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The Interplay between Steric and Electronic Effects in Sy2 Reactions

Israel Fernandez,*™ ‘! Gernot Frenking,* and Einar Uggerud*"*!

Abstract: Quantum chemical calcula-
tions for Sy2 reactions of H;EX/X™ sys-
tems, in which E=C or Si and X=F or
Cl, are reported. In the case of the
carbon system we also report on bulki-
er species in which the hydrogen atoms
are substituted by methyl groups. It is
shown how the variation in the individ-
ual energy terms of the Morokuma/
Ziegler energy decomposition analysis

totypical Sy2 reaction of the systems
[X-+R;E-X]~, in which the interacting
fragments are [X--X]*~ and [R;E]*,
have given rise to a new interpretation
of the factors governing the reaction
course. The EDA results for the carbon
system (E=C) show that there is less
steric repulsion and stronger electro-
static attraction in the transition struc-
ture than in the precursor complex and

that the energy increase comes mainly
from weaker orbital interactions. The
larger barriers for systems in which R,
is bulkier also do not arise from in-
creased steric repulsion, which is ac-
tually released in the transition struc-
ture. It is rather the weakening of the
electrostatic attraction, and in particu-
lar the loss of attractive orbital interac-
tions, that are responsible for the acti-

(EDA) scheme along the reaction coor-
dinate from reactants to products pro-
vides valuable insight into the essential
changes that occur in the bond-break-
ing/bond-forming process during Sy2
reactions. The EDA results for the pro-

Introduction

The prototype Sy2 reaction is well known to all chemists,
and constitutes a fundamental point in common understand-
ing of chemical reactivity. In this respect, the work of
Ingold, Hughes and co-workers was essential, in the intro-
duction of the terms Sy1, Sy2, E1 and E2.I! These terms still
form the cornerstones of the conceptual framework in
which a wide range of organic and biological reactions are
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vation barrier. The D3, energy minima
of the silicon homologues [XH;SiX]™ is
driven by the large increase in the elec-
trostatic attractions and also of stron-
ger orbital interactions, while the steric
interactions is destabilizing.

understood, and they also define a central part of the tradi-
tional curriculum in organic chemistry worldwide.**
Although the original definitions of Sy1, Sy2, E1 and E2
are accurate enough, the factors influencing the rates and
mechanistic details of these reaction types are still incom-
pletely understood. The same is true for the understanding
of the factors that place a particular reaction in the land-
scape between these extreme mechanistic alternatives, and
thereby determine product distributions and stereoselectivi-
ties. To some degree this is the result of incomplete knowl-
edge, but the vagueness of the language that is used to de-
scribe the phenomena under study also hampers progress.
Organic chemistry has a tradition of applying operationally
defined terminology. Typical examples include “aromaticity”
and “steric”, “inductive” and “resonance” effects, which
have been termed “unicorns” in chemistry because every-
body seems to know what they mean although they are not
observables.”) These definitions lack the rigorous mathemat-
ical accuracy more typical of physical chemistry and physics.
This cultural difference becomes apparent when quantum
mechanics is applied to organic reactions, because none of
the above terms corresponds to a physical observable.
Sometimes this ambiguity gives rise to interesting and fruit-
ful discussions of great scientific value, but more often it
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creates the potential for alternative interpretations with un-
foreseen misunderstandings in its wake.

Fortunately, insight into the physical factors steering Sy2
reactivity has become much better during the last decades.
Through the study of small model systems in the gas phase,
isolated from influential solvent effects!®—either experimen-
tally by mass spectrometry ¥ or theoretically by quantum
chemical calculations!'*'*—it has become possible to probe
the relationship between the structural features of the react-
ing molecules and their reactivity in greater detail and at a
more fundamental level than before. As an example, the pe-
riodic variation in reactivity is in many cases different be-
tween solution and gas phase, and gas-phase reactivity
trends have been explained in terms of the essential molecu-
lar properties of nucleophiles and substrates.'”?? It has
proven extremely useful to deconvolute the intrinsic kinetic
barrier from the thermodynamic driving force by comparing
non-identity and identity Sy2 reactions.™ The observed
trends are understood at this more fundamental level, but
their translation into the well established terminology of or-
ganic chemistry represents a more challenging task.

In this respect the introduction of an energy decomposi-
tion analysis (EDA) may be useful. The EDA method pro-
vides a particularly consistent approach by dividing the
energy of interaction between a set of predefined fragment
molecules into mathematically unambiguously defined terms
that give the electrostatic, Pauli and orbital contribu-
tions.”>?! The advantage of the EDA is that it delineates
the instantaneous interaction energy between the fragments,
which makes it possible to compare the energy values di-
rectly without using an external standard. In this way it has
been possible to compare the strengths of conjugation, hy-
perconjugation and aromaticity in m-conjugated systems®>°!
and to analyse the nature of a chemical bond in terms of
electrostatic attraction and orbital (covalent) bonding,
which can be further divided into o-, m- and possibly 6-
bonding.[”! Bickelhaupt and co-workers pioneered the sys-
tematic use of this approach for gas-phase E2 and Sy2 reac-
tions.” By applying EDA in combination with their own ac-
tivation strain analysis for Sy2 reactions, for example, they
were able to provide insight into how the passage through a
critical transition structure (TS) affects the different catego-
ries of interactions between a chosen molecular subgroup of
atoms. From this analysis they suggested how steric and
electronic effects may contribute to the barrier height.[*>%]

In the preparation for an energy decomposition analysis
of a chemical reaction, three issues must be given careful
consideration. Firstly, the single determinant wavefunction
to be used must be shown to be sufficiently accurate for the
purpose. Secondly, one needs to be extremely careful not to
over-interpret the outcome of the analysis when translating
it into common organic chemistry terminology, as discussed
above. Thirdly, the particular choice of molecular fragments
for the EDA needs attention, because the absolute values of
each of the energy terms will depend intimately on this.
Here we consider that the correspondence between the en-
ergies and properties of the TS as well as the reactant and
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product states of the Sy2 reaction Y +RX—X +RY can
best be characterised from the fully separated fragments
X +R*+Y 2" Qur choice of fragments differs from that
used by Bickelhaupt and co-workers, who decomposed the
energy of interaction of X~ and RY. In addition to compar-
ing all energies to common origin, our approach has the ad-
vantage of eliminating the use of activation strain analysis
as introduced by Bickelhaupt.®?! Moreover, we think that it
is more realistic to consider the nascent and the breaking
bonds simultaneously because they are closely associated
with each other. This holds in particular for the transition
structure in which the two bonds are equally important. The
advantage of our approach is that it considers not only the
interactions between the attacking nucleophile and the sub-
strate, but also the energy changes in the system that arise
from the breaking of the bond of the leaving group. Here
we show that through capture of both effects—that is, the
formation of the new bond and the concomitant rupture of
the bond of the leaving group—the information relating to
the energy terms responsible for the activation barrier be-
comes significantly different from that of any traditional
viewpoint.

Here we analyse how the critical energy of a given S\2 re-
action depends on a number of crucial structural factors
during the reaction, including the roles of the nucleophile/
nucleofuge (leaving group), the substrate R, and the proper-
ties of the central atom at the reaction centre.

Experimental Section

The geometries of the molecules have been optimized at the DFT level
of theory by use of the OPBE functional,®! which has recently been rec-
ommended for modelling of S\2 reactions involving pentacoordinate
carbon in their transition structures.”™ Uncontracted Slater-type orbitals
(STOs) were employed as basis functions for the SCF calculations.™ The
basis sets are of triple-§ quality augmented by two sets of polarization
functions: p and d functions for the hydrogen atoms and d and f functions
for the other atoms. This level of theory is denoted as OPBE/TZ2P+. An
auxiliary set of s, p, d, f and g STOs was used to fit the molecular densi-
ties and to represent the Coulomb and exchange potentials accurately in
each SCF cycle.’”! The vibrational frequencies of the optimized structures
have been calculated in order to investigate the natures of the stationary
points. The Hessian matrices of the optimized geometries have only posi-
tive eigenvalues for a minimum on the potential energy surface, whereas
a transition structure gives rise to one negative eigenvalue. The calcula-
tions were carried out with the program package ADF 2007.01.°% For
calibration purposes we also performed single-point energy calculations
at the CCSD(T) level of theory by use of the triple-zeta quality def2-
TZVPP basis set™ on the OPBE/TZ2P+ geometries. These calculations
were performed with the GAUSSIAN 03 suite of programs.*!

The interactions were analysed by means of the energy decomposition
analysis (EDA) of ADF, which was developed by Ziegler and Rauk® by
a procedure similar to that suggested by Morokuma.”” EDA has proven
to give important information about the nature of the bonding in main-
group compounds and transition-metal complexes.”>!! The focus of the
bonding analysis is the instantaneous interaction energy (AE;,) of the
bond, which is the energy difference between the molecule and the frag-
ments in the electronic reference state and frozen geometry of the com-
pound. The interaction energy can be divided into three main compo-
nents:
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AEiy = AE g+ AEpui+AE o, @

AE,, gives the electrostatic interaction energy between the fragments,
calculated by use of the frozen electron density distribution of the frag-
ments in the geometry of the molecules. The second term in Equation (1),
AEp,,;, refers to the repulsive interactions between the fragments, which
are caused by the fact that two electrons with the same spin cannot
occupy the same region in space. AEy,,; is calculated by enforcing the
Kohn-Sham determinant on the superimposed fragments so that they
obey the Pauli principle by antisymmetrization and renormalization. The
stabilizing orbital interaction term (AE,,) is calculated in the final step
of the energy partitioning analysis when the Kohn—Sham orbitals relax to
their optimal form. This term can be further partitioned into contribu-
tions from the orbitals belonging to different irreducible representations
of the point group of the interacting system. The interaction energy
(AE;,) can be used to calculate the bond dissociation energy (D.) by
adding AE,,.,, which is the energy necessary to promote the fragments
from their equilibrium geometry to the geometry in the compounds
[Eq. (IT)]. The advantage of using AE;, instead of D, is that the instanta-
neous electronic interaction of the fragments is analysed, which yields a
direct estimate of the energy components.

=D, = AE ., +AE;, (II)

Results

Effect of nucleophile: A typical gas-phase Sy2 reaction is
characterised by the so-called double-well potential energy
function™! as illustrated in Figure 1. On the way from infin-
itely separated reactants X +RX to the TS there is a poten-
tial energy minimum corresponding to the ion/molecule
complex [XR--X]~, which has one long distance R---X be-
tween the central atom of the group R and the nucleophile
X and one short interatomic distance X-R between the
leaving group X and R. The latter distance is usually only
slightly longer than in the equilibrium structure. The degen-
erate substitution reaction from [XR--X]™ to [X-RX]™
passes through the transition structure [X--R--X]~ in which
the R--X distances have the same value. The energy differ-
ence between the transition structure and the separated re-
actants X +RX gives the critical energy (E*). In the absence
of a central energy barrier this function collapses into a
single-well function.

X+ R"+X

Figure 1. Depiction of the symmetric double-well potential diagram of an
identity S\2 reaction.
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Table 1 shows the value of the critical energies (E*) for
the various reactions investigated in this study. We will start
by discussing the results for the reactions:

F~+CH,F — FCH,+F~ (1)

Cl~+CH,Cl — CICH,+CI~ 2)

Previous investigations have shown that Reaction (2) has a
lot in common with Reaction (1).! The barrier of Reac-
tion (2) is ~5 kcalmol™! higher than for Reaction (1), and
the E" value for the chlorine system is 0.1 kcalmol™! at
CCSD(T)/TZVPP. Like Swart et al., we find that the hybrid
density functional OPBE/TZ2P+ offers a computationally
attractive alternative in combining sufficient accuracy with
economy.”*! The critical energy compares favourably with
those obtained for the highly correlated wave function
CCSD(T)/TZVPP//OPBE/TZ2P+ (Table 1). Moreover, and
importantly for our purposes, OPBE gives rise to a one-de-
terminant formulation of the wave function consistent with
the EDA approach outlined above.

Table 1. Critical energies (E*; see Figure 1) in kcalmol .

System OPBE/TZ2P+ CCSD(T)/def2-TZVPP//OPBE/TZ2P+
[F-Me--F]~ —45 —54
[Cl-Me-Cl]-  +24 40.1
[F-Et-F]" —0.5 —40
[F-iPrF]~ +3.0 26
[F-Bu-F]~  +10.0 425
[F-SiH,~F]~  —583 —66.5
[Cl--SiH,~CI]~ —27.0 ~313

Our EDA investigation is anchored to the CH;*+
[X-X]* fragments. This choice has the advantage that both
the reactant and the TS can be analysed from a common
reference point and because the key physical quantity, the
critical energy, is the difference in the relevant energy
terms; E*=ER°—E™, as is evident from Figure 1. In addi-
tion, this allows for a straightforward analysis of the binding
situation at any point along the entire reaction pathway.
There are three particular points along the calculated path-
way [CH5-X]".

1) At r(C-+-X)=o0 the EDA values are associated with the
formation of CH,;X from the components R* and X".

2) The second key point along the minimum reaction path
is the transition structure for the nucleophilic substitu-
tion where both C-X distances have the same value.

3) The third point, the ion/molecule complex [XCH;-X]",
lies in-between points 1) and 2). It corresponds to a true
minimum energy point for X=F, CL

Despite the fact that the ion/molecule complexes are
minima along the reaction pathway, the details regarding
their exact relationship to the topography of the potential
energy surface are rather unimportant in our analysis be-
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cause the following discussion focuses on the end points 1)
and 2), because only these structures determine the critical
energy (=the energy difference).

Figure 2a and b show the trend of the different energy
terms along the pathway from the reactants starting at »(C—
X)=6.0 A to the transition structure for the degenerate Sy2
reactions CH;X+X~ (X=F, Cl), which exhibit remarkable
features. Table 2 gives the differences in the energy terms of
the EDA between the approaching reactants at an early
stage (r=6.0 A) and the transition structure for the Sy2 Re-
actions (1) and (2) at various distances.

Perhaps the most surprising result is that the Pauli repul-
sion (AEp,;) at the transition structures is significantly
weaker than in the beginning of the reaction. Figure 2a and
b show that AE,,,; continuously decreases along the reac-
tion pathway. This means that the increase in the Pauli re-
pulsion between the attacking nucleophile X~ and the H;C*
group in [X:-H;C--X]~ is compensated by the weaker repul-
sion between the leaving group and H;C*. This is a very im-
portant finding, because the steric repulsion has previously
been identified as a crucial factor for the Sy2 reaction.’?

Another intriguing finding is the similarity between the
curves for the total interaction energy (AE;,) and the elec-
trostatic term (AE,,), Which holds particularly for X=F
(Figure 2a). The absolute values and the trend of AE;, and
AE . in this system closely resemble each other. This is
surprising because nucleophilic substitution is usually dis-
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Figure 2. EDA plots for the CH;X+X~ S\2 reactions computed at the
OPBE/TZ2P+ level. a) X=F, b) X=CL
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cussed in terms of orbital interactions in which the
0 HOMO of the nucleophile interacts with the o* LUMO of
the substrate. Figure 2a shows that the orbital interactions in
the system [XH;C--X]™ along the reaction pathway are
quite large and that, as would be expected, they come
mainly from the a;(0) orbitals, whereas the e(xt) bonding,
which originates from the donation of the fluorine p(x) orbi-
tals into the m* orbital of CH;* is much weaker. However,
the change in the attractive orbital interactions appears to
be compensated by the Pauli repulsion, which originates
from the interactions between the occupied orbitals of the
fragments. Figure 2 shows that the curves for AEp,,; look
like mirror images of the AE,,, curves.

A closer look at Figure 2a and 2b reveals interesting de-
tails. In the region between r(C-X)=6.0 A and the equilibri-
um value for the ion/molecule complex [XH;C--X]~, where
X=F, Cl, the interaction energy (AE;,) becomes more at-
tractive and so does the electrostatic term (AE,,), wWhile
the attractive orbital interactions (AE,y;) decrease. The
shape of the curves suggests that the driving force for the
formation of the [XH;C--X]~ complex comes from the elec-
trostatic term (AE.y,). The calculated numbers given in
Table 2 support this. The energy values for the different
terms of the system [F---H;C-F]™ indicate that there is a de-
crease in the attractive orbital term (AE,,) by 19.8 kcal
mol™! and a decrease in the repulsive term (AEp,;) by
17.6 kcalmol ! between r(C-X)=6.0 A and the equilibrium
value for the ion/molecule complex. This gives a net destabi-
lization of 2.2 kcalmol ™. The crucial factor that stabilizes
the ion/dipole complex comes from the electrostatic attrac-
tion (AAE, ), Which increases by 24.6 kcalmol ™. A similar
situation is found for the chlorine system [Cl---H;C--Cl]~
(Table 2). The attractive orbital interactions decrease by
AAE,,=17.5kcalmol™' and the Pauli repulsion decreases
by AAEp,,;=10.4 kcalmol ™!, but the electrostatic attraction
increases by 32.1 kcalmol .

In the region between the ion/molecule complex and the
transition structure, the interaction energy (AE;,) becomes
less attractive in the final part of the reaction coordinate
(Figure 2 and Table 2). Both attractive terms AE,g, and
AE,;, decrease when the transition structure is approached,
but the repulsive Pauli interactions (AEp,,;) also decrease.
The wvalues in Table2 show that, for the system
[F--H;C-F]~, part of the weakening in the attractive inter-
action energy (AAE,,=25.6kcalmol™') between the ion/
molecule complex and the transition structure comes from
the loss of electrostatic attraction (AAEq,=13.9 kcal
mol '), whereas a larger part comes from the significant loss
in attractive orbital interactions (AAE,,=49.7 kcalmol™),
which is not fully compensated by the decrease in the Pauli
repulsion (AAEp,,;;=37.9 kcalmol™"). This effect is more
dominant in the chlorine system [Cl--H;C--Cl]~. Table 2
shows that, in that system, the weakening in the attractive
interaction energy (AAE;,=27.6 kcalmol™') between the
ion/molecule complex and the transition structure originates
mainly from the difference between the loss of orbital at-
traction (AAE,,=742kcalmol™!) and Pauli repulsion
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Table 2. Change in the energy terms of the EDA for the systems [XR;E-X]~ between r(E--X)=4.0 A and the pentacoordinated systems [X-R;E-X]"
in which both E-X distances are the same. Energy values in kcalmol ™, distances in A.

CH,F/F~
H(E~X) 6.0 4.0 3.0 275 2.73 (min) 25 225 2.0 1.825 (TS)
AAE,, 0.0 -22.6 ~39.4 —433 —435 —453 —41.8 —28.7 -17.9
AAEp, 0.0 -8.6 -16.0 -175 -17.6 —183 —182 -26.0 -55.5
AAE 0.0 211 -395 —453 —45.8 -513 —55.8 -51.6 -31.9
AAEq, 0.0 7.1 16.2 19.6 19.8 243 322 489 69.5
AAE, (a)) 0.0 58 13.6 16.3 16.5 19.8 252 36.1 513
AAE,, (€) 0.0 13 2.6 33 34 45 7.0 12.8 18.1
AAE,, 0.0 174 303 337 338 358 342 256 17.0
AAE 0.0 -52 -9.1 -9.6 -9.7 -95 -7.6 -3.1 -0.9
CH,Cl/Cl
H(E~X) 6.0 4.0 3.417 (min) 3.0 275 25 2299 (TS)
AAE,, 0.0 —18.8 ~25.0 —272 241 ~12.8 26
AAEp, 0.0 —6.7 ~10.4 ~13.8 ~16.7 ~26.3 —63.6
AAE 4 0.0 221 3.1 —403 —44.8 —44.6 -255
AAEq,, 0.0 10.1 17.5 26.9 373 582 91.7
AAEq, (a)) 0.0 92 16.0 244 333 50.7 78.7
AAE,, (€) 0.0 0.9 1.6 25 4.0 75 13.0
AAE,., 0.0 14.9 20.5 237 226 15.8 3.1
AAE 0.0 -39 —45 -35 -15 3.0 57
E(F/F~
H(E~X) 6.0 40 3.0 275 25 225 2.0 1.870 (TS)
AAE,, 0.0 ~22.0 -37.6 —414 —42.9 -385 242 ~13.6
AAEp, 0.0 ~10.0 —17.4 —18.9 -19.8 221 —424 —845
AAE 0.0 -20.1 -29.1 -335 -37.9 —40.1 ~28.9 —34
AAEq, 0.0 8.0 8.9 10.9 14.8 236 472 743
AAEq, (2) 0.0 8.6 8.8 10.9 14.7 226 432 67.9
AAEq, (a”) 0.0 -05 0.1 0.0 0.1 1.0 4.0 6.3
AAE,, 0.0 16.6 295 33.0 35.1 332 24.1 15.2
AAE 0.0 —5.4 -8.1 -84 -7.8 -53 —0.1 16
iPrE/F
H(E~X) 6.0 40 3.0 275 225 2.0 1.908 (TS)
AAE,, 0.0 -27.8 —40.7 —41.6 325 —13.8 —6.2
AAEp, 0.0 -78 3.1 —0.4 -3.6 —47.8 ~90.2
AAE . 0.0 —26.4 -50.7 —48.1 —47.0 ~19.2 6.8
AAEq,, 0.0 6.4 6.9 6.8 18.0 532 771
AAE, (2) 0.0 8.9 13.9 12.8 227 543 76.1
AAEq, (2" 0.0 -25 —6.9 —6.6 —46 ~11 1.0
AAE,, 0.0 17.7 27.9 31.0 32.1 216 15.9
AAE 0.0 —10.1 —12.8 -10.6 —0.4 78 9.1
{BuF/F-
r(E-X) 6.0 40 3.0 2.75 25 225 2.0 1.983 (TS)
AAE,, 0.0 ~28.8 412 —34.4 22,9 9.8 42 8.6
AAEp, 0.0 -7.7 6.0 16.2 20.6 43 ~60.0 —923
AAE 1 0.0 ~252 —525 -583 -576 —442 —43 15.4
AAEq, 0.0 40 53 77 142 302 68.4 85.6
AAEq, (2) 0.0 6.5 112 15.5 217 355 69.2 84.5
AAEq, (a") 0.0 -25 —6.7 -7.8 -75 -53 —0.8 0.9
AAE 0.0 17.9 276 252 216 185 123 8.0
AAE 0.0 ~10.9 —13.6 9.2 -13 8.7 16.5 16.6
SiH,F/F~
H(E~X) 6.0 4.0 3.0 275 25 225 2.0 1.750 (min)
AAE,, 0.0 -188 -358 —425 -512 —62.4 -755 —86.5
AAEp,i 0.0 44 -52 -30 25 142 39.4 94.4
AAE 4, 0.0 ~18.6 —34.4 —40.8 —49.9 ~63.9 -872 ~128.0
AAEq,, 0.0 42 38 12 -38 —12.6 —27.7 -52.9
AAEq, (ay) 0.0 2.6 1.0 ~16 —63 ~137 —248 —402
AAE,, (¢) 0.0 L5 2.8 2.9 25 1.0 —3.1 127
AAE e, 0.0 12.9 19.9 215 233 26.0 29.1 343
AAE 0.0 -5.9 ~15.9 —21.0 -27.9 ~36.7 —46.4 -522
SiH,Cl/CI-
r(E-X) 6.0 40 3.0 2.75 25 2.316 (min)
AAE,, 0.0 ~146 -258 ~30.1 —3438 -37.6
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SiH,Cl/Cl™
AAEp, 0.0 —65 —64 -1.0 118 304
AAE 4 0.0 ~17.4 -32.8 —40.1 ~51.0 -63.1
AAEq,, 0.0 94 13.4 11.0 43 -5.0
AAE,, (a)) 0.0 6.0 56 3.1 2.8 94
AAEq, (€) 0.0 34 73 79 7.1 -5.8
AAE,., 0.0 92 113 11.7 125 14.0
AAE 0.0 —5.4 —145 —18.4 -223 -23.6

[a] Energy difference between r(E-X)=6.0 A and the equilibrium distance of the complex. [b] Energy difference between the equilibrium distance of
the complex and the transition structure. [c] Energy difference between r(E—X)=6.0 A and the transition structure.

(AAEp,,;;=53.2 kcalmol ), yielding a net destabilization of
21.0 kcalmol™!. The remaining contribution to the total
energy increase comes from the loss of electrostatic attrac-
tion, which amounts to AAE,, =6.6 kcalmol'. Figure 2a
and b show, however, that the electrostatic attraction first
significantly increases in both systems when the distance be-
tween the nucleophile and the substrate becomes shorter
than in the equilibrium complex [XH;C--X]~ (X=F, ClI).

The values for the overall change in the energy terms on
moving from r(E-X)=6.0 A to the transition structure,
yielding the critical energy (E*), indicate that the Pauli re-
pulsion (AEp,,;) and the electrostatic interaction (AFE )
actually stabilize the transition structure because the Pauli
repulsion becomes weaker and the electrostatic attraction
becomes stronger in the transition structure. The energy in-
crease comes solely from the significantly weaker orbital
term (AE,).

Effect of substrate: Below we discuss the energy changes
[F-~R;C--F]~ when R becomes bulkier than hydrogen. To
this end we analysed the interaction energies for Reac-
tion (1) (above), together with the following reactions:

F~+CH,F — FCH,+F" (3)
F~+CH,CH,F — FCH,CH,+F~ (4)
F~+(CH,),CHF — FCH(CH,),+F~ (5)
F~+(CH,);CF — FC(CH,);+F~ 6)

Table 1 shows that the barrier increases with the size of the
alkyl group, thus following the normal reactivity trend
(Table 1). There are some quantitative differences between
the absolute values of the critical energies between OPBE
and CCSD(T) but the relative trends are the same. We
therefore gauge that OPBE provides sufficiently consistent
results to allow for a reliable EDA trend analysis. To what
degree is this trend the result of the steric bulk of the sub-
stituents, and to what extent is it due to electronic effects
from the methyl substituents at the carbon?

The energy profile for Reaction (1) has already been
given in Figure 2a. Figure 3a-c show the changes in the
EDA components for Reactions (4)—(6). The minima ob-
served for AE;, do not coincide exactly with the minimum-
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energy geometries for [F-~R;CF]” for two reasons. Firstly,
the effect of AE,,,, is not considered (we will return to this).
Secondly, the data presented here are the result of enforcing
a linear X-C-X arrangement. The optimum complex geo-
metries deviate somewhat from this, although not to a very
significant degree, and the complexes do essentially have
the correct [F-+R;CF]~ arrangements. For the purpose of the
bonding analysis in this work we think that the enforcement
of a linear X-C-X arrangement has a negligible effect on
the conclusions drawn.

Both Table 2 and Figure 3 show that the decrease in the
attractive interaction energy (AAE;,) between the reactants
and the transition structures has the expected order CH; <
CH;CH, < (CH3;),CH < (CHj;);C. The increase in the activa-
tion barrier thus directly correlates with the intrinsic interac-
tion energies. Figure 2a and Figure 3 a—c suggest that the de-
crease in the Pauli repulsion (AEp,,;) between r(C-F)=
6.0 A and the transition structure is particularly large for the
sterically most congested system [F-~-Me;C-F]™. This is
quantitatively supported by the calculated change in the
Pauli repulsion: AAEp, ;= —84.5 kcalmol ™' (Table 2). Visual
inspection also shows that the curves for AE;, and AE, .,
exhibit larger deviation when the central alkyl moiety is
bulkier. To the extent that the Pauli term is related to steric
repulsion, this is indeed a significant observation. It is inter-
esting to note that the absolute values of AEy,,; for all four
TSs are very similar (Figure 3): that is, they are independent
of the number of methyl groups attached to the central
carbon atom. We do realize that the C—F bond lengths
become longer when the size of the alkyl group increases.
However a lengthening occurs both for the TS and for the
reactant.

Table 2 shows that the changes in the interaction energy
(AAE;,) between r=06.0 and the transition structures in the
systems [F--R;C-F]~ significantly decrease from R;=Hj,
(=17.9 kcalmol ™) to Ry=H,Me (—13.6 kcalmol™'), R;=
HMe, (—6.2 kcalmol™') and R;=Me; (8.6 kcalmol™!). The
data also show that there is a concomitant increase in the al-
teration of the Pauli repulsion given by AAEp,;, from R;=
H, (=55.5 kcalmol ") to R;=H,Me (—84.5 kcalmol '), Ry =
HMe, (—90.2 kcalmol™), and R;=Me; (—92.3 kcalmol ™).
As with the previous systems, the destabilizing forces in the
transition structures come mainly from the weaker orbital
interactions. The AAE,; values show the trend R;=Hj;
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Figure 3. EDA plots for the RF+F~ S\2 reactions computed at the
OPBE/TZ2P+ level. a) R=Et, b) R=iPr, and ¢) R=/Bu.

(69.5 kcalmol™), Ry=H,Me (74.3 kcalmol™'), R;=HMe,
(77.1 kcalmol '), and Ry=Me; (85.6 kcalmol ). A signifi-
cant contribution to the increase in the activation barrier
also comes from the Coulomb interactions. The AAE,
values (Table 2) show that the electrostatic attraction in the
parent system with R;=Hj; increases in the transition struc-
ture by 31.9 kcalmol~'. The contribution of AAE,,, is much
smaller for R;=H,Me (—3.4 kcalmol ') and it becomes de-
stabilizing in the transition structures of the bulkier systems.
The calculated values are Ry;=HMe, (6.8 kcalmol™) and
R;=Me; (15.4 kcalmol™!). The latter values underline the
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crucial role of the Coulombic interaction for the trend of
the activation energy in the system [F--R;C---F]”. We could
not locate energy-minimum structures for the bulkier sys-
tems with R;=H,Me, HMe, or Me;, but the trend in the
energy values for the different terms in the latter systems
(Table 2) clearly indicates that the electrostatic attraction
decreases and that the orbital term becomes significantly
less stabilizing when approaching the transition structure.

Effect of the central atom: Although knowledge of penta-
coordinated main group elements is old, Sglling and Radom
were probably the first to apply quantum chemical methods
to characterise identity Sy2 reactions without a central barri-
er (E*=—FE’; Figure 1).1**! The result is a single-well po-
tential energy function in which the prototypical symmetric
TS has become a potential energy minimum. This condition
often occurs when the central atom is changed from carbon
to main group elements of the third row, or for electroposi-
tive nucleophiles/electrofuges.***! Bickelhaupt and co-
workers elaborated on this idea and analysed the factors
that control the shift from a reaction with a central barrier
to a reaction without™*! Very recently they have devised a
“ball-in-a-box” model to explain some of their findings.™
From the perspective of the present investigation it would
be particularly interesting to include some representative re-
actions at silicon, and thereby complement the work by
Bickelhaupt.

We calculated the potential energy profiles of the follow-
ing reactions at silicon, for comparison with the correspond-
ing reactions at carbon [Reactions (1) and (2), above]:

F+SiH;F — FSiH,+F- (7)

Cl"+SiH,Cl — CISiH;+CI- ®)

Our calculations led to single-well energy profiles, in accord-
ance with the literature. This means that the (Dj,) penta-
coordinated species [X--H;E--X]™ (X=F, Cl) in which both
X-E distances have the same values are energy minima
when E=Si, whereas when E=C they are transition struc-
tures. Furthermore, the results of OPBE and CCSD(T) are
in good agreement for both reactions (Table 1).

Figure 4 shows that the curves for the total interaction
energy (AE;,) and for the electrostatic attraction (AE.y)
are very similar, both in the trend and—particularly for the
chlorine system—also in the absolute values. The shapes of
the curves make it obvious that in the latter system the at-
tractive orbital interactions (AE,;) and the Pauli term
(AEp,,;) at longer distances cancel and that the net attrac-
tion between r(Si-Cl)=6.0 A and 3.0 A comes solely from
the Coulomb term.”” Note that between r(Si-Cl)=3.0 A
and the equilibrium value the stabilization from AE,, is
larger than the total interaction energy (Figure 4b), which
means that the sum of the attractive and repulsive orbital in-
teractions is overall slightly repulsive. A similar trend is dis-
played by the curves for the system [F--H,Si--F]~ (Fig-
ure 4a). It becomes clear that according to the EDA results
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the Si—F and Si—Cl bonds have greater electrostatic than co-
valent character.

The numerical EDA results shown in Table 2 provide a
more quantitative insight. The changes in the total attractive
interaction energy between r=6.0A and the equilibrium
structures of the pentacoordinated complexes [FSiH;F]~
(AAE, =—86.5kcalmol™) and [CISiH;Cl]- (AAE,=
—37.6 kcalmol™!) come mainly from the electrostatic attrac-
tion terms, which amount to AAE,, = —128.0 kcalmol ' in
[FSiH;F]™ and AAE,,=—63.1 kcalmol™ in [CISiH;Cl] .
The contributions of the attractive orbital interactions in
[FSiH;F]” (AAE,,=-529 kcalmol™') and [CISiH;CI|
(AAE,,=—5.0 kcalmol ") are considerably less. It is inter-
esting to note that the change in the Pauli repulsion
(AAEsp,,;) along the reaction coordinate [XH,Si---X]~ desta-
bilizes the formation of the pentacoordinated energy
minima [XSiH;X]~ whereas in the carbon systems
[XH;CX]" it stabilizes the formation of the transition struc-
ture.

Discussion

The EDA results we present here shed light on the Sy2 reac-
tion and offer a new interpretation of the factors governing
the reaction course and the barrier height. They also provide
a detailed account of the factors that make the D5, struc-
tures of the carbon systems [X-H,C-X]  transition struc-
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tures whereas the silicon homologues [X-H,;Si-X]~ are
energy minima. We want to point out that this work does
not invalidate previous work. Our study offers a new per-
spective that comes from the choice of the reference system
in which the newly formed bond and the breaking bond in
the S\2 reaction are analysed simultaneously. We think that
this is perhaps a more reasonable choice for a reference
system than focussing mainly on the bond-formation be-
tween the attacking nucleophile and the reagent. In particu-
lar, the role of the steric repulsion over the course of the re-
action is seen in a different light.

The EDA results for the Sy2 Reactions (1)—(5) for carbon
systems show that there are decreases in AEp,,; upon going
from reactants to TSs, indicating less steric hindrance in the
TSs than in the substrates. In other words, the umbrella in-
version mechanism is not unfavourable in terms of steric
hindrance at the TS as often assumed in, for example, text
books. This result comes to the fore when not only the inter-
action between the nucleophile X~ and the substrate CR;X
is considered, but also the change in the interaction between
the leaving X~ and the remaining fragment. The results for
Reactions (1)—(5) are unique in showing that if it were for
the Pauli component only, bulkier substrates would always
give rise to faster reactions! In other words, the usually ob-
served normal reactivity trend—CH; > CH;CH, >
(CH;),CH > (CH;);C—is the result of the electrostatic and
orbital terms rather than the Pauli component in our energy
decomposition scheme. In this respect, the use of the term
“steric hindrance” to describe the phenomenon is highly un-
fortunate. According to the IUPAC, the steric effect in a re-
action is attributable to the difference in steric energy be-
tween, on the one hand, reactants and, on the other hand,
the transition structure. In the present context this definition
is of little use.

We realize that it is difficult, both in principle and in prac-
tice, to apply experimental methods to disentangle a steric
effect term due to increasing number and size of substituent
alkyl groups from the corresponding electronic effect. One
part of the enigma is the evident fact that the presence of
an extra alkyl group increases both the sheer size of the
molecule and the electronic structure at the reactive centre.
In that respect, systematic and reliable quantum chemical
calculations of the reactivities of carefully chosen model sys-
tems appear more attractive. A recently published paper on
the gas-phase reactivities of remotely substituted allylic sub-
strates represents an example of this approach.*! The analy-
sis revealed that the electronic effect associated with substi-
tution of methyl groups for hydrogen atoms at the central
carbon is at least of the same magnitude as the steric effect.
Secondly, there are cases in which the order in reaction rate
is opposite from the normal. This perplexing situation is
well documented for the cationic Sy\2 reactions
H,0+ROH," and HF4+RFH*F*U and the fact that the
tert-butyl substrate in the former case reacts more rapidly
than the smaller alkyl substrates can obviously not be ex-
plained which reference to any steric effect. We realize that
there will be one steric effect on the substrate and a differ-
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ent one on the TS, and the critical energy represents exactly
this difference.

The comparison of the EDA results for the carbon sys-
tems [XH;C--X]™ with those for the silicon homologues
[XH;Si--X]~ for X=F, Cl reveals striking differences be-
tween the two series, which are enlightening because of the
choice of the reference system. The formation of the Dy,
structures as transition structures for the carbon compounds
is actually facilitated by reduced steric repulsion and by
stronger electrostatic attraction, as indicated by the negative
values for AAEy,,; and for AAE,, between r=6.0 A and
the transition structure (Table 2). The contribution of the
electrostatic attraction in the transition structure is weaker
than in the energy-minimum structure, but the largest con-
tribution to the energy increase in the transition structure
comes from the orbital term (AAE,,). The crucial factor
that leads to overall energy increases in the carbon systems
is thus the destabilizing contribution from these orbital in-
teractions.

Another important finding concerns the changes in the
geometries of the interacting fragments. Table 2 shows that
the AAE,., values for the Dj, transition structures of the
carbon systems are less positive than for the energy minima.
For the silicon homologues [XH,Si--X]~, the formation of
the Dj;, energy minima is driven by the large increases in
the electrostatic interactions between r=6.0 A and the equi-
librium structures (AAE,,) and also by stronger orbital in-
teractions (AAE,,,), while the change in the steric interac-
tions (AAEp,,;) is destabilizing.

The results also show that a chemical bond—irrespective
of whether it is strong and covalent or weak and disper-
sive—is always the result of a compromise between an at-
tractive and a repulsive force. Although the Hamiltonian of
a molecular system is simple in principle, the origin of the
attractive and repulsive contributions is a highly complex
matter. This study illustrates how the EDA provides a sys-
tematic method to describe these terms using a set of physi-
cally well defined terms.

Conclusions

The EDA results for the prototypical S\2 reactions of the
systems [X:-~R;E--X] in which the interacting fragments
are [X-~X]*~ and [R;E]* have given rise to a new interpreta-
tion of the factors governing the courses of the reactions.
The EDA results for the carbon systems (E=C) show that
there is less steric repulsion and stronger electrostatic attrac-
tion in the transition structures than in the precursor com-
plexes and that the energy increases come mainly from
weaker orbital interactions. The larger barriers for the sys-
tems when R; becomes bulkier also do not arise from more
steric repulsion, which in the transition structure is actually
released. It is rather the weakening of the electrostatic at-
traction, and in particular the loss of attractive orbital inter-
actions, that are responsible for the activation barrier. The
Dj, energy minima of the silicon homologues [XH,SiX]™ are
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driven by the large increases in the electrostatic interactions
and also by stronger orbital interactions, whereas the steric
interactions are destabilizing.
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