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Mechanistic insights into the insertion and addition
reactions of group 13 analogues of the six-
membered N-heterocyclic carbenes: interplay of
electrophilicity, basicity, and aromaticity governing
the reactivityt
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Three fundamental concepts (aromaticity/basicity/electrophilicity), being heavily used in modern chemistry,
have been applied in this work to study the chemical reactivity of six-membered-ring group 13 N-
heterocyclic carbenes (G13-6-Rea; G13 = group 13 elements) using density functional theory (BP86-
D3(BJ)/def2-TZVP). G13-6-Rea is isolobal to benzene. Two model reactions have been used in the
present study: the insertion reaction of G13-6-Rea with methane and the [1 + 2] cycloaddition reaction
of G13-6-Rea with ethene. Our theoretical analysis reveals that the chemical reactivity of B-6-Rea, Al-6-
Rea, and Ga-6-Rea is governed by their HOMO (the sp?-c lone pair orbital on the G13 element), and
thus they can be considered nucleophiles. Conversely, the chemical behavior of In-6-Rea and Tl-6-Rea
is determined by their LUMO (the vacant p-m orbital on the G13 element), and thus they can be
considered electrophiles. On the basis of the VBSCD (valence bond state correlation diagram) model and
ASM (activation strain model), this theoretical evidence demonstrates that the origin of activation barriers
for the above model reactions is due to the atomic radius of the pivotal group 13 element in the six-

membered-ring of G13-6-Rea. Accordingly, our theoretical conclusions suggest that the lower the
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membered-ring of G13-6-Rea and the smaller the singlet—triplet energy splitting AEg of this N-
DOI: 10.1039/d1ra02703d heterocyclic carbene analogue, which will facilitate its chemical reactions. The theoretical findings

rsc.li/rsc-advances originating from this study allow many predictions in experiments to be made.

a weak m-backbonding ability.”> In particular, these NHC
analogues exhibit the attractive natures with lower toxicity as

. Introduction
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The simple carbene (CH,) is well known to be an electron-
deficient two-coordinate carbon molecule, possessing two
non-bonding electrons on the central carbon atom.' For over
one hundred years, CH, and the carbene derivatives were always
classified as only transient species since they were notoriously
difficult to be experimentally isolated, let alone structurally
characterized. Since 1991, the synthesis and isolation of ther-
mally stable N-heterocyclic carbenes (NHCs) by Arduengo and
co-workers® have greatly opened considerable research activity
into the various fields of organic, inorganic, and organometallic
chemistry.>* For instance, many researches demonstrated that
NHCs exhibit high tendency to act as strong o-donors with
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well as higher air and thermal stability. As a result, NHCs are
creating tremendous interests either in their ability of acting as
versatile nucleophilic catalysts in a variety of organic
designs*®®* or as key ligands in many organometallic
complexes, which mainly turned out to be useful components
for broad applications.***°

Through many sophisticated efforts by excellent synthetic
chemists, the chemistry of monomeric four-, five-, and six-
membered heterocycles of the general form I-III containing
a pivotal group 13 element G13 (= B, Al, Ga, In, and Tl; Scheme
1) has been extensively studied in experiments in recent
decades and still continues to be an active research area in
many laboratories.*** In this work, we devote our attention to
the reactivity of the neutral six-membered NHC analogues
featuring a group 13 element (G13-6-Rea). Although the
understanding of the six-membered-ring G13-6-Rea molecules
has certainly grown in recent years,** our knowledge con-
cerning their relative chemical reactivity remains primitive
compared to that of five-membered-ring NHC analogues

© 2021 The Author(s). Published by the Royal Society of Chemistry
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bearing a central group 14 element.?”* In this study, we thus
chose two typical chemical reactions (insertion, eqn (1), and
cycloaddition, eqn (2)) based on density functional theory (DFT)
to investigate the origin of the activation barriers for group 13
analogs of the six-membered NHCs.

H. _CHs

'Bu\N/G13\N/’8u - ’Bu\N/G13\ _Bu
— » G13-6-CHyTS — > (1)

G13-6-Rea G13-6-CHy-Prod

H,C——CH,

'Bu\N/Gm\N/'Bu CH 'Bu\N/G13\N/'Bu
L2Ma . G13.6-CoH TS — > (2)

G13-6-Rea G13-6-C,H,-Prod

To gain better understanding of the chemical reactivity of
G13-6-Rea, their chemical natures are analyzed in this work
using three important fundamental concepts: aromaticity,
basicity, and electrophilicity. Moreover, the sources of their
activation barriers are studied with the VBSCD model®* and
the activation strain model (ASM)***” method. Hopefully, our
theoretical study focusing on the above fundamental concepts
and electronic factors that characterize this six-membered-ring
G13 family of NHC analogues will provide essential and useful
information for understanding and explaining its chemical
reactivity.

lI. Methodology

A comprehensive computational gas-phase DFT study was per-
formed using the Gaussian 09 E.0 software package®® to opti-
mize all molecular structures. Geometry optimizations were
performed using the BP86 functional®”° including D3 disper-
sion corrections.””* All atoms in this study were described with
a def2-TZVP triple-{ quality basis set.”* We thus refer to the
theoretical level as BP86-D3(BJ)/def2-TZVP. Frequency calcula-
tions at BP86-D3(BJ)/def2-TZVP were performed to identify
either minimum energy geometries (zero imaginary frequen-
cies) or transition states (one imaginary frequency). The
pathway involving the initial reactants, transition states, and
final products was examined by calculating the intrinsic coor-

dinate (IRC).”*7®* Nucleus-independent chemical shift
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(NICS)””” and anisotropy of the current-induced density
(ACID)®*#* calculations were performed using the GIAO method
at BP86-D3(B])/def2-TZVP.

1. Results and discussion

(1) The geometries and electronic structures of G13-6-Rea
(G13 = group 13 elements)

As mentioned in the Introduction, DFT was first used to study
the model reactants G13-6-Rea (G13 = B, Al, Ga, In, and TI),
which feature tert-butyl substituents attached on the nitrogen
atoms, by determining their geometrical and electronic struc-
tures. Our calculated BP86-D3(BJ)/def2-TZVP results for the key
geometrical parameters and some physical properties of G13-6-
Rea are shown in Table 1 (also see Fig. S17).

To the best of our knowledge, no well-separated six-
membered NHC monomer containing a pivotal boron
element has been experimentally reported yet. Nevertheless, the
experimental data concerning the G13-N bond distances in the
six-membered NHCs with various substituents were reported as
follows: AI-N (1.957 and 1.963 A),"** Ga-N (2.034-2.063 A),*>*

Table 1 Key geometrical parameters for G13-6-Rea (G13 = group 13
elements) calculated at the BP86-D3(BJ)?/def2-TZVP? level of theory

Bu_ /G1 3 tBu

or

B-6-Rea Al-6-Rea Ga-6-Rea In-6-Rea TI-6-Rea
G13-N1 (A) 1.429  2.045 2.143 2.377  2.480
G13-N2 (A) 1.429 2.045 2.143 2.377 2.480
£/ N1-G13-N2 (°) 121.4 92.28 88.42 85.78 78.92
AE¢ (kcal mol—1) 4.2 27.2 463 50.8 51.8
NICS(0)? (ppm) —8.540 —1.476 —1.365 -1.185 -1.135
NICS(1) (ppm) —7.094 —3.250 —3.219 —2.367 —2.162
NICS(1),; (ppm)  —7.002 —4.004 —3.841 —3.713  —2.735
PA® (kcal mol™')  308.6  268.0  248.5 229.0  206.7
GPB" (kcal mol™") 291.8 2552  235.3 216.6  194.7
fk” —0.235 —0.141 -0.120 —0.266 —0.888
fkﬂ' —0.329 —-0.703 —-0.489 0.065 —0.147
uf (eV) 1.356  1.481 2.532 2.884  3.002
nl (eV) 2.775 2.940 3.190 3.073 3.230
W™ (eV) 2.551  3.224 10.23 12.78  14.54

“ See ref. 69-72. © See ref. 73. © Energy relative to the corresponding
singlet state. A positive value means that the singlet is the ground
state. ¢ NICS(0) stands for the NICS value calculated at the center of
the molecular plane. ¢ NICS(1) stands for the NICS value calculated
1.0 A above the center of the molecular plane./ NICS(1),, stands for
the NICS value calculated at the zz component of the magnetic tensor
NICS(1). ¢ The proton affinity (PA) of G13-6-Rea, which is the reaction
enthalpy based on the equation: (G13-6-Rea)H'(,) — G13-6-Rea(y) +
H'. " The gas-phase basicity (GPB) of G13-6-Rea, which is the Gibbs
free energy based on the equation: (G13-6-Rea)H";) — G13-6-Reay +
H'". ' u stands for the electronic chemical potential. For details see the
text and Table S2.7 5 stands for the chemical hardness. For details see
the text and Table S1. * w stands for the electrophilicity index. For
details see the text and Table S1. 'fi" stands for the nucleophilic
attack. For details see Table S2. ™ fi~ stands for the electrophilic
attack. For details see Table S2.
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In-N (2.268-2.364 A),"* and TI-N (2.401-2.471 A).**" The
corresponding BP86-D3(B])/TZVP data of G13-6-Rea provided in
Table 1 agree reasonably well with the available experimental
values.***” Additionally, the experimental data for the central
/N-G13-N bond angle were reported as follows: ZN-Al-N
(89.86° and 91.85°),***' / N-Ga-N (87.53°-89.42°),"»** / N-In-
N (78.23°-81.12°),*** and £N-TI-N (76.20°-78.00°)."* Again,
these attainable experimental values are in reasonably quanti-
tative agreement with our BP86-D3(B])/TZVP results for the G13-
6-Rea molecules. It must be noted that the computational and
experimental results demonstrate that the central Z N-G13-N
bond angle in G13-6-Rea becomes more acute proceeding down
the group 13 family from boron to thallium. This phenomenon
can be attributed to the “inert s-pair effect” and “orbital non-
hybridization effect,” as discussed elsewhere.?>"*

The singlet-triplet splitting AEy (= Egiplet Esinglets
keal mol ")* of G13-6-Rea (Table 1) follows the order B-6-Rea
(3.9) < Al-6-Rea (28.2) < Ga-6-Rea (47.0) < In-6-Rea (51.0) < Tl-6-
Rea (53.1). That is, AE increases monotonically from B-6-Rea to
TI-6-Rea. Fig. 1 shows that proceeding from B-6-Rea to Tl-6-Rea,
a change of the group 13 element (G13) in G13-6-Rea decreases
the energy of the nonbonded p®-c lone pair orbital, which is
located at the pivotal G13 atom. Similarly, this G13 replacement
down the group 13 family decreases the energy of the vertical p-
7 orbital at the G13 element. Furthermore, the theoretical data
shown in Table 1 anticipates the small AE; of B-6-Rea
(4.2 keal mol™"), implying that this molecule could be kineti-
cally unstable and readily undergo chemical reactions with
other substrates. In fact, the previous studies have provided

Energy
(eV)
A LUMO+1 (p-n)
0.0+ -0.313

o

Paper

similarly small values of AE, for borylenes.*” The above theo-
retical finding could explain why the six-membered-ring boron
NHC analogue has not been synthesized and stabilized in
experiments.

However, it is noted that the BP86 method cannot provide
correct orbital energies due to the reason that the BP86 method
is composed of semi-local exchange, and, therefore, decays too
rapidly instead of the correct —1.00/R dependence. It has been
shown that semi-local functional will collapse to the wrong
HOMO-LUMO gap due to an incorrect description of the exci-
tation binding energy in organic systems. For this reason, one
single benchmark calculation using a range-separated func-
tional such as LC-BLYP*** has been utilized to draw the frontier
molecular orbitals of G13-6-Rea, which is given in Fig. S2.}
Fortunately, the energy order of the frontier molecular orbitals
in Fig. S27 is quite similar to that in Fig. 1. We thus feel confi-
dence for further studies about some properties of G13-6-Rea
using the BP86 approach. For more details, one may find some
useful references in the literatures.”***

It is worth noting that the six-membered G13-6-Rea mole-
cules studied in this work, the G13 atom and the molecular
backbone (N-C-C-C-N) form an essentially planar six-
membered ring. As a result, six 7 electrons are located in this

R\N/G g _R

Scheme 2 G13-6-Rea is isolobal to benzene.
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Fig. 1 Calculated frontier molecular orbitals of the G13-6-Rea (G13 = B, AL, Ga, In, and Tl) molecules at the BP86-D3(BJ)/def2-TZVP level of

theory. For more information see the text.
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molecular ring, implying that these cyclic G13-6-Rea molecules
should have aromatic character. In fact, from the isolobal
analogy viewpoint,” the six-membered-ring G13-6-Rea species
is isolobal with benzene (C¢Hs), which owns the well-known
high aromaticity (Scheme 2). Over the years, the nucleus-
independent chemical shift (NICS) approach, developed by
Schleyer and et al,””” has become one of the most popular
aromaticity probes. We have thus applied the NICS index to
investigate the aromatic nature of G13-6-Rea, whose computa-
tional NICS(0), NICS(1), and NICS(1),, values are collected in
Table 1. Table 1 shows that the NICS value of G13-6-Rea
becomes smaller and less negative as its central G13 atom
becomes heavier. These results can be ascribed to the nature of
the pivotal G13 elements. In fact, both the orbital size and the
orbital energy level of the valence np orbitals of the G13 atom
play decisive roles in determining the aromatic character of
G13-6-Rea. For instance, the six-membered ring skeleton of B-6-
Rea contains second elements

only row

(B—N—C—C—C—N) and their valence 2p orbitals are
similar in size.** Moreover, these valence 2p orbitals on the
cyclic atoms of B-6-Rea are all close in orbital energy. As a result,
these phenomena can easily form the p-m resonance on the six-
membered ring and make B-6-Rea to possess the highest degree
of aromaticity in the G13-6-Rea family. However, the frontier np
orbitals of the heavy group 13 elements (such as Al, Ga, In and
TI) bear the higher principal quantum number n (=3), sug-
gesting that both sizes and energy levels of the frontier np
orbitals of a heavy G13 atom are quite larger than those of the
valence 2p orbitals of a second row element. Therefore, unlike
the significant delocalization over the g N c—c—Cc—N
ring of B-6-Rea, there is effectively less overlap of the valence p-7
orbital on the heavy G13 center with the two proximal N p-w
orbitals. Accordingly, our theoretical analysis demonstrates that
the aromatic character of the six-membered ring of G13-6-Rea
decreases down the group 13 family from B-6-Rea to Tl-6-Rea
(also see their ACID plots in Fig. S31).

We are interested in the basicity of G13-6-Rea,”” from which
one may understand the nature of its chemical bonding with
other substrates. We thus used the chemical equation ((G13-6-
Rea)H'(,) — G13-6-Rea, + H') to evaluate the proton affinity
(PA) and gas-phase basicity (GPB) of G13-6-Rea, whose BP86
results are provided in Table 1. PA and GPB show a mono-
tonically decreasing trend from B-6-Rea to Tl-6-Rea. The expla-
nation for this phenomenon can be obtained from Fig. 1, in
which the HOMO (highest occupied molecular orbital) of B-6-
Rea, Al-6-Rea, and Ga-6-Rea is the nonbonding lone pair sp>-c
orbital, which is located on the pivotal boron, aluminum, and
gallium center of the corresponding heterocycle plane, respec-
tively. Consequently, this theoretical evidence strongly suggests
that B-6-Rea, Al-6-Rea, and Ga-6-Rea will display significant
Lewis base chemistry. However, Fig. 1 shows that for In-6-Rea
and TI-6-Rea, the G13 p-t orbital, which is orthogonal to the six-
membered ring, is largely associated with the LUMO. Therefore,
our theoretical evidence indicates that In-6-Rea and TI-6-Rea
will exhibit Lewis acid chemical behavior.

An intriguing question is what role does G13-6-Rea play
when it reacts with other substrates, i.e., is it a nucleophile or an

© 2021 The Author(s). Published by the Royal Society of Chemistry
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electrophile? The answer was obtained by applying the Fukui
function,®® the central site reactivity index of DFT, to the central
G13 element of G13-6-Rea. The BP86 results summarized in
Table 1 show that the calculated value of the Fukui function of
nucleophilic attack (fi,") is obvious larger than that of electro-
philic attack (i) for B-6-Rea, Al-6-Rea and Ga-6-Rea. This
theoretical information strongly suggests that the above three
molecules are nucleophilic and thus prefer to undergo nucleo-
philic attack with other substrates. The supporting evidence
comes from the valence orbitals of B-6-Rea, Al-6-Rea and Ga-6-
Rea, which are schematically illustrated in Fig. 1. That is, the
HOMO (the nonbonding lone pair sp>-c orbital) of B-6-Rea, Al-6-
Rea and Ga-6-Rea would play a dominant role in their chemical
reactions. However, Table 1 shows that the Fukui function
values of electrophilic attack (fi, ") for In-6-Rea and TI-6-Rea are
apparently larger than those of the corresponding nucleophilic
attack (fi'), indicating that the LUMO (the unoccupied vertical
p- orbital) of In-6-Rea and TI-6-Rea plays a vital role in their
chemical reactions. As a result, our theoretical evidence
suggests that the In-6-Rea and TI-6-Rea molecules should
behave as strong electrophiles.

We also investigated the electrophilicity®” of G13-6-Rea. As
suggested by Koopmans,®® Parr and coworkers,* the electronic
chemical potential (1), chemical hardness (), and electrophi-
licity index (w), respectively, were defined as follows:

P Enomo JZFELUMO 3)
n = ELumo — Enomo (4)
2
w
=L 5
=t ®)

In principle, as with the traditional carbene species, the
nature of the chemical reactivity of the six-membered NHC
analogues G13-6-Rea depends on two competing frontier
orbitals, i.e., the nonbonding lone pair sp>-c orbital and the
unoccupied vertical p-r orbital.' The same situations also apply
to the G13-6-Rea species. Consequently, if the sp*-c lone pair
orbital prevails, then the G13-6-Rea molecule manifests the
nucleophilicity itself. Conversely, if the empty p-m orbital
predominates, then the G13-6-Rea compound presents the
electrophilicity itself. Table 1 clearly shows that the calculated
values of the electrophilicity (w) of G13-6-Rea increase in the
order B-6-Rea (2.538) < Al-6-Rea (3.095) < Ga-6-Rea (1.180) < In-
6-Rea (11.78) < Tl-6-Rea (14.18). In other words, the larger the
atomic number of the pivotal group 13 element in the six-
membered ring is and the higher the electrophilicity of G13-6-
Rea will be in chemical reactions. Again, the above theoretical
observations can be verified from the frontier orbitals of G13-6-
Rea depicted in Fig. 1. For instance, B-6-Rea has the sp>-c lone
pair orbital as its HOMO, while its unoccupied vertical p-m
orbital is much higher in energy than its LUMO. Therefore, this
nonbonding lone pair sp>-c orbital (HOMO) plays an important
role in governing the chemical reactivity of B-6-Rea. This result,
in turn, makes B-6-Rea less electrophilic than the other G13-6-

RSC Adv, 2021, 11, 20070-20080 | 20073
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Rea molecules. In contrast, Tl-6-Rea has the vertical p-m orbital
on Tl as its LUMO, whereas its lone pair sp*>-c orbital is much
lower in energy than its HOMO. Consequently, one may easily
foresee a crucial role for this empty vertical p-m orbital (LUMO)
in the chemical behavior of Tl-6-Rea.'*

Bearing the above theoretical findings in mind, we will use
the concepts of aromaticity, basicity, and electrophilicity to
explore the origin of barrier heights and the chemical reactivity
of the G13-6-Rea molecules in the next section.

(2) The insertion reaction of G13-6-Rea (G13 = group 13
elements) with methane

We firstly examine the C-H bond insertion reaction of G13-6-
Rea with methane (eqn (1)), whose calculated BP86-D3(BJ)/def2-
TZVP results are schematically shown in Fig. 2. The computa-
tional Gibbs free activation energy (AGacr,cus) Of the present
study indicates that the larger the atomic number of the pivotal

A

Paper

G13 atom is, the higher the activation energy of G13-6-Rea with
methane will be, and its C-H bond insertion reaction will
proceed with greater difficulty. For instance, the BPS86
AGacr,cua data (keal mol ™) given in Fig. 2 show that B-6-CH,-
TS (31.9) < Al-6-CH,-TS (48.7) < Ga-6-CH4-TS (64.1) < In-6-CH,,-TS
(80.4) < TI-6-CH,4-TS (100.4). This theoretical evidence strongly
suggests that the C-H bond activation reactions of the six-
membered group 13 NHC analogues with methane are kineti-
cally unfavorable. The supporting evidences come from the
experimental facts®*~° that the six-membered ring Al analogue
only breaks the C-C bond rather than the C-H bond of the
hydrocarbons. Moreover, we investigated the theoretical results
of their final insertion products (G13-6-CH,-Prod). Again, from
Fig. 2, the calculated Gibbs free energy of reaction (AGgrga cua)
follows the same trend as the atomic weight of the central G13
element, that is, B-6-CH4-Prod (—32.2) < Al-6-CH,-Prod (—17.9) <
Ga-6-CH4-Prod (5.6) < In-6-CH4-Prod (27.8) < TI-6-CH4-Prod

AG 100.4 H
(AE) (85.8) 1682 [ Y.zaa
TI HEEY &T' Fia Ot
2480 /[~ \ 2480 H | \
: 1.69‘{,’ 2.034 *I,\\ \\ TI-6-CH,-TS
7'"5,;;6'0'*3 ;804
I (66.1) N
Ti-6-Rea In-6-CH,-TS | ==, \
In i v H /cn-l3
2377 =N 2377 H . \ 1_737\_“ 2218
S 1,555, Y.BS? TN \
. " \
/-/—Gaz'.zfzéCH3 [ oe4d N
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Fig.2 BP86-D3(BJ)/def2-TZVP energy profiles (energy in kcal mol™ and bond distances in A) for the insertion reaction of G13-6-Rea (G13 = B,

Al Ga, In, and Tl) with CH4. Also, see Fig. S4 and S5.1
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Table 2 Energy decomposition analysis of methane activation by G13-6-Rea (G13 = group 13 elements) optimized at the BP86-D3(BJ)/def2-

TZVP level of theory

AEpEF, cHa
CH, : HaC----H - H
AE u\ N
INT ; ¢
N—G13--CH
B u\N/Gl?\l Bu AE 'Bu\N /Glf\j By ~ 3
w DEF, G13-6-Rea @ o /N\‘Bu
G13-6-Rea G13-6-CH4-TS
4
AEpcT
Entry B-6-CH,-TS Al-6-CH,-TS Ga-6-CH,-TS In-6-CH,-TS TI-6-CH,-TS
AEacrcna™” 18.8 35.4 49.9 66.1 85.8
AEpgr,cra 38.6 58.0 71.4 87.8 101.8
AEpEF,G13-6-Rea 7.2 1.7 3.7 3.4 3.9
AEnr —27.8 —24.3 —25.2 —25.1 ~19.9

“ AEacr,cra = AEpgr,cra t AEpgr G13-6-rea + AEINT- b All in keal mol ™.

(53.4). However, our above theoretical observations are based
on the gas-phase calculations without involving the solvents.
Additionally, the B-6-Rea molecule was theoretically proved to
form thermodynamically stable product (Fig. 2). As a result, our
present theoretical results cannot rule out C-H activation with
the B analogue at high temperature in solution.

In addition, we found that using the valence bond state
correlation diagram (VBSCD) model, which was originally
developed by Shaik,*"** obtain a good linear relationship
between the singlet-triplet energy splitting (AE) of G13-6-Rea
and Gibbs free activation energy (AGacr,cua) as well as Gibbs
free reaction enthalpy (AGrga,cua) for its C-H bond insertion
reaction with methane (Fig. 2). That is, AGacr,cus = 1.17AEg, +
22.4 (the correction coefficient r = 0.91) (Fig. S61) and AGgrga,cra
= 1.47AEs — 46.6 (r = 0.89) (Fig. S71). That is to say, the smaller

the AE of G13-6-Rea, the lower the barrier height and, in turn,
the faster the C-H bond activation reaction, and the greater the
exothermicity. In other words, our theoretical results based on
the VBSCD model demonstrate that AE can be a guideline for
predicting the activation energy and reaction enthalpy of the
C-H bond activation reaction of G13-6-Rea with hydrocarbons.

To gain a deeper understanding of the origin of the barrier
heights for the C-H bond insertion reaction of G13-6-Rea, the
activation strain model (ASM)***” method was applied in this
work. Table 2Table 3 shows that the activation energy
(AEact,cha) is separated into three terms, ie., the methane
deformation energy (AEpgrcus), the G13-6-Rea deformation
energy (AEpgr,Gis-6-rea), and the internal energy (AEir). Thus,
they are schematically represented in Fig. 3 using the compu-
tational data collected in Table 2. Obviously, in the four curves,

Table 3 Energy decomposition analysis of ethene activation by G13-6-Rea (G13 = group 13 elements) optimized at the BP86-D3(BJ)/def2-TZVP

level of theory

>:< AEDEF coH4 > i : :
AENT R¥
— G13 4
Bu._ 13 By Bu_ GI13 By BU\N/ \N/Bu
Nie)N AEDEF, G13-6Rea Ve N K@ ]
~_— N ) o
G13-6-Rea G13-6-C,H,-TS
4
AEpct
Entry B-6-C,H,-TS Al-6-C,H,'TS Ga-6-C,H,-TS In-6-C,H,'TS TI-6-C,H,- TS
AExcr,cona™” 1.5 2.1 12.9 34.5 65.7
AEpgp,cama 7.2 13.2 22.3 38.5 53.6
AEpgr,G13-6-Rea 4.3 2.7 6.6 4.2 3.8
AEinr -10.0 -13.8 -16.0 -8.2 8.3

a b oAy 1
AEncr,cona = AEpgr,consa + AEppr,Gi3-6-Rea T AEnr. © All in keal mol™ .
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Fig. 3 Energy decompositions of the activation energies (AEacT cHa4)
of the transition states (G13-6-CH4-TS) of the insertion reactions of
G13-6-Rea (G13 = group 13 element) with CH,4. The data are taken
from Table 2.
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only AEpprcusa increases monotonically down the group 13
family from B-6-CH,4-TS to Tl-6-CH,-TS, following a trend iden-
tical to that of AEscr cua. This result strongly suggests that the
AEpgr,cra term is the dominant factor in determining the trend
in the activation energy (AEacr,cua) Examining the BP86
geometrical structures of G13-6-CH,-TS in Fig. 2 shows that the
H...C stretching bond length (A) in G13-6-CH,-TS increases in
the order 1.565 (B-6-CH,-TS) < 1.690 (Al-6-CH,-TS) < 1.837 (Ga-6-
CH,-TS) < 2.034 (In-6-CH,-TS) < 2.233 (TI-6-CH,-TS). Note that
the original H-CH; bond distance of methane was calculated to
be 1.097 A at the same level of theory. These calculated data can
be explained as follows. In the transition state (G13-6-CH,-TS),
the H-CH; bond is breaking and the pivotal G13 element of
G13-6-Rea is forming new bonds with the hydrogen and carbon
atoms of methane. As a result, the increased elongation of the
C-H bond length in the transition state for C-H activation
moving down the G13 series is simply due to the Hammond
postulate.’® That is to say, as the G13-6-CH4-Prod becomes
higher in energy moving down G13, G13-6-CH,-TS will more

AG 1.590
(AE) H,C—CH, —, 854 84.6 Hzc1 L cH,
T 2.245 “TI'l 2.246 (65.7) (73.4) 2163\ /2 290
2480 /> 2.480 - - - - - —
I 1.551
I ,C—CH;
! 2169 ,'2.242
1
1
TI-6-R
| e TI-6-CoH,-TS | TI-6-C,H4-Prod
n
2377 =\ 2377 /I 54.5 52.8 1580
1485 ! (34 5) In-6-C,H,-TS (41.6) HZC CH,
Hzc—“CHz L 2.183 /2189
2007y )
In-6-Rea Ga 1" L
Ga !
2143 £\ 2143 /IT\\ 315
i 129 26.3 |n-6-C,H,-Prod
Ga-6-C,H,-TS/ (11.7)
Ga-6-Rea I’ 14350H 1 \5&3:'1/(“_'2
Al H,C—~M2 1982 1.982
2.04 .2 045 ,’ Al-6-CoH,-TS , ¢ 2071  2.338
é 2 Al
Al-6-Rea ' O
B Ga-6-C,H,-Prod
142 429
B6Rea |ri6Rea  we, N =m o
e H,C— 2 : CH
G In-6-Rea 2532/ 3.004 (-15.9) 1H953\ /1 o
Ga-6-Rea B
Al-6-Rea
[ B-6-Rea Ha 15390H
el B-6-C,H,;-TS 2
tBu\ /G13\ /tBu C+H 2 1588\8/1 599 AI-G-C2H4-Prod
o )
-30.5
Hszé’CHz B-6-C,H,-Prod ~ (48.4)

Fig. 4 BP86-D3(BJ)/def2-TZVP energy profiles (energy in kcal mol™ and bond distances in A) for the insertion reaction of G13-6-Rea (G13 = B,

Al Ga, In, and Tl) with H4C,=C,H,4. Hydrogens are omitted in this pictu
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re for clarity. Also see Fig. S8 and S9.}

© 2021 The Author(s). Published by the Royal Society of Chemistry



Paper

closely resemble products. This, in turn, makes the C-H bond
length of methane in the G13-6-CH,-TS will be longer as well as
more product-like. Accordingly, our theoretical examination
concludes that the trend in activation barriers of G13-6-CH,4-TS
species is simply a consequence of both weaker G13-C and
G13-H bonds in the product.

(3) The [1 + 2] cycloaddition reaction of G13-6-Rea (G13 =
group 13 elements) with ethene

We next investigate the reactivity of G13-6-Rea toward the [1 + 2]
cycloaddition to ethene (eqn (2)) at BP86-D3(BJ)/def2-TZVP.
Fig. 4, which schematically represents the calculated results,
demonstrates that the Gibbs free energy of activation
(AGacr,cona; keal mol’l) of G13-6-C,H,-TS increases mono-
tonically down the group 13 family from boron to thallium.
Specifically, B-6-C,H,-TS (12.0) < Al-6-C,H,-TS (16.2) < Ga-6-
C,H, TS (31.5) < In-6-C,H,-TS (54.5) < B-6-C,H,-TS (85.4).
Moreover, the BP86 evidence in Fig. 4 indicates that the Gibbs
free energy of reaction (AGgrga, cana; keal molfl) also increases in
the order B-6-C,H,-Prod (—30.5) < Al-6-C,H,-Prod (—1.5) < Ga-6-
C,H,-Prod (26.3) < In-6-C,H,-Prod (52.8) < B-6-C,H,-Prod (84.6).
Notably, the relative energy of the cycloaddition product B-6-
C,H,-Prod is below those of the corresponding reactants.
However, the C-H activation reaction of Al-6-Rea with methane
was theoretically predicted to be thermal-neutral. Our theoret-
ical evidence therefore suggests that the [1 + 2] cycloaddition
reaction between the six-membered-ring NHC analogue con-
taining one central B element and ethene has favorable kinetics
and thermodynamics.

On the basis of the VBSCD model®** mentioned earlier, it
was concluded that the G13-6-Rea molecule possessing
a smaller value of AE (= Egipiet — Esinglet) Should lead to a lower
activation energy and a larger exothermicity. Indeed, the
present computational results for the [1 + 2] cycloaddition
reaction of G13-6-Rea with ethene confirm the accuracy of this
prediction. Our BP86 data shown in Table 1 and Fig. 4
demonstrate a linear correlation between AE,, and the activa-
tion energy (AGacr,cons, keal mol™): AGacrcons = 1.15AE —
2.18 (r = 0.84) (Fig. S10t). Likewise, a linear relationship is
found between AE, and the reaction free energy (AGgrga,conay-
keal mol™): AGgea cona = 1.99AE, — 46.5 (r = 0.92) (Fig. S117).
Accordingly, our theoretical findings suggest that the theoret-
ical singlet-triplet energy splitting (AEg of the six-membered
ring group 13 NHC analogue can be a measured criterion for
predicting the reactivity.

Again, like the case of the C-H bond activation discussed
earlier, the ASM®*~% approach was used to explore the origin of
the barrier heights of the cycloaddition reactions of G13-6-Rea.
In Fig. 5, comparing the trend in the activation energy
(AEacr,cona) With those of its three components (AEpgr coma,
AEpEr G13-6-Reay aNd AEjyr), one finds that the ethene deforma-
tion energy (AEpgr,cana) is the key factor determining the trend
in AEscr,c2na- This result can be explained in terms of the
geometrical structures of G13-6-C,H,-TS given in Fig. 4. The
BP86 data indicate that the stretching distance (A) of the C...C
bond in the ethene fragment of G13-6-C,H,-TS increases in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Energy decompositions of the activation energies (AEacT.c2H4)
of the transition states (G13-6-C,H,4-TS) of the [1 + 2] cycloaddition
reactions of G13-6-Rea (G13 = group 13 element) with C,H,4. The data
are taken from Table 3.

order 1.363 (B-6-C,H,-TS) < 1.435 (Al-6-C,H,-TS) < 1.485 (Ga-6-
C,H,-TS) < 1.551 (In-6-C,H,-TS) < 1.590 (Tl-6-C,H,-TS). In
comparison, the C=C double bond distance in the parent
H,C=CH, is 1.333 A at the same level of theory. The above
trend can be attributed to the atomic radius of the central G13
element in G13-6-Rea. During the attacking process between
G13-6-Rea and ethene, both carbon atoms in the latter fragment
must be separated for better orbital overlaps between the
carbons and G13. As noted, the atomic radius of G13 increases
with the atomic number.'** As a result, the C-C bond distance of
ethene in the transition state should increase with the atomic
radius of G13. This phenomenon increases the bonding disso-
ciation energy of ethene, which, in turn, increases the activation
barrier, as demonstrated in Fig. 4. In brief, our theoretical
observations indicate that the smaller the atomic radius of the
pivotal group 13 element on the G13-6-Rea molecule is, the
smaller AE;, of G13-6-Rea, the lower the activation barrier
height, the faster the G13-6-Rea cycloaddition reaction with
olefins, and the higher the reaction exothermicity of the cyclo-
addition product.

IV. Conclusion

In this work, DFT accompanied by several well-established
concepts (aromaticity/basicity/electrophilicity) and some
sophisticated models (VBSCD**** and ASM®*’) was used to
explore the chemical reactivity of the six-membered-ring G13
NHC analogues (G13-6-Rea).

Interestingly, to date, no six-membered-ring boron NHC
analogue has been prepared and synthesized in experiments.
This can be explained in terms of the small AE, of B-6-Rea
(~4 keal mol " according to our DFT data), which implies that
this species is kinetically unstable and thus readily reacts with
other substrates.

The present theoretical examinations show that the pivotal
group 13 element in the six-membered ring of G13-6-Rea plays
a crucial role in determining the chemical reactivity of this

RSC Adv, 2021, 11, 20070-20080 | 20077
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molecule. Our theoretical analysis suggests that the HOMOs
(the sp>c lone pair orbital on the G13 element) are the key
factors influencing the chemical behavior of B-6-Rea, Al-6-Rea,
and Ga-6-Rea, and thus these molecules can be considered
nucleophiles. In contrast, the LUMOs (the vacant p-t orbital on
the G13 atom) are decisive factors controlling the chemical
nature of In-6-Rea and TI-6-Rea, and thus these molecules can
be considered electrophiles. Moreover, the present study
predicts that no G13-6-Rea molecule can undergo a C-H bond
insertion reaction with hydrocarbons from kinetic and ther-
modynamic viewpoints. Indeed, recent experimental observa-
tions®**® indicate that the six-membered ring Al analogue only
breaks the C-C bond rather than the C-H bond of the hydro-
carbons. Nevertheless, our present theoretical observations
cannot rule out B-6-Rea undergoing the C-H activation with
hydrocarbons at high temperature in solution.

In addition, only B-6-Rea is a good candidate for [1 + 2]
cycloaddition reactions with olefins. Furthermore, our theoret-
ical predictions strongly suggest that the lower the atomic
number of the group 13 element is, the smaller the atomic
radius of the G13 atom, the higher the aromaticity of the six-
membered ring of G13-6-Rea, and the smaller AEy of this
NHC analogue will be. This relationship, in turn, will pertain for
all of its insertion reactions with hydrocarbons or cycloaddition
reactions with olefins.
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