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Theoretical Study of the Reaction of Ci with C3H
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A theoretical study of the (CIE,)" species has been carried out. Two different models, the complete MP4
at MP2 geometries and the QCISD(T) at B3LYP geometries, have been employed. Our calculations predict
that the global minimum is a cyclic isomer with a three-membered carbon ringHICGA ), whereas two
different open-chain structures, CICC&HfA;) and CIHCCCH(*A"), lie ~19 and 15 kcal/mol, respectively,
higher in energy. The lowest-lying triplet state is an open-chain structure, CIGG®H), which lies>57
kcal/mol above the global minimum. These theoretical results allow the development of thermodynamic
arguments about the reaction pathways of the process-HCIC3H,. For the reaction of Cl with
vinylidenecarbene (I-&,), the production of CICCCHis both thermodynamically and kinetically favored,

and even the formation of CE* is also more exothermic than the charge transfer. In the reactiontof Cl
with cyclopropenylidene (c-E,), the production of both cyclic and open-chain chlofitwarbon compounds
seems to be severely hindered; hence, charge transfer should be the dominant process. Consequently, only
the reaction of Cl with I-C3H, seems to be a possible source of chlorinarbon compounds in space, and

the preferred product should be linear CICCCkvhich could be a precursor to CICCC.

Introduction vinylidenecarbene), I-H,, with a linear carbon backbone and
Gas-phase chlorine chemistry is very interesting mainly two hydrogens bonded to a terminal carbon atom, has been

because of its relevance to atmospheric studies. In addition, itobserved more recently in spade.
is also relevant to interstellar chemistry. In the case of chlorine, ~ Theoretical studies of this type of reaction are particularly
only HCI has been conclusively detected in the interstellar valuable, since experimental studies are difficult to carry out
medium? although several metal chlorides have been observeddue to the difficulty of preparing £, species. So far, we have
in circumstellar shelland there are indications that other carried out similar studies for the reactions of, Bi*, and §
chlorine compounds may be found in space. Several binary with CsH, species.’~1° Therefore, the present work allows a
carbides containing other second-row elements, such as sulfurcomparison of the reactivity features of chlorine with those of
silicon, or phosphorus, have been observed in spadeese other second-row elements. Although the reaction Jf\@ith
compounds can be formulated agXCwith X being a second- CsH2 should proceed in principle along the triplet surface, both
row element anch varying from 1 to 4. singlet and triplet (ClgH,)™ species will be considered, since
Previous studies predict that carbechlorine compounds  we are not aware of any complete study of these species.
could also be found in the interstellar medium. Both experi-
mentat~7 and theoretical studi&8 on the reaction of €ions
with HCI showed that CCl could be synthesized in space.
Furthermore, a theoretical stufyhas shown that HCC| a The present work employs the same methods used in our
precursor to neutral CCI, may be formed in the reaction of previous studies on the reactions of,FSit, and S with
carbon atoms with bCI™ (protonated HCI). Another ab initio  C;H,17-19 The geometries of the different species in this work
study of the reaction of &4 with HCI* concluded that  \yere obtained at the second-order MgH®@lesset (MP2) level
HCCCI, a precursor to &I, may also be synthesized under ity the split-valence plus polarization 6-31G* basis e
interstellar conditions. €I, a possible interstellar candidate,  5qgjtion, for comparative purposes, the density functional theory
is predicted?13to be Ilnea.r with &I1 grourjd state. On the other (DFT) was also employed for obtaining optimized geometries.
ha_m_d, a recent theoretical Stl}é_lypredmts ’_[hat the global  po the DFT calculations, we selected the B3LYP exchange
minimum for GCl to be a cyclicCp, species, although a e 1ation functionat and the 6-311G** basis s@tfor carbon
quasilinear CCCCI structure lies quite close in energg-{5 and hydrogen atoms, whereas the McLean and Chandler basis

kealfmol above the ground state). . set?® (supplemented with a set of d functions) was employed

In the present paper, we consider a possible process for the : : f "

; . for chlorine. We must emphasize that our previous calculations
synthesis of precursors tosCl, namely, the reaction of €l

+14
with CgH,. It is worth noting that two different §H, isomers on C3CI. and Q‘C.l _showed that _the MP2 and .BSLYF.).
have been detected in the interstellar medium. Cyclopro- geometries and vibrational frequencies were rather insensitive

penylidene, c-GHy, is one of the most abundant interstellar to the basis set (in that work, we also carried out optimizations

hydrocarbons and was observed for the first time in space severaft the MP2 level with the 6-311G** basis set, as well as B3LYP

years agd? On the other hand propadienylidene (singlet calculations with the cc-pVTZ basis set).
Harmonic vibrational frequencies have been computed on

* Corresponding author. each optimized geometry at its corresponding level of theory.
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To estimate the zero-point vibrational energy (ZPVE) at the 1% H
MP2 level, we scaled the vibrational frequencies by a factor of 1978
(1372~ C 1.368
0.94. Cl——C. |(1.aez)
On the MP2 geometries, single-point calculations at the freem \CQIQS:S)
fourth-order Mgller-Plesset (MP4) levét2>were carried out 10y H
to compute electronic energies. For the B3LYP geometries, we
performed subsequent single-point calculations at the QCISD- 1085 H
(T) level2® which stands for a quadratic Cl calculation with 1559 (1.0:/
single and double substitutions followed by a perturbative e’ 05
treatment of triple substitutions. In both cases, MP4 and QCISD- (e \c>}g§;g)

(T), we employed the 6-311G** basis set and the frozen-core
approximation. It is worth noting that in our previous calcula-
tions on related system4?’ the QCISD(T)/6-311G** level
seemed to be a reasonable compromise between costand quality S~ o585 (7§ i) e
of the results, since it provides relative energies very similar to (185 Crirar Ca'ger G, G
the more expensive CCSD(T)/cc-pVTZ method. oncooresne T OH,
All calculations were carried out with the Gaussian 94 ~ °~"C@e=e
program packagé®

1b A"

2¢A")

1206 4801 179.9
1_:;9\<(_‘<°) (132.3) (1785)
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Results and Discussion 3 553 Oy 25 Ctrigre M
J[%E) (1.348)  (1.284) (1.074)
(CIC3H2)* Isomers. Only the more relevant (CHEly)* o Goe  3CAY
species will be briefly discussed. The optimized geometries for 129

the different (CIGH,)* structures are shown in Figure 1 (the

corresponding harmonic vibrational frequencies and IR intensi-

ties are available upon request). The relative energies at different 160 i34 <‘39 9’(1 o
levels of theory are given in Table 1. All reported structures 1389, (;;;3)

are true minima on the (CHEi)* singlet and triplet surfaces. O e €I85

(1.603)

The (CIGH,)* system can be viewed as the result of chlorine
substitution on the gHs* cation. The GHz* ion is believed to
play a .key.role in §everal combustion processes, such as in soot N &?83)/5'00
formation in fuel-rich flames. In ¢Hs", the most stable isomer (1.088) (1.103)
is the cyclopropenyl catio#f;3! c-CzHs*, which is also the pLCNy it 387)125\1222%
smallest aromatic molecule. @5 is stable both in the form o’ 1®? (%97
of salts and in polar solvents. The propargyl cationzH¢,
has a linear carbon backbone with two hydrogens bonded to an
end carbon and the third hydrogen atom bonded to the other

1.095
1 (1.099)
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H 1212 1066 /1.3,
(1212) (116.9) /(1. 343)

terminal carbon. I-gH3" is experimentally estimated to lie25 g%

kcal/mol higher in energy than the cyclic isonférThe 1,636 fLam (559

structures of substituted cyclopropenyl and propargy! cations Vs 22y

have also been discussed. Of particular relevance to the present 8 ('A)

study is the theoretical stugh of the fluorine derivatives

(FeHa) - o i
Isomerl(*A;) is the chlorine-substituted cyclopropenyl cation. 1266 | 808 1 H

Although the electronegativity of chlorine is higher than that (e BLgt /1108

of carbon and although chlorine is therefore expected to i c(;gggm&}ggg,
withdraw electronic charge from carbon, the fact that the vicinal 1540
C—C bonds are somewhat longer than the distal bond is an
indication that there is a certain degree ofdonation from
chlorine. This is confirmed by the populations obtained for
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Figure 1. MP2/6-31G* and B3LYP/6-311G** (in parentheses)
optimized geometries for the different G+ structures. Distances

this structure. However this delocalization has only a minor are given in A and angles in deg.

effect, since it is hindered by the participation of carbon in the
b, orbital of the G ring. In the case of the triplet isomer, two

Isomer2 is derived from the propargyl cation with chlorine

different structures corresponding to the same electronic state,substitution at @ Basically three different valence-bond

SA"", can be obtained. The first structuds(®A’"), has a very
long C—Cl distance, suggesting that this species can be viewed
as an ior-molecule complex. The second structute(3A"),
corresponds to a much shorter-Cl distance, suggesting a
covalent interaction. At the MP2 levellb(®A"") is a true a
minimum (all its vibrational frequencies are real), but at the

structures may be proposed for this isomer.

B3LYP level, an imaginary frequency is obtained. Following The C-Cl bond distance is relatively short, indicating a strong

the corresponding mode, an open-chain structd(&’), is C—ClI bonding. This is partly due to the delocalization of the

finally reached. It is interesting that both structures correlate in b; electron pair of chlorine into the;borbital of carbon, as

Cs symmetry with ground-state € c-CzH,. suggested by structure c. The lowest-lying triplet state is a
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TABLE 1: Relative Energies (kcal/mol) for the (CIC3H,)™ SiGgH,™, and SGHy™ 17719, This isomer can be mainly il-
Species at Different Levels of Theory with the 6-311G** lustrated as
Basis Set
MP4 PMP4 B3LYP QCISD(T) H H
1(*A") 0.0 0.0 0.0 0.0 N c _c/ ~
1a(3A") 93.6 92.4 88.3 91.5 S+ e:
1b(A") 86.3 85.7 80.3 81.0 cl
2(*A") 19.3 19.3 16.5 19.5
égﬁ)) ?gi %i ig'g i;g whereas the ftriplet state is very similar and results from the
3CA™ 81.3 77.3 655 732 unpairing of the carpon lone pair. Therefore, the geometncal
4CA") 82.1 79.6 75.0 77.2 parameters for the singlet and triplet states are quite close.
5(A") 81.6 79.0 74.5 76.6 Isomer8is the trans isomer of structufe and consequently,
6(°A") 84.4 81.7 76.7 78.8 the bond distances and bond angles are very similar to those
7CAY) 66.3 66.3 65.5 63.8 found for the singlet and triplet states dfThe main difference
7CAY 106.9 1021 101.9 98.6 between isomerg and8 is that the G-C—C angle is t
8(*A") 63.1 63.1 62.8 60.7 \ gie IS greater
8CA") 103.9 99.3 995 96.0 for 7 whereas the €C—H angle is greater foB, but this is
9(*A") 74.8 74.8 76.9 73.1 only the consequence of the cis and trans arrangement relative
9(%A") 120.4 119.2 115.4 115.4 to the chlorine atom. The valence-bond description of both

a Zero-point vibrational energy differences have been included. ~ Structures is quite the same. ) o
Finally, the last isomer that will be discussedjswith two

nonplanar structure wittCs symmetry. The CCCCI unit is  hydrogens bonded to the same carbon atom and a chlorine
slightly bent, with the hydrogen atoms on a plane perpendicular bonded to the central carbon. The most important difference
to this unit. The unpaired electrons are mainly located at carbonsbetween the singlet and triplet states is that the singlet appears
C; and G, and the main difference with the singlet state is the to be a cyclic structure with a three-membered carbon ring. One
lengthening of the €-C, bond distance. This state also of the C-C distances is large~(1.8 A) enough to be considered
correlates with ground-state CH- I-C3H,. a normal C-C bond, but the €-C,—C; angle is <90°,
Isomer3 is the chlorine-substituted propargyl cation at C  supporting the cyclic nature of this structure. The—Cs
This isomer can be also described by two valence-bond bonding is mainly due to the delocalization of a IGne pair

structures, into the vacant gorbital. This interaction is hindered in the
case of the triplet state, resulting in an open-chain arrangement.
. a o , H The relative energies at different levels of theory of the
H—c=c=c e H—c=c—c & H—c=c—cy (CIC3H2)™ species are given in Table 1. It is readily seen that,
“ ¢ % as in the case of thes85" cation, all levels of theory predict
d € f that the global minimum is the cyclic speci&@A;). Neverthe-

less, the energy difference with the open-chain structures is
reduced compared with the structures gHg". The propargyl
cation is experimentally estimated to he25 kcal/mol higher

in energy than the cyclopropenyl catfr(at the MP4 level,

the energy difference is calculated to &9 kcal/mofy). In
(CIC3H,)™, the open-chain structurei*A;) and 3(*A’") are
respectively found to lie-19 and 15 kcal/mol higher in energy
at both MP4 and QCISD(T) levels. It is also interesting that,
since3(*A’) is lower in energy tha@(*A;), chlorine substitution

at the carbon atom bonded to two hydrogen atoms appears to
be slightly favored over substitution at the terminal carbon
bonded to just one hydrogen atom.

It seems that substitution by a more electronegative atom (Cl)
favors an arrangement where the carbon atom may “extract”
electronic density from another atom (H). The same trend is
observed in the substitution by a fluorine atéhin (FCHy) ™,
the cyclic isomer was also found to be the global minimum,
whereas3 was also preferred ov&: Furthermore, in that case,

a destabilization compared tgld;™ was observed for fluorine
substitution, leading to ¥CCCF (isomer 2). The rest of
structures lie all much higher in energy. Among the singlet
states, the next lower-lying structure8€A’), ~61 kcal/mol at

In this case, the shortening of €C, and the lengthening of
C,—Csg, relative to those bonds 2(*A;), suggest that structure
d prevails over e. The longer-€Cl bond in this case, compared
with isomer2, is an indication that delocalization of the electron
pair of chlorine takes place to a lesser extent, and therefore,
the contribution of structure f is somewhat smaller. For the
corresponding triplet stat8(3A"), the C-Cl bond is consider-
ably lengthened. Nevertheless the most important feature of this
structure is that it is planar, with a-€C—C backbone quite
close to linearity.

Structures4, 5, and 6 are different isomers in which each
carbon atom is bonded to either a hydrogen or a chlorine atom
and can be considered as the result of the migration of a
hydrogen atom from either structugeor 3. All of them are
planar triplet states ofA’ symmetry. We also searched for the
corresponding singlet states, but all our attempts collapsed into
the cyclic1(*A;) structure. The three isomers have very similar
bond distances and bond angles, differing only in the relative
positions of the hydrogen and chlorine atoms. There are several
valence-bond structures contributing in this case, but the more
important are the structures compatible with the population

analysis. the QCISD(T) level, which is slightly favored over its cis isomer,
o H o H 7(*A") (64 kcal/mol above the global minimum at the same level
~ - / N J/ of theory). The cyclic isome8(*A’) is the less stable singlet
C—C. ° c=c - state lying~73 kcal/mol abovel(*A).
+ c\ +ﬁ The lowest-lying triplet state i3(°A"), which lies~57 kcal/
H H mol higher than the global minimum at the QCISD(T) level of

theory. The relative stability of structur@and3 on the singlet
Isomer7(*A") was reached in an attempt to obtain structures surface is reversed for the triplets, since n8@#A") lies ~16
with a four-membered ring similar to those obtained iRL, kcal/mol higher thar2(3A""). Perhaps the most important reason
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for this reversed stability order is the more difficzitdonation
from chlorine in3(°A"), which results in a rather large-€Cl

bond distance. Nevertheless, the most relevant feature is the

relative instability of the triplet cyclic structurela(*A'") and
1b(®A"), which lie very high in energy;~91.5 and 81 kcal/
mol, respectively, above the global minimum. This is not
surprising forla(®*A"), being a long-distance complex, but it is
more surprising folb(®A"), which is>20 kcal/mol less stable
than2(*A"). Even more stable thatb(A") are the three related
isomers4(3A’), 5(3A’), and6(A"). All of them are quite close
in energy and~20 kcal/mol higher in energy than the lowest-
lying triplet state. The rest of the triplet stat&§3A’), 8(3A’),
and9(®A’), lie much higher in energy.

Compared with other similar species containing second-row
elements, (ClgH,)™ is similar to triplet (PGH2)™,1” where a
cyclic structure was also found to lie below open-chain isomers.
On the other hand, open-chain ground states were found for
both silicon and sulfur analogué®!® In that sense, chlorine
seems to exhibit a behavior more related to fluorine or hydrogen
(where cyclic ground states are found) than to other second-
row elements.

Concerning the performance of the different levels of theory,
it is worth noting that all levels of theory predict the same
stability order. Furthermore, as a general trend, MP4 and
QCISD(T) results are very close for singlet states, the largest
discrepancy being observed f@(*A’), namely, 2.6 kcal/mol.

In the case of triplet states, where the convergency of the MP
series may be affected by spin contamination, differences of
up to 8 kcal/mol in the relative energies between MP4 and
QCISD(T) are observed. Nevertheless, this is in part alleviated
by employing approximate spin-projected MP4 valg&¥.In

all cases, the PMP4 values are closer to the QCISD(T) results
than are the unprojected ones. The largest discrepancy betwee
the PMP4 and QCISD(T) relative energies is found3gA'"),
namely, 4 kcal/mol. Taking the QCISD(T) results as the most

reliable ones, we calculate the mean absolute error of the PMP4

values to be just 2.5 kcal/mol. Even more interesting are the
relatively good results obtained with the B3LYP method. In
most cases, the B3LYP values are within 3 kcal/mol of the
QCISD(T) values, the worst case beid@FA") with a discrep-
ancy of 7.7 kcal/mol. The absolute mean error for B3LYP
relative energies (taking QCISD(T) values as references) is 3.0
kcal/mol. The overall agreement between the relative energies
at different levels gives further support to our conclusions.
Reaction of CI" with C3H,. We will consider the reaction
of chlorine cations with either cyclopropenylidene or propadi-
enylidene. In principle, there are three different channels for
this reaction: production of (H§CI)*, production of (GCI)*,
and charge transfer

— (HC,CI)" + H(®S)
CI"CP) + CiH,(*A) — (CLCI) T + Hy('S,h)
— CI(*P)+ C;H, (°A)

The possible structures of {Cl)* and (HGCI)*™ have been
reported in previous work$:2°We may briefly comment that
the global minimum of (@CI)* is predicted to be a linear
singlet-state CICCEC* However, the lowest-lying triplet state
is cyclic, CIG*(3B,), with the triplet quasilinear state, CICCC
(3A"), lying ~11 kcal/mol (QCISD(T) level) higher in energy
than CIG*(By). In (HC5CI)™, the global minimum is predictéd
to be an open-chain structure CICCERA’"), but a cyclic
CICsHT(2A") structure is found to lie very close in energy
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Figure 2. MP2/6-31G* and B3LYP/6-311G** (in parentheses)
optimized geometries for the relevant transition states involved in the
reaction of C with CsH,. Distances are given in A and angles in deg.

(~1—2 kcal/mol at the G2 and CCSD(T) levels). Another open-
chain structure, CIHCCG?2A"), with both hydrogen and chlorine
bonded to the same carbon atom, lies much higher in energy,
~37 kcal/mol above the ground state.

The relevant transition states on the triplet (¢4g)™ surface
are shown in Figure 2, whereas the energy profiles for the
reactions of Ct with I-C3H; and ¢c-GH;, (taking CI" + I-C3H,
as zero in energy) are given in Figures3 and 4, respectively, at
the PMP4 and QCISD(T) levels. A reasonably good agreement
between the PMP4 and QCISD(T) results is generally observed,
giving further support to our conclusions. Intrinsic reaction
coordinate calculations were used to establish that the different
transition states connect the desired minima.

As can be seen in Figure 3, the production of both CICECH
and CIGH™ from CI" + |-C3H, is clearly exothermic 76
and 74 kcal/mol, respectively, at the QCISD(T) level). The
production of CIHCCQ is also exothermic{40 kcal/mol), but
in this case, charge transfer may be competitive, since-Cl
[-C3H,™ is found at—51.4 kcal/mol (QCISD(T) level) below
reactants. In the production of CICCCH H,, the reaction



Reaction of Ct with C3H,

E(Kcal/mol)

ClI* +1-C3H,
—
0.0

i

J. Phys. Chem. A, Vol. 104, No. 43, 2008737

H
Jc-c-ct+H
el

-38.4 (-40.2)

C-C-C-Cl* + Hy

-42.8(:44.9)
Cl+ 1-C,H.
i 1,577 (-51.4)

~H )
s

c
TS8“LLI CI—C\(I: H

r 2705y,
R 73.8 (-73.8)

s H-C-C-C-CI*+H
-73.6 (-76.5)

Patha

-129.8
(-132.3)

Figure 3. Energy profile, in kcal/mol, for the reaction of Clith |-C3sH, at the PMP4 and QCISD(T) (in parentheses) levABPVE corrections

have been included at the MP2/6-31G* and B3LYP/6-311G** levels.
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Figure 4. Energy profile, in kcal/mol, for the reaction of Cith c-CsH, at the PMP4 and QCISD(T) (in parentheses) levABPVE corrections

have been included at the MP2/6-31G* and B3LYP/6-311G** levels.

enthalpy is near-45 kcal/mol, and therefore, charge transfer
is also thermodynamically favored.

The first step in the reaction of €lwith I-C3H, should be
formation of isomer2. Hydrogen elimination would lead to
CICCCH?", whereas the elimination of a hydrogen molecule
results in the production of CICCC

CI" + I-C;H,— CICCCH,"(2) >
CICCCH'(*A") + H (a)

CI* +I-C;H,— CICCCH,"(2) —
CICCC"(*A") + H, (b)

In the case of path a we obtained a true transition state (TS1).
Nevertheless, it must be noted that at the B3LYP level th&iC
distance is very long (5.211 A). This fact and the very small
energy difference between TS1 and the products suggest that
process a could quite likely be barrier-free at higher levels of
theory. On the other hand, in process b, we were only able to
obtain a second-order saddle point (with two imaginary frequen-
cies, one of them corresponding to the desired mdHat is,
the elimination of a K unit—and the other one leading to the
loss of C,, symmetry) at the MP2 level. All our attempts to
obtain a true transition state allowing for a relaxed geometry
failed, since the optimization finally led to TS1. Therefore, we
have carried out a scan (at both MP2 and B3LYP levels)<in
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symmetry for different & X distances (X being the middle point  process could be slightly favored over the production of CGCCI
of the H, fragment), optimizing all other geometrical parameters. + Hy, it is not likely to be competitive with the production of
This scan shows no sign of a barrier for this process. CICCCH'.

Furthermore, the energetic results obtained from employing the In summary, in the results for the reaction of @lith I-C3H,,
geometry of the second-order saddle point obtained at the MP2only formation of the cyclic ClgH™ species and the open chain
level support this conclusion, since it is place®.5 and 7.0 CICCCH?' isomer are predominant over charge transfer. Three
kcal/mol below the products at the PMP4 and QCISD(T) levels, different channels (all of them barrier-free, since they involve
respectively. In any case, it is clear that both processes involvetransition states which lie clearly below reactants), a, c, and e,
transition states which either lie below the reactants and arelead to CICCCH, whereas path d results in the formation of
quite close in energy to the products or are barrier-free. In CIC3H™. In principle, on the basis of the relative energies of
principle, process a seems to be kinetically favored over b, sincethe transition states involved in each pathway, the production
TS1 is placed well below CICCG3A') + Hy, although to of CICCCH" should be favored. The formation of other species
establish a definitive conclusion about possible branching ratios, that also involve barrier-free mechanisms, such as CIHGCC

a nuclear dynamic treatment should be carried out. CCCH', and CICCGC, seems less favorable, since their exo-
Another possibility is the isomerization @finto 4 through thermicity is lower and even charge transfer should be competi-

the migration of a hydrogen atom which involves transition state tive.

TS2. Structurel may further isomerize int6 through transition The reaction of Ci with ¢c-C3H, should be initialized with

state TS3. OncBis formed, several processes may occur. Direct the formation of the long-distance compl&a(®A'"), which may

hydrogen elimination may take place, leading again to CICECH lead to 1b(3A") through the transition state TS9. Once this
structure is obtained, several processes may take place. Direct

CICCCH; 2 182 CICCHCH" (4 IS8 hydrogen elimination leads to cyclic CJ&*, involving transi-

tion state TS6, which clearly lies below the reactants
CICCHCH" (5) —* CICCCH'(*A") + H (c)

+ TS6 +
Alternatively, once structurd is reached, it might suffer CICH, " (1b)——CICH " +H (9)
cyclization through transition state TS5, leading to isortier e
Finally, elimination of a hydrogen atom results in cyclic GHC Another possibility is elimination of a hydrogen molecule
leading to cyclic CIG"
CICCCH," (2) % CICCHCH" (4) —> Ts6
CIC,H," (1b)—CIC," + H, (h)

CIC,H," (1b) == CICHT(A) + H (d)
We have not found a transition state for this process, but a
Another possibility is further isomerization into structlBe  scan for H elimination suggests that this is a barrier-free
through the migration of the hydrogen atom. Then hydrogen process. A similar conclusion is reached for th¢d€ + CIH
elimination may lead to either CICCCtHor CIHCCC". In the channel. Considering the triplet cyclic isomer fogHZ, we
first case, transition state TS8 is involved, whereas production obtained reaction enthalpies ef67.8 kcal/mol (PMP4) and
of CIHCCC' seems to proceed without an energy barrier. To —66.7 kcal/mol (QCISD(T)). No transition state was obtained
confirm that this is a direct process, we made a scan for different for this process, the corresponding scans showing no sign of a
fixed C—H distances, optimizing the rest of the geometrical barrier.

parameters, but found no sign of transition state Finally, ring opening may take place, leading to structure
4(3A)
CICCHCH' (5) =+ CIHCCCH' (3) == .
CICCCH A + H (e) CIC;H," (1b)— CICCHCH" (4) (i)
CICCHCH' (5) I8 clHCCCHY ()~ The corresponding transition state was only obtained at the

MP?2 level, and the QCISD(T) energy was computed at the MP2
geometry. Once structurkis formed, the system may evolve

in the same way as previously discussed, that is, open-chain
products such as CICCCH CICCC', or CIHCCC' may be

CIHCCC'(*A") + H (f)

It is not surprising that no transition state is found for the
hydrogen elimination fron8 leading to CIHCCC, since the ; -, I th
fragments are radicals and the energy difference bet&eeia ormed. However, as can be seen in Figure 4, all these processes

the products is very high (the reaction enthalpy for production 2nd even the production of the cyclic species £1C CH™,

of CIHCCCF(?A") + H is the lowest of all possible products). a”d CIG" are I_ess exothermic than chgrge tran;fer. Therefare,

In TS8, the G—H; distance at the B3LYP level is again very it seems that in the case of the reaction of @lith c-CsHp,

large (5.04 A), and its energy is very similar to that of the final charge transfer should be the dominant process.

products (it is therefore a very late transition state), suggesting Conclusions

that this transition state could quite likely disappear at higher

levels of theory. A theoretical study of the (Cl§;)™ species on the singlet
Finally, we have also computed the reaction enthalpy for the and triplet surfaces has been carried out. Geometries and

production of CCCH + HCI. Given the multiplicity of the vibrational frequencies for the different isomers have been

reactants, we considered the lowest-lying triplet state for linear obtained at the MP2/6-31G* and B3LYP/6-311G** levels.

C3H™. We obtained enthalpy values e47.8 and—51.2 kcal/ Electronic energies have been computed at the MP4/6-311G**//

mol at the PMP4 and QCISD(T) levels (including ZPVE MP2/6-31G* and QCISD(T)//B3LYP/6-311G** levels. The two

differences), respectively. As in the production of CCC&l most reliable levels of theory employed, PMP4 and QCISD-

H,, the results of the scan (at the MP2 and B3LYP levels) (T), predict that the lowest-lying species is a cyclic isomer with

showed no sign of a transition state. Therefore, although this a three-membered carbon rintf!A;), whereas two different



Reaction of Ct with CsH,

open-chain structures (formally derived from the propargyl
cation upon chlorine substitution2(*A;) and 3(*fA"), lie ~19
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and 15 kcal/mol, respectively, higher in energy. On the other ;49957435 75,

hand, the lowest-lying triplet state is an open-chain structure,

2(3A"), which lies >57 kcal/mol above the global minimum.
The reaction of Ci with I-CsH, is exothermic for the
production of CIHCCC, CCCH", and CICCC, but charge
transfer should prevail, given its higher exothermicity. On the
other hand, productions of both CICCECHand CIGH™ are

clearly more exothermic than charge transfer, and in addition,
these are barrier-free processes, since the channels for thei
production imply transition states that lie below the reactants.

Our prediction is that production of CICCCHshould be
thermodynamically and kinetically favored. In the reaction of
CI™ with ¢-CzH,, the production of both cyclic (CKEIT and
CIC3") and open-chain (CICCCH CICCCF, and CIHCCQ)

chlorine-carbon compounds seems to be severely hindered,

since charge transfer should be the dominant process.
Therefore, the main conclusion of our work is that only the
reaction of Cf with I-C3H, seems to be a possible source of

chlorine-carbon compounds in space and that the preferred

product should be linear CICCCHwhich, upon dissociative
recombination, could eventually lead to CICCC.
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