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Exotic cycloaddition entrance channels were discovered for the bimolecular gas-phase reactions of the
phenylethynyl radical (CgHsCC, XAy with ethylene-d, (C,D,4) and propylene (CzHe) as explored under
single-collision conditions utilizing the crossed molecular beams technique combined with electronic
structure and statistical calculations. Connecting the concepts of barrierless entrance channels, excited
states, and facile non-photochemically activated cycloadditions, the reaction pathway features an
unconventional thermal [2 + 2] cycloaddition forming a four-membered ring collision complex followed by
multiple isomerizations prior to unimolecular decomposition via atomic hydrogen loss to (un)substituted
naphthalenes—naphthalene-d; (CioH4D4) and 1-/2-methylnaphthalene (CyiHi). The small energy gap
between the singly-occupied a; highest occupied molecular orbital (HOMO) with a o-character and the
underlying doubly-occupied b; molecular orbital with a m-character allows a facile promotion of an

R 4 8th A 2025 electron. This in turn enables a versatile low-temperature reactivity of phenylethynyl, where the end-on
eceived 8th August ) . N . . .
Accepted 22nd October 2025 and side-on barrierless approaches of ethylene are due to its interaction with the o and 7 orbitals,

respectively, thus suggesting this mechanism as a possible method for tuning substituents in polycyclic

DOI: 10.1039/d55c05991g aromatic hydrocarbon (PAH) formation and highlighting its versatility as a probe of fundamental carbon
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Introduction

For more than half a century, cycloaddition reactions—chemical
reactions forming a cyclic adduct from two unsaturated molecules
or unsaturated moieties within the same molecule—have played
a fundamental role in advancing organic synthetic chemistry,"
materials science,” and biochemistry® in the realms of catalysis,**
polymer synthesis,”® and supramolecular chemistry in the bottom-
up synthesis of fullerenes.>* The iconic [4 + 2] Diels-Alder reaction
is central to the understanding of reactions between a diene and
an olefin to facilitate formation of a six-membered ring under
thermal conditions." Conversely, as a direct consequence of
orbital symmetry," the [2 + 2] cycloaddition requires photochem-
ical activation® or a catalyst™ to prepare a four-membered ring.
Concerted thermal [2 + 2] reactions are rare*® and involve activated
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chemistry via counterintuitive cycloaddition reactions under single-collision conditions.

olefins such as allenes or ketenes. Ketenes, unlike alkenes, can
align antarafacially with respect to the alkene reactant. Thus,
a suprafacial-antarafacial geometry is required for concerted,
thermal [2 + 2] cycloadditions to proceed (Fig. 1).*

Whereas a mechanistic understanding of the role of the
orbital symmetry in cycloadditions of closed shell reactants has
emerged, alkenyl radicals have been scarcely associated with
cycloaddition reactions, with few examples as intramolecular
radical addition,"” diradical addition, and sequential addition
and cyclization via recombination (Fig. 1)."* Traditionally,
olefinic or acetylenic hydrocarbon radicals in their doublet
ground states are connected with, e.g., simple addition-elimi-
nation mechanisms such as bimolecular phenylethynyl
(C¢H5CC'; X?A,) radical reactions with allene (H,CCCH,) and
methylacetylene (CH3;CCH) leading to chain extension and
hence acyclic hydrocarbons under single collision conditions.
Therefore, cycloadditions of acetylenic radicals such as of
phenylethynyl (C¢H;CC’; X°A,) represent one of the least
explored classes of reactions leading to molecular mass growth
processes in physical organic chemistry, computational chem-
istry, combustion sciences, and astrophysics.

Herein, we provide a rare glimpse into the unexpected
chemical dynamics initiated via [2 + 2] cycloaddition of the
bimolecular gas-phase reactions of the phenylethynyl radical
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a Diels—Alder [4+2] Cycloaddition
Proceeds readily under thermal conditions
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b Traditional [2+2] Cycloaddition
Photochemical activation, Lewis acid or transition metal catalysis

—
—

Fig.1 Schematic reaction mechanisms leading to cyclic structures via
the Diels—Alder reaction (a) and traditional [2 + 2] cycloaddition (b), as
well as the findings of the current work (c).

e

(C¢H5CC', X?A,) with ethylene-d, (C,D,) and propylene (C3Hg)
in the entrance channels under single-collision conditions.
Combining the crossed molecular beams results with electronic
structure and statistical calculations, this study affords
compelling evidence on the gas-phase preparation of naphtha-
lene-d; (Ci0H4D,) and 1-/2-methylnaphthalene (C;;H;,) as
prototype 107 aromatic systems. The consequence of the gas-
phase synthesis of polycyclic aromatic hydrocarbons (PAHs)
carrying two fused benzene rings is driven by unconventional
non-concerted cycloaddition reactions in the entrance channels
on the doublet surface leading to cyclobutene radical transients
via a cyclic arrangement of the atoms along with a reorganiza-
tion of ¢ and 7 bonds initiated by a single collision. These
facile, barrierless [2 + 2] cycloadditions lead eventually to
(substituted) naphthalenes and defy conventional wisdom that
acetylenic radicals react via simple chain extension. This study
showcases the capacity of crossed molecular beam experiments
in conjunction with electronic structure calculations in unrav-
eling reaction pathways to aromatic, multi-ringed structures.
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Results and discussion
Laboratory frame: C¢H5CC-C,D, system

In the bimolecular reaction of the phenylethynyl radical
(CeH5CC’, 101 amu) with ethylene-d, (C,D,, 32 amu), reactive
scattering signal was observed at mass-to-charge ratios (m/z) of
132 (CyoH4D,", '®CyoHsD;") and 131 (CyoHsD;", CioH3D,
3C,1oH4D;"). The time-of-flight (TOF) spectra of these m/z values
overlap after scaling (Fig. S3) indicating that signal at m/z = 131
arises from dissociative electron impact fragmentation of the
C;0H,4D, parent in the electron impact ionizer (reaction (1a)). No
signal was detected for the adduct at m/z = 133, and back-
ground intensity is too high at m/z = 103 (CgHsD") to scan for
the deuterium abstraction pathway. Anyway, D abstraction is
not expected to be a major reaction route since abstraction
typically features a large entrance barrier, and the ethynyl
radical (C,H)—the simple prototype radical for phenylethynyl—
reacts with unsaturated hydrocarbons predominantly by addi-
tion, not abstraction.?** Therefore, at least the atomic
hydrogen loss channel is open (reaction (1a)), while it cannot be
unambiguously concluded whether atomic deuterium loss is
present (reaction (1b), see SI for detail). The TOF spectra were
then collected at distinct angles in the scattering plane for the
parent ion at m/z = 132 in 5° increments on either side of the
center-of-mass (CM) angle (O¢y) of 17.8° (Fig. 2b), with respect
to the phenylethynyl beam (® = 0°). These TOFs were integrated
to obtain a laboratory angular distribution (LAD) (Fig. 2a). The
TOF spectra are fairly narrow and range only from about 700 to
950 pus—reflected in a rather small LAD range of only 30°.
Additionally, the LAD is symmetric with respect to the Ocy,
which is indicative of indirect scattering dynamics involving
C;0H5D, intermediate(s)—since strongly forward or backward
scattering would correlate to short-lived direct reactions—frag-
menting eventually to C;,H,D, product(s) plus atomic hydrogen
(reaction (1a)).

Laboratory frame: C¢H5;CC-C3H, system

Signal for the reaction of the phenylethynyl radical (CcH5CC',
101 amu) with propylene (C3Hg, 42 amu) was observed at m/z =
142 (Cy1Hyo'). Like the phenylethynyl/ethylene-d, system, the
TOFs were only about 250 ps wide (Fig. 2d). Data at m/z = 142
were collected at the CM angle of 22.3° in steps of 2.5°. The LAD
(Fig. 2¢) is nearly symmetric with respect to the ®¢y to insin-
uate indirect reaction dynamics through Cy;H;; intermediate(s)
leading to Cy;H;o product(s) plus atomic hydrogen
(reaction (2)).

C¢HsCC (101 amu) + C,D4 (32 amu)

— CoH4Dy4 (132 amu) + H (1 amu) (1a)

— CoHsD;3 (131 amu) + D (2 amu) (1b)
C¢HsCC (101 amu) + C3Hg (42 amu)

— C;1Hjp (142 amu) + H (1 amu) (2)

Overall, the laboratory data provide compelling evidence on
molecular mass growth processes via the phenylethynyl versus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Laboratory angular distributions (a and ¢) and time-of-flight (TOF) spectra (b and d) recorded at mass-to-charge (m/z) = 132 and 142 for
the reactions of phenylethynyl (C¢HsCC) with ethylene-d, (C;Dy4, a and b) and propylene (CsHg, ¢ and d), respectively. CM represents the center-
of-mass angle, and 0° and 90° define the directions of the phenylethynyl and ethylene-d,/propylene beams, respectively. The black solid circles
depict the data, black open circles represent simulated points, and red lines show the fits. Carbon atoms are colored gray, hydrogens are white,

and deuteriums are light blue.

atomic hydrogen exchange pathways leading to products with
the molecular formulas C,,H,D, and Cy;H;,, respectively.

Center-of-mass frame

With the detection of the C;,H,D, and C;,H;, isomer(s) via
reactions (1a) and (2), respectively, information on the chemical
dynamics of these reactions can be obtained by converting the
laboratory data into the CM reference frame.?* For both systems,
the TOFs and LAD could be fit with a single reaction channel
through atomic hydrogen loss with the products mass combi-
nations of 132 amu/1 amu and 142 amu/1 amu, respectively.
The best-fit CM functions, i.e. the product translational energy
(P(Er)) and angular (7(6)) flux distributions, are compiled in
Fig. 3. Since the experiments utilize high-energy electron impact
ionization, products are not detected isomer-selectively;
however, the P(Ey) is a valuable tool which can help to alle-
viate this limitation. For the phenylethynyl/ethylene-d, system,
the P(Er) exhibits a maximum (Ep.,) at 347 + 48 kJ mol ™
(Fig. 3a). For those molecules born without internal energy, the
reaction energy (A,G) can be obtained through energy conser-
vation with A.G = Ec — Enax, Where Eg is the collision energy.
This gives a reaction energy of —328 + 49 k] mol ™" for reaction
(1a). While not exclusive of other, less exoergic channels, this
method guarantees the existence of product(s) yielded at the
specified reaction energy. Combining this information with
known enthalpies of formation and/or electronic structure
calculations for the reaction species can provide identification
of the unique product isomer(s) formed. Additionally, the P(Er)

© 2025 The Author(s). Published by the Royal Society of Chemistry

features a distribution maximum at 45 k] mol ' indicating
a tight exit transition state.* Second, the 7(6) contains details
about the underlying reaction mechanism. In this case, the 7(6)
is isotropic, i.e. it has equal intensity at all angles (Fig. 3b). This
finding suggests indirect scattering dynamics through the
formation of C;,H,D, complex(es) with lifetimes longer than
their rotational period(s), while short-lived and direct mecha-
nisms would instead feature strong peaking near 0 or 180°.
These results are also reflected in the product flux contour map,
which represents the overall outcome of the reaction (Fig. 3c).

For the phenylethynyl/propylene system, the recovered
reaction energy of —321 + 58 kJ mol ' and distribution
maximum of the P(Ey) of 34 kJ mol " (Fig. 3d) are similar to
those for the phenylethynyl/ethylene-d, system. However, while
the best-fit 7(d) shows intensity at all angles (Fig. 3e), this
distribution reveals a maximum at 90°. This finding indicates
geometrical constraints in the decomposition of the reaction
intermediate with the hydrogen atom ejection occurring
perpendicularly to the plane of the rotating and decomposing
intermediate (Fig. 3f).>*

Potential energy surfaces: CcH;CC-C,D, system

In the case of polyatomic systems, it is beneficial to combine the
experimental results with electronic structure and statistical
calculations to reveal the reaction pathways and nature of the
products. The potential energy surfaces (PESs) visualizing the
intermediates, transition states, and products are shown in
Fig. 4-6. Rice-Ramsperger-Kassel-Marcus (RRKM) theory** was

Chem. Sci., 2025, 16, 22621-22629 | 22623
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Fig. 3 Center-of-mass product translational energy (a and d) and angular (b and e) flux distributions, as well as the associated flux contour maps
(c and f) leading to the formation of C;oH4D4 and Cy1H;q isomers in the reactions of phenylethynyl (CgHsCC) with ethylene-d, (C;D4, a—c) and
propylene (CzHe, d—f). Red lines define the best-fit functions while shaded areas provide the error limits. The flux contour map represents the
intensity of the reactively scattered products as a function of product velocity (u) and scattering angle (6), and the color bar indicates flux gradient

from high (H) to low (L) intensity.

utilized to calculate microcanonical rate constants k(E). This
method is viable since unimolecular reaction steps depend only
on internal energies of the species involved, and the RRKM
theory requirement that the internal vibrational energy be
randomly distributed among all vibrational modes of the
collision complex is consistent with the experimental determi-
nation of an indirect reaction with long-lived intermediates.
These rate constants were used to calculate product branching
ratios at various collision energies (Tables 1 and S1-S11).
Looking first at reaction (1), the experimental reaction energy of
—328 4 49 k] mol ! matches the calculated energy for the
formation of naphthalene (C;,Hg, p1) of —342 kJ mol ™" along
with atomic hydrogen loss (Fig. 4). In fact, p1 is the only H loss
product which features a calculated reaction energy exoergic
enough to fall within the error limits of the experimentally
observed value. It is important to reiterate that hard ionization
was used to detect products; as such, while we can specify the
formation of product(s) corresponding to the maximum kinetic
energy release (Fig. 3a and d), other products with lower exo-
ergicity can also be formed but remain unidentified. From
a traditional sense, the reaction of phenylethynyl radicals with
ethylene should be initiated by barrierless addition of the
radical center of phenylethynyl—located on the terminal carbon
of the ethynyl group—to one of the carbons of ethylene forming
a non-cyclic four-carbon chain moiety in the collision complex
(i1) (Fig. 4a). Simple atomic hydrogen loss from the attacked
carbon of the ethylene group leads over a 143 kJ mol ' exit
barrier to the formation of (but-3-en-1-yn-1-yl)benzene (C;,Hg,
p2) exoergic by 118 k] mol . While the reaction energy to form

22624 | Chem. Sci., 2025, 16, 22621-22629

p2 is much lower than the experimentally observed value of
—328 =+ 49 k] mol ', the kinetic energy release of p2 formation
may be cloaked within the lower energy portion of the P(Er). To
get to the product which matches the experimental reaction
energy (p1), collision complex i1 must pass over a high barrier of
183 kJ mol " via [1,2]-H shift to form a butadienyl moiety on the
side chain (intermediate i2). The reaction pathways continuing
from i2 involve a plethora of possible isomerization steps
(Fig. S6), with the most energetically favorable route to naph-
thalene (p1) comprising bond rotation about the C2-C3 single
bond of the side chain (i2 — i3), [1,4]-H shift from the terminal
carbon atom (i3 — i4), three-membered ring closure (i4 — i7)
and reopening (i7 — i20) of the three carbons at the end of the
side chain, six-membered ring closure of the side chain (20 —
i22), and finally hydrogen atom ejection (i22 — p1). Neverthe-
less, the isomerization from i1 to i2 is energetically less favored
by 40 k] mol~! than the addition-elimination channel (i1 —
p2), suggesting that p2 formation should dominate. Thus, an
alternate pathway to naphthalene is required to account for the
experimental results.

Fig. 4b shows a PES featuring an additional, unconventional
reaction entrance channel and reaction pathway. This route
proceeds through an entrance channel in which the carbons in
the ethynyl moiety of the phenylethynyl radical add nearly
simultaneously via a non-concerted [2 + 2] cycloaddition to
ethylene, forming a four-membered ring collision complex (i25)
without barrier. This is followed by ring opening from the bond
of the attacked ethylene moiety (i25 — i26), [1,4]-hydrogen shift
from the phenyl ring to the B-carbon of the side group chain (i26

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic potential energy surfaces leading to the formation of naphthalene (CioHg) from the reaction of the phenylethynyl radical
(CeHsCC) with ethylene (C,H4) through two different pathways (a and b) calculated at the G3(MP2,CC)//wB97X-D/6-311G(d.p) level. Hydrogen
migration, bond rotation, and ring opening/closing are denoted by black, magenta, and red lines between intermediates, respectively, while exit
channels to products are green. The complete surfaces are shown in Fig. S3-S8.

— i27), rotation about the a3 carbon-carbon single bond (i27
— i28), five-membered ring closure (i28 — i29), additional
hydrogen migrations (i29 — i30 — i19), three-membered ring
closure (119 — i21) and opening (i21 — i24), and finally
hydrogen atom loss to form naphthalene (i24 — p1). In order to
have H loss in the ethylene-d, experiment, i24 must undergo
a [1,2]-deuterium shift to i23 before hydrogen atom emission to
p1. The highest barrier for this route is the first isomerization
step at —92 kJ mol " (i25 — i26) with respect to the separated

© 2025 The Author(s). Published by the Royal Society of Chemistry

reactants, whereas that for the traditional naphthalene forma-
tion pathway (i1 — i2) in Fig. 4a is 54 k] mol " below reactants.
The lower barrier in the cycloaddition case is indicative of
a more favorable route toward naphthalene from i25 as
compared to that from i1, which is reinforced by RRKM calcu-
lations. Statistical branching ratios for the formation of naph-
thalene from the traditional route (Fig. 4a) give values of less
than 0.1% compared to other possible products (Table 1 and
Fig. S4-S6), while those calculated for the cycloaddition route to

Chem. Sci., 2025, 16, 22621-22629 | 22625
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Fig.5 Potential energy profiles for the side-on addition of ethylene to
phenylethynyl (a) and from the initial transition state towards il and i25
(b) calculated at the wB97X-D/6-311G(d,p) (blue curves) and
G3(MP2,CC) (orange cuves) levels of theory. The structure of the
transition state connecting il and i25 is highlighted with all carbon—
carbon bond orders and select carbon atom spin densities (c). Panel (d)
shows the singly-occupied HOMO and doubly-occupied HOMO-1
frontier orbitals for the phenylethynyl radical, while (e) presents the
orbitals involved in the transformation of intermediate il to i25. This
sequence shows the formation of the new carbon-carbon bond
during closing of the four-membered ring, consolidation of the radical
on the left-hand-side carbon in the four-member ring, and the
complete disappearance of the double-bond character in the ethylene
fragment. This scheme also visualizes that the b; orbital of the
phenylethynyl reactant (HOMO-1 in Fig. 5d), which becomes singly
occupied in the reactant after an electron promotion to the excited
state, is actively involved and becomes doubly occupied in the tran-
sition state connecting il and i25 and eventually in i25.

naphthalene predict an increased value from 3% with nominal
computed relative energies to up to 14% at Ec = 20 k] mol '—
which is close to the experimental collision energy—when the
relative energies are varied within the error limits of the
computations. Interestingly, lower collision energies favor the
formation of naphthalene and the margins of its computed
yield increase to 4-18% at zero collision energy (Tables S4 and
S5). Therefore, as a whole, this study provides evidence for the
synthesis of naphthalene via the reaction of phenylethynyl
radicals with ethylene through an unconventional [2 + 2]

22626 | Chem. Sci, 2025, 16, 22621-22629
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cycloaddition entrance channel. The remaining product frac-
tion is accounted for by higher energy isomers outside the error
range of the experimentally derived reaction energy (Tables S3-
S5, Fig. S7 and S8) which are likely veiled within the lower
kinetic energy release portion of the P(Er).

Can the [2 + 2] cycloaddition producing i25 in the entrance
channel compete with the classical addition to the radical site of
phenylethynyl leading to i1? To address this question we
scanned the minimal energy path (MEP) for the approach of
ethylene toward the C=C triple bond in the phenylethynyl
radical sideways (Fig. 5). Parallel side-on symmetric addition of
ethylene features a potential wall of 60 k] mol™*; no first-order
saddle point exists. Therefore, the system follows the route in
which the terminal carbon of the ethynyl moiety bonds with one
of the ethylene carbon atoms. Here, the computed MEP shows
a monotonic energy decrease from the reactants on the way to
the transition state connecting i25 and i1 (see panels a and b in
Fig. 5). Thus, it is predicted that the transition state region can
be barrierlessly accessed in the entrance channel (Fig. 5a), after
which the ensuing pathway can proceed in the directions of
either ring opening to i1 or ring closure toward i25 (Fig. 5b). The
assessment of the branching ratio between the formation of i1
and i25 in the reaction onset is a dynamics problem which in
principle can be addressed by running trajectories at the initial
stage of the phenylethynyl-ethylene bimolecular collisions to
evaluate the statistics of the appearance of i1 and i25, where
production of the latter favors the ultimate formation of
naphthalene. Interestingly, the wavefunction of the transition
state between i1 and i25 can be characterized as a superposition
of two Lewis structures, one with a double C7=C8 bond and
three unpaired electrons on atoms C7, C8, and C10, and the
second with a triple C7=C8 bond and only one unpaired elec-
tron on C10 (Fig. 5¢). The first Lewis structure is supported by
the high calculated spin densities of —0.31, + 0.59, and + 0.81 e
on C7, C8, and C10, respectively, whereas the second is evi-
denced by the natural bond order of 2.79 for C7-C8.

The feasibility of the [2 + 2] cycloaddition is attributed to the
peculiar electronic structure of the phenylethynyl radical.
Schaefer and co-workers® revealed that although the A; (o-
radical) is the ground electronic state of phenylethynyl, the
lowest excited 7 state ?B; lies only about 7 kJ mol " higher at
their highest CCSD(T)/cc-pVQZ level of theory, and the energetic
order of the - and m-radical state may even switch at different
theoretical levels. For comparison, in the parent ethynyl radical,
the energy difference between the ground ¢ and excited T states
is much higher (44 k] mol™"). Although the optimized structure
of phenylethynyl is slightly distorted from C,, to Cs, Schaefer
and co-workers used the C,, symmetry species in their analysis
because the energy difference between the C,, and Cs structures
is so small that they may not be easily distinguished experi-
mentally and the vibrationally averaged structure will reflect C,,
symmetry. The energy gap between the singly-occupied a,;
highest occupied molecular orbital (HOMO) with a c-character
and the underlying doubly-occupied b; MO with a m-character
illustrated in Fig. 5d is small. Therefore, an electron can be
easily promoted between them thus enabling a versatile reac-
tivity of phenylethynyl, where the end-on and side-on barrierless

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic potential energy surface leading to the formation of 1- and 2-methylnaphthalene (Cy;H;0) from the reaction of the phenyl-
ethynyl radical (CgHsCC) with propylene (CsHe) calculated at the G3(MP2,CC)//wB97X-D/6-311G(d,p) level. Hydrogen migration, bond rotation,
and ring opening/closing are denoted by black, magenta, and red lines between intermediates, respectively, while exit channels to products are

green. The complete surfaces are shown in S| Fig. 9-12.

Table 1 Statistical branching ratios (%) for the reaction of the
phenylethynyl radical with ethylene with il or i25 as an initial inter-
mediate at a collision energy of 20 kJ mol™*

Initial intermediate

Product i1 i25 i25¢
p1 0.0 3.1 14.1
p2 99.8 82.7 57.0
Other” 0.1 14.2 28.9

¢ Transition state energies varied within potential error margins of the
computational method used to assess maximum branching ratio for p1.
b Other products branching ratios are detailed in the SI.

approaches of ethylene are due to its interaction with the ¢ and
T orbitals, respectively. In the latter case, the MOs for the
transformation from the initial transition state region to i25 are
shown in Fig. 5e, where the four-membered ring closure can be
visualized by the carbon-carbon bond formation, ethylene
fragment bond order reduction, and radical site localization on
the terminal carbon of the phenylethynyl moiety. The o-w
energy gap could likely serve as a good indicator for the
substituted ethynyl radical-alkene [2 + 2] cycloaddition to be
plausible. It would be interesting to investigate the effect of the
substituent on the ethynyl radical (e.g., alkenyl vs. aryl) and of
a side group on the aryl substituent (e.g., electron-withdrawing
vs. electron-donating) on the [2 + 2] cycloaddition reactivity.
Here, we have computed the energy differences between the o
and 7 electronic states of methylethynyl (CH;CC) and vinyl-
ethynyl (C,H;CC) using a similar level of theory as used by

© 2025 The Author(s). Published by the Royal Society of Chemistry

Schaefer and co-workers,” CCSD(T)/cc-pVQZ//wB97XD. It
appears that methylethynyl is similar to unsubstituted ethynyl
in the sense that the 7 state lies significantly higher in energy
than the o state (52 k] mol ') and hence, the effect of alkyl
substitution is not expected to be substantial. Conversely, in
vinylethynyl, the o-7 energy gap reduces to 28 kJ mol " and,
adiabatically, at the geometries optimized for each state, the
state is slightly lower in energy than the o state (by 1.6 k] mol ).
This result indicates that the alkenyl substitution providing the
opportunity for conjugation between the 7 electronic systems of
ethynyl and the substituent can also lower the energy of the
state and thus make the radical reactive toward [2 + 2] cyclo-
addition to an alkene. This consideration opens interesting new
directions for future studies.

Potential energy surfaces: CcH;CC-C;Hg system

Turning to reaction (2), the experimental reaction energy of
—321 + 58 kJ mol~! matches those calculated for 1- and 2-
methylnaphthalene (C;;H;y, p4 and p3, -344 and
—346 kJ mol™") coupled with atomic hydrogen loss (Fig. 6). As
the propylene reactant can be thought of as methyl-substituted
ethylene, the reaction is initiated through similar means. Here,
the phenylethynyl radical can add without barrier to the C1 or
C2 carbon of propylene giving different collision complexes (i31
and i33) due to the asymmetry instilled by the methyl group.
Both i31 and i33 may emit a hydrogen atom from the attacked
carbon of the side chain to form products p6-p8 and p5,
respectively, in which cyclization does not occur. The exit
transition state barriers range from 137-152 kJ mol .

Chem. Sci., 2025, 16, 22621-22629 | 22627
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Additionally, the reactants can follow the same cycloaddition
entrance channel as detailed for the phenylethynyl-ethylene
system to form intermediates i34 and i35, where a hydrogen has
been substituted by a methyl group. The isomerization barriers
from i31 to i34 and i33 to i35 are a few k] mol * higher than the
barriers for H losses leading to p5-p7 and the hydrogen atom
losses are also entropically favored, suggesting that the end-on
addition of propylene is not likely to lead to a second aromatic
ring closure, whereas cycloaddition is the more likely entrance
channel toward the formation of 1- and 2-methylnaphthalene.
The route to 2-methylnaphthalene (p3) is initiated from colli-
sion complex i34 and is nearly identical to reaction (1), with the
methyl group acting as a spectator. The pathway to 1-methyl-
naphthalene (p4) starting from i35 is slightly different in that
instead of the bond rotation about the «-f carbon-carbon
single bond of the side chain (i39 — i42), a de facto bond
rotation is achieved through four-membered ring closing and
opening (i40 — i41 — i43).

Next, we turn to RRKM calculations to verify the most
probable reaction pathways. For the initial collision complexes,
statistical calculations predict only the formation of higher
energy products with i31 and i33 as initial intermediates (Tables
2, S8 and S9); thus, the entrance channels involving i31 and i33
are rendered inconsequential for the formation of 1- and 2-
methylnaphthalene. The two remaining routes have a crossing
point through a three-membered ring complex (i37), but the
calculated rate constants leading to i37 are at least an order of
magnitude lower than the i36 — i39 and i38 — i40 isomeri-
zation (Table S2), so it is likely that the two routes remain mostly
independent. For product formation, the statistical branching
ratios predict levels of up to 4% for p3 and up to 18% for p4 at
Ec = 20 kJ mol " when i34 and i35 are the initial intermediates,
respectively, indicating that the methyl group is preferred ortho
to the adjoining benzene ring (Table 2). This is likely due to
steric hindrance in the entrance channel giving preference to
collision complexes where the phenyl and methyl groups are at
the opposite sides of the newly formed four-membered ring
(i35). Overall, reactions (1) and (2) highlight a unique phenyl-
ethynyl addition-cyclization—aromatization mechanism

Table 2 Statistical branching ratios (%) for the hydrogen atom loss
channels in the reaction of the phenylethynyl radical with propylene
with i31, i33, i34, or i35 as initial intermediates at a collision energy of
20 kJ mol™

Initial intermediate

Product i31 i33 i34 i35 i34¢ i35¢
p3 0.0 0.0 0.0 0.0 3.5 0.2
p4 0.0 0.0 0.0 0.9 0.3 18.3
PS5 42.7 11.6 5.1 0.5 4.4 0.4
pé6 11.5 42.6 19.5 1.8 16.3 1.3
p7 34.3 34.2 15.9 1.5 13.2 1.1
p8 11.5 11.6 5.4 0.5 4.4 0.4
Other? 0.0 0.0 54.1 94.8 57.9 78.3

¢ Transition state energies varied within potential error margins of the
computational method used to assess maximum branching ratios for p3
and p4. ? Other products branching ratios are detailed in the SI.
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initiated by a barrierless, [2 + 2] cycloaddition leading to
(substituted) aromatic molecules in which substituents can be
varied by tuning the side group(s) on the secondary reactant.

Conclusions

Overall, our crossed molecular beam and computational study
on the reaction of phenylethynyl radicals (CcHs;CC) with two
unsaturated hydrocarbons—ethylene-d, (C,D,) and propylene
(C3Hg)—uncovers the formation of naphthalene-d, (p1) and 1-
and 2-methylnaphthalene (p4, p3), respectively, coupled with
atomic hydrogen loss under single collision conditions. The
naphthalene and methylnaphthalene formation reactions are
initiated under thermal conditions without barrier through a [2
+ 2] cycloaddition between the ethynyl and ethenyl moieties of
each reactant forming four-membered ring collision
complexes—such constrained species containing three- or four-
membered rings are frequently observed on complex potential
energy surfaces. Cycloaddition reactions in general are rather
common—some examples being Diels-Alder,*” nitrone-olefin,*®
and Huisgen® cycloaddition. However, thermal [2 + 2] cyclo-
addition without the use of an allene or ketene moiety is quite
rare, and acetylenic radicals are not traditionally known to
undergo [2 + 2] cycloaddition. Owing to the small energy gap
between the singly-occupied a; (HOMO) with a o-character and
the underlying doubly-occupied b; MO with a mw-character
allowing a facile promotion of an electron enables a versatile
reactivity of phenylethynyl, where the end-on and side-on bar-
rierless approaches of ethylene are due to its interaction with
the o and w orbitals, respectively. The remaining reaction
pathways involve ring opening and closing, bond rotation, and
hydrogen shift isomerization leading eventually to aromatiza-
tion and formation of the 107 aromatic naphthalene product.
The routes for the ethylene and propylene reactions are similar,
indicating that the methyl group on the propylene reactant acts
as a spectator throughout the reaction sequence where it
eventually ends up as a side group on the naphthalene product.
The reactivity of ethylene and propylene with the phenylethynyl
radical is different than for the similar radicals ethynyl (HCC)
and 1-propynyl (CH3;CC), where the phenyl group has been
replaced by a hydrogen and a methyl group, respectively. In the
four cases of ethynyl-ethylene,” ethynyl-propylene,* 1-pro-
pynyl-ethylene,* and 1-propynyl-propylene,* none of the
entrance channels feature a cycloaddition mechanism. The
delocalized m-electrons of the phenyl ring on the phenylethynyl
radical influence the reactivity of the ethynyl moiety in such
a way as to stabilize the first excited m-radical state of phenyl-
ethynyl resulting in promotion of the cycloaddition mechanism.
Traditionally, integrating alternate groups on the ethylene
moiety, such as alkynes or alkenes, could link this mechanism
to the thermal enediyne** and ene-yne-allene® cyclization
reactions, respectively; however, the computations did not
reveal any of those pathways. Instead, the cycloaddition
framework may be expanded by incorporating different groups
on the ethylene backbone, where the nature and position of the
naphthalene substituent(s) can be tuned—potentially inducing
chirality and atropisomerism for stereoselective

© 2025 The Author(s). Published by the Royal Society of Chemistry
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applications®**—and ultimately advancing our fundamental
understanding of carbon chemistry at its roots.
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