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The factors controlling the activation of σ-bonds promoted by
hidden Frustrated Lewis Pairs have been computationally
explored using quantum chemical tools. To this end, the
influence of both the nature of the group 13 element acting as
Lewis acid as well as the cooperative action of the Lewis
antagonists on the bond activation was quantitatively analyzed
by means of the activation strain model of reactivity in
combination with the energy decomposition analysis method. It

is found that while the activation of the polar EX� H bonds (E15=

group 15 element; E16=group 16 element) is feasible, the
analogous processes involving non-polar E14� H bonds (CH4, SiH4

or H2) proceed with much higher barriers. Nevertheless, these
processes, and in particular the dihydrogen activation, can be
realizable (i. e. proceeding with a feasible barrier) through
rational design.

Introduction

While the activation of strong chemical bonds has traditionally
been the domain of transition metal complexes,[1] the use of
main-group species has emerged recently as a compelling
alternative, mainly due to their significantly lower cost and
reduced toxicity compared to transition metal complexes.[2] In
this regard, Frustrated Lewis Pairs (FLPs), first introduced by D.
Stephan in 2006,[3] should be specially highlighted as they are
capable of not only achieving facile small molecule activation
reactions (H2, CO, CO2, SO2, etc.)[4] but also promoting other
valuable transformations such as hydrogenations of unsatu-
rated compounds (even in an enantioselective manner)[5] or
polymerization reactions.[6]

Although the majority of FLPs are composed of group 13/15
combinations (typically, B/N, B/P and Al/P), other systems
including heavier group 13 and group 14 elements,[7] or even
transition metal fragments[8] in their structures, have been
synthesized to enhance or even modify the reactivity of these
species. In this context, we most recently described a system
consisting of a phosphorus ylide featuring an aluminium Lewis
acid in the ortho position of a phenyl ring scaffold (the so-called
hidden FLP 1, Scheme 1a).[9] This species not only splits the N� H

bond of NH3 in a reversible manner at ambient temperature
but, strikingly, can be also used as a catalyst for ammonia
transfer reactions to a variety of substrates, a challenging
process even for transition metal chemistry.[10] In addition, we
found that this and related species (including the gallium
counterparts) can be also applied towards the activation of CO2

and as catalysts for the reduction of CO2 to methanol in the
presence of pinacol borane (Scheme 1b).[11]

Although the cooperative action of the Lewis antagonists
has been proven to be responsible for the unique reactivity of
classical FLPs,[12,13] very little is known about the mode of action
of the acid/basic centers during the bond activation mediated
by these hidden FLPs. In addition, the potential application of
this and related group 13 species towards the activation of not
only polar bonds (such as N� H or O� H) but also non-polar σ-
bonds (particularly, dihydrogen activation) has not been ex-
plored so far. For this reason, we were prompted to carry out an
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Scheme 1. Reactivity of hidden-FLP 1 towards the activation of NH3 (a) and
CO2 (b). See references [9] and [11], respectively, for additional details.
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extensive computational study to (i) understand the factors
controlling the N� H activation reaction described by us
recently,[9] (ii) explore the possible activation of other σ-bonds
and (iii) design novel systems with enhanced reactivity. To this
end, the trends in reactivity will be quantitatively analyzed in
detail through the application of the Activation Strain Model
(ASM) of reactivity[14] in combination with the Energy Decom-
position Analysis (EDA) method.[15] This ASM-EDA approach was
selected because it has greatly contributed to our current
understanding of fundamental transformations in chemistry,[16]

and particularly, of the mode of action and cooperativity of
FLPs[13,17] and related main-group species.[18]

Results and Discussion

Activation of Ammonia and Related Group 15 Species

As previously reported,[9] hidden-FLP 1 is capable of splitting
the N� H bond of NH3 (1 atm) to produce species 2 in a
reversible manner and at ambient temperature (Scheme 1a).
According to our previous calculations, the process takes place
stepwise where the formation of the Al� NH3 bond with
simultaneous rupture of the Cylide� Al bond occurs first and is
followed by the intramolecular migration of one proton of the
Al� NH3 moiety to the Cylide atom. Similar results were found in
the analogous profile involving the experimentally described[11]

dimethyl-substituted system 1-Me (Figure 1a), whose computed
energies are also consistent with a reversible process (ΔGR=

1.8 kcal/mol) occurring at room temperature (ΔG¼6 =18.1 kcal/
mol).

To understand the cooperative action of the Lewis antago-
nists in this N� H bond activation reaction, we applied the
Natural Orbital for Chemical Valence (NOCV)[19] extension of the
Energy Decomposition Analysis (EDA) method. To this end, we
selected key points along the reaction coordinate, namely, the
initial reactant complex (having an Al···NH3 distance of 2.386 Å),
the first saddle point TS1 (associated with the formation of the
Al� N bond with concomitant Al� Cylide bond-breaking), the
resulting zwitterionic intermediate INT1 and the final saddle
point TS2 (associated with the H-migration). Figure 1b shows
snapshots of the corresponding NOCV deformation densities
(Δρ) together with their associated stabilization energies [ΔE(ρ)].
As can be seen, at the beginning of the process, the principal
charge depletion region (in red) corresponds to the lone-pair of
the nitrogen atom whereas the charge accumulation (in blue)
belongs to the partially vacant pz-atomic orbital of the
aluminum. This LP(N)!pz(Al) orbital interaction (denoted as ρ1)
is the only significant orbital interaction between the reactants
also in TS1. As the reaction progresses, it reinforces and
becomes the main orbital contribution (ΔE(ρ1)= � 34.6 kcal/mol)
in INT1, where the formation of the Al� NH3 bond is completely
developed. Interestingly, in this intermediate the cooperative
action of the ylide counterpart starts to take place as the
donation from the Cylide to the σ*(N� H) molecular orbitals
becomes noticeable (ΔE(ρ2)= � 16.1 kcal/mol). Not surprisingly,
this LP(C)!σ*(N� H) orbital interaction continuously strengthens

up to the transition state TS2, where it becomes ca. twice as
strong as the LP(N)!pz(Al) interaction (mainly as a result of the
higher nucleophilicity of the ylide as compared to the NH2

moiety). Therefore, our calculations indicate that the coopera-
tive action of the Lewis antagonists of species 1 in the
activation of NH3 occurs in a highly asynchronous manner
where the LP(N)!pz(Al) orbital interaction takes place first and
is responsible for both the polarization of the N� H bond and
release of the lone-pair of the reactive ylide. The formation of
the Al� N bond allows then the proton migration by the
intramolecular nucleophilic attack of the Cylide to the σ*(N� H)
molecular orbital thus completing the stepwise bond activation.
This asynchronous bond activation resembles that observed in
classical FLPs,[13,17] which confirms the reactivity likeness of both
species.

In addition, we also studied the activation reactions
involving the heavier analogues of ammonia, i. e. PH3 and AsH3.
From the data in Figure 1, it becomes clear that, although these
reactions also proceed stepwise, they are kinetically much more
difficult according to the computed high barriers (ΔG¼6 �34–
40 kcal/mol). This can be, at least in part, ascribed to the lower
donor ability of PH3 or AsH3 as compared to NH3, which is
confirmed by the lower value of ΔE(ρ1) in TS1: � 23.8 kcal/mol
(NH3)> � 19.8 kcal/mol (PH3)> � 16.3 kcal/mol (AsH3).

Activation of Water and Related Group 16 Species

Once the N� H bond activation was studied, we turned our
attention to the analogous process involving the activation of
the O� H σ-bond of water. Different from the reaction involving
NH3, our calculations indicate that the O� H activation occurs in
a concerted manner where the transition state TSw is now
associated with the simultaneous formation of the Al� O and
Cylide� H bonds with the concomitant rupture of the Al� Cylide

bond (Figure 2a). From the data in Figure 2a it becomes evident
that the O� H activation, although also feasible at room temper-
ature, is kinetically more difficult than the N� H activation
(ΔΔG¼6 =6.1 kcal/mol), which can be initially ascribed to the
higher O� H bond strength as compared to N� H (428 vs 314 kJ/
mol, respectively).[20] At variance with the N� H activation, the
O� H activation is clearly irreversible and strongly exergonic,
which again can be ascribed to the much higher Al� O (512 vs
297 kJ/mol) bond strength.[20a]

Interestingly, the NOCV method indicates that in the
transition state TSw the two main orbital interactions, namely
LP(O)!pz(Al) and LP(C)!σ*(O� H) (denoted as ρ1 and ρ2,
respectively, Figure 2b), takes place simultaneously but, accord-
ing to the computed stabilization energies, in a highly
asynchronous manner (ρ1> ρ2). Therefore, although this
activation reaction is concerted, it also occurs in a highly
asynchronous manner where the stronger LP(O)!pz(Al) orbital
interaction induces the polarization of the O� H bond and
release of the lone-pair of the reactive ylide, therefore
resembling the process involving the activation of ammonia.

We extended the O� H bond activation to the analogous
group 13 element containing hidden-FLPs. From the data in
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Figure 2a, it becomes evident that the boron system is not
reactive in view of the computed high barrier (ΔG¼6 =38.0 kcal/
mol) which renders the OH activation mediated by 1-Me[B]
practically unfeasible. This is not surprising if we consider the
much higher B� C bond strength as compared to its heavier
group 13 counterparts (448 vs 255 kJ/mol, for B� C and Al� C
bond, respectively)[20] which severely hampers the required ylide
release in the transformation. Indeed, the computed E� C bond
dissociation energy, calculated as the difference between the

closed and open forms of 1-Me, is higher for 1-Me[B] (ΔG=

33.5 kcal/mol) as compared to 1-Me[Al] (ΔG=31.9 kcal/mol),
Scheme 2). At variance, the heavier analogues are clearly more
reactive, in particular, the indium derivative 1-Me[In], which
exhibits the lowest barrier for the O� H bond activation (ΔG¼6 =

17.4 kcal/mol) of the entire series.
Reasons for this reactivity trend, i. e. 1-Me[In]>1-Me[Al]�

1-Me[Ga], can be quantitatively analyzed with the help of the
Activation Strain Model (ASM) of reactivity.[14] Figure 3 shows

Figure 1. (a) Computed reaction profile for the E15H3-activation promoted by the aluminium hidden-FLP 1-Me. Relative free energies (ΔG, at 298 K) and bond
distances are given in kcal/mol and angstroms, respectively. All data have been computed at the PCM(benzene)-M06-2X/def2-TZVPP//PCM(benzene)-M06-2X/
def2-SVP level. (b) Contour plots of the NOCV deformation densities ρ (isosurface value of 0.001 a.u.) and the associated energies ΔE(ρ) for the main orbital
interactions occurring in the NH3-activation mediated by 1-Me along the reaction coordinate. The electronic charge flows from red to blue. All data were
computed at the ZORA-M06-2X/TZ2P//PCM(benzene)-M06-2X/def2-SVP level.
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the corresponding activation strain diagrams (ASDs) for the
O� H activation reactions involving 1-Me ([Al], [Ga] and [In])

from the initial stages of the transformation upon the respective
transition states and projected onto the stretch of the reactive
E� Cylide bond. As graphically shown in Figure 3, the enhanced
reactivity of the indium species is mainly due to the computed
lower strain energy along the entire coordinate as compared to
its lighter analogues. This occurs at the expense of the
interaction energy between the deformed reactants, which is
actually most stabilizing for the reaction involving 1-Me[Al].
This finding therefore suggests that the 1-Me[In] systems
already possess an equilibrium geometry, which better fits that
of the corresponding transition state, thus requiring compara-
tively less deformation than its lighter counterparts. This is
directly related to the easiness of the ring opening, which can
be again estimated as the difference between the closed and
open forms of 1-Me (ΔG=23.2 kcal/mol for 1-Me[In],
Scheme 2). Differently, the rather similar reactivity of the
aluminum and gallium hidden FLPs is due to a combination of
both strain and interaction terms. Thus, the 1-Me[Al] system
benefits from the strongest interaction between the reactants,
but at the same time, it also exhibits the most destabilizing
deformation energy. Although the interaction term is compara-
tively weaker in the process involving 1-Me[Ga], it benefits from
a less destabilizing strain, and as a consequence, both systems,
1-Me[Al] and 1-Me[Ga], exhibit rather similar activation barriers.
Quite similar reactivity trends were found for the analogous
process involving ammonia (see Supporting Information), which
further supports the reactivity likeness of both activation
reactions.

We also extended this study to the activation of the E16� H
bonds involving the heavier analogues of water, i. e. H2S and
H2Se. Similarly, the activation of these E16� H bonds also takes
place in a concerted manner in one single reaction step.
However, according to the computed energies, these analogous
reactions proceed with higher activation barriers regardless of

Figure 2. (a) Computed reaction profiles for the H2O-activation promoted by
the hidden-FLPs 1-Me. Relative free energies (ΔG, at 298 K) and bond
distances are given in kcal/mol and angstroms, respectively. All data have
been computed at the PCM(benzene)-M06-2X/def2-TZVPP//PCM(benzene)-
M06-2X/def2-SVP level. (b) Contour plots of the NOCV deformation densities
ρ (isosurface value of 0.001 a.u.) and the associated energies ΔE(ρ) for the
main orbital interactions occurring at transition state TSw[Al]. The electronic
charge flows from red to blue. All data were computed at the ZORA-M06-2X/
TZ2P//PCM(benzene)-M06-2X/def2-SVP level.

Scheme 2. Computed free energy differences between the closed and open
forms of the hidden-FLPs 1-Me. Energy values are given in kcal/mol and
were computed at the PCM(benzene)-M06-2X/def2-TZVPP//PCM(benzene)-
M06-2X/def2-SVP level.

Figure 3. Comparative activation strain diagrams for the H2O-activation
reactions mediated by 1-Me[Al] (solid lines), 1-Me[Ga] (dashed lines) and 1-
Me[In] (dotted lines) along the reaction coordinate projected onto the
stretch of the E� C bond. All data have been computed at the PCM(benzene)-
M06-2X/def2-TZVPP//PCM(benzene)-M06-2X/def2-SVP level.
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the nature of the group 13 element present in the hidden-FLP
(see Table 1). Despite that, the same reactivity trend as that
found for the activation of water, i. e. 1-Me[In]>1-Me[Al]�1-
Me[Ga], was found in the activation of its heavier H2E

16

counterparts, thus confirming the enhanced reactivity of the
indium-FLP, which in addition leads to strongly exergonic
reactions (ca. � 20 kcal/mol).

The above results cannot be simply rationalized in terms of
the relative E16� H bond strengths, which actually follow the
opposite trend as the activation barriers (428 vs 305 kJ/mol for
O� H and Se� H bonds, respectively). Therefore, we decided to
apply once again the ASM of reactivity for the processes
mediated by the parent 1-Me[Al] species as representative
activation reactions. From the data in Table 1, which gathers
the activation strain terms (i. e. computed at the corresponding
transition states), it is clear that the lower barrier computed for
the process involving H2O as compared to the analogous
reactions involving H2S or H2Se does exclusively derive from the
strain term, which is less destabilizing for the 1-Me[Al]+H2O
reaction. At variance, the interaction energy between the
deformed reactants becomes rather similar for the three
reactions. According to the EDA method, although the process
involving H2O benefits, not surprisingly, from a lower Pauli
repulsion as compared to the analogous reactions involving H2S
or H2Se, the latter processes exhibit comparatively stronger
orbital interactions (coming mainly from the LP(X)!pz(Al)
orbital interaction, ρ1). Both terms offset each other and, as a
result, the total ΔEint becomes rather similar.

Activation of Non-Polar σ-Bonds

Once the activation of polar bonds such as N� H or O� H bonds
has been studied, we explored the ability of these hidden-FLPs

to activate the more challenging non-polar σ-bonds. To this
end, we selected the activation reactions mediated by the
parent 1-Me[Al] system involving H2 and CH4 along with its
heavier group 14 analogs SiH4 and GeH4. Figure 4 shows the
transition states associated with the activation of the corre-
sponding E14� H σ-bonds and gathers the computed respective
activation and reaction energies. From the data in Figure 4, the
activation of these non-polar, strong bonds occurs once again
concertedly, in one single reaction step, where the E14� H bond-
breaking is associated with the simultaneous formation of the
new Al� E14 and Cylide� H bonds. The computed energies, and
particularly the activation barriers, indicate that the activation

Table 1. Computed free activation (ΔG¼6 )[a] and reaction (ΔGR)
[a] energies

(in kcal/mol, computed at the PCM(benzene)-M06-2X/def2-TZVPP//
PCM(benzene)-M06-2X/def2-SVP level) along with the ASM-EDA values (in
kcal/mol, computed at the ZORA-M06-2X/TZ2P//PCM(benzene)-M06-2X/
def2-SVP level) for the activation of H2E

16 (E16=O, S, Se).

Energy H2O H2S H2Se

ΔG¼6 [a] 24.0
(25.5) [17.4]

32.9
(29.7) [22.2]

29.8
(27.4) [21.1]

ΔGR
[a] � 14.1

(� 3.6) [� 2.6]
� 8.5
(� 8.2) [� 13.9]

� 11.3
(� 11.9) [� 18.7]

ΔE¼6 strain 25.0 33.1 32.0

ΔE¼6 12.9 22.5 19.7

ΔE¼6 int � 12.1 � 10.5 � 12.3

ΔE¼6 Pauli 79.1 102.4 100.4

ΔE¼6 elstat � 60.0 � 54.3 � 52.3

ΔE¼6 orb � 31.2 � 58.6 � 60.4

ΔE¼6 orb(ρ1) � 20.1 � 43.4 � 46.9

ΔE¼6 orb(ρ2) � 6.0 � 8.4 � 6.8

[a] Plain values refer to the processes mediated by 1-Me[Al], whereas
values within parentheses and brackets refer to the activation reactions
mediated by 1-Me[Ga] and 1-Me[In], respectively.

Figure 4. (a) Computed reaction profiles for the activation of nonpolar bonds
promoted by the hidden-FLPs 1-Me[Al]. Relative free energies (ΔG, at 298 K)
and bond distances are given in kcal/mol and angstroms, respectively. All
data have been computed at the PCM(benzene)-M06-2X/def2-TZVPP//
PCM(benzene)-M06-2X/def2-SVP level. (b) Contour plots of the NOCV
deformation densities ρ (isosurface value of 0.001 a.u.) and the associated
energies ΔE(ρ) for the main orbital interactions occurring during the H2-
activation mediated by 1-Me[Al]. The electronic charge flows from red to
blue. All data were computed at the ZORA-M06-2X/TZ2P//PCM(benzene)-
M06-2X/def2-SVP level.
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of these species is, not surprisingly, way more difficult than the
activation of polar bonds. Indeed, in view of the computed
barrier energies, the E14� H (E14=group 14 element) activation
reactions mediated by 1-Me[Al] are predicted to be unfeasible
(ΔG�ca. 50 kcal/mol). At variance, the activation of the
dihydrogen proceeds with a comparatively lower barrier of
41.2 kcal/mol. Although this value is still high, it opens the door
for further optimization (see below). In any case, the non-polar
E14� H σ-bond activation reaction follows the same activation
mode as the polar bonds in the sense that the transformation is
initiated by the electron flow from the σ(E14� H) molecular
orbital to the pz atomic orbital of aluminum (see Figure 4b for a
snapshot of the main NOCV interaction at the beginning of the
process). As the reaction progresses, this σ(E14� H)!pz(Al) orbital
interaction continuously reinforces and polarizes the σ*(E14� H)
bond, which is then able to interact with the Cylide at the
proximities of the transition state region.

Given the importance of the activation of dihydrogen, as it
constitutes the key step in different processes such as hydro-
formylation or hydrogenation of saturated compounds,[22] we
then focused on the ways of reducing the relatively high barrier
(ca. 40 kcal/mol) computed for the 1-Me[Al]+H2 reaction (see
above). The first obvious modification should be, according to
our previous result, the replacement of the aluminum center by
the more reactive indium. Indeed, our calculations confirm that
the analogous process mediated by 1-Me[In] proceeds with a
significantly lower barrier of 34.0 kcal/mol (Table 2), which can
be now considered as a feasible reaction (occurring upon
heating). Once again, it is found that the origin of this reduction
of the barrier derives mainly from a markedly lower strain
energy (ΔΔE¼6 strain=4.7 kcal/mol, Table 2), which results again
from a more favorable ring-opening (see above).

Our previous NOCV analysis on the process indicates that
the initial σ(H� H)!pz(E) molecular orbital interaction is key for
the process to occur. Therefore, we hypothesized that enhanc-
ing this interaction should result in a further lowering of the
barrier. To this end, we first replaced the donor methyl groups
directly attached to indium by more acceptor CF3 groups.
However, no beneficial effect was observed. Indeed, the barrier

for the H2-activation involving this system significantly increases
mainly due to an increase in the strain energy (due to the high
ring-openeing energy, ΔG=33.1 kcal/mol) despite the
σ(H� H)!pz(In) interaction becomes stronger. We then modified
the aryl tether connecting the Lewis antagonists and introduced
strong electronegative groups (F or OMe) at the ortho- and
para- positions relative to the indium atom. As shown in
Table 2, although the effect is not dramatic, it is clearly
confirmed that the presence of such groups in the aromatic
ring further reduces the barrier to 31.7 kcal/mol (for the
dimethoxy-substituted system), which is a ca. 10 kcal/mol
difference with the respect to the parent process mediated by
1-Me[Al]. Our ASM-EDA calculations also confirm that this
further lowering of the barrier originates from a stronger
interaction between the deformed reactants, which in turn
derives from both stronger electrostatic and orbital interactions.
The crucial role of the orbital interactions in the process and,
particularly, the σ(H� H)!pz(E

13) interaction (ρ1) is further
supported by the very good linear correlations found when
plotting the barriers versus the computed ΔEorb and ΔEorb(ρ1)
values (correlations coefficients of R2=0.97 and 0.98, respec-
tively, see Figure 5). Therefore, it can be concluded that a
process initially found unfeasible can efficiently take place
through the proper modification of the initial hidden-FLPs
guided by our ASM-EDA insights.

Conclusions

From the computational study reported herein, it can be
concluded that whereas the activation of ammonia and its
heavier group 15 counterparts PH3 and AsH3 promoted by the
considered hidden-FLPs occurs stepwise in a reversible manner,
the analogous processes involving group 16 elements (H2O,
H2S, or H2Se) are concerted, irreversible and proceed with
slightly higher activation barriers. Despite that, all these trans-
formations are similar in the sense that they are initiated by the
LP(E!pz(Al) orbital interaction which induces the polarization
of the E16� H bond and release of the lone-pair of the reactive

Table 2. Computed free activation (ΔG¼6 )[a] energies (in kcal/mol, computed at the PCM(benzene)-M06-2X/def2-TZVPP//PCM(benzene)-M06-2X/def2-SVP
level) along with the ASM-EDA values (in kcal/mol, computed at the ZORA-M06-2X/TZ2P//PCM(benzene)-M06-2X/def2-SVP level) for the activation of H2.

ER3
2 R1 R2 ΔG¼6 ΔE¼6 ΔE¼6 strain ΔE¼6 int ΔE¼6 Pauli ΔE¼6 elstat ΔE¼6 orb ΔE¼6 orb(ρ1)

AlMe2 H H 41.2 32.1 35.4 � 3.2 73.4 � 35.5 � 41.2 � 34.1

InMe2 H H 34.0 26.1 30.7 � 4.7 80.8 � 39.3 � 46.1 � 41.5

In(CF3)2 H H 42.1 33.3 36.4 � 3.0 97.7 � 47.4 � 53.4 � 44.2

InMe2 F H 33.5 24.8 30.6 � 5.8 80.2 � 38.6 � 47.4 � 43.5

InMe2 F F 33.4 24.9 30.7 � 5.8 80.9 � 38.8 � 47.9 � 44.0

InMe2 OMe H 32.2 23.3 30.9 � 7.6 92.2 � 42.7 � 57.1 � 52.6

InMe2 OMe OMe 31.7 23.3 31.0 � 7.7 93.5 � 43.2 � 58.0 � 53.5
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ylide. This indicates that even in concerted processes the
cooperative action of the Lewis acid antagonists is not
simultaneous but occurs in a highly asynchronous manner.
Interestingly, the replacement of aluminum by gallium and, in
particular, indium significantly enhances the reactivity of the
hidden-FLP mainly because of a reduction in the required strain
energy. Not surprisingly, the lack of reactive lone pairs in non-
polar bonds (CH4, SiH4, GeH4 or H2) renders the activation of
these species kinetically unfeasible. Nevertheless, through
rational design, we have identified indium-based FLPs, where
the aryl tether connecting both Lewis moieties is decorated
with fluor and/or methoxy groups, as promising highly active
systems capable of activating strong non-polar bonds.

Computational Details
Geometry optimizations of the molecules were performed without
symmetry constraints using the Gaussian16 (RevB.01) suite of
programs[21] at the dispersion-corrected M06-2X[22]/def2-SVP[23] level
including solvent effects (solvent=benzene) with the Polarization
Continuum Model (PCM) method.[24] Reactants and adducts were
characterized by frequency calculations and have positive definite
Hessian matrices. Transition states show only one negative
eigenvalue in their diagonalized force constant matrices, and their
associated eigenvectors were confirmed to correspond to the
motion along the reaction coordinate under consideration using
the Intrinsic Reaction Coordinate (IRC) method.[25] This level has
been selected because it provides accurate energies[26] which are
comparable to those obtained using the ωB97XD functional (see
Table S1 in the Supporting Information). Energy refinements were
carried out by means of single-point calculations at the same DFT
level using the much larger triple-ζ basis set def2-TZVPP.[23] This
level is denoted PCM(benzene)-M06-2X/def2-TZVPP//
PCM(benzene)-M06-2X/def2-SVP. The computed thermochemistry
data were corrected following Grimme’s quasi-harmonic (QHA)
model for entropy[27] using the GoodVibes[28] program at 298.15 K.

Activation Strain Model of Reactivity and Energy
Decomposition Analysis

Within the ASM method,[14] also known as the distortion/interaction
model,[14c] the potential energy surface ~E(ζ) is decomposed along
the reaction coordinate, ζ, into two contributions, namely the strain
~Estrain(ζ) associated with the deformation (or distortion) required
by the individual reactants during the process and the interaction
~Eint(ζ) between these increasingly deformed reactants:

DEðzÞ ¼ DEstrainðzÞ þ DEintðzÞ

Within the EDA method,[15] the interaction energy can be further
decomposed into the following chemically meaningful terms:

DEintðzÞ ¼ DVelstatðzÞ þ DEPauliðzÞ þ DEorbðzÞ

The term ~Velstat corresponds to the classical electrostatic inter-
action between the unperturbed charge distributions of the
deformed reactants and is usually attractive. The Pauli repulsion
~EPauli comprises the destabilizing interactions between occupied
orbitals and is responsible for any steric repulsion. The orbital
interaction ~Eorb accounts for bond pair formation, charge transfer
(interaction between occupied orbitals on one moiety with
unoccupied orbitals on the other, including HOMO-LUMO inter-
actions), and polarization (empty-occupied orbital mixing on one
fragment due to the presence of another fragment). Moreover, the
NOCV (Natural Orbital for Chemical Valence)[17] extension of the
EDA method has been also used to further partition the ~Eorb term.
The EDA-NOCV approach provides pairwise energy contributions
for each pair of interacting orbitals to the total bond energy.

The program package ADF[29] was used for EDA calculations using
the optimized PCM(benzene)-M06-2X/def2-SVP geometries at the
same M06-2X level in conjunction with a triple-ζ-quality basis set
using uncontracted Slater-type orbitals (STOs) augmented by two
sets of polarization functions with a frozen-core approximation for
the core electrons.[30] Auxiliary sets of s, p, d, f, and g STOs were
used to fit the molecular densities and to represent the Coulomb
and exchange potentials accurately in each SCF cycle.[31] Scalar
relativistic effects were incorporated by applying the zeroth-order
regular approximation (ZORA).[32] This level of theory is denoted
ZORA-M06-2X/TZ2P//PCM(benzene)-M06-2X/def2-SVP level.
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Figure 5. Plot of the computed activation barriers (ΔG¼6 ) versus the total
orbital interactions (ΔE¼6 orb) and its main orbital component (ΔE¼6 orb(ρ1)).
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