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The complex triplet potential energy surface for the reaction of ground-state carbon atom C(3P) with trans-
C4H8 is theoretically investigated at the B3LYP/6-311G(d,p) and G3B3(single-point) levels. Various possible
isomerization and dissociation pathways are probed. The initial association between C(3P) and trans-C4H8 is
found to be the C(3P) addition to the CdC bond of trans-C4H8 to barrierlessly generate the three-membered
cyclic isomer 1 CH3-cCHCCH-CH3. Subsequently, 1 undergoes a ring-opening process to form the chainlike
isomer 3a cis-trans-CH3CHCCHCH3, which can either lead to P6(2CH3CHCCCH3 + 2H) via the C-H bond
cleavage or to P7(2CH3CHCCH + 2CH3) via C-C bond rupture. These two paths are the most favorable
channels of the title reaction. Other channels leading to products P1(2CH3-cCHCCH + 2CH3),
P2(2CH3-cCHCC-CH3 + 2H), P3(trans-2CH3CHCH + 2C2H3), P4(cis-2CH3CHCH + 2C2H3), P5(3CH3CH +
1CH3CCH), P8(cis-2CH3CHCHCCH2 + 2H), P9(trans-2CH3CHCHCCH2 + 2H), P10(2CH3CCCH2 + 2CH3),
and P11(2CH3CHCCHCH2 + 2H), however, are much less competitive due to either kinetic or thermodynamic
factors. Because the intermediates and transition states involved in the C(3P) + trans-C4H8 reaction all lie
below the reactant, the title reaction is expected to be rapid, as is consistent with the measured large rate
constant. Our results may be helpful for future experimental investigation of the title reaction.

1. Introduction

The carbon atom is the fourth most abundant element in
universe and especially ubiquitous in dense interstellar clouds
(ISCs), where the temperature is very low (10-50 K). It is of
great interest due to its involvement in the synthesis and growth
of complex hydrocarbons. Particularly, the reactions between
the carbon atom in its ground state C(3P) and unsaturated
hydrocarbons play important roles in various fields, such as
interstellar chemistry,1,2 hydrocarbon syntheses,3,4 and combus-
tion processes.5-7 Up to now, a large number of experimental
and theoretical investigations have been reported on the carbon
atom C(3P) reactions with a variety of unsaturated hydrocarbons
including acetylene (C2H2),8-13 ethylene (C2H4),14 allene
(H2CCCH2),15-18 propyne (CH3CCH),17-19 propylene (C3H6),18,20

diacetylene (HCCCCH),21 1,3-butadiene (H2CCHCHCH2),22 and
1,2-butadiene (H2CCCHCH3)23 by using crossed-beam tech-
niques or combined ab initio calculations and crossed-beam
techniques.

In 2004, Christophe et al. performed experimental studies on
the reactions of C(3P) with methylacetylene (CH3CCH), allene
(CH2CCH2), propylene (C3H6), and trans-butene (C4H8) at room
temperature in a low-pressure fast-flow reactor.18 Among these
reactions, the reaction of C(3P) with trans-C4H8 attracts our
attention. Christophe et al.’s experimental results indicated that
the C(3P) + trans-C4H8 reaction is initiated when the carbon
atom attacks the CdC bond of trans-C4H8, forming an energized
adduct; then, the initially formed adduct undergoes further
evolution leading to various dissociation products. On the basis
of the measured absolute hydrogen branching ratio of 0.33 (
0.08, Christophe et al. suggested that a H-elimination process
is one of the major channels. However, without the information
of the potential energy surface of the title reaction, it is difficult
to discuss the reaction mechanism. Unfortunately, to our best

knowledge, no theoretical studies have been reported on the
title reaction up to now. In the present paper, we carried out a
detailed theoretical study on the reaction of C(3P) with trans-
C4H8. Our main goals are to (1) provide elaborated isomerization
and dissociation channels and (2) investigate the possible
products to assist in future experimental studies.

2. Calculation Methods

All of the calculations are carried out using the GAUSSIAN98
and GAUSSIAN03 program packages.24,25 The optimized
geometries and harmonic frequencies of the reactant, products,
isomers, and transition states are obtained at the B3LYP/6-
311G(d,p) level. Intrinsic reaction coordinate (IRC) calculations
are performed at the same level to confirm the connections of
transition states between designated isomers. To obtain more
reliable energetic data, single-point calculations are performed
at the G3B326,27 level using the B3LYP/6-311G(d,p)-optimized
geometries and scaled B3LYP/6-311G(d,p) zero-point energies.

3. Results and Discussion

Figure 1 depicts the optimized structures of the reactant and
products. Figures 2 and 3 depict the optimized structures of
isomers and transition states, respectively. The total energy of
the reactant C(3P) + trans-C4H8 is set as zero for reference.
The symbol TSm/n is used to denote the transition state
connecting isomers m and n. Table 1 lists the total and relative
energies of products and various isomers, while those of the
transition states are listed in Table 2. The vibrational frequencies
(cm-1) and moments of inertia (au) of the reactant, some
important products, isomers, and transition states are listed in
Table 3. By means of the interrelationship among the reactant,
products, isomers, and transition states as well as their relative
energies, the schematic potential energy surface (PES) of the
C(3P) + trans-C4H8 reaction at the G3B3//B3LYP/6-311G(d,p)
level is presented in Figure 4.* To whom correspondence should be addressed.
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3.1. Entrance Channels. For the C(3P) + trans-C4H8 reac-
tion, there are two initial attack patterns, that is, (i) the carbon
atom C(3P) attacks the CdC bond of trans-C4H8 to form the
three-membered cyclic isomer 1 CH3-cCHCCH-CH3 (-52.8)
and (ii) C(3P) attacks one of the internal C atom of trans-C4H8

to form the branched-chain-like isomer 14 CH3CHCH(C)CH3

(-13.0). The values in parentheses are relative energies in kcal/
mol with reference to reactant R C(3P)+ trans-C4H8 (0.0).
Obviously, formation of the cyclic isomer 1 is thermodynami-
cally favorable. Formation of the branched-chain-like isomer
14 is of little interest. In the following part, we will discuss the
formation pathways of various products which associated with
isomer 1.

3.2. Reaction Channels. With the large heat released from
the initial step, the three-membered cyclic isomer 1
CH3-cCHCCH-CH3 can undergo further evolution leading to

11 products, that is, P1(2CH3-cCHCCH + 2CH3), P2-
(2CH3-cCHCC-CH3 + 2H), P3(trans-2CH3CHCH + 2C2H3),
P4(cis-2CH3CHCH + 2C2H3), P5(3CH3CH + 1CH3CCH),
P6(2CH3CHCCCH3 + 2H), P7(2CH3CHCCH + 2CH3), P8(cis-
2CH3CHCHCCH2 + 2H), P9(trans-2CH3CHCHCCH2 + 2H),
P10(2CH3CCCH2 + 2CH3), and P11(2CH3CHCCHCH2 + 2H) with
the relative energies of -16.5, -11.2, -42.4, -42.9, -38.4,
-49.7, -56.7, -48.4 -48.0, -59.5, and -49.4 kcal/mol, respec-
tively.

3.2.1. Formation Pathways of P1(2CH3-cCHCCH + 2CH3)
and P2 (2CH3-cCHCC-CH3 + 2H). As shown in Figure 4,
we find that only one pathway is associated with formation of
either P1 or P2. They can be written as

Path P1 R f 1 f P1

Path P2 R f 1 f 2 f P2

Figure 1. The optimized structures of the reactant and products. Distances are given in angstroms and angles in degrees.
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Figure 2. Part 1 of 2. The optimized structures of intermediates. Distances are given in angstroms and angles in degrees.
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1 CH3-cCHCCH-CH3 undergoes CH3 elimination to form
P1 as in path P1 with the barrier of 42.6 kcal/mol. Alternatively,
1 undergoes H elimination to generate the weakly bound
complex 2 CH3-cCHCC(CH3). . .H followed by dissociation
to P2 as in path P2. The conversion barrier of the step 1 f 2
is 45.7 kcal/mol.

3.2.2. Formation Pathway of P3(trans-2CH3CHCH +
2C2H3). 1 CH3-cCHCCH-CH3 can transform to the chainlike
isomer 3a cis-trans-CH3CHCCHCH3 via a ring-opening pro-
cess, followed by isomerization to 3b trans-trans-CH3-
CHCCHCH3. Subsequently, 3b undergoes a successive 1,3-H

shift and C-C bond rupture to form 4b trans-trans-
CH3CHCHCHCH2 and then the weakly bound complex 9
CH3CHCH. . .C2H3. Finally, 9 will dissociate to P3. The
conversion barriers of 1 f 3a, 3a f 3b, 3b f 4b, and 4b f
9 are 12.9, 22.9, 41.1, and 62.8 kcal/mol, respectively. Such
multiple processes can be depicted as

Path P3 R f 1 f 3a f 3b f 4b f 9 f P3

3.2.3. Formation Pathway of P4(cis-2CH3CHCH + 2C2H3).
For product P4, we find that only one pathway is possible, which
can be written as

Path P4 R f 1 f 3a f 4a f P4

Figure 2. Part 2 of 2.
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Figure 3. Part 1 of 3. The optimized structures of the transition states. Distances are given in angstroms and angles in degrees.
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Figure 3. Part 2 of 3.
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The formation of 3a cis-trans-CH3CHCCHCH3 is the same as
that in path P3. Subsequently, 3a undergoes a 1,3-H shift to form
4a cis-trans-CH3CHCHCHCH2 followed by C-C bond fission
to yield P4 with the respective barriers of 41.1 and 62.1 kcal/mol.

3.2.4. Formation Pathway of P5(3CH3CH + 1CH3CCH).
There are two feasible pathways to form P5. They can be written
as follows

Path P5(1) R f 1 f 3a f 5a f 5b f P5

Path P5(2) R f 1 f 3a f 3c f 5b f P5

3a cis-trans-CH3CHCCHCH3 can undergo continuously a
2,3-H shift and internal C-C bond rotation to form 5a
trans-cis-CH3CHCHCCH3 and then 5b cis-cis-
CH3CHCHCCH3 as shown in path P5(1). In path P5(2), 3a
undergoes successive internal C-C bond rotation and a 2,3-H
shift leading to 3c cis-cis-CH3CHCCHCH3 and then 5b.
Finally, 5b can dissociate to P5 via C-C bond rupture.

For 3a f P5 conversion, three barriers must be surmounted
in path P5(1), which are 47.3, 15.5, and 50.5 kcal/mol for the
steps of 3a f 5a, 5a f 5b, and 5b f P5, respectively, while
in path P5(2), the barriers are 23.5 (3a f 3c), 45.9 (3c f 5b),
and 50.5 (5b f P5) kcal/mol. Thus, we expect that path P5(1)
should be competitive with path P5(2).

3.2.5. Formation Pathway of P6(2CH3CHCCCH3 + 2H).
There are five possible pathways for product P6, as follows

Path P6(1) R f 1 f 3a f 6 f P6

Path P6(2) R f 1 f 3a f 3b f P6

Path P6(3) R f 1 f 3a f 3b f 5c f 5d f 12 f P6

Path P6(4) R f 1 f 3a f 3b f 4b f 5c f 5d f 12 f
P6

Path P6(5) R f 1 f 3a f 3c f 5d f 12 f P6

The formation pathways of 3 (3a cis-trans-
CH3CHCCHCH3, 3b trans-trans-CH3CHCCHCH3, and 3c
cis-cis-CH3CHCCHCH3) have been discussed in previous
sections. For brevity, we decide not to discuss them again.
3a can undergo a H-elimination process to form the weakly
bound complex 6 CH3CHCC(CH3). . .H before the final
product P6 as in path P6(1).

Once 3b is obtained, several processes may then occur. 3b
can dissociate to P6 via the C-H bond rupture as in path P6(2).
Alternatively, 3b can undergo either a 2,3-H shift to form 5c
cis-trans-CH3CHCHCCH3 as in path P6(3) or successive a
1,3-H shift and a 1,4-H shift to form 4b trans-trans-
CH3CHCHCHCH2 and then 5c, as in path P6(4). Subsequently,
5c can isomerize to 5d trans-trans-CH3CHCHCCH3. On the
other hand, a 2,3-H shift of 3c can also generate 5d as in path
P6(5). Finally, 5d undergoes H elimination to form the weakly
bound complex 12 CH3CHC(. . .H)CCH3 before the final product
P6.

Obviously, path P6(1) and path P6(2) are simpler than the
latter three pathways. More importantly, the conversion barriers

Figure 3. Part 3 of 3.
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38.9 (3 f 6) kcal/mol in path P6(1) and 22.9 (3a f 3b) and
39.2 (3b f P6) kcal/mol in path P6(2) are much lower than
the 56.4 (3bf 5c) and 40.6 (5df 12) kcal/mol in path P6(4),
the 41.1 (3bf 4b) and 40.6 (5df 12) kcal/mol in path P6(3),
and the 69.4 (3c f 5d) and 40.6 (5d f 12) kcal/mol in path
P6(5). We expect that path P6(1) and path P6(2) are more
competitive than the latter three channels. Furthermore, by
comparing the barriers involved in path P6(1) and path P6(2),
we can deduce that path P6(1) is competitive with path P6(2).

3.2.6. Formation Pathway of P7(2CH3CHCCH + 2CH3).
From Figure 4, we find that two pathways are energetically
possible to form P7, which can be written as

Path P7(1) R f 1 f 3a f P7

Path P7(2) R f 1 f 3a f 3c f P7

3a cis-trans-CH3CHCCHCH3 undergoes CH3 elimination to
lead to P7 with the barrier of 36.3 kcal/mol as in path P7(1),
while in path P7(2), 3a isomerizes to 3c cis-cis-
CH3CHCCHCH3 followed by dissociation to P7 with the
respective barriers of 23.5 and 34.6 kcal/mol. Therefore, path
P7(1) is expected to be the optimal channel to form P7.

3.2.7. Formation Pathway of P8(cis-2CH3CHCHCCH2 +
2H). For product P8, only two pathways are found. They can
be written as

Path P8(1) R f 1 f 3a f 4a f 4c f P8

Path P8(2) R f 1 f 3a f 4a f 7 f P8

The formation of 4a cis-trans-CH3CHCHCHCH2 is the same
as that in path P4(1). Subsequently, 4a can either isomerize to
4c cis-cis-CH3CHCHCHCH2 followed by H elimination to
generate P8 as in path P8(1) or undergo direct C-H bond

cleavage to generate the weakly bound complex 7
CH3CHCHCCH2. . .H before the final product P8 as in path
P8(2).

For 4af P8 conversion, two barriers need to be surmounted
in path P8(1), which are 13.4 and 42.9 kcal/mol for the steps
of 4a f 4c and 4c f P8, respectively. Yet, only one barrier of
49.7 (4a f 7) kcal/mol is present, as in path P8(2). Thus, we
expect that path P8(2) should be more competitive than path
P8(1).

3.2.8. Formation Pathway of P9(trans-2CH3CHCHCCH2 +
2H). There are two pathways associated with the formation of
P9, as follows

Path P9(1) R f 1 f 3a f 3b f 4b f 4d f P9

Path P9(2) R f 1 f 3a f 3b f 4b f 8 f P9

The formation of 4b trans-trans-CH3CHCHCHCH2 is the
same as that in path P4(2). 4b can isomerizes to 4d trans-cis-
CH3CHCHCHCH2 followed by H elimination to form P9 as in
path P9(1). The barriers for the steps of 4bf 4d and 4df P9

are 13.8 and 47.5 kcal/mol, respectively. In path P9(2), 4b
undergoes H elimination to generate the weakly bound complex
8 CH3CHCHC(CH2). . .H before the final product P9. The barrier
for 4b f 8 conversion is 47.5 kcal/mol. By comparison, we
expect that path P9(2) should be competitive with path P9(1).

3.2.9. Formation Pathway of P10(2CH3CCCH2 + 2CH3).
From Figure 4, we find that four pathways are feasible to form
P10. They can be written as

Path P10(1) R f 1 f 3a f 3b f 5c f 11 f P10

Path P10(2) R f 1 f 3a f 3b f 4b f 5c f 11 f P10

Path P10(3) R f 1 f 3a f 3c f 5b f 10 f P10

TABLE 1: Total (au) and Relative Energies (in parentheses) (kcal/mol) of Reactant, Products, and Isomers at the B3LYP/
6-311G(d,p) and G3B3//B3LYP/6-311G(d,p) Levels

species B3LYP/6-311G(d,p) G3B3//B3LYP/6-311G(d,p)

R(C(3P) + trans-C4H8) -195.1291496 -194.8936574 (0.0)
P1(2CH3-cCHCCH + 2CH3) -195.1540557 -194.9199089 (-16.5)
P2(2CH3-cCHCC-CH3 + 2H) -195.1385081 -194.9114503 (-11.2)
P3(trans-2CH3CHCH + 2C2H3) -195.1828445 -194.9612460 (-42.4)
P4(cis-2CH3CHCH + 2C2H3) -195.1835195 -194.9619975 (-42.9)
P5(3CH3CH + 1CH3CCH) -195.1913686 -194.9548108 (-38.4)
P6(2CH3CHCCCH3 + 2H) -195.2045903 -194.9728414 (-49.7)
P7(2CH3CHCCH + 2CH3) -195.2210916 -194.9840327 (-56.7)
P8(cis-2CH3CHCHCCH2 + 2H) -195.2029885 -194.9707313 (-48.4)
P9(trans-2CH3CHCHCCH2 + 2H) -195.2028046 -194.9700884 (-48.0)
P10(2CH3CCCH2 + 2CH3) -195.2268409 -194.9885146 (-59.5)
P11(2CH3CHCCHCH2 + 2H) -195.2014152 -194.9723739 (-49.4)
1 -195.2199301 -194.9778730 (-52.8)
2 -195.1385849 -194.9110947 (-10.9)
3a -195.2731267 -195.0264302 (-83.3)
3b -195.2742016 -195.0269085 (-83.6)
3c -195.2703793 -195.0235844 (-81.5)
4a -195.2798903 -195.0360457 (-89.4)
4b -195.2815121 -195.0370992 (-90.0)
4c -195.2783636 -195.0304314 (-85.8)
4d -195.2816124 -195.0375561 (-90.3)
4e -195.2820052 -195.0375365 (-90.3)
5a -195.2753117 -195.0293245 (-85.1)
5b -195.2729193 -195.0272119 (-83.8)
5c -195.2765760 -195.0301014 (-85.6)
5d -195.2763956 -195.0296865 (-85.4)
6 -195.2046653 -194.9725217 (-49.5)
7 -195.2031589 -194.9695168 (-47.6)
8 -195.2031240 -194.9683349 (-46.9)
9 -195.1842113 -194.9467090 (-33.3)
10 -195.2118581 -194.9688483 (-47.2)
11 -195.2056085 -194.9458393 (-32.7)
12 -195.2047517 -194.9726858 (-49.6)
13 -195.2016518 -194.9682649 (-46.8)
14 -195.1578662 -194.9143968 (-13.0)
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Path P10(4) R f 1 f 3a f 5a f 5b f 10 f P10

The formation pathways of 5b cis-cis-CH3CHCHCCH3 and
5c cis-trans-CH3CHCHCCH3 have been discussed previously.

In path P10(1) and path P10(2), 5c undergoes a 2,3-H shift to
form 11 trans-CH3CH2CCCH3, followed by CH3 elimintion
leading to P10, while in path P10(3) and path P10(4), 5b

TABLE 2: Total (au) and Relative Energies (in parentheses) (kcal/mol) of Transition States at the B3LYP/6-311G(d,p) and
G3B3//B3LYP/6-311G(d,p) Levels

species B3LYP/6-311G(d,p) G3B3//B3LYP/6-311G(d,p)

TS1/2 -195.1369734 -194.9050385 (-7.1)
TS1/3a -195.2010950 -194.9573086 (-39.9)
TS1/P1 -195.1482578 -194.9099391 (-10.2)
TS3a/3b -195.2319374 -194.9898400 (-60.4)
TS3a/3c -195.2303412 -194.9888826 (-59.8)
TS3a/4a -195.2025148 -194.9609772 (-42.2)
TS3a/5a -195.1928659 -194.9510426 (-36.0)
TS3a/6 -195.2019942 -194.9644845 (-44.4)
TS3a/P7 -195.2101537 -194.9684963 (-47.0)
TS3b/4b -195.2033102 -194.9613652 (-42.5)
TS3b/5c -195.1808350 -194.9370230 (-27.2)
TS3b/P6 -195.2020527 -194.9643694 (-44.4)
TS3c/5b -195.1917463 -194.9504243 (-35.6)
TS3c/5d -195.1555544 -194.9128947 (-12.1)
TS3c/P7 -195.2096867 -194.9683220 (-46.9)
TS4a/4c -195.2548011 -195.0147185 (-76.0)
TS4a/7 -195.1941295 -194.9569850 (-39.7)
TS4a/P4 -195.1766524 -194.937172 (-27.3)
TS4b/4d -195.2552323 -195.0150163 (-76.2)
TS4b/5c -195.2383828 -194.9961671 (-64.3)
TS4b/8 -195.1983699 -194.9613464 (-42.5)
TS4b/9 -195.1768649 -194.9370796 (-27.2)
TS4c/4e -195.2720805 -195.0297345 (-85.4)
TS4c/P8 -195.1984227 -194.9620689 (-42.9)
TS4d/P9 -195.1985807 -194.9618991 (-42.8)
TS4e/13 -195.1986133 -194.9620069 (-42.9)
TS5a/5b -195.2478231 -195.0045763 (-69.6)
TS5b/10 -195.1629182 -194.9199957 (-16.5)
TS5b/P5 -195.1844208 -194.9467755 (-33.3)
TS5c/5d -195.2482790 -195.0054937 (-70.2)
TS5c/11 -195.1721968 -194.9281893 (-21.7)
TS5d/12 -195.2020010 -194.9650256 (-44.8)
TS10/P10 -195.1728488 -194.9297292 (-22.6)
TS11/P10 -195.1720892 -194.9299427 (-22.8)

TABLE 3: Vibrational Frequencies and Moments of Inertia of Reactants, Some Important Products, Isomers, and Transition
States at the B3LYP/6-311G(d,p) Level of Theory

species moment of inertia (au) frequencies (cm-1)

trans-C4H8 51.6 486.0 515.4 179, 231, 247, 284, 501, 761, 875, 991, 1003, 1068, 1069, 1075,
1166, 1331, 1335, 1415, 1416, 1482, 1482, 1491, 1499, 1742,
3009, 3010, 3050, 3051, 3086, 3088, 3106, 3115

CH3CHCCCH3 66.3 884.1 928.1 8, 81, 135, 172, 303, 389, 533, 587, 732, 979, 1006, 1032, 1050,
1103, 1235, 1401, 1407, 1421, 1473, 1476, 1477, 1498, 2150,
2993, 3005, 3027, 3053, 3071, 3107, 3140

CH3CHCCH 46.4 407.9 443.1 85, 211, 381, 436, 552, 597, 646, 867, 1006, 1098, 1151, 1389,
1403, 1476, 1494, 2015, 2998, 3034, 3113, 3148, 3468

CH3 6.3 6.3 12.6 505, 1403, 1403, 3104, 3283, 3283
1 148.5 541.1 596.3 176, 198, 213, 281, 385, 505, 636, 851, 912,936, 938, 1050, 1076,

1088,1108, 1122,1225, 1330, 1399, 1401, 1409, 1484, 1485, 1491,
1494, 3016, 3017, 3038, 3044, 3071, 3072, 3102, 3103

3a 90.4 803.5 871.6 92, 129, 140, 174, 336, 394, 589, 649, 778, 838, 946, 1013, 1022,
1049, 1110, 1157, 1293, 1384, 1398, 1404, 1459, 1476, 1478,
1494, 1516, 2998, 3001, 3030, 3034, 3041, 3101, 3109, 3123

6 96.6 887.1 961.2 2, 28, 77, 82, 89, 136, 170, 303, 392, 531, 589, 733, 979, 1006,
1031, 1051, 1102, 1234, 1401, 1407, 1421, 1473, 1476, 1477,
1498, 2145, 2994, 3007, 3028, 3054, 3073, 3106, 3140

TS1/3a 105.4 717.5 732.6 i336, 66, 81, 140, 273, 385, 525, 638, 718, 898, 922, 990, 1007,
1043, 1083, 1106, 1209, 1308, 1379, 1393, 1403, 1469, 1475,
1483, 1488, 2993, 3000, 3031, 3052, 3057, 3091, 3111, 3117

TS3a/6 80.2 883.0 940.9 i588, 83, 128, 112, 137, 255, 361, 412, 443, 590, 614, 732, 972,
1006, 1039, 1046, 1099, 1230, 1396, 1404, 1416, 1470, 1477,
1478, 1496, 2066, 2997, 3017, 3035, 3069, 3085, 3113, 3139

TS3a/P7 107.3 959.6 1043.5 i474, 33, 92, 93, 116, 236, 389, 470, 473, 487, 540, 640, 712, 824,
863, 1008, 1086, 1147, 1381, 1402, 1413, 1420, 1476, 1493, 1870,
2997, 3033, 3089, 3105, 3119, 3247, 3256, 3403
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undergoes a 2,3-H shift to generate 10 cis-CH3CH2CCCH3, and
then, 10 will dissociation to P10.

The rate-determining transition state TS5b/10 (-16.5) in path
P10(3-4) lies higher than TS5c/11 (-21.7) in path P10(1-2).
Thus, we expect that path P10(1-2) may be more competitive
than the latter two paths.

Now, let us compare the feasibility of path P10(1) and path
P10(2). For 3b f 5c conversion, one high barrier of 56.4 (3b
f 5c) kcal/mol must be surmounted in path P10(1). While in
path P10(2), two moderate barriers have to be surmounted,
which are 41.1 and 25.7 kcal/mol for 3b f 4b and 4b f 5c
conversions, respectively. In addition, the transition state TS3b/
5c (-27.2) in path P10(1) is significantly higher than TS3b/
4b(-42.5) and TS4b/5c(-64.3) in path P10(2). Therefore, path
P10(2) should be the optimal channel to form P10.

3.2.10. Formation Pathway of P11(2CH3CHCCHCH2 + 2H).
The formation of 4c cis-cis-CH3CHCHCHCH2 is the same as
that in path P9(2). 4c can isomerize to 4e cis-CH3CHCHCHCH2

with a small barrier of 0.4 kcal/mol. Subsequently, 4e undergoes
a H-elimination process to produce the weakly bound complex
13 CH3CHC(C2H3). . .H before the final product P11. The barrier
for 4e f 13 conversion is 47.4 kcal/mol. Such a multistep
process can be written as:

Path P11 R f 1 f 3a f 4a f 4c f 4e f 13 f P11

4. Reaction Mechanism

In the preceding sections, we have obtained eleven products,
that is, P1(2CH3-cCHCCH + 2CH3), P2(2CH3-cCHCC-CH3

+ 2H), P3(trans-2CH3CHCH + 2C2H3), P4(cis-2CH3CHCH +
2C2H3), P5(3CH3CH + 1CH3CCH), P6(2CH3CHCCCH3 + 2H),
P7(2CH3CHCCH + 2CH3), P8(cis-2CH3CHCHCCH2 + 2H),
P9(trans-2CH3CHCHCCH2 + 2H), P10(2CH3CCCH2 + 2CH3),
and P11(2CH3CHCCHCH2 + 2H). For convenient discussion,
we list the most favorable formation channels for these eleven
products again:

Path P1 R f 1 f P1

Path P2 R f 1 f 2 f P2

Path P3 R f 1 f 3a f 3b f 4b f 9 f P3

Path P4 R f 1 f 3a f 4a f P4

Path P5(1) R f 1 f 3a f 5a f 5b f P5

Path P6(1) R f 1 f 3a f 6 f P6

Path P7(1) R f 1 f 3a f P7

Path P8(2) R f 1 f 3a f 4a f 7 f P8

Path P9(2) R f 1 f 3a f 3b f 4b f 8 f P9

Path P10(2) R f 1 f 3a f 3b f 4b f 5c f 11 f P10

Path P11 R f 1 f 3a f 4a f 4c f 4e f 13 f P11

Products P1 and P2 lie far above the other nine products; thus,
they are unlikely to be detected in the experiment.

Now, let us compare the formation pathways of the remaining
nine products. Obviously, path P6(1) and path P7(1) involve
simple isomerization and dissociation processes with relatively
low barriers, whereas pathP3-P5 and path P9-P12 proceed via
more complicated processes with much higher barriers. For
example, the conversion barriers of 41.1 (3b f 4b) and 62.8
(4b f 9) kcal/mol in path P3, 41.1 (3a f 4a) and 62.1 (4a f
P4) kcal/mol in path P4, 47.3 (3af 5a) and 50.5 (5bf P5) in
path P5, 41.1 (3a f 4a) and 49.7 (4a f 7) kcal/mol in path
P8, 41.1 (3b f 4b) and 47.5 (4b f 8) in path P9, 41.1 (3b f
4b) and 63.9 (5c f 11) kcal/mol in path P10, and 41.1 (3a f
4a) and 47.4 (4ef 13) kcal/mol in path P11 are considerablely
larger than those in path P6(1) and path P7(1), that is, 38.9 (3a
f 6) kcal/mol in path P6 and 36.3 (3af P7) kcal/mol in path
P7. Therefore, path P6(1) and path P7(1) should be the most
feasible channels; other channels are energetically inaccessible
due to the high barriers, and thus, they are of negligible
importance. Because the barriers involved in path P6(1) and
path P7(1) are very close, these two channels may compete with
each other. As a result, reflected in the final product distributions,
P6 and P7 should be the most feasible products with comparative

Figure 4. The sketch map of the potential energy surface (PES).
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yields; other products may have undetected yields due to either
kinetic or thermodynamic factors.

5. Comparison with Experiments

It is worthwhile to make comparison between our calculated
results and previous experimental findings for the C(3P) + trans-
C4H8 reaction. The measured room temperature rate constant
is k ) (1.9 ( 0.6) × 1010cm3 molecule-1 s-1, indicating that
this reaction is very fast. This point can be explained by the
overall barrierless association, isomerization, and dissociation
processes of the title reaction. On the basis of the measured
absolute hydrogen branching ratio (0.33 ( 0.08), Christophe et
al. suggested that H abstraction is one of the major channels.
This is in good agreement with our theoretical results that
P6(2CH3CHCCCH3 + 2H) is one of the major products. On the
other hand, according to our calculations, the CH3-elimiantion
product P7(2CH3CHCCH + 2CH3) is also a major product of
the title reaction, which means that the C(3P) + trans-C4H8

reaction cannot play an important role in synthesizing a long
carbon chain in the interstellar medium. Our calculation results
may be helpful to further theoretical and experimental investiga-
tion of the C(3P)+ trans-C4H8 reaction.

6. Interstellar Implications

It is generally known that reactions with zero or minute
barriers are favorable to take place in the interstellar medium
(ISM) where the temperature is very low. The barrierless nature
of the total reaction makes the C(3P)+ trans-C4H8 reaction
proceed very easy and leads to the major products
P6(2CH3CHCCCH3 + 2H) and P7(2CH3CHCCH + 2CH3). The
CH3 radical is an important intermediate in the interstellar
medium driven by cosmic-ray ionization28 as well as in the
combustion process.29 The CH3CHCCH radical is a promising
species because it possesses the possible importance in the ring-
formation processes; however, these processes require further
investigations. Fortunately, Miller and Melius30 suggested that
the isomerization between CH3CHCCH and CH2CHCHCH
plays a crucial role in the formation of benzene during the
process of C2H2 reactions with CH3CHCCH. This indicates that
the CH3CHCCH radical maybe play an important role in the
ring-formation processes. Up to now, there has been a number
of experimental and theoretical studies reported on the
CH3CHCCH radical.31-38 In contrast, the CH3CHCCCH3 radical
has received rather little attention, and our calculated results
may provide an insight into the formation mechanism of
CH3CHCCCH3. Furthermore, the H atom is important in the
H-containing system. All of the aspects mentioned above
reinforce the importance of the C(3P)+ trans-C4H8 reaction in
the interstellar medium.

7. Conclusion

A detailed theoretical study was performed on the C(3P)+
trans-C4H8 reaction. Our calculation results show that the
ground-state carbon atom C(3P) can barrierlessly attack the CdC
bond of trans-C4H8 to form the three-membered cyclic isomer
1 CH3-cCHCCH-CH3, followed by further evolution leading
to 11 products. Among these products, P6(2CH3CHCCCH3 +
2H) and P7(2CH3CHCCH + 2CH3) are the major products with
comparable abundance, while the other products may have
undetected yields. Our calculation results are in good agreement
with the experimental studies of the C(3P)+ trans-C4H8 reaction,
and we hope that our results may provide useful information

for understanding the effect of the carbon atom C(3P) toward
other unsaturated hydrocarbons.
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