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ABSTRACT: The crossed beams reactions of the 1-propynyl radi-
cal (CH,;CC; X*A,) with 1,3-butadiene (CHZCHCHCHZ, X'AY),
1,3-butadiene-ds (CD,CDCDCD,; X'A,), 1,3-butadiene- d4
(CDZCHCHCDZ, X'A,), and 1,3- huteckans, d, (CHZCDCDCHZ,
X Ag) were performed under single collision conditions at collision
energies of about 40 kJ mol™". The underlying reaction mechanisms
were unraveled through the combination of the experimental data
with electronic structure calculations at the CCSD(T)-F12/cc-
pVTZ-f12//B3LYP/6-311G(d,p) + ZPE(B3LYP/6-311G(d,p)
level of theory along with statistical Rice—Ramsperger—Kassel—
Marcus (RRKM) calculations. Together, these data suggest the for-
mation of the thermodynamically most stable C,Hg isomer—
toluene (C¢HsCH,;)—via the barrierless addition of 1-propynyl to the 1,3-butadiene terminal carbon atom, forming a low-lying
C,H, intermediate that undergoes multiple isomerization steps resulting in cyclization and ultimately aromatization following
hydrogen atom elimination. RRKM calculations predict that the thermodynamically less stable isomers 1,3-heptadien-5-yne,
S-methylene-1,3-cyclohexadiene, and 3-methylene-1-hexen-4-yne are also synthesized. Since the 1-propynyl radical may be
present in cold molecular clouds such as TMC-1, this pathway could potentially serve as a carrier of the methyl group
incorporating itself into methyl-substituted (poly)acetylenes or aromatic systems such as toluene via overall exoergic reaction
mechanisms that are uninhibited by an entrance barrier. Such pathways are a necessary alternative to existing high energy
reactions leading to toluene that are formally closed in the cold regions of space and are an important step toward
understanding the synthesis of polycyclic aromatic hydrocarbons (PAHs) in space’s harsh extremes.

1. INTRODUCTION Scheme 1. Reaction Path from Toluene (C,Hy), 1, to

Indene (CyHyg), 4
Since its first isolation in 1837, toluene (C4H,CH,), 1 (CoHy),

(Scheme 1), has been closely related to energetic materials

CH *CH
where it was exploited in the synthesis of 2,4,6-trinitrotoluene N N ‘
(TNT)” and is added to gasoline to enhance fuel performance Cszz
in combustion engines.” It is further recognized as a potential i" i"
health and environmental hazard due to its role in the for- _H _H
1 2 3 4

mation of polycyclic aromatic hydrocarbons (PAHs)* and is of
considerable interest to the combustion and astrochemistry

communities. Here, PAHs and their derivatives are important resonantly stabilized free radical (RSFR)—by unimolecular
intermediates in the production of terrestrial soot and carbo- decomposition or hydrogen abstraction reactions from the
naceous grains in circumstellar envelopes such as of the dying
carbon star IRC+ 10216.>° Received: January 4, 2019
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methyl group.”® While historical descriptions of PAH growth
in combustion and astrophysical systems rely on the presence
of a monocyclic aromatic hydrocarbon precursor such as
benzene (C4Hy) or phenyl (C4Hs),”™" the chemistry of
RSFRs and their role in mass growth processes have gained
traction in both communities."* The benzyl radical, for
example, has been proposed to form PAHs carrying fused
benzene rings such as naphthalene (C,oHg) via reactions
with the propargyl (CH,CCH) radical'® and phenanthrene
(CiH,o) by selfreaction.'®"” Indene (CyHg), the simplest
PAH, comprising one six- and one five-membered ring, has
been identified among the products of toluene pyrolysis.”'®
The reaction mechanism likely begins with the formation
of benzyl (2), followed by acetylene (C,H,) addition to form
3-phenylallyl, 3 (C4H;C;H,), which undergoes ring closure
followed by hydrogen atom loss to yield indene (Co,Hj),
4 (Scheme 1)."” Although the reaction is overall exoergic,
the entrance barrier is rather large, depicting 51 kJ mol™},
and it can therefore not be overcome at low temperatures
such as in cold molecular clouds like the Taurus Molecular
Cloud (TMC-1); however, this pathway may be relevant in
high temperature settings like circumstellar envelopes of
carbon stars.””*' Indene can be further processed into
more complex PAHs, resulting in a strained carbon skeleton
in acenaphthylene, 5 (C;,Hy), and curvature in corannulene,
6 (CyH,,) (Figure 1).”* These PAHs are considered

Figure 1. Acenaphthylene (C,,Hj), 5, corannulene (C,0H,,), 6, and
buckminsterfullerene (Cg), 7.

intermediates in the synthesis of fullerenes like buckmin-
sterfullerene (Cy,), 7, under combustion conditions;> the
large dipole moments of 5 and 6 of 0.30 and 2.19 D make
them ideal candidates for detection in the interstellar medium
(ISMm).**

However, the information on the formation mechanisms for
toluene is very limited. Toluene has been suggested to be
synthesized via reactions of benzene (C4H) plus methyl
(CH,) via a barrier of 54 kJ mol™' or via hydrogen atom
addition to the benzyl radical;>**° toluene was recently
identified as a reaction product of the gas-phase reaction of
ethynyl-d (C,D) with isoprene (CsHg) under single-collision
conditions.”” In the present work, we access the C,;H, potential
energy surface experimentally under single collision condi-
tions and computationally, and we reveal a barrierless pathway
to toluene via the reaction of the I-propynyl (CH,CC)
radical with 1,3-butadiene (CH,CHCHCH,). Owing to
its barrierless nature, this reaction can proceed in cold,
dense regions of the ISM, such as found within TMC-1
with average molecular translational temperatures of 10 K,
hence providing a nontraditional, hitherto neglected route
to precursors such as toluene as molecular building block,
leading eventually to PAHs carrying a five-membered ring like
indene.
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Figure 2. Time-of-flight data (TOF) recorded at m/z 91 (C,H,") for
the reaction of the l-propynyl (CH,CC; X?A,) radical with 1,3-
butadiene (CH,CHCHCH,; XlAg). The circles represent the
experimental data and the red lines the fit.
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Figure 3. Laboratory angular distribution obtained at m/z 91 (C,H,")
from the reaction of the 1-propynyl (CH;CC; X?A,) radical with
1,3-butadiene (CH,CHCHCH,; X'A,).

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

2.1. Experimental Methods. The 1-propynyl radical
(CH,CC; X*A,) reactions with 1,3-butadiene (CH,CHCHCH,;
XlAg) and its isotopologues were conducted under single-
collision conditions using a crossed molecular beams machine
at the University of Hawaii.”* ** A pulsed beam of 1-propynyl
radicals was produced by photodissociation (193 nm; 20 mJ
pulse™) of I-iodopropyne (CH;CCI; TCI, 98%) diluted at a
level of 0.5% in helium (He, 99.9999%; Airgas),”* then skimmed
and velocity selected using a four-slot chopper wheel that
resulted in a well-defined peak velocity v, of 1713 + 29 m s~
and speed ratio S of 6.8 + 0.6. These radicals intercepted a
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Figure 4. Time-of-flight data for the reaction of the 1-propynyl (CH;CC) radical with (top) 1,3-butadiene-dy (CD,CDCDCD,), (middle) 1,3-
butadiene-1,1,4,4-d, (CD,CHCHCD,), and (bottom) 1,3-butadiene-2,3-d, (CH,CDCDCH,).

neat 1,3-butadiene (Aldrich Chemistry, >99%) pulsed molecu-
lar beam (v, = 777 = 12 ms™", S = 9.5 + 0.3), triggered 90 us
prior to the primary pulsed valve trigger, perpendicularly in the
reaction chamber with a mean collision energy of 40 + 1 k] mol™".
Experiments with (partially) deuterated reactants were performed
using 1,3-butadiene-2,3-d, (CH,CDCDCH,; CDN Isotopes,
98.8% atom D), 1,3-butadiene-1,1,4,4-d, (CD,CHCHCD,;
Cambridge Isotopes, 98% atom D), and 1,3-butadiene-d
(CD,CDCDCD,; Cambridge Isotopes, 98% atom D) to
identify the position of the hydrogen and/or deuterium loss.
The neutral products of the reactive scattering process were
ionized at 80 eV, filtered according to mass-to-charge (m/z)
ratio, and then detected using a Daly-type particle detector.
Angularly resolved time-of-flight (TOF) spectra were recorded
in the plane of the reactant beams at discrete laboratory angles,
which were integrated to extract the laboratory angular distribu-
tion. The experimental data were fit using a forward-convolution
routine®” that is constrained by the reactant beam divergences,
velocity spreads, and various machine parameters.*®*’ This
represents an iterative method whereby user defined center-of-
mass (CM) translational energy P(Ey) and angular T(6) flux
distributions are varied until a suitable fit of the laboratory-
frame TOF spectra and angular distributions are achieved. The
CM functions comprise the reactive differential cross section
I(6, u), which is taken to be separable into its CM scattering
angle # and CM velocity u components, I(u, 6) ~ P(u) X
T(0).

2.2. Computational Methods. Geometries of the reac-
tants, intermediates, transition states, and products of the
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Scheme 2. Reactant and Product Mass Combinations in the
Reactions of 1-Propynyl with (a) 1,3-Butadiene-d4
(CD,CDCDCD,), (b) 1,3-Butadiene-1,1,4,4-d,
(CD,CHCHCD,), and (c) 1,3-Butadiene-2,3-d,
(CH,CDCDCH,)

C,DgH, (98 u) + H (1 u)

a. CH;CC (39 u) + CD,CDCDCD, (60 u) {
C,DsH; (97 u) + D (2 u)

C,D,H, (96 u) + H (1 u)

b. CH;CC (39 u) + CD,CHCHCD, (58 u) {
C;D3Hs (95 u) + D (2 u)

C,D,Hg (94 u) + H (1 u)

¢. CH;CC (39 u) + CH,CDCDCH, (56 u) {
C,DH; (93 u) + D (2 u)

1-propynyl radical (CH,CC; X*A;) reactions with 1,3-
butadiene (CH,CHCHCH,; XlAg) were optimized at the
density functional B3LYP/6-311G(d,p) level of theory.***’
Vibrational frequencies were computed at the same theoretical
level and were used for the evaluation of zero-point vibrational
energy corrections (ZPE) and in calculations of rate constants.
Energies were refined by single-point calculations using the
explicitly correlated coupled clusters CCSD(T)-F12 meth-
od"®*" with Dunning’s correlation-consistent cc-pVTZ-f12
basis set.*”** The expected accuracy of the CCSD(T)-F12/cc-
pVTZ-f12// B3LYP/6-311G(d,p) + ZPE(B3LYP/6-311G-
(d,p)) relative energies is within 4 kJ mol™ or better.** The
ab initio calculations were performed using the GAUSSIAN
09" and MOLPRO 2010* program packages. Rate constants
of all pertinent unimolecular reaction steps on the C,Hy PES
following initial association of the 1-propynyl radical with
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1,3-butadiene were computed using Rice—Ramsperger—
Kassel—Marcus (RRKM) theory,"™** as functions of available
internal energy of each intermediate or transition state, where
numbers and densities of states were obtained within the har-
monic approximation using B3LYP/6-311G(d,p) computed
frequencies. RRKM rate constants were utilized to compute
product branching ratios by solving first-order kinetic equa-
tions within steady-state approximation.*’

3. RESULTS

3.1. Laboratory Frame. Reactive scattering signal from
the reaction of the 1-propynyl (CH;CC; X?A,) radical with
1,3-butadiene (CH,CHCHCH,; XlAg) was observed at mass-
to-charge ratios (m/z) 93, 92, and 91 with the latter signal
having a better signal-to-noise ratio. These TOF spectra were
found to be superimposable after scaling and therefore
originate from the atomic hydrogen (H) loss channel forming
C,H; product(s) that are singly or dissociatively ionized to
populate m/z 92 (C,Hg") and m/z 91 (C,H,"), respectively,
alongside *CC4Hj giving a signal at m/z 93 at a level less than
7.7% due to the natural abundance of the *C isotope of car-
bon. The time-of-flight (TOF) spectra of C,H," were recorded
in discrete angular intervals of 2.5° and fit using a product mass
combination of 92 amu (C,Hy) plus 1 amu (H). Selected TOF
spectra are shown in Figure 2, and the corresponding labo-
ratory angular distribution of the C,;H; product(s) is depicted
in Figure 3 with the fit overlaid on the experimental data.
Notable features of the laboratory angular distribution include
its breadth of about 30° and its symmetry about the center-of-
mass (CM) angle (32.1 & 0.6°), which together suggest that
C,Hg is produced in an indirect reaction via a complex for-
mation involving one or more C;Hy intermediates.

Combined, the 1-propynyl and 1,3-butadiene reactants
possess three sets of chemically inequivalent hydrogen atoms
that, by use of isotopic labeling, can be traced into the product
channel(s) and therefore enhance the interpretation of the
experimental data. Additional experiments were therefore con-
ducted using isotopologues of 1,3-butadiene replacing the
C1-C4 (1,3-butadiene-dg; 60 u), C1/C4 (1,3-butadiene-
1,1,44-d,; 58 u), and C2/C3 (1,3-butadiene-2,3-d,; 56 u)
hydrogen atoms with deuterium (D) (Figure 4). With the
CH;CC plus C,Hy reactive scattering signal determined to arise
solely from the atomic hydrogen loss channel, the isotopo-
logues can be used to further assess from which reactant(s)
and thus functional group(s) the loss originates since H-loss
and D-loss products have distinct masses (Scheme 2). The
CH;CC plus 1,3-butadiene-dg reaction can therefore form
C,D¢H, (98 u) plus H (1 u) and/or C,D;H; (97 u) plus D
(2 u). We monitored for singly ionized reaction products at
m/z 98 (C,D¢H,") and m/z 97 (C,DsH;") and detected reactive
scattering signal at each mass-to-charge ratio. Accounting for
fragmentation of C,D¢H, to C,D¢H* (m/z 97) by electron
impact and the appearance of *CC4DH;"/"*CC4D¢H" at m/z
98, we find that both C;.D¢H, and C,D;H; are formed at
fractions of 24 + 10% and 76 + 10%, respectively. For the
CH,;CC plus 1,3-butadiene-1,1,4,4-d, reaction, the potential
products are C,D,H, (96 u) plus H (1 u) and C,D;H; (95 u)
plus D (2 u). We therefore monitored for reaction products at
m/z 96 and m/z 95 and observed reactive scattering signal at
each mass-to-charge ratio. Accounting for the natural distribu-
tion of *C and the effects of dissociative ionization, the
formation of both C;D,H, and C,D;H; was found to account
for the observed signal with branching ratios of 45 + 10%
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Figure S. Center-of-mass translational energy (a) and angular (b) flux
distributions for the formation of C;Hy plus atomic hydrogen via the
reaction of the 1-propynyl (CH;CC; X?A,) radical with 1,3-butadiene
(CH,CHCHCH,; XlAg). (Hatched areas) Regions of acceptable fits.

and 55 + 10%, respectively. Lastly, in the CH;CC plus 1,3-
butadiene-2,3-d, reaction, the possible reaction products are
C,D,H, (94 u) plus H (1 u) and C,DH, (93 u) plus D (2 u);
we therefore probed and observed reactive scattering signal at
both m/z 94 and m/z 93 from which we determined 90 + 10%
is due to the formation of C,D,H¢ while 10 + 10% is due to
C,DH,. In summary, we find that in the CH;CC plus
CD,CDCDCD,, CD,CHCHCD,, and CH,CDCDCH, reac-
tions, the atomic hydrogen (H) loss accounts for 24 + 10%,
4S5 + 10%, and 90 + 10% of the total product signal, with the
remaining yield attributed to atomic deuterium (D) loss.
How can these data be exploited to elucidate the position(s)
of the hydrogen and/or deuterium loss(es)? First, the
CH,;CC/CD,CDCDCD, system (Scheme 2a) probed explic-
itly the hydrogen atom loss from the methyl group of the
1-propynyl radical via m/z = 94; this is the only source of
hydrogen atoms in this reaction. The detection of the C,D¢H,
plus H channel therefore provides clear evidence that 24 +
10% of the reaction products were formed by ejection of a
hydrogen atom initially bound to the methyl group of the
1-proynyl reactant. Second, in the CH;CC/CD,CHCHCD,
system (Scheme 2b), with the additional hydrogen atoms at
the C2 and C3 carbon atoms, the yield of the H atom loss
pathway increased slightly from 24 + 10% (only from the CH,
group) to 45 = 10% (from the CH; and CH groups). This
suggests that 21 + 20% of the H atoms are lost from the CH
moieties at the C2/C3 carbon atoms of the CD,CHCHCD,
reactant. Also, 55 + 10% of products formed in the CH;CC/
CD,CHCHCD, system were attributed to the formation of
C,D;H; plus D, i.e, the D loss from the CD, moieties of the
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Figure 6. Potential energy surface for the bimolecular reaction of the 1-propynyl (CH,;CC; X?A,) radical with 1,3-butadiene (CH,CHCHCH,;

XlAg) leading to C,H, plus H products.

C1/C4 atoms. Finally, in the CH;CC/CH,CDCDCH, system,
the combined H atom loss yield from the CH; group of
the 1-propynyl radical and from CH, groups of the
CH,CDCDCH, reactant (Scheme 2c¢) accumulated to 90 +
10%; considering that 24 + 10% of the H atoms arise from the
CH; group of the 1-propynyl radical (Scheme 2a), 66 + 20%
of the H atoms are released from the CH, groups of the
CH,CDCDCH, reactant (Scheme 2c). This number is
consistent within the error limits with the D loss yield derived
in the CH,CC/CD,CHCHCD, system (Scheme 2b) of 55 +
10%. Overall, accounting for the aforementioned yields, we
determine that, for the 1-propynyl—1,3-butadiene reaction,
24 + 10% of the H atoms are released from the CH; group of
the radical reactant with 61 + 11% of the H atoms originating
from the CH, group at the C1/C4 of the CH,CDCDCH,
reactant; the remaining balance of 15 + 15% of the H loss
can be attributed to the H emission from the CH groups at the
C2/C3 of the 1,3-butadiene. Therefore, the laboratory data
alone show that the 1-propynyl (CH;CC) radical reacts with
1,3-butadiene (C,Hg) to form at least two C,Hg isomers by
emission of atomic hydrogen via indirect and overall exoergic
reaction mechanisms. With the aid of isotopic labeling, atomic
hydrogen emission was found to originate predominantly
from 1,3-butadiene’s methylene (CH,) groups and from the
1-propynyl radical methyl group (CH;) with possibly minor
contributions from the methylidyne (CH) groups.

3.2. Center-of-Mass Frame. Having identified that the
reaction product(s) carry the empirical formula C,Hg and
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that the hydrogen atoms are predominantly lost from the
1-propynyl methyl group and from the C1/C4 CH, moiety of
1,3-butadiene, we now extract information on the reaction
mechanism with the goal of identifying which C,Hg isomer or
isomers are formed in the reactive scattering experiment. The
results of this analysis are the center-of-mass (CM) transla-
tional energy P(Er) and angular T(6) flux distributions, shown
in Figure S. The P(Er) has a maximum energy cutoff of 408 +
45 kJ mol™!, which, considering the experimental collision
energy of 40 + 1 kJ mol ™, suggests that products are formed in
overall exoergic reactions of about 368 + 46 kJ mol™'. Note
that the large error reflects the lack of sensitivity to the total
available energy or the maximum translational energy for
C,Hg, due to the signal-to-noise ratio and the light hydrogen
atom leaving the collision complex. The distribution holds a
maximum near 20 + 2 kJ mol™" and corresponds to about
23 + 3% of the total available energy being deposited into
translational degrees of freedom. The relatively low fraction of
energy used for translation of nascent C,Hg along with the
away-from-zero translational energy peaking of the P(Er)
suggests that the reaction proceeds to products indirectly via
activated C,Hy intermediates that decompose via tight exit
transition states. The indirect aspect of the reaction mechanism
is corroborated by the derived T(6) that is forward—backward
symmetric and portrays nonzero intensity at all angles. The
reaction products are likely sideways-scattered as indicated by
the T(0) distribution maximum occurring at 90°, which sug-
gests geometrical constraints on the exit transition state where
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the hydrogen atom is emitted perpendicular to the rotational
plane of the decomposing intermediate and parallel to the total
angular momentum vector.” !

4. DISCUSSION

4.1. Energetics. In the case of polyatomic systems, it is
beneficial to merge the experimental data with electronic struc-
ture calculations to elucidate the reaction dynamics leading to
C,H; formation. The full potential energy surface (PES)
along with 6 product isomers (pl—p6) and 16 intermediates
(i1—i16) joined by 27 transition states is compiled in Figure 6,
whereas computed geometries of the exit transition states
leading to the formation of various C,Hjg isomers are illustrated
in Figure 7. Overall, the CH;CC radical can add barrierlessly
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Figure 7. Computed geometries of the exit transition states leading to
the formation of C,Hjg isomers p1—p6. The angle for each departing
hydrogen atom is given with respect to the rotation plane of the
decomposing complex.

with its radical center at the carbon atom to the 7 system of
1,3-butadiene (CH,CHCHCH,) forming a covalent carbon—
carbon single bond either to its C1/C4 (il) or C2/C3 (il5)
carbon atom. These intermediates are connected by a facile
two-step isomerization via i13 and il4 involving ring closure
and a 1,2-shift of the I-propynyl group ultimately providing
access—via varying steps of isomerization and/or hydrogen
atom emission as discussed below—to at least six low-lying C,Hg
isomers: 1,3-heptadien-S-yne (pl + H; —117 + 4 kJ mol™"),
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toluene (p2 + H; —368 + 4 kJ mol™'), S-methylene-1,3-
cyclohexadiene (p3 + H; —235 + 4 kJ mol™), 1,2,4,6-
hepatetraene (p4 + H; —101 + 4 kJ mol "), 3-methylene-1-
hexen-4-yne (p5 + H; —101 + 4 kJ mol™"), and 4-methyl-
1,2,3,5-hexatetraene (p6 + H; —75 = 4 kJ mol™!). Note that
the experimental reaction energy to form the most thermody-
namically favorable product toluene is —364 k] mol™" according
to the standard enthalpies of formation at 0 K from Active
Thermochemical Tables.”> Which of these isomer(s) is actually
formed under single collision conditions? To answer this
question, we are now merging the experimental and theoretical
data to gain ultimate insight into the underlying reaction
dynamics of the 1-propynyl plus 1,3-butadiene reaction. The
experimental data can be fit using a translational energy
distribution that gives a reaction energy of —368 + 46 kJ mol ™
and can therefore be rationalized by the formation of the
aromatic C,Hg isomer toluene p2. However, the atomic
hydrogen loss was found to originate predominantly from the
methylene (CH,) groups of 1,3-butadiene and from the methyl
(CH;) group of the 1-propynl radical; only minor contribu-
tions—if any—originate from the CH moiety of 1,3-butadiene
as extracted through a series of experiments using isotopo-
logues of 1,3-butadiene (Figure 4; Scheme 2). The laboratory
data therefore highlight the presence multiple product
channels that are not readily deconvoluted under our experi-
mental conditions. By cross-referencing these results with the
PES, we may further inform the extent to which products p1,
P3, p4, pS, and/or p6 are formed in our crossed molecular
beams experiment.

4.2. Strongly Exoergic Channels. First, the formation of
toluene p2 is in agreement with the derived CM transla-
tional energy flux distribution resulting in a reaction energy
(=368 + 46 kJ mol™") that correlates nicely with the com-
puted product channel (p2 + H; —368 + 4 kJ mol™"). Toluene
could be formed following the barrierless addition of CH;CC
to 1,3-butadiene resulting in il (Figure 6). Intermediate il can
undergo rotation around a central C—C single bond (i3) then
cis—trans (i4) isomerization followed by ring closure via forma-
tion of a 2,5-dihydro-o-tolyl radical (i5) lying 317 kJ mol™
below the separated reactants. Intermediate iS is connected
to i6—the global minimum on the C,Hy PES stabilized by
460 kJ mol™! with respect to the separated reactants—which
represents the precursor to toluene (p2) formation. Interme-
diate i5 and i6 are unusually linked by two different 1,2-H shift
transition states resulting in barriers of 171 and 207 kJ mol™
whose structures and energetics depend on ring puckering and
the angle of the methyl group with respect to the six-carbon
ring. Intermediate il can alternatively undergo hydrogen migra-
tion from its central CH, group to form i2 via a high energy
barrier of 212 kJ mol™". Cis—trans isomerization carries i2 into
i8 via a relatively low-lying transition state and then ultimately
to intermediate i6 that can decompose by loss of a hydrogen
atom of the ring CH, group, resulting in aromatization and the
formation of toluene (p2) via a tight exit transition state
located 20 kJ mol™ above the products. In summary, the
toluene product can be formed via the following sequences:
CH,CC + C,Hg — il — [i2 — i8]/[i3 —» i4 — iS] — i6 —
p2 + H (Figure 6).

It is important to highlight that the experimental findings
fully agree with this reaction mechanism. The computed exit
geometry for the departing hydrogen atom in the i6 — p2 + H
transition state is 72° with respect to the rotating plane of the
decomposing complex (Figure 7) and is consistent with the
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Figure 8. Reaction schematic for the bimolecular reaction of the 1

-propynyl radical (CH;CC; X*A,) radical with 1,3-butadiene-dg

(CD,CDCDCD,), 1,3-butadiene-1,1,4,4-d, (CD,CHCHCD,), and 1,3-butadiene-2,3-d, (CH,CDCDCH,) leading to isotopologues of toluene

(p2) and S-methylene-1,3-cyclohexadiene (p3).

sideways scattering depicted in the T(6) distribution. The
computed exit barrier of 20 kJ mol™' further agrees with the
P(E;) whose maximum occurs near 20 k] mol™'. Further, the
i6 — p2 + H pathway involves the emission of a hydrogen atom
from the 1,3-butadiene’s terminal methylene group; therefore,
isotopologues of toluene should form by deuterium atom loss in
the CH;CC/C,Dg and CH;CC/C,D,H, systems yielding p2-dj
(97 amu; Scheme 2) and p2-d; (95 amu; Scheme 2), whereas the
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CH;CC/C,D,H, system should give p2-d, (94 amu) by
emission of a hydrogen atom (Figure 8). Indeed, we observed
reactive scattering signals consistent with the formation of toluene
and its ds, d;, and d, isotopologues and further determined that
hydrogen-atom loss from 1,3-butadiene’s methylene group(s)
accounts for 61 + 11% of the total product yield.

While the formation of S-methylene-1,3-cyclohexadiene (p3)

is less exoergic (—235 + 4 kJ mol™') than the experimental
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Figure 9. Reaction schematic for the bimolecular reaction of the 1-propynyl radical (CH,;CC; X?A,) radical with 1,3-butadiene-d,
(CD,CDCDCD,), 1,3-butadiene-1,1,4,4-d, (CD,CHCHCD,), and 1,3-butadiene-2,3-d, (CH,CDCDCH,), leading to isotopologues of

1,3-heptadien-S-yne (p1).

high-energy product channel (—368 + 46 kJ mol™"), its presence
among C,Hg products cannot be strictly excluded on the basis
of reaction energetics alone where its identifying features could
be masked in the low energy portion of the P(Er). The
reaction pathways leading to p3 are similar to those taken in
the formation of toluene (p2). The cyclic inter-
mediate iS can undergo hydrogen migration from the methyl
substituent to the ring forming i7, which decomposes via emis-
sion of a ring hydrogen atom. Alternatively, i$ can isomerize to
i6, which then eliminates a methyl hydrogen atom to yield p3
via a loose transition state located S kJ mol™" above the product
channel. The summary pathways to p3 are thus CH;CC + C,Hg
- il - [i2 - i8 —» i6]/[i3 - i4 — i5 - i6]/[i3 - i4 —
iS - i7] — p3 + H (Figure 6). The reaction exoergicity and
exit-barrier height are not readily apparent in the high-energy
P(Er). However, the computed exit geometries for i6 — p3 + H
and i7 — p3 + H suggest the product would be also sideways
scattered (Figure 7), where atomic hydrogen is emitted at
angles of 70° and 73°, respectively, with respect to the rota-
tional plane of the decomposing complex. If the p3 + H
channel is also accessed under our experimental conditions, it
is not easily teased out of the isotopic data because it can be
formed via i6 by emission of a methyl hydrogen atom and by
i7 via emission of a ring hydrogen atom, where the emitted
hydrogen atoms originate from 1-propynyl’s methyl group and
1,3-butadiene’s methylene group, respectively (Figure 8).
Therefore, the CH;CC plus C,D4 and CH;CC plus C,D,H,
reactions could form p3 isotopologues via emission of atomic
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hydrogen (p3-dg, p3-d,) and atomic deuterium (p3-ds, p3-ds).
In the CH,;CC-C,D,H, system, only p3-d, (94 amu) should
form via hydrogen atom loss.

4.3. Weakly Exoergic Channels. On the C,H, PES, pl
can be formed from intermediate il either by elimination of
atomic hydrogen through an exit barrier 14 k] mol™" above the
pl + H product channel, or following isomerization of il to i2,
which decomposes to pl + H via a relatively tight transition
state 20 kJ mol™! above the separated products. Isomer p1 is
thus formed via CH;CC + C,Hy — i1/[il — i2] — p1 + H.
The computed exit geometries for the departing hydrogen atom
inil - pl + Hand i2 — p1 + H are 69° and 0° (Figure 7); i.e.,
elimination from il is expected to occur almost perpendicularly
to the plane of rotation, whereas elimination from i2 occurs
within the plane. The exit barriers to decomposition of il and i2
to form pl + H are 14 and 20 kJ mol™’, respectively. Consid-
ering that intermediates il and i2 decompose by emitting a
hydrogen atom from 1,3-butadiene’s terminal methylene group,
isotopologues of p1 should form by deuterium atom loss in the
CH;CC—-C,D4 and CH;CC—C,D,H, systems, yielding p1-ds
(97 amu) and p1-d; (95 amu) products, respectively, whereas
the CH;CC—C,D,H, system should form p1-d, by emission of
a hydrogen atom (Figure 9). Reactive scattering signals were
indeed observed in each reaction system, corresponding to light
atom emission from the methylene groups of 1,3-butadiene.

Isomer p4 can be formed via intermediate il following isom-
erization to i3, from which there are two possible routes to
p4. First is a low energy pathway proceeding from i3 by a
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Figure 10. Reaction schematic for the bimolecular reaction of the 1-propynyl radical (CH;CC; X?A;) radical with 1,3-butadiene-d,
(CD,CDCDCD,), 1,3-butadiene-1,1,4,4-d, (CD,CHCHCD,), and 1,3-butadiene-2,3-d, (CH,CDCDCH,) leading to isotopologues of 1,2,4,6-

hepatetraene (p4).

1,2-hydrogen migration from the methylene group toward the
1-propynyl moiety to form i9, followed by a repositioning of the
methyl-group in a trans—cis isomerization over a 24 kJ mol™
barrier to yield i10. The latter dissociates via hydrogen loss from
the methyl group to form the cumulenic substituent in p4 via a
relatively loose exit transition state located 10 k] mol™" above the
products. The second route involves hydrogen migration from
the 1-propynl methyl group toward the 1,3-butadiene moiety to
form il1 over a high energy barrier located 45 kJ mol™" above
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the separated reactants. The system undergoes then hydrogen
migration from the methylene group to form a vinyl-substituted
1,3-butadiene (i12) that can ultimately eliminate its vinylic
hydrogen atom to form p4 via a loose exit transition state. In
summary, the formation of isomer p4 follows CH;CC + C,Hg
— il - i3 - [i9 — i10]/[il1 — i12] - p4 + H. In the
transition states connected to the i10 — p4 + H and i12 — p4
+ H sequences, the departing hydrogen results at an angle of 0°
and 80° (Figure 7), respectively. Regardless of the path taken
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Figure 11. Reaction schematic for the bimolecular reaction of the 1-propynyl radical (CH;CC; X?A;) radical with 1,3-butadiene-d,
(CD,CDCDCD,), 1,3-butadiene-1,1,4,4-d, (CD,CHCHCD,), and 1,3-butadiene-2,3-d, (CH,CDCDCH,) leading to isotopologues of 3-

methylene-1-hexen-4-yne (p$).

by the reactants, isomer p4 is formed by emission of a
hydrogen atom from 1-propynyl’s methyl group, and thus
isotopologues of p4 formed in the CH;CC—C,Ds, CH;CC—
Cc,D,H,, and CH;CC—-C,D,H, reaction systems are p4-dg
(98 amu), p4-d, (96 amu), and p4-d, (94 amu), respectively,
as shown in Figure 10. A reactive scattering signal was
observed in each reaction system, corresponding to hydrogen

atom emission from the methyl group of 1-propynyl at a level

of 24 + 10%.

Isomer pS can be formed via the entrance channel involving
i15, resulting from the addition of 1-propynyl with its radical
end to an interior carbon atom of 1,3-butadiene (C2/C3).
Recall that the two entrance channels il and i1$ are connected
by intermediates i13 and i14, which facilitate a 1,2-shift of the
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1-propynyl group through a ring closing/ring opening
mechanism. Intermediate i15 can eliminate atomic hydrogen
to form p$ via a tight exit transition state or isomerize to i16
by surmounting a 114 kJ mol™" barrier resulting in the forma-
tion of a new methyl group that emits a hydrogen atom to
form pS via a relatively loose exit transition state of 7 kJ mol™".
In summary, isomer pS can be formed via the following path-
ways: CH,CC + C,H — [il — i13 — il4 — i15]/[il — i13
— il4 — i1§ — i16] — pS + H, or by CH,CC + C,Hy —
i15/[ilS — i16] — pS + H. The calculated exit geometries for
i15 - pS + H and i16 — pS + H indicate that atomic hydro-
gen is emitted at angles of 85° and 73° (Figure 7). Considering
the isotopic experiments, the emitted hydrogen atoms can be
clearly traced from 1,3-butadiene’s methylidyne (CH/CD)
groups in the case of the il1S — pS pathway (Figure 11).
However, recall that product formation via light atom emission
from the methylidyne group(s) of 1,3-butadiene is minor.
Alternatively, if pS forms from i16, the leaving H/D atom can
originate both from the methylidyne or methylene groups in
1,3-butadiene with a statistical ratio of 1/2.

Lastly, the formation of isomer p6 occurs on the PES
similarly to that of pS with a departure occurring at 116 via the
emission of a hydrogen atom from the 1-propynyl group,
resulting in the formation of a cumulenic substituent following
rearrangement of the 7 electrons. The exit barrier is 250 kJ
mol™" and lies only 7 kJ] mol™" above the product channel.
In summary, isomer p6 can be formed via the following
pathways: CH;CC + C,Hy — [il — i13 — il4 — il§ — il6]
— p6 + H, or by CH;CC + C,Hy — i1§ — i16] — p6 + H.
The calculated exit geometry for i16 — p6 + H indicates that
atomic hydrogen is emitted at an angle of 73° (Figure 7). The
formation of p6 can only give a signal corresponding to hydro-
gen atom emission since isotopic labeling occurs only at the
1,3-butadiene reactant and p6 is formed by loss of a hydrogen
atom from the 1-propynyl group. In the absence of a ring
closing step such as those occurring in the paths to p2 and p3,
isotopic scrambling with the 1-propynyl group is unlikely due
to the absence of neighboring H/D atoms, and therefore,
isotopologues of p6 formed in the CH;CC—C,Ds, CH;CC—
C,D,H,, and CH;CC—-C,D,H, reaction systems are p6-d
(98 amu), p6-d, (96 amu), and p6-d, (94 amu), respectively,
as can be readily seen in Figure 11. A reactive scattering signal
was observed in each reaction system, corresponding to
hydrogen atom emission from the methyl group of 1-propynyl
at a level of 24 + 10%.

4.4. RRKM Calculations. Finally, we calculated the yield of
the individual C,;Hg product isomers using statistical RRKM
theory (Table 1). In the zero-pressure limit and at a collision
energy of 41 kJ mol™’, isomers p4 and p6 are predicted to
contribute less than 1% to the total C,Hg product yield,
regardless of which entrance channel (i1/il$) is taken by the
reactants. If the reaction begins with the formation of il,
isomer pl is the majority product with 57.9% of the C,Hg
yield. The cyclic isomers p2 and p3, along with pS5, are formed
preferentially when starting exclusively from il with calculated
yields of 15.5%, 11.4%, and 14.7%. At the other extreme
beginning with i15, the yield of p1 increases to 70.2% with all
other abundances decreasing accordingly. The presence of pS
among reaction products can be confirmed in the CH;CC/
C,D,H, system, where it was the only possible source of
atomic deuterium loss products detected at a level of 10 +
10%. If the reaction system behaves statistically, then the
signature for p3 can be found in the CH;CC/C,Dy system,
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Table 1. Statistical Branching Ratios (%) for the Reaction of
the 1-Propynyl (CH;CC) Radical with 1,3-Butadiene
(CH,CHCHCH,) over a Range of Collision Energies E
(kJ mol™") Following the Absolute Formation of C,H,
Intermediate il or i15“

100% il 0% il$
Ec pl p2 p3 p4 pS pé
0.00 36.0 322 232 0.1 8.4 0.1

10.46 43.1 26.9 19.5 0.1 10.3 0.1

20.92 49.1 223 16.2 0.2 12.1 0.1

31.38 54.1 18.4 13.5 0.2 13.5 0.2

41.10 57.9 15.5 11.4 0.3 14.7 0.3

41.84 582 153 11.2 0.3 14.8 0.3

52.30 61.4 12.8 9.4 0.4 15.8 0.3

0% il 100% il15
Ec pl p2 p3 p4 pS pé
0.00 522 233 16.8 0.1 7.5 0.1

10.46 59.0 18.4 13.3 0.1 9.0 0.1

20.92 64.1 14.5 10.6 0.1 10.5 0.1

31.38 67.8 11.5 8.4 0.1 11.9 0.2

41.10 70.2 9.4 6.9 0.2 13.1 0.2

41.84 70.3 9.2 6.8 0.2 132 0.2

52.30 72.0 7.5 5.5 0.2 14.6 0.3

“Here, pl—p6 are the C,;Hg isomers 1,3-heptadien-S-yne (pl),
toluene (p2), S-methylene-1,3-cyclohexadiene (p3), 1,2,4,6-hepate-
traene (p4), 3-methylene-1-hexen-4-yne (p$), and 4-methyl-1,2,3,5-
hexatetraene (p6).

where only isomers p3, p4, and p6 can give hydrogen-loss
products, detected at a level of 24 + 10%, and the combined
yield of p4 and p6 is calculated to be less than 1% at the
experimental collision energy. Note that while the isotopic
experiments were unable to fully discriminate between p1, p2,
and p3, the experimentally derived branching ratios are con-
sistent with the RRKM calculations and suggest that the
reaction mechanism favors the initial formation of intermediate
il leading to pl, p2, p3, and possibly pS. The addition of
1-propynyl to the terminal position of 1,3-butadiene is favored
due to reduced steric hindrance and the relatively high charge
density at C1/C4 (0.34) as compared to C2/C3 (0.27) as
exemplified in a recent study considering phenyl (C¢Hs) addi-
tion to 1,3-butadiene.”® The reaction pathways leading to the
formation of p1, p2, p3, and pS are summarized in Figure 12.
Considering the results of the RRKM and ab initio calcu-
lations, a two-channel fit was produced, accounting for the
formation of the theoretically most abundant isomers p1 and
p2 and is discussed briefly in the Supporting Information.

5. CONCLUSION

The crossed molecular beams method was exploited to explore
the formation of C,Hg isomers via the reaction of 1-propynyl
(CH,;CC; X*A,) with 1,3-butadiene (CH,CHCHCH,; X'A,)
under single collision conditions. Our data were combined
with reactions exploiting (partially) deuterated reactants along
with electronic structure and RRKM calculations. Our analysis
suggests the formation of the thermodynamically most stable
C,H; isomer—toluene (C¢H;CH;)—via the barrierless addi-
tion of 1-propynyl to the 1,3-butadiene terminal carbon atom,
forming a low-lying C,H, intermediate that undergoes multiple
isomerization steps resulting in cyclization and ultimately
aromatization following hydrogen atom elimination. RRKM
calculations predict further that the thermodynamically less
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Figure 12. Summary of the most important pathways on the doublet C;H, potential energy surface (Figure 6) leading to C,Hg reaction products
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stable isomers 1,3-heptadien-5-yne, S-methylene-1,3-cyclo-
hexadiene, and 3-methylene-1-hexen-4-yne are also synthe-
sized. The formation of multiple C,Hg isomers as predicted by
RRKM studies was confirmed through a series of isotopic
experiments that revealed atomic hydrogen is lost from the
methylene (CH,; 61 + 11%) and methylidyne (CH; 15 +
15%) groups of 1,3-butadiene and from the methyl (CH;;
24 + 10%) group of the 1-propynyl radical. The results presented
in this study suggest 1-propynyl could be a key reactant in the
synthesis of aromatic molecules that are known precursors to
polycyclic aromatic hydrocarbons (PAHs).

PAHs exist throughout the interstellar medium (ISM) as
evidenced by the astronomical detection of spectral features in
the ultraviolet (UV)**® and infrared (IR)*”** regions of the
interstellar extinction curve that are reminiscent of the labora-
tory spectra produced by aromatic hydrocarbons. Despite a
rather broad acceptance of an ISM proliferated by PAHs, there
has not been a single unambiguous astronomical detection of
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an individual interstellar PAH in the gas phase. Additional
support for the theory comes, however, from two recent dis-
coveries: benzene (C¢Hg), detected in the Westbrook proto-
planetary nebular (CRL 618) via IR-active C—H bending,>
and cyanobenzene (benzonitrile; C4H(CN), detected via
nuclear (nitrogen) hyperfine splitting in the Taurus Molecular
Cloud (TMC-I).60 Benzene and cyanobenzene have been
considered in numerous terrestrial reaction networks under
incredibly varied conditions. The most relevant experiments
for CRL 618 and TMC-1, considering the low temperatures
(C¢H, at CRL 618, T = 200 K; C;H,CN at TMC-1, T = 7 K)
and number densities representative of these environments, are
those bimolecular reactions conducted under single collision
conditions. Crossed molecular beams experiments have shown
that benzene is produced from the reaction of ethynyl (C,H;
X2*) plus 1,3-butadiene,”’ whereas cyanobenzene can form from
the reaction of the cyano (CN; X*T*) radical with benzene.”” The
theoretical component of these studies suggested that the
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reactions lack entrance barriers and therefore will proceed
spontaneously, in theory, at 0 K, rendering them plausible
reaction mechanisms in molecular clouds. Combined with the
astronomical detections of cyano and ethynyl radicals, along
with the likely presence of 1,3-butadiene in cold molecular
clouds,® it is clear that single-collision methods are a strong
tool for rationalizing the chemistry of extreme environments.

Recently, toluene was identified as a product of the gas
phase reaction of ethynyl-d (C,D; X*Z*) with isoprene (CsH;)
under single-collision conditions.”” The reaction mechanism
was suggested to proceed barrierlessly and to yield toluene at
fractions of up to 52%. The 1-propynyl (CH;CC) radical could
also be present in cold molecular clouds such as TMC-1,
resulting from the interaction of UV radiation with the
methylacetylene (CH;CCH) molecule.”* ™" In this way, the
CH;CC radical could serve as a carrier of the methyl group,
systematically incorlporating itself into methyl-substituted
(poly)acetylenes®®~"" or into aromatic systems such as toluene
as revealed in this study—where it could represent up to 32%
of C;Hg products at the low temperature extremes encoun-
tered in TMC-1—through a series of bimolecular reactions
that are uninhibited by an entrance barrier. Such pathways are
a necessary alternative to high energy reactions leading to
toluene, such as the addition of the methyl radical to benzene,
which has an entrance barrier of 54 k] mol™ *” and is therefore
closed in the cold regions of space. In summary, we have exposed
the reaction dynamics of the formation of toluene (C;qH;CH,) in
a single-collision event of two neutral acyclic reactants,
1-propynyl (CH,CC) and 1,3-butadiene (CH,CHCHCH,),
in the gas phase. Despite its nondetection outside our solar
system, the increasing number of reaction pathways leading to
toluene formation encourages a detailed search for its presence
among the stars.
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