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C4H4* reacts with pyridine (CsHsN) via the channels of proton transfer, charge transfer and condensation
with H-elimination. The condensation reaction is of general interest in terms of basic chemistry and is the
focus of the present study. By means of theoretical calculations and Fourier transform mass spectrometer
experiments using deuterated pyridine and substituted pyridines, the structure of the product ion and
the reaction pathways are investigated. From the experimental results we find that the H atom that is
eliminated can originate from either pyridine or C4H4*. The experiments show that elimination of an
H atom from C4H,4* is preferred and that there is an observable kinetic isotope effect. By replacing H
atoms with methyl groups in ortho positions of pyridine, the experimental results also suggest possible
steric blocking to the condensation. Based on the experimental observations and results of theoretical
calculations of several possible structures of intermediates, transition states, and final product ions, a
possible reaction scheme for the condensation-H-elimination is discussed.
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1. Introduction

In a recent paper by Cooks et al. [1], the authors have sum-
marized the importance of ion-molecule reactions measured in
the gas phase at low gas densities, and many diverse applications
of ion-molecule reactions to modern technologies were outlined.
The importance of mass spectrometry studies to organic chem-
istry was emphasized. There is now a long list of named reaction
mechanisms that have benefitted from sophisticated ion-molecule
reaction studies. Pyridine and its derivatives are important in the
chemical industry and ion-molecule reactions involving pyridine
have received increased recent attention [2]. In an earlier paper we
measured the electron impact ionization and ion-molecule reac-
tions of pyridine [3], and found that C4H4* formed by electron
impact on pyridine reacts with the parent molecule CsHsN via the
reactions:

C4H4++C5H5N - C5H6N++C4H3 (34%) (1)
C4Hyt +CsHsN — CsHsN' 4+ C4Hy  (12%) 2)
C4Hy* +CsHsN — CoHgN* +H  (54%) (3a)

where the branching ratios are shown in parentheses. CsHsN*
in turn undergoes a secondary reaction with CsHsN to form
CsHgN* [3]. Reactions (1) and (2) are proton transfer and charge
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transfer, respectively, while reaction (3a) is condensation with H-
elimination. Reaction (3a) is of interest in terms of basic chemistry
with regard to the structure of the product ion and the reaction
mechanism. Earlier theoretical studies on adducts of selected ions
with pyridine indicated that the reaction site of pyridine is the N
atom [4-7]. However, in a recent study on the condensation reac-
tion between pyridine with CsH4N* generated by electron impact
ionization on pyridine, it was proposed that the reaction site is on
the meta position of the pyridine [2]. In our previous study [3], we
found that the H atom being eliminated in the condensation process
can be from either the ionic reactant or pyridine, according to our
experimental observation of the reaction of C4D4* with pyridine:

C4D4* +CsHsN — CoHsD3N* +D (3b)

C4D4+ +CsHsN — C9H3D4N+ +H (3C)

with a (3b) vs. (3c) branching ratio of ~2:1. The loss of the H atom
from pyridine suggests that other reaction sites of pyridine besides
the N atom are involved in the reaction mechanism.

To investigate the condensation-H-elimination reaction (3a), in
the present study we perform theoretical calculations on possi-
ble structures of the product ions and experiments using Fourier
transform mass spectrometry (FTMS) on gas-phase ion-molecule
reactions of C4D4* with pyridine and substituted pyridines. Based
on the results of the calculations and experiments, new insights are
obtained and the condensation reaction pathway is discussed.


http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:alan.garscadden@wpafb.af.mil
dx.doi.org/10.1016/j.ijms.2009.07.009

C.Q. Jiao et al. / International Journal of Mass Spectrometry 288 (2009) 22-35 23

2. Experimental and theoretical methods

All of the experiments are performed using a modified FTMS
equipped with a cubic ion cyclotron resonance (ICR) trapping cell
(5cm on a side) and a 2T superconducting magnet [3,8]. The the-
ory and methodology of FTMS have been well documented in the
literature [9-11]. Pyridine-ds (CsDsN, 100.0at.% D, Aldrich) and
one of the pyridines (pyridine or substituted pyridines): pyridine
(CsHs5N, 99.9+%, Aldrich), 2,6-dimethylpyridine (2,6-CsH3(CH3 )N,
99+%, Sigma-Aldrich), 3,5-dimethylpyridine (3,5-CsH3(CHs3),N,
98+%, Aldrich), or 4-methylpyridine (4-CsH4CH3N, 99%, Aldrich),
are introduced into the FTMS system through two precision leak
valves, respectively. The pressure ratio of pyridine-ds to pyridine
or one of the substituted pyridines is set to approximately 1:1 using
the ionization gauge, while total pressure of the mixture in the ICR
cell is in the range of 10~7 Torr. For these measurements, an accu-
rate pressure ratio is not required so the ionization gauge readout
is adequate. The reactant ion C4D4* is generated along with other
ions by electron impact ionization on CsDsN in the mixture. For
the experiment where the reaction of C4H4* with CsDsN is studied,
electron impact ionization on CsHsN produces the reactant ion. An
electron gun (Kimball Physics ELG2, Wilton, NH) is used to irradiate
the cell with a few hundred picocoulombs of 50-eV electrons to pro-
duceionization. The motion of the ions is constrained radially by the
superconducting magnetic field and axially by a 3-V electrostatic
potential applied to the trap faces that are perpendicular to the
magnetic field. C4D4* or C4H4" is selected from other ions gener-
ated by electron impact ionization of the gas mixture, using Stored
Waveform Inverse Fourier Transform (SWIFT) [12-14] applied to
two opposing trap faces which are parallel to the magnetic field.
A time delay varying from 0 to 300 ms is inserted between the ion
selection and ion detection to allow C4D4* or C4H4* to react with
the gas mixture. For ion detection, ions of all mass-to-charge ratios
are simultaneously and coherently excited into cyclotron orbits
using SWIFT. Following the cyclotron excitation, the image cur-
rents induced on the two remaining faces of the trap are amplified,
digitized and Fourier analyzed to yield a mass spectrum.

Quantum chemical calculations were performed to predict the
structures and relative stabilities of multiple possible isomers and
transition states of potential reaction intermediates CgHgN* and
C9HgN*. Specifically, second order perturbation theory methods
(denoted as MP2, and also known as MBPT(2)) [15] were used
in conjunction with the 6-311G(d,p) basis set [16], denoted as
MP2/6-311G(d,p) for closed shell systems, whereas “Z-averaged”
second order perturbation theory [17] (ZAPT(2)/6-311G(d,p)) was
employed for open-shell species. Relative energies were refined
using “completely renormalized” coupled cluster [18] single point
energy calculations (denoted as CR-CCL(2,3)/6-311G(d,p)//MP2/6-
311G(d,p) and CR-CCL(2,3)/6-311G(d,p)//ZAPT(2)/6-311G(d,p) for
closed and open shell systems, respectively, or simply as CR-CCL
for notational convenience). Local minima were verified as such
by diagonalization of the matrix of energy second derivatives with
respect to nuclear coordinates (i.e., the Hessian matrix). Zero-point
vibrational energy corrections were obtained using harmonic fre-
quencies scaled by a factor of 0.9748 [19]. All computations were
performed using the GAMESS [20] quantum chemistry code.

3. Results and discussion

Because the nitrogen atom in pyridine possesses a pair of
non-bonding electrons, reactions of cations with pyridine tend to
proceed through the ion-dipole interaction between the ions and
the nitrogen atom of pyridine. A recent theoretical study by Pull-
man et al. [4] on the reactions of tetramethylammonium ion (TMA*)
with aromatics has found that whereas benzene interacts with

TMA®* through the “cation-w” binding, the more polar molecule,
pyridine, interacts more strongly with TMA* and adopts an ori-
entation with its nitrogen atom toward the ion to maximize the
N-N Coulomb attraction. In a study on reactions of SF3* with ben-
zene and pyridine by Sparrapan et al. using ab initio calculations
[6], similar results are found: pyridine-SF3* is covalently bonded
through nitrogen while benzene-SF3* is a loosely bonded 7 com-
plex. Even the ortho-substituted pyridines can form N-coordinated
binding with SiF* and SiF3* [5], not hindered by the steric factor.
In a theoretical study by Rodgers et al. [7] metal ions also prefer to
bind to the nitrogen atom rather than to the 7 cloud of the aromatic
ring of pyridine.

From the results of the above studies, the mechanism of the
condensation reaction of C4H4* with pyridine may be envisioned
as occurring via the formation of a covalent bond between N atom
of pyridine and a C atom of C4H4"*, followed by loss of an H atom
from the C4H4 moiety. However, this mechanism cannot explain
the experimental observation that H atoms originally from either
pyridine or C4H4* can be eliminated, as mentioned in the Introduc-
tion. Therefore, a modified N-coordinated reaction mechanism will
be explored.

C4H,4* is generated in our FTMS experiments by electron impact
ionization of pyridine, and is believed to consist of two stable
isomers, namely, vinylacetylene cation (VA*) and methylene cyclo-
propene cation (MCP*). In a study by Lifshitz et al. [21] on the
gas-phase chemistry of C4H4*, reactions between C4H4* and pyri-
dine including proton transfer were observed, with the decay of
C4H4* showing a single-exponential decay, but in the reactions of
C4H4* with benzene, the decay of C4H4* was found to be double-
exponential, which the authors considered as an indication of the
presence of two C4H4* structures. In a study by Ausloos [22] on
the structure of C4H4* produced by electron impact ionization of
benzene and pyridine, it was claimed that at least two different
C4H,4* isomers were present, one which reacted with benzene and
one which did not. Using ion-molecule reactions involving com-
pounds with varying ionization energies (IEs) to bracket the IEs of
the reactive and unreactive C4H4*, the author identified these two
forms of C4H4* as VA* and MCP*, respectively, whose populations
were 50:50 when formed by 15-eV electron impact on pyridine.In a
study by Wagner-Redeker et al. [23] on the structure and reactivity
of C4H4*, two stable isomers were also identified by the authors,
the linear isomer VA* and the cyclic isomer MCP”*, in agreement
with observations of Ausloos. The linear isomer reacted with CoH,
at a rate constant of 3+ 1.5 x 10-1% cm3/s while the cyclic isomer
reacted extremely slowly [23]. As mentioned in our previous paper
[3], we observed no obviously double-exponential decay of C4H4*
inits reaction with pyridine. This observation does not preclude the
possibility of multiple isomers of C4H4*. To probe this possibility,
the experimental data of the C4H4* reaction are re-examined by
fitting them to different kinetic models, shown in Fig. 1, where the
symbols are the experimental data of the ion intensities acquired
after a cooling period of 0.3 s (under ~1 x 10~ Torr total pressure
of Ar and pyridine) for C4H4* to be thermalized prior to the reaction
[3]. The dashed lines are the fits of a kinetic model assuming only
one isomer of C4H,*, as described by equations (4)—(7):

C4H4t +CsH5N — CgHgN*t +H (4)
C4Ha" +CsHsN — CsHsN*t 4+ C4Hy (5)
C4H4" +CsHsN — CsHgN' +C4H3 (6)
CsH5N* + CsHsN — CsHgNT + C5HyN (7)

with the fitting parameters, the rate constants of reactions (4)-(7),
as 5.940.1, 0.3+0.1, 2.7+0.1 and 2.0+ 1.4s~ !, respectively. The
solid lines are the fits of a kinetic model based on an assumption of
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Fig. 1. Reaction time dependencies of ion intensities in the reaction of C4Hs* with
CsHsN. Symbols are experimental data, while the dashed lines are the fits of a kinetic
model described by Eqs. (4)-(7), and solid lines are fits of a kinetic model described
by Egs. (8)-(12) (see the text).

two C4H,4* isomers, namely, MCP* and VA*:

MCP* + CsHsN — CoHgN* +H (8)
VA* + CsHsN — CoHgN* +H 9)
VA* +CsHsN — CsHsN* + C4Hy (10)
VA* + CsHsN — CsHgN* + C4Hs (11)
CsHsN* + CsHsN — CsHgN* + CsHyN (12)

The resultant fitting parameters are 7.3 +0.2,0.9+0.9,3.7 £ 0.4,
10.3+0.7, 7.6 £0.7 s~ for the rate constants of reactions (8)-(12),
respectively, and 68 + 2% for the percentage of MCP* in the C4H4*
population before the reaction. From Fig. 1 it can be seen that while
the one-isomer model fits the experimental data poorly, especially
for CsHs5N*, the two-isomer model fits the data reasonably well
except for the last data points of CsHsN* and C4H,* (these two data
points may have large relative errors due to their low magnitudes).
The kinetic model in (8)-(12) is based on the following thermo-
chemical consideration: the IEs of CsHsN, MCP and VA are 9.25,
8.15, and 9.58 +0.02 eV [24], and the acidities of CsHgN*, MCP*
and VA" are 9.63 [25], 10.37 [26], and 8.53 eV [26], respectively,
which indicate that VA* can undergo charge transfer and proton
transfer with CsHsN ((10) and (11)) but MCP* cannot. We have con-
sidered another two-isomer kinetic model in which MCP* cannot
undergo condensation (8) at all, but the fitting result is as poor as
the one-isomer model in (4)-(7). Data fitting based on two energy
states of C4H,4*, the ground state that has the condensation reac-
tion channel and an excited state that has all reaction channels
and can relax to the ground state, is very close to the fitting of the
two-isomer model, and therefore the possibility of excited state
ions being involved in the reactions cannot be excluded. Based on
the discussions in the referenced papers [21-23] and the thermo-
chemical data mentioned above, it appears that the two-isomer
kinetic model in (8)-(12) describes the reaction of the majority of
the C4H4* population. Since the reaction rate of (8) is a factor of 8
larger than that of (9), which means that the condensation is domi-
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Fig. 2. Mass spectrum of reaction of (a) C4Hs* and (b) C4D4* with a mixture of
CsHsN/CsDsN in a ratio of ~1:1. The peak height of the reactant ion has been scaled
by a factor of 1/4.

nated by the reaction of MCP*, in the rest of the paper we focus our
discussion on MCP* in its condensation with pyridine.

Fig. 2a shows a typical reaction spectrum of C4H4* with a mix-
ture of CsH5N/CsDsN (1:1) after a 20-ms reaction time and, for
comparison, Fig. 2b shows a reaction spectrum of C4D4* with the
mixture of CsH5N/C5DsN. The reaction time and the reactant gas
pressures are chosen such that the mass spectrometer samples the
ion population at an early reaction stage in which the primary
product ions are unquestionably observed and yet the secondary
reactions are not significant enough to severely complicate the ion
population. Peaks in the spectra are labeled to indicate the reaction
type rather than the product ion composition, e.g., ‘a’ indicates con-
densation with the loss of H (or D) atom originally from the ionic
reactant, while ‘b’ indicates condensation with the loss of H (or D)
atom originally from the neutral reactant; ‘d’ is the charge transfer
betweenreactants that have different H-isotope content, while ‘g’ is
the charge transfer between reactants that have the same H-isotope
content, as shown in the following equations:

For Fig. 2a:

C4Hgt +CsDsN — CgDsH3N* (135) + H (a)
C4Hy" +C5DsN — CgDg4H4NT (134) + D (b)
C4H4" +C5DsN — CsDsHN*(85) + C4H3 (c)
C4Hst +CsDsN — CsDsNT (84) + C4Hy (d)
C4Hyt +CsHsN — CgHgN™ (130) + H (e)
C4Hst + CsHsN — CsHgN' (80) + C4H3 (f)
C4Hy" +CsHsN — CsHsN' (79) + C4Hy (g)
For Fig. 2b:

C4D4t +CsHs5N — CgHsD3N* (133) + D (a)
C4D4" +CsHsN — CgH4D4NT (134) + H (b)
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C4D4* +CsHsN — CsHsDN* (81) + C4Ds3 (©)
CaD4* +CsHsN — CsHsN* (79) + CaDy (d)
CaD4* +CsDsN — CoDgN* (138) + D (e)
CaD4* +CsDsN — CsDgN* (86) + C4Ds 6
C4D4" +C5DsN — CsDsN*(84) + C4Dy4 (2)

The numbers in parentheses are the nominal masses of the prod-
uct ions. The observation of ‘c’ and ‘f’ confirms the proposed proton
transfer mechanism; similarly the observation of ‘d’ and ‘g’ confirms
the proposed charge transfer mechanism. The two ions labeled
“A” and “B” in the mass spectra are identified as secondary reac-
tion product ions. For example, in Fig. 2a they are CsDgN* (86)
and CsHsDN* (81) respectively, which cannot be formed directly
by C4H4* +CsHsN or C4Hs* +CsDsN because the reaction cannot
be stoichiometrically balanced. In the investigation of the reac-
tion time dependence of the mass spectrum, we found that while
the reactant ion exponentially decays as a function of the reaction
time, all primary product ions keep increasing in intensity except
CsHsN* and CsDsN*. These two ions decay after reaching maxima
at ~100ms because they undergo proton transfer [3] with pyri-
dine, producing CsHgN*, CsHDsN*, CsDgN* and CsHsDN* as the
secondary product ions:

CsHsN* +CsHsN — CsHgN' (80) + CsHyN (13a)
CsHsNt +CsDsN — CsDsHNT (85) + CsHyN (13b)
CsDsN* +CsHsN — CsHsDNT (81) + CsD4N (13¢)
CsDsN* +CsDsN — CsDgNT (86) + CsD4N (13d)

The branching ratio of ‘a’ vs. ‘b’ is ~4:1 in Fig. 2a and ~2:1 in
Fig. 2b. From these values we conclude that the loss of an H atom
originally from the reactant ion is favored over the loss of an H
atom from pyridine and that there is a kinetic isotope effect. That
is, the observed branching ratio of ‘a/b’ is the combination of the
favoring factor (F) and the isotope effect (k"/kP, in which kH and
kP are the rate constants of reactions involving H atom or D atom,
respectively):

For Fig. 2a:

kH
F x (kD> ~ 4;

For Fig. 2b:
kP
F x <kH> ~ 2.

Solving the above equations for F and kH/kP yields the favoring
factor F~2.8 and the expected kinetic isotope effect k"/kP ~1.4.

The reaction path for the combined condensation plus H-
elimination reaction therefore must be able to account for: (1)
elimination of H atoms originally from pyridine or C4H4*, (2) the
preferred elimination of an H atom originally from C4H4*, and (3)
the observed isotope effect.

In order to identify the most stable [CoHgN]* and [CgHgN]" iso-
mers, several possible structures were computed as functions of
(i) the point of attachment of the incoming C4H4* moiety to pyri-
dine and (ii) the location of the substituent on the ring (ipso, meta,
ortho, or para). Fig. 3 shows the ZAPT(2)/6-311G(d,p) optimized
structures and relative energies of 14 isomers of [CgHgN|*. The six
isomers in Fig. 3a correspond to structures that could be formed

by a hypothetical two-step process involving (i) proton transfer
from MCP* to pyridine, followed by (ii) addition of the remaining
C4Hj3 neutral radical (denoted as R; in Fig. 3a) to the just-formed
[CsHgN]* cation. The five isomers in Fig. 3b correspond to [CgHgN]*
adducts obtained from the formal addition of the MCP* radical
cation (denoted as Rp,) in which the point of attachment to pyri-
dine is the methylene carbon atom. Similarly, the three isomers in
Fig. 3c are derived from the addition of MCP* via the central carbon
atom in the three-membered ring (denoted as R¢) to pyridine.

The most stable of the 14 isomers is 2-Rc, in which one of the
ortho hydrogen atoms in pyridine has migrated to the nitrogen
atom and the R. ligand is attached at the available ortho posi-
tion. Isomer 2-Ry, the most stable of the five isomers in Fig. 3b,
has an ortho geometry similar to 2-R. and is less stable by only
3.0kcal/mol. Note that an additional conformer of 2-Ry, labeled
2-Ry,, was located and found to be higher in energy than 2-R;, by
4.8 kcal/mol. The six R, isomers in Fig. 3a are considerably higher
in energy and are not discussed further.

Similarly, Fig. 4a and b summarize the MP2/6-311G(d,p) opti-
mized structures and relative energies of nine isomers of the
[CoHgN]* cation. Figs. 4a and 4b shows six and three isomers,
respectively, resulting from the formal elimination of H* from the
pyridine ring moiety in the [CoHgN]* isomers shown in Fig. 3a
and b, respectively. The most stable [CogHgN]* isomer is the
ortho-substituted vinylacetylene derivative, labeled A-R¢ in Fig. 4c.
Similarly, the most stable of the six isomers in Fig. 4a, B-R,, has
an ortho substituent, although the para-substituted isomer D-R,
is essentially isoenergetic. Furthermore, the ortho-substituted iso-
mer A-Ry, is the most stable of the three structures shown in Fig. 4b.
Thus, there is a consistent thermodynamic preference for formation
of ortho-substituted isomers of [CoHgN]*. Twenty-two additional
[CoHgN]* structures were also computed but are not shown. These
include (a) 7 high-energy isomers formed by attachment of MCP*
to pyridine via one of the carbon atoms in the cyclopropene ring,
with energies ranging from 27 to 93 kcal/mol relative to A-R¢, and
(b) 15 isomers derived from the less stable VA* and BT* isomers of
C4H4+.

The above theoretical results suggest that the ortho position
of pyridine may be involved in the reaction mechanism. To ver-
ify this issue, we have performed experiments using pyridines
substituted by methyl groups in ortho, meta and para positions,
i.e. 2,6—C5H3(CH3 )2N, 3,5—C5H3(CH3 )2N and 4—C5H4CH3N, respec-
tively, for the purpose of probing possible steric blocking. The steric
blocking technique has been used in mass spectrometer studies
to investigate ion fragmentation mechanisms [28-32]. For exam-
ple, substitution of ortho positions of n-butylbenzene molecule
by methyl groups has been found to suppress the hydrogen rear-
rangement completely. This is considered an indication that the
rearrangement involves a six-membered transition state involving
the side chain and the ortho position [28].

Fig. 5 shows the reaction mass spectrum of C4D4* with
2,6—C5H3(CH3 )2N/C5D5N, 3,5—C5H3(CH3)2N/C5D5N and 4-
CsH4CH3N/CsDsN, respectively, with peaks identified as the
product ions of the following reactions:

C4D4* +2, 6-CsHs(CH3 )N — Cq1HgD3N* (161) + D (a)
C4D4* +2, 6-CsHs(CH3),N — Cq1HgD4N* (162) + H (b)
C4D4* +2, 6-CsH3(CH3 ;N — C7HDN* (109) + C4D5 (©)
C4D4* +2, 6-CsHs(CH3 )N — C7HgNT (107) + C4Dy (d)
C4D4* +3, 5-CsHs(CH3),N — Cq1HgD3N* (161) + D (a)
C4D4* +3,5-CsH3(CH3 ;N — Cq1HgD4N* (162) + H (b)
C4D4* +3, 5-CsHs(CH3),N — C7HgDN* (109) + C4D5 (©)
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Fig. 3. ZAPT(2)/6-311G(d,p) structures and relative energies, enclosed in parentheses (in kcal/mol, including scaled zero-point vibrational energy corrections) of CoHgN*
isomers. The carbon atom marked by an asterisk in the Ry fragment is the point of attachment to the pyridine ring.

C4D4++3, 5—C5H3(CH3)2N — C7H9N+(107) + C4Dy4 d

CaD4* +4-CsHa(CH3)N — CioH7D3N* (147) + D

(d)
( (a)
C4D4" +4-CsHy(CH3)N — CyoHgD4N™ (148) + H (b)
( (0)
( (d)

a

CaDy* +4-CsHa(CH3)N — CgHyDNT (95) + C4D3 c
CaDa* +4-CsHa(CH3)N — CgHyN* (93) + C4Dy4 d
and

CaD4* +CsDsN — CoDgN* (138) + D (e)
CaD4* +CsDsN — CsDgN* (86) + C4Ds )
C4D4" +CsDsN — CsDsN* (84) + C4D4 (g)

As seen in Fig. 5a, in the reaction of C4D4* +2,6-CsH3(CH3 )N,
product ions ‘a’ and ‘b’ are significantly suppressed compared to
Fig. 5b. In addition, a new product ion at m/z 148 marked by *,
with a rather small branching ratio, is formed, probably due to a
condensation-methyl-elimination:

C4D4++2, 6—C5H3(CH3)2N — C]0H5D4N+(148) + CH3

The above experimental results are in agreement with the
assumption that the ortho positions of pyridine are involved in the
condensation reaction. In comparison, ‘a’ and ‘b’ in Fig. 5b and c,
for the reactions of C4D4* with 3,5-CsH3(CH3);N and 4-CsH4CH3N
respectively, show no sign of reduced intensities compared to
Fig. 2b, suggesting that the involvement of the meta and para
positions of pyridine in the condensation reaction can be ruled
out.

Based on the above discussion, a possible reaction pathway for
(3) is as depicted in Scheme 1, which uses the methylene cyclo-
propene isomer as the structure for C4H4*. The calculated atomic
charges and spin populations of the species shown in the scheme
are highly delocalized. Nonetheless, notional assignments of radi-
cal and charge sites are made in order to identify the key radical
and charge migration steps in the proposed reaction pathways.
As pointed out by Hoffmann and Stroobant [33], the radical and
charge sites play important roles in deducing the reaction pathway;
it is these sites that initiate certain electron movements within
the ionized complex during rearrangement and cleavage processes,
namely, radical migration and charge migration, respectively. In the
scheme we denote the formal movement of individual electrons,
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Fig.4. MP2/6-311G(d,p) structures and relative energies, enclosed in parentheses (in kcal/mol, including scaled zero-point vibrational energy corrections) of CoHgN* isomers.
The carbon atom marked by an asterisk in the Ry fragment is the point of attachment to the pyridine ring.

which results in radical migration, by the use of single-headed
arrows.

The mechanism in Scheme 1 has been examined in detail using
theoretical calculations. However, as illustrated in a recent study
[27] of the [CsHsN]* — HCN+MCP* reaction pathway, complete
characterization of a reaction pathway can be quite challenging.
Indeed, we do not claim that the pathway shown in Scheme 1 is the
only possible mechanism which can account for the experimental
observations noted above.

Fig. 6a illustrates the ZAPT(2)/6-311G(d,p) relative energies
of several stationary points of a proposed mechanism for the
CsHsN+[C4H4]" — [CgHgN]" — CgHgN +H* reaction channel. The
corresponding CR-CCL(2,3)/6-311G(d,p)//ZAPT(2)/6-311G(d,p) rel-
ative energies, including scaled ZAPT(2)/6-311G(d,p) zero-point
vibrational energy corrections, are shown in Fig. 6b and also are
listed in Table 1. The stationary point geometries are illustrated
in Fig. 7. The intermediates, each of which has all positive vibra-
tional frequencies and therefore is a local minimum, are labeled
I-j =0-9) in Figs. 6 and 7 and Table 1. The transition states, each
having exactly one imaginary frequency, are labeled as TS-j,k to
denote that the minimum energy paths starting from TS-j,k lead
to intermediates I-j and I-k. Note that transition states TS-2,2 and
TS-4,4 connect energetically equivalent mirror images of interme-
diates I-2 and I-4, respectively. One of the stationary points shown
in Fig. 6 has two imaginary frequencies and thus is a second order
transition state, labeled as SOTS. With the exceptions of TS-2,3,
TS-3,4, TS-4,4, and TS-4,6 (see below), the minimum energy paths
connecting the transition states to the corresponding intermedi-
ates were traced using the second order Gonzales and Schlegel
[34] or the linear (Euler) intrinsic reaction coordinate (IRC) algo-

Table 1
Predicted relative energies (in kcal/mol) of [CoHgN]* stationary points.

Geometry? MP2P MP2 +ZPEb-¢ CR-CCL+ZPE4
Reactants 0.0 0.0 0.0
1-0 (Cs) -15.9 -15.2 -13.2
I-1(Cy) -33.0 -29.2 —25.2
TS-1,2 (Cq) -17.5 -16.9 -15.0
-2 (Cy) —38.6 -36.8 -32.1
TS-2,2 (Cs) -33.9 -324 -275
TS-2,3 (Cs) -11.1 -11.8 -5.6
TS-2,5 (C1) -7.1 -5.4 -3.5
I-3 (Gs) —-11.2 -8.7 -1.7
TS-3,4 (Cs) -89 -9.2 -5.7
SOTS (Cs) -16.9 -14.7 -12.2
-4 (Cy) -20.7 -18.0 -15.1
TS-4,4 (Cs) -20.3 -17.6 -14.9
TS-4,6 (Cs) 22.6 213 28.3
I-5(Cq) -27.9 -21.5 -18.3
TS-5,6 (C1) 45.1 429 51.0
TS-5,7 (C1) 5.6 43 9.4
1-6 (Cs) 22.1 28.7 38.2
TS-6,7 (Cs) 28.2 26.4 32.2
I-7 (Cs)+H -74 -10.3 0.3
TS-1,9 (C1) 8.4 6.7 12.2
1-9(Cy)+H -0.5 -3.7 6.1
Products —25.2 —28.3 -18.0
2 Point group symmetry shown in parentheses.

b ZAPT(2)/6-311G(d,p)//ZAPT(2)/6-311G(d,p) energies, relative to

CsHsN +[C4H4]* reactants.
¢ Including scaled ZAPT(2)/6-311G(d,p) zero-point vibrational energy corrections.
d CR-CCL(2,3)/6-311G(d,p)//ZAPT(2)/6-311G(d,p) energies, including scaled
ZAPT(2)/6-311G(d,p) zero-point vibrational energy corrections, relative to
CsHs5N +[C4Hy4]* reactants.
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Scheme 1. A possible mechanism for the reaction of C4H4* + pyridine (see the text). The labels I-0, I-1, etc. correspond to those in Figs. 6 and 7.

rithms implemented in GAMESS. In the following discussion, all
energies refer to the CR-CCL + ZPE level of theory unless otherwise
noted.

The initial step of the proposed mechanism is the barrierless
[35] formation of the ion-dipole complex “I-0” (shown in Fig. 7a)
from the CsHsN+[C4Hy4]* reactants, which is downhill in energy
by 13 kcal/mol. Also shown in Fig. 7a is a partial atomic numbering
scheme labeling the key atoms in the proposed mechanism. The
next step in the mechanism is the formation of a bond between the
nitrogen atom and C,, leading to intermediate I-1, shown in Fig. 7b.
Several unsuccessful attempts were made to locate the intervening
transition state TS-0,1. However, it appears that the barrier rela-
tive to I-0 is rather small as shown by a sequence of constrained
geometry optimizations in which the R(N-C,) distance was held
fixed while the remaining geometrical degrees of freedom were
fully optimized [36].

The next step in the mechanism is a carbon shift isomerization of
[-1 via TS-1,2 (Fig. 7c) to form I-2 (Fig. 7d), in which the N-C; bond is
broken and the N-C3 bond is formed. (The additional reaction path
from I-1 to form I-9 via TS-1,9 is discussed later.) This step has a
barrier of about 10 kcal/mol relative to I-1 but the transition state
is below the relative energy of the initial reactants by 15 kcal/mol.
Isomer I-2 is the most stable of all the intermediates in the entire
reaction scheme shown in Fig. 6, with an energy of —32 kcal/mol
relative to the reactants. Two additional reaction pathways were
found leading away from I-2, one of which forms I-3 (shown in
Fig. 7f) via TS-2,3 (see Fig. 7e) and is the initial step of a hydrogen
transfer from the 3 position in pyridine (C;) to the C, atom in the

original methylenecyclopropenium reactant. The remaining path-
way from I-2, leading to formation of I-5 via TS-2,5, is discussed
later.

There is a subtle point regarding the reaction pathway connect-
ing I-2 and TS-2,3. Since the transition state TS-2,3 has Cs symmetry
whereas the precursor I-2 has C; symmetry, the true minimum
energy path connecting these stationary points necessarily passes
through a bifurcation [37], at which point the symmetry of the
minimum energy path changes from Cs to C;. (Similar comments
apply to the reaction path joining TS-3,4 and I-4 as well as the
reaction pathway between TS-4,6 and I-4, which are discussed in
more detail below.) The Cs symmetry-constrained pathway from
TS-2,3 towards the precursor I-2, which diverges from the actual,
C;-symmetry minimum energy pathway beginning at the bifurca-
tion, leads to another transition state TS-2,2, shown in Fig. 7g. The
IRC starting from TS-2,2 proceeds smoothly to I-2, which suggests
that the actual minimum energy pathway starting from TS-2,3 leads
directly to I-2.Note that TS-2,3 and I-3 are nearly isoenergetic at
the ZAPT(2)/6-311G(d,p) level, with I-3 only 0.1 kcal/mol lower in
energy than TS-2,3, excluding ZPVE corrections. Inclusion of zero-
point corrections actually reverses the order of relative stability,
with TS-2,3 more stable than I-3 by 3.1 kcal/mol (see Table 1). The
near degeneracy of these two stationary points is consistent with
the remarkable similarity in the corresponding geometries, shown
in Figs. 7e and 7f. The primary structural differences between these
two stationary points are the R(C;-H;) and R(C,-H;) distances,
which are 1.336 and 1.339, respectively, in TS-2,3, and 1.383 and
1.304, respectively, in I-3. In fact, the geometry of I-3, with a bridg-
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Fig. 5. Mass spectrum of reaction of C4D4* with a mixture of (a) 2,6-
C5H3(CH3)2N/C5D5N, (b) 3,5-C5H3(CH3)2N/C5D5N or (C) 4-C5H4CH3N/C5D5N, in a
ratio of ~1:1. The peak height of the reactant ion has been scaled by a factor of 1/4.

ing C;-H;-C; linkage, is quite counterintuitive as a local minimum
and may be an artifact of the ZAPT(2)/6-311G(d,p) theoretical level.
This notion is consistent with the CR-CCL relative energies, which
predict I-3 to be less stable than TS-2,3 by 3.9 kcal/mol and there-
fore suggest that [-3 may not be a true local minimum at higher
level of theory (such as CR-CCL).

The next step in the H; transfer reaction is the formation of I-4
(see Fig. 7i) from I-3 via TS-3,4 (Fig. 7h), which has a barrier relative
to I-3 of only 2.3 kcal/mol at the ZAPT(2)/6-311G(d,p) level. Inclu-
sion of ZPVE reverses the order of relative stability of I-3 and TS-3,4,
with the latter being more stable by 0.5 kcal/mol. Furthermore, at
the CR-CCL level, TS-3,4 is more stable than I-3 by 4.0 kcal/mol.
These results provide further evidence that I-3 may not be a local
minimum at higher levels of theory.

As mentioned previously, there is a bifurcation along the
reaction pathway connecting TS-3,4 and I-4. The Cs symmetry-
constrained pathway from TS-3,4 leads to a second order transition
state (SOTS, shown in Fig. 7j); i.e., a stationary point with two imag-
inary vibrational frequencies. Two geometry optimizations were
subsequently performed, in which each optimization was initiated
by stepping away from the SOTS along the transition vector cor-
responding to one of the imaginary frequencies. Both geometry
optimizations readily converged to 1-4, which suggests that the

ﬁ
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Fig. 6. Relative energies of reaction mechanism intermediates (I), transition states
(TS), and second order transition states (SOTS). Solid lines denote reaction paths
explicitly traced by intrinsic reaction coordinate (IRC) calculations. (a) ZAPT(2)/6-
311G(d,p) relative energies. (b) CR-CCL(2,3)/6-311G(d,p)//ZAPT(2)/6-311G(d,p)
relative energies, including ZAPT(2)/6-311G(d,p) scaled zero-point vibrational
energy corrections.

actual minimum energy pathway starting from TS-3,4 leads directly
to I-4.

TS-4,4 (shown in Fig. 7k) is the transition state for internal
rotation about the C;-C3-N-C; torsion angle. Although the small
magnitude of the imaginary frequency (23icm~1!) precluded trac-
ing of the IRC, the minimum energy path presumably leads to 1-4
[38]. The barrier relative to I-4 is only 0.2 kcal/mol, indicating that
motion about the C;-C3-N-C; torsion angle is essentially unhin-
dered.

Besides the hydrogen transfer reaction via TS-3,4 and the inter-
nal torsion via TS-4,4, the only other reaction pathway leading from
-4 is the initial stage in a combined C;-C, ring closure plus hydro-
gen elimination process, to form I-6 (shown in Fig. 7m) via the
Cs-symmetry transition state TS-4,6 (Fig. 71). The barrier for this
reaction relative to I-4 is approximately 43 kcal/mol and the tran-
sition state TS-4,6 lies 28 kcal/mol above the initial reactants. As
mentioned previously, the actual minimum energy pathway join-
ing TS-4,6 and -4 goes through a bifurcation, at which point the
symmetry of the reaction path changes from Cs to Cy. Tracing the
Cs symmetry-constrained reaction path from TS-4,6 in the reverse
direction of the transition vector shown in Fig. 71 leads to TS-4,4,
which in turn leads to I-4. This suggests that the actual minimum
energy path from TS-4,6 leads directly to I-4. Tracing the minimum
energy path from TS-4,6 in the direction of the transition vector
shown in Fig. 71 leads to I-6 (Fig. 7m). Similar to the case of I-3,
the structure of I-6 is counterintuitive as a local minimum; i.e.,
the C, atom appears to be quasi-pentacoordinated, with unusu-
ally long bond lengths of 1.335 for C;-Hj,, and 1.832 angstroms
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for C;-C;. I-6 is only 0.5 kcal/mol more stable than TS-4,6 at the
ZAPT(2)/6-311G(d,p) level, excluding ZPE corrections. Inclusion of
ZPE effects reverses the order of relative stability, with TS-4,6
more stable than I-6 by 7.4 kcal/mol. Similarly, at the CR-CCL level
TS-4,6 is more stable than I-6 by nearly 10 kcal/mol, thereby sug-
gesting that -6 may not be a local minimum at higher levels of
theory.

TS-6,7, the transition state for the second stage of the C;-C;
ring closure plus H-elimination process, is shown in Fig. 7n and
has an energy of 32kcal/mol relative to the initial reactants.
At the ZAPT(2)/6-311G(d,p) level, the barrier relative to I-6 is
6.1 kcal/mol, excluding zero-point vibrational energy corrections.
Inclusion of the latter reverses the order of relative stability, with
-6 2.3 kcal/mol above TS-6,7. At the CR-CCL level, I-6 is higher in
energy than TS-6,7 by 6.0 kcal/mol, which again suggests that -6
may not be a local minimum at a more accurate level of theory. The
products of this reaction step, I-7 (shown in Fig. 70)+H, are only
0.3 kcal/mol above the initial reactants. Subsequent isomerization
of [-7 to a more stable CgHgN* species such as I-8 (which is shown
in Fig. 7p and is identical to A-R¢ in Fig. 4c) is possible, although
the mechanism of such a process is not considered further in the
present study.

We now return to the third reaction pathway leading away from
I-2; namely, the formation of I-5 (see Fig. 7r) via transition state
TS-2,5 (Fig. 7q). This is a ring closure reaction, forming a C;-C,
bond. The barrier relative to I-2 is nearly 29 kcal/mol; TS-2,5 is
nonetheless lower in energy than the initial reactants and therefore
thermally accessible. There are two additional pathways leading
from I-5, one of which is a hydrogen transfer from C; to Cy, leading
to formation of I-6 via the saddle point TS-5,6, shown in Fig. 7s.
The barrier relative to I-5 is 69 kcal/mol and the transition state
is 51 kcal/mol higher in energy than the initial reactants. There-
fore, this pathway is thermally inaccessible. The remaining reaction
channel from I-5 is hydrogen elimination from C;, leading to for-
mation of I-7 (Fig. 70) plus a hydrogen atom via saddle point TS-5,7
(Fig. 7t). The forward barrier for this step is 28 kcal/mol and TS-5,7
is 9.4 kcal/mol above the initial reactants.

Finally, we consider the second reaction channel from I-1;
namely, the hydrogen elimination step to form I-9 (Fig. 7v) plus
hydrogen via transition state TS-1,9 (Fig. 7u). Although the barrier
for this reaction is 37 kcal/mol relative to I-1, the transition state is
only 12 kcal/mol higher than the initial reactants and is comparable
to the relative energy of TS-5,7 (9.4 kcal/mol).

These results explain four key experimental observations: (a)
the presence of a kinetic isotope effect, (b) elimination of hydro-
gen from both the initial ionic (C4H4*) and neutral (CsHsN)
reactants, (c) the preferred elimination of hydrogen from C4H,4*,

Table 2

and (d) the steric blocking effect of methyl group substitution
in the ortho positions of pyridine. First, we make a simplifying
assumption. As illustrated in Fig. 6, formation of intermediate I-
7 can occur via three pathways. Two of these pathways, namely
I-5— TS-5,6 — I-6 — TS-6,7 — I-7+H and 1-4 — TS-4,6 — -6 — TS-
6,7 — -7+ H, must surmount substantially larger energy barriers
than the third channel, I-5 — TS-5,7 — I-7 + H. Therefore, it is plau-
sible that the formation of I-7 is dominated by the last route,
with the former two channels playing only a minor role. With
regard to energetics, the hydrogen elimination reaction channels
[-5— TS-5,7—1-7+H and I-1 — TS-1,9 — [-9 + H, which have sim-
ilar barriers, are rate-limiting steps for the overall condensation
reaction. Since these reaction steps correspond to elimination of
an H or D atom, this sequence accounts for the observed kinetic
isotope effect.

To examine the sequence in further detail, the effects of iso-
topic substitution on the energetics of the I-5 — TS-5,7 — I-7 and
I-1 - TS-1,9— I-9+H reaction steps were computed at the CR-
CCL level and are summarized in Table 2. For the reactants
C4H4* +Cs5DsN, the forward barrier for elimination of an H atom via
TS-5.7 is 27.7 kcal/mol, whereas for D atom elimination the barrier
rises to 28.9 kcal/mol. Similarly, for the reactants C4D4* +CsHsN,
the forward barrier via TS-5,7 is 27.8 kcal/mol for hydrogen elim-
ination and 29.6 kcal/mol for elimination of a deuterium. Similar
isotope effects are seen for the I-1 TS-1,9 — I-9 + H reaction. For the
reactants C4H4* + C5DsN, the forward barrier for elimination of an
H atom via TS-1,9 is 37.4 kcal/mol, whereas for D atom elimination
the barrier rises to 39.0 kcal/mol. Likewise, the forward barrier via
TS-1,9 for reactants C4D4* + CsHsNis 37.5 kcal/mol for H atom elim-
ination, but increases to 39.0 for elimination of a deuterium. In all
cases, elimination of a D atom is energetically less favorable than
H, which is consistent with the experimentally observed isotope
effect.

Elimination of hydrogen atoms from both the cation and neu-
tral reactants is explained by the pathways connecting I-2 and I-4.
The net result of the sequence of steps connecting I-2 and -4 isa H
atom transfer between the C; atom in pyridine and the C, atom in
the original C4H4* reactant. Once intermediate I-4 is formed, it is
energetically more favorable to revert back to I-2 than to isomerize
to [-6 via TS-4,6. Therefore, multiple interconversions between I-2
and I-4 can occur, causing a scrambling of the H,, and H,;, hydrogen
atoms originally from the C4H4* reactant with the two ortho hydro-
gens in pyridine. (Itis reasonable to assume that internal rotation of
the C; methyl group in I-4 is essentially unhindered, thereby facil-
itating the H atom scrambling.) In competition with the [-2 — [-4
reaction channel is the I-2 — I-5 pathway, which ultimately leads
to the final products via I-7. Note that the barrier to form I-5 via

Effects of isotopic substitution on the I-5 — TS-5,7 — I-7 +H and I-1 — TS-1,9 — [-9 + H reaction energetics.?.

Geometry? CR-CCL+ZPEP
C4Hs* +CsHsN C4Hy* +CsDsN C4D4* +CsHsN C4D4* +CsDsN
0.0¢ 0.0¢ 0.0¢ 0.0¢
I-5 —18.3 —18.44 -18.4¢ —-18.8¢ —18.8¢ —18.8
TS-5,7 9.4 9.3d 10.5¢ 9.0d 10.8¢ 104
I-7+H/D 0.3 0.24 2.4¢ —-0.14 1.9¢ 19
I-1 —25.2 —25.3d —25.3¢ —-25.64 —25.6¢ —25.8
Ts-1,9 12.2 12.1¢ 13.7¢ 11.9¢ 13.4¢ 13.3
[-9+H/D 6.1 6.04 8.0¢ 5.74 7.8¢ 7.7

a See Fig. 7 for structures of I-5, TS-5,7, 1-7, 1-1, TS-1,9, and I-9.

b CR-CCL(2,3)/6-311G(d,p)//ZAPT(2)/6-311G(d,p) energies, including scaled ZAPT(2)/6-311G(d,p) zero-point vibrational energy corrections, relative to [C4X4]* +CsYsN

(X,Y=H or D).
¢ Reactants.
d H atom elimination.
¢ D atom elimination.
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TS-2,5 is slightly higher than the barrier to formation of I-4 via
TS-3,4 (28.6 and 26.4 kcal/mol, respectively, at the CR-CCL level),
suggesting that H atom scrambling via I-2 < -4 interconversion
may precede the [-2 — -5 step.

Preferential elimination of hydrogen originally bound to the
C4H4* reactant can be qualitatively explained in part by the I-
1— TS-1,9 — -9 + Hreaction step. Although H-atom scrambling via
-2 <> I-4 interconversion prior to the I-1 — TS-1,9 — [-9+H reac-
tion step is not precluded, it is nonetheless possible for the latter
process to take place before scrambling occurs. Furthermore, in the
absence of scrambling, the eliminated hydrogen atom necessarily
is originally attached to C4H4*. This qualitatively accounts for the
observed preferential elimination of hydrogen from C4H4 +, to the
extent that theI-1 — TS-1,9 — I-9 + Hreaction step takes place prior
to H-atom scrambling.

Therefore the global mechanism, illustrated in Scheme 1, can
be viewed as consisting of four fundamental components: (1) for-
mation of I-1, (2) competing steps of H atom elimination from I-1
(to form -9 +H) and isomerization of I-1 to form I-2, (3) compet-
ing steps of H atom scrambling via I-2 < I-4 interconversion and
isomerization of I-2 to form I-5, and (4) elimination of a hydrogen
atom from I-5 to form I-7.

Finally, the steric blocking effect of methyl substitution at the
ortho position of pyridine is clear from the primary role of the
ortho pyridine carbon in the mechanism illustrated in Scheme 1.
Specifically, the presence of methyl groups in the ortho positions on
pyridine would likely inhibit the formation of I-1 as well as preclude
the subsequent formation of I-5 from I-2. Therefore, we interpret
the observed reduced intensities of the condensation product ions
in Fig. 5a for the reaction of C4D4* +2,6-CsH3(CH3);N to be the
result of this steric blocking effect, which occurs at the first step:
the presence of the methyl group in the ortho positions of pyridine
hinders the formation of the new N-C, ¢ bond in I-1. It is inter-
esting to compare this reaction to the reaction of SiF* (or SiF3*)
with 2,6-dimethylpyridine studied by Wang et al. [5], which, with
the interaction occurring only at the N atom site, is not hindered
but enhanced by the presence of the methyl groups at the ortho
positions.

4. Summary

By means of theoretical calculations and experiments using
deuterated pyridine and substituted pyridines, the reaction of
C4H4* with pyridine (CsHsN) is investigated. A possible reaction
scheme is proposed for the formation of a condensation-H-
elimination product ion, CgHgN*, from pyridine and the isomer
MCP* of C4H,*. In the scheme the initially formed ion-molecule
complex undergoes a multi-step condensation consisting of (a) the
formation of a o bond between the nitrogen atom in pyridine and
the terminal methylene group on MCP*, followed by a carbon shift
in which the newly formed C-N o bond is broken and the nitro-
gen atom becomes bound to the central ring carbon in MCP*, (b)
establishment of a quasi-equilibrium involving H-atom migration
between the ortho position in pyridine and the terminal methy-
lene group in the MCP* moiety, (c) a ring closure step in which a
C-C o bond is formed between the terminal methylene group in
MCP* and an ortho carbon in pyridine, and (d) elimination of a H
atom to form the final CgHgN* product ion. This reaction scheme
is consistent with the experimentally observed preference of loss
of H atom originally from the reactant ion, the measured kinetic
isotope effect, and the presumed steric blocking effect of methyl
groups in the ortho positions of pyridine. We should point out that
because the reaction system is a complex polyatomic one, there
may be many other pathways for the H-elimination, and there-
fore the proposed reaction scheme is not necessarily an exclusive
one.
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