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Abstract

Azacyclohexatriene-3-yliden€3), an isomer of pyriding2) and its previously generated Hammick intermedidtg is
accessible in the gas phase by one-electron reduction of the corresponding radical cation in neutralization-reionization ma
spectrometric experiments. The experimental finding that this carbene is stable on the microsecond time scale is in agreeme
with results of quantum chemical calculations, which indicate that all thgslgNCand GH-N" * isomers, including also the
isomers of azacyclohexatriene-4-ylideAeand 4 *, correspond to minima that are separated by significant barriers, thus
preventing facile unimolecular isomerization. Although neutral pyridine is much more stable than the ylidic cari3aesl
4, for the radical cations theBI;N" * isomers are nearly isoenergetic, with* actually being lowest in energy. (Int J Mass
Spectrom 179/180 (1998) 7-14) © 1998 Elsevier Science B.V.
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1. Introduction these is OCCO [1]; other candidates for such reactive
intermediates are carbenes whose generation and
There are many simple molecules that have been identification have received a great deal of attention
studied by computational methods sufficiently often during the past decades [2,3]. A case in point concerns
and thoroughly enough that they take on an aura of the hydrogen-shift isomeis 3, and4 of pyridine (2).
familiarity but nevertheless still manage to elude The 2-isomer of pyridine [i.e. azacyclohexatriene-2-
experimental observation. Among the most famous of ylide (1)] was postulated to exist more than 60 years
ago by Hammick and co-workers [4,5]; however,
[ unequivocal evidence for its gas-phase existence was
* Corresponding authors. . N _ presented only recently [6]. Although there is neither
Dedicated to Professor Fulvio Cacace in recognition of his

pioneering and stimulating work on gas-phase ion chemistry and experimental nor theoretical support in favor 4f
physics. convincing data for the intermediary formation3in
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pieces of evidence, it may not suffice for an unequiv-

\/ | . \/ | \/ |"® \/ | ocal id_entification of _structurally distinct ions. How-
o N ITI@ ITI@ ever, if these experimental data are complemented
H H H with high-quality calculations, reliable conclusions

about the system at hand can be drawn.
1 2 3 4
Chart

2. Theoretical and experimental

the reaction of gaseous atomic carbon with pyrrole  The computational determinations of the structures
was recently obtained [7]; however, very facile inter- and harmonic frequencies were performed on IBM/
molecular isomerizatio® — 1 — 2 is operative in RS6000 workstations using the Gaussian 94 program
solution [7,8]. package [23]. The popular B3LYP hybrid density
Quite clearly, despite the enormous progress made functional theory (DFT) [24] option employing
in the study of these elusive species in condensed Becke’s [25] empirical three-parameter fit for mixing
phases, there are often advantages, especially forHF and DFT exchange-energy terms as implemented
molecules that are susceptible to intermolecular [26] in Gaussian 94 was combined with the standard
isomerizations (or dimerization), to conduct investi- 6-31G** basis set [27], which included andp-type
gations under high vacuum conditions in the gas polarization functions on non-hydrogen and hydrogen
phase where intermolecular reactions are virtually atoms, respectively. All relative energies were cor-
absent. Mass spectrometric experiments often provide rected for zero-point vibrational energy (ZPVE) con-
an opportunity, and following the introduction of tributions. No scaling was performed for the B3LYP
neutralization-reionization mass spectrometry fundamentals. Open shell species were treated in the
(NRMS) [9-12], the technique has proved valuable in unrestricted Kohn-Sham scheme. T{&) expecta-
generating a great variety of remarkable molecules, tion values of the noninteracting Kohn-Sham deter-
including several carbenes (e3.[6], H,N-C—NH, minant did not exceed 2.037 for the triplet states
[13], H,N-C-OH [14-16], HC-C-OH [17], (exact value= 2.00) and 0.771 for the doublet states
F-C—OH [18], and H-C-OH [19,20]), that are ex- (exact value= 0.75). The only species that had a
pected to have only a fleeting existence in solution. In larger spin contamination waS1 */2° * where(S?)
addition, the often invoked and long-sought-after amounts to 0.876. Improved relative energies based
cyclic heterocarbenes (i.e. 3H-thiazole-2-ylidene [21] on these optimized structures were obtained by using
and imidazol-2-ylidene [22]) were generated by one- the coupled cluster ansatz with single and double
electron reduction of their corresponding radical cat- excitations and a perturbative estimation of the triple
ions and characterized by NRMS in conjunction with excitations [CCSD(T)] [28—30] to account for the
electronic structure calculations. effects of valence electron correlation. For these
Inspired by these findings, we set out to generate calculations the MOLPR0O96.4 computer program
and identify the elusive carbe®gChart 1), using the  [31] implemented on a Cray J90 computer at the
combined experimental (NRMS) and computational Konrad-Zuse Zentrum fulnformationstechnik, Ber-
methodology described in detail in our previous study lin, was employed. The CCSD(T) method was com-
of the Hammick intermediaté [6]. This strategy to bined with a more flexible, generally contracted, basis
combine ingenious experimental techniques with set of the atomic natural orbital (ANO) type [32] of
powerful computational methods is of particular im- polarized triple zeta quality (H: [§8p]/(3s2p), N, C:
portance in cases where the spectra of the various[10s6p3d]/(4s3p2d)) [33]. Thus, the final basis set,
species differ only in subtle details. If this experimen- which will be termed ANO-TZP in the following text,
tal information is not backed by other, independent consists of 356 primitive Gaussians and 183 contrac-
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tions. For the open shell species, the CCSD(T) calcu- 9 L0
lations were based on ROHF wave functions, as ﬁ O —co, - \ \9 ~CH,0 /WC
implemented in MOLPRO96.4. The CCSD(T)/ANO- N 7° SNg i O \%‘\H
TZP relative energies are corrected for ZPVE contri- W o o H
butions by using the harmonic fundamentals as ob- 1" (w2 181 (m/z 107)
tained at the B3LYP/6-31G** level of theory. For l—co

further details, see Lavorato et al. [6]. a . a
_ _ r@f CI(CH,0H) &~ CA (0, ﬁ
The mass spectrometric experiments were per- ) — L | —>C]_‘ L

N -

-

formed at McMaster University on the VG Analytical N H@
ZAB-R. The details of this instrument and also for the
acquisition of NR mass spectra have been previously
described [34]. Briefly, the NR experiments were i
performed on mass-selected ions between the magnet /& _crenon a0y A
(B) and the first electric sectoiE] of the BE,E, LN,, W le> gﬁ
geometry ZAB-R. There are two small gas cells in ‘® B
this region: the first pressurized wibh N-dimethyla-
niline to enable electron transfer neutralization of a
fraction of the 10 kV source generated ions and the Scheme 1.
second containing oxygen for collisional reionization
of the neutral particles. In between is a positively Based on labelling experiments, kinetic energy re-
charged deflector electrode to ensure that only neutral lease analyses, and collisional activation studies, both
molecules enter the second cell. The spectra areisomers are clearly distinguishable. Of particular im-
recorded with a PC-based data system (Mommers portance were the minor but structure-indicative dif-
Technologies, Ottawa, Canada) by scanriiag Col- ferences in the CA mass spectra. The most critical of
lisional activation (CA) mass spectra were obtained in these are than/z 28:m/z 26 ratio and the doubly
the same region with the first cell empty and the charged ion intensities. In the comparisoniof and
deflector switched off. The NR/CA (see text) and CA 2 *, only 1" * possesses a hydrogen on the nitrogen
mass spectra were obtained, using oxygen as a colli-atom. It should therefore be able to produce tive
sion gas present in another cell betwé&grandE,, by 28 ion (HCNH") [35,36] more easily thar2 *,
scanning the latter sector with the former set at a fixed whereas both isomers can give/z 26 fragments
potential. (C,H,* and CN"). Furthermore, in the CA mass

spectrum of GH,DN © (m/z 80) generated from

ionized 2-CDQ-methyl picolinate then/z 28 signal is

o 37

+

111 I 4

3. Results and discussion also shifted tan/z 29 (HCND"). These features were
also preserved in the NR/CA spectralof', 2 *, and
3.1. Mass spectrometry the N—D labelled isotopologue af *, thus demon-

strating that irrespective of their charge states the two

The proper identification of neutral species by isomers do not easily interconvert, as predicted by
NRMS requires that one be able to unambiguously extensive electronic structure calculations [6].
establish the parent ion structure. As shown earlier  For the isomer in questior® *, a related strategy
[6], this search was quite brief and successful for the was pursued. Upon electron ionization (El), methyl-
isomeric ionsl' * and2 *. The molecular ior2 * is 2-carboxypyridine-3-carboxylatd [37] undergoes
undoubtedly generated by electron ionization 2pf consecutive loss of CQCH,0, and CO (Scheme 1);
whereas carbene idii * is accessible by consecutive the resultingm/z 79 ions may well have the ionized
loss of CHO and CO from ionized methyl picolinate.  3-ylidene structure3 * desired for the NR experi-
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ment. To verify the isomeric purity of the putative
B-distonic ion 3 * generated from" *, these ions
were independently produced by the reaction se-
guence shown in Scheme 1, that is from ion-source
generated protonated 3-chloropyridifle [chemical
ionization (CI) ofll with methanol]; ions amm/z 114
were mass-selected and subsequently collisionally
decomposed in the second field-free region (2ffr). The
isomericy-distonic ion4 * was prepared analogously
(i.e., via protonation of 4-chloropyridinkl ). Unfor-
tunately, no suitable precursor molecule could be
found to generate io@ * by El, and therefore its
neutral counterpart could not be studied by NRMS
using the ZAB-R.

As argued before [6], a distinction of ionized
pyridine 2 * from its isomerl * is readily available
on the basis of then/z 28:m/z 26 intensity ratio in
their CA mass spectra. Fig. 1(a) and (b) represent the
structure-diagnostic portions of the CA mass spectra
of 1" and 2 *, respectively. As reported earlier,
isomerl * is characterized by a/z 28:m/z 26 peak
intensity ratio of 0.86+ 0.03, whereas fewer HCNH
ions atm/z 28 are generated fro@i * (intensity ratio
0.41 = 0.03). Note that the CA spectra also show
intensity ratio differences in thevz 37-39region
and that the ylide ionl' * features a pronounced
doubly charged ion ofm/z 39.5 that is virtually
absent in the CA mass spectrum of ionized pyridine
2.

Fig. 1(c) and (d) represent the structure diagnostic
portions of the CA spectra of the isomema/z 79
CH-N " ions of putative structure8 * generated
from | andll, respectively, as depicted in Scheme 1.
The two spectra are the same within experimental
error and theim/z 28:m/z 26 ratio, 1.99+ 0.04, is
characteristically different from that of both ™ and
2 *, attesting to the generation of tiadistonic ion
3 *. In agreement with this proposal, the CA mass
spectrum of then/z 80 C;H,DN' * ions from the OD
labelled isotopomer of the ionized estershows a
clean shift of them/z 28 HCNH" signal tom/z 29,
HCND™. That theg-distonic ions generated by the

++ (a)

26,

[0.86 £+ 0.03]

39 (b)

26

[0.41 % 0.03]

++
37
[2.02 + 0.03]
26
I

[1.99 + 0.04] @

©)

++

37%1 o
d »\"mw

[2.27 + 0.03]

[1.88 % 0.05]

Fig. 1. Partial CA mass spectra of ionized pyridiheand its
hydrogen shift isomers: (a) ionized pyridine-2-yliderie;"; (b)

pathways depicted in Scheme 1 are isomerically ionized pyridine,2 *; (c) and (d) ionized pyridine-3-yliden&; *,
“ y - . generated from andll, respectively (see Scheme 1); (e) ionized
pure” is further attested by the observation that the pyridine-4-ylidene *: and (f) NRICA spectrum of the survivor

m/z 79 CNgN * ions generated by the loss of CO

ions from3 *. See text for further details.



D.J. Lavorato et al./International Journal of Mass Spectrometry 179/180 (1998) 7-14 11

Table 1
Calculated energies for selectedHGN neutral species, radical cations, and transition structures for 1.2-hydrogen migr&tions

E,o (kcal mol1)®

Species Symmetry/state ZPVE (kcal mdl B3LYP/6-31G** CCSD(T)/ANO-TZP
1 (singlet) QA 55.6 46.8 43.4
TS 1/2 (singlet) GA’ 51.3 85.1 85.5
2 (singlet) GJ'A, 55.8 0.0 0.0
TS V3 (singlet) GlA 51.3 120.2 118.6
3 (singlet) GA’ 54.8 61.2 57.8
TS 3/4 (singlet) GIA’ 51.3 127.5 126.6
4 (singlet) CJA, 55.1 63.1 59.6
1 (triplet) C>A 53.3 82.4 83.5
TS 12 (triplet) C°A 49.4 133.8 135.7
2 (triplet) CA 52.3 81.8 84.0
TS 13 (triplet) CSoA 49.9 131.9 136.3
3 (triplet) C°A 52.7 81.6 82.9
TS 3/4 (triplet) CA 49.7 138.9 141.6
4 (triplet) C3A’ 53.4 81.9 82.6
r+ C12A’ 56.1 204.2 208.1
TS1 +/2+ C,%A 54.5 264.3 271.3
2+ C,A 54.2 203.1 210.0
TS1*/3+ C12A 52.0 271.4 277.3
3+ CSZA’ 56.3 203.5 207.4
TS3 */4+ C2A’ 52.1 268.6 274.1
4+ Co A, 56.3 201.3 205.1

2 E = —248.29260 hartree.
PEo = —247.71758 hartree.
¢ Corrected for ZPVE.

from the low energy (metastable)/z 107 ions (see  This reinforces our conclusion that tBedistonic ions

Scheme 1) yield essentially the saméz 28:m/z 26 3 * are isomerically pure and also that thalistonic
ratio, 2.02= 0.03 (after correcting for the substantial ions4 *, whose CA mass spectrum is otherwise fairly
13C contribution from the transitiom/z 106 — m/z close to that of3’ *, do not effectively communicate
78 + CO; result not shown). with the g-distonic ion3 .

The partial mass spectrum of the remaining hydro-  One-electron reduction of the 6 ke3/distonic ion
gen shift isomer of ionized pyridine (i.e4 *) is 3 * from I'* by neutralization withN,N-dimethyla-

shown in Fig. 1(e). This spectrum exhibits the largest niline [6] followed by reionization with Q yields a
m/z 28:m/z 26 ratio, 2.27+ 0.03, and it also features NR mass spectrum dominated by a survivor iomét
m/z 37 (C;H™) as the most prominent peak in thiéz 79. These ions were selectively transmitted to the 3ffr
37-m/z 39 cluster of ions. Considering the results of and subjected to CA using,OThe resulting survivor
our theoretical calculations on the ions (see Table 1, CA mass spectrum is given in Fig. 1(f) and its close
which summarizes our computational findings for the similarity with the CA mass spectra of the ios*
ions1 *—4 *, their neutral counterparts4, and the [Fig. 1(c) and (d)] leaves little doubt that most
isomerization barriers separating the various species) neutralized ions3 * have retained their structural
it is seen that (1) all four isomeric ions have closely integrity and thus that pyridine-3-ylidergeis indeed
similar stabilities and (2) the barriers separating the a stable species in the gas phase. This conclusion is
ionic isomers are uniformly high, 50—60 kcal/mol. fully corroborated by our calculations (Table 1).
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Fig. 2. Schematic potential energy surface [CCSD(T)/ANO-TZP//B3LYP/6-31G**] for neutral and catigHigNGsomers. Relative energies
are given in kcal mol*. Detailed geometries of all species are available upon request from thda0531@argon.chem.tu-berlin.de

3.2. Computations

In view of our previous detailed discussion [6] of
the potential energy surfaces (PESs)lotl *, 2, and
2 " and of related theoretical work on the,HGN-
PES [7], as well as for ionized pyridir&* [38—42],

excitation energies, as well as the ionization energies,
are consistently larger by-3—4 and 7 kcal mol?,
respectively, at the CCSD(T)/ANO-TZP level com-
pared with B3LYP/6-31G**.

For neutral, singlet gH:N, pyridine2 is by far the
most stable species, followed Hy[43.4 kcal mol %,

a brief presentation of our present theoretical findings CCSD(T)]. The isomers3 and 4 are higher still,
(summarized in Table 1 and Fig. 2) may suffice. First almost 60 kcal mol* above2. However, significant

of all, we note that the B3LYP/6-31G* and CCSD(T)/

activation barriers hinder the unimolecular, spontane-

ANO-TZP energetic data are generally in good agree- ous isomerization into pyridine. The lowest of these

ment. The largest deviation amounts te7 kcal

barriers is betweefh and2 and is still more than 40

mol~%. The quality of the quantitative results can be kcal mol * abovel. For the triplets and the cationic

assessed by a comparison of the experimentally well (S =

known adiabatic ionization energy of pyriding) (of
214.9 kcal mol'! with the corresponding value pre-
dicted at CCSDC(T)/ANO-TZP and B3LYP/6-31G**
of 210.0 and 203.7 kcal mot, respectively. Simi-
larly, the experimentaTl,, for the *B, < A, excita-
tion of 84.8 kcal mol' is well reproduced at
CCSD(T)/ANO-TZP (84.0 kcal molt), whereas the
B3LYP/6-31G* result is slightly smaller (81.8 kcal
mol™%). It is a general trend that the singlet/triplet

1/2) species, there is no isomer with a
comparably unique energetical advantage as pyridine
for the neutral singlets. All four isomers (i.e., the
triplets of 1-4 and the radical cation *—4 *) are
almost isoenergetic: their relative stabilities differ by
not more than 1.4 and 4.9 kcal mdlfor the neutral
triplets and the cationic doublets, respectively. The
same applies to the barriers for the respective 1,2-
hydrogen migrations. They are all of comparable
height, between 50 and 60 kcal molon both PESs.
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Furthermore, we note that on all three PE$s4
are genuine minima with positive definite Hessian
matrices.

Finally, the large barriers to isomerization, indi-
cated by the computational and experimental results,
clearly point to the possibility of directly observing
the ylide isomers of pyridine (i.€l, 3, and4) in the
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