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The open-shell benzoylnitrene radical anion, readily generated by electron ionization of benzoylazide,
undergoes unique chemical reactivity with radical reagents and Lewis acids in the gas phase. Reaction
with nitric oxide, NO, proceeds by loss of,ldnd formation of benzoate ion. This novel reaction is also
observed to occur with phenylnitrene anion, forming phenoxide. Similar reactivity was observed in the
reaction between benzoylnitrene radical anion and, X&dming benzoate ion and nitrous oxide. Electronic
structure calculations indicate that the reaction has a high-energy barrier that is overcome by the energy
released by bond formation. Benzoylnitrene radical anion also transfers oxygen anion to NO gasl NO
well as to C3 and SQ. In contrast, phenylnitrene anion reacts with carbon disulfide bHyo€CS*
abstraction, forming Sor S;~. Electronic structure calculations indicate that benzoylnitrene in the ground
state resembles a slightly polarized benzoate anion, but with a free radical localized on the nitrogen.

Introduction N,

Nitrenes are unusual molecular structures with unfilled H hv H Phg (1a)
valences that lead to high reactivity. They are closely related \_/ H

to carbenes in the number of valence electrons, although they

usually exhibit very different reactivity.®> For example, PDM

although both can be generated by photolysis of nitrogen- N=Ti=N~

containing precursors,phenylcarbene formed from phenyl hv N

diazomethane (PDM) reacts with alkenes to give cyclopropane — — > [Blacktar] (1b)

(eq 1a), and, in general, reacts efficiently to form adducts with

alcohols, alkenes, aromatics, and molecules with normally

unreactive G-H bonds, whereas reactions of photolysis products differences result because, while both are generated in singlet
of phenylazide with alkenes, alcohols, and aromatics generally (excited) states, phenyl carbene rapidly undergoes intersystem
results in formation of polymeric tar (eq 1b3.The reactivity ~ crossing (ISC) to the triplet (ground) state whereas ISC is slower
in phenylnitrene such that reactivity occurs on the singlet
(1) Horner, L.; Christmann, AAngew. Chemnt. Ed. 1963 2, 599 surface® In addition to being the subject of fundamental

608. _ reactivity studies, nitrenes have practical uses, for example, in
(2) Belloli, R. J. Chem. Edul971 48, 422—-426.
(3) Platz, M. S.Acc. Chem. Red995 28, 487-492.
(4) Karney, W. L.; Borden, W. TJ. Am. Chem. S0d.997, 119, 1378~ (5) Borden, W. T.; Gritsan, N. P.; Hadad, C. M.; Karney, W. L.; Kemnitz,

1387. C. R.; Platz, M. SAcc. Chem. Ref00Q 33, 765-771.
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labeling experiments involving biological macromolecéifesnd described previousl§223Benzoylnitrene and phenylnitrene anions
in photoresist technolog® were generated by 70 eV electron ionization of neutral precursors,
Studies have also been carried out on nitrene anions.benzoylazide and phenylazide. The anions were carried by helium
Phenylnitrene anion, generated by electron ionization of phenyl buffer gas (0.400 Torr, flow [He= 190 STP cr#s) through the
azide®10 exhibits both free radical and anionic behavibgs oW tube, where they were allowed to undergo fanolecule
the proton-transfer reaction with 1,1,1-trifluoroacetone and the reactions with the neutral reagent vapors added through fixed

dical displ . ith . Idehvde d reagent inlets. The reactions were monitored by the loss of reactant
radical displacement reaction with propionoaldehyde demon- j,, 5nq formation of product anion. The ions generated in the flow

strate its anionic and free-radical character, respectively. In yype were cooled to ambient temperature by the helium buffer gas
addition, studies reported by McDonald et®at. show that and sampled througa 1 mmorifice into a low-pressure triple-

phenylnitrene anion can undergo 1,2- and 1,4-addition reactionsquadrupole mass filter where they were analyzed. Reaction rate
with variousa,-unsaturated compounds, a reaction useful in constants were measured by monitoring the intensity of the reactant

synthetic organic chemistA.Most significantly, nitrene anions
have been used in photodetachentnit and photoelectron
spectroscopic studi¥s'to determine thermochemical properties
of nitrenes.

Unlike simple alkyl- or arylnitrenes, acylnitrenes are predicted

to have singlet (or nearly singlet) ground states, because the

singlet states can be stabilized by resonance (¢ RB3LYP
calculations carried out on benzoylnitrene by Gritsan €€ al.

ion as a function of the neutral reagent fl&The reaction
efficiency, eff, is given by eff= kopdKeon, Whereke is the collision
rate constant, calculated by using the average dipole orientation
(ADO) method?*

Materials. Benzoylazidé and phenylazick were synthesized
by literature procedures. Unless otherwise indicated all the other
reagents were used as received. Helium was purified through a
liquid nitrogen trap containing molecular sieves. Gas purities are
as follows: He (99.995%), NO (99%), Nd@99%), SQ (99%),

and photolyses studies of naphthoyl and substituted benzoylCO, (99.999%), and CS(99%). Caution: Azides are potentially
azides studies confirm that the acylnitrenes have singlet groundexplosive and should be handled with proper precautions. However,

states!?20
0~ @
/ ¢
R—C_ +* R—C%> f1.8A @

Recently we reported the formation of benzoylnitrene radical
anion, 1-, by electron ionization of benzoylazide (eq23)in
our first study, we described the determination of the thermo-
chemical properties df~ and related species. In this work, we
report the bimolecular reactivity of the ion and provide a
description of its electronic structure.

Experimental Section

All gas-phase ion/molecule reactions were carried out at room
temperature in a flowing afterglow triple-quadrupole apparatus

(6) Knowles, J. RAcc. Chem. Red.972 5, 155-160.

(7) Sigman, M. E.; Autrey, T.; Schuster, G. B.Am. Chem. S0d.988
110, 4297-4305.

(8) Gritsan, N. P.; Yuzawa, T.; Platz, M. 3. Am. Chem. Sod. 997,
119 5059-5060.

(9) McDonald, R. N.; Chowdhury, A. KJ. Am. Chem. S0d.98Q 102
6146-6147.

(20) Pellerite, M. J.; Brauman, J.J. Am. Chem. S0d.981, 103 676—
677.

(11) McDonald, R. N.; Chowdhury, A. KJ. Phys. Cheni1982 1982
3641-3645.

(12) Jackson, R. L.; Pellerite, M. J.; Brauman, JJ.IAm. Chem. Soc.
1981, 103 1802-1805.

(13) Drzaic, P. S.; Brauman, J.J. Phys. Chenil984 88, 5285-5290.

(14) McDonald, R. N.; Davidson, S. J. Am. Chem. Sod993 115
1085710862.

(15) Travers, M. J.; Cowles, D. C.; Clifford, E. P.; Ellison, G.BChem.
Phys.1999 111, 5349-5360.

(16) Travers, M. T.; Cowels, D. C.; Clifford, E. P.; Ellison, G. B.
Am. Chem. Sod 992 114, 8699-8701.

(17) Pritchina, E. A.; et alPhys. Chem. Chem. Phy&003 5, 1010~
1018.

we have not encountered any problems in this work.

Computational Studies.Electronic structure calculations (B3LYP)
were carried out with Gaussian 98¥\and QChen?8 All molecules
were fully optimized with the 6-3tG* basis set. Frequency
calculations were also carried out at the same level. NPA
calculationd®-31 were carried out to study the charge distribution
of the molecules.

Results and Discussion

(1) Electronic Structure of 1~. The benzoylnitrene radical
anion can be envisioned as arising from adding an extra electron
to the triplet state of benzoylnitrene. The two singly occupied
orbitals in triplet benzoylnitrene are represented in Figure 1.
The & orbital is a carboxylate-liker orbital, whereas the'a
orbital is a o-like orbital localized on the nitrogen. Two
electronic states of the anion are created by adding an electron
to either one of the orbitals in the triplet. Adding an electron to
the &' orbital creates théA’ state, which is best described as
having a delocalized (carboxylate-like) anion and a localized,

(18) Gritsan, N. P.; Pritchina, E. Mendelee Communi2001, 3, 85—
124.

(19) Autrey, T.; Schuster, G. Bl. Am. Chem. S0d.987 109, 5814—
5820.

(20) Pritchina, E. A.; Gritsan, N. P.; Bally, Russ. Chem. Bull. Int. Ed.
2005 54, 525-532.

(21) Wijeratne, N. R.; Wenthold, P. G. Phys. Chem. A2007, 111,
10712-10716.

(22) Marinelli, P. J.; Paulino, J. A.; Sunderlin, L. S.; Wenthold, P. G.;
Poutsma, J. C.; Squires, R. Rt. J. Mass Spectrom. lon Processe394
130, 89-105.

(23) DePuy, C. H.; Bierbaum, V. M.; Flippin, L. A.; Grabowski, J. J.;
King, G. K.; Schmitt, R. J.; Sullivan, S. Al. Am. Chem. S0d.98Q 102
5012-5015.

(24) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183-5185.

(25) Liu, J.; Mandel, S.; Hadad, C. M.; Platz, M.35.0Org. Chem2004
69, 8583-8593.

(26) Faucher, N.; Ambroise, Y.; Cintrat, J.-C.; Doris, E.; Pillon, F;
Rousseau, BJ. Org. Chem2002 69, 932-934.

(27) Frisch, M. J.; et alGaussian 03 Revision C.02; Gaussian, Inc.:
Wallingford, CT, 2003.

(28) Kong, J.; et alJ. Comput. Chen00Q 21, 1532.

(29) Reed, A. E.; Schleyer, P. v. R.Am. Chem. So&99Q 112 1434~
1445,

(30) Reed, A. E.; Weinstock, R. B.; Weinhold, ..Chem. Phys1985
83, 735-746.

(31) Foster, J. P.; Weinhold, B. Am. Chem. Sod98Q 102 7211
7218.
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FIGURE 2. Proposed mechanism for the reaction between benzoylni-
trene radical anion and NO.

o that in eq 4b is exothermic by 21 kcal/mol. A nitrogeoxygen

exchange reaction also occurs with the phenylnitrene anion and
NO (eq 4c), forming phenoxide. Reaction 4c is exothermic by
125 kcal/mol.

FIGURE 1. Nonbonding molecular orbitals and Mulliken charge and
spin distributions of th@A’ and?A"" states ofl™. Q

(o]
nitrogen-based radical. This picture is supported by the calcu- 1."1_=+ NO d
lated Mulliken charge and spin densities for the ion, shown in \

+ ol

N (4a)

Figure 1, which indicate a delocalized charge slightly polarized

toward the more electronegative oxygen and spin density almost oN

purely localized on the nitrogen. In contrast, adding the extra _
electron to the 'aorbital creates &A'" state that is a more ©/ voONor o (4b)
delocalized radical with more charge on the nitrogen (Figure

1). NPA82%-31 calculations of the charge display the same trends e 5

as the Mulliken charges. There are only minor differences in ©/ + NO ©/ + N (40)
the geometries of the two states, which are provided in the :
Supporting Information. At the B3LYP/6-31G* level of
theory, the?A’ state is lower in energy by 28 kcal/mol, and is
predicted to be the ground state. Because the calculations were
carried out with the B3LYP level of theory, neither calculation
suffers from spin contaminations¢0< 0.77).

(2) Reactivity. The observed reactivity of~ reflects that
expected given its electronic structure and thermochemical
properties. In the section below, the reactivity is discussed
according to the types of reagents. Where appropriate, the
reactions are compared with those of phenylnitrene anion.
Thermochemical values are calculated by using literature
values?t:32

(a) Reactions with Radicals Given the radical character of
ion 1-, we have investigated reactions with radical reagents NO
and NQ. Nitric oxide is a powerful reagent for investigation
of open-shell anionic structures because it is a free radical but
has a very small electron affinity (0.0260 0.0650 eV)3334
lon 1~ is found to undergo an unexpected reaction with NO
proceeding by net addition and loss of kbrming benzoate
anion (eq 4a). Oxygen anion transfer (eq 4b) is also observed
to a lesser extent, with a branching ratio of eq 4a to eq 4b of
about 5/1. The driving force for the reaction is thermochemical
as the reaction in eq 4a is exothermic by 126 kcal/mol, where

Although the reactions are highly exothermic they still have
gh-energy barriers. The mechanism presumably involves an
initial radical coupling as shown in Figure 2, to form benzoylni-
trosate anion2. Formation of benzoate likely proceeds through
a 4-member transition state, which is calculated to be 26 kcal/
mol higher in energy than the nitrosate anion. However, the
transition state is still much lower in energy than the separated
reactants, as the initial radiealadical coupling is exothermic
by ca. 55 kcal/mol. The calculated potential energy surface
(B3LYP/6-31+G*) for the reaction betweerl™ and NO is
shown in Figure 3. The barrier is slightly higher for reaction of
phenylnitrene anion (41 kcal/mol), but because the radical
coupling is more exothermic (72 kcal/mol), the transition state
energy is still well below the energy of the reactants. Because
of the large batrrier, the reaction betweknand NO is not as
efficient as would be expected given the large exothermicity,
' with eff = 0.15. Thus, reaction only occurs on approximately
15% of all collisions.

The nitroger-oxygen exchange reaction observed with NO
is also found to occur with N&Xeq 5a). In this case, the reaction
' is exothermic by 93 kcal/mol, leading to formation ofand
3Sphenzoate anion, whereas phenoxide formation in the reaction

- with phenylnitrene anion is exothermic by 92 kcal/mol. The
Referance Database No.Gnstrom, b 1. Nalard. W G. Fds. National  Mechanism is presumably similar to that shown in Figure 2,
Institute of Standards and Technology: Gaithersburg, MD, June P@5/ with initial formation of the phenylnitroso anion, followed by
webbook.nist.ga _ rearrangement. The phenylnitroso anion has previously been
19%%3)1&611/13&4'2'5,J'; Cowles, D. C.; Elison, G. Bhem. Phys. Lett. proposed to be formed in the reactions of phenyl anion with
(34) Chacko, S. A.; Wenthold, P. Gdass Spectrom. Re 2006 25, nitrous oxidé® and deprotonated aniline with neopentylnitfie,

112-126. and has been shown to produce phenoxide when actiVated.
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FIGURE 3. Potential energy surface for the reaction between benzoylnitrene anion and NO calculated at the B3EN®76e8&! of theory. All

values are 298 K enthalpies (in kcal/mol). Energies of reactants and products are the sum of the two individual species, and are not corrected for

Other products formed in the reaction with include NG~

(eq 5b), nitrosobenzoyl anior8 (eq 5c), and the adduct,
nitrobenzoyl anion4 (eq 5d), although each are formed to a

much smaller extent (2%, 5%, and 17%, respectively).

+ N0 (53
CN
0 ©/ + NO; (5b)
].‘l—: /
“ + No, O
\ ©)J\NO + NO (5¢)
3 0
N-NO, (5d)

X

(b) Reactions with Lewis Acids. Benzoylnitrene radical
anion is unreactive with C£or N,O. Reaction with Cgleads
to formation of C30~, resulting from oxygen anion transfer
(eq 6a). The formation of G®~ in this reaction indicates that
the O affinity of CS, must be greater than the strength of the
C—0O" BDE in 17, 78 kcal/moP! The analogous reaction with
CO; (to form benzonitrile and C§)3” is endothermic by 22

kcal/mol, and therefore is not observed. Interestingly, this also
means that the reverse reaction, transfer off@m CO;~ to
benzonitrile to givel™, is exothermic by 22 kcal/mol. Unfor-
tunately, no reaction was observed betweeryC&anhd benzoni-
trile in the flow tube, suggesting the presence of a barrier to

(35) Kass, S. R; Filley, J.; Van Doren, J. M.; DePuy, CJHAm. Chem.
S0c.1986 108 2849-2852.

(36) O’'Hair, R. A. J.; Gronert, S.; DePuy, C. IHur. Mass Spectrom.
1995 1, 429-436.

(37) lllies, A. J.; Jarrold, M. F.; Wagner-Redeker, W.; Bowers, MJT.
Phys. Cheni984 88, 5204-5209.

oxygen ion transfer. Oxygen ion transfer is obviously not
observed in the reaction of @®ith phenylnitrene anion and
instead, the ionic products are &nd S~ with an intensity of

25% and 75%, respectively. Isonitrile and isothiocyanate
products could be formed directly (eqs 6b and 6c), whereas

formation of benzonitrile and the thiocyanate requires rear-
rangement.
Q

N:

CN
ﬁ: NC
©/ +  CS, —>\ + S,

(6b)

(60)

Reaction between S@nd1~ occurs via oxygen ion transfer
to yield formation of S@ and benzonitrile. This reaction is

exothermic by 23 kcal/mol (eq 7a). In addition, oxygen atom
transfer from S@to give aniorb (eq 7b) is also observed. The
branching ratio between eq 7a and eq 7b is about 5/3.

CN
— ©/ +
\ 0
NO
+
5

(c) Proton and Hydrogen Atom Transfer. In our previous

+ SO,

S0;  (7a)

SO (7b)

study?! we reported thatl™ undergoes proton transfer with

J. Org. ChemVol. 72, No. 25, 2007 9521
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pyruvonitrile and more acidic substrates (eq 8). On the basis of forming acetate radical, 1,1,1,3,3,3-hexafluoro-2-propanol, giv-
proton-transfer bracketing studies the gas-phase acidity ofing hexafluoro acetone ketyl anion, and malononitrile, forming
benzamidyl radicallH, was assigned\Haci(1H) = 347 + 3 dicyanocarbene anion. A more complete description of thie H
kcal/mol. transfer reactions has been provided elsewttere.

Q Q Conclusions

% NH The benzoylnitrene radical anion is an unusual anion with
+ HA — A ® unusual reactivity. On one hand, it resembles a benzoate anion,
and the thermochemical properties are consistent with what is
" expected given the difference between a nitrogen as opposed
to an oxygen atorit However, the presence of the radical leads
to reactions not observed for benzoate. Raehicadlical coupling
is found to occur with radical reagents NO and N@llowed
by a nitrogen-oxygen exchange reaction. This type of reactivity
is also observed with phenylnitrene anion. However, benzoylni-
trene radical anion also undergoes oxygen anion) (ansfer
with many reagents, a reaction that phenylnitrene anion cannot
do, and the reaction is observed with NO, NGS, and SQ.
Benzoylnitrene radical anion is found to undergo hydrogen

OH 3 atom transfer with substituted phenols. For phenols that contain
another acidic position, §t transfer is observed, leading to the
Nt NH™ ©) formation of oxygen-based distonic radical anions, and the
* > * reaction can be used to generate other ionized reactive inter-
1H™

Phenols were found to react with- by hydrogen atom
transfer (HAT) to form benzamidyl aniodH~ (eq 9). On one
hand, the reaction is not surprising because hydrogen atom
transfer is exothermic by ca. 6 kcal/mol. However, exothermicity
is not sufficient to account for the reaction because HAT does
not occur with toluene and aniline despite the fact theHC
BDE in toluené®3® and the N-H BDE* in aniline are
essentially the same as the-8& BDE in phenol©

mediates.
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