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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 n—sextets. To illustrate the utility of this concept to the design of Kekulé 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 high degree of diradical character.
According to unrestricted symmetry-broken UCAM-B3LYP DFT calculations, the singlet diradical character
in this core system is characterized by the yo value of 0.98 (yo = O for closed shell molecule, yo= 1 for pure
diradical). The efficiency of the new design strategy was evaluated by comparing the Kekulé system with
an isomeric non-Kekulé diradical of identical size, i.e., a system where the radical centers cannot couple
via resonance and the high-spin ground state is unavoidable. The calculated singlet-triplet gap, i.e., the
AEg values, in both of these systems approach zero: -0.3 kcal/mol for the Kekulé and +0.2 kcal/mol for the

non-Kekulé diradicaloids.

The target isomeric Kekulé and non-Kekulé systems were assembled using a sequence of radical peri-
annulations, cross-coupling and C-H activation. The diradicals are kinetically stabilized by six tert-butyl
substituents and (triisopropylsilyl)acetylene groups. The Kekulé diradicaloid (K) has a half-life of 42 h under
ambient conditions (i.e., exposure to air at the room temperature) while the non-Kekulé diradicaloid (NK)
has a half-life of 2h. Both molecules are NMR-inactive but EPR-active at room temperature. The magnetic
properties of the Kekulé diradicaloid was studied by superconducting quantum interference device (SQUID)
to provide the experimental singlet-triplet energy gap, AEsr (K) = -0.8 kcal/mol, which was close to
calculated value. Cyclic voltammetry revealed quasi-reversible two-electron oxidation and reduction

processes, consistent with the presence of two degenerate partially occupied molecular orbitals.



INTRODUCTION

Due to the presence of singly occupied nonbonding molecular orbitals (MOs), open shell polycyclic aromatic
hydrocarbons (PAHSs) display unique optical, electronic and magnetic properties.’-% 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 gap, AEg;.” These
electronic features can lead to enhanced polarizability and impressive third order nonlinear optical
properties.8-12 The electronic nature of open-shell diradicaloids also lends itself for the development of the

singlet fission processes that can increase efficiency of the future photovoltaic devices.13-18

The two conceptually different approaches to conjugated diradicals are based on Kekulé vs. non-Kekulé
structures. The non-Kekulé 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
Kekulé diradicals is 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.
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Figure 1. Kekulé vs. Non-Kekulé diradicals

The challenge for making Kekulé 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 t-bond comes with a smaller penalty than breaking a c-bond, the penalty is still significant as one can
glimpse from the 81 kcal/mol energy difference between the ground state and the triplet state of ethylene
(i.e, the singlet/triplet (S/T) gap 1°). This penalty for losing a bond can be decreased by additional factors
that favor the diradical form, e.g., extended conjugation, gain of aromatic stabilization,?%?! loss of

antiaromaticity 2>-28 etc.



In this work, we will concentrate on using localized aromaticity, i.e., the Clar’s © sextets in order to uncouple
electrons in a © bond. The Clar's rule is one of the key ideas of general importance in chemistry of PAHSs.
This rule states that the Kekulé resonance structure with the largest number of disjoint benzene-like
aromatic 11-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. 2°-32

Recent research has focused on Kekulé diradicaloids with a variety of edge structures such as peri-fused
acenes,3*-38 hisphenalenyls,3*41 zethrenes*2-4> and quinoidal rylenes*6-48 (Figure 2). Although these
structures are inherently unstable, chemical modifications with bulky groups and electron withdrawing
groups can provide the varying degrees of kinetic protection. The degree of diradical character in singlet
diradicaloids can be described by the diradical index yo, which ranges from yo=1 (pure diradical) to yo=0
(pure closed shell). 4950 Very recently, Chi and coworkers reported a kinetically stable [4,3] peri-acene
diradicaloid with a large diradical character of yo=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.51.52
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Figure 2. Literature designs of Kekulé diradicaloids: (a) peri-fused acenes, (b) bis-phenalenyl, (c)
nonazethrene (d) [4,3]peri-acene with high diradical character e) our design

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 the bottom right corner of Figure 2e where the diradical formation is assisted by the occurrence
of seven (!) Clar sextets. This polycyclic framework includes part of the “ideal” system for the design of

diradicals that we will discuss below.
RESULTS AND DISCUSSION
The 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
terms %2) for a given ring system, add CH: radicals and explore the electron pairing topology. This is a
systematic approach to interesting Kekulé and non-Kekulé diradicaloid topologies which have not explored
previously. We give a full list of these diradicals in the Sl and only give the illustrative examples and a

summary below.

To start, let's add two para-CH: 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 yo parameter of O indicates no diradical character. However, progressive expansion
of the core to biphenyl, triphenylene, dibenzo[fg,op]tetracene, and tribenzo[f k,m]tetraphene gradually
changes the situation. Use of these cores allows one to progressively increase the number of Clar’s sextets
gained upon the 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 yo value (0.32<0.83<0.97<0.98). (Figure 3)
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Figure 3. The introduction of diradical character into Kekulé 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)YCAM-B3LYP/6-31G(d,p) level of theory. See the Sl for the full list of possibilities.

The number of possibilities is large because the CH: “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-Kekulé structures. For example, adding two
methylene radicals to triphenylene yielded a total of 16 unique results with ten Kekulé and six non-Kekulé
structures (see the Sl). For dibenzo[fg,op]tetracene, the appending of two methylene radicals yields the
total of 27 diradicals, fifteen of which are Kekulé and twelve are non-Kekulé. The next step is
tribenzolf,k,m]tetraphene, PAH with the most number of Clar’s sextets for a seven ring system. Here, the

process creates 45 different molecular systems — 25 Kekulé and 20 non-Kekulé (the full list of possibilities



is provided in the Sl). 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.

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 of one, two, three, four
or five Clar's sextets in the open-shell. In fact, only a few of the 45 possibilities for the
tribenzolf k,m]tetraphene show the maximum gain in the local Clar's aromaticity (see Sl section for the full
list). Computational analysis on the effect of the number of gained Clar’s sextets on diradical character and
singlet — triplet gap (Figure 4) found, as expected, that the structures with the greatest gain have the most
diradical character. Overall, S/T gap decreases exponentially 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 which 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 non-zero diradical character of yo = 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 yo increases (0 <
0.32 < 0.75 < 0.94 < 0.98) and 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 very high
diradical character, yo = 0.98 and very small singlet-triplet gap, AEst = -0.4 kcal/mol. (Figure 4). This is the

system that was chosen for the experimental pursuit.
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Figure 4. Selected diradicals built upon the tribenzol[f,k,m]tetraphene core. Not all of the patterns based
on the “ideal Clar’s systems” are equal: the gain of Clar’s sextets in the diradical form vary 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

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 Kekulé diradical e) already has high diradical character of yo = 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, can further stabilize the radicals. By adding two more phenyl rings, one can amplify the effect even
more. This change increases the diradical character to yo = 1.00 for | and decreases the S-T gap of | 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 | 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 Kekulé and one non-Kekulé, i.e., p and I. 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 radical center is outside the cycle. If
we fuse an additional cycle at this position, we reach our target fully cyclic Kekulé, K, and non-Kekulé, NK,

structures where a high degree of diradical character is preserved (center of figure 5).
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Figure 5. Extending the parent tribenzo[f,k,m]tetraphene framework to our Kekulé and non-Kekulé
system. Calculations are performed at (U)CAM-B3LYP/6-31G(d,p) level of theory

The non-Kekulé alternatives

As one can see from Figure 5 and the SI, this general design concept also offers a number of non-Kekulé
diradicals. One of the non-Kekulé structures which is close structurally to the target Kekulé 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-Kekulé diradicaloids have high spin
(triplet) ground state which makes them extremely reactive and renders their solution synthesis very
challenging. One of the most studied non-Kekulé diradicaloids is triangulene (Clar's hydrocarbon) which is

the smallest triplet-ground state PAH. Most of the initial solution based synthesis of triangulene resulted in



polymerization of the formed diradicaloid.>35* The triplet ground state of triangulene was confirmed by
Nakasuji and coworkers where they made 2,6,10-tri-tert-butyltriangulene. 55 However, since the tert-butyl
groups were not placed at positions of highest spin density, the compound easily got polymerized. Recently,
Gross and coworkers 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. 3¢ While we were preparing this manuscript, Arikawa et al.
reported the solution synthesis and isolation of crystalline triangulene. The introduction of bulky substituents
to the reactive zig-zag edges helps to kinetically stabilize the diradical and triplet ground state was
confirmed by electron paramagnetic resonance studies. 57 Wu and coworkers 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 the large extend of spin delocalization
in 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. So, the search for stable non-

Kekulé diradicaloids continues (Figure 2). 58

Non- Kekulé diradical

no closed shell configuration

1,14:11,12-dibenzopentacene . ............. S eve-rl Ioczjllzed-Clars- sexte:,tto Sfabm.z.eth% dlrad-lcalmfi .......... 1

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

work
The advantage of peri-annulations

Synthesis of extended polyaromatics often provides interesting synthetic challenges that spans
innovation.5%-86 |n the present case, an attractive synthetic route to diradicaloids is opened by our recent
work on radical alkyne peri-annulations (i.e., “zigzag annulations”)®-8° where we developed a new strategy

for expanding the scope of n-annulations at zig-zag edge of PAHs. Fortuitously, the peri-cyclizations provide



the necessary pieces for accomplishing the synthesis of new diradicals in a concise and modular fashion.
In particular, this reaction provides functionalized benzanthrones which can be considered as masked
phenalenyl radical with an extra localized Clar’s sextet. These pieces can be fused, like Legos, into larger
structures where, by changing 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 Kekulé diradicaloid. The
resulting Kekulé diradicaloid will be electronically stabilized in the open shell configuration by seven
localized Clar’'s aromatic sextets as opposed to two Clar’s sextets in the closed-shell configuration. On the
other hand, connecting the two benzanthrone units in head-to-head fashion creates the non- Kekulé
diradicaloid. The latter is also stabilized by seven localized Clar’s sextets but lacks a spin-paired closed

shell resonance structure. (Figure 7)
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Figure 7. a) General scheme for peri-annulations. B) Synthetic design of diradicaloids

Herein, we report a Kekulé diradicaloid with high diradical character (0.98) and reasonable kinetical stability
(half lifetime ~ 42 h) and compare its properties with an isomeric non- Kekulé diradicaloid with a half lifetime
of 2 h. This comparison shows that a Kekulé structure, where electron pairing is possible, can with the help

of Clar’s sextets rival the analogous non-Kekulé structure in the degree of diradical character and stability.



Synthesis

The synthesis started with introduction of t-butyl groups to anthracene to yield 2,6-di-tert-butylanthracene,
2, to increase the solubility and kinetic stability of the polyaromatic target products. 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% vyield after the subsequent BusSn-mediated radical
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% vyield.

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 Kekulé 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 (see the Sl).
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Scheme 1: Synthesis: (a) tBuOH, TFA, reflux, 16h; (b) CHCI.OMe, TiCls, DCM, 0 °C —reflux, 1 h; (c) 1.
tert-butylPhCCH, n-BuLi, THF, -78 °C —rt, 3 h; 2. Mel, rt, 12h; (d) 1. BusSnH (2 equiv.), AIBN (1 equiv.)
Toluene, 110 °C, 18 h; 2. I2, DCM, rt, 2 h; 3. DDQ, DCM, rt, 2 h; (e) Bis(pinacolato)diboron, Pd(dppf)Clz,
DMF, KOAc, 80°C, 6 h; (f) 1. Pd(PPhz)4 (0.2 equiv.), K2COs (5 equiv.), 18-crown-6 (0.2 equiv.),
Toluene/H20 (4:1), 100 °C, 18 h; 2. Pd(PCys)2Cl2 (0.2 equiv.), Pivalic acid (0.2 equiv.), Cs2COs (5 equiv.),
reflux, 20 h; (g) 1. TIPSCCH, n-BuLi, THF, -78°C —rt; 2. SnClz, 0°C - rt

Due to the presence of the six t-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 t-
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 K (“Kekulé”)

and NK (“Non-Kekulé”) 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 hours in dichloromethane (DCM) under ambient air and light.
Interestingly, its triplet counterpart, NK, has a noticeably shorter lifetime of 2 hours in DCM under ambient

light and air. Both K and NK are NMR silent at the room temperature which is consistent with their

paramagnetic character.
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Figure 8: Comparison of *H NMR spectra of diradicaloid K and its precursor diketone 7.

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 P2i/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 A2
and 12.9 A2 and the corresponding distances varying from —1.037 Ato 1.843 A and from —1.016 A to +1.016
A, 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 n-n 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 t-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 A2, which is only slightly
larger than the value of 32.6 A2 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
A'to 2.355 A. 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 n-n interactions (Figure 9d), and the

molecules from neighboring columns interact with each other via weaker c-n contacts.
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Figure 9. The thermal ellipsoid plot of a one of the [4]helicene molecules in the asymmetric unit of 7 (a) and the side
and top views of molecular chains in the crystal packing of 7 (b). The thermal ellipsoid plot of the asymmetric unit of 8
(c) and the side view of the molecular chain in the crystal packing of 8 (d).

Photophysical properties

The diketones 7 and 8 are yellow powders that give greenish yellow solutions in 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 10*mol-tLcm? at 456 nm), presumably due

to the differences in molecular symmetry. Both compounds 7 and 8 have featureless fluorescent spectra



with the emission maxima at 512 nm 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)
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Figure 10. (a) Shows absorption spectra of diketones 7 and 8 in dichoromethane (the pictures of 7 and in
dichloromethane are shown as well). (b) Shows emission spectra diketones 7 and 8 in dichloromethane
(pictures of 7 and 8 under UV (365 nm) is shown as well).

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 nm and 460
nm for NK vs. 529 nm and 467 nm for K. Additionally, K also has two very weak absorptions at 704 nm and
780 nm. These two lower energy bands are similar in energy to the low-lying singlet excited states typical
for singlet diradicaloids and suggested to originate from a doubly excited electronic configuration (H,H —
L,L) (H: HOMO; L: LUMO).% Such transitions may be another manifestation of the hidden zwitter-ionic
character of singlet diradicals®!. NK also shows two lower energy bands at 594 nm and 785 nm. It could be
either due to doubly excited electronic configuration (H,H — L,L) or due to small amount of impurities.
(Figure 11).
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Figure 11. Absorption spectra of K and NK in dichloromethane.

Cyclic Voltammetry: Cyclic voltammetry and differential 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 1 (Figure 12). The CVs of the two compounds recorded in DCM each exhibit two
redox couples, which are electrochemically quasi-reversible as evidenced by their peak-to-peak
separations (AEp 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 Ey), = -0.15 V and E{ff = -1.32 V. “The DPV

measurements are also consistent with CV measurements, in that a peak is evident at the stated half wave

potentials.
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Figure 12: Cyclic voltammograms (blue) and differential pulse voltammograms (red) of compounds K (a)
and NK (b) in DCM with 100 mM NBu4PFa.

The results of the electrochemical investigations are summarized in Table 1. The “HOMO/LUMOQO” 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 (ESS¢') and reduction (ESn®) processes according to the following
equations: HOMO = -(4.8 + EQPset) eV and LUMO = -(4.8 + E2¢Y) eV.92 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
(E'ox = E%0x and E'red = E%ed) 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.>”

Table 1: Electrochemical parameters determined from the CVs?

Sample s E{j"g | | ESeset] | EQset ] | AEp (ox)/ | AEp (red) / HOMO/ | LUMO/
\Y; v Vv Y mv mvV eV 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.

Magnetic Properties: Magnetic behavior of K and NK was further probed by variable temperature (VT)
electron paramagnetic resonance (EPR) on the powder samples of the two diradicaloids. The two
compounds show opposite behavior, as expected from the differences in their ground states (singlet for K

and triplet for NK). (Figure 13)
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Figure 13. Variable Temperature (VT) solid-state EPR data of (a) K and (b) NK.



Variable-temperature magnetic measurements on a powder sample of K revealed that the product of molar
magnetic susceptibility (y) by temperature decreases linearly as a function of temperature (Figure 14). This
dependence was fit to a modified Bleaney-Bowers equation,

2Npugg®
xT = Ko (3 + e -A/FTY + xripT

where Na is Avogadro’s number, s is the Bohr magneton, ks is the Boltzmann constant, and yme is a
temperature-independent paramagnetic contribution (due to a minor unidentified impurity). The fitting
procedure gave a singlet-triplet energy gap (A) of -0.8 kcal/mol. Unfortunately, we were unable to achieve

reliable magnetic measurements on a sample of NK due to its lower stability and much shorter lifetime.
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Figure 14. The temperature dependence of the 4T product for a powder sample of K. The solid red line

indicates the fit to the Bleaney-Bowers equation (see the text).

Computations: To understand the singlet and triplet ground state of K and NK respectively, we did
calculations on the respective core structures. The degree of diradical character (yo) 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 yo value of 0.98. It
was also calculated that K has a small S-T gap of AEs.t=-0.3 kcal/mol while NK has an equallysmall S-T
gap of AEs.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.



The high diradical character of K can be explained from the gain of additional five Clar’s sextet when going
from closed-shell to open-shell configurations i.e.; two Clar’'s aromatic sextets in closed shell form to seven
Clar’s sextets in the open shell form. It is also consistent with the results from NICS(1)z; scans. 99 The
scan showed larger negative NICS(1).; for the seven localized aromatic sextets in Figure 15a. Similar
results are found for NK where the NICS(1)z: 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 radical is a powerful force that influences the electronic structures of
the adjacent n-rings. One can think about this substructure as the phenalenyl subunit embedded into a
polyaromatic framework. This observation illustrates both the power and the limitations of the Clar's

localized aromaticity approach to the control of the electronic structure of extended polyaromatics.

Figure 15. NICS(1) values of core structures of K (a) and NK (b). Calculations are performed at (U)B3LYP/6-
311++g(d,p) level of theory

The NICS values are also consistent with the radical delocalization patterns revealed by the nature of singly
occupied molecular orbitals (SOMOSs) of the two diradicaloids. The singlet state of the Kekulé diradical K
displayed a typical disjoint character with unpaired electrons with alpha and beta spins delocalized over
different atoms (Figure 16). On the other hand, the SOMOs of the ground state of the non-Kekulé system
NK illustrate a non-disjoint character (Figure 17). However, these differences have to do more with the
singlet vs. triplet nature of the lowest states rather than with the their Kekulé vs. non-Kekulé nature as
confirmed by the non-disjoint diradical character of the triplet Kekulé system and the disjoint nature of the
singlet non-Kekulé system.



Figure 16. Singly occupied molecular orbitals (SOMOSs) of the core structure of Kekulé diradicaloid K.
Top: singlet ground state - alpha (a) and beta (b) spin. Bottom: triplet state - (c) alpha and beta (d) spins.
Calculations are performed at CAM-B3LYP/6-31g(d,p) level of theory.



Figure 17. Singly occupied molecular orbitals (SOMOSs) of the core structure of the non-Kekulé
diradicaloid NK. Top: triplet ground state - alpha (a) and beta (b) spin. Bottom: singlet state - (c) alpha
and beta (d) spins. Calculations are performed at CAM-B3LYP/6-31g(d,p) level of theory.

This distribution of spin density is consistent with the dominant diradical resonance structures shown in
Figure 15 with 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

This behavior paves the way to the of emergence of spin states at the zigzag edges of larger carbon
nanostructures.?-1% Qverall, 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 18. Spin densities for the core structures of Kekulé diradicaloid K (a) and non-Kekulé diradicaloid
NK (b). Calculations are performed at CAM-B3LYP/6-31G(d,p) level of theory

Conclusions

This work describes a simple and general approach to the design of new polyaromatic diradicaloids. The
systematic approach starts with privileged core structures with the maximum number of Clar’s sextets, and
explores the electron pairing topology by addition of CH: radicals as spin probes at different positions.
Computational results clearly illustrate how, for the same core, gain of a larger number of Clar’s sextets in
the open-shell form increases the diradical character parameter yo from 0 to 0.98 (where 1.0 indicates a

perfect diradical).

This theoretical analysis identified two practically accessible isomeric diradicaloid topologies, one of Kekulé
(K) type and another of non-Kekulé (NK) type. K was calculated to have very high diradical character of
0.98 and be a ground state singlet with a very low singlet triplet gap, AEst=-0.3 kcal/mol. NK was calculated

to have a triplet ground state with yo= 1 and singlet triplet gap, AEst= 0.2 kcal/mol.

We tested these theoretical predictions by synthesizing and characterizing isomeric tridecacyclic
polyaromatic diradicaloids, K and NK. The two isomeric systems were assembled using a sequence of
radical peri-annulations, 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. The experimentally measured singlet-triplet energy gap (AEst= -0.2
kcal/mol) in diradicaloid K is in a good agreement with the computational predictions. Despite having high

diradical character, both molecules were stable in inert atmosphere in the absence of light. K was



moderately stable even in presence of air and light, with a half-lifetime of 42 h. The non-Kekulé diradical
NK had a shorter half-lifetime of 2h.

In summary, this work illustrates how theoretical design of diradicals assisted by computations and new
synthetic methods (the radical peri-annulation) opens synthetic access to relatively stable polyaromatics
with very high diradical character. We hope that it will pave the way to the development of new types of

organic magnets.
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