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Abstract: The reaction of the bulky bis(imidazolin-2-iminato)
ligand precursor (1,2-(LM*NH),-C,H,)[OTs], (I’*2[OTs];
LM = 1,3-dimesityl imidazolin-2-ylidene, OTs = p-toluenesul-
fonate) with lithium borohydride yields the boronium dihy-
dride cation (1,2-(LM*N),-C,H,)BH,[OTs] (27 [OTs]~) The
boronium cation 2* [OTs]™ reacts with elemental sulfur to give
the thioxoborane salt (1,2-(LM*N),-C,H,)BS[OTs]
(3t [OTs]~). The hitherto unknown compounds 1**2{OTs] ",
24 [OTs], and 3" [OTs]~ were fully characterized by spectro-
scopic methods and single-crystal X-ray diffraction. Moreover,
DFT calculations were carried out to elucidate the bonding
situation in 2% and 3*. The theoretical, as well as crystallo-
graphic studies reveal that 3" is the first example for a stable
cationic complex of three-coordinate boron that bears a B=S
double bond.

I n the course of the past decades considerable effort has been
made to explore the nature of well-defined cationic molecular
complexes of boron.'l A common categorization of these
compounds follows the coordination number of the boron
center. Hence, the terms boronium-, borenium-, and bori-
nium-cation refer to a four-, three-, and two-coordinate boron
atom, respectively. It is important to take the location of the
cationic charge into consideration, that is, its distribution
across the boron site and the attached ligand system.
Consequently, a boron-containing cation may not be
a boron-centered cation at all and, thus, a different terminol-
ogy would apply. Though a variety of three-coordinated
boron cations have been described,” the chemistry of this
subclass is still in the early stage of its development.
Accordingly, taken aside examples with catecholate as the
supporting ligand system, such as I?*>* (Figure 1) structur-
ally characterized borenium ions with chalcogen atoms (E)
bound to the boron center are surprisingly rare. Standing out
in this context is the report of Curran and co-workers on the
isolation of the dihydroxyborenium salt II (Figure 1) with
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Figure 1. Selected structurally characterized borenium salts with chalc-
ogen ligands (I-11I; la: R=NEt;, X=Cl, A~ =[AICl,]"; Ib: R=PtBu;,
X=H, A~ =[HB(C¢Fs);] ; lc: R=OPEt;, X=H, A~ = [closo-1-H-
CB,,H;Brg|; R"=C,H4Br, Dipp =2,6-diisopropylphenyl). The elusive
thioxoborane 1V, the -diketiminato-stabilized thioxoborane V and the
intermediate manganese complex VI (Ar¥=2,4,6-(CH (SiMe;),)3-CH,;
Ar=2,6-Me,-CH,).

very short B—O distances which suggests high double bond
character between these atoms.”! In comparison, the related
borenium compound IIT (Figure 1) shows elongated B—O
bond lengths.! Great attention is paid to the uncharged
congeners and, as a result, there are several reports about
main-group-element compounds marked by high degree of
B=0 double-bond and B=O triple-bond character.”:*!

If the focus is shifted to molecular complexes of the
heavier chalcogens, examples for B—E interactions of higher
bond order are almost unknown. The existence of the
transient thioxoborane IV has been proposed in seminal
work by Tokitoh et al. (Figure 1).! Since then 20 years have
passed and only two electron-precise complexes featuring
boron—chalcogen double bonds of the higher homologues
have been isolated, that is, the thioxoborane V and its
selenium analogue (Figure 1).!'! The manganese complex VI
was also proposed as a transient intermediate, but structural
characterization of this compound is hampered by its elusive
nature (Figure 1).'Y) Hitherto, a cationic molecular complex
of boron with an inherent B=E double bond has not been fully
characterized. Herein, we describe the first isolation of
a cationic boron compound with a B=S double bond.

Recently, we reported on the application of several
imidazolin-2-iminato complexes of boron-'? and aluminum
dihydride™ in C—N and S—S bond activations, respectively.
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We ascribed the observed reactivity as being largely due to
the strongly electron-donating character of this ligand.
Interestingly, a Review on the main-group-element chemis-
try,"¥! as well as the rich transition-metal chemistry!'® of this
ligand system was also published.!'” Taking into account this
background we set out to exploit the properties of the
imidazolin-2-imino group for new methods of bond activa-
tion.

The observation that yellow sulfur readily reacts with
imino-substituted aluminum hydrides™'” prompted us to
investigate related conversions with the lower homologue
boron. Notably, while the reactivity of N-heterocyclic carbene
(NHC)-stabilized borohydrides with diaryl disulfides has
recently emerged,'™! reactions between molecular borohy-
drides and elemental sulfur are negligible.'>'"*! We con-
ceived that a bulky congener of the bisiminato ligand 1,2-
(Me,L™N),-C,H,3 (Me,L*" = 1,3-diisopropyl-4,5-dimethyl
imidazolin-2-ylidene) might lead to a suitable borohydride
because 1) unlike complexes of monoimino-substituted bor-
ohydride with NHC it would not be prone to the hydride-
mediated ring-expansion reaction,” 2) the ethylene linker
could yield a chelate-fashioned complex with concomitant
gain in thermodynamic stability, and 3) each imino group may
act as a strong 20- and 2x electron donor, thus, compared to
NHC-stabilized iminoborohydride, the reactivity of the BH
moiety towards electrophiles would be enhanced.

The reaction of the bis(iminiumhydrotosylate) 1°*2-
[OTs]™ with one equivalent of lithium borohydride in THF
gives access to the boron dihydride 2*[OTs]™ in good yield
(58%, Scheme 1). Though poorly soluble in the reaction
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Scheme 1. Conversion of the bis(imidazolin-2-iminium) salt 1" 2[OTs]"
into the borohydride 27 [OTs] .

medium the product readily dissolves in chloroform, dichloro-
methane, or acetonitrile. Notably, related boronium cations
bearing carbon-,*!! nitrogen-,”? or phosphorus-based?’
ligands at the boron center have been described in the
literature. In the "B{'H} NMR spectrum of 2"[OTs]
(CDsCN) a signal at 6 =—8.6 ppm (h,, =240 Hz) indicates
the presence of a four-coordinate boron center and the
resonance broadens to h,,=360 Hz in the proton-coupled
"B NMR analysis, though J coupling is not resolved. It is
noteworthy, that in the '"H NMR spectrum (CD,CN) a very
broad signal centered around 6 = 1.38 ppm integrating to two
protons, turns into a sharp singlet in the 'H{"'B} NMR analysis
and, thus, is assigned to the hydrogen atoms bond to the boron
center of 2*[OTs] .

Crystals for the X-ray diffraction study of 2*[OTs] -
(CH;CN), were obtained by slow evaporation of solvent from
its acetonitrile solution (Figure2). The positions of the

Angew. Chem. Int. Ed. 2014, 53, 14264-14268

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

Figure 2. Molecular structure of 2*. Hydrogen atoms except on boron
have been omitted for clarity. Thermal ellipsoids are at the 30%
probability level. Selected bond lengths [A] and bond angle [°]: B1-N1
1.577(5), B1-N2 1.573(5), C3-N1 1.317(5), C24-N2 1.318(4); N1-B1-
N2 98.6(3).

hydride atoms were found in the electron-density map and
the N-B-N bond angle of 98.6(3)° confirms tetrahedral
coordination of the boron center . The B—N distances in 2*
amount to 1.573(5) A and 1.577(5) A. This is longer than the
B—N bond of 1.524(2) A in LM*N(BH,)LM* which bears
a trivalent nitrogen atom bound to the boron center.['?!

The reaction of 27 [OTs]~ with *%/; equivalents of yellow
sulfur requires about 16 h in boiling THF to give, in high yield
(isolated: 78 %), the thioxoborane 3*[OTs]™ (Scheme 2). In
the '"H NMR spectrum (CD;CN) of 3*[OTs]" the character-
istic singlet arising from the four hydrogen atoms of the
imidazoline-ligand backbones is observed at significantly
lower field (6('H) =7.22 ppm) than the respective resonance
of the parent borohydride 2" (6(‘H)=6.55 ppm, CD,CN).
Similarly, though less pronounced, the signal produced by the
carbon atoms of the imidazoline ligand backbone is shifted
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Scheme 2. Conversion of the borohydride 27 [OTs] ™ into the thioxobor-
ane salt 3" [OTs]~ by the proposed intermediate {4*[OTs] }.
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downfield from ¢ =118.7 ppm for 2* to 6 =121.3 ppm for 3*
in the *C{'H) NMR analysis (CD;CN). These changes in the
NMR spectroscopic characteristics of the bisiminato ligand
coincide with the formation of a thioxoborane moiety in 3*
with a trigonal-planar coordinate boron center as revealed by
our X-ray diffraction study. Moreover, the 'B NMR analysis
(CD;CN) reveals a broad signal at 6=33.9 ppm (h,=
510 Hz) which is in agreement with the chemical shift
reported for the boron nucleus in V (6("'B)=36.79 ppm,
C¢D;)."! The stoichiometric composition of 3" is confirmed
by ESI high-resolution mass spectrometry.

From Et,0/CH;CN solution 3*[OTs]~ crystallized in the
monoclinic space group C2/c (Figure 3). The sum of the bond

Figure 3. Molecular structure of 3*. Hydrogen atoms have been
omitted for clarity. Thermal ellipsoids are at the 30% probability level.
Selected bond lengths [A] and bond angles [°]: B1-N1 1.493(5), B1-N2
1.483(5), B1-S1 1.710(5), C3-N1 1.359(4), C24-N2 1.363(4); N1-B1-
N2 100.6(3), N1-B1-S1 129.7(3), N2-B1-S1 129.8(3).

angles around the boron atom in 3" is in good approximation
360°. As a consequence of the trigonalization at the boron
center the B—N bond lengths significantly decrease to
1.483(5) A and 1.493(5) A. Remarkably, the distance between
the boron and the sulfur atom is only 1.710(5) A which is
shorter than the B=S bond length in the related thioxoborane
V (1.741(2) A) that had been reported as the first electron-
precise compound featuring a B=S double bond.""! To our
knowledge, this B=S bond in 3" is the shortest bond between
boron and sulfur reported for a molecular complex. We
assume that the cationic character of this thioxoborane
strengthens the interaction between the boron and the
sulfur atom. For comparison, the B—S distance in the trigonal
borane Mes,B(SCH,) is 1.787(6) A.?* Interestingly, the C=N
bond lengths of the two imino groups in 3" are 1.359(4) A and
1.363(4) A which is longer than observed for the boronium
cation 2 (1.317(5) A and 1.318(4) A). Note that the solid-
state structure of 3"[OTs]™ reveals no bonding interaction
between the boron site and the tosylate anion.

For greater insight into the bonding situation, we sub-
jected the cationic parts (2" and 3*) to DFT calculations at the
B3LYP/6-311G(d) level of theory. The NBO charge at the
boron center in 2" amounts to +0.263 and significantly
increases to + 0.634 upon transformation to the thioxoborane

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cation 3. As expected, the B—S vector in 3" is polarized
towards the sulfur atom (NBO charge at S=—0.578). It is of
note that the Wiberg Bond Index (WBI) for the B—S bond in
3% is 1.739 which indicates a high double-bond character,
particularly in light of the unequal charge distribution
between the boron and the sulfur atom. The WBI of the C=
N bonds of the two imino groups in 3" are both determined to
1.134 whereas the respective values in 2" are 1.317 and 1.294.
These values show that the imino bonds are significantly
weakened upon transformation of 2* to 3* presumably by the
shift of electron density from the ligand system into the
trigonal-planar boron site. Investigation of the frontier Kohn—
Sham orbitals (Figure 4) of 3* reveals that the HOMO
essentially corresponds to a lone pair located at the sulfur

LUMO
-3.25 eV

HOMO
-7.17 eV

4

HOMO-1
-7.44 eV

4

Figure 4. Selected molecular orbitals for the thioxoborane cation 3*
calculated at the B3LYP/6-311G(d) level of theory. Boron (pink),
sulfur (yellow), nitrogen (blue), and carbon (gray).

atom, whereas the HOMO-1 essentially comprises a B=S -
bonding orbital. The LUMO of 3" is mainly delocalized across
the imidazoline rings of the ligand, though, a considerable
contribution is made by mt* components located at the BN,
moiety. The HOMO and HOMO-1 of the related thioxo-
borane V have Kohn-Sham orbitals of very similar compo-
sition to 3711 However, in contrast to 3" the LUMO in V
shows no contribution from the boron center. This difference
may be attributed to the ionic nature of 3" [OTs] .

With respect to the reaction mechanism for the formation
of 3"[OTs] ™ it is of note that the reaction of 2*[OTs]™ with
only '/s equivalent of Sg resulted in the isolation of a distinct
mixture of solids consisting of 2" [OTs]” and 3*[OTs] ina1:2
ratio. Thus, we propose that this transformation proceeds by
the elimination of hydrogen sulfide from the double insertion
product {47 [OTs] "} rather than by the release of dihydrogen
from a conceivable boron hydride hydrogensulfide species
(Scheme 2).! Even though we cannot present evidence for
an intermediate hydrogensulfide species, its existence is
supported by related reactions of borohydrides with elemen-
tal sulfur described in the literature [
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We were curious if the polar character of the B=S double
bond could be exploited to synthesize a boron-centered
hydrogensulfide, thus, presenting indirect evidence for the
presumed insertion of sulfur into the BH bond of 2*
(Scheme 2). We chose H;N-BH; as a hydrogen-transfer
reagent because with its combination of protic and hydridic
reactive sites it resembles an activated form of dihydrogen.
The treatment of 3" [OTs]~ with two equivalents of ammonia-
borane in CD,Cl, at elevated temperature resulted in near-
quantitative transformation to 2*[OTs]", based on NMR
spectroscopy. Interestingly, the reaction of the thioxoborane
with an excess of borane dimethylsulfide in CDCl; at room
temperature yielded the borohydride in a similar manner. We
assume that the reactive pathway from the thioxoborane
compound to the parent borohydride proceeds by coordina-
tion of the sulfur atom in 3" to the hydroborane (note: the
HOMO of 3" is mainly located at the sulfur center).

In conclusion we have described the synthesis and
isolation of 3"[OTs]~, which is the first cationic electron-
precise complex of boron that bears a B=S double bond. This
compound is closely related to the elusive thioxoborane
species. Access to 3" [OTs] ™ is granted through the borohy-
dride 2" [OTs] ", which features a bis(imidazolin-2-iminato)
ligand. We account the stability of the trigonal-planar site in
3" to the pronounced & electron-donating character of the
imidazolin-2-imino group. Preliminary investigation of the
reactivity of 3*[OTs]™ revealed that hydroboranes, such as
H;N-BHj; convert the thioxoborane back into its borohydride
precursor. Further studies on 3* will focus on its use as
a thionation reagent, the electrophilicity of the boron center,
and the Lewis base character of the sulfur atom.
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