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Abstract: DFT calculations have been applied to study the
mechanisms of [3+2] and [3+2+1] reactions of ene/yne-
vinylcyclopropanes (shorted as ene/yne-VCPs). The [3+2]
reactions of ene/yne-VCPs start from C� C cleavage of cyclo-
propane (CP cleavage) to form six-membered rhodacycle,
followed by alkene/alkyne insertion and reductive elimina-
tion. The [3+2+1] reactions have two competing pathways,
one is the [3+2+1] pathway (CP cleavage, ene/yne insertion,

CO insertion and reductive elimination) and the other is the
[3+1+2] pathway (CP cleavage, CO insertion, ene/yne
insertion and reductive elimination). The length of tether in
substrates affects the ene/yne insertion steps in these cyclo-
additions, making some reactions fail or changing the
reaction pathways. The reasons for these tether length effects
are discussed.

1. Introduction

Previously we developed a Rh-catalyzed [3+2] reaction of
ene/yne-vinylcyclopropanes (Scheme 1a).[1] The proposed
pathway (Scheme 1a) for this reaction starts from the C� C
cleavage of vinylcyclopropane (VCP) by the cationic rhodium
catalyst, followed by intramolecular alkene/alkyne insertion
and reductive elimination. This reaction can be used to
synthesize 5/5 bicycles, no matter whether the 2-π compo-
nent is alkynes or alkenes. However, to synthesize
6/5 bicycles, the 2-π component can only be alkenes
(Scheme 1b).[1c] Previously we used DFT calculations to study
the mechanism of [3+2] reaction of ene/yne-VCPs for the
formation of 5/5 system, but not the 6/5 system. We hypothe-
sized that for a longer tether, the alkyne insertion is difficult
so that 6/5 bicycle cannot be built. Here we report our
quantum chemical calculations aiming to understand
whether this hypothesis is correct or not and the reason
behind this so-called tether length effect.
We have also developed a [3+2+1] cycloaddition of

ene/yne-vinylcyclopropanes and CO to synthesize 5/6 and
6/6 bicyclic skeletons with a bridgehead quaternary carbon
center (Scheme 2).[2] This reaction has been applied by both
our group and the Lei group in the synthesis of natural
products.[3] For yne-VCP substrates, both 5/6 and 6/6 bicyclic
skeletons can be achieved. But for ene-VCPs, 5/6 but not

6/6 bicyclic skeleton can be constructed (Scheme 2).[4] The
proposed mechanism of this reaction is shown in Scheme 3,
which starts from the ring opening of VCP via C� C cleavage,
alkene/alkyne insertion, CO coordination and insertion, and
finally reductive elimination. We name this as the [3+2+1]
pathway. We hypothesized that this [3+2+1] pathway
works for the synthesis of 5/6 bicyclic skeleton, but not for
the 6/6 bicyclic skeleton. As we mentioned above, the alkyne
insertion for 6/5 bicycles in [3+2] reaction could be difficult.
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Scheme 1. The [3+2] reaction of ene/yne-VCPs.

Scheme 2. The [3+2+1] reaction of ene/yne-VCPs and CO.
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If this is true, the similar step in the [3+2+1] pathway for
6/6 bicycles in [3+2+1] reaction should be difficult too and
cannot be accomplished. Consequently, no [3+2+1] prod-
uct could be generated. This is contradictory to our exper-
imental observation, where [3+2+1] reaction using yne-
VCPs to 6/6 bicycles worked. Therefore, we proposed a new
pathway for the [3+2+1] reaction for the synthesis of
6/6 bicyclic skeleton using yne-VCPs as substrates, namely
the [3+1+2] pathway, which differentiates from the [3+2+

1] pathway by the relative order of CO and alkyne insertions.
In the [3+2+1] pathway, alkyne insertion proceeds before
CO insertion, while in the [3+1+2] pathway, an opposite
order is proposed. Therefore, in this paper, we will discuss
whether these hypotheses are correct or not, and the reasons
behind this tether length effect. Also, we want to answer
whether [3+1+2] pathway works for [3+2+1] reaction
accessing to 5/6 bicyclic skeleton (Scheme 3).

2. Results and Discussion

In this part, we first discuss the mechanisms of [3+2+1]
reactions of various substrates. Then we describe the
mechanisms of [3+2] reactions. Finally, the tether length
effects will be analyzed.

2.1. Mechanism of [3+2+1] reaction of Yne-VCPs for the
synthesis of 5/6bicyclic skeleton

Firstly, we calculated both [3+2+1] and [3+1+2] pathways
of the [3+2+1] reaction of yne-VCP substrate with a short
tether for the synthesis of 5/6 bicyclic skeleton (Figure 1). The
catalytic species is proposed to be the monomer, similar to
[Rh(CO)2Cl]2 catalyzed [5+2+1] and [4+2+1] reactions.[5]

We don’t know the resting state of the reaction. We propose
that this resting state will give rhodium/substrate complex,

Y-IN1, which is followed by the dissociation of one CO ligand
and C� C bond activation of cyclopropane (CP cleavage) via
Y-TS1. This C� C cleavage step is similar to that in the [5+2+

1] reaction of ene-VCP and CO, which requires an activation
free energy of 18.2 kcal/mol. The ensuing step is alkyne
coordination to Rh, forming Y-IN4, which is exergonic by
16.4 kcal/mol. Then intramolecular alkyne insertion via Y-TS2
is easy, with an activation free energy of 19.5 kcal/mol. The
formed Y-IN5 from this step is then coordinated by CO to
form Y-IN6. The followed CO insertion reaction has an
activation free energy of 14.8 kcal/mol. The final step in the
[3+2+1] pathway is reductive elimination, generating Y-IN8
with an activation free energy of 18.2 kcal/mol. After that,
intermediate Y-IN8, in which Rh is coordinated by two alkene
moieties, can then be coordinated by another CO to form a
Y-IN9 (this is exergonic by 9.2 kcal/mol). Finally, ligand
exchange between this complex and substrate regenerates
the resting state species and delivers the product.
We also computed the CO insertion in the competing [3+

1+2] pathway. In this pathway, Y-IN3 forms a complex with
CO to generate Y-IN4’, which is exergonic by 13.8 kcal/mol.
Then CO insertion via Y-TS2’ requires an activation free
energy of 25.6 kcal/mol, which is disfavored compared to the
alkyne coordination and insertion steps in the [3+2+1]
pathway. Therefore, the reaction of yne-VCP substrates with
short tether favors [3+2+1] pathway.
The rate-determining step via [3+2+1] pathway is the

cyclopropane cleavage, similar to the [5+2+1] reaction.[5a,b]

The exact activation free energy of this step is unknown
because we don’t know the resting state of this reaction at
present.

Scheme 3. Two pathways for the [3+2+1] reaction of ene/yne-VCPs and CO.
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2.2. Mechanism of [3+2+1] reaction of Ene-VCPs for the
synthesis of 5/6bicyclic skeleton

For the [3+2+1] reaction of ene-VCPs which yielded the
5/6 bicyclic products, the [3+2+1] pathway is favored over
the [3+1+2] pathway. The [3+2+1] pathway share similar

free energy profile with that of the above [3+2+1] reaction
of yne-VCP (Figure 2). Here E-TS1 (VCP cleavage transition
state) and E-TS2 (alkene insertion transition state) are close
in energy in this reaction. We propose that VCP cleavage is
still rate-determining step because the process from the

Figure 1. Reaction A: the computed free energy profiles of [3+2+1] reaction of yne-VCP forming 5/6 ring.

Figure 2. Reaction B: the computed free energy profiles of [3+2+1] reaction of ene-VCP forming 5/6 ring.
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resting state (unknown) and E-TS1 could have an activation
free energy higher than 20 kcal/mol.

2.3. Mechanism of [3+2+1] reaction for yne-VCP for the
synthesis of 6/6bicyclic skeleton

Figure 3 presents the computed profile of the favored
[3+1+2] pathway of the [3+2+1] reaction of yne-VCP for
accessing 6/6 bicyclic framework. After CP cleavage (via HY-
TS1, 20.4 kcal/mol) to form HY-IN3, CO coordination forms
HY-IN4 (exergonic by 14.1 kcal/mol). Then CO insertion via
HY-TS2 with an activation free energy of 25.7 kcal/mol gives
HY-IN5. After that, intramolecular alkyne coordination con-
verts HY-IN5 to HY-IN6, which undergoes alkyne insertion
subsequently via HY-TS3, with an activation free energy of
25.7 kcal/mol. This step gives intermediate HY-IN7, which is
named as an endo metallacycle, as suggested in our recent
[4+3] reaction of diene-VCPs.[6]

Intermediate HY-IN7 can be coordinated by CO to form
an 18-e complex HY-IN8, which then undergoes reductive
elimination via HY-TS4. From HY-IN8 to HY-TS4, the required
activation free energy is just 12.3 kcal/mol. Finally, ligand
exchange between HY-IN9 and substrate gives HY-IN1 and
liberates [3+2+1] product.
The competing [3+2+1] pathway is disfavored because

alkyne insertion is difficult. HY-IN3 generated from CP
cleavage can form HY-IN4’ through intramolecular alkyne
coordination, which is then followed by alkyne insertion via
HY-TS2’. The activation free energy for this step is 26.4 kcal/
mol. HY-TS2’ is higher than CO insertion transition state HY-
TS2 by 7.4 kcal/mol. Consequently, [3+2+1] pathway is
disfavored.

In the present [3+2+1] reaction, the rate-determining
step is proposed to be the alkyne insertion step. The required
activation free energy from HY-IN5 to HY-TS3 is 29.0 kcal/
mol and the overall activation energy could be this value or
even higher than this if the resting state (unknown) is lower
than HY-IN5.

2.4. Mechanism of [3+2+1] reaction of ene-VCP for the
synthesis of 6/6 bicyclic skeleton

The [3+2+1] reaction of an ene-VCP for the synthesis of
6/6 bicycle with an elongated tether results in a complex
mixture (Scheme 1). Nevertheless, we tried to calculate the
reaction pathway for the [3+2+1] reaction of ene-VCP with
an elongated tether, which turns out to have a reasonable
energy profile because no steps with high activation free
energies are involved (see the Supporting Information). We
propose the failure of such a reaction shown in Scheme 1
could be caused by other unknown side reactions.

2.5. Analyzing the geometries of alkene/alkyne insertion
transition states to rationalize the mechanisms of [3+2+1]
reactions

It was proposed that intermolecular alkene/alkyne insertion
into Rh� C bond prefers to have planar transition states.[7] But
for intramolecular cycloaddition reactions, to reach such
planar transition states, the alkene or alkyne moiety has to
bend to some extent, which contributes to some of the
distortion energy of the transition states.[8] For substrates
with shorter tether in forming 5/6 cycloadducts, the alkyne

Figure 3. Reaction C: the computed free energy profiles of [3+2+1] reaction of yne-VCP and CO for forming 6/6 ring.
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and alkene insertion activation free energies are 19.5 and
19.7 kcal/mol, respectively (Figure 4). But for the synthesis of
6/6 cycloadducts, the additional tether length forces the
substrates to change to more distorted geometries to reach
their planar transition states, requiring additional energies.
For example, the alkyne insertion has an activation free
energy of 26.5 kcal/mol, and the alkyne moiety in the
transition state is bent to 133.2°, which is greater than that in
transition state Y-TS2. In this case, the competing CO
insertion step in the [3+1+2] pathways requiring less
activation free energies (25.7 kcal/mol) become favored (Fig-
ure 5).
Here we want to mention why alkyne insertion in the [3+

1+2] pathway is not difficult. As can be seen from Figure 5,
the alkyne moiety is bent to 145.9° in the corresponding
transition state HY-TS3. Because of the elongated tether, the
terminal carbon of the alkyne moiety is sufficiently close to
the carbonyl carbon for alkyne insertion step, generating an
endo metallacycle.

2.6. Alkyne/alkene insertion step in the [3+2] reaction of
ene/yne-VCPs

The above conclusion can also be applied to understand the
[3+2] reactions of ene/yne-VCPs, which used cationic Rh
catalyst instead. To demonstrate this, we have also computed
the key alkyne/alkene insertion steps of the four types of

substrates in the [3+2] reactions catalyzed by cationic Rh
catalyst, which is modeled by [Rh(dmpp)]+ in the calculations
(dmpp=1,3-Bis(dimethylphosphino)propane, Figure 6). The
results have similar tendency, indicating that the alkyne
insertion forming 6/5 bicycles requires higher activation
energy for substrates with longer tether (25.3 kcal/mol)
compared to other three types of substrates with shorter
tether, also due to the bending of alkyne in the alkyne
insertion transition state. Due to the increased activation free
energy, side reaction could become easier and then a
complex mixture was obtained. These results help us to
understand the different reactivity of the substrates of
different tether lengths in [3+2] reactions.

3. Conclusion

The mechanisms of the [3+2] and [3+2+1] reactions of
ene-VCPs with tethers of different length have been inves-
tigated by quantum chemical calculations. All these reactions
start from C� C cleavage of the VCP moiety of the substrates
to form six-membered metallacycles. For [3+2] reaction of
ene/yne-VCPs to form 5/5 bicycles, the followed steps are
alkene/alkyne insertion and reductive elimination. The above
mechanism still works for ene-VCPs in the formation of
6/5 bicycles, but fails for yne-VCPs to form 6/5 bicycles, due
to the greater activation free energy of the alkyne insertion

Figure 4. The alkyne/alkene insertion transition states in the [3+2+1] reactions and activation free energies.

Figure 5. The intermediate and alkyne insertion transition states in the [3+1+2] pathway and its activation free energy.
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step. In this case, side reactions could dominate and the [3+

2] reaction became unsuccessful.
In the [3+2+1] reaction of ene/yne-VCPs and CO for the

synthesis of 5/6 bicycles, cyclopropane cleavage is followed
by alkene/alkyne insertion, CO insertion, and reductive
elimination. This is because alkene/alkyne insertion is easier
(with activation energies of about 20 kcal/mol) than CO
insertion. However, for the [3+2+1] reaction of yne-VCPs
with longer tether in the synthesis of 6/6 skeleton, the alkyne
insertion becomes difficult (with a computed activation free
energy of 26.5 kcal/mol), due to the distortion of alkyne in
the alkyne insertion transition state. This is similar to the [3+

2] reaction of yne-VCPs to form 6/5 bicycles. In this case, CO
insertion proceeds ahead of alkyne insertion. Consequently,
the [3+2+1] reaction follows a [3+1+2] pathway.

3.1. Computational method

The computational works were performed with Gaussian 09,
E.01 program package.[9] Geometry optimization was carried
out at BMK[10]/def2-SVP[11] level in vacuum, using the ULTRA-
FINE grid. Gibbs energies of solvation were computed at the
SMD[12]/BMK/def2-SVP level. The solvent used is toluene for
the [3+2+1] reaction, and DCE for the [3+2] reaction. The
functional was chosen according to benchmark study in our
previous works.[5b] Single-point energy refinements were
performed with ORCA 5.0.3[13] at the DLPNO-CCSD(T)[14]/def2-
TZVPP[11] level. Standard state concentration of CO was
estimated to be 1.8 mM under our reaction conditions
(0.2 atm CO gas, 80 °C in toluene),[15] and 1.0 M for all other
species were used.[16] All of the 3D structures were prepared
with CYLview.[17]
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