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The uniÐed reaction valley approach (URVA) is used to investigate the mechanism of the reaction H2C2CH2
(reaction I) at di†erent levels of theory (HF, MP2 and CCSD(T)) with di†erent basis sets] FH] H3CÈCH2F

(6-31G(d,p), 6-311]]G(3df,3dp) and cc-pVTZ). URVA is based on the reaction path Hamiltonian, the
intrinsic reaction coordinate, and the characterization of normal modes, reaction path vector and curvature
vector in terms of generalized adiabatic modes associated with internal parameters that are used to describe
the reaction complex. In addition, URVA combines the investigation of the harmonic reaction valley with the
analysis of attractive and repulsive forces exerted on the nuclei by analyzing the changes of the electron density
distribution along the reaction path. It is shown that reaction I involves two di†erent chemical processes : (a)
the simultaneous FH bond cleavage and CH bond formation leading to an intermediate structure with
ion-pair character and (b) the formation of a CF bond and, by this, the Ðnal product. The properties of the
reaction complex suggest the possibility that a hidden intermediate formed in process (a), which upon a change
in the reaction conditions (environment, substitution pattern) can convert into a real intermediate (in solution :
solvated ion pairs). Using the results of the URVA analysis of reaction I predictions with regard to the
occurrence of hidden intermediates in related addition/cycloaddition reactions are made.

1 Introduction
In recent work, we described the uniÐed reaction valley
approach (URVA),1,2 which is based on the reaction path
Hamiltonian (RPH),3 the intrinsic reaction coordinate (IRC)4
and the generalized adiabatic mode concept.5,6 URVA was
developed to obtain a detailed description of the changes in
the physical and chemical properties of a reaction complex
(RC, the supermolecule made up from the reacting molecules)
along the reaction valley that connects the stationary points
associated with reactants, transition state (TS) and products.
URVA can be used to elucidate the mechanism of a chemical
reaction and to get information on its reaction dynamics.1,2
The present work is part of a larger research project intended
to investigate the di†erence between symmetry-allowed and
symmetry-forbidden concerted reactions utilizing URVA. As
was demonstrated by Woodward and Ho†mann,7 symmetry-
forbidden reactions are energetically unfavorable because of a
symmetry-induced reaction barrier that enhances the
electronically-induced barrier value. This is the basis for the
WoodwardÈHo†mann rules for pericyclic concerted reac-
tions,7 which predict that symmetry-forbidden reactions
proceed slower than allowed reactions. However, beside the
qualitative di†erence in activation energies there should be
also a di†erence in the reaction mechanism. For example, it is
known that symmetry-forbidden reactions can avoid the
unfavorable high energy concerted reaction path by choosing
a nonconcerted path via an intermediate.8,9 This, of course
will lead to a di†erent stereochemistry of the reaction and, by
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this, often to di†erent products. The reaction we investigated
in this work is the addition of FH (1) to ethene (2) (henceforth
called reaction I, see Scheme 1), which is a representative of a
large class of addition reactions involving unsaturated hydro-
carbons and the molecules HÈX, XÈX (X\ H, halogen, BH2 ,

OH, etc.) or X2X NH, O, etc.).10 QuantumNH2 , (X\ CH2chemical investigations suggest that reaction I proceeds in
three steps :11h19

The reactants 1 and 2 form Ðrst the vanC2v-symmetrical
der Waals complex 3 (Scheme 1), for which conclusive evi-
dence has been gathered by both theory12h19 and
experiment20 that concern directly complex 3 or closely
related complexes.21h25 Rotation of 1 within the heavy atom
plane and breaking of leads to the four-C2v-symmetry

Scheme 1
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centered transition state (TS) 4 and the addition-product
Ñuoroethane 5. The reaction path bifurcates in the exit
channel, which corresponds to a left- or right-rotation at the
newly formed CC single bond, so that 5 is formed in its more
stable staggered form 5a rather than the eclipsed form 5b26
(Scheme 1). The energetics for the reverse reaction (elimination
of 1 from 5 by pyrolysis) was measured.27,28 Hence, the basic
features of the mechanism of reaction I are well known.11h28
An early very detailed description of the mechanism of reac-
tion I was obtained by Kato and Morokuma, who pioneered
the use of the RPH for a speciÐc chemical problem.11 Inde-
pendent and parallel to the more general formulation of the
RPH by Miller, Handy and Adams,3 these authors developed
methods to study the reverse reaction I in a short range close
to the TS, focusing on energy transfer and energy dissipation.
Although the investigation had to be limited to HartreeÈFock
(HF) calculations with the 4-31G basis set, essential tools for a
better understanding of the reaction mechanism were worked
out to adequately describe the possibility of rate enhancement
by mode-selective excitation of vibrational modes.11 In this
work, we will use reaction I as a simple example for a con-
certed symmetry-forbidden reaction involving a polar reaction
partner. It is known that HXÈalkene addition reactions can
proceed with a di†erent mechanism in solution, leading to ion
pair intermediates.8h10 Changes in the mechanism result, in
particular, in the presence of catalysts8,9,29 where even a
second HX molecule can have strong catalytic e†ects as was
demonstrated by Bertran and others.30h33 Ab initio investiga-
tions on addition reactions showed also that by varying the
reaction partners the mechanism shown in Scheme 1 may
change in the gas phase.33h36 Although we will focus on the
mechanism of I as sketched in Scheme 1, results obtained in
this investigation will enable us to link various mechanisms to
a general reaction pattern for those addition/cycloaddition
reactions, which are formally symmetry-forbidden. Symmetry
rules apply to pericyclic reactions and considering the struc-
ture of 3 one might hesitate to speak even in the gas phase of
a pericyclic reaction ; however, the symmetry of 3 is broken in
the reaction and addition of 1 proceeds via a four rather than
a three-centered TS, which can be characterized as a
[r2s ] p2s] TS typical of a symmetry-forbidden reaction. In
this way, reaction I is a useful model reaction for investigating
(a) a non-trivial symmetry-forbidden reaction (the archetypical
forbidden reaction leading to H exchange37,38H2] H2would be the corresponding trivial example) with (b) an asym-
metrical TS (the formation of the new bonds does not occur
simultaneously) and (c) a strong dependence on the environ-
ment. Therefore, we will investigate whether the mechanism of
the gas phase reaction provides any clue as to how the reac-
tion may proceed in a di†erent environment. Our investiga-
tion will focus on the sequence of bond breaking and bond
forming processes and the distinction of di†erent reaction
phases and their location along the reaction path. A general
mechanistic description will be derived by relating typical
changes in the electronic structure of the RC to the changes in
its geometry and the forces acting on its atoms. We will show
that beside the stationary points along the reaction path there
are structures of the RC that play an important role for the
mechanism. In this connection, we will introduce the notion of
a hidden intermediate, which is a transient structure found
along the reaction path with unique electronic and structural
features but which does not occupy a distinct stationary point
on the potential energy surface (PES). Hence, a hidden inter-
mediate does not represent a unique chemical entity (located
at a stationary point) in the mechanism under investigation,
but it can become one as a result of environmental changes or
changes in the substituents, i.e. it is the mechanistic link
between di†erent reaction mechanisms observed under di†er-
ent environmental conditions or substitution patterns. We will
investigate for which addition/cycloaddition reactions hidden

intermediates can be expected and how a knowledge and
description of hidden intermediates enables one to predict
mechanistic changes. Results of this work will be presented in
three sections. In section 2, we will brieÑy describe the theory
of URVA and the computational methods used. In section 3,
the reaction path and reaction valley of reaction I will be
described. This is followed by a mechanistic discussion in
section 4.

2 Theory and computational methods
URVA1,2 is based on a partitioning of 3K [ L -dimensional
space (L : number of overall rotations and translations, K :
number of atoms in the RC) of the RC into a one-dimensional
reaction path space, along which the translational motion of
the RC takes place, and a (3K [ L ) [ 1-dimensional orthog-
onal space, in which the transverse vibrations of the RC
orthogonal to the reaction path movement occur. In other
words, one distinguishes between the path along the valley
Ñoor and the shape of the valley in the transverse directions
when following the reaction path from reactants to products.

The quantities used for describing reaction path and reac-
tion valley are listed in Table 1. Their calculation was dis-
cussed in previous work1h4,39 and, therefore, only some basic
deÐnitions are given, which are essential for the discussion.
The reaction path used in connection with the RPH is the
steepest descent path in mass-weighted coordinates.3 It is

Table 1 Symbols and quantities used

Symbol Property and comment

General
x
i

Cartesian coordinate
x
i

Mass weighted x
iq

n
Internal coordinates : bond length Rn,

bonding angle An, dihedral angle Dn
m
n

Geometrical parameter such as symmetry
coordinate, internal coordinate q

n
, etc.

lk Normal mode vector
a
n

Adiabatic internal mode (AIM) vector
associated with q

nM Mass matrix

Reaction path
x8 (s) Reaction path
s Reaction path length
V (s) Classical potential along the reaction path
t(s) Reaction path vector, direction of reaction

path
u
n
(s) Internal coordinate mode vector (associated

with q
n
) for the motion along the reaction

path
A

n, s(t ; s) Amplitude of internal coordinate mode u
nk(s) Curvature vector

i(s) Scalar curvature of reaction path, length
of curvature vector

Reaction valley
l 8kg(s) Generalized (mass-weighted) normal mode

vector
Qkg(s) Generalized normal mode coordinate
ukg(s) Frequency of generalized normal mode

(harmonic approach)
kkg Force constant of generalized normal mode
a
n
g(s) Generalized adiabatic internal mode

k
n
a(s) Force constant of generalized AIM a

n
g(s)

m
n
a(s) Mass associated with generalized AIM a

n
g(s)

u
n
a(s) Frequency of generalized AIM a

n
g(s)

V (s, Q) Harmonic reaction valley
Bk s

(s) Normal mode curvature coupling coefÐcients
(energy transfer)

Bk l(s) Coriolis (modeÈmode) coupling coefÐcients
(energy dissipation)

A
n s

(k, s) Adiabatic mode curvature coupling coefÐcients
(decomposition of curvature into AIM
contribution)
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deÐned by the line which is given as a column vector withx8 (s),
3K mass-weighted Cartesian coordinates We will use thex

i
.

tilde throughout this work to indicate mass-weighting. The
reaction path is given parametrically in terms of its arc length
s deÐned by the di†erential

ds2 \ dxsMdx \ dx8 sdx8 (1)

with M being the diagonal matrix of nuclear masses. The
direction of the reaction path is determined by the reac-x8 (s)
tion path vector t(s) identical to the normalized energy gra-
dient vector To determine the RPH and the reactiong8 (x8 (s)).
valley, (nonlinear RCs :Nvib\ (3K [ L )[ 1 Nvib\ 3K[ 7 ;
linear RCs : generalized normal modesNvib\ 3K[ 6) l 8kg(s)and their associated frequencies have to be calcu-ukg(s)lated.1,3,39 Then, the harmonic reaction valley can be
described according to eqn. (2).

V (s, Q)\ V (s)]
1

2
;

k/1

Nvib
kkg(s) É [Qkg(s)]2 (2)

where is the generalized normal mode force constant,kkg(s)is the generalized normal mode coordinate and V (s) theQkg(s)energy proÐle along the reaction path. The exchange of energy
between the reaction path mode and transverse vibrational
modes can be studied provided the curvature vector k(s), the
scalar curvature i(s) and the curvature coupling elements

are known while modeÈmode coupling elementsBk, s(s) Bk, l(s)provide an insight into energy dissipation.1h3,39h41 These
quantities are deÐned in eqns. (3)È(6).

k(s)\ d2x8 (s)/ds2 (3)

i(s)\ [k(s)sk(s)]1@2 \
C

;
k/1

Nvib
Bk, s2 (s)

D1@2
(4)

Bk, s(s)\ k(s)sl 8kg(s) (5)

Bk, l(s)\ l 8kg(s)s[dl 8kg/ds]\ [Bl, k(s) (6)

where the curvature coupling elements represent coeffi-Bk, s(s)cients of the expansion of the curvature vector in terms of
generalized normal modes. In this work, the scalar curvature
i(s) is graphically presented to locate its maxima along the
reaction path, which indicate those points on the path where
energy can Ñow from one (or more) of the transverse normal
vibrational modes into the motion along the reaction path (or
vice versa) thus increasing (or decreasing) the reaction rate.
Hence, the reaction rate can be enhanced by pumping energy
(with the help of a laser) in that particular vibrational mode,
which couples with the motion along the reaction path (mode
selective rate enhancement40). The curvature coupling coeffi-
cients of eqn. (5) determine how much energy can beBk, s(s)retrieved from (transferred into) normal mode Since thel 8kg(s).normal modes are delocalized, it is difficult to identify substit-
uents or molecular fragments, which by their vibrations can
be used to channel external energy via vibrational modes into
the reaction path mode (rate enhancement) or, alternatively,
are responsible for energy transfer from the reaction path
mode into vibrational modes (rate reduction). Therefore, the
curvature coupling coefficients are expressed in termsBk, s(s)of adiabatic internal vibrational modes (AIMs) that can be
directly associated with chemically relevant molecular frag-
ments or structural units.1,2,5,6

2.1 Generalized adiabatic modes

An adiabatic internal vibrational mode described by the mode
vector is an elementary vibrational mode associated witha

nan internal parameter used to describe a molecular frag-m
nment Adiabatic modes are based on a dynamic prin-/

n
.5,6

ciple (leading parameter principle5) and are directly obtained
from a modiÐed form of the EulerÈLagrange equations.5 They
comply with the symmetry of the molecule and are indepen-

dent of the composition of the set of internal parameters m
n(symmetry coordinates, internal coordinates, etc.). Further-

more, they are perfectly suited to characterize normal vibra-
tional modes (characterization of normal modes approach)5,6
in the common language of chemistry that attempts to express
molecular properties in the form of internal parameters m

nsuch as internal coordinates The latter are used in thisq
n
.

work as one useful choice for internal parameters becausem
nstructure and structural changes are normally discussed in

terms of these coordinates. The generalized adiabatic internal
mode is expressed in (3K [ L ) [ 1- rather than 3K [ L -a

n
g(s)

dimensional space. Its properties are given by associated force
constant mass and frequency according tok

n
a(s), m

n
a(s), u

n
a(s)

eqns. (7),5,6

(a
n
g(s))k \

D
nk(s)

kkg(s)
N

;
l/1

Nvib D
nk(s)2
klg(s)

(7a)

k
n
a(s) \ 1

N
;
l/1

Nvib D
nk(s)2
klg(s)

(7b)

m
n
a(s) \ 1/G

nn
(s) (7c)

u
n
a(s) \

Sk
n
a(s)

m
n
a(s)

(7d)

where is an element of the D-matrix that connectsD
nk(s)normal coordinates with internal coordinates and is anG

nn
(s)

element of the Wilson G-matrix. Generalized adiabatic modes
can be transformed from normal mode space into Cartesian
coordinate space according to eqn. (8)

(a
n
g(s))

i
\ ;

k

Nvib
(lkg(s))i(an

g(s))k (8)

for i \ 1, . . . , 3K where is component i of normal mode(lkg)ivector expressed in Cartesian coordinates.lkg

2.2 Curvature vector and generalized normal modes expressed
in terms of generalized adiabatic modes

Normal modes and curvature vector can be analyzed utilizing
the amplitude A

n, s(s).1,5

A
n, s(s) \

k(s)sM(s)a
n
g(s)

[(a
n
g(s))sM(s)a

n
g(s)]1@2

(9)

which characterizes the curvature vector k(s) in terms of gen-
eralized adiabatic modes associated with internal parameters
used to describe the reaction system. According to eqn. (9),
curvature coupling coefficients possess the same dimen-A

n, ssion as coefficients and become identical to the latter forBk, sBoth curvature vector and normal modes orthogonallkg \ a
n
g .

to the reaction path are characterized within URVA in terms
of generalized adiabatic internal modes.1,2

2.3 Analysis of the reaction path vector

The vector t(s) is decomposed into basis vectors u
n
(s)

u
n
(s) \ M~1b

n
(s) (10)

t(s) \ ;
n/1

3K~L
t
n
(s)u

n
(s) (11)

where an element i of is given by and coeffi-b
n
(s) dq

n
(x)/dx

icients were determined in ref. 1. Vectors in eqns. (10)t
n
(s) u

nand (11), which were Ðrst suggested by Kato and Moro-
kuma,11 are the internal modes that characterize the move-
ment along the reaction path and, therefore, they represent the
equivalent to the AIMs used in the analysis of the transverse
normal mode vibrations.1 Generalizing the deÐnition of a
parameter set independent amplitude1,5 for the case of the
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reaction path vector, amplitude s) is deÐned :A
n, s(t,

A
n, s(t, s)\

(gsM~1b
n
)2

(gsM~1g)(b
n
s M~1b

n
)

(12)

which considers (besides electronic e†ects) the kinetic aspect of
the translational motion along the reaction path. Alternative-
ly, one can use as a metric the unit matrix I and, by this,
consider just electronic e†ects, which inÑuence the direction of
the reaction path :

A
n, sel (t, s)\

(gsb
n
)2

(gsg)(b
n
s b

n
)

(13)

Both deÐnitions (12) and (13) can be used in the analysis of t(s)
although amplitude (12) should be given preference.

2.4 Quantum chemical methods

Four di†erent levels of theory, ranging from HF to second
order (MP2) perturbation theory,42 densityMÔllerÈPlesset
functional theory (DFT),43 and coupled cluster (CC) theory44
with all single (S) and double (D) excitations and a per-
turbative inclusion of the triple (T) excitations (CCSD(T)45),
were applied to investigate the stationary points along the
path of reaction I. Three basis sets were used for this purpose,
namely PopleÏs 6-31G(d,p) basis set (basis A),46 the augmented
VTZ] P basis 6-311]]G(3df,3pd) (basis B),47 and for the
CCSD(T) calculations DunningÏs cc-pVTZ basis (basis C).48
In the case of the DFT calculations, BeckeÏs hybrid functional
B3LYP49 was applied because this was also used in related
studies and despite the notorious underestimation of TS
energies50 provides a reliable account of the energetics of
chemical reactions. Vibrational frequencies were calculated at
the MP2 and B3LYP levels of theory with both basis A and B
to determine the nature of the stationary points of reaction I
and to calculate thermochemical data. In addition, the relative
enthalpies *H(298) of complex 3 and product 5 were checked
by carrying out G2 calculations.51 Reliable calculations of 3
and the reaction energy of I require a correction of the basis
set superposition error (BSSE).52 In the case of 3, we used the
counterpoise method53 to assess the stability of the van der
Waals complex. This approach, however, is no longer reliable
when calculating the reaction energy, which, if determined
directly from the energies (enthalpies) of 1, 2 and 5, su†ers
from the fact that a one- and a two-heavy atom system is
compared with a three-heavy atom system where the latter
beneÐts from the full number of basis functions used for the
RC while the former two are described by just subsets of this
number. Hence, 5 is better described than 1 or 2, which leads
to an exaggeration of the exothermicity of reaction I. We
eliminated the BSSE by comparing I with reaction II

HC3CH] FH] H2C2CHF (reaction II)

The combination IÈII leads to reaction III :

H2C2CHF] H2C2CH2] HC3CH] CH3CH2F

(reaction III)

Reaction enthalpy I is obtained without (or a strongly
reduced) BSSE by subtracting from the calculated reaction
enthalpy of III the experimental value of the reaction enthalpy
for II because the calculated su†ers only from a small*RH(III)
BSSE and the experimental cannot have any BSSE.*RH(II)54

2.5 Reaction complex and reaction path

The parameters describing the RC are given in Scheme 2. The
RC following the reaction path possesses in the entrance
channel of I symmetry ; it changes at 3 to symmetry, atC2v CsTS 5b to symmetry, and Ðnally at 5a back to symmetry.C1 CsIn the calculations, symmetry of the RC was imposed toCsdescribe the region between 3 and 5b because formation of

Scheme 2

complex 3 and rotation of 5 are low energy processes of little
mechanistic relevance. Hence, the geometry of the RC is deter-
mined by 11 geometrical parameters, which were used
throughout all calculations. For the purpose of the analysis in
terms of AIMs, redundant internal coordinate sets were
employed to facilitate the description. It is an advantage of the
AIM concept that augmentation of the internal coordinate set
does not change AIM contributions associated with individual
coordinates.1,2,5,6 After TS 4, the reaction path passes a
valley-ridge inÑection (VRI) point where the reaction valley
splits into two valleys. However, the VRI point is not a sta-
tionary point and, therefore, the IRC follows the ridge
between the two valleys up to the next stationary point, which
corresponds to the TS 5b of internal rotation in 5 (Scheme 1).
At TS 5b, the RC adopts and the reaction pathC1-symmetry
bifurcates according to clockwise or counter-clockwise rota-
tion at the CC bond to the more stable staggered forms 5a@ or
5a. Also, the URVA algorithm makes it possible to follow the
reaction path at a bifurcation point, we stopped the IRC cal-
culation close to 5b because the rotational process is not
important for the reaction mechanism of I.

Preliminary URVA calculations were carried out at the
HF/A and MP2/A level of theory using a constant step length
of 0.05 u1@2 These calculations revealed that important fea-a0 .
tures of the reaction path are qualitatively described already
at the HF level. However, at a step length of 0.05 u1@2 a0neither HF nor MP2 calculations provide the basis for a
detailed analysis of curvature coupling coefficients because
avoided crossings between vibrational modes possessing the
same symmetry are not correctly resolved. Therefore calcu-
lations were repeated at the B3LYP/A level of theory using a
step size of 0.01 u1@2 in connection with the DMO pro-a0cedure of Konkoli et al.,55 by which all avoided crossings of
the vibrational modes along the reaction path could correctly
be resolved, and a reliable analysis of curvature coupling and
modeÈmode coupling coefficients was possible. In this way,
the whole reaction range [7.5\ s \ 4 u1@2 reaching froma0complex 3 to product 5 was investigated (for comparison :
Kato and Morokuma11 could only investigate the range
[3 \ s \ 0.5 u1@2 because of computational limitations).a0For each value of the reaction coordinate s, the reaction path
vector t(s) and its decomposition in terms of internal coordi-
nate modes the forces exerted on the atoms of the RC, theu

n
,

3K [ 7 generalized normal modes with associated fre-lkg(s)quencies the decomposition of in terms of gener-ukg(s), lkg(s)alized adiabatic internal modes the adiabatic forcea
n
g(s),

constants associated with the internal coordinates given ink
n
a

Scheme 1, reaction path curvature i(s), coupling coefficients
and and the electron density distribution o(r,s) wereBk, s Bk, l ,

calculated.

2.6 Electron density analysis and analysis of forces

The forces exerted on the atoms of the RC along the reaction
path are analyzed with the help of the electron density dis-
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tribution o(r,s). Changes in o(r,s) reÑect electronic structure
changes, which can directly be related to properties of the
PES along the reaction path as given by the negative gradient
(forces on the atoms) and the Hessian matrix (force constants).
The electron density distribution o(r,s) determines all changes
in the geometry of the RC along the reaction path, which are
related to changes in the reaction path vector t(s) and the cur-
vature vector k(s). The electron density distribution o(r,s) of
the RC was analyzed by generating along the path contour
line diagrams of the di†erence density distribution *o(r,s) cal-
culated according to

*o(r,s)\ o(r,s)[reaction complex]

[ o(r,s)[procomplex] (14)

where the procomplex was deÐned by non-interacting 1 and 2
arranged in the geometry of the RC and BSSE corrected. In
addition, the Laplace concentrations [+2o(r,s) were investi-

gated where, for both o(r,s) and its associated Laplace concen-
tration, MP2 response densities56 were used. All calculations
needed for URVA were carried out with the program ADIA,
which is a multipurpose package for the analysis of vibra-
tional spectra and carrying out of the URVA.5,6 ADIA is a
part of the ab initio package COLOGNE2000.57 For the DFT
and CCSD(T) calculations, the ab initio packages GAUSSIAN
9858 and a local version of ACESII59 were used.

3 Analysis of reaction path and reaction valley
Calculated energies and geometries of the stationary points
investigated in this work are summarized in Tables 2 and 3.
Details of the reaction path and the reaction valley are shown
in Fig. 1 (energy proÐle V (s)), Fig. 2 (changes in the geometri-
cal parameters q(s) of the RC), Fig. 3 (internal coordinate con-
tributions to reaction path vector t(s)), Fig. 4 (internal forces

Table 2 Energetics of reaction Ia

Relative energy *E Relative enthalpy *H(298)
Method/
basis set Energy E 1] 2b 3 4 5a 5b Enthalpy H 1] 2b 3 4 5a 5ac 5b

HF/A [178.051 80 [3.1 63.2 [21.1 3.6 [177.979 83 [1.9 60.2 [17.7 [10.6 3.1
MP2/A [178.526 78 [3.2 51.0 [21.8 4.0 [178.457 53 [2.0 48.5 [18.0 [14.2 3.3
MP2/B [178.803 08 [4.1 52.1 [14.8 3.4 [178.733 83 [2.9 49.6 [11.0 [14.1 2.7
B3LYP/A [179.023 34 [4.0 43.2 [25.2 3.6 [178.955 61 [2.9 40.4 [21.9 [6.9 2.9
B3LYP/B [179.109 24 [4.4 47.6 [16.1 3.0 [179.041 74 [3.2 44.8 [12.9 [8.9 2.5
G2 [178.765 94 [4.9 [16.6 [178.758 64 [3.7 [13.4 [11.7
CCSD(T)/A [178.571 24 [2.9 52.6 [20.5 3.6 [178.569 33 [1.6 49.8 [17.2 [10.0 3.1
CCSD(T)/C [178.824 26 [3.5 53.3 [15.9 3.2 [178.756 76 [2.2 50.5 [12.6 [11.4 2.7
Exp. 48.1^ 1.0 [10.3^ 0.4 2.7^ 0.4d

a Energies are given in hartrees, relative energies in kcal mol~1. A corresponds to the 6-31G(d,p) basis set, B to 6-311]]G(3df,3pd), and C to
cc-pVTZ. Activation energies (enthalpies) are given relative to 3, reaction energies (enthalpies) relative to 1] 2, and the energy of 5b (rotational
barriers between) relative to that of 5a. For the calculation of CCSD(T)/A and CCSD(T)/C enthalpies, B3LYP/B frequencies were used. b All
values BSSE corrected. c Corrected according to reaction III (see text). d Derived from the experimental *G value of 3.3 ^ 0.4 kcal mol~126 using
calculated entropy values.

Table 3 Geometries of stationary points 1È5 calculated at B3LYP, MP2 and CCSD(T)a

CH22CH2 (1) Complex 3

R1 A1 FH (2) R5 R1 R5 R6 A1

B3LYP/A 1.330 116.4 0.925 1.335 2.258 0.933 116.5
B3LYP/B 1.325 116.5 0.922 1.329 2.259 0.933 116.6
MP2/A 1.334 116.9 0.921 1.338 2.302 0.926 117.0
MP2/B 1.329 117.3 0.916 1.333 2.221 0.926 117.5
CCSD(T)/A 1.340 116.6 0.921 1.343 2.342 0.925 116.8
CCSD(T)/C 1.333 117.2 0.916 1.336 2.253 0.923 117.3

TS 4 R1 R4 R5 R6 A1 A2 A3 A4 A5 D1 D2

B3LYP/A 1.406 1.885 1.250 1.360 116.5 115.4 92.6 59.9 133.9 155.8 168.2
B3LYP/B 1.397 1.949 1.325 1.307 116.9 116.3 92.4 56.4 136.4 157.8 172.1
MP2/A 1.399 1.846 1.233 1.355 117.1 115.6 93.7 59.7 136.1 156.5 166.6
MP2/B 1.394 1.871 1.290 1.317 118[ .0 116.3 94.5 57.2 134.5 160.6 168.3
CCSD(T)/A 1.407 1.872 1.241 1.348 116.7 115.7 92.4 59.8 134.6 154.5 168.5
CCSD(T)/C 1.402 1.872 1.266 1.329 117.5 116.4 93.1 58.7 135.2 156.9 169.0

CH3CH2F (5a) CH3CH2F (5b)

R1 R4 A3 R1 R4 A3

B3LYP/A 1.516 1.393 109.8 1.534 1.394 110.3
B3LYP/B 1.510 1.399 110.1 1.526 1.401 110.3
MP2/A 1.507 1.397 109.4 1.524 1.397 109.9
MP2/B 1.502 1.389 109.6 1.519 1.390 110.2
CCSD(T)/A 1.513 1.395 109.6 1.529 1.399 109.9
CCSD(T)/C 1.406 1.384 110.1 1.523 1.388 110.1

a Bond lengths Rn in and angles An and Dn in degrees. Basis A, B and C correspond to the 6-31G(d,p), the 6-311]]G(3df,3pd) and theA�
cc-pVTZ basis sets, respectively.
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Fig. 1 B3LYP/6-31G(d,p) energies V (dark line) and V ] ZPE (light
line) as a function of the reaction path coordinate s for the reaction

The position of TS 4 corresponds toFH] CH22CH2] CH3CH2F.
s \ 0 u1@2 For the barrier value, the energy of complex 3 (given ona0 .
the left-hand side, BSSE corrected), for the reaction energy (given on
the right-hand side) the energy of is taken as a refer-FH] CH2CH2ence. Results obtained at the MP2 and CCSD(T) level of theory are
also given.

of the RC), Fig. 5 (di†erence electron density distributions
*o(r,s)), Figs. 6 and 7 (vibrational frequencies and modeÈukg(s)mode couplings Fig. 8 (decomposition of normalBk, l(s)),modes in terms of AIMs), Fig. 9 (adiabatic force constants),
Figs. 10 and 11 (reaction path curvature and its decomposi-
tions into normal modes and AIMs). The analysis along the
reaction path is based on Figs. 1È5, that of the (3K [ 7)-
dimensional orthogonal vibrational space on Figs. 6È11.

In the Ðgures, in which a given property of the RC is rep-
resented as a function of s, the position of the TS is deÐned by
a dashed vertical line at s \ 0, i.e. the non-interacting reac-
tants 1 and 2 are located at s \ [O and the product at
s \ ]O where the more interesting range [2 \ s \ 4 u1@2 a0is given and the range of van der Waals complex 3 ([10 to
[6), where changes are only moderate, is not shown.

3.1 Analysis of the one-dimensional reaction space

The analysis of the functions V (s) and q(s) (q \ MRn, An, DnN,
see Scheme 2) describing energy and geometry changes along
the path are central to the study of the reaction mecha-x8 (s)
nism. In addition, the investigation of the reaction path direc-
tion and the forces exerted on the atoms leads to important
insights into the reaction mechanism when combined with the
electron density analysis of the RC.

Fig. 2 B3LYP/6-31G(d,p) geometrical parameters q of the reaction
complex RC given as a function of the reaction coordinate s. For a
deÐnition of parameters, compare with Scheme 2. The position of the
TS corresponds to s \ 0 u1@2 and is indicated by the dashed verti-a0cal line.

Fig. 3 Characterization of the reaction path vector t(s) in terms of
internal coordinate modes using amplitudes considering (a) elec-A

n, stronic and (b) electronic and mass e†ects according to eqn. (12). For a
deÐnition of parameters, compare with Scheme 2. The position of the
TS corresponds to s \ 0 u1@2 and is indicated by the dashed verti-a0cal line. B3LYP/6-31G(d,p) calculations.

3.1.1 Energies and geometries at stationary points. Van der
Waals complex 3 located in the entrance channel of reaction I
is found to be 2È3 kcal mol~1 more stable (*H(298) values
after BSSE corrections, Table 2) than 1] 2. Hence, the reac-
tion barrier has to be measured relative to 3, which was not
always considered in previous work. The experimental activa-
tion enthalpy is 48.1 kcal mol~1 (Arrhenius activation energy :
49.3 kcal mol~1 (refs. 27, 28) which is well reproduced by both
the MP2 (48.5 and 49.6 kcal mol~1) and the CCSD(T) calcu-
lations (49.8 and 50.5 kcal mol~1, Table 3) while HF exagger-
ates and DFT underestimates the activation enthalpy for
reasons that have been discussed in the literature.11,50 Note-

Fig. 4 Decomposition of the gradient in terms of attractive or repul-
sive internal forces. For a deÐnition of internal coordinates Rn, An
and Dn, compare with Scheme 2. The position of the TS corresponds
to s \ 0 u1@2 and is indicated by the dashed vertical line. Internala0forces associated with the internal coordinates that dominate the
direction of the reaction path (compare with Fig. 3(b)) are given in
bold.
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Fig. 5 Electron di†erence density distribution *o(r, s) obtained at (a) s \ [8.0 (van der Waals complex 3, (b) s \ [4.2, (c) s \ 0 (TS 4), (d)
s \ 0.5 and (e) s \ 3.8 u1@2 Solid contour lines indicate an increase, dashed contour lines a decrease, in the electron density relative to thea0 .
electron density distribution of the procomplex (see text). MP2/6-31G(d,p) calculations.

worthy is that the experimental reaction enthalpy of
[10.3^ 0.4 kcal mol~1 at 298 K (calculated from exp. heats
of formation : 12.45 (1), [64.8 (2) and [62.7 kcal mol~1
(5a)54) is poorly reproduced at most levels of theory where the
better calculations settle in the range [11.0 (MP2/B) to
[12.6 kcal mol~1 (CCSD(T)/C). We relate the difficulties in
correctly calculating the reaction enthalpy to the difficulties in
getting a balanced basis set description of one-, two- and
three-heavy atom systems apart from the known problems of
correctly describing F compounds.60 BSSE corrections
improve the reaction enthalpy by, maximally, 1.5 kcal mol~1.
Utilizing formal reactions II and III as described in Section 2,
leads to a further improvement of 3 to 7 kcal mol~1 so that
CCSD(T) and G2 values for are [10.0, [11.4 and*RH(298)
[11.7 kcal mol~1 (Table 2).

Fig. 6 DMO representation of normal mode frequencies inwk(s),which all avoided crossings are resolved. Symmetry symbols and
numbering of normal modes are given according to the order of
normal modes calculated at TS 4. The position of the TS corresponds
to s \ 0 u1@2 and is given by the dashed vertical line. The valuea0indicates the location of the VRI point (s \ 0.6 u1@2w1a_(s)\ 0 a0).Imaginary 1aA frequencies calculated for s [ 0.6 u1@2 are given asa0negative numbers. B3LYP/6-31G(d,p) calculations.

Since the reaction is investigated imposing symmetry onCsthe RC, the product 5 is forced to stay in the eclipsed confor-
mation (5b). Rotation into the stable staggered conformation
5a lowers the enthalpy by 2.7 kcal mol~1 (exp. :
*G(298)\ 3.3^ 0.1 kcal mol~126 corresponding to
*H(298)\ 2.7 kcal mol~1 provided the calculated *S is used).
Calculated geometries are listed in Table 3. Both CCSD(T)
and B3LYP using a TZ] P basis (basis B or C) predict that 1
approaches 2 (T-shaped form) with the HC2v-symmetrically
of 1 sitting on the p-cloud of 2. In this way both dispersion
and induction interactions are maximized while exchange
repulsion is kept low. The distance between H(1) to the mid-
point of the CC bond of 2 is calculated to be 2.152 A�

Fig. 7 ModeÈmode coupling coefficients given as a function of sBk, lfor a@-symmetrical modes of the RC of reaction I. All 45 mode com-
binations are considered and the peaks are identiÐed by appro-Bk, l(s)priate mode labels. Large (absolute) values mostly (but notBk, l(s)exclusively ; see 8a@-3a@) result from an avoided crossing where the
shape of the peak indicates either diabatic energy transitionBk, l(s)(sharp peaks such as 9a@-8a@) or energy dissipation between the modes
(broad peaks). The position of the TS corresponds to s \ 0 u1@2 a0and is given by the dashed vertical line. B3LYP/6-31G(d,p) calcu-
lations.
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Fig. 8 Characterization of mode (a) 10a@ (b) 9a@, and (c) 8a@ in terms of generalized AIMs. For a deÐnition of parameters, compare with Scheme
2. The position of the transition state corresponds to s \ 0 u~1@2 and is indicated by a dashed vertical line. B3LYP/6-31G(d,p) calculations.a0

(CCSD(T)/cc-pVTZ) corresponding to a H, C distance of 2.25
The FH bond is lengthened from 0.916 to 0.923 whichA� . A� ,

suggests some small charge transfer from the p-orbital of 2
into the r*(FH) orbital. The geometry of TS 4 varies consider-
ably with method and basis set (Table 3). The approach
parameters R6 and R4 (see Scheme 2) are 1.329 (MP2: 1.317 ;
B3LYP: 1.307, Table 3) and 1.872 (MP2: 1.871 ; B3LYP:
1.949), respectively, at the CCSD(T)/cc-pVTZ level of theory
suggesting a highly asymmetrical TS with C1ÈH8 bonding
preceding C2ÈF7 bonding. B3LYP exaggerates bonding inter-
actions between C1 and H8 thus leading to increased H8ÈF7
bond cleavage at TS 4, which is reÑected by the calculated
bond lengths (B3LYP: 1.325 ; MP2: 1.290 ; CCSD(T) : 1.266

Table 3) and the low DFT barrier.A� ,

Fig. 9 Generalized adiabatic force constants associated with the
internal parameters described in Scheme 2. The position of the TS
corresponds to s \ 0 u1@2 and is indicated by the dashed verticala0line. The wiggles at s \ 0.6 u1@2 indicate the position of the bifur-a0cation point. B3LYP/6-31G(d,p) calculations.

3.1.2 Changes in the geometry of the reaction complex. As
Fig. 2 reveals, strong changes in bond lengths and interaction
distances R4 and R6 occur at three di†erent points along the
reaction path, namely at [1.0 to [0.5, at 0.5 to 1.0 and at 3.6
u1@2 These changes indicate strong changes in the elec-a0 .
tronic structure of the RC, which can be related features of the
reaction path vector and to the curvature vector (see below).

3.1.3 Reaction path direction. Fig. 3 gives the internal
coordinate contributions projected out of the reaction path
vector. Parameter R4 dominates the direction of the reaction
path vector t(s) apart from the region close to the TS and the
region beyond s \ 3.5 u1@2 (Fig. 3(b) ; kinetic analysisa0according to eqn. (12), i.e. consideration of both electronic and
mass e†ects). Close to the TS there are signiÐcant contribu-

Fig. 10 Decomposition of the scalar reaction path curvature i(s)
(thick solid line) in terms of normal mode-curvature coupling coeffi-
cients (thin lines) where each mode k is indicated. CurvatureBk, s(s)peaks are numbered K2, K3 and K4. The position of the TS corre-
sponds to s \ 0 u1@2 and is indicated by the dashed vertical line.a0B3LYP/6-31G(d,p) calculations.
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Fig. 11 Decomposition of the scalar reaction path curvature i(s)
(thick solid line) in terms of adiabatic mode-curvature coupling ampli-
tudes (thin and dashed lines). The curve i(s) is shifted by 0.1A

n, s(s)unit to more positive values to facilitate the distinction between i(s)
and A redundant coordinate set was used for the analysis (seeA

n, s(s).text). Curvature peaks and reaction regions are indicated. For a deÐ-
nition of parameters, compare with Scheme 2. The position of the TS
corresponds to s \ 0 u1@2 and is indicated by the dashed verticala0line. B3LYP/6-31G(d,p) calculations.

tions from parameters R6, R5, and even R1 (Fig. 3). Beyond
3.5 u1@2 the FCC angle (A3) and R5 become important. Ina0the entrance channel, R4 plays the role of an approach dis-
tance, which determines largely the direction of the reaction
path. At the TS, R5 and R6 take over this role because they
are the internal coordinates of the FH bond (bond to be
broken) and the C1ÈH8 bond (bond to be formed). In the exit
channel, R4 dominates again, but now as the internal coordi-
nate of the CF bond, which is formed in this region. There
seem to be two regions of chemical relevance, in which two
separated chemical events take place : at the TS the FH bond
cleaving and CH bond forming process (characterized by large
values of the R5 and R6 components) and in the exit channel
the CF bond formation as a separate chemical process. A
priori, one could expect that CH and CF bond formation take
place at the same time in the TS region ; however, their
separation (CH bond formation close to s \ 0 and CF bond
formation close to s \ 3.5) seems to be in contradiction with
the fact that I is a concerted (one-step) reaction without a
chemical intermediate. In the following, this contradiction has
to be resolved.

Internal forces. The forces exerted on the atoms of the RC
are given in Fig. 4 in terms of internal (coordinate) forces,
which are directly related to the internal coordinates used to
describe the RC. For reaction coordinates s \ 0, [8 u1@2 a0(position of 3), [O, and [O, i.e. at the stationary points
along the reaction path all internal forces have to be zero. In
all other regions along the reaction path, the internal forces
adopt either positive values, indicating atomÈatom repulsion,
or negative values, indicating atomÈatom attraction. In Fig. 4,
the forces associated with those internal coordinates that
dominate the reaction path direction are given in bold. In the
entrance channel the energy increase is caused predominantly
by a repulsive R4-force ; shortly before the TS, Ðrst the R6-
and then the R5-force take over up to s \ 0.9 u1@2 in thea0 ;
exit channel, the R4-force dominates as an attractive force. In
each case, the stabilizing or destabilizing character of a partic-
ular force has to be derived considering that a repulsive
(attractive) force in a bond breaking (forming) process drives
the reaction forward and vice versa. Hence, the attractive R1,
R5 forces in the entrance channel indicate the resistance of 1
or 2 to lengthen the FH or CC bond, respectively, thus
slowing down the reaction. Inspection of the di†erence density
distribution *o(r) at s \ [4.2 u1@2 (Fig. 5(b)) reveals thata0the repulsive R4-force in the entrance channel results from
exchange repulsion between F and C2 (H and C1). Exchange

repulsion leads to polarization of the FH bond pushing
density from the H to the F atom. This is similar to the situ-
ation in 3 (Fig. 5(a)) ; however, because of the breaking of the

symmetry of 3, polarization of the electron density occursC2valso along the CC bond in the way that p density is pushed
from C2 to C1 (Fig. 5(b)). Charge polarization leads to attrac-
tive interactions between 1 and 2, which partially compensate
exchange repulsion and the energy increase due to FH and
CC bond lengthening. At the TS (Fig. 5(c)), atom H8 enters
the region of positive p di†erence density accumulated at C1 ;
force R5 becomes repulsive driving H8 and F7 apart. A strong
attractive force R4 develops between C2 and F7, which is now
the driving force of the reaction for the major part of the exit
channel. The density at F7 orients in the direction of the
p-hole at C2, pushing at the same time p-density at C1 to the
back thus carrying H8 with it (Fig. 5(d)). At s \ 3.8 u1@2 a0 ,
the positive di†erence density is close to linking C2 and F7
(Fig. 5(e)). In the last stage (s [ 3.8), the force associated with
A3 (repulsive for s [ 1) causes a widening of the FCC angle
and the adoption of the Ðnal structure of 5b. Noteworthy is
that shortly after the TS a situation is encountered (Fig. 5(d)),
in which the F atom is neither bonded to H8 (because H8 is
now bonded to C1) nor to C2. Since F is partially negatively
charged and partially positively charged in this situ-H3CCH2ation, one can speak of a transient intermediate with partial
ion pair character existing in the region 1\ s \ 3 u1@2 a0 .

3.2 Analysis of the reaction valley

Investigation of the 3K [ 7-dimensional vibrational space is
important for an understanding of the reaction mechanism, in
particular for a description of energy transfer and energy dissi-
pation. Electronic changes as reÑected by the changes in the
density distribution (Fig. 5) and their subsequent changes in
the energy (Fig. 1) are reÑected by geometrical changes of the
RC (Fig. 2), the forces exerted on the atoms of the RC (Fig. 4),
the reaction path direction (Fig. 3), and the reaction path cur-
vature (Fig. 10). The latter indicates a possible coupling of the
translational mode along the reaction path and the vibra-
tional modes (for see Fig. 6). Another link between elec-uk(s),tronic changes and features of the reaction path is provided by
the analysis of the adiabatic force constants (Fig. 9), which
provide information on electronic changes, vibrational mode
features, and properties of the reaction path.

3.2.1 Normal mode frequencies. The RC of reaction I pos-
sesses 17 vibrational modes, 10 of a@ symmetry and 7 of aA
symmetry. Molecules 1 and 2 have together 13 vibrational
modes while product 5b has 18 vibrational modes, i.e. of the
11 translational and rotational degrees of freedom of the reac-
tants four are converted into vibrational modes and one into
the translational mode along the reaction path. In Fig. 6, the
vibrational frequencies of the RC are shown. The fre-ukg(s)quency diagram reveals that the VRI point is encountered at
s \ 0.6 u1@2 where the frequency of mode 1aA, which corre-a0sponds to a twisting mode (partial rotation at the CCCH2bond axis), becomes imaginary (indicated in Fig. 6 by a fre-
quency value \0). However, the VRI point is of no relevance
for the IRC path (relevant for trajectory calculations because
of the e†ective broadening of the valley) and, therefore, will
not be considered further. Of particular interest are the a@
modes because they can couple with the symmetricalC

smotion of the RC along the reaction path. In the range
[2 \ s \ 4 u1@2 there are 12 avoided crossings betweena0 ,
vibrational states (all with v\ 0) involving a@-modes and these
are indicated by the maxima and minima of the Bk, l(s)diagram of Fig. 7. Strongly localized avoided crossings as rep-
resented by a close approach of the curves lead to sharpuk(s)peaks of while more delocalized modeÈmode inter-Bkl(s)actions, which imply that two vibrational states of the same
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Fig. 12 Laplace concentration [+2o(r, s) obtained, calculated in the
region of the hidden intermediate. Solid contour lines indicate deple-
tion, and dashed contour lines show the concentration of the electron
density distribution. MP2/6-31G(d,p) calculations.

symmetry accompany each other for a part of s, are represent-
ed by broader peaks (Fig. 7). At the positions of theBkl(s)sharp peaks localized diabatic transitions between twoBkl(s)adiabatic modes take place so that both the character and the
energy carried by the Ðrst mode is transferred to the second
mode. Delocalized avoided crossings (broad curvature peaks)
are characterized by a distribution of the energy carried by
one mode over both modes so that energy dissipation can
take place. In this way, the peaks of the modeÈmode coupling
coefficients shown in Fig. 7 provide direct informationBkl(s)about energy transfer and the degree of energy dissipation
between the vibrational modes. The pattern of the frequency
diagram of Fig. 6 is reminiscent of the reaction CH3and related substitution reactions pre-] H2] CH4] H
viously investigated.1,2 There is one mode, namely the FH
stretching mode 10a@ (for s \ [ 0.8 u1@2 that changesa0),strongly in the TS region by dropping from about 3900 to
almost 1600 cm~1 and then raising again to 3100 cm~1 in the
exit channel. Due to avoided crossing involving modes 9a@ and
8a@ (Figs. 6 and 7) the character of this mode changes as is
demonstrated by its decomposition in terms of AIMs shown
in Fig. 8. For example mode 10a@ changes at s \ 0.8 u1@2 a0from a FH stretching mode to become a CH stretching mode
of CH spectator bonds (R3, Scheme 2). Another change at 1.8
u1@2 (Fig. 8(a)) leads to CH stretching involving the newlya0formed CH bond (R6), which emerges from a point close to
s \ 1.1 u1@2 (Fig. 8) and by this suggests the region wherea0the new CH bond seems to be Ðrst established. However,
inspection of the adiabatic mode decomposition of 9a@ and 8a@
(Figs. 8(b) and 8(c)) clariÐes that the CH bond formation starts
much earlier, namely at s \ [0.5 u1@2 (Ðrst R6 contribu-a0tion in 8a@) and that s \ 1.1 u1@2 identiÐes the point, ata0which the CH bond formation is largely Ðnished. This is also
conÐrmed by the diagram of the adiabatic force constants k

n
a(s)

(Fig. 9) : The R6 value adopts the magnitude of a normal CH
force constant at s \ 1.1 u1@2 Major changes in alla0 . uk(s)occur in the TS region (Fig. 6). There is only a stronger
change of mode 1a@ (describing FCC bending), which changes
also signiÐcantly at s \ 3.5 u1@2 We note that the Ðvea0 .
lowest modes of complex 3 correspond to translations (3) and
rotations (2) of separated 1 and 2. At TS 4, these modes are
1aA, 1a@, 2a@, 5aA and 8a@ where the latter two have obtained
this role by repeated avoided crossings along the reaction
path. Fig. 7 (see also Figs. 6 and 8) reveals that energy stored
in mode 10a@ (FH stretching mode in the entrance channel) is
transferred by two diabatic transitions to mode 9a@ and then
to mode 8a@, which before the TS becomes the FH stretching
mode of the breaking FH bond as conÐrmed by the fact that
frequency decreases to 1600 cm~1 in the TS regionu8a{(s)(Fig. 6). If mode 8a@ couples with the motion along the reac-

tion path mode, selective rate enhancement by laser pumping
is possible as is discussed in the next subsection.

3.2.2 Reaction path curvature. The reaction path curvature
i(s) (Fig. 10) of reaction I is characterized by four curvature
peaks K1, K2, K3 and K4. The curvature peak K1 (not shown
in Fig. 10) corresponds to the formation of van der Waals
complex 3 in the range [10 to [6 u1@2 We note that sucha0 .
a curvature peak was also found for reactions that do not
proceed via a van der Waals complex1,2 and, hence, a curva-
ture peak early in the entrance channel is indicative of impor-
tant van der Waals interactions irrespective whether these
lead to a local minimum on the PES or not. Curvature peaks
K2 and K3 are located at s \ [0.6 and 0.6 u1@2 i.e. closea0 ,
to the TS. They are associated with normal mode 8a@ and (to a
smaller extent) with modes 10a@, 3a@ and 2a@ as the decomposi-
tion of i(s) in terms of normal mode contributions reveals
(Fig. 10). If energy is stored in mode 10a@, it will be stepwise
channelled with little energy dissipation into the reaction path
mode thus enhancing the reaction rate. This prediction cannot
be made if the modeÈmode couplings are not known (Fig. 7).
For the reverse reaction, energy should be pumped into mode
1a@, which encounters strong coupling with the reaction path
motion at K4 (Fig. 10). This energy is dissipated into modes
2a@ and 3a@ as is obvious from the modeÈmode couplings (Fig.
7), but since the latter also couple with the path motion, mode
selective rate enhancement should also be possible for the
reverse reaction. Curvature peak K4 located at 3.65 u1@2 isa0clearly separated from K2 and K3; it is associated with modes
1a@, 2a@ and 3a@, which correspond to the CCF bending and
the CF stretching motion. Again, this suggests two separated
chemical processes, namely one close to the TS involving
changes in FH/HC bonding and one in the exit channel
involving changes in FC bonding. The decomposition of the
scalar curvature in terms of adiabatic curvature couplings
(Fig. 11) conÐrms that curvature peaks K2 and K3 are associ-
ated with internal coordinate modes R5 and R6, i.e. FH and
CH bond stretching where the two change their roles from K2
to K3. Coefficient is positive and dominant for K2, indi-A

R5, scating that the polarization of the FH bond up to s \ [1 u1@2
and the concomitant polarization of 2 as documented bya0the di†erence density (Fig. 5) drives the F and the H atom

apart, but C1ÈH8 interactions are still repulsive as reÑected by
the corresponding force (Fig. 4) and the negative coefficient

in this region. Clearly, FH bond breaking and CH bondA
R6, sformation occur simultaneously and the two curvature peaks

K2 and K3 are associated with just one chemical process
(transfer of H8 from F7 to C1). The crossing point of the R5
and R6 coefficients (s \ 0 u1@2 Fig. 11) denotes that reac-a0 ,
tion path point, at which the FH bond is half broken and the
C1ÈH8 bond half formed. It happens to coincide with the
location of the energetical TS. In recent work,1,2 we have
called the region between van der Waals peak K1 and the TS
region deÐned by curvature peaks K2 and K3 as the reactant
preparation region, in which the reaction partners prepare for
the chemical reaction. In the case of reaction I, the prep-
aration region is characterized by a long shoulder of K2
reaching from s \ [5.6 to [1 u1@2 In this region, thea0 .
C2C bond is lengthened and polarized (contribution R1, Fig.
11) and molecule 1 rotates from the T-shaped into a side-on
position (contributions A4 and A5), which is a slow process. A
second preparation region seems to be indicated by the curva-
ture shoulder between K3 and K4 (1.0\ s \ 3 u1@2 whicha0),is associated with the positioning of the F atom (contributions
R4 and A5). The decomposition of t(s) (Fig. 3) reveals that in
this region coordinate R4 becomes dominant and that there is
a strong attraction between F7 and C2. Electron density
analysis and natural bond orbital (NBO) analysis suggest that
F7 and C2 carry in this region charges of [0.4 and ]0.4,
indicating that one can speak of partial ion pair character
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between the ethyl cation and Ñuoride anion. This interpreta-
tion is supported by an analysis of the Laplace concentration

(Fig. 12), which shows an F atom neither bonded to[+o2(r,s)H8 or C2 and an electron density concentration pattern remi-
niscent of an ion pair. This partial ion pair can be considered
as a hidden intermediate because it does not correspond to an
intermediate minimum on the PES, but plays a similar role to
a real intermediate as we will show in Section 4. Thus, in the
second preparation region (region between K2 and K3) the
ion pair prepares for the forming of the CF bond of 5b.

Curvature peak K4 deÐnes the region in which the CF
bond is formed (3\ s \ 4 u1@2 The strongest contribu-a0).tions to K4 are from R4 (CF stretch vibration, amplitude

attraction between C2 and F, Fig. 11), A4, A3, A5,A
R4, s [ 0 :

R5, D1 and D2 where the latter components all describe the
adjustment of CF and CH bonds in 5b. The adiabatic force
constant associated with R4 reaches its maximum value at 4
u1@2 (Fig. 9), indicating in this way that at this point thea0formation of the CF bond is Ðnished.

4 Discussion of the reaction mechanism and
chemical relevance of results
The curvature peaks suggest seven distinct regions along the
path of reaction I : (1) Reactant region ([O \ s \ [10 u1@2

very weak interactions between reactants without anya0) ;chemical relevance ; the reactants possess electronic structures
that basically correspond to those of isolated molecules at
their equilibrium geometries. (2) Van der Waals region
([10 \ [6 u1@2 region of curvature peak K1). Dispersiona0 ;
and induction interactions lead to the formation of van der
Waals complex 3. (3) Preparation region (between curvature
peaks K1 and K2; Fig. 11). The reactants prepare for the reac-
tion by mutual polarization when approaching each other, i.e.
both the FH and the CC bonds are polarized. (4) Transition
state region (region of curvature peaks K2 and K3; Fig. 11).
The FH bond is broken while simultaneously the CH bond is
formed ; hidden intermediate 6 (Scheme 1) is formed pos-
sessing ion pair character. (5) Preparation region (between
curvature peaks K3 and K4; Fig. 11) : 6 is prepared for the
formation of a covalent bond between the positively charged
C2 and the negatively charged F7 atom. (6) Formation of 5b
(region of curvature peak K4). The CÈF bond is formed. (7)
Product region (4\ s \ O u1@2 after the bifurcationa0 ;
point). Relaxation of 5 in its most stable form 5a. Steps (1) to
(7) will be encountered for addition of HÈX or XÈX (X:
halogen) to ethylene or, in general, other alkenes. The impor-
tant chemical events of reaction I take place in steps 4 and 6
with an intermediate preparation region that we associate
with hidden intermediate 6, which will occupy a stationary
point and, by this, become a true intermediate as soon as the
reaction takes place in a solvent with a sufficiently high dielec-
tric constant e (Scheme 1). The latter represents a scaling
factor that reduces the attraction between cation and anion.
Also, solvation shells will form around the ethyl cation and
Ñuoride anion that will separate the two ions. Such an ion
pair possesses a Ðnite life time, i.e. 6 can be observed in the
reaction. The reaction mechanism corresponds in this case to
a nonconcerted reaction with a lower barrier (solvent stabil-
ized TS) and a di†erent stereochemistry. The reaction mecha-
nism investigated for the situation in the gas phase indicates
how the reaction will change if the environment changes. This
information can be unraveled if one explores the reaction
valley as done in this work. In previous work, we identiÐed
the TS region as the region with the largest curvature
peaks.1,2 The latter indicate chemical processes such as bond
breaking or bond formation. Their height should be related to
the force constant of the bond being formed or broken, i.e. to
the bond strength. Clearly a FH bond is stronger (D0\ 136
kcal mol~1) than a CH bond kcal mol~1).61(D0 \ 98

However, a rapid cleavage (formation) caused by sudden elec-
tronic changes leads to a higher curvature peak than a slow
continuous cleavage (formation) of the bond. Hence, the
relationship between bond strength and curvature peak has to
be considered for each case separately. According to the pre-
vious deÐnition, the TS region would comprise the region of
peaks K2, K3 and K4 with its center being located at 1.5 u1@2

Relative to this position TS 4 is shifted by 1.5 u1@2 intoa0 . a0the entrance channel in line with the Hammond postulate,
which predicts for an exothermic reaction an early TS. Alter-
natively, one could consider that reaction I consists of a two-
step reaction, the Ðrst step of which leads in an almost
thermoneutral reaction (energy-TS and center of the transition
state region K2ÈK3 are identical) to a partial ion pair while
the second step yields in a strongly exothermic (the energy TS
4 is shifted 3.6 u1@2 relative to K4 into the entrancea0channel) ion reaction product 5. Although TS 4 is energeti-
cally the most important point of the reaction, mechanistically
it is not because it represents just one point in the range of the
curvature peaks K2ÈK3 (Fig. 11) associated with FH bond
breaking and CH bond forming. The fate of the reaction is
decided in the region of the van der Waals complex 3 and that
of the hidden intermediate 6 as we will show in the following.
Reaction I can be considered as a prototype for addition/
cycloaddition reactions (Scheme 3) such as the H-exchange
reactions (1) and (3), the hydrogenation reactions (2) and (4),
the multiple bond addition reactions (5) and (6) or the cyclo-
addition reactions (7). Some of these reactions are just formal
because they take, in reality, a di†erent reaction path to avoid
the high-energy TS of a symmetry-forbidden reaction. For
example, the reaction proceeds via a linear TSH2 ] H2according to experimental results38 and the reaction HX] H2leads to a T-shaped hypervalent molecule rather than toXH3H exchange.62 However, in the sense that the reactions of
Scheme 3 are model reactions for symmetry-forbidden peri-
cyclic reactions they can be discussed on the basis of the reac-
tion mechanism of I where one has to focus on the van der
Waals complex possible for each reaction (Scheme 4), its con-
version into a particular TS (Scheme 4), and the possibility of

Scheme 3
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Scheme 4

a real or a hidden intermediate (Scheme 4). The mechanism of
reaction I suggests that the structure of the TS is already
determined at the stage of the van der Waals complex, which
for reactions (1) to (7) could be either a T-shaped (or L-shaped
for complex, a side-on complex between nonpolarADB)
molecules or a side-on symmetric dipoleÈdipole complex.
Clearly, the second choice is the least favorable because
exchange repulsion interactions are large while stabilizing
induction interactions remain small. Since the T-shaped
complex is not stabilized for reactions (1) and (7) (for A\ B:
[2] 2] cyloaddition of ethene, etc.), the latter will proceed
(side on) via a high-energy TS typical of symmetry-forbidden
reactions. The side-on approach is also found for polar A2B
molecules because dipoleÈdipole attraction can compensate
exchange repulsion (Scheme 4 : possible van der Waals
complexes). If the T-shaped complex can be formed, the
complex stability will depend on the magnitude of existing
multipole moments, the polarizability of the XÈX bond
(depending on the polarizability of X and related to the XX
bond strength), the availability of a low-lying r*(XX) orbital,
and the possibility of charge transfer into this orbital from a
high-lying p*(AA) orbital. Because of exchange repulsion the
atom closest to the basis (A2A or other) will always be posi-
tively charged (H in HX, X in XX) and that farther away from
the basis negatively charged (X in HX, Scheme 4). Accord-
ingly, the T-shaped complex initiates an electrophilic rather
than nucleophilic addition in the case of unsaturated hydro-
carbons. Symmetry breaking due to an in-plane rotation will
lead to a four-centered TS (Schemes 3, 4) in which the posi-
tively charged X atom (of XX) will always be closer to the
A2A basis than the negatively charged X atom (asymmetrical
TS, Scheme 4). This implies that the reaction splits up into
two chemical processes as found for I : First, the XÈX bond
will be broken in a partially heterolytic fashion and the new
AÈX bond will be formed. In a second step, the formation of
the other AÈX will take place. Depending on how strongly the
XX bond is polarized, a three-centered (strong polarization) or
a four-centered TS (weaker polarization) is formed. The
extremes of these two basically di†erent situations can be
found for the H exchange reaction (1) shown in Scheme 3, the
uncatalyzed hydrogenation of ethene (2a) or the [2] 2] cyclo-
addition of ethene on the one side and the or additionCl2 Br2to ethene (6) on the other side. The latter proceed via a three-
centered TS36 exhibiting a strongly polarized XX bond fol-
lowed by the formation of a hidden intermediate

X~N, which in solution converts into a realMXÈCH2ÈCH2`,
intermediate.8,9,16 The more the four-centered TS adopts the
character of a three-centered TS with a long CÈX (AÈX) dis-

tance the more pronounced is the hidden intermediate and, by
this, the chance to convert it in another environment
(solution) into a real intermediate. Since the nature of the TS
depends on the electronic features of the van der Waals
complex in the entrance channel, the complex indirectly deter-
mines the fate of the reaction after the TS. If the basis AB is
strongly polar a two-centered TS becomes possible (e.g. HCl
addition to silaethene35) and by this a more pronounced
hidden intermediate (real intermediate in solution) is gener-
ated which in the gas phase, of course, is just a transient point
on the PES representing the spontaneous combination of two
oppositely charged species. We can relate the reaction mecha-
nism to the number of curvature peaks. Two curvature peaks
(of equal magnitude) will always occur in the case of sym-
metric fourcentered TSs such as for (1), (2) or (7) (Scheme 3).
They represent the simultaneous breaking of old and forming
of new bonds and, therefore, have to be considered (as in the
case of reaction I) as one chemical event. Since a hidden inter-
mediate can only occur between two di†erent chemical events,
a hidden intermediate is not possible in these cases. In the
entrance channel, there will be a very small curvature peak
corresponding to a weak van der Waals complex or just van
der Waals interactions with little relevance for the reaction
mechanism. Reaction (3) also possesses a highly symmetric TS

or equivalent) and, therefore, again four bonds will be(C2vchanged in the TS in one chemical event thus leading to two
curvature peaks symmetrically arranged relative to the energy
TS. Again, there is no chance for a hidden intermediate and
for a change of the reaction mechanism in a di†erent environ-
ment (provided catalysis or speciÐc solvation are excluded).
The van der Waals complex could take two di†erent forms,
namely XH standing on the HH basis or HH standing on the
FH basis where in the latter case multipole interactions lead
to an L-shaped form (HH shifted to X \ F or Cl), which turns
out to be relevant for the reaction mechanism. It is known
that the Ðrst complex leads to a lower energy reaction path.62
Reactions (4), (5) and (6) proceed with three curvature peaks,
representing two di†erent chemical events between which a
hidden intermediate can occur. The more pronounced the
hidden intermediate is (reÑected by the separation of the rele-
vant curvature peaks, the charge distribution, the nature of
the reaction path, etc.) the more likely is the chance that a
change in the environment or the substitution pattern leads to
a real intermediate. For example, alkyl groups which can sta-
bilize the development of positive charge at one C in reaction
I by hyperconjugation lead to a more pronounced hidden
intermediate. All reactions considered in Scheme 3 are for-
mally symmetry-forbidden reactions. However, the formation
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of a T-shaped TS and the polarization of the bond to be
broken will determine the asymmetry of the four-centered TS.
The more asymmetric the latter becomes (leading Ðnally to a
three-centered or a two-centric TS) the more will electronic
factors overrule symmetry considerations in line with the well-
known fact that the WoodwardÈHo†mann rules no longer
apply to pericyclic reactions with strongly polar bonds.7 A
strongly asymmetric TS makes the existence of a hidden inter-
mediate more likely. Inspection of the curvature peaks and
adiabatic curvature coupling coefficients is the basis for reli-
able mechanistic predictions upon a change of the environ-
ment and the substituents.
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