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ABSTRACT: The crossed beams reactions of the 1-propynyl radi-
cal (CHCC; X2A)) with 1,3-butadiene (GEHCHCH,; X'A),
1,3-butadiend; (CD,CDCDCD,; XlAg), 1,3-butadiend;
(CD,CHCHCD,; X'Ap, and 1,3-butadiertg-(CH,CDCDCH,; Y
XlAg) were performed under single collision conditions at collisior
energies of about 40 kJ MoThe underlying reaction mechanisms
were unraveled through the combination of the experimental data ,
with electronic structure calculations at the CCSD(T)-F12/cg-
pVTZ-f12//B3LYP/6-311G(d,p) + ZPE(B3LYP/6-311G(d,p)
level of theory along with statistical RR@EmspergeiKassel
Marcus (RRKM) calculations. Together, these data suggest the for-
mation of the thermodynamically most stablé; Gsomer

toluene (GHsCH3) via the barrierless addition of 1-propynyl to the 1,3-butadiene terminal carbon atom, forming a low-lying
C,H, intermediate that undergoes multiple isomerization steps resulting in cyclization and ultimately aromatization following
hydrogen atom elimination. RRKM calculations predict that the thermodynamically less stable isomers 1,3-heptadien-5-yne,
5-methylene-1,3-cyclohexadiene, and 3-methylene-1-hexen-4-yne are also synthesized. Since the 1-propynyl radical may
present in cold molecular clouds such as TMC-1, this pathway could potentially serve as a carrier of the methyl group
incorporating itself into methyl-substituted (poly)acetylenes or aromatic systems such as toluene via overall exoergic reactior
mechanisms that are uninhibited by an entrance barrier. Such pathways are a necessary alternative to existing high enere
reactions leading to toluene that are formally closed in the cold regions of space and are an important step toward
understanding the synthesis of polycyclic aromatic hydrocarbons (PAHs}ihasphaextremes.

1. INTRODUCTION Scheme 1. Reaction Path from TolueneHg), 1, to

: . : Lo Indene (GHyg), 4
Since its rst isolation in 1837,toluene (GHsCHg), 1 (GHy)
(Scheme )l has been closely related to energetic materia

where it was exploited in the synthesis of 2,4,6—trinitrotoluelCHS = ‘
(TNT) ? and is added to gasoline to enhance fuel performan: Ci»
in combustion engind#t is further recognized as a potential ﬁ’ ﬁ’
health and environmental hazard due to its role in the fo H H
1 2 3 4

mation of polycyclic aromatic hydrocarbons (P/ttis)is of
considerable interest to the combustion and astrochemistry
communities. Here, PAHs and their derivatives are importargsonantly stabilized free radical (RSH#) unimolecular
intermediates in the production of terrestrial soot and carbglecomposition or hydrogen abstraction reactions from the
naceous grains in circumstellar envelopes such as of the dvina
carbon star IRC+ 10218. Received: January 4, 2019
In these environments, high temperatures cause tolueneRevised: April 13, 2019
form the benzyl (§1sCH,) moiety an aromatic (ARand Published: April 24, 2019
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methyl group?® While historical descriptions of PAH growth 50 %6.75° 29.25°
in combustion and astrophysical systems rely on the presence
of a monocyclic aromatic hydrocarbon precursor such as
benzene (g or phenyl (GHs),” *° the chemistry of
RSFRs and their role in mass growth processes have gained
traction in both communitiés. The benzyl radical, for
example, has been proposed to form PAHs carrying fused
benzene rings such as naphthale@g-lgpvia reactions

with the propargyl (C}£CH) radical® and phenanthrene
(C,H,0 by self-reactiotf*” Indene (GHg), the simplest

PAH, comprising one six- and one-membered ring, has
been identied among the products of toluene pyrogtirgis.

The reaction mechanism likely begins with the formation
of benzyl ), followed by acetylene 44,) addition to form
3-phenylallyl3 (CgHsCsH,), which undergoes ring closure
followed by hgdrogen atom loss to yield indenglgfC 20
4 (Scheme )I*” Although the reaction is overall exoergic, °
the entrance barrier is rather large, depicting 51 k3 mol
and it can therefore not be overcome at low temperatures
such as in cold molecular clouds like the Taurus Molecular 10

Counts

. ; N ¥9 900 S
Cloud (TMC-1); however, this pathway may be relevant in 0= o T T e s 5T
high temperature settings like circumstellar envelopes of 0 250 500 750 O 250 500 750 1000
carbon stars”’ Indene can be further processed into Time of Flight (us)

more complex PAHS, resulting in a strained carbon skeletg‘bure 2 Time-of-ight data (TOF) recorded ¥z 91 (C,H,") for

in acenaphthylgné,(clzlgzg), and curvature in corannulene, o reaction of the 1-propynyl (GEC; XA, radical with 1,3-
6 (CoHi0 (Figure ).°° These PAHs are considered pytadiene (CHCHCHCH, X'A). The circles represent the
experimental data and the red lines the
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Figure 1.Acenaphthylene (&Hg), 5, corannulene (H,g), 6, and
buckminsterfullerene g, 7.
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intermediates in the synthesis of fullerenes like buckmir I C

sterfullerene (§), 7, under combustion conditictisthe 200 |- A9 €

large dipole moments 6fand6 of 0.30 and 2.19 D make “ CM ]

them ideal candidates for detection in the interstellar mediur VL !

24 [ I

(ISM). 0 15 20 25 30 35 40 45 90
However, the information on the formation mechanisms fo Laboratory Angle (degree)

toluene is very limited. Toluene has been suggested to be

Synthesized via reactions of benzer&HGIQ)mS methy| Figure 3.Laborgtoryangular distribution obtained/athl(C7H7+.)

(CH») via a barrier of 54 kJ mblor via hydrogen atom from the reaction of the 1-pr?pynyl @@; XA, radical with

addition to the benzyl radiéaf® toluene was recently 1.3-butadiene (GEHCHCH, X°Ag.

identi ed as a reaction product of the gas-phase reaction of

ethynyld (C,D) with isoprene (€Hg) under single-collision 2. EXPERIMENTAL AND COMPUTATIONAL

conditions.” In the present work, we access tfik Gotential METHODS

energy surface experimentally under single collision condi-2.1. Experimental Methods. The 1-propynyl radical

tions and computationally, and we revbalrgerlegsathway (CH4CC; XA,) reactions with 1,3-butadiene (CHICHCH,;

to toluene via the reaction of the 1-propynyl ;@) XlAg) and its isotopologues were conducted under single-

radical with 1,3-butadiene (§@EHCHCH,). Owing to collision conditions using a crossed molecular beams machine

its barrierless nature, this reaction can proceed in coldt the University of Haw&(i.>* A pulsed beam of 1-propynyl

dense regions of the ISM, such as found within TMC-adicals was produced by photodissociation (193 nm; 20 mJ

with average molecular translational temperatures of 10 pylsel) of 1-iodopropyne (CECCI; TCI, 98%) diluted at a

hence providing a nontraditional, hitherto neglected routkevel of 0.5% in helium (He, 99.9999%; Aifg#sn skimmed

to precursors such as toluene as molecular building blo@dod velocity selected using a four-slot chopper wheel that

leading eventually to PAHs carryingeamembered ring like resulted in a well-deed peak velocity of 1713+ 29 m st

indene. and speed rati8 of 6.8+ 0.6. These radicals intercepted a
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Figure 4.Time-of-ight data for the reaction of the 1-propynyl {GE) radical with (top) 1,3-butadiedetCD,CDCDCD,), (middle) 1,3-
butadiene-1,1,44{(CD,CHCHCD,), and (bottom) 1,3-butadiene-8,3CH,CDCDCH,).

neat 1,3-butadiene (Aldrich ChemistB@%) pulsed molecu- Scheme 2. Reactant and Product Mass Combinations in the
lar beam\j, = 777+ 12 m s!,S=9.5+ 0.3), triggered 90s Reactions of 1-Propynyl with (a) 1,3-Butadiethe-
prior to the primary pulsed valve trigger, perpendicularly in tH€D,CDCDCD,), (b) 1,3-Butadiene-1,1,4dy
reaction chamber with a mean collision energy-df 40 mol*. (CD,CHCHCD,), and (c) 1,3-Butadiene-2,&;
Experiments with (partially) deuterated reactants were performggH,CDCDCH,)
using 1,3-butadiene-8,3(CH,CDCDCH,; CDN Isotopes, C-D.H- (98 u)+ H (1 u
98.8% atom D), 1,3-butadiene-1,14,@D,CHCHCD, ™ CHSCC<39“>+CD2CDCDC02<6°“>{:CZD:H§E97 uiw((z ))
Cambridge Isotopes, 98% atom D), and 1,3-butafjiene-
(CD,CDCDCD,; Cambridge Isotopes, 98% atom D) tO b, CH,CC (39 u) + CD,CHCHCD, (58 u) { C7D4H, (96 w) + H (1 w)
identify the position of the hydrogen and/or deuterium loss C7D3Hs 05 w) + D (2 w)
The neutral products of the reactive scattering process we
ionized at 80 eV Jtered according to mass-to-chargez)( ¢. CH;CC (39 u) + CH,CDCDCH, (56 u) { 27;2{1{6(;24 R,

. . ; ;DH; (93 u) + D (2 u)
ratio, and then detected using a Daly-type particle detector.
Angularly resolved time-aght (TOF) spectra were recorded 4. ropynyl radical (CIEC; XeA,) reactions with 1,3-
in t_he plane_of the reactant beams at discrete Iaboratory_an_g diene (CHCHCHCH, X'A) were optimized at the
which were integrated to extract the laboratory angular dlStI’Ib&lénsity functional B3LYP/6-311G(d,p) level of th&ory.
tion. The experimental data wetesing a forward-convolution viiprational frequencies were computed at the same theoretical
routiné” that is constrained by the reactant beam divergencqgyel and were used for the evaluation of zero-point vibrational
velocity spreads, and various machine paraifigtefbis  energy corrections (ZPE) and in calculations of rate constants.
represents an iterative method whereby usedieenter-of-  Energies were med by single-point calculations using the
mass (CM) translational eneR{¥) and angulaif( ) ux explicitly correlated coupled clusters CCSD(T)-F12 meth-
distributions are varied until a suitaltlef the laboratory-  od*** with Dunnings correlation-consistent cc-pVTZ-f12
frame TOF spectra and angular distributions are achieved. Tihgsis sét** The expected accuracy of the CCSD(T)-F12/cc-
CM functions comprise the reactiveedgntial cross section pvVTZz-f12// B3LYP/6-311G(d,p) + ZPE(B3LYP/6-311G-
I( , u), which is taken to be separable into its CM scatteringd,p)) relative energies is within 4 kJ ol bette’’* The
angle and CM velocityy componentsl(u, )  P(u) x ab initio calculations were performed using the GAUSSIAN
T(). 09"> and MOLPRO 2016 program packages. Rate constants

2.2. Computational Methods. Geometries of the reac- of all pertinent unimolecular reaction steps on #Hg FES
tants, intermediates, transition states, and products of tf@lowing initial association of the 1-propynyl radical with
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V)

1,3-butadiene were computed using Riaensperger
KasselMarcus (RRKM) theof¥f, “® as functions of available
internal energy of each intermediate or transition state, where
numbers and densities of states were obtained within the har-
monic approximation using B3LYP/6-311G(d,p) computed
frequencies. RRKM rate constants were utilized to compute
product branching ratios by solvimgt-order kinetic equa-
tions within steady-state approximétion.

P(E)

3. RESULTS

3.1. Laboratory Frame.Reactive scattering signal from 0.0 LS .

the reaction of the 1-propynyl (§EC; X?A,) radical with "0 50 100 150 200 250 300 350 400 450
1,3-butadiene (CJCHCHCH,; XlAg) was observed at mass- Product Translational Energy, E; (kJ mol™)
to-charge ratioar(z) 93, 92, and 91 with the latter signal

having a better signal-to-noise ratio. These TOF spectra were
found to be superimposable after scaling and therefore 175}
originate from the atomic hydrogen (H) loss channel forming
C,Hg product(s) that are singly or dissociatively ionized to
populatemyz 92 (CHg") andm/z 91 (CH;"), respectively, 1.25¢

T
N
o
S

alongsidé*CC¢Hg giving a signal a¥ z 93 at a level less than g 1.00

7.7% due to the natural abundance of’@ésotope of car-

bon. The time-ofight (TOF) spectra of {£1," were recorded 075

in discrete angular intervals of arid t using a product mass 050

combination of 92 amu {8g) plus 1 amu (H). Selected TOF 025

spectra are shown igure 2 and the corresponding labo-

ratory angular distribution of theHg product(s) is depicted 000 =" " 50 e0 120 150 180
in Figure 3with the t overlaid on the experimental data. Center of Mass Angle, (degree)

Notable features of the laboratory angular distribution include
its breadth of about 3@nd its symmetry about the center-of- Figure 5.Center-of-mass translational energy (a) and angulax(b)
mass (CM) angle (324 0.6), which together suggest that distributions for the formation ot plus atomic hydrogen via the
C;Hg is produced in an indirect reaction via a complex forteaction of the 1-propynyl (GEC; XAy radical with 1,3-butadiene
mation involving one or morekg intermediates. (CH,CHCHCH,; X°Ay). (Hatched areas) Regions of acceptable
Combined, the 1-propynyl and 1,3-butadiene reactants
possess three sets of chemically inequivalent hydrogen at@nd 55+ 10%, respectively. Lastly, in the;@E plus 1,3-
that, by use of isotopic labeling, can be traced into the produatitadiene-2,8, reaction, the possible reaction products are
channel(s) and therefore enhance the interpretation of th@&,D,Hg (94 u) plus H (1 u) and ¢DH- (93 u) plus D (2 u);
experimental data. Additional experiments were therefore cave therefore probed and observed reactive scattering signal at
ducted using isotopologues of 1,3-butadiene replacing thethm/z 94 and z 93 from which we determined900%
Cl C4 (1,3-butadiends; 60 u), C1/C4 (1,3-butadiene- is due to the formation ofQ,Hg while 10+ 10% is due to
1,1,4,4, 58 u), and C2/C3 (1,3-butadiene-@,356 u) C,DH;. In summary, wend that in the CHCC plus
hydrogen atoms with deuterium (Oyigure ¥ With the CD,CDCDCD,, CD,CHCHCD,, and CHCDCDCH, reac-
CH3CC plus GHg reactive scattering signal determined to aris¢ions, the atomic hydrogen (H) loss accounts far 28%,
solely from the atomic hydrogen loss channel, the isotopd5+ 10%, and 98 10% of the total product signal, with the
logues can be used to further assess from which reactant@naining yield attributed to atomic deuterium (D) loss.
and thus functional group(s) the loss originates since H-lossHow can these data be exploited to elucidate the position(s)
and D-loss products have distinct massgsene )2 The of the hydrogen and/or deuterium loss(es)? First, the
CH4CC plus 1,3-butadiedg-reaction can therefore form CH;CC/CD,CDCDCD, system $cheme & probed explic-
C,DgH, (98 u) plus H (1 u) and/or €DsH5 (97 u) plus D ity the hydrogen atom loss from the methyl group of the
(2 u). We monitored for singly ionized reaction products afl-propynyl radical via/z = 94, this is theonlysource of
nmY 298 (CDgH,") andny z 97 (CDsH5") and detected reactive  hydrogen atoms in this reaction. The detection of,;byig
scattering signal at each mass-to-charge ratio. Accounting flis H channel therefore provides clear evidence that 24
fragmentation of D¢H, to C,DgH* (m/z 97) by electron  10% of the reaction products were formed by ejection of a
impact and the appearancé®DsH;7 CCDH" at /' z hydrogen atom initially bound to the methyl group of the
98, we nd that both GDgH, and GDsH; are formed at 1-proynyl reactant. Second, in the;@EHCD,CHCHCD,
fractions of 24 10% and 7& 10%, respectively. For the system $cheme ld), with the additional hydrogen atoms at
CH,CC plus 1,3-butadiene-1,1d},4eaction, the potential the C2 and C3 carbon atoms, the yield of the H atom loss
products are ©,H, (96 u) plus H (1 u) and ¢D5Hs (95 u) pathway increased slightly frort2dD% (only from the CH
plus D (2 u). We therefore monitored for reaction products agjroup) to 45+ 10% (from the Ckland CH groups). This
nY z 96 andnv z 95 and observed reactive scattering signal atuggests that 2120% of the H atoms are lost from the CH
each mass-to-charge ratio. Accounting for the natural distribueieties at the C2/C3 carbon atoms of the@HICHCD,
tion of 1C and the eects of dissociative ionization, the reactant. Also, 55 10% of products formed in the L€/
formation of both ¢D,H, and GD;Hs was found to account CD,CHCHCD, system were attributed to the formation of
for the observed signal with branching ratios af 468% C,DsH; plus D, i.e., the D loss from the Gboieties of the
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Relative Energy (k) mol'y

Figure 6.Potential energy surface for the bimolecular reaction of the 1-propy®\;(&#A,) radical with 1,3-butadiene (ZEHCHCH,;
XlAg) leading to GHg plus H products.

C1/C4 atoms. Finally, in the GEIC/CH,CDCDCH, system,  that the hydrogen atoms are predominantly lost from the
the combined H atom loss yield from the;Gjoup of 1-propynyl methyl group and from the C1/C4,@Gidiety of
the 1-propynyl radical and from LCidroups of the  1,3-butadiene, we now extract information on the reaction
CH,CDCDCH, reactant $cheme & accumulated to 99 mechanism with the goal of identifying whitty Gomer or
10%; considering that 2410% of the H atoms arise from the isomers are formed in the reactive scattering experiment. The
CHj; group of the 1-propynyl radic8kcheme &), 66+ 20% results of this analysis are the center-of-mass (CM) transla-
of the H atoms are released from the, Qkbups of the tional energi(E;) and angulaf( ) ux distributions, shown
CH,CDCDCH, reactant $cheme &. This number is in Figure 5TheP(E;) has a maximum energy cutd 408+
consistent within the error limits with the D loss yield derived5 kJ mol*, which, considering the experimental collision
in the CHCC/CD,CHCHCD, system $chemel?) of 55+ energy of 48 1 kJ mol*, suggests that products are formed in
10%. Overall, accounting for the aforementioned yields, weerall exoergic reactions of about:3@® kJ mol*. Note
determine that, for the 1-propyryf3-butadiene reaction, that the large error rects the lack of sensitivity to the total
24+ 10% of the H atoms are released from theg@iip of available energy or the maximum translational energy for
the radical reactant with £111% of the H atoms originating C,Hg, due to the signal-to-noise ratio and the light hydrogen
from the CH group at the C1/C4 of the GADCDCH, atom leaving the collision complex. The distribution holds a
reactant; the remaining balance of155% of the H loss maximum near 28 2 kJ mol! and corresponds to about
can be attributed to the H emission from the CH groups at th&3 + 3% of the total available energy being deposited into
C2/C3 of the 1,3-butadiene. Therefore, the laboratory dat@anslational degrees of freedom. The relatively low fraction of
alone show that the 1-propynyl ¢Ci€) radical reacts with energy used for translation of nasceH§ @long with the
1,3-butadiene () to form at least two £z isomers by  away-from-zero translational energy peaking df(Eg
emission of atomic hydrogen via indirect and overall exoergisggests that the reaction proceeds to products indirectly via
reaction mechanisms. With the aid of isotopic labeling, atonactivated @y intermediates that decompose via tight exit
hydrogen emission was found to originate predominantlyansition states. The indirect aspect of the reaction mechanism
from 1,3-butadieteemethylene (CHl groups and from the is corroborated by the derived) that is forwardbackward
1-propynyl radical methyl group (hvith possibly minor  symmetric and portrays nonzero intensity at all angles. The
contributions from the methylidyne (CH) groups. reaction products are likely sideways-scattered as indicated by
3.2. Center-of-Mass FrameHaving identied that the the T( ) distribution maximum occurring af 9®hich sug-
reaction product(s) carry the empirical formuyldg@Gnd gests geometrical constraints on the exit transition state where

4108 DOI:10.1021/acs.jpca.9b00092
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the hydrogen atom is emitted perpendicular to the rotationabluene p2 + H; 368 + 4 kJ mol), 5-methylene-1,3-
plane of the decomposing intermediate and parallel to the towlclohexadienepd + H; 235+ 4 kJ molY), 1,2,4,6-

angular momentum vector: hepatetraengpé + H; 101+ 4 kJ mol?), 3-methylene-1-
hexen-4-ynepb + H; 101+ 4 kJ mol), and 4-methyl-
4. DISCUSSION 1,2,3,5-hexatetraems ¢ H; 75+ 4 kJ mol%). Note that

4.1. Energetics.In the case of polyatomic systems, it isthe experimental reaction energy to form the most thermody-
benecial to merge the experimental data with electronic stru&amically favorable product toluenesg4 kJ mof according
ture calculations to elucidate the reaction dynamics leading!® the standard enthalpies of formation at 0 K fotive
CHg formation. The full potential energy surface (PES)Thermochemical Table/hich of these isomer(s) is actually
along with 6 product isomersl( p6) and 16 intermediates formeq under single coll|§|on condltlons? To answer th.IS
(i1 i16) joined by 27 transition states is compiléddnre 6 guestion, we are now merging the experimental and theoretical
whereas computed geometries of the exit transition statdata to gain ultimate insight into the underlying reaction
leading to the formation of varioysigisomers are illustrated dynamics of the 1-propynyl plus 1,3-butadiene reaction. The

in Figure 7 Overall, the CKCC radical can add barrierlessly €xperimental data can be using a translational energy
distribution that gives a reaction energyd68+ 46 kJ mol*

and can therefore be rationalized by the formation of the
aromatic GHg isomer tolueng2. However, the atomic

oy, |
'\‘L 79° y 4 \L § hydrogen loss was found to originate predominantly from the
‘:.« %\‘/&Ef N —QL
="

methylene (CH groups of 1,3-butadiene and from the methyl
(CH5) group of the 1-propynl radical; only minor contribu-
tions if any originate from the CH moiety of 1,3-butadiene

ts i1-p1 ts i2-p1 ts i6-p2 as extracted through a series of experiments using isotopo-
logues of 1,3-butadierféqure 4 Scheme)2 The laboratory
data therefore highlight the presence multiple product

Y 4§ ‘ YO8 . channels that are not readily deconvoluted under our experi-
Y7o 7’&% klﬂ&\'{w L?N mental conditions. By_ cross-referencing thes_e results with the
L”‘\‘_* ' r v PES, we may further inform the extent to which pragoilicts
;gg \_ﬁ p3, p4, p5, and/orp6 are formed in our crossed molecular

beams experiment.
ts i6-p3 ts i7-p3 ts i10-p4 4.2. Strongly Exoergic ChannelsFirst, the formation of
toluenep2 is in agreement with the derived CM transla-
tional energy ux distribution resulting in a reaction energy
/g ( 368+ 46 kJ mol) that correlates nicely with the com-
s(?‘ ) < [ o puted product channgdZ+ H; 368+ 4 kJ mol?). Toluene
® ¢ BSQEL" &\‘ 73° could be formed following the barrierless addition g€CH
&“‘ ) ¥ *1 : b""y\"’ to 1,3-butadiene resultingin(Figure §. Intermediatél can
1 A undergo rotation around a centralCsingle bondi8) then
v cis trang(i4) isomerization followed by ring closure via forma-
tion of a 2,5-dihydro+olyl radical i6) lying 317 kJ mot
ts H2:p4 ts 115-p5 ts 116-p5 below the separated reactants. Interme8iaseconnected
to i6 the global minimum on they PES stabilized by
460 kJ mol* with respect to the separated reactantsich
\_ represents the precursor to toluge® formation. Interme-
¥ X diatei5 andi6 are unusually linked by twoetient 1,2-H shift
; */&\\"7:;/! transition states resulting in barriers of 171 and 207 RJ mol
F whose structures and energetics depend on ring puckering and
the angle of the methyl group with respect to the six-carbon
ts i16-p6 ring. Intermediatd can alternatively undergo hydrogen migra-
Figure 7.Computed geometries of the exit transition states leading ttég?rifer??f gslzc i‘r]]trrﬁglqc_igra:%;g;gg:;xgnacgr%&;eizte(;gy
the formation of @Hg isomergpl p6. The angle for each departing ., . - . . o .
hydrogen atom is given with respect to the rotation plane of tth,8 via a rela'tlvgly low-lying transition state and then ultimately
decomposing complex. to mtermedla}taﬁ that can decompqse by Ioss of_a hydrogen
atom of the ring Clgroup, resulting in aromatization and the
formation of toluenep@) via a tight exit transition state
with its radical center at the carbon atom to thgstem of  located 20 kJ mdl above the products. In summary, the
1,3-butadiene (C}]SHCHCH,) forming a covalent carbon  toluene product can be formed via the following sequences:
carbon single bond either to its C1/GH) r C2/C3 (i15) CH,CC+CHg i1 [i2 i8/[i3 4 i5 i6
carbon atom. These intermediates are connected by a fa@+ H (Figure §.
two-step isomerization ¥i88 andil4 involving ring closure It is important to highlight that the experimentalings
and a 1,2-shift of the 1-propynyl group ultimately providinfully agree with this reaction mechanism. The computed exit
accessvia varying steps of isomerization and/or hydrogemeometry for the departing hydrogen atom ii6thep2 + H

atom emission as discussed belovat least six low-lyingHy transition state is 7®vith respect to the rotating plane of the
isomers: 1,3-heptadien-5-yp& € H; 117+ 4 kJ molY), decomposing complekigure § and is consistent with the
4109 DOI:10.1021/acs.jpca.9b00092
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Figure 8.Reaction schematic for the bimolecular reaction of the 1-propynyl radig@C;(G®A,) radical with 1,3-butadiedg-
(CD,CDCDCDy), 1,3-butadiene-1,1,44(CD,CHCHCD,), and 1,3-butadiene-2i3¢(CH,CDCDCH,) leading to isotopologues of toluene
(p2) and 5-methylene-1,3-cyclohexadip8e (

sideways scattering depicted in Tfe) distribution. The CHsCC/C,D,H, system should give2-d, (94 amu) by
computed exit barrier of 20 kJ mdurther agrees with the emission of a hydrogen atoRig(ire % Indeed, we observed
P(E;) whose maximum occurs near 20 kJ'm@lrther, the  reactive scattering signals consistent with the formation of toluene
i6  p2+ H pathway involves the emission of a hydrogen atorand itsds, d;, andd, isotopologues and further determined that
from the 1,3-butadiéseterminal methylene group; therefore, hydrogen-atom loss from 1,3-butatliemethylene group(s)
isotopologues of toluene should form by deuterium atom lossacounts for 63 11% of the total product yield.

the CH,CC/C,Dg and CHCC/C,DH, systems yieldimp-d; While the formation of 5-methylene-1,3-cyclohexag®ne (

(97 amuScheme)2andp2-d; (95 amuScheme)2whereas the  is less exoergic 235+ 4 kJ mol®) than the experimental
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Figure 9.Reaction schematic for the bimolecular reaction of the 1-propynyl radig@aC;(G®A,) radical with 1,3-butadiedg-

(CD,CDCDCD,), 1,3-butadiene-1,1,44-(CD,CHCHCD,), and 1,
1,3-heptadien-5-ynplj.

3-butadiene-2313-(CH,CDCDCH,), leading to isotopologues of

high-energy product channeB§8+ 46 kJ mok), its presence

hydrogen§3-ds;, p3-d,) andatomic deuteriunp@-ds, p3-ds).

among GHg products cannot be strictly excluded on the basitn the CHCC-C,D,H, system, onlp3-d, (94 amu) should
of reaction energetics alone where its identifying features cotddm via hydrogen atom loss.

be masked in the low energy portion of R{g;). The 4.3. Weakly Exoergic ChannelsOn the GHq PESpl
reaction pathways leadingo®are similar to those taken in can be formed from intermedidteeither by elimination of

the formation of toluenep®). The cyclic inter-

atomic hydrogen through an exit barrier 14 k3 atmbve the

mediate5 can undergo hydrogen migration from the methylpl + H product channel, or following isomerizatiaoh tofi2,

substituent to the ring formiig which decomposes via emis-
sion of a ring hydrogen atom. Alternatiieban isomerize to
i6, which then eliminates a methyl hydrogen atom tq@ield
via a loose transition state located 5 kJ atwbve the product
channel. The summary pathwaystare thus CECC + GHg

i1 [i2 8 i6yi3 4 i5 i6/i3 i4
i5 i7]  p3+ H (Figure . The reaction exoergicity and
exit-barrier height are not readily apparent in the high-ene
P(Er). However, the computed exit geometria6 forp3+ H
andi7
scattered Kigure J, where atomic hydrogen is emitted at

angles of 70and 73, respectively, with respect to the rota-

tional plane of the decomposing complex. Ifpthe H

which decomposes pd + H via a relatively tight transition
state 20 kJ mdi above the separated products. Isprhés

thus formed via C}€C + GHg  i1/[i1 i2] pl+H.

The computed exit geometries for the departing hydrogen atom
inil pl+Handi2 pl+Hare69andO0 (Figure7,i.e.,
elimination fronil is expected to occur almost perpendicularly
to the plane of rotation, whereas elimination fPootcurs
rgythin the plane. The exit barriers to decomposititrantli2

to formpl + H are 14 and 20 kJ mblrespectively. Consid-

p3 + H suggest the product would be also sidewaysring that intermediatés andi2 decompose by emitting a

hydrogen atom from 1,3-butadiemerminal methylene group,
isotopologues @fl should form by deuterium atom loss in the
CHsCC C,Dg and CHCC C,D,H, systems, yieldirmml-ds

channel is also accessed under our experimental conditiong9#t amu) andp1-d; (95 amu) products, respectively, whereas
is not easily teased out of the isotopic data because it canthe CHCC C,D,H, system should forpi-d, by emission of

formed via6 by emission of a methyl hydrogen atom and b
i7 via emission of a ring hydrogen atom, where the emitt
hydrogen atoms originate from 1-proggynygthyl group and
1,3-butadierr® methylene group, respectivelygire 3.
Therefore, the CICC plus GDg and CHCC plus GD,H,

ya hydrogen atomF{gure 9. Reactive scattering signals were
dddeed observed in each reaction system, corresponding to light
atom emission from the methylene groups of 1,3-butadiene.
Isomerp4 can be formed via intermediatéllowing isom-
erization tai3, from which there are two possible routes to

reactions could forpB isotopologues via emission of atomic p4. First is a low energy pathway proceedingifdm a
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Figure 10.Reaction schematic for the bimolecular reaction of the 1-propynyl radi€C;(G®A,) radical with 1,3-butadiedg-
(CD,CDCDCD,), 1,3-butadiene-1,1,44¢(CD,CHCHCD,), and 1,3-butadiene-2i3(CH,CDCDCH,) leading to isotopologues of 1,2,4,6-
hepatetraenegd).

1,2-hydrogen migration from the methylene group toward thihe separated reactants. The system undergoes then hydrogen
1-propynyl moiety to forif), followed by a repositioning of the migration from the methylene group to form a vinyl-substituted
methyl-group in &rans cisisomerization over a 24 kJ rhol  1,3-butadieneii2) that can ultimately eliminate its vinylic
barrier to yieldl0. The latter dissociates via hydrogen loss froniydrogen atom to forp¥ via a loose exit transition state. In

the methyl group to form the cumulenic substitugt Ve a summary, the formation of isompéifollows CHCC + GHg
relatively loose exit transition state located 10 Klaimobe the i1 i3 [i9 i10/[i11 12 p4 + H. In the
products. The second route involves hydrogen midration  transition states connected toiffte p4+ Handil2 p4

the 1-propynl methyl group toward the 1,3-butadiene moiety t6 H sequences, the departing hydrogen results at an ahgle of 0
formill over a high energy barrier located 45 kJ mimbve and 80 (Figure ¥, respectively. Regardless of the path taken

4112 DOI:10.1021/acs.jpca.9b00092
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Figure 11.Reaction schematic for the bimolecular reaction of the 1-propynyl radi€C;(GA,) radical with 1,3-butadiedg-
(CD,CDCDCDy), 1,3-butadiene-1,1,414{CD,CHCHCD,), and 1,3-butadiene-2l3{CH,CDCDCH,) leading to isotopologues of 3-
methylene-1-hexen-4-yps)(

by the reactants, isomp4 is formed by emission of a atom emission from the methyl group of 1-propynyl at a level
hydrogen atom from 1-propysymethyl group, and thus of 24+ 10%.

isotopologues @4 formed in the CEHCC C,Dg, CH,CC Isomem5 can be formed via the entrance channel involving
C,DH,, and CHCC C,D,H, reaction systems apd-ds i15, resulting from the addition of 1-propynyl with its radical
(98 amu),p4-d, (96 amu), ang4-d, (94 amu), respectively, end to an interior carbon atom of 1,3-butadiene (C2/C3).
as shown inFigure 10 A reactive scattering signal was Recall that the two entrance charitedadil5 are connected
observed in each reaction system, corresponding to hydrodsnintermediated3 andil4, which facilitate a 1,2-shift of the

4113 DOI:10.1021/acs.jpca.9b00092
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1-propynyl group through a ring closing/ring openingTable 1. Statistical Branching Ratios (%) for the Reaction of
mechanism. Intermedial® can eliminate atomic hydrogen the 1-Propynyl (CHCC) Radical with 1,3-Butadiene

to formpb5 via a tight exit transition state or isomerizé&o  (CH,CHCHCH,) over a Range of Collision EnergiBg

by surmounting a 114 kJ nidbarrier resulting in the forma- (kJ mol %) Following the Absolute Formation of 8,

tion of a new methyl group that emits a hydrogen atom téntermediate il or i15

formp5 via a relatively loose exit transition state of 7 k1 mol

In summary, isomeb can be formed via the following path- 100%i1 0%i15
ways: CRCC + GHg  [i1 113 14 i15)/[i1 i13 E pl p2 p3 p4 p5 p6
i14 il15 i16] p5+ H, or by CHCC + GHg 0.00 36.0 322 23.2 0.1 8.4 0.1
i15/[i15 i16] p5+ H. The calculated exit geometries for  10.46 43.1 26.9 19.5 0.1 10.3 0.1
i15 p5+Handil6 p5+ H indicate that atomic hydro- 20.92 49.1 22.3 16.2 0.2 12.1 0.1
gen is emitted at angles of 8ad 73 (Figure J. Considering 31.38 54.1 18.4 13.5 0.2 13,5 0.2
the isotopic experiments, the emitted hydrogen atoms can bet1.10 57.9 15.5 11.4 0.3 14.7 0.3
clearly traced from 1,3-butadienmethylidyne (CH/CD) 41.84 58.2 15.3 11.2 0.3 14.8 0.3
groups in the case of titb  p5 pathway Figure 1) 52.30 61.4 12.8 9.4 0.4 15.8 0.3
However, recall that product formation via light atom emissic 0%i1 100%i15
from thg met_hylidyne grogp(s) of 1,3_—butadiene is minor g pl p2 p3 pa p5 p6
Alpe_rnatlvely, ip5 forms froni16, _the leaving H/D atom can . 0.00 502 233 16.8 01 75 01
originate poth fr_om the me_thylldyr_le or methylene groups in ;g 4¢ 590 18.4 133 01 90 01
1,3-butadiene with a statistical ratio of 1/2. 20.92 64.1 145 106 01 105 01
_Lgstly, the format|_on of isomp6 occurs on th_e PES 31.38 67.8 115 8.4 01 11.9 0.2
S|m_|la_rly to that gb5 with a departure occurring®é via the 41.10 70.2 94 6.9 0.2 131 0.2
em|ss_|on_0f a hydrogen atom from _the 1-p_ropyny| group, 43 g4 70.3 9.2 6.8 0.2 13.2 0.2
resulting in the formation of a cumulenic substituent following ¢, 54 720 75 55 0.2 14.6 0.3

rearrangement of theelectrons. The exit barrier is 250 kJ 3jere, pl p6 are the GHy isomers 1,3-heptadien-5-yme)
1 8 197 97 )

1 .
mol * and Iles'only 7 kJ molabove the product Chanr_lel. toluene p2), 5-methylene-1,3-cyclohexadigy®, (1,2,4,6-hepate-
In summary, isomep6 can be formed via the following iraene pa), 3-methylene-1-hexen-4-yp8)and 4-methyl-1,2,3,5-
pathways C&C + QlHG [|1 |13 114 |15 |16] hexatetraen@@)_

p6+ H, or by CHCC + GHy i15 il6] p6+ H.
The calculated exit geometryifd@ p6 + H indicates that  where only isomers3, p4, andp6 can give hydrogen-loss
atomic hydrogen is emitted at an angle ofHg8ure J. The products, detected at a level of:280%, and the combined
formation op6 can only give a signal corresponding to hydroyield ofp4 and p6 is calculated to be less than 1% at the
gen atom emission since isotopic labeling occurs only at thgperimental collision energy. Note that while the isotopic
1,3-butadiene reactant gtds formed by loss of a hydrogen experiments were unable to fully discriminate bepiiqe?)
atom from the 1-propynyl group. In the absence of a ringndp3, the experimentally derived branching ratios are con-
closing step such as those occurring in the pathsutalp3, sistent with the RRKM calculations and suggest that the
isotopic scrambling with the 1-propynyl group is unlikely dugeaction mechanism favors the initial formation of intermediate
to the absence of neighboring H/D atoms, and therefordél leading topl, p2, p3, and possiblp5. The addition of
isotopologues qf6 formed in the CEHCC C,Dg, CH,CC 1-propynyl to the terminal position of 1,3-butadiene is favored
c,D,H, and CHCC C,D,H, reaction systems apé-ds due to reduced steric hindrance and the relatively high charge
(98 amu),p6-d, (96 amu), ang6-d, (94 amu), respectively, density at C1/C4 (0.34) as compared to C2/C3 (0.27) as
as can be readily seerfrigure 11A reactive scattering signal exemplied in a recent study considering phergtl{Caddi-
was observed in each reaction system, corresponding tion to 1,3-butadierié.The reaction pathways leading to the
hydrogen atom emission from the methyl group of 1-propyn§ormation opl, p2, p3, andp5 are summarized ffigure 12
at a level of 24 10%. Considering the results of the RRKM and ab initio calcu-

4.4. RRKM CalculationsFinally, we calculated the yield of lations, a two-channel was produced, accounting for the
the individual @5 product isomers using statistical RRKM formation of the theoretically most abundant isquieand
theory (Table ). In the zero-pressure limit and at a collision p2 and is discussed byein theSupporting Information
energy of 41 kJ méJ isomergp4 and p6 are predicted to
contribute less than 1% to the totgHgL product yield, 5. CONCLUSION
regardless of which entrance chamb@l) is taken by the  The crossed molecular beams method was exploited to explore
reactants. If the reaction begins with the formatiah, of the formation of @5 isomers via the reaction of 1-propynyl
isomerpl is the majority product with 57.9% of thél  (CH3CC; XA, with 1,3-butadiene (CEHCHCH,; X'A,)
yield. The cyclic isomgr® andp3, along witlp5, are formed  under single collision conditions. Our data were combined
preferentially when starting exclusivelyiftamith calculated  with reactions exploiting (partially) deuterated reactants along
yields of 15.5%, 11.4%, and 14.7%. At the other extremdth electronic structure and RRKM calculations. Our analysis
beginning withil5, the yield opl increases to 70.2% with all suggests the formation of the thermodynamically most stable
other abundances decreasing accordingly. The pregghce ofC;Hg isomer toluene (GHsCH;) via the barrierless addi-
among reaction products can be ooad in the CHCC/ tion of 1-propynyl to the 1,3-butadiene terminal carbon atom,
C,D,H, system, where it was the only possible source dbrming a low-lying/8yintermediate that undergoes multiple
atomic deuterium loss products detected at a leveltof 10 isomerization steps resulting in cyclization and ultimately
10%. If the reaction system behaves statistically, then thematization following hydrogen atom elimination. RRKM
signature fop3 can be found in the GBC/C,Dg system,  calculations predict further that the thermodynamically less
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Figure 12.Summary of the most important pathways on the doyblgp@ential energy surfa¢égure § leading to GHg reaction products
pl, p2, p3, andp5 via emission of atomic hydrogen. All energies are given intkélatole to the energy of the separated reactants. Arrows of
the dominating reaction channelpt@ndp?2 viail are highlighted in bold.

stable isomers 1,3-heptadien-5-yne, 5-methylene-1,3-cyelo-individual interstellar PAH in the gas phase. Additional
hexadiene, and 3-methylene-1-hexen-4-yne are also synsiupport for the theory comes, however, from two recent dis-
sized. The formation of multipleHg isomers as predicted by coveries: benzene ), detected in the Westbrook proto-
RRKM studies was comed through a series of isotopic planetary nebular (CRL 618) via IR-activeH®ending)’
experiments that revealed atomic hydrogen is lost from tla®d cyanobenzene (benzonitrilgH{CN), detected via
methylene (Ckl 61 + 11%) and methylidyne (CH; 15 nuclear (nitrogen) hypere splitting in the Taurus Molecular
15%) groups of 1,3-butadiene and from the methy); (CH Cloud (TMC-1)°° Benzene and cyanobenzene have been
24+ 10%) group of the 1-propynyl radical. The results presentemnsidered in numerous terrestrial reaction networks under
in this study suggest 1-propynyl could be a key reactant in thieredibly varied conditions. The most relevant experiments
synthesis of aromatic molecules that are known precursorsféo CRL 618 and TMC-1, considering the low temperatures
polycyclic aromatic hydrocarbons (PAHS). (CeHg at CRL 618T = 200 K; GHsCN at TMC-1,T = 7 K)

PAHs exist throughout the interstellar medium (ISM) asand number densities representative of these environments, are
evidenced by the astronomical detection of spectral featureghose bimolecular reactions conducted under single collision
the ultraviolet (UVY* °° and infrared (IR)® regions of the  conditions. Crossed molecular beams experiments have shown
interstellar extinction curve that are reminiscent of the labortitat benzene is produced from the reaction of ethyhyl (C
tory spectra produced by aromatic hydrocarbons. DespiteX3 *) plus 1,3-butadiefitwhereas cyanobenzene can form from
rather broad acceptance of an ISM proliferated by PAHSs, thette reaction of the cyano (CN; X) radical with benzefieThe
has not been a single unambiguous astronomical detectionttodoretical component of these studies suggested that the
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