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From Classical to Nonclassical Metal ±Boron
Bonds: Synthesis of a Novel Metallaborane**
Holger Braunschweig,* Miriam Colling, Chunhua Hu,
and Krzysztof Radacki

Metallaboranes and borylene complexes are related to
some extent as they both display direct metal ± boron bonds–
the nature of these interactions, however, is diverse. The
borylene ligands BR are linked to one or two transition metal
centers by classical, electron-precise, two-center two-electron
(2c ± 2e) bonds, whereas the cluster skeleton of a metal-
laborane is made up by nonclassical, electron-deficient,
multicenter two-electron bonds.[1] While metallaboranes con-
stitute a long known and well established class of transition
metal ± boron compounds comprising several hundreds of
examples,[2] both bridged[1b] and terminal borylene complexes
were realized only very recently and are still rare–in the case
of the latter only five structurally authentic examples were
reported since 1998.[1d, 3] Despite the enormous variety of
metallaboranes, certain structural motifs, such as the four-
vertex nido-deltahedron are still unknown. Our investigations
on borylene complexes now provided the first synthetic link
between these two classes of metal ± boron compounds, and
thus give access to an unprecedented ™butterfly∫-shaped nido-
metallaborane.

Irradiation of the bridged chloroborylene complex [�-
BCl{(�5-C5H4CH3)Mn(CO)2}2] (1)[4] in hexane under an
atmosphere of CO at �30 �C afforded complex 3 (yield
37%, orange, crystalline, air sensitive solid) and [(�5-
C5H4CH3)Mn(CO)3] [Eq. (1)]. Although the detailed mech-
anism for the formation of 3 is unknown as yet, the terminal
chloroborylene complex 2 appears to be a likely transient
intermediate, formed by addition of CO to a [(�5-
C5H4CH3)Mn(CO)2] moiety of the starting material, and then
dimerizes to the final product. This assumption is supported
by the absence of further boron-containing products (by
11B NMR spectroscopy) and the stoichiometric formation of
methylcymantrene [(�5-C5H4CH3)Mn(CO)3], which was iden-
tified by 1H and 13C NMR spectroscopy.

The photochemistry of 1 observed here is significantly
different from that of terminal aminoborylene complexes of
the type [(OC)5M�B�NR2], which at �30 �C undergo a
photochemically induced transfer of the aminoborylene

B�NR2 to another metal center, for example chromium.[3d]

Irradiation of 1 in the presence of [(OC)5ML] (M�Cr, Mo,
W; L�CO, NMe3) under identical conditions gave no
evidence for a transmetallation of chloroborylene B�Cl, but
the Group 6 carbonyl complexes were found to act as a source
for CO, thus affording 3 as the only boron-containing species,
however, in significantly lower yields.

Compound 3 readily dissolves in all common aliphatic or
aromatic hydrocarbons. In solution, the 1H and 13C NMR
spectra display single sets of signals for the two [(�5-
C5H4CH3)Mn(CO)2] moieties and a strongly deshielded
resonance signal at �� 142.2 is observed in the 11B NMR
spectrum which resembles that of the borylene precursor 1 at
�� 133.5. It should be noted though, that unbridged B2X2

moieties, which are only known from very few metal-rich
metallaboranes with X�H, are also characterized by consid-
erably downfield shifted 11B NMR signals in the range of
�� 104 ± 114.[5]

X-ray structure analyses were carried out for both 3 and 1
(Figure 1),[6, 7] since the latter was previously only character-

Figure 1. Structures of 1 (left) and 3 (right) in the crystal. Selected
distances [ä] and angles [�]; 1: Mn1-B 2.039(11), Mn2-B 1.976(9), Mn1-
Mn2 2.8236(15), Mn1-B-Mn2 89.4(4); 3 : Mn1-B1 2.071(6), Mn1-B2
2.072(5), Mn2-B1 2.079(6), Mn2-B2 2.084(6), B1-B2 1.695(7), B1-Cl1
1.804(6), B2-Cl2 1.788(6); Mn1-B1-Mn2 124.3(3), Cl1-B1-B2 148.8(5).
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ized in solution.[4] The chloroborylene complex 1 crystallizes
in the orthorhombic space group P212121 and exhibits a
disorder of one Mn atom, one CO group, and the BCl moiety
over two positions with equal occupancy, which accounts for
slightly higher standard deviations. The central three-mem-
bered ring of 1 has B�Mn bonds of 2.039(11) and 1.976(9) ä,
and a Mn�Mn bond of 2.8236(15) ä, thus matching the
geometries of the related complexes [�-BOEt{(�5-C5H4CH3)-
Mn(CO)2}2] and [�-BNMe2{(�5-C5H5)Mn(CO)2}2].[4, 8]

Compound 3 crystallizes in the monoclinic space group P21/c
and has approximate C2v symmetry. The central Mn2B2

skeleton displays a bicyclobutane or ™butterfly∫ geometry
with a dihedral angle of 150.9� between the two MnB2

triangles. This particular geometry together with a rather
short B�B bond of 1.695(7) ä[9] and the two boron-bound Cl
ligands in exo-position supports the description of 3 as a
dimetalla-nido-tetraborane derived from the corresponding
trigonal-bipyramidal closo-species by formal elimination of
an equatorial vertex–and indeed, 3 fulfills the electron
counting rules for a nido-compound.[10] A tetrahedral arrange-
ment of the Mn2B2 skeleton, which is adopted by certain four-
vertex nido-clusters as an alternative to the bicyclobutane
structure,[11] can be ruled out from the large Mn�Mn
separation of 3.670 ä.[12] The Mn�B separations of 2.079(6)
and 2.084(6) ä are slightly larger than those in 1 (2.039(11)
and 1.976(9) ä), thus accounting for the increased coordina-
tion numbers of the boron and manganese atoms. While
related four-vertex metalla-nido-boranes are unknown, the
structures of various aza-nido-tetraboranes of the type NB3R6

(R�H, alkyl) were reported over the past decade, all being
characterized by the same ™butterfly∫ geometry.[13]

Self-consistent field (SCF) calculations[14] on 3 converged
for a C2v symmetrical geometry, which frequency analysis
confirmed to be a minimum. The calculated structural
parameters of 3 are in good agreement with the experimental
data (Table 1), and show only slightly larger interatomic
distances (0.001 ± 0.015 ä) than those reported for calcula-
tions on other transition metal ± boron compounds.[3e, 15] An
exception, however, is the B�B bond, which was calculated to
be 0.02 ä shorter than in the crystal structure. The Mn1-B1-
B2-Mn2 dihedral angle was found to be 149.0�, thus being 1.1�
more acute than in the crystal, which together with slightly
longer B�Mn distances results in almost the same Mn�Mn
separation.

Gauge independent atomic orbitals (GIAO) chemical shifts
for 1H and 13C nuclei match the experimental data (Table 1),
however, the calculated 11B NMR resonance signal is de-
shielded by 26 ppm. Both this discrepancy and the shorter
B�B distance is probably a consequence of the smaller CEP-
31 basis used for manganese.

The Wiberg bond index (WBI) for Mn�Mn is close to zero
and indicates no interaction between the two metal centers.
The WBI for B�B, however, was calculated to be 0.8 and thus
suggests a strong boron ± boron interaction. The natural bond
orbital (NBO) analysis[16] gives no evidence for 2c ± 2e bonds
between any of the four central atoms, but rather a 3c ± 2e
Mn ±B±B bond with a 27%:37%:37% composition.

Experimental Section

3 : 1[4] (0.44 g, 1.03 mmol) was dissolved in hexane (130 mL) under an
atmosphere of CO. The mixture was irradiated with a high-pressure Hg
lamp (Hereaus TQ 150) at �30 �C for 6 h while gaseous CO was
continuously conducted through the solution, the color of which gradually
turned from red to orange. The orange reaction mixture was allowed to
come to ambient temperature and filtered under a nitrogen atmosphere.
The filtrate was concentrated in high vacuum (0 �C/0.001 Torr) to 20 mL
and stored at �30 �C. After 3 days 3 (0.09 g, 0.19 mmol, 36.8%) was
obtained as small orange crystals.

All NMR spectra were recorded in [D6]benzene at 25 �C. 1H NMR
(500 MHz, TMS): �� 1.44 (s, 6H, C5H4CH3), 4.16, 4.22 (2m, 8H,
C5H4CH3); 11B NMR (160 MHz, Et2O ¥BF3): �� 142.4; 13C NMR
(126 MHz, TMS): �� 13.1 (C5H4CH3), 90.5, 90.8 (C5H4CH3), 106.2 (ipso-
C, C5H4CH3), 220.6 (CO); IR (toluene): �� � 2000, 1951 cm�1 (CO); MS
m/z� 472 [M�], 444 [M��CO], 416 [M�� 2CO], 388 [M�� 3CO], 309
[M�� 3CO�C5H4CH3], 263 [M�� 3CO�C5H4CH3�BCl], 180
[(C5H4CH3)MnBCl], 134 [(C5H4CH3)Mn], 79 [C5H4CH3], 55 [Mn]; ele-
mental analysis (%) calcd for C16H14B2Cl2Mn2O4: C 40.66, H 2.99; found: C
40.35, H 2.80.
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Table 1. Selected experimental and calculated spectroscopic and structural data for 3.

�(1H)[a] � (11B) � (13C) B�B [ä] Mn�B [ä] B�Cl [ä] B-B-Cl [�] Mn-B-B-Mn [�]

exp 1.44, 4.16,
4.22[a]

142.4 13.1, 90.5, 90.8,
106.2,[a] 220.6[b]

1.695(7) 2.071(6), 2.072(5),
2.079(6), 2.084(6)

1.804(6),
1.788(6)

148.8(5),
148.1(4)

150.1

calcd 1.28, 3.91,
4.23[a]

168.9 11.9, 80.9, 86.0,
108.5[a], 223.3[b]

1.676 2.084 1.809 147.6 149.0

[a] Values for C5H4CH3. [b] Values for CO.
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Enantioselective C�C Bond Formation with
Titanium(��) Alkoxides–an Unusual
Alkylation**
Rainer Mahrwald*

Recently we described an enantioselective aldol reaction of
aldehydes with unactivated ketones mediated by titanium(��)
alkoxide ligand exchange.[1] In attempts to optimize this
reaction further by catalytic control, metal salts, among other
things, have been used as additives in the aldol reactions. In
particular the use of lithium salts has been described by a
number of authors in different C�C bond formation pro-
cesses,[2] and the use of lithium perchlorate in the Mukaiyama
reaction has been known for some time.[3] Lithium perchlorate
is also used in enantioselective aldol reactions. Here a
weakening or a cleavage of the metal alkoxide ± aldolate
bond is assumed. The aldols formed are thus continuously
released from the catalyst,[4] and in this way catalytic control
of the reaction is achieved in many cases.[5]

In our investigations on catalytic aldol addition we ob-
served an activation of the aldehyde in the absence of the ene
component (ketone): under the reaction conditions described
(LiClO4, Ti(OtBu)4, �-hydroxy acids, RT) the aldehydes
themselves react with the ligands of the Ti(OtBu)4 in an
alkylation-type reaction. After the initial conversion of
benzaldehyde and Ti(OtBu)4 the meso compound 1a, the anti
triol 2a, and the monoaddition product 3a (Scheme 1) were
isolated. The structure of the compounds was determined by
nuclear Overhauser enhancement (NOE) difference meas-
urements.[6] By the addition of �-mandelic acid in this
experiment the anti-triol 2a was obtained in enantiomeric
excesses of �85%,[7] whereas in contrast the diol 3a was
isolated as the racemate. (Themeso compound 1a is optically
inactive.)

The formation of compounds 1a, 2a, and 3a is dependent
upon the amount of �-mandelic acid used. With one
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