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Among a series of Lewis base-stabilised antiaromatic
dibenzoberylloles (DBBes) the cyclic alkyl(amino)carbene (CAAC)
analogue undergoes a complex but highly selective thermal
decomposition, involving the breaking and making of four bonds
each, which yields a rare beryllium n?-alkene complex. Two-
electron reduction of the CAAC-stabilised DBBe analogue yields an
aromatic dianion.

Dibenzoboroles (I, Fig.), also known as 9-borafluorenes, have
been receiving increased attention over the last two decades.?
Comprised of a central five-membered BC, borole ring ()
featuring four it electrons,? they are benzo-fused on both sides,
providing them with additional electronic stabilisation through
mt delocalisation. Dibenzoboroles may also be viewed as boron
analogues of the fluorenyl cation, in which the C9 carbon atom
has been replaced by an isolobal trigonal-planar boron centre
with a vacant p orbital. Both the antiaromatic character of the
central BC; ring and the extended conjugation give rise to
unusual optical properties and varied reactivity.> These
characteristics, combined with a small HOMO-LUMO gap, have
found applications in optoelectronic materials such as organic
light-emitting diodes (OLEDs)* and organic solar cells (OSCs).>
While a handful of alkaline earth analogues of boroles, in
which a group 2 element takes the place of the boron atom,
have been reported, their annelated counterparts remain
unknown. The first examples of magnesacyclopentadienes (or
magnesoles) were synthesised in situ by the group of D’yakonov
in 2007, but their structure was not confirmed by X-ray
crystallographic analysis.® In 2014 Xi obtained the first stable
magnesole, complex IIl.7 More recently, we reported the
synthesis of the lighter, cyclic alkyl(amino)carbene (CAAC)-
stabilised, beryllole homologue IV,2 the first beryllium

heterocycle to exhibit significant antiaromaticity, albeit to a
lesser degree than the isoelectronic borole Il.

Given the interesting optoelectronic properties and reactivity of
benzannelated boroles, we aimed to synthesise a range of
dibenzoberylloles (DBBes) to study their electronic structure
and reactivity.
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Figure 1. Selected examples of a 9-borafluorene (1), a borole (I1), a magnesole (lll), and a

beryllole (V). TMS = trimethylsilyl.
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Scheme 1. Syntheses of DBBes 1 -6; a) 1 equiv. 2,2'-dilithiobiphenyl, toluene, rt, 16 h; b)
for L = Et,0: L' = thf, solvent = THF, 80 °C 16 h; L' = SIMes, CAAC, solvent = C¢Hg, rt, 16 h.
IDipp = 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene; SIMes = 1,3-bis(2,4,6-
trimethylphenyl)-4,5-dihydroimidazol-2-ylidene; CAAC = 1-(2,6-diisopropylphenyl)-
3,3,5,5-tetramethylpyrrolidin-2-ylidene.
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Lewis-base-stabilised DBBes were obtained by salt metathesis
of 2,2'-dilithium-biphenyl with Lewis-base-stabilised beryllium
dibromides (L,BeBry; L = Et,0, PMe3, n = 2; L = IDipp 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene, n = 1, Scheme
1a)." The °Be NMR resonances of 1 and 2 are very similar in
chemical shift and broadness (1: 10.8 ppm, full width at mid-
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height (fwmh) ~ 120 Hz; 2: 8.2 ppm, fwmh = 100 Hz), while that
of 3 is somewhat downfield-shifted and significantly broader
(14.5 ppm, fwmh =~ 380 Hz), reflecting the tetracoordinate
nature of 1 and 2 and tricoordinate nature of 3 in solution.?
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Figure 2. Solid-state structures of 1, 3, 4 and 6 with atomic displacement ellipsoids shown
at the 50% probability level. All H atoms and ellipsoids of ligand periphery are omitted
for clarity.

X-ray structural analyses (Fig. 2 and Fig. S26 in the ESI) show that
1 and 2 are dimeric in the solid state, whereas 3 is monomeric.
The dimers feature tetrahedral beryllium atoms, with
endocyclic Be—C bond lengths (1 1.760(3) A; 2 1.758(3) A)
comparable to that of the non-annelated beryllole IV (1.763(2)
A).2 The Be---Be distances (1 2.106(3) A; 2 2.044(4) A) are within
the typical range of electron-deficient organyl-bridged
beryllium oligomers (2.03-2.33 A).2° The C-C bond length
alternation in the central BeC, ring (avg. C1-C2/C3-C4 1.42 A;
avg. C2-C3 1.49 A) is less marked than in borafluorene I (avg.
C1-C2/C3-C4 1.43 A; C2-C3 1.512(11)A) or beryllole IV
(C1-C2/C3-C4 (avg.) 1.36 A, C2-C3 1.512(2) A),8 suggesting a
higher degree of t delocalisation in complexes 1-3.11 The purely
o-donating Be—Cipipp bond in 3 (1.788(2) A) is longer than the
covalent Be1-C1/4 bonds (avg. 1.75 A) and significantly longer
than the Be-Cyyc bonds (NHC = N-heterocyclic carbene)
reported in other (NHC)BeR, adducts (1.79-1.82 A).12

Taking advantage of the lability of the Et,0 ligand in 1 three
more DBBes were obtained by exchange with stronger Lewis
bases: THF, SIMes (1,3-bis(2,4,6-trimethylphenyl)-4,5-
dihydroimidazol-2-ylidene) and CAAC (1-(2,6-
diisopropylphenyl)-3,3,5,5-tetramethylpyrrolidin-2-ylidene,
Scheme 1b)." The °Be NMR spectrum of 4 exhibits a sharp
singlet at 13.2 ppm (fwmh =~ 80 Hz), indicative of a four-
coordinate beryllium centre, in this case bearing two THF
ligands (Fig. 2). Relative to that of 4, the °Be NMR resonances of
compounds 5 and 6 are significantly downfield-shifted to
24.3(5) and 23.6 (6) ppm and exhibit strong broadening
(fwmh =~ 320-380 Hz), typical of tricoordinate beryllium
compounds. The lower electron density at beryllium compared
to 3 may be owed to the substantial m-accepting nature of
SIMes and CAAC. X-ray diffraction analyses confirmed the
nuclearity and geometry of 4-6 (Fig. 2 and Fig. S27 in the ESI).
While the steric demands of the individual coordinated Lewis
bases in complexes 1-6 impact the nuclearity and coordination
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number at beryllium, the bonding parameters within the DBBe
framework remain virtually identical, except for those of 4, in
which the endocyclic Be—C bonds are elongated to 1.784(3) A
due to the higher coordination number, comparable to that in
(1.782(5) A;

[(thf),Be(TerMes){OCMnNCp(CO),}]
TerMes = 2 6-dimesitylphenyl).13

Cp = C5H5;

a) 100 °C
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Scheme 2. Thermal decomposition and twofold reduction of 6.

Heating a toluene solution of 6 to 100 °C for four weeks led to
its selective decomposition to complex 7, isolated as a
colourless solid in 96% yield (Scheme 2a), with a °Be NMR shift
of 14.3 ppm (fwmh = 360 Hz). The 'H NMR spectrum shows a
highly unsymmetrical CAAC backbone with four distinct methyl
singlets at 2.06, 1.78, 1.37 and 1.14 ppm. X-ray crystallographic
analysis revealed that a double ring expansion, of both the
CAAC and the beryllole rings, had occurred (Fig. 3a). The central
ten-membered CgBeN heterocycle results from a complex,
multi-step rearrangement including shifting of the beryllium
atom from Ceapene to the adjacent nitrogen atom, cleavage of
the N—C.,pene bond and one endocyclic beryllole Be—C bond,
formation of a new C—C bond between the former Cc,rpene atom
and the C2 position of the pendant biphenyl moiety, and lastly
a methyl group shift to the adjacent former Cgspene atom. To our
knowledge there are only a few known examples of CAAC ring-
opening reactions, none of which include methyl group shifts.14-
16 This reaction is all the more remarkable in that it involves
breaking two Be—C bonds as well as strong N-C and C-C single
bonds, whilst forming two new C—C single bonds and a covalent
Be—N bond, i.e. a total of eight bonds broken or formed, in a
completely selective fashion and near-quantitative yield.

Figure 3. a) Solid-state structure of 7 with atomic displacement ellipsoids shown at the
50% probability level (left). All H atoms are omitted for clarity. Selected distances [A] and
angles [?]: Be1-N1 1.548(4), Be1-C1 1.716(4), C2-C3 1.354(4), Bel-(mid-point C2=C3)
1.999(4), Be1-C2 2.111(4), Be1-C3 2.126(4), C1-Be1-N1 139.1(3); b) IBO featuring the
interaction between the alkene moiety and the beryllium atom (isosurface encloses 80%
of the orbital electron density).

This journal is © The Royal Society of Chemistry 20xx
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The newly formed Be—N (1.548(4) A) and Be—C (1.716(4) A)
bonds of 7 are within the typical range for single bonds in
dicoordinate beryllium complexes (Be-N 1.52-1.54 A; Be-C 1.70
A).1317 The methyl group shift results in an alkene moiety, which
engages in a side-on 1 interaction with the beryllium centre,
leading to significant bending of the C1-Bel-N1 motif
(139.1(3)°) and an elongation of the C=C double bond
(1.354(4) A), relative to conventional olefins (e.g.
2,3-dimethylbutadiene: 1.23 A).18 The Be---(alkene) distance of
ca. 2.00 A is much longer than in the only other known beryllium
1t complex, a beryllium-bridged naphthalene-1,4-diyl m complex
(ca. 1.73 A).2* Compound 7 contains a far more loosely-tethered
Be---olefin interaction, suggesting a more "natural" (i.e. less
geometry-enforced) Be---alkene 1t interaction.

This unique structure prompted us to quantify the Be---C,
interaction computationally. The intrinsic bond orbital (IBO)?®
analysis supports the existence of a Be:-alkene orbital
interaction (Fig. 3b), which is, however, primarily centred at the
alkene moiety (97%), leaving a mere 3.0% on the beryllium
atom itself. The Mayer bond orders (Bel-C2: 0.20, Bel1-C3:
0.17), fuzzy bond orders (Be1l-C2: 0.26, Be1-C3: 0.23), Wiberg
bond indices (Be1l-C2: 0.26, Be1-C3: 0.24) and natural binding
indices (Bel-C2: 0.22, Bel-C3: 0.18) were calculated to
evaluate the magnitude of this interaction, further endorsing
the presence of a weak beryllium m complex. In summary, the
structural parameters, together with quantum-chemical
methods, show that compound 7 indeed exhibits a non-
negligible, albeit modest, beryllium---alkene m interaction.
Twofold reduction of 6 with lithium sand in diethyl ether
provided complex Li,[8] as a highly air- and temperature-
sensitive dark purple crystalline solid (Scheme 2b). The °Be NMR
resonance of Li,[8] (7.6 ppm, fwmh ~ 155 Hz) is significantly
upfield-shifted from and sharper than that of 6 (23.6 ppm,
fwmh ~ 320 Hz), indicating a higher electron density at the
tricoordinate beryllium atom, as expected upon reduction.
X-ray diffraction analysis confirmed the n?* coordination of two
lithium etherate moieties on each side of the central BeC, ring
(Fig. 4a). This structural motif resembles that of the dianion of
IV, which displays some aromaticity,® and that of the
9H-9-borafluorene dianion reported by Wagner.?!

Figure 4. a) Molecular structure of Li,[8] with atomic displacement ellipsoids shown at
50% probability level. All H atoms are omitted for clarity; b) Acid plot of Li,[8].

The Be—Ccaac bond of Li,[8] (1.709(2) A), shorter than that of 6
by ca. 0.08 A, is now shorter than the endocyclic Be—~C bonds
(avg. 1.77 A). This may be explained by it backdonation from the
electron-rich beryllium centre to the m-acidic CAAC ligand,
which is further supported by the nearly coplanar arrangement
of the carbene m framework and the reduced DBBe ligand
(torsion angle C1-Bel-C13-N1 167.4(1)°) and an elongation of

This journal is © The Royal Society of Chemistry 20xx

the Ccaac—N bond by 0.067 A. Both endocyclic Be—C bonds show
a slight elongation compared to those of 6 (ca. 0.01 A) and thus
indicate Be—C single bonds. The C-C bonds in the BeC, ring
exhibit bond length equalisation to ca. 1.46 A, in line with the
formal aromatisation of the ring system. In contrast, the
analogous dianion of IV shows a shortening of the endocyclic
Be—C bonds (ca. 0.03 A). Moreover, the higher C-Be-C-N torsion
angle (94.2(3)°) in IV prevents 1t backdonation to the CAAC
moiety in this species, as seen in the longer Be—Ccaac bond
(1.817(2) A) and the increased C—C bond length alternation in
the BeC, ring (C1-C2/C3—C4 (avg.) 1.47 A, C2-C3 1.4482(18) A) .3
To further investigate the electronic structure of Li,[8],
restricted and broken-symmetry DFT calculations were
performed at the (U)wB97X-D/6-311++G(d,p) level and the
complete active space self-consistent field (CASSCF) method
(see ESI for details). Li,[8] exhibits a closed-shell singlet (CSS)
ground state, with large vertical/adiabatic singlet-triplet (S-T)
gaps of 17.8/12.8 kcal mol™ according to DFT calculations.
Inspection of the CASSCF orbitals and occupancies also supports
a CSS ground state. In contrast, the bare dianion [8]%"is an open-
shell species with a triplet (OST) ground state and a low-lying
open-shell singlet (OSS) state (AE(OS-T) = 0.04 kcal mol™?). In this
case, the vertical/adiabatic S-T gaps decrease to —18.7/-14.9
kcal moll. These results are in accordance with those observed
when comparing Li;[IV] and [IV]>,® and confirm that the
beryllole six-electron 1 cloud is strongly stabilised by the
countercations.

\NICSH (ppm)

z[/z\)E

Il

-30

-40
Li,[1V]

3 6

Figure 5. Scan of the zz components of the nucleus-independent chemical shifts (NICS,,-

scan) of Li,[8], Na[ll], Li,[IV], Na,[9H-9-borafluorene], and the compounds 3 and 6.

Li,[8] ——— Na,[n] Na,[9H-9-borafluorene]

The NICS,,-scan??23 analysis for Li,[8] (Fig. 5) provides a NICS,,(—
1/+1) value of —18.4/-19.6 ppm, which is more negative than
those of the beryllole dianion Liy[IV], NICS,(—1/+1)=
—11.0/-8.8 ppm, and the borole dianion Na,[ll], NICS,,(—1/+1) =
—10.5/-10.5 ppm. In comparison, the NICS,,(—1/+1) values for
Na,[9H-9-borafluorene] and the fluorenyl anion are
—35.8/-35.8 and —35.5/-35.5 ppm, respectively. These results
demonstrate that the beryllole ring of Li,[8] has a distinct
aromatic character, albeit naturally weaker than that of its
corresponding boron and carbon analogues. In contrast, the
NHC- and CAAC-stabilised compounds 3 and 6 show a strong
antiaromatic behaviour of the beryllole rings with NICS,,(-1/+1)
values of 14.3/14.3 ppm and 14.8/15.7 ppm, respectively.

J. Name., 2013, 00, 1-3 | 3
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The ACID plot of Li,[8], which enable the evaluation of delocalisation,
conjugation and aromaticity,?4#2°> shows a diatropic (clockwise) -
electron circulation characteristic of aromatic molecules (Fig. 4b),
consistent with the NICS,, results. At an isovalue of 0.02, no
contribution of the beryllium atom to cyclic conjugation is observed,
with the m-electron circulation spanning both benzo groups. This
highlights the smaller contribution of the alkaline-earth element to
cyclic conjugation compared to, for instance, the 9H-9-borafluorene
dianion, a feature also observed for Li5[IV] and its isoelectronic
analogues, and in agreement with the lower aromaticity of beryllium
metalloles.

In summary, the first six members of the dibenzoberyllole
family of compounds were synthesised, three of which were
prepared by Lewis base exchange at the beryllium atom of a
DBBe diethyl etherate precursor. The compounds were
characterised by NMR spectroscopy and X-ray crystallography,
and their electronic structures analysed by DFT calculations. The
thermal decomposition of the CAAC-stabilised DBBe resulted in
a remarkably selective double ring-expansion involving the
breaking and making of eight bonds in total and yielded the
second known example of a side-on beryllium 1 complex.
Finally, the two-electron reduction of the CAAC derivative
yielded the first example of a beryllium-containing aromatic
polycyclic species.
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