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Abstract: Reaction of methyl acetate with e™,q may lead to CH3sC(O™)OCH;3 (I7), CH3C(OH)OCH; (II), and CH3CO
(ITA), and with «OH and H. to \CH,CO,CHj (III), and to CH3CO,CH - (IV). Methyl acetate is consumed, G = —3.5, and
the loss is decreased by formate which scavenges -H and -OH, and increased by N>O which converts e™,q to «<OH. Hydrogen
is formed, G = 1.1, and this is decreased by scavengers for H-, and increased by H* which converts e~,q to He. In radiolysis
of 0.027 M methyl acetate, 1.5 X 1022 eV /1., radical combination products are: ethylene diacetate (CH3:CO,CH,CH,0-
COCH3) (EDA), G = 0.48, from IV + IV; methyl 8-acetoxypropionate (CH3CO,CH,CH>CO,CH3) (MAP), G = 0.28,
from IV + III; dimethyl succinate (DMS), G = 0.05, from III + III; and a mixture of methyl acetoacetate and acetonyl ace-
tate (MAA and AA), G = 0.07. Biacetyl is not observed. 3-Mercaptopropionic acid, 0.0005 M, prevents formation of cou-
pling products, as it reduces radicals III and IV, and thiyl radical oxidizes radical II back to methyl acetate. In a damaging
cleavage, mercaptan reduces II and ITA to acetaldehyde, which is not formed in the absence of mercaptan. Biacetyl, HY,
N;O, and H,O; remove e g and I, II and IIA, and suppress MAA-AA; H* increases H., III, and MAP, and DMS; N,O
and H>0; increase -OH, IV, and EDA. 2-Propanol, HCO,™, and CO scavenge *OH and H- and suppress coupling products.
Other sources of ‘OH, Fenton’s reagent and HyO,-uv, lead to EDA, MAP, and DMS with a high IV/III ratio. H. preferen-
tially attacks acyl C-H, -OH preferentially attacks alkoxyl C~-H. Cleavage products (acetic acid, G ~ 1.5; methanol, G ~
1.0) and small yields of methane and formaldehyde are found. Scavengers of €34 or of H: and -OH decrease acetic acid by
half. Scavenging of all three fragments prevents formation of acetic acid, and hydrogen peroxide increases it. Radicals II and
IIA may lead to 3% of the acetic acid, IV to the remainder. Oxidation of them, largely by radical III, and in part by H,0s, is
the suggested mechanism. Much of radical III is reduced back to methyl acetate. Cu2*-Cu'* strongly decrease coupling
products and increase acetic acid, probably oxidizing IV and reducing III. Yields of radicals involved in formation of cou-
pling products and acetic acid are estimated: G(II and I1A) = 1.2; G(III) = 1.4; G(IV) = 1.7. Part of the radicals, G ~ 1.6,
regenerate methyl acetate by self-repair reduction of IV and III by II. Deuterium is introduced into methyl acetate during
radiolysis in D>O.

The effects of high-energy radiation on simple organic
compounds in dilute aqueous solution are. of interest, in-
trinsically and with respect to implications about corre-
sponding reactions of high molecular weight materials and
compounds of biological importance. In %Co « irradiation
of ~0.01 M aqueous solutions, >99.9% of the energy is ab-
sorbed by the water, leading to the reactive fragments,! the
solvated electron, hydroxyl radical, and hydrogen atom, in
molecules per 100 eV? [G(e™aq) = 2.65, G(OH) = 2.72,
G(H) = 0.55], and to molecular products, hydrogen and
hydrogen peroxide [G(H3) = 0.45, G(H,0,) = 0.68]. The
v-ray-induced transformations of the solute result from
their free radical-type reactions with the radiolytic products
of the water.

Additives which scavenge or interconvert the reactive
fragments modify the reactions and may indicate the nature
of the reaction of the solute with each of the fragments.
Formate ion removes H., k¥ = 2.5 X 10% M~! sec™!, and
-OH, k = 2.2 X 108 M~ sec™!, leading to -CO,~.3 Nitrous
oxide reacts with e™,q, leading to \OH and N34 k = 8.7 X
10° M~1 sec™!. Hydrogen peroxide reacts with e~,q and H-,
leading to -OH3> with rate constants 1.2 X 1010 A/ ~! sec™!
and 5 X 107 M~} sec™!, respectively, and with .OH, leading
to HO2.,>% k = 4.5 X107 M~! sec™!. Mercaptan (RSH)
reacts with the three fragments:37 e™,q leads to HS™ and
R., k = 5.0 X 10% M1 sec™!; .OH leads to RS., &k = 3.0 X
10° M~ !sec™!; H-leads to R-and RS., k = 2.5 X 10° M1
sec™!. Mercaptans and thiyl radicals also have high reactiv-
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ity toward the radicals formed from organic solutes by reac-
tion with the radiolytic fragments. These reactions may re-
pair, by restoring the radicals to their original molecular
states, or extend the damage by leading to further prod-
ucts.”10 In the v radiolysis of aqueous solutions of alco-
hols,10-15 H. and -OH abstract H-, and the hydroxyalkyl
radicals'® lead to carbonyl compounds and glycols. In the
radiolysis of 0.1 M 2-propanol, formation of acetone was di-
minished and pinacol fully suppressed by 0.003 M mercap-
tan,10 as the 2-hydroxy-2-propyl radical was reduced to 2-
propanol by mercaptan in a repair process, kK = 4.2 X 10%
M~ sec1.® In the v radiolysis of aqueous acetone, aceton-
yl radicals are formed by abstraction of H- by.H. and -OH,
and they couple to 2,5-hexanedione.!}17 Electron capture
by acetone forms the ketyl radical anion,® pK, = 12.2,!%
and this leads to the 2-hydroxy-2-propyl radical and then to
2-propanol, G ~ 0.3-0.6. Formation of hexanedione was
completely suppressed, but formation of 2-propanol was
greatly increased by 0.003 M mercaptan, to G ~ 3.19 The
hydrogen-transfer reaction which inhibits radiation damage
of 2-propanol increases damage of acetone.

We now report on the ®°Co ~ radiolysis of dilute aqueous
methyl acetate. This compound contains groups correspond-
ing to those of both an alcohol or ether and a ketone, with
the additional property of their being combined in an ester.
Reaction with e7,q may involve addition to the carbonyl
group, forming radical anion 17, eq 1, which may add a pro-

?-

€a” + CHyCO,CH; — CH,COCH, a)

I-

By = 8 x 107 M ! sec!
ton rapidly, forming radical II, CH3C(OH)OCH3. The rate
constant forreaction with e™,q may be estimated from a lin-
ear free-energy plot based on reaction of e™,q with other es-
ters.}® The electron adduct to glycine methyl ester has been
observed, pX, = 11.1, and the rapid transfer of the electron
to various acceptors has been studied.?? Dissociative elec-
tron capture may lead to acetyl radical IIA (eq 2). Reac-

- 4+ CH,CO,CH; — CH,C==0 + HOCH; + OH" (2)
A

tions with -OH and H: may involve abstraction of H- from
the acyl and alkoxyl groups, leading to radicals III and IV
(eq 3 and 4).1°

‘OH + CH;CO,CH; —> +CH,CO,CH; + CH;CO,CH,"

€aq

111 v (3)
ks = T x 10" M sec™
H* + CH,CO,CH; — III + IV (4)

kg = 6 % 10* M sec™!

The formation of five solute-derived species leads to a
complex study in the chemistry of free radicals. Also, as bi-
functional species, esters may be small molecule models for
polymeric materials. Combination reactions of radicals de-
rived from them correspond to cross-linking, and cleavage
reactions correspond to degradation, of the high molecular
weight analogs. °Co « radiolyses of undiluted methyl ace-
tate and isopropyl acetate have been described.2!-23 Studies
in dilute solution minimize direct radiolysis and reactions of
excited states.

Experimental Section

Materials. Water was triply distilled. D,O was distilled from
KMnO4-NaOD and K>Cr;07-D>S0O4. DO, NaOD, and D»>SOq4
were from Merck Sharpe and Dohme. Sodium chloride, cuprous
chloride, hydrogen peroxide (30%), ferrous sulfate, and ethylenedi-
aminetetraacetic acid were from Fisher Scientific Co. Nitrous
oxide, carbon monoxide, and methane were from Matheson. Sodi-

um formate (Fisher) was dried at 110°. Methyl acetate (Fisher
Reagent Grade) was distilled on a spinning-band column either
from molecular sieves (4A) or from FeSO, after washing with
CaCl, and FeSQ,. Impurities were less than 1076 to 1077 M by
GLC. Ethyl acetate (Fisher) and methyl propionate (Eastman)
were distilled on a spinning-band column. Acetone, 2-propanol,
methanol, and ethanol (Fisher), acetaldehyde (Eastman Reagent
Grade), and acetic acid (Baker) were redistilled. Ethylene glycol
(Fisher) was used as received. 8-Mercaptoethanol (Aldrich) and
B-mercaptopropionic acid and 1-pentanethiol (Eastman) were dis-
tilled under nitrogen. 2-Aminoethanethiol hydrochloride (Aldrich)
was used as received. B-Mercaptopropionic acid and 2-amino-
ethanethiol hydrochloride were converted to the sodium salt and
the free base, respectively, by titration of an aqueous solution with
NaOH.

Dimethyl succinate (Eastman) was distilled, bp 65° (2.3 mm).
Ethylene diacetate (Eastman) was distilled, bp 74° (3.5 mm).
Methyl 3-acetoxypropionate was prepared from B-propiolactone.
The lactone was treated with NaOH in methanol leading to methyl
B-hydroxypropionate, bp 71° (10 mm) [lit.24 70° (10 mm)]; this
was treated with acetic anhydride and 1 drop of H,SOs, leading to
the product, bp 71° (8 mm) [lit.24 81° (10 mm)]. The NMR spec-
trum, integrated, showed triplet at § 3.91 (O-CH3), a singlet at &
3.32 (CH3-0), a triplet at § 2.30 (CH»-CO), and a singlet at §
1.68 (CH;-CO). Acetonyl acetate (Chemical Procurement Labo-
ratories) was used as received. Methyl acetoacetate (Eastman) was
redistilled. Diethyl succinate (Eastman) was free of impurities on
GLC on Carbowax 20M. 2,3-Dimethylsuccinic acid (Chemical
Procurement Laboratories) was converted to the dimethyl ester, bp
78° (3.8 mm) [lit.25 198-199° (760 mm)]. Dimethyl 2-methylglu-
tarate, bp 77° (22 mm), was prepared from the corresponding
acid. Dimethyl adipate (Eastman) was redistilled. 2,3-Butanediol
(Chemical Procurement Laboratories) and 1,3- and 1,4-butane-
diols (Eastman) were used as received. The butane diacetates were
prepared by treatment of the diols with acetic anhydride and sulfu-
ric acid: 2,3-butane diacetate, bp 164-~166° (5 mm), 1,4-butane di-
acetate, bp 177° (5 mm), 1,3-butane diacetate, bp 175-176° (5
mm).

Irradiation. Solutions of the ester or the ester and additives were
prepared in triply distilled water. Solutions were transferred to
Pyrex irradiation cells, ~20 cm? capacity, fitted with fritted-glass
discs. The cells were swept with argon for at least 15 min, capped
with ground-glass stoppers, and irradiated for stated times. In con-
trol experiments, degassing by freeze-thaw cycles led to the same
results as did argon sweeping. The argon was first passed through
a solution of ester in water to minimize loss of ester in the sweep-
ing. Irradiation was carried out with 60Co y-rays in a Model 220
Gammacell (Atomic Energy of Canada) with an initial flux of 3.3
X 1022 eV/1./hr. Doses were measured by Fricke dosimetry.26

Oxidation by Fenton’s reagent was carried out with aqueous so-
lutions of 0.027 M methyl acetate, 0.003 M hydrogen peroxide,
and 0.003 M ferrous sulfate containing 1 ml of sulfuric acid per
100 ml. When complexed Fe2* was used, a solution of 0.003 M 1:1
ethylenediaminetetraacetic acid-FeSQ4 and 0.027 M methyl ace-
tate in 0.5 M buffer of Na,HPO4-KH,PO,, pH 7, was allowed to
react. Oxidations were allowed to proceed for 10 minutes and were
quenched with hydroxide. Ultraviolet-induced oxidations by hy-
drogen peroxide were carried out on aqueous solutions of 1%
H,03, 10% methyl acetate in a Rayonet apparatus, in quartz with
2537 A irradiation to an extent of 20-30% decomposition of H2O3.

Analyses. Analyses for hydrogen were carried out as described
previously.!® Analysis for mercaptan was made with 1% FeCls,
0.25% o-phenanthroline, from the absorbance at 515 mu.2” Analy-
sis for H>O, was made by the potassium iodide procedure.?8 Con-
sumption of methyl acetate was followed by injection of irradiated
solutions on to a Perkin-Elmer Model 990 GLC instrument, with
flame-ionization detector, 9 ft X % in. 15% Ucon Polar column,
65-75°, with ethyl acetate as an internal standard. Acetic acid was
determined in the irradiated solutions (i) titrimetrically (to pH 7)
with an Autoburette ABU 12 delivering 0025 N NaOH or (ii) by
GLC on 6-ft columns, freshly packed with Porapaq Q, Porapaq
Q-S, or Chromsorb 101, with ethanol as internal standard. The
two methods agreed within 5-10%.2° Methanol and acetaldehyde
were determined in the irradiated solutions by GLC on a 6-ft Poro-
paq Q column at 80°. Analysis for formaldehyde was by a p-phe-
nylenediamine-H,O; colorimetric method.3?
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Analyses for radical coupling products, ethylene diacetate
(EDA), methyl B-acetoxypropionate (MAP), dimethyl succinate
(DMS), acetonyl acetate (AA), and methyl acetoacetate (MAA),
were made by GLC and mass spectrometry. Diethyl succinate was
added to the irradiated solution as an internal standard. The prod-
ucts were extracted from the irradiated solutions with three 10-ml
portions of chloroform, and the extracts were dried and concen-
trated. Analysis was on a 9-ft 15% Carbowax 20M column at
150°. Synthetic mixtures of known composition were analyzed
similarly. The appearance order was AA-MAA, EDA, MAP,
DMS, and DES. Structures of the products were confirmed by
comparison of retention times with those of authentic samples on
UCON polar and Carbowax 20M columns and by comparison of
fragmentation patterns with those of authentic samples’! on a
combined gas chromatograph-mass spectrometer. Use of a Perkin-
Elmer RMU-6M mass spectrometer, equipped with appropriate
GC columns was kindly made available by Dr. J. Wishnok, Boston
University. Operation at 30 and 70 eV led to the same cracking
patterns. Analyses for products from ethyl acetate and methyl pro-
pionate were made on 20% Carbowax 20M against authentic sam-
ples.

In the study of deuterium incorporation, methyl acetate was ir-
radiated in D,O, as described above for irradiations in H,O. Distil-
lation of the irradiated solution furnished an azeotrope, 95% meth-
yl acetate~5% D,O. This was examined by linked gas chromatog-
raphy-mass spectrometry at an ionizing voltage of 30 eV.

Results and Discussion

G values for disappearance of methyl acetate were exam-
ined. Some results are summarized in Table I.

The G value for disappearance of methyl acetate, ~3.5, is
higher than the yield of any one water fragment and less
than the sum of the three, €75q, *H, and -OH, 5.9. Radical
IT may disproportionate to some extent with radicals III
and IV, regenerating methyl acetate in a repair process, eq
5, leading to less than maximum G values for radiolytic loss

?H
CHS(;*OCHS + CH3C02CH2' ('CHzCOzCHs) —_—>
11 v It

2CH,CO,CH; (5)
of methyl acetate. When methyl acetate was subjected to
radiation in D;0, substantial D was found in the recovered
methyl acetate, consistent with such self repair. This repair
mechanism was also proposed in irradiation of acetamide.’
Nitrous oxide and hydrogen peroxide led to additional -OH,
from e~.q and from e, and -OH, respectively. This in-
creased the destruction of ester to G = —5.1, indicating that
‘OH alone is very effective in abstracting H. and damaging
the ester (eq 3). Sodium formate scavenged H. and part of
‘OH, decreasing their attack on the ester and its disappear-
ance. It is possible that, in this system, CO,™., formed by
abstraction of H- from formate, also repairs II, regenerating
formate (eq 6).

CH;C(OH)OCH; + CO,"* —> CH3CO,CH; + HCO,™ (6)
II

G values for formation of Hj, extrapolated to zero dose
are summarized in Table II.

The yield of hydrogen, G = 1.1, was little more than the
sum of the molecular yield from radiolysis of water and the
yield of radiolytic H-, indicating that additional H; arises
from abstraction of H- from the ester by H.. 2-Propanol
scavenged H. and :OH, converted H. to H;, and left the
yield of H> unchanged. Hydrogen peroxide scavenged e aq
and H- without forming H; and decreased Hj to the molec-
ular yield. The mercaptan scavenged about half the e™nq
and ‘OH, and all the H., and also lowered the yield of H; to
the molecular yield. Hydrogenolysis of the R-S bond and
formation of H,S may occur.3?2 Acid, pH 2.6, converted
€ aq in part to H- and doubled the yield of H;. Sodium for-
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Table I.  %°Co v Radiolysis of Aqueous Methyl Acetate.

Effects of Additives on Disappearance of Methyl Acetate

?gs_f;;f Additive CH,CO,CH,, M

eV/l. Compd M Initial Final G

3.3 0.0130 0.0110 -3.6
6.3 0.0141 0.0106 -3.3
2.2 HCO,Na 0.001 0.0111 0.0103 -2.2
3.3 N,O 0.023 0.0112 0.0084 -5.1
3.1 H,0, 0.0041 0.0114 0.0087 -5.2
31 0.00351 0.00257 -1.8
3.1 N,0 0.023 0.0048 0.0028 -3.9

Table IL.  °Co y Radiolysis of Aqueous Methy] Acetate.

Effects of Additives on Yields of H,

Additive

CH,CO,CH,,

M Compd M G(H,)
0.010 1.1
0.056 1.1
0.010 CH,CHOHCH, 0.01 1.1
0.056 HSCH,CH,CO,H 0.0004 0.4
0.010 H,0, 0.004 0.4
0.010 HCO,Na 0.001 0.7
0.010 H,S0,, pH 2.6 2.1

mate decreased Hj, possibly because of the increase in pH
to which it led. As will be shown below, the solutions gener-
ally became acidic. The effects of the additives on yields of
H; are consistent with their ability to scavenge H-, with or
without formation of Hj, and to facilitate or prevent con-
version of €7,q to H-.
Radical species 17, I, ITA, III, and IV, formed according
to eq 1-4, may lead to products of combination (eq 7-12).
2CH,CO,CH,» —» CH,CO,CH,CH,0COCH; (7)

v ethylene diacetate (EDA)
2'CH2C02CH3 — CHSOZCCH2CH2COZCH3 (8)
111 dimethyl succinate (DMS)

IV + III — CH,;CO,CH,CH,CO,CH, (9)
methyl g-acetoxypropionate (MAP)

CH,C(OH)OCH; + IV —» CH;COCH,OCOCH, + CH,OH

11 acetonyl acetate (AA) (10)

II + M — CH;COCH,CO,CH; + CH;OH 11)
methyl acetoacetate (MAA)

I + T — CH;COCOCH, + 2CH,OH (12)

biacetyl
Radical IIA (CH3C=0) may lead to the same products as
II. Three products, EDA, MAP, and DMS were separated
and analyzed by GLC; MAA and AA appeared as a mix-
ture in low yield, and biacetyl was not observed. Some re-
sults are summarized in Table III.

The major product is EDA from dimerization of IV;
somewhat less MAP, from cross-coupling of IV + III, is
found, and DMS from two radicals III, and MAA and AA
from II + III and II + IV are minor products. In irradia-
tion of 0.5 M ester, G values of radicals IV, III, and II ac-
counted for in these products are 1.5, 0.45, and ~0.08, re-
spectively. The major hydrogen-abstracting species is -OH,
G = 2.7 compared with G = 0.55 for -H. The electrophilic
properties of -OH3? would favor abstraction from the alkox-
yl group,3* formula V, and this may account for the prepon-

o) o)
I EGenm
[CH,COCH,*H:*OH < CH;COCH,*H*":OH]
v
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Table III. ®°Co v Radiolysis of Aqueous Methyl Acetate. Effects of Additives on Formation of Coupling Products@

Dose X e ; Radical
10-%2, CH,COCH,, Additive Coupling products, G ratio,
eV/l. M Compd M MAA-AA EDA MAP DMS Total IV/II

0.48,1.9 0.50 0.08 0.61 0.25 0.08 1.02 34

1.0 0.48 HSCH,CH,CO,H 0.0005 0 0.06 0.02 0.005 0.09 5

1.5,2.2 0.027 0.07 0.48 0.28 0.05 0.88 3.1

1.0 0.027 HSCH,CH,CO,H 0.0005 0 0 0 0 0

1.9 0.027 HSCH,CH,CO,H 0.0005 0 0.05 0.03 0 0.08 4

2.9 0.027 HSCH,CH,CO,H 0.0018 0 0 0 0 0

1.5 0.027 CH,COCOCH, 0.0002 0.001 0.75 0.26 1.01 4

0.8 0.027 H,S0, (pH 2.2) 0.38 0.56 0.18 1.12 1.4

1.6 0.027 H,SO, (pH 2.2) 0.01 0.38 0.51 0.14 1.04 1.6

0.9 0.060 N,0 0.023 0 1.0 0.66 0.04 1.7 3.6

1.9 0.060 N,0 0.023 0 0.97 0.37 0.04 1.38 5.1

1.0 0.041 CH,COCH, 0.004 0.24) 0.36 0.16 0.015

2.2 0.027 CICH,CO,CH, 0.027 0.06 0.35 0.6)

2.9 0.027 NaCl 0.029 0.05 0.30 0.14 0.02 0.51 4.4

1.0,2.2 0.027 Cutts? 0.0001 0 0.19 0 0 0.19

1.0, 1.9 0.027 HCO,” 0.003 Traces

1.0,62.9 0.010 0.46 0.33

0.8,61.7 0.011 H,0, 0.004 0.54 0.21

1.08 0.010 CO 0.008 ~0

1.0,61.9 0.010 CH,CH(OH)CH, 0.010 ~0

2 Methyl acetoacetate (MAA); acetonyl acetate (AA); ethylene diacetate (EDA); methyl acetoxypropionate (MAP); dimethyl succinate
(DMS). b Early experiments in which analyses carried out directly on irradiated solutions; minor products, MAA—AA and DMS, were not

observed.

derance of IV in the coupling products. The nucleophilic
character of H- might favor abstraction of acyl C-H, for-
mula VI,

P>

1 l
[H-H:*CH,COCH; <> H'H: :é}IZCOCHS]
VI

That -OH abstracts preferentially but not solely from the
alkoxyl group is also seen in the results of oxidation of
methyl acetate with Fenton’s reagent and with uv-sensitized
hydrogen peroxide, in which -OH may be the sole oxidizing
species. EDA predominated in the coupling products, and
ratios of IV/III of about 5 were found. This ratio was in-
creased further when Fenton’s reagent was used in the pres-
ence of air, indicating that radical III may combine with O,
more rapidly than does radical IV, presumably forming a
hydroperoxy radical. An extreme was reached with Fen-
ton’s reagent in the presence of a complexing agent, EDTA.
Only EDA was observed, the product from radical IV. Rad-
ical 1II was apparently reduced?® under these conditions to
methyl acetate.

Biacetyl, low pH, and N>O scavenge €™ ,q and thus pre-
vent formation of II and IIA and of MAA-AA. However,
they lead to overall increase in coupling products. Acid, pH
2.2, converts €54 to H- and increases MAP and DMS. The
increase in coupling products corresponds to a twofold in-
crease in content of radical III, indicating that H. abstracts
H- largely from the acyl carbon, formula VI. Nitrous oxide
converts e™,q to *‘OH and greatly increases EDA. The in-
crease in coupling product corresponds to a nearly twofold
increase in content of radical IV. Similarly, HO; converts
€ aq and H- to -OH, and this increased EDA and decreased
MAP. Ratios of IV/III in the coupling products were 1.5 at
pH 2.2, because of increased H-, 3.1 in the absence of addi-
tive, 5.1 in the presence of N>O, and ~6 in the presence of
H,0,, as ‘OH increased. These results are consistent and
diagnostic as to the actions of H- and -OH, but the coupling
products do not reveal the true ratio of initially formed rad-
icals since reactions other than coupling occur, and the cou-
pling products themselves are consumed somewhat during
irradiation.

Acetone competes favorably with ester for e7aq and H-

but not for ‘OH. The normal coupling products, EDA,
MAP, and DMS, decreased, as acetonyl and 2-hydroxy-2-
propyl radical from acetone appear to react with III and IV
and lead to products in the MAA-AA peak. 2-Propanol and
hexanedione were not observed. Methyl 2-chloroacetate
scavenges e aq by dissociation of CI~, but it itself leads to
radical III, which appears as a high yield of DMS. Added
Cl~ itself decreased coupling products, probably by react-
ing with -OH, leading to "OH and the less reactive CI-.

Cuprous-cupric ions, 107* M, led to a marked decrease
in coupling products, and only the major one, EDA, was ob-
served. This result may be due to repeated redox reactions.
Cupric ion competes favorably with ester for e™,q and
H-2b and is reduced thereby to Cul*, and Cu'* may be
reoxidized to Cu?* by -OH and H,0,. Radicals III and IV,
formed to a lesser extent because of this scavenging of the
radiolytic fragments, may also be reduced by Cul* and oxi-
dized by Cu?*, respectively, leading to further decreased
coupling products.

Formate ion and 2-propanol, scavengers for -H and -:OH
but not for e,q, and CO, scavenger for -OH and e™,q and
probably for H-, reduce coupling products essentially to
zero. Pinacol was formed from 2-propanol, G = 0.4, and ac-
etone appeared to be formed with G = 1.85 as compared
with 0.8 in irradiation of aqueous 2-propanol in the absence
of methyl acetate.!® This may indicate that 2-hydroxy-2-
propyl may transfer H to methyl acetate.

CH,C(OH)CH, + CH;CO,CH, —»

11

Removal of H- and -OH, preventing formation of III and
IV, suffices to prevent formation of coupling products.
Species I, II, and IIA, from e™,q, appear to lead to cou-
pling products only in combination with III and IV and
then in low yield. Radical II may be reoxidized to starting
ester by IV and III (eq 5) or by H,O», as are a-hydroxy-
alkyl radicals.3¢ It will be seen that reactions of e5q are im-
portant in leading to cleavage products, which are formed
in high yields.

The effects of mercaptan merit separate attention since
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Table IV. %°Co v Radiolysis of Aqueous Methyl Acetate. Effects of Additives on Formation of Acetic Acid, Methanol, Acetaldehyde,
and Hydrogen Peroxide
Pose X e

10,  CH,CO,CH,, Additive CH,COH,  CH,0H,  CH,CHO, H,0,,
eV/l. M Compd M G G G G
0.83 0.50 4.7 0

0.83 0.50 HSCH,CH,CO,H 0.0006 1.7 ~3 ~3 0.0
1.66 0.50 HSCH,CH,CO,H 0.0009 1.3 ~3 ~3

0.83 0.060 1.9 1.2 0 0.21
1.66 0.060 1.4 0.7 0 0.15
0.83 0.060 HSCH,CH,CO,H 0.0007 0.9 1.5 3.5

1.66 0.060 HSCH.CH.CO.H 0.0007 0.9 1.0 1.6

0.83 0.060 N,0 0.023 0.9 0.8 0 0.75
1.66 0.060 N.O 0.023 1.0 0.5 0.60

N,0 0.023
0.83 0.061 {CH3CHOHCH3 0.061 0
0.83 0.01 CH,CHOHCH, 0.01 0.7
N,0 0.023 <0.1 ~0 ~0

0.41 0.060 {HSCH,CH,OH 0.0006

1.66 0.040 CH,COCH, 0.004 0.3 0.06
1.53 0.060 CH,COCOCH, 0.0002 1.0

0.83 0.028 15 1.0 0 0.17
1.66 0.028 1.4 0.5 0

0.41 0.027 H,0, 0.010 2.6

0.83 0.027 HCO,Na 0.003 1.1 0.9 0

1.66 0.027 HCO.Na 0.003 1.0 0.6

0.83 0.027 Cu'*Cu? 0.0001 45 0

1.66 0.027 Cu'*Cu 0.0001 3

0.83 0.027 NaCl 0.029 2.2 0.7 0

1.66 0.027 NaCl 0.029 2.5 0.4

they may be due to reactions of the sulfur compounds with
the several ester-derived radical species rather than with the
radiolytic fragments from water. At 0.5 M ester and 0.0005
M mercaptan, the rate constants are such that 90% of the
major fragments, €"5q and -OH, react with the ester, while
H- reacts largely with mercaptan. Yields of coupling prod-
uct decreased by an order of magnitude; the small amount
which was formed showed a high IV/III ratio, 5, consistent
with scavenging of H.. The radicals which normally pro-
duce the major coupling products, IV and III, were formed
by reaction of -OH, but mercaptan reduced them and pre-
vented their conversion to coupling products. This regener-
ated methyl acetate in a repair reaction (eq 13) which may

CH;CO,CH,* (*CH,CO,CH;) + RSH —» CH,CO,CH, + RS-

v il (13)

compete favorably with radical combination.!® The thiyl
radical may be reduced to mercaptan by radical II (eq 14),

OH
CHS(!?—OCHS + RS — CH,CO,CH; + RSH  (14)

I

and the sulfur compounds may be used repeatedly in their
two oxidation states,3” regenerating methyl acetate in both
processes. Evidence for occurrence of the reaction of eq 13
is indicated in a radiolysis in D,O of 0.027 M methyl ace-
tate and 0.0005 M mercaptan, in which the ester was pro-
tected (Table I1I), and increased incorporation of D was ob-
served, G ~ 3, after 1 X 102 eV /1. Lower initial concentra-
tions of ester help measurement of the introduction of D
but, at lower ester to mercaptan ratios, more scavenging by
mercaptan of the radiolytic fragments from water also oc-
curs.

0Co v irradiation of aqueous methyl acetate led also to
products of cleavage of the ester. Acetic acid formed quick-
ly, and pH values of 4.1-4.5 were observed after 0.83 X
1022 eV/I. irradiation. Presence of N>O led to less acid, pH
>35, and sodium formate and acetone led to still less acid,
pH ~6. Copper salts, 107* M, led to increased acidity, pH
<4. Results of analyses for cleavage products are summa-
rized in Table IV,

Cleavage of methyl acetate, and formation of acetic acid,
is a major process in this radiolysis. Yields of acetic acid are
higher at higher initial concentrations of ester and at lower
irradiation times. The yield of acetic acid, G ~ 1.5, plus the
ester moieties in coupling products, G ~ 1.8, total 3.3, from
irradiation of 0.027 M ester, may be compared with loss of
methyl acetate (Table I), G = —3.6. The two kinds of ex-
periments are done under different conditions, G (—methyl
acetate) being determined at lower initial ester concentra-
tion and higher dose so that the loss can be measured. The
discrepancy may be somewhat greater than indicated above
and may be due, in part, to radiolytic loss of the products,
which was observed in separate experiments.

Nitrous oxide scavenged e ,q and decreased acetic acid
by one-half. Formate ion or 2-propanol, scavenging H- and
‘OH, decreased acetic acid by about one-fourth. Acetone,
scavenging e ,q and -OH, decreased acetic acid drastically,
while N>O and 2-propanol combined, scavenging e ,q,
‘OH, and H-, completely prevented formation of the acid.
This indicates that hydrolysis of excited ester or hydrolysis
by excited water is not important under these conditions.
That N>O doubles the amount of -OH as it removes e~ aq,
and halves the yield of acetic acid thereby, indicates that
normally about ¥ of the acid arises from a product of ac-
tion of €7,q on the ester, the remainder from a product of
action of «OH.

Mercaptan strongly affects the cleavage reactions. It de-
creases acetic acid, leads to high yields of acetaldehyde,
which compound was not detected in any experiments in the
absence of mercaptan, and it increases the yield of metha-
nol. Radicals II or ITA, which might otherwise lead to ace-
tic acid, appear to be reduced by mercaptan (eq 15). Reac-

H H

CH;COCH; + RSH —» CH;CHOCH; + RS* (15a)
I l
CH;CH=0 + HOCH,
CH;C=O + RSH — CH,CHO + RS- (15b)

IIA
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tions of eq 14 and 15a call for oxidation and reduction of
the same radical by thiyl and mercaptan, respectively. This
has been demonstrated for ketyl radicals.3” In reducing rad-
icals IIT or IV (eq 13), the mercaptan repairs ester and pre-
vents coupling, and this would correspond to preventing ra-
diation-induced cross-linking of a polyester. However, the
similar hydrogen-transfer reaction, in reduction of II (eq
15a), damages and would correspond to chain rupture, That
a one-electron reduction of an intermediate by mercaptan
leads to acetaldehyde at the expense of acetic acid indicates
that a one-electron oxidation of the intermediate is involved
in forming acetic acid. Effects of H,O2, copper ion, and CI~
(presumably as Cl-) in increasing acetic acid also indicate
an oxidative rather than hydrolytic origin of the acid.
Reaction of €44, which appears to lead to 3} of the acetic
acid, may form CH3;C=0 (IIA) and CH30-, directly by
eq 2 or by decomposition of CH3C(O~)OCHj3 (I7), and I~
may form CH3C(OH)OCH; (II). A cleavage of acetic acid
analogous to that of eq 2 for the ester has been proposed.3®
Reaction of €75q to form CH3C™=0 and CH3O- does not
occur since acetaldehyde is not observed in the absence of
mercaptan. The solvated electron, formulated instead as
H,0~, might act as a source of "TOH and hydrolyze the
ester (eq 16). This would comprise an ester mediated con-

[
CH,COCH; + e, "(H,0") —> CH,4CO,” + HOCH; + H:
(16)

version of e7aq to H-. There is no evidence for this in the
yield of H, and the effect of added H* in leading to H: and
its products indicates that ester alone does not effect this.
The reaction of eq 16 appears unimportant under the slight-
ly acidic conditions of these experiments.

Species I” or II might dissociate into acetate ion (acetic
acid) and methyl radical (eq 17). A little methane is ob-

CH;COCH; —> CH,CO;” + +CHy (17)
I-

served, G ~ 0.1, but it might be formed by decomposition
of acetyl radical IIA. Some methyl propionate is also de-
tected, probably from coupling of CHj+ and radical III.
Both methane and methyl propionate are decreased to G ~
0 in the presence of mercaptan. Since mercaptan would re-
duce methyl to methane, that it prevents formation of meth-
ane instead of increasing it by competing with the coupling,
indicates that it acts on a precursor, i.e., by reducing I-, II,
or ITA and leading to acetaldehyde (eq 15). In any event,
the yield of methyl and its products is small, and reaction

17 is not an important source of acetic acid. .
The fragment H- might cleave the ester to (a) CH;C=0
+ HOCHj; or (b) to CH3;CHO + -OCH3;. Course b is ruled
out since acetaldehyde is not normally observed. Course a,
or direct formation of radical 11, is possible, but abstraction
(eq 4) ceems more rapid, and H: appears to lead to Hs. The
fragment -OH appears not to cause cleavage to CH;CO;H
+ CH30- since an increase in -OH, resulting from presence
of N0, leads to less cleavage and more coupling. The pre-
dominant reactions of -OH also are abstractions (eq 3).
Also, reactions of radiolytic fragments which might lead to
CH30- would lead to an excess of products of radicals over

the G values for the fragments, and this is not observed.
Acetic acid, it appears, is formed largely by oxidation of
ITA, 11, and I™ in processes, which overall lead to an equiva-
lent amount of methanol, and by oxidation of IV which may
lead to formaldehyde, some of which is detected. The rate
constants and relative concentrations are such that -OH

reacts with ester (eq 3) and is not an important oxidizing
agent for the radicals. Hydrogen peroxide, a relatively sta-
ble radiolytic product, is a possible oxidizer’$® (eq 18). The

CH;C=0 + H,0, — CH,CO,H + HO- (18a)
A
OH
CH3;COCH; + H;0, — [CH;C(OH),0CH,] —
I

CH,CO,H + HOCH; + *OH (18b)
CH;CO,CH,* + H,0, — [CH,CO,CH,OH] —

v
CH;CO,H + CHy=—=0 + *OH (18¢c)

increase in yield of acetic acid when H,0; is added is pre-
sumably due to reactions of this type. However, the radioly-
tic yield of H»O; is insufficient to account for the amount
of acetic acid formed, and not all of it is consumed. That a
higher concentration persists in the presence of N,O indi-
cates that species IIA and II may indeed be oxidized by
H,0;, or that some of the radiolytic H,O, may be reduced
normally by €74q.

Radical III may be the important oxidizing agent. Com-
bination of radicals IV and III leads to MAP (eq 9), but
disproportionation is reasonable (eq 19) since IV has reduc-

e A
CH3C02CH2' + 'CH2C02CH3 —_— CHSCOZCHZ* -CH2C02CH3
v I | mo
CH,CO,H + CH;=—O «— CH;CO,CH,0H + CH,CO,CH,
(19)

ing properties, and I1I has oxidizing properties, as indicated
in formulas V and VI. Radicals IIA and II also have reduc-
ing properties and, while their combination with III leads to
the low observed yield of MAA (eq 11), disproportionation
may be the major reactions. Oxidation of IIA by III is
straightforward (eq 20), and methanol would have been

CH,CO + *CH,CO,CH; —» CH,C*—=0 + "CH,CO,CHj
A 111 lﬂzo

CH;CO,H + CH,CO,CH,
(20)

formed in the prior step (eq 2). Oxidation of II by III (eq
21) would require that the intermediate cation, perhaps in

OH OH
CH,COCH, CHSCIJOCHS CH,C=0 + HOCH,
I
+ — o+ — +
‘CH,CO,CH; ~ °"CH,CO,CH;  ~CH,CO,CH
I | 70 (21)

CH,CO;H + CH;COOCH,

an ion pair, loses methanol before it loses a proton and re-
generates methyl acetate, in addition to the ester formed
from III in these reactions. The balance between combina-
tion and disproportionation of like radicals in aqueous solu-
tion is a delicate one;?® with potential redox pairs, dispro-
portionation may be quite important in aqueous media. The
major reaction of e™5q may be to lead to IIA (eq 2) and not
to II (eq 1), and reaction 20 may lead to much of the acetic
acid.

Particularly important effects of redox reactions on
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yields of both acetic acid and coupling products appear in
the presence of cupric and cuprous ions.33:40:41 Oxidation of
radicals I1A and IV by Cu?* may lead to acetic acid, reduc-
tion of radical 111 by Cu!* may regenerate methyl acetate,
the copper may be regenerated in its alternate valence
states and used repeatedly, all coupling products are de-
creased, and acetic acid is increased.

Mercaptan alone diverts part of IIA from acetic acid to
acetaldehyde. Mercaptan and N,O together eliminate ace-
tic acid completely. Mercaptan, reducing IIA, III, and IV,
competes very effectively with disproportionation of III and
IV, as it does with their combination, and less effectively
with the rapid oxidation of ITA by III.

In the absence of additives, in irradiation of 0.028 M
ester, G(acetic acid) = 1.5. If this arises from IIA (or II)
and IV in ratio of 3:1, oxidized by H20,, G ~ 0.5, and by
II1, G ~ 1.0, yields of IIA, III, and IV involved in this part
of the reactions are G(II) = 1.1, G(I1I) = 1.0, GAV) = 0.4.
Coupling products formed with G = 0.88, and their compo-
sition indicated G(II) = 0.1, G(III) = 0.4, and G(IV) =
1.3. Total values accounted for are: G(ILLIIA) = 1.2, of
which essentially all lead to acetic acid and other cleavage
products; G(III) = 1.4, of which G = 1.0 are oxidizing radi-
cals reduced back to methyl acetate, and the remainder ap-
pear in coupling products; and G(IV) = 1.7, of which G =
0.4 are oxidized to acetic acid, and the remainder appear in
coupling products. All three radical species are implicated
in products in substantial yield and not very unequally as
would be indicated by consideration of coupling products
alone. The total yield of radicals accounted for is G = 4.3,
of which 2.5 lead to acetic acid and other cleavage products,
1.8 to coupling products. The total yield of reactive frag-
ments from water is G = 5.9, and the difference, G = 1.6,
may be a measure of the self-repair process (eq 5) in which
radical II, G ~ 0.8, reduces an equivalent yield of the III +
IV, regenerating methyl acetate.

Ethyl Acetate and Methyl Propionate. In preliminary
studies, v radiolysis of 0.02 M ethyl acetate, 3.3 X 10?2 eV/
1., led to 1,3-butane diacetate and 2,3-butane diacetate,
from abstraction of H from the alkoxyl carbons. Methyl
propionate led to dimethyl 2,3-dimethylsuccinate and di-
methyl 2-methylglutarate, G for each ~ 0.2, and dimethyl

adipate, G < 0.1, from abstraction of H: from acyl carbons, .

and mixed cross-coupling products containing the radicals
from abstraction of alkoxyl H- and acyl derived radicals, G
~0.3.
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