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ABSTRACT: The mechanisms of the C−H insertion reactions of
vinyl carbocations formed by heterolysis of vinyl trifluorometha-
nesulfonates (triflates) by catalytic lithiated 1,3-bis[3,5-bis-
(trifluoromethyl)phenyl]urea (Li+-ureide) have been studied with
ωB97X-D density functional theory. The ionization promoted by
the Li+-ureide forms a metastable intimate ion pair complex of Li+-
ureide-triflate anion and vinyl cation. The relative thermodynamic
stabilities of isomeric alkyl cations are impacted by ion-pairing with
the Li+-ureide-triflate anion. We show that the C−H insertion
reaction of the vinyl cation intermediate is the rate-determining step and explain the effect of the aryl substituents on the formation
of the vinyl cation and its C−H insertion reactivity as well as the regioselectivity of C−H activation by the vinyl cation.

■ INTRODUCTION

Silylium Lewis-acid catalyzed heterolysis of vinyl triflates to
form highly reactive vinyl cations, which can undergo high-
yielding C−H insertion and Friedel-Crafts reactions, in
nonpolar solvents were reported by Nelson, Houk, et al. in
2018.1 Although the ionization strategy using high temper-
ature, protic solvents, and stoichiometric acids for vinyl cation
generation had been studied by Grob and Cseh,2 Hanack,3
Rappoport et al.,4 and Stang et al.,5 the formation of vinyl
cations in nonpolar hydrocarbon solvents is a recent discovery.
Silylium Lewis-acid catalysts do ionize vinyl triflates, but

Lewis basic heteroatoms or heterocycles interfere with the
catalytic activity of silylium catalysts. In order to overcome the
limitation raised by the electrophilicity of the strong Lewis acid
catalyst, milder Lewis-acid lithium cations coordinated to
weakly coordinating anions (WCA), such as tetrakis-
(pentafluorophenyl) borate were discovered.6
In efforts to further broaden the utility of this method, we

investigated more easily accessible catalysts capable of ionizing
vinyl triflates. Recently, we found Li+-ureide (LiUr) catalyst 1
to be a competent Lewis acid for the heterolysis of vinyl
triflates to produce vinyl cations that subsequently undergo
C−C bond forming reactions (Figure 1).7
Vinyl carbocations are produced by the heterolysis that

forms triflate coordinated to LiUr catalyst 1. Although there
have been many studies of anion-binding catalysts and their
effect on the reaction mechanism of various chemical
transformations,8a−e only a few examples have shown lithium
amide catalysts as anion acceptors.7,8f Thus, we were unsure of
the exact role of the catalyst and its influence in ion-pairing
with carbocations, which prompted our computational
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Figure 1. (a) Li+-ureide-catalyzed vinyl carbocation formation and its
C−C bond forming reactions. (b) Structure of the dimer of the
lithium salt of the urea optimized by DFT computations.
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mechanistic studies to explore the nature of Li+-ureide catalysis
and the subsequent reactivity of vinyl carbocations. Our work
has shown how a complex anion interacts with a cation and the
product-determining transition states, which are hypotheses
previously only speculated on. We provide a detailed step-by-
step vision of the role of Li+-ureide on promoting reactions and
controlling selectivities. We propose a structure of the active
catalyst and show computationally how it can influence
cationic reaction pathways.

■ COMPUTATIONAL METHODS

Density functional theory (DFT) computations were performed with
Gaussian 16.9 The ωB97X-D functional was used to optimize
molecular geometries.10 The 6-31G(d,p) basis set was employed
when the number of atoms is greater than 60. Single point energies
were obtained with the 6-311+G(d,p) basis set. The 6-311+G(d,p)
basis set was used for optimization when the number of atoms is less
than 60. A cyclohexane solvent of low dielectric constant11 was
employed in the experiment with pyridine vinyl triflate 2.7 Thus,
geometry optimizations and single point calculations were completed
in the gas phase. In order to characterize the stationary points on the
potential energy surface and obtain thermal Gibbs free energy,
frequency calculations were performed at the same level of theory
used for geometry optimization. Gibbs free energies were corrected
using GoodVibes, which corrects the vibrational frequencies via a
quasi-harmonic approximation, as proposed by Grimme.12 CYLview
was used to visualize molecular structures.13

■ RESULTS AND DISCUSSION

While nuclear magnetic resonance spectroscopy of Li+-ureide 1
indicated the presence of lithiate,7 attempts at identifying a
solid state structure of Li+-ureide 1 by crystallographic means
were unsuccessful. Thus, a computationally optimized
(ωB97X-D/6-31G(d,p)) dimeric Li+-ureide (LiUr) structure
1 is employed in our mechanistic studies (Figure 1b).
Aggregation of lithium amides is well known, and we adopted
this dimer as a simple model of potential catalytic
aggregates.14,15
The proposed catalytic cycle is shown in Figure 2. The

mechanism involves the formation of active Li+-ureide catalyst
1, which catalyzes heterolysis of vinyl triflate 2 to form vinyl

cation 3, insertion of cation into a C−H bond, and
deprotonation of tertiary cation 4 to produce 5.
We computationally explored the overall reaction mecha-

nism with LiUr catalyst 1 and pyridine vinyl triflate 2, which
gives product 5 in 80% yield. Gibbs free energies (in kcal/mol)
are obtained at 298.15 K, and the energetics are summarized in
Figure 3, assuming the dimeric lithium ureide is the catalyst.
The coordination of LiUr catalyst 1 to vinyl triflate substrate 6
leads to a complex 7. This coordination is computed to be
favorable by 14.4 kcal/mol. Cleavage of the C−O bond gives
ion-pairing complex 9 (−1.0 kcal/mol), with TS 8 at 1.3 kcal/
mol. There is a negligible barrier for the reversible formation of
complex 7 from ion-pairing complex 9. As shown in Figure 4, a
contact of 3.06 Å between Li+-ureide-triflate anion and vinyl
cation is observed in ion-pairing complex 9. An intimate ion
pair, which was originally introduced by Winstein et al., is seen
in this structure.16 A concerted C−H insertion occurs via TS
10 at 5.9 kcal/mol to form 11 (−28.2 kcal/mol). The C−H
insertion step is the rate-determining step.17 The transition
state 10 computed for this reaction is shown in Figure 4. Note
that the transition state is essentially a hydride abstraction, but
the generation of the alkene with its π bond directly interacting
with the secondary cation vacant orbital leads to the insertion
product 11 with no additional barrier. This is a two-stage
concerted process. Finally, a highly exergonic deprotonation by
excess LiHMDS forms product 5.
We find that the hydride shift from 11 to 13 is

thermodynamically unfavorable in the ion pair even though
13 is a benzylic carbocation. As shown in Figure 4, distances
from oxygens that consist of negatively charged ions to a
positively charged carbon atom in complex 11 are 3.72 and
2.93 Å. On the other hand, in complex 13, distances between
anionic oxygens and a cationic carbon are 4.16 and 4.93 Å.
Structural analysis exhibits that the ion-pair interactions are
stronger in complex 11. Calculations on these reactions in the
absence of a counter anion show that pyridine benzylic cation
20c is more stable than tertiary cation 18c by 2.5 kcal/mol
(Figure 5a). The relative stabilities of the tri-coordinated
carbocations are changed by the effect of ion pairing. Thus, we
propose that the deprotonation step occurs directly from 11.
Computational model substrates (Ar = p-anisyl and phenyl)

were employed to evaluate the electronic effects in the C−H
insertion reaction (Figure 5a, Gibbs free energies in kcal/mol).
Triflate affinity energies, which measure the energy to generate
the vinyl cation from the triflate, are utilized as a reference to
compare the energetics of the ions.18 As shown in Figure 5a,
vinyl cation 16 undergoes the concerted C−H insertion
reaction via TS 17 to generate tertiary carbocation 18, which is
followed by 1,2-hydride shift through TS 19 in order to form
benzylic cation 20. IRC calculations of TS 17 predicted the
concerted C−H insertion pathway. The activation energy
barriers of the C−H insertion reactions are affected by the
stability of vinyl cation intermediates. With the relatively
electron-withdrawing pyridyl group, the vinyl cation inter-
mediate is less stabilized than by phenyl or anisyl. The
activation energy barrier for the C−H insertion reaction is the
lowest with pyridyl and higher with phenyl and anisyl (Figure
5a).
The regioselectivity in C−H activation by the vinyl

carbocation was also studied (Figure 5b). The two-stage
concerted process (17d, 11.5 kcal/mol) forms 6-membered
ring 18d. The process generates the primary cation vacant
orbital through the 1,6-hydride abstraction in the first stage.Figure 2. Proposed reaction mechanism.
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The generation of the primary cation is more difficult than the

generation of the secondary cation, which is observed in 17c in

the formation of 5-membered ring 18c. The reaction is

possible, but the competing reaction pathway 17c (4.2 kcal/

mol) is kinetically favored. Moreover, we attempted computa-

tional location of the transition state for formation of the 4-

membered ring, but the computational studies predict

formation of the bridged cation 18e via concerted 1,4-hydride

abstraction 17e (13.0 kcal/mol). This hypothetical pathway is

less favorable than the formation of 17c.

■ CONCLUSIONS

We have investigated the mechanism of a vinyl carbocation C−
H insertion reaction with a dimeric Li+-ureide catalyst. We
show that the catalyst not only generates vinyl carbocations
from vinyl triflates, but also forms an ion pair of the cation with
Li+-ureide triflate anion rather than the ureide anion proposed
before.7 Because of the reversible nature of the catalyzed
heterolysis, the subsequent C−H insertion step can be the rate-
determining step. In previous work, the heterolysis is rate-
determining, because ionization of 1-cyclohexenyl triflate is
slow due to the nonlinear geometry forced on the cyclohexenyl
sp-hybridized cation.1,17 By contrast, the ionization of
substrates that can form aryl-substituted linear vinyl cations

Figure 3. Computational investigation of the overall reaction process with ωB97X-D/6-311+G(d,p) // ωB97X-D/6-31G(d,p) in the gas phase at
298.15 K.

Figure 4. 3D structures of complexes 9, 11, and 13 and C−H insertion transition state 10.
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is easier, and the rate of C−H insertion can be influenced by
aryl substituents. The reactivity difference of anisyl, phenyl,

and pyridyl vinyl cations in C−H insertion reactions has been
measured theoretically in this work. We have also explained

Figure 5. Computational studies of the vinyl cation reactivity in the absence of counter anion with ωB97X-D/6-311+G(d,p) in the gas phase at
298.15 K.
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why the formation of the five-membered ring product through
the C−H insertion reaction is favored over four- and six-
membered ring formation.7
Finally, during the revision of this manuscript, our groups

have described an enantioselective vinyl cation C−H insertion
reaction.19 Our studies of vinyl carbocations generated from
the Li+-ureide catalyst provide further evidence for the nature
of ion pairs generated in these reactions.
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