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Abstract: The poorly understood factors governing the small
molecule activation reactions mediated by diazaborinines
have been computationally explored in detail using quantum
chemical tools. To this end, the activation of E� H σ-bonds (E
= H, C, Si, N, P, O, S) has been investigated. These reactions,
which proceed in a concerted manner, are exergonic and, in
general, associated with relatively low activation barriers. In

addition, the barrier becomes lower for the E� H bonds
involving the heavier element in the same group (ΔG¼6 : C>Si;
N>P; O>S). This reactivity trend together with the mode of
action of the diazaborinine system are quantitatively analyzed
by means of the activation strain model of reactivity in
combination with the energy decomposition analysis meth-
od.

Introduction

The conversion of small molecules such as dihydrogen, carbon
dioxide, nitrogen, ammonia, or methane into value-added
species typically requires a bond activation step, which has
been traditionally achieved using transition metal complexes.[1]

Despite that, the use of main-group compounds has emerged
in recent years as a useful alternative to activate strong
chemical bonds[2] mainly due to the lower toxicity and cost of
these species as compared to most of the commonly used
transition metal complexes. In this regard, singlet-carbenes[3]

together with their group 13 and group 14 analogues[4] as well
as frustrated Lewis pairs (FLPs),[5] where the cooperative action
of the Lewis antagonists facilitates the bond activation, should
be especially highlighted.

Recently, alternative systems based on doubly boron-doped
(hetero)arenes have been reported independently by the
groups of Wagner,[6] Harmann[7] and Kinjo[8] (Figure 1). These
species, which feature an aromatic 1,4-diborinine ring, are
proven to achieve relatively facile activation of E� H σ-bonds (E
= H, B, C, Si, N, P, O, S…).[9] Whereas the bond activation
involving the diboraanthracene systems has been the focus of
recent experimental and computational studies,[10] the mode of
action of Kinjo’s diazoborinines (Figure 1b) remains unclear so
far. It was postulated that although the two boron atoms are
equivalent in these species, they show an ambiphilic (i. e.,

nucleophilic/electrophile) nature, even featuring a B(I)/B(III)
mixed-valence character,[8a,b] which would resemble the mode
of action of FLPs. The current lack of understanding of how
these main-group species actually activate σ-bonds severely
hampers future developments to produce more active systems,
which prompted us to carry out a detailed exploration of the
factors controlling the reactivity of these highly useful com-
pounds.

To this end, the mode of action and reactivity trends
involving these diazaborinines shall be analyzed quantitatively
in detail through the application of the activation strain model
(ASM) of reactivity[11] in combination with the energy decom-
position analysis (EDA) method.[12] This ASM-EDA approach was
selected because it has greatly contributed to our current
understanding of fundamental transformations in chemistry,[13]

and particularly, of the mode of action and cooperativity of
FLPs[14,15] and related main-group species.[16] In addition, other
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Figure 1. Representative 1,4-diborinines described recently.
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issues such as the role of aromaticity of the diazoborinine on
the reactivity will be explored as well.

Results and Discussion

We first explored the dihydrogen activation mediated by
diazaborinines 1–3 as one of the most representative bond
activation reactions. Experimentally, it was found that diazabor-
inines 2 and 3 readily cleave the H� H σ-bond with concomitant
formation of two new B� H bonds leading to the formation of
the corresponding cis-adduct (i. e., both H atoms are placed at
the same side of the B2C2N2 six-membered ring). Moreover,
whereas 3 produces the adduct upon heating in benzene at
70 °C in 5 h, 1,3,2,4-diazaborinine 2 produces the analogous
adduct upon heating in toluene at 90 °C for 36 h, which
indicates that 3 is more reactive than 2 towards the dihydrogen
activation. In contrast, no H� H activation has been reported
involving diazaborinine 1.

Our calculations (Figure 2) suggest that the dihydrogen
splitting occurs in a concerted manner leading to the
corresponding adducts (1-3-H2) through the respective cyclic
transition state TS. These saddle points are therefore associated
with the rupture of the H� H bond with the concomitant

formation of both B� H bonds. Moreover, the process begins
with the formation of an initial weakly bonded van der Waals
reactant complex (RC-H2), which, in all cases, lies approximately
2–3 kcal/mol (average value) below the separate reactants.
However, the formation of these species becomes endergonic
(ca. 3 kcal/mol) when thermal free-energy corrections at
298.15 K are included and for this reason, these species are not
shown in the profile of Figure 2.

Before analyzing the origin of the different reactivity of
diazaborinines 1–3, we first explored how the activation of σ-
H� H bond actually takes place. To this end, we focused on the
process mediated by species 2 and applied the EDA-NOCV
(Natural Orbital for Chemical Valence)[17] method to not only
identify the nature of the molecular orbitals involved in the
dihydrogen activation but also to quantify their relative
contribution. Figure 3 shows snapshots of the corresponding
NOCV deformation densities at three key points (reactant
complex, midpoint, and TS) along the reaction coordinate
(rather similar plots are found for the rest of the studied
systems). Note that at the very early stage of the reaction (at a
B···H bond-forming distance of 2.81 Å), the principal charge
depletion region (in red) belongs to a π-molecular orbital
centered at the diazaborinine ring (which corresponds to the
HOMO of 2) whereas the charge accumulation (in blue)
corresponds to the empty σ*(H� H) molecular orbital. Therefore,
at the beginning of the process the only measurable orbital
interaction between 2 and H2 corresponds to the π-
HOMO(2)!σ*(H� H) interaction (associated stabilization energy,
ΔE(ρ1), of � 2.1 kcal/mol). Moving forward along the reaction
coordinate, this charge transfer process continuously reinforces
and dominates up to the transition state region, where ΔE(ρ1)=
� 29.5 kcal/mol. Interestingly, at the midpoint (r(B···H)=2.15 Å)
the reverse charge flow (denoted as ρ2) involving the donation
from the doubly occupied σ(H� H) molecular orbital to the
vacant π*-molecular orbital of 2 (which corresponds to the
LUMO), starts to appear and becomes clearly developed at the
transition state. According to the computed associated ener-
gies, it becomes evident that the π-HOMO(2)!σ*(H� H) inter-
action dominates over the σ(H� H)!π*-LUMO(2) interaction
along the entire reaction coordinate. Therefore, our NOCV
calculations indicate that both orbital interactions take place
along the reaction path but at different stages, that is, not
simultaneously becoming the π-HOMO(2)!σ*(H� H) most em-
phasized at the beginning of the process and responsible for
the polarization of the σ(H� H) bond, thus allowing the
σ(H� H)!π*-LUMO(2) interaction to occur. This asynchronous
H2 activation mode resembles that found by us in the
analogous transformation promoted by group15/group13
geminal FLPs.[14a,c] However, in sharp contrast, the dominant
interaction in the FLP-mediated activation comes from the
σ(H� H)!pz(Lewis acid) interaction, which polarizes the H� H
bond allowing the interaction with the σ*(H� H) molecular
orbital (by the lone-pair of the base) to take place. Therefore,
our results confirm that the mode of activation of H2 by
diazaborinines resembles that of FLPs but, at variance, the
donation to the σ*(H� H) molecular orbital becomes the
dominant interaction along the entire reaction coordinate.

Figure 2. Computed reaction profiles for the H2 activation reactions
promoted by diazaborinines 1–3. Relative electronic (ΔE) and free (ΔG,
within parentheses) energies 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)-B3LYP-D3/def2-SVP level.
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Once the mode of activation has been explored, we then
turned our attention to the factors governing the different
reactivity of diazaborinines 1–3. From the data in Figure 2, it
becomes evident that species 1 is clearly less reactive, from
both kinetic and thermodynamic points of view, than com-
pounds 2 or 3, which agrees with the lack of experimental
evidence for the activation of H2 promoted by 1. In addition,
our calculations also suggest that diazaborinie 3 is more
reactive than 2, which is also consistent with the experimental
findings (see above). Interestingly, the computed barriers and
reaction energies nicely correlate with the H···H bond-breaking
distance in the corresponding transition states in the sense that
longer distances (i. e. later transition states) are associated with
a higher barrier and less exergonic transformation, which fully
agrees with the Hammond-Leffer postulate.[18]

When comparing the reaction involving 1 with the analo-
gous process involving 2 (or 3), one immediately realizes that in
the later transformation, there occurs a substantial gain in
aromaticity in the two imidazole rings of the corresponding
adduct. As this is not possible in the 1-H2 adduct, this gain in
aromaticity should be, at least in part, responsible for the much
higher exergonicity (and reactivity) computed for the H2-
activation mediated by 2 (and 3) as compared to 1. To check
this hypothesis, we explore the variation of the aromaticity
along the reaction coordinate for the processes mediated by 1
and 2 by computing the corresponding Nuclear Independent
Chemical Shift (NICS)[19] values and using the Anisotropy of the
Induced Current Density (AICD)[20] method. As shown in Fig-
ure 4, whereas the initial aromaticity of the central 6π electrons
diazaborinine ring in 1 (NICS(1)zz�� 9.5 ppm) vanishes along
the reaction coordinate as a consequence of the formation of
the new two B� H bonds, the non-aromatic nature of the
adjacent five-membered rings remains practically unaltered
(NICS(1)zz�� 2 ppm). Therefore, there is a net decrease in the

aromaticity of the system during the H2-activation reaction. At
variance, diazoborinine 2 features a clear 14π electron macro-
cyclic diatropic ring current which is responsible for the high
NICS(1)zz values computed for the three fused rings. The H2-
activation provokes that this macrocyclic ring current trans-
forms into two distinct 6π electrons diatropic currents localized
in the imidazole rings, which is confirmed by a clear increase in
the corresponding NICS(1)zz values (see Figure 4). This aroma-
ticity gain, which derives from the occurrence of two Clar-
sextets in the final adducts,[21] is translated into a significant
thermodynamic stability which is finally reflected in the higher
exergonicity computed for this process as compared to that
involving 1. Despite that, there exists no straightforward, causal
physical relationship between these magnetic indicators of
aromaticity and the ultimate factors controlling the barrier
height of the process.

For this reason, we applied the activation strain model
(ASM) of reactivity to gain quantitative insight into the factors
controlling the different reactivity of these diazoborinines.
Figure 5 shows the computed activation strain diagrams (ASDs)
for the H2 activation reactions promoted by compounds 1–3
from the initial stages of the transformations to the respective
transition states and projected onto the shortest B···H bond-
forming distance. From the data in Figure 5, it becomes clear
that the reduced reactivity of diazaborinine 1 results mainly
from a more destabilizing strain energy along practically the
entire reaction coordinate and also, albeit to a lesser extent,
from a less stabilizing interaction energy between the increas-
ingly deformed reactants. At variance, the reactions involving
diazaborinines 2 and 3 benefit from a much lower strain energy
which results in the computed lower barriers. The enhanced
reactivity of species 3 over 2 derives not from the energy
penalty required to deform the reactants as the ΔEstrain term is
slightly more destabilizing for the process involving 3, but

Figure 3. 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
between diazaborinine 2 and H2 in selected points along the reaction coordinate. The electronic charge flows from red to blue. All data were computed at the
ZORA-B3LYP-D3/TZ2P//PCM(benzene)-B3LYP-D3/def2-SVP level. Inset: Frontier molecular orbitals of compound 2.
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exclusively from the interaction energy between the deformed
reactants, which is clearly much stronger for the H2-activation
mediated by 3 along the entire reaction coordinate. For
instance, at the same consistent B···H bond-forming distance of
1.82 Å,[22] although the difference in the strain energy slightly
favors the reaction involving 2 (ΔΔEstrain= � 2.3 kcal/mol), the
difference in the interaction energy is higher (ΔΔEint=4.8 kcal/

mol) therefore rendering the barrier for the process mediated
by 3 lower.

The energy decomposition analysis (EDA) method was
applied next to quantitatively understand the reasons behind
the stronger interaction energy computed for the 3+H2

reaction, which results in a lower barrier as compared to the
analogous process involving 2. Figure 6 graphically shows the
evolution of the EDA contributors along the reaction coordinate
for both activation reactions once again from the initial stages
of the transformation to the respective transition states and
projected onto the shortest B···H bond-forming distance. From
the data in Figure 6, it becomes clear that the process mediated
by 2 benefits from a lower Pauli repulsion along the entire
transformation. However, the more destabilizing ΔEPauli com-
puted for the H2-activation promoted by 3 is compensated by
much stronger orbital interactions (ΔEorb) between the reactants
and also, albeit to a much lesser extent, by stronger electro-
static attractions (ΔVelstat) between the deformed reactants,
particularly, at the transition state region (i. e. where the barrier
takes place). For instance, at the same consistent B···H bond
forming distance of 1.82 Å,[22] the difference in the total Pauli
repulsion, ΔΔEPauli= � 12.9 kcal/mol (favoring the 2+H2 reac-
tion), is completely offset by the difference in the orbital
interactions, ΔΔEorb=11.9 kcal/mol together with the electro-
static attractions, ΔΔVelstat=4.6 kcal/mol (favoring 3+H2). The
stronger orbital interactions derive, according to the NOCV
method, from both a stronger π-HOMO!σ*(H� H) interaction
(ΔΔE(ρ1)=9.6 kcal/mol) and also, albeit to a lesser extent,
stronger σ(H� H)!π*-LUMO interaction (ΔΔE(ρ2)=1.4 kcal/mol,
computed at the same consistent B···H bond-forming distance

Figure 4. Computed ACID plots (isosurface value of 0.04) and NICS(1)zz values (in ppm) for the key points of the dihydrogen activation reaction mediated by
diazaborinine 1 (a) and 2 (b).

Figure 5. Comparative activation strain analyses of the dihydrogen activation
reactions mediated by 1 (solid lines), 2 (dashes lines) and 3 (dotted lines)
projected onto the shortest B···H bond-forming distance. All data have been
computed at the PCM(benzene)-B3LYP-D3/def2-TZVPP//PCM(benzene)-
B3LYP-D3/def2-SVP level.
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of 1.82 Å). Therefore, it can be concluded that the enhanced
reactivity of diazaborinine 3 as compared to 2 originates mainly
from its higher donor (and acceptor, to a lesser extent) ability
which results in a stronger interaction with the H2 molecule and
ultimately to the lower barrier computed for the H2 splitting
reaction.

Activation of other E� H σ-bonds

Once the activation of dihydrogen has been investigated in
detail, we then explored the activation of other σ-bonds
including group 14 (CH4, SiH4), group 15 (NH3 and PH3) and
group 16 (H2O and SH2) species. Experimentally, it has been
reported that diazoborinine 2 readily activates aryl silanes
(PhSiH3, Ph2SiH2) and arylphophines at room temperature,[8b]

whereas the activation of NH3 was reported by using diazabor-
inine 3 in 30 min at � 50 °C,[8c] thus indicating the easiness of
these activation reactions.

To enable a direct comparison, we focused on the activation
reactions involving 2 and leading to the corresponding cis-
adduct. We found that, similar to the dihydrogen activation
reaction, in all cases the E� H σ-bond activation occurs in a
concerted manner through the corresponding cyclic transition
state which is associated with the splitting of the E� H bond
with concomitant formation of the new B� H and B� E bonds
(see Figure 7).

From the data gathered in Figure 7, all the considered E� H
activation reactions are highly exergonic (ΔGR ranging from
� 20 to � 40 kcal/mol). According to the computed barrier
heights, these transformations are predicted to be feasible at
room temperature or upon moderate heating (ΔG¼6 ranging
from 20.4 to 32.1 kcal/mol), which agrees with the available
experimental data involving the facile activation of silanes,

phosphines and ammonia (see above). In sharp contrast, similar
to related Csp3� H activation reactions mediated by other main-
group systems,[16,23] the process involving methane proceeds
with a rather high activation barrier (ΔG¼6 �60 kcal/mol), thus
indicating that this particular activation reaction is unfeasible
when mediated by diazaborinines.

Interestingly, in all cases an evident reactivity trend is
revealed, namely the barrier becomes lower for the E� H bonds
involving the heavier element in the same group (ΔG¼6 : C>Si;
N>P; O>S). To understand the reasons behind this reactivity
trend, the ASM-EDA(NOCV) approach was applied again. Fig-
ure 8 shows the corresponding ASDs for the reactions involving
CH4 and SiH4, as representative examples, from the initial stages
of the transformation to the corresponding transition states and
projected onto the B···H bond-forming distance. From the data
in Figure 8, it becomes clear that the high barrier computed for
the activation of methane mediated by 2 finds its origin in the
rather high strain energy computed for this process (mainly
deriving from the distortion of the CH4 reactant) which
compensates the stabilizing effect of the interaction between
the deformed reactants. At variance, the energy required to
deform the SiH4 reactant is comparatively much lower and as
result, the computed total ΔEstrain is clearly much less destabiliz-
ing, particularly at the transition state region. In addition, the 2
+SiH4 reaction also benefits from a stronger interaction
between the deformed reactants along the entire reaction

Figure 6. Comparative activation strain analyses of the dihydrogen activation
reactions mediated by 2 (solid lines) and 3 (dashes lines) projected onto the
shortest B···H bond-forming distance. All data have been computed at the
ZORA-B3LYP-D3/TZ2P//PCM(benzene)-B3LYP-D3/def2-SVP level.

Figure 7. Optimized transition states for the small molecule activation
reactions mediated by diazaborinine 2. Free activation barriers (ΔG¼6 ) and
reaction energies (ΔGR) were computed at the PCM(benzene)-M06-2X/def2-
TZVPP//PCM(benzene)-B3LYP-D3/def2-SVP level.
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coordinate. Therefore, the combination of a lower strain with a
more stabilizing interaction results in the lower barrier
computed for the activation involving the heavier system.

The EDA(NOCV) method was used to understand the factors
leading to the stronger interaction energy computed for the
activation of SiH4 in comparison to its lighter counterpart, CH4.
From the data in Figure 9, which shows the evolution of the
EDA terms for both reactions along the reaction coordinate, the
computed higher ΔEint value derives mainly from stronger
orbital interactions and, to a lesser extent, also from more

stabilizing electrostatic attractions (the other terms, namely
Pauli repulsion and dispersion interactions, are essentially
identical for both activation reactions, particularly at the
transition state region).

The NOCV extension of the EDA method once again
indicates that two main orbital interactions dominate these
activation reactions, namely the π-HOMO!σ*(E� H) interaction
and the σ(E� H)!π*-LUMO interaction (denoted as ρ1 and ρ2,
respectively, Figure 10). Similar to the related H2 activation
reaction, ρ1> ρ2, therefore indicating that the donation from
the π-HOMO of the diazaborinine dominates over the corre-
sponding backdonation from the σ(E� H) molecular orbital.
Interestingly, when comparing the values for the associated
stabilization energies (ΔE(ρ), computed at the same consistent
B···H bond-forming distance of 1.68 Å),[22] it becomes clear that
both molecular orbital interactions, and particularly ρ1, are
stronger for the process involving SiH4 as compared to the
analogous reaction involving CH4. This, therefore, indicates that
the Si� H bond in SiH4 is both a better acceptor and a better
donor (albeit to a lesser extent) than the C� H bond in methane
in their reactions with diazaborinine 2. The higher strength of
both molecular orbital interactions results in stronger total
orbital interactions which ultimately constitutes the main factor
leading to the computed stronger interaction between the
deformed reactants for the activation of silane. This, together
with the computed much lower strain energy required to
deform the SiH4 reactant, leads to the computed lower barrier
for this process in comparison with the analogous activation
reaction involving CH4.

Figure 8. Comparative activation strain analyses of the CH4 (solid lines) and
SiH4 (dashes lines) activation reactions mediated by diazaborinine 2
projected onto the B···H bond-forming distance. All data have been
computed at the PCM(benzene)-B3LYP-D3/def2-TZVPP//PCM(benzene)-
B3LYP-D3/def2-SVP level.

Figure 9. Comparative activation strain analyses of the CH4 (solid lines) and
SiH4 (dashes lines) activation reactions mediated by diazaborinine 2
projected onto the B···H bond-forming distance. All data have been
computed at the ZORA-B3LYP-D3/TZ2P//PCM(benzene)-B3LYP-D3/def2-SVP
level.

Figure 10. 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 between diazaborinine 2 and CH4 (a) and SiH4 (b) at the same
consistent B···H bond-forming distance of 1.68 Å. The electronic charge flows
from red to blue. All data were computed at the ZORA-B3LYP-D3/TZ2P//
PCM(benzene)-B3LYP-D3/def2-SVP level.
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Conclusion

From the computational study reported herein, it can be
concluded that the activation reaction of E� H σ-bonds medi-
ated by diazaborinines occurs in a concerted manner leading to
the simultaneous E� H bond breaking and formation of new B� E
and B� H bonds. These reactions are exergonic and, in general,
associated with relatively low activation barriers (with the
notable exception of the activation of CH4). Although the
process involves the loss of aromaticity of the 6π electron
B2C2N2 six-membered ring, it results in a net aromaticity gain in
those cases where the borinine ring is flanked by two fused
imidazole rings. According to the NOCV method, the main
orbital interactions involved in the bond activation reaction
take place along the reaction path at different stages, that is,
not simultaneously becoming the donation from the π-
HOMO(diazaborinine) to the σ*(E� H) molecular orbital most
emphasized at the beginning of the process, which resembles
the mode of activation of Frustrated Lewis Pairs. In addition, it
is found that the activation barrier of this process becomes
lower for the E� H bonds involving the heavier element in the
same group (ΔG¼6 : C>Si; N>P; O>S), which, in the representa-
tive case of the reactions involving CH4 and SiH4, derives mainly
from a lower strain for the heavier reactant together with a
stronger orbital interaction between the deformed reactants
along the entire reaction coordinate.

Computational Details
Geometry optimizations of the molecules were performed without
symmetry constraints using the Gaussian09 (RevD.01) suite of
programs[24] at the dispersion-corrected B3LYP[25]-D3[26]/def2-SVP[27]

level including solvent effects (solvent=benzene) with the polar-
ization continuum model (PCM) method.[28] 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.[29] Energy refine-
ments were carried out by means of single-point calculations at the
accurate M06-2X[30] level using the much larger triple-ζ basis set
def2-TZVPP.[27] This level is denoted PCM(benzene)-M06-2X/def2-
TZVPP//PCM(benzene)-B3LYP-D3/def2-SVP.

The aromaticity of the considered species has been assessed by the
computation of the nuclear independent chemical shift (NICS)[19]

values using the gauge invariant atomic orbital (GIAO) method[31] at
the B3LYP/def2-SVP//PCM(benzene)-B3LYP-D3/def2-SVP level. Ring
currents were computed using the Anisotropy of the Induced
Current Density (ACID) method.[20]

Activation strain model of reactivity and energy decomposition
analysis: Within the ASM method,[11] also known as the distortion/
interaction model,[11c] the potential energy surface ΔE(ζ) is decom-
posed along the reaction coordinate, ζ, into two contributions,
namely the strain ΔEstrain(ζ) associated with the deformation (or
distortion) required by the individual reactants during the process
and the interaction ΔEint(ζ) between these increasingly deformed
reactants [Eq. (1)]:

DEðzÞ ¼ DEstrainðzÞ þ DEintðzÞ (1)

Within the EDA method,[12] the interaction energy can be further
decomposed into the following chemically meaningful terms
[Eq. (2)]:

DEintðzÞ ¼ DVelstatðzÞ þ DEPauliðzÞ þ DEorbðzÞ þ DEdispðzÞ (2)

The term ΔVelstat corresponds to the classical electrostatic inter-
action between the unperturbed charge distributions of the
deformed reactants and is usually attractive. The Pauli repulsion
ΔEPauli comprises the destabilizing interactions between occupied
orbitals and is responsible for any steric repulsion. The orbital
interaction ΔEorb 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 ΔEorb term.
The EDA-NOCV approach provides pairwise energy contributions
for each pair of interacting orbitals to the total bond energy.

The program package ADF[32] was used for EDA calculations using
the optimized PCM(benzene)-B3LYP-D3/def2-SVP geometries at the
same B3LYP-D3 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.[33] 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.[34] Scalar
relativistic effects were incorporated by applying the zeroth-order
regular approximation (ZORA).[35] This level of theory is denoted
ZORA-B3LYP-D3/TZ2P//PCM(benzene)-B3LYP-D3/def2-SVP.
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