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Insights into the Factors Controlling the Origin of Activation Barriers
in Group 13 Analogues of the Four-Membered N-Heterocyclic
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nucleophilic N-heterocyclic carbenes (NHCs) (1E; E = group
13 element). The theoretical findings indicate that, except for 1B
with H,C=CH),, these four-membered NHCs undergo insertion
and [1 + 2] cycloaddition reactions with difficulty because their
activation barriers are quite high (31 kcal/mol). The theoretically
confirmed chemical inertness of the four-membered NHCs 1Ga
and 1In might explain why they have been experimentally detected
at room temperature. Additionally, our theoretical observations
indicate that the reactivity of these four-membered NHCs
featuring a central group 13 element follows the order 1B >> 1Al > 1Ga > 1In > 1Tl The theoretical examination suggests that
the smaller the atomic radius of the central group 13 element in the four-membered NHC analogue is, the larger the aromaticity of
this carbenic molecule is, the higher the basicity of this carbenic molecule in nature is, the larger its nucleophilic attack on other
oncoming molecules is, the smaller the barrier heights of its C—H bond insertion and [1 + 2] cycloaddition reactions will be, the
higher its exothermicities for these products will be, and thus, the greater its reactivity will be. Moreover, the present theoretical
findings reveal that the reactivity of 1B is governed by its highest occupied molecular orbital, a nonbonding sp” lone pair orbital. In
contrast, the reactivity of the four heavier 1E’ (E’ = Al, Ga, In, and T1) molecules is mainly determined by their lowest unoccupied
molecular orbital, a vacant p— orbital. The conclusions gained from this study allow many predictions to be made.
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1. INTRODUCTION

Scheme 1. Experimentally Reported Molecular Structure®

Carbene is a molecule that features a neutral dicoordinate
carbon atom with only six electrons in its valence shell."
Carbenes were conventionally known to be short-lived, very
reactive, and thus extremely difficult to stabilize in the
1aborat0ry.1 Thanks to Arduengo, Harlow, and Kline,> the
above traditional view has been dramatically altered with the
availability of heteroatom-stabilized singlet nucleophilic N-
heterocyclic carbenes (NHCs), which can be isolated at an
ambient air temperature and used as general reagents. Thus,
not surprisingly, carbene chemistry has undergone a
renaissance during the last 3 decades.’™” To date, many
room-temperature-stable NHCs have been experimentally
synthesized and structurally characterized to allow their
properties to be scrutinized in all respects.®”"’

Through the distinguished efforts of Jones and co-workers,”
the first four-membered-ring NHC analogues containing a
group 13 element E (E = B, Al, Ga, In, and TI) have been
stabilized and isolated. These neutral NHCs have been verified
for Ga and In, as shown in Scheme 1.*° These two compounds
are kinetically stabilized by the incorporation of a very bulky
and electron-rich guanidinate ligand, that is, {[N-
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“See ref 20.

(Ar)],CNCy,} (Cy = cyclohexyl).”® As a result, in the solid
state, each compound has been demonstrated via X-ray
crystallography to have a two-coordinate center (Ga or In),
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Table 1. Geometrical Parameters (in A and Degrees) and Some Physical Properties for 1E (E = Group 13 Elements)

Optimized at the BP86“/def2-SVP” Level of Theory

:
P /O\Nz\
Ph

N
PH Y
Me/N\Me

1B 1Al 1Ga 1In 1T1
E-N, (A)° 1.502 2.061 2.163 [2.087] 2.378 [2.298] 2.488
E-N, (A)° 1.502 2.061 2.163 [2.095] 2.378 [2.298] 2.488
ZN,—E-N2 (°)° 87.88 65.62 63.81 [63.77] 57.78 [58.06] 54.63
AE,, (kcal mol™)? 109 439 50.6 53.1 54.5
NICS(0) (ppm)® —16.44 —-2.511 —2.132 -1.935 —1.688
NICS(1) (ppm) —6.469 -1.515 —0.688 —-0.597 —0.227
NICS(1)zz(ppm)? —-7.592 —4.155 —-1.842 0.629 1.097
PA (kcal mol™")" 3022 249.0 229.4 217.6 200.6
GB (kcal mol™!)’ 288.7 2372 217.5 204.3 188.4
u (evy 2.945 3.108 3.333 3262 3.171
n (ev)* 5.890 6216 6.665 6.524 6.342
w (eV) 0.736 0.777 0.833 0.816 0.793
fir —-0.187 —0.387 —0.480 —0.704 -0.813
fi" —0.479 —0.406 —0.193 —0.080 —0.085
1 —0.333 —-0.397 —0.337 —0.392 —0.449

“See refs 29 and 30. "See refs 31—33. “Experimental values in the square bracket are from ref 20. dEnergy relative to the corresponding singlet state.
A positive value means that the singlet is in the ground state. The Cartesian coordinates for 1E at the lowest singlet and triplet states are given in
the Supporting Information. “NICS(0) was computed at the center of the molecular plane. INICS(1) was computed at 1.0 A above the center of
the molecular plane. *NICS(1)zz was computed at the zz component of the magnetic tensor NICS(1). hThe proton affinity (PA) of 1E is based on
eq 3. “The gas-phase basicity (GB) of 1E is based on eq 3.y represents the electronic chemical potential; see eq 4 and Table S3. Ky represents the
chemical hardness; see eq S and Table S3. ) represents the electrophilicity index; see eq 6 and Table S3. ™f{ represents the nucleophilic attack;
see eq 7 and Table S4. "f represents the electrophilic attack; see eq 8 and Table S4. °f) represents the radical attack; see eq 9 and Table S4.

which has no close inter- or intramolecular interactions.”® To
date, attempts to prepare the four-membered NHC analogues
bearing either boron or aluminum central elements have been
unsuccessful”’ On the other hand, arranging the thallium
analogue led to the isomeric N, Ar-chelated complex, [:TI{h'-
N, h*-Ar-[N(Ar)],CN(C4H,,),}],°7*>** presumably because
of the lar%er atomic radius of TI in this species. Theoretical
studies’® ™ reported that each four-membered heterocycle
possesses a lone pair of electrons at the group 13 E center
(highest occupied molecular orbital, HOMO, with sp®
character), which acts as a o-donor. Additionally, the group
13 center of the four-membered NHCs has an empty 7—7
orbital [lowest unoccupied molecular orbital (LUMO)], which
can be considered a m-acceptor. Therefore, these theoretical
works strongly suggest that such four-membered heterocyclic
NHCs with a central E element can be considered good o-
donor and weak 7-acceptor ligands.”"~* Based on these works,
much experimental effort has been devoted to studying the
structural and spectroscopic properties of the coordinated
complexes arising from these four-membered group 13 NHC
species with transition-metal fragments.”*~>” Nevertheless, so
far neither experimental nor theoretical studies have been
performed on the reactivity of these four-membered group 13
NHC analogues toward small organic molecules, let alone on
comprehending the root of their reactivity. To gain a better
understanding of the origin of the activation barriers of these
four-membered group 13 NHC counterparts, we investigated
computationally the C—H bond insertion (eq 1) and [1 + 2]
cycloaddition (eq 2) reactions of 1E with methane and ethene,
respectively, using the density functional theory (DFT). For
simplicity, however, we applied the phenyl and methyl
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substituents (Table 1) in 1E rather than the original bulky
substituents shown in Scheme 1.

1E + CH, — TS-1EProd-1E (1)

1E + C,H, — TS-2EProd-2E ®)

E = B, Al, Ga, In, and TL

An intriguing question to be solved in this study is whether
the aromatic (or antiaromatic) character of its four-membered
ring affects the chemical reactivity of 1E. Basically, but not in
general, an aromatic ring in the geometrical structure of the
NHC species plays a role” in stabilizing the entire carbenic
system because traditional carbenes are notorious for being
very reactive. This theoretical investigation demonstrates that
the interplay of the central E and the electronic factors
(including the aromaticity, basicity, and electrophilicity) of the
four-membered carbenic ring can effectively establish the
relative reactivity of these cyclic carbene systems, 1E.

2. METHODOLOGY

All structures were fully optimized in the gas phase using
DFT**?° with the BP86 functional and the standard def2-SVP
basis set’'~® for all atoms. Frequency calculations were
performed at the same level of theory to confirm that all
stationary points were minima (no imaginary frequency) or
transition states (one imaginary frequency). Calculations of
intrinsic reaction coordinates’*™*® were also performed on the
transition states to confirm that these geometries indeed
connected two relevant minima. For better energetics, we used
the BP86-D3(BJ)*"**/def2-TZVPP* and M06-2X*°-D3(BJ)/
def2-TZVP* levels of theory based on the BP86/def2-SVP
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Figure 1. Calculated frontier molecular orbitals of the four-membered 1E (E = B, Al, Ga, In, and TI) species. For more information, see the text.

optimized geometries to do the single-point calculations,
whose calculated data are collected in Tables S1 and S2. The
extent of aromaticity was evaluated via nucleus-independent
chemical shift (NICS, NMR = GIAO) calculations at the
BP86/def2-SVP level of theory.*”~*" The anisotropy of the
induced current density (ACID)**® calculations were
performed at the BP86/def2-SVP level as implemented in
the Gaussian 16 C.01 package.”” The Cartesian coordinates of
all BP86/def2-SVP stationary points are collected in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Geometries and Electronic Structures of 1E (E =
B, Al, Ga, In, and TI). We first ascertained the reliability of the
BP867°/def2-SVP*' ~** method to compute the geometrical
structures of the model reactants, 1E. Selected computed
geometric parameters are compared with the available
experimental data® in Table 1.

As mentioned in the Introduction, to date, only the four-
membered NHC counterparts bearing a gallium or indium
central atom (Scheme 1) have been successfully synthesized
and identified via X-ray spectroscopy.”’ Table 1 shows that the
BP86/def2-SVP and experimental19 Ga—N and In—N bond
lengths (A) differ by approximately 0.072 and 0.080,
respectively. Similarly, the theoretical ZNGaN (63.81°) and
4NInN (57.68°) bond angles agree well with the correspond-
ing experimental findings (63.77 and $8.06°, respectively).*’
Although the substituents of the 1E model reactants used in
this work are somewhat different from those of the
experimental reports, these encouraging results still convince
us that the BP86/def2-SVP calculations furnish an adequate
foundation for further investigations into the origin of the
activation energies for the reactions of four-membered 1E
compounds.

We notice that the central carbenic angle («N,—E—N,)
shown in Table 1 decreases uniformly as E is changed from

boron to thallium. This result could be due to a relativistic
effect or the so-called “orbital nonhybridization effect” and
“inert s-pair effect”.** ™" As the atomic weight of the periodic
family element goes from light (such as B) to heavy (such as
T1), its valence s orbital is more strongly contracted than its
corresponding p orbitals. This result, in turn, makes the size
difference between the valence s and p orbitals increase from B
to TL. As a result, the heavier the central E element in 1E is, the
poorer the overlap between its valence s and p orbitals is, and
the smaller its central carbenic angle is. Our computational
data listed in Table 1 confirm this prediction, that is, ZN,;—B—
N, (87.88°) > «N,—Al-N, (65.62°) > «N,-Ga—N,
(63.81°) > N,—In—N, (57.78°) > ZN,—TI-N, (54.63°).
Our BP86/def2-SVP results provided in Table 1 show that
the singlet—triplet energy splitting values AE (= Eyipler —
Esinglet) for 1B, 1Al, 1Ga, 1In, and 1TI are 10.9, 43.9, 50.6,
53.1, and 54.5 kcal/mol, respectively, that is, AE increases in
the order OB < 0Al < 0Ga < OIn < OTL In other words, our
theoretical findings reveal that the heavier the E atom in the
neutral four-membered-ring NHC analogue (1E) is, the larger
the singlet—triplet energy separation (AE,) in 1E will be. The
trend in the AEy of the 1E molecules can be readily
understood from their valence molecular orbitals based on
the BP86/def2-SVP calculations. Figure 1 shows that the
HOMO of 1E is essentially a nonbonding sp’-c orbital, except
for 1In (HOMO-1) and 1TI (HOMO-2). The electronic
manifolds of the last two heavier species may be altered by the
“inert s-pair effect” and “orbital nonhybridization effect”,**™>"
as stated earlier. Nevertheless, the substitution of one E
element in 1E can result in its LUMO being a p—x orbital,
whose orbital energy remains comparatively constant from B to
Tl, as shown in Figure 1. As a result, these two effects lead to
an increased energy gap between the nonbonding sp’—o
orbital and the vacant p— orbital for the heavier 1E species.
This increased energy gap, in turn, results in a larger AE
energy splitting for the heavier four-membered 1E compounds.
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Our B3LYP computational results show that the four-
membered ring of 1E is planar (Figures S5—S9), which agrees
well with the available experimental report.”” It is noteworthy
that the number of the valence electrons in this four-
membered NHC analogue (1E; Scheme 1) is eight, that is,
three lone pairs from nitrogen, one from carbon, and one from
a central E element. See Scheme 2. Because the sp’—¢ orbital

Scheme 2. Four-Membered Ring of 1E Has Six p— lectrons

in Resonance
e.. ..... ﬁw’“
stayasE @sp @

(2 sp?-c + 6 p-n1)

9 080
Me’@@%ﬁ@%

(8 valence electrons)

on an E atom contains the s and p orbitals, it means that the
orbital energy of this sp’~c orbital is lower than that of the
pure p—x orbital on the E element. As a result, two valence
electrons must be filled in the sp’—c orbital. This, in turn,
leaves six valence electrons, which can act as six p— electrons
on a four-membered ring of 1E.

The most noteworthy issue of 1E chemistry is whether its
four-membered ring has aromatic character. In fact, it is well
accepted that the NICS™™** is an effective aromaticity
criterion for judging ring molecules. Interestingly, our
theoretical examination reveals that these four-membered 1E
molecules can be characterized by their degrees of aromaticity.
We computed NICS(0), NICS(1), and NICS(1)zz, as shown
in Table 1. All of these data show the same trend, that is, the
heavier the central E element in 1E is, the lower the NICS
value (aromaticity) of 1E will be. For instance, our
computational results predict that the NICS(1)zz value of
1E increases in the order —7.592 (1B) < —4.155 (1Al) <
—1.842 (1Ga) < 0.629 (1In) < 1.097 (1T1), a trend that is
consistent with the atomic number of the central E atom.
Therefore, the NICS value of 1B is the highest among the 1E
species, which means that 1B has more aromatic character,

whereas the four heavier molecules (1Al, 1Ga, 1In, and 1TI)
are nonaromatic.””~** These results can be ascribed to the
atomic radius of the E atom in the four-membered ring of 1E.
Namely, in the four-membered ring of 1B, the B, C, and N ring
atoms are second-row elements. Hence, the valence 2p orbitals
of these atoms are quite similar in size and therefore overlap
each other. This result, in turn, leads to aromaticity for 1B,
featuring the highest NICS(1)zz value. On the other hand, the
valence np (n > 3) orbitals of a heavier E’ (= Al, Ga, In, and
T1) are larger than the valence 2p orbitals of the second-row
elements. As a result, the overlaps between the former and the
latter orbitals are quite poor. This circumstance, in turn, results
in nonaromaticity for the four heavier 1E’ molecules, which
possess NCIS values that are slightly less negative or slightly
positive, as shown in Table 1.

To obtain more evidence of the aromatic or nonaromatic
behavior of 1E, the ACID method**® was used. The ACID
method can provide a visualization of the density of delocalized
electrons and quantify conjugation effects.”*® Figure 2
presents the ACID isosurface of the 1E molecules at an
isosurface contour value of 0.05. We observe that 1B has a
strong aromatic character because the current density vectors
in 1B form a closed circle in the four-membered ring and no
disconnection. However, in the other four 1E (E = Al, Ga, In,
and TI) molecules, each topology of delocalized electrons
exhibits two clear disconnections, demonstrating the non-
aromatic character of the four-membered rings of the heavier
1E species.

(IE)H, — 1Ey + H' 3)

To understand the basicity of 1E, one can easily calculate its
PA and GB,>” defined as the enthalpy change for eq 3, which
represents a quantitative measure of the intrinsic basicity of 1E
in the gas phase. In principle, the intrinsic basicity of 1E is due
to the availability of its sp* lone pair, which can be found in
Figure 1. Table 1 indicates that the PA and GB decrease in the
order 1B > 1Al > 1Ga > 1In > 1T, following the i inverse of the
trend in the atomic radius of the central atom E.”* The higher

Figure 2. ACID plots for the four-membered 1E (E = B, Al, Ga, In, and T1) species. The current density vectors (green arrows with red tips) are

plotted onto an isosurface of contour value 0.05. See the text.
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Figure 3. Energy profiles (energy in kcal/mol and bond distances in A) for the insertion reaction of 1E (E = B, A, Ga, In, and T1) with CH,. The
calculated relative free energies (BP86/def2-SVP) and electronic energies (M06-2X-D3(BJ)/def2-TZVP//BP86/def2-SVP; in parentheses) at the

level are given in kcal/mol.

the basicity of 1E is, the more reactive 1E will be. As a
consequence, our BP86 results from Table 1 strongly suggest
that the chemical reactivity of 1E decreases uniformly as its E is
changed from boron to thallium.

We are also interested in the electrophilicity”* of the 1E
molecule. Based on Koopmans’ theorem,” the electronic
chemical potential (1) and chemical hardness (17) can be

defined as in eqs 4 and S, respectively.

_ Enomo + Erumo

H= 2 (4)

1 = Erumo — Enomo (%)
As a result, the electrophilicity index (w), defined by Parr
and co-workers,*® is written as

2
L

2n (6)

Our BP86 data given in Table 1 indicate that the
electrophilicity (@) of 1E increases in the order 1B (0.736)

) =

< 1A1 (0.777) < 1T1(0.793) < 1In (0.816) < 1Ga (0.833).Ifa
low electrophilicity is obtained for the most reactive carbene
species, then the chemical reactivity is controlled by the lone
pair donation ability of this carbene. In contrast, if a high
electrophilicity is obtained, then the reactivity is governed by
the vacant p—n orbital of this carbene. The above computa-
tional data indicate that the sp” lone pair orbital found in their
HOMO presented in Figure 1 plays a central role in the
chemical reactions of 1B and 1Al However, the vacant p—n
orbital of 1Ga, 1In, and 1TIl, which is located in the LUMO, as
shown in Figure 1, determines the chemical reactivity of these
species. These theoretical conclusions are consistent with the
observations for aromaticity and basicity discussed above.

Additionally, the Fukui function,”” the central site reactivity
index of DFT, on the carbenic atom (E) of 1E can be
calculated using the following equations (q represents the
atomic charge).

For nucleophilic attack: f," = q,(N+1) - q (N) )
For electrophilic attack: f,” = q,(N) — q (N - 1) (8)
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1 _
For radical attack: fl? = z[fl:r +f, 1 ©)

Table 1 shows that the Fukui function of nucleophilic attack
(fi) has a higher value than that of electrophilic attack (f) for
both 1B and 1Al, which strongly suggest that their sp* lone
pair governs their chemical reactions. In contrast, the other
three molecules (1Ga, 1In, and 1Tl) have higher values of
electrophilic attack (f;) than those of nucleophilic attack (ff).
As a result, the vacant p—z orbital of the three heavier 1E
species plays an important role in their chemical reactions. In
other words, the Fukui function is an appropriate indicator of
the nature of the reactivity of 1E. Again, the above theoretical
findings are consistent with the above theoretical results for the
aromaticity, basicity, and electrophilicity.

We shall use the concepts of the above electronic factors to
search for their relationships with the chemical reactivity of
such four-membered-ring NHC analogues (1E) in the next
section.

3.2. Insertion Reaction of 1E (E = B, Al, Ga, In, and TI)
with Methane. The first chemical reaction of 1E investigated
in this work is eq 1, the insertion reaction of 1E with methane.
The BP86/def2-SVP potential energy surfaces of five 1E
molecules are schematically shown in Figure 3. The calculated
activation free energy (AGucr; keal/mol) of the transition
state increases in the order 31.4 (TS1B) < 73.0 (TS1Al) <
86.7 (TS1Ga) < 93.5 (TS1In) < 104.6 (TS1T1). Additionally,
the free energy (AG; kcal/mol) of the final insertion product
increases in the order —57.0 (Prod-1B) < —14.1 (Prod-1Al) <
13.3 (Prod-1Ga) < 31.9 (Prod-1In) < 53.7 (Prod-1TI).
Accordingly, our theoretical findings suggest that 1E cannot
undergo the CH, insertion reaction from kinetic and
thermodynamic viewpoints. In addition, the above theoretical
evidence reveals that the relative chemical reactivity of 1E
decreases in the order 1B > 1Al > 1Ga > 1In > 1TL

According to the study by Boehme and Frenking,”® the
aromaticity of the NHC ring plays a significant role in
stabilizing the cyclic NHC system. Moreover, the antiaromatic
species exhibits a higher reactivity than the aromatic one.”® To
determine the origin of the barrier height of the 1E insertion
reaction with methane, we combined the concepts of
aromaticity and the activation energy. Apparently, if the vacant
p— orbital of the E element of 1E is involved in the activation
transition state, then its ring resonance can be destroyed,
which eliminates the aromaticity and makes the NICS value of
TS1-E less negative or slightly positive. This result, in turn,
causes a larger activation barrier and makes the 1E moiety less
reactive. Figure 4 shows the effect of electron delocalization of
the four-membered ring of 1E along the reaction coordinate of
methane activation. As seen in Figure 4, the NICS(1)zz value
of 1E increases from the reactant to its corresponding
transition state (TS-1E), suggesting that the aromaticity of
1E is ruined during its activation reaction with methane. The
NICS(1)zz value of TS-1E increases in the order: TS-1B
(—4.496) < TS-1Al (—2.213) < TS-1A1 (—1.182) < TS-1In
(3.892) < TS-1TI (4.185), whose trend is the same as that of
its CH, activation barriers, as shown in Figure 3. These facts
strongly imply that when 1E undergoes the insertion reaction
with CH,, strong interactions occur between orbitals. In other
words, our theoretical investigation shows that the frontier
vacant p—r orbital of 1E interacts greatly with the orbitals of
CH, in TS-1E bearing a heavier E element. This result, in turn,

NICS (1), (ppm)

B
-80 1 -7.5692

1E TS-1E

Figure 4. NICS(1)zz values of the four-membered ring from the
reactants (1E) to the corresponding transition states (TS1-E).

can increase the NICS value of its four-membered ring and
then retard its methane insertion reaction.

Figure 5 demonstrates that each ACI topology of
delocalized electrons in TS1E has two disconnections between
the E and N atoms of the four-membered ring. This theoretical
evidence strongly indicates that regardless of the aromaticity of
the 1E molecule, its four-membered ring character would be
greatly destroyed by the insertion reaction with methane,
which is already reflected in the NICS values presented in
Figure 4. This result, in turn, would lead to a larger reaction
barrier height, making its C—H bond activation reaction
unfeasible. Accordingly, our theoretical observations strongly
suggest that the aromatic criterion of 1E can act as a measure
in determining the reactivity of the four-membered group 13
NHC counterparts (1E) with methane.

Moreover, our theoretical findings concerning the frontier
molecular orbitals, basicity, electrophilicity, and Fukui function
discussed earlier reveal that for the lighter 1B molecule, its sp>
lone pair orbital (HOMO in Figure 1) plays a predominant
role in determining its chemical reactivity. On the contrary, the
vacant p—7 orbital (LUMO in Figure 1) of the heavier 1E’ (E’
= Al, Ga, In, and TI) species has a major influence on their
chemical reactivity. In other words, the nature of the chemical
bonding of 1B reflects a higher basicity and nucleophilicity
than those of the four heavier 1E molecules.

To further understand the key factors that influence the
barrier heights of the insertion reactions of 1E with methane,
an activation strain model (ASM)**~%* was used in this study.
Table 2 shows that the activation energy (AE,cr) can be
divided into two deformation energies (AEpgg cpg + AEpgg, i5)
and one binding energy (AEgnp). In eq 1, a H;C—H bond
cleavage accompanies the formation of the H;C-1E and the H-
1E bonds. The calculated H;C---H distances and the H;C---1E
distances in the transition state (TS1E) are shown in Figure 3.
Figure 6 schematically shows the trends in the theoretical data
(AEscr) AEpgrcigy AEpgr i and AEgyyp) taken from Table

D*5:46
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Figure 5. ACID plots for the TS-1E (E = B, Al, Ga, In, and T1) point. The current density vectors (green arrows with red tips) are plotted onto the

isosurface of contour value 0.0S. See the text.

Table 2. Energy Decomposition Analysis of Methane Activation by 1E (E = Group 13 Elements) Calculated at the M06-2X-

D3(BJ)/def2-TZVP//BP86/def2-SVP Level of Theory

AE
CH, Moo o

H H

% R W
NN NN .
PH Y “ph _ ABoerie | p’ \( “Ph Me—y” T\
N N o T
Me Me Me Me Me
1E TS-1E
i
AEacT
entry TS-1B TS-1A1 TS-1Ga TS-1In TS-1Tl
AEyor™? 238 642 75.5 89.0 111.1
N — 17.0 63.0 78.4 92.7 112.5
AEpggp 169 63 -11 0.9 53
AEzne -10.1 -5.1 -18 —46 —67

“AEucr = AEpgcn, + AEpge g + AEgp. “All in keal mol™.
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Figure 6. Energy decompositions of the activation energies (AE,cr)
of the transition states (TS-1E) of the insertion reactions of 1E (E =
group 13 element) with CH,. The data are taken from Table 2.
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2. Figure 6 reveals that AEpgpgcpy is a decisive factor affecting
the activation energy (AE,cr). The deformation energy
AEpggcus presented in Figure 6 increases monotonically
from TS-1B to TS-1Tl, a trend that is consistent with the
corresponding activation energies. The reason why AEpgr cpy
increases monotonically from boron to thallium can be
understood from the geometrical structures of TS-1E. Figure
3 shows that the transition state H;C—H bond distance (A)
increases in the order 1.243 (TS-1B) < 1.643 (TS-1Al) <
1.769 (TS-1Ga) < 1.977 (TS-1In) < 2.237 (TS-1TI), while
the original H;C—H bond distance of methane is 1.106 A.
Notably, the atomic radius of E increases in the order B (84
pm) < Al (121 pm) < Ga (122 pm) < In (142 pm) < T1 (148
Pm)’53

We have also probed the origin of the thermodynamic
results for these insertion reactions shown in Figure 3. The
sum of the bond orders (WBI)®* of two newly formed bonds
(i.e, E—=H and E—CH,;) in the 1E compound were calculated
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Figure 7. Energy profiles (energy in kcal/mol and bond distances in A) for the [1 + 2] cycloaddition reaction of 1E (E = B, Al, Ga, In, and T1) with
C,H, The calculated relative free energies (BP86/def2-SVP) and electronic energies [MO06-2X-D3(BJ)/def2-TZVP//BP86/def2-SVP; in

parentheses] at the level are given in kcal/mol.

to decrease in the order 1.871 (1B) > 1.651 (1Al) > 1.554
(1Ga) > 1.520 (1In) > 1.469 (1TI). This trend is consistent
with that of the reaction enthalpies of 1E presented in Figure 3.
Accordingly, our BP86 calculated results suggest that the
insertion products for the heavier 1E molecules are
thermodynamically less stable than those for the lighter 1E
ones. These theoretical results are again explicable in terms of
the atomic radius of the central E in the four-membered group
13 NHC analogue.

3.3. Cycloaddition Reaction of 1E (E = B, Al, Ga, In,
and TI) with Ethene. Next, we investigated the [1 + 2]
cycloaddition reaction of 1E with ethene as represented by eq
2. Similarly, the transition states (TS2E) and cycloaddition
products (2E) were calculated at the BP86/def2-SVP level of
theory, whose potential energy surfaces are summarized in
Figure 7 accompanied by selected geometrical parameters.

Figure 7 shows that the substitution of an E element in the
four-membered NHC increases the [1 + 2] cycloaddition
barrier (AGycr; keal/mol) on going from boron to thallium,
that is, TS2B (7.4) < TS2Al (16.8) < TS2Ga (36.5) < TS2In

22279

(55.2) < TS2TI (82.6). Analogously, this substitution also
increases the reaction free energy (AG; kcal/mol) down group
13, that is, 2B (—55.9) < 2A1 (2.3) < 2Ga (30.9) < 2In (59.2)
< 2T1 (90.0). The BP86/def2-SVP results indicate that the
heavier the E element in the 1E species is, the higher the
activation energy will be, the larger the reaction free energy will
be, and the greater the endothermicity of the [1 + 2]
cycloaddition reaction with ethene will be. That is, four
cycloaddition reaction paths (from 1Al to 1Tl) are energeti-
cally unfavorable from kinetic and thermodynamic viewpoints.
Nevertheless, our computational evidence presented in Figure
7 predicts that only path 1B + C,H, — TS-2B — Prod-2B is
thermodynamically and kinetically favorable. Again, similar to
the methane activation reaction discussed earlier, our
theoretical information for the study of the ethene cyclo-
addition reaction indicates that 1B and 1TI have the highest
and lowest reactivities, respectively.

We also analyzed the relationship between the calculated
NICS values of 1E and the activation barriers of its [1 + 2]
cycloaddition reaction with ethene. The theoretical data of the
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NICSs provide an understanding of the reactivity of such
cycloaddition reactions. Our theoretical examination indicates
that the trend in the NICS(1)zz values for 1E is identical to
the trends in the activation free energy (AG,cr) and reaction
free energy (AG), as discussed above (Figure 7).

Figure 8 shows the variations in the NICS values of the four-
membered ring from the reactants (1E) to the corresponding

5071

NICS (1), (ppm)

-6.0
70 1
B _’/——-7738
-8.0 -7.592
1E TS-2E

Figure 8. NICS(1)zz values of the four-membered ring from the
reactants (1E) to the corresponding transition states (TS-2E).

transition states (TS-2E). Similar to the previous case of
methane activation (Figures 3 and 4), the NICS(1)zz values of

TS-2E increase in the following order: TS-2B(-7.238) < TS-
2A1(-0.091) < TS-2A1(-0.012) < TS-2In(3.286) < TS-
2T1(3.892), whose trend is the same as that of its ethene
activation barriers, as given in Figure 7. Accordingly, our
theoretical examination demonstrates that the NICS(1)zz
values of the four-membered group 13 NHC analogues can be
viewed as a guide to anticipating the order of reactivity of the
corresponding [1 + 2] cycloaddition reactions.

Figure 9 presents the ACID*"* isosurface of the transition-
state structures (TS2E) of the [1 + 2] cycloaddition reactions
of 1E and C,H,. It is obvious that the current density vectors
plotted onto the ACID isosurface of TS-2B show the diatropic
ring current, which forms a loop around the four-membered
ring of the 1B moiety, as expected for an aromatic system.
However, two big disconnections occur in the four-membered
rings of the heavier TS-2E’ (E’ = Al, Ga, In, and TI) species,
which greatly destroy their aromatic character. Moreover,
according to the Hammond postulate,”* because the pattern of
the 1B moiety in TS-2B is quite similar to that of the original
reactant, the activation barrier for the [1 + 2] cycloaddition
reaction with ethene should be much lower than those of the
heavier 1E’ molecules. This prediction is already confirmed, as
represented in Figure 7.

To further probe the cycloaddition reaction mechanism, the
abovementioned ASM**~%* calculations were used in this
work. The ASM computational results are collected in Table 3
and schematically represented in Figure 10. Figure 10
demonstrates that only the curve of the deformation energy
of CH, (AEpggcymy) coincides with that of the [1 + 2]
cycloaddition barrier height (AE,cr). Accordingly, our
computational examination reveals that AEpppcops is a key
factor for determining the trend in the activation barriers.
Indeed, the BP86/def2-SVP results predict that the C—C bond
distance (A) in TS-2E increases in the order 1.343 (TS-2B) <
1.448 (TS-2A1) < 1.469 (TS-2Ga) < 1.551 (TS-2In) < 1.588
(TS-2T1), whereas the original BP86/def2-SVP C—C bond
length of ethene is 1.342 A (Figure 7). The monotonic

TS-2In

i disconnection ;

TS-2TIl

Figure 9. ACID plots for the TS-2E (E = B, Al, Ga, In, and TI) stationary point. The current density vectors (green arrows with red tips) are

plotted onto the isosurface of contour value 0.05. See the text.
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Table 3. Energy Decomposition Analysis of Ethene Activation by 1E (E = Group 13 Elements) Calculated at the M06-2X-
D3(BJ)/def2-TZVP//BP86/def2-SVP Level of Theory
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Figure 10. Energy decompositions of the activation energies (AE,cr)
of the transition states (TS-2E) of the [1 + 2] cycloaddition reactions
of 1E (E = group 13 element) with C,H,. The data are taken from
Table 3.

increase in the curves from TS-2B to TS-2T1 can be attributed
to the atomic size of the E element in 1E. As stated earlier, the
atomic radius increases down group 13.°” To gain a better
orbital overlap between E and the two carbon atoms in ethene,
the C—C bond length in ethene must be increased. This
greater deformation results in the higher activation barriers, as
discussed above.

Again, as discussed above, our theoretical observations
reveal that during the [1 + 2] cycloaddition reaction of 1E with
C,H,, the lighter 1B species has the lowest activation barrier
and the greatest exothermicity of the final cycloproduct (Prod-
2B). In addition to the atomic radius of the central boron
atom, the high reactivity of 1B can also be attributed to its
stronger basicity and nucleophilicity than those of the other
four 1E’ (E' = Al, Ga, In, and T1) molecules.

In addition, we investigated the origin of the thermodynamic
outcome for the final cycloaddition products, Prod-2E. After
examining the sum of the bond orders (WBI)®® of two newly
formed key bonds (ie, E—CH,), our DFT calculations
demonstrate that the sums of these bond orders decrease in
the order 1.737 (Prod-2B) > 1.508 (Prod-2Al) > 1.496
(Prod-2Ga) > 1.434 (Prod-2In) > 1.331 (Prod-2T1). That is,
to obtain a better overlap between the central group 13 atom
(E) and the carbon atoms of the attacking ethene, the larger
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the atomic radius of E in 1E is, the longer the C—C bond of
the reacting ethene is in the final product, and the higher the
endothermicity of the cycloaddition reaction will be.

4. CONCLUSIONS

In summary, with the help from the concepts of electronic
factors in the four-membered ring group 13 NHC analogues
and the ASM*”~%” method, herein, we report an approach to
obtaining a better understanding of the origin of the activation
barriers of the C—H bond insertion reaction with methane and
the [1 + 2] cycloaddition reaction with ethene. The present
theoretical findings predict that the chemical reactivity of the
four-membered-ring 1E carbenes decreases in the order 1B >
1Al > 1Ga > 1In > 1TL In addition, our theoretical analysis
demonstrates that the NICS values can be a diagnostic
criterion for anticipating the relative reactivity of four-
membered ring 13 NHC analogues.

The present theoretical examination also demonstrates that
among the four-membered 1E molecules, the lighter 1B
features the highest basicity and a high nucleophilicity, whereas
the four heavier 1E’ species possess a lower basicity but larger
electrophilicity. This is because the former species uses its
nonbonding sp> lone pair orbital as the HOMO to govern its
chemical reactivity, while the latter four species use the vacant
p—n orbital as the LUMO to determine their chemical
reactivity. Besides, this work reveals that using the NICS
values, which measure the aromatic character of the four-
membered ring of 1E, can be a tool to predict the relative
order of its chemical reactivity.

It is hoped that this work can help experimental chemists
open new synthetic methods and new applications for the four-
membered ring group 13 NHC analogues.
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