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The unusual reactivity of hafnocene complexes in comparison
to their titanium and zirconium analogues was dramatically
demonstrated in the recent functionalization of coordinated
N2 and the coupling of CO2 and N2 to a substituted hydrazine
product.[1,2] The differences in their structure and bonding
were also noticed;[3] for example, the s and p ratio of the
diene bonding in (s-cis-h4-diene) metallocene complexes is
shifted to larger s character for Hf compared to Zr, thus
giving shorter Hf�C than Zr�C bonds. Herein, we report the
unusual tandem Si�C and C�H bond activation of decame-
thylhafnocene and bis(trimethylsilyl)acetylene, which could
not be carried out using titanium and zirconium congeners.

The complexation of bis(trimethylsilyl)acetylene by dec-
amethylhafnocene leads to the three-membered hafnacyclo-
propene [Cp*2Hf(h2-Me3SiC2SiMe3)] (1; Cp*= h5-C5Me5).[4a]

Surprisingly, until very recently only Ti and Zr analogues
were known, and these show a very multifaceted chemistry.[5]

Our first reduction experiments with [Cp*2HfCl2] and
Me3SiC�CSiMe3 with magnesium in THF showed that the
method used for the successful preparation of titanium and
zirconium alkyne complexes failed for hafnocene alkyne

complexes. The preferred ring opening of THF was found to
be the reason for this failure.[4b] However, the reaction of
[Cp*2HfCl2] with Me3SiC�CSiMe3 and lithium in toluene
resulted in the formation of the desired complex 1, which can
be isolated in an optimized yield of 45 % (Scheme 1).[4a]

Apparently, the competition between THF and alkyne
coordination to the metal causes the attempted synthesis of
the hafnium complexes using magnesium in THF to fail.

In an attempt to gain further insight into the hafnocene
chemistry, the reaction of [Cp*2HfCl2] with Li and Me3SiC�
CSiMe3 in toluene was studied. By shortening the reaction
time, we were able to isolate (in addition to the alkyne
complex 1) a light green crystalline solid consisting of
complex 2, in which one of the C�H bonds of a methyl
group of a Cp* ligand has reacted with the metal to form a
Hf�C bond (Scheme 1). The vinyl ligand is obtained from
Me3SiC�CSiMe3 by the formal migration of a Me3Si group
from one carbon atom to the other (perhaps via vinylidene
complex B, Scheme 2). This is a tandem activation of a C�H
bond of one Cp* methyl group and a Si�C bond of the alkyne
by the Hf center.

Scheme 1. Synthesis of complexes 1, 2, and 3.
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Extending the reaction time led to transfer of a hydrogen
atom back to the Cp* ligand, but activation of a methyl C�H
bond from the Me3Si group resulted in metallacycle 3, which
was formed from complex 2 by an even more intriguing
pathway. The intermediacy of 2 in the formation of 3 was
established experimentally by the direct conversion of 2 to 3.

Upon heating in toluene, isolated complex 2 cleanly gave
complex 3, whereas no conversion of 1 to the other complexes
was found. Formation of complexes 1 and 2 (and from this 3)
is simultaneous. Interestingly, the methyl groups of the Cp*
ligands compete with those of the Me3Si groups to interact
with the Hf center to form either 2 or 3.

The near-linear Hf-Ca-Cb unit (174.88) and the a-agostic
C�H interaction with the hafnium center (Hf1�H1 separation
2.08(5) :) in complex 2 (Figure 1) are reminiscent of the
agostic interaction in the complex [{h5-1,3-
(SiMe2CH2PiPr2)2C5H3}Hf=CHPh(Cl)] (Hf�H 1.93(3) :,
Hf-Ca-Cb 167.8(4)8).[6]

The vinyl hydrogen atom appears as a doublet in the
1H NMR spectrum at 2.51 ppm with a coupling constant of
3JH,H = 1.7 Hz. The signal for the Ca atom displays an extreme
downfield shift (261.5 ppm), giving a doublet in the 13C NMR
spectrum with a coupling constant of JC,H = 62 Hz.

Complex 2 must reorganize by reconstitution of the free
methyl group at the Cp* ligand to form 3, thus requiring C�H
activation of a methyl substituent of the Me3Si group in b-
position to the metal. With respect to the starting alkyne, one
of the Me3Si groups has migrated from one alkyne C atom to
the other, and one of the corresponding methyl groups shows
a C�H activation. The resulting CH2 group bonds to the
Hf center, thus forming the five-membered ring (Figure 2). In
brief, Hf has activated a Si�C bond and a C�H bond in the
formation of 2 and has activated another C�H bond in the
formation of 3. Similar reactions are not observed with Ti or
Zr.

Metallacycle 3 was obtained as a pale yellow crystalline
solid in 64 % yield, accompanied by the alkyne complex 1.
The 1H NMR spectrum shows three singlets, one each for the
Me3Si (0.27 ppm), SiMe2 (0.45 ppm), and CH2 groups
(0.41 ppm). The signal for the C�H group is found to be
shifted downfield to 8.43 ppm. The observed wavenumber
ñ(C=C)= 1461 cm�1 clearly shows the double-bond character

of the C12�C13 bond in the five-membered ring, which is also
indicated by the bond length of 1.381(15) : (Figure 2).

How can the reaction to form complexes 2 and 3, which
was observed exclusively for Hf and never for Ti and Zr, be
rationalized? Most likely during the synthesis of 1, and
alternatively to its formation, a C�Si bond is cleaved to form
the acetylide complex [Cp*2Hf(SiMe3)(C�CSiMe3)] (A) with
subsequent silyl-group migration to form the vinylidene
complex [Cp*2Hf=C=C(SiMe3)2] (B ; Scheme 2). We have
no experimental hints for the formation of these intermedi-
ates, but similar reactions are well-known in transition-metal
chemistry. For example, Jones and co-workers published such
a Si�C bond cleavage reaction for Pt and Ni.[7] Schneider and
Werner found the formation of vinylidene complexes starting
from bis(trimethylsilyl)acetylene complexes of Rh.[8]

Cleavage of the Si�C bond[9a] in Me3SiC�CSiMe3 by
interaction with lithium under formation of Me3SiC�CLi and
LiSiMe3 was excluded experimentally. Thus, pathways involv-
ing subsequent salt elimination with [Cp*2HfCl2] to form A
and reactions of [Cp*2HfCl2] with LiSiMe3 and possibly
formed HC�CSiMe3 to give 3 (in analogy to studies by Mori
and co-workers for Zr complexes) can be excluded.[9b]

In the vinylidene intermediate B, the methyl groups of the
Cp* ligand compete with those of the Me3Si groups to interact
with the Hf center. The C�H bond-activation complex 2 is
probably the kinetically favored product, which gives, with
time, the thermodynamically more stable complex 3.

Density functional theory studies (B3LYP/LANL2DZ)[10]

on the analogous Hf, Zr, and Ti structures support this
mechanistic route (Scheme 2). Frequency calculations con-
firm the nature of stationary points. The calculated geo-
metrical parameters are in close agreement with the exper-
imental structures (Table 1).

Relative energies (with respect to structure 1’) show that
structure 3’ is lowest in energy for Hf, thus supporting the
experimental observations (Figure 3 and Table 1). The high
relative energy of structure A’ (Scheme 2) for Ti and Zr
prevents its formation and further reactions. Further studies
on the mechanistic details of the conversion of 2 into 3 will be
published in due course. We have also studied these reactions
while varying the number of methyl substituents on the
cyclopentadienyl moiety and at the Si atoms. The results are

Figure 1. Molecular structure of complex 2. Hydrogen atoms (except
H1) are omitted. Thermal ellipsoids are set at 30% probability.

Figure 2. Molecular structure of complex 3. Hydrogen atoms and one
position of the disordered groups are omitted. Thermal ellipsoids are
set at 30% probability.
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comparable to those obtained with the permethylated struc-
tures.

The tandem Si�C and C�H bond cleavage reactions of
Me3SiC�CSiMe3 by hafnocene described herein are of gen-
eral importance for Group 4 organometallic chemistry. The
{Cp*2Hf} fragment, as a reactive intermediate, alternatively
attacks two different bonds of Me3SiC�CSiMe3: the C�C
triple bond and the silicon–carbon bond Si�C2. Concerning
the discrimination between these two alternative reactions, it
seems reasonable to speculate that the formation of A starts
from an alkyne ligand in a trans conformation. A similar
situation was found in the complexes [Cp2M(h2-trans-
Me3SiC2SiMe2-H)] (M=Ti, Zr) in which the C�C and Si�H
bonds compete for coordination to the metal center.[11] In
both cases, the use of Cp* ligands prevents trans coordination
(“and” case I for complexation of both functionalities) and
favors cis coordination (“or” cases II and III for selective
complexation of one of the two functionalities, Scheme 3).

Owing to the stronger interaction of the hafnocene core,
unusual bond activations become possible which are not
favorable for its titanocene and zirconocene congeners, for

Scheme 2. C�H and Si�C activation steps during the formation of 2 and 3.

Table 1: Relative energies of the structures given in Scheme 2 for Hf, Ti,
and Zr analogues.[a]

Structures[b] DE0(ZPE)
Ti Zr Hf

A’ 23.55 13.45 9.51
B’ 1.45 11.02 12.39
2’ 11.69 11.14 8.81
3’ 7.76 �0.51 �6.20

[a] Values in kcalmol�1 with respect to E0(ZPE)=0 for structure 1’.
[b] The prime symbol (’) indicates the replacement of Hf in the formula
with another metal center (M=Ti, Zr, Hf).

Figure 3. Relative energies for the structures 1’–3’, A’, and B’ for Hf
(~), Ti (&), and Zr analogues (*).

Scheme 3. Variable interactions of the Hf center with two functional
groups for complexation of Me3SiC�CSiMe3.

Angewandte
Chemie

6909Angew. Chem. Int. Ed. 2007, 46, 6907 –6910 � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


example, intermolecular for N2 with aryl isocyanates,[1] N2

with CO2,
[2] butadiene,[3] THF,[4] and so forth, or as described

herein, intramolecular for the Cp* ligands and the SiMe3

substituents. This enhanced reactivity should always be
considered if hafnium complexes are synthesized or applied
catalytically.

Experimental Section
All experiments were conducted under exclusion of oxygen and
moisture. All operations were carried out under argon using standard
Schlenk techniques. Prior to use, solvents were distilled from sodium
tetraethylaluminate and stored under argon. The starting material
[Cp*2HfCl2] is commercially available and was provided by MCAT.
The following spectrometers were used: Mass spectra MAT 95-XP
(Thermo Electron), NMR spectra Bruker AV 400. Chemical shifts
(1H, 13C) are given relative to SiMe4 and are referenced to solvent
signals ([D6]benzene, dH = 7.16, dC = 128.0); the spectra were assigned
with the help of DEPT, NOE, and shift correlation experiments.
Melting points were measured using sealed capillaries and a BOchi
535 apparatus. Elemental analyses were carried out with a Leco
CHNS-932 elemental analyzer.

X-ray crystal structure analyses of 2 and 3 : STOE-IPDS
diffractometer, graphite-monochromated MoKa radiation, structures
were solved by direct methods (SIR 2004)[12] and refined by full-
matrix least-squares techniques against F 2 (SHELXL-97);[13] graph-
ical representations: XP (Bruker AXS). 2 : C28H48HfSi2, Mr= 619.33,
space group P21/c, monoclinic, a= 17.1796(4), b= 9.9693(2), c=
17.1403(4) :, b= 91.496(2)8, V= 2934.6(1) :3, Z= 4, 1calcd =
1.402 gcm�3, 29101 reflections measured, 4065 were independent of
symmetry, of which 3661 were observed (I> 2s(I)), R1= 0.031, wR2
(all data)= 0.079, 292 parameters. 3 : C28H48HfSi2, Mr= 619.33, space
group P21/m, monoclinic, a= 8.5591(5), b= 14.982(1), c=
12.0572(8) :, b= 107.832(5)8, V= 1471.9(2) :3, Z= 2, 1calcd =
1.397 gcm�3, 19046 reflections measured, 2700 were independent of
symmetry, of which 2553 were observed (I> 2s(I)), R1= 0.045, wR2
(all data)= 0.118, 99 parameters.

CCDC-640820 (2) and CCDC-640819 (3) contain the supple-
mentary 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.

2 : Bis(trimethylsilyl)acetylene (0.80 mL, 3.6 mmol) was added to
a suspension of [Cp*2HfCl2] (1.77 g, 3.4 mmol) and finely cut lithium
(0.10 g, 14.8 mmol) in toluene (15 mL). The mixture was stirred for
eight days at 60 8C; subsequently, all volatiles were removed in
vacuum. The residue was extracted with n-hexane (15 mL) at 55 8C.
Upon cooling to room temperature, light green crystals of 2 had
formed in the filtrate. These were separated, washed with cold n-
hexane, and dried in vacuum. Optimized yield of isolated product:
0.34 g (16%); m.p. 145 8C (dec) under Ar. Elemental analysis (%) for
C28H48HfSi2 calcd: C 54.30, H 7.81; found: C 53.30, H 7.66 (due to
formation of SiC, no better values for C were obtained). IR (KBr):
ñ= 1240 (m, SiMe3), 1503 cm�1 (m, C=C). 1H NMR (400 MHz,
[D6]benzene, 297 K): d= 0.19 (s, 9H, SiMe3), 0.32 (s, 9H, SiMe3),
1.47, 1.68, 1.70, 1.87 (each s, each 3H, CH3), 1.84 (s, 15 H, Cp*), 1.97
(d, 2JH,H = 6.8 Hz, 1H, CH2), 2.51 (d, 3JH,H = 1.7 Hz, 1H, CH),
2.56 ppm (dd, 2JH,H = 6.8 Hz, 3JH,H = 1.7 Hz, 1H, CH2). 13C NMR:
d= 0.8 (SiMe3), 1.4 (SiMe3), 10.4, 10.4, 12.9, 13.3 (C5Me4), 11.9
(C5Me4), 55.7 (1JC,H= 143 Hz, CH2), 114.0 (C5Me4), 114.8, 116.3, 116.7,
117.5, 122.2 (C5Me4), 160.1 (Cquart), 261.5 ppm (1JC,H = 62 Hz, CH).
29Si NMR: d=�9.2 (SiMe3), �5.8 (SiMe3). MS (70 eV, EI-MS): m/z
620 [M]+.

3 : Bis(trimethylsilyl)acetylene (1.02 mL, 4.5 mmol) was added to
a suspension of [Cp*2HfCl2] (2.26 g, 4.4 mmol) and finely cut lithium
(0.15 g, 21.6 mmol) in toluene (30 mL). The mixture was stirred for
20 days at 60 8C; subsequently, all volatiles were removed in vacuum.

The residue was extracted with n-hexane (3 R 15 mL). The filtrate was
concentrated to half its volume and stored at �78 8C. After 24 h, pale
yellow crystals had formed. These were isolated by decanting the
mother liquor, washed with cold n-hexane, and dried in vacuum.
Optimized yield of isolated product: 1.72 g (64%); m.p. 2158C under
Ar. Elemental analysis (%) for C28H48HfSi2 calcd: C 54.30, H 7.81;
found: C 54.22, H 7.71. IR (nujol mull): ñ= 1461 cm�1 (m, C=C).
1H NMR (400 MHz, [D6]benzene, 297 K): d= 0.27 (s, 9H, SiMe3),
0.41 (s, 2H, CH2), 0.45 (s, 6H, SiMe2), 1.80 (s, 30H, Cp*), 8.43 ppm (s,
1H, CH). 13C NMR: d= 0.7 (SiMe3), 5.9 (SiMe2), 11.7 (C5Me5), 48.2
(CH2), 117.1 (C5Me5), 164.7 (Cquart), 242.7 ppm (CH). 29Si NMR: d=
�29.2 (SiMe2), �11.6 ppm (SiMe3). MS (CI-MS, isobutane): m/z 621
[M]+.
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