of thevz 123 peak was 1 65
confirmed by a high-resolution Cl mass spectrum. The CAD
spectrum of then/z123 ion (Figure 5b) was distinctly different 1 39

© [l A
| BOAARAMAR SARRLARAAS RARARSRAMSE RAAMAAARAN RERRERNANS SARAL AR ]

from those of the other isomets*— 4. In particular, the CAD SN N A A Yy I sy e e i

spectrum showed a dominant peak due to loss of M@ 93), vz

Wherea$ thm/_z 1_07’ 106, 95, 77, and 76 peak_s \_Nere negligible. Figure 5. (a) Chemical ionization mass spectrum of mixture of methyl

We assign this ion the structure of phenyl nitrig<(or 9%). nitrite, methanol, and phenol. (b) CAD (10 keV, air, 70% transmittance)
lon—molecule reactions were also conducted with mass- of the m/z 123 ion 8+/9*)

selected @HsOH™ ions that were allowed to react with gaseous

tert-butyl nitrite in the quadrupole collision cell at% eV labo- probed by CAD. The CAD spectrum showed dissociations that

ratory kinetic energy. The reaction produced an iom&at123 were characteristic of ior8™ or 9™, e.g., the dominant loss of

(Figure 6a) that was mass-selected, accelerated to 8 keV, andNO (m/z 93) and negligiblen/z 106 and 77 peaks (Figure 6b).
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Figure 6. (a) Mass spectrum of the products of the +amolecule
reaction of mass-selectedtzOH™ with tert-butyl nitrite at 3-5 eV
laboratory kinetic energy. (b) CAD (8 keV,070% transmittance) of
m/z 123 ion from the above ioAmolecule reaction.

[Ce,H5,N,O2] ™ lons by Dissociative lonization.A third mode
of synthesizing [G,Hs,N,0,]** cation-radicals was by disso-
ciative ionization ofo-nitrobenzoic acié ando-nitroacetophe-
nonelldThe CAD spectra of these ions are shown in Figure 7.
Them/z 123 ion fromo-nitrobenzoic acid gave a CAD spectrum
(Figure 7a) that was very similar to that af* regardless of
whether the ion was generated in the ion source or by
dissociations of metastabtenitrobenzoic cation-radical. This
finding contradicts an early report by Benoit and Holdesho
assigned thevz 123 ion fromo-nitrobenzoic acid the structure
of phenyl nitrite ).

CAD of the m/z 123 ion fromo-nitroacetophenone resulted
in a dominant loss of OHNz 106) and less prominent losses
of CO (m/z 95) and NO vz 93), whereas losses of N@nd
HONO were negligible (Figure 7b). Loss of OH also dominated
dissociations of metastabia’z 123 ions fromo-nitroacetophe-
none. Finally, m/z 123 ions produced by dissociations of
metastabl®-nitroacetophenone cation-radical produced a CAD
spectrum which was indistinguishable from that corresponding
to ions formed by a more energetic dissociation in the ion source.

The mass-selected {E1s,N,O;] * ions from nitrobenzene and
o-nitroacetophenone were further investigated through-ion
molecule reactions with NO and GBSCH at low collision
energies in the collision quadrupole of the UM instrumiht.
CH3SSCH; is known to react with radical centers in distonic
ions, and the reaction provides a useful probe of ion structires.
lon 1** underwent exclusive charge exchange with NO ang-CH
SSCH in keeping with the corresponding ionization energies,
IE(1) = 9.84 eV, IE(NO)= 9.25 eV, and IE(CHSSCH) =
8.1 e\P that made the electron-transfer exothermic for both
reagent gases. In contrast, thegJd,N,0;]™ ion from o-
nitroacetophenone was unreactive to NO indicating that the
corresponding [g;Hs,N,O;] neutral had IE< 9.25 eV. Reaction
with CH3SSCH; proceeded by electron transfer that indicated
that the [G,Hs,N,O;]** ion had a recombination energy close
to 8.0 eV or contained a component of such a property.

Finally, a yet different ion7+* was prepared by electron
ionization of stablg-nitrosophenol, and its CAD spectrum was
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Figure 7. CAD (8 keV, O, 70% transmittance) of (ay/z 123 ion
from o-nitrobenzoic acid and (b)vz 123 ion fromo-nitroacetophenone.
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ion 7**.
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recorded for reference. The CAD spectrum showed a weak
losses of CO vz 95.0369, GHsNO) and NO (n/z 93.0343,
CeHs0), elimination of GH3O (m/z 80.0141, GH,NO), and
fragments of the aromatic series (Figure 8). The CAD spectrum
of 7™ was distinctly different from those of the other ion
isomers. In particular the presence of thig 80 peak was unique
for ion 7** and its absence in the CAD spectra of the other ion
isomers indicated that they did not isomerize to the very stable
ion 7.

In summarizing the ion synthesis part, we proved through
CAD spectra and ionrmolecule reactions the existence of six
distinct [Gs,Hs,N,O,] ™ cation-radicals. The structures, relative
energies, and dissociation energetics of theg,HEN,O.]™
isomers were further investigated by ab initio and density
functional calculations.

lon Structures and Energies.Several [G,Hs,N,O;] * cation-
radicals were found by B3LYP/6-31G(d,p) geometry optimi-
zations to exist as equilibrium structures in local energy minima
(Figure 9). The ion structures mostly showed unexceptional bond
lengths and angles. Ttsyn andanti-rotamers of2™ and 3™
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Figure 9. B3LYP/6-314+G(d,p) optimized structures of [s,N,0,] ™ cation-radicals. Bond lengths in angstroms, bond and dihedral angles in
degrees.

TABLE 1: lon Energies

relative energy

B3LYP/ B3LYP/ PMP2/ ROMP2/

ion 6-31+G(d,p) 6-311H-G(2df,p) 6-311+G(2df,p) 6-311+G(2df,p) B3-PMP2 B3-ROMP2
1+ 0 0 0 0 0 0
syn2* 43 40 48 49 (49) 44 44
TS(L+— syn2*) 116 111 147 117 (12b) 129 114
anti-2+* 46 43 52 48
syn3+* 44 41 51 45 46 43
anti-3™ 44 41 51 46
4+ 40 37 48 43 42 40
5t —204 —209 —-172 =172 —-191 —-190
6™ —189 —195 —165 —-175 —180 —185
7 —233 —239 —204 —197 —221 —218
8™ —142 —-151 —151 —155 (~153y —151 —153
9t —122 —130 —128 —134 —-129 —132
TS(L+ —9™) 112 109 110 114 (115) 110 111
10 —142 —138 —103 —107 —-121 —-123
anti-11+ —160 —158 —132 —153 —145 —156
synd1te —131 —131 —100 —124 —-115 —-127
12+ —20 —22 15 —4 —4 —-13
13 —98 —100 —69 75 —84 —88
14+ 162 160 174 174 167 167

2In units of kJ mol! at 0 K. ® From single point-calculations with the 6-3£G(3df,2p) basis set.

had very similar structures (Figure 9) and energies (Table 1). ions formed by 1,2-hydrogen migrations within the benzene ring
The O-N bonds in phenyl nitrite ions8™ and 9% were were also addressed by calculations but were found to be very
conspicuously long and indicated facile dissociation (vide infra). high energy structures, e.g., id@™ (Table 1). The phenyl
According to the calculated relative stabilities, the ion isomers nitrite rotamers8™ and9+*, o-benzoquinone oximel(™) and

can be divided into three groups. The nitrobenzene cation radicalnitrone §yn41™ and anti-11™) ions, and the benzd]-1,3-

1*, ylid-ion isomers2t*—4** and 14**, and the benzal-1,2- dioxa-2-azolidine iorl3™ represented a second group of stable
dioxa-3-azolidine ionl2™ represented the least stable group ion isomers. The most stable ion isomers consisted of nitros-
of ions. Interestingly, the nonclassical ylid-ioB$'—4** were ophenol ion&*— 7 that were 186-220 kJ moi™ more stable
only slightly destabilized with respect tb™ (Table 1). Ylid- than1*, with 7 being the global energy minimum.
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TABLE 2: lon Dissociation Energies

Polaek et al.

dissociation energy

B3LYP/ B3LYP/ PMP2/ ROMP2/

reaction 6-31+G(d,p) 6-311+G(2df,p) 6-311+G(2df,p) 6-311+-G(2df,p) B3-PMP2 B3-ROMP2
1+t — CeHst + NO,* 138 128 137 137 (140) 133 133 (135)
1t — CgHsO" + NO* —40 —41 —-20 — -31 —31 (—28)
17— CeHsO" + NO* 84 66 16 5 41 35
8" — CgHsO" + NO* 102 109 131 135 120 122 (124)
syn2t — 0-CgHy+* + anti-HONO 247 245 275 262 260 253
syn2™ — (%A) 0-CsH,NO™ + OH° 227 229 305 267
syn2™ — (*A) 0-C¢H4,NO*™ + OH' 270 268 312 323 290 295
TS(syn2t— 1) 73 71 99 68 (79 85 70
4t*— p-CegHyt* + anti-HONO 261 258 317 315 288 286
47— (3A) p-CeHsNOT + OH* 222 223 285 292 254 258
4t— (1A) p-CsH4NOT + OH" 275 276 295 310 285 293
CeHsNOHt — syn2** + H* 474 469 479 468 474 468
CeHsNOHY — 7+ 4+ H* 201 193 228 229 211 211

a|n units of kJ motf! at 0 K. From ROMP2/6-313G(3df,2p) single-point calculation$298 K values.
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Figure 10. B3-ROMP3/6-31%G(2df,p) potential energy diagram for
dissociations and isomerizations of ia.

Dissociations of Nitrobenzene lon 1*. An important feature
of the chemistry ofL™— 14™is the energetics of ion isomer-
izations and dissociations (Table 2). laf* was calculated to
be metastable with respect to exothermic dissociatiorlttzC"
+ NO. Formation of the complementary pair of products,
CsHsO® + NO™, was calculated to be 35 kJ mélendothermic
and represented another low-energy dissociatioftaf Both
dissociations proceed with isomerization to the more stable
phenyl nitrite ions8™* or 9**. This mechanism was established
previously by Benoit and Holmes who used fG]-labeled
nitrobenzenéld The present calculations indicate tt&it is
separated frord™ by a potential energy barrier of 111 kJ mbl
(Table 2). Isomerizatiorl™ — 8™ thus represents a rate-
determining step in the dissociation tgfgO* + NO, because
the intermediate 08" is formed with 264 kJ mot* internal
energy (142 kJ mol* above the dissociation threshold) and is
expected to dissociate rapidly. The B3-ROMP2 transition state

Dissociation of1™ to CsHs™ + NO, required a threshold
energy that was somewhat higher than the barrier for isomer-
ization to 8™ (Figure 10). Because of the nature of these
competing reactions (direct bond cleavage versus rearrange-
ment), the dissociation kinetics @f* was expected to show a
crossover ok(E) curves for the isomerization and direct bond
cleavage at an energy above the 133 kJththireshold for the
latter dissociation. Dissociations f* having internal energies
between 114 kJ mot and that for the crossover point will be
dominated by the formation of EsO" + NO, while the
formation of GHs™ + NO, will take over at higher internal
energies. It is interesting to note that both the electron-induced
dissociations and CAD of** showed that the formation of
CsHst + NO, was favored by a 4:1 ratio, whereas metastable
1" dissociated to gHsO" + NO.11P! This can be explained
taking into account the internal energy distributionlirt, as
estimated from the available electronic states of the ion from
the photoelectron spectrum (PES) of nitrobenzZ&nEhe PES
showed a band of th¥ state at 9.92 eV and the bands of the
A, B, and C states at 11.03,11.22, and 12.74 eV, respectively.
If populated by ionization or collisional activation, tiestate
provides 107 kJ mot internal energy which is below the lowest
dissociation threshold of**, the B state (125 kJ mol) is
metastable with respect to isomerization&@, but does not
have enough energy for dissociation tgHg" + NO,, and the
C state (272 kJ mol) is dissociative. The calculated isomer-
ization and dissociation energies thus explained very well the
observed competition between the dissociation channels in
metastablel™ and following collisional activatioAt?:h!

Formation and Dissociations of Phenyl Nitrite lons 8*
and 9*. The calculated energies also indicated that loss of NO
should be the kinetically preferred dissociation of the phenyl
nitrite ions 8™ and 9. This is best compatible with the
metastable-ion and CAD spectra of the ion prepared by-CH
ONO chemical ionization of phenol which is therefore assigned

and dissociation energies are visualized in a potential energy sy ctures™. The energetics of the iermolecule reactions that

diagram (Figure 10).

Endothermic isomerizatioh™ — 2** also proceeded over a
barrier (114 kJ mol') that was comparable to that for
isomerization t@B**. However, further dissociations &f* were

gave rise to8" and included the species present in the ClI
mixture are shown in eqs-13:

all substantially endothermic, whereas the barrier for the reverseCsHsOH + CH;O(NO)," —

isomerization tdl** was low (Table 2). Therefore, ylid-io2r

represents a kinetic cul-de-sac and should not participate as an

intermediate in dissociations af** (Figure 10).

anti-CH;ONO™ + CH;0—NH—-O’
AHy 205= 154 k mol™* (1)
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CgH-OH + CH;O(NO)," — H from protonated nitrobenzen&5" that competed with
, . N eliminations of OH, HONO, and N®.The hydrogen atom
anti-CgHsONO™ + CH;0—N—OH eliminated originated entirely from the ring positions as

AH,, 5s= 153 kI mol™* (2) established from the CAD spectra offzNO,D" (15a") that
’ showed a clean loss of H, andlzNO,H™ (15b") that showed

C.H.OH™ + synCH.ONO — loss of D only. The ring hydrogen atoms were distinguished
es 4 ) 3 - using specifically labeled nitrobenzene ioogl-CsHsNOH
anti-CgH;ONO™* + CH;OH (15¢) mrd-CeHasNOLHT (15dH), and p-d-CeHasNOH*(15€h)

AH = —10 kJ mor* A3) that were prepared by GB=NH"/CH3;CN chemical ionization
xn 298 of the corresponding labeled nitrobenzehehe relative

The calculated reaction enthalpies clearly point to nitrosation intensities of [MH-H]* and [MH-D]* ions were fitted in
of the phenol cation radical with neutral methyl nitrite (eq 3) Nomogeneous mass balance equations (eefs0p that were
as the only thermochemically possible reaction leading*to solved to yield tht_e_fractlons for the loss of H from theho,
Note also that formation of the less stalsignphenyl nitrite meta andpara positions denoted by [ortho], [meta], and [para],
ion 9™ was endothermic (eq 4) and should not compete with respectively. The best fit was obtained by considering an average
the exothermic formation o8+ (eq 3) in thermal collisions.  iSotope effecki/kp = 2.00.
The formation of ion8™ by reaction 3 is also perfectly

compatible with the result of the iermolecule reaction of mass- ko/ky[ortho] _ [15¢-D] _ 0.029 ®)
selected @HsOH™ with tert-butyl nitrite (vide supra). In this [ortho] + 2[meta]+ [para] [15¢—H] 0.971
case, the 35 eV kinetic energy of the ion could be sufficient
to drive even the mildly endothermic formation of the less stable ko/ky[meta] [15d-D] 0.176

e = = . 9
synconformer9™ (eq 4). 2[ortho] + [meta]+ [para] [15d—H] 0.824 )
CeHsOH™ 4+ CH,ONO— synC,H,ONO"* + CH,OH ky/k.[para] [15¢-D] 0.167

— 1 = =
AH,y, 206= 12 kI mol ™ (4) Jlortho] + 2[meta] [15c-H] 0833 (19

In contrast, nitrosations of neutral phenol with §H{NO)," to The obtained fractions, [orthck 0.06, [meta]= 0.29, [para]
yield 8 (reactions 1 and 2) were too endothermic to proceed — g 30, when adjusted for the fact that there are two equivalent
at reasonable rates under thermal conditions. ~ orthoandmetapositions, gave the H-loss from tioetho, meta
Are reactions 1 and 2 disfavored by the formation of radical g para positions as 12, 58, and 30%, respectively. The
products? To answer this question we calculated the reactionsyactions did not depend on the ion transmittance ysed in
enthalpy for simple NO transfer onto phenol without a  {he CAD spectra and were practically the same for dissociations
hydrogen atom rearrangement to yield protonated phenyl nitrite 5t 7004 and 5004
17*. Equation 5 shows that simple nitrosation of phenol with  ap interesting feature of these dissociations was that they
CHsO(NO)," was substantially endothermic and therefore competed with the lowest-energy dissociations1sf, e.g.,
inefficient in the gas phase. elimination of NO, loss of OH, and elimination of HONO that
required 34, 264, and 279 kJ mélat the respective B3-MP2

CeHsOH + CHSO(NO); - thermochemical thresholds. The thermochemical data (Table 2)
(:6|-|So(|-|)No+ + synCH,ONO show that direct loss of ring hydrogen atoms frogtHENOH™

1 required extreme energies, e.g., 474 kJtht form 4™, which

AHpyn 205 = 106 kI mol ™ (5) should prevent it from competing with the lower energy

dissociations. A different mechanism was therefore sought to
explain the loss of ring hydrogen atoms fronHgNO,H™. An
energetically plausible mechanism should allow the hydrogen
loss to form a stable [§EHsNO,] ™ isomer such that the stability
of the product ion would compensate for the-B bond
dissociation energy. Of necessity, this would require a rear-

In contrast, nitrosation of phenol with bare N@o form 17+
was calculated to be exothermic (eq 6) and therefore possible
under the conditions of gas-phase iamolecule reactions.

CgHsOH + NO" — CHO(H)NO"

AH i 29= —25 kJ mol* (6) rangement in the protonated nitro group to avoid the formation
of the high-energy isomerz™— 4+,
CGHSO(H)NO+ + synCH,ONO— Plausible mechanisms for low-energy loss of ring hydrogen

. n atoms from15" are shown in Schemes 3 and 4. The optimized
anti-CgHsONO + CH;O(H)—NO geometries of the [GHs,N,0.] " cations that are discussed in
AH,y, 205= 52 kJ mol* (7) the text are summarized in Figure 11. The mechanism in Scheme
3 assumes a rearrangementlsf to protonated phenyl nitrite
Moreover, a further reaction of addut?* by proton transfer 16" which is slightly more stable thatb*. The transition state
to CHONO was endothermic (eq 7) and therefore inefficient. for the rearrangement was sought by detailed mapping by
Once formed by reaction 6, iaki™ should be stable under the  B3LYP/6-314-G(d,p) calculations of the relevant parts of the
reaction conditions. However, reaction 6 must compete with potential energy surface that interconnected ibB'sand 16*.
charge transfer between N@nd GHsOH which is exothermic The potential energy surface showed two valleys corresponding
by 75 kJ mot? (from the corresponding adiabatic ionization to continuously endothermic dissociations of theXCbond in
energie® of phenol and NO, 81 kJ mol from B3-PMP2 15" and C-0O bond in16" to form an ion molecule complex
calculations) and evidently faster than the addition (Figure 5a). of CgHs™ with anti-HONO. Attempts to cross the ridge
Dissociations of GHsNO,H Cations and Isomers.[Ce,- separating the valleys resulted in an increased potential energy
Hs,N,O,;] ™ cation-radicals were also produced by CAD loss of and did not yield a saddle point at-® and C-O distances
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oo N NCoCr-Cy =628 of H from 17* requires electrophilic attack by the N@roup
o 0578y ONCAGie g IO at one of the ring positions followed by homolytic-& bond
g 127 CrCoCyCe=sa o P 1130 HOOKG= 1 cleavage. The latter cleavage is substantially endothermic even
., R e 7 g b for the formation of the most stable idr* (286 kJ mot?, Table
L N INT NI N 3). This is to be compared with loss of NO frofv" that
) 1216 oy 2445 §) 1198 (¢, 1203 . .
2171188 1186 O——NE& 1 45| 1187 1197 : requires only 112 kJ mot and represents a simple bond
1392|1200 1203 |22 1118 0 1203 1302 i p >ell p
/C% : C)\nw 1296 2450 >C) Y voss cleavage that should not require an activation barrier above the
1.085 1.085 : ; ;
e s N, He /1406 0Cy 1400\ g thermochemical threshold. Hence, Scheme 3 does not explain
1203 119}((«%5 1085 1203 120'§T1 v satisfactorily how the loss of H can compete with the loss of
H4‘ Hy NO.
16" 17 An alternative mechanism assumes migration onto the ring
of the NQH hydroxyl group followed by a ring-walR to the
12030 metaand para positions (Scheme 4). The intermediates can
D150 eliminate competitively OH or H to form gsNO™* or the
vos Lizoz 198 nitrosophenol isomerst—7+*, respectively. Table 3 shows that
1.032\\\1'“’7@ 1415/ 10126 these dissociations are comparable energetically, with the
Droo 1oy formation of 7** having the lowest threshold energy. The relative
1,376 1.371 . ay
225( )25 12031 1214 energies of the corresponding Wheland intermediates were not
1-"3J1.475 s N prohibitively high, e.g.,18" which was 141 kJ mof above
* 957 o 15" and thus below the dissociation thresholds (Table 3). The
£y kinetics for loss of H according to Scheme 4 depends on the
1.144 0.969 . . . . . .
energy barriers for OH migrations. The kinetic bottleneck is
energy ; grations.
18° likely to be in the OH group migration to thertho-position
Figure 11. B3LYP/6-31G(d,p) optimized structures of [Ee,N,0,]* that formally requires a four-membered transition state. The fact

cations. Bond lengths in angstroms, bond and dihedral angles in degreesthat competitive eliminations afrtho-, metg andpara hydrogen
atoms were observed experimentally suggests that the ring-walk
5 . _0 the meta and para-H eliminations would be increasingly
7 + 7 N\ 1 I imi I I-
@‘”\* . @ ,,,,,,,,,, T/ . <\ /> _________ 3 disfavored against thertho-H elimination, contrary to experi
15* atoms would at the limit result in a stochastic (40%) loss of the
j ortho-hydrogen atoms contrary to experiment. We conclude that
3& and calculated energies.
/f;@o\H — @‘O‘H -— @’—6\4 Formation of Neutral [C sgHsNO;] Isomers. The ions gener-
Hl(' + +
" \ 16 molecule reactions were used to generate transient neutral
molecules by femtosecond collisional electron transfer. The
0 e o were too low to be used for NR measurements. The intermedi-
O%NO‘H A ' S ates were characterized by neutralizatioeionization (NR)

" H mass spectra that also provided an additional means of precursor
that would indicate a cyclic transition state with partially formed ~ Previously and is shown for reference in Figure 12a. For reasons
C—N and G-O bonds. We conclude that at the present level discussed below, iond** were also generated by charge
transition state that would correspond tgHg" migration neutral, IE(C9) — IE(1) = 10.07— 9.94= 0.13 eV (12.5 kJ
between the N and O atoms ir5". The isomerization likely mol~1), and should form iori** in its ground electronic state.
activation energy is bound from above by the dissociation energy are likely to be thermalized by collisions with the reagent gas
of the G-N bond in15" (279 kJ mot?). at the ion source temperature (52373 K). The NR mass
further to form ion17+ which is 69 kJ mot! more stable than  electron ionization at 70 eV. In contrast, collisional activation
15t and represents the global minimum of thgHENO," of intermediatel resulted in an efficient decrease of the relative
phenol, as deduced from its structure (Figure 11) and the tance of the neutral beam due to collisions, the relative
calculated charge distributions that showed 70% of positive abundance of** dropped to 60% of the initial value, indicating
11) can be viewed as@&complex of NO with the OH group 12c). These data were used to interpret the NR mass spectrum
in phenol, as indicated by the charge distributions that showed of the [GHsNO,] ™ ion from o-nitrobenzoic acid (Figure 12b).
for the 16" — 17+ isomerization was not studied, but because those in the NR spectrum dft* but lacked the survivor ion.
of the relatively weak bonding of NOand comparable energies From the strong dependence of the survivor ion intensity on

SCHEME 3 of the OH group was not the rate-determining step. If it were,
o—H oy H ment. Likewise, isomerization by migration of ring hydrogen
N* Oy the mechanisms in Scheme 4 are consistent with experiment
ated by electron ionization, dissociative ionization, and-ion
[
o o=N intensities of3™ and4** from the CI-CAD/CAD experiments
7 6 ion distinction. A NR mass spectrum df** was reported
of theory structure45" and16* are not connected by a cyclic ~ exchange (CE) ionization with GS that is close to thermo-
proceeds in a gHs"--*HONO ion—molecule complex, and its ~ Furthermore, under the conditions of CE ionization idris
Following isomerization td.6", the NO group can migrate  spectrum ofL™ by CE ionization was identical with that from
isomers. lonl7* can be viewed as a-complex of NO with intensity of thel** survivor ion. For example, at 50% transmit-
charge residing in the NO moiety. Likewise, id6" (Figure >80% dissociation efficiency upon collisional activation (Figure
70% of positive charge in the NO group. The activation barrier This spectrum showed fragment ions that were identical with
of 16" and17" it can be reasonably expected to be small. Loss internal energy we concluded that the ion frammitrobenzoic
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TABLE 3: Dissociation and Isomerization Energies of Protonated Nitrobenzene Isomers

energy
B3LYP/ B3LYP/ PMP2/ ROMP2/
reaction 6-31+G(d,p)  6-311+G(2df,p)  6-31:+-G(2dfp)  6-311+G(2df,p)  B3-PMP2  B3-ROMP2

15+ — CeHs* + anti-HONO 262 259 298 b 279 b
15+ — CeHs* + synHONO 264 261 300 b 281 b
15+ — CeHsOH™ + NO* 20 19 66 (68) 48 43 34
15+ — CsHsOH + NO* 179 159 95 (93) b 127 b
15+ — CeHsNO™ + OH" 227 229 294 (296) 299 261 264
15t — 4+ + H* 480 475 485 (489) 474 480 474
15+ — 5+ + H* 236 230 265 260 248 245
15t — 6+ + H* 252 244 273 256 258 250
15 — 7+ + Hr 207 200 234 235 217 217
15 — 16+ -13 -20 —42 (—44y b -31 b
15+ — 17+ —47 -53 —85 (—88) b —69 b
15+ — 18" 128 132 150 b 141 b
15+ — 19+ 86 88 110 (109) b 99 b
17t — 9+ H* 833 840 (844) 847 (854) b 844 (849) b
19* — 9+ H* 734 733 (736) 695 (700§ b 714 (718) b

In units of kJ mot* at 298 K.? Closed shell products.From single-point energies calculated with the 6-8GK(3df,2p) basis set.
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acid had structur&t but was formed with a high internal energy
that drove dissociations in NRMS. This conclusion is consistent
with the CAD spectra that showed very similar dissociations
for the ions in question (vide supra).

It is also pertinent to note that collisional activation of neutral
1 did not result in substantially enhanced relative intensities of
ions characteristic of phenyl nitrité{*), e.g., GHsO™ at m/z
93 and GHs™ at vz 65 (Figure 13a). This indicated that on
the 5.3us time scale, excited did not isomerize t®B to an
extent that would be detectable by the NR mass spectrum.

Entirely different NR mass spectra were obtained for ions
7*+, 8™, and the ion from dissociative ionization -
nitroacetophenone. NR af* furnished an abundant survivor
ion in keeping with the substantial stability of both neutral
and ion7** (Figure 13b). NR o8** showed a very weak survivor
ion and fragmentations compatible with the structure of phenyl
nitrite, e.g., loss of NOr{Vz 93), absence of loss of OHN(z
106), and weak loss of NO(m/z 77, Figure 13a). The low
stability of survivor ion8** is probably due to FranekCondon
effects on both vertical electron attachmeni8irt and subse-
quent collisional ionization 8. The respective FranekCondon
energies were calculated as 57 and 91 kJwalhich, when
combined, were sufficient for driving the dissociation of
reionized8™ to CsHsO™ and NO that required 122 kJ mdat
0 K. (Table 2).

The NR mass spectrum of the dsNO;]** ion from
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Figure 12. Neutralization (CHSSCH, 70% transmittance)reion-
ization (@, 70% transmittance) mass spectra of 1&), (b) m/z 123
ion from o-nitrobenzoic acid. (c) Neutralization (GEHSCH, 70%
transmittanceycollisional activation (He, 70% transmittanegkion-
ization (Q, 70% transmittance) mass spectrumilof.

while loss of NQ to give m/z 77 was negligible. The absence
of CgHs' strongly argues against a monosubstituted benzene
structure for the precursor ion and neutral intermediate. An
ortho-ylid-ion structure 2**) could be expected to eliminate

o-acetophenone (Figure 13c) showed a moderate survivor ionHONO which was excluded by the weaktZ™ fragment at

and dissociations by loss of Ohinfz 106), and NO ifvz 93),

m/z 76. Note also that ior2** was likely to undergo facile
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00 65 TABLE 4: Relative Energies of Neutral CsHsNO, Isomers
(@) relative energy
1 39 B3LYP/ PMP2/
= B3LYP/ 6-31+G-  6-3114-G-
z o 25 species  6-31+G(d,p)  (2df,p) (2dfp)  B3-PMP2
= w0 30 93 1 0 0 0 0
= 50 (*A) syn2 330 332 370 (368) 351
20 (BA") syn2 266 267 346 (34%) 307
(*A) anti-2 335 337 372 355
PP TR L R B O (A" anti-2 270 271 349 310
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 106105110 115120 (lA) Syn‘3 324 324 341 (339) 332
m/z (BA") syn3 265 267 350 308
(*A) anti-3 322
52 (3A") anti-3 265 266 350 303
100 1 ) 26 ag (A) 4 351 352 406 (403) 379
(A" 4 263 265 340 303
80 1 5 —64 —59 -39 —49
> 63 6 —33 -30 -21 -25
5 601 123 7 —43 —41 -25 -33
£ 8 5 5 20 12
3 30 80 9 11 11 22 16
95 10 —51 —47 —18 —-32
20 1 11 —38 -35 —16 —26
13 96 96 109 103
01_0 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105 110 115120 Synlg _14 _13 14 04
, anti-19 —45 —41 —-15 —28
miz
a|n units of kJ mot* at 0 K. From single-point calculations with
39 the 6-311%G(3df,2p) basis set.
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C
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Figure 13. Neutralization (CHSSCH, 70% transmittance)reion- ! H l*e
ization (G, 70% transmittance) mass spectra of (a) phenyl nitrite cation- |
radical8", (b) p-nitrosophenol cation-radic&l, (c) m'z 123 ion from O\N/O N/O "
o-nitroacetophenone. | |
o
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+o |
| (,"H H can presume facile interconversion of idsis, 10™, and11**
e by proton transfer through five- or six-membered cyclic transi-
tion states that could result in dissociation by loss of OH or

NO from either structure. This, and the fact that the ions are
syn—2+. e formed from theo-acetophenone precursor by a hydrogen

rearrangement, would favor the most stable struckiirefor
isomerization tdl**, as observed for the ion generated by loss the isomer in question. The formation of & is tentatively
of NO, from protonatedo-dinitrobenzene (Scheme 5). The depicted in Scheme 6.
transition state fo2™ — 1™ was only 70 kJ moi! above2™, lonization Energies. The potential energy surfaces of the
which was well below the ion dissociation thresholds (Table neutral [G,Hs5N,O;] isomers and the corresponding cation-
2). However, fragment ions that would indicate the presence of radicals are connected by ionization energies that were calculated
1+ were unimportant in the NR mass spectrum of theH& for the entire set of structures (Table 6). Comparison with
NO,]** ion from o-acetophenone (Figure 13c). The observed experimental data was possible only fowhere the B3-MP2
competitive losses of OH and NO were in keeping with the adiabatic ionization energies showed excellent agreement with
structures ob-nitrosophenol%™), o-benzoquinone monooxime  the tabulated value (9.94 0.08 eV)® Carbene®—4 had low
(10™), or o-benzoquinone mononitroné& ™) which were all ionization energies which should make them readily oxidizable
stable, low-energy ions (Table 1) that also had stable neutralif formed as reactive intermediates. The ionization energies of
counterparts (Table 4). Unfortunately, the corresponding neutral nitrosophenol$—7 were lower than that of phenol (8.49 éV)
molecules are unknown and, very likely, highly reactive, so that and indicated that the nitroso group is a weak electron acceptor
reference spectra could not be obtained for comparison. Onethat increases the HOMO energy by participation of dipolar
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TABLE 5: Dissociation Energies of Neutral GHsNO, Isomers

dissociation energy

B3LYP/ B3LYP/ PMP2/

reaction 6-31+G(d,p) 6-311+G(2df,p) 6-311+G(2df,p) B3-PMP2
1— CeHs + NOy 282 277 325 301 (305B07y¢
1— CgHsO" + NO* 67 67 117 (93) 92 (93p(80)
(*A) syn2 — (*A;) 0-CeH4 + anti-HONO 3 -5 -34 -
(CA") syn2 — (3B) 0-CgH4 + anti-HONO 192 190 170 180
(*A) syn3 — (*A;) m-CeH + ant-HONO 57 53 50 51
((A") syn3 — (®Bz) m-CgH,4 + anti-HONO 175 172 182 177
(*A) 4 — (*Ag) p-CsH4 + anti-HONO 131 129 —-21 54
((A") 4 — (®Byy) p-CsH4 + anti-HONO 172 169 152 160
8 — CgHsO" + NO* 62 62 98 (73) 80 (68) (68}

2|n units of kJ mof! at 0 K. ° From single-point calculations with the 6-31G(3df,2p) basis set. At 298 K. ¢ From ROMP2/6-31+G(2df,p)
single-point calculations.

TABLE 6: lonization Energies of C¢HsNO, Isomers

ionization energy

B3LYP/ B3LYP/ PMP2/ ROMP2/

species 6-31+G(d,p) 6-311+-G(2df,p) 6-311+-G(2df,p) 6-311+-G(2df,p) B3-PMP2 B3-ROMP2
1 9.73 9.76 10.00 9.94 (9.94) 9.88 9.85
(*A) syn2 6.76 6.73 6.67 6.61 6.70 6.67
(A") syn2 7.42 7.40 6.92 6.86 7.16 7.13
(*A) anti-2 6.74 6.72 6.68 6.70
((A'") anti-2 7.41 7.40 6.93 7.16
(*A) syn3 6.83 6.83 7.01 6.88 6.92 6.85
(A") syn3 7.38 7.36 6.84 6.71 7.10 7.03
(3A") anti-3 7.38 7.36 6.84 7.10
(*A) 4 6.46 6.44 6.23 6.11 6.33 6.27
(A 4 7.35 7.33 6.90 6.78 7.12 7.06
5 8.28 8.21 8.62 8.56 8.42 8.39
6 8.11 8.06 8.51 8.34 8.28 8.20
7 7.77 7.71 8.15 8.16 7.93 7.94
8 8.21 8.15 (8.14) 8.24 (8.25) 8.12 (8.14) 8.19 (8.20Y 8.14 (8.14)
9 8.36 8.30 8.45 8.32 8.37 8.31
10 8.80 8.81 9.12 9.02 8.97 8.91
11 8.47 8.49 8.80 8.52 8.65 8.50
13 7.73 7.73 8.16 8.03 7.94 7.88

a Adiabatic ionization energies in units of electronvolt&rom single-point calculations with the 6-3tG(3df,2p) basis set.

canonical structures of theO—N=C¢H,=OH" type. The the computational method used. B3LYP consistently favored

ionization energies 08—13 were unexceptional. the triplet states whereas MP2 gave much smaller singiptet

Concerning collisional electron transfer, the, Malues for ~ gaps. The B3-PMP2 calculations gave the singlaplet gaps
5,10, and11 (Table 6) allow cation-radicas™, 10**, and11+* as 44, 24, and 76 kJ mdi for syn2, syn3, and syn4,
to undergo exothermic electron transfer from §S8CH, but respectively. In general, however, neutral carbehed were

not from NO, in keeping with the observed iesmolecule substantially less stable thdnand could exist only thanks to
reactions (vide supra). Hence, on the basis of the presentenergy barriers to exothermic isomerizatiorité similar trend
experimental data these structures remain unresolved. Chargewas obtained for dissociation energie®ef4 (Table 5). Singlet
transfer reactions with thermal electron dorib®uld possibly carbenes2 and 4 were only weakly bound with respect to
distinguish isomer§** and11* from 10*, although distinction ~ dissociation by loss canti-HONO to form the corresponding
of 57 and11** whose recombination energies differ by 0.1 eV singlet benzynes (Table 5). The dissociation thresholds for
would be difficult (Table 6). HONO loss from the more stable triplet state2aind4 were
Neutral Structures and Energies.lons1t*—14" have stable somewhat higher to make the carbenes kinetically stable. The
neutral counterparts that were investigated by calculations. TheMeta carbenes'4) and A”) syn3 were both substantially
corresponding optimized structures are given in Figure 14, the bound with respect to elimination of HONO (Table 5) and
relative energies are summarized in Table 4. An interesting 'epresent the best candidates for attempts at preparation in the
feature of structure—4 is that the neutral molecules can exist 9as phase.
as singlet or triplet electronic states that differ in geometry  Phenyl nitrite conformer8 and 9 were slightly less stable
parameters. Structur@and4 can be viewed as nitronic acids thanl, and their relative stabilities indicated that both conform-
derived from 2,4-cyclohexadienone-6-carbene, and 2,5-cyclo- ers should be populated at equilibrium in the gas phase. We
hexadienone-4-carbene, respectively, whereas strugtooe- calculated the corresponding free energies for interconversion
responds to a nitronic acid of 2,4,5-cyclohexatrienone (Scheme8 — 9, AGr = 3.6 and 3.1 kJ mol at 298 and 523 K,
7). The triplet meta isomerg4’) syn andanti-3 can be depicted  respectively, that indicated $383% of thesyrrisomer at gas-
as biradicals on the basis of the calculated spin densities thatphase equilibrium within this temperature range. The threshold
were 0.50, 0.50, and 1.19 at the N, O, and carbene C-3 atom,energy for dissociation to ¢ElsO* and NO of the more stable
respectively. The triplet structures were consistently more stableconformer8 was very low (68 kJ matt at 0 K, Table 5) which
than the singlets, although the energy differences depended orexplains the low stability and elusive character of phenyl nitrite.



1008 J. Phys.

Chem. A, Vol. 105, No. 6, 2001

(o]

117.8 N™ 1.232

1188 1.479

He 1197 LC; 1395 Hy
W%z’:\ e

% . 3 1.083
1185
1.395

C4Ca-Cp-Cy =147
CpCy-Ca-Cs =135
CeCr-CpCy =71

Hs 14395 3 419

119.6 120.2 1085 vegf 1250

/C /CCS\”’85 1221 )1169 142

Hs 5 1:399 Hs 1375 1.404

118.9 120.0 121.3
1.086 1.086 1,089
Hy Hg 1419 (G4~ 1.307 Hy
H-ON-Cy = 172.2 1198 119.0 1186
0y-N-C1-Cg = 35 1089
04-N-C4-Cp = 123 1(Cyy) Ha
Co-Ce-Cy-N=174.7
1
('A) syn-2
H H
Ca-CyCpCy=-7.1 0s7a
017 0976 H.oN-C1=1715 101, " 02-N-Cy-Cg = 1.0
0,248 o, 04-N-G1-Cy = -18.8 0,25 0, w17 | 0978
0pN-C1-Cg =-12.7 NT 14 Ot 242 S
408 2~ 1
1289 N) 1~;‘°2 N-C1-Cg-Cy = -173.1 127.1 )1
1209

/;c\

1. MVmT

1159
“r216 1200 114.4
1.372]
3 1182 4275

1. 356

1 083\2'\

121

20.9
121. 2
141 CW

15.1 1.400
N
) 123.1'\1j155
1355
NV 1214
1) k/”m 1.429..Cq 1429 H,

1451
ose
L)1252 1197 1155 1085\ /1206 1.084
1.350 1392|1910 1o "0 1224 )1185 18] 1217
1382
1.087 /C 1197 119.9
/ T 400~ 1378 _\

1,088
1.088
1208 123.4 196 Y1z //T«A (A 141\4<
1.088 1.085 1205 120.4
He H,
1
3
('A) syn-3 (°A") syn-3 (A)4
1.250 ~O.. 1675 1.222
)1154 H 1152 N14 s
0.995 4
1243 10‘3}3( 1196 a4 0&227
1415 _C, H \>_\ c N
1429 5 SN 17
1086\ fzoo\kf:é/mu 1084 XX 3ra /1085 1426
1204 1189 1194 )1209 115.7
1.381 1404 1380 | 1182 o8 M NeT - voss
119.1 119, 120.7 1197 10:5\1% b 1404/Hz
1085 5\/ 1085 1.086 D\/C 3.367 214 ,) 1203 (G2} 151 4
1411 7/ 1196 1204
Hs™ 11g,q 1403 ©4 108 138 1388
11&9 1217 o5 129 118 119.4,|
1.086 1.088) 105 | 0968 10&V /CCa 1084
Ha Hy H 1409 7 1402 Ha
® 1108 1191
122114 360
5(Gs) 6 (Cy) 110600
w0967
7(Cy)
1.490 Ny _1.171 1.325 wz
NOCrCz=-908 /1\14/7\0 Nﬁora H 1250 O
i 117.1 :
116.4 :
1.326 1 1.501 (N
1'392?21194 1234 ; 1283(N) 1134
He 1396, -C1l_ 1195 _H, \>_\1442 Corare 1975 1332| 4145
1,0&5\0 NS 1.085 e /‘//262 " 14305 121.0
6 1213 2 6) 1203 (¢ e\&\/ 1.487 e}
19.4 119.9 116.9 1.084
1.396) 1.361 1.442 Ge) 1227 (g7 M
1202 ane 12011202( 1ago] 185 1148 145
1OEV } 105%«/ \,< 1.085 120.7 1208 N
4)1200 Ha 1.441(°C 1.368 1223H3 108%/ /C 1085
1086} 118.3 - 1447 4 1.362
: 1.087
Hy u T 119.4
4 1,087
Hy
10(C
9(Cy) )
1(Cs)

H-O4-N-Cy = 177.1
04-N-C1-Cy = 0.0
N-C-Ce-Cs = 176.2
C4Cy-Cy-Cy =-104
C5-Ce-C1-C2= 4.6

N-0-Cy-Cp = -61.3
0-N-0-C4 = 176.5

Polaek et al.

(A")-syn-2

H
o974 ('A) 4
O

101,
0,:1.255 /(
1.409
127.2QN
)115.3
1208 1202
1.41 14:_2/
1094\%\ 515 /1033
D102 1190
1.39 399
174 1178
086 /( mss
/1333 ¢ 1382

1.
Hg
1223 1223

can 4

1.172
110.2,

1.468,

3122.2

> C
08 -
1H5y 1399 164 13933\\H3

1084

1.085

H

H-N-0O-Cy =-132.2 100.7
1474 1.027

O_J \_’:l)
1375/ 103.6
Lywes
8 11392/
05)/1221
116.7
121.4

1.409

121. 3
/

1395T

Hy

13 (Cs)

Figure 14. B3LYP/6-31+G(d,p) optimized structures of [(s,N,O;] neutral molecules. Bond lengths in angstroms, bond and dihedral angles in

degrees.

The cyclic isomerl3 was substantially less stable than

dynamically more stable thah The fact that these isomers are

indicating that condensation of the 1,3-dioxa-2-azolidine and unknown as stable, isolable compounds must be due to their
benzene rings resulted in a high-energy structure. The isomerichigh reactivity in the condensed phase. This is consistent with

benzofl]-1,2-dioxa-3-azolidineX2) was not a stable structure.
Upon geometry optimizatiori,2 underwent ring opening to yield

a rotamer ofo-benzoquinone mononitrone. The nitrosophenol
isomerss—7, o-benzoquinone mononitrori® and mono oxime
11, andp-benzoquinone mono oxime arit® were all thermo-

the high reactivity and hence low stability @benzoquinoné?!
quinonoids’? and sterically unhindered nitronélt is interest-
ing to note that7 and 19 are tautomers that can isomerize by
acid—base-catalyzed proton transféiThe very similar relative
energies of7 and 20 indicate that both structures must be
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SCHEME 7

+e

syn2™*

('A) or (3A" syn-2

Ay or CA" syn-3
|
0. 0

('A)yor CAN 4

populated at an equilibrium. The B3-PMP2 calculated free
energies forl9 — 7 AGr = —4.4 and—4.2 kJ mof?! at 298
and 523 K, respectively, indicated -+28% of 19 at gas-phase
equilibrium within this temperature range.

Conclusions

Five distinct isomers of nitrobenzene cation-radidat) were
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