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Examination of gas-phase reactions of various nucleophiles withmeta-benzyne analogues that carry a positively
charged substituent has revealed that themeta-benzyne moiety is susceptible to nucleophilic attack. Addition
of nucleophiles to themeta-benzyne moiety occurs rapidly without energy-demanding uncoupling of the
singlet biradicals’ formally unpaired electrons. The resulting zwitterionic intermediate may undergo
fragmentation either by a homolytic bond cleavage to yield net-radical type products or by a heterolytic bond
cleavage that generally leads to replacement of the original charged group with the incoming nucleophile.
The intermediate was characterized experimentally and computationally and found to be a low-energy species.
The nonradical reactivity reported here is common formeta-benzynes with positively charged substituents,
and is predicted also to dominate the chemistry of anionic and neutralmeta-benzynes.

Introduction

meta-Benzyne, the middle child of the benzyne family, has
not received the high degree of attention that has been lavished
upon itsortho- and para-benzyne siblings. Difficulties in the
generation and study of this interesting species have challenged
the development of understanding of its reactivity. However,
great strides have been made recently in a variety of avenues
of research that provide information about the structure and
thermochemistry ofmeta-benzyne. Threshold collision-activated
dissociation (CAD) experiments have established its heat of
formation,1 and its singlet-triplet gap has been determined by
negative ion photoelectron spectroscopy (NIPES) measure-
ments.2 These experiments and others have provided important
experimental validation of the growing body of computational
information regarding the structure and properties ofmeta-
benzyne. Further information on its structure has been provided
by matrix isolation3 and NIPES2 studies wherein its vibrational
frequencies were measured. These frequencies were found to
be more consistent with a diradicaloid (1) than a bicyclic (2)
structure.

Yet, even thoughmeta-benzyne is not bicyclic, the radical
sites have a substantial degree of back-lobe interaction (clearly
visible in the HOMO (right) and LUMO (left) ofmeta-benzyne,
calculated at the BLYP/6-31+G(d) level of theory and shown
on the right), resulting in a singlet ground state and a singlet-
triplet gap of-21 kcal/mol.2 Computational estimates further
characterize it as possessing only 20% biradical character.4 This
species is thus often described as a combination of the two
representations.2,5

Despite successes in determining the structure and thermo-
chemical properties ofmeta-benzyne, the characterization of its
reactivity remains elusive.5 The most successful approach at
surmounting the difficulties inherent to any such study has been
the examination ofmeta-benzyne analogues that bear a chemi-
cally inert, charged substituent. Suchmeta-benzynes have the
virtue of being amenable to mass spectrometric analysis. The
3,5-didehydrobenzoate6 (3, Scheme 1) andN-(3,5-didehydro-
phenyl)-3-fluoropyridinium7 (4) ions have each been generated
and their reactivity examined in the gas phase. Studies of these
charged analogues represent the bulk of what is known about
the chemical reactivity of themeta-benzyne moiety.

The 3,5-didehydrobenzoate ion (3) was found to be unreactive
toward a number of neutral reagents that undergo radical
reactions with the phenyl radical as well as its charged
analogues.6 In contrast, a wide variety of reactions were reported
for the N-(3,5-didehydrophenyl)-3-fluoropyridinium ion (4),
including several apparently free radical pathways.7 This
observation of free radical reactions contrasts with the lack of
reactivity observed for3. Likewise, it contrasts with a recent
paradigm of singlet biradical reactivity arising from studies of
para-benzyne and its analogues.8 This paradigm suggests that
the radical-type reactivities of singlet biradicals can be seen as
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perturbed counterparts to the related monoradical reactivity. The
perturbation takes the form of a decreased reactivity due to the
singlet coupling between the biradical electrons. The singlet-
triplet gap is used as an index of the degree to which the intrinsic
radical-type reactivity is attenuated. Even a small singlet-triplet
gap can have a large effect on the reactivity. For example,
though para-arynes (i.e., 1,4-didehydrobenzene, 1,4-didehy-
ronaphthalene, and 9,10-didehydroanthracene) undergo hydro-
gen atom abstraction from alcohols like the analogous aryl
radicals, the rates of the abstractions are one to several orders
of magnitude lower than those of their monoradical counter-
parts.9,10This decrease in reactivity has been attributed topara-
benzyne’s slight preference2 for a singlet state (∆EST ) -3.8
kcal/mol). In order for a free radical reaction to occur, the singlet
pair of biradical electrons must uncouple in the course of the
reaction,11 imposing an extra energetic cost to the reaction.
Although this may seem like a large inhibition to the reactions
of singlet biradicals, it nevertheless should allow for faster
reactions than a two-step mechanism in which intersystem
crossing to the triplet state precedes reaction.

If para-benzyne’s singlet ground state decreases the rates of
its radical reactions by several orders of magnitude, then the
corresponding decrease ofmeta-benzyne’s reaction rates should
be much greater due to this biradical’s 5-fold larger preference
for the singlet state.12 If singlet-triplet gap effects on the
reactions of singlet biradicals are in fact to be expected, then
the apparent radical reactions of theN-(3,5-didehydrophenyl)-
3-fluoropyridinium ion (4) are anomalously facile relative to
those of corresponding monoradical ions.7 For example, this
meta-benzyne analogue undergoes cyano-radical abstraction
from tert-butyl isocyanide at a rate only slightly (a factor of
∼5) less than that of the corresponding phenyl radical analogue.

Recently, we communicated the observation of a new type
of electrophilic reactivity for several charged, substituted
analogues ofmeta-benzyne.13 This electrophilic reactivity
provides an alternate interpretation of many of the previously
observed “free radical” reactions, which removes the conflict
with expectations8,12 of decreased radical reactivity. We report
herein a full description of this electrophilic reactivity.

Experimental Section

The majority of ion-molecule reactions were examined using
a Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer. This instrument is an Extrel 2001 FTMS with a
Finnigan Odyssey data station and extra inlets for the introduc-

tion of liquid and gaseous reagents into the ICR cell. Of special
relevance to the current study is the fact that this instrument is
one of a minority of FT-ICR’s possessing a differentially
pumped dual cell (i.e., a wall down the center of the vacuum
chamber divides it into two nearly independent sections, each
of which is pumped separately).14 Ions can be transferred
between the two cells by temporarily grounding the wall that
separates the two cells (and serves as a common trap plate
between them), thus allowing them to pass between the cells
through a 2 mmdiameter hole in the center of this wall. The
efficiency of this transfer event is increased in many cases by
the use of the quadrupolar axialization15 technique prior to the
transfer event. The experimental flexibility arising from the dual-
cell instrumental configuration and the “tandem-in-time” nature
of FT-ICR instruments allows multistep gas-phase syntheses
for ions of interest and kinetic studies of their reactivities. In
general, one of the two cells has been designated for ion
generation and the other for kinetic studies of the resultant ions.
Because reaction studies occur in a cell region that is differ-
entially pumped with respect to the ion generation region, only
very small amounts of the ion precursors are present. Thus, the
reactions of the ions in the analysis region occur almost
exclusively with the chemical species introduced purposely into
this region for kinetic studies.

Chargedmeta-benzyne analogues were generated using one
of two different methods. The first, which has been described
previously,7,16 involves the generation of substitutedN-phe-
nylpyridinium ions via anipso substitution reaction between
pyridine (or substituted analogues) and halobenzene radical
cations (produced by electron ionization). The substituted
N-phenylpyridinium ions are transferred into the other cell
region. Collision-activated dissociation (CAD) of theN-phe-
nylpyridinium ions homolytically cleaves the substituents (e.g.,
NO2, I, Br) to form themeta-benzyne moiety.17,18 A delay of
∼0.5 s after the CAD event allows the ions to dissipate any
excess translational or internal energy by collisions with neutral
molecules present in the cell and by emission of IR photons.19

The ion of interest is isolated by ejection of all other ions from
the cell with one or several stored-waveform inverse Fourier
transform (SWIFT)20 excitation pulses. The ions are then
allowed to react with some neutral reagent of interest that is
present in the ICR cell at a steady pressure. Variation of the
time between the isolation of themeta-benzyne analogue and
detection allows the ion population to react to different extents
with the neutral reagent molecules. The resultant spectra were
background corrected by subtraction of a spectrum collected
under identical conditions except that the reactant ion was
ejected via SWIFT excitation after isolation, but prior to the
reaction time. Pseudo-first order reaction rate constants were
extracted from a semilog plot of the relative abundances of the
reactant and product ion abundances as a function of time. The
measured rate constants were converted to second order rate
constants (krxn) by dividing by the neutral reagent pressure.
Typically, the measured second order reaction rate constants
were on the order of 10-9 to 10-11 cm3 molecule-1s-1. The
measured rate constants were compared to the theoretical
collision rate constants (kcoll) as predicted by the parametrized
trajectory theory of Chesnavich and co-workers21 to yield a
reaction efficiency (i.e.,krxn/kcoll x 100-the percent of collisions
that result in reaction). The reaction efficiency was corrected
for systematic errors in the nominal reagent pressure by a
previously described method.22 This method factors out errors
in the pressure measurement for each neutral reagent with
reference to ion-molecule reactions that are assumed to proceed
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at the collision rate (e.g., exothermic electron transfer). The
fastest such reaction is assumed to proceed at the collision rate
and all other reaction efficiencies are normalized accordingly.
Differences in relative abundances of the various product ions
at short and long reaction times allow the assignment of primary
and secondary products.

Slight deviations from the above procedures were made in
studies of the 3,5-didehydrobenzoyl cation and the pyridine-
substitution product ofN-(2-chloro-3,5-didehydrophenyl)-3-
fluoropyridinium ion. In the former case, it was the 3,5-
dinitrobenzoyl cation (generated by EI of 3,5-dinitrobenzoyl
chloride), rather than anN-phenylpyridinium ion, that was
subjected to CAD to generate the ion of interest. In the latter
case, CAD and subsequent ion-molecule reactions of the CAD
product were performedprior to the transfer event, and it was
the product of the fragment ion’s reaction with pyridine that
was transferred and whose reactions were examined in the other
cell region.

The second method for the generation ofmeta-benzyne
analogues in the FT-ICR relies on the charge-site substitution
reactivity presented in this work (vide infra). Primary electron
ionization (20 eV) of 3,5-dinitrobenzoyl chloride generates an
abundant population of the 3,5-dinitrobenzoyl cation. Two
sequential CAD events form the 3,5-didehydrobenzoyl cation.
This ion was allowed to react with a neutral nucleophile to effect
replacement of the CO moiety. The newmeta-benzyne analogue
was subsequently transferred into the second cell and allowed
to react with a second neutral reagent, as described above. This
method was used to generate all analogues described below,
except those of theN-phenylpyridinium type.

Flowing-Afterglow Experiments. Characterization of the
3,5-bis(4-tert-butylpyridinium)phenide cation was conducted
using a flowing-afterglow triple quadrupole apparatus, which
has been described in depth previously.23 The pressure and flow
rate of the helium buffer gas in the 1 m× 7.3 cm (id) flow
reactor were 0.4 Torr and 200 STP cm3 s-1, respectively, with
a bulk flow velocity of 9700 cm s-1. The 3,5-bis(4-tert-
butylpyridinium)phenide cation was generated via a slightly
different synthesis procedure in the flowing-afterglow experi-
ments than those described above for the FT-ICR due to the
different capabilities of the two instruments. 3,5-Dinitroiodo-
benzene was introduced into the ion source region of the flow
reactor and ionized to form the 3,5-didehydrophenyl cation (m/z
75).24 This ion was transported by the flowing helium through
the reactor, were it was allowed to react with 4-tert-butylpyridine
to form theN-(3,5-didehydrophenyl)-4-tert-butylpyridium ion
(m/z 210).24 This ion was allowed to interact with a variety of
reagents that have been shown previously to undergo charac-
teristic reactions with theN-(3,5-didehydrophenyl)-3-fluoropy-
ridium ion.7 Observation of the previously reported reactivities
of this ion demonstrated its presence in the flow tube. As in
the FT-ICR, further reaction of theN-(3,5-didehydrophenyl)-
4-tert-butylpyridium ion with 4-tert-butylpyridine results in the
formation of the 3,5-bis(4-tert-butylpyridinium)phenide cation
(m/z 345). A cluster ion betweenN-phenyl-4-tert-butylpyri-
dinium ion and 4-tert-butylpyridine (m/z 347) was generated
by primary electron ionization of chlorobenzene and reaction
of the chlorobenzene radical cation with 4-tert-butylpyridine.
The resultant ipso-substitution reaction that produces the
N-phenyl-4-tert-butylpyridinium ion (m/z 212) is the same
reaction that was used to generate substitutedN-phenylpyri-
dinium meta-benzyne precursors in the FT-ICR experiments
(vide supra). Further reaction of this product ion (m/z212) with
4-tert-butylpyridine results in the formation of small amounts

of a cluster ion. Ions in the flowing afterglow plasma were
thermalized to ambient temperature by ca. 105 collisions with
the helium buffer gas. Positive ions were extracted from the
flow reactor through a 0.5 mm orifice in a nose cone and focused
into an Extrel triple quadrupole analyzer for mass spectrometric
analysis.

CAD experiments were performed in the central, gas-tight
collision chamber (Q2) of the triple quadrupole mass analyzer
using argon (10-400 µTorr) as the target gas. The extraction
lens voltage and the voltage bias of the third quadrupole (Q3)
were adjusted to optimize product ion collection, and the Q3
mass resolution and other tuning conditions of the triple
quadrupole analyzer were adjusted to achieve maximum repro-
ducibility in the measurement of CAD cross sections. The
collision energy was varied by changing the potential of Q2
relative to ground.

CAD Threshold Analysis. The data collection and analysis
procedures used for CAD threshold measurements have been
described in detail previously.1,25 In these experiments, the yield
of a particular CAD product ion is monitored while the axial
kinetic energy of the reactant ion is varied. Product ion
appearance curves are generated by plotting the CAD cross
sectionsVs the reactant ion-target collision energy in the center-
of-mass (cm) frame (Ecm ) Elab[m/(M + m)], whereElab is the
lab-frame energy,m is the mass of the neutral target, andM is
the mass of the reactant ion). Absolute cross sections,σ, for
the formation of a single product by CAD are calculated using
the thin-target expression,26 σ ) Ip/Inl, whereIp and I are the
measured intensities of the product and reactant ion signals,n
is the number density of the target gas, andl is the effective
collision path length for reaction (24( 4 cm).23 Phase
incoherence between the quadrupolar fields in the individual
quadrupoles of the triple quadrupole analyzer leads to oscilla-
tions in the apparent intensity of the reactant ion signal, but
not the product signals, as the Q2 voltage is scanned. This
variation of the signal during the scan is an artifact of the method
and has no chemical significance. The “correct” behavior of
the appearance curve is approximated by a best-fit step function
in which the intensity of the ion signal in the oscillation region
is assumed to be equal to the maximum intensity in the
appearance curve prior to the onset of the intensity oscillation.
This approximation does not affect the accuracy of modeling
the threshold energies, since the portion of the appearance curve
used for this purpose is typically free from intensity oscillations.
However, it does result in an estimated factor of 2 uncertainty
in determinations of absolute cross sections and(20% uncer-
tainties in the relative cross sections of different measurements.23

The threshold energies for dissociation are determined by
fitting the product ion appearance curves with the model function
given by eq 1, which takes into account the rovibrational
contributions to the total available energy.27

In eq 1,Eo is the dissociation threshold energy,Ecm is the
center-of-mass collision energy,σo is a scaling factor,n is an
adjustable parameter,i denotes reactant ion vibrational states
having energyEi with a probability of occupationgi (Σgi ) 1),
andPD is the probability for dissociation of the ion at a given
energy.

The appearance curves were modeled using the CRUNCH
data analysis program written by Armentrout, Ervin, and co-
workers.26,28The analysis utilizes an iterative procedure in which
Eo, σo, andn are varied so as to minimize deviations between

σ ) σ0 ∑
i ) 1

3n - 6

PDgi(Ecm + Ei - E0)
n/E (1)
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the data and the calculated cross sections in the steeply rising
portion of the threshold region. The center-of-mass collision
energy,Ecm, is treated as a Gaussian energy distribution with a
width of 1.5 eV (lab frame) at half-maximum to account for
uncertainties. This kinetic energy uncertainty is further convo-
luted with a Doppler broadening function29 to account for the
random thermal motion of the target gas. The threshold energies
obtained in this manner correspond to 0 K bond dissociation
energies. The 298 K dissociation enthalpies are derived by
combining the 0 K bond energy with the calculated difference
in 0-298 K integrated heat capacities of the dissociation
products and reactants, plus aPV work term (RT ) 0.6 kcal/
mol at 298 K). Finally, the cross section model shown in eq 1
explicitly accounts for the possibility of kinetic shifts by
incorporating a probability factor,PD, for the dissociation of
the ion at a given energy. All threshold energies given are the
average of three measurements conducted on different days.

Calculations. All theoretical energies reported in this study
were calculated with the Gaussian 98 program.30 Structures were
fully optimized at the BLYP/6-31+G(d) level of theory. Each
structure was verified to correspond to a stationary point on
the BLYP/6-31+G(d) potential surface by vibrational frequency
analysis (i.e., each structure possesses the correct number of
imaginary frequencies-0 for minima, 1 for transition states).
All energies include correction for the zero-point vibrational
energy. The calculations of several potential energy surfaces
as a function of a single specific bond length are an exception
to the above. These energies are the result of a constrained
partial optimization at the BLYP/6-31+G(d) level of theory in
which a bond length was varied and its angle with respect to
the rest of the molecule was held constant. All other variables
were fully optimized. However, because these partially opti-
mized structures are not stationary points on the potential energy
surface, no vibrational frequency analysis was performed. The
calculated electrostatic potential surface is the result of interac-
tion of a positive point charge with the BLYP/6-31+G(d) wave
function of the molecule over its surface (defined as electron
density) 0.005 electrons/Å3). The resultant range of energies
is translated to a chromatic scale from red (lowest energy) to
blue (highest energy) using Molden31 for visualization. These
surfaces thus provide a qualitative picture of the charge
distribution in the molecule from red (most negative) to blue
(most positive).

Results and Discussion

Previous speculation on the reactivity ofmeta-benzyne has
centered on a proposal12 of phenyl radical-type reactivity
modified by the degree of singlet coupling between the biradical
electron pair. As described above, the strong coupling between
these biradical electrons may be expected to drastically attenuate
the radical-type reactivity of this species. This would seem to
make meta-benzyne fairly unreactive relative to the phenyl
radical. However, this conclusion assumes thatmeta-benzyne
can react only as a free radical. Our recent experimental results13

suggest that this assumption is not valid for a large number of
analogues ofmeta-benzyne bearing charged substituents. These
species undergo rapid reactions that appear less inhibited than
Chen’s paradigm, based on the singlet coupling of the biradical
pair, would suggest. These results thus provide a new paradigm
of meta-benzyne reactivity to supplement the previous notions
of weak radical-type reactivity.12

The most striking example of rapid, nonradical reactions by
a chargedmeta-benzyne analogue can be found in the case of
the 3,5-didehydrobenzoyl cation (Scheme 2). This species can

be seen as ameta-benzyne with a positively charged acyl group
located meta with respect to both radical sites. The 3,5-
didehydrobenzoyl cation undergoes rapid reactions with many
nucleophiles (e.g., tetrahydrofuran, dimethyl sulfide, trimethyl-
phosphine, triethylamine, and pyridine) in which the nucleophile
replaces the acylium charge site to generate a newmeta-benzyne
analogue (Table 1). For example, the 3,5-didehydrobenzoyl
cation reacts with pyridine at 84% of the maximum possible
rate (i.e., the collision rate) to form theN-(3,5-didehydrophenyl)-
pyridinium ion (5) (Scheme 2a). The identity of this product
ion was verified by generating the proposed ion via a CAD-
based method reported previously7 and comparing its reactivity
(Figure 1a) to that of the substitution product (Figure 1b). The
ions generated by these two methods react identically withtert-
butyl isocyanide and in good agreement with previous studies7

of the N-(3,5-didehydrophenyl)-3-fluoropyridinium ion.
The 3,5-didehydrobenzoyl cation is by no means the only

meta-benzyne analogue to undergo the charge-site substitution
reactivity. The newmeta-benzyne analogues generated by the
reactions of the 3,5-didehydrobenzoyl cation likewise undergo
the charge-site substitution with nucleophiles to form newmeta-
benzyne analogues (Table 2). For example, when the product
of reaction between the 3,5-didehydrobenzoyl cation and
dimethyl sulfide was isolated and allowed to react with pyridine,
anN-(3,5-didehydrophenyl)pyridinium product ion was formed
that reacts (Scheme 2b, Figure 1c) in a manner identical to ions
generated via the method of Reference 7 (Figure 1a). In fact,
all the charge-substitutedmeta-benzyne analogues we have
examined undergo charge-site substitution of some kind.

The observation of charge-site substitution is strongly cor-
related with the proton affinity (PA) of the incoming nucleophile

SCHEME 2

TABLE 1: Reactions of 3,5-Didehydrobenzoyl Cation with
Selected Nucleophiles

nucleophile
proton affinitya

(kcal/mol) reactivity
reaction efficiencyb

(%)

water 166 no reaction
methanol 180 no reaction
ethanol 185 substitutionc 0.08
propanol 188 substitutiond 0.07e

dimethyl disulfide 194.9 substitution 25
tetrahydrofuran 196.5 substitution 21
dimethyl sulfide 198.6 substitutionc 77
3-fluoropyridine 215.6 substitution 46
pyridine 222 substitution 84

a Proton affinity values from Reference 32.b Reaction efficiency is
defined as the ratio of the measured second-order reaction rate constant
to the theoretical collision rate constantx 100. c The product ion
undergoes further reaction with the nucleophile.d Several other primary
and secondary reactions were also observed.e This efficiency excludes
all nonsubstitution reactivity.
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and outgoing leaving group (Table 2). Typically, substitution
was observed when the nucleophile is more basic than the
leaving group. This observation is rationalized by the fact that
the substitution reaction corresponds to the transfer of the 3,5-
didehydrophenyl cation (a Lewis acid) between two bases. For

example, theN-(3,5-didehydrophenyl)-3-fluoropyridinium ion
(4) reacts with pyridine (PA) 222 kcal/mol Vs 215.6
kcal/mol for 3-fluoropyridine32) to form theN-(3,5-didehydro-
phenyl)pyridinium ion (5), which in turn reacts with 3,5-
dimethylpyridine (PA) 228.3 kcal/mol32) to form theN-(3,5-
didehydrophenyl)-3,5-dimethylpyridinium ion. The reverse
reactions were not observed due to their endothermic nature
(∼6 kcal/mol each at the BLYP/6-31+G(d) + ZPVE level of
theory). Deviations from this basicity correlation occur in cases
where either the reactant or the product charge site experiences
resonance delocalization into themeta-benzyne ring. The 3,5-
didehydrobenzoyl cation (Scheme 2) provides a good example
of such deviations. The charge in this ion is resonance stabilized
by delocalization with the phenyl ring. It is therefore less
reactive than would be suggested by the low basicity of carbon
monoxide (PA) 142 kcal/mol at the carbon32). For example,
no substitution reaction is observed with water (PA) 165 kcal/
mol32) or methanol (PA) 180.3 kcal/mol32), despite the fact
that they are unquestionably more basic than CO (Table 1). The
opposite situation occurs in the reaction of theN-(3,5-didehy-
drophenyl)-3-fluoropyridinium ion (4) with tert-butyl isocyanide.
Although 3-fluoropyridine (PA) 215.6 kcal/mol32) is more
basic thantert-butyl isocyanide (PA) 208.1 kcal/mol32), the
tert-butyl isocyanidyl charge site experiences a benzylic reso-
nance with themeta-benzyne ring that is not present for the

Figure 1. (a) Reaction of theN-(3,5-didehydrophenyl)pyridinium ion (m/z 154) for three seconds withtert-butyl isocyanide (1.2× 10-7 Torr
nominal pressure). The ion was generated from pyridine and 3,5-dibromonitrobenzene according to the method of Reference 7. Four characteristic
reaction products are visible in the spectrum: M+ CN (m/z 180), M + HCN (m/z 181), M + CN + CN (m/z 206) (a secondary reaction product
of m/z 180), and M+ tert-butyl isocyanide (i.e., adduct) (m/z 237). (b) Same reaction under the same conditions forN-(3,5-didehydrophenyl)-
pyridinium ions generated by charge-site substitution of the 3,5-didehydrobenzoyl cation by pyridine. (c) Same conditions as in a and b, but the
N-(3,5-didehydrophenyl)pyridinium ion was generated in two steps by reaction of the 3,5-didehydrobenzoyl cation with dimethyl sulfide and reaction
of the resultant charge-site substitution product with pyridine.

TABLE 2: Substitution Reactions of Various meta-Benzyne
Analogues

Rd
PA

(kcal/mol)a nucleophile
PA

(kcal/mol)a

reaction
efficiencyb,c

(%)

tetrahydrofuran 196.5 dimethyl sulfide 198.6 4.5
dimethyl sulfide 198.6 tert-Butyl isocyanide 208.1 34
3-fluoropyridine 215.6 pyridine 222 2.0
3-fluoropyridine 215.6 3,5-dimethylpyridine 228.3 23
3-fluoropyridine 215.6 trimethylphosphine 229.2 37
pyridine 222 pyridine-d5 222 0.4
pyridine-d5 222 pyridine 222 0.4
pyridine 222 3,5-dimethylpyridine 228.3 21

a Proton affinity (PA) values from Reference 32.b Reaction ef-
ficiency is defined as the ratio of the measured second-order rate
constant divided by the theoretical collision rate constantx 100.
c Substitution was the only primary reaction in all cases.
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3-fluoropyridinium charge site. Thus, in this case, proton affinity
is a poor predictor of the actual thermochemistry of the reaction.

Charge-site substitution depends on the presence of themeta-
benzyne moiety and was not observed in its absence. For
example, although substitution occurs between the 3,5-didehy-
drobenzoyl cation and most nucleophiles of PA greater than
180 kcal/mol, the benzoyl cation itself is unreactive toward most
of these nucleophiles. This dependence of the substitution
reactivity on the presence of themeta-benzyne moiety is
inconsistent with a mechanism ofipso-substitution at the charge
site. However, the net-ipso-substitution and importance of the
meta-benzyne moiety can be reconciled by a mechanism of
nucleophilic addition at themeta-benzyne moiety and elimina-
tion of the original charged moiety (Scheme 3). This can be
seen to be the true nature of the substitution reactivity when
the symmetry of themeta-benzyne analogue is broken to result
in different products foripso- and meta-attack. One example
of this can be found in the 2,4-didehydrobenzoyl cation (Scheme
4). This species possesses themeta-benzyne moiety and was
observed to undergo substitution with nucleophiles, just as the
3,5-didehydrobenzoyl cation. However, the products of such
reactions display further reactivity that is characteristic of the
presence of anortho-benzyne rather than ameta-benzyne moiety
(Scheme 4). For example, when this ion is reacted with pyridine,
its substitution product undergoes further reaction by addition
to furan and HSCH3-abstraction from dimethyl disulfide-
reactivities characteristic of theN-(3,4-didehydrophenyl)pyri-
dinium ion (Scheme 4). TheN-(2,4-didehydrophenyl)pyridinium
ion (i.e., the product ofipso-substitution) is more than 600 times
less reactive toward furan (although it also forms an adduct)
and reacts with dimethyl disulfide by SCH3 rather than HSCH3
abstraction. The formation ofortho-benzyne isomers such as
theN-(3,4-didehydrophenyl)pyridinium ion is the expected result
if the initial attack occurs at the 4-position of this ion (i.e., at
the meta-benzyne moiety).

A similar illustration of attack at themeta-benzyne moiety
can be seen when themeta-benzyne ring is “labeled” with a
chlorine substituent (Scheme 5). Though the products ofipso-
substitution andmeta-substitution are indistinguishable for an

unlabeled meta-benzyne analogue such as5, its chloro-
substituted isomers, theN-(2-chloro-3,5-didehydrophenyl)py-
ridinium (6) andN-(4-chloro-3,5-didehydrophenyl)pyridinium
(7) ions, can be distinguished by their reactivity towardtert-
butyl isocyanide. Although the 2-substituted ion reacts almost
exclusively by HCN abstraction, the 4-substituted ion instead
forms theN-(3-cyano-4,5-didehydrophenyl)pyridinium ion (a
reaction channel involving the loss of chlorine) as the major
product. When theN-(2-chloro-3,5-didehydrophenyl)-3-fluoro-
pyridinium ion (8) undergoes substitution by a pyridine nu-
cleophile, its substitution product displays reactivity towardtert-
butyl isocyanide that is consistent with7 rather than6, indicating
that attack occurs preferentially at the 5-position (i.e., again at
the meta-benzyne moiety).

Calculations (BLYP/6-31+G(d)+ZPVE) suggest that the
proposed addition-elimination mechanism of substitution
(Scheme 3) is quite feasible. The predicted potential energy
surface for the identity substitution in which a pyridine
nucleophile replaces a pyridinium charged moiety is shown in
Figure 2.

From this potential surface it can be seen that the nucleophilic
addition occurs with only a moderate barrier (5 kcal/mol), and
that the transition state actually lies 5 kcal/mol below the energy
of the separated reactants (i.e., pyridine and theN-(3,5-
didehydrophenyl)pyridinium ion) due to ion-molecule solva-
tion.33 Further, the intermediate implied in the mechanism (9)
is quite stable, lying 30 kcal/mol below the reactants despite
its unusual structure. This species hasC2 symmetry and a
significant dipole moment of 9.8 D.34 The calculated charge
distribution of the intermediate (Figure 3) further bears out the
predictions of charge separation implied by the Lewis structure
shown in Figure 2. The graphical representation of the surface
charge distribution in the intermediate (Figure 3) clearly shows
that positive charge (blue) is distributed equally between the

SCHEME 3

SCHEME 4
Figure 2. Potential energy surface calculated at the BLYP/6-31+G-
(d) + ZPVE level of theory for charge-site substitution of theN-(3,5-
didehydrophenyl)pyridinium ion by pyridine.

SCHEME 5

10160 J. Phys. Chem. A, Vol. 105, No. 44, 2001 Nelson et al.



two pyridinium moieties and that there is a localization of
negative charge density (red) at the carbon bearing a negative
formal charge in the Lewis structure. It is for this reason that
we have chosen to name this species the 3,5-bis(pyridinium)-
phenide cation.

The large degree of charge separation in the proposed
intermediate clashes with intuition despite the calculated stability
of this species. Certainly, spontaneous charge separation is not
a common occurrence in the gas phase. Yet, there is some
precedent for this type of species. For example, Beauchamp et
al. have reported the intermediacy of salt-bridged structures in
some H/D exchange reactions.35 Others have reported evidence
that certain peptide ions adopt salt-bridged structures as their
preferred gas-phase isomers.36 These salt-bridged ions benefit
from strong Coulombic attraction between alternately charged
moieties to mitigate the energetic cost of charge separation.
More recently, theN-methylpyridinium-3,5-dicarboxylate anion
(10) has been generated and found to be a stable structure in
the gas phase, distinct from its isomers.37 This latter species is
quite analogous in relative charge orientation to the proposed
3,5-bis(pyridinium)phenide cation intermediate.

Precedent for the nucleophilic addition to singlet biradicals
can be found in the generation of ylides by the reaction of singlet
carbenes with nucleophiles.38 The zwitterionic species formed
by nucleophilic addition to themeta-benzyne moiety represent
a greater amount of charge separation than ylides. However,
these two reactions have in common the addition of a nucleo-
phile to a singlet biradical species (this definition including
carbenes in its broadest form) to form a charge-separated
product.

Investigation of the 3,5-Bis(pyridinium)Phenide Cation
Intermediate. The predicted stability of the 3,5-bis(pyridinium)-
phenide cation (9) raises the possibility that it might be
detectable under some conditions. Presumably, this intermediate
possesses a lifetime of several hundred microseconds39-longer
than the average collision complex, but too short for detection
in the FT-ICR instrument. However, metastable species of this

type may under certain circumstances undergo transition to long-
term stability by the emission of IR photons19 such that
insufficient energy remains to allow dissociation to separated
products. Such a transition to long-term stability is favored in
the case of a thermoneutral substitution reaction and an
intermediate that possesses a large number of vibrational modes,
increasing the density of states (and thus the lifetime) of the
intermediate and allowing increased number of pathways to IR
emission. Such a case exists for the identity substitution reaction
of theN-(3,5-didehydrophenyl)-4-tert-butylpyridinium (11) with
4-tert-butylpyridine. Substitution in this case results in no change
in ion mass, and the experiment is blind to such reactivity.
However, observation over long reaction times revealed the
formation of a product ofm/z 345, corresponding to the
combined masses of11 (m/z210) and 4-tert-butylpyridine (MW
135). Figure 4 shows an example of one such reaction spectrum
resulting from approximately 1400 ion-molecule collisions per
ion40 before the collection of the mass spectrum. These many
encounters between the reactants presumably result in many
identity substitutions and correspondingly large numbers of 3,5-
bis(4-tert-butylpyridinium)phenide cation (12) intermediates. A
small fraction of these intermediates is able to make the
transition to long-term stability and mass spectrometric detect-
ability. A similar (albeit slower) adduct formation was observed
in the absence of thetert-butyl groups (i.e., for the reaction of
the N-(3,5-didehydrophenyl)pyridinium ion (5) with pyridine
to form the unsubstituted bis(pyridinium)phenide cation) (9).
No addition was observed under the same conditions for related
ions without ameta-benzyne moiety (e.g., theN-phenyl-4-tert-
butylpyridinium andN-phenylpyridinium ions), suggesting that
the observed adduct formation is not electrostatic clustering and
that the addition is the result of reaction at themeta-benzyne
moiety.

The chemical nature of the 3,5-bis(4-tert-butylpyridinium)-
phenide cation (12) was examined in a flowing afterglow-triple-
quadrupole apparatus. The collision-activated dissociation (CAD)
threshold for loss of 4-tert-butylpyridine (the lowest energy

Figure 3. Electrostatic potential surface for the 3,5-bis-pyridiniumphenide cation calculated at the BLYP/6-31+G(d) level of theory. The graphic
shown was calculated with Gaussian 98 and visualized with Molden. The illustration represents the interaction of a positive point charge with the
surface of the BLYP wavefunction, with the resultant energies of interaction being graphed on a chromatic scale from red (lowest energy/most
negative) to blue (highest energy/most positive).
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fragmentation pathway) from this ion was measured to be 1.28
( 0.16 eV (30( 4 kcal/mol). This value compares well with
the 30 kcal/mol threshold calculated for the unsubstituted 3,5-
bis(pyridinium)phenide cation species (9) (vide supra). It is also
significantly larger than the 0.77( 0.09 eV (18( 2 kcal/mol)
threshold measured for 4-tert-butylpyridine loss from the
electrostatic cluster of theN-phenyl-4-tert-butylpyridinium ion
and 4-tert-butylpyridine (13) (Figure 5). This clustered adduct
forms much more slowly than9, but small amounts (<5% of
N-phenyl-4-tert-butylpyridinium ion abundance) can be gener-
ated when 4-tert-butylpyridine pressure in the flow tube is
maximized. This ion serves as a model of noncovalent associa-
tion between theN-(3,5-didehydrophenyl)-4-tert-butylpyridin-
ium ion (11) and 4-tert-butylpyridine. The significant difference
in the threshold energies measured for these two related systems,
and the close agreement of the former withab initio calculations,

strongly suggest that the nature of bonding in this species is
weakly covalent, and that the 3,5-bis(4-tert-butylpyridinium)-
phenide cation (12) is indeed the identity of them/z 345 adduct
ion.

The proposed 3,5-bis(4-tert-butylpyridinium)phenide cation
(12) structure of the addition intermediate is further demon-
strated by its ion-molecule reactivity. Although this ion bears
a net positive charge, the localization of electron density at the
phenide moiety allows it to react as a nucleophile in some cases.
When the argon collision gas in the central quadrupole (Q2) of
the flowing afterglow-triple quadrupole apparatus was replaced
by the strong electrophile boron trifluoride and the collision
energy was lowered, a new peak in the mass spectrum was
observed that corresponds to the addition of BF3 to the 3,5-
bis(4-tert-butylpyridinium)phenide cation (12) (Figure 6).41

No reaction with BF3 was observed for theN-(3,5-didehy-
drophenyl)-4-tert-butylpyridinium ion or theN-phenyl-4-tert-

Figure 4. Reaction of theN-(3,5-didehydrophenyl)-4-tert-butylpyridinium ion (m/z210) with 4-tert-butylpyridine (5.0× 10-7 Torr nominal pressure)
for 50 s to form the bis-(4-tert-butylpyridinium)phenide cation. The spectrum shown is the result of∼1400 collisions.

Figure 5. Separately measured cross sections for CAD of12 and13
as a function of center-of-mass collision energy. The loss of 4-tert-
butylpyridine was monitored. The data were collected at various argon
pressures and extrapolated to zero target gas pressure. The solid lines
are fit to the data calculated by the method of Reference 28.

Figure 6. Reaction of the bis-(4-tert-butylpyridinium)phenide cation
with BF3 (3.0 × 10-5 Torr) in the central quadrupole of the flowing
afterglow-triple quadrupole apparatus at a parent ion kinetic energy of
-3 eV. An addition product (m/z 413) is observed in addition to CAD
products (m/z 210, etc.).
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butylpyridinium ion/4-tert-butylpyridine cluster under similar
conditions.

The BF3-addition reaction is mirrored in a similar, albeit
slower, addition reaction that was observed to occur between
the 3,5-bis(4-tert-butylpyridinium)phenide cation (12) and car-
bon dioxide (CO2) in the flow tube. CAD of this CO2 adduct
results in the losses of CO2 and/or 4-tert-butylpyridine from
the parent ion (Figure 7). The competitive dissociation behavior
supports a covalently bound structure for the CO2 adduct.
Analogous CO2 and BF3 addition reactivities have been reported
for many gas-phase anions, including phenide.42 They are,
however, very unusual reactivities for a positive ion, and thus
quite characteristic of the 3,5-bis(pyridinium)phenide structure.

Kinetic Aspects of the Substitution Reactivity.Although
a nucleophilic charge-site substitution was observed for a wide
variety of chargedmeta-benzyne analogues, the rates of these
substitution reactions vary widely (Table 2). This arises from
the presence of small, but kinetically significant, barriers to
nucleophilic addition. For example, the identity substitution
reaction in which pyridine replaces a pyridinium charge site
(shown in Figure 2) occurs in only one out of∼200 collisions.43

In the absence of any barrier to the nucleophilic addition step,
the reaction would be expected to proceed in one out of every
two collisions due to the equivalence of reactants and products.
Thus, the present case of nucleophilic charge-site substitution
appears to possess a 100-fold rate decrease relative to this
barrierless reaction ideal that arises from a moderate (∼5 kcal/
mol) barrier to the addition step (Figure 2).

Nucleophilic addition to themeta-benzyne moiety appears
to be fundamental to this moiety and only slightly perturbed
by the presence of the charged moiety. For example, the
potential energy surfaces for the nucleophilic addition of
pyridine to neutralmeta-benzyne (Figure 8) and its analogue,
the N-(3,5-didehydrophenyl)pyridinium ion (5) (Figure 2), are
qualitatively similar (i.e., addition with a moderate barrier to
form a lower energy zwitterionic adduct). The only substantial
difference between the two potential energy surfaces is the
presence of an ion-molecule solvation well33 and a greater
exothermicity in the case of the charged analogue. The increased
exothermicity of the reaction of the charged analogue relative
to meta-benzyne itself can be understood from a purely
electrostatic perspective as the stabilizing interaction of an ion
(the pyridinium charged moiety present in the reactant ion) with
a strong dipole (the pyridinium phenide moiety resulting from
the addition of pyridine tometa-benzyne). This ion-dipole

stabilization effect is incomplete due to the nonoptimal orienta-
tion of the pyridinium phenide dipole and the pyridinium
charged moiety (i.e., an angle of∼80° rather than the preferred
180°; Scheme 6).44 If the geometry of the adduct were loose
enough to allow the relaxation of the ion-dipole angle to the
ideal 180°, this would result in the formation of a salt-bridged
structure similar to those observed previously by Beauchamp
et al.35

The barrier that accompanies addition of pyridine tometa-
benzyne (Figure 8) can be thought of as the result of an avoided
crossing between the stabilizing potential of bond formation and
destabilizing potential of charge separation as a nucleophile
approachesmeta-benzyne (Scheme 7). An illustration of this
avoided crossing is shown in Figure 9. This depiction of the
origin of the addition barrier is essentially a valence bond curve-
crossing model similar in spirit to those described by Shaik et
al.45 Such models provide qualitative insight into the factors
that affect the origin of the chemical barrier by comparing the
energies of the most important reactant and product valence
states as a function of the reaction coordinate. Molecular orbital
calculations can be used to estimate the energies of the valence
states of interest. In the present case, the reaction coordinate
corresponds essentially to the approach of the pyridine nitrogen
to one of the radical sites ofmeta-benzyne, and the position
along the reaction coordinate is indicated by the C-N bond
length. The bond formation surface is modeled in Figure 9 by
the bond formation between pyridine and the phenyl cation.46

The charge separation surface is modeled by the polarization
of meta-benzyne’s biradical electron pair, induced by the
approach of a neon atom to one of its radical sites.47 Despite
the crudity of this model, examination of Figure 9 reveals that

Figure 7. CAD of the CO2 adduct of the bis-(4-tert-butylpyridinium)-
phenide cation (m/z 389) in the flowing afterglow-triple quadrupole
apparatus at a collision energy of 20 eV lab (1.86 eV center-of-mass)
and argon target gas pressure of 1× 10-4 Torr. Product ions include
m/z 345 (loss of CO2), m/z 254 (loss of 4-tert-butylpyridine), andm/z
210 (loss of both CO2 and 4-tert-butylpyridine).

Figure 8. Potential energy surface calculated at the BLYP/6-31+G-
(d) + ZPVE level of theory for the addition of pyridine tometa-
benzyne. The potential energy surface for the addition of pyridine to
the N-(3,5-didehydrophenyl)pyridinium ion (Figure 2) is overlaid for
comparison.

SCHEME 6
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the point of intersection between the two surfaces is only slightly
(∼0.1 Å) offset from the transition state C-N distance of 2.158
Å calculated at the BLYP/6-31+G(d) level of theory.

A key test for the above avoided crossing model of the
addition barrier may be found in the case of addition of anionic
nucleophiles tometa-benzyne. Such addition reactions should
entail no charge separation along the reaction coordinate,
because the polarization of themeta-benzyne moiety is coun-
terbalanced by the neutralization of the anionic nucleophile.
Thus, the phenide moiety is formed in a transfer of charge from
the nucleophile rather than a separation of charge at themeta-
benzyne moiety, and no positive charge develops at any stage
of the reaction. The loss of the repulsive charge-separation aspect
of the addition reaction should allow addition to occur with small
or negligible barrier. In fact, no barrier was found to accompany
the addition of chloride tometa-benzyne at the BLYP/6-31+G-
(d) level of theory (Figure 10).48 On the basis of this loss of
the chemical barrier, it appears that anionic nucleophiles should
show high affinity for nucleophilic addition to themeta-benzyne
moiety, although this prediction cannot be tested with the mass
spectrometric methods used in this study.

The efficiencies of charge-site substitution reactions are
subject to significant changes with variation of the charged
moiety of themeta-benzyne analogue. This contrasts sharply
with the reaction efficiencies of charged phenyl radical ana-
logues, whose reactions have been shown to be only moderately
sensitive to the chemical nature of the charged moiety.16c For
example, where the reactions of the phenyl radical analogues

(e.g., theN-(3-dehydrophenyl)pyridinium (14) andN-(3-dehy-
drophenyl)-3-fluoropyridinium (15) ions) are almost identical
for most neutral reagents (i.e., comparable products and reaction
efficiencies), the equivalentmeta-benzyne analogues, theN-(3,5-
didehydrophenyl)-3-fluoropyridinium (4) and N-(3,5-didehy-
drophenyl)pyridinium (5) ions, show substantial differences in
their reactions. For example, the net-substitution reaction with
a pyridine nucleophile occurs five times faster for4 than for5
(2% Vs. 0.4% efficiency, Table 2). Substitution on themeta-
benzyne ring also has profound effects on the reaction kinetics.
For example, the replacement of pyridine-d5 by pyridine is
accelerated by a factor of∼30 when a chloro- or bromo-
substituent is placedorthowith respect to the pyridinium charge
site (∼13% Vs. 0.4%). This rate enhancement is much greater
than the factor of 2 rate enhancement resulting from chloro-
substitution of the monoradical analogue14.49 It is likely that
the large substituent effects observed for themeta-benzyne
analogues are a result of bond dipole and substituent polariz-
ability effects on the stabilization of the zwitterionic transition
states and reaction intermediates.

Related ortho-Benzyne Reactivity
Although ortho-benzyne is best known for its electrocyclic

reactivity,50 it is also quite reactive toward many reagents that
do not contain double bonds. In some cases, the mechanisms
proposed for these reactions involveortho-benzyne acting as
an electrophile.51 Thus, it should not come as a surprise that
the observed charged moiety substitution ofmeta-benzyne
analogues is mirrored in the reactivity of the corresponding
charge-substitutedortho-benzyne analogues. For example, the
N-(3,4-didehydrophenyl)-3-fluoropyridinium ion (16) reacts with
triethylamine by substitution and addition (i.e., the formation
of a stable adduct) as its two major pathways of reaction.7 Yet,
because16 lacks the symmetry of themeta-benzyne-type species
shown in Scheme 3, addition and subsequent elimination
necessarily result in the formation of ameta- or para-benzyne,
rather than anortho-benzyne product (Scheme 8).

The identity of the product is determined by the site of
addition. Attack at the 4-postion by triethylamine (Pathway a;
Scheme 8) results in the formation of theN-(2,4-didehydro-
phenyl)triethylammonium ion (17), a meta-benzyne analogue.
Alternate attack at the 3-position (Pathway b; Scheme 8) results
in the formation of theN-(2,5-didehydrophenyl)triethylammo-
nium ion (18), a para-benzyne analogue. Because the neutral
meta- andpara-benzynes are significantly (16 and 31 kcal/mol,1

respectively) higher in energy thanortho-benzyne, the reaction
of the charged analogues can be expected to be intrinsically
endothermic. To make the reaction exothermic, the nucleophile
must be significantly more basic than the leaving group to make

Figure 9. Depiction of the contributions of bond formation and charge
separation to the barrier for pyridine addition tometa-benzyne. The
bond formation potential (2) is approximated by the bond formation
between pyridine and the phenyl cation. The charge separation potential
(b) is approximated by the polarization ofmeta-benzyne by the
approach of a neon atom. All energies are calculated at the BLYP/6-
31+G(d) level of theory.

Figure 10. BLYP/6-31+G(d) potential surface for chloride addition
to meta-benzyne to form 3-chlorophenide as a function of C-Cl bond
distance.
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up for the loss of the inherent stability of theortho-benzyne
moiety. On the basis of the measured heats of formation of the
neutralmeta- and para-benzyne,1 the first pathway (Scheme
8a) should be favored by about 15 kcal/mol over the second
(i.e., by the relative energy difference betweenmeta- andpara-
benzyne). Also, the addition intermediate leading to17 (shown
in the brackets in Scheme 8) is calculated to be 7 kcal/mol lower
in energy than the intermediate leading to18,52 further favoring
the formation of17 over18. Bothortho-benzyne intermediates
are lower in energy (12 and 5 kcal/mol, respectively) than the
meta-benzyne intermediate9. This can be explained on purely
electrostatic grounds by a decreased degree of charge separation
of bothortho-benzyne intermediates relative to9.52 The lower
energy intermediates and less exothermic substitution pathways
translate to a longer intermediate lifetime, and the addition
intermediate is often observed as a major product of the reactions
of 16. When substitution is endothermic (e.g., in the reaction
of the N-(3,4-didehydrophenyl)pyridinium ion with pyridine-
d5), addition is usually the only reaction that is observed.

Unlike the addition intermediate ofmeta-benzyne analogues,
the addition intermediates ofortho-benzyne analogues inherently
possess a phenide moiety next to the new positively charged
moiety. This is a situation that cries out for isomerization to
transform the intermediate into a more stable form with
significantly reduced charge separation. The reaction of diethy-
lamine with theN-(3,4-didehydrophenyl)pyridinium ion provides
a good example of such a situation. The addition intermediate
in this reaction has two fairly facile isomerization pathways
available to it: proton transfer and ethyl cation transfer by an
SN2 mechanism (Scheme 9). Both pathways are driven by
stability of the resultant products, which do not possess the
charge separation of the intermediate. CAD of this adduct
proceeds mainly by loss of C2H6N (i.e., retention of one ethyl
group from the eliminated triethylammonium moiety), suggest-
ing that this second rearrangement pathway occurs during or
prior to CAD. A similar retention of one ethyl group in the
product ion is observed upon CAD of the addition product with
triethylamine. This apparent rearrangement of the di- and
triethylamine addition intermediates contrasts with the behavior
of the pyridine-d5 adduct with this same ion. Unlike the di- and
triethylamine adducts, CAD of the pyridine-d5 adduct results
primarily in the loss of one of the two pyridine moieties,
indicating the lack of isomerization pathways for this latter
species.

Consequences of Addition Without Substitution.Although
the above substitution reactivity is an important component of
the reactivity of chargedmeta-benzyne analogues, it does not
occur for all analogues ofmeta-benzyne. Certainly, although

nucleophiles can add tometa-benzyne (Figure 8), it has no
substituent to eliminate and cannot undergo substitution reac-
tions. Likewise, not all chargedmeta-benzyne analogues undergo
substitution. The examples range from species such as the 3,5-
didehydropyridinium (19) and 5,7-didehydroquinolinium (20)
ions, which do not have a leaving group on the ring, to the
3,5-didehydrophenyltrifluoroborate (21) and 3,5-didehydroben-
zoate (3) ions whose charged moieties are negatively charged
and cannot be replaced by nucleophilic addition.53 Even those
meta-benzyne analogues thatcanundergo substitution encounter
many situations in which endothermicity prevents substitution.
This is especially true for analogues whose charged moiety is
a highly basic species (e.g.,N-phenylpyridinium-type ana-
logues). These analogues have in common withmeta-benzyne
itself the propensity for attack by nucleophiles without the
reaction outlet of substitution. Because of this similarity, their
reactions can be seen as models for the kinds of reactions that
may occur as a consequence of nucleophilic attack onmeta-
benzyne. Several possible eventual fates for the addition
intermediates include chemical reaction of the zwitterionic
intermediates (e.g., nucleophilic reactivity observed for the 3,5-
bis(4-tert-butylpyridinium)phenide cation), rearrangements (e.g.,
proton transfer between positive and negative charged moieties
in the ortho-benzyne analogues), and fragmentation of the
zwitterionic intermediate.

Fragmentation of the intermediate provides the especially
interesting prospect of producing net-radical products via
nonradical reaction steps. An example of one such reaction has
been described in an earlier communication of this work.13 The
N-(3,5-didehydrophenyl)pyridinium ion (5) reacts withtert-butyl
isocyanide by two sequential cyano-radical abstractions (among
other pathways). This apparently free-radical reactivity corre-
sponds qualitatively totert-butyl isocyanide’s reactivity toward
free radicals in solution54 and toward charged phenyl radical
analogues in the gas-phase.16c Indeed, the second of the two
CN abstractions undoubtedly is a free-radical process (Scheme
10). Yet, for the first abstraction to follow a free radical
mechanism, the biradical electron pair must be uncoupled either
before (i.e., intersystem crossing) or concerted with the reac-
tion.8,11 It has been suggested that the uncoupling of biradical
electrons of such a singlet biradical in order to undergo radical-
type reactivity has the effect of increasing the reaction barrier
by a significant fraction (∼2/3) of the singlet triplet gap of the
biradical.8 If this were to be the case for5, with its ∼20 kcal/
mol singlet-triplet gap,55 it would result in radical-type reaction
barriers being increased by more than 10 kcal/mol. Such large
changes in the reaction barrier should slow this reaction by (at
least) several orders of magnitude relative to the phenyl radical
analogue (i.e., theN-(3-dehydrophenyl)pyridinium ion (14)).56

Yet, the observed difference in the CN-abstraction rates of5
and 14 is much less than this-only a factor of 5.7 However,
a mechanism of nucleophilic addition oftert-butyl isocyanide
to the meta-benzyne moiety followed by fragmentation of
the resulting adduct (Scheme 11) provides a route to the first
CN-abstraction that is helped, rather than hindered, by the
singlet ground state ofmeta-benzyne.tert-Butyl isocyanide is
a moderately basic nucleophile (PA) 208 kcal/mol32) that is
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observed to undergo substitution as its sole reaction withmeta-
benzyne analogues with charged moieties of lesser basicity
(Scheme 12). These substitutions of the less basic charge sites
occur with higher efficiency than the CN-abstraction reactions
with meta-benzyne analogues with more basic charge sites,
indicating that addition to themeta-benzyne moiety is competi-
tive on the time scale of the CN-abstraction reaction.

In fact, when the charge site is 3-fluoropyridine (rather than
pyridine), substitution and CN-abstraction were both observed.
On the basis of these observations, it is concluded to be likely
that the initial CN-abstraction occurs via nucleophilic addition
of tert-butyl isocyanide to themeta-benzyne moiety, followed
by loss of thetert-butyl radical to result in a net-CN radical
abstraction. The loss oftert-butyl radical can arise either by
homolytic cleavage of the bond between the cyano-nitrogen and
the tert-butyl group, or by a two-step process of heterolytic
cleavage of this bond to form thetert-butyl cation followed by
electron transfer between the two product fragments (Scheme
11).57,58This latter route has the additional virtue of helping to
explain the other major reaction pathway, HCN abstraction. The
HCN abstraction could result from the highly exothermic proton
transfer (rather than electron transfer) between thetert-butyl
cation and 3-pyridinium phenide intermediate. A similar addi-
tion-elimination mechanism can explain the CN-abstraction that
is observed with benzyl isocyanide. However, HCN abstraction
was not observed in this case. The absence of the HCN
abstraction pathway can be explained by the drastic acidity
differences between the benzyl and thetert-butyl cations, and
is consistent with the general mechanism described above.

In many cases where chargedmeta-benzyne analogues display
net-radical reactivity, this reactivity can be explained as a
nucleophilic addition to themeta-benzyne moiety followed by
fragmentation of the adduct. For example, dimethyl disulfide
reacts with theN-(3,5-didehydrophenyl)pyridinium ion (5) by
methylthio radical abstraction in a manner qualitatively similar
to related phenyl radical analogues, albeit at significantly
decreased reaction efficiencies (0.05% vs 8%, Table 3).

However, the same methylthio radical abstraction occurs for
the 3,5-didehydropyridinium cation (19) at a reaction efficiency
almost identical to that of its monoradical analogue, the
3-dehydropyridinium cation (53% vs 56% efficiency, respec-
tively; Table 3). This latter example is particularly remarkable,
asthe singlet ground state of this species59 appears to haVe no
retarding effect on the reaction. It is clear that nucleophilic
addition of dimethyl disulfide to themeta-benzyne moiety is
taking place in the same time scale as the observed methylthio
radical abstraction reactivity. The facility of nucleophilic
addition by dimethyl disulfide is also apparent in the reactions
of the 3,5-didehydrobenzoyl cation. Unlike the 3,5-didehydro-
pyridinium cation, this species can undergo facile substitution
if addition to themeta-benzyne moiety occurs. Rapid charge-
site substitution (dimethyl disulfide for CO) is, in fact, what
was observed for this species (Table 1), providing strong
circumstantial evidence for the feasibility of a nucleophilic
addition-fragmentation mechanism for the 3,5-didehydropyri-
dinium ion as well. A mechanism similar to that of the above
tert-butyl isocyanide case (Scheme 13) explains the methylthio
abstraction reactivity without recourse to uncoupling of the
biradical pair prior to or during reaction. It is believed that an
analogous mechanism is responsible for the methylthio radical
abstraction by theN-(3,5-didehydrophenyl)pyridinium ion (5).
In this case, the large rate difference betweenmeta-benzyne
and phenyl radical analogues stems from two independent types
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TABLE 3: Net-Radical Reactions of Meta-Benzyne
Analogues Compared to Those of the Corresponding Phenyl
Radical Analogues

a Only reactions that are observed for both phenyl radical andmeta-
benzyne analogues are reported.b Reaction efficiency is defined as the
ratio of the measured second-order reaction rate constant divided by
the theoretical collision rate constantx 100. c The reaction efficiency
takes into account only phenyl radical-type reaction pathways.d Match-
ing phenyl radical reaction efficiencies are for theN-(3-dehydrophe-
nyl)pyridinium and 3-dehydropyridinium cations.e This reaction makes
up approximately one-third of the reactivity of themeta-benzyne
analogue. The other reactivities include HCN abstraction and addition.
f A minor product corresponding to SSCH3 abstraction is also observed
for themeta-benzyne analogue.g On the basis of the rate reported for
the 3-fluoropyridinium analogue in Reference 49.h 60% I-abstraction
and 40% allyl abstraction.i 90% I-abstraction and 10% allyl abstraction.

SCHEME 13
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of reactivity whose rates are controlled by independent factors
rather than a singlet ground-state perturbation of simple free-
radical reactivity. Similar nucleophilic addition-fragmentation
mechanisms also explain iodine atom abstraction from allyl
iodide and molecular iodine (Table 3). In fact, such mechanisms
should be suspected in any cases of apparent fast radical
reactions bymeta-benzynes with reagents of significant nu-
cleophilicity.

Conclusions

The results presented for chargedmeta-benzyne analogues
demonstrate that themeta-benzyne moiety is reactive toward
nucleophiles. In the particular case of the charged analogues,
this electrophilic reactivity is clearly observable in the charge-
site substitution reactions that these species undergo. Despite
the fact that the substitution reactivity only applies to a small
subset ofmeta-benzyne analogues with good leaving groups, it
provides great insight into the intrinsic reactivity of themeta-
benzyne moiety. This is especially valuable in cases where
fragmentation of the addition intermediate leads to net-radical
reactions. The electrophilic addition-elimination mechanism
proposed for these reactions have little conceptual similarity to
the concerted radical reactions considered by Chen et al.8 Thus,
the apparent inconsistencies of these reactions with Chen’s
paradigm of singlet biradical reactions are resolvable by the
simple realization that Chen’s paradigm applies to radical
reactions only. In this and other ways, the electrophilic reactivity
reported herein represents a new and unexplored aspect ofmeta-
benzyne reactivity.

The observation of this new reactivity also raises new
questions to explore. Canmeta-benzyne also act as a nucleo-
phile? There is every reason to believe that it can. Of course,
the positively chargedmeta-benzyne analogues used in this study
cannot undergo charge-site substitution reactions with electro-
philes; however, negatively charged species such as the 3,5-
didehydrobenzoate anion might be able to. Does this electrophile/
nucleophile reactivity have synthetic utility? Can thepara-
benzyne moiety also react as an electrophile, and if so, is such
reactivity important in the pharmacological activity of thepara-
benzyne moiety toward DNA? It is hoped that further investiga-
tion into benzyne reactivity will help to address these and other
questions.
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