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Abstract

The structures and reactivities of the ions formed by the reaction of cyclopentanone*witta@ been studied using flowing afterglow-
selected ion flow tube (FA-SIFT) experiments in conjunction with density functional theory (DFT) calculations. Ehtga* Cisomers
were found to be generated — cyclopentanone-2,5-diyl radical adfioly @-carbenacyclopentanone radical anisT§, and cyclopentanone-
2,4-diyl radical anion&®~). The large amount of signal loss observed in this reaction is attributed to formation of 2-cyclopentenone radical
anion (L0°~), in which the electron is predicted to be unbound. DFT calculations préticito be the most stable of the boungdHzO*~
ions, and FA-SIFT experiments confidfi~ is the major ion formed in this reaction. Bracketing experiments found the proton affinity (PA)
of 4°~ to be 362+ 5 kcal/mol and the electron binding energy (EBE) to be ca. 0.5eV. Although the PA of this species predicted by DFT
calculations (363.2 kcal/mol) is consistent with the experimental value, both DFT and ab initio calculations predict an EBE of ca. 1.6 eV
for this radical anion. The apparent conflict between the calculated and experimental EBE is resolved by proposing that, in the gas phase
bracketing experiments, the electron transfer process leads adiabatically, not to cyclopentanone4),Sxdtiyby a retro-Nazarov reaction,
to the more stable 1,4-pentadien-3-oh8)( DFT calculations show that the difference between the computed and measured BBEsaof
be accounted for by the calculated difference between the enerdi@aafi4.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction )Ol\ )O\_ )lez

Oxyallyl (1) has been postulated to be an intermediate in G QR = HOECR, HG S
many reactions, such as the Favorskii rearrangefignhe 1 2
photochemical rearrangement of 2,5-cyclohexadienf#ties Oxyallyl can be thought of as a heteroatom derivative
and the rearrangement of allene oxides to cyclopropanonesof trimethylenemethane2), one of the best-studied non-
[3] Kekulé hydrocarbon diradicald]. The nonbonding molec-

ular orbitals of2 are non-disjoint; therefor,is expected to
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If oxygen is substituted for a methylene groupZnthe
resulting diradical 1) is predicted to have nearly degenerate
singlet and triplet statg$,8]. If alkyl substituents are added
to 1 the singlet is calculated to be the ground sf{&t8b,9]

Organic chemists typically think df as having a zwitte-
rionic structure, since this is an attractive way of explaining
the stabilization of singlet. However, electronic structure
calculations have shown that singletis predominantly a
diradical species, with a strong=O bond[8a,9,10] In ad-
dition, Lim et al. have shown that, in solution, oxyallyl does
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of this diradical, we sought to generate cyclopentanone-2,5-
diyl radical anion 4* ™). Therefore, we investigated whether
reaction of cyclopentanon&)(with O°~ would provide a

notappear to be significantly more polar than cyclopropanone satisfactory method for produciny —.

[10]. Although experimental evidence suggests that oxyallyl
derivatives have a singlet ground stfit#], neitherAEst nor
vc=0 have yet been measured in the parent oxyallybf in
any derivative ofl.

Perhaps the best way to measureAtigstin a diradical is
to utilize NIPES[12]. Obtaining a NIPE spectrum requires a

Relatively little is known about the gas phase ion chem-
istry that occurs wheR is allowed to react with ©@. Us-
ing ion cyclotron resonance spectrometry (ICR), Harrison
and Jennings have shown thatH7O—, CsHgO®*~, and
C3H»>0°~ are produced, but these anions were not character-
ized[17]. However, the @H,O®~ ion was shown to contain

beam of radical anions, and one of the most common ways tonone of the hydrogens that are attached to the carbons that are
generate this type of reactive intermediate in the gas phase isx to the carbonyl group i8. On this basis it was suggested

to allow a neutral compound to react with atomic oxygen radi-
cal anion (O™). This reaction results in neta®" abstraction

that this radical anion is most likely methylene ketene radi-
cal anion {*~), formed, as shown ischeme 2by loss of

from the neutral, thus producing a didehydro radical anion ethylene from 2-carbenacyclopentanone radical arin)(

and O [13].
Reaction with O~ has been used to generate a variety of
carbene and distonic radical anidig]. However, O~ is a

We have carried out a detailed investigation of the rad-
ical anions formed from the reaction 8fwith O®*~, using
calculations to help interpret the experimental data. We find

highly reactive and, hence, unselective reagent. For examplethat the GHgO® ~ radical ions formed in this reaction actu-

Dawson et al. observed 1,1,1, 3,3-H**, and 1,3-HD*
abstraction products when acetone-1,13@s allowed to
react with O, although a slight preference for 1,3-#D
abstraction (56%) was not¢th]. Presumably, both oxyallyl
radical anion 1*~) and the isomeric carbene radical anion
are formed in this reactiofi5].

Cyclopentanoned] is an ethano-bridged derivative of ace-
tone, and it is likely that the reaction 8fwith O*~ would
produce cyclopentanone-2,5-diyl radical ani@g=). The
singlet state of diradical is calculated to be lower than the
triplet by 7.0 kcal/mo[9b]. In addition, the &O bond in4
is predicted to be strong, withe—o =1736 cnT® [9b]. This

ally consist of three isomers4®—, 5*—, and6®*~. We have
used bracketing experiments to measure the proton affinity
(PA) and adiabatic electron binding energy (EBBJ 4° .

We present evidence that the apparent EBE measurd8for
corresponds to the formation of 1,4-pentadien-3-one, rather
than4.

After the research described in this manuscript had been
completed, a paper by Lin and Grabowski appeared, which
describes their studies of the reactions of ketones with O
in a flowing afterglow (FA)[18]. While their results for the
reaction of O~ with 3 generally agree with ours, there are
several significant discrepancies that are important. These

predicted value is very close to the experimental value of differences are discussed in this manuscript.

ve=0 = 1740 cnt! found for3[16].

Since O~ is an unselective reagent, it is likely that the
reaction of3with O®*~ would produce more than one isomer.
As in the case of acetor#5], a carbene radical aniob*(")
is expected to be formed wh@is allowed to react with ©~
(Scheme 1 It is also possible that this reaction could form
cyclopentanone-2,4-diyl radical aniodf ().

In order to utilize NIPES to measure botEsT in 4 and

2. Experimental
2.1. Gas phase experiments

All experiments were carried out with a tandem flowing
afterglow-selected ion flow tube (FA-SIFT) apparatus, which

the C-O stretching frequencies in the singlet and triplet states has been described previou§l®]. The @~ and HO ions

)OI\ (0] O 0]
- H
e om0 M@ L @on, o,

H,C-CH, H,C-CH, H,C-CH, HZC—'kH
3 4+~ 5" 6"
Scheme 1.

were generated in the first flow tube by electron impact on
N2O and on a mixture of pO and CH, respectively. In a
typical experiment, @ (or HO™) was mass-selected with

a quadrupole mass filter and injected through the SIFT in-
jection orifice into the second flow tube containing helium.

1 The electron binding energy of an anion is equivalent to the electron
affinity of the corresponding neutral.
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Cyclopentanone was added through an inlet near the up-Geometries were fully optimized, and a vibrational analysis
stream end of the second flow tube. In other experiments,was performed at each stationary point, in order to confirm
cyclopentanone and*O (or HO™) were allowed to react in  its identity as a minimum energy structure (no vibrational
the first flow tube and mass-selectegHgO®* ~ (or CsH707) modes with imaginary frequencies) or as a transition structure
ions were injected into the second flow tube. In all experi- (one vibrational mode with an imaginary frequency). The
ments, injected ions were rapidly thermalized by collisions vibrational analyses also provided the zero-point and thermal
with helium (0.5 Torr,~300 K) before the ions reacted with  energy corrections that were necessary to convert the B3LYP
reagents that are added downstream. The SIFT injection en-electronic energies into enthalpies at 298 K. For this purpose
ergy (defined as the voltage difference between the sourcethe vibrational frequencies were used without scaling.
flow tube and the SIFT injection orific&n;) was typically Geometry optimizations were also performed with
16-20eV. For collision induced dissociation (CID) experi- (4/4)CASSCF for neutral structures and (5/4)CASSCF for
mentsEj,; was increased up to 50 eV, to facilitate fragmen- radical anions. The active electrons were distributed among
tation of the reactant ions by collision with helium near the fours molecularorbitals. CASSCF vibrational analyses were
injection orifice. carried out to establish the nature of each stationary point
CsHgO*~ and GH7O™~ ions were allowed to react with  found and to obtain zero-point and thermal corrections to
neutral reagents that were added via fixed inlets downstreamits energy. The CASSCF vibrational frequencies were used
on the second flow tube. PA and electron affinity (EA) brack- without scaling. In order to include the effects of dynamic
eting experiments were carried out by allowing neutrals, electron correlatiofi26] CASPT2[27] single-point calcula-
with known gas-phase acidities and E9] to react with tions were performed at the CASSCF optimized geometries.
mass selecteddEigO®*~ and GH;O™ ions. The reactivity of The CASSCF zero-point and thermal corrections were used
CsHeO°—, and of deuterated and methylated derivatives of to convert the CASPT2 electronic energies to enthalpies.
thision, was also explored with several other neutral reagents.  All calculations were performed using the 6-31H@asis
The detection quadrupole mass filter was optimized for min- set[28]. The (U)B3LYP and CASSCF calculations were car-
imal mass discrimination; however, product branching ratios ried out using the Gaussian 98 suite of progrgp®3, while
are reported without further correction for the differential de- all CASPT2 calculations were performed using the MOL-
tection sensitivities. CAS package of prograni30].
Reaction rate measurements were carried out by adding
a constant amount of neutral reagent at different distances
along the second flow tube, thereby effectively changing the 3. Results and discussion
reaction time. Semi-logarithmic plots of parent ion counts
versus reaction time were found to be linear within the de- 3.1. Cyclopentanone +O
tection limits. Rate constants were derived from the slopes
of signal decay, and these constants typically have absolute The reaction of3 with O*~ was found to be facile
error bars 0£:20%. Reaction efficiencies were obtained as (k=2.94x 10-° cm® molecule™! s™2, efficiency = 63%) and
the ratio of the measured rate constants to the theoreticalto generate four primary anions:s8s0*~, CsH;O™,
collision-rate constant, calculated using the parameterizedCzH,0°*~, and HO (Eq.(1)). The values in parentheses are

trajectory collision theory21]. the primary branching fractions, derived by extrapolating the
product yields to zero reactant concentration. The increase in
2.2. Materials the intensities of the peaks due to the products was only about

25% as large as the loss in intensity of the peak due*to. O

Cyclopentanone was obtained from Aldrich (99+%) We attribute the 75% loss of product signal to detachment of
and used as received. Cyclopentanone-2,2,p,%ab syn- an electron from the major product of the reactior8atith
thesized in 95% isotopic purity as described by Malloy O°~ (vide infra).
[22]. Samples of 2,2-dimethylcyclopentanone were prepared
by literature method$23]. 2,2,5-Trimethylcyclopentanone
was a major product~20%) of the synthesis of 2,2- — GCsHgO + HO + €7 (75%)
dimethylcyclopentanone. Since the chemistry of 2,2-
dimethylcyclopentanone and 2,2,5-trimethylcyclopentanone
could be studied on the 4:1 mixture of these two ketones, the
mixture was not separated.

——> CgHgO™ + H,0 (9%)
—_— CgHgO'_ + CQH4 + HQO (4%)

) — CsH,O° + HO (3%)
2.3. Calculations
— HO  + CgH,0O° (9%) 1)
Density functional theory (DFT) calculations were carried
out with Becke’s hybrid three-parameter exchange functional  Lin and Grabowski observed only three primary products
[24] and the correlation functional of Lee et @5] (B3LYP). (CsHgO*—, CsH70~, and HO") and one secondary product
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(m/z97) from the reaction a8 with O®*~ [18]. In the present
study,m/z 97 was not an observed product in the reaction
of 3 with O*~. In addition, Lin and Grabowski noted that
both the HO and GHgO*~ products undergo a secondary
proton abstraction reaction withto give GH7O~ [18]. In
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showed the same reactivity as theHzO~ ion generated in
the reaction o8 with O°* .

There are a number §ElgO*~ isomers that might be
formed from the reaction a8 with O°*~. If O*~ abstracts
a hydrogen atom from C-2 and a proton from C-53pthe
desired radical aniodf ~) would be generated. However, net
H,** abstraction can also occur from C-2 and C-4 to generate
distonic radical anio®*~ (Scheme L

Formation of two carbene radical anions is also possi-
ble. If 2,2-H** abstraction occurred, carbene radical an-
jon 5°~ would be formed; whereas, 3,3;* abstraction
would lead to carbene radical ani®—. In addition, 2,3-

the current experiments, these secondary reactions were alsél,** abstraction could also occur to produce the radical an-
observed and become significant at higher concentrations ofion of 2-cyclopentenonel(® ), while 3,4-H** abstraction
3. The former reaction is very exothermic; whereas, the latter would lead to the radical anion of the unconjugated ketone,

is computed to be slightly endothermic.

(U)B3LYP/6-31+G predicts the reaction @®*~ with 3to
yield CsH70~ and cyclopentanone-2-y8) to be endother-
mic by 3.6 kcal/mol §cheme B However, there are exother-
mic proton transfer channels f6f~ and6°®~. Carbenes®~
is predicted to react in an exothermic manner V@tio give
CsH70™ and8 (AHxn = —19.6 kcal/mol). While the reaction
of 6°~ with 3 to yield cyclopentanone-3-yl ands8;0~ is
predicted to be endothermic by 2.2 kcal/molgt~ reacts
with 3 to generate the more stable radid)l and GH;0—,
the reaction is predicted to be exothermic by 5.6 kcal/mol.

The GH;O~ ion was identified as the enolate an-
ion of cyclopentanone by PA and EA bracketing ex-
periments. Proton transfer tosB;0~ was observed

with CHRCH,OH (AHacia=366.44 2.2 kcal/mol)
and CHSH (AHgacg=357.6+2.0kcal/mol);  how-
ever, no proton transfer was observed with either
PhCCH  (AHgcijg=370.64+2.3kcal/mol) or i-PrOH

(AHgacig=375.1+ 1.0kcal/mol). Thus, we assign a
PA of 368.5+3.8kcal/mol to the gH7O~ ion. This
experimental PA is in good agreement with the value of
PA = 366.6 kcal/mol predicted by B3LYP/6-31+@he EBE

of the GH7O~ ion was found to be greater than 1.1 eV, as
no electron transfer to SGEA =1.107+ 0.008 eV) was ob-

3-cyclopentenonel(® ™).

PN

HC, “CH,
HC—-CH,
10"~

A

H,G” “CH,
HC=CH
11°~

In addition, there are many other possible bicyclic or ring-
opened GHgO* ~ isomers. (U)B3LYP/6-31+Gcalculations
have been found to compute accurately the EBEs and other
thermodynamic properties of a wide range of radical anions
[31]. Therefore, in order to aid in the structural assignments of
the GHgO®~ anion(s) formed in the reaction 8fwith O°—,
(U)B3LYP/6-31+G calculations were performed on many
CsHgO®~ isomers. These calculations have shown that the
most likely isomers formed in the reaction of Owith 3
are the six discussed in this article. The results of these cal-
culations are summarized Fable 1for the six most likely
CsHgO* ™ products and il\ppendix Afor all CsHgO® ~ iso-
mers.

Although isometl0®* ~ is computed to be the radical anion
of lowest enthalpy, the unpaired electroninitis predicted to be
unbound. Even if the (U)B3LYP calculations underestimated
the EBE of10®~ by a few tenths of an eV, the large reaction

served. These values are consistent with this anion being theexothermicity -45.9 kcal/mol) could lead to autodetach-

enolate of cyclopentanoneAHacig=368.0+ 4.2 kcal/mol,
EA=1.598+ 0.007 eV)[20]. Confirmation that the §H7;0~

ment. This result is consistent with previous attempts to
generatel0®*~ [32]. Therefore, our calculations predict that

ion is, in fact, the enolate of cyclopentanone was obtained 10°~ should not be observed and, sint# ™ is predicted
by generating the enolate anion independently, from the to be even less bound tha@®*~, 11°~ is also unlikely to be

reaction of3 with HO~. The GH70O~ ion that was formed  observed.
Table 1
(U)B3LYP/6-31+G predictions of relative enthalpies, PAs, and EBEs for sjkl§D* ~ radical anions at 298 K

Anion

4%~ 5~ 6°~ 9 10— 11°~
Relative enthalpy (kcal/mol) Q0 234 9.0 404 -8.9 119
PA (kcal/mol) 3632 3866 3722° 3959 - -
EBE (eV) 166° 1.63 156 091 —0.03 -0.72

@ The enthalpy off*~ + H,O, relative to the reactan8t+ O°*~, is computed to be-37.0 kcal/mol.
b PA for protonation at C-4. Protonation at C-2 gives PA = 364.4 kcal/mol and generates the less stable neutral.
¢ EBE=1.48eV is obtained by combining the UB3LYP/6-31+EA of the triplet with AEsT, obtained from CASPT2 calculations (see Sec8af).
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However,10°~ is energetically accessible and is com-

puted to be the thermodynamically most stablgHgO®~
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with these reagents. In addition, neither deuteron abstraction
nor H/D exchange was observed whejiHgO® ~ was allowed

ion (Table 1); therefore, it is expected to be formed in the to react with CROD or CHsCH,OD; instead, quantitative

reaction of3 with O*~. Formation of10°~, followed by

prompt electron detachment, provides a very attractive ex-

adduct formation was observed.
The results of the bracketing experiments place the PA of

planation of the 75% ion loss that is observed in the reaction CsHgO®~ between those of C§$H and CHECH,OH and

of 3with O°~.
The extra electron in all four of the remainingldsO°® ~
isomers is computed to be strongly bound. Isodr is

thus lead toAHacig= 362+ 5 kcal/mol for GHgO®~.2 This
experimental PA is in good agreement with the UB3LYP/6-
31+G calculated value of PA=363.2kcal/mol for radical

predicted to be lowest in enthalpy by 9.0 kcal/mol. Formation anion4*®~.

of 5*~ and6°®~ in the reaction o8 with O°*~ is also calculated
to be thermodynamically favorable; but the reactioB wfith
O°~ toproduce®*®~ and HO s predicted at the (U)B3LYP/6-

It seems probable that the reaction dfQuith 3 produces,
in addition to4*—, other GHgO®~ radical anions. Based
on Dawson’s observations of oM (and D**) loss in the

31+G level of theory to be endothermic by 3.4 kcal/mol and reaction of acetone-1,1,Jzavith O°*~ [15], it seems likely

is, therefore, much less likely to occur.
The GHgO*~ radical anions that are likely to be formed
in the reaction of3 with O®*~ and which are stable to elec-

that3 (an ethano-bridged derivative of acetone) should also
form carbene radical anids? .
As originally reported by Harrison and Jennirjg] and

tron loss, can thus be limited to three possible isomers — confirmed inthe present study, formation of thgH30°® ~ ion

4°—, 5°7, and6°*~. As shown inTable 1 although these

(Eq. (1)) suggests that carbene radical antdn is, in fact,

ions are predicted to have similar EBEs, their PAs are com- also generated in the reaction ot Owith 3 but that some

puted to be significantly different. Distonic radical an#m

or all of 5*~ produced subsequently fragments to methylene

(PA=363.2 kcal/mol) is predicted to be the least basic by ketene radical aniorv¢™) and ethylene.

9.0 kcal/mol, and distonic io6*~ (PA=372.2 kcal/mol) is
computed to be less basic thah (PA =386.6 kcal/mol) by
14.4 kcal/mol.

At the (U)B3LYP/6-31+G level of theory the fragmenta-
tion of 5*~ to form7*~ and ethylene is computed to be a step-
wise reaction with a net activation barrier of 14.5 kcal/mol

There are many neutral compounds available in the acidity for passage over the second transition state (Fi2,1, dot-

range predicted fof*—, 5°—, and6® ~ that can be used for PA

ted line). The exothermicity calculated for the reactiorBof

bracketing experiments. Rapid and quantitative proton trans-and O~ to produces®~ and HO (AHxn = —13.6 kcal/mol,

ferto GHgO®~ was observed upon reaction of theHgO* ~
ion(s) with both t-BuSH (AHgacig=352.5+ 2.2 kcal/mol,
k=1.18x 102 cm® molecule 1 s~1, efficiency =68%) and
CH3SH  (AHaciq=357.6+ 2.0 kcal/mol, k=1.01x 10°
cm®molecule s, efficiency =60%). When €HgO®~
was allowed to react with GEH,OH (AHgcig=361.7+
2.5kcal/mol), depletion of §HgO*~ was also found
to be rapid k=1.47x 10 °cm®moleculels™t, effi-
ciency = 88%), but the increase observed in thgCH,O™
signal accounted for less than 1% of theHgO® ~ loss. The
only other product observed was the cluster gHgO®~
with CRsCH,OH, the amount of which was also very small.
The result with CECH>OH is thus deemed inconclusive.
Therefore, a conservative lower limit for the PA ofldgO°® ~
is 357.6 kcal/mol, the\Hgcjq of CH3SH.

Reaction of GHgO*~ with CHRCH>OH (AHgaciq=
366.4+ 2.2 kcal/mol) resulted in rapid loss of thel@sO® ~

Table J is about 1kcal/mol too small for nascebt™

to surmount the activation barrier. However, if the frag-
mentation of5°~ occurs within the ion—dipole complex
[5°~ ---H20], the energy for passage over the transition
state [TS2 - - HoO] will be lowered relative to the reactants,
3+ 0°~, by the ion—dipole stabilization energlig. 1, solid
lines). The energy available from complex formation be-
tween5*~ and water should facilitate the conversion of the
[5°~ .--H20] complex to f*~ ---CoHg - - - H20], leading

to products7®—, CoHg4, and BO (AHx, =—9.5 kcal/mol).
This reaction thus becomes competitive with the disso-
ciation of the p*~-.-H»0] complex to5°*~ and water
(AHxn=—13.6 kcal/mal).

The EBE and PA of the §H4,0°~ radical anion formed in
the reaction o8 with O*~ were bracketed in order to compare
them with the values computed fét~. (U)B3LYP/6-31+G
predicts an EBE of 1.03 eV and PA=351.1 kcal/mol to form

signal, with negligible adduct formation and no proton the most stable neutral fa* ~. Rapid loss of the gH,0*~
transfer products observed. Slow depletion of the par- signal was observed when this ion was allowed to react with
ent signal was observed for the reaction of PhCCH SO, (EA=1.1074+0.008 eV), but only a very slow depletion

(AHacig=370.64+ 2.3 kcal/mol) with GHgO®*~. However,
the products (mainly PhCCalong with a minor amount of

was observed with GSEA=0.51+ 0.10 eV). If the disap-
pearance of the §H,0°~ ion is due to electron transfer, the

adducts) accounted for only 3% of the parent loss. Likewise, bracketed EA of 0.& 0.3 eV is consistent with the calculated
the GHgO* ~ iondepleted moderately fastuponreactionwith value of EA=1.03 eV fof7.

i-PrOH (AHgacig=375.1+ 1.0 kcal/mol). The only products

observed in this reaction were due to adduct formation and

2 The maximum uncertainty limits for the proton affinity measurement

accounted for ca. 10% of the parention loss. Inexplicable sig- is +7 kcalimol, based on the accuracy of the acidity values for the reference

nal loss was commonly observed in the reaction«HgD® ~

acids.



154 R.L. Hoenigman et al. / International Journal of Mass Spectrometry 241 (2005) 149-163

TS2 + H,0
-— —
i D145
. l" ““
p TS1+H;0 Intermediate £
\‘ _&-\\L: \\
/75

s 2 7.1

[TS2 e+HO]

[TS1 2+ HO] [Intermediate
seeH,0]

[77eesH,O
+ C,H,]

[5'_'"HZO]

Fig. 1. (U)B3LYP/6-31+G enthalpies (kcal/mol) for the reaction 8f O°~ to form 5°*~ + H,O and7°~ + C,H,4 + H0. The dotted lines connect stationary
points, whose energies are computed witfoHreated as a spectator, which does not form complexes with the ions. The solid lines connect the same stationary
points, but with the stabilization energies of the ion—dipole complexes indicated schematically.

Lin and Grabowski suggested that the reason they failed be verified. Generation o~ in the source flow tube fol-
to observer*~ in their experiments might be that “the EA of  lowed by SIFT injection would allow direct observation of
H2C-C-C-O is too low to allow it to have a long enough the reaction products from*~ as well as more precise de-
lifetime to be observed in the high pressure flow tufs3]. pletion measurements. However, SIFT injectiorVdf has
The EBE, both calculated and measuredfor rules out this been found to be technically difficult.
explanation. The sizable barrier (14.5 kcal/mol) that we com-  As shown in the top half dfig. 1 (dotted lines), UB3LYP
pute for the fragmentation & ~ to 7°~ leads us to prefer  calculations predict the existence of an appreciable barrier to
the alternate explanation, proposed by Lin and Grabowski, fragmentation 06°~ to form 7°~. The question of whether
that under their reaction conditions, “1,LH abstraction a measurable amount 6*~ remains intact, without frag-
products are formed from the cyclic ketone, but they are [ki- menting to7°~, was addressed by CID experiments. The
netically] stable against the fragmentation procgs]. CsHgO*~ radical anion was generated in the source flow
When GH»>O*~ was allowed to react with C#BH tube, mass selected, and injected into the second flow tube.
(AHacig=357.6+£2.0), rapid loss of the §H,0°~ sig- When mass-selectedsBg0°*~ (m/z 82) was injected with
nal was observed; however, only a very slow deple- high Ejpj (~30-50€V), CID products were observedalz
tion was observed in the reaction ofsl;O°~ with 53 andm/z 54. At low Ej; (~15eV) the only observed CID
CHRCH,0OH (AHgacig=366.4+ 2.2 kcal/mol). If the rapid  product was that atvz 54. This is direct evidence that the
loss of GH20*~ is assigned to proton transfer, these obser- reaction of3 and O~ produces amvz 82 radical anion (pre-

vations lead to PA =362 5 kcal/mol being assigned #~. sumably5°® ) that lives long enough to be injected into the
UB3LYP/6-31+G predicts PA=351.1 kcal/mol for*—, second flow tube, where it fragmentsat .
a value well below even the lower limit obtained from the Interestingly, the amount @~ formed in the CID exper-

bracketing experiments. B3LYP calculations are known to iments remains constant over &h;, suggesting that all of
overestimate the stability of cumuleri88], and this may be  carbene radical aniob®—, formed in the reaction @ with
the reason that UB3LYP calculations underestimate the PAQ*—, fragments to7*~ in the second flow tube, even at the
of 7°~. lowest injection energies. An alternative explanation is that
The EA and PA experiments were feasible only in the co- at higherEj,;, some of the nasceifit ~ loses an electron. Es-
presence of*~ (and other ionic products) that react with tablishing which of these two possibilities is correct would
SO, and CHSH to form SQ~ and CHS™, respectively. require investigations of the ion transmission efficiencies and
Thus, formation of S@~ or CHzS™ from C3H20®~ cannot  other experimental parameters pertinent to SIFT injection,
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and such quantitative studies were beyond the scope of thisCHF,CH,O~, formed by proton transfer to C-4 d&°~,

project.

It is possible tha?*~ loses a hydrogen atom to form the
mvz 53 anion at higrEi,j. However, CID of the deuterium
labeled radical anion, §H4D,0°~, produces the same/z

is initially generated in an ion—dipole complex wih the
other product formed by this acid—base reaction. Within this
complex, the CHEFCH,O~ can abstract a proton from C-5
of 8. Beinga to the carbonyl group, the proton at C-5 is more

54 anion as the all-protio species; however, at high injection acidic than the proton at C-4. This second proton transfer

energiesn/z 55 was observed, instead mwfz 53. Therefore,
them/z 53 ion must be a primary CID product, formed from
4°—,5°",0r6°".

It appears that the reaction 8fwith O*~ produces both
distonic radical aniom*~ and carbene radical anid? .
Since UB3LYP/6-31+G calculations predict distonic ion
6°~ to be 14.4 kcal/mol lower in energy th&h~ (Table J), if
5°~ isgenerated in the reaction®#ith O*~, itisreasonable

completes the isomerization 6%~ to 4°—, the lower energy
radical anion. The ion—dipole complex betweétr and
CHRCH,0OH can then dissociate to the;ldsO®~ radical
anion, plus the alcohol, without any observable sign of the
isomerization reaction that has occurred by double proton
transfer.

Similarly, the low PA observed for §HgO®*~ does not
rule out the presence & —, since any5*~ that does not

to expect®~ to be generated as well. However, based on the fragment could, like6®~, isomerize to4*~ when treated

measured PA of 362 5 kcal/mol for the GHgO®~ anion, it
appears to consist entirely of ison#r, because the com-
puted PAs o6*~ and6°®*—, 386.6 and 372.2 kcal/mol, respec-
tively, are much higher than the value of PA =363.2 kcal/mol,
calculated fod* .

If 5*~ and/or6®~ is formed in the reaction &with O°—,
why does the observed PA for theldsO® ~ radical anion ap-
pear to be that of puré®*—? Why is it that the more strongly

with CHR,CH,OH. Wenthold and Squires have, in fact, ob-
served isomerizations, similar to those proposedtorand
6°~, in attempting to bracket the PAs of theeta andpara-
chlorophenyl anions with methanol and wajté4].

The kinetics plots for the proton transfer rate measure-
ments were found to be fairly linear. For nonlinear plots to
be clearly observed, the ion mixture must consist of compa-
rable amounts of both the reactive and distinctly less reactive

basic radical anions do not accept a proton from acids thatcomponent(s). The above isomerization mechanism could

are too weak to protona#® —? For example, if gHgO®~
contains isomeg°®~ (predicted PA = 372.2 kcal/mol), proton

transfer is expected to occur upon reaction with the more

acidic CHRCH>OH (AHgcig=366.4+ 2.2 kcal/mol). How-
ever, no proton transfer was observed.
A possible explanation is that isomerizatioredf to4°—

easily hamper observation of such subtle deviation from
linearity.

The mechanism shown Bcheme 4an be tested, in prin-
ciple, by allowing the GHgO® ~ radical anion(s) to react with
deuterated reagents (e.g., GiH,OD) and observing deu-
terium incorporation. Through repeated collisions with the

occurs through a pair of proton exchanges in the ion—dipole reagent6®*~ may incorporate up to three deuterium atoms

complex of6* ~ with CHR,CH2OH. As shown irScheme 4
é &
6"
l CHF,CH,0H

O

é CHF,CH,0~

8

O

é + CHF,CH,OH

4"

Scheme 4.

via the proposed isomerizatioB¢heme %followed by two
H/D exchanges with the more stable radical anidh;.

On the other hand, radical aniod%~ and5°*~ would in-
corporate only two deuterium atoms via H/D exchange and
isomerization-H/D exchange, respectively. However, detect-
ing 3D incorporation ir6*~ has been found to be experimen-
tally challenging. Deuterated reagents 40D and GHs0D
form adducts with gHgO*~ efficiently and exclusively. En-
counters with more acidic (and hence more reactive) reagents
lead primarily to GHgO®~ signal loss (presumably via iso-
merization t010°~ followed by detachment, vide infra).
Thus, exploring higher reagent concentrations for detection
of 3D incorporation becomes progressively difficult in terms
of the signal to noise ratio.

It is noteworthy that signal loss is observed upon reaction
of CsHgO®*~ with proton transfer reagents that are slightly
less acidic tha® (e.g. PhCCH an@PrOH). This loss of the
CsHgO* ~ signal can be explained by invoking a mechanism
similar to that shown irscheme 4The reaction ofi*~ with
reagents that are not acidic enough to undergo proton transfer
might catalyze the isomerization 4%~ to 10° . In addition,
instead of isomerizing td*—, isomers5®*~ and6°~ could
isomerize directly tdl0®*~. Any 10°~ that is formed would
then autodetach and result in loss of theHgO®*~ signal
(Scheme b
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3.2. Cyclopentanone-2,2,5,2-4 O°~

In order to determine whether radical angf is formed
in the reaction of3 with O*~, cyclopentanone-2,2,5,5:d
(3-d4) was allowed to react with ©. Formation of both
4*— and5°*~ requires net loss of P*; whereas, formation
of 6°~ would be signaled by formation of an M-3 radical
anion, resulting from net loss of HD.

The product distributions in the reaction®tl; with O°*~
are shown in Eq(2). They have not been adjusted for the
5% 3-d3 impurity in the 3-d4 sample, but the contribution
of this small amount 08-d3 to the distribution of products
should be minor. Specifically, the amount of the M—HD ion
that could be formed from tH&dz impurity via 2,5- and 2,2-
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it seems likely that deuterium kinetic isotope effects also play
a role. The observed isotope effect on ion loss is consistent
with the postulate that reactive electron detachment proceeds
through the transient formation of radical anit®t —. Since,

in the reaction 08-d4 with O®—, formation of4-d,*~ and5-

d>*~ requires breaking two-€D bonds; whereas, formation

of 10-d3*~ requires breaking only one-D bond, a smaller
primary kinetic isotope effect on formation ©0-d3*~ than

on formation of4-d,*~ and5-d»*~ would be expected. The
smaller kinetic isotope effect, expected for formatiorl 6f
ds*~, should lead to an increase in the amount of reactive
electron detachment, as was observed.

The reaction of3-ds with O®*~ resulted in the forma-
tion of six primary products — §H4D,0°~, CsH3D30°
CsH4D30~, C3H,0*—, HO~, and DO (Eq.(2)). This same
reactionin Lin and Grabowski's FA experiments was reported
to generate only §H4D>0°~, CsH4D30~, DO, andnv/z99
[18]. The observed M—pradical anion (gH4D20° ™) could
be due to either 2,5 abstraction to form distonic io#
d>*~,t0 2,2-D,** abstraction to generate carbene radical ion
5-dx*~, or to formation of a mixture ofi-d>*~ and5-dy* .
Since7°~ does not have any hydrogensto the carbonyl
group, it should not contain any deuterium if it is produced
by fragmentation ob-d>*~. In fact, in the reaction 08-ds
with O*~ anm/z54 ion (GH20°® ~) was detected, but noions
were observed at eithen'z 55 ormvz 56. This finding con-
firms the results of Harrison and Jennif§g] and supports
their hypothesis that thes€l,0® ~ ion is7°~, formed by loss
of ethylene from the carbene radical an&f.

The formation of HO, as well OD", means that, in addi-
tion to abstracting aa-deuterium atom fror3-d4, O°*~ also

abstraction should not be greater than 0.2%. This is negligibly abstracts @-hydrogen atom to generate cyclopentanone-3-

small compared to the experimentally observed yield of 2%
(Eq.(2)).
3-dy +O
— CsHgD3O + HDO + &
and } (83%)
CsHoD40 + HO + €
(4%)

- 05H4D20'7 + DQO

— CgHgDsO™ +  HOD (2%)

— C3HoO"™ + CoHoDy, + DO (1%)

- C5H4D307 + DO° (1%)
—=HO  + CgHgD,O" (5%)
— DO + C5H4D30. (4°/°) (2)

The 83% loss of product ion signal, observed in the reac-
tion of 3-d4 with O°~, is even larger than the 75% loss found
in the same reaction of perprot®¢Eqg. (1)). The larger loss
of signal for product in the reaction 8fds may, in part, be
due to mass discrimination effects in ion detection. However,

yl and HO™. Although the C—H bond dissociation enthalpy
(BDE) of 3 is computed to be 7.8 kcal/mol higher at the car-
bon B to the carbonyl group than at thecarbon, hydrogen
abstraction by @ from the carbon is still calculated to be
exothermic by 6.6 kcal/mol at (U)B3LYP/6-31+GThere-
fore,B-hydrogen atom abstraction is thermodynamically pos-
sible and is presumably the route by which H@ formed.
The formation of GH3D30° ~ is attributed to [ abstrac-
tion from C-2 and M abstraction from C-4 to generate anion
6-d3*~ (Scheme k Abstraction of O from C-2 and M from
C-3 would also form a §H3zD30°~ radical anion {0-d3*~);
but, as already discussel}-d3*~ should not bind an elec-
tron. Therefore, while formation df0-d3®~ is most likely the
cause of the large amount of ion loss which is observed in the
reaction of3-d4 with O®*~, formation of10-d3°*~ is unlikely
to provide any GH3D30°~ ions that live long enough to be
detected.
It is, in principle, possible that thesEi3D30°~ radical
anion is actually4-d3®—, resulting from initial formation
of 6-d3*~, followed by HOD-catalyzed isomerization 6f
ds*~ to4-d3*~ in the ion—dipole complex. Squires has noted
that the reaction of deuterated hydrocarbons withh @oes
not necessarily give reliable ratios of the relative yields of
M—-H>, M—HD, and M-D, because the nascent radical anion
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can undergo H/D exchange with the water molecule in the
ion—dipole complex before dissociati¢Bilb,35] However,

the GH3D30°* ~ radical anion was found to have different re-
activity than thet-d,* ~ ion, GGH4D20O® ~. For example, upon
reaction with NO, GH3D30°*~ forms an adduct more effi-
ciently than GH4D20°*~; and GH3D30°®~ is more reactive
than GH4D,0°*~ toward CS. These observations strongly
suggest that €H3D30°~ is not4-d3*—, but is, instead, the
distonic radical aniorg-ds®—.

3.3. 2,2-Dimethyl- and
2,2,5-trimethylcyclopentanone +°0O

The results of the FA-SIFT experiments on the reaction
of O*~ with both3 and3-d,; indicate formation ofi*—, 5°—,
and4-d>*—, 5-d>*~ respectively. In addition, the reaction of
3-ds with O*~ suggests thai-d3®~ is also generated in this
reaction; so, presumablg’~ is formed in the reaction of
perprotio3d with O°*~.

In order to confirm these conclusions, we studied the re-
actions of O~ with 2,2-dimethylcyclopentanoné ) and
2,2,5-trimethylcyclopentanonégd). Ketonel2 can form the
2,2-dimethyl derivatives 06°~ and 6°~, but the geminal
methyls at C-2 preclude the formation of a radical anion
analogous tal*~. Similarly, the three methyl groups at the
« carbons ofl3 allow the formation of the 2,2,5-trimethyl
derivative of6*~, but preclude formation of radical anions
analogous t@*~ and5°*~

0 o)

o &CHa HSC>8-S<CH3
2 CH H CH
H,C-CH,~ ° H,C-CH, ™ °

12 13

The reaction ofLl2 with O*~ produced a €H1,0~ an-
ion by proton abstraction, az8l100° ~ radical anion by loss
of Hx**, and a GH,O*~ radical anion in a ratio of roughly
3:2:3. The formation of gH,O®* ~ suggests that carbene rad-
ical anion14*~ is formed; but, like5*~, 14*~ fragments to
7°—, in this case by loss of isobutylene.
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0 0
H CH3 H CH3
a5 Lors == X Lo
2 H 2 H
0] 15°"
)S(CHS H
HZQ CH3 + 0O —» +
H,C-CH,
12
CH,4 H* H CH,
= .
= CH CH
H,C-CH, ° H,C-CH, °
14° 16
Scheme 7.

The structure of the H100°~ radical anion was inves-
tigated by combining DFT calculations with PA bracketing
experiments. UB3LYP/6-31+G calculations predict dis-
tonic radical aniorl5°~ to be 15.1 kcal/mol lower in energy
than carbene radical anid4®* . Since botHl4*~ and15°~
would form radicall6 upon protonationcheme Y, 15°~
is computed to be less basic thad*~ by this amount of
energy. The calculated PAs are 385.5 kcal/mollfé¢t— and
370.4 kcal/mol forl5°~.

No proton transfer was observed upon reaction of
C7H100°*~ with EtOH (AHgcig=378.3+ 1.0 kcal/mol) or
PhCCH (AHgcig=370.6+ 2.3 kcal/mol). These experiments
give an upper limit of 370.6kcal/mol for the PA of
C7H100°*~, which is too low for GH100®~ to be carbene
radical anioril4® . This finding could indicate that all of the
carbene radical aniobd®~ that is formed fragments t6* ~
and isobutylene. Alternatively, as discussed in Se@iafor
5*~ and6°~, 14*~ could isomerize to the more stable dis-
tonic radical aniori5*~ in the ion—dipole complexes formed
with EtOH and PhCCH.

In order to test whether the 781100°~ radical anion,
formed by reaction ofl2 with O°~, contains anyl4®*~, we
generated the £H,00°~ radical anion in the source flow
tube, then mass selected and injected it into the second flow
tube. The methylene ketene radical anigh() was produced
by CID. This finding indicates that, as with carbene radical
anion5*~ formed from3, the reaction ofl2 with O*~ does
generatd 4*—, which is sufficiently long-lived to be injected
into the second flow tube.

The reaction of12 with O*~ could produce dis-
tonic radical anionl15°~, and experiments with 2,2,5-
trimethylcyclopentanonel@) indicate thatl5*~ is, in fact,
formed from12. Upon reaction o£3with O*~ ann/z125 an-
ion was formed by proton loss, and a radical aniore(124)
was produced by loss of 4%". Since, in the latter reaction
channel, only formation of the distonic radical anibft— is
structurally feasiblegcheme B we assign this structure to
the GgH120°~ radical anion that is formed by the reaction of
13with O°~.
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3.4. Electron binding energy (EBE) o§B8s0°~

0] 0

In order to investigate further the nature of theHgO*~ ev b BOF 6\%
radical anions formed in the reaction of*O with 3, \ ) \ SO,
electron affinity bracketing experiments were performed. 18
Rapid electron transfer was observed when the mix-
ture of GHgO®*~ ions was allowed to react with SO Scheme 9.
(EA=1.107+0.008eV). The observed rate constant was .
k=1.41x 10~ cm® moleculet s~1 (efficiency = 91%), and Although in many cases (U)B3LYP calculates EAs accu-

SO,~ was essentially the sole product from this reaction. rately[31], B3LYP is a single determinantal method. There-
Electron transfer was also observed with,GBA = 0.51 fore, B3LYP is likely to overestimate the energies of singlet
+0.10eV). C$~ amounted to about 48% of the products, diradicals, such a4 and6 [36]. For example, using multi-
but an adduct [§HsO® ~ + CS;] was also formed{11%). In reference CASPT2/6-311G(2d,p) calculations, Powell and
addition, the reaction of mass-selectesHgO®~ with CS, Bo_rden predictedEst=—7.0 kcal/mol for4[9l:_)]. However,
generated amVz130 ion, while reaction of §H4D,0°~ with using B3LYP/6-31+G, AEst=-2.8kcal/mol is computed,
CS; produced amvz 132 ion. The identity of thision willbe ~ Pecause the energy of the singlet is overestimated. _
discussed in Sectid6.2 The overall rate constant for disap- We circumvented the problem that B3LYP has in describ-

pearance of €HgO*~, k=2.93x 1019 cm® molecule L s ing singlet diradicals by computing the energy difference
(efficiency = 26%), was about a factor of five smaller than P€tween radical aniod*™ and triplet4, using UB3LYP,
that for reaction of €HgO®~ with SOy. and then addingAEst, computed by CASPT2. Combin-

When GHeO*~ was allowed to react with © ing the UB3LYP value of EA=1.78¢V for forming triplet
(EA=0.451+0.007eV), the major product was 0 4 with the CASPT2 value oAEst=—7.0 kcal/mol, a value
(~68%), while a small amount of adduct was formed of EA=1.48 eV is obtained for forming®~ from singlet4.3

(~1%). The overall rate for disappearance gHgO®~ was This value is 7.0-2.8 = 4.2 kcal/mol = 0.18 eV lower than the
k=1.69x 10~ °cm® molecule: s~! (efficiency = 28%), an value of 1.66 eV, computed from the difference between the

order of magnitude smaller than that for reaction gifigO® ~ (U)B3LYP energies of*~ and single# (Table 3.
with SO». A minor product ain/z97 was observed in the reac- Nevertheless, the corrected EBE4J~, and the calcu-

tion of CsHgO® ~ with Oy. A discussion of this minor product ~ 1ated EBES of isomer§®~ and6°~, are sitill significantly
can be found in Sectiod.6.1 (ca. 1.0eV) greater than the experimentally determined EBE

Since the overall reaction rates with £8nd G are of 0.5 eV. A possible explanation for this very large difference
far below the collision limits, competition between electron between the calculated and measured EBEs is that adiabatic

transfer and other chemical processes would be insignifi- €l€ctron transfer frord*™ does not lead td, as the calcu-
cant. Exothermic electron transfer would thus be expected lations assume. Instead, concomitant with electron transfer
to produce C$~ or O~ very efficiently. Compared to the [0 &n acceptor (e.g., S@) 4°~ undergoes cleavage of the
reaction with S@, however, the observed electron transfer C3—C4 o-bond to form 1,4-pentadien-3-ont) in the colli-
rates are small; 1.4 10~10cm3 molecule'l s~1 for CS, (ef- sion complex, as shown tBcheme 9 ,

ficiency = 13%) and 1. 10-%crm® molecule'l s~ for O, The retro-Nazarov reactiof87], shown inScheme 9
(efficiency = 19%). Significant amounts of an adduct were [0rms a product 1§) that is predicted to be lower in en-
also formed with C8 however adduct formation may not  €rgy than4 by 27.1kcal/mol at the B3LYP/6-31+Gevel

be facile with the non-polar diatomic,OThese results sug- of theory? Thus, the adiabatic reaction energy, computed for

gest that the electron transfer reactions are slightly endother4~ — 18, is 0.48 eV, a value that is in excellent agreement

mic with CS and Q. This indicates that the experimental With the experimentally observed EBE fogkeO® .
EBE for GGHgO®~ is probably close to 0.5 eV. However, as

shown inTable 1 the predicted EBEs for all three of the 3 At CASPT2/6-3%G*, EA=1.32eV was obtained for forming triplet
CsHgO®~ isomers 4.— 5= and 6'_) are about 1.6eV. 4. However, we believe that CASPT2 is more likely than B3LYP to under-

: estimate the EBE of*~.
Thus, the (U)BSLYP/6-31+GCalCU|at|0nS appear to over- 4 Closure oftto form bicyclo[2,1,0]pentan-5-one is highly unlikely since

estimate the EBE of one or more of thglgO®*~ isomers, the bicyclic ketone is computed to be 28.9 kcal/mol higher in enthalpy than
not by a few tenths of an eV, but by ca. 1.1eV. 18.
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Itis highly unlikely that the radical anion of 1,4-pentadien-
3-one (L8 ) is generated directly from the reactionivith
O°~, sincel8" ~ is predicted to have a PA of 347.5 kcal/mol

159

concert with electron transfer, either close to bicyclic ketone
19or cleave to keten20.
The triplet ground state of diradicabis computed to be

to form the most stable neutral. This value is much lower than 23.4 kcal/mol higher in enthalpy th&® and 30.3 kcal/mol

the observed value of PA = 3625 kcal/mol. As discussed in
Section3.1, the experimental PA of §HgO®~ is close to the
value of PA=363.2 kcal/mol, computed fét~.

An experimental test of this hypothesis — that the EBE
measured fo4* ~ actually is the EBE for formation df8and
not4—would be to measure the EBE ofl@sO®* ~ by NIPES.

higher in enthalpy thar20. The experimental EBE, in-
volving isomerization ofl5°~ to 19, is thus predicted to
be 0.63eV, and the EBE fot5*~— 20 is predicted to
be 0.33eV. Both of these EBEs, computed &, are
consistent with the experimental finding that the EBE of
15°~ is approximately 0.5eV, but formation of the lower

NIPES can provide both the vertical and adiabatic EAs when energy product Z0) is expected to be the more favored

the 0-0 band origins are identified. If thesBlgO°®~ radical
anion consists of amixture ¢t —,5°~, and6® —, the adiabatic

pathway.

EA of the radical determined by NIPES should be ca. 1.5eV 3.6. Reactivity of gHgO*~

(Table 1), and not the 0.5eV that was obtained by the EA

bracketing experiments. Preliminary NIPES experiments on 3.6.1. GHgO*~ with O,

4*~ are consistent with our hypothesis.
3.5. EBE of GH100°~

Upon electron loss, distonic radical ani@h®~ is pre-
dicted to form a neutral diradical®), which is calculated to
have a triplet ground state. UB3LYP/6-31%@alculations
predict EA=1.65 eV for formation of5*~ from triplet 15.

Experimentally, electron transfer was observed when
C7H100°~ was allowed to react with SQand Q, thus in-
dicating an experimental EBE of roughly 0.5eV fb%* .

Rate measurements were not possible given the small sig-

nal of G;H100®*~, so we have not determined whether the
electron transfer reaction with,@s exothermic or endother-

mic. As in the case of electron transfer from the mixture of
CsHgO®~ radical anions, there is a very large discrepancy

Lin and Grabowski observed am/z 97 ion as a sec-
ondary product in the reaction & with O°*~ [18]. Their
observations led them to assign this ion as the enolate of 1,2-
cyclopentadioneZ1™), resulting from the oxidation d&®~
by 3. Although we did not observe this secondary reaction in
our FA-SIFT, the reaction of mass-selectegHgO®~ (m/z
82) with O, not only resulted in electron transfer (as dis-
cussed in SectioB8.4), but also produced HOand anm/z
97 ion (82 + Q—HO). Likewise, mass-selectegi@4D,0°~
reacted with @ to produce am/z 99 ion and HO', with no
observed DO formation.

Carbene radical anions have been shown to react with O
by addition of dioxygen and loss of hydroxyl radi¢a8]. Al-
though carbene radical anidh~ has been found to fragment
to methylene ketene radical anior* () and ethylene, this
unimolecular decomposition reaction does not appear to be

between the predicted EBE (1.65 eV) and the experimental complete (SectioB.1). If any carbene radical anion persists,

EBE (~0.5eV).

Once again, this discrepancy can be explained by forma-

upon reaction with @ 5°~ might be expected to add@nd
lose HO to generate enold2é—, as shown irscheme 1for

tion of a closed-shell species, rather than a diradical of higher 5-d2° . Therefore, the major product in the reactiorbdf
energy, upon loss of an electron from the radical anion. As with O is expected to b21~, since this ion is calculated by

illustrated inScheme 10distonic radical aniod5°~ can, in

0
- H
RS

19
0O

CH, /
S0, &CHS \
15
k> CHs

0]

20

S0,

Scheme 10.

(U)B3LYP/6-31+G to have an EBE of 2.31 eV (compared
with EBE =1.828 eV for HO) [20].
Alternatively, distonic radical anio®8 — and6® — could be
the precursors af¥z97 in the reaction of §HgO® ~ with Os.
Carbanions, such as benzyl and pentenyl anions have been
found to react with @ via addition and HO los§39]. As
shown inScheme 12distonic ion6-dz®*~ might be expected
to add Q and lose DO to generate enolate @&d,~ (m/z
99). In this reaction, no DOwould be observed, becaud2™
is predicted by (U)B3LYP/6-31+Gto have EBE=3.00eV.
Similarly, two G addition/HO loss mechanisms can be
written for 4-d>*~. In both mechanisms, £adds to4-d,*~
and the resulting peroxy radical undergoes ring-opening to
generate ketene aldehy@a-d, and O~ (Scheme 1B The
O°*~ thus generated could either abstractaor g hydrogen
atom (relative to the ketene functionality).
If an o hydrogen atom were abstracted, H@ould be
expected to be the observed proditiieme 1% since rad-
ical 24is calculated to have EA=1.13 eV at the UB3LYP/6-
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31+G level of theory, much lower than EBE =1.828 eV for
HO™ [20]. However, if B hydrogen atom is abstracted from
23-do, the resulting radical25-d,) could ring-close to form
radical26-d, (Scheme 15° Since (U)B3LYP/6-31+G cal-
culations predict radical6 to have EA=2.35eVm/z 99
would then be the observed product.

5 In fact, all attempts to locate a stationary point for radi2alat the
UB3LYP/6-31+G* level of theory were unsuccessful.
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3.6.2. GHgO*~ with CS

The major product of the reaction of mass-selected
CsHgO®~ with CS; was CS—, as discussed in Secti@.
However, a minor product of this reaction was observed at
m/z 130. Likewise, the reaction of fEi4D>,0°*~ with CS,
produced amvz 132 ion. The shift in mass in the deuterium
labeled experiments suggests that the molecular formula of
them/z 130 ion is GHgS;* .

Distonic ion4-d>*~ could react with C& via an addi-
tion/CO loss mechanism, such as that indicategtineme 16
to produce radical anio?7-d,*~. Although the formation of
CsHeSp* ~ is consistent with Csaddition to4® —, we cannot
rule out the possibility that €HgS;* ~ results from reaction
of either distonic radical anio8®~ or carbene radical anion
5°~ with CS,.

4. Conclusions

Our experiments and calculations indicate that the reac-
tion of cyclopentanone3f with O°®~ initially generates four
isomeric radical anions, namel$—, 5°—, 6°~, and10°~.

The last of these ions is not observed directly, presumably
because it is unbound and rapidly loses an electron to form
2-cyclopentenone. Therefore, formation1dP — is the rea-
son for the large amount of electron loss in the reactiod of
with O°~.

The most abundant of the stable radical anions, formed
in the reaction of3 with O°*~, is 4*~. This ion was found
to have a PA of 362 5 kcal/mol and an apparent EBE of
ca. 0.5eV. The PA is in good agreement with the value of
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363.3 kcal/mol predicted fot*~ by UB3LYP/6-31+G, but

loss of an electron frord®*—, to form cyclopentanone-2,5-

diyl (4), is predicted to require 1.48 eV, However, the 1eV
discrepancy between the measured and computed EBEs can
be rationalized by proposing that the experimentally observed
electron transfer process leads, nottbut to 1,4-pentadien-
3-one (8). Divinyl ketone 18 is, in fact, computed to be
1.0eV lower in enthalpy tha#.

The bracketed PA for the radical anion formed by reaction
of 2,2-dimethylcyclopentanond ?) with O®~ is consistent
with the PA predicted for distonic radical anid%*~. Evi-
dence for generation of this type of ion comes from the ob-
servation of a radical anion, formed by loss of*H, in the
reaction of 2,2,5-trimethylcyclopentanors) with O°*~.

However, as in the case dt—, there is a large discrep-
ancy between the EBE measured for radical adistr and
the EBE computed for the formation of the corresponding di-
radical. This difference between the measured and calculated
EBESs can again be explained by proposing that, wtin
loses an electron in the ion—dipole complex with electron ac-
ceptors, electron transfer leads to either bicyclic ketb@&e
or, more likely, to keten@0, rather than to diradicdlb.

Thus, the results of our calculations and experiments on
the EBEs of4*~ and 15°~ lead us to conclude that rear-
rangements, which occur concomitant with electron transfer,
can resultin large differences (ca. 1 eV) between experimen-
tally measured and computationally predicted EBEs. This
general conclusion may provide the explanation for the very
large difference between the calculated value for the EBE in
the acenaphthyne radical anion and the EBE found experi-
mentally[40]. Indeed, previous gas-phase experiments have
shown that carbocation rearrangements can make the adia-
batic PAs of alkenes very different from the values computed
for protonation without rearrangemedatl].
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