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The intermediates produced upon photolysis and thermolysis 42 Fh ;): k;] | N
of phenyl azide have been studied extensively by a variety of and/or and/or + 8¢ +
experimental techniquésPhotolysis of phenyl azide in solution -N
produces open-shell singlet phenylnitrene whose lifetime ifs) f N\ m
depends on the temperature at which it is generated. At ambient 3 N 1y 3
temperature, singlet phenylnitrene rapidly ring-expands to aza- =N+ ln):
cycloheptatetraene via the intermediacy of azabicyclo[4.1.0]- Ph j
heptatriene. The ring-expanded species is responsible for the 4b 3b
observed bimolecular reactivijHowever, at lower temperatures H CN u
(<123 K), singlet phenylnitrene undergoes rapid intersystem { ) ander @40\:
crossing (ISC) to the triplet ground state (eal8 kcal/mol)34 N+ =N+
The reactions reported for triplet phenylnitrene in solution are s, P 5 P

dimerization to form azobenzene, polymerization, H-atom ab-
straction from trapping reagents to form anilfit€; and reactions . . .
with oxygen to form nitrosobenzene, nitrobenzene, and azoxy- __All experiments were carried out using an Extrel Model FTMS

benzenédeNo kinetic reactivity studies have been reported. Gas- 2001 dual cell Fourier transform ion cyclotron resonance mass
phase experiments sometimes allow in-depth studies of highly SPectrometer (FT-ICRf. The synthetic methodology is analogous

reactive intermediates that are not accessible to condensed phas® that used to generate nitrenes in solution, employing an aryl
studies. However, photolysis or thermolysis of phenyl azide in @zide as the direct precursor to the nitrene intermediate. In a
the gas phase produces vibrationally excited singlet phenylnitrenetyPical experiment, chlorobenzene was ionized by electron

that rearranges over a large barrier4Q kcal/mol) to cyano-
cyclopentadiene, the global minimum (ea30 kcal/mol) on the
CsHsN surface?

This communication details an elaborate experimental approach

that allows the study of the gas-phase reactivity and reaction
kinetics of pure triplet aryl nitrenes by using mass spectrometry.
The approach employs distonic ions that contain a reactive nitrene
moiety and a chemically inert charged group for mass spectro-
metric manipulation. Other reactive intermediates that have been
studied using this approach include phenyl radiéagdbenylcar-
bene? ando- and m-benzynes.

T Current Address: Department of Chemistry, The Ohio State University,
100 West 18th Avenue, Columbus, OH 43210.

(1) (a) Schuster, G. B.; Platz, M. &dv. Photochem1992 17, 69. (b)
Schrock, A. K.; Schuster, G. Bl. Am. Chem. S0d.984 106, 5228.

(2) (a) Leyva, E.; Platz, M. STetrahedron Lett1985 28, 2147. (b) Leyva,
E.; Platz, M. S.; Persy, G.; Wirz, J. Am. Chem. S0d.986 108 3783.

(3) Karney, W. L.; Borden, W. TJ. Am. Chem. S0d.997, 119, 1378.

(4) (a) Travers, M. J.; Cowles, D. C.; Clifford, D. P.; Ellison, G.BAm.
Chem. Soc1992 114, 8699. (b) McDonald, R. N.; Davidson, S.J. Am.
Chem. Soc1993 115 10857.

(5) (a) Reiser, A.; Wagner, H.; Bowes, Getrahedron Lett1966 2635.
(b) Reiser, A.; Bowes, G.; Horne, R. Trans. Faraday Sod 966 3162. (c)
Reiser, A.; Leyshon, L. 0. Am. Chem. Sod 971 93, 4051. (d) Brinen, J.
S.; Singh, B.J. Am. Chem. Sod971, 93, 6623. (e) Abramovitch, R. A.;
Challand, S. RJ. Chem. So¢.Chem. Commurl972 964.

(6) (a) Cullin, D. W.; Soundararajan, N.; Platz, M. S.; Miller, T.APhys.
Chem.199Q 94, 8890. (b) Cullin, D. W.; Yu, L.; Williamson, J. M.; Platz,
M. S.; Miller, T. A. J. Phys. Chem199Q 94, 3387. (c) Wentrup, C.
Tetrahedron1974 30, 1301.

(7) (@) Smith, R. L.; Kenttmaa, H. I.J. Am. Chem. S0d.995 117, 1393.
(b) Thoen, K. K.; Smith, R. L.; Nousiainen, J. J.; Nelson, E. D.; Kan#ta,
H. 1. J. Am. Chem. S0od.996 118 8669.

(8) Seburg, R.; Hill, B. T.; Squires, R. R. Chem. Soc., Perkin Trans. 2
1999 2249.

(9) (a) Thoen, K. K.; Kenttamaa, H. I.J. Am. Chem. S0d 999 121, 800.
(b) Nelson, E. D.; Artau, A.; Price, J. M.; Kefitteaa, H. 1.J. Am. Chem. Soc
200Q 122 8781.

10.1021/ja0157088 CCC: $20.00

ionization in the source side of the dual cell. 3-Azidopyridine
was allowed to react with the radical cation of chlorobenzene to
produce N-phenyl-3-azidopyridinium ionl (Scheme 1). The
pyridinium ion was transferred into the other side of the dual
cell, where it was subjected to sustained off-resonance irradiation
for collision-activated dissociation (SORI-CAB)sing Ar as a
target gas to induce nitrogen extrusion from the azide moiaty (
169).

Examination of the reactivity of the product ion ofz 169
revealed that a mixture of isomers was present (see below). Based
on the findings made in solutiddwe postulate that the mixture
of isomeric ions ofm/z 169 in our experiments is composed of
the charged analogue of the triplet phenylnitrei®, @s well as
the ring-expanded4@/b) and ring-contracted5@/b) isomers
(Scheme 2).

The most abundant of the isomeric ions exhibited radical-type
reactivity toward 1,4-cyclohexadiene by sequentially (and exclu-
sively) abstracting two H-atoms. This observation is consistent
with a molecule having an open-shell, high-spin state, such as
32. We believe that2 is formed upon ISC of the initially generated
open-shell singlet phenylnitrene analogt At the completion
of the H-atom abstraction reaction, 10% of theéz 169 ions
remained unreacted, indicating that another isomeric ion was
present that did not exhibit radical-type reactivity.

A portion of the remaining unreactive isomeric ions reacted
by exclusive adduct formation with the nucleophiles diethyl ether,
tetrahydrofuran, and dimethylamine. In solution experiments,
adduct formation was ascribed to the bicyclic azirine (7-
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azabicyclo[4.1.0]hepta-2,4,6-triene) and ring-expanded dehy-

droazepine (1-aza-1,2,4,6-cycloheptatetraéhiie analogues of
3a/b and4a/b. We postulate that a small amount of analogous
ring-expandedn/z 169 ion,4a/b, is formed by isomerization of
12 (Scheme 2) and that it exhibits similar reactivity to the analogue
studied in solution. Interestingly, only 50% of the ions that were
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Reactivity characteristic of a triplet ground state is evident from
the above examples whereid reacts with the free radical NO,
and undergoes radical-type hydrogen atom abstraction reactions
with commonly used H-donors. The efficiency measured for the

unreactive toward 1,4-cyclohexadiene reacted away to form reaction of32 with NO corresponds to near collision rété’

adducts.
The remaining isomeric ions were completely quenched by
proton transfer to triethylamine. A plausible structure for this ion

(efficiency = kex/keot = 81%). The first H-atom abstraction by
32 from benzeneselenol also occurs readily (26%) whereas the
second H-atom abstraction is much slower (8%).

is 5a/b, whose conjugate base is a stable pentadiene. Calculations Further radical reactions observed f@include CHS- and

at the BPW91/AUG-cc-pVDZt+ ZPVE level of theory predict
proton transfer fronba/b to triethylamine to be exothermic by

CHsSH-abstraction (1:1) from dimethyl disulfide (efficieney
0.45%) and a simple adduct formation with @he sole product;

10 kcal/mol. Further support for this structural assignment can efficiency= 0.001%). Interestingly, a secondary §3Habstraction

be found in the literaturé.Singlet phenylnitrene formed with

was not observed during the reactiorf®fvith dimethyl disulfide,

excess internal energy has been reported to rapidly rearrange tdhus demonstrating higher reactivity fé# than its monoradical
the global minimum cyanocyclopentadiene that sometimes losescounterpart. Calculations at the BPW91/AUG-cc-pVBZPVE
a hydrogen atom. On the basis of all the results presented abovelevel of theory predict the first C§$-abstraction to be exothermic

we conclude that the product ion populationrofz 169 likely
consists of three isomers$2, 4a/b, and5a/b, of which32 is the
most abundant.

The reactions attributed to the tripf& were examined in the
absence of the isome#sa/b and 5a/b by selectively quenching
the other isomers without affecting the populatiod{Scheme
3). This was carried out by using diethyl ether and triethylamine
in one side of the dual cell to removia/b and 5a/b from the
mixture of22, 4a/b, and5a/b, which reduced the total abundance
of m/z 169 by 10%32 was isolated by ejecting all unwanted ions
from the cell through the application of a stored waveform inverse
Fourier transform (SWIFT} excitation pulse to the excite plates
of the cell.

The pure triplef2 was allowed to react with various reagents
in the other (clean) side of the dual cell to verify the proposed
structure. For example’2 undergoes two sequential H-atom

by 24.2 kcal/mol. However, calculations at the same level of
theory predict the second thiomethyl abstraction to be endothermic
by 17.6 kcal/mol.

To support our observations 68, we carried out calculations
on an analogous but more computationally feasible system
wherein the phenyl ring is replaced with a proton (3-nitreno-
pyridinium). At the CASSCF(8,8)/6-31G(d)} ZPVE level of
theory, the triplet stat€A", of this nitrene is predicted to be the
electronic ground state, with the lowest open-shell singket,
lying 19.8 kcal/mol higher in energy. The singtétiplet splitting
is therefore estimated to be within 1 kcal/mol of that calculated
for phenylnitrené. The ring-expansion ofA" is calculated to be
1.6 kcal/mol exothermic overall. The first step of this two-step
process, the formation of the bicyclic intermediate, is predicted
to be the rate-determining step for the phenylnitréhethe case
of 3-nitrenopyridinium, the corresponding transition state is

abstractions from benzeneselenol (adduct corresponds to 95% otalculated to lie 7.2 kcal/mol abova"". This value is comparable

primary products). Energy-resolved CAD studies on this ion

to that calculated for phenylnitrene at the CASSCF(8,8)/6-31G(d)

revealed similar fragment ion distributions and appearance + ZPVE level of theory (8.5 kcal/moB.

energies as those measured for the authewhenyl-3-ami-
nopyridinium ion, thus indicating that the ions are identical.
Further structural proof comes from examination of the sole
product formed upon reaction & with doublet NO. This product
corresponds to addition of NO with concomitant loss gON
The product was demonstrated to have the structukemienyl-
3-dehydropyridinium iong (Scheme 4), by comparison of its
reactivity toward H-atom donors to that of an independently
generatetf 6 (same reaction efficiencies, same products).

In conclusion, a new experimental approach has been described
for the study of an aryl nitrene in the gas phase. This approach
allowed the first detailed examination of reaction products and
kinetics of a triplet aryl nitrene.
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