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141

Well, Memmius, I have taught you that things cannot
be created out of nothing nor, once born, be summoned back
to nothing. Perhaps, however, you are becoming mistrustful.
of my words, because these atoms of mine are not visible
to the eye. Consider, therefore, this further evidence of
bodies whose existence you nmust acknowledge though they
cannot be seeN...veevecscas

Lucretius
The Nature of the Universe



INTRODUCTION

The interaction between an alkyl hydrogen atom and an
ad jacent paramagneﬁic center has been known to obey a cos38 4
relationship. This relationship was firsﬁ proposed by Symons
(1) and expanded by Heller and McConnell (2) to explain the
angle dependence of the a hydrogen hyperfine splitting in
the radical (CO-H)CH-CHCO-H in solid succinic acid. The
proposed equation is

a, = By + Becos26,

where aa is the hyperfine splitting constant of a hydrogen
atom attached to a carbon adjacent to a planar T electron
center. Bo’ a constant, is regarded as small in comparison
with the constant B (3). 'The term 6 is the angle between

the carbon-hydrogen bond under investigation and the axis

of the p, orbital on the adjacent radical center (diagram

1).

R
i )
R——-—?——-AI"
R’ ’
R

1
Stone and Maki (4) studied the electron sbin resonance
spectra of nitroalkyl radical anions in solution. They intro-

duced the concept of time averaged cos®8 and suggested that



alkyl substituents assume an equilibrium conformation with
a residual torsional motion. An o methyl group is regarded
as freely rotating with a time averaged 6 of 45°, Any
deviation from 3y for methyl groups is regarded as evidence
for preferred conformation. As a consequence of the (cos28)
relationship, R, the ratio of « hydrogen splitting to methyl
hydrogen splitting, is directly related to {(cos26) of the
carbon-hydrogen bond under investigation. Projection dia-

grams for possible equilibrium cbnformations for RoCH-Ar-

and RCHz—Ar* are shown in 2,

: H
R R
a 6 = 90° b8 =0
. .
H Oy
R
2
R | H
c 6 = 60° d § = 30°

On the basis of the cos®@ relationship, R can be calculated

for various values of 6. For a § of 0°, 30°, 60°, and 90°,

R assumes values of 2, 1.5, 0.5, and O, respectively.
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Table 1 contains a review of the literature for alkyl
substituted radicals. This list of B_values was adapted from
Geske (5) and includes all radicals reported through May, 1968, .
Table 1. Ratio, R, of a hydrogen atom hyperfine Splittiﬁg

constant to methyl splitting constants for radicals
in solution

Radical &, gauss R Solv. Ref.
Nitromethane 11.4 1.00 4
Nitroethane = _ 9.75 0.85 b
Nitro-1l-propane _ 9.98 0.87 L
Nitro-2-propane 4,60 0.40 b
Nitro-2-butane _ 3.19 0.28 4
Methyl cyclooctatetraene 5.1 1.00 6
Ethyl cyclooctatetraene  _ 2.5 0.49 6.
n-Propyl cyclooctatetraene 2.5 0.49 6
T -Methylnitrobenzene 3,98  1.00 AN 7
4,4’ -Dinitrobenzene ~ 2.69 0.68 AN
4-Ethylnitrobenzene™  _ 2.9 0.74 AN 5
4 -Isopropylnitrobenzene 1.74 o.4l4 AN 5
2-Methylnitrobenzene ™ 3.12° 1.00 AN 5
2-Ethylnitrobenzene~ 1.76 0.56 AN 5
2 -Isopropylnitrobenzene ~ 1.13 0.6 AN b 5
9-Methylanthracene ™ 4,27 1,00 DME",THFC 9,10
9-Ethylanthracene ~ _ 2.5 0.58 DME,THF 11,10
9-Isopropylanthracene 0.62 0.14 THF 10
9-Cyclopropylanthracene ~ 6.64 1.5 THF 10
9-Methylanthracenet 7.79 1.00 H2S04 .9,10
9-Ethylanthracenet 3.6 0. H2S04 11,10
9-Isopropylanthracenet 0.62 0.1% HzS04 10
9-Cyclopropylanthracenet 6.64 1.55 H2S0. 10
9,10-Dimethylanthracene = 3.88 1.00 DME 9
9,10-Diethylanthracene” 2.3 0.59 DME 11
9,10-Dimethylanthracenet 8.00 1.00 HzS04 9
9,10-Diethylanthracenet 3.75 0.47 H2S04 11

&pcetonitrile.

b

1,2-Dimethoxyethane.

CTetrahydrofuran.



Table 1 continued

Radical aa gauss R Solv, Ref.

4 -Methylphenoxyl 11.95 1.00 H=20 12
4 -Ethylphenoxyl 10.15 0.85 H-0 12
I -n -Propylphenoxyl 8.7 0.73 H20 12
4} -Tsopropylphenoxyl 6.0 0.50 Ho0 * 12
2,6 -Dimethylphenoxyl 6.5 1.00 H-0 12
2,6-Diethylphenoxyl 5.7 0.88 K20 12
2,6-Diisopropylphenoxyl 3.7 0.57 Héo 12
2,6 -Di-t -butyl-U4-methylphenoxyl 10.7 1.00 C 13
2,6 -Di-t -butyl-4-ethylphenoxyl 9.0 0.80 c 13
9-Methylxanthyl 12.16  1.00 1k
9-Ethylxanthyl 6.20 0.51 14
9-Isopropylxanthyl <1 <0,08 14
9-gec -Butylxanthyl <1 <0.08 14
1,¥-Dimethylnaphthalene” 3.26 1.00 THF 10
1,4-Dicyclopropylnaphthalene ™ _ y 77 1.46 THF 10
1-Phenylpropane -1,2-semidione 3.43 1.00 80/20% 15
1-Phenylbutane -1,2-semidione ~ 3.38 0.99 80/20 15
1-Phenyl-3-methylbutane-1l,2-semi ~ '
dione~™ 1.45 0.42 80/20 - 15

Butane -2 ,3-semidione ~ 5.70 1.00 pMsof 16
Hexane -3 ,4-semidione ~ 4,90 0.86 DMSO 16
Octane-4,5-semidione = 4,60 0.81 DMSO 16
2,7-Dimethyloctane -4 ,5-semidione~ 4,30 0.76 DMSO 16
2,5-Dimethylhexane-3,4-semidione™ 2.0 0.35 DMSO 16
Methyl-t -butylnitroxide 12.7 1.00 17
Ethyl-t-butylnitroxide 9.8 0.77 17
Isopropyl-t-butylnitroxide 1.8 0.14 17

dCyclohexane.

©80% Dimethyl sulfoxide—20% t-butanol.

fDimethyl sulfoxide.



The radicals discussed in this work are semidione radical

anions of the type 3 and 4.

R—C==Z+R R ==z:c 3 |
; T

ol

4

R is either a cyeclic or acylic alkyl group. The chemistry of
semidiones has been the subject of numerous review articles

(16, 18, 19).
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RESULTS AND DiSCUSSION

Dicycloalkyl Semidiones

Semidiones are generated from g-hydroxyketones by action

of a strong base in dimethyl sulfoxide (DMSO).

0 . - T0

Il B. . é
R-C—C—R > RC=C-R
OH DMSO O ,

5 ‘ 6

The mechanism of the reaction is unknown. This is due to the
experimental requirement of low concentration (less than 0.1
molar) in order to obtain well resolved ESR spectra. Semi-
diones from 1l,2-dialkylethan-ol-ones, 5, are properly named
as 1l,2-dialkylethanesemidiones, Q, and will be referred to as
dialkyl semidiones. The first radical studied, 1l,2-dicyclo-
butylethanesemidione, therefore, will be referred to as
dicyclobutyl semidione. The corresponding a-hydroxyketone is
referred to as diecyclobutyl acyloin.

Dicyclobutyl acyloin was prepared via the acyloin
condensation of ethyl cyclobutanecarboxylate in sodium and
ether. When added to a degassed solution of potassium
t-butoxide in DMSO, dicyclobutyl acyloin generated di-
cyclobutyl semidione (Figure la). On simulation, the spectrum
arises from two hydrogens with splitting constant 2.22 gauss;
four hydrogens, 0,45 gauss; four hydrogens, 0,23 gauss; and

two hydrogens, 0.08 gauss. The spectrum was analyzed by the



Figure 1. (a) First-derivative ESR spectrum of dicyclo-
butyl semidione (top) in DMSO.
(b) First-derivative ESR spectrum of cyclobutyl-

methyl semidione.
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synthesis of cyclobutyl methyl acyloin. The semidione
generated therefrom displayed a large quartet splitting of
5.55 gauss for the methyl group, a doublet of 2.11 gauss for
the a methine hydrogen atom, a triplet of O0.44 gauss for two
B hydrogens, and a triplet of 0.25 gaués for the other two

B hydrogens (Figure 1lb, 2).The assignment of the O0.44 or 0.45
gauss hyperfine splitting constants (hfsc) is based upon the

well founded double V interaction (20-22).

He  Ha

Mo
X ok
He /COR AR
"R ~ - |

L g

The large B hfsc are due to the viecinal hydrogen atom

(HB) cis to the a methine hydrogen. Similarly the 0,08 gauss

splitting is due to Hb in 7. This hydrogen atom lies in a two
and a half V arrangement with fespect to the T electron cloud

in the semidione systems.

Cyclobutane has been shown to be puckered 35° (23-25).

Such a conformation would place both protons HB and HD in a.
psuedo equatorial position. Cyclobutane itself undergoes
rapid interconversion of two puckered conformations. In

dicyclobutyl semidione apparently conformation 7 is populated



Figure 2.

Expansion of a center line in the first- -
derivative ESR spectrum of cyclobutyl methyl
semidione (top) in DMSO; calculated spectrum
(bottom) for Lorentzian linewidth of 0.2 ;
gauss and splitting constants from text
performed by JEOLCO JNM-RA-1l spectrum

accumulator.
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to the exclusion of 8.

The 1arge doublet splitting of methyl cyclobutyl semi- "
dione and the large triplet splitting of dicyclobutyl semi-
dione are assigned to the methine cyclobutyl hydrogen atoms,
The magnitude of the hfsc reflects a small conformational pre-

7
ference between the H _C,~C. plane and the p7 .. . —Cr~C

T"a
planes.
Cyclopentane rings have also been shown to exist in a

folded or puckered conformation (26,27), As in the case of

cyclobutane, cyclopentane undergoes rapid interconvérsion
of two conformers. In dicyclopentyl semidione, conformation 9
is more highly populated than 10. The semidione displayed a
striking signal composed of a large triplet of 1.92 gauss,
each line of which is split into 17 equally spaced lines
(Figure 3a). The spectrum was analysed by synthesis of cyclo-
pentyl methyl acyloin, The semidione of the latter displayed.
a large quartet of 5.77 gauss for the methyl group, & doublet
of 1,92 gauss for the a methine hydrogen atom, a triplet of
0.44 gauss for the two B hydrogens, a triplet of 0.22 gauss
for the other two B hydrogens, and a small triplet of 0,11

gauss for two y hydrogens (Figure 3b, 4). Assignments of the.
splitting constants were made using the established two-V
interactions. The large triplet splitting is assigned to the
pair of B hydrogen (HB) cis to the a methine (H,) hydrogen
atom, The 0,22 gauss triplet is assigned to the second pair



Figure 3. (a) First-derivative ESR spectrum of dicyelo-

pentyl semidione (top) in DMSO.

(b) First-derivative ESR spectrum of cyclopentyl
methyl semidione (bottom) in DMSO.
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Figure U.

Expansion of a center line in first-derivative
ESR- spectrum of cyclopentyl methyl semidione
(top) in DMSO; calculated spectrum (bottom)
for Lorentzian lineﬁidth at 0.2 gauss and

splitting constants from text performed by

.JEOLCO JNM-RA-1 spectrum accumulator.
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of 8 hydrogens (HC)’ and the small triplet is assigned to the

v hydrogens (HD) trans to the a methine hydrogen atom. The
splitting constants for dicyclopentyl semidione (a 1.92 gauss
triplet, a O.44 gauss pentet, a 0.22 gauss pentet, and a 0.1l
gauss pentet) are assigned to hydrogen atoms H,, B"HC’ and
HD’ respectively.

Dicyclohexyl semidione displays a triplet Splittingcﬁ;]_88
gauss. The fine structure can be observed at room temperature
but cannot‘be resolved (Figure 5a). The spectrum of cyclohexyl
methyl semidione (Figure 5b) consists of a large quartet
splitting of 5.73 gauss, & doublet splitting of 1.73 gauss,
and a well resolved pentet of 0.30 gauss split into pentets
of 0.08 gauss (Figure 6). The quartet is due to the semidione
methyl hydrogens, and the doublet corresponds to the o methine
hydrogen atom. The two pentet splitting, caused by two sets

of four equivalent hydrogens cannot be definitively assigned.

The semidione exists as & frozen chair conformation (28 ) with



Figure 5. (a) First-derivative ESR spectrum of dicyeclo-
hexyl semidione (top) in DMSO.
(b) First derivative ESR spectrum of cyclohexyl
methyl semidione (bottom) in DMSO.






Figure 6. Expansion of two center lines in the first-
derivative ESR spectrum of cyclohexyl methyl.
semidione in DMSO, |
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respect to To» the period of B hydrogen interaction (10'_'8 .
sec). '

One’interpretation of the spectrum is the assignment
of the large pentet splitting to the four B hydrogen atoms,
Hyperconjugative resonance structures such as 12 might explain

the equivalence of the f hydrogen atoms. Thils view has been’

11 12

partly substantiated in & private qommunication from Dr. T, A.
J. W. Wajer (29) and unpublished results of Drs. A. Mackor,
T. A, J. W. Wéjer, and T. J. deBoer concerning dicyclohexyl
nitroxide. Nitroxide radicals are comparable to semidiones
in that alkyl substituents display similar conformational
preferences. Dicyclobutyl nitroxide, structure 13,displays
an a methine hydrogen splitting constant of 4.5 gauss and 8
hydrogen splitting constants of 0.95 gauss and 0,34 gauss;
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H Nl
., R N/R
é}_‘
.

3 - 1
The corresponding constants of dicyclopentyl nitroxide.
(structure 14) are 4.7, 0.87, and 0.4l gauss. These splittings
are approximately twice the magnitude of the corresponding
semidione hyperfine splittings. When the 12.7 gauss splitting
constant for the a methyl hydrogens in methyl t-butyl nitroxide
is compared with 5.70 gauss for the methyl hydrogens in di-
methyl semidione, it becomes apparent that the same conforma-
tional effects are operating in both systems. A ratio, R,
between the o hydrogen atom splitting constant and the corres-
ponding methyl hydrogen splitting constant has been used as a
measure for conformational preference. R values of 0.35 and

0.37 gauss for dicyclobutyl and dicyclopentyl nitroxide corre -

late well with 0.38 and 0.34 for dicyclobutyl and dicyclo-
pentyl semidione, respectively. Taking into account these
apparent similarities, it is assumed that the spectra of
cyclohexyl-t-butyl nitroxide and'cyclohexyl methyl semidiqneA
would be comparable. The assigned B hydrogen splitting
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constants of the nitroxide (0.71 gauss (30); 0.85 and 0.42
gauss (31)) have been refuted by Dr. Wajer. Deuterium substi-
tution studies of cyclohexyl1§-butYI nitroxide have indicated
that the axial and equatorial B hydrogen atoms are equivalenﬁ.'
However, these experiments have aléo shown that only two vy
hydrogen atoms are equivalent.

Another interpretation of the data for cyclohexyl methyl
semidione invokes a two and a half V interaction between the
semidione system and the ¥ equatorial hydrogens (15). The
two B equatorial and the two y equatorial hydrogen atoms
might be equivalent leaving a correspondinglset of four

equivalent axial hydrogen atoms.

13
Dicycloheptyl semidione exhibits a simple triplet spectrum'.
with an hfsc of 1.95 gauss (Figure T7a). This spectrum is
similar in appearance to that of dicyclohexyl semidione in

that fine splitting is present but cannot be resolved,



Figure 7. (a) First-derivative ESR spectrum of dicyclo-
heptyl semidione (top) in DMSO.
(b) First-derivative ESR spectrum of di-4-cyclo-
heptenyl semidione (bottom) in DMSO.
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Di-4-cycloheptenyl semidione displays a spectrum con-
sisting of a triplet of nonets (Figure 7b). The large triplet
splitting of 2.08 gaﬁss is due to the ¢ methine hydrogens,

The small nonet of 0.18 gauss is caused either by the equiva-
lence of the 8 B hydrogen atoms or‘the equivalence of 4 B
equatorial and 4 ¢y equatorial hydrogen atoms (structure lé).
Cycloheptane semidione displays a triplet of triplets, indi-

cating a frozen chair-like conformation as in 17 (32).

Therefore, both the cycloheptyl and 4-cycloheptenyl rings in
the dicycloheptyl and di-4#-cycloheptenyl semidione are ex-

pected to assume stable chair conformations with respect to 7.

16 i

Cyclooctyl methyl semidione exhibits a basic quartet of
. doublets (Figure 8). The quartet of 5.85 gauss is due to the
methyl group, and the doublet of 1.94% gauss is assigned to

the o methine hydrogen atom. Further splitting is observed



Figure 8. PFirst-derivative ESR spectrum of cyclooctyl
methyl semidione (top) in DMSO; expansion of

a center line (bottom) in the above spectrum.
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in the form of a pentet of 0.09 gauss. The small pentet
splitting is assigned either to the B ring hydrogens or to
two B equatorial hydrogens and fwo ¥ equatorial hydrogens.:
This is evidence that cyclooctane rings afe rapidly invert-
ing (32-34). However, substituted cyclooctanes have been
studied by NMR at low temperatures indicating a possible
preferred conformation (35). The preferred conformation, a’
half crown 18, is not energetically favored over 19 or 20.
Therefore, it is possible that at 30° rapid psuedo rotation
is occurring causing equilibration‘of the hydrogens. How-
ever, this is not demanded, and the interpretation of this

spectrum must await deuterium substitution studies.

Wf”
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Dicyclopropyl semidione displayed a 21 line spectrum only
3.5 gauss in width (Figure 9a)., The predominant triplet ob-
served in dicyclohexyl semidione, dicyclobutyl semidione,'qnd
other members of the series is not obvious from inspection‘of
the spectrum of dicyclopropyl semidione. Therefore, cyclo-
propyl methyl semidione was prepared to aid in the inter-
pretation. The ESR spectrum exhibited by this radical is
shown in Figures 9b and 10 and consists of a major quartet
of 5.88 gauss, a doublet of 0.57 gauss, a triplet of 0,37
gauss, and a triplet of 0.20 gauss. The doublet of 0.57
gauss is attributed to the a methine hydrogen (HA), diagram
2l.

Ha

/R' H <R

. O-
He " .

21 22

The 0.37 gauss doublet is assigned to the methylene hydrogens

(HC) cis to Hy,

the two remaining hydrogen atoms (HB). The corresponding

and the small doublet of 0.20 gauss is due to

hfsc for dicyclopropyl semidione are & triplet of 0.57 gauss,
a pentet of 0.37 gauss, and & smaller pentet of 0.19 gauss.

These hf'sc are attributed to hydrogen atoms HA’ HC’ and HB’



Figure 9. (a) First-derivative ESR spectrum of dicyclo-
propyl semidione in DMSO.
(b) First-derivative ESR spectrum of cyclo-
| propyl methyl semidione in DMSO.
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Figure 10, Expansion of a center iine in the first-
derivative ESR épectrum of cyclopropyl methyl
semidione (top) in DMSO; calculated spectrum
(bottom) for Lorentzian linewidth of 0.2 gauss
and splitting constants from text performed

by JEOLCO JNM-RA-1 spectrum accumulator.
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respectively. The small splitting of the a methine hydrogen
atom must result from a highly,preférred conformation in
which Hy is close to or 1n the nodal plane of the T system
(diagram gg). The conformation ofvthe cyclopropyl-carbinyl
type radical. is thus similar to the cyclopropyl carbinyl
type cation as in tricyclopropyl carbinyl cation (36). The
UV of this cation as well as that of the cyclopropyldimethyl-
carbinyl cation displays conjugation of the three membered
ring with the T system (37, 38). The 2 to 3 ppm downfield
shift of the B proton signal of the cyclopropyl ring hasbalso ‘
been éttributed to delocalization of the positive charge over
all carbon atoms (37, 39, 40). The same conformational pre-
ference has been assigned to cyclopropylcarboxaldehyde (41),
phenylcyclopropane (42), and various vinyl eyclopropanes
(43-45).

Evidence for extensive delocalization in dicyclopropyl

semidione lies in the unusual stability of the radical and

its high yield. The radical was generated in greater than
50% yield from the acyloin és compared with a diphenyl-
picrylhydrazyl standard and was stable for days. This un-
usual stability may be connected with delocalized structures

such as A and B in diagram gz (46).

Structures 23A and 23B are valence bond representations
of overlap between the carbinyl system and Walsh (47) or
Coulson (U48) orbitals on the cyclopropane ring. Walsh

formulated the cyclopropane ring as comprising three trigonal
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Hp—C SR s Hp>—c SR
A ) B

23

S

sp2-hydridized carbon atoms with 2p orbitals situated parallel
to each other in one plane. Coulson and Moffit applied the
principle of maximum overlap to cyclopropane and propoSed sp®
type bonding orbitals with bond angles between 102° and 104°.
The Walsh cyclopropane 1s shown in diagram gﬂ along with the

delocalized cyclopropylcarbinyl radical (49).

A partial valence bond picture for this delocalization is

-

given in diagram gi.
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Delocalized cyclopropylcarbinyl radicals have been postulatedJ

as intermediates (50, 51) in the fearrangement of allycarbinyl
radicals and are believed to undergo rapid reversible equili-
brium (52) to structures such as gzg and 23B.

Cyclopropane rings have been shown to function as weak
protén acceptors in inter- and intramolecular hydrogen bonding_
(53). This property has been explained in terms of the
Coulson-Moffit and Walsh pictures of cyclopropane which por-
tray the three membered ring as a hybrid unsaturatéd m
electron system. The role as a weak Lewis base might explgin

the rather poor yields of dicyclopropyl acyloin from the

acyloin condensation of ethyl cyclopropane carboxylate in
ether. Yields less than 1% were obtained as compared with
typical yields of 10% and 45% for dicyclopentyl and dicyclo-
hexyl acyloin, respectively. One of the major problems with
the reaction is the insolubility of products in ether (54).
Coordination between cyclopropane rings and sodium cations
could increase ﬁhe amount of insoluble material aﬁ@ in effect
poison the surface of the sodium sand.

The observed hfsc for the o methine hydrogen atom can
be explained in terms of a single conformer or a time-averaged
pair of enantiomeric conformers. The degree of preference
will be discussed in the next section. A pair of possible

conformers are represented in diagram 26.
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H%—C" e I>—C<;%‘?R

A B
26

To distinguish between conformers A and B, an experiment was
devised in which the steric hindrances would favor one con-
formation, It was felt that dicyclopropyl ketyl, cyclopropyl
methyl ketyl,and cyclopropyl phenyl ketyl would provide gbod

model systems,

2T 28 208
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An a priori énalysis of the ketyls of the above ketones would
yield the following expectations: Conformations 27A and ggé
would be sterically unfavorable due to severe proton-protoﬁ
interactions. If conformation A was required by electronic
effects for maximum fing delocalization, then ketyls 27 and 29
probably would not be very stable, and the a methine hydrogen
atom splitting'of the cyclopropane ring would be large. Ketyl

g§ would not be expected to be stable unless there is unusual
stabilization by the cyclopropyl ring. If conformatiénlg is
preferred, ketyls 27 and 29 would have a stability approaching

that of benzophenone ketyl.
All ESR signals from 0.1 N ketone solutions in dimethoxy-
methane (DME) and potassium metal were weak. Cyclopropy¥
methyl ketyl gave ah unresolvable signal which disappeared
after ten minutes (Figure 1lla). Cyclopropyl phenyl ketyl dis-
played a weak ESR singlet which was split into fi#e lines, a
doublet of 5.8 gauss and a triplet of 3.9 gauss (Figure 1lb).
The spectrum is similar in appearance to that of aceto- |
phenone ketyl (55). .
Acetophenone ketyl has the following splitting constants

(56) :




Figure 11. (a)

(o)

(c)

First-derivative ESR spectrum of'cyclo-
propyl methyl ketyl (top) generated by
reduction of the ketone with potassium in
DME.

First-derivative ESR spectrum 6f cyclopropyl
phenyl ketyl (middle) generated by reduction
of the ketone with potassium in DME.
First-derivative ESﬁ spectrum of dicyclo-
propyl ketyl (bottom) generated by reduétion _
of the ketone with potassium in DME.
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If the 5.8 gauss doublet is assigned to the para position of
the cyclopropyl phenyl ketyl,and the 3.9 gauss triplet is
assigned to the metsa hydrogens, theh‘the splitting constant
of the « methine hydrogen atom will be less than 2 gauss.
However, the ketyl is unstable, and the signal disappears
after thirty minutes. Dicyclopropyl ketyl (Figure 1llc) gives
the strongest signal of the series, a triplet of 3.5 gauss
(46, 55, 57). The signal is still poorly resolved but has a
half -life of more than 30 minutes. When this hfsc is compared
with the a methine hydrogen splitting of 2.38 gauss for the
ketyl (58) of (CHs)zCH-CO—C(CHs)s and 2.1 gauss for the ketyl
(59) of (02H5)2CH—CO—C(CH3)3, the conclusion is that there is
only a sméll conformation preference. This will be discussed
quantitétively in the next section. Thus, 1t appears that
conformation A is favored in the ketyl system. Similar
structures for the semidione system are shown in diagram 21.

The three-membered rings are shown end on and are represented

Q Cisoid conformer , E Transoid conformer
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by a'thick black line. The cyclopropyl ring in conformation
A is Q;g with respect to the carbon-carbon bond in the semi-~
dione system and is thus referred té,as.cisoid. Simiiarly,
conformation B is referred to as the transolid conformer.

The semidione system is ideal in respect‘to stability of
derivatives. The semidione of acetoin or dimethyl semidione
(60) is stable for days, and even the parent glyoxal radical
anion (16, 61) has been prepared. In the trans semidione
structure such as élé or 31B there is little or no communica-
tion between substituents., For example, in the series cyclo-
propyl methyl, cyclobutyl methyl, cyclopentyl methyl, cyclo-
hexyl methyl, and cyclooctyl methyl, the methyl splittings
(5.88 gauss, 5.55 gauss, 5.77 gauss, 5.73 gauss, and 5.85 gauss,
respectively) vary little and do not seem to reflect any
specific steric or electronic effect. Dimethyl semidione
generated at room temperature with potassium t-butoxide in
DMSO exists as a mixture of 5% cis and 95%.§£gg§ isomers (62).
Molecular Framework Models (Prentice-Hall, Inc., Englewood |
Cliffs, N. J.) of dimethyl semidione and cyclopropyl methyl
semidione demonstrate a lack of steric repulsion in the-gig
configuration of the two, provided that the latter is in the
B or transoid conformation. 1In the é or cisoid conformation,
there is considerable 6-bond interaction between the cyclopfo-
pane ring and the methyl group. Therefore, the.experiméntal

lack of cis isomer, either in potassium t-butoxide or sodium

t-butoxide - DMSO solution, is consistent with the cisoid
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conformation.

The author favors cisoid delocalization in dicyclopropyl '
semidiones on the basis of the large a hydrogen atom splitting
constant in dicyclopropyl ketyl and the experimental lack of

cis isomer formation in methyl cyclopropyl semidione. How- -

‘ever, there is little evidence in other systems requiring
either cisold or transoid three-membered rings for maximum

stabilization. Electron diffraction studies of Bartell (41)

indicate a 50-50 mixture of cis and trans forms in cyclopro-
panecarboxaldehyde. Ketones 32 and 33 exhibit similar UV

absorption maxima ,

22 23
and those of 34 and 35 are nearly identical (63, 64).

o L
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Jorgensen and Leung (45) claimed the UV studies of cycio-
propylacrylic esters showed a clear preference for a ggggg _
ring conformation. At thé same time Heathcock and Poulter
(44) found no preference between the two conformers in cyclo-
propyl olefins. |

One factor which is expected to affect the stability of
cisoid ring conjugation is substitution on the cYClépropane
ring. A l-methyl substituent would not be expected to affect
the population of either conformation. 1-(1-Methylcyclqpro-
pyl-2-propanone was prepared according to the literature (65)
and was oxidized with oxygen in potassium t-butoxide-DMSO
solution. The resulting ESR spectrum was poorly resolved~and
yielded no definite assignments. Methyl substitution in the
methylene position of the cyclopropane ring is expected to “

have a marked effect on the stability of cisoid cyclopropane
semidione. A tetramethylcyclopropane ring is expected to

populate the linear conformation exclusively. Ethyl 2,2, 3,3-
tetramethylcyclopropane carboxylate was prepared from the
2,5-dimethyl-2-butene and ethyl diazoacetate. The ester,
however, failed to undergo the acylolin condensation either in'
sodium sand and refluxing ether or in sedium and hot (105-
1iO°) Xylene. This lack of reactivity might be due to un-
usual steric crowding required in the cis transition state
(66). A 2,2-dimethylcyclopropane ring is expected to gfeatly
hinder conjugation. 1-(2,2-Dimethylcyclopropyl)-2-propanone
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and 1-(2,2-dimethylcyclopropyl)-1l-propanone were prepared via
a Simmons-Smith reaction (67) on the ethylene ketals of the

corresponding ketones. The former ketone failed upon oxi-

dation to produce a radical anion, and the latter displayed
only a poorly resolved spectrum. Finally, ethyl 2,2-dimethyl-
cyclopropane carboxylate was synthesized. The ester was con-
verted via the acyloin condensation to di-2,2-dimethyleyclo-
propyl acyloin., The ESR signal of the corresponding semidione
consisted of a large 1:2:1 triplet of at least 41 lines

(Figure 12). The spectrum was analyzed by synthesizing 2,2-
dimethylcyclopropyl methyl acyloin. The radical anion of this
compound displayed & quartet splitting of 5.79 gauss, a doublet
of 1.49 gauss, a doublgt of 0.65 gauss, a quartet of 0,27
gauss, and a doublet of 0,09 gauss (Figures 13, 1l4), The large
quartet is caused by the methyl semidione hydrogens and the
small quartet by the methyl group (Hb) cis to the o methine

hydrogen atom (HA)‘

go




Figure 12.

First-derivative ESR spectrum of di-2,2-dimethyl-
cyclopropyl semidione (top) in DMSO; calculated
spectrum (bottom) for Lorentzian linewidth of

0.2 gauss and splitting constants from text
performed by JEOLCO JNM-RA-1l spectrum

accumulator.
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Figure 13. First-derivative ESR spectrum of 2,2-dimethyl-

cyclopropyl methyl semidione in DMSO.
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Figure 14,

Expansion of a center line in the first-
derivative ESR spectrum of 2,2-dimethylcyclo-
propyl methyl semidione (top) in DMSO; calculated
spectrum (bottom) for Lorentzian linewidth of.
0.2 gauss and splitting constants from texﬁ
perfbrmed by JEOLCO JNM-RA-1 spectrum

accunulator,
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The 1.U49 gauss doublet is assigned to the a methine

hydrogen atom (H,), the 0.65 doublet to the ring hydrogen

(HC) cis to Hy, and the 0.08 doublet to the ring hydrogen
(HB)tgggg to Hy (diagram 36). These assignments are based
upon the double-V plan interaction. It is believed that this
interaction is more important than direct overlap between the
p orbitals on oxygen and either Hy or CHs (E). Thus, the 0.26
gauss quartet was assigned to HD rather than to HE' There
still remains some ambiguity in assigning HA' This was

solved by generating bis-2,2-dimethylcyclopropane semidione in
de -DMSO. The corresponding hfsc for bis-2,2-dimethylecyclo-
propyl semidione are 1.49, 0.65, 0.27, and 0.10 gauss assigned
to HA’ HC’*HD’ and HB’ respectively. The radical anion ex-

changed slowly and after 24 hours displéyed & narrow spectrum

of 30 or more lines (Figure 15). The Spectrum was synthesized
using a o methine deuterium splitting constant of 0,24 gauss.'
This represents a aH/aD equal to 6.2 and is consistent with a
normal ratio of 6.5 (68). _

Thus we see that methyl substituents on the c¢yclopropane
ring alter the conformation and cause the o methine hydrogen
atom to twist slightly out of the nodal plane of the T
system, This finding is consistent with either the ciS9id
or transoid conformers. |

Symmetric substitution of the cyclopropane ring was

accomplished through the synthesis of fused three-membered



Figure 15.

First-derivative ESR spectrum of di-2,2-di-
methylcyclopropyl semidione (top) in DMSO-de
after two days; calculated spectrum (bottom)
for Lorentzian linewidth of 0.2 gauss and
splitting constants from text performed by

JEOLCO JNM-RA-1 spectrum accumulator.
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ring compounds. The first of the series, di-6-bicycl§F
[3.1.0]hexyl acyloin, upon conversion to the semidione, yielded
a basic pentet of triplets (Figure 16). The triplet hfsc of
0.75 gauss is aséigned to the @ methine hydrogen atoms (HA)'
The small magnitude of this splitting is an indication of
eithef conformer 31A or 212. The cisoid conformation is

shown in diagram 37. The large pentet splitting of 0,95 gauss

is assigned the B cyclopentane ring hydrogens (Hc)§£§g§to

the cyclopropane ring. This assertion is based on the rather
good two and a half V plan arrangement between HC and the M or-
bital on the carbinyl carbon andon the fact that the C—H

C
is parallel and anti to the plane of the cyclopropane ring.

bond

This last arrangement appears to be most favorable for cycloj-
propyl ring conjugation (69). The remainingvsplitting, a

small pentet of 0.20 gauss, is assigned to the remaining cyclo-
propyl hydrogens (HB). This assignment is based on semidiones
already discussed. The HB hydrogen atoms in dicyclopropyl .
semidione and bis-2,2-dimethylcyclopropyl semidione have hfsc



Figure 16.

First-derivative ESR spectrum at di-6-
5icyclo[3.l.0]hexyl semidione (top) in
DMSO; calculated spectrum (bottom) for
Lorentzian linewidth of 0.2 gauss and L
splitting constants from text performed

by JEOLCO JNM-RA-1 spectrum accumulator,
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of 0,19 and 0.10, respectively. The C—HB bond is perpendi-~
cular to the plane of the cyclopropyl carbon atoms, i.e.,
parallel to the nodal plane of the ﬁ:system. Consequently,
a weak interaction is expectéd. ’

The semidione of di-7-bicyeclo[4.1.0]heptyl acyloin gave
a symmetrical ESR spectrum of 24 equally spaced lines (Figure
17). T-Bicyelo[%4.1.0]lheptyl methyl acyloin was synthesized‘
to aid in the interpretation of this spectrum (Figures 18 and
19). The semidione of the mixed acyloin displayed an ESR -

signal

38

consistent with the following hfsc: a 6,00 gauss quartet,
three triplets of 0.78 gauss, 0.48 gauss, and 0.27 gauss, and
a 0.52 gauss doublet. The quartet splitting is due to the
semidione methyl group. The doublet of 0.52 gauss is assignéd
to the a methine hydrogen atom (HA, diagram 2§) and is indica-
tive of a highly preferred conformation. The 0.27 gauss trip-
let is caused by the remaining cyclopropane ring hydrogens

(HB). The increased ring size distorts the two and a half V



Figure 17. First-derivative ESR spectrum of di-7-
bicyclo[4.1.0]heptyl acyloin in DMSO.






Figure 18. First-derivative ESR spectrum of T7-bicyclo-
[4.1.0]heptyl methyl semidione in DMSO.






Figure 19.

Expansion of &a center line in the first-
derivative ESR spectrum of 7-bicyclo[4.1.0]-
heptyl methyl semidione (top) in DMSO;
calculated spectrum (bottom) for Lorentzian
linewidth of 0.2 gauss and splitting constants
from text performed by JEOLCO JNM-RA-1 spectrum

accunulator.
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plan arrangement between the carbinyl T orbital and the cyclo-
hexane‘ring hydrogen HC and lowers the hf'sc from 0.95 in rigid :
.di-6-bicyclo[3.l.0]hexyl adyloin to 0.78 gauss, .This dis-
tortion (70, 71) similarly increases the splitting constants
of Hb. These hydrogen atoms are not observed in the [5.1.0]
system and assume a hfsc of 0.48 gauss.

The corresponding hfsc for di-74bicyclo[4.l.0jheptyl
semidione are 0.78 gauss (4H), 0.52 gauss (2H), 0.48 gauss
(4H), and 0.27 gauss (4H) for hydrogen atoms Hys Hy» Hps and
HB’ respectively. ’

The semidione of di-8-bicyclo[5.1.0]octyl acyloin dis-
played a complex spectrum (Figure 20) which was simulated
with reference to the spectra of the two prévious members of
the series. The spectrum consisted of a triplet of -0.48 gauss,

a nonet of 0.37 gauss, and a pentet of 0.13 gauss.

s O°

29 |
The triplet is due to the a methine hydrogen atom (HA, dia-
gram 22). Thissas in the previous members of the series,is

indicative of a highly preferred conformation. The nonet of



Figure 20.

First-derivative ESR spectrum of di-8-
bieyclo[5.1.0]octyl acyloin (top) in DMSO;
calculated spectrum (bottom) for Lorentzian
linewidth of 0.2 gauss and splitting constants
from text performed by JEQLCO JNM-RA -1 spectrum

accumulator.
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0.37 gauss is assigned to the B cycloheptane ring hydrogens
(Hé, HD).- The small magnitudes of the hfsc of HC and HD and
their apparent equivalence reflect either rapid. interconversion
of the fused cycloheptane ring (30) or, more likely, fortuitous
splitting caused by the increased distortion of the two and a
half V interaction. This inﬁeraction becomes pfogressivély
unfavorable in the series di-6-bieyclo[3.1.0]hexyl, di-7-bi-
cyclo[4.1.0]heptyl, di-8-bicyclo[5.l.0]oct&1, and di-8-
bicyelo[6.1.0lnonyl semidiones. The pentet of 0.13 gauss is
assigned the remaining cyclopropane ring hydrogens (HB). An
alternative assignment places the 0.13 gauss splitting on HD
and the 0.37 gauss splitting on HB and HC’

The last member of the fused three-membered ring series,
di—9-biéyclo[6.l.0]nony1 semidione, gave a poorly resoived
signal (Figure 21). The experimental line width of the
spectrum was 3.30 gauss as compared with.u.SO gauss for 4i-8-
bicyeclo[5.1.0]octyl semidione, 7.20 gauss for di-T-bicyclo-
[4.1.0]heptyl semidione, and 6.10 gauss for di-6-bicyclo[3.1.0]-
hexyl semidione. This is indicative of small splitting
constants and a preferred conformation.

Tables 2 and 3 summarize the data presented in this

section.



Figure 21, First-derivative ESR spectrum of 4i-9-

bicyclo[6.1.0]lnonyl semidione in DMSO,



T2
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Table 2, Hyperfine splitting constants of semidiones: 0
' R'—i—ééR'
R aa(gauss) aB(gauss) ay(gauss)
Cyelobutyl 2,22 0.45 éleg, 0.23 54}1; 0.08 ézﬂg
Cyclopentyl 1.92 0.44 (4H), 0.22 (4H) 0.11 (4H
Cyclohexyl 1.88
Cycloheptyl 1.95
4 -Cycloheptenyl 2,08 0.18 g8H)
Cyclopropyl 0.57 0.37 (4), 0.19 (%)
2 ,2-Dimethylcyclo-
propyl 1.49 0.65 (2), 0.10 (2) 0.27 (6H)
6-Bicyclo[3.1.0]-
hexyl 0.75 0.20 (4) 0.95 (4H)
7-Bicyclo[4.1.0]- ‘
heptyl 0.52 0.27 (&) g.zg gﬁg;,
8-Bicyclo[5.1.0]- a
octyl 0.48 0.13 (%), 0.37 (8H)

9-Bicyelo[6.1,0]-
nonyl

Total spectrum

one line 3.350 gauss wide

aDefinitive assignments cannot

be made.
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Table 3. Hyperfine splitting constants for semidiones:

R'—i==i—CHa

R’ aCHs(gauss) ay(gauss) aﬂ(gauss) ay(gauss)
Cyclobutyl 5.55 2.11 o.uu(en),?.2§
2H
Cyclopentyl 5.77 1.92 0,k44(2H),0.22 0,11(2H)
2H
Cyclohexyl 5.73 1.73 0.30(4H)%,0.08 (4H)®
Cyclooctyl 5.85 1.9% = 0.09(4H)®
Cyclopropyl 5,88 0.57 0.37(2H),?.2§'
2H
2,2-Dimethylecyclo-
propyl 5.79 1.49 0'65(1H)’?ig? 0.27(3H)
7-Bicyclo[4.1.0]~
heptyl 6.00 0.52 0.27(2H) 0.78(2Hg,
0.48(2H

&Definitive assignments cannot be made.
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The a Methine Hydrogen Atom

This section is devoted to the interpretation of the
o methine hydrogen atom hfsc. The splitting constant of this
hydrogen atom has been explained in terms of conformation
(1). The subject is thoroughly reviewed by Geske with emphasis
on nitroaromatic radical‘anions (5). The conformation of semi-
diones, in particular,steroidal semidiones and cyclic semi-
diones, has been discussed in a series of papers by Russell
et al. (16, 18, 72, 73). We will discuss the conformation of
dicyclic as well as acyclic semidiones with particular em-
phasis on steric and electronic factors. The major concern
will be the orientation of C-H bonds with respect to the
nodal plane of an adjacent semidione T system. .

In 1959 Symons suggested that the o hydrogen atom hfsc
would follow a cos2@ law with respect to the angle between
the C-H bond and the axis plane of the T system (1). Heller
and McConnell improved upon this relationsﬁip and proposed

the following relationship:

all = B, + Beos26

B is a constant between 40 and 60 gauss. By, & small value,
is the splitting constant of a hydrogen in the nodal plane,
i.e., 8 = 90° (2). Stone and Maki introduced the concept of
a time averaged angle and arrived at equation 40 (4).

H _ |
a, = By + B(cos=8)p.

%0

——
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This last relationship has been applied with great success
to cyeclic semidiones (15) and forms the basis of the first
interpretation of the data in this thesis.

Bo is measured experimentally from hfsc of hydrogen

atoms in the nodal plane of a T radical system.. Such systems

are shown in diagrams 41-46.
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Radical anions 41-46 clearly contain e« hydrogens in the nodal
plane of the T systems. This geometry is fixed by the [2.2.2]
ring system. Formation of a six carbon conjugated skeleton
forces Hy in radical anion ﬂélto assume a position close to
the nodal plane of the semidione system. The hfsc of HA in
radicals 41-43 is less than 0.1 gauss and leads to the
conclusion that spin polarization is unimportant in these
systems (21). The hfsc of HA in the dicyanoethylene radical
anions are not zero and have values of 0.15 and 0.225 gauss
for 44 and 45, respectively (74). A spin polarization
mechanism must be invoked to explain these results. It
appears, therefore, that there is an anomoly in the Hy
splitting constants of these radical anions. Therefore, we
will use radical &Q as a standard reference compound'for the

determination of B, . The hf'sc for H, in 46 is 0.21 gauss and
'represents the contribution of both spin polarization and’
possible limited rotation about the C,—C,_, bond.

Stone and Maki also introduced the concept of rotational
amplitude, o,in alkyl T radicals. ¢ represents the residual

torsional motion remaining in & system at equilibrium (4).

Four possible equlilibrium conformations,eo, for the ethyl and

isopropyl T radicals are shown in diagram 47.
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H H | |
w RUR R
r |

90= 600 eo= 300 eO= 0° eo= 900
| bt

The angles shown are equilibrium angles, 6,. The time
averaged 6(t) is defined as
6(t) = 8, + gsin(2mt/7)
48
where ¢ is the amplitude and r is the period of oscillation.
A term Q(6) is introduced where W

Q(8)
Q(e)

B, + Bcos26(t), and therefore

B, + Bcos®[8y + gsin 2Mt/7].

49
T can be compared with 5 ~ 3 x 10 ® sec, a typical period of

a hydrogen hyperfine interaction. If 7<r,, then the spectrum
"will be resolved and Q(8) can be calculated by time averaging

equation 49,

Q(8) = B, + B[1/7 */2 oos2(8 + psin x)dx],
-m/2 °
2 9
Q(e) = B, + B£COS 6, + cos28, (- 3 + sing)].
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The last équation allows us to calculate ¢ for known vaiues
of 6,. The term sing is small and is generally disregarded.
Another measure of conformational preference is the ratio R
of the a hydrogen atom splitting constant to methyl hydrogen
 splitting constant (4). Referring to diagram i, a 6, = 60°
corresponds to an R of 0.50, and 90 = 90° corresponds to an R
of 0. A non-zero value of R for an equilibrium angle of 90°
.is reflected in ¢, the librational motion.

The alkyl radical anions studied in this work can be
divided into four main classes and are represented in diagram
50. Class I is the special case of a paramagnetic center with
an adjacent methyl group; class II, an adjacent methylene
group; class IIT, an adjacent methine group; and class IV,
an adjacent tertiary carbon. Class III contains three sub-
divisions, ITIa, IIIb, and IITc. It includes the majority of
radical anions covered. In estimating 6 in equation Eg the

following assumptions were made:

T for all the above classes, I, II,

1. The product BopC
IIT, and IV, is equal to 0,21 gauss.

2. The product Bpll, is a constant for all cases. (This
is not strictly true as conjugative and steric effects can
vary p"c. However, corrections for these effects have been

incorporated in the calculations by using the methyl hydrogen
hfsc of the appropriate alkyl semidiones). '
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H R R R
H == R
H H
H R R
I T ITTa v
«:Fﬂhn H (C n H
IITb ITIc

50

S~

3. There is no steric hindrance to rotation (rotation
is rapid with respect to To) in methyl semidiones. There-
fore, the average dihedral angle 6 between the axis of the
carbonyl carbon T system and the carbon-hydrogen bond is 45°,

Ik, The conformation calculated is highly populated and
assumed to be the equilibrium position demanded by al. In

reality there is a time averaging of 6. This (8) differs

from 6 and is defined as 6(t) in eq. 48. Thus, 0 is to be

used only as a qualitative measure of conformation preference.

Therefore, eq. 40 becomes:
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H
2g = 2_=0.21 G.
cos<@ = BpT,

For cyclopropyl methyl semidione, with a methyl group
splitting of 5.88 gauss, BpTTC = 11;28 gauss. Using this
value, 6 for the methine hydrogen atom equals 79.8° A value
of’ 6.00 gauss for the methyl splitting was used in the calcu-
lations for the bicyclic semidiones, and the splitting
constants for dimethyl semidione were used in the calculations
of the radical anions in Table 6.

The results of these calculations, presented in Tables
4, 5 and 6, indicate marked degree of conformaticnal pre-
ference in class III semidiones. These radicals contain an «
methine hydrogen atom lying in the nodal plane of the system.
This gives rise to a two fold barrier of rotation as indicated
by 5la--51b. A rough estimate of 1.4 kcal/mole for the height,
Vo, of this barrier to internal rotation can be made (diagram
52). This estimate is based on a hfsc of 2 gauss and in-

creases to 6 kecal/mole for an hfsc of 0,5 gauss. .Thus we Ssee
that dicyclopropyl semidione exists in & highly preferred
conformation with @ of 79.5° and V, equal to 6 kcal/mole.

The equilibrium angle 6, of 90° and torsional rotation angle

@ of 14.4° reflect the bisected conformer 52.
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R
o— H
R
A B
51
Table 4. Semidiones: R'—i::G—R'

R’ aaH(Gs) 9 B0 @ R
Cyclobutyl 2.22 64.3° 90°,35.1° 0,396
Cyclopentyl 1.92 66.9° 90°,31.7° 0.333
Cyclohexyl 1.88 67.2° 90°,31.5° 0,328
Cycloheptyl 1.97 66.4° 90°,32,.4° 0,346
Cyclo-4-heptenyl 2.08 65.6° 90°,33.4° 0,365
Cyclopropyl 0.57 79.5° 90°,14.4° 0,097
2,2-Dimethylecyclo- 1.49 70.2° 90°,27.4° 0.257

propyl
6-Bicyclo[3.1.0lhexyl 0.75 77.5° 90°,18.6° 0.125
7-Bicyclo[4.1.0]heptyl 0.52 80.6° 90°,13.2° 0.087
8-Bicyclo[5.1.0]octyl 0.49 80.9° 90°,12.6° 0.082
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Table 5. Semidiones: R/-z==Z—CHs

R’ Bmetny1(CS) 8 (68) 6 8,9 R
Cyclobutyl 5.55 2.11  65.1° 90°,34.1° 0,380
Cyclopentyl 5.77 1.92  66.9° 90°,31.7° 0,333
Cyclohexyl 5.73 1.73  68.3° 90°,30.1° 0.302
Cyclooctyl 5.85 1.94 66.9° 90°,31,7° 0.332
Cyclopropyl 5.88 0.57 79.5° 90°,14,.4° 0,097
2 ,2-Dimethylcyclopropyl 5.79 1.%9 70.2° 90°,27.4° 0.257"
7-Bicyclo[4.1.0]heptyl 6.00 0.52 80.6° 90°,13.2° 0,087

On the basis of UV and NMR studies of cyclopropylcarbinyl

systems, the three-membered ring is expected to stabilize

adjacent half-filled or empty orbitals (37-40).

Thus, structure

54b is expected to be more important than structure 5ia.

De -

localization is predicted by the Walsh picture of cycloproF

pane.
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Table 6. Semidiones: R”—Z::G—R’.
R’ ai(Gs) ag(Gs). o B, R Ref.
CHa trans 5.70 45°  y5° 1.00 16
cis 6.90 y5° y5° 1.00 16
CH2CH trans  4.90 49,2° 60°,36,7° 0.86 16
TR s 6.00 48.3° 60°,36.4° 0.87 16
CHsCHo-CH, trans  4.60 0.25 50.8° 60°,33.7° 0.81 16
cis 5.60 50.6° 60°,33.6° 0.81 16
(CHs)2- trans 4.30 0.26 52,4° 60°,30.6° 0.76 16
CHCH» cis 5.30 52.0° 60°,30.7° 0,77 - 16
(CHs)s- trans  3.50 56.8° 60°,19,4° 0.6.1
* CCHz cis 4.50 55.4° 60°,23,2° 0.65
(CHs ) 2CH 2,02 - 0.03 66,0° 90°,32,9° 0.35
(CH3CHz )CH 1.09 0.13 T73.6° 90°,22,9° 0,19
(CH3CH2CHz )CH 0.95 , 75.0° 90°,21.0° 0,17
(CHs)sC 0.29 16

A partial valence bond picture of this delocalization is given

in diagram 25 and is repeated below.

- . (ﬁ):_ T
HE (O R
L O et
i C_B\O
He~ e ()
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Diagram 25 depicts a 5 atom, 7 electron T system. McLachlan
spin density calculations were performed on the structure 25
using the following carbonyl parameters: 0y = oy + BCC’ BCO =
Buge That o carbon was treated as a heteroatan with

@y = o + Byy 8nd @ = @y + 0.9 By, (75). The results pre-

dicted the resonance forms in diagram 55.

0
b= bt > c= i—.—C,—H
o (4

A B
2

Structure 5&3 places electron spin density on carbon as
opposed to oxygen, 54a. This is expected to result in in-
creased methyl hydrogen splitting in the cyciopropyl methyl
semidiones. Table 4 containing the methyl splittings for a
series of mixed semidiones supports this hypothesis. The
aﬁethyl for R’=cyclohexyl, 2,2-dimethyleyclopropyl, cyclo-
propyl, and 7-bicyclo[4.1.0]heptyl increases from 5.73 to
5.79 to 5.88 to 6.00 gauss, respectively. This trend is
predicted by the above spin density calculations which places
a high spin density on the'carbonyl carbon adjacent to the
methyl group in cyclopropyl semidione. The change from 5.73
to 6.00 gauss represents an increase of 1.1% in the electron
spin density on the carbonyl carbon. This estimate led to

ClS

an investigation of splittings, preliminary results of

which are presented in the next section. However, we have
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been unablé té devise a practical séheme for the synthesis of
labelled cyciopropyl semidiones.

Bauld, Gordoh, and Zoeller have reported two cyclopropyl
radical anions with "symmetrical" cyclopropyl conformatiéns,

56.

Ha
2%
The evidence for this assertion was an R greater than 1.00

(10). The first radical was that of 9-cyclopropylanthracene

H
o

isopropylanthracene. An investigation of Molecular Frame -

with an a, of 6.64 gauss as compared with 0.62 gauss for 9-
work Models (Prentice-Hall, Inc., Englewood Cliffs, N. J.)
of this system revealed extensive steric hindrance in the
bisected cyclopropyl conformation. The methyl groups on the
isopropyl group, unlike the methylenes on the three membered
ring, can extend outward from the faces of the anthracene

system, The second radical reported is 1,4-dicyclopropyl-
naphthalene radical anion. There is again more steric
hindrance in the bisected than the symmetrical conformations
(diagram 57). However, it is also possible that the rgdiéal
anion of 1,4~dicyclopropylnaphthalene is unstable under
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reducing conditions. We have shown that cycloprop[alacenaph-

thylene and l-methylacenaphthylene both yield the same radical
when reduced either by electrolysis or with potassium in |
tetrahydrofuran.

The effect of bulky substituents on the a methine hydfogen

atom splitting was investigated by'syhthesizing the series

diisopropyl, di-3-pentyl, and di-4-heptyl semidiones (Figure
22). It was thought that di-3-pentyl.semidione would be a
good model system for dicyclopropyl semidione. Steric

hindrance to rotation caused by the methylene groups of the
three membered ring is approximated by the freely rotating.
ethyl groups of di-3-pentyl semidione. Indeed, the increase

in length of the branched chain does affect the a methine

proton splitting constant. However, the decrease from 2.02
to 0.95 gauss does not approach the 0.57 gauss splitting of
the cyclopropyl ring methine hydrogen. The decrease in

splitting constant in this series is caused mainly by steric



Figure 22. (a) First-derivative ESR spectrum of diiso-
propyl semidione (top) in DMSO.
(b) First-derivative ESR spectrum of di-3-
pentyl semidione (middle) in DMSO.
(e) First-derivative ESR spectrum of
di-l-heptyl semidione (bottém) in DMSO.
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hindrance from free rotation of the branched chain, 'This,is
evident from investigating the « methine splitting of thé |
semidione series of Table 6, R’ equal to cyclobutyl, cyclo;
pentyl, cyclohexyl and cycloheptyl. In this series the «
methine hydrogen hfsc remains relatively constant in spite of
increasing ring size. .

The last set of semidiones studied in this work is the
class II radicals (diagram ﬁg) containing an « methylene-
group. The straight chain series of diethyl, dipropyl,...
didecyl semidiones has been investigated (16). The «
methylene hydrogen atom splitting decreases from 4.9 in di-
ethyl to a relatively constant 4,6-4,7 gauss in dipropyl,
diovutyl, .....didecyl. This seems to indicate that steric

hindrance in this system is determined by rotation about the
CB-CY bond. Increasing the number of y methyl groups in
Table 6 semidiones, where R’ equals CHaCHz-, CHaCHzCHz -,
(CHs ) 2CH2CHz -, and (CHs)sCCHz-, has a marked effect on ﬁhe.
methylene splitting (Figure 23). The respective splitting
constants 4,90, 4,60, 4,30, and 3.50 gauss reflect a con-
formational preference. The conformers wiﬁh the least steric
interaction are §§g and §§2. They represent a two-fold
internal barrier to rotation (diagram §2). The torsional
amplitude decreases from 37° for R’ equal to CHaCHz- to 19°
for R’ equal to (CHs)aCCHz-. In fhe quantum mechanical
approximation of Stone and Maki, the barrier to rotation, V,,



Figure 23. (a) First-derivative ESR spectrum of dipropyl
semidione (top) in DMSO.
(b) First-derivative ESR spectrum of diiso- -
butyl semidione (middle) in DMSO.
(e) FPirst-derivative ESR spectrum of di-

neopentyl semidione (bottom) in DMSO.
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38

increases from 0.5 kcal/mole for R’ equal to CHaCHz- to 3
kcal/mole for R’ equal to (CHS)SCCHai. Large
values of Vo reflect a strong dependence on temperature.

Stone and Maki predicted that the a hydrogen atom
splitting constant is directly proportional to VE/T,
assuming that V_ is not a function of temperature (4).
Figure 24 represents a graph of ag versus temperature foi-
semidiones in Table 6, where R’ = (CHs)2CH-, (CHsCH2CH2)=-
CH-, (CHas)2CHCHz- and (CHs)3sC—CHz-. The radicals were
generated in N,N-dimethylformamide (DMF) and studied with a
Varian V-4500 spectrophotometer equipped with a Varian
Associates V-4540 variable temperature controller. The
slopes of the lines obtalned are equal to KVo and agree
qualitatively with the estimates of Vo. The estimates of Vo
and the calculated slopes are presented in Table 7. Semi-

dione, R’ = CHaCHz-, was ‘studied with the variable
temperature controller by Mr, D. Lawson. He found little



Figure 24. Graph of a hydrogen atom splitting constants
as a function of temperature for the following

semidiones in DMPF:

A = Diisobutyl semidione
X= Di-neopentyl semidione
O = Diisopropyl semidione
O= Di-4-heptyl semidione



96

100 150 °C |

50



97

Table 7. Temperature dependence and estimation of Vo in
- semidiones: o~

A i
Rf—?==C—R'
On
R’ aaa(gauss) Kvob(gausé/deg) Voc(kcal/mole) :
CHsCH2 4,90 0 0.5
(CHs ) 2CHCH> 4,30 1.0x 103 0.9
(CHs )aCCH2 3,50 2.2 x 1072 3.0
(CHs )=2CH 2.02 1.9 x 1072 1.4
(CHaCH2CH2 ) 2CH 0.95 2.4 x 1072 3,0

aSplitting constants of trans isomer measured in DMSO
solution at 25°,

bSlope of o splitting constant versus temperature.

CEstimated from Figure 3 in reference (4).

temperature dependence in the ESR spectra of the semidione.-
This is indicated in Table 7 by & zero slope. Semidiones,
R’ = (CHsCHz)2CH-, failed to give a stable radical in DMF
below 40° or above 85° and could not be studied. Experi-
mental limitations also prevented the study of dicyclopropyl
semidione. The special cell (Varian Associates'v-4548-i#
aqueous sample cell) used in the variabie temperature con-
troller reduces linewidth resolution to about 0.2 gauss, and
in the case of dicyclopropyl semidione produces only a broad

line. Consequently;no temperature dependence could be
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detected in this spectrum. )

The conformation effects found in the semidiohes of
Table 6 may be explained in terms of .hyperconjugative
structures, such as 59b and 60b.

a 29 b
R Q R :
é */ .--COR . ..-COR

a b

60

This mechanism predicts that the stability of R* will determine .
the stability of the radical anion and the degree of con-

‘formational preference. The stability of R = CHa: <R =
CHaCH2* < R

CHaCH2CHz in diagram 59 and of R = CHa- <R =

CHaCHz* < R = (CHs)2CH' < R = (CHs)sC® in diagram 60 explains
the trend in the aﬁ in Table 6. Qualitatively, the acyloins

(CHg ) aC—CH2—CO—CH (OH )~CHz—C (CHs )a and (CHaCH2CHz)2CH~CO-CH(OH) -
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CH(CHaCH2CHz)=2 gave very concentrated solutions of radical

anions. These two semidiones appeared to be more stablg‘thén
the other diacyclic radicals studied. o

Carbon-13 Splitting Constants
Thus far in our calculations we have assumed that the
carbonyl carbon T spin densiﬁy (p) is constant for all trans
dialkyl semidiones. Corrections for varying spin density
have been made whenever the appropriate methyl substituted

semidione was avallable. However, this approximation involves"‘
the assumption that the carbonyl carbons in mixed semidiones
are equivealent. This is not expected to be valid. 1In a

bicyclo[4.1,0]heptyl methyl semidione the methyl splitting
indicated about 1% more spin densitf.on the methyl carbonyl
carbon than in dimethyl semidione. Mclachlan spin dengity
calculations predicted this increase on the basis of cyclo-
propyl ring delocaiization. |

Spin density has been estimafed in semidione systems by
MclLachlan and Hlickel molecular orbital calculations (76).
These calculations rely on accurate bond angles and bond
distances which for the semidione system are unavalilable (77).
Consequentl& this method is good only for & qualitative
picture of spin distribution, Experimentally, pT can bé
approximated by measuring the appropriate 13¢ splitting
constants.

The first reported measurements of 13¢ hyperfine
splittings were made by Hirota and Weissman (78) and by

Reitz, Dravnieks, and Wertz (79). Hirota and Weissman
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reported the spectra from the potassium ketyls of di-t-butyl
ketone and t-butyl iSopropyl ketone, Their resuits are shown

in 61 and 62.

__EHS CHs | - ? iHs i
SR PO W D PR O PR
CHz O~CHsa Ha = +CHs
ag = 7.6 gauss ag = 13 gauss
ag = 49,6 gauss ag = 49,8 gauss

61 | 62

e

Reitz et al., reported the *3C hfsc for the'g-benzosemidﬁinone
(diagram 62) and 2,5-dioxy-1,4-benzosemiquinone (diagrém 63).

These results are shown in ézvand é&.

af =2 0.1 a‘: = 2,82
gauss gauss
&’ = = 0.6 a® = 6.62
2 gauss 2 gauss
62 T

The carbonyl p”, however, is solvent dependent (4, 80, 81).
Therefore, the original calculations were ofﬁen misleading
(82-84). *

Karplus and Fraenkel developed a general theory relatihg
13C nyperfine splittings to bﬂ. According to this theory, the.
magnitude of the *3C splitting depends upon the pi spin |
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density at the carbon in question as well as at the neighbor-

ing carbons'(85, 86). This relationship is expressed as

c c 8 C, m . 2 - C
a’ = (S + 3.
( i Wx; Jo I, Kc

65

where SC is the contribution from polarization of the 1ls
électrons. QCXiC is a factor representing the contribution of
the 2s electrons to the splitting constant of C by p" on atom
C which is bonded to Xj. QXiCC represents the contribution

to the splitting constant of C from spin density on Xi. This
can be demonstrated by valence-bond structure for a COC:

fragment (diagram 66).

O—g\g | o-@gcc

Q C O‘.--C

O_C O—C o
0~¢ T
c d
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Structure §§g represents the ground state configuration of a
T radical. Structures éég-éég represent the excited states
with one broken sigma bond. In this simple picture QCOC
corresponds to structure §§§ and}is the contributioh froﬁ
polarization of the 2s electrons on C. | |
Das and Fraenkel (87) applied the Karplus -Fraenkel
equation to thé semiquinones studied by Rietz, et al., and
C _ 20.9. Studies of ethyl

. Cc _ cC _ _
radicals led to the values of QCC’ = BQ and QC'C = -20,9

vdetermined QOCC = -27.1 and QC'C

(82, 88). Other studies of *®C splittings have been per- -
formed on hydrocarbons (88), nitroxides (89-91),.and alkyl

' substituted semiquinones (92). Studies of semidione systeps
have thus far been limited to detection of *3C in natural

Aabﬁndance (93, 94). vThe assignments in these cases have been
based én McLachlan calculations and intensity measurements.
Both methods whiie useful often have led to erroneous re-
sults (87, 89, 93-95). Therefore, diisopropyl acyloins ‘
substituted in the 2 and 3 positions with *3C were synthe-
sized. v2-Chlor§propane-2-13C (Volk Radiochemical Coﬁpany,
51.5% 13C) was converted to the Grignard reagent and reacted
with isobutyraldehyde cyanohydrin to yield diisopropyl
acyloin-2-13¢C, Isopropylmaghesiuﬁ chloride was carbonated
with carbon dioxide-*3C (prépared from 30 grams of barium
carbonate-19C, certified by Merck, Sharp, and Dohme of Canada,
Ltd., to contain one gram iaC; 53% *3C) to yield isobutyric o
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acid-1-13C, The acid was converted to the ethyl ester With.
triethyl phosphate and condensed with sodium sand in et@erzto
yield diisopropyl acyloin-3-'3C, The ESR spectra of‘un;
‘labeled diisopropyl semidione is shown in Figure 25a. Only'
one set of *3C splittings, 4.00 gauss, is detectable. Com-
parison with the spectrum of diisopropyl semidione-2-3¢
(Figure 25b) shows that this splitting is due to the o carbons.
The spectrum of diisopropyl semidione-3-13C (Figure 26a)
displays the triplet methine hydrogen atom splitting and a
small doublet splitting of 0.8 gauss. The high field iine of
the doublet is considerably broadened with respect to the low _
field line. This broadening has been attributed to high Spin.‘
density (19). |

Das and Fraenkel proposed that line'broadening determines
the sign of the product agpiTT (87 ). The sign'is positive
when the upfield satelite is wider and vice versa. As the
carbonyl carbon is expected to have a positive spin density,
the 12C hyperfine splitting constant is positive (96-99). A
small solvent effect was observed when diisopropyl semidione-
3-13C was generated in DME. The signal, however,'was too
weak for accurate measurement (Figure 26b). The sign of
the a carbon splittihg constant could not be determined from
the spectrum. The methyl carbons, Ci, are expected to
exhibit natural abundance *3C splittings. 'This is analogous

to di-t-butyl ketyl and di-t-butyl nitroxide (89).



Figure 25. (a) First-derivative ‘ESR spectrum of unlabeled
diisopropyl semidione (top) in DMSO dis-
playing natural abundance *3C splittings.

(b) First-derivative ESR spectrum of diiso-
propyl semidione-2-13C (bottom) in DMSO.






Figxire 26. (a) First-derivative ESR spectrum of diiso-
propyl semidione-3-*3C (top) in DMSO.
(b) First-derivative ESR spectrum of
diisopropyl semidione-3-*3C (bottom) in
DME.
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The *3C hfsc of the methyl carbons of these radicals have
been reported. Therefore, the Ci splitting constants in
diisopropyl semidione are elther hidden beneath the Co
satellites or are smaller than 0.8 gauss.

If the Karplus-Fraenkel equation is applied to the

diisopropyl semidione systenm, éz, p" at carbonyl carbon and

on oxygen can be estimated.

CHs H CHas
~; "==i e
2 |3 4
CH;’/’ o - H CHs
1
61
Csa C Cs Ca Csa n
a”® = (8¥ + Qq o Qac, Qua0 )Pgg *
Ca
m Cs T Cs T
.oz PC2 + Q,0, Po, t es PO

The two carbonyl positions are equivalent by symmetry.

TT_TT Cs__ Cg .
Therefore, Pc, = Pc, and QCsC4 = QCacz . The equation

reduces to

c

3 _ c Csa Cay T Cas T Ca T
a”® = (87 + Quua, ° *+ Qa0 JPes + Yacs

Pc. + %cs Po -
68

Next the assumption is made that pga= O. This is not strict-

ly true as estimates of pgz can vary between 0,087 and 0.001

depending upon the method of calculation. The first estimate

is based on the splitting of the methyl radical, 25 gauss,

(100), and the second of the hydrogen atom,508 gauss, (101).
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These last two values are used as Q values in the McConnell
relation (102),

H__ H .1
8y = Qoyg Py

In this equation a? is the a methine proton splitting of 2.0
gauss. Therefore, the equation §§ reduces to

Ca _ (aC Csa Cay T G T
where SC = =12.7. QCSCZC3 represents an interaction between

an sp? and sp® carbon and is approximated by Q = 30 for the

ethyl radical (100). The other Q values, QCSOC3 = 17.7 and

QOCBCS = -27.1, have been estimated by Das and Fraenkel (87) |
for the semiquinone system. It is assumed, therefore, that
the interactions between oxygen and carbon in the semiduinone
and trans semidione systems are similar., With these substi-

tutions, the equation can be reduced to two unknowns,

al = (-12.7 + 30 + l7.7)pg3-27.l (on)

Ca _ m _ u

a > = 35 PC, 27.1 Po
Since the assumption pgz = 0 has been made 2(pg3 + pg)-= 1.00.
An a®® of 0.8 gauss yields pga = 0.23 and p} = 0.27.

A similar calculation can be performed for acz, however

the approximation that pgz and pg are negligible becomes

severe,
Ce _ Cc Cg Cg - Cz2 m
a”® = (87 + 2Q,0, "+ Qun ~ = QcaCs IPC,

Ca T Ca T
* Qoo Pes * 2,0, PCy 69
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Equation 69 reduces to 70.

aC Ca T

2 _
- QCsca Pcs

70

e d

A value of -20.9 for Q0302C2 has been estimated for the ethyl
radical (88). Using this value, equation 70 predicts that

a2

is negative. Values of pgs, in light of the large number
of approximations madé,'agree remarkably well with those cal-

culated from equation 68. The experimental value of | 4,01|
L

gauss when applied to equation 70, predicts a Pcs of 0.19
as compared to 0.23 for the value of aC3. Equation 70

Ca

demands that the sign of a is negative and that an increase

in \aca\ requires an increase in pgs. This last prediction

is in disagreement with equation §§, and stresses the caution
to be exercised in applying the Karplus-Fraenkel equation to
sp® hybridized carbons. Dimethyl semidione has been prepared
by Mr. D. Lawson with *3C at the carbonyl and methyl positions.

The observed values for the trans structure of aC are 0.5 and

4.5 gauss, respectively. These values correspond to a
carbonyl carbon spin density of 0.23 and 0.21 for equations §_§_

and 70, respectively.

Di-t-butyl acyloin-3-12C was prepared from carbon dioxide-

18¢ and t-butylmagnesium chloride as in the synthesis of di¥

isopropyl acyloin-3-%3C, ‘The semidione of the former dis-

played *°C satelites of 1.4l gauss splitting (Figure 27a).



Figure 27. (a) First-derivative ESR spectrum of
di-t-butyl semidione-3-*3C (top) in
DMSO.
(b) First-derivative ESR spectrum of
di -4-heptyl semidione in DMSO dis-
playing natural abundance 3¢
splittings. The superimposed spectrum

is 10 times the intensity of the original.
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Equatimqé@predicts a 1.0% increase in the carbonyl carbon
pTr in di-t-butyl semidione over the carbonyl carbon p1T in
dimethyl semidione. This prediction can be tested by
synthesizing t-butyl methyl semidione. The methyl group
splitting is expected to increase in magnitude from 5.70
gauss and reflect the increased spin density. Carbon-13
hyperfine splitting constants for the tertiary and methyl
positions of di-t-butyl semidiones are probably present in
natural abundance. However, the complexity of the spectrum
makes assignment difficult. Splitting constants of 2.4 and

3.8 gauss have been reported (17).
Table 8 contains 13C splitting constants for the above
compounds. Splitting constants are also tabulated for non -

enriched semidiones displaying natural abundance 13C

satellite. Assignments of the carbonyl carbon splittings are
based upon the line broadening effects noted above. The
other set of splittings are probably due to the a carbon
atom and therefore, are assigned tentatively to this carbon

atom. A representative spectrum displaying natural abundance

carbon-13% splittings is shown in Figure 27b.

The Karplus-Fraenkel equation can be applied to di-t-

butyl ketyl T71.

ol

CHa—C
) &4 5
Hs

bt

?Hs g fHB
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‘Table 8. Carbon-13 hyperfine splitting constants

Semidione agarbonyl |ai |
Dimethyl 0.5% 4,58
Diisopropyl 0.8%" 4, 0%
Di -t -butyl 1,418
Diethyl <0.8P 3,30
Cyclohexyl sl.Ob 4.9b
Di-3-pentyl <1, 4P 3.55°
Di -5-heptyl - <1,5P 3, 45°

47sotopically substituted 13C.

ONatural abundance 13C.

The basic equation is

Ca _ Cc Ca Cay T Ca T
a’® = (87 + 290 07" + Qo 0 )P, + 200, Pc,
Ca T
* Qocs PO
12
The assumption that pge is negligible becomes severe.

However, there are few methods for estimating pgz. Equation

72 with subsfitution of appropriate Q values reduces to

C _ m_ u
a = 65 Pc—27-1pg .
2
The hyperfine splitting constants for oxygen-17 atoms in the

radical ions discussed are relatively constant. Typical

o)

values for a  are -11.1 and -10.5 gauss for di-t-butyl ketyl
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and di-t-butyl semidione, respectively. Russell and

Underwood ( 94 ) have explained these values in terms of

constant spin density on oxygen. They argued that using

Qo = 0 and .0 = -40 + 5 (103) for ketyls and semidiones

gives a reasonable fit with the 170 hfs. The relationship
accounting for the oxygen splitting is given in equation zﬂ.

o_ .o o
a” = Qy'pg *+ Qg P

74

—~—

Ul ﬂ
o and PC 4 in

equation 73, a splitting of 42 gauss is predicted for ag.

Therefore, using the values 0.25 and 0.75 for p

This estimate is in good agreement with experimental results
of 49.6 gauss. Figure 28 shows the spectrum of di-t-butyl
ketyl-3-13C. Due to the rapidly changing radical concentra-
tion, the sign of ag could not be determined. The Karplus-
Fraenkel equation predicts a splitting constant of -16 gauss
for ag. This prediction is not born out by experiment.

The spectrum of the ketyl displays only two *3C splittings.
The second set of sa.tellites,(a.C = 7.6 gauss) has been
assigned to the six methyl carbons on the basis of intensity
measurements., However, the same type of experiments have
been performed on the ESR spectrum of di-t-butyl nitroxide.
One set of *3C satellites was observed (aC = 4,35 gauss)

and was aséigned to the methyl carbons (104). 1Isotopic

labelling of the tertiary position betrayed its '3C splitting



Figure 28. PFirst-derivative ESR spectrum of di-t-butyl’
ketyl-3-13C in DMSO.
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constant. The experimental value of 4,38 gauss differed
from the methyl carbon splitting by 0.03 gauss. This small
difference was sufficient to invalidate intensity measure-
ments, The same type of fortuitous or nearly fortuitous
splitting may be occurring in di-t-butyl ketyl, di-t-butyl
semidione and diisopfopyl semidione.

Two sets of satelites have been observed ih spectra
of concentrated solutions of cyclopropyl semidiones. These
lines are apparently due to *3C in natural abundance. However,
the lack of line broadening , uncertain intensity measure-
ments, and the large magnitude of the splittings make assign-
ments difficult, Table 9 contains these splittings. 1In each
case the smaller splitting ai, is approximately twice the
intensity of the larger splitting as. Figure 29 shows an
amplified spectrum of dicyclopropyl semidione displaying two

pairs of satellites at 4.5 and 8,1 gauss,

Table 9. Apparent '3C splittings of cyclopropyl semidiones

Semidione a1? (gauss) asz (gauss)
Dicyclopropyl 4.5 8.1
Bis-2,2-dimethylecyclopropyl 4.3 7.95
Di-6-bicyclo[3.1.0]hexyl 8.7 17.5 .
Di-7-bicyclo[4.1.0]heptyl . 8.7 17.4%
Di-8-bicyclo[5.1.0]octyl 8.2 16.5
Di-9-bicyclo[6.1.0]nonyl 5.4 9.6

%The measured intensity of ai is about twice that of as.



Figure 29. First-derivative ESR spectrum of dicyclo-
propyl semidione in DMSO displaying two sets
of apparent 3C splittings.
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EXPERIMENTAL
Methods

The ESR spectra in this work were obtained using both
a Varian V-4502 spectrometer equipped with & 9 in. magnet
and 100 Kecps field modulation and a Varian E-3 specfrometer;
Samples were prepared using the}H-type mixing cell and a
flat-fused silica sample cell. The samples were deoxygenated
with a slow stream of prepurified nitrogen that had been
bassed through successive columns of alkaline pyrogallol
and concentrated sulfuric acid. Thevtechniques involved have
been previously described (16, 62).

The concentration of dicyclopropyl semidione ions was
determined by comparison of peak height of an overmodulated
signal of the radical anion with a similarly overmodulated
signal from diphenyl picrylhydrazyl (DPPH) (1.0 x 10 S molér
in benzene). The technique has been described (105).

All IR spectra were obtained in carbon tetrachloride
solution using a Perkin-Elmer Model 21 Double Beam Infrared
Spectrophotometer. The NMR spectra reported were obtained
in carbon tetrachloride containing 1% tetramethylsilane
using a Varian A-60 NMR Spectrometer. Gas phase chromato-
graphy (GPC) was used to purify many of the compounds studied.
Unless otherwise stated, an Aerograph Model A-350-B Dual
Column-Temperature Programmer Gas Chromatograph was used
with a five foot 15% diethyleneglycolsuccinate on Chroma-

sorb W column.
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. s "y
Purification and Synthesis of 17a Compounds

The chemicals employed were commercially available prod-
ucts., Dimethyl sulfoxide was distilled from calcium hydride
under reduced préssure and stored over molecular sieves in
glass stoppered vessels., Xylene was refluxed for twelve
hours over sodium and then carefully distilled under a
nitrogen atmosphere. The distillate was stored in glass
stoppered vessels. Dimethoxyethane was distilled from
sodium-potassium alloy and stored in a glass stoppered con-
tainer. Sodium metal was added to commercial containers of
anhydrous ethyl ether (Baker Analyzed Reagent). The ether
was then used without further purification.

Dicyclohexyl acyloin

Dicyclohexyl acyloin was prepared by modifying the
acyloin condensation procedure of McElvain (106). Cyclo-
hexanecarboxylic acid was heated with thionyl chloride (107).
The résulting acid chloride was distilled and treated with
absolute ethanol. Fthyl cyclohexanecarboxylate was
distilled (b.p. 193-194°; 1it. (109, 196°) in 90% yield. To
a 500 ml, three-neck flask equipped with a reflux condensor,
dropping funnel with side arm and an efficient stirrer, 100
ml. of xylene (54) and 4.6 g. (0.2 moles) of sodium was
added. The dropping funnel was charged with 14,3 g. (0.1
moles) of ethyl cyclohexanecarboxylate and a nitrogen inlet.

A slow stream of nitrogen was maintained throughout the

reaction., The mixture was heated to 105°-110°, and the ester
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added dropwise for one hour with stirring. The stirring

was continued for an additional hpur,and the reaction was

then‘quenched with 5 ml, of methanol followed by 100 ml. of

distilled water.

The xylene layer was washed with water,

acidified with dilute hydrochloric acid, and neutralized with.

sodium bicarbonate solution. Distillation of the xylene gave

an oil which crystallized in 50/50 ethanol-water to give 5.1

g. of dicyclohexyl acyloin (m.p., 43;5°) in 45% yield (109).

Analysis

Infrared

Mass Spec

Calec. for CisHo2402: C, T4.85; H, 10.76.
Found: C, 74.77; H, 10.65,

(cc1,) 2.86M, 3.428, 3.50S8, 5.77S, 6.83W,
6.885, 7.15M, 7.31M, 7.61M, 8.03M, 8.57M,
8.75M, 8.90S, 9.30M, 9.40S, 10.098
(microhs).

(CCls) Doublet centered at 4,018, °J,; =
1 Hz. (total area 1 proton), sharp hydroxyl
singlet at 3.206 (area 1 proton), multi-
plet at 2.20§-2.706 (total area 1 proton),
multiplet at0,906-2.206 (total area 21

protons).

Mol. wt. 224; found M" = 224,
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Dicyeclopropyl acyloin

To 12.5 g. of sodium in a 100 ml, three-necked flask,
equipped with a paddle stirrer, was added 200 ml. Xylene. '
The flask was heated until the sodium melted. The melt was
agitated until émall particles 1-3 mm., in diameter were
formed by manually rotating the paddle stirrer back and
forth rapidly (110). The mixture was allowed to cool slowly
and the xylene decanted. The sodium sand was washed five ‘
times with 100 ml. portions of anhydrous ether. Five hundred
ml, of anhydrous ether were added, and the flask was fixed
ﬁith condenser and dropping funnel as in the synthesis of
dicyclohexyl acyloin. The ester, 28.5 g.(0.25 moles), (b.p.,
130-132°; 1it (111), 133-134°) was dissolved in 100 ml. of
ether and added dropwise over the course of one hour to the
refluxing mixture. Reflux was maintained for an additional
three hours., The unreacted sodium was destroyed by carefﬁl'

addition of water. The ether layer was washed with water and

acidified with a 3% hydrochloric acid solution saturated
with ammonium chloride to reduce the possiblility of ring
opening. After neutralizing with saturated sodium bicarbonate

solution and drying over anhydrous sodium sulfate, the ether
was removed by distillation. The residue was fractionated
by GPC on a ten foot silicone 550 column, 155°, gas flow 35
ml./min. using an Aerograph 200 instrument. Dicyclopropyl

acyloin has a retention time of six minutes under these
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conditions., The acyloin was collected fran GPC as an oil.
Anslysis  Cale. for CeHiz02: C, 68.45; H, 8.62.
Found: C, 68.17;'H, 8.80.

Infrared  (CCls) 3.87M, 3.24W, 3.30MW, 3.37M, 3.40M,
3.48Mw, 5,908, 6.15W, 6.87M, T7.27S, T.4OM,
8.07TMW, 8.38M, 8.60M, 8.83M, 9.07M, 9.30S,
9.50S, 9.805 (microns). |

MR (CC1l4) Doublet centered at 3.936, °J,p = 6
Hz. (total area 1 proton), broad hydroxyl
singlet at 3.21§ (area 1 proton), multiplet
at 1.886-2.356 (total area 1 proton),
multiplet at 0.756-1.306 (total area 5
protons), multiplet at 0.15§-0.7586 (total
area U4 protons).

Dicyclobutyl acyloin

Ethyl cyclobutanecarboxylate (b.p., 150-151°; 1lit. (112),
147.5-149° at T46 mm) was prepared by the thionyl chloride
esterification procedure (L07) in 90% yield. ‘A sample of
23 g. (0.18 moles) of ester was reacted with 8.4 g. (0.36
moles) of sodium sand as in the synthesis of dicyclopropyl
acyloin. Work-up yielded > g. of & yellow liquid that proved
to be a 50/50 mixture of dicyclobutyl acyloin and dicyclo-'
butylethanedione. The mixture was separated by GPC on a ten
foot propylene glycol column, 150° flow rate 30 ml./min. in

an Aerograph 200, Retention time of the acyloin was 40
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minutes, of the diketone, 32 minutes. Total yield of dicyclo-
butyl acyloin was 1.2 g. (8.6%). .

Analysis  Cale. for CicHieOz: C, 71.30; H, 9.60.
Found: C, 71.25; H, 9.67.

Infrared . (CClg) 2.87M, 3.428, 3.508, 5.75W, 5.89S,
6.93M, 7.25M, 7:403, 8.07M, 8.68M, 8.988,
9.25M, 9.90M, 10,208 (microns).

NMR (CC1,s) Doublet centered at 3.966, 3JAB = 3.8

' Hz. (total area 1 proton), broad hydroxyl
singlet at 3.386 (area 1 proton), multiplet
| 1.56-3.26 (total area 14 protons).
Dicyclopentyl acyloin -
Ethyl cyclopentanecarboxylate (b.p., 65-68° at 13 mm,;
1it. (113, 89.3° at 45 mm,) was prepared by thionyl chloride
| esterification in 85% yield. The acyloin was prepared exact-
ly as dicyclohexylacyloin using 17.8 g..(0.125 moles)'qf
ester and 5.8 g. (0.25 moles) of sodium and 100 ml. of xylene.
The residue after evaporating the xylene was a yellow viscous
liquid which distilled at 83-87° at 1 mm, to yield 1.0 g.
(9% yield) of dicyclopentyl acyloin as an oil.

Analysis Calc. for CizHz002: C, T73.40; H, 10.28.
Found: C, 73.07; H, 10.31.

Infrared (cci,) 2.86W, 3,428, 3.49s, 5.87S, 6.88M,
7.23W, 7.36M, 7.70W, 8.18W, 8.60W, 9.25M,
9.35M, 9.75M (microns).
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(CCly) Broad singlet 4.896 (area 1 proton),

doublet centered at 4.216, °J,, = 4 Hz,

(total area 1 proton),.multiplet at 2,906~
3,406 (total area 1 proton), multiplet 1.005-
2.906 (total area 17 protons),

Dicycloheptyl acyloin

Ethyl cycloheptanecarboxylate (b.p., 100-102° at 15 mm.;

1it. (114), 74° at 3 mm.) was prepared by thionyl chloride

esterification (107)in 90% yield. A 17.0 g. (0.10 moles)

sample of ester and 5.0 g. of sodium were reacted as in the

synthesis of dicyclohexyl acyloin. The residue was distilled.

Dicycloheptyl acyloin (b.p., 127-130° at 2 mm.) was collected
in 40% yield (5.1 g.).

Analysis

Infrared

Mass Spec

Calc, for 016H2302: c, 76.15; H, 11.18.
Found: C, 76.40; H, 11.34,

(CC1ls) 2.88M, 3.50S, 3.74W, 5.90S, 6.85S,
6.925, 7.18M, 7.31M, 7.62M, 7.90M, 8.20M,
8.51M, 8.87M, 9.45S5 (microns).

(CC1ls) Doublet centered at 4.085, %J,5 = 1.5
Hz. (total area 1 proton), broad hydroxyl
singlet at 3.756 (area 1 proton), multiplet

at 2.006-3.008 (total area 2 protons),
multiplet at 1.006-2.006 (total area 24

protons).

Mol. wt. 252; found M™ = 252, MT-2 = 250.
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Di -4 -cycloheptenyl acyloin

4-Cyclopentenecarboxylic acid was prepgred by the

' method of Stork and Landesman (115). The ethyl ester (b.p.,
120-125° at 17 mm.) was prepared in 90% yield by the thionyl
chloride procedure (1L07) 12.0 g. (0.078 moles) sample of

ester and 3.6 g. (0.15 moles) of sodium were reacted as in

the synthesis of dicyclohexyl acyldin. The residue was

chromatographed on silica gel. The 80% benzene 20% ether

fractlon yielded 0.5 g. of a yellow oil (5.1%).

Analysis Cale. for CieHz402: C, 77.23; H, 9.51.
Found: C, 76.55; H, 9.65,

Infrared - (CCl,) 2.87M, 2.31M, 3.508, 5.50W, 5.85s;
6.05M, 6.94S, 7.15M, T7.30M, 7.65M, 8.20M,
8.80M, 9.30S, 9.75S (microns).

NMR (CC1l,) Multiplet at 5.6-5.8 (total area U
protons), doublet centered at 4.116, 3J,, =

AB
2.4 Hz. (total area 1 proton).

Mass Spec Mol. wt. 248; found MY = 248,

Cyclopropyl methyl acyloin

Sodium sand, 35 g. (1.5 moles) was prepared in a 1000
ml., three-necked flask. The flask was fitted with a con-
denser and a dropping funnel as in the preparation of dicyclo-.
hexyl acyloin. The flask was flushed with'nitrogen, charged
with 500 ml., ether,and heated to reflux with vigorous stirring.
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A solution of 28.5 g. (0.25 moles) of ethyl cyclopropane-
carboxylate and 50 ml. (0.50 moles) of ethyl acetate
dissolved in 100 ml., of ether was added dropwise fér one
hour. The nitrogen flow, stirring,and refluxing were main-

tained for sixteen hours. The reaction mixture was worked

up as in the procedure for dicyclopropyl acyloin., The re-
sulting solution was carefully heated under 15 mm..pressure
until 35°C. The distillate contained unreacted ester and
acetoin., The residue was separated by GPC on a five foot
silicone 550 column in an Aerograph 220 instrument. A
column temperature of 200°C. yielded a 17 peak chromatograph.
The peaks were divided into three parts, and fractions were
collected and analysed by ESR. The first fraction (2.0 min.)
displayed a five line spectrum indicating the presence of
both cyclopropyl methyl acyloin and dicyclopropyl acyloin.
The second fraction (2.0 min./8 min.) displayed a singlet for
dicyclopropyl acyloin, and the third fraction gave only a
weak unidentifiable singlet. The column temﬁerature was
lowered to 135°, and the first fraction was separated further
into twelve peaks. The chromatograph was divided into four
parts. The second fraction was the largest peak and upon
ESR analysis proved to be cyclopropyl méthyl acyloin.' Total
yield was 0.10 g. (0.4%) colorless liquid.

Analysis Cale, for CegHioOz2: C, 63,08; H, 8.85.

Found: C, 63.02; H, 8.72.
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(CC1l.) 2.95W, 3.40M, 3.48M, 5.80S, 6.15W,
6.84M, 7.10M, 7.25S, 7.95M, 8.15M, 8.33S,
8.55S8, 9.14M, 9.40M (microns).

(CCls) Quartet centered at 4.296, 8JAB =7

Hz. (total area i proton, broad hydroxyl
singlet at 4,056 (area 1 proton), small
singlet at 2.216 and a large doublet centered
at 1.376, °Jyp = 7 Hz. (total area 3 protoﬁs),

multiplet from 0.206-2.166 (total area 5 pro-

tons).

Cyclobutyl methyl acyloin
A 0.25 mole sample of ethyl cyclobutanecarboxylate and

1.00 moles of ethyl acetate were reacted with sodium sand

as in the synthesis of cyclopropyl methyl acyloin., Exhaustive

GPC analysis combined with ESR detection of the acyloin

yielded 0.2 g. (1.0%) of cyclobutyl methyl acyloin as an oil,

Analysis

Infrared

Calec. for C-H1202: C, 65.60; H, 9.45,
Found: C, 65.19; H,l9.4l.

(cCl,) 2.958, 3.428, 3,498, 5.85S, 6.88M,
7.288, 8.00M, 8.22M, 8.92S, 9.008 (microns).
(CC1l,) Multiplet 3.356-3.808 (total area 1
proton), broad hydrokyl singlet at 3.336 |
(area 1 proton), small singlet at 2.006

and a large doublet centered at 1.156, SJAB
5.5 Hz, (total area 3 protons), multiplet .
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at 1,606-2.106 (total area T protons).

Cyclopentyl methyl acyloin
Cyclopentanecarboxaldehyde was obtalned by the method

of Kinstle (116), A 17.8 (0.12 moles) sample of cyclopentyl
bromide was reacted with 3 g. magnesium turnings in 300 ml.
ether to produce the Grignard reagent. The reaction flask
was cooled to 15°C.,and 13.3 g. (0.09 moles) freshly dis-
tilled triethyl orthoformate in 150 ml. ether was added

during five minutes. The reaction mixture was stirred and

heated under reflux for five hours, and the bulk of the ether
was removed by careful distillation. A mlild exothermic re-
action occurred and was controlled by an ice salt bath. The
grey paste remaining was dispersed in 75 ml, water and neutra-
lized with a small amount of hydrochloric acid. The alde-
hyde was extracted with three 50 ml, porfions of ether. The
ether solution was dried and evaporated to yield a yellow oil.
Saturated sodium bisulfite solution was then added and the
mixture stirred overnight. The sodium bisulfite addition
product was collected on a sintered glass funnel and washed
with two 50 ml. portions of ethanol, three 50 ml. portions

of ether and then dried. The adduct weighing 37.2 g. was
added to 12.5 g. of sodium cyanide dissolved in 25 ml. of
water. The solution was stirred with 10 ml, of ether for

two hours and extracted with three 25 ml. portioﬁs of ether.
The combined ether extract was dried over anhydrous magnesium

sulfate. Methylmagnesium iodide was prepared in a 1000 mi.,
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three -necked flask from 28.0 g. (9.20 moles) methyl iodide

and 5.0 g. of magnesium turnings in 500 ml. ether. After re-
fluxing the Gr;gnard reagent for four hours, the ether solu-
tion of cyclopentanecarboxaldehyde cyanohydrin wes added drop-
wise during the course of one hour (117). The mixture was
heated under reflux fof an additional four hours and then

cooled in an ice-methanol bath. Water was added cautiouély.

until two distinct layers formed, and hydrochloric acid was
added until the basic salts dissolved. The mixture was ex-
tracted with three 50 ml, portions of ether. The combined

ether extract was washed with saturated sodium bicarbonate
and then dried over anhydrous sodium sulfate. The ether was .

removed by careful distillation and the residue distilled on
a vacuum line. A 5.0 g. (28.2%) fraction (b.p., 25-26° at
0.13 mm.) of cyclopentyl methyl acyloin was collected.
Analysis Cale. for CgH1402: C, 67.50; H, 9.93.
Found: H, 67.42; H, 10.06.

Infrared (cc1l,) 2.85M, 3.39s8, 3.48s, 5.85s, 6.89M,
7.20M, 7.37S, 7.70W, 8,07M, 8.7OM, 9.02S,
9.35M, 9.75M (microns).

NMR (CC1ls) Multiplet at 3.956-4.206 (total area
1 proton), broad hydroxyl singlet at 3.206
(area 1 proton), singlet at 2,116 and a
doublet centered at 1.308, aJAB = 7 Hz.

(total area 3 protons), multiplet at 1.205-
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- 2.006 (total area 9 protons).
Cyclohexyl methyl acyloin _
A 10 g. sample of cyclohexanecarboxaldehyde was added to
50 ml. of saturated sodium bisulfite. The mixture was stirred
overnight and then filtered. The filtrate was washed with two
50 ml. portions of ethanol and three 50 ml;-portions of ether |
and then dried. The cyclohexanecarboxaldehyde-~sodium bisul-

fite addition product (20.93 g.) was added to 6.86 g. (0.14

moles) of sodium cyanide dissolved in 25 ml. of water. The
mixture was treated as in the synthesis of cyclopentyl methydl
acyloin yielding 5 g. (40.5%) cyclohexanecarboxaldehyde
cyanéhydrin. The cyanohydrin was reacted with 0,08 moles of
methylmagnesium iodide to produce 1.2 g. (19.9% yield) of
cyclohexyl methyl acyloin (b.p. 100-110° at 13 mm,).
Analysis Calc. for CgHieg02: C, 69.30; H, 10.30.
Found: C, 69.64; H, 10.13. |
Infrared (ccl,) 2.95W, 3.41S8, 3.508, 5.80M, 5.85S,
6.89s, 7.28M, 8.05M, 8.45M, 9.00M, 9.43S,
9.70M (microns).
NMR | (CCls) Multiplet at 3.306-3.636 (total area
1 proton), broad hydroxyl singlet at 2.156
(area 1 proton), small singlet at 1.966
and a large doublet centered at 1.106, sJAB =
6.25 Hz, (total area 3 protons), multiplet
at0,906-2.106 (total area 1l protons).
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Cyeclooctyl méthyl acyloin

A 10 g, sample of cyclooctanecarboxaldehyde was treated
as in the synthesis of cyclohexyl methyl acyloin to yield
2.1 g. (16.1%) of cyclooctyl methyl acyloin. The acyloin
was purified by GPC and isolated as an oil.

Analysis Cale. for CiiHz2002: C, 71.75; H, 10.87.

Found: C, 71.37; H, 11.25.
Infrared (cci,) 2.87wW, 3.395, 3.488, 5.87S, 6.88M,
| 7.79M, 7.70W, 8.57W, 9.30M, 9.76M (microns).
NMR (CCls) Doublet centered at 4,065, SJAB -
3.5 Hz. (total area 1 proton), broad hydroxyl
singlet at 3.266 (area 1 proton), large
singlet at 2.126 and small doublet centered
at 1.126, SJAB = 6.25 Hz, (total area 3 pro-
tons), multiplet at 1.06-2.56 (total area
15 protons).
Mass Spec Mol. wt. 184, found M = 184,

Di-7-bicyclo[4.1.0]lheptyl acyloin

Ethyl 7-norcaranecarboxylate was synthesized by modi-
fying the method of Ebel, Brunner, and Mangelli (118). Zinc-
copper catalyst was prepared using the method of Shank and
Shechter (119). A 1000 ml., three-necked flask was fitted
with condenser, paddle stirrer and dropping funnel as in the
synthesis of dicyclohexyl acyloin. A 15 g. sample of zinc-

copper catalyst was suspended in 350 g. of cyclohexene and
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heated to reflux. The mixture was stirred as 100 g. of
ethyl diazoacetate was added dfopwise for three hours.
Refluxing temperature was maintained for an additional 12
hours. The solution was filtered and distilled at aspirator
pressure. The fraction distilling at 107-110°C. at 15 mm.

was collected. GPC analysis showed the presence of three
compounds : ethyl-7-norcaranecarboxylate, diethyl maleate,and
diethyl fumarate. The mixture was separated by saponifice-
tion of 32.4 g. of crude ester with 200 ml. of 10%.sodium
hydroxide. The resultant clear yellow solution was washed
with two 50 ml, portions of ether and acidified with hydro-
chloric acid. The preciplitate was collected on a medium
porosity sintered glass filter and washed with five 100 ml,
portions of water. The cfude acid (m.p. 94-96°, 1lit. (120)
97-98°) was dried under aspirator pressure for five hours.
Total yield of norcaranecarboxylic acid was 19.2 g. This

was treated to yield 21.4% g. of 7-norcaraneéarboxylic acid
chloride (b.p., 102-104° at 15 mm., 1it. (120)112°, 25 mm.).
The acid chloride was converted to the ethyl ester (b,p. 107-
108° at 15 mm., 1lit. (118) 108-110° at 18 mm.) in 95% yield.
Total yield of ester based on ethylldiazoacetate was 16%.

An 11.3 g. (0.065 moles) sample of freshly distilled ester

was reacted with 3.0 g. of sodium in 100 ml. of Xylene as in |
the synthesis of dicyclohexyl acyloin, Pure di-7-bicyclo-
[4.1.0]heptyl acyloin was distilled at 135°, at 0,03 mm, Total
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yield was 1.5 g. (35%).

Analysis

Infrared-

Calc. for CigHz402: C, 77.25; H, 9.7k,
Found: C, 77.23; H, 9.57.

(cCl,) 2.90wW, 3.428, 3.50S, 5.94S, 6,90M,
7.06M, 3.43M, 7.67M, 8.67M, 9.07M, 9.30M,
9.50M (microns). |

(CC1l4) Broad hydroxyl singlet at 3.286

(area 1 proton), doublet centered at 3.356,
sJAB = 6.7 Hz. (total area 1 proton), multi-

plet at 0,506-2.3086 (total area 22 protons).

Ethyl -6 -bicyclo[3.1.0]hexanecarboxylate
A 200 g, sample of cyclopentene was treated with 100 g.

of ethyl diazoacetate as in the synthesis of di-7-bicyclo-

[4.1.0]heptyl acyloin to yield 10.10 g. (8.0%) of 6-bicyclo-

[3.1.0]hexanecarboxylic acid chloride (b.p. 79-80° at 15 mm.,

1it, (121,122).The ethyl ester (b.p. 89° at 15 mm.) was formed

by addition of ethanol to acid chloride in 95% yield (121).

Analysis

Infrared

Cale. for CgHi402: C, 70.10; H, 9.15.

Found: C, 69.70; H, 8.99,

(CCls) 3.42M, 3.52W, 5.81VS, 6.90W, 7.09M,
T.22W, T.33W, T7.54, T7.7TOW, 7.91S, 8.16W,
8.58VS, 9.26M, 9.33M, 9.54M, 9.81W (microns).
(CCls) Quartet centered at 4,026, SJAB =T7.1
Hz. (total area 2 protons), multiplet at
1.666-2.056 (total area 6 protons), triplet
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centered at 1.218, °Jyp = 7.1 Hz. (total

area 3 protons), multiplet at 0.90§-1.606

(total area 3 protons).
Di-6-bicyclo[3.1.0lhexyl acxldin

A 9.77 g.(0.064 moles) sample of ethyl 6-bicyclo[3.1.0]-

hexanecarboxylate was reacted with 3 'g. sodium as in the |
synthesis of dicyclohexyl acyloin to yield 0.5 g. (6.2%) of
di-6-bicyclo[3.l.0]hexy1 acyloin. The acyloin was purified
by,distillation in a Tepler still at 0.05 mm. and was
collected as an oil.

Analysis- Calc., for Cig4Hz2002: C, T76.37; H,'9.23.
Found: C, 76.55; H, 9.34.

Infrared (CCl,) 2.90W, 3,425, 3.50S8, 5.94S, 6.90M,
7.20M, T7.55M, T7.72M, 7.90M, 8.16M, 8.52M,
9.15M, 9.34M, 9.50M (microns).

NMR (CC1ls) Broad hydroxyl singlet at 5.406
(area 1 proton), doublet centered at 3.666,
3JAB = 8 Hz. (total area 1 proton), multiplet
0.76—3.208 (total area 18 protons).

Ethyl 8-bicyclo[5.1.0]octanecarboxylate

A 120 g. sample of freshly distiiled cycloheptene was
treated with 7.5 g. of zinc-copper catalyst and 50 g. of

ethyl diazoacetate as in the synthesis of di-7-bicyclo[4.1.0]-
heptyl acyloin to yield 11.1 g. (14.4%) of bieyelo[5.1.0]-
octanecarboxylic acid chloride (b.p. 115-116° at 15 mm.).
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The efhyl ester (b.p. 138-141° at 15 mm.) was formed by
additioﬁ of ethanol to the acid chloride in 90% yield.

Analysis  Calc. for CiiHigO2: C, 72.48; H, 9.96.
Found: C, 72.51; H, 9.88.

Infrared  (CCly) 3.35W, 3.42S, 3.51M, 5.80VS, 6.75W,
6.835, 6.94M, 7.30M, 7.44M, 7.61S, 7.92M,
8.23Ms, 8.57vs, 8.87M, 9.13M, 9.45W, 9.72M
(microns). | |

NMR (CCls) Quartet centered at 4,026, SJAB =7

Hz. (total area 2 protons), triplet centered

at 1.206, SJAB = 7 Hz. (total area 3 protons),
multiplet at 0.806-2,456 (total area 13 pro-

tons).

Di-8-bicyelo[5.1.0]octyl acyloin

A 10.2 g. (0.054 moles) sample of ethyl 8-bicyclo[5.1.0]-
octylcarboxylate was reacted with 2.73 g. of sodium as in the
synthesis of dicyclohexyl acyloin to yield 1.5 g. (21.6%) of
di-8-bicyclo[5.1.0]octyl acyloin. The acyloin was purified
by distillation in a Tepler still at 0.05 mm. and was
collected as a viscous oil,
Analysis Cale. for CigHzg02: C, 78.21; H, 10.21.
Found: C, 78.29; H, 10.17.

Infrared (CCle) 2.95W, 3.44S, 3.508, 5.948, 6.50M,
6.90M, T7.42M, 7.65M, 7.82M, 8.25M, 8,45M,
8.80M, 9.40M (microns). '



140

NMR (CC1ls) Broad hydroxyl singlet 14,526
(total area 1 proton),broad multiplet 0.506-
3,06 (total area 27 protons).
Ethyl 9-bicyclo[6.1.0]lnonanecarboxylate
A 200 g. sample of cyclooctene was treated with 50 g, of
ethyl diazoacetate as in the synthesis of di-7-bicyclo[4.1.0]-
heptyl acyloin to yield 9.85 g. (10.0%) of 9-bicyclo[6.1.0]-
nonanecarboxylic acid chloride (b.p. 140-141° at 15 mm.).
The ethyl ester (b.p. 143.5-144.5° at 18 mm., 1lit, (123) 100~
105° at 3 mm,) was formed by addition of ethanol to the acid
chloride in 95% yield.
Analysis Cale. for Ciz2Hz002: C, 73.45; H, 10.28,
Found: C, 73.2%; H, 10, 38.
Infrared (cci4) 3.33W, 3.408, 3.49M, 5.78VS, 6.79M,
6.85W, 6.89M, 6,95W, 7.28M, 7.41M, 7.47W,
7.598, 7.684, 7.84M, 8,16M, 8.26M, 8,408,
8.49vS, 8.71VS, 9.12W, 9.37W, 9.82M (microns).
NMR (CC1l,s) Quartet centered at 4,035, SJAB = 7.2
Hz. (total area 2 protons), triplet centered
at 1.206, 3JAB = 7.2 Hz. (total area 3 pro-
tons), multiplet at 0.85§-2.256 (total area
15 protons).
Di-9-bicyclo[6.1.0]lnonyl acyloin
A 9.57 g. (0.049 moles) sample of ethyl 9-bicyclo-
[6.1.0]nonanecarboxylate was reacted with 2.3 g. (0.1 moles)
of sodium as in the synthesis of dicyclohexyl acyloin to yield -
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0.5 g. (6.5%) of di-9-bicyclo[6.1.0]lnonyl acyloin. The
acyloin was purified by distillation.in a Tepler still at
0.03 mm. and was collected as viscous oil.

Analysis  Cale. for CacHsz02: C, 78.90; H, 10.59.
Found: C, 78.88; H, 10.36.

Infrared (CClg) 2.90W, 3.458, 3.528, 5.958, 6.83M,
6.93M, 7.25W, 7.45M, 7.63M, 8.61M, 9.04M,
9.36M (microns).

NMR . (CCls) Doublet centered at 3.788, °Jyp = 7

Hz. (total area 1 proton), broad hydroxyl

singlet at 3.286 (area 1 proton), multi-

plet at 0.50§-3.26 (total area 28 protons).
7-Bicyclo[4.1.0]heptyl methyl acyloin

A 9.2 g, (0,058 moles) sample of freshly distilled 7-

norcaranecarboxylic acid chloride was added dropwise to a
cool (-5°) solution of 2.5 g. (0.058 moles) ethylenemine and
5.9 g. (0.058 moles) triethylamine in 50 ml. of ether (124),
The solution was stirred for an hour at 0° and an additional
four hours at room temperature (28°),£hen filtered. The
amine chloride precipitate was washed with two 50 ml,
" portions of ether. The combined ether extract was reduced
to 50 ml. by distillation and dried overnight with anhydrous
magnesium sulfate. The amide solution was filtered and
cooled to -5°., A solution of 2.0 g. (60% excess) of lithium

aluminum hydride in 70 ml. ether wes added dropwise for 45
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minutes. The solution was allowed to reach room temperature

and then heated under reflux for three hours. Water was
slowly added to destroy the lithium complex. Then 3N hydro-
chloric acid saturated with ammonium chloride was added unﬁil
the white solids were dissolved. The mixture was extracted
with four 50 ml., portions of ether, The combined ether solu-
tion was washed with sodium bicarbonate solution and dried
over anhydrous magnesium sulfate., The solution was reduced
to 20 ml. by distillation and added to 50 ﬁl. of saturated
sodium bisulfite solution. The sodium bisulfite addition
product was washed with ether and treated as in the synthesis
of cyclohexyl methyl acyloin to yield 0.41 g. (4.2%) of T-
bicyclo[4.1.0lheptyl methyl acyloin. The acyloin was puri-
fied by GPC and isolated as an oil. |

Analysis  Cale. for CioHze02: C, 71.30; H, 9.59.
Found: C, 71,40; H, 9.70.

Infrared (CCl,) 2.93W, 3.448, 3,518, 3.70W, 5.85S8,
6.908, 7.10M, 7.40M, 8.04M, 8.55M, 8.95M,
9.30M, 9.69M, 9.80M, 10.90S (microns).

NMR (CCls) Broad hydroxyl singlet 5.36 (area 1
proton), broad multiplet0.206-2.85 (total

area 14 protons).
Mass Spec Mol. wt. 168; found MT = 168, MT-2 = 166.

Bis-2,2-dimethylcyclopropyl acyloin

2,2-Dimethyleyclopropylnitrile (b.p. 150-152°, 1it. (125)
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154.5-155.5°) was prepared in 60% yield by the method of

Nelson et al. The nitrile was hydrolized in refluxing

potassium hydroxide solution in 20% yield. The resulting

acid (b.p. 110° at 15 mm., 1lit. 125 ) 198-201°, was esterfied
via the thionyl chloride procedure to yield ethyl 2,2-di-
methyleyclopropanecarboxylate (b.p. 152-155°, 1it. (126, 90°

at 15 mm.) in 90% yield. A 6.0 g. (0.04 moles) sample of
ester was reacted with 3 g. of sodium sand as in the synthesis
of dicyclopropyl acyloin, Bis-2,2-dimethylcyclopropyl acyloin
wds isolated by distillation (b.p. 50-55° at0.05 mm.) and
purified by column chromatography (0.5 g., 12.5%).

Analysis Calec. for CizH2002: C, T73.45; H, 10,28,
Found: C, 73.33; H, 10.11,

Infrared (CCly) 2.89W, 3.418, 3.498, 5.75W, 5.92S,
6.90M, 7.20S, 7.27S, T7.35M, 8.75M, 9.00M,
9.17M, 9.808 (microns).

NMR (CCl,) Broad hydroxyl singlet at 3.726
(area 1 proton), doublet centered at 3.626,

SJAB = 5,5 Hz. (total area 1 proton), multi-
plet at 1.176-1.266 (total area 6 protons),
singlet at 1.106 (total area 6 protons),
multiplet 0.306-2.36 (total area 6 protons).

Mass Spec  Mol. wt. 192; found Mt = 192,
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2,2-Dimethylcyclopropyl methyl acyloin

2,2-Dimethylcyclopropyl methyl acyloin was prepared

from 13.2 g.(0.10 moles) of 2,2-dimethyleyclopropanecarboxylic

acid chloride as in the synthesis of 7-bicyclo[4.l.0]hepty1:

‘methyl acyloin.

The 0.70 g. (5%) of acyloin obtained was puri-

fied by GPC and collected as an oil.

Analysis

Infrared

Mass_Spec

Calc. for CgH1402: C, 67.60; H, 9.94,

Found: C, 67.40; H, 10,01,

(cCl.) 2.87M, 3.408, 3.48s8, 5.83Vs, 5;91vs,
6.908, 7.30VS, 8,05M, 8.65M, 9.00VS, 9.15VS,
9.28VS, 9.69vVS, 9.82S (microns).

(0014) Multiplet at 4.506-3.806 (total area

1 proton), broad hydroxyl singlet at 3.356 |
(area 1 proton), singlet at 2.2086 and a doub-
let centered at 1.356, sJAB = 7 Hz. (total
area 3 protons), doublet centered at 1.21§,
3JAB = 1.5 Hz. (total area 3 protons), doublet
centered at 1,096, sJAB = 3,0 Hz. (total
area 3 protons), multiplet at 0.306-2.06
(total area 3 protons). |

Mol., wt. 14%2; found M™ = 142, Mt = 110,

Isobutyroin(diisopropyl acyloin)

Isobutyroin waé prepared by two methods. The first‘is

a modification of the acyloin condensation and gave improved

yield in small scale reactions, The second procedure is a
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Grignard addition to a cyanohydrin (117,127,128) and was used
to prepare isobutyroin from 2-chloropropane.

Method 1. A 1.2 g. (0.052 moles) sample of sodium was
converted to sodium sand in a three-necked 50 ml, flask.
The flask was fitted with a syringe needle adapter,a nitrogen
inlet, a reflux condenser and a magnetic stirrer. The sodium '
sand was covered with 50 ml, of ether,and the system was
flushed with nitrogen. A 5.62 g. (0.052 moles) portion of
trimethylchlorosilane (129)was added via syringe. The mixture
was stirred and heated under reflux. Freshly distilled eﬁhyl
isobutyrate (b.p. 110-111°; 1it.(130) 111.7°) (3.0 g., 0.259
moles) was added slowly over 30-45 minutes and the solution
refluxed for an additional hour. The sodium chloride formed
was filtered and washed with two 10 ml. portions of éther.
The combined ether solution was reduced by distillatidn to
10 ml.,and C.9 ml, of 1N hydrochloric acid was added. The
mixture was heated under reflux for two hours. The water
layer was separated with a syringe,and 2 g, of calcium car-
bonate were added. The mixture was brought to reflux for
three additional hours. Distillation yielded 1.0 g. (53.8%)
of isobutyroin (b.p., 73° at 15 mm.; 1lit. (131) 66-70° at 1l2-
13 mm).

Method 2. Isobutyraldehyde cyanohydrin (b.p., 106° at
15 mm. ; 1it.(152) 106-106,5° at 22 mm.) was prepared using
the hydrocyanation procedure of Glatterfeld and Hoen (133)

A 3 g. (0.0382 moles) sample of 2-chloropropane was converted
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to isopropylmagnesium chloride with 1.75 g. magnesium turn-

ings in 25 ml., of ether. The apparatus used was the same as
in method 1. A syringe was used to add 1.6 g. (0.016 moles)
of isobutyraldehyde cyanohydrin slowly to the Grignard. The
mixture was heated under reflux for two hours and worked up

as in the synthesis of cyclohexyl methyl acyloin. Isobutyr-
oin (0.97 g., 50%) was purified by distillation.

Isovaleroin(diisobutyl acyloin)

Isovaleroin was synthesized using the same procedure
as in the synthesis of dicyclohexyl acyloin. Freshly dis-
tilled ethyl isovalerate (b.p. 133-135°; 1it(134), 135°) was
used to prepare the acyloin (b.p. 98-100° at 45 mm,; 1lit (131)
94-97° at 12-13 mm.) in 62% yield.

3,6 -Diethylbutyroin(di-3-pentyl acyloin)

3,6-Diethylbutyroin was synthesized from freshly
distilled ethyl 2-ethylbutyrate (b.p. 150°, 1it.(135), 151°)
using the same procedure as in the synthesis of dicyclohexyl
acyloin. The acyloin (b.p., 107-110° at 15 mm.) was distilled
in 10% yield and was purified by GPC.

Analysis Cale. for CizHz402: C, 71.98; H, 11.98.
Found: C, 72.41; H, 11,70,

Infrared = (CCls) 2.88w, 3.90S, 3.98s, 5.88s, 6.85S,
T.25M, 7.35W, 8.00W, 8.75M, 8.97M, 9.43M,
9.59M, 9.87M (microns).

NMR (CC1,) Broad hydroxyl peak at 4.2§ (area 1

—
=

proton), doublet centered at 3.956, SJAB
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4.5 Hz. (total area 1 proton), pentet
centered at 2.608, °J,, = 6.25 Hz. (total
area 1 proton), multipletat 0.706-1.756
(total area 21 protons).

Mass Spec Mol. wt. 200; found M = 200, MT-2 = 198,

4,7-Dipropylvaleroin(di-4-heptyl acyloin)

4,7-Dipropylvaleroin was synthesized from freshly dis-
tilled ethyl 2 propyl valerate (b.p., 111° at 25 mm., 1lit.
(136, 76-78° at 13 mm.) as in the synthesis of dicyclohexyl
acyloin. The acyloin (b.p. 120° at 15 mm.) was distilled in
70% yield and purified by GPC.
Analxsis Cale. for CigHsoz02: C, 75.24; H, 12.62.
Found: C, T4.94; H, 12,36,

Infrared (CCl,) 2.87W, 3.41s, 3.48s, 5.883, 6.22W,
6.825, 7.25M, 7.50W, 8.05W, 9.00W, 9.69M
(microns).

NMR (cCl,) Singlet at 4,156 (area 1 proton),
broad hydroxyl singlet at 3.106 (area 1
proton, multiplet at 2.20§-3.06 (total area
1 proton), multiplet0,635-2.206 (total area
29 protons).

Mass Spec Mol. wt. 256; found M* = 256, M*-2 = 25k,

Pivaloin(di-t-butyl acyloin)

Pivaloin was synthesized from freshly distilled ethyl
pivalate (b.p. 117-118°; 1it.(137), 118-118.2°) as in the
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synthesis of dicyclohexyl acyloin. The acyloin (m.p. 78°;
1lit. (110),81°) was recrystallized in 58% yield and purified
by sublimation.

2 -Methyl -4 -hydroxy-5-hepten-3-one

Crotonaldehyde cyanohydrin was synthesized using the
hydrocyanation procedure of Glatterfeld and Hoen (133).
2 -Methyl -4 -hydroxy-5-hepten-3-one was prepared by addition
of crotonaldehyde cyanohydrin to isopropylmagnesium chloride
in 18% yield. The acyloin was purified by GPC and collected
as a colorless oil.

Analysis Calc. for CgHi140-: C, 67.60; H, 9.9k,

. Pound: C, 67.61; H, 9.76.

Infrared (ccl,) 2.88w, 3.38M, 3.49M, 5.858, 5.908,
6.00VW, 6,10VW, 6.81M, 6,91M, T7.23M, T7.41W,
8.08W, 8.26W, 8.90S, 9.12S, 9.65M, 9.95M,
10.37S (microns).

NMR (CCls) Multiplet at 5.086-6.186 (total area
2 protons), doublet of doublets centered at
4.576, 3JAB =7 Hz., 4JAB =1 Hz. (total
area 1 proton), broad hydroxyl singlet at
4,106 (area 1 proton), heptet centered at
2.885, sJAB = 7 Hz. (total area 1 proton),
doublet of doublets centered at 1.756, ®J,g =

6 Hz., *J,, = 1 Hz. (total area 3 protons),

AB
doublet centered at 1.106, 3JAB = 7 Hz. (total

area 3 protons), doublet centered at 1,056,



149

BJAB = 7 Hz. (total area 3 protons).
Mass Spec Mol. wt. 142; found MY = 142,

Isopropyl propyl acyloin

Isopropyl propyl acyloin was prepared by addition of
isobutyraldehyde cyanohydrin to n-propylmagnesium bromide in
70% yield. The acyloin (b.p. 75-77° at 15 mm.) was purified
by GPC.
Analysis Calec. for CgHig02: C, 66.68; H, 11.19.
Found: C, 66.78; H, 11,27

Infrared (ccly) 2.88M, 3.40-3.508, 5.70W, 5.868,
6.84s, 7.228, 7.328, 7.78, 8.08M, 8.25M,
8.52M, 8.92S, 9.85S (microns).

NMR (CCls) Doublet centered at 3.926, 3JAB =

2.5 Hz. (total area 1 proton), broad singlet
3.306 (area 1 proton), triplet centered at
2.386, 3JAB = 6,5 Hz. (total area 2 protons),
multiplet at 1.256-2.26, (total area 3 pro-

tons), doublet centered at 1,12, = 6.5

3
IB
Hz. (total area 3 protons), triplet centered

at 0.926, 3J,. = 6.5 Hz. (total area 3 pro-

AB
tons) and a doublet centered at 0.676,

sJAB = 6.5 Hz. (total area 3 protons).

Mass Spec  Mol. wt. 144; found MV = 14k,
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Di-neopentyl acyloin

Di-neopentyl acyloin was synthesized using the same pro-
cedure as in the synthesis of dicyclohexyl acyloin., A 6.0
g. (0.042 moles) sample of freshly distilled ethyl 3,3-di-
methylbutyrate (b.p. 144°, lit. 138), 144,0-1U44,5° at 739
mm.) was added to 23 g. of sodium to yield 1.4 é. (33.2%)
of crude acyloin. The yellow oil solidified below room
temperature but could not be recrystallized. Di-neopentyl
acyloin was purified by GPC and collected as colorless oil.

Analysis Calc. for CizH2402: C, 71.99; H, 12.08

Found: C, 71.92; H, 12.36.
 Infrared (CCl,) 2.87MW, 3.458, 5.858, 6.35-6.558,
6.778, 7.20M, T7.30S, T7.45M, 8,00-8,208,
- 8,50MW, 9.00M, 9.35S, 10.00S (microns).

NMR (CCls) Doublet of doublets centered at

4,028, 3,5 = 9.1 Hz, °Jyp, = 2.7 Hz.
(total area 1 proton), broad hydroxyl
singlet at 3.106 (area 1 proton), singlet
at 2,306 (area 2 protons), doublet of
doublets centered at 1,396, 3JAB =9.1

Hz , SJAB' = 2.7 Hz. (total area 2 protons),
singlet at 1,026 (area 18 protons).

Mass Spec Mol. wt. 200; found Mt = 200,
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Synthesis of '3C Compounds

Diisopropyl acyloin-2-*3C

A 50 ml, three necked flask equipped with a syringe

adaptena nitrogen inlet, and an efficient dry-ice condenser

was used to prepare isopropylmagnesium chloride. All glass-
ware was oven dried at 100°., Stirring was accomplished by
use of a magnetic stirrer and a powerful magnetic stirring bar.

After addition of 1.75 G. of magnesium turning and 25 ml. of

anhydrous ether, nitrogen was passed through the system. A

solution of 2.2 ml., (2 g., 0.0254 moles) of 2-chloropropane
in 5 ml. of ether was added via syringe in increments over
20 minutes. This was followed by a solution of 1.1 ml. (1 g.,
0.0127 moles) of 2-chloropropane 2-*3C (Volk Radiochemical
Company, 51.5% 1303 in 5 ml. of ether added over 10 minutes.
When addition was complete the reaction was heated under
gentle reflux for an additional two hours. The mixture was
cooled in an ice-methanol bath,and 1.6 g. (0.16 moles) of
isobutyraldehyde cyanohydrin were added slowly. The reaction
was then worked up as previously described for the synthesis
of isobutyroin (method 2) to yield 0.60 g. (31%) of product

purified by GPC.

*The 2-chloropropane -2-3C was analyzed bz mass spectro-
scopy and NMR. The results indicate actual C!'® incorpora-
tion to be 4O-41%.
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Diisopropyl acyloin-3-13C

A Grignard carbonation apparatus similar to that
described by Lemmon (139,140)was attached to a high vacuum
line equipped with a manometer. All connections and stop-
cocks were lubricated with high vacuum grease and tested
for leaks. A 100 ml, round bottom fiask was charged with
9,91 g. of barium carbonate-'3C (Merck, Sharp and Dohme of
Canada, Ltd., "one gram contained *3C"). A pressure-equal-
izing dropping funnel above it was charged with 50 ml, of
concentrated sulfuric acid. The entire apparatus was
evacuatedto 0.07 mm, for two hours. The system was vented
with nitrogen and then re-evacuated to 0.07 mm, A 2 molar
solution of isopropylmagnesium chloride had been previously
prepared and was used as a colorless filteréd solution. The
100 ml. round bottom reaction flask was isolated from the
system and charged with 50 ml. bf the 2 molar isopropyl-
magnesium chloride solution. The flask was cooled with
liquid nitrogen until the ether froze. and then pumped with
the apparatus to 0.07 mm. (141). The whole system was iso-
lated from tﬁe vacuum line and the Grignard solution allowed
to warm up to -20°. The sulfuric acid was dropped slowly
onto the barium carbonate until the pressure‘in the system
approached 50 ecm, The Grignard soiution was then stirred

and kept at -20° with a Dry Ice-acetone bath during carbona-

tion. Small amounts of sulfuric acid were dropped onto the



153

barium carbonate in such a manner as to maintain an internal
pressure of 50 to 60 em. The solution was stirred an addi-
tional hour after uptake of carbon dioxide lessened. The.
flask was frozen with liquid nitrogen to absorb carbon dioxide
in the system and then let warm to room temperature. The
final pressure of the system was 6 cm. at -20°., The reactioh
was quenched with the addition of 40 ml., of distilled water
and 20 ml. of 20% sodium hydroxide (142)., The mixture was'
poured into a 250 ml, flask containing 4 g. silver sulfate,
and was heated until all the ether and some water had dis-‘
tilled. The grey pasty mixture was washed into a liquid-
liquid extractor containing 20 ml. of 48% sulfuric acid and
50 g. crushed ice. The solution was extracted for 40 hours
with ether. The ether solution was concentrated to 100 ml.
and extracted with twelve 50 ml., portions of boiled distilled
water. The combined water fractions were titrated with 0.50N
sodium hydroxide, using a Leeds and Northrup Model 7403 pH
meter,until neutral. A total of 88.20 ml. was required.

The neutralized solution was washed with ether and was dis-
tilled to dryness on a rotary evaporator. A total yleld of
4.7%3 g. (85.5%) of sodium isobutylate-1-'3C was obtained.
The 4.73 g. of sodium isobutylate-1-23C was added to 18 g.

of triethylphosphate (143-145)., A Vigreaux column was
added, and the mixture was heated to 180° for four hours.

A total of 3.45 g. (70%) of ethyl isobutylate-1-13C was

collected. The ester obtained was shown by NMR to contain
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52% *3C at the 1 position. The ester was diluted 3:1 with
120 ethyl isobutylate and carefully distilled. The fraction
distilling at 110-111° was used to synthesize isobutyroin-3-
130 as previously described for *2C isobutyroin (method 1).
A total of 1.60 g. (85.2%) of isobutyroin-3-13C was obtained.

Pivaloin-3-*2c (di -t -butyl acyloin-3-13¢C)

The apparatus and procedures used in the synthesis of
isobutyroin-3-13C were used to synthesize pivaloin-3-*3C, A
5.00 g. sample of barium carbonate (Merck, Sharp, and Dohme
of Canada, Ltd., "one gram contained *3C") and 80 ml. of a 1.0
molar t-butyl magnesium chloride solution were reacted to yield
2.9% g. (89.2%) of sodium pivalate. The dried salt was added
to 18 g. of freshly distilled triethyl phosphate and heated
to 180° under a Vigreaux column. After four hours, 0.945 g.
(30.8%) of ethyl pivalate-1-'3C was collected. The ester
was shown by NMR to contain 50% *C at the carbonyl carbon.
The ester was diluted 3:1 with ethyl pivalate and redistilled.
The fraction distilling at 116-118° was collected. A 1.50 g. .
(0.011 moles) sample of the above ester was added to 0.6 g.
of sodium sand in 30 ml. of ether and treated as in the
synthesis of dicyclopropyl acyloin, Total yield of pivaloin-
3-12C was 0.45 g. (47.8%).

Di-t-butyl ketone-3-13C |

The procedure of Petrov. (146,147)for t-butyl lithium

addition to esters was adapted to small scale reactions, The

apparatus used was previously described for the synthesis of
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isobutyroin-2-13¢. The flask was charged with 7 ml. of 1.85
molar solution of t-butyl lithium in n-pentane and cooled to
-40° with a Dry Ice-acetohe bath. A total of 1.28 g. of
ethyl pivalate-1-*3C (16% 2C) was added dropwise via &
syringe. The solution was kept at -40° throughout the
addition and was then allowed to reach room temperature.

Stirring was maintained for an additional three hours. The
reaction mixture was cooled and quenched with the addition

of 2 ml. of water followed by drops of hydrochloric acid.

The ether layer was collected and washed with saturated
sodium bicarbonate solution. The water layer énd bicarbonate
wash were extracted with 5 ml. portions of ether. The
combined ether layer was dried over anhydrous sodium sulfate

and reduced by careful distillation to 2 ml, Di-t-butyl
ketone -3-*3C (148) was isolated in 20% yield by GPC as a

colorless liquid.
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APPENDICES
a,B-Unsaturated Semidiones

An attempt was made to prepare semldiones containing an
o,B-double bond. Acyloin éondensations failed to yield either
4 -hydroxy-1,5-hexadien-3-one (compound'ZQ) or 5-hydroxy-2,6-
octadien-4-one (compound 76). 4-Hydroxy-1-pent-3-one
(compound 77) and 5-methyl-U-hydroxy-1-hexen-3-one (compound
Zg) were prepared from cyanohydrin addition to vinylmagnesium
chloride. The hydroxyketones were isolated as main com-
ponents of mixtures of isomers. The ESR signals generatéd
from these mixtures were inconsistent with the structure.

2 -Methyl -4 -hydroxy-5-hepten-3-one (compound Zg) was
synthesized by the addition of crotonaldehyde cyanohydrin to
isopropyimagnesium chloride. The hydroxyketone was purified
by GPC and gave consistent NMR, IR and elemental analyses.

The synthesis of this compound is reported in the experiment-
al section, page 148. When compound 79 was added to molar
quantities of potassium t-butoxide in deoxygenated DMSO, a
complex mixture of radicals was formed. In an excess of base,

compound 79 formed & radical which displayed the spectrum:
shown in Figure 30a. This spectrum is identical with that
of isopropyl propyl semidione (Figure 30b) and consists of a

large triplet splitting of 4.57 g., a doublet splitting of
1.95 gauss, and a small triplet splitting of 0.22 gauss. A



Figure 30. (a) First-derivative ESR spectrum of 2-methyl-
4 -hydroxy-5-hepten-3-one (top) in DMSO
and excess base,

(b) First-derivative ESR spectrum of isopropyl
propyl acyloin (bottom)in DMSO.
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possible mechanism fog‘this reaction involves base catalyzed

tautomerization of 79 to isopropyl propyldione.

(CH3)2CHﬁ:—(|3Cﬁ= CHCHa -—B‘;-s- (CHs)gCHF—QI?CHZCHgCHs
O OH 0

The dione then can be reduced by hydroxykefone to form iso-

propyl propyl semidione.

An attempt was made to synthesize 2,7-dimethyl-5-hydroxy-
2,6-octadien-4-one (compound 4#6). The acyloin condensation of
ethyl 3,5-dimethylacrylate in sodium sand and ether resulted
in a complex mixture. The mixture was fractionated by GPC.

One fraction collected, when heated with potassium t-butoxide
and DMSO, gave the spectrum shown in Figure 31. The GPC

fraction gave the following analyses:



Figure 31.

First-derivative ESR spectrum of 2,7-dimethyl-

2 ,6-octadien—4,5-dione (top) in DMSO; calculated
spectrum (bottom) for Lorentzian linewidth of
0.075 gauss and splitting constants from text
performed by JEOLCO JNM-RA-1 spectrum accumu-

lator.
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Infrared: (CCl,) 3.48s, 5.80-6.10VS, 6.20M, 6.35W,

6.955, 7.10M, 7.258, T.32S, 7.73M, 8.058,
8.54s, 8.73S, 8.808, 8.95M, 9.25W, 9.43M
(mierons).

NMR : (CCly) A singlet at 1.906 (area 6 protons),
singlet at 2.106 (area 6 protons), a multi-
plet at 5.65-6.006 (total area 2 protons, a
singlet at 1.008 (area 9 protons, and a
singlet at 1.078 (area 6 protons).

- The mass spectrum indicated a high molecular weight
component. The NMR and IR suggested a mixture of diketone and
other material. Elemental analyses (Calc. for CioHisOz:
71.30% C, 9.60% H. Found: 64.04% C, 8.61% H [Schwartzkopf
Microanalytical Laboratory, Woodside, N. Y.]. Féund: 66.65%
C, 8.81%H [ Galbraith Laboratories, Inc., Knoxville, Tenn.])
gave a low percentage of carbon indicating possible air oxi-
dation of the diene. The spectrum of the radical shown in
Figure 31 can be explaln in terms of a 3.12 gauss heptet,

a 1.56 gauss heptet, and a 0.21 gauss triplet. The small "

triplet can be assigned to the a hydrogen atoms, However,

more information is required before assigning the two methyl

splittings.
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Lithium Complex of Diisopropyl Semidione

When diisopropyl semldione is generated in DMSO in the

presence of lithium iodide, the spectrum shown in Figure 32
is obtained. The spectrum can be explained in terms of one
large lithium splitting of 0.65 gauss, two small lithium
splittings of 0.15 gauss, and two hydrogen splittings of 2.08
gauss. This explanation requires a bridged radical species.
The bridged trans semidione structure shown in diagram §g is

one possibility.

L g
CHa 0° 0 CHa

C H

b\
/O “oLic” 3

However, the spectrum may also be explained in terms of a

cis structure with 12 B hydrogen atom splittings of 0.15
gauss, two a hydrogen atom splittings of 2.08 gauss, and
one lithium atom splitting of 0.65 gauss. The center seven
lines of a thirteen line binomial pattern would be approxi-
mately in the ratio of 2:5:8:9:8:5:2 as compared with
1:2:3:4:3:2:1 for two lithium atoms.

The latter explanation is more consistent with the

results found in the dimethyl semidione system. The dimethyl



Figure 32. First-derivative ESR spectrum of diisopropyl
| semidione in DMSO containing lithium iodide.
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semidione radical anion in the presence of lithium iodide

was studied by Mr. Dave Lawson. The'spectrum of this radical
demanded six hydrogen atom hfsc of 7.5 gauss and one lithium
atom hfsc of 0.60 gauss. The magnitude of the methyl
splittings suggests the expected cis isomer. The lithium
splitting constant is similar to the one found in diisopropyl

semidione.

It may be that cis diisopropyl semidione has an a hydro-
gen atom hfsc equal or nearly equal to that of the trans
isomer. In DMSO only a 2.02 gauss splitting constant is
observed and this is assumed to be 100% trans. However,
Norman and Pritchett (149) have observed cis diisopropyl
semidione in aqueous methanol. They assigned a 2.45 gauss
to the a methine hydrogen atoms in the glg isomer and 1.7
gauss to the trans isomer. Heller (150) reported only one

isomer of 2.00 gauss hfsc in alcohol-water mixtures.
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In situ Benzoin Condensations

The generation of semidione radical anions was attempted
from in situ benzoin condensations. A total of 20 micro-

liters of aldehyde was added to 0.1 ml of 1N potassium

'cyanide in one side of an ESR H ceil. One drop of ethanol’
was added to dissolve the products. A two molar excess of
potassium t-butoxide and one milliliter of DMSO was added to
the other half of the cell. The solutions were purged with
nitrogen for 25 minutes and then mixed as usual to produce

a radical. :

Benzaldehyde, furfural, and thiophenal yielded the
corresponding semidiones, Cyclopropylcarboxaldehyde,
cyclooctanecarboxaldehyde , acetaldehyde, pivaldehyde,
acrolein, and crotonaldehyde failed to give an ESR signal.

Acrolein cyanohydride and crotonaldehyde cyanohydrin, when
treated with base and DMSO in the absence of oxygen, also
failed to give a signal.

2-Naphthaldehyde.and l-naphthaldehyde yielded the ESR
spectra shown in Figure 33. Due to the‘large number of

triplet splittings expected, no assignments have been made.

It is interesting to note that the weak signal found for
the semidione of 1,1’-naphthoin can be explained in terms of
two 6-atom interactions as opposed to one such interaction

in the semidione of 2,2‘-naphthoin (diagram 81).



Figure 33. (a) First-derivative ESR spectrum of a radical
generated in DMSO from the benzoin condensa-
tion product of 2-naphthaldehyde (top);;

(b) First-derivative ESR spectrum of a radical
geﬁerated in DMSO from the benzoin

condensation product of 1l-naphthaldehyde
(bottom).
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81

L]

2-Pyridinecarboxaldehyde gave the weak spectrum

shown in Figure 3la. The spectrum, probably is a 1:2:3:2:1
pentet of 0.86 gauss hfsc for two nitrogens. U4-Pyridine-
carboxaldehyde gave the ESR spectrum shown in Figure 3Y4b.
The spectrum can be analyzed for two nitrogeﬁ splittings

of 2.6 gauss. The fine structure could be a 0.5 gauss
1-4:6:4:1 pentet for four ortho hydrogen atoms, 3-Pyridine-
carboxaldehyde yielded the strongest signal of the series
(Figure 35). The spectrum was simulated using the follow-
ing splitting constants: 0140 (2N), 2.00 (2H), 0.80 (2H),
0.27 (2H), 0.14 (2H).




Figure 34. (a) First-derivative ESR spectrum of a radical
generated in DMSO from the benzoin
condensation product of 2-pyridine-
carboxaldehyde (top).

(b) First-derivative ESR spectrum of a radical
generated in DMSO from the benzoin
condensation product of 4-p&ridine-

carboxaldehyde (bottom).
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Figure 35.

FPirst-derivative ESR spectrum of a radical
generated in DMSO from the benzoin condensa -~
tion product of >-pyridinecarboxaldehyde |
(top); calculated spectrum (bottom) for
Lorentzian linewidth of 0.075 gauss and
splitting constants from text performed by
JEOLCO JNM-RA-1 spectrum accumulator.
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The large triplet is probably due to hydrogen atoms Heg in
diagram §g. The small triplet may be due to the Hs. The
remaining triplet splittings might be assigned to either
of the two remaining hydrogen atoms.

Cinnamaldehyde gave a weak ESR spectrum shown in
Figure 36. The spectrum consists of 7 or 9 lines separated

by 2.3 gauss. No assignments could be made.



Figure 36. First-derivative ESR spectrum of a radical
generated in DMSO from the benzoin condensa-

tion product of cinnamaldehyde.
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