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ABSTRACT: The reversible interconversion between methylenecyclopropane (MCP) and trimethylenemethane (TMM) has been
extensively studied, yet precise control over their spin states remains challenging. Here, we designed and synthesized a propeller-
shaped π-extended MCP derivative and its corresponding TMM derivative with anthroxyl moieties. The MCP derivative was
isolated as a stable compound, and upon photoirradiation, it generated the triplet-state TMM derivative, which reverted to the MCP
derivative without decomposition. In contrast, thermal excitation induced a unique carbon−carbon bond fluxionality within the
MCP core via a concerted 1,3-sigmatropic rearrangement rather than a stepwise diradical pathway. These findings demonstrate that
external stimuli such as light and heat enable spin-state control and dynamic bond fluxionality, providing new insights into organic
stimuli-responsive materials.

■ INTRODUCTION
The elucidation of the properties and reactivity control of
highly reactive chemical species such as cations, anions, and
radicals has recently attracted increasing attention, as it serves
as a foundation for the synthesis of compounds with complex
electronic states1−5 and the development of novel skeletal
transformation/construction reactions.6−8 Trimethyleneme-
thane (TMM) is one of the well-studied highly reactive
species, which exists in a triplet ground state (ΔEST = +16.1
kcal mol−1, Figure 1a).9−13 Photolysis of 4-methylene-Δ1-
pyrazoline or 3-methylenecyclobutene can generate TMM only
in low-temperature matrix at −196 °C, but at −150 °C, TMM
rapidly cyclizes within minutes to form a stable closed-shell
species, methylenecyclopropane (MCP). MCP undergoes a
retrocyclization upon heating, regenerating TMM, but it is also
known to undergo carbon−carbon bond exchange, forming a
cyclopropane ring again at different carbon−carbon posi-
tions.14−18 Two mechanisms have been proposed for this
reaction: a concerted 1,3-sigmatropic rearrangement and a
stepwise mechanism involving a twisted open-shell singlet
diradical intermediate (Figure 1b). Previous studies have
revealed that the carbon−carbon (C−C) bond exchange

proceeds via the stepwise mechanism involving the open-shell
singlet diradical intermediate.6,19−21 Although TMM generated
by the elimination of CO or N2 initially shows triplet character
before cyclizing to MCP, upon thermal retrocyclization of
MCP, the open-shell singlet diradical intermediate is formed.
This suggests that the triplet or singlet state of TMM can be
controlled depending on the method of generation. If it
becomes possible to repeatedly generate stable singlet and
triplet states in TMM derivatives by applying external stimuli
such as light, heat, or mechanical force to the MCP framework,
this could open the potential for applications in stimuli-
responsive magnetic materials based on organic com-
pounds.22−27 Furthermore, the C−C bond rearrangement in
MCP is an attractive function to create a unique dynamical
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aromatic π-system as well as to understand the nature of the
C−C bond.28−34

In this study, we designed a propeller-shaped π-extended
TMM derivative, 1-T, where the TMM framework is extended
into three bulky anthroxyl skeletons (Figure 1c). A π-extended
TMM derivative with three phenoxyl groups, known as Yang’s
biradical, is a relatively stable TMM derivative in a triplet
ground state,35 but due to spin delocalization onto the oxygen
atoms, it does not form MCP, a hallmark of TMM reactivity
(Figure 1d). On the other hand, in the anthroxyl framework,
the spin density on the oxygen atom is reduced compared to
the phenoxyl framework, and it is known that the spin density
becomes dominant on the carbons at the 9-positions.36

Therefore, the formation of MCP skeleton 1-M, which was
not observed in Yang’s biradical, is expected. By applying
external stimuli to 1-M, we hypothesized that 1-T could be
regenerated as a stable species because the propeller structure
composed of three bulky anthroxyl groups kinetically and
thermodynamically stabilizes the reactive center of the TMM
unit.37 In this article, we report the synthesis and fundamental
properties of the π-extended MCP derivative 1-M and TMM
derivative 1-T. We successfully isolated 1-M as a stable
compound. By photoirradiation, a stable triplet species of
TMM derivative 1-T was generated and reverted to 1-M
without decomposition. On the contrary, upon heating 1-M in
solution, a C−C bond exchange rapidly occurred, but unlike
existing MCP derivatives, it proceeded without passing
through an open-shell singlet diradical intermediate, instead
undergoing a 1,3-sigmatropic rearrangement. These findings
demonstrate that external stimuli, such as heat and light,
induce C−C bond fluxion on the MCP core, affording a dual
potential energy surface derived from the closed-shell singlet
and triplet states in the ground state.

■ RESULTS AND DISCUSSION
Synthesis and X-ray Structural Analysis. The synthetic

procedure for 1-M and 1-T is shown in Figure 2a. Integration
of three bulky aromatic units in the central TMM backbone
was achieved by employing Negishi coupling conditions
between 2 and the corresponding anthryl zinc reagent, yielding
3 in 64%. Demethylation of the methoxy groups of 3 using
tribromoborane afforded 4. Interestingly, compound 4 was
partially oxidized by air in solution, resulting in one of the
target compounds 1-M being obtained as a mixture. Thus, the
crude material of 4 was directly used for the generation of 1-M
and 1-T by using potassium ferricyanide as an oxidant.

Fortunately, the stability of 1-M is high enough to handle
under ambient conditions, and a single crystal suitable for the
measurement of X-ray crystallography was obtained, and
structural analysis of 1-M was unambiguously performed as
shown in Figures 2b,c and S1. As aforementioned, the spin
density of the anthroxyl radical localizes at the 9-position of
carbon, and two anthroxyl radicals strongly interact in a face-
to-face manner, affording a MCP core composed of an
anthrone dimer. The central anthroquinomethyl unit is slightly
bent toward the MCP core (θ3 = 12°). In the X-ray
crystallographic analysis, the recrystallization solvent of
hexafluorobenzene was found to lie above the anthroquino-
methyl unit; however, the bending is not induced by this
solvent molecule but rather arises from steric hindrance of the
anthrone dimer, as also reproduced by the optimized structure
obtained from quantum chemical calculations (Figure S2).
Regarding the C−C bond lengths in the MCP core, C1−C2
and C2−C3 (C2−C3′) are usual lengths at 1.341(3) Å for a
double bond and at 1.467(2) Å for a single bond, respectively.
On the other hand, due to bulky anthroxyl units integrated
face-to-face, the bond length at C3−C3′ is 1.680(3) Å, which
is a long C−C bond and seems readily dissociating to afford
the 1-T. These bond lengths are reflected on the bond angles
in MCP that are θ1 = 69.9° and θ2 = 55.1°. To evaluate the

Figure 1. (a) Photoirradiation method for the generation of trimethylenemethane (TMM) with ground-state triplet and thermal ring closure to
methylenecyclopropane (MCP). (b) Thermal C−C bond rearrangement of MCP and two rearrangement mechanisms, concerted and stepwise
pathways. (c) π-extended TMM derivative 1-T and corresponding MCP derivative 1-M. (d) Typical π-extended TMM of Yang’s biradical.
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Figure 2. (a) Synthetic route to 1-M and 1-T. (b) Front view of the molecular structure of 1-M. Structural parameters such as C−C bond lengths
and bond angles of the central TMM unit are summarized. (c) Side view of 1-M. Hydrogens are omitted, and tert-butyl groups are represented by
wireframes for clarity. Thermal ellipsoids at 50% probability. (d) Electron density distribution (EDD) analysis map (left) and atom in molecules
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hybridization state of C3 (C3′), the π-orbital axis vector
(POAV) analysis method, which involves a structural
deformation analysis of an sp2 carbon atom from planarity,
was employed (Figure S1d).38 The POAV pyramidalization
angle (θp) of C3 was found to be 4.86°, suggesting a slight
deviation from perfect sp2 hybridization. This hybridization
state is fully consistent with the NBO analysis (B3LYP-D3/6-
311+G**), thereby indicating that the orbitals involved in the
bonding interaction between C3 and C3′ possess significant 2p
character (p % = 89%) with a small contribution of 2s
character (s % = 11%). To gain deeper insight into the
electronic interaction between C3 and C3′, electron density
distribution (EDD) analysis was performed to visualize the
distribution of valence electrons in the crystalline state, and the
static model deformation density map of 1-M on the plane of
the MCP core is shown in Figure 2d. A concentration of
electron density apparently exists in between C3 and C3′
about +0.07 e Å−3, which is relatively lower than the other C−
C bonds between C1−C2 (+0.15 e Å−3) and C2−C3 (+0.13 e
Å−3). Atom in molecules (AIM) analysis39 based on the
theoretical electron density, which was determined by a
B3LYP-D3/6-311+G** calculation using the X-ray structure,
also showed a bond critical point (BCP) between C3 and C3′.
The BCP exhibits the electron density ρ = 0.169 au, the total
electron energy density H = −0.095 au, and the Laplacian of
the electron density ∇2ρ = −0.001 au, which satisfies the
criteria of a covalent bond in the AIM analysis. To further
evaluate the structures of 1-M and 1-T, quantum chemical
calculations were performed (Figure S2). The calculated
structure of 1-M is in good agreement with the results of X-

ray analysis. Regarding the spin state of 1-T, both open-shell
singlet diradical and triplet states are considered, and the
calculations indicate that the energy of the triplet state is lower
than that of the open-shell singlet diradical state. The
energetically most stable state is 1-M, but the energy difference
between 1-M and 1-T (triplet) is estimated to be only 1.86
kcal mol−1 ((U)B3LYP-D3/6-311+G**). Therefore, external
stimuli-induced structural changing (spin-state changing)
between 1-M and 1-T was expected.

Photostimulated Generation of 1-T. The external
stimuli-induced structural change between 1-M and 1-T was
performed by using the flash photolysis technique in solution.
The steady-state UV−vis spectrum of 1-M shows a broad weak
band from 400 to 500 nm and intense peaks at 370 and 355
nm (Figure 3a). On the other hand, the transient absorption
spectroscopy of 1-M revealed that a transient species with
absorption at 570 and 535 nm was observed (Figure 3b). The
result of TD-DFT calculations of 1-T is highly consistent with
this transient absorption (Table S1 and Figures S3 and S4).
ESR measurement of 1-M at 85 K with photoirradiation (355
nm) exhibited zero-field splitting with |D| = 5.80 mT and |E| =
0.88 mT, which is characteristic for a triplet species (Figure
3c). The average spin−spin distance was estimated from the |
D| value to be 7.88 Å by a point-dipole approximation.
Comparison with the optimized structure obtained from
quantum chemical calculations shows that this distance is
much closer to the carbonyl carbon−carbon separation
between the anthroxyl units (7.59 Å) than to the central
TMM core carbon−carbon distance (2.51 Å) (Figure 3d).
Thus, unpaired electrons of 1-T delocalize onto anthroxyl

Figure 2. continued

analysis map (right) focused on the MCP core (C2−C3−C3′ plane) of 1-M. The red lines in EDD represent positive contours from 0.01 to 0.05 e
Å−3 in steps of 0.01 e Å−3. The blue dashed lines in EDD represent negative contours from −0.05 to −0.50 e Å−3 in steps of −0.05 e Å−3.

Figure 3. (a) UV−vis spectrum of 1-M in benzene. (b) Transient absorption spectrum of 1-M in benzene. (c) ESR spectrum of 1-M before
irradiation (black) and after irradiation at 85 K (red) in 2-methyltetrahydrofuran (10 mM) and simulated spectra (blue). (d) Carbon−carbon
distances of the MCP core and carbonyl carbons between two anthroxyl units in 1-T.
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units, which is confirmed by quantum chemical calculations
(Figure S2c). Such delocalization of spin density onto the
carbonyl oxygen atoms is expected to facilitate spin inversion,
which can rationalize why the photogenerated triplet state 1-T
readily reverts to the closed-shell 1-M despite the spin-
forbidden nature of direct recombination. After the transient
absorption measurement, no spectral changing of UV−vis of 1-
M was confirmed, indicating that the generated 1-T thermally
reverts to 1-M without decomposition (Figure S7). The half-

life (τ) of 1-T was determined to be 1.04 μs under an argon
atmosphere. Interestingly, the τ under an oxygen atmosphere is
0.93 μs, which is almost no quenching by oxygen, probably
because the steric hindrance of the large π-blade of three
anthroxyl units effectively suppresses the quenching of the
triplet state from oxygen (Figure S8). By changing the
measurement temperature of the decay profile, the thermody-
namic parameters ΔH(T → M)

⧧ and ΔS(T → M)
⧧ for the

reversion from 1-T to 1-M were determined to be 3.68 kcal

Figure 4. (a) Relative energy potential curve of 1-M for the C−C distance. (b)−(e) Relative energy potential curves of the singlet (open-shell)
structures derived from 1-M and the corresponding triplet-state structures as a function of the dihedral angle θ of the anthroxyl unit, where θ is
defined as the angle between the plane of the three carbon atoms of the cyclopropane core (shown in pink) and the mean plane of the central six-
membered ring of the anthrone unit (shown in purple) ((U)B3LYP-D3/6−31G*).
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mol−1 and −18.1 cal mol−1 K−1, respectively (Figure S9),
corresponding to ΔG(T→M, 298 K)

⧧ = 9.07 kcal mol−1. The
negative entropy term is due to the ring-closing reaction from
TMM to MCP. The activation energy Ea for this reversion is to
be 4.31 kcal mol−1, which is consistent with that of
nonsubstituted TMM to MCP (2.0 to 5.0 kcal mol−1).12

To further investigate the reversion mechanism from 1-T to
1-M, quantum chemical calculations (B3LYP-D3/6−31G*)
were performed to construct potential energy curves as a
function of the C−C distance and the dihedral angle (θ),
where θ is defined as the angle between the plane of the three
carbon atoms of the cyclopropane core and the mean plane of
the central six-membered ring of the anthrone unit, starting
from the 1-M geometry with a C−C distance of 1.7 Å. When
the C−C distance is less than 2.30 Å, the closed-shell singlet is
the most stable form. At distances greater than 2.30 Å,
however, the system begins to exhibit singlet diradical

character (Figure 4a). Nevertheless, the energy of the triplet
state remains higher than that of the singlet states due to
strong antiparallel spin−spin interactions in the face-to-face
arrangement of the anthroxyl units. Therefore, using the
optimized structures of the open-shell singlet and triplet states
at C−C distances exceeding 2.30 Å, we systematically varied
the dihedral angle between the two anthroxyl units (Figure
4b−e). As the dihedral angle decreases, the energy of the open-
shell singlet gradually increases, whereas that of the triplet state
gradually decreases, ultimately leading to the formation of a
propeller-shaped, stable triplet structure (C−C: 2.50 Å and θ =
40°), which lies +4.6 kcal mol−1 above 1-M (C−C: 1.70 Å and
θ = 90°). The activation energy for the 1-T to 1-M conversion,
estimated from the crossing point of the potential energy
curves of triplet and singlet (open-shell) states (+7.5−8.2 kcal
mol−1), is calculated to be 2.9−3.6 kcal mol−1, which is in good

Figure 5. (a) VT 1H NMR spectra of 1-M measured in 1,1,2,2-tetrachloroethane-d2. (b) 1H−1H EXSY spectrum of 1-M in the range of 9−6 ppm,
measured in 1,1,2,2-tetrachloroethane-d2 at 298 K (mixing time = 200 ms). Cross-correlations between protons a and f, b and e, and c and d are
depicted with red, blue, and green lines, respectively. (c) 1H−1H TOCSY spectrum of 1-M in the range of 9−6 ppm, measured in 1,1,2,2-
tetrachloroethane-d2 at 298 K (mixing time = 30 ms). Cross-correlations between protons b and d and c and e are depicted with black lines.
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agreement with the experimental results (Ea = 4.31 kcal
mol−1).

NMR Study on the 1,3-Sigmatropic C−C Bond
Fluxion of the MCP Core. The thermally accessible triplet
state of singlet diradicals has been extensively studied. For
compound 1-M, structural conversion to 1-T via thermal
excitation in solution was anticipated. To evaluate the
generation of 1-T, variable-temperature (VT) 1H NMR
measurements of 1-M were conducted. At room temperature
(298 K), the 1H NMR signals of 1-M appeared slightly
broadened, but they became sharper upon cooling (Figure 5a).
This behavior initially seems to imply an increase in the
population of the thermally excited triplet state at elevated
temperatures, associated with the opening of the MCP core to
form a TMM core; however, as clarified in the following
analyses, this possibility was excluded. Upon heating, the 1H
NMR signals of 1-M broaden further between 313 and 343 K
compared to those at 298 K. Interestingly, however, the
broadened peaks become sharper again at 393 K. In addition,
several proton signals (a and f, b and e, c and d, tBu-a and tBu-
b) gradually coalesce into a highly symmetric pattern. This
signal behavior suggests that the broadening is not due to
thermal generation of the triplet state 1-T. This conclusion is
further supported by VT-ESR measurements, which show no
indication of thermally generated 1-T but only show a signal
originating from the doublet impurity of 1-IM (Figure S10).
Notably, 1-IM can be obtained as a minor byproduct when
recrystallization of 1-M is carried out under air, where partial
oxidation of 1-M leads to the incorporation of 1-IM crystals.
Thus, dynamic structural rearrangement within the MCP core

could be considered as another possible origin of the signal
broadening.

To gain further insight into the dynamics of 1-M, 1H−1H
exchange spectroscopy (EXSY) was performed to examine the
anthroxyl ring exchange (Figure 5b). Notably, even at room
temperature (298 K), cross-peaks are observed between a and
f, between b and e, and between c and d, indicating mutual
exchange of proton positions. Furthermore, total correlation
spectroscopy (TOCSY) measurements show cross-peaks
between b and d and between c and e, protons that do not
belong to the same anthroxyl ring, indicating exchange
between rings (Figure 5c). These experimental results provide
clear evidence that 1-M undergoes continuous dissociation and
reformation of the C−C bond in solution due to fluxional
motion within the MCP core without forming the triplet
intermediate of 1-T (Figure 6). The C−C bond exchange rate
(kex) between 298 and 393 K was determined by line-shape
analysis of the VT 1H NMR spectra (Figure S11). The values
of kex were found to be 9 s−1 at 298 K and 12,000 s−1 at 393 K.
Thermodynamic activation parameters ΔH(C−C)

⧧ and
ΔS(C−C)

⧧ were obtained from an Eyring plot based on these
rates (Figure S12), yielding ΔH(C−C)

⧧ = 16.8 kcal mol−1 and
ΔS(C−C)

⧧ = 2.11 cal mol−1 K−1, which correspond to
ΔG(C−C, 298 K)

⧧ = 16.2 kcal mol−1. The positive entropy term
is consistent with a ring-opening process in the MCP core.
Notably, the activation enthalpy is significantly lower than that
of previously reported MCP derivatives.6,17,18 However,
compared to the calculated and experimental energy differ-
ences between 1-T and 1-M (from photochemical studies),
these values are relatively high, suggesting that the C−C bond

Figure 6. Schematic illustration of the fluxional C−C bond of 1-M without forming the triplet intermediate of 1-T.
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fluxion in 1-M does not proceed through 1-T as an
intermediate.

To understand the C−C bond fluxionality in the MCP core,
we conducted computational studies. Since the experimental

Figure 7. (a) Molecular structure of a candidate transition state 1-M′ for the 1,3-sigmatropic shift together with its Gibbs free energy barrier (293
K) and structural changes in the central TMM core during the 1,3-sigmatropic shift. Calculations were performed at the B3LYP/6-311+G* level of
theory. (b) General schematic illustration of the two possible ring-opening pathways of an MCP core leading to a TMM framework (not specific to
the present system). (c) Molecular orbital description for a usual 1,3-sigmatropic carbon shift (up)41 and the case of C−C bond fluxion of 1-M
(down). Reproduced from ref 41. Copyright [1967] American Chemical Society.
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results suggest that the fluxional process does not proceed via
the triplet intermediate 1-T, we explored an alternative
pathway involving 1-M′, a closed-shell singlet species and a
candidate for the transition state, using spin-restricted DFT
calculations (Figure 7a and Figure S13). Although the intrinsic
reaction coordinate (IRC) calculation could not be completed
due to the presence of a shallow plateau on the potential
energy surface near the first-order saddle point (Figure S14−
S15), the apparent Gibbs free energy barrier (ΔGcal

⧧) of 1-M′
was calculated to be 16.3 kcal mol−1 at 298.15 K, in good
agreement with the experimental value (ΔGexp

⧧ = 16.2 kcal
mol−1 at 298 K). This result suggests that the fluxional process
may proceed via a concerted mechanism, consistent with a 1,3-
sigmatropic rearrangement. Two possible mechanisms have
been proposed for C−C bond rearrangements in MCP
derivatives: stepwise and concerted. Experimental and
computational studies have previously supported only the
stepwise pathway involving a twisted TMM intermediate in a
singlet diradical state. To clarify why 1-M follows a concerted
1,3-sigmatropic pathway, frontier molecular orbital analysis was
employed. The ring-opening of the MCP core can, in theory,
occur via a conrotatory or disrotatory motion (Figure 7b). In
1-M, however, the bulky face-to-face anthroxyl units with their
extended π-systems impose significant steric constraints,
allowing only a conrotatory ring-opening pathway. This
conrotatory rotation of the two anthroxyl units induces a
counter-rotation of the third, resembling a gear-like motion. At
the transition state, the p-orbital on the migrating carbon C4
undergoes a 1,3-shift of the propenyl π-system from C1 to C3
with steric inversion. Based on the selection rules for carbon-
based 1,3-sigmatropic rearrangement proposed by Woodward
and Hoffmann,40 the symmetrically allowed pathways are that
the p-orbital of migrating carbon interacts with the allylic π-
system as a suprafacial interaction with steric inversion and an
antrafacial interaction with steric retention. Because of the
antrafacial pathway being geometrically unfeasible, only the
suprafacial pathway with steric inversion of the migrating
carbon has been observed (Figure 7c).41,42 Although the
bonding interaction mode of the 1,3-shift in 1-M′ seemed to
be antarafacial, the propenyl π-orbital between C1−C2 and
C2−C3 in TMM has an unusual orthogonal twist system. In
addition, during the 1,3-shift, the propenyl π-orbital con-
tinuously rotates. Thus, the bonding interaction mode in 1-M′
can be classified as suprafacial. This interaction satisfies the
selection rules for a symmetry-allowed 1,3-sigmatropic
rearrangement of a carbon atom. Consequently, the generation
of triplet 1-T via spin inversion seems to be suppressed, as the
p-orbitals in the MCP core appear to remain in bonding
interaction throughout the rearrangement, as suggested by the
HOMO and HOMO−1 of 1-M′ (Figure S13b). Thus, the
thermal C−C bond fluxion of 1-M proceeds not through the
lower-energy 1-T intermediate (accessible only via photo-
irradiation) but rather via a higher-energy closed-shell singlet
pathway through 1-M′, probably due to a weak spin−orbit
coupling at the minimum energy crossing point between
singlet and triplet energy surfaces.43−46 While this mechanistic
proposal is supported by both experimental data and DFT
calculations, and the chosen computational level is consistent
with previous studies on related diradicaloid hydrocarbons and
has been shown to reproduce experimental S−T gaps
reliably,34,47,48 further refinement through higher-level compu-
tational methods, including potential energy surface mapping
and nonadiabatic dynamics simulations, will provide deeper

insights into the full reaction pathway and the interplay
between spin states in this unique fluxional system.

■ CONCLUSION
In this article, we designed the π-extended MCP 1-M and
TMM 1-T, which contain an appended anthroxyl moiety, and
the MCP 1-M was isolated as a stable form. Photoirradiation of
1-M readily produces 1-T, which was unambiguously
characterized by a transient measurement technique. The
generated 1-T reverts to 1-M by pathing potential energy
surfaces from triplet to singlet in the ground state without
decomposition. On the other hand, 1-M shows continuous C−
C bond dissociation and formation, and, during the process,
the existence of a closed-shell transition state 1-M′ was
proposed experimentally and computationally. Based on the
Woodward−Hoffmann rule, the C−C bond fluxion of 1-M
occurs by a 1,3-sigmatropic mechanism due to the structural
restriction of large anthroxyl π-blades, which was first
discovered in the history of TMM/MCP chemistry. These
findings demonstrate that external stimuli, such as heat and
light, induce dynamic structural changes with the C−C bond
fluxionality, enabling spin-state control of either an open-shell
triplet or a closed-shell singlet in the ground state.
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