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ABSTRACT: The effect of chemical element on the reactivity for carbazolation reaction of
phenylacetylene utilizing G13(C6F5)3 (Lewis acid) and G15-carbazole (Lewis base) was
theoretically investigated using density functional theory (M06-2X-D3/def2-TZVP), where
G13 represents Group 13 elements and G15 represents Group 15 elements. Through
activation strain model (ASM) analysis, it is apparent that the reactivity of the entire
carbazolation reaction is chiefly governed by the structural strain energy of the alkyne
fragment. In other words, if G13(C6F5)3 or G15-carbazole features an atomic radius that is
either too small (e.g., B atom) or too large (e.g., Tl or Bi atom), it results in inadequate
orbital overlap between the reactants due to the impact of steric effects. This, in turn,
results in an elevation of the activation energy for such reactions, thereby impeding the
alkyne from undergoing the carbazole catalytic reaction. In light of the above analyses, our
theoretical findings suggest that, except for Tl(C6F5)3, the other four Lewis acid catalysts
(B(C6F5)3, Al(C6F5)3, Ga((C6F5)3, and In((C6F5)3) demonstrate effectiveness in catalyzing
the carbazolation reaction of alkyne alongside with N-carbazole. Additionally, it is
anticipated that, among the five categories of G15-carbazole molecules studied, only N-carbazole can participate in the carbazolation
reaction with alkyne catalyzed by B(C6F5)3, considering both kinetic and thermodynamic factors at room temperature. Our
theoretical investigations, as outlined in this study, indicate that the carbazolation reaction of the alkyne, catalyzed by G13(C6F5)3
and G15-carbazole, follows Hammond’s postulate. To put it more plainly, when the transition state of the chemical reaction occurs
earlier, it results in a decrease in activation energy.

I. INTRODUCTION
Within many natural products and pharmaceuticals, carbazole
emerges as a privileged heterocycle, demonstrating anti-
inflammatory, antimicrobial, antioxidant, and antihistamine
capabilities, as indicated in Figure 1.1−5 Carbazole derivatives
feature N-vinyl carbazoles prominently, functioning as vital
building blocks for carbazole-based polymer synthesis.6−8

These polymers are widely employed across various fields
such as photovoltaics, color displays, photocopiers, solar cells,
and OLEDs (Figure 1).9−11 Thus, the growing interest in
synthesizing and altering carbazoles can be attributed to their
significant applications. In the past, N-vinyl carbazole
derivatives were primarily obtained through the cross-coupling
of N−H carbazoles with vinyl bromides, often employing
palladium or copper catalysts.12,13 Not until 2013 did Satoh’s
and Miura’s groups devise an alternative route employing
palladium-catalyzed dehydrogenative coupling of N−H
carbazoles with alkenes.14 Koenigs’ group made headlines in
2020 with their report on the gold-catalyzed carbazolation
reactions of alkynes.15 Despite this, direct carbazolation
reactions of alkynes without transition metals under mild
conditions are still infrequent.

From 2006 onward, frustrated Lewis pair (FLP) chemistry
has ignited interest in the application of boranes across a
spectrum of organic transformations.16−24 Stephan’s earlier
reports on the stoichiometric addition of FLPs to alkynes hold
particular significance in current chemistry.25−27 Guo, Stephan,
and their colleagues have recently developed a transition metal-
free catalytic carbazolation reaction of alkynes.28 This break-
through allows for the efficient synthesis of vinyl-carbazole
derivatives, utilizing only 10 mol % B(C6F5)3 as a catalyst.
Through this innovative approach, researchers have success-
fully prepared 24 different N-vinylcarbazole derivatives with
yields varying from good to excellent.28 It is believed that the
mechanism includes the addition of the B(C6F5)3/carbazole
FLP to the alkyne, followed by proton migration resulting in
the formation of the vinyl carbazole and the liberation of the
borane catalyst.28 However, to our current knowledge, there
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have been no theoretical calculations undertaken to study the
reaction mechanism that leads to the formation of G15-vinyl
carbazole. Additionally, the influence of diverse Group 13
(G13) or Group 15 (G15) elements on the reactivity for
synthesizing G15-vinyl carbazole is still unknown. The lack of
readily available experimental values and trends for such FLP
catalytic reactions featuring either G13/N or B/G15 (accept-
or/donor) elements underscores the critical role of computa-
tional approaches.
Here, we have selected two model reactions, each featuring

either G13/N (eq 1) or B/G15 (eq 2) segments, to produce

G15-based vinyl carbazole. The main objective of this study is
to develop a systematic framework for understanding the
factors influencing the activation barrier in these FLP catalytic
reactions, thereby enabling more precise control over the
entire reaction mechanism.

II. METHODOLOGY
We utilized geometry optimizations at the M06-2X29-D330−32/
def2-TZVP33 level to ascertain the structures of stationary
points along the activation pathways, which include reactants,
intermediate complexes, transition states, and products.
Harmonic frequency calculations were then performed to
categorize the optimized structures as either minima or
transition states. The selection of the M06-2X density
functional, established by Zhao and Truhlar,29 was motivated
by its effectiveness in examining systems characterized by
significant nonbonding interactions. Employing M06-2X-D3/
def2-TZVP harmonic frequencies, we performed zero-point
energy (ZPE) corrections to energies and computed thermal
and entropic adjustments to free energies. Calculations

performed with the Gaussian 16 program34 package provided
thermodynamic corrections and Kohn−Sham orbitals, with all
thermodynamic data referenced to a standard state of 298.15 K
and 1 atm.
The activation strain model (ASM),35−40 also recognized as

the distortion/interaction model proposed by Houk and his
team,40,41,42 has proven instrumental in elucidating the
underlying physical factors influencing the generation of
activation barriers in different fundamental processes. Adopt-
ing the ASM, we utilize a fragment-centered methodology to
comprehend chemical reactions, whereby the magnitude of
reaction barriers is interpreted in relation to the initial
reactants.35−40 This systematic method extends the fragment-
based approach from equilibrium structures to transition states
and other nonstationary points, including those distributed
along a reaction coordinate. The ASM calculations utilize
optimized geometries obtained from M06-2X-D3/def2-TZVP.
Incorporating relativistic effects into this single-point calcu-
lation is achieved through the application of the zero-order
regular approximation (ZORA).43−46 Consequently, this
theoretical framework is identified as ZORA-M06-2X-D3/
TZ2P47//M06-2X-D3/def2-TZVP.
Adopting the ASM, we utilize a fragment-centered method-

ology to comprehend chemical reactions, whereby the
magnitude of reaction barriers is interpreted in relation to
the initial reactants. This systematic method extends the
fragment-based approach from equilibrium structures to
transition states and other nonstationary points, including
those distributed along a reaction coordinate. This leads to the
decomposition of the potential energy surface ΔE(ζ) along the
reaction coordinate ξ into two parts: the strain ΔE strain(ζ),
which relates to the deformation of the individual reactants,
and the actual interaction ΔEint(ζ) between the deformed
reactants:

= +E E E( ) ( ) ( )strain int (3)

ΔE strain(ζ), representing strain, is determined by the rigidity
of the reactants and the level of reorganization involved in a
given reaction mechanism, whereas ΔEint(ζ), signifying
interaction, is influenced by the electronic structure of the
reactants and their orientation as they approach each other.
The presence and location of a barrier along ζ are determined
by the interaction between ΔEstrain(ζ) and ΔEint(ζ). The
activation energy of a reaction, denoted as ΔE‡ = ΔE(ζTS), is

Figure 1. Some examples of carbazole-based biologically active reagents.
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composed of the activation strain ΔE‡
strain = ΔEstrain(ζTS) and

the transition state interaction ΔE‡
int = ΔEint(ζTS). As a result,

in this work, eq 3 can be rewritten as follows:

= +‡ ‡ ‡E E Estrain int (4)

III. RESULTS AND DISCUSSION
1. The Pathways of the Carbazolation Reaction

Outlined in Eq 1. We initially focus on the potential energy
surfaces where G13(C6F5)3 catalyzes the reactions between
carbazole and phenylacetylene (PhCCH), resulting in N−H
addition to PhCCH through an FLP carbazolation mechanism
(eq 1). Our computational studies indicate that in the initial
stage, the lone pair of the nitrogen atom in the Lewis base
(carbazole) interacts with the vacant orbital of the G13 atom
in the Lewis acid (G13(C6F5)3), leading to the formation of a
precursor complex (G13/N-Cpx). Subsequently, phenyl-
acetylene and G13/N-Cpx undergo a [2 + 2] cyclization
reaction, resulting in the production of an intermediate (G13/
N-Int) via the transition state G13/N-TS1. The acidic nature
of the ammonium proton within G13/N-Int facilitates its
migration to the carbon atom adjacent to the G13 center
(G13/N-TS2), driving the formation of N-vinyl carbazole and
releasing G13(C6F5)3 to support subsequent catalytic
processes. Thus, the pathway for the transition metal-free
catalytic carbazolation reaction between PhCCH and carba-
zole, leading to the formation of N-vinyl-carbazole facilitated
by G13(C6F5)3, can be described as follows: N-carbazole +
G13(C6F5)3 + PhCCH → G13/N-Cpx + PhCCH → G13/N-
TS1 → G13/N-Int → G13/N-TS2 → N-vinyl carbazole +

G13(C6F5)3. Using the M06-2X-D3/def2-TZVP level of
theory, we calculated the optimized geometries for all
stationary points. Figure 2 provides an overview of the selected
geometrical parameters and their relative free energies with
respect to the isolated reactants. Our computations suggest
that the first free activation energy of G13/N-TS1
(ΔG‡

G13/N‑TS1; kcal/mol) compared to the corresponding
precursor complex (G13/N-Cpx) increases in the following
sequence: 8.4 (Al/N-TS1) < 15.9 (B/N-TS1) < 23.2 (Ga/N-
TS1) < 24.6 (In/N-TS1) < 29.4 (Tl/N-TS1). Moreover, the
second free activation energy of G13/N-TS2 (ΔG‡

G13/N‑TS2;
kcal/mol) relative to the corresponding intermediate (G13/N-
Int) ranks in the order: 15.6 (Tl/N-TS2) < 17.2 (In/N-TS2)
< 18.9 (Al/N-TS2) < 19.9 (Ga/N-TS2) < 21.1 (B/N-TS2).
Reflecting on the M06-2X data provided above, it becomes
clear from a kinetic standpoint that, with the sole exception of
Tl(C6F5)3, both Lewis acid (G13(C6F5)3) and base (carba-
zole) exhibit the ability to catalyze FLP reactions with PhCCH,
resulting in the generation of N-vinyl carbazole at room
temperature. Up until now, to the best of our awareness,
experimental chemists have only reported carbazolation
reactions of various alkynes mediated by B(C6F5)3 in the
absence of transition metals.28 Thus, the conclusion derived
from the preceding theoretical calculation can serve as a
forecast.
The information provided in Figure 2 highlights that the first

activation barrier of G13/N-TS1 has a more substantial effect
on the overall G13(C6F5)3-mediated carbazolation reaction
compared to the activation energy of G13/N-TS2. Hence, it is
crucial for us to explore the primary factor that contributes to

Figure 2. M06-2X-D3/def2-TZVP free energy surfaces for G13(C6F5)3 mediated carbazolation reaction of phenylacetylene, resulting in the
production of N-vinyl-carbazole and G13(C6F5)3. Bond lengths are reported in Å, while energies are presented in kcal/mol.
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the formation of the activation energy of G13/N-TS1. The
ASM method was then applied to systematically investigate the
origins of the various computed barriers for the production
reaction of N-vinyl-carbazole (eq 1) via a FLP mechanism. The
ASM analyses for our model reactions (eq 1) are outlined in
Table 1, with computations carried out using ZORA-M06-2X-

D3/TZ2P//M06-2X-D3/def2-TZVP. Figure 3 provides a
schematic representation of the data presented in the table.
Hence, as observed in Figure 3, the activation energy (ΔE‡)
can be dissected into three terms: ΔE‡ = ΔE‡

strain,PhCCH +
ΔE‡

strain,G13/N‑Cpx + ΔE‡
int, resulting from the distortion

experienced by the isolated molecules (PhCCH and G13/N-
Cpx) during the transformation, and the interaction energy
(ΔE‡

int) between the strained species along the reaction
coordinate. Observations from Figure 3 indicate that
ΔE‡

strain,G13/N‑Cpx and ΔE‡
int remain relatively stable despite

variations in the G13 element within G13/N-TS1. The figure
clearly illustrates that the trend in the activation energies
(ΔE‡) of G13/N-TS1 is predominantly influenced by the
strain energies of PhCCH (ΔE‡

strain,PhCCH). The reason for this
can be attributed to the atomic size of the G13 element in LA
(i.e., G13(C6F5)3). When PhCCH is in proximity to the
complex (G13/N-Cpx) formed by carbazole and G13(C6F5)3,
its triple bond interacts with the G13−N chemical bond of
G13/N-Cpx, leading to a [2 + 2] cycloaddition reaction.
Achieving optimal orbital overlap between the G13−N bond of
G13/N-Cpx and the C�C triple bond of PhCCH requires
molecular structural deformation of both G13/N-Cpx and

PhCCH. Given its smaller molecular size, PhCCH is more
easily subject to structural changes compared to G13/N-Cpx.
Consequently, the amplitude of the strain energy curve for
PhCCH (ΔE‡

strain,PhCCH) exceeds that of G13/N-Cpx
(ΔE‡

strain,G13/N‑Cpx). In addition, it is well accepted that the
atomic radii of B and Tl are the smallest and largest
respectively among the elements in Group 13.48 In order to
maximize the orbital overlap between PhCCH and G13/N-
Cpx, the PhCCH fragment structures of B/N-TS1 and Tl/N-
TS1 are deformed the most, resulting in their ΔE‡

strain,PhCCH
being very large (Figure 3). Therefore, the activation energies
of B/N-TS1 and Tl/N-TS1 are also larger than those of other
Al/N-TS1, Ga/N-TS1, and In/N-TS1, as graphically
represented in Figures 2 and 3.
Besides, as depicted in Figure 2, our computational analysis

reveals an upward trend in the calculated C�C bond lengths
of G13/N-TS1: 6.0% (Ga/N-TS1) ∼ 6.0% (In/N-TS1) ∼
6.1% (Al/N-TS1) < 6.2% (Tl/N-TS1) < 6.3% (B/N-TS1),
relative to the initial phenylacetylene bond length of 1.213 Å.
Remarkably, the elongation trend of the C�C bond length in
the PhCCH fragment geometry in G13/N-TS1 is indicative of
its associated barrier height. Additionally, in Figure 2, when
considering the geometric structure of the PhCCH fragment in
G13/N-TS1, the M06-2X computations exhibit increasing
trends in the ∠H−C−C bond angles relative to 180.0° for the
free PhCCH bond angle. Consequently, 36.1% (In/N-TS1) ∼
36.8% (Al/N-TS1) < 37.5% (Ga/N-TS1) < 38.3% (Tl/N-
TS1) < 40.6% (B/N-TS1). Similarly, the ∠C−C−Ph bond
angle in these transition structures was expanded in the
sequence: 14.4% (Al/N-TS1) < 15.1% (Ga/N-TS1) ∼ 15.2%
(In/N-TS1) < 16.2% (B/N-TS1) < 16.8% (Tl/N-TS1),
compared to their original PhCCH (180.0°). These findings
collectively contribute to the higher activation barrier for B/Al-
TS1 and Tl/N-TS1 during the carbazolation reaction of G13/
N-Cpx with phenylacetylene. Furthermore, the theoretical
evidence outlined above is in accordance with the Hammond
postulate,49 which posits that a transition state occurring at an
earlier stage in the reaction pathway typically exhibits a lower
barrier height. Therefore, our theoretical analysis proposes that
the activation barrier of G13/N-TS1 is primarily governed by
the structural strain energy of the PhCCH fragment
(ΔE‡

strain,PhCCH) during its carbazole FLP catalytic reaction.
A thorough examination of strain energy (ΔE‡

strain) in the
carbazolation reaction process is facilitated by detailed ASM
analysis of two representative systems: B/N-TS1 (red) and Tl/
N-TS1 (black). Figure 4 highlights the notable similarities in
ASM features between B/N-TS1 and Tl/N-TS1. A detailed
analysis of Figure 4 reveals that the ΔE‡

strain,PhCCH emerges as
the critical determinant governing the distinct behavior of B/
N-TS1 and Tl/N-TS1. For instance, at the reaction coordinate
7, the calculated ΔE‡

strain,PhCCH for B/N-TS1 and Tl/N-TS1
amounts to 31.7 and 22.0 kcal/mol, respectively. Likewise, the
computed ΔE‡

strain,B/N‑Cpx for B/N-TS1 and ΔE‡
strain,Tl/N‑Cpx for

Tl/N-TS1 stand at 32.0 and 28.5 kcal/mol, whereas the
estimated ΔE‡

int for B/N-TS1 and Tl/N-TS1 are −65.3 and
−57.8 kcal/mol, respectively. Additionally, their activation
energies at the same point are projected to be −1.7 and −7.2
kcal/mol, respectively. The lower barrier height for B/N-TS1
can evidently be attributed to its diminished ΔE‡

strain,PhCCH
throughout the entire reaction pathway.

2. The Pathways of the Carbazolation Reaction
Outlined in Eq 2. Within this section, our attention turns
to the carbazolation reaction of phenylacetylene under the

Table 1. Activation Strain Analysis Examined the
G13(C6F5)3 Mediated Carbazolation Reaction of
Phenylacetylene at the Transition State G13/N-TS1a,b,c

Entry
B/N-
TS1

Al/N-
TS1

Ga/N-
TS1

In/N-
TS1

Tl/N-
TS1

ΔE‡ −0.9 −23.1 −19.4 −12.0 −4.8
ΔE‡

strain,PhCCH 38.3 15.8 18.5 26.3 33.9
ΔE‡

strain,G13/N‑Cpx 33.7 33.1 28.0 29.1 29.8
ΔE‡

int −72.9 −72.0 −65.9 −67.4 −68.5
aΔE‡ = ΔE‡

strain,PhCCH + ΔE‡
strain,G13/N‑Cpx + ΔE‡

int
bAll were

calculated at the ZORA-M06-2X-D3/TZ2P//M06-2X-D3/def2-
TZVP level. cAll in kcal mol−1.

Figure 3. Energy decompositions of the activation energies (ΔE‡) for
the G13(C6F5)3-mediated carbazolation reaction of phenylacetylene
at the transition state G13/N-TS1, with data derived from Table 1.
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influence of B(C6F5)3, producing G15-vinyl-carbazole and
B(C6F5)3, as indicated in eq 2. Parallel to the carbazolation
reaction outlined in eq 1, we anticipate that the activation
process of PhCCH involving G15-carbazole and B(C6F5)3,
investigated in this study, follows a comparable reaction
pathway: G15-carbazole + B(C6F5)3 + PhCCH → B/G15-Cpx
+ PhCCH → B/G15-TS1 → B/G15-Int → B/G15-TS2 →
G15-vinyl carbazole + B(C6F5)3. The potential energy profiles,
analyzed using the M06-2X-D3/def2-TZVP level of theory, are
illustrated in Figure 5.
In the given scenario, two transition states are observed: B/

G15-TS1 and B/G15-TS2. The free activation energy of the
former (ΔG‡

B/G15‑TS1; kcal/mol), computed relative to its
corresponding B/G15-Cpx, demonstrates an increasing trend:
11.0 (B/Al-TS1) < 13.7 (B/As-TS1) < 15.9 (B/N-TS1) <
17.6 (B/Sb-TS1) < 29.5 (B/Bi-TS1). Conversely, the free
activation energy of the latter (ΔG‡

B/G15‑TS2; kcal/mol),
compared to its corresponding B/G15-Int, shows a similar
ascending pattern: 21.1 (B/N-TS2) < 35.1 (B/Bi-TS2) < 39.5
(B/Sb-TS2) < 40.6 (B/As-TS2) < 43.3 (B/P-TS2). Analyzing
the data shown in Figure 5, it becomes apparent that the
pivotal transition state determining the carbazolation reaction
of PhCCH by G15-carbazole is the second transition state (B/
G15-TS2), not the initial transition state (B/G15-TS1). This
means that the second activation barrier of B/G15-TS2 holds
more significance in regulating the overall B(C6F5)3-mediated
carbazolation reaction than the activation barrier of B/G15-
TS1. This observation contrasts with the computational
outcomes illustrated in the preceding Figure 2, where the
primary transition state for the carbazolation reaction of
PhCCH facilitated by the Lewis acid G13(C6F5)3 is the first
transition state, G13/N-TS1, as opposed to the second
transition state (G13/N-TS2). Therefore, according to our
M06-2X results presented in Figure 5, it is suggested that,

considering both kinetic and thermodynamic factors at room
temperature, only N-carbazole and PhCCH is a viable
candidate for undergoing the carbazolation reaction catalyzed
by the Lewis acid B(C6F5)3. The validity of this theoretical
prediction has been supported by available chemical experi-
ments conducted by Guo, Stephan, and their research group.28

To ensure alignment with the ASM discussion presented
earlier (i.e., Table 1 and Figure 3) for eq 1, we employ ASM to
investigate the origin of the first activation energy in eq 2. This
enables a clearer comprehension of the fundamental factor
driving the carbazole reaction using the Lewis acid (B(C6F5)3)
and base (G15-carbazole). Table 2 provides a detailed account
of the activation strain analyses for our model reactions (eq 2),
computed using ZORA-M06-2X-D3/TZ2P//M06-2X-D3/
def2-TZVP. Figure 6 offers a graphical representation of the
tabulated information. According to the findings in Figure 6,
ΔE‡

strain,B/G15‑Cpx and ΔE‡
int show little variation among

different B/G15-TS1 instances. However, the barrier heights
of B/G15-TS1 are mainly dictated by the strain energy of
PCCH (ΔE‡

strain,PhCCH). This pattern can also be explained by
the atomic size of the G15 element in LB (i.e., G15-carbazole).
As PhCCH approaches the complex (B/G15-Cpx), consisting
of G15-carbazole and B(C6F5)3, the B−G15 chemical bond of
B/G15-Cpx initiates interaction with the C�C triple bond of
PhCCH, triggering a [2 + 2] cycloaddition reaction. Molecular
structural deformations of both B/G15-Cpx and PhCCH are
essential for achieving optimal orbital overlap between the B−
G15 bond of B/G15-Cpx and the C�C triple bond of
PhCCH. The smaller molecular size of PhCCH facilitates its
structural changes in comparison to B/G15-Cpx, resulting in a
larger amplitude of the strain energy curve for PhCCH
(ΔE‡

strain,PhCCH) compared to B/G15-Cpx (ΔE‡
strain,B/G15‑Cpx),

as schematically represented in Figure 6. Moreover, among the
Group 15 elements, N and Bi possess the smallest and largest
atomic radii, respectively.48 To maximize the overlap between
the C�C triple bond of PhCCH and the B−G15 bond of B/
G15-Cpx, the geometric structure of PhCCH must be
extensively deformed. As a consequence, the heightened
ΔE‡

strain,PhCCH within B/N-TS1 and B/Bi-TS1 leads to higher
activation energies for these transition states compared to
counterparts like B/P-TS1, B/As-TS1, and B/Sb-TS1, as
schematically illustrated in Figures 5 and 6.
Indeed, upon reviewing the computed geometrical param-

eters from Figure 5, it is clear that the C�C bond length in B/
G15-TS1 follows a pattern: 4.9% (B/P-TS1) < 5.4% (B/As-
TS1) < 5.5% (B/Sb-TS1) < 6.3% (B/N-TS1) < 8.4% (B/Bi-
TS1), relative to the unbound phenylacetylene (1.213 Å).
Additionally, the ∠H−C−C bond angle in the B/G15-TS1
transition state experiences an increase in the order of 37.6%
(B/P-TS1) < 37.9% (B/As-TS1) < 38.1% (B/Sb-TS1) <
38.3% (B/Bi-TS1) < 40.6% (B/N-TS1), compared to the
original PhCCH bond angle of 180.0°. Similarly, the ∠C−C−
Ph bond angle in the B/G15-TS1 structure is elevated in the
sequence of 6.3% (B/P-TS1) < 8.3% (B/As-TS1) < 9.3% (B/
Sb-TS1) < 15.6% (B/Bi-TS1) < 16.2% (B/N-TS1), relative to
its isolated PhCCH bond angle of 180.0°. Accordingly, the
theoretical examinations outlined above yield an interesting
observation: when the G15-carbazole molecule acts as the
Lewis base, with either nitrogen or bismuth at the LB center, it
exhibits a later transition state with the highest energy barrier
during its interaction with B(C6F5)3 (as the Lewis acid) in the
carbazolation reaction with PhCCH. By contrast, G15-
carbazole molecules with other heavy group 15 elements (P-

Figure 4. Presented are ASM profiles delineating the carbazolation
reaction mechanism of PhCCH with N-carbazole, under the catalysis
of both B(C6F5)3 (red) and Tl(C6F5)3 (red). The two transition
states under consideration are B/N-TS1 and Tl/N-TS1, respectively.
These profiles are graphed as a function of the reaction coordinate,
specifically in relation to the C�C···N distance. The computational
data utilized for constructing these profiles were obtained at the
ZORA-M06-2X-D3/TZ2P//M06-2X-D3/def2-TZVP level.
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carbazole, As-carbazole, and Sb-carbazole) as the LB center
tend to manifest transition states that are relatively earlier and
have lower activation barriers. Therefore, the theoretical
observations discussed above might be explained by the
presence of transition states resembling products and reactants,
respectively, aligning with the Hammond postulate.49

Similarly, by employing the ASM approach again, we singled
out two representative transition states, B/N-TS1 and B/Bi-
TS1, for further analysis. Figure 7 reveals that at reaction
coordinate 7, the ΔE‡

strain,PhCCH for transition states is 31.7 (B/
N-TS1) and 28.1 (B/N-TS1) kcal/mol, respectively. Con-

versely, their ΔE‡
strain,B/G15‑Cpx is estimated at 32.0 and 36.7

kcal/mol, with their ΔE‡
int standing at −65.3 and −73.7 kcal/

mol, respectively. With its smaller atomic radius, the nitrogen
atom (LB) in N-carbazole can undergo significant distortion to
reach the transition state (B/N-TS1), resulting in a higher
ΔE‡

strain,PhCCH. Consequently, a greater ΔE‡ (−1.6 kcal/mol) is

Figure 5. M06-2X-D3/def2-TZVP free energy surfaces for B(C6F5)3 mediated carbazolation reaction of phenylacetylene, resulting in the
production of G15-vinyl-carbazole and B(C6F5)3. Bond lengths are reported in Å, while energies are presented in kcal/mol.

Table 2. Activation Strain Analysis Examined the B(C6F5)3-
Mediated Carbazolation Reaction of Phenylacetylene at the
Transition State B/G15-TS1a,b,c

Entry
B/N-
TS1

B/P-
TS1

B/As-
TS1

B/Sb-
TS1

B/Bi-
TS1

ΔE‡ −0.9 −18.7 −12.2 −10.1 −8.5
ΔE‡

strain,PhCCH 38.3 16.2 18.4 23.6 33.4
ΔE‡

strain,B/G15‑Cpx 33.7 31.6 38.0 36.5 37.9
ΔE‡

int −72.9 −66.5 −68.6 −70.2 −79.8
aΔE‡ = ΔE‡

strain,PhCCH + ΔE‡
strain,B/G15‑Cpx + ΔE‡

int
bAll were calculated

at the ZORA-M06-2X-D3/TZ2P//M06-2X-D3/def2-TZVP level.
cAll in kcal mol−1.

Figure 6. Energy decompositions of the activation energies (ΔE‡) for
the G13(C6F5)3-mediated carbazolation reaction of phenylacetylene
at the transition state B/15-TS1, with data derived from Table 2.
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achieved. In contrast, the transition state B/Bi-TS-1 exhibits a
smaller ΔE‡

strain,PhCCH, leading to a smaller ΔE‡ (−8.9 kcal/
mol). Thus, the computational results in Figure 7 clarify that
the difference in the activation barrier ΔE‡ primarily arises
from the contribution of ΔE‡

strain,PhCCH.

IV. CONCLUSIONS
The current study highlights several important findings.
(1) Our theoretical analyses reveal that, except for Tl-

(C6F5)3, the other four Lewis acid catalysts (B(C6F5)3,
Al(C6F5)3, Ga(C6F5)3, and In(C6F5)3) are proficient in
catalyzing the carbazolation reaction of PhCCH along-
side with N-carbazole, resulting in the formation of N-
vinyl-carbazole and G13(C6F5)3, considering both
kinetic and thermodynamic factors.

(2) Based on our M06-2X results, it is evident that, among
the five categories of Lewis base G15-carbazole
molecules investigated, only N-carbazole can engage in
the carbazolation reaction with PhCCH catalyzed by the
Lewis acid B(C6F5)3, considering both kinetic and
thermodynamic factors at room temperature.

(3) By employing ASM, our theoretical examination
indicates that the activation barrier associated with the
carbazolation reaction of PhCCH with G15-carbazole as
the Lewis base, catalyzed by G13(C6F5)3 as the Lewis
acid to yield G15-vinyl-carbazole and G13(C6F5)3, is
predominantly determined by the structural strain
energy of the PhCCH fragment (ΔE‡

strain,PhCCH) during
the FLP catalytic process. In other words, when
G13(C6F5)3 or G15-carbazole possesses an atomic
radius that is either too small (like the B atom) or too
large (such as the Tl or Bi atom), it leads to deficient
orbital overlap between the reactants due to the
influence of steric effects. This causes the activation

energy of such reactions to rise, rendering it impossible
for PhCCH to participate in the carbazole FLP catalytic
reaction.

(4) Analysis of the reaction mechanism clarifies that the
carbazole FLP catalytic reaction consists of two
transition states: the initial [2 + 2] cyclization reaction
between G13/G15-Cpx and PhCCH, followed by the
transfer reaction of a proton with acidic nature. Our
theoretical observations suggest that in the G13(C6F5)3-
mediated carbazolation reaction of PhCCH, the first
transition state (G13/N-TS1) is crucial for determining
this FLP catalytic reaction. Conversely, in the reaction
involving B(C6F5)3-mediated carbazolation of PhCCH
with G15-carbazole, it is the second transition state (B/
G15-TS2) that plays a pivotal role in determining its
FLP-catalyzed reaction.

(5) Our theoretical investigations outlined in this study
suggest that the carbaolation reaction of PhCCH by
G13(C6F5)3 (Lewis acid) and G15-carbazole (Lewis
base) follows Hammond’s postulate. In simpler terms,
when the transition state of the chemical reaction
appears earlier, the activation energy decrease.
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