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The methylhafnocene cation 2a reacts with bispropynylzirco- bis(phenylacety1ide)hafnocene (3b) gives the pure regioiso- 
nocene to give a single regioisomeric planar-tetracoordinate mer 4b with an opposite relative arrangement of the two 
carbon compound (4a) that contains the hafnium atom sin- group 4 trdnsition metals (the methyl is at the planar-tetra- 
gly-bonded and the zirconium center $-coordinated to the coordinate carbon atom C2). Complex 4a was characterized 
bridging p-(q1-C:q2-C,C-2-butyne) ligand. However, the re- by an X-ray crystal structure analysis. 
action between the methylzirconocene cation 2b with 

Planar-tetracoordinate carbon is sp2 hybridized; it con- 
tains an electron-deficient o system (six electrons making a 
total of four bonds) and an occupiedp orbital oriented nor- 
mal to the o-plane (A)[l]. A closely related situation is found 
in the dimetallic complexes B where a planar-tetracoordi- 
nate carbon atom is part of a double bond and features two 
"normal" two-center-two-electron bonds to the neighbour- 
ing carbon atoms in addition to a three-center-two-electron 
bonding situation connecting it to two adjacent metal cen- 

R1 = R2 = CH3, X = C=CCH3) forces the system into a 
regime of thermodynamic 
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The cationic dizirconium complexes 1 exhibit a dynamic 
behaviour that leads to an exchange of the zirconocene 
unitsL31. This intramolecular rearrangement is rapid on the 
NMR time scale and is probably proceeding through a C,, 
symmetric transition state geometry (C). Two important 
consequences arise from this situation: a) the activation 
barrier of the 1 + 1' rearrangement may serve as a measure 
of the stabilization energy of planar-tetracoordinate (as op- 
posed to planar-tricoordinate) carbon in this specific en- 
vironment, and b) equilibrium mixtures of complexes 1 and 
1' are usually obtained synthetically, since the rather low 
rearrangement barrier (e.g. AG* (250 K) = 12 kcal mol-', 

The equilibrium situation is remarkably sensitive to steric 
and electronic effects of the alkenyl substituents R' and R' 
and of the substituents at the Cp rings of the metallocene 
systems[4]. To achieve an even more complete picture of this 
interesting equilibrium situation of planar-tetracoordinate 
carbon complexes it was desirable to learn about thc influ- 
ence of the involved metals themselves. Therefore, we have 
substituted one of the zirconium centers by hafnium and 
determined the favoured equilibrium situation for two rep- 
resentative situations. 

The bis-zirconocene complexes 1 (with X = C=C-R) 
were prepared by reacting the methylzirconocene cation 
(employed as the THF adductL51, BPh, counterion) with 
the Cp2Zr(-C=C-R)2 reagentsL61. Consequently, we have 
now treated bis(propyny1)zirconocene (3a) with [Cpz- 
HfCH7(THF)+BPhz] (2a). The reaction takes place readily 
at ambient temperature in brornobenzene, and we obtained 
a single reaction product ( 4 4  that was isolated in >70% 
yield. 

Complex 4a exhibits a single set of NMR resonances at 
high as well as low temperature. Thus we conclude that only 
one regioisomer is present at equilibrium conditions. In the 
'H-NMR spectrum, 4a exhibits two Cp singlets, each rep- 
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resenting 10 hydrogen atoms, at 6 = 5.88 and 5.78 (in 
CD2C12 at 300 K), and there are three methyl resonances 
(6 = 2.51, 2.34, and 0.00). Similarly, one observes two Cp 
resonances in the 13C-NMR spectrum at 6 = 109.7, 109.3, 
and there are three methyl resonances at F = 29.1 (‘JcH = 
137 Hz), 10.2 ( lJCH = 132 Hz), and -21.4 ppm (‘JcH = 
130 Hz). The latter chemical shift is typical of a CHI group 
in the sterically rather confined arrangement at the planar- 
tetracoordinate carbon atom. The quaternary carbon res- 
onances appear at 6 = 217.1 (C3, numbering scheme used 
as in Figure I), 129.5, 122.6, and 114.7. 

These NMR data reveal that there is only a single isomer 
present in solution. Which of the two possibilities (Hf q’- 
bonded to C2 or q2-coordinated to C2/C3) is favoured, un- 
fortunately cannot be decided from these data. We have ob- 
tained single crystals of complex 4a and found that the re- 
gioisomer featuring the hafnium atom in the “south-east 
position” is the favoured isomer present in the solid state. 
The X-ray crystal structure analysis also shows that the uar- 
bon atom C2 is indeed planar-tetracoordinate, exhibiting 
short contacts to its neighbours C1, C3, Zr and Hf in a 
singular plane. The central framework of complex 4a is very 
similar to that found for the related [p-(q’:q2-2-butyne)(p- 
propynyJ)(ZrCp2); BPh,] complex that we have recently 
described in the literat~re[~]. In 4a the “semibridging” p- 
propynyl ligandL71 is q ‘-coordinated to the hafnocene unit, 
and it is also leaning toward the adjacent Cp2Zr moiety. 
Further details of the structure of complex 4a shall not be 
discussed due to the rather large R value (>8%) of the X- 
ray crystal structure analysis. 

In order to estimate how pronounced the thermo- 
dynamic-directing regiochemical effect of the introduced 
hafnium center might be, we carried out an additional 
experiment. From work on the corresponding dizirconium 
cation series, we had learned that there is a pronounced 
regiochemical substituent effect at the p-(q :q2-alkyne) li- 
gdnd. Phenyl groups want to be at C3 and the small methyl 
substituents prefer to be placed at the planar-tetracoordi- 
nate carbon atom C2 (numbering scheme used as in Figure 
1). In a suitably designed experiment we countered the 
regiochemical preference of a phenyl substituent with the 
aptitude of hafnium to end up in the “south-east position” 
of the dinuclear p-hydrocarbyl metallocene cation frame- 
work. For this purpose we have treated bis(phenylacety1- 
ide)hafnocene 3b with the methylzirconocene cation, em- 
ployed as the [Cp2ZrCH3(THF)+ BPhJ reagent (2b). This 
reaction gave a single organometallic product (4b) that was 
isolated in close to 80% yield. Complex 4b is characterized 

by ’H-NMR Cp resonances at 6 = 6.06 and 5.88 and a 
methyl singlet at 6 = 0.33. The corresponding 13C-NMR 
methyl resonance appears at 6 = -11.6. This is a typical 
feature of a methyl substituent at the planar-tetracoordinate 
carbon center in this general complex framework. In ad- 
dition, it is well-established that there is a highly pro- 
nounced memory effect operative m the formation of the 
dimetallic cation complexes of type 4, leading exclusively to 
product formation where the alkynyl groups and metallo- 
cene units introduced by any specific reagent tend to stay 
as cIosely together as Therefore, the product ob- 
tained contains the zirconium atom placed adjacent to the 
CH3 substituent at the planar-tetracoordinate carbon 
center C2, that is, in the “south-east position”; whereas, in 
this case, the hafnium atom must be q2-C2,C3-coordinated 
to the bridging PhCCCH3 ligand. 
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We thus conclude that the regiochemical substituent ef- 
fect at the p-alkyne ligand is strong enough to override the 
directing metal effect that has led to the selective posi- 
tioning of the hafnium atom into the “south-east position” 
of the metallacyclic framework of complex 4a under equi- 
librium conditions. Therefore, it seems that the influence of 
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a variation of the group 4 metal centers, as introduced here, 
leads to effects that may, in specifically selected cases, be 
pronounced (e.g. as has become evident in the selective for- 
mation of 4a). But in a more general comparison this must 
be regarded as a rather small influence, that is, less pro- 
nounced than the "disturbance" introduced by the choice 
of organic substituents at the dimetallabicyclic framework. 
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Experimental 
All reactions were carried out in an inert atmosphere (argon) 

using Schlenk-type glassware or in a glovebox. Solvents were dried 
and distilled under argon pnor to use. The starting materials 2a, b 
and 3a, b were prepared according to literature  procedure^^^,^]. For 
additional general information including a listing of equipment 
used for physical characterization of compounds see ref.L4]. 

Prepamtion of4a: The methylhafnocene cation reagent 2a (1.50 
g, 2.10 mmol) was stirred together with 700 mg (2.34 mmol) of 
bispropynylzirconocene 3a at room temperature in a solvent inix- 
ture containing 50 ml of bromobenzene and 10 ml of dichlorometh- 
ane. The solution was then concentrated in vacuo to a volume of 
40 ml. The precipitated product was collected by filtration, washed 
with 30 ml of toluene and dried in vacuo to give 1 43 g (72%) of 
4a, m.p. 1 39 "C (dec , DSC). 'H NMR (200 MHz, 300 K, CD2C12): 
6 = 5.88 (s, 10H, Cp), 5.78 (s, IOH, Cp), 2.51 (s, 3H, CH3), 2.34 
(s, 3H, CHI), 0.00 (s, 3H, CH3), 7.40-7.30 (m, SH), 7.10-7.00 
(m, SH), 7.00-6.84 (m, 4H, BPh,). 13C NMR (50 MHz, 300 K, 
CD2CIZ): 6 = 217.1 (C3), 129.5, 122 6, 114.7 (q C), 109.7, 109.3 
(Cp), 29.1 ('JcH = 137 Hz, CH3), 10.2 ( l J r H  = 132 Hz, CH3), 
-21.4 ('JcH = 130 Hz, CH-I), 163.4 ('JBr = 50 Hz), 136.4 ('JcH = 

153 Hz), 126.0 ('JCH = 154 Hz), 122.2 ('JCH = 157 Hz, BPb-). IR 
(KBr): C = 3094, 3053, 2981, 2067 (C-C), 1578, 1570. 1476, 1441, 
1426, 1067, 1016, 815, 791, 743, 733, 705, 607 cm '. - 

C51H49BHfZr (942 47): C 65.00, H 5.24; found C 64.05, H 5.07. 

X-ray Crystal Structure Analysis of 4a: single crystals were ob- 
tained by letting toluene slowly diffuse into a solution of 4a in 
dichloromethdne. C51&9BZrHf. 1.5 CH2C12 (1069.8)), crystal size 
0.60 X 0.30 X 0.05 mm, T = 223(2) K, h = 0.71073 A, mongclinic, 
space grotp C2/c (No. 15): cell parameters a = 34.547(5) ,A, b = 
13.535(3) A, c = 23.332(4) A, fi = 124.23(1)", V =  9020(3) A3. Z = 
8, pcalcd = 1.576 g ~ m - ~ ,  p = 2.74 mm-', 6008 collected reflections. 
5892 independent and 2943 observed reflections, full matrix least 
squares refinement on F2, R = 0.082, wR2 = 0.190, programs used: 
SHELX86, SHELX93, SCHAKAL. Further information about the 

X-ray structure analysis can be obtained from the Fachinforma- 
tionszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, on 
quoting the depository number CSD-404412, the names of the au- 
thors, and the journal citation. 

Preparation of4b: The methylzirconocene cation reagent 2b (800 
mg, 1.24 mmol) was stirred with 760 mg (1.49 mmol) of 3b in 50 ml 
of bromobenzene for 18 h at ambient temperature. The precipitate 
formed was collected by filtration, washed with 30 ml of toluene, 
then 10 ml of pentane and dried in vacuo to give 1.06 g (78%) of 
4b, m.p. 149°C (dec., DSC). 'H NMR (360 MHz, 300 K, CD2C1,): 
6 = 7.90-7.20 (m, 10H, Ph), 6.06 (s, 10H, Cp), 5.88 (s, IOH, Cp), 

(C3), 151.0, 149.9 (9. C, aromatic), 134.5, 133.8, 131.2, 130.5, 
129.5, 126.9, 125.5 (Ph), 122.8, 120.0 (4. C), 112.0, 108.9 (Cp), 

0.33 (s, 3H,  CH3). I3C NMR (90 MHz, 300 K, CD2ClZ): 6 218 1 

-11.6 ( ' J L H  = 130 Hz, CH3), 164.5 ('Jca = ~OHZ),  136.4 ('JcH = 
153 Hz), 126.0 ('JCH = 154 Hz), 122.2 ('JcH = 157 HL, BPhy). - 
1R (KBr): C = 3089, 3054, 3043, 3029, 3000, 2981, 2062, 1579, 
1481, 1440, 1428, 1019, 813, 736, 614 cm I .  C62H53BHfZr 
(1066.61): C 68 69, H 5.01; found C 67.01, H 4.88. 
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