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ORIGINS OF CONFORMATIONAL EQUILIBRIUM ISOTOPE EFFECTS FOR HYDROGEN IN KETONES
Carolyn A, Carr, Michael I.T. Robinson,* and Andrew Webster

Dyson Perrins Laboratory, University of Oxford, South Parks Road, Oxford OX1 3QY, England

Abstract: Conformational equilibrium isotope effects for hydrogen in cyclohexanones and other
ketones are consistent with (i) hyperconjugation, (ii) analogues of hyperconjugation, and (iii) a
difference in polarity between C-H and C-D bonds; steric effects are relatively unimportant.

Conformational equilibrium isotope effects (CEIES)1’2 for hydrogen in compounds with non-bonding
electron pairs® result from a combination of steric* and anomeric effects,’ long range analogues of the latter,® and

electrostatic interactions®

that are sensitive to the polarity of the solvent. CEIEs for hydrogen in ketones have
been measured only by Djerassi and his collaborators® using circular dichroism (CD) for 1-4 and several
isotopomers of cyclopentanone. We have now measured CEIEs for hydrogen in the cyclohexanones 5-8, and in

the hydrocarbons 9 and 10 for comparison, using 13- NIMR chemical shifts for the geminal methyl groups at the

fast exchange limit’ by the methods previously described (Table).3®2
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The CEIEs were determined from the equation:
K=(D+ dobs - ItE + ICE)/(D - dubs +1, - I.;A) )]
where dob’ is the observed difference in chemical shifts for methyl groups cis and i(rans to the nearest .
Chemical shift differences (D) for the geminal methyl groups in the chair conformers of 5-10 were estimated by
the dual model method’ using the anancomeric model compounds 11(X = 'H) and 124X = 1) for 5-8 and
13(X = 'H) and 14(X = 'H) for 9 and 10. Intrinsic isotope effects (IIEs: Lg. etc, equation 1 ,where subscript ¢
or t refers to '3C in a methyl group cis or trans to H in the E or A conformer) on these chemical shift
differences were similarly estimated from 11-14(X = ®H at one or two of the positions 2-, 3-, 5-, or 6-). The
magnitude of the difference, 4, in 13- chemical shifts for the gem-methyl groups in each of 5-10 is readily
measured with 'H and *H decoupling. When H is substituted in methylene groups immediately adjacent to a
gem-dimethyl group, as in 6-9, the larger (trcms}11 three bond '3C-*H couplings (SJCD: eg, 0.64:0.02Hz in 6-8)
may be measured in H decoupled 13¢C spectra and used to determine which 13 resonance corresponds to a methyl

group trans to 2YH and therefore to determine the sign of dob'; the smaller, cis, couplings (SJCD: eg, 0.40+0.04Hz in
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6-8) are not always resolvable (see Figure 1). The value of dobs, together with the shift difference D and the
intrinsic isotope effects (IIEs)® of ?H on *°C chemical shifts (equation 1), gives the equilibrium constant and
thence the CEIE.®  Figure 1 shows the methyl group region of the 'H decoupled 3C NMR spectrum of a
mixture of 6-8,'% without and with *H decoupling, from which one may conclude that the CEIEs for 7 and 8 are
opposite in sign to the CEIE for 6.
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Figure 1. 13C spectra for the geminal methyl groups of a mixture of 6, 7, and 8 in CS, at 304K:
(a) 'H decoupled, showing the difference in JCD for Me cis (splittings not well resolved for 6 and
8) and trans to *H at C- 3; (b) 'H and *H decoupled. ("‘CGH12 internal reference)

In 5 and 10 the long range C(Me)-*H couplings, 41 cp and JCD, 1 are too small to be resolved. We

derive the relative signs of the CEIEs in 5 and 6 on the assumption that the two isotopic substitutions in 7 and 8
have (approximately) additive effects on the CEIE (the CEIEs in 7 and 8 are the difference and sum respectively
of the CEIEs in 5 and &, see Table). The resonances for the methyl groups in the hydrocarbon 10 were assigned

using [4()-2H]-1(0)-[*3C]-methyl-1{r)-methylcyclohexans.!?

Table, CEIEs for compounds 1-4 (AH®, in isopentane-methylcyclohexane}, from wvariable temperature circular
dichroism,® and 5-10 (&GP, in C D, at 304K}, from 13C chemical shifts (equation 1.

AH° AGe AGe
/(3 mol™}) /(J mol™Y) /(3 mol™)
1 -40 5 1536 9 121
2 -18 6 -1742 10 843
3 -11 7 17343
4 -14 8 1303
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The large CEIEs for the ketones 5, 7, and 8 with 2—2H, with protium preferring the axial position, are not
consistent in sign or magnitude with a predominant steric effect.t These CEIEs, however, are consistent with
(i) hyperconjugation weakening the axial C-H(D) by interaction with ther* orbital of the C=0," (ii) the lower
stretching frequency for analogous C-H(D) bonds in simple ke!:ones,15 and (iii) the lower values of spin spin
constants 1JcH (or 1JGD) for axial C-H compared with equatorial C-H,'® analogous to reductions in IJcc in 2{ax)-
mc-:thylcyclohe:xanones.17

The CEIEs in 1-3 and 6 are superficially consistent with a steric effect, assuming that the axial C-H(D) is
more hindered than the equatorial, but this is misleading for 1, 3, and 6. The -CEIEs in 1, 3, and 6 are opposite
in sign to those in the corresponding saturated hydrocarbons 9 and 10'® and in [*H]cyclohexane itself,'®*” in all
of which (relatively weak) trans diaxial o~ o* orbital interactions weakening axial C-H bonds*® appear to be the
dominant origin of the CEIEs. The CEIEs in 1, 3, and 6, therefore, must result from one or more effects that
either strengthen the axial, or weaken the equatorial, 3(3)-C-H bonds enough to overcome the weakening of axial
C-H bonds by trans diaxial o-o* interactions that must be considered 'normal’ in cyclohexane itself. We suggest
that {3(5)eq-C-H)o-m* arbital interactions, involving the minor lobe of the equatorial 3-C (sp>e orbital,
weaken the equatorial 3(5)-C-H bonds in these ketones.®* At present we have no direct evidence for such
weakening in 1, 3, and 6 but this will be investigated through IR spectra and IJCH coupling constants,  The
CEIE observed in 2.° however, may well be dominated by steric interactions between an axial 2-methyl group
and axial 4-C-H(D).1®
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Figure 2. Possible origins of CEIEs in (a) [2-2H]- and (b) [3—2H]—4,4—dimethylcyclohexanone, and
(¢) and (d) in 2—[2H3]methyl—2—methylcyclohexanone,

Djerassi suggested that the CEIE in 4 could be explained by steric repulsions between the carbonyl oxygen
and the equatorial 2-methyl group but this does not agree with conformational equilibria in 2-
methylcyclohexanone and related compounds.’?  We suggest an alternative analysis, analogous to that made for
the CEIE in 2,2—dimethyl—1,3—dioxan,3 that treats the three hydrogens of a methyl group separately. In an axial
2-methyl group in {(Figure 2) 4 there is (i) a hindered hydrogen (Ha), which should give rise to a 'normal’ steric

' and similar hydrocarbons® (i) a hydrogen (H,)

CEIE, such as is found in 1—[2H3]methyl-l—methylcyclohexane
analogous® to an eguatorial 3(5)C-H, as in 1 and 6, and (iii) a hydrogen (H,) analogous to an axial 3{(5)-C-H in 1
and 6. The hydrogens H_ and H, if the analogies are valid, should give rise to a contribution to the CEIE in 4
favouring axial 2—C1H3, ie, an inverse effect. At present we have no information about any special effects that
may be present in the equatorial 2-methyl group in 4, except that solvent effects in an analogous ketone® are
consistent with a polar isotope effect favouring equatorial Z-Csz.

Djerassi et alia observed no significant solvent effects on CEIEs studied by CD.®  We have found!® that
CEIEs in the ketones 53-8, as in 1,3—(:lioxans,3 show a significant solvent dependence, qualitatively consistent with

g being more negative than 2H, which will be included in a full paper.
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