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Abstract The present study characterizes changes in the
electronic structure of reactants during chemical reactions
based on the combined charge and energy decomposition
scheme, ETS-NOCV (extended transition state—natural
orbitals for chemical valence). Decomposition of the
activation barrier, AE”, into stabilizing (orbital interaction,
AE,y, and electrostatic, AF . and destabilizing (Pauli
repulsion, AFEp,.;;, and geometry distortion energy, AFE ;)
factors is discussed in detail for the following reactions: (I)
hydrogen cyanide to hydrogen isocyanide, HCN— CNH
isomerization; (II) Diels-Alder cycloaddition of ethene to
1,3-butadiene; and two catalytic processes, i.e., (II)
insertion of ethylene into the metal-alkyl bond using half-
titanocene with phenyl-phenoxy ligand catalyst; and (IV)
B—H bond activation catalyzed by an Ir-containing catalyst.
Various reference states for fragments were applied in ETS-
NOCYV analysis. We found that NOCV-based deformation
densities (Ap;) and the corresponding energies AE, (i)
obtained from the ETS-NOCV scheme provide a very
useful picture, both qualitatively and quantitatively, of
electronic density reorganization along the considered
reaction pathways. Decomposition of the barrier AE” into
stabilizing and destabilizing contributions allowed us to
conclude that the main factor responsible for the existence
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of positive values of AE" for all processes (I, II, IIT and
IV) is Pauli interaction, which is the origin of steric
repulsion. In addition, in the case of reactions II, III and
IV, a significant degree of structural deformation of the
reactants, as measured by the geometry distortion energy,
plays an important role. Depending on the reaction type,
stabilization of the transition state (relatively to the
reactants) originating either from the orbital interaction
term or from electrostatic attraction can be of vital
importance. Finally, use of the ETS-NOCV method to
describe catalytic reactions allows extraction of information
on the role of catalysts in determination of AE”.

Keywords ETS-NOCV scheme - Chemical reaction -
Deformation density - Chemical bonding - Reference state

Introduction

One of the most important goals of theoretical chemistry is
to characterize and predict the reactivity of molecular
systems [1, 2]. In order to achieve this goal, many methods
suited to the description of electronic structure can be
applied. Such methods include, for instance, molecular
orbitals (MOs) [3, 4], localized molecular orbitals (LMOs)
[5-7], bond orders [8—17], atoms in molecules (AIM)
theory [18], Fermi hole-based concepts [19], and various
charge and energy decomposition schemes [20-25]. A
useful and elegant approach based on the reaction force
concept and suitable for description of energy profiles of
chemical reactions was proposed by Torro-Labbe and co-
workers [26]. Very recently, Bickelhaupt and Zeist proposed
the so-called “activation strain model”, which also appeared
to be useful in the analysis of chemical reactions [27].
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We have recently developed the ETS-NOCV scheme
[28-32] by combining the extended transition state (ETS)
[22, 23] energy decomposition approach with the natural
orbitals for chemical valence (NOCV) method [33-38]. It
was shown that ETS-NOCYV is suitable for a qualitative and
quantitative description of the crucial components (o, 7, J,
etc.) that constitute various types of chemical bonds, including
donor—acceptor [28, 30, 31, 33, 34, 37, 38], covalent [28,
35], and weak intra- [28, 29] and intermolecular interactions
[32]. Thus, ETS-NOCYV offers a compact characterization of
chemical bonds. However, only structures that correspond to
minima on the potential energy surface (PES) have been
studied up to now.

Therefore, the main goal of this article was to apply the
ETS-NOCV approach, for the first time, to analysis of
changes in the electronic structure of reactants along
reaction paths. We first consider two simple, model
reactions: (I) hydrogen cyanide to hydrogen isocyanide,
HCN—CNH, isomerization; and (IT) Diels-Alder cycload-
dition of ethene to 1,3-butadiene (see Fig. 1) [39, 40].
Afterwards, we will discuss briefly one of the elementary
reactions occurring in the ethylene polymerization cycle
catalyzed by organometallic complexes, namely insertion of
the monomer into the metal-alkyl bond proceeding via the
backside propagation mechanism (see reaction III in Fig. 1)
[41, 42]. In this example, a half-titanocene complex with
the cyclopentadienide Cp* and 2-phenyl-phenoxy ligand
combination was considered as the catalyst. Its high
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catalytic performance in the ethylene polymerization
processes has been thoroughly studied recently [43—45].

Finally, we will perform a theoretical study on the
selective activation of the B—H bond of ammonia borane
(NH;BH3;, abbreviated as AB) catalyzed by an Ir-containing
catalyst (see reaction IV in Fig. 1) [46]. The results on the
factors determining the barrier to activation of the B—H
bond of AB could, in addition, be useful in the rational
design of new catalysts suitable for effective dehydrogena-
tion of AB since it is considered an efficient hydrogen
storage medium [47].

We will use the ETS-NOCV method to analyze the
electronic structure at characteristic points on the PES
[substrate (S), transition state (TS), and product (P), see
Fig. 1]. Decomposition of the activation barrier (for
reactions I- IV) into stabilizing (electronic and electrostatic)
and destabilizing (Pauli repulsion and distortion energy)
factors will be discussed in detail (S—>TS step of the
reaction).

Theoretical background

Our analysis is based on the ETS-NOCV approach,
which is a combination of the extended transition state
(ETS) energy decomposition analysis [22, 23] with the
natural orbitals for chemical valence (NOCV) scheme
[33-38].
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Extended transition state method

In the original ETS scheme, the total bonding energy
between the interacting fragments (AE ) is divided into
four chemically meaningful components, Eq. 1:

AEtotal = AEdist + AEelstat + AEPauli + AEorb (1)

The first component, referred to as the distortion term
AEy;, represents the amount of energy required to promote
the separated fragments from their equilibrium geometry to
the structure they will take up in the combined molecule.
The second term, AFg., corresponds to the classical
electrostatic interaction between the promoted fragments as
they are brought to their positions in the final complex. The
third term, AEp,y;, accounts for the repulsive Pauli
interaction between occupied orbitals on the two fragments
in the combined complex. Finally, the last term, AE g,
represents the stabilizing interactions between the occupied
molecular orbitals on one fragment with the unoccupied
molecular orbitals of the other fragment, as well as the
mixing of occupied and virtual orbitals within the same
fragment (intra-fragment polarization) after the two frag-
ments have been united. We can write the change in density
that gives rise to AE,y, as

=33 APua(v(1) (2)
A v

where the sum is over all the occupied and virtual
molecular orbitals on the considered fragments. It now
follows from the ETS scheme that the AEy, term [22, 23]
is given by

AEorb = ZA Z” APluF{y (3)

where F {5 is a Kohn-Sham Fock matrix element that is
defined in terms of a “transition state” potential that is mid-
way between that of the combined fragments and the final
molecule, hence the term transition state.

Natural orbitals for chemical valence

Turning next to the NOCV approach, we note that the
NOCV [33-38] are derived from Nalewajski-Mrozek
valence theory [11-17]. However, from a mathematical
point of view, the NOCVs, 1);, are simply defined as the
eigenvectors,

M
)= GCiaa(l) 4)

2
that diagonalize the deformation density matrix AP

introduced in Eq. 2. Thus,

APC, = Vl'C,' 5 lZI,M (5)

where M denotes the total number of molecular orbitals on the
fragments and C; is a column vector containing the
coefficients that defines the NOCV w; of Eq. 4. It follows
further [28—38] that the deformation density Ap of Eq. 2 can
be expressed in the NOCV representation as a sum of pairs
of complementary eigenfunctions (y_ , ) corresponding to
the eigenvalues —v, and+vy with the same absolute value but
opposite signs:

M2 M/2

Ap(r) = ka [~ () + wir ZAPk (6)

k=1

Expression 6 is the most important for the interpretation
of NOCYV, as it defines the charge-flow channels decom-
posing the overall deformation density. Therefore, in the
present study, we will not discuss the orbitals themselves,
but only the respective deformation density contributions,
Apy. Examples of NOCVs and their interpretation can be
found elsewhere [33].

ETS-NOCYV analysis

In the combined ETS-NOCV scheme [28—32], the orbital
interaction component (AE,y) is expressed in terms of
NOCVs as

M2

AE, = Z AEarb(k) = ka
k

-FE+FE] o)
k=1

where F'§ |, and F} are diagonal Kohn-Sham matrix
elements defined over NOCVs with respect to the TS density.
The advantage of the expression in Eq. 7 for AEy, over that
of Eq. 3 is that only a few complementary NOCV pairs
normally contribute significantly to AE,y. It is clear from
Egs. 6, and 7 that, for each complementary NOCV pair
representing one of the charge transfer channel Ap,, we not
only can depict Apy but also provide the energy contribu-
tions AE,,(k) to the bond energy from Apy [28-32].

Chemical reactions and ETS-NOCYV analysis—arbitrariness
of the reference state

It should be emphasized strongly that the ETS-NOCV
approach provides a way to decompose the deformation
density (differential density) corresponding to the formation
of the whole molecular system from the considered
molecular fragments and the corresponding energy of the
interaction between these fragments. Thus, this analysis has
some inherent arbitrariness, which is in fact present in all
methods referring to the concepts of bonds in molecules
and atoms in molecules [48], that are not defined strictly by
physical observables.
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In many cases, when discussing various bonds in stable
molecular systems (minima on the respective PES), the
choice of fragments is quite intuitive and natural, e.g., by
separating a functional group or a ligand from the
remaining part of the considered system. However, the
arbitrariness of the choice of reference fragments may
become a serious difficulty when discussing changes in the
electronic structure along a pathway of a given chemical
reaction. This is because, in many cases, fragments that
arise as a ‘natural’ choice for a description of the initial
reactant stage, are not so intuitive for the TS or the product
of the reaction. Let us consider, for instance, the simple
cycloaddition Diels-Alder reaction: ethylene+butadiene—
cyclobutene. When considering initial stages of this
reaction with weakly interacting reactants, a division of
the reactive system into two fragments, ethylene and
butadiene, both in the close shell ground states, is quite
intuitive. In a description of the bonding between those
fragments in the product cyclobutene, however, the question
arises whether the ethylenic and butadienic fragments in the
triplet states should be considered instead as more relevant,
since two single bonds are broken by such a fragmentation.
And what about the TS region? In a general case, both singlet
and triplet fragments seem to be arbitrary here, unless the TS
is clearly reactant-like (early TS) or product-like (late TS).

Therefore, it can be expected that, in many cases, the
chemical reaction analyzed in terms of molecular fragments
can be discussed from the reactant(s) perspective or from the
product(s) perspective. In a general case, these two perspec-
tives may provide two different views, often complementary
but at the same time ‘discontinuous’. In the present account,
we will discuss this point in more detail, based on the
example results obtained for the cycloaddition reaction using
both the reactant perspective and the product perspective.

Furthermore, in addition to alternative electronic states
of the reference fragments, in the case of some reactions it
may be valuable to consider alternative number of electrons
on the fragments (charged species vs neutral species). For
example, in the case of the HCN—CNH isomerization
reaction analyzed here, one can consider the ionic, closed-
shell fragments, H" and CN, as a natural alternative to the
neutral radicals, H and CN'". Such a ionic reference frame
will be as well discussed for the isomerization reaction.

Computational details

All the DFT calculations presented here were based on the
Amsterdam density functional (ADF 2009.01) program
[49-53] in which the ETS-NOCV scheme was imple-
mented [28—32]. The Becke-Perdew exchange-correlation
functional [54, 55] was applied (BP86). A standard triple-
zeta STO basis containing one set of polarization functions
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(TZP) was adopted for metal atoms, Ti and Ir, whereas for
the remaining elements (H, B, C, N, and O), standard
double-zeta STO with one set of polarization functions
(DZP) were considered. The 1s electrons of C, N, O, B, 1s-
2p electrons of Ti, as well as the 1s-3d electrons of Ir were
treated as a frozen core. The contours of deformation
densities were plotted based on the ADF-GUI interface
[56]. Relativistic effects for atoms involved in reaction IV
were included at the ZORA level of approximation as
implemented in ADF 2009.01 program [57-59].

In ETS-NOCYV analysis of reaction I, we considered
primarily the interaction between two radicals in doublet
spin state HT and CN| at S, TS and P. Further, this reaction
was also analyzed using the charged species H" and CN ™ as
the reference state.

In the case of reaction II, the two closed shell ethene and
1,3-butadiene were predominantly chosen—so called reactant
perspective. For comparison, we also described reaction II
from the product perspective, i.e., triplet fragments were
considered.

Fragments of ethene and Ti-containing catalyst in the
singlet spin states were predominantly applied for III-S and
III-TS. We believe that the singlet spin state for fragments
in II-TS and III-TS is a reasonable choice due to the
“early” character of the TS, i.e., minor changes in geometry
are observed when going from the reactants to the TS (see
the scheme S1 in the electronic supplementary material). In
the case of the products II-P and III-P, the triplet spin
states for fragments were predominantly used.

Finally, in the case of reaction 1V, the interaction between
three fragments was analyzed primarily (Ht, NH3H,B| and
closed shell Ir-catalyst) at both points on the PES, IV-S and
IV-TS. Again, we kept the same spin state for fragments in
IV-S and IV-TS due to the “early” character of IV-TS. For
the product, however, we used predominantly radical frag-
ments HT, NH;H,B| and the triplet state of the Ir-catalyst
(17). We have chosen the “three-fragment resolution”
approach in order to gain insight into the breaking of the
B-H bond and formation of the new Ir—H and Ir-B
connections during the course of activation. In addition, for
comparison, we have also performed ETS-NOCV analysis
by applying (1) two closed shell fragments (NH;BHj; and
Ir-containing catalyst), and (2) charged closed shell frag-
ments (H", NH;H,B™ and Ir-catalyst).

Results and discussion
Reaction I: HCN — CNH isomerization
Let us first discuss the changes in electronic structure

during the hydrogen cyanide to hydrogen isocyanide
isomerization, H-CN— CN—H, using two radicals, Hf and
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CNJ, in the doublet spin state as a reference. Throughout
the manuscript, the labeling of reactants outlined in Fig. 1
will be used. It is evident from the data presented in the first
part of Table 1 (referring to radical fragments) that the
electronic factor, i.e., orbital interaction term, AFE,.,,
becomes systematically more stabilizing when going from
I-S (AE,,=—176.4 kcal mol™") through I-TS (AEq,=
—222.1 keal mol ") to I-P (AE,=—240.7 kcal mol ).

To shed light on the qualitative charge rearrangements on
the isomerization pathway, and to rationalize the trend in AEy,
values, Fig. 2b presents the dominant deformation density
contribution, Ap;, with the corresponding energy, AE,,(1).
It is clear that Ap; for I-S represents formation of the H-C
bond and lone electron pair on the nitrogen atom. In addition,
an accumulation of electrons in the CN bonding region is
observed. The Ap; electron transfer corresponds to the total
electronic  stabilization, AE,(1)=—158.3 kcal mol . It
should be noted that the remaining Ap contributions
correspond to the intra-fragment polarization within the CN
radical, and they barely contribute to H—-CN bonding.

In the transition state, I-TS, AE,(1) further decreases
(becomes more stabilizing), reaching a value of —196.8 kcal
mol ™", It can be concluded from the contour of Ap; that in
I-TS, apart from the H—C bond already present, a new N—H
connection is formed, which is represented by the accumu-
lation of the electron density in both HC and NH regions.
The presence of such two bonds leads to increased
electronic stabilization of I-TS as compared to I-S.

Finally, the product of isomerization, I-P, Ap; captures
both formation of N—H bond and lone electron pair on
carbon atom, and accumulation of electrons in the C=N
bonding region. This corresponds to the largest stabiliza-
tion, AEy(1)=—204.3 kcal mol '. Thus, a systematic drop

(increasing stabilization) in the total orbital interaction term,
AE,y, is related to a decrease in the AE (1) values on the
isomerization pathway.

It is worth noting that the systematic increase in the orbital-
interaction stabilization in the order S, TS, P indicates an
increase in ionicity of the H—(CN) bond, since the component
describes the net H—(CN) electron transfer (from one-
electron H' radical to CN’ radical towards formation H**CN®-
with increasing d). This picture emerging from the ETS-
NOCYV approach is fully consistent with the corresponding
increase in the Hirshfeld and Vornoi atomic charge on the
hydrogen atom, as shown in the bottom part of Table 1,
qu(S)<gu(TS)<qu(P).

Let us now discuss the remaining contributions to the
bonding energy. It is important to note that the same
stabilizing trend as for AE,y, although quantitatively less
pronounced, is observed in the case of electrostatic stabili-
zation, AEesu(I-TS)—AE,15u(1-S)=—31.1 kcal mol™'. This
is a consequence of increased inter-penetration of the density
on the hydrogen atom and the density of the CN unit.

On the one hand, the conformation of TS with two
H-C and H-N bonding interactions leads to the
stabilization of I-TS due to orbital and electrostatic
factors; however, at the same time it causes very strong
destabilization originating from the Pauli repulsion term,
AEpauii(I-TS)—AEp,yi(1-8)=122.2 kcal mol™'. Such a
destabilization, resulting predominantly from the repulsive
interaction of the electron on the hydrogen with occupied
o(CN) and two 7(CN) orbitals, overcompensates for the total
stabilization stemming from both AE,y, and AF.,, values.
Accordingly, the barrier of the isomerization appears, and is
AE"=AE oi1(I-TS)—AE oa1(I-S)=45.5 kcal mol ™!, see
Fig. 2a and Table 1. The contribution to AE” coming from

Table 1 Extended transition state

(ETS)* energy decomposition ETS results / H charges H-CN TS CN-H AE*
results (in kcal mol™) describing I-S I-TS I-p [A-TS)-(I-S)]
the bond between hydrogen and ]
CN radicals for reaction I Radical fragments:
substrate (S), transition state (TS), AE o’ -133.3 -87.8 -118.6 455
and product (P) (IS, I-TS, I-P) AEq 176.4 2221 2407 457
together with the corresponding
Hirshfeld and Vornoi charges on AEpaui 91.6 213.8 194.7 122.2
hydrogen atoms. Charged species AE jsar -48.7 -79.8 -72.6 311
A . :
H Ea?g CNl were also considered AE g 03 0.4 0.0 0.1
i anatysts Charged fragments:
AE gl -357.4 -311.9 -342.6 455
AEyy, -179.2 -163.8 -171.6 15.4
N AE‘t&)tal:AEurb#’AEPauli+ AE, .
AE it AEgy Pauli 0.0 0.0 0.0 0.0
b . L AFEstat -179.2 -148.1 -171.2 31.1
See labeling explanation given
in Fig. 1. Doublet ground states AEgis 1.0 0.0 0.2 -1.0
of H and CN were used in Atomic charge on H:
ETS analysis gz (Hirshfeld) 0.13 0.14 0.18 -
¢ Charged fragments H" and CN- s (Vornoi) 0.16 0.20 0.21 _

were used in ETS analysis
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Fig. 2 a Energy profile of the
isomerization HCN—CNH .
Deformation density contribu-
tions, Apy, together with the
corresponding energies for the
substrate (I-S), transition state
(I-TS) and product (I-P) are
shown in b and d when applying
the radicals (H- and CN-) and
the charged fragments (H" and
CN"), respectively. ¢ Molecular
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AE(1)=-133.7 keal/mol AEo(1)=-130.1 kcal/mol

H-CN

the geometry distortion term is negligible, as can be seen
from Table 1. These results highlight the important role of
Pauli destabilization, which is considered as the origin of
steric repulsion [2, 22, 23, 27] in determination of the barrier
to isomerization HCN—CNH when considering radical
reference state, i.e., the bond between the radicals H' and
CN.

As already discussed in the section on Theoretical
background, a certain arbitrariness with the choice of the
reference fragments exists when analyzing chemical reac-

@ Springer

CN-H

tions. Above, we presented results obtained with the radical
fragment—this picture of the isomerization corresponds to
the limiting case of hydrogen transfer from carbon towards
nitrogen. However, yet another limiting case can be naturally
considered for this reaction, corresponding to proton transfer.
Thus, in the following, we present results of ETS-NOCV
analysis for the HCN—CNH isomerization with the ionic
reference state, i.e., considering H" and CN™~ fragments.
This reference state is interesting for another reason.
Because in the reference state all the electrons are located
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on one (CN ) fragment only, the Pauli repulsion contribu-
tion disappears by definition. Further, for each point of the
reaction path, the electrostatic contribution, AFEs., i by
definition equal to the molecular electrostatic potential
(MEP) of the CN™ anion calculated in the respective proton
position (since MEP corresponds to the interaction of the
molecular species with the unitary point charge, i.e.,
proton). The contour map of the MEP calculated for CN
is presented in Fig. 2c. For the anionic CN it is negative
everywhere for larger distances from the nuclei, with two
minima located in the vicinity of the carbon and nitrogen
atoms. The minimum ‘on the carbon side’ is deeper than
that ‘on the nitrogen side’; this determines the electrostatic
preference of the reactant (—179.2 kcal mol™', see the
bottom part of Table 1 referring to ionic fragments) over the
product (—=171.2 kcal mol™"). Further, it is obvious that the
electrostatic contribution in the TS geometry must by less
stabilizing (—148.1 kcal mol ™). It is important to note that,
with the radical reference state, as discussed ecarlier, the
electrostatic term is more stabilizing for TS (—79.8 kcal
mol ') than for the reactant (—48.7 kcal mol™'), thus
lowering the barrier by —31.1 kcal mol ', while with the
ionic reference it is less stabilizing for TS, increasing the
barrier by 31.1 kcal mol ™. It must be emphasized that there
is no contradiction between those two results, as they
correspond to two, model, limiting cases corresponding to
hydrogen-atom transfer, and proton transfer.

Let us now analyze the orbital interaction contributions,
AE,y, emerging with the ionic reference state, and the
corresponding Ap NOCV-contributions, presented in Fig. 2d.

It can be expected that, for all the points along the reaction,
with the ionic reference, a dominating Ap; contribution
clearly shows the electron-transfer from CN~ towards the
electron-less H." The corresponding orbital interaction energy
contribution AFE,,(1) becomes less stabilizing along the
reaction pathway: —152.2 kcal mol " for S, —133.7 kcal mol !
for TS, and —130.1 kcal mol ™! for P. Thus, use of the ionic
reference leads to the same conclusion as the radical
reference, concerning the ionicity of hydrogen: here a
decrease of CN”—H" electron transfer again corresponds to
an increase in the charge on the hydrogen, as discussed
above. Therefore, it may be concluded that, in the two
limiting cases of radical and ionic reference fragments, one
can obtain a complementary picture of the charge reorgani-
zation during the isomerization reaction, leading to consistent
conclusions.

Reaction II: ethylene+butadiene cycloaddition

Let us now discuss the cycloaddition of ethene and 1,3-
butadiene from the ETS-NOCYV perspective (see reaction 11
in Fig. 1). At the initial stage of the reaction, we deal with
isolated, non-interacting closed shell reagents, i.e., ethene
and 1,3-butadiene. Consequently, each of the bonding con-
tributions listed in Table 2 for II-S is equal to 0. As the two
reactants approach each other during the reaction, the
stabilizing interaction originating from orbital interaction
term, AFE,y, emerges. The corresponding value in the
transition state, II-TS, is AE,;, = —50.0 kcal mol !, see
Table 2. It is necessary to remind ourselves that at II-TS we

Table 2 ETS® energy decomposition results (in keal mol™) describing the bond between cthene and 1,3-butadiene for II-S, II-TS, II-P°. Singlet

and triplet spin states were considered in ETS-NOCYV analysis

ETS results Ethene+1,3-butadiene TS Cyclohexene AE*
11-S -TS 1I-P [(I-TS)-(1I-S)]
Fragments in the singlet spin state
AFE a1 0.0 12.8 -37.3 12.8
AEq, 0.0 -50.0 -428.9 -50.0
AEpayi 0.0 92.9 501.2 92.9
AF giar 0.0 -50.0 -254.6 -50.0
AFEqis 0.0 19.8 145.0 19.8
Fragments in the triplet spin state
AE o’ 0.0 12.8 37.3 12.8
AE, -83.6 -171.6 -404.3 -88.0
AEpqyii 0.0 84.8 489.6 84.8
AFEjstat 0.0 -58.0 -297.7 -58.0
AE g 83.6 157.6 175.1 74.0

: AEtotalz AEorb+ AEPauli + AEclslat+ AEdist
P See explanation given in Fig. 1

¢ Fragments in singlet state were considered in ETS analysis

d Fragments in triplet state were considered in ETS analysis. Distortion energy, AE gy, calculated with respect to the singlet ground state of ethene and 1,3-butadiene
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also used the singlet spin states for fragments (so-called
reactants perspective approach). This is due to the “early”
character of the TS, i.e., minor geometry changes are
observed as compared to isolated ethene and 1,3 butadiene
(see Scheme S1 in the electronic supplementary information).

It is evident from the contour of the dominant deforma-
tion density contribution, Ap;, presented in Fig. 3b, that

Fig. 3 Energy profile of the
cycloaddition of ethene to 1,3-
butadiene (panel A). Deforma-
tion density contributions, Ap,;
and Ap,, together with the
corresponding energies for the
transition state (II-TS) and
product (II-P) are shown in
panel B (singlet reference state).
The contour value is |Ap| =
0.005 a.u. for II-P and 0.002a.u. b
for II-TS. In the case of the

product triplet spin states for

ethene (11) and 1,3-butadiene

(1!) were also considered (panel

9

E
[kecal/mol]

AE,,(2)
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two C—C bonds between ethene and 1,3-butadiene mole-
cules are formed in the transition state, II-TS. This is
clearly represented by an outflow of electrons from the
occupied 7-orbital of ethene and accumulation of electron
density in the bonding regions of C(ethene)—Cicrminal(1,3-
butadiene). It is also gratifying to see from the contour of
Ap, that, in the TS, the new 7-component of the C—C bond

S 11TS

y AE=128 |
== \O

I-S II-P

AE,,, (1) = -23.6kcal | mol

RC

AE (1) = -204.Tkcal | mol

=—17.4kcal/mol ~ AE,,(2) =—188.9%kcal / mol

Ap<0

Ap=0
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is being formed, which indicates an early stage of formation
of cyclohexene. These electron transfers lead to the
stabilization of II-TS, AE,(1)=—23.6 kcal mol '. The
second quantitatively important [AE.,(2) = —22.0 keal
mol '] contribution comes from Ap,, which exhibits
depletion of electrons from the bonding 7t(C=C) orbitals
of 1,3-butadiene and its accumulation into the bonding
regions of C(ethene)—Ciiminal(1,3-butadiene) and the anti-
bonding 7t*(C=C) of ethene, see Fig. 3b.

It is necessary to point out that, apart from the
orbital interaction term, additional stabilization of II-TS,
of the same magnitude, i.e., —=50.0 kcal mol ™!, comes from
the electrostatic contribution (AFE, ), see Table 2.
However, an inclusion of the destabilizing factors, i.e.,
the Pauli repulsion and distortion energy terms, leads to
overbalance of the stabilization and, accordingly, the
activation barrier of the addition emerges and is given by
AE"= AE,(1-TS)—AE (1-8)=12.8 kcal mol '. DFT
calculations by Osuna and Houk [40] based on different
computational details provide a higher AE*=18.5 kcal mol .
It is interesting to note that, when considering solely
destabilization of II-TS originating from the Pauli repulsion
contribution, the cycloaddition would proceed without acti-
vation barrier—an exclusion of the changes in AEg;, along
the reaction path would give negative AE" =—7.1 kcal mol ",
see Table 2. This shows that, in the case of this reaction, a
significant degree of structural deformation of the reactants
measured by the geometry distortion energy plays an
important role in determination of the barrier to cycloaddition.
Osuna and Houk [40] also calculated the distortion energy
(at B3LYP level of theory) and their value of 23.6 kcal mol ™
compares well with our AEy,=19.8 kcal mol .

Finally, for comparison, we also performed ETS-NOCV
analysis of the reaction path from the product perspective, i.e.,
the triplet spin states for ethene and 1,3-butadiene were used
for both cyclohexene (II-P) and the transition state TI-TS.

The results were added as new entries in Table 2 and Fig. 3c.

It can be seen in the case of cyclohexene constituted
from the triplet fragments that the orbital interaction term
dominates in the stabilization as compared to electrostatic
factor (the same is true when applying the singlet spin
states for fragments). Deformation density contributions,
presented in Fig. 3c, for II-P clearly show the formation of
strong covalent C—C bonds [AE,u(1)=—176.9 kcal mol '
and AE,,(2)=—188.9 kcal mol '].

However, it should be emphasized for II-P that, in the
picture resulting from the reactants perspective (closed-shell
fragments), an overall bonding picture resulting from a sum
of the ‘donation’ and ‘back-bonding’ contributions
shown in Fig. 3b will be qualitatively similar to that
obtained from a summation of the ‘covalent’ contributions
(product perspective, from the triplet fragments) shown in
Fig. 3c. The orbital energy part originating from the two major

components in the triplet-reference-state, AE (1) +AE(2)=
(—176.9 kcal mol ") + (—188.9 kcal mol ') = —365.8 keal
mol ' is smaller than the orbital energy part originating from
the two major components in the singlet-reference-state,
AEy(1)+ AE,(2) = (—204.7 keal mol ")+(—182.7 keal
mol ") = —387.4 kcal mol '. This indicates that the bond
description is more compact in the case of the singlet-
reference-state since, in the case of the triplet-reference state,
the larger part of the charge-flow must be hidden in many of
the small-energy components (corresponding to small NOCV
eigenvalues).

Let us now discuss the electronic structure of the TS that is
built from ethene and butadiene in the triplet spin state (i.e.,
the product perspective). It can be seen from Fig. 3c that
dominant contribution [AE(1)=—149.6 kcal mol '] to the
deformation density originates from the polarization of the
reactants, which clearly leads to the strengthening of the C—C
bond in ethene and the terminal C—C bonds (‘double’ C-C
bonds) of butadiene. Thus, this contribution corresponds to
the ‘relaxation’ of the 7-electron density from a triplet
towards the singlet state of reactants. This, in our opinion,
shows that a singlet reference state is more appropriate for a
description of the TS for this reaction. This could be
intuitively expected from the early-TS character of the TS
discussed.

The second NOCV contribution, which corresponds to
much smaller orbital-interaction energy, AE,(2)=—17.4 kcal
mol ', exhibits electron density changes towards the product,
i.e.,, formation of covalent C—C bonds between the frag-
ments, and strengthening of the middle C—C butadiene bond
(becoming a ‘double’ bond in the product), at the expense of
‘terminal’ C—C bonds of butadiene (becoming ‘single’ bonds
in the product).

Finally, one should note that the Pauli repulsion
component is slightly smaller for the triplet-reference state
than in the case of singlet fragments (84.8 kcal mol ' vs
92.9 kcal mol ™), but is still important for TS destabiliza-
tion. Thus, both obtained pictures of bonding (with singlet
and triplet states for the considered fragments), highlight
the importance of Pauli repulsion and geometry reorgani-
zation in the destabilization of the TS.

Reaction III

One of the crucial steps in the olefin polymerization cycle
catalyzed by organometallic complexes is the migratory
insertion of the olefinic monomer into the metal-alkyl bond
via a TS in which the metal ion, the «-carbon atom of the
alkyl, and the two carbon atoms of the monomer participate
in the bond formation / bond breaking process. As a result,
a new carbon—carbon bond is formed and a polymer chain
is elongated by a two-carbon unit. As presented in Fig. 1
(reaction III), the backside (BS) propagation mechanism
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starts from the 7t-complex, in which an incoming olefin
(ethylene) is coordinated to the electron-deficient metal
center of the (-agostic alkyl complex in the position anti
(i.e., BS) to the [-agostic bond (labeled as III-S in the
figure). Proceeding via a four-centered TS stabilized by a
strong (-agostic interaction (III-TS), the insertion of the
monomer leads to a d-agostic alkyl complex as a direct
product of the reaction (III-P). As stated in the Computational
details section for III-S and III-TS, we used primarily the
singlet spin state for ethene and Ti-containing catalyst
(reactant perspective). For completeness, we also present the
full ETS-NOCYV results when applying triplet spin states for
fragments in the electronic supplementary information (Table
S2 and Fig. S1).

We will start the discussion with a description of the BS
insertion reaction on the basis of deformation density
contributions originating from NOCVs, Apy, and the
corresponding energies, AE,y, (k). The two dominating
components of the deformation density, Ap; and Ap,,
describing the bond between ethylene molecule and the
remaining Ti-based fragment for both the BS m-complex
and TS together with the corresponding energy values are
presented in Fig. 4.

Fig. 4 Dominating contributions
to the deformation density Ap
describing the bond between
ethylene and titanium-based
fragments for the III-S and
HI-TS structures according to
ETS-NOCYV analysis. The
contour value is |Ap|=0.003 a.u.
The bluelred contours
corresponds to accumulation/
depletion of electron density

AEulb(z)
keal/mol
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II1-S

-21.9

Let us first discuss the main NOCV deformation density
component, Ap;, in III-S geometry. As can be seen, this
demonstrates the accumulation of electron density in the
region between the outer ethylene carbon atom and the
titanium center corresponding to the Ti—ethylene bond
formation, as well as the depletion of electron density from
the double C=C ethylene as well as Ti—o«-C(propyl) bonds.
The corresponding deformation density contribution in the
ITII-TS structure reveals a significant similarity to the
contour described above. As in the case of III-S, it presents
not only the Ti—C(ethylene) bond, but primarily further
electron density rearrangements in the monomer-polymer
region initiated already at the 7-complex stage. According to
the direction of the charge flow, such rearrangements can be
identified with the following processes: (1) transformation of
the double C=C bond in the ethylene molecule into the single
C—C; (2) rupture of the Ti—a-C(propyl) bond; and, finally (3)
formation of the new covalent C(ethylene)—x-C(propyl) bond.
When going from the reagent to the TS, an increased orbital
interaction between ethylene and the Ti-based fragment is
noted, AE, (1), by —21.9 and —64.6 kcal mol !, This might
be linked to the strengthening of the Ti—C(ethylene) bond
and formation of a strong covalent C—C connection. As far

II-TS

-64.6

-19.9
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as the second NOCV-based deformation density contribution,
Ap,, is concerned, one can see that, in III-S, it presents a
delocalized bonding between the inner ethylene carbon atom
and both the metal center and the alkyl group. In the TS, such
bonding becomes localized predominately in the region of
inner C(ethylene)—x-C(propyl). The corresponding stabiliza-
tion AEq(2) is —9.1 and —19.9 kcal mol ' for III-S and III-
TS, respectively. It is clearly seen that these are definitely of
less importance compared to the former pair of the
deformation density contributions, AE.(1) = —21.9 and
—64.6 kcal mol™'. An increase in AE,y(1) and AEy(2)
values determines the trend of increasing stabilization in the
total AE,; values, —39.5 kcal mol ' for III-S and
—100.2 kcal mol ™" for INI-TS, AE(INI-TS)—AE,(II-S)=
—60.7 kcal mol !, see Table 3.

The results collected in Table 3 show that the increase in
stabilization originating from total orbital interaction and
the electrostatic terms when going from III-S to III-TS is
overcompensated by the two destabilizing factors, i.e., Pauli
repulsion and geometry distortion contributions. As a final
result, the reaction considered reveals the low activation
barrier of AE@(II-TS)—AE o u(II-S)=2.2 kcal mol . It
is also clearly seen from Table 3 that the Pauli repulsion
term is predominately responsible for the existence of the
activation barrier.

As we go from III-TS to the product ITI-P,

a drop in total bonding energy is observed (from —4.9 kcal
mol™' to —19.1 kcal mol '). The ‘product’ columns of
Table 3 show that the drop in AE,y values is due to a
decrease in both orbital and electrostatic contributions, with
the notable dominance of the former. In addition, the Pauli
respulsion term is more important in the destabilization as
compared to the distortion energy contribution. This
conclusion is consistent when considering both triplet and
singlet spin states for ethene and Ti-containing catalyst (see
Table 3). The results concerning a description of the TS and
substrate from the ‘product’ perspective are shown in the
Supporting Information (Table S3). Similarly, to the

cycloaddition reaction, the singlet-reference fragments are
more appropriate for a description of the TS for ethylene
insertion discussed here, due to its early-TS-character.

Reaction IV

As a final example, we will study selective activation of the
B—H bond catalyzed by an Ir-catalyst (see reaction IV in
Fig. 1). Our investigation is prompted by the experimental
work of Rossin and coworkers [46], in which these authors
have shown that solely the B—H bond of ammonia borane
(AB) is activated. In this latter work, the authors also
noticed that, surprisingly “...Very little attention has so far
been devoted to the understanding of whether B—H versus
N-H activation is preferred....”. Therefore, in this section
we will characterize not only the energy profile based on
the ETS-NOCV method but also rationalize the origin of
B—H bond activation.

In the first step, we analyzed possible bonding modes of
AB to the Ir-catalyst. As a result we found two stable
complexes of AB with the metal-catalyst (see structures I'V-
S and IV-S’ in Fig. 5). In the former case, AB interacts with
the Ir-center via the B—H bond whereas, in the latter, AB
forms the bonding with Ir-catalyst via the NH; group.
Keeping in mind that experimental data show that solely
the B—H bond of AB is activated, it is thus not surprising
that the conformer IV-S is more stable (by 4.4 kcal mol ")
than the structure IV-S’. The ETS results describing the
interaction of AB with the Ir-catalyst presented in Fig. 5
show that this is due to the higher stabilization originating
from electrostatic (AE s is lower by 44.8 keal mol ') and
orbital interaction (AE,y is lower by 17.6 kcal mol )
contributions. An important question that arises at this point
is why AB prefers an orientation that is suitable for
activation of the B—H bond. The Hirshfeld’s atomic charges
calculated for free AB show that the BH; group is more
negatively charged than the NHj3 unit (see Fig. 6a).
Accordingly, the negative MEP occurs in the vicinity of

Table 3 ETS® energy decomposition results (in kcal mol™") describing the bond between ethylene and Ti-based fragment for ITI-S and III-TS®

ETS results m-complex TS d-agostic product AE* d-agostic product
1I-S 1I-TS TI-P [(IT-TS)-(I11-S)] I1-p¢

AV -7.1 -4.9 -19.1 2.2 -19.1

AEqm -39.5 -100.2 -494.8 -60.7 -306.9

AEpaui 69.1 165.4 592.4 96.3 387.0

AEsat -50.9 -101.1 -280.8 -50.2 -246.6

AFEgis 14.2 31.0 164.1 16.8 147.4

! AEtotalz AEorb+ AE‘Pauli + AE‘elsmt+ AEdist
®See explanation in Fig. 1

¢ Fragments in singlet state were considered

d Fragments in triplet state were considered. Distortion energy, AEy;, calculated with respect to the singlet ground state of ethene and Ti-containing catalyst

@ Springer



2348

J Mol Model (2011) 17:2337-2352

Fig. 5 Stable complexes of
ammonia borane (AB) with
Ir-containing catalyst. IV-S
labels the structure where B—H

bond is elongated, whereas AEuwu=-11.9
IV-S’ shows the binding of AB AE.=-33.1
to the catalyst via the NH; AErua=74.1
group. ETS results (in kcal AEauwm= -60.4
molfl) of the interaction AEu=T7.5
between AB and the catalyst
are also presented

©

BH; unit, as can be seen from Fig. 6b. Therefore, AB tends
to attack the electrophilic Ir center (with positive MEP
potential) via solely the BH3 group. It can be seen clearly
that the electrostatic factor not only explains the origin of
binding of AB with the Ir-center via the BH; group, but it
also introduces very high stabilization to the already formed
complex, IV-S (see ETS results presented in Fig. 5).

Let us now switch our attention to analysis of the
changes in electronic structure during the reaction of B—H
bond activation. Figure 7b presents the leading contours of
deformation density contributions based on NOCVs with
the corresponding energies. The main contribution to AE,y,
comes from the charge rearrangement, Ap;. In IV-S, Ap,;
captures the formation of the B—H bond and the newly
formed Ir—H connection, which corresponds to stabilization
by AEq,(1)=—103.5 kcal mol ', In the TS, IV-TS, one can
see not only the Ir—H bond formed (and the practically
broken B—H bond) but also the new Ir—B interaction, which
is reflected in further stabilization AE,(1)= —125.3 keal
mol™!. The second deformation density contribution, Ap,,
participating in AE,,, represents a dative component, i.e., an
outflow of electrons from the Ir center to hydrogen, see Ap,
(the same qualitative picture for IV-S and IV-TS).
It becomes constantly more stabilizing when going from
(IV-S) to (IV-TS), AE,(2) varies from —9.1 kcal mol ", up
to —13.7 kcal mol'. Tt is worth noting that the charge flow
estimations, Ag(k), obtained from NOCYV eigenvalues (see the
Table S1 of in the electronic supplementary material) exhibit
the same trend as energetic flow measures, AE. (k). In
addition, we found that boron and iridium atoms lose electrons

Fig. 6 a Hirshfeld’s atomic
charges on the AB molecule,
b MEP map around AB and
the Ir-catalyst
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IV-S V-8’
“
i! ! AEuwu=-7.5
; B ¢ B AE.«w=-15.5
Y ¢ I AEru=21.9
AEuw=-15.6

AEsa=1.7

according to Voronoi charge analysis when going from IV-S
to IV-TS, Aq(S—TS, Ir)=+0.10e, Aq(S—TS, B)=+0.17¢.
This is in qualitative line with the charge and electronic
estimations of the density transfer Ap; (where charge
depletion from boron and iridium atoms was similarly noted).

It is crucial to point out that the electronic factor, AE,,(I'V-
TS)-AEy,(IV-S)= —41.1 kcal mol ', is quantitatively less
important in the stabilization of the TS as compared to the
stabilization that originates from the electrostatic contribu-
tion, AFesei(IV-TS)-AE 150(IV-S)= —95.7 kcal mol .
Similarly to the previous reactions studied, the Pauli repulsion
(by 122.3 kcal mol ") is mostly responsible for the emerging
of the activation barrier, AE” =AE@(IV-TS)~AE y(IV-S)=
3.8 kcal mol '. Rossin et al. [46] obtained AE"=4.3 kcal
mol .

It should also be noted that, alternatively, we used the
two closed shell fragments (NH3;BH; and Ir-catalyst) in the
singlet spin state in order to analyze the changes in
electronic structure when going from IV-S to IV-TS. The
ETS results presented in Table 4 show a consistent trend as
compared to the three fragment-based approach. Namely,
the electrostatic stabilization dominates over the orbital
interaction factor in the stabilization of IV-TS. On the other
hand, steric hindrance due to the Pauli repulsion term is the
most important in the destabilization of IV-TS.

It is worth noting that, when we go from transition state
IV-TS to product IV-P, further stabilization stemming from
electrostatic and orbital interaction term is observed (see
Table 5), by AFEqsua(IV-P)-AE . (IV-TS)= —61.5 and
AEo i (IV-P)~AE,(TV-TS)= —74.1 kcal mol ', respectively.

l 0.579

0.467

. 0.355

0.243

0.131
-0.120
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Fig. 7 Energy profile of B-H
bond activation catalyzed by an
Ir-based complex. b Contours
of deformation density contri-
butions Ap; , Ap, and the
corresponding energies for IV-S,
IV-TS and IV-P. Red areas of
Ap; shows charge depletion,
whereas blue areas indicate
charge accumulation upon bond
formation. The contour value

is |Ap|=0.001 a.u

AEorb(1)= -103.5 keal/mol

AEorb(2)=-9.1

This leads to overcompensation of the destabilization
originating from the distortion and Pauli repulsion terms
and accordingly results in the exothermicity of the
reaction AE,ou(IV-P)~AE(IV-S)= —12.8 kcal mol .
It should be noted that, when applying not singlet, but

Table 4 ETS® energy decomposition results (in kcal mol™") describ-
ing the interaction between two closed shell fragments NH;BH; and
Ir-catalyst for IV-S and IV-TS

ETS results IV-S IV-TS AE* [(IV-TS)-(IV-S)]°
AEioal -12.0 -8.2 3.8

AEyq 332 -86.3 -53.1

AEpauii 74.1 208.6 134.5

AFEitat -60.5 -174.4 -113.9

AVIR 7.5 43.8 36.3

: AEtctal: AEorb+ AEl’zmli + AEelslat+ AEdist
®See labeling in Fig. 1

E [heabimol]
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triplet spin state for the Ir-containing fragment in the case
of the product I'V-P, the electrostatic term changes similarly:
AE g15at(TV-P)~ AE 1o IV-TS)= —63.8 kcal mol ", although
the orbital interaction contribution is notably less stabilizing
AE o (IV-P)~AE,1,(IV-TS)= —26.0 kcal mol '. Both pic-
tures, however, consistently show the dominance of the
electrostatic stabilization in the product I'V-P.

Finally, we performed ETS-NOCYV analysis of IV-S, IV-
TS and I'V-P when applying charged fragments in the singlet
states: H', NH;BH, and Ir-containing catalyst. The results
are presented in Table S3 of the electronic supplementary
information file. Although, we do not present a detailed
analysis in the body of the manuscript, it is important to note
that decomposition of AE” into the specific bonding
contributions leads to similar conclusions as compared to
those obtained from three fragments-based approach (HT,
|BH,NH; and closed shell Ir-catalyst). Namely, the low
barrier of activation of B—H bond originates predominantly
from the large electrostatic stabilization of IV-TS. On the
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Table 5 ETS® energy decomposition results (in kcal mol ') describing the interaction between three sub-systems (H1, NH3H,B| and closed shell

Ir-catalyst) for IV-S, IV-TS, IV-P°

ETS results IV-S IV-TS IV-P* AE" [(IV-TS)-(IV-S)] v-p
AE o -119.8 -116.0 -132.6 3.8 -132.6
AEyy 1214 -162.5 -236.6 -41.1 -188.5
AEpaui 135.5 257.8 363.2 122.3 313.6
AE uat -141.6 2353 296.8 957 299.1
AE gy 7.7 24.0 37.6 16.3 414

: AEtotalzAEurb+AEPauli+AEels(at+AEdist

°See explanation given in Fig. 1

© The following fragments, Hf, NH3H,B| and singlet Ir-catalyst, were considered

9The following fragments, Ht, NH3H,B| and triplet Ir-catalyst (171), were considered, distortion given with respect to doublet H and NH3;BH, fragments

and singlet Ir-based catalyst

other hand, a positive value of AE” originates predominantly
from the Pauli repulsion contribution.

Due to the fact that the electrostatic term appears to be
the crucial stabilizing factor of the TS (independently of the
type of reference states used in ETS-NOCYV analysis) one
can envisage that use of strongly electrophilic metal centers
should provide a very effective way of dehydrogenation of
AB that proceeds via a mechanism based on B—H bond
activation. Indeed, very recently, the palladium cationic
system containing acetonitrile ligands was used for dehy-
drogenation of AB via B—H bond activation, and proved to
exhibit the best performance to date [60].

Finally, it should be noted that Bickelhaupt and Zeist
recently used a pure ETS-scheme in their so-called “activation
strain model”, which allowed, for example, an understanding
of the activation barriers of C—H bond activation or nucleo-
philic substitution SN2 [27]. In addition, Fernandez et al.
recently applied the activation strain model to double group
transfer reactions [61]. In our present study, however, we not
only used the original ETS scheme to analyze the origin of
activation barriers for reactions of significant catalytic
importance but, primarily, we applied an NOCV-originated
study based on charge flow channels that allowed us to
understand density reorganization both qualitatively and
quantitatively during the course of the considered reactions.

Concluding remarks

In the present account, we have analyzed the changes in
electronic structure during chemical reactions based on the
combined charge and energy decomposition scheme ETS-
NOCV. In addition, decomposition of the activation barrier,
AE”", into stabilizing (electronic and electrostatic) and
destabilizing (Pauli repulsion and distortion energy) factors
was discussed. As examples, we chose two simple model
reactions, namely (I) hydrogen cyanide to hydrogen
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isocyanide, HCN—CNH isomerization; and (IT) Diels-
Alder cycloaddition of ethene to 1,3-butadiene; and two
more complex examples of catalytic reactions, i.e., (III) BS
insertion of ethylene into the metal-alkyl bond in half-
titanocene with phenyl-phenoxy ligand catalyst; and (IV)
B—H bond activation catalyzed by an Ir-containing catalyst.
Various reference states were considered in the bonding
analysis for each of the reactions under study.

We found that NOCV-based deformation densities (Ap;)
and the corresponding energies [AFE,4,(i)] provided a very
useful, qualitative and quantitative, picture of the chemical
bonds breaking and forming during the course of the
reaction. Consequently, this yields a compact characteriza-
tion of electronic charge reorganization along the considered
pathways (I, II, III and IV). In addition, ETS-NOCV
allowed the activation barrier to be characterized in terms
of stabilizing and destabilizing factors.

We found that reactions (I) and (IT) exhibited the highest
barriers of activation, at AE*=45.5 kcal mol ! and AE"=
12.8 kcal mol !, respectively. Decomposition of the barrier
into stabilizing (electronic and electrostatic) and destabilizing
(Pauli repulsion and geometry distortion) contributions led to
the conclusion that the main factor responsible for such high
values of AE” for I and II is the Pauli repulsion contribution,
which is the origin of steric interaction [2]. In addition, in the
case of cycloaddition of ethene to 1,3-butadiene, a significant
degree of structural deformation of the reactants, as
measured by the geometry distortion energy, AEg;, plays
an important destabilizing role. In both reactions, stabiliza-
tion of the TSs (relatively to the reactants) originating from
both electronic (AE,y) and electrostatic (AFg;) contribu-
tions appeared to be very important, with the evident
dominance of AE,y (over AE g, in the case of I. The
above conclusions are valid for reaction II when applying
both singlet and triplet reference states.

Catalytic reactions (IIT) and (IV) proceed relatively
easily; the calculated barriers are 2.2 and 3.8 kcal molfl,
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respectively. The main factors responsible for high stabili-
zation of the TS of these processes, III-TS and IV-TS, are
the electronic term (AE,y,) in the case of reaction III and
the electrostatic attraction (AE,,) for B-H bond activa-
tion in reaction I'V. The remaining stabilizing components,
i.e., AE g for III and AE,,, for IV are quantitatively less
important. In both cases, destabilization originating from
Pauli repulsion is crucial in overcompensation of the total
stabilization (stemming from the electronic and electrostatic
contributions). In the case of reaction IV, we found that the
electrostatic term is not only predominantly responsible for
the low activation barrier of the B—H bond, but it also
causes suitable orientation of AB with respect to the
catalyst, i.e., AB attacks the electrophilic Ir-center via the
negatively charged BH; unit. It should be noted that, ver
recently, strongly electrophilic Pd(Il)-containing catalysts
have been used in the catalytic dehydrogenation of AB that
proceeds via B—H bond activation. This reaction appears to
exhibit the best performance to date [60]. This is in
agreement with our finding that catalysts containing strong
Lewis acid-type metal centers should be appropriate
candidates for effective dehydrogenation of AB that
proceeds via a mechanism based on B—H bond activation.
Further studies on the dehydrogenation of AB by other
catalysts containing cationic metal centers are ongoing.
These results show that application of the ETS-NOCV
method has opened up new directions for the development
of effective and cheap catalysts for dehydrogenation of AB.
The above conclusions on factors determining the barrier to
activation of the B—H bond are true when considering
different reference states.

Finally, it is important to emphasize that use of the ETS-
NOCYV method for analysis of the catalytic reaction allows
for extraction of the information on the role of the catalyst.
Namely, in the case of B—H bond breaking of AB, we
found that the Ir-based catalyst significantly lowers the
barrier by up to 3.8 kcal mol™', as compared to non-
catalytic rupture of B—H bond, by 102.1 kcal mol™" (the
calculations by Rablen and Hartwig at the level of G-2
theory) [62]. As stated previously, such lowering stems
predominantly from the electrostatic interaction between
negatively charged BH3; of AB and the electrophilic Ir-
center; electronic stabilization originating from the orbital
interaction term between AB and the metal center is less
important. This is opposite to the case, for example, of the
insertion reaction of ethene (labeled III in Fig. 1), where
the electronic term appears to be dominant over the
electrostatic factor in stabilization of the TS.
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