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Abstract: Treatment of the bis-acetylide zirconocene complexes (RCp)2Zr(CtC-SiMe3)2 (8a, R ) CH3;
8b, R ) tert-butyl) with HB(C6F5)2 results in the formation of the five-membered organometallic
zirconacycloallenoid products (9a, 9b). Both were characterized by X-ray diffraction, and the special bonding
features of 9a were studied by DFT calculation. The overall reaction was followed by NMR experiments at
variable temperature. Starting from 8a the reaction proceeds by alkynyl abstraction to give a zwitterionic
[(MeCp)2ZrCtC-SiMe3]+[η-ArF

2B(H)CtC-SiMe3]- intermediate (12a), single crystals of which were
obtained at -30 °C for characterization by X-ray diffraction, followed by a 1,1-hydroboration/σ-ligand coupling
sequence to give the new five-membered zirconacycloallenoid product 9a.

Introduction

The group 4 bent metallocenes Cp2M (M ) Ti, Zr, Hf) exhibit
a unique set of three-valence molecular orbitals that are all
located in the major Cp-M-Cp bisecting symmetry plane.1,2

Bonding of unsaturated ligands at the front side of the bent
metallocene wedge in the formal M(+2) oxidation state results
in strong metal-to-ligand backbonding, giving rise to the
formation of complexes with a high metal-carbon σ-bond
character.3,4 (Butadiene)zirconocene (2) is a typical example.5

Its “s-cis-diene” metallocene isomer (2a) is largely an envelope-
shaped zirconacyclopentene, with a small internal C2-C3
π-olefin metal coordination component which varies in strength,
depending on the substituents present at the C2/C3-positions

of the 1,3-diene ligand system.6 The mesomeric valence
structure (2a′) plays no significant role for the description of
the properties of (s-cis-butadiene)zirconocene (see Scheme 1).
The appearance of the stable “s-trans-butadiene” zirconocene
isomer (2b) is another consequence of the unique in-plane
arrangement of the set of the three Cp2Zr valence orbitals. In
2b all four carbons of the distorted s-trans-C4H6 conformer are
bonded to the metal center; actually, the internal carbon atoms
C2/C3 are found to be closer to Zr than C1/C4.5-7

The unique stereoelectronic features of Cp2Zr: (1) and its
group 4 metal congeners were used for the formation of a variety
of metallacyclic systems that contain strongly distorted carbon-
based π-systems. Typical examples include the metallacyclo-
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P.; Krüger, C. Angew. Chem., Int. Ed. 1989, 28, 630–631. Erker, G.;
Hoffmann, U.; Zwettler, R.; Betz, P.; Krüger, C. Angew. Chem. 1989,
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C. J. Am. Chem. Soc. 1980, 102, 6346–6348. (b) Yasuda, H.; Kajihara,
Y.; Mashima, K.; Nagasuna, K.; Lee, K.; Nakamura, A. Organome-
tallics 1982, 1, 388–396. (c) Erker, G.; Wicher, J.; Engel, K.; Krüger,
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pentatrienes (3), described by U. Rosenthal8-10 in many
variations, or the formal metallacyclopentyne derivatives (4),
first introduced by N. Suzuki et al. (see Scheme 2).11,12 The
reported examples of these classes of compounds feature
metallacyclic structures containing pairs of metal-to-carbon
σ-bonds, and they show strongly bent geometries at the internal
formally two-coordinate sp-carbon centers, a situation that would
not be stable in the related carbocyclic systems.13,14 However,
the complexes 3 and 4 are remarkably persistent. They can be
isolated and kept at room temperature, and they do not undergo

reactions15 that are typical for bent cumulenes or bent alkynes.16,17

The unusual stability of these metallacyclic systems is probably
due to a unique supplementary in-plane interaction of the bent
Cp2M unit with the central unsaturated CC moiety making use
of the remaining metallocene acceptor orbital in the σ-ligand
plane.18 The mesomeric π-complex forms (3′, 4′) may play a
minor role for the formal description of these compounds.

It was tempting to use these unique bonding features of a
group 4 metallocene to generate corresponding five-membered
ring structures which contain an internally metal-stabilized bent
allene moiety, the parent five-membered carbocyclic allene
analogues of which would be highly unstable and reactive.14

We recently isolated first examples of such five-membered
metallacycloallenoid compounds. The hafnacycles 5 were
isolated and characterized by X-ray diffraction, spectroscopically
and by a DFT analysis.19 They are of a high persistence similar
to that of the Rosenthal (3) and Suzuki (4) compounds, and
show similar bonding features, including a marked interaction
of the internal carbon centers C2/C3 with the group 4 metal
atom in the σ-plane. The formal π-complex mesomeric structure
(5′) may play some role, but not a major one. Suzuki et al.
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shortly thereafter described the similarly structured systems (6)
that were obtained by a very different synthetic route20 (Scheme
3).

We have now found that our synthesis can be extended to
the zirconacycloallenoid analogues of 5. We here describe the
synthesis and characterization of a pair of representative
examples of this unique class of compounds, including their
X-ray crystal structure analyses, and we have gained a picture
of the mechanistic pathway of their formation by characterizing
an important intermediate and products from competing reaction
alternatives.

Results and Discussion

Synthesis and Characterization of the New Zirconacycloalle-
noids. We started our synthesis with the preparation of the
bis(trimethylsilylethynyl)zirconocene complexes 8a and 8b.
These compounds were prepared by treatment of the precursors
(methyl-Cp)2ZrCl2 (7a) and (tert-butyl-Cp)2ZrCl2 (7b), respec-
tively, with lithium trimethylsilylacetylide.21 We chose these
more bulky zirconocene derivatives in favor of the parent
system, since treatment of Cp2ZrCl2 with the alkynyllithium salt
in our hands met with difficulties, invariably leading to the
formation of the known very stable (Cp2Zr)2(µ-CtC-SiMe3)2

product instead.17d,22 In the more bulky methyl-Cp and tert-
butyl-Cp-substituted systems the required mononuclear metal-
locene bis-acetylide products were obtained in 44% (8a, after
crystallization from pentane) and 59% yield (8b), respectively.
Complex 8a shows a 1H NMR AA‘BB’ C5H4 pattern at δ 6.16/
5.61 and a corresponding CpCH3 methyl proton NMR resonance
at δ 2.29 (s, 6H). The Si(CH3)3 signal is at δ 1H 0.22 (2JSi,H )
6.8 Hz), with a corresponding 29Si NMR feature at δ -24.1
(d6-benzene, 298 K). Complex 8a shows an IR acetylene
stretching band at ν̃ ) 2035 cm-1.

We then reacted the (MeCp)2Zr(CtCSiMe3)2 complex 8a
with a stoichiometric amount of HB(C6F5)2

23 in toluene. The
reaction was completed by keeping the mixture for 5 h at 60
°C. After workup, the new metallacyclic product 9a (see Scheme
4) was isolated as an orange-red solid in 26% yield. Single
crystals of complex 9a were obtained from a pentane solution
at -30 °C. The compound was characterized by an X-ray crystal
structure analysis. In the crystal complex 9a features isolated
molecular entities. The bent metallocene unit [Cp(centroid)-Zr-
Cp(centroid) angle: 126.9°] shows a conformation that has the
methyl substituents in an anti-arrangement oriented toward the
narrow back side of the bent metallocene wedge. The five-
membered metallacyclic framework at the front side has all four
carbon atoms C1 to C4 within bonding distance to the zirconium
atom (see Figure 1 and Table 1). The Zr-C1 (2.520(4) Å) and
Zr-C2 (2.568(4) Å) bond lengths of 9a are in about the same
range as are the Zr-C(Cp) distances (2.497(5) Å to 2.547(5)
Å). The Zr-C3 (2.347(4) Å) and Zr-C4 (2.380(4) Å) bonds
are shorter. Consequently, the five-membered metallacycle of
9a exhibits small internal bond angles at C1 (Zr-C1-C2
74.9(2)°) and C4 (Zr-C4-C3 72.9(3)°) and the “σ-ligand
angle” at Zr is rather large [C1-Zr-C4 ) 86.5(1)°]. The
C1-C2 bond (1.478(6) Å) is just within the typical
C(sp3)-C(sp2) range. The adjacent C2-C3 bond (1.379(6) Å)
is within the CdC double bond range, whereas the C3-C4 bond
is markedly shorter (1.276(6) Å). The C1-B bond (1.474(6)
Å) is very short. It is probably one of the shortest C-B(C6F5)2

linkages reported to date.24,25 The C1-C2-C3 angle is
112.4(4)°. The angle at C3 amounts to C2-C3-C4 ) 158.4(5)°,
which is ca. 20° below a linear allene arrangement. The
metallacyclic framework of complex 9a is nonplanar. It shows
an allenoid distortion along the bent C2-C3-C4 unit character-
ized by torsion angles of 50.9(3)° (C1-C2 · · ·C4-Zr) and
63.4(5)° (Si11-C2 · · ·C4-Si41), respectively.

The metallacyclic framework of 9a contains two chirality
elements. There is the chiral carbon center C1, bearing four
different substituents in a distorted pseudotetrahedral arrange-
ment. Due to its marked torsion angle the C2 to C4 allenoid
subunit contains an element of axial chirality.26 Therefore,
complex 9a should potentially form two diastereoisomers. In
the crystal, we have observed only one, namely syn-9a which

(21) See for example: (a) Jenkins, A. D.; Lappert, M. F.; Srivastava, R. C.
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Angew. Chem., Int. Ed. 1995, 34, 1230–1233. Parks, D. J.; Piers, W. E.;
MacDonald, M.-A.; Zaworotko, M. J.; Rettig, S. J. Angew. Chem.
1995, 107, 1337–1340. (c) Spence, R. E. v. H.; Piers, W. E.; Sun, Y.;
Parvez, M.; MacGillivray, L. R.; Zaworotko, M. J. Organometallics
1998, 17, 2459–2469. (d) Piers, W. E.; Chivers, T. Chem. Soc. ReV.
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Organometallics 1998, 17, 5492–5503.
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J. Chem. Soc., Dalton Trans. 1999, 1663–1668. (c) Williams, V. C.;
Piers, W. E.; Clegg, W.; Elsegood, M. R. J.; Collins, S.; Marder, T. B.
J. Am. Chem. Soc. 1999, 121, 3244–3245. (d) Hill, M.; Kehr, G.;
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is characterized by a syn-arrangement of the C2-Si11 and
C1-B1 vectors relative to a mean central ring plane (see Figure
2). This is in contrast to the Hf analogue 5, of which we had
previously observed the corresponding anti-5 structural arrange-
ment in the crystal.

In solution we have observed the presence of the pair of anti/
syn-diastereoisomers of complex 9a by NMR. At ambient
conditions the isomers anti-9 and syn-9 rapidly equilibrate by
means of a “ring-flip” of the nonplanar five-membered metal-
lacyclic ring structure (see Scheme 5), a process that topologi-
cally corresponds to an inversion of the configuration of the
axially chiral allenoid subunit,19 giving rise to averaged NMR
spectra. Lowering the monitoring temperature eventually leads
to decoalescence, and at 213 K we have observed the separate
NMR resonances of the ca. 3:1 mixture of diastereoisomers in
solution. An absolute assignment of the syn-/anti-isomers was
not done for the structures in solution, but the results of our
DFT calculations (see below) renders the anti-9a isomer by 0.9
kcal/mol more stable than syn-9a.

The major 9a diastereomer features a 9H:9H intensity pair
of -SiMe3

1H NMR signals at δ 0.08 and -0.05 (with

corresponding 29Si resonances at δ -2.4 and -6.5). The MeCp
ligands are in different environments. Each gives rise to a set
of four C5H4CH3

1H NMR resonances (CpA: δ 5.51, 5.40, 5.17,
4.41; CpB: δ 5.37, 5.07, 4.86, 4.55; 1H NMR Cp-CH3 signals
at δ 1.76 and δ 1.34). The C1-H 1H NMR resonance was found
at δ 2.08 (13C: 88.3). The 13C NMR signals of the terminal
allenoid carbon atoms of the major 9a isomer were located at
δ 95.0 (C2) and δ 116.9 (C4). The centraldCd allenoid carbon
atom exhibits a 13C NMR resonance at δ 138.8. The 19F NMR
spectrum at 223 K showed two sets of resonances for the
diastereotopic C6F5 groups at the boron atom. One consists of
five signals each with an integral of one fluorine [δ -126.4
(o), -127.4 (o), -155.2 (p), -161.7 (m), -162.0 (m)] according
to a hindered rotation around the B-Cipso(C6F5) vector. In
contrast, rotational equilibration of the other C6F5 group caused
a broadened AA‘BB’M spin system [-130.0 (br, 2F, o), -154.0
(1F, p), -161.1 (very br, without integral value)].

The minor-9a isomer shows similar NMR features (for details,
see Table 2 and the Experimental Section). It is noteworthy
that the C1-H 1H NMR signal of the minor-9a isomer is found
at a much larger δ value (3.88, 13C: δ 73.0) than in major-9a.
The 13C NMR signals of the allenoid moiety of minor-9a were
monitored at δ 93.2 (C2), δ 141.4 (C3), and δ 129.7 (C4). The
19F NMR spectrum shows two AA‘BB’M spin systems [δ
-123.2 (br, 2F, o), -153.4 (1F, p), -162.7 (2F, m) (C6F5);
-127.7 (br, 2F, o), -154.0 (1F, p), -162.4 (2F, m) (C6F5)],
indicating free rotation of both C6F5 groups.

The 11B and 19F NMR spectra measured at higher temperature
correspond to averaged values of the equilibrating diastereoi-

Figure 1. Molecular structure of complex syn-9a.

Table 1. Selected Experimental (X-ray) and DFT Calculated
Structural Dataa of the Complexes 9 (M ) Zr) and 5 (M ) Hf, R )
SiMe3)b

syn-9a
(X-ray)

syn-9a
(DFT)c

anti-9a
(DFT)c

syn-9b
(X-ray)

anti-5
(X-ray)

Zr-C1 2.520(4) 2.457 2.505 2.499(2) 2.494(3)
Zr-C2 2.568(4) 2.523 2.496 2.526(2) 2.513(3)
Zr-C3 2.347(4) 2.337 2.325 2.335(2) 2.314(3)
Zr-C4 2.380(4) 2.383 2.366 2.412(2) 2.340(3)
C1-C2 1.478(6) 1.468 1.470 1.476(3) 1.490(4)
C2-C3 1.379(6) 1.372 1.361 1.383(3) 1.356(4)
C3-C4 1.276(6) 1.280 1.285 1.269(3) 1.276(4)
B-C1 1.474(6) 1.488 1.499 1.482(3) 1.474(4)
Zr-C1-C2 74.9(2) 75.3 72.6 73.9(1) 73.4(2)
C1-C2-C3 112.4(4) 114.8 121.4 115.4(2) 119.2(3)
C2-C3-C4 158.4(5) 157.0 155.3 158.7(2) 156.4(3)
C3-C4-Zr 72.9(3) 72.3 72.4 71.1(1) 73.0(2)
C1-Zr-C4 86.5(1) 88.8 91.8 88.4(1) 91.3(1)
C1-C2 · · ·C4-Zr 50.9(3) 47.3 42.7 -48.8(1) 43.5(3)

a Bond lengths in Å, angles in deg; single crystals of 9a and 9b were
obtained from pentane at -30°C. b From ref 19. c For details see the
section DFT Calculations.

Figure 2. Comparison of the molecular structures of complexes syn-9b
(top) and anti-5 (R ) SiMe3, bottom) in the crystal.
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somers of 9a. We find a broad 11B NMR signal at δ 4127 (27
°C) and a 1:1 set of 19F NMR signals of the pair of C6F5

substituents at δ -126.2 (ortho), δ -155.9 (para), and δ -163.1
(meta)/δ -129.5 (ortho), δ -155.3 (para), and δ -162.9 (meta)
(80 °C) with a rather small p/m chemical shift separation.28 In
contrast to its precursor 8a there is no IR (CtC) stretching band
observed in 9a.

Compound 9b shows similar NMR spectra (see Table 2). It
also features two diastereoisomers in a 3:1 molar ratio that were
characterized from the mixture at 223 K. Single crystals of
complex 9b were obtained from pentane at low temperature.
The X-ray crystal structure analysis has revealed the presence
of a single isomer in the solid state (syn-9b). Its structural
parameters are similar to those of syn-9a (see Figure 2 and Table
1).

Mechanistic Studies. This qualitative mechanistic investiga-
tion was carried out by performing the reaction of 8a with
HB(C6F5)2 in d8-toluene under varying reaction conditions that
allowed in situ observation and characterization of the products
by NMR. We started by mixing 8a with a stoichiometric amount
of the HB(C6F5)2 reagent in d8-toluene at -78 °C. With just a
little shaking to ensure some mixing of the reagents the reaction
mixture was allowed to slowly warm to -30 °C and kept at
this temperature during the NMR measurements. Under these
conditions the HB(C6F5)2 reagent did not completely dissolve,
so we assume that the observed reaction was basically catalytic
in borane. We observed the formation of the 1,4-bis(trimeth-
ylsilyl)-substituted zirconacyclocumulene product (10a)8 under
these special conditions. The C2V-symmetric product (10a)

featured a single set of MeCp NMR resonances, a single set of
-SiMe3 signals and the very typical 13C NMR features of the
C1/C4 (δ 184.5) and C2/C3 (δ 137.4) ring carbon atoms. We
had previously shown that some zirconocene bis-acetylide
complexes can very effectively be catalytically transformed into
their metallacumulene isomers by B(C6F5)3.

29 We had shown
that these reactions proceeded via the zwitterionic systems (11)
(that were isolated under stoichiometric conditions and unam-
biguously characterized spectroscopically and by X-ray crystal
structure analyses of some examples28c,30). We assume that
treatment of 8a with a catalytic amount of HB(C6F5)2 here
proceeds analogously (see Scheme 6). The formation of 10a is
probably reversible.

After the NMR sample was ejected, vigorously shaken at
room temperature for seconds, and injected into the spectrometer
(-40 °C) again, the clear solution contained mostly the new
zwitterionic complex 12a, which actually seems to be a direct
intermediate on the pathway of the formation of the five-
membered zirconacycloallenoid product 9a (see Scheme 7).
Complex 12a was the major product observed at -40 °C. It
was characterized spectroscopically and by X-ray diffraction.
Single crystals of this temperature-sensitive intermediate were
grown from an undisturbed biphasic mixture of a toluene
solution containing in situ-generated 12a carefully topped with
pentane. At -30 °C single crystals of 12a were grown in the
interphase region during 12 h. Complex 12a was probably
formed by abstraction of one trimethylsilylacetylide anion unit
from the metallocene-bis(acetylide) complex 8a by the
HB(C6F5)2 Lewis acid. A zwitterionic compound is formed in
which the respective alkynylborate anion has remained coor-
dinated to the residual alkynylzirconocene cation. Such product
types were proposed as intermediates in a variety of transforma-
tions of geminal bis(acetylide) compounds of d-block metals,
as well as of main group metals by boranes.31-34 In some way
the structure of compound 12a represents a connecting link

(27) B(C6F5)3 features a 11B NMR signal at δ ∼60 ppm under such
conditions: (a) Erker, G. Dalton Trans. 2005, 188, 3–1890, and
references therein. See also: (b) Galsworthy, J. R.; Green, M. L. H.;
Müller, M.; Prout, K. J. Chem. Soc., Dalton Trans. 1997, 1309–1313.
(c) Jacobsen, H.; Berke, H.; Döring, S.; Kehr, G.; Erker, G.; Fröhlich,
R.; Meyer, O. Organometallics 1999, 18, 1724–1735. (d) Britovsek,
G. J. P.; Ugolotti, J.; White, A. J. P. Organometallics 2005, 24, 1685–
1691.

(28) (a) Vagedes, D.; Erker, G.; Fröhlich, R. Angew. Chem., Int. Ed. 1999,
38, 3362–3364. Vagedes, D.; Erker, G.; Fröhlich, R. Angew. Chem.
1999, 111, 3561–3565. (b) Erker, G.; Venne-Dunker, S.; Kehr, G.;
Kleigrewe, N.; Fröhlich, R.; Mück-Lichtenfeld, C.; Grimme, S.
Organometallics 2004, 23, 4391–4395. (c) Herrmann, C.; Kehr, G.;
Fröhlich, R.; Erker, G. Organometallics 2008, 27, 2328–2336.

(29) Temme, B.; Erker, G.; Fröhlich, R.; Grehl, M. Angew. Chem., Int.
Ed. 1994, 33, 1480–1482. Temme, B.; Erker, G.; Fröhlich, R.; Grehl,
M. Angew. Chem. 1994, 106, 1570–1572.

(30) Venne-Dunker, S.; Ahlers, W.; Erker, G.; Fröhlich, R. Eur. J. Inorg.
Chem. 2000, 1671–1678.

Scheme 5

Table 2. Selected NMR Data of the Major and Minor
Diastereoisomers of the Metallaallenoid Complexes 9a, 9b and 5

M δ 1H1 δ 13C1 δ 13C2 δ 13C3 δ 13C4

9aa Zr major 2.08 88.3 95.0 138.8 116.9
minor 3.88 73.0 93.2 141.4 129.7

9bb Zr major 2.03 86.9 99.2 140.9 119.4
minor 4.13 72.0 94.4 145.0 130.6

5c,d Hf major 2.36 84.8 93.7 136.2 114.4
minor 3.65 66.1 88.7 141.5 127.1

a d8-Toluene at 213 K. b d8-Toluene at 223 K. c R ) SiMe3; see
Scheme 3 from ref 19. d d8-Toluene at 233 K.

Scheme 6
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between the respective chemistry of the main group metals and
the transition-metal series.

The structure of complex 12a contains some truly remarkable
features (see Figure 3 and Table 3). The Cp-ligands are found
in an eclipsed conformation with both (Cp)C-CH3 vectors
oriented to the open front side of the bent metallocene wedge.35

A single trimethylsilyl-substituted ethynyl ligand has remained
σ-bonded to the Zr metal center. Its metal-carbon distance
(Zr-C3, see Table 3) is in the typical Zr-C σ-bond range.22,36

The C3-C4 bond is short and typical of a CtC triple bond.
The σ-ligand framework is close to linear.

The remaining coordination sites of the bent metallocene in
the central major plane are used for binding the newly formed
[(C6F5)2B(H)-CtC-SiMe3]- borate ligand. Its bonding fea-
tures are quite unusual. It seems that the anionic ligand is
coordinated to the zirconium center in the formally cationic
[(MeCp)2Zr-CtC-SiMe3]+ moiety predominantly through the
acetylene carbon atom C1. The Zr-C1 distance is in the same
range as the Zr-C(CpMe) linkage.37 The Zr-C2 distance is
much larger (∆d Zr-C1/C2 ≈ 0.33 Å). The C1-C2 bond length
is very short: it is in the typical undisturbed acetylene CtC
range. It seems that the [B]-acetylene-[Si] unit is very unsym-
metrically coordinated to Zr in a polarized Zr-(η2-CC) coor-
dination mode. The ligand is close to linear at C1, but markedly
bent at C2. We note that the hydride at boron lies in the bent
metallocene σ-ligand plane and is oriented toward zirconium.
This lets us assume that the coordination of the formally anionic

(31) (a) Wrackmeyer, B. ReV. Silicon, Germanium, Tin, Lead Compd. 1982,
6, 75–148. (b) Wrackmeyer, B. Coord. Chem. ReV. 1995, 145, 125–
156. (c) Wrackmeyer, B. Heteroatom Chem. 2006, 17, 188–208.

(32) (a) Wrackmeyer, B.; Bihlmeyer, C. J. Chem. Soc., Chem. Commun.
1981, 1093–1094. (b) Wrackmeyer, B.; Kehr, G.; Boese, R. Angew.
Chem., Int. Ed. 1991, 30, 1370–1372. Wrackmeyer, B.; Kehr, G.;
Boese, R. Angew. Chem. 1991, 103, 1374–1376. (c) Wrackmeyer, B.;
Kehr, G.; Süss, J. Chem. Ber. 1993, 126, 2221–2226. (d) Wrackmeyer,
B.; Tok, O. L.; Shahid, K.; Ali, S. Inorg. Chim. Acta 2004, 357, 1103–
1110.

(33) (a) Killian, L.; Wrackmeyer, B. J. Organomet. Chem. 1977, 132, 213–
221. (b) Sebald, A.; Seiberlich, P.; Wrackmeyer, B. J. Organomet.
Chem. 1986, 303, 73–81. (c) Wrackmeyer, B.; Bhatti, M. H.; Ali, S.;
Tok, O. L.; Bubnov, Y. N. J. Organomet. Chem. 2002, 657, 146–
154.

(34) There are a few related transition-metal examples: (a) Sebald, A.;
Wrackmeyer, B. Z. Naturforsch. B 1982, 38, 1156–1158. (b) Sebald,
A.; Wrackmeyer, B. J. Chem. Soc., Chem. Commun. 1983, 1293–
1294. (c) Sebald, A.; Wrackmeyer, B. J. Organomet. Chem. 1986,
304, 271–282. (d) Wrackmeyer, B.; Pedall, A.; Weidinger, J. J.
Organomet. Chem. 2002, 649, 225–231.

(35) (a) Erker, G.; Mühlenbernd, T.; Benn, R.; Rufinska, A.; Tsay, Y.-H.;
Krüger, C. Angew. Chem., Int. Ed. 1985, 24, 321–323. Erker, G.;
Mühlenbernd, T.; Benn, R.; Rufinska, A.; Tsay, Y.-H.; Krüger, C.
Angew. Chem. 1985, 97, 336–337. (b) Jödicke, T.; Menges, F.; Kehr,
G.; Erker, G.; Höweler, U.; Fröhlich, R. Eur. J. Inorg. Chem. 2001,
2097–2106.

(36) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D. G.;
Taylor, R. J. Chem. Soc., Dalton Trans. 1989, S1–S83.

(37) (a) Norton, A. D. J. Chem. Soc., Chem. Commun. 1992, 185–187. (b)
Hyla-Krispin, I.; Niu, S.; Gleiter, R. Organometallics 1995, 14, 964–
974. (c) Yoshida, M.; Jordan, R. F. Organometallics 1997, 16, 4508–
4510. (d) Hyla-Krispin, I.; Gleiter, R. J. Mol. Catal. A: Chem. 2000,
160, 115–124. (e) Stoebenau, E. J., III; Jordan, R. F. J. Am. Chem.
Soc. 2004, 126, 11170–11171. (f) Stoebenau, E. J., III; Jordan, R. F.
Organometallics 2006, 25, 3379–3387. (g) Stoebenau, E. J., III; Jordan,
R. F. J. Am. Chem. Soc. 2006, 128, 8638–8650. (h) Sydora, O. L.;
Kilyanek, S. M.; Jordan, R. F. J. Am. Chem. Soc. 2007, 129, 12952–
12953. See for a comparison: (i) Carpentier, J.-F.; Wu, Z.; Lee, C. W.;
Strömberg, S.; Christopher, J. N.; Jordan, R. F. J. Am. Chem. Soc.
2000, 122, 7750–7767. (j) Carpentier, J.-F.; Maryin, V. P.; Luci, J.;
Jordan, R. F. J. Am. Chem. Soc. 2001, 123, 898–909. (k) Stoebenau,
E. J., III; Jordan, R. F. J. Am. Chem. Soc. 2003, 125, 3222–3223.

Scheme 7

Figure 3. Molecular structure of complex 12a.

Table 3. Comparison of Experimental (X-ray) and DFT-Calculated
Structural Parameters of the Zwitterionic Complex 12aa

12a (X-ray) 12a (DFT)b

Zr-C1 2.513(5) 2.458
Zr-C2 2.841(5) 2.793
C1-C2 1.209(7) 1.235
B1-C1 1.594(7) 1.569
B1-C1-C2 178.7(5) 178.7
C1-C2-Si11 157.8(4) 158.9
Zr-C3 2.266(5) 2.251
C3-C4 1.208(7) 1.235
Zr-C3-C4 170.8(5) 171.4
C3-C4-Si41 174.5(5) 174.5
(B1-H) 1.19(5) 1.260
(Zr-H) 2.12(5) 2.163
(Zr-H-B1) 118(3) 109.0

a Bond lengths in Å, angles in deg. b For details see the section DFT
Calculations.
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H[B]-CtC-[Si] ligand to the formally cationic [Zr]-CtC-[Si]
unit is supported by [B]-H anion coordination to the metal.23b,c,38

The 1H NMR spectrum of complex 12a shows an ABCD
pattern of signals of the pair of η5-C5H4-CH3 ligands at Zr
and a single methyl singlet at δ 1.87 (in d8-toluene at -50 °C),
indicating overall Cs-symmetry in solution as expected. The
B-H proton gives rise to a broad 1:1:1:1 quartet39 at δ -0.65
with a corresponding 11B NMR B-H doublet at δ -27 (1JBH

) 60 Hz).40 Unfortunately, only the 13C NMR signals of the
acetylene carbon centers adjacent to silicon could be located.
The acetylide tC-SiMe3

13C NMR resonance occurs at δ
137.1; the adjacent -SiMe3 group features typical NMR signals
of a trimethylsilyl substituent at an acetylene (1H: δ 0.17, 29Si:
δ -25.4).41 The η2-coordinated 1-boryl-2-silyl-acetylene features
a tC-SiMe3

13C NMR carbon signal at a markedly smaller δ
value (δ 111.9). The adjacent -SiMe3 group seems to experi-
ence the bending at that carbon center toward an olefin-like
situation. It features a markedly shifted 29Si NMR resonance of
δ -9.7 (1H NMR Si(CH3)3 singlet at δ 0.40).19,21c,41

In the NMR experiment, warming the d8-toluene solution to
>0 °C results in a rapid disappearance of the typical NMR
signals of the intermediate 12a. This reactive intermediate is
consumed with concomitant formation of complex 14a, admixed
with some final product 9a. The relative amount of the latter is
slowly increasing with time under these conditions. We assume
that complex 12a undergoes a thermally induced 1,1-hydrobo-
ration reaction at temperatures >0 °C to form the new
intermediate 13a (see Scheme 7). This is not directly observed.
However, it apparently can be stabilized in an equilibrium
situation by means of an intramolecular transfer of the remaining
σ-CtC-SiMe3 ligand from zirconium to the adjacent strongly
electrophilic boron center to form its borate isomer 14a.

Complex 14a features a typical metal-σ-alkenyl 13C NMR
resonance of carbon atom C1 at δ 201.5.42 The adjacent C2-H
carbon resonance was located at δ 112.3. The corresponding
C2-H 1H NMR resonance shows up at δ 8.21 as a broad signal
due to the presence of the neighboring 3/2 nuclear spin boron
center. The 11B NMR resonance of complex 14a itself is at δ
-25. The 19F NMR signals of the C6F5 substituents at boron [δ
-133.5 (o), -158.0 (p), -163.8 (m)] show the small δ(m/p)
separation that is typical of a four coordinate borate situation.
We have observed two 29Si NMR signals at δ -3.2 (Si1) and
δ -10.0 (Si5) for the pair of -SiMe3 substituents in 14a. Again,
we have only located the acetylide �-tC-SiMe3

13C NMR
signal (δ 105.8) of the remaining [B]-CtC-SiMe3 group.
Complex 14a is apparently in an endothermic equilibrium with
the (not observed) intermediate 13a. It seems that via this
pathway it is eventually converted to the final product, the
zirconacycloallenoid 9a, at temperatures >0 °C under conditions
of thermodynamic control.

DFT Calculations. In order to understand the electronic
structures of the key compounds 9a and 12a in more detail,
calculations based on Kohn-Sham density functional theory
(DFT43) have been carried out using the TURBOMOLE
quantum chemical program system.44 Starting from the X-ray
structures we first have performed full, unconstrained structural
optimizations. Large triple-� Gaussian AO basis sets (def2-
TZVP45), which yield almost converged results for the inves-
tigated properties, and the RI integral approximation46 have been
employed. As density functionals the almost nonempirical GGA
(PBE47) and meta-GGA (TPSS48) constructions from the Perdew
group have been used. In recent benchmark studies49 it has once
again been shown that these semilocal approaches are superior
for transition-metal systems than common hybrid functionals
like B3LYP (similar conclusions have been drawn for transition-
metal thermodynamics, see e.g. refs. 50). Because the PBE and
TPSS results are rather similar, we will discuss in the following
only the latter. In all DFT treatments we use the now well-
established correction for long-range London dispersion effects
(DFT-D method51) that are more or less absent in all standard
density functionals. Intramolecular dispersion effects are of
particular importance for large molecules when bulky substit-
uents (SiMe3 and C6F5 in our case) spatially come close together

(38) (a) Erker, G.; Frömberg, W.; Angermund, K.; Schlund, R.; Krüger,
C. J. Chem. Soc., Chem. Commun. 1986, 372–374. (b) Erker, G.;
Hoffmann, U.; Zwettler, R.; Krüger, C. J. Organomet. Chem. 1989,
367, C15–C17. (c) Erker, G.; Noe, R.; Wingbermühle, D.; Petersen,
J. L. Angew. Chem., Int. Ed. 1993, 32, 1213–1215. Erker, G.; Noe,
R.; Wingbermühle, D.; Petersen, J. L. Angew. Chem. 1993, 105, 1216–
1218. (d) Sun, Y.; Piers, W. E.; Rettig, S. J. Organometallics 1996,
15, 4110–4112. (e) Sun, Y.; Spence, R. E. v. H.; Piers, W. E.; Parvez,
M.; Yap, G. P. A. J. Am. Chem. Soc. 1997, 119, 5132–5143. (f)
Blaschke, U.; Erker, G.; Fröhlich, R.; Meyer, O. Eur. J. Inorg. Chem.
1999, 2243–2247. (g) Lee, L. W. M.; Piers, W. E.; Parvez, M.; Rettig,
S. J.; Young, V. G., Jr. Organometallics 1999, 18, 3904–3912. (h)
Arndt, P.; Baumann, W.; Spannenberg, A.; Rosenthal, U.; Burlakov,
V. V.; Shur, V. B. Angew. Chem., Int. Ed. 2003, 42, 1414–1418. Arndt,
P.; Baumann, W.; Spannenberg, A.; Rosenthal, U.; Burlakov, V. V.;
Shur, V. B. Angew. Chem. 2003, 115, 1455–1458. (i) Arndt, P.; Jäger-
Fiedler, U.; Klahn, M.; Baumann, W.; Spannenberg, A.; Burlakov,
V. V.; Rosenthal, U. Angew. Chem., Int. Ed. 2006, 45, 4195–4198.
Arndt, P.; Jäger-Fiedler, U.; Klahn, M.; Baumann, W.; Spannenberg,
A.; Burlakov, V. V.; Rosenthal, U. Angew. Chem. 2006, 118, 4301–
4304. See also: (j) Shore, S. G.; Liu, F.-C. In Contemporary Boron
Chemistry; Davidson, M. G., Hughes, A. K., Marder, T. B., Wade,
K., Eds.; The Royal Society of Chemistry: London, 2000; pp 28-35,
and references therein.

(39) Wrackmeyer, B.; Köster, R. Methoden Org. Chem. (Houben-Weyl)
1984, 13, 406–408.

(40) See for a comparison: (a) Spies, P.; Erker, G.; Kehr, G.; Bergander,
K.; Fröhlich, R.; Grimme, S.; Stephan, D. W. Chem. Commun. 2007,
5072–5074. (b) Spies, P.; Schwendemann, S.; Lange, S.; Kehr, G.;
Fröhlich, R.; Erker, G. Angew. Chem., Int. Ed. 2008, 47, 7543–7546.
Spies, P.; Schwendemann, S.; Lange, S.; Kehr, G.; Fröhlich, R.; Erker,
G. Angew. Chem. 2008, 120, 7654–7657.

(41) (a) Grignon-Dubois, M.; Laguerre, M. Organometallics 1988, 7, 1443–
1446. See also: (b) Wrackmeyer, B.; Horchler, K. Prog. Nucl. Magn.
Reson. Spectrosc. 1990, 22, 209–253.

(42) (a) Hyla-Krispin, I.; Gleiter, R.; Krüger, C.; Zwettler, R.; Erker, G.
Organometallics 1990, 9, 517–523. (b) Erker, G.; Zwettler, R.; Krüger,
C.; Hyla-Krispin, I.; Gleiter, R. Organometallics 1990, 9, 524–530.

(43) (a) Parr, R. G.; Yang, W. Density-Functional Theory of Atoms and
Molecules, Oxford University Press, 1989. (b) Koch, W.; Holthausen,
M. C. A Chemist’s Guide to Density Functional Theory, Wiley-VCH:
New York, 2001.

(44) Ahlrichs, R.; Furche, F.; Hättig, C.; Klopper, W.; Sierka, M.; Weigend,
F. TURBOMOLE, Version 5.9; Universität Karlsruhe: Karlsruhe,
Germany, 2006; http://www.turbomole.com.

(45) Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297–
3305.

(46) Eichkorn, K.; Treutler, O.; Öhm, H.; Häser, M.; Ahlrichs, R. Chem.
Phys. Lett. 1995, 240, 283–289.

(47) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. ReV. Lett. 1996, 77,
3865–3868.

(48) Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E. Phys. ReV.
Lett. 2003, 91, 146401/1–146401/4.

(49) (a) Neese, F.; Schwabe, T.; Grimme, S. J. Chem. Phys. 2007, 126,
124115/1–124115/15. (b) Bühl, M.; Reimann, C.; Pantazis, D. A.;
Bredow, T.; Neese, F. J. Chem. Theor. Comput. 2008, 4, 1449–1459.

(50) (a) Hyla-Kryspin, I.; Grimme, S. Organometallics 2004, 23, 5581–
5592. (b) Furche, F.; Perdew, J. P. J. Chem. Phys. 2006, 124, 044103/
1-044103/27.

(51) (a) Grimme, S. J. Comput. Chem. 2006, 27, 1787–1799. (b) Grimme,
S.; Antony, J.; Schwabe, T.; Mück-Lichtenfeld, C. Org. Biomol. Chem.
2007, 5, 741–758.
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(for a recent example see e.g. ref 52). The final theoretical level
discussed in the following is dubbed TPSS-D/def2-TZVP.

A comparison of theoretical and experimental key structural
data for 9a and 12a is given in Tables 1 and 3. The agreement
can in general be regarded as excellent. Most deviations for
bond lengths are on the order of 0.01-0.03 Å, which ap-
proximately is the experimental uncertainty and also the
estimated effect of crystal-packing that is not considered in the
calculations. A similar accuracy of the computations is found
for bending angles. Note that also the more sensitive torsion
angles in the cycloallenoid substructure of 9a are described very
accurately at our theoretical level [C1-C2 · · ·C4-Zr: 50.9(3)°
(X-ray, found) vs 47.3 (DFT, calcd.)]. All in all this clearly
demonstrates that the in part rather complicated electronic
structures (in particular that of 9a) are described correctly, which
is a prerequisite for the following analysis of the bonding
situations. This is performed with the help of Wiberg bond
orders (WBO53) that provide a good measure of the covalent
bond order for two interacting atoms (see Figure 4). We also
transformed the canonical KS-molecular orbitals to a localized
basis (LMO) according to the algorithm of Pipek and Mezey.54

The resulting LMO are typically localized only on one or two
atomic centers for lone-pairs and conventional 2e-2c covalent
bonds, respectively. Unusual bonding situations, multicenter
bonding, and other delocalization effects are clearly reflected
in the spatial extent of these LMO. This and their AO
composition are used in the following for analysis. Note that
the localization procedure does not introduce any theoretical
“artifacts” because it leaves the KS-determinant (and all
derivable properties) unchanged.

First, we want to discuss the intermediate 12a that features
an agostic H-Zr interaction (X-ray: R(Zr-H) ) 2.12 Å, theor.:
2.16 Å). The computed Zr-H distance supports the finding from

the X-ray analysis which in this case is rather problematic
because of the much larger nuclear charge of zirconium
compared to hydrogen. The corresponding WBO of 0.25 is
relatively large and accompanied by a decrease of the B-H
covalency (WBO ) 0.56). The LMO of the B-H bond (see
Figure 5) is spatially close to the Zr atom and shows slight
distortions from its usual symmetry. The ethynyl unit connected
to boron shows a significant bending out of linearity (angle
C1-C2-Si11, X-ray: 158°, theor.: 159°) which is caused by
the interaction of the triple bond with zirconium as also indicated
by the deformation of the corresponding π-LMO (see Figure
5). Although about 20° seems to be a large deformation at first
sight, a closer look to the energetics reveals that such bending
deformations can easily occur. According to a comparison of
the energies of Me3SiCtCH in a fully relaxed geometry and
in the geometry of 12a, this deformation “costs” only 1.4 kcal/
mol. The rather large WBO for C1-Zr and C2-Zr (0.41 and
0.29, respectively) indicate favorable interactions that lead to a
significant weakening of the C1-C2 bond (WBO ) 2.10
compared to 2.61 in Me3SiCtCH).

Figure 6 shows a graphical comparison of computed and
X-ray structures of the metallacyclic allenoid 9a. Opposed to
the analogous hafnium compound,19 in the solid-state the syn-
form of 9a is found that was also the basis for the structure
opimization. As can be seen in the figure, the theoretical
structure very nicely agrees with that from experiment, and the
only significant (but otherwise unimportant) difference is the
torsion of the outer SiMe3 group. We also did an optimization
of the anti-form (see entry e in Figure 6) that basically resembles
the previously investigated hafnium complex. The computed
energy difference between syn-9a and anti-9a amounts to 0.9
kcal/mol [anti-form more stable, which agrees well with the
experiment (see Table 2)]. The electronic structure of syn-9a is
similar to that of the previously discussed hafnium compound19

but with a clear tendency for stronger carbon-metal interactions
(WBO of 0.40-0.66 compared to 0.18-0.52 for 5) and a more
pronounced butenyne than allene character (WBO for C2-C3
and C3-C4 are 1.06 and 1.86 compared to 1.51 and 1.81 for
5). This conclusion is also supported by plots of selected LMO
shown in Figure 7 that exhibit stronger butenyne character.
However, even the structure of syn-9a seems to be unique as it
contains a rather unusual π-LMO that spreads out over C2-C4
(entry d in Figure 7). As can be seen in Figure 4 all
carbon-carbon WBO are much lower than expected for both a
butenyne or an allene unit, which is compatible with the
mentioned stronger interactions to the metal.

The computed energy difference between 12a and syn-9a is
17.6 kcal/mol (9a more stable). This sizable value indicates a
high energetic driving force for the formation of the stable
metallacycle from its open precursors.

Conclusions

1,1-Carboboration reactions are often observed upon treatment
of e.g. group 14 acetylide compounds with trialkyl- or
triallylboranes.31-33 The reaction requires a 1,2-migration of
the metal center along the acetylide unit. Silicon derivatives
and especially their heavier tin and lead analogues are prone to
undergo this type of rearrangement.31,33,55 1,1-Carboboration
reactions have been useful in the syntheses of a variety of

(52) Spies, P.; Fröhlich, R.; Kehr, G.; Erker, G.; Grimme, S. Chem. Eur.
J. 2008, 14, 333–343.

(53) Wiberg, K. B. Tetrahedron 1968, 24, 1083–1096.
(54) Pipek, J.; Mezey, P. G. J. Chem. Phys. 1989, 90, 4916–4926.

(55) (a) Killian, L.; Wrackmeyer, B. J. Organomet. Chem. 1978, 148, 137–
146. (b) Killian, L.; Wrackmeyer, B. J. Organomet. Chem. 1978, 148,
153–164. (c) Wrackmeyer, B.; Kehr, G.; Wettinger, D. Inorg. Chim.
Acta 1994, 220, 161–173.

Figure 4. Computed (TPSS-D/def2-TZVP) structures (only Zr-BH-
C1-C4-Si fragment shown) of syn-9a (b) and 12a (a) with Wiberg bond
orders. The bond orders of anti-9a (not shown) deviate only slightly (<0.1)
from the values of syn-9a.
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metallaheterocyclic ring frameworks.56 The reaction sequence
observed here, which involves a related 1,1-hydroboration
reaction, is probably of a general importance since it links a
reaction type typically observed in main group chemistry31-33

with the chemistry of the transition-metal series.34 The pathway
of steps probably followed in our zirconium example involves
acetylide abstraction, followed by 1,1-hydroboration with
concomitant 1,2-metal migration along the acetylenic carbon
framework, just as observed in the main-group metal examples.
The similarity between the main-group and transition-metal lines
of reactions in our case even goes so far, that a subsequent
reversible secondary acetylide migration from Zr to B is
observed, similar to reactions often found in the respective Sn
or Pb chemistry.

The intermediate (12a) that we have observed experimentally
and characterized by X-ray diffraction and DFT calculation is

important for an understanding of the rearrangement pathway
taken here. The extremely unsymmetrical coordination of the
η2-acetylene unit to zirconium probably makes this structure a
remote model of some transition-state characteristics of the
rearrangement component of the incipient 1,1-hydroboration
reaction. Here, the metal migration has proceeded quite far. So
it seems that 1,1-hydroboration reactions might be considered
as rather asynchronous, probably stepwise reactions with the
1,2-metal migration largely preceding the C-H bond-forming
step (see Scheme 8).

Subsequent internal σ-ligand CC-coupling at the stage of the
alleged intermediates 13, which results from completing the 1,1-
hydroboration reaction of 12, directly leads to the observed final
products 9. Although these systems could be formulated as
simple substituted Zr(II) (η4-1,3-butenyne)zirconocenes (9′),

(56) See for example: (a) Ashe, A. J., III; Chan, W.-T. J. Org. Chem. 1979,
44, 1409–1413. (b) Ashe, A. J., III; Fang, X.; Schiesher, M.;
Richardson, A. D.; Hedberg, K. J. Am. Chem. Soc. 2000, 122, 7012–
7016. (c) Wakita, K.; Tokitoh, N.; Okazaki, R.; Nagase, S. Angew.
Chem., Int. Ed. 2000, 39, 634–636. Wakita, K.; Tokitoh, N.; Okazaki,
R.; Nagase, S. Angew. Chem. 2000, 112, 648–650. See also: (d) Ashe,
A. J., III. In ComprehensiVe Heterocyclic Chemistry II; McKillop, A.,
Vol. Ed.; Pergamon: Oxford, 1996; Vol. 5, pp 669-683, and references
therein.

Figure 5. Isosurface (contour value of 0.05 au) plots of localized orbitals of 12a. (a) In-plane π-LMO with bonding contributions to the Zr atom. (b) B-H
σ-LMO that provides an agostic interaction with the Zr atom.

Figure 6. Comparison of TPSS-D/def2-TZVP computed (a and c) and
experimental (b and d) structures of syn-9a (top) and 12a (middle). In (e)
the computed structure of anti-9a is shown.

Figure 7. Isosurface (contour value of 0.05 au) plots of localized orbitals
of syn-9a. (a) Three-center B-C-Zr LMO. (b) In-plane π-LMO with
bonding contributions to the Zr atom. (c) Second (orthogonal) π-LMO of
ethyne/“allene” fragment. (d) Three-center π-LMO of the “allene” fragment.

Scheme 8
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especially the results of our X-ray crystal structure analyses
together with the DFT calculations show that this is not an ample
description. The systems 9 exhibit a pronounced metallacyclic
σ-complex character. It is probably warranted to term them as
metallacycloallenoid complexes. However, it should be empha-
sized that these new systems are quite different in some of their
structural and spectroscopic features from real small or medium
ring bent cyclic allenes.14 Although 1,2-cyclohexadiene and even
1,2-cyclopentadiene56 were calculated to feature chiral structures
with an even lower ring inversion enantiomerization barrier than
the compounds 5 or 9,14d,57 the extremely high reactivity of
these very strained carbocycles has prevented any isolation or
direct observation so far. The heterocyclic systems 15 and 16
are examples of isolable bent allenes58,59 (see Scheme 9). They
show some similarities to our new complexes 5 and 9 but also
reveal some marked differences (e.g., the 13C NMR shifts of
the central dCd in these “organic” examples are found at
substantially larger δ values as compared to those for 5 or 9).60

Derivatives of 17 have recently been claimed as the smallest
stable cycloallenes,61 but this interpretation was criticized in
favor of a description as rather aromatic pyrazolium-type
zwitterions (17′).62

One might argue that the very short B-C1 linkage and its
high bond order in the complexes 9 might be an essential
contribution to the remarkable persistence and stability of these
compounds, similarly as it was found in the compounds 18
described by Bochmann et al.25 (Scheme 10). Since Suzuki’s
related complex 6 is stable without this interaction,20 the
observed strong B-C interaction in 5 and 9 is probably a helpful
but not an essential feature for obtaining such a metallacycloal-
lenoid structure.

It appears that the remarkable structure and stability of the
complexes 5 and 9 (and their related examples) originate from

making use of the unique bonding features at the goup 4 bent
metallocene unit to unsaturated ligands, that result in achieving
a pronounced metallacyclic σ-complex character combined with
an in-plane interaction between the internal carbons and the
metal center across the five-membered ring. This leads to unique
structures that in the case of the examples, 5, 6, and 9, exhibit
a pronounced metallacycloallenoid character (or a metallacu-
mulene or metallacycloalkyne character in the compounds 3 and
4, respectively). However, one should probably not stress the
analogy of all these unique organometallic systems with their
highly strained distorted purely carbocyclic relatives too far,
but concede that these five-membered metallacyclic systems
represent a unique class of compounds of their own.

Experimental Section

General Procedures. Reactions with air- and moisture-sensitive
compounds were carried out under an argon atmosphere using
Schlenk-type glassware or a glovebox. Solvents were dried with
the procedure reported by Grubbs63 or, particularly deuterated
solvents, were distilled from appropriate drying agents and stored
under an argon atmosphere. HB(C6F5)2,

23e [η5-C5H4(CH3)]2ZrCl2
64

and [η5-C5H4(C(CH3)3)]2ZrCl2
65 were prepared according to pro-

cedures reported in the literature. The following instruments were
used for physical characterization of the compounds: NMR: Bruker
AC 200 P-FT (29Si: 39.8 MHz {using DEPT or INEPT pulse
sequence based on JSi,H ) 7 Hz}; 11B: 64.2 MHz), Bruker ARX
300 (11B: 96.3 MHz), Varian Inova 500 (1H: 499.9 MHz; 19F: 470.3
MHz; 29Si: 99.5 MHz {using INEPT pulse sequence based on JSi,H

) 7 Hz}), Varian Unity Plus 600 (1H: 599.9 MHz; 13C: 150.8 MHz;
19F: 564.4). Most NMR assignments were supported by additional
2D experiments. The (unsystematical) X-ray crystal structure
numbering scheme was also used for the listings of NMR data.
The IR spectra were obtained with a Varian 3100 FT-IR (EX-
CALIBUR Series) spectrometer. Elemental analyses were per-
formed with a Foss-Heraeus CHN-O-Rapid instrument.

X-ray Crystal Structure Analyses. Data sets were collected
with a Nonius KappaCCD diffractometer, equipped with a rotating
anode generator. Programs used: data collection COLLECT (Nonius
B.V., 1998), data reduction Denzo-SMN,66 absorption correction
SORTAV67 and Denzo,68 structure solution SHELXS-97,69 struc-
ture refinement SHELXL-97,70 graphics XP (BrukerAXS, 2000).

[Bis(η5-methylcyclopentadienyl)-bis(trimethylsilylethynyl)]zir-
conium (8a). Diethyl ether (100 mL) was slowly added to a cooled
(-40 °C) mixture of bis(η5-cyclopentadienylmethyl)zirconium
dichloride (7a) (2.00 g, 6.24 mmol) and trimethylsilylethynyllithium
(1.30 g, 12.48 mmol). The reaction mixture was allowed to warm
to room temperature (ca. 1 h) and then stirred for further 12 h.
Subsequently the suspension was filtered, and the filtrate was dried

(57) Angus, R. O., Jr.; Schmidt, M. W.; Johnson, R. P. J. Am. Chem. Soc.
1985, 107, 532–537.

(58) (a) Shimizu, T.; Hojo, F.; Ando, W. J. Am. Chem. Soc. 1993, 115,
3111–3115. (b) Pang, Y.; Petrich, S. A.; Young, V. G., Jr.; Gordon,
M. S.; Barton, T. J. J. Am. Chem. Soc. 1993, 115, 2534–2536.

(59) Hofmann, M. A.; Bergsträsser, U.; Reiss, G. J.; Nyulászi, L.; Regitz,
M. Angew. Chem., Int. Ed. 2000, 39, 1261–1263. Hofmann, M. A.;
Bergsträsser, U.; Reiss, G. J.; Nyulászi, L.; Regitz, M. Angew. Chem.
2000, 112, 1318–1320.

(60) See for example: (a) Van Dongen, J. P. C. M.; de Bie, M. J. A.; Steur,
R. Tetrahedron Lett. 1973, 14, 1371–1374. (b) Elsevier, C. J.; Vermeer,
P.; Gedanken, A.; Runge, W. J. Org. Chem. 1985, 50, 364–367.

(61) Lavallo, V.; Dyker, C. A.; Donnadieu, B.; Bertrand, G. Angew. Chem.,
Int. Ed. 2008, 47, 5411–5414. Lavallo, V.; Dyker, C. A.; Donnadieu,
B.; Bertrand, G. Angew. Chem. 2008, 120, 5491–5494, and references
cited therein.

(62) Christl, M. Personal communication.

(63) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.;
Timmers, F. J. Organometallics 1996, 15, 1518–1520.

(64) Samuel, E. Bull. Soc. Chim. France 1966, 3548–3564.
(65) Howie, R. A.; McQuillan, G. P.; Thompson, D. W.; Lock, G. A. J.

Organomet. Chem. 1986, 303, 213–220.
(66) Otwinowski, Z.; Minor, W. Methods Enzymol. 1997, 276, 307–326.
(67) (a) Blessing, R. H. Acta Crystallogr. 1995, A51, 33–37. (b) Blessing,

R. H. J. Appl. Crystallogr. 1997, 30, 421–426.
(68) Otwinowski, Z.; Borek, D.; Majewski, W.; Minor, W. Acta Crystallogr.

2003, A59, 228–234.
(69) Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467–473.
(70) Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112–122.

Scheme 9 Scheme 10
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in vacuo to get the crude product as a gray-green powder.
Crystallization from pentane at -30 °C gave complex 8a as off-
white crystals (1.22 g, 44%). 1H NMR (C6D6, 600 MHz, 298 K):
δ 6.16 (m, 4H, CpR), 5.61 (m, 4H, Cp�), 2.29 (s, 6H, CH3), 0.22
(s, 2JSi,H ) 6.8 Hz, 18H, Si(CH3)3). 13C{1H} NMR (C6D6, 151 MHz,
298 K): δ 164.9 (ZrC≡) 127.4 (≡CSi), 125.9 (Cpi), 114.1 (CpR),
107.5 (Cp�), 16.2 (CH3), 0.7 (1JSi,C ) 55.4 Hz, Si(CH3)3).
29Si{INEPT} NMR (C6D6, 40 MHz, 298 K): δ -24.1. IR (KBr):
2035 (C≡C) cm-1. Anal. Calcd for C22H32ZrSi2: C, 59.53; H, 7.27.
Found: C, 58.54; H, 7.01.

[Bis(η5-tert-butylcyclopentadienyl)-bis(trimethylsilylethynyl)]zir-
conium (8b). Analogous procedure as described for the preparation
of 8a. Bis(η5-t-butylcyclopentadienyl)zirconium dichloride (7a) (500
mg, 1.236 mmol) was reacted with trimethylsilylethynyllithium (257
mg, 2.467 mmol) in diethyl ether (30 mL; -30 °C) to yield 8b as
a gray-green powder. (0.385 g, 59%). 1H NMR (C6D6, 600 MHz,
298 K): δ 6.32 (m, 4H, CpR), 5.63 (m, 4H, Cp�), 1.45 (s, 18H,
C(CH3)3), 0.22 (s, 2J(Si,H) ) 6.8 Hz, 18H, Si(CH3)3). 13C{1H} NMR
(C6D6, 151 MHz, 298 K): δ 165.7 (ZrC≡), 142.1 (Cpi), 130.1
(≡CSi), 111.5 (CpR), 106.8 (Cp�), 33.0, 31.9 (C(CH3)3), 0.3 (1J(Si,C)
) 55.4 Hz, Si(CH3)3). 29Si{INEPT} NMR (C6D6, 100 MHz, 298
K): δ -24.3. IR (KBr): 2029 (C≡C) cm-1.

Reaction of 8a with Bis(pentafluorophenyl)borane; Formation
of Complex 9a. Toluene (30 mL) was added to a mixture of 8a
(150 mg, 0.338 mmol) and bis(pentafluorophenyl)borane (117 mg,
0.338 mmol). The resulting red solution was stirred under argon at
60 °C for 5 h. Subsequently the volatiles were removed in vacuo
to obtain the crude product as an orange-red solid. Crystallization
from pentane solution (30 mL) at -30 °C yielded 9a as orange-
red crystals (70 mg, 26%), suitable for X-ray diffraction. Two
isomers were detected by NMR experiments: ratio major/minor ≈
3:1 (213 K). Anal. Calcd for C34H33BF10Si2Zr: C, 51.70; H, 4.21.
Found: C, 50.78; H, 4.19. 353 K: 1H NMR (C7D8, 500 MHz, 353
K): δ 5.50, 5.34, 5.27, 4.45 (each m, each 1H, CpA), 5.43, 5.39,
5.22, 4.82 (each m, each 1H, CpB), 2.57 (s, 1H, 1-H), 1.85, 1.59
(each s, each 3H, CH3), 0.10, 0.04 (each s, each 9H, Si(CH3)3).
19F{1H}NMR (C7D8, 470 MHz, 353 K): δ -126.2 (2F, o), -155.9
(1F, p), -163.1 (2F, m) (C6F5), -129.5 (2F, o), -155.3 (1F, p),
-162.9 (2F, m) (C6F5) [C6F5: C6F5 ) 1: 1]. 213 K: Major isomer.
1H NMR (C7D8, 600 MHz, 213 K): δ 5.51(�), 5.40(�), 5.17(R),
4.41(R) (each m, each 1H, CpA), 5.37(�), 5.07(R), 4.86(R), 4.55(�)
(each m, each 1H, CpB), 2.08 (s, 1H, 1-H), 1.76 (s, 3H, CH3

A),
1.34 (s, 3H, CH3

B), 0.08 (s, 9H, 4-Si(CH3)3), -0.05 (s, 9H,
2-Si(CH3)3). 13C{1H} NMR (C7D8, 151 MHz, 213 K): δ 138.8 (C3),
119.0, 117.2 (C6F5

i), 117.9 (Cpi,A), 116.9 (C4), 115.6 (Cpi,B), 112.7
(CpR,B), 111.6 (CpR,B), 109.4 (CpR,A), 106.7 (CpR,A), 104.1 (Cp�,B),
103.6 (Cp�,B, Cp�,A), 100.0 (Cp�,A), 95.0 (C2), 88.3 (C1), 16.2
(CH3

A), 14.1 (CH3
B), 1.4 (4-Si(CH3)3), 0.9 (2-Si(CH3)3), n.o. (C6F5).

19F{1H}NMR (C7D8, 470 MHz, 223 K): δ -126.4 (o), -127.4 (o),
-155.2 (p), -161.7 (m), -162.0 (m) (each 1F, C6F5), -130.0 (br,
2F, o), -154.0 (1F, p), -161.1 (very br, without integral value)
(C6F5). 29Si{DEPT} NMR (C7D8, 100 MHz, 223 K): -2.4 (2-Si),
-6.5 (4-Si). Minor isomer. 1H NMR (C7D8, 600 MHz, 213 K): δ
6.32(R), 5.62(R), 5.31(�), 3.69(�) (each m, each 1H, CpA), 5.53(�),
5.23(R), 4.92(R), 4.92(�) (each m, each 1H, CpB), 3.88 (s, 1H, 1-H),
1.87 (s, 3H, CH3

A), 1.78 (s, 3H, CH3
B), 0.31 (s, 9 H, 2-Si(CH3)3),

-0.02 (s, 9 H, 4-Si(CH3)3). 13C{1H} NMR (C7D8, 151 MHz, 213
K): δ 141.4 (C3), 129.7 (C4), 121.6 (Cpi,A), 117.6 (Cpi,B), 114.7
(C6F5

i), 114.1 (CpR,A), 108.5 (CpR,B), 107.3 (CpR,B), 105.9 (Cp�,B),
104.1 (Cp�,A), 103.9 (CpR,A), 102.6 (Cp�,A), 101.9 (Cp�,B), 93.2 (C2),
73.0 (C1), 15.9 (CH3

B), 15.4 (CH3
A), 1.0 (4-Si(CH3)3), -0.3 (2-

Si(CH3)3). n.o. (C6F5) [the 13C chemical shifts were extracted from
2D 1H/13C correlation experiments; see Supporting Information].
19F{1H}NMR (C7D8, 470 MHz, 223 K): δ -123.2 (br, 2F, o),
-153.4 (1F, p), -162.7 (2F, m) (C6F5), -127.7 (br, 2F, o), -154.0
(1F, p), -162.4 (2F, m) (C6F5). 29Si{DEPT}NMR (C7D8, 100 MHz,
223 K): 2.3 (2-Si), -7.4 (4-Si).

X-ray Crystal Structure Analysis of 9a. Formula C34H33BF10-
Si2Zr, M ) 789.81, yellow-orange crystal 0.25 mm × 0.15 mm ×

0.07 mm, a ) 40.6692(5), b ) 9.6463(2), c ) 21.1243(4) Å, � )
120.872(1)°, V ) 7113.0(2) Å3, Fcalc ) 1.475 g cm-3, µ) 0.452
mm-1, empirical absorption correction (0.895 e T e 0.969), Z )
8, monoclinic, space group C2/c (No. 15), λ ) 0.71073 Å, T )
223(2) K, ω and 
 scans, 31271 reflections collected ((h, (k, (l),
[(sinθ)/λ] ) 0.60 Å-1, 6273 independent (Rint ) 0.120) and 3475
observed reflections [Ig 2 σ(I)], 441 refined parameters, R ) 0.052,
wR2 ) 0.134, max (min.) residual electron density 0.59 (-0.69) e
Å-3, poor crystals with limited diffracting power, hydrogen atoms
calculated and refined as riding atoms.

Reaction of 8b with Bis(pentafluorophenyl)borane; Formation
of Complex 9b. Analogous procedure as described for the prepara-
tion of 9a. The reaction of 8b (229 mg, 0.437 mmol) and
bis(pentafluorophenyl)borane (150 mg, 0.437 mmol) in toluene (30
mL) at 60 °C for 2 h and subsequent crystallization (-30 °C,
pentane) of the crude product yielded 9b as yellow crystals (215
mg, 57%), suitable for X-ray diffraction. Two isomers were detected
by NMR experiments: ratio major/minor ≈ 3:1 (223 K). Anal. Calcd
for C40H45BF10Si2Zr: C, 54.97; H, 5.19. Found: C, 55.04; H, 5.14.
353 K: 1H NMR (C7D8, 500 MHz, 353 K): δ 6.06, 6.03, 5.46 (br),
3.94 (each m, each 1H, CpA), 5.78, 5.58, 5.54, 4.78 (each m, each
1H, CpB), 2.65 (s, 1H, 1-H), 1.07, 1.55 (each s, each 9H, C(CH3)3),
0.16, 0.07 (each s, each 9H, Si(CH3)3). 19F{1H} NMR (C7D8, 470
MHz, 353 K): δ -126.9 (2F, o), -156.1 (1F, p), -163.1 (2F, m)
(C6F5), -128.7 (2F, o), -154.3 (1F, p), -163.0 (2F, m) (C6F5)
[C6F5: C6F5 ) 1:1]. 223 K: Major isomer. 1H NMR (C7D8, 500
MHz, 223 K): δ 6.08, 5.75, 5.00, 3.84 (each m, each 1H, CpA),
5.74, 5.65, 5.58, 4.61 (each m, each 1H, CpB), 2.03 (s, 1H, 1-H),
1.04 (s, 9H, C(CH3)3

A), 1.02 (s, 9H, C(CH3)3
B), 0.14 (s, 9H,

4-Si(CH3)3), -0.00 (s, 9H, 2-Si(CH3)3). 13C{1H} NMR (C7D8, 126
MHz, 223 K): δ 140.9 (C3), 136.7 (Cpi,B), 136.1 (Cpi,A), 119.4
(C4), 117.9 (br, C6F5

i), 109.7 (CpA), 106.8 (CpB), 105.9 (CpB), 105.4
(CpA), 105.4 (CpA), 103.2 (CpA), 101.1 (CpB), 99.2 (C2), 99.0 (CpB),
86.9 (C1), 31.9q, 31.7 (C(CH3)3

B), 33.0q, 30.8 (C(CH3)3
A), 1.8 (4-

Si(CH3)3), 0.5 (2-Si(CH3)3), n.o. (C6F5). 19F{1H}NMR (C7D8, 470
MHz, 223 K): δ -128.1 (o), -129.8 (o), -152.4 (p), -161.0 (m),
-162.9 (m) (each 1F, C6F5), -126.5 (o), -126.9 (o), -155.1 (p),
-161.1 (m), -162.2 (m) (each 1F, C6F5). 29Si{DEPT} NMR (C7D8,
100 MHz, 223 K): -2.8 (2-Si), -4.6 (4-Si). Minor isomer. 1H
NMR (C7D8, 500 MHz, 223 K): δ 6.42, 5.99, 5.92, 3.24 (each m,
each 1H, CpA), 5.78, 5.75, 5.45, 5.00 (each m, each 1H, CpB), 4.13
(s, 1H, 1-H), 1.09 (s, 9H, C(CH3)3

A), 0.98 (s, 9H, C(CH3)3
B), 0.33

(s, 9H, 2-Si(CH3)3), 0.05 (s, 9H, 4-Si(CH3)3).13C{1H} NMR (C7D8,
126 MHz, 223 K): δ 145.0 (C3), 139.5 (Cpi,A), 136.1 (Cpi,B), 130.6
(C4), 116.9, 115.3 (C6F5

i), 111.8 (CpA), 109.5 (CpB), 105.4 (CpA),
104.7 (CpB), 102.9 (CpA), 101.7 (CpB), 100.6 (CpB), 99.0 (CpA),
94.4 (C2), 72.0 (C1), 33.6q, 30.7 (C(CH3)3

A), 32.1, 31.8q (C(CH3)3
B),

1.3 (4-Si(CH3)3), -0.4 (2-Si(CH3)3), n.o. (C6F5). 19F{1H}NMR
(C7D8, 470 MHz, 223 K): δ -124.0 (br, 2F, o), -153.6 (1F, p),
-162.9 (2F, m) (C6F5), n.o. (o), -153.9 (1F, p), -162.3 (2F, m)
(C6F5). 29Si{DEPT}NMR (C7D8, 100 MHz, 223 K): 2.2 (2-Si), -5.8
(4-Si).

X-ray Crystal Structure Analysis of 9b. Formula C40H45BF10-
Si2Zr × C5H12, M ) 946.12, yellow crystal 0.35 mm × 0.30 mm
× 0.25 mm, a ) 12.0655(1) Å, b ) 14.5258(2) Å, c ) 15.7909(3)
Å, R ) 111.166(1)°, � ) 94.238(1)°, γ ) 111.542(1)°, V )
2331.55(6) Å3, Fcalc ) 1.348 g cm-3, µ) 0.357 mm-1, empirical
absorption correction (0.885 e T e 0.916), Z ) 2, triclinic, space
group P1j (No. 2), λ ) 0.71073 Å, T ) 223(2) K, ω and 
 scans,
22053 reflections collected ((h, (k, (l), [(sinθ)/λ] ) 0.67 Å-1,
11248 independent (Rint ) 0.046) and 8750 observed reflections
[I g 2 σ(I)], 546 refined parameters, R ) 0.045, wR2 ) 0.116,
max (min.) residual electron density 0.49 (-0.68) e Å-3, hydrogen
atoms calculated and refined as riding atoms.

Preparation of Compound 12a. At -30 °C toluene (10 mL)
was slowly added to a mixture of compound 8a (200 mg, 0.450
mmol) and bis(pentafluorophenyl)borane (156 mg, 0.450 mmol).
The suspension was stirred at -30 °C for 30 min. The volume of
the solution was reduced to 5 mL; meanwhile, the solution was
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briefly allowed to warm to room temperature. After removing the
magnetic stirrer and cooling the reaction mixture again to -30 °C,
the solution was covered with pentane (5 mL). Subsequently the
reaction mixture was stored at -30 °C for 12 h, to obtain pure 12a
as crystals suitable for X-ray diffraction.

X-ray Crystal Structure Analysis of 12a. Formula C34H33-
BF10Si2Zr, M ) 789.81, yellow crystal 0.30 mm × 0.20 mm ×
0.06 mm, a ) 10.0841(3) Å, b ) 15.8190(5) Å, c ) 11.5732(4)
Å, � ) 104.946(1)°, V ) 1783.7(1) Å3, Fcalc ) 1.471 g cm-3, µ )
0.451 mm-1, empirical absorption correction (0.877 e T e 0.973),
Z ) 2, monoclinic, space group P21/m (No. 11), λ ) 0.71073 Å,
T ) 223(2) K, ω and 
 scans, 12284 reflections collected ((h,
(k, (l), [(sinθ)/λ] ) 0.66 Å-1, 4394 independent (Rint ) 0.069)
and 3035 observed reflections [I g 2 σ(I)], 237 refined parameters,
R ) 0.056, wR2 ) 0.136, max (min.) residual electron density 1.48
(-0.52) e Å-3, hydrogen atom at B1 from difmap, others calculated
and refined as riding atoms (at C13 and C43 with AFIX 33), C42
refined with thermal restraints (ISOR).

NMR Monitored Reaction of 8a and Bis(pentafluorophenyl)bo-
rane. Characterization of 10a, 12a, and 14a. A mixture of 8a (30
mg, 0.068 mmol) and bis(pentafluorophenyl)borane (23.4 mg, 0.068
mmol) was added in a NMR tube, which was cooled to -78 °C.
Then deuterated toluene (0.8 mL) was injected very carefully, and
the NMR tube was sealed under vacuum, still at -78 °C.
Subsequently, the NMR tube was removed from the cooling bath,
agitated at room temperature only for a few seconds, and cooled
to -78 °C again. For NMR measurements the temperature was
raised in successive steps, starting at -60 °C. Intermediate 10a.
1H NMR (C7D8, 500 MHz, 243 K): δ 5.21 (m, 4H, Cp�), 5.17 (m,
4H, CpR), 0.88 (s, 6H, CH3), 0.41 (s, 2JSi,H ) 6.8 Hz, 18H, Si(CH3)3).
13C{1H} NMR (C7D8, 126 MHz, 243 K): δ 184.5 (dCSi), 137.4
(dCd), 112.0 (Cpi), 106.7 (CpR), 99.4 (Cp�), 13.3 (CH3), 0.8 (1JSi,C

) 53.6 Hz, Si(CH3)3). 19F NMR (C7D8, 470 MHz, 243 K): δ -131.3
(2F, o), -162.5 (1F, p), -163.8 (2F, m) (each br, C6F5).
29Si{INEPT} NMR (C7D8, 100 MHz, 243 K): δ -7.5. Compound
12a. After the characterization of compound 10a by NMR experi-
ments, the temperature of the spectrometer was warmed stepwise
to 0 °C. Then the NMR tube was ejected, shaken at room
temperature (only for seconds) to dissolve the precipitate, and
immediately injected into the NMR spectrometer again, which was
cooled to -40 °C. The obtained reaction mixture contained ca. 70%
of compound 12a. 1H NMR (C7D8, 500 MHz, 233 K): δ 5.62 (m,
2H, CpR), 5.49 (m, 2H, Cp�), 5.35 (m, 2H, Cp�), 5.19 (m, 2H, CpR),

1.87 (s, 6H, CH3), 0.40 (s, 9H, Si(CH3)3
A), 0.17 (s, 9H, Si(CH3)3

B),
-0.65 (br 1:1:1:1 q [partially relaxed], 1JB,H ≈ 65 Hz). 13C{1H}
NMR (C7D8, 126 MHz, 233 K): δ 137.1, 111.9 (tCSi), 124.6 (Cpi),
119.2 (CpR), 112.5 (CpR), 107.1 (Cp�), 106.8 (Cp�), 15.8 (CH3),
0.4 (Si(CH3)3

B), -0.1 (Si(CH3)3
A), n.o. (2 × Ct, C6F5). 11B{1H}

NMR (C7D8, 160 MHz, 233 K): δ -27.4 (ν1/2 ≈ 60 Hz). 11B NMR
(C7D8, 160 MHz, 233 K): δ -27.4 (d, 1JB,H ≈ 60 Hz). 19F NMR
(C7D8, 470 MHz, 233 K): δ -131.2 (br, 2F, o), -156.6 (1F, p),
-162.4 (br, 2F, m) (C6F5). 29Si{INEPT} NMR (C7D8, 100 MHz,
233 K): δ -9.7 (SiA), -25.4 (SiB). Intermediate 14a. After the
characterization of compound 12a by NMR experiments, the
temperature of the spectrometer was warmed stepwise to 25 °C,
until the reaction mixture contained ca. 30% of the intermediate
14a and ca. 65% of the product 9b. Subsequently, the NMR
experiments were carried out at -50 °C. 1H NMR (C7D8, 500 MHz,
223 K): δ 8.21 (br m, 1H, 2-H), 5.49 (m, 2H, CpR), 5.37 (m,
2H,CpR), 5.32 (m, 2H, Cp�), 5.10 (m, 2H, Cp�), 1.27 (s, 6H, CH3),
0.25 (s, 9H, 1-Si(CH3)3), 0.14 (s, 9H, 5-Si(CH3)3). 13C{1H} NMR
(C7D8, 126 MHz, 233K): δ 201.5 (C1), 122.5 (Cpi), 112.9 (CpR),
112.3 (br, C2)a, 110.6 (CpR), 108.1 (Cp�), 106.8 (Cp�), 105.8 (br,
C5), 14.3 (CH3), 0.7 (1-Si(CH3)3), -0.1 (5-Si(CH3)3), n.o. (C4,
C6F5) [a assigned by ghsqc experiment; see Supporting Information].
11B{1H} NMR (C7D8, 160 MHz, 223 K): δ -25.3 (ν1/2 ≈ 40 Hz).
11B NMR (C7D8, 160 MHz, 223 K): δ -25.3 (s, ν1/2 ≈ 40 Hz).19F
NMR (C7D8, 470 MHz, 233 K): δ -133.5 (2F, o), -158.0 (1F, p),
-163.8 (2F, m) (each m, C6F5). 29Si{INEPT} NMR (C7D8, 100
MHz, 223 K): δ -3.2 (1-Si), -10.0 (5-Si).

Acknowledgment. Dedicated to Professor Kazuyuki Tatsumi
on the occasion of his 60th birthday. Financial support from the
Deutsche Forschungsgemeinschaft and the Fonds der Chemischen
Industrie is gratefully acknowledged. We thank the BASF for a
gift of solvents.

Supporting Information Available: CIF files giving details
of the X-ray crystal structure analyses (9a, 9b, and 12a) and
text giving additional information about spectroscopic data and
details of the X-ray crystal structure determinations. This
material is available free of charge via the Internet at http://
pubs.acs.org.

JA8084302

J. AM. CHEM. SOC. 9 VOL. 131, NO. 5, 2009 2007

Five-Membered Zirconacycloallenoids A R T I C L E S




