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ABSTRACT: This work introduces an approach to uncoupling
electrons via maximum utilization of localized aromatic units, i.e.,
the Clar’s π-sextets. To illustrate the utility of this concept to the
design of Kekule ́ diradicaloids, we have synthesized a tridecacyclic
polyaromatic system where a gain of five Clar’s sextets in the open-
shell form overcomes electron pairing and leads to the emergence
of a high degree of diradical character. According to unrestricted
symmetry-broken UCAM-B3LYP calculations, the singlet diradical
character in this core system is characterized by the y0 value of 0.98
(y0 = 0 for a closed-shell molecule, y0 = 1 for pure diradical). The
efficiency of the new design strategy was evaluated by comparing
the Kekule ́ system with an isomeric non-Kekule ́ diradical of
identical size, i.e., a system where the radical centers cannot couple
via resonance. The calculated singlet−triplet gap, i.e., the ΔEST values, in both of these systems approaches zero: −0.3 kcal/mol for
the Kekule ́ and +0.2 kcal/mol for the non-Kekule ́ diradicaloids. The target isomeric Kekule ́ and non-Kekule ́ systems were assembled
using a sequence of radical periannulations, cross-coupling, and C−H activation. The diradicals are kinetically stabilized by six tert-
butyl substituents and (triisopropylsilyl)acetylene groups. Both molecules are NMR-inactive but electron paramagnetic resonance
(EPR)-active at room temperature. Cyclic voltammetry revealed quasi-reversible oxidation and reduction processes, consistent with
the presence of two nearly degenerate partially occupied molecular orbitals. The experimentally measured ΔEST value of −0.14 kcal/
mol confirms that K is, indeed, a nearly perfect singlet diradical.

■ INTRODUCTION
Due to the presence of singly occupied nonbonding molecular
orbitals (MOs), open-shell polycyclic aromatic hydrocarbons
(PAHs) display unique optical, electronic, and magnetic
properties.1−7 PAHs that possess two unpaired electrons at
two low-energy singly occupied nonbonding MOs can be
described as diradicaloids. The degree of coupling between
these electrons determines relative contributions of the closed-
shell form and the open-shell form to the overall electronic
structure and defines the singlet−triplet (S−T) gap, ΔEST.
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These electronic features can lead to enhanced polarizability
and impressive third-order nonlinear optical properties.9−13

The electronic nature of open-shell diradicaloids also lends
itself for the development of the singlet fission processes that
can increase the efficiency of future photovoltaic devices.14−19

The two conceptually different approaches to conjugated
diradicals are based on Kekule ́ vs non-Kekule ́ structures
(Figure 1). The non-Kekule ́ structures have open-shell
character because of their intrinsic bonding pattern that

prevents the radical centers from coupling via resonance. In
contrast, the open-shell character in the Kekule ́ diradicals is
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Figure 1. Kekule ́ vs non-Kekule ́ diradicals.
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only generated when the open-shell diradical resonance
structure can overcome the “classic” closed-shell preference
due to a combination of sufficiently strong electronic factors.
The challenge for making Kekule ́ diradicals is that the two

radical centers formally originate from uncoupling of two
paired electrons, i.e., the effective loss of one chemical bond.
For the same reasons, why the formation of chemical bonds is
inherently favorable and can be considered as a cornerstone of
molecular science, losing a chemical bond to form a diradical is
inherently unfavorable. Although uncoupling electrons in a π-
bond come with a smaller penalty than breaking a σ-bond, the
penalty is still significant as one can glimpse from the ∼58
kcal/mol energy difference between the ground state and the
triplet state of ethylene (i.e, the singlet/triplet (S/T) gap20).
This penalty for losing a bond can be decreased by additional
factors that favor the diradical form, e.g., extended con-
jugation,21,22 gain of aromatic stabilization,23−25 loss of
antiaromaticity,26−32 etc.
In this work, we will concentrate on using localized

aromaticity, i.e., the Clar’s π-sextets to uncouple electrons in
a π bond. The Clar’s rule is one of the key ideas of general
importance in the chemistry of PAHs. This rule states that the
Kekule ́ resonance structure with the largest number of disjoint
benzene-like aromatic π-sextets, i.e., “the Clar’s sextets”,
contribute the most to the PAH properties. The larger number
of Clar’s sextets in one of the isomeric PAHs usually predicts
its greater stability.33−37

Recent research has focused on Kekule ́ diradicaloids with a
variety of edge structures such as perifused acenes,38−42

bisphenalenyls,43−45 zethrenes,46−49 and quinoidal rylenes50−52

(Figure 2). Although these structures are inherently unstable,
chemical modifications with bulky groups and electron-
withdrawing groups can provide varying degrees of kinetic
protection. The degree of diradical character in singlet

diradicaloids can be described by the diradical index y0,
which ranges from y0 = 1 (pure diradical) to y0 = 0 (pure
closed shell).53,54 Very recently, Chi and co-workers reported a
kinetically stable [4,3]periacene diradicaloid with a large
diradical character of y0 = 0.94. The observed high diradical
character can be attributed to the aromatic stabilization
originating from the gain of five additional Clar’s sextets in
the open-shell form.55,56

Guided by the idea that high diradical character can be
deduced qualitatively from Clar’s rule and that gaining
additional Clar’s sextets in the open-shell form is the key to
obtaining a stable ground-state singlet diradicaloid with higher
diradical character, we have considered a relatively simple, yet
unknown, system shown in Figure 2e where the diradical
formation is assisted by the occurrence of seven (7) Clar
sextets. This polycyclic framework includes part of the “ideal”
system for the design of diradicals that we will discuss below.

■ RESULTS AND DISCUSSION
Rational Design of Polyaromatic Diradicals. The new

design reported in this work originated from the question to
what extent can one exploit the Clar’s rule for the systematic
search of molecules with high diradical character. The starting
point is the idea that making the singlet diradicaloid
electronically stable while having high degree of diradical
character is facilitated by gaining the maximum number of
Clar’s aromatic sextets in the open-shell form. Based on this
idea, we propose a general approach to the design of novel
diradicaloids in the following way. The starting point is
simple�choose a system with the maximum number of Clar’s
sextets (“fully benzenoid” in Clar’s terms56) for a given ring
system, add CH2 radicals, and explore the electron pairing
topology. This is a systematic approach to interesting Kekule ́
and non-Kekule ́ diradicaloid topologies, which have not been

Figure 2. Literature designs of Kekule ́ diradicaloids: (a) perifused acenes, (b) bisphenalenyl, (c) nonazethrene, (d) [4,3]periacene with high
diradical character, and (e) our design.
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explored previously. We give a full list of these diradicals in
Figure S5 and only give the illustrative examples and a
summary below.
To start, let us add two para-CH2 radicals to benzene. The

resulting molecule has a quinoid ground state. Transforming it
into a diradical would create only one Clar’s sextet. Hence, the
S/T gap is relatively large (∼30 kcal/mol) and the y0
parameter of 0 indicates no diradical character. However,
progressive expansion of the core to biphenyl (Tschitschiba-
bin’s hydrocarbon57), triphenylene, dibenzo[fg,op]tetracene,
and tribenzo[f,k,m]tetraphene gradually changes the situation.
Use of these cores allows one to gradually increase the number
of Clar’s sextets gained upon conversion of quinoid structures
to the diradical counterparts (two, three, four, and five
additional Clar’s sextets, respectively). Note the rapid decrease
in the respective S/T gaps (5.1 > 1.9 > 0.8 > 0.4) and the
concomitant increase in the y0 value (0.32 < 0.83 < 0.97 <
0.98) (Figure 3).

The number of possibilities is large because the CH2 “units”
can be attached to the “ideal” polyaromatic cores in a variety of
patterns. These patterns also include systems that are
inherently incapable of electron pairing due to their topology.
Such systems correspond to non-Kekule ́ structures. For
example, adding two methylene radicals to triphenylene
yielded a total of 16 unique results with ten Kekule ́ and six
non-Kekule ́ structures (see Figure S5). For dibenzo[fg,op]-
tetracene, there are 27 choices for appending two methylene
radicals, 15 of which are Kekule ́ and 12 are non-Kekule.́ For
tribenzo[f,k,m]tetraphene, PAH with the most number of
Clar’s sextets for a seven-ring system, the process creates 45
different molecular systems�25 Kekule ́ and 20 non-Kekule ́
(Figure S6). This discussion illustrates the large amount of
potential diradicals available when starting with the privileged
polyaromatic cores with the maximum number of Clar’s
sextets.

Figure 3. Introduction of diradical character into Kekule ́ polyaromatic systems based on the “ideal” systems with the maximum number of Clar’s
sextets is facilitated in the larger systems. Calculations are performed at (U)CAM-B3LYP/6-31G(d,p) level of theory. See the Supporting
Information (SI) for the full list of possibilities.
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However, not all of these systems are equal as some of them
do not lose all of their Clar’s sextets upon electron pairing.
Their contribution of diradical character depends greatly on
the relative placement of the two spin centers. Based on the
location of spin centers, these molecules can gain one, two,
three, four, or five Clar’s sextets in the open shell. In fact, only
a few of the 45 possibilities for the tribenzo[f,k,m]tetraphene
show the maximum gain in the local Clar’s aromaticity (see the
SI Section for the full list). Computational analysis on the
effect of the number of gained Clar’s sextets on the diradical
character and singlet−triplet gap (Figure 4) found, as expected,
that the structures with the greatest gain have the most
diradical character. Overall, the S/T gap decreases exponen-
tially with the increase in the number of gained Clar’s sextets in
the open-shell form.
Figure 4 illustrates it quite clearly. Only one Clar’s sextet is

gained in compound f that has a closed-shell ground state with
zero diradical character and a high singlet−triplet gap of −51

kcal/mol. Gain of two Clar’s sextets in the isomer g introduces
a nonzero diradical character of y0 = 0.32 and the much lower
S/T gap of −6.5 kcal/mol. As the gain in Clar’s sextets
increases, the degree of diradical character y0 increases (0 <
0.32 < 0.75 < 0.94 < 0.98) and the singlet−triplet gap
decreases (50.8 > 6.5 > 1.6 > 0.5 > 0.4). The open-shell form
of the bottom structure e gains maximum (five) Clar’s sextets.
As expected, this results in a very high diradical character, y0 =
0.98, and very small singlet−triplet gap, ΔEST = −0.4 kcal/mol
(Figure 4). This is the system that was chosen for the
experimental pursuit.
Furthermore, one can expand the “ideal systems” by a

number of additional design elements such as conjugating side
chains or fused rings as illustrated in Figure 5. The parent
system with the two methylene radicals (the Kekule ́ diradical
e) already has high diradical character of y0 = 0.98 and S−T
gap of −0.4 kcal/mol. Extending conjugation at the radical
centers, e.g., by adding either a double bond or a benzene ring,

Figure 4. Selected diradicals built upon the tribenzo[f,k,m]tetraphene core. Not all of the patterns based on “ideal Clar’s systems” are equal: the
gain of Clar’s sextets in the diradical form varies depending on the relative placement of the spin centers. Bottom right: the S/T gap as a function of
the number of gained Clar’s sextets. Calculations are performed at (U)CAM-B3LYP/6-31G(d,p) level of theory.
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can further stabilize the radicals. By adding two phenyl rings,
one can amplify the effect even more. This change increases
the diradical character to y0 = 1.00 for l and decreases the S−T
gap of l to zero. The nearly perfect diradical character can be
explained by the gain of seven Clar’s sextets in the open-shell
form relative to the closed-shell configuration with zero Clar’s
sextets. Interestingly, p and l have one Clar’s sextet more than
tribenzo[f,k,m]tetraphene. By following this diradical evolution
process, we have reached a point where we made two perfect
diradicals, one Kekule ́ and one non-Kekule,́ i.e., p and l. Now,
the question is what are the practically accessible versions of
these systems? One can extend the pattern to cyclic diradicals
m and q, but still has a resonance structure where the radical
center is outside the cycle. If we fuse an additional cycle at this
position, we reach our target fully cyclic Kekule,́ K, and non-
Kekule,́ NK, structures where a high degree of diradical
character is preserved (center of Figure 5).
Non-Kekule ́ Alternatives. As one can see from Figure 5

and the SI, this general design concept also offers a number of
non-Kekule ́ diradicals. One of the non-Kekule ́ structures that is
close structurally to the target Kekule ́ radical is highlighted in
the right part of Figure 5. We thought that this parallel design
can provide a valuable opportunity to compare the two types of
diradicals side-by-side. Non-Kekule ́ diradicaloids have a high-
spin (triplet) ground state that makes them reactive and
renders their solution synthesis challenging. One of the most

studied non-Kekule ́ diradicaloids is triangulene (Clar’s hydro-
carbon) that is the smallest triplet ground-state PAH. Most of
the initial solution-based synthesis of triangulene resulted in
polymerization of the formed diradicaloid.58,59 The triplet
ground state of triangulene was confirmed by Nakasuji and co-
workers where they made 2,6,10-tri-tert-butyltriangulene.60

However, since the tert-butyl groups were not placed at
positions of highest spin density, the compound easily got
polymerized. Recently, Gross and co-workers reported an on-
surface synthesis of unsubstituted triangulene. A combination
of scanning tunneling and atomic force microscopy (STM/
AFM) was used to dehydrogenate the precursor molecules to
get the product triangulene.61 Arikawa et al. reported the
solution synthesis and isolation of crystalline triangulene. The
introduction of bulky substituents to the reactive zigzag edges
helps to kinetically stabilize the diradical, and the triplet
ground state was confirmed by electron paramagnetic
resonance (EPR) studies.62 Wu and co-workers reported first
persistent triplet diradicaloid, 1,14:11,12-dibenzopentacene in
solution. The persistence of this triplet diradicaloid below −78
°C was ascribed to the kinetic blocking of most reactive sites
and to a large extent of spin delocalization in the molecular
framework. Although the triplet ground state was confirmed by
ESR measurements, the compound was stable in solution only
under −78 °C and inert atmosphere.63 So, the search for stable
non-Kekule ́ diradicaloids continues (Figure 6). Very recently,

Figure 5. Extending the parent tribenzo[f,k,m]tetraphene framework to our Kekule ́ and non-Kekule ́ system. Calculations are performed at
(U)CAM-B3LYP/6-31G(d,p) level of theory.
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Jurićěk and co-workers reported that trimesityltriangulene is
persistent,64 while the groups of Wu65 and Rajca66 reported
high-spin nitrogen-doped nanographenes.
Advantages of Peri-annulations. Synthesis of extended

polyaromatics often provides interesting synthetic challenges
that span innovation.67−94 In the present case, an attractive
synthetic route to diradicaloids is opened by our recent work
on radical alkyne periannulations (i.e., “zigzag annula-
tions”)95−97 where we developed a new strategy for expanding
the scope of π-annulations at the zigzag edge of PAHs (Figure
7a). Fortuitously, the pericyclizations provide the necessary
pieces for accomplishing the synthesis of new diradicals in a

concise and modular fashion. In particular, this reaction
provides functionalized benzanthrones that can be considered
as masked phenalenyl radicals with an extra localized Clar’s
sextet. These pieces can be fused, like Legos, into larger
structures where, by changing the starting materials, we can
control the associated characteristics and properties and fine-
tune the properties of diradical graphene fragments. For
example, if the two benzanthrone units are connected in a
head-to-tail fashion using a phenyl linker by a sequence of
cross-coupling and C−H activation steps, the resulting system
can be converted into a Kekule ́ diradicaloid. The resulting
Kekule ́ diradicaloid will be electronically stabilized in the open-

Figure 6. Various non-Kekule ́ structures from the literature in comparison to the system presented in our work.

Figure 7. (a) General scheme for periannulations. (b, c) Synthetic design of diradicaloids.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c09637
J. Am. Chem. Soc. 2022, 144, 23448−23464

23453

https://pubs.acs.org/doi/10.1021/jacs.2c09637?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09637?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09637?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09637?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09637?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09637?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09637?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09637?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c09637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shell configuration by seven localized Clar’s aromatic sextets as
opposed to two Clar’s sextets in the closed-shell configuration
(Figure 7b). On the other hand, connecting the two
benzanthrone units in a head-to-head fashion creates the
non-Kekule ́ diradicaloid. The latter is also stabilized by seven
localized Clar’s sextets but lacks a spin-paired closed-shell
resonance structure (Figure 7c).
Herein, we report a Kekule ́ diradicaloid with a high diradical

character (0.98) and reasonable kinetic stability (half-lifetime
∼ 42 h) and compare its properties with an isomeric non-
Kekule ́ diradicaloid with a half-lifetime of 2 h. This comparison
shows that a Kekule ́ structure, where electron pairing is
possible, can with the help of Clar’s sextets rival the analogous

non-Kekule ́ structure in the degree of diradical character and
stability.

Synthesis. The synthesis started with the introduction of
tert-butyl groups to anthracene to yield 2,6-di-tert-butylan-
thracene, 2, to increase the solubility and kinetic stability of the
polyaromatic target products (Scheme 1). Formylation at the
ninth position of 2,6-di-tert-butylanthracene yielded compound
3 in high yield. Addition of 4-tert-butylphenyl acetylide to 2,6-
di-tert-butylanthracene-9-carbaldehyde, followed by in situ
reaction with methyl iodide, gives the propargylic ether
precursor 4 for the radical cyclization in 80% yield. The
iodo-substituted benzanthrone product 5 is formed in the
overall 54% yield after the subsequent Bu3Sn-mediated radical

Scheme 1. Synthesisa

a(a) tBuOH, trifluoroacetic acid (TFA), reflux, 16 h; (b) CHCl2OMe, TiCl4, dichloromethane (DCM), 0 °C to reflux, 1 h; (c) (1) tert-
ButylPhCCH, n-BuLi, tetrahydrofuran (THF), −78 °C to room temperature (rt), 3 h and (2) MeI, rt, 12 h; (d) (1) Bu3SnH (2 equiv),
azobisisobutyronitrile (AIBN) (1 equiv) toluene, 110 °C, 18 h; (2) I2, DCM, rt, 2 h; and (3) 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),
DCM, rt, 2 h; (e) bis(pinacolato)diboron, Pd(dppf)Cl2, dimethylformamide (DMF), KOAc, 80 °C, 6 h; (f) (1) Pd(PPh3)4 (0.2 equiv), K2CO3 (5
equiv), 18-crown-6 (0.2 equiv), toluene/H2O (4:1), 100 °C, 18 h and (2) Pd(PCy3)2Cl2 (0.2 equiv), pivalic acid (0.2 equiv), Cs2CO3 (5 equiv),
reflux, 20 h; (g) (1) TIPSCCH, n-BuLi, THF, −78 °C to rt and (2) SnCl2, 0 °C to rt.
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cyclization, iodination, and oxidation. The cyclization is the
key step that enabled us to get functionalized precursors for
the following assembly of the final polyaromatic system.
Borylation of compound 5 yielded 6 in 70% yield.
Compound 6 is subjected to the one-pot Pd-catalyzed

Suzuki coupling and dehydrohalogenation sequence with 1,4-
dibromo-2,5-diiodobenzene to form the mixture of the two
target polyaromatic diketones 7 and 8 in 10 and 20% isolated
yields, respectively. Although formation of the Kekule ́
precursor can be rationalized by the sequence of Suzuki
reaction at the iodo-substituted positions and C−H/C−Br
coupling, the formation of isomeric head-to-head dimer
suggests that the mechanistic picture is likely to be more
interesting and complex. Although the reaction mechanism is
not clear, one can speculate that it involves a benzyne
intermediate (Scheme S1).
Due to the presence of six tert-butyl groups attached to the

core, the diketones are soluble in various organic solvents and
could be crystallized to provide suitable samples for X-ray
crystallography. The tert-butyl groups also serve as a steric bulk
to stabilize the final diradicaloids. Subsequent addition of
TIPS-acetylide and reduction with SnCl2 provided fully
deoxygenated polyaromatic diradicaloids “Kekule”́ (K) and
“non-Kekule”́ (NK) in moderate yields.
Both diradicaloids K and NK are purified on a silica gel

column deactivated by triethylamine. K has a reasonably long
half-lifetime of 42 h in dichloromethane (DCM) under
ambient air and light. Interestingly, its triplet counterpart,
NK, has a noticeably shorter lifetime of 2 h in DCM under
ambient light and air. Both K and NK are NMR silent at room
temperature, which is consistent with their paramagnetic
character (Figure 8).
Crystal Structure. Although we have been unable to obtain

single crystals of both K and NK due to intrinsic instability of
these diradicaloids, we carried out crystallographic analysis on
single crystals of the precursor diketones 7 and 8 that were
grown by slow diffusion of methanol into a dichloromethane
solution of 7 or 8. Compound 7 crystallizes in a monoclinic
space group P21/c, with the asymmetric unit containing one

and a half molecule of 7 and one interstitial dichloromethane
molecule (Figure 9a). Fitting a least-square plane only through
52 cyclic C atoms of each [4]helicene shows that one of the
molecules is substantially more distorted from planarity than
the other, with the sums of squared atom-to-plane distances
equal to 32.6 and 12.9 Å2 and the corresponding distances
varying from −1.037 to 1.843 Å and from −1.016 to +1.016 Å,
respectively (the negative and positive signs indicate atoms
arranged on opposite sides of the plane). In the less distorted
[4]helicene, the two halves of the molecule are related by a
crystallographic inversion center. Examination of the crystal
packing reveals extensive intermolecular π−π interactions that
result in chains of molecules along the a-axis (Figure 9b). The
interactions between these chains are relatively weaker.
Compound 8 crystallizes in an orthorhombic space group

Pbca. The asymmetric unit contains only one [4]helicene
molecule (Figure 9c). Steric repulsion between the terminal
tert-butyl groups in 8 accounts for a much greater local
distortion from planarity. The dihedral angle between the
planes passing through the central ring and the terminal ring is
48.0°. Interestingly, however, a least-squares plane fit through
the 52 cyclic C atoms gives the sum of squared atom-to-plane
distances equal to 34.8 Å2, which is only slightly larger than the
value of 32.6 Å2 calculated for the more distorted [4]helicene
molecule in the crystal structure of 7. Nevertheless, the atom-
to-plane distances in molecule 8 vary in a notably greater
range, from −2.375 to 2.355 Å. These observations indicate
that the peripheral regions of 8 are relatively flat, which
explains the similarity of the sum of least-squares deviations to
that observed for the more distorted molecule in the crystal
structure of 7. This relative flatness of the peripheral regions of
8 provides for an efficient crystal packing in which molecules
are arranged in layers parallel to the ac plane of the lattice.
Within the layers, the molecules are organized in columns due
to intermolecular π−π interactions (Figure 9d), and the
molecules from neighboring columns interact with each other
via weaker σ−π contacts.

Photophysical Properties. The diketones 7 and 8 are
yellow powders that give greenish yellow solutions in

Figure 8. Comparison of 1H NMR spectra of diradicaloid K and its precursor diketone 7.
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dichloromethane. Both show similar absorption spectra with
the lowest energy absorption peak at 456 nm. Interestingly,
compound 7 has a ∼2-fold greater extinction coefficient than 8
(3.1 vs 1.8 104 L/(mol cm) at 456 nm), presumably due to the
differences in molecular symmetry. Both compounds 7 and 8
have featureless fluorescence spectra with the emission maxima
at 512 and 518 nm, respectively. The two diketones are highly
fluorescent with relatively high quantum yields (QY) (0.87 for
7 and 0.80 for 8) (Figure 10).
Conversion of diketones 7 and 8 into diradicals K and NK

leads to bathochromic shift in absorbance. Both compounds K
and NK are red powders and give red colored solutions in
dichloromethane. The two molecules show similar features in
the absorption spectrum�the lowest energy peaks at 527 and
460 nm for NK vs 529 and 467 nm for K. Additionally, K also
has two very weak absorptions at 704 and 780 nm. These two
lower energy bands are similar in energy to the low-lying
singlet excited states typical for singlet diradicaloids and are

suggested to originate from a doubly excited electronic
configuration (H,H → L,L) (H: highest occupied molecular
orbital (HOMO); L: lowest unoccupied molecular orbital
(LUMO)).98 Such transitions may be another manifestation of
the hidden zwitter-ionic character of singlet diradicals.99NK
also shows two lower energy bands at 594 and 785 nm. These
bands could be either due to doubly excited electronic
configuration (H,H → L,L) or due to minor impurities (Figure
11).
The calculated spectra for the truncated versions of

chromophores (with the alkyl and alkynyl substituents absent)
generally agree with the experimentally measured spectra
(Figure S12). There are characteristic absorbances at 500−550
nm that are observed for the K and NK cores in both the
singlet and the triplet states. Interestingly, the calculated
spectra for monoradicals (Figure S13) also reveal electronic
transitions in this region. The calculated spectrum for singlet K
also displays a peak at 850 nm.

Figure 9. (a) Thermal ellipsoid plot of one of the [4]helicene molecules in the asymmetric unit of 7 and (b) side and top views of molecular chains
in the crystal packing of 7. (c) Thermal ellipsoid plot of the asymmetric unit of 8 and (d) side view of the molecular chain in the crystal packing of
8.
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Cyclic Voltammetry (CV). Cyclic voltammetry and differ-
ential pulse voltammetry measurements for both compounds K
and NK (1 mg/mL) were recorded by scanning the potential
from −1.4 to 0.5 V (vs Ag/Ag+) at a scan rate of 0.05 V/s
(Figure 12). The CVs of the two compounds recorded in
DCM each exhibit two redox couples, which are electrochemi-
cally quasi-reversible as evidenced by their peak-to-peak
separations (ΔEp in Table 1). For each compound, we have

named the process occurring at the more oxidizing potential as
“ox” and the process occurring at the more reducing potential
as “red.” The values of the half-wave potentials for the two
processes are E1/2

ox = −0.15 V and E1/2
red = −1.32 V. The DPV

measurements are also consistent with CV measurements in
that a peak is evident at the stated half-wave potentials.
The results of the electrochemical investigations are

summarized in Table 1. The “HOMO/LUMO” energy levels
of both compounds are nearly identical. They were calculated
(−4.54 and −3.60 eV, respectively) from the onset potential of
the oxidation (Eox

onset) and reduction (Ered
onset) processes

according to the following equations: HOMO = −(4.8 +
Eox
onset) eV and LUMO = −(4.8 + Ered

onset) eV.100 The current
crossover on the CVs for both compounds at potential <−1.5
V arises as the scan started in the diffusion-limited region.
Electrochemical measurements suggest that oxidation and
reduction proceed as two-electron (Eox

1 = Eox
2 and Ered

1 =
Ered

2) processes rather than two one-electron processes since
the one-electron Fc/Fc+ redox couple (used as the internal
reference) has approximately double the peak-to-peak
separation. This scenario is possible for systems with two
degenerate molecular orbitals.101 For an extended analysis of
the CV data, see the SI Section.

Figure 10. (a) Absorption spectra of diketones 7 and 8 in dichoromethane (pictures of 7 and in dichloromethane are shown as well). (b) Emission
spectra of diketones 7 and 8 in dichloromethane (pictures of 7 and 8 under UV (365 nm) are shown as well).

Figure 11. Absorption spectra of K and NK in dichloromethane.

Figure 12. Cyclic voltammograms (blue) and differential pulse voltammograms (red) of compounds (a) K and (b) NK in DCM with 100 mM
NBu4PF4.
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EPR Spectroscopy. Solution electron paramagnetic reso-
nance (EPR) spectra of the K and NK radicals were recorded
at room temperature at X-band (∼9.5 GHz). The two EPR
spectra appear very similar (Figure S15) and display splitting
that highlights significant isotropic hyperfine couplings. Figure
13 shows the best fit of the EPR spectrum of K, assuming only
isotropic contributions, i.e., neglecting the molecular tumbling.
The fit was obtained by considering only the strongest
hyperfine couplings predicted by density functional theory
(DFT) (M06, def2-TZVPP basis) to avoid over-parametriza-
tion. The resulting hyperfine couplings are [15.1(2), 14.0(1),
11.1(1), 5.4(1)] MHz, in line with the DFT prediction that
underestimated these values by ∼20%. The overall intensity of
the hyperfine couplings correlates with the predicted spin
density.
Magnetic behaviors of K and NK were further probed by

variable-temperature EPR spectroscopy on the powder samples
of the two diradicaloids. The hyperfine structure observed in
the solution EPR spectra is lost in the solid-state spectra, due
to anisotropic components of the hyperfine couplings and the
broadening caused by intermolecular dipolar coupling. The
spectra show broad peaks with the g-value of 2.0026 ± 0.0001
for K and NK. The derivative EPR spectra of the two
compounds show opposite trends as a function of temperature

(Figure S16), but analysis of the EPR double integral reveals
that this difference is the result of increased spectral
broadening for K. Indeed, the analysis showed that the total
spectral intensity (I) of the corresponding peaks increases for
both compounds (Figure 14). These data, normalized by the
intensity observed at the lowest experimental temperature of
100 K (I0 at T0), were fit to the formula
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Derived from the Bleaney−Bowers equation, Δ = ES − ET is a
singlet−triplet energy gap. The fitting procedure gave Δ =
−48.0(6) cm−1, or −0.137(2) kcal/mol, for K, indicating that
the singlet state is lower in energy in this compound.
Unfortunately, we were unable to achieve a reliable fit for
NK due to the higher noise in the data and a limited
temperature range of the solid-state EPR experiment. The best-
fit value Δ = −18(4) cm−1 might suggest that the S−T gap
becomes smaller in NK as compared to K, but satisfactory
simulations of the temperature dependence of the EPR signal
intensity also could be obtained with the values of Δ equal to
−40 or +20 cm−1, as shown in Figure 14.

Table 1. Electrochemical Parameters Determined from CVsa

sample E1/2
ox (V) E1/2red (V) Eox

onset (V) Ered
onset (V) ΔEp (ox) (mV) ΔEp (red) (mV) HOMO (eV) LUMO (eV)

K −0.15 −1.32 −0.26 −1.20 105 110.1 −4.54 −3.60
NK −0.15 −1.32 −0.26 −1.20 109 106.8 −4.54 −3.60

aThe onset potentials were determined using the intersection of asymptotic lines from the baseline current preceeding the redox wave and the
increasing current at the fast-rising portion of the redox wave.

Figure 13. (A) X-band EPR spectrum (blue line) of the Kekule diradicaloid K recorded at room temperature and the best fit (red dotted line using
EasySpin102) accounting for the four strongest 1H hyperfine couplings. The additional hyperfine couplings have been considered as contributing to
the line broadening. The analogous data for NK are given in the SI. (B) Core structure of the K-diradical and the calculated hyperfine coupling
constants illustrate that spin delocalization is mostly confined to the phenalenyl subunit of the conjugated core. Large coupling constants are
observed with the three H atoms in the phenalenyl subunit (bold blue). Smaller coupling constants are found for remote H atoms (shown in gray).
(C) Spin density delocalization in the parent phenalenyl radical.
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Computations. To understand the singlet and triplet
ground states of K and NK, respectively, we did calculations
on the respective core structures. The degree of diradical
character (y0) for singlet diradicaloid K was estimated from the
electron occupancies of frontier natural orbitals using
Yamaguchi’s scheme at the UCAM-B3LYP/6-31G(d,p) level
of theory. The computations produced a very high y0 value of
0.98. It was also calculated that K has a small S−T gap of
ΔES−T = −0.3 kcal/mol, while NK has an equally small S−T
gap of ΔES−T = +0.2 kcal/mol. Although K is a ground-state
singlet, while NK is a ground-state triplet, the difference
between the two states in both of these systems is very small,
explaining the absence of NMR signals at room temperature.
Gratifyingly, the computational data are in agreement with the
experimentally measured trends in the S/T gaps for the two
diradicals (i.e., 0.14 kcal/mol for K and an even smaller, closer
to zero, gap for NK).
The high diradical character of K can be explained from the

gain of additional five Clar’s sextets when moving from closed-
shell to open-shell configurations i.e.; two Clar’s aromatic
sextets in the closed-shell form to seven Clar’s sextets in the

open-shell form. It is also consistent with the results from
NICS(1)zz scans.103,104 The scan showed larger negative
NICS(1)zz for the seven localized aromatic sextets in Figure
15a. Similar results are found for NK where the NICS(1)zz
scan also shows seven localized aromatic sextets (Figure 15b).
The perfect localization of the Clar’s sextets is partially
compromised in the vicinity of the radical centers because the
delocalization of the radical is a powerful force that influences
the electronic structures of the adjacent π-rings. One can think
about this substructure as the phenalenyl subunit embedded
into a polyaromatic framework. This observation illustrates
both the power and limitations of the Clar’s localized
aromaticity approach to the control of the electronic structure
of extended polyaromatics.
The NICS values are also consistent with the radical

delocalization patterns revealed by the nature of singly
occupied molecular orbitals (SOMOs) of the two diradicaloids
(Figures S17 and S18) and the distribution of spin density
(Figure 16). There is little radical density at central rings that
correspond to the perfect Clar’s subunits and at the armchair
edges. In other words, we see two benzaphenalenyl radicals
separated by an insulating bridge. We note that there is
significant spin contamination in the singlet state of the
diradicaloid K (⟨S2⟩ = 1.2975), so the associated spin density
in Figure 16 should be interpreted with caution. The spin
density for the triplet state of this molecule is qualitatively
similar (Figure S19) and is also consistent with the NICS
values.
This behavior paves the way to the emergence of spin states

at the zigzag edges of larger carbon nanostructures.105−109

Overall, the spin distribution is reminiscent of two
benzaphenalenyl radicals separated by a para-(K) or a meta-
(NK) terphenyl moiety. It is interesting how little radical
density does the terphenyl core acquire�another illustration
of resilience resulting from the synergy of several Clar’s sextets
(Figure S5).

■ CONCLUSIONS
This work describes a systematic and general approach to the
design of new polyaromatic diradicaloids. This approach starts
with privileged aromatic core structures with the maximum
number of Clar’s sextets and explores the alternative electron

Figure 14. Evolution of the double integral of the EPR spectrum as a
function of temperature for K (red squares) and NK (black circles).
The double integrals were normalized with respect to the lowest
temperature point. The lines correspond to the best fit using the
Bleaney−Bowers equation (red for K, with R2 = 0.999 and black for
NK, with R2 = 0.979).

Figure 15. NICS(1) values of core structures of (a) K and (b) NK. Calculations are performed at (U)B3LYP/6-311++g(d,p) level of theory.
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pairing topologies by the addition of CH2 radicals as spin
probes at different positions at the core. Computational results
clearly illustrate how, for the same core, the gain of a larger
number of Clar’s sextets in the open-shell form increases the
diradical character parameter y0 from 0 to 0.98 (where 1.0
indicates a perfect diradical). In this analysis, the aromatic core
serves as a tunable “resistor” that is placed between the two
electronic spins to prevent their coupling into a π-bond.
This theoretical analysis identified two practically accessible

isomeric diradicaloid topologies, one of Kekule ́ (K) type and
another of non-Kekule ́ (NK) type. K was calculated to have a
very high diradical character of 0.98 and be a ground-state
singlet with a very low singlet−triplet gap, ΔEST = −0.3 kcal/
mol. NK was calculated to have a triplet ground state with y0 =
1 and singlet−triplet gap, ΔEST = 0.2 kcal/mol.
We tested these theoretical predictions by synthesizing and

characterizing isomeric tridecacyclic polyaromatic diradica-
loids, K and NK. The two isomeric systems were assembled
using a sequence of radical periannulations, cross-coupling, and
C−H activation. Both molecules are NMR-inactive but EPR-
active at room temperature. The diradicals are kinetically
stabilized by six tert-butyl substituents and (triisopropylsilyl)-
acetylene groups. In good agreement with the computational
data, the experimentally measured hyperfine coupling con-
stants in the EPR spectra of diradicaloids K and NK indicate
that spin density is mostly confined in the individual
phenalenyl units. Despite having high diradical character,
both molecules were stable in inert atmosphere in the absence
of light. K was moderately stable even in the presence of air
and light, with a half-lifetime of 42 h. The non-Kekule ́ diradical
NK had a shorter half-lifetime of 2 h.
In summary, this work illustrates how the theoretical design

of diradicals assisted by computations and new synthetic
methods (the radical periannulation) opens synthetic access to
relatively stable polyaromatics with a very high diradical
character. In the future, it might be of interest to explore
pathways for electronic coupling and magnetic exchange across
and between polyaromatic systems.110 Such development may
lead to molecules that serve as appealing building blocks for
organic electronic materials.
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Ökten Üngör − Department of Chemistry and Biochemistry,
Florida State University, Tallahassee, Florida 32306-4390,
United States; orcid.org/0000-0001-7071-6651

Xinsong Lin − Department of Chemistry and Biochemistry,
Florida State University, Tallahassee, Florida 32306-4390,
United States; orcid.org/0000-0002-0605-3029

Geoffrey F. Strouse − Department of Chemistry and
Biochemistry, Florida State University, Tallahassee, Florida
32306-4390, United States; orcid.org/0000-0003-0841-
282X

A. Eugene DePrince, III − Department of Chemistry and
Biochemistry, Florida State University, Tallahassee, Florida
32306-4390, United States; orcid.org/0000-0003-1061-
2521

Robert A. Lazenby − Department of Chemistry and
Biochemistry, Florida State University, Tallahassee, Florida
32306-4390, United States; orcid.org/0000-0002-3622-
4108

Frederic Mentink-Vigier − National High Magnetic Field
Laboratory, Florida State University, Tallahassee, Florida
32310, United States; orcid.org/0000-0002-3570-9787

Michael Shatruk − Department of Chemistry and
Biochemistry, Florida State University, Tallahassee, Florida
32306-4390, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.2c09637

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are grateful to the National Science Foundation
for the financial support of research at FSU (awards CHE-
2102579 to I.V.A. and CHE-1955754 to M.S.). The Rigaku
Synergy-S single-crystal X-ray diffractometer was acquired
through the NSF MRI program (award CHE-1828362). F.K. is
grateful to Prof. Jack Saltiel and Dr. Sumesh Krishnan for the
use of their HPLC, UV−vis, and fluorimeter instruments and
to Patricia Mehaffy for the experimental assistance. F.K. and
I.V.A. are grateful for helpful discussions from Prof. Jishan Wu.
R.A.L. is grateful to Florida State University for start-up funds.
This project also used resources at the National High Magnetic
Field Laboratory supported by the National Science
Foundation (DMR-1644779) and the State of Florida, as
well as resources provided by the X-ray Crystallography Center
(FSU075000XRAY) and the Materials Characterization
Laboratory (FSU075000MAC) at the FSU Department of
Chemistry and Biochemistry. The computational work was
supported by the Army Research Office Small Business
Technology Transfer (STTR) program under Grant No.
W911NF-19-C0048.

■ REFERENCES
(1) Kamada, K.; Ohta, K.; Kubo, T.; Shimizu, A.; Morita, Y.;
Nakasuji, K.; Kishi, R.; Ohta, S.; Furukawa, S.; Takahashi, H.;
Nakano, M. Strong Two-Photon Absorption of Singlet Diradical
Hydrocarbons. Angew. Chem., Int. Ed. 2007, 46, 3544−3546.

(2) Chikamatsu, M.; Mikami, T.; Chisaka, J.; Yoshida, Y.; Azumi, R.;
Yase, K.; Shimizu, A.; Kubo, T.; Morita, Y.; Nakasuji, K. Ambipolar
Organic Field-Effect Transistors Based on a Low Band Gap
Semiconductor with Balanced Hole and Electron Mobilities. Appl.
Phys. Lett. 2007, 91, No. 043506.
(3) Chase, D. T.; Fix, A. G.; Kang, S. J.; Rose, B. D.; Weber, C. D.;
Zhong, Y.; Zakharov, L. N.; Lonergan, M. C.; Nuckolls, C.; Haley, M.
M. 6,12-Diarylindeno[1,2-b]Fluorenes: Syntheses, Photophysics, and
Ambipolar OFETs. J. Am. Chem. Soc. 2012, 134, 10349−10352.
(4) Lee, J.; Jadhav, P.; Reusswig, P. D.; Yost, S. R.; Thompson, N. J.;
Congreve, D. N.; Hontz, E.; Van Voorhis, T.; Baldo, M. A. Singlet
Exciton Fission Photovoltaics. Acc. Chem. Res. 2013, 46, 1300−1311.
(5) Son, Y.-W.; Cohen, M. L.; Louie, S. G. Energy Gaps in Graphene
Nanoribbons. Phys. Rev. Lett. 2006, 97, No. 216803.
(6) Jousselin-Oba, T.; Mamada, M.; Marrot, J.; Maignan, A.; Adachi,
C.; Yassar, A.; Frigoli, M. Excellent Semiconductors Based on
Tetracenotetracene and Pentacenopentacene: From Stable Closed-
Shell to Singlet Open-Shell. J. Am. Chem. Soc. 2019, 141, 9373−9381.
(7) Kubo, T. Syntheses and Properties of Open-Shell π-Conjugated
Molecules. Bull. Chem. Soc. Jpn. 2021, 94, 2235−2244.
(8) Abe, M. Diradicals. Chem. Rev. 2013, 113, 7011−7088.
(9) Nakano, M.; Minami, T.; Yoneda, K.; Muhammad, S.; Kishi, R.;
Shigeta, Y.; Kubo, T.; Rougier, L.; Champagne, B.; Kamada, K.; Ohta,
K. Giant Enhancement of the Second Hyperpolarizabilities of Open-
Shell Singlet Polyaromatic Diphenalenyl Diradicaloids by an External
Electric Field and Donor−Acceptor Substitution. J. Phys. Chem. Lett.
2011, 2, 1094−1098.
(10) Nakano, M.; Kishi, R.; Takebe, A.; Nate, M.; Takahashi, H.;
Kubo, T.; Kamada, K.; Ohta, K.; Champagne, B.; Botek, E. Second
Hyperpolarizability of Zethrenes. Comput. Lett. 2007, 3, 333−338.
(11) Nakano, M.; Kishi, R.; Nakagawa, N.; Ohta, S.; Takahashi, H.;
Furukawa, S.; Kamada, K.; Ohta, K.; Champagne, B.; Botek, E.;
Yamada, S.; Yamaguchi, K. Second Hyperpolarizabilities (γ) of
Bisimidazole and Bistriazole Benzenes: Diradical Character, Charged
State, and Spin State Dependences. J. Phys. Chem. A 2006, 110,
4238−4243.
(12) Nakano, M.; Kishi, R.; Nitta, T.; Kubo, T.; Nakasuji, K.;
Kamada, K.; Ohta, K.; Champagne, B.; Botek, E.; Yamaguchi, K.
Second Hyperpolarizability (γ) of Singlet Diradical System: Depend-
ence of γ on the Diradical Character. J. Phys. Chem. A 2005, 109,
885−891.
(13) Nakano, M.; Kishi, R.; Ohta, S.; Takahashi, H.; Kubo, T.;
Kamada, K.; Ohta, K.; Botek, E.; Champagne, B. Relationship
between Third-Order Nonlinear Optical Properties and Magnetic
Interactions in Open-Shell Systems: A New Paradigm for Nonlinear
Optics. Phys. Rev. Lett. 2007, 99, No. 033001.
(14) Smith, M. B.; Michl, J. Singlet Fission. Chem. Rev. 2010, 110,
6891−6936.
(15) Wen, J.; Havlas, Z.; Michl, J. Captodatively Stabilized
Biradicaloids as Chromophores for Singlet Fission. J. Am. Chem.
Soc. 2015, 137, 165−172.
(16) Lukman, S.; Richter, J. M.; Yang, L.; Hu, P.; Wu, J.; Greenham,
N. C.; Musser, A. J. Efficient Singlet Fission and Triplet-Pair Emission
in a Family of Zethrene Diradicaloids. J. Am. Chem. Soc. 2017, 139,
18376−18385.
(17) Ullrich, T.; Pinter, P.; Messelberger, J.; Haines, P.; Kaur, R.;
Hansmann, M. M.; Munz, D.; Guldi, D. M. Singlet Fission in
Carbene-Derived Diradicaloids. Angew. Chem., Int. Ed. 2020, 59,
7906−7914.
(18) Ullrich, T.; Munz, D.; Guldi, D. M. Unconventional Singlet
Fission Materials. Chem. Soc. Rev. 2021, 50, 3485−3518.
(19) Minami, T.; Nakano, M. Diradical Character View of Singlet
Fission. J. Phys. Chem. Lett. 2012, 3, 145−150.
(20) Qi, F.; Sorkhabi, O.; Suits, A. G. Evidence of Triplet Ethylene
Produced from Photodissociation of Ethylene Sulfide. J. Chem. Phys.
2000, 112, 10707−10710.
(21) Hinkel, F.; Freudenberg, J.; Bunz, U. H. F. A Stable π-
Conjugated Singlet Biradical. Angew. Chem., Int. Ed. 2016, 55, 9830−
9832.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c09637
J. Am. Chem. Soc. 2022, 144, 23448−23464

23461

https://orcid.org/0000-0002-3349-3169
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shubham+Bisht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="O%CC%88kten+U%CC%88ngo%CC%88r"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7071-6651
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinsong+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0605-3029
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Geoffrey+F.+Strouse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0841-282X
https://orcid.org/0000-0003-0841-282X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Eugene+DePrince+III"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1061-2521
https://orcid.org/0000-0003-1061-2521
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+A.+Lazenby"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3622-4108
https://orcid.org/0000-0002-3622-4108
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frederic+Mentink-Vigier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3570-9787
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Shatruk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09637?ref=pdf
https://doi.org/10.1002/anie.200605061
https://doi.org/10.1002/anie.200605061
https://doi.org/10.1063/1.2766696
https://doi.org/10.1063/1.2766696
https://doi.org/10.1063/1.2766696
https://doi.org/10.1021/ja303402p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja303402p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300288e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300288e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.97.216803
https://doi.org/10.1103/PhysRevLett.97.216803
https://doi.org/10.1021/jacs.9b03488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03488?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/bcsj.20210224
https://doi.org/10.1246/bcsj.20210224
https://doi.org/10.1021/cr400056a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz200383a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz200383a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz200383a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1163/157404007782913435
https://doi.org/10.1163/157404007782913435
https://doi.org/10.1021/jp056672z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp056672z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp056672z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp046322x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp046322x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.99.033001
https://doi.org/10.1103/PhysRevLett.99.033001
https://doi.org/10.1103/PhysRevLett.99.033001
https://doi.org/10.1103/PhysRevLett.99.033001
https://doi.org/10.1021/cr1002613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5070476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5070476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b10762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202001286
https://doi.org/10.1002/anie.202001286
https://doi.org/10.1039/D0CS01433H
https://doi.org/10.1039/D0CS01433H
https://doi.org/10.1021/jz2015346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz2015346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.481713
https://doi.org/10.1063/1.481713
https://doi.org/10.1002/anie.201605490
https://doi.org/10.1002/anie.201605490
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c09637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(22) Chen, Q.; Baumgarten, M.; Wagner, M.; Hu, Y.; Hou, I. C.-Y.;
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