Electron Spin Resonance Spectroscopy: Application to

Proof of Structure of Organic Ketones

Abstract. Many ketones containing an a-methylene group can be converted to
a-diketone radical anions in dimethyl sulfoxide solution. The resulting radical
anions can usually be unambiguously identified by electron spin resonance
spectroscopy, and the structure of the starting ketone may be deduced, often
without reference to model compounds. The technique is also applicable to
a-diketones, a-bromoketones, and a-hydroxyketones.

Aliphatic  “semiquinones” (I) "are
readily formed in dimethyl sulfoxide
solution from cycloalkanones (7), acyc-
lic ketones (2), and decalones (3) by
reactions 1 to 4 wherein B— is potas-
sium t-butoxide (4).
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a-Diketone radical anions (I, x = 0)

wherein R or R’ is methyl or hydro-
gen are best prepared by way of re-
action 4 (5). .

Figure 1 illustrates the application
of these findings to the proof of
structure of the three isomeric meth-
ylcyclohexanones (II-IV). Reaction 1
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can yield only the radicals 114 from
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1I, and III4 from III. Since an alkyl
group confers conformational stability
on a cyclohexene ring in terms of
electron spin resonance (ESR) fre-
quencies (about 9 Gce/sec), 114
would be expected to have three
magnetically nonequivalent «-hydrogen
atoms. This leads to the experimental
spectrum of Fig. la which contains
23 peaks of unit intensity (6). The
radical III4 might have been expected
to have four magnetically different
a-hydrogen atoms or two almost equiv-
alent pairs of hydrogen atoms (a pair
of axial and a pair of equatorial
atoms). The spectrum (Fig. 1b) indi-
cates pairs of magnetically equivalent
hydrogen atoms with 32 peaks with the
proper intensities for an overlapping
triplet of triplets. From IV a mixture
of approximately three parts of IIIA
to one part of II4 is formed in reac-
tion 1 (Fig. 1c). Figure 1c illustrates
the application of ESR techniques to
the question of the preferred direction
of ionization of an unsymmetrical ke-
tone containing two a-methylene groups.

Fig. 1. First derivative electron spin reso-
nance spectra of radical anions detected
by the exposure to air, for 15 to 25 sec-
onds, of 0.5 ml of a dimethyl sulfoxide
solution containing 0.1M potassium ¢-
butoxide; a, 0.05M 2-methylcyclohexa-
none; b, 0.05M 4-methylcyclohexanone;
¢, 0.05M 3-methylcyclohexanone. Spectra
recorded immediately after oxygenation.

Although 3-methylcyclopentanone (VA)
also underwent oxygenation to yield
about three parts of VIA to one part
of VIIA, 3-t-butylcyclopentanone (VB)
gave nearly exclusively VIIB, presum-
ably because of relief in eclipsing
strain in forming the Al(®)-enolate
anion during ionization (7). A com-
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bination of oxidation in basic solution
and ESR spectroscopy of the result-
ing oxidation product readily affords
a means of distinguishing between
1-decalones  (VIII), cis-2-decalones
(IX), and trans-2-decalones (X) (3).
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Oxygenation of VIII forms only VIIIA
whereas oxidation of IX forms a mix-
ture of IXA and VIIIA4, and X forms
a mixture of XA and VIIIA. The
spectrum of VIII4, a 1:1:2:2:1:1
sextet, results from the presence of
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two equivalent axial hydrogens and
one equatorial hydrogen. The 13-line
spectrum of IXA results from four
magnetically nonequivalent protons at
C No. 1 and C No. 4 owing to the
presence of axial and equatorial sub-
stituents to ring A at C No. 5 and
C No. 10. In XA the substituents at
C No. 5 and C No. 10 are both equa-
torial with respect to ring A and pairs
of magnetically equivalent axial and
magnetically equivalent equatorial hy-
drogen atoms at C No. 1 and C No. 4
give a 1:2:3:4:3:2:1 septet with
a:lxiallu equal to 2 (aequuttn'ialH)s where
a'’ is the hydrogen hyperfine splitting
constant.

A more challenging problem is the
analysis of ketones in ring A of
steroids with partial structures XI to
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Fig. 2. Electron spin resonance spectra
(1st derivative) for typical oxidation prod-
ucts of XI to XIV in dimethyl sulfoxide;
a, XV formed from S5«-androstan-173-ol-
2-one; b, XVI and XVII formed from
5B,22a-spirostan-2-one; ¢, XV and XVIII
formed from S«-androstan-178-o0l-3-one;
d, XVIlII formed from 5g-androstan-17g3-
ol-3-one. Spectrum d shows the presence
of about 15 to 25 percent of XVI but all
peaks are not resolved (XVIII prepared
from 4-keto-5a- or 4-keto-58-steroids
does not show this contamination). Spec-
tra were obtained with a Varian Associ-
ates V-4500 spectrometer with 100 kc/sec
field modulation. Spectra were recorded
immediately after exposure to air for
about 10 seconds, the solutions being ap-
proximately 0.05M in ketone and 0.10M
in potassium ¢-butoxide, except in the case
of spectrum b which was recorded a few
minutes after oxygenation.
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XIV. Exposure of solutions of com-
pounds XI to XIV to traces of air
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in dimethyl sulfoxide containing po-
tassium f-butoxide produces radical
anions XV to XVIII (Fig. 2).
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The analysis of a large number of
steroidal ketones in the pregnane, an-
drostane, cholestane, and spirostane
series has shown that compound XI
forms only a single product, the AZ-
semiquinone XV (Fig. 2a). However,
the 5B-2-ketone (XII) forms initially
about equal parts of XVI (14 lines)
and XVII (4 lines), two of whose
lines overlap two of the 14 lines from
XVI (Fig. 2b). The spectrum of XVII
disappears more rapidly than that of
XVI so the spectrum should be re-
corded immediately for proof of struc-
ture. The trans-3-ketone gives about
90- to 95-percent oxygenation at C
No. 2 to yield XV and about 5- to
10-percent oxygenation at C No. 4 to
form XVIIT whose ESR spectrum is
a 1:1:2:2:1:1 sextet (Fig. 2¢) (3).
Again, XVIII disappears more rapidly
than XV, and the spectrum should be
recorded immediately after oxygena-
tion. An 1l-keto substituent can in-
crease the attack at C No. 4 to as
much as 25 percent (8). The cis-3-
ketone (XIV) gives predominant oxy-
genation at C No. 4 to form XVIIL.

Analysis of the spectrum of an analog
of XIV and XVIII methylated at C
No. 5 demonstrated that epimeriza-
tion at C No. 5 had occurred in the
oxygenation of XIV. Some attack also
occurs at C No. 2 to form XVI but
because the spectrum of XVI contains
14 lines whereas XVIII contains only
six, the peaks due to XVI in Fig. 2d
are hard to distinguish. A careful analy-
sis of the spectrum indicates about 10
to 25 percent of XVI is formed from
most 58-3-ketones and that this per-
centage is rather independent of other
substituents in the steroid nucleus, for
example, an 11-keto group.
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