Bis(9-Boraphenanthrene) and its Stable Biradical

Samir Kumar Sarkar,lKimberly K. Hollister,! Andrew Molino,> Akachukwu D. Obi,> Chun-Lin Deng,!
Bi Youan E. Tra,! Brennan M. Stewart,> Diane A. Dickie,’ David J. D. Wilson,*? and Robert J. Gilliard,
Jrx!

'Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States

2Department of Biochemistry and Chemistry, La Trobe Institute for Molecular Science, La Trobe University, Melbourne
3086 Victoria, Australia

3Department of Chemistry, University of Virginia, Charlottesville, Virginia 22904, United States
Supporting Information Placeholder

ABSTRACT: Selective and site-specific boron-doping of polycyclic aromatic hydrocarbon frameworks often give rise to redox and/or
photophysical properties that are not easily accessible with the analogous all-carbon systems. Herein, we report ligand-mediated control of
boraphenanthrene closed- and open-shell electronic states, which has led to the first structurally characterized examples of neutral bis(9-
boraphenanthrene) (2-3) and its corresponding biradical (4). Notably, compounds 2 and 3 show intramolecular charge transfer absorption
from the 9-boraphenanthrene units to p-quinodimethane, exhibiting dual (red-shifted) emission in solution due to excited state conjugation
enhancement (ESCE). Moreover, while boron-centered monoradicals are ubiquitous, biradical 4 represents a rare type of open-shell singlet
compound with 95% biradical character, among the highest of any reported boron-based polycyclic species with two radical sites.
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gated materials.’®d While the chemistry of all-carbon phenanthrene
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logues are extremely rare. Molecules that incorporate boron in spe- P B

cific positions of m-electron systems are highly sought-after and \ @ID .
have led to new types of organic light emitting diodes (OLEDs), O Q

semiconductors, solar cells, organic field-effect transistors, na- CA*AC CA’AC

noscale electronic devices, as well as in nonlinear optics (NLO).* Gilliard 2020
They have also served as a means to explore fundamental chemistry
concepts including aromaticity, chemical bonding, and periodic
trends.!® The distinct electronic and photophysical properties of
boracycles are a direct result of boron’s electron-deficient nature,
possessing an empty p- orbital which permits facile electronic
structure modification and redox chemistry. Despite the beneficial
characteristics of these compounds, they can be challenging to ex-
perimentally isolate and characterize. To date, only one bora-
phenanthrene has been reported—the 9-borataphenanthrene anion
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h) This work: Neutral bis-boraphenanthrene and its biradical

« Facile one-pot synthesis of the first neutral 9-boraphenanthrene

(Figure 1b).'! Neutral 9-boraphenanthrene and 9-boraphenanthrene
radicals are hitherto unknown (Figure 1c and d). Recently, we de-
scribed the synthesis of a cyclic(alkyl)(amino) carbene (CAAC)-
stabilized BP-doped phenanthryne, where the boron-adjacent phos-
phorus atom possesses a lone pair (Figure 1e).'?> This study, cou-
pled with our goal of developing boron systems with unusual lumi-
nescent properties, prompted us to target highly conjugated
bis(boraphenanthrenes). Furthermore, a carbon-boron (C=B) dou-
ble bond stabilized by a neutral donor ligand is isosteric and isoe-
lectronic with a C=C bond, and this motif within polycyclic aro-
matic hydrocarbon (PAH) structures typically lead to a decrease in
the HOMO-LUMO energy gaps, permitting access to compounds
with red-shifted absorption and emission bands. '3!3

« Highly stable at room temperature under inert atmosphere
« Bright near-infrared (NIR) emission in the solution- and solid-states
« First structurally characterized 9-boraphenanthrene radical
* Open-shell singlet boron-doped biradical w/95% biradical character

Figure 1. (a) phenanthrene; (b) 9-borataphenanthrene anion; (c)
neutral 9-boraphenanthrene; (d) 9-boraphenanthrene radical; (e)
BP-phenanthryne; (f) anthracene biradical (g) pentacene biradical;
(h) This work: bis(9-boraphenanthrene) and its biradical.

Most of the reported boron-doped PAHs can be characterized by
a closed-shell electron configuration.*® In contrast, boron-doped
PAHs exhibiting an open-shell singlet configuration are rare



(Figure 1f and g).'5!7 This biradical character emerges only when
the biradical resonance structure overcomes the “classical” closed-
shell preference due to a combination of strong electronic factors
and stabilization energy.'3-?° The stability and reactivity of closed-
shell PAHs can be determined by the number of aromatic n-sextet
rings they possess (i.e., Clar's aromatic sextet rule).?!-?> Benzenoid
PAHs with the same chemical composition with more aromatic
sextet rings are more stable and less reactive. In contrast, for open-
shell biradical species, the biradical character (y) increases signifi-
cantly as more aromatic sextet rings form.?> However, stabilizing
the biradical in its open-shell form is challenging because the for-
mation of two radical centers originates from the inherently unfa-
vorable uncoupling of two paired electrons (i.e., the effective loss
of one n-bond). This can be achieved by modulation of design fac-
tors that favor the decoupling of electrons (e.g., extended conjuga-
tion, gain of aromatic stabilization, loss of antiaromaticity, in-
stalling kinetic protection around the radical center to prevent elec-
tron delocalization, or ligand-promoted alteration of electronic pa-
rameters).” Herein, we present a novel synthetic approach which
led to the successful isolation of the neutral bis(9-boraphenan-
threne) (2-3) and bis(9-boraphenanthrene) biradical (4) (Figure 1g).
Notably, compounds 2 and 3 are the first structurally authenticated
examples of neutral boraphenanthrenes, and they exhibit near-IR
emission which is atypical of carbene-stabilized boracycles. More
importantly, 4 represents the first example of an open-shell singlet
boron-doped radical with near-pure biradical character (y = 95%).

H RESULTS AND DISCUSSION

We began our study by seeking to obtain the neutral, non-reduced
bis(chloroboracycle) 1 as a molecular precursor for reduction
chemistry. Compound 1 was synthesized by reacting 2 equiv. of 9-
chloro-9-borafluorene with 1 equiv. of 1,4-bis((trimethylsi-
lyl)ethynyl)benzene in DCM at room temperature (Scheme 1). Af-
ter stirring, 1 precipitated out and was collected as an air- and mois-
ture-sensitive yellow solid in 88% yield. In this reaction, the five-
membered ring of 9-chloro-9-borafluorene undergoes ring expan-
sion to form the six-membered boraphenanthrene. The reaction
proceeds through the formation of a carbocation followed by trime-
thylsilyl migration to the carbocation center (ESI, Scheme 1.1). The
"B{'H} NMR spectrum of 1 (62.3 ppm) is consistent with a trico-
ordinate boron center while the 2?Si NMR resonance appears at -
10.9 ppm. The reduction of 1 with potassium graphite (KCs)?** in
the presence of 1,3-diisopropylimidazol-2-ylidene (I'Pr),®
1,3,4,5-tetramethylimidazol-2-ylidene  (IMes),>® or (2,6-diiso-
propylphenyl)-4,4-diethyl-2,2-dimethyl-pyrrolidin-5-ylidene

(*CAAC)?* in a 1:2:2 molar ratio in THF at room temperature af-
forded solutions that were different shades of red (Scheme 1). The
solutions were filtered, solvent was reduced under vacuum and
stored at —37 °C, which resulted in the formation of red block-
shaped crystals in 65% (for 2), 68% (for 3), and 61% (for 4) yields.
Despite the similarities in the reduction strategies, spectroscopic in-
vestigations into 2-4 supported distinct ligand-promoted differ-
ences in the electronic structures. Combined nuclear magnetic res-
onance (NMR) spectroscopy and X-ray crystal data analysis (vide
infra) for compounds 2 and 3 indicate that a newly formed C=B
bond is in conjugation within the 9-boraphenanthrene moiety, re-
sulting in fully aromatic boracyclic cores stabilized by (I'Pr) and
(IMes), respectively. Indeed, the '"B{'H} NMR spectra of com-
pounds 2 and 3 show an upfield-shifted signal at 6 = 22.3 and 24.4
ppm, which falls in the aromatic region.?*¢ The 2°Si NMR reso-
nances for 2 (9.1 ppm) and 3 (8.4 ppm) experience a slight upfield
shift compared to 1 (10.9 ppm), indicating that electronic changes
propagate to the trimethylsilyl functional group. In notable contrast
to 2 and 3, compound 4 exhibited broad resonances in the "H NMR
spectrum, suggesting the presence of a species with paramagnetic

character. In addition to characterization by multinuclear NMR
('H, BC{'H}, ""B{'H}, ?°Si) and EPR spectroscopy, compounds 1—
4 were analyzed by elemental analysis, which gave data in the ac-
ceptable range for combustion experiments (see SI for details).
While 4 is air- and moisture-sensitive, compounds 2 and 3 possess
high solid-state air-stability (at room temperature) for a base-stabi-
lized reduced boracycle, showing signs of slow decomposition
commencing after 3 days as detected by UV-vis spectroscopy. All
compounds are highly stable in the solid-state or in non-halogen-
ated solvents under inert atmosphere for months.

Scheme 1. Synthesis of closed-shell neutral bis(9-bora-
phenanthrene)s (2-3) and open-shell singlet biradical (4)
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Single crystals of 1-4 suitable for X-ray diffraction studies were
obtained from a concentrated THF solution at room temperature
(Figure 2). In compound 1, the six-membered boracycles are dis-
torted out-of-plane due to steric hindrance with the —SiMes groups
[B1-Cl1---H20A-C20 (-SiMe3) distance = 2.73 A]. Compounds 2
and 3 adopt ‘trans’ and ‘cis’ type geometry where both of the boron
atoms in 9-boraphenanthrene are opposite each other and stabilized
by I'Pr or IMes. The 9-boraphenanthrene units are connected by a
bis((trimethylsilyl)methylene)cyclohexa-1,4-diene subunit, where
the average phenylene C—C (1.45 A) and C=C (1.34 A) bond
lengths indicate that the quinoidal resonance form has a significant
contribution to the ground state electronic structure. The terminal
fused benzene rings which are attached to the borabenzene frag-
ment of the 9-boraphenanthrene units slightly deviate from planar-
ity (5.50° and 7.30° for 2 and 3 respectively), caused by steric con-
gestion at the boron center. The “®"C—B bond distances are sim-
ilar in both the molecules [B1-C41: 1.604(3), B2—C52: 1.609(3) A
for 2 and B1—C7: 1.604(3), B2—C48: 1.594(4) A for 3]. The newly
formed endocyclic B=C double bonds are equal within standard de-
viation [B1-C13: 1.469(4) A, B2-C22: 1.473(3) for 2; B1-C20:
1.467(4) A, B2-C35: 1.475(4) A for 3)] and shorter than the re-
ported B=C bond (1.497 A) in the 9-borataphenanthrene anion.'
Crystallographic analysis of 4 reveal trigonal planar geometry
around the boron centers. The B1-C13 bond [1.619(4) A] is signif-
icantly longer than the B1-C13 bond [1.545(4) A] in 1 due to the
steric hindrance induced by the CAAC ligand. In addition, the <™
beneC_B bond in 4 [1.545(5) A] is shorter than the comparable <
bereC_B bond in 2 [1.609(3) A] and 3[1.601(4) A], but almost equal
to reported CAAC-stabilized boron-centered monoradicals.?* This
can be explained by the strong o-donor and better m-accepting abil-
ities of the cyclic(alkyl)(amino) carbenes (CAACs) compared to
classical N-heterocyclic carbenes (NHCs). The central benzene
ring is aromatic, as shown from the uniform bond lengths,
C15—C16: 1.391(4), C16—C17: 1.397(4), C15-C17: 1.401(4) A
which supports the emergence of the biradical character.



Figure 2. Molecular structures of 1 (a), 2 (b), 3 (c) and 4 (d). The anisotropic displacement parameters are depicted at the 50% probability
level. Crystal data were collected at 100 K. Hydrogen atoms, and solvent molecules are omitted for clarity. Note: Compound 2 has two
crystallographically identical molecules in the unit cell with similar bond lengths and angles. Only one is depicted for comparison purposes.
Selected bond lengths (A) and angles (°): 1: B1-Cl1 1.764(3), B1-C13 1.545(4), C13—Cl114 1.366(4), £/ C13—C14—C15 121.6(2); 2: B1-C13
1.469(4), B2—C22 1.473(3), C18-C21 1.372(3), C21-C22 1.500(3), C15—C14 1.373(3), C14—C13 1.494(3), C15-C16 1.456(3), C16—C17
1.353(3), C17—C18 1.451(3), C18—C19 1.458(3), C19—C20 1.351(3), C20—C15 1.459(3), B1-C41 1.604(3), B2—-C52 1.609(3), £
C13-C14—C15 120.3(2), 3: B1-C20 1.467(4), B2—-C35 1.475(4), C20—C21 1.496(4), C21-C25 1.376(4), C25—C26 1.448(4), C26—C27
1.347(4), C27-C28 1.454(4), C28—C29 1.458(4), C29—C30 1.350(4), C30—C25 1.453(3), C28—C31 1.382(4), C31-C35 1.505(4), B1-C7
1.604(3), B2—C48 1.594(4), £C20—-C21-C25 121.3(2); 4: B1-C21 1.545(5), B1-C13 1.619(4), C15—C16 1.391(4), C16—C17 1.397(4),

C15-C17 1.401(4), £C13—C14—C15 121.1(2).

The paramagnetic nature of 4 was confirmed by solution and
solid-state EPR spectroscopy (Figure 3). In THF, the EPR spectrum
of 4 displays a single broad signal centered at g = 2.004, with no
observable hyperfine splitting, in agreement with EPR spectra ob-
served for carbon-based PAH biradical systems.'®!1%22 The powder
EPR spectrum of 4 displays low and high field transitions (AM;s =
+1) characteristic of organic spin triplets (S = 1); coinciding with a
central transition determined through simulation to be a monoradi-
cal (S = ') impurity originating from a single N— ¢®"C—B spin
system.!7-24¢ The assignment of this impurity is consistent with our
previously reported CAAC-stabilized borepin and borafluorene
radicals, where the spin system is localized to the N—cabereC—B
moiety.!7?* The point-dipole approximation employing the simu-
lated zero-field splitting parameter |D'| (2.62 mT) determined an
average inter-spin distance of 10.2 A, consistent with crystallo-
graphic measurements indicating a distance of approximately 9.57
A between the centroids of the two N—cbC—B fragments. The
half-field transition could not be clearly observed at room temper-
ature due to its intensity being proportional to the 7 inter-spin dis-
tance. However, the signal corresponding to the AMs = +1 transi-
tions were observable at 80 K and showed temperature dependence
between 20-80 K; its intensity diminished as the temperature de-
creased, indicative of a singlet ground state with a thermally acces-
sible triplet (Figure S35, right).
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Figure 3. (a) Experimental and simulated powder X-band EPR
spectrum of 4 at room temperature (simulation parameters: S=1, g
=[2.008 2.001 2.005], |D'|=2.62 mT, [E'|=0.10 mT ; S ="', giso =
2.005, a(N) = 16 MHz, a(B) = 12 MHz; w(S =) = 0.132; RMSD
=0.025) [Inset: Spin-density distribution of OSS 4 calculated at the
BS-B3LYP-D3(BJ)/def2-TZVP (CPCM, THF) level of theory
(isosurface = + 0.003 e a0, green and blue correspond to regions
a- and f-spin, respectively]. (b) Optimized CASSCF(2,2)/def2-
TZVP natural orbitals and natural orbital occupancies for 4.



The electronic structure and spin preferences of compound 4
were evaluated through theoretical calculations. Exploratory DFT
studies were conducted at the B3LYP-D3(BJ)/def2-TZVP level of
theory to assess the relative adiabatic energies of the closed-shell
singlet (CSS), open-shell singlet (OSS) and triplet (T) electronic
configurations. These calculations identified the OSS as the
ground-state, while the triplet and CSS states were found to be
+0.16 and +97.07 kJ mol! higher in energy, respectively. Further-
more, to investigate the magnetic exchange interaction of the OSS
electronic configuration, broken symmetry DFT (BS-DFT) calcu-
lations were conducted. The analysis of the broken-symmetry
wavefunction indicated a weak antiferromagnetic exchange inter-
action (H = -2JSaSs; J = -13 cm’!) between the two paramagnetic
centers. Additionally, the overlap integral (|S%|?) of the magneti-
cally coupled orbitals approached zero (0.038) suggesting that the
single occupied molecular orbitals (SOMOs) are non-coexten-
sive.? This is a feature typically observed in disjointed paramag-
netic species with significant biradical character.? The spin-density
distribution plot derived from the BS-DFT wavefunction of com-
pound 4 provides additional evidence for the presence of two local-
ized paramagnetic centers. This plot reveals a localized region of
a-spin density on one boraphenanthrene moiety and a distinct -
spin density on the other boraphenanthrene moiety (Figure 3a, in-
set). Moreover, calculated atomic spin populations indicate a nearly
balanced distribution among nitrogen (£ 24%), ““ecarbon (+
32%), and boron ( 33%), atoms within the N—*C—B ynits.
(Table S4). Such values are consistent with spin populations previ-
ously calculated for related CAAC-stabilized boron radicals, in
which the spin is found to be delocalized across the N—@beneC—B
moiety.'62*

For a more precise determination of the OSS-T energy gap
(AEoss-1) and to quantify the biradical character of compound 4
multideterminant ab initio calculations were employed. Complete
active space self-consistent field (CASSCF) calculations were em-
ployed, using an active space of two electrons in two orbitals
(CASSCF(2,2)/def2-TZVP) (refer to SI for investigations of an ex-
tended active space). An OSS-T energy gap of -0.14 kJ mol! was
obtained upon the inclusion of dynamic electron correlation using
the DLPNO-NEVPT2 method.?’* For the CASSCF ground-state,
the natural orbital occupation numbers (NOON) were determined
to be 1.02 and 0.98, confirming an OSS electronic configuration for
compound 4 (Figure 3b). Using these values, the biradical character
(y) of 4 was determined to be 0.95.27° The biradical character evi-
dent in compound 4 is markedly greater than that observed in re-
cently reported boron PAH biradicals, which exhibit y values rang-
ing from 0.31 to 0.85 and are accompanied by larger OSS-Triplet
gaps (0.21-6.28 kJ mol-!).16:17.20

The photophysical properties of compounds 2 and 3 were inves-
tigated in detail using standard optical spectroscopic techniques
(Table 1). The absorption spectra of compounds 2 and 3 in THF
show two major bands at ca. 381 and 520 nm, with shoulder peaks
at 364 and 420 nm, respectively (Figure 4). The high energy ab-
sorption peaks of 2 and 3 (381 and 363 nm) are red-shifted by ap-
proximately 114-130 nm compared to phenanthrene, which has a
strong absorption band at 250 nm with a shoulder peak at 295 nm
and a weak broad vibronic absorption band from 290-350 nm.?
Time-dependent density functional theory (TD-DFT) calculations
(CAM-B3LYP-D3(BJ)/def2-TZVP, (CPCM, THF)) conducted on
2 and 3 showed that the lowest energy bands centered at 520 nm
consists of two charge-transfer (CT) transitions (Si«<—So and
S2—S0) from the 9-boraphenanthrene units to p-quinodimethane
(Table S3). The low intensity of these bands can be attributed to the
near perpendicular orientation of the boraphenanthrene and p-
quinodimethane planes in the ground state for both 2 and 3. This
arrangement hinders the orbital overlap between their respective n
orbitals, resulting in symmetry-forbidden transitions that are

weakly allowed. The shoulder band (S3) at 420 nm involves n—m*
local excitations centered on the boraphenanthrene fragments,
while the intense band at 380 nm features similar t—n* local exci-
tations centered on the p-quinodimethane fragment. Conversion of
1 into diradical 4 leads to a bathochromic shift in absorbance. Com-
pound 4 exhibits low energy absorption features at 520 and 472 nm
which resemble the low-lying singlet excited states typical for sin-
glet biradicaloids and are suggested to originate from a doubly ex-
cited electronic configuration.'®

Table 1. Photophysical properties of 2 and 3.

Parameters Compound 2 Compound 3
Aabs (NM) 381, 520 364, 520
e(10°M'em™)  2.5,0.13 1.1,0.23
Aem, lig(nm) 441, 643 441, 643
Aem,sol(nIM) 631 683

Diiq (%) 6.3 33

Dso1 (%) 35 1.2
Lifetime(ns) 15 11.33 (89%)
(T440nm, THF) 4.14 (11%)
Lifetime(ns) 3.73 0.55 (83%)
(T640nm, THF) 3.25 (17%)
Lifetime(ns) 3.78 518

(Tsolid)

aValues in parentheses indicate the relative amplitude weightings of the pre-exponential factors.

Lifetimes measured at A =340 nm.
exct

Despite the synthetic advances in the organoboron field, most of
the reported boron-doped PAHs show a single photoluminescence
feature in the blue to green region of the visible spectrum owing to
their larger HOMO-LUMO energy gap and poor orbital overlap
between donor-acceptor moieties.!"!! Conversely, the literature on
dual emissive or near-IR (NIR) emissive boron-embedded PAHs
are comparatively limited.?6-27-2%-30 Dual emission phenomena gen-
erally arise from two geometrically distinct singlet excited states,
each possessing unique emission characteristics.>! Achieving dual
emission with NIR properties remains a significant challenge, ow-
ing to the absence of well-defined design principles and the ten-
dency for these molecules to undergo vibrational relaxation in the
excited states, resulting in single-color emission from the lowest
energy excited state to the ground state.?'-3> However, when excited
at 380 nm, compounds 2 and 3 exhibit dual emission peaks in THF
at 441 and 643 nm (Figure 5), with a total quantum efficiency (®)
of 6.3 and 3.3%, respectively. The higher energy band at 441 nm
displays a structured pattern, suggesting a locally-excited (LE)
emission, while the broad 643 nm low energy emission feature may
be associated with increased conjugation in the excited state due to
rotation of the boraphenanthrene moieties. This dual emission
mechanism, known as excited state conjugation enhancement
(ESCE) describes the red-shifted emission observed in a conju-
gated system upon excitation, resulting from increased conjugation
length 3334
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Figure 4. UV-Vis absorption spectra of 2 (black), 3 (red) and 4
(blue) in THF (1x1075 M) at ambient conditions.
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Figure 5. Normalized photoluminescnece spectra of 2 (black, Aexct
= 350 nm) and 3 (red, Xext = 350 nm) in THF (1x10-5 M) at
ambient conditions and 2 (2S, blue, Aexct = 350 nm) and 3 (3S,
pink, Aexct = 350 nm) in the solid-state.

To explore the dual emission process in 2 and 3, a comprehensive
examination of the Si potential energy surface (PES) was con-
ducted using TD-DFT. A relaxed PES scan of 3 initiated from the
Franck-Condon (FC) state, located two distinct minima (Figure 6a):
a LE state, resembling the ground state minimum, and an ESCE
state, characterized by a rotation of both boraphenanthrene frag-
ments (£ 49°) toward the p-quinodimethane plane. The geometry
of the LE state exhibits partial rotation of a single boraphenan-
threne unit, -20° relative to the FC state geometry. The ESCE state
is energetically more favorable, situated -36 kJ mol'! below the LE
state. The calculated vertical emission energies correspond well
with the experimental data, with the LE and ESCE states exhibiting
vertical emission energies of 476 and 698 nm, respectively. Exam-
ination of the HOMO and HOMO-1 orbitals in the ESCE state re-
veals 7 orbital mixing between the boraphenanthrene and p-
quinodimethane units, which is only observed in the locally excited
(LE) state and absent in the ground state (So) (Figure 6a and 6b).
As a result, the emission from the LE state can be assigned to a
localized emission centered on the boraphenanthrene units, while
the lower-energy ESCE emission stems from the rotation and

subsequent enhanced conjugation between boraphenanthrene and
p-quinodimethane moieties.

Furthermore, the origin of the dual emission is also supported by
the time-resolved decay measurements (Table 1). Compound 2 fits
a mono-exponential decay monitored at 440 and 643 nm, with PL
lifetimes of T =15 ns (100%) and t = 3.73 ns (100%), respectively
(Figure S17). Meanwhile, the time-resolved decay curve for 3 dis-
plays two components with PL lifetimes of4.14 ns (11%) and 11.33
ns (89%) at 440 nm, and 0.55 ns (83%) and 3.25 ns (17%) at 643
nm, respectively (Figures S29 and S30). From PL lifetime analysis,
shorter lifetimes are assigned to the ESCE emission, and longer
lifetimes are assigned to LE emission. Both compounds are red
emissive in the solid-state. Solid samples 2 and 3 display a single
emission peak at 631 and 683 nm and a broad emission tail up to
850 nm (Figure 5). Interestingly, in the solid-state, an unusual 12
nm hyposochromic shift is observed for 2 while the emission of 3 is
shifted into the red region by 50 nm with respect to their liquid-
state fluorescence emission in THF solvent (Amax, solid = 443 nm).
This can be explained by analyzing the molecular structures. Based
on the crystal data, the 9-boraphenanthrene unit of 2 is almost per-
pendicular to its p-quinodimethane moiety. The dihedral angle be-
tween the 9-boraphenanthrene and p-quinodimethane unit is 84.9°
for 2 and 75.3° for 3. As a result, the ESCE process in the solid-
state is not as prominent as in the solution state for 2. Also, the
presence of isopropyl groups on the 1'Pr-NHC in 2 prevents and re-
stricts the extended ESCE process in the solid-state.
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Figure 6. (a) Potential energy surface depicting the ESCE dual
emission process for 3, and optimized LE and ESCE geometries.
(b) Ground (So) and (c) ESCE state (S1) frontier molecular orbitals
of 3, calculated at the CAM-B3LYP-D3(BJ)/def2-TZVP//B3LYP-
D3(BJ)/def2-TZVP (CPCM, THF) level of theory (hydrogen atoms
and IMes ligands omitted for clarity).

In contrast, the red-shifted solid-state emission for 3 is produced
via an extended ESCE process in the solid-state due to less steric



hindrance. The small NHCs and reduced dihedral angle between 9-
boraphenanthrene and the p-quinodimethane unit play a significant
role to yield a bathochromic shift for 3 in comparison to the solu-
tion state emission. Both compounds show a mono-exponential de-
cay at 631 and 683 nm with lifetimes t = 3.78 ns (100%) and 5.18
ns (100%), respectively (Figures S22 and S34). Furthermore, the
solid-state quantum yields are 3.5% and 1.2%, respectively. The
lower quantum yield in the solid-state of 2 and 3 can be explained
by the fluorescence quenching related to the small energy gap and
fast radiative decay process. Additionally, the 1931 Commission
Internationale de I'éclairage (CIE) chromaticity coordinates are cal-
culated from the corresponding photoluminescence spectra. The
CIE coordinates for 2 and 3 in THF are found to be (0.56, 0.30) and
(0.30, 0.18) which is in the red and violet-white region, respectively
(Figures S16 and S25). The solid samples of 2 and 3 showed red
light emission with CIE coordinates of (0.65, 0.34) and (0.66, 0.33)
respectively (Figures S20 and S32).

Bl CONCLUSIONS

In conclusion, we report the first example of neutral bis(9-bora-
phenanthrene) and its stable biradical, which are obtained by the
reduction of chloroboracycle (1) with KCs in presence of NHCs
and CAAC, respectively. The NHC-stabilized bis(9-boraphenan-
threne)s (2-3) show intramolecular charge transfer absorption from
the 9-boraphenanthrene units to p-quinodimethane, exhibiting in-
triguing dual (red-shifted) emission in solution due to excited state
conjugation enhancement (ESCE). The open-shell singlet biradical
form of bis(9-boraphenanthrene) is isolated using the CAAC lig-
and, where experimental and theoretical results identify 4 to be a
disjointed biradical species, exhibiting the highest reported degree
of biradical character among all boron-based PAHs currently
known. This work capitalizes on new ring expansion methodology
to obtain six-membered boraphenanthrene heterocycles, which
hold great potential to produce a range of boron heterocycles with
intriguing optical and/or magnetic properties that would otherwise
be inaccessible.
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Supporting Information

The supporting information file contains experimental details,
NMR spectra, photophysical data, single-crystal X-ray diffraction
data, and computational details (PDF). Crystallographic data for 1,
2, 3, and 4, (CIF) has been submitted to CCDC (2271409-
2271412). The CIF can be obtained free of charge from the Cam-
bridge Crystallographic Data center via
www.ccde.cam.ac.uk/structures.
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