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Aliphatic Semidiones. XX VI. 1,4-Semidiones in C5—-C5
Carbocyclic Systems!
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Abstract: Cyclic 1,4-semidiones (radical anions of A2-1,4-diones) have been prepared in the cyclopentane, cyclohexane, and
cycloheptane systems and detected by esr spectroscopy. Conformational preference and mobility have been detected in the
1,4-semidiones derived from A%°9-1,5-diketohydrindan and A%!0-1,6-diketodecalin systems. Examples of valence isomeriza-
tion are reported in the preparation of 1,4-semidiones from eucarvone, A3.2-acetoxycaren-5-one, 2,3-benzocyclohept-

4-enone, and pentacyclo[6.2.2.027.0410,05%]dodecane-3,6-dione.

1,4-Semidiones (1) are more stable® than the isomeric

conjugated unsaturated 1,2-semidiones (2).6 1,4-Semi-
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diones have been prepared (a) by the reduction of the 1,4-
AZ-diones, (b) by oxidation of certain 1,4-saturated diones
or (¢) of «,f-unsaturated monoketones, or (d) by the con-
densation reaction of a monoketone and a 1,2-dione in basic
solution (Scheme I).

A variety of 1,4-semidiones involving heterocyclic rings,
e.g., 4,785, and 6,'% are also known.

X=0,8.NR

Electrolytic reduction of 2,2-dimethyl-4-cyclopentene-
1,3-dione in DMF, or the reaction of 2,2-dimethylcyclopen-
tane-1,3-dione with a trace of oxygen in the presence of po-
tassium terz-butoxide in DMSO, produced semidione 7a
while treatment of 2,2,4-trimethyl-4-cyclopentene-1,3-
dione with potassium rers-butoxide in DMSO gave 7b.
Semidiones 4, 7, and 8 have very similar spin densities at
C* as indicated by the values aH = 6.8 for 4, R = H;°
acu;" = 6.1 for 4, R = CH3;® and acy,H = 7.0 G for 8.!!
Spin labels 7 and 8 possess the interesting and valuable
property of similar spin density on C* (—=QcpyH =~
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Qccu;) but different symmetry properties for the MO
containing the unpaired electron.'?

The benzo derivative of 7, i.e., 5, X = C(CH3), was pre-
pared by electrolytic reduction of 2,2-dimethylindan-
1,3-dione. The spectrum was a triplet of somewhat broad
lines, aH = 2.65 G, which was further resolved by Nelsen®t
to give aH = 0.10 (8). The large hfsc is assigned to agH
sincé the values of aH are reported to be 0.21 (@) and 2.55
(8) and 0.31 («) and 2.15 (B) for §, X = O and S, respec-
tively.®?

The absence of appreciable hfs by the gem-dimethyl
group in § and 7 is consistent with the absence of any delo-
calization of the electron spin because the methyl groups
are in the nodal plane of the spin label.!%13 This is appar-
ently also the case for the triazolinedione radical anion 9.
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a™ =487, 487, 1.85 G
a® =075 (3) G in DMF

The 3C hfs for 7a were assigned by synthesis of material
enriched with 13C at the methyl group. This clearly showed
that acn,C = 1.4 G. The other '3C hfs can be assigned as
C-1,3 = 1.14, C-2 = 3.00, and C-4,5 = 4.3 G. The hfs for
C-2 and the methyl groups of 7a undoubtedly arises from
spin polarization interacting which will be independent of
the symmetry of the spin label. Thus, the decrease of a©
from 3.0 G at C-2 to 1.4 G at the methyl groups in 7a re-
flects the fall off in spin polarization unaffected by delocali-
zation.

Semidiones 1, 3, and 10,'4 and 11'5 are considerably
more stable than 7 or § (X = C(CH3)5). Semidione 11 is of
course easily oxidized to the analogous p-benzosemiquinone
(aH = 2.36 (2), 0.80 (1), 0.40 (3) G)!S as is also observed
for the 1,3-cyclohexadiene-p-benzoquinone Diels-Alder
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adduct. We have also observed that the pentacyclic dione!®
produces the same semiquinone (Scheme II). This may be a
case where by adding an electron to 7 ymo a thermally for-
bidden reaction becomes thermally allowed. !7-1°

As has been reported,'* 10a and 10b are formed from ei-
ther the monocyclic or bicyclic precursors (Scheme TII).

It was somewhat surprising to discover that the monocy-
clic 1,4-semidione 12d was the only paramagnetic species
detected when the bicyclic acetoxy ketone in the 3,7,7-tri-
methylbicyclo[4.1.0]hept-2-ene system was treated with
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base in DMSO. Apparently the oxidation-reduction and
valence isomerization reactions of Scheme IV are involved.
Treatment of the acetoxy ketone with 2 equiv of potassium
hydroxide in methanol produced mainly the bicyclic hy-
droxy ketone (45%) but 3% of the monocyclic unsaturated
1,4-dione could be isolated together with traces of the un-
saturated bicyclic 1,4-dione and the saturated monocyclic
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1,4-dione, by the oxidation-reduction sequence previously
considered by Wenkert and Yonder.!® Semidione 12d was
also produced when the monocyclic unsaturated hydroxy
ketone was treated with strong base (Scheme I, example f).
The reactions of Scheme IV are reversible. This was easily
demonstrated under oxidative conditions. Thus, when 6,6-
dimethylcyclohept-2-ene-1,4-dione was treated with base in
DMSO and a trace of oxygen the bicyclic semidione 10¢
was observed (Scheme V).
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Treatment of the bicyclic acetoxy or hydroxy ketone or
the monocyclic diketone with base in DMSO-d¢ gave 12e
(Scheme VI). Exchange of the hydrogen atom at C-3 would
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be expected for the bicyclic or monocyclic dianions of
Scheme IV via protonation and keto-enol equilibration.
However, if the system is entered at a more highly oxidized
stage, 10a can be formed without hydrogen-deuterium ex-
change. Thus, A3-2,5-carenedione in basic DMSO-dg gave
10a without any hydrogen-deuterium exchange. Immediate
oxygenation of eucarvone in DMSO-d¢ also gave 10a with-
out deuterium incorporation,

Semidiones 12a-c¢ were prepared by the electrolytic re-
duction of the unsaturated monocyclic 1,4-diones in DMF.
The monosubstituted semidione 12b shows a definite non-

CH;,

12b
planar conformational preference. For the semidiones 12a,
¢, and d there is no preferred conformation and apparently
conformational lifetimes are <107 sec at 30° since the a-
hydrogen atoms are completely time averaged. These semi-
diones have not been studied at low temperatures.

A number of 1,4-semidiones have been prepared in the
hydrindan and decalin series in which a carbonyl group is
located in each ring in a transoid arrangement. Oxidation of
7-keto-8-hydrindenes in basic DMSO solution produced the
1,4-semidiones 13 as deduced from the observed esr spectra
(Chart I). We conclude that 13a is conformationally rigid
at 30° (conformational lifetimes >10~7 sec) and that the
observed hfsc should be assigned as shown (13a). In 13d the

H (3-4)
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H
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presence of the gem-dimethyl substituents reduces the con-
formational lifetime and nearly complete time averaging of
the four methylene hydrogens in the six-membered ring oc-
curs (Figure 1).

Chart I
0 0
B~,0,
T R,
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R, R, O-R Ry
13

13a, R, =R, =R, =H; a" = 9.90 (2), 7.10 (2),

4.20 (2), 0.25(2) G

b, R, =R, =H, R, = CH;; a" = 9.80, 9.60, 7.50,
6.10, 3.50, 0.25 (2) G

¢ R, =CH, R, =R, =H;a" =985, 970, 6.40,
4.40, 3.75, 0.25 (5) G

d R =H R,=R, =CH,; a" =7.02),

4.75 (4) with line width alternation
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Figure 1. First derivative esr spectrum of 14d in DMSO at 25°. The
stick diagram indicates the intensities expected for lines not broadened
by conformational motion in the six-membered ring (s) and the posi-
tions of the broadened lines (b) above the coalescence temperature.
The cyclopentane hydrogens are presumed to be magnetically equiva-
lent,a" =7.0G.

The inequality of the hydrogens in the six-membered ring
of 13a—c because of a conformational effect was nicely born
out in a study of the 1,5-diketo-A%-decalin derivative, 14,
which could be formed from either the «,8-unsaturated
mono- or diketone (Scheme VII).
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Semidione 14 at 0-30° showed extensive line width alter-
nation (Figure 2). At —50° an esr spectrum consistent with
a frozen conformation (i.e., conformational lifetime >10~7
sec) was observed while at 105° complete time averaging of
a-hydrogens had occurred to give a nine-line multiplet (aH
~ 4.3 G) with some additional fine splitting. When gener-
ated in DMF at —50° by electrolytic reduction of the dione,
14 gave pentets of pentets (¢ = 1.8 (4) and 7.2 (4) G)
with some additional hfs of the hydrogen atom at C-3 and
C-7 (0.2 G). The 4-axial-type hydrogen atoms in the con-
formations A and B (C-2, 4, 6, 8) have all ~ 7.2 while the

equatorial-type hydrogens at C-2, 4, 6, 8 have a" ~ 1.8 G.
The fine structure observed at 0° indicates that the time-
averaged aH for hydrogen atoms at C-2,4 and C-6,8 are not
exactly equivalent.

Introduction of four trigonal atoms in the decalin nucleus
as in 15-17 does not lead to semidiones as stable as the iso-

(aj

(b)

Figure 2. First derivative esr spectrum of 14 obtained by oxidation of
A%10.].octalone in the presence of potassium tert-butoxide: (a)
DMSO at 100°, (b) DMSO (80%)-¢-BuOH (20%) at 0°, (c) DMF at
—50°, Similar spectra were observed by treatment of A%!0-1-octalin-
1,5-dione with potassium tert-butoxide in DMSO, a trace of oxygen
being required to obtain a highly resolved spectrum similar to (b).

R R
R R
0
0
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15R=H
16, cholestane A .norcholestane
nucleus nucleus

meric structures 13 and 14. Semidione 16 has apparently
been observed in low yield by the oxidation of cholestane-
3,6-dione in basic DMSO3%20 and in the present work by the
treatment of 4-cholestene-3,6-dione with potassium rer:-
butoxide in DMSO. The spectrum of total width 24.2 G is
consistent with aH ~ 9.3, 54, 54, 2.5, and 1.6 G. Treat-
ment of A'*-10-methyl-2-octalone with a trace of oxygen in
basic DMSO gave a complex spectrum of total width 25.75
G which appears to be a mixture of radicals in which 15
may be present. The same esr signal was observed when
A'9-10-methyloctalin-2,8-dione was treated with base and
DMSO. Oxidation of the isomeric A¥-10-methyl-1-octalone
failed to give an esr signal in DMSO. Semidione 17 seems
to be clearly involved in the oxidation of A4-norcoprostane-
2.,6-dione2%2! in basic solution. The hfsc of 7.11 (3), 4.74,
and 1.24 G® can be assigned by analogy with 14 as 7.1 G for
aCHzH in the A-ring, a—_cy*H = 4.74 and acu,t = 7.11
and 1.24 in the B-ring. The most reasonable assignment of
hfsc for 16 would be acy," = 9.3 and 1.6 G in the A-ring
(consistent with 13 and 14), a—cyH = 5.4 and acp,” = 5.4
and 2.5 in the B-ring. As judged by the hfsc the B-rings in
15-17 and in the semidione of 7,11-diketodihydrolanosteryl
acetate (Scheme [) must have grossly different conforma-
tions from the A-ring in 15-16 or the six-membered rings in
13 and 14.

Oxidation of 18 in basic DMSO gave an esr spectrum
with aH = 9.0 (2 H) and 0.22 G (6 H). In order to explain
the hfs by six hydrogen of 0.22 G, it seems necessary to pos-
tulate that the methyl group is attached to a vinyl carbon
atom. Semidione 19 is a likely possibility.
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The spin density at C-2,3 in the 1,4-semidione system
calculated from the hfsc for 15-17 is (4.74-5.40)/QcyH =
0.20-0.23. This is supported by the spectrum observed for
20. There is apparently no appreciable effect on spin densi-

electrolysis

(CH,),CC (==0) CH=CHC(==0)C(CH,),
(cis or trans)

o
(CH).C—C _H
e—c{
H SC—C(CH)),
A
20

at=255(2),0.2(18)G in DMF

ties at the vinyl carbon atoms in the acyclic transoid confor-
mation (20), the cyclic (cis) 1,4-semidiones 1 and 12, the
cis, trans, cis arrangement of 13, 14, or the cis, trans, trans
stereochemistry of 15-17. Spin densities at the carbonyl
carbon atoms in the 1,4-semidione can be calculated from
the hfsc of the methylene hydrogen in 1 or 12 by the rela-
tionship,?2 aH = 40pcoC cos? 30° as ~ 0.1. This spin densi-
ty predicts a maximum value of a M of ~4 G (for 8 = 0°),
well below the values of ~10 G observed for axial hydrogen
atoms in 13, 15, and 16, of ~7 G observed in 14, or of 9.3
and 4.7 G observed for the methylene groups in the dimeric
D-ring 1,4-semidione of Scheme I. Apparently the spin dis-
tribution in these 1,4-semidiones can be considerably al-
tered by distortion from an exactly coplanar arrangement
and pco® could be as high as 0.25 in 13-19. There is, of
course, a second dihedral angle to be considered in these
systems and if it deviates significantly from the tetrahedral
value the cos? § relationship may be inadequate.2?

Experimental Section

Reagents. cis- and trans-2-Acetoxypulegone (precursors to 2b)
were prepared®® and separated by glpc (15% XF-1150 column at
168°). The pmr spectra were consistent with those previously re-
ported.?’

2,2-Dimethylcyclopentane-1,3-dione, mp 46-47° (lit.26 mp 45—
47°), and 2,2-dimethyl-4-cyclopentene-1,3-dione, bp 60° at 0.5
Torr (lit.2627 bp 90° at 44 Torr), precursors to 7a, were prepared
according to literature procedures.?6:27

2,2-Dimethyl-13C-cyclopentane-1,3-dione was prepared using
methyl iodide containing ~3% !3C. The product, mp 44.5-46.5,
had mass spectrum (16 eV) m/e (rel intensity) 126(100) 127(18).
2,2,4-Trimethyl-4-cyclopentene-1,3-dione (precursor to 7b) was
prepared by the reaction of diazomethane with 2,2-dimethyl-4-cy-
clopentene-1,3-dione.2627 Purification by glpc (5% SE-30 at 150°)
gave material with a pmr (CCly) 6 6.86 (q,J = 2 Hz, 1),2.11 (d,J
= 2Hz, 3),and 1.12 (s, 6).

4-Methyl-1,2,4-triazoline-3,5-dione (precursor to 9) was pre-
pared as described by Stickler and Pirkle,28 mp 96-98° (lit.28 mp
98.0-98.5°).

Eucarvone and A3.carene-2,5-dione (precursors to 10a) were
prepared according to the literature.2® The 2,3-benzylcyclohept-4-
enone and 3,4-benzobicyclo[4.1.0]heptan-2-one (precursors to
10b) used have been described elsewhere.® A3-2-Acetoxycaren-5-
one (precursor to 10d) was obtained as a viscous oil after treatment
of eucarvone with lead tetracetate according to the method of
Ellis.®3® Chromatography on silica gel and elution with hexane
(90%)-ethyl acetate (10%) gave the acetoxy ketone, mp 76-78°, in
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299 yield: ir (KBr) 1727, 1650, 1240 cm™!; pmr (CCly) 6 1.12 (s,
3), 1.27 (s, 3), 1.72-1.41 (m, 2), 1.78 (t, 3, J = 1.5 Hz), 2.06 (s,
3), 5.30-5.51 (m, 1), 6.23-6.45 (m, 1); mass spectrum (70 eV) m/e
(rel intensity) 208 (1), 166 (50), 148 (150).3!

Cyclohept-2-ene-1,4-dione (precursor to 12a) was prepared ac-
cording to the literature.32.33 Material isolated by glpc (10% QF-1
column at 145°) had ir (neat) 1665, 1615 cm™!; pmr (CCly) 6
2.0-2.2 (m, 2), 2.6-2.9 (m, 4), 6.33 (s, 2); mass spectrum (70 eV)
mj/e 124 (parent ion).

6,6-Dimethylcyclohept-2-ene-1,4-dione (precursor to 10c¢ or
12c) was prepared by the addition of diphenylsulfonium isopropyl-
ide3* to the p-benzoquinone-cyclopentadiene 1:1 Diels-Alder ad-
duct. Reduction with lithium in liquid NH3 gave a crystalline solid
(Diels-Alder adduct of cyclopentadiene and 6,6-dimethylcyclo-
hept-2-ene-1,4-dione) which was decomposed in glpc at 200° (15%
Carbowax 20M) and the dione purified by the same glpc column
at 150°. There was obtained a 50% overall yield of the unsaturated
dione: ir (neat) 1670, 1615 cm™!; pmr (CClys) 6 1.12 (s, 6), 2.62 (s,
4), 6.34 (s, 2); mass spectrum (70 eV) m/e 152 (parent ion).

4-Hydroxy-2,6,6-trimethylcyclohept-2-enone (precursor to 12d)
was prepared according to the literature by selenium dioxide oxi-
dation of 2,6,6-trimethylcyclohept-4-enone («a-dihydroeucar-
vone)3%: ir (neat) 3460, 1680, 1045 cm™!; pmr (CCly) 6 1.0, 1.1,
1.75 (CH3), 2.0-2.5 (CH3), 4.2 (OH, D,0O exchangeable).

6-Methylcyclohept-2-ene-1,4-dione (precursor to 12b) was pre-
pared by the reaction of diphenylsulfonium ethylide® with the
Diels-Alder adduct of cyclopentadiene and p-benzoquinone to
yield a mixture (by pmr) of 18% syn- and 82% anti-12-methylte-
tracyclo[4.4.0.134.17-1%]dodec-8-ene-2,5-dione from which the
pure anti isomer crystallized: mp 127-128°; ir (KBr) 1686, 1675
cm™!; pmr (CDCl3) 6 1.26, 1.07-1.55 (d and m, 5, J = 5.6 Hz),
1.98 (d, 2, J = 4.8 Hz), 2.08-2.54 (m, 1), 3.07-3.25 (m, 2), 3.25-
3.49 (m, 2), 6.06 (t, 2, J = 1.6 Hz); mass spectrum (70 eV) m/e
202.3!

4-Methyltricyclo]5.4.0.181")dodec-9-ene-2,6-dione was prepared
from 500 mg (2.5 mmol) of anti-12-methyltetracyclo[4.4.-
0.134.17.19]dodec-8-ene-2,5-dione in 12 ml of THF by addition of
350 mg (50.5 mmol) of lithium in 100 ml of liquid ammonia. Am-
monium chloride (5.5 g) was added after 50 min and after evapo-
ration of the ammonia water and ether was added. From the ether
solution there was recovered 502 mg of the desired compound
which was crystallized from ether-hexane mixture to give a prod-
uct: mp 122.5-123.5°; ir (CCly) 1707 cm™!; pmr (CDCl;) § 1.02
(d, 3,J = 6.1 Hz), 1.32-1.49 (m, 2), 1.68-2.82 (m, 5), 5.54-3.67
(m, 2), 3.61 (t,2,J = 1.5 Hz), 6.21 (t, 2, J = 1.5 Hz); mass spec-
trum (70 eV), parent ion at n/e 204.3!

6-Methylcyclohept-2-ene-1,4-dione was prepared by pyrolysis of
298 mg of 4-methyltricyclo[5.4.0.18.!!]dodec-9-ene-2,6-dione on a
Carbowax 20M (15%) glpc column at 200°. Distillation of the ef-
fluent at 80° (0.4 Torr) gave 159 mg (79%) of a yellow liquid
shown by glpc to be a single component: ir (neat) 1668 and 1612
cm™ ! pmr (CDCl3) 6 1.04-1.23 (m, 3), 2.39-2.89 (m, 5), 6.46 (s,
2); mass spectrum (70 eV) m/e (rel intensity) 138(8), 110(S),
96(8).3!

A%9.Hydrinden-5-one,  6-methyl-A%?-hydrinden-5-one,  7-
methyl-A%%-hydrinden-5-one, and 7,7-dimethyl-A%%-hydrinden-5-
one (precursors to 13a—d) were prepared according to the proce-
dure of Conia and Leriverend.?”

A%18.Qctalin-1,5-dione (precursor of 14) was prepared from
A%10.gctalin-1,5-diol*® by use of CrOj; in acetic acid,?® in 43%
yield, mp 111-112° (lit.’® mp 113-114°), A%!%.1-Octalone (pre-
cursor to 14) was prepared by adding 4.9 g of NaOH to a solution
of 7.8 g of A%!0.octal-1-0l acetate3® in 150 ml of methanol. After
stirring at 25° for 2 hr, the methanolic solution was concentrated
at reduced pressure to ~25 ml and diluted with 200 ml of water.
Three ether extracts (100 ml) of this solution were combined,
washed with saturated aqueous NaCl, and dried with MgSO,. Re-
moval of the ether at reduced pressure gave a liquid which was
then dissolved in 20 ml of acetone. To this solution was added
dropwise with stirring at 0° a solution of 1.1 equiv of CrO; in 10
ml of H0 and 4 ml of concentrated H,SOy4. After stirring 1 hr the
mixture was warmed to room temperature and diluted with 400 ml
of water. Three methylene chloride extracts (100 ml) of this solu-
tion were combined and dried with MgSO,4. Removal of the meth-
ylene chloride at reduced pressure gave A%-1%-octalone which was
purified by glpc (QF-1 column at 180°): ir (neat) 1660, 1629 cm™!
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(1it.*% 1664 and 1634 cm™!); mass spectrum (70 eV) m/e 150 (par-
ent ion).

A19.10-Methyl-2-octalone (precursor to 15) was prepared ac-
cording to the literature,*! bp 98-102° (0.4 Torr) (Ilit.*! bp 111-
112° at 2.5 Torr).

A839.10-Methyl-1-octalone was prepared by the s-collidine
dehydrochlorination of 9-chloro-10-methyl-1-decalone at 160°:
pmr (CCly) 6 0.99 (CH3), 6.11 (t,J = 4.0 Hz, =CHCH;7). The
9-chloro-10-methyl-1-decalone was prepared from 10-methyl-1-
decalone.42

trans-2,2,7,7-Tetramethyl-4-octene-3,6-diones (precursor to 20)
was prepared according to a literature procedure? from 2,2,7,7-
tetramethyl-4,5-epoxyoctane-3,6-dione obtained from a-bromopi-
nacolone. Reduction of the epoxide with iodide in acetic acid gave
the trans enedione: mp 109.6-110.1 (1it.*3 109-110°); pmr (CCly)
o 1.20 (s, 18), 7.26 (s, 2); ir (KBr) 1669, 980 cm™!. cis-2,2,7,7-
Tetramethyl-4-octene-3,6-dione (precursor to 20) was obtained by
photolysis of the trans olefin as a 3% pentane solution in quartz at
7530 A (40 min).#* The product was recrystallized from 95% etha-
nol: mp 44-45° (1it.#4 43-45°); pmr (CCly) 6 1.14 (s, 18), 6.45 (s,
2);ir (KBr) 1695, 1615, 1020, 1010 cm™1,

Reaction of A3-2-acetoxycaren-5-one with Base. A solution of
the acetoxy ketone (4.8 mmol) and KOH (9.6 mmol) in 150 ml of
methanol was refluxed for 15 min. The mixture was cooled, treated
with 250 ml of saturated aqueous NaCl, and extracted three times
with ether. The ether extracts were washed with water and saturat-
ed aqueous NaCl and dried over MgSQy. Removal of the ether at
reduced pressure left a yellow oil which was dissolved in 10 ml of
CCl, and cooled to —10°. A3-2-Hydroxycaren-5-one crystallized
(0.32 g, 45%), mp 82-85° (lit.2® mp 84-86°). Evaporation of the
filtrate in 0.5 ml followed by glpc (15% FFAP at 180°) gave 22 mg
(3%) of 2,6,6-trimethylcyclohept-2-ene-1,4-dione?® (pmr (CCly) &
1.13 (s, 6), 1.98 (d, 3, J = 2.0 Hz), 2.53 (s, 2), 2.62 (s, 2), 6.29-
6.42 (m, 1)), 2.3 mg (0.3%) of A3-carene-2,5-dione,2® and 2.2 mg
(0.3%) of 2,6,6-trimethylcycloheptane-1,4-dione?® (pmr (CCly)
0.92-1.20 (m, 9), 2.50 (s, 4), 2.13-2.82 (m, 3); mass spectrum (70
eV) mfe (rel intensity) 168 (1), 150 (1), 148 (1), 83 (6)).

Electron Spin Resonance Techniques. The apparatus and tech-
niques have been previously described.® Where not otherwise speci-
fied the base was potassium zert -butoxide and the solvent DMSO.
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