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The reaction between the ethynyl radica}HE X 23 ™), and methylacetyleneX(*A}), which yields
ethynylallene, pentadiyne, and butadiyne, has been studied at the density functional
(B3LYP/6-3114G**) and coupled clustefcoupled-cluster single double perturbative triple/
cc-pVTZ) levels of theory. These results agree with data from crossed molecular beam experiments
where ethynylallené10) and pentadiyné13) have been observed. TheHI1) radical initially
attacks the w system of methylacetylene(2) without an entrance barrier to form
Z-1-ethynylpropen-2-yl (3) or Z-2-ethynylpropen-1-yl(4) in highly exothermic reactions.
Geometric considerations as well as the computed enthalpies suggest Z-1-ethynylprogant@-yl

be the dominant initial intermediate. Assuming single collision conditions as found in cold
molecular clouds in the interstellar medium and distinct planetary atmospheres, numerous
rearrangements may ensue the initial reaction step before ejection of a hydrogen atom or a methyl
group releases the accumulated reaction energy20@1 American Institute of Physics.

[DOI: 10.1063/1.1331360

I. INTRODUCTION modynamic data of reactions at low temperatures are rare.
_ _ _ However, considering that an initially associative process re-
Reactions of small radicals with neutral molecules play asults in a positive value for the entropy, low temperatures in
significant role in diverse environments such as combustiofact favor the reaction. In a series of kinetic studies of the
1 : - 2-6 . ;
flames, the |9nterstellar medium(ISM),”™ and planetary  ethynyl radical (GH) with saturated and unsaturated hydro-
atmospherés® such as Saturn’s moon Titan. carbons, Leoneet al}*'®" most recently reported low-
Carbon chain radicals with the general formula5I—‘I3C temperature rate coefficients for reactions gHGwith the
have been identified in the interstellar mediuihSM).> C4H, isomers methylacetylenéCH,CCH, propyng and
Tucker® reported the observation of the ethynyl radical allene (CHCCH,)™ under pseudo-first-order conditions
(CoH) 197?1"1 the Orion nebula: Seveq years later, 1_981([03H4]>[02H]). The temperature ranged between 155
Sastryet al were able to record its rotational spectrumina_  * 5q0 "« Both reactions are faskefy con=1.90.3

terrestrial laboratory. Analogously,,8 was also first ob- 10 op 11 o "o
served by astronoméfsand the laboratory identificatigh <10~ ¢ molecule ©s™% kep,cen, =1.7+0.3x10

followed. The physical and chemical properties of this seriescn™ molecule ! s™), pressure independent over the range
of compounds have been the subject of comprehensivé.8—12 kPa at room temperature, and show zero-to-slightly-
experimentd*~18as well as theoretickl~?* studies. negative temperature dependencies. However, kinetic studies
Due to the low temperature and extremely low pressuraneither account for reaction products nor do they reveal re-
in the ISM?2 reactions must proceed without or with only a action paths.
very small entrance barrier. Unfortunately, kinetic and ther-  For the reaction of the ethynyl radical with methylacety-
lene, hydrogen abstractidiEq. (1)], addition, and addition/
dAlso at: Center for Computational Quantum Chemistry, The University ofelimination [Eqs. (2)—(4)] are thermodynamically possible

Georgia, Athens, GA 30602. but only limited experimental data to define the reaction
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schleyer@chem.uga.edu . .
9Present address: Department of Chemistry, University of York, Heslington, The fast rates and zero-to-slightly-negative temperature

York, YO10 5DD, United Kingdom. dependencies are indicative of addition—elimination mecha-
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nism [Egs. (2)—(4)] domination over hydrogen abstraction molecules: Herbst and Wothreported a limitedab initio
either from the methyl group or the acetylenic hydro§g.  study for the reaction of {4 with acetylene(HCCH) [Eq.
(DT of methylacetylene. Furthermore, the high reaction(s)]. They found no entrance barrier for this reaction and the
rates at room temperature suggest the absence of an enfyittransition state for ejecting a hydrogen atom, exother-
channel barrier. mally yielding butadiynédiacetylene, HCCCCHiis located
"C,H(1) + CH3CCH(2) — C,H,+ CH,CCH/ICH,CC (1)  below the reactants. Fukuzawa and Osarfluiravestigated
comprehensive neutral—neutral reactions for the formation of
cyanoacetylenédHCCCN), another prevalent species in ex-
"CsHs (different isomers—CsH, (different isomers+H- traterrestrial  environmenfs. They concluded that
(3 C,H+HNCIEq.(6)] and CN+HCCH [Eq. (8)] may proceed
without an entrance barrier. Their CISD/B2 calculations
predict the existence of a barrier for the reaction of
—C4H, (different isomerst CHg (4 C,H+HCN [Eq.(7)], though only 6.3 kcal mof* that further
Numerous theoretical studies have demonstrated the abilitgiminishes to 1.6 kcalmof at CCSOT)/cc-pVTZ//CISD/
of C,H to participate in barrierless reactions with neutralDZ+P.

"C,H(1) + CH;CCH(2)— CsH5 (different isomers)  (2)

"CsHs (different isomers
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"C,H+HCCH—[HCC+H)CCH] ~HCCCCH+H"  (5)

"C,H+HNC—[HCCCNH] —HCCCN+H' (6)

8:
"C,H+HCN—[HCCOH)N] —HCCCN+H' 7) ¢
"CN+HCCH—[HCC(H)CN] —HCCCN+H-" (8)

The following extensive density functional aad initio
study of the reaction of the ethynyl radical 4 with me-
thylacetylene (CHCCH) was carried out as part of an ongo- HOMO -1 o0
ing project within the international astrophysics network to
investigate reactions of small radicals with neutral hydrocar-
bons under conditions found in extraterrestrial environments.
Kaiser et al. studied the title reaction employing partially
deuterated reactants,l@ and CQ,CCH using the crossed
molecular beam technique at a collision energy of 39.8 .
kdmol ! and mass-spectroscopically identified products of
the general formula §, with an exothermicity of 100—130
kJ mol 1.2 To unravel the elusive reaction mechanism and
explore alternative reaction paths we conducted a comple
mentary theoretical study. _ _ _ ,
At this point we would like to emphasize that bulk ex- FIG_. 1. Schematic representation of_ the hlghest two occupied molecular
. . : . . orbitals of the four-membered ring intermediat®@sand 9, calculated at
periments which involve ternary processes may give differ{paLyp/6-311+G** .
ent results. In the following we assume that the reaction en-
ergy is accumulated in the individual intermediates and

cannot be released via elastic collisions. UB3LYP/6-311+G** geometries and unscaled ZPVE. A
The remainder of the paper is structured as follows: Therzop pasis set. constructed from Dunning’s triglec
computational methods employed for this study are de(lOst/533p), H(5s/3s) contractio® augmented with two

scribed in Sec. II, we briefly summarize all the investigatedsets of (2,1) contracted polarization functions with orbital
reaction paths in Sec. lll, and a discussion of the most COMayhonents ag(C)=1.3751, 0.4073, 0.34 anda,(H)
. , 0. , 0. p

prehensive paths together with a more precise examination 1 503 0.2839, 0.26 as well as the correlation consistent
of the reaction enthalpies follows in Sec. IV. Astrochemwalcc_pVTZ basis sét42 were utilized. The absence of multi-

implications, conclusions, and outlook, Sec. V, constitute the tarence  character  for 8 is indicated by T,

final section of this article. diagnostic&**with a value of 0.0013 at CCSD)/cc-pVTZ.
The AcES2program suité” was utilized for the coupled clus-
Il. COMPUTATIONAL METHODS ter calculations.

) . ] o ) To probe aromaticity, GIAO-UB3LYP/6-3HG**
Geometries of stationary points were optimized with they ;cleus independent chemical shiftsICS)*® were com-
6-311+G** basis séf~*'and Becke'¥ three parameter hy- | ted for selected structures.

brid functional in conjunction with the correlation functional All energies referred to in the text are calculated at
of Lee, Yang, and Paft (B3LYP) as implemented in the (jg3| yp/6-31 1 G** using unscaled UB3LYP/6-311G**
GAUSSIAN 98" program package. The spin-unrestricted for-zpvE corrections unless noted otherwise.

malism was employed for all species, spin-contamination

turned out to be negligible. Harmonic vibrational frequencies

and zero-point vibrational enerd PVE) corrections were ||| REACTION CHANNELS ON THE DOUBLET C sHs
computed at UB3LYP/6-3HG** . The latter were used un- POTENTIAL ENERGY SURFACE

scaled to correct the UB3LYP/6-33G** energies.

Note, the ethynyl radical (£,1) in its ground state
(X?2%)?% is known to have a linear structdfebut it is The highly reactive ethynyl radicél) attacks ther sys-
incorrectly described as a second-order saddle point @em of methylacetylené€2) without an entrance barrier to
UB3LYP/6-31G" and UB3LYP/6-33-G*. The linear form either give Z-1-ethynylpropen-2-yi3) or Z-2-ethynylpro-
is correctly characterized as a minimum with the 6-311G pen-1-yl(4) in a highly exothermic reactio(E/Z defines the
and 6-313G** basis sets. position of the ethynyl moiety relative to the substituent on

This unexpected behavior prohibits the use of thethe other end of the C—C double bond, cf. Chart The
G2(B3LYP/MP2%*737 model, which uses B3LYP/6-31G absence of a barrier is stated by the experimental re€ults.
geometries and ZPVEs, as employed earlier by our group i€omputationally we found only one stationary point for
related studie$>® to achieve chemical accuracy+5 C,H (1) approaching methylacetyleri®), which we identi-
kJ mol ) for the reaction enthalpies. Alternatively, we com- fied as the transition staté3,4TS) connecting the two
puted coupled-cluster single double perturbative tripleminima3 and4. The existence of this reaction channel was
[CCSOT)] single point energies using the confirmed by intrinsic reaction coordinatdRC) calculation

A. Initial reaction intermediates
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PG: C,
SCHEME 1. Formal cyclization reaction 6f

at UB3LYP/6-311-G** . Furthermore we performed relaxed
scans of the attack df on 2 in which the energy constantly
decreased.

In competition of the two entry channels, formation3of
is favored ovedt by 22.1 kJ mol. Intuitive geometric con-
siderations also suggest C2 »fs less approachable due to
its attached methyl group. This might also favor binding of
the ethynyl radica(l) to C1 of propyngmethylacetylene?)
rather than to C2Cis—trans isomerizations3/5 via 3,5 TS
and4/6 via 4,6 TS proceed through very low lying barriers.
Note that the transition state fais—trans isomerization3/5
is located below the relative reaction energyloHence, an
ultrafast rearrangement and a near equal distributidhawfd
5 are anticipated.

B. Cyclization reactions of 5 and 6

In both trans intermediates, E-1-ethynylpropen-248)

and E-2-ethynylpropenyl6), the unpaired electron may at-
FIG. 2. Optimized geometrie®)B3LYP/6-311+G**) of 8 and9 and re-

tack the ethyne moiety undergoing cyclization to either L Al . o
. . lated transition states, bond lengths are given in A, spin densities in paren-
three- or four-membered ring€hart 2. The reaction path cces.

via formation of 1-methyl-3-methylenylcyclopropeng)
connectsb and 6 directly. Alternatively, the four-membered

ring species8 and9 can be generated. The barrier for hydro- carbene-type carbdil. The latter is nicely depicted by the
gen shift between the latter is high above the energy of the . jated molecular orbitaléFig. 1). The highest doubly
separated reactants. occupied molecular orbitHOMO-1) shows the singlet car-
_ bene arrangement at the divalent carbon while the singly

C. The nature of the four-membered ring occupied molecular orbitBOMO) is allyl-like. Analysis of
intermediates, 8 and 9, as well as their related the spin density also indicates the presence of an allyl system
transition states (Fig. 2). This electronic arrangement clarifies the height of

Formally, attack of the unpaired vinylic electron at the the barrier for the 1,2-hydrogen shi&,9 TS. Though8 and
terminal carbon atom of the ethyne moiety, followed by ring9 are puckered all the carbon atoms in the transition states
closure, would yield an antiaromaticr4-10 electronic ar-  forming the four-membered ring speci&3 TS and9,6 TS,
rangemen{Scheme L are in-plane. Hence, the molecular orbitals are characteristic

The system avoids this unfavorable planar structure byor a dienewr system and the SOMO characterizes the radical
folding the ring. This results in an allyl system bridged by acenter attacking the triple bondFig. 3). The NICS

s c L

LuMO FIG. 3. Schematic representation of the highest two
occupied and the lowest two unoccupied orbitals of the
transition states forming the four-membered ring spe-

5,8_TS @@\ . cies8 and9, calculated at UB3LYP/6-3H.G** .
L %
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TABLE |. Calculated NICS value$GIAO-UB3LYP/6-311+G** //UB3LYP/6-311+G**) at the geometrical
centers and at points abotend below where applicabléor the four-membered ring intermedia@®=and9, and
related transition states.

0.0% +0.5 (-0.5 +1.0 (-1.0 +15 (-1.5 +2.0 (-2.0
58TS +4.1 +5.8 +5.1 +3.1 +1.8
8 -9.8 —-23.1 (+4.1) -12.8 (+1.1) -5.7 (0.9 -2.8(-0.9
9,6TS +4.6 +6.2 +5.3 +3.2 +1.9
9 -13.1 —24.4 (+2.4) -12.5 (+0.6) -5.3 (1.0 —26 (-1.0
8,9TS -16.7 —22.5(-2.2) -9.9(-1.2 -39 (-1.3 -1.9 (-0.9
cyclo- +26.5 +26.3 +17.6 +8.7 +4.3

butadiene

#The NICS point 0.0 is located in the geometrical center of the ring atoms, the direction indicated with a
positive sign is defined to which the divalent carbon atom pdidistances are given in)A

values®*’ of these structures are also instructi®able ). the GH, PES(10) is endothermic but well below the total
We computed significantly negative NICS at the geometricahyailable energy of the reaction. The alternative 1,2-
centers of both rings8 and9, and even larger values 0.5 A hydrogen shift to give E-1-ethynylpropen-1442) exhibits
above (the direction to which the divalent carbon points the highest barrier but nevertheless is exothermic. Note that
while an antiaromatic cyclobutadiene would produce larggpe ethynyl substituent ii2 is almost collinear with the

. 6 . -
positive .vallu.eé In the other direction, though, the NICS ;a1 double bondFig. 4) and is only slightly bentransto
values diminish more rapidly. Hence, the large negative Va'fhe methyl group. Hence, the unpaired electron is mostly

ues arise from the electron d_ensity frgm the lone pair of thedelocalized throughout the double bond-triple bond conju-
;aét;_esn \%ift)r/\paellcc::zrrtl;%:- aItEc\J/rir; iIrT- t{::;'tﬁrcgtzvﬁaﬁgssa?g%nl gated 7 system. This electronic situation is reflected in the
- b ' ycalculated spin densities and in the short C1-C4 bond and

mod_estly po_smve, and no significantly paratropic ring cur-the elongated formal triple bond between C4 and(EI§. 4).
rent is sustained.
Both hydrogen and methyl groups at C2 1@ can be ex-
pelled; the corresponding reaction paths have been confirmed
D. Reaction paths from Z-1-ethynylpropen-2-yl ~ (3) by IRC calculations. The Z-1-ethynylallyl radic&ll) can

As we already pointed outis-/transisomerizationys ~ €act in several ways. It can undergo cyclization reactions
proceeds through the lowest barrier of only 19 kimoBe-  (discussed in the following paragrapla 1,2-hydrogen shift,
sides this reaction path Z-1-ethynylpropen-2(§) can un-  OF it can eject the vinylic hydrogen atom. The barriers for the
dergo two types of 1,2-hydrogen shifts or immediately lose al.2-hydrogen shift and the exit channel are calculated
hydrogen atom from its methyl group to give ethynylalleneto be within 3.3 kJmol* of one another, yielding
(10) (Chart 3. The barriers for C—H bond rupture via a 3-€thynylpropen-2-yl(14) and ethynylallene(10), respec-
productlike transition state3,10TS (Fig. 5, and 1,2- tively (Chart 3. Two different products are accessible from
hydrogen shift yielding Z-1-ethynylallyl radicél1) are cal- 14, release of a hydrogen from the terminal £gtoup yields
culated to lie within 3 kJ mol'. Formation ofl1, however, penta-1,4-diyn€16), while C—H bond rupture at C3 results
is highly exothermic while the exit channel from theHg to in ethynylallene(10).

14,16_TS 16
(_660) HCC, GCH
3,12_TS T, (736) \ﬁ/ +H
H 2

(92.5) 11415 925

E [kJ/mol]

i14,10_TS
i (94.5)

ilos) S o
CHART 3. Schematic representation of part of the
. 13 i 1" CsHs potential energy surfac@JB3LYP/6-3114G**):
e 326 2 Reaction paths starting from Z-1-ethynylpropen-2-yl
3.

15 .
i (-169.9) ”_(CEC)Z—“ + Oy
(2669)

CH,
® for cyclization reactions
starting from 11 see Chart 4
H
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1.203  1.065

150.9 149.5

[0.598)
&

= =
71318 1233 1062

1454 1592
.y [0.936] \
[0.049] \ 3,12_ TS
12 PG: C,
PG: C,

FIG. 4. Optimized geometrigt)B3LYP/6-311+G** ) of reactants, intermediates, and transition states for the most probable paths of the reactidwithC
CH,CCH (bond length are given in A, bond angles in degyees

E. Cyclizations following the Z-1-ethynylallyl radical sition states for the formation of 3-methyl-

(11) enylcyclobuteng17) and cyclopenta-1,3-dien-2-yll8) are
Three different cyclization reactions of the z-1- calculated to be within 1 kImot though 18 is 90.2

ethynylallyl radical(11) are conceivabl¢Chart 4. The tran- kImol'* more stable thanl7. Alternatively, a three-

E [kJ/mol]

19,25_18 (0.7
f72) T

24,16_TS (604

L736) HC, coH
c/ +H
19 17 18,22 TS 23,10_TS | (93.0) e
(-105.6) s 10
1724 18 CHART 4. Schematic representation of part of the

1,19_TS (1550 i (-160.0)} 2224 T8

(-164.3

CsHs potential energy surfac@JB3LYP/6-3114+-G**):
Reaction paths for cyclizations starting from Z-1-
ethynylallyl radical(11).

222318 (175.2)

11,18_TS

11,17_TS

boo22
L(-335.0)
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+2.9)
imol 272518 (429)

(2665 §

28,20 TS
(-20.3

4,12.TS (272

6,14_TS

12,13_TS

__________ &.6) H—(CEC)z—CHa + R

‘o
/

(-:244.8) v

H
for further cyclization reactions
= starting from 29 sce Chart 7
H

[kJ/mol]
(-66.0)
14,16 TS —_ 16 o oon
Tl LT36) N\ Lt
Hy
Ho? 14,10_TS .
g .
N\ e (l109)  Se==c==crm, +Hl
. Oz 34,35_TS — "
2 [-116.l@UB3LYP/6-311G**]
W
. 35
32,34_TS e (1227)
(-1323) e .
29,32 TS 1327 Hom—c=—=c=—=c==cH, + H
P [-124.7@UB3LYP/6-311G**]
{1085
2931_TS 1985)
.
|-<cc><c:cr-<2
W
2 14
(-346.9) §
HCC, H Vo34 :
>=< 1 (-379.6)
HyC H
. W [-38L.2@UB3LYP/6-311G**]
o==c==c==0r,

HC

Stahl et al.

CHART 5. Schematic representation of part of the
CsHs potential energy surfac@JB3LYP/6-3114+-G**):
Reaction paths starting from E-1-ethynylpropen-2-yl
5).

CHART 6. Schematic representation of part of the
CsHs potential energy surfac@JB3LYP/6-3114G**):
Reaction paths starting from Z-2-ethynylpropen-1-yl
(4.

CHART 7. Schematic representation of part of the
CsHs potential energy surfacg@)B3LYP/6-3114-G** ):
Cyclization reactions starting from the 2-ethynylallyl
radical (29).
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H3G, CCH

H
(-266.9) T~ o,
3 o= + CH;
H
CCH
. < / (+43.0)
HyC H
(-266.5)
5
HCC, H
HC>T .
3
(-244.8) \ HCC,
>C=C + H.
HCC, / H3C
L ]
= (+93.5)
HsC "
(-241.8)
6
CH3
C=C=C=C/ + H.
H
o / (+48.4)
o / 8
HCC—C=—=C,
\H
(-313.8) o,
12 c=c< +.C2H
H
(+192.0)

CHART 8. Relative energies kJ mdi of some singlet carbene species and
their precursors, calculated at UB3LYP/6-34G** .

membered ring, 2-ethynylcyclopropar(ill9), can be formed
but is energetically less favorable tha or 18. The relative
cis arrangement of the vinylic hydrogens 11 is preserved

Reaction of C,H with CH;CCH 3483

is degenerate. C—H bond rupture at C2 leads to 1l-ethynyl-
cyclopropeng20) and ejection of thdrans hydrogen from

C3 yields 3-ethynylcyclopropeng5). Both reaction chan-
nels are high in energy but, nevertheless, calculated to be
below the total available energy of the reaction. Pent-1-en-
4-in-1-yl (24) is accessible from ring opening of
3-methylenylcyclobuteril?7) and can itself eject the hydro-
gen atomtrans to the unpaired electron yielding pent-1,4-
diyne (16). Cyclopenta-1,3-dien-2-y(18) first has to un-
dergo a 1,2-hydrogen shift 82 over a relatively high barrier
before ring opening to either 2-allenyletheri2B) or pent-1-
en-4-in-1-yl (24) can take place. Hydrogen loss from C4 of
23 constitutes another exit channel giving ethynylall€h@).

F. Reaction paths following E-1-ethynylpropen-2-yl
5

E-1-ethynylpropen-2-yl5) can expel a hydrogen atom
immediately via two different reaction channdlShart 5.
Penta-1,3-diyn€13) is obtainable through the energetically
most favorable path by loss of the vinylic hydrogen atom.
Alternatively, a hydrogen from the methyl group can be
ejected resulting in ethynylallen€l0). The allyl system
corresponding td, E-1-ethynylallyl (26), is accessible via
a 1,2-hydrogen shift. This has the highest barrier of all
paths away fronb. Also 26 can eject a hydrogen to form
ethynylallene(10). Furthermore the Ckgroup of the allyl
system can attack C1 to giveans-2-ethynylcyclopropanyl
(27). Besides a degenerate suprafacial 1,2-hydrogen shift, a
nondegenerate hydrogen shift is possible, yielding
1-ethynylcyclopropany(28). Alternatively, a hydrogen from
C3 can be expelled to form 3-ethynylcycloprop€g). The
transition state for this process is computed to be slightly
above the energy of the reactants. 1-Ethynylcyclopropene
(20) is feasible via hydrogen loss fro2s.

G. Reaction paths from Z-2-ethynylpropen-1-yl 4)

The rearrangements following C2 attack of the ethynyl
radical (1) on methylacetylen€2) are less diverse than for

in 19 and therefore a possible suprafacial 1,2-hydrogen shifthe previously discussed C1 attack. As we described previ-

HCC™+ CHyCCH
12

relative reaction energy, E [kJ mol"']

L (3138)f
Hcc—'=-((:HJ
12

CHART 9. Potential energy surface for the reaction of
C,H with CH;CCH describing the most probable reac-
tion paths involved under single collision conditions,
calculated at UB3LYP/6-311G**.
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2103/ 1066

{976 1760 { . )
{ 1223 1625 e 1062 FIG. 5. Optimized geometries
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ously, cis/transisomerizatiord/6 demands little energy. The ready described previously. Ring cleavage3@f generates
only conceivable reaction channel for E-2-ethynylpropenspent-2,3,4-triene-1-y{34), which can lose a hydrogen atom
1-yl (6), besides the previously discussed cyclizations, igo give 4-cumuleng35). We encountered difficulties in the
ejecting its methyl group to yield butadiyri@5) (Chart 6. self-consistent fieldSCH procedure during optimization of
Starting from the initial intermediate, 2-ethynylpropen- the transition state for this process. Nevertheless, we were
1-yl (4), 1,3-hydrogen shift and 1,2-methyl group migration able to obtain SCF and geometric convergence at unre-
are imaginable(Chart 6. Both reaction paths proceed via stricted Hartree—Fock/6-3¥G UB3LYP/6-31G, and
relatively high barriers, leading to 1-ethynylpropen-1/2) UB3LYP/6-311G* and confirmed the structures at each
and the 2-ethynylallyl radicaR9). Consecutive reactions for level as being the desired transition state by frequency analy-
12 have already been pointed out previously. The allyl radi-sis. Despite trying every available algorithm, all attempts to
cal 29 may form cyclic intermediates by attacking either the augment the basis with a diffuse function lead to nonconver-
methylene group or the ethyne moiety. The first path yieldgence in the SCF iterations. At UB3LYP/6-31Gwe com-
1-ethynylcyclopropan-1-y[28) for which further reactions puted a relative energy of116.1 kJmol?* for 34,35TS

already were described previously. which is only 6.6 kJmol! above the separated products at
this level (Chart 7. The barrier with respect t84 is 265.1
H. Cyclization reactions of the 2-ethynylallyl radical kImol ™.
(29)
1-methylenyl-2-methylencyclopropane (31) and |- Carbenes as possible reaction products
4-methylencyclobut-1-en-1-yl(32) constitute cyclization From several of the previously described reaction inter-

products of29 where the allylic CH group attacks its ethy- mediates different carbenes are accessible via C—H or C-C
nyl “tail” (Chart 3. The barrier for formation 0f32 is  bond rupture. Density functional theory, especially use of the
higher, though the product itself is lower in energy comparedB3LYP method, is proven to be a powerful low cost tool to
to 31. Ring opening of31 proceeds through a relatively low treat carbenes accuratéfyWe examined only a few car-
barrier yielding14 for which successive reactions were al- benes in this study since the internal energy of the reactants
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+ FIG. 6. Optimized geometries
(UB3LYP/6-311+G**) of possible re-
action products.

in the ISM is negligible and therefore only exothermic reac-1V. THE MOST PROBABLE REACTION PATHS

tions need to be considered. All calculated reaction enthalp-

ies leading to carbeneiChart § are endothermic and the Considering all the computed reaction intermediates one
relative energies of the involved barriers are expected to bean extract a few which will most likely dominate the reac-
even higher. We therefore conclude that at low temperaturetion (Chart 9. The initial process of the ethynyl radicél)

as in the ISM carbenes are unlikely products of the reactiofinding to methylacetylené), yielding Z-1-ethynylpropen-

of C,H with CH;CCH. However, we would like to recall that 2-yl (3) or Z-2-ethynylpropen-1-yi4), is highly exothermic.

in circumstellar envelopes of carbon-rich AGB stars higherWith reaction conditions where ternary processes are un-
temperatures exist close to the photosphere of the centréikely to happen, as in parts of the ISM and in distinct plan-
star. Therefore, the CCQGCH;)H carbene might be formed etary atmospheres, e.g., Saturn’s largest moon Titan, the total
in these high temperature environments as well. amount of reaction energy is accumulated in the intermedi-

TABLE Il. Relative reaction energies for the products in kJ rdhcluding unscaled UB3LYP/6-3HG**
ZPVE correctiongwithout ZPVE correction in parentheses

CCSDT)/TZ2P// CCsDT)cc-pVTzZi

UB3LYP/6-311+G** UB3LYP/6-311+G** UB3LYP/6-311+G**
10+ H- -110.9 (-98.9 —74.9 (-63.0 -107.2(-95.3
13+H —~132.6 (—-122.9 —-97.1(-87.4 -135.1(-125.9
15+ CH; ~169.9 (—163.7 -144.8 (-138.9 —156.4 (—150.2
16+ H- —73.6 (—63.2 —56.7 (—46.2 —85.6 (—75.1)
20+ H: -21.8(-11.5 +8.9 (+19.3 -29.1(-18.7
25+ H- —5.1 (+6.4 +18.3 (+29.9 -17.9 (—6.4)
35+ H: —122.7 (-109.4 —62.9 (—49.5 -101.2 (-87.9
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ates. Consequently, paths which transform the excess energwolving hydrogen or methyl loss. Seven different reaction
into kinetic energy rapidly are most likely to be pursued.products were located for which all reaction paths proceed
Hence, complex reaction mechanisms involving many stepbelow the energy of the separated reactants. We are currently
are of less importance under those conditions. investigating the kinetics of the title reaction, including all

Following the initial reaction steggis/transisomeriza- the calculated paths using the Rice—Ramsperger—Kassel—
tion proceeds via low barriers so that an even distribution oMarcus theory.
both isomers can be expected. However, due to geometric The reaction of the ethynyl radical with allene, an isomer
hindrance at C2 of methylacetyleri@), C1 attack is antici- of methylacetylene also detected in the ISM and planetary
pated as the main reaction chanfleig. 4). Immediate loss atmospheres, will be the subject of a future study. Does al-
of a hydrogen atom from the methyl group 8fto give lene(also studied by Leonet all% lead to the same prod-
ethynylallene(10) marks the most direct reaction pathig.  ucts or are divergent paths on the common doublgtsC
5). Shifting the vinylic hydrogen from C1 to C2 iBiresults  potential energy surface pursued?
in 1-ethynyl-propyn-1-yl(12), which itself can expel both a
hydrogen atom or its methyl group. Th@nsisomers(5,6)  AckNOWLEDGMENTS
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