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Introduction

Metallaborane chemistry, which features compounds with
direct M�B bonds, has drawn immense attention in recent
years due to unusual structures, unique bonding, and varying
degrees of reactivity.[1–8] On the other hand, since the advent
of the first structurally authenticated bridged and terminal
borylene complexes, the chemistry of this class of transition-
metal complexes of boron, which displays a wealth of struc-
tural complexity and chemical reactivity, has received signif-
icant interest.[9–12] Metallaborane and borylene complexes
are related to some extent because they both posses direct

metal–boron bonds; however, the nature of these interac-
tions is diverse. The cluster skeleton of a metallaborane is
made up by nonclassical, electron-deficient, multicenter,
two-electron bonds, whereas the borylene ligands (BR) are
linked to one or two transition-metal centers by classical,
electron-precise, and two-center two-electron (2c–2e)
bonds.[9] Metallaboranes constitute a long recognized and
well-established class of transition-metal–boron compounds
that comprise several hundreds of examples;[13] however, the
instability and ensuing high reactivity of borylene as a free
molecule[14] signify that transition-metal–borylene complexes
are challenging targets for synthetic chemists.[9,15]

Over the past decade, intense research efforts were fo-
cused on borylene complexes, and many different coordina-
tion modes for ligand of the type BR were described. These
included terminal borylene species,[16] heterodinuclear com-
plexes with bridging[17] and semibridging borylene species,[18]

metalloborylenes with a bridging “naked” boron atom,[19]

bis-borylene,[20] and triply bridging (m3-borylene)[21] species
(Scheme 1). The category of m3-borylene complexes is re-
stricted to very few examples that consist exclusively of ho-
mometallic frameworks of either Co[22] or Ru centers[23] and,
more recently, heterometallic MnPd2 systems.[21] Although
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with [Mo(CO)3ACHTUNGTRENNUNG(CH3CN)3] yielded
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(5). In a similar fashion, pyrolysis of 2
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diboranes(4), X2B–BX2 (X=OR, F) generally undergo oxi-
dative additions to metal centers to give mono-, bis-, and
tris-boryl complexes,[24–29] further studies by Braunschweig
et al. have shown that the cleavage of the boron–boron
bond in the starting diboranes(4) (B2X2Cl2 (X=NMe2, tBu))
decisively contributes to the formation of the bridged bor-ACHTUNGTRENNUNGylene complexes.[10,30] Another approach to bridged borylene
complexes was achieved by Shimoi et al. in 1998 in a similar
cleavage reaction of a diborane(4) (B2H4·2 PMe3) with
[Co2(CO)8].[31] However, the most direct access to borylene
complexes is provided by salt elimination, halide abstrac-
tion, and borylene transfer.[9,32]

During the course of our studies about the reactivity of
metallaboranes of early transition metals towards borane re-
agents ([BH3·THF] and [LiBH4·THF]), which recently led to
a general access to a series of low-boron-content metallabor-
anes,[33] we turned our attention to the possibility of synthe-
sizing borylene compounds from the metallaboranes of both
early- and late-transition metals. Herein we report a high-
yield synthesis of arachno-[(Cp*RuCO)2B2H6] (2 ; Cp* =h5-
C5Me5), a good precursor for the generation of bridged bor-
ylene compounds. In addition, we account for the synthesis
of borylene species 3 and 6 and the first structurally charac-
terized heterotrinuclear bis-borylene complexes 4 and 5, as
well as the isolation and full analytical and spectroscopic
characterization of the only bridged tantalum–borylene
complex, 7. Compounds 3 and 6 represent the only rutheni-
um-bridged borylene species that feature the reactive bor-ACHTUNGTRENNUNGylene group B�X (X=H or Cl).

Results and Discussion

Synthesis of arachno-[(Cp*RuCO)2B2H6] (2): The recent
work on the reactivity of [Cp*IrB4H10] towards [Mo(CO)3-ACHTUNGTRENNUNG(thf)3] led us to investigate the reactivity of [1,2-
(Cp*RuH)2B3H7]

[34] (1) with various monometal–carbonyl
fragments. In general, the monometal–carbonyl species

[M(CO)3ACHTUNGTRENNUNG(CH3CN)3] (M= Cr,
Mo) are known to add metal–
carbonyl fragments both in or-
ganometallic[35] and metallabor-
ane chemistry;[36] however,
compound 1 reacts in a surpris-
ingly different fashion to yield
2, which presumably results
from the cluster degradation
followed by carbonylation at
the metal centers (Scheme 2).
This new diruthenatetraborane
has been isolated in good yield,
which provides an interesting
alternative to conventional
methods of carbonylation[37]

using monometal–carbonyl

fragments. No reaction of 1 was observed with [W(CO)3-ACHTUNGTRENNUNG(CH3CN)3], and all our attempts to generate 2 from [(h6-
arene)Cr(CO)3] failed (Table 1).[38]

The spectroscopic data allow 2 to be formulated as
[(Cp*RuCO)2B2H6] and the electron-counting rules[39] sug-
gest a 42-electron arachno butterfly structure. The composi-
tion and structure of 2 have been established from elemen-
tal and mass spectral analysis, multinuclear NMR spectros-
copy, and X-ray diffraction studies. The 1H and 11B NMR
spectra of 2 are consistent with the solid-state X-ray struc-
ture. The FAB mass measurement of 2 gives a molecular ion

Scheme 1. Different coordination modes of borylene ligand: A) terminal, B) heterodinuclear bridged, C) semi-
bridging, D) metalloborylene, E) homometallic triply bridged, F) heterometallic triply bridged, and G) bis-bor-
ylene.

Scheme 2. Synthesis of arachno-ACHTUNGTRENNUNG[(Cp*RuCO)2B2H6] (2) using [Mo(CO)3-ACHTUNGTRENNUNG(CH3CN)3].

Table 1. Carbonylation of metallaborane [1,2-(Cp*RuH)2B3H7] (1) by
monometal–carbonyl fragments.

Monometal–carbonyl fragments Solvent T [8C] t [h] Yield [%][a]

[Mo(CO)5]·THF THF 60 48 21
[W(CO)5]·THF THF 60 18 26
[Mo(CO)3 ACHTUNGTRENNUNG(CH3CN)3] CH3CN 75 18 92
[Cr(CO)3 ACHTUNGTRENNUNG(CH3CN)3] CH3CN 75 15 74
[W(CO)3 ACHTUNGTRENNUNG(CH3CN)3] CH3CN 75 48 D[b]ACHTUNGTRENNUNG[(h6-arene)Cr(CO)3] toluene 75 48 D[b]

CO gas hexane RT 02 nr[c]

[a] Yield based on Ru. [b] Decomposition. [c] No reaction.
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that corresponds to C22H36Ru2O2B2. This formulation of
compound 2 rationalizes the presence of two 11B resonances
of equal intensity (d=21.3 and �3.0 ppm). A peak at the
lower field was assigned to the boron atom that bridges the
two ruthenium metals. The 1HACHTUNGTRENNUNG{11B} NMR spectra reveal the
presence of B�H�B, Ru�H�B, and Ru�H�Ru protons;
each appeared at d=�3.73, �13.15, and �15.92 ppm of in-
tensity 1:1:1, respectively.

The molecular structure of 2, shown in Figure 1, was ar-
ranged in a butterfly cluster in which a [(Cp*RuCO)2ACHTUNGTRENNUNG(m-H)]

fragment is bridged asymmetri-
cally by a B2H5 ligand. The
same coordination mode of the
B2H5 fragment has been shown
in other compounds such as
[(Cp*IrH)2B2H6]

[40] and
[(CpCo)2ACHTUNGTRENNUNG(PPh2)B2H5] (Cp=h5-
C5H5).[41] The existence of com-
pound 2 permits a structural
comparison with Ru, Ir, and Co
analogues without the perturba-
tions caused by additional
metal fragments or ligands
(Table 2). As the qualitative
cluster shapes of [(Cp*Ru-

CO)2B2H6] (2), [(Cp*Ru)2ACHTUNGTRENNUNG(PMe3)B2H6],[42] [(Cp*IrH)2B2H6],
and [(CpCo)2ACHTUNGTRENNUNG(PPh2)B2H5] are the same, differences are
sought in the magnitude of the structural parameters. In
compound 2, the dihedral angle between the planes Ru1-
B1-B2 and Ru1-B1-Ru2 is 119.38, which is typical of arach-
no-B4H10 (117.48 by electron diffraction and microwave
spectroscopy),[43] Ir, and Co analogues. The bond length be-
tween Ru1 and the boron atom at the bridging position B1
(2.25(3) �) in 2 is substantially shorter than that between
Ru1 and B2 (2.32(3) �). Similar phenomena have been ob-
served in a number of other arachno molecules, such as
[(Cp*Ru)2ACHTUNGTRENNUNG(PMe3)B2H6], [(CpCo)2ACHTUNGTRENNUNG(PPh2)B2H5], and
[(B6H9)Pt2 ACHTUNGTRENNUNG(PMe2Ph)2B2H5].[44]

Utilization of arachno- ACHTUNGTRENNUNG[(Cp*RuCO)2B2H6] as a precursor to
borylene complexes : After developing a useful synthetic
route to diruthenatetraborane 2 in good yield, a variety of
reactivity patterns were investigated that have been found
most profitable with metal–carbonyl fragments. As a result,
mild pyrolysis of 2 with [Fe2(CO)9] in hexane resulted in the
formation of a m3-borylene complex 3 and m3-bis-borylene
complexes 4 and 5 (Scheme 3). The reaction was monitored
by 11B NMR spectroscopy, which revealed gradual consump-
tion of the starting material and the formation of new
boron-containing compounds, as indicated by the presence
of resonances in the range of d= 110–126 ppm, which are
characteristic of bridged borylene ligands.[12a,b] This reaction
also produced several other products that were observed
during the chromatographic workup, but due to instability
and insufficient amounts isolation and characterization were
not possible. Descriptions of the characterization of 3–5

from IR spectroscopy; mass
spectrometry; 1H, 11B, and
13C NMR spectroscopy; and X-
ray diffraction studies follow.

Characterization of [(m3-BH)-ACHTUNGTRENNUNG(Cp*RuCO)2ACHTUNGTRENNUNG(m-CO){Fe(CO)3}]
(3): The molecular-ion peak of
compound 3 in the FAB mass
spectrum corresponds to

Figure 1. Molecular structure of 2. Selected bond lengths [�] and angles
[8]: Ru1�Ru2 2.9258(10), B1�B2 1.781(17), B1�Ru1 2.25(3), B1�Ru2
2.28(3), B2�Ru1 2.32(3), Ru1�C21 1.97(3), Ru2�C22 1.79(2); B2-B1-Ru1
69.1(12), B2-B1-Ru2 113.2(19), Ru1-B1-Ru2 80.4(10), B1-Ru1-B2
45.8(6).

Table 2. Comparison of the structural parameters of arachno-[(Cp*RuCO)2B2H6] (2) and known dimetalla-ACHTUNGTRENNUNGtetra ACHTUNGTRENNUNGborane complexes.

Metallaborane sep[a] dACHTUNGTRENNUNG(M�M) davg ACHTUNGTRENNUNG(M�B) dACHTUNGTRENNUNG(B�B) Dihedral d [ppm][b] d [ppm][c]

[�] [�] [�] angle [8] B-H-B, M-H-B B1, B2ACHTUNGTRENNUNG[(Cp*RuCO)2B2H6] (2) 7 2.92 2.28 1.78 119.3 �3.73, �13.15 21.3, �3.0ACHTUNGTRENNUNG[(Cp*Ru)2 ACHTUNGTRENNUNG(PMe3)B2H6] 6 3.00 2.22 1.73 165.9 �2.82; �10.93, �8.45 41.5, �4.8ACHTUNGTRENNUNG[(Cp*IrH)2B2H6] 7 2.82 2.19 1.83 115.7 �2.75, �13.99 14.2, �14.6ACHTUNGTRENNUNG[(CpCo)2 ACHTUNGTRENNUNG(PPh2)B2H5] 7 2.47 2.09 1.79 –[d] �5.51, �21.15 24.2, 7.35

[a] sep= skeletal electron pairs. [b] From 1H NMR spectroscopy. [c] From 11B NMR spectroscopy. [d] Structur-
al data are not available.

Scheme 3. Synthesis of the heterotrinuclear borylene complexes 3–6.
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{Cp*2Ru2Fe(CO)6BH}, and NMR spectroscopic data of the
isolated solid are consistent with the formulation of 3. The
11B NMR spectrum displays a singlet at d= 119.3 ppm,
which is shifted significantly downfield with respect to the
starting material 2 (d= 21.3 ppm), thus indicating the pres-
ence of a bridging borylene ligand. The 1H NMR spectrum
is characterized by the presence of one singlet for the BH
proton at d=9.28 ppm and a singlet for two Cp* protons at
d= 1.83 ppm. Terminal B�H and CO stretching frequencies
are observed in the IR spectrum and the presence of both
bridging and terminal CO ligands is confirmed by 13C NMR
spectroscopy.

Suitable crystals were obtained from a solution in hexane/
dichloromethane (9:1) at �10 8C. The molecular structure of
3, shown in Figure 2, was determined by single-crystal X-ray

diffraction studies. In the solid-state structure of 3, the
boron atom is triply bridged by the three transition-metal
atoms and lies 1.378 � above the Ru1-Ru2-Fe1 plane. In
other words, compound 3 can be viewed as a trigonal pyra-
mid in which the three metals form a tetrahedron with the
boron atom. The Ru1�Ru2 bond length of 2.7584(2) � is in
the range observed for a bond order of one but slightly
longer than that in the m3-borylene triruthena complex
[(Cp*Ru)3ACHTUNGTRENNUNG(m-H)3 ACHTUNGTRENNUNG(m3-BOEt)] (2.6770(5) �).[23] The Fe�B
bond length of 2.031(3) � is longer than that observed in
the metallobor ACHTUNGTRENNUNGylene complexes [Cp*(OC)FeACHTUNGTRENNUNG(m-CO)Pd-ACHTUNGTRENNUNG(PCy3) ACHTUNGTRENNUNG(m-Br)Pt ACHTUNGTRENNUNG(PCy3)Br ACHTUNGTRENNUNG(m3-B)] (Cy= cyclohexyl).[19] In 3,
the two carbonyl groups covalently linked to ruthenium in-
teract with the iron center in a semibridging fashion (Ru-Cm-
Om 150.14(19) and 157.2(2)8, bent away from the Fe atom).

Characterization of [{(m3-BH) ACHTUNGTRENNUNG(Cp*Ru)ACHTUNGTRENNUNG(m-CO)}2Fe2(CO)5]
(4): Compound 4 was isolated as a brown, air-stable solid.

The mass spectrometric data suggest a molecular formula of
{Cp*2Ru2Fe2(CO)7B2H2}, and the 11B and 1H NMR spectro-
scopic data suggest a structure, if static, of higher symmetry.
Compound 4 displays a single resonance at d=125.4 ppm in
the 11B NMR spectrum, which is close to the range observed
for triply bridged borylene complexes.[21,23] Consistent with
this observation, the 13C NMR spectrum also shows one Cp*
signal. The presence of a bridging and terminal CO groups
are established by the characteristic signals at d=212.3 and
201.9 ppm in the 13C NMR spectrum and by CO stretching
frequencies in the IR spectrum.

The atom connectivity within the compounds was persua-
sively determined by performing a single-crystal X-ray dif-
fraction study of 4 (Figure 3). It consists of a Ru2Fe2 isosce-

les tetrahedron (bond lengths: Ru1�Ru2 2.7954(4), Ru1�
Fe3 2.5912(6), Ru1�Fe4 2.6623(6), Fe3�Fe4 2.6216(7) �), in
which two of the faces (Ru1-Ru2-Fe3 and Ru1-Ru2-Fe4)
are symmetrically bridged by the borylene ligand (BH) in a
m3 fashion. The average B�Ru distance of 2.089 � lies in the
range of those reported for the transition-metal borylene
complexes.[45] The two borylene ligands B1H and B2H lie
1.416 and 1.389 � above the metal triangular planes, respec-
tively. The average dihedral angle between the plane of B1-
Fe3-Fe4-B2 atoms relative to the Cp* ligands is 145.18,
whereas the tilt of the plane of two Cp* ligands is 110.38.

Characterization of [{(m3-BH) ACHTUNGTRENNUNG(Cp*Ru)Fe(CO)3}2ACHTUNGTRENNUNG(m-CO)]
(5): Compound 5 has been isolated following TLC and char-
acterized in comparison to their spectroscopic data with the

Figure 2. Molecular structure of [(m3-BH) ACHTUNGTRENNUNG(Cp*RuCO)2 ACHTUNGTRENNUNG(m-CO){Fe(CO)3}]
(3). Selected bond lengths [�] and angles [8]: Ru1�Ru2 2.7584(2), Ru1�
Fe1 2.6891(3), Ru2�Fe1 2.7277(4), Ru2�B1 2.140(2), Ru1�B1 2.1052,
Fe1�B1 2.031(3); Ru1-Fe1-Ru2 61.220(8), Ru1-B1-Ru2 81.05(9).

Figure 3. Molecular structure of [{(m3-BH) ACHTUNGTRENNUNG(Cp*Ru) ACHTUNGTRENNUNG(m-CO)}2Fe2(CO)5] (4 ;
Cp* ligands omitted for clarity). Selected bond lengths [�] and angles
[8]: Ru1�Ru2 2.7954(4), Ru1�Fe3 2.5912(6), Ru1�Fe4 2.6623(6), Fe3�
Fe4 2.6216(7), Ru2�Fe4 2.7018(6), Ru1�B1 2.078(5), Fe3�B1 2.140(4),
Ru1�B2 2.092(5), Fe4�B2 2.078(4); Ru1-Fe3-Ru2 65.113(15), Ru1-B1-
Ru2 84.78(16), Ru1-Fe4-Ru2 62.812(14), Ru1-B2-Fe4 79.36(17).
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similarly bridged borylene species 4. The mass spectrometric
data suggested a molecular formula of C27H32B2Fe2O7Ru2.
The IR spectrum of 5 is distinguished by the presence of a
strong absorption due to terminal and bridging CO ligands
that appear at 1900–2000 and 1726 cm�1, respectively. The
11B NMR spectrum indicates the presence of two boron en-
vironments in a ratio of 1:1 at d=121.3 and 110.6 ppm, thus
indicating the presence of two unsymmetrical bridging bor-ACHTUNGTRENNUNGylene ligands. Furthermore, the 1H NMR spectrum reveals
the presence of two Cp* resonances and two terminal B�H
protons in the ratio of 1:1. The 13C NMR spectrum indicates
the presence of carbonyl ligands due to signals at d= 215.1
and 213.9 ppm.

Single crystals suitable for X-ray diffraction analysis of 5
were obtained from a hexane solution at �4 8C. The frame-
work geometry of 5 is shown in Figure S1 in the Supporting
Information. Complex 5 crystallizes in the space group
Pna21, and the structure exhibits a metal–metal bonded, tet-
rahedral geometry of Ru2Fe2, in which each Ru atom is
bound to a Cp* ligand and each Fe atom is bound to car-
bonyl ligands. The two different triangular faces Ru1-Fe1-
Ru2 and Ru1-Fe1-Fe2 are capped by a borylene ligand
(BH) in a m3 fashion. The interatomic distance Ru1�Ru2 of
2.703 � clearly indicates the existence of a single bond be-
tween the ruthenium atoms; however, it is slightly shorter
than that observed in 3 and 4. The dihedral angle between
the two three-membered rings, Ru1-B1-Fe1 and Ru1-B2-
Fe1, is 176.78. The Fe1�B1 and Fe2�B2 bond lengths are
1.98(2) and 1.842(12) �, respectively. These are considerably
shorter than that found in the boryl complex [CpFe-ACHTUNGTRENNUNG(CO)2BPh2] (2.034(3) �)[46] and bridged borylene complex
[(h-BN ACHTUNGTRENNUNG(SiMe3)2) ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG{Cp+Fe(CO)}2] (2.007(3) and
2.002(3) �) (Cp+ = (h5-C5H4Me)).[47]

Bis ACHTUNGTRENNUNG(borylene) complexes are limited to only the tetranu-
clear rhodium complex [Rh4ACHTUNGTRENNUNG{m-BN ACHTUNGTRENNUNG(SiMe3)2}2 ACHTUNGTRENNUNG(m-Cl)4ACHTUNGTRENNUNG(m-
CO)(CO)4], which consists of four rhodium atoms in a
chain, and the internal metal centers are bridged by two
bridging aminoborylene moieties.[20] Both compounds 4 and
5 can be viewed as heterometallic bis-borylene species. On
the basis of the capping principle, the skeletal electron
count is determined by the central polyhedron (i.e. , Ru2Fe2

tetrahedron). A formal electron count[39] for both 4 and 5 is
in agreement with the metallaborane [(Cp*Re)B4H8],[48] that
is, six skeletal electron pairs (sep) appropriate for tetrahe-
dral geometry.

Reactivity of 2 with [Cp*Re(CO)3], [Co2(CO)8], and
[Mn2(CO)10]: The comparison of isoelectronic species is an
old but powerful method for identifying similarities between
the electronic structures of compounds of different atomic
compositions.[49] The differences are key and highlight the
real possibilities of the exploitation of element variation in
the articulate control of chemical properties.[50] Thus, in an
attempt to further exploit the synthesis of bridged borylene
complexes, other sources of metal–carbonyl fragments were
investigated. Accordingly, a solution of 2 in hexane was py-
rolyzed independently in the presence of [Cp*Re(CO)3],

[Co2(CO)8], and [Mn2(CO)10] at 70 8C. Although the objec-
tive of the generation of bridged borylene species was not
achieved in the cases of Re and Co, [Mn2(CO)10] generated
the new heterometallic m3-borylene complex [(m3-BH)-ACHTUNGTRENNUNG(Cp*RuCO)2ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-CO){Mn(CO)3}] (6) (Scheme 3). After
recrystallization in hexane, 6 was isolated as highly air- and
moisture-sensitive red crystals in 28 % yield.

The FAB mass analysis of 6 gives a molecular-ion peak
that corresponds to {Cp*2Ru2Mn(CO)6BH2}. Both 11B and
1H NMR spectra of 6 indicate a highly symmetrical mole-
cule. In particular, note the 11B chemical shift (d=89 ppm)
that suggests a boron atom in a highly metallic environment
and the highfield 1H resonance (d=�6.37 ppm) that sug-
gests the presence of an Ru-H-Ru bridging hydride. In addi-
tion to the resonances due to the BH proton, the 1H NMR
spectrum also reveals a peak at d=2.08 ppm for the Cp*
protons, thus indicating identical Ru environments. The IR
spectrum of 6 is consistent with a structure that features five
terminally bound and one bridged carbonyl ligands (con-
firmed by the 13C NMR spectrum).

The solid-state X-ray structure of 6 is shown in Figure 4,
in which it can be seen that the compound has a closo-tetra-
hedral cluster geometry. The structure of 6 exhibits an equi-

lateral triangle array of one Mn and two Ru atoms capped
on one side by a m3-BH fragment. The core geometry of 6 is
analogous to that observed for 3, and the triply bridged
boron atom lies 1.436 � above the Ru1-Ru2-Mn1 plane.
The Mn�B bond (2.115(5) �) is shorter than in halobor-ACHTUNGTRENNUNGylene complex [{(CO)5Mn}2ACHTUNGTRENNUNG(m-BBr)] (2.156 �) and slightly
longer than other related boryl complexes.[51] The Ru�Ru
and Ru�B distances are within the range expected for either
hydrogen-bridged or unbridged edges. The Ru-H-Ru hydro-
gen atom was not located, however; this was confirmed by
the low-temperature 1H ACHTUNGTRENNUNG{11B} NMR spectrum. Compound 6

Figure 4. Molecular structure of [(m3-BH) ACHTUNGTRENNUNG(Cp*RuCO)2 ACHTUNGTRENNUNG(m-H)ACHTUNGTRENNUNG(m-CO) ACHTUNGTRENNUNG{Mn
(CO)3}] (6). Selected bond lengths [�] and angles [8]: Ru1�Ru2
2.7789(5), Ru1�Mn1 2.7970(8), Ru2�Mn1 2.7777(8), Ru1�B1 2.191(6),
Mn1�B1 2.115(5); Ru1-Mn1-Ru2 59.798(18), Ru1-B1-Ru2 79.4(2).
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contains two semibridging carbonyl ligands that link the
Cp*Ru and Mn(CO)3 fragments.

Bridged borylene complexes of tantalum : After discovering
that the reaction of arachno-2 with [Fe2(CO)9] and
[Mn2(CO)10] led to the isolation of heterometallic m3-bor-ACHTUNGTRENNUNGylene and bis-borylene complexes 3–6, an investigation of
the tantalum system became attractive. As the structural
core of bis-borylene complexes 4 and 5 is somewhat similar
to [(Cp*Ta)2B4H8 ACHTUNGTRENNUNG(m-BH4)],[33b] an addition reaction of the
metal–carbonyl fragment to this tantalum system was exam-
ined. The reaction of [(Cp*Ta)2B4H8ACHTUNGTRENNUNG(m-BH4)] with an excess
amount of [Fe2(CO)9] under mild reaction conditions yield-
ed 7 in parallel with known [(Cp*Ta)2B5H11].[33a] The geome-
try of this new compound is established in comparison to its
spectroscopic data with 3, 6, and other related species.[23]

The composition of 7 is defined by the mass, an isotopic
distribution pattern that is characteristic of one B, one Fe,
and two Ta atoms. It is also evident by six envelopes that
correspond to the successive loss of CO from the parent-ion
mass of 867. The 11B and 1H NMR spectra of 7 indicate a
highly symmetrical molecule, and they are very similar to
that of 3 and 6. The 11B NMR spectrum features a broad
signal at d=119.5 ppm, which is consistent with a bridging
borylene ligand, and the chemical shift is similar to that ob-
served for 3 (d=119.3 ppm). The IR spectrum of 7 exhibited
a medium absorption at 2498 cm�1, which is characteristic of
a terminal B�H stretch. In addition, compound 7 exhibits
three absorption bands, two that correspond to terminal car-
bonyl (2017 (s), 1954 cm�1 (vs)) and one corresponding to a
bridging carbonyl (1745 cm�1 (s)). The presence of one ter-
minal hydrogen (BH) is also confirmed by the 1H NMR
spectrum, which shows a broad resonance at d= 9.4 ppm
and one sharp signal for the two chemically equivalent Cp*
ligands (confirmed by 13C NMR spectroscopy). From the
mass-spectral analysis combined with the 11B, 1H, and
13C NMR spectrum, 7 is described as a heterotrinuclear,
triply bridged tantalum borylene complex [(m3-BH)-ACHTUNGTRENNUNG(Cp*TaCO)2ACHTUNGTRENNUNG(m-CO){Fe(CO)3}]. Despite many unsuccessful
attempts to grow crystals of 7 of X-ray quality, the molecu-
lar formula as well as the spectroscopic properties of 7 is
best fit with the proposed structure as shown in Scheme 4.

Substitution of H with Cl in 3 and 6 : In contrast to the simi-
larities with respect to their molecular structures, 3 and 6
show markedly different stability, as already indicated by
the extreme sensitivity of 6, which stands in stark contrast to
the stability of 3 even towards air and moisture. Both the
borylene species proved unreactive towards HCl and
MeOH; however, they underwent a clean, albeit slow, reac-
tion with [BHCl2·SMe2] in toluene at 80 8C to yield mono-
chloro derivative [(m3-BCl) ACHTUNGTRENNUNG(Cp*RuCO)2ACHTUNGTRENNUNG(m-H)nACHTUNGTRENNUNG(m-
CO){M(CO)3}] (in which M=Fe, n=0; M=Mn, n=1). The
products of the reactions of 3 and 6 with [BHCl2·SMe2] were
observed by 11B and 1H NMR spectroscopy, and the spectra
showed evidence of the substitution of a terminal hydrogen
atom by a chlorine atom. In an attempt to derivatize the
bis-borylene complexes, 4 and 5 were treated with MeOH at
80 8C. However, no derivatization reaction was observed. In-
stead they cleanly led to the formation of 3.

Geometrical and spectroscopic comparison of borylene spe-
cies 3–7: The main-group transition-metal element clusters
mimic structural aspects of metal clusters, metal hydrobo-
rate complexes, and metal–hydrocarbon p complexes.[52]

Both isolobal analogies and cluster electron-counting proto-
cols are now strongly established as conceptual, as well as
practical tools of the modern chemist. Clusters 3 and 6 with
an M3B core geometry of trigonal-pyrimidal permit a com-
parison with the isoelectronic clusters [Co3(CO)9ACHTUNGTRENNUNG(m3-
CCH3)],[53] [Fe3ACHTUNGTRENNUNG(m-H)3(CO)9 ACHTUNGTRENNUNG(m3-CCH3)],[54] and
[HFe3(CO)9BH3R][55] (R=H, CH3). With the exception of
the tantalum borylene species 7, all the clusters (shown in
Scheme 5) have a polyhedral electron count (pec) of 50 (pec
of 7= 44). Hence, the synthesis of main-group element ana-
logues provides an experimental platform for the develop-
ment and understanding of the role of element variation in
both structure and reactivity.[2]

The foundation of the borylene complexes 3–7 in solution
was derived from spectroscopic data (Table 3). In case of all
borylene complexes, lowfield-shifted 11B NMR spectroscopic

Scheme 4. Proposed structure of [(m3-BH) ACHTUNGTRENNUNG(Cp*TaCO)2ACHTUNGTRENNUNG(m-CO){Fe(CO)3}]
(7).

Scheme 5. Geometrical comparison of borylene species 3–7 and isoelec-
tronic clusters.
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signals that ranged from about d=87–150 ppm were ob-
served. This significant deshielding resonance is characteris-
tic for all triply bridged borylene complexes.

Conclusion

A highly efficient synthetic route to arachno-[(Cp*Ru-
CO)2B2H6] (2) has been developed by the reaction of
[(Cp*RuH)2B3H7] and monometal–carbonyl fragments
[M(CO)3ACHTUNGTRENNUNG(CH3CN)3] (M= Cr, Mo). The chemistry of transi-
tion-metal–borylene complexes has come a long way since
the discovery of the first structurally characterized systems
more than a decade ago. The progress of a variety of syn-
thetic approaches has broadened the extent of available sys-
tems, both in terms of the borylene substituent and the
range of attuned metal–ligand frameworks. Herein we have
demonstrated for the first time that a metallaborane species,
arachno-2, can be utilized appropriately as a precursor to
heterotrinuclear compounds, which comprise triply bridged
borylene and bis-borylene ligands, a relatively rare structur-
al motif. As demonstrated herein in the isolation of the first
tantalum borylene and ruthenium bis-borylene species, the
ability to tune the metal fragment over a considerable range
of transition metals permits the manipulation of heteronu-
clear bridged borylene compounds. Furthermore, the exo-
cluster substitution at B�H in the borylene species was car-
ried out cleanly by using [BHCl2·SMe2], which could be
useful in preparing functionalized clusters for assembly into
larger arrays. The study of the reactivity of these and analo-
gous species is currently underway in our laboratories.

Experimental Section

General procedures and instrumentation : All manipulations were con-
ducted either under an atmosphere of dry argon inside a glove box or by
employing standard Schlenk techniques. Solvents were distilled prior to
use under argon. [(Cp*RuCl2)2], [Cp*TaCl4], [Cp*Re(CO)3], [Mo(CO)6],
[Cr(CO)6], [W(CO)6], [Fe2(CO)9], [Mn2(CO)10], [Co2(CO)8], [BH3·THF],
and LiBH4 in THF (Aldrich) were used as received. The compounds
nido-[1,2-(Cp*RuH)2B3H7],[34] [M(CO)3 ACHTUNGTRENNUNG(CH3CN)3] (M=Mo, Cr and
W),[57] [M(CO)5]·THF (M =Mo and W),[58] and [(h6-arene)Cr(CO)3]

[59]

were prepared as described in the literature. The external reference for
the 11B NMR spectroscopy, [Bu4N ACHTUNGTRENNUNG(B3H8)], was synthesized with the liter-
ature method.[60] Thin-layer chromatography was carried out on 250 mm
diameter aluminum-supported silica-gel TLC plates (MERCK TLC
Plates). NMR spectra were recorded using 400 and 500 MHz Bruker FT-
NMR spectrometers. Residual solvent protons were used as reference
([D6]benzene, d=7.16 ppm), whereas a sealed tube containing [Bu4N-ACHTUNGTRENNUNG(B3H8)] in [D6]benzene (dB =�30.07 ppm) was used as an external refer-
ence for the 11B NMR spectroscopy. Infrared spectra were recorded using
a Nicolet 6700 FT spectrometer. Microanalyses for C, H, and N were per-
formed using Perkin–Elmer Instruments series II model 2400. Mass spec-
tra were obtained using a JEOL JMS-AX505HA mass spectrometer with
perfluoro kerosene as standard and a Jeol SX 102 Da-600 mass spectrom-
eter using argon/xenon (6 kv, 10 m�) as the FAB gas.

General procedure for synthesis of 2 : In a typical preparation, a solution
of [1,2-(Cp*RuH)2B3H7] (0.13 g, 0.25 mmol) in acetonitrile (20 mL) was
thermolyzed with an excess amount of [Mo(CO)3 ACHTUNGTRENNUNG(CH3CN)3] at 75 8C for
18 h. The solvent was evaporated in vacuo; residue was extracted into
hexane and passed through Celite mixed with small amount of silica gel.
After removal of solvent from filtrate, the residue was subjected to chro-
matographic workup using silica-gel TLC plates. Elution with hexane/
CH2Cl2 (8:2 v/v) yielded yellow [(Cp*RuCO)2B2H6] (2 ; 0.13 g, 92%).
11B NMR (128 MHz, [D6]benzene, 22 8C): d =21.3 (br s, 1 B), �3.0 ppm
(br s, 1 B); 1H NMR (400 MHz, [D6]benzene, 22 8C): d =3.39 (partially
collapsed quartet (pcq), 1BHt), 2.80 (pcq, 1 BHt), 2.43 (pcq, 1 BHt), 1.81
(s, 15 H; C5Me5), 1.75 (s, 15 H; C5Me5), �3.73 (s, in 1H–11B decouple, 1B-
H-B), �13.15 (s, in 1H–11B decouple, 1Ru-H-B), �15.92 ppm (s, in 1H-11B
decouple, 1Ru-H-Ru); 13C NMR (100 MHz, [D6]benzene, 22 8C): d=

208.2 and 203.1 (CO), 97.1 and 95.4 (C5ACHTUNGTRENNUNG(CH3)5), 9.9 and 8.9 ppm (C5-ACHTUNGTRENNUNG(CH3)5); IR (hexane): ñ=2443 (w), 2407 (w, B�Ht), 1921 cm�1 (s, Ru�
CO); MS (FAB): m/z Pþmax: 555 (isotopic pattern for 2 Ru, 2CO, and 2B
atoms); elemental analysis calcd (%) for C22H36B2Ru2O2: C 47.50, H
6.52; found: C 48.01, H 6.91.

Synthesis of 3, 4, and 5 : A solution of 2 (0.15 g, 0.27 mmol) in hexane
(15 mL) was stirred at 70 8C in presence of [Fe2(CO)9] (0.29 g, 0.81 mmol,
3 equiv) for 2 h. The solvent was removed in vacuo; the residue was ex-
tracted into hexane and passed through Celite. The filtrate was concen-
trated and kept at �40 8C to remove [Fe3(CO)12]. The mother liquor was
concentrated and the residue was chromatographed on silica-gel TLC
plates. Elution with hexane/CH2Cl2 (8:2 v/v) mixture yielded reddish
brown 3 (0.03 g, 16%), 4 (0.05 g, 23%), and 5 (0.08 g, 37%).

Compound 3 : 11B NMR (128 MHz, [D6]benzene, 22 8C): d= 119.3 ppm
(br, 1B); 1H NMR (400 MHz, [D6]benzene, 22 8C): d=9.28 (br, 1BHt),
1.83 ppm (s, 30H; Cp*); 13C NMR (100 MHz, [D6]benzene, 22 8C): d=

214.6, 205.1 (CO), 101.2 (C5ACHTUNGTRENNUNG(CH3)5), 9.6 ppm (C5 ACHTUNGTRENNUNG(CH3)5); IR (hexane):
ñ= 2471 (w, B�Ht), 2020, 1971, 1743 cm�1 (CO); MS (FAB): m/z Pþmax:
709; elemental analysis calcd (%) for C26H31B1Fe1Ru2O6: C 44.08, H 4.41;
found: C 43.61, H 4.62.

Compound 4 : 11B NMR (128 MHz, [D6]benzene, 22 8C): d= 125.4 ppm
(br, 2B); 1H NMR (400 MHz, [D6]benzene, 22 8C): d=8.59 (br, 2BHt),
1.83 ppm (s, 30H; Cp*); 13C NMR (100 MHz, [D6]benzene, 22 8C): d=

Table 3. Selected structural parameters and chemical shifts (1H and 11B NMR spectra) of 3–7 and other related clusters.

Borylene complex 11B NMR ñCO davg ACHTUNGTRENNUNG(M�B) d ACHTUNGTRENNUNG(B�R)
d [ppm] ACHTUNGTRENNUNG[cm�1] [�] [�]ACHTUNGTRENNUNG[(m3-BH) ACHTUNGTRENNUNG(Cp*RuCO)2 ACHTUNGTRENNUNG(m-CO){Fe(CO)3}] (3) 119.3 2020, 1971, 1743 2.092 1.10[a]ACHTUNGTRENNUNG[{(m3-BH) ACHTUNGTRENNUNG(Cp*Ru)ACHTUNGTRENNUNG(m-CO)}2Fe2(CO)5] (4) 125.4 2021, 1979, 1937, 1730 2.089, 2.109 1.14[a]ACHTUNGTRENNUNG[{(m3-BH) ACHTUNGTRENNUNG(Cp*Ru)Fe(CO)3}2 ACHTUNGTRENNUNG(m-CO)] (5) 121.3, 110.6 2005, 1968, 1933, 1726 2.093, 2.144 1.29[a]ACHTUNGTRENNUNG[(m3-BH) ACHTUNGTRENNUNG(Cp*RuCO)2 ACHTUNGTRENNUNG(m-H) ACHTUNGTRENNUNG(m-CO){Mn(CO)3}] (6) 89 2013, 1943, 1736 2.155 0.87[a]ACHTUNGTRENNUNG[(m3-BH) ACHTUNGTRENNUNG(Cp*TaCO)2ACHTUNGTRENNUNG(m-CO){Fe(CO)3}] (7) 119.5 2017, 1954, 1745 – –[b]ACHTUNGTRENNUNG[(CpCo)3PPhBPh]·0.5 C6H6 143.7 – 2.038 –[c]ACHTUNGTRENNUNG[(Cp*Ru)3(m-H)3 ACHTUNGTRENNUNG(m3-BOEt)] 87.7 – 2.154 1.374ACHTUNGTRENNUNG[(m3-BtBu) ACHTUNGTRENNUNG{[Cp+Mn(CO)2][Pd ACHTUNGTRENNUNG(PCy3)]2}] 150 1811, 1770 2.086 1.601ACHTUNGTRENNUNG[(Cp*Co)3 ACHTUNGTRENNUNG(m3-HBH)2]

[56] 104 – 1.999 –[c]

[a] Borylene ligands 3–6 in which R =H. [b] All attempts to grow better X-ray quality crystals of 7 failed without significant improvement of crystal
data. [c] No details of the structure in the crystal are available.
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212.3, 201.9 (CO), 102.2 (C5-ACHTUNGTRENNUNG(CH3)5), 10.1 ppm (C5 ACHTUNGTRENNUNG(CH3)5); IR
(hexane): ñ=2499 (w, B�Ht), 2021,
1979, 1937, 1730 cm�1 (CO); MS
(FAB): m/z Pþmax: 803; elemental
analysis calcd (%) for
C27H32B2Fe2Ru2O7: C 40.33, H 4.01;
found: C 41.27, H 4.21.

Compound 5 : 11B NMR (128 MHz,
[D6]benzene, 22 8C): d= 121.3 (s,
1B), 110.6 ppm (s, 1B); 1H NMR
(400 MHz, [D6]benzene, 22 8C): d=

8.54 (br, 2BHt), 1.53 (s, 15H;
1Cp*), 1.51 ppm (s, 15 H, 1Cp*);
13C NMR (100 MHz, [D6]benzene,
22 8C): d=215.1, 213.9 (CO), 100.9,
99.6 (C5 ACHTUNGTRENNUNG(CH3)5), 9.4, 8.2 ppm (C5-ACHTUNGTRENNUNG(CH3)5); IR (hexane): ñ=2521 (w,
B�Ht), 2005 (w), 1968 (w), 1933
(s), 1726 cm�1 (w, CO); MS (FAB):
m/z Pþmax : 803; elemental analysis
calcd (%) for C27H32B2Fe2Ru2O7: C
40.33, H 4.01; found: C 41.12, H
4.31.

Synthesis of 6 : A yellow solution of
compound 2 (0.075 g, 0.13 mmol) in
hexane (15 mL) was stirred at 70 8C
in presence of [Mn2(CO)10] (0.15 g,
0.39 mmol, 3 equiv) for 12 h. All
volatiles were removed in vacuo,
the residue was extracted into
hexane and passed through Celite.
The mother liquor was concentrat-
ed and the residue was chromatographed on silica-gel TLC plates. Elu-
tion with hexane/CH2Cl2 (8:2 v/v) yielded red 6 (0.025 g, 28%). 11B NMR
(128 MHz, [D6] benzene, 22 8C): d=89.0 ppm (br, 1B); 1H NMR
(400 MHz, [D6]benzene, 22 8C): d=8.32 (br, 1 BHt), 2.08 (s, 30 H; Cp*),
�6.37 ppm (s, 1H; Ru-H-Ru); 13C NMR (100 MHz, [D6]benzene, 22 8C):
d=219.3, 198.0 (CO), 98.3 (C5 ACHTUNGTRENNUNG(CH3)5), 8.8 ppm (C5ACHTUNGTRENNUNG(CH3)5); IR (hexane):
ñ= 2498 (w, B�Ht), 2013, 1943, 1736 cm�1 (CO). MS (FAB): m/z Pþmax:
707; elemental analysis calcd (%) for C26H32B1Mn1Ru2O6: C 44.08, H
4.55; found: C 42.92, H 4.67.

Synthesis of 7: A yellow solution of [(Cp*Ta)2B4H8 ACHTUNGTRENNUNG(m-BH4)] (0.04 g,
0.06 mmol) in hexane (10 mL) was stirred in presence of [Fe2(CO)9]
(0.06 g, 0.18 mmol, 3 equiv) at room temperature for 12 h. The solvent
was removed in vacuo, the residue was extracted into hexane and passed
through Celite. The filtrate was concentrated and kept at �40 8C to
remove [Fe3(CO)12]. The mother liquor was concentrated and the residue
chromatographed on silica-gel TLC plates. Elution with a hexane/CH2Cl2

(7:3 v/v) mixture yielded 7 (0.005 g, 10 %) and [(Cp*Ta)2B5H11] (0.005 g,
12%). 11B NMR (128 MHz, [D6] benzene, 22 8C): d=119.5 ppm (br, 1B);
1H NMR (400 MHz, [D6] benzene, 22 8C): d=9.4 (1 BHt), 1.82 ppm (s,
30H; Cp*); 13C NMR (100 MHz, [D6]benzene, 22 8C): d= 214.6, 186
(CO), 100.4 (C5ACHTUNGTRENNUNG(CH3)5), 8.7 ppm (C5 ACHTUNGTRENNUNG(CH3)5); IR (hexane): ñ= 2498 (w,
B�Ht), 2017, 1954, 1745 cm�1 (CO); MS (FAB): m/z Pþmax: 867; elemental
analysis calcd (%) for C26H31B1Fe1Ta2O6: C 35.97, H 3.60; found: C
37.02, H 3.81.

X-ray structural determination : Crystallographic information for the
compounds is given in Table 4. The crystal data for 2–4 were collected
and integrated using a Bruker AXS Kappa Apex2 CCD diffractometer
with graphite-monochromated MoKa (l=0.71073 �) radiation at 173 K,
and for 6 they were collected and integrated using an Oxford Diffraction
Xcalibur-S CCD system equipped with graphite-monochromated MoKa

radiation (l =0.71073 �) at 150 K. The structures were solved by heavy
atom methods using SHELXS-97 or SIR92[61] and refined using
SHELXL-97.[62]

CCDC-693478 (2), 776024 (3), 776025 (4), 776026 (5) and 776023 (6) con-
tain the supplementary crystallographic data for this paper. These data

can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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