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Abstract: A cyclic alkyl(amino)carbene (CAAC)-stabilized di-
coordinate aminoborylene is synthesized by the twofold
reduction of a [(CAACQ)BCL(TMP)] (TMP=2,6-tetrameth-
ylpiperidyl) precursor. NMR-spectroscopic, X-ray crystallo-
graphic and computational analyses confirm the cumulenic
nature of the central C=B=N moiety. Irradiation of [(CAAC)B-
(TMP)] (2) resulted in an intramolecular C—C bond activation,
leading to a doubly-fused C,,BN heterocycle, while the
reaction with acetonitrile resulted in an aryl migration from
the CAAC to the acetonitrile nitrogen atom, concomitant with
tautomerization of the latter to a boron-bound allylamino

ligand. One-electron oxidation of 2 with CuX (X=Cl, Br)
afforded the corresponding amino(halo)boryl radicals, which
were characterized by EPR spectroscopy and DFT calculations.
Placing 2 under an atmosphere of CO afforded the tricoordi-
nate (CAAC,CO)-stabilized aminoborylene. Finally, the twofold
oxidation of 2 with chalcogens led, in the case of N,O and
sulfur, to the splitting of the B—Ccaac bond and formation of
the 2,4-diamino-1,3,2,4-dichalcogenadiboretanes and CAAC-
chalcogen adducts, whereas with selenium a monomeric
boraselenone was isolated, which showed some degree of
B—Se multiple bonding.
p g )

Introduction

The stabilization of low-valent borylenes (BR, R=anionic
substituent) has generated much research interest since the
isolation of the first transition metal borylene complexes in the
1990s." The challenge of synthesizing these reactive boron(l)
compounds lies in the presence of the two vacant p orbitals at
boron, combined with a highly nucleophilic lone pair. Thus, free
borylenes such as :BH, :BF or :BPh may only be observed
transiently or evidenced by trapping reactions.* Transition
metal complexes provided the first entry point into the isolation
of stable borylenes, as the d orbitals of electron-rich metals act
as powerful donors to the empty p orbital at boron and
acceptors to the boron lone pair.”” A landmark in this area was
the isolation of the first linear metal borylene complexes |
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(Figure 1), in which the second empty orbital at boron is
additionally stabilized by 7t donation and steric protection from
the bis(trimethylsilylJamino substituent.®® While terminal metal
borylene complexes proved useful as borylene transfer
reagents,l'” the dearth of substituents R capable of stabilizing
the linear M=B—R motif remained a serious limitation.

The first stable metal-free borylene, synthesized in 2010 by
Bertrand,"" relied on the electronic and steric stabilization of
two cyclic alkyl(@amino)carbene (CAAC) ligands, acting as strong
o donors and m acceptors,"*"* and thus enabling the delocaliza-
tion of the excess electron density over the entire
CAAC—B—CAAC &t framework. Since then, numerous symmetrical
and unsymmetrical tricoordinate borylene derivatives (LL'BR,
LL"=neutral donor ligands) with various R substituents (e.g., H,
F, Cl, Br, CN, NCS, aryl, boryl) have been isolated."* Their
reactivity, however, remains often hampered by excessive steric

hindrance around the tricoordinate boron center. While
Push-pull stabilization = of 0C O SiMes
of linear borylenes:  M/H_ :EB_NRZ OC ME=H,
OoC CO SiMe;
M =Cr, Mo, W |
(0] /Mes
N\ iPr Et
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/ D / ~
N\ iPr N\ Et
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Dip = 2,6-iPr,CeHs Mes = 2,4,6-Me3CgH,
1] n IV (in situ)

Figure 1. Examples of literature-known sp*-hybridized aminoborylenes.
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dicoordinate metal-free borylenes (LBR) can be generated
in situ by photolysis or thermolysis of a second labile donor
ligand (e.g., CO, PMe;), they are too reactive to isolate,
undergoing systematic intramolecular C—H or C—C bond
activation in the absence of a second stabilizing base."**?

The first stable linear metal-free borylene, compound I,
relied on a similar push-pull principle as the linear metal
aminoborylenes, the o-donating and m-acidic CAAC® ligand
playing the role of the transition metal and the amino
substituent affording the additional electronic and steric
stabilization.” While the C—B—N bonding situation in the solid-
state structure of Il is best described as allenic, calculations
showed that bending of the C—B—N angle, which comes at a
negligible energetic cost, localizes the lone pair at boron,
allowing it to react in the manner of a borylene. The only other
isolated dicoordinate borylene, compound lll, was designed on
the same principle using a diamidocarbene (DAC) instead of a
CAAC ligand.”**' More recently, our group has reported the
in situ synthesis of the much less sterically hindered linear
aminoborylene IV, which was only stable in solution at temper-
atures below —40°C and could be trapped as a CO adduct.?
Furthermore, we have synthesized aminoborylene-stabilized
aminoborylenes in the coordination sphere of transition metal
carbonyls, with side-on coordination of the B—B multiple bond
to the metal center, in which the terminal aminoborylene
moiety is also partially sp-hybridized.”” In terms of reactivity,
however, only two reactions have ever been reported for linear
aminoborylenes, namely the coordination of CO and the
activation of H, across the Ccaa—B bond 32

In this study we describe the synthesis and characterization
of a new isolable CAAC-stabilized aminoborylene with lower
steric hindrance at boron than Il and describe its C—C and C—N
bond activation chemistry, its one-electron oxidation to the
corresponding amino(halo)boryl radicals, its binding to CO and
finally its two-electron oxidation with elemental chalcogens.

Results and Discussion

The addition of CAAC™ (1-(2,6-diisopropylphenyl)-3,3,5,5-
tetramethylpyrrolidin-2-ylidene)® to (TMP)BCl, (TMP=2,6-
tetramethylpiperidyl) in pentane at room temperature afforded
the corresponding adduct 1 in quantitative yield (Scheme 1a).
Once redissolved in C,Dy at room temperature, however, the
adduct redissociated into the starting materials, as indicated by
the "BNMR shift at 33.3 ppm, corresponding to free
(TMP)BCI,.*?" A variable-temperature ''B NMR experiment in dg-
toluene showed the appearance of another resonance at

a) b)
entane, rt 5 equiv KC
caaches PITES T LN Deqv s, B=N
BCIly(TMP) toluene N
B -78° \
o7 e T8 Clort Dip
Cl
1 2 (92%)

Scheme 1. Synthesis of aminoborylene 2.
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4.5 ppm attributable to adduct 1 at temperatures below 0°C
(see Figure S19 in the Supporting Information).

The reduction of crude 1 with 5equiv. KC; in toluene
yielded a red suspension, workup of which afforded the linear
aminoborylene 2 as a dark orange solid in 92% yield
(Scheme 1b). The UV-vis spectrum of 2 in hexane shows an
absorption maximum at 246 nm and a broad, very low intensity
absorption band at 353 nm. The "B NMR spectrum of 2 shows a
broad resonance at 71.7 ppm (full width at mid-height (fwmh)
~ 570 Hz), intermediate between the linear aminoborylenes of
Bertrand and Stephan (Il 0,,;=83.7 ppm)?? and Hudnall (lll
0115=62 ppm),*? and similar to that observed insitu for IV
(6115=73 ppm).?? The CAAC carbene carbon was detected as a
very broad "C{'H}NMR resonance at 115.2 ppm, downfield
from known aminoboraalkenes (0,53 =69-89 ppm),?°>? which
display a covalent B=C double bond, but significantly upfield
from typical BCcaac resonances of CAAC-stabilized borylenes
(0115=154-204 ppm).33? An X-ray crystallographic analysis
(Figure 2a) confirmed the near-linear aminoboraalkene confor-
mation of the C=B=N moiety (170.91(11)°) and the double bond
character of the C1-B1 (1.4078(15) A) and B1-N2 (1.3662(14) A)
bonds, similar to those in Il and Il (II: B—C 1.401(5), B—N
1.382(5) A; Ill: B—C 1.416(3) A).2* The TMP ligand is rotated so as
to minimize steric repulsion between the TMP methyl and the
CAAC"® methyl and Dip substituents, with an angle of ca. 60°
between the C1 and N2 planes. The lower steric demands of
the CAAC™ and TMP ligand of 2 compared to those of the
CAACY and N(SiMe;), ligands of Il are expected to provide a
more reactive borylene center in 2. Shortly after the submission
of this manuscript Chiu and coworkers reported the first linear
boryl radical cation, [(CAAC®)B(TMP)]"*, which like 2 is stabilized
by the push-pull interaction of a CAAC and a TMP ligand, but

a) /i b)

HOMO-4 (-3.3 eV)

HOMO (0.0)

Figure 2. a) X-ray crystallographically-derived solid-state structure of 2, with
atomic displacement ellipsoids shown at the 50% probability level. All
hydrogen atoms and ellipsoids of ligand periphery are omitted for clarity. b)
Optimized structure of 2 at the B3LYP-D3(BJ)-Def2-SVP level of theory, with
relevant Wiberg bond indexes (WBIs) in blue and Mulliken partial charges in
red. c and d) Representation of the HOMO and HOMO-4 of 2, relative energy
levels (eV) in parentheses. Isosurfaces: 0.06.
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with a slightly longer B—C (1.457(3) A) and slightly shorter B—N
(1.347(3) A) bonds.””

Density functional theory (DFT) calculations at the
B3LYP—D3(BJ)-def2-SVP level of theory (see the Supporting
Information for computational details) provide similar structural
parameters to those of the solid-state structure (B—C 1.41, B—N
1.37 A, C—B—N 177°). The highest occupied molecular orbital
(HOMO) corresponds to the B=C it bond with an out-of-phase
contribution of the CAAC nitrogen p, orbital (Figure 2c), as was
also calculated for Il and 11L.**" The B—N & bond is visible in the
HOMO-4 (Figure 2d). The calculated Wiberg bond indexes
(WBIs) of the B—C and B—N bonds of 1.78 and 1.50, respectively,
confirm their partial double bond character (Figure 2b). Finally,
the partial charge of —0.40 at boron is consistent with a highly
nucleophilic borylene center.

Irradiation of a hexane solution with UV light for 7 days
resulted in selective activation of a C,—Cp bond by the
borylene center of 2, followed by iPr transfer from boron to the
CAAC carbene center, yielding the doubly-fused B,N-heterocycle
3 (Scheme 2a).®® The same decomposition was also observed
for aminoborylene IV upon warming to room temperature.”®
This seems to be a feature particular to dicoordinate CAAC-
stabilized aminoborylenes, since in situ-generated dicoordinate
CAAC-stabilized arylborylenes instead undergo insertion of the
borylene into the C—H bond of an iPr-methyl group of the Dip
substituent, often followed by hydride transfer from boron to
the CAAC carbene center.['53639

Intramolecular borylene insertion into a C,—C;, bond with-
out further migration of the iPr moiety has been observed with
in situ-generated dicoordinate mesoionic  carbene- and
isocyanide-stabilized arylborylenes."®'¥ The solid-state structure
of 3 confirms the formal addition of the C,—C;, bond across the
B—Ccanc bond (Figure 3, left) and the formation of fused tricyclic

N NS
a) UV irradiation ) b) MeCN
iPr
B. ° B
\:I'MP hexane, 7 days 60 °C, 24 h /\N 2 >TMP

|
D

3 (36%) P 4(81%)

Scheme 2. C—C and C—N bond activation at 2.

Figure 3. X-ray crystallographically-derived solid-state structures of 3 and 4,
with atomic displacement ellipsoids shown at the 50% probability level. All
hydrogen atoms and ellipsoids of ligand periphery are omitted for clarity,
except for the vinyl protons.
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system with a central 2-hydro-1,3-azaborole ring. It is note-
worthy that, due to the bulk of the TMP ligand, the planes of
the B2 and N2 centers in 3 form an angle of 42° rather than
being quasi-coplanar as in the diethylamino analogue of 3.2
This leads to a lower degree of & overlap between the nitrogen
lone pair and the empty orbital at boron, a lengthening of the
B—N bond to 1.438(2) A (vs. 1.397(2) A in the diethylamino
analogue), which results in a 10 ppm downfield shift of the
"BNMR resonance of 3 at 53.8 ppm compared to the
diethylamino analogue (8,,; =43 ppm).*®

In acetonitrile borylene 2 underwent quantitative transfer of
the Dip substituent from the CAAC to the acetonitrile nitrogen
atom, concomitant with tautomerization of the acetonitrile CMe
moiety to a vinyl group, resulting in the pyrrolidin-2-yl and
aryl(vinyl)amino-substituted borane 4 (Scheme 2b). Compound
4 displays an "B NMR resonance at 36.6 ppm, typical for an
alkyl(diamino)borane (e.g., MeB(NMe,), 0;;5=33.5 ppm).*” The
'H NMR spectrum shows a characteristic set of three vinylamino
resonances in a 1:1:1 ratio at 8.01 (dd, NCH), 4.35 (d, H,) and
3.81 (d, Hyand) ppm, with 3J; and *J,,,, coupling constants of 8.9
and 16.1 Hz, respectively. The solid-state structure of 9 (Fig-
ure 5) confirms the migration of the Dip substituent from N1 to
N3, as well as the tautomerization of the CMe to the allyl
substituent, with a C2—C3 double bond of 1.324(4) A. Migration
of the Dip substituent from the CAAC nitrogen to the carbon
atom of a boron-bound ligand has only been observed within
the radical anion [(CAACM)B(CO)(Tip)l*~  (Tip=2,4,6-
triisopropylphenyl).*" The reaction likely proceeds via the
formation of a tricoordinate acetonitrile adduct A, followed by
tautomerization to a CAAC-stabilized amino(vinylimino)borane

a) A b)

dy"IdB
dy"/dB

332 333 334 335 336 337
magnetic field / mT

330 331 332 333 334 335 336 337 338
magnetic field / mT

Figure 4. a, b) Experimental (black) and simulated (red) continuous-wave
(CW) X-band EPR spectra of 5 (a) and 5% (b) in THF at room temperature; c)
X-ray crystallographically-derived solid-state structures of 5%, with atomic
displacement ellipsoids shown at the 50 % probability level. All hydrogen
atoms and ellipsoids of ligand periphery are omitted for clarity, except for
the allyl protons; d) Plots of the spin density of 5% and 5% calculated at the
B3LYP-D3(BJ)-def2-SVP level of theory (doublet states). Isosurfaces: 0.004.
Localization of unpaired electron for 5%: N 0.25, C 0.44, B 0.27, Cl 0.02.
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Figure 5. a) X-ray crystallographically-derived solid-state structure of 6, with
atomic displacement ellipsoids shown at the 50 % probability level. All
hydrogen atoms and ellipsoids of ligand periphery are omitted for clarity. b)
Representation of the HOMO of 6 at the B3LYP-D3(BJ)-Def2-SVP level of
theory. Isosurfaces: 0.06.

B and finally Dip migration from the CAAC to the imino
nitrogen atom (Scheme 3).

The one-electron oxidation of 2 with copper chloride or
bromide afforded the red-colored, NMR-silent boryl radicals 5
and 5% (Scheme 4a). The UV-vis spectra of 5% and 5% show
absorption maxima at 321 and 327 nm, respectively, with a low-
absorption shoulder around 500 nm, accounting for their red
color. The EPR spectrum of 5 shows a broad triplet at g;,=
2.0037, which could be modelled with hyperfine coupling
constants of a("Ncaac) =18.9 MHz, a(''B)=3.1 MHz, a("*Nqyp) =
2.8 MHz and a(***Cl)=1.2 MHz (Figure 4a). This suggests that
the wunpaired electron is delocalized over the entire
(CAACM)BCI(TMP) &t framework with the highest contribution at
the CAAC nitrogen. In their very recent publication Chiu and
coworkers reported the synthesis of the CAAC® analogue of 5
by the reduction of a [(CAAC®)BCI(TMP)I[OTf] (Tf=SO,CFs)
precursor, and also obtained an EPR triplet resonance.®” A
similar hyperfine coupling pattern has been observed for the
chloroboryl radical precursor to Il and [(CAAC)B(CI)N(SiMe;),]-
~.IB29 |n contrast, the chloroboryl radical precursor to Il
showed much larger coupling to the chlorine nucleus (a(*Cl) =
24.5 MHz).”¥ The EPR spectrum of 5% shows a broad quartet at
Jiso=2.0075, which could be modelled with hyperfine coupling
constants of a("Ncaac) =19.0 MHz, a(''B)=2.1 MHz, a("*Nqyp) =
3.4 MHz and a(”®®'Br)=8.4 MHz (Figure 4b). These values are
similar to those observed for the related bromoboryl radical
[(CAAC)B(Br)Dur]® (Dur = 2,3,5,6-tetramethylphenyl).“? DFT cal-
culations show that the spin density in both cases is mainly
delocalized over the (N—C)canc-B 7 framework (5: N 0.25, C
044, B 027; 5*: N 0.26, C 042, B 0.29) with minimal
contributions from the halide ligand (Figure 4d and Figure S27
in the Supporting Information). Compared to other CAAC-
stabilized boryl radicals 5 and 5% show a similar distribution of
the unpaired electron spin density.?”*}

Dip NS
migration
> B
/\r;l “SSTMP
Dip 4

Scheme 3. Proposed mechanism for the formation of 4.
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Scheme 4. One-electron oxidation of 2 and adduct formation with CO.

The solid-state structures of 5% and 5% show the typical
structural features of CAAC-stabilized boryl radicals:?%*4** the
boron center is trigonal planar (£,;2360°), the B—Ccaac bond
(5 1.5181(19); 5% 1.513(2) A) longer and the C1-N1 bond (5¢
1.3815(16); 5% 1.3759(17) A) shorter than those of borylene 2
(B1-C1 1.4078(15), N1—C1 1.4255(13) A), thus confirming the
delocalization of the unpaired electron over the B—-C—N @
framework.

Like the linear aminoborylenes Il and IV** compound 2
reacted with CO to form the tricoordinate borylene 6
(Scheme 4b). The "'B NMR shift at —5.8 ppm is slightly upfield-
shifted from that of the CO adducts of Il (6,,3=—3.4 ppm)*
and IV (8,,5=—2.7 ppm),® indicating a higher electron density
at boron. The highly broadened "C{'H} NMR resonance of the
boron-bound Ccyyc nucleus was detected by HMBC at
203.0 ppm, while the BCO resonance could not be detected.
The IR C=0 stretching frequency of 6 appears as a strong band
at 1925cm™, close to that of (CAAC")B(CO)NEt, (vio=
1928 cm").? The solid-state structure of 6 confirms the
formation of the CO adduct (Figure 5). The CO ligand is nearly
coplanar with the CAAC = framework (torsion angle
N1-C1-B1-C2 9.8(6)°) and oriented toward the NDip residue.
The B—Ceaac and B—Cq, distances of 1.508(6) and 1.494(6) A,
respectively, are within the range of partial double bonds, as is
usual for (CAAC,CO)-stabilized borylenes,'524*1 whereas the
B—Nqye bond (1.510(5) A) is now best described as a single
bond.

DFT calculations show that the HOMO of 4 is delocalized
over the Neaac—C—B—C—O & framework, with bonding interac-
tions over the Ceanc—B—Cco moiety and out-of-phase contribu-
tions of the CAAC nitrogen and carbonyl oxygen atoms. The
calculated WBIs for the N1—C1 (1.20), C1-B1 (1.39), B1—C2 (1.33)
and C2-01 (2.16) bonds confirm the delocalization of the &
electrons, while the WBI for B1-N2 (1.06) is indicative of a single
rather than a partial double bond.

As tricoordinate borylenes are known to activate elemental
chalcogens,”®*? borylene 2 was reacted with N,O, typically
used as a selective oxygen source in reactions with silylenes,®"
as well as elemental sulfur and selenium. With both N,O and
sulfur, the B—Ccyac bond was cleaved and the boron and
carbene centers fully oxidized, leading to the quantitative
formation of a 2:1 mixture of the known CAAC-chalcogen
adducts 7° and 7° respectively,”>*® and the known 24-
diamino-1,3,2,4-dichalcogenadiboretanes 8° (d;,3=28.2 ppm)
and 8° (8,,,=40.7 ppm), respectively,”*** as identified by NMR
spectroscopic and X-ray crystallographic analyses (Scheme 5a).
A similar complete oxidation of (CAACY),Si with N,O, yielding

]
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Scheme 5. Reactivity of 2 towards elemental chalcogen sources.

7° and SiO,, has been reported by Roesky and Stalke.*® In the
reactions of 2 with N,O and S; it is likely that the first oxidation
occurs at the borylene center, yielding a monomeric
(CAACM)B=E(TMP) (E=0O, S) intermediate with a labile CAAC
ligand, followed by oxidation of the CAAC ligand and dimeriza-
tion of the kinetically unstable B=E(TMP) residue. The reaction
with elemental selenium proved less selective, leading to
incomplete conversion even after prolonged reaction times at
room temperature.””’ The major product formed (ca. 35%)
shows an ''B NMR resonance at 44.4 ppm and was identified by
X-ray crystallographic analysis as the boraselenone 9
(Scheme 5b)."® The 'H NMR spectrum of 9 shows very broad
CAAC resonances, indicative of strongly hindered rotation. The
second product, formed in ca. 15% yield, was the known
1,3,2,4-diselenadiboretane 8% (8,,,=234.5 ppm),"? while three
minor byproducts (0,,,=48.6, 30.3 and 25.4 ppm, each less
than 2%) remained unidentified.

The solid-state structure of 9 (Figure 6a) shows a trigonal
planar boron center (Z(/B)=359.5(3)°) with a very narrow
C—B—Se angle of 90.5(3)° and very wide Se—B—N and N-B—C

HOMO (0.0 eV)

HOMO-1 (-0.13 eV)

HOMO-3 (-1.8 eV)

HOMO-5 (-2.3 eV)

Figure 6. a) X-ray crystallographically-derived solid-state structure of 9, with
atomic displacement ellipsoids shown at the 50 % probability level. All
hydrogen atoms and ellipsoids of ligand periphery are omitted for clarity. b)
Optimized structure of 9 at the B3LYP-D3(BJ)-Def2-SVP level of theory, with
relevant WBIs in blue and Mulliken partial charges in red. c—f) Representation
of selected HOMOs of 9, relative energy levels (eV) in parentheses.
Isosurfaces: 0.06.
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angles of 133.1(3) and 135.9(4)°, respectively. This results in a
relatively short Se-Ccanc distance of 2.52 A, just below the limit
of the sum of van der Waals radii for carbon and selenium
(2.60 A),*® suggesting a possible orbital interaction. This was
confirmed by DFT calculations, which provide a C—B—Se angle
of 88.9° and a Se--Ccuac distance of 2.47 A, and show that the
HOMO-1 is composed of the second lone pair at selenium
donating into the empty p, orbital at the carbene center
(Figure 6d). Furthermore, the selenium atom lies in the plane of
the amino substituent (torsion angle Se1-B1-N2—C2 0.9(6)°),
whereas the CAAC ligand is rotated near-orthogonally to the
boron plane (N1-C1-B1-Se1 — 88.4(4)°). This results in a purely
o-donating CAAC—B interaction, with a C1-B1 single bond
(1.599(6) A). The B1-N2 bond length of 1.415(6) A indicates
partial double bond character, while the B1-Sel bond
(1.927(5) A) is longer than that in known boraselenones with
authenticated B=Se double bonds (1.871(5)-1.896(4) A).1*506"
Inspection of the HOMOs of 9 shows that, while the HOMO and
HOMO-1 are essentially the two lone pairs at selenium and the
HOMO-5 corresponds to the B-Se ¢ bond, the HOMO-3 shows
delocalized Se-B—N m-bonding character (Figure 6c—f). The WBIs
of the B—Se (1.21) and B—N bonds (1.37) also confirm their
partial double bond character, while the negative charge at
selenium (—0.37) and much less negative charge at boron
(—0.05) suggest that the boraselenolate form is still electroni-
cally predominant (Figure 6b).

Conclusion

We have synthesized the third isolable linear aminoborylene,
compound 2, stabilized by the push-pull interaction of a -
donating piperidyl and a m-accepting CAAC ligand. While
structural and computational analyses confirm its cumulenic
C=B=N structure, its reactivity is that expected for a dicoordi-
nate borylene, including intramolecular C—C and N—C bond
activation reactions, one-electron oxidation to amino(halo)boryl
radicals and the binding of CO and elemental selenium.

Experimental Section

All experimental details provided in the Supporting Information in
a separate file (pdf): synthetic procedures, NMR, IR, UV-vis, EPR and
X-ray crystallographic data, as well as details of the computations.

Crystallographic data: Deposition Number(s) 2221458 (9), 2221459
(6), 2221460 (1), 2221461 (5%), 2221462 (5%), 2221463 (4), 2221464
(2) and 2221465 (3) contain(s) the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.
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