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ABSTRACT: What if an experiment could combine the power of cycloaddition and
cross-coupling with the in situ formation of an aromatic molecule in a single collision?
Crossed molecular beam experiments augmented with electronic structure and statistical
calculations provided compelling evidence on a novel radical route involving 1,3-
butadiynyl (HCCCC; X2∑+) radicals synthesizing (substituted) arylacetylenes in the gas
phase upon reactions with 1,3-butadiene (CH2CHCHCH2; X1Ag) and 2-methyl-1,3-
butadiene (isoprene; CH2C(CH3)CHCH2; X1A’). This elegant mechanism de facto
merges two previously disconnected concepts of cross-coupling and cycloaddition−
aromatization in a single collision event via the formation of two new C(sp2)−C(sp2)
bonds and bending the 180° moiety of the linear 1,3-butadiynyl radical out of the ordinary
by 60° to 120°. In addition to its importance to fundamental organic chemistry, this
unconventional mechanism links two previously separated routes of gas-phase molecular mass growth processes of polyacetylenes
and polycyclic aromatic hydrocarbons (PAHs), respectively, in low-temperature environments such as in cold molecular clouds like
the Taurus Molecular Cloud (TMC-1) and in hydrocarbon-rich atmospheres of planets and their moons such as Titan, which revises
the established understanding of low-temperature molecular mass growth processes in the Universe.

The craft of preparative organic synthesis thrives on two
important classes of reactions, the first of which is a

classic Diels−Alder1,2 reaction representing the class of a
pericyclic [4 + 2] cycloaddition. In this mechanism, 4π-
electrons from an s-cis conjugated diene and 2π-electrons from
a dienophile (an alkene or alkyne) are involved in the
concerted formation of two new carbon−carbon σ-bonds
effectively, culminating in a six-membered ring closure process
(Scheme 1A). The importance of the Diels−Alder reaction for
biochemistry,3 organic synthetic chemistry,4,5 materials sci-
ence,6 polymers,7 and the pharmaceutical industry8 can hardly
be overestimated.9 The second class of reactions that shaped
modern synthetic chemistry involves cross-coupling reactions.
In this mechanism, two functional groups, such as aryl and
alkynyl, are tailored together by a newly formed carbon−
carbon bond (Scheme 1B). The iconic Suzuki−Miyaura10−12
cross-coupling emerged as the second most used reaction in
drug-discovery chemistry.13 The popularity of cross-coupling
reactions including Sonogashira14 and Castro−Stephens15 is
not least explained by the ability to synthesize arylacetylenes −
critical π-conjugated systems used as fundamental building
blocks for the synthesis of biologically active molecules,16,17

heterocycles,18 molecular electronics,19 and conjugated poly-
mers.20 However, an “ideal” preparative reaction still remains
to be developed, as contemporary pathways are hampered by
cyclization reactions excluding aromatization, extensive prep-

aration of the corresponding organohalide precursors, organo-
main group reagents, the unavailability of desired synthons, as
well as high reaction temperatures.
What if an experiment could combine the power of

cycloaddition and cross-coupling with the in situ formation
of an aromatic molecule in a single collision? Unexpectedly,
studying the chemistry of alkynyl radicals opens the door to
this “chemical fantasy”. Here, we unveil that the linear
butadienyl radical (HCCCC; X2∑+) participates in an
unexpected gas phase cycloaddition−aromatization reaction
with conjugated 1,3-butadienes (1,3-butadiene, 2-methyl-1,3-
butadiene).
Under single collision conditions, these reactions prepare

(substituted) phenylacetylene molecules in the gas phase, thus
unconventionally bending the linear butadienyl radical out of
the ordinary through incorporation into a 6π Hückel aromatic
benzene moiety. The ability of the butadienyl radical to
participate in a barrierless aromatization reaction while
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simultaneously changing the hybridization of two carbon
atoms from sp to sp2 and the linear carbon moiety (180°) to a
bent structure (120°) (reactions 1 and 2) challenges classical
textbook knowledge of the “expected” reactivity of gas-phase
alkynyl radicals as a series of the chain propagations to linear
polyacetylenes (reactions 3 and 4).

+ +C H CH CHCHCH C H CCH H4 2 2 6 5 (1)

+ +C H CH C(CH )CHCH CH C H CCH H4 2 3 2 3 6 4
(2)

+ +HCC HCCH HCCCCH H (3)

+ +HCCCC HCCH HCCCCCCH H (4)

In this research, we utilized the key strength of gas-phase
physical organic chemistry: to study the reaction mechanism
with unprecedented detail via crossed molecular beam
experiments augmented by high-level quantum chemistry and
statistical calculations under single collision conditions. While
in the bulk experiments the wall effects and secondary
collisions can affect the results, the crossed beam approach
has the unique feature of generating the radicals in separate
supersonic molecular beams and detecting the output of the
reaction after a single collision of reactants. The studied
reactions of 1,3-butadiynyl (HCCCC; X2∑+) with 1,3-
butadiene (CH2CHCHCH2; X1Ag) (reaction 1) and of 2-
methyl-1,3-butadiene (isoprene; CH2C(CH3)CHCH2; X1A’)
(reaction 2) represent an elegant and potentially powerful
radical mechanism for de facto combining cross-coupling and
cycloaddition−aromatization in one reaction to synthesize
arylacetylenes from acyclic reagents via the construction of two
new C(sp2)−C(sp2) bonds (Scheme 1C). These data prove a
universal and barrierless cycloaddition-aromatization mecha-
nism in reactions of alkynyl radicals with conjugated dienes.
Effectively, the conversion of polyacetylenes to aromatic
moieties such as benzene in low temperature (10 K)
interstellar environments such as in the cold molecular cloud
Taurus Molecular Cloud-1 (TMC-1) and in hydrocarbon rich
atmospheres of planets and their moons like Titan as well as in
high temperature combustion flames of a few 1,000 K links two
previously “disconnected” structural concepts (chain extension
versus aromatization) and carbon reservoirs (sp versus sp2).
The synthesis of the first aromatic ring in these extreme
environments represents a bottleneck process centered on the
kinetic models for polycyclic aromatic hydrocarbons (PAHs)

formation and growth. Alkynyl radicals are widely present in
these environments, and our study unveils a universal,
barrierless initiation channel for PAHs molecular growth via
synthesis of the phenylacetylene structures. In addition, this
research introduces an unconventional atom-economical, gas-
phase synthesis of arylacetylenes, one of the most common
multifunctional synthons in organic synthesis, chemical
biology, and material science.
The reactive scattering signal for the reaction of 1,3-

butad iyny l (C4H; 49 amu) wi th 1 ,3 -butad iene
(CH2CHCHCH2; C4H6; 54 amu) was observed at the mass-
to-charge ratios of m/z = 102 (C8H6+) and 76 (C6H4+). The
time-of-flight (TOF) spectra obtained at these m/z values
overlap after scaling, suggesting that m/z = 76 originates from
dissociative electron impact ionization of the C8H6 product
formed in the 1,3-butadiynyl versus atomic hydrogen exchange
pathway (reaction 5). The background signal at m/z = 88 in
the primary beam prevented detection of a potential methyl-
loss channel (reaction 6); note that the interference signal at
m/z = 88 (C4H337Cl+) originates from 1,4-dichloro-2-butyne
(C4H4Cl2) exploited in the synthesis of diacetylene (C4H2), i.e.
the photolytic precursor of 1,3-butadiynyl (C4H) (Methods,
SI).
For the 1,3-butadiynyl (C4H; 49 amu) plus 2-methyl-1,3-

butadiene (CH2C(CH3)CHCH2; 68 amu) reaction, a signal
was observed at mass-to-charge ratios of m/z = 116 (C9H8+)
and 115 (C9H7+). The TOFs at m/z = 115 at 116 overlap after
scaling, indicating that m/z = 115 originates from dissociative
electron impact ionization of the product detected at m/z =
116, with C9H8 (116 amu) formed via reaction 7. According to
available data from NIST, signals at m/z = 116 and 115 are the
two most abundant ion counts for C9H8 isomers.

21 No signal
was detected at m/z = 102, suggesting an absence of a possible
methyl loss channel (reaction 8).

+

+

C H (49 amu) CH CHCHCH (54 amu)

C H (102 amu) H (1 amu)
4 2 2

8 6 (5)

+

+

C H (49 amu) CH CHCHCH (54 amu)

C H (88 amu) CH (15 amu)
4 2 2

7 4 3 (6)

+

+

C H (49 amu) CH C(CH )CHCH (68 amu)

C H (116 amu) H (1 amu)
4 2 3 2

9 8 (7)

Scheme 1. Reaction Schemes for: (A) the Diels−Alder Reaction; (B) Different Cross-Couplings (from Top to Bottom:
Suzuki−Miyaura, Sonogashira, and Castro−Stephens); and (C) the Findings of the Current Worka

aBlack bonds−newly formed carbon−carbon bonds.
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+

+

C H (49 amu) CH C(CH )CHCH (68 amu)

C H (102 amu) CH (15 amu)
4 2 3 2

8 6 3 (8)

The corresponding laboratory angular distributions (LADs)
for the reactions of 1,3-butadiynyl with 1,3-butadiene and of 2-
methyl-1,3-butadiene systems were recorded at m/z = 102 and
116, respectively (Figure 1a and d). In both systems, the LADs
follow the same pattern: they span about 30° of the angular
range and depict a forward−backward symmetry with respect
to the center-of-mass angle (ΘCM) (Table S1). These findings
propose that the reactions of 1,3-butadiynyl with 1,3-
butadiene/2-methyl-1,3-butadiene involve indirect reaction
dynamics through C8H7/C9H9 complex(es), which then
undergo unimolecular decomposition via atomic hydrogen
loss (reactions 5 and 7).
To gain information on the reaction mechanisms, a forward-

convolution routine is exploited to convert the laboratory data
(TOFs, LADs) into the center-of-mass (CM) reference
frame.22,23 Each system was fitted with a single reaction
channel (reaction 5 or 7) with an Ec−2/3 dependent reactive
cross section at a collision energy Ec; this reflects entrance-
barrierless reactions dominated by long-range dipole−dipole
interactions.24

The resulting best-fit CM functions for both reactions are
similar (Figure 2). Let us inspect the center-of-mass transla-
tional energy (P(ET)) flux distributions first. Energy
conservation dictates that after a reactive collision event, the
maximum translational energy (Emax) of those products born
without internal energy equals the sum of the collisional energy
EC (Table S1) and the reaction energy (−ΔrG). Here, the
P(ET)s for the 1,3-butadiynyl/1,3-butadiene and 1,3-butadiyn-
yl/2-methyl-1,3-butadiene systems hold Emax values of 406 ±
29 and 415 ± 22 kJ mol−1, respectively. Therefore, reaction

energies were determined to be −383 ± 30 and −392 ± 23 kJ
mol−1, respectively, for reactions 5 and 7. Further, both P(ET)s
reveal pronounced distribution maxima peaking away from
zero translational energy at 30 to 38 kJ mol−1; this finding
indicates a tight exit transition state in the exit channel and
hence a significant electron reorganization when the reaction
intermediate(s) decompose via atomic hydrogen loss to the
final products.24,25 Finally, the average translation energies of
102 ± 7 and 107 ± 6 kJ mol−1 suggest that about 26% of the
total energy is channeled into product translation; this finding
further advocates the formation of covalently bound
intermediates and indirect scattering dynamics.24,26 With
respect to the center-of-mass angular distributions, the “best-
fit” T(θ)s are isotropic (flat) (Figure 2b and e), as indicative of
indirect reactions (complex forming reactions) involving C8H7
and C9H9 intermediates with life times longer than their
rotational periods.24 The isotropic functions are the direct
consequence of the inability of the light hydrogen atom
carrying away a significant fraction of the total angular
momentum.24 These findings are also supported by the flux
contour maps (Figure 2c and f), which depict an overall image
of the reaction and the scattering processes.
In the case of complex, polyatomic systems, it is of

advantage to combine our experimental results with electronic
structure and statistical calculations to reveal the underlying
reaction mechanism and nature of the isomer(s) formed. The
computations discovered more than 100 reaction intermediates
with the full potential energy surfaces (PES) (Figures S7−S19)
along with results of Rice−Ramsperger−Kassel−Marcus
(RRKM) calculations (Tables S2−S5) compiled in the
Supporting Information. Since these computations (Tables
S2 and S3) reveal − supported by our experiments − atomic
hydrogen loss channels with branching ratios exceeding 90%

Figure 1. (a) Laboratory angular distribution and (b) time-of-flight (TOF) spectra recorded at m/z = 102 for the reaction of the 1,3-butadiynyl
radical with 1,3-butadiene at a collision energy of 22.5 ± 1.0 kJ mol−1. (c) Laboratory angular distribution and (d) time-of-flight (TOF) spectra
recorded at m/z = 116 for the reaction of the 1,3-butadiynyl radical with 2-methyl-1,3-butadiene (isoprene) at a collision energy of 23.3 ± 1.2 kJ
mol−1. The circles represent the experimental data, and the solid lines are the best fits.
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and since discovered mechanisms are similar for 1,3-butadiene
and 2-methyl-1,3-butadiene, only H-loss channels for the 1,3-
butadiynyl−1,3-butadiene system are discussed in the main
manuscript (Figure 3), and the 1,3-butadiynyl−2-methyl-1,3-
butadiene system is discussed in detail in SI (Part 3, Figures
S11−S12).
For the 1,3-butadiynyl−1,3-butadiene system, our calcu-

lations predict the gas phase preparation of one cyclic (p1) and
three acyclic (p4−p6) C8H6 product isomers (Figure 3) via
atomic hydrogen loss channels. The reaction commences with
a barrierless addition of the 1,3-butadiynyl with its radical
center to either of the two chemically nonequivalent positions
C1 (accessing i4) or C2 (accessing i1) of the conjugated π
electronic system of 1,3-butadiene. Both intermediates can be
interconverted rapidly. Intermediate i1 isomerizes via ring
closure through substituted cyclopropanyl radical intermedi-
ates i2 and i3 followed by ring opening to i4 and i6,
respectively. The unimolecular decomposition of i1 to 3-
methyleneocta-1-en-4,6-diyne (p6) via hydrogen atom loss is
less competitive considering the high energy barrier of 132 kJ
mol−1 compared to the barrier involved in i1 → i2/i3 of 44/55

kJ mol−1. Further, the allyl-type resonantly stabilized free
radical intermediate i4 can undergo internal rotation to i5
followed by a [1,2-H] shift to i6; alternatively, i4 accesses i6 in
a one-step [1,2-H] shift. Both hydrogen shifts i5 → i6 and i4
→ i6 have similar barriers of 160−165 kJ mol−1. Also, i5 can
undergo two additional hydrogen atom migrations. First, a
hydrogen shift within the 1,3-butadiene moiety leads to i8
through a barrier of 129 kJ mol−1; an alternative pathway
involves a [1,2-H] shift from the C1 atom of 1,3-butadiene to
the 1,3-butadiynyl moiety, accessing i9 via the barrier of 201 kJ
mol−1. Intermediate i5 can also undergo a facile ring closure,
forming a six-membered ring intermediate i7; a successive
hydrogen migration within the carbon ring forms i12. Further,
i8 isomerizes via two competing pathways: a cis−trans
isomerization to i10 and a hydrogen shift accessing i9.
Intermediate i9 holds an s-cis diene conformation which allows
a low-barrier (24 kJ mol−1) ring closure to i12. Alternatively, i9
can undergo a hydrogen shift to i11 followed by ring closure to
i13 with low barriers of only 63 and 27 kJ mol−1, respectively.
The cyclic intermediate i12 can interconvert to i13 via a
hydrogen shift. Finally, i12 and i13 decompose via hydrogen

Figure 2. (a) Center-of-mass translational energy (P(ET)), (b) angular distributions (T(θ)), and (c) corresponding flux contour map for the
reaction of the 1,3-butadiynyl radical (HCCCC, X2∑+) with 1,3-butadiene (CH2CHCHCH2, X1Ag). (d) Center-of-mass translational energy, (e)
angular distributions, and (f) corresponding flux contour map for the reaction of the 1,3-butadiynyl radical (C4H, X2∑+) with 2-methyl-1,3-
butadiene (CH2C(CH3)CHCH2, X1A′). For the T(θ), the direction of the 1,3-butadiynyl beam is defined as 0° and that of the dienes as 180°.
Solid lines represent the best fit, while shaded areas indicate the error limits.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c03150
J. Phys. Chem. Lett. 2025, 16, 658−666

661

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c03150/suppl_file/jz4c03150_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c03150?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c03150?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c03150?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c03150?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c03150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


atom elimination accompanied by aromatization to phenyl-
acetylene (p1) in an overall exoergic reaction by −397 kJ
mol−1. Alternative atomic hydrogen loss channels are
thermodynamically less favorable (Figure 3) with trans- and
cis-nona-1,3-dien-5,7-diyne (p4 and p5) formed from a wide
range of intermediates i4−i6, i8, and i10 → p4/p5 + H and i9
→ p5 + H, while p6 can only originate from i1.
Which of these pathways dominates the reaction dynamics?

A comparison of the experimentally determined reaction
energy of −383 ± 30 kJ mol−1 with the computed reaction
energies suggests that at least the thermodynamically most
stable phenylacetylene (p1; ΔrG = −397 ± 5 kJ mol−1) is
formed. Less exoergic products p4−p6 might be masked in the
lower energy section of the CM translational energy
distribution (Figure 2a). According to RRKM calculations
(Table S2), p1 is one of the major reaction products
contributing from 23−25% to the total product yield at the
experimental collision energy to 37−39% at zero collision
energy, with other prevailing products including acyclic p4 and
p5. Considering the barriers involved, three pathways involving
the central acyclic reaction intermediate i5 are likely involved
in the gas-phase preparation of phenylacetylene (p1)
(reactions 9−11). The barriers involved suggest that the
pathways in reactions 9 and 10 should dominate. This
postulation is also confirmed by RRKM calculations (Table
S6). Pathways (9) and (10), which include intermediate i9
with the s-cis diene conformation, hold equal branching ratios
of 45% and account for more than 90% of p1 formation. In
comparison, pathway (11), where i5 closes the ring to i7 in a
single step, holds a branching ratio of only 10%.
Overall, the reaction of 1,3-butadiynyl radical with 1,3-

butadiene commences with the barrierless addition of the
radical center to the conjugated π electronic system of 1,3-
butadiene, followed by a series of isomerization steps involving
conformational changes via rotations around single C−C

bonds, cyclization, and hydrogen shifts prior to hydrogen atom
elimination augmented with aromatization to phenylacetylene.

+i5 i8 i9 i12 p1 H (9)

+i5 i8 i9 i11 i13 p1 H (10)

+i5 i7 i12 p1 H (11)

For the 1,3-butadiynyl−2-methyl-1,3-butadiene system,
considering the experimental reaction energy of −392 ± 23 kJ
mol−1, the computational results support the gas phase
preparation of the aromatic products m- and p-tolylacetylenes
(methylphenylacetylene; p2 and p3; ΔrG = −391 ± 5 kJ
mol−1) plus atomic hydrogen under single collision conditions.
These results also align with the statistical calculations,
revealing that the formation of both methylphenylacetylene
isomers p2 and p3 dominates the chemical mechanism with
branching ratios of up to 70% (Table S3). The RRKM
calculations reveal that the incorporation of the methyl group
does not have a significant impact on the overall branching
ratios, thus classifying the methyl group as a spectator with
branching ratios p7 and p8 not exceeding 5%. Three pathways
can lead to the aromatic products initiated through radical
addition to the C1=C2 (pathways (S1)-(S3)) and C3=C4
(pathways (S4)-(S6)) moieties. Essentially, the RRKM studies
support low energy barrier pathways involving s-cis diene (i22
and i37) intermediates for more than 97% of all aromatics
formed.
Crossed molecular beam experiments augmented with

electronic structure and statistical calculations provided
compelling evidence on a novel radical route involving 1,3-
butadiynyl (HCCCC; X2∑+) radicals synthesizing (substi-
tuted) arylacetylenes in the gas phase upon reactions with 1,3-
butadiene (CH2CHCHCH2; X1Ag) and 2-methyl-1,3-buta-
diene (isoprene; CH2C(CH3)CHCH2; X1A′). This elegant
mechanism de facto merges two previously disconnected

Figure 3. Potential energy surface for the bimolecular reaction of the 1,3-butadiynyl radical (HCCCC, X2∑+) with 1,3-butadiene
(CH2CHCHCH2, X1Ag) leading to C8H6 isomers plus the atomic hydrogen calculated at the CCSD(T)-F12/cc-pVTZ-F12//ωB97X-D/6-
311G(d,p) level of theory. H-loss exit channels to acyclic products are not shown on the PES but are listed in gray frames.
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concepts of cross-coupling and cycloaddition−aromatization in a
single collision event via the formation of two new C(sp2)−
C(sp2) bonds and bending the 180° moiety of the linear 1,3-
butadiynyl radical out of the ordinary by 60° to 120° while
changing the hybridization of the carbon atoms involved from
sp to sp2. The reaction dynamics are driven by barrierless
addition of the 1,3-butadiynyl radical to the diene moiety
followed by extensive isomerization series via hydrogen shifts
and ring closure predominantly through s-cis diene conformers
prior to unimolecular decomposition via atomic hydrogen loss
accompanied by aromatization in overall exoergic reactions to
(substituted) arylacetylenes.
This unconventional cycloaddition−aromatization mecha-

nism links two previously separated routes of gas-phase
molecular mass growth processes to polyacetylenes and
polycyclic aromatic hydrocarbons (PAHs), respectively, in
low-temperature environments such as in cold molecular
clouds like the Taurus Molecular Cloud (TMC-1) and in
hydrocarbon rich atmospheres of planets and their moons such
as Titan (Scheme 2). Polyacetylenes are synthesized via a
sequence of simple radical addition−elimination steps of
(poly)acetylenyl radicals (HC≡C(C≡C)n) with acetylene (m
= 0) and lower mass polyacetylenes (HC≡C(C≡C)mH)
(reaction 12), thus growing linear, hydrogen terminated
carbon chains: polyacetylenes.26−30

On the other hand, the hydrogen abstraction−vinylacetylene
addition mechanism (HAVA) forms aromatic molecules
barrierlessly through ring annulation at low temperatures
under single collision conditions adding “one ring at a time”
(e.g. reactions 13 and 14), leading to naphthalene (C10H8) and
anthracene/phenanthrene (C14H10), respectively. The newly
discovered cross-coupling and cycloaddition−aromatization
mechanism efficiently connects the “polyacetylene/polyacety-
lenyl” carbon reservoir with the “aromatic” carbon reservoir,
thus initiating a complex chain of bimolecular collisions
commencing with the reaction of 1,3-butadienyl radicals with
1,3-butadiene and 2-methyl-1,3-butadiene in low temperature
environments. Eventually, ethynyl31−33 and polyacetylenyl
radicals, in which the hydrogen atom is substituted by, e.g.,
methyl or phenyl groups, may form highly substituted aromatic

structures in barrierless, exoergic reactions with 1,3-butadiene
and 2-methyl-1,3-butadiene regardless of the nature of the
substituent in the “polyacetylenyl” radical reactant. It is
important to note that in dense hydrocarbon rich atmospheres
of planets and their moons such as of Titan, photochemically
(144−255 nm) activated triplet diacetylene (C4H2*) may react
with 1,3-butadiene to phenylacetylene (C6H5CCH).

34 How-
ever, this mechanism cannot operate in cold molecular clouds
due to the relaxation of triplet diacetylene. On the other hand,
the novel cross-coupling and cycloaddition−aromatization
mechanism represents a versatile route of aromatization
accessing substituted benzenes, thus initiating aromatization
and low temperature molecular mass growth processes in our
universe.

+
++

HC C(C C) HC C(C C) H

HC C(C C) H H
n m

(n m) (12)

+ +C H C H C H H6 5 4 4 10 8 (13)

+ +C H C H C H H10 7 4 4 14 10 (14)

■ MATERIALS AND METHODS
Crossed Molecular Beams. The reactions of 1,3-

b u t a d i y n y l (C 4H ; X 2∑ + ) w i t h 1 , 3 - b u t a d i e n e
(CH2CHCHCH2; X1Ag) and 2-methyl-1,3-butadiene (CH2C-
(CH3)CHCH2; X1A’) were conducted under single collision
conditions exploiting a crossed molecular beams machine. The
foundation of the method, the crossed molecular apparatus,
and signal analysis have been described elsewhere.26,35−37 The
crossed beams machine consists of a stainless-steel vacuum
chamber (10−8 Torr) which encloses two source chambers at a
crossing angle of 90° and an ultrahigh-vacuum (10−12 Torr),
rotatable, differentially pumped quadrupole mass spectrometric
(QMS) detector (Figure S1). The 1,3-butadiynyl radicals were
generated in the primary source chamber by photodissociation
of diacetylene (C4H2) seeded at a level of 1% in a 4:1 mixture
of helium and argon (He and Ar: 99.9999%, Matheson) at a
backing pressure of 1 atm. The 193 nm photolysis wavelength

Scheme 2. A Universal Alkyne−Diene Class of Barrierless Cycloaddition−Aromatization Reactions Can Bridge Two
Previously Insulated Mechanisms: Growth of Aromatics and Propagation of Polyacetylenes
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was employed successfully by Sims et al. in low-temperature
kinetic studies utilizing the CRESU apparatus.38−40 Diacety-
lene is not commercially available and was synthesized by the
one-stage method as reported in SI.41−43 The output of the
ArF excimer laser (193 nm, 50 mJ, 30 Hz, Coherent,
CompEx110) was focused (1.5 × 3 mm2) 2 mm away from
the exit of the Proch-Trickl pulsed valve.44 The supersonic
beam containing the 1,3-butadiynyl radicals was then
collimated with a 1 mm diameter skimmer before entering
the reaction chamber. A four-slot chopper wheel located after
the skimmer selected a portion of the 1,3-butadiynyl radical
beam with a well-defined peak velocity (vp) and speed ratio
(S). In the secondary source chamber, a pulsed molecular
beam of neat 1,3-butadiene (99.6%; Sigma-Aldrich) or 2-
methyl-1,3-butadiene (99%; Sigma-Aldrich) was released at
backing pressures of 550 and 450 Torr, respectively. Primary
and secondary beams vp and S, corresponding collision
energies (Ec), and center-of-mass angles (ΘCM) for the studied
reactions are gathered in Table S1. The pulse scheme of the
experiment is reported in the SI (Figures S2 and S3).

Computational Methods. Geometry optimization of
numerous structures on both C8H7 and C9H9 potential energy
surfaces (PESs) of the butadiynyl radical plus 1,3-butadiene
and 2-methyl-1,3-butadiene reactions was carried out at the
long-range corrected hybrid density functional (DFT) ωB97X-
D level of theory45 with Pople’s split-valence 6-311G(d,p)
basis set.46,47 The same theory was used to compute harmonic
vibrational frequencies for each optimized stationary point.
The frequencies provide us with zero-point vibrational energy
corrections (ZPE) and are utilized in calculations of the
energy-dependent rate constants.
Single-point energies for all structures on the C8H7 PES

were amended by means of the explicitly correlated coupled
cluster CCSD(T)-F12 approach48,49 utilizing 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.50 As for C9H9
PES, the G3(MP2,CC) model chemistry scheme was applied,
as the molecular size makes the CCSD(T)-F12 calculations
prohibitively expensive. The G3(MP2,CC) energy consists of
the coupled cluster CCSD(T)/6-311G(d,p) energy, which is
then enhanced by a basis set correction to the G3Large basis
set using the Møller−Plesset second-order perturbation
theory.51−53 The first CCSD(T)-F12/cc-pVTZ-f12//ωB97X-
D/6-311G(d,p) + ZPE[ωB97X-D/6-311G(d,p)] theoretical
scheme is expected to ensure the accuracy within 4 kJ mol−1 or
even better,54 and the second G3(MP2,CC)//ωB97X-D/6-
311G(d,p) + ZPE(ωB97X-D/6-311G(d,p)) theoretical ap-
proach is known to have the accuracy within 10 kJ mol−1 or
better.53 The Gaussian 0955 and Molpro 201556 quantum
chemistry software packages were employed for all the
electronic structure calculations.
Rice−Ramsperger−Kassel−Marcus (RRKM) statistical

theory57−59 was applied to compute microcanonical, internal
energy-dependent rate constants of all unimolecular reaction
steps on the C8H7 and C9H9 PESs after the first recombination
of the reactants as a consequence of a single collision of the
butadiynyl radical with the 1,3-butadiene and 2-methyl-1,3-
butadiene compounds. The statistical calculations assumed the
zero-pressure limit, thereby simulating the crossed molecular
beam single collision conditions related to a deep space
environment. The internal energy of all the isomers on both
C8H7 and C9H9 PESs was equal to the sum of the collision and

chemical activation energies, where the last term resulted from
a negative of the relative energy for all the isomers relative to
the separated butadiynyl radical plus 1,3-butadiene and 2-
methyl-1,3-butadiene reactants, respectively. Our in-house
code Unimol60 was used to perform the RRKM calculations.
The product branching ratios were subsequently evaluated via
the calculated rate constants considering steady-state approx-
imation.60,61
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