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Open-shell molecules such as radicals, carbenes, and electroni-
cally excited-state molecules exhibit high energies, and thus, in
general, they are quite reactive.' The short-lived species play
crucial roles in molecular transformations and also in materials
science. In the last century, scientists carried out pioneering
studies on methods to detect and characterize these short-lived
intermediates. Quantum chemical calculations allowed scien-
tists not only to understand the three-dimensional structures
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Figure 1. Zeeman effect on unpaired electrons and ESR spectrum for
the simplest system (ie., free electrons).

and electronic properties of these species, but also to design
new molecules with novel properties. Experimental techniques
such as laser flash photolysis (LFP) and low-temperature matrix
isolation methods provided opportunities for the direct
detection of short-lived species using spectroscopic techniques
such as electron spin resonance (ESR) spectroscopy, electronic
absorption and emission spectroscopy, and IR spectroscopy.
These fundamental research studies made great contributions
to the significant development in the fields of mechanistic
chemistry, synthetic chemistry, materials chemistry, and
biological chemistry.

Since the end of the last century, significant developments in
the chemistry of open-shell molecules have been achieved.
Most of the developments originate in the preparation of long-
lived open-shell molecules.” The creative design of ligands and
substituents have made it possible to increase the lifetimes of
reactive molecules or even isolate inherently high-energy
molecules. The unique character of heteroatoms has also
provided opportunities to isolate exotic compounds. In this
review article, diradicals among the open-shell molecules were
chosen as the focus, and their chemistry is summarized. The
technical term “biradical(s)” is also used in the literature with
the same meaning as diradical(s). However, use of a single
name throughout an article is more straightforward. Thus, the
term diradical is first defined, and then, recent developments in
their chemistry are summarized and discussed.

1.56 mT

o
-

doublet

O
z
O2 O
(o)X o)
z
O

a pair of doublet

-~ diradical
0.78 mT

Figure 3. ESR spectra of bis(nitroxide)s with different exchange
interactions (J).

1.1. What are Diradicals?>~>

Molecules containing an unpaired electron are called
monoradicals, free radicals, or simply radicals. Every electron
has a magnetic moment and a spin quantum number of S = '/,,
with magnetic components m, = +'/, and m; = —'/,. When an
external magnetic field (H) is applied in a direction, the
electron’s magnetic moment aligns itself either parallel (m, =
—'/,, B spin) or antiparallel (m, = +'/,, @ spin) to the field
(Figure 1). The spin multiplicity (2§ + 1) of monoradicals is
doublet (2); thus, monoradicals are also called doublet species.

Each electron’s magnetic moment has a specific energy due
to the Zeeman effect in the presence of an external magnetic
field (H). These energies (E, and Ep) are given by the equation
of E = mg.u H, where g, is the electron’s so-called g factor (g, =
2.0023 for the free electron), g, is the Bohr magnetron
(9274078 x 107*J T™'), and H is the strength of the applied
magnetic field. Thus, the Zeeman energy difference between
the lower and upper states (AE = E, — Ejp) is given by AE =
geMH. Electron spin resonance (ESR) occurs when the
frequency (v) is adjusted to the energy of AE = E, — E; =
getH = hv.
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Figure 2. What are diradicals?
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Figure 4. Possible electronic configurations for triplet and singlet states.
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Figure S. Generation and detection of diradicals in a cryogenic matrix.
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Figure 7. Example of the inadequate estimation of a radical—radical
distance in delocalized diradicals using the point-dipole approximation.

When there are two unpaired electrons (radicals) in a
molecule, the term diradical or biradical refers to the molecule.
According to the IUPAC Compendium of Chemical Terminology,
the so-called Gold Book biradical is a technical term for
molecules in which the two electrons act independently or
nearly independently.® Thus, biradicals are most easily
understood as two doublets in a molecule. In other words,
the electron exchange interaction (J) between the two unpaired

electrons is negligible or nearly negligible for biradicals because
of the long distance (r) between the two electrons (Figure 2).
When the magnitude of the dipole—dipole interaction in a
molecule is large enough to produce two spin states, namely,
singlet (S, S = 0, spin multiplicity = 1) and triplet (T, S = 1,
spin multiplicity = 3), the molecular species with the two
unpaired electrons is referred to as a diradical.” The electron
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Figure 6. Typical ESR spectra of triplet diradicals in the solid state.
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Figure 10. Photoelectron spectrum of the negative anion of
propadienylidene (CH,C=C:). Reprinted with permission from ref
30. Copyright 1995 American Chemical Society.

exchange interaction is largely dependent on the distance
between the two spins.

The distance-dependent change of the electron exchange
interaction (J), that is, the through-space interaction between
the two spins, can be visualized by the electron spin resonance
(ESR) spectroscopic analysis using stable radicals (Figure 3).
For example, when the two nitroxides (R,N—O"*) in a molecule
are isolated or separated from each other at a sufficient
distance, three-line signals are typically derived from the
coupling of the electron with nitrogen nucleus ("*N), 2I (=1
for "N) + 1 = 3 (triplet), appear in the ESR spectrum. The

7014

hyperfine coupling constant (Ay = 1.56 mT) should be just the
same as that of the corresponding monoradical. Thus, there is a
negligible interaction between the two spins. When the electron
exchange interaction is large enough (J > Ay, J/Ay > S) with a
short distance, a five-line signal, 2 X 2I + 1 = 5, will appear in
the ESR spectrum. The species are then defined as
diradicals.® " Diradicals can be categorized as localized and
delocalized diradicals (Figure 2). Delocalized diradicals are
further divided into Kekulé and non-Kekulé molecules.
Antiaromatic molecules can be classified as delocalized
diradicals.

The terminology of singlet and triplet states in diradicals is
derived from the number of energy level in diradicals under an
external magnetic field (Figure 2). Singlet diradicals (S) are
ESRsilent species, because the magnetic quantum number (m,)
is zero, S = 0. Thus, only one energy level, spin multiplicity =
2§ + 1 = 1, exists even in the presence of a strong magnetic
field. When three different energy levels arise in the presence of
a strong magnetic field, the ESR-active species are called triplet
species with S = 1, namely, aa (m, = +1), aff (m, = 0), and
(mg = —1) (Figure 2). The spin multiplicity is calculated to be 3
(=2S + 1). Typical ESR spectra for triplet diradicals are shown
later in Figure 6.

Questions quickly arise: (1) Which spin state, singlet or
triplet, is lower in energy? (2) How can one distinguish
between the two spin states experimentally? In the following
section, these fundamental questions are answered.

1.2. Which Spin-State Is Lower in Energy, Singlet or
Triplet?

When two electrons occupy two nonbonding molecular orbitals
(NBMOs), the six electronic configurations T, 5, T,,', S1,, S,
Si1, and S,, shown in Figure 4 are possible to describe the
diradicals. The first two electronic configurations are triplets,
and the other four configurations are singlets. Thus, the relative
energies of the two spin states determine the ground-state spin
multiplicity. When the two-nonbonding molecular orbitals are
energetically degenerate, the molecules are called diradicals.
The term “diradicaloids” (diradical-like, or molecules with
diradical character) is used for molecules in which the two
molecular orbitals are nearly degenerate."

1.2.1. For Diradicals. The most energetically stable
electronic configuration of atoms can be predicted according
to Hund’s rule.'* When electrons are added to atomic orbitals
with the same energy, the electrons have to first half-fill every
orbitals of equal energy with unpaired spins to avoid electron—
electron repulsion. Thus, when filling two energetically
equivalent orbitals with two electrons, the triplet electronic
configuration is more stable in energy than the singlet
configuration. In general, Hund’s rule for determining the
ground-state spin multiplicity can apply to molecular diradicals.
Thus, the order of energetic stability of the six electronic
configurations must be T}, = T;," > §;, = §;," > §;, S,, in
the absence of an external magnetic field. Triplet should be the
ground-state spin multiplicity for diradicals. The singlet—triplet
energy gap (AEgr) can be calculated from the electron
exchange interaction (J), with AEgy = Eg — Ep = 2J. A
negative (positive) | value indicate singlet (triplet) ground
state.

The magnitude of the electron exchange interaction (J)
caused by electron—electron repulsion is proportional to the
value of the overlap integral between the two molecular
orbitals. When the overlap of the two orbitals is quite small or

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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negligible, Hund’s rule might not apply to molecular diradicals.
Typical examples of the violation of Hund’s rule can be found
in delocalized non-Kekulé molecules such as tetramethylene-
ethane (TME), which is a disjoint non-Kekulé molecule (vide
infra, section 3.4). The effect of spin polarization should also be
considered for the electronic energy of two spin states in
diradicals such as twisted ethylene molecules.

1.2.2. For Diradicaloids (Diradical-like Molecules).
Undoubtedly, the triplet state is the ground-state spin
multiplicity for diradicals in which a large overlap integral
exists between the two energetically degenerate molecular
orbitals that are occupied by two electrons. The electron—
electron exchange interaction (J) dominates the energy
preference of triplet states. Which spin state, singlet or triplet,
is the ground state for diradicaloids'' in which the two
molecular orbitals occupied by two electrons are nearly
degenerate in energy? In this review article, diradicaloids are
defined as a subset of diradicals. Thus, the recent developments
in diradicaloid chemistry are also included in this review article.

When the two molecular orbitals are energetically degener-
ate, the electronic configuration S,, (= S,,) should be
energetically much less stable than the electronic configuration
S1, (= S,,") because of the severe electron—electron repulsion
in S;; and S,, (Figure 4). Thus, the contributions of these
configurations are negligible in singlet diradicals. When the two
molecular orbitals are energetically separated by an energy gap,
the energetic preference (B) of the singlet state derived from
the contribution of the electronic configuration S;; should be
considered. In other words, when the energetic stabilization is
larger than the electron—electron repulsion interaction (K), B >
K, the singlet should be the ground-state spin multiplicity. The
energetic stabilization is proportional to the energy gap
between the two molecular orbitals occupied by two electrons.
As the energy spacing increases, the singlet is more stabilized.

The energy gap between the two orbitals that are occupied
by two electrons is determined by through-space (TS) and
through-bond (TB) interactions. The energy difference
between nonbonding molecular orbitals that are occupied by
two electrons and the singlet—triplet energy gaps provide
valuable insights regarding the balance of through-bond and
through-space components of the interaction. The details of the
interactions that affect the energy difference are discussed for
each of the diradicals mentioned below. The diradical character
of diradicaloids can be estimated from the natural orbital
occupation number of the lowest unoccupied molecular orbital
(LUMO), which can be obtained by complete-active-space
multiconfiguration self-consistent-field (CASSCF) calcula-
tions."> How can one determine and predict the ground-state
spin multiplicity of diradicals and the energy gap between the
singlet and triplet states?

The magnitude of the singlet—triplet energy gap (AEgr = Eg
— E;) provides direct information on the extent of the
interaction between the two radical orbitals. An accurate
singlet—triplet energy spacing is essential for understanding the
diradical character. However, in general, it is not easy to
determine the energy gap experimentally because of the high
reactivity of diradicals. For large molecules, the energy gaps are
hard to calculate accurately by ab initio quantum chemical
calculations. In the following sections, the most reliable
computational methods and experimental procedures available
at this point for quantitatively determining the singlet—triplet
energy spacing are introduced.

7015

1.2.3. Computational Methods. The electronic config-
uration of triplet states can be described in one way (Figure 4),
because the energy of T, is equal to the energy of T,  in the
absence of an external magnetic field. Thus, the triplet states
can generally be calculated accurately by methods with
conventional unrestricted wave functions such as unrestricted
Hartree—Fock (UHF) and unrestricted density functional
theory (UDFT). However, the singlet diradicals cannot be
described using single-reference HF and post-HF methods,
because the electronic configurations of the singlet states of
diradicals include S, 5, S, ;, and S,,. Thus, multireference (MR)
approaches that can treat the entire electronic configurations of
singlet diradicals are needed for their proper quantum
mechanical descriptions.

Accurate experimental studies on singlet—triplet energy gaps
provide the only solid benchmarks for computational studies.
The singlet—triplet energy gaps for benzynes (dehydroben-
zens) determined by Wenthold, Squires, and Lineberger have
been used for the benchmarks of computations.'* Schaefer and
Cramer reported that multireference coupled-cluster calcula-
tions, namely, Mk-CCSD(T), with the cc-PVTZ basis set are
the minimum needed to obtain accurate singlet—triplet
splittings for ortho-, meta-, and para-benzyne."> In addition,
the complete-active-space self-consistent-field second-order
perturbation theory (CASPT2) method is also reliable in
reproducing the energies of singlet diradicals. Multireference ab
initio methods accurately reproduce the experimentally
determined singlet—triplet energy gaps and are excellent
methodologies for predicting the reactivities and structures of
singlet diradicals. However, the computational costs are quite
high, and thus, it is sometimes quite difficult to use these
methodologies for large molecules. Carpenter and co-workers
recently reported that the broken-symmetry (BS)-(U)CCSD-
(T)/cc-pVTZ//BS-(U)CCSD/cc-pVDZ level of theory repro-
duces well the computational results of the multireference
MkCCSD(T)/cc-PVDZ method for the chemistry of spiro-
pentane including the reactivity of 2-spiropropane-1,3-diyl.'®

Density functional (DFT) calculations are computationally
very efficient compared to multireference ab initio methods.
However, as mentioned previously, DFT cannot properly
describe the electronic configurations of open-shell singlet state
of diradicals; thus, singlet—triplet energy spacings (AEgr)
calculated by DFT include large uncertainties. The broken-
symmetry (BS) formalism proposed by Noodleman and
Yamaguchi is one possible way to describe the singlet diradicals
as a compromise method.'”'® The BS solution is not the pure
eigenstate of the singlet diradical, but the BS state is a mixed
state of the singlet and triplet states. To evaluate the reliable
magnetic exchange constant (J;, = AEg/2), the singlet-state
energy values need to be refined, as developed by Yamaguchi
and co-workers, to eliminate the spin contamination (eq 1).18
Since their discovery, BS methods have been utilized as
convenient and practical procedures for estimating the effective
electron exchange integrals (J,), that is, the singlet—triplet
energy spacings, of diradicals. Because the BS method admixes
the singlet state with the triplet state, a spin correction (SC) is
necessary to accurately obtain the J,, value (ie., the singlet—
triplet energy spacing); see eq 2. The spin contamination can
be determined from the calculated values of {S*) = (S(S + 1)).
For triplet-state diradicals, the (S*) value should be 2; on the
other hand, the (S?) value for the pure singlet state should be 1
using the BS method. Thus, when the (S*) values are calculated
to be significantly less than 1 using the BS method, a large

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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contribution of the closed-shell electronic configuration S, (=
S,,) is included in the singlet diradicals. Smaller (S*) values of
less than 1 are a sign of a singlet ground state.

] — EBS - ET
(S — (ST (1)
2
AESC — ESC _ E = AE ($)r
ST ey — (S @)

The use of an approximate spin projection (AP) method was
recently developed by Kitagawa and co-workers to improve the
computational results, that is, to reduce the remaining spin
contamination of the singlet energy." Ess et al. reported that
the spin-projected singlet—triplet energy gap calculated at the
MO06-2x/6-31G(d,p) level of theory well reproduces the
experimental singlet—triplet energy gaps of benzyne.”® Conven-
tional DFT methods such as B3LYP/cc-PVTZ provide a large
error in the energy and structure of the relatively simple meta-
benzyne. However, a pure generalized gradient approximation
(GGA) functional, such as BLYP/cc-PVTZ, was found to give
structures in close agreement with those calculated by ab initio
computations (section 2.5). The DFT method might be the
minimum necessary for predicting the IR spectra for singlet
diradicals.

1.2.4. Experimental Methods. As mentioned in the
preceding section, the quantum chemical calculations devel-
oped recently predict and reproduce well the experimentally
determined singlet—triplet energy spacing and reactivity of
open-shell species. An interplay between computations and
experiments is necessary to further improve the methodologies
and bring new ideas to the treatment of such fascinating
molecules. In experiments, two methods are well-known to
determine the singlet—triplet energy spacing. The first is
magnetic susceptibility measurements including ESR spectro-
scopic analysis, by which the structure of triplet diradicals can
be analyzed. The second is the use of negative-ion photo-
electron spectroscopy (NIPES). The structural analysis of
open-shell molecules and their reactivity can be also
investigated using low-temperature matrix-isolated IR spectro-
scopic analysis and time-resolved IR and UV—vis spectroscopic
analyses.”’ However, the singlet—triplet energy spacing, which
is one of the most important quantities in diradical chemistry, is
difficult to analyze by these methods. In this review, the two
methods of ESR and NIPES are introduced next to determine
the singlet—triplet energy gaps for reactive open-shell
molecules.

Electron Spin Resonance (ESR) Spectroscopy.?’ Triplet
states are the only ESR-active species in diradicals. The Zeeman
effect does not apply for singlet diradicals, because the spin
quantum number of singlet states is zero. Thus, the ESR
spectroscopic analysis is a very useful method for distinguishing
between the two spin states, singlet and triplet. Because
diradicals are, in general, reactive species, the species are
normally generated under cryogenic matrix isolation conditions.
In a rigid medium and under low-temperature conditions
(typically in an organic glass, <100 K), the bimolecular and
intramolecular chemistry of reactive intermediates are sup-
pressed (Figure S).

The doublet species (i.e., monoradicals) are also ESR-active
(Figure 1). How can one distinguish between the triplet and
doublet species? The simplest energy-level diagram for a
doublet species in an external magnetic field is shown in Figure
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1. By varying the static field H, one can change the energy
difference between the a and f electron spin states, which are
degenerate in the absence of the external magnetic field. The
resonance absorption occurs when the frequency (v) is
adjusted to the energy difference of AE = g .H = hv. When
a nuclear spin is connected to an atom that has an unpaired
electron, so-called hyperfine splitting A occurs, giving rise to
complex ESR signals. For example, methyl radical (*CH,)
shows an ESR signal of a quartet of lines with Ay = 2.3 mT due
to the hyperfine coupling of the electron with the three
protons. The ESR signal of a doublet species is sometimes
complex, but only one resonance absorption can be observed,
because the two energy levels of doublet species are degenerate
in the absence of an external magnetic field.

In contrast to the single resonance signal of a doublet species,
three resonance absorptions are typically observed for triplet
states in a rigid solid state (Figure 6a). Two of them, resonance
signals 1 and 2, correspond to the allowed transitions with Am;
= 1 from m, = —1 to m, = 0 and from m, = 0 to m, = +1. The
third signal, resonance signal 3, which appears at about half-
field with respect to the Am = 1 transition, corresponds to the
formally forbidden transition of Am, = 2, that is, from m, = —1
to mg = +1. The three resonance signals clearly indicate that the
three energy levels are not energetically degenerate even in the
absence of an external magnetic field. If the three energy levels
were degenerate at zero magnetic field, only two resonance
signals including the forbidden transition would appear in
triplet diradicals. Thus, a dipolar coupling of the two electronic
spins in triplet diradicals produces an internal magnetic field to
split the energy level into three levels at zero magnetic fields.

This energy splitting is called zero-field splitting (zfs). As
exemplified in Figure 6, the relative energies of the three levels
are described by the two zfs parameters D and E. The two zero-
field splitting parameters are feasibly determined from triplet
ESR signals (Figure 6b,c). In real triplet ESR signals, the two
allowed transitions are expected to appear as six lines because
of the three magnetic axes of x, y, and z (Figure 6b). Because
the zero-field splitting is derived from the dipole—dipole
interaction, the parameter D is related to the distance r between
the two unpaired electrons and can thus be used to calculate
the average distance r between the two unpaired electrons by
the point—dipole approximation (eq 3), where g is the g value
of the triplet diradicals (~2.0) D is in gauss (G), and r is in
angstroms,23 The average spin—spin distance r (in angstroms)
can also be explained by the relative intensity between the
signal of the allowed transition |Am; = 1| and that of the
forbidden transition |Am, = 2| (eq 4), where v is the resonance
frequency in gigahertz and F = 19.5 for organic radicals.

D = 139 x 10*(g/r?) 3)

(4)

The calculated distances based on the experimentally
determined D values and the relative intensities of |Am, = 2I/
|Am, = 1| were reported to be consistent with each other. A
spin—spin distance of less than ~10 A can be determined by
the combination of the two values. The intensity of the
forbidden half-field transition is proportional to r° (eq 4).
When the distance between the two spins if greater than ca. 10
A, the signal intensity of the forbidden resonance is assumed to
become extremely weak or to vanish. In other words, the
resonance signal of Am, = 2 is absent when the D value is small,
say, D < 25 G. The observation of the forbidden signal is strong

IAm, = 21/I1Am, = 11 = F/r%(9.1/v)*

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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evidence of triplet diradicals. The zero-field splitting parameter
E relates the symmetry of two electrons in triplet diradicals. In a
structure with 3-fold or higher symmetry, the two triplet
sublevels of E, and E, are degenerate; thus, the ESR signal of
the allowed transitions 2 and 3 appear like in Figure 6c.

It is also known that, at short distances or in delocalized
systems, the use of the point-dipole approximation (eq 3) is
inadequate for relating the D value to the intercenter distance.”*
For example, the distance calculated from the point-dipole
approximation with a D value of 211 G was determined to be
509 pm, which is significantly shorter than the X-ray-
determined distance of 700.6 pm for the midpoints of the
two N—O bonds in bis(nitroxide) diradical 1 (Figure 7).°

As mentioned in relation to Figure 6, the detection of the
forbidden transition is strong evidence for the generation of
triplet diradicals in solid state. However, the intensity is largely
dependent on the distance between the two unpaired electrons
(eq 4). When the two spins have a large separation, the D value
should be small, and the half-field transition (Am, = 2) might
not be detected. Thus, it is quite difficult to distinguish between
triplet and doublet signals using continuous-wave (cw) ESR
spectroscopic analysis when the D values are small. However,
measurement of the two-dimensional electron spin transient
nutation (2D-ESTN) using a pulsed ESR spectrometer is a
powerful tool for determining the spin multiplicity of high-spin
molecules. The nutation frequency, wyr, is dependent on the
spin-quantum number S (eq S), where @, stands for the
strength of the magnetic field of the microwave irradiation field.
The 2D-ESTN method is highly useful for discriminating
among high-spin species in mixed-spin systems.*®

wyr (Hz) = [S(S + 1) — m(m, — )], (3)

The intensity (I) of the triplet ESR signal depends on
temperature (T), because the triplet states are thermally
equilibrated with the singlet states. For such a ferromagnetic
(triplet) and antiferromagnetic (singlet) system, a plot of IT
versus T (in kelvin) should deviate from linearity, whereas that
for a paramagnetic (ie, doublet) species should be linear
(Figure 8, eq 6). Because the intensity of the allowed ESR
signals is normally sensitive to a saturation effect especially at
low temperatures, it is better to use the forbidden transition
signals (Am, = 2) for the IT—T plots. Typical plots for the spin-
state-dependent change are shown in Figure 8. The plot for
triplet-ground-state diradicals deviates upward from a linear fit
as temperature decreases. The temperature effect on the ESR
intensity for the singlet-ground-state diradicals behaves in the
opposite way to that for the triplet plot. The temperature effect
on the IT values cannot be observed for paramagnetic doublet
species. The singlet—triplet energy spacing (2],,) can be
obtained by simulating the experimentally obtained plot using
the Bleaney and Bowers equation (eq 6 in Figure 8), where C is
the Curie constant and ], is the exchange integral, that is, J;, <
0 (singlet ground state), J,, > O (triplet ground state).”” When
diradicals are stable at high temperatures above room
temperature, this equation is a quite powerful method for
determining singlet—triplet energy gaps. For highly reactive
diradicals, singlet—triplet energy gaps of less than 1 kcal mol™
can possibly be determined for singlet-ground-state diradicals
using this equation. For triplet-ground-state molecules, this
equation is useful for cases in which the energy gap is less than
0.1 keal mol™.

Negative-lon Photoelectron Spectroscopy (NIPES).
Negative-ion photoelectron spectroscopy (NIPES) is a very

28,29
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useful method for measuring the physical properties of reactive
intermediates. In gas-phase experiments, a beam of mass-
selected negative ions (R7) is intersected with an intense laser
beam, resulting in photodetachement of an electron to produce
neutral reactive intermediates. A plot of the number of
photodetached electrons as a function of electron binding
energy provides the electron affinity and electronic state term
energies for the neutral intermediate. The electron affinity is of
importance in calculating the dissociation energy of the R—H
bond. Furthermore, accurate values of vibrational frequencies
for the isolated molecule can be determined. A combined study
with quantum chemical calculations provides important
information on the structure and electronic configuration of
the reactive intermediates.

The photoelectron spectrum of the negative anion of an
open-shell molecule provides useful information on the
singlet—triplet energy gap. The typical photodetachement
process of an electron is depicted in Figure 9. The doublet
radical anion yields both singlet and triplet states of the neutral
open-shell molecules in the photoelectron spectrum; thus, the
singlet—triplet energy splitting can be measured directly. A
typical example for propadienylidene (CH,C=C:) is shown in
Figure 10, from which the singlet—triplet energy gap (AEgy =
Eg —Eq) of the vinylydene carbene was determined to be —29.7
kcal mol™2.%°

Recent developments of diradical chemistry mainly during
the past decade are summarized in the following sections.

2. LOCALIZED DIRADICALS

Localized diradicals are key intermediates in processes involving
the homolytic bond-cleavage and -formation reactions of cyclic

G S =G F 0

localized singlet triplet
Figure 11. Generation of localized diradicals in homolysis.

homolysis

diradical

Table 1. Values of Zero-Field Splitting Parameters D and E
for Localized Diradicals

diradical R ID/hel /em! 1E/hcl /cm-1 reference
RANLR H 0.084 0.002 44
Ph 0.045 0.001 41
i
x AD
NO, 0.0414 +0.90
a XA g CON 00449 +0.55
p-XCgHs NHz  0.0474 +0.30
Cl 00495 +0.09 ~0.000 48
H 00506 0.00
» OMe 00510 -0.04
OH 00509 -0.05
R\MR
N-N Me 0.068 0.0058 43
oA F~o Ph 0.048 0.001
Ph
< 2
Me 0.084 0.005
R%* >—4 R Ph 0.060 0.002 46,47
. CH,=CH 0.050 0.001

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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E TS interaction

Figure 12. Through-space (TS) interaction between the two p
orbitals.

compounds (Figure 11). The singlet state (1) and triplet state
(11) are in equilibrium with one another through the
intersystem crossing (ISC) process.”’ > Since the 1960s, the
chemistry of localized triplet diradicals has been well
investigated not only as reactive intermediates but also in
materials chemistry, because triplet diradicals have long enough
lifetimes to allow the diradicals to be detected using time-
resolved spectroscopic analysis at ambient temperature and
ESR spectroscopic analysis under low-temperature matrix
conditions.** > The paramagnetic character of triplet
diradicals makes them potential building blocks for organic
magnets and other materials with novel properties. Thus, the
chemistry of localized triplet diradicals is very rich, and the
high-spin property has attracted continuous interest in many
fields of materials chemistry.** Typical examples of localized
triplet-ground-state diradicals are listed in Table 1, a10n7g with
the zero-field splitting parameters D and E.*'~*" The
substituent-dependent changes of the D parameter in triplet
diradicals 2 were used for the radical stabilization parameters
(AD) for benzylic radicals.*®

In contrast to the rich chemistry of localized triplet diradicals,
the chemistry of localized singlet diradicals has been less
studied, especially experimentally. The singlet state of localized
diradicals had been recognized as putative (undetectable)
intermediates, because the intramolecular radical—radical
coupling reactions are assumed to be barrierless processes
(Figure 11). To observe singlet diradicals directly and
investigate their chemistry experimentally, the generation of
diradicals with a singlet ground state is indispensable, because
only the ground-state spin multiplicity can be detected at low
temperatures such as that of liquid helium. Thus, the main

Scheme 1. Generation of Kinetically Stabilized
Cyclopentane-1,3-diyls (DR1) and Cyclobutane-1,3-diyls
(DR2) in the Denitrogenation of Azoalkanes

X X
J N
X X X X X X
O 4 — é
h In hn
n=1:DR1
n =0:DR2

topics of research on localized diradicals in the past decade
were the generation of singlet-ground-state diradicals, their
detection, and their isolation.*’

First, the basic properties that determine the ground-state
spin multiplicity in localized 1,3-diradicals are described. As
mentioned in the Introduction, the ground-state spin multi-
plicity and singlet—triplet energy spacing in diradicals are
determined by two factors: (1) the energy gap between the two
nonbonding molecular orbitals (NBMOs, 7, and ) that are
occupied by two electrons and (2) the exchange repulsion
energy. The energy gap between the two NBMOs is
determined by the through-space (TS) and through-bond
(TB) interactions. When the energy difference between the two
NBMOs is sufficiently large, for example, greater than ~1.2
eV,* the singlet is expected to be the ground-state spin
multiplicity. When the energy gap is small or zero, the ground-
state spin multiplicity is determined by the magnitude of the
exchange repulsion.

The through-space (TS) interaction between the two radical
p orbitals gives rise to an energy gap between the two NBMOs
(ws and ), so that the paired electrons preferentially occupy
the energetically lowered bonding orbital g (Figure 12). Thus,
the singlet state should be the ground-state spin multiplicity for
spatially oriented diradicals. The singlet preference should be
independent of the distance (d) between the two radicals.
However, as mentioned previously, triplet ground states are
known for the localized 1,3-diradicals 1—4 (Table 1). Why do
these 1,3-diradicals with relatively short distances (~200 pm)
between the two spins have triplet ground states? Another
important orbital interaction, namely, the through-bond (TB)

R H

I~

H conrotatory
H ~r

A Y

HyHQ !
R R
%\ﬁ

TB interaction

OCH

G
“
j!

pseudo n

Figure 13. Energetically favored conrotatory processes for the thermal isomerization reactions of cyclopropane derivatives. Through-bond (TB)
interaction on the energy level of the symmetric nonbonded orbital (). Most stable electronic configuration of propane-1,3-diyl.
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Figure 14. Effects of substituents X and Y on the ground-state spin multiplicities in DR1 and DR2.

(OH)
B B TB F(OH
- - > O*CF(O

DR1 DR2

x x
< =<
X" X

X_ X x_*x
Ty
O*CF(0)
SN T 1 Type-2

Figure 15. Through-bond (TB) interactions in DR1 and DR2: Type-1 versus type-2 interactions and the most stable electronic configurations of

type-1 and type-2 diradicals.

Figure 16. Effects of the through-bond (TB) interaction on the energy
level of w5 and of spiroconjugation (SC) on the energy level of y,.
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interaction, explains well the triplet ground state for localized
1,3-diradicals.

In 1968, Hoftmann predicted that the conrotatory ring-
opening and -closing modes are energetically favored processes
during the thermal isomerization reactions of cyclopropane
derivatives, because the two electrons selectively occupy the
antisymmetric nonbonding molecular orbital (y,) (Figure
13).3"%% The pseudo-7 interaction (TB interaction) explains
the unusual electronic configuration. Thus, the interaction of
the g orbital with the high-lying 6y orbital destabilizes the yy
orbital to energetically locate y, below y5. The resulting small
energy gap between the two NBMOs explains the triplet
ground states of the parents cyclopentane-1,3-diyl and
cyclobutane-1,3-diyl. Thus, the balance between TS and TB
interactions plays an important role in determining the ground-
state spin multiplicity of localized 1,3-diradicals. Theoretical
study suggests that the energy level of the g orbital can be
changed by the TB interaction (pseudo-7 interaction).

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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X X

si X | H F SiHg
H_<Si>_"' AEgr |-225 -16.8 -18.5

X’ ‘X Ikcal mol!

DR3 at the UB3LYP/6-31G(d) level of theory

ref. 61
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Si
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Figure 17. Effects of silicon atoms on the ground-state spin multiplicities of DR3 and DR4 and their energy gaps (AEgr).

A

/N_N\
H H
CP5
152.5 pm T
, (a) (b)
H H H H H_H HO_ OH oo e X
- , E Y
N N-N N-N N-N . S v
H/ H H H Q%N/&o OJ\N/&O E N Ny .
136.0 pm ! ! : N N
DRS  DR6 H pr7 H pRs | # vs N %8/8
AEgr  -11.2 27.0 +1.1 7.9 ; v XE’X \ o
| AL N
/kcal mol! at the UB3LYP/6-31G(d) level of theory 1 8’ 1X
refs. 64, 65 N
Figure 18. Effects of nitrogen and silicon atoms on singlet—triplet energy spacing.
Scheme 2. Generation and Reactivity of Singlet Diradicals 9 YA [\
. . . MeO_ OMe  ya — o. 0O
in the Denitrogenation of Azoalkanes AZ9 -
Ph Ph B Ph Ph
X X X X ﬂ B +
NP - sc
hv  Ph Ph 1/t Ph Ph Ys
X —N . Ys
Ph 2 disrotatory DR10a DR11
=575nm =525 nm
AZ9 DR9 CP9 Pmax Amax
AN Figure 21. Effect of spiroconjugation (SC) on the energy gap between
Ws and y.
X Type-1

DR9a: X =F, Apay = 530 Nm, to9g = 80 Nns in pentane
DR9b: X = OEt, Apax = 570 nm, togg = 520 ns in hexane
DR9c: X = OH, Agqq = 625 nm at the TD-UB3LYP/6-31+G* level of theory
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Figure 19. Resonance structures of singlet diradical 9b.
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b OMe 1050
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DR10

Figure 20. Effect of substituent Y on the lifetimes of singlet diradicals
DR10, indicating the zwitterionic (ZI) character of singlet 2,2-
dialkoxypropane-1,3-diyls.
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2.1. Cyclobutane-1,3-diyls and Cyclopentane-1,3-diyls>*

Singlet cyclopentane-1,3-diyls DR1 (n = 1) and cyclobutane-
1,3-diyls DR2 (n = 0), which are promising intermediates in the
thermal cycloreversion reaction of strained bicyclo[2.1.0]-
pentanes (n = 1) and bicyclo[1.1.0]butanes (n = 0), are good
candidates for studying singlet diradical chemistry. The
diradicals are kinetically stabilized to have longer lifetimes
than the flexible open-chain singlet diradicals (Scheme 1). The
1,3-diradicals in cyclic systems can be cleanly generated from
the corresponding cyclic azoalkanes using photochemical
denitrogenation. The generation and isolation of the diradicals
might be possible under low-temperature matrix conditions.
The isolation of singlet diradicals at low temperatures will make
it possible to thoroughly study the molecular and electronic
structures using UV—vis, emission, and IR spectroscopic
analyses. Furthermore, the reactivity, including the lifetime, of
the diradicals can be studied using laser flash photolysis
techniques, which is now a conventional method for detecting
photochemically generated intermediates.

2.1.1. Effect of the Substituent at C2 on the Ground-
State Spin Multiplicity.>° Computational studies on the
effects of substituents X and Y at the C2 position on the
ground-state spin multiplicity of cyclopentane-1,3-diyls DR1
and cyclobutane-1,3-diyls DR2 are summarized in Figure 14.
Conrad et al. computationally reproduced the triplet ground
state of the parent cyclopentane-1,3-diyl DR1a (X = H).>* In

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Figure 22. Effect of nitrogen atoms on the equilibrium constant between the singlet diradicals DR12 and DR13 with 7-bonding character and the

corresponding o-bonding compounds CP12 and CP13.

Scheme 3. Generation of Singlet 4,4-Dialkoxy-1,2-

diazacyclopentane-3,5-diyl
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1994, Getty et al. predicted the singlet ground state of 2,2-
difluorocyclopentane-1,3-diyl (DR1b: X = F, AEg; = Ec—Ey =
—11.2 keal mol™).>® The pioneering study of the substituent
effect prompted an investigation of the effect of the
electronegative alkoxy group (X = OR) on the ground—state
spin multiplicity by both computations and experiments.*®
Many derivatives can be designed and synthesized by simply
changing the substituents (R) on the oxygen atom. The parent
2,2-dihydroxycyclopentane-1,3-diyl (DRlc, X = OH) was
found to be a singlet-ground-state molecule with a si 6glet—
triplet energy gap (AEgy = Es—Er) of —6.7 kcal mol™".>
singlet state was also calculated to be the ground-state spin
multiplicity for 2,2-disilylcyclopentane-1,3-diyl DR1d (X
SiH;), in which the electron-donating silyl groups are
substituted at the C2 position.”” The notable substituent
effects on the ground-state spin multiplicity are explained by

the TB interaction (Figure 15). For diradicals substituted with
electron-withdrawing groups (X = F or OR), as shown in
Figure 15, the type-1 TB interaction of the symmetric NBMO
w5 with the low-lying 7% or 7% orbital stabilizes yg to
increase the energy gap with w, Thus, the singlet was
calculated to be the ground-state spin multiplicity. The smaller
|AEgr| value for 2,2-dihydroxycyclopentane-1,3-diyl DRIlc
compared to DR1b (X = F) can be explained by the weaker
electronegativity of the oxygen atom compared to the fluorine
atom. Thus, the hyperconjugative electron delocalization of the
p-m AOs to m*cx plays an important role in stabilizing the
singlet state. CASSCF(2/2) calculations for the singlet 2,2-
dihydroxycyclopentane-1,3-diyl DR1c revealed that 81% of the
two electrons selectively occupy the g Type-1 singlet
diradicals with electron-withdrawing groups (EWGs) as
substituents have the symmetric g as the highest occupied
molecular orbital (HOMO) and the antisymmetric y, as the
lowest unoccupied molecular orbital (LUMO). Thus, 7-single-
bonding (—z—) character was proposed to be included in
singlet-state molecules with the hyperconjugative resonance
structure of zwitterions (C*X") .

For the silyl-substituted diradical DR1d (X = SiH;), the type-
2 TB interaction of s with the high-lying occupied ocg
destabilizes g to energetically locate y, below g (Figure
15). Thus, the hyperconjugative electron delocalization of g
to the p-w AOs plays an important role in stabilizing the singlet
state. CASSCF calculations clarified that the antisymmetric
NBMO 1y, of the disilyl-substituted diradical DR1d was
occupied by 72% of the two electrons.””® In contrast to the
type-1 electronic configuration, for type-2 singlet diradicals, the
HOMO is y,, and the LUMO is ys5. The singlet-state molecule
has the hyperconjugative resonance character of zwitterions
(C™X"). Thus, the singlet diradicals can be categorized as type-
1 and type-2 on the basis of the most stable electronic
configuration of the singlet state (Figure 14). The two types of

Scheme 4. Generation of Singlet 1,5-Diaza-3-silapentane-2,4-diyls
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Scheme 5. Generation of Type-2 Singlet Diradicals DR18 and DR19 and Their Reactivities
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Figure 23. Substituent effect on the thermal denitrogenation
mechanism of 1,2-diazabicyclo[2.2.1]heptenes.

stepwise denitrogenation

singlet diradicals in heterocyclic systems were reported by
Schoeller et al.; see ref 100 in section 2.2.

As shown in Figure 14, the singlet—triplet energy gaps for
cyclobutane-1,3-diyls DR2a—d were found to be nearly twice as
large as those for DR1a—d.>® The substituent effect of nearly a
factor of 2 can be explained by the two sets of TB interactions
for DR2 (Figure 15). For the mixed-substituent cases DR2e—g
(X #Y), smaller singlet—triplet energy gaps were found. The
triplet ground state was found for diradicals DR2h and DR2i,
in which the TB interaction induced by the electron-
withdrawing group is canceled by the TB interaction induced
by the electron-donating group.

As shown in Figure 14, the singlet—triplet energy spacing
(AEgr = —12.2 kcal mol™) of the ethylene ketal-substituted
1,3-diradical DR1le [X = —O(CH,),0—] was found to be
nearly the same as that calculated for 2,2-difluorocyclopentane-
1,3-diyl DR1b (AEg; = —12.7 kcal mol™") and much larger
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than that of 2,2-dihydroxycyclopentane-1,3-diyl DR1c (AEg; =
—6.7 keal mol™).*° The significant effect of the ethylene ketal
substituent on the singlet—triplet energy spacing cannot be
explained by only the TB interaction depicted in Figure 15. The
notable effect of the lone-pair direction on the smglet triplet
energy spacing is explained by spiroconjugation (SC),*® Figure
16. The spiroconjugation of the n orbital (ny) of oxygen with
the antisymmetric NBMO energetically destabilizes the
antisymmetric NBMO (), which leads to an increase in the
energy gap between the two NBMOs. Thus, in addition to the
through-bond (TB) interaction of g with 6%, spiroconju-
gation (SC) plays a crucial role in increasing the energy gap.

2.1.2. Effect of Heteroatoms on the Ground-State
Spin Multiplicity. Silicon Atoms. Ma et al.*" and our group®
reported an effect of silicon atoms on the ground-state spin
multiplicity in 1,3-diradicals (Figure 17). For example, 2,4-
disilacyclobutane-1,3-diyls DR3 were found to have singlet
ground states and large singlet—triplet energy gaps. The singlet-
ground -state preference can be explained by the low-lying
6%g,®> which interacts with the g orbital to increase the
energy gap between the two NBMOs. The parent 2-
silacyclopentane-1,3-diy]l DR4 with X = H was calculated to
have a singlet ground state and a singlet—triplet energy spacing
of —5.2 kcal mol™". The singlet ground state is also explained by
the low-lying o*gx. Thus, electron-withdrawing substituents
such as fluorine amd oxygen atoms (X = F, OR) are not always
needed to make type-1 singlet diradicals, namely, HOMO = yy
and LUMO = y,.

Nitrogen Atoms. Nitrogen atoms in cyclopentane-1,3-diyls
were also found to significantly affect the ground-state spin
multiplicity (Figure 18). The orbital interaction of the n orbital
(ny) on the nitrogen atoms with the antisymmetric
combination of the p-m AOs (y,) destabilizes the energy of
w, (Figure 18b).%* Thus, a large singlet—triplet energy gap of
—11.2 kcal mol™" was found for the parent 1,2-diazacyclo-
pentane-3,5-diyl DRS without any electron-withdrawing
substituents at the C2 position. A larger singlet—triplet energy
gap of AEg; = —27.0 keal mol™ was calculated for 1,2-diaza-4-

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Scheme 6. Generation of DR20 Using a Mechanochemical Method (Namely, Ultrasonic Irradiation)
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Figure 24. Molecular dynamics (MD) simulations of the mechanochemically induced ring-opening reaction and the generation of a diradical

intermediate.
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ca, g 2PrPL | 4 \E{ Y, PhgzsoerPh IPi\F?:é}S
‘Bu/B_B\‘Bu - 7 |BuAl \/B__ Bu| = ipr/ -B3ptip, lone-pair electrons of the nitrogen atom to the p-7 AOs, was
ipr’+ipr Bu b confirmed by the fact that the N1-N2 bond length of 136.0 pm
DR21 \Mi3S”H 6 in the singlet diradical DRS was calculated to be signiﬁcantly
mp 212°C o or shorter thgn thg N-N bond length of }52.5. pm in the
Aoy = 446 nm (2 = 2200) M \;< B corresponding ring-closed compound, 2,3-diazabicyclo[2.1.0]-
1B : +25 ppm B, B, pentane CPS.
¥P: + 3 ppm tB“\i_,f\l__ SnMes The nitrogen-atom effect on lowering the energy of the
B-—B: 257 pm PR singlet state was further confirmed by computations on the
7 ground-state spin multiplicity of diradical DR7 with the
BrCCls l +CCls electron-withdrawing carbamate group on the nitrogen atoms
Prey P (Figure 1214).65 Thus, the triplet ground state with AEgp = +1.1
Pryy,Pr H Bu. P kcal mol™ was found for the parent 1,2-diazacyclopentane-3,5-
Bu. P S - BF/B\p'BjV diyl diradical DR7 (Figure 18). Indeed, Arnold et al. reported
Br g’ ipr/+ipr the triplet ground state for 1,2-diaza-4,4-dimethylcyclopentane-
Pr+pr 8 3,5-diyl diradicals 3 in Table 1.** The singlet state was

silacyclopentane-3,5-diyl DR6, in which the carbon atom was
replaced by the more electropositive silicon atom.%® The effect
of the nitrogen atom, namely, electron delocalization of the

calculated to be the ground-state spin multiplicity for diradical
DRS, in which electron-withdrawing OH substituents exist
between the p-w AOs.

2.1.3. Generation of Type-1 Singlet Cyclopentane-1,3-
diyls. Adam et al. observed the localized singlet 1,3-diradical

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Figure 28. Effects of substituents R and R’ on the diradical character
of DR24.

DR9a (X = F), which is categorized as a type-1 singlet diradical
usinég a nanosecond laser flash photolysis technique (Scheme
2).% Diradical DR9a was generated by the denitrogenation of
the corresponding azoalkane AZ9a. DR9a was found to persist
at liquid-nitrogen temperatures and absorb light in the visible
region, with 4., & 530 nm. The lifetime was determined to be
~80 ns at 298 K in n-pentane. The temperature dependence of
the rate of disappearance of the diradical was measured, giving
the activation parameters E, = 7.8 kcal mol™" and log A = 12.8,
which are very different from those obtained for the
disappearance of the triplet cyclopentane-1,3-diyl 1 (R = Ph),
E, = 2.6 kcal mol™" and log A = 6.7. At 77 K, the singlet
diradical exhibited no ESR signal, which clearly indicates that

the singlet state is located energetically well below the triplet
state. Indeed, a large energy spacing of 7.4 kcal mol™' was
calculated for the 2,2-difluoro-1,3-diphenylcyclopentane-1,3-
diyl DR9a.%

In 2000, the singlet diradical DR9b (OR = OEt, 7 = 520 ns in
n-hexane at 293 K, E, = 7.6 kcal mol™, log A = 12.0), which is
much longer-lived than DR9a, was reported.*® The assignment
of a singlet spin multiplicity to DR9b was supported by the
following observations: (1) First-order decay kinetics with a
high log A value was found for the quantitative formation of the
ring-closed product CP9b (OR = OEt). (2) A strong
absorption maximum [A,, = 570 nm in 2-methyltetrahy-
drofuran (MTHEF) at 77 K, ~3500 M™! cm™] was observed in
the visible region, and the absorption spectrum was similar to
that calculated (4.4 = 625 nm at TD-UB3LYP/6-31+G*) for
the singlet state of 2,2-dihydroxy-substituted diradical DR9¢
(OR = OH). The absorption maximum of the corresponding
triplet state was calculated to be 345 nm at the same level of
theory. (3) The molecule was EPR-silent at 77 K. (4) The
lifetime was insensitive to the presence of molecular oxygen,
and the quenching rate constant, ko, & 3 X 108 Mt 57, was
determined to be significantly lower than that of the triplet, ~3
x 10° M~ 57,

The breakthrough in the generation of long-lived localized
singlet diradicals made it possible to investigate thoroughly the
reactivity of localized singlet diradicals in experiments. First, the
effect of solvent on the lifetime of the singlet diradical DR9b
(OR = OEt) was examined to reveal the character of singlet
2,2-dialkoxy-1,3-diradicals (Figure 19). The lifetime was found
to increase with increasing solvent polarity: 520 ns in n-hexane
< 880 ns in benzene < 1010 ns in acetonitrile.® The solvent
effect on the lifetime indicates that the type-1 singlet state has
the character of zwitterion ZI9b (OR = OEt), namely, the
hyperconjugative resonance structure of singlet diradicals.

This zwitterionic character was further supported by
examining the electronic substituent effect on the lifetimes of
singlet diradicals DR10 (Figure 20). The lifetime (7 = 1050 ns
in benzene at 293 K) of the singlet diradical DR10b with the
electron-donating methoxy group (Y = OMe) at the para
position of the phenyl ring was found to be longer than those of
the parent diradical DR10a (Y = H) and the electron-
withdrawing-group-substituted diradical DR10c (Y = CN, 7 =

Scheme 8. Generation of AL,P, Type-1 Singlet Diradical DR25

'Bu\+/'Bu ‘Bu\.;./'Bu
B R B
2AICI +4LiPBu, —> u‘P—t\l’ \AI+—P: e fBu\P—AI/—\AI—P/tBu
e N, N
Bu R Bu By’ — W T Bu
Bu'+ Bu A
+
DR25 Bu'+ Bu

green crystal

AEgr = -28.9 kJ mol-!
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Scheme 9. Preparation of Ge—Ge 7-Single-Bonded Species DR26
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Figure 29. Electronic structure of X,Y,.

625 ns in benzene at 293 K).®® The substituent effect was
explained by the stabilization of the allylic cation in the

longer than that of the parent diradical DR10a (Y = H). The
stabilization effect of the para-cyano group on the benzyl-type
radical was suggested to be responsible for the longer lifetime
of DR10c, because the effects of substituents on the
stabilization of benzyl radical are in the order CN (o =
0.47) > OMe (oc* = 027) > H (6 = 0.00).”° The strong
absorption band around 570 nm was assigned to the
HOMO(7)-LUMO(7z*) excitation in the 7z single bond

between the two radical sites.
As mentioned in section 2.1.1, Effect of the Substituent at C2
on the Ground-State Spin Multiplicity, the singlet—triplet

hyperconjugative resonance structure.’” The radical character
of the singlet diradical was also proposed to be significant,
because the lifetime of DR10c (Y = CN) was found to be

Scheme 10. Synthesis of C,P, Diradicals and Their Chemistry
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Scheme 11. Reactivity of Amino-Substituted Diradical
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energy spacing of 2,2-ethylene ketal-substituted 1,3-diradical
was found to be much larger than that of 2,2-dihydroxycyclo-
pentane-1,3-diyl (Figure 14). The notable effect was explained
by spiroconjugation (SC), which increases the energy gap
between w5 and w, (Figure 16). Indeed, an absorption
maximum of A,y = 585 nm was calculated for the ethylene
ketal-substituted diradical DR11 (Figure 21). The absorption
maximum was predicted to be blue-shifted in comparison with
that of the dihydroxy-substituted diradical DR9c (OR = OH,
Acled = 625 nm) at the TD-UB3LYP/6-31+G(d) level. The
effect of spiroconjugation (SC) on the singlet—triplet energy
spacing was confirmed by measuring the absorption spectrum
of the 2,2-ethylene ketal-substituted diradical DR11.”" The

7026

diradical DR11 was generated by the photodenitrogenation
reaction of the corresponding azoalkane at 80 K in an MTHF
matrix. The absorption spectrum was compared with that of the
2,2-dimethoxy-substituted singlet 1,3-diy]l DR10a generated
under similar conditions. The absorption maximum of DR11
was observed at A, = 525 nm, which is significantly blue-
shifted in comparison with that of DR10a at 4., = 575 nm
(Figure 21). The experimental results support that spiroconju-
gation (SC) increases the energy spacing between the two
nonbonding molecular orbitals and, thus, the singlet—triplet
energy spacing.

The kinetic stabilization and reactivity of the z-single-bonded
species DR9b were investigated in detail by generating a series

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Scheme 13. Ge,N, and Ge,NO Diradicals
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In general, the ring-closed (6-bonded) compounds, namely,
bicyclo[2.1.0]pentane derivatives CP, are energetically much

25 DR40 more stable than the singlet 2,2-dialkoxy-1,3-diphenylcyclopen-
tane-1,3-diyls, which exhibit z-single-bonding character (Figure
22). Indeed, the singlet diradicals DR9b, DR19, and DR11
quantitatively produced the ring-closed compounds CP by the
disrotatory ring-closing mode (Scheme 2). In accordance with
the experimental observations, the model ring-closed com-

of singlet 2,2-dialkoxy-1,3-diphenyloctahydropentalene-1,3- pound CP12 was calculated to be more stable than the singlet
diyls (DR9b).”*> The lifetime at 293 K in benzene was found diradical DR12 by ca. 14 kcal mol™ at the (U)B3LYP/6-
to increase with increasing carbon chain length of the alkoxy 31G(d) level of theory (Figure 22). In contrast, the singlet

groups: 292 ns (OR = OCH;) < 880 ns (OR = OC,Hj;) < 1899 cyclopentane-1,3-diyl diradical DR13 was calculated to be more
ns (OR = OC;H,) ~ 2292 ns (OR = OC4H,;) = 2146 ns (OR stable than the corresponding ring-closed compound at the

= OC,oH,,). Activation parameters determined for the first- (U)B3LYP/6-31G(d) level of theory (Figure 22). Although the
order decay process revealed that the enthalpy factor plays a UB3LYP method is known to overestimate the stability of the
crucial role in determining the energy barrier of the ring-closing singlet diradicals, the computations clearly suggest that diradical
reaction, that is, from the #-bonding to the o-bonding DRI13 is a longer-lived species than singlet diradical DRI2
compounds (Scheme 2). Computational studies using density (Figure 22).

functional theory (DFT) provided more insight into the The effects of the nitrogen atoms on the ground-state spin
structures of the singlet species with 7-single-bonded character multiplicity and the reactivity of the singlet diradicals were
and the transition states for the ring-closing reaction, clarifying confirmed by the photochemical denitrogenation of the
the role of the alkoxy group in the lifetime and stereoselectivity azoalkane AZ14 (Scheme 3). The photodenitrogenation of
of the ring-closing reaction. azoalkane AZ14 produced the alkoxy-group migration product

7027 dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Scheme 17. Synthesis of Si,N, Diradical and Its Reactivity
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Figure 30. Heavy-atom [1.1.1]propellane derivatives 28—30.

MG14 in 70% isolated yield (Scheme 3).°* No trace amount of
the intramolecular ring-closure compound CP14 was detected
in the photolysate. The singlet diradical DR14 was cleanly
observed at A, = 630 nm at 77 K in an MTHF glass matrix for
the photodenitrogenation of AZ14. A green-colored species
was found to be stable up to 140 K and ESR-silent. The ground
state of DR14 was calculated to be a singlet, AEgp = —3.9 kcal
mol™". Thus, the species at 4,,,, = 630 nm was assigned to the
singlet state of diradical DR14. The bleaching of the green-
colored species DR14 was observed upon the addition of 4-
phenyl-1,2,4-triazole-3,5-dione (PTAD) at 130 K to give the
PTAD-trapping product TP14 in 42% yield. The lifetime of the
singlet diradical was found to be extremely long, at ca. 260 ms
at 293 K, which was determined by the laser flash photolysis
technique in dry toluene solution.”
1,2-Diaza-4-silacyclopentane-3,5-diyl diradical DR1S was
trapped by PTAD during the synthesis of AZ15 from the
1,2,4-diazasilole to give the PTAD adduct TP1S in 63% yield
(Scheme 4).”* The results indicate that the thermal
denitrogenation from AZ1S is faster than the cycloaddition
reaction of PTAD with the diazasilole. Although the singlet
diradical DR1S was not observed directly, the formation of the
PTAD adduct TP1S suggests that the singlet diradical has a
sufficient lifetime to allow the diradical to react intermolecularly

7028

with PTAD. Very recently, Mondal et al. reported the isolation
of 1,5-diaza-3-silapentane-2,4-diyl DR1S’ and DR15” in 78%
and 95% yields, respectively.”” The **Si NMR spectrum of
DR15” has a singlet at § = 66.71 ppm, which was found to be
downfield of that of DR1S’ (6 = 4.13 ppm); see Scheme 4.

Abe et al. designed kinetically stabilized type-1 diradicals
DR16 and DR17. The bond-formation reaction between the
radical sites was assumed to be quite slow because of the
stretching effect derived from the substituents.”®

MeO, OMe MeO_, OMe
o I
stretch stretch

G

DR16

O D

R R
0
DR17

2.1.4. Generation of Type-2 Singlet Diradicals. The
generation and reactivity of localized singlet diradicals DR18
with the type-2 electronic configuration were investigated in the
photochemical (hv 340 nm) and thermal (100 °C)
denitrogenation reactions of the silyl-substituted azoalkanes
AZ18 (Scheme 5).”” Two electrons selectively occupy the
antisymmetric y, orbital in the type-2 diradical. The
conrotatory ring-closing mode was required from the type-2
electronic configuration to give the trans-fused ring-closing
products CP18. However, the trans-fused compounds are too
strain to form. In fact, the silyl-migrated products 3-
silylcyclopentenes MG18 were isolated in quantitative yields.
The intramolecular cyclization products CP18, bicyclo[2.1.0]-
pentane derivatives, were reported to be stable at temperatures

~
~
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Scheme 18. Synthesis of Heavy-Atom [1.1.1]Propellane Derivatives 31 and Their Reactivity
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Figure 31. Sn—Sn diradical in the bicyclo[1.1.1]pentane structure.

Figure 32. Diradical character of the binuclear Cu(I) complex {Cu,-
[(SPh,P),CSSC(PPh,S),]} 35.

7029

below 150 °C.”® The type-2 electronic configuration of
diradical DR18 explains why the ring-closed compound
CP18 was not formed in the denitrogenation reaction.

The reactivity of the type-2 singlet diradical 2-silylcyclopen-
tane-1,3-diyl DR19 (SiR, = trimethylsilane) was computed at
the UB3LYP/6-31G(d) level of theory (Scheme $). In contrast
to the barrierless process of the disrotatory ring-closing mode
of the type-1 diradicals, such as 2,2-dihydroxycyclopentane-1,3-
diyl DRIc, significant energy barriers of ~7 kcal mol™" were
calculated for the formation of both the endo- and exo-
configured bicyclo[2.1.0]pentanes CP19 from the type-2

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Scheme 19. Diradical Intermediate DR45 in the Cope
Rearrangement of 1,5-Hexadiene
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Scheme 21. Mechanochemical Generation of Diradical
DR47 in Polymer 40
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singlet diradical DR19. The transition state for the concerted
silyl-migration pathway from the singlet 2-silylcyclopentane-
1,3-diyl was found in a suprafacial manner to give the
silylcyclopentene derivative MG19. The energy barrier of the
migration step was calculated to be ~3 kcal mol™" at the same
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Scheme 22. 1,4-Diradical Character in DR48
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Figure 33. Through-bond effect in twisted diradicals on the singlet—
triplet energy gap.

Scheme 24. Generation of 6,7 Diradicals in the Myers—Saito
Reaction and Schmittel Cyclization of Hepta-1,2,4-trien-6-

yne
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level of theory, which was lower than those of the ring-closing
reactions.

As discussed previously, the most stable electronic
configuration of localized singlet diradicals, type-1 versus
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Scheme 2S. Generation of a,n-DHT in the Photochemical
Elimination of Chlorobenzyltrimethylsilanes
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Scheme 26. Schmittel Cyclization and the Substituent Effect
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type-2, plays a crucial role in determining their chemistry. In
2005, the thermal denitrogenation mechanism of the precursor
azoalkanes, namely, 2,3-diazabicyclo[2.2.1]hept-2-ene (DBH)
derivatives, was found to be largely influenced by the most
stable electronic configuration of the 1,3-diyls (eq 7,

X, X
AT
N —> Ny (7)
N
DBHs DR1

Figure 23).” Thus, when the HOMO of the lowest singlet state
of the resulting diradicals is antisymmetric NBMO (), that is,
for the type-2 configuration, the concerted denitrogenation is a
symmetry-allowed process, because the phase of the HOMO
matches with the 7* phase of the nitrogen molecule (Figure
23).%” However, when the HOMO is the symmetric NBMO
(ps), that is, for the type-1 configuration, the concerted
denitrogenation was predicted to be a symmetry-forbidden
process, because the two phases do not match each other. Thus,
the concerted denitrogenation would be the preferred
denitrogenation mechanism for the electron-donating-silyl-
group-substituted azoalkane (X = SiR;). In contrast, the
stepwise denitrogenation was found to be the preferred
mechanism in the thermal denitrogenation of the electron-
withdrawing-group-substituted azoalkanes (X = F, OR). The

Scheme 27. Photochemical Schmittel Reaction of 49
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substituent effect was confirmed by the combination of Mechanochemically Generated 1,3-Diradicals.>~%°
uantum chemical calculations and experimental studies.*"* i i i i
q Xp . Chemistry includes bond-breaking and -formation processes.
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Scheme 28. Generation of p-Benzyne Derivatives in
Masamune—Bergman Cyclization
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In general, the processes are triggered by heat, light, oxidation,
and reduction. Recently, mechanochemical®® polymer extension
derived from ultrasonication [denoted by “)))”] was reported
to induce bond-breaking processes, generating diradical species.
Lenhardt et al. reported that an unusual cis/trans ratio was
observed in the isomerization reaction of the gem-difluor-
ocyclopropane ring system in 1,4-polybutadiene (PB) polymer
(Scheme 6).*” The trans isomer is more stable in energy than
the cis isomer. Thus, the thermal isomerization induced by
heating the polymer at 200° overnight gave a cis/trans ratio of
1:2.6. However, a cis/trans ratio of 3.5/1 was obtained in the
ultrasonication of the PB polymer (209 kD) after 60 min at 6—
9 °C. The isomerization reaction was found to be largely
dependent on the molecular weight of the polymer. An 8.2-kD
PB polymer with the difluorocyclopropane moiety was below
the critical molecular weight necessary for the mechanochemi-
cally induced cis—trans isomerization. The diradical inter-
mediate DR20 generated by the mechanochemically induced
tension was proposed for the selective formation of the cis
isomer through the disrotatory ring-closing reaction. The
diradical intermediate was trapped by a 2,2,6,6-tetramethylpi-

peridin-1-oxyl (TEMPO) derivative. The disrotatory ring-
closing and -opening modes are the energetically favored
processes, because the singlet 2,2-difluorocyclopropane-1,3-diyl
has a type-1 electronic configuration.

Molecular dynamics simulations supported the mechano-
chemically induced ring-opening reaction and the generation of
the diradical intermediate (Figure 24). Upon application of a 2
nN force to cis attachment points, 6 of 20 trajectories opened
in the disrotatory mode to form the diradical, which is the
symmetry-allowed process. A larger 3 nN applied force was
required to observe ring opening within the 1-ps simulation
window for the trans isomer case.

2.2. 1,3-Diradicals in Heterocyclic Four-Membered Ring
Systems

2.2.1. Type-1 Diradicals (B,P,).2 Type-1 localized singlet
1,3-diradicals are recognized only as short-lived intermediates
or transition states for the cycloreversion reaction of bicyclic
ring compounds such as bicyclo[1.1.0]butanes and
bicyclo[2.1.0]pentanes, because the two electrons preferentially
occupy the bonding 7 orbital (Figure 15). Scheschkewitz et al.
designed the isolable localized B,P, singlet diradical DR21
(Scheme 7), which was dictated by taking advantage of several
factors to kinetically stabilize the singlet diradical: (1) a
substantial ring strain in the bicyclo[1.1.0]butane structure, (2)
the low-lying o orbital of P*R,, (3) a weak B—B ¢ bond due to
electrostatic repulsion, and (4) the bulky substituents Pr and
Bu (Scheme 7).% The singlet diradical was synthesized in the
reaction of 1,2-dichloro-1,2-di(tert-butyl)diborane with 2 equiv
of lithium di(isopropyl)phosphide. After workup and recrystal-
lization from a toluene solution at room temperature, DR21
was isolated in 68% vyield as air-sensitive but highly thermally
stable yellow crystals (mp. 212 °C). X-ray diffraction analysis
revealed that the B,P, ring is perfectly planar, and the B—B
distance was found to be 257 pm. The long B—B distance
indicates that there is no o-bonded interaction between the
boron atoms. The relatively low-field "B and *P NMR
chemical shifts (63 = +25 ppm and 8, = +3 ppm) clearly
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Scheme 29. Radical Trapping Reaction Using Phenyl fert-Butyl Nitrone (PBN) in the Masamune—Bergman Cyclization

Reaction

Figure 39. Examples of Masamune—Bergman cyclizations.

indicate the absence of four-coordinate B centers and three-
membered rings. The electronic absorption was observed in the
visible region at 4, = 446 nm (& = 2200), which suggests an

interaction between the two radical sites. A computational
study of the parent B,P, diradical at the UB3LYP/6-311+
+g(d,p) level of theory revealed that the singlet—triplet energy
gap is 17.2 kcal mol™' and the planar singlet state is the
transition state for the cycloreversion reaction. Thus, the
substituents of ‘Bu and Pr on B and P atoms were
indispensable in kinetically stabilizing the type-1 singlet
diradical.

The radical-type reactivity of the B,P, diradical was
confirmed by reaction with CDCl;, Se, PhSeSePh, and
Me;Sn—H (Scheme 7).*° In the reaction with CDCI; at
room temperature, the 2,4-dichloro adduct § was isolated with
an approximate cis/trans ratio of 3/1. The [I.1.1]bicyclic
structure (asterane) of adduct 6 was obtained in 70% isolated
yield in the reaction with elemental selenium (Se) at room
temperature in toluene. Interestingly, bridged structure 6 was
also formed in the reaction with PhSeSePh, although the
mechanism is not clear for the formation of the asterane
derivative. A spontaneous and clean reaction was observed with
trimethyltin hydride to selectively give the trans-configured
adduct 7. The trans geometry of 7 was unambiguously deduced
by X-ray analysis. A stepwise rather than concerted mechanism
was proposed for the formation of 7. When a bulky radical
trapping agent such as BrCCl; was used for the reaction,
compound 8 was obtained together with the trans-1,3-dibromo-
substituted compound in 56% yield. The formation of 8 most
probably results from a stepwise reaction: (1) the singlet

Scheme 30. Phototriggered Cycloaromatization in the Photolysis of 63
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Scheme 31. Facile Cyclization Reaction for the Methoxy-Substituted Substrate 66
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Scheme 34. Synthesis of 2,3-Dihydrobenzo|f]isoindoles Using Masamune—Bergman Cyclization
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Scheme 35. Myers—Saito (MS) Cyclization versus Garratt—Braverman (GB) Cyclization in Diallene
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Scheme 36. Photoinduced Masamune—Bergman Cyclization

(0]
/\ _
hv
s E N ERs oo
—CO
S =
OH 73 OH 74 OH

1
AH =13.63 % 0.22 kcal mol-!
AS™ =-30.66 + 0.61 cal mol-! K-1

diradical abstracts a bromine atom from the bromotrichloro-
methane, and (2) the disproportionation of the resulting radical
pair gives 8 and chloroform. HCl and HOTf were also found to
add readily to B,P, singlet diradical DR21. ! The reaction
proceeds in a concerted or stepwise manner, but always with
complete stereo- and regioselectivity.

The importance of steric hindrance in stabilizing the type-1
diradical was confirmed by the B—B o-bonding formation
reaction in the sterically less-hindered ethyl-group-substituted
case, B—B = 183 pm (Figure 25). ''B and *'P NMR signals
were observed for the ring-closed compounds at ca. —12 and
—55 ppm, respectively, which are quite different from the
chemical shifts observed for the singlet diradical DR21.”* The
energy barrier (AG?) of the cycloreversion process was
determined to be 8.5 kcal mol™.

When the substituents on P are Pr groups and those on B
are Ph groups, the two bond-stretching isomers, ie. singlet
diradical DR22 and the bicyclic form CP22, were observed by
variable-temperature NMR spectroscopy (Figure 26).”> From

Scheme 38. Ruthenium-Induced Masamune—Bergman
Cyclization of 76

R =
—_—
R =

76 77

the van’t Hoff plot of the temperature-dependent change of the
two isomer ratios, the enthalpy and entropy differences
between the two isomers were determined to AH = 14 +
0.2 kcal mol™" (the single diradicals form is enthalpically more
stable than the bicyclic form) and AS = 7.2 + 1.6 cal mol™' K
Thus, it was concluded that the order of stability of the bond-
stretch isomers DR22 and CP22 is largely entropy-driven.
The catenation of the singlet diradicals, through the para-
phenylene and meta-phenylene, was found to lead to
antiferromagnetic low-spin polymers in which the half-filled
electron bands conferred the capability of metallic conduction
without doping”*”> The catenation of the singlet diradical
through the para-phenylene unit successfully produced the
bis(singlet diradical) DR23 (Figure 27). From the X-ray
analysis data, a small quinoidal character in the singlet state of
the tetraradical was confirmed. The weak communication
between the two diradical units was proposed to be due to the
weakness of the B—C double bonds. The absorption maxima of
DR23 was observed at 630 nm with &€ = 1374, which was a
much longer wavelength than observed for the monosinglet

Scheme 37. Fragmentation and Rearrangement from the Diradical Intermediate in Masamune—Bergman Cyclization
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Figure 40. Masamune—Bergman cyclization triggered by chromium tricarbonyl complex.

Scheme 39. Thermal Cyclization of Allene-Yne Derivatives
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diradical DR21. In contrast to the open-shell singlet diradical
structures with the para-phenylene unit, closed-shell structures,
namely, two bicyclic[1.1.0] structures, were found for the meta-
phenyl unit. The steric repulsion in the open-shell structure was
responsible for the ring-closing structure. Computational

0 /~Ph

7037

studies by Bell et al. suggest that the stability of the para-
tetraradical can be rationalized by its moderate extent of radical
character.”

Seiertstad et al. reported that the diradical character of DR24
could be engineered by the substituents R and R’ at the B and
P atoms, respectively (Figure 28). For example, silyl
substitution at the phosphorus atom decreased the energy
gap between the two nonbonding molecular orbitals (g and
ws)- Thus, the occupation numbers in yg and y, were found to
be 1.61 and 0.39 at the GVB(2,2)/6-31G(d) level of theory,
increasing the diradical character with decreasing singlet—triplet
energy gap from 18.7 kcal mol™ (R =R’ = H) to 5.8 kcal mol ™"
(R = SiH;, R’ = H).”” Cheng and Hu,”® Saettel and Wiest,”
Schoeller et al,'® and Jung and Head-Gordon'®' also
investigated the electronic nature of the type-1 singlet diradical
DR21 using quantum chemical calculations.

AlLP, Diradical. In 2009, Henke et al. isolated ALP, type-1
singlet diradical DR2S as a green crystal in the reaction of AICI
and LiP'Bu (Scheme 8).'”> The singlet—triplet energy gap was
calculated to be 28.9 kJ mol ™!, with a preference for the singlet

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Scheme 41. Generation of ortho-Caboryne and meta-
Carboryne in the Photolysis of Lithiolated Iodocarboranes
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state. A long Al—Al bond distance of 350.8 pm was determined
on the basis of X-ray crystallographic analysis.

Ge,Ga, Diradical. Doddi et al. very recently reported the
synthesis of an unusual molecule DR26 with a Ge—Ge z-single
bond in the reduction of GeCl, with Ga(DDP)/KCg (Scheme
9).!% The Ge—Ge bond distance was determined to 287.14
pm, which is much longer than a typical Ge—Ge ¢ bond. The
computational study of the model compound clearly indicated
the existence of a z-single-bonding system.

2.2.2. Type-2 Diradicals in Heterocycles. The electronic
structure of four-membered heterocycles X,Y, with six =«
electrons, such as the S,N, molecule, has been discussed in the
literature (Figure 29).'*”'%° In principle, the molecules exhibit
diradical character, zwitterionic character, and 67 aromaticity.
The singlet state was found to be the ground-state spin
multiplicity for the S,N, molecule. A relatively large LUMO
occupation number of 0.12 e~ was calculated for S,N,,
indicating that the molecule has a diradical character.

C,P, Diradicals. In 1995, Niecke et al. found the formation
of C,P, diradical DR27 in the reaction of phosphane 10 with
butyllithium in a mole ratio of 2:1 (Scheme 10).'%7 X-ray
crystallographic analysis of the deep red crystal (4, = 478 nm)
clarified the planar four-membered ring of the C,P, unit, in
which the substituents at the radical carbon and phosphorus

86

O B3LYP LC-oPBE  Mk-MRCCSD
N BS BS AG-AP
‘R | 2217 2189 2025 2.017
Y 6| 1168 1153 99.5 98.0
2,6-DHP The cc-PVTZ basis set was used.

Figure 42. Comparison of the 2,6-DHP optimized geometry obtained
by the multireference CCSD method with that calculated from the
analytical gradients (AGs) with approximate spin projection (AP) by
density functional theory.

atoms both adopt a trans configuration. The ring carbons were
detected at the chemical shift of 98.8 ppm in the *C NMR
spectrum, which is strongly deshielded. Quantum chemical
calculations for the parent diradical C,(H,)P,(H,) DR28 were
performed to understand the electronic structure of the C,P,
diradical. A multiconfigurational self-consistent-field (MCSCF)
optimization of the geometry indicated a singlet ground state
with C; symmetry. The singlet—triplet energy spacing was
computed to be 7.4 kcal mol™". Configuration interaction (CI)
calculations clarified that the occupation number in y;
(HOMO) was 1.6 electrons. Thus, the diradical was
categorized as type-2. As expected from the electronic
configuration, the thermolysis (A) of DR27 did not produce
any ring-closing product, but rather produced the ring-opened
product 11 through the formation of carbene 12.

The photochemical reaction (hv) of the silyl-substituted
diradical DR29, which was prepared by the reaction of DR27
with Hg(SiMe;),, produced the ring-closing product 13.'°® The
structure was confirmed by X-ray crystallographic analysis.
During the ring-closing reaction in solution, a significant upfield
shift was detected at the ring carbon atoms from 111.0 and
104.1 to 28.3 ppm in the *C NMR spectrum. The thermal
ring-opening reaction of 13 was observed to afford the 1,4-
diphosphabutadiene. In contrast to the formation of the
bicyclo[1.1.0] system of the monosilyl-substituted diradical
DR29, the elimination of the Mes* group at the phosphorus
atom was observed in the photolysis of the bis(silyl)-substituted
diradical DR30. A severe steric repulsion between the two silyl
groups was suggested to prevent the ring-closing reaction.

1,3-Diphosphacyclobutane-2,4-diyl-2-ylidenide DR31 was
prepared in the deprotonation reaction with lithium diisopropyl
amide (LDA). The compound spontaneously reacted with
AlMe; to give the diradical DR32.'” The ring carbon atoms
appeared at 118.3 and 140.3 ppm in the "*C NMR spectrum.

synthesis of heterocycles
in drug discovery
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Figure 41. Singlet—triplet energy spacing of didehydropyridines (DHPs).
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Because C,P, is an electron-rich diradical, protonation by
TfOH was possible and gave the protonated compound 15.""
The planar structure of the cation was confirmed by X-ray
crystallographic analysis. The '*C NMR signals of the ring
carbon atoms of 15 appeared at 75.8 and 123.3 ppm. The
position of protonation sug%ests the contribution of zwitterion
Z1 in the diradical formula.""!

Amino-substituted diradical DR33 was found to be very
reactive, giving the rearranged compound 16 (Scheme 11). The
diradical was detected only by magic-angle-spinning (MAS)
NMR spectroscopic analysis. Computations at the MCSCEF-
(10,10)/6-31G(d) level revealed that the isomerization from
DR33 to 16 is a two-step process through carbene intermediate
17. The rate-determining step was found to be the ring-opening
reactiolnlzof diradical DR33, with an energy barrier of 105.5 kJ
mol ™.,

Very recently, Schoeller and Niecke reported the closed-shell
character of diradicals DR34 and the effects of substituents on
the singlet—triplet energy gap for C,P, diradicals. The amino-
substituted diradicals on the phosphorus atoms were predicted
to be tlhle3 triplet ground state with an energy gap of ~2—4 kcal
mol ™.,

NH
P
ak™N n
P
NH,
DR34
R =Ph, CI, NH,

Yoshifuji and co-workers prepared the type-2 singlet diradical
DR3S from the phosphaalkyne and investigated its chemistry
(Scheme 12).""*7"® To do so, they reacted 0.5 equiv of tert-
butyl lithium with the kinetically stabilized phosphaalkyne 18 to
generate the corresponding anion 19. The resulting anion was
quenched with alkyl iodide or alkyl bromide (R—X) to afford a
variety of types of singlet diradicals DR35. The symmetric C,P,
diradical DR35a (R = R’ = 'Bu) was formed in the dimer
interaction of the anion 19. The diradical was reported to be
air-stable and not moisture-sensitive. The planar structure of
the C,P, ring was confirmed by X-ray crystallographic analysis.
The radical carbon was observed at 6c = 111.3 ppm for
compound DR35b (R = Bu, R’ = Me). The absorption
maximum was observed at 612 nm, indicating a small HOMO—
LUMO energy gap of ~2 eV. A reversible oxidation peak was
observed at +0.35 V (versus Ag/Ag®), and an irreversible
oxidation peak was observed at +1.56 V. In contrast to the
thermal and photochemical reactivity of Schoeller and Niecke’s
diradical, the thermolysis of DR35a produced the starting
compound phosphaalkyne, and DR35b was unreacted under
irradiation conditions.

The one-electron oxidation of DR35b using a blue solution
of tris(4-bromophenyl)ammoniumyl hexachloroantimonate
produced an ESR-active compound with absorptions at 510,
625, 732, and 846 nm. The green-colored compound was
assigned to the radical cation 20. Two or three stable C,P,
diradical units were concatenated to construct multiradical
derivatives 21 and 22."" The UV—vis and cyclic voltammetry
(CV) measurements of multiradicals 21 and 22 indicate a
nonconjugative covalent interaction between the diradical units.

Compound DR35b (R = ‘Bu, R’ = Me) was allowed to react
with lithium aluminum hydride (LAH) to give anion 23, in
which the hydride is attached to the less-hindered phosphorus

7039

atom."*® However, with the substituent R’ = CH,C(O)OMe,
the elimination of substituent R’ was observed to give the anion
241712 An S 2-like mechanism was proposed for the
formation of the anion, because R'—H compounds were
isolated from the reduction reactions.

Ge,XY Diradicals. Cui et al. reported the formation of Ge,N,
diradical DR36 in the reaction of a Ge—Ge triple-bonded
compound with excess trimethylsilyl azide (Scheme 13)."** The
compound DR36, with a dark violet color, was found to be
extremely air- and moisture-sensitive and rapidly changed to a
white powder once exposed to the atmosphere. The structure
was confirmed by X-ray crystallographic analysis. The geometry
at the nitrogen was found to be trigonal-planar (sum of
interligand angles 359.97°) and that of germanium was
pyramidal (sum of interligand angles = 322.10°). The singlet—
triplet energy gap was calculated to be 17.5 kcal mol™ with the
singlet ground state. The UV—vis spectrum showed a strong
absorption maximum at 4., = 521 nm, which corresponds to a
HOMO-LUMO energy gap of 54.88 kcal mol™".

The formation of Ge,NO diradical DR37 was also found in
the reaction of the Ge—Ge triple bond with a nitrosobenzene
derivative.'”> A purple black crystal with A, = 554 nm was
obtained as a pure form. X-ray crystallographic analysis
indicated that the coordination geometries at the Ge and N
atoms were pyramidal and trigonal-planar, respectively. A
HOMO-LUMO energy gap of 55.3 kcal mol™" was computed
at the UB3LYP/6-31G(d) level of theory.

Sn,N, Diradical. Cox et al. isolated colorless and ESR-silent
crystals of Sn,N, compound DR38 from the reaction of dimeric
Sn(CI)N(SiMe;), with AGQOCN (Scheme 14).'*° 1%Sn NMR
spectroscopy showed that compound DR38 was the major tin-
containing product in the reaction. They attributed the driving
force of the reaction to the oxophilicity of silicon atoms. The
singlet state was found to be favored by 57 kJ mol™" over the
triplet state. A derivative of 1,3-diaza-2,4-diistannacyclobutane-
diyl DR39 was also isolated by Dickie et al.'*’

P,N, Diradical. P,N, diradical DR40 was prepared in the
reduction of 1,3-diphospha-2,4-diazane 25 using [{Cp,TiCl},]
as the reducing agent (Scheme 15).">* The diradical DR40 was
crystallized as orange crystals from toluene in the monoclinic
space group C2/c. In this compound the phenyl rings on the
amino nitrogen are twisted with respect to each other.
Computations of the electronic structure support the diradical
character of compound DR40 with a type-2 electronic
configuration. Natural atomic orbital analysis suggests six
delocalized 7 electrons in the heterocyclic system. The singlet
was calculated to be lower in energy than the triplet state at the
UDFT level of theory. CASSCF calculations clarified that the
antisymmetric NBMO is occupied by 1.7 electrons.

As,N, Diradical. Demeshko et al. also succeeded in
synthesizing As,N, diradical DR41 in 92% yield in the reaction
of 3 equiv of activated Mg with 1,3-dichloro-2,4-diterphenyl-
1,3-diarsa-2,4-diazane (Scheme 16).'* The As,N, diradical
exists as extremely air- and water-sensitive but highly thermally
stable purple crystals (dec 245 °C). X-ray diffraction analysis
revealed the perfect planar four-membered ring structure of
DR41. The bond length of As—N was found to be ~186 pm,
which is slightly shorter than expected for normal As—N single
bonds (192 pm). The As—As distance was found to be 288.39
pm, which indicates that there was only a very small
transannular As--As interaction. The diradical DR41 was
reported to be ESR-silent. The existence of a singlet ground
state was confirmed by temperature-dependent magnetic
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measurements, diplaying exclusively diamagnetic behavior
between 295 and 2 K. DFT calculations of the electronic
structure revealed that DR41 is a singlet ground state with six
delocalized 7 electrons. The NICS(0) value (where NICS is
nucleus-independent chemical shift) was computed to be —6
ppm, which supports the aromaticity of the singlet diradical
DR41. The singlet state was found to be 19.3 kcal mol™' lower
in energy than the triplet state at the UB3LYP/6-311+G(d,p)//
6-31G(d,p) level. The radical character was examined in
reactions with CCl,, elemental sulfur and selenium, and CS,
(Scheme 16).

Si;N, Diradical. Takeuchi et al. succeeded in isolating the
singlet ground state of Si,N, diradical DR42 from the reaction
of disilyne with 1 equiv of azobenzene in tetrahydrofuran
(THF) at room temperature (Scheme 17)."*° The diradical has
a dark purple color with A, = 529 nm. According to
computations, the electronic absorption corresponds to the
HOMO (y,) to LUMO () excitation. The singlet—triplet
energy spacing was calculated to be 12.8 kcal mol™".
Compound DR42 was reacted with MeOH at room temper-
ature to give the cis-configured MeOH adduct 26. In contrast,
the trans-addition reaction was found in the reaction with CCl,
S)lgilve 27. A similar diradical reactivity was found by Nied et

2.2.3. 1,3-Diradical Character in [1.1.1]Propellane
Structures.’®? In 1989, Sita and co-workers first reported
the formation of pentastanna[l.1.1]propellane 28 by heating
Sn;R!, (Figure 30)."** The purple-colored sample was isolated
and analyzed by X-ray crystallography to reveal a bridgehead
Sn—Sn distance of 337 pm, which is ca. 20% longer than a
normal Sn—Sn single bond. Derivatives 29 and 30 were
synthesized by Drost et al.">* and Richards et al,'**
respectively. The bridgehead Sn—Sn and Ge—Ge bond lengths
were determined to be 336 and 342 pm, respectively.

Nied et al. improved the synthetic procedure of heavy-atom
[1.1.1]propellane derivatives 31 (Scheme 18)."%¢ The singlet
diradical character for propellanes 31 was confirmed by the
computation of the occupation number in the LUMOs at the
(6,4)CASSCEF level of theory. A LUMO occupation number of
~0.1 electron was found for all of the derivatives. The reactivity
toward radical-trapping agents supports the diradical character
of the heavy-atom propellanes. Very recently, Ito et al. reported
the synthesis of a stable spirobis(pentagerma[l.1.1]-
propellane)."*”

Stable derivative 32 of SigH¢ was synthesized by Abersfelder
et al."*® The longest wavelength of 32 was observed at 473 nm.
The corresponding SisMesg was found at 396 nm by Nied et
al."*® The red shift was attributed to the degeneracy of the
HOMO and LUMO.

Sn—5Sn Singlet Diradical. In 2011, Schrenk et al. isolated
Sn—Sn singlet diradical DR43 (Figure 31). The bond distance
between the Sn atoms was found to be 382 pm using X-ray
crystallographic analysis."* The Sn—Sn distance was consid-
ered to be too long for a single bond, which should be around
280 pm. DFT computations for DR43 showed a singlet—triplet
energy spacing of 48.9 k] mol™" with a singlet ground state.
CASSCEF calculations support the singlet diradical character of
the compound. The occupation number in the HOMO was
found to be 1.7 for the parent structure DR44, in which all of
the substituents on Si and Sn are hydrogen atoms. According to
the calculations for the parent compound DR44, the structure
with an angle (6) of 130° was found to be nearly the transition
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state for the two bond-stretching isomers “long” 33 and “short”
34,140

Konu et al. reported that a diradical character of a dinuclear
copper(I) complex 35 in a strained system (Figure 32)."*!

2.3. 1,4-Diradicals

Cyclohexane-1,4-diyls DR45 have been proposed as hypo-
thetical diradical intermediates for the Cope rearrangement of
1,5-hexadienes 36 (Scheme 19). Namai et al. confirmed the
existence of the singlet diradical DR45 using the thermolumi-
nescence in the charge recombination of radical ion pairs of 37
and 36, which were generated by y irradiation at 77 K in a
methylcyclohexane (MCH) glassy matrix.'*

Compound 38, in which the two lophyl radical moieties are
attached, was designed for a mechanistic probe for the Cope
rearrangement. The promising intermediate tetraradical DR46
was assumed to be trapped intramolecularly using the lophyl
radicals to produce the corresponding quinoidal structure 39
(Scheme 20)."*

A mechanochemical ring-opening reaction of perfluorocyclo-
butane polymer 40 was also found to give the diradical
intermediate DR47 that was trapped by TEMPO derivative 41
(Scheme 21)."** The diradical finally produced a pair of
difluoroethylene derivatives. The molecular weight degradation
of the sonochemical reaction of 40 was largely dependent on
the molecular weight of the polymer. Polymers over 20 kDa in
molecular weight were found to efficiently produce the
degradation product.

Compound DR48, with singlet 1,4-diradical character, was
isolated in the reaction of 42 with 2 equiv of diphenylac-
ethylene, and the structure was characterized by X-ray
crystallographic analysis (Scheme 22)."** The singlet diradical
DR48 was reported to be a highly air-sensitive and moisture-
sensitive dark red solid.

Ge—Ge singlet diradical character in the bicyclo[2.2.0]-
hexane structure DR49 was found by Wang et al. and Power
(Scheme 23).'*'* The singlet diradical was formed in the
digermyne ArGeGeAr 43 with 2 equiv of nitrosobenzene. X-ray
crystallographic analysis gave a bond length of 254 pm for Ge—
Ge, and an Ar—Ge—Ge angle of 177°. The structure was
assigned to the long-bond isomer for the bicyclo[2.2.0]-
structure. Natural bond orbital (NBO) analysis for the model
compound clarified the diradical character of DR49. Only 0.33
electron was calculated to be in the ¢* orbital of the Ge—Ge
bond. The singlet diradical character of heavy alkynes and
alkenes such as Si=Si and Ge=Ge was proposed exper-
imentally and computationally.'*®

In 2010, Lovitt et al. found that a strong through-bond
interaction determines the singlet—triplet energy spacing of
diradicals DRSO—DRS2, in which the two allyl radicals are
located perpendicularly (Figure 33)."*” When the two allyl
radials are connected in the four-membered ring system as in
DRS0, a large singlet—triplet energy spacing of ~25 kcal mol™*
with singlet preference was found, whereas much smaller
singlet—triplet energy gaps were found for the five-membered
(DRS1) and six-membered (DR52) systems. The two sets of
through-bond (TB) interactions, which make the energy
spacing between the nonbonding orbitals large, explained the
larger singlet—triplet energy gap for the diradical DRSO with
the four-membered ring system than for the other two cases.

2.4. o,z Diradicals

o,w Diradicals are an interesting family of heterosymmetric
diradicals, in which one of the unpaired electrons is located at
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the allylic position (7 radical) and another unpaired electron is
a o radical at the vinyl carbons. @,3-Dehydrotoluene DRS3, the
intermediate of the Myers—Saito reaction,">>">" has attracted
much attention because of the DNA cleaving activity of its
derivatives (Scheme 24). The Schmittel diradical DRS4'* is
important for the cyclization reaction of substrates in which a
bulky substituent is located at the C7 position (vide infra). In
2010, Sakai and Nishitani calculated the mode of cyclization
reactions at the multireference MRMP2/6—311+G(d,p)//
CASCF(10,10)/6-31G(d) level of theory. Actually, the
Myers—Saito reaction (AE* = 16.6 kcal mol™") was found to
be energetically favored over the Schmittel cyclization reaction
(AE* = 23.3 keal mol™) by ca. 7 kcal mol™."*?

a,n-Dehydrotoluenes (DHTSs). Wenthold et al. deter-
mined the absolute heats of formation for the three a,n-DHT
molecules from measurements of the collision-induced
dissociation (CID) threshold energies for the dissociations of
chloride, bromide, and iodide ions from the corresponding o-,
m-, and p-halobenzyl anions in the gas phase.">* The 298 K
heats of formation of all three derivatives were determined to
be 103 + 3 kcal mol™". According to multiconfigurational self-
consistent field (MCSCF) calculations, @,2 and a,4 derivatives
are triplet-ground-state molecules with singlet—triplet energy
gaps of 7.4 and 8.1 kcal mol™, respectively (Figure 34). The
triplet ground states of the two species were experimentally
confirmed by Neuhaus et al. by the low-temperature matrix
isolation technique."*® They did not observe any ESR signals
for the @,3 derivative at S K in an Ar matrix. This observation is
also consistent with the singlet ground state predicted by
MCSCE calculations, in which the energy gap was estimated to
be 3 kcal mol™". The ground-state spin multiplicity can be well
understood by the spin polarization effect as depicted in the
structures.

The values of the ESR zero-field splitting (zfs) parameter |D/
hel for the @,2 and a,4 isomers were determined to be 0.139
and 0212 cm™, respectively, with corresponding relatively
large |E/hcl values of 0.0081 and 0.004 cm™, respectively.
These values are much larger than those for meta-quinodi-
methane (m-QDM),"***® for which the ID/hcl and |E/hdl
values were determined to be 0.011 and 0.0010 cm™},
respectively (vide infra). The larger zfs values of the a,n-
DHTSs compared to m-QDM are explained by the resonance
structures of carbene.

Despite the simple structures of a,n-DHTs, their generation
was rather difficult. Protti et al. reported that all of the isomers
could be generated by the photochemical elimination of the
electrofugal group (SiR;) and the nucleofugal group (Cl) in a
protic solvent such as methanol (Scheme 25)."’

Schmittel Diradicals. In 1995, Cinar et al. found that the
C2—C6 cyclization reaction from ene-allenes with a bulky
substituent at the alkyne terminus affords the o,z diradicals
DRSS (Scheme 26). Because of this finding, the so-called
Schmittel cyclization has attracted much attention in the field of
mechanistic study, as well as for synthetic purposes. The
benzofulvene diradicals DRSS generated in the thermal
cyclization of ene-allenes 44 are known to undergo intra-
molecular reactions to give the products 45—47 (Scheme
26)."%° The effect of intermediacy and nonstatistical dynamics
on the product selectivity have been discussed on the basis of
experimental observations as well as theoretical studies."®" The
evidence for the generation of diradicals DRSS was supported
by the formation of 48 in radical-trapping experiments in the
presence of 1,4-cyclohexadiene.
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The diradical intermediate in the photoinduced Schmittel
reaction was confirmed by the direct observation of the
intermediary diradical using laser-flash-photolysis (LFP) experi-
ments and the ultrafast radical clock reaction of the ring-
opening of the diphenylcyclopropane moiety. Biicher et al.
reported the detection of the excited state of enyne-allene 49
(Amax = 458 nm, 7 = 458 ns) and the intermediary diradical 50
(Amax = 332 nm, 7 = 1000 ns) in the photochemical cyclization
reaction of 49 (Scheme 27). The diradical intermediate was
intramolecularly trapped to give the final product $1.'%

o,n-Diradical Character in Vinylmethylenes, Propar-
gylenes, and Penta-1,2,4-triene-1,3-diyls. Methylene 52
with R = H is a triplet-ground-state one-center diradical with
AEgr = 9.05 keal mol™" (Figure 35)."*> When the hydrogen
atom is substituted by a vinyl or acetylenyl group (R = C,H; or
C,H), the corresponding resonance structures are 1,3-diradicals
DRS56—DRS8. For propynylidene DRS7, studies using isotope
labeling, IR spectroscopy, and ESR spectroscopy and ab initio
calculations are all consistent with a C, structure for triplet
propynylidene. As judged by the small ID/hcl value, the vinyl
carbene is best described in the structure of 1,3-diradical
DR56."**7'%7 Very recently, a carbene composed of vinyl and
ethynyl units was also reported to be best described in the
structure of 1,3-diyl DRS8. Multireference ab initio calculations
reproduced well the values of zfs parameters D and E. The
calculations revealed that spin Folarization significantly affects
the magnitude of the D values. o8

2.5. Didehydrobenzenes (Benzynes)

Since the finding of o-benzyne, the chemistry of benzynes
including m-benzyne and p-benzyne has become quite rich in
the fields of both mechanistic and synthetic organic
chemistry.'®~'"> In 2010, quantum chemical calculations and
experiments on benzyne chemistry were summarized in
excellent review articles written by several experts, including
Wentru7p,l73 Wenthold,'”* Winker and Sander,'”® and Sato and
Niino.'”® The basic topics of benzyne chemistry, including
ground-state spin multiplicity, thermochemistry, structural
feature, and typical reactions are also described in this review
article, as well as benzyne chemistry reported since 2010.

The ground states of the benzynes are all singlets, with AEg;
= —37.5 + 0.3 kcal mol™" for o-benzyne, —21.0 + 0.3 keal
mol™! for m-benzyne, and —3.8 + 0.4 (or —2.1 + 0.4) kcal
mol™" for p-benzyne, which were all determined by NIPES
(Figure 36)."”” For p-benzyne, two values were assumed to be
possible, as the origin of the triplet state was not observed
because of overlapping with the singlet state. By modeling the
shape of the spectroscopic band, Wenthold et al. assigned the
singlet—triplet energy spacing as —3.8 + 0.4 kcal mol™.
However, it was noted that a value of —2.1 + 0.4 kcal mol™!
was also possible. The experimental results were reproduced
well by multireference calculations such as CASPT2 and
CASRS3. According to the quantum chemical calculations, the
distances (d) between the two carbon atoms in the singlet
states of o-benzyne and m-benzyne are shorter than those of the
triplet states, whereas the carbon—carbon distance of singlet p-
benzyne was calculated to be longer than that of the triplet state
at the CCSD(T)/cc-PVTZ level of theory.

The singlet ground states of all of the benzyne derivatives can
be explained by the through-space (TS) and through-bond
(TB) interactions between the two radical orbitals (Figure 37).
The magnitudes of the TS interactions should be in the order o-
benzyne > m-benzyne, and p-benzyne, because the distance
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between the two interacting radical orbitals increases in the
same order of magnitude. Thus, the singlet preference of o-
benzyne is greatest. The two electrons selectively occupy the
bonding orbital for o-benzyne and m-benzyne; thus, the bond
lengths between the radical sites in the singlet states were found
to be shorter than those in the triplet states. In contrast to the
most stable electronic configurations of o- and m-benzyne, the
two electrons selectively occupy the antibonding molecular
orbital in the singlet state of p-benzyne. The longer C—C bond
of the triplet state compared to the singlet state can be
explained by the opposite electronic configuration of the singlet
state of p-benzyne.

Recently, spin-flip (SF) time-dependent density functional
theory was applied to calculate the singlet—triplet energy
spacing of benzynes. Singlet—triplet energy gaps of —41.7,
—22.3, and —3.50 kcal mol™ were calculated for o-benzyne, m-
benzyne, and p-benzyne, respectively.'”® The values were found
to be consistent with the experimental results, as well as values
calculated by high-level ab initio methods.

o-Benzyne can be generated from the treatment of
halobenzene derivatives 53 with base. The photolyses of
peroxide 54, diketone $§, and anhydride 56 are also known for
the formation of o-benzyne derivatives. m-Benzyne can be
generated by the pyrolysis of peroxide 57, dinitro-substituted
compound 38, and diiodide 59 and detected under low-
temperature matrix conditions. p-Benzyne can be generated by
the conventional Masamune—Bergman cyclization and elimi-
nation reactions.

para-Benzynes. p-Benzynes are the most well-known
isomers among benzyne derivatives, because these singlet-
ground-state diradicals are intermediates of the Masamune—
Bergman'’”'® (C1-C6) cyclization of enediynes (Scheme
28). Kinetic studies by Roth and co-workers on DRS9 and 1,2-
diethynylbenzene DR60 revealed a slightly lower activation
enthalpy (AH*) with a significantly increased reaction enthalpy
(AH,,) for the cycloaromatization reaction, which resulted in a
reduced barrier (AH,,*) of the retro-ring-opening reaction of
DR60."®" Perrin and Reyes-Rodriguez recently reported
nucleophilic addition reactions toward z-benzyne derivatives
and summarized the electrophilic reactivity.'**

At the mPWI1PW91/cc-pVTZ//mPWI1PW91/6-31G(d,p)
level of theory, Spence et al. computationally found that
extending benzannelation from 1,2-diethynylbenzene in a linear
fashion with respect to the enediyne core increases the C1—-C6
cyclization endothermicity (AH,y,) from 0.9 kcal mol™ (for
60) to 12.9 kcal mol™" (for 62), whereas extending
benzannelation in an angular orientation from the enediyne
core reduces the cyclization endothermicity (AH,,,) from 12.3
kcal mol™ (for 62) to 5.4 kcal mol™" (for 64) (Figure 38).!83
The activation energy (AH?) for the cyclization reaction was
not largely affected by the number of aromatic rings or the
substitution pattern. The energetic trends can be explained by
Clar’s rule, whereby arenediynes that produce new aromatic
sextets lead to more favorable cyclization endothermicity
because of increased gains in aromatic stabilization energy.

The huge amount of interest in the transformation reaction
was driven by the discovery of the enediyne family of natural
antitumor agents, such as esperamicine and calicheamicin.'**'*
The intermediacy of the diradical species in the cyclo-
aromatization reaction was recently confirmed using the phenyl
tert-butyl nitrone (PBN) as a spin-trapping agent (Scheme 29).
The highly reactive species abstracts a hydrogen atom from
double-stranded DNA. The hydrogen-abstraction process leads
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to DNA cleavage and causes cells to undergo apoptosis.'®

Thus, enediynes are used as anticancer agents.

Bergman cyclization of the parent enediyne occurs only at
elevated temperatures. Triggers are needed to enhance the rate
constant to efficiently produce p-benzyne diradical. Molecular
design and reaction conditions that accelerate the Masamune—
Bergman cyclization reaction have been developed in the past
decade (Figure 39)."*” The most important molecular design is
the fixation of the enediyne moiety in a cyclic system. The
molecular strain caused by the macrocyclic ring and the entropy
factor are assumed to decrease the energy barrier for the ring-
closing reaction. Nicolaou et al. noted that the reaction
temperature varies with the distance between the enediyne
alkyne termini."*® A distance of less than 3.25 A is required to
obtain a reasonable rate constant at room temperature.

Bergman cyclization triggered by photolysis is also used to
generate p-benzyne diradicals. The advantage of photochemical
generation is illustrated by the emergence of photodynamic
therapy for cancer. Recently, Popik and co-workers developed
two methods for the phototriggered cycloaromatization in
which 10-membered-ring enediynes and ene-allenes were
generated by the in situ photolysis of a-diazo-f-diketone 65
(Scheme 30).'*°7'®! Breiner et al. found the C1-CS§
cyclization mode by introducing a highly electron-deficient
substituent at the terminal carbon of the enediyne.'* They also
found intramolecular hydrogen abstraction to produce more
stable radicals. Korovina et al. identified the effect of the
methoxy group at the C6 position of the naphthyl group on the
ph;)tlgghemical Bergman cyclization reaction of 66 (Scheme
31).

In 2011, Roy et al. reported the preparation of polycyclic
aromatics using the Masamune—Bergman cyclization of 67
(Scheme 32).""* A deuterium-labeling study suggested that the
polycyclization products were formed through diradicals DR61
and DR62.

Nechab et al. reported a memory of chirality in the cascade
rearrangements of enediynes, the Bergman cyclization reac-
tion.'”> For example, the rearrangement of (S)-68 under
benzene reflux conditions led to a mixture of cis and trans
diastereomers 69 in 50% and 29% yields, respectively, in the
presence of Al,O; (Scheme 33). The enantiomeric excess (ee)
of cis-69 was found to be 93.5%, whereas the ee of trans-69 was
reported to be 80%. When the reaction was carried out in the
presence of K,COj, only trans isomer 69 was formed in 86% ee
and 75% yield.

Masamune—Bergman cyclization was used for the synthesis
of 2,3-dihydrobenzo[f]isoindoles (Scheme 34). The initial
formation of 1,4-diradicals DR63 and H-atom abstraction from
1,4-cyclohexadiene (1,4-CHD) was followed by Sy2 substitu-
tion leading to product 70. The mechanism was supported by a
computational study of the energetically favored formation of
the diradical DR63."*°

Basak et al. investigated a competitive reaction mode of the
two types of cyclization, Myers—Saito (MS) versus Garratt—
Braverman (GB) (Scheme 35)."”” According to their computa-
tional study at the B3LYP/6-31G(d) level of theory, both
reactions are feasible. However, the diradical intermediate
DR64 from the GB cyclization reaction was calculated to be
lower in energy than the diradical derived from the Myers—
Saito reaction. Thus, GB cyclization was computed to be
thermodynamically favored over the MS reaction. Indeed, the
thermal cyclization reaction of 71 was found to selectively
produce the GB cyclization product 72 in 90% yield.
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Pandithavidana et al. designed a phototriggered Bergman
cyclization reaction of a nine-membered ring cyclic enediyne
(Scheme 36)."”® Decarbonylation from the cyclopropenone
moiety produced the nine-membered enediyne 73 to give the
Bergman cyclization product 74. The activation parameters
were determined to AH* = 13.63 + 0.22 kcal mol™' and AS* =
—30.66 + 0.61 cal mol™" K.

A variety of fragmentations and rearrangements were
observed in the Bergman reaction of enediyne 75, which
contains an acetal ring mimicking the carbohydrate moiety of
esperamicine and calchiamicine families (Scheme 37).1%

O’Connor and co-workers were the first to find that the
cycloaromatization of an enedig'ne 76 was triggered by
ruthenium metal (Scheme 38).”% The cyclization reaction
occurred smoothly to give the ruthenium arene complex 77 at
room temperature. Ylijoki et al. reported that a chromium
tricarbonyl complex also triggered the Masamune—Bergman
cyclization to give the chromium complex 78 stereoselectively
(Figure 40).*°" Without the metal, they found that the
cyclization reaction requires a temperature of 140 °C. The
transition-state energy of the metal-mediated cyclization
reaction was calculated to be 16.7 kcal mol™! at the B3LYP/
6-31G(d) level of theory. Interesting, the metal-coordinated p-
benzyne diradical was calculated to be a triplet ground state
with the singlet—triplet energy spacing of 1.8 kcal mol™.
Indeed, a typical triplet ESR signal with IDl = 18 MHz and |E| =
4 MHz was observed during the chromium-mediated
cyclization reaction in THF. The ESR signals were assigned
to DR6S. Although the molecule is highly symmetric, the E
value was found to be very large. The hyperfine coupling with
the two protons on the phenyl ring at the half-field area (Am, =
2) is strong evidence for the triplet structure. The triplet
ground state can be explained by the electron-withdrawing
character of the chromium metal on the phenyl ring. Clark and
Davidson reported that the singlet—triplet energy spacing
decrea;gg when electron-withdrawing substituents are intro-
d.

Siebert et al. report a combined computational and
experimental study on the intervention of the diradical during
the thermal [2 + 2] cyclization reaction of allene-yne derivative
79 (Scheme 39).2°* The S-exo-dig mode of intramolecular
cyclization was found to be energetically more favored than the
7-endo-dig mode of cyclization at the UB3LYP/6-31G+(d,p)
level of theory. The exocyclization was also calculated to be the
energetically favored pathway for the allene-yne 80. The
intervention of the diradical intermediates was experimentally
confirmed by the thermal cyclization reaction of allene-yne 81
(Scheme 40), in which the diphenyl-substituted cyclopropane
ring was introduced for the radical trapping reaction. The ring-
opened product 82 was isolated in 44% yield.

Carborynes. In 2011, Wang et al. reported the generation
of ortho-caboryne 83 and meta-carboryne 84 in the photolysis
of lithiolated iodocarboranes 85 and 86 (Scheme 41).2°* The
observed isotope effect, ky/kp = 5.3, on the C—H insertion
reaction to the ethers indicated that the hydrogen abstraction
by the carborynes is the rate-determining step in the insertion
reaction.

Hetarynes. Didehydropyridines (DHPs) are reactive
diradical intermediates and consist of six possible isomers:
2,3-DHP, 3,4-DHP, 2,4-DHP, 2,5-DHP, 2,6-DHP, and 3,5-
DHP (Figure 41). All of the derivatives are also the singlet-
ground-state molecules.””® Rau and Wenthold reported the
absolute enthalpies of formation of 2,3-DHP, 2,4-DHP, and
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3,4-DHP determined by using energy-resolved collision-
induced dissociation of the deprotonated 2- and 3-chloropyr-
idines.””° The enthalpy of formation of 3,4-DHP was measured
to be 121 + 3 kcal mol™! by using the chloride dissociation
energy for the deprotonated 3-chloropyridine. The enthalpies
of formation of 2,3-DHP and 2,4-DHP were both found to be
130 + 3 keal mol™. The computational studies clarified that the
nitrogen in the pyridine ring does not have any effect on the
stability of the aryne triple bond in 3,4-DHP, destabilizes the
aryne triple bond in 2,3-DHP, and stabilizes the 1,3-interaction
in 2,4-DHP. Natural bond order calculations showed that the
effects on 2,3-DHP and 2,4-DHP resulted from polarization of
the electrons caused by the interaction with the lone pair on
nitrogen. The polarization in 2,4-DHP is stabilized because it
creates a 1,2-interaction between the nitrogen and dehydro-
carbons. The energetic destabilization in 2,3-DHP is likely due
to the electron repulsion between the nitrogen lone pair and
the electrons of the in-plane 7 bond.

Similarly to the reactivity of o-benzynes, the isomers of 2,3-
DHP and 3,4-DHP were found to be useful reactive
intermediates for the synthesis of polyfunctionalized pyridine
derivatives, which are important in drug discovery.”

Recently, Saito and Thiel reported the superior method of
analytical gradients (AGs) with approximate spin projection
(AP) for geometry optimizations for large open-shell singlet
diradicals (Figure 42). For example, they tested the AG—AP
method for optimizing the geometry of the singlet state of 2,6-
pyridyne (2,6-DHP).”®® A previous study showed that the
geometry obtained from BS-UDFT calculations differed
significantly from that obtained by multireference (MR) ab
initio calculations. The optimized geometry by the AG—AP
method with LC-PBE level of theory was found to be
consistent with that optimized with a state-specific multi-
reference coupled-cluster singles and doubles approach (Mk-
MRCCSD). Ess et al. recently reported the fractional-spin
density functional theory for calculating singlet—triplet energy
gaps for diradicals such as trimethylenemethane (TMM) and
polyacenes.””

3. DELOCALIZED DIRADICALS

3.1. Triplet Diradicals in Antiaromatic Compounds>'°

In 1972, Baird proposed an “aromaticity” (or special
stabilization in energy) for the lowest triplet state of 4nx

E<%4|:> é +

A

_ 98y
sg+i4 44
+ 389

Figure 43. Baird’s aromaticity in the triplet state of 4nz annulenes.

211 . .
annulenes.” " 4nz annulenes are antiaromatic compounds by

Hiickel's definition. Baird explained the special energetic
stabilization of the triplet state of cyclobutadiene using
perturbation molecular orbital theory, as follows: The triplet
state of cyclobutadiene can be decomposed into the triplet pair

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Figure 44. Aromatic characters of the triplet states of Hiickel antiaromatic compounds at the CCSD(T)/cc-pVDZ//B3LYP/6-311+G(d,p).
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Figure 45. Spin-state-dependent change of aromaticity: Hiickel aromaticity in the singlet state versus Baird aromaticity in the triplet state.

Table 2. Singlet—Triplet Energy Gaps in Hiickel of 0dd electrons, namely, C* and allylic radical (Figure 43). The
Antiaromatic Compounds singly occupied molecular orbital (SOMO) can interact with
® the LUMO and HOMO of the allylic radical, because the three

Z i @ molecular orbitals have the same symmetry.
Schleyer and co-workers confirmed the concept by

calculating the nucleus-independent chemical shift (NICS)*'*
values of Hiickel antiaromatic compounds C,H, CsH;",
UBLYP | 86 -4.2 93 C¢H¢™*, CH,™, CgHy, and CyH," (Figure 44).>"* The bond
alternation, singlet—triplet energy spacing, and NICS values for

AEgt = 2J,5in keal mol-!

UB3LYP 11.6 -8.6 9.1
the 4nz annulenes were computed at the CCSD(T)/cc-
MkCCSD | 12.3 -8.9 13.8 pVDZ//B3LYP/6-311+G(d,p) level of theory. For compar-
with aug-cc-PVDZ ison, acyclic reference compounds such as butadiene and

pentadienyl cation were also calculated. The triplet states of the
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Figure 46. Ethynyl-substituted cyclobutadienes for large ordered carbon systems.
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Figure 47. Singlet—triplet energy differences (kcal mol™) in (CO), and two orbitals that are occupied by two electrons.
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Figure 48. Typical examples of Kekulé-type delocalized diradicals.
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Figure 49. Effects of the number (1) of aromatic rings on the ground-
state spin multiplicity in 93 and 94.

reference compounds were calculated to be energetically higher
than the singlet states by 57.0 and 47.1 kcal mol ™, respectively.
Significant stabilization of the triplet energies was found for
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CH, (AEgr = —11.5 kcal mol™") and C{H," (AEgy = +7.6 keal
mol ™). The singlet—triplet energy gaps, AEgy, for other
antiaromatic 4nz annulenes CgHg**, C,H,~, CgHg, and CoHy*
were also calculated to be very small, at —0.5, +1.0, —24.3, and
+1.2, respectively. The small energy gaps and the negative
NICS values for the triplet state of the 4nz annulenes clarify the
special energetic stability of their triplet state, indicating the
aromatic character of their triplet states. The relatively large
singlet—triplet energy gaps for C,H, (AEgr = —11.5 kcal
mol™) and C¢Hg (AEgr = —24.3 kcal mol™') with singlet
ground states are rationalized by the Jahn—Teller distortion in
the singlet states.

The directions of the dipole moment of the singlet states of
pentafulvene 87 and heptafulvene 88 can be depicted by the
arrows in the structures in Figure 45. The direction can be
explained by the large contribution of the zwitterionic
resonance structures. The direction of the arrows is due to
the (4nzm + 2) aromatic stabilization in the cyclic ring systems,
namely, Hiickel aromaticity. Thus, the dipole moment of
pentaheptafulvalene 89 is from the seven-membered ring to the
five-membered ring. The dipole moment was calculated to be

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Scheme 42. Synthesis and X-ray Crystallographic Analysis of 0-QDM Derivative 95
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Scheme 43. Formation of 0-Quinodimethane Structure 96 in the Reaction of Naphthalene-1,4-dione with the Germanium—
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Scheme 44. Synthesis of Air-Stable o0-Benzoquinodimethane Derivative 97
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Figure 50. Synthesis of stable 5,5'-bis(diarylmethylene)-5,5’-dihydro-2,2'-bithiophenes 100 as a mixture of Z and E isomers with highly amphoteric

multistage redox properties.
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Figure 51. Character of quinoidal oligothiophenes 101 (n = 1—6).

38 D at the OLYP/TZ2p level of theory. In contrast to the
singlet state of the fulvenes, the direction of the dipole moment
of the triplet state of the fulvenes was found to be just the
opposite of that of the corresponding singlet state, because the
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4nm-electron system is aromatic for the triplet state.”'* The
chameleon behaviors of fulvenes and fuvalenes are explained by
differences in the numbers of 7 electrons in their singlet states
(Hiickel aromaticity) and triplet states (Baird aromaticity).

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Figure 52. Quinoidal oligothiophene derivatives have a small
HOMO-LUMO energy spacing.

First-principles calculations of the effective exchange integral
(J) in the Heisenberg model for antiaromatic diradicals were
performed by both the symmetry-adapted multireference
(MkCCSD) and the single-reference broken-symmetry (BS)
DFT methods. An approximate spin-projection (AP) scheme
was applied to the BS solutions. As shown in Table 2, the BS-
UDFT method well reproduced the singlet—triplet energy gaps
of the three selected antiaromatic diradicals. More examples
were tested in the original work.*'®

Because of their unique optical and electric properties,
graphene, fullerenes, and carbon nanotubes have attracted
much attention in the area of materials science.*'® Ethynyl-
substituted cyclobutadienes have recently become important as
starting compounds for large ordered carbon systems (Figure
46). The substituent effect of the ethynyl group on the singlet—
triplet energy gap in cyclobutadienes 90 was independently
computed by the McMahon group®’ and the Slipchenko
group™® in 2012. The ethynyl substitutions were found to
provide enthalpy stabilization for both the singlet and triplet
states of the cyclobutadiene ring system. According to
computational studies at the coupled-cluster singles and
doubles (CCSD) level of theory, the singlet state was stabilized
by ca. 3 kcal mol™" by the introduction of one ethynyl group,
and the triplet state was found to be stabilized by 4 kcal mol ™
per ethylnyl group. Thus, the singlet—triplet energy spacing was
calculated to decrease with increasing number of ethynyl
groups, from —11.5 (90a) to approximately —7.0 kcal mol™
(90f) at the CCSD(T)/cc-PVTZ//CCSD/cc-PVDZ level of
theory. Conventional DFT methods such as the B3LYP/6-
31G(d) level of theory could not reproduce the CCSD
computational results. The equation of spin-flip coupled-cluster
single and double excitations method was found to accurately
describe the diradical states.

3.2. Oxocarbons (C0),2"®

The ground-state spin multiplicity of (CO), was reported to be
largely dependent on the value of n (Fi%ure 47).2° Thus, triplet
ground states were found for (CO),**" and (CO),,*** whereas
CO, (CO); (CO)s, and (CO)s are singlet-ground-state
molecules.”

The two molecular orbitals, 7; and 7,, that are occupied by
two electrons are energetically degenerate for (CO),. These
orbitals are nondisjoint, so Hund’s rule applies to (CO),. Thus,
the triplet state should be the ground-state spin multiplicity,
although a Lewis structure can be drawn for (CO),. The
degeneracy in energy of the two orbitals, 7, and 7, is
reasonable, because these orbitals are both in z-bonding
systems.

Surprisingly, the two orbitals ¢, and 73, which are occupied
by two electrons, are nearly degenerate for (CO),, although o-
bonding interactions are more stable in energy than 7-bonding
interactions. The stabilization in energy of the m; orbital is
explained by the cross-ring 7 overlaps between the 2p AOs on
C1 (C2) and C3 (C4). The cross-ring 7 overlaps in (CO); are
smaller than those in (CO),, because the distances between the
two carbons in (CO)4 longer than those in (CO), Thus, the
singlet is the ground-state spin multiplicity in (CO)s.

3.3. Kekulé-Type Delocalized Diradicals

Typical examples of Kekulé-type delocalized diradicals are para-
and ortho-quinodimethanes (QDMs), Thiele’s hydrocarbon,
and Tschitschibabin’s hydrocarbons (Figure 48). These hydro-
carbons have inherently diradical character, because the open-
shell singlet diradical structure appears in the canonical form.
Thus, the singlet state of the diradicals is known to be the
ground-state spin multiplicity with an energy splitting of 8—30
kcal mol™". A significant contribution of the diradical character
in the hydrocarbons can be expected because of the formation
of aromatic rings in the diradical form. The diradical character
of Tschitschibabin’s hydrocarbon should be larger than that of
Thiele’s hydrocarbon, because two aromatic rings appear in the
diradical form. The inherent diradical contribution in Kekulé
hydrocarbons makes these compounds quite reactive, especially
to molecular oxygen.

Since the identification of graphene, polycyclic hydrocarbons
(PAHs), in which Kekulé-hydrocarbon units exist, have
attracted much attention in the fields of both structural organic
chemistry and materials science.””* The 7-extended derivatives
of Kekulé hydrocarbons are regarded as good model
compounds for understanding the fundamental properties of
graphene.”* The r-extended derivatives exhibit low energy
gaps between the HOMO and LUMO. Thus, the diradical
character of 7-extended Kekulé molecules is expected to be
higher than that os the parent Kekulé molecules such as p-
QDM. Such m-extended Kekulé molecules play a vital role in

R= OCH3, OCSH11

Figure 53. Substituent R effects on quinoidal versus diradical character in 10S.
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Figure 54. Quinoidal compounds 106—108 with FET properties.
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Figure 56. Synthesis and isolation of quinoidal bisanthene 109 with
2,6-tert-butylphenoxyl units.
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understanding the properties of graphenes. Many applications,
such as near-infrared dyes, organic field-effect transistor
(OFETs), and nonlinear optical materials, are possible for
molecules with low HOMO—-LUMO energy gaps, including
Kekulé molecules with diradical character. However, Kekulé
hydrocarbons are inherently quite reactive because of the
contribution of the diradical character. The stabilization of
Kekulé molecules is necessary to understand their performance
as functional organic molecules. In the next section, recent
developments in stabilizing Kekulé molecules are introduced.

o0-Quinodimethane (0-QDM). The parent 0-QDM is
stable only below —150 °C.*® The extension of the #
conjugation is one of the most promising strategies for isolating
unstable Kekulé molecules. Tetraphenyl substitution, however,
was not successful in isolating o-quinodimethane derivative
91.”*” Introduction of the naphthyl ring also was not successful
in isolat ing molecule 92.

McMasters and Wirz”*® and Snyder’®® reported that the
triplet-ground-state spin multiplicity can be switched by
introducing an aromatic ring adjacent to the diradical moiety

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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(Figure 49). For example, 1,8-naphthoquinodimethane- (1,8-
NQDM-) based diradical 93 (n = 1) was found to be the
closed-shell singlet ground state, because the energy penalty of
one missing 77 bond (65 kcal mol™") cannot be compensated by
destroying one benzene ring (21 kcal mol™') and one
naphthalene ring (33 kcal mol™). However, when one
additional benzene ring was introduced into the 1,8-NQDM
moiety (n = 2), the triplet state was found to be the ground-
state spin multiplicity. In the latter case, the energetic penalty of
one missing bond was not able to destroy two benzene rings
and one naphthalene ring.

A similar switch of the ground-state spin multiplicity was
reported for the annulated trimethylenemethane (TMM)
derivatives 94. For n = 1 with a benzene ring, the closed-
shell quinoidal structure was calculated to be more stable than
the open-shell triplet state by 15.2 kcal mol™". For n = 2 with a
naphthalene ring, the closed-shell singlet state was still found to
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be the ground state. However, when the anthracene ring (42
kcal mol™) was introduced (n = 3), the open-shell triplet state
was calculated to be the ground-state spin multiplicity at the
RASPT2/6-31G(d) level of theory. The resonance energy of
the triplet diradical in TMM is known to be 24 kcal mol ™.
Thus, the energetic penalty of one missing 7 bond was
compensated by introducing the anthracene ring.

In 2004, Iwashita et al. reported the first synthesis and X-ray
crystallographic analysis of 0-QDM derivative 95 (Scheme
42).7*° The quinodimethane structure was prepared from 2,2'-
bitolyl according to the scheme. X-ray crystallographic analysis
clarified a large torsion angle of 63.4° for Ar,C=C—C=CAr,
and 19.3° for the biphenyl unit. The stable feature of the o-
quinodimethane structure is attributed to the highly twisted
conformation, which decreases the resonace between the
double-bond moieties and, thus, the contribution of the
open-shell diradical character.

Ghereg et al. found the formation of o-quinodimethane
structure 96 in the reaction of naphthalene-1,4-dione with a
germanium—carbon double bond (Scheme 43).2! X-ray
analysis clarified the bond alternation of the quinoidal structure.
The o-quinodimethane is highly reactive to moisture and
molecular oxygen. Thus, the endoperoxide was formed in the
spontaneous reaction with molecular oxygen. The singlet—
triplet energy spacing was calculated to be —15.5 kcal mol™
(singlet ground state) at the RI-BP86/SVP level of theory. The
energy splitting was found to be slightly lower than that of the
parent 0-QDM at the same level of theory, AEg; = —20.5 kcal
mol ™.

Shimizu and Tobe succeeded in synthesizing the air-stable o-
benzoquinodimethane derivative 97 (Scheme 44).>*> The
parent compound 98 and phenyl-substituted derivative 99 are
reactive with molecular oxygen to give the corresponding

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Figure 61. Stable Kekulé hydrocarbons with low HOMO—LUMO energy gaps.

peroxides. Detailed analysis of the electrochemical properties
was difficult because of the intrinsic instability of the o-
quinodimethane structure. Kinetic stabilization using the
mesityl group (= 2,4,6-trimethylphenyl), which retards the
oxidation reaction at the two benzyl carbons, was found to be
effective in isolating the air-stable o-quinodimethane. The
stability under air conditions allowed the oxidation and
reduction potentials to be measured, from which the
HOMO-LUMO energy gap was estimated to be 2.10 eV.
p-Quinodimethane Derivatives. Thiele’s and Tschitschi-
babin’s hydrocarbons have both been isolated and analyzed by
X-ray crystallography. However, the compounds are inherently
reactive, so the analyses had to be performed at approximately
—160 °C. Indeed, the quinoidal structure with bond alternation
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was confirmed by the analysis.”*® Quinoidal hydrocarbons
present an interesting motif for compounds with a small
HOMO-LUMO energy gap. A significant effort to stabilize
and isolate such quinoidal molecules has been made in the past
decade. In principle, two approaches have been reported: (1)
use of a smaller aromatic stabilization energy and (2)
thermodynamic stabilization of the radical moiety.

Kawase et al. chose the first strategy. They reported the
synthesis of stable S,5’-bis(diarylmethylene)-5,5'-dihydro-2,2’-
bithiophenes 100 as a mixture of Z and E isomers with highly
amphoteric multistage redox properties (Figure 50).** For
example, tetrakis(bisthienyl) compound 100d gave a remark-
ably small redox potential energy between the first oxidation
potential and the first reduction potential, E;"%* = 1.22 V. The

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Figure 62. New family of stable Kekulé hydrocarbons with a zethrene
structure.

redox potential for Tschitschibabin’s hydrocarbon was reported
to be 1.51 V. The low contribution of the diradical form is due
to the low aromatic stability of the thiophene ring.

The introduction of the dicyanomethylidene at the terminal
carbon, which stabilizes the radical character and increases the
electron-accepting ability, provided representative examples as
organic field-effect transistor (OFET) operations. OFETs are
attracting much interest because of their use as low-cost
materials. Takahashi et al. found that the quinoidal
oligothiophenes 101 (n = 1—6) displayed very interesting
properties (Figure 51).>*° The unrestricted singlet state of the
hexamer was found to be more stable than the closed-shell
singlet state, which clearly indicates a small HOMO—-LUMO
energy spacing and a small singlet—triplet energy gap, 0.84 eV
and 4., & 1012 nm. Indeed, the hexamer was found to be the
ESR-active species. Quinoidal oligothiophene derivatives are
proposed to be candidates for organic spintronics.”*® Electron-
withdrawing-group-substituted quinoidal origothiophenes were
actually found to exhibit a property of n-type semiconductors.
The electron mobility of these oligothiophene derivatives was
determined to be largely dependent on the structure.

Although quinoidal oligothiophene derivatives have a small
HOMO-LUMO energy spacing, the compounds are not

suitable as organic semiconductors because of the steric
hindrance of the butoxymethyl-substituted core units, which
prevents intermolecular interactions in the solid state. Handa et
al. designed new compounds 102, in which the high-solubility
hexyloxy methyl group was introduced only at the central
thiophene unit (Figure 52).>*”*** Owing to the high solubility
of compound 102 (2 X 107> mol L™ in chloroform), thin-film
fabrication of 102a was achieved using the conventional spin-
coating method. The UV—vis spectrum, X-ray diffraction
(XRD) pattern, and electron mobility were dramatically
changed upon annealing. The absorption maximum was shifted
from 650 to 1000 nm after the sample had been annealed at
150 °C. The electron mobility increased from 1.4 X 10™* cm?
V~'s7! (room temperature) to 0.16 cm* V™' s7!(150 °C) with
I,/Ig = 10°. The XRD pattern showed the formation of a
crystalline domain in the film after annealing. The electron
mobility was close to the value of 0.2 cm® V™' s for quinoidal
oligothiophene derivative 103, which was prepared by Chester-
fields et al.**” Suzuki et al. developed new types of quinoidal
core 104 with the zigzag orientation of the thiophene
moiety.”** When the sulfur atoms at both ends were replaced
by selenium atoms, an ambipolar transport character of the
materials was discovered. Thus, the n-channel FET response
was determined to be 1.6 X 1072 ecm® V! s}, with I /I & =
103, which is 1 order of magnitude smaller than that of 102.
The p-channel FET response was found to be 7.0 X 107> cm®
vsTh

Canesi et al. found that the ground-state electronic character
(quinoidal versus diradical) of bithiophenes 105 can be
controlled by the substituents on the thiophene ring system
(Figure 53).**" According to NMR, UV-vis, and Raman
spectroscopic analyses and quantum chemical calculations, the
electron-donating substituents of the alkoxy groups strongly
affect the electronic structure and the ground-state energy and
stability of bithiophenes 10S. Thus, for R = H, the open-shell
singlet diradical character (S* = 0.67) was found to be the
ground state at the B3LYP/6-31G(d) level of theory, which was
found to be more stable in energy than the closed-shell
quinoidal structure by ca. 1 kcal mol™. Upon introducing
alkoxy groups onto the thiophene ring (R = OCH,;/OCH,;),
the closed-shell quinoidal structure was found to largely
contribute to the ground-state electronic structure (S
0.00). The quinoidal structure was also confirmed by
spectroscopic analyses.

Figure 63. Teranthracene derivative 121 with an open-shell singlet diradical character.
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g=2.0029 124

energy barrier of the decay process of the open-shell diradical

AH* = 38.5 + 5.1 kJ mol!
ASt =-189.5 + 0.6 J mol!

Figure 65. Thermal equilibration of the closed-shell singlet 123 with the open-shell triplet 124.

Wau et al. recently developed quinoidal compounds 106—108 106a (R = 2-ethylhexyl) was found to be up to 0.55 cm® V™!
(Figure 54). The vapor-processed FET response of compound s with I,/Ig = 10%>* The FET response of compound 106b
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open-shell diradicals
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Figure 69. Singlet—triplet energy difference (AEgy, kcal mol™) in
tetracyano-oligo(N-annulated perylene)quinodimethanes 130.
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Figure 66. Open-shell diradical character of Tschitschibabin’s

hydrocarbon 126 with a triplet ground state.

Figure 70. Singlet diradical character of n-conjugated oligomer
dications 131.

(R = 2-hexyldecyl) with high solubility was determined to be
up to 0.35 cm? V! 57! with I,/I 4 = 10°—10° by the solution
process in air.”** For 107, the solution process was used for the
preparation of the device. The electron mobilities for n-type
materials 107 and 108 were found to be 0.9 and 0.014 cm® V™'
s7!, respectively.”**

The diradicals and the polyenic character of the quinoidal
oligothiophenes were confirmed by the presence of a low-lying
double excitation state that is responsible for the weak features

Figure 67. Synthesis of the air- and heat-stable planar tri-p- observed in the near-IR abso{‘ption region at the CASPT2/
quinodimethane 127 with a distinct diradical character. CASSCF computational level.2*

Thermodynamic stabilization of the diradical resonance form
is another strategy for isolating Kekulé hydrocarbons. 2,6-tert-

hpgy 2940M (R =H)
X 614 nm (R = Dec)

AE, 198eV(R=H)

1.91 eV (R =Dec)

TIPS 1.87 -1.94 eV

Amax = 649 nm

X =H, F, Cl, Br, Me, Ph
4-CF3CgH4, 3,5-(CF3)2CeH3
2-(5-BuC4H,S) Exx=0.82and1.27 V

Ereq = -0.87 Vand -1.29 V

Eopx=1.16-1.23 V

Ereq = -0.52 - -0.62 V and -1.00 - -1.16 V

Figure 68. Synthesized indeno[1,2,-b]fluorene structures.
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Figure 71. Singlet diradical character of a doubly linked corrole dimer.
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Figure 72. 1,2,3,5-Trithiazole diradical DR67.

Butylphenoxyl radical is one of the stable radicals.*****’ The
highly stable character is assumed to be derived from the
kinetic protection provided by the tert-butyl groups and the
highly delocalized character of the oxyl radicals.*** Tschitschi-
babin-type structures and thiophene-cored structures were
synthesized in the 1990s.** After the successful isolation of
those quinoidal structures, in 2010, Ueda et al. succeeded in
introducing two 2,6-tert-butylphenoxyl units into the corannu-
lene unit (Figure 55).°° From temperature-dependent

magnetic susceptibility measurements, the singlet ground
state of the diradical DR66 was found with an energy gap of
2J/kg = —810 K. From the ESR spectrum of the thermally
equilibrated triplet state, the D and E values were determined to
be 5.18 X 107> cm™ and 0.39 X 107 cm™, respectively. The
relatively large D value, from which the spin—spin distance was
estimated to be ~8 A, indicates that the contributions of
resonance structures DR66a and DR66b are high. Indeed, the
C—O distance was found to be 1.28 A, which is longer than the
C—O single bond of phenol (138 pm) and close to the C—O
bond distance of the quinone structure.

Zhang et al. succeeded in synthesizing and isolating quinoidal
bisanthene 109 with 2,6-fert-butylphenoxyl units (Figure
56).>*' The Kekulé hydrocarbon exhibited sharp NMR signals
even at a high temperature of 100 °C, indicating that the
contribution of diradical character is quite small in compound
109. A solution of 109 in dichloromethane displays a dark
green color, and absorption bands between 500 and 800 nm
with a peak at 690 nm were observed. Clear amphoteric
multistage redox behavior was observed for compound 109:
two reversible one-electron oxidation waves at E; = 0.22 and

non-disjoint diradicals

ﬁh b j@(
(o R )
5 79

NBMOs

Figure 73. Non-Kekulé delocalized molecules.
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Scheme 45. Flash Vacuum Pyrolysis (FVP) of 135 at 450—500 °C for the Generation of m-QDM and Its Photochemical

Reactivity
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Scheme 46. Flash Vacuum Pyrolysis of 1,3,5-Tris(iodomethyl)benzene 140 for the Generation of Triradical 139

(ID5C) (CD,) A A
IH,C CHJ  FVP (480 °C) H,C CH,
e ST gzager
trqpped at1 0 K
CHl in Ar matrix *CHZ
(CDJl) (CDy)
140 139
X Extended viologen derivative 110 was first synthesized by
Porter et al. in 2005 (Figure $7).*>* From the X-ray crystal
Phoe e Ph structure, the central C—C bond length (1.438 A) was found
to be greater than that in the neutral methyl viologen (C=C,
Ph 44 Ph 1.363 A), as well as that in the phenyl viologen dications (C—

C, 1.485 A). Thus, the viologen has the character of an open-
shell singlet diradical, which can be drawn as a resonance
structure. In the NMR spectrum, although clear signals
corresponding to the methyl protons and some CH, protons
of the n-octyl group were observed, a broad resonance signal
was observed around 6.4 ppm. The vinyl protons on the
quinoidal carbons could not be identified. The broad signal
suggests the presence of unpaired electrons on the ring systems.
However, ESR signals were not observed because of the singlet-
ground-state spin multiplicity. Casado and co-workers
succeeded in observing the rapid thermal singlet-to-triplet
intersystem crossing in the viologen derivative using Raman
spectroscopy.”>**>* The singlet—triplet energy gap in the
planar form was calculated to be —2.98 kcal mol™" at the
MRMP2//CAS(10,10) level of theory. The twisted structure
was found to be the most stable triplet structure, with an energy

DR68 calculated to be ~0.5 kcal mol™" less than that of the planar
Amax = 700-1000 nm singlet quinoidal structure.

The stability of the imidazolyl radical moiety was utilized to
prepare Kekulé hydrocarbon 111 (Figure S8). The singlet state
was calculated to be more stable than the triplet state by 4.35
kcal mol™ at the B3LYP/6-31G(d) level of theory.

X ‘ H NMe, OH Me CF; COOH CO CN
J/cm1|[ 602 517 581 585 615 607 617 617

Figure 74. Effect of substituent X on the exchange coupling constant

(g Jem™).

Scheme 47. Generation of Trimethylenemethane (TMM)
Derivative DR68

1D/hel = 0.002 cm-?

0.71 V vs AgCl/Ag" and two reversible one-electron reduction Interestingly, the Kekulé hydrocarbon with a blue-purple
waves at E 4 = —142 and 186 V vs AgCl/Ag". Thus, color thermally dimerized to the colorless dimer 112.*%°
compound 109 also has a small HOMO—-LUMO energy Thus, a photochromic color change was observed upon
spacing, AE, "% = 1.64 eV. irradiation. Upon irradiation with 360-nm light, the colorless
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Scheme 48. Thermoluminescence (TL) from the Radical Ion Pair of Arylated Methylenecyclopropanes 143
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Scheme 49. Generation of Tetramethyleneethane (TME) Table 3. Computed Singlet—Triplet Energy Gaps (AEg; = Eg
Derivative DR69 in the Photoinduced Electron-Transfer — Ep) in TMM and OA
Reaction of Distyrylfuran Derivative 145 o
Ph )I\ )]\
hv L . . .
= sens.
o_ " AEgy = 2Jin keal mol-t
- exp. 16.1 1.3
Ph
UBLYP 15.8 -3.5
145 DR69
UB3LYP 21.6 1.2
MkCCSD 15.8 -1.6

AEgt =-3.8 kcal mol-!

}“S,calcd =673 nm
}"T,calcd =450 nm

with acc-PVDZ

Scheme 50. Generation of DR71 in the Photochemical

DR70 Decarbonylation Reaction of the Cyclobutane-1,3-diyl
Derivative 146
triplet ground state singlet ground state 0
0}
Y 2, OO 2 OAO — OAQ
T™M OA o DR71
AEgr =16.1 +0.2 kcal mol-! AEgt = -1.3 kcal mol! 146 in solid state

! Amax = 550 nm

. in DCE
— | V4 Amax = ~600 nm
OQO ! - ©=3.3ps at 208 K
Ve - Y3 090 - Y3 e €]
W2 - - 1200 lll :O lll
o 3 % RN"NR, —> Yoy O
i N N
Py | 843 ~250 ppm N
W 8130 160 ppm  OX1 ox2
Figure 75. Trimethylenemethane (TMM) versus oxyallyl (OA). Ar = 2,6-Pr,CqHs d1a¢ 161 ppm
benzene solution quickly became blue-purple with a concom- exploring new conjugated electronic systems such as ampho-
itant increase in the 609-nm signal. teric redox species. The parent phenalenyl is intermolecularly
Phenalenyl 113 is the smallest open-shell graphene, in which reactive to give the dimer. The tri-tert-butyl-substituted
the unpaired electron is highly delocalized on the aromatic ring phenalenyl was synthesized and isolated as a stable
system (Figure 59). Haddon proposed the potential use of radical.>>”**® The isolation of the phenalenyl opened up a
phenalenyl as a component for a molecular-based conductor, new field of chemistry.
because of its small HOMO—LUMO energy spacing, ~1.6 Kubo and co-workers prepared the series of Kekulé
eV.>%® Such a characteristic feature has been widely utilized for hydrocarbons 114—116 with phenalenyl-ring units (Figure
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Jlkg = —645 K, singlet ground state
AEgt = —2.56 kcal mol!

Eox=0.26 and 0.64 V
Eyeq =-0.58 and -0.89 V

TPA: 3800 GM

Figure 76. Singlet ground state of deketohexaphyrin DR72.

Scheme 51. Detection of 1,4-Dioxy Diradical DR73, an
Oxygen Analogue of TME, in the Decomposition Reaction
of 1,2-Dioxetanedione 147

o, 0
N . Q2 Do =0.081 cm
0-0 "y ED=o01

147 DR73

Table 4. Electron Affinities (EAs) of Benzoquinone

Derivatives
(0]
o] o*
O QL
L]

0 o)
EA /eV 1.90 2.89 1.85
AEgt leV -1.68 +0.17 -2.32

60).>>°72% The two phenalenyl units are connected to benzene
(n = 1), naphthalene (n = 2), and anthracene linkers. The

aromaticity of the linkers increases with the number of benzene
rings, as indicated by the homodesmic stabilization energy
(HSE), from which aromaticity can be quantitatively evaluated:
benzene (HSE = 89.9 k] mol™"), naphthalene (HSE = 137.2 kJ
mol™"), anthracene (HSE = 173.4 k] mol™"). With increasing
aromaticity of the linker, the percentage diradical character
(DR) increased from 30%, to 50%, and to 68%. The diradical
character was determined by natural orbital occupation number
(NOON) analysis, that is, by determining the occupation
number of the LUMO of the diradicals. The HOMO—-LUMO
energy gaps (in electronvolts) for 112—114 were determined
by UV—vis electronic absorption spectroscopy (and cyclic
voltammetry analyses), being to be 1.64 (1.20), 1.43 (1.04),
and 1.26 (0.98), respectively. All of these Kekulé hydrocarbons
are singlet-ground-state molecules. Their singlet—triplet energy
spacings were calculated to be 30, 19, and 12 kJ mol ™},
respectively, at the UB3LYP/6-31G(d) level of theory.

When the R group is hydrogen (R = H), superimposed
phenalenyl overlaps were observed for all of these Kekulé
hydrocarbons. The distance of the phenalenyl ring was
determined to be ~3.1 A, which is significantly shorter than
the van der Waals radius of the carbon atom (3.4 A). The
intermolecular interaction is indispensable for electron move-
ment. An OFET of 112b exhibited ambipolar transport with
balanced hole and electron mobility on the order of 107> cm?
V™2 57! Polarized reflection measurements clearly indicated
that a balanced intra- and intermolecular covalent interaction
was found for 114. In contrast, the intermolecular covalent
interaction was much stronger than the intramolecular
interaction in 114b. This observation is quite reasonable,
because the diradical character in 114a is much higher than that
in 112a.

Kekulé hydrocarbons with small HOMO—-LUMO energy
gaps and large contributions of diradical character provide
unique g)roperties for optoelectronic devices,*® singlet
fission,”®® and nonlinear optical properties,”® as well as for
spintronics.””>*”" For example, a large two-photon-absorption

AEgr
/kcal mol-1
N N

1) BuLi * DbR7a * +27.9 F F
LB XX
N PN HN NH
l:l ':l DR76
DR75 ID/hel =11 x10-3 cm™!

at UB3LYP/6-311G(d,p)

DR77

ID/hcl =9.18 x 103 cm-1
IE/hcl =2.10 x 103 cm-!

AEgt >+ 0.4 keal mol-!

Figure 77. Generation of nitrogen-centered radicals and diradicals.

ID/hel = 8.67 x10-3 cm-!

AEgt > + 2 keal mol-!
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Scheme 52. Generation and Isolation of p- and m-Disilaquinodimethanes DR80 and DR81 in the Reductive Dehalogenation of
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Figure 78. Diradical character of benzyl anions with strong 7-electron-
withdrawing groups at the meta positions.

(TPA) cross section of 890 GM at 1500 nm was found for
Kekulé hydrocarbon 114a.

Wu and co-workers focused on zethrene and its homologue,
heptazathrene, to construct stable Kekulé hydrocarbons with
small HOMO-LUMO energy gaps (Figure 61).>7>"* The
name of “zethrene” was derived from the Z-shaped molecular

= =z
< |
NS
D aeD
=N N= =N N=
DR84 DR85

ID/hel = 0.00719 cm™? ID/hcl = 0.00601 cm-1

Figure 79. Nitronyl nitroxide- and oxoverdazyl-based meta-substituted
diradicals DR84 and DRSS.

structure. First, the smallest-sized compound, 117, was
prepared from the acetylene derivative. This molecule had no
or negligible diradical character but rather exhibited a normal
closed-shell character. However, the homologue 118 with
heptazethrene actually showed an open-shell character with a

Scheme 53. Generation of Cation 154 with Diradical Character in the Photolysis of 155
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Scheme 54. Heteroatom Analogue of Trimethylenemethane
(TMM) DRS86

0 0
N+  TMSNLi BuNO MnO, N+ O
A\ A\ N .
N, N. By
o) o)
DR86

small HOMO—LUMO energy gap of 0.99 eV. The open-shell
singlet diradical ((S*) = 1.017) was calculated to be more stable
in energy than the triplet state and the closed-shell molecule by
7.5 and 5.8 kcal mol ™/, respectively, at the CAM-B3LYP level of
theory. Because of the relatively large singlet—triplet energy
gap, ESR signals were not observed. Thus, the spin—spin
interaction was not directly measured.

A new family of stable Kekulé hydrocarbons with the
zethrene structure was synthesized from easily available
compounds (Figure 62). Compound 119, with a heptazethrene
unit, showed well-resolved NMR and absorption spectra (4,
= 634 nm). The well-resolved NMR spectrum suggested the
closed-shell character of 119. The higher analogue 120 was
found to have a blue-to-green color with absorption spectrum
maxima at 795, 719, 668, and 613 nm. In contrast to the well-
resolved NMR signal of 119, the shape of the NMR signals
around the central aromatic ring in 120 was largely dependent
on the temperature. Thus, the aromatic protons became sharp
below 0 °C. The effect of temperature on the NMR spectrum is
typical for open-shell singlet-ground-state molecules. The
broadening is due to the thermally accessible triple state. The
singlet—triplet energy spacing of 120 was determined to —3.9
keal mol™" by superconducting quantum interference device
(SQUID) measurements of a powder sample at 5—380 K. The
singlet—triplet energy spacing was calculated to be —4.4 kcal
mol™ at the CAM-B3LYP level of theory. Thus, the DFT
method reproduced the experimental value well. According to
DFT computations, the singlet—triplet energy spacing of 119
was determined to be —8.1 kcal mol™!. The thermal
equilibration between the singlet diradical and triplet diradical
of 120 was confirmed by Raman spectroscopic analysis. The
magnitude of the two-photon-absorption (TPA) cross section
was found to be 920 and 1200 GM at 1250 nm. Small
HOMO-LUMO energy gaps were found in electrochemical
measurements of compounds 119 and 120. Compound 119
showed two reversible oxidations with half-wave potentials
(E,.'”*) at 0.17 and 0.69 V and two reversible reductive waves
with half-wave potentials (E,4?) at —1.48 and —1.86.
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Figure 80. Generation of stable aminium radical cations by

electrochemical and/or chemical oxidation.
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Figure 81. Conformational effects on the ground-state spin multi-
plicity in diradical dications DR94 (singlet) and DR9S (triplet).

Compound 120 showed three reversible oxidation waves at
0.02, 0.22, and 0.61 V and three reversible reductive waves at
—1.30, —1.56, and —1.82 V. The first electrochemical energy
gap (AE;™**) was determined to be 1.65 and 1.32 eV for 119
and 120, respectively.

Scheme 5S. Preparation of Nitroxide-Substituted Nitronyl Nitroxide DR87 and Iminonitroxide DR88 from 2-Methyl-2-

nitrosopropane
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Figure 82. Singlet ground state of the diradical dication of 1,4-
bis(hydrazino)benzene DR96 and triplet ground state of DR97.

Teranthracene derivative 121 with open-shell singlet
diradical character was synthesized by Konishi et al. (Figure
63).””> The compound was prepared in four steps from the
anthranyl bromide. X-ray crystallographic analysis of compound
121 revealed that the two mesityl-groups kinetically stabilized
the radical sites, and thus, the compound was found to be
relatively stable. Compound 121 was reported to decompose
with a half-life of 3 days upon exposure to air under room light
at room temperature. CASSCF(2/2)-level computations
clarified that the parent teranthracene has a diradical character
of 0.42. Isolated compound 121 was found to be an open-shell
singlet-ground-state molecule with a singlet—triplet energy gap
of 16 kcal mol™, which was determined by SQUID
measurements. The cyclic voltammogram of compound 121
showed four reversible redox waves, including E,”™ = +0.09 V,
E, ™ =-035V,E=~140V, and E,;* = —1.76 V (all vs Fc/
Fc"). Thus, the HOMO—LUMO energy gap was determined to
be 1.05 eV. The electronic absorption spectrum exhibited a
low-energy band at 1054 nm, from which the HOMO-LUMO
energy gap was determined to be 1.18 eV. The high diradical
character is due to the small HOMO—LUMO energy spacing.

Zhang et al. proposed a new strategy using benzannulation of
the central biphenyl unit of Tschitschibabin’s hydrocarbon to
stabilize and isolate Kekulé hydrocarbons (Figure 64).>”° They
first introduced the anthracene structure into quinoidal
hydrocarbon 122. The NMR signals of compound 122 were
quite sharp at high temperature, indicating that the compound
is a closed-shell singlet species. Because of the highly congested
units of the bianthracene, the central two anthracene rings are
not planar; thus, a double-saddle-like structure was found by
calculations.

For the hydrocarbon system, Zeng et al. and Sun and Wu
reported the synthesis of a closed-shell singlet compound and
an open-shell diradical (Figure 65).>””*"® Closed-shell singlet
species 123 was prepared from a 4-fold Suzuki—Miyaura
coupling reaction of the tetrabromide. All of the NMR signals
were observed to be sharp, and the electronic absorption
maximum was observed at 349 nm, which is typical for closed-
shell molecules. Indeed, the closed-shell structure was
confirmed by X-ray crystallographic analysis. The double-

saddle-like structure was reproduced well by computational
optimization at the UCAM-B3LYP/6-31G(d) level of theory.
Open-shell diradical 124 was generated by the SnCl,-reduction
of the diol 125. The freshly generated species from the diol
displayed a broad absorption spectrum with 4., = 834 nm and
a strong ESR signal at g = 2.0029. Thus, the species was
assigned to the triplet state of the open-shell diradical 124. An
almost-perpendicular conformation of the central two anthraces
moiety was found computationally at the UCAM-B3LYP/6-
31G(d) level of theory. The first-order decay process to the
closed-shell compound was monitored for the open-shell
diradical, and the activation parameters were determined to
be 38.5 + 5.1 kJ mol™! and —189.5 + 0.6 ] mol™" for AH* and
AS?, respectively. According to UDFT calculations, the open-
shell singlet diradical is located above the closed-shell
compound and the triplet diradical by 18.4 and 2.5 kJ mol™,
respectively.

In contrast to the stability of closed-shell compound 123, the
fluorenyl derivative was isolated as an open-shell diradical. The
compound did not show any NMR signals at room temperature
or even at —100 °C, indicating the presence of a considerable
paramagnetic species (Figure 66). Actually, a strong ESR signal
was observed for compound 126. From SQUID measurements
at 5—380 K, the singlet—triplet energy gap was determined to
be 1.4 kJ mol™". The triplet is the ground-state spin multiplicity.
The experimental finding was reproduced by UCAM-B3LYP
calculations, from which the energy gap was found to be 2.5 kJ
mol~". The triplet state was calculated to be lower in energy
than the singlet state.

Zhu et al. reported the synthesis of air- and heat-stable planar
tri-p-quinodimethane 127 with a distinct diradical character
(Figure 67).*”° The tri-p-quinodimethane was prepared from
the bisacetylene and obtained as a green solid. Compound 127
showed "*C NMR signals only from the sp* carbon atoms and
n-octyl groups. The 'H NMR signals showed temperature-
dependent broadening, suggesting the open-shell character of
compound 127. The ESR signal of 127 at 340 K in the solid
state exhibited a signal at g = 2.003 with a typical triplet signal.
From the D value, the distance between the two spins was
estimated to be 15 A. The singlet state was found to be the
ground-state spin multiplicity, with an energy gap of 2.12 kcal
mol™!, which was determined by SQUID measurements. BS-
UB3LYP calculations suggested that the open-shell singlet state
is more stable than the closed-shell singlet state by 5.21 kcal
mol™". The open-shell singlet molecule has a very narrow band
gap of ca. 1 eV, which was determined by UV—vis and CV
measurements.

Haley and co-workers synthesized indeno[1,2,-b]fluorene
structure 128, a 6—5—6—5—6 fused ring system, and an
antiaromatic 207 ring system.”*°~*** The structure inherently
has diradical character because of the para-quinoidal structure
(Figure 68). Tetraalkynyl-substituted indeno[1,2-b]fluorenes

r\N/\Qf\N"Pr

n=1: AEgr=-70 calmol!, = -25 cm™ = -36 K
ID/hel = 0.0065 cm-1

|E/hcl = 0.00 cm™?

P P P
r\N/\(")n/\N r
AgSbFg
_—
n =3: = 1= 1=
n N N.. n =3: AEgr =-50 calmol, = -17 cm1 = -25K
;pr/N\/Q\/N*ipr Pr” NP Pr

DR98

Figure 83. Singlet ground state of diradical dications DR9S.
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Scheme 56. Synthesis of the Triplet Ground State of Air-Stable Diradical DR99
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and a variety of their derivatives were synthesized using the
SnCl, reduction of the corresponding alcohols. X-ray crystallo-
graphic analyses confirmed the existence of the antiaromatic
207 ring systems. The absorption maxima were observed in the
visible region around 600 nm. The HOMO—-LUMO energy
gaps were determined to be around 1.9 eV by CV
measurements. The compounds were found to be nonemissive.
Antiaromatic 247 ring system 129 was also synthesized using a
method similar to that used for the 207-electron system, and
the open-shell character was investigated using NMR measure-
ments and quantum chemical calculations. The deep-blue
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solution of 129 with A, = 649 nm exhibited no line
broadening even at 160 °C, and the ESR spectrum of the
powder sample showed no triplet signals. An (S*) value of
0.0001 was obtained from calculations on the open-shell singlet
state at the UB3LYP level of theory. The triplet state was
calculated to be 16.1 kcal mol™
singlet state. Cyclic voltammetry for 129 exhibited redox

higher in energy than the

amphoterism with two reversible reductions and two
oxidations. The first reduction half-potential was found to be
—0.87 V and the second was —1.29 V, whereas the first
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oxidation half-potential was 0.82 V, and the second was 1.27 V.
The LUMO energy of 129 was estimated at —3.77 eV from CV.

The singlet—triplet energy differences (AEgy in kcal mol™")
in tetracyano-oligo-(N-annulated perylene)-quinodimethanes
130 were reported to be largely dependent on the value of n
(Figure 69).**> SQUID measurements on the compounds with
n = 2—6 at 5—300 K revealed the ground-state spin multiplicity.
The singlet ground state was found for n = 2 and 3 with AEg; =
—0.342 and —0.107, respectively, whereas the triplet ground
state was reported for n = 4—6 with AEg = 0.064, 0.556, and
0.883, respectively.

A singlet diradical character of z-conjugated oligomer
dications 131 composed of thiophene and pyrrole was reported
by Nishinaga et al.*** Absorption peaks was observed in the
near-IR region at 965 and 1093 nm (Figure 70).

In 2006, Hiroto et al. found the singlet diradical character of
a doubly linked corrole dimer (Figure 71).2%° The DDQ (2,3-
dichloro-5,6-dicyano-p-benzoquinone) oxidation of the pre-
cursor corrole dimer 132 produced 133 quantitatively. The 'H
NMR spectrum of the bis(zinc) complex was found to be very
broad even at —90 °C. An ESR signal was obtained at room
temperature at g = 2.0053, indicating the existence of an
unpaired electron. From the temperature-dependent change of
the magnetic susceptibility of the oxidation product, the singlet
state was found to be the ground-state spin multiplicity with an
energy gap of ] = —330 cm™". The singlet ground state was
reproduced by DFT calculations at the BS-B3LYP/631TZVP
level of theory, from which the singlet state was located 178
cm™" below the triplet state. Cyclic voltammetry of 132
exhibited two reversible oxidation potentials at 0.20 and 0.38 V
and two reversible and one irreversible reduction potentials at
—0.19, —034, and —1.9 V, respectively. The gap between the
first oxidation and reduction potential (AE,;"%*) was found to
be only 0.40 V, suggesting a small HOMO—LUMO energy
spacing.

In 2010, Passmore and co-workers reported the synthesis of
stable main-group diradical DR67 (Figure 72).**” X-ray
crystallographic analysis revealed that the trans-planar geometry
of DR67 is stabilized by inter-ring Sd*--Nd~ electrostatic
interactions. The C—C single bond (1.462 A) joines the 7p
rings. The experimentally found structure is in good agreement
with that predicted at the [12,12]CASSCF/6-311G(d) level of
theory. The calculated geometries of the triplet and open-shell
singlet states are almost identical, implying very weak or even
negligible interaction between the unpaired electrons. The
triplet was calculated to be the ground-state spin multiplicity
(AEgr = +264 cm™) at the [12,12]CASPT?2 level of theory.
For quinoidal structure 134, the closed-shell singlet state was
found to be less stable than the open-shell singlet state by ca.
100 kJ mol™". The valuable temperature magnetic studies gave
an energy difference between the open-shell singlet and triplet
states of less than +2 cm™".

3.4. Non-Kekulé Delocalized Diradicals®®®~2*°

Non-Kekulé delocalized molecules are defined as molecules
that are fully conjugated but have Kekulé structures that
contain at least two atoms that are not m-bonded. Typical
examples of non-Kekulé diradicals are meta-quinodimethane
(m-QDM), trimethylenemethanes (TMMs), 1,8-naphthoqui-
nodimethane (NQDM), tetramethylenemethane (TME), and
tetramethylenebenzene (TMB) (Figure 73). Davidson and
Borden showed that, when the degenerate nonbonding
molecular orbitals (NBMOs) are disjoint (i.e., have no atoms
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in common), there is no strong spin-state preference.

However, when the orbitals are nondisjoint, the triplet state
experiences less electron repulsion than the singlet state,
leading to a triplet ground state. Thus, the first three non-
Kekulé molecules are categorized as nondisjoint-type diradicals,
which generally have a triplet ground state. The last two
molecules belong to the disjoint type of diradicals, which
generally have a singlet ground state.

m-QDM Derivatives. meta-Quinodimethane (m-QDM), m-
xylylene, is the parent molecule of high-spin polyradical systems
with meta-phenylene coupling units. The photochemical
generation of m-xylylene using UV light has frequently been
used for detecting inherently reactive species under low-
temperature matrix conditions. However, m-xylylene itself is a
highly photolabile species, which makes the species difficult to
generate and detect feasibly. In 2008, Neuhaus et al
accomplished the clean generation and detection of m-xylylene
from 1,3-bis(iodomethyl)benzene 135 using flash vacuum
pyrolysis (FVP) at 450—500 °C and the subsequent trapping
of the species in argon at 10 K (Scheme 45).*** Irradiation of
the matrix-isolated m-xylylene with visible light (>400 nm)
resulted in a decrease of the IR bands to give the two new
compounds, which were assigned as 136 and 137 on the basis
of a comparison of the IR spectra with those calculated at the
B3LYP/6-311G(d,p) level. Irradiation at a slightly shorter
wavelength resulted in rearrangement from 137 to 136. Short-
wavelength UV irradiation (254 nm) led to the formation of
3,5-dimethylene-tricyclohexane 138.

In 2010, the FVP method was successfully applied to
generate 1,3,5-trimethylenebenzene 139. The triradical was
isolated using flash vacuum pyrolysis of 1,3,5-tris(iodomethyl)-
benzene or deuterated derivative 140 with subsequent trapping
of the products in argon at 10 K (Scheme 46).>”* The structural
assignment was confirmed by comparison of the IR spectrum
with those calculated at various levels of theory. Weak
electronic absorption signals were found at 367 and 254.9
nm at 10 K under argon matrix conditions. Further evidence for
the formation of the triradical was obtained by measuring the
ESR spectrum. A five-line ESR spectrum centered at 3427 G
was obtained. At S K, the spectrum was found to persist for
days without any change. A half-field signal at 1708 G and a
very weak signal at 1130 G corresponding to a Am, = +3
transition appeared together with the main signals at g = 2. The
simulation of a quartet state (S = 3/,) with zero-field-splitting
parameters |D/hcl = 0.0128 cm™! and IE/hd = 0 cm™! was
found to give the best agreement with the experimental
spectrum.

The effect of substituent X on the exchange coupling
constant (J, cm™") was investigated for the Schlenk diradical
141 at the broken-symmetry (BS)-UB3LYP/6-311++G(d,p)
level of theory (Figure 74).*>* The diradicals were predicted to
be ferromagnetically coupled (J > 0), in agreement with the
experimental finding by Rajca and co-workers. Substituents
with +M and +I effects decrease the singlet—triplet energy gap,
whereas those with —I and —M effects increase the ] value,
where +M represents mesomerically electron-donating sub-
stituents (X = NMe,, OH), +] represents inductively electron-
donating substituents (X = CH;), —M represents mesomeri-
cally electron-withdrawing substituents (X CN, CHO,
COOH), and —I represents inductively electron-withdrawing
substituents (X = CF;). The calculated results were explained
in terms of the influence of the functional groups on the spin
density of the coupler.

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088



Chemical Reviews

TMM Derivatives. The trimethylenemethane (TMM)
derivative DR68, in which the parent TMM is 7-extended,
was synthesized by the alkali-metal reduction of the isolated
corresponding dication 142 (Scheme 47).*”° The frozen-glass
X-band cw-ESR spectrum of diradical DR68 gave unresolved
fine structure because of the small zero-field-splitting parameter
of ID/hcl = 0.002 cm™. Pulsed ESR two-dimensional electron
spin transient nutation spectroscopy revealed that the triplet
state of the diradical DR68 was generated in the reduction of
142.

Ikeda and co-workers found thermoluminescence (TL) from
the radical ion pair of arylated methylenecyclopropanes 143
(Scheme 48).2%°72% The ring opening of the radical cation of
the methylenecyclopropane to the trimethylenemethane radical
cation 144 was found to be the key for the thermoluminescence
from the triplet excited state of TMM derivatives 144. The
wavelength (hvrp) of the thermoluminescence was found to be
substituent- (X-) dependent. The effect of the substituent on
the wavelength was correlated with the radical stabilizing
parameter (6°) for benzyl radicals.

TME Derivatives. In 2008, the generation of tetramethy-
leneethane (TME)* derivative DR69 was reported in the
photoinduced electron-transfer reaction of distyrylfuran de-
rivative 145 (Scheme 49). The singlet-ground-state diradical
DR69 was observed at 4, = 661 nm.””” DFT computational
predictions of the ground-state spin multiplicity and electronic
properties, including excitation energies, were obtained for
silole-fused TME diradical DR70.” The singlet state was
found to be the ground-state spin multiplicity with an energy
difference of 3.8 kcal mol™". A blue shift of the wavelength of
electronic transition in the triplet state, A4 = 450 nm, was
calculated in comparison with the wavelength of the singlet
state, Acq = 673 nm.

Oxyallyls (OAs). Trimethylenemethane (TMM) derivatives
have been the subject of many theoretical and experimental
studies. The nondisjoint diradicals are triplet-ground-state
molecules, for example, the singlet—triplet energy spacing was
found to be 16.1 kcal mol™ for the parent TMM, because
nonbonding molecular orbitals y, and y; are degenerate
(Figure 75). The long-lived character of the triplet state makes
it possible to detect the species using conventional spectro-
scopic methods such as ESR spectroscopy. In contrast to the
well-investigated chemistry of TMMs, the oxygen analogues,
oxyallyls (OAs), which have been postulated as intermediates in
the ring-opening of cyclopropanone, Favorskii rearrangement,
and prostaglandin biosynthesis, have only recently been directly
detected and isolated.

Ichino et al. succeeded in measuring the photoelectron
spectrum of the OA radical anion.>®" The spectroscopic analysis
determined a singlet—triplet energy spacing of 1.3 kcal mol™
with a singlet ground state. The singlet ground state can be
explained by the energetic stabilization of the y, orbital due to
the electronegative character of oxygen atoms (Figure 75).
CASPT2/CASCF(4/4) calculations confirmed the experimen-
tal findings and revealed that the planar structure of the singlet
OA has a very shallow energy minimum, which vanished when
zero-point corrections were considered.****® Thus, OA is
considered to be a transition state for the disrotatory ring-
closing reaction. Lopez et al. used natural orbital functional
(NOF) theory to investigate TMM derivatives.’**

Singlet—triplet energy gaps determined by experiments are
very important benchmarks for assessing computational
methods. The singlet—triplet energy gaps for TMM and OA
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were calculated by the multireference CCSD and broken-
symmetry (BS) DFT methods. As shown in Table 3, the low-
cost computational method at the UBLYP/cc-pVDZ level
qualitatively reproduced the experimentally obtained energy
differences. Mukherjee’s state-specific multireference coupled-
cluster singles and doubles (MKkMRCCSD) method was found
to quantitatively re}oroduce the experimentally determined
energy differences.>

The kinetically stabilized OA derivative DR71 was generated
and detected in the Norrish type-1 reaction, a photochemical
decarbonylation reaction, of the cyclobutane-1,3-diyl derivative
146 (Scheme 50). Thus, the photochemical decarbonylation
reaction in the crystalline solid state resulted in the formation
of a deep-blue-colored transient species with 4_,,, = 550 nm and
a half-ife of 42 min at 298 K.****°7 The lifetime of DR71 was
determined to be 3.3 ps in dichoroethane (DCE) solution at
room temperature. The clean formation of OA was achieved
because of the ring strain of the cyclobutane-1,3-dione
structure. Very recently, isolable oxyallyls OX1°*° and
0X22*'° were reported by in the reaction of CO with 2
equiv of Bertrand- or Alder-type carbenes (R,N),C: (Scheme
50).

Koide et al. and Ishida et al. isolated and characterized the
singlet-ground-state deketohexaphyrin DR72 (Figure
76).2°*! The temperature effect on the magnetic suscepti-
bility of DR72 indicated a singlet ground state with an energy
gap of J/ky = —645 K (AEg; = —2.56 keal mol™). Cyclic
voltammetry of DR72 revealed two reversible oxidation and
reduction potentials at 0.26 and 0.64 V and at —0.58 and —0.89
V (vs Fc/Fc*), respectively. The small gap between the first
oxidation and reduction potentials was determined to be 0.84
V. Open-aperture Z-scan measurements revealed that the two-
photon-absorption (TPA) cross section of DR72 was 3800
GM. The large TPA cross section supports the singlet diradical
character of DR72, because it has been well-established that
molecules having diradical character exhibit an enhanced third-
order nonlinear optical response (see section S).

1,4-Dioxy diradical DR73, which is an oxygen analogue of
TME, was detected in the decomgosition reaction of 1,2-
dioxetanedione 147 (Scheme 51).>'> A typical triplet ESR
spectrum was observed at 130 K in THF. From the simulation
of the triplet signals, the zero-field-splitting parameters were
determined to be ID/hcl = 0.041 cm™ and E/D = 0.1.

Heteroatom-Centered Non-Kekulé Molecules. Benzo-
quinones are biologically important molecules because of their
presence in all organisms as proton-coupled electron-transfer
agents. The electron affinities (EAs) and electronic structures
are important in the molecular functions. Fu et al. succeeded in
determining experimental EA values for all three benzoquinone
isomers using photodetachment photoelectron spectroscopy
(PES) (Table 4).*"* The EAs of o- and p-benzoquinone were
determined to be 1.90 and 1.85 eV with singlet—triplet energy
gaps of —1.68 and —2.32 eV, respectively. For the meta isomer,
the spectrum was found to be distinctly different from those of
the ortho and para isomers, with no clear band gap and a much
higher EA value of 2.89 eV. The singlet—triplet energy gap was
determined to be around 0.17 eV, with a triplet ground state.

Nitrogen-centered (aminyl) radicals are typically short-lived
and have been detected as intermediates in a variety of chemical
and biological processes. Their generation can be achieved by
the deprotonation of amines, followed by oxidation by iodine
(Figure 77). Aminyl diradicals, in which the aminyl radicals are
connected through m-phenylene, are predicted by computa-
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tional studies to have a strong preference for a triplet ground
state. Amiri and Schreiner reported the strong triplet preference
of diradicals DR74 and DR75.>'"* As found for the carbon-
centered m-QDM diradicals, a nitrogen-centered diradical with
a large singlet—triplet energy spacing might be relevant to the
design of magnetic materials and devices. In 1989, Haider first
detected aminyl diradical DR76 at 77 K in the generation of
dinitrene.’"> The zero-field-splitting parameter ID/hcl was
determined to be 0.011 cm™".

In 2007 and 2010, Rajca and co-workers reported the
isolation of triplet-ground-state aminyl diradicals DR77 using
the planar diamine platform DR78.*'**'” Double deprotona-
tion of the diamines, followed by oxidation of the resultant
dianions with iodine, was found to afford the diradicals. From
the solid-state ESR spectrum, the zero-field-splitting parameter
D was determined to be 9.18 X 107> cm™" for DR77 and 8.67 X
107 cm™ for DR78, and the singlet—triplet energy spacings
were determined to be greater than 0.4 and 2.0 kcal mol™,
respectively.

In 2011, triplet-ground-state aza-m-xylylene diradical DR79
with a large singlet—triplet energy gap of ~10 kcal mol™" was
synthesized and characterized by Rajca et al.*'® The zero-field-
splitting parameters were determined to be 1.75 X 107> cm™
and 3.60 X 1073 ecm™ for ID/hcl and |E/hdl, respectively.

ID/hel =1.75 x 102 cm-1
1E/hcl = 3.60 x 10-3 cm!

AEgt ~10 keal mol-!

DR79

In 2011, p- and m-disilaquinodimethanes DR80 and DR81
were synthesized by the reductive dehalogenation of the
corresponding bis(halosilyl)benzenes and isolated and structur-
ally characterized (Scheme 52).*' The longest-wavelength
absorption of the para isomer DR80 (., = 555 nm, & = 6800)
was red-shifted compared with that of the meta isomer DR81
(Amax = 433 nm, & = 780). The Si—C1 bond distance in DRSO
(181.74 pm) was found be shorter than typical single bonds
(187.9 pm), and the C—C bond alternation characteristic of the
cyclohexa-1,4-diene system was observed (i.e, C1-C2 = 142.3
pm, C2—C3 = 137.0 pm). Thus, the quinoidal structure was
reasonably assigned to DR80. The singlet diradical character
was assessed by hydrogen abstraction from cyclohexadiene to
give the hydrogen-abstraction product 148. The para isomer
with closed-shell character was also found to react with
methanol to give adduct 149. In contrast to the reactivity of the
para isomer, meta isomer DR81 did not react with MeOH. The
hydrogen-abstraction product 150 was formed in the reaction
with cyclohexadiene. Thus, the meta isomer showed typical
reactivity of open-shell molecules. Indeed, a typical triplet-state
EPR spectrum was observed for meta isomer DR81 at 80 K in
3-methylpentane. The zero-field-splitting parameters D and E
were determined from the signals in the region of Am, = +1 to
be ID/hel = 6.4 X 107 cm™ and |E/hcl = 0.80 X 1073 ecm™,
from which the radical-radical distance was estimated to be
589 pm.

Perrotta et al. reported a new family of m-xylyrenes. The
benzyl anions with strong 7-electron-withdrawing groups at the
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meta positions have diradical characters or triplet electronic
states (Figure 78).%>° Although benzylic anion 151 with dinitro
groups at both of the meta positions was predicted to have a
singlet ground state at the UB3LYP/6-31+G(d,p) level of
theory, the ketal-substitued diradical DR82, which contains the
more-electron-donating ketal anions, and anion 152 were
predicted to have triplet ground states because of the
nondisjoint character of diradical DR82. 'H NMR and ESR
experiments showed that DR82a (X, Y = S, S) is actually
paramagnetic.

Photochemical heterolysis of 3,5-bis(dimethylamino)benzyl
ester 153 was found to generate cation 154 equilibrated with
triplet diradical DR83 (Scheme 53).%! The formation of
reduction product 155 provided evidence for diradical character
with a small singlet—triplet energy gap.

Meta-substituted diradicals DR84 and DRSS, based on
nitronyl nitroxide and oxoverdazyl, respectively, were prepared
by Hui et al. (Figure 79).>** The D value (ID/hc = 0.00719
cm™") for compound DR84 was found to be larger than that for
diradical DR85 (ID/hcl = 0.00601 cm™'). Cryogenic ESR
measurements of the two diradicals showed Curie magnetic
behavior of the Am, = +2 signal intensities down to 4.2 K. The
results indicated that both of the diradicals are triplet-ground-
state molecules or have very small singlet—triplet energy gaps.

Heteroatom analogue of trimethylenemethane (TMM)
DR86 was prezpared and characterized by Tretyakov et al.
(Scheme 54).>** From the Bleaney—Bowers plot, a triplet
ground state was found with an intramolecular exchange
coupling of J/kz = 400 K.

Before Tretyakov et al.’s report, Suzuki et al. reported that
the nitroxide-substituted nitronyl nitroxidle DR87 (= DRS86)
and iminonitroxide DR88, which includes the TMM skeleton,
were prepared by the nucleophilic addition of 2-lithio(nitronyl
nitroxide) to 2—methyl-Z—nitrosoprogane, followed by oxidation
by lead(IV) dioxide (Scheme 55).*** Triplet ground states for
both diradicals were determined by measuring the temperature
dependence of the paramagnetic susceptibility. Thus, triplet
ground states and large singlet—triplet energy gaps of +1.56 and
+2.20 kcal mol™" were determined for diradical DR87 and
DRSS, respectively.

In 2012, Zhang et al. reported the synthesis and character-
ization of a derivative of 2,4-diimino-1,3-disilacyclobutanediyl
DR89.*° Although the parent 2,4-dimethylene-1,3-cyclo-
butanediyl (DMCB) is known to be a triplet-ground-state
molecules, a singlet ground state was found for diradical DR89,
with AEgr = —30.1 kcal mol™’, at the B3PW91/6-31G(d) level
of theory.

A
‘Blu r | ’Blu
Ny N
Ph—<C "Si_ Si >—Ph

hll\ . | . ’N
Bu Bu

Ar

DR89

AEgt = -30.1 kcal mol-!
at the BBPW91/6-31G(d)

3.5. Aminium-Radical-Cation-Based Diradicals

Research on magnetic materials to find new magnetic
properties that can be utilized for information storage and
computer logic production has attracted much attention. Most
magnetic materials are inorganic metals and alloys because of
the stability and high-spin character at one atom. Organic
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materials are soft and well-designed. The instability of organic
compounds is always pointed out as a disadvantage for use of
these materials. Recently, however, air-stable organic radicals
have been developed, and their magnetic characteristics have
been well-studied. In this section, recent developments in the
intramolecular and intermolecular magnetic properties of
aminjum-radical-cation-based diradicals are summarized.

Aminium radical cations that can be feasibly generated by
electrochemical and/or chemical oxidation are well-known for
their exceptional stability (Figure 80). In the 1990s, the
electron—electron dipolar interaction was investigated in
molecules that contain two aminium radical-cation units. As
found in a family of delocalized non-Kekulé-type molecules, the
ground-state spin multiplicity of bis(amino)-substituted radical
cations was investigated by a combination of computational and
experimental methods. Stickley and Blackstock designed high-
spin molecules using the aminium radical-cation unit.**® They
found that the diradical dication of 1,3,5-tris(di-p-anisylamino)-
benzene DR9O0 is a triplet-ground-state molecule. Sato et al.
reported that the dication of 1,3-bis(di-p-anisylamino)benzene
DRI1 is also a triplet-ground-state molecule with a zfs D value
of 0.007 cm™.**” However, the dications of the biphenyl-linked
isomeric diamines DR92 and DR93 were found to be singlet-
ground-state molecules.>*®

An effect of conformation on ground-state spin multiplicity
was typically found for the diradical dications of bis-
(phenothiazine)benzene-substituted meta-phenylene diamine
DR94 (Figure 81). The phenothiazine group is easily oxidized
to give radical cations with long lifetimes, because the
phenothiazine group is 16-m-electron system. Triplet diradical
ESR spectra were observed for diradicals DR94 and DR9S,
with D values of 0.00597 and 0.00439 cm™, respectively.**’
The temperature-dependent change of the triplet signals clearly
suggests that the ground state of diradical DR94 is not the
triplet state, but rather the singlet state with an energy gap of 28
cal mol™". On the other hand, a triplet ground state with a small
singlet—triplet energy spacin§ was found for para-phenylene-
substituted diradical DR95.%*° A conformational effect was first
found for bis(tert-butyl nitroxide)-substituted m-phenylenes.
Later, conformational-dependent changes in the ground-state
spin multiplicity were investigated computationally by Fang et
al.**' The through-bond interaction was found to selectively
destabilize the antisymmetric combination of the nonbonding
molecular orbital (i) in the twisted conformation of m-QDM.

Nelsen and co-workers reported a singlet ground state for the
diradical dication of 1,4-bis(hydrazino)benzene DR96 (Figure
82).%** They observed clear triplet ESR signals at 77 K in a
1:1:1 mixture of acetonitrile, butyronitrile, and methylene
chloride. The temperature-dependent change of the bis(radical
cation) triplet ESR intensities clarified the singlet ground state
of DR96 with a singlet—triplet energy gap of 0.32 kcal mol™".
The singlet ground state was reasonably explained by the
quinoidal contribution of the para-phenylene diradicals. Sakurai
et al. designed a high-spin molecule, TMM derivative DR97, in
which the aminium radical cation was connected with nitronyl
nitroxide.>>* The oxidation of the precursor with I, cleanly
produced the radical cation with typical triplet ESR signals, with
D =0.0276 cm™' and E = 0.0016 cm™". The triplet ground state
was determined by variable-temperature analysis of the triplet
signals below 100 K.

ESR studies in rigid glass for the dication of dimeric
compounds DR98 indicated singlet ground states with small

7065

sin)gls%a—triplet energy gaps of around 50—70 cal mol ™" (Figure
83).

Kuratsu and co-workers synthesized air-stable radical cation
DR99 based on the structure of trioxytriphenylamine (TOT)
(Scheme 56).>* The trioxy-substituted amine has a low
oxidation potential and is well stabilized by the electron
delocalization. The structure of TOT" was used as a platform
for making the stable diradical. A strong intramolecular
ferromagnetic interaction with J/kz = +400 K was reported
for the diradical DR99 with a nitronyl nitroxide (NN).3¥ A
weak intermolecular antiferromagnetic interaction of J/ky =
—1.85 K was found in the solid state.

Triradical 156 was found to have a doublet ground state with
2J/ky = —410 K and to exhibit a reversible one-electron
oxidation wave at E,, = —0.29 V vs Fc/Fc* (Figure 84).**” The
UV—vis absorption spectrum of DR100 in CH,Cl, shows weak
and broad absorptions in the 500—1000-nm region. During the
oxidation, new absorption peaks at A,,,,, = 360, 530, and 710 nm
were observed with isosbestic points. The strong signal at A,
= 710 nm was assigned to the quinoidal structure of the cation
of 156. DR100 has the character of a trimethylenemethane-
type m-conjugation system. Thus, the nondisjoint diradical was
expected to have a triplet ground state. A plot of y,—T, to
examine the effect of temperature on magnetic susceptibility,
indeed showed a characteristic ferromagnetic curve, from which
the exchange coupling (J/kg) was determined to be greater
than 300 K. The ESR spectrum in the solid state was found to
be composed of two triplet species with similar ID/hcl values of
0.00575 and 0.00570 cm ™! and an |E/hcl value of 0.00055 cm ™!
for one of the species. A spin-forbidden transition was clearly
observed in the g = 4 region. These results suggested that one
of the triplet diradicals had C;-based symmetry, so the triplet
diradical with |E/hcl = 0 was assigned to DR100. Trinitroxide
156 showed a spin-state change from the doublet species to the
triplet species upon oxidation.

Yokoyama et al. reported the electronic structures for the
polycationic states of a double-layered triphenylamine (TPA)
linked by three meta-phenylenediamine pillars (Scheme 57).**®
The distance between the two central nitrogen atoms was
found to be 5.8 A according to X-ray crystallographic analysis.
Although there is no direct through-space interaction between
the two nitrogen atoms, it was clarified that the spin of the
radical cation is delocalized over the whole molecular skeleton.
The triplet ESR spectrum of the diradical dication was observed
using 2 equiv of the oxidizing agent tris(4-bromophenyl)-
aminium hexachloroantimonate (“Magic Blue”). The zfs D
value was determined to be 4.9 mT, with a value of almost 0 for
E. Thus, the average spin—spin distance was calculated to be 8.3
A. This long spin—spin distance is due to the delocalization of
the two spins in the molecule. From a plot of the intensity of
the ESR signal as a function of temperature, a singlet ground
state was found with an energy gap of 0.18 kcal mol™". In
contrast to the experimentally determined singlet ground state,
the triplet was calculated to be the ground-state spin
multiplicity with a relatively large energy gap of 5.3 kcal mol™".

4. BIS(NITROXIDE)S

Nitroxides that can be easily prepared from nitroso compounds
or from amines be oxidation are stable radicals and can easily be
detected by ESR spectroscopy (Figure 85). The fundamental
chemical and physical properties of stable nitroxides were
invesitigated in pioneering studies by Rozantsev and Sholle**”
and Rassat and co-workers.>****" Stable nitroxides have
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provided many opportunities to investigate the chemistry,
biochemistry, and materials science due to molecular magnet-
ism. Intramolecular and intermolecular interactions of the
nitroxide units are summarized in this section. Molecules with
two nitroxide units are called bis(nitroxide)s.

4.1. Bis(nitroxide)s in Non-Kekulé Molecules

As mentioned in section 3.4, tetramethylmethane (TMM) and
meta-quinodimethanes (m-QDM) are nondisjoint diradicals;
thus, the parents TMM and m-QDM are triplet-ground-state
molecules with large singlet—triplet energy gaps of AEg¢ = 16.1
and 9.6 kcal mol™’, respectively (Figure 86).>*~** The triplet
ground state of the tert-butyl-substituted meta-phenylene
dinitroxide DR102 (R = tert-Bu) was found in 1969 346 A
singlet—triplet energy spacing of AEg ~ 2.0 kcal mol™', much
smaller than that of m-QDM, was calculated for the parent
meta-phenylene bis(nitroxide) DR102a (R = H). The small
singlet—triplet energy gap can be explained by the spin density
on the benzylic positions. Thus, for bis(nitroxide)s, the spin
density is delocalized on both the nitrogen and oxygen atoms.
The lower the spin density on the benzylic positions, the
smaller the energy gap in the diradical. However, the zfs ID/hcl
value of 0.012 cm™" was found to be nearly the same as that of
m-QDM, because the spin—spin distances in the two cases are
almost the same.

The two nitroxide radicals interact intramolecularly with each
other ferromagnetically to produce a triplet-ground-state
molecule. However, magnetic susceptibility measurement of a
crystal sample, namely, the a-phase crystal of DR103 from
CH,Cl,, showed practically diamagnetic behavior over the
temperature range of 1.8—300 K (Figure 87).>*" The strong
antiferromagnetic couplings are ascribed to the nature of the
bonding between the two bis(nitroxide) molecules. Actually,
the intermolecular N—O distance was found to be ~2.3 A,
which is 24% shorter than the sum of the van der Waals radii
between the nitrogen and oxygen atoms. The intramolecular
N-O bond distance was found to be ~1.3 A, which was slightly
longer than that in the monomeric bis(nitroxide) DR103.
Similar intermolecular antiferromagnetic couplings have also
been observed for other bis(nitroxide)s in which an intra-
molecular ferromagnetic interaction was observed. Interest-

ingly, DR103 was recrystallized from hexane in another type of
crystal structure, the 8 phase, and this phase was found to show
a different temperature dependency of the magnetic suscept-
ibility. Thus, the magnetic susceptibility of the f-phase sample
obeyed the Curie—Weiss low with a Curie constant of 1.00 cm®
K mol™ and a Weiss constant of —6.0 K. The value of the
Curie constant coincides with the theoretical paramagnetic
character of § = 1 (triplet state). More interestingly, a thermal
phase transition from the a-phase crystal to the S-phase crystal
was observed upon heating the sample at 350 K. The phase
transition was found to be irreversible. Thus, bis(nitroxide)s
such as DR103 and DR104 have potential utility as genuine
organic write-once information-storage materials. 348,349

Rajca et al. reported the isolation and magnetic character-
ization of diarylnitroxide diradical DR105 (Scheme 58).>*° The
dinitroxide was prepared by using dimethyldioxolane (DMDO)
or meta-chloroperoxybenzoic acid (m-CPBA) as the oxidizing
agent. Reduction of diradical DR10S with iron/acetic acid
cleanly gave diamine 157. Structure 157 enforced a coplanar
conformation for the nitroxide moieties and the m-phenylene
coupling unit and, thus, was expected to provide a relatively
large singlet—triplet energy gap. SQUID magnetometry of
DR10S clearly indicated that the ground state is the triplet with
an energy gap of around 0.6 kcal mol™.**'

The magnitude of the ferromagnetic coupling constant (J,;)
between the nitroxide radicals was found to be influenced by
the noncovalent cation (Y")—anion(X~) 7z interactions, which
were computed at the M06-2X level of theory (Figure 88).%*> A
large influence was observed for the Br™ ion, whereas the least
influence was found for the Li* ion. Anions are prone to
increase electron-exchange coupling, whereas positive ions
decrease the magnitude of this coupling. The reason for the
dramatic enhancement induced by the anions was found to be
two-fold: First, there is an increase in the paratropic current
density because of the small amount of charge transfer to the
aromatic ring from the anion. Second, magnetization density
accumulate on the external anion upon the occurrence of
charge transfer.

Nitroxides are easily oxidized and reduced by appropriate
compounds to generate anions and cations. Thus, the rapid
reversible redox process of nitroxides has been used for
materials chemistry applications such as radical batteries
(Figure 89). In general, aromatic compounds such as
anthracene are prone to emit light from electronically excited
states. Such fluorescent labeling studies are currently utilized in
many fields of chemistry, materials science, and biology.
However, because of the redox properties of nitroxides,
nitroxides bearing fluorescent chromophores do not emit any
light with low quantum yields, because the electronically excited
chromophore is rapidly quenched by the nitroxide. Fairfull-
Smith et al. utilized this character to analyze the polymer
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Figure 86. Singlet—triplet energy gap in DR102 and its zero-field-splitting parameters D and E.
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Figure 92. Effect of the distance between the two nitroxides on the exchange interaction.

degradation process.®> After the radical-trapping reaction of polarization (DNP) studies, and spin—spin distance determi-
nitroxide DR106, alkylated nitroxide 158 was found to start nations. Recently, Sato et al. investigated the relaxation
emitting light. enhancement that arises from the nitroxide—nitroxide inter-

Electron spin relaxation rates (1/T,) are important action using compounds 159—161 (Figure 90).>** For diradical
parameters for spin-labeling experiments, dynamic nuclear 159 with an interspin distance of 6 A, the relaxation rate was
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Figure 94. Intramolecular magnetic interaction (J) in diazaphenalenyl
radicals DR117 and DR118.

only slightly higher than that for monoradicals. The results
indicate that the impact of the nitroxide—nitroxide interaction
on electron spin relaxation extends to relatively short distances
compared to the relaxation enhancement from rapidly relaxing
metals, which extends to tens of angstroms. For interspin
distances of ~6 A, the relaxation rates in glassy solvents up to
300 K were found to increase in the order of monoradical 161
< diradical 160 < tetraradical 159. These results suggest that
modulation of the exchange interaction is not the main
contribution to the relaxation. Thus, the trend is attributed to
modulation of the dipolar interaction, which is greater for more
flexible molecules and for less rigid glasses. Modulation of the
dipolar couplings provides an effective spin relaxation path-
way.

Dougherty reported many examples of high-spin molecules
with trimethylenemethane (TMM) as a triplet high-spin
coupler.*® The advantage of using TMM as a spin coupler is
that the singlet—triplet energy spacing of TMM (AEg; = 16.1
keal mol™") is larger than that of m-QDM (AEgp = 9.6 keal
mol™). Shultz and co-workers prepared the series of
bis(nitroxide)s DR107—DR112 in which the two nitroxide
units are connected by trimethylenemethane (TMM) to
understand the effect of conformation on the singlet—triplet
energy gap (Figure 91). 336357 As shown in the structures and
singlet—triplet energy gaps, the conformations of the phenyl
rings are important factors for the singlet preference of flexible

diradicals.

E
H E =C, Si, etc
4 —_
DNP

enhabced sensitivity in NMR

0.
N
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Figure 96. Nitroxide-induced dynamic nuclear polarization (DNP)
enhancement in NMR signals.

As clearly shown in the structures DR107—DR112, the
planarity of the TMM rx face with the phenyl ring (phenyl
torsion) significantly affects the singlet—triplet energy spacing.
Thus, when the planarity is high (a value is low), the triplet was
found to be the ground-state spin multiplicity, for example, for
compounds DR109 and DR111. The planarity effect can be
explained by the triplet ground state of the parent TMM, which
exhibits perfect planarity in the diradical structure. This perfect
planarity produces degeneracy of the nonbonding molecular
orbitals. When the torsional angle is high, reaching almost the
twisted conformation of the phenyl ring, the singlet was found
to be the ground-state spin multiplicity, as found for fluorenyl-
based bis(nitroxide) DR112. In contrast to the sensitivity of
torsional angle @, the dihedral angle, §, does not have much
effect on the singlet—triplet energy spacing.

Higashiguchi et al. reported the evaluation of the decay
constant of the conductive property of the molecular wire for
the phenylene unit by probing the exchange interaction (J)
between two nitroxides using ESR spectroscopic analyses of
compounds DR113—DR115 (Figure 92).3*® The exchange
interaction was found to decrease with a decay constant of 0.51
+0.01 A7,

Diradical DR116, in which two nitronyl nitroxides units are
connected with a diacetylene bridge, was synthesized, and its
magnetic properties were investigated (Figure 93).359 The ESR
spectrum in liquid solution consists of nine rather broad lines.
The simulation of the spectrum revealed a hyperfine-coupling
constant of 0.35 mT with four equivalent nitrogen atoms. The
obtained coupling constant corresponds to approximately one-
half the typical value of the hyperfine coupling constant (0.7
—0.75 mT) with two "N nuclei in nitronyl nitroxides. This
indicates that the constant of the intramolecular exchange
interaction between the unpaired electrons is substantially
larger than that hyperfine coupling with the spins of the "N
nuclei. The temperature-dependent change in the magnetic
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Figure 95. Conformation effect on the singlet—triplet energy gap in diradical DR119.
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Figure 98. Solvent-free amorphous powder for DNP measurements.

properties revealed an antiferromagnetic interaction between
the two spins with J/kz = —104 K.

Ko et al. investigated the intramolecular magnetic
interactions (J values) of diazaphenalenyl radicals DR117 and
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DR118 with a neutral radical to which they were connected by
a conjugated unit at the UB3LYP level of theory (Figure 94).>%
Large magnetic interactions, ]l > 400 cm™), were computed for
the combination of oxoverdazyl neutral radical with diazaphe-
nalenyl radical connected by an ethylene unit.

The singlet ground state of diradical DR119 was reported by
Suzuki et al. (Figure 95).*°" Conformer I was predicted to be a
triplet-ground-state molecule, whereas conformer II was
computed to have a singlet ground state with J/kz = —89 K.
The X-ray crystal structure and temperature-dependent change
in the intensity of the ESR spectrum of the prepared diradical
DR119 showed that diradical DR119 exhibits conformer II and
a singlet ground state with J/kz = —88 + 3 K
4.2. Dynamic Nuclear Polarization (DNP) by Bis(nitroxide)
Diradicals

As indicated in the introduction of section 4, nitroxides are
stable radicals. The distance-dependent change in the electron
exchange interaction of two unpaired electrons can be
estimated using the ESR spectroscopic analysis of stable
bis(nitroxide)s. One of the recent topics of interest in
bis(nitroxide) chemistry includes the enhancement of dynamic
nuclear polarization (DNP) in nuclear magnetic resonance
(NMR) spectroscopy.

NMR spectroscopy is one of the most powerful tools for
obtaining structural and dynamic information on molecules and
materials. However, an inherently poor sensitivity due to the

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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Scheme 60. Spin Label Technique, Spin—Spin Interaction of the Two Nitroxides, Used to Detect the Dynamic Movement of a-
Cyclodextrin (CD) in [2]Rotaxane
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small spin momenta of nuclei does not allow this spectroscopic concentrations of compounds on material surfacees or for the
method to be used for the structural determination of low monitoring of the reaction processes of functional molecules in
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Scheme 61. Photoswitching of Intramolecular Through-Space Magnetic Interaction in DR127
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biology and materials science. Dynamic nuclear polarization
(DNP) has the potential to increase NMR sensitivity by orders
of magnitude by using the transfer of polarization from
unpaired electrons to nuclei. This effect was first suggested in
1953 by Overhauser.** In the 1990s, DNP-enhanced NMR
spectroscopy made great progress under the magic-angle-
spinning conditions.**> The DNP signal enhancement factor
(&) was found to be up to 250. The dramatic sensitivity increase
allowed the elucidation of the bonding topologies at the
surfaces of functionalized mesostructured materials.

The cross-effect mechanism is the most efficient for DNP at
high fields. A cross-effect is strongly induced by the strong
dipolar coupling of two unpaired couplings. Of course, the ESR
frequencies must differ by the nuclear Larmor frequency. The
first report on the cross-effect induced in DNP experiments was
in the solution phase using a high concentration of
monoradicals such as commercially available nitroxide radical
(2,2,6,6-tetramethylpyperidine-1-yl)oxyl (TEMPO) (Figure
96). Matsuki et al. found that the water-soluble bis(nitroxide)
TOTAPOL is a reagent for DNP, particularly for biological
applications (Figure 96).*** Thereafter, the rigid bis-TEMPO—
bis-ketal (bTbK) and bis-cyclohexyl-TEMPO—bis-ketal
(bCTbK) were reported for the detection of molecules on
the surface of hybrid or inorganic materials. The enhancement
factors for proton (ey;) and silicon (&) were found to correlate
with the electron spin—lattice relaxation time (T,.) and the
spin—spin relaxation time (T,.). The longer relaxation time for
bCTBK, compared to bTbK, was attributed to the rigidity of
the structure around the nitroxide unit.>*®

Water-soluble bis(nitroxide)s are useful for determining the
structure and dynamics of biologically active compounds such
as enzymes. The water-soluble bis(nitroxide)s, which contain
sulfoxide and sulfone units in the diradicals, have been prepared
and tested for the DNP effect (see Figure 97). The DNP effect
was found to be slightly larger than that found for TOTAPOL
(erotapor)- %

TOTAPOL is sparingly soluble in dimethyl sulfoxide
(DMSO)/water mixtures and insoluble in glycerol/water
mixtures. This limits the applicability of bTbK as a polarizing
agent because glycerol/water serves as a cryoprotectant and is
the solvent choice for the DNP of proteins. Kiesewetter et al.
designed the TEMPO derivative bis-TEMPO—Dbis-thioketal-
tetra-tetrahydropyran (bTbtk-py) with a high glycerol/water
solubility.**® The bis(nitroxide) was prepared from amine 162
and was found to exhibit excellent solubilities of 10.9 mM in
the desired 60/40 glycerol/water mixture and 3.0 mM in D,0
(Scheme 59). The DNP-enhanced '*C cross-polarization
magic-angle-spinning (CP-MAS) NMR spectroscopy of "*C-
urea (1 M in 60/40 glycerol/water) showed & = 230 versus
thermal polarization. Under similar conditions, a lower
enhancement, ¢ = 191, was found for TOTAPOL. The
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breadths and intensities of the enhancement field profiles of the
two polarizing agents TOTAPOL and bTbtk-py suggest that
the nitroxide moieties have different relative orientations and
electron—electron couplings in the two diradicals. Thus, the
NMR signal enhancement was shown to depend with extreme
sensitivity on the modulation of the electron—electron distance
and relative orientation of the NO moieties of the diradicals.
The high sensitivity suggests that the structural fine-tuning
should make it possible to obtain superior DNP polarizing
agents.

Rossini et al. showed that DNP solid-state NMR spectros-
copy can be applied to powdered microcrystalline solids to
obtain sensitivity enhancements on the order of 100.**° Bis-
cyclohexyl-TEMPO—bis-ketal (bCTbK) was used for the DNP
measurements. DNP enhancements on the order of 60 were
obtained for microcrystalline glucose and sulfathiazole at 9.4 T
at 105 K.

Methods enabling structural studies of membrane-integrated
receptor systems without the necessity for purification provide
an attractive perspective on membrane protein structure and
molecular biology. DNP MAS NMR spectroscopy is a
promising method for solving this problem. Linden et al.
observed well-resolved solid-state NMR spectra of extensively
13C-labled neurotoxin II bound to the nicotinic acetylcholine
receptor in native membranes. TOTAPOL was used for the
DNP study and was localized at the membrane and protein
surfaces. Although weeks of measurement time were needed to
obtain conventional MAS NMR data, they were able to reduce
the measurement time by 6%.>”°

Many samples of biological origin such as membrane
proteins and peptide fibrils cannot be dissolved or suspended
at reasonable concentrations in any solvent. If solubility is
limited, DNP enhancements of only small magnitudes are
expected. Vitzthum et al. reported the development of a
method using dry samples that do not require any solvents. The
solvent-free amorphous powder in which TOTAPOL was
covalently attached in the nonapeptide (NP) was prepared and
used for DNP measurements. A modest enhancement of € < 4
was 3c}ftected after cross-polarization from 'H to *C (Figure
98).

As mentioned earlier, weakly exchange-coupled diradicals
have attracted much attention in terms of their DNP
applications in NMR spectroscopy. Recently, Ayabe et al.
reported a quantitative evaluation of the weakly exchange-
coupled interaction in diradicals using pulsed electron spin
nutation (ESN) spectroscopy. Pulsed X-band ESN spectrosco-
py was found to provide accurately determined spin dipolar
interaction measurements.>’> Diradicals DR120°”® and
DR121°"* were also designed and synthesized for DNP (Figure
99).
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4.3. Spin Labeling Study

Probably, the most famous bis-nitroxide is compound DR122,
which shows the transition temperature record (T, = 1.48 K) in
pure organic-nitroxide-based ferromagnetism (Figure 100).>”>
This result indicates the existence of spontaneous magnet-
ization below the critical temperature T.. Each NO group has
three close NO neighbors, suggesting a three-dimensional
network of chains interconnected through inter- and intra-
molecular interactions. Both the intra- and intermolecular
interactions were found to be ferromagnetic; thus, three-
dimensional ferromagnetic order was observed at 1.48 K.

The through-space interaction was found to play a major role
in determining the magnitude of the spin—spin exchange
interaction, as confirmed by an ESR study of diradicals
DR123—DR126 in which the two TEMPO moieties are
connected by the chains —(CH,),—, n = 1—5.3"° The exchange
interaction (J) was found to increase with increasing temper-
ature and increasing leangth of the alkyl chain (i.e., distance
d_,q between the two nitroxide radicals). The distances were
calculated for the linear conformer (most stable conformer) of
the bis(nitroxide)s. The results clearly indicate that the
exchange interaction is derived from the conformer in which
the two radicals are located close each other.

Spin labels are generally used as tools for probing the local
dynamics of proteins or biological membranes using ESR
spectroscopy. The site-directed spin label technique allows one
to monitor a specific region within a protein. Recently, a spin
label technique based on the spin—spin interaction of two
nitroxides was used to detect the rotaxanes and the dynamic
movement of a-cyclodextrin (CD) in [2]rotaxane (Scheme
60).>”7 Spin-labeled @-CD was prepared by a click reaction,
namely, the Cu(I)-catalyzed azide—alkyne cycloaddition of
azide derived from a-CD to the nitroxide. The bis-labeled
rotaxane was prepared by a method based on formation and
assembly by the click reaction of a pseudorotaxane composed
of a-CD and CI10 alkyl chain blocked at one end by a
saccharidic stopper and carrying an azido group at the other
end.

Wang et al. reported a photoswitchable intramolecular
through-space magnetic interaction in diradical DR127
(Scheme 61).%”® Irradiation of trans-DR127 at 312 nm resulted
in a decrease in the absorption band of trans-DR127 at 297 nm
with a concomitant increase of a new absorption band at 350
nm. An isosbestic point was maintained at 319 nm over the
course of the irradiation. At the photostationary state, an 89%
yield of cis-DR127 was obtained. Upon irradiation of trans-
DRI127 at 312 nm, the ESR spectrum showed substantial
changes from a three- to a five-line spectrum. Irradiation at 365
nm drove the reverse cis-DR127 to trans-DR127 isomerization
with a decrease in the intensity of the absorption band at 350
nm.

5. DIRADICALS IN METAL COMPLEXES

Molecular structure plays an important role in the design of
magnetic materials and magnetic molecular devices.”” The
ground-state spin multiplicities of diradicals in metal complexes
are largely dependent on the special orientation of the two
radical parts. Copper(I) complexes DR128—DR130 are
examples of the spin—spin interaction. Iminonitroxide complex
DRI128 has a triplet ground state and a pseudotetrahedral
geometry at copper with a near-90° angle between the ligand
planes,*® whereas verdazyl complex DR129 appears to have
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near-degenerate singlet and triplet states, and in the solid state,
it shows a distorted structure in which the angle between the
two ligand planes is 116°°*' DFT calculations predict a
perpendicular geometry minimum and a triplet ground state for

both diradicals.

DR130

Brook et al. synthesized copper complex DR130 with
verdazyl units and characterized it by X-ray crystallography
and magnetic susceptibility. The temperature-dependent
change of the magnetic susceptibility indicated a triplet ground
state of the diradical with J = 47 cm™".*** The coordination
geometry at copper was found to be distorted tetrahedral with
the two ligand planes separated by 75°. Metal complexes with
redox-active noninnocent ligands®®®> might be important
compounds for magnetic materials.*** Related studies have

been reported by Bachler et al., Herebian et al., and Patrenko et
31.385

6. DIRADICALS IN MATERIALS

Organic-semiconductor-based devices, such as organic light-
emitting diodes (OLEDs), organic field-effect transistors
(OFETs), organic thinfilm transistors (OTFTs), and solar
cells, are current research interests because of their reduced
fabrication costs compared to silicon-based materials. In
general, the energy barrier between the Fermi level of the
open-shell singlet state (-5.5, -7.9)*

i ln
open-shell singlet state (-5.7, -10.4)*

* The energy gaps with (triplet, closed-shell singlet)

| ground state

closed-shell singlet state

open-shell singlet state (-10.3, -0.8)*
open-shell singlet state (-7.1, -2.7)*
open-shell singlet state (-5.8, -5.2)*

O A~AWON—-| S

Figure 101. Polyacenes: polycyclic aromatic hydrocarbons consisting
of linearly fused benzene rings.

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088



Chemical Reviews

open-shell singlet gound state
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n | (triplet, closed-shell singlet)

0 | (-2.98,-10.67)* (-2.98, -10.67)*
1 (-2.91, -7.87)* (-2.08, -11.35)*
2 | (-2.89, -6.33) (-0.89, -13.54)

3 | (-2.90, -5.33) (-0.50, -15.23)

4 (-2.92, -4.65) (-0.25, -17.11)

Figure 102. Multi-Zn-expanded oligoacenes 163 and 164 from
benzene to pentacene and their open-shell character.

source electrode and the HOMO of the semiconductor is
smaller than that between the Fermi level and the LUMO, for
example, ~S.1 eV for Au and 4.5 eV for Cr. Thus, p-channel
semiconductors are more common than n-channel ones. The
most important point of the performance at the molecular level
is the control of the energy levels of the HOMO and LUMO
and their energy gaps. They determine the optical and
electrochemical properties of organic compounds and the
characteristics of the electronic devices. The band gap can be
controlled by various factors including 7z-conjugation length,
quinoidal contribution, and aromaticity. A strategy for
obtaining good performance in n-channel conductance is to
introduce an electron-withdrawing moiety in compounds. A
small energy gap between the HOMO and LUMO provides a
unique character for compounds with ambipolarity. Thus,
diradicaloids are one of the most promising types of
compounds that should exhibit small HOMO—LUMO energy
spacings. A major problem with using diradicals and
diradicaloids in materials is their inherent instability due to
their open-shell character. So far, some strategies have been
developed to stabilize the energy of and isolate these fascinating
molecules. Some of the strategies were shown for delocalized
Kekulé molecules.

Polyacenes are polycyclic aromatic hydrocarbons consisting
of linearly fused benzene rings. Large polyacenes were
predicted to behave as n-dimensional conductors with a zero
band gap. Experimental and theoretical studies on oligoacenes
to understand their fundamental electronic and geometric
properties have attracted much attention. Organic electronic
applications such as electrically pumped organic solid-state
injection lasers, field-effect transistors, light-emitting diodes,
organic conductors, and solar cells have stimulated interest in
their fundamental properties. Pentacene (n = 1) is a closed-

shell singlet-ground-state compound and has attracted much
attention as the active semiconducting material in field-effect
transistors because of its unusually high charge-carrier mobility
(Figure 101). A smaller band gap would provide higher activity
than obtained with pentancene. In 2004, Bendikov et al.
theoretically investigated the open-shell diradical character of
oligoacenes, namely, hexacene (n = 2), heptacene (n = 3),
octacene (n = 4), nonacene (n = S), and decacene (n = 6)
(Figure 101).3% At the B3LYP/6-31G(d) level of theory, the
open-shell singlet state was calculated to be lower in energy
than the triplet and closed-shell singlet states by —10.3 and
—0.8 kcal mol™’, respectively, for hexacene (n = 2). The
singlet—triplet energy spacing was computed to decrease from
hexacene to heptacene and octacene and then to become
constant at approximately —5.5 kcal mol™. On the other hand,
the energy gap with the closed-shell singlet state was computed
to increase from 0.8 to 10.4 kcal mol™" without showing any
saturation. A small HOMO—LUMO energy gap of 1.80 eV was
computed and found to be consistent with the experimental
value of 1.84 eV. The calculated frontier orbitals clarified the
disjoint character of the diradical. Thus, the singlet was found
to be the ground-state spin multiplicity. Very recently, hexacene
(n = 2) was isolated, and its crystal structure and charge-
transport properties were investigated by Watanabe et al.*®

Yang et al. computationally designed two classes of multi-Zn-
expanded oligoacenes 163 and 164 from benzene to pentacene
(Figure 102).**® Combined density functional theory,
CASSCF, and CCSD calculations predicted that all of these
Zn-expanded oligoacenes have open-shell singlet-ground-state
diradicals. The diradical character of the ground states of the
molecules arises from the Zn-expansion-induced disjoint nature
of the nonbonding molecular orbitals.

The size dependences of the diradical character and second
hyperpolarizabilities in dicyclopenta-fused acenes (DPAs) 165
were investigated by Motomura et al. (Table $).**° The
longitudinal second hyperporizability (y), which is an indicator
of nonlinear optical properties, of singlet DPAs was found to be
significantly enhanced with increasing system size. This
behavior is associated with an increase in the longitudinal
spin polarization between the terminal five-membered rings of
the DPAs, which is closely related to the diradical character of
DPAs. The correlation of this property with the antiaromaticity
of the terminal rings was also investigated.

Kono et al. prepared a series of benzobis(thiadiazole) (BBT)
derivatives and investigated their semiconducting character-
istics.*® The benzobis(thiadiazole) unit is a heteroatom mimic
of tetramethylenebenzene (TMB) and, thus, inherently has the
character of a diradical (Figure 103). Although TMB is a non-
Kekulé molecule, BBT can be categorized as a delocalized
Kekulé diradical because of the hypervalency of the sulfur atom.

Table S. Size-Dependent Changes in Diradical Character and Second Hyperpolarizabilities of Dicyclopenta-Fused Acenes

n |12

SQQs,

3 4 5 6 7 8 9 10 M

diradical character
(occupation number in LUMO)

Y hyperpolarizability /105 a.u. 55 21.7
NICS(1) at terminal ring 109.6 9.9

0.21 0.39

0.60 0.74 0.84 0.90 0.93 0.95 0.96 0.96 0.97
65.0 131 208 294 328 310 363 447 538
06 -18 -27 -31 -28 -25
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Figure 103. Series of benzobis(thiadiazole) (BBT) derivatives and their semiconducting characteristics.
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Figure 10S. Singlet fission (SF): two triplet excited states (T,)
generated from the interaction of a singlet excited-state molecule (S;)
with a ground-state molecule (S;)/.

In other words, the sulfur atom stabilizes the diradical. As
expected, small HOMO—LUMO energy gaps (AEy ) were
found for compounds 166a—c with low electronic excitation
energies (4,..). Compound 166¢ exhibited a high electron
mobility of up to 0.77 ecm* V™' s7! at 130 °C. The introduction
of the strong electron-withdrawing group and the inherent
intermolecular interaction ability of the thiadiazole ring are
responsible for the high performance.*’

Radicalized DNA bases r-G, 1-C, r-A, and r-T were designed
for their novel electromagnetic properties (Figure 104).%*> The
ionization potentials of the radicalized DNA bases were
calculated to be 1.0 eV lower in energy than the corresponding
standard DNA bases. Also, the electron affinities of the
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radicalized DNA bases were found to increase by about 2 eV
compared to those of the four DNA bases. The radical—radical
interactions between the two radicalized DNA bases, namely, r-
G—r-C and r-A—r-T, were calculated at the BS-UB3LYP/6-
311++G(d,p) level of theory. CASSCF calculations were also
used for relative energy comparisons. An open-shell singlet
ground state was found for the two possible hydrogen-bonded
diradicals with small singlet—triplet energy spacings (J = —24.4
cm™" for the r-G—r-C pair), because the pair of diradicals is
categorized as disjoint diradicals. In the two-layer stacking
model for a helix, a small ferromagnetic interaction was found
for the 3'=5' system.

Recent topics in research on organic photovoltaic cells focus
on improvements in energy efficiency. Singlet fission (SF)* is
a spin-allowed process in which two triplet excited states (T)
are generated from the interaction of one singlet excited-state
molecule (S;) with a ground-state molecule (S;). The efficient
SE process of excitons improves the efficiency of energy
conversion, because some excitons are deactivated before
separating into electrons and holes. Efficient SF processes are
assumed to be possible when the first excitation energy of the
singlets (Eg,) is larger than the twice the triplet excitation
energy (Er;) and smaller than the second triplet excitation
energy (Er,): Er, > Eg; > 2Eq; (Figure 10S).

Nakano and co-workers recently proposed that Kekulé
hydrocarbons 167 and 168 with diradical character exhibit
unique physicochemical properties that are applicable to singlet
fission and optoelectronics (Figure 106).>*7°° The diradical
and tetraradical characters were also found to play an important
role in the feasibility of the SF processes, because the open-shell
diradical character should significantly stabilize the open-shell
triplet state rather than the singlet state. The authors proposed
multiple diradical character y, and y, to predict the feasibility of
the SF process. The diradical character y, is equal to the
occupation number in the LUMO. The tetraradical character
was evaluated by y;, which is the occupation number in LUMO
+ 1. They found that the experimentally reported SF
efficiencies for polyacenes were high when the y, value was
around 0.2—0.4 and the y,/y, ratio was less than 0.2. The
intermediate character of the diradical and tetraradical is
important for the SF efficiency. The parameters, y, and y,/y,,
can be applied to antiaromatic hydrocarbons 167 and 168. The
singlet excited-state energies and the corresponding triplet

dx.doi.org/10.1021/cr400056a | Chem. Rev. 2013, 113, 7011-7088
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excited-state energies were computed using time-dependent
(TD) DFT with the Tamm—Dancoff approximation (TDA).
The energetic stabilization of the triplet excited state was found
to be more sensitive to the number (n) of aromatic rings than
that of the singlet excited states. Thus, for n = 2 and 3 in
compound 167, the singlet excitation energy was calculated to
be larger than twice the triplet excitation energy. For
compound 168, efficient singlet fission was predicted for
relatively small-size antiaromatic condensed-ring molecules, y,
~ 0.4 and y,/y, < 0.2.

Akda% et al. designed candidate molecules for efficient singlet
fission.””” All of the excitation energies were calculated at the
CASPT2 level of theory. The conditions Er, > Eg, > 2E, for

Scheme 62. Product Selectivity in the Solid-State Photochemical Cyclization of @-Adamantyl-p-methoxyacetophenone 176
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efficient singlet fission are fulfilled or nearly fulfilled for
compounds 169—173, which are the target molecules for
experimental chemists to prepare singlet-fission materials
(Figure 107).

Nakano and co-workers found the third-order optical
properties at the molecular level and the second hyper-
polarizability (), nonlinear optical properties, of open-shell
singlet molecules with diradical characters have been
theoretically predicted to exhibit a significant enhancement as
compared to conventional closed-shell molecular sys-
tems.””*~*" In 2010 and 2011,**>*%* phenalenyl-based super-
ethylene, superallyl, and superbutadiene in the singlet ground
states were found to have diradical characters and exhibit larger
y values than the closed-shell pyrene-based superpolyethylene
systems (Figure 108). In particular, the phenalenyl-based
superallyl diradical with a positive charge was predicted to
change the sign of y and enhance its amplitude by a factor of 35
compared to that of the neutral superallyl diradical. Notable
effects of an external electronic field and donor—acceptor
substitution on increasing the second hyperpolarizability of the
open-shell singlet diradicals were also reported by Nakano and
co-workers.

In 2013, Kamada et al. found that the singlet diradical
character actually increased the TPA cross section from <21 to
3600 GM in structure 175.%*

7. DIRADICAL INTERMEDIATES IN PHOTOCHEMICAL
REACTIONS

Photoinduced reactions of ketones and azoalkanes often
include triplet excited-state molecules. In many cases, diradical

Scheme 64. Stereoselective Formation of Cyclopropane
Derivative 178 in the Solid-State Photochemical Reaction of
179

(0]
Bu
N_
Ph
(0]
179 178

intermediates are involved in the photochemical reactions.
Reports since 2009 are covered in this review article.
Kuzmanich et al. investigated product selectivity in the solid-
state photochemical cyclization of a-adamantyl-p-methoxyace-
tophenone 176 (Scheme 62).** The cis-selective formation of
the cyclobutanol product cis-177 was found in the solid state,
whereas the trans-selective formation of cyclobutanol occurred.
The quantum yield (@ = 0.39) in the solid state for the
cyclobutanol formation reaction was determined to be 3 times
greater than that in solution. The 1,4-diradical intermediate
DR131 in the successive Norrish type II and Yang cyclization
reaction of crystalline a@-adamantyl-p-methoxyacetophenone
was directly analyzed in the crystalline sample. Excitation of
176 at 35S nm (10-ns pulse) in a nitrogen-degassed acetonitrile
solution led to one transient absorbing between 350 and 440
nm with A, = 385 nm, which was assigned to the triplet
excited state of 176. The triplet excited species decayed in a
clean first-order process with a lifetime of 80 ns. The transient

Scheme 63. Generation of Triplet ortho-Quinodimethane Diradicals DR132 in the Norrish Type-II Reaction of Acetophenone
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Scheme 6S. Detection of Diradicals DR133 and DR134 in the Photochemical Reaction of Nanocrystalline
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Scheme 66. Photoinduced Redox Reaction of Benzophenone
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absorption spectroscopy of a nanocrystalline suspension (~200
nm in size) in water clarified the formation of the intermediary
1,4-triplet diradical DR131 with a broad signal from 320 to 450
nm within 10 ns after laser excitation of 176. The decay of the
transients could be fit to a biexponential function with lifetimes
of 10 and 103 ns. The former lifetime was assigned to the
triplet excited state of the acetophenone derivative, and the
latter was assigned to the 14-triplet diradical DR131. The
Norrish type II hydrogen-transfer reaction was found to be 8
times faster in the solid than in solution.

Gudmundsdottir and co-workers reported the generation and
reactivity of the triplet ortho-quinodimethane diradicals DR132
in the Norrish type II reaction of acetophenone derivatives in
which the ester group is attached (Scheme 63).**® Photo-
chemical reactions were utilized for the release of the alcohol
moiety of the ester group. Methanol was released in the
photochemical reaction. The triplet 1,4-diradicals with A, =
350 nm were detected using the laser-flash-photolysis (LFP)
method. The triplet diradical was confirmed by eflicient
quenching by molecular oxygen. The lifetime of the triplet
diradicals was found to be strongly dependent on the
substituent pattern on the phenyl ring. Thus, the twisted
conformation and intramolecular hydrogen-bonded interaction
were proposed to affect the rate constant of intersystem
crossing.

The highly stereoselective formation of cyclopropane
derivative 178 was found in the solid-state photochemical

denitrogenation reaction of azoalkane 179, although a mixture
of the cis and trans isomers was found in the solution reaction
in acetonitrile (Scheme 64).*"

The two intermediary diradicals DR133 and DR134 were
detected in the photochemical reaction of nanocrystals of 1,1,3-
triphenyl-3-hydroxy-2-indanone (Scheme 65).**® Diradical
DR133 was detected at 350—440 nm (4, ~ 400 nm) with
a lifetime of ca. 2 ps. A longer lifetime of diradical DR134, 3 ns
< 7 < 10 ns, was observed at 400—600 nm (4., = 540 nm).
The intermediary diradicals were first detected in the
decarbonylation reaction induced by photolysis.

Nanosecond time-resolved resonance Raman spectroscopic
analysis was performed to investigate the photoinduced redox
reaction of benzophenone derivative 180 (Scheme 66). Triplet
diradical DR135 was detected during the formation of the
redox product. Density functional theory calculations were
utilized to help the assignment of the intermediary Raman
spectra.409

A hydrogen-bonding interaction in the exciplex intermediate
and triplet 1,4-diradical intermediate was found for the
stereoselective formation of oxetane derivative (Scheme
67).M%"1 A computational study on the triplet 1,4-diradical
intermediates in the Patern6—Biichi reaction was recently
performed by D’Auria and Racioppi at the UDFT level of
theory.*"

A laser-flash-photolysis study was performed to detect the
intermediary triplet diradicals in the photochemical reactions of
o-ethoxybenzophenone and 0-2,2,2-trifluoroethoxybenzophe-
none in cyclohexane solution (Scheme 68).*'* The transient
absorption spectra excited at 355 nm were observed for the
photochemical reactions at 500—650 nm. The transient species
were assigned to the intermediary triplet diradicals DR136. The
lifetime of the trifluoro-substituted diradical was found to be
200 ns, which was longer than that of the derivative for the
methyl-substituted diradical (25 ns). The lower stereoselectivity
in the cyclization product for R = CF; than R = CH; was
explained by the longer-lived diradical, because conformational
changes are possible for the intersystem-crossing process.

Ayitou and Sivaguru found the enantiospecific photo-
cyclization of axially chiral acrylanilides (Scheme 69).*'* The
enantiomeric ratio in the photoproduct 181 during the 67
photocyclization was found to be dependent on the spin state

Scheme 67. Hydroxyl Group Effect on Stereoselectivity in the Paterno—Biichi Reaction
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Scheme 68. Generation of Triplet 1,5-Diradical in Photochemical Reactions of o-Ethoxybenzophenone and 0-2,2,2-

Trifluoroethoxybenzophenone
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Scheme 69. Enatiospecific Photocyclization of Axially Chiral Acrylanilides

triplet-sen.

Bu Me o—

Bu

H ;’R
>92% ee
181

Scheme 70. Formation of the aci-Nitro Group from Ortho-
Alkyl-Substituted Nitrobenzene
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of the excited-state molecule, where the triplet state gave an
enantiomeric ratio of >95: 5. The reaction mechanism was
proposed to occur through the triplet diradical DR137.

The ortho-nitrobenzyl group is a well-known photolabile
protecting group for carboxylic acids. It is commonly assumed
that the transfer of a hydrogen atom from the ortho substituent
to the triplet excited state of the nitro group is the primary step
in the photoinduced deprotection process. Schmierrer et al.
applied femtosecond spectroscopy to the photoreaction of
ortho-nitrotoluene 182. In the UV—vis transient absorption
spectrum, a band peaking at 400 nm was assigned to aci-nitro
form DR138. The formation of the aci-nitro group was found
in both the singlet channel (1—10 ps) and the triplet channel
(1500 ps)*'® (see Scheme 70).

Wang et al. found the photoinduced [4 + 4], [4 + 2], and [2
+ 2] cycloaddition reactions of quinones with oxazoles
(Scheme 71). The formation of the three possible cycloaddition

Scheme 71. Photoinduced [4 + 4], [4 + 2], and [2 + 2] Cycloaddition Reactions of Quinones with Oxazoles
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Scheme 72. Stereoselective Cyclization Reaction through Diradical Intermediate DR140 in the Triplet-Sensitized Photoreaction
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Scheme 73. Manipulation of Singlet—Triplet Equilibration of 1,4-Phenylenedinitrene Using a Strong Magnetic Field (up to 35

T)
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products can be explained b
stabilized diradical DR139.*!

Stereoselective cyclization reactions through diradical inter-
mediate DR140 were reported by Jahjah et al. in the triplet-
sensitized photoreaction of 183 (Scheme 72).*"

Manipulation of the singlet—triplet equilibrium of 1,4
phenylenedinitrene, which was generated by the photochemical
denitrogenation of 1,4-diazidobenzene 184, using a strong
magnetic field (up to 35 T) was reported (Scheme 73).*'® The
triplet state was the preferred spin state under high-magnetic-
field conditions. Thus, the equilibrium was strongly affected by
the magnetic field for molecules with small singlet—triplet
energy spacings. Manipulation using an external magnetic field
would be a useful method for determining the singlet—triplet
energy spacing for diradicals that are thermally unstable, and
thus, manipulation by temperature was not used to determine
the energy gap.

24 the intervention of the highly

8. SUMMARY

In this review article, recent development in diradical chemistry
are summarized in detail. Diradicals are long-known chemical
species, but they continue to be fascinating molecules because
of their inherently high reactivity and their potential molecular
functions, which are mainly derived from their small HOMO—
LUMO energy gaps. Kinetic stabilization and thermodynamic
stabilization have made it possible to isolate diradical species.
Materials chemistry based on molecules with diradical character
has just opened. The interplay between theory and experiments
on diradical chemistry will assist in significant developments in
this new field of chemistry.
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