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Abstract— Mild oxidation of 2,2-dimethylcyclopropanone methyl hemiacetal (1) with oxygen, t-butyl-
hydroperoxide or di t-butylperoxalate leads to hydrogen abstraction from the OH group of 1. The
cyclopropyl ring probably breaks simultaneously to give ring-opened tertiary radical 3a and primary
radical 3b. In CDCl;, CIDNP effects are observed in the saturated disproportionation product of 3a
and also in products resulting from disproportionation and combination of 3a with solvent derived
‘CCl; and "CDCI, radicals. The large difference in g-values between individual radical components in

each of these lattar nairg axnlaing the ohserved emissione
¢ach of these iatter pairs explains {he observed emissions.

In benzene, solvent does not interfere and CIDNP effects mainly arise from radical pairs, consisting
of identical components, e.g. two radicals 3a or at least of components with practically equal g-values.
Thus disproportionation leads to absorption-emission (multiplets effects) for the unsaturated esters 5

and 6 and the isovalerate 8.

INTRODUCTION

While studying the methanol adducts of substituted
cyclopropanones,! we noticed that the hemiacetal
of 2,2-dimethylcyclopropanone? (1) showed pecu-
liar NMR behaviour, when freshly dissolved in
CDCl;, the spectrum sometimes showing a strong
negative peak (i.e. emission) at 8 = 7-28 ppm, the
position where CHCI; normally absorbs. This
negative signal often persisted for ten minutes be-
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additional weak emission signals of shorter life
time and these were especially noticable when solu-
tions were shaken with air or oxygen. It was also
observed that these emissions required a brief
induction period. Considering that especially alkyl
substituted cyclopropanols®® are readily oxidised
by oxygen, it became apparent that hemiacetal 1
consumes a trace of oxygen during the induction
period and that the oxidation product initiates a
series of reactions, which are responsibie for the
appearance of emission signals in the NMR spec-

tra. The nature of these reactions is elucidated in
the nrecent naner,
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Initiators

When an excess of oxygen is passed through a
solution of 2,2-dimethylcyclopropanone methyl-
hemiacetal 1 at room temperature, the main product
is hydroperoxide 2.4

*Part of the forthcoming thesis of B. H. Bakker.
tFrom whom reprints may be obtained.
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A similar hydroperoxy ester has been isolated by
DePuy et al® for the ringsubstituted tetramethyl
derivative. In this connection it should be noted
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gishly with oxygen.

When a small amount of the hydroperoxyester 2
is added to a solution of hemiacetal 1 in CDCl, at
room temperature, the NMR spectrum displays
negative peaks almost instantaneously. The same
effect can be achieved with t-butylhydroperoxide.
These results suggest that the observed CIDNP
effects,® mentioned in the introduction, are caused
by hydroperoxide 2 (from 1 and traces of oxygen)
and that these effects can generally be initiated by
any hydroperoxide or other source of alkoxyradi-

cals. In this respect, we have found di-t-butylper-
oxalate (TBPO) at 60° to be the most convenient
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source of t-butoxy radicals,” leading to relatively
strong and reproducable effects. A detailed study
of the reaction of TBPO with the hemiacetal in
different solvents has therefore been undertaken.
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Radical reactions of hemiacetal 1 with TBPO in
CDCly

The labile hydrogen of the hydroxyl group is
easily abstracted by the t-butoxy radical during the
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oxidation of hemiacetal 1 with one equivalent of
TBPO at 56°. The cyclopropyloxy radical appears
to be extremely unstable. Even at very low tem-
peratures (—150°), it forms the isomeric ring-
opened radicals 3a and 3b (ratio 10:1). These can
be trapped in reactions of 1 with t-nitrosobutane,?
which acts as an oxidant as well as a radical scaven-
ger, thus forming a relatively stable nitroxide, char-
acterized by ESR. The ring-opened radicals 3a and
3b give rise to direct or indirect formation of methyl
3-hydroxy-3-methylbutyrate (5%, probably from
the originally present hydroperoxide 2), methyl
isovalerate 8 (37%), methyl pivaloate 9 (13%), to-
gether with methyl 3-chloro-3-methylbutanoate 7
(15%) and methyl 3-trichloromethyl-3-methylbu-
tanoate 4 (5%). The chlorine-containing compounds
are logically explained in the following way.
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CH_;Cl, itself because there is a splitting into three
lines with equal intensities and a splitting constant
of about 1 Hz (Fig 1). This strongly suggests the
presence of CHDCI,,!® the proton splitting being
caused by coupling with deuterium (I = 1). These
CIDNP effects can be explained by dispropor-
tionation and by combination reactions of free radi-
cal encounters of the ring-opened tertiary radical 3a
with "CCl; or ‘CDCI, radicals respectively. Singlet-
triplet mixing in the radical pairs,'* caused by a
combination of the different electron Zeeman inter-
actions and by nuclear hyperfine interactions, gives
rise to net emission or enhanced absorption for the
combination and disproportionation products. The
chlorinated radicals in these radical pairs possess a
higher g-value!? than the alkyl* radical 3a. Using
the rules®® of Kaptein for net effects, all products

t-BuO’+ CDCl; — t-BuOD + CCl,

+'CCl;

combin. ClgCC(Me)2CH2COOMe
4

ccl,

:l—-aiftr, HCCl,+ (Me),C=CHCOOMe + CH,=~C(Me)CH,COOMe
‘C(Me),CH;COOMe 5 p
- ——"’EIC D€L, CIC(Me).CH,COOMe + CDCl,
-abstr.
7
+'CDCl,
H-abstr. HCDCl,+5+6
SCHEME 1

When an NMR spectrum of the mixture in CDCl,
is taken immediately after the reaction has started,
transient emission peaks are observed of trichloro-
ester 4 and of the unsaturated esters methyl 3-
methyl-2-butenoate 5 and methyl 3-methyl-3-bute-
noate 6, even though these unsaturated esters are
formed in very low yield (< 1%), hardly detectable
by GLC after the reaction is complete. The NMR
effects can last up to 5 min (Table 1 and Fig 1). An
especially strong emission is found at 3 = 7-28 ppm
for CHC; and more curiously a weaker emission at
8 = 5-3 ppm, the position where normally CH,ClI,
absorbs. However, the emission cannot be due to

*The g-values of the ring-opened alkyl radicals 3a and
3b are not reported in the literature. We assume that these
are comparable with the g-values of the methyl and ethyl
radicals® (g = 2-0025).

tNe = ueAgA = ++—+(Emission).

obtained from these pairs give emissions for the
magnetically active protons with positive hyperfine
coupling constants.t Even after all hemiacetal 1
has been consumed (but not all TBPO) CIDNP
effects persist. This is caused by further reaction of
TBPO with products such as the unsaturated esters
5 and especially 6, as shown in a blanc experiment
(see experimental). This is also consistent with the
low yield in which these products are ultimately
formed when generated from hemiacetal 1. During
these “blanc” reactions (in CDClI;) the only appre-
ciable CIDNP effects observed are those of CHCl;.
The long-lived CHCIl; emission (up to about 30
min) must be explained by assuming hydrogen ab-
straction in radical pairs, such as

[0130 %—I(F—]
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Table 1. CIDNP effects, chemical shifts and coupling constant of the esters 4, 5, 6 and 8 obtained in the reaction of
hemiacetal 1 with TBPO in CDCl; and in C¢Dgat 56° and 65°C resp.

8 (ppm) Proton Coupling
Product in CDCl; in CgDyg Assignment Constant (Hz)
Cl;CC(Me),CH,COOMe () 1445E —_ C—CH; —
— 2-80E — CH.CO —
(Me),C=CHCOOMe (5) 1-85E 1-51 A/JE C—CH; (H,)
— 2-16 E 2-12A/E C—CH; (Hy) Joo = Jae— 1-4%:2
— 5-70E 560 A/E =CH H,)
CH,=C(Me)CH,COOMe (6) 1-81E 1-67 A/E C—CH;(Hy Jac = Jpg— 1:52¢
— 3-02E 2-80 A/JE CH,CO (Hy) Jag = Jpe—1:30¢
— 48TE 473 C/Hc Jea+2:0
. . — «d .0c
477 } AJE SHy
HC(Me),CH,COOMe (8) 095 AJE 0-85 A/E C—CH;(H,) Jap = Jpe 7€
— (2-09)<(A/E) CH (Hy)
— 2-18(A/E) CH.,CO(H,)
CHCl, 7-28E — CH —
CHDCl, 53E — CH Jup =10
The hfs constants of the radical (Me). CCH,COOMe (3a) are assumed to be equal to those of the t-penty! radical®

(22-7 G (6H) and 18-0 G (2H)).
9], V. Hatton and R. E. Richards, Mol. Phys. 5,153 (1962); L. M. Jac
%R. R. Fraser and D. E. McGreer, Can.J. Chem. 39, 505 (1961).
¢The coupling constanis and chemical shifis were determined by comparison with simulated specira using a Varian
620-i computer. The SIMEQ program was developed by Dr. C. W. F. Kort of this laboratory.

kman and R. H. Wiley, J. Chem. Soc. 2881 (1960).

The saturated esters 8 and 9 cannot be formed by
a thermal isomerisation of the (deuterated) hemi-
acetal 1, since this process is relatively slow under
the mild reaction conditions.

Furthermore it is found that only a small part of
these esters are formed from radicals 3a and 3b by

et alrn ~AF Avncan a anlyant ar fram hami_
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*Using Kaptein’s rule’® Me = ueAjAJ oy, an A/E
effect can be nredicted Me = +++++—,

TIect car bredicly

acetal 1, because the deuterium incorporation in
these esters is low, when CDCl; or deuterated (OD)
hemiacetal is used (experimental).

In other words the ring-opened radicals 3a and 3b
abstract hydrogen (not deuterium) from some suit-
able (radical) source. A short-lived A/E multiplet

affarnt¥ Ahoarvad far tha mat mrntane af tha
€neliL” O05CIVEQ 101 uic unculyl Prowois o1 tne iso-

valerate 8 at § = 0-95 ppm supports this as outlined
in Scheme 2 for the disproportionation between
pairs of ring-opened radicals 3a+3a or 3a-+3b.

Me_ S\ OD (# DC(Me)CH,COOMe | Me A O |
H 8 + W
Me OMC—L,F» DCH,C(Me),COOMe [Me Me
1 (deuterated) ?
2:C(Me),CH,COOMe—227P:_, (Me),C=CHCOOMe or H,C=C(Me)CH,;COOMe
3a 5 6
+HC(Me),CH,COOMe
8
‘C(Me),CH,COOMe + CH,C(Me),COOMe —2P™-_, 5 or 6 + (Me);CCOOMe

3a 3b

9

SCHEME 2
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Both components in the pair are now essentially
alkyl radicals with equal or nearly equal g-values.*
The observed absorption/emission (A/E) multiplet
effect in the isovalerate 8 (¢f. Table 1) is in full
agreement with current theories® ! for dispropor-
tionation products from such radical pairs. In
principle we should expect similar multiplet effects
for the accompanying unsaturated esters 5 and 6.
However, we see emission only (c¢f. Table 1 under
CDCly). This apparent anomaly is explained by two
reactions in Scheme 1 i.e. the disproportionation
between radical 3a and ‘CCl; or ‘CDCI, radicals
(with much higher g-values than alkyl radicals)
leading to relatively strong emission, which over-

*The g-values of the ring-opened alkyl radicals 3a and
3b are not reported in the literature. We assume that these
are comparable with the g-values of the methyl and ethyl
radicals® (g = 2-0025).

shadows the much weaker A/E effect, caused by
reaction between two alkyl radicals.

It should be noted that radical 3b is not a hydro-
gen donor but only an acceptor, and therefore dis-
proportionation between two 3b radicals is not
feasible.

Radical reactions of 1 with TBPO in hexadeutero-
benzene

In benzene there is no solvent-derived radical
that interferes in the reactions. The reaction of
hemiacetal 1 (in C¢Dg) with TBPO at 65° gives the
isomeric isovalerate 8 (35%) and pivaloate 9 (24%),
methyl 3-hydroxy-3-methylbutyrate (5%), the un-
saturated esters 5 (3%) and 6 (11%), but also the
isomeric o,0,8',8'- and S,8,8',8 -tetramethyladi-
pate (10 and 11; 7% each), formed directly by com-
bination of the radicals 3a and 3b.

S

J A

A

[ S— ) e d —
S 6 5+8 6 S s
—_
6
A L 'l A Il 1
60 S0 40 0 20 10

Fig. 2. (a) Spectrum of a mixture of 30 ul of 1and 29 mg of TBPO in 0-5 ml of C¢D; at 65° (sweeptime

2503.). Assignment: (CH,);C=CHCOOCH, (5); CH,—C(CH;)CH,COOCH; (6); HC(CH,).CH,-

COOCH,; (8). (b) Calculated spectra of the products , 6 and 8 by using the chemical shifts and coup-
ling constants given in Table 1.

TET. Vol. 29, No. 1 -G
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3a+3b—
MeOOCC(Me),CH,C(Me),CH,COOMe
10

3a+3a—
MeOOCCH,C(Me);C(Me),CH,COOMe
11

The thermal isomerisation is very slow under
these conditions. A radical-catalysed isomerisation
was shown to be also unimportant in benzene by
using deuterated hemiacetal 1 (with OD). The D-
content was 2 mole % for 8 and 10 mole % for 9. In
benzene solution the disproportionation and com-
bination of the ring-opened radicals are important
processes. If an NMR spectrum is taken during the
reaction (Fig 2A), A/E multiplet effects for the
unsaturated esters 5 and 6 and for the isovalerate 8
are observed. These CIDNP effects!* are in strong
contrast with the emissions in CDClI; (¢f. previous
section) and are attributed to a disproportionation
of free radicals, by encounters between alkyl radi-
cals with about equal g-values i.e. the radicals 3a
and 3b.

From the combination products, the adipates 10
and 11 we could in principle expect multiplet effects,
but these are not observed in our particular case
because all of the NMR absorptions are singlets.

By applying the theory''-'* of Kaptein, Ooster-
hoff and Closs and using the NMR and the ESR
data (Table 1), we have an excellent agreement be-
tween the calculated and observed spectra of the
products 5, 6 and 8 (Fig 2).

It can be shown that a considerable fraction of
the unsaturated ester CH,=—C(Me)CH,COOMe
(6) reacts further with TBPO under the reaction
conditions presumably because of two particularly
reactive allylic hydrogens (experimental). Even
with this in mind, the much higher yield of the
saturated esters 8 and 9 (total 59%) from hemiacetal
1 and TBPO as compared with that of the unsatur-
ated esters 5 and 6 (total 14%) cannot be explained
exclusively by pure disproportionation reactions.
We must therefore conclude that a large proportion
of the saturated products is formed by hydrogen
abstraction by ring-opened radicals from a suitable
substrate containing allylic hydrogen, e.g. the un-
saturated esters 5 and 6.

Apparently hydrogen abstraction from the ring-
opened radical 3a by the bulky t-butoxy radical,
which probably has a higher g-value!® than alkyl
radicals, does not take place, since no emission
signals of the unsaturated ester protons of 5 and 6
are observed. It is interesting to note, that in ben-
zene this reaction does occur between the t-butoxy
radical and the tetramethyl B-propionate radical,
obtained from tetramethylcyclopropanone hemi-
acetal and TBPO.¢

The NMR spectra of the mixtures clearly show
that a variety of radical processes is involved in the
oxidation of the hemiacetal 1 with TBPO in CDCl,
and CgDs. It is highly probable that the oxidations
with t-butylhydroperoxyde or with air (via the
initially formed hydroperoxide) takes a similar
course.

EXPERIMENTAL

The NMR spectra were recorded on a Varian A-60D
spectrometer. An Aerograph gaschromatograph, type
202, with linear temperature programmer was used for
preparative and quantitative purposes. The mass spectra
were taken on an AEI MS-902 instrument.

Starting materials. Dimethylcyclopropanone methyl-
hemiacetal 1 was prepared from dimethylketene, CH:N,
and MeOH.? The hydroxy! proton of the hemiacetal was
exchanged (only for some experiments) by deuterium
with an excess of MeOD in hexane.

Di-t-butylperoxalate (TBPO) was obtained from t-
butylhydroperoxide and oxalylchloride.”

Reaction of 1 with TBPO. In a typical experiment 500
mg of 1 and 520 mg of TBPO in 7 ml CHCI; were heated
under N, for 1 h at 56°. The products were separated by
VPC using a 5 m preparative silicon SE-30 column and
quantitatively determined by means of 5m analytical
diethylene glycol- and SE-30 columns. Methyl 3-trichloro-
methyl-3-methylbutanoate 4 (5%), methyl 3-chloro-3-
methylbutanoate 7 (15%), methyl isovalerate 8 (37%),
methyl pivaloate 9 (13%) and methyl 3-hydroxy-3-methyl-
butyrate (5%) were identified by their IR and NMR spec-
tra and by comparison with authentic samples (with the
exception of 4). (Calc. for C;H,,Cl;0, (4): C, 36-00; H,
4-75; Cl, 45-55. Found: C, 36-1; H, 4-7; Cl, 45-3%.)

The deuterium content of esters 8 and 9 (8% and 24%
respectively from the reaction in CDCl;) was determined
by mass spectrometry, from the parent ion ratio of the
deuterated- and non-deuterated esters. Starting with
hemiacetal 1 (with OD) in CHCl,, 16% deuterium was
incorporated in 9 and none in 8.

A similar procedure in benzene gave methyl 3-methyl-

. 2-butenoate 5,% (3%), methyl 3-methyl-3-butenoate 6

(11%),2 methyl isovalerate 8 (35%), methyl pivaloate 9
(24%), dimethyl o, 0,8’ -tetramethyladipate 10 (7%),’
dimethyl 8,8,8',8 -tetramethyladipate 11 (7%) and methyl
3-hydroxy-3-methylbutanoate (5%); structures being con-
firmed by IR and NMR. Ester 11 was identical with the
product, obtained from the electrochemical reductive
dimerisation of methyl g-methylcrotonate.'”” The NMR
spectrum of 11 showed three singlets at 8 = 3-67 (OMe),
2-26 (CH_) and 0-96 ppm (Me) with relative peak areas of
3:2:6. (Calc. for C;,H,,0,: C, 62-58; H, 9-63. Found: C,
62-5; H,9-7%.)

Reaction of unsaturated esters 5 and 6 with TBPO
(blanc exp.). A solution of 54 mg of TBPO and 46 mg of
the unsaturated ester 6 in 0-5 ml of CHCI; was heated for
15 min at 70°. GLC analysis showed (mesitylene as stan-
dard) that more than 90% of the ester had disappeared. In
a similar experiment, unsaturated ester 5 was shown to be
far more stable; only 20% disappeared in the same time.
Stability differences could also be demonstrated by NMR,
by adding an extra amount of 5 and 6 (10 ul of each) to
hemiacetal 1 (50 ul) and TBPO (60 mg) in CDCl,; (0-5 ml)
at 56°. After 20 min 6 had disappeared almost completely,
while 5 seemed hardly affected. When CDCl; was re-
placed by Cg¢Ds, again 5 was shown to be stable (at 65°),
while 6 had reacted to about 50%.
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