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Abstract: In the gas phase, neutral ozonez@ansfers an oxygen atom to several positive idres,the

radical cations of pyridines (RPy**; R = H, CHs, C;Hs, and Cl), pyrimidine (Pi*), and alkyl halides (CEX**;

X = Cl and 1), and the halogen cations{()XX = ClI, Br, and I). Reactivity changes drastically within the
halogen series (Cl< Br™ < I*), whereas no O-transfer occurs td.FThe oxide derivatives RPy™—0O,

Pit—0Or, CHsX*t—0r, and XO' are formed, as demonstrated by pentaquadrupole (QqQqQ) double- and triple-
stage mass spectrometry. No oxygen atom transfer occurs, however, in “inverse” reaaiptispse of
ionized ozone (@) with the corresponding neutrals; and charge transfer dominatbsnitio calculations
suggest that O-transfer from ozone to ionized pyridine yields ionized pyridioede via simple nucleophilic
addition of ozone as opposed to 1,3-dipolar cycloaddition. Similar nucleophilic addition followed log©

is also the most likely mechanism for O-transfer from ozone to the ionized alkyl halides and halogen cations.
This novel O-transfer reaction to positive ions, which expands our knowledge of the rich chemistry of ozone,
introduces a new pathway for the gas-phase oxidation of halogen atoms, pyridines, pyrimidines, alkyl halides,
and analogues, and consequently for the gas-phase generation of their chemically interesting but difficult to
access ionized oxides.

Introduction less attention. Few examples are reported, such as the reaction
of neutral ozone with metal catioAdand with strong Bronsted
Ozone (Q), the less stable form of elemental oxygen, plays 4igs5 The reactions of ozone with G, for instance, allowed
a key role in the upper atmosphere by acting as a vital ultraviolet ¢ first experimental detection of the elusive protonated ozone
light screert. In solution, ozone acts as a strong oxidizing agent, (OsH*), the estimation of its proton affinity, and the study of
an electrophile or nucleophile, and the diverse chemical behavior i reactions of gH* with methané.

of ozone has been widely exploited in condensed-phase
chemistry? The accumulation of electronegative oxygen atoms
in the ozone molecule makes it also a very electrophilic 1,3-
dipole; hence it reacts promptly in concerted 1,3-dipolar
cycloadditions with many olefins. Cycloaddition to olefins
affords highly unstable trioxolanes,e. ozonides, the key
intermediates in the cleavage of carbararbon double bonds
by ozonolysig an important reaction of ozone that is applied
in synthetic and analytical procedures. (4) (@) Smith, D.; Spanel, MMass Spectrom. Re1995 14, 255. (b)
Because of its vital importance in atmospheric and condensed-Atkinson, R.; Carter, W. P. LChem. Re. 1984 84, 437. (c) Steinfeld, J.
phase chemistry, the physical and chemical properties of ozone’.Ade-Golden, S. M.; Gallagher, J. W, Phys, Chem. Ref. D981,

f . o - 16, 911. (d) Wang, N. S.; Howard, C.J. Phys. Chenil99Q 94, 8787. (e)
in both its neutral and ionized forms have been studied Schmelz, T.; Chambaud, G.; Rosmus, P:pkel, H.; Cederbaum, L.;

extensivelyt4 The neutral/neutral and negative ion/neutral Werner, H.-J.Chem. Phys. Lett1991 183 209. (f) Domire F.; Ravi-

: ; ; £~ shankara, A. R.; Howard, C. J. Phys. Chenil992 96, 2171. (g) Viggiano,
reactions of ozone have been studied thoroughly, but its positive 1 =)\ pacs Spectrom. Re 1993 12, 115. (h) Hakola, H: Arey, J.:

ion/neutral reactions (§*/M or M**/O3) have received much  aschmann, S. M.; Atkinson, R. Atmos. Chen.994 18, 75. (i) Fedchak,
J. A,; Peko, B. L.; Champion, R. lJ. Chem. Phys1995 103 981. (j) Li,

In the present study, ion/molecule reactions of neutral ozone
with positive ions, i.e. ionized organic molecules {fyland
halogen cations (X), have been investigated in the gas phase
by double- (MS) and triple-stage (M$® pentaquadrupole
(QgQ9Q) mass spectromethas well as those of ionized ozone
with the corresponding neutrals {O/M). Neutral ozone was
observed to transfer readily an oxygen atom to several positive

T State University of Campinas. Z.; Friedl, R. R.; Sander, S. B. Phys. Chenml995 99, 13445. (k) Arnold,
* University of Helsinki. S. T.; Morris, R. A.; Viggiano, A. AJ. Chem. Phys1995 103 2454. (1)
SVTT Chemical Technology. Huey, L. G.; Hanson, D. R.; Howard, C.Jl.Phys. Cheml995 99, 5001.

(1) (@) McEwan, M. J.; Phillips, L. FChemistry of the Atmosphere (m) Newson, K. A.; Luc, S. M.; Price, S. D.; Mason, N.ldt. J. Mass
Edward Arnold Ltd., London, 1975. (b) Molina, M. Bure Appl. Chem. Spectrom. lon Processd995 148 203. (n) Newson, K. A.; Price, S. D.

1996 68, 1749 (c) Slanger, T. GSciencel994 265 1817. Int. J. Mass Spectrom. lon ProcessE396 153 151. (0) Garner, M. C.;
(2) (a) March J. Advanced Organic Chemistndrd ed.; John Wiley & Sherwood, C. R.; Hanold, K. A.; Continetti, R. Ehem. Phys. LetL996
Sons: New York, 1985 (b) Carey, F. A.; Sunderberg, R. JAdbanced 248 20.
Organic Chemistry2nd ed.; Plenum Press: New York, 1984. (5) Cacace, F.; Speranza, Mciencel994 265 208.
(3) Bailey, P. SOzonation in Organic ChemistnAcademic Press: New (6) Schwartz, J. C.; Wade, A. P.; Enke, C. G.; Cooks, RAGl. Chem.
York, 1978; Vol. 1. 199Q 62, 1809.
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Figure 1. A diagram of the pentaquadrupole mass spectrometer. Q1, Q3, and Q5 are mass-analyzer quadrupoles whereas g2 and g4 function as
ion-focusing reaction chambers. In a typical ion/molecule reaction experiment, ions are generated in the ion source, purified (mass-selected) by Q
and further reacted under controlled conditions (collision energy and pressure) with a neutral gas introduced in q2. Product ions of interest are the
mass selected by Q3, and structurally analyzed by collision-induced dissociation or structurally diagnostic ion/molecule reactions in ¢4, while Q

is scanned to acquire the triple-stage mass spectra. For more details see ref 7f.

Table 1. lonic Products in/z(Relative Abundancé) of Reactions

ions (M, X*) in a novel gas-phase oxidation reaction that between Several Positive lons and thg¢ap Mixture

affords the ionizedN-oxide derivatives (M-O°, XO™) as the

main ionic products. charge dissociation
transfer products
ion (M**or X*) O-transfer (O) of M+*
Methods pyridine* ® 95(100)  none 52(2), 39(2)
The study was carried out via M&nd MS experimentsperformed 3'Ch|°r°py”fj'né'.b 129(100) none 78(8)
in an Extrel [Pittsburgh, PA] pentaquadrupole (QqQqQ) mass spec- 2 Methylpyridine 109(14) none 65, 66, 67(3)
trometer, a versatile instrument for studying of ion/molecule reactions 3-methylpyr!d!né 109(27) none 65, 66, 67(8)
. ' . . 4-methylpyriding* 109(34) none 65, 66, 67(9)
in the gas phase.In Ehe Qq”QqQ (_Flgure 1) three mass analyzing pyrimidine™ 96(100) none 53(5)
(Q1, @3, Q5) and two “rf-only” reaction quadrupoles (g2, q4) are placed 4 gthylpyridine* 123 (42) none 106(12)
sequentially. lons are formed in the ion source, each desired ion is pyrazole* none none 41(2)
“purified” one at a time via mass selection in Q1, and their reactions thiophene* none none none
are performed in g2 with selected neutrals at controlled conditions such benzeng none none 52(4), 51(1)
as collision energy and concentration (neutral gas pressure). Product bromobenzene none none 77(28)
ions produced in g2 are mass selected one at a time by Q3 for further benzyl bromide- none none 91(7)
structural investigation in g4 via either structurally diagnostic collision-  €thylené® none none 27(22)
induced dissociation (CIB)or ion/molecule reactions, whereas Q5 is ~ iSoprené none none 67(8), 53(1)
scanned to collect the triple-stage (M$roduct spectra. Collision CH3C’}':; none 32(100)  40(6)
energies of 1 eV (calculated by th&z 39:41 ratio in neutral ethylene/ gﬂiﬁl b ?gggg% 32(12) 49(12)
ionized ethylene reactio#$ were applied for ion/molecule reactions NHZCI+' . non«(a ) 2822 Rgr?ee

in g2, Whereas_ 15_ eV CID Wlth argon were performed in q4. _The CH4*™ none 32(100) 15(19)
total pressures inside each differentially pumped region were typically g+ none 32(100)
2 x 1078 (ion-source), 8x 107 (g2), and 8x 107° (gq4) Torr. ClItb 51(3) 32(100)
9Brt+ b 95(100) none

(7) (a) Gozzo, F. C.; Eberlin, M. Nl. Am. Soc. Mass Spectrofr®95 |+ b 143(100) none
6, 554. (b) Moraes, L. A. B.; Pimpim, R. S.; Eberlin, M. Bl. Org. Chem.
1996 61, 8726. (c) Eberlin, M. N.; Sorrilha, A. E. P. M.; Gozzo, F. C,; aWhen no signal of 100% relative abundance is reported, the base
Pimpim, R. S.J. Am. Chem. S0d.997, 119, 3550. (d) Moraes, L. A. B.; signal was the surving reactant ictSpectrum shown as a figure, see
Gozzo, F. C.; Eberlin, M. N.; Vaniotalo, B. Org. Chem1997 62, 5096. text. ¢ Chloramine was sampled via membrane introduction mass
(e) Carvalho, M.; Moraes, L. A. B.; Kascheres, C.; Eberlin, MINChem. spectrometry, see ref 19,
Soc., Perkin Trans. 2997, 2347. (f) Eberlin, M. NMass Spectrom. Re
1997 16, 113. The ionized neutrals were generated by 70 eV electron ionization

(8) Juliano, V. F.; Gozzo, F. C.; Eberlin, M. N.; Kascheres, C.; Lago, (g|) of their neutral counterparts, whereas the halogen cations were

C. L. Anal. Chem1996 68, 1328. . ..
(9) (a) McLafferty, F. WTandem Mass Spectrometwiley: New York, formed by dissociative 70 eV El of GEI, CHs;Cl, CH;Br, and CHiI.

1983. (b) Levsen, K.; Schwarz, Hass Spectrom. Re1983 2, 77. (c) Ozone was made _fr_om high-purity dried @ acu_stom-made ozonator
Holmes, J. LOrg. Mass Spectrom.985 20, 169. (d) Cooks, R. G.; Beynon, ~ and trapped on silica gel at72 °C.** The enriched @O, mixture
J. H.; Caprioli, C.; Lestes, J. Rletastable lonsElsevier: New York, 1973. was introduced in g2 to obtain an instrument overall pressure of

(e) Busch, K. L.; Glish, G. L.; McLuckey, S. AMass Spectrometry/Mass  approximately 8x 1076 Torr (the actual pressure inside the collision

Spectrometry: Techniques and Applications of Tandem Mass Spectrpmetry ; ; ; ;
VHC: New York, 1988, cell is estimated to be close to 0.1 mTorr). Maximum yields of products

(10) Tiernan, T. O.; Futrell, J. HI. Phys. Cheml968 72, 3080 were observed after-12 h of continuous flow of the gas mixture
(11) Newson, K. A.: Luc, S. M.; Price, S. D.; Mason, Nt J. Mass probably because of initial reactions of ozone with background
Spectrom. lon Processd995 148 203. compounds present in the gas lines.

(12) Gaussian 94, Revision B.3, Frisch, M. J.; Trucks, G. W.; Schlegel,  Ab initio molecular orbital calculations were carried out by Gauss-
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R, jan9412 The species were optimized at the (HF) Hartr€eck level

Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K; ; P~ _ o1
Al-Laham, M. A.: Zakizewski, V. G.; Ortiz, J. V.. Foresman, J. B.: Peng. of theory by employing the polarization 6-31G(d,p) basis *%et.

C.Y.; Ayala, P. Y.; Chen, W.: Wong, M. W.; Andres, J. L.; Replogle, E. Improved energies were obtained by single-point calculations at the
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.: Defrees, D. J.; HF/6-31G(d,p) level and incorporating valence electron correlation
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. calculated by second-order MghePlesset (MP2) perturbation thedry.

Ga(UlSSS)iZZn), anhi Pi\t/tlejurgDh_, Fr’]/f\_, It9%5- Pople. J. & Chem. Phys1972 Harmonic vibrational frequencies were calculated at the HF/6-31G-
a) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Phy d,p) level and used to characterize the stationary points and to obtain
56, 2257. (b) Hariharan, P. C.; Pople, J. Pheor. Chim. Actal973 72, (dp) yPp

650 the zero-point vibrational energies (ZPE).
(14) Mgiller, C.; Plesset, M. S2hys. Re. 1934 46, 618. Results and Discussion

(15) Dissociation occurs even under the low energy collision conditions : - -
used for the ion/molecule reactions likely owing to the high efficiency of Several chemical species (mostly organic molecules), both

transfer of translational to internal energy that occurs in quadrupole coliision in their neutral and ionized forms, were reacted with ionized or
cells, see: Douglas, D. J. Am. Soc. Mass Spectroi898 9, 101. _ neutral ozone, respectively, via double-stage YMSperiments.

(16) Considering that very similar g2 collision conditions were applied The resyiting product spectra display therefore the ionic products
for all reactions, the ratios of the sum of the abundance of ionic products _ . ". f llisi fth | . ith th |
to that of surving reactant ion were used as estimates of both reaction yields&rising from collisions of the mass-selected ion with the neutra

and relative reactivities. reactant.
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Figure 2. Pentaquadrupole double-stage @19roduct spectra for
reactions of (a) ionized pyridine and (b) ionized 2-chloropyridine with
neutral ozone. Note the O-transfer productsmf 95 and 129.

M*+/O3 reactions. Most of the positively charged species
react with neutral ozone (Table 1) mainly by charge transfer or
undergo collision-induced dissociatidhpr both. However,

several ionized pyridines, alkyl halides, and halogen atoms react

with neutral ozone to yield mainly product ions of a formal
O-transfer reaction, i.e. the ionic products disptaly ratios 16
units higher than that of the reactant ion.

lonized Pyridines. O-transfer from ozone to ionized pyridine
occurs in high yield8 and the product afivz 95 represents more
than 95% of the total product ion current (Figure 2a). The
O-transfer product of ionized pyridine is best rationalized as
ionized pyridineN-oxide (eq 1, R= H, X = CH). O-transfer
from ozone also occurs in high to medium yields to several
ionized pyridine derivatives, i.e. 2-, 3-, and 4-methylpyridine,
4-ethylpyridine (Table 1), 3-chloropyridine (Figure 2b), and the
ionized 1,3-dinitrogen analogue pyrimidine (Table 1, eq 1, R

R

=H, X = N).
R
f(\x 05 ﬁf\x
—
\NJ -0, \NJ
+e |+
o

lonized Halogen Atoms. Figure 3 shows the product spectra
for reactions of X (X = F, Cl, Br, I) with neutral ozone.
O-transfer to X is not general, and a drastic change in reactivity
occurs. Note in Figure 3 that the higher the atomic number of
the halogen atom the higher the yi¥ldf the O-transfer product
XO™. In fact, no product of O-transfer to"Fi.e. FO" of m/z
35, is formed (Figure 3a), and,©® of m/z 32 dominates.
Several pathways may account for formation ef Qn the F/
03(0») reactions. F may undergo charge transfer with,@nd
Os** may dissociate subsequently ta™®or undergo charge
transfer with Q present in the reaction mixture. Charge transfer
may, however, occur directly from™Ro O,. Charge transfer
of F* to both Q and Q is expected to be highly favored owing
to the high ionization potential (IP) of the F atom (17.42 eV)
when compared to that of$312.43 eV) and @(12.07 eV)’

O-transfer may in fact occur from ozone to,But FO™ could
be consumed rapidly owing to favorable charge transfergo O
or O, [the FO radical (12.77 eV) has a slightly greater ionization

@

(17) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard W. G. J. Phys. Chem. Ref. Datt988 17, Suppl. 1.
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Figure 3. Pentaquadrupole double-stage @1$roduct spectra for
reactions of (a) F, (b) *°CI*, (c) "Br™, (d) Br*, and (e) T with neutral
ozone. Note that no O-transfer occurs tq Whereas increasing yields
of the XO" product ions are observed in the following ordert Gk
Brt < It

energy than ©(12.07 eV) and @(12.43 eV}’]. To investigate
this possibility, reactions of Fwith the GO, mixture were
performed under mainly single collision conditions by using
much lower pressures in q2. Tisecondaryreaction of FO
with O3 or O, should be disfavored under single collision
conditions; hence, if indeed FOis formed as the primary
product, it should be detected in the low-pressure product
spectra. No FO was detected, however, when working on a
range of low-pressure conditions. This finding suggests that if
O,™ is formed by charge transfer, it must occur directly from
the primary F reactant ion. An alternative remains for a
process suppressing O-transfer fromt® F', i.e. the highly
electrophilic F may abstract O from ozone (oxygen anion
transfer), a reaction that would yield,© and the FOradical.

The IP of the chlorine radical (12.97 eV) is just slightly higher
than that of @ and Q; hence reactions of Clwith the QyJ/O,
mixture occur predominantly by charge transfer or alternatively
by oxygen anion transfer (@ of m/z 32), but also modestly
by O-transfer yielding CI® of m/z 51 (Figure 3b). Note that
secondary charge transfer of CiQo Os/O; is not expected
because the ionization energy of the €tadical (10.95 e\W
is considerably lower than that ofs@nd Q.
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Table 2. lonic Products iih/z (Relative Abundance)] of Reactions between lonized Ozong*Y@nd Several Neutral Compounds
neutral reactant (M) charge transfer {1 o, M dissociation products other products
CH,=CH, 28(100) 32(58) none 41(100), 69(28)
CH,=CH-CH,—ClI 76, 78(100) 32(20) 41(57) 81(57)
isoprene 68(10) 32(18) 67(100) 81, 95, 107, 13523)
benzene 78(100) 32(8) none none
styrene 104(100) 32(4) none none
furan 68(100) 32(3) none none
thiophene 84(100) 32(3) none none
pyridine 79(47) 32(68) none 80(160)
pyrimidine 80(100) 32(45) none 81(82)
anisole 108(100) 32(34) none none
3-chlorothiophene 118, 120(100) 32(5) none none
CH3;—S—CH; 62(100) 32(15) 61(98), 49(8) none
CHs—S—S—C;Hs 122(100) 32(28) 94, 66(3) none
CHal 142(100) 32(1) none 157(3)

CHgCI 50(100) 32(7) 49(25) none
CcO none 32(100) none none
CO, none 32(100) none none

aSecondary products of ionized ethyleA&econdary products of ionized isoprene, see refc B@otonated Neutral The secondary Ci+

|*—CHj; product.

a 158 .
(@) . CHyi*-0
CH;i
o, 3
O 142
80 100 120 140 160 180
(b) 6 . . .
. CH; CI—0O
O; CH,Ci 3
O 50

20 30 40 50 m/z 60 70 80 90 100

Figure 4. Pentaquadrupole double-stage @1$¥roduct spectra for
reactions of (a) CH** and (b) CHCI** with neutral ozone. Note the
O-transfer product o'z 158 and 66.

The Br (11.81 eV) and | (10.45 eV) atoms display IP’s
considerably lower than that ofghence, in reactions of Br
(Figure 3c,d) and'l (Figure 3e) with @, the O-transfer products
BrO* of m/z 95 and 10" of m/z 143 are formed in high
yields16i.e. they constitute practically 100% of the product ion
current. O-transfer from £xo 7Br* (Figure 3c) was confirmed
by reacting®'Br* (Figure 3d) and noting formation §tBrO™"
of m'z 97.

lonized Alkyl Halides. O-transfer is also a major reaction
of ozone with ionized methyl iodide (Figure 4a) and methyl

IP’s of the neutrals (for instance, IP of pyridire 9.25 eV)
when compared to that of ozone (12.43 éV/).

After charge transfer, however, the ion/neutral complexes in
the “inverse” reactions are the same as those in the “direct”
reactions [M+ Oz™ — M™/O3 < M™ + Oz]. An obvious
difference between the ion/neutral complexes from both reac-
tions is their internal-energy content. Therefore, even the
“inverse” reaction could become efficient in promoting O-
transfer if the energy content of the ion/neutral complex is
reduced. Quenching of the ion/neutral complex could be
achieved, for instance, by varying the translational energy of
the O;** reactant or via collisional deactivation. Thus, the
reactions of @™ with all the neutrals reported in Table 2 were
performed in the whole range of translational energies in which
reactions occur, i.e. from nominall eV to 3 eV° In another
effort to promote collisional quenching of the ion/neutral
complexes, the neutral gas pressures in the collision cell (g2)
were varied to cause depletion of thg'©current from 5% to
95%. No O-transfer products were detected in any of these
conditions. Hence, either the nascent neutral ozone is much
too “hot” and dissociates rapidly after exothermic charge transfer
(for instance reaction of £ with neutral pyridine gives 3.18
eVl excess energy after charge transfer) or the ion/neutral
complexes M*/O; formed in the “inverse” reactions are too
short-lived for collisional quenching.

The Neutral Reactant: O3 or O,? Owing to incomplete
conversion of @to Oz and possible degradation of;@ the
g2 gas lines, a considerable amount of i® present in the
reaction mixturé! Thus, Q could participate in the O-transfer
reaction. To verify this possibility, the ions for which O-transfer
occurs were reacted with pure Onder the same experimental

chloride (Figure 4b). Simple mechanistic considerations suggestconditions applied to the reactions with the/O, mixture.

the corresponding oxides GKT—0O* (X = Cl, I) to be the most
likely products (eq 2).

++ O3 + .| 0z + .
CHg—X —— | CHy—X—0—0—0"| —— CH;—x—0" (2
X=Cl, |

“Inverse” M/O 3™ Reactions. lonized ozone (@) was also

reacted with some neutrals, including pyridine, pyrimidine,
methyl chloride, and methyl iodide (Table 2). However, no

O-transfer products were formed, and charge transfer dominates
Both the lack of O-transfer and the dominance of charge transfer

for the M/Os** reactions are rationalized in terms of the lower

Conditions were adjusted to maximize O-transfer with the O
O, mixture; then this mixture was replaced by pure QNo
O-transfer products remained, which confirms that O-transfer
occurs from Q alone.

The Structures of the O-Transfer Products. The multiple
ion-selection/reaction capabilities of the pentaquadrupole mass
spectrometér(Figure 1) permitted “on-line” access to structural
information of the O-transfer products via the recording of their

(18) Stevenson, D. Miscuss. Faraday Sod.95], 10, 35.

(19) (a) Kotiaho, T.; Eberlin, M. N.; Shay, B. J.; Cooks, R. 5.Am.
Chem. Soc1993 115, 1004. (b) Eberlin, M. N.; Kotiaho, T.; Cooks, R. G.
J. Am. Chem. S0d.994 116 2457.

(20) Eberlin, M. N.; Cooks, R. GJ. Am. Chem. S0d.993 115 9226.
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Figure 5. Pentaquadrupole (a) double-stage @vtfissociation product
spectrum of ionized pyridin&l-oxide generated by 70 eV EI of the

neutral and (b) triple-stage (MBsequential product spectra of the
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O-transfer products arising from reactions of neutral ozone with ionized
pyridine. The similarity of both spectra suggests O-transfer to the 60

pyridine nitrogen.

sequential product spectfatypical examples of which are

presented in Figures 5 and 6. To acquire these triple-stage
(MS®) mass spectra, the O-transfer products were mass selected

by Q3 and then subject to 15 eV dissociative collisions with

J. Am. Chem. Soc., Vol. 120, No. 31, 199873
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The triple-stage mass spectrum of the product of O-transfer rigure 6. Pentaquadrupole triple-stage (iSequential product spectra
to ionized pyridine is shown in Figure 5b, whereas Figure 5a of the oxygen atom transfer products (83rO*, (b) 10" (c) CHslO™,
shows the double-stage spectrum of an authentic ion, i.e. ionizedand (d) CHCIO*.

pyridine N-oxide formed by direct ionization of the correspond-

ing neutral. Both spectra are nearly identical, which provides nantly by CIO loss (Figure 6d) to yield Ck of m/z 15, as

solid evidence that Py-Or is formed as the primary O-transfer
product.

BrO* (Figure 6a) and IO (Figure 6b) dissociate exclusively
to Br+ of Mz 79 and I of m/z 127, respectively, as predicted
by the Stevenson’s rufé. This classic rule of ion dissociation
states that the fragment ion of lower IP is formed preferentially.
Hence, Bf and I" are the expected fragments considering the
following IP’s: O (13.62 eV), Br(11.81), and "l (10.45)%"

CH3l*—0Or of m/z 158 (Figure 6c¢) dissociates upon collision
activation mainly by CH loss to afford I3 of mVz 143 (Figure
3d), whereas 1® apparently dissociates in turn to bf m/z
127. In contrast, CECIT—0Or of m/z 66 dissociates predomi-

expected from the lower IP of the methyl radical [C{Q0.95
eV) and CH* (9.84 eV)].

Ab Initio Calculations. Mechanism of O-Transfer to
Pyridine. O-transfer of ozone to ionized pyridine could proceed
via (a) a simple nucleophilic addition followed by, @ss to
afford ionized pyridineN-oxide or (b) 1,3-dipolar cycloaddition
forming primarily an 1,2,3-trioxolane bicyclic intermediate
(Scheme 1). Direct dissociation by,@oss of the bicyclic
intermediate would also yield ionized pyridifeoxide, whereas
prior isomerization via ring expansion to the corresponding
1,2,4-trioxolane bicyclic ring system (a process normally

Table 3. Total Energies from Structure Optimization MP2/6-31G(d,p)//6-31G(¢tPPE ab Initio Calculations
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MP2/6-31G(d,p)//6-31G(d,p)

MP2/6-31G(d,p)//6-31G(d,})ZPE

species energy (hartree) ZPE (hartrée) energy (hartree)
a —247.19081 0.08201 —247.10880
Oz° —224.79448 0.00603 —224.78844
(oF% —149.94681 0.00405 —149.94276
b —472.10457 0.09550 —472.00908
c —472.06540 0.09538 —471.97002
d —472.05317 0.09697 —471.95621
e —322.12024 0.08280 —322.03744
f —322.14345 0.08552 —322.05793

aZPE energies were scaled by 0.8€nergies of the most stable triplete state.
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energy surface diagram for reactions of ionized pyridine with neutral
postulated for ozonolysiscould produce an isomeric O-transfer

ozone. Energy barriers were not estimated. Energies are given in kcal/
product,i.e. ionized 1,2-oxazepine (Scheme 1).

mol. The less energetic reaction pathway is represented by simple
To compare the energetics of these two alternative reaction"ucleophilic addition followed by @loss that yields ionized pyridine

pathways, an ab initio potential energy surface diagram (Figure N-oxide.
7) was elaborated (Table 3). Simple nucleophilic addition of

ozone to ionized pyridine is shown to be far more exothermic of ozone! For example, it has been observed that neutral ozone
(—70.1 kcal/mol) than cycloaddition-45.7 kcal/mol). Theless  transfers an oxygen atom to @8, CHs;SS,* and H3“ and

favorable 1,2,3-trioxolane cycloadduct, if formed to any extent, to NO,.%¢ It has also been reported thag© transfers an
is predicted to dissociate directly by, @ss to yield also ionized

oxygen anion (07) to CO* and NQ.* Therefore, the
pyridine N-oxide in a —6.3 kcal/mol exothermic process.

reactivity of O™ described herein contrasts to that of its
Although the alternative isomerization of the 1,2,3-trioxolane negative counterpart £, i.e. O;™* reacts with a variety of

to the 1,2,4-trioxolane cycloadduct, and furtherdissociation,  neutral species exclusively by charge transfer whereas O-transfer
would generate the more stable O-transfer product, i.e. ionizedjs common for @ The present results show, however, that

1,2-oxazepine (Figure 7), both the endothermicity of the initial o_ransfer is achieved when the reaction is performed with

Mendes et al.
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isomerization (8.7 kcal/mol) and the substantial high energy neiral ozoneand some selected positively charged species.
barrier expected for the isomerization process must suppress .
this reaction pathway. In the 70’s it was reported that O-transfer occurs fropt®
Therefore, from the calculations summarized in Figure 7, inorganic ions such as NQK*, Fe", Mg", and Cu.'# For
O-transfer from ozone to pyridine proceeds mainly via simple the first time, therefore, neutral ozone is shown to transfer
nucleophilic addition of ozone and generates, uponld3s, efficiently an oxygen atom to halogen cations, most efficiently
ionized pyridine N-oxide as the main ionic product. This to Brfand I, and two classes of organic ions, i.e. ionized alkyl
theoretical prediction agrees with the RMé&periments that, as  halides and ionized nitrogenated aromatic compounds. This

already discussed, also suggest formation of ionized pyridine novel O-transfer reaction, which reveals a new pathway by
N-oxide. Note that isomerization of ionized pyridiieoxide

which ozone acts as a strong oxidizing agent, opens a new route
to the more stable 1,2-oxazepine isomer is expected to beto generate and study several ionized oxides in the gas phase.

hampered by a substantial energy barrier for ring expansion. They include ionized pyridine and pyrimidirié-oxides, and
This isomerization may occur to some extent, however, under some difficult to access but chemically fascinating species such

collisional activation, as the HCN loss that occurs for both the 54 CHX*—0" and the oxohalogen cations XO
O-transfer product of pyridine and the authentic ionized pyridine

N-oxide (the fragment afiVz 68 in Figure 5) is best rationalized
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