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Introduction

Metallocenophanes have attracted great attention in recent
decades due to their applications in catalysis and materials
science as precursors for inorganic polymers obtained
through ring-opening polymerization (ROP).[1] Therefore,
[1]- and [2]metallocenophanes are a focus of research due to
their unique structure and reactivity pattern. Up to now,
metallocenophanes have been extensively investigated with
regard to ligand exchange reactions at the metal center and
to haptotropic shifts of the cyclopentadienyl ligands.[1f–h, 2]

Furthermore, the chemical properties of the bridging moiety
have been extensively studied, particularly the insertion of
late transition metal fragments into the E�Cipso bond of
[1]metallocenophanes, which is considered to be the key
step in transition-metal-catalyzed ROP.[1a–e, 3] In contrast,
[2]metallocenophanes commonly undergo oxidative addi-
tions of the E�E bridge to zerovalent late transition metal
fragments. Based on the facile activation of the E�E bond,
both homogeneously and heterogeneously catalyzed inser-
tions of unsaturated organic substrates into E�E bridges
have been observed.[4]

Recently, we succeeded in the first intramolecular inser-
tion of a metal center into the bridging moiety. Treatment of
1,1,2,2-tetramethyl[2]disilamolybdenocenophanedihydride
under photolytic conditions led to reductive elimination of
hydrogen and a facile oxidative addition of the Si�Si moiety
to the molybdenum center (Scheme 1). Thus, two-fold
bridged [1],[1]disilametallocenophane 1 was obtained, which
contributes an unprecedented structural motif to the class of
ansa-complexes.[5]

Herein, we report on detailed density functional theory
(DFT) studies that reveal the electronic structure of the title
compound and additionally on the first results of the unusu-

al reactivity of two-fold bridged ansa-complex 1 towards
polar and nonpolar unsaturated organic substrates.

Results and Discussion

DFT studies : The bonding situation of mono- and bisfulvene
metal complexes, which are to some extent related to the
title compound, is described as being between a neutral h6-
coordination (A) and a dianionic h1:h5-coordination (B).[6]

To elucidate the electronic structure of 1 in detail and to
obtain information as to its potential reactivity, it has been
analyzed by means of DFT calculations. Electron localiza-
tion function (ELF),[7] natural population analysis (NPA),[8]

and Bader�s topological analysis of the electron density
(quantum theory of atoms in molecules, QTAIM[9]) have
been employed (for further details see the Supporting Infor-
mation).

The highest occupied canonical Kohn–Sham MOs of
model 1cs**, shown in Figure 1, feature a HOMO with pre-
dominant molybdenum dz2 character, mixed with smaller
contributions from the cyclopentadienyl p systems. This or-
bital is slightly higher in energy (by �10 kJ mol�1) than the
HOMO of the corresponding unstrained species [MoACHTUNGTRENNUNG(h5-
C5H5)2ACHTUNGTRENNUNG(SiMe3)2] (2).

The HOMO�1 and HOMO�2 are symmetrical and un-
symmetrical linear combinations, respectively, of the Mo�Si
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Scheme 1. Synthesis of [1],[1]disilamolybdenocenophane 1.

[**] See the Experimental section for model definitions.
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s bonds (with participation of molybdenum dyz and dx2�y2 or-
bitals). These results are consistent with the known bonding
situation for Cp2MLn (n=1–3) complexes.[10] NPA analyses
indicate an appreciable negative charge of �0.50 on Mo.

NPA charges at the same computational level for related
mono- and bis-silyl-substituted molybdenocene dihydrides
range from �0.35 to �0.21, depending on the complex (see
the Supporting Information for further details). Together
with values of �0.45 for the ipso carbon atoms (Cipso), these
three centers are identified as most suitable for electrophilic
attack. The bridging silicon atoms exhibit NPA charges of
about 1.50 and thus mark the higher end of silicon charges
(values ranging from 1.43 to 1.24) for the systems under
consideration. Wiberg bond indices[11] of 0.61 are consistent
with relatively polar Mo�Si bonding and in line with results
for related systems.

The direct coordination of the Cp-bound silyl groups to
the metal center, consisting of a M-Si-C three-atomic unit, is
the most unusual structural motif of 1. QTAIM analysis for
1cs provides a bond path and a bond critical point (BCP) be-
tween silicon and molybdenum (B3LYP/TZVP/12s6p5d data
in Figure 2, left; other functionals give the same result).[12]

The structural parameters of 1, discussed elsewhere,[5] sug-
gest a highly strained bonding situation. Indeed, the calcu-
lated bond paths between the silyl groups and the metal
center show a (slightly) convex curvature (Figure 2, left),
which is typical for systems exhibiting some ring strain.
These results are in agreement with the picture provided by
the ELF (Figure 3). Silyl lone-pair-like ELF domains,
brought about by the h1:h5-coordination mode, point to-
wards the metal center. They are not centered on a straight
connection line between silicon and molybdenum but are
slightly below. The contour plot of the Laplacian of 1cs pro-
vides a similar description (Figure 2, right). The experimen-
tally observed high reactivity of 1 may be, to some extent, a
consequence of the release of ring strain. To get a rough es-
timate of the influence of ring strain on thermochemistry,
we considered two comparable reactions consisting of the
conversion of 1 and 2 with ethane (Scheme 2). Both (hypo-
thetical) reactions are endothermic, but about 30 kJ mol�1

less so in case of the more strained 1.
The relatively short Mo�Si bonds may indicate some

backbonding effects, as discussed for other molybdenum
silyl complexes.[13] However, this type of backbonding is dif-
ficult to quantify, for example, by the natural bond orbital
approach.[14] The bond bending seen in Figure 2, left may

Figure 1. Plots of selected MOs for 1cs. a) HOMO, b) HOMO�1,
c) HOMO�2.

Figure 2. Left: QTAIM-based molecular graph of 1cs showing the Mo-Si-
Cipso unit and the slightly bent Mo�Si bond. Bond critical points (BCP)
are shown as small dots. Right: Contour plot of the Laplacian in a Mo-Si-
Cipso plane of 1cs.
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also contribute to short bonds as known, for instance, for cy-
clopropane.[15]

Reactivity studies : Based on the aforementioned computa-
tional studies, 1 is predicted to be susceptible to attack at
the molybdenum center with cleavage of both Mo�Si bonds.
Indeed, treatment of 1 with the unsaturated substrates 2-
butyne and trans-azobenzene resulted in the clean formation
of side-on coordinated alkyne (3) and azo complexes (4), re-
spectively, with cleavage of the Mo�Si bonds and formation
of a Si�Si bridge (Scheme 3). Monitoring the reactions by
using 1H NMR spectroscopy revealed the absence of any
soluble byproducts, thus indicating quantitative conversion
of 1. Orange complex 3 is slightly air and moisture sensitive,
whereas red complex 4 showed no decomposition over sev-
eral days. Both products were isolated in about 50 % yield.
Complex 3 appears C2v symmetric in solution as indicated
by the 1H NMR spectrum, which displays two virtual triplets
for the cyclopentadienyl protons at d=4.63 and 3.71 ppm
and one singlet at d=0.39 ppm for the methyl groups bound
to the silicon nuclei. The 13C NMR shift of the quaternary
carbon atoms of the butyne ligand at d=114.6 ppm is typical

for side-on coordinated “two-electron” alkynes, such as the
pertinent 13C NMR shift of the nonbridged derivative [Mo-ACHTUNGTRENNUNG(h5-C5H5)2(h2-MeCCMe)] at d=114.8 ppm.[16] As imposed
by the mutual trans position of the phenyl groups bound to
nitrogen, 4 appears only C2 symmetric in solution. In the
1H NMR spectrum, four signals can be detected for the cy-
clopentadienyl protons at d=5.09, 4.82, 4.63 and 3.92 ppm
and two signals for the silicon-bound methyl protons at d=

0.17 and 0.10 ppm. Just as observed for the nonbridged mo-
lybdenocene azobenzene complex [MoACHTUNGTRENNUNG(h5-C5H5)2

(k2-PhNNPh)], the 1H NMR signals of the phenyl rings are
shifted upfield (d= 7.36–6.78 ppm) compared with those of
free azobenzene (d=8.0–7.2 ppm).[17] The 29Si NMR shifts at
d=�12.9 (3) and �10.7 ppm (4) are at the lower end of the
range expected for [2]silametallocenophanes of early transi-
tion metals (d=�12.7 to �20.2 ppm).[4g,18]

Single crystals of 4 for X-ray diffraction analysis were ob-
tained from a toluene solution at �30 8C. Complex 4 crystal-
lizes in the monoclinic space group P21/n. Most structural
parameters are in the expected range, such as the Si�Si dis-
tance of 2.3370(7) � (2.3394(8) to 2.352(2) �)[4g,21a] or the
N�N distance of 1.4061(19) � (1.37 to 1.43 �)[19] (Figure 4).
The coordination mode for h2-bound azobenzene strongly
depends on the nature of the central metal. In early transi-
tion metal complexes, Ph�N=N�Ph acts as a p donor and,
therefore, is described as a formally dianionic ligand. How-
ever, in late transition metal complexes, it behaves as a p ac-
cepting, neutral ligand. Experimental and computational
studies revealed that these differences in the electronic
properties of the ligand are associated with variation of the

Figure 3. ELF=0.75 isosurface for 1cs. ELF isosurfaces around the Cp
rings and silicon methyl groups have been removed for clarity.

Scheme 2. a,b) Reactions used for estimating the effects of ring strain on
thermochemistry. Reaction energies obtained from full structure optimi-
zations at the B3LYP/TZVP level of theory: a) DE=37.0 kJ mol�1.
b) DE =66.6 kJ mol�1.

Scheme 3. Reactivity of 1 towards nonpolar unsaturated organic sub-
strates.

Figure 4. Molecular structure of 4. Selected bond lengths [�] and angles
[8]: N1�N2 1.4061(9), Si1�Si2 2.3370(7), Mo1�N1 2.1144(14), Mo1�N2
2.0874(15); C1-N1-N2-C2 115.89(16).
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dihedral angle between the phenyl substituents (Cipso-N-N-
Cipso).[19] As expected for molybdenum complex 4, the corre-
sponding torsion angle (C1-N1-N2-C2) of 115.98 more close-
ly resembles that of the early transition metal complex [Zr-ACHTUNGTRENNUNG(h5-C5H5)2(h2-PhNNPh) ACHTUNGTRENNUNG(NC5H5)] (91.38) than that of the
nickel species [NiACHTUNGTRENNUNG(tBuNC)2(h2-PhNNPh)] (153.28).

In contrast to the aforementioned nonpolar substrates, the
reaction of tert-butylisonitrile with 1 affords a more complex
product with formal 1,2-addition of the silyl groups to the
C�N bond and coordination of the carbenoid carbon atom
to the molybdenum center (Scheme 4). Monitoring the reac-
tion by using 1H NMR spectroscopy revealed almost quanti-
tative conversion of molybdenum complex 1. Brown car-
bene complex 5 is air and moisture sensitive and was isolat-
ed in 51 % yield.

Carbene complex 5 appears Cs symmetric in solution. In
the 1H NMR spectrum, four signals at d=6.10, 5.22, 4.30
and 3.86 ppm can be assigned to the cyclopentadienyl pro-
tons and two signals at d= 0.42 and 0.40 ppm to the methyl
groups. The 13C NMR spectrum reveals a downfield shifted
signal at d=279.5 ppm, being in the expected range for car-
bene complexes ([Mo(CO)5{C ACHTUNGTRENNUNG(NMe2)ACHTUNGTRENNUNG(SiPh3)}] (6): d=

300.4 ppm).[20] The 29Si NMR spectrum shows two signals for
the silicon nuclei, one at d=�4.1 ppm for the nitrogen-
bound silicon atom (R2NSiR3, R= alkyl, aryl: d=�12.9 to
8.2 ppm)[21] and one at d=�34.8 ppm for the carbene-bound
silicon atom (6 : d=�25.6 ppm).[22] Single crystals of 5 suit-ACHTUNGTRENNUNGable for X-ray diffraction analysis were obtained from a so-
lution in diethyl ether at �30 8C. Complex 5 crystallizes in
the monoclinic space group P21/c. The molecular structure
of 5 (Figure 5) shows a noticeably shortened Mo1�C1 dis-

tance of 2.0653(12) � compared with those of ordinary
Fischer-type molybdenum–carbene complexes ([Mo(CO)5-ACHTUNGTRENNUNG{CMeNHPACHTUNGTRENNUNG(NiPr2)2}] (7): 2.204(3) �)[23] and more resembles
the Mo�C distance of the related molybdenum isonitrile
complex ([Mo ACHTUNGTRENNUNG(h5-C5H5)2 ACHTUNGTRENNUNG(CNtBu)]: 1.997(4) �).[24] Further-
more, a remarkably long N1�C1 distance of 1.4035(16) �
(5) for a nitrogen–carbon single bond is observed (7:
1.303(3) �).[23] This bonding situation may be ascribed to
molecular strain reflected by the deviation b (defined as the
angle between the Si�Cipso bond axes and the cyclopenta-
dienyl ring plane) of 9.5(3)8 (Si1�Cipso to Cp1) and 27.6(2)8
(Si2�Cipso to Cp2), respectively. The overall structural de-
scription of 5 is that of a Fischer-type carbene complex in
which the carbene center constitutes an integral part of an
ansa bridge. This structural motif is highly unusual and, to
the best of our knowledge, without precedence. Electronic
structure analyses (Figure 6) confirm the character of a
Fischer-type ansa-carbene complex.

Conclusion

In summary, computational studies support the description
of the title compound in terms of a bis-h1:h5-coordinated
molybdenocenophane. The pronounced reactivity of 1, as
predicted on the basis of the relatively high charge at the
metal center and the strained geometry, was proven in an in-
itial series of reactions towards nonpolar and polar organic
substrates. Whereas the former reactants cleanly produced
[2]disilamolybdenocenophanes with side-on coordinated
alkyne and diazo ligands, the polar substrate tBu-N�C gave
access to a highly unusual ansa-carbene complex.

Scheme 4. Reactivity of 1 towards tert-butylisonitrile.

Figure 5. Molecular structure of 5. Selected bond lengths [�]: Mo1�C1
2.0653(12), C1�N1 1.4035(16).

Figure 6. ELF=0.75 isosurface for 5cs. ELF isosurfaces around the Cp
rings, silicon methyl groups and the tBu group of the CN moiety have
been removed for clarity.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 3014 – 30203018

H. Braunschweig, M. Kaupp et al.

www.chemeurj.org


Experimental Section

Computational details : Wave function analyses were done for different
structures of 1. Complex 1cs is based on X-ray data[5] with only the hydro-
gen atom positions optimized at the BP86[25]/TZVP[26] level, with a quasi-ACHTUNGTRENNUNGrelativistic pseudopotential for Mo.[27] The model structure 1opt was fully
optimized at the B3LYP[28]/TZVP level. In the text we use subscripts to
distinguish the structures of the model: “cs” refers to structures based on
crystallographic data in which only the hydrogen atom positions have
been optimized and “opt” refers to structures which have been fully opti-
mized without constraints. All structure optimizations were performed
with the TURBOMOLE V5.10 program package.[29] The optimized struc-
tural parameters compare well with the experimental data (see the Sup-
porting Information). For subsequent analyses, single-point calculations
on the model structure 1cs were performed at B3LYP/TZVP level by
using a TZVP-based 12s6p5d all-electron basis set for Mo.[30] For all
single-point calculations the Gaussian 03 program package[31] was used.
NPA analyses and calculation of Wiberg bond indices for all complexes
under consideration (1, 2, 8, 9) were performed with the NBO program
(version 3.1)[32] as part of the Gaussian 03 program package. NBO calcu-
lations were done both for the X-ray-based and the fully optimized struc-
tures. All values given in the text refer to the “cs” model structures. Fur-
ther details and results are provided in the Supporting Information.
Analysis of the electron localization function was done with a locally
modified version of the TopMod program.[33] QTAIM analyses of the
B3LYP/TZVP/12s6p5d electron densities of 1cs used the AIM2000 pro-
gram.[34] Comparative QTAIM wave function analyses, based on BHLYP/
TZVP/12s6p5d and BLYP/TZVP/126p5d single-point calculations, as
well as analysis for the fully optimized model structure 1opt, gave identical
results in terms of bonding patterns.

General considerations : All manipulations were performed under an
inert atmosphere of dry argon by using either standard Schlenk-line or
glovebox techniques. Toluene, hexane, and diethyl ether were dried by
distillation over potassium or sodium/potassium alloy. [1],[1]Disilamolyb-
denocenophane was synthesized according to literature procedures.[5]

NMR spectra were recorded by using a Bruker Avance 500 spectrometer
operating at 500.13 MHz (1H, external standard TMS), 125.77 MHz
(13C{1H}, external standard TMS), and 99.36 MHz (29Si{1H}, external stan-
dard TMS). Elemental analyses (C, H, N) were performed by using an
Elementar Vario MICRO-cube elemental analyzer.

[Mo ACHTUNGTRENNUNG(Me2Si)2 ACHTUNGTRENNUNG(h5-C5H4)2(h2-MeCCMe)] (3): 2-butyne (0.12 mL, 1.5 mmol)
was added to a solution of 1 (50 mg, 0.15 mmol) in toluene (10 mL). The
reaction mixture was heated to 80 8C for 16 h. After cooling to RT, all
volatile components were removed in vacuo and the crude residue was
washed with hexane to give complex 3 as an orange solid (yield: 28 mg,
71 mmol, 48%). 1H NMR (C6D6): d =4.63 (virtual t, 4 H, C5H4), 3.71 (vir-
tual t, 4 H, C5H4), 2.43 (s, 6H, CMe), 0.39 ppm (s, 12 H, SiMe2);
13C{1H} NMR (C6D6): d=114.6 (CMe), 88.9 (C5H4), 88.8 (C5H4), 85.7
(Cipso, C5H4), 19.9 (CMe), �1.1 ppm (SiMe2); 29Si{1H} NMR (C6D6): d=

�12.9 ppm; elemental analysis calcd (%) for C18H26Si2Mo: C 54.80, H
6.64; found: C 53.46, H 6.56.

[Mo ACHTUNGTRENNUNG(Me2Si)2 ACHTUNGTRENNUNG(h5-C5H4)2(k
2-PhNNPh)] (4): A solution of 1 (50 mg,

0.15 mmol) in toluene (10 mL) was treated with trans-azobenzene
(27 mg, 0.15 mmol) and the reaction mixture was heated to 80 8C for
16 h. After cooling to RT, all volatile components were removed in vacuo
and the residue was recrystallized from toluene at �30 8C to give com-
plex 4 as a red solid (yield: 40 mg, 76 mmol, 52 %). 1H NMR (C6D6): d=

7.36 (m, 2H, Ph), 7.27 (m, 2H, Ph), 7.13 (m, 2H, Ph), 6.84 (m, 2H, Ph),
6.78 (m, 2H, Ph), 5.09 (m, 2 H, C5H4), 4.82 (m, 2 H, C5H4), 4.63 (m, 2 H,
C5H4), 3.92 (m, 2H, C5H4), 0.17 (s, 6H, SiMe2), 0.10 ppm (s, 6H, SiMe2);
13C{1H} NMR (C6D6): d =163.7 (Cipso, Ph), 129.3 (Ph), 128.5 (Ph), 121.0
(Ph), 117.9 (Ph), 114.7 (Ph), 102.6 (C5H4), 100.8 (C5H4), 97.4 (C5H4), 97.0
(Cipso, C5H4), 95.6 (C5H4), �2.0 (SiMe2), �2.2 ppm (SiMe2); 29Si{1H} NMR
(C6D6): d =�10.7 ppm; elemental analysis calcd (%) for C26H30N2Si2Mo:
C 59.75, H 5.79, N 5.36; found: C 59.49, H 5.76, N 5.46.

[Mo ACHTUNGTRENNUNG(Me2Si ACHTUNGTRENNUNG(tBu)NCSiMe2) ACHTUNGTRENNUNG(h5-C5H4)2] (5): tert-Butylisonitrile (20 mg,
0.24 mmol) was added to a solution of 1 (50 mg, 0.15 mmol) in toluene
(10 mL) and the reaction mixture was stirred overnight. All volatile com-

ponents were removed in vacuo and the residue was recrystallized from
diethyl ether at �30 8C to give 5 as a brown solid (yield: 32 mg, 76 mmol,
51%). 1H NMR (C6D6): d= 6.10 (virtual t, 2H, C5H4), 5.22 (virtual t, 2 H,
C5H4), 4.30 (virtual t, 2H, C5H4), 3.86 (virtual t, 2H, C5H4), 1.12 (s, 9 H,
tBu), 0.42 (s, 6H, SiMe2), 0.40 ppm (s, 6 H, SiMe2); 13C{1H} NMR (C6D6):
d=279.5 (MoC), 90.4 (C5H4), 88.5 (Cipso, C5H4), 87.4 (C5H4), 84.4 (C5H4),
80.8 (C5H4), 77.4 (Cipso, C5H4), 58.7 (CMe3), 31.8 (CMe3), 3.1 (SiMe2),
1.2 ppm (SiMe2); 29Si{1H} NMR (C6D6): d=�4.1 (SiN), �34.8 ppm (SiC);
elemental analysis calcd (%) for C19H29NSi2Mo: C 53.88, H 6.90, N 3.31;
found: C 53.17, H 6.89, N 3.01.

Crystallographic analysis : The crystal data of 4 and 5 were collected by
using a Bruker X8APEX diffractometer with a CCD area detector and
multi-layer mirror monochromated MoKa radiation. The structures were
solved by using direct methods, refined with the ShelX software pack-
age,[35] and expanded by using Fourier techniques. All nonhydrogen
atoms were refined anisotropically. Hydrogen atoms were assigned to
idealized positions and were included in structure factors calculations.

Crystal data for 4 : C26H30MoN2Si2; Mr = 522.64; brown block; 0.23 � 0.21 �
0.17 mm3; monoclinic; P21/n ; a=9.9719(5), b=16.5258(8), c=

15.8369(7) �; a =90.00, b= 103.163(2), g= 90.008 ; V =2541.2(2) �3; Z=

4; 1calcd =1.366 gcm�3 ; m=0.626 mm�1; F ACHTUNGTRENNUNG(000) =1080; T=100(2) K; R1 =

0.0341, wR2 =0.0950; 7315 independent reflections [2q�61.18] and 284
parameters.

Crystal data for 5 : C19H29MoNSi2; Mr =423.55; brown plate; 0.27 � 0.21 �
0.065 mm3; monoclinic; P21/c ; a=14.7291(6), b =9.2343(4), c=

14.9228(6) �; a =90.00, b= 103.621(2), g= 90.008 ; V =1972.61(14) �3;
Z=4; 1calcd =1.426 gcm�3 ; m=0.786 mm�1; F ACHTUNGTRENNUNG(000) =880; T=100(2) K;
R1 =0.0234, wR2 =0.0752; 5992 independent reflections [2q�61.028] and
215 parameters.

CCDC-729853 (4) and -729854 (5) contain the supplementary crystallo-
graphic 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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