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cyclohexane (—AG°®;05 = 1.70 kcal mol~! or K = 17). Tro-
pane!! (5 = 6) gave mixed aminimides in ratio 4.2:1
(—AG®300 = 0.86 kcal mol™! in CCI,FCCIF,) and, by ap-
plication of the kinetically controlled protonation proce-
dure, 13 diastereoisomeric salts in ratio 5.8:1 (—=AG®3g =
1.05 kcal mol™! in CCI,FCCIF,; or cyclohexane near the in-
terface with aqueous sulfuric acid). Agreement between the
two methods is satisfactory!* in view of the obvious differ-
ence in physical conditions.

In application of the photochemical method, all bases (or
mixtures of bases) were converted into aminimides by irra-
diation through Pyrex of solutions in CCl,FCCIF; contain-
ing p-toluenesulfonyl azide and a large excess of base, using
a 450-W medium-pressure Hanovia lamp and a water-jack-
eted reaction cell with temperature controlled to +2°,
Yields of aminimide (based or decomposed azide) were typ-
ically 2-3% (8-9% with tropane); numerous by-products
were evident, but under the experimental conditions chosen
the high yields of by-products do not affect the quantitative
conclusions on conformational equilibria.*!* Aminimides
were readily isolated chromatographically and monitored
by their characteristic ir spectra (strong bands at ca. 1090,
1130, and 1260 cm~!). Rigorous checks with calibration
mixtures (some in high ratios) indicated no tendency
toward thermal or photochemical equilibration of products,
and no loss of minor component during isolation proce-
dures.
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Tunneling Rotation of the Methyl Radical in
the CH;COONa*3D;0 Crystal
Sir:

Since Freed! theoretically predicted the quantum tunnel-
ing effect of the methyl group in radicals, several inter-
esting experimental investigations? have been reported on
the effect. However, these ESR studies on the quantum tun-
neling effect have been restricted to the systems for the
methyl group in free radicals. In this paper, we wish to re-
port the tunneling rotation of the methyl radical about the
threefold symmetry axis of the molecule in a crystal.

We have measured temperature dependence of ESR
spectra of the methyl radical produced by « irradiation of a
single crystal of CH3COONa-3D»0 at temperatures below
77 K. The crystal was mounted in a quartz tube of high pu-
rity for the v irradiation and the ESR measurements. The
insertion type liquid helium Dewar? was used for the ESR
measurements at the temperatures below 77 K. The tem-
perature dependence could be examined for about 4 h until
the sample temperature reaches 4.2 K, by keeping the crys-
tal inside of the sample tube vacuo so that the thermal con-
duction might take place only through direct contact of the
crystal with the glass wall. The ESR spectra shown in Fig-
ure 1b-e were observed during the first 2 h in the sample
cooling process, and the spectrum of Figure 1f was observed
during the last 2 h. After the sample temperature reached
equilibrium with the liquid helium temperature, ESR ab-
sorption could not be observed for the sake of the micro-
wave power saturation effect.

As Figure 1 shows, the v irradiated crystal of
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Figure 1. Temperature dependence of ESR spectra of the methyl radi-
cal produced by v irradiation of CH3COONa:3D,0. The ESR spectra
(a) was observed at 77 K and the spectra (b-f) were observed during
the cooling process from 77 K to the liquid helium temperature in this
order. Magnetic field is parallel to the a axis of the crystal. Weak trip-
let lines in (a) are due to the CH,COO™ radical.

CH3;COONa-3D,0 reveals well-resolved quartet lines with
the isotropic hyperfine coupling constant of 22.4 G and
small anisotropy less than 0.8 G at 77 K. This hyperfine
pattern is apparently due to the methyl radical, produced by
the v irradiation.* As the temperature lowers, however, the
drastic changes of the hyperfine pattern were observed; i.e.,
the relative intensities of the M| = ' lines to the outside
lines decrease monotonously with decreasing temperature
and new lines appear on the both sides of each M| = 1}
line. This variation in the hyperfine pattern was confirmed
to be completely reversible by observing the changes of the
ESR spectra by the spontaneous increase of temperature
after evaporation of liquid helium.

The quartet lines observed at 77 K are the hyperfine pat-
tern observed ordinarily for the methyl radical,® and the
radical is considered to be freely rotating about its threefold
symmetry axis at 77 K. However, at the lower temperature
range where the drastic changes of the hyperfine structure
were observed, the rotational motion of the methyl radical
may be strongly restricted. If the potential barrier of the
trapping site of the radical is represented by the threefold
symmetry, the rotational oscillation state is expected to split
into A and E symmetry components by the tunneling ef-
fect.!5 It is further expected that the large anisotropic pro-
ton hyperfine interaction will cause splitting of the E state
through the tunneling rotation of the molecule, as the angu-
lar dependent proton hyperfine interaction in the tunneling
rotating methyl group in radicals split its E state degenera-
cy.!® The observed eight-line pattern in Figure 1f is appar-
ently the one expected for this quantum tunneling rotation
of the radical.

The observed splitting, 8, showed a large anisotropy; the
splitting 6 appreciably varied with crystal orientation in the
magnetic field. For the rotation about the a axis of the crys-
tal, the splitting changed from 2 to 13 G. If it is assumed
that the E splitting® arises from the anisotropic proton hy-
perfine interaction, the splitting & for the methyl radical is
approximately calculated to be about 2 G at the minimum
and 15 G at the maximum, by the use of anisotropy values
for the methyl radical protons estimated from the theoreti-
cal calculation for the hyperfine interaction for a C-H frag-
ment. The calculation of the & splitting indicates good
agreement with the observation. From these facts, it can be
concluded that the observed ESR changes at the low tem-
peratures are attributed to the quantum tunneling rotation

of the methyl radical about its threefold symmetry axis in
the CH3COONa.3D,0 crystal. Further work in this system
is now in progress.
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Crossed Beams Chemistry: Ba(!S) + SO,('A) —
BaO(!Z*) + SO(3Z")
Sir:

Smith and Zare! have recently reported the laser induced
fluorescence spectrum of the BaO(!Z+) product of the Ba
+ SO, reaction. They have pointed out that production of
SO product in its lowest singlet state (a'A) is forbidden by
energy conservation in their experiment (AH = +13 kcal/

mol) so that the observed BaO product was ascribed to the
spin-forbidden, bimolecular reaction

Ba('S) + SO,(*A) — BaO('Z%) + SO(3=") (I)

with AH = —4.1 kcal/mol. Since strong violation of the
Wigner spin conservation rule is a rare kinetic phenome-
non,! we have studied this reaction in a crossed molecular
beam apparatus and report our initial findings here.

The Ba beam, prepared by effusion from a molybdenum
crucible at 1140-1170 K with an approximate thermal
speed distribution, was intersected at 90° by an SO, nozzle
beam (stagnation chamber temperature of 430 K and pres-
sure of 280 Torr). Previous experience in this laboratory in-
dicates that these conditions should produce translational
and rotational relaxation in the expansion process resulting
in a sharp SO, beam speed distribution (Mach number =~
11) centered at 0.67 km/s. Thus, the reactants collide with
a well-defined collision energy, E = ug?/2 = 3.3 kcal/mol,
and little SO, internal excitation. The BaO products scat-
tered from the beam intersection region (BIR) are detected
by a quadrupole massfilter tuned to the BaO* mass setting
after ionization in a Brink type electron-bombardment ion-
izer (EBI). This detector unit is rotated about the BIR, in
the plane defined by the intersecting beams, in order to
measure the laboratory (LAB) BaO product number densi-
ty angular distribution, N(8).

Smith and Zare! produced the BaO by allowing a Ba
atom beam to traverse a scattering chamber containing SO,
at ~1074 Torr. Although these conditions would ordinarily
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