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Introduction

The interstellar medium (ISM) is known to be a well-stocked
source of hydrocarbons! (Fig. 1). These hydrocarbons along with
their (resonantly stabilized) radicals have been suggested to act
as precursors to polycyclic aromatic hydrocarbons (PAHs).
derivates, i.e.
alkylated, and

Along with their
(de)hydrogenated,
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Elucidating the Chemical Dynamics of the Elementary Reactions of
the 1-Propynyl Radical (CH3CC; X?A;) with 2-Methylpropene
((CHg)zCCHz; X1A1)

lakov A. Medvedkov,® Anatoliy A. Nikolayev,’ Zhenghai Yang,® Shane J. Goettl,® Alexander M.
Mebel,** and Ralf I. Kaiser®"

Exploiting the crossed molecular beam technique, we studied the reaction of the 1-propynyl radical (CH3CC; X?A1) with 2-
methylpropene (isobutylene; (CHs).CCH.; X*A1) at a collision energy of 38 + 3 kJ mol™. The experimental results along with
ab initio and statistical calculations revealed that the reaction has no entrance barrier and proceeds via indirect scattering
dynamics involving C;H11 intermediates with lifetimes longer than their rotation period(s). The reaction is initiated by the
addition of the 1-propynyl radical with its radical center to the m-electron density at the C1 and/or C2 position in 2-
methylpropene, which can isomerize to each other. Further, the C7H11 intermediate formed from the C1 addition either
emits atomic hydrogen or undergoes isomerization via [1,2-H] shift from the CHs or CH; group prior to atomic hydrogen loss
preferentially leading to 1,2,4-trimethylvinylacetylene (2-methylhex-2-en-4-yne) as the dominant product. The molecular
structures of the collisional complexes promote hydrogen atom loss channels. RRKM results show that hydrogen elimination
channels dominate in this reaction, with a branching ratio exceeding 70 %. Since the reaction of the 1-propynyl radical with
2-methylpropene has no entrance barrier, is exoergic, and all transition states involved are located below the energy of the
separated reactants, bimolecular collisions are feasible to form trimethylsubstituted 1,3-enyne (p1) via a single collision
event even at temperatures as low as 10 K prevailing in cold molecular clouds such as G+0.693. The formation of
trimethylsubstituted vinylacetylene could serve as the starting point of fundamental molecular mass growth processes
leading to di- and trimethylsubstituted naphthalenes via the HAVA mechanism.

CoH7CN),14 ethynylbenzene (C¢HsCCH),*> benzyne (CgHs),1® and
cyanonaphthalenes (CioH;CN)Y? were detected in the cold
molecular cloud TMC-1 with the origin of PAHs in deep space
still a topic of the intense debate. The detection of benzene in
the carbon-rich protoplanetary nebula CRL 618° may suggest a
bottom-up synthesis of aromatic structures via small
hydrocarbons.1® One prominent route emerged recently in the
form of the barrierless Hydrogen Abstraction Vinylacetylene
Addition (HAVA) mechanism.?1%-24 This mechanism commences

protonated, ionized,
nitrogen-substituted

counterparts, PAHs are believed to account for up to 30 % of the
cosmic carbon budget.28 The PAHSs (derivatives) have been also
postulated as carriers of the unidentified infrared emission (UIE)
bands observed in the range of 3—14 um?® with prominent UIE
features such as 3.3, 6.2, 7.7, 8.6, and 11.3 um closely
resembling with the characteristic vibrational frequencies of
aromatic C—C and C—H bonds. However, only recently one- and
two-ringed aromatic molecules such as benzene (CgHg),°
indene (CoHsg),'12 benzonitrile (C¢HsCN),:3 2-cyanoindene (2-
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with a barrierless formation of a van-der-Waals complex in the
reaction of vinylacetylene (CH,CHCCH) and an aryl radical such
as phenyl (CgHs) followed by isomerization of the latter via
addition with the transition state residing lower than the energy
of the separated reactants (submerged barrier). This addition
leads to a resonantly stabilized free radical (RSFR) intermediate
which eventually undergoes ring closure, hydrogen shift, and
aromatization via an atomic hydrogen loss. Also, the
replacement of phenyl2? or vinylacetylene by methyl-
substituted reactants?® resulted in the methyl-substituted
PAHs, whose formation is even less understood; these
molecules are believed 26730 to be responsible for the 3.4 um
feature of the UIE.31-33

Obviously, an in situ formation of PAHs in deep space must
involve hydrocarbon molecules present in cold molecular
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Figure 1. Hydrocarbon molecules detected in deep space to date.

clouds. A systematic investigation of reactions leading to
aromatics represents an indispensable step toward
understanding the chemistry of PAHs in cold molecular clouds.
The recent detection of 2-methylpropene (isobutylene; C4Hsg;
(CH3),CCH,) 34 in the molecular cloud G+0.693 brings up
questions about its chemistry and its role in the chemical
evolution of cold clouds. While the mutual chemistry of CHy
(x=0, 1), CoHx (x =0 — 4), C3H« (x=0, 3, 4, 6) C4H4 (x=2, 4, 6), and
CeHyx (x=5, 6) under conditions relevant to cold molecular clouds
has been well studied both experimentally and
theoretically,2435-42 the chemical reactions of C4Hg under single
collision conditions have been largely elusive. The reaction of
C4Hg isomers with the ethynyl (C;H) radical was studied
experimentally at 79 K exploiting the CRESU (Cinétique de
Réaction en Ecoulement Supersonique Uniforme, or Reaction
Kinetics in Uniform Supersonic Flow) technique;*3 this system
has also been explored theoretically** with ab initio calculations
(B3LYP/6-31 + G**) augmented with statistical calculations. The
1-propynyl radical (CH3CC) — a non-resonance high energy
isomer of the resonantly stabilized propargyl radical (H,CCCH) —
has received considerable attention for its role in molecular
mass growth processes in carbon-rich extraterrestrial
environments due to its barrierless addition to carbon-carbon
double and triple bonds of hydrocarbons even at low
temperatures.2>45-52 Although 1-propynyl has not yet been
detected in extraterrestrial environments, TMC-15354 and
G+0.693°> exhibit high fractional abundances of its potential

2 | J. Name., 2012, 00, 1-3

precursor propyne (methylacetylene; CH3;CCH). Recently,?5 our
group explored the reaction of the 1-propynyl radical with
propene (CH3CHCH,); this elementary reaction leads to
1,3-dimethylvinylacetylene (2-hexen-4-yne) highlighting the
role of methyl- and dimethyl-substituted vinylacetylenes in the
formation of alkylated PAHs via the aforementioned HAVA
mechanism. Therefore, the reaction of the 1-propynyl radical
with the recently observed interstellar 2-methylpropene
deserves to be studied as a possible formation pathway for
trimethyl substituted vinylacetylenes. In addition, while in
astrochemistry, molecules carrying a conjugated double and
triple bond (Fig. 2) are referred to as ‘vinylacetylenes’, in
synthetic organic chemistry this moiety is labelled as a ‘1,3-
enyne’ structure. In preparative organic chemistry, substituted

1,3-enynes are widely exploited in bioactive
molecules,>® functional materials,>”°¢ and complexity-building
R4
/
//C
R’ C

\ /
/c:c\
R2 R3

Figure 2. Molecular structure of substituted 1,3-enynes (vinylacetylenes).
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transformations,>® in the synthesis of furan® and pyridine.61.62-
64 In addition, the enyne motif is present in both natural and
artificial biologically active compounds such as dopamine
agonists.5>

In this article, we present an experimental and theoretical
investigation of the formation of 1,2,4-trimethylvinylacetylene
(2-methylhex-2-en-4-yne) under single collision conditions
through the elementary gas phase reaction of the 1-propynyl
radical (CH3CC; X?A;) with 2-methylpropene ((CHs3),CCH,; XA’)
exploiting crossed molecular beams. We also exploit the HAVA
mechanism to predict the role of 1,2,4-trimethylvinylacetylene
—and of substituted 1,3-enynes in general — in the formation of
distinct di- and tri-substituted naphthalene isomers in deep
space to provide new knowledge toward the understanding of
how alkylated PAHs may form in deep space.

Experimental and Computational
Experimental

The gas-phase reaction of the 1-propynyl radical (CH3CC; X2A;)
with 2-methylpropene (isobutene; (CHs3),CCH,; X'A;) was
carried out under single-collision conditions using the crossed
molecular beams machine.®%67 The experimental setup, data
acquisition, and data processing have been discussed
previously;#>46.49 here we will only provide a brief description. A
pulsed (60 Hz) supersonic beam of the 1-propynyl radical was
prepared by photodissociation of 1-iodopropyne (CHsCCl; TCl,
99%+) seeded at a level of 0.5% in helium (He, 99.9999 %,
Matheson) at a backing pressure of 760 Torr using the 193 nm
output of the excimer laser (Coherent, CompEx110; 20 mJ
pulse™; 30 Hz) focused (2 x 6 mm?) at the exit of the primary
pulsed valve 2 mm downstream.*>4649 The molecular beam was
skimmed and velocity selected using a four-slot chopper wheel;
this achieved a peak velocity v, = 1660 * 49 m s~ and speed
ratio S =9 * 2. The secondary molecular beam (60 Hz, v, = 756
+ 29 m st S =7t 1) of neat 2-methylpropene (550 Torr;
(CH3),CCH,; Sigma-Aldrich, 99%) was pulsed 90 us prior to the
primary beam. Both molecular beams intersected at an angle of
90° in the scattering chamber at a mean collision energy of Ec =
38 £ 3 kJ mol. The reactively scattered products were ionized
by electron ionization at 80eV (2mA) at the entrance of the
rotatable detector, filtered according to mass-to-charge ratios
(m/z) by the QMS (Extrel, QC 150; 2.1 MHz), and detected using
a Daly-type particle ion counter.®® The detector is rotatable in
the scattering plane defined by the primary and secondary
beams. Angularly resolved time-of-flight (TOF) spectra were
recorded at discrete laboratory angles in 2.5° steps. Operating
laser at 30 Hz and the pulsed valve at 60 Hz allowed a
background subtraction (“laser-on” minus “laser-off”) during
the TOF recording. We should note that the formation of the
propargyl radical (2-propynyl, H,CCCH) is possible in the
photolysis zone via isomerization of the 1-propynyl radical
through sequential hydrogen shifts. At the same time, the
entrance barrier for the addition of the propargyl radical to the
C=C double bond is 51-59 kJ mol-1, which is well above the
collision energy in our experiments (38 * 3 kJ mol-1). Therefore,

This journal is © The Royal Society of Chemistry 20xx
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even if propargyl is present in the molecular beam as the result
of isomerization from 1-propynyl, the propargyl radical cannot
contribute to the reactive scattering signal.

To gain information on the reaction dynamics, TOF spectra
and the laboratory angular distribution (LAD) were fitted with
the forward-convolution technique.®®7® This approach uses
initially a trial angular flux T(8) and translational energy P(Et)
distributions in the center-of-mass (CM) frame to simulate the
laboratory data (TOFs and LAD). CM functions were then
iteratively varied until the best fit of the TOF spectra and LAD
were achieved. Together the CM functions represent the
reactive differential cross section I(6, u) the CM velocity u, I(u,
0) ~ P(u) x T(B), which is represented as a flux contour map (Fig.
4c) thus depicting an overall image of the reaction outcome.

Computational

Geometry optimization of numerous stationary structures such
as reactants, intermediates, transition states, and products
located on the C;Hi; potential energy surface (PES) of the 1-
propynyl plus 2-methylpropene reaction was carried out at the
long-range corrected hybrid density functional (DFT) wB97X-D
level of theory’! in combination with Pople’s split-valence 6-
311G(d,p) basis set. The same conjunction was applied to
calculate vibrational frequencies for each optimized molecular
structure. The later computations have made it possible to
evaluate zero-point vibrational energy corrections (ZPE) and
subsequently to obtain unimolecular rate constants and
branching ratios. To increase the accuracy of the DFT relative
energies of all the species which do not comply with the
required chemical accuracy to reasonably compare theoretical
and experimental results, the explicitly correlated coupled
cluster CCSD(T)-F12 approach?273 with the variational method
for single and double excitations and the perturbation theory
for triple excitations accompanied by Dunning’s correlation-
consistent cc-pVTZ-f12 basis set’* was used for single-point
energy calculations at the optimized geometries. The aggregate
CCSD(T)-F12/cc-pVTZ-f12//wB97X-D/6-311G(d,p) + ZPE[wB9I7X-
D/6-311G(d,p)] theoretical scheme is projected to provide the
accuracy within 4 kJ mol~! or even better.”> The electronic
structure calculations were carried out by means of the
GAUSSIAN 0976 and MOLPRO 201577 quantum chemistry
software packages.

Energy-dependent rate constants of all unimolecular
reaction steps taking place on the C;H11 PES after the primary
bimolecular association stage were obtained utilizing the Rice-
Ramsperger-Kassel-Marcus (RRKM) method”® at the zero-
pressure limit to simulate the crossed molecular beam single
collision conditions that emulate an outer space environment.
The internal energy for all the C;H1; isomers was set to be equal
to the sum of the collision and chemical activation energies. The
latter term is derived as a negative of the relative energy for all
compounds with respect to the separated 1-propynyl plus 2-
methylpropene reactants. The RRKM calculations were
performed by using our in-house code Unimol.#” Finally, the
product branching ratios were evaluated in steady-state
approximation using the calculated rate constants.

J. Name., 2013, 00, 1-3 | 3
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Figure 3. (a) Laboratory angular distribution (b) and time-of-flight (TOF) spectra
recorded at m/z = 93 for the reaction of the 1-propynyl radical with 2-methylpropene
at a collision energy of 38 + 3 kJ mol. The circles represent the experimental data
and the solid lines the best fits.

Results
Laboratory frame

The reactive scattering signal for the reaction of the 1-propynyl
radical (CHsCC; 39 amu) with 2-methylpropene ((CHs3),CCH,; 56
amu) was observed at mass-to-charge ratios m/z = 94 (C7H10")
and 93 (C;Hg*). The TOF spectra obtained at these two m/z
overlap after scaling, suggesting that both m/z originate from
the same reaction channel forming the C;Hio product and
atomic hydrogen (reaction (1)). Signal at m/z = 93, therefore,
arises from dissociative electron impact ionization of the C7Hio
product in the electron impact ionizer. The presence of the
background interference at m/z = 80, 79, and 78 prevented
detection of a potential methyl loss channel (reaction (2)).
Probable sources of the background signal are discussed in ESI.

CH3CC (39 amu) + (CH3),C=CH; (56 amu) = C;H10 (94 amu) + H (1 amu) (1)
CH3CC (39 amu) + (CH3),C=CH; (56 amu) = CgHg (80 amu) + CH; (15 amu) (2)

4| J. Name., 2012, 00, 1-3
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Figure 4. (a) Center-of-mass translational energy P(E7), (b) angular T(8) flux
distributions, and (c) flux contour map for the reaction of the 1-propynyl radical with
2-methylpropene. The solid lines represent the best fit, while the shaded areas
indicate the error limits. For T(8), the direction of the 1-propynyl beam is defined as 0°
and of the 2-methylpropene as 180°.

The best signal-to-noise ratio was detected at m/z = 93;
hence, m/z = 93 was used to collect TOF spectra at discrete
intervals in steps of 2.5° from 27.25° to 47.25° © (Fig. 3a). The
resulting TOFs were then normalized with respect to the CM
angle to obtain the laboratory angular distribution (Fig. 3b).
Notable features of the LAD include its width of at least 20° and
symmetry around the CM angle at 32.6 + 0.4°. These findings
propose that the C;Hio products were formed via indirect
scattering dynamics through complex formation involving one
or more C;H1; intermediates. 3540.66,

Center-of-Mass Frame

The laboratory data could be fit with a single channel (reaction
1) with energy-dependent reaction cross section
proportional to Ec(2/3) for entrance-barrierless reactions (Fig.

an

3a) dominated by long-range dipole—dipole interactions.”® The
best-fit CM functions are depicted in Fig. 4 where the grey-filled
areas define the limits of the acceptable fits. Considering the
translational energy flux distribution P(Et) (Fig. 4a), the

This journal is © The Royal Society of Chemistry 20xx
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maximum energy (Emax) represents the kinetic energy of those
molecules born without internal excitation. The energy
conservation dictates that Enax = Ec — A/G, where Ec and AG
represent the collision energy and the reaction energy,
respectively. The derived P(Et) terminates at 150 + 29 kJ mol-1.
Subtracting from the collision energy of 38 + 3 kJ mol ~1 gives us
AG =-112 + 32 k) mol~! for the atomic hydrogen loss channel
(reaction (1)). Further, the distribution maximum of the P(Et)
from 36 to 45 kJ mol! indicates a tight exit transition state in
the exit channel and hence a significant electron reorganization
from the decomposing C;H1; complex(es) to the final products.
The average translation energy of 57 + 11 kJ mol-!suggests that
38 % of the total energy is channeled into product translation,
which further implies the formation of a covalently bound
intermediate. Additional information on the reaction dynamics
can be obtained from the CM angular distribution T(8) (Fig. 4b).
The ‘flat’ T(B) reveals that products after a collision are
scattered in all directions with equal probability (isotropic
scattering). The forward-backward symmetry and intensity at
all angles also propose indirect scattering dynamics through the
C;H11 complex(es) and lifetime(s) of C;H1; intermediates longer
than the(ir) rotational period(s).”? These findings are also
supported by the flux contour map (Fig. 4c), which shows an
overall image of the reaction and the scattering process.

Discussion

Now we combine our experimental results with electronic
structure and statistical calculations to uncover the underlying
reaction mechanism and to infer the nature of formed Cs;H1o
isomers. The full potential energy surfaces (PES) (Fig. S1-S5)
along with results of RRKM calculations (Table S1-S2) are
compiled in the Supporting Information. These computational
results are correlated with our experimental findings. There are
twenty-four theoretically possible products (p1-p4, p7-p25) and
eighteen (il1-i6, i9-i20) intermediates. The overall barrierless
and exoergic reaction of 1-propynyl with 2-methylpropane
involves indirect reaction dynamics and opens channels to three
acyclic molecules (p1-p3, Fig. 5) via atomic hydrogen and

Relative Energy, kJ mol™

PhysicalChemistry Chemical Physics

methyl elimination processes through the six possible
intermediates (i1-i6) connected by eight transition states. The
calculations reveal that the reaction starts with an addition of
the 1-propynyl radical without an entrance barrier to either the
two chemically nonequivalent carbon atoms C1 or C2 of the
olefinic carbon-carbon double bond of 2-methylpropane with
its radical center (Fig. 5). This leads to the radical intermediates
il and/or i4. Stabilized by 225 and 238 kimol! with respect to
the separated reactants. Both intermediates
interconverted via i2 and i3, which formally represent
derivatives of cyclopropane, through low-lying transition states.

can be

Alternatively, i1 can undergo unimolecular decomposition via
the loss of a methyl radical to form p3. The emission of the
methyl radical involves a barrier almost twice as high (123 kJ
mol-1) compared to isomerization of i1 to i4 (64 kJ mol1?);
hence, the latter pathway should be favorable. Intermediate i4
can undergo atomic hydrogen loss, yielding p1 and/or p2 in
overall exoergic reactions. Alternatively, i4 isomerizes via two
distinct [1,2-H] shifts: (1) from the CH3 group of C4Hg moiety to
i5 or (2) from the CH; group at the C1-position to form i6. Two
radical intermediates i5 and i6 are connected by hydrogen loss
channels to p2 and p1, respectively.

Which product(s) dominate(s)? RRKM calculations (Table
S1) predict that the atomic hydrogen loss channel is prevalent
(>70%), while the methyl elimination only contributes to about
20%. The most likely product is the conjugated 1,3-enyne p1 (2-
methylhex-2-en-4-yne) with an overall yield of more than 60%,
while p2 (2-methylhex-1-en-4-yne) holds lower fractions of
about 10%. The experimentally derived reaction energy of =112
+ 32 kJ mol-for the hydrogen atom loss elimination channels
supports the formation of p1 and/or p2 (-119 and 96 kJ mol-1)
under our experimental conditions. Which actual pathways are
prevalent in the reaction mechanism? The initially formed
radical intermediates i1 and i4 tend to restore a closed shell
molecule in the B-scission processes and form a conjugated
system between a carbon-carbon double and triple bond, i.e. a
vinylacetylene structural moiety. In general, carbon-carbon
single bond cleavage and hence methyl loss to p3 should be

[
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Figure 5. Potential energy surface for the bimolecular reaction of the 1-propynyl radical (CH3CC; X2A;) with 2-methylpropene ((CHs),CCH,; X!A') leading to C;H;o + H and CgHg + CH3
products calculated at the CCSD(T)-F12/cc-pVTZ-F12//wB97X-D/6-311G(d,p) level of theory. Relative energies are given in k) mol~! with respect to the reactants. Product branching

ratios obtained from the RRKM calculations (Table S1) are shown on the right.
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thermodynamically favorable and hence the methyl elimination
channel should dominate. However, the presence of two
methyl groups induces a steric hindrance attack and hence
decreases the cone of acceptance 7? for a C2-attack to i1; in
combination with the lack of steric hindrance of an addition to
the CH, moiety, i4 is the most probable initial complex. In
addition, as discussed above, even if il is formed, this collision
complex undergoes facile isomerization to i4 rather than methyl
loss considering the unfavorable energy of the transition state
of the latter pathway. Overall, i4 preferentially undergoes
hydrogen loss (95 %) rather than hydrogen shifts (5 %)
eventually leading to p1 and p2, respectively.

It should be noted that under the same experimental
conditions, we also attempted the reaction of 1-propynyl
radical (CsHs; X2A;) with cis-2-butene (CH3CHCHCHs; XA;). No
signal was detected at m/z = 94 and 93 in potential atomic and
molecular hydrogen losses, while detection of the CHs-loss
channel was prevented by a high background signal at m/z = 80,
79, and 78. In order to rationalize this result, we conducted
additional electronic structure and statistical calculations (Fig.
6, Table S3, S4) for a simple one step addition-elimination
process in reactions of 1-propynyl with cis- and trans-2-butene.
Here, both carbon atoms of the olefinic carbon-carbon double
bond are chemically equivalent and hence only one initial

6 | J. Name., 2012, 00, 1-3

reaction intermediate can be formed upon the reaction with cis-
2- and trans-2-butene. This mechanism initiates with an
addition of the 1-propynyl radical to C=C double bond in trans-
and cis-2-butene forming i7 (Fig. 6a) and i8 (Fig. 6b) and follows
competitive atomic hydrogen and methyl group loss channels
from the collision complex to p4 — p6. Results of the RRKM
calculations reveal that the CHs-loss channels forming trans-
and cis-p4 are the most probable decomposition pathways,
exceeding 90% in the reactions with both 2-butene isomers.
This reflects the experimental findings and the lack of
observation of the atomic hydrogen loss pathway. This finding
is the direct consequence of the lower barrier of decomposition
of the initial reaction intermediates (117 to 119 kJ mol~1) which
is energetically favorable by 18 — 38 kJ mol~! compared to the
competing hydrogen loss pathways.

These findings are in line with previous investigations of
chemically related systems. Statistical calculations of the 1-
propynyl (CH3CC) plus propene (CsHg) system revealed a
dominant methyl loss channel (61+15%).2> A combined
experimental and computational study of the reaction of the
ethynyl radical (C;H) with 2-butene (C4Hg) predicted a 100%
methyl loss. These findings support our conclusion of reaction
dynamics of substituted ethylenes driven by regio- and
stereoselectivity due to the enhanced cone-of-acceptance of
the least substituted olefinic carbon atom to which the doublet
radical reactant adds and the lower barrier of a methyl loss
compared to atomic hydrogen elimination.

Conclusions

Exploiting the crossed molecular beam technique, we studied
the reaction of the 1-propynyl radical (CH3CC; X2A;) with 2-
methylpropene (isobutylene; (CH3),CCH,; X'A;) at a collision
energy of 38 + 3 kJ mol~1. Experimental data were augmented
by electronic structure (CCSD(T)-F12/cc-pVTZ-F12//wB97X-D/6-
311G(d,p)) and RRKM calculations. The overall barrierless and
exoergic reaction involves indirect reaction dynamics and
preferentially starts with the addition of the 1-propynyl radical
with its radical center to the carbon-carbon double bond at the
C1 position atom of 2-methylpropene. Initially formed C;H11
intermediates either emit atomic hydrogen or undergo
isomerization via [1,2-H] shift from the CH3 or CH, group prior
loss preferentially leading to 1,2,4-
trimethylvinylacetylene (2-methylhex-2-en-4-yne; pl1) as the
primary product. The molecular structures of the collisional
complexes promote hydrogen atom loss channels. RRKM results
also reveal that hydrogen elimination channels dominate, with
a branching ratio exceeding 70%. The methyl group of the 1-
propynyl radical reactant is not involved in the reaction

to atomic hydrogen

mechanism and remains as a spectator throughout the reaction.
Since the with  2-
methylpropene has no entrance barrier, is exoergic, and all
transition states involved are located below the energy of the
separated reactants, bimolecular collisions are feasible to form
trimethylsubstituted 1,3-enyne (p1) via a single collision event
even at temperatures as low as 10 K prevailing in cold molecular
clouds such as G+0.693.34

reaction of the 1-propynyl radical

These findings have strong

This journal is © The Royal Society of Chemistry 20xx
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CHjy CHs
Figure 7. Reaction pathways leading to the formation of distinct methylsubstituted
naphthalenes via the HAVA mechanism.

implications for the complex hydrocarbon chemistry in cold
molecular clouds. Recently, 2-methylpropene was detected in
the cold molecular cloud G+0.693;34 1-propynyl is likely to be
present in the same cold molecular clouds since its potential
precursor methylacetylene holds a high fractional abundance of
1.3x1078.55 Therefore, based on our combined experimental
and computational study, 1,2,4-trimethylvinylacetylene (2-
methylhex-2-en-4-yne; p1) is likely to be formed in G+0.693.
The formation of this trimethylsubstituted vinylacetylene is a
potential starting point to fundamental molecular mass growth
processes leading to di- and trimethyl substituted naphthalenes
upon reactions with phenyl (CeHs)?! and tolyl radicals
(CH3CgHs)?3 (Fig. 7) via the barrierless HAVA mechanism.
Traditionally, the HAVA ends with hydrogen loss from the R? or
R? position in vinylacetylene (Fig. 2); however, in 1,2,4-
trimethylvinylacetylene (2-methylhex-2-en-4-yne; p1), there is
no hydrogen at R! or R?, and the reaction can only terminate
through methyl elimination. This would provide dimethyl
substituted naphthalenes in the reaction of 1,2,4-
trimethylvinylacetylene (2-methylhex-2-en-4-yne; p1) with the
phenyl radical, but trimethyl substituted naphthalenes upon
reaction with tolyl radicals (Fig. 7). However, it still remains to
be verified whether the barrierless character of vinylacetylene
addition by its terminal vinylic carbon atom to (substituted)
phenyl radicals will hold with methyl substituents at R! or R?
because of the steric hindrance by these bulky groups. The
reaction mechanism of 1-propynyl with 2-methylpropene
follows the main trends that were found for the reactions of the
1-propynyl radical with unsaturated hydrocarbons2545-51; (i) the
reaction starts with barrierless addition of the radical center to
the unsaturated bond, (ii) the overall process is exoergic, (iii) all
transition states involved are located below the energy of the
separated reactants, (iv) the methyl group of the 1-propynyl
radical reactant is not involved in the reaction mechanism and
plays a spectator role. Overall, all reactions of the 1-propynyl

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Bimolecular reactions of the 1-propynyl radical with substituted alkenes studied
under single collision conditions.

radical with olefines studies in our laboratory are barrierless
and yield methyl substituted 1,3-enynes as dominant products
(Fig. 8).254> Similar to 1,2,4-trimethylvinylacetylene (2-
methylhex-2-en-4-yne; p1), these substituted vinylacetylenes
can further engage in molecular mass growth processes via,
e.g., HAVA, in cold molecular clouds.
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