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ABSTRACT: The first example of a transition metal (BB)-
carboryne complex containing two boron atoms of the
icosahedral cage connected to a single exohedral metal center
(POBBOP)Ru(CO), (POBBOP = 1,7-OP(i-Pr),-2,6-dehydro-
m-carborane) was synthesized by double B—H activation
within the strained m-carboranyl pincer framework. Theoretical
calculations revealed that the unique three-membered (BB)
>Ru metalacycle is formed by two bent B—Ru o-bonds with
the concomitant increase of the bond order between the two

B-carboranyl
RuX
Ru
H o /\
B=B B<B,
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BB-carboryne

HOMO

metalated boron atoms. The reactivity of the highly strained electron-rich (BB)-carboryne fragment with small molecules was
probed by reactions with electrophiles. The carboryne—carboranyl transformations reported herein represent a new mode of

cooperative metal—ligand reactivity of boron-based complexes.

B INTRODUCTION

The remarkable progress in the use of well-defined transition
metal complexes for a multitude of challenging organic
transformations led to the exploration and introduction of
numerous new ligand platforms." Rigid cyclometalated
tridentate pincer systems possess a promising combination of
reactivity, stability, and modularity and are used extensively in
fundamental research and catalysis.' The traditional PCP
system featuring an aryl or alkyl backbone and phosphine
arms is perhaps the most studied variation of these ligands. In
addition to carbon-backbone multidentate ligands, a number of
heteroatom-based systems have been reported.” Among those,
borane, borate, and boryl complexes recently attracted an
increased attention, due in part to the versatility and flexibility
of metal—boron interactions.” Polyhedral boron clusters, such
as icosahedral carboranes C,B;,H;,, have been employed as
ligands to transition metals providing a combination of high
steric hindrance and unique electronic effects with either C—M,
B—M, or B—H---M coordination to a metal center.”
Importantly, three-dimensional icosahedral boron cages provide
an unusual coordination environment of five neighboring B—
H/C—H bonds to an exohedral metal center covalently bound
to the cage, a situation markedly different from planar aryl- and
pyridine-backbone ligands. These vicinal bridging B—H--M
interactions can stabilize low-coordinate metal center config-
urations by hemilabile coordination as well as participate in a
metal-mediated interconversion between borane and boryl
moieties. Beyond their application in coordination chemistry
and catalysis, high interest in boron clusters and new synthetic
methods of their functionalization is also driven by their
potential for application in polymers, energy storage, medicine,
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electronic devices, luminescent materials, liquid crystals, and
ceramics.’

Transition metal benzyne complexes have been extensively
studied because of their rich small-molecule activation
chemistry and synthetic utility in organic synthesis.” Metal-
coordinated benzynes participate in insertion reactions with a
wide range of unsaturated molecules, including nitriles, ketones,
olefins, and acetylenes. The 1,2-dehydro-o-carborane C,B,,H,,
((CC)-carboryne) can be considered as a three-dimensional
analogue to the benzyne with transition metal carboryne
complexes possessing three-membered (CC)>M cycles (Chart
1).” The general synthetic strategy, involving the deprotonation
of two relatively acidic C—H bonds of 0-C,B;;H;, and a
reaction with transition metal halides, afforded a series of (CC)-
carboryne complexes of Ni, Pd, Pt, Ti, Zr, and Hf® These
compounds undergo regioselective insertion and multicompo-
nent cycloaddition reactions with unsaturated substrates
providing an access to numerous carborane cage derivatives.”
Recently, 1,3-dehydro-o-carborane complexes that contain the
(BC)>M cycle have been implicated in certain cycloaddion
reactions, however, no such intermediates could be isolated."
Finally, one can envisage carboryne analogues containing two
boron atoms connected to an exohedral metal center (the
three-membered (BB)>M cycle); yet no synthetic strategy or
any evidence of existence of such complexes have been
reported.

Herein, we present the first example of a transition metal
(BB)-carboryne complex with its synthesis, structure, bonding
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Chart 1. Metal Complexes of 1,2-Dehydro-o-carborane
((ccC)-Carboryne), 1,3-Dehydro-o-carborane ((BC)-
Carboryne), and 2,6-Dehydro-m-carborane ((BB)-
Carboryne)
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analysis, and preliminary reactivity studies. The amalgamation
of concepts of carboryne chemistry and pincer ligands led to
the synthesis of a (BB)>Ru metalacycle upon double B—H
activation at the ruthenium center within the strained pincer
framework. Theoretical calculations revealed the presence of
two highly strained B—Ru o-bonds in the coordinated (BB)-
carboryne. These nucleophilic bonds are accessible for reactions
with electrophiles.

Metalation of boron vertices of icosahedral carborane clusters
generally occurs upon coordination of a late transition metal to
a directing donor group,'' although rare examples of
unsupported exohedral metal—boron bonds have been reported
as well.'> We have recently prepared rhodium complexes of the
novel POBOP (POBOP = 1,7-OP(i-Pr),-m-carboranyl) pincer
ligand containing strained exohedral metal—boron bonds,
which were enforced by the unusual geometry of the three-
dimensional carborane cage and chelating phosphinite arms."*?
The close contact between the metal center and the vicinal B—
H bond of the carborane cage led to a cascade transformation,
which resulted in the transfer of the metal center to the
adjacent boron atom of the cage. This facile migration led us to
a hypothesis that the POBOP m-carboranyl pincer framework
could enforce the metal center to be in the vicinity of two boron
atoms of the cluster at the same time and lead to two B—H
activation events with the formation of the (BB)>M metala-
cycle (Chart 1). This synthetic strategy was successfully realized
in this work.

B RESULTS AND DISCUSSION

Synthesis and Structure of the Ruthenium (BB)-
Carboryne. The reaction of the ligand precursor (POBOP)
H (1) and [Ru(CO);CL], for 8 h at 90 °C in C¢Dg in a J.
Young valve NMR tube resulted in the initial formation of
multiple products according to *'P NMR spectroscopy.
Addition of an excess of NEt; and heating the reaction mixture
at 90 °C for 16 h resulted in clean conversion to a predominant
product (95%) with a signal at 217.1 ppm in *'P NMR spectra
(Scheme 1). The most prominent spectral feature of 2 was the
2:2:4:2 signal pattern in the ''B{'H} NMR spectrum suggesting
the C,, symmetry of the complex. A signal at —2.8 ppm,
corresponding to two boron atoms remained a singlet in the ''B
NMR spectrum indicating two vertices of the cage being
metalated. The "B—'H HSQC NMR spectrum exhibited
analogous pairwise correlation signals from three types of

Scheme 1. Synthesis of (POBBOP)Ru(CO), Complex
(POBBOP = 1,7-OP(i-Pr),-2,6-dehydro-m-carborane) by
Double B—H Activation
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empty
1 23 vertex: BH
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boron atoms and three types of hydrogen atoms (2:4:2 integral
ratio) with the remaining type of boron atoms (the signal at
—2.8 ppm in the "B NMR spectrum) not showing correlation
to any hydrogens. The 'H and 'H{''B} NMR spectra of 2
contained no signals in the region from 0 ppm to —20 ppm
typically associated with B—H-+Ru or Ru—H fragments."’
Attempts to acquire "'B—""B COSY NMR spectrum of 2 were
unsuccessful due to very short relaxation times for all types of
boron nuclei (2—3 ms). The IR spectrum of 2 contained two
strong bands corresponding to the carbonyl stretches. One
carbonyl carbon signal at 202.8 ppm was observed in the *C
NMR spectrum. On the basis of spectral characterization data,
compound 2 was proposed to be a symmetric complex of
Ru(II) featuring two adjacent boron atoms connected to the
metal center. Single-crystal X-ray diffraction study confirmed
the proposed motif and revealed the distorted octahedral
coordination environment around Ru with two Ru—B bonds,
two phosphinite arms, and two CO ligands (Figure 1).
Importantly, the hydrogen atoms of the carborane cage were
located using the electron density map and were found on all
boron atoms except Bl and B2.

Figure 1. Displacement ellipsoid plot (50% probability) of the
(POBBOP)Ru(CO), complex (POBBOP = 1,7-OP(i-Pr),-2,6-dehy-
dro-m-carborane) (2). (a) A general view; (b) a view perpendicular to
the (B1-B2—Rul—C2—C3) plane. Atoms belonging to isopropyl
groups of the ligand arms have been omitted for clarity. Selected bond
distances (A) and angles (deg): Rul—B1 = 2.174(3), Rul-B2 =
2.221(3), B1-B2 = 1.720(4), Rul-C2 = 1.939(3) Rul-C3 =
1.915(3), B2—B4 = 1.811(3), B1-B3 = 1.796(3), B4—B7 = 1.781(3),
B3—B6 = 1.785(3), B7—B6 = 1.812(4), B2—B1—Rul = 68.4(1), B1—
B2—Rul = 65.5(1), and C2—Rul—C3 = 98.6(1).

The metalated boron atoms, the metal center and the carbon
atoms of carbonyl ligands are coplanar. The Ru—B bond
lengths are 2.174(3) and 2.221(3) A, which are longer than
exohedral Ru—B bond lengths reported for heteroboranes
(2.066(3)—2.159(3) A)."* The B1-B2—Ru and B2—B1—Rul
angles are 65.5(1)° and 68.4(1)°, which are the smallest
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exohedral B—B—X angle values for icosahedral boron clusters
reported to date, indicating a high degree of bond strain. These
angle values should be compared with the unstrained B—H
bonds in the POBOP-H ligand precursor 1, which exhibits the
B2—-B1—-H1 angle of 116.1(1)°."" The B1—B2 distance in 2 is
1.720(4) A, which is shorter than that in 1 (1.788(3) A). Such
shortening indicates the possibility of an additional bonding
interaction between the metalated boron atoms. All other B—B
bond lengths in 2 are in the range from 1.754(5) A to 1.811(3)
A while corresponding B—B distances in 1 are in the range
from 1.762(3) A to 1.786(3) A. Two CO ligands are located
trans- to the carboryne ligand with C2—Ru—C3 angle of
98.6(1)°.

The values of »(CO) = 2010 and 1958 cm™! (U(CO)average =
1984 cm™") for 2 can be compared with reported IR spectral
data for mononuclear Ru(II) and Ru(0) cis-dicarbonyl
complexes. The values of l)(CO)aVerage for five-coordinate
Ru(0) complexes of the type Ru(CO),L; (L = a neutral
donor ligand, in the majority of cases it is a phosphine)'* % are
in the range from 1863 to 1976 cm™" while Ru(II) complexes
Ru(CO),L,X, (X = an anionic ligand)"**™" exhibit 0(CO) yyerage
in the range from 1981 to 2060 cm™L Interestingly, the
0(CO) yyerage Value of 2 is close to 0(CO),yeraqe Values for Ru(0)
n*-alkene and 7*-alkyne complexes Ru(CO),L,(5*L"),"*™~°
which are in the range from 1927 to 2003 cm ™.

Compound 2 is the first example of a metal complex of the
n*-coordinated 2,6-dehydro-m-carborane ((BB)-carboryne),
which bears an analogy to 1,2-dehydro-o-carborane ((CC)-
carborynes) and benzyne complexes. Formation of 2 occurs
within the POBOP pincer framework, which geometrically
imposes the close contact of two adjacent boron atoms with the
chelated metal center. The crystal structure of the major
intermediate product (POBOP)RuCl(CO), (3), which was
observed in the crude reaction mixture before addition of NEt;
(6 = 214.9 ppm in the *'P NMR spectrum), was obtained.
Complex 3 contained only one B—Ru bond, the chloride
ligand, and two carbonyl ligands, indicating that two B—H
activation events en route to 2 are likely to occur sequentially
(see SI for details).

Analysis of Bonding in the Ruthenium (BB)-Carbor-
yne. The bonding in the first (BB)-carboryne complex 2 was
examined using DFT calculations followed by MO and
topological analysis of electron density (ED) in the framework
of QTAIM as well as with the analysis of the electron
localization function (ELF)."® The highest occupied canonical
molecular orbital (HOMO) and a lower lying occupied
molecular orbital (HOMO—-1S) closely resemble the bonding
arrangement in a metal olefin/alkyne complex according to the
Dewar—Chatt—Duncanson model. Specifically, the HOMO
corresponds to the 7-type back-donation interaction between a
d-orbital of the metal center and the 7*-orbital of the (BB)-
carboryne unit (Figure 2a). On the other hand, the HOMO—
1S represents the o-type bonding interaction between a d-
orbital of the metal center and the s-orbital of the (BB)-
carboryne (Figure 2b). Analysis of Pipek—Mezey'” localized
orbitals revealed the presence of two similar orbitals with
predominant Rul—B1 and Rul—B2 contributions (Figure 2c,
only one localized orbital for the Rul—B1 bond is shown, the
orbital corresponding to the Rul—B2 bond is nearly identical in
shape and is shown in SI), corresponding to two localized Ru—
B o-bonds. QTAIM and ELF analysis also confirm this
description. The molecular graph in the (BB)>Ru plane is
triangular with individual B—B and Ru—B bond paths (Figure

Figure 2. Results of theoretical calculations for the (POBBOP)Ru-
(CO), (BB)-carboryne complex (2). (a) The highest occupied
molecular orbital (HOMO) and its enlarged region containing (BB)
>Ru cycle. (b) The lower energy occupied molecular orbital
(HOMO-15) and its enlarged region containing (BB)>Ru cycle.
(c) One of the two Pipek—Mezey localized Ru—B bonding orbitals.
(d) The contour map of electron density Laplacian in the (B1-B2—
Rul) plane (red curves denote ED depletion, blue curves denote ED
concentration; blue dots are bond critical points). (e) The ELF
isosurface at the level # = 0.80 shown in two projections; V(Ru,B)
basins are shown in green, trisynaptic V(B,B,B) basins are shown in
cyan, disynaptic V(C,B) basins are shown in pink, and V(Ru,C) and
V(Ru,P) basins are shown in violet. Other basins are omitted for
clarity; note that V(Ru,B,B) basin with smaller attractor value (17 =
0.67) is not shown at this level.

2d). Remarkably, Ru—B bond paths are significantly outward-
bent near boron atoms following the position of ED
concentration regions. Delocalization indices (DI, defined as
the number of electron pairs shared between two atoms, which
is an analogue of the bond order in QTAIM) for each Ru—B
bond are 0.69. Laplacian of ED at the bond critical point is
positive, which is normal for transition metal—ligand
bonding,lsﬂj whereas the total energy density is negative,
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which is a sign of covalent bonding. In the ELF representation,
Ru—B bonding is described by two disynaptic valence basins,
V(Ru,B) (shown in green in Figure 2e), which are drastically
shifted from Ru—B connectivity lines. Each of V(Ru,B) basins
has the population of 1.69 e, with 0.45 e and 121 e being
contributed by Ru and B, respectively. These results indicate
that metal—ligand bonding in 2 is dominated by two individual
two-electron covalent Ru—B bonds with considerable electron
density bent outward of the strained (BB)>Ru cycle.

The structural parameters and the bonding situation in 2
should be compared with those in benzyne and (CC)-
carboryne complexes. For the benzyne complexes, a slight
decrease in the bond length between two metalated carbon
atoms is usually observed. For example, the first isolated and
structurally characterized (Cp*)Ta(Me),(>-C¢H,) Schrock
benzyne complex exhibits the C—C bond length of 1.364(8)
A, which is shorter than the typical C—C bond between two
aromatic carbon atoms (ca. 1.40 A).°° The structurally
characterized benzyne complex of ruthenium, Ru(PMe,),(n*
CgH,), exhibits the C—C bond length of 1.355(3) A in the
(CC)>Ru metallacycle.*" This concept of the multiple bond
character in benzyne complexes can be carefully applied to the
carborane cages taking into account that carbon and boron
atoms of the cluster engage in the delocalized bonding with
bond orders smaller than one.”"'® Thus, the (CC)-carboryne
complexes of the group 4 and group 8 metals feature slight
changes in the C—C bond length in the (CC)>M cycle in
comparison with the unsubstituted 0-C,B,(H;, carborane. For
example, the C—C distances in (CC)>Ni carboryne complexes
are in the range from 1.551(4) A to 1.590(10) A, which should
be compared to the C—C distance of ca. 1.63 A in o-
C,B oH,,.* For (CC)>Zr carboryne complexes, the C—C
distances of the carboryne ligand (1.62(1) A — 1.708(7) A are
often longer than in the parent 0-C,BoH,,. % The shortening
of the B—B bond length in the (BB)>Ru metallacycle in 2
(1.720(4) A) in comparison to that in the ligand precursor 1
(1.788(3) A) prompted us to investigate the effect of 1>
coordination of two boron atoms to the metal center on the
bonding within the boron cage in more detail.

Interestingly, the B1—B2 bonding in the ligand precursor 1 is
very weak with DI value of only 0.11 and no bond path
between these atoms'®” (cf. DI of 0.43 for B9—B10 bond on
the opposite side of the cage, see SI for details). The reason for
such a peculiar bonding situation is the distortion of the
delocalized interactions between boron atoms induced by
carbons. The bonding between boron atoms in 1 is
predominantly three-center-two-electron (3c-2e), which can
be seen as a combination of fused trisynaptic V(B,B,B) basins in
the ELF representation. When carbon substitutes boron at a
vertex, the B—C bonding becomes essentially 2c-2e (hence the
appearance of disynaptic V(B,C) basins fused into torus-shaped
superbasins). As a result, B—B bonding is weakened, and the
effect is especially pronounced for the B1—B2 bond with two
adjacent carbon atoms. Comparison between the ligand
precursor 1 and the (BB)>Ru cycle in 2 shows that
coordination of two boron atoms to Ru increases direct B1—
B2 bonding with the appearance of the bond critical point and
the DI value of 0.23 in the carboryne complex 2, which is
consistent with the shorter experimental B1—B2 bond length in
2 than that in 1. Furthermore, ELF analysis of 2 localized a
three-center V(Ru,B,B) basin with smaller attractor value (7 =
0.67, see SI for details). This interaction can be interpreted as
bonding between Ru and the B—B bond in the (BB)>Ru cycle

thus consistent with the description of the complex 2 as a (BB)-
carboryne. In contrast to 2, the B1—B2 bonding in the mono-B-
metalated complex 3 is weak with DI = 0.12 and no direct bond
path (see SI for details), indicating that it is the formation of
the (BB)>Ru cycle that leads to the increase in bonding
between two boron atoms, not merely metalation of one boron
vertex.

Hoffmann et al. °“ predicted that the formal deprotonation of
two adjacent boron atoms of the related closo-B;,H;,~ boron
cluster with the formation of two anionic boron vertices would
lead to elongation of the B—B distance between deprotonated
borons (2.035 A vs the 1.790 A in the parent Bj,H,,>”), while
the formal removal of two hydrogen atoms from two adjacent
borons to form a carboryne analogue would lead to shortening
of that B—B distance (1.674 A vs the 1.790 A in the parent
B,,H,,”"). Consistent with these predictions and our computa-
tional results, the B1—B2 distances in mono-B-metalated
carboranyl complexes 3—7 (see below), which can be
considered as anionic boryl compounds, are in the range
from 1.791(3) A to 1.815(4) A and are longer than those in 2
(1.720(4) A) and in the parent neutral 1 (1.788(3) A).

These computational results indicate that two types of
bonding interactions are present in the complex 2. One, likely
the predominant one, is the ruthenacycloborapropene structure
with two ¢ bonds from two boron atoms connected to the
metal center. Those bonds are two separate two-center B—Ru
interactions. Another type of bonding that was found by the
analysis of the electron localization function is the three-center
interaction between two boron atoms and the metal center
representing the benzyne/olefin-like coordination of the ligand
to the metal. This bonding pattern is characterized by the
smaller attractor value of the ELF basin, however, it is clearly
present. The overall picture of bonding in the (BB)>Ru cycle is
a combination of two extreme cases; however, it is apparent
that the double B—H activation of the carborane cage led to the
increase in bonding between two metalated boron atoms with
some degree of backdonation from the metal center to the B—B
bond.

Reactivity Studies of the Ruthenium (BB)-Carboryne.
Carboryne to Carboranyl Transformations. The (BB)-
carboryne complex 2 is also related to the growing family of the
complexes of transition metals containing diborane, diborylene,
and diborene ligands.'” In contrast to noncluster boryls, the
exohedral metal—boron bonds in the majority of icosahedral
carborane complexes are generally considered to be stable due
in part to the strong steric shielding provided by the boron
cage. We hypothesized that the highly strained, electron-rich,”
Ru—B bonds in the (BB)-carboryne 2 can themselves serve as
nucleophilic reaction centers, thus diverging from the other B-
carboranyl complexes (Scheme 2). This preliminary exploration
of the reactivity of the novel (BB)>Ru metallacycle was mainly
focused on the reactions typical for benzyne complexes. At the
same time, the presence of chelating donor arms was
anticipated to retain the metal center in the products.

Addition of HCI to a solution of 2 in C¢Dg at room
temperature resulted in the selective facile conversion to the B-
carboranyl complex 3, which was identified earlier (see above).
Only one metal—boron bond participated in the reaction, even
if a large excess of HCl was used. Importantly, this
transformation can be reversed in the reaction of 3 and excess
NEt; at 80 °C in C¢Dg, which led to the reformation of the
(BB)-carboryne complex 2 according to *'P and ''B NMR data.

1 16¢
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Scheme 2. Transformation of the (BB)-Carboryne Complex
2 to B-Carboranyl Complexes
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The reaction of 2 and the terminal alkyne HC=CCO,Et in
C¢Dg solution at 75 °C resulted in the formal oxidative addition
of the substrate across one of the metal—boron bonds leading
to the selective formation of B-carboranyl acetylide Ru(II)
complex 4. The product was isolated in 94% yield and was
structurally characterized (see SI for details). The acetylide
ligand is located syn- relative to the vicinal B—H bond. The
v(C=C) value in 4 is 2109 cm™". Notably, both carbonyl
ligands remained bound to the metal center in 4.

The reaction of 2 and I, at 22 °C resulted in formation of the
B-carboranyl complex § containing a vicinal B—I bond and one
iodide and one carbonyl ligand on the metal (Figure 3).

Figure 3. Displacement ellipsoid plot (50% probability) of the
(POB(I)OP)Ru(I) (CO) complex (). (a) A general view; (b) a view
perpendicular to the (B2—B1—Rul—C2—I1) plane. Atoms belonging
to isopropyl groups of the ligand arms have been omitted for clarity.
The C¢Dj solvent molecule is not shown. Selected bond distances (A)
and angles (deg): Rul—B1 = 2.059(2), Rul—I1 = 2.777(1), Rul--12 =
2.884(1), B1-B2 = 1.791(3), B2—12 = 2.156(2), B2—B1-Rul =
982(1), BI-B2—12 = 111.8(1), I2--Rul—C2 = 170.9(1), and Bl—
Rul-I1 = 175.2(1).

Interestingly, the (B2)—I2---Rul distance in the crystal
structure of 5 is 2.884(1) A, which is comparable to the
Rul—I1 bond of 2.777(1) A in the same complex. In addition,
the B2—B1—Rul angle is 98.2(1)°, which indicates a metal—
boron bond strain, likely caused by the probable (B)—I---Ru
interaction. The complex § rePresents the rare example of the
(B)—I-M bridging geometry; ** the analogous coordination of
iodocarbons to ruthenium is also rare."*” The relative stability
of the bridging (B)—I--M interactions has a potential to
influence the regioselectivity in metal-catalyzed coupling
reactions of B-iodocarborane clusters.

One of the important reactions of metal benzyne complexes
or (CC)-carboryne complexes is [2 + 2] cycloaddition
reactions with unsaturated substrates such as internal alkynes.
The reaction of 2 and 3-hexyne under UV irradiation led to the
facile selective formation of the cycloaddition complex 6, which
contained the bridging B—CEt=CEt—Ru fragment. The
second B—Ru bond was found to be intact in addition to two
carbonyl ligands, which remained coordinated to the metal
center. The product was isolated in 88% yield and structurally
characterized (see SI for details).

The nucleophilic character of the B—Ru bonds in the (BB)-
carboryne 2 led us to the hypothesis of the possibility of their
interactions with neutral Lewis acids. The reaction of 2 and
excess of BH;-SMe, in the THF/C¢Dg mixture at 80 °C led to
clean formation of an insertion product 7 featuring the newly
formed exohedral B—B bond and the bridging exohedral (B)—
B(H),—H:--Ru interaction (Figure 4). The overall structure can

Figure 4. Displacement ellipsoid plot (50% probability) of the
(POB(BH;)OP)Ru(CO), complex (7). (a) A general view; (b) a view
perpendicular to the (B2—B1—Rul—C3—C4) plane. Atoms belonging
to isopropyl groups of the ligand arms have been omitted for clarity.
Selected bond distances (A) and angles (deg): Rul—B1 = 2.136(1),
Rul--B11 = 2.700(1), B1-B2 = 1.803(1), B2—B11 = 1.680(1), Rul---
H11A = 1.79(1), B11-H11A = 1.28(1), B11-H11B = 1.09(1), B2—
Bl-Rul = 95.6(1), BI-B2—B11 = 110.8(1), and BI—Rul—C3 =
176.8(1), and H11A--Rul—C4 = 174.8(4).

be formally described as either a Ru(Il) complex of a
borylhydroborate ligand or a Ru(Il) hydride boryl complex
with the (B)—B:--H—Ru interaction. Hydrogen atoms of the
BH; group were located using the electron density map. The
Rul---H11A distance is 1.79(1) A indicating a significant metal
hydride character. The B11—H11A distance of 1.28(1) A is
longer than B11-H11B and B11-H11C distances (1.09(1) A
and 1.12(1) A, respectively). The H11A--Rul—C4 angle is
174.8(4)° suggesting the octahedral coordination of the metal
center with the bridging hydride as one of the ligands. Two
carbonyl groups remained bound to the metal center in 7. The
'"H NMR spectrum of 7 in C¢Dg at room temperature
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contained a broad signal with the relative integral intensity of
1H at —10.8 ppm corresponding to the bridging hydride (B)—
B(H),—H---Ru indicative of the static BH; group behavior on
the NMR time scale. The complexes containing similar bridging
R—BH;-Ru interactions have been reported to exhibit
dynamic (BH;-Ru signals at § = +3 to —4 ppm) or static
(bridging B—H---Ru signals at = —6 to —14 ppm) behavior in
the "H NMR spectra at room temperature.'” Complex 7 is a
rare example of a carborane cluster with an exohedral B—B
bond to a simple borane, and it is the first example of the
regioselective formation of such a bond under metal-promoted
conditions.”® This compound may also be considered as a
snapshot of a probable intermediate in transition-metal-
catalyzed synthesis of diboranes, which is an increasingly
important area of organometallic research due to the rise to
prominence of diborane reagents for borylation chemistry.”’
These examples of the reactivity of 2 demonstrate that only
one metal—boron bond reacts with a substrate while another
Ru—B bond remains intact leading to the formation of
monometalated B-carboranyl complexes. This observation
further highlights the difference in the reactivity of the (BB)
>Ru carboryne in comparison to (B)—Ru carboranyls/boryls.

B CONCLUSIONS

In summary, the first metal complex of a closo-boron cluster
containing an exohedral (BB)>M metallacycle was synthesized
by taking an advantage of the unique geometry of the m-
carboranyl pincer framework. The reactivity pattern of the
ruthenium (BB)-carboryne complex reported herein represents
a new mode of metal-ligand cooperative interaction by the
transformation of the (BB)-carboryne into the B-carboranyl
moiety, in some cases reversibly. The involvement of the (BB)-
carboryne ligand is reminiscent of the aryne-aryl trans-
formations of metal benzynes and aromatization—dearomatiza-
tion, amine—amide, and carbene-alkyl conversion reported for
pincer complexes.”” In addition, the utilization of the (BB)-
carboryne motif for functionalization of boron cages can open
an access to new classes of carborane-based compounds.
Further studies of this novel (BB)-carboryne system and its
congeners are underway.
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