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Abstract 

The adduct formed between CpZrCI, and a biaryl lactone has been studied in toluene solttion by Zr K X-ray absorption 
spectroscopy. The adduct is dimeric in toluene, as evidenced by a long Zr-Zr distance of 3.76 A. In the dimer [CpZrCl,(lactone 
Id&Cl)],, each zkconium centre is pseudo-octahedrally coordinated with the lactone carbonyl oxygen coordinated to the metal at 
a distance of 2.14 A. 
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1. Introduction 

Biaryl systems that are chiral as a result of steric 
hindrance are of great importance as pharmacologi- 
cally active natural products and as useful reagents for 
asymmetric synthesis. The development of effective 
stereoselective synthetic routes to these compounds 
[2,31 is thus important for organic chemists. 

We have developed a new approach to the synthesis 
of even highly or&-substituted, and thus chiral biaryls, 
which in a very efficient way solves consecutively the 
two synthetic problems presented [4-61. In this the 
aryl-aryl coupling is controlled by the use of artificial 
bridges, e.g. by ester functionalities, and asymmetric 
induction is achieved during the subsequent ring-open- 
ing of the lactone bridge, e.g. of compound 1. This has 
been accomplished by atropisomer-selective ring-clea- 
vage reactions of the lactone with chiral 0- or N- 
nucleophiles [71 or with chiral hydride-transfer reagents 
[S-10]. 
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Owing to the modest carbonyl reactivity of lactones 
of type 1, most of the chiral nucleophiles previously 
employed had to be metal-activated, i.e. formally an- 
ionic. A significant improvement in this synthetic pro- 
cedure might result if it could be extended to ring- 
opening reactions brought about by chiral non-charged 
nucleophiles, assisted by activation of the carbonyl 
group by Lewis acids. Furthermore, this might even 
lead to atropo-enantioselective ring-opening reactions 
involving use of cheap, achiral non-charged nucle- 
ophiles assisted by catalytic amounts of chiral Lewis 
acids. In initial experiments, the Lewis acid CpZrCl, 
[ll], for example, was shown to form adducts with 
biaryl lactones [ 121. 

The type of interaction between the Lewis acid and 
the lactone entity is naturally of great importance for 
the success of the planned asymmetric induction in 
these systems. Interesting questions are, for example, 
how strongly and at what distance the electron-defi- 
cient metal centre is bonded to the lactone, and to 
what extent there is a transfer of electronic charge to 
the metal ion. To gain an understanding of the nature 
of the complexation in these Lewis adducts of biaryl 
lactones, we have carried out X-ray absorption investi- 
gations of various systems of this type using the EX- 
AFS method (extended X-ray absorption fine structure 
[13-151). The species chosen were two adducts of lac- 
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tone biaryls with CpZrCl, in the solid state [12], a 
chiral rhenium lactone complex and the precursors of 
the latter in solution [16]. 

We describe below the EXAFS determination of the 
structure of an adduct between a zirconium-based 
Lewis acid and a biaryl lactone in solution, ~liz. that 
between CpZrCl, and lactone Id. To increase the 
solubility of the adduct in non-polar solvents, long 
aliphatic chains were introduced into the lactone. This 
gives rise to a sufficiently high solubility in the X-ray 
transparent solvent toluene to allow EXAFS measure- 
ments. 

The characteristic property of EXAFS is that the 
local structure around only one atom type (in the 
present case zirconium) in the sample is probed, irre- 
spective of whether the sample is a crystal, an amor- 
phous solid or a liquid. This makes it especially suited 
for investigations of the local structures around metal 
ions in solution. Thus EXAFS studies, in combination 
with molecular mechanics studies and examination of 
the chemical reactivity, should help to find chemical 
species that meet the above-mentioned requirements 
in a more controlled and efficient way. 

2. Experimental details 

2.1. Preparation of the adduct CpZrCl,/lactone Id 
A solution consisting of 325 mg (0.647 mmol) of 

lactone Id [17] in 10 ml of CH,CI, was added to a 
suspension of 170 mg (0.647 mmol) CpZrCl, [ill in 20 
ml of CH,CI, at - 78°C. The fluorescent green-yellow 
solution was allowed to warm to room temperature 
over a period of 5 h, the solvent was then removed and 
the residue dried under an oil pump vacuum to give a 
light yellow powder. IR (CH,Cl,) (cm-‘): 1620 (C=O); 
1590, 1570, 1560 (c--c). ‘H NMR (200 MHz, CD&I,) 

S: 0.80-1.85 (m, 30H, alkyl-H); 3.75 (m, 2H, 0-CH,- 
R); 4.00 (m, 2H, 0-CH,-R); 6.45 (s, br., lH, 2-H or 
4-H); 6.59 (s, br., lH, 4-H or 2-H); 6.68 (s, 5H, C,H,); 
7.57 (dd, lH, J= 7.4 Hz, J’= 6.9 Hz, 10-H or 11-H); 
7.77 (dd, lH, J= 7.6 Hz, J’ = 6.9 Hz, 11-H or 10-H); 
7.90 (m, 2H, 9-H, 12-H); 8.17 (d, lH, J = 8.1 Hz, 8-H); 
8.47 (d, lH, J = 8.1 Hz, 7-H) ppm. 13C NMR (50 MHz, 
CD,&) 6: 14.23, 14.29 (CH,); 22.97, 23.09, 26.21, 
26.33, 29.03, 29.10, 29.42, 29.48, 29.64, 29.73 (-CH,-); 
69.54, 70.03 (O-CH,-); 93.95, 99.59 (2-C 4-C); 103.56 
(12c-C); 115.78 (12b-C); 120.81 (C,H,); 123.73 (6a-C); 
125.63, 127.82, 128.03, 128.05, 129.70, 132.22 (7-C 8-C 
9-C 10-C 11-C 12-C); 131.49, 138.37 (8a-C, 12a-C); 
152.98 (4a-C); 157.69, 163.17 (l-C, 3-C); 168.69 (C-O) 

ppm. 
The solid was dissolved in 16 ml of toluene and the 

solution transferred to the sample cell under nitrogen 
gas. X-Ray absorption experiments were performed at 
station ~6~0 II of HASYLAB (electron energy, 4.45 
GeV; max. current, _ 40 mA; beam half-life time, 
N 2 h; pre-edge,05 eV steps; edge, 0.5 eV steps; post- 
edge, 0.06-0.08 A- ’ steps; total scan times, N 30 min). 

The Si(311) double-crystal monochromator with an 
entrance slit of N 1 mm height gave a spectrometer 
resolution of N 5 eV at 18 keV, comparable to the 
lifetime of the Zr K core hole (- 5 eV [18]). Higher 
harmonics were rejected by means of a slight detuning 
of the monochromator (N 40% intensity loss). A Zr 
metal foil was used for energy calibration in all runs 
(E(Zr K, metal) = 17998 eV [19]). 

Data were collected in the transmission mode with 
argon-filled ion chambers. Measurements were per- 
formed at room temperature (N 25’C) with the sample 
solution under N, atmosphere inside a stainless-steel 
cell with an in situ variable path length [20,211. 
Teflon-coated Kapton foils (Du Pont, type 200 FN 011, 
a gift from Du Pont de Nemours (Deutschland) GmbH, 
Bad Homburg) were used as X-ray windows for the 
liquid sample cell. 

The relatively low solubility of the sample in non-co- 
ordinating solvents required a compromise between 
edge jump and total absorption. For the solution em- 
ployed, the chosen path length (d = 20 mm) gave an 
edge jump J= dAp of - 0.45 and a total absorption 
above the edge of N 80%. 

3. Data analysis 

The EXAFS data analysis used in this work follows 
standard procedures (see, for example, refs. 14, 15 and 
22) and is only briefly described here *. 

* The computer programs used in the data analysis were written by 

T.S. Ertel and U. Kolb, see refs. 20, 23 and 24. 
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Fig. 1. Zr K X-ray absorption spectrum of a 1: 1 mixture of CpZrCls 
and lactone Id in toluene solution. Also shown are the pre- and 
post-edge backgrounds used in the data analysis. 

The Zr K edges (E,) of the transmission XAS 
spectra (&L~JE) = ln(Z,/Z,,,,,>) were localized using 
the intersection method of Baldeschwieler et al. [25,261. 

The pre-edge region was fitted with a Victoreen-type 
function [27] and the ‘free atom’-like background was 

Two good spectra were averaged for the data analysis. 

approximated with a smoothing spline [23,24,28-301 
going from N 20 eV above the edge to the end of the 
spectrum (18950 eV>. Figure 1 shows the total absorp- 
tion together with the pre- and post-edge background 
functions while Fig. 2 shows the isolated EXAFS func- 
tion x(E). 

The signal was converted from energy space to 
k-space, where the photo-electron wavenumber k is 
defined relative to the absorption energy E, by k = 
[2m(E-E,)/P1 I . 2 1/2 The EXAFS, x(k), was weighted 
by k3 and Fourier-transformed to R-space, see Fig. 3 
(dotted line). The Fourier transform was then back- 
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Fig. 3. Fourier transforms of the k3-weighted experimental EXAFS 
spectrum (dotted line), the Fourier-filtered EXAFS spectrum @ull 
line) and the best fit to the Fourier-filtered spectrum (dashed line). 

transformed to k-space (with a square window R = 
1.19-4.50 A) in order to remove high-frequency noise 

The Fourier-filtered function k3x(k> was analyzed 

and low-frequency oscillations remaining after the 

over the k-interval 2.35-15.66 A-’ using a multiple 
shell curve-fitting program 120,241 with a theoretical 

background subtraction (see Fig. 4, solid line). 

EXAFS function of the form 

XI/WJ k) 

= S$40(k)N~~l?i(k)& exp 
i=l I 

Xexp( -2k2aF) X sin(2kRi + 4i( k) + $0(k)). 

(1) 
Theoretical values for the parameters Bi(k), +i(k), 
$o( k), A,(k) and h(k) (see, for example, refs. 22 and 
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Fig. 4. Fourier-filtered and k3-weighted experimental spectrum (full 
line) and best fit (dashed line). Fig. 2. Isolated EXAFS signal, x(E). 
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31) were calculated for clusters of muffin-tin potentials 
with the program FEFF 4.06 of Rehr et al. [31,32] using 
a Hedin-Lundquist-type exchange potential. 

In the multiple-shell curve-fitting, the distances (Ri} 
of atoms of type i to the central zirconium atom and 
the Debye-Waller factors {uJ of these distances were 
varied. The coordination numbers (NJ were kept con- 
stant for each structure considered. The parametric 
k-independent amplitude factor So2 was also allowed to 
vary in the fits [31] and was normally 1.0 or slightly 
greater. 

The number of free parameters that can be used in 
a multiple-shell curve-fitting procedure is limited by 
the number of independent points, Nidp = 2ARAk/r. 
For this experiment Ak, the k-interval over which the 
fit is made, is N 13.3 A-‘. The quantity AR, the 
R-interval over which the magnitude of the Fourier- 
transformed EXAFS is substantial, cannot be deter- 
mined as unambiguously. If the window for the Fourier 
back-transformation is used, AR is N 3.3 A and NihJidp 
N 28. However, when the Fourier transform has one 
dominant peak followed by one or several smaller 
peaks, AR should cover more than the dominant peak, 
but less than the whole interval of interest. We esti- 
mate AR to be M-2.0 A, giving Nidp = 12-17. Thus, 
two limits for what can be fitted to the data are 
(Si + 5 X {Ri, a;,) + 11 parameters) and (S,’ + 4 X {Ri, 
ai, _!&I --) 13 parameters). 

4. Results and discussion 

The Zr K EXAFS spectrum of the CpZrCl,/lac- 
tone Id adduct in toluene solution is shown in Fig. 1, 
the corresponding isolated EXAFS in Fig. 2 and the 
Fourier transform of the k3,y(k) function in Fig. 3 
(dotted line). 

As can be seen from Fig.d, there is a peak at a large 
radial distance, R = 3.5 A (uncorrected for phase 
shifts), as also found in the EXAFS solid-state investi- 
gation reported earlier [121. A peak at such a large 
distance from the central zirconium ion in a spectrum 
taken of a solution at room temperature is due either 
to (i) an atom with a high atomic number (higher 
back-scattering power and less thermal motion than 
low-2 atoms), (ii) an atom which is situated on a 
straight line from the central ion through some closer 
atom (the so-called ‘focusing effect’) or (iii) an atom in 
some rigid Iigand (e.g. in a macrocycle). When the peak 
at R = 3.5 A is filtered out from the rest of the signal 
(with a square window R = 3.06-3.82 A>, the resulting 
k3,y(k) wave has an envelope characteristic of a heavy 
back-scatterer. Furthermore, the wave can be fitted 
very well with a sjngle shell of one zirconium atom at a 
distance of 3.75 A from the absorbing atom. Thus, it is 

TABLE 1. EXAMS results for [CpZrCl,(lactone ld&CI)], in 
toluene solution 

R 6, N a (r (A;, So’ Rmlid (A) b 

bCpZrCl,(lactoneXp-CI)], 1.00 
2.14 1 0.053 2.11 

Cl’ 2.41 2 0.057 2.44 
CI” 2.57 2 0.106 2.71 
c (CP) 2.53 5 0.180 2.51 
Zr 3.74 1 0.082 3.81 

a Coordination numbers {NJ were kept fmed. b Another biaryl lac- 
tone, from ref. 12. 

clear that the peak is of type (i) and that the complex is 
dimeric in toluene solution, as found for the similar 
adduct in the solid state 1121. Accordingly, from the 
several structures tested, the best multiple-shell fit to 
the full Fourier-filtered spectrum CR = 1.19-4.50 A> 
was obtained for the dimer [CpZrClJlactone ld)(p- 
Cl&. 

The best fit to the Fourier-filtered and k3-weighted 
EXAFS spectrum is shown in Fig. 4, and Fig. 3 shows 
the Fourier transforms for these two k3x(k) functions 
(solid and broken lines). It can be seen that the fit 
reproduces the experimental data well, in both k- and 
R-space. The derived EXAFS parameters are listed in 
Table 1. 

In this dimeric complex, each zirconium ion is 
pseudo-octahedrally coor$nated, surrounded by two 
terminal chiorides (2.41 A away), two bridging chlo- 
rides (2,62 A), a cyclopentadienyi anion [R(Zr-C(Cp)) 
= 2.54 A] and a lactone oxygen (2.14 A>. The other 
zirconium ion of the dimer is found at a distance of 
3.76 A from the central ion. 

Thus, in the solution structure as determined by 
EXAFS, the zirconium-oxygen distance, 2.14 A, lies 
between the X-ray crystallographic Zr4+-O(carbony0 
distances of [ZrCl,(n-hexyl acetate)], (2.112 & [33] 
and ZrCl,(pinacolone), (2.191 A> [34]. The solution 
Zr-O(biary1 lactone) distance is slightly longer than 
the corresponding distance in the EXAFS-determined 
solid-state structure [12] R(Zr-0) = 2.11 A, possibly 
reflecting a decrease in steric strain in solution. 

For a complex of the type [CpZrCl ,(lactoneXp-Cl)], , 
there are 12 different isomers differing in whether 
both, one or none of the ligands Cp- and lactone lie in 
the Zr(p-Cl), plane and in the &-tram relations of 
these ligands. Which configuration is the most stable 
around Zr4+ will depend both on electronic and local 
steric effects, and in the solid state on the crystal 
packing forces as well. 

The Cp- ligand is able to donate electronic charge 
efficiently into the Zr 4d,, and 4d,,, orbitals *. Thus, 

* The vector Zr-Cp (centre) is taken as the local z-axis. 
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a ligand L that has poor donating properties in a-sym- 
metry along the Zr-L bond would be more suitable in 
the position truns to Cp- than a ligand that is a strong 
n--base. In the complex studied, a chloride ligand that 
a-donates a lone pair to the Zr ion also has filled 
orbitals of 7r-symmetry available for donation, but a 
a-donating carbonyl oxygen has not. * Hence, simple 
electronic arguments suggest that the dimer consists of 
an inorganic Cl,Zr(p-Cl),ZrCl, plane with the or- 
ganic ligands coordinated axially to the zirconium ions. 
The bulk of the biaryl lactone would then ensure that 
the two axial lactones are situated tram to each other. 
Such axial tram coordination of the carbonyl group is 
found, for example, in the crystal structures of dimeric 
[TiCl~tethyl acetateX&l)l, I351 and [ZrCl,(hexyl ac- 
etateXp-Cl& [331. 

The different isomers would in principle have differ- 
ent numbers of groups of equivalent chlorides. For 
example, the isomer that we suggest on electronic 
grounds has two sets of chlorides, 2 X Cl(termina1) + 2 
x Cl~bridging), in accordance with our EXAFS data 
analysis. We do not, however, take this as an argument 
for the suggested ~nfiguration. We did not try to split 
any of the two chloride shells since this would have 
resulted in too many free parameters. Furthermore, it 
would be difficult to make an unambiguous curve-fit- 
ting of many similar chloride shells even for an experi- 
ment with a better signal-to-noise ratio, i.e. with data 
extending further in k-space. 

Finally, we note that the Zr K absorption edge of 
the CpZrCl, lactone Id adduct is shifted by cu. 5.3 eV 
to higher energy relative to the edge of the reference 
Zr metal foil. This shift is approximately 1 eV less than 
those for thf solutions of the complexes CpZrCl,(THF), 
and ZrCl,(THF), [36], probably owing to a greater 
charge donation to the Zr(IV) centre in the dimer. 

We thank Dr C.L.J. Ewers for the preparation of 
lactone ld. Generous financial support of this work by 
the Deutsche Forschungsgemeinschaft (Sonder- 
forschungsbereich No. 347 ‘Selective Reactions of 

* This assumes an sp’-hybridized carbonyl oxygen with two classi- 
cally localized lone pairs and a C=0--Zr angle of - 120”. If the 
C=O-Zr angle is - 180”, the carbonyl group has one donating 
orbital of o-type and one of n-type. On the other hand, when a 
carbonyl double bond o-donates into empty zirconium orbitals 
there is a stabilization of the Cp-Zr 4dxz,yz interaction due to 
the acceptor properties of the C=G rr*-orbital. Although the 
lactone must be $-coordinated to the extremely electron-poor 
Zr4+ ion, we have also tested $-coordination but these fits to the 
EXAFS data led to unrealistic results. 
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