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Abstract
This work reports a detailed DFT study on the generation of trimethylenemethanes (TMMs) from the ring opening of
dialkoxymethylenecyclopropane (DMCP), methylenecyclopropanethioacetal (MCPT), and substituted derivatives of DMCP
and MCPT, as well as follow-up reactions of the TMMs. The singlet DMCP and MCPT were found to be 51.32 and 53.77 kcal
mol−1 more stable than the triplet DMCP and MCPT respectively, corresponding to triplet:singlet population ratios of 1:1038 and
1:1040, respectively, at 25 °C using Boltzmann distribution, implying that the proportion of the triplet species is negligible at
25 °C. The ring-opening reactions occur through singlet transition states with barriers of 40.68 and 42.27 kcal mol−1 for DMCP
and MCPT, respectively, and yield TMMs that are very unstable compared to the precursors, with the triplet TMM being far more
stable than the singlet. Whereas the singlet TMMs readily undergo cycloaddition reactions with olefins to form five-membered
carbocyclic rings, the triplet species do not. The selectivity of the reactions of the DMCP TMMs is very sensitive to temperature;
at 25°C, cycloaddition with olefins and ring-closure to form ketenes have very comparable barriers while temperatures above
150 °C favor the exclusive formation of a ketene followed by dimerization. In MCPT, ring closure to form ketenes is the favored
reaction at all temperatures studied.
Keywords Trimethylenemethane . Dialkoxymethylenecyclopropane . Ring-opening reactions . Mechanism . Density functional
theory . Singlet–triplet energy gap

Introduction
Trimethylenemethane (TMM), a very reactive intermediate,
possesses four π-electrons and three reacting centers that facilitate the thermal generation of five-membered carbocycles
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via a [3 + 2] cycloaddition reaction with olefins [1–9]. Both
experimental [3, 4] and theoretical [10–19] studies point to a
ground-state triplet TMM 1 (Scheme 2) and a low-lying excited singlet state. Trimethylenemethane is described as a superposition of three states (Scheme 1), making it one of the
simplest hydrocarbons to exhibit non-Kekulé structures [20].
A number of mechanistic questions surrounding the generation of trimethylenemethane remain unanswered, even though it
has been the subject of extensive study. Chesick [16] investigated
the thermal rearrangement of ethylidenecyclopropane
to methylmethylenecyclopropane and vice versa and
succeeded in generating trimethylenemethane 1 from the
methylenecyclopropanes (MCPs) 2 by degenerate rearrangement
(Scheme 2). Kinetic studies revealed that this rearrangement occurs through a ring-opening reaction via a trimethylenemethane
diradical intermediate with an activation barrier of 40.4 kcal
mol−1. Later studies by Gilbert and Butler [21] also confirmed
the intermediacy of the trimethylenemethane diradical during the
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Scheme 1 Non-Kekulé structures
of trimethylenemethane

rearrangement of diphenylmethylenecyclopropane. Studies by
Crawford and Cameron also pointed to trimethylenemethane as
an intermediate in the pyrolysis of 3-methylenecyclobutanone to
methylenecyclopropane [22]. Further work by Doering and coworkers [23] suggested that the ring opening of MCPs to TMMs
is a singlet-state reaction.
Ab intio calculations performed by Hehre and coworkers
[15] using both closed-shell and restricted open-shell Hartree–
Fock Hamiltonians suggested a two-step process for the
methylenecyclopropane rearrangement, involving a diradical
pathway. The complete exploration of the energy surface for
methylenecyclopropane rearrangement found a TMM transition state 44.7 kcal mol−1 above the starting reactant, with the
resulting triplet biradical intermediate lying 17.6 kcal mol−1
above the starting reactant.
In 1991, Nakamura and coworkers [6] postulated that the
thermolysis of MCPs should provide a route to TMMs involving the introduction of heteroatoms onto one of the methylene
carbons. The installation of alkoxy or acetal groups on the ring
of MCP 3 led to an appreciable decrease in the activation
energy for ring opening and stabilized the TMM 4. The group
again reported the existence of the singlet TMM species as a
potential synthon for cycloaddition to an olefin, but intramolecular C–C bond formation was seen to override the intermolecular reaction above 150 °C, resulting in a ketene cyclopropane 5 which then dimerizes to 6 (Scheme 3) [6, 8].
In 1999, Nakamura and coworkers [7] reported the synthesis
of a new TMM precursor: methylenecyclopropananethioacetal
(MCPT). Their study of this thioacetal highlighted unique reactivity patterns. When both the acetal and thioacetal MCPs were
reacted with methylcrotonate, the acetal reacted at 60 °C to give
the [3 + 2] cycloadduct, while the thioacetal reacted at 120 °C to
give a [2 + 2] head-to-head dimer, leaving the methylcrotonate
unchanged. The TMM generated from the thioacetal reacted with
other substituted olefins such as tetracyanoethylene to form the
cycloadduct in 87% yield at 60 °C and 98% yield at 120 °C.
They suggested that since the reaction proceeded below the
Scheme 2 Degenerate
rearrangement of
methylenecyclopropane
involving the intermediate
trimethylenemethane

temperature range for the thermal generation of TMM (40–
70 °C), the reaction did not go through the normal TMM intermediate but through a radical cation intermediate.
The reaction of trimethylenemethane with olefins is also still
poorly understood, even though many studies have been conducted on the subject. Berson, in his 1978 work [4], proposed
that the singlet TMM undergoes [3 + 2] cycloaddition reactions
with olefins while the triplet TMM undergoes homocoupling to
form a series of dimers. However, while the singlet TMM can
potentially undergo cycloaddition with olefins, an intramolecular
C–C bond was found to override the intermolecular reaction to
give methylenecyclopropane irreversibly [4, 8]. However, there
are currently no data, either experimental or theoretical, that explain the reactivity pattern of these states.
In light of the above, the work reported in the present paper
aimed to theoretically explore the ring opening of DMCP and
MCPT precursors to afford TMMs as well as the subsequent
reactions of those TMMs (Schemes 4 and 5). The effects of
the temperature and substituents on the energetics of the ring
opening and the follow-up reactions were investigated. The
geometries and relative energies of the reactants, transition
states, relevant intermediates, and products along the proposed reaction pathways were computed to provide mechanistic insight into these reactions. Frontier molecular orbital
(FMO) energy gaps and Mulliken population analyses were
also employed to rationalize the reactivity patterns with
olefins.

Computational details
All calculations were carried out with the SPARTAN ’14 v1.1.8
molecular modeling program [25] at the DFT M06/6–31G* and
6–31 + G* levels of theory.
The starting geometries of the molecular systems were constructed using SPARTAN’s graphical model builder and
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Scheme 3 Generation and
reactions of trimethylenemethane
[6, 8]

minimized interactively using the MMFF force field. All geometries were fully optimized without any symmetry
constraints.
The optimized geometries were subjected to full frequency calculations to verify the nature of the stationary
points. Equilibrium geometries were characterized by the
absence of imaginary frequencies. The transition-state
structures were located by performing a series of
constrained geometry optimizations in which the forming
and breaking bonds were fixed at various lengths while
the remaining internal coordinates were optimized. The
approximate stationary points located from such a procedure were then fully optimized using the standard
transition-state optimization procedure in SPARTAN. All
first-order saddle points were shown to have a Hessian
matrix with a single negative eigenvalue, characterized

Scheme 4 Proposed thermal
ring-opening reaction of
dialkoxymethylenecyclopropane
to give the corresponding
trimethyelenemethane, as well as
follow-up reactions

by an imaginary vibrational frequency along the reaction
coordinate [26].

Results and discussion
Ring-opening reactions of DMCPs and MCPTs
Ring opening of parent and substituted DMCPs
The optimized geometries of the reactants, transition states, and
products involved in the ring-opening reaction of
dialkoxymethylenecyclopropane (DMCP) to give
trimethylenemethane (TMM) as well as the relative energies of
the stationary points are shown in Fig. 1. The reported energies
are Gibbs free energies with zero-point corrections.
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Scheme 5 Proposed thermal
ring-opening reaction of
methylenecyclopropanethioacetal
to give the corressponding
trimethyelenemethane, as well as
follow-up reactions

DFT geometry optimization of the starting DMCP precursor gives two structures (singlet and triplet) denoted A1, with
Fig. 1 Free-energy profile for the
ring-opening reaction of
dialkoxymethylenecyclopropane
to give the corresponding
trimethylenemethane on the
singlet and triplet surfaces.
Relative energies in kcal mol−1.
All bond distances are measured
in Å

the singlet DMCP A1/s being 51.32 kcal mol−1 more stable
than the triplet DMCP A1/t, corresponding to a triplet:singlet
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population ratio of 1:1038 at 25 °C using the Boltzmann distribution. This implies that at 25 °C, the proportion of tripletstate DMCPs is negligible compared to the singlet species,
and thus in all probability it is the singlet DMCP that will be
available for the ring-opening reaction to give TMM.
The ring-opening reaction of the singlet DMCP precursor
A1/s goes through the singlet transition state TS(A1–A2)/s to
the singlet TMM intermediate A2/s (Fig. 1) with an activation
barrier of 40.68 kcal mol−1, while the triplet DMCP A1/t is
converted to the corresponding TMM A2/t through transition
state TS(A1–A2)/t with a barrier of 19.45 kcal mol −1.
Therefore, the ring-opening reaction of the triplet DMCP is
much more feasible than that of its singlet counterpart, and
would be the preferred way to generate TMM from DMCP if
the triplet DMCP was not so unstable and therefore far less
common than its singlet counterpart. The energetics also show
that the conversion of the singlet DMCP through a triplet
transition state is unfeasible due to the very high activation
barrier of 70.77 kcal mol−1 required for this reaction. The
implication is that the TMM will be generated from the singlet
DMCP through a singlet transition state. Nakamura and coworkers [6], using experimental methods, observed a barrier
of 25.5 kcal mol−1 for the ring-opening DMCP (Scheme 3),
and Chesick [17] reported a barrier of 40.4 kcal mol−1 for the
unsubstituted MCP 2 (Scheme 2), while Hehre and coworkers
[15], using the closed-shell and restricted-shell Hartree–Fock
method, reported a barrier of 44.7 kcal mol−1 for the parent
MCP 2.
The triplet TMM A2/t is 20.81 kcal mol−1 more stable than
the singlet TMM A2/s. Earlier quantum-mechanical calculations [10–19] predicted a singlet–triplet TMM energy gap of
20 kcal mol−1for the parent TMM. A spin-flip resulting in the
conversion of A2/s to A2/t is thermodynamically feasible,
suggesting that the generation of the triplet TMM A2/t from
the singlet DMCP via the singlet TMM intermediate A2/s is
energetically more favorable, and that the ring-opening reaction is not spin conserved, in contrast to Berson’s findings [4].
If spin conversion of the singlet TMM to the triplet is feasible,
then Boltzmann distribution calculations suggest a
singlet:triplet population ratio of 1:1016 at 25 °C and 1:1060
at −196 °C (the experimental temperature for ESR analysis)
[2]. This explains why only the triplet trimethylenemethane
was detected in ESR analysis [2]. While this observation excludes the singlet TMM as a long-lived intermediate, it is no
obstacle to its initial transient role as postulated by Doering
and coworkers [23].
Geometry optimization of A2/s and A2/t resulted in Cs
symmetry, which is consistent with the work of Nakamura
and coworkers [6, 8]. The C3–C4 (Scheme 4) bond distance increases by 0.09 Å upon going from A1/s to A2/s,
implying an appreciable loss of double-bond character for
C3–C4 in A2/s, whereas there is no appreciable loss of
double-bond character for this bond in A2/t, as there is
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an increase of only 0.02 Å in the C3–C4 bond distance
upon going from A1/t to A2/t. The two free methylene
carbons, C2 and C4, of the singlet TMM A2/s are 130.8°
apart, which should be compared to the 120.7° reported
by Nakamura and coworkers [6], and are twisted 20.8°
and 21.7° out of the plane, suggestive of the Cs symmetry
of A2/s. The angle between the two free methylene carbons, C2 and C4, of the triplet TMM A2/t is 120.3°, and
they are twisted 1.4° out of the plane, consistent with the
distance (1.41 Å) of each methylene carbon from the central carbon, C2, suggesting a near-planar structure or more
probably D3h symmetry for A2/t (Fig. 1), as suggested by
Dowd [24].
To investigate the effects of electron-withdrawing groups
on the energetics of the ring opening of DMCP and the relative
stability of the singlet and triplet TMMs generated, a nitro
group was introduced onto the methylene carbon of A1
(Scheme 4), yielding A1(NO2) (Fig. 2). A nitro group was
chosen for this investigation because it is the most
deactivating of all the electron-withdrawing groups. In this
substituted DMCP, the singlet is 53.36 kcal mol−1 more stable
than the triplet, implying a slight widening of the DMCP singlet–triplet energy gap compared to that in the parent DMCP.
This singlet–triplet energy difference corresponds to a
triplet:singlet population ratio of 1:1041 at 25 °C using the
Boltzmann distribution.
The ring-opening reaction of singlet DMCP A1(NO2)/s
through the transition state TS1(NO2)/s to give the singlet
TMM A2(NO2)/s has an activation barrier of 18.46 kcal
mol−1 (about half that of the parent reaction), while the triplet
DMCP A1(NO2)/t is converted to the corresponding TMM
A2(NO2)/t through the transition state TS2(NO2)/t with an
activation barrier of 10.29 kcal mol−1, which is also half of
the barrier in the parent triplet reaction.
Just like in the parent DMCP, the ring-opening reaction on
the triplet surface is much more feasible than that on the singlet surface, and would be the preferred pathway for the generation of TMM from DMCP if the triplet DMCP was not so
unstable compared to its singlet counterpart. It is also seen that
the conversion of the singlet DMCP through the triplet transition state is not feasible due to the high activation barrier of
63.65 kcal mol−1 for this pathway. This implies that the TMM
is generated from the singlet DMCP through the singlet transition state. The nitro group stabilizes the singlet TMM sufficiently, thereby reducing the singlet–triplet energy gap of the
generated TMMs from 20.81 kcal mol−1 in the parent system
(Fig. 1) to 0.16 kcal mol−1 (Fig. 2), corresponding to a
singlet:triplet population ratio of 0.76:1 at 25 °C. This small
singlet–triplet energy gap suggests that it may be possible to
isolate the singlet TMM or observe it in ESR analysis at 25 °C.
It can thus be inferred that the presence of a strongly electronwithdrawing group narrows the singlet–triplet energy gap,
providing a means to generate stable singlet TMMs.
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Fig. 2 Energy profile for the ringopening reaction of
nitrosubstituted
dialkoxymethylenecyclopropane
to nitro-substituted
trimethylenemethane on the
singlet and triplet surfaces.
Relative energies in kcal mol−1.
All bond distances are measured
in Å

Following substitution with the oxide anion, an electrondonating group, the singlet DMCP is 67.62 kcal mol−1 more
stable than the triplet DMCP, representing a further widening
of the singlet–triplet energy gap (Fig. 3).
The generation of TMM from the oxide-substituted DMCP
has an activation barrier of 33.48 kcal mol−1 on the singlet
PES and activation barrier of 18.80 kcal mol−1 on the triplet
surface. Even though the ring opening on the triplet surface is
more favorable kinetically than that on the singlet surface, the
relative instability of the triplet DMCP precursor means that
the most feasible route for the generation of the TMM is
through the singlet surface. The conversion of the singlet
DMCP through the triplet transition state is not feasible due
to the very high activation barrier of 86.42 kcal mol−1.

The singlet TMM A2(O−)/s now lies 15.63 kcal mol−1
below the triplet TMM A2(O−)/t; thus, the oxide anion stabilizes the singlet TMM sufficiently to make it the ground state
(Fig. 3).
Ring opening of parent and substituted MCPTs
The generation of trimethylenemethane (TMM) from
methylenecyclopropanetioacetal (MCPT) was also explored
on the singlet and triplet PESs, as shown in Fig. 4.
The singlet MCPT B1/s is 53.77 kcal mol−1 more stable
than the triplet MCPT B1/t, corresponding to a triplet:singlet
population ratio of 1:1040 at 25 °C using the Boltzmann distribution. Just like for the DMCP, this implies that at 25 °C, the
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Fig. 3 Energy profile for the ringopening reaction of oxidesubstituted
dialkoxymethylenecyclopropane
to give oxide-substituted
trimethylenemethane on the
singlet and triplet surfaces.
Relative energies in kcal mol−1.
All bond distances are measured
in Å

proportion of triplet-state MCPT is negligible compared to
that for the singlet species, and thus, in all probability, it is
the singlet MCPT that will be available for the ring-opening
reaction to give TMM. The singlet MCPT B1/s is converted to
the TMM through transition state TS(B1-B2)/s with an activation energy of 42.27 kcal mol−1, while the triplet MCPT B1/
t is converted to the triplet TMM through transition state
TS(B1-B2)/t with an energy of 21.99 kcal mol−1. The triplet
ring-opening route thus has a lower activation barrier than the
singlet route, just as in the case of DMCP. Again, if the very
high singlet–triplet MCPT energy gap precludes the presence
of the triplet species, which seems very likely, then the TMM
is generated from a singlet precursor through a singlet transition state with a barrier of 42.27 kcal mol−1 (which is 1.59 kcal
mol−1 higher than in its DMCP counterpart) and could then

undergo intersystem crossing to the more stable triplet TMM
of energy 18.40 kcal mol−1 relative to the singlet TMM.
If spin conversion of the singlet TMM to the triplet is feasible, then Boltzmann distribution calculations suggest a
singlet:triplet population ratio of 1:1015 at 25 °C. This explains why only the triplet TMM is seen in ESR analysis—
an observation which excludes the singlet TMM from being a
long-lived species.
Geometry optimization of B2/s and B2/t resulted in C1 symmetry and the C3–C4 (Scheme 5) bond distance increases by
0.08 Å upon going from B1/s to B2/s, implying an appreciable
loss of double-bond character for the C3–C4 bond in B2/s,
whereas there is no appreciable loss of double-bond character
for this bond in B2/t, as the C–C4 bond distance increases by
only 0.01 Å upon going from B1/t to B2/t. The two free
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Fig. 4 Energy profile for the ringopening reaction of
methylenecyclopropanethioacetal
to give the corresponding
trimethylenemethane on the
singlet and triplet surfaces.
Relative energies in kcal mol−1.
All bond distances are measured
in Å

methylene carbons, C2 and C4, of the singlet TMM B2/s are
128.0° apart. The two free methylene carbons, C2 and C4, of the
triplet TMM B2/t make an angle of 118.2° with respect to each
other (Fig. 4).
The effect of an amine substituent (an electron-donating
group) on the ring opening and electronic properties of the
TMM was explored on the singlet and triplet potential energy
surfaces, as shown in Fig. 5. The singlet precursor B1(NH2)/s is
51.05 kcal mol−1 more stable than the triplet precursor. Using
the Boltzmann distribution, a triplet:singlet population ratio of
1:1038 was calculated, meaning that the singlet state is still the
most likely state of the precursor. The precursor B1(NH2)/s
undergoes ring opening through a transition state TS3(NH2)
with an activation energy of 36.56 kcal mol−1 to afford the

intermediate B2(NH2)/s of relative energy 25.08 kcal mol−1.
The introduction of an electron-donating group lowers the activation energy on the singlet surface by 5.71 kcal mol−1 to
afford the TMM B2(NH2)/s, which is 13.99 kcal mol−1 more
stable than the unsubstituted TMM B2/s.
The activation barrier and the product stability remains
fairly constant on the triplet surface following the introduction
of an amine substituent, with increases of only 0.45 kcal mol−1
in the activation barrier and 1.09 kcal mol−1 in the product
stability compared to the parent MCPT and TMM studied
above.
Prominently, the introduction of an amine group reduces
the triplet–singlet gap in the TMM from 18.40 kcal mol−1 in
the unsubstituted TMM to 8.22 kcal mol−1.
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Fig. 5 Energy profile for the ringopening reaction of aminesubstituted
methylenecyclopropanethioacetal
on the singlet and triplet surfaces.
Relative energies in kcal mol−1.
All bond distances are measured
in Å

The effect of the presence of a nitro substituent on the ring
opening of MCPT was explored on the singlet and triplet
PESs, and similar trends to those seen for the nitrosubstituted DMCP, as shown in Fig. 6, were observed. The
singlet precursor B1(NO2)/s is 47.64 kcal mol−1 more stable
than the triplet precursor, implying a slight narrowing of the
MCPT singlet–triplet gap, in contrast to the nitro-substituted
DMCP. The 47.64 kcal mol−1 energy difference translates to a
triplet:singlet ratio of 1:1035 at 25 °C, using the Boltzmann
distribution. The introduction of the nitro group stabilizes the
singlet TMM B2(NO2)/s, thereby reducing the singlet–triplet
energy gap in the TMM from 18.40 kcal mol−1 in the parent
TMM (Fig. 4) to 4.38 kcal mol−1, as opposed to the 0.16 kcal

mol−1 singlet–triplet energy gap for the nitro-substituted
TMMs (Fig. 2).

Reactions of trimethylenemethane
[3 + 2] and [2 + 2] cycloaddition reactions of DMCP-derived
trimethylenemethanes with ethylene
The [3 + 2] cycloaddition reaction begins with the generation
of TMM A2 from the ring-opening reaction of A1 through
transition state TS(A1–A2) with an activation barrier of
40.68 kcal mol−1. The formation of product A3 proceeds
through the addition of ethylene to A2/s across C2 and C4
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Fig. 6 Energy profile for the ringopening reaction of nitrosubstituted
methylenecyclopropanethioacetal
to give substituted
trimethylenemethane on the
singlet and triplet surfaces.
Relative energies in kcal mol−1.
All bond distances are measured
in Å

(Scheme 4) via transition state TS(A2-A3) with an activation
barrier of 9.91 kcal mol−1. The formation of A3 is exergonic
by 49.38 kcal mol−1. The formation of product A4 proceeds
through the addition of ethylene to A2/s across C1 and C4 via
transition state TS(A2–A4), a step that has an activation barrier of 16.72 kcal mol−1 and is exergonic by 46.86 kcal mol−1
(Fig. 7). The nature of the transition states TS(A2–A3) and
TS(A2–A4) indicates a highly synchronous concerted mechanism. The thermodynamic stabilities of A3 and A4 are comparable, but kinetics strongly favor the formation of A3 over
A4. This makes A3 the kinetic product of the [3 + 2] cycloaddition reaction, in accord with the experimental observation of
A3 alone (Scheme 4) by Nakamura and Yamago [5] when
they used DMCP as the precursor.
A reaction that competes with [3 + 2] cycloaddition is the
dimerization of TMM A2, i.e., the [2 + 2] cycloaddition of A5,

leading to the formation of A6 and A7. This proceeds through
the isomerization of trimethylenemethane A1 to ketene A5,
involving the ring closure of A2 across the two free methylene
carbons C2 and C4, via transition state TS(A2–A5) with an
activation barrier of 8.76 kcal mol−1. Two molecules of A5
then undergo [2 + 2] cycloaddition to form the products A6
and A7. A7 is formed by the concerted addition of two molecules of A5 across C1 and C3 via transition state TS(A5–A7)
with an activation barrier of 43.84 kcal mol−1. The nature of
the transition state TS(A5–A7) points to a highly synchronous
concerted addition. Only A6 has been observed experimentally [8].
A6 is 2.27 kcal mol−1 less stable than A7, which could be
due to the repulsion generated by the steric crowding of the
two bulky facing alkoxy groups around the four-membered
ring (Scheme 4). There is less steric crowding around the four-
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Fig. 7 Energy profile for the reactions of dialkoxytrimethylenemethane on the singlet PES, involving [3 + 2] cycloaddition with ethylene and [2 + 2]
homocoupling of A5. Relative energies in kcal mol−1

membered ring of A7, which confers greater stability to that
structure than to A6.
Investigations were carried out to determine the effect of
adding a nitro group, which is an electron-withdrawing group,
on the cycloaddition reactions of trimethylenemethane with
ethylene (Fig. 8). This substitution leads to the formation of
the four regioisomers A3(NO2), A4(NO2), C1, and C2.
A3(NO2) is the most stable of all the cycloadducts, and its
formation is associated with an increased activation barrier
of 12.11 kcal mol−1 compared to that (9.91 kcal mol−1) in
the parent reaction.
The ring closure of A2(NO2) to ketene A5(NO2) proceeds
through transition state TS5(NO2), which has an increased
activation barrier of 16.36 kcal mol−1 compared to the the
parent reaction (8.76 kcal mol−1). This suggests that the [3 +
2] cycloaddition pathway involving TS3(NO2) is kinetically
favored over the ring-closure reaction.
Even though the transition states for the dimerization of A2
to form A8, A9, A10, and A11 (Scheme 4) were not computed
in this work, preliminary calculations indicate that the triplet

dimers A8, A9, A10, and A11 are 12.49, 11.32, 11.66, and
10.09 kcal mol−1, respectively, more stable than the two separated triplet A2 moieties, while no corresponding singlet dimers could be optimized. This implies that, barring activation
barriers that are prohibitive to their formation, these dimers
should form on the triplet surface.
[3 + 2] and [2 + 2] cycloaddition reactions of MCPT-derived
trimethylenemethanes with ethylene
TMM generated from MCPT shows similar reaction pathways
to TMM derived from DMCP; that is, [3 + 2] cycloaddition
reactions with ethylene and [2 + 2] cycloaddition leading to
the dimerization of B5 (Scheme 5). [3 + 2] cycloaddition to
form B3 involves ethylene addition to B2/s across C2 and C4,
and proceeds via transition state TS(B2–B3) with an activation barrier of 15.19 kcal mol−1 (Fig. 9), which is more than
twice that computed for the corresponding DMCP reaction.
Bond formation between ethylene and B2 to afford B3 happens in a concerted manner but is asynchronous, with bond
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Fig. 8 Energy profile for the reactions of nitro-substituted dialkoxytrimethylenemethane on the singlet PES, involving [3 + 2] cycloaddition with
ethylene and ring closure to give A5(NO2). Relative energies in kcal mol−1

distances of 2.69 Å and 2.48 Å. The formation of product B4
proceeds through the addition of ethylene to B2/s across C1
and C4 via transition state TS(B2–B4), with an activation
barrier of 19.7 kcal mol−1, which is 4.39 kcal mol−1 more than
that computed for DMCP. This addition happens in a concerted manner, with bond lengths of 2.57 Å and 2.61 Å at C4 and
C1, respectively. Kinetics favor the formation of B3 over B4,
as also observed for DMCP.
The dimerization of B5 to B6 passes through transition
state TS(B5–B6′) with an activation barrier of 37.75 kcal
mol−1 to afford intermediate B6′, which further cyclizes
with addition across C1 via transition state TS(B6′–B6).
B7 is formed by the concerted addition of two molecules
of B5 via transition state TS(B5–B7), with an activation
barrier of 74.65 kcal mol−1. The nature of transition state

TS(B5-B7) along the reaction coordinates points to a
highly synchronous concerted addition. The very high activation barrier required to form B7 explains why it has
not been observed experimentally [7, 8]. B6 was found to
be 4.32 kcal mol−1 less stable than B7, which is almost
twice as large as the difference in energy between A6 and
A7.
The introduction of an amine leads to larger activation barriers
of the follow-up reactions of the generated TMM B2(NH2) (Fig.
10) compared to the corresponding activation barrier for the reaction of the parent MCPT. B3(NH2) is formed with a marginally
increased activation barrier of 15.98 kcal mol−1 compared to
15.19 kcal mol−1 for the parent, and B4(NH2) is formed with a
slightly increased activation barrier of 21.19 kcal mol−1 compared to 19.70 kcal mol−1 for the parent reaction.
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Fig. 9 Energy profile for the reactions of thioacetal-trimethylenemethane, including [3 + 2] cycloaddition with ethylene and [2 + 2] cycloaddition of the
ketenethioacetal to form dimers B6 and B7. Relative energies are calculated in kcal mol−1

The final reaction to give the ketene B5(NH2) proceeds with an activation barrier of 13.14 kcal mol−1,
which is threefold that for the parent reaction. The addition of an amine group kinetically favors the ringclosure reaction over the [3 + 2] cycloaddition reactions,
just like in the parent MCPT reaction.
Effect of temperature on the selectivities of the reactions
of trimethylenemethanes
Since most of experimental studies of these reactions have
focused on thermal reactions, the effect of temperature on
the elementary steps becomes relevant. The first step proceeds with a positive free-energy change, hence work
must be done to initiate the process. This has been
achieved experimentally by applying heat and/or through
photolysis. The effect of changing the temperature was
investigated in the present study by varying the temperature from 0 °C to 250 °C (Tables 1 and 2).
At temperatures below 150 °C, [3 + 2] cycloaddition
in the DMCP involving TS(A2–A3) and the ringclosure reaction involving TS(A2–A5) seem to proceed
at similar rates, judging from the small energy

difference (<<2 kcal mol−1) between TS(A2–A3) and
TS(A2–A5), as shown in Table 1. The ring-closure reaction is kinetically favored as much as the ringopening reaction, and so, under the same conditions
required for the ring opening of A1 to give TMM A2,
ring closure of TMM to give ketene A5 could also be
followed by ring opening back to A2 or could proceed
to A6 and A7 via the [2 + 2] cycloaddition pathway.
The energetics for the [3 + 2] cycloaddition reaction involving TS(A2–A3) suggest that this process is thermodynamically favored due to the formation of the very
stable A3, which lies 43.78 kcal mol−1 below A1. The
implication of this is that below 150 °C, the formation
of A3 is favored over the formation of A5 thermodynamically but not kinetically.
Above 150 °C, the activation barrier to the [3 + 2]
cycloaddition reaction involving TS(A2–A3) increases
twofold, whereas that of the ring-closure reaction involving TS(A2–A5) remains fairly constant, implying
that the ring-closure reaction is favored over the [3 +
2] cycloaddition reactions. This suggests that two molecules of A5 certainly could convert to A6 or A7 via
[2 + 2] cycloaddition.

24
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Fig. 10 Energy profile for the reactions of amine-substituted thioacetal-trimethylenemethane on the singlet PES, involving [3 + 2] cycloaddition with
ethylene and ring closure to give B5(NO2). Relative energies in kcal mol−1

Similar to the DMCP case, the activation energies of the
ring-opening and ring-closure reactions in MCPT remain fairly constant when the temperature is increased by 250 K,
whereas that for the [3 + 2] cycloaddition pathway increases
nearly twofold (Table 2). Across the temperature range
Table 1 Variations in the
activation energies of the ringopening reaction of DMCP to
give TMM and follow-up
reactions with temperature

studied, it is apparent that the ring closure of B2 to give B5,
which subsequently dimerizes to B6 and B7, is favored over
the [3 + 2] cycloaddition reactions of B2 with ethylene. This is
in agreement with the work of Nakamura and coworker [7], in
which only B6 was isolated at all of the temperatures studied.

Activation energy, Ea (kcal mol−1)
Temperature (°C)
0
25
150
250

TS(A1–A2)
42.06
42.00
41.77
41.61

TS(A2–A3)
7.44
9.91
14.00
18.80

TS(A2–A4)
14.20
15.38
24.06
32.00

TS(A2–A5)
8.93
8.76
9.25
9.51
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Table 2 Variations in the activation energies of the ring-opening reaction of MCPT to give TMM and follow-up reactions with temperature

Table 3 HOMO and LUMO energies of dialkoxyTMM and ethylene,
as calculated using the density functional M06 method

Activation energy, Ea (kcal mol−1)

Structure

EHOMO
(kcal mol−1)

ELUMO
(kcal mol−1)

Temperature (°C) TS(B1–B2) TS(B2–B3) TS(B2–B4) TS(B2–B5)
0
42.31
14.12
18.59
4.81
25
42.27
15.19
19.70
4.79
150
42.12
20.85
25.25
4.82

A2/s
A2/t
Ethylene

−65.95
−98.39
−174.09

−29.76
45.32
17.35

250

41.83

25.52

29.96

4.48

Reactivity of singlet and triplet trimethylenemethane
Reactivity of dialkoxytrimethylenemethane
The Mulliken charges on the two free methylene carbons (C2
and C4) of A2/s and A2/t are −0.53 (−0.62 NBO) and −0.45
(−0.36 NBO), respectively. This, together with the electrostatic potential maps of A2/s and A2/t shown in Fig. 11, may
explain the difference in reactivity between the triplet and
singlet TMMs with electron-deficient olefins. The reaction
center of the singlet TMM is much more electron-rich than
that of the triplet TMM. Therefore, in a reaction with an
electron-deficient species, the reaction with the singlet TMM
is expected to be more feasible than that with the triplet TMM.
The HOMO–LUMO energy gap between A2/s and A2/t and
ethylene can also be used to rationalize the differences in
reactivity. The calculated energy difference between the
HOMO of A2/s and the LUMO of ethylene is +83.30 kcal
Fig. 11 Electrostatic potential
map of singlet (left) and triplet
(right) trimethylenemethane. Red
regions have high electron
density, yellow regions have
moderate electron density, and
blue regions have low electron
density

mol−1, while it is +115.74 kcal mol−1 between the HOMO of
A2/t and the LUMO of ethylene (Table 3), implying that a
reaction involving the Bflow^ of electrons from the HOMO of
the TMM to the LUMO of ethylene will be more feasible in
the singlet case as the HOMO–LUMO gap is smaller.
Also, the calculated Mulliken charges of +0.60 (+0.90
NBO) and +0.21 (−0.21 NBO) on C1 and C3, respectively,
in A2/s can be invoked to rationalize the attack of methoxy
on C1 when the generated TMM A2 (Scheme 1) is reacted
with methanol, as reported by Nakamura and coworkers [6].
Reactivity of thioacetal-trimethylenemethane
The reactivity of the singlet and triplet thioacetal-TMM with
ethylene is also explained by the electrostatic potential energy
map illustrating the charge distributions on the singlet and
triplet intermediates (shown in Fig. 12) as well as the
HOMO–LUMO energy gap of the reactants (shown in
Table 4). According to the map, there is greater electron

24
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Fig. 12 Electrostatic potential
map of singlet (left) and triplet
(right) trimethylenemethane. Red
regions have high electron
density, yellow regions have
moderate electron density, and
blue regions have low electron
density

density at the two methylene centers in B2/s, making the singlet trimethylenemethane more nucleophilic and hence more
likely to undergo [3 + 2] cycloaddition with ethylene, as also
seen for dialkoxyTMM. The methylene centers in the triplet
intermediate present lower electron density than those in the
singlet species. The difference between the HOMO (B2/s) and
LUMO (ethylene) energies is 98.89 kcal mol−1 in the singlet,
whereas that between the HOMO (B2/t) and LUMO
(ethylene) is 130.64 kcal mol−1. Since the HOMO–LUMO
gap is smaller in the singlet than in the triplet, cycloaddition
is more likely to occur with the singlet intermediate.
There is a Mulliken charge of −0.27 (−0.30 NBO) on C1,
which supports an observation made by Nakamura and
Yamago [8] in 2002: when methanol reacts with B2/s, the
methoxide does not attack C1 (such an attack was observed
for the dialkoxyTMM).

Conclusions
The following deductions can be made based on the results
obtained from this study.
The ring-opening reactions of dialkoxymethylenecyc
lopropane A1 and methylenecyclopropanethioacetal B1 to
give the corresponding trimethylenemethanes A2 and B2 are
not spin-conserved. The ring opening occurs on the singlet
PES, leading to the generation of a singlet TMM and a possible change of spin state to the triplet TMM. The presence of
acetal/alkoxy groups lowers the activation barrier for the ringopening reaction of methylenecyclopropane to

trimethylenemethane whereas the presence of thioacetal increases the activation barrier by a small fraction as compared
to the parents 1 and 2.
The presence of a strongly electron-withdrawing group decreases the activation barrier for the ring-opening step, sometimes by as much as twofold, and leads to a reduction in the
singlet–triplet energy gap of the corresponding TMM.
Increasing the strength of the electron-donating group leads to
the stabilization of the singlet TMM, making it the ground state.
Changing the temperature does not seem to affect the
energetics of ring opening, but it does markedly affect
the reactions of DMCP-derived TMMs: the [3 + 2] cycloaddition reaction of trimethylenemethane A2 with
ethylene is favored below 150 °C, whereas ring closure
of A2 to give ketene A5 and subsequently the dimers
A6 and A7 is favored above 150 °C. On the other
hand, ring closure of B2 to give the ketene and then
B6 and B7 is favored at all temperatures. Temperature
therefore does not seem to play a role in the generation
and reactions of MCPT-derived TMMs.
There is no triplet transition state for [3 + 2] cycloaddition
reactions with olefins, and hence no pathway for [3 + 2]
Table 4 HOMO and LUMO energies of thioacetal-TMM and ethylene,
as calculated using the density functional M06 method
Structure

EHOMO (kcal mol−1)

ELUMO (kcal mol−1)

B2/s
B2/t
Ethylene

−81.54
−113.29
−174.09

−52.30
17.45
17.35

J Mol Model (2018) 24:24

cycloaddition reactions on the triplet surface. Dimers A8, A9,
A10, and A11 only exist on the triplet surface.
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