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Synthesis and Reactivity of a Benzo-Fused 1,2-Diborete
Biradicaloid

Alena Héifner,*® Lukas Endres,*® Merle Arrowsmith,*® Cornelius Mimh,*® Sonja Fuchs,* Samuel
Nees,*® Krzystof Radacki,*® Ivo Krummenacher,® Riidiger Bertermann,*® Felipe Fantuzzi,* Holger
Braunschweig®? *

The synthesis of 1,2-(BCl2).CeéHa (1) was optimised by performing a SiMes-BCl, metathesis reaction between 1-SiMes-2-
(BCl2)CeHa with BCls in the dilute gas phase at 95 °C, with 5-9% of its meta-isomer 1,3-(BCl,).C¢Ha (2) formed as an inseparable
byproduct. The addition of two equiv. of IiPr (1,3-diisopropylimidazol-2-ylidene) or CAAC (1-(2,6-diisopropylphenyl)-3,3,5,5-
tetramethylpyrrolidin-2-ylidene) to 1 yielded the twofold carbene adducts 3-1iPr and 3-CAAC, alongside their minor 1,3-
isomers 4-1iPr and 4-CAAC. In CHCl, 3-CAAC converted into the chloride-bridged boronium cation 5, with an unusual linear
HCly~ counteranion. The twofold reduction of 3-liPr yielded the doubly fused CsB:N> heterocycle 6, presumably via an
unstable 4rt-antiaromatic 1,2-diborete intermediate (7) undergoing intramolecular ring expansion of one IiPr ligand and B=B
bond splitting. In contrast, 3-CAAC (or 5) underwent stepwise reduction to the monoboryl radical 8 (1e7), the bis(boryl)
biradical 9 (2e7), the benzo-fused 1,2-diborete biradical 10 (4e7), and the closed-shell diborete dianions 11-M (6e-, M = Li,
Na, K). Furthermore, the reduction of 5 under CO atmosphere yielded a mixture of the benzo-bridged diborylketone 12 and
the bis((CAAC,CO)borylene) 12, the latter being accessible selectively by adduct formation of diborete 10 with CO. EPR
spectroscopy and computational analyses confirmed the biradical nature of 10, with an open-shell singlet ground state and
a thermally accessible triplet state, while nucleus-independent chemical shift (NICS) calculations indicate a small but non-

negligible 2r-aromatic character for 10.

Introduction

In recent years, boron-doped heterocycles and materials have
attracted significant interest due to their unique electronic
properties, which differ markedly from those of their all-carbon
analogues.* With boron being slightly larger than carbon as
well as intrinsically electron-deficient, its incorporation into
conjugated carbocycles results in a loss of symmetry, a
narrower HOMO-LUMO gap, and heightened reactivity. Smaller
three-, four- and five-membered boracycles, for example, are
far more prone than their carbon counterparts to strain-
alleviating ring-expansion reactions by substrate insertion into
their relatively labile endocyclic B-C bond(s), thus providing a
versatile platform for accessing larger, variously heteroatom-
doped boracycles.>!1 Moreover, some diboron-doped
heterocycles are capable of activating small molecules like H,,
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CO or CO; in a manner reminiscent of transition metal
chemistry.12-18

In 1983, van der Kerk and coworkers were the first to report
the synthesis of a dihydrodiborete, i.e., a 2m-aromatic
diboracycle isoelectronic with the cyclobutene dication
(Scheme 1a), by reduction of di-tert-butylacetylene in the
presence of MeBBr;, which likely proceeds via a 1,2-
diborylethylene intermediate (Scheme 1b).1° Based on mass
spectrometry and computational evidence, they concluded that
the puckered 1,3-isomer IIB"-Me was formed, rather than the
1,2-isomer I*®u-Me. This was confirmed a year later by the group
of Siebert, who isolated and structurally characterised the
amino-substituted 1,3-dihydro-1,3-diborete II*8u-NMe,, via a
similar route.?® Computations showed that, while the 1,2-
isomer | is the kinetic product of the reduction, it undergoes
facile rearrangement to the thermodynamically favoured 1,3-
isomer 11,21-23 which is puckered like the cyclobutene dication,
yet remains aromatic.2426 Interestingly, Berndt showed that
1,3-dihydro-1,3-diboretes can undergo one-electron reduction
to the corresponding 3m-electron radical anions.2”

Unlike I®u-NMe;,, the 1,2-diamino-1,2-dihydro-1,2-diborete
IH-NiPr; can be isolated at room temperature and converted to
its 1,3 isomer by heating (Scheme 1c).28 The isomerisation can
also be prevented by benzannellation of the C=C unit, leading to
the isolation of the stable 1,2-dihydro-1,2-benzo[b]diborete
111.2° In terms of reactivity, the 1,2-dihydro-1,2-diboretes IH-
NiPr, and Il undergo Pd-catalysed and NaK-induced
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dimerisation, respectively, to the corresponding eight-
membered 1,2,5,6-tetrahydro-1,2,5,6-tetraborocines,??-31 while
Il undergoes twofold Pd-catalysed [2+2] cycloaddition with
dimethyl acetylenedicarboxylate to generate the corresponding
benzo-fused 1,4-dihydro-1,4-diborocine,?® and photolytic B-B
bond cleavage upon reaction with Fe(CO)s, yielding an Fe(0)
tricarbonyl n*-1,4-dibora-1,3-butadiene complex.32
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Scheme 1. Synthetic routes to the 1,2- and 1,3-isomers of dihydrodiboretes. TMS =
duryl (2,3,5,6-tetramethylphenyl), Mes = mesityl (2,4,6-
p-tolyl, Fc = ferrocenyl.

trimethylsilyl, Dur =

trimethylphenyl) Tol =

Our group has also reported the synthesis of phosphine-
stabilised  1,3-dihydro-1,3-diboretes  (VRR)  via  [2+2]
cycloaddition between  doubly PMes-stabilised 1,2-
diaryldiborenes and alkynes, followed by rearrangement of the
intermediate 1,2-isomer, IVRR' (Scheme 1d).33 Once again, the
isomerisation can be prevented by starting from a cyclic
diborene. Finally, we have reported the synthesis of a nickel(0)
complex capped by a 2m-aromatic n%-1,3-dihydro-1,3-diborete
(V1), which is formed by a complex rearrangement of an N-
heterocyclic carbene (NHC)-stabilised 1,2-divinyldiborene upon
reaction with Ni(cod), (cod = 1,5-cyclooctadiene, Scheme 1f).34

In contrast, the isolation of doubly Lewis-base-stabilised 1,2-
and 1,3-diboretes, which are isoelectronic with cyclobutadiene,
is significantly more challenging, as their 4mn electrons make
them formally antiaromatic (Scheme 2a). Efforts by our group
to synthesise diboretes from the [2+2] cycloaddition of NHC-
stabilised diborynes alkynes resulted in complex
rearrangement, intramolecular C-H activation, and NHC ring
the 1,2-diborete

and

expansion reactions  of putative
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intermediates.3> The [2+2] cycloaddition of 2-butyne with a
cyclic alkyl(amino)carbene (CAAC)-stabilised diboron analogue,
however, provided the stable, puckered 1,3-diborete IX,
presumably via the 1,4-diborete intermediate VIII (Scheme
2b).3¢ Like its cyclobutadiene analogue,3’-%0 IX is a biradical
species, its two unpaired electrons being delocalised over the
B—(C—N)caac Tt bonds, effectively leaving only 2mt electrons in the
central C;B; ring, which thus becomes slightly aromatic. As with
dihydrodiboretes, annelation of the diborete C=C moiety with a
rigid backbone prevents rearrangement of the 1,2- to the 1,3-
diborete, thus enabling the isolation of the first 1,2-diborete,
the naphthodiborete XI, by our group in 2022.41
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Scheme 2. Synthetic routes to the 1,2- and 1,3-isomers of diboretes.

In naphthodiborete XI, the strongly o-donating and m-accepting
CAAC ligands are key to stabilising the otherwise 4m-
antiaromatic C;B; ring by favouring a biradical structure,*?43
with a B-B single bond and two unpaired electrons delocalised
over the B—(C-N)caac ™ bonds. Compound Xl reacts like a
strained cyclic diborene, undergoing a [2+1] cycloaddition with
phenyl azide, or like a bis(borylene), undergoing adduct
formation with CO at each of the two boron centres to yield the
naphthalene-bridged bis((CAAC,CO)-borylene) XI(CO).. Further,
reversible two-electron reduction yields the dianionic 1,2-
diboretes [XI]?-, which display B=Ccaac double bonds.*!

Herein, we present our investigations into the benzo-fused
analogue of Xl to study the influence of the aromatic fused
backbone and the carbene ligand on the synthesis, stability, and
reactivity of the resulting fused 1,2-diboretes.

Results and Discussion
Synthesis and structures of bis(dihaloboryl)benzene precursors

In our hands, synthesis of the 1,2-
bis(dichloroboryl)benzene precursor 1 from BCls and 1-
dichloroboryl-2-trimethylsilyloenzene  (XII)** systematically
yielded the undesired 9,10-dichloro-9,10-dihydro-9,10-
diboraanthracene (XIll) and only small amounts (< 10%) of 1
(Scheme 3a). While Kaufmann had reported that the
thermolysis of XII to Xl required 12h at 135°C in

Kaufmann’s

This journal is © The Royal Society of Chemistry 20xx



hexachlorobutadiene,*> we observed the formation of Xlll even
at 60 °C in the dilute gas phase under argon atmosphere. The
formation of XIl was finally successfully suppressed by using 3
equiv. of BClz and performing the reaction in the gas phase at
95 °C under static vacuum (Scheme 3b). Distillation (b.p. 52 °C
at 8.5:1072 mbar) yielded 1 as a viscous colourless oil in 91%
yield. NMR-spectroscopic analysis, however, showed that 1
(6118 = 56.7 ppm) was systematically contaminated by small
amounts (5-9%) of its 1,3 isomer 2, which could not be
separated by either chromatography or fractional distillation.
Based on calculations by Zhao and coworkers on the reaction of
trimethylsilylbenzene with BX3 (X = Cl, Br),*® we postulate that 2
is formed via ortho-SeAr, generating the intermediate (2,6-
bis(dichlorborylphenyl))trimethylsilane and HCI, which react to
yield 2 and ClISiMes.

a) 1.5 equiv BCl3

(‘3|
1 bar argon Q:BQ ©:BC|2
+
DCM, 95 °C B BCl,
|
Xl (> 90%) 1 (< 10%)
b) 3 equiv. BCly BCl,

@[S'Mes static vacuum BCl,
+
BCl, DCM, 95 °C BCl,

2 days

BCl,
1 ca.955 2

BCl, (91% combined yield)
ortho- BCl; ] I
SgAr @:S'M% . Hel
- CISiMe3

BCl,

postulated intermediate

Scheme 3. Optimised synthesis of 1. The static vacuum is created by condensing BCl; gas
into the thick-walled Schlenk flask containing Xl at =173 °C, then applying a high vacuum
to the flask prior to sealing it and heating the mixture at 95 °C.

The addition of 2 equiv. liPr (= 1,3-diisopropylimidazol-2-
ylidene) or CAAC to freshly distilled 1 (containing 5-9% of 2)
yielded the adducts 3-1iPr and 3-CAAC, respectively (Scheme 4).
While 3-1iPr could not be separated from its 1,3-isomer 4-1iPr
(ca. 6%) due to their similar solubilities, 3-CAAC could be
isolated cleanly by washing with benzene, in which its 1,3-
isomer 4-CAAC (ca. 8%) is soluble. 3-1iPr and 3-CAAC both
present 1B NMR resonances around 4 ppm. 3-CAAC was only
soluble in CH,Cl,, in which it rapidly underwent chloride
abstraction and protonolysis to the ionic species 5 (6118 = 14 (br)
ppm; &14 = 14.26 (s, [HCI2]") ppm) and [CAACH]* (611 = 11.35 (s,
NCH) ppm).47

Compounds 3-1iPr, 3-CAAC, 4-CAAC and 5, were analysed by
single-crystal X-ray diffraction (Figure 1). The solid-state
structures of the twofold adducts 3-1iPr and 3-CAAC display an
unexpected difference in their geometries. Whereas the benzo
backbone in 3-1iPr is relatively planar (absolute values of torsion
angles |C-C-C-C| < 3.1(7)°) and nearly perpendicular to the
NHC rings (ca. 84 and 88°), the greater steric profile of the two
CAAC ligands in 3-CAAC induce a significant twist in the benzo
backbone (|C-C-C—C|max = 10.0(7)°) and a rotation of the
carbene planes relative to the benzo ring (ca. 64°) to avoid steric

This journal is © The Royal Society of Chemistry 20xx

clashes. In contrast, the benzo backbone of the 1,3 isomer 4-
CAAC is planar (|C-C-C-C| < 1.4(2)°) as the two CAAC ligands
are sufficiently removed from one another to avoid steric
clashes.

1) 2.05 equiv L L
dropwise addition
in toluene, -78 °C BCl,

“Bcl,

1+59%2 ——m—— +
2) Toluene, rt, 18 h BCl, BCl,
A
3-L L 4-L L
3-1iPr (40%) + 4-liPr (3%)
liPr= - _N N\,pr 3-CAAC (70%) + 4-CAAC (8%)
recrystallisation
from DCM, rt
+ CAAC *
\B'CI
i \| DCM, rt, slow
Dip™ -~ ©: or [HCI-
_ /
H cl B
— ! T
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byproducts 5 (65%)

Scheme 4. Synthesis of NHC and CAAC adducts of 1. DCM = dichloromethane.
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Figure 1. Solid-state structures of 3-CAAC, 4-CAAC, 3-1iPr and 5. Atomic displacement
ellipsoids at 50%. Ellipsoids of ligand periphery and hydrogen atoms omitted for clarity
except for the HCl,~ proton H5.

The solid-state structure of the cationic bis(borane) 5 displays a
slightly unsymmetrically bridging chloride (B—Clyrigge = 2.015(3),
2.050(3) A) and a quasi-planar benzo backbone (|C-C-C-C| <
3.8(4)°), as well as an unusual [CI-H-CI]- counteranion (H-Cl
1.44(4) and 1.71(4) A, CI-H-CI 174(4)°, hydrogen atom localised
in the difference Fourier map and freely refined), resulting from
DCM-derived HCIl and chloride abstraction from 3-CAAC. The
[HCI;]~ anion was first observed in 1958 by powder diffraction
of [NMe4][HCl,],*8 and characterised in 1970 by single-crystal X-
ray crystallography.*® The unsymmetrical localisation of its
hydrogen atom (avg. H---Cl 1.38 and 1.83 A) and non-linearity
(avg. Cl-H-Cl 171°) was only confirmed in 1981, thereby
ending a long-standing controversy about its structure.>* Owing
to the cyclic C;B,Cl motif, the distance between the two boron
atoms in 5 (3.033(4) A) is significantly shorter than in 3-CAAC
(3.571(8) A), thus predisposing 5 to more facile B-B bond-
forming reduction.

Reduction behaviour of 3-L

J. Name., 2013, 00, 1-3 | 3



The reduction of 3-1iPr in THF with a large excess of Li sand
proceeded via successive colour changes, first to green and then
to red, over the course of 1 h. The 1B NMR spectrum of the
reaction mixture showed selective conversion to a single
species with two broad resonances at 39.9 and 12.9 ppm,
respectively. The product was identified by NMR spectroscopy
and high-resolution mass spectrometry as the fused tricyclic
compound 6 (Scheme 5). The 2B NMR resonances of 6 match
those reported by Kinjo for a similar 1,3-diborole structural
motif (6118 = 38.2, 13.2 ppm).>2

iPr,
y -
8.5 equiv Li sand B
3IiPr )N 6(85%)
THF, rt, 1 h B iPr
liPr
liPr NHC ri
_ / ring
4e @[ﬁ expansion
B
AN

liPr
7 (not observed)

Scheme 5. Reduction of 3-1iPr.

B/Nr\}. THF
.. . Qe
] 2 . NS i
o

e N i}

0 55 50 4.5 4.0 35 ppm

Figure 2. Annotated 'H NMR spectrum of 6 in the 3-6.5 ppm region.

The H NMR spectrum of 6 shows four inequivalent multiplets
(1:1:1:1) for the protons of the now unsymmetrically
substituted benzo backbone (614 = 7.88, 7.38, 7.12 and 6.69
ppm), as well as the typical splitting pattern of one ring-
expanded IiPr ligand (marked in red in Figure 2), and one intact
liPr ligand (marked in blue in Figure 2). The alkylideneborane
and liPr-carbene 13C NMR resonances, broadened by
coordination to the quadrupolar boron nuclei, were detected by
heteronuclear multiple bond correlation (HMBC) at 143.9 and
164.0 ppm, respectively.

Compound 6 is likely formed by the NHC-ring-expanding B=B
bond activation of the doubly IiPr-stabilised benzodiborete 7 —
presumably the green intermediate observed at the start of the
reaction — in a similar manner to the NHC ring expansion
observed in NHC-stabilised diboranes(4).53->> Attempts to
isolate this diborete by carrying out the reaction at —78 °C failed
and resulted only in the isolation of 6. The lower stability of
diborete 7 compared to the CAAC-stabilised analogue Xl is likely
not solely owed to the lower steric protection afforded by IiPr,
but also to its significantly lower mt-acceptor ability. This leaves
the 1,2-diborete ring of 7 antiaromatic, and thus more reactive

4| J. Name., 2012, 00, 1-3

than its CAAC analogue Xl, in which the m-electron density is
delocalised as two unpaired electrons over the exocyclic B—(C—
N)caac moieties, rendering the diborete ring effectively 2m-
aromatic.*!

The cyclic voltammogram of the ionic doubly CAAC-
stabilised complex 5 in DCM showed five successive reductions
at -0.81,-1.22, -1.83, -2.29 and -2.52 V, out of which only the
redox event at —-1.22 V is reversible (Figure 3).* Given the
relatively clear separation of each of these electrochemical
reductions, a stepwise chemical reduction of 5 or 3-CAAC
seemed achievable.

Fe/Fc’

3 CAAG
S| e
B\
sl [HCI,]-
L
10 F 4=
caac Cl
2 -
5
14 I L L
-3 -2 -1 0 1

E [V] (vs. Fc/Fc')

Figure 3. Cyclic voltammogram of 5 in DCM (electrolyte: [nBu4N][PFg]), referenced to the
ferrocene/ferrocenium (Fc/Fc*) redox couple.

The one-electron reduction of 3-CAAC to the pale-yellow radical
8 was achieved using 0.9 equiv. KCg (Figure 4a). The EPR
spectrum of the reaction mixture showed a five-line signal at giso
= 2.0038, which was fitted to a hyperfine splitting pattern of
a(14N, 2N) = 17.5 MHz, a(1011B, 2B) = 2.4 MHz, and a(3537Cl, 1Cl)
= 4.6 MHz (Figure 4c). The observation that both nitrogen and
boron nuclei feature identical hyperfine coupling constants,
with one chloride participating in the coupling, initially suggests
a symmetrical structure for 8. However, computational analyses
(vide infra) indicate that the unpaired electron
symmetrically delocalised over a chloride-bridged it framework,

is not

but that the symmetrical EPR spectrum instead reflects a
dynamic process involving Cl migration from one boron atom to
the other. Attempts to crystallise 8 yielded colourless crystals of
its hydrogen abstraction product 8-H (Figure 4b), in which one
CAAC ligand has been protonated at C3 and is now covalently
bonded to B1 (B1-C3 1.616(2) A), while the other remains a
neutral donor ligand (B2-C4 1.585(3) A) and the chloride
bridges asymmetrically in a B2-Cl2—B1 fashion (B2-CI2
1.9819(18), B1-Cl2 2.0792(19) A).

The reduction of 3-CAAC with 2.2 equiv. Na sand in diethyl
ether afforded a brown solution of the diradical 9 (Figure 4a).
The EPR spectrum of the reaction mixture (Figure 4d) showed a
very broad symmetrical signal at giso = 2.0028, which could be

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) Synthesis of the benzodiborete biradical 10. (b) Experimental solution EPR spectrum of 10 in Et,0 at rt (gis, = 2.0030). (c) Experimental powder EPR spectrum of 10 at rt
(giso = 2.0030). Inset in blue frame: magnification of the 328-338 mT region highlighting the zero-field splitting (D = 840 MHz). (d) Half-field signal of the experimental powder EPR

spectrum of 10 at rt.

fitted to a hyperfine splitting pattern of a(**N, 2N) = 16.5 MHz
and a(1911B, 2B) = 3.7 MHz, the latter being somewhat larger
than in [(CAAC)BCIDur]* (a(*®'1B) = 1.5 MHz; Dur = 2,3,4,5-
tetramethylphenyl).5¢ The slight broadening of the signal, which
could not be satisfactorily modelled, may result from the
existence of several atropisomers of 9 in solution, also observed
in the structurally related naphthalene analogue XI(CO),.4!

In the presence of 5 equiv. Na in diethyl ether, 3-CAAC and
5 both underwent a four-electron reduction yielding the red-
coloured biradical benzodiborete 10 (Figure 5a). Complex 10
proved much less stable than the naphthodiborete XI,41
decomposing upon solvent removal or prolonged storage in
solution. Small amounts of red single crystals of 10 could be
isolated by rapid evaporation of a saturated Et,0 solution in the
glovebox, enabling its structural characterisation (see the X-ray
crystallography section below). The room-temperature EPR
spectrum of 10 revealed a multiline signal (Figure 5b),
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generated by hyperfine coupling to the two 1911B nuclei of the
B-B unit, the two 1N nuclei of the CAAC ligands, and the H
nuclei of the benzo bridge, suggesting some spin delocalisation
over the latter (see the DFT calculations section below). The
spectrum could not be satisfactorily simulated due to the
complexity of the overlapping couplings. The biradical nature of
10 was confirmed by a powder EPR spectrum (Figure 5c), which
provided a signal at giso=2.0030, a zero-field splitting
parameter D of ca. 31 mT (840 MHz), and a weak but clear
forbidden Ams=2 half-field transition (Figure 5d). Using the
point-dipole approximation, the distance r between the two
unpaired spins is estimated as ca. 4.5 A, which is slightly longer
than that observed in the naphthodiborete Xl (4.33 A) and the
distance between the two carbene centres in the solid-state
structure of 10 (C3---C4 4.268(3) A, see Figure 6).

Like its naphtho-fused analogue XlI,*! diborete 10 can
undergo a further two-electron reduction. Thus, the
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overreduction of 3-CAAC (or 5) with 8.5 equiv. of Li, Na or K
yielded the corresponding dianions, which were isolated as red
to brown crystals by recrystallisation from THF (11-Li), Et,0 (11-
Na), and toluene/pentane (11-K, Scheme 6). Their 1B NMR
spectra all show a broad resonance in the 22-26 ppm region,
similar to that of the dianionic naphthodiborete [XI]%~ (6118 = 25
ppm).*t While 11-Liand 11-K proved too sensitive for isolation
in sufficient quantities for full characterisation, 11-Na was
isolated as the double Et,O adduct in 87% vyield. Its 13C NMR
Ccaac=s boraalkene resonance, detected by HMBC, appears at
164.2 ppm, ca. 50 ppm upfield-shifted from the Ccarbene
resonance of the precursor 5 (813c = 211.8 ppm), which reflects
the strong m backbonding from the boron centres to the CAAC
ligands.

CAAC

BCl,
©:BC|2 M = Li, THF, rt, 30 min

A M = Na, Et,0, rt, 30 min

CAAC 2-

c

ScAAC oL 2t

8.5 equiv M

CAAC M=K, THF, rt, 3 h
3-CAAC M = Li, L = THF, n = 2 11-Li (n.i.)
(or §) M = Na, L = Et,0, n = 2 11-Na (87%)

M =K, L = toluene, n =1 11-K (n.i.)
Scheme 6. Overreduction of 3-CAAC (or 5) to the dianions 11M (M = Li, Na, K).

The reduction of 5 with 5 equiv. Li in THF under a CO
atmosphere did not proceed as selectively as that of its
naphthalene analogue XI. While the latter selectively yielded
the doubly (CAAC,CO)-stabilised naphtho-bis(borylene) XI(CO),
(6118 = —9.6 ppm),*! 11B NMR spectra of the red-brown reaction
mixture consistently showed two resonances at —2.4 and —10.1
ppm, which were identified by X-ray crystallographic analysis as
the benzo[d][1,3]diborol-2-one 12 and the doubly (CAAC,CO)-
stabilised benzo-bridged bis(borylene) 13, respectively (Scheme
7a). To the best of our knowledge, 12 is the first example of a
1,3-diborol-2-one. It is likely formed through trapping of CO by
the in-situ-generated biradical 9, similarly to the reaction of our
CAAC-stabilised 9,10-diboraathracene biradical with CO.57

CAAC\ CAAC CI CAAC\
a) 5 equiv Li
B\ _lamco B~ C=o
o %O .
g THF -190 °C g=C=0
- tort, 1h
cand T cand kS caad
[HCL]- 5 12 (varying ratios) 13
CAAC
.CAAC \\
5 b) 1 atm CO B=Cxq
| _— 13 (quantitative)
B CgDg, 1t, 1h B—’--C:O
CAAC i
10 CAAC

Scheme 7. Reduction of 5 under a CO atmosphere.

Efforts to target 12 or 13 selectively via this route by changing
the reaction conditions (solvent, temperature, stoichiometry,
pressure, time), or to separate them by recrystallisation failed,
as they systematically cocrystallised in the same asymmetric
unit (see the X-ray crystallography section below). The 'H NMR
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spectrum of the product mixture only showed extremely broad
resonances, indicative of fluctional processes, probably due to
hindered rotation of the CAAC ligands. These could not be
resolved by low- or high-temperature NMR spectroscopy. The
bis(borylene) 13 was accessed selectively by submitting the
diradical to an atmosphere of CO (Scheme 7b). Its 11B NMR
spectrum in CgDe shows two distinct resonances at -11.2 and —
12.2 ppm, likely corresponding to atropisomers, in which the
CAAC ligand may be rotated either so that its Dip substituent
points to the same side as the CO ligand or towards the benzo
backbone, with which it likely features an edge-to-face CH/mt
interaction, as observed in the naphthodiborete XI.*! Once
more, the hindered rotation of the CAAC ligands about the
B-Ccaac multiple bonds causes severe broadening in the 'H and
13C NMR spectra of 13, preventing their full NMR-spectroscopic
characterisation. The solid-state IR spectrum of 13 shows two
C=0 stretching bands at 1978 and 1969 cm-1, similar to the
naphtho-bridged bis(borylene) XI(CO). (v(C=0) = 1976, 1962
cm~1).41 Efforts to obtain the 1,3-diborol-2-one 12 selectively by
first generating the bis(boryl) biradical 9 in situ prior to
exchange of the argon with a CO atmosphere failed, due to the
high sensitivity of 9.

X-ray crystallography

L]
(a) o , (b @
I\ / w / 'Q
{ @ N1 &
A
3@ @C4 4 »q
N1
5 c1Blg  gB2 ) %Cé ¢ B1
@ b N2 ¢ C3 o' co2
O @ co*® L N
= N2 & L
g L )

Figure 6. (a) Top view of the solid-state structure of 10. Atomic displacement ellipsoids
at 50%. Ellipsoids of ligand periphery and hydrogen atoms omitted for clarity. (b) Side
view of the solid-state structure of 10. Atomic displacement ellipsoids at 50%. Dip and
Me substituents omitted for clarity.

The solid-state structure of 10 shows a highly twisted
benzodiborete (Figure 6a,b) with average endocyclic torsion
angles (absolute values) of 7.1° and 22.0° for the benzo and
diborete rings, respectively (Table 1). In comparison, the
naphthodiborete Xl is significantly less twisted, with average
endocyclic torsion angles (absolute values) of 6.6 and 19.1° for
the benzo and diborete rings, respectively, presumably owing
to the higher rigidity of the naphthalene backbone.*! As in XI,
the geometry of the boron centres in 10 also deviates from
planarity (2B 354.74(19), 354.94(29)°) and the Dip
substituents of both CAAC ligands point towards the benzo
backbone (N1-C1-B1-C3 24.3(4), N2-C2-B2-C4 16.7(4)°). The
B-B bond length of 1.710(3) A is comparable to that in XI
(1.701(5) A), and thereby essentially a single bond, like that
found in the diboron biradicals [(CAAC)B(EPh)], (E = S, Se; B-B
1.700(4)-1.728(2)A).58  Furthermore, the B-Ccaac bonds
(1.523(3), 1.534(3) A) display some double bond character, as is
usually observed in CAAC-stabilised boryl radicals.56:58-60
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Figure 7. Solid-state structures of (a,b) 11-Li, (c,d) 11-Na and 11-K ((e,f) monomeric unit and (g) tetrameric arrangement). Atomic displacement ellipsoids at 50%. Ellipsoids of ligand
periphery and hydrogen atoms omitted for clarity. Metal-ligand interactions represented as dashed bonds. Side views (b,d,f): Dip and Me substituents omitted for clarity.

Table 1. Selected bond lengths (A), bond and torsion angles (°, absolute values) for the solid-state structures of 3-CAAC, 5, 8-H, 10, 11-M (M = Li, Na, K), 12 and 13. Qcs, = endocyclic
diborete torsion angles, Qpenzo = €ndocyclic benzo torsion angles.

3-CAAC? 5b 8-HP 10 11-Li 11-Na 11-K 125¢ 13%¢
B1-B2 3.571(8)  3.033(4) 3.052(3) 1.710(3) 1.805(2) 1.870(2) 1.808(3) 2.772(5) 3.315(5)
c3-ca 1.413(7)  1.403(4) 1.411(2) 1.417(3) 1.437(2) 1.443(2) 1.445(2) 1.416(6) 1.431(6)
C3-B1 1.616(7)  1.593(4) 1.585(3) 1.587(3) 1.6135(19) 1.601(2) 1.599(3) 1.593(5) 1.606(5)
ca-B2 - 1.581(4) 1.597(2) 1.586(3) 1.6209(19) 1.607(2) 1.599(3) - -
C1-B1 1.658(7)  1.658(7) 1.616(2) 1.523(3) 1.471(2) 1.476(2) 1.463(3) 1.611(5) 1.501(5)
C2-B2 - 1.645(4) 1.658(2) 1.534(3) 1.474(2) 1.479(2) 1.464(3) - -
B1-Y 1.893(6)  2.015(3)  2.0792(19) - - - - 1.737(5) 1.506(6)
B2-Y 1.893(6)  2.050(3)  1.9819(18) - - - - - -
C3-B1-B2 - - - 82.43(16) 83.19(10) 81.55(10) 81.92(13) - -
B1-B2-C4 - - - 83.08(16) 82.82(10) 81.48(10) 82.96(13) - -
B2-C4-C3 - 120.8(2)  119.86(14)  92.57(17) 95.88(11) 96.37(12) 95.85(14) - -
C3-C4-B1 122.1(4)  120.4(2)  122.22(15)  93.32(17) 95.99(11) 96.77(12) 94.60(14)  126.4(3)  125.93(18)
3/B1 - - - 354.74(19)  356.29(13)  352.88(13)  355.38(17) - 357.9(3)
3/B2 - - - 354.94(20)  357.55(13)  352.33(14)  350.76(17) - -
[ Qczea| - - - 19.8(1) to 9.79(9) to 13.1(1) to 14.6(1) to - -
23.8(2) 12.3(1) 17.0(1) 18.2(1)
| Qbenzo 23(8)to  0.7(4)to 0.4(3) to 0.7(3) to 0.4(2) to 1.7(2) to 0.6(3) to 0.1(5) to 0.3(5) to
15.4(7) 3.8(5) 4.0(2) 10.8(3) 9.1(2) 17.8(2) 13.0(3) 0.3(5) 1.2(5)
|C3-B1-C1-N1| 150.8(5)  130.3(3) 162.3(2) 24.3(4) 0.2(2) 9.1(3) 12.6(3) 129.2(3) 168.6(3)
| C4-B2-C2-N2| - 152.4(2) 165.9(2) 16.7(4) 1.0(2) 8.9(3) 9.1(3) - -

aThe structure is C.-symmetric; P Y = Cl2; ¢ Y = C5.

In the three overreduced diborete complexes 11-M, the nature featuring different interaction modes with the dianion,
of the cation and the crystallisation solvent has a strong depending on the nature of the metal centres. Whereas 11-Li
influence on the solid-state structure (Table 1). All three and 11-Na crystallise as monomers (Figure 7a-d), in which each
complexes feature a twisted, doubly CAAC-stabilised of the two metal cations is stabilised by a THF and Et,0
benzodiborete sandwiched between two alkali metal cations molecule, respectively, 11-K crystallises as a cyclic tetramer
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(Figure 7e-g), in which K2 is stabilised by 1 interaction with a
toluene molecule while K1 links to the adjacent monomeric unit
through 1 interaction with its Dip substituent. In 11-Li, each
lithium cation coordinates to the m system of the nearest N-
Ccaac-B-Cphenzo moieties (Li---N ca. 2.06, Li---Ccaac ca. 2.14, Li---B ca.
2.24, Li-Cpenzo 2.33 A), one above and one below the
benzodiborete plane. In 11-Na, the sodium cations sit nearly
centrally one above and one below the diborete ring, each
featuring an additional interaction with the nearest B=Ccaac T
bond (Na:--Ccaac ca. 2.76, Na:::B ca. 2.50-2.87, Na:*-Cpenzo 2.65-
2.92 A). In the monomeric unit of 11-K, the toluene-stabilised
potassium cation K2 coordinates to the t system of the N2-C2-
B2 moiety (K2--N2 3.0436(17), K2--C2 2.9627(19), K2---B2
2.915(2) A), and features an additional 1 interaction with the
C8-C3-C4-C5 half of the benzo ring (K2:--C8 3.397(2), K2:--C3
2.9573(18), K2---C4 2.7926(18), K2---C5 3.355(2) A), whereas K1,
which bridges between two adjacent monomeric units of 11-K,
interacts with the mt system of the C1-B1-C3-C4 moiety (K1---C1
3.0927(17), K1---B1 2.916(2), K1:-C3 2.9231(18), K1--C4
3.0128(18) A). These varied 1 coordination modes reflect the
relative hardness of the metal cations: being the hardest one,
lithium favours 1 interactions with the polar C=B and C=N 1t
bonds, whereas potassium, the softest, favours i interactions
with the organic arene moieties. As in 10, the geometry of the
boron centres remain somewhat distorted from planarity (2B
350.76(17)-357.55(13)°), and the Dip substituents all point
towards the benzo backbone (| N-Ccaac—B—Chenzo| < 12.6(3)°).
The two-electron reduction of 10 results in significant
lengthening of the B-B bond from 1.710(3) Ato ca. 1.80 Ain 11-
Li and 11-K and even 1.870(2) A in 11-Na, the additional
elongation in the latter resulting from the m coordination of the
two sodium cations to the entire diborete ring. This relieves
some strain in the diborete ring, which becomes less twisted
than in 10 (| Qczs2| = 19.8(1)-23.8(2)°), the twisting increasing,
however, with the size of the alkali metal cation, from
[ Qczs2| =9.79(9)-12.3(1)° in 11-Li to |Qczsz| = 14.6(1)-18.2(1)°
in 11-K. In comparison, the B-B bond in [XI][Li>(thf).] (1.772(6)
A), which is essentially isostructural to 11-Li, is significantly
shorter than in the latter (1.805(2) A), as the rigidity of the
naphthalene backbone restricts twisting in the diborete ring
(]1Qc282] = 7.6(3)-8.5(3)°).4! Additionally, the B-Ccaac bonds are
shortened from partial double bonds in 10 (ca. 1.53 A) to proper
double bonds in 11-M (1.463(3)-1.479(2) A), as also observed in
[XI][Lix(thf),] (1.468(6), 1.473(6) A).42

The carbonyl compounds 12 and 13 cocrystallised next to
each other within the same asymmetric unit, each presenting C;
symmetry (Figure 8). Compound 12 presents a virtually planar
benzo[d][1,3]diborol-2-one core, in which the sp3-boron atoms
are coordinated by two purely c-donating CAAC ligands (B1-C1
1.611(5) A). The B1-C5 (1.737(5) A) bond length is within the
range observed for other cyclic carbonyl-bridged sp3,sp3-
diboron systems (B-C 1.64-1.76), while the C5-01 bond
(1.127(6) A) is significantly shorter than in these systems (C-O
ca. 1.21 A).57.6L62 Compound 13 features two benzene-bridged
tricoordinate borylene moieties deviating slightly from planarity
(2£B1 357.9(3)°), stabilised by donor-acceptor bonds to both
the CAAC and CO ligands of virtually equal strength (C1-B1
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1.501(5), B1-C5 1.506(6) A). In contrast, the B-Cco bonds in the
naphthalene analogue XI(CO); are significantly shorter (ca. 1.47
A) than the B-Ccaac bonds (ca. 1.51 A).41 Conversely, the C5-01
bond in 13 (1.085(4) A) is significantly shorter than in XI(CO),
(1.157(2), 1.160(2) A). Furthermore, the benzene and boron
planes in 13 are orthogonal (ca. 89°), whereas the naphthalene
and boron planes in XI(CO), form a more acute angle of ca. 58°.
Both CAAC ligands are rotated so that their Dip substituents
point towards the CO moieties (|[N1-C1-B1-C5| 6.5(5)°),
whereas in the solid-state structure of XI(CO),, one Dip
substituent points towards the CO ligand and the other towards
the naphthalene backbone.
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Figure 8. Solid-state structure of cocrystallised 12 and 13 as they appear in the
asymmetric unit. Both compounds are C,-symmetric. Atomic displacement ellipsoids at
50%. Ellipsoids of ligand periphery and hydrogen atoms omitted for clarity.

DFT calculations

To gain deeper insights into the electronic structure of the
compounds, quantum chemical calculations were performed,
using both density functional theory (DFT) and additional high-
level multireference methods.

For the monoradical 8, all attempts to obtain a minimum-
energy structure for 8 with a symmetrically bridging chloride, as
suggested by its solution EPR spectrum (Figure 4c), were
unsuccessful, leading instead to an unsymmetrical structure
with localised sp3-borane and sp?-boryl radical moieties (B1—(p-
cl) 1.90 A; B2--(p-Cl) 3.01 A). Constrained optimisations
revealed that enforcing a symmetrical motif (see structure 8’ in
the ESI) incurs an energy penalty of ca. 20 kcal mol=. The latter
also represents an upper limit for the transition-state energy of
Cl exchange between the two boron atoms, indicating that this
migration is feasible at room temperature. Mayer bond order
(MBO)®3 calculations indicate that, unlike in the symmetrical
chloride-bridged cation 5, in which both B—(u-Cl) bonds have
MBO values of 0.54, the bonding in 8, with B—(u-Cl) MBOs of
0.86 and 0.06, is more akin to that of the hydrogen abstraction
product 8-H (MBOs of 0.84 and 0.10). We suggest, therefore,
that the identical EPR hyperfine coupling to both boron and
nitrogen nuclei observed for 8 reflects a dynamic process
involving Cl shuttling between the boron atoms on the EPR
timescale, rather than a symmetrically Cl-bridged structure.
Further computations focused on compounds 9-112-, with
compound 112~ modelled as the bare dianionic benzodiborete
system, explicitly excluding any countercations. The main
findings, summarised in Figure 9, highlight the distinct

This journal is © The Royal Society of Chemistry 20xx



electronic structures of these systems. DFT single-point energy
calculations at the wB97X-D%/Def2-TZVP% level of theory,
performed on geometries optimised at the wB97X-D/Def2-SVP
level, indicate that compound 9 has a triplet ground state, while
compound 10 adopts an open-shell singlet (OSS) ground state.
The calculated open-shell singlet-triplet (ST) gaps are —2.83 kcal
mol~ for 9 and +0.17 kcal mol~! for 10, where a negative value
corresponds to a triplet ground state. High-level multireference
calculations at the DLPNO-NEVPT266/CASSCF(2,2)/Def2-TZVP
level further refined these gaps to —3.26 and 0.08 kcal mol?,
respectively, confirming the initial assignments. The electronic
structure of 10 thus mirrors that of the naphthodiborete XI,%!
for which the predicted open-shell ST gaps were +0.08 kcal mol-
1 at the DFT level and 1.5 kcal mol! based on multireference
wavefunctions. For 10, the small ST gap allows the higher triplet
state to be thermally accessible at rt. Conversely, 9 has an ST
gap that is too large to permit thermal population of the singlet
state under typical conditions, including moderate heating.
Finally, the dianion 112~ exhibits a closed-shell singlet (CSS)
ground state, with its triplet state lying significantly higher in
energy, at 40.4 kcal mol~! above the singlet. As in the naphtho-
fused analogues, most of the electron spin density of 9 and 10
resides on the B—Ccaac @ bonds and the nitrogen atoms of the
CAAC rings, with no significant delocalisation through the C,B,
ring or the adjacent benzene ring.
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Figure 9. Summary of the DFT results obtained for compounds 9-11. Top: Mulliken spin
density plots of 9 and 10, and HOMO of 112~ (hydrogen atoms omitted for clarity), with
HOMO-LUMO (HL) gaps of the closed-shell singlet (CSS) structures. Isovalues for the spin
densities: 0.003 a.u.; for the MO: 0.03 a.u. Bottom: energy differences (kcal mol-?)
between the CSS, open-shell singlet (OSS), and triplet states (GS = ground state).
Calculations performed at the wB97X-D/Def2-TZVP//wB97X-D/Def2-SVP level of theory.

Finally, the aromatic character of the C;B; ring of compound 10
was investigated by analysing the zz component of the nucleus-
independent chemical shift (NICS,,, Figure SX).67-70 The NICS,,(—
1/1) values indicate a weakly 2m-aromatic system with —3.0 ppm
for the OSS and —8.7 ppm for the triplet state, while the high-
lying CSS state with 23.0 ppm corresponds to a 4m-antiaromatic
system. These results are also commensurate with those of the
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naphthodiborete XI (NICS,;(—1/1)oss for the OSS: —3.8 ppm; for
the triplet state: —7.8 ppm).4t

Conclusions

In this work we have reported the synthesis of the second
isolable 1,2-diborete, an analogue of cyclobutadiene, stabilised
by strongly mt-accepting CAAC ligands at the boron centres and
fusion of the C=C bond to a rigid benzo backbone. The synthesis
proceeds via twofold adduct formation of the precursor 1,2-
bis(dichloroboryl)benzene (1) with CAAC, yielding compound 3-
CAAC or its cationic equivalent 5, followed by four-electron
reduction to the highly twisted benzodiborete 10. In contrast,
the four-electron reduction of the analogous liPr adduct
resulted in the formation of a fused tricyclic structure (6),
presumably a unstable antiaromatic  benzodiborete
intermediate (7), undergoing NHC ring expansion and B=B bond
cleavage. The intermediate one-electron (boryl radical 8) and
two-electron reduction steps (bis(boryl) biradical 9) were
characterised by EPR spectroscopy. EPR-spectroscopic and
computational analyses showed that diborete 10 has an open-
shell singlet biradical ground state, a very small singlet-triplet
gap, and thus a thermally accessible triplet state, as well as a
small but non-negligible 2rm-aromatic character. Further two-
electron reduction of 10 with alkali metal reagents led to the
isolation of the highly sensitive dianions 10-M (M = Li, Na, K).
Finally, reduction of 5 under CO atmosphere yielded a mixture
of a unique 1,3-diborol-2-one (12) and the
bis(CAAC,CO)borylene 13, the latter also being accessible
selectively by placing diborete 10 under a CO atmosphere.

On the one hand, these results essentially mirror those
obtained for our previously reported naphthalene-based
system (see Scheme 2c), albeit with a number of drawbacks.
Firstly, the synthesis of the precursor 1 is less straightforward
than that of X, requiring much harsher reaction conditions, and
systematically vyielding amounts of
byproducts. Secondly, compound 1, its carbene adducts, and its
reduction products are all significantly more sensitive than the
corresponding naphthalene analogues towards decomposition.
Finally, the experimental and computational data show little
divergence between the benzo and naphtho congeners, except
for the higher degree of twisting in the solid-state structure of
the more flexible benzodiborete, and the observation of EPR
hyperfine coupling to the protons of its benzo backbone.

On the other hand, the reduction of the IiPr adduct 3-1iPr to
6, which suggests the
benzodiborete 7, hints at the possibility of stabilising more
electron-rich 1,2-diboretes using bulkier and slightly more m-
accepting NHC ligands than liPr, less prone to ring expansion.
These would be expected to display different reactivity to the
CAAC derivatives as their 1,2-diborete ring are likely to have a

small inseparable

intermediate formation of the

more antiaromatic character.
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