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Abstract: The thermally equilibrated ion-molecule reactions of the o-benzyne radical anion have been examined in the gas
phase with the flowing afterglow technique. By using the bracketing technique between o-C¢H,*~ and Bronsted acids of known
acidity, we have established the gas-phase acidity of the phenyl radical as AG®,q[C¢Hs*] = 371 *§ keal mol™!. Combination
of our experimental acidity of the phenyl radical with appropriate thermochemical data from thc literature yxclds a variety
of substantially improved thermochemical values of C4H4 and C4Hs* species, most notably, AH;°[0-C¢H,] = 105 keal mol™!.
In addition to behaving as a Bronsted base, o-benzyne radical anion is found to undergo a number of other reactions, including
electron transfer, H/D exchange, H,* transfer, and direct addition. The reaction between 0-CsH,* and the simple aliphatic
alcohols is shown to be a competition between proton transfer and H,* transfer while that between 0-C¢H,*~ and dioxygen
or 1,3-butadiene is found to be exclusively an associative detachment process. One unanticipated, novel observation from these
studies is the facile formation of an addition complex between the o-benzyne radical anion and carbon dioxide, leading to a
distonic radical anion (benzoate-type anion, phenyl-type radical) that offers a unique opportunity for examining radical chemistry

in ion-molecule encounter complexes.

Wittig first proposed benzyne in the early 1940s to account for
the biphenyl product he isolated from the reaction of phenyllithium
with fluorobenzene.! The first experimental proof of benzyne
is often considered to be the work by Roberts and co-workers in
which they showed that chlorobenzene labeled at the C-1 position
with carbon- 13 gave approximately a 1:1 mixture of C-1 and C-2
labeled aniline upon treatment with potassium amide/ammonia.2
Since then, considerable experimental support has accumulated
for the existence of benzyne, especially since benzyne has been
generated from a variety of precursors.> Perhaps the most im-

(1) Wittig, G.; Peiper, G.; Fuhrmann, G. Ber. Dtsch. Chem. Ges. 1940, 73,
1193. Wittig, G. Naturwissenschaften 1942, 30, 696.

(2) Roberts, J. D.; Simmons, H. E., Jr.; Carlsmith, L. A.; Vaughan, C. W.
J. Am. Chem. Soc. 1953, 75, 3290. Roberts, J. D.; Semenow, D. A.; Simmons,
H. E., Jr; Carlsmith, L. A. J. Am. Chem. Soc. 1956, 78, 601. Roberts, J.
D.; Vaughan, C. W.; Carlsmith, L. A.; Semenow, D. A. J. Am. Chem. Soc.
1956, 78, 611.

(3) Hoffmann, R. W. Dehydrobenzene and Cycloalkynes; Academic Press:
New York, 1967.

portant property of benzyne is its electrophilicity as displayed by
its ability to serve as a dienophile in a myriad of Diels—Alders
reactions.* A variety of species, such as methanol’ (eq 1) or [,
also readily add to benzyne.

H H
H H H
| + CHOH —s
H H OCH,
H H

In addition to mechanistic data, a variety of spectroscopic
experiments have characterized benzyne. Berry and co-workers’

(4) Reference 3, pp 200-239, contains a review of benzynes as dienophiles.

(5) Hoffmann, R. W.; Vargas-Nunez, G. E.; Guhn, G.; Sieber, W. Chem.
Ber. 1965, 98, 2074. Hoffmann, R. W.; Sieber, W.; Guhn, G. Chem. Ber.
1968, 98, 3470.

(6) Friedman, L.; Logullo, F. M. Angew. Chem., Int. Ed. Engl. 1965, 4,
239,
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observed the UV-vis spectrum of benzyne in the vapor phase and
Chapman and co-workers® reported the first IR spectrum® of
benzyne in a Ar matrix at 8 K. The microwave spectrum'® of
benzyne was recently reported by Brown and co-workers while
Dewar and co-workers!! have detailed the photoelectron spectrum
of benzyne.

In contrast to the considerable body of experimental work
detailing the intermediacy of benzyne in a variety of reactions,
there has been much less experimental work dedicated to obtaining
the heat of formation of benzyne. The original report of the
experimental heat of formation of o-benzyne by Griitzmacher and
Lohmann,? based upon studies carried out in a mass spectrometer,
found AH{°[0-C¢H,) = 118 & 5 keal mol™'. A photoelectron—
photoion coincidence study by Rosenstock, Stockbauer, and Parr!?
led to a precise experimental heat of formation of C¢H,*, and that
in combination with an approximate ionization potential of o-
benzyne led these authors to estimate AH°[0-C¢H,4] = 107 keal
mol~!. In a letter, Pollack and Hehre!* reported AH°[0-C¢H,]
= 118 £ 5 kcal mol™ based upon the observation, or lack thereof,
of proton transfer in the ICR from C4Hs* to neutral bases of
known proton affinity. More recently, Moini and Leroi'* have
reported a value of AH°[0-C¢H,y) = 100 £ 5 kecal mol™! based
upon their measurement of the appearance potential of C¢H,*
from the dibromobenzenes. Each of the reports of the heat of
formation of o-benzyne suffers from considerable experimental
uncertainties, leaving much doubt about the most accurate value
for the heat of formation of o-benzyne.

The benzyne radical anion, 0-C¢H,*", can be produced in the
gas phase as the major ionic product from the reaction of O*~ with

O-CGH: -

benzene.!®1” The overall reaction of O with benzene is extremely

rapid, kg = 2.0 (£0.2) X 10 cm? molecule™ s (EFF = 0.96).17

Of the reaction products that one might anticipate (eq 2) only

two, 0-C¢H,*~ and C¢HO", have been directly observed.!” The
%

0" + CeHg —=2+ CH~ + H,0 + 9.5 keal mol™!  (2a)

3% C¢H;O~ + H* + 32.9 kcal mol™! (2b)

2 H + CH,O" - 1.0 keal mol” (2¢)

2. HO + CHy' - 0.2 keal molt  (2d)
0%

2. CH, + HO" - 18.5 keal mol™!  (2¢)

2, ¢ + C,H,OH + 68.5 keal mol”!  (2f)

phenide producing channel (eq 2e¢) is endothermic and hence is

(7) Berry, R. S.; Spokes, G. N.; Stiles, M. J. Am. Chem. Soc. 1962, 84,
3570-35717.

(8) Chapman, O. L.; Mattes, K.; McIntosh, C. L.; Pacansky, J.; Calder,
G. V.;0rr,G. J. Am. Chem. Soc. 1973, 95, 6134~6135. Chapman, O. L.;
Chang, C.-C.; Kolc, J.; Rosenquist, N. R.; Tomioka, H. J. Am. Chem. Soc.
1975, 97, 6586.

- 2(9) Dunkin, I. R.; MacDonald, J. G. J. Chem. Soc., Chem. Commun. 1979,

(10) Brown, R. D.; Godfrey, P. D,; Rodler, M. J. Am. Chem. Soc. 1986,
108, 1296-1297.

(11) Dewar, M. J. S.; Tien, T.-P. J. Chem. Soc., Chem. Commun. 1985,
1243-1244.
g (913) Griatzmacher, H.-F.; Lohmann, J. Liebigs Ann. Chem. 1967, 705,

1-90.

(13) Rosenstock, H. M.; Stockbauer, R.; Parr, A. C, J. Chim. Phys. 1980,
77, 145-750.

(14) Pollack, S. K.; Hehre, W. J. Tetrahedron Lett. 1980, 21, 2483-2486.

(15) Moini, M,; Leroi, G. E. J. Phys. Chem. 1986, 90, 4002-4006.

(16) Bruins, A. P.; Ferrer-Correia, A. J.; Harrison, A. G.; Jennings, K. R.;
Mitchum, R. K. Adv. Mass Spectrom. 1987, 7, 355-358.

(17) Guo, Y.; Grabowski, J. J. Manuscript in preparation.

Guo and Grabowski

thermochemically forbidden at 300 K. The hydride- and hy-
droxide-forming reactions (eqs 2¢ and 2d) are close to thermo-
neutral; that they are not an important aspect of the overall
reaction of O*~ with benzene is in accord with general mechanistic
perceptions (i.e., the hydride-forming channel involves addition
and loss of the more basic leaving group while the hydroxide-
forming channel requires an H-atom transfer, which tends not
to compete well with other channels). The importance of the
associative detachment channel (eq 2f) has not been accurately
assessed due to the experimental difficulty of detecting detached
electrons but is expected to play a minor role if any due to an
unfavorable reaction pathway.!?

Jennings and co-workers'é found that the reaction of O*~ with
1,3,5-trideuteriobenzene gave predominantly HD*-transfer, in-
dicating that the benzyne radical anion produced is almost entirely
the ortho and/or para isomers. Lineberger and co-workers!'®
photodetached the benzyne radical anion which they produced
by the reaction of O*~ with benzene, and from the photoelectron
spectrum they deduced that C¢H, is predominantly (~98%) the
ortho isomer and EA(o-benzyne) = 0.560 £ 0.010 eV.

An understanding of the gas-phase reactivity displayed by the
benzyne radical anion would be useful for several reasons. First,
by examining the facility of proton-abstraction reactions of o-
C¢H,*~ with Bronsted acids of known acidity one can determine
the gas-phase acidity of the phenyl radical, an important reactive
intermediate that is difficult to study directly due to its transient
existence. A determination of the gas-phase acidity of the phenyl
radical will lead to an accurate value of the heat of formation of
o-benzyne. Second, 0-C¢H,*" is a hydrocarbon radical anion, a
class of ions that are relatively unstudied but whose importance
and utility in solving various problems in chemistry is beginning
to be recognized.!” Third, dehydroaromatic anions such as o-
C¢H,'~ may play a useful role in the identification of mixtures
of aromatic compounds by negative ion chemical ionization mass
spectrometry (NICIMS)!%17 or by atmospheric pressure ionization
mass spectrometry.2’ In order to take advantage of such unique
species for analytical purposes, one needs to appreciate the re-
actions that they may undergo under typical mass spectrometer
conditions. Finally, the o-benzyne radical anion can, in some ways,
be considered to be a carbon-based 1,2-distonic radical anion; do
such species exhibit radical-type chemistry, ion-type chemistry,
or some intermediate behavior? In this paper, we report our
experimental observations and interpretations of the chemical
reactivity displayed when o-C¢H,4*™ is allowed to react with a
variety of molecules in the gas phase under the thermally
equilibrated conditions uniquely attainable in a flowing afterglow.
The first part of our paper resolves the uncertainty about the heat
of formation of o-benzyne while the latter part deals with the
reactivity of 0-C¢H,*~ with a variety of compounds; several of these
reactions will have to be controlled in any useful analytical ap-
plication of O*~ chemical ionization of aromatic compounds.

Experimental Section

The data reported in this paper have been collected by utilizing a
flowing afterglow?! that has been described previously.2? All reactions
were carried out in helium (99.99% pure and further purified by passage
through a molecular sieve filled trap immersed in liquid nitrogen) buffer
gas (0.3-0.7 Torr) at 298 % 3 K, utilizing experimental methodologies
that are well-documented in the literature.2!-22

(18) Leopold, D. G.; Miller, A. E. S,; Lineberger, W. C. J. Am. Chem.
Soc. 1986, 108, 1379~1384.

(19) For example, studies of the appropriate hydrocarbon radical anions
lead to the first experimental measurement of the heat of formation of bi-
cyclobutene. Kass, S. R.; presented at the 199th National Meeting of the
American Chemical Society, Boston, April 1990.

(20) Annan, M.; Vourous, P. Reaction of Oxide Radical Anions (O*) with
Aromatic Compounds at Atmospheric Pressure. Presented at the 38th ASMS
Conference of Mass Spectrometry and Allied Topics, Tucson, Arizona, June
1990.

(21) Ferguson, E. E.; Fehsenfeld, F. C.; Schmeltekopf, A. L. In Advances
in Atomic and Molecular Physics; Bates, D. R., Estermann, 1., Eds.; Aca-
demic Press: New York, 1969; Vol. 5, pp 1-56. Graul, S. T.; Squires, R. R.
Mass Spectrom. Rev. 1988, 7, 263-358.

(22) Grabowski, J. J.; Melly, S. J. Int. J. Mass Spectrom. Ion Proc. 1987,
81, 147-164.



Reactions of the Benzyne Radical Anion in the Gas Phase

Table I. Results from Qualitative Experiments on Gas-Phase Reactions
of 0-C¢H,*~ with a Series of Bronsted Acids in 0.30 Torr of Helium at
298 £ 3 K

AGo.cid,a is m/Z 76
acid kcal/mol products observed quenched?®
(CH;);CSH 346.2 (M-H)” yes
c-CsHg 3477  (M-H)" yes
CH;CH,SH 3489 (M-H) yes
CH;NO, 3497 (M-H) yes
CH;SH 350.6 (M-H)5 (M-2H)*¢ yes
CH,CHO 3590 (M-H)" yes
CH;CN 3652 (M-H)" yes
1,3-cyclohexadiene 3659 (M-H)" yes
CH,Cl, 366.8  94% (M-H); 6% (M-2H)""¢ yes
(CH;);COH 3680 (M-H)* yes
CH,;CH,0H 370.8  (see text)® yes
C6H5N02 371 M* yes
C¢HCH; 3737 no reaction obsd no
CH,;0H 3740  (see text)® yes
CeHsF 378.9  no reaction obsd no
isoprene 379.0  no proton transfer obsd yes/
furan 380 no reaction obsd¢® no
H,0 384.1  no reaction obsd no
H,C=CHCH, 384.1  no reaction obsd® no
CH,SCH, 386.0  no reaction obsd® no
D,0 386.1  (0-C¢H,Dy )", n= 1-4 yes
benzene 390.9  no reaction obsd® no
CH;NH, 3957  no reaction obsd” no
NH, 396.1  no reaction obsd” no
H,C==CH, 397.4  no reaction obsd no

2 Acidities are from ref 25. Note that (M~H)~ signifies the product from
proton transfer, (M~2H)*" the product from H,* transfer, and M*" the
product from electron transfer. ®“Yes” indicates that less than 1% of the
initial amount of the reactant ion remains upon addition of the neutral at a
port 66.6 cm from the entrance to the detection region and with a reservoir
pressure of the acid of less than or equal to 2.0 Torr. “Only a trace amount
of the (M-2H)* species is observed. Product distribution is the average of
two quantitative experiments, one of which is shown in Figure 1.
¢ Chemically equivalent results were found when deuterated acid was used.
/The only product detected is CI~ which results from o-C¢H,*" reacting with
a chlorine-containing impurity in the isoprene, i.e., no reaction occurs be-
tween the o-benzyne radical anion and isoprene before the benzyne radical
anion is quenched by reaction with the impurity. #Same result is found
when 0-C¢D,*" is allowed to react with the neutral indicated. *Only o-
Ce¢Ds*" was examined with this neutral (not 0-C¢H,*").

The atomic oxygen anion was produced by dissociative electron at-
tachment to nitrous oxide (eq 3) which was added, along with the helium,
at the electron ionization source. Dinitrogen, at a partial pressure of 1.5

¢+ N,0— 0"+ N, 3)

mTorr, was introduced into the flow tube 15 cm downstream of the
source (107 cm from the entrance to the detection region) in order to
quench any remaining metastable neutrals which may otherwise ionize
the organic reagents that are added further downstream. In general, we
found that for a flow tube to which only helium and nitrous oxide had
been added, the amount of hydroxide (a trace impurity formed whenever
we generate O) detected at the nose cone tended to be significantly
smaller when a small amount of dinitrogen (or argon) was added as a
quencher gas.

The benzyne radical anion was produced by allowing the atomic ox-
ygen anion to react with benzene added 25 cm from the ion source (97
cm from the detection region). The molecules whose reactions with
0-C¢H,*~ were of interest to us were added to the flow tube at least 30
cm downstream from the point where benzene was introduced; this was
the minimum distance (time) necessary to ensure that the O*~ + C¢H,
reaction had gone to completion before reactions involving the molecule
of interest had commenced.

All neutral reagents were obtained from standard commercial sup-
pliers; the liquids were subjected to several freeze—pump—thaw cycles to
remove dissolved gases before use. Three types of experiments were
carried out in this work. All reactions reported herein were examined
in a qualitative fashion by taking a complete mass spectrum at each of
several different time points in the reaction. Rate coefficients were
determined by monitoring the disappearance of 0-C¢H,*™ as a neutral
reagent was added with a known constant flow rate at different distances
from the entrance to the detection region (i.e., different reaction times)
as previously described.? Equation 4 describes how the observed in-

_ Al [CH]  FulT?
obs = A(Z)

{1.10 X 10_20} (4)
1
I He2‘ molecule
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Table II. Results from Quantitative Experiments on the Rates of
Gas-Phase Reactions of the Benzyne Radical Anion with Several
Neutrals in Helium at 298 £ 3 K

PHe

obsr” range,

neutral cm® molecule™? s n* EFF®  Torr
CH,CN 1.81 (£0.04) X 10~ 3 0.510 0304
CH,Cl, 1.01 (£0.05) % 10°° 4 0631 0.3-04
(CH,);COH 1.42 (£0.10) % 10°° 4 0.819 0.3-04
CH,CH,0D 1.66 (£0.04) X 107 3 0895 0.3-04
CH,0D 1.53 (£0.04) x 10~° 6 0.796 0.3-0.5
H,C=CHCH=CH, 3.21 (£0.63) x 101! 10 0.0265 0.3-0.7
D,O 3.68 (£0.27) X 107 5 0.166 0.3-0.4
0, 278 (£0.23) X 1070 9 0448 0.3-0.7
SO, 1.76 (£0.04) x 10°° 3 111 0.3-0.4
CO, 4,24 (£0.25) x 10%° 10 0.560 0.3-0.4

4The error bars reported are one standard deviation of the popula-
tion. We estimate the absolute error of these rate coefficients to be
20%; the largest contributions to absolute error are the pressure mea-
surements (see eq 4). ®“n” is the number of independent experiments
used to obtain the rate coefficient listed in column 2. EFF = kqp/keq
where k. is calculated according to the parametrized trajectory theory
of Su and Chesnavich (ref 27).

Table III. Results from Qualitative Experiments on the Gas-Phase
Reactions of the Benzyne Radical Anion with Several Nonacidic
Neutrals in Helium at 298 £ 3 K

ism/fz76

neutral products obsd? quenched?
CS, CS,- yes
0, none (see text) yes
SO, SO, (CeH SO,)¢ yes
PhNO, PhNO,*~ yes
H,C=CHCH=CH, none (see text) yes
CO, (C¢H,CO,)* yes
(60 no reaction obsd no
N,0 no reaction obsd no
CH,SSCH, CH,S™; CH,SCH,S™ yes
CH,0S0,CH;, CH,080,” yes

4 Except where noted, only significant products (210% of the overall
reaction) are reported. See footnote b of Table 1. ¢By far the major
product is SO,*~ (estimated to be ca. 96% of the overall reaction at a
flow tube pressure of 0.30 Torr).

tensity dependence of reaction distance yields the bimolecular rate
coefficient (k. in units of cm® molecule™ s7!). In eq 4, Fyy, is the
volumetric flow rate of helium buffer gas (in STP cm? s7!), Py, is the
average flow tube pressure throughout the reaction region (in Torr), T
is the ambient temperature (in K), Fygecue is the volumetric flow rate
of the neutral (in STP cm? 57, determined by timing a pressure rise in
a calibrated volume), and z is the physical distance (in cm) between the
point of molecule addition to the flow tube and the entrance to the
detection region (at which point the reaction is quenched by the expan-
sion into the high vacuum precluding further ion-molecule encounters).
The constant in eq 4 contains all the necessary unit conversion parameters
as well as o, which we assume to be 1.60 (i.e., the average ion velocity?*
is 1.60 times the average neutral velocity). In order to collect data at
the higher flow tube pressures noted in Table II, we found it necessary
to replace our | mm diameter sampling orifice with a 0.5 mm diameter
orifice. We estimate the absolute errors on our rate coefficients as about
+20%. Branching ratios (i.e., relative rate coefficients, k;/3_k;, for all
primary product ion channels) were determined by monitoring reactant

(23) Grabowski, J. J.; DePuy, C. H.; Bierbaum, V. M. J. Am. Chem. Soc.
1983, 105, 2565-2571.

(24) Huggins, R. W.; Cahn, J. H. J. Appl. Phys. 1967, 38, 180-188. Cher,
M.; Hollingsworth, C. S. In Chemical Reactions in Electrical Discharges;
Gould, R. F., Ed.; Advances in Chemistry Series 80; American Chemical
Society: Washington, DC, 1969; pp 118~132. Stock, H. M. P. J. Phys. B
1973, 6, L86~L88. Upshuite, B. L.; Shul, R. J,; Passarella, R.; Keesee, R.
G.; Castleman, A. W., Jr. Int. J. Mass Spectrom. lon Proc, 1987, 75, 27-45,
Pentecost, T. C.; Babcock, L. Presented at the 199th National Meeting of
the American Chemical Society, Boston, April 1990.

(25) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R,
D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17, Supplement No. |.
These data, in a slightly updated form, are also available to us on a personal
computer by way of NIST Negative Ion Energetics Database (Version 2.06,
January 1990); NIST Standard Reference Database 19B.
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Figure I. A plot of the relative intensities of the product ions versus the
extent of reaction for the interaction of o-benzyne radical anion with
methylene chloride. These data have been analyzed according to eq 5;
the slopes of the best fit lines to the observed data points give the product
distribution (relative rate coefficients) as follows: 94.1% m/z 83 (0),
CHCl,; 5.9% m/z 82 (O), CL,C*~.

and product ion distributions as the reutral reagent was added at dif-
ferent distances and then analyzing the data according toeq 5; P is a
product ion, k; is the rate coefficient for the reaction channel producing
ki
[P), = 5l[o-CeH o - [o-CeH, 1) )
2k

product P, 3_k; is the total reaction rate coefficient that includes ali
channels, and {[0-C¢Hs* 7)o — [0-C¢H4*1)} is the amount of the initial
o-benzyne radical anion that has reacted. Selected examples of the data
obtained for the quantitative experiments are shown below.

Results

The results of our studies on several aspects of 0-C¢H,*™ re-
activity are collected in Tables I-III. In Table I, we list the
qualitative results of 0-C¢H,*™ reactions with an extensive series
of Bronsted acids. Column 2 lists the known gas-phase acidity
of the molecule being used (in this work, we use the term “gas-
phase acidity” to refer to proton loss by a neutral species and
“proton affinity” (PA) to refer to proton gain by an anion), while
column 3 gives a list of the product ions detected. Column 4 of
Table I contains a qualitative measure of the rapidity of any
reaction tried. A “yes” essentially means the rate coefficient is
greater than 10713 cm? molecule™ s™ while a “no™ means the rate
coefficient is less than this value. A quantitative measurement
of the product yields for the reaction of 0-C¢H,*~ with CH,Cl,
was carried out and analyzed according to eq 5. One set of data
is presented in Figure |; the major ion from the reaction of o-
CsH¢*~ with H,CCl, is m/z 83 (HCCI,™) while the minor ion is
m/z 82 (Cl,C*"). The observation that the data in Figure | are
well fit by eq 5 (90% of the initial amount of 0-C¢H,*~ has un-
dergone reaction) is an indication that there are no fast secondary
reactions, in particular, Cl,C*" does not react with its parent
compound (H,CCl,) by proton abstraction as do many of-.the
carbene radical anions.?6 The lack of reaction between CI,C*"
and H,CCl, is in accord with previous results.?2 The average of
two independent branching ratio measurements for this reaction
gives the results summarized in eq 6. Note that in eq 6, both

C¢Hs + CH,Cl,
93.9 (£0.3)%
_— HCCIZ_ + CGHS. + 6.5 keal mol_l (63)

6.1 (£0.3)%

CCly~ + C¢Hg + 29.5 keal mol™! (6b)

-2, C4Hy + HCCly - 7.6 keal mol-! (6c)

(26) McDonald, R. N. Tetrahedron 1989, 13, 3993-4015.
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Figure 2. Representative semilogarithmic plots of reactant ion (0-C¢H,y")
intensity versus reaction distance (time) for the series of bimolecular
reactions (studied under pseudo-first-order conditions) shown in Table
II. The compounds are O, (+, 2.9), SO, (®, 3.1), H,C=CHCH=CH,
(0, 3.6), CO, (0, 3.9), CH,Cl, (X, 4.5), +-BuOH (*, 5.1), CH,CN (=,
5.3), CH,CH,0D (9, 5.6), D,O (4, 6.2), and CH,OD (4, 6.8). This
plot is representative of the type and quality of data used to arrive at the
rate coefficients shown in Table II. End corrections have not been ap-
plied to these data since they would not alter the slopes from which the
rate coefficients are derived. The number shown in parentheses above,
following the symbol, is the number of half-lives for which this pseudo-
first-order reaction was followed.

the proton-transfer and the H,*-transfer reactions are exothermic
while the H-atom transfer is endothermic (heats of reactions were
determined from the data included in Table IV in the supple-
mentary material).

The data in Table IT are the results of our quantitative studies
on the rates of several 0-C¢H,*"—molecule reactions for repre-
sentative proton-transfer, electron-transfer, H/D-exchange, and
several other reactions. Column 4 of Table II lists the reaction
efficiency which is defined as the probability of reaction per
collision (EFF = kgp/keo). We use the parametrized trajectory
theory of Su and Chesnavich?” to obtain the collision rate coef-
ficients, k.. The dipole moments and polarizabilities needed to
calculate the collision rate coefficients for the molecules listed in
Table I are available from the literature.?® For all the reactions
listed in Table II, no pressure dependence was observed over the
range of helium pressures noted in the final column. An example
of one of the several independent experiments performed for each
rate coefficient listed in Table II is shown in Figure 2. The
number of half-lives for which the reaction of interest was followed
for the experiments depicted in Figure 2 is indicated in the caption.

The results assembled in Table III are similar to those in Table
I, but here we have listed the reactions for which Bronsted
acid-base chemistry is not possible or is extremely unlikely. Note
that the rate coefficients of a few of the reactions listed in Tables
I and III are collected in Table II.

All of the heats of formations that we have referenced in this
work are collected in Table IV while a partial summary of the
published values of the heat of formation of o-benzyne is collected
in Table V. Tables IV and V are included in the supplementary
material.

Discussion

Proton-Transfer Reaction and the Acidity of the Phenyl Radical.
As is apparent from the data in Table I, 0-C¢Hy*~ will readily
abstract a proton (or deuteron) from tert-butyl alcohol and all

(27) Su, T.; Chesnavich, W. J. J. Chem. Phys. 1982, 76, 5183.
(28) Handbook of Chemistry and Physics, 10th ed.; Weast, R. C,, Ed.;
CRC Press: Boca Raton, 1989.
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stronger acids that we have examined.?* These observations on
product ions coupled with the high efficiency displayed by the
0-CsH*~ plus (CH,),;COH reaction (EFF = 0.82) stipulate that
the phenyl radical is less acidic than rert-butyl alcohol, or
AGoacid[CGHS.] > AG°w-d[(CH3)3COH] = 368.0 kcal mol™.
Methylene chloride, a carbon acid that is more acidic than
tert-butyl alcohol, is included in the set of molecules that readily
donate a proton to 0-C¢H,*~ (EFF = 0.63). Even acetonitrile,
a carbon acid whose conjugated base is extensively delocalized,
undergoes efficient acid-base chemistry with o-C¢H4*~ (EFF =
0.51). Thus, the observations reported in Tables I and II firmly
establish 368.0 kcal mol™! as the lower limit on the acidity (AG®, )
of the phenyl radical.

The upper limit to the acidity of the phenyl radical is more
difficult to ascertain since we are unable to use C4Hs* as a proton
donor to anionic bases of known proton affinity. However, we
can obtain several estimates to the upper limit, the first of which
we derive by an analysis of the data in Tables I and II. The
reaction of 0-C¢H,*~ with D,O proceeds at a rapid rate (EFF =
0.17) to give exclusively H/D exchange products. Likewise,
0-C¢D*", prepared from O*” and perdeuteriobenzene, exchanges
so rapidly and cleanly that all 0-C4D,"~ can be converted to o-
C¢H,'~ upon reaction with HyO. Our result, combined with the
excellent understanding of base-catalyzed H/D-exchange processes
in the gas phase developed by DePuy,?% lets us establish that
the gas-phase acidity of the phenyl radical must be at least several
kilocalories per mole less than that of H,O. This upper limit is
also supported by the lack of reaction between 0-C¢H,*~ and
propene and all weaker acids listed in Table I. Therefore,
AG®,.a[CeHs'] < AG®,q[H,0] = 384.1 kcal mol™.

In an attempt to refine the upper limit to the acidity of the
phenyl radical, we examined the reactions of 0-C4H,*~ with furan,
fluorobenzene, and isoprene; in neither case did we observe any
proton transfer. We do not expect prohibitive kinetic barriers to
exothermic proton abstraction by 0-C¢Hg*~ from any of the
Bronsted acids used since we have previously demonstrated that
vinylidene radical anion abstracts protons with a discernable rate
from toluene (kg = 2.6 X 107! cm? molecule™ s7! for H,C=C*"
with PhCH;,, a reaction that is 4 kcal mol™ exothermic).®® Since
the acidities of furan, fluorobenzene, and isoprene are not as
accurately known as those used above, and since kinetic barriers
to proton abstraction by 0-C¢H,*~ from these three acids may be
playing a role, these data are somewhat less definitive for es-
tablishing an upper limit. A further complication for the isoprene
data is the presence of a small amount of a reactive chlorine-
containing impurity which will quench the benzyne radical anion
signal to give CI~. We believe that the lack of proton transfer
observed between 0-C¢H,"~ and furan, fluorobenzene, and isoprene
is a consequence of thermochemical barriers to proton transfer,
and therefore AG®,q[CsHs'] < 377.0 keal mol™!. The lack of
any reaction between 0-C¢H,*~ and PhCHj also supports a value
of 377 keal mol™ as an upper limit.

Methanol, usually an excellent molecule for bracketing studies,
does undergo rapid reaction with o-C¢H,*~ (EFF = 0.80), but it
does not produce any observable ion products.’! (We will explain
below what we believe occurs for this reaction.) Since exothermic
proton transfers are almost always observed to some extent,’? we
feel the specific observations on the methanol reaction, coupled
with all other data presented here, indicate that methanol is too
weak an acid to protonate 0-CsH4*~. The reaction of 0-C;H,*"
with ethanol, like that with methanol, proceeds predominantly

(29) Squires, R. R.; Bierbaum, V. M.; Grabowski, J. J.; DePuy, C. H. J.
Am. Chem. Soc. 1983, 105, 5185-5192. Grabowski, J. J.; DePuy, C. H,; Van
Doren, J. M.; Bierbaum, V. M. J. Am. Chem. Soc. 1988, 107, 7384-7389,
’s 3(3%4Guo, Y.; Grabowski, J. J. Int. J. Mass Spectrom. Ion Proc. 1990, 97,

(31) Traces of methoxide and the methoxide-methanol cluster ions are
observed in the methanol experiment but can completely be accounted for by
the reaction of the hydroxide ion impurity with methanol and the further
clustering of the methoxide ion so produced. In the ethanol experiment, more
ethoxide and ethoxide—ethanol cluster ions are observed than can be accounted
for by the hydroxide impurity.

(32) Grabowski, J. J.; Goroff, N. Manuscript in preparation.
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by ion loss. Unlike methanol, however, where it is clear that
0-C¢H,* gives no observable product ions, it appears that ethanol
gives a small amount of ethoxide along with the major “ion loss”
channel. The ambiguity in the data interpretation is due to the
reaction of hydroxide with ethanol to give ethoxide, coupled with
the overall rapid reaction of 0-C¢H,*~ with ethanol. Hydroxide
is a minor, but ubiquitious, impurity ion in these reactions.!’%
As mentioned above, 0-C¢H ™ reacts rapidly and cleanly with
tert-butyl alcohol to give, as the sole product, the rert-butoxide
ion. Our interpretation of the data for the three alcohols is as
follows: C4H,* is more acidic than methanol and less acidic than
tert-butyl alcohol and is similar to that of ethanol. However,
0-C¢H,*" is reactive with all three alcohols, with proton transfer
and an alternative pathway (vide infra) in competition. To
summarize then, the observations in Tables I and IT allow us to
establish that AG®, ;4 [C¢Hs'] < 377 keal mol™!, and they further
suggest an acidity of about 371 kcal mol™.

Is the above derived acidity of the phenyl radical consistent with
the facile production of 0-C¢H,*~ in the O*~ plus C¢Hg reaction?
To answer this question, we begin by considering the thermo-
chemical cycle that defines the gas-phase acidity of a species in
terms of a homolytic bond-dissociation energy and an electron
affinity (eq 7).3* 1In eq 7b, IP[H"] is well-known,? 313.6 kcal

H H
H H H _
— + H (7a)
H ' H *
H H

AH®,,.leq 7a] = AH®,4[C¢Hs'] =
BDE[C¢H4H] - EA[0-C4H,] + IP[H*] (7b)

mol™, and Lineberger and co-workers!® have an accurate value
for EA[C4H,] = 12.9 kcal mol™'. The bond-dissociation energy
of the phenyl radical is available from the heats of formation as
shown in eq 8. The heats of formation of the hydrogen atom and
the phenyl radical are readily available,? 52.1 and 78.6 keal mol™,

H H
H H H
. — | +H* (8a)
H H
H H

AH®.,.[eq 8a] = BDE[CcH,-H] =
AH;[o-benzyne] + AH{H*] - AH{C¢H;'] (8Db)

respectively. An upper limit on the heat of formation of o-benzyne
is available as follows. From the laboratory observation of facile
0-C¢H,*™ production (eq 3a), one can derive eq 9. Combining eq
9 with the definition of electron affinity leads to eq 10. Accurate

AH ,[eq 22] = AH°[C¢H,] + AH°[H,0] - AH°[0"] -
AH°[CsH¢] <0 (9)

AH{jo-CgH,] < EA[0-CgHa] - AHP[H,0] + AH[0] +
AH°[C¢Hq] (10)

values (Table IV)182 for all the terms on the right-hand side of
eq 10 lead to AH[o-C¢Hy] < 116.3 keal mol™. Use of this limit
and eq 8b leads to BDE[C4H,~H] < 89.4 kcal mol™!, and via eq
7b, AH®,4[CeHs'] < 390.1 keal mol™!. Using AS®,.q[CsHs']
= 25.7 cal mol™ K}, estimated,?® yields AG®,;q[C¢Hs*] < 382
keal mol™. Therefore, our conclusions concerning the acidity of
the phenyl radical are in accord with the observed facile production
of 0-C4Hy*™ from O°~ with benzene.

We therefore conclude that the gas-phase acidity of the phenyl
radical is definitively bracketed by 368 < AG®,.4[CsHs'] < 377
keal mol™, and furthermore, our best estimate is AG®,iq[CsHs*]

(33) Bartmess, J. E.; Mclver, R. T., Jr. In Gas Phase Ion Chemistry;
Bowers, M. T., Ed.; Academic Press: New York, 1979; Vol. 2, Chapter 11.
The estimate assumes that there is no contribution to the entropy of ionization
from translational, electronic, or rotational considerations while the loss of one
out-of-plane sp? C~H bending vibration contributes —0.3 eu.
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= 371 *§ kcal mol™ and AH®,;y[C¢Hs'] = 379 keal mol™. The
larger error bar on the less acidic side of our recommended value
is principally due to the lack of well-defined reference acids which
are not subject to possible kinetic barriers in proton-transfer
reactions. Thus the phenyl radical is 21 kcal mol™ more acidic
than benzene. Acidities of other organic radicals and the com-
parison to their parent compounds have appeared in the literature
previously,26:30

The Heat of Formation of o-Benzyne. Given our value for
AH®,4[C¢Hs'] and eq 7b, we derive BDE[CsH,~H] = 78 kcal
mol™l. A second thermochemical definition of the gas-phase acidity
of the phenyl radical is shown ineq 11. Using eq 11, our measured
acidity of the phenyl radical, and the known heats of formation
of H* and the phenyl radical (see Table IV), we derive AH,°-

AH®,4lCeHs'] =
AHP[o-CiH, ") + AHP[HY] - AHP[C4Hs') (11)

[0-C¢H,] = 92 keal mol™!. Using either the derived BDE-
[CsH4—H] and eq 8b or the experimental EA[o-C¢H,] and the
definition of electron affinity with AH{°[0-CsH,*"] leads to
AH{°[o-benzyne] = 105 keal mol™. Via eq 12, we can derive the

CeHs~ — 0-C(H~ + H° (12a)

AH,,,leq 12a] = HAA[o-C¢H, ) =
AH?[0-CcH, ] + AH°[H'] - AH{°[C¢H;] (12b)

C6H5_ - 0'C6H4 + H- (138)

AH..[eq 13a] = HA[o-C¢H,] =
AH?[0-C¢H,] + AH°[HT] - AHP[C¢HT] (13b)

0'C6H4 - 0'C6H4+ + e (l4a)

AH,,,[eq 14a] = IP[o-C¢H,] =
AH®[0-C¢H,*) + AH°[e7] — AH°[0-C4H,] (14b)

C¢Hs* — C4H, + H* (152)

AH,y,[eq 152] = PA[o-CHy] =
AH{°[0-C¢H,] + AHP[H*] - AH?°[C¢Hs*] (15b)

H atom affinity of the o-benzyne radical anion as HAA[o-C¢H,"]
= 89 kcal mol™!. Via eq 13 we can derive the hydride affinity
of o-benzyne as HA[o-C¢H,] = 85 kcal mol™!. From eq 14, which
defines an ionization potential, we derive IP[o-CsH,] = 9.03 eV.
Using our newly determined value for the heat of formation of
o-benzyne and eq 15, we find that the proton affinity of o-benzyne
is PA[0-C¢H,] = 201 kcal mol™!, These new values are included
in Table IV,

There have been several previous experimental-based reports
of the heat of formation of o-benzyne and numerous theoretical
calculations at a wide variety of levels.** A sampling of the
reported values are listed in Table V, which is included with the
supplementary material. The reported values cluster in the 100
to 120 keal mol™ range.

Griitzmacher and Lohmann!? measured an ionization potential
of o-benzyne and a heat of formation of C¢H,* and from those
values deduced that AH°[0-C¢H,] = 118 % 5 kecal mol™.
However, subsequent workers have suggested substantial changes
to both the ionization potential!? of C4H,* and the heat of for-
mation'®!% of C;H,*. Thus we believe our value to be much more
reliable than this early estimate.

Rosenstock and co-workers carried out a very careful photo-
electron—-photoion coincidence study of benzonitrile ion frag-
mentation as well as a thorough re-analysis of appropriate ob-
servations reported in the literature;!? their conclusion is that
AHP[CH,*] = 313.3 & 2.4 kecal mol™!. Combination of this value
and a 0.5 eV empirical correction to the published IP[o-C4H,]
led them to estimate AH°[C4H,] ~ 107 kcal mol™!. The as-
tonishing accuracy of this estimate for the heat of formation of
o-benzyne is a reflection of the skill of these authors. Of particular

(34) Dewar, M. J. S,; Li, W. K. J. Am. Chem. Soc. 1974, 96, 5569-5571
and references therein.
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note is that their re-interpretation of literature data led them to
estimate the IP of o-benzyne as being identical with the value that
we have derived above!

Pollack and Hehre!* reported AH°{0-C¢H,] = 118 % 5 keal
mol™ based upon bracketing experiments in an ICR apparatus
concerning the success or lack thereof of proton-transfer reactions
involving C¢Hs*. From their measurements, they deduced that
PA(0-C4H,) is 9.1 kcal mol™! greater than the PA of ammonia;
combination of this value with the then-known heats of formation
of H* and C¢H;™* led to their determination. Using the direct
experimental observations reported by Pollack and Hehre and the
current (slightly revised) thermochemical values? leads to a revised
heat of formation of o-benzyne of 117 % 5 kcal mol™!. While we
have not repeated their experiments and therefore cannot une-
quivocally determine why their value substantially disagrees with
ours, we have pinpointed four possible complications in their
experiments. First, Ausloos and co-workers?S have demonstrated
that two different populations of CsHs* (believed to be the
phenylium ion and an open-chair isomer) can be formed in
unimolecular and bimolecular ionization processes in an ICR. If
the C4H,* ions that Pollack and Hehre were probing were in fact
an unknown mixture of isomers, then the bracketed proton affinity
determined is not necessarily that of o-benzyne. Second, Ausloos
and co-workers?* have also demonstrated that C4Hs* ions undergo
rapid, non-proton-transfer reactions with a number of molecules.
Therefore, not observing proton transfer between C¢Hs* and a
given molecule is not sufficient to conclude that such proton
transfer is endothermic; one would wish to know that no reaction
at all occurred (as a minimum, but not sufficient condition); such
information is not provided in the Pollack and Hehre letter. Third,
while many exothermic proton-transfer reactions proceed with
essentially no kinetic barrier, others are known? to be slowed due
to the presence of such barriers. The limiting bases used in the
Pollack and Hehre study are some of those that one might an-
ticipate being subject to kinetic barriers during proton-transfer
reactions. Fourth, the limiting bases used in the Pollack and Hehre
study themselves are not well-known; the PA of one has only been
estimated. Due to these uncertainties, we feel that our value for
the heat of formation of o-benzyne is more accurate than the value
reported by Pollack and Hehre.

More recently, Moini and Leroi'® have reported a value
AH?[0-C¢H,] = 100 % 5 kcal mol™! based upon their measure-
ment for the appearance potential of C¢H4* from the dibromo-
benzenes. In their paper, they combined their directly measured
value with the IP of o-benzyne and the heats of formation of Br,
and dibromobenzene (all obtained from the literature) to derive
the heat of formation of o-benzyne. If we combine their ap-
pearance potential with the most current values for the above
mentioned thermochemical quantities,2*3” we obtain a revised heat
of formation of 104 % 5 kcal mol™, a value that is identical for
all practical purposes with our value. The agreement between
Moini and Leroi’s value and ours indicates that the factors (kinetic
shifts, etc.) complicating determination of an adiabatic appearance
energy of an ion have been correctly handled by Moini and
Leroi.}538

Non-Proton-Transfer Reactions of 0-C¢H*~. The benzyne
radical anion displays a number of intriguing reactions in addition
to its Bronsted acid-base behavior. As mentioned above, 0-CsH4*"
reacts rapidly with D,0O to give exclusively H/D exchange.
Careful scrutiny of a series of qualitative spectra of this reaction,

(35) Ausloos, P.; Lias, S. G.; Buckley, T. J.; Rogers, E. E. Int. J. Mass
Spectrom. Ion Proc. 1989, 92, 65-77.

(36) Nicol, G.; Sunner, J.; Kebarle, P. Int. J. Mass Spectrom. Ion Proc.
1988, 84, 135. Brauman, J. I; Lieder, C. A.; White, M. J. J. Am. Chem. Soc.
1973, 95, 927. Farneth, W. E.; Brauman, J. I. J. Am. Chem. Soc. 1976, 98,
7891. Meyer, F. K.; Pellerite, M. J.; Brauman, J. I. Helv. Chim. Acta 1981,
64, 1058. Bohme, D. K.; Lee-Ruff, E.; Young, L. B. J. Am. Chem. Soc. 1972,
94, 5153. Han, C.-C.; Brauman, J. 1. J. Am. Chem. Soc. 1989, 111,
6491~-6496.

(37) Rosenstock, H. M.; Stockbauer, R.; Parr, A. C. J. Chim. Phys. 1980,
77, 745-750.

(38) Vestal, M. In Fundamental Processes in Radiation Chemistry,
Ausloos, P., Ed.; Interscience: New York, 1968.



Reactions of the Benzyne Radical Anion in the Gas Phase

Scheme I. Stepwise Base-Catalyzed H/D Exchange between
o0-Benzyne Radical Anion and Water®

H H
H _ H ~
+ 00 == + 00
H ' H .
H H

H
H o} H (o}
+ DOH [ —— + DOH
-~F o -~"p
uozo

etc.
4The proposed intermediates, which are not observed, are shown
within brackets. Note that the scheme displays two sequential ex-
change reactions, a discrete intermediate product ion is 0-C¢H;D*",

and of 0-C4D,*~ with H,0, suggests that essentially a single D(H)
is exchanged per ion-water encounter. A stepwise exchange
mechanism is presented in Scheme I. We restrict ourselves to
o-benzyne isomers in Scheme I because negative ion photoelectron
spectroscopy!® and a number of ab initio calculations* indicate
that o-benzyne is the lowest energy isomer. Note that in this
regard, we consider that the o-benzyne radical anion has two
equivalent resonance structures (i.e., carbon- 1 as radical/carbon-2
as anion or carbon-| as anion/carbon-2 as radical). Neither
ammonia nor methylamine was found to undergo H/D exchange
(nor any reaction) with 0-C;D,*~. If the acidity of the phenyl
radical was in fact about 391 kcal mol™ as derived from the
previous experimental AH°[o-benzyne], one should expect facile
exchange between 0-C¢H,*~ and NH, or a simple alkylamine.?*
The inertness displayed by 0-C¢H,*~ toward NH, and CH,NH,
is further confirmation of our acidity (379 kcal mol™) of the phenyl
radical. When o-C4H,*~ was allowed to react with CH,0D, the
only process observed was the same rapid reaction that removes
all jons as was observed in the CH;OH reaction. The lack of H/D
exchange between the o-benzyne radical anion and methanol-O-d
is presumably due to the competing fast reaction that results in
ion signal loss.

Whenever 0-C¢H,*~ is allowed to react with a molecule for
which electron transfer is a thermochemically accessible channel
(e.g., CS,;, EA = 0.6 £ 0.1 eV; PhNO,, EA = 097 eV; SO,, EA
= 1.107 % 0.008 eV)* the predominant, if not exclusive, process
observed is electron transfer. As expected from the known electron
affinities of o-benzyne and dioxygen (EA[Q,] = 0.451 eV),*! no

(39) DePuy, C. H,; Kass, S. R.; Bean, G. P. J. Org. Chem. 1988, 53,
4427-4433,

(40) Chen, E. C. M.; Wentworth, W. E. J. Phys. Chem. 1983, 87, 45-49.
Grimsrud, E. P,; Caldwell, G.; Chowdhury, S.; Kebarle, P. J. Am. Chem. Soc.
1988, 107, 4627-4634. Nimlos, M. R,; Ellison, G. B. J. Phys. Chem. 1986,
90, 2574-2580.
164(41‘)‘9'1‘ravers, M. J.; Cowles, D. C.; Ellison, G. B. Chem. Phys. Lett. 1989,
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electron transfer was observed when o-C4H,~ was allowed to react
with O,, a reaction that is 2.5 kcal mol™ endothermic. We have
characterized the absolute rate for 0-C4H,*" interacting with SO,
and found kg, = 1.76 (£0.04) X 10 cm® molecule™ s~ or EFF
= [.11. We realize that an EFF greater than | is, in some ways,
meaningless and therefore would like to address several comments
to it. First, an absolute error bar of £20% exists for kg,; hence
the EFF is within the error of 1.00. Second, the error bar on a
reaction EFF also depends on how well k., is known, which is
to say, the accuracy of the theory uscdﬁoand the parameters
employed (i.e., for SO, up = 1.63 D; a = 4.28 X 10724 ¢cm™).28
Third, other reports of EFF > 1 for reactions involving SO, where
ET is the major component have appeared.*? Finally, for this
work, it is only SO, for which EFF exceeds | (also the only ET
rate coefficient measured). While recognizing that we cannot
make a definitive statement about why EFF > | for o-CsHy*™ +
S0O,, we would like to suggest that it is either due to a poorly
known up, or « value of SO, or, perhaps, electron transfer can occur
over a larger distance than is normally assumed when defining
an ion-molecule encounter. Another interesting aspect of the
0-C¢H4* plus SO, reaction is the observation that a minor amount
(ca. 4% of the products formed) of adduct ion (CsH,SO,™) is
formed in competition with the electron-transfer process.

The o-benzyne radical anion is nucleophilic toward both carbon
and sulfur as exhibited by its reactions with dimethyl disulfide*
and dimethyl sulfite.# o0-C¢H,"" is unreactive toward both carbon
monoxide and nitrous oxide, observations that are in agreement
with previously observed reactivity patterns of these molecules.*

As do many anions,* the benzyne radical anion adds readily
to CO, to give the adduct in a reaction that occurs on 56% of the
collisions. The rate coefficient for 0-CsH,*~ and CO, shows no
pressure dependence in the 0.3-0.7 Torr (helium) range that we
examined. Since the product of the 0-C¢H,*~ and CO, reaction
is the addition complex, C;H40,*", and since this adduct is un-
reactive toward additional equivalents of CO, or toward D,0, we
formulate the adduct as a distonic radical anion consisting of a
phenyl radical and a carboxylate anion (eq 16). The adduct ion,

H _ H o-
R + COpy — o (16)
H H
H
H

H © H
H 0o” 0
R + SO,
H 0
H " H o
o- (170)
H s”
" 8

C;H,;0,"", does undergo both slow exchange with SO, (SO, for
CO,, eq 172)* and further addition (eq 17b). These SO, ab-
servations indirectly support our structural assignment to the
C,H, 0, species.

Another important point is answered by our qualitative studies
between the o-benzyne radical anion and carbon dioxide and the

(42) Bierbaum, V. M,; Grabowski, J. J.; DePuy, C. H. J. Phys. Chem.
1984, 88, 1389-1393,

(43) Grabowski, J. J.; Zhang, L. J. Am. Chem. Soc. 1989, 111, 1193-1203.

(44) Grabowski, J. J.; Lum, R. C. J. Am. Chem. Soc. 1990, 112, 607-620.

(45) Kass, S. R,; Filley, J.; Van Doren, J. M.; DePuy, C. H. J. Am. Chem.
Soc. 1986, 108, 2849-2852.

(46) Bierbaum, V. M.; DePuy, C. H.; Shapiro, R. H. J. Am. Chem. Soc.
1977, 99, 5800-5802.

(47) The bicarbonate anion, HOCO,", formed in a termolecular process
between HO" and CO, in helium, undergoes similar exchange: Fehsenfeld,
F. C.; Ferguson, E. E. J. Chem. Phys. 1974, 61, 3181.
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subsequent reactions of the resulting adduct. To experimentally
study reaction 17, the list of events involving ions is as follows:
(i) The atomic oxygen anion is created by electron ionization of
nitrous oxide. (ii) The atomic oxygen anion is quenched by
benzene as described in eq 2, producing 66% CsH4*~ and 34%
CsHO~. (iii) Carbon dioxide is added so that the o-benzyne
radical anion is quenched, resulting in production of the adduct
ion at m/z 120. (iv) Sulfur dioxide is added and its chemistry
with the m/z 120 ion is investigated.

During step iii of the above list of events, the phenoxide ion
that is present remains unchanged since C¢HO™ is unreactive
toward CO,; therefore upon quenching of the o-C4H,4* signal,
the ion spectrum contains C;H,0,"~ (m/z 120) and CgH;O™ (m/z
93). During step iv, both the m/z 93 and 120 ions are moderately
reactive with SO, (m/z 93 produces only the corresponding adduct
while m/z 120 reacts according to eq 17), and in fact we can easily
quench both signals. Because 34% phenoxide is initially formed
along with the o-benzyne radical anion, and because phenoxide
is fairly unreactive (e.g., does not react with carbon dioxide but
does react with sulfur dioxide), we used the phenoxide signal as
a marker ion to indicate whether or not a radical anion reaction
gave significant amounts of some sort of detachment process (as
in the methanol reaction discussed below). Thus during the CO,
reaction, the ratio of m/z 76 (C¢H,™) to m/z 93 (C¢HsO") signals
before reaction is the same as the ratio of the m/z 120 (C;H,0,™)
to m/z 93 signals after the reaction, telling us that no associative
detachment occurred between the o-benzyne radical anion and
carbon dioxide. The same type of observations help define the
quantitative nature of the associative detachment reaction that
does occur between the o-benzyne radical anion and methanol as
well as the general unimportance of such a process (excepting
ethanol) for most of the other compounds examined in this study.

Reactions of C¢H,*~ with Alcohols, We were initially puzzled
by the data for the reactions of 0-C4¢H,*~ with methanol, ethanol,
or tert-butyl alcohol. The tertiary alcohol was observed to react
rapidly with o-C¢H*~ (EFF = 0.82) to give tert-butoxide, which
is quantitatively detected. In stark contrast, we found that o-
CgH¢ reacts rapidly with methanol (EFF = 0.80) but could
detect no product ions' Ethanol is intermediate to tert-butyl
alcohol and methanol; reaction with 0-C4H,*~ is rapid (EFF =
0.90), and some ethoxide is formed, but there is also considerable
loss in the total ion current. The presence of phenoxide and its
unreactive nature toward these alcohols aid in defining these
observations.

We had originally interpreted these alcohol reactions to indicate
some sort of associative detachment process that produced the
alkyl phenyl ether (i.e., in analogy to eq 1). For example, the
original mechanistic proposal for methanol is shown in eq 18.
However, such a process was not very satisfying since it involved

@‘ + CHOH === [@‘ + CHaoH:l —_—
H H
e
OCH,

OCH,

the intermediacy of the molecular radical anion of anisole—a
species that probably is not bound and therefore would
autodetach—without a reasonable mechanism for it to be formed.
Furthermore, the differences between the three alcohols, while
explainable, do not seem to follow expectations based on eq 18.

Our unease with eq 18 to explain the alcohol data led us to
reconsider the expected neutral product from the methanol
reaction—a species which we cannot directly observe! We propose
that the products from the reaction of 0-C¢H,*~ with CH,OH are
benzene plus formaldehyde and an electron. The process we prefer
for the alcohols is summarized in Scheme II. For our discussion
we will consider how 0-C4H,*~ reacts with methanol. Initially,
CsH,* collides with methanol to create the jon—dipole complex.
Formally, we believe it is endoergic by 3 kcal mol™ to transfer
the proton from methanol to o-CgH,*~ (it is thermoneutral to
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Scheme II. Proposed Reaction Scheme for Primary Alcohols with
the o-Benzyne Radical Anion
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transfer from ethanol and exoergic from tert-butyl alcohol). Since
both methoxide and the benzyne radical anion may be considered
to be localized anions, and due to their similar basicities, we can
anticipate that a good hydrogen bond can exist in the initial
complex (first bracketed species in Scheme I1).# Depending on
the exact system being studied, the more stable form of the initial
ion—dipole complex may be that which results from a proton
transfer (i.e., yielding the second bracketed species in Scheme II);
the factors that contribute to determining whether the first in-
termediate or the second intermediate is more stable are the
relative basicities of the anions and the relative solvation energies
of the two complexes.? If net proton transfer is thermochemically
feasible, the second intermediate complex can dissociate (path
a) to give alkoxide ion. Alternatively, if net proton transfer is
thermoneutral or slightly endothermic (as we propose for meth-
anol) the hydrogen-bonded complex shown as the second inter-
mediate in Scheme II will facilitate H atom abstraction as in-
dicated by path b. H atom transfer, driven by the formation of
an aromatic C-H bond (e.g., BDE[C;,Hs-H] = 110.9 % 1.9 kcal
mol™)% at the cost of breaking an aliphatic C-H bond adjacent
to oxygen (e.g., BDE[HOCH,-H] = 94 =% 2 kcal mol™)* leads
to benzene and the ketyl radical anion (i.e., oxidation of the initial
alcohol). Since it is believed that the molecular anion of form-
aldehyde (and acetaldehyde™) is not bound, the ketyl radical anion
will autodetach leading to net ion loss. tert-Butoxide of course
does not have the a-C-H bond demanded by our hypothesis; the
clean observation of proton transfer for this latter case is in accord
with path a of Scheme II. Methanol goes cleanly by path b and
ethanol partitions itself through both pathways with path b being
predominant. The observation of the (M-2H)*" species from
0-C¢H,*~ with methanethiol (Table I) also supports Scheme II.
For this latter molecule, direct proton transfer predominates over
other pathways, but formation of benzene does occur as evidenced
by the ketyl radical anion of thioformaldehyde, a species that we
know is bound.’! We prefer Scheme II over eq 18 to account
for our observations about how o-C¢H,4* reacts with alcohols (and
to a lesser extent, with thiols). The lack of any product ion from
methanol is due to the slight endoergicity of the proton-transfer
channel and the unbound nature of the formaldehyde radical anion.
Ethanol is identical, in acid strength, to phenyl radical, and hence
direct proton transfer is observed while the major portion of the
reaction proceeds by path b in Scheme II. tert-Butyl alcohol is
acidic enough to allow rapid, exoergic proton transfer with o-
C¢H,'~ and therefore the overall rate is not slowed due to the
inaccessibility of the second hydrogen necessary for path a. The
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observation of both ethoxide and ion loss for 0-C;H,*~ + EtOH
suggests that a stepwise process (as shown in Scheme II) ade-
quately accounts for these alcohol reactions without need of re-
sorting to a highly ordered concerted pathway.

Reaction of C;H,~ with Dioxygen and Butadiene, We examined
the reaction of the o-benzyne radical anion with both O, and
H,C=CHCH=CHj, (data in Tables I and III). For both cases
reaction is observed that completely quenches the o-C¢H,* signal
in a pressure-independent manner (0.3-0.7 Torr of helium). The
dioxygen reaction is faster (EFF = 0.45) than the butadiene
reaction (EFF = 0.027), and both reactions proceed exclusively
by an associative detachment channel. Here again, the presence
of the phenoxide signal serves as a marker ion to confirm the
absence of any spurious ion sampling effects upon the addition
of either of these molecules. Unfortunately, we have no additional
information to help identify the chemical processes that are oc-
curring in these two reactions. For dioxygen, we can speculate
that the products are a free electron and o-benzoquinone since
such a reaction is 123 kcal mol™! exothermic, providing ample
energy to detach any o-benzoquinone radical anion formed (EA-
[o-benzoquinone] = 1.620 % 0.048 eV).52 For butadiene, we can
speculate that the products are a free electron, benzene, and
but-3-en-1-yne (H,C=CHC=CH) since such a reaction is 27
kcal mol™! exothermic. An unsatisfying aspect of this latter
explanation is if the Hy*-transfer and subsequent electron de-
tachment process is in fact occurring between butadiene and the
o-benzyne radical anion, then why is a similar reaction not found
for propene (such a process to yield a free electron, benzene, and
allene should be 33 kcal mol™! exothermic). An obvious alternative
product for the o-benzyne radical anion with butadiene is the
Diels-Alder adduct, a species which should also be unbound.

Conclusions

We have examined the reactions of 0-CsH4*" in the gas phase
with a variety of molecules under the thermally equilibrated
conditions of the flowing afterglow (in 0.3-0.7 Torr of helium).
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Consideration of the success or failure of proton-transfer reactions
between well-characterized donor acids and 0-C¢H¢" led to the
determination of the gas-phase acidity of the phenyl radical:
AG®,4[CeHs] = 371 *§ keal mol™!, and AH®,4[CsHs] = 379
keal mol™, via AS®,.4[C¢Hs'] = 25.7 cal mol™ K1. Combination
of our experimental acidity of the phenyl radical with appropriate
values from the literature yielded the following new thermo-
chemical values: AH°[0-C4H,] = 105 keal mol™'; BDE[CsH,~H]
= 78 keal mol™; AH® [0-C¢H,~] = 92 keal mol™; HAA[o-C{H,)™
= 89 keal mol™; HA[o-C4H,] = 85 keal mol™; IP[o-C¢H,] = 9.03
eV; and PA[0-C¢H,] = 201 kcal mol™!. These thermochemical
values, for the most part, represent a substantial improvement over
values previously in the literature. In addition to behaving as a
Bronsted base, 0-C¢H,*~ undergoes a number of other reactions,
including electron transfer, H/D exchange, addition (adduct
formation), and H,* transfer. Reaction of 0-C¢H,™ with alcohols
and thiols is shown to be a competition between proton transfer
and H,* transfer. The o-benzyne radical anion was also dem-
onstrated to undergo associative detachment reactions with di-
oxygen and butadiene, but we have only been able to postulate
what the products are from these latter two reactions. One un-
anticipated observation from these studies is the facile addition
of the o-benzyne radical anion adding to carbon dioxide to produce
a stable distonic radical anion. This latter species is of particular
interest because it offers the potential of examining chemistry of
a reactive radical species (phenyl radical) in ion-molecule en-
counters where the ion component is exceptionally unreactive
(benzoate anion).
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