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ABSTRACT: Reduction of 2-(BMes,)pyrene (B;) and
2,7-bis(BMes,)pyrene (B,) gives rise to anions with
extensive delocalization over the pyrenylene bridge and
between the boron centers at the 2- and 2,7-positions, the
typically unconjugated sites in the pyrene framework. One-
electron reduction of B, gives a radical anion with a
centrosymmetric semiquinoidal structure, while two-
electron reduction produces a quinoidal singlet dianion
with biradicaloid character and a relatively large Sy—T,
gap. These results have been confirmed by cyclic
voltammetry, X-ray crystallography, DFT/CASSCEF calcu-
lations, NMR, EPR, and UV—vis—NIR spectroscopy.

he design and synthesis of organic open-shell biradicals'

have attracted much interest because of potential
applications in materials science, e.g., energy storage, two-
photon absorption, spintronics, and field-effect transistors.>
Pyrene derivatives have numerous applications in organic
electronics. Most reported pyrene derivatives have been limited
to substitution at the 1-, 3-, 6-, and 8-positions (Chart 1), with

Chart 1. Structures of Pyrene, 1, 2, B;, B,, [B,], and [B,]*"
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“The biphenyl unit of pyrene according to Clar’s aromatic 7-sextet
rule’ is indicated in bold.

substitution at the 2- and 7-positions being considerably rarer.’ It
is difficult to functionalize the 2- and 7-positions of pyrene
directly, as these sites are situated on two nodal planes in both the
HOMO and LUMO, ie., those in and perpendicular to the
molecular plane.* However, substituents at the 2-position affect
the photophysical properties differently than those at the 1-
position, leading to differences in the energies and intensities of
their lowest-energy transitions and their radiative lifetimes.>
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The usually poor conjugation to substituents at the 2- and 7-
positions of pyrene offers the possibility to form biradicals by the
introduction of suitable spin-carrying substituents at these sites.®
Miillen studied the dianions of 2,2'-bipyrenyl and 2,2":7',2"-
terpyrenyl, which have biradical character with a small Sy—T),
transition energy.6a Complete active space (CAS[10,10])
calculations by Baumgarten showed that the 2-(anthracen-9-
yl)pyrene dianion has a triplet ground state with a small S—T gap
of 0.3 kcal mol™" and a spin density distribution similar to the
sum of those for the monoradical anions of pyrene and
anthrancene.®” Pyrenes with two nitroxide-based radical moieties
at the 2,7-positions are singlet biradicals with small S—T gaps,%*~*
but the spin-carrying atoms are not directly connected to pyrene.
Pyrene derivatives with pronounced quinoidal structures have
been postulated” but not yet confirmed.

Three-coordinate boron compounds have found use in various
organic electronic materials because the empty p orbital of the
boron center makes it a very strong electron acceptor® and spin
carrier.” Kaim showed that when compounds containing two
boron centers separated by a s-conjugated bridge, such as 1,4-
phenylene or 4,4'-biphenylene,'® are reduced by one electron,
class-IIT mixed-valence species result.""

While the LUMO of most 2- and 2,7-substituted pyrene
derivatives has no contribution at the 2-position, the LUMO of
the BMes, derivative B; (Mes = 2,4,6-Me;-C¢H,) (Chart 1) is
constructed by mixing the B;, LUMO+1 of pyrene with the
empty p orbital of the boron atom of the BMes, fragment, givin§
rise to a large coefficient at the pyrene 2-position (Figure 1).
Thus, while the LUMO of pyrene is little-affected by the
substituent at the 2-position, mixing of its LUMO+1 with boron
leads to a switch in the order of the pyrene-like virtual orbitals.
DFT calculations show that the LUMO of 2,7-bis(BMes, )pyrene
(B,), which has large coefficients at the 2,7-positions, is
distributed over the two boron centers and the whole pyrenylene
bridge (Figure 1). Thus, the reduced products of B, and B, may
be predicted to display extensive delocalization over the pyrene
core and the boron center(s). Our combined experimental and
theoretical confirmation of this hypothesis is reported herein.

The cyclic voltammograms of B, and B, were recorded in
THEF (Figure 2). The first reduction process of By at E; /, = —2.39
V vs Fc/Fc" is reversible and corresponds to formation of the
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Figure 1. Key orbitals of pyrene, B}, and B, at their DFT (B3LYP/6-
31G*)-optimized geometries.
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Figure 2. (a) Cyclic voltammograms of (top) B and (bottom) B,. The
dashed line shows the response upon one-electron reduction (cf. Figures
S7 and S8 in the SI). (b) Experimental (black) and simulated (red)
continuous-wave X-band EPR spectra of (top) [B;]” and (bottom)
[B,]™ in THF solution at room temperature.

radical anion, with a reduction potential comparable to that of
PhBMes, (—2.30 Vvs Fc/Fc* in DMF).'% The second reduction
wave is ascribed to a pyrene-localized reduction. B, shows two
reversible one-electron reductions at E, , = —2.17 and —2.45 V'vs
Fc/Fc'. The first reduction potential of B, is 0.22 V more positive
than that of B,, indicating that the introduction of the second
BMes, group stabilizes the LUMO. The separation of the first
and second reduction waves (AE = 0.28 V) is comparable to that
of 4,4'-bis(BMes,)-1,1"-biphenyl (1) (AE = 0.25 V),'*
suggesting charge delocalization in the one-electron-reduced
species ° and rendering the monoradical anion stable with
respect to disproportionation (comproportionation constant =
5.6 X 10*) and therefore a potential synthetic target.

In order to develop a methodology for the preparation of such
mixed-valence anions, we initially focused on the reduction of the
well-studied compound 25910 (Chart 1) and were able to isolate
and determine the crystal structure of its K* salt (K* = [K(18-
crown-6)(THF),]*; see the Supporting Information (SI)).
Encouraged by this, we sought to isolate and characterize the
monoanions of B; and B, and the dianion of B,. B,K, and B,K;
were synthesized by addition of K" anthracenide to THF
solutions of B; and B,, respectively. B,Li, (Li* = [Li(THF),]")
was prepared by reduction of B, with excess lithium
naphthalenide.

B,K, has an EPR hyperfine coupling constant (g, = 2.003,
a(''B) = 6.5 G) that is smaller than those of other triarylborane
radical anions, e.g., [BMes;]™ (9.87—10.3 G) and [BPh;]™ (7.84
G),"* indicating considerable spin delocalization into the pyrene
unit in [B,]™. In contrast, the EPR spectrum of B,K; shows no
hyperfine splitting (g, = 2.003, half width at half-maximum
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(HWHM) = 3 G). The absence of resolved hyperfine coupling is
likely due to the many different couplings arising from a highly
delocalized structure in which the spin density of the ungaired
electron is distributed over the pyrene and BMes, units."”" The
doubly reduced compound B,Li, is EPR-silent in solution at
room temperature, indicative of a singlet state. The ''B NMR
signal of B,Li, (6 = 38 ppm) is shifted to sigificantly higher field
than that of B, (8, = 7S ppm, solid state) because of the higher
electron density on the boron centers after reduction. While the
"H NMR signals of the mesityl protons of B,Li, (§ = 6.42 (8H),
2.12 (24H), 2.04 (12H) ppm) are similar to those of B,, those of
the pyrene protons are shifted significantly to higher field (& =
4.33 (4H), 4.20 (4H) ppm). This upfield shift, while smaller than
that of pyrene dianion" from neutral pyrene, still signifies
considerable electron delocalization onto the pyrene unit. There
is no line broadening in either the 'H or “C{'H} NMR
spectrum, confirming that T, is not thermally accessible in
solution up to 40 °C.

In the X-ray structures of the neutral compounds B, and B,
(Figure 3 and Table S3 in the SI), the B—C bond lengths a and b
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Figure 3. (top) X-ray structures of (left) B, and (right) B, (C, black; B,
green; H atoms omitted for clarity). (bottom) Side views of the twist
between the BC, (magenta) and pyrene (cyan) planes in the structures
of B,, [B,], and [B,]*” (one BMes, group omitted for clarity).

are similar. While the biphenyl unit (Chart 1) has typical
aromatic C—C bond lengths (bonds ¢, d, and f), bond g (B,
1.353(3); B,, 1.354(5) A) is more typical of a C=C double
bond, indicating that the structure of pyrene obeys Clar’s sextet
rule,'* i.e, it can be viewed as a biphenyl unit constrained to be
planar by two —CH=CH-— groups.

The X-ray structure of B;K; reveals electron delocalization
between the boron center and pyrene, including shortening of
the B—C(pyrene) bond by 0.049 A relative to B, a decreased
dihedral angle between the pyrene and BC; planes (8.7(1)° vs
36.32(6)° in B,), and changes in the C—C bond lengths of the
ring directly bonded to the BMes, group (bonds ¢, d, and f). DFT
(UB3LYP/6-31G*) optimization of [B;] ™ also shows delocaliza-
tion of the excess electron, with the spin density distributed
between the pyrene (40%) and BMes, (60%) groups.

The fact that in B,K| the anion is located on a crystallographic
inversion center without disorder (see the SI), the significant
reduction of the angle @ between the BC; and pyrene planes from
31.7(1)° in B, to 14.2(1)° in [B,]”, and the observed bond-
length alternation (BLA) of the biphenyl unit (0.033 A),
testifying to a semiquinoidal structure, indicate strong
conjugation between the boron centers and the pyrenylene
bridge. The spatial distribution of the a highest occupied spin
orbital (a-HOSO) of [B,] is similar to that of the LUMO of B,,
i.e,, there is significant delocalization of the excess electron across
the whole molecule.
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In the X-ray structure of B,Li,, the [B,]*” anion lies on a
crystallographic inversion center. The angle between the BC;
and pyrene planes decreases further to 9.8(1)°, which is much
smaller than that in B, or even [B,]~, consistent with effective -
orbital overlap between the boron centers and the pyrenylene
bridge. The B—C(pyrene) bond a is shortened significantly to
1.510(3) A, which is in the range of known B=C(aryl) double
bonds.”™'® The lengthening of the ¢ and f bonds, as well as the
shortening of the d and h bonds, leads to a quinoidal structure.
The BLA of the biphenyl unit (0.058 A) is significantly enhanced
compared with those of [B,]” and the recently reported
semiquinoidal structure of a pyrene derivative with nitroxide
substituents at the 2,7-positions (0.020 A) A indicating enhanced
quinoidal structure. The experimental BLA is similar to that of
the optimized closed-shell structure (0.054 A) but larger than
that calculated for the broken-symmetry open-shell singlet
(0.032 A), although the latter is affected by spin contamination,
as is typical for this type of calculation. The bond lengths and
BC,/pyrene torsion angle in the X-ray structure of [B,]*", as well
as their changes relative to B,, are closer to the calculated closed-
shell singlet structure (see the SI). The presence of an
unrestricted, broken-symmetry singlet solution below the
restricted solution in energy indicates that the wave function is
not well described by a single determinant; thus, we used
multiconfigurational methods to determine more accurate
energies. A CASSCF[10,10]/cc-pVDZ calculation of the singlet
state of [B,]*” at the DFT RB3LYP/6-31G* D,-symmetry-
constrained optimized geometry gave natural orbital occupation
numbers (NOONS) of 1.48 (b; HOMO) and 0.52 (b, LUMO).
In the corresponding multistate CASPT2 computation, the
second most important configuration (LUMO* < HOMO?)
contributes around 13%. This indicates partial biradicaloid
character in the lowest singlet state. These values can be
compared to those for the 2,5-bis(borolyl)thiophene dianion
(NOONSs: 1.65 (HOMO), 0.35 (LUMO); 18% doubly excited
conﬁguration),léb which show that the two molecules have
similar biradicaloid character. This CASPT2 calculation provided
an estimated S,—T; energy gap of 13 kcal mol ™. This relatively
large energy spacing is consistent with experiment (ie. no
thermal population of T, at room temperature) and is larger than
that of the 2,5-bis(borolyl)thiophene dianion (6.2 kcal
mol ™)'

The UV—vis—NIR absorption spectra of B,, B,, and their
anions were measured in dry Et,O solutions under Ar (Figure 4).
Like other 2- and 2,7-substituted pyrene compounds,” the S; <
S, transitions of B; (413 nm, & = 2100 M~! cm™) and B, (444
nm, & = 2800 M™' cm™') are weak with stronger S, « S,
transitions.

Compared with the S; «<— S, bands of the neutral compounds,
the lowest-energy bands of the anions [B,]~, [B,], and [B,]*~
are very intense and red-shifted, similar to those of the radical
anions of their phenylene and biphenylene analogues.'* Blue-
colored B,K, has a strong transition at 782 nm (& = 22000 M~
cm™"), which is bathochromically shifted by 1660 cm™ from that
of the PhBMes, radical anion (692 nm, & ~ 1900 M~! cm™).'%
The band position is reproduced moderately well by TD-DFT
(CAM-B3LYP/6-31G*, Et,0 CPCM solvation), which predicts
a value of 1.90 eV (f = 0.42) of a-LUSO « a-HOSO character
(experiment 1.62 eV). A transition at 0.93 eV is predicted to have
very low oscillator strength (f = 0.002) and is not experimentally
observed. The shapes of all of the absorption bands of B,K, are
similar to those of [1]7,'* but the band positions differ. The
lowest-energy transition of B,K; (1405 nm, &€ ~ 48000 M™!

6752

Wavenumber (cm’

25000 20000 15000 10000

O a2 a4 a -
® o N B O
L L M-

Absorbance

o
»
Lo

T T T T T T
400 500 600 700 900 1200 1800
Wavelength (nm)

Figure 4. UV—vis—NIR absorption spectra of B;, B,, and their anions
(1.6 X 107° M in Et,0). The weak absorption band between 1100 and
1800 nm in the spectrum of B,Li, is due to traces of the monoanion.

cm™) is red-shifted by 550 cm™ relative to that of [1]~ (1305
nm, & = 31200 M™' cm™'). Such intense long-wavelength
absorption bands are usually interpreted as intervalence charge
transfer (IVCT), or charge resonance, bands of class-III mixed-
valence systems,''? but the inability of a two-state model to
describe accurately the electron distribution over the pyrene
bridge in [B,]” leads us to prefer the term “completely
delocalized”. The vibrational splitting of 1500 cm™" (by band
deconvolution) is similar to that of [1]~ and other biphenylene-
bridged monoradicals.'* These data indicate that the pyrenylene
unit acts here as a conjugated, planarized biphenylene bridge.
TD-DEFT calculations within the Tamm—Dancoff approximation
(see the SI) gave a value of 0.88 €V (experiment 0.89 €V) with a-
LUSO « a-HOSO character for the low-energy, strongly
allowed (f=0.71) transition.

The S; « S, transition of the dianion B,Li, at ca. 760 nm (& ~
81000 M~! cm™") is red-shifted from those of [2]*~ (665 nm, £ ~
11700 M~ em ™)' and [1]*~ (736 nm, &£ = 67700 M~! cm™).
The red shift of the pyrene—BMes, compounds relative to their
phenyl analogues is likely due to the enlarged 7 bridge of the
pyrene system.

In conclusion, we have demonstrated that the anions of B; and
B, show strong communication between the boron center(s) and
pyrene across the 2- and 2,7-positions. Through effective mixing
of the LUMO+1 of the pyrene fragment and the B 2p orbitals of
the strongly electron-accepting BMes, substituents located at the
2- or 2,7-positions, the LUMOs of B; and B, have reasonably
large orbital coefficients at these positions (unlike the LUMO of
pyrene) as well as on the boron atoms. By chemical reduction of
B, and B,, it was possible to isolate and structurally characterize
the mono- and dianions [B;]7, [B,] ", and [B,]*". The unpaired
electron in [B,] ™ is completely delocalized over the B—pyrene—
B molecular backbone, which has a centrosymmetric semi-
quinoidal structure and a low-energy NIR absorption band (1405
nm). Sharp NMR peaks and EPR silence reveal that [B,]*~ has a
singlet ground state without any noticeable population of the
triplet state up to 40 °C, which agrees well with CASPT2
calculations predicting a ca. 13 kcal mol™" S-T gap. Comparison
of the geometries of the X-ray and DFT-optimized structures
suggests that the ground state of [B,]*” is not far from a closed-
shell singlet, while broken-symmetry DFT and CASSCF
calculations indicate some biradicaloid character. Our results
show that with a judicious choice of substituents at the 2,7-
positions, pyrene provides an effective, rigid, conjugated
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alternative to the widely employed biphenylene linker for various
optoelectronic materials with potentially enhanced properties.
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