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Definitive Ab Initio Studies of Model SN2 Reactions CH3X  F
(X  F, Cl, CN, OH, SH, NH2 , PH2)
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Abstract: The energetics of the stationary points of the gas-phase reactions
CH3X  F ! CH3F  X
(X  F, Cl,
CN, OH, SH, NH2 and PH2) have been
definitively computed using focal point
analyses. These analyses entailed extrapolation to the one-particle limit for the
Hartree ± Fock and MP2 energies using
basis sets of up to aug-cc-pV5Z quality,
inclusion of higher-order electron correlation [CCSD and CCSD(T)] with basis
sets of aug-cc-pVTZ quality, and addition of auxiliary terms for core correlation and scalar relativistic effects. The
final net activation barriers for the
b
forward reactions are: E F;F
 0.8,
b
b
b
E F;Cl  12.2, E F;CN   13.6, E F;OH

b
b
 16.1, E F;SH   2.8, E F;NH2   32.8,

b
  19.7 kcal mol 1. For the
and E F;PH
2
b
b
reverse reactions E F;F
 0.8, E Cl;F

b
b
 18.3, E CN;F   12.2, E OH;F  1.8,
b
b
E SH;F
  13.2,
E NH
 1.5,
and
2 ;F
b
E PH2 ;F   9.6 kcal mol 1. The change in
energetics between the CCSD(T)/augcc-pVTZ reference prediction and the
final extrapolated focal point value is
generally 0.5 ± 1.0 kcal mol 1. The inclusion of a tight d function in the basis sets
for second-row atoms, that is, utilizing
the aug-cc-pV(Xd)Z series, appears to
change the relative energies by only
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Introduction
Bimolecular nucleophilic substitution (SN2) reactions at
carbon centers continue to be among the most studied of
chemical reactions. Early research was restricted to solutionphase chemistry, but the advent of flowing afterglow[1±3] and
ion-cyclotron resonance[4±6] techniques in the 1970s initiated a
deep interest in the fundamental gas-phase chemistry of SN2
reactions. It was discovered that gas-phase SN2 reactions
generally exhibit a double-well potential with a central
barrier, as depicted in Figure 1 for the reaction of F and
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0.2 kcal mol 1. Additionally, several decomposition schemes have been utilized
to partition the ion ± molecule complexation energies, namely the Morokuma ±
Kitaura (MK), reduced variational
space (RVS), and symmetry adapted
perturbation theory (SAPT) techniques.
The reactant complexes fall into two
groups, mostly electrostatic complexes
(FCH3 ¥ F and ClCH3 ¥ F ), and those
with substantial covalent character
(NCCH3 ¥ F , CH3OH ¥ F , CH3SH ¥ F ,
CH3NH2 ¥ F and CH3PH2 ¥ F ). All of
the product complexes are of the form
FCH3 ¥ X and are primarily electrostatic.

CH3X. The introduction of powerful digital computers,
coupled with sophisticated techniques of electronic structure
theory, also allowed computational chemists to research this
class of reactions, confirming the double-well feature. As it
stands currently, gas-phase SN2 reactions have been widely
investigated by kinetic experiments,[3, 4, 7±14] ab initio quantum
and semiclassical dynamical methods and trajectory simulations,[15±22] statistical mechanical studies,[5, 23±29] ab initio and
density functional structural analyses,[30±42] and electron transfer studies.[43±48] There has been a clear effort to understand
the distinctions between reactions in the gas phase and in
solution, to more clearly expose intrinsic versus solvent
effects. Indeed, several recent papers have studied microsolvated SN2 reactions.[22, 44, 49] The preponderance of SN2
studies in the chemical literature has made these reactions a
paradigm for quantitative understandings of ion ± molecule
reactions in general, as evident in two recent high-level
theoretical works.[42, 50]
SN2 reactions provide a plethora of interesting questions.
Consider the simple reaction class represented by Equation (1).
Y  CH2RX ! [Y-CH2R-X]

=

! YCH2R  X
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There is often confusion over the precise electronic
structure factors determining the height of the central barrier
* and E X;F
* in Figure 1). Is the effect dominated by
(E F;X
electrostatic effects, charge transfer effects, resonance delocalization, or something else? Does reaction (1) proceed in a

Figure 1. Energy diagram for a prototypical gas-phase SN2 reaction. Note
the double well with two minima corresponding to ion-molecule complexes.

manner allowing energy randomization, something necessary
for the validity of statistical theories like mVTST (microcanonical variational transition state theory)? SN2 reactions
with simple methyl halide systems do not appear to redistribute energy.[51±56] How frequent is this case? Finally, can
selective vibrational excitation of AX enhance the ability of
the SN2 reaction to cross the central barrier?[51]
The answers to these questions will depend on accurate
descriptions of the double-well potential, in particular the
barriers. Most prior work on SN2 reactions has not employed
methods that can legitimately be said to have chemical
accuracy (defined, as usual, as 1 kcal mol 1 for relative
energies). The principal exceptions are the small systems,
CH3FF ,[34, 42] CH3ClF ,[37, 42] and CH3ClCl .[42, 57] One of
the primary goals of this work is to significantly expand the
number of SN2 reactions characterized to true chemical
accuracy or better, building on the earlier work of some of
us.[50] In ref. [50] Gonzales et al. computed CCSD(T)/
TZ2Pfdif optimized geometries for a series of seven
reactions, CH3XF ! CH3FX (X  F, Cl, CN, OH, SH,
NH2 , and PH2), augmenting this work with single-point
CCSD(T)/aug-cc-pVTZ calculations and MP2/TZ2Pfdif
zero-point vibrational energy corrections. However, some
sizeable discrepancies were found between certain CCSD(T)/
aug-cc-pVTZ and CCSD(T)/TZ2Pfdif energies, particulary
for systems with second-row atoms. In the current paper we
refine the previous energetic results through the use of focal
point analyses.[58, 59]
Several model chemistries currently exist for refining ab
initio energetic predictions. One of the systematic efforts is
the Gaussian-n series developed by Pople, Raghavachari,
Curtiss, and others, including G1,[60, 61] G2,[62] G3,[63, 64] and a
wide number of variants. In fact, G2() was utilized by
Glukhovtsev et al.[36] in evaluating the energetics of two
simple SN2 reactions, CH3ClCl and CH3BrCl . Gaussiann refines the total energy of a system by additively including
effects such as diffuse functions, higher levels of correlation,
and zero-point vibrational energy. There is one empirical
parameter (the HLC, higher level correction) that attempts to
correct for nonadditivities and any remaining theoretical
2174

deficiencies. However, the inclusion of this empirical parameter makes the Gaussian-n approach unpalatable to those
interested in systematic ab initio convergence to the exact
answer. In addition, the average accuracy is about
 1 kcal mol 1 at best, and usually less.
A similar approach in common use today is the CBS-n
(CBS-4, CBS-q, CBS-Q and variants) scheme of Petersson
et al.[65±67] A major difference in the various CBS model
chemistries is the extrapolation of the MP2 energy using the
CBS2 procedure.[68] Previous work shows roughly equivalent
performance for CBS-Q and G2.[66] Certain newer models[67]
include (size-consistent) empirical correction factors for the
various residual theoretical errors. Additional approaches for
energy refinement include the three-parameter energy correction scheme of Martin,[69, 70] and the parametrized configuration interaction (PCI-X) method of Siegbahn et al.[71, 72]
Both of these methods claim better performance than
Gaussian-n schemes for some types of systems.
One of the best of the black-box model chemistries is the
W1/W2 method of Martin and de Oliveira.[73] These methods
are more systematic than the previously discussed methods.
W1 and W2 follow similar protocols: optimize the structure,
extrapolate the SCF, CCSD and CCSD(T) energies, and add
auxiliary contributions (zero-point correction, core correlation, and relativistic effects). W1 sets one empirical parameter
for the exponent of extrapolation for the CCSD and CCSD(T)
energetics, while W2 has no empirical character. In principle,
these methods, particulary W2, are capable of subchemical
accuracy in the energetics.
All of the methods discussed so far (save W2) are in some
manner empirical. Numerous advances have been made in
modern quantum chemistry which provide highly accurate
results without any empirical parameterization. These nonempirical methods rely on an understanding of the asymptotic
behavior of the electron correlation energy with respect to
increasing basis set size. This behavior was originally characterized by Schwartz[74] and Carroll et al.[75] in partial-wave
analyses of the He atom. Their conclusion was that the
correlation energy contribution for singlet pairs from atomic
orbitals of angular momentum l should converge asymptotically as (l1³2) 4.
Extrapolations using these convergence patterns require
basis sets that smoothly converge to the one-particle limit.
This requirement is met by the correlation-consistent family
of basis sets, (aug)-cc-p(C)VXZ, developed by Dunning and
co-workers.[76±82] Most current extrapolation schemes involve
the cardinal number X, corresponding to the highest spherical
harmonic contained in the basis set. Feller was the first to
observe[83] that cc-pVXZ energies plotted against the cardinal
number X can be fit to the exponential form of Equation (2).
E  E1  ae

bX

(2)

However, this form is not in accord with the analytic results of
Schwartz and Carroll, that is, the atomic correlation energy
should fall as (l1³2) 4, much slower than exponential convergence.
An early alternative to the Feller exponential fit for the
correlation energy was proposed by Martin,[84] who relied on
the analytical results of Schwartz[74] to propose an extrapo-
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lated form containing a(X1³2) 4 and b(X1³2) 6. Martin refers
to this fit as Schwartz4 (b  0) and Schwartz6 (b 6 0). Again, X
is the cardinal number in the cc-pVXZ series. Helgaker
et al.[85, 86] popularized the simple integrated Schwartz expression of Equation (3).
E  E1 

b

intermolecular perturbation theory, pioneered by Jeziorski,
Szalewicz and others.[106±109]
Hartree ± Fock based methods: The Morokuma ± Kitaura
(MK) decomposition[102±104] partitions the interaction energy
(Eint) into five components.

(3)

X3

Ultimately the simple form of Helgaker et al. was found to be
slightly superior[73] to the Schwartz4 and Schwartz6 extrapolations of Martin.
The energy refinement scheme utilized in this work is the
focal-point method, developed by Allen and co-workers,[34, 58, 59, 87, 88] which uses the exponential form of Feller[83]
for the SCF extrapolation, followed by a separate power
expansion for the correlation energy (for details see Computational Methods), and additional corrections for auxiliary
effects. Even systems without particularly heavy atoms may
need corrections for core correlation[58, 89±94] and relativistic
phenomena.[95±100] All of these corrections will be combined in
an effort to determine the following energetic quantities for
the title SN2 reactions to subchemical accuracy.
w
E F;X
 E (F ¥ CH3X)

E (CH3X)

E (F )

b
 E [(F CH3 X) =]
E F;X

E (CH3X)

*  E [(F CH3 X) =]
E F;X

E (F ¥ CH3X)

w
E X;F
 E (FCH3 ¥ X )

E (CH3F)

E (F )

E (X )

b
E X;F
 E [(F CH3 X) =]

E (CH3F)

*  E [(F CH3 X) =]
E X;F

E (FCH3 ¥ X )

0
E F;X
 E (CH3F)  E (X )

E (CH3X)

E (X )
E (F )

(4)
(5)
(6)
(7)
(8)
(9)
(10)

As shown in Figure 1, the E w values are complexation
energies, E b is a net activation barrier, E * is a central
activation barrier, and E 0 is the reaction energy. The subscript
(F,X) denotes reactant-side quantities, while (X,F) implies
product-side features.

Decomposition Methods
In addition to the high-level energies obtained from the
aforementioned extrapolations and corrections, energy decomposition analyses were undertaken on the ion-molecule
complexes. Since the days of Coulson, chemists have been
interested in breaking down the interaction of molecules to
quasi-physical components. Coulson[101] himself noted ™it is
generally supposed that there are three distinct contributions
to the total energy of the hydrogen bond. ... They are
A) electrostatic energy; B) delocalization energy; C) repulsive energy. It is probable that a fourth contribution D) dispersion energy should be added to these.∫ Contemporary
chemists continue the tradition of Coulson with a variety of
decomposition schemes which partition molecular interaction
energies.
Modern decompositions fall into two categories: Hartree ±
Fock based and correlated approaches. Two prevalent examples of the former are the Morokuma ± Kitaura (MK)[102±104]
and Reduced Variational Space (RVS)[105] energy decompositions. The most rigorous correlated decomposition is Symmetry Adapted Perturbation Theory (SAPT), a form of
Chem. Eur. J. 2003, 9, 2173 ± 2192
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Eint  Ees  Exr  Epl  Ect  Emix

(11)

This decomposition can best be described by considering the
molecular orbitals of two interacting monomers, A and B. Ees,
the electrostatic energy, is essentially a Coulombic interaction
energy, corresponding to the interaction of the occupied
orbitals of monomer A with the occupied orbitals of monomer B. Epl , the polarization energy, is the result of monomer A (B) responding to the field of monomer B (A) by
mixing the occupied/virtual orbitals within A (B). The polarization energy is often called the induction energy. Exr , the
exchange repulsion energy, is dependent on the antisymmetrization of the occupied orbitals on monomer A and B. Ect , the
charge transfer energy, measures the interaction of the
occupied orbitals of monomer A (B) with the virtual orbitals
of monomer B (A). Finally Emix , the mixing energy, is just the
higher-order correction, which yields the net Hartree ± Fock
result. If Emix is large, the Morokuma ± Kitaura analysis loses
meaning.
The reduced variational space (RVS) decompositon is due
to Stevens and Fink.[105] In spirit it is a modification of the
aforementioned Morokuma ± Kitaura decomposition. The
RVS interaction energy is defined in Equation (12).
Eint  Eesx  Eplx  Ectx  Emix

(12)

In this model Eesx is the exact sum of the MK Ees and Exr . RVS
also explicitly includes exchange in the charge-transfer (Ectx)
and polarization (Eplx) terms by antisymmetrizing the determinants involved in their calculation. This choice effectively
reduces Emix in more strongly interacting systems, making
RVS the preferred decomposition method in such cases.
Symmetry-adapted perturbation theory: Symmetry Adapted
Perturbation Theory (SAPT) grew out of InterMolecular
Perturbation Theory (IMPT), developed originally by Eisenschitz and London.[110] The idea is that intermolecular
interactions are weak, so their effect can be computed using
Rayleigh ± Schrˆdinger perturbation theory. SAPT has a
somewhat different partitioning of the interaction energy
than in the MK and RVS analyses, as given by Equation (13).
HF
Eint  Eelst  Eexch  Eind  Edisp  dE int

(13)

Eelst is essentially the electrostatic component of the MK and
RVS analyses, and Eexch is the exchange contribution. Eind , the
induction energy, is roughly analogous to the MK and RVS
™polarization∫ energy, while Edisp is the dispersion energy, not
present in the aforementioned Hartree ± Fock based analyses.
HF
dE int
collects the higher-order induction and exchange
HF
corrections contained in E int
. SAPT has been sucessfully
utilized to analyze the interaction energy of numerous weakly
bound systems, such as the helium dimer and trimer,[111, 112]
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Ne-HCN,[113] N2-HF,[114] the carbon dioxide dimer,[115] and the
water dimer.[116±119] An excellent discussion of SAPT has been
presented by Mas et al.[117] and Jeziorski et al.[107, 109] SAPT
considers two monomers, A and B, to have an unperturbed
operator H0  H A  H B. The perturbation, V  H H0 , is the
difference between the full Hamiltonian and the Hamiltonians of the isolated monomers. The full Hamiltonian can be
broken down further into H  F  lV  nW, where F  FA 
FB is the sum of the monomer Fock operators and W  WA 
WB is the intramonomer correlation operator (also called the
M˘ller ± Plesset fluctuation potential). Physically l and n are
equal to one. This division naturally leads to a double
perturbation expansion of the interaction energy. Thus the
SAPT interaction energy can be written as given in Equation (14), where (nl) denotes the orders with respect to (V,W).
Eint 

1 X
1
X

nl
nl
(E pol
 E exch


double expansion can be found in the reviews of Jeziorski
et al.[107, 109]

Computational Methods
The structures of reactants, reactant ion-molecule complexes,
transition states, product ion-molecule complexes and products utilized in the focal point extrapolations are the
CCSD(T)/TZ2Pfdif geometries taken from the work of
Gonzales et al.[50] Additionally, RHF, MP2 and CCSD
TZ2Pfdif structures and energetics are given in this paper.
A description of the TZ2Pfdif basis set is available in
ref. [50]. All RHF, MP2,[120] CCSD[121±123] and CCSD(T)[124]
optimizations utilized analytic first derivatives. Harmonic
vibrational frequencies were evaluated at the RHF and MP2
levels of theory using analytic second derivatives. Optimizations were carried out in internal coordinates. All Cartesian
forces at the optimized geometries were below 1.0 
10 6 hartree bohr 1. Core electrons were frozen in the MP2
structure determinations, while the coupled cluster geometry
optimizations correlated all electrons.

(14)

n1 l0

Individual terms in this double expansion are variously
assigned to the four energetic partitions in Equation (13), as
HF
summarized in Table 1. dE int
is computed by subtracting the
components associated with the Hartree ± Fock energy from
HF
E int
. Details on SAPT nomenclature with regards to the
Table 1. Terms in SAPT energy decompositions.[a]
Symbol
E

10
pol

Name

Physical Interpretation

Electrostatic energy

Accounts for damped electrostatic interactions of uncorrelated
(Hartree ± Fock) permanent electric multipole moments of the monomers.
Accounts for damped electrostatic interaction of correlated multipole
moments of the monomers. Contains correlation effects of the lth order in W.
11
 0 by Brillouin×s Theorem.
E pol
Results from exchange of electrons between unperturbed monomers
described at the Hartree ± Fock level.
Accounts for the effects of the intramonomer correlation (of the lth order
in W) on the exchange repulsion.
Originates from the damped interactions between the permanent and
induced multipole moments obtained in the Hartree ± Fock approximation.
Additional exchange repulsion due to the coupling of electron exchange
and the induction interaction in zeroth order with respect to W.
Originates from damped interactions of instantaneous electric multipole
moments of the monomers described at the Hartree ± Fock approximation.
Additional exchange repulsion due to the coupling of electron exchange
and the dispersion interaction in zeroth order with respect to W.
Intramonomer correlation correction (of the lth order in W) to the
dispersion energy.
Intramonomer correlation correction (of the second order in W) to the
induction energy.
Intramonomer correlation correction (of the second order in W) to the
exchange-induction energy.
Term which collects all induction and exchange-induction terms higher than
second order.

1l
l  2,3
E pol

Intramonomer correlation correction to electrostatic energy

10
E exch

Exchange repulsion

1l
l  1,2
E exch

Intramonomer correlation correction to exchange repulsion

20
E ind

Induction energy

20
E exch
-ind

Exchange-induction energy

20
E disp

Dispersion energy

20
E exch
-disp

Exchange-dispersion energy

2l
l  1,2
E disp

Intramonomer correlation correction to dispersion energy

22
E ind

Intramonomer correlation correction to induction energy

t

22
E exch
-ind

Intramonomer correlation correction to exch-ind energy

HF
dE int

Hartree ± Fock mixing

t

Net interaction energies
Electrostatic energy
Eelst

10
1
Eelst  E pol
e pol;resp
(3)

Eind

Induction energy

20
22
Eind  E ind;resp
tE ind

Edisp

Dispersion energy

20
2
Edisp  E disp
e disp
(2)

Eexch

Exchange energy

10
20
1
20
22
t
Eexch  E exch
E exch
-ind;resp e exch (2)E exch-disp  E exch-ind

Notational conventions
2
(2)
E disp

2
20
21
22
E disp
(2)  E disp
E disp
E disp
t

22
E exch
-ind

22
E exch
-ind 

22
E ind

t

t

e(n)(k)

20
E ind
-resp
k
X
e(n)(k) 
E (ni)
i1

[a] See ref. [132]. Quantities with the subscript ™resp∫ appended include orbital relaxation (response) effects.
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The complete database of optimized geometries, energetics
and harmonic vibrational frequencies for this study and
ref. [50] is freely available on the world wide web.[125] This
collection includes the following methods: RHF, B3LYP,
BLYP, BP86, MP2, CCSD, and CCSD(T), along with the
following basis sets: DZPdif, TZ2Pdif, and TZ2Pfdif.
Harmonic vibrational frequencies are not available for CCSD
or CCSD(T). Only the CCSD(T)/TZ2Pfdif geometric data
will be discussed here, as similar trends are manifested in the
lower-level computations as well, particularly for the correlated calculations.
Final results for the energetic quantities depicted in Figure 1 were determined with the focal point method of Allen
et al.,[34, 58, 59, 87, 88] as described below. For the most part the
basis sets employed are the aug-cc-pVXZ basis sets of Dunning
and co-workers.[76±79] Recent work[126±129] has shown that a tight
d function is necessary to describe core polarization effects in
second-row atoms. As such we performed additional extrapolations utilizing the recently developed aug-cc-pV(Xd)Z
basis sets of Dunning et al.[82] for second-row atoms.
The convention for the focal point procedure is that DE is a
relative energy of two species, whereas d denotes an
incremental change in DE with respect to the previous level
of theory; for example d(MP2) is the correction for DE that
MP2 makes to the Hartree ± Fock prediction. The focal point
procedure, as utilized in this work, is as follows:
1) Extrapolate the SCF energy according to the three1
parameter Feller[83] form ESCF  E SCF
 a e bX, where X
corresponds to the cardinal number in the aug-cc-pVXZ
1
basis sets. dE SCF
is computed using these extrapolated
values in Equations (4) ± (10). Additional extrapolations
using the aug-cc-pV(Xd)Z basis sets for second-row
atoms were performed for systems containing Cl, S and P.
SCF energetics were evaluated for X  2 to 5; however,
due to the generally poor performance of the aug-ccpVDZ basis, only the TZ-5Z energies were used for the
extrapolation fit.
2) Extrapolate the MP2 correlation energy according to the
1
two parameter form EMP2 (X)
ESCF (X)  e MP2
 b X 3.
1
The extrapolated MP2 correlation energy, e MP2, is added to
1
E SCF
. This absolute energy is utilized in Equations (4) ±
1
(10) to compute DE MP2
. The increment to the relative
1
1
energy is computed as d(MP21)  DE MP2
DE SCF
. Once
again, TZ-5Z aug-cc-pVXZ energies were employed in
the fit, and additional aug-cc-pV(Xd)Z extrapolations
were performed for the systems containing second-row
atoms.
3) Assume that basis set effects for the coupled-cluster
correlation energies are additive, that is, the CCSD MP2
and CCSD(T) CCSD increments to the relative energies
converge rapidly as one increases X in the aug-cc-pVXZ
series. This approach has been born out in prior
work.[34, 59, 88] The additivity principle is used because augcc-pVQZ and aug-cc-pV5Z coupled cluster calculations
are prohibitive for these large systems. Accordingly, the
increments d (CCSD)  DECCSD
DEMP2 and d[(T)] 
DECCSD(T) DECCSD to the relative energies are computed
with the aug-cc-pVTZ [and when appropriate the aug-ccpV(Xd)Z] basis set in this investigation.
Chem. Eur. J. 2003, 9, 2173 ± 2192
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4) Use unscaled MP2/TZ2Pfdif harmonic vibrational frequencies to compute the zero-point vibrational energy
contributions, D(ZPVE). See ref. [50] for a description of
the TZ2Pfdif basis set.
5) Compute the effect of core correlation, D(CC). Traditional
basis sets, including (aug)-cc-pVXZ, are not designed to
describe core-valence correlation, and thus specially
designed basis sets must be used for this purpose. The
most popular choice is the (aug)-cc-pCVXZ series of
Woon and Dunning.[80] However, the (aug)-cc-pCVXZ
series does not exist for second-row atoms. As such, we
created custom basis sets following a well established
procedure.[92, 130] Essentially this entailed a complete
uncontraction of the sp space of the aug-cc-pV(Td)Z
basis set, followed by augmentation with a tight 2d2f set,
whose exponents were obtained by even tempered extension into the core with a geometric ratio of 3. We will refer
to this basis set as aug-CV(Td)Z. The core correlation
shift is computed as DECCSD(T) (all electron)
DECCSD(T)
(frozen core). Again, Equations (4) ± (10) were used to
compute the magnitude of D(CC). The aug-cc-pVTZ basis
set was used for hydrogen atoms.
6) Compute the scalar relativistic effect, D(Rel), arising from
the one-electron Darwin and mass-velocity operators,[97, 99, 100] using the formalism of ref. [97]. The basis
set utilized was cc-pVTZ for hydrogen, cc-pCVTZ for
first-row atoms, and CV(Td)Z for second-row atoms.
CV(Td)Z is obtained by removing the diffuse spdf shells
from aug-CV(Td)Z. For the reaction containing phosphorus, TZ2Pdif was instead used, due to symmetry and
size constraints.
7) Combine all of the energy terms to give the extrapolated
focal point (fp) approximation (DEfp) to the exact answer.
1
DEfp  DE SCF
 d(MP21)  d(CCSD)  d[(T)]  D(ZPVE)

 D(CC)  D(Rel)

(15)

The MK and RVS computations were performed with the
GAMESS US[131] computational package utilizing the
TZ2Pfdif basis sets. All SAPT calculations utilized the
SAPT96 program of Jeziorski, Szalewicz et al.[132] The geometries utilized for these analyses were the optimized
CCSD(T)/TZ2Pfdif structures of the ion-molecule complexes. Each energy decomposition involved a partitioning of
the supermolecule into two fragments fixed at the geometries
exhibited by them in the complex (as opposed to the
equilibrium geometries of the isolated fragments). Wave
functions for these fragments were computed in the basis set
of the complete molecule (the dimer-centered basis set) and
then used as references for the energy decomposition of the
corresponding ion-molecule complex. The chosen fragments
were simply the attacking (or leaving) anions and the neutral
substrates of the (forward and backward) title reactions,
except for the SH and PH2 reactant complexes, which are best
considered as CH3S ¥ HF and CH3PH ¥ HF. The basis set
utilized for all SAPT computations is a slight modification of
the TZ2Pdif basis set of ref. [50]. Essentially, midbond
functions were added to this basis set at the middle of the line
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segment connecting the pair of substrate/anion heavy atoms in
closest proximity; for example, for FCH3 ¥ F the midbond
functions were placed between the C and the anionic F. The
functions chosen were those recommended by Williams
et al.[108] for use in the water dimer, specifically a 3s2p1d
midbond set with exponents s (0.553, 0.250, 0.117), p (0.392,
0.142), and d (0.328). The resulting basis set does not include f
functions on heavy atoms or d functions on hydrogen, but is
adequate for qualitative analyses of the interaction energy.
w
w
w
For the three complexation energies E F;F
, E F;OH
and E OH;F
,
TZ2Pfdif SAPT results were also obtained, which do not
differ in any significant qualitative way from the corresponding TZ2Pdif values.

Results
The results section will be split into discussion of the ab initio
structures, discussion of the energetic quantities (complexation energies, barriers and reaction energies) and finally,
decomposition analyses of the ion-molecule interaction
energies. These sections will point out qualitative trends,
leaving a statistical analysis for the Conclusion.

Table 2. Average absolute geometric deviations for subgroups of SN2
reaction data.[a]
RHF
rtotal
rX H
rX Y
q
t
rtotal
rX H
rX Y
q
t
rtotal
rX H
rX Y
q
t
rtotal
rX H
rX Y
q
t

MP2

CCSD

intermediates and transition states[b]
0.056 (73, 0.766)
0.006 (62, 0.038)
0.009 (78, 0.047)
0.046 (91, 0.766)
0.004 (59, 0.038)
0.009 (91, 0.039)
0.066 (49, 0.309)
0.010 (62, 0.033)
0.013 (62, 0.047)
2.4 (55, 21.0)
0.4 (47, 3.7)
0.4 (39, 3.2)
4.6 (48, 21.9)
1.2 (68, 7.6)
0.9 (64, 6.8)
first row systems[c]
0.032 (79, 0.224)
0.005 (62, 0.038)
0.007 (85, 0.039)
0.022 (92, 0.038)
0.003 (59, 0.038)
0.004 (92, 0.039)
0.047 (59, 0.224)
0.008 (63, 0.027)
0.010 (74, 0.034)
1.9 (48, 15.9)
0.3 (40, 3.0)
0.4 (43, 3.2)
2.7 (56, 10.0)
0.9 (62, 3.9)
0.5 (56, 3.5)
second row systems[d]
0.060 (77, 0.766)
0.006 (62, 0.033)
0.008 (81, 0.047)
0.053 (94, 0.766)
0.004 (59, 0.023)
0.006 (94, 0.034)
0.069 (53, 0.309)
0.011 (63, 0.033)
0.014 (63, 0.047)
2.3 (57, 21.0)
0.4 (46, 3.7)
0.3 (19, 1.9)
5.1 (47, 21.9)
1.1 (47, 7.6)
1.1 (73, 6.8)
all systems[e]
0.043 (78, 0.766)
0.006 (72, 0.038)
0.007 (83, 0.047)
0.037 (93, 0.766)
0.003 (60, 0.038)
0.004 (93, 0.039)
0.051 (57, 0.309)
0.009 (63, 0.033)
0.011 (70, 0.047)
2.0 (52, 21.0)
0.3 (43, 3.7)
0.4 (32, 3.2)
3.8 (52, 21.9)
1.0 (55, 7.6)
0.8 (65, 6.8)

[a] All values pertain to the TZ2Pfdif basis set. Bond distance deviations

Geometric structures: In order to discuss the energetics of the
are in ä, and bond angle (q) and torsional angle (t) deviations are in
degrees. Numbers in parentheses are the percentage of appropriate
SN2 reactions, some familiarity with the geometric struccoordinates that underestimate the coupled cluster value, followed by the
tures of the associated stationary points is necessary. In our
maximum absolute deviation. [b] For all reactions, leaving group anions
prior work,[50] B3LYP, BLYP, BP86 and CCSD(T) strucand neutral substrates are excluded. [c] All structures, including reactants
tures were optimized with the TZ2Pfdif basis set. In this
and products, for F, CN, OH, and NH2 reactions. [d] All structures,
section we present and compare a full set of TZ2Pfdif RHF,
including reactants and products, for Cl, SH, and PH2 reactions. [e] All
structures for all reactions.
MP2, CCSD and CCSD(T) ab initio structures. The discussion will for the most part be qualitative, as the variation
among the correlated structures is rather small, as shown in
Table 2.
chloride anion and the presence of an earlier transition state.
Figures 2 and 3 present the structures of the leaving group
The reaction of CH3CNF presents the first non-colinear
anions and neutral substrates. These are all tightly bound, closedcomplex, shown in Figure 6. The reactant ion-molecule
shell molecules. As such there is little uncertainty in their
complex is still backside, but the fluoride anion now deflects
structures and no points of contention among the methods.
to form a semicovalent bond with a single methyl hydrogen. In
Figure 4 illustrates the ion-molecule complex and transition
our previous work,[50] the colinear reactant configuration was
state associated with the reaction CH3FF . The C3v ioncomputed to be a second-order saddle point 9 kcal mol 1
molecule complex has the fluoride anion attracted to the
higher (B3LYP/TZ2Pfdif) in energy than the Cs-symmetry
permanent dipole of methyl fluoride with all three heavy
complex. The CCSD(T) H F bond length in the Cs complex is
atoms colinear. The large F C distance of approximately
2.6 ä is consistent with this type of bonding. The
D3h transition state again has the heavy atoms
colinear, with an F C CCSD(T) bond length of
1.826 ä. The only significant variation among the
correlated methods is for the long F C distances
in the ion-molecule complex and transition state.
The first non-identity reaction is CH3ClF ,
shown in Figure 5. We have ion-molecule complexes of electrostatic type, as in the previous
reaction. All heavy atoms are colinear, and the
only variability among the correlated methods is
in the longer, carbon halogen distances. The
product complex has a very long bond, C Cl ,
of over 3.1 ä. The [F ¥ CH3 ¥ Cl] = stretched
bond lengths are also longer than those of the Figure 2. Geometries of the leaving group anions. All bond lengths are in ä and bond angles
previous reaction, due to the increased size of the in degrees. All reported values utilize the TZ2Pf  dif basis set.
2178
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what has previously been discussed, with all four heavy atoms
colinear, and a large CCSD(T)
C C bond length of 3.112 ä.
The transition state has colinear
heavy atoms with an F-CH3
moiety close in structure to that
of the fluoride identity reaction.
Again there is good agreement
among the correlated methods,
with only small variability in the
long bond lengths. The most
correlation sensitive parameter
is the H F distance in the reactant complex, which is 0.2 ä too
large at the RHF level and even
contracted 0.04 ä by the coupled cluster (T) correction.
The situation is more intriguing for the reaction of
CH3OHF , as shown in Figure 7. The reactant complex is
not even a backside complex,
rather the fluoride anion has
migrated to the acidic hydroxyl
hydrogen, forming a semicovalent bond with a CCSD(T)
length of only 1.336 ä. The transition state is no longer strictly
colinear, with the oxygen atom
pushed up towards the unique
methyl hydrogen by 2.18, and
q(C-O-H) bent to 104.28. The
Figure 3. Geometries of the neutral substrate reactants using the TZ2Pf  dif basis set. All bond distances are in
stretched F C and C O bond
ä, bond and torsional angles in degrees. CH3F, CH3Cl and CH3CN are in C3v symmetry, while the others are in Cs.
lengths
are roughly comparable
The heavy atoms and the unique methyl hydrogen are in the plane of the figure. The notation of this and all
with the transition state lengths
subsequent figures has H as a leaving group hydrogen (e.g. the NH2 hydrogen), H' as the unique methyl hydrogen,
and H'' as one of the symmetry equivalent methyl hydrogens.
in the X  F and CN reactions.
It must be emphasized that there
1.498 ä, much shorter than the lengths in the two previous
exists no backside ion-molecule reactant minimum and that
reactions. The product complex is very similar in structure to
the intrinsic reaction path leading from the transition state
does indeed wind smoothly around to the frontside CH3OH ¥
F complex.[50] In fact this situation is found for all the
substrates with acidic hydrogens (CH3OH, CH3SH, CH3NH2
and CH3PH2). The product complex is generally consistent
with previous electrostatic complexes, namely the hydroxyl
anion is interacting with the permanent dipole of methyl
fluoride. However, the heavy atoms are not colinear, with the
CCSD(T) q(F-C-O) angle being 168.78. Gonzales et al.[50]
found the potential energy profile for q(F-C-O) and q(C-O-H)
bending to be very flat. Again the precision among the
correlated methods is quite high, except for the F ± H
distance in the reactant complex.
In Figure 8 the second reaction with a second-row atom,
CH3SHF , shows very similar tendencies to the hydroxyl
reaction. Again the reactant complex is not a backside
complex, rather fluoride attacks the acidic hydrogen. In fact
Figure 4. Geometries of the ion ± molecule complex and transition state
it appears to have completely abstracted the proton, forming a
for the reaction CH3F  F using the TZ2Pf  dif basis set. All bond
H3CS ¥ HF complex. This notion is supported by preliminary
distances are in ä and bond angles in degrees. The ion-molecule complex
Mulliken analyses performed by Gonzales et al.[50] The
has C3v symmetry, while the transition state is of D3h symmetry.
Chem. Eur. J. 2003, 9, 2173 ± 2192
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Figure 5. Geometries of the ion-molecule complexes and transition state
for the reaction CH3Cl  F using the TZ2Pf  dif basis set. All bond
distances are in ä and bond angles in degrees. All structures are of C3v
symmetry.

Figure 7. Geometries of the ion-molecule complexes and transition state
for the reaction CH3OH  F using the TZ2Pf  dif basis set. All bond
distances are in ä, bond and torsional angles in degrees. All structures are
of Cs symmetry. For (H', H'') definitions, see caption to Figure 3.

Figure 6. Geometries of the ion-molecule complexes and transition state
for the reaction of CH3CN  F using the TZ2Pf  dif basis set. All bond
distances are in ä, bond and torsional angles in degrees. The top structure is
of Cs symmetry, while the bottom two are of C3v symmetry. For (H', H'')
definitions, see caption to Figure 3.

2180

CCSD(T)H F bond length is 0.991 ä, within 0.08 ä of the
isolated gas-phase value of hydrogen fluoride.[133] The [F ¥
CH3 ¥ SH] = col has a very similar structure to [F ¥ CH3 ¥
OH] =, but with a notable decrease in q(C-X-H) from 104.2
to 94.48. The distances of the stretched bonds are also
somewhat longer, because the transition state is earlier and
the thiol fragment is larger. The product complex again
appears to be largely a charge-dipole complex, with a very
large CCSD(T) C S distance of 3.347 ä, and a smaller q(C-S-H)
of 94.08. The only geometric parameters exhibiting higherorder sensitivity are the S H distance in the CH3S ¥ HF
complex and the C S separation in FCH3 ¥ SH .
The penultimate reaction considered, CH3NH2F , has its
stationary points illustrated in Figure 9. Again the reactant
complex has fluoride attracted to a single acidic hydrogen.
Due to its large size, and lack of symmetry, for CCSD and
CCSD(T) only TZ2Pdif optimizations on the reactant
complex were performed. This complex has a CCSD(T)
H F distance of 1.613 ä. This is the largest semicovalent H F
bond length in this series of reactions, and it corresponds to
the smallest complexation energy among these semicovalent
adducts (see next section). The transition state is of familiar
structure. Again, as in the OH reaction, the heavy atoms are
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Mulliken charges of Gonzales
et al.[50] In other regards the
transition state and product
complex are very similar to the
NH2 reaction, except that the
PH2 moiety is much more nearly
perpendicular to the heavyatom axis. While the correlated
methods show small variability
in the geometric parameters, the
failure of RHF theory for the
P H and H F distances on the
reactant complex is striking.
Table 2 lists a statistical analysis of the RHF, MP2, and
CCSD structures with respect
to the CCSD(T) reference.
Clearly RHF is poor choice for
the determination of the stationary points of these reactions.
However, the more economical
MP2 and CCSD methods show
little deviation from CCSD(T),
and may be better choices for
the computation of stationary
points for larger systems.

Complexation energies (E w):
The complexation energies, E w,
defined in Equations (4) and
(7), measure the stabilization of
the ion-molecule complexes. As
such they are always negative.
Table 3 summarizes the focal
point analyses of the complexation energies associated with
Figure 8. Geometries of the ion-molecule complexes and transition state for the reaction CH3SH  F using the
Equation (1). In our prior
TZ2Pf  dif basis set. All bond distances are in ä, bond and torsional angles in degrees. All structures are of Cs
work,[50] the frontside complexes
symmetry. For (H', H'') definitions, see caption to Figure 3.
tended to have larger complexw
ation energies, that is, j E F;X
j>
w
not strictly colinear. The product complex has the amine
j E X;F j . Preliminary examinations showed many of these
nitrogen pushed up above the methyl carbon, with a CCSD(T)
structures to undergo charge transfer, in addition to electroq(F-C-N) of 172.28. Note that the q(F-C-X) angles in the
static binding. More will be discussed on this in the Section on
FCH3 ¥ OH and FCH3 ¥ NH 2 complexes are bent from
Energy Decompositions.
linearity in opposite directions. As before, the correlated
Some trends in the complexation energies manifest themmethods exhibit high precision, with limited sensitivity in
selves in the focal point analyses, as shown in Table 3. In all
r (H1 F) and the floppy t(C-N-H1-F) and t(H2-N-H1-F)
cases d(MP21) is relatively small. The mean of the 13 aug-cctorsional angles in the reactant complex, and r (C N) and
pVXZ results is
2.8 kcal mol 1 and the largest is
1
t(H-N-C-H') in the product complex.
4.9 kcal mol . In every case the d(MP21) contribution
The final reaction considered, CH3PH2F , shown in
lowers the complexation energy, that is, stabilizes the ionFigure 10, has stationary points closely analogous to the
molecule complex. d(CCSD) is usually positive (destabilizprevious NH2 reaction. The differences with the inclusion of a
ing), while d[(T)] is always negative (stabilizing). All the
second-row atom are similar to the changes as one goes from
CCSD and (T) contributions are less than 1.1 kcal mol 1 in
the CH3OHF to the CH3SHF reaction. Due to its large
magnitude and partially cancel each other, leaving only a
size, and lack of symmetry, only TZ2Pdif optimizations on
minor modification of the MP2 energetics. The auxiliary
the reactant complex were performed for the coupled-cluster
corrections are all small; D(CC) and D(Rel) are always under
methods. In the C1 reactant complex it appears that the
0.15 kcal mol 1 in magnitude.
fluoride anion has completely abstracted the acidic hydrogen,
It is instructive to compare some of our final energies with
as indicated by the 1.00 ä H F distance as well as the
the best previous results. For the F and Cl leaving groups,
Chem. Eur. J. 2003, 9, 2173 ± 2192
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Figure 9. Geometries of the ion-molecule complexes and transition state for the reaction CH3NH2  F using the TZ2Pf  dif basis set. All bond distances
are in ä, bond and torsional angles in degrees. The top structure is of C1 symmetry, while the bottom two are of Cs symmetry. A Newmann diagram is
provided to clarify the orientations in the C1 molecule. For (H', H'') definitions, see caption to Figure 3. The CCSD and CCSD(T) values for the C1 ionmolecule complex are from the TZ2P  dif basis set.
w
Table 3. Components of extrapolated ion-molecule complexation energies, E X;Y
[kcal mol 1].[a]
1
DE SCF

w
E F;F
w
E F;Cl
w
( d)[b]
E F;Cl
w
E Cl;F
w
E Cl;F
( d)[b]
w
E F;CN
w
E CN;F
w
E F;OH
w
E OH;F
w
E F;SH
w
( d)[b]
E F;SH
w
E SH;F
w
( d)[b]
E SH;F
w
E F;NH
2
w
E NH
2 ;F
w
E F;PH2
w
( d)[b]
E F;PH
2
w
E PH
2 ;F
w
( d)[b]
E PH
2 ;F

11.624
13.940
13.976
6.919
6.919
19.287
6.554
24.819
11.263
35.948
36.125
5.909
6.449
13.572
9.583
16.010
16.187
5.109
5.112

d(MP21)

d(CCSD)

1.669
0.973
0.971
2.803
3.062
3.993
2.295
4.870
1.918
2.094
2.081
2.990
2.689
3.920
2.224
4.259
4.259
2.926
2.911

0.222
0.286
0.260
0.442
0.444
0.552
0.377
0.528
0.048
0.304
0.331
0.482
0.484
0.272
0.139
0.248
0.229
0.548
0.548

d[(T)]

D(ZPVE)

0.444
0.592
0.602
0.434
0.435
0.962
0.387
0.875
0.422
0.566
0.594
0.474
0.475
0.824
0.497
1.055
1.082
0.465
0.466

0.205
0.126
0.126
0.221
0.221
0.668
0.396
0.549
0.773
0.860
0.860
0.384
0.384
0.119
0.760
0.064
0.064
0.542
0.542

D(CC)
0.020
0.052
0.052
0.016
0.016
0.026
0.017
0.043
0.000
0.026
0.026
0.017
0.017
0.013
0.003
0.103
0.103
0.020
0.020

D(Rel)
0.008
0.018
0.018
0.000
0.000
0.006
0.009
0.019
0.140
0.036
0.036
0.002
0.002
0.001
0.014
0.009
0.009
0.015
0.015

Final fp
energy
13.726
15.595
15.614
9.510
9.768
24.917
8.471
30.609
13.018
37.383
37.549
8.522
8.758
17.915
11.388
21.029
21.250
7.415
7.405

[a] See Computational Methods of the text for definitions of the components leading to the final focal point (fp) energies of Equation (15). [b] The suffix  d
1
denotes that the aug-cc-pV(Xd)Z series was used for DE SCF
, d(MP21), d(CCSD), and d[(T)].

high-level previous results are available to make direct
w
comparisons. For E F;F
the two best works are due to
Wladkowski et al.[34] and Parthiban et al.[42] Both of these
2182

studies utilized extrapolation schemes, while the more recent
Parthiban work also includes the effects of core correlation
and scalar relativistic effects. The calculations by Wladkowski
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Figure 10. Geometries of the ion-molecule complexes and transition state for the reaction CH3PH2  F using the TZ2Pf  dif basis set. All bond distances
are in ä, bond and torsional angles in degrees. The top structure is of C1 symmetry, while the bottom two are of Cs symmetry. A Newmann diagram is
provided to clarify the orientations in the C1 molecule. For (H', H'') definitions, see caption to Figure 3. The CCSD and CCSD(T) values for the C1 ionmolecule complex are from the TZ2P  dif basis set.

et al. include D(ZPVE), while those of Parthiban et al. do not.
For comparison we will correct the Parthiban results with our
D(ZPVE), for this and all subsequent comparisons. All three
results are very close: Wladkowski ( 13.58), Parthiban
( 13.52), and present work ( 13.73) kcal mol 1.
When Cl is the leaving group, we have for comparison the
CCSD(T)/aug'-cc-pVQZ//CCSD(T)/aug-cc-pVTZ computations of Botschwina et al.[37] and the aforementioned extrapolations of Parthiban et al.,[42] neither of which is corrected for
zero-point vibrations. The Parthiban extrapolations for nonidentity reactions are not quite as sophisticated as those for
identity reactions, due to lack of symmetry. Using our
D(ZPVE) values to facilitate a direct comparison, we find for
w
w
(E F;Cl
, E Cl;F
: Botschwina ( 15.67, 9.39), Parthiban ( 15.30,
9.29), present work aug-cc-pVXZ series ( 15.60, 9.51),
and present work aug-cc-pV(Xd)Z series ( 15.61, 9.77).
For the larger systems high-level prior work is not available.
We will summarize the best prior results as follows. For CN ,
the best prior work, MP2/6-31G** computations by Shi
et al.[30] (no zero-point correction), assumed a colinear heavy
atom framework. Our prior work[50] showed that only the
product ion-molecule complex was colinear in this reaction.
Chem. Eur. J. 2003, 9, 2173 ± 2192
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w
w
is inappropriate. For E CN;F
Thus direct comparison for E F;CN
direct comparison is possible: Shi ( 8.92), present work
( 8.47). The small basis MP2 calculation somewhat fortuitously computes a value only about 0.4 kcal mol 1 too small
(too negative).
With OH as a leaving group, the best previous work is a
MP2/6-311G(3dp,3df) study by Riveros et al.[134] (with
zero-point correction). They correctly computed structures
without colinear frameworks. The energetic comparison for
w
w
E F;OH
and E OH;F
is as follows: Riveros ( 32.40, 13.60),
present work ( 30.61, 13.02). The differences here are
much more sizeable than in the CN case, despite the use of a
much larger basis set in ref. [134].
As the leaving groups increase in size and number of
electrons, the quality of previously published results diminishes. For SH and NH 2 the best work is the aforementioned
work of Shi et al.[30] Here none of the ion-molecule complexes
have colinear heavy atoms, so direct comparisons are not
meaningful. For PH 2 no prior theoretical work is available.
Finally it is appropriate to compare various energetic
quantities. Table 4 compares CCSD(T)/TZ2Pfdif, CCSD(T)/
aug-cc-pVTZ, and the extrapolated valence focal-point limit
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Table 4. Comparison of E X;Y
[kcal mol 1] evaluated with different theoretical
methods.

CCSD(T)/
CCSD(T)/
TZ2Pfdif[a] aug-cc-pVTZ[b,e]
w
E F;F
w
E F;Cl
w
E Cl;F
w
E F;CN
w
E CN;F
w
E F;OH
w
E OH;F
w
E F;SH
w
E SH;F
w
E F;NH
2
w
E NH
2 ;F
w
E F;PH
2
w
E PH
2 ;F

13.49
14.97
9.83
23.81
8.72
30.08
13.78
37.29
9.58
18.97
12.85
20.16
8.68

14.15
16.04
9.76
24.41
9.08
30.42
13.91
38.90
8.98
18.39
12.60
22.22
8.08

( 15.91)
( 9.76)

( 38.32)
( 8.98)

( 21.61)
( 8.07)

Extrapolated fp
valence limit[c,e]
13.96
15.79
9.71
24.23
8.86
30.04
13.65
38.30
8.89
18.05
12.17
21.08
7.95

( 15.81)
( 9.97)

( 38.47)
( 9.13)

( 21.30)
( 7.94)

Final fp
energy[d,e]
13.73
15.60
9.51
24.92
8.47
30.61
13.01
37.38
8.52
17.92
11.39
21.03
7.42

( 15.61)
( 9.77)

( 37.55)
( 8.76)

( 21.25)
( 7.41)

[a] All electrons correlated. [b] No core electrons correlated. [c] Extrapolated
focal point (fp) limit without D(ZPVE), D(CC), and D(Rel). [d] Extrapolated
focal point (fp) limit with D(ZPVE), D(CC), and D(Rel), as in Equation (15).
[e] Quantities in parentheses are evaluated or extrapolated with the aug-ccpV(Xd)Z series.

with the final answer, the extrapolated focal point energy
including D(ZPVE), D(CC), and D(Rel) corrections.
On average the aug-cc-pVTZ and aug-cc-pV(Td)Z results
are about 0.5 kcal mol 1 different from TZ2Pfdif. The
w
largest difference is 2.06 kcal mol 1 for E F;PH
, between aug2
cc-pVTZ and TZ2Pfdif, which is halved when TZ2Pfdif is
compared to aug-cc-pV(Td)Z. Finally, the base aug-ccpVTZ and aug-cc-pV(Td)Z values are about 0.3 kcal mol 1
larger (more positive) than the extrapolated values; however,
w
. The
the largest such deviation is over 1 kcal mol 1, for E F;PH
2
discrepancy between these two values is decreased when the
w
 d basis set is utilized (down to 0.31 kcal mol 1 for E F;PH
.
2
Still when subchemical accuracy is desired this is a sizeable
difference.

Another interesting feature is the generally good agreement between aug-cc-pVXZ and aug-cc-pV(Xd)Z results.
In only two cases was the deviation larger than 0.5 kcal mol 1
w
w
(E F;SH
and E F;PH
. In particular once the values are extrapo2
lated the differences are never larger than 0.26 kcal mol 1
w
(E Cl;F
. This is in stark contrast with some deviations of
approximately 6 kcal mol 1 for the atomization energies of
smaller molecules.[135] The effects of core polarization are less
important for the energetics associated with these SN2
reactions.
Net and central activation barriers: The barrier heights
associated with these SN2 reactions exhibit more variations
among the incremental contributions than in the E w cases.
The focal point values for E b are listed in Table 5. The first
trend that is immediately noticeable is the increased size of
d(MP21) for some barriers, ranging from 0.59 to
17.18 kcal mol 1. Note that d(MP21) stabilizes the transition
b
state in every case, save E F;CN
. Examination of d(MP21)
b
b
shows that the values for E F;OH and E F;NH
are significantly
2
larger than for the other forward-reaction barriers. This is not
simply attributable to enhanced diradical character, as
examination of the T1 and T2 amplitudes in the corresponding
transition states indicates these quantities to be modest.
Instead, the largest values occur for the [F ¥ CH3 ¥ F] = col, with
maximum absolute T1 and T2 amplitudes of 0.062 and 0.049,
respectively.
The d(CCSD) and d[(T)] increments are also larger for E b
than for E w. The average absolute values for E w are 0.41 and
0.62 kcal mol 1, respectively, as compared to 2.11 and
2.99 kcal mol 1 for E b. Again, d(CCSD) is usually positive,
while d[(T)] is always negative. The systems with second-row
atoms all have negative d(CCSD) increments. The core
correlation shift D(CC) is roughly an order of magnitude
larger for E b than for E w, consistent with valence orbital

b
Table 5. Components of extrapolated net activation barriers, E X;Y
[kcal mol 1].[a]
1
DE SCF

b
E F;F
b
E F;Cl
b
( d)[b]
E F;Cl
b
E Cl;F
b
( d)[b]
E Cl;F
b
E F;CN
b
E CN;F
b
E F;OH
b
E OH;F
b
E F;SH
b
( d)[b]
E F;SH
b
E SH;F
b
( d)[b]
E SH;F
b
E F;NH
2
b
E NH
2 ;F
b
E F;PH2
b
( d)[b]
E F;PH
2
b
E PH
2 ;F
b
( d)[b]
E PH
2 ;F

8.459
9.607
9.708
34.341
34.365
17.118
26.034
28.492
7.623
8.606
8.435
29.217
28.697
45.942
8.287
29.271
29.089
26.057
26.063

d(MP21)
8.019
0.479
0.485
15.084
15.342
0.587
14.397
10.300
9.104
2.803
2.804
16.165
15.846
8.952
10.481
4.565
4.565
17.184
17.158

d(CCSD)
1.351
0.562
0.502
3.649
3.662
1.936
3.600
2.137
1.566
0.152
0.106
4.129
4.148
1.397
2.141
0.357
0.352
4.510
4.528

d[(T)]

D(ZPVE)

2.627
1.803
1.822
3.429
3.442
2.302
3.262
3.225
2.737
2.550
2.580
3.756
3.766
3.323
2.823
3.041
3.074
3.887
3.893

0.159
0.113
0.113
0.895
0.895
0.417
0.131
1.284
0.830
0.406
0.406
0.038
0.038
2.592
1.189
1.237
1.237
0.042
0.042

D(CC)
0.245
0.262
0.262
0.114
0.114
0.628
0.134
0.348
0.211
0.336
0.336
0.113
0.113
0.467
0.182
0.392
0.392
0.130
0.130

D(Rel)
0.054
0.042
0.042
0.122
0.122
0.090
0.026
0.111
0.197
0.084
0.084
0.096
0.096
0.122
0.033
0.119
0.119
0.080
0.080

Final fp
energy
0.805
12.118
12.184
18.574
18.340
13.587
12.215
16.058
1.809
2.947
2.791
13.404
13.212
32.818
1.538
20.345
19.738
9.588
9.631

[a] See Computational Methods of the text for definitions of the components leading to the final focal point (fp) energies of Equation (15). [b] The suffix  d
1
denotes that the aug-cc-pV(Xd)Z series was used for DE SCF
, d(MP21), d(CCSD), and d[(T)].

2184

¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

Chem. Eur. J. 2003, 9, 2173 ± 2192

SN2 Reactions

2173 ± 2192

rehybridization, and hence changes in core penetration of the
valence orbitals, in traversing the transition states. The
relativistic correction also appears to be larger, albeit not by
an order of magnitude; generally, these contributions are now
of the order of 0.1 kcal mol 1, nonnegligible for subchemical
accuracy standards.
The best previous theoretical results may now be compared
to the present values. For the reaction with F as a leaving
b
group, the results for E F;F
(kcal mol 1) are as follows:
[34]
Wladkowski ( 0.77), Parthiban ( 0.50),[42] present work
( 0.81) (see previous section for details on the previous values). Again, the Parthiban et al. result has
been amended with the present zero-point correction. Clearly
there is excellent agreement among the high-level methods.
When Cl is the leaving group, we arrive at the following
b
b
, E Cl;F
 in kcal mol 1: Botschwina ( 12.64,
values for (E F;Cl
[37]
19.28), Parthiban ( 12.43, 19.22),[42] present work ( 12.12,
18.57), present work with the aug-cc-pV(Xd)Z basis sets
( 12.18, 18.34), again in nice agreement.
The only prior work with CN as a leaving group is the work
of Shi et al.,[30] at the MP2/6-31G** level (no zero-point
corrections). As discussed earlier, Shi et al. assumed colinear
heavy atoms throughout the reaction, and as such computed
an incorrect reactant ion-molecule complex (in fact they
computed a second-order saddle point). As such we can only
b
directly compare E CN;F
: Shi (11.67), present work
(12.22) kcal mol 1.
The last leaving group with prior work of appreciable
b
b
quality is OH . For (E F;OH
, E OH;F
 Riveros et al.[134] (zeropoint corrected) compute (16.4, 1.3) kcal mol 1 while the
values in the present work are (16.06, 1.81) kcal mol 1. For
the other systems the prior work either assumes colinear
heavy atoms (SH and NH 2 , or is nonexistent (PH 2 .
Table 6 compares final relative energies for the barriers. We
immediately see larger variation between TZ2Pfdif and augcc-pVTZ/aug-cc-pV(Td)Z, and between these values and
b
the extrapolated energies. In particular, the range in E F;NH
is
2
1
over 2.5 kcal mol . In roughly half of the cases TZ2Pfdif

b
Table 6. Comparison of E X;Y
[kcal mol 1] evaluated with different methods.

CCSD(T)/ CCSD(T)/
Extrapolated fp
TZ2Pfdif[a] aug-cc-pVTZ[b,e] valence limit[c,e]
b
E F;F
b
E F;Cl
b
E Cl;F
b
E F;CN
b
E CN;F
b
E F;OH
b
E OH;F
b
E F;SH
b
E SH;F
b
E F;NH
2
b
E NH
2 ;F
b
E F;PH
2
b
E PH
2 ;F

0.38
11.28
18.24
14.68
12.04
17.76
3.05
1.57
13.01
31.49
2.44
18.43
9.30

1.10
13.16
19.07
12.95
11.67
16.49
3.09
1.97
13.05
34.08
3.62
19.67
9.26

( 12.74)
(18.96)

(2.52)
(12.97)

(20.30)
(9.20)

0.84
12.45
19.48
13.47
12.00
17.11
2.65
3.10
13.43
35.06
2.88
21.31
9.50

( 12.52)
(19.24)

(2.95)
(13.23)

(21.10)
(9.54)

Final fp
energy[d,e]
0.81
12.12
18.57
13.59
12.22
16.06
1.81
2.95
13.40
32.82
1.54
20.35
9.59

( 12.18)
(18.34)

(2.79)
(13.21)

(19.74)
(9.63)

[a] All electrons correlated. [b] No core electrons correlated. [c] Extrapolated focal point (fp) limit without D(ZPVE), D(CC), and D(Rel).
[d] Extrapolated focal point (fp) limit with D(ZPVE), D(CC), and
D(Rel), as in Equation (15). [e] Quantities in parentheses are evaluated
or extrapolated with the aug-cc-pV(Xd)Z series.

deviates from the correlation consistent basis sets by over
1 kcal mol 1.
The central barrier height E * can be thought of as an
extension of E b, using the ion-molecule complex as a
reference, as opposed to the reactants/products. All E * values
are reported as Supporting Information. E * shows the same
trends as E b.
Reaction energies (E 0): The focal point extrapolations for the
reaction energies are summarized in Table 7. The d(MP21)
correction is again very large, save for the OH and NH2
reactions. In all cases but OH, the MP2 contributions are
positive. The coupled cluster corrections have the same trend,
that is, they are substantial in all cases except OH and NH2 .
F , OH and NH 2 are all isoelectronic and electron dense,
0
0
leading to excellent error cancellation for E F;OH
and E F;NH
.
2
Second-row systems have less dense leaving group anions, and

0
Table 7. Components of extrapolated reaction energies, E X;Y
[kcal mol 1].[a]
1
DE SCF

0
E F;Cl
0
( QZ)[b]
E F;Cl
0
E F;Cl
( d)[c]
0
E F;CN
0
E F;OH
0
E F;SH
0
( QZ)[b]
E F;SH
0
E F;SH
( d)[c]
0
E F;NH
2
0
E F;PH
2
0
( QZ)[b]
E F;PH
2
0
E F;PH
( d)[c]
2

43.949
43.949
44.073
8.916
20.869
20.611
20.611
20.262
37.655
3.214
3.214
3.026

d(MP21)

d(CCSD)

14.606
14.606
14.856
14.983
1.196
13.362
13.362
13.041
1.529
12.619
12.619
12.593

4.211
5.246
4.164
5.536
0.572
4.281
4.802
4.254
0.744
4.867
4.913
4.880

d[(T)]
1.626
1.795
1.620
0.959
0.487
1.206
1.333
1.186
0.500
0.846
0.940
0.819

D(ZPVE)
1.008
1.008
1.008
0.548
2.113
0.368
0.368
0.368
3.781
1.279
1.279
1.279

D(CC)
0.148
0.148
0.148
0.494
0.137
0.223
0.223
0.223
0.286
0.262
0.262
0.262

D(Rel)
0.080
0.080
0.080
0.064
0.085
0.012
0.012
0.012
0.089
0.039
0.039
0.039

Final fp
energy
30.693
31.558[d]
30.525
1.373
17.866
10.456
10.851[e]
10.434
34.354
10.757
10.804[e]
10.503

[a] See Computational Methods of the text for definitions of the components leading to the final focal point (fp) energies of Equation (15). [b] This extended
focal point approach extrapolates to d(CCSD1) and d[(T)1] using explicit aug-cc-pVTZ and aug-cc-pVQZ energies in Equation (3) rather than using the
1
, d(MP21), d(CCSD), and d[(T)]. [d] If an
MP2 additivity approximation. [c] The  d suffix denotes that the aug-cc-pV(Xd)Z series was used for DE SCF
additional BD(TQ)/aug-cc-pVDZ contribution is added to this value, the final energy is 32.149 kcal mol 1. See text for details. [e] If BD(TQ)/aug'-cc0
0
( QZ) and E F;PH
( QZ), respectively. See
pVDZ contributions are added to these values, the final energies are 11.500 and 10.076 kcal mol 1, for E F;SH
2
text for details.
Chem. Eur. J. 2003, 9, 2173 ± 2192
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0
Table 8. Comparison of E X;Y
[kcal mol 1] evaluated with different theoretical methods.

CCSD(T)/
TZ2Pfdif[a]
0
E F;Cl
0
E F;CN
0
E F;OH
0
E F;SH
0
E F;NH
2
0
E F;PH
2

29.52
2.64
20.80
6.52
40.22
15.14

CCSD(T)/
aug-cc-pVTZ[b,g]
32.23 ( 31.70)
1.29
19.58
11.08 ( 10.45)
37.71
10.41 (11.10)

Extrapolated fp
valence limit[c,g]
31.93 ( 31.76)
1.49
19.76
10.32 ( 10.29)
37.94
11.81 (11.56)

Final fp
energy[d,g]

Extended fp
energy[e]

30.69 ( 30.52)
1.37
17.87
10.46 ( 10.43)
34.35
10.50 (10.76)

31.56 [ 32.15]
±
±
10.85[ 11.50]
±
10.80[10.08]

Experiment[f]
33.3  2.1
1.7  2.3
17.7  2.0
11.9  2.8
35.4  2.1
13.6  3.5

[a] All electrons correlated. [b] No core electrons correlated. [c] Extrapolated focal point (fp) limit without D(ZPVE), D(CC), and D(Rel). [d] Extrapolated
focal point (fp) limit with D(ZPVE), D(CC), and D(Rel), as in Equation (15). [e] Extended fp analyses based on extrapolations of explicit aug-cc-pV(T,Q)Z
CCSD(T) energies. The values in brackets also include a post-CCSD(T) additive correction obtained from aug-cc-pVDZ or aug'-cc-pVDZ BD(TQ)
computations. See text and Table 7 for details. [f] Values obtained from experimental heats of formation. See ref. [50] for details. For DfH 0o (Cl ) an improved
value of 54.3 kcal mol 1 was adopted here from Hotop and Lineberger.[138] [g] Quantities in parentheses are evaluated or extrapolated with the aug-ccpV(X  d)Z rather than the aug-cc-pVXZ series.

differential correlation effects with F are large. Consequences of this disparity will be discussed in more detail shortly.
d(CCSD) is always negative for E 0, except for OH. In all of
the previous types of energies, d[(T)] was stabilizing, that is, it
lowered the relative energy. This is not the case here, where
only two of six reaction energies are reduced by d[(T)]. The
various corrections are generally of the same magnitude as for
the barriers, but the d[(T)] terms for E 0 are systematically
smaller.
Table 8 lists comparisons of high-level theoretical methods
for obtaining the reaction energy vis-a¡-vis available experimental data. For E 0 the deviation between TZ2Pfdif and
aug-cc-pVTZ/aug-cc-pV(Td)Z is substantial. It is never less
than 1 kcal mol 1, and gets as large as 4.7 kcal mol 1. The
inclusion of the tight d function on the second-row atoms
makes a small difference, usually about 0.3 kcal mol 1.
The best previous work along with the experimental
reaction energies may now be compared with the present
0
work. For E F;Cl
, the high-level methods of Botschwina et al.[37]
and Parthiban et al.[42] (again with our ZPVE correction) give
31.6 and
31.64 kcal mol 1, respectively. The standard
focal-point approach used throughout this study yields
30.69 kcal mol 1 with the aug-cc-pVXZ series and
30.53 kcal mol 1 with the aug-cc-pV(Xd)Z series. The
experimental value of 33.3 kcal mol 1 is substantially more
negative than any of the computed values, although the
 2 kcal mol 1 uncertainty in the experimental heat of formation of CH3F makes this disparity less significant. To
further investigate this issue, an extended focal-point analysis
was executed, whereby CCSD(T)/aug-cc-pVQZ energies
were explicitly computed for reactants and products, and
direct basis-set extrapolations of the CCSD and CCSD(T)
energies were performed with aug-cc-pV(T,Q)Z data via
Equation (3). This fp extension averts the MP2 additivity
approximation in inferring the CBS CCSD(T) limit. It is only
0
feasible for E X;Y
here, as all other energetic quantities in
Figure 1 require CCSD(T) computations for much larger
complexes and transition states. As shown in Tables 7 and 8,
0
the extended focal-point analysis reduces E F;Cl
by a sizeable
1
0.87 kcal mol , yielding almost exact agreement with the
results of refs. [37] and [42]. The nonadditivity effect is
primarily in d(CCSD); d[(T)] is much less affected. The
remaining 1.7 kcal mol 1 disparity between theory and experiment is further reduced if even more electron correlation is
2186

0
energy difference. We computed the
accounted for in the E F;Cl
additive contribution past CCSD(T) with the BD(TQ)
method[136] and the aug-cc-pVDZ basis set, resulting in
0
E F;Cl
 32.15 kcal mol 1 (see Table 8). This extended fp
value is removed from the experimental reaction energy by
just over 1 kcal mol 1, now only about half the experimental
uncertainty.
0
For E F;CN
the standard focal-point value of 1.37 kcal mol 1 is
in excellent agreement with the experimental reaction energy
of 1.7  2.3 kcal mol 1. The previous result of Shi et al.[30] for
0
this quantity is about 6 kcal mol 1 too endothermic. For E F;OH
,
the standard fp procedure gives 17.87 kcal mol 1, the experimental value is 17.7  2.0 kcal mol 1, and Riveros et al.[134]
compute 17.7 kcal mol 1, all in striking agreement. Clearly,
there is a favorable balance of one- and n-particle basis set
effects which is operative for the electron-dense F /CN and
F /OH pairs, unlike the F /Cl case.
0
For SH and NH 2 Shi et al.[30] compute E F;SH

1
0
1
2.68 kcal mol and E F;NH2  46.22 kcal mol . This compares
0
with the present theoretical E F;SH
 10.46 kcal mol 1
0
(aug-cc-pVXZ series), E F;SH  10.40 kcal mol 1 [aug-cc0
pV(Xd)Z series] and E F;NH
 34.35 kcal mol 1 standard fp
2
0
values. The experimental values are E F;SH
 11.9 
1
0
2.8 kcal mol and E F;NH2  35.4  2.1 kcal mol 1. The poor
performance of the small basis MP2 energies of ref. [30] is
apparent.
Finally, for the PH 2 leaving group no prior theoretical
0
values are available, but the present values of E F;PH

2
0
10.50 kcal mol 1 (aug-cc-pVXZ series) and E F;PH

2
10.76 kcal mol 1 [aug-cc-pV(Xd)Z series] compare reasonably well with the quite uncertain experimental value of
13.6  3.5 kcal mol 1. As shown in Table 8 for the extended
focal-point analyses, the MP2/CCSD(T) nonadditivity effect
0
0
on E F;SH
and E F;PH
is only
0.39 and  0.30 kcal mol 1,
2
respectively, less than half the (unusual) size of this effect for
0
E F;Cl
. The post-CCSD(T) increments computed at the aug'-ccpVDZ BD(TQ) level for the SH and PH2 reactions are 0.65
and
0.73 kcal mol 1, quite close to the corresponding
0.59 kcal mol 1 effect for the Cl reaction.

Energy decompositions: The discussion of the ion-molecule
interactions will be broken down into two sections, reactant
complexes followed by product complexes. It is first appropriate to discuss how the energy decompositions will be
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interpreted. The goal is to determine what factors affect the
magnitude of the ion-molecule stabilization (interaction)
energy. In the MK analysis several parameters are significant.
First is the size of the charge transfer term. When Ect and Emix
are large, the interaction energy is large. This implies that
more than simple electrostatic attraction is operative; more
complex types of bonding are taking place. Additionally the
ratio (a) of Equation (16) is useful for qualitative assessment.
a

Ees  Exr  Epl

(16)

Eint

The smaller this ratio the less ™electrostatic∫ the ion-molecule
complex. For the RVS analysis similar parameters may be
used. Large charge transfer implies larger interaction energy.
All of the RVS computations have Emix < 1.6 kcal mol 1; as
such there is little physical significance to its value. The RVS
ratio (b) of Equation (17) is useful in much the same way as
the analogous MK parameter, that is, smaller numbers imply
less ™electrostatic∫ character.
b

Eexr  Eplx

(17)

Eint

Table 9. Energy decomposition values [kcal mol 1] for the reactant ion-molecule
complexes.
F

Cl

Ees
Exr
Epl
Ect
Emix
Eint
a

16.51
8.25
5.70
3.41
0.99
16.38
0.852

17.61
11.03
8.37
5.13
1.71
18.37
0.814

Eesx
Eplx
Ectx
Emix
Eint
b

8.26
5.44
1.39
0.11
14.98
0.915

6.58
8.31
1.78
0.19
16.48
0.909

Eelst
Eind
Edisp
Eexch
HF
dE int
Eint
g

17.45
13.74
5.84
23.73
1.62
14.92
0.500

18.47
18.01
6.93
28.89
2.15
16.67
0.455

2.34
13.73

1.83
15.61

The SAPT components of the interaction energy can be
classified as either Hartree ± Fock or correlated. The Har- E w,corr
Ew
tree ± Fock interaction energy is given by Equation (18).
10
10
20
20
HF
HF
E SAPT
 E pol
 E exch
 E ind;resp
 E exch
-ind;resp  dE int

(18)

Descriptions of the individual terms are given in Table 1. The
subscript ™resp∫ indicates that orbital relaxation effects are
included. The total SAPT interaction energy includes the
correlated terms as well.
HF
corr
Eint  E SAPT
 E SAPT

(19)

The correlation portion of the interaction energy is given by
Equation (20).
1
1
2
20
22
22
corr
t
t
E SAPT
 e pol;resp
(3)  e exch
(2)  E disp
(2)  E exch
-disp  E ind  E exch-ind

(20)

The SAPT results also have some simplified measures that can
be useful. The first is the coefficient (g) of Equation (21),
which is qualitatively analogous to the aforementioned a and
b values.
g

Eelst  Eind  Eexch

(21)

Eint

HF
Additionally, large dE int
implies less ™electrostatic character∫. The induction expansion is slow to converge, and it
corresponds to the interaction of charge and permanent
dipoles with each other. Highly polar molecules, with larger
induction terms (as our systems are) are likely suspects for
HF
large dE int
. Thus the higher-order effects are lumped into
HF
dE int . Finally, larger (in magnitude) dispersion energies, Edisp ,
correspond to less electrostatic character. We must emphasize
that the SAPT dispersion contribution does not contain all of
the correlation effects. Correlation terms are added into each
of the terms, and as such it is not appropriate to compare Edisp
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CN

OH

SH

MK decomposition
39.36
51.21
36.17
41.08
50.68
32.29
14.46
20.56
11.38
21.75
27.47
19.35
6.99
10.66
10.47
27.50
37.90
24.14
0.463
0.556
0.632
RVS decomposition
1.72
0.53
3.88
18.38
22.16
7.37
8.02
11.84
11.46
0.23
0.82
1.26
24.45
35.35
23.97
0.681
0.642
0.469
SAPT decomposition
39.30
50.81
35.59
28.32
46.88
34.49
11.53
13.80
8.97
66.12
87.47
59.07
10.49
13.65
8.58
27.02
37.67
28.57
0.056
0.271
0.385
focal point results[a,b]
4.40
5.22
2.34
24.92
30.61
37.55

NH 2

PH 2

25.01
24.55
10.58
11.83
2.80
20.07
0.550

40.54
39.66
15.92
31.74
24.05
24.48
0.686

0.46
12.65
4.36
0.03
17.44
0.752

0.87
8.71
13.08
1.57
24.23
0.395

25.96
24.13
9.26
45.06
5.40
19.68
0.256

38.55
46.09
10.19
76.03
10.67
29.48
0.292

4.47
17.92

5.11
21.25

[a] E w,corr is the correlation contribution to the complexation energy E w. [b] The augcc-pV(Xd)Z series is used for second-row atoms.

to the total correlation contribution to the complexation
energy.
In addition to all of the MK, RVS and SAPT components
and coefficients, two additional values will be reported. First is
the correlation contribution to the complexation energy,
E w,corr. Second, the final focal point extrapolated complexation energy, E w, will be listed for comparison. These two
quantities cannot be directly compared to the total interaction
energies of the decomposition analyses, as the latter are not
based on the equilibrium structures of the isolated fragments
(see Computational Methods), but they do provide a qualitative gauge of the performance of the decompositions.
The reactant ion-molecule complexes have varying forms.
For X  F, Cl and to some extent CN the form is XCH3 ¥ F .
For X  OH and NH2 , the fluoride is closest to one of the
acidic hydrogens, for example CH3OH ¥ F . Finally, for X 
SH and PH2 the acidic hydrogen has essentially been
completely abstracted by the fluoride anion, leaving a
complex of the form CH3S ¥ HF and CH3PH ¥ HF. As such
it is expected that the complexes display a wide range of
interaction energies. This is indeed the case for E w, which
ranges between 13 and 37 kcal mol 1.
The energy decomposition values for the reactant ionmolecule complexes are listed in Table 9. The reactant
complexes can be compared in numerous ways. Let us
consider the individual components of the decompositions,
starting with the electrostatic contributions. For MK and RVS
the order of decreasing magnitude of electrostatic contributions is (OH, PH2 , CN, SH, NH2 , Cl, F). SAPT has the same
ordering, except that PH2 and CN are switched. The situation
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is different when the electrostatic and exchange terms are
added. The order of decreasing stabilization for MK and RVS
is (F, Cl, SH, PH2 , OH, NH2 , CN), while it is (F, Cl, NH2 , SH,
CN, OH, PH2) for SAPT. Clearly the three methods agree on
the F and Cl complexes. Note that the CN complex is actually
Eesx unstable for the MK and RVS methods, that is, the
exchange term is larger than the electrostatic term; moreover,
OH, NH2 and PH2 are just barely Eesx bound.
When the MK and RVS polarization terms are compared to
the SAPT induction term, they agree on the largest (OH) and
the smallest (F), but the middle ordering is muddled. The
SAPT induction term is much larger than the MK and RVS
polarization terms (but again, this type of comparison is only
qualitative). MK and RVS agree to within 1 kcal mol 1 for Epl
of the F and Cl complexes, but not for the other cases. For the
PH2 complex the values vary by over 7 kcal mol 1 (admittedly
the large MK Emix term diminishes the meaning of the MK
analysis for this complex).
There is no explicit charge transfer term in the SAPT
HF
decomposition, however one can consider dE int
instead. The
three decomposition schemes partition the complexes into
HF
three groups. The largest charge transfer/dE int
values are for
the OH and PH2 systems. The middle group has SH and CN,
followed by the smallest F, Cl and NH2 . In interpreting this
ordering, recall that ™charge transfer∫ in the SH and PH2
systems refers to the CH3S HF and CH3PH HF monomer
sets.
Overall, the complexes can be partitioned into three
groups. The primarily electrostatic complexes are X  F and
Cl. This is born out by examining the aforementioned
parameters. The Morokuma analysis shows a  0.852 and
0.814, respectively, much larger than for the other leaving
groups. The RVS analysis has b  0.915 and 0.909, respectively, again larger than the other leaving groups. Unfortunately
the SAPT g value does not appear to be as useful. It is larger
for F and Cl than in the other cases, but later values in its series
do not appear to be consistent with the MK and RVS trends.
The charge transfer values for the F and Cl complexes are
small for both the MK and RVS analyses, only 21 % and 28 %
of the MK interaction energy, respectively. Finally, the SAPT
HF
analysis shows small dispersion and dE int
for X  F and Cl.
All of these factors indicate the bonding in these complexes is
predominantly electrostatic.
The second group has X  CN, OH and NH2 . These all have
much more stablilized complexes with respect to the first
group. All three complexes have smaller a and b parameters
(a < 0.60, b < 0.80). CN and OH in particular have much
larger MK charge-transfer (79 % and 72 % of the interaction
energy, respectively) and mixing terms, indicating a more
complex type of bonding is occurring with substantial
covalency. The CH3NH2 ¥ F complex has a larger MK and
RVS charge-transfer term than the F and Cl complexes, but its
mixing term is small, and its total interaction energy is not
much larger in magnitude than those of the halide complexes.
One must conclude that the NH2 complex is not purely
electrostatically bound, but the other bonding components
are small.
The third and final group has X  SH and PH2 . In our
previous work,[50] simple Mulliken analyses showed the nature
2188

of these complexes to be CH3S ¥ HF and CH3PH ¥ HF, that is,
a proton was almost completely abstracted by the fluoride
anion. The Mulliken analyses predicted the relative charge on
the ionic portions to be 0.84 and 0.82, respectively. The
trends in the decompositions of these two complexes are very
similar to the prior CN, OH and NH2 cases. a and b are both
small, both have large charge-transfer terms (for both MK and
HF
RVS), and both have large dispersion and dE int
SAPT
contributions. The MK mixing term for PH2 is so large that
realistically the MK decomposition is not meaningful. It is
also interesting to note that the largest disparity in the
interaction energy between the Hartree ± Fock methods and
SAPT is for these two molecules. These two molecules, like
the cases for CN, OH and NH2 , exhibit more than classical
electrostatic bonding.
Ultimately the RVS b parameter seems best in describing
extent of electrostatic character. It gives the following
decreasing order: (F, 0.915), (Cl, 0.909), (NH2 , 0.752), (CN,
0.681), (OH, 0.642), (SH, 0.469) and (PH2 , 0.395). This order
is consistent with the geometric structures and Mulliken
population analyses associated with these molecules.
The decomposition results for the product complexes are
listed in Table 10. Results for the fluoride complex are
repeated for continuity. Here there is far more uniformity
than in the reactant complexes. The range of interaction
energies is only 6 ± 16 kcal mol 1. The complexes exhibit many
of the same trends, small charge-transfer terms for both MK
and RVS, as well as large a and b values (for all but F the a
values are greater than 1 and 0.80 < b < 0.92). In addition, the
dispersion values terms are small (ranging from 3.85 to
HF
6.20 kcal mol 1), as are the dE int
values. The one parameter
with some variability is the MK mixing term, which is less than
2 kcal mol 1 for F and Cl, but larger for the other complexes.
All of the product complexes exhibit primarily electrostatic
character. The similarity of the seven complexes is emphasized by the small range in the correlation contribution
(E w,corr) of 2.31 to 2.83 kcal mol 1.

Summary
A comprehensive database of electronic structure predictions
has been generated and analyzed for the family of SN2
reaction prototypes CH3XF ! CH3FX (X  F, Cl, CN,
OH, SH, NH2 and PH2). For all relevant reactants, products,
intermediates, and transition states, optimized geometries,
harmonic vibrational frequencies, and relative energies were
computed. In the current paper, the RHF, MP2, CCSD, and
CCSD(T) wave function methods were utilized with
DZPdif, TZ2Pdif, and TZ2Pfdif basis sets for geometric
structure determinations, and in ref. [50] corresponding
B3LYP, BLYP, and BP86 density functional studies were
performed. Definitive energetics were ascertained by means
of repeated focal point analyses, designed to extrapolate to
basis set and correlation limits via sequences of aug-cc-pVXZ
computations through X  5 and levels of theory as high as
CCSD(T), or in cases BD(TQ). The effects of core correlation
and special relativity were evaluated separately and included
in the final energetic predictions. Finally, various bonding
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Table 10. Energy decomposition values [kcal mol 1] for the product ion-molecule complexes.
F
Ees
Exr
Epl
Ect
Emix
Eint
a

16.51
8.25
5.70
3.41
0.99
16.38
0.852

Cl

CN

12.27
7.63
3.47
1.57
1.70
7.99
1.015

11.37
6.90
4.55
1.88
3.36
7.55
1.194

Eesx
Eplx
Ectx
Emix
Eint
b

8.26
5.44
1.39
0.11
14.98
0.915

4.64
2.34
0.97
0.00
7.95
0.878

4.47
2.31
0.71
0.00
7.49
0.905

Eelst
Eind
Edisp
Eexch
HF
dE int
Eint
g

17.45
13.74
5.84
23.73
1.62
14.92
0.500

11.95
7.77
4.34
14.77
1.21
10.50
0.471

11.22
6.92
3.85
12.82
0.93
10.10
0.527

E w,corr
Ew

2.34
13.73

2.80
9.77

2.31
8.47

OH
MK decomposition
17.35
10.94
7.63
3.15
4.10
13.09
1.073
RVS decomposition
6.41
5.22
1.37
0.03
12.97
0.897
SAPT decomposition
15.88
10.29
5.79
18.60
1.40
14.76
0.513
focal point results[a,b]
2.39
13.02

SH

NH 2

PH 2

13.46
10.10
4.84
2.37
3.54
7.02
1.168

18.68
13.77
8.23
3.78
5.29
11.64
1.129

12.76
10.00
4.61
2.83
4.09
6.12
1.204

3.36
2.37
1.25
0.02
6.96
0.823

4.91
4.83
1.79
0.15
11.38
0.856

2.76
2.09
1.20
0.00
6.05
0.802

13.02
11.29
4.99
21.47
1.99
9.82
0.289

16.85
13.97
6.20
25.34
2.08
13.75
0.399

11.88
11.41
4.69
21.65
2.32
8.64
0.190

2.68
8.76

2.58
11.39

2.83
7.41

[a] E w,corr is the correlation contribution to the complexation energy E w. [b] The aug-cc-pV(Xd)Z series is used for second-row atoms.

analyses were executed for the intermediates of the SN2
reactions according to the MK, RVS, and SAPT formalisms.
The extent and quality of the database not only provides a
valuable thermochemical resource but also allows trends in
chemical behavior and theoretical performance to be discerned. For the complete dataset, see Supporting Information
of this article and ref. [125].
The forward and reverse SN2 reactions of the CH3XF
systems exhibit diverse energetic and topological features,
with reaction energies spreading between
33 and
 35 kcal mol 1, stabilization energies of ion-molecule intermediates scattering from 7 to 38 kcal mol 1, and net activation
barriers ranging from 12 to  33 kcal mol 1 with respect to
separated reactants. All of the product complexes are backside (FCH3 ¥ X ) and electrostatic in nature, with heavy-atom
frameworks more or less linear, and limited binding energies
(7 ± 13 kcal mol 1). The reactant F ¥ CH3CN complex is a
distorted backside adduct displaying a hydrogen bond to a
single methyl hydrogen. In contrast, the CH3X ¥ F (X  OH,
NH2) reactant complexes are frontside species with a strong,
partially covalent bond of F to an acidic hydrogen; moreover, their X  SH and PH2 counterparts involve virtually
complete proton transfer to yield frontside species of CH3X ¥
HF type. The MK, RVS and SAPT analyses of the ionmolecule complexes are qualitatively consistent with one
another, but differ in numerous details. While the SAPT
scheme is most rigorous and intricate, we find the simple RVS
b ratio of Equation (17) to be the most useful in ascribing
fractional electrostatic versus covalent character.
Our work[50] shows that backside ion-molecule intermediates do not exist on the reactant side of the CH3XF
potential surfaces for X  OH, SH, NH2 , and PH2 . In these
Chem. Eur. J. 2003, 9, 2173 ± 2192
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systems we find the intrinsic reaction path (IRP) to circuitously connect the SN2 transition state to the deep minima of
the frontside structures, in which acidic protons are complexed or even abstracted by the fluoride anion. Accordingly,
the potential surfaces in these four cases do not fit neatly
into the classic double-well picture of Figure 1. In the
chemical reaction dynamics of such SN2 systems, most of the
classical trajectories leading from reactants to products are
likely to skirt the frontside minima, preferring direct backside
attack instead.[137] A disparity between dynamical and adiabatic (IRP) reaction trajectories would thus be manifested.
Statistics for the performance of various theoretical methods, with respect to TZ2Pfdif CCSD(T) standards, on the
geometric structures of the SN2 reaction profiles appear in
Table 2 here and in Table 10 of ref. [50]. For the distances
between partially bonded atoms in the intermediates and
transition states, RHF theory performs poorly. The B3LYP,
BLYP, and BP86 density functional methods give substantially
better results, but interfragment bond distance and angle
deviations as large as 0.24 ä and 398 still occur. Both the MP2
and CCSD methods provide geometric structures exhibiting
< 0.008 ä and < 18 differences from CCSD(T) in overall
distance and angle averages, and these two methods also are
far superior to the DFT functionals in this regard. For work on
larger SN2 systems, MP2 and CCSD are expected to be good
choices for determining geometric structures.
Statistics for the incremental energetics of the SN2 reactions
are given in Table 11. On average, d(MP21) is less than
3 kcal mol 1 for the complexation energies (E w), but greater
than 9 kcal mol 1 for the net barriers (E b) and the reaction
energies (E 0). With respect to reactants or products, this first
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Table 11. Statistics for increments [kcal mol 1] to SN2 energetics.[a]

Ew
Eb
E*
E0

d(MP21)

d(CCSD)

d[(T)]

D(CC)

D(Rel)

2.84
9.08
6.93
9.70

0.34
2.11
1.98
3.36

0.62
2.99
2.37
0.93

0.03
0.27
0.26
0.26

0.02
0.09
0.09
0.06

(100, 4.87)
(92, 17.16)
(85, 14.25)
(17, 14.98)

(23,
(31,
(31,
(83,

0.55)
4.53)
3.98)
5.54)

(100, 1.08)
(100, 3.89)
(100, 3.43)
(33, 1.62)

(38, 0.10)
(0, 0.63)
(0, 0.65)
(0, 0.49)

(15, 0.14)
(100, 0.20)
(100, 0.20)
(50, 0.09)

[a] The principal entries are mean absolute values. The numbers in parentheses are the percentages of the increments that decrease the relative energy
followed by the maximum absolute deviations.

correlation increment strongly tends to stabilize both the
complexes and transition states. In contributing to E 0,
d(MP21) preferentially stabilizes the reactants over the
products. The average magnitude of d(CCSD) is less than
0.5 kcal mol 1 for E w, but about 2 ± 3 kcal mol 1 for the
barriers and reaction energies. The trends in d(CCSD) are
less clear than for d(MP21). Only about 20 ± 30 % of the
complexes and transition states are stabilized, and for 5 of 6
reaction energies d(CCSD) favors the products. For E w and
the barriers, the average magnitude of d[(T)] is similar to but
actually slightly larger than that of d(CCSD), whereas for E 0
the former is less than 1³3 of the latter. The d[(T)] increment is
very consistent in always stabilizing the complexes and
transition states, and it favors the reactants over the products
in most cases. Because the d(CCSD) and d[(T)] contributions
are usually in the opposite direction, the MP2 method, for
which CBS extrapolations are most feasible, is rather good for
these SN2 systems.
The auxiliary corrections for core correlation [D(CC)] and
special relativity [D(Rel)] do not exceed 0.14 kcal mol 1 for
the complexation energies, and the average absolute value of
these E w terms is only 0.03 and 0.02 kcal mol 1, respectively.
For E b and E 0, D(CC) ranges from 0.11 up to 0.63 kcal mol 1,
always increasing both relative energies. The relativistic shift
partially compensates D(CC) for the barriers, ranging from
0.026 to 0.197 kcal mol 1. For the reaction energies D(Rel)
is erratic in sign and always less than 0.09 kcal mol 1 in size.
While the shifts due to core correlation and special relativity
are modest in size, they clearly cannot be neglected if better
than chemical accuracy is sought in theoretical predictions of
SN2 barriers.
The systematic studies of SN2 reaction energetics provide
valuable information on basis set convergence, particularly
for species with second-row atoms. It is instructive to compare
(av, max)  (average absolute, maximum) deviations at the
CCSD(T) level between explicitly computed E w, E b, and E 0
relative energies and extrapolated CBS counterparts. For the
forward and reverse title reactions of first-row systems (X  F,
CN, OH, NH2), the (av, max) statistics for explicit TZ2Pfdif
and aug-cc-pVTZ computations are only (0.73, 2.28) and
(0.38, 0.98) kcal mol 1, respectively. For second-row systems
(X  Cl, SH, PH2), the (av, max) measures for explicit
TZ2Pfdif, aug-cc-pVTZ, and aug-cc-pV(Td)Z computations are (1.58, 3.77), (0.54, 1.43), and (0.27, 0.80) kcal mol 1, in
order. The errors in the TZ2Pfdif results for the Cl, SH, and
PH2 cases, as previously observed in ref. [50], point to the
necessity of diffuse df polarization manifolds in the basis sets
of second-row atoms in computing accurate SN2 energetics.
On the other hand, the tight d functions in the aug-cc2190

pV(Xd)Z basis sets are significantly less important, a
somewhat surprising conclusion considering several earlier
findings.[126±129] Our results confirm that there is a small but
noticeable second-row, core-polarization effect on the relative
energetics, primarily at the Hartree ± Fock level, and about
(0.3, 0.6) kcal mol 1 in the (mean, max) at the aug-TZ level.
Upon focal point extrapolation of the SN2 energetics, the augcc-pVXZ series yields results differing by only (0.2,
0.6) kcal mol 1 in the (mean, max) of the tight-d, corepolarized aug-cc-pV(Xd)Z series limits.
The SN2 reaction energies (E 0) computed here (Tables 7
and 8) by the standard focal point method are not only well
within the experimental uncertainties but serve to substantially reduce the error bars of these fundamental thermochemical quantities. The one exception is the halide exchange
reaction (X  Cl), which is affected by a particularly severe
imbalance in the electronic structures of the fluoride and
chloride anions. In this unusual case, there is a nonadditivity
effect of 0.9 kcal mol 1 in using MP2 extrapolations to infer
CBS CCSD(T) limits. An extended focal point analysis
requiring explicit aug-cc-pVQZ CCSD(T) computations rectifies this problem and makes the discrepancy statistically
insignificant. For the X  SH and PH2 cases, the nonadditivity
effect on E 0 is less than 0.4 kcal mol 1, and it is expected to be
even smaller for the better-balanced first-row systems. For the
reaction energies of the second-row systems, BD(TQ) theory
was used to also compute post-CCSD(T) corrections. Connected quadruple excitations were thereby found to change
the E 0 values by 0.6 ± 0.7 kcal mol 1. The calibrations provided
by the reaction energy data suggest that our overall SN2
energetic predictions exceed chemical accuracy but may still
have errors of several tenths of 1 kcal mol 1, particularly for
the reaction barriers. Further reduction of the uncertainties
would require explicit CCSD(T)/aug-cc-pVQZ and at least
BD(TQ)/aug-cc-pVDZ computations on the composite SN2
systems, as well as an accounting of anharmonic effects on
zero-point vibrational energies.
The definitive energetic results of this study, when compared to the B3LYP, BLYP and BP86 predictions of our recent
investigation,[50] offer firm assessments of these popular DFT
methods. The density functionals perform reasonably well for
ion-molecule complexation energies, systematically underestimating the binding by 1 ± 2 kcal mol 1, with maximum
deviations approaching 5 kcal mol 1. For the reaction energies, the B3LYP and BP86 errors are also in the 1 ±
2 kcal mol 1 range, but BLYP deficiencies range up to
4 kcal mol 1. The downfall of the DFT methods is in their
underestimation of the SN2 reaction barriers. The pure
functionals severely underestimate the net barrier heights
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(E b) by 5 kcal mol 1 on average, with errors ranging up to
9 kcal mol 1. The hybrid B3LYP functional gives barriers
about 2 kcal mol 1 too low in the mean, but no underestimation exceeds 3 kcal mol 1. As discussed in ref. [50], the
inclusion of an optimal amount of Hartree ± Fock exchange
thus appears to be paramount in describing SN2 transition
states. Clearly, there is need for the inclusion of SN2 complexes
and transition states in the molecular parametrization sets for
density functionals, a goal made possible by the definitive
energetics obtained in this study.
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