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the actual rate ratio for iVww-cyclooctene to cw-cyclooctene would 
be 200-1200, closer to what might be expected for electron 
transfer. 

Therefore, although questions remain, the electron-transfer-
carbocation mechanism appears to best explain the epoxidations 
of reactive alkenes. 
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(11) We have recently observed a small amount of cyclohexene-4-
carboxaldehyde during catalyzed epoxidation of norbornene,'* indicating some 
skeletal rearrangement in that epoxidation. 
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In this paper, we present a novel approach to nitrogen NMR 
spectroscopy of both oriented and polycrystalline samples. The 
method employs the direct excitation and detection of 14N overtone 
NMR transitions at approximately twice the 14N Larmor fre­
quency.1 

New approaches to nitrogen NMR are needed both because 
of the chemical and biochemical importance of nitrogen and 
because of the limitations of current methods. In the solid state, 
15N NMR typically requires isotopic labeling to achieve sufficient 
sensitivity.2"5 Through cross-polarization,6 good sensitivity is 
achieved in 14N NMR of single crystals. The large quadrupole 
interactions of 14N nuclei provide high resolution in single-crystal 
spectra but at the expense of a spectral width of several mega­
hertz.7"16 Since the experimentally observable spectral range is 
only about 200 kHz, it is impossible to acquire a complete 
spectrum without repeated retuning of the spectrometer. 14N 
powder pattern spectra have only been obtained with indirect 
detection17 or when the quadrupole couplings are unusually 
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Figure 1. Spin energy level diagrams for '4N NMR. In a large static 
magnetic field fundamental transitions at the Larmor frequency P0 (18.06 
MHz in a 5.87-T field) are observed. The first-order effect of a quad­
rupole coupling in the solid state is to split the fundamental spectrum into 
a doublet, with a splitting of 2ve

(1) (up to 4.5 MHz with e2qQ/h = 3.0 
MHz). For large quadrupole couplings, a second-order shift i*e

(2) (up to 
approximately 50 kHz) is observed in the fundamental spectrum. Ov­
ertone transitions at 2i/0 + 2ce

(2) become allowed and can be directly 
detected by pulsed NMR. 

small.18'" Large quadrupole couplings also limit the applicability 
of double-quantum20"24 and zero-field25"27 NMR techniques. For 
these reasons, we became interested in the insightful proposal by 
Bloom,1" and the experimental demonstration by Legros and 
Bloom,lb that 14N overtone NMR transitions can be directly 
excited and detected in the solid state. 

The essential physical aspects of 14N NMR are summarized 
in Figure 1. In an applied magnetic field, there are three spin 
energy levels separated by hvQ. Since only transitions at the 
Larmor frequency v0, i.e., the fundamental transitions, are allowed 
by dipole selection rules, a single resonance is observed. In solids 
and oriented systems, the quadrupole interaction effectively shifts 
the middle energy level with respect to the others by ve

(1'. When 
the quadrupole coupling constant e2qQ/h is much smaller than 
C0, the fundamental spectrum becomes a doublet centered at P0 

with a splitting of 2pe
(1). As ^qQJh becomes larger, second-order 

effects appear. One second-order effect is to shift the lowest energy 
level down and the highest energy level up by the second-order 
shift cg(2). The other second order effect, which is crucial for 
overtone NMR, is to make transitions between the lowest and 
highest energy levels, i.e., the overtone transitions, weakly allowed. 
Thus, a single resonance can be observed at Iv0 + 2i<e

(2), or 
approximately twice the 14N Larmor frequency. Since the overtone 
frequency is only affected by vg(2), the total width of an overtone 
spectrum is less than that of a fundamental spectrum by a factor 
of approximately 8hp0/e

2qQ (45 for the example shown here). 

Figure 2 contains the first examples of high-resolution 14N 
overtone NMR spectra obtained with proton decoupling and 
cross-polarization, illustrating the resolution and sensitivity of the 
technique. The two resonance lines in each spectrum arise from 
two inequivalent molecules in the unit cell of the 50-mg N-
acetylvaline crystal. The 200-Hz line widths are approximately 
10 times less than the corresponding fundamental line widths.8 

The comparison of Figure 2, parts A and B, demonstrates the 
signal enhancement resulting from cross-polarization using a 
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FIgHTe 2. Proton-decoupled 14N overtone NMR spectra of a single crystal 
of 7V-acetylvaline. (A) Directly pulsed spectrum, using a 30-ms nitrogen 
overtone if pulse at 36.212 MHz (v0 = 18.059 MHz); 1024 transients 
with a 1-s recycle delay. The two lines arise from two inequivalent 
molecules in the unit cell. The frequency scale is relative to 2va =36.118 
MHz. (B) Spectrum obtained with cross-polarization from proton di­
polar order, demonstrating signal enhancement 1024 transients with a 
1-s recycle delay. (C) Spectrum obtained with cross-polarization after 
an arbitrary 10s rotation of the crystal, illustrating the sensitivity of the 
overtone frequencies to orientation. 
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Figure 3. Experimental (A1D) and calculated (B,C,E,F) 14N overtone 
NMR spectra of JV-acetylvaline powder. Experimental spectra were 
obtained with proton decoupling and cross-polarization. The overtone 
if field Bx was applied perpendicular to the static field B0 in (A)-(C) and 
parallel to B0 in (D)-(F). Each experimental spectrum is the result of 
approximately 30000 scans with a carrier frequency of 36.225 MHz. In 
the calculated spectra, the signal contribution of each crystallite orien­
tation is weighted by the magnitude of the overtone transition moment 
at that orientation. In the experimental spectra, the intensities are de­
termined by both the transition moment and the cross-polarization ef­
ficiency. Both second-order quadrupole shifts and chemical shifts were 
included in the calculations of (B) and (E); only second-order quadrupole 
shifts were considered in the calculations of (C) and (F). 

Jeener-Broekaert sequence.28 Figure 2C illustrates the sensitivity 
of the overtone frequencies to molecular orientation, primarily 
due to the orientational dependence of vG

(2). 
Figure 3 contains the first overtone NMR spectra of a poly-

crystalline sample. Spectra of a 230-mg powder sample of N-
acetylvaline were obtained with two different double-resonance 
probe configurations. The spectrum in Figure 3A was obtained 
by using a double-tuned probe with a radiofrequency solenoid coil 

(28) Jeener, J.; Broekaert, P. Phys. Rev. 1967, 157, 232-240. 

perpendicular to the static field B0. which is the usual configuration 
in solid-state NMR. The spectrum in Figure 3D was obtained 
by using a probe with a solenoid coil parallel to B0

1'29 for 14N 
irradiation near 2c0 and a Helmholtz coil perpendicular to B0 for 
proton irradiation. The fact that two sharp features appear in 
Figure 3D while only a single sharp feature appears in Figure 3A 
is a consequence of the different orientational dependences of the 
overtone transition moment in the two coil configurations. 

The positions of the sharp features in Figure 3 A,D are deter­
mined primarily by the values of e2qQ/h and the quadrupole 
asymmetry parameter ??. In addition, effects of chemical shift 
anisotropy (CSA) are apparent in the details of the shapes of the 
spectral features. Parts B and E of Figure 3 are calculated 
overtone powder patterns for the perpendicular and parallel coil 
configurations in which the values e2qQ/h = 3.24 MHz and ?j = 
0.27 were used, along with an axially symmetric CSA tensor 
characterized by a, = -114 ppm and ax = 57 ppm. The values 
of ^qQ/ h and i; were determined from the experimental spectra, 
and are in good agreement with previously reported values.8,30 The 
values of ot and «rx were taken from 15N NMR studies of peptides 
and proteins.31,32 In Figure 3B,E the principal axis of the CSA 
tensor was taken to be aligned with the x axis of the quadrupole 
tensor. Parts C and F of Figure 3 are powder patterns calculated 
without including CSA effects, showing that the quadrupole in­
teraction accounts for the principal features of the experimental 
spectra. 
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The concept of Bourdart1 of structure sensitivity in heteroge­
neous catalytic reactions suggests that the kinetics and the 
mechanism of a reaction may depend on the surface structure and 
the crystalline size of the catalyst. Investigation of the surface 
structural effect is made possible by surface science techniques 
using single-crystal samples.2"4 It is interesting to note that all 
the examples reported have been on metal surfaces. We report 
here the first example of surface structural effect on single-crystal 
surfaces of an oxide, specifically zinc oxide. 
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