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Abstract The reaction of atomic radical F with
propyne has been studied theoretically using ab initio
quantum chemistry methods and transition state the-
ory. The potential energy surface was calculated at the
CCSD(T)/aug-cc-pVDZ (single-point) level using the
UMP2/6-311++G(d,p) optimized structures. Two reac-
tion mechanisms including the addition–isomerization–
elimination reaction mechanism and the directed
hydrogen abstraction reaction mechanism are consid-
ered. For the hydrogen abstraction reactions, i.e., the
most probable evolution pathway in the title reaction,
the HF formation occurs via direct abstraction mech-
anism dominantly and the H atom picked up by the
atomic radical F should come mostly from the methyl
group of normal propyne. On the other hand, for the
addition–isomerization–elimination mechanism, the
most feasible pathway should be the atomic radical
F attacking on the C≡C triple bond in propyne
(CH3C≡CH) to form a weakly-bound adduct A1 with
no barrier, followed by F addition to the C≡C triple
bond to form the low-lying intermediate isomer 5. Sub-
sequently, isomer 5 directly dissociates to P3 H2CCCHF
+ H via transition state TS5/P3. The other reaction path-
ways on the doublet PES are less competitive due to
thermodynamical or kinetic factors. Furthermore, based
on the analysis of the kinetics of all channels through
which the addition and abstraction reaction proceed,
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we expect that the competitive power of reaction chan-
nels may vary with experimental conditions for the title
reaction. The present work will provide useful informa-
tion for understanding the processes of atomic radical F
reaction with other unsaturated hydrocarbons.
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surface (PES) · Atomic radical F · Propyne

1 Introduction

The reactivity of the atomic radical F is an interest-
ing research topic because of the complicated nature of
the reaction mechanism involved in these reactions and
its importance in many industrial applications. A vari-
ety of reaction mechanisms are involved in its reaction
with different molecules. The reactions of atomic rad-
ical F with unsaturated hydrocarbons have been stud-
ied extensively, both theoretically and experimentally
[1–19]. It was found that this class of reactions pro-
ceed primarily by the addition of atomic radical F to
the double/triple bond of the hydrocarbon molecules to
form long-lived chemical activated radical complexes,
which further decompose unimolecularly to give pre-
dominantly hydrogen atoms or methyl radicals. In
contrast, in the atomic radical F reaction with methane
[20–23], the reaction mainly occurs through an abstrac-
tion mechanism to produce a HF molecule and a methyl
radical (CH3) in which the CH3 part is largely a spec-
tator during the reaction process. Recently, Lee and
coworkers [7] carried out the universal crossed beam
study on the reaction dynamics of atomic radical F reac-
tion with the propyne molecule with both single and
triple bonds, in which reactions occur through both di-
rect abstraction and complex formation mechanisms. As
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shown in Eqs. (1)–(2), two different reaction channels of
the F + CH3CCH reaction have been clearly identified:
(1) the substitution of F for H occurs mainly via a com-
plex formation mechanism, producing reaction products
with some contribution from a direct reaction mecha-
nism; (2) the HF product, however, appears to be dom-
inantly forward scattered relative to the F atom beam
direction, suggesting that the HF formation occurs via a
direct abstraction mechanism. The H formation channel
is found to be the major reaction pathway, while the HF
formation channel is also significant [7].

F + CH3CCH → C3H3F + H (81%) (1)

F + CH3CCH → C3H3 + HF (19%) (2)

However, in an investigation [6] of the mechanism
for the reaction of atomic radical F with propene, three
different reaction channels of the F + C2H3CH3 reaction
have been identified [as shown in Eqs. (3)–(5)]: (1) the H
atom formation channel takes place through some direct
reaction mechanism as well as likely to be a long-lived
complex formation process; (2) the CH3 formation pro-
cess mainly proceeds through a long-lived complex for-
mation mechanism and (3) HF formation shows clearly
that a direct pickup type reaction mechanism is respon-
sible for this channel. Experimental results show that the
CH3 formation is the most important reaction pathway
for the title reaction, while both H and HF formation
channels are also significant.

F + C2H3CH3 → C3H5F + H (15%) (3)

F + C2H3CH3 → C2H3F + CH3 (65%) (4)

F + C2H3CH3 → C3H5 + HF (19%) (5)

For the discrepancies, a computational study is very
desirable to gain insight into the title reaction mecha-
nism. To our knowledge, the nature of different reaction
channels in the atomic radical F reactions with hydro-
carbon molecules has not been investigated in detail in
all previous experiments and no report is found about
the theoretical study on the title reaction. In addition,
recently, the doublet potential energy surfaces (DPESs)
of the analogous F + propene reaction have been built up
by us [18]. In the F + propene reaction, we have shown
that simple hydrogen abstraction reactions and F addi-
tion reactions involve many more prereactive complexes
than had previously been thought. Now, the sequential
question is whether the mechanism of the title reaction F
+ propyne is similar to the F + propene reaction or not?

In view of the potential importance and the rather
limited information, the detailed theoretical study on
the doublet potential energy surfaces (DPESs) of the
title reactions is therefore very desirable. The main
objectives of the present article are to (1) provide the

elaborated isomerization and dissociation channels on
the C3H4F DPESs; (2) investigate the site specific ef-
fect of the title reaction to give deep insight into the
mechanism of F + hydrocarbons reaction; (3) make com-
parisons on the mechanisms between halogen (F) with
propene and propyne. From this present, one can gain
deep insight into the mechanism of F + propene reaction
as the elaborated isomerization and dissociation chan-
nels on the C3H6F DPESs were provided rationally and
the site specific effects were pointed out unambiguously.
Some conclusions that are made in this article may be
helpful to resolve the question mentioned above and
for further theoretical and experimental studies of this
reaction.

However, theoretical studies on the reactions involv-
ing radical addition to alkenes showed that such reac-
tions are difficult to describe theoretically and that the
calculated energies are sensitive to theoretical levels
[24]. In a theoretical study of the reaction between a
chlorine atom and ethylene, Braña [25] compared the
potential energy surfaces computed at different theo-
retical levels and concluded that extreme care should
be taken to choose an appropriate theoretical level for
calculations involving radicals. Additionally, Zhang [16]
proposed that for systems similar to the title reaction,
the geometrical parameters for weakly bound structures
and transition structures are more sensitive to theoret-
ical level than other equilibrium structures. To obtain
reliable geometrical parameters, the MP2/6-31G(d,p)
level of theory or higher is needed [16]. Furthermore,
rational conclusions of the reaction mechanisms of F +
propene were draw at the CCSD(T)cc-pVTZ//UMP2/
6-311++G(d,p) + ZPE levels of theory [18]. Therefore,
the title reaction mechanisms were investigated and a
detailed ground state doublet potential energy
surface was plotted at the CCSD(T)/aug-cc-pVDZ//
UMP2/6-311++G(d,p) + ZPE levels of theory. As the
conclusions reached are supported by the reported
experimental results, we consider that the theoretical
methods employed are appropriate and the results
(geometries and single-point energies) are acceptable.

2 Computational method details

All the calculations were carried out on the SGI O3800
Servers using the GAUSSIAN98 program package [26].
All geometries of the reactants, complexes, products,
intermediates and transition states (TS) have been
optimized with the unrestricted Møller–Plesset second-
order perturbation UMP2(FULL) [27] method using
the 6-311G, 6-311G(d,p) and 6-311++G(d,p) basis set
respectively. The presence of diffuse functions in the
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basis set allows for an appropriate representation of the
dispersion forces that should play an important role in
the stabilization of the weakly bound structures consid-
ered in this work [25,28]. Vibrational frequencies, also
calculated at the same level of theory, have been used to
characterize stationary points, zero-point energy (ZPE)
corrections calculations. The number of imaginary fre-
quencies for intermediates and transition states are 0
and 1, respectively. The ZPE and vibrational frequen-
cies were scaled by a factor of 0.95 for anharmonicity
correction [29]. To confirm that the transition states con-
nect between designated intermediates, intrinsic reac-
tion coordinate (IRC) [30] calculations were performed
at the UMP2(FULL)/6-311++G(d,p) level of theory.

For the purpose of obtaining more reliable energies
of various structures, the coupled–cluster CCSD(T)
method with single, double and perturbative treatment
of triple excitations [31] in conjunction with Dunning’s
correlation-consistent augmented basis sets aug-
cc-pVDZ[32,33] was used. The UMP2(FULL)/6-311++
G(d,p) optimized geometries were used for the single-
point coupled cluster calculations without reoptimiza-
tion at the CCSD(T)/aug-cc-pVDZ levels.

The major problem in the application of unrestricted
single determinant reference wave function is that of
contamination with higher spin states. The severe spin
contamination could lead to a deteriorated estimation
of the barrier height [34,35]. We have examined the
spin contamination before and after annihilation for the
radical species and transition states involved in the F +
CH3CCH reaction. For doublet systems, the expectation
values of 〈S2〉 after annihilation range from 0.80 to 0.75
(the exact value for a pure doublet is 0.75). This suggests
that the wave function is not severely contaminated by
states of higher multiplicity [36,37].

Recent studies on systems similar to the ones con-
sidered in this article concluded that the use of spin
annihilation techniques to generate spin-projected ener-
gies is mandatory for calculations of both reaction ener-
gies and barrier heights [24]. All UMP2 energy values
reported in this work correspond to spin-projected cal-
culations using Schlegel’s algorithm [38]. On the other
hand, Stanton [39] has shown that all spin contami-
nation is essentially removed from the coupled cluster
wave functions. Considering even with modest spin con-
tamination, the position and height of the barriers may
be affected [40], several points along the reaction path
(IRC) were optimized at the UMP2 level, followed by
single point calculations at the CCSD(T) level to verify
the negative barriers at the reactant entrance, since the
reaction path should be less sensitive to spin contam-
ination [41]. Therefore, we expect that the CCSD(T)

calculations reported in this work are, in this regard,
reliable.

The thermodynamic functions (�H, �S, and �G)
were estimated within the ideal gas, rigid-rotor, and
harmonic oscillator approximations. A temperature of
298.15 K and a pressure of 1 atm. were assumed.

3 Results and discussion

For the present C3H4F system, 1 adduct, 2 interme-
diate complexes (loose structure), 9 intermediate iso-
mers, 19 transition states and 5 products are obtained at
the UMP2(FULL)/6-311G, UMP2(FULL)/6-311G(d,p)
and UMP2(FULL)/6-311++G(d,p) levels of theory,
respectively. The structures of the reactants, adduct,
intermediate complexes and isomers, transition states
and products are depicted in Fig. 1. The symbol TSx/y

is used to denote a transition state, where x and y are
the corresponding isomers or products. By means of the
interrelation among the reactants, complexes, isomers,
transition states and products as well as the correspond-
ing relative energies, the schematic profiles of the poten-
tial energy surface are depicted as shown in Fig. 2, where
the values are the CCSD(T)/UMP2 + ZPE relative ener-
gies. The schematic map of reaction mechanisms and
activation energies (E) of the title reaction is shown in
Scheme 1. The calculated energetic data (�E, �H, �S
and �G) of various complexes, isomers, transition states
and products are listed in Table 1. It should be noted that
the energy of F + propyne is set at zero as a reference
for other species for convenient discussion. It should be
stressed at this point that some apparent inconsistencies
appearing in Fig. 2 and in Table 1 in this work arise from
the use of single-point spin-projected energies [38] (see,
e.g., in Fig. 2, where TSC1/P1 lies 2.60 kcal/mol below
C1, etc.). We checked that all the unprojected energy
profiles are topologically consistent. Bearing in mind
the limitation (the use of harmonic frequencies for the
highly anharmonic intramolecular vibrations) inherent
in our calculations, this may not be accurate enough
for the rather flexible transition states and the com-
plexes. When all comes to all, however, the results are
acceptable.

3.1 Analysis of reaction mechanism of atomic radical F
with propyne

As the atomic radical F • (“•” denotes the unpaired
single electron) can have either abstraction or addition
mechanism, two distinguishable type initial attacks have
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Fig. 1 Optimized geometries of the reactants, adduct, weakly-
bound complexes, doublet intermediate isomers, transition states
and products for the F + Propyne reaction. Bond distances
are in angstroms and angles are in degrees. Numbers in bold,
italics, normal and square brackets show the structures at

the UMP2/6-311++G(d,p), UMP2/6-311G(d,p), UMP2/6-311G
and Max{CCSD(T)/aug-cc-pVDZ}//IRC{UMP2/6-311++G(d,p)}
+ ZPE levels of theory, respectively. Numbers in parenthesis are
the experimental values. a ref [42], b ref [43], c ref [44], d ref [45]

been revealed for the radical–molecule reaction F +
propyne, namely, the attack on hydrogen (direct and/or
two-steps hydrogen abstraction) and the addition to the
C≡C triple bond (addition–isomerization–elimination).
A detailed discussion on the title reaction mechanisms
as shown in Fig. 2 is given as follows.

3.1.1 Addition–isomerization–elimination reaction
mechanism

Firstly, the atomic radical F (2F) and propyne (CH3C≡
CH) approach each other forming a weakly-bound
adduct 1 (A1). Adduct A1 contains two C...F bonds (see
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Fig. 1 continued

Fig. 1), which stabilize A1 by 7.77 kcal/mol relative to the
reactant R F + CH3C≡CH (0.0 kcal/mol). It is obvious
that this addition process is a barrier-free association [16,
18]. Then, adduct A1 can undergo two concerted three-
center F-shifts, one of the F-shift is the C3...F bond elon-
gated and the C2...F bond shortened (TSA1/1) leading
to another low-lying intermediate isomer 1 CH3CFCH

(1, −43.96) with large exothermicity, while the other is
the C3...F bond shortened and the C2...F bond elon-
gated (TSA1/5) to produce the low-lying intermediate
isomer 5 CH3CCHF (5, −40.28) with larger exother-
micity. The A1→1 and A1→5 energy barriers are 0.4
and 0.16 kcal/mol, respectively, at Max{CCSD(T)/aug-
cc-pVDZ}//IRC{UMP2/6-311++G(d,p)} + ZPE level of
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Fig. 2 The potential energy surfaces (PESs) for the F + pro-
pyne reaction. The values in parentheses and nude are relative
energies and Gibbs free energies obtained at the CCSD(T)/aug-

cc-pVDZ//UMP2/6-311++G(d,p)+ZPE level of theory a At
the Max{CCSD(T)/aug-cc-pVDZ}//IRC{UMP2/6-311++G(d,p)}
+ ZPE level of theory

theory. To our knowledge, it is the first time that the
existence of a prereaction complex in the title reactions
has been reported and the addition features of PES we
predicted are very similar with that of F + ethylene [16]
and F + propene [18].

The overall process R→A1→1 and R→A1→5 are
both associated with the addition of the atomic radical
F to the C≡C triple bond of CH3C≡CH. Such processes,
characteristic of radical association reactions and typi-
cal F-addition mechanism [18], gives rise to loose tran-
sition states. As shown in Fig. 1, structural features of
the insertion transition states TSA1/1 and TSA1/5 are
more similar to the adduct A1 than to the isomer 1
and 5 respectively. This is consistent with the Hammond
postulate which states that a transition state will be
structurally and energetically similar to the species (reac-
tant, intermediate or product) nearest to it on the reac-
tion path. In analogous theoretical investigations, F +
CH2 = CH2 [16] and F+CH3CH = CH2 [18], the same
conclusion was also made. With the large heat released
from the addition processes, the intermediate isomers 1
and 5 can easily undergo eight isomerization and disso-
ciation pathways that can be expressed as follows:

Path1 RP3 R → A1 → TSA1/5 → 5 → TS5/P3 → P3
Path2 RP3 R → A1 → TSA1/5 → 5 → TS5/6 → 6

→ TS6/P3 → P3
Path3 RP3 R → A1 → TSA1/5 → 5 → TS5/6 → 6

→ TS6/7 → 7 → TS7/P3 → P3
Path4 RP3 R → A1 → TSA1/1 → 1 → TS1/3 → 3

→ TS3/4 → 4 → TS4/P3 → P3
Path5 RP4 R → A1 → TSA1/1 → 1 → TS1/2 → 2

→ TS2/P4 → P4
Path6 RP4 R → A1 → TSA1/5 → 5 → TS5/8 → 8

→ TS8/P4 → P4
Path7 RP5 R → A1 → TSA1/5 → 5 → TS5/6 → 6

→ TS6/P5 → P5
Path8 RP5 R → A1 → TSA1/5 → 5 → TS5/8 → 8

→ TS8/9 → 9 → TS9/P5 → P5

In terms of small species in products, the title reac-
tion has three different channels in the addition–isom-
erization–elimination reaction mechanism, i.e. (I) the
CH2CCHF (fluoroallene) + H formation channels,
Path 1–4; (II) the HCCF (fluoroethyne) + CH3 forma-
tion channels, Path 5/6 and (III) the CH3CCF (fluor-
opropyne) + H formation channels, Path 7/8.
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Scheme 1 Reaction
mechanism and activation
energies (kcal/mol) of the F +
propyne reaction. Activation
energies are calculated at the
CCSD(T)/aug-cc-pVDZ//
UMP2/6-311++G(d,p) + ZPE
level of theory

I. The CH2CCHF (fluoroallene) + H formation channel

Obviously, for the first three pathways of this channel,
they possess the same initial steps of the reaction, i.e.
R → A1 → TSA1/5 → 5. The difference of the three
pathways is the way how intermediate isomer 5 changes
to P3. Starting from the adduct A1, CH3(C...F...C)ringH
(−7.77), the pathway Path1 RP3 can reach the products
P3 CH2CCHF + H easily by going through transition
state TSA1/5(−7.78), intermediate isomer 5 CH3CCHF
(−40.28) and TS5/P3 (3.88). As shown in Fig. 1, the geom-
etry of transition state TS5/P3 calculated at the UMP2/6-
311++G(d,p) level is found to have an elongated C...H
bond length (rC−H = 1.838 Å). Most importantly, this
geometry is indicative of an “late” transition state, cor-
responding to a C–H distance significantly longer than
the equilibrium bond length (1.098 Å in 5). Since the
relative energy of the rate-determining transition state
TS5/P3 lies 3.88 kcal/mol higher than the reactants, the
rate of this pathway should be considerably fast.
Furthermore, since the pathway Path1 RP3 has no

transition state in the first reaction step and tight struc-
ture isomers and transition states to the products, it
should possess the character of negative temperature
dependence in low-temperature ranges. Alternatively, in
pathway Path2 RP3, intermediate isomer 5 first trans-
forms to 6 easily via overcoming the transition state
TS5/6 (−36.57), a 3.71 kcal/mol energy barrier. Then,
6 can eliminate a methyl H-atom, by passing through
TS6/P3, and dissociate to educts P3. Although the rate-
determining transition states TS6/P3 in Path2 RP3 is
slightly lower than that (TS5/P3) in Path1 RP3, we
expect that pathway Path1 RP3 should be more com-
petitive than Path2 RP3 for the sake of simplicity. Fur-
thermore, pathway Path3 RP3 has the same step of
5 → TS5/6 → 6 as pathway Path2 RP3. While in path-
way Path3 RP3, 6 transforms to P3 by going through
TS6/7 (11.50), 7 (−64.20) and TS7/P3 (5.36) respectively,
a successive methyl-H-shift-elimination reaction steps.
Since pathway Path3 RP3 possesses a couple of energy
barriers (51.53 and 69.56 kcal/mol see Scheme 1), it is not
difficult to draw into conclusion that pathway Path3 RP3
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Table 1 Relative energies (E = U + ZPE), enthalpies (H), Gibbs free energies (G) in kcal/mol and entropies (S) in cal mol−1K−1 of
intermediate isomers, transition states and products for the F + propyne reaction

System E H S G

C1 −0.36 −0.23 −10.88 3.01
C2 −0.32 −0.31 −16.52 4.61
A1 −7.77 −8.31 −24.51 −1.00
1 −40.88 −41.98 −29.46 −33.20
2 −40.73 −41.85 −29.58 −33.03
3 −50.94 −52.03 −29.79 −43.15
4 −40.21 −41.22 −28.52 −32.71
5 −40.28 −41.19 −27.54 −32.98
6 −40.03 −40.93 −28.30 −32.50
7 −64.20 −65.37 −29.87 −56.46
8 −38.26 −39.29 −28.68 −30.74
9 −13.68 −14.6 −27.67 −6.35
TSC1/P1 −2.96 −4.44 −23.06 2.43
TSa

C1/P1 0.28 −1.18 −28.84 7.42
TSC2/P2 13.99 13.3 −24.32 20.55
TSA1/1 −7.84 −8.75 −27.30 −0.61
TSa

A1/1 −7.37 −8.12 −26.03 −0.36
TSA1/5 −7.78 −8.56 −25.28 −1.02
TSa

A1/5 −7.61 −8.29 −24.81 −0.89
TS1/2 −37.78 −38.6 −29.77 −29.72
TS1/3 −0.11 −1.67 −31.46 7.70
TS2/P4 12.21 11.37 −26.31 19.21
TS3/4 −10.67 −11.98 −30.42 −2.91
TS4/P3 5.51 4.23 −29.33 12.97
TS5/P3 3.88 2.67 −28.74 11.24
TS5/6 −36.57 −37.68 −27.41 −29.51
TS5/8 8.25 7.47 −25.44 15.05
TS6/P3 3.62 2.44 −28.74 11.01
TS6/P5 14.11 13.2 −26.46 21.09
TS6/7 11.50 10.68 −30.19 19.68
TS7/P3 5.36 4.11 −29.35 12.86
TS8/P4 13.25 12.55 −23.97 19.70
TS8/9 −13.80 −15.03 −29.66 −6.19
TS9/P5 15.45 14.42 −27.81 22.71
P1 −37.90 −37.53 3.44 −38.55
P2 2.78 3.05 4.53 1.70
P3 −4.31 −4.4 −4.19 −3.16
P4 0.52 1.00 −9.76 3.91
P5 8.62 8.82 −3.49 9.86

CCSD(T)/aug-cc-pVDZ//UMP2/6-311++G(d,p) single-point electronic energies and UMP2/6-311++G(d,p) frequencies were used (1
atm and 298.15 K are assumed)
a Calculated at Max{CCSD(T)/aug-cc-pVDZ} IRC{UMP2/6-311++G(d,p)} + ZPE level of theory (IRCMax method)

is less competitive than Path1/2 RP3 and can be ruled
out from the doublet PES in low-temperature range.

It is obvious that the starting reaction steps R →
A1 → TSA1/1 → 1 in pathway Path4 RP3 are similar to
R → A1 → TSA1/5 → 5 in pathway Path1 RP3. Thus,
pathway Path4 RP3 may also have negative tempera-
ture dependence in low-temperature ranges. In pathway
Path4 RP3, a successive four-center-H-shift, three-cen-
ter-F-migration and fluoromethyl-H-elimination steps
1 → TS1/3 → 3 → TS3/4 → 4 → TS4/P3 → P3 can lead
to product P3. It is a typical addition–isomerization–
elimination reaction mechanism. Since the rate-deter-
mining energy barrier (TS4/P3, 5.51) of Path4 RP3 is

higher than that of Path1 RP3 (TS5/P3, 3.88) and Path2
RP3 (TS6/P3, 3.62), pathway Path4 RP3 should be less
competitive than Path1/2 RP3.

II. The HCCF (fluoroethyne) + CH3 formation
channel

There are two pathways through which the adduct A1
can transform to the product P4. In pathway Path5 RP4,
the characteristic steps are 1 → TS1/2 → 2 → TS2/P4 →
P4 among the whole doublet potential energy surface,
a successive alkynyl-H-swing and methyl-elimination
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process. While in pathway Path6 RP4, the whole path-
way is an F-addition-H-shift-methyl-elimination reac-
tion process. The most noteworthy difference between
the two pathways is the site where the methyl is elim-
inated. As shown in Fig. 1, the transition state TS2/P4
shows the rupture of C–C bond between the methyl-C
and the fluoroethynyl-C fluorine abutting on, whereas
the transition state TS2/P4 indicates that methyl elimi-
nates from the fluoroethynyl–C hydrogen abutting on.
We should mention that this methyl-elimination process
is the only C–C rupture microchannel existing on the
ground state potential energy surface. Considering there
are two high energy barriers (�G = 48.03 kcal/mol for
TS5/8 and �G = 50.44 kcal/mol for TS8/P4) in pathway
Path6 RP4 whereas there is only one high energy bar-
rier (�G = 52.24 kcal/mol for TS2/P4) in pathway Path5
RP4 and the rate-determining energy barrier of path-
way Path6 RP4 (13.25) is higher than that of pathway
Path5 RP4 (12.21), we can safely draw the conclusion
that pathway Pa h6 RP4 is less competitive than path-
way Path5 RP4.

III. The CH3CCF (fluoropropyne) + H channel

Clearly, CH3CCF and CH2CCHF are isomeric com-
pounds, and the fluoropropyne formation channels
include two microchannels, which is pathway Path7/8
RP5. As shown in Fig. 2, the pathways Path2/3 RP3 and
Path7 RP5 possess the same reaction steps of R → A1
→ TSA1/5 → 5 → TS5/6 → 6, whereas Path8 RP5 and
Path6 RP4 share R → A1 → TSA1/5 → 5 → TS5/8 →
8 with each other. The difference of the former couple
pathways is how intermediate isomer 6 dissociates to
relevant products P3 and P5 respectively, whereas for
the latter, it is how intermediate isomer 8 dissociates to
relevant products P3 and P5 respectively. As the analysis
of pathways Path1/2/3 RP3 has been made detailedly in
Sect. (I), we therefore discuss the pathway Path7/8 RP5
herein. In pathway Path7 RP5, intermediate isomer 6
can transforms to the product P5 via surmounting TS6/P5
(14.11), a 54.51 kcal/mol energy barrier. The latter part
of pathway Path7 RP5 is a fluoromethylene-H-elimina-
tion reaction mechanism. The high-lying rate-determin-
ing transition state TS6/P5 may lead us to the fact that
pathway Path7 RP5 is less competitive than pathway
Path3 RP3 in low-temperature ranges. In pathway Path8
RP5, intermediate isomer 8 (−38.26) can reach the prod-
ucts P5 by going through TS8/9 (−13.80), intermediate
isomer 9 (−13.68) and TS9/P5 (15.45), respectively. Since
the transition state TS9/P5 is the highest stationary point
on the doublet potential energy surface, pathway Path8
RP5 may have the least competitive ability in the reac-

tion at lower temperature, and even at higher temper-
atures. We should mention that we also tried to locate
the H-elimination transition state directly from the flu-
oromethylene of 5 and the middle carbon of 8, yet all of
our attempts failed.

In brief, pathways Path1/2 RP3, Path5 RP4 and Path7
RP5 are the major pathways leading to the three
products respectively. Pathway Path1 RP3 is the most
competitive pathway while pathway Path7 RP5 is least
competitive among the three pathways in low-tempera-
ture ranges.

3.1.2 Direct hydrogen abstraction reaction mechanism

For normal propyne CH3C≡CH, there are two different
chemical environments of H-atoms, namely the H in the
CH3 group or the H in the C≡CH group. The atomic
radical F picking up modes would look like below:

Channel a corresponds to the abstraction of the three
equivalent propargyl hydrogens whereas channel b rep-
resents the abstraction of the propinyl hydrogen. For
convenient discussion, we list them as follows:

Path9 RP1 R → C1 → TSC1/P1 → P1 (Channel a)
Path10 RP2 R → C2 → TSC2/P2 → P2 (Channel b)

As shown in Figs. 1 and 2, one can find that a loosely
bonded intermediate complex (C2) located in the
entrance of the hydrogen abstraction process lies
−0.32 kcal/mol lower than the reactants, and the cor-
responding H-abstraction transition state TSC2/P2 lies
about 14.31 kcal/mol higher than C2. The atomic rad-
ical F picking up the H in the C≡CH group is there-
fore a two-step abstraction process at 0 K. On the other
hand, although the other loosely bonded intermediate
complex (C1) prior to the formation of the H-abstrac-
tion transition state TSC1/P1 along the reaction coor-
dinate was located in the first step of this mechanism
involved in the atomic radical F attacking the H-atom
in the CH3 group of propyne, the relative energies of
complex C1 lies 0.82 kcal/mol higher than TSC1/P1 at
Max{CCSD(T)/aug-cc-pVDZ}//IRC{MP2/6-311++G(d,
p)} level of theory. This implies that such a complex
might be short-lived and not important on the doublet



426 Theor Chem Acc (2007) 117:417–429

PES [18,46], and can be safely ruled out from the PES.
Therefore the atomic radical F picking up the H atom in
the CH3 group should be a direct hydrogen abstraction
mechanism under low temperature conditions [7].

As shown in Fig. 1, corresponding to the direct hydro-
gen abstraction from CH3 group of CH3C≡CH in path-
way Path9 RP1, the geometry of transition state TSC1/P1
calculated at the UMP2/6-311++G(d,p) level of theory
is found to have a bent structure (� F−H−C = 173.07◦)
and an elongated H–F bond length (rF−H = 1.426 Å;
rC−H = 1.135 Å). Most importantly, this geometry is
indicative of an “early” transition state, corresponding
to a H–F distance significantly longer than the equilib-
rium bond length (0.917 Å), specifically falling between
the HF classical outer turning points of v = 4(1.318 Å)
and v = 5(1.381 Å) [47]. As shown in Fig. 2, it is a bar-
rierlessly exothermic step with the reaction energy of
−7.90 kcal/mol at the CCSD(T)/aug-cc-pVDZ//UMP2/
6-11++G(d,p) + ZPE level of theory. Since the energies
of the transition state and products in this pathway are
lower than that of the reactants, the rate of this pathway
should be very fast at low-temperature ranges.

Pathway Path10 RP2 corresponds to the possible
abstraction of the H atom in C≡CH group of propy-
ne. As shown in Fig. 1, the geometries of transition state
TSC2/P2 calculated at the three theory level differ much
from each other. The angle of � F−H−C is 121.73 ◦, 118.37 ◦
and 162.92 ◦ respectively, while the rupture bond length
of C1–H is 1.462, 1.444 and 1.293 Å respectively corre-
spond to the UMP2/6-311++G(d,p), UMP2/6-311G(d,p)
and UMP2/6-311G levels of theory, respectively. How-
ever, one can find that the geometrical parameters of
the structures in this system are in good agreement with
the UMP2/6-311++G(d,p) and UMP2/6-311G(d,p) lev-
els of theory, while the prediction of geometries at the
UMP2/6-311G level departures from that at higher lev-
els to a certain extent. This indicates that for systems sim-
ilar to the title reaction, the MP2/6-311++G(d,p) level of
theory is sufficient to obtain reliable geometrical param-
eters [16]. As shown in Table 1, the relative energies of
transition states and product in pathway Path10 RP2
are higher than those in pathway Path9 RP1. There-
fore, both kinetic and thermodynamic considerations
may rule out the significance of pathway Path10 RP2.
Thus, for the hydrogen abstraction reactions in the title
reaction, the HF formation occurs via direct abstraction
mechanism dominantly and the H atom picked up by
the atomic radical F in the reaction with normal propy-
ne seems to come mostly from the CH3 group [7].

Before ending this section, we would like to make a
short comment on the expected behavior of the path-
ways at various experimental conditions on the title
reaction. At 0 K, in terms of the doublet PES, one can

find that both complex C1 (−0.36) and transition state
TSC1/P1 (−1.18) lie lower than the reactant at Max{CCS
D(T)/aug-cc-pVDZ}//IRC{UMP2/6-311 + + G (d,p)} +
ZPE level. Considering that the rate-determining tran-
sition state TS5/P3 lie 3.88 kcal/mol above the reactants
in the major pathway Path1 RP3 of the addition–isomer-
ization–elimination reaction mechanism, we can safely
make the conclusion that the reaction pathway Path9
RP1 is the most feasible reaction pathway on the dou-
blet potential energy surface in low-temperature ranges.
However, under standard conditions (298.15 K and 1
atm.), the formation of C1 is an endergonic process
(�G = 3.01 kcal/mol, see Table 1). This indicates that C1
may not exist on the PES and the hydrogen abstraction
should be a direct process. Further, such process involves
considerable barrier (TSC1/P1�G = 7.42 kcal/mol). At
reaction entrance, the endergonic step may prevent the
feasibility of the hydrogen abstraction reaction
mechanism. Consequently, it is unlikely that the direct
abstraction reaction proceeds facilely under standard
conditions. While for the addition channels, the acti-
vated complexes A1* can be stabilized efficiently by
three body collisions. Therefore, the major reaction path-
ways should be the association channels forming the
C3H4F radical. We have shown that the energy bar-
rier associated with ‘TSadd’ is much lower than that of
‘TSabs’ and consequently the C3H4F radical should be
the most favored product. We expect that once the reac-
tion occurs by three body collisions under high-pressure
conditions, the heat released in overall reaction may
make the C3H4F radical easier to go through the sub-
sequent reaction steps although such process involves
moderate barriers (TS5/P3�G = 11.24 kcal/mol, etc.).
Therefore, the kinetic considerations support the viabil-
ity of this channel.

3.2 Comparison with experiments

Recently, Ran et al. [7] carried out the kinetic study
for the title reaction. In their experiment, two reaction
channels have been clearly observed: H + C3H3F and
HF + C3H3. They suggested that the substitution of F for
H occurs mainly via a complex formation mechanism,
and the HF formation occurs via a direct abstraction
mechanism dominantly. Concerning the site specific ef-
fects, they proposed that the H atom picked up by the F
atom in the reaction with normal propyne seems to come
mostly from the CH3 group, and the H atom produced in
the H atom formation channel appears to be mostly from
the CH3 group with some contribution from the CCH
group. Our theoretical results are very well consistent
with the experimental results mentioned above. In terms
of branching ratios determination they pointed out that
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the H formation channel is the major reaction pathway,
while the HF formation channel is also significant. This
significantly differs from our theoretical results. Accord-
ing to our results, the hydrogen abstraction reaction has
a lower energy barrier than the hydrogen elimination
reaction, and therefore HF + C3H3 should be the most
favored product. To rationalize this difference, we turn
to the experimental conditions. In the crossed molecu-
lar beam experiment [7], the energy in the facile formed
reactive intermediates are not randomized, coupled with
the lifetime of the long-lived complex C3H4F radical was
long enough for the energy to flow from the activated
carbon–carbon σ bond to the breaking carbon–hydro-
gen bond of the methyl group [48–50]. On the other
hand, the collision energy was sufficient (5.2 kcal/mol).
The carbon–hydrogen bond rupture of the methyl group
forms educts H atom and fluoroallene, therefore it oc-
curs readily. For the HF formation channel, however,
it takes place through a direct pickup type mechanism
[7] in which the intramolecular vibrational energy redis-
tribution (IVR) may be not necessarily complete and
could therefore lead to only a small fraction of colli-
sion energy, Ecol, is converted to the vibrational energy
of the intermediates and the dominant fraction goes to
their rotational excitation. Herein, a comparison of the
present theoretical result with future experimental data
will actually address this issue.

In our calculations, one can also find that the ratio-
nal explanation of the experimental phenomena that
H atom elimination from the CCH group occurs at all
despite the strong C–H bond. As shown in Fig. 1, from
the structures of the H elimination transition states
TS6/P5 and TS9/P5, one can find that the H atoms elim-
inate from the fluoromethylene (TS6/P5) and the mid-
dle-C (TS9/P5) indeed. The two C-atoms in TS6/P5 and
TS9/P5 hydrogens connected are not triple bond C-atoms
actually, since the corresponding C–C bond lengths are
1.286 and 1.295 Å, while they are 1.199 and 1.203 Å at
UMP2/6-311++G(d,p) level of theory, respectively.

Furthermore, it should be pointed out that in the title
reaction all intermediate isomers and transition states
and products involved in the reaction pathway Path5
RP4, CH3 + HC≡CF formation channel, which was not
observed in the experiment [7], lie below the corre-
sponding stationary points in Path7 RP5. Therefore, it
is safe to draw to a conclusion that pathway Path5 RP4
is kinetically favorable than the pathways leading to P5
and further theoretical and experimental studies are still
desirable.

Finally, since the reaction entrance is zero-barrier
for all the addition–isomerization–elimination channels,
once the addition reaction proceeds, the reaction system
immediately enter a deep potential well. As shown in

Fig. 2, the exit barriers are moderate high for all the addi-
tion–isomerization–elimination channels. Undoubtedly,
these features will make the formation of long-lived
reaction complexes stand a good chance. This is qual-
itatively consistent with the experimental results [7].

3.3 Comparison with the F + propene reaction

To give a deeper understanding of the reaction mech-
anism of F + propyne, it is worthwhile to compare the
title reaction with that of the analogous reaction F +
propene, which has been studied both experimentally
[6] and theoretically [18]. Theoretical calculations show
that there exist both similarity and discrepancy. In gen-
eral, the potential energy surface features of the two
analogous reactions F + propene/propyne are very sim-
ilar. Both reactions involve the same initial association
way, i.e, the F atoms and unsaturated hydrocarbons
approach each other, forming the initial weakly-bound
complex before F atoms addition to the C = C/C≡C
double/triple bonds with no barrier. Furthermore, which
type of the different chemical environments of H-atom
is picked up dominantly by the F atoms are the same in
the abstraction processes. Theoretically, the H atoms in
the CH3 group abstraction by F atoms are exergonic
processes and involves negative barriers in low-tem-
perature ranges. Therefore, both kinetic and thermo-
dynamic considerations support the viabilities of this
type of H-atoms picked up. Such a conclusion is in
good agreement with experimental observations [6,7].
The discrepancy lies in the barriers in the abstraction
and isomerization reaction processes. From the NBO
[51–54] analysis, the σ bond between terminal unsatu-
rated C and H atom in propyne and propene can be de-
scribed as σC−H(propyne) = 0.781(sp1.10)C+0.625(s)H and
σC−H(propene) = 0.769(sp2.35)C + 0.640(s)H, respectively.
The bigger component of the s orbital in the hybridized
orbital of C atom to form the C–H bond of propyne
leads to a stronger interaction between the C and the
H atom, compared with propene. Evidence can also be
seen form the C–H bond length of propyne (1.065 Å),
which is shorter than that of propene (1.085 Å). As we all
know, if the strength of combination between the adja-
cent atoms is increased, the bond-scission become diffi-
cult. Consequently, it is rational that the barrier of the
alkynyl hydrogen abstraction (�G = 20.55 kcal/mol)
is about 9 kcal/mol higher than that of vinyl hydro-
gen abstraction (�G ≈ 11 kcal/mol) [18]. On the other
hand, the lower reactivity of the C≡C triple bond also
leads to the discrepancy in the isomerization barriers
between the two reactions. For the F + propene reac-
tion, all intermediates and transition states involved in
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the feasible addition–isomerization–elimination chan-
nels lie below the reactants. In addition, the exit bar-
riers are moderate high for all the addition–isomeriza-
tion–elimination channels [18]. However, for the F +
propyne reaction, all exit barriers involved lie above
the reactants in the addition–isomerization–elimination
channels. Anyway, according to the discussions above,
one can found that the reaction mechanisms of F +
propyne and F + propene are very similar.

4 Conclusions

A detailed theoretical survey on the complex doublet
PES of the reaction of atomic radical F with propy-
ne CH3C≡CH has been performed at the UMP2 and
CCSD(T) levels of theory. Two different mechanisms,
the hydrogen abstraction and addition–isomerization–
elimination reaction mechanism, are revealed in the
present study. For the hydrogen abstraction reactions,
i.e., the most probable evolution pathway in the title
reaction, the HF formation occurs via direct abstrac-
tion mechanism dominantly and the H atom picked up
by the atomic radical F should come mostly from the
methyl group of normal propyne. On the other hand,
for the addition–isomerization–elimination mechanism,
the most feasible reaction pathway is the atomic radical
F attacking on the C≡C triple bond of propyne with
no barrier leading to the weakly-bound adduct A1 fol-
lowed by the addition of F to the terminal C to form
the low-lying intermediate isomer 5. Subsequently, iso-
mer 5 directly dissociates to P3 H2CCCHF + H. The P4
HCCF + CH3 formation channel Path4 RP4 is more fea-
sible than the P5 H3CCCF + H formation channel Path6
RP5, although the feasibility of CH3 formation channel
was excluded in the experiment. Based on the analysis
of the energetics of all channels through which the addi-
tions and abstraction reactions proceed, we expect that
the major reaction channel may vary with experimental
conditions for the title reaction. Therefore, future exper-
imental studies on the title reaction are highly desirable
under various pressures and temperatures. The present
work will provide useful information for understanding
the processes of atomic radical F reaction with other
unsaturated hydrocarbons.
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