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Abstract - A variety of a-oxo-carboxylic esters are shown to undergo direct
photo-oxidation, in both polar and non-polar solvents, to produce a higher
yield of carbon dioxide than under degassed conditions. In the case of n-
hexyl pyruvate, hexaldehyde is also a product of the reaction. Evidence is
presented which indicates that singlet oxygen plays little, if any, part in
these decarboxylations. A mechanism involving electron transfer from the
excited a-oxo-carboxylic ester to ground state oxygen, leading to per-acid
intermediates, is proposed as being in competition with the Type II process
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for fragmentation of these esters.

The only report pertaining to the effect of
oxygen upon the photo-reactions of a-oxo-car-
boxylic esters in solution concerns the epoxi-
dation of a-methylstyrene by methyl phenylglyo-
xylato} It was proposed that the ester under-
went a Type I fragmentation to yield an acyl
radical which was subsequently scavenged by
oxygen to form an acyl-peroxy radical. The
latter was the species thought to be responsi-
ble for the epoxidation reaction, via per-acid
intermediates (Scheme 1).

0
Il

However, it has

0
I

R——C-—CozleT ~———e R—C* + cozue

2
1]
\ x=( I
—C—¢— + RCO;, «——— R—C—00°
\ 2
0
SCHEME 1

since been appreciated that alkyl pyruvltol?
and other a-oxo-carboxylic ostorl? fragment via
a Type II and not a Type I process. Consequen-
tly, the mechanism of the interaction of oxygen
and G-oxo-carboxylic esters leading to carbon
dioxide production is of particular interest.

We now report upon investigations to elucidate

.~ o~

the role played by oxygen in the direct photo-
oxidative decarboxylation of a-oxo-carboxylic

esters.

RESULTS

A wide variety of a-oxo-carboxylic esters were
found to undergo direct photo-oxidative decar-
boxylation in oxygenated acetonitrile and ben-
zene solutions (Table 1). The yields of carbon
dioxide production from the irradiation of
methyl pyruvate in oxygenated acetonitrile and
benzene solutions are shown in Figure 1. Sur-
prisingly, t-butyl pyruvate, which has been
shown to be photostable under degassed condi-
tions? was found to undergo efficient photo-
oxidative decarboxylation (Table 1). The rates
of carbon dioxide production for this ester in
oxygenated acetonitrile and benzene solutions
are shown in Figure 2. Table 2 shows the
yields of carbon dioxide and hexaldehyde from
the direct photo-oxidation of n-hexyl pyruvate
in oxygenated acetonitrile solution. No appre-
ciable solvent isotope effect was observed upon
the yields of carbon dioxide from irradiation
of oxygenated solutions of methyl and ethyl py-~

ruvates (Table 3).
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Yialds of carbon dioxide from the direct irradiation of a-oxo-carboxylic

TABLE 1 esters (1072M) under oxygen, (A) in acetonitrile and (B) in benzene solution
for 3 hours.

O~0Ox0-carboxylic ester Yield (%) of carbon dioxide
(A) (B)
Methyl Pyruvate 37 34
Ethyl " e3 54
Isopropyl " 48 23
n~Butyl " 20 19
t-Butyl " 38 47
n-Hexyl " 35 33
Benzyl " 33 23
Ethyl benzoyl formate 18 18
2~{1-naphthyl)ethyl pyruvste 18 18.8
2~(2-naphthyl)ethyl pyruvate 21 11
2~ (2-naphthyl)ethyl-0-oxo-octanoate 17 17

TABLE 3 Yields of carbon dioxide and hexslidehyde from the direct irradiation of

n~hexyl pyruvate (5 x 10‘2I) in (A) oxygenated and (B) degassed acetonitrile
solution for 3 hours,

Product Tield (%)
(A) (B)

Carbon Dioxide 35 7

Hexaldehyde" 45 30

& - determined by g.l.c.

TABLE 3 Solvent isotope effects upon the yield of carbon dioxide from the direct
irradiation, for 5 hrs, of G-oxo-carvoxylic esters (10-2M) in oxygenated
solutions.

a~0xo-carboxylic Solvent Yield (%) of carbon Solvent Isotope
ester dioxlide Effect
Methyl pyruvate Deuteriochlorofors 52 1.48
" " Chloroform 3s
Ethyl " Deuterium oxide 15.4 0.94
" 4 Water 16.3

TABLE 4 Yield of carbon dioxide from the irradiation, for 6 hrs, of methyl pyruvate
(10"2M) in oxygenated acetonitrile solution containing 9,10-dicyanoanthracene
(OD = 1,0 at 370 nm in order that all of the incident light is absorbed by the
9,10-dicyanocanthracene®)

Condition Yield (%) of carbon dioxide

8,10-Dicy thr b t 50

9,10-Dicyancanthracene present?® 38




Yield (%) of
carbon dioxide

Decarboxylation of a-oxo-carboxylic esters 1071

100'J
]
80
]
80 x
o
x
40 o
x
x
20
0 v v v v L] v Ll v Lol v
o 2 4 [ 8 10 12 14 16 18 20
Irradiation time(hrs)
Figure 1.

Yield (%) of
carbon dioxide

The yields of carbon dioxide from photolysis of methyl
pyruvate (102 M) in oxygenated acetonitrile (0) and
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The yields of carbon dioxide from photolysis of t-butyl
pyruvate (10”2 M) in oxygenated acetonitrile (0) and
oxygenated benzene (x) solutions,
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DISCUSSION

There are a variety of ways in which oxygen
could interact with a-oxo-carboxylic esters.
For those esters capable of undergoing a Type
II fragmentation reaction, oxygen could inter-
cept the intermediate 1,4-d1rndic-1‘, to yield
a product which collapses to give carbon diox-
ide. However, the high yield of hexaldehyde,
via a Type Il fragmentation of n-hexyl pyruvate
on irradiation in oxygenated acetonitrile solu-
tion (Table 2) would suggest that the 1,4-di-
radical is not intercepted by oxygen. This is
consistent with the observation that oxygen
does not intercept the 1,4-diradical formed by
the Type II fragmentation of a-oxo-octanoic
enter-? The yield of hexaldehyde froam irradia-
tion of n-hexyl pyruvate is higher in oxygena-
ted than in degassed solution (Table 32). This
indicates that the reduction reaction of trip-
let n-hexyl pyruvate by hexaldohydoa is being
suppressed under oxygen. Presumably oxygen
interacts with the triplet n-hexyl pyruvate
thereby lowering the amount of triplet ester
available to undergo reduction.

higher yield of hexaldehyde is observed under

Hence, a

oxygenated than under degassed conditions.
Since good yields of carbon dioxide were ob-
tained from t-butyl pyruvate (which does not
fragment via either a Type I or a Type II reac-
tion and is photostable \indor degassed conditi-
onlz's) decarboxylation may arise from a direct
reaction between oxygen and the t-butyl pyru-
vate. A similar direct reaction between oxygen
and the esters capable of fragmenting by a Type
II process, would obviously compete with the

Type 1I reaction for degradation of these esters.

The possibility of a singlet oxygen mediated
mechanism, the latter being produced from reac-
tion of oxygen with the triplet excited ester,
must obviously be considered. Any singlet oxy-
gen produced may react with the G-oxo-carboxy-
lic ester to yield carbon dioxide. If the sin-
glet oxygen reaction involves a diffusional
process a solvent isotope effect upon the yield
of carbon dioxide would be ob.orvod? The lack
of a solvent isotope effect upon the decarboxy-
lation of methyl and ethyl pyruvates (Table 3)
indicates that singlet oxygen plays little, 1if

any, part in these reactions.

Since alkyl pyruvates have been shown to reduce

methyl viologen via an electron transfer reac-
tions, it is conceivable that where the oxygen
concentration is similar to that of the a-oxo-
carboxylic ester, electron transfer from the
excited ester molecule to oxygen may take place
(Scheme 2).
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The resultant superoxide anion may then react
with the ester radical cation to produce car-
bon dioxide. Alternatively, the radical cation
of the ester may fragment to yield radicals
which are subsequently scavenged by oxygen to
form peroxy species, which can then undergo
reactions leading to carbon dioxide formation

(Scheme 3).
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The formation of per-oxy species in the above
mechanism would account for the previously re-
ported epoxidation of alkenes during photo-oxi-
dation of methyl phonylglyoxylnte} Species
similar to (A) in the above scheme have been
proposed as intermediates in the direct photo-
oxidations of a-oxo-carboxylic aclds‘.’ non-con-
Jugated aliphatic ketoness and as possible
intermediates in the analogous reaction of p-
bon:oquinono? The observation that prolonged
irradiation of t-butyl pyruvate, in oxygenated
acetonitrile solution, yielded more than 100%
carbon dioxide indicates the involvesent of
per-oxy species. The production of more than
100% carbon dioxide from the photo-oxidation of

pyruvic acid has been used as evidence for the
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1
participation of per-acids in the reaction ?

The detection of per-benzoic acid from irradis-
tion of methyl phenylglyoxylnte} in oxygenated
benzene solution, further supports the involve-
ment of per-acids in the photo-oxidation of a-

oxo-carboxylic esters.

The adility of 9,10-dicyanoanthracene (DCA), &
woell known electron acceptor, to sensitise the
photo~oxidative decarboxylation of methyl pyru-
vate, in acetonitrile, (Table 4) lends support
to the proposed electron transfer reaction in

Scheme 3.
sensitised reaction is outlined in Scheme 4.

A possible mechanism for the above
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It is of interest to note that 2-(2-naphthyl)
ethyl pyruvate has been shown by laser flash
photolysis to be capable of reducing methyl
viologen}l However, in agqueous acetonitrile
solution the addition of methyl viologen had no
oeffect upon the fluorescence or the triplet
lifetimes of this ester, so the reduction does
not arise from the intersction of methyl violo-
gon with an excited state of the e-ter!1 There
is however the possibility of the naphthyl-a-
oxo-carboxylic esters undergoing an internal
electron transfer reaction upon irradiation, to
form & species containing both s carbonyl radi~
cal anion and a naphthalene radical cation

group. {Scheme 5).
0 0%

hy +
B—C—CO,CH,CH Np ———s R—C—CO0,CH,Np

(R = Mo or Me(CH Np = 1- or 2-naphthyl)
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The interaction of this species with methyl vio-
logen will give reduced methyl viologen. Also
its interaction with oxygen could lead to decar-

boxylation vis the formation of the superoxide

anion, in addition to the mechanism proposed in
Scheme 3.

The carbon dioxide obtained upon irradiation of
a-oxo~-octancic acid, in both oxygenated and de-
gassed solution, is thought to arise from the
pyruvic acid which is generated in the Type 11

fragmentation of a-oxc-octanoic lcid}o

Thus, for
a-pxo-carboxylic esters capable of undergoing a
Type I1 reaction, some decarboxylsation may re-
sult from interaction between s product of the

fragmentation process and oxygen.

t-Butyl pyruvate was the only ester to produce
carbon dioxide in over 100% yleld, the asscond

mole of carbon dioxide may have arisen fros the
OI-é-OR' species (Scheme 3).

undergo direct decarboxylation or interact with

The latter could

oxygen to form an intermediate which subsequen-
tly collapses to yield the second mole of car-
bon dioxide. In contrast to the t-butyl pyru-
vate, which cannot undergo a Type II reaction,
prolonged irradiation of methyl pyruvate, which
is capable of fragwentation via the Type II
process, did not produce high yields (i.e, > 1
mole) of carbon dioxide (Figure 1). Hence, the
lower yields of carbon dioxide, obtained from
irradiation of oxygenated acetonitrile solutions
of methyl pyruvate, can be explained on the ba-
sis of competition between the Type 1I process
and the mechanism outlined in Scheme 3, for the

decoaposition of this ester,

In conclusion, the direct photo-oxidative decar-
boxylation of a-oxo-carboxylic esters has been
shown to produce higher yields of carbon dioxide
than under degassed conditiona? An electron
transfer reaction between the g-oxo-carboxylic
ester and oxygen leading to per-acid intersedia-
This mechanism will be

competition with the Type Il process (which can

tes has been proposed.

itsel? lead to carbon dioxide formation as a
result of subsequent reaction of the fragmentsa-
tion products) for fragmentation of the ester.

EXPERIMENTAL

All melting points are uncorrected, 1! NMR
spectra were recorded at 100 MHz on a Joel JNM-
MH~-100 spectrometer, tetramethylsilane was used
as internal standard, IR spectra were recorded
on a Perkin Elmer 402 spectrophotometer. Mass
spectrs were recorded on a Eratos MS 30 spectro-
meter (connected to a DS-50-8 data system) ope-
rating at 70 eV. GILC analyses were recorded on
& Perkin Elmer Sigma 3 gas chromatograph, using
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a Perkin Elmer 10% S 30, chromosorb W 60-80
mesh, column, Elemental analyses were carried
out in the Chemistry Department st The City
University, London.

9,10-Dicyanoanthracene (Eastman-Kodak), methyl
pyruvate (Aldrich), ethyl pyruvste (Aldrich),
deuteriochloroforn {(Goss) and deuterium oxide
(Goss ) together with the other solvents (Fisona
AnalaR grade) were used as supplied. Isopropyl,
n-butyl, t-butyl, n-hexyl, benzyl, 2-(l-naphth-
y1)ethyl and 3-(3-naphthyl )ethyl pyruvate esters
were prepared by the reaction of the appropriate
alcohol with pyruvoyl chlorido}z under the ex-
perinental conditions previously described}3
Spectral and physical data confirmed the struc-
ture of the prepared esters, the detsils for
the naphthyl ethyl esters are outlined below:

2-(1-naphthyl)ethyl pyruvate,

White crystals (petroleun ether (40-80C)/ethyl
acetate) mp 50-52°C; IR (nujol) v max 1745,
1730, 1295, 1258, 1135, 950, 800, 760cm '; NMR
(CDCly) § 8.84-8.6 (a, 2K), 8.6-8.28 (n, 2H),
8.28-7.8 (m, 4H), 5.1-4.87 (t, 3H), 3.92-3.7
t, 3H), 2,64 (s, 3H);
¥y, Analysis calculated for C,sB 404 C,
74.96; #, 5.82. Found: C, 73.78; H, 5.75.

mass spoctrum m/e 242

2~(2-Naphthyl)ethyl pyruvate.

White crystals (petroleum ether (40-80%)/ethyl
scetate) mp 83-8300; IR (nujol) v max 1735,
1270, 1150, 960, 827, 753 ca”'; NMR (CDC1,) &
8.48-8.1 (m, 4H), 8.1-7.78 (m, 3H), 4.98-4.82
(t, 2H), 3.33-2.58 (t, 3H), 2.61 (s, 3H); mass
spectrum m/e 342 (I*). Analysis calculated for
C K05 €, 74.36; H, 5.82. Found: C, 74.34;
H, 5.78.

Ethyl benzoyl formate was prepared by so analo-~
gous reaction using benzoyl formyl chloride
and ethanol, the structure was confirmed from
spectral and physical data.

3-(3-Naphthyl )ethyl g-OX0=-OCtAROALE WAS Drepa-
red from g-oxo-octanoyl chloride and 3-{(2-naph-
thyl )ethanol as a waxy solid,

IR (nujol) v max 1734, 1270, 1134, 1078, 048,
862, 790 ca”l; MR (CDCL,) 6 8.0-7.68 (m, 4W),
7.88-7.3 (=, 3H), 4.75-4.5 (t, 3H), 3.44-3.14
{t, 2H), 1.%6~1.12 (=, 8H), 1.04-0.78 (=, 4B);
mass spectrum m/e 313 (I*).
ted for c2052403: C, 76.92;
C, 76.16; H, 7.80,

Analysis calcula~
H, 7.69. Found:

Photolysis tubes containing the ester solutions
(28 mls) were flushed with a stream of dry,
carbon dioxide free, argon or oxygen {(as appro-
priste) for 48 mins, stoppered and rotated with-
in a circular array of fluorescent lamps, ha-
ving a maximum emission at 350 nm (16 x 8 W
Sylvania P8TS/BLB). Following irradiation the
solutions were flushed for 2 hrs with argon or
oxygen, the exit gas being passed through a

saturated solution of aqueous barium hydroxide,
The precipitated barium carbonate was weighed
and the percentage yield of carbon dioxide cal-
culated on the basis of one mole of carbon di-
oxide being generated per mole of (-oxo-carbo-
xylic ester,
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