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1,5-X insertions of alkylidene carbenes are powerful methods to
construct five-membered carbocycles and heterocycles, but the
mechanisms of these 1,5-X insertions of alkylidene carbenes
remain unclear (concerted or stepwise?). Here we disclose
different mechanisms of 1,5-X insertions of free alkylidene
carbenes based on DFT calculations. Except for the 1,5 S� H
insertion, all 1,5-X insertions proceed through stepwise proc-
esses via forming ylide intermediates. However, subsequent 1,2
rearrangements of ylides occur through different mechanisms.

The formal 1,5 O� H/N� H insertion except S� H insertion
happens through deprotonation rather than insertion reaction,
while other pathways including nucleophilic substitution, 2,3-
sigmatropic rearrangement, and homolysis of O� C bond are
invoked in various 1,5 O� C insertions. The competition between
1,5-X insertions and other side reactions (such as 1,2 migration,
dealkylation) has been discussed to answer why the target
insertion products were not obtained in some cases.

Introduction

Insertions of alkylidene carbenes into C� H, N� H, and O� Si
bonds can be applied to construct five-membered carbocycles
and heterocycles (Scheme 1a).[1] Among them, 1,5 C� H insertion
of alkylidene carbenes with high regioselectivity and stereo-
selectivity is the most extensively utilized one.[1d–f] Experimental
and theoretic studies[1e.2,3] indicated that the transition state of
1,5 C� H insertion adopts a chair or half chair-like conformation,
in which the orbital interaction between the empty p orbital of
carbene and σ orbital of C� H bond can be realized (Scheme 1b).
Systematic investigations from Lee further revealed that
electronic, steric, conformational, and stereoelectronic effects
have profound impacts on the reactivity and regioselectivity of
the C� H bond insertion reactions.[4,5]

However, less attention has been paid to the mechanisms
of 1,5-X insertions (X=O, N, S) of alkylidene carbenes, even
though many experimental efforts have been made by the
chemists, as exemplified by the reactions in Table 1. We noticed
that both 1,5 O� Si and 1,5 O� H insertions could give the
desired products,[6] while 1,5 O� C insertions with different
carbon groups might give side products (such as dealkylation
and 1,2 migration). But the underlying reasons are elusive.[7–9]

1,5 insertions of alkylidene carbenes into other bond types
including S� H, N� H, and N� Bn have also been tested.[10] Based
on these experimental results, two possible pathways for the
1,5-X insertions of the alkylidene carbenes are proposed. One is
the concerted pathway,[1i] similar to that in the 1,5-C� H
insertion. The other is the stepwise pathway involving the

formation of ylides.[1a] No theoretical studies of these mecha-
nisms for 1,5-X insertions (X=O, N, S) of alkylidene carbenes
have been reported. Therefore, understanding why there are
these different reaction outcomes is consequently not available.
To fill this gap, we report here our computational study,
focusing on how the 1,5-X insertions for different X take place
and how the side reactions, summarized in Scheme 1b,
compete with the desired reactions. In addition, we present
new pathways for some 1,5-X insertion reactions when our
calculations did not agree with the experiments.

Results and Discussion

In order to study the mechanisms and elucidate effects of
different heteroatoms and substituents in 1,5 insertions of
alkylidene carbenes, we carried out DFT calculations on the
general systems of MeC(C)CH2CH2XY (X=O, N, S; Y=Si, H, C). The
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Scheme 1. (a) 1.5-X insertion reactions of free alkylidene carbenes (b)
Proposed pathways of reactions of alkylidene carbenes (mechanistic studies
reported in this work).
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singlet-triplet energy gaps for all free alkylidene carbenes in this
study, computed by the SMD(THF)/ωB97X-D/maug-cc-pVTZ//
M06-2X/6-31+G(d,p) method, are more than 42 kcal/mol. This
is consistent with the fact that alkylidene carbenes prefer to
stay at their singlet ground states with a lone pair and an empty
p orbital.[11]

We found that different 1,5-X insertions have different
pathways, which prompt us to present them one by one in the
following parts:

a) Mechanism of O-Si insertion in reaction 1a. We first
present the mechanism of 1,5 O� Si insertion. The competing
1,2 migration, which is also found in Corey-Fuchs reaction,[12]

Colvin,[13] and Fritsch-Buttenberg-Wiechell (FBW)
rearrangements,[14] has also been considered in this work. The
free energy surfaces of 1,5 O� Si insertion and 1,2 migration of 1
are shown in Figure 1. A stepwise mechanism for 1,5 O� Si
insertions of the alkylidene carbene 1 was found. Calculations
indicated that 1 could form oxonium ylide 2 after an σ-bond

Table 1. Selected 1,5-X insertions of free alkylidene carbenes.
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rotation (via transition state TS-R1) with an activation free
energy of 5.0 kcal/mol, which is exergonic by 3.1 kcal/mol. This
energy change originates from the interaction between n
orbital of O and empty p orbital of C1. The Mayer bond order of
C1� O in 2 is 0.47, indicating the oxonium ylide was partly
formed (Figure 1).

Previously, oxonium ylide was suggested to undergo 1,2
Stevens rearrangement through either a homolytic or hetero-
lytic pathway.[8] DFT calculation showed that formation of the
diradical species 4 (with a computed hS2i of 1.01) from O� Si
homolysis in 2 was highly endergonic with a Gibbs free energy
of 79.6 kcal/mol, and the heterolytic pathway via formation of
ions 5 and 5’ was also endergonic by 59.2 kcal/mol. In contrast,
a low-lying concerted transition state TS1 for migration of the
TMS group was localized, with an activation free energy of
5.1 kcal/mol. The computed Gibbs free energy of activation for
1,2-Me migration of alkylidene carbene 1 via TS2 is 6.6 kcal/mol.
This 1,2-Me migration reaction is highly exergonic by 45.7 kcal/
mol, affording alkyne 6. But this process is disfavored compared
to the formation of oxonium ylide by 1.6 kcal/mol (TS2 vs. TS-
R1). Thus, the formal 1,5 O� Si insertion can happen, in
accordance with the experimental observation in reaction 1a.

It should be noted that the transition state corresponding
to inversion of configuration of the migrating group could not
be localized due to steric reasons (TMS group is big and does
not have enough space for reaching the transition state).
Instead, we found a three-membered ring transition state TS1
for 1,2 rearrangement of oxonium ylide with retention of the
configuration of the migrating group. IRC calculations showed
that the silicon atom is approaching the plane of C1� C2� O
gradually. This concerted 1,2 rearrangement of oxonium ylide 2

is symmetry-forbidden according to Woodward-Hoffmann
rules[15] (Figure 3a). But it’s not surprising here that TS1 has
relatively low free energy because silicon group could readily
become pentacoordinate.[16] The same phenomenon was
observed in reverse Brook rearrangement[17] and Wittig anionic
rearrangement of silicon group.[18] The 1,2 rearrangement of
oxonium ylide can be regarded as a migration of a cationic
group. The higher stability of TS1 with a significant ionic
character is attributed to the ability of its silicon atom to
accommodate positive charge, considering that Si has a smaller
electronegativity[19] compared to H, C, O (the electronegativities
for H, C, O, Si are 2.2, 2.5, 3.5 and 1.7, respectively, the natural
population analysis (NPA) charge at Si is 1.961 e). This electro-
static interaction in pentacoordinate transition state overcomes
the significant strain from the cyclic structure and lifts the
restriction of the symmetry-forbidden process.[16]

Moreover, the calculated Gibbs energies of activation for 1,5
O� Si insertion is as low as 5.1 kcal/mol, which is roughly faster
than a diffusion-controlled reaction with a reaction rate
constant of 109 s� 1.[20] Therefore, we predict that neither the
activation-controlled nor the diffusion-controlled bimolecular
side reactions of alkylidene carbenes, such as addition
reaction,[1c] nucleophilic substitution,[21] could compete with 1,5
O� Si insertions. This is the reason to answer why intramolecular
1,5 O� Si insertion of alkylidene carbenes can take place in high
reaction yields and high compatibility[6]

b) Mechanism of 1,5 O� H insertion in reaction 1b. 1,5
O� H insertions of alkylidene carbenes gave dihydrofurans in
low yields. We wondered why 1,5 O� H insertions are more
difficult than 1,5 O� Si insertions. The free energy surface of
reaction 1b is shown in Figure 2. DFT calculations showed that

Figure 1. Computed reaction pathways for 1,5 O� Si insertion and 1,2-Me migration of 1 and selected structures from IRC calculations. The black numbers
show corresponding bond lengths in angstrom, while the red numbers show the Mayer bond order. Color scheme: C, gray; Si, orange; H, white; O, red.
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a conformational change from alkylidene carbene 7 to oxonium
ylide 8 via TS-R2 has an activation free energy of 4.6 kcal/mol,
which is exergonic by 1.1 kcal/mol. The C� O bond in 8 is 1.77 Å
(longer than that in 2) and has a Mayer bond order of 0.40,
indicating that this bond is weaker than the C� O bond in 2.
This can be understood by the fact that the hydrogen atom has
a weaker electron-donating inductive effect compared to the
TMS group.

Then a 1,2-proton shift generating the dihydrofuran product
was proposed. But this should be a prohibited process because
the 1,2-proton shift is symmetry-forbidden (Figure 3a): the
activation barrier of the direct 1,2-proton shift in ethyl anion is
48.2 kcal/mol.[22] However, the proposed 1,2-proton shift for
oxonium ylide 8 via a half-chair-like transition state TS3 only
requires an activation free energy of 15.4 kcal/mol, indicating
that the 1,2-proton shift can take place under room temper-
ature. Why? The IRC calculation showed that C1-H bond forms
ahead of the of C1-O bond (Figure 2). Therefore, transition state
TS3 is not proposed as a typical 1,2-proton shift, but has a
character of insertion reaction of carbene into O� H bond, which
lifts the restriction of symmetry-forbidden process for the 1,2-
proton shift.

Unfortunately, the computed free energy surface shown in
Figure 2 disagrees with experimental results. In Figure 2, the
formation of dihydrofuran is disfavored kinetically because TS3
is higher than TS4 by 7.4 kcal/mol, in contrast to the
experimental observation that a 21% yield of the O� H insertion
product was observed.[6] Therefore, a new mechanism has to be
proposed.

We proposed that reaction 1b is a formal O� H insertion.[10]

Experimentally, this alkylidene carbene was generated in situ,
from excess TMSCHN2 (1.2 eq.) and n-BuLi (1.2 eq.) reacting with

ketone. The used base would be partially consumed by the
deprotonation reaction of the present OH group to form alkoxy
lithium. We found the transformation from IN1 to IN2 is a
barrierless process and very exergonic by 35.8 kcal/mol. There-
fore, alkylidene carbene was first converted into IN2, which,
after reaction workup, was then converted into the final
protonated product (Scheme 2). Due to this process, neither 1,2
migration nor 1,5 O� H insertions occurred, but only the formal
1,5 O� H insertion through deprotonation took place, which can
be used to explain Shiori’s experiments.[6]

c) Mechanism of 1,5 O-C insertion:
Intramolecular 1,5 O� C insertion. In this part, we want to

know why some O� C insertions did not take place while other
processes such as 1,2-Me migrations happened. We carried out
DFT calculations of 1,5 O� Y insertions with different carbon
groups in the same system shown in Table 2.

Here we found that, for most carbon groups except that in
entry 7, the alkylidene carbenes could overcome the steric
factors to form the oxonium ylides exothermically through
single bond rotations (Table 2, entries 1–6). But the subsequent
1,2 rearrangements via concerted transition states TS5-TS8 for
these carbon groups (entries 1–4) are difficult, with the
predicted Gibbs energies of activation of more than 30 kcal/
mol. This could also be understood because the suprafacial 1,2-
C shift is symmetry-forbidden according to Woodward-Hoff-

Figure 2. Computed reaction pathways for 1,5 O� H insertion and 1,2-Me migration of 7 and selected structures from IRC calculations. The black numbers
show the corresponding bond lengths in bond angstrom, while the red numbers show the Mayer bond order. Color scheme: C, gray; H, white; O, red.

Scheme 2. The deprotonation pathway for formal 1,5 O� H insertion of
alkylidene carbene.
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mann rules. Due to these facts, we conclude that, for general
carbon groups (Table 2, entries 1–4), the formal 1,5 O� C
insertions of alkylidene carbenes through concerted 1,2
rearrangements of oxonium ylides could not occur under
ambient temperature.

However, when one adjacent oxygen atom is introduced,
the Gibbs energies of activation for 1,5 O� C insertions via TS9
and TS10 are decreased to 21.4 kcal/mol (Table 2, entry 5) and
22.5 kcal/mol (Table 2, entry 6), respectively. Surprisingly, with
two adjacent oxygen atoms (Table 2, entry 7), the overall Gibbs
energy of activation for 1,5 O� C insertion via TS11 is reduced to
16.0 kcal/mol, which makes it more possible to undergo 1,5
O� C insertion. We attribute this trend to the ionic character of
the corresponding transition states, suggested by the proposed
model mentioned above (see Figure 3): the oxygen atoms could
stabilize the adjacent positive charge at the migrating group in
the transition states through an n-p orbital interaction.

Other pathways for 1,5 O-allyl and 1,5 O-benzyl insertions
through oxonium ylides have also been considered. As shown
in Figure 4, the 2,3 sigmatropic rearrangement of oxonium ylide
via TS7’ requires 22.2 kcal/mol of Gibbs free energy of
activation, which is favored over 1,2 rearrangement of oxonium
ylide via TS7 by 10.9 kcal/mol. This is consistent with the
previous knowledge that allyl oxonium ylides from carbene
precursors are good migration groups for 2,3-sigmatropic
rearrangement.[7] However, 1,2-Me migration via TS14 is much
favored over this formal 1,5 O-allyl insertions TS7’ by 13 kcal/
mol, indicating that only 1,2-Me migration product could be
obtained. The homolysis of O� C bond via TS8’ (with a
computed hS2i of 0.26), requiring activation free energy of

24.9 kcal/mol, was found as a competing process compared to
the 1,5 O-benzyl insertion. This homolytic pathway is favored
over heterolytic pathways (TS8) for 1,2 benzyl rearrangement of
oxonium ylide by 10.5 kcal/mol. However, the 1,2-Me migration
is also favored over homolysis of O� C bond by 16.9 kcal/mol,
indicating 1,5 O-benzyl insertion could not happen in this case.

Our calculations predicted that the 1,2 migrations of the
methyl group are all favored over formal 1,5 O� C insertions
(Table 2, entry 1–7), which agrees with the experimental result
for reaction 3a. Thus, to achieve 1,5 O� C insertions, the 1,5
migrating groups should be strictly chosen to stabilize the
positive charge in the corresponding transition states, while
substituents with higher activation free energy of 1,2 migration

Table 2. The competition between 1,2-Me migrations of alkylidene
carbene and formal 1,5 O� C insertions via oxonium ylide.

Figure 3. (a) Analysis of the suprafacial 1,2-Si/H shift of oxonium ylide 2/8
according to the Woodward–Hoffmann rules. (b) Orbital interaction describ-
ing σ(S� H)!p(C) and n(C)!σ*(S� H) of the concerted 1,5 S� H insertion
transition state TS37. The blue numbers showed the NPA charges. Color
scheme: C, gray; Si, orange; H, white; O, red; S, yellow.

Figure 4. Optimized geometry for the 2,3 sigmatropic rearrangement of
oxonium ylide TS7’ and homolysis of O� C bond TS8’. The black numbers
show corresponding bond lengths in angstrom. Color scheme: C, gray; O,
red; H, white.
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such as p-TolSO2
� are suggested to be used for inhibiting 1,2

migrations.[9] Besides, another side reaction, a dealkylation
process observed in reaction 2a–2d should also be considered.
In other words, the right conditions of preparing alkylidene
carbene are critical for these 1,5 O� C insertions.
Mechanism of 1,5 O-THF insertion in reaction 2a. The free

energy surface for 1,5 O-THF insertion is shown in Figure 5.
Firstly, there are three unimolecular pathways that could be
taken by alkylidene carbene 11. One is the 1,2-tosyl migration
via TS19, requiring an activation free energy of 4.9 kcal/mol.
Another is the formation of oxonium ylide 12 through a single
bond rotation (TS-R3) which is favored over the former process
by 0.6 kcal/mol. Subsequently, an intramolecular 1,2 rearrange-
ment of THF group via TS20 requires an activation free energy
of 10.0 kcal/mol. In addition, we have also considered the
pathway through heterolysis of C� O bond which gives an ionic
pair species (13 and 14) and requires a Gibbs free energy of
14.9 kcal/mol. Therefore, this pathway is disfavored compared
to TS20 and can be excluded for further consideration.

Second, a bimolecular pathway between p-TolSO2Na and
12, leading to the dealkylation product observed experimen-
tally, was considered. Both oxygen atom and sulfur atom of the
excess p-TolSO2Na can act as nucleophiles.[23] Here we found
using O atom in sulfinate anions to attack carbon atom of THF
group via TS21 requires an activation free energy of 9.7 kcal/
mol, forming carbanions 14 and 15. The S-attack reaction
through TS21’ requiring an activation free energy of 10.2 kcal/
mol is slightly higher than that needed for O-attack reaction by
0.5 kcal/mol. It should be noted that the dealkylation process

(TS21) is slightly favored over formal 1,5 O� C insertion (TS20)
by 0.3 kcal/mol, indicating both dealkylation and intramolecular
1,5 O-THF insertion could compete.

There are two possible pathways to quench carboanion 14.
One is the protonation process by THF solvent or intermediate
15, giving the dealkylation product 18. The protonation by THF
is difficult, requiring activation free energy of 40.2 kcal/mol
(TS22). While the E2 elimination of 15 via TS23 requires an
activation free energy of 26.2 kcal/mol, releasing the nucleo-
philes and the volatile 2,3-dihydrofuran 17. Thus, the E2
elimination is a better way to abstract the proton, which agrees
with the isotopic experiment from Feldman.[9b]

The other reaction taken by anion 14 is a nucleophilic
reaction, where 14 attacks 15’s carbon atom via TS24, requiring
an activation free energy of 26.0 kcal/mol. It’s noted that these
two continuous nucleophilic processes achieve the retention of
configuration of the migrating group, which is consistent with
the experiments by Feldman.[9b] These two nucleophilic proc-
esses are also supposed to take place in the same solvent cage
so that the crossover product was not observed
experimentally.[9b] Comparing the Gibbs free energies of TS23
with TS24, and TS20 with TS21, we conclude that the presence
of nucleophiles in 1,5 O-THF insertion of alkylidene carbene
could give both the formal 1,5 O� C insertion product and
dealkylation product. This is consistent with the experiment
that 35% insertion product 16 and 25% 18 were obtained in
reaction 2b. Besides, similar energy surfaces for 1,5 O-allyl
insertions and 1,5 O-benzyl insertions were also computed and
are given in Supporting Information, which are consistent with

Figure 5. Computed reaction pathways for 1,5 O-THF insertion in reaction 2a.
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experiments that reactions 2c and 2d gave majorly dealkylation
products.
d) Mechanism of 1,5 S-H insertion in reaction 3b. In this

part, we report our DFT study for understanding the role of
heteroatoms in 1,5-X insertions. The free energy surface of
1,5 S� H insertion in reaction 3b is shown in Figure 6. The
reaction starts from the generation of alkylidene carbene 30
from �-elimination in reaction 3b.[10] Then 30 is easily converted
into sulfonium ylide 31 via a bond rotation transition state TS-
R4 with an activation free energy of 4.8 kcal/mol. Calculations
indicated that 31 is more stable than 30 by 11.2 kcal/mol. The
Mayer bond order of C� S bond in 31 is 0.87, indicating a
stronger n-p interaction for sulfonium ylide than that for
oxonium ylide. This is due to the stronger electron-donating
ability of sulfur atom.

To our surprise, the sulfonium ylide 31 could not be
converted into 33 directly. A conformational change is needed
firstly, converting 30 into 30’, followed by a concerted 1,5 S� H
insertion via transition state TS37. IRC calculation demonstrated
the direct process of converting 30’ into 33 (instead of 31 into
33). The overall Gibbs free energy of activation for this process
is 13.3 kcal/mol.

Alternatively, 30’ may also undergo 1,2-Me migration via
TS36 with an overall activation free energy of 17.8 kcal/mol (a
conformational search for TS36 has also been carried out and
the most stable one was reported here). Different from reaction
1b, 1,5 S� H insertion is favored over 1,2 migrations of
alkylidene carbene by 4.5 kcal/mol, suggesting that the product
in reaction 3b could be obtained from intramolecular 1,5 S� H
insertion via a concerted mechanism. Besides, intermolecular

deprotonation with excess base, which works on 1,5 O� H
insertions in Scheme 3, could not be excluded if the intermo-
lecular deprotonation is comparable with the complex lithium-
halogen exchange. Therefore, we predicted that 1,5 S� H
insertions could undergo both the concerted pathway and
deprotonation pathway easily. That could be the reason why
1,5 S� H insertions gave a high yield of 71% experimentally.
Rationalization of the Concerted Mechanism of 1,5 S-H

insertion of the free alkylidene carbene. It’s surprising that
both stepwise and concerted mechanisms can be found in 1,5-
X insertions of free alkylidene carbenes. We wondered why S� H
insertions favor the concerted pathway while all O� Y insertions
prefer stepwise pathways.

The chair-like geometry for the concerted 1,5 S� H insertion
transition state is shown in Figure 3b. The C� S bond in TS37 is
far from formation, different from the forming bond in TS3, and
TS(1,5migration) in Table 2. We attribute the different reaction
mechanisms to the unique properties of σ(S� H) bonds. It is
known that the sulfur atom has smaller electronegativity than
oxygen atom (2.6 for S vs. 3.4 for O, 2.1 for H).[19] Therefore, the
polarity of S� H bond is much weaker than O� H bond. This is
consistent with NBO calculations,[24] which showed the contri-
bution of hydrogen atom to the natural bond orbitals of S� H
bond in 30’ is 42% while only 24% of natural bond orbital of
O� H bond in 7 is contributed by hydrogen atom. Thus, the
initial stage of S� H insertion should be the interaction between
the empty p orbital and σ(S� H) bond, leading to the partly
formation of C� H bond in TS37. Then, the lone pair of carbene
could interact with σ*(S� H) bond as a secondary orbital
interaction to assist S� H insertion (the process was also
illustrated by IBO analysis,[25] see SI). NBO calculations revealed
that the stabilization energy in TS37 generated from the
interaction between σ(S� H) and p orbital of carbene is
92.6 kcal/mol, and the secondary stabilization energy from the
interaction between σ*(S� H) and lone pair of carbene is
90.9 kcal/mol (Figure 3b).

In contrast, for the 1,5 O� H insertion in 8, the empty p
orbital of carbene strongly favors interacting with electrons at
the oxygen atom due to the high polarity of O� H bond.
Consequently, the oxonium ylide 8 was located rather than a
transition state of concerted 1,5 O� H insertion. That’s why
1,5 S� H insertions undergo the concerted mechanism while
O� H insertions prefer the stepwise mechanism.
e) Mechanism of 1,5 N� H insertion in reaction 3c. When

replacing the sulfur atom with a nitrogen atom, the alkylidene
carbene 34 forms the ammonium ylide 35 through a single
bond rotation (via TS-R6) with an activation free energy of
5.0 kcal/mol, which is favored over 1,2 migrations via TS38 by
1.7 kcal/mol (Figure 7). This process is highly exergonic by
27.0 kcal/mol. The Mayer bond order of N� C in 35 is 0.69, which
is smaller than that in 31 due to the weaker electron-donating
ability of nitrogen atom compared to sulfur atom. Subse-
quently, a concerted 1,2 proton shift from 35 was found,
requiring activation free energy of 30.7 kcal/mol. This process is
favored over 1,2 migrations by 2.9 kcal/mol. In addition, the
diradical mechanism[8] of 1,2 proton shift of ammonium ylide
via TS39’ (hS2i=0.87) was also considered, but this process

Figure 6. Computed reaction pathways for 1,5 S� H insertions in reaction 3b.

Scheme 3. The deprotonation pathway for formal 1,5 N� H insertion of
alkylidene carbene.
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requires a higher activation free energy (63.2 kcal/mol) and can
be excluded.

However, the overall activation free energy for 1,5 N� H
insertion is too high to take place under room temperature.
This can be understood because this is a symmetry-forbidden
1,2-proton shift. How to reconcile these calculation results with
the fact that N� H insertion into alkylidene carbenes was
observed experimentally? We hypothesized that the intermolec-
ular deprotonation by the base is comparable with the lithium-
halogen exchange in reaction 3c (Scheme 3).[10] Thus, the
deprotonated alkylidene carbene IN3 may exist and it can then
be easily transformed into IN4, with a free energy decrease of
58.1 kcal/mol. Reaction workup then converted IN4 into the
final product.
f) Mechanism of 1,5 N-Bn insertion in reaction 4a. It’s

surprising to find that 1,5 N� Bn insertions could take place
though the reaction yields were low. This is different from 1,5
O� Bn insertions. We hypothesized that nitrogen atom could
accelerate this process. The free energy surface of reaction 4a is
shown in Figure 8. The 1,2-Me migration of 38 via TS40 requires
an activation free energy of 12.5 kcal/mol, while the formation
of ammonium ylide 39 requires an activation free energy of
3.7 kcal/mol via TS-R7, which is highly exergonic by 23.7 kcal/
mol. Thus, 1,2 migration of methyl group could not happen due
to the easy formation of ammonium ylide 39.

It was proposed that 1,2 rearrangements of ammonium
ylides could take place through a homolytic process.[8] Our
calculation found that the computed Gibbs free energy of
activation for homolysis of C� N bond via TS41 (hS2i=0.56) is
29.5 kcal/mol, giving diradical intermediate 41 (hS2i=1.02).
Then a barrierless recombination of radical pair affords the
product. The whole process is exergonic by 56.6 kcal/mol. On
the other hand, the activation free energy for a concerted 1,2
rearrangement of ammonium ylide via TS42 is 48.1 kcal/mol,
which can be ruled out for further consideration. Therefore, we
conclude that the 1,5 N� Bn insertion via ammonium ylide could

take place slowly through homolytic pathway under the reflux
reaction conditions, which is consistent with experimental
observation (reaction 4a, 8% yield after 2 steps).

Conclusions

The mechanisms of 1,5-X insertions of free alkylidene carbenes
have been rationalized based on DFT calculations. The 1,5-X
insertions except S� H proceed through a stepwise mechanism
with formed ylides as intermediates. In most cases, the
activation free energies for the subsequent 1,2 rearrangements
of ylides depend on the stability of the positive charge on the
migrating group in cyclic transition states. Thus, 1,5 O� Si
insertion with a five-coordinated transition state is favored over
1,2-Me migration and even faster than diffusion-controlled
process. While 1,5 O� H, O� C insertions including O-THF, and O-
THP insertions are disfavored over 1,2-Me migration. The formal
1,5 O� H insertion could only proceed through intermolecular
deprotonation. We suggest that nucleophiles could react with
ylides in 1,5 O� C insertions, giving the formal insertion/
dealkylation products. We have also studied the effect of
different heteroatoms: the 1,5 S� H insertion occurs through a
concerted mechanism and is favored over 1,2-Me migration,
while 1,5 N� H insertion takes place though deprotonation; for
1,5 N� Bn insertion, 1,2 rearrangement of ammonium ylide was
suggested to proceed through homolytic pathway. These
computational results reported here further deepen our under-
standing of 1,5-X insertions of free alkylidene carbenes.

Figure 7. Computed reaction pathways for 1,5 N� H insertions in reaction 3c.

Figure 8. Computed reaction pathways for 1,5 N� Bn insertions in reaction
4a.
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Computational Methods

All calculations were performed with Gaussian 09 software
package.[26] Pruned integration grids with 99 radial shells and
590 angular points per shell were used. Geometry optimizations
of all the stationary points were carried out using M06-2X[27]

functional and 6-31+G(d,p). The M06-2X functional was chosen
because it could provide relative accurate structure of alkyli-
dene carbene compared with several popular functionals (see
SI). Diradical intermediates and transition states were located
with UM06-2X/6-31+G(d,p)[27c] using the keywords: guess=

(mix always). The value of the spin operator S2 applied to the
contaminated singlet indicates the diradical character. Spin
contamination was not considered in these DFT calculations.[28]

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 K. Based on these optimized
structures, single-point energy refinements were performed at
the ωB97X-D/maug-cc-pVTZ level with SMD(THF/Et2O) solvation
model.[29] The ωB97X-D functional was chosen because it has
excellent performance on both 1,5 insertion and 1,2 migration
of alkylidene carbenes (see SI). Using the optimized structures,
NBO calculations (NPA charges) were performed at M062X-2X/
6-31+G(d,p) with NBO 3.1[30] in Gaussian, while the Mayer bond
orders were calculated at M06-2X/6-31G(d,p) level. All discussed
energy differences were based on Gibbs free energies at 298 K
(standard states are the hypothetical states at 1 mol/L). 3D
structures were prepared with CYLview.[31]
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