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ABSTRACT

A trimethylenemethane (TMM) derivative 12•, in which the parent TMM is π-extended by the symmetric insertion of three pyridine rings into the
C-C bonds of TMM, has been synthesized by the alkali metal reduction of the isolated corresponding dication. Although the frozen-glass
X-band cw-ESR spectrum of 12• gave unresolved fine structures due to the small ZFS parameters, pulsed ESR two-dimensional electron spin
transient nutation (2D-ESTN) spectroscopy unambiguously can afford to identify diradical 12• as a triplet species.

Trimethylenemethane (TMM) is the simplest non-Kekulé
hydrocarbon1 and has attracted much attention in variuos
fields of chemistry and materials science, such as theoretical
chemistry,2 reactive intermediate,3 organic synthesis,4 and
molecular magnetism.5 Since the first detection of TMM by

Dowd,6 a number of TMM derivatives have been studied.7

A drawback to the studies of TMM derivatives is that the
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parent TMMs can survive only at cryogenic temperature.
Thus, a synthetic challenge relevant to TMM derivatives is
to chemically stabilize this fascinating π-electron system.
To our knowledge, there are only a few examples of stable
ground-state triplet TMM derivatives. Yang’s diradical, as
shown in Figure 1, is such a TMM derivative and has been

thoroughly investigated. Its ESR spectrum, magnetic sus-
ceptibility, and X-ray crystallographic analysis were re-
ported.8 Iwamura and Matsuda reported a TMM-based
bis(nitroxide) diradical (see Figure 1) whose MnII complex
exhibited the phase transition to a molecule-based bulk
magnet at 5 K.9 Among intriguing stable TMM-based
diradicals, more recently, Rajca and co-workers reported a
remarkably stable hydrocarbon diradical based on the TMM
framework (see Figure 1).10 The quest for new stable TMM
derivatives can afford to contribute to the further develop-
ment of TMM-based open shell chemistry. We have designed
a new TMM diradical 12· (see Figure 1), in which TMM is
π-extended symmetrically with three pyridinyl radical moi-
eties. Since the 2,4,6-triphenylpyridinyl radical is fairly
stable11 and the unpaired electron spins of pyridinyl radicals
are delocalized over the sizable pyridinyl ring, 12· is expected
to be a stable TMM-based diradical with strong intramo-

lecular ferromagnetic coupling.12 Here we report the syn-
thesis and direct identification of diradical 12· by pulsed ESR-
based two-dimensional electron spin transient nutation (2D-
ESTN) spectroscopy.13

The synthesis of dication 22+, which is the precursor of
the targeted diradical 12·, is illustrated in Scheme 1.

Kumada-Tamao coupling of 2,6-diphenyl-4-chloropyridine
(3)14 with methylmagnesium iodide in the presence of nickel
catalyst afforded the corresponding 4-methyl derivative 415

in excellent yield. A tris(4-pyridyl)methane derivative 6 was
obtained from 4 by iterative deprotonation-nucleophilic
substitution of 3 by way of bis(4-pyridyl)methane derivative
5.16 Tri-N-methylation of 6 was accomplished with trim-
ethyloxonium tetrafluoroborate to give dication 22+. Since
the BF4 salt of 22+ hardly crystallized, counterion exchange

(6) (a) Dowd, P. J. Am. Chem. Soc. 1966, 88, 2587. (b) Dowd, P. Acc.
Chem. Res. 1972, 5, 242. (c) Baseman, R. J.; Pratt, D. W.; Chow, M.; Dowd,
P. J. Am. Chem. Soc. 1976, 98, 5726. (d) Dowd, P.; Chow, M. Tetrahedron
1982, 38, 799. (e) Cramer, C. J. J. Chem. Soc., Perkin Trans. 2 1998, 1007.

(7) (a) Adams, F.; Gompper, R.; Hohenester, A.; Wagner, H.-U.
Tetrahedron Lett. 1988, 29, 6921. (b) Sugimoto, T.; Ikeda, K.; Yamauchi,
J. Chem. Lett. 1991, 20, 29. (c) Hirano, T.; Kumagai, T.; Miyashi, T.;
Akiyama, K.; Ikegami, Y. J. Org. Chem. 1992, 57, 876. (d) Jacobs, S. J.;
Shultz, D. A.; Jain, R.; Novak, J.; Dougherty, D. A. J. Am. Chem. Soc.
1993, 115, 1744. (e) Silverman, S. K.; Dougherty, D. A. J. Phys. Chem.
1993, 97, 13273. (f) West, A. P., Jr.; Silverman, S. K.; Dougherty, D. A.
J. Am. Chem. Soc. 1996, 118, 1452. (g) Shultz, D. A.; Boal, A. K.; Farmer,
G. T. J. Am. Chem. Soc. 1997, 119, 3846. (h) Abe, M.; Adam, W. J. Chem.
Soc., Perkin Trans. 1998, 2, 1063. (i) Sakurai, H.; Izuoka, A.; Sugawara,
T. J. Am. Chem. Soc. 2000, 122, 9723. (j) Shultz, D. A.; Fico, R. M., Jr.;
Bodnar, S. H.; Kumar, R. K.; Vostrikova, K. E.; Kampf, J. W.; Boyle,
P. D. J. Am. Chem. Soc. 2003, 125, 11761. (k) Shultz, D. A.; Fico, R. M.,
Jr.; Lee, H.; Kampf, J. W.; Kirschbaum, K.; Pinkerton, A. A.; Boyle, P. D.
J. Am. Chem. Soc. 2003, 125, 15426. (l) Ikeda, H. J. Photopolym. Sci.
Technol. 2008, 21, 327.

(8) (a) Yang, N. C.; Castro, A. J. J. Am. Chem. Soc. 1960, 82, 6208. (b)
Kreilick, R. J. Chem. Phys. 1965, 43, 308. (c) Mukai, K.; Ishizu, K.;
Deguchi, Y. J. Phys. Soc. Jpn. 1969, 27, 783. (d) Kopf, P. W.; Kreilick,
R. W. J. Am. Chem. Soc. 1969, 91, 6569. (e) Gierke, W.; Harrer, W.;
Kurreck, H.; Reusch, J. Tetrahedron Lett. 1973, 14, 3681. (f) Gierke, W.;
Harrer, W.; Kirste, B.; Kurreck, H.; Reusch, J. Z. Natur. B, Anorg. Chem.
Org. Chem. 1976, 31B, 965. (g) Broser, W.; Kirste, B.; Kurreck, H.; Reusch,
J. Z. Natur. B, Anorg. Chem. Org. Chem. 1976, 31B, 974. (h) Mukai, K.;
Mishina, T.; Ishizu, K. J. Chem. Phys. 1977, 66, 1680. (i) Mukai, K. Bull.
Chem. Soc. Jpn. 1978, 51, 313. (j) Kirste, B.; van Willigen, H.; Kurreck,
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Figure 1. Stable TMM-based diradicals.

Scheme 1. Synthesis of 22+
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was carried out to obtain the PF6 salt of 22+, which was
obtained as dark red crystals with green luster.

A single crystal of 22+·2(PF6
-) for X-ray crystallographic

analysis was obtained from a chloroform solution by the
technique of slow vapor diffusion with hexane (Figure 2).17

A relatively large R1 value is mainly due to the disorder of
chloroform molecules, and the molecular structure of 22+ is
well determined. Although 22+ does not take C3 symmetry
in the crystal, the structures of the three N-methylpyridinium
moieties are similar. The valence bond plane of the central
carbon atom is approximately planar (the sum of the bond
angles around C1 is 359.9°). Three pyridinium rings form a
propeller structure, and the dihedral angles between the
pyridinium rings and the central C1-C2-C8-C14 plane
are 47.0°, 23.7°, and 30.8°. Judging from the bond lengths,
the contribution of the quinonoid structure is appreciable in
all the pyridinium rings, indicating that two positive charges
are delocalized over the three pyridinium rings. On the other
hand, the dihedral angles between the phenyl groups and
pyridinium rings are relatively large (in the range of
44.8°-79.1°). This may be due to the steric repulsion
between the phenyl group and the adjacent methyl group on
the nitrogen site. The repulsion causes the deformation of the
pyridinium ring into a boat form. As a result, the methyl groups
are deviated from the plane of the pyridinium ring.

To estimate the stability of diradical 12·, the redox
properties of 22+·2(PF6

-) were examined by cyclic voltam-
metry (Figure 3). Dication 22+ exhibited two reversible

reduction waves (redE1 ) -1.61 V, redE2 ) -2.04 V vs Fc/
Fc+) as well as one reversible oxidation wave (oxE1 ) +0.40
V).18 Peak intensities observed in the CV and NPV (normal
pulse voltammetry) measurements19 revealed that the two
reduction and oxidation waves involve two-electron and one-
electron processes, respectively. Therefore, dication 22+

exhibits a multiredox system from tricationic monoradical
to dianion with high reversibility. This suggests that diradical
12· is a fairly stable species although the overreduction yields
the corresponding anion or dianion.

Alkali metal reduction of 22+·2(PF6
-) was performed with

3% Na-Hg in the mixture of degassed acetonitrile-2-
methyltetrahydrofuran (2-MTHF). The reduction was moni-
tored by UV-vis-NIR spectroscopy (Figure 4a). The ab-
sorption peak at 540 nm due to 22+ slightly decreased in
intensity by reduction, and a new broadband appeared in the
range of 700-1000 nm. This broad absorption is ascribable
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Figure 4. (a) UV-vis-NIR spectral change upon the reduction of
22+·2(PF6

-) with 3% Na-Hg. (b) X-band ESR spectrum of diradical
12· in CH3CN-MTHF at 77 K.

Figure 2. ORTEP drawing of 22+ (50% probability). Hydrogen
atoms, PF6

- ions, and CHCl3 molecules are omitted for clarity.
Figure 3. Cyclic voltammogram of 22+·2(PF6

-) in acetonitrile.
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to the formation of diradical 12·, noting that Yang’s biradical
also exhibits the weak absorption (λmax ) 810 nm)8f in a
similar range. The spectrum of 12· remained unchanged under
the inert atmosphere at room temperature, suggesting the high
stability of 12·. This absorption band due to 12· disappeared
by further reduction, probably due to formation of the
corresponding dianion species. When the intensity of the
absorption in 700-1000 nm became maximized, we mea-
sured X-band cw-ESR spectra at 77 K in the same acetoni-
trile-2-MTHF glass (Figure 4b). As expected from the
extended nature of the π-electron network of 12· and the
geometrical symmetry of its molecular structure, only a broad
signal with shoulder wings corresponding to canonical peaks
due to the fine-structure D tensor was observed, suggesting
the existence of triplet species in addition to doublet species
such as radical cation or radical anion species. The signal
region of the ESR spectrum covers about 10 mT, and the
estimated zero-field parameter, D-value (|D| ) 0.002 cm-1),
is comparable to those of reported TMM derivative
diradicals.7b,8i,9a,10 Apparently, the signals of diradical 12·

were masked by the doublet species. The fine-structure
forbidden transitions due to ∆Ms ) (2 were too weak to be
detected, being consistent with the calculated transition
intensities.

To confirm the existence of the targeted diradical 12· in a
straightforward manner, we measured pulse ESR-based
X-band two-dimensional electron spin transient nutation (2D-
ESTN) spectra of 12·. The 2D-ESTN spectroscopy as
transition moment spectroscopy is a powerful method for
the discrimination of spin multiplicity when the sample
contains the chemical species of different spin multiplicity.20

Figure 5 shows the field-swept 2D-ESTN spectra of
diradical 12· observed at 50 K. Besides an intense nutation
frequency peak at 25.2 MHz, nutation peaks corresponding

to the canonical orientations are observed at 35.5 MHz. The
latter peak at 35.5 MHz is unequivocally recognized from
the field slice of the ESTN spectrum at 345.9 mT (Figure
5a). A ratio of the observed nutation frequencies, 35.5/25.2,
corresponds to that of �2/1 expected for a triplet state from
the equation of ωn ) [S(S + 1) - Ms(Ms - 1)]1/2ω1 in the
weak limit of microwave excitation for S ) 1, where ω1

denotes the nutation frequency for S ) 1/2.19 Therefore, the
nutation frequency peaks at 35.5 MHz are assignable to the
XY canonical peaks of triplet-state diradical 12 in a straight-
forward manner. The contour plot illustrates that the triplet
species is not a trace species but contributes a great deal to
the field-swept ESTN spectra. It seems reasonable that the
|D| value of 12· is comparable to that of Yang’s diradical, by
confirming that the observed nutation peaks at 35.5 MHz
are ascribed to the canonical transitions from the triplet state
in our ESTN experiments. Sophisticated quantum chemical
calculations of zero-field splitting tensors for TMM and
sizable TMM derivatives are underway.21

In summary, we have synthesized a novel TMM diradical
12· as a stabilized TMM derivative. Diradical 12· with three
pyridinyl moieties is stable under an inert atmosphere at room
temperature. The spin multiplicity of 12· has unambiguously
been identified as a triplet species by pulse ESR-based 2D-
ESTN spectroscopy. The experimental D value of 12· has
been derived from the contour plot of the 2D-ESTN spectra
and is comparable to that of Yang’s diradical. This finding
suggests that the spin distribution of 12· is extended over the
three pyridinyl moieties, being consistent with the molecular
orbital calculation. The experimental determination of the
ground state for diradical 12·, the isolation, and quantum
chemical calculations of the zero-field splitting tensors for
TMM and its sizable derivatives are in progress.
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Figure 5. Slices and contour plot of the 2D-ESTN spectra of
diradical 12· (T ) 50 K, νMW ) 9.667854 GHz). (a) Field slice of
the 2D-ESTN spectra at 345.9 mT. (b) Contour plot. The broken
lines at 25.2 and 35.5 MHz correspond to the doublet and triplet
species, respectively. (c) Frequency slice of the 2D-ESTN spectra
at 35.5 MHz.
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