
J. Am. Chem. Soc. 1991, 113, 463-469 463 

13C CP/MAS NMR Studies of the Stereochemical Nonrigidity 
of Titanium Tetracyclopentadienyl in the Solid State 

Stephen J. Heyes and Christopher M. Dobson* 

Contribution from the Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, 
Oxford OXl 3QR, U.K. Received May 30, 1990 

Abstract: Variable-temperature 13C CP/MAS NMR spectroscopy of Ti(j/-C5H5)2(<r-C5H5)2 has shown that sigmatropic 
rearrangement of the a-cyclopentadienyl rings occurs for the molecule in the crystalline state. Magnetization-transfer experiments 
at 165 K are consistent with [1,2] shifts being the main pathway for the rearrangement, but there is evidence for the possibility 
of [1,3] shifts as a minor pathway. These measurements, in conjunction with spectral line-shape analysis in the exchange 
broadening regime, have been used to estimate Arrhenius activation parameters for [1,2] shifts of E1 = 33.2 ± 1.0 kJ mol"1 

and A = 2.9 X 10'° s"1. The activation barrier is similar to that suggested by solution NMR studies, implying that control 
of the rearrangement is principally by electronic factors. In contrast to the results of solution NMR studies, only at the highest 
temperature (369 K) accessible before thermal decomposition of the solid intervenes is there evidence that <r-/?;-cyclopentadienyl 
ligand functionality interchange may be significant on the NMR time scale. 

Introduction 
Many organometallic compounds have been found to adopt 

structures that exhibit stereochemical nonrigidity or fluxional 
behavior. The majority of studies of such processes have been 
by solution NMR techniques, mainly involving observation of 
exchange broadening and coalescence, and more recently by 
magnetization-transfer experiments, using both one- and two-
dimensional techniques, in the slow limit of chemical exchange. 
Many types of fluxional behavior have been implicated, and kinetic 
and mechanistic information has become available from a wide 
range of studies.1"4 

A question of considerable importance is whether such fluxional 
processes, as identified in solution, persist in the solid state, and 
if they do, to what extent the activation barriers differ in the two 
environments. Indeed, it is becoming increasingly apparent from 
solid-state NMR studies of organometallic and metal cluster 
compounds that neither molecular reorientation (overall or of a 
single moeity) nor ligand exchange and rearrangement processes 
(fluxionality) are necessarily precluded by lattice interactions in 
the solid state. It has, for example, long been known that re
orientation of unsubstituted arene rings ir-bonded to a metal atom 
is often facile (£a < 15-20 kJ mol"1),5'6 although substituted rings 
have much higher activation barriers or tend to be locked into 
a single orientation in the lattice.7 Thus, 1H NMR second-
moment studies show an activation barrier to benzene reorientation 
about its principal axis in solid Cr(CO)3(V-C6H6) of ca. 16 kJ 
mol"1,8 whereas 13C CP/MAS NMR spectra of M(CO)3(V-
C6H5Me), M = Cr, Mo,9 are consistent with arene rigidity but 
rotational motion of the tricarbonyl ligand set at a higher energy 
(AC' = 65-75 kJ mol"1). Fyfe and co-workers have detected 
sigmatropic rearrangements of the (V-C5H5) rings of Fe(CO)2-
(V-C5H5)(V-C5H5) and XHg(V-C5H5) (X = Cl, Br, I, and 
V-C5H5) by 1H wide-line NMR10,11 and ring reorientations of 
various types of coordinated cyclooctatetraene in the complexes 
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Fe(CO)3(V-C8H8), Fe2(CO)5(M:V-C8H8), and Ru3(CO)4(^V-
C8Hg)3 both by 1H wide-line NMR12"14 and by 13C CP/MAS 
NMR.15'16 Detailed kinetic or mechanistic analyses were not 
achieved in these studies, but more recently such information has 
begun to emerge about a variety of problems. Benn et al.17 have 
recently detected diene topomerization in Zr(V-C5H4Bu^2(V-
CH2=CH-CH=CH2) at elevated temperatures by 13C CP/ 
MAS 2D-exchange NMR spectroscopy; from measurement of 
the cross-peak intensities the activation energy could be estimated. 
In studies of metal carbonyl cluster compounds, 13C CP/MAS 
NMR spectra of Co2(CO)8

18 identified a polytopal reorganization 
of the ligand polyhedron which effects terminal/bridging carbonyl 
exchange. Similar studies of fluxionality in Fe3(CO)12

19'20 and 
Co4(CO)12

21 have been interpreted in terms of metal core re
orientation within the CO polytopes causing the effective inter
change of terminal and bridging carbonyls. Polytopal rear
rangement in the nine-coordinate complex W(PMe3)3H6 has been 
explored by 13C and 13P CP/MAS NMR spectroscopy,22 and by 
use of 13C CP/MAS NMR spectroscopy a variety of fluxional 
processes occurring in the cluster compound Os3(CO)8(V-
C2H4)(M3 :V:V:V-C6H6)2 3 have been characterized. 

Among the best understood of fluxional processes in solution 
is the rearrangement of a-polyenyl-metal systems, including the 
rearrangements of (r-cyclopentadienyl, a-indenyl, c-allyl, and 
c-cycloheptatrienyl complexes. Most such sigmatropic rear
rangements appear to occur by Woodward-Hoffmann allowed 
suprafac\&\ [1,5] shifts. In most systems studied to date such shifts 
are equivalent to [1,2] shifts and are thus indistinguishable from 
those expected on the principle of least motion. [1,3] shifts are 
expected to be anrarafacial and therefore highly disfavored. In 
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ClO' C3' 
Figure 1. Structure of the titanium cyclopentadienyl molecule, showing 
the numbering scheme used in the subsequent discussion. 

this paper we describe a study by solid-state NMR of the com
pound Ti(7ii-C5H5)2(v

KCiHs)2 (1). The behavior of 1 in solution 
is a classic example of stereochemical nonrigidity of an organo-
transition-metal compound24,25 and includes a sigmatropic (T-C5H5 

ring rearrangement. The comparison of behavior of 1 in the solid 
and solution states is therefore of particular interest. 

Ti(C5H5),, has been shown by a single-crystal X-ray diffraction 
study25 to contain two />e«ta/w/rtocyclopentadienyl rings that show 
an essentially symmetrical M-(C5H5) interaction and two genuine, 
well-defined monohaptocyclopentadienyl rings26 (see Figure 1). 
The dynamic behavior of 1 has been extensively studied by 1H 
NMR in solution at 100 MHz.24 At temperatures below ambient, 
spectral changes indicative of sigmatropic ring rearrangement were 
observed, though at the lowest temperature studied, 134 K, the 
slow limit of the rearrangement has not been attained. Although 
kinetic parameters for this process were not determined, com
parison of the spectra with those of (V-C5H5)M(CO)2((7)-C5H5) 
(M = Fe, Ru) suggests an activation energy of £a < « 40 IcJ mol-1. 
At temperatures above ambient, spectral changes due to inter
change of monohapto- and penta/w/rtocyclopentadienyl rings were 
observed, and line-shape analysis yielded activation parameters 
of £a = 67.6 ± 1.3 kJ mol"' and A = 3.2 X 1013 s"1. That ring 
interchange may occur in 1 is attributed to the 16 valence electron 
configuration of the Ti atom. The low-lying empty valence shell 
orbital characteristic of this configuration may be used to stabilize 
the transition state for exchange in which one ring is intermediate 
in character between n1 and T/5 (as is found for (C5H5J3MoNO 
in the ground state27). 

Experimental Section 
Preparation of Ti(C5H5J4. All compounds were handled on a dual 

vacuum/nitrogen line using standard Schlenk techniques28 and in a 
drybox containing an inert nitrogen atmosphere. Toluene and tetra-
hydrofuran were predried over molecular sieves and then distilled from 
potassium; 40-60 petroleum ether was predried over molecular sieves and 
then distilled from a sodium/potassium alloy. Solution-state 1H NMR 
spectra were recorded at 300 MHz on Bruker WH300 or AM300 spec
trometers. Air-sensitive samples were made up under an inert dry ni
trogen atmosphere and sealed under vacuum. All spectra were referenced 
internally to TMS (S = 0) by using the solvent resonance. Microanalyses 
were performed by the analytical service of this laboratory. 

Sodium cyclopentadienide was prepared by reaction of cyclo-
pentadiene monomer with sodium sand in tetrahydrofuran.29 1 was 
prepared from the reaction OfTi(T)-C5Hs)2Cl2 (Aldrich) and Na(C5H5) 
by the method of Calderon et al.24 The resultant crystals were green-
black, with a hint of violet when viewed in transmitted light. Purity was 
checked by 1H NMR at 300 MHz in toluene-rf8 solution; broad reso
nances of equal intensity were observed at 5.895 (<r-C5H5) and 5.270 ppm 
(Tj-C5H5). In addition, a sharp resonance at 5.705 ppm, accounting for 
<0.5% of proton intensity, was observed; this may be attributed to the 
presence of trace amounts of Ti(TT-C5H5J3Cl. 1 is extremely oxygen and 

(24) Calderon, J. L.; Cotton, F. A.; Takats, J. J. Am. Chem. Soc. 1971, 
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moisture sensitive and was handled under dry nitrogen. 
Solid-State NMR Spectroscopy. All solid-state NMR spectra were 

recorded on a Bruker CXP200 pulse NMR spectrometer with an Oxford 
Instruments 4.7-T wide-bore (98 mm) superconducting solenoid magnet 
(200.13 MHz for 1H NMR) and equipped with an Aspect 2000 data 
system. 13C CP/MAS NMR spectra were recorded at 50.32 MHz by 
using a multinuclear, proton-enhanced, double-bearing magic angle 
sample spinning probe (Bruker Z32-DR-MAS-7DB) and a high-power 
proton decoupler. A single-contact spin-lock CP sequence30 with alter
nate cycle spin-temperature inversion and flip-back of 1H magnetiza
tion31 and a proton radio frequency field of 1.7 mT («, = 72 kHz), 
resulting in a 90° pulse length of 3.5 ^s, was used. Temperature regu
lation, utilizing a Bruker B-VT1000 unit equipped with a copper-
constantan thermocouple and digital reference, was of the bearing gas, 
and temperature measurement was of the bearing exhaust close to the 
sample. Temperature calibration below room temperature was achieved 
with the samarium ethanoate tetrahydrate Curie law chemical shift 
thermometer32 previously calibrated against the phase transition of cam
phor-;/32 and above room temperature with the phase transitions of co-
baltocenium hexafluorophosphate33 and l,4-diazabicyclo[2.2.2]octane.32 

The system was allowed to equilibrate at each new temperature for 1 h 
before spectral accumulation was commenced. The setting of the spinner 
angle was checked at each temperature by using the 79Br resonance of 
a small amount of KBr,34 separated from the sample by a plastic disk. 
Approximately 200 mg of 1 was packed into a 7-mm zirconia rotor with 
a KeI-F top, under an inert atmosphere of dry nitrogen. '3C CP/MAS 
NMR spectra were recorded at a range of temperatures from 165 to 369 
K at a typical MAS rotation rate of «2.8 kHz. Typically up to 1500 
transients with a contact time of 2.5 ms and a relaxation delay of 5 s were 
accumulated for each spectrum. Chemical shifts are reported on the S 
scale with respect to 6(TMS) = 0 and were referenced to the secondary 
standard adamantane. The principal components of chemical shift ten
sors, defined by using the standard convention,35 were recovered from the 
spinning side-band manifold, measured in at least two slow spinning speed 
MAS NMR spectra, using both the Maricq and Waugh moment anal
ysis36 and the Herzfeld and Berger graphical analysis.37 Iterative com
parison of the experimental and simulated MAS NMR spectra was then 
used for refinement of the tensor components,38 and such refined values 
are quoted with error limits derived from the fitting process. Magneti
zation-transfer experiments used the rotationally synchronized, selective 
magnetization-transfer experiment of Conner et al.,3''40 which monitors 
longitudinal polarization transfer between two selected resonances. In 
each experiment the MAS rotation rate was adjusted such that the ev
olution time of the experiment was an integral number of spinner rotation 
periods.41 Kinetic data were obtained from the magnetization data 
following the analysis of Jeener et al.42 for spin exchange between two 
sites of equal population, in which the ratio of intensities of the resonances 
after a mixing time, T, is given by MB/MA = r = [1 - exp(-/cr)]/[l + 
expi-kr)] such that a plot of ln[(l + /0/(1 - r)] versus r yields k, the 
rate of magnetization transfer, as the slope. For the 13C NMR experi
ments performed here magnetization transfer due to spin diffusion could 
be neglected,43 and the rate of chemical exchange is obtained directly 
from the rate of magnetization transfer. The program DNMR4 (QCPE 
No. 466J44 was used to calculate the exchange-broadened line shapes for 
coupled spin systems from the static (chemical shifts, coupling constants, 
and equilibrium populations of each of the accessible configurations of 
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Whalon, M. R.; Fleischman, S. H. Quantum Chemistry Program Exchange, 
Program No. 466, DNMR4. 
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Figure 2. 13C CP/MAS NMR spectra of Ti(C5Hj)4 at 281 and 182 K. 

the system) and dynamic (relaxation and exchange matrices) input pa
rameters in a full density matrix treatment. 

Results and Discussion 
(a) Temperature Dependence of the Spectra. The 13C CP/MAS 

NMR spectra of 1 at temperatures of 182 and 281 K are shown 
in Figure 2, and full comparisons of various aspects of the spectra 
in the temperature range between 182 and 369 K are shown in 
Figures 3 and 4. The spectrum at ambient temperature consists 
of a sharp peak at 117.8 ppm, which shows an axially symmetric 
CSA tensor, consistent with those known for typical M(Tj-C5H5) 
moieties,45 due to averaging by the ring reorientation process. The 
line width and anisotropy of this resonance remain constant 
throughout the studied temperature range, and its chemical shift 
shows only a slight temperature dependence, the value decreasing 
from 117.8 ppm at 297 K to 117.3 ppm at 182 K. On the basis 
of the peak intensities the sharp peak may be assigned to the 10 
carbon atoms of the two Jj-C5H5 rings, for which rapid reorien
tation about the fivefold ring axis is expected to average the carbon 
resonances of each individual ring, and additionally the molecular 
symmetry found in the diffraction study25 ensures equivalence of 
the two rings. Upfield of the sharp resonance there is a weak 
shoulder at 116 ppm, which is likely to arise from the small amount 
(<0.5%) of Ti(C5Hj)3Cl apparent in the solution 1H NMR 
spectrum of the material used here. This impurity peak slightly 
overlies the downfield portion of the resonance assigned to the 
Jj-C5H5 carbon atoms in 1, and this must be borne in mind in the 
subsequent inspection and analysis of the spectra (vide infra). 
These resonances are superimposed on a very broad resonance, 
which is barely distinguishable above the level of the noise. When 
the material is cooled below room temperature, the broad reso-

(45) Heyes, S. J. D. Phil. Thesis, University of Oxford, 1989. 
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Figure 3. 13C CP/MAS NMR spectra of Ti(C5Hs)4 showing full an
isotropic information. The isotropic peak for the Ij-C5H5 functionality 
is plotted to the same height in each spectrum but is truncated in these 
plots. 

nance sharpens somewhat and becomes more distinct; it then 
broadens again at temperatures below 280 K, reaching maximum 
line width at about 233 K. At temperatures lower than 233 K 
the broadened resonance breaks up into five separate resonances, 
which gradually sharpen with decreasing temperature. At 183 
K these five resonances are of equal intensity and as narrow as 
the resonance of the Jj-C5H5 carbons. Integration of isotropic and 
side-band resonances shows that each of these five resonances 
accounts for one-fifth of the intensity of the Jj-C5H5 resonance. 
These resonances are assigned to the two <r-C5H5 functionalities. 
Evidently the CT-C5H5 moiety is fluxional, and this fluxionality 
is almost frozen out into the slow limit on the exchange broadening 
time scale at 183 K. Thus, unlike the case for the 1H NMR studies 
in solution,24 the slow exchange limit for C-C5H5 rearrangement 
has been reached in the present 13C CP/MAS study; this is an 
important requirement in attempts to obtain kinetic and mech
anistic information from the NMR data. 

On the basis of the expected symmetry in the bonding of the 
wono/itf/rtocyclopentadienyl ligand, and presupposing that the two 
C-C5H5 rings in each molecule are identical, it might have been 
expected that three resonances in the ratio 1:2:2, corresponding 
to C1, C34, and C2,5, would be observed in the 13C NMR spectrum. 
Clearly the degeneracy observed in solution NMR studies of such 
systems has been lifted in the solid state. Recourse to the sin
gle-crystal X-ray structure of I25 shows that all the molecules in 
the structure lie on twofold crystallographic axes, such that the 
two (T-C5H5 rings in each molecule are symmetry related. The 
different shifts are not, therefore, due to any difference between 
two such rings with an accidental degeneracy in the case of the 
C, resonance but must reflect the different environments for each 
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Figure 4. (i) 13C CP/MAS NMR spectra of Ti(C5Hs)4 at various temperatures showing the isotropic resonances. The spectra are normalized with 
the intensity of the isotropic resonance of the Jj-C5H5 functionality being constant. This latter resonance is truncated in these plots, (ii) Simulation 
of the center band of the '3C CP/MAS NMR spectra of Ti(C5H5)4 using the program DNMR4.44 A simple 5-site exchange model was used with the 
low temperature limiting <r-cyclopentadienyl carbon-13 chemical shifts as the static parameters, and exchange was modeled with [1,2] or with random 
shifts. This spectrum was added to that simulated for the ri-cyclopentadienyl functionality in the specified ratios to take into account the overall proportion 
of each resonance actually in the center band at that temperature for which the spectrum is to be simulated. The simulations are plotted with the T)-C5H5 
resonance at constant height and truncated. 

Table I. Isotropic and Anisotropic Chemical Shift Data for Titanium Tetracyclopentadienyl 

r,5-C5H5 

C, 
C3 
C4 
C2 
C5 

VPPm 
117.3 
89.3 

114.9 
121.8s 

126.8s 

136.3 

6,,/ppm 
158 ± 1 
164 ± 2 
195.5 ± 2 
206 ± 1 
208 ± 1 
235.5 ± 1 

522/ppm 
158 ± 2 
72 ± 5 

122 ± 4 
127.5 ± 5 
140 ± 5 
151 ± 7 

633/ppm 
36 ± 2 
32 ± 3 
27 ± 3 
32 ± 2 
32.5 ± 3 
22.5 ± 5 

A = 5, ,-S33/ppm 
122 
132 
168.5 
174 
175.5 
213 

V 

0 
0.54 
0.83 
0.87 
0.72 
0.74 

of the carbon atoms in an individual ring. Assignment of the 
individual resonances is not, however, straightforward. Com
parison with previous 13C solution NMR studies of Fe(CO)2(T)-
C5H5)(Cr-C5H5)

46 and Mo(tr-C5H5)(7j-C5H5)(NO)(S2CNBun
2)

47 

suggests that the saturated carbon Cj is likely to be the most 
upfield resonance and that C2 and C5 will resonate downfield of 
C3 and C4. Further evidence that we can make this distinction 
is provided by the measured 13C NMR CSA tensors for each of 
the resonances (Table I) which indicate more similar asymmetry 
parameters within each pair of resonances 114.9/121.85 ppm and 
126.8s/136.3 ppm than between pairs. Individual assignment of 

(46) Ciappenelli, D. J.; Cotton, F. A.; Kruczynski, L. /. Organomet. Chem. 
\911,42, 159-162. 

(47) Hunt, M. M.; Kita, W. G.; Mann, B. E.; McCleverty, J. A. J. Chem. 
Soc, Dalton Trans. 1978, 467-474. 

Table II. Magnetization-Transfer Rates between '3C NMR 
Resonances of the <r-Cyclopentadienyl Carbons of Titanium 
Tetracyclopentadienyl at 165 K 

rate/s"1 

C1 " C 3 
C 1 - C 4 
C 1 - C 2 
C 1 - C 5 

0.3 ± 0.05 
0.3 ± 0.05 
0.55 ±0.1 
0.7 ± 0.05 

each resonance within a pair to a particular carbon atom can only 
be tentative, but the C2 and to a lesser extent C3 carbons lie above 
the plane of an adjacent Ti-C5H5 ring of the same molecule and 
therefore might be expected to undergo upfield ring current shifts 
in contrast to the C5 and C4 atoms. Futhermore, study of the 
intermolecular packing shows that C5 and C4 lie in the vicinity 



'3C CP/MAS NMR Studies of Ti(C5H5J4 J. Am. Chem. Soc, Vol. 113, No. 2, 1991 467 

Table III. <r-Cyclopentadienyl Ring Rearrangement Data for 
Titanium Tetraeyclopentadienyl 

temp/K 
182 
194 
205 
219 
226 
233 
257 
281 

rate of 1,2 hops/s"1 

5 ± 5 
30 ± 5 

110± 10 
300 ± 25 
600 ± 50 

1000 ± 100 
2000 ± 500 
5000 ± 1000 

rate of all-site hops/s"1 

3 ± 2 
15 ± 3 
60 ± 5 

185 ± 10 
325 ± 30 
600 ± 50 

2000 ± 400 
5000 ± 1000 

of the C=C bond joining C5 and C4 atoms of an adjacent molecule 
and would therefore be expected to be shifted downfield by the 
magnetic anisotropy of the double bond.48 The assignments are 
detailed in Table I. 

(b) Kinetic Analysis of the <r-C5H5 Rearrangement. That the 
C2 and C5 and the C3 and C4 resonances are not degenerate within 
each pair, in contrast to the general case for solution NMR studies, 
means that there are no differential broadening effects to enable 
discrimination of the [1,2] and [1,3] shift mechanisms by line-
shape analysis in the intermediate time scale of the exchange 
broadening regime.2'4 As the <r-C5H5 ring rearrangement is clearly 
in the low-temperature limit of the exchange broadening regime 
at temperatures below 180 K, magnetization-transfer experiments 
provide a means to probe possible chemical exchange effects 
between specific resonances. Experiments were performed at 165 
K, in order that the exchange should be slow enough to allow 
distinction between the postulated rearrangement mechanisms. 
The rates of magnetization transfer from the Ci resonance at 89.3 
ppm to all the other <r-C5H5 carbon resonances were measured, 
as were the rates of transfer from each of these resonances to the 
C i resonance. 

These results, given in Table II, indicate that the magnetization 
transfer from C1 to the resonances tentatively assigned to C2 and 
C5 is significantly faster than that to the resonances assigned to 
C3 and C4. This illustrates that a random shift mechanism does 
not operate, since this would result in identical transfer rates 
between the different resonances. Instead, the data are consistent, 
on the basis of the assignments described above, with the dominant 
mechanism of rearrangement occurring via [1,2] shifts.51 The 
data indicate a rate for these at 165 K of ca. 0.6 ± 0.1 s"1. The 
measured rate of magnetization transfer from C1 to C3 or C4 (ca. 
0.3 ± 0.05 s"1) is, however, significantly higher than that antic
ipated to arise merely from successive [1,2] shifts (ca. 0.15 s"1) 
and therefore implicates the presence of an additional concurrent 
mechanism involving [1,3] shifts. The proportion of [1,2] to [1,3] 
shifts is estimated from the magnetization-transfer rates to be 
approximately 3:1, which is rather lower than expected. [1,2] 
shifts are implicated as the exclusive mechanism for most such 

(48) In fact, the differences in the chemical shifts for these apparently 
electronically identical carbon atoms (SyS2 *" '0 PPm and St-S3»» 7 ppm) are 
remarkably large, and the intra- and i>i/ennolecular distances involved are too 
great to allow expectation of such marked shifts from ring current49 or other 
magnetic anisotropy effects. Although differences in '3C NMR shifts of up 
to ca. 12 ppm could be expected from general positional influences on the 
diamagnetic shift term,50 it is still appropriate to suggest that other factors 
must influence the observed chemical shift differences S2/Ss and S3/54. Due 
to the symmetry of the bonding in 1, of the mechanisms that might be con
sidered, the most reasonable suggestions in this situation still involve 
through-space rather than through-bond interactions. We might therefore 
suggest that the near presence of an aromatic 77'-C3H5 ring perturbs the 
electron density about the most proximate carbons of the 0--C5H5 ring, namely 
C2 and C3. The larger difference between the shifts S1

 and 5̂ than between 
S1 and St may readily be explained on any through-space effect model because 
the differential difference involved for the C2 and C5 carbons is larger than 
the equivalent distance for the C3 and C4 carbon atoms. Clearly, free or 
restricted rotation about the M-IT-CjH5 bond is not of sufficient rate to be 
of any consequence at this temperature. 

(49) Gunther, H,; Schmickler, H. Pure Appl. Chem. 1975, 44, 807-828. 
(50) Ditchfield, R.; Ellis, P. D. In Topics in Carbon-13 NMR Spectros

copy; Levy, G. C, Ed.; Wiley: New York, 1974; Vol. 1, pp 1-47. 
(51) That [1,2] shifts are the dominant rearrangement mechanism is to 

be expected given the results of solution NMR studies on such systems. This 
observation may also be used in reverse to suggest that the carbon resonaces 
of the (T-C5H5 group have been correctly assigned. 

rearrangements that have been studied in solution,4,47 and Wem-
mer et al.52 have calculated from a CSA line-shape analysis study 
a ratio of [1,2] to [1,3] jumps for the reorientation of the r/-cy-
clopentadienyl aromatic rings in decamethylferrocene as ca. 10:1. 
The [1,2] sigmatropic shifts favored by the principle of least 
motion, which is likely to be at its most relevant in the solid state, 
are indistinguishable in their effect from the [1,5] suprafacial shifts 
favored by the Woodward-Hoffmann rules.4 [1,3] shifts are only 
Woodward-Hoffmann allowed when the shift is antarafa.cia.1, such 
a possibility may be reasonably dismissed for a densely packed 
crystalline solid, and in addition are not favored on "distance of 
travel" grounds either. It is thus surprising that the magnetization 
experiments apparently implicate such a high proportion of [1,3] 
shifts in the rearrangement mechanism. One possible reason for 
this could be that spin diffusion makes a significant contribution 
to the magnetization-transfer results. In this case, subtraction 
of the rate due to spin diffusion would reduce the measured 
chemical exchange rates and might well reduce the rate of [1,3] 
shifts proportionately more than the rate of [1,2] shifts. To 
determine if spin diffusion were to be significant in this system 
would require magnetization-transfer experiments to be carried 
out at a temperature low enough that chemical exchange rates 
are insignificant. Such measurements were not possible with our 
apparatus, and it is therefore necessary to consider the ratio of 
3:1 for the proportion of [1,2] to [1.3] shifts a minimum value. 
An alternative, and particularly interesting, possibility is, however, 
that the 16 electron nature of the compound studied here allows 
the accessibility of an JJ3-C5H5 bonded transition state. Such a 
transition state has been postulated in the mechanism of IJ'/IJ5 

ring interchange24'53 but could also facilitate [1,3] shifts about 
the <7-cyclopentadienyI ring. A mechanism of this type would not 
be significant for the 18 electron compounds for which sigmatropic 
rearrangements have so far been studied in detail.54 

The simulated exchange-broadened NMR spectra for [1,2] 
shifts and for random shifts of the 0--C5H5 rings (the two extremes 
of the spectrum of likely rearrangement mechanisms) at various 
rates were calculated by using the program DNMR4.44 The sim
ulations were generated on the assumption that the static site 
frequencies remain the same as those measured from the low-
temperature limiting spectrum at 183 K throughout the whole 
temperature range. Though the shifts are experimentally certain 
to be somewhat temperature dependent, the simulations apparently 
fit well with the form of the experimental spectra. The fact that 
the Ij-C5H5 resonance is unchanged by temperature is of consid
erable use for the accurate fitting of the experimental and sim
ulated spectra since it acts as an intensity standard; the spectra 
recorded at different temperatures are plotted with the Jj-C5H5 
resonance at equal intensity in Figure 4. The simulations for 
rearrangement of the 0--C5H5 carbons at each rate on a particular 
mechanistic assumption were added to a simulated Jj-C5H5 res
onance in the 0.9:1 proportion suggested by integration of the 
isotropic region of the low-temperature limiting spectrum, except 
in the case of the simulation of the spectra at 257 and 281 K, where 
side-band analysis indicates an increased proportion of the intensity 
in the center band for the averaged 0--C5H5 resonance and a ratio 
of 1.3:1 was used. 

The line-shape changes in the simulations are similar for both 
[1,2] and random shifts of the <r-C5H5 rings, but the equivalent 
exchange-averaged line shapes are attained at slightly lower in
dividual jump rates for the random exchange case. The sets of 
simulations were fitted to the experimental spectra and the derived 
rates at each temperature are reproduced for each mechanism 
on an Arrhenius diagram in Figure 5. Over the temperature range 
165-233 K excellent linear plots are obtained. The analysis for 
a [1,2] shift mechanism gives £a = 33.2 ± 1.0 kJ mol-1 with A 
= 2.9 X 1010 s"1 and for a random shift mechanism gives £a = 
34.1 ± 0.9 kJ mol"1 with A = 2.5 X 1010 s_1. The extrapolation 

(52) Wemmer, D. E.; Ruben, D. J.; Pines, A. J. Am. Chem. Soc. 1981, 
103, 28-33. 

(53) Hanson, L. M.; Marynick, D. S. J. Am. Chem. Soc. 1988, 110, 
2358-2361. 

(54) We are grateful to a referee for this suggestion. 
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Figure 5. Arrhenius plot for tr-cyclopentadienyl ring reorientation data 
from fitting of exchange-broadened simulations to the experimental 
spectra and showing the predicted temperatures of maximum broadening 
in the MAS and dipolar broadening regimes, as determined by extrap
olation of the Arrhenius law behavior observed at lower temperatures in 
the exchange broadening regime. 

(a) 347 K (b) 369 K 

Figure 6. Comparison of the center-band region of the 13C CP/MAS 
NMR spectrum of 1 at 347 and 369 K, showing the broadening of the 
Ij-C5H5 resonance at higher temperatures and the appearance of the 
shoulder to lower field, where the averaged resonance for the tr-cyclo
pentadienyl carbons would be expected from the weighted average of the 
low-temperature shifts. 

of the Arrhenius relation derived for [1,2] shifts to low temperature 
is, however, more closely consistent with the rate of rearrangement 
measured by magnetization transfer at 165 K than is that for the 
random shift mechanism. The C2JC5 and C3/C4 resonances show 
no sign of pairwise coalescence in addition to the line-shape 
changes resulting from the general o--C5H5 rearrangement, thus 
indicating that reorientation, restricted or otherwise, of the cy-
clopentadienyl ring about its twofold axis is not of significance 
in the averaging process. 

The form of the experimental spectra shows that the averaged 
0--C5H5 resonance does not sharpen above the coalescence point, 
approximately 233 K, as rapidly as would be expected for a system 
passing into the fast limit on the exchange broadening time scale. 
In addition, above 281 K it actually starts to broaden again until 
it is essentially indistinct from the baseline. The Arrhenius plots 
(Figure 5) confirm that the rates indicated purely on the basis 
of exchange broadening become progressively too low to conform 
to an Arrhenius rate law expression as the temperature increases 
above ca. 230 K. Extrapolation of the low-temperature Arrhenius 
rate law expressions (see Figure 5) to the higher temperatures 
at which this broadening is apparent shows the projected rates 
of exchange to be of the order of the MAS rotation rate (2.8 kHz) 
in the CP/MAS NMR experiment. This suggests that the motion 

of sigmatropic rearrangement of the (T-C5H5 ring is destructively 
interfering with the MAS averaging of the CSA.55 Such 
broadening is expected to be at a maximum when V2O>TTC« 1, 
where wr is the MAS rotation rate and TC is the motional corre
lation time. This mechanism for the broadening was confirmed 
by accumulation of the spectrum at 257 K with different MAS 
rotation rates, while keeping all other parameters identical, and 
noting the expected changes in the line width of the averaged 
o--cyclopentadienyl resonance. Experimentally, a maximum in 
the linewidth is not observed in the expected temperature region 
(250 K), which may be attributed to the fact that the experimental 
spectra reflect the combined effects of the broadening resulting 
from the rearrangement rate reaching the MAS regime and the 
sharpening of the resonance as the rearrangement approaches the 
fast limit on the exchange broadening time scale. Also of note 
is that the broad resonance in the spectrum at 257 K now accounts 
for rather more intensity than the isotropic resonance of the Tj-C5H5 

carbon atoms. This may be rationalized by considering that the 
CSA of the 0--C5H5 carbon resonance is averaged by the motion 
of the rearrangement, such that a greater proportion of the in
tensity of the 0--C5H5 carbon atoms is reflected in the isotropic 
resonance of the MAS NMR spectrum.56 

Above 285 K the (T-C5H5 resonance broadens substantially 
again, and in the spectra at 325 and 347 K it is essentially 
broadened into the baseline. The rates of motion expected at these 
temperatures, as obtained by extrapolation of the low-temperature 
Arrhenius behavior, are well above those expected to interfere with 
the CSA averaging by MAS. They are, however, of the order 
of the frequency of the high-power proton-decoupling radio fre
quency field applied during acquisition of the CP NMR spectrum, 
and motion at such frequencies is expected to interfere with the 
averaging of the dipolar coupling to the protons by high-power 
radio frequency irradiation;58 this broadening is expected to be 
substantial. In addition, in the region of maximum broadening, 
71^(1H) is decreased to such an extent that cross-polarization 
becomes ineffective and affected resonances may not necessarily 
be observed in the CP NMR spectrum at all, particularly in the 
presence of carbon atoms that are unaffected by the motion and 
so still cross-polarizing efficiently. The maximum broadening in 
the dipolar regime is expected when O)1T0 == 1; and for the de
coupling field of W1 « 71 kHz used in these experiments may be 
predicted by extrapolation to be at «300-309 K. In fact, since 
both [1,2] and [1,3] shifts occur, and have different rates at any 
given temperature, they would be expected to lead to broadening 
in both the MAS and dipolar decoupling regimes in an independent 
manner. The (T-C5H5

13C NMR resonance is therefore expected, 
as observed experimentally, to be severely broadened over an 
extended temperature range by the different mechanisms. The 
extreme broadeness and asymmetry of the resonance in this 
temperature region precludes, however, line-width deconvolution 
of sufficient accuracy to provide additional information about the 
sigmatropic rearrangement mechanisms. 

(c) T,-C5H5/<T-C5H5 Ring interchange. In the 100-MHz 1H 
NMR spectrum in solution24 o--C5H5/VC5H5 ring interchange 
is observed to be fast on the exchange broadening time scale at 
temperatures above 335 K. Observation of the T)-C5H5 resonance 
in the 13C CP/MAS NMR spectra from 182 to 347 K reveals 
little measurable change in line width. However, by 369 K the 
7/-C5H5 resonance has clearly broadened and the 0--C5H5 resonance 
has not sharpened at a temperature where the sigmatropic re
arrangement process might be expected to be sufficiently fast for 
the broadening mechanisms operative at lower temperatures to 
be ineffective. This could be a consequence of ring interchange 

(55) Suwelack, D.; Rothwell, W. P.; Waugh, J. S. J. Chem. Phys. 1980, 
73, 2559-2569. 

(56) Calculations taking account of simple exchange broadening and of 
side-band averaging of the CSA are complicated, but have been successfully 
performed for some two-site exchange problems." The data here are not 
suitable for such an analysis, due to the complications of deconvoluting the 
spectral effects of various interactions. 

(57) Schmidt, A.; Smith, S. 0.; Raleigh, D. P.; Roberts, J. E.; Griffin, R. 
G.; Vega, S. J. Chem. Phys. 1986, 85, 4248-4253. 

(58) Rothwell, W. P.; Waugh, J. S. J. Chem. Phys. 1981, 74, 2721-2732. 
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starting to become significant on the exchange broadening time 
scale at 369 K, although the experimental data are insufficient 
to demonstrate this conclusively. The separation between the 
resonance of the J?-C5H5 carbon atoms and the shoulder to low 
field, which could perhaps be the averaged resonance for the 
0--C5H5 carbon atoms, is approximately 70 Hz. This compares 
to a 75-Hz separation between the resonances of the a- and 
rj-cyclopentadienyl protons in the 100-MHz NMR spectrum in 
toluene at 240 K.24 Since in solution the ligand functionality 
interchange reaches the fast limit on the exchange broadening 
time scale above about 330 K, this implies that the ring-inter
change process is significantly slowed in the crystalline state in 
comparison to in solution. 

Conclusions 
The 13C CP/MAS NMR spectrum of 1 indicates that the rate 

of sigmatropic rearrangement of the (T-C5H5 ring is significant 
on the NMR time scale at temperatures above 180 K. This 
rearrangement could be followed through the exchange broad
ening, MAS broadening, and dipolar broadening regimes. 
Magnetization-transfer experiments in the slow exchange limit 

The proteins which are involved in bacterial mercury resistance 
are encoded in a single operon which is regulated under the control 
of a mercury-sensing DNA-binding protein (MerR).1 The mer 
gene encodes a series of proteins which detoxify organomercurials 
(organomercury lyase) and inorganic mercuric salts (mercuric 
reductase) by enzymatic conversion to Hg metal. The study of 
these proteins has stimulated interest in structural and spectro
scopic probes which might be used to determine the nature of the 
coordination of the Hg2+ ion to the proteins. Among such probes 
is "9Hg NMR. As has been shown in numerous studies, NMR 
is uniquely sensitive to the coordination and environment of metal 
ions bound to proteins. Thus 113Cd has been used to probe the 
nature of metal binding in metallothionein, liver alcohol de
hydrogenase, and most recently in the DNA-binding proteins gene 

(1) Walsh, C. T.; Distefano, M. D.; Moore, M. J.; Shewchuk, L. M.; 
Verdine, G. L. FASEB J. 1988, 2, 124. O'Halloran, T. V. Met. Ions Biol. 
Sys. 1989, 25, 105. Brown, N. L. Trends Biochem. Sci. 1985,10,400. Silver, 
S.; Misra, T. K. Ann. Rev. Microbiol. 1988, 42, 717. 

are consistent with [1,2] sigmatropic shifts being the dominant 
rearrangement mechanism, although interestingly some contri
bution from [1,3] shifts is indicated by the data. Exchange rates 
for this rearrangement process, calculated from fitting of the 
exchange-broadened line shapes to those expected for a [1,2] shift 
process, follow an Arrhenius relation with activation energy Zsa 

= 33.2 ± 1.0 kJ mor1 and frequency factor A = 2.9 X 1010 s"1. 
This rearrangement, therefore, appears to occur with similar 
facility in the solid state and in solution, suggesting that the 
activation energy for this process is determined principally by 
electronic factors, which are expected to be similar in the two 
states. By contrast, the ring-interchange process appears sub
stantially retarded in the crystalline state as compared with that 
in the solution state. This indicates that the activation energy 
for this motion, which involves substantial rearrangement of atoms 
and disruption to the molecular packing, is significantly increased 
by the intermolecular interactions present in the crystalline state. 
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32 and GAL4.2"7 Given the success of such studies, it is rea
sonable to consider whether 199Hg, an isotope with a somewhat 
lower gyromagnetic ratio and natural abundance, but nonetheless 
favorable compared with, say 13C, might similarly be used to probe 
mercury binding proteins. The feasibility of such studies hinges 
critically on the size of the chemical shielding tensor of mercury 
in typical protein coordination sites. In solution NMR of heavy 
metals, the chemical shielding tensor is usually the dominant mode 

(2) Summers, M. F. Coord. Chem. Rev. 1988, 86, 43. 
(3) Otvos, J. D.; Olafson, R. W.; Armitage, I. M. J. Biol. Chem. 1982,257, 

2427. 
(4) Bobsein, B. R.; Myers, R. J. J. Am. Chem. Soc. 1980, 102, 2454. 

Bobsein, B. R.; Myers, R. J. J. Biol. Chem. 1981, 256, 5313. 
(5) Giedroc, D. P.; Johnson, B. A.; Armitage, I. M.; Coleman, J. E. Bio

chemistry 1989, 28, 2410. 
(6) Pan, T.; Coleman, J. E. Biochemistry 1990, 29, 3023. 
(7) Nettesheim, D. G.; Engeseth, H. R.; Otvos, J. D. Biochemistry 1985, 
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Solid-State 199Hg and 113Cd NMR Studies of Mercury- and 
Cadmium-Thiolate Complexes. Spectroscopic Models for 
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Proteins 
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Abstract: 199Hg CP/MAS-NMR spectra have been measured for representative examples of the major coordination geometries 
available to monomeric mercury thiolate complexes: [Hg(SR)2], [Hg(SR)3]1", and [Hg(SR)4]2". Solid-state 113Cd N M R 
spectra have been measured for related [Cd(SR)3]1" compounds. [(A-Bu)4N] [Cd(S-2,4,6-j-Pr3C6H2)3] and [Ph4P] [Hg(S-
2,3,5,6-Me4C6H)3] were structurally characterized by X-ray crystallography. The metal ions in both compounds are 
three-coordinate with distorted Y-shaped, planar [MS3] units. These structures are discussed in relationship to a second 
conformational isomer, the symmetric C3* [M(SR)3]1" anion. The shielding tensor, isotropic chemical shift ((Ti80), the chemical 
shielding anistropy (Ao-), and the asymmetry parameter (y) vary in a systematic manner as a function of coordination number 
and coordination geometry. 199Hg and " 3Cd C P / M A S - N M R data for selected compounds (am, Aa, r\) are as follows: 
[Hg(S-2,4,6-<-Pr3C6H2)2] (-1015, 4256, 0.16); [Ph4P] [Hg(S-2,4,6-;-Pr3C6H2)3] (-267, 1408, 0.30), [(/!-Bu)4N][Hg(SPh)3] 
(-341, 1273, 0.97), [Et4N]2[Hg(S-2-PhC6H4)4] (-433, 86.5, 0.86), and [Ph4P] [Cd(S-2,4,6-/-Pr3C6H2)3] (668, 483, 0.24). The 
implications of this study to solution and solid-state 199Hg and 113Cd NMR studies of Hg- and Cd-cysteine proteins are discussed. 
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