Boron-doped Pentacenes: Isolation of Crystalline 5,12- and 5,7-Di-

boratapentacene Dianions

Joshua E. Barker, Akachukwu D. Obi, Diane A. Dickie, Robert . Gilliard*

Department of Chemistry, University of Virginia, Charlottesville, Virginia 22904, United States

ABSTRACT: The syntheses, molecular structures, reactivities and computational assessment of dipotassium diboratapenta-
cene isomers are described (1-2). These compounds represent the first examples of aromatized diboraacenes where the bo-
ron atoms are spatially separated in different rings of the acene framework. Both 1 and 2 react with carbon dioxide (COz) via
diastereoselective carboxylation of the pentacene backbone that likely proceeds by a frustrated Lewis pair-like mechanism.
The placement of the boron atoms and the reactivity studies provide a platform for later stage functionalization of di-
boraacenes beyond the central ring of the polycyclic aromatic hydrocarbon core.

Developing new synthetic methods to selectively dope boron
in specific positions of traditional carbonaceous heterocycles
has become a key strategy to obtain materials with unusual
electronic structures and/or photophysical properties.t
Boraacenes (BAs) are a versatile class of boron-doped hetero-
cycles which have shown promise for small molecule activa-
tion,2 nanographene synthesis,3 and the development of or-
ganic electronics.* Their genesis can be traced to the first re-
ports of anionic boratabenzenes by Herberich> and Ashe.¢ De-
spite a substantial amount of work in this area since then,”
there have been few examples of BAs with m-extension beyond
anthracene. Notably, despite the popularity of their all-carbon
analogues, borapentacenes are rare and the only example of a
fully aromatized borapentacene was synthesized by Piers and
coworkers.?

An advantage of synthetically doping boron atoms into conju-
gated hydrocarbons is the ability to chemically reduce boron
due to its vacant p. orbital.1? This allows for modulation of the
electronic structure of BAs which leads to control over reactiv-
ity. The utility of this strategy can be illustrated with 9,10-di-
boraanthracenes.? Unreduced 9,10-diboraanthracenes have a
formally antiaromatic central ring due to unoccupied p: orbit-
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Figure 1. Diboraacenes: a) 9,10-diboranthracenes [NHC = N-
heterocyclic carbene, CAAC = cyclic(alkyl)(amino) carbene]; b)
anionic diboratapentacenes described in this work.

als on boron,!! however, reduction leads to a fully aromatized
electron-rich anthracene motif. Anionic 9,10-diboraanthra-
cenes reported by Wagner (I, Figure 1a) show novel reactivity
with a variety of small molecules (e.g., COz, Hz, alkenes) as are-
sult of cooperative reactivity from both boron atoms.12 Simi-
larly, neutral carbene-stabilized 9,10-diboraanthracenes syn-
thesized by Harman (II)13 and Braunschweig (III)14 react with
€Oz, 02, CO, and other small molecules. Despite these promising
results, diboraacenes (DBAs) beyond 9,10-diboraanthracenes
are underexplored, and the overwhelming majority of struc-
tures contain both boron atoms in the same ring. There are few
examples of m-extended DBAs,#11a15 but none of them contain
an aromatized acene motif. Overall, synthetic routes to DBAs
with boron atoms separated into different rings are almost
non-existent and it has been noted that such targets are syn-
thetically challenging to achieve.l5¢ Nevertheless, new DBA
structures are important as templates for a wide range of new
functional molecules and materials.

Considering our established interest in reduced boracycles
containing 5- and 7-membered rings,'¢ we reasoned that we
could apply reduction strategies for the development of m-ex-
tended linear acenes. We posited that separation of the boron
atoms into different rings would open the door to dual reactiv-
ity and functionalization of acenes beyond the central position
of the polycyclic aromatic hydrocarbon core. Herein we report
the synthesis, molecular structures, computations, and reactiv-
ities of 5,12-diboratapentacene (1) and 5,7-diboratapentacene
(2) dianions (Figure 1b). Importantly, these molecules repre-
sent the first examples of aromatized DBAs where the two bo-
ron atoms are spatially separated in different rings within the
acene framework. Moreover, both 1 and 2 readily react with
CO: to give diastereoselective syn or anti carboxylation across
the boron rings depending on the presence or absence of coor-
dinating 18-crown-6 ethers.

The synthesis of diboratapentacenes (DBPs) 1 and 2 began
from 2,5-dibromoterepthalaldehyde (3)!7 and 2,4-dibro-
moisophthalaldehyde (4)!8 (Scheme 1). Reaction of iPrMgCl
with 2-bromo-iodobenzene formed the mono-Grignard, to
which solutions of 3 or 4 were added to yield phthalyl alcohols
5 and 6. The alcohols were reduced to diphenyl-xylenes 7 and
8 in moderate to high yields using either BF3¢OEt2/Et3SiH or
HI/AcOH conditions. Tetramethyldisilapentacenes 9 and 10



Scheme 1. Synthesis of 5,12- and 5,7-Diboratapentacene.
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were generated following tetralithiation of 7 and 8, and subse-
quent quenching with neat MezSiClz. Silicon-boron exchange
with 9 and 10 in neat BBr3 proceeded readily at room temper-
ature resulting in tetrahydro-dibromoborapentacenes 11 and
12 in moderate yields. Formation of these boracycles was con-
firmed by X-ray crystallography (Figure S1) as well as the ap-
pearance of a broad resonance at 61.5 ppm in the 1B NMR
spectra of 11, indicative of tricoordinate boron species. Due to
poor solubility no sufficiently resolved 1B NMR spectrum of 12
could be obtained. Methylation of compounds 11 and 12 was
carried out by the addition of MeMgBr to their respective tolu-
ene solutions at 0 °C, producing 13 and 14. Addition of the me-
thyl group led to slight downfield shifts in the 1B NMR spectra
(6 63.6 ppm and 62.6 ppm for 13 and 14, respectively), typical
of tricoordinate arylboranes. Finally, deprotonation with
KHMDS yielded the desired dipotassium 5,12-dimethyl-5,12-
diboratapentacene (1) and dipotassium 5,7-dimethyl-5,7-di-
boratapentacene (2). The addition of 18-crown-6 during
deprotonation produces 1¢2(18-crown-6) or 2¢2(18-crown-6)
as monomeric complexes. Upon deprotonation with KHMDS
and subsequent aromatization of the boron ring, the C-8 pro-
tons in 1 (6.98 ppm, for numbering see Figure 2a) and C-7/C-
14 in 2 (7.52 ppm, for numbering see Figure 2b) appear far
downfield from the analogous shifts in 13 (4.52 ppm) and 14
(4.48 ppm). As aresult of increased electron density around the
boron atoms, the 11B shifts of both 1 (43.3 ppm) and 2 (42.8

2+2(18-crown-6) (42%)
ppm) are upfield-shifted when compared with 13 and 14. No-
tably, the 1H NMR spectra are nearly identical between deriva-
tives with or without 18-crown-6. This indicates that there is
likely a similar coordination environment of the potassium at-
oms in solution for both molecules.

DBPs 1 and 2 are dark green both in the solid state and in so-
lution. UV-Vis spectra of dilute THF solutions of 1 and 2 are
shown in Figure 2. When compared with reports of substituted
all-carbon acenes?9 the characteristics of 1 and 2 are compara-
ble to those of hexacene and heptacene which is consistent with
previous observations of boron-doped acenes. Both com-

25
— 1
=
o
2 l © 08
- @
: g os
< 8 04
o 15 £ 0.
c 202
© e
£ 4
° ] r . - ]
§ 550 650 750 850 950
A(nm
0.5 (nm)
0 T T v —————
300 400 500 600 700 800 900
A (nm)

Figure 2. UV-Vis spectra of 1 (Navy) and 2 (Orange) in THF.



and disordered THF molecules have been removed for clarity. Ellipsoids drawn at 50% probability. Selected bond lengths (A) -
1+3(THF): C1-B1 1.600(4), B1-C2 1.517(4), C2-C7 1.455(4), C7-C8 1.405(4), C8-C9 1.426(3), C9-C101 1.457(3), C11-B1 1.547(4);
2¢3(THF): C21-B1 1.587(15), B1-C1 1.514(15), C1-C6 1.423(15), C6-C7 1.394(15), C7-C8 1.420(13), C8-C9 1.464(12), C9-B1
1.533(14); 12(18-crown-6): C11-B1 1.601(4), B1-C1 1.518(4), C1-C6 1.453(4), C6-C7 1.386(4), C7-C8 1.425(4), C8-C10’ 1.455,
C10’-B1 1.544; 22(18-crown-6): C21-B1 1.610(11), B1-C1 1.513(14), C1-C6 1.453(13), C6-C7 1.438(18), C7-C8 1.388(19), C8-C20

1.484(17), C20-B1 1.536(18).

pounds share similar features, with strong high-energy transi-
tions (1, Aabs = 468 nm; 2, Aabs = 445 nm) and a weaker low-
energy absorbance (1, Aabs = 744, 816 nm; 2, Aabs = 634, 759,
856 nm) exhibiting the vibronic structure typically seen in
acenes. TD-DFT calculations, performed at TD-B3LYP/6-
31G(d,p) level of theory, attribute the low-energy absorbance
to the HOMO to LUMO transition for both molecules which is
consistent with other acenes. Notably, the lowest energy Aabs
values for 1 and 2 are red-shifted ~60 nm and ~100 nm,
respectively, from unsubstitued heptacene (753 nm)'*® and in a
similar range as silyl-ethynyl substituted heptacenes.!*

The molecular structures of 13 and 14 (Figure S2) were ob-
tained from crystals grown from vapor diffusion of hexanes
into toluene. Additionally, air and moisture-sensitive single
crystals of 1¢3THF and 2¢3THF as well as their crown-ether
adducts were grown at -37 °C either by vapor diffusion of hex-
anes into THF solution (1¢3(THF)), simple recrystallization
from THF (1e2(18-crown-6)), or by layering hexanes over a

THF solution of the desired dianion [2¢3(THF), 2¢2(18-crown-
6)]. These methods yielded dark green plate [1¢3(THF),
2¢3(THF), 2¢2(18-crown-6)] or block-like crystals [1¢2(18-
crown-6)] which were suitable for X-ray diffraction. For both
1e3(THF) and 2e3(THF), the solid-state crystal structures
showed two crystallographically distinct molecules in the unit
cell, with co-facially bound potassium atoms stabilized by three
THF molecules (Figure 2). The aromatization of the boron-con-
taining rings is observable by the shortening of the C7-C8
(1.405(4) A) and C2-B1 (1.517(4) A) bonds in 1 relative to the
analogous bonds in 13 (C6-C7 1.5040(13) A, C1-B1 1.5545(15)
A respectively). Similar evidence for aromatization is seen in
the C1-B1 (1.514(15) A) and C6-C7 (1.394(15) A) bonds of 2
when compared to C6-C7 (1.486(16) A) and C1-B1 (1.573(19)
&) in 14. For 1¢3(THF) and 2«3(THF), the potassium atoms ex-
hibit n3-né-coordination with metal-centroid distances be-
tween 2.8229(12) and 3.0357(12) A in 1 and 2.765(4) to
3.078(4) A in 2. Both compounds crystallize as 1-D
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Figure 4. a) HOMO and LUMO plots of 1’ and 2’; b) NICS-XY

scan plots of 1’ and 2’. All calculations were performed at the
B3LYP/6-31G(d,p) level of theory.

coordination polymers where the potassium atoms bound to
each boron ring are shared in a face-to-face fashion with the
next molecule. Unsurprisingly, crown ether coordination in
1e2(18-crown-6) and 2¢2(18-crown-6) interrupts this packing
motif. For these two structures, the potassium atoms are coor-
dinated on opposite sides of each diboratapentacene unit and
are 12- or n3-bound to the internal side of each boron ring.
Nucleus independent chemical shift (NICS) calculations were
performed to determine the aromaticity of the diboratapenta-
cene structures. NICS X-Y scans20 were calculated at the
Scheme 2. Reactions of COz With Diboratapentacenes.
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Figure 5. Molecular structures of 15 (a), 16 (b), and 15¢2(18-
crown-6) (c). Hydrogens and solvent have been removed for
clarity. Ellipsoids are drawn at 50% probability.

B3LYP/6-31G(d,p) level of theory for 1’, 2’, as well as penta-
cene (Figure 3). As is typical for extended acenes, both 1’ and
2’ contain stronger local aromaticity in the central ring (ring C),
which is also seen in pentacene. The aromaticity progressively
decreases moving to the outer rings. While both 1’ and 2’ are
less aromatic than pentacene, 2’ shows the weakest overall aroma-
ticity. The central ring of 2’ is ~3.5 ppm less aromatic than that
of 1" which in turn is only ~1.5 ppm less aromatic than penta-
cene. It is likely that the weaker aromaticity of 2’ results from
decreased delocalization of m-electrons due to the arrangement
of the boron atoms within the pentacene framework. This is
also reflected in the HOMO plots of 1’ and 2".

In order to examine electronic structure, we also generated
HOMO and LUMO plots for 1, and 2’. Based on the work by
Wagner212¢ and Bickelhaupt?! we expected that 1 and 2 could
potentially activate small molecules with an FLP-like mecha-
nism? where the external carbons of the boron ring (C8 for 1’,
C7/C14 for 2') and the boron atoms react cooperatively as
Lewis bases and Lewis acids, respectively. Calculations of the
frontier orbitals of 1 and 2 (calculated as free dianions, 1’ and
2', Figure 5a) supported this hypothesis showing that, while
the HOMO is distributed more evenly across the molecule, the
boron atoms have a much greater contribution to the LUMO.



Charging J-Young NMR tubes containing solutions of 1, 2, and
1e2(18-crown-6) with 10-15 psi of CO2 (Scheme 2) led to clean
conversion to 15, 16, and 15¢2(18-crown-6), respectively.
NMR spectra showed that the C-8 proton resonance of 15 was
shifted upfield to 4.47 ppm (MeCN-d3), while the C7/C14 reso-
nance for 16 was shifted to 4.34 ppm (THF-d8), both confirm-
ing dearomatization of the boron rings. Additionally, the up-
field singlet associated with the methyl group was shifted far-
upfield at 0.32 ppm for 15 and 0.33 ppm for 16 as a result of
the tetracoordinate boron atom. The presence of COz in 15 and
16 was verified by the appearance of a downfield 13C NMR res-
onance (178.9-181.3 ppm) and the diagnostic C=0 stretching
band (~1626-1632 cm1) in IR spectra (Figure S3 and Figure
S4). Cooling solutions of 15 (MeCN-d3) or 16 (THF-ds) to -37
°C yielded single crystals of 15 and 16 suitable for X-ray dif-
fraction. The solid-state crystal structures show that a molecule
of COzhas reacted across each of the boron rings (Figure 4). The
orientation of each carboxylate moiety suggests that the C-8/C-
8’ carbons in 1 and C-7/C-14 carbons in 2 react as nucleophiles
with the carbon of COz with concomitant coordination of an ox-
ygen to the boron atom across the ring. It is possible that this
reactivity occurs in a stepwise or concerted fashion. In either
case it follows the FLP-type reactivity expected from the
HOMO-LUMO plots and seen in some DBA derivatives.2 Inter-
estingly, only the anti-product was observed in both cases. This
is consistent with an anti-coordination arrangement of the po-
tassium atoms in solution which would facilitate carboxylation
on opposite faces of the diboratapentacene scaffold. Conse-
quently, it is surprising that only syn-carboxylation is observed
when using 1¢2(18-crown-6) to form 15¢2(18-crown-6) (Fig-
ure 4). The mechanism for this selectivity is unclear, however
this finding indicates that selective late-stage modification of 1
and 2 should be possible. The extended packing of 15 and 16 is
also unique as both form 2-D coordination frameworks (see
supporting information). This packing is not observed in
15¢2(18-crown-6) which packs as individual molecules.

We have reported the successful synthesis and characteriza-
tion of DBP isomers 13 and 14 and their conversion to the cor-
responding diboratapentacene dianions 1 and 2, which are the
first fully-aromatized DBP structures with boron atoms in sep-
arate rings. The introduction of these new DBP topologies may
serve as chemical synthons for new functionalized DBPs for ap-
plications in organic electronics and other functional materials.
DFT calculations and the observed activation of CO2 demon-
strated the ability of these molecular scaffolds to serve as a di-
topic activator for small-molecules. An unexpected and exciting
result was the anti vs. syn selectivity of the carboxylation de-
pendent on the presence of crown-ethers coordinated to the
potassium atoms. Further studies of the reactivity of 5,12- and
5,7-diboratapentacenes as well as exploration of other struc-
tures based on these scaffolds will be reported in due course.
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