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Abstract: Chemical shielding parameters are reported for the metallocenes of Fe, Ru, and Mg, bis(cyclopentadiony1) complexes 
Cp2TiC12, (CpMeS)2CoC1, and (CpMeS)2Fe, and bis(benzene)chromium. The shielding tensor anisotropy seems to reflect the 
character of bonding. Motion is detected in many of these compounds and has been used in some cases to assign the shielding 
tensor principal directions. 

1. Introduction 

Since the development of the cross-polarization method’ for 
obtaining high-resolution solid-state NMR spectra of dilute spins 
in solids, a variety of chemical shielding tensors for various nuclei 
have been reported.2 A knowledge of the complete tensor provides 
more information (three shielding parameters and three orien- 
tational parameters) than the isotropic chemical shift and hence 
provides a much more rigorous connection for understanding of 
the effects of bonding on chemical shielding. The detailed in- 
formation about the local electronic structure surrounding a spin 
has proved useful in studies of such diverse problems as hydrogen 
bonding,j conduction anisotropy in “one-dimensional’’ conductors,“ 
and dynamics of phase transitions in antiferroelectric~.~ 

Although a wide variety of I3C shielding tensors in aromatic 
molecules are known, there is only one previous study of aromatic 
organometalic complexes.6 The metallocene type of compound 
is of considerable interest because of the unusual bonding and their 
practical uses as catalysts. Although isotropic shifts for protons 
and carbon are known for a variety of metallocenes,’ there have 
been no reports of the anisotropic couplings. In cases where 
anisotropic motion is present a t  some temperatures but may also 
be frozen out, it is known that some information may be obtained 
from powder spectra about the orientation of the shielding tensor 
relative to the molecular frame. Such information is normally 
available only from the study of oriented single crystals. In 
addition, knowledge of the shielding tensor provides the basis for 
detailed studies of molecular dynamics, of particular interest for 
C,  symmetry. In this paper we present results of shielding values 
and an example of orientation assignment from a motional study. 

2. Anisotropic Chemical Shielding 

A chemical shielding tensor u may be characterized fully by 
specifying its principal values ull ,  u22, and u33, together with a 
set of angles relating the tensor’s orientation to some external 
reference frame. The chemical shift observed for any particular 
spin is easily calculated from the principal values and Euler angles 
(4, e, \k) relating tensor and laboratory axis frames. 

(T,,bd = uI1  sin2 e cos2 4 + u22 sin2 e sinZ 4 + u33 cos2 8 ( 1 )  

where 8 is the angle between uj3 and lab z directions and 4 between 
u l l  and x. Of course while systematic variation of the angles in 
a single-crystal sample allows a determination of both principle 
valves and orientation of the tensor, it is not often convenient and 
possible to have oriented crystals. In favorable cases, however, 
anisotropic averaging of the tensor through molecular motion has 
been used to assign tensor element directions. Such an effect is 
easily calculated using an Euler rotation (a ,  @, y)  analogous to 

‘Taken in part from the Ph.D. Thesis of D. E. Wemmer, Lawrence 
Berkeley Laboratory Report No. LBL-8042, 1978. 
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that in (1) above, except that the angles define the relative ori- 
entation of the tensor and the rotation axis systems, and the tensor 
elements are averaged over the motion. For a uniform uniaxial 
rotation the averaged tensor is axially symmetric with 

ul = 1/2(1 - cos2 a sin2 @)all + 
1 /2( 1 - sin2 a sin2 @)u22 + 1 / 2  sinZ @ua 

uI1 = cos2 a sin2 @all + sin2 a sin2 @az2 + cos2 @aj3 (2) 

where ull is the tensor element along the rotation axis and uI is 
the element perpendicular to it. When both the unaveraged and 
averaged tensor elements are known, eq 2 may be solved (to within 
a sign) for the angles a and @. If the axis of rotation is known 
or assumed, then the tensor orientation in the molecular frame 
may be calculated. 

The determination of tensor elements from powder spectra is 
quite straightforward for molecules which have a very small 
number of carbons with different shielding tensors. The powder 
patterns which may be observed have characteristic features a t  
the values uI1,  u22, and uj3 in the general case and uli and uI in 
the axially symmetric case. In more complex cases it is possible 
to use slow magic angle spinning together with a theoretical 
analysis to extract the principal values for several overlapping 
tensors. The simplicity of the compounds in this study precluded 
the necessity of use of such techniques. 

3. Experimental Section 
All spectra were obtained on a home built spectrometer, operating at 

a ”C frequency of 46.5 MHz. The single-contact spin-lock version of 
cross-polarization was used with matching conditions, contact times, and 
recycle delays emperically adjusted for maximum signal on each sample. 
Contact times of 10 ms and recycle delays of 10 s were typical. The 
samples were obtained from a variety of sources, either commercial or 
prepared by standard methods, and were used without further purifica- 
tion. Approximately 150 mg of powder was sealed in 6-mm diameter 
glass tubing, under a dry nitrogen atmosphere for air-sensitive com- 
pounds. Low-temperature spectra were taken with the sample in a 
stream of cold nitrogen gas generated by boiling liquid nitrogen. Tem- 
perature was read from a thermocouple placed near the sample and 
maintained at the desired temperature through use of a feedback-con- 
trolled heater in the gas stream. 
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Table Ie -- 
compd' Tr(u) ujb ul l  u Z 2  u33 Aut 
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I 
(C,H,),Fe 59 58.6 34 34 110 16 

(CsH5)zMg 20 19.2 -24 -24 108 132 
(c5 5 )  2 TiaZ 13  -39 -39 116 155 
(C,(CH,),),Fe 49 1 42 105 83.5 

(C 5 H, ) 2 Ru 55 29 29 108 I 9  

21 21 94 (6 7) 
(C,(CH,),),CoCld 15 -51 5 9 0 i 1 0  1 1 3 i 1 5  

22 -43 18 9 0 + 1 0  1 0 2 k 1 5  
(c6 H6 1 2  Cr 52 14 14 128 114 
C6H6 -1 0 -59 -59 115 114 

the substituant ring is present, causing the tensor to be axially 
symmetric. Short proton relaxation times are additional 
evidence for such motions. Isotropic solution value from the 
literature. Au = u33 - (1/2)(u11 + u2,) .  Due t o  overlap of 
several shielding tensors these values are less precise and corres- 
pondence of u l l  and uZ2 values, and hence Tr(u), are tentative. 
The apparent intensities are two carbons for the fiist tensor and 
three carbons for the second. Rotation of C, rings in this com- 
pound does not occur below 100 "C. Errors in ul l  and uz2 values 
are estimated +5 ppm. e Tensor elements were determined by 
comparison with appropriately broadened computer-generated 
powder line shapes. 

4. Results and Discussion 
The chemical shielding parameters measured for several simple 

metallocenes and several more complex organometallic compounds 
are shown in Table I. In most cases rapid rotation of the C, rings 
causes averaging of the tensor a t  room temperature for unsub- 
stituted rings; the rotation generally does not freeze out until below 
liquid-nitrogen temperatures and hence the rigid-tensor values 
were not obtained in this study. Comparison of the trace values 
of the tensors determined in the solid state with the literature 
isotropic phase values shows little change occurs in chemical 
shielding upon condensation, consistent with other measurements 
in organic solids. 

It is particularly interesting to note the small differences in 433 
values for the various metallocenes. The largest contribution to 
the difference in isotropic shifts comes from the ull  and uzz values. 
Similar effects have been observed for (arene)chromium com- 
plexes. One must be somewhat careful in interpretation of these 
shielding parameters since they are for the most part motionally 
averaged. 

The case of permethylferrocene is particularly favorable in this 
sense since its spectra may be observed at  temperatures where 
it is rigid as well as where it undergoes rapid rotation. In isolated 
molecules it is often possible to determine some of the principal 
directions from symmetry arguments alone. In an isolated planar 
five-carbon ring there must be a principal direction perpendicular 
to each of the two symmetry planes passing through a carbon. 
Since the three axes must be mutually orthogonal, this fixes all 
of the principal directions: one perpendicular to the ring plane, 
one along the ring center to carbon atom vector in the ring plane, 
and one tangential to the ring of carbons. In the presence of a 
metal atom the plane of symmetry containing the ring carbons 
is removed and two principal directions may be rotated from the 
directions described above. If we assume that motion occurs as 
a rotation about the ring C, axis (a detailed study of the dynamics 
of this motion, with justification of this assumption, will be 
published separately),* then we may almost completely determine 
the tensor orientation. We note that upon rotation all three of 
the tensor values change, indicating that the rotation axis is not 
a principal direction, as was observed for rotation in hexa- 
methylbenzene. However, since the degenerate element for the 
averaged tensor lies between uI1 and u22 for the rigid molecule, 
we know that u33 lies nearest to the rotation axis. Using eq 2 and 
the symmetry arguments above, we conclude that the u33 element 
is rotated 19' from the rotation axis. Although the NMR ex- 

' In cases for which u l I  = uZ1 we assume that fast rotation of 
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Figure 1. Orientation of principal axis of "C shielding tensor in per- 
methylcyclopentadionyl ring in permethylferrocene. 
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Figure 2. I3C powder spectra of (benzene)- and bis(ben2ene)chromium 
on the same scale. Large shifts in the tensor elements are observed upon 
binding. 

periment cannot determine the sign of this angle, this most shielded 
direction is probably rotated to pass close to the iron atom, giving 
the orientation depicted in Figure 1. This relatively small rotation 
of the tensor reinforces our conclusion that most of the change 
in shielding comes from changes in the uI1 and uz2 elements. 

From the data of Table I it is clear that the shielding anisotropy 
is very sensitive to the nature of the ring-metal interactions. The 
very similar covalently bonded metallocene of iron and ruthenium 
from the same column of the periodic table have almost identical 
shielding. However, the structurally identical magnesium com- 
pound, with much more ionic bonding character, has much larger 
shielding anisotropy. Qualitatively it is reasonable that more 
electron density in the ring orbitals will lead to greater shielding. 
Since it is not possible to study an isolated anionic cyclopentadiene 
ring, we have also studied bis(benzene)chromium, where shielding 
parameters for the isolated benzene are well-known. As expected 
there is a significant decrease in the anisotropy, shown in Figure 
2. Although motion is present, the upfield shift of the u33 element 
(which cannot stem from averaging) indicates that rotation of the 
tensor analogous to that in permethylferrocene cannot account 
for the observed changes. 

Although quantitative analysis of chemical shielding from a 
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purely theoretical standpoint is still a t  a very crude stage, mea- 
surement of anisotropic shielding can clearly provide a qualitative 
picture of the differences in bonding in organometalic compounds. 
Further investigation of such compounds from both experimental 
and theoretical views seems warranted and may prove fruitful in 
understanding their chemical properties. W-7405-Eng-48. 
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Abstract: Both the methyl acetate molecular ion and its enol fragment by loss of CH30. and show identical kinetic energy 
releases for decompositions occurring in the first drift region of a double-focusing mass spectrometer, consistent with fragmentation 
from the same structure. However, collisional activation mass spectra indicate that both keto and enol ions of lower energies 
retain their original structures. For fragmentation reactions occurring in the ion source, a study of methyl-d3 acetate confirms 
that the methoxy group is lost directly in this fragmentation, while examination of the labeled enol ions CD2C(OH)OCH3+. 
and CH2C(OH)OCD3+. show that the methoxy neutral lost contains largely the enol hydrogen and two of the methoxy hydrogens. 
The results indicate that the enol structure does not fragment directly but isomerizes to the keto structure by two consecutive 
[ 1,4]-hydrogen shifts rather than by a direct [ 1,3]-hydrogen shift. With increasing lifetime methyl acetate molecular ions 
show extensive interchange of hydrogens between the two methyl groups; the extent of hydrogen interchange is less for the 
enol structure, presumably due to their different distribution of internal energy values. A detailed potential energy profile 
for the unimolecular reactions of the two structures is constructed. 

A ubiquitous rearrangement of carbonyl compounds, eq 1, 

I l l  
H-C-C-C-CO-Y: - 

I l l  
results in the formation of the ionized enol of >C(H)-CO-Y 
as the product ion. The evidence supporting the specificity of the 
y-hydrogen transfer and the initial enolic structure of the product 
has been amply reviewed.2 

The question of the ketonization of the enol structure, >C= 
C(OH)Y+. -+ >C(H)-CO-Y+., also has received considerable 
attention, with mixed results. A number of studies2J have 
presented evidence that, a t  least in the specific systems studies, 
ketonization does not occur prior to fast unimolecular reactions 
occurring in the ion source. The stable C3H60+. rearrangement 
product from 2-hexanone retains the enol s t r u c t ~ r e , ~ . ~  and a wide 
variety of enolic ions are more stable thermodynamically than their 
corresponding keto iom6 On the other hand, Bursey et al.' have 

(1 ) (a) Recipient of Canada-Hungary Cultural Exchange Fellowship, 
1977-1978. (b) University of Toronto. (c) Cornell University. 
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shown that the enol ion obtained from dissociative ionization of 
2-n-propylcyclopentanone isomerizes slowly to the keto structure 
as its lifetime in an ICR spectrometer is increased from to 
lo-' s. The enolic C3H60+- and C4H80+. ions formed from 
alkanones have been shown5v8 to rearrange to the keto form prior 
to fragmentation in the drift regions of a mass spectrometer. Of 
particular interest in the present context is the observation8 that 
low-energy, C4H80+. enolic ions do not rearrange to the ketonic 
structure to a significant extent by the direct [1,3]-hydrogen shift 
(eq 2) but rather rearrange either by two consecutive [ 1,4]-hy- 

CH2=C(OH)-CH2CH3+* --* CH3-CO-CH2CH3'. (2) 

CH2=C(OH)-CH2CH3+. - 
CH3-C(=O+H)-CH2CH2. - CH3-CO-CH2CH3'. (3) 

CH3-C(OH)=CHCH3'* --* 

CH3-C(=O+H)-CH2CH2. --* CH3-CO-CH2CH3'. (4) 

drogen shifts (eq 3) or by a [1,2]-H shift followed by a [1,4]-H 
shift (eq 4). This work also showed that the direct shift (eq 2) 
became more important a t  higher internal energies, suggesting 
a high activation energy, but a more favorable energy-independent 
term, for the direct [1,3]-H shift. 

More recently Schwarz and Wesdemiotis9 have reported that 
the structurally similar ion CH2=C(OH)4CH3+. ,  the enol form 
of ionized methyl acetate, isomerizes to the keto form by a sym- 

(8) McAdoo, D. J.; McLafferty, F. W.; Parks, T. E. J. Am. Chem. SOC. 
1972, 94, 1602. 

(9) Schwarz, H.; Wesdemiotis, C. Org. Muss Spectrom. 1979, 14, 25 .  
Although this study reports that both ionized methyl acetate and its enol lose 
the intact methoxy group without isotopic exchange, a reinvestigation 
(Schwarz, H., private communication) provides results in essential agreement 
with those reported in Table I .  
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