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ABSTRACT: Quantum chemical calculations and molecular dynamics /
simulations were applied to study the electrophilic aminoalkenylation of ‘N\\<
heteroaromatics with keniminium ions. Post-transition state bifurcation (PTSB) Y e Y
was found in the electrophilic addition step for the aminoalkenylation of :r:l=°:< (\,/
pyrroles and indoles, and the selectivity for these reactions was dynamically H X
controlled. However, the aminoalkenylation of furan was kinetically controlled .

because no apparent PTSB was found in the electrophilic addition step. The

substituents on the keteniminium ions can also affect the dynamic results for the R e
aminoalkenylations to pyrroles: the C2-aminoalkenylated product is much more & m (\\\\ Y/ N
favored over the C3-aminoalkenylated product for keteniminium ions with "X T )

electron-donating substituents, while the product ratio (C2 product/C3

product) decreased when stronger electron-withdrawing substituents were Regiochemistry: kinetically or dynamically controlled?

applied.

Bl INTRODUCTION Scheme 1. Reported Aminoalkenylation of Heteroaromatics
There are three patterns Of reaction selectivity control, namely, A. Electrophilic aminoalkenylation of pyrrole with a-chloroenamines
kinetic, thermodynamic, and dynamic controls."” Knowing the ve o Q 2a Mg
exact pattern of selectivity control is important and helpful to N§ — Mf\N:' :<'V'e H @ N-pe
understanding these reactions and to designing new reactions WAL " M Me ether, 20°C,6h N S\M

in the future. Usually, a reaction’s selectivity is controlled by 1a Ket 94% M aa ¢

one of these three patterns. In 2023, we discovered that the
intramolecular [2 + 2] reaction of keteniminium ions with
alkenes has all these three patterns of regiochemistry control,® ava, 64% /) © Ts~N/L/ . N T’?\‘\
depending on the tethers and substituents in the alkene part of 3bb. 5 80/2 Q \N\ o :z:,' zz; Me™ g (\\
the substrates. This is the first reported reaction with three ’ R £y .

B. Electrophilic aminoalkenylation of heteroaromatics with ynamides

patterns of selectivity control. We were especially surprised by N R Vi 3be, 84%
finding the dynamic control existing in the intramolecular [2 + Tea5eC
‘ : : B I Ve

2] reactions. This also prompted us to consider whether other R=H2a N Me™ o
reactions using keteniminium ions could have different R=Me,2b R\ / T=-35°C ¢
patterns of regiochemistry control if the reaction could give @ R=H2d TN __/
two or more regioisomeric products. R TENH . N R=e. 2o N

We were attracted by the electrophilic aminoalkenylation 2 oomt TS'N:.:<H @
reactions of keteniminium ions toward heteroaromatics.” 1 Ket2 R
Ghosez et al.*" used a-chloroenamines to in situ deliver =n-Bu = =n-Hex 3bd, gﬁ?zjiﬁﬁigéffiﬁgs c
keteniminium ions, which reacted with pyrroles in high 3be, 85%, T =35 °C

regioselectivity and reaction yields (Scheme 1A). However,
the reactions of keteniminium ions generated from ynamides,
catalyzed by Brgnsted acid, were complex: reactions with
furans and indoles gave single products, but reactions with
pyrroles gave two regioisomeric products (Scheme 1B).** We
hypothesized that the reactions with two regioisomeric
products here could also be dynamically controlled while the -
reactions giving one regioisomeric product could be controlled
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Figure 1. Proposed mechanism for electrophilic aminoalkenylation of heteroaromatics with ynamides.

kinetically (two transition states involved in the regio-
determining step could have significant energy difference).
We then decided to investigate computationally whether such
a hypothesis was correct and the factors influencing the
regiochemistry, which are present in this article.

B COMPUTATIONAL METHODS

All the DFT calculations were performed using the Gaussian
09 software package.” Pruned integration grids with 99 radial
shells and 590 angular points per shell were used. Structure
optimizations were performed at the SMD(DCM)®/@wB97X-
D’/def2-SVP® level of theory, unless otherwise specified. The
@wB97X-D functional was chosen for its high accuracy in
simulating keteniminium ion-related reactions (see the SI for
more discussion).” Unscaled harmonic frequency calculations
at the same level were performed to validate each structure as
either a minimum or a transition state and to evaluate its zero-
point energy and thermal corrections at 298.15 K. Intrinsic
reaction coordinate (IRC)® calculations were carried out to
confirm the transition states connecting the right reactant(s)
and product(s). High-level single-point energies were calcu-
lated at the DLPNO—CCSD(T)'%/def2-TZVPP® (with the
def2-TZVPP/C"! auxiliary basis set; “TightPNO” and
“TightSCF” settings were used) level using the ORCA
42.1"" software package. All of the discussed energy
differences were based on Gibbs energies at 298.15 K
(standard states are the hypothetical states at 1 mol/L), unless
otherwise specified. All the 3D molecular structures were
visualized by CYLview."?

Molecular orbitals were calculated at the HF'*/6-311G(d)"
level based on optimized structures. Intrinsic bonding orbital
(IBO)'® analysis was carried out on IboView at the PBE'"/
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def2-TZVP® level. Orbital composition analysis with the Ros—
Schuit (SCPA) method,'® noncovalent interaction (NCI)
analysis,"” and conceptual density functional theory (CDFT)*’
calculations including condensed Fukui functions were carried
out on Multiwfn 3.8dev.”’ The NCI plot was visualized by
VMD 1.9.4253.>

Molecular dynamics simulations were performed at the
SMD(DCM)/wB97X-D/def2-SVP or SMD(Et,0)/wB97X-
D/def2-SVP level of theory, and the temperature was set to
be 238.15 K (for hydroarylation of ynamide) or 298.15 K
(substituent effect evaluation). Quasi-classical trajectories
(QCTs) were initiated from the corresponding transition
state regions and propagated forward and backward until either
one of the products is formed or the reactants are generated
(for criterion and more details, see the SI). The classical
equations of motion were integrated with a velocity-Verlet
algorithm using Singleton’s program Progdyn,” with the
energies and derivatives computed on the fly with SMD-
(DCM)/wB97X-D/def2-SVP or SMD(Et,0)/®wB97X-D/
def2-SVP using Gaussian 09. The step length for the
integration was 1 fs.

B RESULTS AND DISCUSSION

Proposed Mechanisms for Electrophilic Aminoalke-
nylation of Heteroaryls with Keteniminium lons. Based
on the experimental results of electrophilic aminoalkenylation
of heteroaromatics with ynamides, we proposed the mecha-
nism shown in Figure 1 to account for the regiochemistry.
Ynamide 1 is first protonated by Tf,NH to give keteniminium
ion A, which then undergoes electrophilic addition toward the
used aromatic molecule. This step leads to two possible
cations, namely, C2-alkenylated cation B and C3-alkenylated

https://doi.org/10.1021/acs.joc.3c02379
J. Org. Chem. 2024, 89, 4326—4335
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Figure 2. Gibbs energy profile of Brgnsted acid-catalyzed electrophilic aminoalkenylation of pyrrole with ynamide yne-N. Computed at the
DLPNO-CCSD(T)/def2-TZVPP:SMD(DCM)//SMD(DCM)/wB97X-D/def2-SVP level. Bond distances are reported in A

cation D. These two cation intermediates could be in
equilibrium via [1,5]-alkenyl shift reaction.”* Finally, deproto-
nation of intermediates B and D by the Tf,N™ affords the final
C2-alkenylated and C3-alkenylated products 2 and 3,
respectively. We hypothesized that the regiochemistry for
reactions in Scheme 1B is determined by the addition reaction
of keteniminium ions toward aromatic molecules.

Mechanism of Electrophilic Aminoalkenylation of
Pyrroles. The Gibbs energy profile for aminoalkenylation of
pyrrole with the simplified model ynamide yne-N is shown in
Figure 2. The reaction commences from protonation of yne-N
by Tf,NH to generate keteniminium ion Ket3 via TS1 (with a
computed activation free energy of 11.8 kcal/mol). Pyrrole and
Ket3 then form a cation—7 complex IN1, which undergoes
electrophilic addition via TS2, with a quite low activation free
energy, 2.8 kcal/mol. Our calculations found that the addition
transition state TS2 is ambimodal,"> where two intermediates,
IN2 and IN3, can be generated. Scanning the C2—C11 and
C3—Cl11 bond distances showed that TS2 bifurcates to two
potential wells of IN2 and IN3 (Figure 3A). These two
intermediates are connected by the [1,5]-alkenyl shift
transition state TS3, with an activation free energy of 22.6
kecal/mol (from IN2 to TS3). Subsequently, IN2 and IN3 are
deprotonated by Tf,N~, generating the final products, C2-Pro
and C3-Pro. Because the deprotonation transition states TS4
and TS are significantly lower in terms of free energy than the
transition state TS3 (interconversion between IN2 and IN3),
the reaction selectivity is then determined by the electrophilic
addition step of the keteniminium ion to pyrrole. Therefore,
the ratio of C2- and C3-aminoalkenylated products is
controlled dynamically due to the ambimodal character of
TS2.
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We mention here that the deprotonation process in this
reaction could use anions such as Tf,N~ (we applied this in the
present investigation), solvent, or other species. Usually, such a
deprotonation is fast and not regio-determining.”* Here, using
TE,N™ as the deprotonation species demonstrates this claim.
Other species could be slower or faster than Tf,N™ for
deprotonation, but this will not change our conclusion that the
ambimodal TS2 determines the regiochemistry. Anion Tf,N~
could form hydrogen bonding complexes with other species,
and the barrier for the deprotonation could be increased.
However, this will not change the above conclusion either,
because deprotonation transition states are lower than both
TS2 and TS3.

To get a quantitative ratio of two regioisomers, QCT
molecular dynamics simulations were carried out (Figure 3).
We computed 331 trajectories, and among them, 199
trajectories led to IN2, 57 trajectories led to IN3, and the
other 75 recrossed (Figure 3D). Consequently, the ratio of C2-
Pro/C3-Pro was 3.5:1, which was consistent with the
experimental observation (3ba:3ba’ = 2.1:1). It is interesting
to find that there are four types of representative trajectories:
two types of trajectories led to IN2 and IN3, respectively
(Figure 3C). For trajectories leading to IN2, one first passed
through the region of TS3 and then gave IN2 with a relatively
long lifetime (164 fs for the selected representative trajectory).
The other one had a relatively shorter lifetime (134 fs for the
selected representative trajectory) without passing through
TS3. Similarly, there are also two types of trajectories leading
to IN3: one directly gave IN3, and the other one first passed
through TS3 and then afforded IN3.

Previously, Houk et al.”® used bond lengths in the
amibimodal transition structures to correlate them with the
product ratio. Using this model, we predicted that IN2/IN3

https://doi.org/10.1021/acs.joc.3c02379
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Figure 3. Post-transition state bifurcation of addition of keteniminium ion Ket3 to pyrrole. (A) Potential energy surface for addition of
keteniminium ion Ket3 to pyrrole. Scanned at the SMD(DCM)/wB97X-D/def2-SVP level. (B) Orbital analysis of pyrrole, Ket3, and TS2. (C)
Representative quasi-classical trajectories leading to IN2 and IN3, simulated at 238.15 K. (D) QCTs leading to IN2 and IN3 generated in
molecular dynamics simulation, simulated at 238.15 K. The composition of the selected atoms in HOMO and the condensed Fukui f~ function of
the selected atoms of pyrrole were labeled on the corresponding surfaces.

was 1.5 (calculated from equation In(IN2/IN3) = —9.4x, x is
the C2—C11 and C3—Cl11 bond difference (—0.04 A) of
TS2). This prediction was also close to the experimental
results.

To understand the post-transition state bifurcation (PTSB)
process, we analyzed the frontier orbital of pyrrole and Ket3,
finding that the major orbital interaction comes from the
highest occupied molecular orbital (HOMO) of pyrrole and
the lowest unoccupied molecular orbital (LUMO) of Ket3
(Figure 3B). The LUMO of Ket3 can interact with both C2
and C3 positions in TS2, making the formation of both IN2
and IN3 possible, which is also supported by IBO analysis of
TS2. The interaction of pyrrole’s LUMO and Ket3’s HOMO
is very weak due to the large energy gap between them (19.8
eV).

It should be noted that the [2 + 2] cycloaddition pathway of
Ket3 and pyrrole is kinetically and thermodynamically
disfavored, because dearomatization is involved in this pathway
(see the SI for details).

Mechanisms of Electrophilic Aminoalkenylation of
Indoles and Furans with Keteniminium lons. Now let us
discuss the reaction mechanisms of other aromatic molecules,
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indoles and furans, with keteniminiun ions. For indole, the
addition transition state TS2-I is also ambimodal, leading to
both IN2-I and IN3-I, with an activation free energy of 3.6
kcal/mol (from IN1-I to TS2-I, Figure 4A). These two
intermediates are connected by the [1,5]-alkenyl shift
transition state TS3-1. Similar to aminoalkenylation of pyrrole,
IN2-I and IN3-I undergo a deprotonation process to give their
corresponding product via TS4-I and TSS-I, respectively.
Compared with the isomerization process, deprotection of
both IN2-I and IN3-I has much lower activation free energy,
indicating that the regiochemistry of the present reaction is
determined by the first transition state, the ambimodal TS2-1.

QCT molecular dynamics simulations were also performed
to evaluate the reaction selectivity quantitatively. We calculated
102 trajectories from TS$2-I, finding that 90 trajectories of
them led to IN3-I while only two trajectories led to IN2-I (the
rest recrossed to give the starting materials). The dynamic
simulation predicted high selectivity, preferring to give the C3-
alkenylated product. This was consistent with experimental
results that only C3-aminoalkenylated products were obtained.

The mechanism of furans with keteniminiun ions is different
from that of indoles with keteniminiun ions (Figure 4B). The

https://doi.org/10.1021/acs.joc.3c02379
J. Org. Chem. 2024, 89, 4326—4335
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addition of keteniminium to furan via TS2-F has an activation keteniminium ijon Ket3 to pyrrole and indole. Relaxed
free energy of 5.0 kcal/mol (from IN1-F to TS2-F), higher potential energy surface scan confirmed that there is no
than the required activation free energies of the additions of obvious bifurcation characteristics for TS2-F (see the SI).
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Further dynamics simulations were also applied to quantify the
selectivity. We observed 130 trajectories, among 150 simulated
trajectories, that led to IN2-F, while 20 trajectories recrossed
to give the starting materials. No trajectories were found to
give IN3-F, indicating that this reaction was unlikely to be
ambimodal. These results infer that the PTSB properties of a
reaction may disappear when a reaction component was
changed to a similar one: here from pyrrole to furan, the
reaction selectivity changed from dynamic control to kinetic
control. Such a phenomenon has also been reported by Burns
and Boittier,”” who found that the cycloaddition of
oxidopyrylium and butadiene is dynamically controlled while
cycloaddition of oxidopyridinium and butadiene is absent of a
PTSB.

Once generated, IN2-F then forms complex IN4-F with
Tf,N™. Subsequent deprotonation via TS4-F is easy, with an
activation free energy of 9.0 kcal/mol leading to C2-Pro-F.
The isomerization process giving IN3-F is 10.7 kcal/mol
disfavored compared to TS4-F, indicating that formation of the
C3-aminoalkenylated product is disfavored, which is consistent
with experimental results.

It is interesting to find that there is no apparent correlation
between HOMO composition differences (between C2 and
C3) and the regioselectivity. As shown in Figures 3B and 4C,
the compositions of C2 and C3 in the HOMO are close in
both pyrrole (Figure 3B) and furan (Figure 4C), but their
reactions with keteniminium ions show significant difference in
regioselectivity. Condensed Fukui function f~ could not be
applied to explain the selectivity difference either, because f~
values for C2 and C3 of furan and pyrrole are similar. We
attribute the above difference to the reactivity of hetero-
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aromatics, which in turn leads to the shape change of the
potential energy surface. We provide an explanation below.

Addition of Ket3 to furan via TS2-F leads to the C2-
alkenylated intermediate IN2-F directly, and no TS was found
for electrophilic attack at the C3 position. The reason could be
that the former process is exergonic and the latter is
endergonic. The possible TS region for electrophilic attack at
the C3 position has high energy on the potential energy
surface, and its geometry should be similar to TS2-F. Since C3
attack is endergonic, locating such TS would converge at TS2-
F. Besides, endergonic reactions usually have late transition
states and the possibility of bifurcation could be lower. This
can be used to understand why no obvious PTSB was found
for electrophilic addition of Ket3 to furan. On the other hand,
for pyrrole and indole, both electrophilic attacks at C2 and C3
position are very exergonic, making the potential energy
surface suitable for bifurcation. In these cases, PTSBs were
found.

Rationalization for cis-Aminoalkenylation. The amino-
alkenylation reaction of indole toward 3bd shows good Z/E
(cis/trans) selectivity (Z/E > 30:1) at a low temperature (—3$
°C), while only a moderate selectivity (Z/E = 6:1) was
observed at room temperature (Scheme 1B). We investigated
these two processes and found that the addition TS in the
trans-aminoalkenylation pathway (TS2’) giving the E product
is disfavored by 0.7 kcal/mol, compared to TS2 in the cis-
aminoalkenylation pathway giving the Z product (Figure SA).
The free energy difference could not account for the high Z/E
selectivity at low temperatures. Besides, the stabilities of the cis
and trans products are almost the same (Figure SA). In this
case, we had to use real reactants to understand the
stereochemistry (Figure SB), finding that cis-aminoalkenylation
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Figure 6. Substitution effects of keteniminium ions for electrophilic aminoalkenylation. Simulations were carried out at 298.15 K using DCM as the

solvent.

via TS2-Full is 1.1 kcal/mol favored over trans-amino-
alkenylation via TS2'-Full. The Z/E ratio was predicted to
be 10:1, close to the experimental results. This difference in
energy of the two transition states could be attributed to the
steric repulsion between the alkyl substitution of the
keteniminium ion and the pyrrole ring, as indicated by the
short distance of H7—HS0, H7—H22, and H8—H22 in TS2'-
Full, also supported by the NCI analysis of TS2'-Full. It is
interesting to find that there is an isomerization process
between cis-product and trans-product via heterobenzylic
cations, as indicated in Figure SC. C2-Pro can be protonated
via TS6, giving heterobenzylic cation IN6, which then
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undergoes deprotonation of another H atom by Tf,N7,
affording C2-Pro-trans. The isomerization process with an
activation free energy of 22.2 kcal/mol (from IN6 to TS7) at
low temperatures is quite slow; thus, the selectivity is
determined by the addition transition states (kinetically
controlled). At room temperature, this process is much faster
and the Z/E selectivity is lower because this reaction is
thermodynamically controlled.

Substitution Effects of Keteniminium lons. The
computational results presented above illustrate that the
electrophilic additions of keteniminium ions to various
aromatics have different reaction outcomes. Additionally, the
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substituents on the keteniminium ions affect reaction
selectivity, as evidenced by the reactions shown in Scheme
1A,B. These results led us to hypothesize that changing the
substitutions on keteniminium ions can also modify the
outcomes of these dynamically controlled reactions. To test
this hypothesis, we varied the R group of Ket-R, from mesyl
(Ms), difluoromethyl (CHF,), and fluoromethyl (CH,F), to
methyl (Me) and then calculated their corresponding
transition states (TSs). For those obtained TSs exhibiting
ambimodal characteristics, we applied QCT molecular
dynamics to predict the reaction selectivity between the C2-
alkenylated product (P1) and the C3-alkenylated product (P2)
(Figure 6).

When R = Me, the computed P1/P2 is 15.6 and a high
selectivity for obtaining the C2-alkenylated product was
predicted, aligning well with the experimental outcomes
depicted in Scheme 1A (see the SI for more details). In
contrast, with R = CH,F, the predicted ratio of products was
2.8, significantly lower than that observed for the substrate
with R = Me. Intriguingly, as the electron-withdrawing ability”®
of the R group increases, the selectivity unexpectedly remains
relatively constant at around 2.8 (see Figure 6B).

To unravel the origins responsible for the substitution effects
on the regioselectivity, we conducted additional analyses.
Figure 6C illustrates a good correlation between the
regioselectivity of P1/P2 and the difference in bond lengths
between C3—C11 and C2—C11. As the ABond value increases,
so does the P1/P2 ratio. Linear regression of P1/P2 against
ABond confirmed this correlation, with a high correlation
coefficient (R*) of 0.91. Similarly, a correlation was identified
between P1/P2 and the LUMO energy of Ket-R (Figure 6D).
When the LUMO energy increases, the ratio of P1/P2 also
increases. Notably, ABond exhibits a high correlation with the
LUMO energy of Ket-R (Figure 6E). Consequently, we
conclude that substitutions on keteniminium ions can
influence the regioselectivity by modulating the shape of the
potential energy surface. When employing Ket-R with a lower
LUMO, the electrophilic addition barrier diminishes (lower
LUMO means high electrophilicity)*” and the potential energy
surface becomes flatter, leading to a convergence of
possibilities for forming both products.

B CONCLUSIONS

The mechanisms of electrophilic aminoalkenylation of
heteroaromatics with keteniminium ions were studied.
Quantum chemical calculations revealed that the reaction
commenced from protonation of ynamide to generate
keteniminium ions, followed by addition of ketenminium
ions to aromatics and deprotonation to afford the final
products. The interesting regioselectivity between the C2- and
C3- alkenylated products is determined by the addition step.
Further QCT molecular dynamics studies showed that
addition of keteniminium ions to pyrrole has a bifurcating
potential energy surface, and consequently, the reaction yields
two aminoalkenylated products. Addition of keteniminium
ions to indole is also dynamically controlled, with a large
dynamic preference for C3-aminoalkenylation. Molecular
dynamics simulations not only successfully predicted the
distribution of products but also gave the time-resolved
mechanism of the reaction. However, no apparent post-
transition state bifurcation (PTSB) was found in the addition
of keteniminium ions to furan and only one product can be
selectively obtained. Importantly, we found that the selectivity
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for pyrroles can be adjusted by changing substitutions on
keteniminium ions, providing useful information for further
reaction design and optimization.
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