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ABSTRACT: Systems that possess open- and closed-shell behavior attract significant attention from researchers due to their
inherent redox and charge transport properties. Herein, we report the synthesis of the first diborepin biradicals, which dis-
play tunable biradical character based on the steric and electronic profile of the stabilizing ligand and the resulting geometric
deviation of the diborepin core from planarity. While there are numerous all-carbon-based biradical systems, boron-based
biradical compounds are comparatively rare, particularly ones in which the radical sites are disjointed. Calculations using
DFT and multireference methods demonstrate that the fused diborepin scaffold exhibits high biradical character up to 95%.
Use of a non-sterically demanding diaminocarbene promotes the planarization of the pentacyclic framework, resulting in the
synthetic realization of a diborepin containing a dibora-quinoidal core, which possesses a closed-shell ground state and ther-
mally accessible triplet state. The biradicals were structurally authenticated and characterized by both solution and solid-
state EPR spectroscopy. Half-field transitions were observed at low temperatures (ca. 170 K), confirming the presence of the
triplet state. Initial reactivity studies of the biradicals led to the isolation and structural characterization of a bis(borepin
hydride) and bis(borepin dianion).
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radicals have garnered significant attention from scientific \, -85
communities concerned with understanding novel elec- E,R CAAC
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tronic flexibility, these molecules have also begun to spark
the interest of researchers whose efforts focus on the devel-
opment of new types of devices and molecular materials.2
Specifically, radicals often give rise to unusual spin states
and possess the ability to undergo oxidative and reductive
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transformations, an important criterion for systems that CAAC CAAC cand” “Yanc
rely on redox processes and charge transport.? While bo- F)
ron-centered monoradicals have been studied in detail, . 4_,=©= [']_Q_[']H[ ]=.C>=[]

diradicals are rare but engender an element of bifunctional-
ity (i.e., inter- or intra-molecular reactions and phenomena
at more than one site).* These diradicals often adopt the
preferred closed-shell electronic structure due to the inher-
ent propensity of electrons to couple.*> However, with ap-
propriate molecular design approaches, open-shell mole-
cules can be realized in which there are two unpaired spins
with minimal interaction on a single molecule. These spe-
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Biradical character reaching 95%! Dibora-quinoidal core

cies are commonly referred to as biradicals, where the per-
centage of unpaired spins can be measured and character-
ized by their biradical character (y = 0 represents a closed-
shell structure and y = 1 is purely open-shell).6 Frequently,
the terms 'diradical’ and 'biradical’ are used synonymously.
However, in this study, such species are distinguished based
on the magnitude of the magnetic exchange interaction (J).
In diradicals, the unpaired electrons are in close spatial

Figure 1. A) B2P2-cyclobutane diradical; B) Bis(mesitylene)-
linked diboron biradical; C) CAAC-stabilized diradical congener
of diborane; D) CAAC-stabilized diboraanthracene, di-
boranaphthalene, and diborapentacene biradicals; E) 1,2-dibo-
rete biradicaloid; F) p-quinodimethane framework with open-
and closed-shell structures (left) and boron-doped framework
with open-shell structure and closed-shell dibora-quinone
(right); G) This work: Borepin biradicals with open-shell singlet
ground state and Dibora-quinone.



Scheme 1. Synthesis of fused bis(haloborepin) 2 and Lewis-base stabilized adducts 3-6.
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proximity, leading to a strong magnetic exchange interac-
tion, whereas in biradicals, the spatial separation or elec-
tronic configuration results in a weak or nearly negligible
exchange interaction.’2 For carbon-based organic com-
pounds, biradicals are significantly more common and have
already found applications in molecular electronics and
switches, singlet fission, non-linear optics, as well as for the
activation of energy-relevant small molecules.#5 7 Seminal
work by Bertrand detailed the isolation of a B2P2 cyclobu-
tane-type singlet diradical species and its linked tetrarad-
ical (Figure 1A).8 As the boron atoms are in close proximity
within the same ring, there is through-space coupling be-
tween the two radical sites. Wang and coworkers isolated a
diboron biradical linked with a bis(mesitylene) backbone
that displayed a triplet ground state (Figure 1B).? Shortly
thereafter, Braunschweig reported cyclic(alkyl)(amino)
carbene (CAAC) stabilized diradicals that resulted from ro-
tation around the boron-boron bond, leading to open-shell
character (Figure 1C).1° Harman isolated fully aromatized
diboraanthracenes using the classic diamino N-heterocyclic
carbenes (NHC);!! however, Braunschweig determined that
when CAACs are employed in the synthesis of reduced di-
boraanthracenes, open-shell compounds are obtained with
high biradical character (85%),'* which can also be ex-
tended to diboranapthalene and diborapentacene (Figure
1D).13 Braunschweig also disclosed 1,2-diborete biradica-
loids with 62% biradical character (Figure 1E).1* Despite
these valuable contributions to the field, there are no exam-
ples of boron biradicals where the boron atoms are posi-
tioned in separate rings of PAHs; therefore, the impact of
spatial separation on biradical tuning is not well under-
stood. Moreover, the commonly observed conversion be-
tween carbon-based p-quinodimethane closed- and open-
shell states remains hitherto unknown for diboron systems
(Figure 1F).

Our laboratory has been investigating the chemistry of
borepins, where the parent 7-membered boracycle is aro-
matic with 61 electrons.!> These molecules date back to the
early work of van Tamelen, Brieger, and Untch six decades
ago.1¢ Since then, there have been a number of key contri-
butions to the field in terms of developing synthetic routes
to new borepins as well as understanding their optical and
electronic properties.t” While a significant number of even-
electron neutral borepins have been characterized and dis-
cussed in the chemical literature,!” odd-electron and ionic
borepins were only recently disclosed by our laboratory.18
Consequently, the chemical reactivity of reduced borepins
remains unestablished, which contrast with the known
chemistry of smaller 5- and 6-membered reduced boron-

doped PAHs, which have experienced rapid development.1!-
13,19 Herein, we report the first series of borepin biradicals
(7-10). Notably, compounds 7-9 feature two disjointed
radical sites on a pentacyclic scaffold with biradical charac-
ter up to 95% — among the highest observed thus far for
boron diradicals. Moreover, modulation of the steric param-
eters of the stabilizing ligands controls the geometric bend-
ing of the diborepin framework, thus unveiling a biradical
tuning strategy. When the diborepin core is planarized, an
unprecedented dibora-quinoidal core has been observed in
compound 10 (Figure 1G). Initial reactivity studies of the
borepin biradicals led to the isolation of bis(borepin hy-
dride) 12 and bis(borepin anion) 14.

Results and Discussion

A double tin-boron exchange between Tovar’s fused bis-
stannacycle (1)'7> and BBrs resulted in the highly air- and
moisture-sensitive fused bis(bromo-dibenzo[b,f]borepin)
(2), isolated as a red solid in 73% yield (Scheme 1). The
11B{tH} NMR spectrum showed the presence of one signal at
62.6 ppm, consistent with tricoordinate boron-halogen
bonded species.?? It should be noted that the chloride ana-
logue of 2 has been previously generated in-situ but never
isolated or characterized,'’> and 2 is one of very few exam-
ples of isolated tricoordinate halo-borepins.2! The tetra-
coordinate, Lewis-base stabilized adducts 3-6 with EtCAAC
[2,6-diisopropylphenyl)-4,4-diethyl-2,2-dimethyl-pyrroli-
din-5-ylidene],22IPr [1,3-bis(2,6-diisopropylphenyl)imid-
azol-2-ylidene],23 SMes [1,3-bis(2,4,6-trimethylphenyl)im-
idazolidin-2-ylidene],23 and I'Pr; [1,3-diisopropyl-4,5-dime-
thylimidazol-2-ylidene]?* ligands were isolated in 78-86%
yields by stirring a toluene solution of 2 with the corre-
sponding carbene at room temperature. Characterization
by NMR proved to be challenging due to the low solubility
of the compounds, slow rotation of the ligands, and asym-
metry across the fused borepin (FBP) core. At room temper-
ature, ligand-centered protons were broad and indistin-
guishable but resolved as the samples were heated (see sup-
porting information for details). Bright red needle-like sin-
gle crystals of 2 suitable for X-ray diffraction were grown by
slow-cooling a hot chlorobenzene solution. The solution
was heated to 130 °C, demonstrating impressive thermal
stability for a Lewis-acidic boracycle. The FBP core is pla-
nar, and displaced m-stacking is observed with interactions
between the boron atoms and adjacent 7-membered bore-
pin ring (Figure 2A, B-centroid distance 3.636 A) and the
C=C bond on the borepin backbone and adjacent 7-mem-
bered ring (Figure 2A, C=C—centroid distance 3.464 A).
Crystals of compounds 3-6 were grown from concentrated



Scheme 2. Synthesis of compounds 7-10.
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The dashed line in compound 7 indicates that the majority of the unpaired spin density resides on the N, C, B fragment. Meanwhile,
in compounds 8 and 9, the most significant portion of the spin density is boron localized, with additional contributions on the car-
bene carbon atoms. Compound 10 is drawn based on its structural information and the closed-shell ground state predicted by DFT

(vide infra).

Figure 2. Molecular structures of 2 (A, displaced m-stacking
shown in right image), 3 (B), 4 (C), 5 (D) and 6 (E). (Thermal
ellipsoids at 50% probability; H atoms and co-crystallized sol-
vent were omitted for clarity; for 5: only one of two crystallo-
graphically independent molecules shown). Selected bond
lengths [A] and angles [°]: 2: B1-Br1 1.962(3), B1-C1 1.551(4);
3: B1-Brl 2.1457(18), B1-C1 1.613(3), B1-C12 1.675(3); 4:
B1-Brl2.133(2),B1-C11.621(3),B1-C12 1.652(3); 5: B1-Brl
2.120(5), B1-C1 1.636(6), B1-C12 1.664(7); 6: B1-Brl
2.1158(13),B1-C1 1.6195(17), B1-C12 1.6430(17).

solutions of THF and characterized by single-crystal X-ray
diffraction (Figure 2B-E). The B1-Brl bond lengths
[2.1158(13)-2.1457(18) A] are elongated compared to the

halo-borepin [2, 1.962(3) A], which is consistent with in-
creased electron density at the boron center. The B1-C1
[1.613(3)-1.634(7) A] and B1-C12 [1.6430(17)-1.679(7) A]
bond distances in 3-6 are consistent with boron-carbon sin-
gle bonds.2° The FBP core is significantly distorted from pla-
narity in the tetracoordinate adducts, and angles were
measured with planes drawn through the boron center and
adjacent six-membered rings (Figure S36). The distortion
from planarity increased from compound 5 [55°] to 4 [59°]
to 6 [62°] to 3 [68°]. m-interactions were observed in 4 be-
tween the inner diisopropylphenyl (Dipp) groups and cen-
tral FBP ring [3.6457(15) A] and the outer Dipp groups and
terminal FBP rings [3.7184(16) A]. This was also observed
in 5 between the outer mesityl groups and terminal FBP
rings [3.536(3) A].

Compounds 3-6 were then subjected to two-electron re-
ductions with the addition of a slight excess of potassium
graphite (KCs) to afford NMR-silent compounds 7-10
(Scheme 2). Compound 7 was isolated as a yellow-brown
solid in 66% yield, 8 and 9 as dark reddish-brown solids in
81% and 68% yields, respectively, while compound 10 was
isolated as a dark blue solid in 61% yield. Compound 7 crys-
tallized as yellow plates from concentrated THF at -37 °C
(Figure 3A), 8 as orange blocks from concentrated hexanes
at -37 °C (Figure 3B), 9 as yellow plates from concentrated
toluene at -37 °C (Figure 3C), and 10 as dark blue blocks
from the slow evaporation of toluene at room temperature
(Figure 3D). In the FBP core, compounds 7-9 exhibited var-
ying levels of distortion from planarity, with all compounds
possessing approximate Ci symmetry. In contrast, the FBP
core in compound 10 was observed to be planar, with the
planes of the coordinating ligands positioned perpendicular
to the FBP core, representing approximately Czn symmetry.
The distortion of the fused core results from m- and/or ste-
ric interactions between the corresponding carbene ligands
and aromatic rings of the FBP. Both compounds 8 and 9
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Figure 3. Molecular structures of 7 (A), 8 (B), 9 (C) and 10 (D) with side views (right of structure). (Thermal ellipsoids at 50%
probability; H atoms were omitted for clarity. Angles were measured by drawing planes through the boron center and adjacent six-
membered rings. Selected bond lengths [A] and angles [°]: 7: B1-C1 1.5773(16), B1-C12 1.5302(16), C12-N1 1.3794(13), N1-C12-
B1-C1 -17.86(18); 8: B1-C1 1.563(4), B1-C12 1.529(4), C12-N1 1.396(3), N1-C12-B1-C1 3.0(4); 9: B1-C1 1.572(3), B1-C12
1.525(3), C12-N1 1.395(3), N1-C12-B1-C1 12.8(4); 10: B1-C1 1.4838(17), B1-C12 1.6058(16), C12-N1 1.3483(15), N1-C12-B1-

C1-89.15(14).

display geometries consistent with non-covalent T-interac-
tions between the Dipp (IPr) and mesityl (SMes) groups of
the ligand and the FBP inner and outer rings. Considering
these factors, we evaluated the degree of deviation from
planarity within the FBP core, which showed a sequential
reduction in the planar distortion in the order: 7 (64°) > 8
(58°)>9(53°) > 10 (4°). Aslight decrease in the (carbene)C12-
B1 bond was observed in compounds 7-9 compared to
their tetracoordinate adducts, but 10 retained its C12-B1
single bond character. A decreased bond length between
B1-C1 [1.4838(17) A] was observed in 10 compared to 7-
9 [1.563(4)-1.5773(16) 4], indicating double bond charac-
ter. Collectively, these geometrical data suggest that steric
factors may be used to alter the electronic structure of re-
duced diborepins, and the core structure of compound 10
may be viewed as a dibora-quione.

EPR analyses of compounds 7-10 were conducted in di-
lute toluene solutions (Figures 5A S24, S29). Initially, at
room temperature, the characteristic half-field transition of
Ams = £2 was not detected in these compounds. This obser-
vation aligns with behaviors seen in other disjointed main-
group biradicals, characterized by large inter-spin dis-
tances and minimal zero-field splitting (ZFS) parameters.2s
In such cases, the half-field transition intensity inversely
correlates with the sixth power of the inter-spin distance
(I(Ams = +2) < r -¢). However, with the temperature lowered
and the microwave power increased, the half-field transi-
tion became detectable in compounds 7-9, confirming the
presence of a biradical species. Compounds 7-9 also exhib-
ited a relatively intense transition, centered between the
ZFS transitions of the triplet-state, which is proposed to
originate from a superimposed monoradical impurity. The
detection of a monoradical impurity is consistent with re-
cent reports of carbene-stabilized boron biradicals,12 14 18¢
27 where even the smallest amount of monoradical is detect-
able by EPR.

Simulated EPR parameters for compounds 7-9 revealed
distinctive electronic characteristics, primarily reflected in
the axial ZFS parameter, D. Compounds 7-9 exhibit iso-
tropic g-values of approximately 2.012; however, there is
notable variation in their ZFS parameters (see ESI for com-
parison of axial and rhombic models). The D values of 7-9
span from 0.0070 to 0.0097 cm! (Figure 5A and Tables S4-
6). Notably, 8 and 9, coordinated to diamino carbenes (IPr
and SMes), exhibit D values of 0.00911 cm and 0.00972
cm respectively. These values are appreciably higher than
the D value of 0.0070 cm™* found in 7, which is coordinated
with EtCAAC. The relatively low D values observed for com-
pounds 7-9 imply a considerable spin-spin separation, sug-
gesting weaker dipolar interactions. This observation con-
trasts recent reports of open-shell carbene-stabilized di-
boracycles, where boron centers, whether directly bonded
(r=1.701 A), or in close spatial proximity (r = 2.748 A), ex-
hibit substantially larger D values in the range of 0.0284-
0.0319 cm™.12.14 The simulated D values for compounds 7-
9 were utilized in conjunction with the point-dipole approx-
imation to estimate their average spin-spin distances.26 This
approach yielded an average distance range of 6.59-7.19 A,
which shows a notable correlation with the distances be-
tween the centroids of the two N-(carbene)C-B moieties meas-
ured from the single crystal X-ray structures of these com-
pounds, ranging from 6.88 to 7.50 A (Table S7). Theoreti-
cally computed spin-density distribution plots for the tri-
plet electronic states of compounds 7-9 substantiate their
dipolar characteristics. These plots distinctly show two re-
gions of a spin density, each localized to a B-(carbene)C-N moi-
ety (Figure 4). In contrast, planar FBP 10 exhibits a dis-
tinctly different distribution pattern, with a spin density de-
localized over the entire FBP core, indicative of co-extensive
spin characteristics (vide infra).

Variable-temperature EPR studies demonstrated a temper-
ature-dependent signal intensity in the Ams = #1 region
(Figure 5B, S25, S29). As the temperature decreased, the



Figure 4. Spin density distribution plots for the triplet config-
uration of 7 (A), 8 (B), 9 (C), and 10 (D). (Isosurface = +0.003 e
ao3).
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Figure 5. A) Experimental CW X-band (9.81 GHz) (black trace)
and simulated (red trace) EPR spectra of 7 in a toluene solution
at 80 K with the half-field transition shown in the inset. (Exper-
imental parameters: 250 G scan of the allowed transitions at 2
G modulation amplitude and 2.005 mW of power. 100 G scan of
the half field transition at 8 G modulation amplitude and 20.04
mW of power. Solutions were prepared at a concentration of
less than 2 mM.) (Simulation parameters: giso = 2.012, D/hc =
0.0070 cm-L, E/hc=0.0005 cm-1, RMSD = 0.0076). B) Expanded
view of the Ams = #1 transitions in the VT-EPR spectra of 7 over
a temperature range of 100-20 K. C) IT-T plot of the Ams = +2
transition of 7 in toluene from 30-100 K with the Bleaney-
Bowers fit in red (AEst (-]) = -0.452 k] mol-1, R2 = 0.992).

signal intensity for compounds 7-9 diminished, suggesting
these compounds have an open-shell singlet ground state.
Conversely, compound 10 displayed a weak EPR signal at
room temperature in toluene, which vanished upon cooling
to 170 K (Figure S33) and reemerged upon warming. Such
behavior suggests a closed-shell ground state for 10, with a
thermally accessible triplet state. For compounds 7-9, the
singlet-triplet gaps (AEsr) were experimentally determined
by fitting the product of the integrated signal intensity and
temperature (IT) with respect to temperature using the
Bleaney-Bowers equation (Figures 5C, Table S3).28 The sin-
glet-triplet gap (H = —/S,S;) was found to correlate with
the degree of distortion from planarity within the FBP moi-
ety: 7 (64°; -0.45 k] mol!) < 8 (58°; -0.57 k] mol1) <9 (53°;
-0.75 k] mol1). This observed trend implies that increased
ligand sterics lead to a smaller singlet-triplet gap, thereby
enhancing the biradical character.

Theoretical calculations were performed to determine
the electronic structure and spin preferences of compounds
7-10. Relative adiabatic energies, calculated at the B3LYP-
D3(B]J)/def2-TZVP(-f) level of theory, reveal that compound
7-9 possess open-shell singlet (0SS) ground states with a
low-lying triplet (T) state (AEoss-t = -0.2 to -1.1 k] mol, Ta-
ble 1). Conversely, compound 10 was found to possess a
closed-shell singlet (CSS) ground state with a calculated sin-
glet-triplet gap (AEcss-t) of -35.3 k] mol-1. Examination of the
broken-symmetry (BS) wavefunction for 7-9 reveals mod-
erate anti-ferromagnetic exchange coupling (J=-17 to -105
cm1), qualitatively reproducing those obtained experimen-
tally.2? Additionally, it was determined that the paramag-
netic centers are localized within the two N-(carbene)C-B moi-
eties. The OSS spin-density plots for compounds 7-9 clearly
illustrate the separation between the two spin-sites. This
observation is further validated by the calculated natural
atomic spin populations, which indicate that between 85-
92% of the spin density is localized to the two N-(carbene)C-B
moieties (N: £0.15, (carbene)C: + (.24, B: £0.38) (Figure 6A and
Table S10). Moreover, the orbital overlap (|S*|), for the
magnetically coupled orbitals of compounds 7-9 was calcu-
lated to be close to zero (0.043-0.121). This suggests that
these orbitals are non-coextensive, a characteristic of dis-
jointed biradical species with pronounced biradical charac-
ter.30 To obtain a more accurate determination of AEoss-
and quantify the biradical nature of compounds 7-9,

Table 1. Calculated relative electronic energies (k] mol-1), ex-
change coupling (cm-1), magnetic orbital overlaps, biradical in-
dex, and experimentally determined singlet-triplet gaps (k]
mol-1) of 7-9.

BS-DFT 7 8 9
AEcss-2 +80.08 +50.21 +47.01
AEoss-t -0.197 -0.599 -1.145
)i -17 -53 -105
| S8 0.043 0.086 0.121
DLPNO-NEVPT?2
AEoss-t -0.403 -0.522 -1.082
HONO Occ. 1.025 1.044 1.056
LUNO Occ. 0.975 0.956 0.944
Y 0.950 0912 0.888
Bleaney-Bowers Fit

-0.451 -0.570 -0.745
Absr=] +0.020  +0.054  +-0.050

a B3LYP-D3(BJ)/def2-TZVP(-f) (CPCM, THF)
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Figure 6. A) Open-shell singlet spin-density distribution of 7
(Isosurface = +0.003 e ao3, green and blue correspond to re-
gions a- and {3-spin, respectively). B) Optimized CASSCF natu-
ral orbitals and natural orbital occupation numbers (NOON) of
7 (Isosurface = £0.025 e ao-3). C) Scan of y and NOON with re-
spect to planar deviation for 10 at the CASSCF(2,2)/def2-TZVP
level of theory.

higher-level ab initio calculations were performed, account-
ing for both static and dynamic electron correlation. Com-
plete active space self-consistent field (CASSCF) calcula-
tions employed an active space of two electrons in two or-
bitals (CASSCF(2,2)/def2-TZVP) (see SI for investigations of
additional active spaces). The natural orbital occupation
numbers (NOON) for the optimized singlet-ground states in
7-9 are close to unity, confirming an open-shell singlet
ground state (Table 1 and Figure 6B). Inclusion of dynamic
electron correlation via the DLPNO-NEVPT2 method yields
0SS-T gaps (AEoss-1), equivalent to the exchange interaction
J, thatare consistent with those determined experimentally:
7 (-0.403 k] mol?) < 8 (-0.522 k] mol?) < 9 (-1.082 k] mol
1).31 Complementary to these results, compounds 7-9 were
also found to possess significant biradical character (y) fol-
lowing the same progression: 7 (0.950) > 8 (0.913) > 9
(0.888). These trends highlight the correlation between the
deviation from planarity of the FBP core and its dynamic bi-
radical properties. With this understanding, we sought to
determine the scope of biradical tuneability. A
CASSCF(2,2)/def2-TZVP scan of the ground-state singlet
potential energy surface with respect to FBP plane distor-
tion for 10 reveals that FBP species with biradical charac-
ters in the range of 0.7-1.0 may be accessed when the pla-
nar deviation is greater than 42° (Figure 6C). Moreover, pla-
nar deviation angles between 22 and 42° are expected to
exhibit biradicaloid character.

To better understand the electronic differences between
compounds 7-9, we tested their ability to serve as radical-
based synthons and employed tributyltin hydride as a He
donor for the formation of borepin hydrides 11-13 (Scheme
3). Consistent with its high spin localization on boron,

compound 8 reacted with excess BusSnH in minutes to give
the bis(IPr-stabilized borepin hydride) 12 in 75% yield.
Compound 12 was fully characterized and showed a char-
acteristic tetracoordinate boron peak in the 11B{*H} spec-
trum at -11.82 ppm that resolved into a doublet at 80 °C in
the 1H coupled spectrum. *H NMR studies showed a very
broad signal at 3.69 ppm that resolved into a sharp singlet
when the 11B decoupler was turned on, corresponding to
the B-H protons. Compound 12 was structurally character-
ized via X-ray diffraction after colorless single crystals were
grown from a toluene/hexanes mixture (Figure 7A). It
should be noted that borepin hydrides have historically
been considered unstable and synthetically challenging to
isolate.15-16 Compound 12 is a rare example of a structurally
authenticated borepin hydride, with only one other exam-
ple reported,32 and a few others suggested based on IR¢ or
NMR data.33 Structurally, 12 is very similar to 4 and the B1-
C1[1.613(2) A] and B1-C12 [1.635(2) A] bonds are in line
with the expected boron-carbon single bond lengths. While
compound 9 has comparable spin density on boron, its bi-
radical character is lower, and thus the reaction to form the
bis(SMes-stabilized borepin hydride) 13 required addi-
tional time and still showed the presence of a paramagnetic
species, which suggests an incomplete reaction. Accord-
ingly, compound 7, which has significantly lower spin den-
sity on boron, did not react at all at room temperature and
required heating to 100 °C for the reaction to proceed to the
bis(CAAC-stabilized borepin hydride) 11. Despite chal-
lenges surrounding the isolation of 11 and 13 they could be
detected using 1B NMR, with peaks at -1.88 and -12.70 re-
spectively. This trend in reactivity illustrates that radical
character plays an important role in dictating chemical re-
activity.

Scheme 3. Reactivity of fused diborepin biradicals.

7,8 or 9—2usSnH
toluene
11B{1H}
11; L = FICAAC (not isolated) - 1.88 ppm
12, L = IPr (75 % yield) - 11.82 ppm
13; L = SMes (not isolated) - 12.70 ppm
3or7 X KCs
solvent
3:x=45 THF

7:x=2.5, toluene

14

To provide further insight into reactivity trends, attempts
were made to reduce each biradical to its corresponding an-
ion. The reduction of 4 in THF led to activation of the IPr
ligand and fused borepin backbone, and a few crystals from
that reaction were characterized by X-ray diffraction (Fig-
ure S37). Using compounds 8-10 as a starting point for re-
duction, there was no evidence for the formation of
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Figure 7. Molecular structures of 12 (A) and 14 (B). (Thermal
ellipsoids at 50% probability; H atoms were omitted for clarity
except for the B-H atoms in 12. Selected bond lengths [A] and
angles [°]: 12: B1-C1 1.613(2), B1-C12 1.635(2), C12-N1
1.3663(17); 14: B1-C1 1.595(2), B1-C12 1.468(2), B1-K1
3.039(2), C12-N1 1.480(2), N1-C12-B1-C1 -5.8(3).

NHC-stabilized bis(borepin anions). Reactions resulted in
rapid decomposition to the corresponding hydridoboron
compound (for 8 and 9) or unidentified tetracoordinate bo-
ron species (for 10), observed via NMR. Distinct from the
results observed for 8-10, compounds 3 and 7 were used
to successfully synthesize bis(EtCAAC-stabilized borepin an-
ion) 14 as highly air- and moisture-sensitive dark red solids
in 81 and 52% isolated yields, respectively. Yellow, plate-
like single crystals of 14 were grown from a concentrated
solution of toluene at -37 °C (Figure 7B). The potassium at-
oms are encapsulated between the N-Dipp group of the
EtCAAC ligand, a molecule of toluene, and one half of each
borepin ring. The C12-B1((crbene)C-B) bond (1.468(2) A) is
significantly shortened compared to its biradical counter-
part 7 [1.5306(16) A], and the torsion angle N1-C12-B1-C1
[5.9(3)°] is small, resulting in double bond formation. Con-
sistent with the high reactivity of the compound, NMR anal-
ysis proved challenging, again rapidly decomposing to the
corresponding hydridoboron compound. In order to obtain
NMR data, a piece of freshly cut potassium metal was placed
inside the NMR tube during data collection. An 11B{'H} NMR
resonance was observed at 21.7 ppm, which is consistent
with reported compounds containing tricoordinate nega-
tively charged, electron-rich boron centers.!8¢ It should be
noted that this method of adding excess reducing agents
(i.e., KCs, Na/NaCl, and cobaltocene) to the NMR tube was
used with 8-10, but the corresponding anion was never ob-
served spectroscopically, and the compounds continued to
degrade into unidentified boron-containing species over
time. These reactivity studies are consistent with the elec-
tronic structures of the biradical starting materials. The
non-isolable NHC-stabilized diborepin dianions would have

electronic structures where the added electron must popu-
late the boron p-orbital and/or those in the borepin ring
(i.e., the carbeneC p-orbital is largely filled by the adjacent N
lone pairs). This results in highly electron-rich boron heter-
ocycles that are extremely reactive. In contrast, the isolable
CAAC-stabilized diborepin dianion takes advantage of the
stronger m-accepting nature of CAAC, where additional elec-
tron density may reside on the ligand, thereby mitigating
the reactivity of the dianion.

Conclusion

In conclusion, we have isolated the first examples of bore-
pin biradicals, which contain stable disjointed boron radical
sites with high biradical character (up to 95%). Structural
analysis, along with computational support, indicates that
the biradical character can be tuned by modulating both the
sterics and electronics of the supporting carbene ligand, al-
lowing for the isolation of a borepin compound containing
a dibora-quinoidal core. It is noteworthy that the compara-
ble carbon-based fragment, p-quinodimethane, has at-
tracted the interest of researchers across chemistry disci-
plines due to its unique electronic structure and ability to
fluctuate between the open-shell diradical and closed-shell
quinone states.3* The potential in electronic and optical ma-
terials, along with their increased reactivity, has led re-
searchers to modify such scaffolds and incorporate them
into various PAHs.3¢ To our knowledge, there are no exam-
ples in which boron atoms are incorporated into the two
para positions. This type of tunable radical character, with
the choice of a sterically appropriate coordinating ligand or
selective functionalization of the FBP core, may result in a
diverse range of FBPs with distinct biradical properties and
applications. Initial reactivity studies indicate that these
molecules behave as true boron biradicals, leading to
bis(borepin hydride)s and a bis(borepin anion). Additional
investigations into the reactivity of these reduced dibore-
pins, as well as related structures, are currently underway
in our laboratory.
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