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Recently we described a probe for cross-polarization magic 
angle spinning (CPMAS) NMR experiments at temperatures near 
that of liquid helium.1 Reasonable spinning rates are possible 
since separate gas supplies are used for spinning and cooling. As 
Figure 1 indicates, liquid-nitrogen-cooled helium drives the rotor, 
while colder helium gas bathes the sample. This probe was 
constructed to investigate processes with very low activation 
barriers as well as tunneling phenomena. 

The 2-norbornyl cation was selected for study with this probe 
since previous spinning (to 77 K) and nonspinning (to 5 K) spectra 
provide benchmarks,2 and since an experimental response to al
ternative interpretations of these spectra seemed warranted.3 

Samples of carbon-13-labeled 2-norbornyl cation were prepared 
in SbF5 by codeposition and annealing.2,4 The codeposit was 
packed in 5-mm NMR tubes. These tubes were evacuated, sealed, 
annealed (dry ice, 24 h), inserted in KeI-F rotors at low tem
perature, and transferred in the cold to the precooled stator. 
Spinning was initiated after the cold probe was lowered into the 
cryomagnet. 

Spectral results are summarized in Figure 2. Major features 
are self-evident. Like earlier nonspinning spectra,2b the chemical 
shift of the 125 ppm band assigned to Cl and C2 remains un
changed to 6 K.5 No lower field bands are found. 

Bands in the spectra shown in Figure 2 are broad. There is 
undoubtedly inhomogeneous broadening attributable to the glassy 
SbF5 matrix.4'6 In addition, the triple-tuned single-coil design 
used does not allow the 1H and 19F rf field levels available in 
previous work.7 The more limited decoupling fields may also be 
reflected in the bandwidths. Despite limitations, the spectra 
represent a distinct improvement over nonspinning spectra.2b 

Kramer and Scouten take published spinning spectra23 (from 129 
to 77 K) as evidence for slowing of a postulated exchange between 
enantiomeric norbornyl cations.38 The 125 ppm band does broaden 
some over this temperature range, but as noted previously,28 there 
are a number of factors that can change bandwidths.8 If the 
broadening of CI ,C2 observed28 is due to slowing of a postulated 
chemical exchange in the 129-77 K region, one must also expect 
the formation of two bands at temperatures above 40 K.9 In the 
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Figure 1. Sketch of the lower portion of the ultralow-temperature MAS 
probe. Critical components are labeled as follows: A, rotor; liquid 
nitrogen cooled helium bearing (B) and spinning (C) gas; D, cold gas 
transfer dewar; E, metal bellows; F, copper cradle to hold stator; G, brass 
stator; H, liquid helium (or liquid nitrogen); I, glass sample tube; J, 
chromium wire; K, Cu-constantan thermocouple; L, cryodiode; M, 
spinning-rate pickup wire; N, rf (sample) coil; O, outer conductor of 
transmission line; P, inner conductor; Q, rf coil form; R, rf field pickup 
loop. 

CPMAS spectra reported here, the C1,C2 band remains un
changed from 120-6 K, and no new bands are detected at lower 
field. The ultralow-temperature spinning spectra provide no 
evidence for selective line broadening that would signal slowing 
of a dynamic process averaging Cl and C2. 

Heavy-atom tunneling has been proposed to accommodate both 
NMR results and a chemically significant activation barrier be
tween postulated enantiomeric norbornyl cations.3b,1° Saunders 
and Johnson showed that tunneling could lead to new bands (side 
bands) in the spectrum with predictable shifts and intensities." 
These side bands would have splitting equal to or greater than 
the estimated chemical shift difference between Cl and C2 of the 
enantiomeric pair (200 ppm = 3 kHz) if the tunneling frequency 
is <6 kHz. Sidebands have been observed in systems known to 
undergo exchange by tunneling.128 Further, marked decreases 
in tunneling frequency with increasing temperature are found.12,13 

The spectra in Figure 2 show no evidence of the tunneling splitting 
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Low-temperature '3C CPMAS spectra of the 2-norbornyl 
nning rates achieved range from 1.7 kHz at 120 K to 1.0 kHz 

Figure 2. ,. . 
cation. Spinning rates achieved range trom l./ KMz at I i U M o I.UKHZ 
at 6 K. In the 6 K spectrum, SS denotes a spinning sideband of the peak 
at 125 ppm. 

predicted.14 As Saunders and Johnson have noted, the absence 
of side bands could be explained by very high frequency tunneling 
at all temperatures."8 However, evidence that tunneling rates 
decrease with increasing temperatures12'13 makes this explanation 
less persuasive. One must also recognize that lattice effects which 
may destroy the symmetry of a hypothetical double-well potential 
further limit the possibility that tunneling is a valid interpretation. 
Alternatively, the spectra can be explained by an extremely low 
barrier or a single minimum potential surface. The absence of 
a significant barrier is exactly what the NMR data imply, and 
all that this kind of NMR experiment can establish. 

The numerous studies of the 2-norbornyl cation have been 
reviewed and interpreted.15 Saunders's summation of experi
mental evidence supporting the bridged structure of the norbornyl 
cation"8 and the results of high-level ab initio calculations16 merit 
careful consideration. This study demonstrates CPMAS NMR 
capability at temperatures near that of liquid helium and provides 
further constraints on structural and dynamic hypotheses raised 
concerning the 2-norbornyl cation. We anticipate the use of 
ultralow-temperature MAS NMR in studies of other systems. 
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After four decades of detailed study, C4H7
+ remains enigmatic.1 

Recent high-level calculations show two isomers with nearly 
identical energy: the symmetrical bicyclobutonium ion (1) and 
a partially delocalized cyclopropylcarbinyl cation (2).2 Further, 
these calculations indicate that the energy surface connecting 1 
and 2 is quite flat.2 

A set of interconversions, Figure 1, accounts for the rapid 
averaging of methylene carbons observed in solution-state NMR 
studies.3 If these interconversions could be slowed, 1 could be 
distinguished from 2 on the basis of chemical shifts of their unique 
methylene carbons. The pentacoordinate methylene of 1 should 
have a resonance at high field. The formally charged methylene 
of 2 should be strongly deshielded. We report here CPMAS 
spectral studies of C4H7

+ that provide the first direct spectral 
evidence for 1 and 2. 

Using the ultralow-temperature magic angle spinning NMR 
probe,4 we have obtained CPMAS spectra of methylene carbon 
labeled C4H7

+ in amorphous SbF5 from 170 to 5 K. Spectra are 
shown in Figure 2. There is correspondence with earlier spectra 
above 77 K. Below 60 K, four distinct bands are seen at 235, 55, 
28, and -15 ppm.7 The 235 ppm band intensity decreases and 
the upfield band at -15 ppm increases as the temperature is 
lowered to 5 K. The two bands at 55 and 28-23 ppm remain with 
little change. Short- and long-term temperature cycling showed 
that spectra are reproducible. 

The development of distinct bands at 60 K and below requires 
slowing of a rapid equilibrium. IGLO (individual gauge for 
localized orbitals) calculations of the chemical shifts of 1 and 2 
have been reported by Schindler,8 and calculated shifts, based on 
optimized geometries of 1 and 2 at the MP2(FULL)/6-31G* 
level,2b are shown in Table I. Based on Schindler's calculated 
shifts and an array of supporting experimental data, we assign 
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