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Atropisomerism of Cyclohexane Compounds 
By SAUL WOLFE* and JOHN R. CAMPBELL 

(Depaidment of Chemistry, Queen’s University, Kingston, Ontario, Canada) 

A cis-1,2-disubstituted cyclohexane [e.g., (I)] 
exhibits atropisomerisml since the ax, eq 2 eq, ax 
transformation converts an asymmetric compound 
into its mirror image.2 Resolution of atropisomers 
is held to be feasible a t  ordinary temperatures if 
the activation energy for racemization is greater 
than 16 k~al . /mole .~  A compound of type (I) is 
then unresolvable unless this minimum energy 
barrier to ring inversion can be arranged. 

Most of the experimental data on the ring 
inversion of cyclohexane compounds have been 
obtained by n.m.r. For the parent compound 
there is still disagreement about the magnitudes 
of the activation para~neters,~ an unfortunate 
situation in view of the central position of cyclo- 
hexane in conformational analysis. We believe 
that the development of a nonspectral method for 
the study of ring inversion would be of value and 
that the simplest of these would involve measure- 
ment of the racemization of an  atropisomeric 
system. We describe results which show that the 
approach is tractable. 

We expected that a cis-1,2-disubstituted cyclo- 
hexane would invert less rapidly than its epimer 
because in the cis-compound the substituents must 
pass each other. This expectation was incorrect. 

cis- and trans-l,2-Disubstituted [3,3,6,6-2H,]cyclo- 
hexane compounds did show the expected5 
differing temperature dependence of their n .m.r. 
spectra, but AGZ values calculated6 from the 
coalescence temperatures and chemical shifts of 
the low-field signals were the same, i .e . ,  10-i- 
11.0 kcal./mole. 

x x  Y Y  c1 c1 

The spectral results shown in Figure 1 are 
typical. This Figure shows the n.m.r. spectrum 
of cis-1,2-bismethoxycarbony1[3,3,4,5, 6,6-2H6]- 
cyclohexane a t  various temperatures. This coni- 
pound was synthesized in order t o  facilitate 
analysis of the temperature dependence of both 
sets of ring protons. At room temperature, the 
protons geminal to methoxycarbonyl and to 
deuterium appear as single peaks a t  2.8 and 1.5 
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FIGURE 1. T h e  n.m.r. spectrum 
temfieratures shown at 500 and 50 

of cis-l,2-bismethoxycarbonyZ [3,3,4,5,6, 6-2H,]cyclohexane at various 
c./sec. sweep widths. T h e  stereochemistry at C-4 and C-5 i s  i:?dicated. 

d 

FIGURE 2. T h e  energy profile for the ring inversion of a cis-l,2-disubstituted cyclohexane. 

p.p.m., respectively. As the temperature is 
decreased two separate coalescence temperatures 
are observed ; one, a t  - 50", for the protons geminal 
to methoxycarbonyl, and the other, a t  - 57O, 
for the protons geminal to deuterium. Two coales- 
cence temperatures are seen because there are two 
limiting chemical-shift differences : 54 c./sec. for 
the protons geminal to methoxycarbonyl and 
43 c./sec. for the protons geminal to deuterium. 
The calculated AGI values are the same, 10.7- 
10.8 kcal./mole. For this compound, then, a 
single process leads to exchange of protons on both 
sides of the ring. Since, from the data quoted 
above, the rate is the same for both a cis- and a 
tvans-isomer and does not differ significantly from 
that observed for cyclohexane4 or monosubstituted 
cyclohexanes,? the pseudorotation being measured 

by the n.m.r. method cannot involve the carbon 
atoms which carry the substituents. 

The meaning of these observations is that 
cyclohexane compounds invert via the half-chair 
transition state of lowest energy. So long as the 
molecule contains four adjacent CH, groups these 
will become coplanar in the half chair. Because 
the passing interaction in the cis-l,2-disubstituted 
compounds is unobservable, this must occur from 
the twist conformation. The energy profile for 
the ring inversion of a cis- 1,2-disubstituted cyclo- 
hexane then has the form shown in Figure 2.8 
Since the energies of the half-chair and the twist 
conformations are about 10-S4 and 5-5  kcal./mole 
above that of the chair, the passing interaction 
would be unobservable unless it amounted to more 
than 6 kcal./mole. For resolution to be possible 
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the passing interaction would have to exceed two AB quartets are seen with limiting chemical 
11 kcal./mole. Thus, in a practical sense, a shifts of 29 and 21 c./sec. for the protons geminal 
cis-1,2-disubstituted cyclohexane is unresolvable. to chlorine and methoxycarbonyl. As expected, 

)c- 26.iHz 4 18.6 HZ (m) (21) PPM 

FIGURE 3.  
at various temperatures. 

The n.m.r. spectrum of cis, anti, cis-4,5-dichloro- 1,2-bisrnethoxycarbonyZ [ 3,3,6, 6-2H,] cy clohexane 

The energy of the transition state in the inver- 
sion of a substituted cyclohexane would be raised 
if the substituents were forced to be coplanar in 
the half chair. A compound such as (11) fulfils 
this requirement and at  the same time retains the 
property of atropisomerism. The rate of inversion 
of (11) should be appreciably slower than that 
of (I), because in (11) either two X’s or two Y’s 
must be coplanar in the transition state. 

Figure 3 shows the data obtained for such 
a compound, viz., cis,anti,cis-4,5-dichloro-lJ2- 
bisrnethoxycarbonyl[3,3,6, 6-2H,]cyclohexane (111). 
At room temperature the tertiary protons geminal 
to chlorine and to methoxycarbonyl appear as 
sharp peaks at  5.2 and 4.4p.p.m., respectively. 
As the temperature is decreased coalescence is 
now observed a t  -2” and -12”. Below -69” 

the AG$ values are the same, 13-3-13.5 kcal./ 
mole, higher by approximately 3 kcal/mole than 
before. 

Since the half-chair conformation with two 
chlorine atoms coplanar lies more than 13.8 kcal./ 
mole above the chair,1° compound (111) is con- 
sidered to invert via the half-chair in which the 
methoxycarbonyl groups are coplanar. It is clear 
that by a proper choice of X and Y a compound of 
type (11) can be synthesized which will be resolv- 
able. We are actively exploring such combina- 
tions. 

We thank the National Research Council of 
Canada for the support of this work and for the 
award of a Studentship. 

(Received, J d y  3rd, 1967; Corn. 682.) 

For a discussion see K. Mislow, “Introduction to Stereochemistry”, W. A. Benjamin, New York, 1965, p. 78. 
H. G. Derx, Rec. Trav. chim., 1922, 41, 312. 
E. L. Eliel, “Stereochemistry of Carbon Compounds”, McGraw-Hill, New York, 1962, p. 177. 
F. A. L. Anet and A. J .  R. Bourn, J .  Amer. Chem. SOC., 1967, 89, 760. 
S. Wolfe and P. G. C .  Campbell, Canad. J .  Chem., 1965,43, 1184. 

(I J. A. Pople, W. G. Schneider and H. J .  Bernstein, “High Resolution Nuclear Magnetic Resonance”, McGraw-Hill, 
New York, 1959, p. 223; F. R. Jensen, D. S. Noyce, C. H. Sederholm and A. J. Berlin, J .  Amer.  Chem. SOL, 1960, 
82, 1256; F. A. Bovey, F. P. Hood, E. W. Anderson, and R. L. Kornegay, J .  Chem. Phys. ,  1964,41, 2041. 

Summarized by F. A. Bovey, E. W. Anderson, F. P. Hood, and R. L. Kornegay, J .  Chem. Phys. ,  1964,40, 3099. 
For a somewhat similar treatment, see Figure 2 of J. T. Gerig and J. D. Roberts, J .  Amer. Chem. Soc., 1966, 

88, 2791. 
8 E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison, “Conformational Analysis”, Interscience, New York, 

1965, p. 39. 
10 S. Wolfe and J. R. Campbell, following Communication. 




