
Gas-Phase Chemistry

One Collision—Two Substituents: Gas-Phase Preparation of Xylenes
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Abstract: The fundamental reaction pathways to the
simplest dialkylsubstituted aromatics—xylenes (C6H4-
(CH3)2)—in high-temperature combustion flames and in
low-temperature extraterrestrial environments are still
unknown, but critical to understand the chemistry and
molecular mass growth processes in these extreme
environments. Exploiting crossed molecular beam ex-
periments augmented by state-of-the-art electronic
structure and statistical calculations, this study uncovers
a previously elusive, facile gas-phase synthesis of xylenes
through an isomer-selective reaction of 1-propynyl
(methylethynyl, CH3CC) with 2-methyl-1,3-butadiene
(isoprene, C5H8). The reaction dynamics are driven by a
barrierless addition of the radical to the diene moiety of
2-methyl-1,3-butadiene followed by extensive isomer-
ization (hydrogen shifts, cyclization) prior to unimolecu-
lar decomposition accompanied by aromatization via
atomic hydrogen loss. This overall exoergic reaction
affords a preparation of xylenes not only in high-
temperature environments such as in combustion flames
and around circumstellar envelopes of carbon-rich
Asymptotic Giant Branch (AGB) stars, but also in low-
temperature cold molecular clouds (10 K) and in hydro-
carbon-rich atmospheres of planets and their moons
such as Triton and Titan. Our study established a
hitherto unknown gas-phase route to xylenes and
potentially more complex, disubstituted benzenes via a
single collision event highlighting the significance of an
alkyl-substituted ethynyl-mediated preparation of aro-
matic molecules in our Universe.

Introduction

Since the very first isolation of xylenes—ortho-(o), meta-
(m), and para-(p) dimethyl substituted benzenes (1–3; C6H4-
(CH3)2; Scheme 1)—by Auguste Cahours as constituents of
wood tar in 1850,[1] the gas-phase formation mechanisms and
role of distinct xylene isomers in combustion flames and in
extraterrestrial environments (cold molecular clouds, cir-
cumstellar envelopes) have attracted extensive interest from
the combustion chemistry,[2–5] astrochemistry,[2,6,7] industrial
chemistry,[8] and physical organic chemistry communities.[9,10]

These isomers are the simplest representatives of dialkyl-
substituted benzenes with methyl groups augmenting the
reactivity toward electrophile (SEAr)[11,12] and radical sub-
stitution (SRAr)[11] compared to benzene.

In methyl-substituted benzenes, the carbon-hydrogen
bond of the methyl moiety is considerably weaker by
100 kJmol� 1 compared to the ‘aromatic’ carbon-hydrogen
bond.[13–17] A homolytic carbon-hydrogen bond cleavage at
the sp3-hybridized carbon atom results in highly stable xylyl
(methylbenzyl) radicals.[4,18] This enhanced stability can be
rationalized in terms of a delocalization of the radical center
with the π-system of the benzene ring allowing four
resonance structures. These resonance-stabilized free radi-
cals (RSFRs) are contemplated as vital building blocks in
molecular mass growth processes of polycyclic aromatic
hydrocarbons (PAHs) eventually leading to carbonaceous
nanoparticles (soot, dust) via five-membered ringed
aromatics[13,19,20,2] in combustion systems and in deep
space.[21–26] Traditionally, in combustion models of sooting
hydrocarbon flames such as of benzene suggest that xylenes
can be synthesized in the gas phase via the reaction of
toluene (C6H5(CH3)) with a methyl radical (CH3) passing a
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significant barrier to reaction of 38 kJmol� 1[27] via a radical
substitution mechanism (reaction (1)).

The inherent entrance barrier efficiently blocks the
formation of xylene isomers in low-temperature environ-
ments such as in cold molecular clouds (10 K) and in
hydrocarbon rich atmospheres of planets and their moons
such as Titan (94 K). Therefore, fundamental reaction path-
ways to xylenes in low temperature extraterrestrial environ-
ments are still not fully untangled. The non-resonantly
stabilized 1-propynyl radical (CH3CC)—a highly reactive
high energy isomer of the resonantly stabilized propargyl
radical (H2CCCH), has attracted considerable attention for
its role in molecular mass growth processes in carbon-rich
extraterrestrial environments.[28–36] The high reactivity and
addition of the 1-propynyl radical to double and triple bonds
of hydrocarbons provide barrier-less pathways accessing
toluene[29] along with hydrogen-deficient hydrocarbons[28–33]

accessible even at low temperatures (10 K).
Herein, we report a facile gas-phase formation of xylene

isomers via the barrierless reaction of the 1-propynyl radical
(CH3CC; X2A1) with 2-methyl-1,3-butadiene (isoprene;
X1A’; C5H8) effectively incorporating two methyl groups
into a benzene molecule via a single collision event from
two acyclic precursor molecules (reaction (2)). This system
is also appealing from the viewpoint of the physical organic
chemistry community since it reflects a prototype reaction to
elucidate the preparation of a disubstituted aromatic mole-
cule initiated by radical addition along with successive
isomerization involving ring closure and hydrogen shifts, in
which both methyl substituents act as spectators and are
piggybacked by the reactants. Since the reaction of the 1,3-
pentadiene (X1A’; C5H8) isomer does not lead to xylenes,
this investigation also allows us to trace the influence of the
position of the methyl group in distinct C5H8 isomers on the
reaction dynamics thus revealing an isomer-selective stereo-
chemistry at the molecular level. Considering that xylenes
have been detected on comet 67P/Churyumov-
Gerasimenko[37] and in meteorites such as in Murchison
(CM2),[6,7,38] our combined experimental and computational
study also provide plausible pathways to xylenes in our
Universe.

C6H5ðCH3Þ ð92 amuÞ þ CH3 ð15 amuÞ ! C6H4ðCH3Þ2

ð106 amuÞ þH ð1 amuÞ
(1)

CH2CðCH3ÞCHCH2 ð68 amuÞ þ CH3CC ð39 amuÞ !

C6H4ðCH3Þ2 ð106 amuÞ þH ð1 amuÞ
(2)

CH3CHCHCHCH2 ð68 amuÞ þ CH3CC ð39 amuÞ !

C7H8 ð92 amuÞ þ CH3 ð15 amuÞ
(3)

Results and Discussion

Laboratory Frame

Reactive scattering signal of the bimolecular gas-phase
reactions of the 1-propynyl radical (CH3CC; X

2A1; 39 amu)

with 2-methyl-1,3-butadiene (CH2C(CH3)CHCH2; X
1A’; 68

amu) (reaction (2)) was searched for and observed at m/z=

91 (C7H7
+) and m/z=106 (C8H10

+). The time-of-flight
(TOF) spectra at m/z=106 and 91 were superimposable
after scaling indicating that signal at m/z=91 originated
from dissociative electron impact fragmentation of the C8H10

neutral product in the electron impact ionizer of the detector
(Figure S2a). These findings are in sharp contrast to the
reaction of the 1-propynyl radical (CH3CC; X

2A1; 39 amu)
with the 1,3-pentadiene (CH3CHCHCHCH2; X

1A’; 68 amu)
isomer (reaction (3)). Here, there was no signal observable
at m/z=106; TOFs could only be collected at m/z=92 and
91; these TOFs were superimposable after scaling (Fig-
ure S2b, c) documenting dissociative electron impact ioniza-
tion of the neutral product (C7H8; 92 amu) in the ionizer.
For both systems, the best signal-to-noise ratio was at m/z
91; therefore, TOF spectra and the laboratory angular
distributions (LAD) were recorded at m/z 91 (Figure 1).
The best-fit LAD for the reaction of 1-propynyl with 2-
methyl-1,3-butadiene (Figure 1a) spans at least 35° and
reflects a forward-backward symmetry with respect to the
center-of-mass (CM) angle of 35.4�1.2°. This finding
proposes that the reaction involves indirect reaction dynam-
ics through C8H11 complex(es), which then undergo unim-
olecular decomposition through the emission of atomic
hydrogen (reaction (2)). However, for the 1-propynyl/1,3-
pentadiene system, the LAD depicts a higher flux in the
backward hemisphere with respect to the CM angle of
35.9�0.9° (Figure 1b). These raw data alone provide
evidence that this reaction proceeds through rather short-
lived C8H11 intermediates that emits a methyl radical
(reaction (3)) documenting distinct exit channels in the
reactions of the 1-propynyl radical with the 2-methyl-1,3-
butadiene and 1,3-pentadiene isomers forming C8H10 (reac-
tion (2)) and C7H8 isomers (reaction (3)), respectively.

Center-of-Mass Frame

The laboratory data afford persuasive testimony for the 1-
propynyl versus atomic hydrogen (reaction (2)) and methyl
(reaction (3)) exchange pathways. To unravel the underlying
reaction mechanism(s) and the isomer(s) formed, the
laboratory data (TOF, LAD) are converted into the center-
of-mass reference frame exploiting a forward-convolution
routine; this procedure generates the center-of-mass transla-
tional energy (P(ET)) and angular (T(θ)) flux distribution
(Figure 2).[39–46] These functions can then be exploited for
the extraction of the reactive differential cross section I(θ,
u)~P(u)×T(θ), which reports the flux as a function of the
CM scattering angle θ and velocity u; this distribution
essentially represents an overall image of the outcome of the
reaction on the microscopic scale (Figure 2). First, the
center-of-mass translational energy (P(ET)) distributions
provide a valuable tool to expose the nature of the product
isomer(s) formed. Here, the derived P(ET) distributions
exhibit maximum translational energy releases (Emax) of
393�28 and 188�37 kJmol� 1 for the 1-propynyl/2-methyl-
1,3-butadiene and 1-propynyl/1,3-pentadiene systems, re-
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spectively. Energy conservation dictates that for those
molecules born without internal excitation, Emax is the sum
of the collision energy (EC) plus the reaction energy.
Therefore, reaction energies were determined to be � 350�
30 kJmol� 1 and � 145�39 kJmol� 1 for reactions (2) and (3),
respectively. Further, the distribution maxima of the P(ET)
provide valuable information on the exit transition state(s)
in the unimolecular decomposition of the C8H10 doublet
radical intermediates. Distribution maxima peak away from
zero translational energy (61�4 kJmol� 1; 1-propynyl/2-
methyl-1,3-butadiene) and close to zero translational energy
(5�1 kJmol� 1; 1-propynyl/2-methyl-1,3-butadiene) indicat-
ing tight and loose exit transition states, i.e. a unimolecular
fragmentation of the reaction intermediate(s) involving a
significant reorganization of the electron density (reaction
(2)) and a simple bond rupture process (reaction (3)).[42,43]

Second, the T(θ) distributions contain additional informa-
tion on the underlying reaction dynamics. The 1-propynyl
/2-methyl-1,3-butadiene system reveals non-zero flux at all

angles; the distribution also reveals a forward-backward
symmetry with respect to 90°; this finding suggests an
indirect reaction mechanism involving long-lived C8H11

intermediate(s) that have a life-time longer than their
rotational period.[39] The flux minimum at 90° proposes
geometrical constraints with the C8H11 complex emitting a
hydrogen atom within the rotational plane of the decompos-
ing complex. On the other hand, for the reaction of 1-
propynyl radical with 1,3-pentadiene, the center-of-mass
angular flux distribution of the methyl elimination pathway
depicts a pronounced backward scattering with respect to
the 1-propynyl radical beam. This proposed that at least one
reaction channel proceeds via backward scattering through a
rebound mechanism[40,41,44] and/or an extremely short-lived
C8H11 reaction intermediate ejecting the methyl radical.

Our experimental data reveal distinct mechanisms upon
reactions of both C5H8 isomers with the 1-propynyl radical
both in terms of the exit channels (hydrogen versus methyl
group loss) and dynamics (long lived versus short-lived/

Figure 1. (a) Laboratory angular distribution and (b) time-of-flight (TOF) spectra recorded at m/z=91 for the reaction of the 1-propynyl radical with
2-methyl-1,3-butadiene at a collision energy of 43�2 kJmol� 1. (c) Laboratory angular distribution and (d) time-of-flight (TOF) spectra recorded at
m/z=91 for the reaction of the 1-propynyl radical with 1,3-pentadiene at a collision energy of 43�2 kJmol� 1.The circles represent the experimental
data and the solid lines the best fits.
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rebound). To shed a light on these findings, the experimen-
tal results are augmented by electronic structure and
statistical calculations to infer the nascent product isomer(s)
and to elucidate the underlying reaction dynamics. The full
potential energy surfaces (PES) (Figure S3–S16) along with
results of statistical (Rice–Ramsperger–Kassel–Marcus
theory method; RRKM) calculations (Table S1–S10) are
compiled in the Supporting Information. These computa-
tions were conducted at a level of theory providing
accuracies of the energies of the products, intermediates,
and transitions states with an accuracy of �5 kJmol� 1;[47,48]

bond lengths and bond angles are provided within accuracies
of �0.01 Å and 1°, respectively.

1-Propynyl / 2-Methyl-1,3-Butadiene System

The bimolecular reaction of the 1-propynyl radical with 2-
methyl-1,3-butadiene (isoprene) is very complex (Figure 3).
Our calculations identified nine cyclic and acyclic C8H10

product isomers (p1–p9, Figures 3) accessed via atomic
hydrogen loss. In detail, the 1-propynyl radical can add
barrierlessly to any of the four chemically non-equivalent
carbon atoms of 2-methyl-1,3-butadiene with its radical
center located at the acetylenic, terminal carbon to the
C1=C2 or C3=C4 double bonds (Figure 3). These additions
access four doublet radical intermediates i1, i3, i9, and i11
stabilized by up to 217, 273, 206, and 281 kJ mol� 1,
respectively, relative to the separated reactants. Intermedi-
ates i1 and i9 isomerize rapidly via ring closure through
substituted cyclopropanyl radical intermediates i2 and i10,
followed by the ring re-opening eventually accessing i3 and
i11 respectively. These radicals can be classified as sub-
stituted resonantly stabilized allylic radicals and they can

further undergo atomic hydrogen losses to p4/p5 (from i3)
or p7/p8 (from p11) or proceed through a series of trans-
formations involving, e.g., cis/trans isomerization and hydro-
gen shifts terminated by atomic hydrogen losses yielding
acyclic products p4 and p7–p9 in overall exoergic reactions
(from � 94 to � 125 kJmol� 1). The electronic structure
calculations also identified reaction pathways to four cyclic
reaction products: m-xylene (p1), p-xylene (p2), 1,5-dimeth-
ylenecyclohexa-1,3-diene (p3), and 2,5-dimeth-
ylenecyclohexa-1,3-diene (p6). The aromatic xylenes (p1/p2)
are thermodynamically more stable by up to 130 kJmol� 1

compared to the substituted methylenecyclohexadiene prod-
ucts (p3/p6). To access p1/p2, the allylic intermediates i3/i11
isomerize to i4/i12 though rotation around the carbon-
carbon bond followed by cyclization to six-membered ring
carbene intermediates i6/i17. Here, hydrogen atom shifts to
the carbene carbon atoms form low-energy intermediates i7/
i18 and/or i8/i19. Intermediates i7/i18 can only fragment to
p3/p6, while i8/i19 offers two distinct atomic hydrogen loss
exit channels to p3/p6 and p1. Which of these pathways
dominate? The crossed molecular beams approach has the
unique advantage of extracting the nature of the isomer(s)
formed by comparing the experimentally determined reac-
tion energies with the computed reaction energies for
distinct isomers. The experimentally derived reaction energy
of � 350�30 kJmol� 1 nicely accounts for the formation of
m- (p1; � 366 kJmol� 1) and p-xylene (p2; � 367 kJmol� 1)
isomers under our experimental conditions via tight exit
transition states located 16 to 21 kJmol� 1 above the sepa-
rated products through overall indirect scattering dynamics.
Thermodynamically unfavorable products p3–p9 might me
masked in the lower energy section of the CM translational
energy distribution (Figure 2a). Our statistical (RRKM)
calculation reveal that that the atomic hydrogen loss channel
dominates, while methyl elimination does not play a
significant role (Table S2–S7, Figure S2–S7). The formation
of acyclic isomers (p4, p5, p7–p9) account for up to 80% of
the total yield (Tables S2–S7) if the system behaves statisti-
cally, with significant fractions of xylene isomers (p1, p2) of
up to 15% being also produced.

1-Propynyl/1,3-Pentadiene System

The computations reveal that the outcome of the bimolecu-
lar reaction of the 1-propynyl radical with 1,3-pentadiene is
quite distinct from that with isoprene. Overall, 10 reaction
intermediates (i20–i29) were identified which are connected
through 16 transition states. In detail, the 1-propynyl radical
can add barrierlessly to any of the four carbon atoms of the
C1=C2 and C3=C4 double bonds (Figure 4). Addition of 1-
propynyl to C2 or C3 generates sp3-hybridized carbon atom
centered intermediates i20 or i24. These structures can
isomerize through ring closure via cyclic intermediates i21
and i25 followed by ring opening to allyl-type resonantly
stabilized radicals i22 and i26; these intermediates can also
be accessed through the 1-propynyl radical addition to C1
and C4 of 1,3-pentadiene. Eventually, complexes i22 and i26
isomerize to i23 and i27–i29, respectively, ultimately under-

Figure 2. (a) Center-of-mass translational energy (P(ET)) and (b)
angular distributions (T(θ)) for the reaction of the 1-propynyl radical
with isoprene (red) and 1,3-pentadiene (blue). Solid lines represent the
best fit, while shaded areas indicate the error limits. For the T(θ), the
direction of the 1-propynyl beam is defined as 0° and of the closed
shell hydrocarbon beams (2-methyl-1,3-butadiene, 1,3-pentadiene) as
180°. (c and d) Corresponding flux contour maps for the reactions of
the 1-propynyl radical with 2-methyl-1,3-butadiene (c) and 1,3-
pentadiene (d).
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going unimolecular decomposition through methyl group
loss forming p10/p11 in overall exoergic reactions (� 140 to
� 156 kJmol� 1). These energies correlate nicely with our
experimental reaction exoergicities of 145�39 kJmol� 1 thus
suggesting the formation of acyclic products p10/p11 plus
methyl radical under single collision conditions. These
results are also in line with the statistical (RRKM)
calculations revealing that methyl loss channels account for
up to 90% of the total product yield while atomic hydrogen

loss pathways originating from i24 and i26 lead only to
minor C8H10 products (Table S8, Figures S11–S13). Overall,
two pairs of conformers for each (E)-hepta-1,3-dien-5-yne
(p10) and (Z)-hepta-1,3-dien-5-yne (p11) prevail among the
methyl elimination pathways (Figures 4). The distinct out-
come of the reaction of the 1-propynyl radical with two
C5H8 isomers is likely a direct consequence of the molecular
structure of the initial collision complexes formed in these
processes. The eventually accessed substituted allylic radi-

Figure 3. Potential energy surface for the bimolecular reaction of the 1-propynyl radical (CH3CC; X
2A1) with 2-methyl-1,3-butadiene (CH2C-

(CH3)CHCH2; X
1A’) leading to C8H10 plus H products calculated at the G3(MP2,CC)//ωB97X-D/6-311G(d,p) level of theory. Relative energies are

given in kJmol� 1; a) addition to the C3=C4 bond; b) addition to the C1=C2 bond.
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cals restore the conjugated π-system by β-scission of the
C� H or C� C bond. In the 1-propynyl/2-methyl-1,3-buta-
diene system (i3, i11) C� H bond rapture dominates; C� C
bonds in the β-position are absent (i11) or the cleavage
forms the thermodynamically less stable substituted allene
moiety (i3) along with methyl. Considering the 1-propynyl /
1,3-pentadiene PES, all transition states associated with
C� C bond ruptures are lower compared to those linked to
C� H bond cleavage; this is indicative of dominating methyl
loss channels as probed experimentally. The observed back-
ward scattering can be best explained by dynamical prefer-

ence of the initial addition channel toward short-lived i22,
while i26 need to overcome a relatively high barrier of
136 kJmol� 1 toward to i28 before emitting CH3, which would
result in a forward-backward scattering. Inspecting the
natural charges in Table S11, the charge on the C5 atom
(methyl group) is higher compared to all other C atoms
(� 0.60). So the electrophilic radical center of CH3CC may
be attracted by the high electron density in the C1� C5
region of 1,3-pentadiene preferably adding to C1 to form
i22. The steric hindrance can be upset by the strong
attractive potential due to the high electron density. Overall,

Figure 4. Potential energy surface for the bimolecular reaction of the 1-propynyl radical (CH3CC; X
2A1) with 1,3-pentadiene (CH3CHCHCHCH2; X

1A’)
leading to C7H8 isomers plus the methyl radical (CH3) calculated at the G3(MP2,CC)//ωB97X-D/6-311G(d,p) level of theory. Relative energies are
given in kJmol� 1. a) addition to the C3=C4 bond; b) addition to the C1=C2 bond.
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this picture nicely accounts for the fast methyl loss channel
in the 1-propynyl / 1,3-pentadiene system.

Conclusion

Our combined experimental and computational study dem-
onstrates a gas phase preparation of two xylene isomers - m-
xylene (p1) and p-xylene (p2)—from two acyclic precursors,
the 1-propynyl radical and 2-methyl-1,3-butadiene (iso-
prene), eventually functionalizing the benzene ring with two
methyl groups via a single collision event. The reaction
dynamics are driven by barrierless additions of the 1-
propynyl radical to the diene moiety of 2-methyl-1,3-
butadiene followed by extensive isomerization via, e.g.,
hydrogen shifts and ring closure prior to unimolecular
decomposition via atomic hydrogen loss accompanied by
aromatization in an overall exoergic reaction. Since all
barriers to isomerization and product formation are located
well below the energy of the separated reactants, the
reaction of the 1-propynyl radical and 2-methyl-1,3-buta-
diene can prepare xylenes not only in high-temperature
environments such as in combustion flames and around
circumstellar envelopes of carbon-rich Asymptotic Giant
Branch (AGB) stars, but also in low temperature cold
molecular clouds (10 K) and in hydrocarbon-rich atmos-
pheres of planets and their moons such as Triton and Titan.
These studies also highlight the necessity of isomer-selective
reaction dynamics studies since a switch of the methyl group
from the C2 (in isoprene) to the C1 position (in 1,3-
pentadiene) has a dramatic effect on the outcome of the
reaction not only by de-facto preventing aromatization, but
also in opening the methyl loss exit channels. In high
temperature combustion and circumstellar environments,
successive hydrogen atom assisted isomerization processes
may also convert acyclic reaction products such as p4, p5,
and p7–p9 to xylenes thus amplifying the overall conversion
of 1-propynyl radical into aromatic structures through its
addition to the diene moiety of 2-methyl-1,3-butadiene.

A substitution of either methyl group in the 1-propynyl
radical or in the closed shell 2-methyl-1,3-butadiene reactant
by an alkyl group is further predicted to lead to preparation
of more complex, disubstituted benzenes beyond xylenes in
the gas phase (Scheme 2) thus affording a pathway to a
versatile preparation of complex, aromatic organics even at
ultralow temperatures of the deep space. These pathways
may account for the high meta/para to ortho ratio of xylenes
detected in the Orgueil (CI1) and Murchison (CM2)
carbonaceous chondrites[6,7] and diethylbenzene in the coma

of comet 67P/Churyumov-Gerasimenko.[37] These alkyl sub-
stituted aromatic molecules play a fundamental role in
complex molecular mass growth processes as exemplified for
methyl substituted benzene moieties (Scheme 3). Hydrogen
abstraction can form the benzyl moiety involved in the
Hydrogen Abstraction � C2H2 (acetylene) Addition
(HACA) pathway,[49–52] in the Propargyl Addition–BenzAn-
nulation (PABA) mechanism,[53] and self-recombination[54]

yielding, e.g., annulated five- and six-membered rings along
with fluorene moieties[55] thus highlighting the significance of
alkyl-substituted-benzene moieties in the aromatic universe
we live in.
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