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Abstract

The reaction of methylzirconocenechloride with 2-bornenyllithium yields (2-bornenyl)methylzirconocene (10a). Carbonylation of
10a takes place exclusively by CO-insertion into the Zr-C(sp?) bond to give Cp,ZrMe(n?OC-C,,H ;) (16a). The corresponding
hafnium complex 10b reacts analogously to give 16b. Complex 16a was characterized by X-ray diffraction, and found to contain an
n?acyl ligand bonded to zirconium in the thermodynamically fgvored “O-inside” arrangement with the following bonding
parameters: d Zr—-Clacyl) = 2.192(7) A d Zr-O{acyl) = 2.258(6) A, d C=0 =1.246(9) A, angles O(acyl)-Zr-C(acyl) = 32.5Q2)",

Zr—C(acyD)-Ofacyl) = 76.7(4).

1. Introduction

The insertion of carbon monoxide into transition
metal to carbon o-bonds is a fundamental organo-
metallic reaction of great importance in many transfor-
mations of organic substrates catalyzed by metal com-
plexes or mediated by the action of stoichiometric
metal-containing reagents [1]. Mechanistically the
“carbonyl insertion” reaction is in fact a 1,2-hydro-
carbyl migration to a coordinated carbonyl ligand. For
this step the migratory aptitude of o-hydrocarbyl groups
has been known experimentally for some systems.
However, due to the complexity of the reaction paths
followed it has not been possible to achieve this for
many synthetically relevant metal complexes. Such sys-
tems often have mechanisms in which the o-hydro-
carbyl migration to coordinated CO is not the
product-determining step [2]. In mechanistically inter-
esting and sometimes synthetically important, competi-
tive situations this may eventually result in some rather
unexpected changes in the observed product selectivi-
ties. A typical example of this is the carbonylation of
aryl(alkyl)zirconocene complexes; carbonyl insertion
into the Zr-C(sp?) bond is observed exclusively in the
acyclic case (e.g. 1 — 2 in Scheme 1), whereas only the
Zr—-C(sp?) bond undergoes CO insertion when an anal-
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ogous metallacyclic starting material is employed (3 —
4) [3].

This crossover in carbonylation selectivity is a conse-
quence of the specific reaction path followed in the
carbonylation of these d%configured 16-electron early
transition metal metallocene complexes. For several
examples it has been established both theoretically and
experimentally that CO adds to the Cp,ZrR!'R? species
in the o-ligand plane from a lateral position to give an
“Q-outside” (acyl)metallocene complex, which may
subsequently isomerize [4]. Thus, it is the carbonyl
addition in this particular mechanistic scheme that
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Scheme 1.
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determines the selectivity of the product formation and
not the intrinsic migratory aptitude of the o-hydro-
carbyl ligands involved.

Carbonyl insertion reactions exhibiting a sequential
mechanistic pathway such as depicted in Scheme 2 are
thus not expected to show selectivity patterns governed
by the general o-hydrocarbyl migratory aptitudes. For
assessing selectivities in these rather special carbonyla-
tion reactions one apparently has tc learn about the
influence of various types of o-hydrocarbyl ligands on
the regioselective primary carbonyl addition step, the
lateral preference of which is eventually preserved in
the (n2-acyl)metallocene predominantly formed in such
an intramolecular competition in the carbonylation re-
action. Group 4 alkenyl(alkyDmetallocene complexes
would be especially interesting substrates in this re-
spect since they allow competition between CO inser-
tion into a Zr—C(sp?) and a Zr-C(sp®) o-bond. Unfor-
tunately, many alkenyl(alky)metallocenes are rather
labile due to intramolecular (alkyne)metallocene for-
mation [5] or intermolecular ligand coupling [6]. We
have found that the use of the strained and bulky
2-bornenyl ligand improves the thermal stability of
such d° /16-electron alkenyl(alkyl)metallocene com-
plexes, and this has enabled us to investigate experi-
mentally the favored carbonylation pathway in such
systems.

2. Results and discussion

The o-2-bornenyl ligand system was prepared from
(+) camphor (5). Treatment with H,NNHSO, Ar (Ar
= 2,4,6-triisopropylphenyl) gave the arylsulfonylhydra-
zone (6), which was converted by the Shapiro reaction
under rigorously anhydrous conditions to give 2-
bornenyllithium (7) [7]. The alkenyllithium reagent 7
was then treated with methylzirconocenechloride (9a)
[8] in 1:1 stoichiometry to yield (2-bornenyl)methyl-
zirconocene (10a), isolated in 94% yield. (2-Born-
enyDmethylhafnocene (10b) was synthesized analo-
gously.

2 sec-Buli
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E HzNNHSO,Ar ;[\ /?
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s ] 7
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M = Zr (a), Hf (b)

The o-alkenyl ligand in 10a shows an olefinic 'H
NMR resonance at 8 5.45. The 13C NMR signals of the
Zr—-C=CH moiety are 8 206.0 and 134.3. The =CH 3C
NMR resonance shows a 'J(CH) coupling constant of
163 Hz. These NMR data can be compared with those
for the reiativeiy few examples of (alkenyl)zirconocene
complexes whose structures are known from X-ray
diffraction studies. These fall into two categories with
regard to the bonding at the B-alkenyl carbon center.
As can be seen from the selected data given in Table 1,
it looks as if the (2-bornenyl)metallocene complexes do
not possess the B C-H - - - M agostic interactions that
are often present in such metal complexes with a

Fig. 1. A view of the molecular structure of the (n2-acyl)zirconocene
complex 16a.

TABLE 1. Selected spectroscopic data for (alkenyl)zirconocene com-
plexes Cp,MX(-C'R=C?HR’)

Compound 8C!=(3C) 6=C2?H(*C* 'H) IR v (C=C) Ref.

10a 206.0 134.3 (163) 5.45 1600 b

10b 215.5 138.9 (163) 5.46 1597 b

11 215.4 124.1 (112) 8.33 1550 [9]
12a 206.8 113.3 (123) 8.59 - [10]
12b 204.5 109.4 (120) 8.41 - [10]
12¢ 198.7 104.1 (111) 7.85 - [10]
13 205.4 143.9 (141) 7.90 - [11]

2 17(CH) in parentheses. ® This work.
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similar substitution pattern at the alkenyl unit [9-11].
The complexes for which a B-alkenyl CH - - - metal
agostic interaction was demonstrated by X-ray diffrac-
tion all exhibit rather small J(C?>-H) coupling con-
stants of between 112 and 123 Hz at the distal alkenyl
terminus. In contrast, the corresponding J(CH) cou-
pling constant for complexes 10 is very different, viz.
163 Hz. We conclude that there is probably an ordi-
nary o-alkenyl ligand present in complexes 10 which is
only bonded to the early transition metal center through
the alkenyl carbon center C! by an ordinary metal-to-
carbon ¢-bond.

Me iMes H\CZ,S|Me3
|1 Zr(MeCp),C! i1 Ph I,
Sz Q?z PN
CpaZe .. 1T CpaZr ... (MeCp)aZ H
\ H cl
Cl X
11 12 13

X = Ci(a),Br(b).I(c)

Complexes 10 must be regarded as coordinatively-
unsaturated 16-electron bis(hydrocarbyl)metallocene
complexes. As expected they react readily with carbon
monoxide. At ambient temperature (o-2-bornenyl)-
methylzirconocene (10) takes up one molar equivalent
of CO. Within the detection limits of the NMR analy-
sis only a single reaction product is formed. The forma-
tion of this product is quantitative under the reaction
conditions used. After the usual work-up and recrystal-
lization this carbonylation product (16a) was isolated in
52% yield as an orange crystalline material.

Complex 16a features the *C NMR signals of the
alkenyl moiety at 6 161.0 [=CH, J(CH) = 168 Hz] and
150.5 [C=]. The olefinic hydrogen 'H NMR resonance
is at & 7.05. There are four 'H/>*C NMR methyl
resonances, at & 1.28, 0.78, 0.62, 0.60,/19.7 ({J(CH) =
125 Hz), 18.8(125), 14.4(118), and 12.0(125). It is appar-
ent that insertion of CO has only taken place into the
Zr-C(sp?) bond of the zirconium—(o-2-bornenyl)lin-
kage. We did not observe any indication of the pres-
ence of a zirconium-bound acetyl ligand in the car-
bonylation products obtained at various temperatures
(—70°C to room temperature) starting from the
alkenyl(methyl)metallocene complexes 10a or 10b.

TABLE 2. Selected structural data of (n2-acyl)zirconocene complexes 2
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Scheme 3.

The ¥3C NMR spectrum of the carbonylation prod-
uct 16a shows an acyl-ligand resonance at § 304.6.
This is in a range [6 390-250] typically observed for
(n*acyl)metal complexes [4,12], i.e. for a situation
where both the carbonyl carbon and the carbonyl oxy-
gen center are bonded to the transition metal. The IR
(C=0) of 16a at 1569 cm~! is compatible with the
presence of a m2-acyl functional group, although the
n!- and nZ-acetyl bands seem to overlap considerably
in the IR spectra [13].

Complex 16a was characterized by X-ray diffraction.
It contains a bent metallocene unit with a Cp(cen-
troid)-Zr-Cp(centroid) angle of 130.2°. In the Cp-
Zr—Cp bisecting (r-plg.ne there are a methyl group
[d Zr-C(1) = 2.327(9) Al and a n2-acyl ligand. The CO
insertion has thus taken place into the Zr-C(sp?) bond
of the zirconium bound alkene ligand of the starting
material 10a. The added carbon monoxide has formed
a C(sp?)-C(sp?) linkage to the 2-bornenyl moiety [d
C(2)-C(3)=1.452(11) A, angle C(2), C3), C4) =
122.1(8)°). The remaining C=C double bond within the
bornenyl system has a carbon~carbon distance of d
C(3)-C(4) =1.332(13) A.

The characteristic structural feature of complex 16a
is the n2-coordinated acyl group. Coordination of this
unit to zirconium takes place through both the car-
bonyl carbon and carbonyl oxygen atoms. The resulting
Zr,C,0O three-membered ring system lies in the main

Zr-C,oy Zr-0,y; C=0 Zr,C,O Zr,0,C CZr,0 Ref.
16a 2.192(7) 2.258(6) 1.246(9) 76.7(4) 70.8(4) 32.5(2) b
17 2.197(6) 2.290(4) 1.211(8) 78.6(4) 70.2(4) 31.2(2) [14]
18 2.183(3) 2.248(1) 1.244(3) 76.6(2) 70.9(1) 32.6(1) (15}
19 2.189(3) 2.306(2) 1.226(3) 79.5(2) 69.0(2) 31.5(1) (11]
20 2.192(4) 2.192(3) 1.302(5) 72.8(2) 72.7(2) 34.5(1) (16}

2 Bond lengths in A and bond angles in degrees. ® This work.
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plane of the bent metallocene containing the o-ligands.
The Zr-O(acyl) bond is somewhat larger than the
Zr-C(acyl) bond, as is often observed for (nZacyl)-
zirconium complexes (see Table 2; complex 20 repre-
sents an exception to this rule, probably owing to its
pronounced metallaoxirane character). The length of
the C=0 bond of the n2-acyl moiety in complex 16a is
within the usual range for a carbon-to-oxygen double
bond. Comparison with representative examples (Table
2) again reveals that this is a typical structural feature
of (n?-acyl)zirconocene complexes. The observed rather
short Zr-C(acyl) distance in 16a (and in analogous
examples, see Table 2) is noteworthy. It probably indi-
cates the presence of some Zr—C=0 =-interaction nor-
mal to the co-plane. A similar w-conjugation has re-
cently been observed in dimetallic (n2-alkene)zircono-
cene type complexes [17].

(n%Acyl)bis(cyclopentadienyl)zirconium(IV) systems
can principally give rise to two stereoisomers. Both
have the n2-acyl ligand lying in the Cp~Zr-Cp bisect-
ing major plane but differ in the relative orientation of
the carbonyl oxygen to the remaining o-ligand. The
acyl group can be bonded with the oxygen adjacent to
this ligand, and thus occupy the central position in the
o-ligand plane at the open side of the bent metallocene
wedge (“O-inside” position), or it may be separated
from the additional o-ligand by the carbonyl carbon
atom and have the carbonyl oxygen atom oriented
laterally (“O-outside” position) [4]. The X-ray crystal
structure analysis of complex 16a shows that the iso-
lated product has the carbon oxygen bonded in the
central position, and the n?-acyl group at zirconium is
oriented in the “O-inside” arrangement, which is usu-
ally the thermodynamically favored of the two (n*
acyl)zirconocene isomers [18].

The carbonylation reactions of both the zirconium
and hafnium complexes 10a,b are highly regioselective.
Within the detection limits of the analytical methods

SiMe3
H
SiM
£ A L
CpaZr=—0 CpaZr=—0 CpyZr=—0

\ \ \

CH, cl cl
17 18 19

CHPPh; CH-PPh3®

(<]
CppZr=—0 -=-—> CpZZr\\o
Ph Ph
20

used we observed only carbonyl insertion into the
metal-C(sp?) linkage. In both cases the adjacent M-
CH, bond remains untouched. As discussed above, this
is probably not a consequence of the higher migratory
aptitude of the C(sp?) center in the actual hydrocarbyl
migration to the coordinated carbonyl ligand. In terms
of the assumed mechanism of the carbonylation reac-
tions at the zirconocene backbone (see Scheme 2) the
observed product selectivity is probably related to a
high preference for lateral CO addition at zirconium at
the coordination site adjacent to the alkenyl ligand. We
conclude that this pathway seems to be favored even
when the bulky 2-bornenyl ligand is employed.

3. Experimental details

Organometallic compounds were prepared and han-
dled under argon using Schlenk-type glassware or a
glovebox. Solvents were dried and distilled prior to use.
The following instruments were used for characteriza-
tion: Bruker AC 200 P NMR spectrometer (‘H: 200
MHz; C: 50 MHz), Nicolet SDXC FT IR spectrome-
ter, Gallenkamp melting point apparatus and Du Pont
DSC 910, and Voss Heraeus CHNO rapid analyzer for
elemental analysis. Camphor(2,4,6-triisopropylphenyl)
sulfonylhydrazone 6 [7], methylzirconocenechloride 9a,
and methylhafnocenechloride 9b [8] were prepared by
published procedures.

3.1. Bornenyl(methyl)zirconocene (10a)

To a solution of 2.24 g (5.18 mmol) of camphor-
(2,4,6-triisopropylphenyl)sulfonylhydrazone (6) in 80 ml
of tetrahydrofuran was added dropwise at —78°C 8.0
ml (10.4 mmol) of a solution of sec-butyllithium in
cyclohexane /n-hexane 92 /8. After 1 h the mixture was
warmed to 0°C, nitrogen being evolved. The mixture
was recooled to —78°C, a solution of 1.41 g (5.18
mmol) methylzirconocenechloride (9a) in 20 ml tetra-
hydrofuran was added, and the mixture stirred for an
additional hour. The mixture was allowed to warm to
ambient temperature, the precipitate was filtered off,
the solvent removed in vacuo, and 1.81 g (94%) of a
yellow oil (10a) was isolated; this solidified over several
weeks, m.p. 41°C (DSC). Anal. Found: C, 65.52; H,
7.79. Cy; HxZr (371.7) calc.: C, 67.86; H, 7.59%. 'H
NMR (benzene-d): 6 5.80 (s, 10H, Cp-H), 5.45 (d, *J
3.1, 1H, =CH), 2.16 (m, 1H, bridgehead CH), 1.87-
1.74/1.55-1.18 (m, 4H, -CH,- CH,~-), 1.02/0.97 /0.80
(each: s, 3H, CH,), 0.12 H(s, 3H, Zr-CH,). 3C NMR
(benzene-dy): & 206.0 (Zr-C=), 134.3 (=CH, J(CH)
163 Hz), 110.4/109.6 (Cp-C, 172 Hz), 60.7/56.6
(Cquart)» 54.1 (bridgehead CH, 145 Hz), 32.4 (Zr-CH,,
118 Hz), 31.9 (130 Hz), 25.4 (each: CH,, 131 Hz),
20.7/20.4/16.7 (each: CH;, 123 Hz). IR (KBr): »
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3091, 3023, 2988, 2945, 2918, 2862, 1798, 1701, 1600
(C=C), 1442, 1380, 1100, 1016, 800, 790, 744, 451 cm 1.

3.2. Bornenyl(methyl)hafnocene (10b)

As in the preparation of 10a, 1.08 g (2.50 mmol)
arenesulfonylhydrazone (6) in 30 ml of tetrahydrofuran
was treated with 3.9 ml of a solution of sec.-butyl-
lithium (5.07 mmol) and the mixture treated with 896
mg (2.50 mmol) of methylhafnocene chloride (9b) to
give 1.10 g (96%) of 10b as a yellow oil, which partly
solidified within weeks. Anal. Found: C, 54.03, H, 6.76.
C,,H gHf (458.9) calc.: C, 54.96; H, 6.15%. 'H NMR
(benzene-d): 8 5.76 (s, 10H, Cp-H), 5.46 (d, °J 3.0,
1H, =CH), 2.15 (m, 1H, bridgehead CH), 1.87-
1.73/1.55-0.85 (m, 4H, CH,-CH,), 1.05/0.94/0.80
(each: s, 3H, CH,), —0.09 (s, 3H, Hf-CH,). ®C NMR
(benzene-dg): & 215.5 (Zr-C=), 138.9 (=CH, J(CH)
163 Hz), 110.1/109.3 (Cp-C, 172 Hz), 61.1/56.6
(Cyuart), 54.3 (bridgehead CH, 140 Hz), 39.7 (Hf-CH,,
115 Hz), 32.2 /25.3 (each: CH,), 20.7 /20.5 (each: CH,,
124 Hz), 16.8 (CH,, 123 Hz). IR (KBr): # 3100, 3037,
2960, 2929, 2866, 1597 (C=C), 1460, 1444, 1381, 1363,
1262, 1100, 1018, 803 cm™ .

3.3. Carbonylation of 10a

A solution of 10a (195 mg, 0.52 mmol) in 5 ml of
pentane /CH,Cl, (5:1) was treated for 2 h with carbon
monoxide. Within minutes the color changed from
yellow to orange. The concentrated solution was cooled
to —30°C to give 110 mg (52%) of orange crystals of
16a that were of suitable quality for an X-ray diffrac-
tion study, m.p. 141°C (DSC). Anal. Found: C, 64.50;
H, 7.14. C,,H,3OZr (339.7) calc.: C, 66.11; H, 7.14%.
'H NMR (benzene-d¢): 8 7.05 (d, % 3.4, 1H, =CH),
5.48/5.43 (each: s, 5H, Cp—H), 2.32 (m, 1H, bridge-
head CH), 1.80-1.38/1.24-1.12/1.02-0.80 (m, CH,-
CH,), 1.28/0.78/0.62/0.60 (each: s, 3H, CH,). *C
NMR (benzene-dg) & 304.6 (C=0), 161.0 (=CH, J(CH)
168 Hz), 150.5 (=C-), 106.3 (Cp-C, 172 Hz), 57.5/54.2
(Cquare), 53.7 (bridgehead CH, 149 Hz), 31.5 (133
Hz)/24.5 (134 Hz, both -CH,-), 19.7 (CH,, 125 Hz),
18.8 (CH,, 125 Hz), 144 (Zr-CH,, 118 Hz), 12.0
(CH,, 125 Hz). IR (KBr): » 3108, 2979, 2963, 2952,
2926, 2869, 2803, 1569 (C=0), 1482, 1263, 1104, 1017,
796 cm ™.

3.4. X-Ray crystallography of complex 16a

A suitable crystal was mounted on a glass fiber with
epoxy cement. Details of the data collection and re-
finement parameters are listed in Table 3. The unit-cell
parameters were obtained from the least-squares fit of
25 reflections (20° <20 <25°). The systematic ab-
sences in the diffraction data uniquely established the
space group as P2,2,;2. No correction for absorption
was required (low u, well-shaped crystal).

141

TABLE 3. Details of X-ray crystal structure analysis of 16a, data

collection, and structure solution

Crystal parameters

Formula C,,H30Zr
Crystal system orthorhombic
Space group P2,2,2

a(A) 13.687(6)
b(R) 21.647(9)
c(A) 6.816(2)
V(AY) 2019.8(13)

VA 4

deac (gem™3) 1312
u(m™1) 5.49

Size (mm) 0.26xX0.36x0.47
Color yellow

T (K) 299

Data collection

Diffractometer Siemens P4
Radiation Mo Ka (A 0.71073 A)
Monochromator graphite
Scan limits (°) 4<20<54
Reflections collected 4720
Independent reflections 4414
Independent reflections, FZ > noF? 2809
Standard reflections 3 std/ 197 rflns
Decay <1%
Refinement

R(F) (%) 5.87

R (F)(%) 6.85

GOF 1.00

Data /parameter 129

A/o 0.001

A(pXe A3) 1.66

The structure was solved by direct methods, which

located the Zr atom. The remaining non-hydrogen
atoms were located through subsequent difference
Fourier syntheses. All hydrogen atoms were included
in calculated positions and refined isotropically (d(CH)
=0.960 A, U=1.2U for attached C). All non-hydro-
gen atoms were refined with anisotropic thermal pa-
rameters. Positional parameters are listed in Table 4
and selected bond distances and angles in Table 5. All
software and values of the scattering factors were from
the SHELXTL PLUS (4.2) program library (G. Sheldrick,
Siemens XRD, Madison, WI).

Further details of the crystal structure investigation
of compound 16a are available on request from the
Fachinformationszentrum Karlsruhe, Gesellschaft fiir
wissenschaftlich-technische Information mbH, W-7514
Eggenstein-Leopoldshafen 2, Germany, on quoting the
depository number CSD-56576, the names of the au-
thors, and the journal citation.
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TABLE 4. Atomic coordl;nates (x10*) and equivalent isotropic
displacement coefficients (A% x 10°)

x y z Uy ®
Zr 1537(1) 8624(1) 6244 36(1)
(1) 1531(6) 8038(2) 8986(9) 62(2)
(1) 1386(9) 9390(4) 8620(15) 73(4)
cQ) 1669(6) 7700(3) 7534(11 38(3)
C(3) 1741(6) 7034(3) 7745(11) 37(3)
C4) 2215(9) 6685(4) 6449(16) 69%(4)
C(5) 2329(9) 6037(5) 7308(16) 70(4)
C(6) 3048(7) 6142(5) 9065(19) 75(4)
(6¢)) 2478(8) 6514(6) 10474(17) 79(5)
C(® 1488(8) 6620(3) 9494(12) 46(3)
C(9) 681(10) 6840(5) 10772(19) 107(6)
c10) 1343(6) 5994(3) 8422(15) 50(3)
[6¢8)) 1272(D 5440(4) 9832(15) 694)
Cc(12) 469(10) 5985(6) 7040(23) 131(8)
c(13) 108(7) 8060(5) 4742(15) 5%(4)
Cc(14) 4527 8471(4) 3298(13) 54(3)
C(15) 271(8) 9067(5) 3962(20) 74(4)
C(16) —174(8) 9038(6) 574%(16) 73(5)
can =277 8420(5) 6288(23) 77(4)
c(18) 2798(10) 8537(8) 3587(25) 9IK6)
C(19) 2687(9) 9134(7) 3867(23) 93(5)
C(20) 298%(10) 9305(8) 5655(19) 94(6)
C1) 3357(10) 8792(10) 6481(27) 136(9)
C(22) 3234(12) 8292(7) 5335(40) 160(13)

2 Equivalent isotropic U defined as one third of the trace of the
orthogonalized U;; tensor.

3.5. Carbonylation of 10a at —78°C

A (yellow) solution of 30 mg of 10a in 0.5 m! of
toluene-dy was treated at —78°C with CO wvia a capil-
lary for 2 h in an NMR-tube. Complex 16a was the

TABLE 5. Selected bond distances (A) and angles (°) for 16a

Zr-Cnt(1) ® 2.225(11) Zr-Cnt(2) 2.233(14)
Zr-C(1) 2.32709) Zr-0(1) 2.258(6)

Zr-C(2) 2.192(7) C(2)-C(3) 1.452(11)
C()-0(1) 1.246(9) C(3)-C4) 1.332(13)
C(R3)-C(®) 1.532(11D) C(4-C(5) 1.528(14)
C(5)-C®) 1.567(16) a(5)-C(10) 1.550(15)
C(6)-C(7) 1.476(16) C(DH-C(8) 1.527(15)
C(8)-C9 1.486(16) C(8)-CX(10) 1.552(11)
C(10)-C(11) 1.540(13) C(10)-C(12) 1.52317)

Cnt(1)-Zr-Cnt(2) 130.2(4) Cnt(1)-Zr-C(1) 103.6(4)

Cnt(2)-Zr-C(1)  102.6(4) Cnt(1)-Zr-0(1) 110.7(3)
Cnt(2)-Zr-0(1) 115.1(4) Cnt(1)-Zr-C(2) 103.8(4)
Cnt(2)-Zr-C(2)  104.2(4) C(D-Zr-C(2) 112.2(3)

O(1)-Zr-C(2) 32.5(2) 0(1)-Zr-(1) 79.8(3)

0(1)-C(2)-C(3) 121.0(7) Zr-((2)-0(1) 76.7(4)
Zr-C(2)-C(3) 162.0(6) C(2)-C(3)-C4) 122.1(8)
C(2)-C(3)-C(®)  130.1(D CH-C(3)-C(®) 107.1(7N
C(3)-C4)-C(5)  108.4(9) CD-C(5)-C(6) 103.0(8)
C5)-C(6)-C(7)  104.1(8) AO-C(N-C(8) 10549
C(3)-C(8)-C(7)  103.2(8) C(5)-CA0-C(8) 93.8(D

3 Cnt(1) = centroid of atoms C(13) to C(17); Cnt(2) = centroid of

atoms (C18) to C(22).

only product formed; 'H-NMR (210 K): 6.81 (d, 3J 3.2,
1H, =C-H), 5.40/5.34 (each: 5H, Cp-H), 2.10 (m, 1H,
bridgehead CH), 1.7-1.3/0.9-0.75 (m, CH,-CH,),
1.32/0.74,/0.71,/0.55 (each: 3H, CH,).

3.6. Carbonylation of 10b

Carbonylation of 185 mg (0.40 mmol) of 10b dis-
solved in 15 ml of toluene was carried out at ambient
temperature for 2 h. The solvent was then removed
and the orange product dried in vacuo to give 175 mg
(92%) of 16b, m.p. 104°C (DSC). The product was only
characterized spectroscopically. 'H NMR (benzene-d):
8 7.04(d, ] 3.4,=CH), 5.43/5.39 (each: s, 5H, Cp-H),
231 (m, 1H, bridgehead CH), 1.80-1.65/1.53-
1.42/1.20-0.90 (m, -CH,-CH,), 1.28 /0.78 /0.62 /0.52
(each: s, 3H, CH,). *C NMR (benzene-dy): 8 314.6
(C=0), 160.7 (=CH, 168 Hz), 150.8 (=C-), 105.8 (Cp-C,
172 Hz), 57.5/54.3 (Cyar ), 53.6 (bridgehead CH, 145
Hz), 31.5 (133 Hz)/24.5 (134 Hz, each: -CH,-), 19.7
(CH,, 125 Hz), 18.8 (CH,, 125 Hz), 17.3 (Hf-CH;,
116 Hz), 12.1 (CH,, 125 Hz), IR (KBr): # 3100, 2979,
2962, 2925, 2871, 2810, 1569 (C=0), 1473, 1459, 1263,
1104, 1018, 801 cm ™.
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