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Isotopic Perturbation of Degenerate Conformational 
Equilibria 

Sir: 

Deuterium substitution in a compound equilibrating rapidly 
on the NMR time scale between a number of equivalent 
structures can cause a significant deviation in their relative 
populations, and this can lead to a splitting of the averaged 
resonances which are observed in the unlabelled compound. 
The splittings provide an accurate method for determining 
small equilibrium isotope effects. In previous communications, 
the deuterium isotope effects in some rapidly equilibrating 
carbonium ion systems were observed using this method.1-4 

In those cases relatively large splittings occur owing to the large 
chemical shift differences between exchanging nuclei.5 

Baldry and Robinson6 have reported a "conformational 
equilibrium isotope effect" in the ^-(trideuteriomethyl)-
iV,3,3-trimethylpiperidinium ion, the effect being detected as 
a barely resolved splitting in the 25-MHz C-methyl carbon 
signal. We have now examined the use of deuterium substi
tution to lift the degeneracy in the 13C chemical shifts of the 
methyl groups in 1,1,3,3-tetramethylcyclohexane (I). This 
molecule is more symmetrical than the 7V,./V,3,3-tetra-
methylpiperidinium ion and this created some complications 
which were resolved by the use of high-field 13C NMR. 

The trideuterated compound I-rf3 was made by the 1,4 ad
dition of CDsMgI to 3,5,5-trimethylcyclohex-2-en-l-one 
(isophorone) in the presence of Cu2Cl2, followed by WoIf-
Kishner reduction of the resulting 3,3,5,5-tetramethylcyclo-
hexan-l-one-^3- This molecule can exist in two different 
conformations, A and B, which are in rapid equilibrium at 
room temperature, since AG* for ring inversion in I is known 
to be only ~9 kcal/mol.7'8 

CD3 C H 3 

CH3 CH3 CH 

B 
The methyl region of the 63.1-MHz 13C NMR spectrum 

(proton decoupled) of l-dj at 17 0C is shown in Figure 1. The 
two sharp outer peaks show a chemical shift separation of 0.184 
± 0.006 ppm (11.6 ± 0.4 Hz at 63.1 MHz), and can be as
signed to the two methyl groups on C-3. Since the axial methyl 
groups in I resonate at higher field than do the equatorial 
methyl groups,8 the low-field line in Figure 1 must represent 
the resonance of the C-3 CH3 group which spends more time 
in the equatorial than in the axial position. The converse is true 
for the high-field line. The central broad resonance between 
the two sharp peaks can be assigned to the methyl group on 
C-I, the broadening being due to spin coupling with the deu-
terons of the geminally situated CD3 group. The intrinsic 
deuterium isotope effect9'10a on the chemical shift of this CH3 
carbon is expected to result in an upfield shift. Since the broad 
resonance is upfield of only one of the two C-3 methyl peaks, 
its axial-equatorial population ratio must correspond to that 
of the low-field C-3 methyl group; i.e., the position of the C-I 
CH3 carbon in the absence of an intrinsic deuterium chemical 
shift isotope effect would be superposed on the low-field C-3 
methyl group. Thus, the C-I CH3 group spends more time 
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Figure 1. The methyl region of the 63.1-MHz 13C NMR spectrum (protons 
noise decoupled) of 1-dy in CS2 solution at 17 0C. 

equatorial than axial, and the converse must be true for the 
CD3 group, which is geminally related to the CH3 group. This 
proves that B is the favored conformation. The 13C chemical 
shift of the CD3 group should be ~0.5 ppm upfield from that 
of the CH3 groups, but the CD3 carbon would not be visible 
in the spectrum because its signals are expected to be very 
weak.11 

The splitting observed for the C-3 methyl resonances is not 
the result of an intrinsic deuterium isotope effect of the axial 
CD3 group on the axial CH3 group. Even in molecules where 
the steric compression is much larger than in B, no intrinsic 
deuterium isotope effect on 13C chemical shifts can be observed 
as long as there are at least four bonds separating the deuter-
on(s) from the 13C nucleus.10 

Unlike the doublet observed for the two C-methyl groups 
in the piperidinium ion,6 the CH3 groups in I-rf3 give rise to 
three signals (Figure 1). The presence of the central methyl 
peak hinders the identification of the outer peaks at low spec
trometer frequencies (e.g., 20 MHz). 

The ratio of B:A can be obtained from the NMR spectrum 
by using the relation4 

* = [ B ] / [ A ] = (A + 5 ) / ( A - 5 ) 

where A is the chemical shift difference in the frozen equilib
rium of B and A and h is the observed chemical shift difference 
between the two methyl carbons. In the present case A is 9.03 
ppm (measured at -100 0C in CS2) and 5 is 0.184 ppm giving 
an equilibrium constant of 1.042 ± 0.001.12 The free-energy 
difference between conformers A and B is thus 24 ± 1 cal/ 
mol. 

The fact that the molecule prefers to have the deuterated 
methyl group in the axial position might be expressed in simple 
terms by saying that the CD3 group acts as if it were 
"smaller"13"15 than the CH3 group. This type of effect has been 
referred to as a "steric isotope effect".16 A more fundamental 
description is that the potential surface for hydrogen vibration 
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in the methyl group is perturbed by the 1,3 diaxial interaction, 
thus increasing the vibrational frequency and hence the zero 
point energy of methyl groups in the axial position. The CD3 
group has a lower zero point energy and thus is raised less in 
energy than the CH3 group. If methyl groups in the equatorial 
position are unperturbed, as is likely, the energy difference 
between the conformations is simply due to this factor.17"18 

It is important to be aware of the possible presence of con
formational equilibrium isotope effects when using intrinsic 
chemical shift isotope effects for assignment of 13C resonances. 
While rigid molecules pose no problem, systems in which 
deuterium substitution either breaks the conformational de
generacy, or perturbs a nondegenerate equilibrium, can po
tentially show a conformational equilibrium isotope effect, as 
well as an intrinsic chemical shift isotope effect.19 
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Interaction of an Iron Macrocyclic Complex 
with Apohemoglobin and Apomyoglobin 

Sir: 

For many years, attempts have been made to prepare iron 
complexes which could react reversibly with dioxygen. One of 
the main objectives of these efforts was to establish the mode 
of binding of the oxygen molecule to the iron atom. The real
ization that Fe(II) complexes undergo irreversible oxidation 
via a dioxygen bridged dimer, Fe"-0-0-Fe" , have led 
Baldwin1 and Collman2 independently to a successful solution 
to this problem. They reasoned that the dimerization can be 
impeded by a sterically hindered ligand and, thus, in Baldwin's 
case, that the steric hindrance was built into the periphery of 
a macrocyclic ligand, while Collman prepared the now famous 
"picket fence" porphyrin. It was later realized that the steric 
hindrance is not obligatory for the reversible uptake of diox
ygen and that simple iron porphyrins, such as Fe"-TPP, can 
also bind dioxygen reversibly at low temperature.3 

We thought that it would be of interest to use globin as the 
sterically hindered environment and investigate its interaction 
with relatively simple macrocyclic iron complexes. We rea
soned that, if such complexes could enter the heme cavity, then, 
with the right choice of iron macrocycle, reversible oxygenation 
would take place. In this communication, we report the inter
action of human apohemoglobin and horse heart apomyoglobin 
with the iron complex of the macrocyclic ligand, 5.14-dihy-
drodibenzo[6,<'][5.9.14.18]tetraaza[14]annulen (L)45 (Figure 
1). 

Refluxing stoichiometric amounts of L and Fe(CH3COO)2 
in DMF led to the isolation of the red brown complex Fe(L)-
(CH3COO).6 Apohemoglobin and apomyoglobin were pre
pared from human hemoglobin and horses heart myoglobin 
respectively, by the acid-butanone method.7 The protein 
preparations were checked by reconstitution and reaction with 
dioxygen. 

The electronic spectra of Fe(L)(CH3COO) and its imid
azole adduct are shown in Figure 2. Addition of the complex 
dissolved in a minimum amount of DMF to an aqueous solu
tion of globin gave rise to the electronic spectra depicated in 

Figure 1. The macrocyclic ligand used in the study. 
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Figure 2. Visible spectra of FeL+ (- - -) of its imidazole adduct ( ) in 
DMF. 
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