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Abstract

Collision-induced dissociation of ortho-fluoro, meta-fluoro, and 2,6-difluoropyridinide anions are studied using the selected ion flow tube
technique. Structures and energetics of the reactants, transition states, and products are calculated at the MP4(SDQ)/6-31 + G(d) level of theory
based on the B3LYP/6-311++G(d,p) and/or MP2/6-31 + G(d) optimized geometries. The monofluoropyridinide anions (CsNH;F~) dissociate
almost exclusively via loss of an HF molecule, i.e., CsNH,~ + HF at low collision energies, in addition to loss of F~ at higher energies. 2,6-
Difluoropyridinide anions (CsNH,F, ™) dissociate via successive loss of HF molecules to form CsNHF~ then CsN~ depending on the collision
energy. The CID results strongly suggest formation of ring-intact pyridynide structures (CsNH,~, CsNHF~) with a bent triple bond embedded
in the azine ring systems. Calculated reaction energy diagrams are totally consistent with the experimental observations. Didehydropyridynides
CsNH,~ and CsNHF~ have substantial barriers to decomposition. Tetradehydropyridynide CsN~ is a highly strained ring system and metastable
with a predicted barrier of about 5kcal mol~' (20 kJ mol~") toward ring-opening to a linear NCCCCC™ structure. The observed CsN~ species is
most likely the linear anion under experimental conditions; however, the ring-intact CsN~ pyridynide is a highly energetic species releasing about

80kcal mol~! (340 kJ mol~') of energy upon the ring-opening.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Didehydropyridines (pyridynes) are the smallest family of
didehydroazines and reactive intermediates in solution phase
chemistry [1]. Among the didehydropyridine structures, ortho-
pyridynes (3,4-didehydropyridine 1 and 2,3-didehydropyridine
2) have two adjacent hydrogen atoms abstracted from the pyri-
dine substrate (Fig. 1). They are relatively stable but still strained
and energetic because of the formally triple bond embedded
in the six-membered ring system. Tetradehydropyridines with
two formally triple bonds 3 and its isomer 4 are expected to be
even more highly strained. Compared to the non-aza substituted
analog of benzynes, the pronounced instability of pyridynes
against unimolecular decomposition is due in part to the fact that
the proximity of the nitrogen atom to the formally triple bond
markedly decreases the thermodynamic stabilities [2]. When
an aromatic ring system has more aza substitutions, lone-pair
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repulsions between the nitrogen atoms bring in additional insta-
bility, as demonstrated by a recent systematic theoretical study
of Fabian and Lewars on polysubstituted azines (NO-N6) [3].
The N—N lone-pair repulsion appears to be the controlling fac-
tor whereas stabilization due to aromaticity is about the same
across all azine members [3]. In fact, nitrogen lone-pair repul-
sion is a key design principle for pentazole (Ns)-based high
energy density materials (HEDMs) [4—7]. The ring strain, nitro-
gen proximity to the triple bond, and lone-pair repulsions may
be combined to devise an even more energetic class of HEDMs.
Cioslowski et al. [2] theoretically investigated the energetics
and electronic structures of didehydroazines with more than one
nitrogen atom (up to N4). This paper also serves as an exten-
sive list of previous theoretical studies on both benzynes and
pyridynes.

In solution reactions, unambiguous verification of the dide-
hydroazine intermediacy is challenging because other processes
such as addition—elimination can lead to the same products as
derived from the didehydro intermediates [1]. In the gas phase,
photolysis of a precursor for 3,4-didehydropyridine 1 yielded a
dimeric product which is suggestive of initial formation of the
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Fig. 1. Structures of didehydro- and tetradehydropyridines.

pyridyne [8]. The first direct evidence for the existence of 1 was
obtained in a low-temperature matrix, in which a precursor for
1 was photolyzed and the pyridyne was spectroscopically iden-
tified [9]. An analogous attempt [10] to isolate 2, which is about
25kJ mol~! higher in energy [2], failed however. For tetradehy-
dropyridines 3 and 4 there is no experimental study and only a
single theoretical paper is found in Ref. [11], which predicted
both species to be stable at the CASSCF/3-21G level of the-
ory with 4 being slightly lower in energy than 3 by 8 kJ mol~.
An ionic analog of pyridyne (CsNH3*™ radical anion) has been
suggested to be stable in the gas phase [12,13]. Following ear-
lier work of Bruins et al. [12], Guo and Grabowski examined
the reaction of the O®~ radical anion with pyridine [13]. For-
mal Hy** abstraction of benzene by O®~ produces the benzyne
radical anion [12,14,15]. Based on the similarity of the rate con-
stants and product branching ratios between the benzene and
pyridine reactions, along with energetic discussions, they sug-
gested that radical anions of pyridyne (1°~ and/or 2°7) were
formed from this reaction [13]. To our knowledge, however,
essentially nothing is known experimentally or theoretically
about the deprotonated analogs of pyridynes in the gas phase. In
analogy to the deprotonated ortho-benzyne (2,3-dehydrophenyl
anion) which is a highly delocalized structure around the for-
mally triple bond [16], deprotonated forms of 1-4 are expected
to be stable species and gas phase ion chemistry may provide a
viable access to the exotic pyridyne structures.

In the present study, we investigate the collision-induced
dissociation (CID) of ortho-fluoro-, meta-fluoro-, and 2,6-
difluoropyridinide anions. For CID of non-aza substituted
fluorophenyl anions, collisional excitation leads primarily to
the loss of hydrogen fluoride molecule(s) and formation of
deprotonated benzynide anions [16,17]. This observation is in
sharp contrast to the CIDs of chlorophenyl [17,18] and bro-
mophenyl anions [17]. CID of chlorophenyl anions proceeds
via loss of CI™ at low collision energy [18] and by electron
detachment at high collision energy [17]. Loss of Br~ and elec-
tron detachment are the modes of dissociation for bromophenyl
anions at high collision energy [17]. Indeed, chemical reac-
tivity strongly suggests that heavier C¢H4X™ anions (X =Br,
I) behave like halide-benzyne complexes, which easily trans-
fer X~ to other neutral substrates [19,20]. We anticipate that
the fluoropyridinide anions decompose in a manner similar
to fluorophenyl anions, eliminating HF and possibly forming
deprotonated pyridynide structures. We further note that in the
CID of a difluorophenyl anion [16], successive elimination of
two HF molecules produced the CcH™ species. Although the
CeH™ structure is yet to be identified, aring-intact form of CgH™
is a highly strained compound that can release an enormous

amount of energy upon ring-opening to the more stable linear
CgH™ structure (Kato et al., unpublished results). By analogy,
CID of 2,6-difluoropyridinide might produce the CsN™ anion,
either in the deprotonated form of 3 or 4 or a linear structure. We
examine product distributions from CID of the fluoropyridinide
anions as a function of the collision energy. Molecular orbital
calculations are conducted to discuss the CID pathways includ-
ing formation of ring-intact pyridynide versus ring-opened chain
anions.

2. Experimental methods

Collision-induced dissociation experiments were conducted
using a flowing afterglow—selected ion flow tube (FA-SIFT),
which has been described previously [21-23]. Deproto-
nated fluoropyridinide anions (0-CsNH3F~, m-CsNH3F~,
2,6-CsNH;F, ™) were prepared in the source flow tube by depro-
tonation of the parent fluoropyridines by hydroxide anions in a
flow of helium buffer gas (=40Pa). The [M — H]™ ions were
extracted into the quadrupole mass filter region, mass selected,
and injected into the second flow tube containing helium (=65 Pa
and 300K). Collision with helium takes place in the vicin-
ity of the injection orifice (i.e., SIFT-CID) that connects the
quadrupole region and the second flow tube. The injection
energy (Elap), defined as the voltage difference between the
source flow tube and the injection orifice, was adjusted from
20 to 80eV to explore different collision energies between the
ion and the helium buffer gas [24,25]. The ionic fragmentation
products as well as the [M — H] ™ ions were detected at the end
of the second flow tube using a quadrupole mass spectrometer.

It should be noted that under these high-pressure
SIFT-CID conditions all ions undergo collision and mul-
tiple collision events are possible. Nominal center-of-mass
collision energies (E.y) can be calculated using the relation
Ecm = Ejap-mye/(myge + Mion ), Where myye and mjq, are the masses
of He and the reactant ion, respectively. In SIFT-CID, however,
large molecular ions such as these tend to accumulate internal
energy more effectively from multiple collisions thereby decom-
posing at artificially lower threshold energies. The E.p should
thus be taken as the lower bound for the actual internal excitation
of the anions. All experiments from different precursorions were
conducted back-to-back in order to eliminate potential problems
due to slight drifts in the CID and ion detection conditions. Mass
discrimination between ions of different masses was minimized
by tuning the detection with standard anions, and no further
corrections were made in the analysis.

3. Quantum chemical calculations

Geometry optimizations and frequency calculations were car-
ried out with the density functional B3LYP method using the
6-311++G(d,p) basis set within the Gaussian03 suite of pro-
grams [26]. Transition states connecting two local minima were
identified from animation of the single imaginary frequency.
Intrinsic reaction coordinate (IRC) calculations were also
employed to confirm some of the minima connected by the given
transition state [27,28]. In order to optimize the accuracy of the
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present calculations with specific requirements (calculation of
transition state energies, treatment of electron correlation involv-
ing F atoms [29], and some biradical character [30]), single point
electronic energies were calculated using the MP4(SDQ)/6-
31+ G(d) level of theory on each of the B3LYP stationary point
geometries. For a similar system of o-benzyne and its depro-
tonated anion, the MP4(SDQ)/6-31 + G(d) approach is found
to produce results that are consistent with calculations using
very high level of theory at CCSD(T)/aug-cc-pVTZ (Kato et
al., unpublished results). The B3LYP frequency calculations
provided zero point energy (ZPE) and thermal corrections to
the MP4 electronic energy. For some critical and/or important
stationary points, geometries and frequencies were also cal-
culated by full ab initio methods using the more demanding
MP2/6-31 + G(d) computations. MP4(SDQ)/6-31 + G(d) single
point calculations were similarly performed on the MP2 opti-
mized geometries. MP2/6-31 + G(d) alone was found to give
unpredictably erratic results in the electronic energy part of the
calculation, a trend also confirmed by comparing the MP2 results
with CCSD(T)/aug-cc-pVTZ computations (Kato et al., unpub-
lished results). No scaling factor was applied to the calculated
vibrational frequencies.

Computational results were inter-compared among the three
levels of theory employed, i.e., B3LYP/6-311++G(d,p),
MP4(SDQ)/6-31 + G(d)//B3LYP/6-311++G(d,p), and
MP4(SDQ)/6-31 + G(d)//MP2/6-31 + G(d). Calculated deproto-
nation enthalpies (A,cjgH29g) are in excellent agreement within
5kJmol~! in most cases. As anticipated, however, the full
B3LYP computations produced some erratic results elsewhere.
Therefore, in the present study, all energies are reported
at  MP4(SDQ)/6-31 + G(d)//B3LYP/6-311++G(d,p)  unless
otherwise specified, in terms of standard enthalpies at 298 K
(AH»9g). The only exception is an empirical adjustment to the
calculated energies for hydrogen fluoride and the fluoride anion;
the MP4(SDQ)/6-31 + G(d) computations with the relatively
small basis set are found to overestimate the hydrogen fluoride
energy while underestimating the F~ energy, thus predicting
an anomalously small value for the deprotonation enthalpy
AaciaH208(HF) as compared to the very accurate experimental
value of 1554kJmol~! [31]. The adjustment is made based
on the observation that calculated heats of formation for HF
and F~ asymptotically approach the experimental values at the
large basis set limit so that they reproduce the experimental
AaciaH208(HF). The corrected HF and F~ enthalpies are used
to construct the potential energy diagrams for CID.

4. Results
4.1. Gas phase acidities of fluoropyridines

Fig. 2 shows the calculated deprotonation enthalpies
(AgciaH203) for o-fluoro, m-fluoro, and 2,6-difluoropyridines.
The B3LYP and MP4(SDQ)//B3LYP theories predict acidity
values that are mutually consistent. Although experimental
acidity values are unknown for these species, the calculations
suggest that the fluoropyridines have multiple acidic sites in
the molecule. o-Fluoropyridine has three acidic hydrogens that

1639 N 1650 N 1625 N
(1643) H~ F (1655) H ~ | H (1628) F 7 | F
H” Xy~ “H H Xy F H Xy~ H
1615 1596 1609 1571
(1619) H (1599) (1613) H H (1576)

1602 1577 1573

(16086) (1579) (1578)

Fig. 2. ortho-Fluoro, meta-fluoro, and 2,6-difluoropyridines and site-specific
heats of deprotonation (A,cigH298 in kImol™!) calculated at MP4(SDQ)/6-
31+ G(d)//B3LYP/6-311++G(d,p). Values in parentheses indicate heats of
deprotonation at B3LYP/6-311++G(d,p).

can be deprotonated by HO™ (A,cjgH298 = 1633 kJ mol~! ). The
C3 and C4 positions are the most acidic with their deproto-
nation enthalpies differing only slightly. m-Fluoropyridine also
has three acidic hydrogens that are accessible by HO™. The C4
position is considerably more acidic than the others. For 2,6-
difluoropyridine the C3 and CS5 sites are identical by symmetry
and highly acidic; these positions are marginally more acidic
than the C4 position. All these acidic sites may be deprotonated
to yield the corresponding [M — H] ™ anions. It should be noted
that, under the high-pressure conditions in the SIFT source flow
tube, nascent [M — H]™ ions may undergo self-quenching colli-
sions with the precursor pyridine molecules to isomerize to the
more stable structures [32]. In the following sections, however,
all possible isomers will be considered.

4.2. CID of ortho- and meta-fluoropyridinide anions

Following CID of o- and m-fluoropyridinide anions, good
agreement was observed between the depletion of the [M — H]~
reactants and the summed formation of the products, suggesting
that electron detachment of the reactant or product ions is negli-
gible. Tables 1 and 2 show the relative abundances of observed
ionic species normalized to 100% for each of the collision ener-
gies. Noticeable differences as well as similarities are observed
between the CID products of o- and m-fluoropyridinide anions
(Tables 1 and 2). Both reactant anions (m/z 96) eliminate HF to
form CsNH,™ species at m/z 76, presumably ring-intact pyri-
dynide anions. The yields of F~ (m/z 19), a product that may
arise from C—F bond rupture of the precursor anions, are small
compared to CsNH; ™. Other products commonly observed from
the two reactants are HC, ™ (m/z 25), CN™ (m/z 26), and CaN~
(m/z 50), whereas HC4~ (m/z 49) and HC4~-HF (m/z 69) are
observed only from m-fluoropyridinide. It can be seen that m-
fluoropyridinide is more susceptible to dissociation.

Collision energy dependences of the product yields
(Tables 1 and 2) indicate that HF elimination is the lowest
energy process; F~ elimination was not observed at the low-
est injection energy of Ej,p =20eV. A difference was observed
in the relative abundances of CsNH, ™ versus F~ for the o0- and
m-pyridinide anions; o-pyridinide produces a relatively large
amount of F~ and a small amount of CsNH, ™ as compared to
m-pyridinide. For both reactants the F~ yield increases steadily
with the increase in the collision energy, whereas the CsNH, ™
yield maximizes at 50 eV before decreasing at 70 eV. This sug-
gests that the nascent CsNH,™ species fragment and/or other
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Table 1
The normalized SIFT-CID mass spectra of the ortho-CsNH3F~ anion as a function of the collision energy
Epap (eV) Ecm? (eV) miz 96 miz 76 mlz 69 mlz 50 mlz 49 mlz 26 mlz 25 miz 19
(0-CsNH3F™) (CsNH™) (HC4™-HF) (C3N7) (HC4™) (CN7) (HC2™) F7)
20 0.8 92.6 4.9 -b 2.5 - - - -
35 1.4 77.6 7.8 - 8.6 - 2.6 - 34
50 2.0 37.6 20.4 - 21.0 - 8.0 2.5 10.5
70 2.8 7.6 12.0 - 40.4 - 12.0 7.8 20.2
2 Nominal center-of-mass collision energy.
" Indicates that signal could not be discerned above the noise.
Table 2
The normalized SIFT-CID mass spectra of the meta-CsNH3F~ anion as a function of the collision energy
Epap (eV) Ecm? (eV) miz 96 miz 76 miz 69 mlz 50 mlz 49 mlz 26 mlz 25 mlz 19
(m-CsNH3F™) (CsNH,™)  (HC4~-HF)  (C3N7) (HCs™) (CN7) HC2™) F7)
20 0.8 89.4 6.1 -° 45 - - - -
35 1.4 64.0 17.6 - 8.0 - 4.0 0.8 5.6
50 2.0 18.9 37.2 1.6 19.9 3.1 7.3 2.6 9.4
70 2.8 1.2 17.6 2.1 34.0 7.3 14.8 10.6 12.4
2 Nominal center-of-mass collision energy.
" Indicates that signal could not be discerned above the noise.
dissociation channels become accessible at higher levels of col- 1000
lisional excitation. The smaller product ions HC,~, CN—, and )
C3N™ are indicative of the occurrence of these processes that 800 C3N
are competitive at higher collision energies.
£ 600 CN
4.3. CID of 2,6-difluoropyridinide anion § 2.6-CsNH,F;
) ) 5 CsNHF
Table 3 shows the normalized yields of the reactant and = 400
product ions in the CID of 2,6-difluoropyridinide. Electron E CsN
detachment appears to be negligible since the sum of the ion 200 FC>
intensities remains approximately constant. Fig. 3 is the mass
spectrum at Ej,p = 80 eV and Fig. 4 shows the CID energy depen-
dence of the major ionic species.

Given the similar ranges of E.y explored, the difluoropy-
ridinide anion is found to fragment less easily than the o-
and m-fluoropyridinide anions. The reactant anion (m/z 114)
eliminates HF to form the CsNHF™ species (m/z 94), a poten-
tial fluorinated analog of the ring-intact pyridynide anion.
Fluoride was not observed at the lowest collision energy of
Ejap =20V, where CsNHF™ is the only CID product. Overall,
F~ is a relatively minor product compared to the CID spectra
of o0- and m-fluoropyridinide anions; the F~ formation starts

O 2 ' ™ 2 L " - Y Py
0 10 20 30 40 50 60 70 80 90 100110 120 130 140 150
m/z

Fig. 3. CID mass spectrum of 2,6-difluoropyridinide anion at Ej,, =80 eV.

to be competitive only at the highest collision energy exam-
ined (Epp ~80eV). The CsNHF™ yield peaks at 70eV then
decreases at 80eV, suggesting fragmentation of the primary
species and/or loss of another HF molecule to form CsN™ (m/z
74) as observed. Major fragment anions are C3N— (m/z 50)

Table 3

The normalized SIFT-CID mass spectra of the 2,6-CsNH,F, ™ anion as a function of the collision energy

Eyp (eV) Em? (eV) miz 114 miz 94 mlz 74 mlz 50 mlz 49 mlz 43 mlz 26 miz 25 miz 19
(CsNH2F> ™) (CsNHF™) (CsN7) (C3N7) (HC47™) FC™) (CN7) (HC™) F)

20 0.7 99.3 0.7 -b - - - - - -

50 1.7 86.7 7.1 1.1 2.8 - - 1.7 - 0.6

60 2.0 66.9 11.9 1.8 8.2 - 0.9 7.9 - 2.4

70 2.4 39.6 16.9 3.8 18.8 - 3.1 11.9 0.9 5.0

80 2.7 15.7 13.7 8.5 26.3 1.0 6.1 19.1 1.4 8.2

2 Nominal center-of-mass collision energy.
b Indicates that signal could not be discerned above the noise.
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Fig. 4. Collision energy (Ei,) dependence of the relative yields for 2,6-
difluoropyridinide anion and the major CID products taken from Table 3. The
yield of F~ is almost identical to that of CsN~.

and CN~ (m/z 26) while the yield of HC,™ (m/z 25) is sig-
nificantly small compared to the CID of monofluoropyridinide
anions. Instead, FC, ™ (m/z 43) is a characteristic product from
dissociation of the difluoropyridinide.

5. Discussion
5.1. General CID schemes

The product distributions from CID of the fluoropyridinide
anions suggest that several dissociation pathways are accessed,
(i) competitive elimination of HF versus F~ from [M — H]™ as
also observed in the CID of the fluorophenyl anion [16], (ii)
fragmentation of the primary product anion [M —H — HF]™,
and (iii) ring-opening of the [M — H — HF] ™ anion when it is an
intact pyridynide structure. Prior to quantitative discussions of
individual reactions, it is useful to summarize general schemes
that have been computationally identified.

Consider the CID of m-fluoropyridine-4-anion (Scheme 1).
Upon collisional excitation, release of F~ is the lowest energy
path within the dissociating complex. Analogous to the CID of
fluorophenyl anion [16], F~ may directly leave the complex (1a)
or abstract the adjacent hydrogen atom before exiting as HF (1b).

He N H H N
| — | |t
H NG F HN\FZ
[Crossower
TS

T
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The fluoride anion cannot migrate in the pyridyne plane beyond
the nitrogen atom or the formally triple bond (as schematically
shown by the broken lines of prohibited access) because of
the in-plane lone-pair/m-lobe repulsions. In fact, MP4(SDQ)/6-
31+ G(d) calculations indicate that potential energies for F~ are
always repulsive along these lines towards the infinite separation
of F~. Alternatively, F~ may move over or under the ortho-
pyridyne plane and attaches to either of the two hydrogen atoms
(H’) on the other side of the ring (1c). This will lead to elimina-
tion of H'F as well as of F~ (shown in parentheses). Existence
of such “crossover” transition states has been demonstrated both
experimentally and computationally [33,34].

Within the activated complex of the o-fluoropyridine-3-anion
(Scheme 2), the F~ species cannot migrate in the ortho-pyridyne
plane because of the repulsive potential energy walls. The fluo-
ride anion either leaves the complex (2a) or migrates to the other
side of the complex via the crossover transition state (2b).

In collisional excitation of the o-fluoropyridinide 4-anion
(Scheme 3), release of F~ will lead to the formation of an inter-
mediate involving 2,4-meta-pyridyne. F~ may directly leave the
complex (3a) or migrate in the plane of the complex before
abstracting either of the hydrogen atoms (3b). No repulsive bar-
rier is located computationally for F~ migrating across these
radical sites.

Following elimination of HF, the deprotonated pyridyne
structures may remain intact or ring-open depending on the
stabilities and levels of internal excitation. Ring-opening of
pyridynide anions (Scheme 4) is found to proceed analogously
to benzynide decomposition; detailed discussions of the ring-
opening mechanisms will be given elsewhere (Kato et al.,
unpublished results). If the formal anionic charge is located {3
to the formally triple bond (4a), the pyridynide ring-opens via
a transition state that connects to a stable acetylide structure.
If the formal anionic charge is located « to the formally triple
bond (4b), the ring-opening begins as if it were to generate a
vinyl species. The vinyl structure, however, is unstable and fur-
ther rearranges on its way to the transition state that resembles
an ensemble of fragmented products. These mechanisms apply
to ring-opening of all pyridynide anions in the present study
except for 2,3-didehydro-4-anions which have significantly dis-
torted structures (12 in Fig. 7 and 31 in Fig. 11, see below) and
the 3,4-didehydro-2-anion (33 in Fig. 11, see below) for which

N
(1a) | SeH .
H Z
(1b) =
\ H' N\_
| + HF
H N\

CsNHH™ + HF
(CsNHH'; + F7)

Scheme 1. CID of meta-fluoropyridine-4-anion.
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[ fOTSSOVEF — > GCzNHp + HF
(CsNHz + F7)
Scheme 2. CID of ortho-fluoropyridine-3-anion.
H AN A F WA @) AN
[ — | T | &= -~
HY X" H H X “H HO X “H

(3b)
CsNHp + HF

Scheme 3. CID of ortho-fluoropyridine-4-anion.

the vinyl structures are stabilized by the fluorine atom at both
the transition state and product.

Molecular motions along the intrinsic reaction coordinate
are consistent with the crossover (lc and 2b) and ring-opened
(4a) transition states connecting the respective minima, although
completion of IRC calculations is found difficult for the
crossover transition states presumably because of the very flat
potentials around the transition states.

Triplet states were also calculated at MP4(SDQ)/6-
31+ G(d)//B3LYP/6-311++G(d,p) for pyridyne-type (1, 2, 6,
14, 15, 26, 27, and 29) and cumulene-type (16 and 28) struc-
tures to explore the possibility that some of the low-lying states
may provide an alternative surface for decomposition. Triplet
states for the o- and m-pyridyne-type structures are significantly
higher in energy than the corresponding singlet states; the val-
ues for singlet—triplet splitting (electronic + ZPE) are 133, 79,
and 76 kJ mol~! for o-pyridyne structures 1, 2, and 26, respec-
tively, and 309 and 114 kJ mol~! for m-pyridyne structures 6 and
29, respectively (14 has failed convergence at MP4). p-Pyridyne
structures have relatively low triplet states with singlet—triplet
splitting of 14 and 4kJmol~! for 15 and 27, respectively, but

N N
- = H AN
( | — /] h |
H k’% H  -#
] = 09
H Y H-C~ 2C

the triplet states for the corresponding retro-Bergman ring-
opened products 16 and 28 are both higher than the singlet by
236 kJ mol~!. In the following discussion, only singlet surfaces
will be considered for the dissociation pathways.

5.2. CID mechanisms of monofluoropyridinide anions

Figs. 5 and 6 display structures and relative energies of
species associated with unimolecular decompositions of meta-
and ortho-fluoropyridinide anions, respectively. To highlight the
relative stabilities of the species involved, energies (AsggH)
are referenced to the most stable structure in each family of
the reactants, neutral intermediate structures, and products.
Following initial release of F~ within the complex, the most
stable m-fluoropyridinide-4-anion (=0kJ mol~!) forms a [pyri-
dyne + F] intermediate of 3,4-didehydropyridine 1 (Fig. 5).
Proton abstraction of F~ within the intermediate leads imme-
diately to the formation of 9. Alternatively, a passage of F~ over
the crossover transition state TS1 (235 kJ mol~! higherin energy
than the reactant, with the F~ species located ca. 2.9 A above
the pyridyne plane) facilitates formation of 7 and 8. The higher-
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Scheme 4. Typical mechanisms and transition state structures for ring-opening of pyridynide anions.
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energy S-anion (32kJ mol~!) initially forms a [pyridyne + F~]
intermediate of 3,5-didehydropyridine 6, which is significantly
higher in energy than 1. The 2-anion (48kJmol~') forms a
[pyridyne + F~] intermediate of 2,3-didehydropyridine 2. These
higher-energy intermediates correlate with formation of 10-12
in addition to 7. It is noted that the MP4(SDQ)/6-31 + G(d) rel-
ative energies for pyridynes (1, 2, 6 and also 14 in Fig. 6) are
in excellent agreement with those calculated at a higher level
using CCSD(T)/cc-pVTZ [2]. The MP4(SDQ)/6-31 + G(d) rel-
ative energy of 2,3-ortho-pyridyne 2 is 26 kJ mol~! higher than
3,4-ortho-pyridyne 1 for both the B3LYP/6-311++G(d,p) and
MP2/6-31 + G(d) optimized geometries.

The neutral pyridyne 1 may also decompose within the com-
plex in a concerted retro-Diels—Alder fashion to form 5. With
the approximation that F~ is a spectator, the decomposition
requires an additional energy of 246 kJ mol~! above the energy
of 1. It has been demonstrated from experiments and high-level
computations that retro-Diels—Alder is the principal mode of
decomposition for o-benzyne [35]. The MP4(SDQ)/6-31 + G(d)
level of theory predicts the 0K transition-state barrier for o-

benzyne to be 387 and 386 kI mol~! for optimized geometries
of MP2/6-31 + G(d) and B3LYP/6-311++G(d,p), respectively.
These TS energies are in good agreement with the CCSD(T)-
AE/cc-pCVQZ value [35] of 368 kI mol~! (the MP2 geometry
optimization produced a single imaginary frequency of 434
i cm~! whereas the B3LYP optimization returned a sad-
dle point of the second order with imaginary frequencies of
563 i and 101 i cm™!, as similarly observed in the B3LYP
computations of Moskaleva et al. [36]). The MP4//MP2 and
MP4//B3LYP product energies (0K) for HCCCCH + HCCH
(200and 213 kI mol~!, respectively) also compare well with that
of CCSD(T)-AE/cc-pCVQZ (219 kI mol~!) [35]. These agree-
ments provide support for the levels of theory used and the
semi-quantitative discussions in the present study.

In HF elimination of the o-fluoropyridinide anions (Fig. 6),
the most stable o-fluoropyridinide-3-anion (=0kJmol~!)
initially forms a [pyridyne+F~] intermediate of 2,3-
didehydropyridine 2. Because no hydrogen atom is immediately
available, the F~ species must crossover to the other side
of the ring via TS2 (259kJ mol~! higher in energy than the
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reactant, with the F~ species located ca. 2.8 A above the
pyridyne plane) to produce 10, 11, or 12. Retro-Diels—Alder
decomposition of 2 to form 13 requires a substantial amount
of additional excitation (232kJmol~!) above the energy of
2. The 4-anion (6kJmol™!) initially forms a [pyridyne + F~]
intermediate of 2,4-didehydropyridine 14 while the 5-anion
(19kJ mol~!) forms 2,5-didehydropyridine 15 within the com-
plex. The meta-pyridyne 14 intermediate affords additional
pathways for products 8 and 9, while the para-pyridyne structure
15 is more likely to undergo facile retro-Bergman ring-opening
[2,37,38] to 16; the para-pyridyne is only stable at the B3LYP
level, as shown here and elsewhere [2], and at CASSCF
and CASMP2 [38] but ring-opens at a higher level of the-
ory with CCSD(T)/cc-pVTZ [2]. Site-specific deprotonation

enthalpies for 16, i.e., HVC=CCH®=CH®C=N are calcu-
lated at MP4(SDQ)/6-31 + G(d)// B3LYP/6-311++G(d,p) to be
AaciaHa98 = 1502, 1538, and 1536 kJ mol~! for HV, H®, and
H®, respectively. F~ deprotonation of HV or H® yields anions
of similar (Z) structures, whereas H® deprotonation forms an
(E) anion following a significant conformational change around
the formally double bond. This is the only mechanism for HF
elimination of monofluoropyridinide anions without forming the
pyridynide structures.

Fig. 7 summarizes structures and energetics associated with
ring-opened transition states and products from CID of o- and
m-fluoropyridinide anions. Energies (Az9gH) are referenced to
the pyridynide anions 7-12. Anions 8—12 are commonly derived
from o- and m-fluoropyridinides whereas formation of 7 is spe-
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cific to m-fluoropyridinide. Adiabatic electron binding energies
(electronic + ZPE) are calculated at B3LYP/6-311++G(d,p) to
be 2.53 (7), 2.24 (8), 1.66 (9), 2.12 (10), 2.33 (11), and 1.70eV
(12). Pyridynide anions with the formal anionic charge (3 to
the formally triple bond (8, 10, and 11) form stable acetylide
anions (17-19, respectively) via transition states that are rel-
atively low in energy. In particular, decomposition of 10 with
the lowest barrier and largest exothermicity involves an early
transition state TS6, whose structure resembles the reactant.
Compared to the B-anions, a-anionic pyridynide anions (7 and
9) have considerably higher transition states, in which they
have essentially fragmented. Repulsive dynamics of HCCCC™
and HCN (532 icm™!) at TS3 may allow for direct dissoci-
ation to HCCCC™ + HCN in competition with the formation
of a more stable product pair HCCCCH+CN™, in analogy
to the direct product dynamics of an SN2 reaction [39]. An
intriguing exception to the ring-opening schemes is the decom-
position of 12, which involves a C—N bond cleavage at TSS.
Further, the ensuing chain product anion is computationally

found to be unstable; following the transition state, the anion
liberates hydrogen cyanide and rearranges to a linear structure
[HCCCC™---HCN]. This adduct is likely to separate as a more
stable proton-transferred pair of HCCCCH+CN™.

Figs. 8 and 9 show the potential energy diagrams for CIDs
of m-fluoro and o-fluoropyridinides, respectively. The dia-
grams have been constructed for reactant anions that are likely
accessible under thermal-energy flow tube conditions. The com-
putational results are consistent with the experiments that HF
elimination is the lowest dissociation channel observed. For both
m- and o-pyridinides, crossover transition states (TS1 and TS2)
are lower in energy than the F~ elimination channels. The F~
species then attaches to one of the hydrogen atoms to form stable
adducts (20-22 and 23-25). It can be seen that these adducts are
precursors to HF elimination with elongated C—H bonds; they
can also lose F~ competitively. Elimination of HF from these
adducts appears to be direct since no transition states or local
minima are found on the way to dissociation to pyridynides 7-9
and 10-12. Several of these pathways (7, 8, 12) are lower in
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energy than the F~ channels, substantiating that HF elimination
is the lowest energy path available.

The crossover transition state, pyridynide product, and F~
channel are all lower in energy for m-pyridinide than for
o-pyridinide. This is also consistent with the experimental
observation that the m-anion is more susceptible to CID. It is
interesting to note that the CID of o-pyridinide produces some-
what more F~ than the CID of m-pyridinide. Relative energetics
between HF and F~ eliminations are similar for o- and m-anion
CIDs and do not seem to account for the observed difference.
The m-anion can directly form adduct 20 without the need to sur-
mount the crossover barrier; however, the adduct is energetically
better correlated with formation of F~ than of HF and 9. The
most important aspect in the CIDs of monofluoro pyridinides

TS5
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312 (11)

(308] 340 (19)
298 (28] (17)
230
HCECCH
+CN~
189 (24)
=k 25
ise20) 111 (18)

Fig. 9. Reaction energy diagram for the decomposition of o-fluoropyridinide-
3-anion. Energy levels for o-fluoropyridinide-4-anion are also indicated
in grey with the energy values in square brackets. The relative energies
An9gH (electronic + ZPE + thermal correction) are calculated at MP4(SDQ)/6-
31+ G(d)//B3LYP/6-311++G(d,p) and shown in kJ mol L.

is that there are substantial barriers to secondary decomposition
of the nascent pyridynide anions. The ring-opened transition
states (TS3-TS8) are all significantly higher in energy than
the F~ channels. When there is no F~ elimination observed
at low collision energies, the [pyridinide — HF]~ products must
be intact pyridynide structures. HF elimination following the
retro-Bergman ring-opening 16 is likely a minor/negligible con-
tribution because the reagent 5-anion must be significantly less
abundant than others.

The m-pyridinide anion yields specific products of HC4~ and
HC4~ (HF) upon high-energy CID, the latter product of which
corresponds to elimination of HCN. We attribute these prod-
ucts to dissociation of 7 via TS3, the primary product specific
to the m-anion CID. If 7 decomposes promptly in the presence
of HF, i.e., [7+HF]™ — [HCN + HF + HC4 ], both HC4~ and
HC4~ (HF) could result. Another possibility for the HCN loss
is retro-Diels—Alder decomposition of 1 to 5. This mechanism
is unlikely, however, because a similar retro-Diels—Alder path
for the o-anion would form 13 then HCCH and NC3;~(HF) at
m/z 70. No species at m/z 70 was observed from CID of the
o-anion. The retro-Diels—Alder decompositions are obviously
very high-energy processes. This argument also rules out a direct
electrocyclic mechanism for the CID of fluoropyridinide anions
without retention of the ring structure. In this mechanism, for
example, the m-fluoropyridinide-4-anion (Fig. 5) would disso-
ciate directly to the high-energy retro-Diels—Alder complex 5.
Decomposition of 12 via TS8 may also release HCN within the
dissociation complex, but this will lead to a more stable product
pair HC4H+CN™ (as above). Further, this scheme is common
to o- and m- anions and is instead a plausible mechanism for the
production of CN™ as observed. Formation of other fragment
product anions C3N~ and HC, ™ is also rationalized by the cal-
culated energy diagrams. Direct (for m-anion) and indirect (for
o-anion) dissociations of 9 via TS5 lead to NCCC~ + HCCH
(lower energy) and NCCCH+HC,™ (higher energy). The
[HC, ~J/[NCCC™] ratio increases at higher collision energies,
which is also consistent with the predicted energetics.

5.3. CID mechanism of 2,6-difluoropyridinide anion

Fig. 10 shows CID schemes for the 2,6-difluoropyridinide
anions. The 3-anion (=0kJmol™') could initially form
[fluoropyridyne+F~] intermediates with  2-fluoro-5,6-
didehydropyridine 26 and/or 2-fluoro-3,6-didehydropyridine
27. Following a crossover transition state (not calculated) and
proton abstraction, the intermediate 26 generates fluoropyri-
dynide anions 30 and/or 31. The crossover barrier is expected
to be low in energy compared to TS2 because of charge
withdrawal by the ring fluorine atom, which would reduce the
repulsive m-electron density above and below the ring. The
intermediate 27 may form 30 and/or 32, but the para-pyridyne
in 27 could also undergo facile decomposition to 28 in a retro-
Bergman fashion. Site-specific deprotonation enthalpies for 28,
i.e., FC=CCHMY=CH®C=N are calculated at MP4(SDQ)/6-
31+ G(d)//B3LYP/6-311++G(d,p) to be AgycigH298 =1452 and
1529 kJ mol~! for H and H®, respectively. F~ deprotonation
of H® yields an anion of similar (Z) structure, whereas HD
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deprotonation results in a significant conformational change
to form a bent skeleton at the CH® position. This is the only
mechanism for HF elimination of the 2,6-difluoropyridinide
anion without forming the fluoropyridynide structures. The
slightly less stable 4-anion (2kJmol~!) initially forms an
intermediate with 2-fluoro-4,6-didehydropyridine 29, which
leads to fluoropyridynides 31, 32, and/or 33. With increased
internal excitation of the reactants, the nascent fluoropyridynide
anions could sequentially lose the second HF molecule to
produce the tetradehydropyridynide anion 34.

Ring-opened transition states and products for the fluoropy-
ridynide anions are summarized in Fig. 11. Adiabatic electron
binding energies (electronic + ZPE) are calculated at B3LYP/6-
311++G(d,p) to be 2.70 (30), 2.05 (31), 2.61 (32), and 1.91eV
(33). The mechanisms for ring cleavage are essentially the same
as those for the non-fluorinated pyridynides (Fig. 7) and the
heights of the transition states are also similar. If 30, 32, or 33
ring-opens, there is no feasible mechanism for the respective

chain structures 35, 36, or 37 to lose the second HF molecule.
The fluoropyridynide 31 is different, however. It can be seen that
the fluorine atom is fairly loose at TS11. Following the transition
state it is shown that the fluoride species abstracts the adjacent
hydrogen to initially form a T-shaped NCCCCC™ (HF) structure,
which then rearranges to the more stable linear NCCCCC™ (HF)
complex (39 in Figs. 12 and 13, see below) before dissociat-
ing to NCCCCC™ (38)+HF. Overall, this provides the only
mechanism for elimination of the second HF without forming
tetradehydropyridynide 34.

Figs. 12 and 13 show the potential energy diagrams for
CIDs of the 3-anion and 4-anion of difluoropyridine, respec-
tively. Similar to monofluoropyridinides, the energy diagrams
are consistent with the experimental observation that HF
elimination is the lowest dissociation channel. At MP4(SDQ)/6-
31+ G(d)//B3LYP/6-311++G(d,p) the relative energies are 336
and 405kJmol~! for the productions of 26 +F~ and 27 +F~
from the 3-anion, respectively (in the scale of Fig. 12), and
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335kJmol~! for the production of 29 +F~ from the 4-anion
(in the scale of Fig. 13). Formation of fluoropyridynide anions
30-33 are all lower in energy than the F~ elimination channels.
Further, the reaction enthalpies for F~ elimination of diflu-
oropyridinide anions are considerably greater than those for
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Fig. 12. Reaction energy diagram for the decomposition of 2,6-difluoro-
pyridinide-3-anion. The relative energies AggH (electronic +ZPE + thermal
correction) are calculated at MP4(SDQ)/6-31+G(d)//B3LYP/6-311++G(d,p)
and shown in kJ mol .

o- and m-pyridinides. This is also consistent with the exper-
iments that the difluoropyridinide produces a relatively small
amount of F~ compared to the monofluoropyridinides. In the
CID of the 3-anion, the nascent para-pyridyne species 27 may
undergo a retro-Bergman ring-opening to form 28 within the
complex. Chain anions that could result from HF elimination
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Fig. 13. Reaction energy diagram for the decomposition of 2,6-difluoro-
pyridinide-4-anion. The relative energies AggH (electronic +ZPE + thermal
correction) are calculated at MP4(SDQ)/6-31+G(d)//B3LYP/6-311++G(d,p)
and shown in kJ mol .
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of 28, however, have no plausible mechanism to lose the sec-
ond HF molecule. The observation of successive HF elimination
strongly suggests that the retro-Bergman mechanism is minor
and fluoropyridynide structures 30-33 are largely intact follow-
ing elimination of the first HF molecule.

The ring-intact CsN~ species 34 following elimination of
the second HF molecule, however, is high in energy compared
to the ring-opening barriers TS10-TS12; only TS13 is compa-
rable in energy to 34. Although it is possible to form 34 at high
levels of collisional excitation, the TS14 barrier to ring-opening
is sufficiently low that 34 will most likely dissociate to the linear
NCCCCC™ structure 38. It is known empirically that ions with
dissociation barriers of 15 kcal mol~! (63 kJ mol~!) or less do
not survive the high-pressure flow tube at room temperature. A
more plausible mechanism for the elimination of the second HF
would be dissociation of 31 via TS11 (as above), producing the
linear NCCCCC™ anion.

C3N™ is a major fragmentation product from CID of
the difluoropyridinides. A likely mechanism is ring-opening
of 33 via TS13 to form 37, which further dissociates via
TS15 to C3N~ and FCCH (Fig. 13). At higher collision
energies 37 may also competitively yield the higher-energy
product pair HC3N + FC;, ™. Unlike CID processes of o- and
m-fluoropyridinides (via TS5), HC,~ will not form. This
mechanism is consistent with the observed distributions of
the CID fragments. Analogous to the ring-opening of 12,
it is speculated that ring-opening of 31 may also serve as
a source for the observed product CN~ (+FC4H) in addi-
tion to HC4~ (+FCN) at high collision energies; the latter
product pair is 64 kJ mol~! higher in energy at MP4(SDQ)/6-
31+ G(d)//B3LYP/6-311++G(d,p).

5.4. Structures and energetics of CsN~— anion

Fig. 14 depicts the detailed [C5, N]~ potential energy
diagram with the bond parameters for the CsN~ anion 34
shown in the inset. At both MP4(SDQ)/6-31 + G(d)//B3LYP/6-
311++G(d,p) and MP4(SDQ)/6-31 + G(d)//MP2/6-31+G(d)
levels of theory, the bell structure 34 connects to a spade-shaped
isomer 40 via a low energy barrier TS16 (635 icm™! at MP2/6-
31+ G(d)). All attempts to locate a ring-opened transition state
from the spade anion resulted in rearrangement back to the
more stable bell anion. The ring-intact anion 34 is a stable
structure at MP4//B3LYP but it is only stable electronically
at MP4//MP2. At the B3LYP/6-311++G(d,p) level of theory,
adiabatic electron binding energies of the ring-intact and
chain CsN™ anions are 2.71 and 4.39¢V, respectively. As 34
ring-opens metastably to the CsN~ chain anion 38 via TS14
(612 icm™! at MP2/6-31+G(d)), it releases approximately
80 kcal mol~! (340 kJ mol~!) of energy. The CsN~ ring anion is
thus a highly energetic species, although it is also susceptible to
decomposition due to the low kinetic barrier. The corresponding
non-aza substituted C¢H™ bell anion releases 40—50 kcal mol !
(170-210kJ mol~") of energy upon ring-opening to the linear
CeH™ structure (Kato et al., unpublished results), while it is
significantly more stable against metastable decomposition
with the kinetic barrier of 20-30 kcal mol~! (80-120kJ mol~1).
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Fig. 14. Relative energies (AHz9g in kcal mol~!) and structures on the CsN—
potential energy surface (electronic energy +ZPE +thermal correction) cal-
culated at MP4(SDQ)/6-31 + G(d)//B3LYP/6-311++G(d,p). Relative energies
at MP4(SDQ)/6-31 + G(d)//MP2/6-31 + G(d) are also indicated in parenthe-
ses (“the electronic energy is higher than the bell structure by 2.5kJImol~!).
Geometry parameters for 34 (Cay), optimized with B3LYP/6-311++G(d,p) or
MP2/6-31 + G(d) in parentheses, are shown by the inset (bond lengths in units
of A).

Pentazolide anion N5~ has been generated in the gas phase [7].
It also displays metastable decomposition with the calculated
barrier [40] of ca. 28kcalmol~! (120kJmol~!), generating
approximately 14 kcalmol™! (60kJmol~!) of energy upon
forming N3~ and N».

6. Conclusions

Collision-induced dissociations of o-fluoro, m-fluoro, and
2,6-difluoropyridinide anions proceed primarily via molecular
eliminations of HF, which is similar to the CID of fluorophenyl
anions. Elimination of F~ is a minor process for all reactant
anions. The CID energy dependences of the product distribu-
tions are compared with the calculated reaction energy diagrams.
The results strongly suggest that the produced anions are ring-
intact pyridynide structures when generated at low collision
energies. Transition states and products have also been identi-
fied computationally for ring-opening of the pyridynide anions,
which occurs at higher collision energies. Observed distributions
of fragmentation products are totally consistent with theory,
substantiating the proposed CID mechanisms. For the CID of
the difluoropyridinide anion, successive elimination of two HF
molecules is observed, again similar to the CID of difluo-
rophenide anions. The produced CsN™ anion is most likely a
chain structure NCCCCC™ and not the tetradehydropyridinide
anion under experimental conditions. The ring-intact CsN™
pyridynide, however, is computationally characterized as a
metastable structure with a kinetic barrier of about 5 kcal mol~!
(20kImol~!") and releases approximately 80 kcal mol~!
(340 kJ mol ™) of energy upon ring-opening to the chain anion.
As such, this is a high energy density species that is even more
energetic than the pentazolide anion of current energetic interest.
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