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ABSTRACT: Almost all reported intramolecular [2 + 2] reactions
of ene-keteniminium ions gave normal [2 + 2] products with a
fused bicycle framework, but not cross [2 + 2] products with a
bicyclo[3.1.1]heptane skeleton, a highly pursued bioisostere in
pharmaceutical chemistry. How to rationalize this and design new
cross [2 + 2] reactions? Theoretical studies using density
functional theory, high-level ab initio single-point energy
calculations, and molecular dynamics showed that this [2 + 2]
reaction has all three patterns of regiochemical control: the
reaction is controlled either kinetically, thermodynamically, or
dynamically. A carbocation model of forming endo and exo
carbocations has been proposed to rationalize the reaction outcomes, revealing that the tethers (between alkenes and keteniminium
ions), substituents (on the alkenes), and alkene configurations in ene-keteniminium ions play critical roles. These understandings
were further used to predict that introducing a substituent in the terminal position of alkene with a trans configuration in ene-
keteniminium ions can realize the cross [2 + 2] reaction, which is dynamically controlled for alkyl substituents or kinetically
controlled for aryl substituents. These and more other predictions were realized experimentally, and many cross [2 + 2] products
with a bicyclo[3.1.1]heptane skeleton can be achieved. Both molecular dynamics and new experiments have also been applied to
correct a key but misassigned [2 + 2] product reported in the literature, further supporting the insightful mechanisms reported here.

■ INTRODUCTION
Bicyclic cyclobutanones, which are important and synthetically
challenging molecules and intermediates in organic synthesis,
can be synthesized by intramolecular [2 + 2] cycloadditions of
ketenes with alkenes.1 The intramolecular [2 + 2] cyclo-
additions can give either normal or cross [2 + 2] cycloadducts
(Scheme 1). Previously, we have studied the mechanism of the
[2 + 2] cycloaddition of ene-ketenes,2,3 finding that this
reaction is kinetically controlled and the relative stabilities of
the generated (formal) carbocations, labeled as endo (or
internal) and exo (or external) carbocations in the correspond-
ing concerted [2 + 2] transition states, determine the
regiochemistry.
In some cases, the reactivities of used ketenes are poor;

chemists (pioneered by Ghosez and Snider) then applied the
intramolecular [2 + 2] reactions of ene-keteniminium
ions,1a−d,4,5 which are equivalents of [2 + 2] reactions of
ene-ketenes, considering that hydrolysis of the cycloadducts
from ene-keteniminium ions gave the same products, namely,
cyclobutanones. Interestingly, almost all reported intramolec-
ular [2 + 2] reactions of ene-keteniminium ions gave normal [2
+ 2] cycloadducts, as can be appreciated from selected
examples in Scheme 2. Only in a few cases were both normal
and cross [2 + 2] products observed. We tried to understand

the mechanism of this [2 + 2] reaction and the factors affecting
its regiochemistry, which is our primary goal in this study. We
were also interested in using the mechanistic insights to realize
experimentally the cross [2 + 2] reaction of ene-keteniminium
ions so that we can provide a new way to synthesize molecules
with a challenging bicyclo[3.1.1]heptane skeleton, which is
important in the synthesis and is also a highly pursued
bioisostere in medicinal chemistry.6

In the beginning, we tried to just apply our previous model
of carbocations in the [2 + 2] reaction of ene-ketenes to
understand the regiochemistry of ene-keteniminium ions and
guide us in designing and realizing cross [2 + 2] cyclo-
additions. Unfortunately, such attempts encountered failure.
For example, 1F gave only a normal product, while 1G gave
both normal and cross [2 + 2] products, although the
difference between these two substrates is just the different
tethers between keteniminium ions and alkenes in the
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substrates (Scheme 2). Therefore, detailed mechanistic studies
of different reactions reported in the literature should be
scrutinized by ab initio calculations.
We point out that during our preparation of this manuscript,

Maulide and Houk reported their insightful mechanism of the
[2 + 2] reaction of ene-keteniminium ions, which was found to
be kinetically controlled for their substrates.7,8 In our study
reported here, the intramolecular [2 + 2] reactions of ene-
keteniminiums, with more examples compared to those in
Maulide and Houk’s paper, are very complex. We found that
the regiochemistry9 in some cases is kinetically controlled. But
in other cases, the reaction is thermodynamically controlled.
To our surprise, some [2 + 2] reactions are dynamically
controlled.9−11 The existence of all three regiochemical control
patterns (kinetic, thermodynamic, and dynamic controls of
regiochemistry) is unprecedented, to the best of our
knowledge. We report here all these findings, together with a
carbocation model to rationalize the whole mechanistic
spectrum of [2 + 2] reactions of ene-keteniminium ions.
Furthermore, to our excitement, we used this model and
mechanistic understanding to correct a key experimental result
reported in the literature. This mechanistic model was also
applied to guide us to realize the rarely observed cross [2 + 2]
reactions of ene-keteniminium ions. These predictions and
experimental verification are also reported here.

■ RESULTS AND DISCUSSION
We found that the mechanistic scenario of [2 + 2]
cycloaddition of ene-keteniminium ions with α-O tethers is
different from that of ene-keteniminium ions with β-N tethers.
Thus, we discuss these two scenarios separately.

Intramolecular [2 + 2] Cycloadditions of Ene-
Keteniminium Ions with α-O Tethers. We calculated the

Gibbs energy profiles of [2 + 2] cycloadditions of different ene-
keteniminium ions with different substitution patterns on their
alkene moiety. The Gibbs energy profile of 1a is shown in
Figure 1a. This ene-keteniminium ion can undergo cyclo-
propanation to generate the 6/3 fused bicyclic intermediate
IN-1a with an activation free energy of 10.3 kcal/mol via TS1-
1a. This process is exergonic by 11.5 kcal/mol. Subsequently,
IN-1a can undergo rearrangement to give both the normal [2
+ 2] product (NP) NP-1a and cross [2 + 2] product (CP) CP-
1a via TS2-1a and TS3-1a, respectively. The normal pathway
via TS2-1a, which resembles an endo tertiary carbocation, is 6.1
kcal/mol more favored compared to the cross pathway via
TS3-1a, which resembles an exo primary carbocation. Thus,
this reaction is kinetically controlled and only the normal [2 +
2] product could be observed, which is consistent with the
experiment1d (Scheme 2, reaction 1). We also found that 1b
(the keteniminium ion formed by 1B) shares a similar Gibbs
energy profile, which is given in the Supporting Information
(SI).
The reaction outcomes were different for the substrates with

a substitution in the terminal position of the alkene. The Gibbs
energy profiles for 1c with a methyl substitution are shown in
Figure 1b. For Z-type ene-keteniminium ion 1c, cyclo-
propanation occurs first via TS1-1c with an activation free
energy of 12.2 kcal/mol to form a 6/3 fused bicycle
intermediate IN-1c. However, the cross [2 + 2] pathway via
TS3-1c leading to CP-1c becomes more favored (3.5 kcal/mol
lower than the normal [2 + 2] cycloaddition via TS2-1c
leading to NP-1c). Here, the cross [2 + 2] pathway is favored,
requiring less conformation change from IN-1c to TS3-1c
compared to that in the normal [2 + 2] pathway. This is
consistent with experimental observations that 3C was the
major product when the reaction time was short (Scheme 2,
reaction 3). But CP-1c is not stable compared to NP-1c, and it
can isomerize to NP-1c under the reaction conditions,
considering that the activation free energy for this isomer-
ization is 30.9 kcal/mol, which can be achieved for the reaction
at 85 °C. Therefore, the ratio of NP-1c:CP-1c became larger
when the reaction time increased.1d This computational
rationalization is consistent with the experimental observation
that longer reaction times gave more normal [2 + 2] products
(Scheme 2, reaction 3).
The Gibbs energy profile of E-type ene-keteniminium ion 1d

is similar to that of 1c (see the SI for details). The only
difference is that the cyclopropane intermediate could undergo
proton transfer to give FC (similar to an ene reaction), which
can then be hydrolyzed to give the Friedel−Crafts product
(Figure 1d).1d Although the cross [2 + 2] product is kinetically
favored, the Friedel−Crafts product is thermodynamically
more stable and becomes the observed product. It should be
noted that only ene-keteniminium ions with an E-alkene could
go through the Friedel−Crafts pathway since the proton
transfer process requires that the alkyl group and NMe2 are in
a cis configuration.
Thus, as shown in Figure 1c, we can conclude that the

reaction selectivity is controlled kinetically for α-O-tethered
ene-keteniminium ions with internal alkyl-substituted alkenes
or terminal alkenes. The normal [2 + 2] pathway is more
favored because its rearrangement transition state with tertiary
or second carbocation character is more stable than the
transition state with primary carbocation character in the cross
[2 + 2] pathway. For α-O-tethered ene-keteniminium ions with
external alkyl-substituted alkenes, the reaction selectivity is

Scheme 1. Intramolecular [2 + 2] Cycloadditions of Ene-
Ketenes and Ene-Keteniminium Ions
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thermodynamically controlled because the kinetically more
favored cross [2 + 2] product could isomerize to a more stable
normal [2 + 2] or Friedel−Crafts product (Figure 1d).

Intramolecular [2 + 2] Cycloadditions of Ene-
Keteniminium Ions with β-N Tether: Theory and
Experiments. To know the origins responsible for the
mechanistic differences, we explored the reaction pathways of
different β-N-tethered ene-keteniminium ions computationally
and experimentally. After delivering these results, we will then
present a general model to explain the reaction selectivity.
For 1e, a concerted asynchronous [2 + 2] cycloaddition

process, giving the normal cycloadduct NP-1e via TS1-1e, was
found (Figure 2). Relaxed potential energy surface (PES) scan
indicated that there are no post-transition state bifurcation9−11

characteristics (see the SI for details). The normal [2 + 2]
reaction has an activation free energy of 12.5 kcal/mol.
Different from 1a, the [2 + 2] cycloaddition process is
concerted and no 6/3 bicyclic intermediate like IN-1a could be
generated because there is no α-O that can stabilize the
cyclopropyl cation. Isomerization from NP-1e to CP-1e is
almost impossible under reported reaction conditions because
this requires an activation free energy of about 50 kcal/mol.12

This is consistent with previous experiments (Scheme 2,
reaction 5).

But we found that the control pattern of regiochemistry of
[2 + 2] of ene-keteniminium ions changes to a dynamically
controlled one for substrate 1h, which has an internal alkene
with Z configuration. Calculations indicated that both IN1-1h
and CP-1h are connected by the [2 + 2] cycloaddition
transition state TS1-1h (Figure 3a). Isomerization of IN1-1h
gives NP-1h, almost without a barrier. The activation free
energy of interconversion (40.1 kcal/mol from CP-1h to TS3-
1h) is very high, suggesting that the regiochemistry for 1h is
controlled dynamically, not thermodynamically. We then
performed quasi-classical trajectory (QCT) molecular dynam-
ics simulations to predict the distribution of normal and cross
[2 + 2] products for 1h (Figure 3b), finding that the ratio of
NP/CP is 1:3.5 (30 NP, 104 CP, and 9 recrossing to form
again the starting materials). To validate the theoretical
prediction, we then synthesized an analogue of 1h, which is
1H′ with an ethyl instead of a methyl group in its alkene
moiety. The [2 + 2] cycloaddition of 1H′ produced 3H′ and
2H′ with reaction yields of 32 and 12% (Figure 3a),
respectively, which nicely supported our molecular dynamics
simulations.
To obtain more information about the origin of post-

transition state bifurcation, we analyzed the normal and cross
trajectories of [2 + 2] cycloaddition of 1h in detail (Figure 3).
In the normal [2 + 2] cycloaddition, two different kinds of

Scheme 2. Experimental Reaction Outcomes of [2 + 2] Cycloadditions of Different Ene-Keteniminium Ionsa

aThe detailed reaction conditions can be found in the corresponding references. N.D., not detected.
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trajectories can be found. The first type of trajectory passed
through a short-lived endo carbocation, IN1-1h (Figure 3c).
Another type of trajectory passed through a long-lived endo
carbocation (Figure 3d), which means that the reaction passes
through a zone forming the C6−C7 bond, while the C4−C5
bond formation delays for a long lifetime. Most trajectories
leading to the normal [2 + 2] products passed through long-
lived endo carbocations, which means that the time gap
between forming the first bond and the second bond is longer
than 300 fs13 (see the SI). A similar phenomenon can be also
observed in the two representative cross [2 + 2] trajectories
(Figure 3e,f). Meanwhile, only about a half of trajectories
leading to the cross [2 + 2] products passed through long-lived
exo carbocations (see the SI). The exo carbocation region in
the cross [2 + 2] trajectories could be an entropic

intermediate13,14 according to the variational transition state
theory (VTST)15 calculations (see the SI for details). Such an
entropic intermediate could be located as a real intermediate in
the solution phase (see the SI). Solution phase molecular
dynamics simulation (see the SI) gave a similar result (NP/CP
= 1:3.4) with that in the gas phase, indicating that structure
optimization and molecular dynamics simulation in the gas and
solution phases did not have a dramatic difference. It should be
noted that the interconversion between the endo carbocation
and exo carbocation via TS3-1h is possible in both normal and
cross [2 + 2] trajectories.
The exo (in cross [2 + 2] trajectories) and endo carbocations

(in normal [2 + 2] trajectories) are both secondary
carbocations and have similar stabilities. Consequently, post-
transition state bifurcation would occur because the two

Figure 1. (a−d) Mechanisms for [2 + 2] cycloadditions of α-O-tethered ene-keteniminium ions. Computed at the DLPNO-CCSD(T)/cc-
pVTZ:SMD(DCE)//ωB97X-D/def2-SVP level.
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trajectories, passing through endo and exo carbocations with
similar stabilities, are both energetically feasible.
Therefore, comparing the relative stabilities of the endo and

exo carbocations, which is named here as the carbocation
model, can tell us the reaction outcomes (Scheme 3; here, R1

and R2 are H or alkyl groups). The normal [2 + 2]
cycloaddition would pass through the endo carbocation region,
while the cross [2 + 2] cycloaddition would pass through the
exo carbocation region. Whether post-transition state bifurca-
tion would occur is determined by the relative stability of these
two types of carbocation. If the formed endo and exo
carbocations in the reaction process are comparable in stability,
post-transition state bifurcation would occur. This is the case
for 1h. If the endo carbocation is much more stable than the
exo carbocation, the selectivity could be kinetically controlled
and the normal [2 + 2] product would be favored over the
cross [2 + 2] product. This is the case for 1e. The cross [2 + 2]
product would be kinetically favored over the normal [2 + 2]
product if the exo carbocation is much more stable (see the
prediction and experimental part below).
We must point out that there are many combinations of R1,

R2, and X for the [2 + 2] reactions of ene-keteniminium ions
and the carbocation model in Scheme 3 could be modified, as
can be seen from later studies shown in Figure 5 with different
configurations of alkene in the substrates and Figure 7a with R1

= aryl groups.
Validation of the Carbocation Model, Correction of

the Literature Report, and Realization of the Cross [2 +
2] Reaction. To further support our carbocation model, we
studied the [2 + 2] cycloaddition of 1i computationally and
experimentally (Figure 4), which is different from 1h by the
geometry of the double bond. Our model predicted that the [2
+ 2] reaction of substrate 1i is also dynamically controlled. The
Gibbs energy profile is given in Figure 4a. TS-1i is ambimodal
leading to normal [2 + 2] cycloadduct NP-1i and cation
intermediate IN-1i, which then affords cross [2 + 2] product
CP-1i with a quite low barrier. Molecular dynamics
simulations (Figure 4b) indicated that 189 among 206
trajectories lead to IN-1i, which could finally give the final
cross [2 + 2] product, and only 2 trajectories lead to NP-1i
(another 15 recross to give back the starting materials).
Accordingly, the ratio of CP:NP should be about 95:1, which is

in contrast to the previous experimental report (CP/NP = 5:1;
see reaction 9 in Scheme 2). This discrepancy between
calculations and experiments prompted us to repeat the
experiment.
To our surprise, using the same substrate 1I (Figure 4c), we

did not observe the normal [2 + 2] product, but two different
cross [2 + 2] products, which are stereoisomers (3I/3H =
5:1). What is more, a similar result (3I/3H = 6:1) was also
obtained when we tested substrate 1I′ with a dimethylamino
group (Figure 4c). This means that 3H was mistakenly
assigned as the normal [2 + 2] product 2I in the original
report.4c

In the original experiment, the substrate was a mixture of E/
Z ene-keteniminium ions (although the authors may be not
aware of it). We hypothesized that E substrate 1I′ (methyl
analogue of 1I) gave 3I as the major product while the Z
substrate mainly gave 3H. To confirm this prediction, we then
synthesized 1I′ with improved purity (E/Z = 11:1) using a
new method (see the SI). To our delight, the 3I/3H ratio
(19:1) became much larger when this substrate was tested
(Figure 4c). This result supported our molecular dynamics
simulations and disproved the original report. Here, we
emphasize that this new experiment can represent a new
example of the cross [2 + 2] reaction of ene-keteniminium
ions.
The cross [2 + 2] cycloaddition of ene-keteniminium ions

has been rarely realized. With the above success of interplay of
theory and experiment, we predicted that other alkyl-
substituted substrates of ene-keteniminium ions would give
also cross [2 + 2] products in a dynamically controlled manner.
We tested several more examples experimentally, finding that
two new substrates 1J and 1K (with E-alkene) gave cross [2 +
2] products exclusively (see Figure 4d).
Dimethyl-substituted 1L (Figure 4e) was also predicted to

give the cross [2 + 2] product because the generated exo
carbocation is a tertiary carbocation, according to our
carbocation model shown in Scheme 3. However, our
experimental result showed that product 4L was formed in
38% yield, not the cross [2 + 2] product. This can be explained
by the fact that a competing ene reaction pathway via 1,5-
proton transfer was favored over the ring formation (Figure
4e), which is also supported by calculation results (see the SI).

Understanding of How the E/Z Configurations Affect
the Dynamic Outcomes? Here, we provide an under-
standing of why substrates with Z configuration of alkene have
two products while substrates with E configuration have one
product detected experimentally (Figure 5; R = alkyl group).
For the E substrate, the formed endo-E carbocation with a
seven-membered ring structure is less stable than exo-E
carbocation with a six-membered ring structure (this is
supported by calculations that optimization of the endo-E
cation directly went to the exo-E cation). Consequently, this
dynamically controlled reaction gave CP dominantly. This can
explain experimental results that only cross [2 + 2] products
were observed (Figure 4).
But for the substrate with a Z-alkene, the exo-Z cation

experiences some repulsion. Consequently, both endo and exo
carbocations have similar stabilities (for X = NMs, R = Me, the
free energy difference in solution is 0.2 kcal/mol).
Qualitatively, we can then predict that both NP and CP
should be obtained.11k This can explain the experimental
results (Figure 3a).

Figure 2. Gibbs energy profile of [2 + 2] cycloaddition of 1e.
Computed at the DLPNO-CCSD(T)/cc-pVTZ:SMD(DCE)//
ωB97X-D/def2-SVP level.
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Special Case: Hydrogen-Bonding and Inductive

Effect Induced Bifurcation. Although the carbocation

model is useful, we found it difficult to explain the reaction

outcomes of 1F and 1G (Scheme 2), both of which should give

Figure 3. Gibbs energy profile, experimental validation, and QCT molecular dynamics simulations of [2 + 2] cycloaddition of 1h. (a) Gibbs energy
profile of 1h (computed at the DLPNO-CCSD(T)/cc-pVTZ:SMD(DCE)//ωB97X-D/def2-SVP level) and experimental validation of
computation results. The bond lengths are reported in Å. The yields given are average yields of isolated products for two runs. (b) QCT
molecular dynamics simulations of 1h. (c) Representative trajectory with short-lived endo carbocation of the normal [2 + 2] pathway for 1h. (d)
Representative trajectory with long-lived endo carbocation of the normal [2 + 2] pathway for 1h. (e) Representative trajectory with short-lived exo
carbocation of the cross [2 + 2] pathway for 1h. (f) Representative trajectory with long-lived exo carbocation of the cross [2 + 2] pathway for 1h.
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the normal [2 + 2] products, based on our carbocation model.
This is because the generation of endo-secondary carbocation
in the normal [2 + 2] reaction pathway for these two substrates
is favored over the generation of primary exo carbocation in the
cross [2 + 2] reaction (Figure 6a,b). Experimentally, 1F only
gave the normal [2 + 2] cycloaddition product, agreeing with
this model, but 1G delivered both normal and cross [2 + 2]
cycloaddition products (Scheme 2).
Our calculations showed that the reaction of 1f (the

corresponding ene-keteniminium ion analogue of 1F; see the
SI for details) favors the normal [2 + 2] pathway because
generation of the endo carbocation in this pathway is favored.
Consequently, only one product was generated. But to our
surprise, the reaction of 1G is dynamically controlled (Figure
6b,c). This is because the tether in this substrate is an NTs
group, which can stabilize the primary carbocation in the cross
[2 + 2] pathway (a detailed analysis via noncovalent
interactions (NCI) for the hydrogen-bonding interaction can

Scheme 3. Carbocation Model to Predict the Selectivity of
[2 + 2] Cycloadditions of Ene-Keteniminium Ionsa

a>, more stable than; ≈, comparable stable as; <, less stable than (R1

and R2 are H or alkyl groups).

Figure 4. (a−e) Computations and new experiments to correct the literature report and realize new cross [2 + 2] cycloadditions. All the given
ratios of new compounds in the experiments were determined by 1H NMR. The Gibbs energy profile was computed at the DLPNO-CCSD(T)/cc-
pVTZ:SMD(DCE)//ωB97X-D/def2-SVP level. The bond lengths are reported in Å. The yields given are average yields of isolated products for
two runs.
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be found in the SI). In addition, the endo carbocation was
destabilized by the inductive effect of the NMs group of 1g.
Consequently, the primary and secondary carbocations here
have similar stabilities, and the reaction then favors bifurcation.
To confirm this finding, QCT molecular dynamics

simulations (Figure 6c) were performed to confirm the
selectivity. Starting from TS1-1g, there are 175 out of 198
trajectories leading to the normal [2 + 2] cycloadduct (NP-
1g), while 18 trajectories afforded the cross [2 + 2]
cycloadduct (CP-1g), and 5 trajectories recrossed to give
back to the starting material. These results predicted that the
ratio of normal [2 + 2] product and cross [2 + 2] product
should be about 10:1. This is close to the experimental result
(14:1, Scheme 2, reaction 7).

However, there is no such hydrogen-bonding and inductive
effect for 1f, and no bifurcation can be observed. Thus, the
reaction gives NP-1f in a kinetically controlled manner (Figure
6a).

Why Intramolecular [2 + 2] Reactions of Ene-Ketenes
and Ene-Keteniminium Ions Have Different Mecha-
nisms? Our previous study2 showed that almost all the
intramolecular [2 + 2] cycloadditions for ene-ketenes are
kinetically controlled. But here, some [2 + 2] cycloaddition
transition states of ene-keteniminium ions are ambimodal.
Why? We attributed this difference to high reactivity of
keteniminium ions with respect to that of ketenes.1a,4a

Consequently, the [2 + 2] cycloaddition transition states in
ene-keteniminium ions are very early and the distances of two
forming bonds (C4−C7 and C6−C7) are close (e.g., see TS1-
1h in Figure 3 and TS1-1i in Figure 4), which makes both endo
and exo carbocations have similar stabilities and an ambimodal
transition state can be realized. But for ene-ketenes, the
corresponding transition states are late (the forming bond is
much shorter than the other bond), much more like the
products (see the SI). As a result, no bifurcation conditions can
be found. The different reaction patterns of ene-ketenes and
ene-keteniminium ions with α-O tethers were also discussed,
which are given in the SI.

More Predictions of Cross [2 + 2] Reactions of Ene-
Keteniminium Ions with Aryl Substituents and Exper-
imental Verification. We further predicted that for substrates
with an aryl group in the E-alkene part, the reaction would give
cross [2 + 2] products in a kinetically controlled fashion
because an exo carbocation E-Ar-Cat with the aryl substituent
in this pathway is much more favored over the endo
carbocation E-Ar-Cat′, which is not a minimum and
isomerizes to exo carbocation in geometry optimization
calculations (Figure 7a). Calculations using 1m (an analogue
keteniminium ion of 1M; see the SI for details) as a model

Figure 5. Carbocation model to rationalize selectivity of substrates
with different alkene configurations when R = alkyl group.

Figure 6. Carbocation model analysis of [2 + 2] cycloaddition of 1f (a) and 1g (b) and QCT molecular dynamics simulations (c) of [2 + 2]
cycloaddition of 1g.
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substrate supported this prediction. We then predicted that
substrates 1M, 1N, and 1O (with a carbon tether), all with E-
alkene, would give the same results (Figure 7b). We were
happy to observe that these predictions were supported
experimentally because all of them gave cross [2 + 2] products
(Figure 7b,c).
We predicted that ene-keteniminium ions with Z-alkene

could give dynamically controlled products (Figure 7a).
Because the exo carbocation Z-Ar-Cat with repulsion between
the tether and aryl group could have similar stabilities with
endo carbocation Z-Ar-Cat′ (Z-Ar-Cat is more stable than Z-
Ar-Cat′). Computationally, we can locate an ambimodal
transition state TS1-1p for ene-keteniminium ion 1p (an
analogue keteniminium ion of 1P; see the SI). QCT molecular
dynamics simulation (solution phase; see the SI) suggested
that the minor normal [2 + 2] product could be observed
because the endo carbocation is less stable by about 5 kcal/mol
and most trajectories lead to cross products (77 trajectories to
CP and 16 trajectories to NP in all 100 trajectories).
Experimentally (Figure 7d), we tested 1P and found that no

normal [2 + 2] product was observed. Cross [2 + 2] product
3P (confirmed by X-ray analysis; Figure 7c) was obtained in
36% yield, together with its stereoisomer 3M, which was
formed by the rotation process of Z-Ar-Cat to E-Ar-Cat.
Molecular dynamics simulations found that there is such a
process leading to E-Ar-Cat (2 of 100 trajectories). Details are
discussed in the SI. For 1-Ar (E), the rotation process from E-
Ar-Cat to Z-Ar-Cat could be much slower than the formation
of the C−C bond (giving the stable cross [2 + 2] product),
and consequently, only one product was obtained (Figure 7).

■ CONCLUSIONS
Based on ab initio quantum chemical calculations and
molecular dynamics simulations, we found that the [2 + 2]
cycloadditions of ene-keteniminium ions to give normal or

cross [2 + 2] products have all three patterns of regiochemical
control; namely, here, regiochemistry is controlled either
kinetically, thermodynamically, or dynamically, affected by
both substituents on the alkenes and tethers connecting the
ene and keteniminium ion parts in substrates. For α-O-
tethered substrates, a cyclopropane intermediate is formed first
and the selectivity is determined by the subsequent rearrange-
ment. These [2 + 2] reactions could be kinetically or
thermodynamically controlled.
For β-N-tethered substrates, a carbocation model is

proposed to explain the selectivity. If endo carbocation is
more stable than exo carbocation, the normal [2 + 2] reaction
can be favored kinetically over cross [2 + 2] cycloaddition. If
exo carbocation is more stabilized than endo carbocation, the
cross [2 + 2] reaction is favored over normal [2 + 2] reaction,
either in a kinetically or dynamically controlled fashion,
depending on the substituent (alkyl or aryl group) in the
alkene part of the substrate (Scheme 3, Figures 5 and 7; more
results of the reactions of ene-keteniminium ions with different
combinations of substituents can be predicted by using these
models). Our model also predicts that, the [2 + 2] reaction is
dynamically controlled (both normal and cross [2 + 2] could
be observed), if endo and exo carbocations have similar
stabilities. These understandings guided us to design new
experiments to achieve rarely observed cross [2 + 2] reactions,
accessing products with challenging bicyclo[3.1.1]heptane
skeletons. Also, new calculations and experiments have been
applied to correct the misassigned [2 + 2] product. This study
not only gives insightful mechanisms of the [2 + 2] reaction of
ene-keteniminium ions but also implies that many competing
reactions with carbocation intermediates could have similar
patterns of regiochemical control.

Figure 7. (a−d) More predictions and verifications of cross [2 + 2] cycloadditions. The yields given are average yields of isolated products for two
runs. The reaction conditions in panel (d) are the same with those in panel (b).
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■ COMPUTATIONAL METHODS
All the density functional theory calculations were carried out using
Gaussian software.16 Pruned integration grids with 99 radial shells and
590 angular points per shell were used. Geometry optimizations were
performed at the ωB97X-D17/def2-SVP18 level of theory in the gas
phase.19 The functional ωB97X-D was found to perform well in
calculating organic reactions including keteniminium ions involved
ones according to previous reports.8c,20 Benchmarks of our system
using CCSD(T)21 as the reference were also done, and it was found
that ωB97X-D indeed shows good performance (one of the best
among the tested functionals; see the SI). 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.
The SMD model22 was used to evaluate the solvation effects. Intrinsic
reaction coordinate (IRC)23 calculations were used to confirm the
transition states. Single-point energies were calculated at the DLPNO-
CCSD(T)24/cc-pVTZ25 (with the cc-pVTZ/C26 auxiliary basis set,
HF part accelerated with RIJK and cc-pVTZ/JK) level using the
ORCA 4.2.1 software package.27 “TightPNO” and “TightSCF”
settings were applied during the single-point energy calculations.
VTST including Wigner one-dimensional tunneling effect calculation
of the free energy profile is based on generalized free energies of
activation, which was obtained from KiSThelP.28 3D rendering
molecular structures were produced by CYLview.29 NCI analysis30

was calculated by Multiwfn31 and visualized by VMD.32 All 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. To simplify the model, the NTs group was
reduced to NMs and the pyrrolidine group was replaced by the
dimethylamino group in calculations.

Molecular dynamics simulations were performed at the ωB97X-D/
def2-SVP level of theory in the gas phase and the temperature was set
to be 363.15 K, which is often used as the reaction temperature for
ene-keteniminium salt intramolecular [2 + 2] cycloaddition
experimentally. QCTs were initiated from the corresponding
transition states and propagated forward and backward until either
one of the products is formed (the forming C−C bond shorter than
1.6 Å) or the reactants are generated (all of the C4−C7, C4−C5,
C6−C7, and C6−C5 bonds longer than 3.1 Å). The classical
equations of motion were integrated with a velocity Verlet algorithm
using Singleton’s program Progdyn,33 with the energies and
derivatives computed on the fly with ωB97X-D/def2-SVP using
Gaussian 09. The step length for integration was 1 fs. More details
about the solution phase molecular dynamics can be found in the SI.
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