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Abstract: The realization of a phosphine-stabilized diborene,
Et;P-(Mes)B=B(Mes)-PEt; (4), by KCg reduction of
Et;P-B,Mes,Br, in benzene enabled the evaluation and com-
parison of its electronic structure to the previously described
NHC-stabilized diborene [Me-(Dur)B=B(Dur)-IMe (1).
Importantly, both species feature unusual electron-rich boron
centers. However, cyclic voltammetry, UV/Vis spectroscopy,
and DFT calculations revealed a significant influence of the
Lewis base on the reduction potential and absorption behavior
of the B—B double bond system. Thus, the stronger o-donor
strength and larger electronegativity of the NHC ligand results
in an energetically higher-lying HOMO, making 1 a stronger
neutral reductant as 4 (1: E;,=—155V; 4: —1.05V), and
a smaller HOMO-LUMO gap of 1 accompanied by a notice-
able red-shift of its lowest-energy absorption band with respect
to 4. Owing to the highly negative reduction potentials, 1 and 4
were easily oxidized to afford rare boron-centered radical
cations (5 and 6).

Recent research in main-group-element chemistry has
focused more and more on the realization of homoatomic
multiple bonding between elements other than carbon.!
However, when it comes to boron, examples are rare, which
is related to the inherent electron deficiency of the boron
nucleus. Thus, B—B multiple bonding was first realized by
populating the empty  orbital at boron through reduction of
suitable diboranes(4) to afford a few radical-anionic and
dianionic species (Figure 1).”! Furthermore, theoretical stud-
ies also suggested a certain stability of neutral B—B double
and triple bond species.”) However, it required enormous
experimental efforts and Lewis base stabilization to even-
tually succeed in the realization of such compounds. Thus, the
highly reactive H-B=B—H moiety has been isolated by
Robinson as its doubly base-stabilized derivative using N-
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Figure 1. Examples of B—B multiple bonding with experimentally (X-
ray) determined B—B distances [A].

heterocyclic carbene (NHC) ligands (Figure 1).! Here,
NHC-(H)B=B(H)-NHC (NHC = IDip = 1,3-bis(2,6-diisopro-
pylphenyl)imidazol-2-ylidene; or NHC =1Mes =1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) are formed in
relatively low yields by hydrogen abstraction from the
reaction media. Furthermore, the reductive coupling of
NHC:BBr; suffered from the formation of side products,
such as NHC-(H),B—B(H),-NHC. Recently, we developed an
improved and more general procedure to access neutral base-
stabilized diborenes, employing sterical demanding aryl
substituents at boron.”! Thus, reduction of IMe-BRCI,
(IMe =1,3-dimethylimidazol-2-ylidene) enabled the isolation
of IMe-(R)B=B(R)- IMe (1: R=Dur=23,5,6-tetramethyl-
phenyl; 2: R=Mes=246-trimethylphenyl) in high yields
(Figure 1). Initial studies on the reactivity of the B—B double
bond highlighted its electron richness facilitating the olefin-
type side-on coordination to AgCl.

Some other, but limited approaches towards B—B multi-
ple bonding include: a) Matrix isolation of OC-BB-CO upon
reaction of laser-vaporized boron atoms with CO;®
b) Reduction of NHC-stabilized diborane IDip-(Br),B—
B(Br), IDip with a preformed B—B single bond; thus either
the diborene IDip:(Br)B=B(Br)-IDip or the first room
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temperature stable diboryne IDip-BB-IDip were produced
depending on the reaction stoichiometry;”! ¢) Generation of
the B—B double bond in the coordination sphere of a tran-
sition metal. In [(Et;P),Pt{B,(Dur),}], the diborene fragment
remains coordinated to platinum for which reason no further
Lewis base stabilization of the B=B system is required.”!

Interestingly, all attempts to transfer the reductive cou-
pling approach to related phosphine-stabilized precursors
consistently failed so far. Furthermore, no suitable doubly
phosphine-stabilized diborane(4) precursors are known,
which also hampers the isolation of such species. Rather it
was demonstrated that 1,2-diaryl-1,2-dihalodiboranes(4)
react even with an excess of phosphine PR; to yield 1:1 sp*—
sp’ diborane adducts.”) Here, either the formation of simple
adducts with a bridging halide (type a) or a rearrangement
process affording 1,1’-diaryl-2,2’-dihalodiborane(4) adducts
(type b) is the preferred reaction pathway, depending on the
sterical requirements of the phosphine ligand. Although such
diboranes(4) do not coordinate a second equivalent of the
Lewis base to form R;P-(R),B—B(R),"PR;, we reasoned that
type a species might be suitable candidates for the realization
of neutral bisphosphine-stabilized diborenes, if additional
Lewis base is offered in situ.

To this end, Et;P-B,Mes,Br, (3) was reduced with excess
KC; in benzene solution in the presence of PEt;
(Scheme 1).'!  As anticipated, reduction afforded the

Mes., B\r ot KCs EtaP\B B/Mes
"B—Rin —_— =
/B B\ PEt; * 3 benzene / N
Br Mes RT, 16 h, 72% Mes PEt;
3 4

Scheme 1. Synthesis of 4.

bisphosphine-stabilized diborene 4 as a yellow solid in 72 %
yield of isolated product. The ''B NMR signal of 4 in C¢Dj
(0=16.3 ppm) is somewhat shifted to higher field upon
changing the Lewis base from NHC to phosphine (cf. 1 6 =
247 ppm, 2 0=24.1ppm, IDip-(HB=B(H)IDip o=
25.3 ppm).+3! Direct comparison to other three-coordinate
boron phosphine adducts turned out difficult due to the lack
of suitable examples in the literature. The PMe; adduct of
borabenzene, (CsHsB)-PMe;, most likely approximates the
bonding situation of 4 best, and its ''B NMR chemical shift
(0=20.8 ppm) is thus quite similar."") However, the presence
of a B—B double bond is clearly evident in the molecular
structure of 4 in the solid state.'” Thus, the boron atoms of 4
adopt trigonal planar geometries (Z;=360°) with a B—B
distance (1.579(3) A) comparable to those observed for
NHC-stabilized diborenes IDip-(H)B=B(H)-IDip
(1.561(18) A), 1 (1.590(5) A) and 2 (1.593(5) A).*>3 The
increase in B—B bond order comes along with a shortening/
strengthening of the B—P bonds in 4 (1.9179(15) A) as
compared to the starting material 3 (1.996(2) A).”) A short
B—P bond was also reported for the related (CsHsB)-PMe,
system (1.900(8) A).l'!

Having two similar diborene systems (1 and 4) to hand, we
set out to evaluate their electronic structures in more detail.
Cyclic voltammetry in THF revealed a single reversible
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oxidation event for 4 at —1.05V, while two oxidation
processes are visible in the case of 1, the first one being
reversible (—1.55 V) and the second being irreversible and
leading to decomposition at a potential of —0.50 V.'"!2 These
high reduction potentials are remarkable, keeping the inher-
ent electron deficiency of boron in mind and are amongst the
highest observed for neutral molecules, which illustrates well
the electron richness of the B—B double bond system.™™ It
should also be emphasized that this is a very rare case of
a boron-centered radical cation,'” and we are only aware of
one other example, which was reported by Bertrand.!"
However, there is a surprisingly large difference of 0.5V
between the reduction potentials of 1 and 4, with the NHC-
substituted diborene 1 being a much stronger reductant than
its phosphine analogue 4. This finding indicates that the
HOMO of 1 lies significantly higher in energy than that of 4,
which can be approximated by CV to 0.5 eV.'! Results of
DFT calculations clearly validate this picture providing an
energy separation of 0.38eV between the HOMOs of
1(-3.15eV) and 4 (—3.53 eV; as based on orbital eigenvalues
depicted in Figure 2). Figure 2 also shows that the HOMOs of

A
E -0.05 eV
-0.48 eV 4+ LUMO (137)
LUMO (131) 4 !
! 1
| :
AE=267¢eV | ' AE=3.48eV
AE =21535cm™ | ' AE=28102 cm
l :
! |
v |
HOMO (130) i
—_— . '
-3.15eV f HOMO (136)
-3.53 eV

Figure 2. Frontier molecular orbitals and their respective energies of
diborenes 1 (left) and 4 (right).

both diborenes are almost exclusively associated with the B—
B & system. Thus, we suggest that it is the larger o donor
strength of the NHC ligand with respect to PEt; that leads to
a higher electron density at the B—B double bond in 1, thus
raising the HOMO in energy relative to 4.

Another difference in the electronic structures of 1 and 4
is evident in their UV/Vis spectra in Et,0 solution.'“? As
described earlier, diborene 1 features three distinct absorp-
tion bands at 4,,,,, =299, 463, and 538 nm, which were assigned
on the basis of time-dependent DFT calculations to tran-
sitions mainly arising from the B—B & system to ligand-
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centered molecular orbitals (A..=320nm: HOMO—-1—
LUMO:; A =436 nm: HOMO —LUMO +1; A.,c =519 nm:
HOMO —LUMO).P! In contrast, phosphine-stabilized dibor-
ene 4 only shows two broad absorption bands in its UV/Vis
spectrum at 4, =366 nm and 403 nm with the lowest energy
transition significantly shifted to higher energies (AE
6567 cm™'). TD DFT revealed that these absorptions are
much more complicated in nature and involve different
electronic excitations each consisting of a series of transitions
all emanating from the B—B-centered HOMO into different
virtual MOs. Accordingly, the absorptions at A,,,, =366 nm
(Aeare =319, 346, 361 nm) and A,,,, =403 nm (4., =401, 412,
423 nm) each consist of three distinct excitations. At this
point, we also puzzled why the HOMO-LUMO gap of 1 is
obviously that much smaller than that of 4. To address this
question, we first evaluated the energies and shapes of the
involved molecular orbitals of 1 and 4 by DFT methods
(Figure 2). The calculations reproduced the observed exper-
imental UV/Vis data very well, thus confirming a much larger
HOMO-LUMO gap for 4 (3.48 eV; cf. 1: 2.67 eV). Here, as
already described in the CV discussion, the HOMO of 4 is
lower in energy than the HOMO of 1 (AG 0.38 eV), while its
LUMO is higher in energy (AG 0.43 eV). Furthermore, the
calculations showed the HOMOs of 1 and 4 to be associated
with the B—B = bonding interaction and the LUMOs to be
mainly ligand-centered. Consequently, we reasoned that the
large differences observed upon electronic excitation are
a result of two different effects: The presence of a) an energy-
rich HOMO of diborene 1 due to the larger o donor strength
of the NHC ligand; and b)a high-lying ligand-centered
LUMO in 4, which is presumably related to the lower
electronegativity of the phosphorus center (P vs. C).

Next, we tried to assess the radical cationic species
observed in the CV measurements experimentally by selec-
tive chemical oxidation of 1 and 4 by (C;H;)BAr', (Ar'=3.5-
(CF;),-C¢H3). (C;H;)BAT', was considered a suitable oxidant
because of its low oxidation potential, which also only
produces an innocent and easy to remove by-product
(C4Hy,), and also features a weakly coordinating anion thus
providing stability and solubility. Reactions of 1 and 4 with
(G;H,)BATr!, occurred readily in Et,O at room temperature,
and the radical cations § and 6 were eventually isolated as
purple (5: 71%) and green crystalline solids (6: 72%),
respectively (Scheme 2).'"? Removal of one electron from the
bonding m orbital between the two boron atoms results in
a formal bond order of 1.5 for the radical cations 5 and 6,
which is also evident in their crystal structures.""'? Thus, the
B—B distances of 5 (1.636(4) A) and 6 (1.631(6) A) are

IMe_ /Dur (C7H7)BAr, IMe_ | /Dur
B:B\ _— /B:B\
Dur IMe = /2 C1aHis Dur IMe [BAr,
Et,0, RT, 71% ]
1 5
EtzR Mes (C/H7)BA, EtsR . /Mes
/B:B\ T /B:B\
= 12 CaaHig f
Mes PEt;3 Et,0. RT, 72% | Mes PEtg_ BAr',
4 6

Scheme 2. Syntheses of 5 and 6.
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elongated with respect to their precursors (1: 1.590(5) A; 4:
1.579(3) A), while the planarity of the boron centers remains
unaffected by the lower bond order (5: =5, =359.85°, 25, =
360.01°; 6: Zp; = 359.85°, Zp, = 360.01°).

In the continuous-wave X-band EPR spectra of diethyl
ether solutions of the two radical cations, the resonances are
only poorly resolved, even at low concentrations around the
detection limit. While radical 5§ displays a single broad
resonance at g, 2.0027, the spectrum of 6 exhibits a 1:2:1
triplet owing to the coupling of the unpaired electron with two
equivalent phosphorus atoms (g, 2.0024; A(C'P) 21G;
Figure 3). In both cases, the lack of an observable boron

dy"/dB

332 333 334 335 336
Magnetic Field (mT)

dy"/dB

330 332 334 336 338
Magpnetic Field (mT)

Figure 3. Experimental (black) and simulated (red) X-band (9.38 GHz)
EPR spectra of 5 (top) and 6 (bottom) in Et,O solution.

hyperfine coupling, which can be approximated from the EPR
line widths to be smaller than 1 G, suggests a rather small
amount of unpaired spin density on the boron atoms.

The electronic structure of radical cations 5 and 6 was also
elucidated by a combination of UV/Vis spectroscopy (Et,O;
Figure 4) and TD DFT calculations."” The results of these
studies are analogous to that obtained for the neutral
diborene precursors 1 and 4. Thus, removal of one electron
from the HOMOs of 1 and 4 by oxidation does not alter the
shape of the resulting molecular orbitals, and the SOMOs of §
and 6 are still of pure B-B m bonding character.'"”’ The UV/
Vis spectrum of NHC-substituted radical cation 5§ features
seven absorption bands between 4,,, =270 nm and 503 nm,
with the main absorptions being at A,,, = 340/367 nm and 445/
503 nm. These absorption bands are quite well reproduced by
the calculations. Here, excitations were found at 4., =509 nm
and 468 nm, which consist of SOMO(a)—LUMO(a)/
HOMO-1(f)—SOMO() and HOMO—4(B)—SOMO(B)
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Figure 4. UV/Vis spectra of radical cations 5 and 6 in Et,0.

transitions, respectively. The absorption band at 4., =362 nm
is far more complex and associated with 19 transitions, the
main components being SOMO(a)—LUMO + 1(a) and
HOMO-3(a)—»LUMO(a). By contrast, the UV/Vis spec-
trum of 6 is quite simple showing only one major absorption
band at A,,,=419nm, which is easily assigned to the
SOMO(a)—-LUMO(0) excitation (4..=384 nm). Similar
to their neutral precursors, the lowest energy absorption of
the NHC-stabilized radical cation 5 occurs at significantly
lower energy than that of its phosphine analogue 6 (AE
4938 cm™"), which is again a result of an energetically high-
lying SOMO in 5 (AG 0.73eV) and LUMO in 6 (AG
0.21 eV), respectively. Consequently, the SOMO-LUMO gap
is larger for 6 (4.16 eV; cf. 5: 3.22 eV)

With the synthesis of phosphine-stabilized diborene 4, we
were able to significantly expand the chemistry of diborenes.
Thus, we have shown that a) not only NHC coordination can
lead to stable diborenes and that b) the experimental access is
not limited to reductive coupling approaches. Furthermore,
we have provided quantified evidence for the unusual
electron richness of the B=B double bond, which is high-
lighted by highly negative reduction potentials. Accordingly,
removal of one electron from the B=B double bond of
diborenes 1 and 4 occurred readily to afford stable radical
cations 5 and 6. Having two different systems in hand, a more
detailed evaluation of the electronic structure became
possible, and we found that the nature of the stabilizing
Lewis base exerts a strong influence. Thus, changing the Lewis
base from NHC (1, 5) to phosphine (4, 6) entails a)a
significant decrease in the reduction potential of the dibor-
enes (AE,, 0.5 V) and b) an increase of the HOMO-LUMO
(AE 6567 cm™) and SOMO-LUMO gap (AE 4938 cm™),
respectively. Experiments regarding the reactivity and applic-
ability of theses neutral and radical cationic species are
a major part of current research in our laboratories.
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