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Abstract

Reactions of each Cp2Zr(Me)Cl and Cp2ZrCl2 with PhC�CCH2MgBr afford the h3-propargyl/allenyl complexes Cp2Zr(Me)(h3-
CH2CCPh) (1) and Cp2Zr(CH2CCPh)2 (2), respectively. Both products were characterized by a combination of EI mass
spectrometry and 1H- and 13C-NMR spectroscopy, and the structure of 1 was elucidated by a single-crystal X-ray analysis.
Molecules of 1 contain an unsymmetrically ligated h3-propargyl/allenyl group C(1)H2C(2)C(3)Ph with Zr�C(1)=2.658(4),
Zr�C(2)=2.438(3) and Zr�C(3)=2.361(3) A, . Within the CH2CCPh ligand, C(1)�C(2)=1.344(5), C(2)�C(3)=1.259(4) A, and
C(1)�C(2)�C(3)=155.4(3)°. The latter set of data indicates that a s, p-allenyl resonance structure makes a relatively large
contribution to the bonding description in 1 compared to a s, p-propargyl resonance structure. The fragment
ZrC(10)C(1)C(2)C(3) (C(10)=C of Me) is contained essentially in the mirror plane that reflects the two Cp rings. Complex 1
shows no fluxional behavior in its 1H-NMR spectra over the temperature range 303–223 K. In contrast, 2 is fluxional, and its
dynamic behavior persists on cooling even to 180 K. The 1H-NMR spectra suggest that a rapid exchange of the modes of bonding
of h3-propargyl/allenyl and h1-propargyl ligands may occur, with a probable participation of another Zr�C3H2Ph bonding mode,
possibly h1-allenyl. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Following a report by Krivykh and co-workers [1] of
the synthesis of the first transition-metal p- or h3-
propargyl/allenyl complexes1, the number of such com-
pounds has been steadily increasing [3,4]. Today
well-characterized h3-propargyl/allenyl complexes are
known for several transition metals, including Mo [1],
W [5], Re [5–7], Pd [8–10], Pt [9,11–14], Ti [15] and Zr
[16,17]. Their chemistry has been explored in some
detail for [(PPh3)2M(h3-CH2CCR)]+ (M=Pt, Pd)
[12,13,18], [(h5-C5Me5)Re(CO)2(h3-CH2CCMe)]+ [6,7]
and [(h6-C6HnMe6−n)Mo(CO)2(h3-CH2CCH)]+ [1]. An
important and unusual reaction of these cationic com-
plexes is addition of nucleophilic reagents to the central

carbon atom of the h3-propargyl/allenyl ligand. h3-
Propargyl/allenyl complexes have been implicated as
intermediates in organic synthesis [19].

Compared to Pt, Pd, Re and Mo, the early transi-
tion metals have not been explored much with respect
to their propargyl/allenyl chemistry. A cationic com-
plex [(h5-C5Me5)2Zr(h3-CH2CCMe)]+ was obtained
by treatment of [(h5-C5Me5)2Zr(Me)(NMe2Ph)][B(4-
C6H4F)4] with an excess of MeC�CMe [20]. It was
assigned an h3-CH2CCMe structure on the basis of
NMR spectroscopic data. In a similar study, the first
step of the reactions of (h5-C5Me5)2Ln(CH(SiMe3)2)
(Ln=La, Ce) with MeC�CR (R=Me, Et, n-Pr) to
give 1,2-disubstituted-3-alkylidenecyclobutanes was
found to involve propargylic metalation to yield (h5-
C5Me5)2Ln(CH2C�CR) [21]. An analogous complex,
(h5-C5Me5)2Y(CH2C�CMe), was obtained from (h5-
C5Me5)2YH)2 and MeC�CMe. NMR evidence supports
a dynamic h1-propargyl/h1-allenyl or a static h3-
propargyl/allenyl structure of these organometallic spe-
cies. More recently, another dynamic h1-propargyl/
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h1-allenyl complex, CnY(Me)2(C(Me)�C�CH2) (Cn=
1,4,7-trimethyl-1,4,7-triazacyclononane), proposed to
equilibrate via an h3-propargyl/allenyl structure, was
synthesized by Bercaw and co-workers [22]. Also,
Rodriguez and Bazan [17] reported the synthesis of
(h5-C5Me5)(TBM)Zr(h3-CH2CCMe) (TBM= triben-
zylidenemethane), which was characterized by X-ray
diffraction analysis. Finally, Ogoshi and Stryker [15]
prepared the first titanium h3-propargyl/allenyl com-
plex (h5-C5Me5)2Ti(h3-CH2CCPh) from (h5-C5Me5)2-
TiCl and PhC�CCH2Br in the presence of SmI2.

Organozirconium compounds have been investigated
intensively in synthesis, both as stoichiometric reagents
and as catalysts [23]. In that general vein, we set out to
prepare biscyclopentadienylzirconium(IV) h3-propar-
gyl/allenyl complexes by utilizing reactions of the corre-
sponding biscyclopentadienylzirconium(IV) halides
with Grignard reagents. Reported herein are the syn-
theses of Cp2Zr(Me)(h3-CH2CCPh) (1), the structure of
which was elucidated by X-ray diffraction analysis, and
of fluxional Cp2Zr(CH2CCPh)2 (2). This study was
communicated in a preliminary form [16].

2. Experimental

2.1. General procedures

All reactions and manipulations were conducted un-
der an atmosphere of Ar by use of standard procedures
[24]. Solvents were dried, distilled under an Ar atmo-
sphere and degassed before use [25]. 1H- and 13C-NMR
spectra were recorded on a Bruker AM-300 spectrome-
ter, and the chemical shifts are given in ppm downfield
from Me4Si. Infrared spectra were obtained on a
Perkin–Elmer model 283B spectrophotometer and were
calibrated with polystyrene. EI mass spectra were
recorded on a Kratos VG70-250S spectrometer by Mr
David C. Chang.

Reagents were obtained from various commercial
sources and used as received. Literature procedures
were followed to synthesize Cp2Zr(Me)Cl [26] and
PhC�CCH2Br [27]. The latter was used to make
PhC�CCH2MgBr in a continuous Grignard apparatus
[28].

2.2. Preparation of Cp2Zr(Me)(h3-CH2CCPh) (1)

A solution of PhC�CCH2MgBr (25.4 mmol, deter-
mined by titration) in diethyl ether (70 ml) was added
dropwise over 2 h to a stirred solution of Cp2Zr(Me)Cl
(4.96 g, 18.2 mmol) in diethyl ether (150 ml) at 0°C.
After the addition was complete, the reaction mixture
was warmed to room temperature (r.t.) and stirred for
an additional 3 h. All volatiles were then removed
under reduced pressure, and hexane (100 ml) was added

to the residue. After 2 h of vigorous stirring, the hexane
extract was filtered and concentrated to ca. 10 ml to
yield a precipitate. The solid remaining on the filter frit
was extracted successively with 100, 300 and 300 ml of
hexane, and the extracts were similarly concentrated to
furnish additional product. The precipitates were dried
under vacuum for 48 h to give an air-sensitive tan solid.
Total yield, 6.29 g (98%). 1: IR (KBr): 2176 (m), 1924
(m) cm−1. 1H-NMR (300 K, CD2Cl2): 7.67–7.37 (m,
5H, Ph), 5.64 (s, 10H, 2Cp), 3.37 (s, 2H, CH2), 0.34 (s,
3H, Me). 13C{1H}-NMR (300 K, CD2Cl2): 133–127
(Ph), 120.5 and 114.1 (2s, PhC and PhCC), 107.2 (s,
Cp), 55.5 (s, CH2), 4.8 (s, Me). 13C-NMR (300 K,
CD2Cl2): 55.5 (t, 1JCH=167 Hz), 4.8 (q, 1JCH=123
Hz). EI-MS, 90Zr, m/z (ion, relative intensity) 350.060
(exact M+, 0.7; C20H20Zr calc. 350.061), 335 (M+�Me,
73), 220 (M+�Me�C3H2Ph, 52), 115 (C3H2Ph+, 100).

2.3. Preparation of Cp2Zr(CH2CCPh)2 (2)

A solution of PhC�CCH2MgBr (19.1 mmol, deter-
mined by titration) in diethyl ether (60 ml) was added
dropwise over 2 h to a stirred solution of Cp2ZrCl2
(2.07 g, 7.08 mmol) in CH2Cl2 (75 ml) at 0°C. The
reaction mixture was then warmed to r.t. and stirred for
an additional 3 h. Volatile matter was removed under
reduced pressure, toluene (100 ml) was added to the
residue, and the contents were vigorously stirred for 3
h. The mixture was filtered, and the solid collected on a
frit was further extracted with toluene (50 ml). The
toluene extracts were combined, solvent was removed,
and the deep red oily residue was dried under vacuum
for 5 days to give a brittle, glassy solid (2.37 g, 74%
yield). This crude product can be purified by extraction
into hexane, filtration, and cooling of the filtrate at
−78°C for 5 h to induce formation of an air-sensitive
brown–red powder. Yield, ca. 0.40 g per 1.0 g of crude
product. 2: 1H-NMR (300 K, CD2Cl2): 7.58–7.30 (m,
10H, 2Ph), 5.80 (s, 10H, 2Cp), 2.80 (s, 4H, 2CH2).
13C{1H}-NMR (300 K, CD2Cl2): 132–127 (Ph), 112.9
and 98.8 (2s, PhC and PhCC), 108.0 (s, Cp), 30.7 (s,
CH2). 13C-NMR (300 K, CD2Cl2): 30.7 (t, 1JCH=151
Hz). EI-MS, 90Zr, m/z (ion, relative intensity) 450.093
(exact M+, 8.8; C28H24Zr calc. 450.093), 335 (M+

�C3H2Ph, 74), 220 (M+�2C3H2Ph, 100), 115 (C3H2Ph+,
59).

2.4. Crystallographic analysis of
Cp2Zr(Me)(h3-CH2CCPh) (1)

Crystals of 1 were grown from diethyl ether–THF; a
colorless cube was mounted in an argon-filled glass
capillary. Examination of the diffraction pattern on a
Rigaku AFC5S diffractometer indicated a monoclinic
crystal system with systematic absences h0l, l=2n+1
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and 0k0, k=2n+1. The space group is uniquely deter-
mined as P21/c. The cell constants are based on a
symmetry-restricted least-squares fit of the diffractome-
ter setting angles for 25 reflections in the 2u range
23–30° with Mo–Ka radiation (l(Ka

−)=0.71073 A, ).
During the course of data collection, six standard

reflections were measured after every 150 reflections
and they all showed a steady decrease in intensity. A
linear decay correction was applied to the data based
on an average decrease of 13.2% in intensity. No cor-
rection for absorption was made.

The position of the Zr atom was located on a Patter-
son map and then used as a phasing model in DIRDIF
[29]. The rest of the molecule appeared cleanly in the
resultant electron density map. All full-matrix least-
squares refinements were done on F with the TEXSAN

package [30]. After a cycle of anisotropic refinement,
the hydrogen atoms on the phenyl and Cp rings were
included in the model as fixed contributions at their
calculated positions with C�H=0.98 A, and BH=
1.2Beq (attached carbon atom). The hydrogen atoms
bonded to C(1) and C(10) were included initially in the
model as fixed contributions at their positions from a

difference electron density map. They were subse-
quently refined isotropically. In the latter stages of
refinement, a secondary extinction coefficient was intro-
duced [31] and refined to 2.6(1)×10−6. The final refine-
ment cycle was based on 2692 intensities with Fo

2\
3s(Fo

2) and 211 variables and resulted in agreement
factors of R=0.029 and Rw=0.035. The maximum
and minimum peak heights in the final difference elec-
tron density map are 0.39 and −0.42 e A, −3. Scattering
factors for the non-hydrogen atoms, including terms for
anomalous dispersion [32], and the scattering factor for
the hydrogen atom [33] are from the literature. A
summary of the crystal data and the details of the
intensity data collection and refinement are provided in
Table 1.

3. Results and discussion

3.1. Synthesis of Cp2Zr(Me)(h3-CH2CCPh) (1) and
Cp2Zr(CH2CCPH)2 (2)

Complexes 1 and 2 were obtained by treatment of the
appropriate zirconium(IV) chloride precursors with the
Grignard reagent PhC�CCH2MgBr. Specifically, 1 re-
sulted from reaction of Cp2Zr(Me)Cl with an excess
(ca. 1.4 equivalents) of PhC�CCH2MgBr in diethyl
ether at 0–25°C and was isolated by the extraction of
the non-volatile residue from the reaction mixture into
hexane followed by crystallization. Complex 2 formed
upon addition of ca. 2.7 equivalents of the Grignard
reagent to Cp2ZrCl2 in CH2Cl2 at 0°C with warming to
25°C. Its isolation–purification workup consisted of the
extraction of the non-volatile residue from the reaction
mixture into toluene, another extraction of the evapo-
rated toluene fraction into hexane, and crystallization.
This procedure, described in more detail in Section 2,
effectively removed magnesium salts and organic side
products from both 1 and 2. Special care must be
exercised in the preparation of the Grignard reagent
[28], which shows considerable propensity to coupling
of the phenylpropargyl groups [34].

Complex 1 was isolated in 98% yield as a tan solid.
The yield of 2, a red–brown solid, depends on the
degree of purity desired, and is typically within 30–
74%. Both complexes are very air sensitive and show
insufficient stability for commercial elemental analysis.
Their purity and chemical composition were ascertained
by 1H- and 13C-NMR spectroscopy (vide infra) and EI
mass spectrometry. The mass spectrum of 1 revealed an
exact molecular mass of 350.060 (calc. 350.061) and
showed stepwise loss of the methyl and phenylpropar-
gyl ligands. For 2, an exact molecular mass of 450.93
was obtained (calc. 450.93), and the molecular ion
underwent fragmentation by consecutive loss of the two
C3H2Ph groups.

Table 1
Crystal data and experimental details for Cp2Zr(Me)(h3-CH2CCPh)
(1)

Formula C20H20Zr
Formula weight 351.60
Space group P21/c
a (A, ) 8.147(2)
b (A, ) 8.766(2)
c (A, ) 22.672(3)
b (°) 97.10(2)
V (A, 3) 1607(1)

4Z
Dcalc. (g cm−3) 1.45

0.31×0.35×0.38Crystal size (mm)
Mo–Ka with graphiteRadiation
monochromator

Linear absorption coefficient (cm−1) 6.63
Temperature (K) 296
2u limits (°) 452u555

4, with a maximumScan speed (deg min−1 in v)
of four scans per reflection

Background time/scan time 0.5
1.00+0.35 tan uScan range (deg in v)

Scan type v

Data collected +h, +k, 9 l
3945No. of unique data

No. of unique data with Fo
2\3s(Fo

2) 2692
Final no. of variables 211

0.029R(F) a

Rw(F) b 0.035
1.30Error in observation of unit wt (e)

a R(F)=���Fo�−�Fc��/��Fo�.
b Rw(F)= [� w(�Fo�−�Fc�)2/� w �Fo�2]1/2 with w=1/s2(Fo).
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Table 2
Selected 1H- and 13C-NMR data for transition-metal h3-phenylpropargyl/phenylallenyl and various zirconium h3-propargyl/allenyl complexes a

Complex d, 13C-NMR (1JCH)d, 1H-NMR Reference

CC CH2CH2

[(PPh3)2Pt(h3-CH2CCPh)]O3SCF3 2.74 102.1, 97.3 48.3(170) [9]
105.4, 94.2[PPh3)2Pd(h3-CH2CCPh)]BF4 50.93.19 [9]
120.5, 114.1 55.5(167)3.37 This workCp2Zr(Me)(h3-CH2CCPh) (1)

2.80Cp2Zr(CH2CCPh)2 (2) 112.9, 98.8 30.7(151) This work
99.9, 91.7 51.0 [17](h5-C5Me5)(TBM)Zr(h3-CH2CCMe) 2.51, 2.30

128.4, 103.5 61.7(158) [20]2.93[(h5-C5Me5)2Zr(CH2CCMe)][B(4-C6H4F)4] b

a At ambient temperature except as noted. d in ppm, J in Hz.
b 13C-NMR at 243 K.

3.2. Spectroscopic properties of Cp2Zr(Me)(h3-CH2-
CCPh) (1) and Cp2Zr(CH2CCPh)2 (2)

The 1H- and 13C-NMR spectra of 1 are compatible
with a structure containing h3 ligated propargyl/allenyl.
Thus, the proton CH2 signal at d 3.37 is close to that
observed for other transition-metal complexes contain-
ing an h3-phenylpropargyl group (cf. Table 2). How-
ever, it is at a somewhat lower field compared to the
corresponding signal of h1-phenylpropargyl complexes,
which resonate at dB2.6 [9,35–37].

The 13C-NMR spectrum provides further evidence
for h3-CH2CCPh ligation, but is not entirely consistent
with the two h1 modes of bonding of this group.
Accordingly, the resonances of the CPh and CCH2

carbons observed at d 120.5 and 114.1 are in the
normal region for either h3-CH2CCPh or h1-
CH2C�CPh [9,36,37]. However, h1-allenyl bonding,
MC(Ph)�C�CH2, would have resulted in a �C� signal
at d ca. 200 [37], and such a low-field signal is absent in
the spectrum. Furthermore, the position of the CH2

resonance at d 55.5 is in accord with the presence of
either h3-CH2CCPh or h1-C(Ph)�C�CH2, but rules out
h1-CH2C�CPh, which shows this signal at d50
[9,36,37].

The magnitude of the one-bond coupling constant
1JCH for the CH2 group supports these generalizations.
The value of 167 Hz indicates sp2 hybridization at
carbon and points to either h3-CH2CCPh or h1-
C(Ph)�C�CH2 ligation (Table 2). Furthermore, it rules
out h1-CH2C�CPh, which shows a 1JCH of 135–145 Hz

[9,37], consistent with sp3 hybridization at the CH2

carbon.
There is no indication of fluxional behavior of 1 from

its 1H-NMR spectra, which remain unchanged over the
temperature range 303–223 K.

The ambient temperature (300 K) 1H- and 13C-NMR
spectra of 2 shows that the two CH2CCPh ligands are
equivalent. Sharp signals of the appropriate nuclei are
observed at d 2.80 (1H CH2), 112.9 and 98.8 (13C CC)
and 30.7 (13C CH2). These chemical shifts are on the
high-field side of the typical ones for h3-CH2CCPh.
Likewise, the 1JCH coupling constant associated with
the CH2 group is only 151 Hz, a value between that
expected for sp2 and sp3 hybridization at that carbon.
Because of these apparent anomalies, we examined
1H-NMR spectra of 2 in CD2Cl2 solution over the
temperature range 300–180 K. As shown in Fig. 1,
lowering the temperature to 240 K causes the CH2

signal at d 2.80 to broaden while the signals of the Ph
and Cp protons remain essentially unchanged. At 180
K, the original CH2 signal is no longer discernible;
instead two very broad resonances centered approxi-
mately at d 3.3 and 1.9 are present. Satisfactory spectra
could not be obtained below 180 K. All of the above
changes can be reversed upon warming the sample.

It is tempting to offer an explanation of the afore-
mentioned dynamic behavior of 2 in terms of rapid
exchange of the modes of bonding of the h3-propargyl/
allenyl and h1-propargyl ligands as shown below. Such
a ligand interchange is supported by the positions of
the broad CH2 proton resonances at ca. d 3.3 and 1.9 in
the 180 K spectrum. However, it would be presumptu-
ous to draw conclusions from these limited data, espe-
cially since fluxional behavior is still ongoing at that
temperature. Furthermore, the higher temperature sig-
nal at d 2.8 does not represent the weighted average
of the resonance positions at d 3.3 and 1.9, if the
only organozirconium species present is Cp2Zr(h1-
CH2C�CPh)(h3-CH2CCPh). Therefore, another spe-
cies resonating at ca. d 3.3, possibly Cp2Zr(h1-
C(Ph)�C�CH2)(h3-CH2CCPh), also seems likely to be
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involved in the fluxional process. Both Cp2Zr(h1-
CH2C�CPh)(h3-CH2CCPh) and Cp2Zr(h1-C(Ph)�C�
CH2)(h3-CH2CCPh) obey the 18-electron rule and
would be analogous to the methyl h3-propargyl/allenyl
complex 1 in terms of ligand hapticity.

Complex 2 represents the first example of a transi-
tion-metal compound containing propargyl/allenyl lig-
ands that are bonded differently to a metal center.
Similarly constituted metal allyl complexes are known
[38–41] and include Cp2Zr(h1-CH2C(R)�CH2)(h3-
CH2C(R)CH2) (R=H, Me) [39] and CpZr(h1-
CH2CH�CH2)(h3-CH2CHCH2)2 [41]. Some of them,
including the listed zirconium complexes, exhibit flux-
ional behavior that exchanges the h1 and h3 modes of
bonding of the allyl groups.

3.3. Structural characterization of
Cp2Zr(Me)(h3-CH2CCPh) (1)

The molecular structure of 1 with atom-numbering
scheme is presented as Fig. 2, whereas selected bond
distances, bond angles and dihedral angles are given in
Table 3. Molecules of 1 are comprised of a Zr center,
two Cp rings, one propargyl/allenyl ligand and one
methyl ligand. Both Cp groups are h5 bonded to Zr
and tilted, the dihedral angle between the two planar
rings being 52.4(3)°. The Zr–(Cp ring centroid) dis-
tances measure 2.237(4) and 2.234(5) A, , and are essen-
tially equal to the values reported for Cp2ZrMe2 (2.23
A, ), (Cp2ZrMe)2O (2.24 A, ) and Cp2Zr(Me)Cl (2.21 and
2.24 A, ) [42]. The Zr�C(Cp) bond lengths fall in the
range 2.508(3)–2.550(4) A, (2.528(4) A, average) and
compare well with those published for other biscy-
clopentadienylzirconium(IV) complexes [42,43].

The C3 backbone of the propargyl/allenyl ligand (i.e.
C(1)C(2)C(3)) is virtually coplanar with Zr (atom dis-
placements from the least-squares plane: Zr 0.000, C(1)
0.006, C(2) 0.005 and C(3) 0.003 A, ). Such a coplanar
arrangement of the C3 and M was noted earlier [1,9,10]
and appears to be a characteristic structural feature of
transition-metal h3-propargyl/allenyl complexes. A re-
cent theoretical paper addresses this subject [44]. The
carbon atom of the methyl ligand (C(10)) is essentially
in the ZrC(1)C(2)C(3) plane (0.103(4) A, displacement)
and 2.364(4) A, away from Zr. The Zr�C(10) bond

Fig. 1. 1H-NMR spectra of 2 in CD2Cl2 solution in the temperature
range 300–180 K.

length may be compared with the Zr�Me bond dis-
tances in some related compounds: 2.280(5) and
2.273(5) A, in Cp2ZrMe2, 2.276(9) A, in (Cp2ZrMe)2O
and 2.35(1) and 2.36(2) A, in Cp2Zr(Me)Cl [42]. The
atoms Zr, C(1), C(2), C(3) and C(10) all lie in the
mirror plane that reflects the two Cp groups of Cp2Zr;
this perspective of the molecule of 1 is shown in Fig. 3.
As a result of this symmetry, the two hydrogens bonded
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Fig. 2. ORTEP plot of 1 with atom-numbering scheme. The non-hy-
drogen atoms are represented by 50% probability thermal ellipsoids
whereas the hydrogen atoms are drawn with an artificial radius.

Zr�C(1)=2.658(4), Zr�C(2)=2.438(3) and Zr�C(3)=
2.361(3) A, . The corresponding bond lengths and angles
in other structurally investigated metal h3-propargyl/al-
lenyl complexes [1,9,10,14,17] are listed for comparison
in Table 4.

A comparison of the data reveals that the C�CH2

distance in 1 (i.e. C(1)�C(2)) is relatively short while the
C�CPh distance in 1 (i.e. C(2)�C(3)) is relatively long.
In fact, the difference between the two C�C bond
lengths in 1 is only 0.085 A, , compared to 0.124–0.168
A, (0.145 A, average) in the other, non-zirconium com-
plexes. If we consider the two resonance structures I
and II that contribute to the bonding description of
metal h3-propargyl/allenyl complexes, then the small
difference between the C�C bond lengths in 1 suggests
that the allenyl representation (II) is relatively more
important than the propargyl representation (I).

The attachment of the propargyl/allenyl ligand to
zirconium is also characterized by unusual features. The
Zr�C bond distances increase substantially on going
from Zr�C(3) to Zr�C(2) and to Zr�C(1). The last Zr�C
bond is exceptionally long at 2.658(4) A, and indicates a
significant distortion from the usual metal–h3-propar-
gyl/allenyl interaction. This distortion is accompanied

to C(1) are magnetically equivalent in the 1H-NMR
spectrum of 1 (vide supra).

We now come to the most interesting part of the
structure, namely, the propargyl/allenyl ligand and its
attachment to the zirconium center. The propargyl/al-
lenyl bond lengths C(1)�C(2) and C(2)�C(3) are
1.344(5) and 1.259(4) A, , respectively, while the bond
angle C(1)�C(2)�C(3) measures 155.4(3)°. The bonding
of this ligand to Zr is characterized by the distances

Table 3
Selected bond distances (A, ), bond angles (°) and dihedral angles (°) for Cp2Zr(Me)(h3-CH2CCPh) (1)

Bond distances
2.541(4)Zr�C(16)Zr�C(1) 2.658(4)

2.438(3)Zr�C(2) 2.541(3)Zr�C(17)
2.517(3)Zr�C(3) Zr�C(18)2.361(3)

Zr�C(10) 2.508(3)Zr�C(19)2.364(4)
2.522(3)2.514(3) Zr�C(20)Zr�C(11)

C(1)�C(2)Zr�C(12) 1.344(5)2.517(3)
2.550(4)Zr�C(13) C(2)�C(3) 1.259(4)
2.537(3)Zr�C(14) C(3)�C(4) 1.462(4)

Zr�C(15) 2.533(3)

Bond angles
C(1)�Zr�C(2) 30.2(1) Zr�C(1)�C(2) 65.8(2)

68.0(1) 71.4(2)C(1)�Zr�C(10) Zr�C(2)�C(3)
30.4(1)C(2)�Zr�C(3) Zr�C(3)�C(4) 144.4(2)

C(1)�C(2)�C(3)C(2)�Zr�C(10) 155.4(3)98.2(1)
128.5(1) C(2)�C(3)�C(4)C(3)�Zr�C(10) 137.3(3)

Dihedral angles
1.87C(1)C(2)C(3), C(1)C(2)Zr

C(1)C(2)C(3), C(2)C(3)Zr 1.96
C(1)C(2)Zr, C(2)C(3)Zr 0.82
C(1)C(2)C(3)Zr, C(11)C(12)C(13)C(14)C(15) 24.6(2)
C(1)C(2)C(3)Zr, C(16)C(17)C(18)C(19)C(20) 28.0(2)
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Table 4
Selected bond distances (A, ) and angles (°) in metal h3-propargyl/allenyl complexes

Bond angle ReferenceComplex Bond distance

C�CR M�CH2C�CH2 M�C M�CR CH2�C�CR

1.236(4) 2.340(3) 2.282(3) 2.319(3) 150.9(3)[(h6-C6HMe5)Mo(CO)2(h3-CH2CCH)]BF4 [1]1.380(4)
1.227(13) 2.186(11) 2.150(8)1.395(14) 2.273(9)[(PPh3)2Pt(h3-CH2CCPh)]O3SCF3 152.2(9) [9]

1.385(7)[(PPh3)2Pd(h3-CH2CCPh)]BF4 1.233(7) 2.162(5) 2.143(4) 2.334(5) 154.7(5) [9]
1.38(1)(PPh3)(C6F5)Pd(h3-CH2CCBu-t) 1.244(9) 2.156(7) 2.116(6) 2.238(7) 151.6(7) [10]

1.266(5) 2.243(3) 2.140(3)1.390(5) 2.265(3)[(PPh3)2Pt(h3-CH(Me)CCBu-t)]O3SCF3 154.1(3) [14]
Cp2Zr(Me)(h3-CH2CCPh) (1) 1.259(4)1.344(5) 2.658(4) 2.438(3) 2.361(3) 155.4(3) This work

1.218(7) 2.498(5) 2.408(4) 2.444(5) Essentially linear1.376(7) [17](h5-C5Me5)(TBM)Zr(h3-CH2CCMe)

interaction in 1 may be representative of a structural
situation that is intermediate between p-propargyl/al-
lenyl and s-allenyl bonding.

4. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC no. 133862 for compound 1.
Copies of this information may be obtained free of
charge from The Director, CCDC, 12, Union Road,
Cambridge CB2 1EZ, UK. Fax: +44-1223-336033;
e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk.
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