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Summary: High-resolution 50.3-MHz ®C CP/MAS spec-
tra of various microcrystalline bent metallocenes of the
type (n°-"Cp),ML, have been obtained (M = Zr, Hf; R =
alkyl; L = CI; L, = alkyl-substituted #*-C,H;). Variable-
temperature two-dimensional '3C CP/MAS exchange
spectra provide evidence for RCp rotation and diene to-
pomerization as two intramolecular fluxional processes
occurring in the solid state. Whereas the barrier for
n°-Cp rotation is low, it Is significantly enhanced upon
introduction of bulky alkyl substituents at the °-Cp rings.
The barrier for the diene topomerization is approximately
14 kcal/mol.

The study of fluxional processes in organometallic com-
pounds is a domain of NMR spectroscopy.? Among the
techniques used to investigate dynamic processes in solu-
tion are line-shape analysis,® one-* and two-dimensional®
magnetization transfer, T';, measurements,® isotopic per-
tubation,” and metal NMR spectroscopy.? Variable-tem-
perature studies for the investigation of exchange processes
have also been carried out in the solid state.” Since here
the activation barriers for such fluxional processes may be
similar or even higher than those for the dissolved com-
pounds, variable-temperature CP/MAS?® line-shape
analysis is extremely useful for the detection of fluxional
processes, which occur in solution with low-energy barriers.
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Figure 1. Two-dimensional 50.3-MHz *C CP/MAS exchange
spectrum (3%MeCp),ZrCl, (1a) at T = 333 K: spinning rate 4500
Hz, preparation time 5 s, spin-lock time 3 ms, mixing time 2 s,
and acquisition time 0.03 s. The size of the data matrix was 116
X 512W before zero filling. The cross peaks indicate an equiv-
alencing of C-2 with C-5, respectively. This can be rationalized
by an exchange between two enantiomeric rotamers caused by
rotation of the MCp rings about the central Zr ring axis (any
rotation. of the two equivalent MeCp rings which creates a mirror
plane containing Zr and the two central Zr-MeCp axes may also

account for the spectra). The asterisk denotes the impurity
Cp2Zr012.

In the following, to the best of our knowledge the first
two-dimensional CP/MAS exchange spectral? of organo-
metallic compounds®!! are reported. The results indicate
that many fluxional processes known to occur in solution
also can occur in the solid state. Furthermore these pro-
cesses can be easily monitored by 2D CP/MAS particularly
if variable-temperature facilities are available.

In the 1®C CP/MAS spectra of (n°-ECp),ZrCl, (R = Me,
1a; R = Et, 1b; R = ¢-Buy, lc) five (equal intense) signals
for the two RCp moieties are found, indicating that both
rings are equivalent. Thus the rings possess either C,
symmetry (staggered) or ¢ symmetry (ecliptic arrangement
of the alkyl substituents).!? The 50.3-MHz 13C two-di-
mensional exchange spectrum of la (cf. Figure 1) at T' =
333 K reveals that in the solid state there is slow rotation
of the 7°-ECp rings around the central metal coordination
axis.!® Rotation of the *Cp residues does not necessarily
involve rotation by 180°: any process introducing a mirror
plane defined by the C,-symmetry axis of 1 and which
contains the two central Zr-®*Cp ring axes may account for
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Figure 2. Two-dimensional 50.3-MHz *C CP/MAS exchange
spectrum of (1°-BCp),Zr(n*-CHg) (6) at T = 330 K. On the
horizontal axis a one-dimensional spectrum is shown. The spectra
were recorded on an AM 200 spectrometer; preparation time 2
s, spin-lock time 2 ms, mixing time 4 s, and acquisition time 0.086
s; 90° (H) pulse 5 us. The size of 2D matrix was 64 X 512W before
zero filling. The spectra were recorded with quadratur detection
in both dimensions and employing 64 phase cycles (reference
external TMS via absolute frequency). The spinning rate was
about 4500 Hz. The cross peaks connect individual carbons within
two rings indicating an equivalencing of the upper and lower *Cp
rings, which can be produced by diene topomerization.

the observed dynamic solid-state NMR spectra. This
process leads to a pairwise coalescence of the methine
carbons. Line-shape analysis yields AG = 16.9 kcal /mol
as barrier for the MeCp rotation. The barrier increases
significantly when more bulky substituents (1b, 1¢) are
introduced. In contrast, in the solution spectra of la-lc¢
between 180 and 300 K there are only two signals for the
methine carbons,!4 indicating that under these conditions
the barrier for ®Cp rotation is less than 5 keal/mol.

In the 50.3-MHz *C CP/MAS spectra of (5-Cp),ML;
at T=300K M=7Zr, L, = 9y-CH, 2, M=Hf L, =
7’4'C4H61 31 M= ZI‘, L2 = 774'CSHB’ 4; M= Zl', LZ = 774'CSH10y
5) all the carbons within one ring are equivalent, indicating
that there is fast #°-Cp rotation. In the solid state, distinct
signals for the 75-Cp moieties are observed at T = 300 K,
whereas for the dissolved complexes this diastereotopic
splitting is only observed in the low-temperature spectra.'®
However, the two-dimensional *C CP/MAS exchange
spectra at T = 300 K give evidence that also in the solid
state the diene topomerization process does occur with
modest rate constants. Since the intensities of the cross
peaks were unaffected by fast spinning or by proton de-
coupling during the mixing period,'® the observed cross
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peaks cannot stem from spin diffusion. A very rough
estimation yields for this process in 5 a barrier around 14
kcal/mol, which is only insignificantly higher than what
has been found in solution.

Upon introduction of alkyl substituents at the cyclo-
pentadienyl ring (#°-RCp), Zr(n*-s-cis-C;Hg)'" (R = t-Buy,
6; R = 1,1’-dimethylpentyl, 7), in the 50.3-MHz CP/MAS
spectra 10 signals for the two BCp ring carbons are ob-
served.’® The well-separated low-field signals (6 133.9,
128.2, 6; 6 131.2, 125.4, 7) stem from the quaternary car-
bons as confirmed by an NQS'? experiment. The two-
dimensional 50.3-MHz CP/MAS 3C spectrum of 6 at T
= 330 K clearly shows one cross peak connecting the
quaternary carbons and four further cross peaks belonging
to the methine carbons. These findings can be rationalized
by the diene topomerization, and it furthermore supports
the assignment of individual carbons®’ in each ring.

From our findings we conclude that fluxional processes
in solid organometallic compounds are not uncommon and
that such processes can be easily monitored by variable-
temperature two-dimensional 3C CP/MAS exchange
spectroscopy. Thereby new avenues with respect to the
bridging function of solid state NMR spectroscopy between
determination of the static structure in crystals by X-ray
analysis and elucidation of the dynamic behavior of these
molecules in solution are opened.
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Summary: The deuterioformylation of 2,3,3-trimethyl-1-
butene leads to labeled 3,4,4-trimethylpentanal as the
sole aldehyde product; protium is mostly found in the
B-position with respect to the carbonyl group in the
product arising from the cobalt-catalyzed reaction. In
contrast, when rhodium is the catalyst, the product has
only deuterium on that position. These results are inter-
preted in terms of different reaction pathways and pos-
sibly of opposite regioselectivities displayed by the cata-
lysts in the formation of the metal alkyl complex inter-
mediates.
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