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feet can be rationalized for path b if one considers that 
intermediate 9a will be lower in energy than 9b.13 

In considering a concerted mechanism, the "pivot" 
type of transition state (transition state C) can ratio-

4.5, and 6 

nalize the data if one assumes that the pivot methylene 
is the loosest CH2 group in the transition state. 

While a complete distinguishing of the mechanism 
is not possible in this case, significant insight is gained 
into the mechanistic process, insight which will un
doubtedly be magnified as more analogy becomes avail
able relating to secondary deuterium isotope effects in 
sigmatropic processes. In these and in our earlier 
results we want to emphasize that the isotope effect 
data may be interpreted using a simple, rule of thumb, 
"steric" interpretation of secondary isotope effects and 
that useful mechanistic conclusions can be deduced 
without rigorous theoretical analysis. 

(13) This is likely because of the greater steric requirement of CH2 vs. 
CD2 and, as described earlier, because of the differences between a 
planar and an orthogonal allylic CH2 group in the twisting vibration. 
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Ring Inversion in Cyclohexanone 

Sir: 

We wish to report the first experimental determina
tion of the free-energy barrier (AG*) for ring inversion 
in cyclohexanone.1 For reasons discussed below, we 

(1) The claim by Jensen and Beck2 that the "most probable" AG* 
for ring inversion in cyclohexanone is 4.9 ± 0.3 kcal/mol was based 
on the observation that the proton nmr lines of this ketone (or its 
2,2,6,6-di derivative) are broader than the tetramethylsilane line at — 168 
to — 172". This extra broadening was attributed to the rate constant for 
ring inversion being in an intermediate region between the slow and fast 
exchange limits. However, there are large and different contributions 
to the line widths at low temperatures as a result of dipole-dipole 
relaxation, and thus no valid deduction about AG* can be made from 
these experiments. Furthermore, the "confident" conclusion2 that 
AG* has a maximum value of 5.1 kcal/mol (5.2 kcal/mol for the tetra-
deuterio derivative) depends on the absence of near-coincidences in 
chemical shifts between the axial and equatorial protons on a CH2 
group. Such near-coincidences are found in 1,4-dioxane3 and cannot 
be eliminated with real confidence for cyclohexanone. The barrier to 
ring inversion in 4,4-difluorocyclohexanone has been stated to be <2.3 
kcal/mol because of the absence of broadening of the fluorine resonance 
at —183 V Although near-coincidences in chemical shifts are less 
likely for fluorines than for protons,6 such a possibility cannot be com
pletely ruled out. The only well-established barriers for ring inver
sion in six-membered ketones are for 2,2,5,5-tetramethylcyclohexanone 
(AG* = 8.1 kcal/mol)6 and 2,2,5,5-tetramethyl-3-methylenecyclohexa-
none (AG* = 5.9 kcal/mol),7 where substituent effects are undoubtedly 
quite large. 

(2) F. R. Jensen and B. H. Beck, J, Amer. Chem. Soc, 90,1066 (1968). 
(3) F. A. L. Anet and J. Sandstrom, Chem. Commun., 1558 (1971); 

F. R. Jensen and R. A. Neese, / . Amer. Chem. Soc, 93, 6329 (1971). 
(4) R. E. Lack, C. Ganter, and J. D. Roberts, ibid., 90, 7001 (1968). 
(5) S. L. Spassov, D. L. Griffith, E. S. Glazer, J. Nagarajan, and J. D. 

Roberts, 16W., 89, 88 (1967). 
(6) M. Bernard and M. St. Jacques, Chem. Commun., 1097 (1970). 
(7) M. Bernard, F. Sauriol, and M. St. Jacques, J. Amer. Chem. Soc, 

94,8624(1972). 
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Figure 1. 251-MHz 1H nmr spectra of cyclohexanone-i,J,4,5,5-ds 
in a 5:1 mixture OfCHClF2 and CHCl2F at various temperatures. 

prepared and studied the nmr spectrum of cyclohex-
anone-3,3,4,5,5-f/5 (I). Exchange of 4-hydroxycyclo-
hexanone with D2O-Na2CO3 gave the 2,2,6,6-tetra-
deuterio derivative8 which was converted into its p-
toluenesulfonylhydrazone.9 Treatment of the latter 
compound with LiAlD4 in tetrahydrofuran followed by 
decomposition with water9 gave cyclohexanol-3,3,4,5,5-
d-0, which on chromic acid oxidation10 gave I, isolated 
by vpc. 

The 251-MHz proton nmr spectrum of I, obtained 
with the deuterons decoupled, is shown at several tem
peratures in Figure 1. From room temperature down 
to about —170° the spectrum consists of two lines (in
tensity ratio ~ 4 : 1 ) which can be assigned to the four 
a protons and the single y proton, respectively. The 
line of the y proton broadens greatly below —180° and 
splits into a doublet below —184°.n The a-proton 
line merely broadens continuously as the temperature 
is lowered below —180°, but does not separate into two 
lines down to —190°. The much greater broadening of 
the a-proton line as compared to the 7-proton lines at 
temperatures below —185° is ascribed to faster intra
molecular dipole-dipole relaxation in the CH2 group 
as compared to the CHD group.12 Thus, the advan
tage of deuteration in the present situation is not merely 
a simplification of the spectrum because of the reduc
tion of the number of chemical shifts and the removal 
of strong J coupling effects, but includes an important 
reduction in the inherent line widths. The chemical-
shift difference between an axial and equatorial 7 pro
ton in I is 0.24 ppm, and is thus considerably smaller 
than the 0.47-ppm chemical-shift difference in cyclo-
hexane.13 

(8) W. F. Trager, B. J. Nist, and A. C. Huitric, Tetrahedron Lett., 
2931(1965). 

(9) M. Fischer, Z. Pelah, D. H. Williams, and C. Djerassi, Chem. Ber., 
98,3236(1965). 

(10) H. C. Brown and C. P. Carg, / . Amer. Chem. Soc, 83, 2952 
(1961). 

(11) For temperatures much below — 170°, the cooling gas was cold 
helium obtained from a storage liquid helium dewar fitted with an elec
tric heater and a helium transfer line. 

(12) The intramolecular dipole-dipole relaxation rate is 16 times 
larger in a CH2 group than in an otherwise similar CHD group. Inter-
molecular relaxation with solvent nuclei, however, probably becomes 
important in the case of CHD groups: J. H. Noggle and R. E. Schirmer, 
"The Nuclear Overhauser Effect," Academic Press, New York, N. Y., 
1971, p 33. 

(13) F. A. L. Anet and A. J. R. Bourn, / . Amer. Chem. Soc., 89, 760 
(1967); F. A. Bovey, F. P. Hood, III, E. W. Anderson, and R. L. 

From the nmr data on I the rate constant for ring 
inversion at —183° is calculated to be 130 sec-1. The 
boat or twist-boat being assumed as an intermediate, 
the AG* at —183° for the chair-boat process is calcu
lated to be 4.0 ± 0.1 kcal/mol (AG* at -183° for the 
chair-chair process is 4.1 kcal/mol). These kinetic 
parameters are expected to be valid for cyclohexanone 
itself since isotope effects should be very small.14 

Strain-energy calculations give a value of 3.9 kcal/ 
mol for the barrier to ring inversion in cyclohexanone,16 

in excellent agreement with the present experimental 
results. The barrier in cyclohexanone is substantially 
lower than the barriers in cyclohexanone oxime methyl 
ether2 (AG* = 5.6 ± 0.5 kcal/mol), methylenecyclo-
hexane2-16 (AG* = 8.4 ± 0.1 kcal/mol), and cyclo-
hexane13'14 (AG* = 10.2 kcal/mol) mainly because of 
differences in the torsional barriers about sp3-sp3 and 
various kinds of sp3-sp2 C-C bonds.2,16 
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(14) Cyclohexane and cyclohexane-dn undergo ring inversion at the 
same rate: A. Allerhand, F. Chen, and H. S. Gutowsky, / . Chem. Phys., 
42,3040(1965). 
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1173 (1972); see also R. Bucourt and D. Hainaut, Bull. Soc. ChIm. Fr., 
4562 (1967); J. Fournier and B. Waegell, Tetrahedron, 26, 3195 (1970). 

(16) J. T. Gerig,/. Amer. Chem. Soc, 92,1219 (1970). 

F. A. L. Anet,* Gwendolyn N. Chmurny, Jostein Krane 
Contribution No. 3125 

Department of Chemistry, University of California 
Los Angeles, California 90024 

Received February 27, 1973 

Detection of a Crown Family Conformation in 
Cyclooctane by Proton and Carbon-13 Nuclear 
Magnetic Resonance 

Sir: 
Cyclooctane and its simple derivatives appear to 

exist predominantly in boat-chair conformations, as 
shown by X-ray diffraction1 and nmr2 studies. The 
introduction of certain substituents or heteroatoms, 
however, can make a crown family2 '3 conformation 

(1) M. Dobler, J. D. Dunitz, and A. Mugnoli, HeIv. Chim. Acta, 49, 
2492(1966); H. B. Burgi and J. D. Dunitz, ibid., 51, 1514 (1968); P. 
Groth, Acta Chem. Scand., 19, 1497(1965); 21,2695(1967); T. Srik-
rishnan, R. Srinivasan, and R. Zand,/. Cryst. MoI. Struct., 1,199(1971). 

(2) (a) F. A. L. Anet and J. S. Hartman, J. Amer. Chem. Soc, 85, 
1204 (1963); (b) F. A. L. Anet and M. St. Jacques, ibid., 88, 2585, 
2586 (1966); (c) J. E. Anderson, E. D. Glazer, D. L. Griffith, R. Knorr, 
and J. D. Roberts, ibid., 91, 1386 (1969); (d) F. A. L. Anet, M. St. 
Jacques, and P. M. Henrichs, Intrasci. Chem. Rep,, 4, 251 (1970)! (e) 
F. A. L. Anet in "Conformational Analysis, Scope and Present Limita
tions," G. Chiurdoglu, Ed., Academic Press, New York, N. Y., 1971, 
p 15; (f) F. A. L. Anet and P. J. Degen, / . Amer. Chem. Soc, 94, 1390 
(1972); (g) F. A. L. Anet, Fortschr. Chem. Forsch., in press, (h) A 
very recent claim (H.-J. Schneider, T. Keller, and R. Price, Org. Magn. 
Resonance, 4, 907 (1972)) that monosubstituted cyclooctanes exist to the 
extent of 25-50% in chair-chair conformations is based, in our view, 
on fallacious chemical-shift arguments, and furthermore is in disagree
ment with other nmr evidence. 

(3) (a) J. M. Lehn and F. G. Riddell, Chem. Commun., 803 (1966); 
(b) M. N. Ferguson, D. D. MacNicol, R. Oberhausli, R. A. Raphael, 
and R. Zabkiewicz, ibid., 103 (1968); (c) J. Dale and J. Krane, / . Amer. 
Chem. Soc, 94, 1389 (1972); (d) L. Pauling and D. L. Carpenter, ibid., 
58, 1274 (1936); (e) D. Grandjean and A. Leclaire, C. R. Acad. Sci. 
Paris, 265, 795 (1967); (f) H. H. Cady, A. C. Larson, and D. T. Comer, 
Acta Crystallogr., 16, 617 (1963); (g) H. Schenck, Acta Crystallogr., 
Sect. B, 27, 185 (1971); (h) R. Sass and J. Donohue, Acta Crystallogr., 
11, 497 (1958); (i) E. W. Lund and S. R. Svendsen, Acta Chem. Scand., 
11, 940 (1957); (j) S. C. Abrahams, Acta Crystallogr., 8, 661 (1955). 
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